Universitat (&
Rostock i . Traditio et Innovatio

f\atalyms S

Leibmizenstitut fiir Katalyse eV,

Investigations on Carbon Dioxide Reduction
and CO, Reductive Coupling
Facilitated by Fe and Cu Complexes

Untersuchungen zur Reduktion von Kohlenstoffdioxid
und zur reduktiven CO> Kupplung
ermoglicht durch Fe und Cu Komplexe

Dissertation
zur Erlangung des akademischen Grades
Doctor rerum naturalium (Dr. rer. nat.)
der Mathematisch-MNaturwissenschaftlichen Fakultat
Universitat Rostock

vorgelegt von
Maximilian Marx, M.Sc.
geboren in lizehoe
am 29. September 1992

2020

https://doi.org/10.18453/rosdok_id00003573



@ Dieses Werk ist lizenziert unter einer
|@ | Creative Commons Namensnennung 4.0 Intemational Lizenz.

Gutachter:
Prof. Dr. Dr. h.c. mult. Matthias Beller, Leibniz-Institut fir Katalyse e.V., Universitdt Rostock

Prof. Dr. Troels Skrydstrup, Interdisciplinary Nanoscience Center, Department of Chemistry,
Aarhus University

Jahr der Elnrelchung: 2020
Jahr der Verteldigung: 2021



Declaration of Authorship

Declaration of the doctoral candidate
according to § 4 (1) letters gand h
of the doctoral degree regulations
of the Faculty of Mathematics and Natural Sciences
of the University of Rostock

1.  The opportunity for this PhD project was not communicated to me commercially. In par-
ticular, | have not engaged any organisation that for money seeks supervisors for the drawing
up of dissertations or that performs entirely or partially on my behalf the duties incumbent
upon me regarding the examinations.

2. | hereby declare under oath that | have completed the work submitted here inde-
pendently and have composed it without outside assistance. Furthermore, | have not used
anything other than the resources and sources stated and where | have taken sections from
these works in terms of content or text, | have identified this appropriately.

Rostock,
(Place, Date) {(Maximilian Marx)







Acknowledgements

Acknowledgements

First, | would like to thank Prof. Dr. Dr. h.c. mult. Matthias Beller for giving me the opportunity
to work in his group and under his supervision. The enjoyable discussions, your suggestions
and innovative ideas helped me to evaluate new possibilities. | am very grateful for enabling
me to pursue own ideas and highly appreciate your kind and open-minded guidance. Your
enthusiasm, broad knowledge not only in the field of chemistry, fundamental curiosity for
any scientific discovery and ability to motivate everyone you are working with is exceedingly
inspiring. Especially with respect to your tight schedule, | would like to thank you for making
time for all our meetings as well as for proofreading this thesis.

| would also like to thank Dr. Helfried Neumann for accepting me as part of the group
“Transition-metal catalyzed synthesis of fine chemicals”. Your expertise in synthetic proce-
dures and more than helpful suggestions significantly contributed to this work. | am grateful
for the enjoyable discussion and likewise would like to thank you for proofreading this thesis.
| would like to thank all participants of our “Friday seminars”, namely Dr. Anastasiya Agapova,
Fabio Delolo, Johannes Fessler, Yan-Jun Guo, Dr. Yannick Hermans, Hilario Huerta, David
Leonard, Dr. Alexander Léval, Dr. Xiang Li, Dr. Fabrizio Monda, Dr. Pavel Ryabchuk, Dr. Rui
Sang, Jacob Schneidewind, and Dr. Wei Zhou for all the interesting presentations, inspiring
discussions and helping suggestions.

| would especially like to thank Dr. Anastasiya Agapova, Dr. Alexander Léval, Dr. Elisabetta
Alberico, Hilario Huerta, Dr. Xiang Li, Elisabeth Oberem, Dr. Patrick Piehl, Jacob Schnei-
dewind, and Dr. Wei Zhou for all the help and guidance you provided to tackle many of the
problems | faced. | am thankful to Dr. Alexander Léval for also proofreading major parts of
this thesis and to Dr. Paola A. Forero-Cortés for proofreading the section addressing COs
reduction in ILs.

Also, | would like to thank Dr. Anastasiya Agapova, Vishwas Chandrashekhar, Dr. Paola
A. Forero-Cortés, Dr. Yannick Hermans, Anja Kammer, Sara Kopf, Dr. Alexander Léval, Dr.
Jagadeesh Rajenahally, Dr. Thomas Schareina, Jacob Schneidewind, Dr. Christoph Stein-
lechner and Dr. Wei Zhou for the enjoyable atmosphere in lab and office.

For delightful cooperations and interesting discussions | would like to thank Dr. Henrik Junge,
Dr. Paola A. Forero-Cortés, Prof. Dr. Andrew W. Maverick, Dr. Andrea Mele, and Prof. Dr.
Philippe Schollhammer.

For their support with and maintenance of laboratory equipment, | would like to thank Anja
Kammer, Sandra Leiminger, Matthias Auer, and Andreas Hutter. Fast mass spectrometric
and NMR spectroscopic measurements by the analytical department of the LIKAT are grate-
fully acknowledged. | would specifically like to thank Dr. Anke Spannenberg for measuring
and solving all the X-ray structures of this work and for helping with revision of the crystallog-
raphy sections of this thesis. Also, | am grateful to Dr. Holm Frauendorf for discussions and
help with the HR-MS analysis of oxalate.



Acknowledgements

Prof. Dr. Karl Anker Jergensen and all members of the Jergensen group deserve my
gratitude for accepting me as a visiting PhD student and introducing me to cutting-edge
organocatalysis and the “Scandinavian lifestyle”.

| am grateful to the Stiftung Stipendienfonds der Chemischen Industrie which enabled me to
pursue this work by granting me a Kekulé fellowship. Furthermore, | am grateful to the Euro-
pean Union for funding of my research stay in the group of Prof. Dr. Karl Anker Joergensen
as part of the Erasmus+ program.

For making the time in Rostock significantly more joyful, | would like to especially thank
Alexander Léval, Anastasiya Agapova, Jacob Schneidewind, Patrick Piehl, Elisabeth Oberem,
Wei Zhou, and Xiang Li.

Finally, | would like to thank my family for continuous support over the past eight years of my
academic education, and | am exceedingly grateful to my parents.

Vi



To my parents.

“The first principle is that you must not fool yourself—

and you are the easiest person to fool. So you have to be very careful about that.
After you've not fooled yourself, it's easy not to fool other scientists.”

Richard P. Feynman






Abstract

Abstract

This dissertation deals with the chemical reduction of carbon dioxide into C4 and Co com-
pounds following two different approaches to achieve these transformations of interest. The
major objective of this thesis is to contribute to future developments in the fields of photocat-
alytic CO5 reduction and CO5 reductive coupling.

In the first part of this thesis, photocatalytic CO5 reduction into C; compounds, namely CO
and formic acid, was investigated. Initially, an established photocatalytic protocol based on
an Fe cyclopentadienone reduction catalyst in combination with a Cu photosensitizer was
transferred from conventional organic solvents into ionic liquids. While the overall activity is
reduced compared to traditional solvents, the results highlight the possibility of utilizing ionic
liquids as the solvent for described photocatalytic CO5 reduction systems.

Next, [FeFe] hydrogenase mimics were evaluated as potential CO» reduction catalysts in
combination with the same [Cu(N"N)(P"P)]* photosensitizer. Interestingly, poor reproducibil-
ity was observed, which was partially caused by ligand substitution of the [FeFe] complex with
the bidentate ligands of the Cu PS. The results showcase the importance of assessing repro-
ducibility for novel photocatalytic transformations and common guidelines on how to evaluate
and address reproducibility in these reactions were established.

In the second part of this thesis, CO» reductive coupling reactions enabled by Fe and Cu
complexes were investigated. The investigations were initiated based on literature proce-
dures with the aim of establishing key parameters that would guide further systematic im-
provements for this peculiar reaction.

In-depth investigations on a protocol employing 1,4, 7-triazacyclononane-derived ligands and
Cu as the active metal center remained unsuccessful in identifying oxalate in yields described
in the literature. For this, various novel mono- and dinuclear Cu complexes bearing NNN-
and PNP-type ligands were prepared and numerous reaction parameters and additives in-
vestigated. While the formation of oxalate traces was detected by a combination of analytical
methods (FTIR, NMR, CE), these results highlight the sophisticated analysis of CO» reduc-
tion products when studying its reductive coupling.

A dinuclear Cu-based system that was described to produce oxalate from atmospheric COg
after in situ formation of the active Cu' complex with ascorbate was investigated. Here, the
oxidative degradation of ascorbate was identified as the true origin of oxalate.

Likewise, investigations on the CO> reductive coupling starting from an a-ketocarboxylate
complex suggested an oxidative degradation pathway as the source of oxalate. Moreover,
tris(pyrazolyl)borate-ligated Cu complexes were found to facilitate oxidative decarboxylation,
while simple Cu2* enabled oxidative degradation of the a-ketocarboxylate into oxalate.

The presented results establish the importance of careful analysis of the obtained CO5 re-
duction products and consideration of alternative reaction pathways, such as oxidative degra-
dation reactions, that might result in false positives. Moreover, these investigations will serve
as an expedient guideline for future investigations on CO» reductive coupling.
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1 Introduction

1 Introduction

Fossil fuels, namely coal, gas, and oil, have powered industrialization and played a key-role
in the unprecedented economic growth within the last 60 years (Figure 1).!"* This economic
growth has been accompanied by an enhancement of the globally averaged quality of life,
which can partially be quantified using the Historical Index of Human Development (HIHD),
in terms of an increased global life expectancy ™ and higher levels of education for the gen-
eral public.P! At the same time, global population increased from 3 billion in 1960 up to an
estimated number of 7.79 billmn in 2{)2(] €l
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Figure 1: Annual data of global population, ® world life expectancy (at birth), ' Historical Index
of Human Development (HIHD),™ world oil production (including naphtha obtained from natural
gas production and natural gas liquids), 71 world energy consumption per capital” and world GDP
per capital! from 1960 until 2020 (unless data points are not reported in the literatura).

All of these rapid developments sharply increasing after the Second World War, which are
nowadays coined the “Great Acceleration”, have been accompanied by an increasing de-
mand in energyl! that is likely going to rise at least for the next 10 years.!'®] Nowadays,
fossil fuels still contribute the majority of globally employed energy resources with 27% coal,
24% gas, and 33% oil, respectively (Figure 2, data from 2019), despite a noticeable shift
towards more sustainable energy sources.™"

= -
H H

Figure 2: Comparison of the global energy consumption by fuel divided into coal, oil, natural gas,
nuclear energy, hydroelectricity and renewables (mainly biofuels, biomass, geothermal, solar,
wind) for the years 1990 and 2019.F]

With respect to the expected increase in energy demand over the next 20 years based on cur-
rently declared energy policies, ™ rise in global population over at least the next 30 years, Pl

and the anticipated growing demand in food supply,['®>'?l the transition from fossil fuels to
more environmentally benign energy sources will arguably pose a major challenge.['314
Furthermore, all improvements and progress achieved by exploitation of fossil fuels in the

past and present might come at a cost that could substantially impact the future of human-
ity. [1,3,12—14]
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The main reason for their impact on
mankind's future is the inevitable for-
mation of greenhouse gases, such as
carbon dioxide, methane, and to some
extent nitrous oxide resulting from fossil
fuel production and exploitation.[*312.14]
Historical data indicates a significant in-
crease of their atmospheric concentra-
tion since mid of the 19th century with
a substantial ascent during the “Great
Acceleration” (Figure 3).I''4 Likewise,
global CO, emissions originating from
fossil fuel utilization, cement produc-
tion, and flaring of natural gas, vastly in-
creased over the same timeframe (Fig-
ure 4).11.14.29]

Various parameters indicate a cor-
relation between the increasing at-
mospheric greenhouse gas concen-
frations and changes in the global
climate.["'%-"] In between 1880 and
2012, the global surface tempera-
ture (average) has increased by 0.65-
1.06 °C.I'Y This has been accom-
panied by a decline in ice mass of
glaciers, decreased icecaps in Antarc-
tica and Greenland (in between 1992
and 2011) and reduced amounts of
sea-ice in the Artic (1979 to 2012).1'4
Consequently, a notable increase of
the global sea level (mean) by 0.17-
0.21 m was detected during the time-
frame 1901 to 2010.0'1 While natural
sinks for greenhouse gases, such as
COs uptake by the ocean, have miti-
gated their atmospheric concentrations
over a certain time window, it appears

-

atmogpheric concantration

& F @é& fSES P

& & F s

Yeaar
Figure 3: Atmospheric COs, CHy4, and N»O concentra-
tions from approx. 800000 BC until 2019. Atmospheric
concentrations compiled and processed by the United
States Environmental Protection Agency (796562 BC-
1955 [CO,), " 797446 BC-1980 [CH,4],["®! 706475 BC-
2000 [N5O]'7 - based on data from EPICA Dome C
and Vostok Station,!"*2" [ aw Dome,*'*? Siple Sta-
tion,¥ Cape Grim,”% and Antarctica®?) were com-
bined with data from the Global Monitoring Labora-
tory/National Oceanic and Atmospheric Administration
(1959-2019 [CO,], 2E1 1984-2019 [CH,],™! 2001-2019
[N2O]™8). MNote that for N-O, no datapoints in be-
tween 291028 and 240650 BC are included in the uti-
lized datasets resulting in a siraight line that does not
hamper the overall information of this figure. The de-
velopment over the past 2019 years is highlighted by

segmentation of the x-axis.
40000
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Figure 4: Global CO» emission data separated into dif-
ferent origins of CO» (solid, liquid, and gas fuels, pro-
duction of cement, and flaring of natural gas) from 1751-
2014.12

plausible that climate change is caused by utilization of fossil fuels since the beginning of in-
dustrialization during the 18th century and especially since the Great Acceleration.l'3.13.14.30
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In fact, climate change in combination with an observable decline in biodiversity, humani-
ties impact on the global hydrological cycle due to i.a. alteration of river course by dams,
and interference with element cycles (phosphorus, nitrogen, and sulphur) resulted in the pro-
posal to register the time frame starting from 1800 entitled Anthropocene as a new geological
epoch.ll

Climate change is associated with major impacts on humanity for the upcoming
decades.["'2'4 Global average temperatures as well as the sea level are expected to rise
and weather extremes, such as heat waves and floods, are proposed to become more
common."'*"¥ Food insecurity and drinking water shortage are predicied results of these
changes in climate.!'>" These alarming predictions are demanding actions to alleviate
the consequences of greenhouse gas emissions and required steps were agreed upon by
197 countries in the 2016 Paris agreement which targets a maximum increase in global
temperature of 2 °C (relative to pre-industrial temperature), with an intended boundary of
1.5 °C.['43.32 Raducing greenhouse gas emission via a reduced application of fossil fuels
and enhanced utilization of renewable energy sources is one of the major approaches to
achieve this goal.[>'314311 A recent report indicates that an inverse U-shaped relation be-
tween income (in terms of real GDP per capita) and the share of fossil fuels in the overall
energy consumption of countries might exist (with oil/natural gas producing countries in the
Middle East being the exception). This would implicate a decrease in fossil fuel utilization
in case developing countries achieve a higher GDP per capita as their economic situation
enables them to pursue a more sustainable energy production and appears to be in ac-
cordance with the increasing share of renewables in the overall global energy consumption
(Figure 2).F 231 While this might be encouraging with respect to the desired decreasing appli-
cation of fossil fuels in the near future, further strategies to reduce greenhouse gas concen-
trations in the atmosphere and to limit temperature increase will be required.*'*3 Despite
geo-engineering strategies for cooling the earth that might pose unsuspected implications,
carbon dioxide capture and storage (CCS) is a major strategy to reduce atmospheric CO,
emissions and thereby extenuate global warming.['2.14.30.33.34]

CCS might reduce energy production related CO5 emissions by up to 20% by segregation
and purification of CO2 directly from the source of its emission, such as fossil fuel power
plants.®% This separation of CO5 can be achieved by utilization of amines or ammonia which
are capable of CO5 uptake directly from the waste gas and release CO5 upon heating. #3033
The major advantage of this postcombustion COs capture lies in its compatibility with existing
power plants.®3233 However, energy-demanding release of CO», degradation of the amine,
possible formation of harmful byproducts during CO5 release and comparatively space de-
manding equipment are inherent drawbacks of this technology.!*3**I Precombustion CO,
capture, on the other hand, removes CO, prior to energy production via steam reforming
or gasification of coal resulting in CO/Hz mixtures (syngas) with CO being further converted
in the water-gas shift reaction (WGSR) to produce Hs as the final fuel and highly concen-
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trated CO5 as by-product (Figure 5).53%% This is a major advantage of this technology, as
it allows for the production of not only electricity, but also hydrogen as a promising energy
carrier.?3% While the fundamental method for COs enrichment is known to be operative even
on large scale, costly construction remains a major downside of precombustion capture. P2
So-called oxyfuel combustion constitutes another approach for CO, segregation.®%3 Here,
the fossil fuel is combusted in an oxygen atmosphere containing recycled waste gas for con-
trolling the temperature of the process yielding a mixture of CO5 and H,O as the main com-
ponents of the flue gas.?**I Even though CO> purification is comparatively simple for this
approach, expensive cryogenic Oz isolation and the required high-temperature resistant ma-
terials are its main disadvantages.™*»*! After separation of CO» from the waste gas of major
emission sites, transportation through pipes to the geological storage sites and injection into
former natural gas and oil fields or saline aquifers complete the CCS method.B2*" Specif-
ically, segregation of CO; is an energy demanding process consuming up to 40% of the
energy produced from its origin (the initial fossil fuel combustion).?**¥ However, a 10-20%
energy requirement for the extraction has been estimated based on contemporary develop-
ments. % Despite the costs associated with CCS, its application might be inevitable in case
global warming should “likely” be confined to <2 “C.['*3%3] However, potential threats, such
as abrupt liberation of stored CO» due to geological incidents, gradual leaking, high costs at
low profit and protracted processing time might render CCS ineffective as an answer for the
removal of surplus CO,.2!

An alternative approach contrasting CCS is recycling of CO, after capture (CCR).2%! Here,
COs is converted into valuable feedstock or fuels, with methanol considered as a prime prod-
uct. 33538 A number of intrinsic properties justify the privileged rank of methanol as future fuel
and feedstock candidate: 1) processes for the preparation of ethylene, propylene and hydro-
carbons starting from MeOH exist; 2) MeOH can directly be burned as a fuel in commonly
employed internal combustion engines; 3) direct methanol fuel cells enable electricity produc-
tion without combustion; 4) readily accessible dimethyl ether can largely act as a surrogate
for diesel, natural gas liquids and liquefied petroleum gas; 5) MeOH can act as potential liquid
hydrogen carrier with a comparatively high gravimetric hydrogen density (12.6 wt%). 2353740
However, CCR still relies on capturing COs either from its source of emission or directly from
the atmosphere.* Several methods for separation of CO, from gas mixtures exist that
rely on its distinct physical and chemical properties (Figure 5).[3033-35411 CO, permeable
membranes allow for separation of COs, but require comparatively high COs concentra-
tions in the gas mixture.® Energy-demanding cryogenic separation of CO2 has been inves-
tigated for postcombustion capture, but is generally perceived as being incompatible with
large-scale application.®3% Absorption of COs, also utilized in postcombustion capture, is
the most widespread technique for its separation.?® Simple alkanolamines, among others
mono- and diethanolamine, frequently utilized for selective fixation of COs via formation of
bicarbonates and carbamates, enable COs capture on a large scale from flue gas despite
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their disadvantages that were described earlier.?*3% More recently, ionic liquids have been
suggested as an alternative to amines for the capture of CO5.1** Adsorption in porous solids,
such as activated carbon, silica or zeclites, is another strategy. Pl However, low selectivity for
CO3 capture over other gases and significant temperature-dependence of the adsorption ca-
pacity are major drawbacks. Metal-organic frameworks (MOFs) show promising properties
for CO, capture,*>*3 but further improvements for their application at lower pressures are
required.® Another strategy relies on the modification of solids to enable chemical fixation of
CO5.P1 This has been achieved utilizing (poly)amine-functionalized solids, (poly)amines on
solid supports or directly with solid (poly)amines.®*! Simple hydroxides, such as Ca(OH)»
or NaOH, are known to form the corresponding carbonates (CaCOs and NazCOs3) with COs
even from the atmosphere.?3411 However, extensive contact with high quantities of air is re-
quired for full conversion and regeneration of the absorbents remains an energy-demanding
process.?3441 Due to less strong binding of COs in bicarbonates, CO5 fixation by the corre-
sponding alkali or alkaline earth metal carbonates (e.g. CaCO3, NasCO4 or KoCOg), despite
proceeding slowly, facilitates more feasible CO» recovery.™ In addition, ionic resins capable
of capturing CO5 from dry air and undergoing desorption upon contact with moisture have
been reported.®4!l Despite major progress, direct CO, capture from the atmosphere at a con-
centration of approximately 400 ppm©#® requires further improvements to become econom-
ically feasible as current estimations propose a price of 80-200 USD per ton of CQOp. 235411
Mevertheless, direct CO2z capture from the atmosphere would not only decouple the loca-
tion of CO, emission from that of its capture, a major advantage if CO, capture is to be
deployed in the transportation sector, but also enable CO; isolation and valorization all over

the world. 23435411
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Figure 5: Possible strategies for CO, capture from its emission site or the atmosphere via,
among others, axyfuel combustion, precombustion capture, and absorption. 2303335411



1 Introduction

1.1 Carbon Dioxide Valorization

Various strategies for the valorization of CO2 are in place today and numerous transforma-
tions into fuels and chemicals as well as its technological application in water treatment,
conservation of cereal and food, and as a solvent in the form of supercritical CO5 (scCO5),
currently deployed for manufacture of decaffeinated coffee, have already been achieved at
least on a laboratory scale. 35354548 Nayertheless, a vast number of challenges remain for
the utilization of COs5, especially with respect to commercial production of fuels starting from
CO,. 335364548 gome of these challenges result from the nature of CO» itself impacting the
energy profile of its transformations. 25354548

Carbon dioxide, a linear gaseous E“‘E:'QY

(ambient temperature and pres- AN
/ + 3 b
sure) molecule, is the final prod- o _ % Y
uct of combustion of carbon-based e 2w T
) T 2p =" o
compounds, in combination with S 3,
\‘\_‘;.r ‘&
HoO, resulting from its low stan- P -H:I - - -'-_;}E = 2p
dard formation Gibbs free energy . ++ ﬂg_-!{_*.-"':,:,”'
of AG] = -396 kJ/mol.P53%48] ! N T
23 _".,_‘ & s _.’
This stability impacts its valoriza- .., o {
tion as changes in the oxidation 20
state of the C** will directly impact 1+
1 Tt
the overall energy requirement and * ““:::::_= 25
frequently increase with decreas- 10, -H-a-""'
ing oxidation state of the C atom c co, o

in the final product.?>3%1 Further-

more, conversion of CO, gas is of- Figure 6: Molecular orbital diagram (qualitative) of CO,. 11
ten accompanied by an unfavorable change in reaction entropy resulting in additional energy
requirements for the transformation.? lts comparatively high ionization potential (13.78 eV)
prohibits strong interactions with Lewis or Braensted acids.® However, localization of the
lowest unoccupied molecular orbital (LUMO) on the C and the highest occupied molecular
orbital (HOMO) on the O atoms (Figure 6) in combination with the considerable electroneg-
ativity difference between O (3.50) and C (2.50),* resulting in a partial positive charge of
the C and a partial negative charge of the O, render the C atom prone to nucleophilic attack
while electrophiles can interact with the O atoms. 5%

In a similar fashion, one COs molecule can interact with a metal center forming COz coor-
dinated complexes in which C-, O-, .-52—02(3—, qZ—DG{}cnordinatinn as well as coordination
via one of the CO bonds are conceivable (Figure 7).1484750 |n addition, two molecules of
COs can coordinate to one metal center either via twofold C- or O-coordination, coordina-
tion across one C=0 bond or in an alternating fashion where one C- and one O-atom of
different CO2 molecules are coordinated.®™ Finally, two metal centers can coordinate to

6



1.1 Carbon Dioxide Valonzation

one or two CO, molecules as depicted in Figure 7.1 Of particular interest are structures
13, 15, and 20 where two CO» molecules are coordinated to one or two metal centers in
such a way that allows for their coupling to form the mono- or dinuclear oxalato complexes
14/16 and 21, respectively.”™™ Finally, the formation of chains and rings containing more than
two metal centers is possible, as displayed in structure 24.5% However, for its conversion,
bending of the linear CO5 constitutes a general prerequisite, a step with a significant energy
requirement.*"#81 Strong electrophiles or nucleophiles are required to enable this structural
modification in case no dual activation via joint electrophilic and nucleophilic interactions is
feasible. Efficient catalysts help to overcome these obstacles associated with COo val-
orization. 253464830 Thg the development of catalysts that facilitate activation of CO» and

permit its conversion into a variety of products represents a major area of research within the
field of catalysis. [*%.3646-48,50]
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Figure 7: Possible coordination modes of CO5 in metal complexes with varying CO5:M compo-
sition. B0



1 Introduction

1.1.1 Converslon of COs Into Chemicals without COs; Reduction

With a scale of 155 Mt/year, urea o o

production is currently one of the €0z +2NH; =——= "NH, © _{Nl-iz-‘:h I-|2I'~.I'JLI'~.IH2 *+ HO
largest industrial processes utiliz-

ing CO,.5% Due to its importance Scheme 1: Industrial synthesis of urea.[?>1

as a fertilizer, the global production capacity of urea is expected to increase over the up-
coming decades at a 5-7% rate per year.P® The production is based on two steps (Scheme
1).B551 First, exothermic reaction of CO> and NHs results in the formation of ammonium car-
bamate.?>>11 Dehydration of the ammonium carbamate in the second step yields urea.F>31
In the future, further increase of urea production based on its potential application in the
fabrication of polymers or in synthetic chemistry has been envisioned.?® However, hydrogen
required for the formation of NHz via the Haber-Bosch process is still mainly produced using
fossil fuels, a strategy that ultimately needs to be replaced by Hs production from water to
render CO, conversion with the use of hydrogen sustainable. %52

Inorganic carbonates, CaCO4 ensued by Na;CO4 as the major products, that were pre-
viously discussed as potential products of COp capture from gas mixture or the atmo-
sphere,B341 are currently produced on a scale of approximately 200 Mt per year (in
2014).% While they are nowadays mostly employed for the production of pulp and plastics,
especially CaCO5; and MgCQ5; have widely been discussed for storing CO5.Pl However,
this would require faster carbonate formation, but could ultimately facilitate the replacement
of concrete as a construction material offering a tremendous market potential (32000 Mt per
year).

Organic carbonates can be subdivided into acyclic, cyclic, and polymeric carbonates and
different production processes and applications exist for these three classes of compounds
(Figure 8).F54853-58 Acyclic carbonates are traditionally synthesized wvia direct reaction of
phosgene with alcohols.P>%334 The high toxicity of phosgene, however, encourages the
quest for an alternative production process, ideally based on CO; or readily available
urea.?%354 Catalysts for the preparation of mainly diethyl (DEC) and dimethyl carbonate
(DMC) using COy and the primary alcohol are mainly based on Sn and group five alkox-
ides or heterogeneous Ce, Zr, and Ti oxides.P>5334 Dehydrating agents, such as DCC (di-
cyclohexylcarbodiimide), facilitate the direct reaction of alcohols with CO, to the desired
carbonates under mild conditions. %% Stoichiometric formation of the corresponding dicy-
clohexylurea is a major disadvantage of this reaction, but recycling through dehydration with
especially group 4/5 metal halides is possible.?** Nevertheless, large amounts of waste
generated in this process render it unsuitable for large scale application.5> Direct reac-
tion of urea and the alcohol for the production of acyclic alkyl carbonates is ancther fea-
sible approach and a number of catalysts based on homogeneous Sn compounds, ionic
liquids, and metal oxides, such as MgO, Ca0, and ZrOs, have been reported to catalyze this
process.™ Cyclic carbonates can readily be accessed via catalyzed reaction of epoxides



1.1 Carbon Dioxide Valonzation

with CO,.[54834-58] This reaction is frequently conducted in scCO, which acts as reagent
and solvent.?34 Numerous metal-based, mostly Al, Zn, Mg or Co complexes, and metal-
free, such as phosphonium- or ammonium-salts, homogeneous and heterogeneous catalysts
have been investigated for the formation of cyclic carbonates, such as propylene carbonate
and ethylene carbonate.®34634-5 |n addition, the reaction of aziridines with CO, for the for-
mation of oxazolidinones has been described in the literature. #5571 Besides, direct conversion
of olefins in an oxidative carboxylation has been studied, but limited examples based on O,
as the ultimate oxidant have been described in the literature.®*>4 Finally, catalyzed reaction
of diols with CO» is of interest since the formation of acyclic carbonates can be achieved by
transesterification from cyclic carbonates frequently utilized in the production of DMC. 253354
Propylene carbonate can be prepared via this route starting from 1,2-propanediol and CO5
in the presence of a catalyst, such as MgO or Zn(OAc),.254
0
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Figure 8: Possible applications of CO- in the synthesis of cyclic, acyclic, and polymeric carbon-

ates and carbamates. [#5:45:53-59]
Polycarbonates which are applied in various relevant industrial sectors, such as construction,
packaging, automotive, or electronics, have experienced an increasing demand (more than
4 Mt in 2012) over the last decades and are nowadays industrially manufactured via copoly-
merization of epoxides with CO5.[F5485438] Catalysts that ensure alternating incorporation of
the epoxide and CO2 are mainly based on homogeneous Zn and Al complexes, albeit other
metals, e.g. highly active salen-coordinated Cr(ll) and Co(lll), have been reported. #54555.5€]
Variation of the substituents on the starting epoxides offers a multitude of properties of the
resulting polymer.?538 Again, aziridines instead of epoxides have successfully been utilized
for the direct preparation of polyurethanes starting from CQOy. 35453859

1.1.2 CO, as a C, Bullding Block

One of the first industrial applications for COs as a C4 building block was the synthesis of sali-
cylic acid starting from sodium phenoxide in the Kolbe-Schmitt reaction (Scheme 2). 54660811
In 2014, approximately 20000 tons of acetylsalicylic acid (Aspirin), one of the WHO essential
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non-opioid analgesics, 2 were produced from thus prepared salicylic acid. P!
A traditional approach for carboxylation reactions using CO5

is based on high-energy starting materials, such as organo- OQMNa co, oH O
lithium or -magnesium compounds.?>468284 Not surprisingly, ©)L
various catalytic protocols for incorporation of COz as a car-

boxylic acid, ester or lactone moiety, have been reported in Scheme 2: Kolbe-Schmiff re-
the past that do not require sensitive organometallic start- action yielding sodium salicylate
. . . . via carboxylation of sodium phe-
ing materials (Figure 9).F54683-53 One of these strategies re- oyjde [35.46.61]

lies on the utilization of organoboron compounds which are

considerably less reactive than Grignard or organolithium reagents, and thus offer an eas-
ier handling and enhanced functional group tolerance.®%53841 C-C bond formation utilizing
organoboron starting materials has been described with Rh® and Ag catalysts, but homo-
geneous Cu complexes proved to be especially active at low catalyst loadings and under
comparatively mild conditions. 85571 Alkenes and alkynes have also been utilized for this
carboxylation approach from which the organoboron starting materials can be prepared via
preformation with simple boranes.®5%¥ |n addition, the direct carboxylation of aryl, vinyl and
benzylic halides has been achieved using Pd, Ni, or Cu complexes in combination with a
reductant, such as Zn, organozinc compounds or Mn. #8889 Activated C-H bonds offer the
possibility of direct catalytic carboxylation with CO2, a concept that has been reported for
terminal alkynes and activated spz—(}H bonds in (hetero)arenes utilizing (among others) Cu,
Ag, and Au catalysts. 5468285 Fyurthermore, direct catalytic carboxylation of alkenes and in-
ternal alkynes has been achieved using catalysts based on Ni, Pd, and Cu.[P54850.838570]
Initial reports based on Ni for this reaction were relying on stoichiometric reaction of the
metal complex with alkenes or alkynes in combination with COs resulting in oxidative cy-
clometallation yielding the metallacycles.®*" Catalytic versions of this transformation have
also been described yielding e.g. pyrone derivatives in a Ni-catalyzed [2+2+2] cycloaddi-
tion of a diyne.&7% While the oxidative cyclometallation strategy is limited to expanded =
bonds (di-, tri-, polyenes/~ynes), hydrocarboxylation with COs in combination with a reduc-
ing agent is applicable to simple alkenes/alkynes.®5%1 However, all of these carboxylation
procedures, despite not demanding the utilization of reactive starting materials, still yield
(over)stoichiometric quantities of metal salts as waste resulting from the reducing agents,
organometallic reagents utilized for transmetalation onto the catalyst, or metal compounds
utilized as a base for activation of the electrophile. 5455359 |deally, carboxylation with CO»,
would proceed either via hydrocarboxylation with Hz or by C-H carboxylation without the ne-
cessity of any stoichiometric reagent required for C-H bond activation. 546.6%

Besides the application of amines for CO» capture, as discussed previously, their interaction
with CO5 can also enable further functionalization.*>#671-73 One possibility is the prepara-
tion of formamides, e.g. with NHCs as organocatalysts in combination with a mild silane
or polysiloxane reductant. 571 Further reduction of formamides and ureas from COs is pos-
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sible and even the catalytic direct methylation of anilines and amines with CO5 has been
reported. #5727
Finally, CO5, has been investigated

as a substitute for CO in carbonyla- CH,0H R

tion reactions of alkenes based on R Tleal R'OH (,—{GDER.
the concept of in situ formation of CO [c:tii y R F

via reduction of CO5 under the re- o—c Rul g i
action conditions. 5467475 Following e Eﬂgn] R” “OH
this method, the direct hydroformy- '

lation followed by hydrogenation, RM RNﬁ:ﬁNH
yielding alcohols as main products M=U, Mo [cat]

has been described.87 |nterest- ,ﬁ.. R_N,Mam . _{P
ingly, Ru-catalyzed alkoxycarbonyla- R™ "OH “Me H

tion of alkenes yielding the carboxylic Figure 9: Selected examples of COs as a Cy building

: : : block in carboxylation, methylation, and formylation reac-
acid esters has been achieved in the
R ] tions and as a CO surrogate. [#5.38.46,63-63,71-75]
presence of ionic liquids relying on

“hydrogen borrowing” from the alcohol for the in situ formation of CO or to a minor extent
alkyl formates. *54673 While significant progress in the utilization of CO5 for the production of
bulk and specialty chemicals has already been achieved, further improvements with respect
to selectivity of the transformations, general reaction conditions, and specifically by-product
formation as a result of essential reagents are highly desirable. !

1.2 CO; Reduction to C; Compounds

COs reduction, especially to valuable C; compounds, namely formic acid, CO, formaldehyde,
methanol, and methane, constitutes another possibility for the valorization of carbon diox-
ide [35.36,47,48,52.76-811 Varipus catalytic protocols for CO5 reductions relying on different forms
of energy, such as electro- and photochemical as well as thermal reduction reactions utilizing
e.g. hydrogen have been successfully developed over the past decades, 5384748357681 Tha
ever-increasing interest in such transformations is not least a consequence of the potential
application of these products as fuels or hydrogen storage materials. 538475276811 |dag]ly,
such COs reduction reactions are ultimately combined with water oxidation and based on
sunlight as energy resource in analogy to nature's photosynthesis - a strategy commonly

referred to as artificial photosynthesis. 2% 75-7880.8283]

1.2.1 Hydrogenatlon of CO; to C; Compounds

Formic acid, with a hydrogen content of 4.4 wit%, has been proposed as a liquid material for
hydrogen storage and several transition metal complexes as well as heterogeneous materials
with activity in its dehydrogenation have been reported.*°%8-%1 The reverse reaction, CO»
hydrogenation to formic acid, has likewise been subject to extensive investigation.?>**52 The
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overall formation of liqguid HCO5H starting from gaseous H, and CO5 is thermodynamically
unfavorable (AG5gg, = 32.8 kJ/mol) due to the negative reaction entropy.”? However, addi-
tion of bases or utilization of a solvent can alter the energetics and thereby favor the desired
reaction pathway.”? Hence, hydrogenation of CO» to HCOsH is already exergonic when
conducted in aqueous solution (AG3gg, = —4.0 kJ/mol) and becomes even more feasible
when bases, such as ammonia, are added (AGgg,, = —9.5 kJ/mol).B3 Numerous homoge-
neous metal complexes have been reported for the hydrogenation of CO, to formates since
the initial study by Inoue and co-workers, but some of the most active catalysts nowadays
are still based on precious Ru and Ir.*>4#52 One example for an outstanding catalytic ac-
tivity was reported by Nozaki and co-workers.™ A PNP-ligated Ir trihydride complex (25)
enabled a total TON of 3500000 at 120 “C under 60 bar CO5/Hs in aqueous KOH solution
containing THF (50:1, v:v) (Scheme 3).F5485292 A more sustainable concept for the contin-
uous hydrogenation of COs in a flow reactor was proposed by Leitner and co-workers and is
based on combining a stationary ionic liquid phase with a mobile scCO» phase.®™ Using a
Ru complex based on a sulfonylated phosphine ligand in an imidazolium-based ionic liquid,
a TOF of >295 h™! at a total TON of 1968 was achieved under 100 bar CO/H, (1:1) at
50 °C (Scheme 3).1%52%3 Continuous extraction of the HCO,H into scCO, was successfully
achieved despite it being the bottleneck of this method. 255299

anzaki and co-workers rLeitner and co-workers PhyP
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Scheme 3: CO, hydrogenation to formic acid catalyzed by PNP-ligated Ir complex 25 or [Ru] in
an ionic liquid media. #&.52.92.93]

In contrast to formic acid hydrogenation, the direct production of MeOH from gaseous CO3
and Hy is an exergonic reaction when liquid HoO is formed as the by-product (AG3gg, =
—9.5 kJ/mol). ™% Hence, the production of MeOH starting from CO, has been known for nearly
one century.Fl Nowadays, most of the industrially produced MeOH is formed from CO/H»
mixtures using heterogeneous CwZnO catalysts that contain AlO5 (60/30/10 wit%). 2354834
Interestingly, mechanistic investigations indicated that MeOH is for the most part formed
from hydrogenation of CO, present in the syngas mixtures or formed via WGSR from CO
and H,0. 1334831 This is evident not only from isotopic labeling studies, but also from the ob-
servation that dry and COx-free syngas depicted nearly no MeOH formation under otherwise
identical reaction conditions.®*%%! Despite the process relying on syngas, the industrial-
scale production of MeOH (4000 t'y) using COs captured from the exhaust of a geother
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mal power plant in combination with hydrogen from water electrolysis has been established
in Iceland in “The George Olah Renewable Methanol Plant” by Carbon Recycling Interna-
tional.B-3.%1 Meanwhile, homogeneously catalyzed direct hydrogenation of COs to MeOH
remains a challenging transformation.®® However, the Leitner group was able to accomplish
the direct formation of MeOH starting from COs/H; (1/3) at 80 bar (pressure re-adjusted
twice) and 140 °C using a triphos-coordinated Ru complex in combination with bis(trifluoro-
methane)sulfonimide in THF yielding a TON of 603 (48 h) (Scheme 4).F552%] More recently,
Beller and co-workers reported a similar method for COs hydrogenation using Co triphos
complexes in the presence of EtOH instead of a precious Ru-based catalyst (Scheme 4). %I
By careful optimization of the reaction conditions, a TON of 70 was achieved at 90 “C under
90 bar CO4/Hs (2:7) using Co(NTf5)o/triphos as the catalyst in THF/EtOH. ]

Leitner and co-workers ] ( Beller and co-workers
[Colacac)s] + HNTH:
PPhs or
oy [Co(NTE)]
e ""'--..RL i
e 2 Jome= o
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CHIOH - 2T Phg Me PPhz
0 HNTT *Hy 28 “—PPh,
THF {1'-3} - CH;’DH
THF/ELOH (8:3, wviv)
CO¥Ho (20:70)

Scheme 4: Formation of MeOH via hydrogenation of CO, catalyzed by Ru and Co triphos com-
plexes as reported by the Leitner and the Beller group. P852.9-98]

1.2.2 Electrochemical CO, Reduction to C; Compounds

Apart from Hz as reducing agent Table 1: Standard redox potentials for selected CO, reduc-
for the valorization of CO,, elec- fion reactions in aqueous solutions.™”!

tricity, i.e. electrons as the ul- Resction E® [V vs. SHE]
timate reductant, arguably offers co,(ag) +e = co,* -1.904
great potential for future applica- COz(g) + 2H" + 2™ = HCO2H()) -0.25
tions.B547 811 \While electricity pro- COs(g) + 2H* + 26~ = CO(qg) + Ha0(l) —0.11

. . . COgz(g) + 4H* + 48~ = HpCO(l) + Hz0(l) -0.07
duction using fctssﬂ fuels 1fcrr the COa(g) + BH* + Be~ = MeOH() + Hp0() +0.02
sake of converting CO; into Cy  ¢o,(g) + 8H* + 8e~ = CH,(g) + 2H,0() +0.17
building blocks would be an un- 2C0z(g) + 2H* + 26~ = HazCz04(aq) —0.50
sustainable approach, application —2C02(g) + 26~ = C,0, (aq) —0.59

+ -
of excess electricity generated _2002(0)+12H" + 126" = EIOH() + 3H,0() +0.08

. ape = 8 3
from fossil fuels or utilizing low-C ~Fetential eported vs. NHE.

electric energy renders the general methodology valuable.** Moreover, electrochemical CO,
reduction into fuels would establish a convenient technology for the storage of electrical en-
ergy, as batteries are restricted by their low volumetric energy density.®® However, direct
electrochemical CO» reduction to form COs*" is thermodynamically challenging, obvious
from the significantly negative standard redox potential {Em = —1.90 V vs. NHE), result-
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ing from the associated geometry change.*%281 With respect to thermodynamics, proton-
coupled multi-electron reductions are more feasible (Table 1), but these reactions gener
ally require catalysts.[*72792811 |t i3 noteworthy that these reactions not only require a proton
source, but display a significant pH dependence of the electrode potentials when conducted
in aqueous solution due to varying proton availability.*-#'l Moreover, unfavorable reaction
kinetics of these processes render the applied electric potentials more negative than thermo-
dynamically needed, with the difference between applied and theoretical potential to obtain
a certain reaction rate defined as the overpotential n.#"#'l Product selectivity constitutes an-
other major challenge in electrochemical COs reduction, as perceived from the relatively
close proximity of the redox potentials for different reduction reactions enabling a multitude
of potential reaction pathways. "% Both, higher selectivity and reduced overpotentials, can
be accomplished with the help of suitable catalysts for the CO, reduction reaction. 4-7581]

Single electron reduction of CO5 at a low potential on an inert electrode, such as lead or
mercury, results mainly in coupling of the CO» radical anion to form oxalate, 7798189102
In case the COs interacts with the electrode material, the energy barrier for its reduction
might be reduced enabling lower 1 values for the electron transfer onto the chemisorbed
CO, and the subsequent reaction.! Furthermore, the product selectivity can be affected
by this interaction.®”l While inert electrodes function via outer-sphere electron transfer to
COs, the latter reduce COs in an inner-sphere process and can thus be designated as elec-
trocatalyst.!*”! Suitable metals that interact with CO2 in such a way are Au, Ag, and Cu.*"
While the former mainly yield CO as CO5 reduction product, the latter is known to produce
formaldehyde, methanol and even hydrocarbons, when the electrochemical CO, reduction
is conducted in aqueous media.?47.81.103-1%] Homogeneous electrocatalysts allow for readily
adjustable properties by varying the metal, the ligand, or its substituents in case of metal-
free catalysts.!"®'"! As for the heterogeneous electrocatalysts, homogeneous electrocatalysts
can function wia either outer-sphere or inner-sphere reduction. -#1 |n the former case, the
reduced electrocatalyst transfers an electron to the CO, generating the CO,*" that under-
goes further transformations.*”-# |n this process, termed redox catalysis, the homogeneous
nature of the catalyst enables beneficial COs reduction in solution away from the electrode
surface, albeit the energy required for the electron transfer is unaltered compared to an inert
electrode.*"#11 Moreover, outer-sphere electrocatalysts are prone to react with CO resulting
in the formation of carboxylated products. " #l In contrast, homogeneous catalysts enabling
inner-sphere electron transfer will bind to the CO» molecule prior to its reduction and further
conversion.*# |n this case, coordination of CO» can facilitate bending of the molecule, thus
omitting the requirement of geometry change as part of the reduction step."” In general, the
energy barrier for inner-sphere reduction of CO, is reduced compared to the outer-sphere
process. 7811 For both strategies, the electron transfer should proceed first from the electrode
to the catalyst and subsequently via the reduced catalyst to CO5.*"-#11 Hence, the redox po-
tential of the catalyst is the potential required for CO» reduction which implies that this is
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generally more positive than that of the direct uncatalyzed CO, reduction reaction. 7]

Over the past decades, numerous homogeneous catalysts based on various metals, such
as Mn, Fe, Co, Ni, Cu, or Ru, have been reported for electrochemical reduction of
CQop. HTIETBTAELI0NI08 A racent report by Robert and co-workers highlights the flexibility of
homogeneous catalysts with respect to tunable product selectivities.['"™! Electrolysis of Co
complex 29 coordinated by a pentadentate macrocyclic ligand in DMF (containing 0.1 M
MBuy4NPFg) at—1.5 V vs. SCE selectively yielded CO (82% Faradaic yield) in 1 h (Scheme
5).B7.1%1 |n contrast, the analogous Fe complex 30 produced formic acid with a high selectiv-
ity (75-80% Faradaic efficiency) when electrolyzed at —1.25 V vs. SCE in DMF for 3 h.[*"1%]
The distinct product selectivity was likewise obtained in the photochemical COs reduction
utilizing these complexes.[%7]

co 0o=C=0 HCOsH
0.1 M BugNPF; in DMF 0.1 M BugNPFg in DMF

-15V vs. SCE -125V vs SCE
Scheme 5: Electrocatalytic CO» reduction to CO and formate catalyzed by macrocycle-ligated
Co and Fe complexes reported by Lau, Robert, and co-workers. [4.17]

While homogeneous electrocatalysts for more than two-electron reduction of COs remain
scarce, specifically those based on non-precious metals, Koper and co-workers reported the
formation of small quantities of CH, and traces of MeOH when conducting CO» reduction in
aqueous electrolyte at low pH using a porphyrin-ligated Co complex that was immobilized on
a pyrolytic graphite electrode.*"7%1%1 However, the major CO5 reduction product was CO,
with a Faradaic efficiency of up to approx. 60% accompanied by Hs evolution. [47.108
Besides competing formation of hydrogen in the presence of protons, long-term catalyst
stability remains a major challenge in the development of electrochemical CO2 reduction
protocols, albeit significant progress has been achieved in the past decades to tackle these
pmble ms. [3,47 ,52,79,81,107]

1.2.3 Photochemical CO, Reduction to C; Compounds

Direct utilization of light for the reduction of COs into energetically enriched materials is
another research area of increasing interest, due to its inherent advantage of possibly em-
ploying sunlight as the ultimate environmentally benign energy resource.P575-2022 However,
most CO; reduction catalysts have to be combined with another light absorbing compound,
frequently a semiconductor or homogeneous photosensitizer, to enable the energetic con-
version of light. 3435275808 |llymination of the photosensitizer (PS) will result in its excita-
tion giving rise to PS* which has significantly altered redox potentials and can thus undergo
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two potential follow-up reactions.[P8.77.79.80.82109] The first possible reaction is so-called oxida-
tive quenching where an electron is transferred from PS* onto an electron acceptor (e.g.
the reduction catalyst) yielding the single-reduced acceptor molecule and the oxidized PS**
(Scheme 10).F877.798210] Tha most common reaction pathway in photocatalytic CO» reduc-
tion is reductive quenching, a process in which PS” is reduced by an electron donor (ED) to
PS* accompanied by formation of ED**.F27677.79.8082] For the photocatalytic CO, reduction
process, a sufficiently long lifetime of the excited PS” is required to facilitate the reductive
quenching process and an excitation should ideally be possible in the visible light region
without overlapping with the absorption wavelength of the electron donor or the CO» reduc-
tion catalyst.”5™ Furthermore, the redox potentials of the PS in the ground and excited state
have to be compatible with the oxidation potential of the ED and the reduction potential of
the CO, reduction catalyst.!®%77.7282109 The PS*~ subsequently transfers the electron onto
the reduction catalyst which in many cases has to be capable of storing the electrons trans-
ferred from the PS due to the thermodynamically favored multi-electron reduction reactions
of CO», in contrast to electrochemical CO» reduction where more than one electron can be
transferred to the catalyst in a short timeframe .[B277.79.80.89]

EredPS™/PS*) =
EedPS™IPS) - Egg

Erea(PS*/PS") =

Eret(PS/IPS™) + Egg

ED™ EA™

Figure 10: Fundamental reactions of a photosensitizer consisting of reductive and oxidative
quenching by an electron donor or acceptor after excitation and the altered redox potentials
of these processes (Eq o consfitutes the energy difference between ground and lowest excited
stafe), respectively. [F7.20.104]

Importantly, the oxidation product of the electron donor should be short-lived to circumvent
oxidation of PS* by reverse electron transfer.""®*3 While the ideal electron donor would
be water, resulting in the formation of O, as the oxidation product, the combination of
water oxidation and CO, reduction in a single photocatalytic protocol remains challenging,
hence sacrificial electron donors (SEDs), such as tertiary amines, alcohols or NADH mod-
els, are commonly employed for investigations on homogeneous photocatalytic COs reduc-
tinnﬁ[ﬁE.?E—EﬂBE]

Photocatalytic CO» reduction to a mixture of C; products consisting of mainly HCO5H,
formaldehyde, and methanol with traces of methane, were first observed by Inoue et al
utilizing various semiconductors, such as SiC, TiOs, or CdS, in agqueous solution.F'7"1% Only
a few years later, Lehn and Ziessel accomplished the first homogeneous photocatalytic CO5
reduction based on well-known [Ru{bpy}g]z" as photosensitizer and CoCly as the COs re-
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1.2 CO» Reduction to Cy Compounds

duction catalyst. 5"l At this point, the best selectivity for CO, reduction of ca. 24:1 CO/H»
was achieved using triethanolamine (TEOA) as sacrificial electron donor by illuminating (Xe
lamp, =400 nm) the reaction for 22 h in a MeCN/TEOA/H>0 mixture (3:1:1, voviv). 0 |t
is noteworthy to mention that the addition of 2,2™-bipyridine decreased the observed CO/Hs
selectivity by enhancing proton reduction.'""! However, substituting 2,2-bipyridine by 2,9-
dimethylphenanthroline (dmp) facilitated a significant increase in catalytic activity and 19 mL
Hs together with 8 mL CO were produced by illuminating CoCls;-6H,0, dmp and [Ru{l:-pﬂ,r:lg]2+
in CO5 containing DMF/TEQA (5:1) over 15 h.[1"2

As part of the same work, [Re(bpy)}(CO)3X] (X = CI,

=, C
Br) complexes were identified as suitable CO5; re- g::p_:giﬁ
duction catalysts that also served as photosensitiz- _._, = COo - c=o0*
EtNCI =
ers. 757880112l Thase Re! complexes showed a signif- DMFrrEgA{s-J, v}

icantly improved CO selectivity and no concurrent Hs b

formation was observed under optimized conditions, Scheme 6: Re catalyzed CO, reduc-

where illumination of [Re(bpy)(CO)3Cl] in DMF/TEQA tion to CO in DMF/TEOA (5:1, viv) uti-
(5:1) at >400 nm (250 W) over 4 h in the presence of 'Et:‘"ﬁc]‘f'.i’ﬂti'ia]"gm in the presence of
Et4NCI yielded CO with a TON of 48 (Scheme 6).0'"?

Isotopic labeling with 13(302 ensured the origin of CO being photocatalytic COs reduc-
tion.""21"3 The addition of a CI” source proved to be crucial for the long-term stability of
the catalytic system due to the formation of a catalytically less active Re formate complex

([Re(bpy)(CQO)4(O0OCH)]) when no stabilizing CI~ was present.#0.112113]

In an attempt to further optimize the photocatalytic ca-
pability, both of the required functions have been com-
bined by molecularly linking the photosensitizer and
the reduction catalyst through a bridging ligand giv-
ing rise to a class of so-called supramolecular cata-
lysts. 2757880 The desired enhancement of catalytic
activity for these supramolecular complexes was en-
visaged based on elimination of the diffusion limited
electron transfer in the bicatalytic system, which re-
guires a collision of the isolated PS and the CO5 re-
ducing complex.®%71 This strategy has already been
pursued by Kimura and co-workers in the 1990s by
combining Ru-based photosensitizers with well-known
[Ni(cyclam)]2* via a methylene linker on one of the di-
imine (N"N) ligands.[77.80.114.115] The initial dyad 31 (Fig- Figure 11: Dyads consisting of a
ure 11) based on a cyclam-substituted 2,2-bipyridine [Ni(cyclam)]®* and a Ru PS moi-
containing a methylene-bridge in the 6-position of bpy ©ly developed by Kimura and co-

workers, [114,115]
depicted poor stability resulting in decomposition of the
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complex upon illumination.[''*1"% Refinement of the supramolecular catalyst to reduce the
steric crowding imposed by the linker via application of a 5-substituted phenanthroline-based
bridging ligand gave the Ru-Ni-based complex 32.1''%] Complex 32 acted as an active cata-
lyst for photocatalytic COs reduction upon irradiation (Xe lamp, 500 W) of an aqueous CO3
solution containing ascorbate (1.0 M) as the SED at 25 °C yielding 3.51 uL CO in a 2.5:1
CO/H, mixture over 44 h.!""3I While the overall activity remained comparatively low, the dyad
proved to be more stable and selective than the combination of the mononuclear complexes
[Flul[phen:l;;]2+ and [Ni{cydam}]z" which produced 1.29 ulL of CO and depicted a CO/Hs se-
lectivity of 0.57:1 under identical conditions. 2% 1131

Various supramolecular complexes for the photocatalytic CO»s reduction combining diverse
metals with the help of a plethora of bridging ligands have been reported since these pio-
neering examples.-750 One revolutionary system enabling high TONs for CO, reduction
to CO utilizing visible light was achieved by combining Re! complexes that mainly absorb UV
light with a Ru-based PS. 52757880118l |ghitanj and co-workers prepared different of these Ru-
Re complexes bridged by bipyridine and phenanthroline analogues, evaluated their electro-
and photochemical properties, and validated their applicability in photocatalytic CO» reduc-
tion.['"® The most active complexes, tetranuclear 33 and dinuclear 34, yielded CO with high
TONs of 170 and 240, respectively, upon illumination at =500 nm for 16 h in DMF/TEOQOA
(5:1, v:v) containing BNAH (0.1 M) as the SED (Scheme 7).I'"" This indicated a signifi-
cant improvement compared to the analogous [Re[dmb}{GD:lgcl]uf[Ru{dmb}g]2+ (dmb = 4,4"-
dimethylbipyridine) combination which produced CO with a TON of 100 over 16 h.['18

,J

o=c=o Ph” BNAH . c=o*
DMF/TEDA (5:1, viv) =

hv (=500 nm)

[Ru(LRePNEORC ) PFg ),
33

Scheme 7: Supramolecular complex combining a Ru PS with a Re reduction catalyst reported
by Ishitani and co-workers for the photocatalytic reduction of CO5 to CO.[118

A major disadvantage of the systems based on Re and Ru as the COs reduction catalysts
is the comparatively low abundance of these metals, hence earth-abundant first-row transi-
tion metal catalysts would be favorable in the long run.“""8787 An early example for this
approach was reported by Tinnemans and co-workers and is based on tetraazacycle-ligated
Co complexes.®2"'7] Besides their activity in electrocatalytic CO, reduction, high TONs of
up to 100 for CO/Hs (0.29/1) at a decent CO selectivity were obtained upon irradiation of
complex 35 and [Ru[bpyr}g]2+ for 18 h with daylight lamps in COs saturated H>O containing
ascorbic acid/ascorbate as the SED (Scheme 8).I"'" The selectivity toward CO» reduction
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1.2 CO» Reduction to Cy Compounds

was not only dependent on the ligand employed and complex 36 produced nearly no CO
with a CO/Hs ratio of <0.01, but also on the [Co] catalyst concentration.[''”] Interestingly,
structurally related complex 29 enabled CO3 reduction to CO (~97% selectivity) with a TON
of 270 when irradiated with [Ir(ppy)3] and NEt; as SED in MeCN for 22 h.['%7)

'““"Y\r v I

Me
[Rulopy)sIClz6 Hz0 NE N i N
o=c=o 350r36 o+ H [ o j N—Co2* N
ascorbic acid/ascorbate (1.0 M) 2 N’ N (CIOg )2 LJ \_)
in HoO (pH = 4.0) m/]\/lr‘ )
hiv (Brk
35 36

Scheme 8: Tetraazacycle-ligated Co complexes and their application in photocatalytic CO» re-
duction in combination with [Ru(bpy)s]®* and ascorbic acid.!'"7]

Analogous Ni complexes, such as [Ni(cyclam)]2*, were likewise investigated in combination
with [Ru[bpy}3]2+ and ascorbic acid in water and depicted a high selectivity for the reduction
of CO» to CO as well.["'® However, the quantum yield remained rather low with only 6.0x 10~
for CO using a 1000 W lamp at 440 nm.[118
Iron porphyrins, such as [Fe(TPP)CI]
(TPP = tetraphenylporphyrin), were

[Fe(TPP)CI]
also capable of reducing COp to CO  9=C=0 Gy 1es5) °°
even in the absence of an addi- hv (Xe lamp)

tional photosensitizer.[''¥ |rradiation
of [Fe(TPP)CI] (10~ M) in DMF con-
taining NEt; (5%) using a Xe lamp

[Fe(TPP)CI]
Scheme 9: Fe porphyrins as CO= reduction catalysts in
DMF containing NEt; (5%) as reported by Neta and co-

workers.['"

(300 W) enabled CO» reduction with O OH HO Q
a TON up to 70 (Scheme 9), albeit 37
a decrease in catalytic activity was oo PRy o7 SCNA HO OH
observed over time due to decom- MeCN

MEt; (0.36 or 0.05 M) HO OH
position of the porphyrin ligand.[''9 hv (420 nm)
Interestingly, combining the Fe por O OH HO O
phyrin with an organic photosensi- - ”E‘lg 37
tizer (p-terphenyl - TP) enabled sig- NEts  NEL
nificantly higher activity for CO pro- FONA NEL | v >_§
duction with a near sixfold increase +H0 EUQCNA Fel SCMA™ ar
in CO yield accompanied by consid- ')/ /
erable Hy quantities.'?] ICNA™ + 2 ol o — m
Modification of the porphyrin lig- [:V [Fe?]
and by introduction of 2,6-dihydroxo- A o,

phenyl substituents and combina-
tion of the derived Fe complex with

[Ir(ppy)s] (PRy = 2-phenylpyridine) as

Scheme 10: Photocatalytic CO, reduction catalyzed by
substituted Fe porphyrin 37 with [Ir(ppy)s] or 9CNA and
the proposed reaction mechanism. 120

the PS was recently reported by Bonin et al. to increase CO selectivity and catalytic activ-
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ity.!'2% Reaction with CO, for 55 h with NEt; (0.36 M) as SED in MeCN containing [Ir(ppy)3]
and complex 37 using visible light (=420 nm) resulted in the formation of CO with a TON
of 140 and a CO/Hs selectivity of 93% (Scheme 10).1'2% Most importantly, replacement of
the Ir Ps by 9-cyanoanthracene (9CNA) not only enhanced the CO selectivity even further
to 100%, but still gave rise to a CO TON of ~60 in less than 50 h at a lower NEt; concen-
tration (0.05 M).['20 A possible reaction mechanism was proposed and comprised reductive
quenching of excited 9CNA* by NEt; as indicated by fluorescence quenching experiments
followed by multiple reduction steps of 37 to the Fe? complex.['2% Reaction with CO» to an H-
bond stabilized intermediate, enabled by the OH substituents on the porphyrin backbone, F7!
follow-up reduction, and C-O bond cleavage yield the observed CO.!'?"!

Mon-macrocyclic Fe complexes were likewise reported for the photocatalytic CO5 reduction
to CO and one particularly useful ligand was found to be 2,2":6",2™:6", 2" -quaterpyridine (gpy)
as reported by the groups of Chen, Lau and Robert.[22 In combination with [Ru(bpy)s]®*
and 1,3-dimethyl-2-phenylbenzimidazol (BIH) as the SED in a MeCN/TEOA mixture (4:1),
[Fe{qpy}{HED]2]2+ (38) formed CO with a TON of 1879 and a selectivity of 97% within 3 h of
irradiation with a blue LED (Scheme 11).1'>2l Minor quantities of H, (TON=15) and formate
(TON=48) were formed as by-products which increased upon lowering the catalyst concen-
tration to 0.005 mM to 118 and 534 for Ho/HCO5 .['>21 However, at this reduced catalyst
loading an impressive TON for CO of 3844 within 45 min was obtained.'*? |n addition to the
Fe complex, [lI:-::n[q|:-‘,r}|[H21’.2'-*};1]2“L (39) and [Gu{qpyr]]2+ (40) were utilized applying the same
photocatalytic CO, reduction protocol.['*>'%3 For the Co complex, a TON of 2660 for CO
at 98% selectivity was obtained utilizing a 5 uM catalyst concentration and 80 min reaction
time.['23 For the analogous Cu complex, a CO TON of 2425 was observed upon irradiation
with visible light (=420 nm) in MeCN containing 15% TEOA and 0.1 M BIH.["** However, a
lower CO selectivity of 80% was observed due to considerable quantities of Ho (TON=623)
and traces of formate (TON=8) which were simultaneously formed.['2%

[Fe{apy ) Hz0)z)(ClOy4); or
[Fe(apy)H20)](CI0,4)s or [Co{qpy {H20)2)(ClOy)2 or
[Colapy)(Hz0)2](ClO4)2 [Culgpy)]iC10g)
purpurin [Rulbpy)sF*
o = BIH (0.1 M) O=C=0 BIH (0.1 M) -co
DMF MeCN, TEOA (15% v:v)
e (460 nm ) e (>420 nm [Cu] or

480 nm [Fe, Cal)
O OH Me

OH N
CL
N
O OH Me
purpurin BIH

Scheme 11: Co, Fe, and Cu quaterpyridine complexes as catalysts for the CO, reduction to
CO/formate/Hz utilizing visible light and BIH as SED.['%12

The CO» reduction activity could be significantly increased by addition of water and at a 3%
H;0 and 1 uM 40 concentration, a CO TON of 12400 within 3 h was achieved accompanied
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by an enhancement of the CO selectivity to 97%.0'*3 The observed effect was rationalized
by a stabilizing influence of water during CO» coordination by hydrogen bonding/protonation
as well as potential facilitation of the required C-O bond scission.['?®! At high H>O concen-
trations, proton reduction competes with COs reduction, thus formation of Hp was found to
increase at higher [H50].['*3 For the Fe and Co complexes 38 and 39, a protocol in the
absence of precious metals by combination with purpurin as the PS was reported.['*3 CO
production was accomplished with TONs of 1365 (38) and 790 (39) with high to ideal selec-
tivity of 100% and 95% upon irradiation of the complexes (5 uM) for 12 h in DMF containing
BIH (0.1 M) and 0.02 mM purpurin.['#2

While molecular Cu complexes are seldom utilized for photocatalytic CO» reduction, ['**!
they have frequently been applied as photosensitizers for various photoredox transforma-
tions. [24-139 Heteroleptic Cu' complexes of the general structure [Cu(N”N)(P"P)]* bearing a
bisphosphine and a diimine ligand depicted promising electro- and photochemical properties,
such as sufficient excited state lifetimes of >10 ps,"*" and were thus utilized in photocatalytic
proton reduction!'?®'?¥ or organic photoredox catalysis!'3135139 1241271371 Nt surprisingly,
their area of application was recently broadened to photocatalytic CO5 reduction by Ishitani
and co-workers, enabling ancther noble metal free system for the photocatalytic formation of
CO.1'3-133] Diffarent mono- and dinuclear [Cu(N"N)(P"P)]* complexes were prepared and
evaluated in combination with [Fe{dmp)2(NCS)s] in MeCN/TEQA (5:1, v:v) utilizing BIH as
the sacrificial reductant.!"*” Dinuclear Cu PS 41 depicted the highest activity arguably due to
the stability of 41 itself and its one electron reduced species (OERS).['* |rradiating a CO»
saturated MeCN/TEOA solution of 41 (0.25 mM) and [Fe(dmp)s(NCS)s] (50 uM) containing
BIH (10 mM) at 436 nm for 5 h gave CO and Hy (Scheme 12) in high quantum yields of
6.7% and 2.8% corresponding to TONs of 95 (CO) and 56 (Hs), respectively.!"*® Higher BIH
concentrations (50 mM) enabled even higher TONs of 273 (CO) and 75 (Hz) equivalent to a
CO selectivity of 78%.013"

M
[Fe{dmp)z(NCS):]

MeCMN/TEDA (5:1, viv)
BIH (0.05 M), hv (436 nm)

0o=Cc=0

= Me
== NMEI

M

N

Ma;r:iw =
|

SCN nes M=

Me:

—

o

[Fe{dmpl({NCS]
Scheme 12: Dinuclear heteroleptic Cu PS 41 and its application in the photocatalytic CO, re-

duction with [Fe(dmp)2(NCS)5] and BIH. '3
A similar CO5 reduction protocol based on the combination of mononuclear heteroleptic Cu
photosensitizers with cyclopentadienone-ligated Fe complexes, previously utilized in electro-
chemical™” and photocatalytic CO> reduction together with an Ir PS,""! was recently de-
scribed."*"! The optimum combination was achieved with [Cu(becp)(xantphos)]PFg
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(becp = 2,9-dimethyl-4,7-diphenyl-1, 10-phenanthroline) and complex 43 in a N-methylpyrroli-
done (NMP)YTEOA mixture (5:1, v:v) using BIH (0.1 M) as the SED and visible light (400-
700 nm, 1.50 W) resulting in CO/Hs formation with a total TON of 432 and a CO selectivity of
99% (Scheme 13).1"3" Interestingly, the Cu PS could be formed in situ analogously to a previ-
ous procedure for Fe catalyzed proton reduction?®! and an improved performance for CO for-
mation (TON=487) at retained selectivity was obtained when a mixture of [Cu(MeCN),4}]PFg,
xantphos and bathocuproine in a 1:3:1 ratio was employed instead of the pre-formed com-
plex.['*1l The steric impact of the substituents in 2,9-positions of the diimine ligand was further
investigated using this in sifu system, as steric bulk in these positions can impact the pos-
sibility of solvent coordination in the flattened excited state of the Cu PS that might result
in exciplex quenching and reduce the excited state lifetime.[124.128.127.131.142] However, an in-
creased steric bulk imposed by substitution of Me groups in bathocuproine with Pr, /Bu or
NHex led to a decreased CO production as did the substitution of xantphos by DPEPhos.['3']
Increased steric bulk on the Fe catalyst by replacement of a Me from the SiMes substituent
with 'Pr resulted in a nearly 50% decrease in catalytic activity."*"! In addition, introduction of
an oxygen-bridge into the cylopentadienone ligand (45) decreased the TON for CO formation
to 80, a trend that had already been observed in combination with an Ir PS, '] indicating the
importance of the electronic and steric properties of the cyclopentadienone ligand.['*'l Albeit
deactivation was observed after 5 h reaction time, a high quantum yield for CO formation of
13.3% after 2 h (415 nm) was achieved.['*"]

[Fe] SiMesR
Cu{becp)ixantphos)]PF,
omcmg U (bepNxantphos)IPFs x:If\Sgo
NMP/TEOA (5:1, wiv), ]
BIH (0.1 M), hv (400700 nm) Py SiMezR

<\ co

[N e on PP oc” g
43 (X = (CH;);, R = Me)
44 (X = (CHy)z R ="Pr)

O P ] 45 (X =0, R = Me)
Eh, uMa Ph

Scheme 13: Kndlker-type complex 43['*3l and [Cu(bcp)(xantphos)]PFg in the photocatalytic CO»
reduction to CO.['31]

o
WY,

The same photosensitizer 42 was

H
recently combined with another 46 {‘\“‘/\ N
tetraazacycle-derived Fe catalyst [Cubeplummiphoc)|Frs o
(2] acyc ¥ o=c=0 xantphos co+n, & J | ~ai
46 for the photochemical transfor- DMF/TEOA (4:1, vv), .
BIH (0.05 M), hv (=400 nm) H
mation of CO3 into CO (Scheme 46

14).11%21 46 facilitated CO forma- Scheme 14: Iron catalyzed CO; reduction to CO/H; based
+ : .41 [132]
tion in 84% selectivity over 8 hwith " [CU(PCP)(xaniphos)T" and BIH in DMF/TEOA (4:1).

a TON of 565 during illumination with visible light (=400 nm, 179 mw-cm‘z} in the presence
of [Cu(bep)(xantphos)]* in DMF/TEOQA (4:1, v:v) utilizing BIH as the sacrificial reductant.!'*?
Additional xantphos (2 equiv. based on [Cu]) was required to achieve this TON which is not

22



1.2 CO» Reduction to Cy Compounds

surprising as the [Cu(N"N)(P"P)]* complexes are known to form the inactive corresponding
homoleptic [Cu(N"N)s]* complex in a ligand-exchange equilibrium, [124,127-128,131,132,142,144,143]
[Mn(N"N){CQO)3X] complexes, inspired by their heavier Re analogues, have likewise been
utilized for the photocatalytic reduction of CO2 to formate and CO.F779.133134146,147] i
tially, [Mn({bpy)(CO)5Br] was combined with [Rul[dmp:la]2+ as the PS and produced HCOOH/
CO/H5 with respective TONs of 149/12/14 upon irradiation with 480 nm light in a DMF/TEOCA
mixture over 12 h in the presence of BNAH.I'*1 When the photosensitizer was replaced
by the dinuclear Cu PS 41 and BIH was utilized as the sacrificial reductant, the same Mn
catalyst yielded a HCOOH/CO/Hs mixture with 157/50/4 TONs in N, N-dimethylacetamide
(DMA)/TEQA (4:1, v:v) over 2 h (A = 436 nm) (Scheme 15).1'* The product selectivity was
drastically altered when substituents were introduced into the bipyridine ligand and the 4,4-
dimethoxy analogue 48 produced mainly CO (CO/HCOOH/H; TONs of 150/65/11) under
unaltered conditions."* Moreover, introducing a mesityl substituent in the 6,6'-positions of
the ligand further enhanced the CO selectivity and CO/HCOOH/H2 were formed with TONs
of 208/5/3.1"* The system based on Mn and Cu, unlike that based on Fe cyclopentadienone
complexes,*'l depicted superior long-term stability.['** In fact, irradiation of 47 for 24 h with
an increased BIH concentration (0.1 M) efficiently reduced CO, to CO with a TON of 1004
(TONs for H; and HCOQOH were 68 and 310).1'* At this point, most of the employed BIH
had already been consumed while only 2% deactivation of the Cu PS occurred after the first
12 h of the reaction, highlighting its excellent stability.'**!

[Cu] (41) RE_~ RiSr
[Mn{N*N){CO)sBr] N |m 47 {Ft: =H, R =H}
O=C=0 DMA/TEOA (41, viv) CO + HCOzH + Hp “‘“th ~co 4.3{&1 = H, RZ = OMe)
BIH, hv (436 nm) Rl 49 (R' = Mes, R?=H)

Scheme 15: First Mn/Cu photocatalytic system for the reduction of CO5 to CO/HCOsH/Ha mix-
tures with the help of BIH as SED.['*

Even higher selectivity for the for-

50 Br
mation of CO over Hs produc- o=c=0 Cu{bcp)ixantphos)JPFg o ?‘Hr!,_ﬁﬂﬂ
tion was reported utilizing the MeCN/TEOA (5:1, v:v) 0 "Nj| Tco

BIH (0.1 M), hv (415 nm) el
[Cu(bcp)(xantphos)]PFg photosen- """*'m

sitizer in combination with a slightly g, oo 16. Mn! complex 50 reported for photocatalytic

modified Mn complex 50 in which 2- ¢, reduction to CO in high selectivity when combined with
(4,4-dimethyl-2-oxazolinyl)pyridine  [Cu(bcp)(xantphos)]PFg, BIH and TEOA.['34

instead of bipyridine is coordinated to Mn.!"**'¥! Under optimized conditions at 415 nm
(70 mW) applying the in situ formation protocol for the Cu PS starting from [Cu(MeCN)4]PFg,
bathocuproine, and xantphos in a 1:1:3 ratio and with 10 nmol of catalyst 50 in MeCN/TEOA
(5:1, v:v), a CO TON of 913 and 94% selectivity over H, formation (TON=57) was observed
after 5 h using BIH as the SED (Scheme 16).0341471 Albeit decomposition of the Mn com-
plex due to CO dissociation occurred during irradiation and photocatalytic activity essentially
stopped after 5 h reaction time, addition of [Cu(MeCN)4]PFg after these 5 h enabled further
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conversion of CO, for another 5 h, yielding a total TON of 1543 for CO with 96% selec-
tivity.['24.1471 50 was also an efficient electrocatalyst for the reduction of COs to CO yielding
a TON of 32 with =99% Faradaic efficiency upon controlled potential electrolysis at 1.2 V
vs. NHE in MeCN containing 1 M trifluoroethanol (TFE) and BusNBF4 (0.1 M) as the elec-
trolyte.['34! While photocatalytic CO, reduction with the help of homogeneous complexes
mainly resulted in the formation of CO and formate, in many cases accompanied by H, pro-
duction, the multi-electron reduction to CH,4 was recently implemented by Bonin, Robert and
co-workers.['*8 Visible light (>420 nm) illumination of a MeCN solution of cationic Fe por-
phyrin 51 (0.2 mM) in the presence of NEt; (50 mM) and TFE (0.1 M) applying [Ir(ppy)a] as
the PS gave CH4 with a TON of 66 in addition to CO (TON=240) as the major product and
Ho (TON=73) after 47 h (Scheme 17).['*fl Extended illumination for 102 h in the absence of
TFE gave an even higher CH, TON of 79 (TON(CO)=367, TON(H5)=26).[14
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Scheme 17: Photocatalytic CO2 reduction to methane, CO, and Hz catalyzed by Fe porphyrin
51 and [Ir(ppy)z].!"**!

Since CH4 formation required a certain concentration of CO in the reaction mixture, indi-
cating the initial formation of CO followed by its conversion to methane, experiments were
conducted starting from CO instead of CO5.0'*8l Indeed, illumination under CO atmosphere
under otherwise unaltered conditions for 102 h yielded CH4 with a TON of 159 in 83% se-
lectivity which is twice that obtained with CO,.['*¥ Interestingly, unsubstituted [Fe(TPP)CI]
produced no methane and substitution of [Ir(ppy)s] by [Ru[bpy}a]2+ likewise gave only CO
and H, as the observable products.!"*¥l These experiments highlight the importance of the
required combination of a sufficiently strong reducing PS with a CO» reduction catalyst that
is capable of stabilizing the reduction intermediates. "%

Recently, an outstanding improvement of the TON for CH4 production was reported by
Jurss, Delcamp and co-workers.['"*] Three different Ni complexes based on macrocyclic
bis-pyridine-dicarbene ligands (52, 53) or the non-cyclic congener (54) were combined with
[Ir(ppy)a] (0.1 mM) and BIH (10 mM) in MeCN containing 5% MEt3 and illuminated using
a 150 W solar simulator for 72 h (Scheme 18).1'*®! Under these conditions, 54 produced
CH4 with a TON of 4000 as a by-product with CO/Hs; (TONs of 108000/278000) as the
main products, while 52 and 53 showed no methane formation despite an impressive TON
for CO of 310000 obtained with 52 at 90% selectivity.!'*] However, addition of 2% of H,O
facilitated CHy4 production for both macrocyclic complexes with a high catalytic activity of
19000 and 5000 for 52 and 53, respectively, whereas 54 produced Hs in 90% selectivity
after addition of water, with no detectable methane formation.!"*®! 52 proved to be the most
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1.3 CO> Reduction to Co Compounds

selective CO5 reduction catalyst under these conditions providing CO/CH4/Hs with TONs of
175000/19000/29000 compared to 53 (8000/5000/34000).049 |t is noteworthy that low cat-
alyst concentrations of 2 nM were utilized to achieve these turnover numbers.['*9 Both, CO
and Hs were found to be crucial for CH4 formation with complex 52 and isotopic labeling with
13CO/D, (1:1) produced 13CD, as well as '3CD,H, indicating a mechanism in which H, and
D5 are entirely incorporated in the formed methane as no other isotopic distributions were
observed. 14

[Ni]
_ [ir(ppyk]
O=C=0 "eCN, BIH (10 mm) CHa*CO+H, N A
MEt3 (5%, Hz0 (2%)
hv (solar simulator)

Scheme 18: Photocatalytic CO, reduction to CH,/CO/H, catalyzed by bis-pyridine-dicarbene-
ligated Ni complexes as reported by Jurss, Delcamp and co-workers. ['4]

1.3 CO; Reduction to C; Compounds

In nature, COs is utilized as the building block to construct complex organic molecules con-
taining more than one C atom, such as carbohydrates or carboxylic acids.?53:48.130 The
most important of the underlying processes for their construction is arguably photosynthesis
due to its pivotal role in the development of life on earth and its unrivaled scale of approxi-
mately 260 billion tons of converted CO5> per year.?>#% The CO> conversion step as part of
the photosynthesis is catalyzed by ribulose-1,5-bisphosphate-carboxylase-oxygenase (Ru-
BisCO) which is one of the most abundant enzymes on the planet contributing up to 50%
of the proteins in leaves.?481530 |nterestingly, RuBisCO lacks high selectivity, thus oxidation
of ribulose-1,5-bisphosphate is competing with its desired transformation into a Cg sugar
intermediate that yields two 3-phosphoglycerate molecules via subsequent C-C bond scis-
sion.®48 150 Fyrthermore, the TOF for CO5 conversion mediated by RuBisCO is utterly slow
with only one turnover per second, hence an enhanced CO, conversion efficiency of 5-10%
could supposedly counterbalance the rising CO, concentration in the atmosphere by its fix-
ation as biomass. 342150 The importance of the catalyzed transformation of CO5 into higher
carbon compounds, evident from the natural abundance of RuBisCO, inspired researchers
not only to modify the natural protein to enable higher activity and selectivity, but also to
attempt similar CO, conversion reactions into C.., compounds, ideally relying on sunlight
as the energy resource.*.15% Nowadays, catalytic CO, reduction into C~., compounds as
well as stoichiometric conversion mediated by metal complexes constitute one of the major
research areas toward potential CO» utilization. [25.48.100,104-106,151-185]

1.3.1 Photochemical CO, Reduction to C.., Compounds

The conversion of COz into C-» compounds with the help of catalysts using light as the
energy source has already been reported in the 1990s.!"""! CH4 was the major product of
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photocatalytic CO, reduction and only minor amounts of C;H, were formed using TiOs in
water under ca. 28 bar CO5 in combination with a Xe lamp.['>"l However, illumination of a
5 wit% Cu on TiOs catalyst under identical conditions yielded ethylene as the major prod-
uct accompanied by traces of ethane and methane.!"*" Since then, major improvements in
terms of selectivity and catalytic activity have been achieved as outlined by a recent report
by Li ef al..['31 A MOF (MIL-125) based on TiO, and benzene-1,4-dicarboxylate (BDC) with
a general formula of TigOg(OH)4(BDC)g was utilized in combination with 1% Cu and 0.02%
Co as a dopant to yield ethane (267.60 umol) as the major product accompanied by CHy
(169.79 umol), CaHg (10.07 umol) and CO (150.58 umol) under 10 bar of CO2 within 3 h of
illumination (Xe lamp).!""® Recently, a metal-free approach for the direct photocatalytic con-
version of CO, into valuable C, compounds was described by Cao, Yu and co-workers.['3
Polymeric carbon nitride as the CO» reduction catalyst was immobilized on hydrophobic car-
bon fiber (CF) as the supporting material.['> When the resulting material was illuminated
with a Xe lamp (300 W, equipped with a 100 mW cm 2 filter) in the presence of CO», a mix-
ture of Hy, CO, CHy4, and CoH,4 was formed with a CO» conversion of 415.50 umol h™! m™2
and a C, selectivity of ca. 28% (of the CO, reduction products).['>¥ To reach this high con-
version, the unfunctionalized part of the CF support had to remain outside of the solution
to ensure efficient transport of CO5 from the gas phase wia the hydrophobic support to the
active catalyst in a “gas-liquid-solid” reaction system. '3

1.3.2 CO; Hydrogenation to C~, Compounds

One well-established strategy to achieve formation of Co or even higher carbon compounds
directly from CO5 is hydrogenation.!'**'%1 A major challenge in the hydrogenation to mul-
ticarbon compounds is the kinetically unfavorable C-C bond forming step.['5458157] Never-
theless, C-C bond formation has been achieved by simple combination of CO, and hydro-
gen with different homogeneous and heterogeneous catalysts.['>'%% Gao et al. recently
reported a strategy for the formation of mixtures consisting of C»-C..5 compounds based on
the combination of an indium oxide (InoO3) with a zeolite (HZSM-5).1"*"! Initial investigations
indicated that InoO5 was capable of hydrogenating COs to MeOH and the zeolite enabled
further conversion of thus formed MeOH into various hydrocarbons with a C..5 selectivity
of 71.4% at 340 °C under a pressure of 30 bar Hy/COs/N5 (73:24:3).1'*7] Albeit no catalyst
deactivation was observed over 150 h and despite the excellent catalytic ability for the for-
mation of G-, compounds, the COz conversion remained at 13.1% and the major product
was CO (~40%).["*"1 The formation of Co-C4 compounds has been investigated as well and
combination of a zeolite (SAPO-34), which is known for catalyzing the conversion of MeOH
into olefins, and a mixed indium zirconium oxide was found to be suitable for catalyzing this
transformation.['> At 400 °C and a pressure of 30 bar COz/Hs/Ns (24:73:3) a selectivity
of 76.4% for Co-C4 olefins and 16.5% for C5-C4 alkanes for the non-CO reduction prod-
ucts was obtained at 35.5% CO» conversion using a 2/1 In-Zr oxide/SAPQ-34 catalyst.['*4
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Interestingly, even aromatic compounds, such as xylenes, can be obtained from direct hydro-
genation of COs when a combination of HZSM-5 zeolite and a mixed zinc-aluminum oxide
(ZnAlOy) is utilized as the catalyst.['*®l In long-term experiments using this ZnAlOyx/HZSM-5
catalyst at 320 °C under a constant H2/COs/Ar (30 bar, 3:1:0.2) stream, a CO» conversion
of ~6% was observed, with CO (~50-60% selectivity) being the main product and aromatic
compounds constituting the major non-CO CO5 reduction product (66-72% selectivity with-
out CO).["8l Higher selectivities for the formation of a Co compound by hydrogenation of
CO2 were recently accomplished in the preparation of EtOH.['*3 Cobalt nanoparticles sup-
ported by aluminum oxide (CoAlQOy) catalyzed EtOH formation with a selectivity of 92.1%
at 140 °C under 40 bar Ho/COs2 (3:1).1"*! Neither CO nor hydrocarbons were observed and
MeOH and higher alcohols were the only by-products emphasizing the high selectivity of
these catalysts.['%% Despite the inherent advantage of heterogeneous catalysts for industrial
applications, such as stability and separability, *"1%8 and the outstanding catalytic activity
achieved in the field,"**'57] the limited selectivity for desired multicarbon products obtained
by COs reduction and the comparatively high reaction temperatures for the formation of hy-
drocarbons are challenges that require further improvements. 35139

Qian and co-workers attempted to tackle these problems by employing a homogeneous cat-
alyst based on Ru and Rh in combination with Lil as a promoter.['*® At 200 °C under 80 bar
COs/Hs (1:1) using Rus(CO)4z and Rha(CO)4Cls in a 28.2/51.5 ratio (based on the metal)
together with Lil in 1,3-dimethylimidazolidinone (DMI) a selectivity for the formation of higher
alcohols with C-., of 96.4% was obtained with EtOH being the main product (47% selectiv-
ity).['58l |sotopic labeling experiments with 13C-MeOH and 13C,-EtOH added to the reaction
mixture were conducted and proved both, conversion of MeOH into EtOH and EtOH into
higher alcohols, thus showcasing their roles as reaction intermediates."*® Later, the same
group improved the catalytic activity of homogeneous CO; hydrogenation to alcohols by
replacing Rh with Co and Lil by a combination of LiBr and PPNCI (bis(triphenylphosphoran-
ylidene)ammonium chloride).["**l While the selectivity for higher alcohols C-., marginally de-
creased to 90.8% using Ruz(CO)42/Co4(CO)42 in a 2:1 ratio (based on the metal) com-
bined with LiBr and PPNCI in DMI at 200 “C and 90 bar COs/Hs (1:2), the space time yield
in mmol of C per liter and hour increased from 12.86 C mmol L= pt (for Ru/Rh/Lil) to

33.7 C mmol L~1 h~1 for the Ru/Co/LiBr/PPNCI system (after 12 h).[158158]
Recently, Liu and co-workers described

the application of a homogeneous Pd/Fe Pd{zg'ﬁfé;ﬂz
, 0=C=0+ H, —— ~ CHy +CO + Me_,Me
catalyst system for the formation of Co- (1:2) [bmim]PFg, 180 °C ™

C4 hydrocarbons wia COs hydrogena- Scheme 18: Hvd i . 0 CoC

o t _ Scheme 19: Hydrogenation of CO5 to C5-C4 com-
tion.[™ Pd(P'Bug)p, FeCly, and xant pounds catalyzed by a Pd/Fe system reported by Liu
phos enabled hydrogenation of CO, at and co-workers.[150]

180 “C under 90 bar CO2/Hs (1:2) in the ionic liquid [bmim]PFg with a C2-C, selectivity above
98% (Scheme 19).1"8% Traces of CH4 (1%) and CO (0.7%) were detected as by-products of
the reaction.!"®" Under these reaction conditions, recycling of the IL and the catalyst system
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was possible for five consecutive runs without significant changes in product yield and selec-
tivity.['®%] This recent report elegantly indicates the future potential of homogeneous catalysts
for the direct conversion of CO» into multicarbon compounds. 151

1.3.3 Electrochemical CO; Reductlon to C; Compounds

As discussed in section 1.2.2, in-
ert electrodes reduce COs mainly

Q
- H
to yield the reductive coupling prod- ﬁ' /329"" H= 'CI “Gﬂﬂ , }_
c CO3~
uct oxalate. 7798199102 Tha strongly |j GO,
o Gth_J \‘
0

negative potential of —1.90 V wvs
MHE for this direct reduction ren-

ders the application of suitable cat-
al}'sts for this transformation desir- Scheme 20: Possible reaction pathwa}fs of electrochem-

ically formed CO-* toward the formation of CO/CO 2‘,
able.[#7.81.100.181] Angther problem as- Hcgz_ and ngiz-‘[m.gg.mz.m.ma] 3
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sociated with direct reduction of CO,

at inert electrodes is the obtained product selectivity. #1.99.102.197.198] Mixtures of oxalate and
CO with varying constitution in between 89/10 up to 1.4/82 (Faradaic yield) were obtained
when COs was electrolyzed in anhydrous DMF (containing 0.2 M BusNCIO4) using a Hg
electrode depending on the CO, concentration and the temperature.®%! |n addition, for-
mate is produced in case the electrolysis is conducted in the presence of water, further alter-
ing the product distribution.®!.99.102,197.1%8] Formation of these products has been studied and
revealed the competing processes which the CO>* can undergo (Scheme 20). [B1.99.102.197.135]
Besides reductive coupling of two CO2*" radical anions, reaction with a proton source, such
as water, can result in the formation of formate.®.98.1021%] Fyrthermore, reaction with an
additional CO5 molecule to form an O-bridged adduct followed by a second reduction step
might yield carbonate and CO via so-called reductive disproportionation, 478199102197 |t g
noteworthy that reductive disproportionation and coupling do not require protons and are
thus frequently conducted in aprotic media, 793102 197.198]

The unique property of Cu electrodes to enable the construction of C-C bonds and facilitate
the formation of hydrocarbons upon electrolytic CO5 reduction has already been observed
in the 1980s by Hori and co-workers.['"*-1%I |n early attempts, electrolysis of CO5 ina 0.1 M
aqueous KCI solution at —1.44 V vs. NHE yielded a mixture of different products with a total
99.8% Faradaic efficiency that consisted of (efficiencies for each product given in brackets)
Hz (5.9%), CO (2.5%), HCOs™ (6.6%), CH4 (11.5%), CoHy4 (47.8%), EtOH (21.9%), and
even "PrOH (3.6%) which is produced via 18 electron reduction.!'®! |nvestigations on the
mechanism indicated formation of surface bound CO that undergoes further reactions to
yield the COs reduction products.['%51%6.1%] Higher selectivities for CosH4 have recently been
reported by Roldan Cuenya and co-workers.!"®? By treating Cu foils with an oxygen plasma
(20 W, 2 min), which resulted in the formation of Cu oxides on the surface of the material,
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they obtained an active catalyst for CO, reduction that depicted a high selectivity of 60% for
ethylene formation at 0.9 V vs. RHE in 0.1 M aqueous KHCO5 solution after 60 min.['5
Interestingly, selectivity towards EtOH and CzH7OH can also be increased with modified
Cu-based electrocatalysts.["®! Kim and co-workers described a strategy to enhance the CO
concentration on the surface of the catalyst by combining a Cu nanoparticle catalyst capable
of CO reduction to hydrocarbons and alcohols with nitrogen-doped porous carbon.['83 N-
Doped porous carbon (NPC) prepared from porous carbon and polypyrrols contains pyridinic
nitrogen species which are known to catalyze COs to CO reduction.!'® The best catalyst
yielded EtOH/C3H70OH in 64.6% and 8.7% Faradaic efficiency, respectively, while only minor
quantities of CO (7.1%), Hz (14.8%), and CoH4 (3.6%) were observed as by-products upon
electrolysis at —1.05 V vs. RHE in 0.2 M KHCQO4.['83]

One prominent example for catalytic electrochemical CO5 reduction to oxalate with the help
of homogeneous catalysts was already reported in 1984 and is based on benzonitrile as
catalyst.?%! | ater, various alkyl and phenyl benzoates were employed for this transformation
and Faradaic yields for oxalate in between 74-99% were achieved upon electrolysis in 0.1 M
MBuyNCIO, in dry DMF depending on temperature and CO5 concentration.'®! Interestingly,
the reaction does not proceed via a simple outer-sphere electron transfer as for redox catal-
ysis, but through nucleophilic attack of the organic radical anion to the C of CO» followed by
homolytic bond scission yielding the CO5*~ (Scheme 21).1:'% The major bottleneck for the
utilization of aromatic nitriles or esters in oxalate formation is the low potential of the reaction
(around —2.2 V vs. SCE) which is comparable to that reporied for the direct CO, reduction
on a Hg electrode (—2.21 V vs. SCE)["%1 jn DMF. [E1.100]
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Scheme 21: Proposed mechanism for the electrocatalytic conversion of CO, into oxalate with
the help of aromatic esters (and aromatic nitriles proceeding analogously). 199

Metal complexes have been reported to catalyze the electrochemical COs reduction to ox-
alate as well. [*7181,184-169,201.202] Eqrmation of oxalate can be observed as a side reaction with
metal catalysts, as reported by Pun et al, utilizing chelated salen-inspired Fe complexes
that reached a maximum Faradaic efficiency for C,0,4%~ of 13.4%.2"1 However, catalysts
enabling higher selectivities for electrocatalytic 02042‘ formation have been developed over
the past decades.!["8"'5+'8% |5 1985, Becker and co-workers reported Ag and Pd porphyrin
complexes that were found to selectively reduce COs to oxalate at —1.50 to —1.65 V vs. Ag
wire (+0.15 V vs. SCE).["®'l Another example for an active electrocatalyst for the formation
of oxalate is a dinuclear Rh sulfur cluster (55) reported by Tanaka and co-workers.["®4 While
electrolysis at —1.50 V vs. SCE in MeCN containing BusNBF 4 (0.1 M) resulted in the forma-
tion of formate with a Faradaic efficiency of 60%, oxalate formation with 60% efficiency was

observed when the electrolyte was exchanged for LiBF 4 (Scheme 22).['54]
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Scheme 22: Co, Rh, and Ir sulfur cluster applied in the electrocatalytic transformation of CO5
into LipCo0,4. 1841851

Further investigations by the same group found analogous Ir (56) and Co (57) complexes
which showed likewise activity in catalyzing electrochemical CO» reductive coupling.['s Ir
complex 56 yielded LizC204 and (MegN)2C204 in 60% selectivity when a MeCN solution
containing LiBF 4 or Me 4JNBF, as the electrolyte was electrolyzed at—1.30 V vs. Ag/AgCI.['%%]
Importantly, no carbonate or CO was observed as a product of the electrochemical CO5
reduction with 56.'%°] The Co congener 57 proved to be active for oxalate formation in the
presence of LiBF4 (2.5 M) at an even less negative potential of —-0.70 V vs. Ag/AgCl and
with a Faradaic efficiency of 80% in MeCN.!"®* Mechanistic investigations for Ir complex 56
revealed complex 58+ which was formed upon reaction of in situ prepared [Ir3(CsMes)3(ps-
S),]? with CO, in MeCN (Scheme 23).1'61 Similar to 56, 58+ was an active catalyst for CO,
reductive coupling and enabled (MesN)2C204 formation in 64% Faradaic efficiency upon
electrolysis at —1.60 V (Ag/AgCl) in MeCN.I'®8 |n situ IR spectroscopy enabled the identifi-
cation of two IR bands (1680 and 1600 cm‘1} assigned to COs-coordinated intermediates
as well as observation of the oxalate band (1633 cm™1).I"%81 Based on these observations,
a mechanism for the formation of oxalate starting from complex 56 was proposed (Scheme
23).1"%81 After formation of 58+ accompanied by the first formation of oxalate from COs, COs is
activated reversibly to yield an adduct ([(58)(CO2)]*).["®8! Reduction of this adduct, which ar-
guably results in Ir-Ir bond cleavage, enables electrophilic attack of another CO5 yielding the
unstable intermediate [(58)(CO5)5]~ that regenerates complex 58* upon oxalate release.['%l

[(S8)(CO)]"
2.CO; + MeCN e

Cp!
Y Ij \“ {‘..I-|2{‘.I'~.I
[s6]° (58)(Co"  CpT N e
€202
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[(58){COz)al”
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Scheme 23: Ir complex 58* formed during the electrochemical reduction of CO5 and the pro-
posed mechanism for the Ir-catalyzed formation of oxalate. ['58]

In addition to metal-sulfide clusters, chelated mono- and dinuclear Ru complexes (59 and
60) were found to catalyze formation of oxalate in MeCN with a selectivity of 64% and 70 %
at—1.65 and —1.55 V vs. Ag/AgCl, respectively (Scheme 24).I'¥7 |nterestingly, the selectivity
shifted entirely to formate production upon addition of water, providing HCO2™ in 89% and
90% selectivity.['57]
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59 or 60

O=C=0 77m BugNBF4in MeCN C204"
electrolysis
[Fubpy)o{dmbbbpy [(FFs)z (59)
[(bpy )zRu{ dmbbbpy R U bpy)e (PFs)s (60) Cr

dmbbbpy

Scheme 24: Mono- and dinuclear Ru complexes reported by Tanaka for the electrocatalytic
production of oxalate. 5]

Significantly higher Faradaic yields for the formation of oxalate from CO2 were reported by
Jager and co-workers using macrocyclic Ni complexes (Figure 12).1"%% In contrast to earlier
reports based on macrocyclic Ni complexes, such as the well-known [Ni(cyclam)], which pro-
duce CO as the major product resulting from electrocatalytic CO, reduction, %2204 the most
active catalyst 61 favored formation of oxalate.['®® A remarkable 98% Faradaic efficiency for
the formation of oxalate at a turnover frequency of 55 h~! was obtained within the first 130
cycles of electrolysis in MeCN (+0.25 M BugNCIQ4).["®! Furthermore, stability of the cata-
lyst for up to 750 turnovers was achieved, albeit with a slightly reduced oxalate selectivity of
90% (Faradaic yield) due to CO formation (5%).['®®] Mechanistic investigations indicated a
mechanism similar to that of aromatic esters and nitriles.['*® Despite the mechanistic anal-
ogy and the observation that ester or ketone substituents on the ligand are required for high
catalytic activity, reduction of the Ni complex yields an anion in which the unpaired electron is
mainly located on the Ni.["®! Albeit formidable catalytic activity was accomplished, reduction
potentials remained unfavorable, with a standard potential of —2.176 V vs. SCE for 61.0'%%

N PR Me ™ Me
V: I'~.I\ _fl'~.| 3 0O / I'~.I\ /I'~.I \ Me —M /rq_
Et0,C FERS COEt PR W, p P
=N~ N= Me =N~ N= o o "o
Mé “— Me ME — Me Me Me
61 62 63

Figure 12: Tetraazacycle-ligated Ni complexes reported by Jager and co-workers for the selec-
tive electrochemical reduction of CO2 into C2042- "% and acyclic 63 employed for the electro-
catalytic CO» reduction yielding (BugN)oCo04 291
More recently, another Ni complex which is coordinated by a Schiff base ligand (63) has been
reported to yield (BusN)>C50,, identified by NMR and IR spectroscopy, upon electrolysis at
—2.0V (vs. Fc/Fct) in CD3CN in the presence of BusNPFg over 10 min. 202
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1.3.4 CO3 Reductlon to Oxalate Medlated by Homogeneous Metal Complexes

Apart from catalytic approaches for con-
version of COs into Co compounds, sev-
eral metal complexes have been reported

to mediate the conversion of CO; into ox- 1)~ Cl0y
. L . . MeOH

alate resulting mainly in the formation of CuCk ;ﬁ:ﬂz

oxalate-coordinated complexes or coordi- PhCN

nation polymers in the presence or even
absence of chemical reducing agents. One
recent example for the fixation of CO, in  gcheme 25: Copper oxalate coordination polymer
the form of oxalate within coordination poly- reported by Banerjee and co-workers.['7?]

mers has been described by the Banerjee group.!'™ CuCls and bpy were treated with
AgClO4 in MeOH prior to reaction of the resulting Cu complex with CO2 in benzonitrile
yielding a Cu oxalate coordination polymer of general formula [Cu(bpy)(1-C504)], (Scheme
25).1'"% CO, reductive coupling facilitated by benzonitrile in combination with electron stor-
age in the aromatic ligand of the Cu complex was suggested as the origin of oxalate.['""

The in situ formation of oxalate coordination polymersP®™-213 or defined complexes®'>-219
in the presence of carbohydrates,®'™ alcohols®™! or carboxylic acid derivatives® 2" has
been observed in various cases for different metals.®% Often, aeriall?%5.208218217.219] gr hy-
drothermal conditions[207.208.210-215.218] wara utilized and heat or prolonged reaction times were
required to form the oxalate complexes.® Oxalate compounds based on e.g. U,F%211
Cu, [208.207.213218-218] 7 [209] and even mixed or co-crystallized oxalate-containing compounds
based on Cu and U,P%211214 Gy and V,®'*, Cu and Cr/Mo,™! or lanthanide complexes
based on, among others, NdF'2#20 gr Tb[#1%21% haye been obtained in this way. Multiple
reaction pathways have been proposed for the formation of the observed oxalate, such as
reductive coupling of CO,,*%>2'71 decarboxylation of the carboxylic acid followed by reductive
coupling, F%7-208.210213] and oxidation or oxidative degradation of alcohols, #%! carbohydrates
or organic acids 2182182181 2201 However, only in few cases control experiments were con-
ducted to narrow down the true origin of the observed oxalate. ?%5206.208210.2201 O particu-
larly insightful report was presented by the groups of Cahill and Nakahara.?% |n contrast to
most of the aforementioned examples, the species present in solution in addition to the crys-
talline solid obtained after completion of the reaction were investigated.®*" The reaction of
Nd(NOs3)3 - 6H0 with 2,3-pyrazinedicarboxylic acid under hydrothermal conditions (120 “C)
resulted in the formation of oxalate previously assumed to proceed via decarboxylation of the
dicarboxylic acid, evidenced by observation of the monocarbaxylic acid,®'?l and subsequent
reductive coupling of CO, was proposed for an analogous Th compound. 2% However, NMR
spectroscopy enabled the time-dependent quantification of mono- and dicarboxylic acid and
following their concentration over the reaction time indicated a non-proportional relationship
between these two species, thus suggesting a more sophisticated reaction than simple de-
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carboxylation and reductive coupling.”" Compounds obtained wia ring-opening, such as
glycolic and 2-hydroxymalonic acid, were observed by NMR spectroscopy and a reduced
proportion of the oxalate complex was obtained when the reaction was conducted in par
tially degassed solvent.”” These observations in combination with the oxidative reaction
environment substantiate the proposed oxidative degradation pathway for oxalate formation
(Scheme 26).E2% This work indicates the importance of in-depth investigations for confirma-
tion of the true origin of in situ formed oxalate, specifically in cases where oxidative reaction
conditions or hydrolyzable C-N bonds are present.®0
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I I: foxl .,
l: [ H H
N’ o)

0 f H,0 f

OH  NH, OH oy

Scheme 26: Plausible pathway for the formation of oxalate under hydrothermal conditions va de-
carboxylation of pyrazine dicarboxylic acid and subsequent ring opening followed by degradation
under oxidative conditions in the presence of Ng3+. 1220

The reductive coupling of gaseous COs by homogeneous complexes is a well-known phe-
nomenon which has been observed by Fréhlich and Schreer as early as 1983."""! Due to
their interest in the carboxylation of Ti alkyl complexes in benzene at 10 °C yielding car
boxylic acids after acid hydrolysis, they isolated a dinuclear u-C50, titanium cyclopentadienyl|
complex 67 (Scheme 27).['" This first literature precedent paved the way for CO5 reductive
coupling mediated by homogeneous metal complexes enabled by simultaneous oxidation of
the metal center in the absence of additional reductant or energy input in terms of light or
electricity.['71]

2 CpzTi{CHz)sN{Bu)CzH(Bu)N(CHz)3TiCpz + 6CO02
65
Jhanzana

2 Cp2TH(02C(CHz 3N('BU)CHy( BuN(CHz)3C02) + Cp2Ti(C204)TICP2
66 a7

Scheme 27: First example for the reductive coupling of COs into oxalate mediated by a homo-
geneous Ti alkyl complex reported by Frohlich and Schreer.['71]

Mechanistic investigations to identify the possibility of the involvement of dimetalloxycar-
benes as intermediates for oxalate formation were undertaken for a Ti complex ligated by
'Bu(3,5-MesCgH3)N ligands (Scheme 28).172 A dinuclear bridged formate complex 70 stabi-
lized against CO elimination by the interaction of two Ti centers in combination with a weakly-
coordinating anion B(CgF5)4~ was prepared as the starting material for this investigation.!'72
Deprotonation of this formate complex resulted in the formation of the desired dimetalloxy-
carbene 71 stabilized via C-Ti coordination in a fluctuating manner between both Ti centers
above —55 °C.I"73 DFT calculations suggested a minor energy difference of 10.5 kJ mol™!
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between this x2C,0:x'O"-coordinated compound and the actual dimetalloxycarbene, but the
former was identified by crystallographic as well as NMR spectroscopic analysis, indicating
a considerably shorter lifetime of the latter.['7? Nevertheless, treatment of the novel complex
with CO5 resulted in the expected formation of the oxalate-bridged Ti complex 72.1'2 The-
oretical investigation of the mechanism revealed the direct nucleophilic attack of this dimet-
alloxycarbene intermediate onto a second non-activated CO, molecule as the energetically
favorable reaction path further underpinning the intermediate’s carbene properties.['73
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jQ/ e (TLIBCF S H ~B(CsFsk
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Scheme 28: Mechanistic pathway for the formation of oxalate starting from a dinuclear formate-
bridged Ti complex and proceeding via a dimetalloxycarbene intermediate 71 as the key
species.['7

Besides Ti, Sc has been identified to enable similar chemistry once reduced to the rather
unusual oxidation state Sc! with K or Cs in combination with 18-crown-6 (18-c-6) (Scheme
29).1'73 Reaction of Sc®* complex [K(18-c-6)][Sc(N(SiMes)s2)a] with CO» in Et»0 yielded a
CO5~ coordination polymer [K[1B—c—E][,wDGO—n‘0:&1{}'}SG[N[SiM93]2}3]n bridged wia an
interaction between K and a methyl group of one N(SiMe3) ligand as well as the CO,~.['73
Additionally, the dinuclear oxalate-bridged Sc'' complex 74 was isolated in which the C5042-
coordination occurs in a ' fashion.['73!

Nismes, A 18-c6)]
(MesSaN, v
o\ NiSiMes)

(Me3Si)zN""; 3¢° f'-l{EIMBa}z
{Mag,EibN
co
IK(18-C-BIS o(N(SiMesle)al g 5= .

73

MesSi)oN  N(SiMes);
T5

Scheme 29: Formation of oxalate-bridged Sc complex 74 via reductive coupling of CO,. '™
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1.3 CO> Reduction to Co Compounds

One particularly active class of metals for the conversion of CO, into axalate are lanthanides
and actinides. Interestingly, lanthanides can be precipitated as the corresponding oxalates,
a method that can be utilized for their separation or analysis.®*'l Lanthanum itself, as well
as praseodymium, were identified as suitable promoters for the conversion of COs into ox-
alate in the presence of small quantities of HNO4 and precursors initially intended for the
construction of a macrocyclic ligand upon contact with the atmosphere for prolonged times
(1 month).[""# The formation of the resulting oxalate coordination polymers of the general for-
mula ([Lnz(C204)a(H20)g] -3H20-0.5HNO3)n (Ln = La, Pr) was significantly accelerated by
mixing the ligand precursors with the lanthanide nitrates under a COs atmosphere (balloon)
for 20 min in alcoholic solvent (Scheme 30).0'74

YA Y €Oy
HN M M M

+ I H HNO;
2 + + Ln{NOz)-xHO {[Lnz{C204}x(H0)g)-3 Hz00.5 HNO3},
Cl OH C 79(Ln = L2)
OH 7 HO 77 78 B0 (Ln=""})

Scheme 30: Formation of oxalate-containing La and Pr coordination polymers by treatment of
the precursors with CO» as reported by Kahwa and co-workers. ['74]

Yiterbium has likewise been reported to form an oxalate complex upon reaction of tetra-
phenylporphyrin with [Yb(MN(SiMez)2)3]-x[LiCI{THF)3] in boiling diglyme (diethylene glycol di-
methyl ether) and subsequent work up in air (Scheme 31).1# Albeit no conclusive statement
has been made on the exact origin of thus formed oxalate, treatment of the reaction mixture
obtained under nitrogen atmosphere with CO, indicated the formation of the same oxalate
complex according to mass spectrometric analysis.2*l

C0,
) ] H:TPP
YD[N{SiMe )zl x[LICTHF)]  —— [ E{TPP)dme)k{p-C204)
B1 reflux B2

Scheme 31: CO, treatment of in situ formed Yb tetraphenylporphyrin giving rise to a novel
oxalate-bridged dinuclear Yb complex. 222

A straightforward determina-

tion of the origin of oxalate

is possible for the Sm oxalate Mﬂﬁ/ MB
complex reported by Evans , jcoyer)cmmHF)] 2522 . Wl -~ E FF

and co-workers.['"3] CO5 treat- MB —

ment of [Sm(CsMes)z(THF)s] g EE = ;HM; E‘.‘.EI-LCH=GH2}, - j&m
in THF at room temperature re- 5 =)

sulted in oxalato-bridged com- 86 (R = SiMe o CHzCH=CHz))

plex 85 in 92% yield within o 1 ome 32: Reductive CO, coupling mediated by
6 min (Scheme 32).'"! A cyclopentadienyl-coordinated Sm complexes reported by

strong solvent dependence of Evans and co-workers.['7517¢l
this reaction was observed and complex product mixtures were obtained when the reaction
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was conducted in hexanes or toluene even at—78 “C. The capability of 83 to couple CO; was
explained with its strong reducing ability indicated by its reaction with stilbene (E? = —2.22 v
vs. SCE).I'"3 Further modifications of the ligand, such as replacement of a methyl group
by an allyldimethylsilyl substituent, did not impact the reactivity towards CO2.!"" Hence, the
oxalato-bridged congener 86 was obtained in 95% yield after reaction with CO, for 2 min in
hexanes.['7®]

Moreover, changing the metal indi- me _Me Me . Me__ e Me, e
— . . MeTHF, Me
cated a significant difference in the %\ ’ N 260, M \ o Ma/

MEI L ay
complexes ability to mediate CO, re-  Me, syt e

N s iy Ma
' — Me “oF 0 ‘___,Lu Me

ductive coupling.l'™ CO, treatment %”“THF""‘“%? Me “‘“/ﬁ
. Me e Me Me  “Me Me” Me

of Lu complex 87 in benzene/THF a7 88

(25:1) enabled once again the isola- Scheme 33: Conversion of No-bridged Lu complex 87 into
tion of an analogous oxalato complex the oxalate complex 88 by CO, reductive coupling.['"!

88 (Scheme 33), while the analogous La complex yielded a mixture of products.['"7]

The influences of metal, solvent, and coordination sphere have further been investigated
by Mazzanti and co-workers.!'72179 |nitially, they observed the formation of CO32~, CO, and
(32042‘ upon reaction of the ytterbium siloxide complex [‘fb[{}Si{DrBu];;}4K2] (89) with CO»
in toluene and subsequent treatment with D>0 in a total oxalate/carbonate yield of 95%
(Scheme 34).['™! Yb is oxidized in this transformation to the corresponding Yb'!!l complex 90,
which encouraged attempts on a catalytic CO, reduction by converting 90 back into 89 via
treatment with KCg.['™ This procedure allowed for a total of five consecutive CO» reduction
runs prior to significant decrease of the 89 concentration in the sample.['"®

co
["b{OSi{0Bu)s)akz] ﬁ-— [YB{OSi(O'Bu))eK] +CO + "[YLCOSJ" + [ LC20,]"
89 a0 1 a2

! e | €204 + COF*

Scheme 34: Simultaneous CO» reductive coupling and reductive disproportionation facilitated
by Yb complex 89 developed by the Mazzanti group.!'™

The analogous Sm complex was found to also yield a mixture of (1032‘, CO, and 02042‘
when reacted with CO5 in toluene-dg, albeit with a higher percentage of oxalate formation
compared to Yb.['"™ Hence, Mazzanti and co-workers investigated the influence of the sol-
vent, metal (Yb or Sm), and ligand properties on the CO32/C2042" ratio.['” The dinuclear
complexes [sz{DSi{of Bu)3)4] and [Smg{OSi{OIBU}g:I,;] were prepared and compared to the
mononuclear dianionic complexes 89 and [Sm(OSi(O!Bu)s)4K>2].1"™ Reaction of the former
complexes with CO5 in cyclohexane-d;» allowed for isolation of two crystalline tetranuclear
complexes, namely the carbonate complex [Sm4{08i{0'Bu}gja{pg—GDa—ﬁLD,D‘,D'}z] (93)
and oxalato complex [Yb4(OSi(O'Bu)3)g(C204)] (94).1'79 Despite the obtained crystal struc-
tures, Yb complexes yielded in general lower quantities of oxalate compared to Sm.!"" Fur-
thermore, the solvent played a significant role and while polar THF enabled higher quantities
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1.3 CO> Reduction to Co Compounds

of carbonate formation, nonpolar solvents, such as toluene-dy and cyclohexane-d; 5, favored
the reductive coupling over reductive disproportionation.['"® The best oxalate/carbonate ratio
was obtained with [Sm{OSi[D'Bu};;th] (95) in either toluene-dg or cyclohexane-dyz with a
yield of 92% and an oxalate/carbonate ratio of 1:0.8.1'"] DFT calculations were conducted to
supplement the experimental data.['"® The results of both, experiment and theory, indicate
a preferable formation of oxalate when CO, reacts with dimeric lanthanide species, which
are primarily existing in non-polar solvents.['™ However, two dimers might interact, as in the
formation of 93 and 94, which supposedly results in the observed formation of carbonate as
a by-product.!'™

Besides CO» reductive coupling to oxalate, carboxylation of a guanidato-type ligand (Giso
= (DippN),CNCy,) was observed for a Sm!! complex.['8% Here, after initial formation of the
oxalate complex, the thermodynamically favorable product is formed wvia N-carboxylation re-
sulting in the [(Giso)(k2-0,0™-GisoCO2)Sm(u-C204)Sm(Giso)»] product. (189

An early example for an actinide system facilitating CO» reductive coupling to oxalate was
reported by Cloke, Maron, and co-workers in 2014 and is based on uranium.!"®?# Reac-
tion of U complexes ligated by a disubstituted 1,4-bis(trimethylsilyl)cyclooctatetraenyl and
different cyclopentadienyl ligands with CO, in toluene-dg resulted in the formation of oxalate-
bridged dinuclear uranium complexes in addition to the bridged oxide or bridged dinuclear
carbonate complexes (Scheme 35).1"8"! The ratio was strongly dependent on the substituent
on the cyclopentadienyl ligand as well as on the reaction conditions.!"®"! Thus, running the
reaction in scCO5 resulted mainly in formation of the carbonate complexes and only minor
amounts of CO5 reductive coupling were observed (5% instead of 40% for 97).1"8!! In addi-
tion, increasing steric demand favored reductive disproportionation and only the carbonate
complex was observed for the !Bu substituted cyclopentadienyl U complex 98.1'8" DFT cal-
culations suggested a kinetically favorable reductive disproportionation mechanism despite
the oxalate complex being the thermodynamically stable product and precipitating from the
reaction mixture thereby shifting the equilibrium. ['81]

SiMes
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Scheme 35: Uranium-mediated CO, reductive coupling and reductive disproportionation yielding
the derived carbonato-, oxalato- and oxo-bridged dinuclear complexes. '8!

Similar observations were made when complex 102 based on Cp* and a bisphenol lig-
and was reacted with CO,, providing the dinuclear carbonate complex 104 upon reaction
in scCO2, while the oxalate complex 103 was obtained wvia reaction in toluene-dy (Scheme
36).1'% Interestingly, the oxalate-bridged complex 103 was found to be the kinetic product in
this case based on the higher ratio of 103 vs. 104 obtained when the reaction was conducted
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at —78 °C for 2 d (70:30) while 104 was favored upon fast warming to ambient temperature
(17:83).0%2

€03 Uf‘?
—_—— ¥ —]
Me — 0a []‘c'1>_0 U]
104

A
[U]“c,?—{] =[]
104

Scheme 36: Bisphenol-ligated U complex 102 reported by Cloke and co-workers for the CO»
reduction to oxalate.['8

A hexadentate triazacyclononane-derivative Me

has likewise been utilized as a ligand for U K@X

to facilitate activation of CO».["**% Reac-

tion of complex 105 with CO; in the pres- ““w D e Eg: 0.0,
ence of KCg in THF yielded oxalate-bridged l T IULDIE.DJUI
complex 106 and after extraction with D;0O "~ 106

a mixture of KoCO3 and K:Co04 was Ma |p0
identified by NMR spectroscopy (Scheme M on Me KzC204 + K2COs

[183] gj
37)- Since the carbonate complex was Scheme 37: CO, reduction to oxalate and car-

the kinetically preferred product, as indi- ponpate in the presence of KCg mediated by a
cated by DFT calculations, strong reduc- triazacyclononane-ligated U complex 105.1'®!

tant KCg was required to enable the formation of oxalate.!"™ In contrast, SO» treatment
of 105 enabled formation of the analogous dithionite complex in good yield via reductive cou-
pling of SO,, indicating a lower activation energy than for the CO5; coupling consistent with
DFT calculations which was ascribed to the bent nature of SO,.['%

Aside from uranium, a tho- SiMes
i \SiMey
rium complex has recently
been found to mediate COsz ’“‘“ﬁﬁﬁsima SiMe; Ma35| Elmﬂ
reductive coupling by Maron, Th 2C0y
Mills, and co-workers.[184223] % toluene z" \ o° 0-——“-

i . £SIMes e, Megsit O350
Reaction of tris-cyclopenta- MesSi MegSi SiMey
dienyl-ligated complex 107 107 Mes
with COp at —78 °C to rt. s 108

in toluene resulted in the 1~ gcheme 38: Th-mediated CO» reductive coupling observed by
C,0,4 complex 108 (Scheme Maron, Mills, and co-workers.['84]

38).1'84 Here, not only reductive coupling of CO5 occurred, but simultaneous carboxylation of
and protor/silyl migration on the cyclopentadienyl-type ligand were observed.['® While the
latter reactivity can proceed in lanthanide and actinide compounds, DFT calculations sug-
gested the formation of a dimetalloxycarbene as the key intermediate, reacting with ancther
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1.3 CO> Reduction to Co Compounds

unactivated CO5 molecule to form the oxalate-bridged dimer.["®# This reactivity is adversative
to those predicted for aforementioned uranium complexes while resembling the mechanism
proposed for a Ti complex['"? showcasing the unique behavior of this Th complex. 184
Apart from oxophilic lanthanides and actinides, the reductive coupling of COs has been ob-
served as a minor fraction in the reaction of CO, with Mg' complex 109, albeit the carbonate
complex was the main product of this transformation (Scheme 39).1'%5224 Calculations on
the mechanism indicated the attack of a second activated CO, molecule onto a CO,-bridged
intermediate as the likely reaction pathway which possessed a higher energetic barrier than
the formation of the respective carbonate complex. 24

Me Dipp  Dipp, Me Me Fﬁ]] Dipp\ Me

N N N, o._o N 2,

“Mg—mg. ( g F Mg + co+ [Md J-0—Mg]

(Y # LY G Y -~

N N N OoTT0 T 0
Me Dipp Dipf Me m

Dipp = 2,6-ProCgH3

109 110

Scheme 39: Formation of oxalate observed as a side reaction in the reductive disproportionation
of CO» with 3-ketiminate-ligated Mg' complexes. [185.224]

In light of their broad applicability and cat-

cysP. 9 o
alytic activity, the possibility of utilizing first ., Gy g /c2C20 + NPCY)OSCFI,
i . o
row ftransition metals, such as Fe, Ni, or 112 113

Cu, for the reductive coupling of CO, does Scheme 40: Aresta’s complex enabling reductive
not come as a surprise. Interestingly, even coupling of coordinated CO; into AgzC0,."*
the well-known Aresta’'s complex [Ni(PCys)2(COs5)] (112), the first structurally characterized
COs2 coordination complex,*" was capable of coupling the coordinated CO2 to oxalate in
THF upon addition of AgOTf at —23 “C yielding Ag>C-04 as the isolated product identified
by NMR spectroscopy.['®¥ The reaction was supposed to proceed via activation of the co-
ordinated CO, by Ag* followed by AgCOOQ?* radical formation resulting from homolytic Ni-C

bond cleavage and subsequent dimerization of these radical intermediates (Scheme 40).['%]

A closed cycle for the for [LNICO] + Kg[LINI{CO3 s andlor Oy
mation of potassium oxalate €02 16 17

from COs mediated by a N

homogeneous dinuclear Ni ®u Dipp Dipp, fBu fBu Dipp Dipp, fBu
[-diketiminate complex has N — N=N— :§ <: N0 :>

been described as well. 197 Eu@ﬂm o )Bu EUC ;w\ X ol )Eu
Reaction of the Ns-bridged 114 15

complex 114 with CO in hex- \_//

ane over 60 h provided com- KCa, N2

plex 115 in 20% yield, accom- gcheme 41: Stepwise CO» reductive coupling to potassium ox-
panied by the formation of a alate mediated by a Ni(bisketiminate) complex. ['&7]

Ni! carbonyl complex 116 (Scheme 41), presumably formed via reductive disproportionation
of CO2.["™] Subsequent treatment of oxalate complex 115 with KCg under a N»> atmosphere
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enabled re-isolation of the starting complex 114, thereby closing the stepwise cycle for CO,
reduction to oxalate.["®]

The analogous conversion of CO»3 into sodium oxalate was observed by the Floriani group
utilizing a macrocyclic Fe! complex [Fe(tmtaa)Na({THF)3] (119) prepared by reaction of
[Fe(tmtaa)] with Na (Scheme 42).01%4

Me ,\ Me co
~ T —Na(THF); Me Me
MI N I'~.I T
Na co, N_| N
—_— —- Fe :[j + NapCOy
THF THF A5
N N N N N | N
| /J\/IL,‘ mﬂ%m
Me THF
118 119 120
Cﬂzltuluaml
118 + NayCs0y

Scheme 42: Solvent dependence of the CO» reduction by [Fe(tmtaa)Na(THF)s] yielding either
carbonate and 120 or oxalate in THF or toluene, respectively. 124

The CO5 reduction step itself displayed a significant solvent dependence: CO, treatment
of 119 in THF gave rise to the carbonyl complex [Fe(tmtaa)CO({THF)] in combination with
sodium carbonate via reductive disproportionation.!"®®! Contrasting this reactivity, [Fe(tmtaa)]
accompanied by NazC;0O4 were obtained upon reaction in toluene under similar condi-
tions.["® Since no oxalate complex has been observed in this transformation, the resulting
Na,;C-04 was solely identified by titration with KMnQ,.['%8]
In-depth analyses of factors

0
controlling the CO» reductive Cyﬂ_ yﬂy pth'F: .P\F ’Er iDBm
coupling were reported by Pe- fi 1) 0, Nep O %S

ters and co-workers based on % F’/ F"}\p _ solvent 122
2)CO (1 atm)_
a triphosphine-based Fe sys- i/'k\BJ 1CO{ ) R [N 0 -'~\

1 PhB—Puie /. p—BPh
tem. 1821901 Aftar identifying the Ph _p’ 0% - %/

formation of an oxalate-bridged 123
Scheme 43: CO, deoxygenation and reductive coupling facili-

Fe complex 123 as a by- 34 by triphosphine-ligaied Fe complexes reporied by the Pe-
product of the reductive cleav- ters group.[189.1%0

age of CO5 to yield the p-CO,u-O complex 122 (Scheme 43), variation of the ligand sub-
stitution pattern and the solvent were conducted.['®%.1% When the PCys derivative 121 was
reacted with COs in methylcyclohexane (MeCy), the reductive cleavage was observed as
the only reaction, while oxalate formation was observed in THF, 2-methyltetrahydrofuran (2-
MeTHF) or 2,5-dimethyltetrahydrofuran (2,5-Me, THF) with varying 123/122 ratios.!'*! Here,
the less sterically demanding, and therefore more coordinating, solvents generally enabled
higher percentages of COs reductive coupling with the 123/122 ratio being 13:1 (THF),
7:1 (2-MeTHF), and 1:4 (2,5-MesTHF) employing 2 equiv. of COs,, respectively.™ In-
terestingly, analogous complexes of type [Fe[F‘hBF‘3 }{PR )] bearing differently substituted
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1.3 CO> Reduction to Co Compounds

[PhBPg‘] (R = CH5Cy, Ph, IPr, Mier) ligands showed no direct reactivity towards COy
(1 atm) for R='Pr (R'=Me) and R=Ph (R'=Ph).['"® Hence, in situ reduction of the chlo-
rido complexes [Fe{PhBPg}GI] with Na/Hg conducted under COs in THF at 0 °C was in-
vestigated in these cases.!""! Oxalate formation was only observed for the CH>Cy-based
ligand, while the bridged oxide [Fe[PhBP.g}{p—O}] in addition to the dicarbonyl complex
[Fe{PhBPg}{GO}E] were obtained for R='Pr."®! Corresponding analogues in combination
with the single-reduced [Na{THF}E][Fe{PhBPg}{GO}E] salt were identified as the products for
R=Ph, whereas no reaction occurred for the complex derived from the R="ter substituted lig-
and.!"™ These results served to rule out electronic ligand properties as the major influence
on product selectivity, since the [Fe[PhBP.g}GI] complexes with R = 'Pr and CH2Cy possess
similar reduction potentials and their dicarbonyl congeners [Fe{PhBPE][G{}}E] display similar
CO stretching frequencies.['® Steric parameters, on the other hand, clearly impact the prod-
uct selectivity, with the least sterically demanding ligand enabling high selectivity for the for-
mation of oxalate in a sufficiently coordinating solvent, such as THF.I'%! Both of these factors
are proposed to enable stabilization of a potential 19-electron [Fe[PhBF'g}{ﬂ—DG{}}{snlv}g]
intermediate that could undergo C-C bond formation as suggested by DFT calculations. "%

Ligand non-innocence in a dinuclear

dinitrosyl iron complex bearing a r"'.":J r’im

simple 3-methylpyrazole (Mepyr) lig- ON’ \ﬁ,ﬂf’m NO

and was recently observed to en- CaCz04 Me—L 2 124 2KC,

able direct conversion of CO, into //242[&@2] \< 18-crown-6
. . Cal0Th) +2 COy

CaCy04.'""1 The first step of this 2 [FeCpd*

. . I 2 [K(18c6]
reaction cycle is the activation of [K(1B-c-6] M"“ﬁ —I
CO, by dinuclear {Fe(NO)5}'? com- I\DHF NO G”"'rr/N_M\r O

- - B W
plex 125, prepared via KCg reduc- z D_<N_N/ NO oN" M—r;f NO
tion of the {Fe(NO),}*-type [Fes(u- N Me " Me

126 125

Me v r)2(NO) 4] in the presence of 18-
crown-6, to yield mononuclear 126
(Scheme 44).1'%" Activation of COs»

2C0;

Scheme 44: Iron nitrosyl complex 124 enabled the step-
wise catalytic conversion of CO, into CaC»0, utilizing KCg

: [191]
occurred on the ligand resulting in as the reducing agent.

the construction of a chelating carbamate in 126 which, however, remains in the {Fe{NO}E}m
configuration.['® Cleavage of the carbamate under release of COs can be achieved by ox-
idation with [FeCp2]* yielding 124.1"*"! More interesting is the reaction observed upon treat-
ment of 126 with Ca(OTf)> which also produces 124, but is accompanied by reductive cou-
pling of CO5 to form insoluble CaC50, in ca. 75% yield identified by IR and 13C NMR
spectroscopy after protonation with DCI.["®"! This stepwise CO, reductive coupling has been
repeated for three closed reaction cycles starting from 124 with essentially unaltered oxalate
yield.!"""! Kinetic data in combination with DFT calculations suggested CO» reduction by the
{FEI:NG}E]1D fragment upon coordination of Ca®* to the carbamate resulting in heterolytic
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C-N bond cleavage and formation of oxalate possibly through a Fe-coordinated CO,* inter-

mediate.['9]
As for the electrochemical re- R R_ ] @Pha
duction of CO» to C» products, RS WR "‘;E'F’:lmz / Nj o__o. \rrq/\)
Cu complexes are among the ““! * &N_) W‘&}iaﬂﬁﬂﬁ,‘f%
1 M M
ili R 127
most frequently utilized com- R = CH,CHCH, X 128 g

ounds for the molecular con-
P Scheme 45: Formation of triazacyclononane-coordinated copper

version of COy into oxalate. gxalato complex 128 via reaction with CO2 or CsHCO3 reported
The first example of this kind by Peacock and co-workers.['%]

was reported by the Peacock group and is based on an allyl-substituted 1,4,7-
triazacyclononane ligand.['® Crystalline dinuclear oxalate complex 128 was first unsuspect-
edly isolated upon oxidation of an in situ formed Cu' complex starting from Cul, 1,4,7-tacn
derivative 127, and NaBPhy in air/fexhaled air (Scheme 45).1'% Further attempts revealed the
possibility of synthesizing complex 128 by CO» bubbling through a solution of the Cu' com-
plex in the presence of HoO traces or by direct reaction with CsHCQO3 in MeOH. The complex
is antiferromagnetically coupled, a common feature of oxalato-bridged Cu complexes, %% and
displays a distinct C-O vibration at 1660 cm~1.[1%2

A more sophisticated reaction was observed by Fujisawa and co-workers when reacting
a tris(pyrazolato)borohydride-coordinated Cu «-ketocarboxyl complex with air yielding the
C204% -bridged Cu complex 130 (Scheme 46).1'® The presence of O, was crucial for the
reaction and oxalate formation starting from Cull complex 129 was only observable in pure
Qs, air or in a CO5/0, mixture.['*] Decomposition of the «-ketocarboxylate in the presence
of O3 to form CO»* was proposed as the likely cause for this observation.'® This is also
underlined by the reaction of the derived peroxido-bridged copper complex with sodium 3-
methyl-2-oxobutyrate producing the oxalate complex 130.!"" COs incorporation into the final
oxalate was proven by reaction of 129 with a 13005{}2 mixture in toluene resulting in an
isotopic shift of the oxalate vibration of 49 em™ to 1607 cm~1.1"*3 Finally, reaction of in situ
formed [Cu(Tp'F"/Fr)] with bicarbonate in various solvents (MeOH, acetone, DCM) produced
a product with an IR vibration in the 1650 em™! region, supposedly oxalate complex 130,
albeit isolation of this complex has not been achieved for this specific reaction. "%
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Scheme 46: Scorpionate-derived Cu «-ketocarboxylate complex 129 and its conversion into an
oxalato complex by reaction with Os or COo/05. 193

An outstanding example for CO» reductive coupling facilitated by a homogeneous Cu com-
plex was reported by Bouwman and co-workers and is based on a disulfide-bridged dipi-

42



1.3 CO> Reduction to Co Compounds

colylamine derivative as the ligand.['®® Cu! complex 132, prepared from the ligand and
[Cu(MeCN)4]BF4 or Cu(acac)z, HBF4 and the corresponding thiol in MeCN, captured COs
from the air in form of reductively coupled (32042“ yielding a tetranuclear Cu complex 134
(Scheme 47).1's% Reaction with "3CO, and ESI-MS of the product provided evidence for
reductive coupling being the origin of the observed oxalate.['®" Treating the oxalate com-
plex with LiCIO, enabled removal of oxalate alongside formation of a dinuclear Cul' complex
131.1'"¢%1 Having identified the possibility of C,0,42~ removal after reductive coupling, bulk
electrolysis of complex 134 in MeCN constantly purged with CO» containing LiClO4 over 7 h
at a very mild potential of only —0.03 V vs. NHE enabled the formation of 12 molecules of
oxalate per utilized molecule of 134, thus achieving a TON of 3 per Cu center.'"® Consid-
ering the mild overpotential, the electrochemical formation of oxalate with the help of this
protocol, supposedly proceeding via generation of a Cu-coordinated CO,*~ intermediate fol-
lowed by reductive coupling and subsequent precipitation as LioC204 (Scheme 47), provides
a promising catalytic route towards C» products.["® However, Stack and co-workers found
an equilibrium between the starting Cu(l) complex and a derived Cu(ll) bis-thioclate and were
unable to identify the formation of oxalate despite various attempts. 2]
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Scheme 47: Electrocatalytic cycle for the reduction of CO» into LioC20,4 at mild overpotential
catalyzed by a dinuclear Cu complex reported by the Bouwman group. 159
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Another CO3 reductive coupling protocol relying on a mild chemical reductant was accom-
plished by Maverick and co-workers.'™! Starting from dinuclear pentacoordinate Cu!! com-
plexes of type [Cus(m-xpt)oX5](PFg)s (135 & 136) in situ reduction with sodium ascorbate in
DMF followed by crystallization in air yielded oxalate complex 137 (Scheme 48).1'" Due to a
distinct color change during the COs induced oxidation, the reaction with pure COs was fol-

lowed by UV/Vis spectroscopy over 128 h and indicated an almost complete conversion. "%
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Isotopic labeling was achieved upon reaction with 13002 and an isotopic shift of the C-O
vibration of 19 cm~1 was reported.'®!! The high yield obtained for the reaction with CO5 from
air (96%) when starting from nitrate complex 135 reveals the tremendous selectivity for COz
reduction over O5 activation by the in situ formed Cu' complex.!'®! Moreover, treatment of the
oxalate complex with dilute HCI or HNO5 resulted in the isolation of oxalic acid and formation
of Cu'l chlorido and aqua (for HNO3) complexes, respectively, thereby essentially closing the
stepwise CO, reductive coupling cycle.['#

| (PFa)
X_ | (PFsk
—-Jp \ Q‘\

M=y S—
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—M N 1) Na ascorbate,
=)
— DMF .
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“NEN-L = \q /0
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] .‘___ u _
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Scheme 48: CO, conversion into oxalic acid by in situ reduction of dinuclear Cu complexes with
sodium ascorbate and subsequent acid treatment of the resulting oxalato complex described by
Maverick and co-workers.[194

More recently, direct conversion of CO5 to K;C50,4 was achieved using homogeneous trin-
uclear Cu complexes in combination with strong chemical reductants.'®! Chalcogen (S, Se)
complexes 138 and 139 were reduced with [K(18-c-6)][C1pHg] or KC4gHg to give the corre-
sponding anionic [Cus(E)(142)]” complexes in which the [K(THF)3]* fragment is coordinated
to one of the ligand's ketiminate units, similar to the [Na(THF)3Fe(tmtaa)] complex!"®! re-
ported by the Floriani group.'*! Reaction of these complexes with CO, at —80 °C in THF
resulted in the formation of K,C,0, evident from IR and '3C NMR spectroscopy in com-
bination with isotopic labeling using 13(302 and the starting [Cus(E)(142)] complexes were
recovered.!"®! Interestingly, a distinct cation dependence was observed and reactions relying
on alkali metal cations (Na, K) proceeded at considerably lower reaction temperatures than
those with BuyN*, PPN* or PhyP*.['®l Catalytic approaches utilizing an excess of reduc-
tant with respect to the complex were conducted with KCg, CuCp} and FeCp(CgMeg), but
required the addition of KPFg in the latter two cases to enable oxalate formation.['®! In case
the Se-bridged complex 139 was utilized, the KoC504 yield was above 95% and a TON of 24
was reached (54% for 138).1'"! Stopped-flow experiments were conducted to obtain kinetic
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1.3 CO> Reduction to Co Compounds

data for the reaction which revealed an unequivocally faster reaction for 139 compared to
138 in addition to a distinct solvent dependency of the reaction with higher rates observed
in DMF as opposed to THF.I'® Moreover, the dependence on the COs concentration was
found inconsistent with reductive coupling of non-coordinated CO5* (second or inverse first
order in [CO5]).I'®! Based on these result, the proposed mechanism consists of formation
of an anionic COs-coordinated intermediate [Cu4(142)(CO5)]~ via the arguably rate-limiting
electron transfer assisted by the cation after initial reduction and subsequent dimerization
with another [Cus(142)] or electron transfer from another reduced [Cus(142)]” complex.['%3]
In the former case, attack of the resulting bridging COs moiety onto another COs would re-
sult in formation of oxalate and close the catalytic cycle.["™! Interestingly, no oxalate- or CO»
bound intermediates or products were observed.'®! This illustrates one challenging factor in
the development of CO» reductive coupling catalysts, as the resulting oxalate might inhibit or
slow-down the homogeneous catalyst for further turnovers by coordination.['®! In contrast,
strong reductants are required in cases where product inhibition or oxalate coordination has
not been observed, as is the case for the systems described by Murray and Florianij!, [1%]

THF -

THFW?

THF 9—C a1

Scheme 49: Proposed mechanism for the catalytic conversion of GO, into KoC»0, facilitated by
trinuclear Cu chalcogen complexes in combination with sirong reductants, such as KCg.['%]
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2 Results and Discussion

2.1 Photocatalytic CO, Reduction
2.1.1 Photocatalytic CO> Reductlon In lonic Liquid Medla

The results presented within this section have previously been reported elsewhere. 228

Photocatalytic reduction of COs into C4 compounds, namely CO, formate, MeOH, or formalde-
hyde, constitutes a major research area within the field of COs utilization and significant
advances have been reported over the past decades, especially with respect to the forma-
tion of formic acid and CO, as discussed in section 1.2.3.1%57520 Egpecially in recent years,
the development of photocatalytic protocols relying entirely on earth-abundant base metals
has increased and systems based on Cu photosensitizers in combination with Mn[133.134.147]
CoP?% and Fe['3%-132 gr organic dyes combined with Fe['?%'22 and Col'??l reduction catalysts
were found to actively catalyze CO» conversion.”® Despite their requirement for sacrificial re-
ductants, thereby generating stoichiometric quantities of waste, the utilization of base metals
constitutes a major step towards environmentally benign photocatalysis for the valorization
of CO5 [F8120.122130-134.147] However, these protocols require the application of classical or-
ganic solvents, resulting in additional waste formation in the absence of solvent reusability
and potential loss into the atmosphere due to non-negligible vapor pressure.2¥ Besides
employment of water as environmentally friendly solvent, recently achieved with the help of
homogeneous cobalt porphyrin complexes in combination with a water-soluble heteroleptic
[Cu(N*N){P"P)}Hype photosensitizer,* ionic liquids (ILs) offer great potential due to their
intrinsic properties, namely low volatility and intriguing electronic properties resulting from
their ionic nature.?*#*2%! |onic liquids are usually consisting of an organic cation and a
corresponding anion and possess a melting point below 100 °C, albeit those liquid at room
temperature are frequently utilized.?222%-231 Their constitution offers a myriad of potential
designs and fine-tuning of their properties for the specific transformation of interest by com-
bination of different cation-anion pairs.?2¥-2371 Moreover, ionic liquids have proven not only
satisfactory solubility of CO», especially at high pressure,®®” but are capable of its capture
from the atmosphere or gas mixtures and its activation for further reactions. [*3231-236,:238.23]
However, despite major developments in the utilization of ILs for CO5 conversion in electro-
chemical and thermal processes into, among others, organic carbonates, CO, formic acid,
or urea, the application of ionic liquids as solvent in photocatalytic CO2 reduction remains
underdeveloped. 23233235230 Nayartheless, photo- and photoelectrocatalytic CO» reduction
into CO or HCO5H utilizing organic conjugated polymers, #*%! Pt nanoparticles in combination
with indium phosphide that was passivated with TiO5,®% or WO5/BiVO4[2*® have recently
been described.

An early example for the utilization of homogeneous transition metal catalysts in ILs for photo-
catalytic activation of CO5 was reported by Grills and co-workers (Figure 13).2%! lllumination
of a solution of [Re(bpy)(CO)3Cl] and TEOA in 1-buty-1-methylpyrollidinium tetracyanoborate

46



2.1 Photocatalytic CO» Reduction

([bmpyrr]B(CN)4) under atmospheric or high (134 bar) CO, pressure, the latter resulting in a
biphasic liquid COs/IL system, using ~400 nm light for 3 h yielded CO in TONs of 0.7 and 5

(high pressure), respectively. ¥l
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Figure 13: Previously reported photocatalytic systems for CO5 reduction in ionic liquids with the
help of homogeneous catalysts, displaying the utilized ILs as well as the employed photosensi-
tizers and reduction catalysts, [232.233.2%]

The influence of anions and varying substituents in imidazolium-based ILs was investigated
by Wang and co-workers utilizing [Ru(bpy)3]Cl, as the photosensitizer with CoCl;-6H50 as
electron mediating reagent and TEOA as sacrificial reductant (Figure 13).E%! Initially, irradi-
ating a mixture containing these reagents (1 umol [Co]) in HoO/femim]BF 4 (emim = 1-ethyl-3-
methylimidazolium) for 2 h with visible light at 30 “C produced 35.1 umol of a CO/Hs mixture
with 88% CO selectivity.®* Variation of the anion indicated an increasing photocatalytic ac-
tivity in the order OAc™ < N(CN),~ < OTf™ < NTf,~, an effect rationalized by the enhanced
interaction of the NTf,™-based ILs with CO, resulting from the ion size in combination with the
CF3-substituents, and the reduced viscosity of the triflimide-based IL.”*¥ Thus, 34.7 pmol
of CO and 10.9 umol Hy were obtained with [emim]NTfz under unaltered conditions using
>420 nm light.”** Significantly higher CO selectivities were observed in [hmim]BF4 (hmim =
1-hexyl-3-methylimidazolium), giving rise to 13.1 pmol CO and 0.5 pumol H,, corresponding
to a 96.3% selectivity. >3 However, the overall reactivity was significantly reduced compared
to the ethyl-substituted congener.?*3 This tendency was even more pronounced for the octyl-
substituted imidazolium IL (7.1 umol of total product), which is caused by an increased steric
demand of the cation and an enhanced viscosity of the derived L.

A detailed evaluation of the photocatalytic process in ionic liquids with the help of
[Re(bpy)(CO)sL]IX (L = Br-, OTf, X = none; L = MeCN, X = PFg~) complexes in combina-
tion with an Ir-based PS ([Ir{pig)z(dmb)]PFg; dmb = 4,4-dimethylbipyridine, pig = 1-phenyl-
isoquinoline) and BIH as the sacrificial reductant was recently conducted by the Yamazaki
group (Figure 13).2¥ |nitially, photo- and electrochemical properties of the Ir PS and the Re
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complexes in various ionic liquids were measured.®¥] For the ILs investigated, absorption
and emission maxima of the Ir complex, its excited state lifetimes and the reductive quench-
ing of the Ir PS by BIH were comparable to frequently employed DMA, an ammonium-based
IL being the exception with a quenching fraction of only 80%.%*"! However, significantly de-
creased quenching rates were observed, being one to two orders in magnitude smaller than
those in DMA, which was mostly attributed to the higher viscosity of ILs.[**1 Nonetheless,
quenching was sufficient to provide the possibility of photocatalytic CO» reduction and a re-
action with [Re(bpy)(CO)3zBr] (0.05 mM) combined with the Ir PS (0.5 M) and BIH (0.1 M)
yielded CO with a TON of 230 in [emim]OTf compared to 77 for DMA.**" Replacement of
the bromide by MeCN further improved the catalytic properties, resulting in a CO TON of
540 over 4 h in the same IL.*1 While this particular IL turned out to be the most suitable for
photocatalytic CO5 reduction at this concentration, a few general characteristics with respect
to an optimum combination of anion and cation were made.®*! In highly viscous ILs, the
diffusion of the Re catalyst decreases resulting in a diminished possibility of reaction with
the Ir PS and CO5.2¥! Moreover, pyridinium- or phosphonium-based ILs or ILs containing
BF s~ anions were insufficient for photocatalytic applications, due to either absorption in the
utilized light range (pyridinium) or diminished photosensitizing properties (phosphonium and
BF47).B¥] Interestingly, OTf~ and NTf>"-based ILs proved to be advantageous for photo-
catalytic applications, albeit in the latter case the corresponding cation played a major role,
with a pyrrolidinium- or ammonium-derived cation showing low photocatalytic ability.**” For
the most efficient class of ILs, those based on imidazolium cations, a strong influence of
the chain length of the N-substituents was observed, and decreased turnover numbers were
observed upon exchange of ethyl- for butyl- or hexyl-substituents in the triflate-based ILs. 27
This was attributed to different limiting steps in the photocatalysis, with the photosensitizing
process being limiting in [emim]OTf and the CO» reduction by [Re] being rate-determining in
[pmim]OTf or [hmim]OTf. 2371

In parallel to the study reported by Yamazaki and co-workers,®*1 the possibility of straight-
forward transfer of an existing CO2 reduction protocol entirely utilizing base metal catalysts
into ionic liquid media was investigated. For this purpose, a photocatalytic system developed
by Beller and co-workers based on a Cu PS and a Fe reduction catalyst!"*'"! in combination
with different classes of ILs was explored. The main objective of this feasibility study was
to derive a general concept that would facilitate further development of photocatalytic small
molecule activation in non-volatile ILs, thereby eventually enabling recycling of the solvent in
the long run.

Inspired by the literature, a novel heteroleptic Cu PS 144 was prepared which featured a
bis(phenoxaphosphano)-substituted xantphos analogue in addition to the established batho-
cuproine ligand.! A similar bisphosphine constructed from a thixantphos backbone*¥ was

! Preparation and characterization of 144 and evaluation of its photo- and electrochemical properties was
conducted by Dr. P. A. Forero-Cortés and F. Brunner under guidance of Prof. E. C. Constable, Prof. C. E.
Housecroft, and Prof. P. C. J. Kamer. Detailed procedures are reported in the ESI of the initial report. 28]
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previously utilized in an analogous Cu PS and depicted the highest activity for the investi-
gated water reduction with [Fes(C0O)45].['*®! Hence, an evaluation of the performance of its
novel analogue by direct comparison with [Cu(bcp)(xantphos)]PFg (42) appeared worthwhile.
The photophysical properties of 42 were comparable to those of the novel Cu complex 144,
with a broad metal-Ho-ligand charge-transfer band at approx. 395 nm in both cases and emis-
sion maxima at 539 nm (42) and 555 nm (144) in CH5Cl, solution, respectively. Despite a
slightly increased excited-state lifetime of 9.42 ps (£15%) for 144 in degassed CH5Cl; com-
pared to 42 (7.24 ust15%), electrochemical properties and geometries in the solid state,
assessed by single crystal X-ray diffraction, resembled each other.
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Figure 14: Photocatalytic CO2 reduction with Kndlker-type!"*®! Fe complex 43 and heteroleptic
Cu photosensitizers 42 or 144 in NMP/TEOA (5:1, v:v) utilizing BIH and visible light (400-700 nm,
1.50 W) at 25 °C for 5 h.

To evaluate whether the photocatalytic properties of 144 would follow the same trend as
its inherent characteristics, CO» reduction in combination with cyclopentadienone-ligated Fe
carbonyl complex 43 previously developed by the Beller group!'*"! was chosen as the bench-
mark reaction. The main reason for this selection is the utilization of base metal catalysts
at reasonable catalyst loadings (1 umol [Fe]) producing CO in high selectivity (99%) and
with a high TON of 427 over 5 h.['*!l Moreover, complex 43 had previously been utilized for
CO3 reduction in combination with an I-based PSU'#'l or in an electrocatalytic approach!'4%
and the mechanism, specifically for the electrochemical CO» reduction, has been extensively
investigated.®*"! Interestingly, the ability of the ligand to act as a proton reservoir upon proto-
nation of the oxygen was found to play a key-role in the photocatalytic reaction pathway.['41]
Here, a Fe-H intermediate with O-protonated ligand was identified as an active intermedi-
ate,['*'! thereby contrasting the electrochemical pathway where no Fe-H is formed and in
which initial dimerization after reduction is favored over O-protonation at low proton concen-

tration. [140:241]
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In an initial experiment, ! novel Cu PS 144 and Fe catalyst 43 were illuminated in NMP/TEOA
(5:1, v:v) using visible light (400-700 nm, 1.50 W) and BIH as the sacrificial reductant for
5 h (Figure 14). Under these conditions, CO was formed with a TON of 505 (average of two
reactions), accompanied by Hs (TON=23), which is slightly higher than the activity observed
with isolated 42.1'3'1 Moreover, HCO5;H with a TON of 10 was observed resulting in a CO se-
lectivity of >=93% for novel 144, slightly lower than that obtained with 42, albeit the formation
of formate is not commented upon in the original report.[21]

Mext, the two Cu PS / 43 combinations were evaluated in four different ionic liquids (Table
2), representing three commonly applied classes, namely pyrrolidinium-, imidazolium- and

phosphonium-based ionic liquids. #32342%1

Table 2: Photocatalytic CO2 reduction with Kndilker-type complex 43 in combination with Cu PS
42 or 1441228

[Fe]{1 pmaol)
[Cu{N*NYP*P)JPFg (5 pmol)
IL/TECA (4:1, viv), BIH
400-700 nm, 1.50 W, 25°C, 5h

Me Me
o R s
e h-'le;p+ “NTH; ME\_\—ME

= GO +H; + HCOyH

X7=N(CN)z NTE

\ME “~Me
[bmim]OTf [tbrmp]NTE [brmpy rr]X

Entry CuPS IL mixture TON TON TON Sel. (CO)
(CO) (Hz) (HCO-H) [%]

1 144 [bmIim]OTHTEOA (4:1, viv) 171 171 =1 49

24 42 [bmIim]OTHTEOA (4:1, viv) &0 124 11 30

at 42 [(omp]NTT=/TEOA (4:1, viv) &0 &4 9 17

4 144 [bmpyrr]N(CN)o/TEOQA (4:1, viv) 29 <3 <3 >82

5 42 [bmpyrr]N(CN)2/TEOQA (4:1, viv) 77 <3 <3 >02

g7 42 [bmpyrfNT/ TEQA (4:1, viv) B0 338 5 15

7he 42 [bmpyrr]N(CN)2/TEOA (4:1, viv) 1 <3 <3 >14

g 42 [bmpyrr]N(CN)2/TEOA (4:1, viv) 79 <3 <3 >02

Defailed exparimental proce-dures and single experimenial esults as presenied in the appendix, section 4.3 or the ESI1. Reaction conditions: 43 (1 pmol), Cu PS
42 0r 144 (5 wmal) and BIH {150 mg) were imadiated wilh visibie ight (400-700 nm, 1.50W) for & h at 25 “ G in G0y saturaied ILTECA (7.5 miL, 421, viv) mixmes

under & constant GO, atmosphers {1 atm). Reactions &t least perfomed in duplicals uniess sisled (averages ae presentad). “Result of a singie expariment.
bgiphasic dus o a lack of miscibiity batween TECA and IL. © i sit formation starting from [CuiMeCN]JPFg (5.0 wmod), tathocuproine (5.1 pmal) and xantphos
(15 pmol) was atiempied. TTotal maction §me of 23 h. Afler 5.5 h, 42 (5.0 pmol} in [ompymN(CM (1 ML) was aoded.

In the imidazolium-based IL ([bmim]OTf) a CO/Hz mixture of equal constitution with a TON
of 171 for either product was obtained with 144 in a 4:1 (v:v) [pbmim]OTHTEOA mixture under
otherwise unaltered photocatalytic conditions compared to NMP, which is a surprising drop
in CO selectivity to 49% (Table 2, entry 1). This became even more apparent when 42 was

' Photocatalytic experiments within section 2.1.1 were designed and conducted jointly with Dr. P. A. Forero-
Cortés.
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utilized, resulting in a CO/Ho/HCO3;H mixture with TONs of 60, 124, and 11, respectively (Ta-
ble 2, entry 2), contrasting the excellent selectivities obtained in the same IL for the Ir/Re sys-
tem developed by the Yamazaki group.®*"! Favored proton reduction was likewise observed
in the phosphonium-based IL [tbmp]NTf; (tbmp = tributylmethylphosphonium), yielding a
CO/H5/HCO5H mixture with a total TON of 343 and a poor CO selectivity of 17% with 42 as
the photosensitizer (Table 2, entry 3). Higher selectivity for the desired CO5 reduction to CO
was observed when the reaction was conducted in pyrrolidinium-based IL [bmpyrr]N{CN)2
for either Cu PS (Table 2, entries 4 and 5). Interestingly, literature-known 42 proved to be
significantly more active compared to novel 144 under these conditions, providing CO with a
TON of 77 and a selectivity =92%, while the latter gave CO in =82% selectivity with a TON
of 29. Given the similar properties of both complexes, the nature of this significant difference
is currently unknown, and thus requires further investigations. Interestingly, exchanging the
dicyanamide anion for triflimide, previously reported to be beneficial in certain cases, #332%1
drastically altered the selectivity of the photocatalytic reaction to favor Ho formation (Table 2,
entry 6). The obtained TONs for CO (60), Hz (338) and HCO2H (5), corresponding to a 15%
CO selectivity, are in discordance with the results obtained for the dicyanamide analogue,
which was reported to provide insufficient applicability in photocatalytic CO5 reduction for
[emim] ILs.”*¥ Coordination of the dicyanamide, well-known for Re! carbonyl or Fe!l com-
plexes,®*224 a5 a beneficial influence contributing to the enhanced selectivity cannot be
entirely excluded. However, despite a major shift in selectivity, the TON for CO formation is
only slightly diminished in [bmpyrr]NTf,, thus a beneficial influence of the dicyanamide for
the formation of CO is not expected while suppression of the H, formation cannot be fore-
closed. Another possible factor for the observed altered selectivity might be the biphasic
reaction medium obtained when triflimide-derived ILs are utilized, as these were not miscible
with TEOA.

To fully mimic the protocol for CO5 reduction transferred from NMP into ILs, the possibility
of in situ formation of Cu PS 42 in the most promising IL [bmpyrr]N(CN), was evaluated
(Table 2, entry 7). Yet, the in situ formation starting from [Cu(MeCN)4]PFg, xantphos, and
bathocuproine in a 1/3/1 ratio, remained unsuccessful, arguably due to the increased vis-
cosity compared to NMP and reduced solubility of the starting materials, a drawback of ILs
also encountered by Yamazaki and co-workers.?*1 Finally, deactivation of the catalyst was
confirmed by addition of a second equivalent of Cu PS 42 after 5.5 h of reaction time (Table
2, entry 8). Deactivation after 5 h has previously been described for this photocatalytic sys-
tem["*'l and presents one of the main challenges for future improvements of photocatalytic
COo reduction with these kind of Fe and Cu complexes.["*! Incorporation of the catalysts into
MOFs might provide a feasible strategy to achieve the requested enhancement of stability,
as recently presented by Lin and co-workers.[133]

Control experiments conducted with Cu PS 144 confirmed the necessity of all components
to facilitate photocatalytic CO2 reduction in [bmpyrr]N{CN)» (Table S 2). Moreover, the origin
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of CO being CO5 was assessed under high-purity conditions using a blank experiment under
He atmosphere for direct comparison.'!!

In conclusion, a novel heteroleptic Cu PS was prepared and characterized, revealing simi-
lar electrochemical and photophysical properties to [Cu(bcp)(xantphos)]PFg and displaying
similar catalytic properties in the photocatalytic CO, reduction in NMP. Moreover, the CO5 re-
duction protocol entirely relying on non-precious metal catalysts was successfully transferred
into ionic liquids, with significant differences in the photocatalytic activity and product selec-
tivity observed depending on the respective IL class and the corresponding anion. These
results complement previous and parallel investigations and indicate the feasibility of trans-
fer of the methodology developed in traditional solvents into ionic liquids.#**2*7 Furthermore,
recycling of the solvent might eventually be enabled by this strategy, albeit extraction after
photocatalytic experiments remained unsuccessful in this first precedent.

A remaining limitation is catalyst stability, but incorporation into MOFs might prove as vital
approach to tackle this challenge.!"*! Furthermore, albeit TONs and selectivities herein are
higher than for early examples utilizing homogeneous complexes,®%?* they cannot com-
pete with those obtained in traditional amide solvents or activities obtained with precious
metal complexes in ILs.['*'2¥] Nevertheless, the low number of ILs investigated, and the
tremendous dependence of the photocatalytic activity on anion and cation, 2232371 will even-
tually enable higher activities upon evaluation of a larger library of potential solvents. Finally,
the conceptual study presented herein?® will hopefully encourage researchers to investigate
transfer of established and sufficiently understood photocatalytic protocols from traditional
solvents into ionic liquids.

it High-purity measurements were conducted by Dr. N. G. Moustakas under supervision of Prof. J. Strunk.
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2.1.2 [FeFe] Hydrogenase Mimics In the Photocatalytic Reductlon of COs

The results presented within this section have previously been reported elsewhere.**4

Following the interest in photocatalytic CO, reduction to CO with the help of base metal com-
plexes, the idea to utilize biomimetic complexes based on Fe as COs reduction catalysts
appeared intriguing. For this, dinuclear iron dithiclate complexes were evaluated under pho-
tocatalytic conditions. These [FeFe] complexes resemble the active site of the [FeFe] hydro-
genases, enzymes that efficiently catalyze the interconversion of protons/electrons and dihy-
drogen with formidable TOFs as high as 104 s for the production of H,.[245-248 Besides the
azadithiolate bridge linking both Fe centers, the dinuclear active sites contain CO and CN™
ligands which are uncommon in naturally occurring enzymes. 24241 |n view of the high cat-
alytic efficiency and the peculiar, comparatively simple structure of the dinuclear active site,
a vast interest in synthetic procedures for the preparation of analogous butterfly-like [FesSs]
complexes and their follow-up reactivity is not surprising. #2427 Moreover, these [FeFe] hy-
drogenase mimics have frequently been utilized in the electro- and photocatalytic generation
of hydrogen in combination with different proton sources and under varying conditions and
are among the most active homogeneous Fe catalysts for water reduction. (83 145245,248,250-260]
Interestingly, their application has not been expanded to CO» reduction, until recently. !
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Scheme 50: Proposed catalytic cycle for the electrochemical reduction of CO5 into CO and
formic acid catalyzed by [FeFe] complex 145,271

Wang and co-workers employed [Fes(u-bdt)(CO)g] (145, bdt = benzene-1,2-dithiolate) and
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2 Results and Discussion

its congener [Fes(p-edt)(CO)g] (edt = ethane-1,2-dithiolate) under electrocatalytic conditions
for the formation of formate, CO, and H».B™ Protic conditions were required for COs re-
duction and HCOzH/CO/Hs were produced with TONs of 35/4/3 upon controlled potential
electrolysis at —2.35 V vs. Fe/Fc* for 2 h with 145 in MeOH/MeCN.¥™"! TOFs as high as
195 s~1 were obtained for complex 145, which proved to be significantly more active than
[Fes(u-edt)(CO)g).E™" Furthermore, water was successfully utilized instead of MeOH and
total Faradaic efficiencies of 86% or 88% and selectivities for CO, reduction of 92% or 94-
95% were obtained in 0.1 M MeOH/MeCN or 0.1 M HxO/MeCN, respectively, with formic
acid as the major product in both cases.®"! Kinetic measurements indicated a first order
dependence of the reaction on [145] and [CO5]. ! Moreover, electrochemical investigations
combined with DFT calculations were conducted to provide a plausible reaction mechanism
(Scheme 50)."1 Two-electron reduction of 145 generates a dianionic species featuring a
non-bridging thiolate unit, which undergoes CO loss accompanied by protonation and elec-
trophilic CO» addition.?""! Subsequent proton shift onto the Fe-coordinated OCO unit, follow-
up reduction and another protonation of the x-S substituent yields the pivotal intermediate
150.F711 This intermediate undergoes either release of formic acid and subsequent coordina-
tion of CO upon further reduction or reduction followed by water release in the CO-producing
pathway. =71

In parallel to these inspiring results, the application of 145 with the help of photocatalysis
was evaluated.***! |nitial experiments with 145 (0.1 umol) utilizing BIH as the sacrificial re-
ductant in combination with in situ formed [Cu(bcp)(xantphos)]PFg, starting from a mixture of
[Cu(MeCN)4]PFg (1 umol), bathocuproine (1 pmol), and xantphos (3 umol), were conducted
in NMP/TEOA (5:1, v:v), a combination successfully employed for other Fe catalysts!'®. Ir-
radiation of this mixture with violet-blue light {415 nm, 1.00 W) for 3 h resulted in a 1.8/1.5M1
mixture of CO/Ho/HCO» at a total TON of 614 (Table 3, entry 1), thus yielding CO as the ma-
jor product contrasting the electrochemical reaction®'1.V' However, detection of formic acid
is in good agreement with the results reported by Wang and co-workers, #" albeit a poor re-
producibility for these specific TONs was obtained, which was at this point assigned to partial
uncatalyzed CO5 reduction by BIH.2<l While the in situ prepared Cu PS gave results similar
to those obtained with the preformed complex in earlier studies, ['**'*" a distinct difference
in selectivity and activity in combination with complex 145 (Table 3, entry 2) was detected.
In fact, illumination of 145 and Cu PS 42 under unaliered conditions yielded CO/H,/HCO5;H
(1/7/3) with a total TON of 865 accompanied by a significant drop in reproducibility for the
formed Hs quantities (623 vs. 476 for two reactions).

The plain difference between the preformed and the in sifu Cu PS is the absence of ex-
cess bisphosphine, thus causing formation of increased fractions of catalytically inactive
[Cu(bcp)o]*. 11221311321 While this might explain the diminished catalytic activity for CO5 re-

V' Detailed single experiment results are presented in the appendix, section 4.4.6, and the supplementary

material (DOI: 10.1002/cctc.201901686) of the original publicatiun.[z‘“]
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2.1 Photocatalytic CO» Reduction

duction with the molecular Cu PS, the significantly different ratio of CO/HCO,H/H, might
suggest a more sophisticated role of the ligands of the in sifu Cu PS. To minimize the forma-
tion of the homoleptic [Cu(N"N)2]* complex and shift the equilibrium towards the heteroleptic
[Cu(N N)(P/P)J*t,[124127-128,131,132,142,144143] tha [Cu)/bep/xantphos ratio was evaluated. Be-
sides optimization of the catalytic activity, an enhanced reproducibility of the results of this
photocatalytic approach was desired. However, changing to 1/10/3, 1/1/10, 1/1/6, or 1/3/3
[Cu)bep/xantphos ratios did not result in the desired enhancement of reproducibility (Table S
4). The highest catalytic activity, despite insufficient reproducibility, was observed for a 1/2/5
[Cu)bepixantphos ratio, yielding a 1.7/1.1/1 CO/Hz/HCOsH mixture with a total TON of 756
(Table 3, entry 3).

Table 3: Initial photocatalytic CO» reduction experiments utilizing 145 as the catalyst in combi-

nation with Cu PS 42.[244

[Fea(p-bdt CO)g] (0.1 pmol)

Cu(CHCN)JPFs (1 pmol) Q PPhs e Fm PFg
bathocuproine (1 pmol) Me \' o :‘:
COs xantphos (3 pmol) CO + Hy + HCOH 0 cul
NMP/TEOA (5:1, v:v), BIH Me / N=
hv,25°C, 3 h O PPhz Me™ = ~ph
42
Entry [Cu)bep/xantphos A Radiant flux Total TON CO/H/HCOz:H
[umol] [nm] w]

14 1M1/3 415 1.00 614 1.8M1.5M1
ob 1/0/0 415 1.00 865 1/6.8/2.9
ac 1725 415 1.00 706 1.7M1.11
44 1725 400-500 1.50 880 21111

Deteiled experimental procadures and single exparimantal ssuls are prsenied in the sppendix, section 4.4.8 or the ES1. Reaction condilions: 145 (0.1 umol),

[Cu[MaCM),JPFe (x wmoi), xaniphos (x wmal), bathocuproine {x wmal), Bnd BIH (120 mg) wers imadiated with visioie ight for 3 h at 25 °C in GOy satueied
MMPITEDA (511, vv) under a CO; elmosphes (1 &tm). *The presentad result i the everage of T madions. “Preformed mokecular [Cufbep){xantphos)|PFg
{1.0 wmal) was utilized 85 the photosensitizer. The preseniad resull is the average of 2 reactions. “The presented msult is te average of B reactions.
pesented resull is the average of 3 maclions.

Variation of the wavelength of illumination or its radiant flux, likewise, did not facilitate the
required reproducibility when utilizing 415 nm at 0.50 W or 1.50 W or blue light with a wider
400-500 nm range at 0.50 W or 1.00 W (Table S 5). Initially, a reproducibility within 10%
margin for the formation of CO (TON = 411, 439, 460) was observed when 400-500 nm light
was employed at 1.50 W radiant flux and a 2/1/1 CO/H5/HCO5H mixture was obtained with
a total TON of 880 (Table 3, entry 4). Yet, the same reaction resulted in significantly altered
results upon attempted reproduction six months after these initial experiments.

Impurities, even in minor quantities, are well-known to impact the reproducibility of catalytic
transformations.™® Hence, replacement of the utilized reagents, the solvent, and the cata-
lyst batch were undertaken. However, these measures failed to restore the initially observed
catalytic activity in a reproducible manner and indicated an unpredictable outcome assessed
by 59 experiments (Figure 15 and Table S 6). Five-fold enhancement of the catalyst load-
ing, likewise, did not establish consistent reaction outcomes (Table S 7), precluding the low
catalyst loading (0.1 umol) as the sole reason for the poor reproducibility.
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Figure 15: Single experimental results for reactions conducted with catalyst 145, in situ pre-

pared [Cu(bcp)(xantphos)]PFg and BIH in NMP/TEOQA (5:1, v:v) utilizing blue light (400-500 nm,

1.50 W) at 25 °C for 3 h (TONs for HCO5H are omitted, as these have not been determined for

all reactions; detailed HCOs;H TONSs are given in Table S 6).
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Figure 16: Single experimental results for reactions conducted with [Fea(u-Clbdt)(CO)g], [Feau-
bpdt)(CO)g], or [Fex(CO)g] in combination with in situ prepared [Cu(bcp)(xantphos)]PFg and BIH
in NMP/TEOA (5:1, v:v) utilizing blue light (400-500 nm, 1.50 W) at 25 °C for 3 h.
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2.1 Photocatalytic CO» Reduction

Other [FeFe] complexes were subsequently investigated to identify whether these suffer from
analogous reproducibility issues. Photocatalytic reactions with [Feo(u-Cl-bdt)(CO)g] (Cl-bdt =
1,4-dichlorobenzene-2,3-dithioclate), [Fes(u-bpdt)(CO)g] (bpdt = 1,1-biphenyl-2,2'-dithiolate),
and [Fes(CO)g] were conducted utilizing 400-500 nm (1.50 W) for 3 h in NMP/TEQA (5:1,
v:v) in the presence of BIH (120 mg). A tendency for [Fes(u-bpdt)(CO)g] favoring CO5 reduc-
tion over H, formation, contrasting [Fes(u-Cl-bdt)(CO)g] and [Fe;(CO)g], can be observed
(Figure 16 and Table S 8). However, in all cases poor to mediocre reproducibility was ob-
served, thus, confirming the problem encountered with complex 145.

Despite the insufficient consistency of the photocatalytic reactions, a significant difference
between the preformed Cu PS 42 and its in situ version complemented by a pronounced
influence of the [Cu}/bcp/xantphos ratio was observed early on. Due to the renowned prop-
erty of [FeFe] complexes, such as 145, to undergo CO substitution by bidentate nitrogen- or
phosphorus-based ligands, [247.253-257.258,261,263-28] thaga observations suggested reaction of
the [FeFe] complexes with either bidentate ligand of the Cu PS. Such a reaction might even
account for the observed lack of reproducibility, as it would sophisticate the existing equilib-
rium between homo- and heteroleptic Cu complexes.

Consequently, 145 was illuminated (415 nm, 1.00 W) in the presence of equimolar quantities
of xantphos or bathocuproine (Scheme 51). Indeed, the resulting CO-substitution products
151 and 152 were obtained in 64% and 76% yield, respectively.

Me. M
© Ph Ph
- N
L )
N N=
PPhz PPh; 4 L Me Me
toluene 0c, FNCG Lo toluene
415 nm, 1.00W, 3h Fe—F¢., 415nm, 1.00 W, 3 h
64% oc' s y CO " !
o¢ co 76%
145 Q
S5,
Uﬂxrl_h?
oc
Me
151 152

Scheme 51: Preparation of complexes 151 and 152 by irradiation (415 nm, 1.00 W) of a toluene
solution of 145 in the presence of xantphos or bathocuproine, respectively.

In both complexes, the C-O vibrations are shifted to lower wavenumbers (151: & = 2021, 1971
(shoulder), 1947, 1883 cm‘1; 152: i = 2008, 1948 (shoulder), 1929, 1886 cm‘1] compared
to 145 (7 = 2080, 2044, 2004 cm~ )25 highlighting the electron-donating properties of both
ligands, which appear to be of comparable strength.
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Figure 17: Molecular structures of complexes 151 and 152 (thermal ellipsoid displayed at 50%
probability, H atoms and solvent molecules (151) are omitted for clarity). Selected bond lengths
[A] and angles [°] for 151: Fe-C(0), 1.744(3), 1.784(3), 1.788(3), 1.801(3); Fe-S, 2.2512(7),
2.2597(8), 2.2747(8), 2.2950(7); P-Fe-Fe, 104.05(2), 145.46(2); P-Fe-S, 92.99(3), 99.82(3),
100.30(3), 158.75(3); S-Fe-S, 79.67(3), 79.93(3). Selected bond lengths [A] and angles [°]
for 152: Fe-C(O), 1.7620(15), 1.7763(15), 1.7771(15), 1.8086(15); Fe-S, 2.2442(4), 2.2517(4),
2.2726(4), 2.2769(4); N-Fe-S, 92.04(3), 93.38(3), 152.68(3), 153.61(3); S-Fe-S, 79.467(14),
80.607(14).
Single-crystal X-ray diffraction conducted with crystals obtained by slow diffusion of hex-
ane into CH2Cls solutions at 7 “C permitted unambiguous elucidation of the coordination
geometry (Figure 17). The dithiolate moiety remained intact in both complexes and the
chelating xantphos or bathocuproine is coordinated in a x2-mode to a single Fe center.
Previously reported analogous [FeFe] complexes are in good accordance with this obser
vation, [253-256,250.263-288] A myajor difference is the coordination mode of the introduced chelat-
ing ligands. While xantphos coordinates in an apical-basal fashion, bathocuproine is ligated
in a basal-basal mode. The latter geometry is matching literature-known N"N-ligated con-
geners, 342352891 while for bisphosphine complexes both, apical-basal and basal-basal, co-
ordination modes have been described. [253.258,259,263,264,266-268] A broad singlet at 58.9 ppm is
observed in the #'P{'H} NMR of 151, highlighting equivalence of both P atoms in solution,
hence suggesting a fast equilibration between the apical-basal and basal-basal coordination,
as observed for related complexes*4. Fe-Fe (2.5709(5) A for 151 and 2.5397(3) A for 152)
as well as Fe-S distances (2.2442(4)-2.2950(7) A) remain in a similar range and indicate a mi-
nor disturbance of the symmetry of the [Fe>S5] core in both cases. Moreover, Fe-P distances
(2.2635(7)/2.2689(8) A) and especially the P-Fe-P angle (101.11(3)°) are increased com-
pared to similar apical-basal dppe-containing®%%*® and even bidentate carborane-derived
[FeFe] complexes!®. This is likely caused by the increased bite angle of xantphos (111.7°)
compared to dppe (84.4°),V a result of the rigidity of the xanthene-derived backbone.[240.274]

V' Presented bite angles are calculated natural bond angles reported in the literature, 240274
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In contrast, Fe-N distances in 152 (1.9808(11) and 1.9925(11) A) and the N-Fe-N angle
(81.56(5)°) are very close to those observed for its congener [Fea(u-pdt)(phen){CO)4] (153;
N-Fe: 1.9864(15), 1.9931(15) A; N-Fe-N: 81.71(7)°; pdt = 1,3-propanedithiolate)®®, despite
smaller N-Fe-Fe angles (98.17(3), 98.51(3)° in [152]; 104.89(5), 105.33(4)° in [153]%) re-
sulting in an increased tilt of the bidentate bathocuproine ligand with respect to the Fe-Fe
axis. Successful CO displacement with the help of UV light irradiation in analogous [FeFe]
complexes has widely been utilized.?*3257.25%288] However, visible light with a maximum in-
tensity at a wavelength of 415 nm appears to be sufficient in specific cases, as indicated by
the results presented herein and in previous literature studies. "=

After isolation and characterization of these novel disubstituted [Fe Fe] hydrogenase mimics,
their behavior in the photocatalytic reduction of CO5 was evaluated. For a direct comparison,
COs saturated reaction mixtures containing 151 or 152, BIH, and Cu PS 42 were irradiated
with 415 nm light (1.00 W) for 3 h in 5:1 NMP/TEOA (Figure 18 a)). In both cases, the results
appeared to be more consistent than those obtained with 145 and 42 and a total TON of 510
with a CO/Ho/HCOzH ratio of 1/32/15 was observed for 151 (average of 2 reactions), while
152 produced a 1/7/1 CO/H2/HCO5;H mixture with a total TON of 530 (average of 4 reac-
tions). However, within the four experiments for 152 and the isolated Cu PS 42, a significant
deviance between the highest (CO: 76; Hz: 450) and lowest (CO: 44; Hs: 367) observed
TONs indicated once again an insufficient reproducibility.

a) b)  [Feal-batix™LHCON] (0.1 pmal)
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[Feglu-bat)is=-L)HCO,] (0.1 pmed) b Froahetinatt il

[Culbeplixantphas]]PFg (1 pmcl) xantphos (3 pmol)
GO = GO+ H; + HCO;H co cCO HCOgH
2 WNMPTEDA (5:1, vivh, BIH r 5 2 T NMPITEQA (5:1, vv), BIH e il
415 nm, 1.00W, 25"C, 3 h 415nm, 1.00W, 25°C, 3 h
=N, . ri = y i
b4 = 4 L a\ % F
o | A [ ! ! Al e f
L PhP A 'L ph = 5. .5 Me
- AV o -m S L...Ne-; "o oc, POk ¢ 0, Dwe g, TIPS o
1 . H ' [ : vy , - | - " i ] o L
e b W | ¥ e S 7 in =y Eh
woe Sl ] -chn |-Hwﬁ ‘ M ] P
| [ a3 b £
L o0 h
2504 =00 & |
35 ] = = 1
00+ B i
§ 200 " 0]
e P as]
153 1
1924 1 Y|
L - 1 1

E
n‘m-.r LT l.lu Haacw i M Raacion numbar

Figure 18: Single experimental results for photocatalytic CO, reduction reactions conducted
with 151 or 152 and BIH in NMP/TEOA (5:1, v:v) utilizing violet-blue light (415 nm, 1.00 W)
at 25 °C for 3 h and in combination with a) [Cu(bcp)(xantphos)]PFg or b) in situ prepared
[Cu(bcp)(xantphos)]PFg, starting from [Cu(MeCN)4]PFg, bathocuproine, and xantphos (1/1/3).

This was even more pronounced upon changing from the isolated to the in situ Cu PS, utiliz-
ing a 1/1/3 [Cu}bathocuproine/xantphos ratio (Figure 18, b)). Overall, higher CO formation
was observed under these conditions for both novel [FeFe] complexes. 151 was significantly
less active in the COs reduction yielding CO/Ho/HCOsH in a 2/2/1 mixture with a total TON
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of 241, compared to 152 which produced a 1.7/1.2/1 CO/H5/HCO5H product mixture with a
total TON of 769. These results, especially upon comparison with 145 (Table 3, entry 1),
suggest a preferential role of 152 for the generation of an active CO»s reduction catalyst, an
observation reminiscent of the enhanced photocatalytic COs reduction with [Fez(CO)42] in
the presence 2,2"-bipyridine.™]1 Nevertheless, the obvious inconsistency of the absolute re-
sults, especially when taking the previous results into account, precludes a final statement
on this possibility. This again underscores the complexity of this system and highlights that
the reproducibility is not entirely determined by the utilized [FeFe] pre-catalyst.

The results obtained for the photocatalytic COs reduction with the utilized [FeFe] complexes
clearly highlight the necessity of careful evaluation of the reproducibility of catalytic trans-
formations. Reaction yields, specifically for synthetic transformations, and their consistency
at lower catalyst loadings are a good parameter to assess whether a reduced concentration
of catalyst remains feasible for the reaction of interest. However, in photocatalytic transfor-
mations, such as the photocatalytic CO» reduction reported herein, the yield with respect to
converted COs is not commonly measured and would be far from complete, as indicated by
GC analysis of the headspace. In contrast, TONs and TOFs are routinely stated and utilized
for comparison of the catalytic activity, a process that certainly encourages further develop-
ment and facilitates innovative discoveries. Yet, the possibility of enhancing these activity
parameters by lowering the catalyst concentration for the sake of outperforming earlier pro-
tocols, unfortunately, renders this process ambivalent in case reproducibility is not carefully
evaluated. Moreover, protocols relying on these low catalyst concentrations are most com-
monly not advanced to larger scales and might therefore prove less applicable in the long
run.

In case of the [FeFe] catalyzed COs reduction utilizing visible light, a competing ligand ex-
change with the constituents of the Cu PS5, indicated by the formation novel complexes 151
and 152 resulting from photolytic CO replacement, sophisticated the reaction system. Conse-
quently, the isolated photosensitizer was combined with the starting [FeFe] complex 145 and
the novel [FeFe] derivatives, but did not provide sufficient results, indicating that well-defined
materials or complexes do not naturally warrant reproducibility. In addition, fluctuations in
the light source and the liquid-gas reaction medium for CO»> conversion further increase the
predisposition for challenging reproducibility. Despite these obstacles, statements of single
experimental results and their deviance or the number of independently performed reactions
remain rather uncommon in the field of photocatalytic CO2 reduction. Moreover, in a recent
survey regarding reproducibility in various scientific fields, 90% out of 1576 participants see
a “slight” or “significant crisis of reproducibility” and more than 80% of those working in the
field of chemistry (106 participants) have been unable to reproduce the results obtained by
others in the past. ™8

Since reproducibility is an inevitable prerequisite for scientific progress, the outcome of herein
presented investigations on photocatalytic CO» reduction was utilized to showcase essential
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guidelines on how to assess the consistency of such catalytic results. Furthermore, recom-
mendations for the scientific community investigating novel catalysts or methods, especially
in the area of photocatalysis for the activation of small molecules, such as water or COs,
were derived:

1. At least two independent reactions (i.e. not the identical catalyst solution and not on the
same date) should ideally be conducted. 2. The total number of these independent reactions
should be reported when evaluating a novel catalysis protocol, particularly when single ex-
perimental results are reported. 3. Reproducibility at significantly reduced catalyst loadings
for the sake of higher TONs should be carefully evaluated and only pursued when repeatable
results are obtained under these conditions. Single experimental results should ideally be
stated as a verification of consistent outcomes in this case. Finally, reactions at two different
catalyst concentrations should ideally be conducted to validate reproducibility.

Higher reproducibility for novel catalytic protocols, such as the photocatalytic reduction of
COs, will hopefully be accomplished by adapting these simple standards. Increased repro-
ducibility will alleviate the process of establishing benchmark reactions for a better compar-
ison between catalytic systems which will ultimately benefit future development in cutting-
edge research areas, such as water splitting or CO5 reduction.
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2.2 Investigations on CO> Reductive Coupling to Oxalate

Over the past decades, significant improvements in the direct conversion of CO3 into C=2
compounds with the help of (transition) metal catalysts have been achieved and understand-
ing of the underlying reaction mechanisms, specifically evaluated for the stoichiometric for-
mation of C, compounds, such as oxalate, has been enhanced (see section 1.3). In an
attempt to mimic nature’s ability to construct complex organic molecules from COs and the
possibility of direct production of fuels containing more than one C atom, the formation of
higher carbon compounds wvia COz reduction holds tremendous potential for future appli-
cations,*®'%% provided that industrially viable protocols will be developed. This certainly
requires the identification and construction of suitable catalysts that enable C-C bond for-
mation from COs in high selectivity and under mild conditions. To achieve these goals, a
fundamental understanding of the guiding reactivity patterns and possibilities for tuning the
selectivity of the CO» reduction into higher carbon compounds will arguably be inevitable.
Since C-C bond formation is the key step in the CO, to C-., reduction, further investigations
on this particular reaction are relevant for optimizing the overall reactivity.

The plainest C-C bond forming step starting from CO» represents its reductive coupling to the
two-electron reduction product oxalate (or oxalic acid).['* %] Thus, COs reductive coupling
constitutes an ideal transformation to gain expedient insight into the C-C bond formation. Fur-
thermore, dimethyl oxalate is a product of industrial interest as it can be converted into ethy-
lene glycol or methyl glycolate.[18%.190.273-281]1 Dagpite the identification of catalysts enabling
the formation of CO5*" or analogous intermediates and allowing for its reductive coupling
to oxalate in high selectivity, ['02.170.175.190.193] noye| reactivities, such as dimetalloxycarbenes
that undergo nucleophilic attack onto another CO2 molecule, %1798 hayve been identified
as important intermediates in the reductive coupling of carbon dioxide. [155.181.183,191,185.283] Fyr
thermore, the influence of electronic and steric properties of ancillary ligands and possi-
ble solvent effects have been evaluated as parameters to tune CO5 reduction toward the
desired C-C bond formation. ['75-177.178,181-183,188,190.195] However, reactivity patterns, specifi-
cally influence of solvents, but even thermodynamics of the reaction, appear to vary sig-
nificantly from one system to another. While non-coordinating solvents seem to improve
CO, reductive coupling in certain cases,!'" % the coordination of solvents during the C-
C bond forming process was found to be mandatory for other protocols!'"19%_ |n addition,
oxalate appeared to be the thermodynamically favored COs reduction product in multiple
examples, ['72179-181,183.224.282] bt was identified as the kinetic product in a recent report!'®2.
Moreover, the presence of protic solvents or water had to be avoided to achieve oxalate for-
mation in various cases, [#7.92.102167.191.198] byt in few cases,['7*1% especially when bicarbonate
was identified as the reactive form of CO,, "% the presence of protons or water facilitated
oxalate formation. Also, oxalate formation was commonly observed under hydrothermal con-
ditions2%7-208.210-215.218] gnd even in the presence of oxidants, [18%193205.208 218 217.219] g 1ch as Os

from the atmosphere. "
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Figure 19: Approach for further improvements in the field of CO reductive coupling followed
within this work: After assessing reproducibility and the origin of oxalate, evaluation of key pa-
rameters will eventually establish advanced insight into the C-C bond formation and facilitate
optimization of this transformation.

All these observations indicate the complexity of the seemingly simple formation of the small
oxalate molecule from carbon dioxide. While differences in solvent influence, thermodynam-
ics and sensitivity to reaction conditions might merely be a result of the specificity of each
of the reported protocols, a generally applicable design principle for prospective catalysts
would substantially ameliorate the foundation for future developments in this field. Hence,
the aim of this work is to gain further insights into the formation of axalate starting from COs in
combination with environmentally benign first-row transition metal Fe and Cu complexes. To
achieve this goal, initial investigations based on complexes previously reported for the COs
reductive coupling should be undertaken. This strategy rests upon the fact that, in contrast
to the plethora of CO; reduction protocols yielding C4 products, such as CO, HCO5H, and
MeOH (see section 1.2), the selective formation of oxalate with the help of first-row transi-
tion metals is rather rare.['79.181,182,187,180,182.193] Moreover, the reproducibility of reported CO»
reductive coupling systems proved challenging, ®*” while the pathway for the formation of ox-
alate turned out to be oxidative degradation rather than initially presumed reductive coupling
in a recent study. 2%l However, knowledge on the true nature of the formed oxalate is of indis-
putable importance when pursuing optimization of the desired COs reductive coupling and
reproducibility of the literature precedent an outright necessity for benchmarking any novel
protocol. Hence, an initial reproducibility assessment for the literature examples of interest
should be performed and the true origin of oxalate formation being CO5 reductive coupling
should be established (Figure 19). Following these prerequisite trials, further modifications of
the electronic and steric properties of ancillary ligands and the derived complexes should be
conducted. Moreover, alterations of general reaction conditions should be evaluated and the
key parameters impacting the outcome of the COs reductive coupling reactions should be
elucidated. By following this strategy, the major challenges associated with this transforma-
tion should presumably become evident. Furthermore, guiding principles for studying CO,
reductive coupling and analyzing the true origin of the ocbserved products should be derived
and will hopefully contribute to prospective improvements in this cutting-edge research area.
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2 Results and Discussion

2.2.1 Investlgatlons on CO; Reductive Coupling with Disulfilde-derived Cu Complexes

The Cu-based catalyst ligated by a bis(pyridyl)amine disulfide reported by Bouwman and co-
workers is one of the important examples reported for the conversion of COs into oxalate. %]
The electrocatalytic reaction, proceeding via a tetranuclear oxalate complex (Scheme 47),
was conducted at an exceptionally mild potential of —0.03 V vs. NHE indicating outstanding
catalytic properties of the Cu complex considering the —1.90 V (—1.97 V in DMF)¥7.3281] rg-
quired in the absence of a catalyst.!'®

The mechanism of this COs reductive

coupling has recently been investigated '—izfiim

with the help of computational meth- [Cul—sol

ods.”® The results of these DFT cal 21+ 2sov+2e . [Cv1—sov €02

culations suggest reduction of one COs

molecule by two Cu centers to form a - ]/ DHIP\[:J : 0=:£:=0
Cuy(CO,*") intermediate in which the o %" [Cu'}—solv
radical character of the intermediate J/[:*]
is delocalized between metal centers i open-shel

and the CO,, a feature enabled by a _0=c=0 . _--0=C= -
small singlet-triplet gap (2.1 kcal/mol) ::;Q ,éh ;::,"] - Nooiv
of the Cul-CO, precursor intermedi- 0 —"0 \7/Z

ate (Scheme 52).F* A second reduc- Co,

tion and attack of the resulting nucle- solv

ophilic COz onto another CO; yieldsthe scheme 52: Calculated schematic mechanism for

The capability of the catalyst to switch tion of GO, (open-shell species are marked by green

boxes). 282

between open- and closed-shell was

found crucial, as the Cul catalyst was calculated in a closed-shell structure, while the C-C
bond formation occurred via open-shell transition states resulting finally in open-shell prod-
ucts.® Furthermore, two Cu complexes were required and the formation of oxalate by a
single dinuclear complex or with a single Cu center was energetically unfavorable.®? Fi-
nally, comparison to a reductive disproportionation pathway was performed and found to be
thermodynamically unfeasible while oxalate formation was even kinetically preferred.® In-
terestingly, the cationic charge of the Cu catalyst appeared crucial for the observed oxalate
formation as w-backdonation could stabilize a potential CO complex intermediate during the
reductive disproportionation pathway.®®? Furthermore, energy barriers for both competing
reactions were found to decrease with increasing electron density on the complex rendering
the reductive disproportionation the preferred pathway for electron-rich complexes. 3 Simi-
lar observations were made for metals with increased singlet/triplet energy barriers, such as
the Ag/Au analogues of the catalyst, rendering CO» reductive coupling unfavorable. #%2
Surprisingly, despite the mechanistic insight and the encouraging catalytic properties of the
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2.2 Investigations on COx Reductive Coupling to Oxalate

reported system with its striking overpotential of —0.03 V vs. NHE,"*® no further improve-
ments of the initial system have been reported. Moreover, analogous disulfide ligands bear-
ing different backbones and substituents and their derived Cu complexes have been reported
and the essential reactivities resulting in the formation of the cu' disulfide complexes have
been investigated.®".?%% Yet, no analogous system facilitating the CO, reductive coupling
has, to the best of our knowledge, been described. However, Stack and co-workers reported
reproducibility problems as part of a study revealing the interconversion possibilities between
the Cu' disulfide originally described by the Bouwman group!'®¥ and a thiolate-bridged Cu'
complex (Scheme 53).2%! In addition, Thomas et al. declare that formation of oxalate was not
observed despite elaborate attempts.®*! These difficulties with respect to the reproducibility
of oxalate formation and the absence of any follow-up work on this protocol for CO5 reductive
coupling prompted evaluation of the system to clarify whether the originally reported oxalate
formation would be reproducible in ancther laboratory. In addition, identification of starting
points for further modifications of the system that could enable even higher catalytic activity
would be highly desirable.

Me
P /_QS
Ma{‘.hl =N N —). _[Cu{CHLCN)JJPFs
# 2) 1 MeCN a ? "MeCN

154

Scheme 53: Synthesis of the required disulfide ligand 154 by addition and oxidation followed by

reaction with [Cu(MeCN)4]PFg yielding Cu" complex 155.[227]
Investigations were initiated by preparation of the required ligand, as reported in the ini-
tial publications, ['5%%7] vja reaction of nucleophilic dipicolylamine with propylene sulfide and
subsequent oxidation to the disulfide (Scheme 53). Aerial oxidation, as reported by Bouw-
man and co-workers, ['8% proved to be challenging and stirring the reaction mixture obtained
after heating propylene sulfide and dipicolylamine in dry acetonitrile (13 h) in air (18 h) did
not provide the desired disulfide (Figure S 96). Hence, the synthesis reported by Stack
and co-workers®™! was followed and oxidation with |> after nucleophilic addition to the thi-
irane enabled isolation of the ligand as a mixture of isomers, as previously described.<1
With the ligand in hand, complex formation with [Cu(MeCN)4]PFg was conducted, as signif-
icantly different reactivities were described in the literature.'®2.2%1 While in the initial report
by Angamuthu et al. a yellow solution of the corresponding Cu' complex was obtained upon
addition of [Cu(MeCN)4]BF4 to a solution of the disulfide ligand in acetonitrile, '"**! Stack and
co-workers observed partial oxidation of the Cu precursor to form the bis-thiolate Cu!! com-
plex accompanied by a distinct color change to dark green.?2! The resulting Cu!' bis-thiolate
was reported to exist in an equilibrium with the corresponding cu' disulfide, with strongly
coordinating solvents stabilizing the Cu' form.271 Hence, the reaction of [Cu(MeCN)4]PFg
with the respective ligand in MeCN under argon was performed. This resulted in an instant
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2 Results and Discussion

color change from yellow/orange for the disulfide ligand in acetonitrile, to dark green (see
Figure S 2). It is noteworthy that, even though the PFg~ instead of the BF4~ salt was uti-
lized, the Stack group described no significant influence of the counterion on the formation
of the dithiolate, assessed by evaluation five different anions.”*" In addition to the distinct
color change, the TH NMR spectra of the resulting product was recorded (Figure 20). As
evident from the range of chemical shifts up to 37 ppm, the product obtained is partially
paramagnetic, indicating the presence of a Cull species. Moreover, the chemical shifts are
in accordance with those reported by Stack and co-workers.®¥'1 Interestingly, evaporation of
a dark green acetonitrile solution of 154 and [Cu(MeCN)4]PFg in air over 5 days yielded a
green solid, which displayed IR bands at 1656 cem~! and 1612 cm™! (Figure S 246), close to
those observed for the initially reported oxalate complex (1611 cm~1).1"®% The TH NMR spec-
trum of this green solid suggested the presence of paramagnetic Cu'! species other than 155
(Figure S 98). Extraction of the product with aqueous NaOH solution!'®¥ and subsequent
NMR spectroscopic analysis indicated the presence of formate, which might potentially form
via COs reduction. However, no signal hinted at the presence of oxalate.

Due to at least partial oxidation of the Cu metal centers by the ligand, further reaction with
CO, would require oxidation of the bridging thiolate. Interestingly, protonation of the ligand
was reported to quantitatively convert the cu'l complex back into a dinuclear Cu' complex. B
This reaction is accompanied by oxidation of the ligand to form the disulfide and protonation
of one of the pyridine moieties (Scheme 54).?"! Following these results reported by Stack
and co-workers, protonation of the complex 155 with HOTF in acetonitrile was conducted,
resulting in a distinct color change from dark green to light orange/yellow indicating the for-
mation of the desired Cu' species. 7]

€O,
—_——

Scheme 54: Protonation of 155 with HOTTf to form the Cu' complex 156, as reported by Stack
and co-workers, ?1 and subsequent attempted reaction with COs5.

Due to the copper(l) nature of this complex and the original isolation of the oxalate complex
starting from the thiol ligand, Cu(acac)s, and HBF4,"®® protonation of the ligand to stabilize
the active Cu' complex might be a prerequisite for its follow-up reaction with CO5. Hence,
in situ formed complex 156 was treated with CO5 by bubbling, but no change in color over
the course of 10 min was observed. Furthermore, the '"H NMR spectrum after this COs
treatment displayed no evidence for any reaction with CO2 and was thus in accordance with
that previously reported for complex 156! (Figure 20).
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Figure 20: 'H NMR spectra (300 MHz, CD3CN) of the dark green product obtained by reaction
of ligand 154 with [Cu(MeCN)4]PF; indicating the formation of Cu" complex 155! (blue) and
after protonation and subsequent COs treatment yielding 1562271 (green).

These experimental results are in good agreement with those reported by Stack and co-
workers. 2"l Therefore, the described oxalate formation by reaction with CO5 from the atmo-
sphere cannot be rationalized. This initial evaluation of a literature protocol for CO5 reductive

coupling clearly showcases the importance of assessing reproducibility prior to further modi-

fications of these literature systems, as failed attempts to improve the desired CO» reductive

coupling reactivity could readily be misleading when the original reaction is not proceeding

as described.

67
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2.2.2 Investlgating CO>; Reductive Coupling Facllitated by a Macrocyclic Fe Complex

After the initial study on the reductive coupling protocol reported by Bouwman and co-
workers, ['®9 the [Fe(tmtaa)] complex reported by the Floriani group was envisaged as a
promising candidate for an active CO5 reductive coupling catalyst.['* This air-sensitive 224
Fe!l complex was reported to react with sodium in THF to form an iron(l) complex in which the
resulting Na* ion is coordinated to the bisketiminate-type moiety of the tmtaa ligand (Scheme
42).1'%1 Here, utilization of a strong reductant (ca. —3 V vs. Fe/Fc* for Na in THF®) seemed
more reasonable for facilitating formation of oxalate from CO,. A solvent dependence for the
consecutive CO5 treatment was reported with reductive disproportionation being observed in
THF while oxalate formation was observed in toluene.['®¥ However, no further investigations
on the mechanism of the reaction were reported and sodium oxalate was only identified by
titration with KMnQO4.!"®%! Consequently, collecting additional evidence for the formation of
oxalate and gaining further experimental data on the reaction to ideally modify the system to
allow for an improved reaction, ideally employing a less strong reductant, was captivating.
Hence, the free Hstmtaa ligand was prepared following a combination of modified literature
procedures (Scheme 55).[2%2%1 Notably, the synthesis presented herein does not require
pressurized HCI gas and formation of gaseous HCI by treatment of dried NaCl with concen-
trated H,SO,4 was sulfficient for the removal of Ni.V! The desired complex was then prepared
following the procedure utilized by the Floriani group, ' which was slightly modified to avoid
overnight stirring at —20 =C.

He Me ME\I/._‘\‘_[,ME
NH
. 0 o (OAC)(Hz0)e HCl(g) N "'"l
NH MEMME BuoH MeOH NH N
2 76% 75% I hax
s
He Me Me Me
157 158 159 XZ =2 CI, [NiClg®
160
NH4PFg
MeoH | 5%
HEWHE
M N
Cro e @r" “”1:3 CE” “"ID
s " 2) FeBra(THF)o, THE MEDH
N yF 2“ Fla, NH N
g 2HI'-‘F5
Me Me = THF
118 162 161

Scheme 55: Synthesis of [Fe(tmtaa)]- THF via a combination of different literature proce-
durag, [188,286,287]

With the complex in hand, investigations were focused on the CO»s reduction reaction. For
this purpose, [Fe(tmtaa)] was reacted with Na analogously to the initial report'®® and the

VI Hochloch et al. likewise reported that HCI generated from concentrated H,S0, and aqueous HCI can be
utilized, albeit a 25% drop in yield was observed. ™1 As described in the literature, %] subsequent anion
exchange was required for further application of the resulting Hetmtaa salt.
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2.2 Investigations on COx Reductive Coupling to Oxalate

resulting black/dark brown residue was subsequently treated with CO5 by bubbling it through
the toluene solution at —30 °C (Scheme 56; detailed results are given in Table S 12).

Me. -~ -Me co
N N 1) reductant
S THF

AT s s acor» @ @*mm

N N 2)COz N | N
< solvent

Me Me -

THF ducant = Ma, NaCqgHg, K THF

112 solvent = THF, toluene 126

Scheme 56: CO, reduction with [Fe(tmtaa)] via reduction with Na, NaC,oHg, or K and subse-
quent CO5 treatment.

However, extraction of the remaining solid obtained by removal of all volatiles in vacuo with
water and further analysis by NMR spectroscopy (Figure 21) and capillary electrophoresis
(Figure S 338) indicated the absence of oxalate.
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Figure 21: '3C{'H} NMR spectra (D-0) of the aqueous extract after CO, treatment of
[Fe({tmtaa)(THF)] reacted with Na or NaC,gHg, respectively.

In contrast, a peak at 162.5 ppm in the 13¢ NMR, which apparently showed minor variations
in its chemical shift when compared to similar experiments, was observed. Basification of
one sample with agueous NaOH resulted in its shift to 168 ppm indicating a pH dependency
of the signal and ultimately coinciding with that of {3032‘ in basic solution (see Table S 12).

As treatment with COo wvia bubbling utilizing a needle reaching into the reaction mixture is
potentially prone to the undesired introduction of traces of air, replacement of the Ar atmo-
sphere by COy after removal of the volatiles in vacuo and prior to addition of the solvent
utilized for the reaction was conducted. The outcome of the reaction, however, remained
unaltered. Due to the poor solubility of alkali metals in THF or toluene, a reductant soluble
in organic solvents was envisaged to potentially improve the formation of the reactive Fe'
species. Hence, treatment of the purple [Fe(tmtaa)] with NaCyHg was conducted and re-
sulted in a color change to dark brown/black. Subsequent treatment with CO» resulted in the
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2 Results and Discussion

formation of a dark purple solution/suspension. The color change to purple/violet upon treat-
ment with CO5 in toluene indicating the formation of [Fe(tmtaa)] was already observed by
the Floriani group, while a red color for the analogous reaction in THF indicated formation of
the CO complex 120.'"*8 However, subsequent extraction of the NaC4gHg reaction product
into water once again indicated the formation of carbonate by NMR spectroscopic analysis,
whereas no evidence for the formation of oxalate was obtained (Figure 21 and Table S 12).

Recently, a cation influence on the formation of oxalate based on a similar complex in which
the alkali metal ion is coordinated to the bisketiminate-type ligand of the reduced complex
(Scheme 49) was reported and potassium ions enhanced the catalytic properties of the sys-
tem for CO2 reduction.!"*! Hence, replacement of Na by the more reactive K might enable
not only faster reduction of the Fe!! complex, but could perhaps facilitate the desired forma-
tion of KsC50,4. Thus, [Fe(tmtaa)] was treated with K in THF, resulting in a black solid after
removal of the volatiles in vacuo. Subsequent treatment with CO5 in dry toluene at —30 “C (to
rt.) gave rise to a red/purple suspension. Interestingly, analysis of the product obtained by
removal of the volatiles after continuous stirring under CO5 for 3 days indicated the formation
of the CO complex [Fe(tmtaa)(CO)(X)] identified by the distinct C-O vibration at 1912 cm™!
(Figu
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Figure 22: FTIR spectra obtained after reduction of [Fe(tmtaa)] with K in THF followed by CO»
treatment in THF or toluene (as indicated) via freeze-pump-thaw exchange of the atmosphere or
by replacement of the atmosphere after reduction and removal of the THF in vacuo.

The formation of CO following the reductive disproportionation pathway obviously requires
the concomitant formation of carbonate and indeed a signal at 163.1 ppm in the 3¢ NMR
spectrum (Figure 23) was observed after extraction of the product with H,O.V!l To ensure
no possibly undesirable reaction of the solid Fe complex with CO,, thereby prohibiting the
reported impact of the solvent on the reaction outcome, and circumvent the introduction of
COs gas by bubbling, a freeze-pump-thaw procedure recently described for CO» reductive

Vil Mote that the pH of the NMR sample for one reaction with K in toluene and THF, respectively, was adjusted

with 1 M NaOH solution, resulting in a shift of the '2C signal to 168 ppm, verifying that these signals indeed
correspond to carbonate.
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2.2 Investigations on COx Reductive Coupling to Oxalate

coupling!"® was adapted. Applying this procedure, similar results with the iron carbonyl
complex identified by IR spectroscopy and carbonate identified by NMR spectroscopy after
aqueous work-up were obtained. All reactions with K as the reductant conducted in toluene
were moreover analyzed by capillary electrophoresis after extraction with water. However,
neither of the samples contained detectable amounts of oxalate (Figure 24), thus the forma-
tion of oxalate in quantities corresponding to more than 0.1% yield based on the Fe complex
can be precluded. Since formation of the Fe carbonyl complex was observed for reactions
in toluene, analysis of the gaseous headspace of the reaction to possibly identify signifi-
cant quantities of CO was conducted. However, gas chromatographic analysis identified no
detectable amounts of CO» reduction products, namely CO and CH4. This indicates that
complexation of the formed CO seems to proceed nearly quantitatively, provided that no
follow-up reaction of the formed CO occurs.
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Figure 24: Capillary electropherograms of the aqueous extract after 118 was treated with K
followed by COs.

Due to the significant solvent effect initially described by Floriani and co-workers,!'®! the
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reaction in THF was investigated next, to see if a different reactivity depending on the uti-
lized solvent could be identified. Exchanging the atmosphere from argon to CO2 applying
the freeze-pump-thaw procedure resulted in a color change from dark brown to dark red, as
reported'®®. IR spectroscopic analysis after overnight reaction with CO» clearly indicated
the formation of the expected CO complex (Figure 22). The CO band appeared to be more
intense when the reaction was conducted in THF instead of toluene, which might indeed
indicate a higher percentage of CO5 reduction to CO. Again, NMR spectroscopic analysis
of the agueous extract proved the accompanying formation of 0032“ while capillary elec-
trophoresis (Figure 23 and 24) found no evidence for the formation of oxalate (i.e. <0.1%
based on [Fe]w"]. To identify the major products in solution after reduction with potassium
and subsequent CO, treatment, the obtained solid product was analyzed by NMR spec-
troscopy in pyridine-ds. For the reaction in toluene, the major signals correspond to those
of the starting [Fe(tmtaa)] (Figure 25). Despite the absence of detectable quantities of ox-
alate, this is well in accordance with the initial literature report.!"®! In contrast, the spectrum
obtained for the THF reaction product appeared significantly broadened, arguably due to the
presence of a paramagnetic Fe species, and signals at —13 and —22 ppm further corroborate
this observation. The major signals, albeit being significantly broadened, are nevertheless
located at the chemical shift of the starting material [Fe(tmtaa)]. The derived carbonyl com-
plex [Fe(tmtaa)(CO){THF)] was reported to feature similar TH NMR signals to [Fe(tmtaa)]
with the major difference being the shift of the two CH protons on the bisketiminate bridge
which are located at 3.48 ppm for [Fe(tmtaa)] and shifted downfield to 4.14 ppm for 120.0'%%
While no signal in the 4-5 ppm range was observed for the THF reaction product, possibly
indicating the presence of [Fe(tmtaa)] as the main species similar to the reaction in toluene,
the paramagnetic broadening prohibits a conclusive statement based exclusively on the NMR
spectroscopic analysis.
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Figure 25: 'H NMR spectra (pyridine—ds) of the solid residue after reduction with K and subse-
quent CO5 treatment in either toluene or THF and the spectrum of [Fe(tmtaa)] for comparison.

Utilizing [Fe(tmtaa)] and different alkali metal reductants, the described COs reduction to CO
and carbonate via reductive disproportionation was confirmed as presented herein. Interest
ingly, while CO5 reduction to CO might potentially give rise to higher yields in THF, likewise

Vil Bue to different sample dilution, the detection limit is <0.5% in one case (see Table S 12).
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reactivity was observed in toluene, contrasting previously reported results!'®. Furthermore,
the presence of [Fe(tmtaa)] after reaction with K and subsequent treatment with CO> was
identified. As the conversion to the carbonyl complex remained incomplete in toluene and
THF, the latter result being in accordance with the literature,[®¥ there are two major re-
maining possibilities for the presence of [Fe(tmtaa)]. The first possibility would be another
reduction reaction yielding either a CO» reduction product, which appears unlikely, as the
reaction with alkali metals should effectively enable aprotic conditions by removal of trace
water in the supposedly dry soclvents, and both CO» reduction products that could be formed
under aprotic conditions, namely CO and oxalate, were sought after with the help of vari-
ous analytical methods. It is noteworthy that traces of H> were detected by GC analysis of
the headspace of a CO, treatment in toluene after reduction with K. Arguably, the observed
Hs results from proton reduction of water traces in the solvent, despite it being continuously
stored under Ar over activated molecular sieves. However, it cannot be stated whether the
proton reduction is a result of the reaction of HoO with K or the Fe' complex. In addition, no
evidence for another COs reduction product was obtained in either reaction. Assuming that
there is no competing reduction reaction occurring, the incomplete conversion of [Fe(tmtaa)]
into the active Fe! complex seems to be a plausible explanation for the experimental results.
This might originate from the poor solubility of Na or K and their comparatively small surface
area. Nonetheless, reduction with soluble sodium naphthalenide was attempted and likewise
remained unsuccessful in achieving observable conversion of COs into oxalate. Therefore,
it can be concluded that no formation of oxalate from CO, utilizing [Fe(tmtaa)] in combina-
tion with strong reductants was observed, but partial conversion of CO5 into CO regardless
of the utilized solvent was confirmed. These results substantially differ from those reported
in the literature."® The Floriani group reported identification of oxalate after extraction with
H-0 and filtration with activated charcoal by titration of the slightly brown sample solution
with KMnO,.['®8! While oxalate is indeed utilized for standardizing KMnO, solutions, %! it is
certainly capable of oxidizing potential impurities such as Fe2* 2% or various organic com-
pounds, containing C=C bonds, and even toluene resulting in benzoic acid.®® In fact, or-
ganic compounds in the aqueous extract after the CO5 treatment were observed by THNMR
spectroscopy. While no additional filtration with activated charcoal was performed, the pres-
ence of oxidizable impurities in the aqueous extract is a plausible explanation for a false
positive oxalate identification by KMnO,4. Thus, the findings presented herein suggest that
the previous report might have resulted from a false positive identification of oxalate by redox
titration with KMnO4. Again, this outcome highlights the importance of in-depth investiga-
tions by multiple analytical methods for a consistent elucidation of the formed products when
studying CO5 reductive coupling. Moreover, the results showcase that even strong reducing
agents, such as alkaline metals, *®! do not warrant the formation of oxalate.
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2 Results and Discussion

2.2.3 1,4,7-Trlazacyclononane-derlved Cu Complexes In the Reductive CO> Coupling

Molecular conversion of COs into oxalate described by Peacock and co-workers utilizes a Cu

complex ligated by 1,4,7-allyl-1,4,7-triazacyclononane in the presence of NaBPhy4 (Scheme

45).1'% The reduction of CO, starting from the Cu' complex solely relies on concomitant
oxidation of the metal center to Cu'l resulting in the formation of the oxalate-bridged Cu!l

dimer.'® The intriguing feature of this system for CO» reductive coupling is the capability

of producing this oxalato dimer 128 without the apparent requirement of additional reductant
and via reaction with either CO», even from exhaled air, or CsHCO3.["" However, the mech-

anism of this specific CO, reductive coupling protocol has not yet been investigated, to the

best of our knowledge. Interestingly, despite the multitude of 1,4,7-triazacyclononane deriva-

tives and their corresponding Cu complexes reported in the literature, 25291322 the ligand

utilized by the Peacock group!'®? appears to be unique in facilitating CO» reductive cou-

pling. One possible explanation for this distinct reactivity is the effective shielding of the Cu

centers imposed by the allyl substituents prohibiting coordination of another ligand.['% Nev-

ertheless, enhancement of the oxalate yield by ligand modification, pre-formation of dinuclear
complexes or the transfer of the protocol to related nitrogen-based tridentate cyclic or acyclic
ligands has not been accomplished. This inspired investigations to gain further insight into

the underlying mechanism of the transformation, evaluate the possible electronic and steric
influences of ligand congeners, and possibly even enable a stepwise catalytic approach by

removal of oxalate from the dinuclear Cu complex and reduction back to Cul. However, due to

previous experience regarding literature-known CO, reductive coupling protocols, confirma-

tion of the reproducibility of this report was considered a mandatory requirement. Therefore,

evaluation of the oxalate formation, further alterations of reaction conditions, modifications of
the employed ligand, and possibly reduction of the oxidized complex to close the stepwise

CO, reductive coupling cycle are the main objectives of this section.

For preparation of the required 1,4,7-triazacyclononane (1,4,7-tacn) derivative, tosylation of
ethylene glycol and bis(2-aminoethyl)amine (dien) was conducted following literature proce-

dures (Scheme 57).2* Subsequent cyclization via condensation of the diamide, obtained by

reaction with sodium ethoxide, with the tosylated diol (164)*2*! and deprotection of the tosyl

groups with concentrated sulfuric acid at elevated temperature gave the tris(hydrochloride)

salt of 1,4,7-tacn (167) upon precipitation with HCI.*2%! Deprotonation of the tris(hydrochloride)
with KOH and subsequent allylation with allyl bromide in toluene gave the desired ligand 127

in decent yield. 2!

With the ligand in hand, isolation and characterization of the derived Cu' complex was at-

tempted, as no structural or general analytical data was available in the literature, to the best
of our knowledge. Following the procedure utilized by Peacock for synthesizing solutions of
[Cu(127)X] (X = BPhy, 1),1'% 127, NaBPhy, and Cul were mixed in deoxygenated MeOH.

Extraction of the off-white solid residue obtained after removal of the volatiles in vacuo with

THF yielded [Cu(127)X] (X = BPhy, 1) as indicated by NMR spectroscopic analysis.
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Scheme 57: Synthesis of ligand 127 utilized by Peacock and co-workers following a combination
of literature procedures 23326 and subsequent formation of the derived Cu' complex 168.

Crystals suitable for X-ray crystallographic analysis

were obtained by slow diffusion of hexane into a A

THF solution of this mixture, albeit crystals with IIB-"@‘* T

identical unit cell were likewise obtained from 1,2- *'«1
dichlorobenzene/hexane at —32 °C.X Interestingly, \;(L/ 5,’/“5"-%&
the crystalline material consisted of the iodo complex % o

168 (Figure 26) and no crystalline BPh,~ analogue
Figure 26: Molecular structure of 168

was observed. Hence, exchange of the iodide by (ihermal ellipsoids are presented at 50%
sodium tetraphenylborate remains incomplete when probability level, the minor orientation of

conducted in MeOH. Extensive disorder of the molec- :ﬁiggiﬁr‘ﬁax?. hydrogen atoms are
ular structure precludes a discussion of bond lengths

and angles. Nevertheless, the overall coordination geometry displays an almost tetrahedral
environment created by the three nitrogen-donors and the iodide. 127 was further charac-
terized by NMR and FTIR spectroscopy in addition to mass spectrometry, albeit only the
[Cu(127)]* fragment was detectable by HR-MS (see Appendix, section 4.7.8).

Reaction of CO5 with in situ formed [Cu(127)X] was reported to proceed with a distinct color
change from slightly yellow to blue/green and eventually result in the formation of oxalate
complex 128 (Scheme 45).1'2 Hence, an initial reaction of the in situ formed Cu' complex
with COs was conducted by bubbling COy through the reaction mixture for 11 h. This ex-
periment, indeed, displayed the expected color change to blue/green, but was accompanied
by precipitation of a yellow solid. The remaining solid residue obtained after removal of the
solvent featured a vibration at 1628 cm™1, clearly distinct from that reported by Peacock and
co-workers (1660 cm~1)!'%2. Moreover, isolation of the oxalate complex by attempted recrys-

% Crystallization by slow diffusion of hexane into a 1,2-dichlorobenzene solution was conducted with 168
prepared in the absence of NaBPh,.
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tallization from MeNO,['*! remained unsuccessful.

A color change from slightly yellow to blue/green during COs bubbling was observed within
the first two hours (as reported('®?), thus saturation of the solution with CO» over two hours
and subsequent stirring of the reaction mixture under an Ar atmosphere presumably contain-
ing residual CO5 to achieve completion of the CO, reduction was conducted. Interestingly,
despite the initial color change and precipitation of a yellow solid, decolorization back to
slightly yellow occurred during overnight stirring without CO5 bubbling. This observation was
unexpected as it suggested the formation of a cu'l compound that converts back into a color-
less/slightly yellow cu' complex once COs bubbling is stopped. One plausible explanation for
this observation could be reduction of an initially formed cu'l species by NaBPhg, which has
previously been reported to facilitate reduction of a Cu'! complex at 20 °C within one day.?27
The role of tetraphenylborate as a potential reductant is also suggested by the absence of
decolorization within 19 h when NaBPhs was replaced by NaPFg under similar conditions
(Table 5, entry 7). However, elucidation of the exact nature of this cu' species required
further investigations.

Consequently, NMR spectroscopic analysis of the yel-
low precipitate formed during CO2 bubbling in the pres-
ence of NaBPhy was conducted. The signals in the
TH/13C NMR spectra indicate formation of a complex
of the general formula [Cu(127)X]. However, signals
in both spectra are considerably shifted compared to
complex 168 and hence might correspond to a complex
in which the iodo ligand has successfully been substi-
tuted, e.g. by reaction with sodium tetraphenylborate
(Figure S 120). Crystals formed upon slow evapora- Flgure 27: Molecular structure of

. . . oy 169 (thermal ellipsoids are presented
tion of the NMR solution and its contact with air. These at 50% probability level and solvent

were of sufficient quality for single crystal X-ray diffrac- molecules, the counterion and carbon-
bound hydrogen atoms are omitted for

clarity).

tion, which revealed the formation of u-hydroxo com-
plex [(127)Cu(u-OH)2Cu(127)](BPh4)o* (Figure 27).
169 arguably forms in the presence of small quantities of O, and water and indicates the
possibility of trace oxygen induced oxidation during CO, bubbling experiments causing
the observed color change. Analogous hydroxo-bridged dinuclear Cu complexes ligated

12893033031 and commonly

by triazacyclononane-derivatives are well-known in the literature
formed via decomposition of [(L)Cu(u-0)2Cu(L)] complexes™ or by aerial oxidation of the
[Cu(L)I] complex 203301 |n fact, the similar u-OH complex [(127)Cu(u-OH)Cu(127)](BPhy),
was the original product of interest for Peacock and co-workers. %3

The color change and subsequent decolorization by COz bubbling followed by stirring un-

¥ Note that due to the distinct blue color indicating a cu?t compound and the observation of two anions, an
analogous agua-bridged complex can be excluded.
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der constant Ar atmosphere turned out to be repeatable for the same reaction mixture and
a maximum of six cycles (Figure S 3) was performed with a Culligand’'NaBPh, ratio of
1.7/1.0/1.3 X! Formation of the yellow precipitate, which was removed by filtration and ana-
lyzed by NMR spectroscopy (Figure S 121), was likewise observed. The recorded spectra
displayed only minor differences compared to the NMR spectra of the previously analyzed
precipitate, which were attributed to the utilized THF-dg/D50 mixture.

In these cases, where in situ formed [Cu(127)X] was treated with CO5 by multiple bubbling
steps, an IR vibration at ~1630 cm~! was observed for the product (Figure 28), contra-
dicting the reported 1660 cm~11'"3 However, identification of oxalate by ATR-FTIR spec-
troscopy can be challenging, as multiple C-O vibrations of different species can be found in
the area between 1550 and 1700 cm~'. IR spectra of selected compounds, namely NaHCOs,
Na;CO4, HCOsNa, NasCs0,4, and CuC50, are presented in Figure 28 and compared to the
IR spectra obtained after COs bubbling experiments discussed previously. The close prox-
imity of their C-O vibrations clearly indicates the necessity of employing another analytical
mett vt e - e e .
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Figure 28: FTIR spectra of Na,C20,, CuC04, HCOsNa, NaHCOj, and the crude products
obtained after bubbling CO2 through solutions of Cul, 127 and NaBPh4 or NaPFg (Table 5,
entries 1, 3 and 7) in the 1850-1400 cnr! area.

Thus, independent synthesis of the desired product [(127)Cu{u-C204)Cu(127)]X2, not only
for a more precise comparison of the expected C-O vibration frequency, but also to explore
the possibility of (32042‘ removal from the complex and its subsequent analysis by spectro-
scopic and/or separation techniques, such as capillary electrophoresis, was explored.

For this purpose, the dinitrate 170 was synthesized by straightforward reaction of ligand 127
with copper nitrate trinydrate in ethanol (Scheme 58). Reaction of complex 170, formed in situ
from copper nitrate trihydrate and ligand 127 in EtOH, with an equimolar amount of sodium

*!'" This ratio was chosen as it corresponds to the masses reporied in the experimental part by Farrugia ef al,
rather than the stated 1/1/1 molar ratio.['®? Exchanging the reported masses for Cul and the ligand resuits
in the comrect 1/1/1 ratio, hence reactions were mainly carried out utilizing the logical 1/1/1 stoichiometry
(detailed ratios and results are presented in Tables S 13-18).
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2 Results and Discussion

oxalate yielded the mononuclear oxalato complex 171 in low yield (Scheme 58). Crystals

of these complexes were obtained by slow evaporation of an acetone solution (170) or from
MeNO-> at —32 °C (171) and subjected to single crystal X-ray diffraction (Figure 29).

$ . ;
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= R =
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T
1m

Scheme 58: Synthesis of the Cu complexes 170 and 171 by reaction of 127 with Gu{N03]2-3H20

and NazCa04.

Cu adopts a square-pyramidal coordination geometry in
complex 171 with one nitrogen donor located in the api-
cal position and the oxalate ligand and the remaining nitro-
gen atoms in the base plane. N-Cu-N angles of 83.77(5)°
[84.77(5)°F*!! or 84.87(5)° [84.87(5)°] between apical and
basal nitrogen atoms and O-Cu-N2PIc@l angles of 100.24(5)°
[99.69(5)°] and 105.26(5)° [105.25(5)°] indicate a distortion
from the ideal pyramidal structure, arguably caused by the
restricted flexibility of the triazacyclononane backbone. In
contrast, a 0.07 A mean deviation from the best plane de-
fined by Cut, N1, N2, O1, and O2 indicates a nearly pla-
nar base. Despite being mononuclear, bond angles and
lengths are similar to those reported in dinuclear 1,4,7-
triazacyclononane-ligated copper oxalate complexes, 228 fur-
ther underpinned by Cu-O distances of 1.9446(11) A
[1.9409(11) A] and 1.9575(11) A [1.9588(11) A]. Cu-N
distances of 2.0455(12) A [2.0302(13) A], 2.0554(12) A
[2.0619(13) A], and 2.2314(13) A [2.2273(13) A], with the
longer distance observed between the metal center and the
apical nitrogen, add to this picture.

Cu-N (2.0358(11), 2.0774(11), 2.2516(11) A) and Cu-O
(1.9751(10), 2.0201(10) A) distances in 170 are similar to
those observed in 171, despite the replacement of the ox-
alate by two nitrate anions. Likewise, N-Cu-N angles of
84.22(4)°, 84.07(4)°, and 86.05(5)" are observed. However,
the geometry is significantly disturbed by the interaction be-

Figure 29: Molecular structures
of 170 and 171 (thermal el-
lipsoids set to 50% probability
level, hydrogen atoms, solvent
(H-0) and the second molecule
of the asymmetric unit (171) are
omitted for clarity).

tween the Cu center and another O atom of one nitrate ligand, displaying a Cu-O distance of

X
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2.2 Investigations on COx Reductive Coupling to Oxalate

2.5424(11) A, which is significantly longer than both Cu-O bonds, but shorter than the sum
of their van der Waals radii®2®!. The disturbed geometry manifests e.g. in O-Cu-Nequatorial
angles of 161.01(4)° and 170.09(4)°, respectively.

The desired binuclear oxalato

complex was finally obtained

| S (BF4)2
as the tetrafluoroborate salt H 1) Cu(BFy)e6 HiO

172 by reaction of ligand (N\\ Hz0/MeOH @ :I-g: 9
N

127 with copper tetrafluorob- . 2}r~h2§::. U)/
orate hexahydrate and subse- T H S
quent treatment with 0.5 equiv- 127

alents of sodium oxalate in gcheme 59: Preparation of u-oxalato complex 172 starting from
MeOH/H;0 (Scheme 59), re- NapyCp04, Cu(BF4)2-6H0, and 127 via a modified procedure

Tl " " " [‘EEE]
sulling in the formagion of biue describing the synthesis of similar Cu oxalato complexes 2261,

needles of 172.
Table 4: Selected bond angles and distances

for complex 172 and its congener 1280199,

172 12g01%2]
Cu-O [A] 1.9796(14) 1.982(3)
1.9902(15) 1.995(3)
Cu-N [A] 2.0303(17) 2.008(4)
2.0392(18) 2.016(4)
2.2193(18) 2.162(5)
N-Cu-N [°] 84.95(7) 85.27(17)
85.59(7) 87.1(2)
86.67(7) 87.19(16)
O-Cu-N[’] 92.48(7) 93.71(14)
95.76(8) 05.23(14)
101.35(8) 96.99(16)
Figure 30: Molecular structure of complex 101.89(8) 108.6(2)
172 (thermal ellipsoids are presented at 50% 172.29(7) 164.24(18)
probability level, anions and hydrogen atoms 173.56(7) 177.60(15)
are omitted for clarity). O-Cu-O[°] 84.30(8) 83.31(11)

Slow evaporation of a methanol solution of 172 at & °C provided crystals of suitable quality
for X-ray crystallographic analysis (Figure 30). Table 4 summarizes important bond lengths
and angles for 172 and those observed for the BPhs~ congener 128!'%4,

Comparison of the bond lengths and angles of 172 and 128 indicates a similar coordination
geometry for both dinuclear Cu p-oxalato complexes, which is to be expected as their only
difference is the non-coordinating anion. Cu-Cu distance (5.20 A in 128 and 5.167 A in 172)
are reminiscent of this behavior.X!!!' An observable difference are the shorter Cu-N bonds
in 128 compared to 172, especially for the apical nitrogen (Table 4). The major disparity

¥l ¢-O-Cu-N torsion angles (for 128) and Cu-Cu distances were determined using the Mercury 2020.1 (Build
280197) software provided by the cCcDC.[2#%
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relies in the O-Cu-N angles of both complexes with the most pronounced discrepancy of
172.29(7)Y173.56(7)° vs. 164.24(18)/177.60(15)°'*4 between the oxalate oxygens, copper,
and the opposite basal nitrogen for 172 and 128, respectively. These differences are result-
ing from the marginally different coordination geometry quantifiable e.g. by the CG-O-Cu-N
torsion between the oxalate C-O, Cu, and the apical nitrogen. While the absolute values of
these torsions are nearly identical for 172 (109.97(14)/—109.54(14)°), they clearly diverge for
128 (90.79/—103.77°),1' indicating a twist of the triazacyclononane ligand with respect to
the O-Cu-0O plane.

172 revealed a strong C-O stretching vibration at 1651 em~! in the FTIR spectrum (Figure
31), which is similar to that reported for 128 (1660 cm~1)'"3_ |n contrast, 171 depicted two
vibrations in the same region, located at 1668 and 1650 cm1, respectively, that are a re-
sult of the inequivalent C-O bonds. Furthermore, even the ligand 127 and the derived Cul
complex 168 display weak C=C vibrations at 1641 and 1640 cm~'. While these possess
comparatively moderate intensity, their location further corroborates the necessity of addi-
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T T T |k =-
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Figure 31: Section (2000-1200 cm') of the FTIR spectra of complexes 168, 171, 172, and
ligand 127.

Thus, removal of oxalate by treatment of
complex 172 with NaOH in a biphasic f é (BF4)z
H;O/toluene mixture (Scheme 60) follow- (f\

M
ing a protocol previously utilized for the {y.C ’D);:D‘“ el - NasCaOs

, S
removal of oxalate from dinuclear cop- /I/ toluene/Hy0 (2:1, vv)

per complexes!'*! was attempted. Subse- (’ NS

quent analysis by capillary electrophoresis

clearly indicated successful removal and gcheme 60: Treatment of complex 172 with NaOH
detection of C2042~ with an approximate in HpOftoluene for the subsequent defection of
yield of 48% determined by CE (average of NazC204.

two experiments conducted on 24 umol scale utilizing the CE calibration as described in
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2.2 Investigations on COx Reductive Coupling to Oxalate

section 4.15.1). Identification of the oxalate by 13C NMR spectroscopy proved to be more
challenging, as the oxalate signal at 173 ppm was barely detected for one of the two experi-
ments (Figure 32) and displayed a low intensity, indicating the detection limit of this method
(for the 24 umol scale). Due to inconsistent chemical shifts reported for the 3¢ NMR signal
of oxalate ranging from 160 ppm['®8l gver 173-174 ppm[178172.183 yp to 178-180 ppm[179202]
13C NMR spectra of Nay,C,0,, K;C504, HoC50,, HCO,;Na, NaHCO4, and Na,CO5 were
recorded (Figure 32) to enable a concise signal assignment.

NaOH treatment of complex 172 (2Znd run:l

iy mw.mmw#ﬁmw*ﬂrﬂwmﬁnwaWwWW#MMWNM H¥iy
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Figure 32: '3C{'H} NMR spectra (183-153 ppm, D,0) for compounds frequently encoun-
tered when investigating CO» reduction/reductive coupling, namely NaoC»0,, KoCs04, HoCs04,
HCO,Na, NayCO3, and NaHCO; and the specira obtained for NaOH treatment of 172 (24 umol
scale).

By coupling FTIR spectroscopy of the crude product, which would be obtained after treating
the in situ prepared Cu complex with COs in the presence of additives, with subsequent re-
moval of potentially formed oxalate according to this procedure and finally analysis by NMR
spectroscopy and CE should enable a more precise analysis of the reaction outcome. Fol-
lowing this protocol, the COs bubbling experiments resulting in the distinct color changes
were analyzed, but no oxalate in yields close to those reported (21%!'%) was detected by
NMR spectroscopy or capillary electrophoresis (<2% in these cases, see Table 5, entries
1-7). However, traces of formate were observed by NMR spectroscopy when NaPFg was
utilized instead of NaBPh, (Table 5, entry 7), indicating at least partial reduction of COs,.
Furthermore, the presence of carbonate was observed in all cases which is a result of COs
saturation of non-dry methanol and subsequent base treatment during the work-up.
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Table 5: Results for the attempted CO, reductive coupling by CO, bubbling utilizing Cul, 127,
and NaBPh, or NaPFg.

I
H 1) CO; (bubbling)
PN i B oncomnns
2) NaOH
N N toluene/HzO (2:1, viv)
127
Entry Additive Cull127/Add. Solv. t FTIR# '*CNMR(C,0,>/ CE(C,0,7)
[equiv.] [h] [em '] HCO;/COs*)"  approx. yield [%]°
1 NaBPh, 1/1/1 MeOH 11 1628  nd. n.d.
2 NaBPhy 17/1/1.5 MeOH 6(3x) 1828  xh/v n.d.
3 NaBPh, 1.7/1/1.3 MeOH 14 (6x) 1628,  xi/v <0.5
1617
4 NaBPh, 1/1/1 MeOH 125 1617 ¥y 2
5 NaBPh, 1/1/1 MeOH 5(3x) 1639,  xi/v 1
1609
6 NaBPh, 1/1/1 MeOH 4(2x) 1823  xh/v 2
7 NaPF; 17/1/1.5 MeOH 6(2x) 1642 VIV <0.5
8 NaBPh, 1.7/1/1.3 MeOHTHF 6(2x) 1628  xi/v <0.5
(3.8:1)

Datailed exparimental procadures and resulls ere presenied in Table S 13. Tolal maction times am stated for experiments in which mulligle GO bubbling siepe and
iniermitient etiming under Ar atmosphere was performad (the number of GO bubbling rpetiions is given in brackets). *Vibrations between 1700-1800 cm™ & reportad.
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Figure 33: UV/Vis spectrum (500-800 nm) of 172 (1.7 mM in MeOH) and a mixture of 127, Cul
and NaBPh, in MeOH (Table 5, entry 5) before (2.3 mM) and after (ca. 2.1 mM) CO, bubbling
{3 h} and the same samples in air {pluts were partialhr smoothed using a SS‘.I’“IR]F—GGlE]I’ filter in
Drigianfa"ﬂl to remove an artifact pmduoed h'jl’ the SPEGH"DI'I'IEET; Driginal data in Figum 5 433}.

To evaluate whether formation of the oxalate complex could be ocbserved based on the color
change, typical COs bubbling experiments (Table 5, entries 5 and 6) were analyzed by
UV/Vis spectroscopy and compared to 172 (Figure 33, further data in the appendix, section
4.17.1). 172 displays an absorption at 632 nm associated with d—d transitions and in good
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2.2 Investigations on COx Reductive Coupling to Oxalate

accordance with similar 1,4,7-tacn-ligated oxalate complexes.®?®! While CO, bubbling did
not result in detectable formation of a Cul! species in the 500-800 nm region, subsequent ex-
posure of the sample to air caused oxidation resulting in broad bands with maxima at 662 nm
before and 651 nm after COs treatment. While both are not identical to the isolated oxalate
complex, Cul! species arising from aerial oxidation, such as a u-hydroxo complex, have been
described to feature similar absorptions.*! Attempts to identify whether the same product
could be obtained by reaction with O5 were hampered by precipitation of a green solid (Table
9, entry 4, see Figure S 435).

Mext, additives and different reaction parameters which might impact the reactivity towards
CO3 reductive coupling were evaluated. Precipitation of a cu' complex during CO2 bubbling
when conducting the reaction in MeOH was observed while decent solubility of this precip-
itate was obtained in THF. Therefore, the CO, treatment by bubbling was conducted in a
mixture of MeOH and THF (Table 5, entry 8). Indeed, addition of THF prevented precipita-
tion during the CO» bubbling. Moreover, decolorization was not observed over the course
of 48 h under Ar/COs, contrasting the results in pure methanol. Despite the distinct color
change to blue, no evidence for the formation of a CO; reduction product was found.

Table 6: Results for the treatment of in sifu formed 127-ligated Cu complexes with solid bicar-

bonates.
\

N 1) MHCO3, MeOH

+ [Cu] + additive(s) 2 108 = NazC,04HCO,;Na
N Ny toluene/Hz0 (2:1, vv)
127
Entry MHCO; [Cu] Additive ¢ FTIR# '*CNMR (C,0,>/ CE(C,0,7)
[umeol] [h]  [em ']*? HCOz )" approx. yield [%]°
19 CsHCOg5 Cul MNaBPh, 48 n.d. n.d. n.d.
2°  CsHCOz Cul NaBPh, 16 1628, wx <1
1617
3"  csHCOz Cul NaBPh, 117 1628, wx <1
1617
49  csHCOz Cul NaBPh; 71 1629 Wy n.d.
5"  CsHCOs; Cul NaPF; 168 1640  wx <0.5
6°  CsHCO; Cul - 165 1881, wx 14
1644
71 NaHCO; Cul NaBPh, 210 1625  wx <1
8"  CsHCOz [Cu(MeCN)4PFg - 118 1659  wx <0.5
9"  NaHCO; [Cu(MeCN),]PF; - 118 1629  xix <1

Detmiled axpaimental procedures and mEuls are presenied in Table S 14, 171/ combinations of [Cul127/addilive wers ullizad in degassad methanal uniess siated
otherwize. The bicarmonale was uliized in excess (1.05-2.06 equiv.). SVibrafons between 1700-1800 cm-' are reported. Yn.d. = not determined; x = not obsarved.
“Mote that approximate oxalate yields delermined by CE ame staled for signals coinciding with the signal of inemal standand (Ma; G20, ) adted to the sampies afier a
firs CE measwement. “Column chromatography, extraction of the geen solid with MeMO:z followad by recrystallization from hot MaNOz gave rise to 173. ®Analyzed
by NMR spectmscopy prior io NaOH treatment. GG analysie of the headspace wes periomed. 9HoO (B %ovol) was added afier 8.5 h. "[Cul127NaPF, miio of
171713, '[Cul 12 /NeEPh,, ratio of 1.7/1/1.3. /Overlapping with an undeartying signal.
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2 Results and Discussion

Peacock and co-workers observed higher isolated yields (53%) of axalato-complex 128 when
CsHCO45 was utilized instead of COs for the reaction with 127, Cul, and NaBPh4.['* This
observation suggests HCOs~ as the active form of CO:; converted into oxalate via reduc-
tive coupling.'"® Hence, a 1/1/1 mixture of Cul/127/NaBPh4 in non-dry MeOH was treated
with CsHCO4 (Table 6, entry 1). After stirring for 48 h under Ar, a white precipitate and a
slightly greenish color were observed, contrasting the distinct blue color observable within
1-2 h reported in the literature'®, The initial report describes isolation of the desired com-
plex 128 by column chromatographic separation on silica with a polar eluent mixture (7:1:2
MeOH/MeNOs/2 M NH4CI)."® Hence, purification of the obtained crude product utilizing
the same method was attempted. However, the blue band, presumably corresponding to
the desired complex 128, turned green on silica during purification. Recrystallization of the
resulting green fraction enabled elucidation of the structure of complex [Cu(127)Cl;] (173) by
elemental and X-ray crystallographic analysis (Figure 34). 173 likely formed by substitution
with NH4Cl from the eluent via protonation of either a potential bicarbonate or hydroxo com-
plex, such as 169. In addition, 173 can be prepared by targeted synthesis from CuCl, and
127 in MeOH and subsequent recrystallization from nitromethane in 34% yield (Scheme 61).

The coordination geometry of 173 resembles that
of complex 171. Cu-N distances of 2.0990(16) A, f a) Cul, NaBPhy g’
- CsHCO3 MeOH
2.1135(15) A, and 2.2357(15) A indicate only - then Si0;, MeOH/ y
slightly elongated Cu-N bonds for both basal ni- #f:rt_}%rzmum N .::;:_:G'
trogens compared to both 170 and 171, while the {-N\k\ b) CuCly, MeOH, 34% 1“
(12?

Cu-N distance for the apical nitrogen is in between N

those of its congeners. N-Cu-N angles of 83.23(E),

83.46(6), 84.37(6)° are again conforming those of scheme 61: Reaction pathway for the ini-
171. Moreover, a mean deviation of 0.11 A from the fial isolation of 173 and targeted synthesis

best plane defined by Cu1, CH, CI2, N2, and N3 jn- ) "eaction of 127 with GUCl,.
dicates a slight deviation from planarity of the base.
When treatment of Cul, NaBPhs, and 127 with
CsHCO3 was repeated under similar conditions for
16 h or 117 h instead of 48 h, yielding slightly blue
suspensions, no oxalate was detectable by NMR

| 173

spectroscopy or CE (Table &, entries 2 and 3). Inter-

estingly, formation of sodium formate was observed

upon addition of small quantities of water, identified |1=_ilr'g3uthg?r;;?u;?;:}:ds:n;céur;g;gﬁggb a);
by NMR spectroscopy (Table 6, entry 4). Again, 50% probability level and hydrogen atoms
substitution of NaBPh, with NaPFg was conducted 2re omitted for clarity).

(Table 6, entry 5), but remained unsuccessful. Exchanging CsHCO4 for NaHCO3 (Table 6,
entry 7) did likewise not enable the identification of oxalate despite a 210 h reaction time.

Incomplete substitution of the iodide ligand during the in sifu formation of the reactive com-
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2.2 Investigations on COx Reductive Coupling to Oxalate

plex from ligand 127, Cul, and NaBPh, was observed early on, but a free coordination site
might constitute a prerequisite for the reduction of COs. Consequently, experiments with
[Cu(MeCN)4]PFg in combination with CsHCO5; and NaHCO5 were conducted (Table 6, en-
tries 8, 9). In these cases, substitution of the acetonitrile ligands by 127 would result in a
cationic complex which might even be beneficial for the desired CO, reductive coupling#82l.
Still, the desired reactivity was not observed in both cases over the course of 118 h. To
exclude the formation of gaseous CO, reduction products, such as CO, their absence was
confirmed by GC analysis of the headspace above the solution for selected examples (Table
6, entries 3, 8, 9). Without addition of NaBPh,4, an enhanced solubility in MeOH was ob-
served, giving rise to a slightly blue solution after stirring with CsHCOg for 16.5 h (Table 6,
entry 6). Surprisingly, in the absence of any additive, a peak in the electropherogram that
could correspond to the oxalate dianion and would integrate to a yield of 11% was observed.
However, non-ideal separation causing overlapping with a broadened underlying signal (Fig-
ure S 357) renders the approximate yield unreliable. A distinct IR vibration at 1661 cm™!
(Figure S 264) coinciding with the literature value!'®?! was identified and could indeed indi-
cate the formation of oxalate, even though a similar band was observed for another reaction
in the absence of NaBPh, (Table 6, entry 8). The plausibility of this result is further ques-
tioned by NMR spectroscopic analysis of the solid residues of analogous reactions in the
presence and absence of NaBPhy prior to NaOH treatment (Table 6, entries 2 and 6). The
NMR spectra in CD30D depict no significant broadening, and thus indicate the presence of
mainly Cu! species in both cases (Figure 35).
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Al MO0 - Bk Tepspin® Spie} 2004 §
| | )
i L — ...--I.I.ll. J W) | I, T
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Figure 35: "H NMR and '3C{'H} NMR specira (CD30D) of the solid residues obtained after
stirring Cul, 127, and CsHCO4 under Ar in the presence and absence of NaBPhy corresponding

to entries 2 & 6 in Table 6.

In both cases, a major species of the general formular [Cu{127)X] is observed and could
possibly correspond to a bicarbonate complex indicated by the 160 ppm signal in the 13C
NMR, albeit the signal could likewise be a result of dissolved CsHCO3. Both, the 'H and '3C
NMR spectra in the presence and absence of NaBPhy are nearly identical and only minor
signals indicating the presence of the BPhs~ anion can be found in the aromatic region for
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2 Results and Discussion

both nuclei. This similarity of the observed species and the significant difference observed
by CE after NaOH treatment can be explained as follows: 1) the underlying signal in the elec-
tropherogram in the absence of NaBPhy compromises the analysis and integration; 2) one
of the minor species detected by NMR spectroscopy in the presence of NaBPhsy, NaBPhy
itself or a non-cbservable paramagnetic compound hampers the reductive coupling reaction,
which would contrast the initial results by Peacock and co-workers!'®; or 3) in the presence
of NaBPh,, formation of a colorless precipitate was observed which was filtered off prior to
NMR spectroscopic analysis and NaOH treatment. While the precipitate was colorless (i.e.
white), the oxalate complex 172 was found to be soluble in MeOH, no precipitation was re-
ported by the Peacock group, and no oxalate was observed for 5 d reaction time (Table 6,
entry 3) under otherwise unaltered conditions, inadvertent removal of the reductive coupling
product due to this filtration cannot be entirely excluded.

Apart from these experimental results possibly indicating the formation of oxalate in quanti-
ties significantly lower than those reported by Peacock and co-workers, ' no clear evidence
for CO2 reductive coupling was found utilizing the reported reaction conditions. To evaluate
whether the CO, reductive coupling could still be achieved with the help of this literature
protocol, ['%? the impact of different reaction parameters, such as temperature, solvent, and
illumination on the outcome of the CO5 treatment (Table 7) was assessed. For these experi-
ments, a constant CO2 atmosphere was employed to minimize the risk of potential oxidative
side reactions resulting from trace oxygen, as air is more readily introduced using a needle
for CO5 bubbling. Moreover, CO; was chosen over solid bicarbonates as the fundamental
interest was the possibility of converting gaseous CO5 into the solid oxalate dianion or its
base metal complexes.

To enable a direct comparison to the results obtained under CO» bubbling conditions or with
CsHCO3, experiments with a 1/1/1 Cul/127/NaBPhs mixture in MeOH for 24 or 118 h, but
under a constant CO, atmosphere, were conducted (Table 7, entries 1 and 2). Again, nei-
ther reaction yielded oxalate in quantities corresponding to more than 1% yield (by CE) and
neither oxalate nor formate were detected by NMR spectroscopy. Carbonate was observed
for both reactions by NMR. spectroscopy, but no CO could be detected by GC analysis of
the headspace indicating that it likely results from dissolved COs in non-dry MeOH. To allow
for sufficient contact with gaseous CO, under constant CO, atmosphere, most of the CO,
treatments reported in the following paragraphs were conducted over five days. Addition of
THF as a co-solvent (Table 7, entries 3 and 4) or replacement of MeOH by THF (Table 7,
entries 5 and 6) did not result in an improved reactivity and again no COs reduction products
were observed even for extended COs treatment over more than 26 d (Table 7, entry 6). Less
coordinating solvents were observed to favor CO, reductive coupling in certain cases, ['7% 1%
hence CO, treatment in toluene was evaluated (Table 7, entry 7). This modification again
remained unsuccessful in providing detectable quantities of oxalate. To exclude a potential
impact of varying ambient temperatures or a possible influence of the temperature on the
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2.2 Investigations on COx Reductive Coupling to Oxalate

reactivity towards COs, slightly elevated temperatures of 40 °C (Table 7, entry 8) and 35 “C
(entry 9 - with a Cul/127/NaBPh4 ratio of 1.7/1/1.3) were studied. In the latter case, a small
signal corresponding to formate in addition to that of carbonate was observed in the Bg
NMR spectrum, yet no oxalate was detected by CE. When the treatment was conducted at
40 =C, a signal possibly belonging to oxalate with an integral amounting to a 3% yield was
observed by CE. Finally, alteration of the reactivity by illumination of the reaction mixture us-
ing visible light (400-700 nm, 0.09 W) over 18 h (Table 7, entry 10) was attempted. However,
no oxalate was formed according to CE and NMR analysis.

Table 7: CO, treatment (constant atmosphere) of Cul, NaBPh,, and 127 under varying reaction
conditions.

N
1) CO5 (constant)
( N\\ + Cul + NaBPh, -Sovent Aorhv Nay G20/ HCO;Na/Na,CO 5
2) NaOH
AN Ny toluene/Ho0 (2:1, viv)
127
Entry Cul'127/NaBPh; Solv. t FTIR7 '*CNMR (C20,>/ CE (Cz0:7)
[equiv.] [h] [em™'}® HCO,/CO;%)° approx. yield [%]°
19 111 MeOH 24 1620 WV <1
29 111 MeOH 118 1641 XX <0.5
< AT MeOH/THF 118 1641 XX <0.5
(91)
4% 17113 MeOH/THF 354 1628 /v nd.
(31)
57 111 THF 120 1641,  xmd <0.5
1621,
1609
6’ 11/1.4 THF 644 1654,  xixid 1
1644,
1620,
1601
7 1111 toluene 121 1638, XX\ <1
1620
8%% 1111 MeOH 114 1843 xi/v 3
g" 17113 MeOH 165 1641, VIV <0.5
1628
100 111 MeOH 18 1635, XXV <0.5
1622,
1608

Detailed experimental procedures and resulls &re pesanied in Table 5 15. Cul1Z/NeEPh, mixures wes utiized in degassed sokents as indicaied and
uniless staied oiherwise. *Vibrations betwaen 1700-1800 e & mporied. %x = not observed “Nobe that approximate mxalale yields celemined by CE e
stated for signals coinciding with the signal of inlemal stendand (MagCy0,) added io the sampies afier a Airst CE measurement. 9GC nalysis of the headspace
was performed. “Filered afier 30 min under Ar. GOy was bubbled through the solution for 30 min, the reaction mixture sealed under GOy abmosphere and
stimed Tor 188 h. Dry THF (2 mL} was then added and stiming continuad for 7 d under COy. GO, was bubbled through the solution for 5.5 h. "GO, bubbling
for 28 min afier stiming under CO- for 27 d. P Reaction conducied at 40 “C. "Reaction conducted at 36 “C. /Reaction iluminaled at 400-700 nm {009 W).
!'Possibly residual paramagnetic Cu=*, hence "3C NMR signals might not be observabie.

After fruitless identification of parameters that significantly alter the observed reactivity of
complex 168 or its BPhy~ analogue towards COs, the impact of different additives was stud-
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2 Results and Discussion

ied (Table 8).
Table 8: CO, treatment (constant atmosphere) of Cul, 127, and different additives in MeOH.
N
1) CO5 (constant)
( N\} + [Cu] + additive(s) 2 vent - NayC,04HCONa/Na,COs
2)NaCH
NNy toluene/Ho0 (2:1, wvv)
127
Entry Additive  [Cu)/127/Add. t FTIR7 '*CNMR (C;0,>/ CE (C;0:%)
[equiv.] [h] [em~']2° HCO,/CO5% )" approx. yield [%]°
19 KPFg 111 19 1643  wxx" <0.5
2¢  AgBPh, 111 115 1885, wWvIv' 2
1641,
1611
adl 111/- 119 1839 wa" <1
4 - 10/- 186 1838  wxi <1
5 NaBPh, 111/1.3 119 1831 WK <1
g’ NaOsCH  1/1/3 114 1818 wWvi 1
rd Mg(OTf),  1/1/2 117 1848 ww/v <0.5
g LiBF, 1111.2 162 1838 i <1
g’ LIBF,, 111/2.2/3 113 1624  wvix <0.5
NaOsCH
10" MazS0; 1/1/2.5 116 1837  xwv n.d.X
119  NaBPhg,  1/1/1A 116 x xxix" 5
MaCygHg
129  NaBPh,,  1/1/1/1.1 118 1818  wwv 7
MaCygHg
139  NaCygHg -1 116 x i [

Detsiled exparmental procedures nd msuls are presenied in Table S 16. [Cul1ZWacdiive mixtures as indicaied were irealed wilh GO; in degassad
mathanol uniess sieied othensise. 3Vibalions betwaen 1700-1600 e are reporied. x = not observed. “Nole that approximale axalaie yields deleminad
ty CE are siaied for signals coincisng with the signal of inlemal standard {Na;Co0,) added io the samples afier & first CE measwement. “GC analysis of
the headspace was perfommed. *Denhalogenation with AESh, in dry THF followed by Tiiration and sowent exchange to MaOH. | [CulMa CN), JPFg instead of
Cul was ulilized. PReaction conducied in dry THF. MaC g Hg freshiy prepased from Na and CygHg. "Possibly msioual paramagnetic Cu*, hence '3C NMR
signals might not be obsarvabie. Poor signak-to-noise ratio. /Possibly oxalate, aibeit with poor signak-io-noise ratio (see Figue S 158 for comparison with
inernal standard). * Due to overiapping of the 05 and a polential Cy0, % signal, :elaie identifcation was not possinie by GE.

Substituting NaBPhs by NaPFg remained unsuccessful when applied in the COs bubbling
protocol or in combination with CsHCO3. Likewise, PFg™ as the anion under constant COsz
atmosphere in combination with K+ as the cation gave no detectable quantities of oxalate
(Table 8, entry 1). To ensure an increased substitution of I~ by BPh,~, in situ formed 168
was dehalogenated with AgBPh4P* in THF (Table 8, entry 2). The resulting yellow foam,
after filtration and removal of the volatiles in vacuo, was then treated with CO5 in MeOH.
In this case, formate was detected as COs reduction product and a small peak possibly
corresponding to oxalate was observed by CE (2%). Since this result might indicate that
the absence of halides could be beneficial for the reductive coupling, further additives were
evaluated in combination with [Cu(MeCN)4]PFg. Stirring of [Cu(MeCN)4]PFg and 127 in the
absence of any additive under constant CO» atmosphere in MeOH provided no evidence
for a CO» reduction reaction by CE and GC analysis of the headspace (Table 8, entries 3
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2.2 Investigations on COx Reductive Coupling to Oxalate

and 4). To evaluate the impact of NaBPh,, it was combined with [Cu{MeCN)4]PF; and the
allylated 1,4,7-tacn ligand without success (Table 8, entry 5). Formate could be a key in-
termediate in the conversion of CO»p, as indicated by the recent conversion of a bridged Ti
formate complex into a dimetalloxycarbene intermediate and its subsequent reaction to the
oxalato complex with CO5['"? and the thermal conversion of alkali metal formates into their
oxalates in the presence of base. Consequently, sodium formate was explored as a po-
tential additive (Table 8, entry 6), but did not facilitate an increase in the reactivity of interest.
Lewis acid activation of COs is another possibility to enhance its reactivity for subsequent
conversion (Section 1.1), thus Mg(OTf); and LiBF4 were examined (Table 8, entries 7 and
8). However, neither Lewis acid appeared to improve the outcome of the COs treatment
even if both, sodium formate and LiBF,, were added (Table 8, entry 9). Finally, combina-
tion of the in situ prepared Cu complex with different reductants was studied. Combination
of [Cu(MeCN)4]PFg, 127 and Nas;S03, which has been utilized for the reduction of cu' to
Cu',®34 did not result in formation of oxalate quantities detectable by NMR spectroscopy (Ta-
ble 8, entry 10 - CE analysis was impeded by overlapping of the 5032‘ signal with that of
possibly formed oxalate). Ultimately, sodium naphthalenide was chosen as a strong reduc-
tant (Table 8, entries 11-13), analogous to the recent report by Murray and co-workers['%3,
Indeed, CE analysis after NaOH treatment indicated an enhanced formation of the desired
oxalate in 4-7% yield (see Table S 16 for detailed results). 3¢ NMR spectroscopy did not
indicate the formation of (32042‘, but it should be noted that the detection limit for reactions
at this scale (and for most of those reported in this section - detailed reaction scales are
given in Section 4.7 in the appendix), assessed by NaOH treatment of 24 umol of complex
172 (Figure 32), corresponds to a yield of approximately 20-40% (depending on the NaOH
treatment efficiency). Since NaCipHg is theoretically capable of facilitating CO»>*~ formation,
due to its strong reducing potential of ca. -3 V in THF, #*! the reaction of NaC4gHg with COs»
was conducted as a blank experiment. As expected, the formation of an analogous signal in
the CE is observed which corresponds to similar guantities of 6-7% (Table 8, entry 13). Inter-
estingly, in this case a minor signal with poor signal-to-noise ratio potentially corresponding
to oxalate was found in the 1°C NMR spectrum (see Figure S 123). Moreover, signals in
the 170-190 ppm range of the 3¢ NMR spectra were observed for multiple reactions with
major peaks being located at 182 and 177 ppm. These presumably correspond to carboxylic
acid derivatives of naphthalene, such as 1,4-dihydronaphthalene-1,4-dicarboxylic acid and
1,2-dihydronaphthalene-1,2-dicarboxylic acid, which are well-known to form in the reaction of
NaCpHg with CO5.B%%¢] Analogous signals were observed when reactions were conducted
in the presence of Cul, 127 and NaBPhs, indicating that the in situ formed Cu complex does
neither impact the reaction of NaC,yHg with CO5 nor act as a catalyst in the presence of this
strong reductant. Moreover, shorter reactions times of one day resulted in a decrease in the
potential oxalate peak, corresponding to 1% and 2% yield in the presence and absence of
[Cu], respectively (Table S 16).
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Formation of oxalate complex 128 was originally discovered during aerial oxidation of the in
situ prepared 127-derived Cu' complex.['® Therefore, similar reactions were conducted to
assess the possibility of formation of oxalate in air either from atmospheric COz or possibly
via an unsuspected oxidative process. Exposure of Cul, 127, and NaBPhy in MeOH to
first exhaled air and subsequently to the atmosphere for 7 or even 41 days did not result
in the isolation of sodium oxalate through NaOH treatment in =1% yield (Table 9, entries
1 and 2). However, for the shorter exposure time, an IR signal at 1653 cm™! and a peak
indicating the formation of formate in the NMR spectrum was observed. Oxidation of ethanol
to oxalate catalyzed by Cu has recently been suggested to explain the observed formation
of pyrazole and hydroxymethylpyrazole containing copper oxalate coordination polymers. %!
Accordingly, a 4:1 mixture of ethanol and methanol was utilized for air exposure of the in situ
prepared 127-based Cu complex (Table 9, entry 3). Still, no distinct increase in the oxalate
yield, proceeding through either CO» reductive coupling or EtOH oxidation, was noticed.
To further preclude a potential oxidative pathway resulting in the formation of oxalate, Cul,
NaBPhy, and ligand 127 in MeOH were reacted with pure O (Table 9, entry 4). The absence
of C,04%~ and HCO,~ indicates that both are unlikely formed via an oxidative pathway.
Interestingly, omitting NaBPh, in the reaction, as for the treatment with CsHCO4 (Table 6,
entry 6), resulted in considerable formation of cxalate in 7% yield after 8 days in air (Table 9,
entry 5), provided that the CE signal corresponds to the oxalate dianion. Again, integration
might be compromised which presumably impacts the calculated yield due to broadening
and overlapping with another signal (Figure S 391). An IR band at 1654 cm™! and 13C NMR
signals corresponding to formate and carbonate were observed.
Table 9: Exposure of Cul, 127, and additives in MeOH to air.

L

( ”\ + Cul + additve(s) ;:L'“:DH - NazC204HCO;Na/Na;CO;
2~N Ny tolueneMz0 (2:1, viv)
127
Entry Additive Cul127/Add. 1t FTIRF '*CNMR (C:0,°/ CE(C20:%)
[equiv.] [d] [em']¥ HCO;/CO;%)° approx. yield [%]°
1 NaBPh, 1/1/1 41 1638, Xy 1
1619
29  NaBPh, 1/1/1 7 1653, XV <1
1638,
1618
3®  NaBPhg 1/1/1 1 1645 X 1
4" NaBPh, 1/1/1 3 1619 wwix <0.5
5 - 11/- 8 1654  xIviv 7"

Datailed experimental procedures and results are presenied in Table S 17. Cul2Wacditve wem utiized in degassed methanol unkess staied
otherwisa and afier praformation exposad to air. 2Vibrations bebwaen 1700-1800 ! &re reporied. Bx = not observed. “Mole that epproximate
alele yields delermined by CE am staled for signals coinciding with the signal of inlemal standard {Ne;Cz0,) aoded 1o the samples after a first
CE measumment. “Extracied and partially re-crystalizad from MeNOs; bafore NaOH beatment. “A mixture of MeOH and ELOH {1:4) was ulilized.
"reatment with pure O, (ealizon) for 30 min and subeeqguent stiming under OgAr. UWVis samples wene taken 85 staled in Table S 17. G analysis of
the headspace was congucied. SAL 1730 ppm, & signal might be chearvabie, but the signak-io-noise Falke does not allow Tor 3 conclusie assignment

{Figure & 122). "Broadening and apparent ove riapping with another signal compromiss iniegration.
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Since reactions with the initially described 1,4,7-tacn derivative failed to produce oxalate
in quantities presented in the literature,['® the procedure of COs treatment under con-
stant atmosphere followed by removal of possibly formed oxalate via NaOH treatment was
employed to examine other tridentate donor ligands (Table 10). Consequently, two 1,4,7-
triazacyclononane derivatives, namely the N, N, N-tribenzyl- (174) and the 1,4,7-tris(1-propyl}-
(175) derivatives were prepared by alkylation of 1,4,7-tacn with benzylbromide or 1-bromo-
propane in the presence of KOH in 61% and 38% yield, respectively (Scheme 62).

Me
Ph I)
b 1) KOH, EtOH H 1) KOH, EtOH
(NW toluene N toluene N
- e —
2) BnBr \/, \\ *3HCl 2yBr. -~ (/ X
Ph. _N M. _.Ph HM NH Mo M M
NP L KOH, toluene L KOH, tolugne g~ """~~~ “Me
174 61% 167 38% 175

Scheme 62: Preparation of 1,4,7-triazacyclononane derivatives 174 and 175.

Treating solutions of Cul, NaBPh, and either ligand in MeOH with CO5 over five days did not
result in an observable enhancement of the reactivity and <1% oxalate yield (by CE), no ox-
alate in the NMR spectra and no CO in the headspace of the reaction mixture were detected
(Table 10, entries 1 and 2). For less donating 1,4,7-tris(4-toluenesulfonyl)-substituted con-
gener 166, disturbance of the baseline of the electropherogram precludes a conclusive state-
ment on the oxalate yield (integral would correspond to 3%, Table 10, entry 3). Non-cyclic
tridentate dipicolylamine (dpa) was likewise evaluated and a similar quantity (2%) of presum-
ably 02042‘ was detected by CE (Table 10, entry 4). Interestingly, application of simple
diethylenetriamine (dien) resulted in the formation of a blue/grey suspension and gave rise
to a signal in the electropherogram corresponding to 28% oxalate yield (Table 10, entry 5).
However, the absence of appropriate signals in the 13C NMR spectrum and only a broad sig-
nal (major peak at 1578 cm™1) in the distinct 1600-1700 cm™! region prompted aggregation
of further evidence. A twofold increase in the scale resulted in a slightly decreased integral
equivalent to a 10% yield (Table 10, entry 6). Moreover, stirring Cul, NaBPhy and dien un-
der Ar resulted in an analogous color change to provide a blue suspension and a matching
integral of the CE signal corresponding to 26% oxalate yield (Table 10, entry 7). While the
exact nature of this signal has not been elucidated, the latter result clearly demonstrates that
it is not resulting from a presumable COs reduction reaction. Indeed, the occurrence of a
signal with (nearly) identical retention time as (12042‘ indicates the importance of combining
CE analysis under the employed conditions with additional analytical methods (e.g. IR/NMR
spectroscopy) for the unequivocal identification of oxalate.

Due to the absence of evidently improved CO, reductive coupling reactivity with the selected
tridentate nitrogen donor ligands, a change towards phosphine ligands was pursued. Specifi-
cally, PNP-based pincer ligands, frequently applied in various catalytic processes largely due

to their non-innocent properties, were envisaged as suitable candidate s, [F7—40.84-86,92.279,337-356]
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Table 10: CO, treatment (constant atmosphere) of Cul, NaBPh,, and different ligands in MeOH.

1) CO;, (constant)
ligand + Cul + additive(s) mH ~ Na,C,0,/HCO,Na/Na,CO,4

toluenaHo0 (2:1, viv)

Entry L CulL/NaBPh, 1t FTIRF '*CNMR (C:0,%/ CE(C:0:)
[equiv.] [h] [em™ 120 HCO;/CO5%)° approx. yield [%]°
17 174 17171 120 1829  xwv 05
20 175 17171 120 1858, v <0.5
1833
37 166 17111 119 1629 WK an
47  dpa 17171 120 1819, wund 2
1800
57  dien 17111 119 1648 W9 A
(or) _
B dien 17171 119 18556  xv A
(or) _
7¢  dien 17171 120 x W A
g’ 176 1/-1 119 x WK <0.5
gd" 177 1/-1 118 x WK <1
1097 178 1/-1 120 x WK <0.5
127 179 11 120 1831 WX <0.5
129 184 1/0.5/1 118 1630 WK 2gf
137 184 111 114 1828, wwv 5k
1818

Detsiled exparimental procedures and msults am pesented in Table 5 18, Culligand/addiive mixtures as indicated wes ireaied with COp in degassad
methanol uniess sialed otherwise. *Vibrations between 1700-1800 e are repored. “x = not observed. “Nole ihat approximale axalels yields dele minad
ty CE are siaied for signals coincising with the signal of inlemal standard {Na;C0,) added io the samples afier & first CE measwement. “GC analysis of
the headspace was parformed. “Conducied under Ar. | lsclaled [Cu) employed insiad of Cul+ligand. #Possibly residual paramagnetic Cu®*, hence 30 NMR
signals might not be obsarvable. Mintegration hampersd by disturbance of the baseline. ! Blank axpariment (Tebie 10, entry 7} highlights the signal cannat
comespond to oxalate formed in the reaction {thaoratical yislds comesponding bo the inegral are given in Tebie S 18). / Furthar investigetions for confirmation
of the yield requisd. “Overlapping with another signal.

Furthermore, only few PNP-ligated Cu complexes have been reported in the literature -4
and even less have been applied in catalytic transformations. ##35¢
Hence, four simple HpN P-ligated Cu com-

plexes of type [(FPNPR)CuBr] were pre- [~ H”ﬁ + [MesS)CuBr] [(PNPR)C B

pared in medium to good yields from the PRz PRa ™ 176 R = Pr, 60%
respective "PNP ligand and [(Me»S)CuBr] ekl E;:S‘iff
in THF (Scheme 63). CuCl complexes* 179 R = Ph, 68%

of the iso-propyl- and feri-butyl-substituted Scheme 63: Preparation of "PNPR-ligaied (R =
PNP ligands as well as 176F% had ipr, !'Bu, Cy, Ph) Cu complexes staring from
been described, while the phenyl- and (Me2S)CuBr.

cyclohexyl-substituted analogues have not previously been reported, to the best of our
knowledge. All complexes feature a singlet in the 3t P{1 H} spectrum indicating the equiv-
alence of both phosphorous atoms located at 3.1 ppm (176), 13.8 ppm (177), —5.1 ppm
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2.2 Investigations on COx Reductive Coupling to Oxalate

(178), and —15.7 ppm (179). However, broadening of the signals indicates (partial) ligand
exchange, presumably resulting in ligand-bridged complexes as previously reported. 51374
Solid state structures (Figure 36) were assessed by X-ray diffraction with crystals ob-
tained from THF/hexane at 5 °C (1 ?E}xw and —32 °C (177 and 178) or from 1,2-dichloro-
benzene/hexane at ambient temperature (179).

Figure 36: Molecular structures of 176, 177, 178 and 179 (thermal ellipsoid at 50% proba-
bility, non N-bound H atoms and co-crystallized solvent molecules (178 and 179) are omitted
for clarity). Selected bond lengths [A] and angles [°] for 176: Cu-P, 2.2501(4), 2.2509(4); Cu-Br,
2.4468(3); Cu-N, 2.2401(13); P-Cu-P, 129.181(16); P-Cu-Br, 112.098(13), 118.165(14); Br-Cu-N,
106.20(3). Selected bond lengths [A] and angles [°] for 177: Cu-P, 2.2566(4), 2.2609(4); Cu-Br,
2.4200(2); P-Cu-P, 133.637(14); P-Cu-Br, 107.339(15), 119.974(16). Selected bond lengths [A]
and angles [°] for 178: Cu-P, 2.2546(5), 2.2588(5); Cu-Br, 2.4552(3); Cu-N, 2.2231(16); P-Cu-P,
128.78(2); P-Cu-Br, 111.010(16), 119.620(17); Br-Cu-N, 107.11(4). Selected bond lengths [A]
and angles [°] for 179: Cu-P, 2.2608(5), 2.2638(5); Cu-Br, 2.4679(3); Cu-N, 2.2100(16); P-Cu-P,
118.85(2); P-Cu-Br, 112.339(11), 113.960(11); Br-Cu-N, 117.67(4).

Complexes 176, 177, and 178 were identified as mononuclear structures, 179 forms ligand-
bridged dimers in accordance with similar phenyl-substituted PNP-derived Cu complexes8'l,
Furthermore, for 177 bearing sterically-demanding fert-butyl groups, coordination of the N-
donor was not observed, mirroring the behavior cbserved for the analogous pyridine-derived
PNP ligand.58 Cu-P (2.2501(4)-2.2638(5) A) and Cu-Br (2.4200(2)-2.4679(3) A) bond dis-
tances displayed no significant discrepancies and are mostly in ranges reported for simi-

lar PNP-ligated CuBr complexes.[?343%5.38.373 Cy-N distances for complexes 176, 178, and
179 were equally comparable (2.2100(16)-2.2401(13) A). The major difference between the

XV A different crystal structure of 176 (P1) had previously been described. (370]

93



2 Results and Discussion

structure of 176 obtained from THF/hexane (this work) and that obtained from toluene relies
in the crystal system, the former being monoclinic (P24/c) and the latter triclinic (P1)#79,
Moreover, the reported Cu-N distances (2.2562(15) [2.2744(15)] A) are slightly longer
than those observed herein. Overall, the structures of 176 and 178 were largely akin, with P-
Cu-P angles of 129.181(16)® (176) and 128.78(2)° (178). The dinuclear structure of 179 as
well as the tridentate coordination sphere of 177 resulted in altered coordination geometries
which manifested in discernable differences in the bond angles, for instance P-Cu-P angles
of 133.637(14)° (177) and 118.85(2)° (179).

After complete characterization, the reactivity of these pincer-ligated Cu complexes was eval-
vated. Unfortunately, literature-known 176 and novel 177, 178, and 179, did not provide
CO5 reduction products detectable by NMR spectroscopy, CE, IR spectroscopy and GC anal-
ysis of the reaction headspace upon treatment with CO, (Table 10, entries 8-11).

As mononuclear Cu complexes demonstrated no activity in COsz reductive coupling in yields
comparable to those initially reported,!'®! a dinuclear Cu complex was envisaged to possibly
render enhanced activity due to close proximity of two metal centers. A suitable candidate
for these investigations was developed by Chin and co-workers, namely 1,8-bis((1,4,7-ri-
azonanyl)methyl)naphthalene (183).2%! The derived Cu!! complex was originally employed
in phosphate diester cleavage of ribonucleic acid (RNA).E¥"1 Later, the same group, in co-
operation with Kim and co-workers, reported coordination of oxalate to form an oxalato-
bridged Cu'' complex.B'¥! Interestingly, titration of Eosin-Y with the starting CuClo complex
resulted in quenching of the Eosin-Y fluorescence via interaction with the complex.B'® Ad-
dition of dicarboxylates, specifically oxalate, restored the fluorescence of Eosin-Y.B'8l The
respectable 4- to 200-fold selectivity for oxalate- over malonate- or glutarate-coordination,
respectively, underpins the preferable coordination of the former for this specific ligand. '
Hence, preparation of a ligand combining the favorable coordination environment for a de-
sired [Cu-(u-C504)-Cu] product, provided by 183,¢! with the presumable shielding of the
Cu metal centers by allyl-substituents hampering coordination of an additional ligand['®? was
pursued. Consequently, the N-allyl-substituted congener of 183 was prepared in four consec-
utive steps starting from 167 (Scheme 64). After formation of 1,4,7-triazacyclononane, 229
reaction with N,N-dimethylformamide dimethyl acetal in MeCN provided 1,4,7-triazatricyclo-
[5.2.1.0%10]decane. 2% Subsequent substitution with 1,8-bis(bromomethyl)naphthalene and
hydrolysis of the resulting ammonium salt, following modified literature procedures, #5297
provided 183. Finally, allylation with allyl bromide and KOH in toluene yielded 184, which
was characterized by NMR and IR spectroscopy as well as HR-MS, in mediocre yield (13%)
over three steps starting from 182. Reaction of this novel ligand with Cul in THF gave the
dinuclear Cu' complex 185 in 24% yield after crystallization and subsequent re-precipitation
from THF. Crystals of suitable quality for single crystal X-ray diffraction were obtained by
recrystallization of 185 from boiling THF.
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1) Br._ Br {\NH HN
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Scheme 64: Synthesis of novel 1,4,7-triazacyclononane-derivative 184 via allylation of
1837318 gnd subsequent formation of its Cul complex 185. One orientation of the molecu-
lar structure of 185 (hydrogen atoms omitted and thermal ellipsoids at 50%) is displayed on the
left.

Table 11: Selected bond angles
and distances for complex 185.

Cuf Cu2
CuN[A] 2.153(3) 2.142(3)
2.150(3) 2.157(3)
2.225(3) 2.202(3)

Cu-1 [A] 2.4610(5) 2.4495(5)
N-Cu-N[°] 85.08(11) 85.13(12)
82.50(10)  82.55(11)
82.76(10) 83.43(11)
N-Cu-1[°] 135.69(8) 134.10(8)
121.57(8) 128.29(8)
presented at 50% probability, H atoms are omitted for 131.32(7) 126.07(7)
clarity).

The coordination geometries for both Cu metal centers are similar (Figure 37) and bond

lengths and angles (Table 11) are in good agreement with each other, except for minor dif-
ferences in the N-Cu-l angles. Both [Cu{NNN)I]-moieties are rotated with respect to the
naphthalene backbone and the Cu-l units point into almost opposite directions (Scheme 64),
arguably to minimize steric repulsion induced by Cu-l coordination in addition to the allyl sub-
stituents. The strain imposed on the rigid ligand backbone by introduction of iodo-ligands
on the Cu centers and allyl-substituents on the 1,4,7-tacn scaffolds causes the observed
deviance of planarity for the aromatic naphthalene frame. Comparison to the previously de-
scribed C»042 -bridged complex [Cus(183)(u-C204)CI(H20)]* (186), in which both metal
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2 Results and Discussion

centers adopt an octahedral geometry, '8 highlights the induced steric crowding in 185. Fur-
thermore, the significantly increased deviation from planarity for the C13-C24 moiety com-
pared to 186 becomes apparent from C13-C14-C23-C22 and C24-C22-C23-C14 torsion an-
gles of 17.2(5)° and 18.7(5)° in 185 compared to 5.8(5)° and 7.4(4)° in 186138,

Since novel ligand 184 proved to be capable of forming the derived dinuclear Cu! complex
185, the reactivity of this complex toward CO, was assessed. For this purpose, Cul, NaBPh,,
and ligand 184 were treated with CO5 in MeOH for five days and subsequently analyzed af-
ter NaOH treatment (Table 10, entry 12). Carbonate was detected by NMR spectroscopy in
combination with a vibration at 1630 cm™! in the IR spectrum. Surprisingly, a signal matching
the retention time of oxalate was observed in the CE with an integral corresponding to 29%
yield. This astonishing result, in view of the difficult reproducibility of the initially published
oxalate formation,'*? might possibly indicate the supposed beneficial impact of two reactive
Cu centers confined within a single complex. This confinement was envisaged to result in
an ideal geometry for oxalate coordination, given the analogous literature precedent illustrat-
ing the privileged coordination of oxalate.®'® It is noteworthy that for the employed reaction
scale (31 umol of 184) and assuming a 29% oxalate yield, a 13C NMR signal is unlikely to
be observed (as discussed previously). Moreover, when a 1/1/1 mixture of ligand 184 and
NaBPhy was reacted under essentially unaltered conditions (Table 10, entry 13), a more in-
tense vibration at 1628 cm~! was observed in the IR spectrum, but the potential oxalate yield
dropped to approx. 5%, albeit integration was complicated by an underlying signal. Based on
the steric strain in dinuclear Cu complex 185, a 1/1 ratio of Cu and 184 is assumed to result in
the formation of mononuclear complexes similar to 168. Thus, the outcome of the CO, treat-
ment might perhaps indicate that a 184-derived dinuclear Cu complex indeed facilitates CO»
reductive coupling more effectively than mononuclear congeners. However, overlapping of
potential signals with that of oxalate or other compounds resembling its retention time, as in
the case of dlen (Table 10, entry 7), cannot be excluded. Moreover, IR vibrations at approx.
1630 cm~! were observed for numerous experiments conducted with various ligands (Table
10) or 127 in combination with solid bicarbonates that showed no sign of oxalate formation.
Consequently, additional experimental evidence for the unambiguous identification of poten-
tially formed oxalate is indispensable and part of on-going investigations.

In conclusion, reproduction of the results reported by Peacock and co-workers, namely CO»
reductive coupling providing oxalate in 21% or 53% starting from CO5; or CsHCOg4, respec-
tively,['*3 has not been accomplished. By preparing the BF 4~ analogue of the original oxalato
dimer and establishing the possibility of removal of oxalate with aqueous NaOH,"® an ap-
proach for reaction analysis by NMR and IR spectroscopy combined with CE was designed.
Various parameters, such as solvent, temperature, illumination, various additives and lig-
ands were evaluated in combination with solid bicarbonates, constant CO, atmosphere or
COs bubbling, and exposure to the atmosphere or O, In some cases, specifically in the
absence of originally added NaBPh,4 "% and in the presence of strong reductant NaC4gHag,
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2.2 Investigations on COx Reductive Coupling to Oxalate

CE signals corresponding to oxalate yields of up to approx. 11% were observed, albeit ad-
ditional evidence for the presence of oxalate is desirable as integrals and the signals them-
selves were found to be biased by hitherto unknown by-products or impurities. Complex 168
has, to the best of our knowledge, not been isolated and characterized prior to this work.
Moreover, three novel aliphatic PNP-ligated CuBr complexes were prepared and fully char-
acterized as part of these studies. Furthermore, a novel N-allylated bis(1,4,7-tacn) ligand
bearing a naphthalene backbone was prepared and its derived Cul complex isolated. This
novel ligand might indeed display promising parameters allowing for COs reductive coupling,
yet additional experimental data and further analysis of the CO5 treatment products is re-
quired for a conclusive statement. All in all, the results showcase the prerequisite of careful
analysis by a combination of different spectroscopic and/or separation techniques of the ob-
tained products when investigating CO» reductive coupling. In fact, striking similarities in the
FTIR spectra for C-O stretching frequencies of different carbonate/oxalate/formate species
(Figures 28 and 31) clearly highlight this circumstance. In the original report, elemental anal-
ysis, IR spectroscopy and single crystal X-ray diffraction were utilized to analyze the reaction
products and the initially crystallized oxalato-complex 128, in addition to its magnetic prop-
erties. As traces of oxalate might indeed be formed in various reactions described herein,
indicated by corresponding signals in the CE analysis, formation of 128 in sufficient quanti-
ties to form small crystals suitable for SC-XRD cannot be entirely precluded. However, the
presented investigations pose a question on the reported yields for the reaction of interest,
and thus render this protocol unsuitable as a starting point for mechanistic investigations and
directed design of a revised system.
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2.2.4 The Origin of Oxalate In CO> Reductive Coupling with Sodlum Ascorbate

The results presented within this section have previously been reported elsewhere. >

CO5 reductive coupling, especially when conducted with mild reducing agents, remains a
challenging transformation, as indicated in previous sections. Hence, the report by Mav-
erick and co-workers suggesting the formation of oxalate with the help of a dinuclear Cu'
complex and sodium ascorbate as mild reductant (E®*=0.46 V vs. SCE)® comes as a sur
prise.["®! Dinuclear Cul! complexes (135 and 136) were prepared as precursors employing
a multidentate ligand based on a meta-xylene backbone functionalized with a 4-(2-pyridyl}-
1,2,3-triazolyl substituent (Scheme 48).1'"l These were subsequently reduced by sodium
ascorbate to form the respective cu' complex which proved to be suitable for incorporation
of oxalate, presumably formed via CO» reductive coupling, as a bridging ligand between both
metal centers.['® The constraint geometry of the precursor was even reported to effectively
mediate C-C bond formation with atmospheric CO, yielding the oxalate complex 137 in up to
96% when starting from 135.0'%! As for the previous reports, no follow-up investigation was
reported over the past years, to the best of our knowledge. Therefore, further investigations
on the mechanism of this transformation and the origin of oxalate with the aim of constructive
improvement of the system by potentially enabling a catalytic transformation, after reported
removal of the oxalate,['™! are the major objectives for this section.

= NaN = |
s ) Naco N 1) Cu{NO3),3 (PFs)z
P cOs TN 2)1) CulnOg3H0 N . -N-.JL'|._
= ascorbic add — MeCN/CHCl; “ Ci 5
+ CuS04(H:0)s N 2) NHgPFg, H:0 Ny
Br Br DMFH,0 " b)1) CuCla “
75% NN MeCNICHCl; N,N.-N_ J_N_,.,H
=L _N_  2)NHPFe H,0 T
m-Xpt I = X

135 (X = NOy), B3% (2 steps)
136 (X = Cl), 42% (2 steps)

Scheme 65: Synthesis of m-xpt and subsequent formation of derived Cu'' complexes 135 and
136 following the reported route. [194378.377]

Investigations were initiated with preparation of the required Cu!! complexes 135 and 136
following literature protocols (Scheme 65).1194%8371 Subsequently, an initial attempt for the
formation of oxalate was conducted according to the literature'®¥ by in situ reduction of 135
with sodium ascorbate in DMF and subsequent slow evaporation of the yellow cu' solu-
tion in air over two weeks (Scheme 66). Fortunately, the resulting green crystalline product
was indeed identified as the desired oxalate complex by elemental analysis, single-crystal
X-ray diffraction (determination of the unit cell revealed identical cell parameters to those
reported('®]) and FTIR spectroscopy (Figure 39). A similar blue/green solid was obtained
when starting from 136 and leaving the in situ prepared Cu' solution evaporate in air over
11 d, verifying the possibility of oxalate formation under these conditions.
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Scheme 66: In situ reduction of 136 or 135 with sodium ascorbate and subsequent evaporation
in air yielding the oxalate complex 137, as reporied.['%4

This encouraging result heralded the start for further evaluating potential refinements of the
system. The applicability of the oxalate formation by prolonged contact with air was slightly
diminished by the time required for crystallization of the product. Consequently, an attempt
to enhance the kinetics of the reaction was pursued. In the initial publication, treatment of
the in situ formed Cu' dimer 187 with pure CO, resulted in almost full conversion within
128 h.['®4] Accordingly, an analogous reaction was conducted by in situ formation of [Cus(m-
xpt)o](PFg)2 starting from 135 and sodium ascorbate and subsequent stirring under a CO»
atmosphere (Scheme 67). Interestingly, no color change of the yellow solution was observed
over a period of six days (Figure S 4). In addition, the UV/Vis spectrum of the reaction
mixture provided no evidence for the formation of a Cu!l species (Figure 38). Yet, addition
of air into the UV/Vis sample and the main reaction mixture caused a comparatively rapid
change in color, which was traced by UV/Vis spectroscopy over 189 h. It is noteworthy that

the resulting time-dependent UV/Vis spectra are in good agreement with those reported in
the jritinl ramast [184]

—— €D, (6 d)
1h fair}

2h fair)

24 b fair)
4B by fair)
T3 h fair)
o6 b fair)
166 h {air)
189 h {air)

oo

500 550 00 ﬁ'.]hh I 100 150 abo 450
Figure 38: UV/Vis spectra of solutions of in situ formed 187 starting from 135 and sodium
ascorbate in DMF (3.1 mM) after stirring under CO, (6 d) and subsequent oxidation by air over

189 h.
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1) Na ascorbate,
DMF
Cu MO F, = [Cu
[Cuz{m-xpt}{NO3))PFg)z 2)C0, 64 [Cuz{m-qpt)(C 204} PFale
135 3)air, 11d 137

Scheme 67: In situ reduction of 135 and subsequent treatment with CO, for 6 d resulting in no
reaction and follow-up reaction with air to yield 137.

Subsequent FTIR spectroscopic analysis of the resulting product revealed the expected ox-
alate complex 137 (Figure 39). Surprisingly, the formation of oxalate in this specific case
appeared to involve air while no reaction proceeded in the presence of only COs. Natu-
rally, this encouraged a closer look at the experimental evidence originally provided for the
COs reductive coupling pathway. Apart from the crystallographic analysis of the resulting
oxalate complex and the UV/Vis spectroscopic time profile of the reaction, 13C-labeling of
the resulting oxalate was reported to proceed by straightforward utilization of 13C0,.1'%4 |n
this case, an isotopic shift of the presumable C-O vibration was observed from 1670 em™!
to 1651 cm™ !, thus resulting in A#('2C/'3C)=19 cm™.1"*I Compared to an isotopic shift re-
ported for a similar Cu oxalate complex, this difference seemed rather small.!"* Moreover,
simple estimation®® with the assumption of identical force constants for 12C and 13C pre-
dicted a shift of approximately 37 cm~1. In addition, the IR spectroscopic analysis is, yet
again, sophisticated by the comparatively close proximity of the presumable C-O vibration
at ~1670 cm™! and possibly C=C vibrations in the starting material 135 or even the Cu'
complex 187 (Figure 39), which was prepared following the literature by reaction of 135 with
sodium ascorbate and subsequent precipitation by vapor diffusion of Et;O into the DMF solu-
tion.['% Most importantly, 187 synthesized via this procedure!'® depicted a similar IR band
at ~1661 cm‘1, nearly identical to that of the oxalate complex 137. 187 still contained DMF,
evident from the NMR spectroscopic analysis (Figure S 81) and a direct comparison with the
FTIR spectrum of DMF revealed that this band in fact coincides with the C-O vibration of
DMF. Likewise, the crystallized oxalate complex was reported to contain DMF,XV hence the
proposed isotopic shift could presumably result from varying DMF content in the analyzed
samples and misinterpretation of the compiled IR data.

In summary, these observations hinted at an oxidative pathway for oxalate formation in sharp
contrast to the described!"®! CO; reductive coupling. Apparently, sodium ascorbate rep-
resents an obvious source for the observed oxalate, as ascorbic acid oxidation by Cu is
well-known. B18373-383] As 5 matter of fact, degradation of vitamin C by Cu-based boilers was
identified as one plausible cause contributing to sea scurvy, due to faster decomposition
compared to boilers built from iron.F* Moreover, oxalate has frequently been observed
as a product of the oxidative decomposition of ascorbic acid/ascorbate in the presence of
strong oxidations, such as NalOP®! or NalO, %], in the presence of Cd, 1 Pt, %1 pd, B2
Gd, P#9.3%0 Co, B89 Fg, #9282 gnd even with simple oxygen 3393334 |n addition, Chakravorty
and co-workers described a bpy-ligated dinuclear Cu!' complex capable of catalytic oxidation

*' Two molecules of DMF were reporied to co-crystallize in the literature, %% while elemental analysis pre-
sented herein suggest only one molecule of DMF.
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of ascorbic acid into oxalic acid with O, as the terminal oxidant and obtained the solid state
struc
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Figure 39: FTIR spectra of the product formed upon air exposure after stirring under GO, atmo-

sphere and isolated 137 prepared via evaporation of in situ formed 187 in air. IR spectra of 135,
187 and DMF are displayed for comparison.

Evaluation of this hypothesis was pursued by reaction of in situ generated 187, again starting
from sodium ascorbate and 135, with gaseous O, under exclusion of CO5; and air (Scheme
68). Oxidation of 187 proceeded rapidly, and a distinct color change of the yellow solution
to green was observed (Figure S 6). Oxygen treatment was continued for a five-day period,
the solvent removed and the yellow/green solid subjected to FTIR analysis (Figure 40). For-
tunately, thus obtained product displayed an IR spectrum in good agreement with that of the

oxalate complex 137. It is noteworthy that essentially identical products were obtained upon
prolonged reaction with Oz (7 d).
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Figure 40: FTIR spectra of 137 and the products obtained after reaction of in sitv formed 187,
starting from sodium ascorbate and 135, with Oz.
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2 Results and Discussion

The matching IR spectra of the O, product and the previously isolated oxalate complex in
combination with the observations discussed earlier clearly supported the validity of the pro-
posed oxidative degradation pathway. However, the initial report already indicated the com-
plicated assignment solely based on FTIR spectroscopy.

Thus, additional experimental evidence for oxalate formation in the absence of CO; was col-
lected by detection of isclated (12042‘. In the original publication, treatment of 137 with dilute
HCI or HNO5 is reported to yield oxalic acid.['* However, repetition of this experiment failed
and only DMF was observed in the BC NMR spectrum. As discussed in section 2.2.3, NaOH
treatment!'®® should facilitate isolation of NasC>0Q4. To verify the suitability of this procedure
with 137, synthesis of the complex by insertion of 02042‘ into the starting material 135 was
performed, as described in the literature.'"® Treatment of thus prepared 137 with NaOH and
subsequent analysis of the aqueous layer by NMR spectroscopy indeed revealed the pos-
sibility of 02042‘ extraction (Figures 41 and S 176). Accordingly, the same procedure was
applied to the product obtained from slow evaporation in air and again testified the formation
of oxalate (Figure S 178). In addition, a signal corresponding to formate was observed in
both the 'H and the 13C NMR spectra, likely resulting from base hydrolysis of co-crystallized
DMFJE'BE]
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Figure 41: '3C{'H} NMR spectra of the agueous layers obtained upon NaOH treatment of 137

prepared from 135 and: a) (BugN)>C504; b) air and Na ascorbate; ¢) O and Na ascorbate (7 d);
d) O, and Na ascorbate (5 d) (NasCo0, was added to the sample as an internal standard).

Finally, NaOH treatment in degassed solutions under an Ar atmosphere of the product ob-
tained from the reaction with Os also gave rise to the corresponding oxalate signal in the
3¢ NMR spectrum (Figure 41), validated by addition of NapCz0y4 as internal standard to
the same NMR solution. This additional identification of oxalate unequivocally verifies the
oxidative degradation of ascorbate as its true origin.

Further evidence proving the initially incorrect assignment of the IR band were obtained by
preparation of the 13¢ labeled oxalate complex with (BU4N}213(}2{}4 which showed an iso-
topic shift of 39 em™ ' XVl This value was not only closer to that expected from literature

¥ preparation of '2C labeled 137, its analysis by HR-MS and IR spectroscopy as well as DFT calculations
were conducted by F. Khamespanah and Prof. Dr. A. W. Maverick.
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2.2 Investigations on COx Reductive Coupling to Oxalate

precedent,['® but also found in accordance with DFT calculation-based estimations. Fur-
thermore, no COs incorporation into the oxalate complex was observed by HR-MS when a
mixture of 13C0O, and O, was reacted with in situ prepared 187 utilized. XV!! Finally, in the ab-
sence of ascorbate, 187 was found to react with COo and Os to yield a trinuclear carbonato
complex of the formula [Cus(m-xpt)3(us-CO45)](BF4)4 (188) XVIll

oxidative degradafion
Cut ut g Ccul
!
Ascorbate & o 0o NaOH
—sconae — po—'y ——— = Na,C,0,
05, DHA o toluene
N
" cu! cull
135/136 187 137

Scheme 69: Updated scheme comprising the reactivity of m-xpt-ligated Cu complexes in the
presence of ascorbic acid and O, based on the experimental results reported herein and else-
where. B3

In conclusion, the reported CO5 reductive coupling reactivity with dinuclear Cu'l complexes
and sodium ascorbate as mild reductant!'®! was investigated and revealed a reaction path-
way entirely contrasting that initially assumed. Oxygen was found to be a prerequisite for the
formation of oxalate and no reaction was observed in the sole presence of COs. Moreover,
sophisticated IR spectroscopic identification of the product again indicated the necessity of
additional analytical techniques for analysis of potential CO5; reductive coupling reactions.
The true origin of observed oxalate was identified to be oxidative degradation of sodium
ascorbate, utilized for reduction of the Cu'! starting materials. Experimental evidence for the
oxidative degradation pathway was obtained by reaction with Oz under strict exclusion of
air or CO» and subsequent analysis by FTIR spectroscopy and 13C NMR after extraction of
Na;C,0,4 by NaOH treatment of the oxidation product. Further evidence was provided by
Maverick and co-workers by isotopic-labeling experiments precluding incorporation of CO5
into the resulting oxalate. Based on these results, the initially reported reactivity of m-xpt-
ligated Cu complexes required significant revision (Scheme 69). After in situ formation of
187, reaction with dehydroascorbic acid (DHA) and Os accounts for the formation of oxalate
complex 137 which allows for C,0,2" isolation by NaOH treatment. Moreover, 187 under-
goes oxidation in the presence of O, and COs (or air) to form the trinuclear carbonate 188,
provided no ascorbate or DHA is present. While the results presented herein preclude fur-
ther improvements of this protocol for enhanced COs reductive coupling, they unequivocally
highlight the importance of considering reaction pathways apart from the coveted reactivity
to explain the observed product; especially when studying challenging transformations.

XVl Reaction with '*C02/0z was conducted by F. Khamespanah and Prof. Dr. A. W. Maverick.
XV Gy, (m-xpt)s(-CO3)](BF ) was prepared and analyzed by F. Khamespanah, Dr. U. R. Pokharel, Dr. F. R.
Fronczek and Prof. Dr. A. W. Maverick.
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2 Results and Discussion

2.25 CO3 Reductive Coupling Based on Cu and a-Ketocarboxylates

Fujisawa and co-workers reported a sophisticated system for the formation of a dinuclear Cu
oxalate complex that was obtained starting from a Cu!! a-ketocarboxylate complex bearing a
scorpionate-type ligand (Figure 46).'® Formation of oxalate was observed upon treatment
with air, Oo or CO2/02 (1:1), whereas pure CO5 did not facilitate this transformation.!"*! Nev-
ertheless, incorporation of COs into product oxalate was confirmed by isotopic labeling with
13C0,.'"" Moreover, reaction of the tris(pyrazolyl)borate ligand and CuCl with EtyNHCO4
reportedly yielded the same oxalate complex, identified by a change in color to light blue in
combination with an IR signal at 1650 cm™'.11%3 |nterestingly, the reactivity of the described
o-ketocarboxylate contrasts the well-known decarboxylation reactivity commonly observed
for similar Cu or Fe a-ketocarboxylates.*-42% Besides, the initial presence of Cu' or Fe'
centers constitutes a prerequisite for their oxidative decarbaoxylation chemistry by activation
of Oy, 3%~ while formation of oxalate was possible starting from the Cu'! a-ketocarboxylate
complex.['%3 This peculiar reactivity was attributed to the distinct properties of the specific a-
ketocarboxylate allowing for the formation of a CO»*" intermediate which undergoes oxalate
formation.!"®*!! However, in light of identification of oxidative degradation of sodium ascorbate
resulting in the formation of oxalate previously assumed to result from CO5 coupling,'?4
further evaluation of the origin of oxalate for this protocol appeared advisable. Especially
the uncommon requirement for Os in a reductive transformation and the possibility of a C2-
C3 bond scission observed for certain Co*?'l and FeP%4%2 complexes resulting in oxalate
formation prompted additional in-depth investigations.

Investigations were initiated by prepa-
ration of the tris(pyrazolyl)borate

e N

(Tp'PTiPr) ligand 190 via a modifica- 3 N KBH, "’\/{“ CuCly "L% L
tion of literature protocols (Scheme  }-NH 23% "B (& B \ N}:'_ﬂ'
70).1331.403 For preparation of the a- ©* \;,J::/H\{ st :_n
ketocarboxylate complex, an alterna- 189 190 193

tive pathway via the CuBr complex of 3[;&::]30%

190 inste ad of the CuCl congener uti- W

lized by the Fujisawa group!'® was ,L“""G °L

pursued.™! Interestingly, upon re- H_Bfiﬁh:__& N

crystallization of the red solid formed \,.H.,/ NH HN;

from CuBrs and 190 in acetone, % N\(

a mixture of dark-red crystals of the

complex of interest 191 and colorless Scheme 70: Synthesis of Tp ligand 190 and its conversion
into derived Cu'' halide complexes 193 and 191, the latter

crystals of an unforeseen Cu! com-
ry being accompanied by formation of 192.

plex 192 were obtained and identified
by single crystal X-ray diffraction (Figure 42). The origin of the latter complex is unknown and
might arise from residual 3,5-di-iso-propylpyrazole in the employed ligand. However, the re-
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2.2 Investigations on COx Reductive Coupling to Oxalate

quirement of Cu'! reduction and the well-known capability of Tp™ R ligands to decompose into
the free pyrazole,*™ suggest its formation via degradation of the ligand and simultaneous
reduction of CuBrs. In contrast to the result obtained with CuBrp, reaction of 190 with CuCls
resulted in formation of 193,104 '

Cu adopts a distorted tetrahedral geometry in com-
plex 191 with N-Cu-N angles of 90.91(8)°, 92.63(8)°,
and 93.00(8)°, respectively, as well as N-Cu-Br angles
of 117.18(6), 123.04(6), and 130.57(6)°. Cu-N dis-
tances of 1.948(2) A, 1.950(2) A, and 2.085(2) A are
comparable to those observed in its Cl congener 193
(1.980(13)/1.985(11) A).*4 Complex 192 had previously
been synthesized by reaction of the respective pyrazole

with CuBr and indicated interesting luminescence prop-
erties upon excitation at 277 nm."%! |n 192, Cu adopts
a trigonal coordination geometry with N-Cu-Br angles
of 107.81(4)° and 108.85(4)° and a N-Cu-N angle of
141.81(5)°, as expected due to the higher steric demand N1 ;
of sterically encumbered 3,5-di-iso-propylpyrazole. Cu-
N (1.9371(12)/1.9380(12) A) and Cu-Br (2.5165(3) A)
distances are slightly shorter than those observed
for its phenyl- (Cu-N: 1.9432(18)/1.9608(19) A; Cu-Br:
2.5328(5) A) and tert-butyl (Cu-N: 1.961(4)/1.969(4) A;
Cu-Br: 2.561(4) A) analogues.®*! Interestingly, a com-
paratively short Cu-Cu distance of 2.9343(4) A for each
pair of molecules was observed. However, this Cu-Cu dis-

Figure 42: Molecular structures of

. .. complexes 191 and 192 (thermal el-
tance is longer than the sum of the van der Waals radii, lipsoid at 50% probability, H atoms

thus, no d'%-d'? interaction is assumed X* are omitted for clarity).

Due to the observed formation of 191/192 mixtures, the prerequisite a-ketocarboxylate com-
plex 129 was obtained following the literature route by reaction of sodium 3-methyl-2-oxo-
butyrate (194) with 193 and subsequent recrystallization (Scheme 71).1'® To gain insight into
the origin of oxalate formation, the analogous 13(35 complex 196 was prepared via the same
protocol starting from sodium 3Cs-3-methyl-2-oxobutyrate (195). Successful isolation of the
13(}5—Iabeled complex was confirmed by ES|I HR-MS analysis of both complexes (129 and
196). Moreover, labeling of the a-ketocarboxylate ligand caused the expected isotopic shift of
the C-O stretching frequencies (Figure 43) from 1687/1666 cm™! in 129 to 1644/1625 cm™!
in 196 (A#(12C/13C) =~ 42 cm™1).

*X  The observed Cu-Cu distance is shorter than that in analogous complexes bearing diphenyl- and di-tert-
butyl-substituted pyrazole ligands (=4 A),[*%¢] but significantly longer than Cu-Cu distances in tetranuclear
pyrazole-coordinated [Cu(NNN)I] pincer complexes (2.6127(8) A) or metallic copper (2.556 A). 14071
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Scheme 71: Synthesis of a-ketocarbaxylate complex 1291'% and its '3C5 analogue 196.

With these complexes in hand, the straightforward exposure to air in DCM solution was
explored, as this was reported to yield the oxalato-bridged dimer 130 resulting in a distinct
shift of the C-O stretching frequency to ca. 1655 cm™".'"®l Exposure of a CH2Cl> solution of
129, layered with heptane, to air for 18 h (Scheme 72) indeed resulted in the formation of a
green-blue solid displaying the described C-O vibration at 1654 cm™! in addition to another
broad vibration at 1602 cm™1 not observed in the literature!'® (Figure 43). Nevertheless, the
IR spectrum suggested formation of the expected oxalate complex 130 as the major product
in addition to presumably full conversion of starting 129, indicated by the absence of the
1687/1666 cm™ ! signal.
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Scheme 72: Reaction of complex 129 or its '3C-labeled analogue 196 with air in DCM/heptane
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Figure 43: FTIR spectra (1750-1350 cm—') of 129 and 196 and the products obtained from air
exposure of these in DCM/heptane.

Likewise, prolonged contact of a heptane-layered dichloromethane solution of 196 with air
under identical conditions resulted in an analogous shift of the C-O vibration from 1644 em™!
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2.2 Investigations on COx Reductive Coupling to Oxalate

and 1625 cm~! to 1609 cm™!, hence in agreement with the initially reported absolute A
of 40 cm™! and the C-O vibration at 1607 cm~' reported for the product obtained with
13c0/0,1""31.  Moreover, a significantly broadened signal at 1562 cm™' and a signal at
1649 cm~! were detected. While the former likely resembles an analogous species to that
observed at 1602 cm™1 for the non-13C-labeled starting material, given the 40 cm™1 red-shift,
the latter could correspond to two separate species: a) non-converted starting material 196
with its C-O signal at 1644 cm™1; or b) the 12C-containing oxalate complex 130 resulting from
incorporation of CO5 from the atmosphere, as proposed in the initial publication['%3,

For further identification of oxalate, treatment with NaOH in a HoO/toluene mixture was con-
ducted according to the literature procedure!'®! and the resulting aqueous extract analyzed
by NMR spectroscopy and capillary electrophoresis. In both cases, the formation of ox-
alate was confirmed by CE and oxalate yields of 6% and 21%*X were detected for reactions
starting from 129 and 196, respectively (CE diagrams can be found in section 4.15.4 in the
appendix). Moreover, the oxalate signal was observed by NMR spectroscopy (Figure 44) in
the case of 196, indicating at least partial incorporation of the 13¢-labeled a-ketocarboxylate
into the product with respect to the small reaction scale (9 umol). Furthermore, signals cor-
responding to carbonate and formate were observed by NMR spectroscopy, suggesting the
formation of by-products in the conversion of the a-ketocarboxylic acid. Most importantly, in-
tense signals corresponding to 2-hydroxy-2-methylpropanocic acid (184.1 ppm (d), 73.7 ppm
(dt), 26.4 ppm (d))“*®! and less intense signals corresponding to 2-methylpropanocic acid
(187.9 ppm (d), 36.9 ppm (dt), 19.3 ppm (d))“*® were observed in the 13C NMR spectrum of
the aqueous extract.XX!
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Figure 44: '3C{'H} NMR spectrum (75 MHz, D»0Q) of the reaction of 196 with air and subsequent
NaOH treatment.
The presence of both carboxylic acids indicates substantial decarboxylation of the a-keto-
carboxylate, in agreement with the common reactivity of analogous Tp-ligated n-ketocarboxyl-
ate complexes and the proposed formation of a CO>* species.'%3%3%1 |n addition, the for-
mation of [Cu(Tp'F"/F")(0,CC(CH3)2(OH))] was observed by Fujisawa and co-workers when

** Yields are stated assuming a bimolecular mechanism and not taking into account the efficiency of oxalate
removal as the procedure was initially reported for this sl.rshrn.[ma]

XX | iterature '*C NMR spectra were reported for the carboxylic acids in GDClg. [428409]
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2 Results and Discussion

dry air was utilized, ! while [Cu(Tp"/F")(0,CH(CH3),] was independently prepared.!'®
Meither of these complexes were found capable of forming oxalate complex 130.0%
Despite the detection of oxalate by CE and NMR, the low oxalate yield assessed by CE
in comparison with the literature (89% of 130!"%%l) was unexpected given the considerable
amounts of 2-methylpropanocic acid derivatives detected by NMR spectroscopy. Moreover,
the IR stretching frequency observed at 1649 cm™1 for the reaction of 196 could correspond
to residual starting material which would indicate non-effective CO5 incorporation from the
atmosphere. For gaining additional insight into the oxalate formation, the treatment of 129
and 196 with a CO2/0Os mixture (approx. 1:1) was conducted, as reported by the Fujisawa
group"™ (Scheme 73). Due to the enhanced CO» concentration compared to the approx-
imate 411 ppm in the atmosphere,®® an increased incorporation of CO, into oxalate would
be expected and should hence be readily detectable by IR spectroscopic analysis.
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Scheme 73: Reaction of complex 129 or its '3C-labeled analogue 196 with CO/Os (~1:1) in
toluene and subsequent removal of oxalate with NaOH.
Again, stirring a solution of 129 in toluene under a CO5/05 atmosphere for 42 h resulted
in the described change in the FTIR spectrum giving rise to a new vibration at 1659 em™,
presumably corresponding to the respective oxalate complex,"* in addition to the broad
vibration at 1600 cm™~! (Figure 45). Thus, for 129 the obtained IR spectra for exposure to
CO,
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Figure 45: FTIR specira (1750-1350 cm') of the products obtained by CO/O, treatment of
129 and 196 in toluene, the products obtained from air exposure of these in CHaCly, and 196 for
comparison.

X No comment regarding dry air can be found in the supplementary material. naa
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2.2 Investigations on COx Reductive Coupling to Oxalate

The same trend was observed for 196 where the distinct C-O vibration was shifted upon reac-
tion with CO5/O5 for 67 h to 1613 cm™~1. Moreover, a broad signal at 1555 cm™! (1561 cm™!
for an identical reaction) was observed, again likely resembling the 1600 cm™! species in the
reaction of 129. In addition, the vibration at ~1640 em~! was observed as for the air expo-
sure of 196. Interestingly, the intensity of this band compared to the air exposure was not
significantly increased and is nearly identical to that of the starting material (A7 =~4 cm™1)
with an increased shift compared to the product obtained from 129 (A# =~15 cm™1). These
results might indicate inefficient incorporation of COs into the oxalate product even in the
presence of enhanced COs> concentration, albeit broadening of the signal at ~~1640 em™!
renders a conclusive statement on its origin, either residual 196 or 1EG~inmrp0raied oxalate
complex 130, impossible. More elucidative were the 13C NMR spectra of the aqueous layer
obtained after NaOH treatment which again indicated the formation of 2-hydroxy-2-methyl-
propanoic acid as the major product accompanied by 2-methylpropanocic acid, carbonate,
and the desired oxalate for the reaction of 196 (Figure S 201 and S 203), while only the CH4
signals of these carboxylic acids were observed for 129 due to the low concentration (Figure
S 199). Furthermore, the corresponding oxalate yields assessed by CE were 6% for 129 and
1-2% for 196, thus significantly lower than reported.['3

Additional evidence for the inefficacious incorporation of COs into the observed oxalate was
gained from HR-MS analysis of the aqueous extracts obtained after NaOH treatment. **Ill
For the reactions under CO2/O9 starting from complex 196, Na13l3204‘ was detected with
low intensity while no oxalate ions with mixed isotopic constitution were observed utilizing
this method (Figure 46). Similar observations were made for the reaction of 196 with air.
Moreover, 2-hydroxy-2-methylpropanocic acid was identified for reactions of 129 or 196 with
air or CO5/0s5. It is noteworthy that traces of Na12(}2{}4‘ were found for the reaction of 196
with air. Nevertheless, the absence of Na12(313(304‘ suggests an inefficient incorporation of
gaseous COs.
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Figure 46: HR-MS (ESI) of the aqueous solution of the reaction of 196 with air or COx/O» and
subsequent NaOH treatment (simulated exact m/z values are presented in orange).
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In the initial publication, the necessity of traces of H2O was suggested to constitute a pre-
requisite and the formation of the [Cu(TpP"/F")(0,CC(CH3),(OH))] was reported to proceed
in the absence of these traces.'""™ However, the reported experimental procedures for the
preparation of [Cu(Tp/F"/P)(0,CC(CH3),(OH))] and desired complex 130 are surprisingly
identical.['®¥ Moreover, it is clearly indicated that the employed solvents were either pur-

XH R Mms analysis of the aqueous solutions was conducted by Dr. H. Frauendorf (University of Géttingen).
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chased anhydrous (octane) or dried over common drying reagents (heptane and toluene
over Na/benzophenone ketyl and DCM over P4O4g).1"" Thus, the nature of the reported
H50O prerequisite!'™ is not entirely explicable. Another complication of the analysis emerges
from comparison of the FTIR data of complex 130 and [Cu(Tp'T"/P")(0,CC(CH3)2(0OH))], as
their distinct C-O vibrations appear to be virtually identical with 1656 cm™1 for the latter and
1653 ecm~ for 130.1'®¥ |t js important to note that formation of 130 was reported to proceed
even upon treatment of [Cu(Tp/P"/PT)] with Et;NHCO4 in various solvents*XV '3 However,
the formation of oxalate was only confirmed by IR spectroscopy which displayed “a strong
characteristic band around 1650 cmi~! "'®) an experimental evidence which was previously
shown to be potentially misleading in case different compounds containing C=0 bonds could
be formed (see e.g. Figure 28).

Based on the contradictory information with respect to the necessity of possible traces of H;0O
and the observations reported herein, which were not indicating a noticeable incorporation
of COs into the oxalate product, apart from the inconclusive band at ~~1640 cm~ 1, another
plausible reaction mechanism was investigated. While decarboxylation was unambiguously
observed upon exposure of 129 or 196 to air or O5/CO,, the low oxalate yields obtained for
these reactions might indicate that oxalate formation is not coupled with decarboxylation, al-
beit decomposition via C-C bond scission of the a-ketocarboxylate was proposed to yield the
active CO>*" intermediate.!"™ The necessity of the a-keto-functionality was proven by the
absence of oxalate formation when the analogous 2-methylpropionate complex was treated
with CO,/O, or 0,.1'® However, the analogous complex [Cu(Tp/P":/Pr)(0,CC(O)Ph)], like-
wise, did not yield oxalate, "®¥ in accordance with similar Cu!! complexes being air-stable, 1%
while decarboxylation was observed for its Fe'!' congener!®" and related Co'' 401 or Cu'%8.4001
complexes. This might be a result of the electronic properties of [Cu(Tp™"F")(0,CC(O)Ph)]
which prohibit oxidative decomposition of the n-ketocarboxylate.'"®¥ However, it might also
indicate that oxidative C-C bond cleavage toward oxalate proceeds between the C2 and C3
of the 2-methyl-2-oxobutyrate, while decarboxylation (i.e. C1-C2 bond cleavage) yields the
observed (2-hydroxo)-2-methylpropionic acid.%401.402 |n this case, no CO> incorporation
would be expected, as the O;C-C(0) moiety of the a-ketocarboxylate would directly form the
required oxalate structure upon oxidation with Os. Moreover, this pathway would explain the
absence of oxalate production for the phenyl-substituted a-ketocarboxylate, as the prerequi-
site C-C bond cleavage might proceed via an energetically unfavorable phenyl radical inter-
mediate.[*'"! Interestingly, the C2-C3 bond scission pathway has been observed previously
and resulted in the formation of well-defined dinuclear oxalate Fe or Co complexes, the latter
even characterized by single crystal X-ray diffraction.®*4%'"! Moreover, the Fe containing en-
zyme Dke1 (acetylacetone cleaving enzyme) was found to catalyze an identical C2-C3 bond
cleavage in p-hydroxyphenylpyruvate yielding oxalate and the corresponding p-hydroxybenz-

¥V The experimental details for the described reaction of [Cu(Tp™™™F")] with Et,NHCO; are not reported in the
Supplementary material'®! and can, consequently, not be discussed in more detail.
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aldehyde.*™@ This unprecedented reaction was initially proposed to proceed via attack of
05 onto the coordinated enolized carboxylate.?%:401 On the contrary, mechanistic investiga-
tions for the Dke1-mediated reaction suggest a more favorable iron oxo-epoxide intermediate
which undergoes ring-opening to form a C3-centered radical. ™ Either of these mechanistic
pathways explains the lack of oxalate formation for benzoylformate reported by the Takisawa
group.'® |n addition, the low oxalate yield obtained by reaction of the tris(pyrazolyl)borate-
ligated complexes 129 or 196 with CO,/O5 or air suggest a comparatively low activity in the
desired oxalate formation.

To evaluate these hypotheses, direct reactions of the sodium 3-methyl-2-oxobutyrates with
Cu(BF4)z-6H20 were chosen as the model reaction (Scheme 74), as simple cu' salts might
result from decomposition of the Tp/P"/FI-derived complexes. Additionally, copper ions are
well-known for catalyzing the oxidation of organic molecules, such as ascorbic acid, with
molecular O30

Air exposure of an equimolar mixture of Cu(BF4)»-6H20 and sodium 3-methyl-2-oxobutyrate
in DCM, containing 10 %vol MeOH to enhance the solubility, layered with heptane for 4 d
(or 3 d) indeed resulted in a shift of one the C-O vibrations from 1630 cm~! to 1607 cm™!
(or 1610 cm™1) while the second distinct vibration at ca. 1707 cm™! remained essentially
unaltered, possibly indicating incomplete conversion (Figure 47). Likewise, reaction with air
over 3 d (or 2 d) starting from the 13(35—Iabelled sodium salt caused a shift of one of the C-O
vibrations from 1588 cm~! to 1563-1564 cm™'. In addition, a significantly broadened signal
at approx. 1625 cm™~! was observed.
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Scheme 74: Exposure of suspensions of the sodium a-ketocarboxylates and Cu(BF)-6H50 in
bC
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Figure 47: FTIR spectra (1850-1450 cm') of the a-ketocarboxylates 194 and 195 and the prod-
ucts obtained by exposure of these in the presence of Cu(BF4)»-6H,0 in DCM/MeOH/heptane
(1:0.1:1, v:v:v) to air.
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Thus, the obtained FTIR spectra presage an oxidative decomposition of the a-ketocarboxylic
acid in the presence of Cu2*. Indeed, the 13C NMR spectra obtained from unlabeled 194
display a signal corresponding to (32042‘ (Figure 48), hinting at an enhanced oxalate yield,
despite the increased reaction scale. CE analysis substantiated this assumption with an
oxalate yield of 36% or 47% for the 4 d and 3 d air exposure, respectively. It is noteworthy
that, in contrast to the yields presented earlier in this section, a mononuclear mechanism for
the formation of C,04%~ was assumed, thus one molecule of a-ketocarboxylate would result
in one molecule of oxalate. Similar yields, namely 55% (3 d) and 42% (2 d) were obtained
for the reaction with 13C-labeled 195, thus verifying the more effective formation of oxalate in
the absence of the scorpionate ligand. The corresponding oxalate signal, in addition to small
signals for formate and carbonate, is clearly noticeable as the major species in the 13C NMR
spectra for reactions with 195. Additionally, signals belonging to the previously observed
decarboxylation products were detected, albeit in significantly lower quantities. Surprisingly,
two sets of signals, which were assigned to sodium acetate (181.5 ppm (d, Jiag_1ap= 52 Hz),
23.3 ppm (d, J1ag_13c= 52 Hz))*'¥ and sodium 3-hydroxybutyrate (180.5 ppm (dd, Jiag_1ag=
51, 3 Hz), 65.6 ppm (t, Jiag_1ag= 38 Hz), 46.5 ppm (dd, Jiac_1ag= 51, 37 Hz), 21.7 ppm
(dd, J1ag_1ag= 39, 2 Hz)),#'3414] were additionally observed in minor quantities. Even though
these products displayed significantly smaller intensities than 02042‘, they indicate a more
sophisticated oxidative degradation of the a-ketocarboxylate and potential follow-up reactions
in the presence of Cu®*, as formation of these by-products seems to increase with prolonged
reaction time. Nevertheless, the clearly enhanced formation of oxalate in the absence of the
Tp'PriPr ligand constitutes a first evidence for the proposed pathway of its formation via
oxidative degradation facilitated by Cu®*.
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Figure 48: '3C[{'H} NMR spectra (75 MHz, D,0) of the reaction of 194 and 195 and
Cu(BF4)2-6H,0 with air and subsequent NaOH freatment.

It is noteworthy that electron-rich methyl 4-methoxyphenylpyruvate decomposed into methyl
oxalate by simple purging with O, at pH 7.5 over 48 h at 0 °C.1*'* Thus, to confirm the benefi-
cial impact of Cu on the formation of oxalate, specifically in the absence of the ligand, a blank
reaction by simple exposure of sodium 3-methyl-2-oxobutyrate under analogous conditions
to air was performed. After evaporation of the solvents over 2 d, the IR spectrum displayed
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2.2 Investigations on COx Reductive Coupling to Oxalate

no sign of conversion of the starting material and likewise no oxalate signal was observed
in the NMR spectrum after NaOH treatment (Figure S 327 and S 195). The oxalate yield
determined by CE accounted for 4%, highlighting the beneficial influence of [Cu].

Additional mechanistic insight was obtained by HR-MS (ESI) analysis of the product solu-
tions. XXV  Oxalate as well as its dimer were successfully detected as their sodium salts
and as expected, the Na'2C,0,~ (m/z=110.9700) and Na;'2C,0q~ (m/z=244.9292) were
detected for the reaction starting from unlabeled 194 (Figure 49). Likewise, their 13C la-
beled analogues Na'3C,04~ (m/z=112.9782) and Na3'3C,0g~ (m/z=248.9433) were ob-
served for the reaction of 195 and no species with mixed isotopic constitution was found.
This further showcases the proposed origin of oxalate being oxidative degradation of the a-
ketocarboxylate facilitated by Cu2* without COs incorporation from the atmosphere taking
place.
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Figure 49: HR-MS (ESI) of the agueous solution of the reaction of 194 and 195 and
Cu(BF4)2-6H20 with air and subsequent NaOH treatment (simulated exact m/z values are pre-
sented in orange).

Maturally, the oxidative C-C bond scission between the 2C and 3C giving rise to the ob-
served oxalate should simultaneously yield a Csg-compound, most likely acetone resembling
the aldehydes observed in the literature, 96401422 which was not detected in these experi-
ments, possibly due its volatility. Hence, reaction of 195 with CO,/O5 in the presence of
Cu(BF4)2-6H20 was conducted in CD2Clz or CgDg, containing 10 %wvol CD30D for an en-
hanced solubility, in a sealed Schlenk tube (Scheme 75). Under these conditions, direct
analysis of the solutions precludes evaporation of a conceivable C3 decomposition product.

13{'-"'3
,' ‘EGH ~ i C02/0; __ NaOH
J\N)\""" or- ,, ”ﬁ 13C|.h+ CUBRaR OO o ICDL0D (10:1, vy HpOfolena | 220204
195 or (1:2, vv)

CgDg/CD50D (10:1, wiv)

Scheme 75: Treatment of a suspension of 195 and Cu(BF)-6H,0 in CD5Clo/CD30D or
CgDg/CD30D with CO,/0» and subsequent NaOH freatment.

XV HR-MS analysis of the aqueous solutions was conducted by Dr. H. Frauendorf (University of Géttingen).
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2 Results and Discussion

Fortunately, stirring an equimolar mixture of 195 and the Cu2* salt in either solvent for
4 d under a CO2/05 atmosphere indeed resulted in the appearance of two new signals at
208.7 ppm (t, J1ag_13o= 40 Hz) and 31.1 ppm (d, Jiag_13o= 40 Hz) in CD2Clz or 206.3 ppm (t,
J13g_13c=40Hz) and 30.1 ppm (d, J1ac_13c= 40 Hz) in CgDg, respectively (Figure 50). These
signals can be assigned to entirely 13C-labeled acetone,*'2 hence underscoring the sug-
gested oxidative C2-C3 bond cleavage F%401.402 Additionally, residual CO, was observed at
ca. 125 ppm. It is noteworthy that neither the starting material, nor resulting anionic products,
e.g. oxalate, are detected arguably due to their insolubility in CgDg or CD2Cls.
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Figure 50: '3C{'H} NMR spectra (75 MHz, CD2Cl> or CgDg) of the reaction of 195 and
Cu(BF4)3-6Hs0 with CO/Os.

IR spectroscopic analysis of the solid obtained after drying in vacuo further confirmed the
resemblance of the obtained product to that obtained by air exposure of 195 in the presence
of Cu?*, with the major C-O vibration located at ~1560 em™! (Figure 51). However, the
product obtained from the CD3Clsz reaction displayed significant broadening of all signals,
possibly due to the presence of water indicated by a broad signal from ca. 3700-2800 cm™!
(Figu
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—— Na Y0 -3-methyl-2-oxobutyrate.

—— NaMCa-3-methyh2-oxebutyrate + [Cul {C02/0g, Cald).
Na HCa-3-methy-2-oxobutyrate + [Cu) {CO2/0q, CDLCh).

\¥ —— NaMCa-3-methyh2-oxebutyrate + [Cul {air, 2 d).
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Figure 51: FTIR specira (1700-1300 cm~') of 195 and the products obtained from its exposure to

air or CO2/O5 in the presence of Cu(BF 4)o-6H,0 in DCM/MeOH/heptane (air) or CD2Clo/CD30D
and CgDg/CD30D (COo/Os).
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Capillary electrophoresis after NaOH treatment of the solid residues revealed the formation
of oxalate in 17% and 31% yield for the reactions in CDzCls and CgDg, respectively. The
lower yield for the reaction in dichloromethane-d> was surprising given the higher intensity of
the acetone signals in the initial 3¢ NMR spectrum and might thus indicate at least partial
formation of oxalate or the observed acetone via another pathway than C2-C3 bond cleavage
or further oxidative decomposition during the NaOH treatment. The clearly higher quantities
of 2-methylpropionate observed in the 13C NMR spectrum of the CD5Cl5 reaction after NaOH
treatment compared to that in CgDg (Figure S 181) substantiate this suggestion. A plausible
explanation for these observations would be the formation of 2-methylpropionic acid via initial
oxidative decarboxylation, followed by a second oxidative decarbaoxylation yielding acetone.
In this case, the acetone quantity would not correlate with the oxalate yield. However, it
should be noted that determined yields for these reactions are easily decreased by partial
sample loss during transfer of the NMR solutions,X*V! especially pronounced for the reaction
in CD2Clo as the solid did not settle entirely, and FTIR analysis of the solid residues after
solvent removal. Nevertheless, it appears that decarboxylation competes with formation of
oxalate. Hence, while the observed quantities of acetone cannot conclusively be aligned with
the pathway toward oxalate formation, oxidative C1-C2 scission clearly does not provide the
desired product.

To evaluate whether the oxidative degradation of a-ketocarboxylates is specific to 3-methyl-2-
oxobutyrate, as suggested by Fujisawa and co-workers, 'l a suspension of sodium pyruvate
and an equimolar amount of Cu(BF 4)5-6H5;0 in DCM/MeOH (10:1, v:v) layered with heptane
was exposed to air and left to evaporate. The 13C NMR spectrum after NaOH treatment re-
vealed signals at 181.6 ppm, 23.4 ppm and 173.2 ppm, respectively. However, despite a
slight shift in the methyl signal of pyruvate to higher field, the peak at 173.2 ppm likely cor-
responds to non-converted sodium pyruvate rather than oxalate. In addition, CE analysis
supported oxalate formation in 5% yield (Figure S 415) which is not significantly higher than
the blank reaction conducted with 194. The negligible yield is in good accordance with the
reaction pathway suggested herein, as an oxidative C2-C3 bond cleavage in pyruvate should
be energetically less favorable than in 3-methyl-2-oxobutyrate, as a possibly formed *CHs
species!*™ as well as enolization of pyruvate P*%"! would pose an increased energetic bar-
rier.

In conclusion, the intriguing CO5 coupling reactivity of tris(pyrazolyl)borate-coordinated Cu
a-ketocarboxylate complexes yielding oxalate in the presence of 0-0'" was explored and
the mechanism of this transformation investigated. COs incorporation was reported to pro-
ceed starting from complex 129 under a 13(}{}2102 atmosphere, resulting in a distinctly
(A7=49 cm1) shifted IR vibration.['®¥ |t should be noted that a dinuclear carbonato-complex
[(TpP"/PT)Cu(u-CO4)Cu(TpFFr)] was reported in the same publication which displayed a

*XVI Note that partial loss of the NMR sample cannot be avoided when employing J. Young NMR tubes connecied
via adapter to a Schlenk line.
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similar C-O vibration (1595 cm™1) to that of the presumably 13C-containing oxalate com-
plex.['®3 Yet, the initial investigators suggested the formation of a COs* intermediate as a
result of Os initiated degradation of the a-ketocarboxylate which reportedly required specific
electronic features to proceed.!"™ To reveal the origin of oxalate and thereby gain further
insight into the reaction pathway, the 13(35—Iabeled complex 196 was prepared and its reac-
tivity compared to reported 129. For the reaction of 196 with air or CO4/O5, a similar shift
of the IR vibration was observed indicating formation of the analogous 13C-labeled prod-
uct. In addition, an IR vibration possibly corresponding to a 13¢-12¢ mixed product was
identified, albeit the IR band also coincides with starting material, thus precluding a con-
clusive statement. However, oxalate yields determined by capillary electrophoresis turned
out to be significantly lower (at least fourfold) than those reported in the literature'®3. In
addition, no oxalate with mixed isotopic constitution was detected by HR-MS, while the 13(}2—
oxalate was identified for reactions of 196 with air or CO2/05 suggesting the absence of CO5
incorporation from the atmosphere. Moreover, oxidative decarboxylation products, namely
2-hydroxy-2-methylpropionate and 2-methylpropionate, were identified as the major prod-
ucts by 13C NMR spectroscopy under these conditions. Even though the formation of the
former had already been observed by the Fujisawa group,'® their quantities suggested a
different mechanism for the formation of oxalate. To assess a potential oxidative C2-C3 bond
cleavage pathway, F%6*""4%2 reactions in the absence of the ligand starting from the sodium a-
ketocarboxylates and simple Cu(BF 4)z-6H20 were explored. In this case, significantly higher
oxalate yields were identified by capillary electrophoresis and 13C NMR spectroscopy, thus
supporting the proposed oxidative degradation mechanism. This was further highlighted by
HR-MS analysis of the obtained oxalate which indicated no incorporation of 12¢ from a po-
tential C-C coupling with CO2 from the atmosphere. Finally, NMR spectroscopic analysis of
the reaction of 13(35—Iabeled sodium 3-methyl-2-oxobutyrate with CO2/O5 in deuterated sol-
vents revealed the formation of 13(33—Iabeled acetone, possibly resulting from the proposed
oxidative C2-C3 bond cleavage.?®:401.402] However, acetone quantities appeared to correlate
also with the amount of 2-methylpropionate, presumably formed via oxidative decarboxyla-
tion, thus, another oxidative process might be responsible for the formation of oxalate.
Based on these observations, the following conclusions for the formation of oxalate starting
from 3-methyl-2-oxobutyrate can be drawn (Scheme 76). Tp'Fr/PT-ligated complexes 129 or
its congener 196 efficiently decarboxylate the coordinated n-ketocarboxylate in the presence
of Op, resulting in the formation of 2-hydroxy-2-methylpropionate and 2-methylpropionate.

In contrast, simple Cu®* facilitates the oxidative degradation, possibly via C2-C3 bond scis-
sionB%8401402] vija|ding acetone and oxalate, which apparently undergo side or subsequent
reactions, as indicated by the presence of 3-hydroxybutyrate, formate, and acetate after pro-
longed air exposure. Moreover, another plausible origin for the observed acetone might be
twofold oxidative decarbaoxylation facilitated by copper. Hence, the true pathway for the for-
mation of oxalate through oxidative degradation of the a-ketocarboxylate remains speculative
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and requires further investigations. Likewise, examples for the C2-C3 bond scission are ca-
pable of O activation accompanied by oxidation of the metal. ?%6491.4%2 Naturally, this would
suggest Cu' as the active species, but additional evidence is necessary for an in-depth under
standing of the process. However, the experimental results presented herein clearly indicate
a competing relation between oxidative decarboxylation of the o-ketocarboxylate and the
oxidative degradation yielding oxalate without incorporation of atmospheric CO,. Whether
the observed formation of oxalate in low yields starting from 129 or 196 arises from initial
decomposition of the complexes, possibly during or after decarboxylation, or whether these
complexes possess a diminished ability to facilitate the formation of oxalate by an analogous
oxidative decomposition cannot be stated based on the results presented herein. Neverthe-
less, it can be concluded that simple Cu2* ions are substantially more active in the formation
of oxalate starting from a-ketocarboxylates and O5. This reactivity partially resembles the
oxidative C-C bond cleavage of tricarbonyl compounds by simple Fe®* ions/** and might
potentially play a role in the oxidative degradation of cellulose into oxalate by CuO at ele-
vated temperatures'l. Albeit this reactivity of Cu®* ions has not been reported, to the best
of our knowledge, possible applications of this methodology appear to be restricted by the
proposed mechanism, requiring stabilizing substituents in the 3-position to enable enol or
radical formation.??5:40.402] Finally, it can be concluded that the desired C-C bond formation
initially reported has again not been observed and an alternative oxidative pathway turned
out to account for the observed oxalate.
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Scheme 76: Observed major and minor products for the reactions of complex 129 (and 196) or
sodium 3-methyl-2-oxobutyrate and Cu(BF 4),-6HsO with air or CO./O5 as reported herein.
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3 Summary and Outlook

The reduction of the notorious greenhouse gas CO» into value-added chemicals with the help
of first-row transition metal complexes based on Fe and Cu has been investigated following
two fundamentally different approaches.

3.1 Photocatalytic CO, Reduction

First, the direct photocatalytic reduction of CO, into CO, accompanied by formic acid and
competing hydrogen formation was investigated.

In a first approach, a system based on het-
eroleptic [Cu(N"N){(P"P)]* photosensitizers
in combination with a cyclopentadienone- * CO
ligated Fe carbonyl complex[3'! for the pro- : '

duction of mainly CO (Figure 52) was trans- «..:I ;
ferred from a traditional solvent into ionic lig- St et |
uids.?# Four different classes of ionic lig- P FoF

uids were investigated and a pyrrolidinium- NMP ionic |iQUid

based IL with a dicyanamide was found to Figure 52: Schematic summary of the photocat-

facilitate CO formation in hlgh SE'ECINIW‘ alytic CO»s reduction to CO in ionic liquids with a

i L . Fe-based catalyst and heteroleptic Cu photosensi-
Interestingly, the product distribution varied jzgrg 12291

distinctly depending on the deployed solvent composition. Despite the call for further im-
provements of the catalytic performance, the general strategy of transferring a CO5 reduction
protocol consisting of base metal complexes from a traditional solvent into ionic liquids was
demonstrated. This straightforward switch to essentially non-volatile ionic liquids will hope-
fully contribute to future improvements of COs reduction in ILs and eventually enable solvent
recycling in photocatalytic CO5 reduction.
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gations of the system identified a sophisticated equilibrium between the ligands of the
[Cu(N"N){P"P)]* and the [FeFe] complex and two novel bidentate donor-ligated [FeFe] com-
plexes were prepared and characterized. Investigation of their catalytic properties still re-
vealed insufficient reproducibility. These results clearly showcase the importance of re-
producibility assessment in the development of novel catalytic protocols and highlight that
well-defined precatalysts cannot per se warrant reproducibility. Suggestions for researchers
specialized in the development of catalytic transformations on how to assess and address
reproducibility of novel catalytic processes were derived from these findings. These guid-
ing principles will ideally facilitate an increase in readily reproducible literature precedents
and thereby help to tackle an on-going challenge in the field of photocatalytic CO»s reduc-
tion, namely the catalyst benchmarking separated from experimental requirementsF®. Both,
benchmarking and enhanced reproducibility, will certainly support future improvements in the
field of photocatalytic CO2 reduction.

3.2 Investigations on CO5; Reductive Coupling

CO3 reductive coupling, albeit appearing trivial in terms of coupling two CO2*" fragments, re-
mains a challenging transformation. The major objective of this work was to identify common
patterns that guide the reactivity of interest and will facilitate further improvements toward
increased reductive coupling selectivity and activity. For this, an in-depth mechanistic under-
standing of the C-C bond formation was targeted based on existing systems known to form
oxalate upon treatment with air or COs. This approach was chosen due to the small number
of reports on CO»s reductive coupling compared to the overwhelming number of catalysts
reported for C4 product formation. Moreover, validation of the reactivity of interest and COs
as the origin of oxalate was considered as the mandatory first step.

Initial investigations on dinuclear Cu complexes in combination with a disulfide-based ligand
remained unsuccessful and ligand oxidation by Cu was observed hampering the reactivity
towards CO».

Fe complex 118 was
NMR

evaluated, as it was Y reducint " " . ‘T"“‘r‘
described to display @[N D 2)co, 118 +Na,CO; + @IU H@ ey
o {: H
a distinct solvent de- sofvent ~="“Me (CE,NMR, FTIR)
reductant = Ma, NaCioHs, K THF
pendence for the CO» 18 solvent = THF, toluene Y

FTIR

reduction step.!"®*¥ In

. scheme 77: Observed reactivity of [Fe(tmtaa)] in combination with alkali
contrast to the liter- o) based reductants toward CO, contrasting the described!"#8! NayCoO,
ature, no significant formation.

solvent effect was

observed and reductive disproportionation of COs into carbonate and the corresponding iron
carbonyl complex was observed as the only CO» reduction reaction with different reductants
and independent of the solvent (Scheme 77). A plausible explanation for this difference is
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based on the utilized analytical methods: While the initial report identified oxalate by titration
with KMnO4,['®¥ a combination of FTIR and NMR spectroscopy as well as capillary elec-
trophoresis was employed herein.

A Cu complex bearing a 1,4,7-triazacyclononane-derived ligand was reported to not only
form an oxalate-bridged dimer from air, but also yield the same complex upon reaction with
CO, or CsHCO4.['%1 Reproduction attempts failed and only a dinuclear -OH complex was
identified upon air contact of the reaction mixture. Analysis of the reaction outcome by FTIR
spectroscopy proved to be challenging due to the similarity of various CO» species. Hence,
the oxalate complex was independently prepared and removal of the oxalate enabled the
establishment of a convenient procedure to analyze the reaction outcome by coupling of the
incipient FTIR analysis with NMR spectroscopy and capillary electrophoresis (Figure 54).
However, the formation of oxalate in quantities and under the conditions stated in the liter-
ature remained elusive in view of the evaluated parameters, such as solvent, temperature,
illumination, additives, Cu precursor, and the CO» source (air, solid bicarbonates, COs under
constant atmosphere or bubbling). Different tridentate ligands, including 1,4,7-triazacyclo-
nonane-derivatives, were evaluated, but did not improve the (32042‘ yield.
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Figure 54: Schematic summary of attempted alterations to facilitate CO, reductive coupling with
tridentate ligand-derived Cu complexes utilizing a combination of analytical techniques bench-
marked with the independently synthesized oxalate complex and novel Cu complexes described
herein.

In addition, three novel [(HPNP)CuBr] complexes were prepared, characterized and evalu-
ated in this transformation. No oxalate formation was detected with these novel complexes,
but further investigations on their reactivity might be worthwhile. Finally, a dinuclear Cu com-
plex based on a novel N-allylated bis(1,4,7-tacn)naphthalene ligand was prepared. With the
help of this ligand, a CE signal potentially corresponding to oxalate in competitive yield was
observed. However, the limitation of the developed analysis protocol became apparent in
cases where signals overlapping with that of oxalate preclude determination of its yield solely
based on CE analysis. Therefore, further elucidation of the nature of this signal is manda-
tory. While the formation of oxalate in small quantities cannot entirely be precluded based on
the results obtained as part of this work, the initially reported yields!'®? appear questionable.
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Investigation on a Cu-based sys- HO ;

tem for the CO2 reductive cou- Cul Ogeﬂ Cult

pling with sodium ascorbate as ° ﬁéH o ﬂ"r \c NaOH

mild reductant!'™ revealed an- 0; GHG ""—H'sz"}‘;mzm
other hurdle when studying this ol ¥ Eu{

oxidative degradation

transformation. Contrasting the
initial report, the presence of air Scheme 78: Oxidative degradation identified as the true origin
was found to pose a prerequisite ©Of Oxalate for a proposed CO, reductive coupling protocol. ™!
for the formation of the oxalate dimer.®™! Further experiments with Os in the absence of CO»
validated the oxidative degradation of sodium ascorbate as the true origin of the observed
oxalate (Scheme 78).

Finally, a copper 3-methyl-2-oxobutyrate complex was described to form oxalate upon reac-
tion with air, Op or CO»/05.1'%3 As reported herein the described Cu complex and its 13Cs-
labeled analogue mainly facilitated oxidative decarboxylation yielding pyruvic acid derivatives
upon contact with air or CO2/05 (Scheme 79). On the other hand, a simple Cu®* salt was
found to efficiently facilitate conversion of the sodium a-ketocarboxylate into oxalate upon
prolonged air contact in the absence of additional ligands. No incorporation of CO5 from
the atmosphere was found by HR-MS analysis utilizing the 1305—Iabeled a-ketocarboxylate
or its derived copper complex suggesting an oxidative degradation pathway and precluding
a potential COs reductive coupling. Acetone was detected by NMR spectroscopic analysis
when reactions were conducted with CO5/O5, but the quantity of formed acetone did not
correspond to the oxalate yield, thereby indicating a more complex reaction pathway than the
well-known C2-C3 bond cleavage [296:401.402]
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Scheme 79: Decarboxylation reactivity observed for Tp/P"F_ligated Cu o-ketocarboxylates
(2C/'3C) and contrasting oxidative degradation to oxalate in the presence of simple Cu2*.

In conclusion, investigations on Fe and Cu complexes previously reported to enable COs
reductive coupling showcase not only the difficulty of the C-C bond formation in general,
but highlight important general considerations for investigations on this transformation. First,
the necessity to employ more than one (e.g. FTIR) analytical method for a correct assign-
ment of the obtained CO» reduction product was demonstrated. In addition to FTIR, NMR
spectroscopy after removal of bound oxalate proved to be a viable technique. Moreover, a
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separation based technique, such as capillary electrophoresis, allowed for additional exper-
imental evidence. Nevertheless, especially for low scale reactions, these techniques can
suffer from false positives and care should be taken during interpretation of the obtained
data. The latter aspect was clearly highlighted for two literature systems. Here, oxidative
degradation of potential reducing agents or substrates resulted in the formation of cxalate.
However, applying the principles derived from the investigations presented herein, that is
combination of multiple analytical techniques, careful contemplation of reaction parameters,
such as oxidative conditions in a reductive transformation, and open-minded consideration
of possible reaction pathways, will hopefully facilitate future developments in the field of CO5
reductive coupling.

While the investigations presented herein were unsuccessful in providing additional under-
standing of the C-C bond formation from CO» or establishing enhanced reactivity in this
transformation, a few promising starting points and strategies can be suggested (Figure 55).
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Figure 55: Possible starting points for future developments towards efficient CO, reductive
coupling: 1) Utilization of strong reductants in combination with multinuclear complexes;['%3
2) Metal-ligand cooperativity for the activation of CO5;I'®1 3) Reductive elimination from
bis(hydroxycarbonyl) (R=H) or bis(alkoxycarbonyl) (R=CR’s) complexes (or oxidative coupling

of Go}pm.u?-azu]‘

The combination of trinuclear Cu complexes with intriguing electronic properties and strong
reductants reported by Murray and co-workers facilitated the catalytic formation of KsC204
(Scheme 49).1'"! While the yield and selectivity towards oxalate over formate have not yet
been reached in preliminary investigations in our hands, the formation of oxalate was in-
deed suggested by CE (Appendix, section 4.10). Further modification of the electronic and
steric parameters of these trinuclear complexes might be of interest for future investiga-
tions. In addition, metal-ligand cooperativity was beautifully demonstrated by Liaw, Lu, and
co-workers to enable COs reductive coupling after activation as a carbamate by the pyra-
zole ligand (Scheme 44).1'"" This strategy might indeed provide a valuable starting point,
not only for CO5 reductive coupling itself, but also for its combination with CO, capture
from the atmosphere. Finally, the formation of oxalate(s) via reductive elimination start-
ing from bis(hydroxycarbonyl) or bis(alkoxycarbonyl) complexes appears to be another ap-
proach. While mononuclear dihydroxycarbonyl complexes are, to the best of our knowledge,
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not structurally reported, their alkoxy-analogues are well-known. In fact, complexes of this
type based on e.g. Fe, [a21—a27 20XV Co, [428,429] Mo, [430] Ru, [431-438] Rh, [281] Pd, [417—419,437,438]
Os, ¥ and P49 have been reported, but only those based on Rh#®1l, Pd,#'"419] gnd those
presumed for Ni,!**”! have been described to undergo reductive elimination to form dialkyl
oxalates. The major challenge, apart from the reductive elimination step, would arguably
constitute their formation starting from CO,. Eventually, combination of a CO5 to CO re-
duction step, subsequent formation of the dialkoxy-carbonyl complex and terminal reductive
elimination might circumvent this obstacle.

In conclusion, further investigations on the simplest, yet challenging, C-C bond formation
from COs are highly desirable and will not only provide an expanded understanding of the
chemistry of carbon dioxide, but eventually contribute to the development of processes en-
abling its utilization.

XXVt s noteworthy that Fe{allmxyrcamon}rl}{alkyluxz%;jl} complexes ([Fe(CO,R)(COCO,R)(C0O),]) were found to
yield alky| oxalates via reductive elimination. [+
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Materials and Methods Experimental section

4 Experimental Section
4.1 Materials and Methods

All reactions were conducted under an argon atmosphere, unless stated otherwise (standard
Schlenk techniques). Air-sensitive compounds were weighed inside a glove box under an
argon atmosphere. Filtrations under inert gas atmosphere were performed using PTFE can-
nulas fitted with Whatman glass microfiber filters.

Unless otherwise stated, all chemicals were commercially available, purchased from ABCR,
Acros Organics, Alfa Aesar, ChemPur, Fisher Scientific, Sigma-Aldrich, and TCI and used
without further purification. 13Cgs-a-ketoisovaleric acid (sodium salt, 98% 3Cs) was ob-
tained from Eurisotop. Carbon dioxide (4.8 grade) and oxygen (grade 5.0) were obtained
from Linde. Molecular sieves were activated by heating under vacuum (1-10~2 mbar) at
150 “C overnight and heating under vacuum (1 4073 mbar) to 650 °C prior to utilization. An-
hydrous toluene, THF, MeCN, CH»Cls, and hexane were obtained from an Inert Technologies
solvent purification system (passing through a column of activated alumina), transferred onto
activated molecular sieves (3 A or 4 A), degassed by bubbling argon through the solvent for
a minimum of 30 min and stored under Ar. Anhydrous Et0O, DMF, EtOH, and MeOH were
obtained from an Inert Technologies solvent purification system (passing through a column of
activated alumina), degassed by bubbling argon through the solvent for a minimum of 30 min
and stored under Ar. Anhydrous DMSO, CHCI3, and N-methylpyrrolidinone (NMP) were ob-
tained from Acros Organics (Extra Dry over molecular sieves) or Sigma-Aldrich, transferred
onto activated molecular sieves (3 A or 4 A), degassed by bubbling argon through the sol-
vent for a minimum of 30 min and stored under Ar. Anhydrous benzene (Na/benzophenone),
and triethylamine (CaHs) were dried using common procedures,**"! distilled, degassed via a
minimum of three freeze-pump-thaw cycles and stored over activated molecular sieves (3 A).
1,2-Dichlorobenzene was dried over activated molecular sieves (3 A) and degassed by argon
bubbling. TEOA, H,SO,, and high-purity water were degassed by argon bubbling and stored
under argon. Deuterated solvents were dried over CaHo (CDCls, CDsCls, CD3CN, acetone-
dg), Na/benzophenone ketyl (CgDg, THF-dg) or activated 3 A molecular sieves (DMSO-dj,
pyridine-ds), degassed by a minimum of three freeze-pump-thaw cycles and stored over ac-
tivated molecular sieves (3 A). D50 was degassed by a stream of argon.

Column chromatography was conducted using either distilled or HPLC grade solvents and
either AlzO5 (Brockmann activity I, neutral) or silica (Macherey-Nagel, Silica 60 M, 0.04-
0.063 mm). TLC was performed using Merck TLC Silica gel 60 Fo54, Macherey-Nagel Alu-
gram Xtra SIL G/UVs54, TLC Aluminum oxide 60 Fag4 (Merck) plates or aluminum oxide on
TLC-PET foils by Fluka Analytical. Detection of the fractions was achieved using fluores-
cence quenching (254 nm) or staining with iodine, phosphomolybdic acid (PMA), KMnOy,,
vanillin'Hz504, or p-anisaldehyde.

Photoreactions were conducted using Lumatec Superlite 400 Hg-lamps and the radiant flux
was adjusted using a Laserpoint Plus power meter equipped with a Laserpoint continuous
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wave thermopile detector (0.19 — 25 um, 10 mW — 40 W, 25 mm aperture) prior to illumina-
tion.

Compounds [Cu(bcp)(xantphos)|PFg (42)'*%1 and Kndlker complex (43)'**! were prepared
according to literature procedures within the Catalysis for Energy group. [Fes(u-bpdt)(CO)g]
(bpdt = 1,1"-biphenyl-2,2'-dithiolate), *’% [Fe,(u-Cl-bdt)(CO)g] (Cl-bdt = 1,4-dichlorobenzene-
2,3-dithiolate),® and two batches of [Fes(u-bdt)(CO)g] (bdt = benzene-1,2-dithiolate) 52
were prepared according to literature-known procedures by Dr. Andrea Mele (UBO Brest).
POP-xantphos and [Cu(bcp)(POP-xantphos)]PFg (144) were prepared by Dr. Paola A. Forero-
Cortés (LIKAT Rostock, University of St. Andrews, University of Basel) wvia reported proce-
dures.®® |onic liquids were obtained from lolitec and dried according to reported procedures
by Dr. Paola A. Forero-Cortés except for [tbmp]NTf; and [bmpyrr]NTf; which were dried in
vacuo at 60 °C for a minimum of 2 h (1x10~3 mbar). 228

4.2 Analysis

NMR spectra were recorded on 300 MHz (Avance 300, Fourier 300) or 400 MHz (Avance
400) Bruker spectrometers by the analytical department (LIKAT Rostock) and are reported
relative to TMS ('H, 13C) or external standards of BF3-Et,O (11B), CFCl; ("°F) and 85%
HaPO4 {31 P). Referencing of the TH and ¥c NMR spectra was performed using the sol-
vent residual signal. #'%44% Abbreviations for signal multiplicities are s (singlet), d (doublet), t
(triplet), q (quartet), quint (quintet), sext (sextet), hept (heptet) and br (broad). The amount
of formate formed in the photocatalytic CO» reduction reactions was determined by TH NMR
spectroscopy using benzene as internal standard. FTIR spectra were recorded on a Bruker
Alpha P FTIR spectrometer (ATR, diamond). UV/VIs spectra were collected on an Analytik
Jena Specord S600 diode array spectrometer.

Elemental analysls was conducted by the analytical department (LIKAT Rostock).

Mass specira were measured on Agilent 1260/6130 Quadrupol (ESI, LC-MS), Waters Xevo
G2-X5-Tof (ESI, HR-MS) and Thermo Fisher Scientific Finnigan Electron MAT 95-XP (El,
HR-MS) instruments by the analytical department (LIKAT Rostock). HR-MS measurements
for the identification of isotopic compositions of oxalate as part of the investigations on
the reactivity of a-ketocarboxylates with Cu and o-ketocarboxyl-ligated Cu complexes were
conducted by Dr. Holm Frauendorf (Georg-August-Universitat Géttingen) on an Agilent mi-
crOTOF spectrometer.

Caplllary electrophoresls was conducted on an Agilent 7100 CE system equipped with an
Agilent bare fused silica (72 cm effective length, 75 um ID) CE capillary using the Agilent or-
ganic acid buffer (pH 5.6).1*#% Detection of the anions was achieved using UV/Vis detection
(A=350/80 nm, Aref.)=200/10 nm). Preconditioning: run buffer (4 min to 10 min); Injection:
pressure injection (p=50 mbar, =2 s); Run parameters: T=25 °C, V=25 kV, /=100 uA,
P=6.0 W, =12 min (modification of a method developed by Agilent**¥). Calibration is de-
scribed in section 4.15.1.
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Gas chromatography was performed on either an Agilent Technologies 7890A (HP Plot Q
! FID — hydrocarbons, Carboxen / TCD — Ar carrier gas), an Agilent Technologies 6890N
(HP Plot Q / FID — hydrocarbons, Carboxen / TCD — He carrier gas), or an Agilent Technolo-
gies 6890N (Carboxen 1000 /TCD / Methanizer / FID — He carrier gas). Calibrations were
compiled using defined gas mixtures obtained from Linde and Air liquide. Following gas con-
centrations were utilized for the calibration for analysis of photocatalytic reactions:

GC 1): Hy: 1000 ppm, 0.25%, 0.51%, 1.00%, 4.74%; CO: 78 ppm, 250 ppm, 993 ppm,
1.00%, 5.82%; CH4: 1000 ppm, 1.00%, 4.98%, 10.10%; CO5: 1000 ppm, 1.00%, 4.99%,
10.10%, 24.68%, 45.59%, 100%. GC 2): Hs: 1000 ppm, 0.25%, 0.51%, 1.01%, 4.74%;
CO: 78 ppm, 238 ppm, 993 ppm, 0.99%, 5.82%; CH4: 243 ppm, 1000 ppm, 1.02%, 4.98%;
CO5: 1000 ppm, 1.00%, 4.99%, 10.10%, 24.68%, 45.49%, 99.98%. GC 3): Hy: 1000 ppm,
0.25%, 0.50%, 1.00%, 4.74%; CO: 1 ppm, 10 ppm, 79 ppm, 238 ppm, 997 ppm, 1.00%,
5.82%; CH4: 10 ppm, 81 ppm, 243 ppm, 1000 ppm, 1.00%, 4.98%; COs: 1 ppm, 8 ppm,
250 ppm, 1000 ppm, 1.00%, 4.99%, 10.10%, 24.68%, 50.00%, 100.00%.

The following calibration was utilized for analysis of the headspace of stoichiometric reac-
tions with the aim of CO5 reductive coupling:

Ho: 105 ppm, 262 ppm, 527 ppm, 997 ppm, 0.25%, 0.51%, 1.01%, 5.00%, 10.0%, 25.3%,
50.4%, 100%; CO: 78 ppm, 238 ppm, 993 ppm, 0.99%, 5.82%, 10.1%; CH4: 81 ppm,
993 ppm, 1.02%, 5.05%, 9.89%; CO5: 1.00%, 5.02%, 10.1%, 25.0%, 49.6%, 95.0%, 100%.
5 mL of the headspace were taken as sample using a gas-tight syringe (Hamilton) and were
injected in the sample loop (V = 1 mL). The gas from the sample loop (1 mL) was then in-
jected into the GC under isobaric conditions.

X-ray crystallographic analyses were performed by Dr. Anke Spannenberg (LIKAT Ros-
tock). Diffraction data were collected on a Bruker Kappa APEX Il DUO or a STOE IPDS
Il diffractometer. The structures were solved by direct methods and refined by full-matrix
least-squares procedures on F2 using the SHELXTL software package.®**! For com-
pounds 152 and 169 PLATON/SQUEEZE!“* was applied to remove co-crystallized solvent
molecules from the diffraction data. For 168 the disordered molecular structure was resolved
with the help of DSR (Disordered Structure Refinement) implemented in ShelXle.*471 Crystal-
lographic data for 151 (CCDC 1855538) and 152 (CCDC 1855539) can be obtained free of
charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe via www.ccde.cam.ac.uk/structures.

Cyclic voltammetry was conducted by Dr. Andrea Mele (UBO Brest) using a PG-STAT
128 N Autolab or a p-Autolab (type 1ll) electrochemical analyzer operated with the GPES
software and a three-electrode cell under Ar. [NBu4][PFg] was prepared and purified as de-
scribed previously.*#® A 0.3 cm diameter vitreous carbon disk as working electrode (polished
with alumina before the measurement), a platinum wire as counter electrode and an Ag/Ag*
reference electrode were utilized. Internal referencing by addition of Ferrocene at the end of
the measurements was conducted (potentials are stated against Fc*/Fc).
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4.3 Photocatalytic CO, Reduction Conducted in lonic Liquids

Note: Procedures and results presented within this section have been previously reported
elsewhere and are only implemented for the sake of complete documentation.?®! Detailed
synthetic procedures for the novel complex utilized herein and full characterization can be
obtained free of charge in the supplementary material (DOI: 10.1039/d0gc01627f). Like-
wise, NMR spectra for analysis of the liquid phase and GC chromatograms of the reaction
headspaces can be obtained free of charge in the original supporting information.

4.3.1 General Procedure for the Photocatalytlc CO; Reductlon Conducted In lonic
Liquids

A similar procedure for photocatalytic CO» reduction was previously developed in our group. ['#']

To a three-necked, double-walled photoreactor equipped with a stirring bar, a Teflon-coated
rubber septum and connected to a gas-inlet tube and a thermostat (Figure S 1) under CO3
atmosphere (prepared by three vacuum-Ar and three vacuum-CQOs cycles) was added BIH
(150 mg), degassed TEOA (1.5 mL), a solution/suspension of the respective Cu complex in
IL (5 mL) and a solution/suspension of Fe Knélker complex 43 in IL (1 mL). CO5; was bubbled
through the reaction mixture for 30 min. The reactor was sealed by replacing the gas-inlet
tube and closing the connection valve to the septum. lllumination (400-700 nm, 1.50 W)
through a plain borosilicate glass wall initiated the reaction that was stopped after the time
indicated. After the reaction, a gas sample (5 mL) was taken through the septum and gas
chromatographically analyzed (moles of CO/H5 calculated using the van der Waals molar
volumes as described in the general procedure for photocatalytic CO5 reduction with [FeFe]
mimics). Analysis of the liquid phase by NMR spectroscopy was conducted using benzene
as internal standard. TONs were calculated using equation (1). Resulis given for the pho-
tocatalytic reactions in ionic liquid reported in the following section are generally results of
single experiments.

n(X)

TON(X) = n(Fe complex) -

N(Xcoordinated) (1)
with n(X)=maoles of product X; n(Fe complex)=moles of Fe complex; N(Xcoordinateg)=number
of CO coordinated to Fe {only for X = CQO).

In situ formation of the photosensitizer [Cu(bcp)(xantphos)]PFg in IL was atiempted using
solutions/suspensions of [Cu(MeCN)4]PFg in IL (0.62 mL), xantphos in IL (2.5 mL) and
bathocuproine in IL (2.0 mL) instead of the preformed complex.

Mote that all complexes or ligands were sonicated in the respective IL for 20 min before
addition.
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Experimental section

4.3.2 Results of the Photocatalytic CO>; Reductlon Conducted In lonic Liqulds

Table S 1: Photocatalytic CO, reduction in ionic liquid media - single experiment results.

Entry PS
1 144
2 144
3 144
4 144
5 42
g2 42
78 42
8 144
9 144
10 42
1 42
128 42
138 42
148 42
150 42
18°% 42
17 42

Solvent

NMP/TECA (511, v 1 v)

NMP/TECA (511, v 1 v)

[bmIim][OTI/TEOA (4:1, v 1 v)
[bmIim][OTI/TEOA (4:1, v 1 v)
[bmIim][OTI/TEOA (4:1, v 1 v)
[(omp]NTT2YTEOA (4:1, v @ v)
[(omp]NTT2YTEOA (4:1, v @ v)

[ompyrr][N{CN)z TEOA (4:1, v :
[ompyrr][N{CN)o TEOA (4:1, v :
[ompyrr][N{CN)z TEOQA (4:1, v :
[ompyrr][N{CN)o TEOA (4:1, v :
[ompyrr][NTf2) TEOQA (4:1, v 1 v)
[ompyrr][NTfaJ TEOQA (4:1, v 1 v)
[ompyrr][NTf2) TEOQA (4:1, v 1 v)
TV
TV
TV

[ompyrr][N(CN), TEOA (4:1, v
[bmpyrr][N(CN)2J TEOA (4:1, v
[bmpyrr]IN(CN)2J TEOA (4:1, v

TON
(co)
485
h24
157
185
&0
a7
63
26
a1
65
89
59
b4
69

1

rri
81

TON
(Hy)
30
15
165
177
124
293
256
<3
<3
<3
<3
325
308
383
<3
<3
<3

TON
(HCO,H)
10
10

&

&

11
10

B

=3
n.d.
=3
=3

Reaction conditions: BIH (150 mg), Cu PS (5.0 pmaol), and [Fe] (43) (1 pmol) in the solvent mixture indicated
(7.5 mL) under COg (1 atm) at 25 “C under 400-700 nm irradiation (1.50 W), 5 h. dBiphasic reaction system
due to non-miscibility of TEQOA and the IL. ®Instead of preformed 42, an in situ system consisting of xantphos
{15 pmol), bathocuproine (5.1 pmol), and [Cu{MeCN)4]PFg (5.0 pmol) was utilized. fCu PS 42 (5.0 pmaol) in
[ebmpyrr][M(CM)z] (1.0 mL) was added after 5.5 h and illumination continued for another 17.5 h.

Table S 2: Photocatalytic CO5 reduction in ionic liquid media - control experiments.

Entry [Fe] [Cul TON

[umol] [umol] (CO)

1 - <1
- 5 <1
- - <1
- - <1
1 5 <1
1 5 <1

TON TON
(Hz) (HCOzH)
<3 <3

=3 =3

=3 =3

=3 =3

=3 =3

<3 <3

Reaction conditions: BIH (150 mg), Cu PS (144) (5.0 pmaol), and [Fe] (43) (1 wmol) in [ompyrr][M{CN)z] (6.0 mL)
and TEOA (1.5 mL) under CO, (1 atm) at 25 °C with 400-700 nm (1.50 W) for 5 h. [bmim][OTf] (6.0 mL) utilized
instead of [bmpym][N{CN)z]. PReaction without CO» (under Ar). “Reaction in the absence of light.
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4.4 Photocatalytic CO, Reduction with [FeFe] Hydrogenase Mimics

Note: Procedures and results presented within this section have been previously reported
elsewhere and are only implemented for the sake of complete documentation.®*4 NMR spec-
tra for analysis of the liquid phase and GC chromatograms of the reaction headspace for
the catalysis reactions can be obtained free of charge in the supplementary material (DOI:
10.1002/cctc.201901686).

4.41 Synthesls of 1,3-dimethyl-2-phenylbenzo[d]imidazole (BIH)

H 1) KOBu Me - Me
N Mel, THF @:N NaBH, N._H
>—Ph — T >—Ph @:
C[,?_ 2) Mel, DCM Nz_ MeOH N Ph
72% (2 steps) Me 75% Me

BIH was either prepared following a literature procedure!'*#*¥ or utilizing a combination of
three literature procedures for the individual steps!'®'44%451 a3 reported previously.?44

Methyl iodide (3.8 mL, 61 mmol, 1.18 equiv.) was added to 2-phenylbenzo[d]imidazole
(10.0 g, 51.7 mmol, 1.00 equiv.) and KO'Bu (6.1 g, 54.3 mmol, 1.05 equiv.) in THF in
air. The flask was sealed and the reaction mixture stirred at r.t. for 25 h. The yellow sus-
pension was concentrated under reduced pressure. DCM (240 mL) was then added and the
mixture filtered to provide a yellow solution. The solid residue was extracted with additional
DCM (20 mL) and all volatiles were evaporated under reduced pressure. The crude product
(vellow oil) was directly converted in the next step without further purification.

Methyl iodide (9.0 mL, 15 mmol, 2.80 equiv.) was added to the yellow oil dissolved in DCM
(60 mL). The flask was closed and the reaction mixture stirred at 29 °C for 24 h. The or-
ange/red suspension was filtered using a cannula equipped with a glass microfiber filter
and the solid residue was washed with Et;0 (250 mL, then 25 mL). Subsequent drying
under reduced pressure yielded 1,3-dimethyl-2-phenylbenzo[d]imidazolium iodide (13.1 g,
37.4 mmol, 72% over two steps) as a beige to yellow solid.

TH NMR (300 MHz, DMSO-dg) & = 8.14 (m, 2H), 7.93-7.87 (m, 2H), 7.86-7.72 (m, 5H), 3.90
(s, 6H) ppm.

The analytical data agrees with the data reported in the literature.*31

MNaBH4 (5.21 g, 138 mmol, 3.68 equiv.) was added to a suspension of 1,3-dimethyl-2-
phenylbenzo[d]imidazolium iodide (13.1 g, 37.4 mmol, 1.00 equiv.) in dry MeOH (150 mL)
over 5 min at 0 °C. The suspension was allowed to warm to ambient temperature and stir-
ring continued for 2 h. Volatiles were removed under reduced pressure and BIH (6.3 g,
28.2 mmol, 75%) was obtained after twofold recrystallization from EtOH/H,0 (2:1, v:v).

TH NMR (300 MHz, DMSO-dg) & = 7.61-7.50 (m, 2H), 7.48-7.38 (m, 3H), 6.62 (m, 2H), 6.45
(m, 2H), 4.87 (s, 1H), 2.48 (s, 6H) ppm.

The analytical data is in accordance with the literature data.**
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4.4.2 Synthesls of [Feo(u-bdt)(CO)g] (145)

145 was prepared following a literature procedure. #5

oc ’s S co Benzene-1,2-dithiol (0.18 mL, 1.57 mmol, 1.00 equiv.) was added to
oc-}FdiléB{._ co a suspension of Feg(CO)¢s (878 mg, 1.57 mmol, 1.00 equiv.) in dry
{x}f \Gg toluene (12 mL) and the reaction mixture heated to 125-130 °C for
1.5 h. Volatiles were removed in vacuo. Twofold column chromatog-
raphy (Si0O2, pentane) yielded 145 (635 mg, 1.51 mmol, 96%) as red microcrystalline solid.
TH NMR (300 MHz, CgDg) 4 = 6.70-6.60 (m, 2H), 6.06-5.97 (m, 2H) ppm.
FTIR (ATR, diamond): &# = 3067, 2955, 2922, 2853, 2070, 2028, 2000, 1969, 1441, 1434,
1292, 1252, 1152, 1110, 1015, 978, 940, 869, 746, 616, 575, 550, 492, 439, 426 cm™ .
Anal. Calcd. C 34.32, H0.96, S 15.27. Observed C 33.97, H 0.6204, S 15.28.
Analytical data corresponded to that reported in the literature. 57

4.4.3 Synthesls of [Fe,(u-bdt)(x2-xantphos)(C0),] (151)

Synthesis of 151 has previously been reported. 2+

A light-red solution of [Fes(u-bdt)(CO)g] (16.1 mg, 38.2 umol,
1.00 equiv.) and xantphos (22.0 mg, 38.0 umol, 0.99 equiv.)
dissolved in dry toluene (3.0 mL) was stirred and irradiated at

415 nm (1.00 W) at room temperature for 3 h resulting in a dark
brown solution. Volatiles were removed in vacuo to provide a brown solid. Purification via
column chromatography (AlzOs, neutral, Brockmann activity |, pentane/DCM, 7:1—5:1) and
subsequent crystallization by slow diffusion of dry hexane (4.0 mL) into a DCM solution
(1.6 mL) at 7 °C yielded 151 (23.1 mg, 24.5 umol, 64%) as a brown solid. Crystals suitable
for single crystal X-ray diffraction were grown wvia slow diffusion of dry hexane into a DCM
solution of 151 at 7 “C.

TH NMR (300 MHz, CD5Cly): § = 8.07-7.89 (m, 4H), 7.56 (d, J = 7.6 Hz, 2H), 7.38-7.27 (m,
6H), 7.07-6.98 (m, 4H), 6.93 (s, br, 2H), 6.87-6.78 (m, 2H), 6.78-6.69 (m, 4H), 6.56 (s, br,
2H), 6.04 (m, 4H), 2.01 (s, 3H), 1.70 (s, 3H) ppm.

31P{TH} NMR (122 MHz, CD,Cl,): 4 = 58.9 (br) ppm.

13C{TH} NMR (75 MHz, CD,Cl,): § = 220.2, 155.9 (d, Jo_p = 6.9 Hz), 151.5, 137.8
(d, Jo_p = 40.2 Hz), 136.4 (d, Jo_p = 11.2 Hz), 136.4 (d, Jo_p = 39.4 Hz), 134.9 (d,
Jop = 3.2 Hz), 131.7 (br), 130.4, 130.0 (d, Jo—p = 2.1 Hz), 128.4 (d, Jo—p = 9.4 Hz), 128.3
(d, Jo—p = 2.0 Hz), 127.7 (d, Jo—p = 9.2 Hz), 1271, 126.3, 124.7, 123.7 (d, Jo—p = 6.0 Hz),
37.0, 31.6, 23.0 ppm.

FTIR (ATR, diamond): # =3356, 3054, 2960, 2922, 2851, 2021, 1971, 1947, 1883, 1656,
1631, 1586, 1572, 1480, 1466, 1432, 1402, 1362, 1260, 1229, 1186, 1152, 1085, 1024,
907, 878, 799, 736, 688, 615, 582, 557, 542, 505, 477 cm™".

Anal. Calcd. C 62.44, H 3.85, S 6.80. Observed C 62.72, H 3.584, S 7.083.
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Ep(CH,Cly-[NBuy][PFg] (0.2 M) under Arat v=0.2V s 1) =-2.07 V vs. Fc/Fct.

Note: 13C NMR spectroscopic detection of the second CO signal and the signal correspond-
ing to the 4/5-C of the xantphos scaffold was not achieved, presumably as a result of low
intensity of these signals and C-P coupling.

4.4.4 Synthesls of [Feo(u-bdt)(x2-bcp)(CO)4] (152)

Synthesis of 152 has previously been reported. 244

[Fes(u-bdt)(CO)g] (18.1 mg, 43.1 pmol, 1.00 equiv.) and
bathocuproine (15.6 mg, 43.3 umol, 1.00 equiv.) under Ar in dry
toluene (3.0 mL) were sonicated for 10 min. The resulting bright
red solution was stirred and illuminated at 415 nm (1.00 W) at r.t.
for 3 h giving rise to a black solution. Volatiles were removed in
vacuo. [Fezip—bdt}{nz—bcp][ﬂi}}_q] (23.9 mg, 33.0 umol, 76%) as
dark brown/black crystalline solid was obtained via diffusion of dry hexane (6.0 mL) into a
DCM solution (2.0 mL) of the solid residue at approx. 7 “C and subsequently at —30 °C.
Suitable crystals for X-ray crystallographic analysis were obtained by liquid diffusion of dry
hexane into a DCM solution of 152 at 7 °C.

TH NMR (300 MHz, CgDg): 4 = 7.35 (s, 2H), 7.19 (m, 10H), 7.12 (m, br, 2H), 6.70 (s, 2H),
6.26 (m, br, 2H), 3.00 (s, 6H) ppm.

13¢{TH} NMR (75 MHz, CgDg): 6 = 166.2, 153.3, 145.7, 137.2, 129.8, 128.9, 128.8, 126.8,
125.7, 125.5, 123.7, 123.3, 28.0 ppm.

FTIR (ATR, diamond): &# = 3054, 2955, 2920, 2851, 2008, 1948, 1929, 1886, 1619, 1601,
1560, 1484, 1437, 1400, 1353, 1284, 1262, 1229, 1179, 1157, 1101, 1076, 1028, 907, 885,
829, 749, 700, 626, 583, 560, 536, 509 cm™.

Ep(CH2Clo-[NBugy][PFg] (0.2 M) under Arat v=0.2V s~1) = —1.87 V vs. Fc/Fc*.

Note: Arguably due to overlapping with the solvent (CgDg) signal, one of the aromatic carbon
signals was not observed in the 13C NMR spectrum.

4.45 General Procedure for the Photocatalytlc CO, Reduction with [FeFe] Hydroge-
nase Mimics

The procedure for photocatalytic CO» reduction was adapted from a procedure previously
developed in our group.*"!

Photocatalytic COs reduction was conducted in double-walled photoreactors (total volume
70-80 mL) equipped with a Teflon-coated magnetic stirring bar and connected to a gas-inlet
tube and a teflon-coated rubber septum (Figure S 1). A thermostat connected to the reactor
was utilized for maintaining constant temperature throughout the reaction time. The COs
atmosphere was prepared by three vacuum-argon cycles and three subsequent vacuum-
COs cycles. A solution of xantphos in NMP/TEOA (5 mL, 5:1, v:v), [Cu(MeCN)4]PFg in NMP
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(0.5 mL), bathocuproine in NMP/TEQA (2 mL, 5:1, v:v), BIH (120 mg) and NMP/TEQA (2 mL,
5:1, v:v) were added consecutively and the reaction mixture saturated with CO» wvia bubbling
for 30 min. The gas-inlet tube was removed and the reactor sealed. A solution of the Fe
complex in NMP/TEQA (0.5 mL, 5:1, v:v) was then added wia the septum, the valve closed
and the reaction started by illumination (wavelength and irradiation intensity as indicated)
through a plain glass-wall. After the reaction, a gas sample (5 mL) was taken via the sep-
tum and analyzed by GC. Analysis of the liquid phase was performed by NMR spectroscopy
in CD2Clyz or DMSO-di with benzene as internal standard. Van der Waals molar volumes
for CO (24.44323 L/mol) and H> (24.48068 L/mol) at 101325 Pa and 25 “C were used to
calculate the moles of product formed (using the total headspace in combination with the
percentage of the respective gas determined by GC analysis).['3l CH4 (1% in CO,) was uti-
lized as internal standard when indicated to ensure pressure variations within the reactor due
to Ho formation were not affecting this calculation method. CO, Hz and HCOsH TONs were
calculated with respect to the catalyst amount and TON({CO) was corrected by the number of
CO ligands of the utilized Fe complex (equation 1). All TON values stated in the tables are
obtained from single experiments. In some reactions, CH, was detected as by-product with
TONSs below the accuracy achieved using the GC calibration (TON(CH,)< 31).

In case of reactions with preformed photosensitizer [Cu(bcp)(xantphos)]PFg the general pro-
cedure for photocatalytic reactions was identical except for direct addition of the respective
photosensitizer in NMP/TEOA (9.5 mL, 5:1, v:v) unless stated otherwise. Note that dissolv-
ing the ligands and metal complexes was facilitated by sonication of the mixture whenever
necessary.
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Teflon-coated
rubber septum

valve

gas-inlet tube

cooling water circuit

Figure S 1: Utilized reaction setup for photocatalytic CO, reduction.

4.46 Results of the Photocatalytic CO» Reductlon with [FeFe] Hydrogenase Mimics

Table S 3: Direct comparison between preformed and in situ Cu PS 42.

Entry

1

2
3&, v}
420
5&
B&
?'&
B&
9&

Photosensitizer

preformed

preformed
in situ
in situ
in situ
in situ
in situ
in situ
in situ

TON (CO)

K]
a6
234
246
255
234
309
287
213

TON (Hz2)

476
623
25
239
213
192
218
256
208

TON
(HCO,H)

238
233
122
a6
203
161
210
159
61

CO:H:

0.16

0.14

0.93
1.0
1.2
1.3
1.4
11
1.0

Reaction conditions: [Feg(p-bdt){CO)g] (0.1 umel), photosensitizer (1 pmol), and BIH (120 mg) in NMP/TEOA
(5:1, v:v, 10 mL) under COy (1 atm) using 415 nm, 1.00 W, 25 °C, 3 h. ¥Prepared in situ starting from xaniphos
{3 umol), bathocuproine (1 pumol), and [Cu(MeCN)4]PFs (1 umal). “CH4 (1%) in COz was utilized as internal
standard to ensure no influence of pressure variations on the calculation method.
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Table S 4: Influence of the composition of the in sifu Cu PS.

Entry [Cu:N"N:P"P TON(CO) TON(Hz) TON (HCOzH)

L= R R« N T - o T B

JEr—
- o

Jr—
Ly P

YRYRRINIBISIBzR

na
=51

1:3
1:3
1:3
1:3
1:3
1:3
1:3

103
103
103
103
103
110
110
110
110
110

1:6
1:6
3.3
3.3
36
36
2:5
2:5
2:5
2:5
2:5

234
246
255
234
309
287
213
167
33

3

18

16

259
217
195
351
328
328
363
329
32
222
287
409
334
295
270
350

251
239
213
192
218
256
208
282
<33
<33
42
40
491
165
165
307
293
359
385
298
342
153
184
227
242
218
184
264

122
86
203
161
210
1589
61
454
44
b4
34
a1
667
67
79
375
410
132
171
180
2499
78
118
218
263
150
113
248

Reaction conditions: [Fep (u-bdt)(CO)g] (0.1 pmol), in situ Cu PS starting from xantphos (x pmol), bathocuproine
{x umol), and [Cu(MeCN),4]PFg (x pmol), BIH (120 mg) in NMP/TEOA (5:1, viv, 10 mL) under COg (1 atm) using
415 nm, 1.00 W, 25 °C, 3 h. x comesponds directly to the number indicated in the [Cul:N"N:P"P ratio.

Table S 5: Optimization of the illumination conditions.

Entry

e =~ Mo o B R =

A [nm]
415

415

415

415
400-500
400-500
400-500
415

415

Radiant flux [W] TON (CO)

0.50
0.50
0.50
0.50
0.50
0.50
0.50
1.00
1.00

219
115
a7

238
254
159
238
409
334

TON (Hz)

223
117
85

206
226
125
189
227
242

TON (HCOzH)

410
53
60
141
304

218
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10 415 1.00 295 216 150
11 415 1.00 270 184 113
12 415 1.00 350 264 248
13 400-500 1.00 374 195 126
14 400-500 1.00 2 154 73
15 415 1.50 351 258 367
16 415 1.50 337 181 74
17 415 1.50 187 136 59
18 415 1.50 427 233 144
19 415 1.50 424 282 225
20 400-500 1.50 439 267 308
21 400-500 1.50 411 185 a6
22 400-500 1.50 460 255 229

Reaction conditions: [Feg(u-bdt)(CO)g] (0.1 pmal), in sitt Cu PS starting from xantphos (5 pmaol), bathocuproine
(2 umol), and [Cu{MeCN)4]PFg (1 pmol), BIH (120 mg) in NMP/TEQA (5:1, v:v, 10 mL) under COz (1 atm) at
25 °C using visible light (A and radiant flux as indicated), 3h.

Table S 6: Single experimental results for the photocatalytic CO» reduction with [Fes(u-
bdt)(CO)g].

Entry TON(CO) TON(Hz) TON(HCOzH) CO:H; Date of the reaction

1 439 267 308 1.6 06.06.2018
2 411 185 86 2.2 11.06.2018
3 4860 255 229 1.8 12.06.2018
4 51 81 197 0.63 20.12.2018
5 45 59 62 0.76 20.12.2018
6 226 129 233 1.8 08.01.2019
i 282 155 267 1.8 09.01.2019
8 439 226 411 19 09.01.2019
9 233 124 252 19 10.01.2019
10 53 46 248 1.2 10.01.2019
11 118 a3 237 1.2 11.01.2019
12 104 a9 470 1.3 11.01.2019
13 73 96 197 0.91 15.01.2019
14 a3 91 222 0.76 15.01.2019
15 43 61 199 0.70 16.01.2019
16 59 66 224 0.89 16.01.2019
17 54 63 268 0.86 17.01.2019
18 10 =33 178 0.71 18.01.2019
19 11 =33 167 0.79 18.01.2019
20 66 72 230 0.92 19.01.2019
21 55 69 n.d. 0.79 19.01.2019
22 20 =33 192 0.83 20.01.2019
23 21 =33 187 072 20.01.2019
248 32 49 236 0.65 21.01.2019
253 39 54 182 072 21.01.2019
26 23 =33 n.d. 077 23.01.2019
27 24 =33 n.d. 0.73 23.01.2019
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28 36 51 n.d. 0.71 24.01.2019
29 36 53 n.d. 0.68 24.01.2019
30 157 106 250 1.5 25.01.2019
3 176 105 231 1.7 25.01.2019
32 :3 | a6 n.d. 0.94 26.01.2019
33 a3 a1 n.d. 1.0 26.01.2019
34 26 =33 n.d. 0.87 01.02.2019
35 22 =33 n.d. 0.96 01.02.2019
36 44 49 n.d. 0.90 06.02.2019
a7 59 59 n.d. 1.0 06.02.2019
38 40 55 104 0.73 07.02.2019
39 4 57 105 0.72 07.02.2019
40 365 191 178 1.9 14.03.2019
41 388 195 167 2.0 14.03.2019
42 44 47 117 0.94 15.03.2019
43 45 47 138 0.98 15.03.2019
44 113 73 n.d. 1.5 18.03.2019
45 152 84 n.d. 1.8 18.03.2019
45 29 =33 n.d. 0.88 22.03.2019
47 4 47 n.d. 0.87 22.03.2019
48 311 206 415 1.5 03.04.2019
49 408 174 155 2.3 03.04.2019
50 401 200 267 2.0 04.04.2019
51 448 202 273 2.2 04.04.2019
52 135 as n.d. 1.5 16.04.2019
53 164 a6 n.d. 1.9 16.04.2019
54 28 =33 n.d. 1.1 17.04.2019
55 30 =33 n.d. 1.2 17.04.2019
56 a7 =33 n.d. 9.0 23.04.2019
&7 31 =33 n.d. 7.8 23.04.2019
58 156 g0 n.d. 1.7 30.04.2019
58 161 84 n.d. 1.9 30.04.2019

Reaction conditions: [Feg(u-bdt)(CO)g] (0.1 pmol), in sifu Cu PS starting from xantphos (5 pmol), bathocuproine
{2 umol), and [Cu{MeCMN)4]PFg (1 pmol), BIH {120 mg) in NMP/TECA (5:1, viv, 10 mL) under COg (1 atm)
at 25 °C under 400-500 nm, 1.50 W, 3 h. 80ne drop of H:O was added to the reaction mixture. n.d. = not
determined.

Table S 7: Influence of the catalyst loading on [Fes(u-bdt)(CO)g]-catalyzed CO, reduction.

Entry n{[Fez(u-bdt){CO)s]) [umol] TON (CO) TON (Hz) TON (HCOzH)

1 0.3 51 39 4
2 0.3 65 53 39
3 0.5 14 33 20
4 0.5 14 35 22
5 0.5 5 34 =20
6 0.5 4 =33 =20
7 0.5 5 =33 =20
8 0.5 5 34 =20
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9 0.5 6 36 =20
10 0.5 6 34 =20

Reaction conditions: [Feg(u-bdt)(CO)g] (x nmol), in sifu Cu PS starting from xantphos (5 pmol), bathocuproine
(2 umol), and [Cu{MeCN)4]PFg (1 pmol), BIH (120 mg) in NMP/TEQA (5:1, v:v, 10 mL) under COz (1 atm) at
25 °C under 400-500 nm, 1.50 W, 3 h.

Table S 8: Photocatalytic CO2 reduction - Reproducibility utilizing various [FeFe] complexes.

Entry [Fe] TON(CO) TON(H;) TON (HCO,H)
1 [Fes(u-Chbdt)(CO)g] 194 920 151
2 [Fes(u-Chbdt)(CO)g] 241 908 120
3 [Fes(u-Chbdt)(CO)g] 144 625 104
4 [Fes(u-Chbadt)(CO)g] 272 830 109
5 [Fez(u-bpdt)(CO)s] 375 o8 30
6 [Fes(u-bpdt)(CO)s] 406 98 35
7 [Fez(u-bpdt)(CO)s] 115 44 65
8 [Fez(u-bpdt)(CO)s] 271 78 34
9 [Fes(u-bpdt)(CO)s] 292 127 57
10 [Fez(u-bpdt)(CO)s] 175 123 23
11 [Fes(u-bpdt)(CO)g] 99 45 58
12 [Fez(u-bpdt)(CO)s] 112 43 59
13 [Fes(u-bpdt)(CO)s] 270 76 53
14 [Fez(u-bpdt)(CO)s] 280 74 48
158 Fe,(CO)g 36 106 33
167  Fes(CO)g 69 249 30
178 Fes(CO)g 14 199 44
187 Fe,(CO)g 38 225 21

Reaction conditions: [Fe] (0.1 pmaol), in situ Cu PS starting from xantphos (5 umol), bathocuproine (2 pmol),
and [Cu(MeCM)4]PFg (1 umol), BIH {120 mg) in NMP/TEQA (5:1, v:v, 10 mL) under CO; (1 atm) at 25 °C under
400-500 nm, 1.50 W, 3 h. #Solubility of Fe,(CO)g in the solvent mixture appeared to be low.

Table S 9: Photocatalytic CO» reduction - Control experiments.

Entry [Fe] [Cu] [bep] [xantphos] [BIH] TON TON TON

[umol] [umol] [umol] [umol] [mg] (CO) (Hz) (HCO:zH)

1 - 1.0 1.0 3.0 120 <=1 <33 22

2 - 1.0 1.0 3.0 120 <1 =33 <20
3 0.1 - - - 120 <1 =33 <20
4 0.1 - - - 120 <1 =33 <20
54 - 1.0 2.0 5.0 120 <=1 <33 27

g2 - 1.0 2.0 5.0 120 <1 <33 28

78 0.1 - 2.0 5.0 120 <1 =33 <20
8 0.1 - 2.0 5.0 120 <1 =33 <20
g 0.1 1.0 - 5.0 120 <1 =33 <20
10 0.1 1.0 - 5.0 120 <1 =33 <20
11 0.1 1.0 2.0 - 120 <1 =33 <20
12 0.1 1.0 2.0 - 120 <1 =33 <20
13 0.1 1.0 1.0 3.0 - 10 <33 <20
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14 0.1 1.0 1.0 3.0 - 27 <33 <20
15 0.1 1.0 1.0 3.0 - 43 <33 nd
16 0.1 1.0 1.0 3.0 - a7 <33 nd
178 0.1 1.0 2.0 5.0 - a1 4 n.d.
188 0.1 1.0 2.0 5.0 - 83 38 n.d.
1888 0.1 1.0 2.0 5.0 120 19 <33 nd
2088 0.1 1.0 2.0 5.0 120 17 <33 nd
21¢ 0.1 1.0 1.0 3.0 120 <1 <33 <20
22t 0.1 1.0 1.0 3.0 120 <1 <33 <20
23 0.1 1.0 1.0 3.0 120 <1 <33 <20
247 0.1 1.0 1.0 3.0 120 <1 <33 <20
250 0.1 1.0 1.0 3.0 120 11 <33 <20
26? 0.1 1.0 1.0 3.0 120 11 <33 <20
a7 0.1 1.0 1.0 3.0 120 11 <33 nd
280 0.1 1.0 1.0 3.0 120 13 <33 nd

Reaction conditions: [Fe] (x umol), in sifu Cu PS starting from xantphos (x pmol), bathocuproine (x pmol), and
[Cu(MeCN)4]PFg (x umol), BIH (x mg) in NMP/TEOA (5:1, v:v, 10 mL) under GOz (1 atm) at 25 °C under 415 nm,
1.00 W, 3 h. #Reaction performed with 400-500 nm (1.50 W). Reaction performed without TEQA. “Without light.

TUnder Ar atmosphere. n.d. = not determined.

Table S 10: Application of novel [Fe] complexes 151 and 152 in combination with preformed Cu

PS in the photocatalytic CO, reduction.

Entry

M o N =

[Fe]
[Fea(p-bat)(x*-bep)(CO)a]
[Fez(p-bdt)(x*-bcp)(CO)a]
[Fea(p-bdt)(x*-bcp)(CO),]
[Fez(p-bdt)(x*-bcp)(CO)a]

[Feo(-bdt)(x>-xantphos)(CO),]
[Fez(p-bdt)(x>-xantphos)(C0)4]

TON (CO)

58
76
44
50
10
11

TON (H)

380
450
367
371
339
342

TON (HCOzH)
76

89

80

81

163

155

Reaction conditions: [Fe] (0.1 pumaol), [Cu({bcp)(xantphos)]PFg (1 pmol), BIH {120 mg) in NMP/TEOGA (51, viv,

10 mL) under COg (1 atm) at 25 °C under 415 nm, 1.00 W, 3 h.

Table S 11: Application of novel [Fe] complexes 151 and 152 in combination with in situ Cu PS
in the photocatalytic CO, reduction.

Entry

M o W N =

[Fe]
[Fez(p-bdt)(x*-bcp)(CO)a]
[Feo(p-bdt)(x>-bcp)(CO),]

[Fez(p-bdt)(x-xantphos)(CO),]
[Feo(-bdt)(x>-xantphos)(CO),]
[Fez(p-bdt)(x-xantphos)(CO),]
[Fez(-bdt)(x*-xantphos)(CO)4]

TON (CO)

321
363

TON (Hz)

226
235
g2
105
a9
101

TON (HCO,H)
199

194

42

49

66

38

Reaction conditions: [Fe] (0.1 pmol), in situ Cu PS starting from xantphos (3 pmol), bathocuproine (1 pmol),
and [Cu{MeCN)4]PFg (1 umol), BIH (120 mg) in NMP/TEQA (5:1, v:v, 10 mL) under CO; (1 atm) at 25 “C under

415 nm, 1.00 W, 3 h.
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4.5 Investigations on CO,; Reductive Coupling with Disulfide-derived Cu
Complexes

4.5.1 Synthesls of N,N-bls(pyridin-2-yimethyl)-1-amino-2-propyl disulfide (154)

Disulfide 154 was prepared according to a slightly modified literature

®—\ ,—(':" procedure.”! It is worth mentioning that the aerial oxidation reported

=N N %2 by Bouwman and co-workers['®® did not reach completion over the
:.b course of 18 h (Figure S 96).

To propylene sulfide (0.28 mL, 3.57 mmol, 1.00 equiv.) and di-(2-

picolyljamine (0.64 mL, 3.57 mmol, 1.00 equiv.) under Ar inside a
pressure tube was added dry MeCN (5.0 mL). The tube was closed and the mixture heated
to 90 °C for 20.5 h. The yellow solution was allowed to cool to r.t., subsequently added to
a solution of iodine (459 mg, 1.81 mmol, 0.51 equiv) in degassed MeCN/H5;0 (5 mL, 9:1
v:v) and stirred at r.t. for 135 min yielding a dark orange/brown solution. DCM (25 mL) was
added and the reaction mixture poured into 1 M aqueous NaOH (15 mL). The layers were
separated and the organic layer washed with saturated NasS-05 solution (215 mL). The
aqueous layer was extracted with DCM (20 mL), the combined organic layers were dried
over MgS0O, and volatiles evaporated under reduced pressure. Column chromatographic
separation (AlzO3, neutral, DCM/MeOH 1:0—95:5) yielded 154 (586 mg) as a yellow/orange
oil containing a mixture of (R, R), (R, S), and (S, S) isomers that was utilized without any
further purification.
TH NMR (300 MHz, CD5CN): 4 = 8.50-8.39 (m, 4H), 7.74-7.62 (m, 4H), 7.58-7.48 (m, 4H),
7.24-7.11 (m, 4H), 3.80-3.70 (m, 8H), 3.07-2.94 (m, 2H), 2.76-2.64 (m, 2H), 2.60-2.49 (m,
2H), 1.21-1.12 (m, 6H) ppm.
13¢{"H} NMR (75 MHz, CD3CN): § = 160.4, 149.8, 137.3, 124.1, 123.0, 61.4, 61.0, 60.8,
45.3,19.2, 19.1 ppm.
FTIR (ATR, neat): # = 3051, 3008, 2959, 2921, 2861, 2819, 2726, 1588, 1568, 1472, 1432,
1365, 1302, 1246, 1221, 1148, 1124, 1091, 1075, 1046, 994, 979, 891, 870, 839, 756, 633,

615, 520, 501, 461 cm 1.
MS (ESI): calculated m/z for CagHazNgSs™ ([M+H]*): 545.2521; found: 545.2527;

calculated m/z for CqpHagNgSoNat ([M+Na]*): 567.2335; found: 567.2343.

Note: '"H NMR spectra of 154 have previously been reported in CD»Clz (even though listed
as CD3CN)"® and CDCI3®! and 13C{'H} NMR was reported in possibly CD3CN"é¥ (not
depicted in the literature).
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4.5.2 Synthesls of 155

155 was prepared according to a literature procedure. 7]

2P To 154 (73.1 mg, 134 pmol, 1.00 equiv.) and [Cu(MeCN)4]PFg
(100 mg, 268 umol, 2.00 equiv.) was added dry MeCN
(6.5 mL). The dark green reaction mixture (Figure S 2) was
stirred for 75 min and dry Et;0O (50 mL) was added causing
precipitation of a dark green solid. Filtration via cannula, wash-
ing with dry Et;0O (5 mL) and drying in vacuo yielded 155 as

dark green solid that was analyzed by NMR spectroscopy.

'TH NMR (300 MHz, CD3CN): 6 = 36.28 (br), 34.53 (br), 33.90 (br), 33.17 (br), 19.53 (br),

12.21 (s), 11.88 (s), 10.67 (br), 8.85 (br), 8.61 (br), 8.45 (dt, J= 31.8,7.1 Hz), 8.20-7.72 (m),

7.67-7.54 (m), 7.42 (br), 7.26 (br), 4.46 (br), 3.92 (br), 3.43-2.44 (m), 1.63-0.93 (m) ppm.

Analytical data is in accordance with that reported in the literature.?*]

— EL

Figure S 2: Color change of the reaction mixture from orange/yeliow to dark green upon addition
of [Cu(MeCN)4]PFg to a solution of the ligand in dry MeCN (in accordance with the literature[2271).

4.5.3 Reactlon of 154 and [Cu(MeCN),]PF with alr

Exposure of 154 and [Cu(MeCN)4]PFg to air was conducted according to a slightly modified
literature procedure. "8

To 154 (30.5 mg, 56 umol, 1.00 equiv.) in dry MeCN (2.7 mL) under Ar was added
[Cu(MeCN)4]PFg (41.6 mg, 112 pmol, 1.99 equiv.) causing an instant color change from
dark yellow to dark green. The mixture was stirred at r.t. for 5 min and subsequently poured
into a vial in air and left to evaporate over 5 days. The resulting dark green/black solid was
analyzed by NMR and FTIR spectroscopy (Figure S 246). Comparison with the NMR ob-
tained from procedure 4.5.2 revealed the presence of a paramagnetic compound different
from 155 (see Figure S 98).

'H NMR (400 MHz, CD5CN): & = 11.74 (br), 10.88 (br), 10.40 (br), 9.26-6.74 (m, br), 2.35
(br), 1.48 (br) ppm.

FTIR (ATR, neat): 7 = 3088, 2933, 1656, 1611, 1573, 1485, 1447, 1384, 1295, 1254, 1161,
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1099, 1054, 1030, 993, 954, 828, 764, 739, 655, 599, 555, 485 cm 1.

The solid product was subsequently subjected to NaOH treatment!'® to extract potentially
formed COs3 reduction products. 1 M NaOH (1.2 mL) and toluene (2.4 mL) were added to the
dark green solid and the mixture stirred at r.t. for 23 h. Layers were separated, the organic
layer extracted with water (3 mL) and the aqueous layer evaporated. The blue/green residue
was extracted with DCM (4 mL) and subsequently dissolved/suspended in D50 (0.6 mL) and
analyzed by NMR spectroscopy (Figures S 99 & 100).

TH NMR (400 MHz, D20): 6 = 8.42 (s, HCO5™), 8.19 (br), 1.88 (s) ppm.

13¢{TH} NMR (101 MHz, D,0): § = 181.6, 171.2 (HCO5"), 137.7, 23.4 ppm.

4.5.4 Protonatlon of 155 and Reactlon with CO»

Protonation of 155 was conducted according to a modified liter-

@\ e ~ |2PFs ature procedure. 227
*‘MfH N ”;15_} 154 (30.5 mg, 56.0 umol, 1.00 equiv.) and [Cu{(MeCN)4]PFg

WA e (41.7 mg, 112 umol, 2.00 equiv.) were dissolved in dry MeCN
= (2 mL) and stirred at rt. for 30 min. A solution of HOTf
(0.015 mL, 170 pmol, 3.03 equiv.) in dry MeCN (1.5 mL)
was added to the dark green solution resulting in an immediate color change to light or-
ange/yellow. The reaction mixture was stirred for 10 min. COs was bubbled through the
reaction mixture for 10 min without any noticeable change in color. Volatiles were removed
in vacuo yielding a yellow solid that was analyzed by NMR. spectroscopy.
TH NMR (300 MHz, CD5CN): & = 13.82 (br, 3H), 8.84-8.69 (br, 4H), 8.60-8.43 (m, 4H), 8.10-
7.83 (m, 8H), 4.39-4.07 (m, 8H), 3.06-2.51 (m, 8H), 1.32-1.04 (m, 8H) ppm.
Analytical data is in accordance with that reported for complex 156 as reported in the litera-
ture .2l However, the signal at 13.82 ppm corresponding to the pyridinium protons has not
been reported in the literature at room temperature and was only observed at —35 °C.[#7
Also, note that due to broad impurities in the 3.1-2.5 and the 1.3-1.0 ppm region, a clear dis-
tinction between 6 and 8 protons is not possible. In the literature, the signal in the 3.1-2.5 ppm
region had an integral of 6 while that in the 1.3-1.0 ppm range integrated to 8 protons.
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4.6 Investigation of [Fe(tmtaa)] in the Reduction of CO»
4.6.1 Synthesls of FeBry(THF)»

FeBrg(THF)> was prepared following a literature procedure. P2

FeBrs (1.01 g, 4.70 mmol, 1.00 equiv.) and Fe powder (1.60 g, 28.7 mmol, 6.10 equiv.) were
stirred in dry THF (110 mL) at r.t. for 14 d. Filtration (cannula) and removal of the volatiles in
vacuo provided FeBry(THF), (1.46 g, 4.08 mmol, 87%) as a beige solid.

4.6.2 Synthesls of [NI(tmtaa)] (159)
159 was prepared following a literature procedure. 2%

I
N, N Ni{OAc)s - 4H0 (5.15 g, 20.7 mmol, 1.00 equiv.), o-phenylenediamine
@[ D (897 g, 829 mmol, 4.00 equiv.), and 24-pentanedione (8.31 g,

83.0 mmol, 4.01 equiv.) were suspended in "BuOH (125 mL) and heated
to 135 °C for 3 h. The dark green reaction mixture was allowed to cool
to rt., MeOH (25 mL) was added and the mixture cooled to 0 °C for
15 min. Filtration, washing with cold MeOH (~20 mL) and drying in vacuo yielded 159
(6.34 g, 15.8 mmol, 76%) as purple microcrystalline solid.
TH NMR (300 MHz, CgDg): 4 = 6.54 (m, 8H), 4.66 (s, 2H), 1.75 (s, 12H) ppm.
The analytical data is in accordance with the literature data. 2%l

4.6.3 Synthesls of Hptmtaa-(HCI), (160)

160 was prepared utilizing a modified literature procedure that did not
require pressurized HCI gas. #8257

I'~.I HN

@NH ND HCI gas generated by dropwise addition of conc. H;50,4 (70 mL,
1.31 mol, 122 equiv.) to previously dried NaCl (109 g, 1.86 mol,

..[|-|{',|b 174 equiv.) under Ar was passed through a suspension of [Ni(tmtaa)]

(4.28 g, 10.7 mmol, 1.00 equiv.) in dry MeOH (80 mL) for 30 min. During
this time, the color of the suspension changed from green to brown and a

white solid precipitate formed. The mixture was allowed to cool to r.t. and was further cooled

to 0 2C. The solid precipitate was filtered off and washed with cold, dry MeOH (10 mL, then

3x5 mL). The offwhite solid was dried in vacuo to yield 160 (3.35 g, 8.03 mmol, 75% [as-

suming Hstmtaa-(HCI)s]).

TH NMR (300 MHz, D»0): 6§ = 7.45-7.18 (m, 8H), 4.69 (s, 2H), 2.58 (s, 12H) ppm.

The analytical data is in accordance with the literature.”®! However, reaction with NEt;

yielded a green solid indicating the presence of residual [NiGI4]2‘ which is not in accordance

with the literature.®®8 Presented yields are calculated for Hotmtaa-(HCIl)>. However, subse-

quent anion exchange was mandatory for further preparation of Hytmtaa and the derived Fe

complex 118.
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4.6.4 Synthesls of Hotmtaa.(HPFg)p (161)
161 was prepared following a modified literature procedure. ]

N HN To a yellow solution of Hztmtaa-(HCI), (1.52 g, 3.64 mmol, 1.00 equiv.)
@ @ in HoO (20 mL) was added a solution of NH4PFg (1.23 g, 7.56 mmol,

2.08 equiv.) in H2O (2 mL) causing formation of a white precipitate. Af

I'~.IHI'~.I

.{prab ter stirring for 10 min at r.t., the solid was filtered off using a filter can-

nula and washed with HzO (10 mL, then 4 mL). Drying in vacuo yielded
Hstmtaa-(HPFg)s (1.96 g, 3.08 mmol, 85%) as a slightly yellow solid.

TH NMR (300 MHz, DMSO-dg): & = 10.77 (s, 4H), 7.38 (m, 4H), 7.23 (m, 4H), 4.50 (s, 2H),

2.54 (s, 12H) ppm.

3p{TH} NMR (122 MHz, DMSO-dg): § = —144.2 (hept, J = 711 Hz) ppm.

13¢{"H} NMR (75 MHz, DMSO-dg): 6 = 170.9, 132.8, 129.9, 128.6, 93.1, 21.2 ppm.

HR-MS (ES|): calculated m'z for CosHo7N42* ([M—(2PFg)]%*): 173.1084; found: 173.1083.

calculated m/z for PFg™ ([M—{CosHogMN4)]7): 144.9642; found: 144.9639.
FTIR (ATR, neat): & = 3662, 3584, 3343, 3014, 2872, 1563, 1532, 1490, 1437, 1387, 1344,

1316, 1279, 1206, 1108, 1032, 974, 956, 901, 820, 759, 740, 599, 589, 554, 499, 472,
446 cm!
The analytical data is in accordance with the literature. 257

4.6.5 Synthesls of 4,11-Dlhydro-5,7,12,14-tetramethyldibenzo[b,i][1,4,8,11]tetraaza-
cyclotetradeclne (Hotmtaa) (162)

Me 162 was prepared following a modified literature procedure. 27

added NEt3 (0.22 mL, 1.58 mmol, 1.99 equiv.). The yellow suspension
was stirred at r.t. for 1 h and subsequently filtered via cannula. The solid
residue was dissolved in DCM (10 mL) and washed with sat. NaHCO4
solution (2x8 mL) and H;O (10 mL). The organic layer was dried over
MgS04 and evaporated under reduced pressure yielding 162 (0.274 mg, 755 umol, 95%) as
a yellow solid that still contained traces of DCM.

TH NMR (300 MHz, CDCls): 4 = 12.58 (br, 2H), 6.99 (s, 8H), 4.88 (s, 2H), 2.13 (s, 12H) ppm.
13C{TH} NMR (75 MHz, CDCls): 4 = 159.1, 138.7, 123.3, 123.1, 98.1, 21.1 ppm.

HR-MS (ESI): calculated mz for CosHasM4™ ([M+H]*): 345.2079; found: 345.2089.

FTIR (ATR, neat): & = 3060, 3045, 3024, 2990, 2974, 2962, 2914, 2873, 2851, 2840, 1610,
1591, 1546, 1507, 1460, 1425, 1379, 1354, 1291, 1272, 1185, 1109, 1054, 1043, 1025,
1019, 1000, 937, 924, 821, 802, 790, 732, 684, 631, 603, 561, 531, 505, 475 cm™'.

The analytical data is in accordance with the literature. 7

Me
|
©:N HN:© To 161 (505 mg, 793 umol, 1.00 equiv.) in dry MeOH (2.0 mL) was
Me

Me
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4.6.6 Synthesls of [Fe(tmtaa)]- THF (118)

118 was prepared following a slightly modified literature procedure.['#8

to Hpotmtaa (301 mg, 873 pumol, 1.00 equiv.) in dry THF (4.5 mL). After
stirring for 3 h at rt., the deep red solution was added dropwise to a
+ THF suspension of FeBry(THF)s (312 mg, 873 umol, 1.00 equiv.) in dry THF
(4.5 mL) at approx. —32 °C over 3 min. The reaction mixture was allowed

WWMB
|
@[N\ /N]@ MBuLi (2.5 M in hexane, 0.73 mL, 1.82 mmol, 2.09 equiv.) was added
Fe
Nf’ ‘\.lN
MHMME

to warm to rt. and stirred for 15 h. The dark purple suspension was
cooled to —40 °C and filtered via cannula. The dark purple solid residue was dried in vacuo
to provide 118 (202 mg, 507 umol, 58%).
TH NMR (400 MHz, pyridine-ds): 4 = 6.51 (br, 4H), 6.27 (br, 4H), 3.90 (br, 2H), 3.66 (br, 4H),
1.71 (br, 12H), 1.62 (br, 4H) ppm.
The analytical data is in accordance with the literature data. (%]

4.6.7 General Procedure for the Preparation of NaC,yHg

THF solutions of NaC45Hg were prepared following the general strategy reported in the liter-
ature.#l

To freshly cut Na (excess) and CypHg (1 equiv.) under Ar was added dry THF (0.10-0.14 M).
The dark green reaction mixture was stirred overnight at r.t. and subsequently used without
further purification.

4.6.8 General Procedure for Reductlon of 118 with NaC4gHg and Subsequent CO»>
treatment

This procedure is a modified version of the protocol reported in the literature. ['%]

To a suspension of 118 in dry THF (0.15-0.16 M) was added a solution of NaCyHg (1.3-
1.5 equiv.) in dry THF (1.0 mL). The resulting mixture was stirred at r.t. for 20-24 h and
subsequently concentrated in vacuo to approx. 0.5 mL. Dry hexane (1-2 mL) was added and
the resulting solid precipitate filtered off via cannula, in some cases washed with additional
dry hexane (0.5 mL) and dried in vacuo. The remaining black solid was dissolved in dry
toluene (0.02-0.03 M) and cooled to approx. —30 °C. CO, was bubbled though the reac-
tion mixture for 10 min at this temperature, the Schlenk tube sealed under Ar overpressure
(resulting in a COo/Ar mixture), allowed to warm to ri. and stirred for 20-22 h yielding a
dark purple suspension. All volatiles were removed in vacuo and the dark purple/black solid
residue subjected to extraction according to the general procedure (4.6.11).
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4.6.9 General Procedure for Reductlon of 118 with Alkall Metals and Subsequent CO»
Treatment In Toluene

This procedure is a modified version of the protocol reported in the literature. 1%

To 118 and the alkali metal under Ar was added dry THF (42-43 mM). The resulting mixture
was stirred at r.t. for 19-24 h. In some cases, the resulting mixture was heated to 40-50 “C
(see Table S 12). Volatiles were removed in vacuo, the resulting solid cooled to approx.
—30 “C and the atmosphere exchanged for CO5. Dry toluene (24-28 mM) was added and the
reaction mixture allowed to warm to r.t., closed and stirred under constant CO, atmosphere
from 22 to 73 h (see Table S 12) yielding a dark red/purple suspension. Volatiles were
removed in vacuo. The remaining solid was subsequently extracted according to the general
procedure (4.6.11).

4.6.10 General procedure for Reductlon of 118 with Alkall Metals and Subsequent
CO, Treatment via Freeze-pump-thaw

This procedure is based on a combination of modified literature protocols. [182.195]

To 118 and the alkali metal (1.2-1.4 equiv.) under Ar was added dry THF (34-46 mM).
The resulting mixture was stirred at rt. for 21-28 h. In case the CO; treatment was con-
ducted in toluene, volatiles were removed in vacuo and dry toluene added to thus obtained
solid residue (23 mM). The resulting mixture was frozen in liquid nitrogen and evacuated to
1103 mbar. The frozen mixture was opened to a CO» atmosphere for ~1 s (caution: pro-
longed opening causes deposition of solid CO» that could shatter the flask upon thawing!).
The nitrogen Dewar was removed and the mixture subsequently allowed to thaw in a water
bath. After complete thawing, the mixture was opened to CO, for 30-60 s, closed under CO5
atmosphere (1 atm) and stirred at r.t. for 18-22 h yielding a dark red/brown (for THF) or dark
red/purple (toluene) suspension. Volatiles were removed in vacuo, the solid residue ana-
lyzed by FTIR spectroscopy and subjected to extraction according to the general procedure
(4.6.11).

4.6.11 General Procedure for the Extractlon of CO> Treatment Experiments with H>0
Agueous extraction was conducted via a modification of the reported protocol. 128

Dry toluene and degassed HO (half the volume of toluene) were cautiously added to the
solid residue of the COs treatment reaction under Ar (8-15 mM final concentration based on
initial amount of 118) and the resulting mixture stirred overnight. Layers were separated using
a syringe and the aqueous layer evaporated under reduced pressure. D0 (0.6-0.8 mL) was
added to the obtained residue, a part of the solution was utilized for analysis via capillary
electrophoresis (0.02-0.2 mL) and the remaining solution analyzed by 'H and 13C NMR
spectroscopy.
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4.6.12 [Fe(tmtaa)] In the Reductlon of COs - Results

Table S 12: Results for the attempted CO, reduction utilizing [Fe(tmtaa)] THF (118).

Entry Proc. [Fe] Reductant Solvent t FTIR 7 3¢ NMR 5 [ppm] CE (C20.7)
([umol]) ([umol]) (ImL]) [h] fem '}t (HCO;>/C05>) [approx. yield]
1 468 80 NaC,qHg (107)  toluene (3.0)  10min, n.d. 163.1 <0.5%
20
28 468 T4 NaC,qHg (112)  toluene (4.0) 22 n.d. 164.7 <0.5%
3" 469 85 Na (1960) toluene (3.0)  15min, n.d. 162.5 <0.5%
24
4 4869 64 Na (74) toluene (2.6) 22 n.d. 164.9 <0.1%
59 469 43 K (44) toluene (1.8) 73 1912, 1654,  163.1 <0.1%
1648, 1638
6% 4610 34 K (41) toluene (1.5) 22 1911, 1654,  162.4 <0.1%
1648, 1638
77 4810 48 K (59) toluene (2.0) 18 1911, 1653,  164.0 [168.9] <0.1%
1648, 1636
87 4610 41 K (51) THF (1.0) 20 1911 162.0 <0.1%
9" 4610 35 K (49) THF (1.0) 21 1911, 1652,  168.3 <0.5%
1635

Reactions weTe conducked according {o the genarsl proceduse stated. Reaction limes presanied in the tabie are the mes of GO, freatment or time of CO; bubbling and subsequent stimng (lor mactions Bccording fo procadue 4.6.8).
n.d. = not dalermined. * Characleristic vibrations are reported {IR speclra am pressnied in section 4.13.3). “instead of CO= bubbiing, the sofd obizined from MaCgHs beaiment was directly sat under GOz atmesphes at —31 ©C and
dry iniuene was added. The reaction mixture was then stimed uncer constant CO; etmosphese. TThe mixtue was heatad to 40 G for 1.5 h afer sliming for 24 hin the presence of Ma and subsequently fiered wia cannuiz. To the
obiained solid after removal of all volaties in vacuo was added dry toiuene, the mixtus cokad b —30 ©C and CO; bubbled throwugh for 10 min. The dry ice bath was removed and bubbiing continued for another & min. The flask was
saaled and the general procedure 4 6.9 tollowead for all furither sieps. “Heated to approx. 50 “C for 5 min afier stiming with Na at rt. for 18 h. “Hestad to approx. 50 “C for 1 min afler stirmng with i a1 ri. Tor 22 b *Two eaze pump-thew
cychas wene periormed. Afer 1.5 h under GOz, & sampie (0.1 mi) of the reaction mixbure was taken under GOz overpressure. The solid residue fier GOz treatment was anslyzad by NMR speciroscopy in pyridine-k ingicating the
prasence of [Fe{tmiza)]. | Headspace of the reaction (5 mL) was analyzed by GC prior to removal of the volatias in vacoo. No gaseous COy reduction products (OO, CH,) heve been detectad. The pH of the NMR sampile was ajustad
by aodition of 1 M Ma0H (0.02mL). The '3 shitt atier pH adjustment is given in . 9The solid residue afer CO; ireatment was analyzed by NMR specirescogy in pyridine-dg indicaling the prasence of presumably [Fajimiza)]. "Two
feveze-pump-thaw cycles wes parformed. Afier 30 min ungar GOz, 2 Eampie (0.1 miL) of the maction mixture was taken under GO, overpmssws. The pH of the aqueous solution afier extraction wes adjusied with aguecus NaOH {1 M)
prior bo evaporation of the aqueous layer.

400 jo uogonpey ey ul [(eejwy)e]

uogoes Ejuswuedxy
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4.7 Investigation of 1,4,7-Tacn-derived Cu Complexes in CO> Reductive Cou-
pling
4.7.1 Synthesls of AgBPh,

AgBPh, was prepared following a literature procedure.**

A solution of NaBPhy (416 mg, 1.22 mmol, 1.00 equiv.) in H>O (5 mL) was filtered (PTFE
syringe filter) and added to a solution of AgNO3 (207 mg, 1.22 mmol, 1.00 equiv.) in H2O
(5 mL). HoO (10 mL) was added to the white suspension to facilitate stirring which was
continued for 3 min. The solid precipitate was filiered off and washed with H2O (5x3 mL).
Drying in vacuo yielded AgBPhy4 (473 mg, 1.11 mmol, 91%) as an off-white solid.

4.7.2 Synthesls of 1,2-Bis(4-toluenesulfonyloxy)ethane (164)

164 was prepared according to a modification of a literature proce-

OTs
Tsg~
s dure.?23

To a solution of ethylene glycol (14.0 mL, 251 mmeol, 1.00 equiv.) in triethylamine (160 mL)
cooled with an ice bath was added p-toluenesulfonyl chloride (103 g, 539 mmol, 2.15 equiv.)
in EtzO (500 mL) over 2.5 h (the ice bath was removed after 30 min). After complete addition
the colorless suspension was stirred for 19 h at r.t.. The white precipitate was filtered off and
washed with Et,O (100 mL), H50 (~100 mL), MeOH (2x 100 mL) and again Et;O (100 mL).
The white solid was dried under reduced pressure, suspended in EtOH (300 mL) and heated
to 76 °C for 30 min. After cooling to r.t. the white solid was filtered off. Washing with cold
EtOH (200 mL) and drying in vacuo yielded 164 as a white solid (75.5 g, 204 mmol, 81%).
TH NMR (300 MHz, DMSO-dg) 6 = 7.72 (d, J = 8.3 Hz, 4H), 7.47 (d, J = 8.3 Hz, 4H), 4.17
(s, 4H), 2.42 (s, 6H) ppm.

The analytical data is in accordance with the literature data (NMR reported in CDCl5). 2

4.7.3 Synthesls of 1,4,7-Tris(4-toluenesulfonyl)-1,4,7-trlazaheptane (165)

Ts 165 was prepared according to a modification of a literature proce-
N dure.B#

Ts“H’r IH’TS To a solution of diethylenetriamine (17.5 mL, 161 mmol, 1.00 equiv.) and

MaOH (20.0 g, 500 mmol, 3.10 equiv.) in HzO (160 mL) cooled with

an ice bath was added p-toluenesulfonyl chloride (100 g, 525 mmol, 3.25 equiv.) in EtsO

(500 mL) owver four hours (the ice bath was removed after 15 min). The colorless suspension

was stirred at r.t. for 18 h after complete addition. The white precipitate was filtered off and

washed with H50 (~150 mL) and MeOH (~100 mL). Thus obtained solid was suspended in

EtOH (200 mL), heated to 76 “C for 30 min, allowed to cool to r.t. and filtered off. Compound

165 (74.8 g, 132 mmol, 81%) was obtained as a white solid after washing with cold EtOH
(200 mL) and drying in vacuo.
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'H NMR (300 MHz, DMSO-dg) 4 = 7.74-7.61 (m, 6H), 7.54 (d, J = 8.3 Hz, 2H), 7.40 (d,
J = 8.3 Hz, 4H), 7.37 (d, J = 8.3 Hz, 2H), 3.09-2.93 (m, 4H), 2.87-2.74 (m, 4H), 2.39 (s, 6H),
2.39 (s, 3H) ppm.

The analytical data is in accordance with the literature (NMR reported in acetone-dg). 2

4.7.4 Synthesls of 1,4,7-Tris(4-toluenesulfonyl)-1,4,7-trlazacyclononane (166)

Ts 166 was prepared according to a modified literature procedure. F24]

( Nw To a suspension of 165 (25.2 g, 44.6 mmol, 1.00 equiv.) in dry EtOH
Nop (~150 mL) at 80 °C was added an EtOH solution of NaOEt, which was
freshly prepared from dry EtOH (42 mL) and Na (2.10 g, 91.3 mmol,

2.05 equiv), over 15 min. The solution was stirred at 80 °C for 1 h. Volatiles were removed
in vacuo yielding a colorless solid which was dissolved in dry DMF (~220 mL) and heated
to 105 °C. A solution of 164 (16.5 g, 44.6 mmol, 1.00 equiv) in dry DMF (~220 mL) was
added to the reaction mixture at this temperature over 2 h. After complete addition, heating

N
| - g —

of the reaction mixture to 110 “C was continued for 1 h after which the light yellow solution
was allowed to cool to r.t. overnight. The reaction mixture was concentrated under reduced
pressure until the formation of a precipitate was observed (at ~100 mL). The mixture was
then poured into H,O (450 mL) and the formed sticky precipitate was filtered off. CHCly
(120 mL) was added and the mixture sonicated for a few minutes. The two resulting layers
were separated, the organic layer transferred into a round-bottom flask, carefully layered with
EtOH (~250 mL) and stored at 5 “C for 5 d. The white solid was filtered off and washing with
EtOH (~100 mL) followed by drying in vacuo provided 166 (16.8 g, 28.4 mmol, 64%).

TH NMR (400 MHz, CDCls) 4 = 7.70 (d, J = 8.3 Hz, 6H), 7.32 (d, J = 8.3 Hz, 6H), 3.42 (s,
12H), 2.43 (s, 9H) ppm.

The analytical data is in accordance with the literature. 329

4.7.5 Synthesls of 1,4,7-Trlallyl-1,4,7-trlazacyclononane (127)

| tacn-3HCI (167) was prepared utilizing an adapted literature proce-
H dure.F]

N
( ‘\ To 166 (3.13 g, 5.28 mmol, 1.00 equiv.) under Ar was added conc.
N

AN N~ H2S04 (7.0 mL, 131 mmol, 24.9 equiv.). The brownish solution was
heated to 160 °C for 40 min and subsequently allowed to cool to r.t.. The
black mixture was added dropwise into cold EtOH (26 mL). After com-

plete addition, Et;O (39 mL) was layered on top and the biphasic mixture stored at 5 “C for

2 d. The beige solid precipitate was filtered off, washed with Et;0 (~20 mL) and dissolved

in HzO (6 mL). Conc. HCI (3.4 mL) and EtOH (20 mL) were added causing the formation

of an off-white solid. Filtration, washing with EtOH (20 mL), Et2O (20 mL) and drying under

reduced pressure gave 167 (1.37 g) as a crude product which still contained some 5042‘
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and was utilized for the preparation of substituted 1,4,7-triazacyclononanes without further
purification.

TH NMR (300 MHz, D20) 6 = 3.41 (s, 12H) ppm.

The analytical data is in accordance with the literature. #2

127 was prepared using a slightly modified literature procedure. P28

167 (1.37 g, 5.74 mmol, 1.00 equiv.) and powdered KOH (5.04 g, 89.8 mmol, 15.7 equiv.)
were suspended in dry EtOH (7.5 mL) and stirred at r.t. for 3 h. Dry toluene (59 mL) was
added and stirring continued for 24 h. The colorless suspension was filtered using a filter
cannula equipped with a glass microfiber filter and volatiles were removed in vacuo. Pow-
dered KOH (3.36 g, 59.9 mmol, 10.4 equiv.), dry toluene (72 mL) and allyl bromide (1.62 mL,
18.7 mmol, 3.26 equiv.) were added to the resulting sticky white to light-yellow solid and
the mixture stirred at r.t. for 46 h. The light-yellow suspension was filtered and all volatiles
were removed under reduced pressure. The oily residue was extracted with Et2O (~175 mL)
via filter cannula. Removal of the volatiles under reduced pressure yielded 127 (B65 mg,
3.47 mmol, 60% over two steps) as a yellow oil.

TH NMR (300 MHz, CD4CN) 4 = 5.87 (ddt, J = 17.3,10.1,6.4 Hz, 3H), 5.15 (ddt, J =
17.3,2.2,1.5 Hz, 3H), 5.06 (ddt, J = 10.2,2.2,1.2 Hz, 3H), 3.11 (dt, J = 6.4, 1.4 Hz, 6H),
2.70 (s, 12H) ppm.

13¢{TH} NMR (101 MHz, CD3CN): 4 = 138.4, 116.8, 62.4, 56.2 ppm.

HR-MS (ESI): calculated m/z for C45HogNs™ ([M+H]*): 250.2283; found: 250.2288.

FTIR (ATR, neat): ¢# = 3075, 3004, 2976, 2905, 2874, 2834, 2785, 1678, 1641, 1454,
1417, 1349, 1326, 1301, 1153, 1123, 1096, 1059, 1040, 992, 914, 868, 790, 775, 627,
561, 543 cm ™.

Mote: Purity of allyl bromide proved to be crucial for isolation of analytically pure 127 and
subsequent column chromatographic purification was required in case non-distilled or non-
freshly opened allyl bromide was utilized. Column chromatography (SiO», EtOAc/NEt; 100:1
or DCM/NEt3 30:1) can be conducted for further purification of 127.

The analytical is in accordance with the literature (NMR reported in acetone-dg). 2%

47.6 Synthesls of [Cu(127)I] (168)

/ To Cul {16.0 mg, 84.0 umol, 1.00 equiv.) under Ar was added a solution of 127

S (21.0 mg, 84.2 umol, 1.00 equiv.) in dry THF (3.0 mL). The reaction mixture
(Nh-lhu - was stirred at r.t. for 15 min yielding a colorless solution. Filtration via PTFE
{LN}’ syringe filter and subsequent removal of the volatiles in vacuo yielded a light

% yellow solid. Slow diffusion of dry hexane (3.0 mL) into a solution of the crude

|(\ product in dry THF (1.0 mL) at 5 °C provided 168 (18.1 mg, 41.2 umol, 49%)

as a crystalline solid. Crystals suitable for X-ray crystallographic analysis

were grown by slow diffusion of dry hexane into a concentrated solution of 168 containing
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NaBPhy in dry THF at 5 “C. Crystals with identical unit cell were obtained by slow diffusion
of hexane into a solution of 168 in 1,2-dichlorobenzene at —32 °C in the absence of NaBPhy.
TH NMR (400 MHz, THF-dg): 4 = 6.67 (ddt, J = 17.1, 10.1, 6.9 Hz, 3H), 5.19 (ddt, J =
17.1,2.2,1.3 Hz, 3H), 5.13 (ddt, J = 10.1,2.2, 1.1 Hz, 3H), 3.38 (dt, J = 6.9,1.2 Hz, 6H),
2.77-2.57 (m, 12H) ppm.

13C{TH} NMR (101 MHz, THF-dg): = 137.9, 118.7, 65.3, 53.8 ppm.
MS (ESI): calculated m/z for CagHg4CusINg™ ([2M-1]%): 751.2041; found: 751.

HR-MS (El): calculated m/z for Cy5Ho7CuNs™ ([M-1]*): 312.14955; found: 312.14958.
FTIR (ATR, neat): # = 3071, 2998, 2973, 2912, 2877, 2822, 1640, 1486, 1452, 1419, 1389,

1369, 1353, 1330, 1319, 1295, 1249, 1171, 1148, 1115, 1095, 1083, 1034, 1021, 995, 985,
924, 888, 789, 769, 754, 685, 651, 583, 555, 498, 405 cm™".

4.7.7 Synthesls of [Cu(127)(NOs)2] (170)

/ To a solution of Cu(NO3)2-3H20 (66.6 mg, 276 pmol, 1.00 equiv.) in EtOH

(0.3 mL) was added 127 (68.7 mg, 275 umol, 1.00 equiv.) in EtOH (1.0 mL).

fﬁjcu{‘:_’_ﬂﬂ’ﬂ The resulting blue suspension was stirred at r.t. for 8 h and subsequently

ow filtered (filter cannula). The solid residue was washed with EtOH (0.5 mL)

y O and dried under reduced pressure yielding 170 (60.1 mg, 137 umol, 50%)

H as a blue solid. Crystals suitable for X-ray crystallographic analysis were
obtained by slow evaporation from a solution of 170 in acetone.

FTIR (ATR, neat): # = 3081, 3017, 2985, 2961, 2942, 2913, 2895, 2859,

1487, 1466, 1449, 1436, 1373, 1321, 1295, 1271, 1071, 1058, 1017, 1008, 988, 967, 929,

889, 805, 780, 752, 704, 688, 652, 562, 457, 439, 429 cm™!

Anal. Calcd. C 41.23, H6.23, N 16.03. Observed C 41.21, H 6.289, N 15.96.

4.7.8 Synthesls of [Cu(127)(x2-C,0,)] (171)

was added 127 (38.2 mg, 153 umol, 1.00 equiv.) in dry EtOH (1.0 mL). The

»Y blue suspension was stirred at r.t. for 10 min and subsequently filtered via filter

CNJ\QJ o cannula. The blue solid residue was suspended in EtOH (1.0 mL). NayC,0,
I) %

g To Cu(NQO3)z-3H-0 (32.1 mg, 133 umol, 0.87 equiv.) in dry EtOH (0.5 mL)

(20.5 mg, 153 pmol, 1.00 equiv.) in H>,O (1.0 mL) was added and the dark

blue solution stirred at r.t. for 1 h. Volatiles were removed in vacuo and the

blue/white solid residue extracted with MeNOs (1.0+0.5 mL). The blue solid
obtained after removal of all volatiles in vacuo was washed with THF (~-5 mL), dissolved in
MeNO; (~5 mL), and filtered. MeNO5 was removed in vacuo and the blue solid recrystallized
by cooling a solution in warm MeNO5 (~0.4 mL) to —32 “C yielding 171 (3.8 mg, 9.5 umol,
7%) as blue needles. Crystals suitable for X-ray crystallographic analysis were obtained by
cooling a solution of 171 in warm MeNO- to —32 “C.
FTIR (ATR, neat): 7 = 3512, 3438, 3082, 3019, 2996, 2975, 2925, 2908, 2860, 1711, 1668,
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1650, 1558, 1502, 1457, 1439, 1421, 1376, 1347, 1339, 1326, 1284, 1252, 1241, 1150,
1106, 1083, 1061, 1017, 994, 968, 939, 886, 807, 779, 756, 687, 655, 590, 553, 534, 512,
475, 437, 415cm™ 1.

Anal. Calcd. C 50.92, H6.79, N 10.48. Observed C 50.96, H 6.788, N 10.21.

47.9 Synthesls of [Cu(127)Cl] (173)

/ To CuCls (22.9 mg, 170 umol, 1.00 equiv.) was added 127 (42.6 mg,
S 171 pmol, 1.00 equiv.) in MeOH (1.5 mL). The resulting green solution was
i Nhu ol stirred at r.t. for 10 min. Volatiles were remove in vacuo yielding a green
(r:}’\(ﬂ' solid. Twofold recrystallization from hot MeNO, (0.8 mL, then 0.3 mL) yielded
% 173 (22.4 mg, 58.4 umol, 34%) as green crystalline solid. Crystals suitable
|H for X-ray crystallographic analysis were obtained by recrystallization from hot
MeMNO» using the complex obtained after column chromatographic separa-
tion (MeNO2/MeOH/2 M NH,4CI 1:2:7)!"% of the product obtained from the reaction of in situ
formed 168 with CsHCO4 (Table S 14, entry 1).
FTIR (ATR, neat): & = 3064, 3004, 2970, 2920, 2900, 2846, 1640, 1559, 1493, 1453, 1432,
1422, 1396, 1370, 1360, 1350, 1335, 1325, 1309, 1285, 1249, 1169, 1149, 1134, 1086,
1062, 1031, 1015, 994, 970, 951, 930, 885, 859, 804, 776, 750, 715, 656, 603, 592, 559,
508, 476, 460, 436, 415 cm™.
Anal. Calcd. C 46.94, H7.09, N 10.95. Observed C 47.00, H7.211, N 10.75.

4.7.10 Synthesls of [(127)Cu(u-C204)Cu(127)](BF,), (172)

/ | BFa 172 was prepared using a modified literature procedure for the
S g synthesis of analogous [(tacn)Cu(p-C504)Cu(tacn)](CIO,), com-

f@\""\ .0.__O. ,N;\ plexes. 28

Lu_ 3 Cu:
(’.,.f v o \‘N} To 127 (109 mg, 437 umol, 1.00 equiv.) in MeOH/H-0 (4.6 mL, 1:1,
H N/ S v:v) was added a solution of Cu(BF4)z-8Ho0O (151 mg, 438 umol,
I 1.00 equiv.) in HoO (2.3 mL). The blue solution was stirred at r.t.

for 1.5 h and subsequently filtered via polyamide syringe filter. A
solution of Na;C,0,4 (29.3 mg, 219 umol, 0.50 equiv.) in H,O (0.8 mL) was added and the
dark blue solution left standing at ambient temperature for 11 d. Filtration via filter cannula,
recrystallization from a minimum amount of hot MeNOs at 5 °C and drying in vacuo provided
172 (120 mg, 135 umol, 62%) as blue solid. Crystals suitable for single crystal X-ray diffrac-
tion were obtained by slow evaporation of a MeOH solution of 172 at 5 °C.

FTIR (ATR, neat): & = 3085, 2978, 2944, 2927, 2887, 2873, 2866, 1651, 1558, 1543, 1493,
1455, 1446, 1424, 1354, 1336, 1325, 1311, 1285, 1247, 1047, 1029, 1011, 987, 957, 938,
885, 858, 795, 778, 752, 708, 692, 678, 657, 558, 520, 479, 444, 437, 401 cm™'.

Anal. Calcd. C 43.31, H6.13, N 9.47. Observed C 43.37, H 6.163, N 9.428.
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4.7.11 Synthesls of 1,4,7-Trilbenzyl-1,4,7-trlazacyclononane (174)

Ph 174 was synthesized using a modification of a literature procedure for
\E, the preparation of trisubstituted 1,4,7-triazacyclononanes. ¥

X 167 (1.00 g, 4.21 mmol, 1.00 equiv.) and powdered KOH (3.78 g,
AP 67.3 mmol, 16.0 equiv.) were suspended in dry EtOH (5.5 mL) and
stirred at rt. for 135 min. Dry toluene (45 mL) was then added and

stirring continued for another 21 h. The colorless suspension was filtered (cannula) and
volatiles subsequently removed in vacuo. Powdered KOH (2.54 g, 45.2 mmol, 10.7 equiv.),
dry toluene (55 mL) and benzyl bromide (1.60 mL, 13.5 mmaol, 3.20 equiv.) were added and
the mixture stirred for 56 h. The yellow suspension was filtered and volatiles evaporated

Ph

under reduced pressure. The oily orange residue was extracted with EtzO (340 mL) via fil-
ter cannula and the volatiles evaporated under reduced pressure. Column chromatographic
separation (SiOo, pentane/EtoO/NEt; 2:1:0 — 20:10:3) yielded 174 (1.02 g, 2.57 mmol, 61%)
as a light-yellow oil.

TH NMR (300 MHz, CD4CN) 4§ = 7.35-7.18 (m, 15H), 3.58 (s, 6H), 2.75 (s, 12H) ppm.
13¢{"H} NMR (75 MHz, CD3CN): 6 = 141.7, 130.0, 129.1, 127.7, 63.6, 56.3 ppm.

HR-MS (ESI): calculated m/z for CoyHasNs™ ([M+H]"): 400.2753; found: 400.2748.

FTIR (ATR, neat): # = 3083, 3060, 3025, 2923, 2903, 2871, 2788, 1600, 1584, 1493, 1451,
1354, 1322, 1299, 1270, 1204, 1136, 1096, 1072, 1058, 1046, 1027, 1004, 990, 907, 885,
788, 777, 752, 731, 697, 475 cm™ .

A TH NMR spectrum in CDCl5 had previously been reported in the literature. 52

4.7.12 Synthesls of 1,4,7-Trl-1-propyl1,4,7-trlazacyclononane (175)

Me 175 was synthesized using a modification of a literature procedure
\ for the preparation of trisubstituted 1,4,7-triazacyclononanes. 328
(’ N\ To 167 (620 mg, 2.60 mmol, 1.00 equiv.) and powdered KOH
e ~N N~ e (1.49 g, 26.5 mmol, 10.2 equiv.) was added dry EtOH (4.0 mL)

and the suspension stirred at r.t. for 2 h. Dry toluene (25 mL) was
added and stirring continued for another 16 h. The colorless suspension was filtered (can-
nula) and volatiles were removed in vacuo. The white solid was suspended in dry toluene
(30 mL) and powdered KOH (1.31 g, 23.3 mmol, 8.96 equiv.) was added followed by 1-
bromopropane (0.77 mL, 8.48 mmol, 3.26 equiv.). The colorless suspension was stirred
at rt. for 2 d, filtered and volatiles were evaporated under reduced pressure. The residue
was extracted with Et;O (2x<60 mL) wia filter cannula and all volatiles evaporated under re-
duced pressure. The light-yellow oil was distilled in vacuo (1x10~2 mbar, 130 °C). Due to
incomplete conversion, the resulting oil was dissolved in dry toluene (10 mL) powdered KOH
(128 mg, 2.28 mmol, 0.88 equiv.) and 1-bromopropane (0.06 mL, 661 umol, 0.25 equiv.)
were added and the mixture stirred at r.t. for 82 h. Filtration, evaporation of the volatiles un-
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der reduced pressure and subsequent extraction with Et;O (40+20 mL) provided a colorless
oil that still contained traces of mono- and disubstituted 1,4,7-triazacyclononane (detected
by TH NMR spectroscopy). The oil was dissolved in dry toluene (5.0 mL), powdered KOH
(370 mg, 6.59 mmol, 2.54 equiv.) and 1-bromopropane (0.11 mL, 1.21 mmol, 0.47 equiv.)
were added and the mixture stirred at r.t. for 2 d. The mixture was filtered and volatiles evap-
orated under reduced pressure. Extraction of the residue with Et;O (40 mL) and removal of
volatiles under reduced pressure provided 175 (255 mg, 999 umol, 38%) as a light-yellow
oil.

TH NMR (300 MHz, CD3CN) & = 2.68 (s, 12H), 2.40 (m, J = 7.3 Hz, 6H), 1.42 (sext,
J= 7.3 Hz, 6H), 0.88 (t, J = 7.3 Hz, 9H) ppm.

13C{TH} NMR (75 MHz, CD5CN): 4 = 61.8, 57.1, 22.1, 12.3 ppm.

HR-MS (ESI): calculated m/z for C15H34N3™ ([M+H]*): 256.2752; found: 256.2759.

FTIR (ATR, neat): & = 2955, 2930, 2871, 2794, 2763, 1682, 1458, 1360, 1340, 1301, 1269,
1177, 1164, 1144, 1093, 1061, 1037, 1020, 993, 929, 915, 880, 799, 748, 714, 585, 561,
540 cm!.

Mote: 175 had previously been prepared by alkylation of tacn-3HBr with NaBH, and pro-
pionic acid and a '"H NMR spectrum in D,O/DCI has also been reported.*l Due to the
associated risk of adding NaBH, at elevated temperature to essentially pure propionic acid,
the procedure described herein offers a safer alternative.

47.13 Synthesls of [("PNP'F")CuBr] (176)

ppr, 1he synthesis of 176 was conducted using a modification of a literature proce-
H‘MC;;—Br dure. =7

Q_pirz To a suspension of [(Me;S)CuBr] (120 mg, 581 pumol, 1.00 equiv.) in dry THF

(10 mL) was added a THF solution of HPNP/PT (10 wit%, 2.0 mL, 579 mmol,

1.00 equiv.) over 2 min. The reaction mixture was stirred at r.t. for 22 h yielding a color-
less solution. Volatiles were removed in vacuo, the solid residue extracted with dry toluene
(35 mL) and the extract concentrated to approx. 4 mL in vacuo. Additional dry toluene
(4.5 mL) was added and the solution stored at 5 “C overnight and 13 d at —32 “C. The solid
precipitate was filtered off via cannula at —35 ©C and the solid residue extracted with dry THF
(5 mL+0.5 mL). Volatiles were removed in vacuo, the solid redissolved in a minimum of dry
THF, layered with dry hexane and stored at 5 °C for 1 month. Filtration and drying of the
colorless crystalline solid provided 176 (155 mg, 346 umol, 60%). Crystals suitable for X-ray
crystallographic analysis were obtained by slow diffusion of dry hexane into a solution of 176
at5 “C.
TH NMR (300 MHz, CgDg): 4 = 2.48 (m, 1H), 2.43-2.28 (m, 4H), 1.91-1.73 (m, 4H), 1.35-1.26
(m, 4H), 1.21-1.05 (m, 24H) ppm.
13¢{"H} NMR (75 MHz, CgDg): 6 = 45.3 (t, J = 4.0 Hz), 24.5 (t, J = 7.5 Hz), 24.2 (t,
J=6.9Hz), 199 (t, J= 3.1 Hz), 19.7 (t, J= 3.1 Hz) ppm.

174



1.4, 7-Tacn-ligated Cu Complexes in CO» Reductive Coupling Experimental section

STP{TH} NMR (121 MHz, CgDg): 4 = 3.1 (br) ppm.
The analytical data is in accordance with the literature data.®™ The crystal structure of 176
reported herein is different from that reported earlier. %

4.7.14 Synthesls of [(HPNP!BY)CuBI] (177)

Py, 177 was prepared using a modification of a literature procedure for the prepa-

H‘I'~.I C:'.u—sr ration of 176.570

Q—F*'Elu2 To a suspension of [(Me5S)CuBr] (205 mg, 995 pmol, 1.00 equiv.) in dry THF
(20 mL) was added a THF solution of "PNP™Y (10 wt%, 4.0 mL, 1.01 mmol,

1.01 equiv.) over 2 min. The reaction mixture was stirred at r.t. for 19 h and subsequently
filtered via cannula. After removal of the volatiles in vacuo, the solid residue was dissolved in
dry THF (21 mL), layered with dry hexane (26 mL) and stored at —32 °C for 6 d followed by
storage at —78 °C for 1 d. Filtration wia cannula and drying in vacuo provided 177 (342 mg,
677 umol, 68%) as colorless crystalline solid. Crystals suitable for single crystal X-ray diffrac-
tion were obtained by slow diffusion of dry hexane into a concentrated solution of 177 in dry
THF at —32 °C.
TH NMR (300 MHz, CzDg): § = 2.68-2.44 (m, 4H), 1.42-1.32 (m, 4H), 1.28 (d, J = 6.4 Hz,
18H), 1.25 (d, J = 6.4 Hz, 18H) ppm.
13c{1H} NMR (75 MHz, CgDg): & = 44.5 (t, J = 2.6 Hz), 33.6 (t, J = 5.9 Hz), 29.9 (t,
J=3.7Hz), 19.3 (t, J = 4.2 Hz) ppm.
31p{TH} NMR (121 MHz, CgDg): § = 13.8 (br) ppm.
FTIR (ATR, neat): & = 3271, 2979, 2957, 2938, 2894, 2861, 2820, 2796, 2698, 2643, 1469,
1389, 1364, 1357, 1221, 1177, 1132, 1047, 1032, 1019, 1008, 932, 921, 840, 811, 745, 683,
671, 807, 582, 548, 491, 471, 423, 404 cm™1.
Anal. Calcd. C 47.57, H8.98, N 2.77. Observed C 47.50, H 8.903, N 2.778.
Note: The NH proton was not visible in the TH NMR spectrum due to overlapping with the
'Bu or methylene protons.

4.7.15 Synthesls of [("PNPCY)CuBr] (178)

pcy, 178 was prepared using a modification of a literature procedure for the prepa-
[ ,
—}J-h—Elr ration of 176.570

N
(—Pcyz HpNPCY (135 mg, 289 pmol, 1.00 equiv.) and [(Me-S)CuBr] (61.5 mg,
299 umol, 1.04 equiv.) were suspended in dry THF (5 mL) and stirred at r.t. for
3 h. The reaction mixture was filtered and the solid residue extracted with dry THF (4 mL).
Volatiles were removed in vacuo yielding a white solid which was dissolved in dry THF (8 mL)
and layered with dry hexane (10 mL). Storage at —32 “C for 11 d yielded colorless needles
that were filtered off wia cannula and dried in vacuo yielding 178 (146 mg, 240 umol, 83%).
Crystals suitable for X-ray crystallographic analysis were obtained by slow diffusion of dry
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hexane (10 mL) into a solution of 178 in dry THF (8 mL) at —32 =C.

TH NMR (400 MHz, CD5Cls): § = 2.73 (m, 4H), 2.05 (br, 1H), 1.91 (t, J = 13.7 Hz, 8H),
1.84-1.62 (m, 20H), 1.51-1.33 (m, 8H), 1.33-1.19 (m, 12H) ppm.

13¢{"H} NMR (101 MHz, CD»Clo): 4 = 45.7 (t, J = 3.7 Hz), 34.6 (t, J = 7.2 Hz), 30.3, 30.0,
280(t J=55Hz),27.8 (t, J=5.4 Hz), 26.8, 23.8 (t, J = 7.4 Hz) ppm.

31P{TH} NMR (162 MHz, CD5Cl,): 4 = -5.1 (br) ppm.

FTIR (ATR, neat): & = 3247, 3223, 2918, 2846, 1445, 1415, 1408, 1363, 1344, 1329, 1292,
1277, 1267, 1231, 1215 1193, 1175, 1102, 1071, 1044, 1003, 914, 886, 852, 821, 763, 744,
714, 658, 554, 459, 440, 426 cm™'.

HR-MS (EI): calculated m/z for CogHggBrCuNP,* ([M]*): 607.21173; found: 607.21271.
Anal. Calcd. C 55.21, H 8.77, N 2.30. Observed C 55.07, H 8.634, N 2.028.

4.7.16 Synthesls of [((HPNPP")CuBr);] (179)

Deprotonation of HpNPPN.HCI was conducted following a modification
" I PPh; of a literature procedure. ¥4
N

Q_ HPNPPR.HCI (260 mg, 544 pmol, 1.00 equiv.) was suspended in
PPhs toluene (3.0 mL) and degassed 2.5 M aqueous NaOH (0.54 mL,
1.36 mmol, 2.50 equiv.) was added. The mixture was stirred at r.t.
for 2.5 h, the aqueous layer removed via syringe and all volatiles
removed in vacuo. The oily residue was extracted with dry toluene
(3.0+1.5 mL). Removal of the volatiles in vacuo yielded HPNPFI
Phll. #_/"“E/_F]If’“ (213 mg, 483 umol, 89%) as a colorless oil that was utilized with-
F’h—F’\x B Wéﬂ/F’wph out further purification.
o /Gu_l Br" \ _n 31P{TH} NMR (121 MHz, THF-dg): § = —20.3 ppm.
F,h;P\_,,r;_,\f'/ Ph 179 was prepared using a modification of a literature procedure for
the preparation of 176.E7
To [(MesS)CuBr] (93.8 mg, 456 umol, 1.00 equiv.) was added a solu-
tion of "PNPPM (209 mg, 473 umol, 1.04 equiv.) in dry THF (6.0 mL). The reaction mixture
was stirred at r.t. for 2 h, filtered (cannula) and volatiles were removed in vacuo. Dry toluene
(15 mL) was added, the suspension filtered wia cannula and the filtrate stored at —32 °C for
12 d. The formed colorless precipitate was filtered off (cannula) and dried in vacuo to provide
179 (183 mg, 313 umol, 68%). Crystals suitable for X-ray crystallographic analysis were ob-
tained by vapor diffusion of hexane into a solution of 179 in 1,2-dichlorobenzene over several
months.
TH NMR (400 MHz, CD5Cl,): 4 = 7.56 (br, 8H), 7.37 (t, br, J = 7.2 Hz, 4H), 7.28 (m, br,
J=7.2 Hz, 8H), 2.82 (br, 5H), 2.33 (br, 4H) ppm.
13¢{'H} NMR (101 MHz, CDsClp): & = 134.1, 133.6 (t, J = 7.4 Hz), 130.2, 129.1 (t,
J=4.4Hz), 44,6, 31.0 ppm.
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31P{TH} NMR (162 MHz, CD,Cl,): 4 = —15.7 (br) ppm.

FTIR (ATR, neat): 7 = 3439, 3176, 3069, 3047, 2921, 2851, 1585, 1571, 1481, 1458, 1433,
1408, 1378, 1332, 1307, 1276, 1212, 1184, 1157, 1137, 1095, 1025, 998, 956, 938, 910,
820, 735, 691, 506, 475, 468, 441, 414 cm™".

HR-MS (El): calculated m/z for CogHogBrCuNP,* ([M]*): 583.02491; found: 583.02404.
Anal. Calcd. C 57.49, H 5.00, N 2.39. Observed C 57.59, H 5.045, N 2.205.

Note: 13C-31P coupling constants could not be determined for the signals at 134.1, 44.6, and
31.0 ppm due to low intensity of the signals as a result of the poor solubility of 179.

4.7.17 Synthesls of 1,4,7-Trlazacyclononane (180)

H 180 was prepared following a modified literature procedure. B3

§ To 167 (600 mg, 2.51 mmol, 1.00 equiv.) in H;0 (1.3 mL) was added NaCOH
HN,  NH (294 mg, 7.35 mmol, 2.92 equiv.). CHCI3 (20 mL) was added and the reaction
mixture stirred at r.t. for 2 d. The layers were separated and the aqueous layer
extracted with CHCI5 (225 mL). The combined organic layers were dried over NazS0,4 and
evaporated under reduced pressure at 30 °C to yield 180 (294 mg, 2.28 mmol, 90%) as a
white solid.
TH NMR (300 MHz, CDCl3) 6 = 2.78 (s, 12H), 2.27 (s, 3H) ppm.

The analytical data is in accordance with the literature data.?24

4.7.18 Synthesls of 1,8-Bls((1,4-dlallyl-1,4,7-trlazonanyl)methyl)naphthalene (184)

H H

1) Br Br H H
Me
H Mac:"i‘“r;l N Ce 2 NN N__NH
( N Me m MeCN, rt., 7d
MeCN, 95 °C, 3.5 h -
HN_ e MeCN.95°C.35h LN 5y K0, 115 °C, 2.5h @G
~ " 3)NaOH, 115°C, 18h

180 181 183
'_;;-\M_,EIrJtuluarm

L
Y

ff“vmu“i i“\_/uﬁ

184

Preparation of tricyclic orthoamide 181 was conducted according to a literature proce-
dure. 2%
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To 180 (233 mg, 1.80 mmol, 1.00 equiv.) in dry MeCN (10 mL) was added 1,1-dimethoxydi-
methylamine (0.30 mL, 2.26 mmol, 1.25 equiv.) and the mixture heated to 95 “C for 3.5 h.
The light-yellow solution was allowed to cool to rt. and volatiles were removed in vacuo
yielding crude 1,4,7-triazatricyclo[5.2.1.0% 1% decane (181, 243 mg, 96%) as a yellow oil that
was directly utilized in the next step without further purification.

TH NMR (300 MHz, CD3CN): § = 4.74 (s, 1H), 2.96-2.82 (m, 6H), 2.80-2.67 (m, 6H) ppm.
13C{TH} NMR (75 MHz, CD5CN): 4 = 105.2, 52.7 ppm.

The analytical data is in accordance with the literature (albeit reported in CDClg). 2%

Formation of 183 was conducted by combining the literature procedure ™ with a procedure
for the alkylation of 181 2%,

To 181 (243 mg, 1.74 mmol, 2.00 equiv.) and 1,8-bis(bromomethyl)naphthalene (273 mg,
869 umol, 1.00 equiv.) was added dry MeCN (10 mL). The mixture was stirred at r.t. for 7 d
giving rise to a beige suspension. The solid was filtered off using a filler cannula (equipped
with a glass microfiber filter) and dried in vacuo. Degassed H>0O (14 mL) was added and
the mixture heated to 115 °C for 2.5 h. NaOH (385 mg, 9.63 mmol, 11.1 equiv.) was added
and the light-yellow solution heated to 115 °C for 19 h. The yellow/brown reaction mixture
was allowed to cool to r.t. and subsequently extracted with CHCls (315 mL). Drying of the
organic layers over NasS04 and evaporation of the volatiles under reduced pressure gave
crude 1,8-bis((1,4,7-triazonanyl)methyl)naphthalene (183, 224 mg, 544 umol, 62%) as a an
off-white foam that was utilized in the next step without further purification.

TH NMR (300 MHz, DMSO-dy: = 7.82 (dd, J = 8.2,1.2 Hz, 2H), 7.58 (dd, J = 7.1, 1.1 Hz,
2H), 7.39 (dd, J= 8.0,7.1 Hz, 2H), 4.41 (s, 4H), 2.65 (m, 12H), 2.28 (m, 12H) ppm.
13¢{"H} NMR (75 MHz, DMSO-dg): 4 = 137.0, 135.9, 132.7, 130.8, 129.6, 125.1, 63.2, 54.2,
48.2, 47.8 ppm.

The analytical data is in accordance with the literature (albeit the MMR spectra were reported
in CDClg). 2]

To crude 183 (224 mg, 544 umol, 1.00 equiv.) was added powdered KOH (167 mg,
2.97 mmol, 5.47 equiv.) and dry toluene (10 mL). Allyl bromide (0.19 mL, 2.20 mmol,
4.04 equiv.) was added and the mixture stirred at r.t. for 2 d. The beige suspension was
filtered and all volatiles evaporated under reduced pressure. The resulting beige sticky solid
was extracted with Et;O (60 mL) using a filter cannula. Column chromatography (SiOs,
DCM/MEts/MeOH 300:10:0—300:10:3) and subsequent extraction with benzene (32 mL)
provided 184 as a yellow oil (68.7 mg, 120 umol, 13% over 3 steps)

TH NMR (300 MHz, CgDg): & = 7.64 (dd, J = 8.1, 1.2 Hz, 2H), 7.49 (dd, J = 7.0, 1.2 Hz, 2H),
7.24 (dd, J = 8.1,7.0 Hz, 2H), 5.84 (ddt, J = 16.5,10.2,6.3 Hz, 4H), 5.08-4.93 (m, 8H), 4.56
(s, 4H), 2.92 (d, J = 6.3 Hz, 8H), 2.88-2.78 (m, 8H), 2.62 (s, 8H), 2.60-2.49 (m, 8H) ppm.
13¢{"H} NMR (75 MHz, CgDg): 6 = 138.0, 137.8, 136.6, 133.5, 131.4, 129.7, 124.8, 116.3,
65.5, 62.1, 56.6, 56.0, 55.4 ppm.
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HR-MS (ESI): calculated m/z for CagHssMg* ([M+H]*): 571.4488; found: 571.4489.

FTIR (ATR, neat): # = 3072, 3039, 3003, 2972, 2917, 2871, 2832, 2793, 1663, 1642, 1608,
1508, 1454, 1438, 1417, 1351, 1301, 1261, 1123, 1090, 1032, 993, 916, 871, 841, 814, 778,
631,499 cm™ .

4.7.19 Synthesls of [Cu,(184)l,] (185)

73.9 umol, 1.00 equiv.) in dry THF (3.0 mL). The resulting mixture
g o o 7 was stirred at rt. for 1 h, filtered via filter cannula and volatiles

‘e’

7 j To Cul (28.2 mg, 148 umol, 2.00 equiv.) was added 184 (42.2 mg,
A J AN

were removed in vacuo yielding a white to yellow solid. The solid
was washed with dry THF (0.5 mL), subsequently dissolved in boil-
OG ing, dry THF (3.5 mL) and left standing at r.t. yielding colorless to
slightly yellow crystals. The mother liquor was filtered off wia can-
nula and the crystalline solid extracted into boiling THF (22 mL) using a filter cannula.
Addition of dry hexane (5.0 mL) to the THF extract caused the formation of a precipitate
which was filtered off via cannula and dried in vacuo to give 185 (17.0 mg, 17.9 umaol, 24%)
as a slightly yellow solid. Crystals suitable for X-ray crystallographic analysis were obtained
by dissolving 185 in boiling, dry THF (5.0 mL) and allowing it to slowly cool to room temper
ature.
'TH NMR (400 MHz, CD5Cly): 4 = 8.34 (dd, J = 7.2,0.9 Hz, 2H), 7.84 (dd, J = 8.2,1.2 Hz,
2H), 7.48 (dd, J = 8.1,7.2 Hz, 2H), 6.55-6.37 (m, 4H), 5.24-5.20 (m, 4H), 5.19 (s, br, 4H),
4.81 (s, 4H), 3.44-3.28 (m, 8H), 2.84-2.73 (m, 4H), 2.73-2.62 (m, 4H), 2.55-2.41 (m, 12H),
2.40-2.29 (m, 4H) ppm.
13C{TH} NMR (101 MHz, CD,Cl,): § = 136.1, 135.8, 134.6, 134.2, 132.1, 130.7, 125.2,

119.6, 64.7, 63.7, 53.3, 53.1, 52.2 ppm.
MS (ESI): calculated m/z for CagHs452CuB5CulyNg* ([M]*): 952.1073; found: 952;

calculated m/z for CqgHs,53CuBoCulNg* ([M-1]*): 823.2041; found: 823.
FTIR (ATR, neat): 7 = 3053, 3038, 2997, 2978, 2906, 2875, 2846, 2824, 1687, 1640, 1603,

1578, 1481, 1453, 1420, 1367, 1335, 1296, 1262, 1166, 1147, 1097, 1068, 1029, 994, 923,
884, 840, 823, 809, 774, 749, 733, 704, 647, 611, 591, 555, 462, 435, 409 cm™'.

4.7.20 General Procedure for the Removal of Potentlally Formed CO, Reductlon
Products by NaOH Treatment

The general procedure for NaOH treatment with the aim of removal of potentially formed ox-
alate was adapted from a literature procedure.['%

To the solid residue obtained after treatment of the respective Cu complex and the corre-
sponding additives with COs and subsequent removal of all volatiles in vacuo was added
aqueous 1 M NaOH solution (excess, 11-16 equiv.) and toluene (twice the NaOH volume).
The mixture was sonicated for ~1 min and stirred overnight. If possible, layers were sep-
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arated and the aqueous layer was evaporated under reduced pressure. In case no clear
phase boundaries were visible, the entire reaction mixture was evaporated under reduced
pressure. If stated, the resulting residue was extracted with DCM and air-dried afterwards.
D50 (0.6-0.8 mL) was added to the residue and a sample (0.02-0.10 mL) taken for analysis
via capillary electrophoresis. The remaining sample was analyzed by 1H and 13C{TH} NMR
spectroscopy.

4.7.21 General Procedure for the Removal of Oxalate from
[(127)Cu(u-C204)Cu(127)](BF 4)2 (172) by NaOH Treatment

To 172 (21.3 mg, 24.0 umol, 1.00 equiv.) was added 1 M aqueous NaOH (0.55 mL, 550 umaol,
11.5 equiv. based on Cu) and toluene (1.10 mL). The mixture was sonicated for ~~1 min and
stirred at r.t. for 15 h. Layers were separated, the aqueous layer evaporated under reduced
pressure and the resulting black/partially blue solid dried in vacuo. D20 (0.60 mL) was
added, a sample (0.04 mL) taken for capillary electrophoresis, and the mixture analyzed by
TH and 3C{'H} NMR spectroscopy. Determination of the amount of oxalate by CE gave
rise to an oxalate yield of 48% (average of two reactions) and defined the detection limit of
oxalate by 3¢ NMR spectroscopy (barely detectable for one of the two reactions). The yield
assessed by this procedure was utilized as a factor (i.e. efficiency of the NaOH extraction)
for calculation of oxalate yields by CE for reactions described within this section (4.7).

4.7.22 General Procedure A for Treatment of In situ Formed [Cu(NNN)]X with CO»

To the Cu salt and any solid additives under a CO5s atmosphere was added the NNN ligand
in degassed MeOH (total volume as stated in section 4.7.28). The flask was sealed under a
constant CO5 atmosphere (1-1.5 atm) and stirred for the indicated time (see section 4.7.28).
All volatiles were removed in vacuo, the obtained residue analyzed by FTIR spectroscopy
and subsequently subjected to NaOH treatment according to the general procedure (4.7.20).

4.7.23 General Procedure B for Treatment of In situ Formed [Cu(NNN)]X with CO,

To a suspension of the Cu salt and the solid additives in MeOH was added the NNN ligand
in degassed MeOH (total volume as stated in the Tables in section 4.7.28). The resulting
mixture was stirred at r.t. for 15 to 60 min and subsequently filtered via cannula fitted with
a glass microfiber filter into another Schlenk flask that has been prepared under a CO5
atmosphere. The flask was sealed under constant CO, atmosphere (1-1.5 atm) and stirred
for the indicated time (see section 4.7.28). After the indicated reaction time, all volatiles
were removed in vacuo. The resulting solid residue was analyzed by FTIR spectroscopy and
where indicated subjected to removal of potentially formed oxalate wia treatment with NaOH
according to the general procedure for removal of oxalate (4.7.20).

4.7.24 General Procedure C for Treatment of In situ Formed [Cu(NNN)]X with CO»

The procedure for CO3 treatment by bubbling was adapted from the initial literature proce-
dure.['%
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1.4, 7-Tacn-ligated Cu Complexes in CO» Reductive Coupling Experimental section

To a suspension of the Cu salt and the additives in degassed MeOH under Ar was added
the NNN ligand in MeOH (total volume as stated in the Table S 13). The mixture was stirred
at rt. for 15 to 45 min after which COz; was bubbled through the suspension for the indi-
cated time (see Table S 13) using a needle reaching into the suspension. After the reaction
time, volatiles were removed in vacuo and the solid residue subjected to FTIR analysis and
subsequent removal of potentially formed CO, reduction products according to the general
procedure (4.7.20).

4.7.25 General Procedure D for Treatment of In situ Formed [Cu(NNN)]X with CO,

To a suspension of the Cu salt and potential additives in degassed MeOH under Ar was
added the NNN ligand in MeOH (total volume as stated in the Table S 13). The mixture was
stirred at r.t. for 15 to 45 min after which COs was bubbled through the suspension for the
indicated time (see Table S 13) using a needle reaching into the suspension. The reaction
mixture was sealed under an Ar overpressure after the CO, bubbling has been stopped and
stirring was continued for the time stated. These two steps were repeated for the number of
times stated in Table S 13. After the last CO» bubbling, volatiles were removed in vacuo and
the solid residue subjected to FTIR analysis and subsequent removal of potentially formed
COs reduction products according to the general procedure (4.7.20).

4.7.26 General Procedure for the Treatment of In situ Formed [Cu(NNN)]X with
CsHCO4

Reactions with CsHCO4 were performed via a modified literature protocol.['%3

To a suspension of the utilized Cu precursor and potential additives in degassed MeOH was
added the NNN ligand (1.00 equiv.) in degassed MeOH (total volume as indicted in Table S
14) and the resulting mixture stirred at r.t. for 25 to 40 min. The reaction mixture was then
transferred onto CsHCO4 (1.05-2.05 equiv. based on the ligand), the flask sealed under Ar
and stirred at r.t. for the indicated time (see Table S 14). Volatiles were removed in vacuo, the
residue analyzed by FTIR spectroscopy and subsequently subjected to NaOH treatment for
the removal of potentially formed CO» reduction products according to the general procedure
(4.7.20).

4.7.27 General Procedure for Alr Treatment of In situ Formed [Cu(NNN)]X

Air exposure was performed via a modified literature procedure.['%]

To a suspension of Cul and the additives in MeOH under Ar was added the NNN ligand in
MeOH (total volume indicated in Table S 17). The resulting mixture was stirred at r.t. for 10
to 40 min after which it was transferred into a vial in air. Exhaled air was bubbled through the
reaction mixture for ~15 s and the resulting suspension left to evaporate in air over the stated
time period (see Table S 17). The obtained residue was analyzed by FTIR spectroscopy and
subjected to NaOH treatment for the removal of potentially formed CO, reduction products
according to the general procedure (4.7.20).
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4.7.28 1.,4,7-Tacn-ligated Cu Complexes In CO>; Reductlon - Results

Table S 13: Results for the attempted CO, reductive coupling by CO, bubbling utilizing in situ formed 1,4,7-tacn-ligated Cu complexes.

Entry Proc. [Cu] Ligand Additives Solv. t FTIR & 13C NMR & [ppm] CE (C;0.7)
([umol]) ([umeol]) ([umel]) (ImL]) [h]  [em '} (Cz0,°/HCO, /CO;*)  approx. yleld [%]'
19 c Cul (502) 127 (502) NaBPh; (502) MeOH (20) 11 1628 n.d. nd.
28t p Cul (393) 127 (230) NaBPh, (299) MeOH (9.3) 2+2 1628 X/x/168.4 nd.
+2
3%d  p Cul (414) 127 (242) NaBPh; (316) MeOH (9.8) 25 1628, 1617 X/x/168.4 <0.5 [<0.5]
+24+
25
N
15
+3+
25
4 c Cul (120) 127 (120) NaBPh, (120) MeOH (3.6) 125 1617 X/x/168.3 2[1]
5¢ D Cul (120) 127 (120) NaBPh; (120) MeOH (3.6) 1+1 1639,1622,  wx/1684 1[1]
+3 1609
&' D Cul (110) 127 (110) NaBPh; (110) MeOH (3.3) 2+2 1623 X/x/168.4 2[1]
778 D Cul (391) 127 (229) NaPFg (344) MeOH (9.3) 4+2 1642 X/171.2/168.4 <0.5 [<0.5]
gt p Cul (323) 127 (189) NaBPh, (246) MeOH (7.6), 4+2 1628 X/x/168.4 <0.5 [<0.5]
THF (2.0)

Reactions weTe conucied acconding bo the genaral procedures G (4.7.24) and D {4.7.25) uniess stated otharwise. nLd. = not delermined; x = not cbeerved. ¥ Relevant vibrations in the 1700-1800 am™' region ame mporied (IR spacira am pesentad in

section 4.13.4). T Note that approximate malaie yields determined by CE asm stated for signals coinciding with the signal of intemal standard {Na;Cp0,) added to the samples afier a first CE measurement and might be & rsult of other impurities as
evident from blank expariments with e.g. dien (Tabie S 13, entry 10). Appraimate oalate yislds stated in [ were caiculaied without taking into Bccount the 48% efficency of the NaOH eatment procedurs assessed by procedus 4.7.21. ®Reaction
mixlure was stied under Ar ior 2 h after compiete bubbling and fikesd in sir. Afier FTIR analysis, unsuccesshul recrystalization from MeNO; wes stiempted. PResioue afier NaOH beatment was exiraciad with DOM. “The reaction mixturs was filesad
after 40 min undar Ar prior io CO5 buibiing. In between the CO; bubbling staps, the maction mixtus was stimed under Ar {12 h, 24 h} during which a decolorization from biue to sightly yellos was observed. The suspension was Miered aher the
first CO.; bubising siap (sMer 13 h under Ar} and the solid residue analyzed by NMA spactroscopy (in Dp0 and THF-gy, m=epactivaly). Compound 189 crystallized from the THF-o MMR sclution. @ Fillered afier 45 min under Ar Stimed under Ar [jor
47 h, 14 h, 27 h, 44 h, B0 h) in batween CO. bubbling slaps {partial decolorization of the bue reaction mixtus obsarvabie). Fillered aner the first stiming under Ar (afier 47 h). The sightly blushwhile soiit residue was analyzed by NMA spactmscopy
in THF-dy/D0 (0.870.7 mL). Solvent enlirly evaporated during the last 05 bubbling siep. #The maction mixiue was stined under Ar for (24 h, 21 h in batwean GO, bubbling. A decolorization of the biue suspension was obsarved during the first
stiming under Ar. Mo color change o biue was obsarved during the second GO bubbling step. Samples of the reaction mixture (0.10 mL and 0.09 mL) wans taken bafore and afer the third GO, bubbing sep and anayzed by UWVis spactmscopy
{giluied with 1.4 mL and 1.5 mL MeOH, mepacivaly). "The maction mixiue weas stimed under Ar for 19 h in batween CO5 bubbiing. A decoloization of the biusigren suspension wes obsarved during stiming under Ar. The color changad again o
biuevgraen during the second GO bubbiing step. Samples of the reaction mixtue were {akan prior io CO; bubbling (0.02 mL and 0.01 miL, diuled with 2.0 mL MeOH) end afer GOy bubbling (0,10 mL and 0.09 mL, dilded with 1.8 mL MeOH) and
analyzed by UWVis speciroscopy. SFitered afer 35 min undar AT, Stired undar Ar for 18 h in between GO bulbbiing steps. During this time, the color of the sclution mmainad blusigreen. "Filered after 35 min under Ar. Dry THF (2.0 ML) was aoded
after Nibration. Stirmad for 48 h under Ar afiar GO bubbiing without Sacolorizetion of the biue solution,

xipueddy
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CO,bubbling  Stired under  Filtraion €O, bubbling  Sired under €D, bubbling  Strredunder  CO, bubbling  SHredunder €O, bubbling  Stirred under OO, bubbling
(25 h) Ar (47 k) (2h) Ar(14 k) (2.5h) Ar (27 h) (15 k) Ar (44 k) (3h) Ar (30 h) (25h)

et
e 40 mim el
00, Bubblag.

Figure S 3: Repeatable color change upon CO, bubbling through a solution of Cul, 127, and NaBPh, (1.7/1/1.3) in MeOH followed by stirring
under Ar resulting in (partial) decolorization (Table S 13, entry 3).
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Table S 14: Results for the attempied CO2 reductive coupling utilizing 127-ligated Cu complexes in combination with solid bicarbonates.

Entry [Cu] MHCO, Additives Solv. t FTIR & 13C NMR 4 [ppm] CE (C,0,%)
([umol]) ([umol]) ([umol]) (ImL]) [h]  [em '} (C20,*/HCO;7/CO:*)  approx. yield [%]
14 Cul (210) CsHCO, NaBPh, (210) MeOH (29) 48  n.d. n.d. n.d.
(271)
2b Cul (128) CsHCO, NaBPh, (126) MeOH (5.0) 16 1628, 1617 X/x/168.4 <1 [<0.5]
(133)
ac Cul (120) CsHCO, NaBPh, (120) MeOH (4.0) 117 1628, 1617 X/x/168.4 <1 [<0.5]
(128)
498 cul (203) CsHCO3 NaBPhy (203) MeOH (8.2, 71 1629 %/171.3/168.4 n.d.
(228) H,0 (0.5)
5 Cul (150) CsHCO3 NaPFg (187) MeOH (4.4) 168 1640 X/x/168.3 <0.5 [<0.5]
(300)
69 Cul (128) CsHCO3 - MeOH (5.0) 165 1661, 1644 X/x/168.3 11 [5]
(134)
72" cul (296) NaHCOQ3 NaBPhy (226) MeOH (7.0) 210 1625 X/x/168.4 <1 [<0.5]
(214)
at [Cu(MeCN)4]JPFs  CsHCOs - MeOH (4.0) 118 1659 X/x/168.3 <0.5 [<0.5]
(120) (127)
gt [Cu(MeCN),JPF;  NaHCO, - MeOH (4.0) 118 1629 X/x/168.3 <1 [<0.5]
(120) (127)

xipueddy

Raactions conducied folowing procedurs 4.7.28 unless stated otharwise. n.d. = not determined; x = not observed. *Aslevant vibrations in the 1700-1800 cnr! megion am mporied (IR specira & presented in seclion 4.13.4). Toke that
approvimaie oxalate yislds detemined by CE are staied for signals coinciding with the signal of intemal standard (Na;C-0,} added io the samples afier & first CE measurament and might be & result of other impurities a5 evidant from blank
experiments with e.g. en (Table S 18, eniry 10). Approximate muelate yields siaied in [ were calculaied without taking inip account the 48% efficiency of the NaOH traatment proce-dure Bssessed by procedum £.7.21. 3The mixius was
fHered via canrula after the reaction ime. Column chromatographic saparation {S0,, MeOHMeNOL2 M NH,Cl 7-12), subsequent extraction of the green soiid with MeNO, and morystalization from hot MeNO, yielded [Cu{127)Clg) (173}
as evidanced by X-ray crystallographic and skamental anaiysis. “The slighty biue mixture obtained afer reaction was fliered via cannula and the sokd obieined after mmaoval of all volatiles in vacuo analyzed by FTIR and NMR in CD; 00}
speciroscogy prior o MaOH teatment. “The headspace of the reaction {E mL) was analyzed by GC prior to emoval of all volaties in vacuo. No gassous GO reduction products {CO, CH,) have been delecied. “The residue obiained atier
MaOH treaiment was extracked with DCM. “CsHCO; in MeOH (4.2 mL) was added ko Cul, NaBPh,, and 127 in MeOH (4.0 mL). Degassed HzO (0.5 mL) was added afier 8.5 h. The mitus was filesd aler the reaction ime va cannula. "The
mixhure was Miered onie CsHCO, vis cannula. FThe solid obtained afer mmoval of all volaties in vacuo wes analyzed by FTIR and MMR {in CD300) specirescopy prior fo NaOH beatment. ™27 (0.50 equiv.) was uliized. The mixture was
fHered onto NeHCO5 via cannule. ' Potential ceslale signal overlapping with another broad signal comglicating inlegration (Figure S 367).
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Table S 15: Results for the attempted CO» reductive coupling by CO, treatment of in situ formed Cu complexes: variation of parameters.

Entry Proc. [Cu] Ligand Additives Solv. t FTIR & 3¢ NMR 5 [ppm] CE (C,0,™)
([umot]) ([umol]) ([umol]) (ImL]) ]  [em™'} (C20,°/HCO, /CO;™)  approx. yield [%]'
17 A Cul (120) 127 (120) NaBPh, (120) MeOH (3.6) 24 1620 X/x/168.4 <1 [<0.5]
28 A Cul (120) 127 (120) NaBPh, (120) MeOH (3.6) 118 1641 X/x/168.4 <0.5 [<0.5]
3¥ A Cul (120) 127 (120) NaBPh, (120) MeOH (3.6), 118 1641 X/x/168.4 <0.5 [<0.5]
THF (0.4)
45¢ g Cul (330) 127 (194) NaBPh, (252) MeOH (9.0), 354 1629 X/x/168.4 n.d.
THF (3.0)
5 A Cul (124) 127 (125) NaBPh, (125) THF (3.8) 120 1641, 1621,  wax" <0.5 [<0.5]
1609
67 A Cul (141) 127 (142) NaBPh, (133) THF (4.0) 644 1654, 1644,  xxx" 1 [<0.5]
1620, 1601
7 A Cul (123) 127 (124) NaBPh, (124) PhMe (5.0) 121 1638, 1620 X/x/168.3 <1 [<0.5]
8%¢ A Cul (120) 127 (120) NaBPh, (120) MeOH (3.6) 114 1643 X/x/168.4 3]
9’ A Cul (206) 127 (121) NaBPh, (158) MeOH (4.9) 1685 1641, 1628 %/171.2/168.4 <0.5 [<0.5]
109 A Cul (133) 127 (133) NaBPh, (135) MeOH (5.0) 18 1635 1622,  wx/168.4 <0.5 [<0.5]
1608

Feaction conglions &5 oeschbed in the general procedures A (4.7.22) and B (4.7.23) uniess staled othenwise. nd. = not delermined; x = not obearved. ¥ Relevant vibrations in the 1700-1600 o region &ne mporied (IR spactra & presenied in
smction 4.15.4). TNoie that approcimate oxalEle yields determined by CE am stabed for signals CoINCIciNg Wil the signal of internal standard (M3 Ca0,) Added fo the samples afier & rst GE measurement and might be & result of ofher impunities
&5 evident from Diank experiments with e.g. Gen (Tabe S 18 eniry 10). Approximal oalal yilds siEed in [| wer calculaied without taking info Sccount the 4% eMMcancy of the NaOH treaiment procedure assessed by procedum 4.7.21. *The
headspace of the reaction (& mL) was Bnalyzed by GC prior to removal of &Il voleties in vacuo. Mo gaseous GO reduction produds (GO, CH,) have been detecied. “Residus aner NaOH treatment extraced with DCM. “Conduced in 8 250 mL Schienk
nesk. Fillerad afer S0 min under Ar. GO, Was bubbled through the solution for S0 min aier which the reaction mixiure was seaied under CO. atmasphere and stimed for 166 h. Dry THF (3 ML) was hen anded unger GO5 Overpressune and stiming
continued for 7 d. GO WES bubbled through the solution for 5.6 h prior io removal of volaties it vecun. 9GO, was bubbled hrough the yeliow soiution far 26 min aRer stiming under CO., tmosphe e for 27 and prior to removal of ail volaties i vacun,
®Reaction conducied &t 40 “C. "Reaction conducted at 35 © C. FReaction iluminaed at 400-700 nm (0,09 W) using & Lumatex Suparite (Hg lamp). "Broadensd 'H NMA possibly due to msitual paramagnetic Cu®*, nence "G NMR signals might nat
be observabile due ip residual paramagnetic species.
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Table S 16: Results for the attempted CO2 reductive coupling by COs treatment of in situ formed Cu complexes in the presence of different

additives.
Entry [Cu] Ligand Additives Solv. t FTIR & 13C NMR 5 [ppm] CE (C;0:%)
([umol]) ([umol]) ([umol]) (ImL]) ]  [em™'} (€204 /HCO, /CO;™)  approx. yleld [%]'
14 Cul (120) 127 (120) KPFg (122) MeOH (36) 119 1643 X’ <0.5 [<0.5]
20€  cul (129) 127 (129) AgBPh, (129) MeOH (5.0) 115 1665, 1641,  wW171.2/168.5 2 [<1]
1611
38 [Cu(MeCN),JPF; 127 (120) - MeOH (3.6) 119 1639 X’ <1 [<0.5]
(120)
4 [Cu(MeCN),JPF; 127 (124) - MeOH (5.0) 166 1639 X’ <1 [<0.5]
(123)
50 [Cu(MeCN)s]PFs 127 (127) NaBPh, (165) MeCH (5.2) 119 1631 XXX <1 [<0.5]
(127)
gP [Cu(MeCN)4]PFs 127 (125) NaQsCH (373) MeOH (5.0) 114 1618 X171.2% 1[<1]
(124)
70 [Cu(MeCN)4]PFs 127 (123) Mg(OTf)z (247)  MeOH (5.0) 117 1649 X/x/168.5 <0.5 [<0.5]
(123)
gl [Cu(MeCN)4]PFs 127 (130) LIBF 4 (160) MeCH (5.2) 162 1638 XXX <1 [<0.5]
(130)
g? [Cu(MeCN)4]PFs 127 (125) LIBF 4 (277), MeOH (5.0) 113 1624, 1598 X171.2% <0.5 [<0.5]
(124) NaQ,CH (373)
107 [Cu(MeCN)4JPFs 127 (123) NazS03 (304) MeOH (5.0) 116 1637 X/x/168.3 n.d.9
(123)
119 Ccul (133) 127 (133) NaBPh, (134), THF (5.0) 121 1579 X/x/168.4 4[2]
NaCqgHg (137)
129 Cul (135) 127 (135) NaBPh, (135), THF (5.0) 116 1579 xixh' 5[2]
NaCqgHg (137)
1329 cul (129) 127 (129) NaBPh, (130), THF (5.0) 118 1618, 1579 X/x/168.4 73]
NaCqgHg (137)
1429 cul (124) 127 (124) NaBPh, (124), THF (5.0) 23 1579 XX 1 [<1]

NaCygHs (135)

xipueddy
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15° - - NaCqgHg (143) THF (5.0)
169 - - NH.G“JHB {1 42} THF {5‘1]}
1?&9 ~ - NaCqgHg (139) THF (5.0}

116 1568
116 1568
24 1572

172.97%/168.3
®a168.3
173.0/e168.4

&3]
73]
2[1]

Reaction conditions a5 describad in the general procedue A (4.7.22) unkess stated alhensise. o = not delrmined; X = not observed. ¥ Relevant vibrations in the 1700-1500 oo | ®gion are repored (IR spectra ame pressnisd in sction
4.13.4). Tnote that approximate oralate yields desermined by GE am stabed for Signals coinciding with the signal of inemal stendard {NezCo0,) 2dded io the samples afier & irst GE measuremant and might be a resull of oiher impurites as
evident from Diank expariments with @.0. dien (Table 5 18, entry 10). Approximate oulak yields staied in [| were caiculzied without taking inta account the 48% efficiency of the NEOH treatment procedune Bssessed by procedune 4.7.21. *The
nheadspace of e maction (5 ML) was Enalyzed by GG prior o removal of all volsties in vecuo. No gaseous GO, ®ouchion products (GO, GH,) have been detected. ®Residue arer NaOH teaiment axracied with DCM. “To in sity prepasd
[Cu{127)1] in dry THF {2 ML} was dded & Suspension of AQEPR, in dry THF (B mL). Atier stiming at rL. under exciusion of ight for 15 min, the suspension was Mliered vis cannuls, volaties mmaved in wacyo and the Simosphess exchanged for
COp. Dagassed MeOH (5 ML) was then aded and genarsl proce-gure 4.7.22 followsd. Mote that ¢ NMR signais depicied & poor signak-ip-noise ratio. Freshly prepama NECsoHg in dry THF (1.0 ML) was 50ded to Cul, NEEFh, and 127
in dry THF (4.0 ML} under GO, simoephens. Acditional '2C NMA signals possibly indictaing the pesence of camooylic acd denvalives at 182, 177 pom were chserved (not for entry 12). “Frshly pepaned MaC,;Hg in dry THF (1.0 mL) was
anted o dry THF (4.0 ML) undar GO, simasphes. Adstional "*C MMA signals possiby indictating the presance of camayic acid dervatives &t 182, 177 ppm (entry 16-17) and with poor signak-io-naise ratio at 173 ppm jentry 15 and 17, see
Figue S 123) wem obsarved. "Broadenad ' H NMR possibly dus {0 mesidual paramagnetic Cu®*, hence "*C NMR signals might not be cbservable tue to msidual paramagnetic species. T0ue to the ovarapping of the sulflie signal (assessed

with 2 May S0 solution) and & pobantial axalele signal, oxalale icentilcationquantification wes not possible by CE.

Table S 17: Treatment of in situ formed 127-ligated Cu complexes with air.

Entry [Cu] 127 Additives Solv. t
([umol])  ([umol]) ([umol]) (ImL]) [days]
1 Cul (134) 134 NaBPh, (134) MeOH (4.0) 41

22 Cul(126) 126 NaBPh, (127) MeOH (5.0) 7

3 cul(123) 124 NaBPh, (124) MeOH (1.0), 1
EtOH (4.0)

4 cul(120) 121 NaBPh, (120) MeOH (3.6) 3

59  Cul(126) 126 - MeOH (5.0) 8

FTIR i

[em '}
1638, 1619
1653, 1638,
1618

1645

1619
1654

3¢ NMR 5 [ppm]
(C204*/HCO;7/C03™)

®x168.4
®171.1/168.4

®x168.4

b1
x5/171.2/168.4

CE (C20,™)
approx. yield [%]'
1[<1]

<1 [<0.5]

1[<1]

<0.5 [<0.5]
74

Reactions were conducied BCcording to general procedure 4.7.27 unless stalad otherwise. x = nol cbserved. ¥ Relevant vibrations in the 1700-1800 crr! region are reported (IR specira are presentad in section 4.13.4).
*Nole that approximate oxalale yields determined by CE are staled for signals coinciding with the signal of inlemal standard (NepC-0,) added & the samples afer a first CE measurament and might be & result of other
impuritias 85 evident from biank experiments with 2.9, dien (Table S 18, entry 10). Apprimale oealsle yields stEied in [ wes caiculated without taking into account the 48% efficiency of the NaOH treatment procedus
essessad by procecurs 4.7.21. JAfier T din ait the soiid rmsidus was axtracied with hot MeNOs; (1 mL) and the sciution stored &1 & © C for & d causing formasion of a green crystaliine solid. The mother liguor was evaparaied
the solid mskiue &s well &5 the crystalling solid wes analyzed ty FTIR spectroscopy and beated with MaDH eccording fo proceduss 47,20, To Cul and NaBPT, in dry EOH was added 127 in MeOH. SA sample (0,10 mL)
o the coloiess suspension cotained afier 30 min under Ar was analyzed by UVIViE speciroscopy (diluted o 1.7 mM in MeOH). The flask was then purgad with Og using 8 ballion causing a rEpid coior change (o geen
eccompaniad by precipitation of a green soiid. The Nask was saeled ungar O Bimosphes and stimed at rL. for 90 min, afer which & sampie (0.10 mL) was {aken and analyzed by LUWVis spactmscopy (Giuied o approx.
1.7 mM in MaOH). Stiming wes continued for 3 d under O/Ar aimosphere. The heatspace (5 mL) of the maction was then anaiyzed by GC {races of CO wam deleciad - Figure S 338). 9The msitue obiained afier NaOH
ireatment was exirecied with DCM. At 173.0 ppm, a signal might be observable (Figures S 122 & S 182). However, the poor signakio-noise rafio preciuges iis assignment as & peek. "Bmadening and appamnl overlapping

with ancther signal {Figure S 301) compromise its inlegration.
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Table S 18: Results for the attempted CO2 reductive coupling by CO2 treatment of in situ formed Cu complexes with different ligands.

Entry Proc. [Cu] Ligand Additives Solv. t FTIR & 13C NMR 4 [ppm] CE (C,0,%)
([umot]) ([umol]) ([umol]) (ImL]) h]  [em™'F (C20,*/HCO;7/CO:*)  approx. yield [%]'

19 A Cul (123) 174 (123) NaBPh, (123) MeOH (3.7) 120 1629 X/x/168.4 0.5 [<0.5]

2 B Cul (154) 174 (91) NaBPhy (117) MeOH (3.7) 238 1630 X/x/168.4 1[<1]

3@ A Cul (124) 175 (124) NaBPh, (124) MeOH (3.8) 120 1656, 1633 X/x/168.4 <0.5 [<0.5]

4° B Cul (200) 175 (117) NaBPhg (153) MeOH (4.9) 238 1654, 1630 %/171.1/168.4 <0.5 [<0.5]

59 A Cul (120) 166 (120) NaBPh, (120) MeOH (5.5) 119 1629 X/x/168.4 a[°

67 A Cul (151) dpa (151) NaBPhy (150) MeOH (4.6) 120 1619, 1600 xxix? 2 [1]

7% A Cul (184) dien (184) NaBPh, (184) MeOH (5.5) 119 1648 (br), x/x/168.07 28 [13]
1578

8 A Cul (189) dien (189) NaBPh, (189) MeOH (5.6) 116 1647 (br), X/x/168.8 27 (131
1584

9 A Cul (409) dien (409) NaBPh, (409) MeQH 119 1655 (bn), X/x/168.4 10 5]

(12.5) 1576

10° A Cul (180) dien (180) NaBPhg (180) MeOH (5.5) 120 1576 X/%/% 26 [12]

112 A 176 (115) - NaBPh, (115) MeOH (3.5) 119 1579 XXX <0.5 [<0.5]

122 A 177 (88) - NaBPh, (88) MeOH (2.7) 118 1579 XXX <1 [<0.5]

138 A 178 (66) - NaBPh, (66) MeOH (2.0) 120 1579 XXX <0.5 [<0.5]

142 A 179 (79) - NaBPh, (79) MeOH (2.4) 120 1634, 1581 X/x/168.4 <0.5 [<0.5]

158 A Cul (83) 184 (31) NaBPh, (63) MeOH (1.9) 118 1630 X/x/168.4 29 [14]9

167 A Cul (53) 184 (53) NaBPh, (53) MeOH (1.6) 114 1628, 1618 X/x/168.4 5 [2]9:7

Reaction condilions &s describad in the genarsl procaduras A (47.22) and B (4.7.25) unless staled oiherwise. x = not observed. ¥ Relevant vibrations in the 1700-1500 o region are mporied (IR specira are presentad in seclion £.13.4). T Note that
approximale malale yields delermined by GE are siated for signaks coinciding with the signal of imlemal siandand (NegGy0,) asded io the samples afer & irst CE measurement and might be & resull of other impurities &s evident from Hank expariments
wilh &.g. Gen (Table S 18, eniry 10). Approimale oalabe yields siated in [| were calculaiad withou taking inbo account the 45% afficiency of the NeOH trestment procedure assessed by procedus 4.7.21. *The headspace of the maction (5 mL) was
analyzed by GG prior io mmoval of &l volatiies in vacwo. No geseous GO reduction products (GO, CH,) have been delected. "C:0; was bubbled through the slightly yeliow suspansion for 3 h afer 10 d under GO, atmosphans. The resclion mihure was
then stired tor anather 1.5 h under Ar atmosphere prior to removal of volatiles in vacuo. Reaction conduciad under an Ar stmosphes. YBroadened 'H NMR possibly dus to residual paramagnetic Cu*, hence 130 NMR signals might not be obsarvable
due i msidusl paramagnetic species. “Inegration hampassd by disturbance of the basaline. Mol that blank experiments (Teble S 18, eniry 10) nd variation of the scale (Table S 18, entry ) pecluds thal this inlegral comesponds io cxalate and the
presenied yiedd is only depicled fo highlight the compiexity of axalele dataction by B single analylical method. PAppradmate yisld based on single experiment. Further axperimants for confirmation of the yield required. "Overlapping with anathar signal
{Figure 5 407).
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COs Reductive Coupling with Sodium Ascorbate Experimental section

4.8 The Origin of Oxalate in CO> Reductive Coupling with Sodium Ascorbate
and [Cuy(m-xpt)2X2](PFg)2

Mote: Procedures and results presented within this section are reported elsewhere and are
only implemented for the sake of complete documentation. B

4.8.1 Synthesls of (BuyN)»(C204)

(BugN)>(C204) was prepared according to a modified literature procedure. 39

BusNOH-30H;0 (1.91 g, 2.39 mmol, 2.00 equiv.) and HzCz04 (107 mg, 1.20 mmol,
1.00 equiv.) were dissolved in degassed H,O (2.9 mL) and stirred at r.t. for 140 min.
Volatiles were removed in vacuo and the remaining solid dried to provide (BusN)>(C20y4)
(quant.) as a white solid.

4.8.2 Synthesls of 1,3-Bls((4-(2-pyridyl)-1H-1,2,3-trlazolyl)methyl)benzene (m-xpt)

m-Xpt was prepared following the literature procedures with a few

=
Sy | modifications in the purification. P7&377
N
n=N To 1,3-bis(bromomethyl)benzene (626 mg, 2.37 mmol, 1.00 equiv.) in
N DMF/H20 (11.5 mL, 4:1, v:v) was added NaN3 (323 mg, 4.97 mmol,
N :,N 2.10 equiv.), Na;CO4 (251 mg, 2.37 mmol, 1.00 equiv.) CuS0,4-5H50

| N; (238 mg, 954 umol, 0.40 equiv.), ascorbic acid (335 mg, 1.90 mmol,
0.80 equiv.) and 2-ethynylpyridine (0.48 mL, 4.75 mmol, 2.01 equiv.).
The orange/brown suspension was stirred at r.t. for 22 h and subsequently poured into a
solution of NagsH;EDTA (2.0 g, 5.4 mmol, 1.8 equiv.) in H2O (100 mL) containing 28% aque-
ous NHs (5 mL). The mixture was extracted with CHCl5 (2x<80 mL, then 40 mL), dried over
MgSO, and concentrated under reduced pressure (40 mbar, 55 “C). Cold Et,0O (100 mL) was
added and the turbid solution stored at—32 °C for 5 d. The beige solid precipitate was filtered
off and washed with EtzO (15 mL). The solid was dissolved in CHCI3 (40 mL) and filtered via
filter cannula. Evaporation of the solvent under reduced pressure and subsequent column
chromatographic purification (Si0Op, DCM/MeOH 20:1) provided m-xpt (777 mg, 1.97 mmol,
83%) as a beige solid.
'H NMR (300 MHz, CDCl3): § = 8.53 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 8.20 (ddd, J = 8.0, 1.1,
0.9 Hz, 2H), 8.17 (s, 2H), 7.80 (td, J = 7.8, 1.8 Hz, 2H), 7.42-7.27 (m, 4H), 7.26-7.20 (m,
J=7.6,49 1.2 Hz, 2H), 5.58 (s, 4H) ppm.
13C{TH} NMR (75 MHz, CDCl3): 4 = 149.9, 149.0, 137.6, 135.7, 130.3, 128.8, 128.0, 123.2,
122.5, 120.6, 54.1 ppm.
HR-MS (ESI): calculated m/z for CosHigNg™ ([M+H]*): 395.1732; found: 395.1723;

calculated m/z for CooH gNgNa® ([M+Na]*): 417.1546; found: 417.1541.
FTIR (ATR, neat): 7 = 3131, 3108, 3089, 3046, 2994, 2953, 1593, 1569, 1546, 1474, 1461,

189



Appendix COs> Reductive Coupling with Sodium Ascorbate

1437, 1415, 1348, 1339, 1303, 1247, 1227, 1203, 1171, 1147, 1083, 1043, 997, 978, 965,
940, 907, 895, 860, 843, 828, 784, 753, 735, 716, 706, 682, 662, 652, 621, 578, 544, 514,
478, 473, 445, 407 cm ™.

Mote: One aromatic signal was not observed in the 13C NMR due to low signal intensity. In
addition, assignment of the TH NMR signals based on the coupling constants characteristic
for the pyridine moiety is not entirely in accordance with the assignment proposed in the liter
ature.B™ Apart from that, analytical data is in accordance with that previously reported. 7

4.8.3 Synthesls of [Cuy(m-Xpt)2(NO3)2](NO3)s (197)

Nog, 197 was prepared according to a literature procedure.
To Cu(NO3)s - 3H50 (153 mg, 633 pmol, 1.00 equiv.) in
MeCN (18 mL) was added a solution of m-xpt (250 mg,
633 pumol, 1.00 equiv.) in CHCIz (12.5 mL). The blue sus-
”‘N_“'C-“ N= N“‘N pension was stirred at r.t. for 2 h. Filtration wia filter cannula,

washing of the solid with MeCN (10 mL) and CHCls (15 mL)
and drying under reduced pressure afforded 197 (368 mg,

DN-D;;

316 umol, quant.) as a light-blue solid.
FTIR (ATR, neat): & = 3399, 3098, 1620, 1585, 1477, 1459, 1378, 1315, 1248, 1215 1161,
1123, 1096, 1062, 1041, 1026, 1000, 827, 786, 752, 715, 702, 684, 650, 597, 572, 510,
436 cm .

4.8.4 Synthesls of [Cuy(m-Xpt)>(NO3)2](PFg)2 (135)

ONO, PFsls 135 was prepared according to a slightly modified literature
ot procedure. (124

C‘{Nﬂﬁéﬁﬂm g [Cua{m-xpt)a(NO3)2](NO3)2 (368 mg, 316 umol, 1.00 equiv.)

=, was dissolved in HoO (46 mL) and NH4PFg (343 mg,
2.10 mmol, 6.65 equiv.) dissolved in H>O (5 mL) was added

causing formation of a blue precipitate. The reaction mix-

ture was stirred at r.t. for 14 min and subsequently filtered.

The blue solid residue was washed with HzO (20-30 mL) and

EtzO (10 mL). Drying under reduced pressure yielded 135 (348 mg, 262 umol, 83%) as a

blue solid.

HR-MS (ESI):

calculated m/z for C44H35CusN¢g* {[M—E’NDE—EFFG]E*}: 457.0955; found: 457.0952.

FTIR (ATR, neat): & = 3668, 3647, 3637, 3627, 3603, 3588, 3566, 3552, 3141, 3099, 3079,

3063, 3044, 1625, 1590, 1574, 1481, 1464, 1430, 1377, 1363, 1337, 1285, 1248, 1218,

1167, 1128, 1099, 1066, 1028, 1003, 904, 829, 784, 764, 744, 717, 703, 684, 651, 555, 511,

421, 417 cm™1.
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4.8.5 Synthesls of [Cuy(m-xpt)oClo]Clo (198)

), 198 was prepared according to a literature procedure. ™!
“‘N-rl'\l {‘.u-—r~.|_.|"-l= To CuCly (20.9 mg, 155 pmol, 1.01 equiv.) in MeCN
(8.0 mL) was added a solution of m-xpt (60.8 mg, 154 umol,
C{ b 1.00 equiv.) in CHCI3 (8.0 mL). The blue/green suspension
was stirred at rt. for 3 h. Filtration, washing of the solid
with MeCN (2x10 mL) and CHCI3 (210 mL) and drying

in vacuo afforded 198 (69.5 mg, 65.7 umol, 85%) as green
solid.

C.I

C.I

MS (ESI):
calculated m/z for C44H35CusN4g* {[M—40I12+}: 457.0955; found: 457.
FTIR (ATR, neat): 7 = 3354, 3097, 3034, 2987, 1615, 1577, 1455, 1349, 1325, 1277, 1248,

1213, 1162, 1116, 1092, 1059, 1029, 997, 906, 845, 787, 746, 712, 704, 683, 650, 607, 592,
551, 512, 425 cmi 1.

4.8.6 Synthesls of [Cuy(m-xpt)oClo](PFg)2 (136)

- (PFs)s 136 was prepared according to a slightly modified literature

_H/flr,;:i‘ procedure. [1%4]
NI=N-Ci- =N-
N Eﬁﬁﬁw“ [Cup(m-xpt)oCla]Cly (237 mg, 224 umol, 1.00 equiv.) was
ﬁ dissolved in HoO (50 mL) and NH4PFg (224 mg, 1.37 mmol,
N-N=N N=N-y

N GN;C;‘/:___ 6.11 equiv.) was added which caused formation of a
= s blue/green precipitate. The reaction mixture was stirred at
rit. for 11 min and subsequently filtered. The solid residue
was washed with H-O (15 mL) and Etz0 (20 mL). Drying in
vacuo yielded 136 (143 mg, 112 umol, 50%) as blue solid.
HR-MS (ESI):
calculated m/z for C44HagCusN4g* ([M-2CH2PFg]2*): 457.0955; found: 457.0946.
FTIR (ATR, neat): # = 3651, 3632, 3589, 3581, 3568, 3552, 3141, 3123, 3077, 3065, 3057,

3037, 1620, 1586, 1476, 1460, 1431, 1282, 1248, 1216, 1163, 1126, 1097, 1063, 1025,
1002, 831, 781, 746, 715, 703, 684, 650, 556, 511, 419 cm™"

4.8.7 Synthesls of [Cu,(m-xpt),](PFg) (187)

187 was prepared according to a modification of a literature procedure.['%4]

[Cuz{mxpt)a(NO3)2](PFg)2 (111 mg, 83.5 umol, 1.00 equiv.) and sodium ascorbate
(16.8 mg, 84.8 umol, 1.02 equiv.) were dissolved in dry DMF (5.5 mL) and stirred at r..
for 1 h. Dry Et;0 (22 mL) was slowly diffused into the yellow solution at —32 “C over 14 d.
The yellow precipitate was filtered off via cannula, washed with dry Etz0 (4 mL) and dried in
vacuo yielding 187 (94.9 mg, 63.8 umol, 76% NMR yield) as yellow solid which still contained
DMF.
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TH NMR (300 MHz, DMSO-dg): & = 9.18 (br, 4H), 8.45 (br, 4H), 8.11 (br, 8H), 7.48 (br, 10H),
7.33 (br, 2H), 5.78 (br, 8H) ppm.

3p{TH} NMR (122 MHz, DMSO-dg): § = —144.2 (hept, J = 711 Hz) ppm.

FTIR (ATR, neat): # = 3141, 3099, 3016, 2958, 2930, 2864, 2808, 1661, 1607, 1569, 1491,
1472, 1449, 1411, 1388, 1360, 1343, 1320, 1256, 1237, 1205, 1158, 1090, 1055, 988, 832,
779, 743, 714, 704, 660, 638, 611, 574, 555, 512, 498, 442, 410 cm™!

Analytical data (TH NMR) is in accordance with the literature, albeit the presence of DMF has
not been described.['%4

4.8.8 Synthesls of [Cuy(m-Xpt)o(u-C204)](PFs)2 (137)

— The synthesis of 137 via insertion of C,0,% was per
=N b (PFek  formed according to a modification of the previously re-

ported procedure.['%4

C{ D b To 135 (161 mg, 119 pmol, 1.00 equiv.) and
0 (BugN)sC504 (74.3 mg, 130 pmol, 1.09 equiv.) was
'N added dry MeCN (16 mL) and the resulting blueish sus-
b 6’"/ pension stirred at r.t. for 6 h. The resulting green sus-
L pension was filiered in air, the mint green solid washed
with MeCN (25 mL) and dried in vacuo to provide 137
(74.3 mg, 57.4 pumol, 47%).
FTIR (ATR, neat): & = 3473, 3122, 2939, 1676, 1637, 1594, 1454, 1351, 1327, 1304, 1281,
1244, 1209, 1156, 1116, 1092, 1065, 1054, 1019, 995, 889, 875, 844, 826, 785, 765, 749,
717, 705, 682, 657, 644, 633, 606, 556, 512, 486, 446, 410 cm™
The analytical data (IR) for 137 is in accordance with that reported in the literature. %4

4.8.9 Removal of Oxalate from [Cua(m-Xpt)2(u-C204)](PFg)2 (137)

Removal of oxalate via treatment with aqueous NaCOH in the presence of toluene was adapted
from a literature procedure.['%

To complex 137 (29.3 mg, 22.6 umol, 1.00 equiv.) prepared via insertion of (12042‘ into
135 (see 4.8.8) suspended in toluene (1 mL) was added 1 M aqueous NaOH (0.50 mL,
0.50 mmeol, 22.0 equiv.). The suspension was stirred at r.t. for 16 h after which all volatiles
were evaporated under reduced pressure at 50 °C yielding a brown/black solid residue. After
extraction with DCM (1 mL), D,O (0.6 mL) was added and the suspension analyzed by
NMR spectroscopy. Addition of NazCo04 after the first measurement proved the successful
removal of oxalate from the complex wia this method (Figure S 176).

13¢{TH} NMR (101 MHz, D20): § = 173.3 ppm (NasCs04).
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COs Reductive Coupling with Sodium Ascorbate Experimental section

4.8.10 Reactlon of In situ Formed [Cus(m-xpt)2](PFg)2 (187) with Alr to Produce
[Cuz(m-xpt)2(n-C204)]1(PFg)2 (137)
Formation of 137 in air was conducted according to a lit-
Q“\ erature procedure. '
_\f —“ To 135 (49.8 mg, 37.5 umol, 1.00 equiv.) and sodium
ascorbate (11.2 mg, 56.5 pumol, 1.51 equiv.) under Ar was
C{ b added dry DMF (5.0 mL). The mixture was stirred at r.t.
N: for 2 h yielding a yellow solution which was poured into a
L_é:) N crystallization dish and left to evaporate in air. The mixture
b was transferred into a smaller vial after 1 d and green oc-
tahedral crystals formed over the course of 2 weeks which
were found to be 137. Single crystal X-ray diffraction of
these crystals revealed a unit cell identical to that reported in the literature.['%4
FTIR (ATR, neat): # = 3150, 3128, 2925, 2850, 1668, 1638, 1610, 1573, 1455, 1382, 1355,
1330, 1304, 1282, 1248, 1211, 1152, 1115, 1090, 1067, 1056, 1017, 839, 820, 768, 748,
714, 654, 555, 508, 483 cm™!
Anal. Calcd. for [Cua(m-xpt)a(u-C204)](PFg)2-DMF C 43.05, H 3.17, N 17.42. Observed C
43.21, H3.312, N 17.21.
An analogous reaction starting from 136 (51.0 mg, 39.9 umol, 1.00 equiv.) and sodium
ascorbate (12.4 mg, 62.6 umol, 1.57 equiv.) in DMF (5.0 mL) resulted in the formation of

137 over 11 d in air, as evidenced by FTIR spectroscopy (Figure 316). In addition to green
crystalline 137, a blue solid was observed, as previously described.['%4

4.8.11 Removal of Oxalate from [Cus(m-Xpt)o(u-C204)1(PFe)a (137)

Removal of oxalate via treatment with aqueous NaOH in the presence of toluene was adapted
from a literature procedure.['®

To complex 49 (55.1 mg) prepared via reaction of in situ formed 187 with air (see 4.8.10) sus-
pended in toluene (2 mL) was added 1 M aqueous NaOH (1.0 mL, 1.00 mmaol). The green
suspension was stirred at r.t. for 17 h after which all volatiles were evaporated under reduced
pressure yielding a blue/green solid residue. After extraction with DCM (2 mL), D20 (0.7 mL)
was added and the suspension analyzed by NMR spectroscopy. NapC>04 and sodium for-
mate as internal standards were added to the sample after the initial measurement (Figure S
177 & Figure S 178).

TH NMR (300 MHz, D,0): 4 = 8.40 (s, NaO,CH) ppm.

13¢{TH} NMR (101 MHz, D0): § = 173.2 (NaxC204), 171.1 (NaO>CH) ppm.

Mote: Sodium formate is likely resulting from alkaline hydrolysis of co-crystallized DMF
present in 137.
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4.8.12 In situ Generatlon of [Cus(m-Xpt):](PFg)z (187), Subsequent Treatment with
CO; and Alr Ylelding 137

To sodium ascorbate (10.8 mg, 54.5 umol, 1.45 equiv.) and 135 (49.9 mg, 37.5 umol,
1.00 equiv.) was added dry DMF (4.0 mL). The reaction mixture was stirred at r.t. for 1 h
under an Ar atmosphere resulting in a yellow solution. The atmosphere was exchanged by
flushing the flask with CO5 for 2 min. After sealing the flask under a CO; overpressure, the
mixture was stirred at rt. for 6 d. No change in color was observed during this time (see
Figure S 4).T Air (1 mL, followed by additional 12 mL after 7 d) was added to the yellow
solution and stirring at rt. continued for 11 d during which a color change to green was
observed. Volatiles were removed in vacuo and the green solid residue dissolved in DMF.
Slow evaporation of the DMF solution in air yielded a green crystalline solid which was
analyzed by FTIR spectroscopy.

FTIR (ATR, neat): # = 3150, 3131, 3098, 2926, 2886, 1668, 1638, 1611, 1574, 1542, 1491,
1474, 1456, 1382, 1355, 1331, 1305, 1283, 1249, 1212, 1153, 1116, 1091, 1067, 1057,
1018, 997, 977, 839, 819, 786, 773, 748, 714, 681, 654, 644, 607, 590, 555, 508, 483, 456,
441,410 cm™'.

TAt this point, a sample (0.5 mL) was taken from the reaction mixture, transferred into a
Teflon-coated screw cap septum-sealed UV/Vis cuvette and diluted with dry DMF (1.0 mL).
Molten parafilm was utilized to cover the hole in the septum and the UV/Vis spectrum
recorded. Air (4 mL) was then added to the UV/Vis cuvette and the resulting oxidation
reaction UV/Vis spectroscopically followed over 189 h (Figure 38).

Figure S 4: In sifu formed [Cua(m-xpt)s](PFg)2 in DMF after stirring under CO» for 6 d (left) and
after addition of air (right).
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4.8.13 In situ Generatlon of [Cux(m-xpt)s](PFg)s (187), Treatment with O, Ylelding 137
and Subsequent Removal of Oxalate

Dry DMF (11 mL) was added to 135 (110.2 mg, 82.9 umol, 1.00 equiv.) and sodium ascor-
bate (25.1 mg, 127 umol, 1.00 equiv.) under Ar. The reaction mixture was stirred at r.t.
for 1.5 h yielding a yellow solution. The Ar atmosphere was exchanged for Os by bubbling
a stream of Os through the solution (via balloon, see Figure S 5). The flask was sealed
and stirred under Os atmosphere for 5 d at r.t. over which the color gradually changed to
blue-green/green (Figure S 6). All volatiles were removed in vacuo and the remaining yel-
low/green solid analyzed by FTIR spectroscopy (Figure S 317) indicating the formation of
137. Prolonged reaction time with O5 (7 days) resulted in essentially identical product forma-
tion (see Figure S 317).

FTIR (ATR, neat): # = 3150, 3130, 3070, 2932, 2856, 1799, 1668, 1640, 1611, 1573, 1498,
1473, 1455, 1384, 1356, 1330, 1305, 1282, 1247, 1211, 1152, 1114, 1091, 1067, 1056,
1018, 996, 895, 836, 820, 786, 774, 748, 714, 681, 860, 607, 589, 555, 508, 485, 410 cm™ 1.

Figure S 5: Setup utilized for the treatment of in situ formed 137 with O» (balloon).
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Figure S 6: Color change upon reaction of in situ formed 137 with Os.

Dry toluene (3.6 mL) and degassed 1 M agueous NaOH (1.8 mL, 1.80 mmol) were added
to the yellow/green solid under Ar and the reaction mixture stirred at r.t. for 17 h resulting
in a yellow suspension. Volatiles were removed in vacuo and the remaining solid residue
extracted with dry DCM (4.0 mL). Degassed D20 (1.0 mL) was added to the yellow solid
residue and the yellow suspension analyzed by TH and '3C NMR spectroscopy. Addition of
Na,C,0, and sodium formate as internal standards further confirmed the presence of both
salts (Figure S 179 & 180).

TH NMR (300 MHz, D»0): 6 = 8.40 (s, NaO>CH) ppm.

13¢{TH} NMR (75 MHz, D20): § = 173.2 (NapC204), 171.1 (NaO>CH) ppm.

Mote: Sodium formate is likely resulting from alkaline hydrolysis of co-crystallized or residual
DMF present in 137.
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4.9 CO5 Reductive Coupling Based on Cu and o-Ketocarboxylates
4.9.1 Synthesls of Potasslum Tris(3,5-dl-iso-propylpyrazolato)borohydride (190)

Tk 190 was prepared following a modified combination of literature proce-

2 dures.[331403]
N—N
H_?:ﬁ’:f’t KBH4 (230 mg, 4.27 mmol, 1.00 equiv.) and 3,5-di-iso-propylpyrazole
\N_N (2.07 g, 13.6 mmol, 3.18 equiv.) were heated to 200-250 °C for 24 h
(heating was stopped every 2.5-5 h and the progress followed by NMR

spectroscopy). The solid was extracted with dry DCM (4.0+2.0 mL) via
filter cannula and volatiles were removed in vacuo. Unreacted 3,5-di-iso-propylpyrazole was
sublimed off at 130-155 °C (1x 1072 mbar). 190 (582 mg, 0.99 mmol, 23% [71% purity by
NMR]) was obtained as a white solid via twofold sublimation at 185-190 °C (1x 1073 mbar)
and was utilized without further purification.
TH NMR (300 MHz, THF-dg): 4 = 5.68 (s, 3H), 3.12 (sept, J = 6.9 Hz, 3H), 2.76 (sept,
J=6.9Hz, 3H), 1.11 (d, J = 6.9 Hz, 18H), 0.96 (d, J = 6.9 Hz, 18H) ppm.
13¢{"H} NMR (101 MHz, THF-dg): 6 = 157.5, 155.5, 96.4, 29.2, 27.1, 24.1, 23.8 ppm.
1B{TH} NMR (96 MHz, THF-dg): § = —6.1 ppm.
HR-MS (ESI): calculated m/z for Gz?an1 1 BNg* ([M-K+2H]*): 467.4034; found: 467.4043.
FTIR (ATR, neat): # = 3566, 3391, 3199, 3121, 2960, 2929, 2868, 2463, 1654, 1567, 1530,
1459, 1425, 1378, 1361, 1298, 1171, 1138, 1106, 1071, 1045, 1004, 958, 922, 897, 878,
784, 719, 659, 586, 508, 459 cm™ .
Analytical data is in accordance with the literature®®! (NMR spectra in THF-dg have, to the
best of our knowledge, not been reported).

4.9.2 Synthesls of [Cu(TpT"'P"\Br] (191)
W 191 was prepared via a modified literature procedure. 231404
i

AN L To KTpP"FT (36.0 mg, 71.3 pmol, 1.00 equiv.) and CuBrs (16.1 mg,
H—B;:“‘“;, -Br 72.1 umol, 1.01 equiv.) under Ar was added dry acetone (2.4 mL) and
Y&{ the mixture stirred at r.t. for 30 min. Volatiles were removed in vacuo to give
a red'brown solid. The solid residue was extracted with hot, dry hexane (2
= 2.0 mL) wia filter cannula and the resulting orange solution was left at r.t. resulting in the
formation of dark red crystals of 191 (13.1 mg, 21.5 umol, 30%) and some colorless crystals
of 192. Crystals of sufficient quality for X-ray crystallographic analysis of both compounds
were obtained by crystallization from a hot hexane solution.
FTIR (ATR, neat) for 191 & = 2963, 2928, 2867, 2547, 1533, 1470, 1428, 1396, 1381, 1362,
1301, 1168, 1134, 1107, 1050, 902, 841, 790, 751, 716, 649, 521, 463 cm™ 1.
FTIR (ATR, neat) for 192 & = 3188, 3138, 3106, 2960, 2929, 2869, 1562, 1468, 1379, 1360,
1333, 1307, 1256, 1179, 1139, 1107, 1053, 1021, 1006, 927, 878, 791, 722, 716, 690, 648,
518 cm™'.
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MNote: Even though preparation of 191 has been described in the literature, 4% ng ana-
lytical data apart from elemental analysis has previously been reported, to the best of our
knowledge.

4.9.3 Synthesls of [Cu(Tp"F")cI] (193)

W 193 was prepared via a modified literature procedure. %
[

AMN L To KTpPHPr (43.3 mg, 85.8 umol, 1.00 equiv.) and CuCl, (12.2 mg,
H—B{ r"H"';Cu-ﬂl 90.7 umol, 1.06 equiv.) under Ar was added dry THF (3.0 mL) and the
}/U\{ resulting mixture stirred at r.t. for 1 h yielding a deep red solution. Volatiles
were removed in vacuo to give a red solid that was extracted with dry DCM

(3.0 mL) using a syringe equipped with a PTFE syringe filter. Volatiles were again removed
in vacuo and the red solid dissolved in dry hexane (6.0 mL) by sonification. The red/crange
solution was stored at —32 °C overnight resulting in the formation of a red crystalline solid.
The mother liquor was decanted at —30 °C using a syringe and the solid dried in vacuo to

give 193 (15.0 mg, 26.6 umol, 31%) as a red crystalline solid.
HR-MS (ESI): calculated m/z for Co7H4719BCICuNg* ([M+H]*): 563.2976; found: 563.3014;

calculated m/z for Gg?Hq_?“ BCICuNg®* ([M+H]"): 564.2944; found: 564.2917.
FTIR (ATR, neat): & = 2964, 2928, 2867, 2549, 1533, 1510, 1470, 1443, 1429, 1397, 1381,

1363, 1302, 1168, 1134, 1107, 1072, 1050, 925, 902, 881, 822, 790, 752, 717, 650, 585,
522, 511, 463 cm ™.
The analytical data (B-H vibration) is in accordance with the literature 4%

4.9.4 Synthesls of [Cu(TpF"/Pr)(0,CC(0O)CH(Me),)] (129)

}‘f\;’j‘ 129 was prepared via a modification of the previously reported proce-
[/
N dure.['®
RS o | .
H-B;; }GU\U To sodium 3-methyl-2-oxobutyrate (6.0 mg, 43.5 umol, 1.21 equiv.)
U’&_;\\’ in dry MeOH (0.4 mL) cooled to —20 to —30 °C was added a cold
(—20 to —30 °C) solution of 193 (20.2 mg, 35.8 umol, 1.00 equiv.) in

dry DCM (1.0 mL). The cold bath was exchanged for an ice bath and stirring continued
for another 10 min yielding a green solution. Volatiles were removed in vacuo at 0 °C.
Dry DCM (0.4 mL) was added to the green solid and the mixture was filtered via syringe
equipped with a syringe PTFE filter. Volatiles were removed in vacuo and the resulting
green solid mostly dissolved in dry hexane (0.1 mL). Storage at —32 °C resulted in the
formation of a green crystalline solid. The mother liquor was decanted via syringe at —20 to

—30 “C. Drying in vacuo provided 129 (13.7 mg, 21.3 umol, 59%) as a green crystalline solid.
HR-MS (ESI): calculated m/z for (332H541 1 BCuNgO5* ([M+H]*): 644.3646; found: 644.3645;

calculated m/z for CapHs311BCuNgOsNa* ([M+Na]*): 666.3460; found: 666.3459.
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FTIR (ATR, neat): 7 = 3132, 2962, 2929, 2868, 2543, 1687, 1666, 1534, 1469, 1429, 1391,
1381, 1363, 1300, 1177, 1136, 1110, 1048, 1019, 957, 923, 900, 878, 822, 790, 759, 737,
715, 704, 653, 587, 545, 503 cm™'.

4.9.5 Synthesls of [Cu(Tp""/P")(13C5-0,CC(0)CH(Me);)] (196)

W 196 was prepared via a modification of the previously reported pro-
N ;:i XLU /O ;:CCH"h cedure for the synthesis of 129.01'%4

H—B\ \ o N CHs Tp 193 (29.5 mg, 52.3 umol, 1.00 equiv.) and sodium 13Cs-3-

"‘\";‘ ~o methyl-2-oxobutyrate (9.4 mg, 65.7 umol, 1.26 equiv.) coocled

to —20 °C was added dry DCM (1.0 mL) followed by dry MeQOH
(0.4 mL). The mixture was then placed in an ice bath and stirring continued for 15 min yield-
ing a green solution. Volatiles were removed in vacuo at 0 °C. Dry DCM (0.5 mL) was added
to the green solid and the mixture was filtzred via syringe equipped with a syringe PTFE filter.
Volatiles were removed in vacuo and the resulting green solid mostly dissolved in dry hexane
(0.4 mL). Storage at —32 °C resulted in the formation of a green microcrystalline solid. The
mother liquor was decanted via syringe at —36 “C. Drying in vacuo provided 196 (28.7 mg,
44.2 umol, 84%) as a green crystalline solid.
HR-MS (ESI):
calculated m/z for 13C5Co7Hs, 1TBCUNgO4* ([M+H]*): 649.3814; found: 649.3814;

calculated m/z for 13C5Cy7Hg311BCUNgO4Na* ([M+Na]*): 671.3628; found: 671.3631.
FTIR (ATR, neat): 7 = 3123, 2964, 2930, 2869, 2550, 1644, 1625, 1533, 1470, 1428, 1389,

1381, 1363, 1301, 1286, 1267, 1179, 1136, 1108, 1088, 1050, 1031, 958, 922, 900, 879,
823, 802, 791, 758, 733, 716, 691, 653, 589, 545, 519, 491.
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4.9.6 General Procedure for Treatment of Cu-a-ketocarboxylate Complexes with Alr

The general procedure for air treatment was adapted from a literature procedure.["®

The respective Cu o-ketocarboxylate complex (or the sodium o-ketocarboxylate and
Cu(BF,)5-6 H;0) was dissolved/suspended in the indicated volume of DCM in a vial in air
(a small quantity of MeOH was added when a sodium o-ketocarboxylate was utilized and
the suspension sonicated for approx. 1 min), layered with heptane (same volume as DCM)
and left to evaporate in air over the time stated in Table S 19. After complete evaporation,
the residue was analyzed by FTIR spectroscopy and subsequently subjected to removal of
potential CO, reduction products by NaOH treatment according to the general procedure
4.7.20.

4.9.7 General Procedure for Treatment of Cu-o-ketocarboxylate Complexes with
CO5/09

The general procedure for CO5/O, treatment was adapted from a literature procedure. "%

The respective Cu complex was dissolved in dry toluene (volume indicated in Table S 20)
in a 25 mL Schlenk tube under COs atmosphere and stirred for 20-30 min. Op (12 mL)
was then added wia syringe, the flask sealed and the reaction mixture stirred under the
CO5/0, atmosphere for the time stated. Volatiles were removed in vacuo and the solid
residue analyzed by FTIR spectroscopy. Subsequent extraction of the solid residue with
NaOH was conducted according to the general procedure 4.7.20 in air.

4.9.8 General Procedure for Treatment of Sodlum o-Ketolsovalerate with CO5/05 for
NMR Analysls

Sodium o-ketoisovalerate (13Cs) and Cu(BF,),-6 H,O were suspended in dry CgDg or
CD,Cl, containing 10% CD4;0D to facilitate enhanced solubility under a CO, atmosphere
in a 25 mL Schlenk tube and were sonicated for approx. 1 min. After stirring for 10-20 min,
Os (12 mL) was added via syringe and the suspension stirred under the CO%/0Os atmosphere
for the time stated. The solid was allowed to settle, the solution decanted and analyzed by
NMR spectroscopy. After transferring the NMR solution back to the solid, all volatiles were re-
moved in vacuo. The resulting solid residue was analyzed by FTIR spectroscopy and further
subjected to NaOH treatment according to the general procedure 4.7.20 in air.
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4.9.9 Cu-x-ketocarboxylate Complexes In CO:z Reductlve Coupling - Results

Table S 19: Resulis for the treatment of Cu-a-ketocarboxylate complexes with air for the potential reductive coupling of COs.

Entry [Cu] Additives Solvent t FTIR 7 '3C NMR 5 [ppm] CE (C20.%)
([umol]) ([umol]) (ImL]) [h]  [em'F (C204%/HCO;/CO5™) approx. yleld [%]'
19 129 (19) - DCM/™heptane 18 1654,16802  x//x 3[6]
(0.5/0.5)
20 196 (9.2) - DCM/™heptane 18 1649,1609,  173.4171.0/168.3 11 [21]
(0.3/0.3) 1562
33509 Cu(BF,)s(H;0); 194 (72) DCM/™heptane 90 1707, 1607 173.2/%/% 36 [73]
(72) /MeOH (2/2/0.2)
435 Cu(BF,)s(H;0); 194 (36) DCM/™heptane 63 1705, 1610 173.3/w/x 47 [94]
(36) /MeOH (1/1/0.1)
506 Cu(BF4)z(Hz0)s 195 (34) DCM/™heptane 65  1666,1625,  173.3/171.1/168.4 55 [110]
(34) /MeOH (1/1/0.1) 1563
655 Cu(BF4)z(Hz0)s 195 (34) DCM/™heptane 40  1666,1626,  173.3/171.1/168.2 42 [84]
(34) /MeOH (1/1/0.1) 1564
- 194 (37) DCM/™heptane 42 1707, 1631 XIx/x 418]
/MeOH (1/1/0.1)
829  Cu(BF4)z(Hz0)s Na pyruvate DCM/™heptane 16 1734, 1593 173.2/%/168.4 5[11]
(72) (73) /MeOH (2/2/0.2)

Reactions were conducted according fo the general procedure 4.9.6 unless staled otherwise. x = not observed. Characteristic vibrations are reported
(IR spectra are presenied in section 4.13.6). TApproximate axalate yields stated were calculated without taking into account the efficiency of the
NaOH treatment procedure. Yields stated are assuming a mononuclear mechanism. Comesponding yields for a potentially bimolecular formation of
oxalate'® are stated in [l. *HR-MS (ESI) analysis of the residue after NaOH treatment revealed the presence of '°C,0,% (see section 4.16.1).
PHR-MS (ESI) analysis of the residue after NaOH treatment revealed the presence of '*C204% while no mixed 'c'*c0,* was observed. “The solid
starting materials were not entirely soluble. MeOH was added to facilitate higher solubility. 9The solid residue after NaOH treatment was extracted with
DCM prior to NMR/CE analysis.

Buydnon eaganpey %00 Ul sexepdwon ejeifxoqeaoiey-x-ng

uogoes Ejuswuedxy



coe

Table S 20: Results for the treatment of Cu-cc-ketocarboxylate complexes with CO2/O2 for the potential reductive coupling of COs.

Entry [Cu] Additives Solvent t FTIR & 13C NMR 4 [ppm] CE (C,0,%)
([umol]) ([umol]) (ImL]) [h]  [em '} (C204* /HCO;/CO3™) approx. yleld [%]'
14 129 (7.9) - toluene (0.5) 42 1659, 1600 XX 3[6]
2P 196 (13) - toluene (0.8) 67  1642,1613,  173.4/x168.3 1[2]
1561
3P 196 (17) - toluene (1.1) 67  1640,1613,  173.4/x168.4 1[1]
1555
4° Cu(BF.):(H;0): 195 (34) CsDg/CD20OD (1.0/0.1) 93 1666, 1617,  173.2/171.1/168.2 31 [62]
(34) 1568
5° Cu(BF,):(H,0); 195 (34) CD,Cly/CD;0D 93 1623, 1561 173.2171.1k 17 [34]
(34) (1.0/0.1)

Reactions were conducted according to the general procedure 4.9.7 unless stated otherwise. x = not ocbserved. *Characteristic vibrations are reported
(IR spectra are presented in section 4.13.6). TApproximate oxalate yields stated were calculated without taking info account the efficiency of the NaOH
treatment procedure. Yields stated are assuming a mononuclear mechanism. Corresponding yields for a bimolecular formation of oxalate'"! are stated
in [l. #HR-MS (ESI) analysis of the residue after NaOH treatment possibly indicates the presence of '2C;04~ with poor signal-to-noise ratio (see section
4.16.1). "HR-MS (ESI) analysis of the residue after NaOH freatment revealed the presence of '*C,0,% while no mixed '?C'3C0O,% was observed.
“Reactions were conducted according to general procedure 4.9.8. The solid starting materials were not entirely soluble, hence CD30D was added to
facilitate higher solubility.
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Trinuclear Cu Complexes in the Reduction of COs Experimental section

4.10 Investigation of Trinuclear Cu Complexes in the Reduction of CO»>
4.10.1 Synthesls of Red Selenlum

Red selenium was prepared using a modified literature procedure. #58

To H;SO,4 (40 mL) under Ar at 145 °C was added powdered Se (530 mg, 6.71 mmol,
1.00 equiv.) and the reaction mixture stirred at 150 °C for 1 h. The dark-green reaction
mixture was then slowly poured onto ice causing formation of a red solid. Filtration, washing
with HoO until the wash solution was pH neutral, washing with EtOH (10 mL) and Et;0
(10 mL) and subsequent drying in vacuo yielded red Se (422 mg, 5.35 mmol, 80%).

4.10.2 Synthesls of Benzyl Potassium

Kt KBn was prepared according to a literature procedure.**"!

© To KO!Bu (439 mg, 3.91 mmol, 1.00 equiv.) in dry toluene (8.0 mL) at 0 °C
was added "BuLi (2.5 M in hexane, 1.6 mL, 4.00 mmol, 1.02 equiv.). The
orange suspension was allowed to warm to rt. and stirred for 40 min. The

orange solid was filtered off (cannula) and washed with dry toluene (24 mL) as well as dry
hexane (1.6 mL). Drying in vacuoyielded KBn (463 mg, 3.56 mmol, 91%) as an orange solid.

4.10.3 Synthesls of 1,3,5-Trils(bromomethyl)-2,4,6-trlethylbenzene (199)

Br 199 was prepared according to a literature procedure. 3
Ma Ma To 1,3,54riethylbenzene (4.0 mL, 21.3 mmol, 1.00 equiv.) and
Br Br  paraformaldehyde (6.77 g, 225 mmol, 10.6 equiv.) under Ar was added
Me 40% HBr in AcOH (40 mL, 208 mmol, 9.77 equiv.). ZnBr; (8.16 g,

36.2 mmol, 1.70 equiv.) was added over 5 min at r.t. and the resulting
brown suspension heated to 90 °C for 19 h. After cooling to r.t., the formed solid precipitate
was filtered off and washed with HzO (~200 mL). Drying under reduced pressure yielded
199 (8.00 g, 18.1 mmol, 85%) as a white solid.

TH NMR (300 MHz, CDCl5): § = 4.58 (s, 6H), 2.94 (q, J = 7.6 Hz, 6H), 1.34 (t, J = 7.6 Hz,
9H) ppm.
The analytical data is in accordance with the literature data. %
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4.10.4 Synthesls of 1,3,5-Tris(phthalimldomethyl)-2,4,6-trlethylbenzene (200)

200 was prepared according to a modified literature proce-

o dure. 158
Om"" Me To potassium phthalimide (6.75 g, 36.4 mmol, 4.02 equiv.)
o a in dry DMSO (60 mL) was added 199 (4.00 g, 9.07 mmol,
N 1.00 equiv.) and the resulting suspension heated to 85 °C
N
Mo overnight. The yellow suspension was cooled to 0 °C, the
© o solid precipitate filtered off and dissolved in DCM (80 mL).

H50 (80 mL) was added, the layers were separated and the
aqueous layer extracted with DCM (80 mL). The combined organic layers were washed with
Hs0 (240 mL), dried over NazS0O4 and evaporated under reduced pressure. The mother
liguor was poured into HoO (150 mL), the formed white precipitate was filtered off and dis-
solved in DCM (80 mL). The organic layer was washed with H,O (3x40 mL), dried over
MNa,;S0,, evaporated under reduced pressure and combined with the previous extract. Col-
umn chromatographic purification (SiO9, pentane/EtOAc 2:1— EtOAc) yielded 200 (2.27 g,
3.56 mmol, 39%) as colorless to light-yellow solid.

TH NMR (300 MHz, CDClg): § = 7.85-7.77 (m, 6H), 7.72-7.64 (m, 6H), 4.94 (s, 6H), 3.10 (q,
J= 7.6 Hz, 6H), 0.97 (t, J = 7.6 Hz, 9H) ppm.
The analytical data is in accordance with the literature data. 4%

4.10.5 Synthesls of 1,3,5-Tris(aminomethyl)-2,4,6-trlethylbenzene (201)

HN 201 was prepared according to a literature procedure.*!

To a suspension of 200 (2.06 g, 3.22 mmol, 1.00 equiv.) in dry

HaM nH: EtOH/toluene (15 mL, 2:1 v:v) was added NsH4-1.5 H,O (1.0 ml,

Me 17.4 mmol, 5.42 equiv.). The reaction mixture was heated to 100 =C
for 20 h resulting in a yellow suspension which was then allowed to cool
to rt.. The yellow solution was decanted, the colorless solid was dis-

solved in 40% aqueous KOH (75 mL) and extracted with CHCl3 (3100 mL). The organic

layers were washed with H,O (3300 mL), dried over Na,S0O, and evaporated under re-

duced pressure to provide 201 (598 mg, 2.40 mmol, 74%) as a white solid.

TH NMR (300 MHz, CDCls): 4 = 3.88 (s, 6H), 2.83 (g, J = 7.5 Hz, 6H), 1.32 (br, 6H), 1.24 (t,

J= 7.5 Hz, 9H) ppm.

13¢{TH} NMR (75 MHz, CDCl3): § = 140.5, 137.6, 39.8, 22.7, 17.0 ppm.

The analytical data is in accordance with the literature data. 4%
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4.10.6 Synthesls of 2,4-Pentanedlone-2,2-(ethylene glycol) monoketal (202)

o), 202 was prepared according to a literature procedure.*%

mfﬂ‘\)(m To p-toluenesulfonic acid monohydrate (53.5 mg, 281 umol, 0.1 mol%) was
added benzene (46 mL), 2,4-pentanedione (24.0 mL, 233 mmol, 1.00 equiv.)
and ethylene glycol (13.0 mL, 233 mmol, 1.00 equiv.). The mixture was heated
to 95-115 °C in a Dean-Stark apparatus and the formed water regularly removed over 3 d.
The resulting dark orange solution was concentrated under reduced pressure (10 mbar at
50 =C). Distillation under constant vacuum (56 mbar) at 55-90 °C (oil bath) yielded four
fractions of 202 with different composition. The main fractions consisted of a 85:15 monoke-
tal/diketal mixture (19.1 g of product mixture, 105 mmol monoketal [by NMR], 45% monoketal
[by NMR]).
TH NMR (300 MHz, CgDg): 6 = 3.41 (s, 4H), 2.49 (quint, J = 0.5 Hz, 2H), 1.89 (t, J = 0.5 Hz,
3H), 1.36 (t, J= 0.5 Hz, 3H) ppm.
The analytical data is not entirely in accordance with the literature as the literature data has
been reported as spectrum in CgDg, but appears to be recorded in CDCl5.#%

4.10.7 Synthesls of 142

142 was prepared according to a literature procedure. 45"

To 201 (601 mg, 2.41 mmol, 1.00 equiv.) in dry MeOH (22 mL)
—N “TE} was added 202 (559 mg, 3.64 mmol of monoketal [determined by
M :ﬁ:’? "H NMRY], 1.51 equiv.) and the yellow solution heated to 80 °C for
— 2 d. The suspension was cooled to 0 °C and filtered via cannula. The
solid residue was washed with cold MeOH (0.5 mL). Drying in vacuo
yielded 142 (465 mg, 673 umol, 56%) as an off-white solid.
TH NMR (300 MHz, CDCly): 4 = 10.46 (br, 3H), 4.60 (s, 3H), 4.26 (s, 12H), 2.50 (q,
J=7.5Hz, 12H), 2.02 (s, 18H), 1.07 (t, J = 7.5 Hz, 18H) ppm.
13¢{"H} NMR (75 MHz, CDClg): § = 159.9, 142.4, 133.3, 93.7, 45.2, 22.8, 20.2, 16.2 ppm.
HR-MS (ESI): calculated m/z for C45Hg7Ng™ (IM+H]*): 691.5427; found: 691.5432.
FTIR (ATR, neat): & = 3049, 2964, 2920, 2914, 2899, 2872, 1617, 1546, 1484, 1431, 1365,
1327, 1272, 1232, 1104, 1090, 1073, 1055, 1025, 994, 937, 890, 875, 771, 721, 677, 654,
623, 608, 532, 522, 476, 428 cm™ .
The analytical data is in accordance with the literature data. 5"
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4.10.8 Synthesls of [Cus(142)] (203)

203 was prepared according to a literature procedure. &1

To 142 (90.4 mg, 131 umol, 1.00 equiv.) and KBn (57.9 mg, 445 umol,
=N, Cll_N 3.40 equiv.) under Ar was added dry THF (7.0 mL) and the reaction
%*: / %/ mixture stirred at r.t. for 15 min after which all volatiles were removed
in vacuo. The atmosphere was exchanged to N, and the dark orange
solid was dissolved in dry toluene (5.0 mL). [CuOTf]z-CgHg (101.1 mg,
201 umol, 1.54 equiv.) dissolved in dry toluene (2.3 mL) was added
and the resulting viscous red suspension was stirred at r.t. for 17 h. Filtration (cannula) of
the reaction mixture and removal of all volatiles in vacuo yielded [CusL] (58.2 mg, 66.2 umol,
50%) as a red solid.
TH NMR (300 MHz, CgDg): & = 4.85 (s, 3H), 4.56 (s, 12H), 2.64 (q, J = 7.5 Hz, 12H), 2.08
(s, 18H), 1.16 (t, J = 7.5 Hz, 18H) ppm.
13¢{"H} NMR (75 MHz, CgDg): & = 164.9, 144.1, 138.0, 96.0, 49.4, 23.0, 22.7, 16.9 ppm.
Note: The absence of residual triflate was proven by no detectable signal in the 19F[1H}
NMR. Furthermore, the reaction under Ny atmosphere is reported to result in a dinitrogen-
coordinated complex.®®'l However, it is indicated that handling under vacuum results in re-
moval of No from the complex.®l As only the synthesis has been conducted under N2
atmosphere and all subsequent handling was performed under Ar after drying in vacuo, no
M5 incorporation is assumed for the complex described herein.
The analytical data is in accordance with the literature data. 451482

4.10.9 Synthesls of [Cus(142)(Se)] (139)

Synthesis of 139 according to a literature procedure® caused for-

@/ mation of significant amounts of free 142 due to unknown reasons.
gjr{ of Nmsg Thus, an alternative procedure for the synthesis of 139 is reported
\ PSS NTIN  herein.

e
A solution of 203 (16.7 mg, 19.0 umol, 1.00 equiv.) in dry THF
(1.0 mL) was transferred onto red Se (2.2 mg, 27.9 umol, 1.47 equiv.)
and sonicated for 5 min. Volatiles were removed in vacuo and the
brown solid residue extracted with dry hexane (2.0 mL) via syringe by filtration through a
PTFE syringe filter. Volatiles were removed in vacuo to yield 138 (7.0 mg, 7.3 umol, 38%) as
a dark green solid that still contained minor quantities of 142 (and hexane) evident from 1H
NMR spectroscopy.
TH NMR (400 MHz, CgDg): & = 4.96 (s, 3H), 4.50 (s, 12H), 2.69 (q, J = 7.6 Hz, 12H), 2.06
(s, 18H), 1.13 (t, J = 7.6 Hz, 18H) ppm.
The analytical data is in accordance with the literature.['%!
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4.10.10 General Procedure for CO> Reductlon with 139 Utllizing KCg as Reducing
Agent

This procedure is a modified version of the original literature protocol. 453

A solution of 139 in dry THF was added to KCgq (excess, 29-50 equiv.) in dry THF (final
concentration 0.5-0.9 mM) under Ar. Three consecutive freeze-pump-thaw cycles were con-
ducted with the reaction mixture. After the 3rd pump-step, the reaction mixture was opened
to a COs atmosphere for ~1 s while still being frozen in liquid No (caution: prolonged opening
causes deposition of solid CO, that could shatter the flask upon thawing!). The mixture was
allowed to thaw in a water bath, opened to constant CO; pressure until at r.t. and closed.
After stirring at r.t. overnight, the dark blue/purple solution was filtered off via Teflon cannula.
The color of the solution changed from dark blue/purple to green during the filtration process.
Volatiles were removed in vacuo and the resulting dark green solid analyzed by NMR spec-
troscopy.

The solid residue from the first filtration was extracted with dry MeOH (210 mL) and all
volatiles removed in vacuo. Thus obtained solid residue was dissolved in D-O (0.6 mL) and
analyzed by capillary electrophoresis (0.03 mL or 0.2 mL) and NMR spectroscopy.

4.10.11 COz Reductlon with 139 and KCg - Results

Table S 21: Results for the CO, reduction with [Cug(142)Se] utilizing KCg as reducing agent.

Entry [Cu] KCs Solvent t  "'CNMR s [ppm] CE (C2047)
(fumol])  ([umol]) ([mL]) ] (C,0,*/HCO,/CO;>)  approx. yield [%]'

19 139(@7) 382 THF (13.5) 17 x/171.0/168.3 7

23 139(13) 385 THF (15) 17 x171.0/168.3 2

Reactions were conducted according to the general procedure (4.10.10) unless stated otherwise. x = not
observed. TApproximate oxalate yields stated were calculated without taking into account possible oxalate
loss during the extraction procedure and might thus be lower than the true yield. ®NMR spectroscopic
analysis (in CgDg) of the solid residue obtained from the THF solution identified 142 and 139 as the main
two species.
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4.11 Single Crystal X-ray Diffraction

X-ray crystal structure analysis of compound 151

Figure S 7: Molecular structure of 151 (thermal ellipsoids are shown at 50% probability level and
H atoms are omitted for clarity). The solvent molecules (CH,Cly) are disordered (occupancies:
CI2A:CI2B:CI2C 0.5:0.3:0.2, C51A:C51B 0.6:0.4, C52A:C52B 0.3:0.2).
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Table S 22: Crystal data and structure refinement for 151.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections

Brown prism

Cs1.5H41ClsFe205P2S2

1154.85 g-mol™!

150(2) K

0.71073 A

Monoclinic

P21In

a=14.7832(11) A «=90°
b=224173(16) A B = 103.6673(13)°
c=15.6892(11) A y=90°

5052.2(6) A3

4

1.518 g-cm™

1.032 mm™

2356

0.30 x 0.28 x 0.21 mm

1.684 to 27.999°
—19<h<19,-20<k<29,-20<1<20
116535

12187 [Ry,; = 0.0328]



SC-XRD Experimental section

Data/ restraints / parameters 12187/ 44 / 636

Goodness-of-fit on F2 1.041
Final R indices [1>20(1)] Ry = 0.0490, wR» = 0.1422
R indices (all data) R, = 0.0591, wR, = 0.1555

Largest diff. peak/hole 1.726 and —1.314 e - A3

Noie that the highest peak in the difference Fourier map is located 1.38 A from C51B and the
deepest hole 0.6 A from CH (both located close to a disordered CHaClo).

X-ray crystal structure analysis of compound 152

Figure S 8: Molecular structure of 152 (thermal ellipsoids are shown at 50% probability level and
H atoms are omitted for clarity).

Table S 23: Crystal data and structure refinement for 152.

Crystal description Brown prism
Empirical formula CagHo4FesNa Q450
Formula weight 72439 g~m0|_1
Temperature 150(2) K
Wavelength 0.71073 A

Crystal system Triclinic

Space group Pi

a=105761(8) A o =98.1886(18)°
b=122528(9) A B =97.1056(18)°
c=14.1578(11) A v = 113.7770(17)°

Unit cell dimensions

Volume 1628.3(2) A3
z 2
Density (calculated) 1.478 g-t:m‘3
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Absorption coefficient
F(000)
Crystal size

© range for data collection

Index ranges
Reflections collected

Independent reflections
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I=2a(l)]

R indices (all data)
Largest diff. peak/hole

1.062 mm™

740

0.41 x 0.31 x 0.24 mm
1.483 to 27.998°

-13<h<13,-16<k<16,—-18<1<18

73817

7858 [Rip; = 0.0250]
7858/ 0/ 417

1.052

R, = 0.0251, wR, = 0.0646
R4 = 0.0278, wR, = 0.0669
0.391 and -0.323e - A3

X-ray crystal structure analysis of compound 168

Figure S 9: Molecular structure of 168 (thermal ellipsoids are shown at 50% probability
level, H atoms are omitted for clarity). 168 is disordered over two sites with occupancies of
0.531(6):0.469(6).
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Table S 24: Crystal data and structure refinement for 168.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient

Colorless needle
C15Hp7CulNg

439.83 g-mol~1

150(2) K

1.54178 A

Monoclinic

F24le

a=12.7569(4) A «=90°
b=16.9546(5) A p = 100.087(2)°
c=18.6492(2) A v =90°
1841.80(9) A?

4

1.586 g-cm ™2

14.780 mm™"



SC-XRD Experimental section

F(000) 880
0.30 x 0.05 x 0.04 mm
3.519 to 66.594°

Crystal size
& range for data collection

Index ranges —15<h<14,-20<k<19,-10<1<10
Reflections collected 14337

Independent reflections 3260 [Ry; = 0.0387]

Data / restraints / parameters 3260/ 102 / 320

Goodness-of-fit on F? 1.019

Final R indices [I=20(l)]
R indices (all data)
Largest diff. peak/hole

R, = 0.0258, wR, = 0.0643
R, = 0.0302, wR, = 0.0670
0.528 and —0.276 e - A3

X-ray crystal structure analysis of compound 169

Figure S 10: Molecular structure of 169 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity; symmetry code to generate equivalent atoms (i):
—x41, —y+1,—z41). The solvent molecule (THF) is disordered over two sites with occupancies of
0.520(8):0.480(8).

Table S 25: Crystal data and structure refinement for 169.

Crystal description Blue prism

Empirical formula CggH112B2CusNgOy4
Formula weight 1442.51 g-mul’1
Temperature 150(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/n

Unit cell dimensions

a=17.7104(4) A «=90°
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Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I=2a(l)]

R indices (all data)
Largest diff. peak/hole

b=12.0392(4) A p =92.184(2)°
c=20.4805(4) A v=290°
4363.7(2) A3

2

1.098 g-cm 2

0.535 mm~"

1540

0.40 x 0.22 x 0.17 mm

1.492 to 27.998°

—23<h<23 -15<k<15,-27<1<27
73772

10530 [R;; = 0.0542]

10530/ 136/ 465

0.908

Ry = 0.0475, wR, = 0.1245

R, = 0.0728, wR, = 0.1321

0.704 and -0.546 e - A3

X-ray crystal structure analysis of compound 170

Figure S 11: Molecular structure of 170 (thermal ellipsoids are shown at 50% probability level
and H atoms are omitted for clarity).
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Table S 26: Crystal data and structure refinement for 170.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Part of a blue needle
C15H27CUN5Og
436.95 g-mol™!
150(2) K

0.71073 A
Monoclinic

F24/n



SC-XRD Experimental section

Unit cell dimensions a=18.8043(4) A «=90°
b=19.7822(8) A B =90.7192(17)°
c=11.0839(5) A v =90°

Volume 1930.31(15) A3

z 4

Density (calculated) 1.504 g-cm™3

Absorption coefficient 1.173 mm™!

F(000) 916

Crystal size 0.21 x 0.14 = 0.12 mm

& range for data collection 2.059 to 27.993°

Index ranges —11<h<11,-26<k<26-14<1<14
Reflections collected 42129

Independent reflections 4664 [Rint = 0.0268]

Data / restraints / parameters 4664 /0/244
Goodness-of-fit on F2 1.019

Final R indices [I=20(l)] R4 =0.0243, wR, = 0.0637
R indices (all data) R =0.0288, wR> = 0.0665
Largest diff. peak/hole 0.353 and —0.186 e - A=2

X-ray crystal structure analysis of compound 171

D%\.

Figure S 12: Molecular structure of 171 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity).
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Table S 27: Crystal data and structure refinement for 171.

Crystal description Part of a blue plate
Empirical formula C47H5gCuN3; 0Oy 5

Formula weight 409.96 g-mol~1
Temperature 150(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=13.4227(7T) A «=90°

b=15.7896(8) A B =94.6505(18)°
c=17.7903(9) A v=290°

Volume 3758.0(3) A3

i 8

Density (calculated) 1.449 g-cm3

Absorption coefficient 1.895 mm™

F(000) 1728

Crystal size 0.38 = 0.07 x 0.04 mm

© range for data collection 3.303 to 66.684°

Index ranges —15<h<15 18<k<18,-21 <1< 21
Reflections collected 45183

Independent reflections 6641 [Ry;; = 0.0363]

Data / restraints / parameters 6641/ 0/ 468
Goodness-of-fit on F2 1.027

Final R indices [I=20(l)] Ry =0.0281, wR, = 0.0753
R indices (all data) Ry =0.0316, wR, = 0.0786
Largest diff. peak/hole 0.346 and —-0.251 e - A3
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X-ray crystal structure analysis of compound 172

Figure S 13: Molecular structure of 172 (thermal ellipsoids are shown at 50% probability level
and H atoms are omitted for clarity; symmetry code to generate equivalent atoms (i): —x, 1-y,
1-z). The BF, anion is disordered over two sites with occupancies of 0.66(2):0.34(2).

Table S 28: Crystal data and structure refinement for 172.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

& range for data collection
Index ranges

Reflections collected
Independent reflections

Blue prism

C32H54B2CusFgNg Oy

887.51 g-mol™!

150(2) K

0.71073 A

Triclinic

Pi

a=8.9959(3) A «=74.7062(12)°
b=9.6236(4) A p=77.7155(11)°
c=12.4608(4) A v =70.1423(11)°
969.63(6) A3

1

1.520 g-cm™

1.179 mm™’

460

0.34 x 0.13 x 0.07 mm

2.301 to 27.999°
11<h<11,-12<k<12,-16 <1< 16
36282

4682 [Rint = 0.0273]
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Data / restraints / parameters 4682/ 28 / 240

Goodness-of-fit on F2
Final R indices [I=2a(l)]
R indices (all data)
Largest diff. peak/hole

1.036

R4 = 0.0376, wRy = 0.0919
Ry = 0.0431, wR, = 0.0963
1.042 and —-0.999 ¢ - A3

X-ray crystal structure analysis of compound 173

Figure S 14: Molecular structure of 173 (thermal ellipsoids are shown at 50% probability level
and H atoms are omitted for clarity).
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Table S 29: Crystal data and structure refinement for 173.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters

Green prism
G15H2?C|EGUN5

383.83 g-mol™!

150(2) K

0.71073 A

Orthorhombic

P212124

a=8.3314(5 A «=90°
b=127118(7) A B =90°
c=16.5149(9) A v=290°
1749.05(17) A3

4

1.458 g:_|-t:m‘3

1.552 mm™

804

0.48 x 0.31 x 0.24 mm
2.022 to 28.996°

11 <h<11,-17<k<17,-22<1< 16
22334

4668 Ry = 0.0225]
4668/ 0/ 190
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Goodness-of-fit on F2
Final R indices [I=20(l)]
R indices (all data)
Largest diff. peak/hole

1.039
Ry = 0.0189, wR5 = 0.0488
Ry = 0.0195, wR5 = 0.0492
0.333 and -0.366 e - A3

Brii®)

X-ray crystal structure analysis of compound 176

Figure S 15: Molecular structure of 176 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity).

Table S 30: Crystal data and structure refinement for 176.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

& range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters

Colorless prism
G13H3?BI'GUNF2

448.85 g-mol

150(2) K

0.71073 A

Monoclinic

P21J"C

a=10.0743(10) A o« =90°
b=13.7219(14) A B = 102.1220(18)°
c=15.7700(16) A v =90°
2131.4(4) A®

4

1.399 g-cm™

3.045 mm1

936

0.35 x 0.29 x 0.21 mm
1.987 to 27.996°
-13<h<13,-18<k<18,-20<1<20
45576

5145 [R;; = 0.0328]

5145/ 0/ 202
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Goodness-of-fit on F2
Final R indices [I=2a(l)]
R indices (all data)
Largest diff. peak/hole

1.036

R¢ = 0.0210, wR» = 0.0510
R¢ = 0.0257, wR» = 0.0528
0.434 and -0.285e - A3

X-ray crystal structure analysis of compound 177

Figure S 16: Molecular structure of 177 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity).
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Table S 31: Crystal data and structure refinement for 177.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections

Colorless plate

GEDH45BFCUNP2

504.96 g-mol™!

150(2) K

0.71073 A

Monoclinic

P21.|" n

a=8.5466(5) A «= 90°
b=21.4368(12) A PB=92.8766(9)°
c=13.6316(7) A ~=90°
2494.3(2) A3

4

1.345 g-cm™3

2.610 mm™"

1064

0.34 x 0.28 x 0.08 mm

1.772 to 28.000°
—11<h<11,-28<k<28,-17<1<17
47961

6022 [R;; = 0.0276]
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6022/ 0/ 242

1.026

Ry = 0.0199, wR5 = 0.0492
R = 0.0243, wR, = 0.0516
0.462 and -0.220 e - A3

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=20(l)]

R indices (all data)

Largest diff. peak/hole

X-ray crystal structure analysis of compound 178

Figure S 17: Molecular structure of 178 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity). The solvent molecule (THF) is disordered over two
sites with occupancies of 0.7:0.3.

Table S 32: Crystal data and structure refinement for 178.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

& range for data collection

Colorless needle

Ggg HB1 BrCuNO PE

681.20 g-mol™!

150(2) K

0.71073 A

Triclinic

Pi

a=9.2817(5) A o =71.8879(14)°
b=11.5019(7) A B =86.0092(14)°
c=17.4052(10) A v = 74.9191(14)°
1705.11(17) A3

2

1.327 g-cm™

1.930 mm™

724

0.50 x 0.17 < 0.11 mm

1.925 to 27.999°
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Index ranges —12<h<12, 15<k<15 -22<1<22
Reflections collected 89796

Independent reflections 8233 [Rint = 0.0297]

Data / restraints / parameters 8233/ 19/334

Goodness-of-fit on F2 1.035

Final R indices [I=20(l)] R =0.0325, wR> = 0.0855

R indices (all data) R{ =0.0379, wR> = 0.0895

Largest diff. peak/hole 1.010 and —1.023 e - A3

X-ray crystal structure analysis of compound 179

Figure S 18: Molecular structure of 179 (thermal ellipsoids are shown at 50% probability level and
C-bound H atoms are omitted for clarity; symmetry code to generate equivalent atoms (i): —x+2,
—y+2, —z+1). One of the P1-bound phenyl groups is disordered over two sites with occupancies
of 0.50(2):0.50(2).

Table S 33: Crystal data and structure refinement for 179.

Crystal description Part of a colorless plate

Empirical formula CgzHgoBraClaCusNoPy

Formula weight 1316.81 g-mol1

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group Pi

Unit cell dimensions a=9.2467(3) A «=88.1421(14)°

b=9.9565(4) A B =77.2595(14)°

220



SC-XRD

Experimental section

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

& range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I=20(l)]

R indices (all data)
Largest diff. peak/hole

c=16.5489(6) A v =78.5798(13)°
1456.54(9) A?

1

1.501 g-cm™2

2.344 mm1

670

0.29 x 0.15 x 0.11 mm

2.087 to 27.999°
12<h<12,-13<k<13,-21 <1< 21
53285

7023 [R;,; = 0.0282]

7023/ 181/ 362

1.030

R = 0.0281, wR, = 0.0734

R, = 0.0338, wR, = 0.0771

0.913 and -0.518 e - A3

X-ray crystal structure analysis of compound 185

Ty ’-'1

Figure S 19: Molecular structure of 185 (thermal ellipsoids are shown at 50% probability level
and H atoms are omitted for clarity).

Table S 34: Crystal data and structure refinement for 185.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Colorless plate
CagHz54CuploNg
951.73 g-mol ™
150(2) K
0.71073 A
Triclinic
P1
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Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I=2a(l)]

R indices (all data)
Largest diff. peak/hole

a=125613(8) A «=113.3253(14)°
b=12.5988(8) A B =94.0461(16)°
c=14.7239(9) A = 112.4090(14)°
1909.6(2) A3

2

1.655 g-cm 2

2.763 mm™"

952

0.23 x 0.14 x 0.11 mm

1.560 to 25.998°

-15<h<15 -15<k<15,-18<1<18

63126

7468 [Rint = 0.0298]
7468/0/ 415

1.070

R, = 0.0273, wR, = 0.0716
R4 = 0.0306, wRy = 0.0737
1.393 and —-0.500¢e - A3

Mote that the highest peak in the difference Fourier map is located 1.51 A from I2 and the

deepest hole 0.75 A from 1.

X-ray crystal structure analysis of compound 191
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Figure S 20: Molecular structure of 191 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity).
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Table S 35: Crystal data and structure refinement for 191.

Crystal description Red prism

Empirical formula Co7H4gBBrCulNg

Formula weight 608.96 g-mol
Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=10.0419(8) A «=090°

b=16.3354(13) A B = 101.9989(16)°
c=18.9924(14) A v =90°

Volume 3047.4(4) A3

z 4

Density (calculated) 1.327 g-cm™

Absorption coefficient 2.053 mm™1

F(000) 1276

Crystal size 0.24 = 0.10 = 0.08 mm

& range for data collection 1.660 to 27.999°

Index ranges —13<h<13,-21<k<21,-24<1<25
Reflections collected 55296

Independent reflections 7359 [Rj; = 0.0568]

Data / restraints / parameters 7359/ 0/ 341
Goodness-of-fit on F? 1.020

Final R indices [I=20(l)] R4 = 0.0394, wR, = 0.0841
R indices (all data) R4 = 0.0640, wR, = 0.0956
Largest diff. peak/hole 1.124 and —1.016 e - A2

X-ray crystal structure analysis of compound 192

Figure S 21: Molecular structure of 192 (thermal ellipsoids are shown at 50% probability level
and C-bound H atoms are omitted for clarity).
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Table S 36: Crystal data and structure refinement for 192.

Crystal description
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

i

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I=2a(l)]

R indices (all data)
Largest diff. peak/hole

Colorless prism

C1gH3oBrCuN,

447.92 g-mol~1

150(2) K

0.71073 A

Triclinic

Pi

a=95314(7) A «=75.6463(13)°
b=9.8578(8) A B =72.6924(13)°
c=12.5043(10) A  =89.3814(13)°
1084.15(15) A3

2

1.372 g-cm™3

2.857 mm™1

464

0.42 x 0.25 x 0.17 mm

2.137 to 27.998°
—12<h<12,-13<k<13,-16<1< 16
43226

5228 [R;; = 0.0217]

5228/0/ 233

1.058

Ry = 0.0210, wR, = 0.0528

R, = 0.0236, wR, = 0.0543

0.631 and —-0.442 e - A3
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4.12 NMR Spectroscopic Analysis
4.121 NMR Spectra — Syntheslzed Compounds
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Figure S 22: ‘H NMR (300 MHz, DMSO-dg) of 1,3-dimethyl-2-phenylbenzo[d]imidazolium io-
dide.
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Figure S 23: 'H NMR (300 MHz, DMSO-dg) of BIH.
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Figure S 24: "H NMR (300 MHz, CgDg) of 145.
181102 309 10.0d
Mmﬁw 1619 g E
F R L1 R T
<=\
Nt Irﬂ\\ﬁ e
PhoP”=h]
oc, Pas / %'m
oc Fa —FE|L._ \Ifﬁ
ol co 'E;,;\"‘J
_J*L_JLL—JJ“ A__JL__HJ .._."LH.'.J.JJM._JA—L_
i 19 it i g
as 75 23 &5 &8 S§ =8 45 485 is  3is 25 2m 45 18 os  am

cheesmical shift (poen]
Figure S 25: 'H NMR (300 MHz, CD,Cly) of 151.

226



NMR Specira Experimental section

18110230911 fd

Hadimilan Mars MMi157-3-2
“‘xm‘““?l eSS 1 ?ﬁﬁi&iﬁiiﬁﬁﬁﬁﬁﬂﬁiﬁﬁﬂiﬁﬂ REE
; 5 HH DR
.'rd_\.."'.
(:‘.‘}'..';:r) l'.'-ﬂ'}“ 2
4 b PP !
ac PG /& [me
F& Fe. i
oc N epn, |
O CO pyy

MJL ot |

128 1% 1M

i3z 130
chasmdoal shift (o)

T T T T T T T T T T T T T T T
5} 40 23 I 2M0D 300 190 180 IM 150 IS0 140 130 130 U0 O 90 -+ m & 50 40 0 i} i0 a
il shift (pp)

Figure S 26: "3C{'H} NMR (75 MHz, CD5Cl,) of 151.
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Figure S 27: 3'P{'H} NMR (122 MHz, CDsCls) of 151.
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Figure S 28: ('H,'3C) HSQC NMR (400 MHz, CD5Cls) of 151.
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Figure S 29: ('H,'3C) HMBC NMR (400 MHz, CD5Cls) of 151.
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Figure S 31: '3C{"'H} NMR (75 MHz, CgDg) of 152.
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Figure S 35: H NMR (300 MHz, D»0) of 160
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Figure S 36: 'H NMR (300 MHz, DMSO-dg) of 161.
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Figure S 37: '3C{'H} NMR (75 MHz, DMSO-dg) of 161.
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Figure S 39: H NMR (300 MHz, CDClg) of 162.
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Figure S 40: '3C{'H} NMR (75 MHz, CDCl3) of 162.
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Figure S 41: 'H NMR (400 MHz, pyridine-ds) of 118.
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Figure S 43: 'H NMR (300 MHz, DMSO-dj) of 165.

235



Appendix NMR Spectra

0730434 1000
Mavimillan Mars MMEST1 E
At IS € BndarTopspha S} HEB14871 % g g
W I I Ts
I
e
Ts’N\—f’ Ts
& o b . 1. n - IL
G0 95 %0 B85 &0 75 70 &5 G0 55 50 A5 48 35 38 25 28 1S L0 05 oo
hesssical shift {ppes])
Figure S 44: 'H NMR (400 MHz, CDCl3) of 166.
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Figure S 45: 'H NMR (300 MHz, D»0) of tacn-3HCI 167.
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Figure S 46: TH NMR (2300 MHz, CD3CN) of 127.
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Figure S 47: '3C{'H} NMR (101 MHz, CD3CN) of 127.
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Figure S 48: 'H NMR (400 MHz, THF-dj) of 168.
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Figure S 49: '3C{'H} NMR (101 MHz, THF-dg) of 168.
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Figure S 50: 'H NMR (300 MHz, CD5CN) of 174.
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Figure S 51: "3C{'H} NMR (75 MHz, CD5CN) of 174.
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Figure S 52: 'H NMR (300 MHz, CD5CN) of 175.
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Figure S 53: '3C{'H} NMR (75 MHz, CD3CN) of 175.
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Figure S 54: 'H NMR (300 MHz, CgDg) of 176.
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Figure S 55: 13C{'H} NMR (75 MHz, CgDg) of 176.
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Figure S 56: 3'P{TH} NMR (122 MHz, CgDg) of 176.
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Figure S 57: 'H NMR (300 MHz, CgDg) of 177.
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Figure S 58: 13C{'H} NMR (75 MHz, CgDg) of 177.
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Figure S 59: 31P{'H} NMR (122 MHz, CgDg) of 177.
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Figure S 61: '3C{'H} NMR (101 MHz, CD5Cl>) of 178.
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Figure S 64: '"H NMR (400 MHz, CD,Cly) of 179.
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Figure S 65: 13C{"H} NMR (101 MHz, CD5Cl>) of 179.
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Figure S 66: 3'P{'H} NMR (162 MHz, CDsCls) of 179.
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Figure S 67: 'H NMR (300 MHz, CDClg) of 180.
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Figure S 68: 'H NMR (300 MHz, CD3CN) of 181.
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Figure S 69: '3C{'H} NMR (75 MHz, CD3CN) of 181.
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Figure S 70: 'H NMR (300 MHz, DMSO-dj) of 183.
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Figure S 71: '3C{'H} NMR (101 MHz, DMSO-d;) of 183.
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Figure S 74: 'H NMR (400 MHz, CD,Cly) of 185.
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Figure S 75: '3C{'H} NMR (101 MHz, CD5Cls) of 185.
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Figure S 76: '3C{'H} DEPT-135 (101 MHz, CD5Cl.) of 185.
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Figure S 77: ('H,'3C) HSQC NMR (400 MHz, CD5Cl5) of 185.
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Figure S 78: ("H,'3C) HMBC NMR (400 MHz, CD»Cls) of 185.
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Figure S 79: 'H NMR (300 MHz, CDClg) of m-xpt.
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Figure S 81: 'H NMR (300 MHz, DMSO-dg) of 187.



NMR Specira Experimental section

Marsf MMISH-1
PElquant DHS {C-\BeueTepSpind 60 1908 18

[Cuz(m-xpt):])(PFg)2

190802 131811 fd a
|

T T T T T T T T T T T T
=20 -4} 50 .80 100 130 o040 060 180 300 -2H) 24

T T T T T T T T T T T
M0 120 00 180 350 140 130 100 B0 & 40 W 0
chemical shift (ppe)

Figure S 82: 3'P{'H} NMR (122 MHz, DMSO-dg) of 187.
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Figure S 83: H NMR (300 MHz, THF-dj) of 190.
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Figure S 84: '3C{'H} NMR (101 MHz, THF-dg) of 190.
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Figure S 86: 'H NMR (300 MHz, CDCly) of 199.
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Figure S 87: 'H NMR (300 MHz, CDClg) of 200.
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Figure S 88: 'H NMR (300 MHz, CDClg) of 201.
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Figure S 89: '3C{'H} NMR (75 MHz, CDClg) of 201.
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Figure S 90: 'H NMR (300 MHz, CgDg) of 202.
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Figure S 91: H NMR (300 MHz, CDClg) of 142.
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Figure S 92: '3C{'H} NMR (75 MHz, CDCl3) of 142.
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Figure S 93: 'H NMR (300 MHz, CgDg) of 203.
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Figure S 94: 13C{"H} NMR (75 MHz, CgDg) of 203.
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4.12.2 NMR Spectra — CO; Reductive Coupling with Disulfide-derived Cu Complexes

80300 308 L ]
Ml Mars MM 571
AuiH h30H [T Bikes TopSping SpiE] 1803 & é
52% PRAGRERNAR BIgRE HEREARA%%AN3 35
et ol (o e TR B
1
1
1
1
1
J l I J]U \
| i I . S L L
H o
iy “HoER PR S o A 3
== = i o o o -
90 13 &0 75 T (11 &o 55 L1 is In 15 20 is 1o s [}

45 4.0
cheesmical shift (poen]
Figure S 96: 'H NMR (300 MHz, CD3CN) of the reaction of dipicolylamine and propylene sul-
fide in dry MeCN (13 h reflux) and subsequent aerial oxidation (18 h) according to a literature
procedure. [159]
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Figure S 97: 'H NMR (300 MHz, CD3CN) of 155.
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Figure S 98: '"H NMR (CD3CN) of 155 (green) and of the product obtained after evaporation of
in situ formed 155 in air (blue) (see 4.5.3).
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Figure S 99: 'H NMR (400 MHz, D,O) of of the product obtained after evaporation of in situ
formed 155 in air and subsequent NaOH treatment.
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Figure S 100: '3C{'H} NMR (101 MHz, D»0) of of the product obtained after evaporation of in
situ formed 155 in air and subsequent NaOH treatment.
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Figure S 101: 'H NMR (300 MHz, CD3CN) after protonation of 155 resulting in 156 and subse-
quent CO, treatment (see 4.5.4).
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4.12.3 NMR Spectra — Reactlons with [Fe(tmtaa)]
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Figure S 102: "H NMR spectrum (400 MHz, D,O) of the aqueous extract of the reaction of 118
with NaC,oHg and subsequent CO, treatment in toluene (Table S 12, entry 1).
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Figure S 103: '3C{'H} NMR specirum (101 MHz, D>0) of the aqueous exiract of the reaction of
118 with NaC1oHg and subsequent CO3 treatment in toluene (Table S 12, entry 1).
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Figure S 104: 'H NMR spectrum (400 MHz, D»O) of the aqueous extract of the reaction of 118
with NaC,oHg and subsequent CO» treatment in toluene (Table S 12, entry 2).
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Figure S 105: 13C{'H} NMR spectrum (101 MHz, D»0) of the aqueous extract of the reaction of
118 with NaC,gHg and subsequent CO, treatment in toluene (Table S 12, entry 2).
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Figure S 106: "H NMR spectrum (400 MHz, D,O) of the aqueous extract of the reaction of 118
with Na and subsequent CO, treatment in toluene (Table S 12, entry 3).
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Figure S 107: '3C{'H} NMR specirum (101 MHz, D>0) of the aqueous exiract of the reaction of
118 with Na and subsequent COs treatment in toluene (Table S 12, entry 3).
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Figure S 108: 'H NMR spectrum (400 MHz, D»O) of the aqueous extract of the reaction of 118
with Na and subsequent CO, treatment in toluene (Table S 12, entry 4).
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Figure S 109: '3C{"'H} NMR spectrum (101 MHz, D»0) of the aqueous extract of the reaction of
118 with Na and subsequent CO, treatment in toluene (Table S 12, entry 4).
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Figure S 110: "H NMR spectrum (400 MHz, D,O) of the aqueous extract of the reaction of 118
with K and subsequent CO, treatment in toluene (Table S 12, entry 5).
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Figure S 111: '3C{'H} NMR specirum (101 MHz, D>0) of the aqueous exiract of the reaction of
118 with K and subsequent COs treatment in toluene (Table S 12, entry 5).
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Figure S 112: 'H NMR spectrum (400 MHz, D»O) of the aqueous extract of the reaction of 118
with K and subsequent CO, treatment in toluene (Table S 12, entry 6).
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Figure S 113: 13C{"H} NMR spectrum (101 MHz, D»0) of the aqueous extract of the reaction of
118 with K and subsequent CO, treatment in toluene (Table S 12, entry 6).
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Figure S 114: "H NMR spectrum (300 MHz, D,O) of the aqueous extract of the reaction of 118
with K and subsequent CO, treatment in toluene (Table S 12, entry 7).
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Figure S 115: '3C{'H} NMR spectrum (75 MHz, D»Q) of the aqueous extract of the reaction of
118 with K and subsequent CO5 treatment in toluene (Table S 12, entry 7).
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Figure S 116: 'H NMR spectrum (400 MHz, D»O) of the aqueous extract of the reaction of 118
with K and subsequent CO, treatment in THF (Table S 12, entry 8).
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Figure S 117: 13C{'H} NMR spectrum (101 MHz, D»0) of the aqueous extract of the reaction of
118 with K and subsequent CO, treatment in THF (Table S 12, eniry 8).
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Figure S 118: "H NMR spectrum (400 MHz, D,O) of the aqueous extract of the reaction of 118
with K and subsequent CO, treatment in THF (Table S 12, entry 9).
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Figure S 119: '3C{'H} NMR specirum (101 MHz, D>0) of the aqueous exiract of the reaction of
118 with K and subsequent COs treatment in THF (Table S 12, entry 9).
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4.12.4 NMR Spectra — Reactlons of 1,4,7-Tacn-ligated Cu Complexes
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Figure S 120: 'H NMR and '¥C NMR spectra (THF-dg) of complex 168 (blue) and of the
solid precipitate formed upon CO, bubbling through a MeOH solution of Cul, 127, and NaBPh,
(1.7/1/1.5 - Table S 13, entry 2).
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Figure S 121: 'H (300 MHz, THF-dg or THF-dg/D»0) and '3C (75 MHz, THF-dg or THF-dg/D20)
NMR spectra of the solid precipitate formed upon CO, bubbling through a solution of Cul, 127,
and NaBPh, in MeOH, isolated by filtration (Green: Table S 13, entry 2; blue: Table S 13, entry
3).
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Figure S 122: "¥C{'H} NMR spectra (D»0) of the residue obtained after NaOH treatment of the
product obtained by air exposure of Cul and 127 in MeOH (Table S 17, entry 5) and NMR spectra
of NasCOg and NasCo0y4 for direct comparison.
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Figure S 123: "¥C{'H} NMR spectra (D=20) of the residue obtained after NaOH treatment of the
reactions of CO5 with NaC4gHg with Cul, 127 and NaBPh, (top, Table S 16, eniry 13) and in their
absence (Table S 16, entries 15 and 17). Na,C,04 was added as internal standard for direct
comparison (bottom).
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Figure S 124: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 13, entry
2 — CO, treatment (bubbling) of 127, Cul and NaBPh, in MeOH.

FI0RE. 408
Maidinilan Man MM 4061
Al 3C D0 [T\ BrukerTpSpind 56} 1910 &

o

F331244 —_ ikedn et

T T T T T T T T T T T T
173 imn 1= 167 185 183 861 159

T T T T T T T T T T
20 180 180 im 180 150 14 13 o 110 100 a0
ichmbonl shift {pps)

Figure S 125: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 13, entry
3 — CO; treatment (bubbling) of 127, Cul and NaBPhg in MeOH.
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Figure S 126: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 13, entry
4 — CO, treatment (bubbling) of 127, Cul and NaBPhy in MeOH.
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Figure S 127: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 13, entry
5 — COg treatment (bubbling) of 127, Cul and NaBPhg in MeOH.
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Figure S 128: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 13, entry
6 — CO, treatment (bubbling) of 127, Cul and NaBPh, in MeOH.
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Figure S 129: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 13, entry
7 — CO, treatment (bubbling) of 127, Cul and NaPFg in MeOH.
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Figure S 130: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 13, entry
8 — CO, treatment (bubbling) of 127, Cul and NaBPh, in MeOH/THF.

004 23 A8
Hadellsn Mars MHS -1
AulaC D0 [T BnkerTopSpind Spis) 2004 48

i

— 11

— LR
—as

T T T
140 00 190

T T
180 i

T T T T T T T T T T T
160 150 1) 130 120 110 100 20 B M B0
ihemhal hift (ppm)

R S
Figure S 131: 13C{'H} NMR spectrum (101 MHz, D>0) of the NaOH extract of Table S 14, entry
2 — CsHCOg treatment of 127, Cul and NaBPhg in MeOH.
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Figure S 132: '3C{"H} NMR specirum (101 MHz, D»0) of the NaOH extract of Table S 14, entry
3 — CsHCOj treatment of 127, Cul and NaBPhy in MeOH.
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Figure S 133: '3C{"H} NMR specirum (101 MHz, D»0) of the NaOH extract of Table S 14, entry
4 — CsHCOj3 freatment of 127, Cul and NaBPhy in MeOH/H20.
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Figure S 134: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 14, entry
5 — CSHCO4 treatment of 127, Cul and NaPFg in MeOH.
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Figure S 135: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 14, entry
6 — CsHCOg treatment of 127 and Cul in MeOH.
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Figure S 136: '¥C{'H} NMR spectrum (101 MHz, D0) the NaOH exiract of Table S 14, entry 7

— NaHCO; treatment of 127, Cul and NaBPh, in MeOH.
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Figure S 137: '¥C{'H} NMR spectrum (101 MHz, D0) the NaOH extract of Table S 14, entry 8
— CsHCOj3 treatment of 127 and [Cu(MeCN)4]PFg in MeOH.
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Figure S 138: 13C{'H} NMR spectrum (101 MHz, D»0) of the NaOH extract of Table S 14, entry
9 — NaHCOj5 treatment of 127 and [Cu(MeCN)4]PFg in MeOH.

00510408
Hare HMS51
AulaC D0 (OB TopSpind Spi} 2006 8

FEEEEEEH

ﬁ it

F

=T T T T T T T T T T T T T T

|13 136 1M (2 30 ¥ 1 1M 7 [N 18 11§ 114 112
ihesmhal shilft (ppn)

T T T T T T T T T T T T T T T T T T T T
i i] 190 180 1m0 160 150 140 130 120 11 5] a0 & ] &0 50 Ll 0 b i0 [
ihesmhal hift (ppm)

Figure S 139: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 15, entry
1 — CO3 treatment of 127, Cul and NaBPhg in MeOH.
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Figure S 140: '3C{'H} NMR spectrum (101 MHz, DO) of the NaOH extract of Table S 15, entry
2 — CO, treatment of 127, Cul and NaBPh, in MeOH.
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Figure S 141: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 15, entry
3 — COg treatment of 127, Cul and NaBPhy in MeOH/THF.
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Figure S 142: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 15, entry
4 — CO, treatment of 127, Cul and NaBPh, in MeOH/THF.
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Figure S 143: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 15, entry
6 — CO treatment of 127, Cul and NaBPhy in THF.
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Figure S 144: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 15, entry
7 — CO, treatment of 127, Cul and NaBPh, in toluene.
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Figure S 145: '3C{'H} NMR spectrum (101 MHz, D0O) of the NaOH extract of Table S 15, entry
8 — COg treatment of 127, Cul and NaBPhg in MeOH at 40 °C.
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Figure S 146: 13C{'H} NMR spectrum (101 MHz, D>0) of the NaOH extract of Table S 15, entry
9 — CO, treatment of 127, Cul and NaBPh, in MeOH at 35 °C.
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Figure S 147: 13C{'H} NMR spectrum (101 MHz, D>0) of the NaOH extract of Table S 15, entry
10 — CO2 treatment and illumination (400-700 nm, 0.09 W) of 127, Cul and NaBPh in MeOH.
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Figure S 148: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 16, entry

2 — CO, treatment of 127, Cul and AgBPhy in MeOH.
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Figure S 149: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 16, entry
6 — COz treatment of 127, [Cu(MeCN)4]PFg and NaO2CH in MeOH.
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Figure S 150: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 16, entry

7 — CO, freatment of 127, [Cu(MeCN)4]PFg and Mg(OTf), in MeOH.
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Figure S 151: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 16, entry
8 — COg treatment of 127, [Cu(MeCN)4]PFg and LiBF4 in MeOH.
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Figure S 152: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 16, entry

9 — CO, treatment of 127, [Cu(MeCN)4]PFg, LiBF, and NaO,CH in MeOH.
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Figure S 153: 13C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 16, entry
10 — CO3 treatment of 127, [Cu(MeCN)4]PFg and NazSOj3 in MeOH.
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Figure S 154: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 16, entry
11 — CO, treatment of 127, Cul, NaBPh, and NaCoHg in THF.
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Figure S 155: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 16, entry
13— CO2 treatment of 127, Cul, NaBPhy and NaCgHs in THF.
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Figure S 156: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 16, entry
15 — CO, treatment of NaC,qHg in THF.
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Figure S 157: '3C{"H} NMR specirum (101 MHz, D»0) of the NaOH extract of Table S 16, entry
17 — CO2 treatment of NaC1gHs in THF.
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Figure S 158: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 17, entry
1 — Air exposure of a solution of Cul, 127 and NaBPh, in MeOH.
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Figure S 159: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 17, entry
2 — Air exposure of a solution of Cul, 127 and NaBPhy in MeOH.
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Figure S 160: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 17, entry
3 — Air exposure of a solution of Cul, 127 and NaBPh, in MeOH/EtOH.

T T T T T T T
i i] 190 180 im 160 150 14

2D0ER3.342
Maidimillan Man: MMSES
C130PD DR 0B FepSipin 3,607 2006 42

oDss
—

1389
AT
1581

T T
| 170 155
chassical shift (o)

T T T T
30 i} i} a

T T T T T T T T
110 100 a0 8 M =0 L) &0
ichmbonl shift {pps)

T T T
140 130 L)

Figure S 161: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 17, entry
4 — O3 treatment of a solution of Cul, 127 and NaBPhg in MeOH.
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Figure S 162: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 17, entry
& — Air exposure of a solution of Cul and 127 in MeOH.
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Figure S 163: 13C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 18, entry
1 — CO> treatment of 174, Cul and NaBPhg in MeOH.
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Figure S 164: '3C{'H} NMR spectrum (101 MHz, DO) of the NaOH extract of Table S 18, entry
2 — CO, treatment of 174, Cul and NaBPh, in MeOH.
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Figure S 165: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 18, entry
3 — CO; treatment of 175, Cul and NaBPhg in MeOH.
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Figure S 166: 13C{'H} NMR spectrum (101 MHz, D»0) of the NaOH extract of Table S 18, entry

4 — CO, treatment of 175, Cul and NaBPh, in MeOH.
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Figure S 167: 13C{'H} NMR spectrum (101 MHz, D>0) of the NaOH extract of Table S 18, entry
5 — COz treatment of 166, Cul and NaBPhg in MeOH.
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Figure S 168: '3C{'H} NMR spectrum (101 MHz, D) of the NaOH extract of Table S 18, entry
8 — CO, treatment of dien, Cul and NaBPh, in MeOH.
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Figure S 169: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 18, entry
9 — COz treatment of dien, Cul and NaBPhg in MeOH.
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Figure S 170: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 18, entry
10— dien, Cul and NaBPhy in MeOH under Ar.

o ipireL ]

Masdmilan Mare MM 604
Af3C [0 [\ Anier Topspind 5.0} 2007 53 PR
AAAERA S

l |1 MMMMM

T T T T T T T T T
i7s M4 173 12 1M M 188 88 187 !
chemhenl Shift (o)

T T T T T T T T T T T T T T T T T T T T T
P i} 190 LB im 180 150 140 130 o 110 100 a0 8 by &0 1] 40 3 2 10 [
ihesmhal shift (ppm)

Figure S 171: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 18, entry
11— CO2 treatment of 176 and NaBPhy in MeOH.
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Figure S 172: ¥C{'H} NMR spectrum (75 MHz, D,0) of the NaOH extract of Table S 18, entry

13 — CO, treatment of 178 and NaBPh, in MeOH.
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Figure S 173: '¥C{'H} NMR spectrum (75 MHz, D,0) of the NaOH extract of Table S 18, entry
14 — CO2 treatment of 179 and NaBPhy in MeOH.
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Figure S 174: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 18, entry
15— CO, treatment of 184, Cul and NaBPh, in MeOH.
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Figure S 175: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 18, entry
16 — CO, treatment of 184, Cul and NaBPh, in MeOH.
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4.12.5 NMR Specira — Reactlons of [Cua(m-Xpt)X2](PFg)> complexes
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Figure S 176: '3C{'H} NMR (D-0Q) of the residue obtained after NaOH treatment of 137 (pre-
pared from (BusN)>C-04) and comparison with '*C{'H} NMR spectra after addition of internal

standard (Na,Co0Oy).
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Figure S 177: 'H NMR (300 MHz, D50) after NaOH treatment of the reaction of in situ formed
187 with air.
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Figure S 178: '3C{'H} NMR (75 MHz, D,0) after NaOH treatment of the reaction of in sifu
formed 187 with air.
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Figure S 179: 'H NMR (300 MHz, D,O) after NaOH treatment of the reaction of in situ formed
187 with O».
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Figure S 180: '3C{'H} NMR (75 MHz, D»0) afier NaOH treatment of the reaction of in situ
formed 187 with Os.
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4.12.6 NMR Spectra — Reactlons of a-Ketocarboxylates
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Figure S 181: '3C{'H} NMR specira (75 MHz, D»0) of the aqueous exiract obtained af-
ter NaOH treatment of the residue from reaction of 195 and Cu(BF4)s-6H50 with CO/Os in
CD5Cls/CD30D or CgDg/CD30D.
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Figure S 182: 'H NMR spectrum (300 MHz, D,O) of the NaOH extract of Table S 19, entry 1 —
air exposure of 129 in DCM/"heptana.
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Figure S 183: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 19, entry
1 — air exposure of 129 in DCM/"heptane.
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Figure S 184: 'H NMR spectrum (300 MHz, D»O) of the NaOH exiract of Table S 19, entry 2 —
air exposure of 196 in DCM/"heptane.
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Figure S 185: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 19, entry
2 — air exposure of 196 in DCM/™heptane.
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Figure S 186: 'H NMR spectrum (400 MHz, D»O) of the NaOH extract of Table S 19, entry 3 —
air exposure of sodium 3-methyl-2-oxobuyrate and Cu(BF4)2-6H20 in DCM/MeOH/"heptane.
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Figure S 187: '3C{"H} NMR specirum (101 MHz, D»0) of the NaOH extract of Table S 19, entry
3 — air exposure of sodium 3-methyl-2-oxobuyrate and Cu(BF 4)2-6H»0 in DCM/MeOH/"heptane.
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Figure S 188: 'H NMR spectrum (300 MHz, D,O) of the NaOH extract of Table S 19, entry 4 —
air exposure of sodium 3-methyl-2-oxobuyrate and Cu(BF4)2-6H20 in DCM/MeOH/"heptane.
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Figure S 189: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 19, entry
4 — air exposure of sodium 3-methyl-2-oxobuyrate and Cu(BF 4)5-6H,0 in DCM/MeOH/"heptane.
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Figure S 190: 'H NMR spectrum (300 MHz, D,0O) of the NaOH extract of Table S 19, entry 5— air
exposure of sodium '3Cs-3-methyl-2-oxobuyrate and Cu(BF4)2-6H20 in DCM/MeOH/"heptane.
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Figure S 191: '3C{'H} NMR spectrum (75 MHz, D»0O) of the NaOH exiract of Table S
19, entry 5 — air exposure of sodium '3Cg-3-methyl-2-oxobuyrate and Cu(BF4)s-6Hs0 in
DCM/MeOH/™heptane.
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Figure S 192: 'H NMR spectrum (300 MHz, D»O) of the NaOH extract of Table S 19, entry 6— air
exposure of sodium '3Cg-3-methyl-2-axobuyrate and Cu(BF 4),-6H.0 in DCM/MeOH/"heptane.
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Figure S 193: '3C{'H} NMR spectrum (75 MHz, D-,0) of the NaOH exiract of Table S

19, entry 6 — air exposure of sodium '3Cs-3-methyl-2-oxobuyrate and Cu(BF4)s-6Ho0 in
DCM/MeOH/"heptane.
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Figure S 194: 'H NMR spectrum (300 MHz, D,O) of the NaOH extract of Table S 19, entry 7 —

air exposure of sodium 3-methyl-2-oxobuyrate in DCM/MeOH/"haptane.
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Figure S 195: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 19, entry
7 — air exposure of sodium 3-methyl-2-oxobuyrate in DCM/MeOH/"heptane.
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Figure S 196: 'H NMR spectrum (400 MHz, D,O) of the NaOH extract of Table S 19, entry 8 —
air exposure of sodium pyruvate and Cu(BF4)2-6H20 in DCM/MeOH/ heptane.
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Figure S 197: '3C{'H} NMR spectrum (101 MHz, D»O) of the NaOH extract of Table S 19, entry

8 — air exposure of sodium pyruvate and Cu(BF4)»-6H,0 in DCM/MeOH/"heptane.
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Figure S 198: 'H NMR spectrum (300 MHz, D»O) of the NaOH extract of Table S 20, entry 1 —
reaction of 129 with CO2/Oz in toluene.
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Figure S 199: '¥C{'H} NMR spectrum (75 MHz, D,0O) of the NaOH extract of Table S 20, entry
1 — reaction of 129 with CO4/Os in toluene.

20070811 E
Maidimillan Mars MM 515 3
AulH D30 (O Bruker R pSpind 6.0 2007 31

———————

A A - e - g Al L_./‘“-/ - "
: ; ; ; ; : — ———————
{1 85 B4 8.3 e 81 24 i i} i8 10 [iF:] [T

L6 i 12
chessiasl shift (ppm) chamical shift ﬂ:l::rn'l

T T T T T T T
an s an 25 0 15 10 s o

T T T T T T T T T
ino L L i &5 &0 5 o &5 (1 L £ 45
ichmbonl shift {pps)

Figure S 200: 'H NMR spectrum (300 MHz, D,O) of the NaOH extract of Table S 20, entry 2 —
reaction of 196 with CO2/Oz in toluene.
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Figure S 201: '3C{'H} NMR spectrum (75 MHz, D50) of the NaOH extract of Table S 20, entry
2 — reaction of 196 with CO4/O5 in toluene.
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Figure S 202: 'H NMR spectrum (300 MHz, D»O) of the NaOH extract of Table S 20, entry 3 —
reaction of 196 with CO2/Oz in toluene.
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Figure S 203: '¥C{'H} NMR spectrum (75 MHz, D,O) of the NaOH extract of Table S 20, entry
3 — reaction of 196 with CO/O5 in toluene.
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Figure S 204: '3C{'H} NMR spectrum (75 MHz, D»0O) of the NaOH exiract of Table S 20,
entry 4 — reaction of sodium 3Cg-3-methyl-2-oxobuyrate and Cu(BF4)s-6Hs0 with COx/O5 in

CgDg/CD30D.
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Figure S 205: '3C{'H} NMR specirum (75 MHz, D-0) of the NaOH extract of Table S 20,
entry 5 — reaction of sodium 3Cg-3-methyl-2-oxobuyrate and Cu(BF4)s-6Hs0 with CO/05 in

CD»Clo/CD30D.

317



Appendix NMR Spectra

4.12.7 NMR Spectra — Reactlons of 139 with KCg and CO»
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Figure S 206: 'H NMR spectrum (400 MHz, CgDg) of the filtered THF solution of Table S 21,
entry 1 — reaction of 139 and KCg with CO, in THF.
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Figure S 207: '3C{'H} NMR spectrum (101 MHz, CgDg) of the filtered THF solution of Table S
21, entry 1 — reaction of 139 and KCg with COz in THF.
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Figure S 208: 'H NMR spectrum (400 MHz, D,O) of the MeOH extract of Table S 21, entry 1 —

reaction of 139 and KCg With CO5 in THF.
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Figure S 209: '¥C{'H} NMR spectrum (101 MHz, D,0O) of the MeOH extract of Table S 21, entry
1 — reaction of 139 and KCg with CO3 in THF.
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Figure S 210: 'H NMR spectrum (300 MHz, CgDg) of the filtered THF solution of Table S 21,
entry 2 — reaction of 139 and KCg with CO, in THF.
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Figure S 211: '3C{'H} NMR spectrum (75 MHz, CgDg) of the filiered THF solution of Table S
21, entry 2 — reaction of 139 and KCg with COz in THF.
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Figure S 212: "H NMR spectrum (400 MHz, D,O) of the MeOH extract of Table S 21, entry 2 —
reaction of 139 and KCg With CO5 in THF.
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Figure S 213: '¥C{'H} NMR spectrum (101 MHz, D,0O) of the MeOH extract of Table S 21, entry
2 — reaction of 139 and KCg with CO5 in THF.
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4.13 IR Spectroscopic Analysis
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Figure S 216: FTIR (diamond ATR, neat) of 152.
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Figure S 217: FTIR (diamond ATR, neat) of 154.
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Figure S 218: FTIR (diamond ATR, neat) of 161.
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Figure S 219: FTIR (diamond ATR, neat) of 162.
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Figure S 220: FTIR (diamond ATR, neat) of 127.
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Figure S 221: FTIR (diamond ATR, neat) of 168.
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Figure S 222: FTIR (diamond ATR, neat) of 170.
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Figure S 223: FTIR (diamond ATR, neat) of 171.
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Figure S 224: FTIR (diamond ATR, neat) of 173.
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Figure S 225: FTIR (diamond ATR, neat) of 172.
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Figure S 226: FTIR (diamond ATR, neat) of 174.
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Figure S 228: FTIR (diamond ATR, neat) of 177.
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Figure S 229: FTIR (diamond ATR, neat) of 178.
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Figure S 230: FTIR (diamond ATR, neat) of 179.
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Figure S 231: FTIR (diamond ATR, neat) of 184.
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Figure S 232: FTIR (diamond ATR, neat) of 185.
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Figure S 233: FTIR (diamond ATR, neat) of m-xpt.
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Figure S 234: FTIR (diamond ATR, neat) of 198.
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Figure S 235: FTIR (diamond ATR, neat) of 136.
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Figure S 236: FTIR (diamond ATR, neat) of 197.
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Figure S 237: FTIR (diamond ATR, neat) of 135.
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Figure S 238: FTIR (diamond ATR, neat) of 187.
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Figure S 239: FTIR (diamond ATR, neat) of 190.
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Figure S 240: FTIR (diamond ATR, neat) of 191.
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Figure S 241: FTIR (diamond ATR, neat) of 192.
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Figure S 242: FTIR (diamond ATR, neat) of 194.
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Figure S 243: FTIR (diamond ATR, neat) of 129.
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Figure S 245: FTIR (diamond ATR, neat) of 142.
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Figure S 246: FTIR (diamond ATR, neat) of of the product obtained after evaporation of in situ
formed 155 in air (procedure 4.5.3).
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Figure S 249: FTIR (diamond, ATR, neat) of the agueous extract of the reaction of 118 with K
and subsequent CO, treatment in toluene (Table S 12, entry 7).
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Figure S 251: FTIR (diamond, ATR, neat) of the reaction of 118 with K and subsequent CO»
treatment in THF (Table S 12, entry 9).
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Fiaure S 252: FTIR (diamond. ATR. neat) of the product obtained bv CO» treatment (bubbling)
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Fiaure S 253: FTIR (diamond. ATR. neat) of the product obtained bv CO- treatment (bubbling)
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Figure S 254: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment (bubbling)
of 127, Cul and NaBPh, in MeOH (Table S 13, entry 3).
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Figure S 256: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment (bubbling)

of 127, Cul and NaBPh,4 in MeOH (Table 5 13, entry 5).
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Figure S 257: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment (bubbling)
of 127, Cul and NaBPh, in MeOH (Table S 13, entry 6).
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Figure S 258: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment (bubbling)
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Figure S 259: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment (bubbling)
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Figure S 260: FTIR (diamond, ATR, neat) of the product obtained by CSHCOj4 treatment of 127,
Cul and NaBPhy in MeOH (Table S 14, entry 2).
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Figure S 261: FTIR (diamond, ATR, neat) of the product obtained CsHCO5 treatment of 127,
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Figure S 262: FTIR (diamond, ATR, neat) of the product obtained by CsHCO; treatment of 127,
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Figure S 263: FTIR (diamond, ATR, neat) of the product obtained by CsHCO; treatment of 127,
Cul and NaPFg in MeOH (Table S 14, entry 5).
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Figure S 264: FTIR (diamond, ATR, neat) of the product obtained by CsHCOj treatment of 127
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Figure S 265: FTIR (diamond, ATR, neat) of the product obtained NaHCO5 treatment of 127,
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Figure S 266: FTIR (diamond, ATR, neat) of the product obtained by CsHCOj treatment of 127
and [Cu(MeCN)4]PFg in MeOH (Table S 14, entry 8).
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Figure S 267: FTIR (diamond, ATR, neat) of the product obtained by NaHCO5 treatment of 127
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Figure S 268: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 269: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
and NaBPhy in MeOH (Table S 15, entry 2).
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Figure S 270: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 271: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 272: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
and NaBPhy in THF (Table S 15, entry 5).
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Figure S 273: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 274: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 275: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
and NaBPhy in MeOH at 40 °C (Table S 15, entry 8).
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Figure S 276: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 277: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment and illumi-
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Figure S 278: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
and KPFg in MeOH (Table S 16, entry 1).
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Figure S 279: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul
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Figure S 280: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 127 and
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Figure S 281: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 127 and
[Cu(MeCN)4]PFg in MeOH (Table S 16, entry 4).
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Figure S 282: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,
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Figure S 283: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,

Wit il M /|

3600 32080 2800 2400 2004 16040 1204 B0 400
Flem™]

Figure S 284: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,
[Cu(MeCN)4]PFg and Mg(OTf)z in MeOH (Table S 16, entry 7).
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Figure S 285: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,
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Figure S 286: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,
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Figure S 287: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127,
[Cu(MeCN)4]PFg and NapSOs in MeOH (Table S 16, entry 10).
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Figure S 288: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul,
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Figure S 289: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul,
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Figure S 290: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul,
NaBPhg and NaC1oHg in THF (Table S 16, entry 13).
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Figure S 291: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 127, Cul,
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Figure S 292: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of NaC,gHg
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Figure S 293: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of NaC,gHg
in THF (Table S 16, entry 16).
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Figure S 294: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of NaC4oHg
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Figure S 295: FTIR (diamond, ATR, neat) of the product obtained by Air exposure of a solution
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Figure S 296: FTIR (diamond, ATR, neat) of the product obtained by Air exposure of a solution
of Cul, 127 and NaBPhg in MeOH (Table S 17, entry 2).
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Figure S 297: FTIR (diamond, ATR, neat) of the product obtained by Air exposure of a solution
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Figure S 298: FTIR (diamond, ATR, neat) of the product obtained by O, treatment of a solution
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Figure S 299: FTIR (diamond, ATR, neat) of the product obtained by Air exposure of a solution
of Cul and 127 in MeOH (Table S 17, entry 5).
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Figure S 300: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 174, Cul
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Figure S 301: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 174, Cul
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Figure S 302: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 175, Cul
and NaBPhg in MeOH (Table S 18, entry 3).
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Figure S 303: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 175, Cul
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Figure S 304: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 166, Cul
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Figure S 305: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of dpa, Cul
and NaBPhy in MeOH (Table S 18, entry 6).
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Figure S 306: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of dien, Cul
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Figure S 307: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of dien, Cul
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Figure S 308: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of dien, Cul
and NaBPhy in MeOH (Table S 18, entry 9).
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Figure S 309: FTIR (diamond, ATR, neat) of the product obtained by stiming dien, Cul and
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Figure S 310: FTIR (diamond, ATR, neat) of the product obtained by CO- treatment of 176 and
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Figure S 311: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 177 and
NaBPhy in MeOH (Table S 18, entry 12).
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Figure S 312: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 178 and
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Figure S 313: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 179 and
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Figure S 314: FTIR (diamond, ATR, neat) of the product obtained by CO» treatment of 184, Cul
and NaBPhg4 in MeOH (Table 5 18, entry 15).
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Figure S 315: FTIR (diamond, ATR, neat) of the product obtained by CO, treatment of 184, Cul
and NaBPh, in MeOH (Table S 18, entry 16).
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Figure S 316: FTIR (diamond ATR, neat) of 137 formed via reaction of in situ formed 187 with

air starting from 136 or 135 compared fo product isolated after CO, treatment and subsequent
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Figure S 317: FTIR (diamond ATR, neat) of 137 formed via reaction of in situ formed 187 with
O, over 5 or 7 days.
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Figure S 318: FTIR spectra of the products obtained by CO,/Os treatment of 129 and 196 in
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Figure S 319: FTIR spectra of the o-ketocarboxylates 194 and 195 and the products obtained

by exposure of these in the presence of Cu(BF4)-6H,0 in DCM/MeOH/heptane (1:0.1:1, v:v:v)
to air
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Flgure S 320: FTIR spectra of 195 and the pmducts obtained from its exposure to air or
CO,/O, in the presence of Cu(BF4)2-6H0 in DCM/MeOH/heptane (air) or CD5Clo/CD30D and
CgDg/CD30D (COo/0s).
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Figure S 321: FTIR (diamond, ATR, neat) of the product obtained by air exposure of 129 in
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Figure S 322: FTIR (diamond, ATR, neat) of the product obtained by air exposure of 196 in
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Figure S 323: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium
3-methyl-2-oxobuyrate and Cu(BF4)»-6H»0 in DCM/MeOH/ heptane (Table S 19, entry 3).
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Figure S 324: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium

\ L

f ﬂf”‘”%

600 3200 2800 2400 2000 16040 1200 :Li A0
#lom™)

Figure S 325: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium
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Figure S 326: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium
13C,-3-methyl-2-oxobuyrate and Cu(BF4)»-6H,0 in DCM/MeOH/heptane (Table S 19, entry 6).
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Figure S 327: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium
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Figure S 328: FTIR (diamond, ATR, neat) of the product obtained by air exposure of sodium
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Figure S 329: FTIR (diamond, ATR, neat) of the product obtained by reaction of 129 with CO./O5
in toluene (Table S 20, entry 1).
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Figure S 330: FTIR (diamond, ATR, neat) of the product obtained by reaction of 196 with COo/Os
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Figure S 331: FTIR (diamond, ATR, neat) of the product obtained by reaction of 196 with COo/Os
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Figure S 332: FTIR (diamond, ATR, neat) of the product obtained by reaction of sodium '3Cg-3-
methyl-2-oxobuyrate and Cu(BF 4)»-6H0 with CO5/O0s5 in CgDg/CD30D (Table S 20, entry 4).
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Figure S 333: FTIR (diamond, ATR, neat) of the product obtained by reaction of sodium '3Cs-
3-methyl-2-oxobuyrate and Cu(BF4)o-6H20 with CO»/O» in CD»Cl/CD30D (Table S 20, entry
5).
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Appendix GC Analysis

4.14 Gas Chromatography
4.14.1 GC Analysls — Reactlons with [Fe(tmtaa)]

Data Flle C:YOHEM32'1\DATA'Z828\ 2686\ 208617\5IG18H4T55.0
Sample MName: MMSTT

Acq. Operator @ HD
Acg. Instrument @ GC Lab 1.132 Location @ -
Injection Date : &6f17/2828 18:88:42 AM
Inj Wolume @ Manually

Acg . Method t CrhCHEM 3241\ METHODS SAUER STOF FMES SUNG . M
Last changed : 6/16/2028 6:2B:59 PM by HD
Analysis Method @ C:%OHEM3Z\1\METHODS)\SMUERSTOFF_CAL_8919.M
Last changed : 6/16/2028 5:36:28 PM by EA

(modified after loading)
Sample Info : headspace {5 mL)

Additional Imfo @ Peak(s) manually integrated

FID1 A, Front Signal (200200620061 TEKE1004755.0)
]
5010
a0 2 ~
] i
400 E
] L
2010 b ﬁﬁ EE
o] :g ) NH ; ‘.E
—r 1 1 T 1 T 1 T T T T
-] 10 15 20 28 ] 35 |
TOD2 B, Back Signal (002 0080061 T8 &1 004755.0)
v
8003
5003
400
300
2004 b #59 E ]
E . i
100 'éd,-."" ﬁ _.h.':"
o oS = _
5 w4 = am = 2 ']
External Standard Report
Sorted By H Signal
Calib. Data Modified @ 616/ 2828 S5:36:26 PM
Multiplier H 1.68888
Dilution H 1.8888
Use Multiplier & Dilution Factor with ISTDs
Signal 1: FID1 A, Front Signal
Signal 2: TCDZ B, Back Signal
RetTime Type Area At fArea Amount  Grp  Mame
[min] [25 pv*s] [% vol.]
3.145 MM 7.72399 3.BBEBGe-4 2.94162e-3 H2
18.783 - - - oz
GC Lab 1.132 6/17/28286 11:46:31 AM EA Page 1 af 2

Figure S 334: GC analysis of the headspeace after CO, treatment of [Fe(tmtaa)(THF)] reduced
with K in toluene (Table S 12, entry 7).
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4.14.2 GC Analysls — Reactlons of 1,4,7-Tacn-ligated Cu Complexes

Data File C:\CHEM32\1\DATA\2828\2006\208622\5IG1884767.0
Sample Name: MMSES

Acg. Operator : MM
Acg. Instrument : GC Lab 1.132 Location @ -
Injection Date : 6/22/2828 11:8E:86 MM
Inj Volume : Manually

Acg. Method ¢ Cr\CHEM3 2\ 1 \METHODS\S AL ERS TOFFMESSUNG . M
Last changed : Bf22/2828 18:58:26 MM by MM
Analysis Method : C:\CHEM32\1\METHODS\SAUERSTOFF_CAL 8919.M
Last changed : Bf22/2828 12:38:38 PM by EA

(modified after loading)
Sample Info : headspace (5 mL)

.ﬁ.dditimal In‘Fu H Peak{s]l I.Ell'll.la].].]f integr'ated

B E

T , —r—T —r— —T—TT T T 7
1l'.'| 15 20 25 1]
TCD2B, mmmmmmmmmmrm

Sorted By H Signal

Calib. Data Modified : 6f22/2028 12:38:38 PM
Multiplier H 1. 8088

Dilution 1. 8888

Use Multiplier & nilutiun Factor with ISTDs

Signal 1: FID1 A, Fronmt Signal

Signal 2: TdDZ B, Back Signal

RetTime Type Area st/ Area Amount Grp  Mame

[mim] [25 pv*s] [¥ vol.]
4,112 - - - H2
18. 774 MM 165 .B3492 2.80888e-2 3.31678 a2
GC Lab 1.132 6/22/2828 12:38:34 PM EA Page 1 af 2

Figure S 335: GC analysis of the headspeace after O, treatment of Cul, NaBPh,, and 127 in
MeOH (Table S 17, entry 4).
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Data File C:%WHEM3Z\1\DATA\2828\ 2887208784\ 5161884819 .D
Sample Name: MMEB2

Acg. Operator @ mm
Acg. Instrument : GC Lab 1.132 Location : -
Injection Date : 7/6/2828 18:89:81 MM
Inj Volume : Manually

Acg. Method : Co\CHEM3 2Y 1\METHODS SALUERSTOFFMES SUNG . M
Last changed : T/4 2828 T:17:81 PM by SR
Analysis Method : C:\CHEM32\1\METHODS\SAUERSTOFF_CAL 8919.M
Last changed : 7/3 1828 6:85:29 PM by EA

(modified after loading)
Sample Info : headspace (5 mL)

Additional Info : Peak(s) manually inmtegrated

FIDM A, Front Signal (20020072 0070 L5151 0048 19.0)
oA
?l'.'l'.'l'.'l—:
60005
5000
4000
20003
E ¥
2l'.'l'.'l'.'|— a nﬂ
3 -
. I E :
03 —— 5 55 1ty '
3 2 45 mid
P & ds il
Sorted By H Signal
Calib. Data Modified : T/3/2828 B:@1l:42 PM
Multiplier H 1. 8088
Dilution H 1. 8888
Use Multiplier & Dilution Factor with ISTDs
Signal 1: FID1 A, Fronmt Signal
Signal 2: TD2 B, Back Signal
RetTime Type Area Amt/Area Bmount  Grp  Name
[min] [25 pv*s] [® vol.]
3.388 - - - H2
18.783 - - - a2
GC Lab 1.132 7/6/26828 3:81:17 PM EA Page 1 of 2

Figure S 336: GC analysis of the headspeace after O» freatment of Cul, NaBPh,, and 184 in
MeOH (Table S 18, entry 15).
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CE Analysis Experimental section

4.15 Capillary Electrophoresis
4.15.1 CE Analysls - Callbratlon

Calibration for quantitative determination of oxalate was conducted with the help of Na;C-0,4
stock solutions. Concentrations, integrals and the derived concentration per integral are
presented in Table S 37. Two calibration runs are further plotted in Figure S 337. Moles of
oxalate in the sample were calculated using equation 2. Yields were calculated by dividing
the obtained amount of oxalate by the moles of the respective substrate taking into account
the stoichiometry of the reaction (mono- vs. binuclear) XXVl

Table S 37: Calibration of the oxalate signal utilizing NasC»0, solutions

Entry [NaxCo0,1[M]  Integral ()  [NazCzO.J1 [M]

1 1.49-107% 1.353 1.10-1078
24 1.49.107° 1.697 0.88-107°
3 1521078 1.452 1.05-1078
4 1.79107° 1.802 0.99-107°
5 3731078 2.967 1.26-1079
6 373107° 3.132 1.19.107°
7 3.81-10°° 2741 1.39.1079
8 7.46-107° B.565 1.14-1078
gd 7.46-107° 7.519 0.89.1075
10 7.61-10°8 5.413 1.41-1078
11 373107 35.70 1.05-107°
128 37310 3472 1.07-107%
13 3.81-107* 26.88 1.42.107°

X([NagCz04)1)° = I' = (1.15 £ 0.13)- 10~ mol L™

Integrals are averages of two runs unless stated otherwise. SIntegral
determined by single CE analysis. “Arithmetic mean of three calibra-
tion series and the corresponding standard deviation.

- _ Vi
MC204%7) = G0it(C204%) - Viot = CGe(C204) V;d,e Ve
samp

- I -1(C208%) - Ve @
sample
With n(C,0,42) = total moles of oxalate formed, ciot(C20,42") = total concentration of oxalate
in the sample, Vi = total sample volume, CGE[GEO42‘} = concentration of oxalate in the CE
sample, Vsampie = volume of the sample taken for CE analysis, Vg = total volume of the CE
sample {Vsample + Vo) I' = X([NazCa04)1), I[Gng‘ )} = integral of the oxalate peak.

¥¥Vllinote that for reactions conducted with 1,4,7-triazacyclononanes (generally in section 4.7), the defermined
oxalate yield was divided by the efficiency of NaOH extraction (48%) assessed by procedure 4.7.21.
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Figure S 337: Electropherograms for Na;C504 solutions of known concentration for calibration
of the CE.

4.15.2 CE Analvsls — Reactlons with [Fe(tmtaa)l
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Figure S 338: Capillary electropherogram of the aqueous extract after CO, treatment of 118
treated with Na or NaC1gHs (Table S 12, entries 1-4), respectively.
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CE Analysis

Experimental section

Data File C:\Ches32'1'Datal1911%1911214191121-7 MM421-1.0
Sanple Name: MM421-1

Acg. Operator
Sample Operator :
Acg. Instrument : CE
Injection Date : 21/11/2019 16:216:19
Acg. Method : CaWChem32h1\Methods\CEVMarx-Oxalate5C-Flush4myl2-191186. 4
Last changed s 12/11/2019 18:53:@7 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM

{modified after loading}
: First run on 21.11.1%9

MMR solution of MM421-1 (8.92 mL) diluted with H20 (8.8 mL)

Location : 23

Sample Info

J

Additional Info : Peak(s) manually integrated

D01 A, Sig=350 B0 Ref=200,10 (187111911214181121-T_MM421-1.0)
HPCET C, Curmenl (19111811210 81121-7_MM421-1.0}

HPCE1 P Power (161 T11811211191121-7_MM21-10) Signal 1: DAD1 A, 5ig=350,38 Ref=208,18

f':_"Sf_' W, Valtage (181 11911210181121-7_MM421-1.0)
o CE, CE1D, Losk Curent (1911217 MW421-1.0) Peak MigTime Type Width Area Helght Area
] #  [min] [min] [mAL*s ] [mawi ] %
e Eabd EELEEEL [==m=|m e | ERLEEEEELE == EESEEEEE | |
= = 1 3.584 MM B.8523  18,23997 3,266@1 B1.BBET
2 3_8%96 MM 8.8475 1.91443 3 . 558109e-1 8.1116
3 4,495 MM 8.8163 1.25156 1,27961 18.8877
150
125 —
-anp ML 4 el D T SRl
|
-1i-%
—asp |
100 —
-ars |
E—ID.D |
5 -123 " |"'-. i) s
| | N | T B P I— ey i
-150 1 f oA
fi — e —— - —— —
—ars] ! ———
&0 ] - .
1im A 7 4 47 450 4.7 00
1 [min]
k3
o
| . o W -F"‘@"" i
LY
-15 3

CE 5/6/20828 16:56:88 SYSTEM

Page |[L of 2

Figure S 339: Condensed CE analysis of the agueous extract of the reaction of 118 with

NaCoHg and subsequent CO, treatment in toluene (Table S 12, entry 1).
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Data File C:hZChem32\1%\Data)\286242002264200226-1_MM439-2.D
Sample Name: MMA39-2
Acq. Operator  : SYSTEM |
Sample Operator : SYSTEM |
Acq. Instrument : CE Location : 23
Injection Date : 26/2/2828 15:52:88 |
ACq. Method ¢ C:\Chem32h1'\Methods \CE\Marx-Oxalate25C-FlushlBmy12-288114 .M
Last changed © 147172028 13:19:47 by SYSTEM
Analysis Method : C:%Chem32h1\Methods\CE\Spuel-extended- 288227 .9
Last changed : 5/6/2028 16:37:44 by SYSTEM
(modified after loading)|
sample Info ! NMR solution of MM439-2 (B.82 mL diluted with &.5 mL I-lzl])|
I
additional Info : Peak{s) manually integrated
DADT A Sig=350,00 Rel=200,10 (2002200226 200226-1_MMIGE-2.00
HPCET C, Currerd (2002300225 200226-1_MM418-2.0)
HPCET P Power (200220022020006.1 iwze2p)  S1Bnal 1: DADL A, Sig=350,80 Ref=200,10
HPGED W, Voltage (20020002 265 1_MMAE-ZE )
i CE1 CED t i -1 _MM43E-2 [ Peak MigTime Type Width Aran Height rian
ped #  [min] [min]  [mAl*s] [maL) %
__._li_u.ul..._..lu._....|““..‘.....|._..“...__‘li_““..._|
. 1 3.558 MM 8.8215  4.B8858  3.7E583 5H.E495
2 3.897 MM B.8498 l.87@46 3.64125e-1 12.9@77
3 4,473 MM 8.8242 1.24835 B.57E75e-1 15.82E6
4 4,694 MM @.8337 1.99587 5.41488e-1 13,2141
2|
| LLTE. 3
-3 — EMLP A O, PR AT
il
=
it .I e - i =
A
I
& =gy
5
0 -53
£ ____,I.-._-n— —_ B — ]
L) 54 iR 1] a0 ¥ a4 Lk 44
& [min]
40
|
& g
N
LER T L '"?k%"\f\ﬁf u v ' 1
: 3 *é:d" : ) TRTTE |'_
-0 e i T LI 2= - — - =
T T T
i L] ] ] 10 min
CE 5/6/2028 17:97:52 SYSTEM Fage 1 of 2

Figure S 340: Condensed CE analysis of the aqueous exiract of the reaction of 118 with
NaC,oHg and subsequent CO, treatment in toluene (Table S 12, entry 2).
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Data File C:%Chem32\1\Data\2861%2808114%208114-1_MM425-1.0
Sample Name: MMA25-1

Acq. Operator  © SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : CE Location : 28

Injection Date
Acq. Method
Last changed
Last changed

sample Info

Additional Info

T 14712828 13:32:81

¢ CIYCHEM3ZY1\METHODS\CE\Marx-Oxalate25C-Flush1BmyvlZ-286114.M
¢ 147172028 12:19:47 by SYSTEM

Analysis Method
i 5/6/2028 16:37:44 by SYSTEM

C:%Chem32h1yMethods \CE\Spuel -extended - 208227 . M

[(modified after loading)

! First run, 18 min flush

NMR sample of MM425-1 (8.82 mL diluted with @.6 mL HZD)

Peak{s) manually integrated

DAD1 A, Sig=350,80 Ref=200,10 (200142001 142001 14-1_MM425-1.00

HPCE1 C, Current {2001'2001 142001 14-1_MM425-1.0) ,
HPGET B Prower (2001200114200 14-1 Midzs o 5ignal 1: DADL A, 51g=358,80 Ref=18¢,10

HPCET W, Vohaga SO0 102001 14-1_MM425-1 1]

CE1, CE1D Cument (2001941 MMA4Z5-1 A . !
” T LT bt g Peak MigTime Type Width Area Height Area
-
# [nin] [min]  [mAU*s] [maL] %
i el B B B B L] R e
1 3.585% MF d.8234 4.29137 3.85937 79,8529
2 3.657T FM da.a219 1.88273 B.24933e-1 28.1471
] L St
! — AL L, [ M
28] {
/
18 d
-0 s
B
2
-1
E _snl
=0
rl‘.. T = H
1n s 40 as so
1 [min]
A
&
B ot
;
&
o e b - et
N ¥ I LA m =
-£0
1 |
2 dq L] B 10 min

CE 5/6/2020 17:84:42 SYSTEM Fage | [T of @
Figure S 341: Condensed CE analysis of the agueous extract of the reaction of 118 with Na and

subsequent CO, treatment in toluene (Table S 12, entry 3).
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CE Analysis

Data File C:\Chem32\1\Data' 2886428006624 200682-1_ MM515-1.0
Sample Name: MM515-1

Acq. Operator  : SYSTEM |
Sample Operator : SYSTEM |
Acq. Instrument : CE Location : 25

: 2/6/2828 16:11:38 |
: CrhChem3241\Methodsh CE \Marx-0Oxalate25C-Flush1Bmylz-288114 .M
Last changed © 147172028 13:19:47 by SYSTEM
Analysis Method : C:%Chem32h1\Methods\CE\Spuel-extended-288227 .9
Last changed : 2/6/2029 18:47:32 by SYSTEM
(modified after loading)|
! NMR solution of MM515-1 (8.2 mL) diluted with HZD (@.4 ml)

Injection Date
Acq. Method

sample Info

additional Info : Peak{s) manually integrated

DADT A, Sig=350,80 Ref=200.10 (2006200602 200602-1_MMS15-1.00
HPCE1 C, Currerd (20080200602200602-1_MM515-1.0)
HPCE1 P, Power (2006:2006021200602-1_MME15-1.0)
HPCET W, Vokage (200620080 21 _MME15110)
MME15-1

GE1, CE1D, Laak Currant (2 b
Hom
L]
4 ’E\
| =
T |
! et B -
E R ——— 4
[
|
-100
L
o MUY = Bl O F wsrnal Sterderd
-150 f
3 )
& i — —
% - ———— -
.'I'\u
-G J I|/.|
| I .'I
-250 o | = - - B
i X 150 TS [T 'k T aTs (]
& [rmn]
-300
-a80
Signal 1: DAD1 A, Sip=35@,88 Ref=208,18
: Peak MigTime Type Width Area Height Aread  wwn
4 #  [min] [min]  [maU*s] [mau] X
1 4.488 MM B.8179 2.99681 2.78345 168.0808
2 8 8 8 10
CE 2/6/2020 28:11:33 SYSTEM Page

L of 2

Figure S 342: Condensed CE analysis of the agueous extract of the reaction of 118 with Na and

subsequent CO, treatment in toluene (Table S 12, entry 4).
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Data File C:\Chem32\1\Data'288642006024200682-2 MM521-1.0
Sample Name: MM521-1

Acg. Operator  : SYSTEM
Sample Operator : SYSTEM

Acg. Instrument : CE Location : 26
Injection Date @ 2/6/2828 16:35:81
ACQ. Method ¢ C:\Chem32h1'\Methods \CE\Marx-Oxalate25C-FlushlBmy12-286114 .M
Last changed ¢ 147172028 12:19:47 by SYSTEM
Analysis Method : C:%Chem32h1\Methods\CE\Spuel-extended- 288227 .9
Last changed i 2/6/2020 18:47:32 by SYSTEM
[(modified after loading)
sample Info ! NMR solution of MM521-1 (8.2 mL) diluted with HZD (@.4 ml}

Additional Info ! Peak{s) manually integrated
DADT A Sig=350,80 Rel=200.10 (2106200602 Z00602-2_MM521-1.0}
HPCE1 C, Currerd [2008200602200602-2_MMS521-1 D)
HPCE1 P, Power (20062006021200602-2_MMEZ1-1.0)
HPCET WV, Voliage (20062008021 MREZ1-1.10

GEA, CE1D, Laak Currant 1.0
Hom. -
- I
o - - Aty
|
|
= e
a
2"
= R 9 - N
EpasaL
K T L
L |
- |
100 E = |
E — - SE—— — = = - St —
=i
A28 - o A
—=n
iz 3350 1Ty 1.;30 . 435 430 AT s0o
i as)
-180
TS Signal 1: DAD1 A, Sig=358,88 Ref-2680@,18
- Peak MigTime Type Width Area Height Area
| ¢ [min] [min]  [mau*s] [ L] %
1 3.733 MM B.@186 1.67642 1.58487 108, BOER
2 i 8 8 10 min
CE 2/6/2020 28:11:54 S5YSTEM Fage 1L of 2

Figure S 343: Condensed CE analysis of the aqueous exiract of the reaction of 118 with K and
subsequent CO, treatment in toluene (Table S 12, entry 5).
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Data File C:\Chem32\1'\Data\2066%200682%200682-4_MM545-1.0

Sample Name: MM545-1

Acg. Operator

Sample Operator ;

i SYSTEM |
SYSTEM |
CE Location : 3@

Acq. Instrument :
: 2/6/2828 17:22:86 [
¢ CrhyChem32h1\Methods\CE\Marx-Oxalate25C-Flush1B8myl2-286114 M
© 140172628 13:19:47 by SYSTEM

Injection Date
Acq. Methaod
Last changed

Analysis Method
i 5/6/20820 16:37:44 by SYSTEM

Last changed

sample Info

additional Info @

C:%Chem32h1YMethods \CE\Spuel -extended - 208227 . M

(modified after loading)|

! NMR solution of MM545-1 (8.2 mL) diluted with HZD (@.4 ml}

Peak{s) manually integrated

DADT A, Sig=350,80 Ref=200.10 (2006200602 200602-4_MMA5-1.00
HPCE1 C, Currerd (20080200602200602-4_MM545-1.0)

HPCE1 P, Power (2006:2006021200602-4_MME45-1.0)

HPCET W, Viokage (200620060021

ia MME4E D) Sipmal 1: DADL A, Sip=358,88 Ref=288,10

GE1, CED, Laak Currant _MMS451
Ham Peak MigTime Type Width Area Height Area
# [min] [min]  [maut*s]) [ mau] %
e _.""|""'"|""|““"'|"“"""|'“"'""l"""'jl_!_
1 3.617 MF a.8258 2. 08468 1.29635 27,8085
2 3.675 FM a.8272 1.98672 1.21734  27.5684
3 3,926 MM d.8428 1.48532 5.78598e-1 28.6048
10 4 4,533 MM g.8189 1.73196 1.52B3% 24,8263 |
|
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e
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Figure S 344: Condensed CE analysis of the aqueous extract of the reaction of 118 with K and

subsequent CO, treatment in toluene (Table S 12, entry 6).
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CE Analysis Experimental section

Data File C:\Chem32\1'\Data'2886428861942008619-1_MMST7.D
Sample Name: MM577

Acg. Operator @ SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : CE Lecation : 15
Injection Date @ 19/6,/2828 13:12:44
Acq. Method : CrhChem3241\Methodsh CE\Marx-0xalate25C-Flush1Bmylz- 286114 .M
Last changed $ 147172028 12:19:47 by SYSTEM
Analysis Method | C:%Chem32%1'\Methods'\CE\SwitchOff-208227.M
Last changed P 19/6,/202@ 14:38:54 by S5YSTEM
[(modified after loading)
sample Info ! NMR solution of MM577 (©.28 mL) diluted with H20 {@.4 ml)

Additional Info : Peak{s) manually integrated
DADT A Sig=350,80 Rel=200.10 (200620061 B200619-1_MMS77.0}
HPCE1 C, Currerd [(200820061502006108-1_MMSTT D)
HPCE1 P, Power (2006:2006191200818-1_MMET7.0)
HPCET WV, Voliage (20062006191200515-1_MMETT O

GE1, CE10 Laak Currani I_MIMET]
Mom. |
(8 - — — (o B L 1* ——
|
a
] a‘\b y
g a-s:h. N
ot i,@' - |
= S & ¥
] |
|
[ — o
-1 e e —
-1 1
-
L g o e = —
£ ~=0
=4
ol k™ P : =
—5i1
100 133 150 17 1] a4 ] T
© e
=280 Signal 1: DAD1 A, Sig=358,B0 Ref=200,18
Peak MigTime Type Width Area Hedght area
o #  [min] [min]  [mAU*s] [maLr] %
'.-...I ....... |.| ....... | .......... I .......... | ........ I e
Rl 1 3.653 MM B.1853 14.97137 2.37829 B3.4248
1 4,405 MF B.8181 1.95850 1.79632 10.8686 |
3 4.441 FM B8.8172 1.8242% 9.94682e-1 5.7a74
T T T T T {
Fi 4 L] ] 10 min
CE 19/6/2828 16:19:26 SYSTEM Fage 1L of 2

Figure S 345: Condensed CE analysis of the aqueous exiract of the reaction of 118 with K and
subsequent CO, treatment in toluene (Table S 12, entry 7).
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Appendix

CE Analysis

Data File C:\Chem32\1\Data\2066%200682%200682-3_MM532-1.0

Sample Name: MM532-1

Acg. Operator

Sample Operator ;

: SYSTEM |
SYSTEM |
CE Location : 28

Mq. Instrument :
: 2/6/2828 16:58:36

¢ CiyChem32h1'\Methods \CE\Mark-Oxalate25C-Flush1BmyvlZ-28@114.M
¢ 14172028 12:19:47 by SYSTEM

i CihvChem32h1\Methods \CEVNSpuel -extended- 208227 . M

i 2/6/2020 18:47:32 by SYSTEM

Injection Date
Acq. Method
Last changed
Analysis Method
Last changed

sample Info

additional Info @

(modified after loading)

! NMR solution of MM532-1 (8.2 mL) diluted with HZD (©.4 ml)

Peak{s) manually integrated

DADT A, Sig=350,80 Ref=200.10 (2006200602 200602-3_MMS32-1.00
HPCE1 C, Currerd (20080200602200602-3_MM532-1.0)
HPCE1 P, Power (2006:2006021200602-3_MMEX2-1.0)

HPCET W, Vokage (20 0820000

d_MUMEIR-1

GE1, CE1D, Laak Currant (2 _MMET2-1.D
Hom
a
|~
ﬁﬁ‘“‘
5
|!\L ] ) ?ﬁfﬁ I_ B )
&0
18 — uwm
MUMED = Al O eresl Sterderd
-100
13-
23
P |
80 , -
]
=200 a5 = - e —
14 ETH ET) . aa FE] ad
& [mn)
-260
Signal 1: DaAD1 A, 5ig=358,80 Ref=180,1@
5 T ek MigTime Type Width Area Helght Area
#  [min] [min] [maL*s] [man] %
1  3.591 MA a.,8297 2.26376 1.27883 leo.oo8
T T T I ‘
Fi 4 L] ] 10

CE 2/6/2022 2@:12:11 S5YSTEM

Page

TR R W]

L of 2

Figure S 346: Condensed CE analysis of the aqueous extract of the reaction of 118 with K and
subsequent CO, treatment in THF (Table S 12, entry 8).
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CE Analysis Experimental section

Data File C:\Chem32\1\Data'2885%28852742008527-4_MM555-1.0
Sample Name: MM555-1

Acg. Operator @ SYSTEM
Sample Operator : SYSTEM

Acg. Instrument : CE Location : 28
Injection Date @ 27/5,/2828 14:32:34
ACq. Method ¢ C:hChem3241'\Methods \CE\Marxk-Oxalate25C-Flush1Bmv23-v13-268428 .M
Last changed ¢ 2B/4/2028 15:34:88 by SYSTEM
Analysis Method : C:%Chem32h1\Methods\CE\Spuel-extended-288227 .9
Last changed P 27/5,/202@ 14:08:38 by S5YSTEM
[(modified after loading)
sample Info ! NMR solution of MM555-1 (8,83 mL diluted with &.56 mL H2D)

Additional Info : Peak(s) manually integrated
DADT A Sig=350,80 Rel=200.10 (2005200527 Z00527-4_MM555-1.0}
HPCE1T C, Currert (200520052 72005274 MMESS-1.D)
HPCE1 P, Power (2005/2005271200527-4_MMESS.1.0)
HPCET WV, Voliage (200520082 T20052T-4 MMESSE-1.0)
GE1. CE1D i D

Hom.

100
| — ::.:w‘r;.h il Sradard |
i
a
-1 J
-0 E.,.. | y
-
w
. e y AT e
%) ] 1 18 in ] FY] a5
-300 tlmin]
-400
Signal 1: DAD1 A, Sig=35@,B8 Ref=2180,18
fun Peak MigTime Type Width Area Height Area
, & [min) [min]  [mAU*s] [mAU] L s
1 3.788 MM B.8766 14,B5728 3.23175 91.9926
500 2 3.752 MM B.8151 1.29324 1.42942 8.8a74
2 5 8 8 1 min
CE 27/5/2828 17:18:5% 5YSTEM Fage 1L of 2

Figure S 347: Condensed CE analysis of the aqueous exiract of the reaction of 118 with K and
subsequent CO, treatment in THF (Table S 12, entry ).
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Appendix CE Analysis

4.15.3 CE analysls — Reactlons of 1,4,7-Tacn-ligated Cu Complexes

Data File C:\Chen321\Datal1211%1911124191112-5 MM486-1.00
Sanple Name, MMAGG-1

Acg. Operator @ SYSTEM
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 23
Injection Date : 12/11/2019 12:49:81 |
Acg. Method : CiWChem32h1\Methods\CEVMarx-Oxalate5C-Flush4myl2- 191186, 4
Last changed 2 12/11/2019 18:53:@7 by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CEVSpuel -extended.M
Last changed @ 21/11/2813 14:28:8d by SYSTEM
(modified after loading)|
Sample Info : MMR solution of MMABE-1 (8.82 mL diluted with 8.8 mL H20)
5 min flush, first run on 12.11.19
i

Additional Info : Peak(s) manually integrated
DaD &, Sig=350,80 Ref=200,10 (18111911 129191112-5_MME0E-1.10)
HPCET C, Current (19110811120 81112-5_MM40E-1.0}
HPCE P, Pewwer (168 1V 1811925191112-5_MMMOE-11D)
HPCE V. Valtage (181 111911120191112-5_MM403-1.D)

CE1. CE1D, Lessk Cuwmeni  (181112-5 NMEDE-1.0H
Fhosrm.
o . .
e
Ej{‘_k&é‘ mﬁ %
<80
1%
Y
T
100 -
= |
o =
3 |
180 é-n §
e M
£ ot ==
i ra=
200
-5
13 B Ak 14 [T} a7 dd Ak
t]ewn]
2500
S5ignal 1: DADY A, Sig=356,88 Ref=288,1@ !
Peak MigTime Type Width Area Height Area
-300 -8, #  [min] [min] [mau=s] [man] %
1 3.786 MM B.8542 7.18888 2.208856 67.4532
2 3.968 MM 2.8224 1.18573 B.23548e-1 18.3762
< 3 4,516 MM 2.8183 2.36258 2.14896 22,1786
2 4 B ] 0 =in
|
CE 21/11/2819 19:86:85 SYSTEM Page L of 2

Figure S 348: Condensed CE analysis for the NaOH extract of Table S 13, entry 3 — COs
treatment (bubbling) of 127, Cul and NaBPhs in MeOH.
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CE Analysis Experimental section
Data File C:h\Chem32\1\Data’\2006%1006164200616-18_MMST2I. D
Sanple Mame: MM572
Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 39
Injection Date : 16/6/2020 16:51:22
Acg. Method i C:vChem3Zy1\Methods\CEVMarx -Oxalate?5C-Flushl@mv12 -208114.M
Last changed 1 147172828 13:19:47 by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : 16/6,/2828 14:26:33 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM572 (B8.84 mL) diluted w. H20 (@.6 ml}
4
Additional Info : Peak{s) manually integrated
DalA A, Sgea50,80 Ref=200,10 (2006:200816200818-10_MM572.0}
HECE C, Cureant (200612008 1§200616-10_MMET2.0Y
HECE1 F. Power (20061200818200816-10_MM572.0
HPCET W, Voltage (20068200818 200616-10_MMS5T2.0
CE1, CEND, Leak Cumant  (200616-10_MM572.0
Haem. I
B o
%.{?é"
ol Sig
I e e i N —
|- 2 N w—
004
~ Al
0 — METE 4 My D S S
-200 4
| 10
| f
E g an o
-300 - / R
] g 3 o
== - = L
T i
~m A
T =
-400
—&1
24 B 3 1.ﬂl‘:“n| 43 ad 4B 4.8
-B00
Signal 1: DAD] A, S5ig=358,80 Ref=208,18
800
Peak MigTime Type Width Ared Height Ared
t  [min] [min] [maLF*s ] [ maw] X
. ] R |=ome | mmeees | mmmmmeees Jmmmemees |- mmeee |
70 1 1.668 MM B.8223 1.18643 8.25477e-1 8. 5461 e
4 2 4.172 MM B.8284 5.89417 3.46817 2.9991 I
3 4.564 MM B.8181 3.22218 2.96152  1.5983 I
4 4.957 MM B.0692 192.390998  46.32264 94,9545
2 I I 4 : & L] 10 mmin
I
CE 16/6/2828 19:48:45 SYSTEM Page |L of 2

Figure S 349: Condensed CE analysis for the NaOH extract of Table S 13, entry 4 — COs
treatment (bubbling) of 127, Cul and NaBPh, in MeOH.
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Appendix CE Analysis

Data File C:\Chem32\1\Data\2006%2006164208616-8_MMST1.D

Sample MName: MM571

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : £l
Injection Date : 16/6/20208 15:47:21 |
Acg. Method : C:vChem32y1\Methods\CE\Marx -Oxalate?5C-Flush1@aV23-v13- 288428 .M
Last changed 1 28/4/2028 15:34:00 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : 16/6/2828 14:26:33 by SYSTEM
(modified after loading)

Sample Info : MMR solution of MMS71 (B.84 mL) diluted w. H20 (@.6 ml)
Additional Info : Peak{s) manually integrated

DaDA A Sgea50,80 Ref=200,10 (2006:200816200818-8_MM571.0]

HECET C, Cusrent (200612006 15200616-8_ MMET1.0)

HECE1 F. Power (20061200813200616-0_MM5T1.04

HPCET W, Voltage (200682008 18 200618-8_MMST1.0

CE1, CE1D, Leak Current  (200616-8_MMS571.0

g &
- : w .
i . ¥l
[ e — T — et |
100 |
=y
i [HE R ——
-ano .
=10 L
EE'?"' ; dx_lr,
-300 A=
-m A ,.'.-/
o) E— A e
-8
400 ) ) wd A i) an FiF) ad
Limmn|
=500
Signal 1: DADL A, 5ig=358,80 Ref=204,1@
Peak MigTime Type Width Area Height Area
Ry || RSN ¢ [min] [min]  [maLFs] [ mant] %
R R |=mmmmmmeee J-mmmmmmeee J--=mmne |
1 3.765 MM B.8681 0.13345 2.53322 09,1235 [
2 4.112 MM B.919% 3.58871 2.99845  3.5848 l
3 5.918 MM B.0684  87.38713  21.29527 B7.2917
2 I ; 4 . ] -] 10 mmin
I
CE 16/6/2828 18:43:43 SYSTEM Page 1 of 2

Figure S 350: Condensed CE analysis for the NaOH extract of Table S 13, entry 5 — CO»
treatment (bubbling) of 127, Cul and NaBPh, in MeOH.
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CE Analysis

Experimental section

Data File C:\Chen32\1'\Data\2006%2006264208626-1_MMSO2,D

Sample Mame: MM592

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 33

Injection Date

: 26/6 2028 18:53:04

Acg. Method

i C:\Chem32h1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

s 147172028 13:19:47 by SYSTEM

Analysis Method :

CiAChem32\1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

J

Additional Info :

: 26/6/2828 11:11:38 by SYSTEM

{modified after loading}

: MMR sample of MMS592 (8.84 mL) diluted with H20 (@.6 ml}

Peak{s) manually integrated

DADM A Sige350,80 Ref=200,10 (20062008261200826-1_MMS5E2.0
HPCE1 G, Cument (20061200628 200626-1_MMEEZ D)

HPCE1 P. Power (200612006 26200826-1_MM522.0§

HPCE W, Waltags (2008/ 2006202008261 MMSI2 0

CE1, CED, Leak Current  (200626-1_MMS5B2.D

Harm. R =
'
") e
-I & A -"-??F:‘J: -
100
— WL
AT+ Mee DD Brdeel Serded K
@ f
|
-3 Fl
| 1
E i ! i
| = IlI i
-m{ K - ."I \ 9
-3040 e S L
Tl it oA F g
e 18 L 19 43 1;4 3 445 44 2 ?
00 ,
Signal 1: DAD1 A, Sig=358,88 Ref=20@,18
500 -
Prak MigTime Type Width Area Hidght Area
¥ [min) [minm] [mau#s] [maLr] x
e R R R R R Jomeees |
i 1 3,781 MM B.8E29 29.21115  4.95448 13.8374
800 P Sy et 2 3,813 MM €.8257 1.84738 6.526428-1  B.T1T1, o eidim s |
3 4,112 MM 8.e175 4.31973 4.18963  2.9576
4 4.545 MM 8.e187 1.26501 2.91634  1.5583 l
5 5.827 MM 8.8564 109.93897  32.58823 75,2654 |
5 5.23567 MM 8,452 B.28353 2.98508 5.6714
700 : -
2 4 & ] 1a min

CE 26/6/2828 12:29:85 SYSTEM

Page |[L of 2

Figure S 351: Condensed CE analysis for the NaOH extract of Table S 13, entry 6 — COs
treatment (bubbling) of 127, Cul and NaBPh, in MeOH.
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Appendix

CE Analysis

Data File C:\Ches32\1\Data\121111911124191112-3_MM484-1.0f
Sanple Name. MMAG4-1

Acg. Operator
Sample Operator :
Acg. Instrument : CE

Location :

21

Injection Date : 12/11/2019 11:59:33 |
Acg. Method

i C:\Chem32h1\Methods\CE\Marx-0Oxalate?5C-Flush4mvl2-191186 . M

Last changed  : 12/11/2019 11:24:12 by SYSTEM

Analysis Method : C:\Chem32)1\WMethods \CEVMarx-Oxalatel5C-Flushl@aVai-vi3-188428.M

: 27/8/2828 16:36:34 by SYSTEM
(modified after loading)

Last changed

Method Info

|

Sample Info

Additional Info : Peak{s) manually integrated
DD A Sig=350,80 Raf=200,10 (1871181 11249181 112-3_MNHD4-110)
HPCEA 2, Cumenl (191111911120 §1112-3_MM404-1.0)
HPCE1 P, Power (181 118111241911 12-3_MAMOL-1 1D
HPCET W, Vallage (181 14191 112191112-3_MM404-1.10)

& min flush, first ren on 12.11.19

1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

: NMR solution of MM484-1 (8.82 ml diluted with 8.8 wl H20}

Area
%

8.8668
27.9848
B65. 5066
1.@584
5.3735

&

10

CE1, CE10, Leak Cument  (191112-3_Ma4a04.1.0)
Mo,
| &
5
= ) +‘P§‘_ 5
! o
o 4."_%
LoX:
' .
1l s v —
-0 —
e MR o My D il 2w
L
)
&0 )
I|I
. |
200 E J |I|
o | )]
= | J‘ f
| |
e AL
S
_— f
—di _|'I I\_ _,'I
-300 [ v porir . ¢ ;
E¥) i 173 & 58} EF_] 450
LSignal 1: DAD1 A, Sig=358,80 Ref-208,18
400 -
Feak MigTime Type Width Area Height
¢ [min] [min]  [mALrs) [ man]
1 4817 MM E.82e-31 31.1B623e-1 6.82158e-1
1 2 4.355 MM 8.8548 133.8B141 48.44331
500 - 3 4.588 MM B.8597 312.83820 E7.2B88E
4 4.678 MM 8.8266 5.84745 3.15676
5 5.112 MM B.0276  25.8269%4  15.47319
PR 8

CE 27/8/2628 16:48:82 SYSTEM

Fage

1 of 2

Figure S 352: Condensed CE analysis for the NaOH extract of Table S 13, entry 7 — COs

treatment (bubbling) of 127, Cul and NaPFg in MeOH.
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CE Analysis

Experimental section

Data File C:\Chen32'1'Datal1911%1911124191112-4 MM485-1.0

Sample Mame: MMAB5-1

Acg. Operator
Sample Operator :

Acg. Instrument

: CE

Location : 22

Injection Date

: 12/11/2019 12:25:32

Acg. Method

i C:\Chem32h1\Methods\CE\Marx-0Oxalate?5C-Flush4mvl2-191186 . 4

Last changed

s 12/11/2019 18:53:@7 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Marx -Oxalated5C-Flushl8ava3-V13-288428.M

Last changed

Method Info

]

Sample Info

s 37/8/2838 16:36:34 by SYSTEM

{modified after loading}

1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

: NMR solution of MM485-1 (8.82 mi diluted with 8.8 wl H20)

5 min flush, first run on 12.11.19

|
Additional Info :
DD A Sig=3

Peak{s) manually integrated
50,80 Ral=200,10 (187141811 1241911 12-8_MNH05-1.0)

HPCEY C, Cumeeil (191111571120 511 12-4_MM4CE-1.0}

HPCE1 P, Pows
HPCET W, Vallz

100

150

-200

-250

DO, Leak Cosmest

er (150 119111241911 12-4_MROS-1.10)
age (181 141911124191 112-4_ MM405-1.07)
18191724 MRA2051 .10

— T
— A T b St el

Intemiy

CE 27/8/2828 16:39:44 SYSTEM

Figure S 353: Con
treatment (bubbling)

..... e =
az 14 Ak 8 1"“4.“:; 4.2 a4 e
5ignal 1: DADL A, Sig=358,88 Ref=288,18
Peak MigTime Type Width Area Height Area
#  [min] [min]  [mAu®s] [mau] %
. I ....... | ——— l ....... | .......... | .......... | ........ |
1 8.386 BY @.1435  1@,75268 1.24898 15,7708
2 8,548 WY 8,.2673 21.67814 1.35183 31,7832
3 B.BE1 W @.4213  25,95757 1.82604 38.8715
4 3.674 MM  @.8499 5. G2EEA  1.H7EBS  B.2557 ol
o 3.954 MM B.8125 &6.26988e-1 B.37818e-1 8.9195 |
B 4.582 MM B2.8187 3.54499 3.168693 5.1994 :
2 4 ] & 10 =i
Page |[L of 2

densed CE analysis for the NaOH extract of Table 5 13, entry 8 — CO»
of 127, Cul and NaBPhy in MeOH/THF.
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Appendix CE Analysis
Data File C:\Cher32\1\Data’,2004%2004284200428-3 MMSI6-1.0
Sanple Name: MM536-1
Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location :
Injection Date : 28/4/2020 13:17:48 |
Acg. Method i C:vChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@mvl2 - 208114, M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
(modified after loading)
Sample Info : MMR sample of MMS536-1 (8.83 mL diluted with 8.6 mL H2O)
Additional Info : Peak(s) manually integrated
DaDA A, Sigea50,80 Ref=200,10 (2004'2004261200428-3_MM538-1.0)
HECE C, Curreant (20041200428 200428-3 MMEXE-1.D}
HECET F. Power (20041200428:000428-3_MM535-1.0)
HPCET V. Valtage (004\30042012004268-3_MNME38-1.0)
CE1, CEND, Leak Cument  (200428-3_MM538-1.00
Harm. o
I
i
o ﬁh‘e
[| o : nr g-,\_-——l —— " - -t
100 —
Foil VREOE ¢ Mol el Swacasd
] P
-2040 ol
i ' 4
i~
—an .
=300 = e — . ——
~til
[F (r s = K] Y]
Elmin|
-400
Signal 1: DAD1 A, Sig=358,80 Ref=208,18
500 - Peak MigTime Type Width Area
i &  [min] [min]  [mau*s]
Tei|ciresit| Sat it ae | Se s ae s et peos S22 L AT ! -
1 #8.321 W 8.1591 Ea. 35841 8.78713 356.4873
Z 4.182 M4 B.8183 1.23885
3 S5.8E3 MM 8.8529 152.56572 48,8524 63.8815
B0 g ; e
2 4 & -] jli] mmin
I
CE 5/6/20828 17:22:58 SYSTEM Page 1L of 2

Figure S 354: Condensed CE analysis for the NaOH extract of Table S 14, entry 2 — CsHCOg

treatment of 127, Cul and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32\1'\Data’\2006%1006184200618-3_MMSET.D
Sanple Mame, MM5G7)

Acg. Operator  : SYSTEM
Sample Operator : SYSTEM

Acqg. Instrument : CE Location @ 27
Injection Date : 18/6/2828 14:54:13
Acg. Method 1 C:\Chem32h1'\Methods'CE\Marx-Oxalate2SC-Flushlomvl2 - 208114 .M
Last changed 1 14172020 13:19:47 by SYSTEM
Analysis Method : C:%Chem3ahl\Methods\CE“Spuel-extended- 200227 .M
Last changed i 18/6,/2028 15:17:84 by SYSTEM
(modified after loading)|
Sample Info : NMR solution of MMSE7 (@.84 ml) diluted with H20 (2.6 mL)

I
Additional Info : Peak(s) manually integrated
DAL & Giy=150 B0 Ref=200, 10 {Z00512 006 10R00E10-3_MMEET.O)
HPCE C, Currant (20082004 1 M200810-3_MMEET [}
HPCE1 P, Power {200520061T200610-2_MBSET. O]
HPCE V', VoRags |2 0OEGE O 0-3_MMIBET.D

CE1, CE10. Leak Cumrent (20 -
Mo E «‘?
W
0 v.ﬁ_a"
] | Signal 1: DADL A, 5ig=350,80 Ref-200,18

% Peak MigTime Type Width Area Hedght Area
| #  [min] [min]  [mAL*s] [mant] %

1 3.855 MM B.8614 3.39421 1.46513 1.3882
2 4,682 MM a.a284 B.19338 3.64098  1.5828
3

20
5.187 MM B.1823 498.75488 65.2717: 97.1B98
e =
1
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a =
i — - .l
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=10 -
-in — - s e
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Figure S 355: Condensed CE analysis for the NaOH exfract of Table S 14, entry 3 — GsHCOg
treatment of 127, Cul and NaBPhy in MeOH.
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Appendix

CE Analysis

Data File C:\Chen32\1\Data\121111911124191112-8_MM411-1.0

Sanple Name, MMA11-1

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 26

Injection Date

: 12/11/2019 13:53:53 |

Acg. Method

i C:\Chem32h1\Methods\CE\Marx -Oxalate?5C-Flush4mv34-191188 . 4

Last changed

: B/11/2019 15:48:42 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Marx -Oxalated5C-Flushl8ava3-V13- 288428 .M

Last changed

1 27/8/2078 16:36:34 by SYSTEM

(modified after loading)|

Method Info 1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit
Sample Info  : WMR solution of MM411-1 (8.82 mL diluted with 8.8 mlL H20)

5 min flush, first run on 12.11.19

Additional Info :

Peak{s) manually integrated

DDA A Sig=350,80 Rar=200, 10 (181181 112981 112-8_MM11-1.10)
HPCE C, Camenl (1811811120 $1112-6_MM411-1.D}

HPCE P, Power (154 1418911924191112-8_MM-11-1.10)

HPCET W, Vallage (181 14121 1120191112-8_MM411-1.0)

CE1, CE0, Leak Cument (1911128 M8211.1.0)
\:\".L
g e
1 |
I 3 " L~
ot | vﬁg. | =3 .
1 - — WL
AL — EE + Bl O momeraad S acia i
|
-]
180 |
-1
5.
E 1
I i I
-200 - I | [
L S e,
; — T e
- e e % e
-250 ——— e
s aiso ams A1 4.3% 4.50 AT A0
£ Irvin]
-300
Signal 1: DAD1 A, Sig=358,88 Ref=208,18
Peak MigTime Type Width Area Height Area
-350 ¢ [min] [min]  [mal*s] [mil] %
i e [ [P [EEEEE [eesaiata i [t
1 2652 M B,8472 3.29338 1.16251 1.5248
ik B i 3FIE M B.8125 1.35965e-1 1.B8677e-1  B.8630
' ] 31.745 MM 8.8163 1.17165e-1 1.197172-1 B.a542% "
4 3.973 MM 8.8115 5.84218e-1 7,33886e-1 B.2335
5 4.391 MM B.@358 48.B3775 19.82733 1B.9888
450 <] 4.588 MM B.8455 171.99382 B62.63418 79,2165
= : —1 3 = : oI > —

CE 27/8/2628 16:45:12 SYSTEM

Fage

1 of 2

Figure S 356: Condensed CE analysis for the NaOH extract of Table S 14, entry 5 — CsHCOg

treatment of 127, Cul and NaPFg in MeOH.
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CE Analysis Experimental section
Data File C:\Chen32\1\Data'2004%262428208428-4 MM537-1.0
Sanple Name: MM537-1
Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location :
Injection Date : 28/4/2020 13:41:18
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flush1@mvl2-208114. M
Last changed 1 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : MMR sample of MMS537-1 (8.83 mL diluted with 8.6 mL H2O}
|
Additional Info : Peak(s) manually integrated
DaDd A, Sigea50,80 Ref=200,10 (2004' 200426120042 8-4_MM537-1.0)
HECE C, Curreant (20041200428 200428-4 MMELT-1.0}
HECET F. Power (20041200420 0004268-4_MM537-1.0)
HPCE Y, Valage (2004' 2004282004284 MMESST-1.10)
CE1, CEND, Leak Cument  (200426-4_MM537-1.00
mﬁﬁ «
o[ - — 250 . -
-100
b — M7
[ T —
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n .
a 4
200 gl - |
# .10 — — ‘e e ¥
E
-~z
" /’ =3 g,
o e ——
-300
=5
1Y Td pr 1a an al id [
||
400
signal 1: DADL A, 5ig=350,88 Ref=208,18
Feak MigTime Type Width Area Height Area
T # [min] [min] [mAL*s ] x
500 1 3.9a2 MM B.8279 3.81859 2.18488  1.6828
2 4.149 M4 8.8558 22.38174 5.7527B 9.E283
3 3.138 MM 8.8544 288.7938E 61.52874 EB.4EES
2 I I 4 : & L] 10 mmin
I
CE 5/6/2828 17:23:84 SYSTEM Page |L of 2

Figure S 357: Condensed CE analysis for the NaOH exfract of Table S 14, entry 6 — CsHCOg

treatment of 127 and Cul in MeOH.

387



Appendix

CE Analysis

Data File C:\Chen32\1\Data\121111911124191112-6_MM487-1.0

Sanple Name, MMAGT-1

CE 21/11/2810 10:85:58 SYSTEM

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 24

Injection Date

;1241172019 13:12:31 |

Acg. Method

i C:\Chem32h1\Methods\CE\Marx-Oxalated5C-Flush4mV12-191186 . M

Last changed

: 12/11/2019 18:52:07 by SYSTEM

Analysis Method

: C:\Chem32\1\Metheds\CE\Spuel -extended .M

Last changed

Sample Info

1 21/11/3919 14:28:84 by SVSTEM

(modified after loading)

: MMR solution of MMABT-1 (8.82 mL diluted with B.8 mL H20)

5 min flush, first run on 12.11.19

Additional Info :

Feak({s) manually integrated

DAD1 A, Sig=350 80 Ref=200,10 (187111911124181112-8_MM407-1.0)
HPCET C, Curmenl (191101811120 811 12-6_MMAOT-1.0}

HPCE P, Power (181 141811124191112-8_MAMOT-11D)

HPCE V. Valtage (181 141911120191112-0_MM407-1.0)

CE1, CE1D, Lesk Cusmanil

(18111248 NRE07T-1.00
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Signal 1: DAD1 A, 5ig=350,80 Ref=209,10

Peak MigTime Type Width Area Helght Area
# [min] [min]  [maUts] [mau] % |
. Rt R R e D [ --memee | |
1 3.688 MM B.851%9 5. 88448 1.86583 55,1498
2 3,784 MM B.@193 1.17587 1.81314 11.1722
3 3.971 MM B.@311 1.15182 6.16587e-1 18,9437 |
4  4.51E MM B.@178 2.3918% 2.34313 22,7351
2 4 & B 0 min

Fage

1 of 2

Figure S 358: Condensed CE analysis for the NaOH extract of Table S 14, entry 7 — NaHCOg
treatment of 127, Cul and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32\1\Data’\2006%20061042085610-4 MMSEE,D
Sample Mame: MMSGE

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 28
Injection Date : 18/5/2038 15:17:42
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flush1@mv12 -208114. M
Last changed s 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed : 1B8/6,/2828 15:17:84 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MMSEE (B.84 mL) diluted with H2O (8.6 mL)
|
Additional Info : Peak{s) manually integrated

DAl A, Sgea50,80 Ref=200,10 (2006220081 0200810-4_MMSEE.0]

HECET C, Cusrent (200612006 10200610-4_ MMEES D)

HPCE1 P. Power (200612006 10420081 0-4_MMS5G8.0 Signal 1: DADL1 A, Sig=358,88 Ref=28@,18
HPCE W, Waltags (2008520061 M200810-4_MMSSE 0
CE1, CED, Leak Current  (200670-4_MMS568.0

e Peak MigTime Type wWidth Area Height Area
# [min] [min] [malts ] [mau] 4

seen|enaanas [T R [+=mmmammnn |E=t==a2x= |aceamaas |

ar N 1 3.834 MM B.aGa8 9.46129 2.62774 82.4518

2 4,345 MM 8.0199  2.81376  1.76243 17.5498
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Figure S 359: Condensed CE analysis for the NaOH extract of Table S 14, entry 8 — CsHCOj
treatment of 127 and [Cu(MeCN)4]PFg in MeOH.
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Appendix CE Analysis

Data File C:Chem32\1\Data'2006% 2086104 200610-5_MMSES,D
Sample Mame: MYSG69|

4cq. Operator @ SYSTEM |
sample Dperator @ SYSTEM |

Acq. Instrument : CE Location : 29
Injection Date : 18/6/202@ 15:41:12 |
ficg. Method i CivChem3d2y1\Methods\CE\Marx-Oxalated5C-Flushl@my12 - 288114 .8

Last changed P 14/1/2828 13:19:47 by SYSTEM
Analysis Method : C:\Chem32\1'\Methods\CE\Spuel-extended- 268227 .M
Last changed : 18/6/2828 15:17:84 by SYSTEM
(modified after loading)

Sample Info : MMR solution of MMS69 (B.84 mL) diluted with H20 (8.6 mL)
|
Additional Info : Peak{s) manually integrated |

D01 A, Sig=350,00 Rel=200,10 (200820061 0A200610-5 “m-ﬂgnal 1: DADL &, 5ig=350,80 Ref-200,10

HPCET C, Currend (20062006 100200610-5_MWM586.0)
HPCE1 P, Power (2006820061 1200510-5_MMS569.0)

I L L ot Peak MigTime Type Width Area Helght Area
Loy CE1, Cl Leak Current (2008 1 WARYSEE . O = n [.11“] [“1”] [Hu:s] [Mu] x
b e b e e e e |
» 1 3.881 MM @.8566  8.26124  2.43054 2,235
; Ik} 2 4.883 MM @,8384 1.43601 6,2287%¢-1 2,2885
| 3 4,690 MM ©.8233  19.37148  13.B4287 5.2488
4 4741 MH B,8298 8.B8ad3 4,.91%71 2.3880
5 4,939 MM B8.8249 3, 28848 2.282093 B.B837
B 5.227 MM B.8775 328.46936 78.59964 BH.E&AS1
& PR < ety O iy
an
J
L |
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'. f“ 2
& [
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2 4 i} B 10 mis|
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CE 18/6/2828 19:17:47 SYSTEM Fags 1 of 2

Figure S 360: Condensed CE analysis for the NaOH extract of Table S 14, entry 9 — NaHCOg
treatment of 127 and [Cu(MeCN),]PFg in MeOH.
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CE Analysis

Experimental section

Data File C:\Chen32\1'\Data’\2006%200680,208689-3 MMSE1,D

Sample Mame: MMSG61

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 27

Injection Date

: 9/6/2020 14:42:57

Acg. Method

i C:\Chem32h1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

s 147172028 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

J

Additional Info :

: 06,2828 15:45:25 hy SYSTEM

{modified after loading}

: MMR solution of MMSEL (B8.84 mL) diluted with H2O (8.6 ml)

Peak{s) manually integrated

DWD1 A Sig=350,60 Ref=200,10 (20064200800/200808-3_MM5a1.0|
HPCE C, Curmenl (20081200605200608-3_MMEE1 D)

HPCE1 P. Power (200612006 084200806-3_MMS551.0
HPCET W, Valtages (2006830080842
CE1, CE1D, Leak Current (2

-10

20

40

Signal 1: DaD1 A, 5ig=358,88 Ref=Zee,18

0506-3_MMSS1 0
G0e-3_MMSE1.D

Peak MigTime Type Width Area Height
#  [min] [min] [maL=s] [maw]
St o s S ol R s et |
1 3.795 MM B.8538 2.82431 B.876%96e-1 66.B638
2 3,916 MM o.8%03 1.45882 Z.67767e-1  33.9362
Vel + Myt e
= n
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Figure S 361: Condensed CE analysis for the NaOH extract of Table S 15, entry 1 — COs
treatment of 127, Cul and NaBPhy in MeOH.
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Appendix

CE Analysis

Data File C:\Chen32\1\Data’\ 20064200680, 208689-1_MMS5S,D

Sample Name H"‘ISSH

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 25

Injection Date

: 9/6/2020 13:55:52 |

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

1 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

C:hChem32\1\Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

|

Additional Info :

: 06,2828 15:45:25 hy SYSTEM

(modified after loading)|

: MMR solution of MM5S59 (B8.84 mL) diluted with H2O (8.6 ml)

Peak(s) manually integrated

DWD1 A Sig=350,60 Ref=200,10 (200642008024200808-1_MMS50.0|
HPCE C, Curment (20081200605200608-1_MMESS D)

HFCE1 P. Power (20062008 084200806-1_MM553.00

Signal 1: DAD1 A, 5ig=358,80 Ref-200,10

HPCE W, Valtages [2008\20060 6 200606-1_MMS52 0

CE1, CED, Leak Current  (200602-1_MMS558.0
P Peak MigTime Type Width Area Height Area
#  [min] [min] [méu*s] [man] %
- e et S I L e
! 1 3.739 MM @.1489 14.87674 1.66534 92,1484
2 4,138 MM @.0574 1.19%43 3.48832e-1 7.8516
[v] | _ —
[T - e —
-3
1
w
A0 x
é-lﬂ\ = S PR —
=T . " Lo e A
-20 o,
24 1A i 4 : az O fr] 13
1 imin]
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40 —| | 4, |
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= |
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Ty) — l_lll.lul_l_“l:_,.!....,:-....“...." | TI— = :l'
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I
2 4 & -] 14 min
I
CE 9/6/2828 13:45:86 SYSTEM Page 1 of 2

Figure S 362: Condensed CE analysis for the NaOH extract of Table S 15, entry 2 — COs
treatment of 127, Cul and NaBPhy in MeOH.
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CE Analysis

Experimental section

Data File C:h\Chen32'1'\Data’2006% 100680, 200609-4 MMGE2.D

Sample Mame: MM562

Acg. Dperator @ SYSTEM

Sample Operator : SYSTEM

Acg. Instrument : CE

Location : 28

Injection Date : 9/6/2028 15:06:27

Acq. Methed

i CivChem32h1\Methods\CE\Marx-

Oxalate25C-Flushlmyvia-208114.M

Last changed

v 147172028 13:19:47 by SYSTEM

Analysis Method @
Last changed : 9/6/2028 15:45:25 by SYSTEM

(modifled after loadlng)
Sample Info @
|

Additional Info : Peak(s) manually integrated

C:%Chem3a2y1\Methods \CE\Spuel -extended - 288227 .M

WMR sclution of MMSE2 (.84 nl) diluted with H20 (2.6 ml)

DAL A, Sig=3560 50 Ref=200,10 (20082 1060M200605-4_MMEE2.D)

HPCE1 C, Current (200620080 5'200608-4_MMS52.00
HPCE1 P, Power { 2005200608020 0606-4_MMS562.0)
HPCE1 VY, VYokage |2006'2006020200609-4_MWI5E2.0

Signal 1: DAD1 A, Sig=358,88 Ref=2188,18

CEY, CEAT, Lask Carvant) - CHI0ACH4_ WIS IT Peak MigTime Type Width frea Height Area
e #  [min] [min]  [mau*s] [madi] *
] e e e e B b e e |
10+ 1.‘ F.E52 MM 8.8223 1.18619 E.83271e-1 2,1885%
. 2 S5.1E6 MM @, BaET 52.044E1 18.18718 97.B195
-
| ~
0
. =Y
WA 4 e e HreeTl
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-10 m
£os |
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T | i
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AR == =
-2 | - s = A
4 I
[
¥ 15 a0 . |
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CE 9/6,/2828 18:44:14 SYSTEM Pags 1 of 2

Figure S 363: Condensed CE analysis for the NaOH extract of Table S 15, entry 3 — COs
treatment of 127, Cul and NaBPhy in MeOH/THF.
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Appendix

CE Analysis

Data File C:\Chem32\1\Data\2006%2006174208617-1_MMST3.D

Sample Name H"‘ISTH

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 15

Injection Date

: 17/6 2020 14:54:04 |

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

1 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

C:AChem32 1\ Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

|

Additional Info :

1 17/6/2028 16:48:17 by SYSTEM

(modified after loading)

: MMR solution of MM573 (B8.84 ml) diluted with H2O (8.6 ml)

Peak(s) manually integrated

DD A Sage350,80 Ref=200,10 (200620081 M200817-1_MMS73.0
HPCE C, Curment (2008120061 T2O0E17-1_MMETS D)

HFCE1 P. Power (20062008 1720081 7-1_MMS5T3.00

HPCE W, Valtages (2008520061 T200817-1_MMST3.0)

CE1, CEND, Leak Curard.  (200817-1_MM573.0
Haem.
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L350 signal 1: DADL A, 5ig=350,88 Ref=208,18
Feak MigTime Type Width Area Height Area
] #  [min] [min] [mALF*s ] [mal] k4
400 ] D] et Bt Bttt LRttt EERERs S
1 3.664 MM B.9248 1.25885 83.47317e-1 9.9551 ' ' H
2 4 _21E MM 8.8137 1.83536 1.253818 B.1E78
3 4.488 MM 8.918E8 2.B5457 2.52789 22.5743 Y
= 4 5.828 MM B.8346 7.496544 3.61189 59.2E28
2 : 4 & -] L] mmin
I
CE 17/6/2828 17:18:11 S\'STEN Fags 1 of 2

Figure S 364: Condensed CE analysis for the NaOH extract of Table S 15, entry 5 — COs
treatment of 127, Cul and NaBPhy in THF.
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CE Analysis Experimental section

Data File C:\Chem32'1'Datal1911%1911124191112-2 MM391-1.0
Sanple Name, MM301-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 28
Injection Date : 12/11/2019 11:31:41
Acg. Method : CiWChem32h1\Methods\CEVMarx-Oxalate5C-Flush4myl2-191186. 4
Last changed s 12/11/2019 11:24:12 by SYSTEM
{modified after loading}
Analysis Method : C:\Chem32i1\Methods\CE\Marx-0Oxalate?sSC-Flush18aV23-v13-208428.M
Last changed : 27/8/2028 16:36:34 by SYSTEM
{modified after loading)
Method Info 1 92.18.2819 Methode gedndert auf Agilent Drganic Acids Kit
J
Sample Info : MWMR solution of MM391-1 (@.@2 mL diluted with 8.8 mL H20)
5 min flush, first run on 12.11.19
I

Additional Info : Peak{s) manually integrated
DAD1 A Sig=350,60 Ref=200,10 (19111911 12181112-2_MM391-110)
HPCET C, Cument (191 100571120160 112-2_MMS1-1.0)
HPCE1 P, Power (181 'I'|1‘=.'|II'2'.1'EII1|2-2_MM"!-'EII 1.0y
HPCET V. Waltage (181 119111201971 1122 MM3S1.1.0)

CE1, CE1D, Leak Cument  (191112-2_MM381.1.0)
HMam
ad
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|' o5
& e
a0 e o .
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ik | - ppa——
1| |
of |
150 is] g
I
3| e S~ e M -
-200
a1l
B - e e V. e ——
ar A a6 ] 40 47 dA Ak
280 ¥ [iras)
300 Signal 1: DADL A, Sig=353,33 Ref=208,18
Peak MigTime Type Width Area Helght Area
# [min] [min] [mAU*s] [mau] X
460 e B B B L Rt
s L. 1 8.387 BV B.1488  12.71327 1.42423 68,3917
2 3.685 MM B.8297 9, B3866e-1 5.52644e-1 4.6736 gy |
3 36TTMM B.8357 2.57212 1.eees 12,2183 |
T 4 4.929 M4 9.62e-3 1.16789 2,82258  5.5448 |
5 4.512 MM B.8177 3. 61582 3.48089 17,1724
CE 27/8/2828 16:48:38 SYSTEM Ll -] -] Page 1 of 2_ min

Figure S 365: Condensed CE analysis for the NaOH extract of Table S 15, entry 6 — COs
treatment of 127, Cul and NaBPhy in THF.
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Appendix CE Analysis
Data File C:\Chen32\14\0ata\191241012174191217-3_MM441-1.0
Sanple Name: MM441-1
Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 22
Injection Date : 17/12/2019 14:12:38 |
Acg. Method i C:VCHEM3ZW1\METHODS\CE\Marx -Oxalate?5C - FlushSmy12- 191186, M
Last changed : 17/12/2019 13:47:38 by SYSTEM
Analysis Method : C:\Chem32\1\Methods\CE\Spuel-extended.M
Last changed + 17/12/2019 13:46:235 by SYSTEM
(modified after loading)
Sample Info : MMR sample of MM441-1 (8.82 mL diluted with 8.6 mL H2O)
Sample prepared on 17.12.19
Additional Info : Peak(s) manually integrated
DaD &, Sig=350,80 Ref=200, 10 (1120191 21T91217-3_MME41-1.0)
HPCE C, Currant (18120812170 B1217-3_MM441-1.0}
HPCE P, Power (1812191217191217-3_MIW41-11D)
HPCE V. Valtage (181291 21781217-3_MMd41-1.0)
CE1, CE1D, Leak Curment  (181217-3_MMW41-1.0
Hm.
[§] ]
gﬁm@«
ok i
oy _ - . o J W
-100 — Al
Ul e WAL o WD D w4 areen]
- |
180
P — =
£ —
an
-200 & |
e A =
00 ¥ i ¥ 4bu| ais 45 am w80
-250 ‘
Signal 1: DAD1 A, Sig=358,88 Ref=208,16 ‘
-300 ——
Peak MigTime Type Width Aria Height Area et s S
, #  [min] [min] [mau#s] [mau] X
R P P |=mmmmm e |=mmmmmeeee |==mmmmem | |
1 4,828 MM 9.248-3 1.87732 1.94325 34.1539 J
A A 4. 544 MH 2.8174 2.87788 1.99418 65.8461
2 4 & -] jli] min
CE 17/12/2810 17:03:456 SVSTEM Page 1 of 2
Figure S 366: Condensed CE analysis for the NaOH extract of Table S 15, entry 7 — COs

treatment of 127, Cul and NaBPh, in toluene.
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CE Analysis Experimental section

Data File C:\Chem32\1\Data’\2006%2006164208616-7_MMSTE, D
Sample Mame: MM578

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 7
Injection Date : 16/56/202@8 15:23:51
Acg. Method i C:yChem32y1\Methods \CE\Marx -Oxalate?5C-Flush1@mV23-v13- 288428 .M
Last changed : IB/4/2028 15:34:0@ by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : 17/6/2828 16:48:17 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MMS7@ (B8.84 mL) diluted w. H20 (@.6 ml}
|
Additional Info : Peak{s) manually integrated

DaDA A Sgea50,80 Ref=200,10 (2006:200816200818-7_MMS70.0]

HECET C, Cument (200612006 15200616-T_MMETOD)

HECE1 F. Power (2006200813200816-7_MM5T0.04

HPCET W, Vialtages (200642008 18.200618-T_MMSTI O
CE1, CED, Leak Current  (200616-7_MMS70.D

Harm.
o z
= ha)
-
-0 | |f
k1] — e
PRI IT & B 0, el Saadands
200 =
u |
@ . = I\
200 -E-m E - = —_—
il
-m ,-"I“__
o
— A
400 EE— ———— e
=50
an ER s ik 18 an 4 44 i
Erein]
-500
Signal 1: DADL A, 5ig=350,80 Ref-208,10
Peak MigTime Type Width Area Helght Area
=0 #  [min] [min]  [mAL*s] [man] X
wils 1 3.747 MM 8.838%9 1.62333 5.95137e-1 1.9317 |
2 4.131 MM B.8353 5.93295 3.27327 8.2581 I
700 3 4.546 MM .82l 5.51181 5.39127 7.7480 I
4 4.976 MM 8.8536 6B.96727 21.43808 B2.4781
2 I I 4 ; B -] jLi] min
I
CE 17/6/2828 18:81:19 SYSTEM Page |L of 2

Figure S 367: Condensed CE analysis for the NaOH extract of Table S 15, entry 8 — COs
treatment of 127, Cul and NaBPhy in MeOH at 40 °C.
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Appendix CE Analysis

Data File C:\Ches32\1\Data\121111911124191112-7_MM408-1.0
Sanple Name, MMAGE-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 25
Injection Date : 12/11/2019 13:35:23 |
Acg. Method : CinChem32h1\Methods\CEVMarx-Oxalated5C - Flush4my34-191188 . 4
Last changed : 12/11/2019 13:28:14 by SYSTEM
(modified after loading)|
Analysis Method : C:\Chem32i1\Methods\CE\Marx-0xalate?sSC-Flushl8aV23-v13-208428.M
Last changed 1 37/E/2828 16:36:34 by SYSTEM
(modified after loading)|
Method Info 1 92.18.2819 Methode gedndert auf Agilent Drganic Acids Kit
J
Sample Info : MWMR solution of MM4o8-1 (@.@2 mL diluted with 8.8 mL H2O)
5 min flush, first run on 12.11.19
I

Additional Info : Peak{s) manually integrated
DAD1 A Sig=350,60 Ref=200,10 (197119711 12181112-7_MM$I5-1 D)
HPCET C, Cument (1911087112016 112-7_M408-1.0)
HPCE1 P, Power (181101811120191112 ?_Ml'lld-l'.l-ﬂ-'l (i ]
HPCET V. Valtage (181 19111201971 1127 _MM408-1 D)
CE1, CE1D, Leak Cuwrani (191712-7_NMAE08-1.0)

~13 | [
P - R, e sdund)

-2 |
|
E
H )
| ]
-xl i J -
e 1
i
— e e — _——
1] FT ELT EE] Lt im [E1] aTs
njman

Signal 1: DADl A, 5ig=358,80 Ref=200,l18

Feak MigTime Type Width Area Height Area
#  [min] [min] [mAL*s] [ mawi ] =

1 3.674 MM 8. 8668 6. 77684 1.71842 41,1355

2 4.825 MM B.8168 4.6B2EEe-1 4. EB1Ede-1 2. Ed425,
3  4.845 MM B8.8155 4.1B46le-1 4.58465e-1 2.5481
4 4.201 MM B.8528 2.36155 7.45844e-1 14,3346 !
5 4.479 MM B.9134 6.445938 5.B5612 39.1473
CE 27/8/2028 16:39:11 SYSTEM Ll B ] Fagse 1 of 2__min

Figure S 368: Condensed CE analysis for the NaOH extract of Table S 15, entry 8 — COs
treatment of 127, Cul and NaBPh, in MeOH at 35 °C.
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CE Analysis Experimental section

Data File C:\Chem32'1'Datal191241912174191217-8_MM448-1.0
Sanple Name, MMA48-1

Acg. Operator @

Sample Operator : SYSTEM

Acg. Instrument : CE Location : 23

Injection Date : 1B/12/2019 18:38:03

Acg. Method : CiWChem32h1\Methods\CEVMarx-Oxalate5C-Flush4myl2-191186, 4

Last changed s 12/11/2019 18:53:@7 by SYSTEM

Analysis Method @ C:ZChem32h1\Methods\CE\Spuel -extended.M

Last changed : 1B/12/2019 11:13:37 by SYSTEM
{modified after loading}

Sample Info : MMR sample of MM44B-1 (8.82 mL of MMR solution diluted with B.6 mL H20)
First run 1B.12.1%

J

Additional Info : Peak(s) manually integrated
DaD &, Sig=350,80 Ref=200, 10 (1127191 21T91217-8_MME4E-1.0)
HPCE C, Currant (18120812170 B1217-6_MM445-1.0}
HPCE P, Power (1802191217191217-0_MIWM48-11D)
H W, Vialtage (181 2V1912170191217-8_MM448-1.0)

CE1. CE1D, Lessk Cusmanyl  (181217-8 MME48-1.0H
Pl
! e
1- . ¥ x gt
00
a e i e
|
10 I|
-
200 - g g
fai /
= S 1,
| ~40 R ——— .
i 5
| M ——— = i e S - —
300 rad iis 1% ims A0 4.3% 450 4%
Lhwwn]
400 2 4 :
Signal 1: DADL A, Sig=358,88 Ref=208,1@
i = Peak MigTime Type Width Area Hed ght Area
# [min] [min] [mAU*s] [manr] X
wemef e O e e R | i
1 4.268 MM &.8189 1.89548 9.65741e-1 18,8545
s 2 4.561 MM 2.819%8 4,71433 4,12897 B1.1455
2 4 ] ] 10 min
I
CE 1B/12/2819 13:38:23 SYSTEM Page |[L of 2

Figure S 369: Condensed CE analysis for the NaOH extract of Table S 15, entry 10 — COs
treatment and illumination (400-700 nm, 0.09 W) of 127, Cul and NaBPh, in MeOH.
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Appendix

CE Analysis

Data File C:\Chen32\1'\Data’\ 20064200680, 208509-2 MMSEE, D

Sample Name H"‘ISEB

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 26

Injection Date

: 9/6/2020 14:19:23 |

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

1 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

|

fdditional Info :

: 06,2828 15:45:25 hy SYSTEM

(modified after loading)

: MMR solution of MMSE2 (B8.84 mL) diluted with H2O (8.6 ml)

Peak(s) manually integrated

DWD1 A, Sig=350,60 Ref=200,10 (2006:20060S'200808-2_MM560.D|

HPCE1 G, Curment (20061200600200808-2_MMEE0 D)

HPCE1 P. Power (200612006 084200806-2_MMS50.0 " T =

HPCET W, Volage (20060200806 200606-2_ MMSE0.0Y) Signal 1: DAD1 A, 5ig-350,80 Ref-100,18
CE1, CED, Leak Current  (200602-2_MMS5E0.D

Peak MigTime Type Width Area Helight
#  [min] [min] [mAu*s] [maii ]

Area
x

1 3.756 MM 8.98323 1.37742 7.11893e-1 180.0808 . .

—
T T N T ——
-1
"
AD |
] i 1 == I S L 2 R
]
45
-20 N
A —— A
P —
-5
1z 14 £ ] 40 a3 Y Y 2B
-30 i fmin]
A |
'1."'{* I
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o W i -
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o A | | - |
Ty ] g | —
w =
B0 . s LR " ! o T S ——— wd
2 4 & -] mmin

CE 9/6/20828 18:44:54 SYSTEM

Figure S 370: Condensed CE analysis for the

treatment of 127, Cul and KPFg in MeOH.
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CE Analysis

Experimental section

Data File C:\Chen32'1'\Datat1211%1911684191108-13_MM3I71-1.0

Sanple Name, MM371-1

Acq. Operator

Sample Operator :

Acg. Instrument

: CE

Location : 26

Injection Date

: B/1172019 14:39:22

Acg. Method

i CVCHEM3ZW1\METHODS\CE\Marx -Oxalate?5C-Flush4mv34-191184 . 4

Last changed

: B/11/2019 13:48:35 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Marx -Oxalated5C-Flushl18ava3-V13-288428 .M

Last changed

s 237/8/2838 16:36:34 by SYSTEM

{modified after loading}

Method Info 1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit
|
Sample Info  : WMR solution of MM371-1 (8.82 mL diluted with 8.8 al H20)

5 min flush, 25 °c

Additional Info : Peak{s) manually integrated
DAD1 A Sig=350,80 Raf=200,10 (187 111911061181108-13_MM371-1.00
HPCET C, Cument (191111971084 $1108-13_MMZT1-1.0}
HPCE1 P, Power (181 1Y1311084191108-13_MM3T1-1.0)
HPCEN ioltage (181 11911 08,191108-13_MMIT1-1.00
B0, Leak Cumernt (191708-12 MMIT1-1.00

Horm.
o "
&S
A
*ﬁa" I'i* i =
B0 T e A e B |
100 -] sl e e Bl
a5 |I
| f
| o o —
180 E_,,. —
= =1 '
I
e N ’/-.‘_I.— L o y— _,uil ol
200 —
50
38 - - - - — -
iz 34 is ia fad LT &z LR} “E
-280
Signal 1: DAD1 A, Sig=358,88 Ref=208,18
=300
Peak MigTime Type Width Area Helght Area
#®  [min] [min] [mau®s] [mau] i
80 1 3.8B7 MM B.8631 8.47541 2,23875 28.0099 v bl -
1 2 3.762 MM B.8834  11,.73826 2.35496 38,9399 |
3 3,918 MM B.8392 1.77715 7.54775e-1  5,.87@7 I
4 4,588 MH 8. 8166 8. 22804 7.36386 27.1795
é 1 . . ‘ . . . é. : . .3 . . 1:3 —
CE 27/8/2828 16:43:82 SYSTEM Page |L of 2

Figure S 371: Condensed CE analysis for the NaOH extract of Table 5
treatment of 127, Cul and AgBPh, in MeOH.

16, entry 2 — CO,
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Appendix

CE Analysis

Data File C:\Chem32\1\Data\2006%2006224208622-1_MMS63,D

Sample MName H"‘ISEH

Acg. Operator
Sample Operator :
Acg. Instrument : CE
Injection Date : 23/6 /2030 11:5@:32 |
Acg. Method i C:yChem32y1\Methods \CE\Marx -Oxalate?5C-Flushl@my12 - 208114 .M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32)1\Methods\CE\SwitchDff-200227 .M
Last changed : 22/6/2838 17:11:11 by SYSTEM

(modified after loading)
: MMR solution of MMSE3 (B8.84 mL) diluted with H2O (8.6 mL)

Location @ 21

Sample Info

|

Additional Info : Peak{s) manually integrated
DDn A, Sage350, B0 Ref=200,10 (2006:200822:200822-1_MM563.0
HPGET G, Curent (2006120052 20200622-1_MMBE2 D)
HECET P, Power (20064200822:300822-1_MM5E3.0H
HPGET W, Wialtage (2006000622 300822-1_ MMSES T
CE1, CE1D, Leak Currsni

Harm.
a-
-100
SHLED 4 Aol O intarral Senderm
Lo d
200
o |
e
L I
e,
& i |
£ : I :
-300 1 Fls ad W T
-3 s } h..,r"'-- i
i /""
| — i —
-5
=400 |
i : .
ix %o 1% 4.0 AF LE4] 475
#[min]

sigral 1: DADL A, 5ig=350,88 Ref=200,19

Feak MigTime Type wWidth Area Height Area
#  [min] [min]  [mAU*s] [mawi ] % |
‘.ul.“....|“..|........l“...“.u..l..“.....“.|.........“|
1 3.3 M 20884 21.16104 3.98938 12,4891
2 3.977 WM B, B258 2.74134 1.77342 1.6179 [
3 4511 MM B8.8226  31.76737  23.48149 18,7489 L ————
4 4.555 MM 8.8211 4. E5340 3.B4748 2.E784
3 4.731 MM 8.8212 7.29637 5.74451 4. 3863
<] 5.838 MM B.8577 181.68594 29, 35853 59,9673
2 4 & -] 10 mmin
I
CE 21/6/2828 17:11:15 S\'STEN Fags 1L of 2

Figure S 372: Condensed CE analysis for the NaOH extract of Table S 16, entry 3 — COs

treatment of 127 and [Cu(MeCN),]PFg in MeOH.
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CE Analysis

Experimental section

Data File C:\Chem32%1'\Datal1911%1911214191121-3 MM316-1.0

Sample Mame: MM316-1

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 21

Injection Date

: 21/11/2019 14:52:27

Acg. Method

i C:\Chem321\Methods\CEVMarx-0Oxalate?5C-Flush4mv12-191186. M

Last changed

s 12/11/2019 18:53:@7 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Marx -0xalated5C-Flushl18ava3-V13-288428 .M

Last changed

Method Info

]

Sanple Info

s 27/8/2838 16:36:34 by SYSTEM

{modified after loading}

1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

: First run on 21.11.19

NMR solution of MM315-1 (@.02 mL) diluted with H20 (8.8 mL)

Additional Info :

Peak{s) manually integrated

DM A Sig=350 B0 Ral=200,10 (187111911 21181129-3_MM316-1.0)
HPCEY C, Cumenil (191111511210 51121-3_MM3AE-1.0}
HPCE1F, Doutlﬂ‘ 11"le|21 191121-3_MM318-1.10)

HPCE

-100

=150

-200

-250

-300

-350

Mra.u; 1.0}
=100

x| PRLLE & i, firmerms Sesadands
I
-3 ]
i
== i L]
|
] [ 1
t-n L~ ! —— -
i T —
—a)
i
) |
=l L I ) =
A L _a e T S —
1 ./
e
EE T4 18 in an ¥ ] a4 ET

© [rein

Signal 1: DAD A, S5ip=358,80 Ref-208,18

Peak MigTime Type Width Area Height Aria
# [min] [min] [maLF*s ] [ mawr] X

e R oo mmeees | mmmmmees Jmmmmmees [ mmeee |
1 1.685 MM B.8584 B.B4785 2.52464 27.6751
2 3.74B MM 8.8135 6.78119%e-1 8.25181e-1 2.8962
3 3.908 MM B.8186 5.36819e-1 4.80856Be-1  1.6793
4 3.975 MM B.8331 65.074168-1 3.85836e-1 1.%9@01
5 4.868 FM B.1229 3.26336 4.42547e-1 18,2083
& 4266 MM B.9329 1.49886 7,58334e-1  4.6887
T 4.345 MM B. 8366 1.86919 4,86484e-1  3.3446
B 4.457 MM #.84387 15.4747E 5.20978 48.4877
2 4 & & 10 m=in

CE 27/8/2828 16:37:28 SYSTEM
Figure S 373: Condensed CE analysis for the NaOH extract of Table S 16, entry 4 — COs
treatment of 127 and [Cu(MeCN)4]PFg in MeOH.
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Appendix

CE Analysis

Data File C:\Chem32\1\Data}12114,1911884191103-14 MM372-1.0

Sanple Name, MM372-1

Acq. Operator

Sample Operator :

Acg. Instrument

: CE

Location : 27

Injection Date

: B/11/2019 15:02:49

Acg. Method

i CVCHEM3ZW1\METHODS\CE\Marx -Oxalate5C-Flush4mv34-191188 . 4

Last changed

: B/11/2019 13:40:25 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Marx -Oxalated5C-Flushl18ava3-V13- 288428, M

Last changed

Method Info

|

Sample Info

1 27/8/2078 16:36:34 by SYSTEM

(modified after loading)

5 min flush, 25 °¢

Additional Info :

Peak{s) manually integrated

: NMR solution of MM372-1 (B.82 ml diluted with 8

DWD1 A, Sig=350 60 Rar=200,10 (15114191 108191106-14_WM372-1 00
HPCE1 C, Cusret (191111571080 51108-14_MMT2-1,0}

HPCE1 P, Power (151 111311084191108-14_MM3T2-1.0)
HPCET W, Vallage (181 14191 1085191108-14_MRIT2-1.00
CE1, CET0, Leak Cument (139110814 MMAT2-1.04

Horm.

100

-200

-250

-300

-380

-400

—ap| ) e——

1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

8 mL H20)

— M

WANTT - b OO | wiermal Scomdor )

a2 24 14 1] s 42 13 an
i [rmin|
Signal 1: DAD1 A, 5ig=350,80 Ref=208,10
Feak MigTime Type Width Area Height Area
# [min] [min] [mAL*s ] [ mawi ] kS
1 @.178 BY B8.9232 6.98284e-1 3.46408e-1 @.6329
2 a.315 W 8.1568 50.8A513 6.37636 62.9879
3 3.781 MM 8.8567 7.6B922 2.25971 B.1871 |
4  3.767 MM B.a222 1.81134 1.36813  1.9898
5  3.833 MM B.8312 5.2365Be-1 2,79393e-1 0.5521
6 3.927 MM B.8325 5.646480-1 2,.89477e-1  @,5853
73,992 MM B.9517 5.8894%-1 1.89868e-1 A.6210 |
B 4.378 MM B.@355 1.18523 5.564%90e-1  1.2496 L
9 4.514 MM B.a5631  22.21677 6.57243  23.4242
2 4 & & 10 i
Fage 1L of 2

CE 27/8/202@ 16:42:34 SYSTEM
Figure S 374: Condensed CE analysis for the NaOH extract of Table S 16, entry 5 — COs
treatment of 127, [Cu(MeCN)4]PFg and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32%1'Datal1211%1911884191183-8_MM361-1.0
Sanple MName: MM3G61-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 23
Injection Date : B/11/2019 13:23:11
Acg. Method : CaWChem32h1\Methods\CEVMarx-Oxalate5C-Flush4myl2-191186. 4
Last changed : B/11/2819 11:85:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM361-1 (8.82 mL diluted with B.8 mL H20)
5 min flush, 25 °C
J

Additional Info : Peak(s) manually integrated
DaD A, Sig=350,80 Ref=200,10 (18714191 108V191108-8_MM361-1.0)
HPCET C, Cusrrend (19110167 1080 61 108-6_MM3IE1-1.0}
HECE1 P, Pawer (168 1V1911084191108-8_MMIS1-1.10)
HPCET V. Vialtage (181 14191108,191108-8_MM3E1-1.0)
CE1, CE1D, Leak Currenl  (181108-8_MB3A1-100

Hom. E i}@.g;
" 1#°
00—
[«
|
0 ,V@‘%f’
— m e W
Eﬁ,&a' '
m— T
400 R
=
—_— G e e ___,I-'-|- —————— |
-200 i Moz o -
-5 | 4
-5
-300 az 3k I ) an iz
timin]
Signal 1: DAD1 A, 5ig-359,8@ Ref-208,18 |
406 Feak Migrime Type wWidth Area Height Ared
# [min] [min]  [mAL*s] [ mdi] 1
1 3.681 MM B.9387 2.48165 1.83387 8.3535
1 3.918 MM B. 0366 1.16238 5,2861% -1 @.1711 |
3 4.658 MM B.9820 675.81458 137.30276 99,4754
2 4 & & jli] min
I
CE 5/6/2828 16:44:28 SYSTEM Page |L of 2

Figure S 375: Condensed CE analysis for the NaOH extract of Table S 16, entry 6 — COs
treatment of 127, [Cu(MeCN)4]PFg and NaO,CH in MeOH.



Appendix

CE Analysis

Data File C:\Cher32\1\Data}121111911084191103-9_MM363-1.0f

Sanple Name, MM3G3-1

CE 5/6,/2828 16:58:47 S‘fSTE.F‘

Figure S 376: Condensed CE analysis for the NaOH extract of Table S

Acq. Operator

Sample Operator :

Acg. Instrument

: CE

Location :

24

Injection Date

: B/11/2019 13:52:47

Acg. Method

i CVCHEM3ZW1\METHODS\CE\Marx -Oxalate?5C-Flush4mv34-191188 . M

Last changed

: B/11/2019 13:40:25 by SYSTEM

Analysis Method :

CiAChem32\1\Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

: 5/6/2820 16:37:44 by SYSTEM

(modified after loading)

: MMR solution of MM363-1 (8.82 mL diluted with B.8 mL H20)
5 min flush, 25 °q

J

Additional Info :

Feak({s) manually integrated

100

-150

o

-200

D01 A, Sig=350 80 Ref=200,10 (187111911084181108-8_MM383-1.0)
HPCET C, Curranl (191101811081 81 108-8_MM3E3-1.0}

HPCE P, Power (181 111911084191108-8_MM3E3-11D)

HPCE W, Valtage (181 14191108191 108-8_MM3E3-1.0)

CE1, CE1D, Lesk Cusmanil

=400

10311

Signal 1: DAD1 &, Sig=358,88 Ref=288,18

(1811088 MRI363-1.00

i3 ie

i &0
£ [rvdny

Peak MigTime Type Width Area

#

[min]  [mali*s]

B.1587  5O.60087
B.8333 2.5335%8
B8.8222 4.95280
B8.9197 5.48388
B.2473 1877.27136

— Y & Hay Oy el Snandenis

— & W S
i e
Height Area
[mat] ]
6.26876 5.1014
1.26876 B.2284
3.7113BE B.4387
4, 57887 8.478@
72.58953 93.6E76

B

treatment of 127, [Cu(MeCN)4]PFg and Mg(OTf), in MeOH.

406

Fage 1 of 2

16, entry 7 — CO5



CE Analysis Experimental section
Data File C:\Chen32\1\Data%1211%191168841911088-6 MM339-1.0
Sanple Name: MM339-1
Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 21
Injection Date : B/11/2019 12:33:45
Acg. Method i C:yChem32y1\Methods\CE\Marx -Oxalate?5C - Flush4my12- 191186, M
Last changed : B/11/2819 11:85:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : B/6/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM339-1 (8.82 mL diluted with B.8 mL H20)
5 min flush, 25 °C
Additional Info : Peak(s) manually integrated
DaD &, Sig=350,80 Ref=200,10 (18114191 1081191108-8_MM338-1.0)
HPCET C, Current (181101811084 81 108-6_MM338-1.0}
HPCE P, Power (160 111911084191108-8_MMI33-11D)
HIPCE1 . Valtage (18111191 1084191 1068-8_MNM338-1.0)
CE1, CE1D, Leak Currend  (181108-6_MM338-1.00
Horm.
50
[i = |
- e = :
-50 —1°
R
BRI + P o O s s | Shareied |
100 -10
a0
150 5 - = —
i ™
- |
-a00 —dg lII.-
. el
S e — - — .
=30
-250 - 14 ET] 1] 4.0 ¥ a4
tmin] |
Signal 1: DaD1l A, 5ig=3508,80 Ref=200,18
5l Peak MigTime Type Width Area Height Area
#  [min] [min]  [mAL*s] [manl] %
L350 1 8.315 W 8.1174  59.64875 6.36187 EB6.E991
| 2 1.662 MM 8.82931 2.11942 1.28546 3.8B77
I 3 1.916 MM 8.8352 1.83978 4.91982e-1 1.5147 rHip——— g
4 4,834 MM B.8871 3.19284 6.18692e-1  4.6515 I
400 5  4.257 MM B.e177 1.98677 9.49248e-1  1.4667 I
& 4.298 MM B, 8164 1.63394 1.668@9  2.3884
2 4 & & jli] min

CE 5/6/20828 16:42:35 SYSTEM

Page |[L of 2

Figure S 377: Condensed CE analysis for the NaOH extract of Table S 16, entry 8 — COs»

treatment of 127, [Cu(MeCN)4]PFg and LiBF, in MeOH.
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Appendix CE Analysis

Data File C:\Cher32\1\Data}121111911084191103-7_MMI60-1.0{
Sanple Name. MM3IGE-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 22
Injection Date : B/11/2019 12:57:83 |
Acg. Method : CaWChem32h1\Methods\CEVMars-Oxalate5C-Flush4myl2- 191186, 4
Last changed 1 B/11/2019 11:85:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 268227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
(modified after loading}|
Sample Info : MMR solution of MM362-1 (8.82 mL diluted with 8.8 mL H20)
5 min flush, 25 °q
J

Additional Info : Peak(s) manually integrated
DaD1 A, Sig=350,80 Ref=200,10 (18714191 1081191108-T_MM360-1.0)
HPCET C, Currend (191101571 1080 61 108-7_MM3E0-1.D}
HECE1 P, Pawer (168 1V1911081191108-7_MMIE0-1.10)
HPCET W, Vialtage (181 14191108,191108-T_MM3E0-1.D)
CE1, CE1D, Leak Currenl (1811087 MM3A0-1.00

wo-{ [

35T '
b=t & R £
i
o e e F i it
-25| =5
30
/'\J'I
200 313
j
-
| - o ——— i
A5 - . - — =
-300 L
el
(] 2k ik 4D ar ad
£ |rrin|
-400
Peak MIgTime Type Width Area Helght Area |
# [min] [min] [mAU*s] [mau] 2
001 1 3.684 MM 9.0472  3.46982  1.23577 9.1966 [t m
[ 2 4.319 MM B.8334 1,28535 6.80615e-1 B.8683
3 4.482 MM B.8563  18,871%8 2,98117 B8.5706 |
4 4.734 MM B.1613 1758,48059 180.B3571 99,1646
2 4 & -] jli] min
CE 5/6/2828 16:43:80 SYSTEM Page 1 of 2

Figure S 378: Condensed CE analysis for the NaOH extract of Table S 16, entry 9 — CO»
treatment of 127, [Cu(MeCN)4]PFg, LiBF4 and NaO»CH in MeOH.
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CE Analysis

Experimental section

Data File C:\Chem32%14Datat1911%19116884191103-18_MM3I64-1.0

Sanple Name: MM3G4-1

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 25

Injection Date

: B/11/2019 14:16:05

Acg. Method

i CVCHEM3ZW1\METHODS\CE\Marx-0Oxalate?5C-Flush4mv34-191184 . M

Last changed

: B/1172019 13:48:35 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CEVSpuel -extended - 288227 .M

Last changed

Sample Info

: 5/6/2828 16:37:44 hy SYSTEM

{modified after loading}

: MMR solution of MM364-1 (8.82 mL diluted with B.8 mL H20)

5 min flush, 25 °g

J

Additional Info :

Feak({s) manually integrated

D01 A, Sig=350 80 Ref=200,10 (187111911 084181108-10_MM364-1.00
HFCET C, Currenl (191101811081 51 108-10_MM3E4-1.01
I"F""Eﬂ-"' Poveer (169 111911084191108-10_MA354-1.0)

-100

-200

-300

-400

. Vialtage (181 111911064191 108-10_MM334-1.0)
E1D, Leak Cusrenil  (1B1108-10 NM3E4-1.04

an| — ma
— R < A kT

- g A1
0
" rd | [
i oo .
2 o |
E /
n R ;
F'
/ 1
F
i
-0 —
F ——
F,
—
-£0
] 32 4 16 B 40 Az

timnl

Signal 1: DAD1 A, S1g=358,88 Ref=288,18

Peak MigTime Type Width firea Height Area
# [min] [min]  [mau*s] [mau] %

= ['Saas [eanesaa [=eemmmnnn- - [«esmmnnn |
1 4,188 MM @.2615 1893 44983  78.81181 93 4887
2 4,282 MM 8.8132 1.48737 1.78118¢ @.1197
3 4.312 MM @.8317 2.52155 1.32612 &, 2146
4 4,358 MM 8.8218 2.61444 2.88267 8.2223
5 4.416 MM 8. 8288 2.87458 1.20054 @,1764
=] 4.478 MM 9.8141 2.85498 2.42671 ©.1747
7 4.547 MM @.8167 7.62618 7.61157 @, R485
8 4,531 MM @.0175  59,31093  55,.58484  5,.8432

2 4 & &

CE 5/6/2828 16:51:13 SYSTEM
Figure S 379: Condensed CE analysis for the NaOH extract of Table S 16, entry 10 — COs
treatment of 127, [Cu(MeCN)4]PFg and Na>SO5 in MeOH.
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Appendix

CE Analysis

Data File C:\Chen32\1\Data\121211912174191217-2 MM440-1.0

Sample Mame: MMA44B-1

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location @ 21

Injection Date

2 17/12/2019 13:54:06 |

Acg. Method

i CVCHEM3ZW1\METHODS\CE\Marx -Oxalate?5C-FlushSmy12-191186 . M

Last changed

1 17/12/2019 13:47:38 by SYSTEM

Analysis Method :

C:\Chemz\1\Metheds \CE\Spuel -extended .M

Last changed

Sample Info

1 17/12/3019 13:46:25 by SVSTEM

(modified after loading)

: MMR sample of MM448-1 (8.82 mL diluted with 8.6 mL H2O)

Sample prepared on 17.12.19

J

Additional Info :

Feak{s) manually integrated

DAD1 A, Sig=350 80 Ref=200,10 (1B1219129M181217-2_MM44E0-1.10)
HPCET C, Curmenl (19120812170 B2 17-2_MM440-1.0}
HPCE1 P, Power (1812181217191217-2_MAM40-11D)
HPCE V. Valtage (181 2181217181217-2_MM440-1.0)

CE1, CE1D, Lesak Cusmanil

(181297-2_WAE40-1.00

M.
o
] 2 >
b
o P
!; =¥ o .
50— - _l ¥ L ™. — o =
<100
-14 — MM
MBALAR & May il | i rmad Srarsdaards
| |
=130
| -
H 1
f —_—
-] —_— = =
-200
% |I |l
i e e | P —
-280 - aas 3 N?l_ - ERe ] I-wc: L) 430 4T3
-300
Signal 1: DAD1 A, Sig=350,80 Ref=20@,18
Peak MigTime Type wWidth Area Helght Area
350 # [min] [min] [mauts] [maw] z
| 1 @.3e% 8y B.1428  54.61129 6.37499 88.7114 |
2 4.978 MM B.@131 6.89128 7.6548%  B.8694
400 - 3 4,294 MM B.@197 1.13762 9.6442%-1 1.6813
4 4,585 MM B.@182 5.91229 5.414%8 B.7373
2 4 & ] jli] min

CE 17/12/2810 17:83:33 SYSTEM

Fage 1 of 2

Figure S 380: Condensed CE analysis for the NaOH extract of Table S 16, entry 11 — CO»
treatment of 127, Cul, NaBPh, and NaCgHg in THF.
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CE Analysis Experimental section

Data File C:\Chem32\1\Data\2001%2001144208114-3 MM4SE-1.0
Sanple Name, MMASE-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 22
Injection Date : 14/1/20238 14:1%:983
Acg. Method : CNCHEMIZN1\METHODS\CE\Marx -Oxalate2SC-Flush1@myl2- 208114 . M
Last changed 1 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : First run, 18 min flush
MMR sample of MMa58-1 (8.82 mL diluted with &.6 mL H2O)
J

Additional Info : Peak(s) manually integrated
DaD A, Sig=350,00 Ref=200,10 (2007142001 1452001 14-3_MNAS50-1.0)
HPCET C, Current (200112007 142001 14-3_MM450-1.0}
HECE1 P, Pawer (20012001 14:2001 14-3_MRHS0-1.0)
HPCET V. Vialtage (20012001 1412001 14-3_MM450-1.0)
CE1, CE1D, Leak Currenl  (200114-3_NBA50-100

— o

0 i 50 4 MG Ontore sl Stena el
1]
|
g J
-le e - } -
E-:ll:-
z
-3
-4
e . _.'L___ el - )
-5
in asp i 4 ais 45 473 am
1 [min]
Signal 1: DAD1 A, Sig=358,38 Ref=288,18
Peak MigTime Type Width Area Helght Area |
#  [min] [min] [mAU*s] [mau] % |
e w5 [ s o ittt il [ |
| 1 3,817 MM @.8275  1.06565 ©.46028e-1  7.0809 LTS G
2 4,075 MM 8.0124  7.57947  19,208985 S8, 3633
-0 3 4,253 MM B,.B257 1.87894 6.989646e-1 77,1692 J
4 4,537 MM @.B16E  5.32553  5,.26938 35,3866
2 4 B ] jli] min
I
CE 5/6/282& 17:85:28 SYSTEM Page |L of 2

Figure S 381: Condensed CE analysis for the NaOH extract of Table S 16, entry 12 — COs
treatment of 127, Cul, NaBPh, and NaCyoHg in THF.
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Appendix CE Analysis

Data File C:\Chen32\1\Data\200212002264200226-2 MM483-1.0|
Sanple Name, MMA83-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 24
Injection Date : 26/2/2028 16:17:57 |
Acg. Method i C:yChem32y1\Methods\CEVMars -Oxalate?5C-Flushl@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method : C:\Chem32\1\Methods\CE\Spuel-extended.M
Last changed : 2B/2/2878 14:21:34 by SYSTEM
(modified after loading)|
Sample Info : MMR solution of MMAB3-1 (8.82 mL diluted with B.6 mL H20)

|

Additional Info : Peak{s) manually integrated
DaDn A, S350, B0 Ref=200,10 (200200226:200228-2_MKMEE3-1.0)
HPGET G, Cusrenl (200220025200226-2_MM4E2-1.0}
HECET P, Power (200220022600300226-2_ MM4E3-1.0)
HPGET Y, Waltage (2002200228 300226-2 MM453-1.0)
CE1, CE1D, Leak Curanl  (200226-2_MWAE3-1.00

Hom.
=1
2
| ﬁ @‘"ﬁﬁﬁ?
sl B -
I — - Fone e ! s —
-0 — - — b
FAEY = W LA, iroere s Sasdelt
i .
)
|
450 |
% | '
£ s =48 i
)
-200
o
i
T — II'-—". - —
= - - =
115 50 5 a50 45 asn 475
250 E [min]
-3
Signal 1: DADL A, Sig=350,38 Ref=200,10
o oPeak MigTime Type Width Area  Helght  Area
'“‘:'I # [min] [min]  [mau*s] [mau] e
el ReSEEtE e R [=-mmmmmen- [=-mmmneee |-mmmmeen I
1 3.999 MM 0.8218 18.38554  8.24753 74.9644 .
] 4,582 MM g.9182 3.4p841 3,17177 25.8356
00 ' ' !
2 4 B -] 10 min
|
CE 2B/2/2828 14:26:45 SN'STEN Fags 1 of 2

Figure S 382: Condensed CE analysis for the NaOH extract of Table S 16, entry 13 — CO»
treatment of 127, Cul, NaBPh, and NaCgHg in THF.
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CE Analysis Experimental section

Data File C:\Chen32'1\Data’2904%2004487,208487-2 MMGE1-1.0
Sanple MName: MM5E1-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 25
Injection Date : 7/4/1029 14:10:3@
Acg. Method i C:yChem32y1\Methods\CE\Marx -Oxalate?5C-Flushl@my12 - 208114 .M
Last changed s 147172828 13:19:47 by SYSTEM
Analysis Method : C:\Chem32yl\Methods\CEVDEF_CE.M
Last changed : 7/4/2828 13:52:33 by SYSTEM
{modified after loading}
Sample Info : MMR sample of MMS@1 (8.83 mL diluted with 8.6 mL H20)
First run on 87.84.20 (sample from 85.83.28)
J

Additional Info : Peak(s) manually integrated
DaD &, Sig=350,80 Ref=200, 10 (2004 20040T200407-2_MMS01-1.0)
HPCE C, Current (20041200407 200407-2_MMS01-1.0}
HPCE1 P Power (2004200407200407-2 MMS01-1 D) Signal 1: DAD1 A, 51g=350,80 Ref=209,10

HPCE V. Voltage (2004\2004 07 200407-2_MMS01-1.0)
e, 1 Feak MigTime Type Width area Height Area
#  [min] [min] [maw*s ] [ mai ] X
10 ] R e R |=mmmmmeeee |mmmnmenes | meeee- |
1 1.73E MM 2.8266 1.4E88A 9.274632-1 B.21588"
2 4.268 MM 9.48e-3 2.1B284 3.B6988 8.3814
3 4.688 MM #8165 3.46229 3.49791 @.66852
1 4 5.6%3 MF 28,1776 114.88785 10.773Z% 18.8667
5 5.974 MF B.1458  98.65413 18.361%5 15,8458
o+ & 6.853 FM B, GE2B 350, 54413 9.85339 62,8429
0+ b S
|
1a
An !
A
20 i g i
id is 18 44 T af
=30
(I
||
7
rd
B
b 2 |V |
| - 1 — = - v
50
2 4 & & jli] min
I
CE 7/4/2828 19:55:313 SYSTEM Page [L of 2

Figure S 383: Condensed CE analysis for the NaOH extract of Table S 16, entry 14 — COs
treatment of 127, Cul, NaBPh, and NaCyoHg in THF.
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Appendix CE Analysis

Data File C:\Chen32\1\Data\290112001144208114-2 MM451-1.0f
Sanple Name, MMA51-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 21
Injection Date : 14/1/2038 13:55:33 |
Acg. Method i C:VCHEM3ZW1\METHODSA\CE\Marx -Oxalate?5C-Flush1@my12 - 208114, M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 268227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading)
Sample Info : First run, 18 min flush
MMR sample of MMa51-1 (8.82 mL diluted with &.6 mL H2O)

Additional Info : Peak(s) manually integrated
DaDi A, Sig=350,00 Ref=200,10 (2007142001 14200114-2_MNAS1-1.0)
HPCET C, Current (20012007 1462001 14-2_MM451-1.0}
HECE P, Power (20012001 142001 14-2_MRS1-1.10)
HPCET V. Vialtage (20012001 1412001 14-2_MM451-1.0)
CE1, CE1D, Leak Currenl  (200114-2 NBM51-1100

= %;« “%if

e
— PEINL = AR, (TN VT

-2
A - -
E-u. ! i
!
—sa| .
-~ /l -"Ik_
S— e — e ]
) —
135 %0 L% ILi)l:l 435 450 7%
B s
Signal 1: DAD1 A, 5ig=350,80 Ref=208,10 ||
Feak MigTime Type Width Area Height Area |
¥ [min] [min]  [mAL*s] [ mALI] %

il Bt il el L (e T [l [ TS pangre ———r- |
1 3.821 MM B.8211 1.78912 1.35388 18.271@
2 1_998 MM 8.8257 16. 25884 6.54862 66. 5841
3 4.569 MM 8.8184 4.B6311 4,39778 29.2258

2 4 ] & 140 min

CE 5/6/2828 17:85:82 SYSTEM Page 1 of 2

Figure S 384: Condensed CE analysis for the NaOH extract of Table S 16, entry 15 — CO»
treatment of NaC4qHg in THF.
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CE Analysis Experimental section

Data File C:\Chem32'1'\Data\200242002264208226-3 MM484-1.0
Sanple Name: MMA84-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 25
Injection Date : 26/2/2028 16:41:25
Acg. Method i C:yChem3Zy1\Methods\CEVMarx -Oxalated5C-Flush1@my12 - 208114 .M
Last changed s 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended.M
Last changed : 2B/2/2828 14:21:34 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MMAB4-1 (8.82 mL diluted with B.6 mL H20)
|
Additional Info : Peak{s) manually integrated

DaDd A, Sigea50, 80 Ref=200,10 (200X200226200228-3_MMEE4-1.0)

HECE C, Current (20021200225 Q00226-3 MM4E4-1.0}

HECET F. Power (200820022 0:000226-3_MM454-1.0)

HPCE W, Valtags (2001200228 200226-3_MM454-1 D)
CE1, CEND, Leak Cumant  (200226-3_MMMBA-1.00

n —
i 4 byl Du e Shanom v

inferaTy
3

signal 1: DAD1 A, Sig=158,E8 Ref=208,18

Peak MigTime Type Width Area Hedght Area
# [min] [min]  [mau*s] [mau] X mme—w — IR
500 1 3.968 HM @.0295 11.49142 B.58321 62,7360 !
2 4,536 MM B.8238 6.82589 4.77421 37,2624
2 : 4 . & L] 10 mmin
I
CE 2B/2/2828 14:26:18 SYSTEM Page [L of 2

Figure S 385: Condensed CE analysis for the NaOH extract of Table S 16, entry 16 — COs
treatment of NaCygHg in THF.
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Appendix CE Analysis

Data File C:\Cher32\1\Data)200412004074208407-3 MM5E2-1.0|
Sanple Name, MM5B2-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 26
Injection Date : 7/4/2028 14:33:59 |
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@mv12 - 208114, M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method : C:\Chem32\1\Methods \CE\DEF_CE.M
Last changed : 7/4/2828 13:52:33 by SYSTEM
(modified after loading)
Sample Info : MMR sample of MMS@2 (8.83 mL diluted with 8.6 mL H20)
First run on 87.84.20 (sample from 85.83.28)
J

Additional Info : Peak(s) manually integrated

DADT A Sig=350,60 Rer=200,10 (2004 @0MCT200407-3_MM502-10]
HPCE1 €, Current (20041200407200407-3_ MMSCE-1.0) :
HECET P, Peer (3004200407200407-3 Masn2-1 D) »1BMAl 1 DAD1 A, 5ig=35@,3@ Ref-209,18

HFCE V. Valtage (2004\2004071300407-3_MMS02-1.0)

Ham Peak MigTime Type Width Area Height Area
# [min] [min] [maL*s] [maw] B

10 el L B B B D

i ! 1 3.904 MM |.eaay 4, 2a2sT 1.56763  @.5873

2 4.841 MM B.8195 5.59829 4,.79164  @.888%

l 3 4.651 MM B, 8148 1.19486 1.68562  @.3179

{ 4 5.241 MF B.3284 473.98833  24.65483 6H.4701

5 5.676 FM B8.1E85 2086.1443E 18.22585 2I0_TEVE

0- i ——r
2+ by LoDy e v Sanowy

- E w lﬁ‘.ﬁp
£ - W
- Il -
o | e .
72 YRR { T a wo iz i ik T
| .
-an |
. _%‘55? &
5&‘;@ v |
it :
-0 | | ! LY
2 4 & -] jli] min
I
CE 7/4/2828 19:55:48 SYSTEM Page 1 of 2

Figure S 386: Condensed CE analysis for the NaOH extract of Table S 16, entry 17 — CO»
treatment of NaC4qHg in THF.
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CE Analysis Experimental section
Data File C:\Chen32\1\Data'2004%2684164208416-2 MMSEE-1.0
Sanple Name: MM588-1
Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 31
Injection Date : 16/4/2020 13:28:95
Acg. Method i C:yChem32y1\Methods \CEVMarx -Oxalate?5C-Flush1@mv12 -208114. M
Last changed ;147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : MMR sample of MMS@B-1 (8.83 mL diluted with 8.6 ml H2O}
|
Additional Info : Peak{s) manually integrated
DaDA A, Sigea50,80 Ref=200,10 (2004'2004 161200418-2_MMS08-1.0)
HECE C, Current (200412004 152004 16-2 MMECE-1.0}
HECET F. Power (20041200418200416-2_MM508-1.0)
HPCE W, Voltage (2004'2004 18 200418-2_ MMSO8E-1.10)
CE1, CEND, Leak Curand.  (2004176-2_MMA508-1.00
Hrem.
L A
| e
B g
L I . -
|
-100
an —
o
T = [
g o o E = = e
[
-200 £
-20
= K A oo i =3
i ki 4 r'¥) dd an ak
[
-300
Signal 1: DAD1 A, Sig=35@,80 Ref=-208,18
-400
Peak MigTime Type Width Area Height Area
M ¢ [min] [min]  [mauts] [mau] % E |
1 3.763 MM B.@582 4.61647 1.53234 43.4361
1 4.115 MM B.@183 2.56512 4.15456 24,1351
3  4.636 MM B.@192 3.44668 2.98991 32.4289
2 . : 4 . & L] 10 mmin
I
CE 5/6/2828 17:15:31 SYSTEM Page [L of 2

Figure S 387: Condensed CE analysis for the NaOH extract of Table S 17, entry 1 — Air exposure
of a solution of Cul, 127 and NaBPhy in MeOH.
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Appendix

CE Analysis

Data File C:\Chen32\1\Data)2905)20805054200506-4 MM533-sal-1.0]

Sample Name: MM539-s0l-1

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 23

Injection Date

: B/5/2020 14:26:89 |

Acg. Method

i C:\Chem32hy1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

1 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\Spuel -extended - 288227 .M

Last changed

Sample Info

|

Additional Info :

: 5/6/2828 16:37:44 by SYSTEM

(modified after loading)

: MMR sample of MM539-s0l-1 (8.83 mL diluted with @.6 mL H2D)

Peak{s) manually integrated

DWD1 A Sig=350, 60 Ref=200,10 (2005200506 200506-4_MM538-50l-1.0)
HIPCET C, Current (200512 00S06@00506-4_MWS3E-s0k1 D)
HIPCE1 P, Power (2005200508200506-4_MMS39-scl-1.0) Signal 1: DAD1 A, sig=35@,88 Ref=28e,18
HPCET V. Veitage (2008100508 I00506-4_ MMS3S-ck-1 1)

CE1, CEND, Leak Curent  (200506-4_MM538-30-1.00

e Feak MigTime Type Width Area Height Area
i # [min] [min]  [mAL*s] [maii] %
> = e RS mmef e | -mmmmees Jommmmneees Jmmseees |
|- [ - 1 1.B63 MM B.8326 18. 34886 5.2B775 51.9728
2 4.818 MM B.2184 1.49783 2.48882 7.5286
3  4.57T1 MF B.@121 1.16982 1.61134  5.8799
4 4,603 FM B.@155 6.88743 7.39995 34.5187
-
T 5, e N f
o 1w
" )
| |
::. n | |
-0 - 1
|
=36 [ Ni_
Ao r} 330 i 1_!'.|CII ars aw L o0
| |
s
20 g‘f&t | 7 |
Ll |
. & P,
e
IE i e
S B
I, |
i I '
= ST | LS W
I P
2 4 & -] 10 mmin
I
CE 5/6/2828 17:31:20 SYSTEM Page 1L of 2

Figure S 388: Condensed CE analysis for the NaOH extract of Table 5 17, entry 2 — Air exposure
of a solution of Cul, 127 and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32'1'\Data\20052005274208527-5 MMS52-1.0
Sanple MName, MM552-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 21
Injection Date : 27/5/2028 14:56:04
Acg. Method : C:yChem32y1\Methods\CE\Marx -Oxalate?5C-Flush1@mV23-v13- 288428 .M
Last changed : IB/4 2028 15:34:0@ by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed 2 27/5/2828 14:8E:38 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM5S52-1 (8.83 mL diluted with B.6 mL H20)

J

Additional Info : Peak{s) manually integrated
DaDn A, S350, B0 Ref=200,10 (2005200562 M200527-5_MM552-1.0)
HPGET G, Cusrenl (200520052 T200527-5_MMES2-1.0)
HPCET P, Power (200520052 7300527-5_MMI52-1.0)
HPCET W, Waltage (200840052 T200527-5_MMSS52-1 D)

CE1, CEND, Leak Cumand.  (200527-5_MM552-1.00
Harm.
0 S
. : w‘j@.
| L8 : =
|
-100 -
=P A —
1ol
|
=20
-200 | o |
0 e il = —
-0 -
an §
5 N _I.
— R W N _
-300 ]
Er] 4 2 1a 40 42 Fi] an
& [rrda]
400
Signal 1: DADL A, Sig=350,80 Ref=209,18
e, PEEE MigTime Type Width Area Helight Area
g [min] [min]  [mAU*s] [mau] X
0 I L ol et e
1 4.835 MM B.8l5l 3.87125 3.16736 39.9541
2 4,495 MM 8.8193 4.61571 3.599357 6E.,8459
2 4 & L] L] min
I
CE 27/5/2828 17:19:18 SYSTEM Fags |l of 2

Figure S 389: Condensed CE analysis for the NaOH extract of Table S 17, entry 3 — Air exposure
of a solution of Cul, 127 and NaBPh, in MeOH/EXOH.
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Appendix CE Analysis

Data File C:\Chen32\1\Data’\2006%2006234208623-2 MMSES, D

Sample Name H"‘ISSEJ

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 29
Injection Date : 23/6/2020 13:02:0 |
Acg. Method i C:\Chem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CE\SwitchDff-2008227 .M
Last changed : 23/6/2828 13:31:11 by SYSTEM
(modified after loading)

Sample Info : MMR solution of MMSES (8.84 ml) diluted with H2O (8.6 ml)
Additional Info : Peak{s) manually integrated

DaDA A Sgea50,80 Ref=200,10 (2006:200823200823-2_MMS5H5.0]

HECET C, Curreant (2006120062 52006232 MMEES D)

HECE1 F. Power (2006120082 3:000823-2_MM535.04

HPCET W, Voltage (2008020082 V200623-2 MMSES T

CE1, CED, Leak Current  (200623-2_MMSB5.0D

Horm.
D_‘p
| @ﬂ"h .ﬂ;#
?
1 = — :i‘:.ﬂ&_f ! -- o |
A0
|
. L o-12)
-1 1 il aralerch
-18
-0
-180 - ;-:5
=-m Fi
| o T f
D i PSS T
) — a5 L= | | = e
am o am RS Ifl.ul (%13 a3 ath e
250
-300
Signal 1: DAD1 A, Sig=358,EQ Ref=2e0,18
AR Peak MigTime Type Width Area Helght Area
1 r [min] [min]  [mau®s] [mau] X
1 3.653 MM 8.8515 5.37711 1.73983 47.7225"""" " |
i 2 3.986 MM a.8134 1.18669 1.37480  9.8228 l_
B 3 4.474 MM a.e171 4,.78364 4.65972 42,4555
2 T & [ 10 min
I
CE 23/6/2628 14:58:11 SYSTEM Page | L of 2

Figure S 380: Condensed CE analysis for the NaOH extract of Table 5 17, entry 4 — O, treatment
of a solution of Cul, 127 and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32'1\Data’\2005'2005864208506-2 MMG38-1.0
Sanple Name: MM538-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 21
Injection Date : &/5/2020 13:3%:948
Acg. Method i CiyChem3Zy1\Methods\CEVMars -Oxalate?5C-Flush1@my12 -208114.M
Last changed 1 1471720828 13:19:47 by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}

Sample Info : MMR sample of MMS3B-1 (8.83 mL diluted with 8.6 mL H2O}
4
Additional Info : Peak{s) manually integrated

Dald A S;wﬁﬁﬂ.ﬂl}ﬁn{rmﬂ-.m(zl}l}ﬁmﬂm?ﬂﬂﬁﬂﬂ? KAMAS38-1.0)

HPCE' €, Curent ZO0S200808008082 WMSSS101 ¢y 1 '3, papg A, S1ge350,80 Ref208, 18

HPCE W, Valtages (2005200506 200508-2_ MMS38-1 D)
CE1, CEND, Leak Cument  (200506-2_MM538-1.00

e Peak MigTime Type Width Area Height Area
y & [min] [min]  [mal*s] [maLi] 5
P 1 3.§24 MM B.9669 18.51282  2.61981 3E.7448
{ -y v 7 31,875 MM B.8239  1.22317 8.51984e-1  4.5882
- 3 4.845 MF  B.9396  B.36158  3.51746 36.8178
4 4.BRT FM  B.8221  T.@3534  5,30608 25,9388
3 — IR
N M, Rl il
10 "
| A
=1 - =
0- i
.
3| =
-l 5| N
-
V] ] T i 3 T i 15
i [reia]
-0
|
30 -
-
-4
— | |
50 { " - T & L L T = = . o ey -
3 4 & s 10 =
I
CE 5/6/2@828 17:38:47 SYSTEM Page |L of 2

Figure S 391: Condensed CE analysis for the NaOH extract of Table S 17, entry 5— Air exposure
of a solution of Cul and 127 in MeOH.
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Appendix

CE Analysis

Data File C:\Chem32\1\Data’\2006%20061084208610-1_MMSES,D

Sample Name W“ISEEJ

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |

Acg. Instrument : CE Location : 25

Injection Date : 18/6/2020 14:07:12 |

Acg. Method i C:\Chem32h1\Methods\CE\Marx -Oxalate25C-Flushl@my12-208114.M

Last changed  : 14/1/2028 12:19:47 by SYSTEM

Analysis

HMethod : C:\Chem32'1\Methods \CE\Spuel -extended- 2088227 .M

Last changed : 18/6/2828 15:17:84 by SYSTEM

(modified after loading)

Sample Info : MMR solution of MMSES (8,84 mL) diluted with H2O (8.6 mL)

|

Additional Info : Peak{s) manually integrated

DD A Sage350, B0 Ref=200,10 (200620081 02008 10-1_MM585.0
HPCE C, Curmen (20081200610200610-1_MMBES D)

HFCE1 P. Power (20062008 10420081 0-1_MM555.00

HPCE W, Valtage (2008520061 200810-1_MMSSS 0

CE1, CEND, Leak Cwrard. (200810-1_MM5E5.D
Harm.
i =
— f é&! E
P -
| ?g- %@9’ —
100 -
E et + byl e e
=10
=
=200 E —
e . =
50— —_— —= R = N,
—6il
1z 34 ie ] F : a0 ar 44 48
=300
Signal 1: DAD1 A, 5ig=350,88 Ref-200,18
Peak MigTime Type Width Area Height Ared
=400 g  [min] [min]  [mAL*s] [mau] %
J 1 3.84E MF g.8442 2.26968 8.5584be-1 g.@31g "
2 3718 FM 8. 8458 3.47616 1.27808  @.8489 |
3 4.552 MM B899 2.46223 2.161%8  @.8345 L
4 11.6%8 W B.279% 7185.11914 423.08841 99,8846
2 4 ] -] L] mmin
I
CE 18/6/2828 19:156:58 SYSTEM Page 1 of 2

Figure S 392: Condensed CE analysis for the NaOH extract of Table S 18, entry 1 — COs
treatment of 174, Cul and NaBPh, in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32'1'Datai1911%1911124191112-18_MM413-1.0
Sanple Name: MMA13-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 28
Injection Date : 12/11/2019 14:31:39
Acg. Method : CaWChem32h1\Methods\CEVMars-Oxalatel5C - Flush4my34-191184. 4
Last changed : B/11/2@19 15:48:42 by SYSTEM
Analysis Method : C:ZChem32h1\Methods \CE\Marx-0xalatelSC-Flushl@aVa3-vi3-288428.M
Last changed : 27/8/2828 16:36:34 by SYSTEM

{modified after loading}
Method Info 1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

]

Sample Info : MMR solution of MM413-1 (8.82 mL diluted with 8.8 mL H2O)

5 min flush, first run on 12.11.19
Additional Info : Peak{s) manually integrated
DADT A Sig=350 B0 Ref=200,10 (1811181 112981 112-10_MME13-1 1)
HPCEA C, Cumenl (191111511120 51112-10_MM413-1.0}
HPCE1 P, Power (181 1Y1811125191112-10_MAM413-1.00
HPCEN ioltage (181 TWE1112191112-10_MA13-1.0)

CE1l O, Leak Cumert (19117210 _KWE13-1.0
Mom.
| [
|
0 — wuay
o i e e i)
|
=20
i
a8 f
i
g |
§-» A
0 E — i e =
-35
-t
Il
| | — = T A ————
L7 1= v [T B T am X7 ats
£ [imis]
-0

ﬁh g
40 s .*,'5:1' f !

— — Ay e S s L |

Signal 1: DADL A, 5ig=35@,88 Ref=208,18 |
h Area

Feak MigTime Type Widt Height Area

# [min] [min] [mau*s] [maw] B |
ol e e e B B By

1 3.837T MM B.8515 5.43552 1.75625 54,5443

2 3.797 MM B.8175 5.51223e-1 5.25156e-1 5.531@ |

3 3.8z MM B.8279 1.85774 6,3228Be-1 18,6134 !

4 4,458 MM B.8176 2.92129 2.77143 19.3114

2 4 & & 10 i

CE 27/8/2828 16:45:53 SYSTEM Page |L of 2

Figure S 393: Condensed CE analysis for the NaOH extract of Table S 18, entry 2 — COs
treatment of 174, Cul and NaBPhy in MeOH.
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Appendix CE Analysis
Data File C:\Chen32\1\Data'2006%2006104200610-2 MMSEE.D
Sample Mame: MYSGE
acq. Operator @ SYSTEM
Sample Operator : SYSTEM
Acg. Instrument : CE Location 26
Injection Date : 18/6/2020 14:28:44
Acg. Method i CivChem3241\Methods\CE\Maru-Dxalate25C-FlushlfmyiZ -268114.M
Last changed : 14172828 13:19:47 by SYSTEM
analysis Methed : C:\Chem32\1\Methods\CE\Spuel-extended- 208227 .M
Last changed : 18/6/2028 15:17:84 by SYSTEM
. {modified after loading)|
Sample Info : NMR solution of MM566 (9.84 nlL) diluted with H2O (8.6 mL)
additional Info : Peak(s) manually inteprated|
DAL A, Sag=350.80 Ref=200,10 {20052 00610200610-2_MM5EE D)
HPCET T, Current (2006120061 1200610-2_MMS54.0) S5ignal 1: DAD1 A, Sig=358,B0 Ref=2oe,18
HPCE1 P, Power (20052006 100200670-2_MM556.0}
HPCE1 V. Wohage {2006/@00610200610-2_MM566.0)
CE1, CE1D. Lesk Current  (200610-2_MMSEE D Peak MigTime Type Width Area Height Area
Harm #  [min] [min]  [mau®s] [maLr] X
R e O | -ommeeneee |-mmeee -]
10 1 3.821 MM . B4ET 5.29494 1.88411 6.1422
2 5.137 WM 9.8683 80,91855 22.34583 93.B578
| 2 4
I - |
m [ |
o) |
| i (
a 1
g | - t
§ - >
=" _ |
10 wn = |
40 [
a3 L] is g AL ain 3 a0
2 trun]
H 11
AN
i )
-3
| —
| |
X h'f |I I
40 %
; b ] o
’ - 1.| . [ . s e
=50
2 4 5] L] ] min
1
CE 18/6/2828 19:17:88 SYSTEM Fags 1 of 2

Figure S 394: Condensed CE analysis for the NaOH extract of Table S 18, entry 3 — COs

treatment of 175,
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Cul and NaBPhy in MeOH.



CE Analysis Experimental section

Data File C:\Chem32'1'Datal1911%1911124191112-9 MM412-1.0

Sanple Name, MMA12-1

Acq. Operator

Sample Operator : SYSTEM

Acg. Instrument : CE Location : 27

Injection Date : 12/11/2019 14:13:08

Acg. Method i C:\Chem32h1\Methods\CE\Marx-Oxalate?5C-Flush4mv34-191184 . 4

Last changed : B/11/2019 15:48:42 by SYSTEM

Analysis Method : C:\Chem32'1\WMethods \CE\Marx-Oxalatel5C-FlushleaVai-vi3-288428.M

Last changed : 27/8/2828 16:36:34 by SYSTEM

{modified after loading}

Method Info 1 @2.18.281% Methode gedndert auf Agilent Drganic Acids Kit

]

Sanple Info : NMR solution of MM412-1 (8.82 mi diluted with 8.8 wl H20)

5 min flush, first run on 12.11.19

Additional Info : Peak{s) manually integrated

DM A Sig=350 B0 Ral=200,10 (18719911 123181112-8_MMH12-1.10)
HPCEY C, Cumenil (191111571120 511 12-5_MM412-1.0}
HFPCE1 F, Power (154 191811924191112-8_MAMR12-1.1D)

HPGET V. Vaitage (181 1V181112V191112-8_MM412-1.0)
CE1, CE0, Leak Cument (1911126 M812.1.0)
Horm.
o é\"
ot
| J {
% : ..o _ '
[~
a - "
-100 -
| =3 |
| A I
-150 ?m ot
1 ee— e : - —
W I'
f
200 e ———— — e e
108 Lls isn 1% 400 As 50 aTs
1iwenl
-250
Peak MigTime Type Width Area Height Area
¢ [min] [min]  [mAL*s] [may] X
-300 1 8.183 BY 8.8174 1.152%4e-1 1.88636e-1 8.138%
2 8389 W B.8992  18.92518 1.33927 12.4818
3 @8.561 W B.3838  I5.82718 1.42085 19,3182
4 8941 W B.6562  32.69200 8.30834Be-1 37.1189
350 5 3.672 MM B.9694 5.54884 1.22938  6,2989 |
il & 3.77a MM B.9237 3.43448e-1 2.41818e-1 @, 3899 [ 1
1 T 4882 MM 8.8188 4.63580e-1 7.141438-1 a.52563 |
E  4.821 MM B.8176 2.2B8EGe-1 2.6829Ge-1 ©.2498
400 9 4.4595 MM 8.8195 11.95725 18.28587 13.5735
é . : . ‘ . : . é. . . é . : = . . —
CE 27/8/2828 16:45:39 SYSTEM Page |L of 2

Figure S 395: Condensed CE analysis for the NaOH extract of Table S 18, entry 4 — COs
treatment of 175, Cul and NaBPhy in MeOH.
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Appendix CE Analysis

Data File C:\Chem32\1\Data’\2006%2006174208617-5 MMSTE. D

Sample Name W“ISTQ

Acg. Operator
Sample Operator :
Acg. Instrument : CE
Injection Date : 17/6/2028 17:@1:08 |
Acg. Method ;. C:yChem32y1\Methods\CE\Marx -Oxalate?5C-Flush1@aV23-v13- 288428 .M
Last changed 1 28/4/2028 15:34:00 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : 17/6/2838 16:48:17 by SYSTEM

(modified after loading}
: MMR solution of MMS76& (B8.84 ml) diluted with H2O (8.6 ml)

Location : 18

Sample Info

|

Additional Info : Peak{s) manually integrated
DM A, S350, B0 Ref=200,10 (200620081 M200817-5_MMS57E.0
HPGET G, Curent (2006120061 T200617-5_MMETE )
HECET P, Power (200642008 1720081 7-5_MM5STA.0H
HEGET W, Wialtage (2006\0006 1 T\200617-5_MMSTE 0
CE1, CE1D, Leak Currsni 5_MMSTE.D)

200877

— MMk
HAETE & Mo Dol |wtermal Soom deed |

EE] ¥} 18 1A an [} 44 an

signal 1: DADL A, 5ig=358,88 Ref=208,19

Feak Migrime Type wWidth Area Height Ared
# [min] [min]  [mAL*s] [mdi] %

= “F.“..“|“..|...“.u|.“.“.......lui.“.....lu.u...|
1 3.706 MM B.B471 2.83716 7.I@6d44e-1  3.TE6E

L 1 3.764 MM 8,928 3.16618 2.53362  5.BES2 WU | | n
3 3.845 MM B.8327 3.@3565 1.54777 5.6426 |
4 4. 896 MM 8.8418 5.78229 2.67885 12.4588 |
5 4.519 MM 8.8175 3.27999 3.13234 G6.8967
] 4.979 MY B.8444 35.57789 13.36812 6£6.1318
2 4 & -] 10 mmin
I
CE 17/6/2828 17:14:51 S\'STEN Fags 1L of 2

Figure S 396: Condensed CE analysis for the
treatment of 166, Cul and NaBPh, in MeOH.
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CE Analysis Experimental section
Data File C:\Chem32\1\Data\2006%2006174208617-2 MMST4,D
Sanple Name: MM574
Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 16
Injection Date : 17/6/20208 15:17:34
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@mvl2-208114. M
Last changed 1 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\Spuel -extended - 208227 .M
Last changed : 17/6/2828 16:48:17 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM574 (8.84 ml) diluted with H2O (8.6 ml)
4
Additional Info : Peak{s) manually integrated
DaDA A Sgea50,80 Ref=200,10 (2006220081 T200817-2_MM574.0]
HECE C, Cument (2006120061 T200617-2_MMET4 D)
HECET F. Power (2006120081720081 7-2_MM5T4.00
HPCET W, Violtage (200682008 17200617-2_MMST4 0
CE1, CE1D, Leak Currant (2 2_MW574.0
Harm.
R
F
) : M
g = rr‘_.',;E
- A i L— =
-100 -
|
|
n__::;:-l-m.-n-u:mdn- |
-200 | =1 |
Bl I
i |
E sl
-300 | g ; /
3 4 P
g —
2 ¥ A
400 17 LT 1A L] Tu z 47 a4 e 48
-500 -
| Signal 1: DAD1 A, 5ig=358,80 Ref=208,18
|
Peak MigTime Type Width Area Height Area
800 - # [min] [min]  [mAU*s] [mAli] # |
PR R [PEF A FE e et fuisiatuiniaai [ | dum— by
1 4137 MM 8.8338 7.21B2@9 3,59524  5,3951
1 5.BI1 MM 8.8812 119.5431F 24.54361 EB,5820
3 5.373 MM 8.8485 B.1267E 3.34242 6.8228
2 . 4 : & L] 10 mmin
I
CE 17/6/2828 17:18:27 SYSTEM Fags |l of 2

Figure S 397: Condensed CE analysis for the NaOH extract of Table S 18, entry 6 — COs»
treatment of dpa, Cul and NaBPhy in MeOH.
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Appendix

CE Analysis

Data File C:\Chem32'1\Data’\2006%2006174208617-6_MMSTS. D

Sample MName H"‘lfx?ﬂ

Acg. Operator @
Sample Operator :
Acg. Instrument : CE

Location :

17

Injection Date : 17/6/20208 17:24:36 |
Acg. Method

i C:\Chem321\Methods\CEVMarx -Oxalate?5C-Flushl@mV23-v13- 288428 .M

Last changed  : 28/4/2028 15:34:80 by SYSTEM

Analysis Method :

Last changed : 17/6/2828 16:48:17 by SYSTEM
(modified after loading}
Sample Info

|

Additional Info :

Peak{s) manually integrated

DWD1 A Sig=350,60 Ref=200,10 (2006420081 T200817-8_MMS75.0|

HPCE1 G, Curment (2008120061 T200617-6_MMETS D)
HPCE1 P. Power (200612006 1730081 7-8_MMS5T5.0
HPCE W, Waltags (2008520061 T200817-6_MMSTS O
CE1, CED, Leak Curmant  (200617-6_MMS75.0

CihChem32h1\Methods \CE\Spuel -extended - 288227 .M

: MMR solution of MM575 (B8.84 ml) diluted with H2O (8.6 ml)

Horm. 2
,,? =)
1 'E\ 65‘% P @“ f
- i &
\ . — u‘ﬂ‘"
. RS .
vy — = —
|
200 - — ey
125 e IR ——
1 I
™ .I
=
=
Hd - /
# = A ' 1
D0 |—— —— Fe—
a "= ¥ |
3 ST T YO i 1
-5
" im I i3 TE 5] a5 FE] [ (313
Limnl
-G00
Signal 1: DaADl A, 5ig=350,80 Ref=20@,10
Feak MigTime Type Width Area Height Area
#  [min] [min]  [mAL*s] [mant] % |
i SO Bt PRER LS P e Y oo ) MR
! 1 3.757 MM 8.8356 2.8113% 1.31792 6.975@
2 4285 MM 8.1471 189.1189E 12.35383 37.8392" = i
3 4.681 MM 8.8178 5.3B821 5.84543 1.E658 |
4 4,944 MM B.8567 165.19699 48.55738 57.2189%6 L)
5  5.487 MM B.83a65 5.8544% 2.6B6873  Z.0383
2 I ; 4 . & -] 10 mmin
|
CE 17/6/2828 17:58:17 SYSTEM Page 1 of 2

Figure S 398: Condensed CE analysis for the NaOH extract of Table S 18, entry 7 — COs
treatment of dien, Cul and NaBPhy in MeOH.
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CE Analysis

Experimental section

Data File C:\Chem32\1\Data\2006%2006264208626-2 MMSEL1,D
Sample Mame: MM5E1

Acg. Operator @
Sample Operator :
Acg. Instrument : CE

Location :

32

Injection Date : 26/6/2020 11:16:4@
Acg. Method

Last changed
Analysis Method
Last changed

1 147172028 13:19:47 by SYSTEM
s CohChem32h1'WMethods\CE\SwitchOff- 208227 .M
: 26/6/20828 11:11:38 by SYSTEM

{modified after loading}

Sample Info

|
Additional Info : Peak(s) manually integrated
DADM A Sige350,80 Ref=200,10 (20062008261200826-2_MMSHE1.0
HPCE G, Curment (20061200628 200626-2_MMEE1 D)
HPCE1 P. Power (20061200626200826-2_MM531.0§
HPCE W, Valtags (200820062 0200826-2_ MMSS1 0
CE1, CEND, Leak Cumant (20062

| @W\%@&“
[ A ———— Eﬁ%‘aﬂ

J '
S Lk S

i C:\Chem32hy1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

: MMR sample of MMSE1l (8.84 mL) diluted with H20 (@.6 ml}

\; = e 1
|
w o s e i
-200
-l '
‘] il
£ ; /] '|
a ) | f i
400 . s = I A | =
-1 | f il |
- = e Y | S
-
kg (K] T3 t.r'.'_s : [ s 300
-G00
Signal 1: DAD1 A, Sig=358,88 Ref-208,1@
00 Peak MigTime Type Width Area Height Area
. #  [min] [min]  [mAL*s] [matr] %
e e e Lo L i L aid |
1 3.768 MM 2.8215 1.1718E 9.@6366e-1 @.3231 S ™
Z 4.388 MM B.1268 111.2B97E 14.63825 3B8.6795
3 4.627T MM B.8286 28.26333 16.41687 5.5868 i
4 4.9B4 MM 28,8558 2130.82467 69.76315 63.4114
2 ) I 4 y & -] L] mmin
I
CE 26/6/2828 12:28:42 SYSTEM Page |L of 2

Figure S 399: Condensed CE analysis for the NaOH extract of Table S 18, entry 8 — COs

treatment of dien, Cul and NaBPhy in MeOH.



Appendix

CE Analysis

Data File C:\Chen32%1'\Data’\200742007814208781-3 MMSO1,D

Sample MName: MM591

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 6

Injection Date

17772020 10:24:46 |

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

: 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

|

Additional Info :

2 1/7/2820 B9:49:37 by SYSTEM

(modified after loading)

: MMR solution of MMS91 (8.84 mL) diluted with H2O (8.6 ml)

Peak(s) manually integrated

DD A Sage350,80 Ref=200,10 (2007300702007 01-3_MMS5E1.0
HPCE C, Curmenl (20071200T01200701-3_MMEE1 D)

HFCE1 P. Power (2002007 11\200701-3_MM531.00

HPCE1 W, Valtage (20073007012 1 5

CE1, CEND, Leak Curard.  (200701-3_MMA581.D
Haarm. oo
i
g L
a-t 2 q ot ?\*
]
-200 -] R ]
W |
& |
= n
FC] II||
400 i '.'I|
Y il
L3 .'I.'I |
: N T
e — e ‘1[!-_ — __;_.-" —_— —
-600 % 4 [ B 55
1min)
|
-BOQ |
Signal 1: DADL A, S5ig=358,80 Ref=208,18 |
Peak MigTime Type Width Ared Height Aria
#  [min] [min] [maLF*s ] [ maw] X
T R |==mmmmmeee J-=mmmmmeee J--=mmnes |
v 1 3.956 MM B.8E25 24.62498  4.97RE6  6.3621 n T
2 4.349 MM g.185% B5.79182 13.49939 22,1658
3 4.667 MM B.8338 4.48945 2.2237  1.1382
4 495 MM B.0686 271.23013 66.18198 7@.3336
2 : 4 ; & -] L] mmin

CE 1/7/2828 14:16:35 S‘fSTE.H

Fage

1L of 2

Figure S 400: Condensed CE analysis for the NaOH extract of Table S 18, entry 89 — COs
treatment of dien, Cul and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32\1'\Data\200742007814208781-2 MMSoS,D
Sample Mame: MM508

Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 35
Injection Date : 1/7/2029 18:81:16
Acg. Method : C\Chemi2\1\Methods \CE\Marx -Oxalate2SC-Flushl@myl2- 208114 . M
Last changed s 1471720838 13:19:47 by SYSTEM
Analysis Method @ C:\Chem32\1\Methods \CE\SwitchDff-208227 .M
Last changed : 1/7/2828 @9:49:37 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MMS92 (8.84 mL) diluted with H2O (8.6 ml)
|
Additional Info : Peak{s) manually integrated

DaDA A, Sgea50,80 Ref=200,10 (2007200701200701-2_MMSE0.0]

HECE C, Curment (20071200701200701-2_MMES0 D)

HECET F. Power (20072007 013007012 MM5230.04

HPCET W, Voltage (200M2007 01 200701-2_ MMS20.0)

CE1, CE1D, Leak Curard. (2 2_NM5B0.0

by &
. $s
ot S /)

— R
D R, (i S |

|
|I ill

Signal 1: DAD1 A, Sip=358,80 Ref=208,16

Peak MigTime Type Width Area Height Area
¢ [min] [min]  [maLr*s] [may] X
B R O Jmmmemees [-mmmeee |
1 4.22E MM 8.1218 SB.66226 13.58247 48.6275
2 4.582 MM 8.817@ G6.81454 5.BB171 2.4767
3 4.989 MM B.8516 13B.1692E 44.68442 56,8958

2 4 & -]

|
£ | i } |
=1
_E _.' |
¥ I
20, ] h | il
. | LY [ L.
- & e
-3} T R | T
D
30 378 an azs am am iDa ¥
& [minj

CE 1/7/20828 14:16:21 SYSTEM

Fage

L of 2

Figure S 401: Condensed CE analysis for the NaOH exiract of Table S 18, entry 10 — dien, Cul

and NaBPhy in MeOH under Ar.
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Appendix CE Analysis

Data File C:\Chem32\1\Data\2007%200787,208707-3 MMER4, D

Sample Name H"‘IEEjJ

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 22
Injection Date : 7/7/2029 13:3%:07 |
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:ZWChem32W1\Methods\CE\SwitchDff-200227 .M
Last changed : T7/7/2828 17:28:34 by SYSTEM
(modified after loading}

Sample Info : MMR solution of MMEE4 (B8.84 mL) diluted with H2O (8.6 mL)
Additional Info : Peak(s) manually integrated

DaDA A Sgea50,80 Ref=200,10 (2007200702007 07-3_MME04.0]

HECE C, Curreant (20071200707 2007T07-3_ MIMECH D)

HECE1 F. Power (20072007 07200707-3_MMWE0.0

HPCE1 W, Vialtages (200M20070T200707-3_ MME04 0N

CE1, CEND, Leak Currant  (200707-3_MMS04.D

- ,:{bo’ 3 Lo
5} T nﬁﬁ@
o ——1
|
-100
= e
ap
|'|
-200
40 | |
E "l |
-300 -0 |'II
zfd- e, ! Il'\._ = |
Ty — __.--"-- I\. ﬁ.._-r/
¥5 an a5 0] 5.5
t[mia]
-4
-500
Signal 1: DAD1 &, Sig=358,88 Ref=280,18
Peak MigTime Type Width Area Height Area
o E #  [min] [min]  [mAu*s] [mau] %
600 febss o |l SasohE [aeme|mmmmnnn |agdeddaaes [=eemennna- [weemnans | ---ii--—
1 3.897 MM ©8.1285  56.728BED 7.33756 51,1655 )
2  5.941 MM B.8534  54.14447  16.98936 43,8345
2 4 & -] jli] mmin
I
CE 7/7/20828 19:48:27 SYSTEM Page 1L of 2

Figure S 402: Condensed CE analysis for the NaOH extract of Table S 18, entry 11 — COs
treatment of 176 and NaBPhy in MeOH.

432



CE Analysis Experimental section

Data File C:\Chem32\1\Data\2007'200787,208707-2 MMER3,D
Sample Mame: MMGE3

Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 21
Injection Date : 7/7/2029 13:15:38
Acg. Method : C\Chemi2Z1\Methods\CE\Marx -Oxalate2SC-Flush1@myl2- 288114 . M
Last changed s 1471720838 13:19:47 by SYSTEM
Analysis Method @ C:\Chem32\1\Methods \CE\SwitchDFf-208227 .M
Last changed : T7/7/2828 17:28:34 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MMEE3 (B.84 mL) diluted with H2O (8.6 mL)
|
Additional Info : Peak{s) manually integrated

DAl A Sgea50,80 Ref=200,10 (200720070 200707-2_MME03.0]

HECE C, Curmeant (2007120070T200T07-2_ MIMBCE D)

HECE1 F. Power (20072007 07200707-2_MMWEI3.00

HPCET W, Valage (200M2007 072 T-2 MMEIE D)

CE1, CE1D, Leak Curard. (2 NWAE03.00

] R

00— e

L TERR TRy )

- !

E |
E -
f s
-200 5 A\ i T
.:.,.-.-__L -t - =
8 -~ A
S Jm A
5 el 5 n 5
1 [min]
=300
Signal 1: DAD1 A, 5ig=350,80 Ref=208,10
=400 Peak MigTime Type Width Area Height Area
#  [min] [min]  [mALf*s] [ mal] 1
[, IEIIIIII
1 3.774 MF B.1841  38.99952 4.96376 65.6912
2 3.814 FM #.8356 13.51485 6.16811 2B8.630@
3 3.948 MM 8.8219 1.44262 1.89624  3.857@ [
4 4,581 MM B.8154 1.23297 1.25683% 2.68128
=500 = :
2 4 & ] 0 min
I
CE 7/7/282& 19:48:48 SYSTEM Page |L of 2

Figure S 403: Condensed CE analysis for the NaOH extract of Table S 18, entry 12 — COs
treatment of 177 and NaBPhy in MeOH.



Appendix CE Analysis

Data File C:\Chem32\1\Data’\2007%200787,208707-4 MMERS,.D

Sample Name H"‘IEEEJ

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 23
Injection Date : 7/7/2028 14:82:37 |
Acg. Method i C:vChem3Zy1\Methods\CE\Marx -Oxalate?5C-Flushl@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\SwitchDff-200227 .M
Last changed : T7/7/2828 17:28:34 by SYSTEM
(modified after loading)
Sample Info : MMR solution of MMEES (B.84 mL) diluted with H2O (8.6 mL)

Additional Info : Peak(s) manually integrated
DADM A Sig=350,80 Ref=200,10 (2007200702007 07 -4_MMED5.0
HPCE1 C, Curment (20071200707 200707-4_MMECS D)
HPCE1 P. Power (20072007 07300707 -4_MMED5.0
HPCE W, Valtags (200T2007 0T 200707-4_ MMEOS 0
CE1, CED, Leak Currant  (200707-4_MMS05.D

1 ——
|
|
00 | [
= MO v b T, | el Soardond)
L]
i e
-200 #-1 I =t
|
e | -
.""-- S
A
= 1
.-""--' /
| o - R S— -~
o L10] 173 £17] LE] F1 FE] &40 am
300 Tisc
400

Signal 1: DAD1 A, 5ig=-350,80 Ref-200,1@

Peak MigTime Type Width Area Height Area
ny __* [min) [min]  [maU*s] [mau] X
500 e ] e L e e IR |
1 3.824 MM B.1842  36.6847E 5.B5269 43.1883
2 5.833 MM B.8418 48.32459 19.278%4 56.8997

CE 7/7/20828 19:48:80 SYSTEM Page | L of 2
Figure S 404: Condensed CE analysis for the NaOH extract of Table S 18, entry 13 — CO»
treatment of 178 and NaBPhy in MeOH.
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CE Analysis Experimental section

Data File C:\Chem32\1\Data\2007%200787,208707-6_MMERE, D
Sample Mame: MMGES

Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location @ 24
Injection Date : 7/7/029 15:08:0@
Acg. Method : C\Chemi2\1\Methods \CE\Marx -Oxalate2SC-Flush1@my23-v13-288428.M
Last changed s 284720838 15:34:88 by SYSTEM
Analysis Method @ C:o\Chem32\1\Methods \CE\SwitchDff-208227 .M
Last changed : T7/7/2828 17:28:34 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MMEEE (B.84 mL) diluted with H2O (8.6 mL)
|
Additional Info : Peak{s} manually integrated
DDA A Sgea50,80 Ref=200,10 (2007200702007 07-8_MME0E.0]
HECE C, Curmeant (20071200707 200707-6_MIMBOE D)
HECE1 F. Power (20072007 07200707-6_MMWE05.00
HPCE1 W, Valtages (200T2007072
CE1, CE1D, Leak Current (2

100
)
=11}
-200 3!
1] —— - —— -
§
E-.m
a0 e e
300 i e
L1
iy 14 e iR iz az a4 Ak A8
E|riim|
400
Signal 1: DADL A, Sig=358,38 Ref=208,18
Peak MigTime Type Width Area Height Area
500 # [min] [min] [mAU*s] [mal] %
i! 1 3.812 MM 2.1182  36.61158 5.53181 41,7864

2 4.528 MM B.8184 1.45884 1.31829  1.665@
3 5.936 MM B.8498 40, 54568  16,59175 56,5486

CE 7/7/20828 19:47:10 SYSTEM

Page |[L of 2

Figure S 405: Condensed CE analysis for the NaOH extract of Table S 18, entry 14 — COs

treatment of 179 and NaBPh, in MeOH.



Appendix CE Analysis

Data File C:\Chen32\1\Data\2007%200787,208707-1_MMEEZ,D

Sample Name: MMGE2

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 28

Injection Date : 7/7/02@ 121:52:85 |
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flush1@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:ZWChem32h1\Methods\CE\SwitchDff-200227 .M
Last changed : T7/7/2828 17:28:34 by SYSTEM
(modified after loading}

Sample Info : MMR solution of MMEEZ (8.18 mL) diluted with H2O (8.5 mL)
Additional Info : Peak{s) manually integrated

DDA A, Sgea50,80 Ref=200,10 (200720070 200707-1_MME02.0]

HECE C, Curreant (20071200707 200707-1_MMBC2 D)

HECE1 F. Power (20072007 07300707-1_MMWEI2.00

HPCET W, Valage (200M2007 07 200707-1_MMED2 0

CE1, CEND, Leak Curmant 0707-1_MWta02.00

115] Z IR ¢ Ant et i
-200 10 J'
|II
| = 1
| !.I.
= 11
F IR
. i
)\
400 | q e I'-_.'.
2 — ___'_:-—'.'.""\ — _"If L% —— I
Ll
15 i 4.8 [&1] 450 4T 08 13
Liwn]
-G00
Signal 1: DaADD A, 5ig=350,30 Ref-200,18
Peak MigTime Type Width Area Height Area
'} [min] [min] [maL*s ] [man] X
1 3.867 MM 8.1794 17.97914 1.67821 2.4621
B = 2 4.251 MM 8.1237 185.55435  14.21652 14.4547 = ||_
3 4.558 MF g.9176 1.9643%9 1.918@1  @.1458 f
4  4.594 FM B, a20d 3.98144 3.31858  @.5452
5 4,994 MM 8.877%9 601.66518 128.71681 B2.3923
2 : I 4 ) & -] 1 mmin
I
CE 7/7/20828 19:48:54 SYSTEM Page 1L of 2

Figure S 406: Condensed CE analysis for the NaOH extract of Table S 18, entry 15 — COs
treatment of 184, Cul and NaBPh, in MeOH.
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CE Analysis

Experimental section

Data File C:\Chem32\1\Data’\2006%2006234208623-1_MMGES, D

Sample Mame: MMSE8

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 28

Injection Date

: 23/ef2020 12:38:29

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

s 147172028 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

J

Additional Info :

: 23/6/2828 13:21:11 by SYSTEM

{modified after loading}

: MMR solution of MMSE2 (8,18 ml) diluted with H2O (8.5 ml)

Peak{s) manually integrated

DWD1 A, Sig=350,60 Ref=200,10 (2006:200623200823-1_MM580.0)
HPCET €, Current (20081200825 200623-1_MMSEN )
HPCE1 P, Power (20061200823200823-1_MMS30.00

HPCET W, Valtages (200630082
CE1, CE1D, Leak Currant (2

200623-1_MMESS0.0)
B23-1_MMI5E0.D

Mom. w ﬂ?
i &
AL o |
y

e
— D R, T W]

ki
i
x 0 ' f
T =i W —
_.'V"-’ . |
-m__ o L
—BD
£l 158 Lk 158 % A0 425 450 475
1wl
Signal 1: DAD1 A, 5ig=359,8@ Ref-208,18
Feak Migrime Type wWidth Area Height Ared
# [min] [min]  [mALr*s] [maLi] 1
- 1 3.726 MM B.1254  25.83138 3.431%6 3.9272 I R— | I
1 4.153 MM B.9391  14.92471 6.@B628  2.1429 I
3 4.558 MM B.8222 9.35354a 7.86275  1.4281
00 4 4.975 MM @.8825 6@B.43396 122.95836 92,5818
2 . 4 . & L] 10 mmin
I
CE 23/6/2828 14:57:41 SYSTEM Page [L of 2

Figure S 407: Condensed CE analysis for the NaOH extract of Table S 18, entry 16 — COs
treatment of 184, Cul and NaBPhy in MeOH.
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Appendix

CE Analysis

4.15.4 CE analysls - Reactlons of «-Ketocarboxylates

Data File C:'\Chem32\1'\Data'\2007\208706,200706-3 MMG12. D

Sanple MName, MMG12

Acq. Operator

: SYWSTEM

Sample Operator :

SYSTEM

Acg. Instrument

: CE

Location : 17

Injection Date

: B/7/2020 14:45:38

Acg. Method

i C:\Chem32hy1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

;147172838 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CEVSwitchDHFf- 208227 . M

Last changed

2 6/7/2828 14:33:42 hy SYSTEM

(modified after loading)|

Sample Info

: MMR solution of MME12 (B.86 mL) diluted with H2O (8.6 ml)

J

Additional Info :

Peak{s) manually integrated

DD A, Sage350,80 Ref=200,10 (2007200702007 08-3_MME12.0
HPCE C, Curmenl (20071200T0S200T06-3_MME12 D)
HPCET P, Power (20072007 16A200T06-3_MME12.00

HPCET V. Vit (200TE00T0RI0NTO6-3_MAE12 )
CE1, CE1D, Leak Cumarl  (200706-3_MAK12.0
Horm.
. .up“up
o T
. “.‘“’
bP' )
& &
| Wy
25 %,,4? @@ »\ﬁg o .
ik 4
B0 —
- gL
METT 1 N Tl e | Sarciaes]
=10
-5 Laa i [
)
=10 |
g
400 E -5 |
-3 II L= ]
=315 i = r
- i "
125 ) HERE s E o o )
a0 LE ] an ah LY
& [rmn]
450
Signal 1: DAD1 A, 5ig=350,80 Ref=208,10 |
178 Peak MigTime Type Width Area Height Area
#  [min] [min]  [mAL*s] [ mat] x |
5 e R R R bl LRt LEey EEE ALt |
b 1 3.892 MM B, 8268 B.58144 5,29660 B.2334 |
=0 2 4.454 MM B.8158  1.7EE96  1.76798  1.7386
3 5,382 MM B.8198  2.17639  1.99186 2.1628
4 5.921 MM B.8578  98.79623 26.54871 B7.9348
3 4 & & 1a =

CE 6/7,/2828 15:38:27 S‘fSTE.Fq

Fags 1 of 2

Figure S 408: Condensed CE analysis for the NaOH extract of Table S 19, entry 1 — air exposure
of 129 in DCM/"heptane.
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CE Analysis Experimental section

Data File C:\Chem32\1\Data’\2007%2007864208706-1_MME13,D
Sample Mame: MMG13

Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 15
Injection Date : &/7/2029 13:40:54
Acg. Method : C\Chemi2\1\Methods\CE\Marx-0xalate2SC-Flush1@myl2- 288114 . M
Last changed s 1471720838 13:19:47 by SYSTEM
Analysis Method @ C:i\Chem32\1\Methods \CE\SwitchOff-200227 .M
Last changed : 6/7/2828 14:33:42 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MME13 (B.86 mL) diluted with H2O (8.6 ml)
|
Additional Info : Peak{s) manually integrated
DaDA A Sgea50,80 Ref=200,10 (20072007 062007 08-1_MME13.0]
HECE C, Current (20071200705 200706-1_MIME13D)
HECE1 F. Power (20072007 08200T06-1_MMWE13.0 Signal 1: DADYL A, Sig:BSﬁ,Sﬁ Ref=288,18
HPCET W, Valage (200M2007 08 200708-1_MME13.0
CE1, CEND, Leak Curard.  (200706-1_MASE13.D

Mo, Peak MigTime Type Width Area Height Area
#  [min] [min] [maw*s]) [maui ] %
SES |Eesz]==sss2s B [==emmmmnn- [=wmmmmnn |
. 1 3.BB4 MM 8.8318  14.88184 7.56528 49,0053 ___
2 4.435 MM B.8175 2.14375 2.84162  7.6115
3 5.454 MM 8.8281 2.52478 2.88%84 8.06543
B0 4 5.6E8 MM 8.8239 1.21661 B.483132e-1 44,3196
5  B.938 MM B, B2 6.51479 4.83938 23,1318
6 B.187 MM o, B2E9 1.6B379 9.72493e-1  5,9784
40 Ed — Y
II [H P
13
|
- f
o g
g-:s (
)
. » (| S |
D - 1l
fl \
b Y ————_—.l/)‘* ! e s o e e ]
in i5 an 45 [
1min]
a0 |
o i
Ea
= R
o 3
& o '
ol ’k:@ R |
40| ! 2:5’9 EEL —— [l
| L &Y - = -
2 4 & L] L] mmin
I
CE 6/7/282& 14:38:12 SYSTEM Page |L of 2

Figure S 409: Condensed GE analysis for the NaOH extract of Table S 19, entry 2 — air exposure
of 196 in DCM/"heptane.
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Appendix

CE Analysis

Data File C:\Chen32\1\Data)2005\2005054200506-5 MM546-1.0

Sample Mame:

MM5A6-1

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |

Acg. Instrument : CE Location : 24

Injection Date : &/5/2029 14:53:27 |

Acg. Method i C:vChem32y1\Methods\CE\Marx-Oxalate?5C-Flushl@mV23-v13- 288428 .M

Last changed  : 28/4/2028 15:34:80 by SYSTEM

Analysis

Method : C:\Chem32'1\Methods \CEVSpuel -extended- 288227 .M

Last changed : B/6,/2828 16:37:44 by SYSTEM

(modified after loading)

Sample Info : MMR sample of MMS461-1 (@.83 mL diluted with @.6 mL H2D)

|

Additional Info : Peak{s) manually integrated

DD A, Sge350,80 Ref=200,10 (20052005068200508-5_MM586-1.0)
HPCE C, Curman (200512005062 00506-5_MME4E-1.0}
HFCE1 P. Power [(20052005085200506-5_MM545-1.0)
HPCE W, Valtage (20088200506 200508-5_MMS4E-1 D)

CE1, CEND, Leak Cumard.  (200506-5_NM1548-1.00
I — 1 T
o ,‘:@% .‘:ﬁ
| = - il il N e, e —— -
100
| | AP, f
L ] II
-200 ® f |
fl
. a“w I|I
f=» {f
o | "II I 3
00 / il
E ."...'( 1 / _."'-L'n 0
1M FF] ko ] Lin F¥ akn a7 510
A0 *Lmind
Signal 1: DAD1 A, Sip=358,80 Ref=204,16
-500
Peak MigTime Type Width Area Height Area
¢ [min] [min]  [maLs] [may] X
- 1 4.898 MM 8.8923 1ED.7148E 34.27845 18.4711 1
B0 2 4.589 MF 8.8731 6B.31437 15.57881 7.3715
3 4.784 FM B.8937 580.54327 184.85826 63.6148
4 5.1d MM B.9632 T9.1670E  20.B6281 B.542%
2 ; 4 . & -] 10 mmin
I
CE 5/6,/2828 17:32:12 S‘fSTEH Fags 1 of 2

Figure S 410: Condensed CE analysis for the NaOH extract of Table S 19, entry 3 — air exposure
of sodium 3-methyl-2-oxobuyrate and Cu(BF 4)»-8H,0 in DCM/MeOH/ heptane.



CE Analysis Experimental section
Data File C:\Chen32\1\Data'2006%2006234200623-4 MMSE6.D
Sanple Nami: MM5865
Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 38
Injection Date : 23/6/2020 14:03:87
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@my12 -208114.M
Last changed 1 147172828 13:19:47 by SYSTEM
Analysis Method @ C:WChem32W1\Methods\CE\SwitchDff-200227 .M
Last changed : 23/6,/2828 13:21:11 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MMSEE (B8.84 ml) diluted with H2O (8.6 ml)
|
Additional Info : Peak{s) manually integrated
DaDA A Sgea50,80 Ref=200,10 (2006:200823200823-4_MMSEE.0]
HECET C, Cureant (2006120062 52006234 MMEEE D)
HECE1 F. Power (2006120082 1000823-4_MM5535.04
HPCET W, Volage (2008020082 V2006204 MMSES 0
CE1, CEND, Leak Currant  (200623-4_MMSBE.D
Harm. 7| 8 o
* ol
| .
iy .-I#‘?"' :
| 1
A | o
|
S
00 I
&
1
150 =
i |
E !
~1a |
-200 ki i llll:'-||
=20 e I T—
~S0E 1] (¥ :V %] am ar FE™] irs
380 L |rin|
-300 Signal 1: DAD1 A, Sig=358,88 Ref-208,18
Peak MigTime Type Width Area Height Area
o #  [min] [min] [ma#s] [man] 1
P e SO B R - [N ey wayun [ o | e s ||
1 3.906 MH @.@3E6 164.65752 38.98764 33.398E |
2 4.393 MM @.1119 142.97855 21.2897@¢ 33.3432
3 4.538 MM B.8344 121,17318 SB.T4ETE 28,2581
2 I 4 . & L] 10 mmin
I
CE 23/6/2828 14:58:23 SYSTEM Page |L of 2

Figure S 411: Condensed CE analysis for the NaOH extract of Table S 19, entry 4 — air exposure
of sodium 3-methyl-2-oxobuyrate and Cu(BF4)»-6H20 in DCM/MeOH/"heptane.
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Appendix CE Analysis

Data File C:\Chem32\1\Data’\2007%200781,208781-4 MMSOE,D

Sample Name H"‘ISEﬂ

Acq. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 37
Injection Date : 1/7/2029 18:48:15 |
Acg. Method i CivChem32y1\Methods\CE\Marx -Oxalate?5C-Flushl@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\SwitchDff-2008227 .M
Last changed : 1/7/2820 @9:49:37 by SYSTEM
(modified after loading)

Sample Info : MMR solution of MMS9E (B8.84 mL) diluted with H2O (8.6 ml)
Additional Info : Peak{s) manually integrated

DaDA A, Sgea50,80 Ref=200,10 (2007200701200701-4_MMSEE.0]

HECE C, Curreant (20071200701200701-4_MMESS D)

HECET F. Power (20072007 01300701 -4_ MM538.0

HPCET W, Voltage (200M2007 071 200701-4_ MMSSS 0

CE1, CEND, Leak Currant  (200701-4_MMSEE.D

7 § FoF

ey
-
p i S

signal 1: DADL A, 5ig=35@,88 Ref=288,18

Peak MigTime Type Width Ared Height Area
¢ [min] [min] [maL*s] [l ] %
...u|.“....|.....|..“....l......“.“'“.....u.|“.......|
1 2.988 MF  B.B75% 127.39413  27,96527 3@.4491
e 1 4.816 FM  B.8277 54.41234  32.68395 13.9054
3 4,411 MM B.1832 151.67696  24.48436 36.2531 M e
4 4536 MM B.a362 75. 540967 34 74968 18.857% |
5 5.363 MM B.8245% 9.35842 6, 36541 2.2349
2 4 B -] L] min
|
CE 1/7/2828 14:16:58 S‘fSTE.F‘ Fags 1 of 2

Figure S 412: Condensed CE analysis for the NaOH extract of Table S 19, entry 5 — air exposure
of sodium 13Cg-3-methyl-2-oxobuyrate and Cu(BF4)»-6Ho0 in DCM/MeOH/"heptane.



CE Analysis

Experimental section

Data File C:\Chen32\1\Data’\2007%1007864208706-4 MME11,D

Sample Mame: MMA11

Acq. Operator

Sample Operator :

Acg. Instrument :

CE Location : 18

Injection Date

: 6/7/2020 15:89:86

Acg. Method

i C:\Chem32y1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

s 147172028 13:19:47 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

J

Additional Info :

2 6/7/2828 14:33:42 hy SYSTEM

{modified after loading}

: MMR solution of MME11 (B.84 mL) diluted with H2O (8.6 ml)

Peak{s) manually integrated

DD A Sage350,80 Ref=200,10 (2007300702007 08-4_MME11.0
HPCE C, Curmenl (20071200TOS200T06-4_MME11.0)
HFCE1 P. Power (2002007 18A200706-4_MMG11.00

HECE V. Valtags (200730070

J00T06-4_MME11.00

CE1, CEND, Leak Currant  (200706-4_MME11.0D

Horm. ﬁ_.@!g
= E \?
Lk B
— I — ¥ E —

B0 -
| |
|

100

dp) — s
PR + Mok, brresl Sangards Il
1]
an| |
=130
0 P
: Vi
i .
A
200 3 ’| | ~ \
0 £ 'I| | B
=1 e | = [ lI'i:. 7%
f .'I L — s
a0 s — ——
350 s a5 LN ‘\.E‘:Iw: arm 458 &in sop
- 5ignal 1: DADL A, 5ig=358,88 Ref=286,18
Peak MigTime Type Width Area Height Area
i # [min] [min]  [mAU*s] [maLl] k]
[t o T [=ees]emannnn [ ur [=emmmmmnaa [=emnmens 1 !|
-350 1 3.995 MM B.B778 139,14526 30.12781 39.5876 Ji
2 4.396 MM B.1844 133.08338  21.38858 38,8434
3 4.538 MM B.B2809 79,8657  45,.56312 22,4499
2 4 & L] jli] mmin
I
CE 6/7/282& 15:38:80 SYSTEM Page |L of 2

Figure S 413: Condensed CE analysis for the NaOH extract of Table S 19, entry 6 — air exposure
of sodium '3Cg-3-methyl-2-oxobuyrate and Cu(BF4)»-6H0 in DCM/MeOH/"heptane.



Appendix CE Analysis

Data File C:\Chem32\1\Data’200742007834208703-1_MMER1,.D

Sample Name: MMGEL

Acg. Operator @ SYSTEM |
Sample Operator : SYSTEM |
Acg. Instrument : CE Location : 15
Injection Date : 3/7/2020 11:28:98 |
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flush1@my12 - 208114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM
Analysis Method @ C:WChem32h1\Methods\CE\SwitchDff-2008227 .M
Last changed : 3/7/2828 11:54:18 by SYSTEM
(modified after loading}
Sample Info : MMR sample of MMGa1 (8.84 mL) diluted with H20 (@.6 mL)

|

Additional Info : Peak{s) manually integrated
DDn A, S350, B0 Ref=200,10 (20072007 0M2007 03-1_MMED1.0
HPGET G, Curenl (2007200TA3N200T03-1_MME0T D)
HECET P, Power (200M2007 1300703-1_MMWE01.0H
HEGET W, Vialtage (2007007 1UI00T03-1_MMED1 0
CE1, CE1D, Leak Curant (200703-1_MMAE01.0

Harm.
o @f |
- #
| W - "._'p
| r"r:q*“t i@é} a”@
| | - g
— P L | - = - -
50
-100
h = - T
Fli]
160 'I|
'E-Wl (
= f [}
e Y P— —— e
|
-200 - =8 | |
p— = = m 1A e N —
=50
280 aio 15 4“-_|m.n| 4.5 %0
=300 & - &
Signal 1: DAD1 A, Sig=358,88 Ref=2848,18
Peak MigTime Type Width Area Height Area
— s ¥ [mdn] [min] [man*s] [man] i
350 B P |=omemmnnee |=mmmmmnee |-mmmeee |
1 3,925 MM B.8272  13.66993 B.36346 69.4871
1 4.473 MM B.8175 2.184z8 2.17195  11.5977 4
3 5.097 MM @.8142 3.74116 4.48477 18,9952
2 4 & -] 1 mmin
I
CE 3/7,/2828 17:89:16 S‘fSTE.F‘ Fags 1 of 2

Figure S 414: Condensed CE analysis for the NaOH extract of Table S 19, entry 7 — air exposure
of sodium 3-methyl-2-oxobuyrate in DCM/MeOH/"heptane.



CE Analysis Experimental section

Data File C:\Chem32'1'\Data\20052005274208527-6_MMS53-1.0
Sanple Name: MM553-1

Acg. Operator
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 22
Injection Date : 27/5/2028 15:1%:32
Acg. Method : Ci\Chemi2\1\Methods\CE\Marx -Oxalate2SC-Flush1@mV23-v13-288428.M
Last changed s 28/4/20838 15:34: 80 by SYSTEM
Analysis Method @ Ci\Chem32\1\Methods\CE\Spuel -extended-288227 .M
Last changed 2 27/5/2828 14:8E:38 by SYSTEM
{modified after loading}

Sample Info : MMR solution of MM553-1 (8.83 mL diluted with 8.6 mL H20)
|
Additional Info : Peak{s) manually integrated

DDA A, Sigea50,80 Ref=200,10 (2005:20052T200527-8_MM553-1.0)

HECE C, Current (2005120052T200527-6_MMEE3-1.0)

HECET F. Power (2005120052 "200527-8_MM553-1.0)

HPCET W, Valage (200820052 72005276 MMS53-1.10)

CE1, CEND, Leak Curand. (2 4 _NMM553-1.00

i

| A | —
100
3 ::;.q.:.q_m-.. S e |
10
200 "
10 |
§ e — o — _ ]
E-ani —
o
-300 -
—nl__ . M | I
=1
iz 4 ”| iE an a
400
Signal 1: DADY A, S1ig=358,88 Ref=288,18
-500
Peak MigTime Type Width Area Height Area
# [min] [min] [mAL*s] [maLi) o n i
1 3.943 MH B.8728 28.55238 6. 54058 4,4958 I
i 1  4.575 MH 9.1122 686,53119  O0.887838 O5,.Geal
2 I I 4 : & L] 10 mmin
I
CE 27/5/2828 17:19:34 SYSTEM Fags |l of 2

Figure S 415: Condensed CE analysis for the NaOH extract of Table S 19, entry 8 — air exposure
of sodium pyruvate and Cu(BF4)»-6H»0 in DCM/MeOH/"heptane.



Appendix

CE Analysis

Data File C:\Chen32\1\Data’\2007%2007864208706-2 MMERT.D

Sample Name: MMGET

Acq. Operator

Sample Operator :

Acg. Instrument

: CE

1f

Location :

Injection Date

: B/7/2020 14:84:27 |

Acg. Method

i C:\Chem32h1\Methods\CEVMarx -Oxalate25C-Flushl@my12-208114.M

Last changed

1 14/1/2928 13:19:47 by SYSTEM

Analysis Method :

CiAChem32\1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

|

Additional Info :

2 6/7/2828 14:33:42 hy SYSTEM

(modified after loading)

: MMR solution of MMEET (B.86 mL) diluted with H2O (8.6 ml)

Peak{s) manually integrated

DADM A Sig=350,80 Ref=200,10 (20072007 062007 06-2_MMED7.0
HPCE1 C, Cument (20071200TOS200T06-2_MMEOT D)
HPCE1 P. Power (20072007 06200706-2_MMEDT.0
HPCE W, Valtags (200T2007 062007082 MMEOT 0
CE1, CEND, Leak Current  (200706-2_MMS07.0D

sigral 1: DAD1 A, 5ig=358,89 Ref=298,19

Hom.

Feak MigTime Type wWidth Area Height Area
#  [min] [min]  [maU*s] [mau] ]
30 | T e 1 3867 MM 8.8297 3.65172 1.84797 G. 6486
2 4.433 MM 8.817E 1.36369 1.27864 2.4828
| 3 5448 MM 8,822 1.59578 1.31578  2.96853
4 5.934 MM B, 8399 39.73425 16.57984 72,3432
5 B.2322 MM B, B389 8.57928 3.67923 15.6281
L]
I et
PRGAT = M0, Graeansl Fnamdant
-2 i
|
r |
[}
k M — _I i — a— v
A0 £
. h !
—— —— |
i W a IS a
A
-0 3 o
30 o7
.E%,a
[t
| 'l
14
A \ |
LY A
e T E&’@f _\':Q;§$ \ﬁl
,I.kt ;E'P m@}._. e v ‘h-_lll_;. |
- k. EF =
B0
2 4 & -] L] min
I
CE 6/7/20828 14:38:38 SYSTEM Page 1 of 2

Figure S 416: Condensed CE analysis for the NaOH extract of Table S 20, entry 1 — reaction of

129 with CO4/O5 in toluene.



CE Analysis

Experimental section

Data File C:\Chem32\1\Data\2007%200787,208707-6_MME1E.D

Sample Mame: MMG1G

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 25

Injection Date

2 TP I020 16:00:30

Acg. Method

i C:\Chem32y1\Methods\CE\Marx -Oxalated5C-Flushl@mV23-v13-288428.M

Last changed

: IB/4 2028 15:34:0@ by SYSTEM

Analysis Method :

CiAChem32 1\ Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

J

Additional Info :

2 T/7/2820 17:28:34 hy SYSTEM

{modified after loading}

: MMR solution of MME1E (B.86 mL) diluted with H2O (8.6 mL)

Peak{s) manually integrated

DD A Sge350,80 Ref=200,10 (200T200T0T200707-6_MME18.0
HPCE C, Curmenl (20071200T0T200T0T-6_MMENE D)

HPCE1 P. Power (20072007 072007
HPCE W, Valtags (200T2007 072
CE1, CE1D, Leak Current (2

H_MAG16.00
T-H_MME15.0)
8_NME16.0

Homm.
10—
. — L
= | | WAL 1 O ksl S
o
o0 =
f -
A
A0 = i .g\q;‘ |
aw _rl_ | . - l
-0 ol : i | ¥ 2 I
V[
B -“’59
Clsp‘
[
-an ﬂ:." if
= \‘? | I
£ o !
v
; oL |-
40 ———— S B ~ 5
signal 1: DAD1 A, Sig=358,88 Ref=280,18
501
1 Peak MlgTime Type wWidth Area Helght Area
# [min] [min] [mauts] [maw] 2
2 1 3.87 MM B.9121 1.56371 2.18822  4.4B21
2 5.949 MF B.2374 31.61781  14.18174 89,4819
3 &6.815 FM 8,308 2.13288 1.77695  6.9361
2 4 & L] jli] min

CE 7/7/20828 19:45:31 SYSTEM

Page |[L of 2

Figure S 417: Condensed CE analysis for the NaOH extract of Table S 20, entry 2 — reaction of
196 with CO./O5 in toluene.
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Appendix

CE Analysis

Data File C:\Chem32\1\Data\2007%200787,208787-7_MME1E.D

Sample Name H"‘lﬁiﬂ

Acq. Operator

Sample Operator :

Acg. Instrument

: CE Location : 26

Injection Date

: T/7020 15:35:16 |

Acg. Method

i C:vChem32y1\Methods\CE\Marx-Oxalate?5C-Flushl@mV23-v13- 288428 .M

Last changed

1 28/4/2028 15:34:00 by SYSTEM

Analysis Method :

CiAChem32h1\Methods \CE\SwitchDFf- 208227 .M

Last changed

Sample Info

|

Additional Info :

: 77,2820 17:28:34 hy SYSTEM

(modified after loading)

: MMR solution of MME1E (B.86 mL) diluted with H2O (8.6 mL)

DD A Sage350,80 Ref=200,10 (200T200T0OT200707-7_MME18.0
HPCE C, Curment (20071200T0TQ00T0T-T_MMENE D)
HFCE1 P. Power (2002007 0200707-7_MME18.00

HPCE1 W, Valtages (200T300707
CE1, CEND, Leak Cumant (200707

J00T07-T_MME15.0)
T_NW¥E18.D

Harm.
»
= -
| g ¥
T*
i !
1 & o
- B :9: nel |
3R BT
80 [
=¥ w7
e BTy pe—
| =10
1 =1% )
100 - - /
5-15 )
L —_—
30 - - e ey
-]
1 —n .
F A\, e e 7 o
150 - b
i% in ih &0
thsen]
Signal 1: DAD1 A, S1g=358,88 Ref=288,18
200 Peak MigTime Type Width Area Height Area
# [min] [min] [mAl*s] [mau ] X
i o i [ [ |Eeat s [=esmmannna [ |
I 1 3647 MM @.a57a 5,72137 1.96534 6,B598
2 3I.BEZ MM B.8139 1.67915 2.8e981 1.7137
3 5.397 MM & BlER 1.47843 1.317E7 1.58a87
4 5.925 MM 8.857e B3.11115 25,37118 B9,.925B
2 . I 4 . & -] 140 mmin
I
CE 7/7/20828 19:47:30 SYSTEM Page 1L of 2

Figure S 418: Condensed CE analysis for the NaOH extract of Table S 20, entry 3 — reaction of
196 with CO,/O5 in toluene.



CE Analysis

Experimental section

Data File C:\Chem32\1\Data\2007%2007174208717-2 MMGE21.D

Sample Mame: MMA21

Acq. Operator

Sample Operator : SYSTEM

Acg. Instrument : CE Location : 16
Injection Date : 17/7/2020 14:11:44
Acg. Method i C:yChem32y1\Methods \CE\Marx -Oxalate?5C-Flush1@my12 - 208114, M

Last changed s 147172028 13:19:47 by SYSTEM

Analysis Method : C:\Chem32'1\Methods\CE\SwitchDFT-200227 .M

Last changed 2 17/7/2828 14:34:24 by SYSTEM

{modified after loading}

Sample Info : MMR solution of MME21 (8.18 mL) diluted with H2O (8.5 mL)

J

Additional Info : Peak{s) manually integrated

DD A Sage350,80 Ref=200,10 (200720071 M2007 17-2_MME21.0
HPCE C, Curmenl (2007120071 T200T17-2_MME21.D)

HFCE1 P. Power (2002007 17200717-2_MMWE21.00

HPCE W, Valtages (200T200717200717-2_MME21.0)

CE1, CE1D, Leak Curard. (2 2_NWME21.0
Homm. 5 b
100 L _.g
' 4
- e *ﬂﬁ'ﬁ 9 ?*'P — - -
T 5 3 A
1] ! ‘.'!
-100
200§ T
Lan, II
fl
L] _.:.'
=300 z = ; | f
[ !
- 'In' 3
o ry | |'I / "\
400 = ;’fl S i Sl
=H o L IR S £ f'/ | N E—
= —
30
15 a is )
-500 (i
00 Signal 1: DAD1 A, Sig=358,83 Ref=208,18
Peak MigTime Type Width Area Helght Area
e #  [#min] [min] [mau*s] [manu] X
1 4.142 MM 2.1134 383,84844 44,52235 25,7972 'I
2 4,787 MH B.1188 794,51887 111.48635 67.6357
3 5.0B4 MM @.8511  77.14374  21.85624 6.5671
2 : : 4 & -] jli] mmin
CE 17/7/2828 16:19:87 SYSTEM Fags |l of 2

Figure S 419: Condensed CE analysis for the NaOH extract of Table S 20, entry 4 — reaction of
sodium 13Cg-3-methyl-2-oxobuyrate and Cu(BF),-6Ho0 with CO/O5 in CgDg/CD30D.

449



Appendix CE Analysis

Data File C:\Chen32\1'\Data\2007%200717,208717-1_MMG28,D

Sample Name W“IEIQ

Acg. Operator
Sample Operator :
Acg. Instrument : CE

Injection Date : 17/7/2028 13:48:15 |
Acg. Method i C:yChem32y1\Methods\CEVMarx -Oxalate?5C-Flushl@my12 - 2068114 M
Last changed 1 14/1/2028 13:19:47 by SYSTEM

Analysis Method @ C:ZChem32h1\Methods\CE\SwitchDff-200227 .M

Last changed : 17/7/2838 14:34:24 by SYSTEM

(modified after loading)
: MMR solution of MME22 (8.18 mL) diluted with H2O (8.5 mL)

Location : 15

Sample Info

Additional Info : Peak{s) manually integrated
DDn A, Sage350,B0 Ref=200,10 (200200712007 17-1_MME20.0
HPGET G, Cusrent (200720071 72007 17-1_MME20 I
HECET P, Power (20072007 17200717-1_MMWER0.0H
HPCET Y, Waltags (20072007172 &

CE1, CEND, Leak Cumard  (200717-1_NSM20.D
Horm. - &
100 - 0 o
.Y,d? .b'@'
o - - Y-
s 4
i3 22|
1 .,' e b =
-100
L | ::-uca-rm-\rnm 4
KT - f
."I
] f
w ,r'lr
-300 1 i
£ m i f
i | I
0 1 i 1N
F i i I|
400 i d| P =3 >
W —— '__.-"" | i _'/"
EFL] 15 ATy LT o T 450 .78 a0 L ¥LY
-500 |
Signal 1: DADL A, S5ig=350,80 Ref=208,10 |
-500
! Peak MigTime Type Width Ared Helight Area
- [min]  [mALFs] [mau] X
e peoliet 255 [2mmnms Jomesaein fremmmnmsas e | ,
700 1 4.886 MM B.88T9 178.28157 32.2B881 15.8899
2 4.717 MM B.112% 758.3671% 118.72359 £9.5683
3 .87 MM B.8667 156.48848  39.06284 14,5218
2 I 4 ) & -] L] mmin
|
Fags 1L of 2

CE 17/7/262@ 16:18:52 SYSTEM

Figure S 420: Condensed CE analysis for the NaOH extract of Table S 20, entry 5 — reaction of

sodium 13Cg-3-methyl-2-oxobuyrate and Cu(BF 4)o-6Ho0 with CO/O5 in CD5Cla/CD30D.
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CE Analysis Experimental section

4.15.5 CE Analysls — Reactlons of 139 with KCg and CO»

Data File C:'\Chem32\1\Data\2006%200602200602-7 MM535-1.0
Sanple Name, MM535-1

Acg. Operator @
Sample Operator : SYSTEM
Acg. Instrument : CE Location : 29
Injection Date : 2/6/2029 18:33:44
Acg. Method i C:yChem32y1\Methods\CE\Marx -Oxalate?5C-Flush1@mV23-v13- 288428 .M
Last changed : IB/4 2028 15:34:08@ by SYSTEM
Analysis Method @ C:ZChem32h1\Methods\CEVSpuel -extended - 208227 .M
Last changed : B/6,/2828 16:37:44 by SYSTEM
{modified after loading}
Sample Info : MMR solution of MM535-1 (8.2 mlL) diluted with H2O (8.4 ml)

J

Additional Info : Peak{s) manually integrated
DDA A, Sige350,00 Ref=200,10 (20062200802 2006027 _MMS535-1.0)
HPCET C, Curment (200612 005022 00602-7_MMEXS-1.0)
HECE F. Power (20061200802:200602-7_MM535-1.0)

HPCE1W e (20060 0602-7_MMER5-1.0)
CE1, CEND, Leak Curard. (2 T 1.0
Harm. E .b‘_g;‘
| E”l“
100 = I
g
& ?-“PS
o = ,;E*' 1
. 2 5
‘ =
MRS + by O, 0, Smiemal Scondard)
100 =L
-1 !
|| /|
-200 i
H
E-m
E |
- A —
~di Fa'l
-300 P A | L -
= S— e e ——
50
400 3 EX] T [ [¥]
s5ignal 1: DADL A, 5ig=358,88 Ref=288,18
Feak MigTime Type Width Area Height Area
500 # [min] [min]  [mAl*s] [mali ] %
A PR A [seme|mmmmnnn [EiEadeaasg - - 1
1 4,915 MM B.B465  26.18521 9.34758  2.6773
| 2 4,587 MM B.831a  7@.11763  37.711B1  7.1914
A00 ? 3 4.974 MM 8.18lD EVE.BSETY 143.81422 96,1317 i | N
2 4 & -] 10 min
CE 5/6,/2828 17:48:11 SYSTEM Fags L of 2

Figure S 421: Condensed CE analysis for the MeOH extract of Table S 21, entry 1 — reaction of
1329 and KCg with CO2 in THF.
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Figure S 422: Condensed CE analysis for the MeOH extract of Table S 21, entry 2 — reaction of
139 and KCg with COsz in THF.

452



HR-MS Analysis

Experimental section

4.16 Mass Spectrometry

4.16.1

HR-MS Analysls — Reactlons of «-Ketocarboxylates

Display Report
Ainalysis Indo Aeotputaibos Dale 1908 2020 140350
Anaksis Hams Dt 10RI g MMETE_ B 01109851 d
Method hysiar_ni= Cpeeaioe BOALEOE
‘Bample Hame MEG1Z Iresingme § Gl migrDTOF 10237
Commen
Heguisition Parmsr
Ean Types EBl b Pokity Higarel Sl P R 1.6 B
Foew PAr: s St Chry Haalar 183"
Exun Bagin e Bl iy 3500 Y i Dy e B0
Foan Endl 100 Y2 Sl [ncd Pt Dffee -B00°%W St Cirawt Wb Soarce
i WS 010 Tmin #4-7)
o i
5 mo
&
&
181
H
' mer
RET o -— - 4173
o | | | 1801200 0 =1 — 813
Ty (1 TER I 11 TR TR Y oY T TPV T VO O W PP Y (IR . T3 A T3 4
b o 120 m 2= 30 E) am 40 miz
Bruker Compees Oasasnakes. 4.0 primied: TR0 2020 148507 Page 1 of1
Display Repaort
Anatysia indo Aecquision Dlate 19,08 2020 14:03560
Anakys Hare T \Daleh 20 TN 0 sam | BB MME1Z_B_01_105851.d
Muthes hystar_nil= Cparsio BOALEOE
Sample Hams MR Irertnamand ( Sack merTaF 10237
Gomment
Hoquisition Paramessr
S Typs [2]] kan Pty Hrcaies Sund Blab lrws 15 A
Forus P Sl Oy Hisbin 18150
Scan Bagin 5 iz Sl Capiiary 800 v Sind Ciry Gom. A0 Emn
Sran Excl 1890 mie Bl Erd Pt Offaat -So0v inf Chrrt 'inbvm Sourres
b WE 10 v BT
s 105707
oo 1ze8E0
0 ~
| |
1000 | \
I
108 2414 IW_';I?“ 11!)&:!_5_.3 .—'I L, e 112 8 _ FIERLT] 114 11480
I T T e T I e r e oY TITE T T T e T Tty TE T T CE ek i i s h s I A
M TI0EMN MH 110
500
200 110 67
1800 f|
oo |

1116

110

Eruner Cospi Dusdniheas 4.0

P

12 113

1008 3020 14,8550

P 1801

Figure S 423: HR-MS (ESI) analysis of the NaOH extract of Table S 19, eniry 1 — air exposure
of 129 in DCM/"heptane.
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Figure S 424: HR-MS (ESI) analysis (part 1) of the NaOH extract of Table S 19, entry 2 — air
exposure of 196 in DCM/"heptane.
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Figure S 425: HR-MS (ESI) analysis (part 2) of the NaOH extract of Table S 19, entry 2 — air
exposure of 196 in DCM/"heptane.
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Figure S 426: HR-MS (ESI) analysis of the NaOH extract of Table S 19, entry 3 — air exposure
of sodium 3-methyl-2-oxobuyrate and Cu(BF 4)»-8H,0O in DCM/MeOH/ heptane.

456



HR-MS Analysis

Experimental section

Display Report
Analysis Indo Aeguiaibon Dl 3007 2020 003751
[ar—— F D OO0 w300 T e MSEE_13_01_ 109608 4
Minthod hystar_nl= Cperaine BDALEDE
‘Bample Hame MEGEL Iresiname | Gl migrDTOF 10237
Commen
Heguisition Paramsr
Saagins Typss [=]] bt Fokirity Higues St Mt i 1.6 B
Foew PAr: s St Chry Haalar 183"
Exun Bagin e Bl iy 3800 Y i Dy e B0
Foan Endl 100 Y2 Sl [ncd Plate Dffue 300 St Cirawt Wb Soarce
bt BT, 0 5| Crum #3055
g
75337
3
&
# e
18T 35
TR 02
Il u l 17 004 0025
ol Jd L Ml | L gl l . .
w0 200 m 4m 00 a0 a2 0 w0 103 iz
Bruker Compees Oasasnakes. 4.0 primied: 00T I TEmEN Page 1 of1
Display Repaort
Analysia indo Aecquiaion Dlate 30,07 2020 03751
Anakys Hare T \Dalet 2 IO sam 300 T oIy MMSEE_13_01_109609.4
ithzs hyalis_nil= Crparali BOALEDE
Sample Hams MLSER Irertramand ( Sack mer TR 1023F
Comment
Hoquisition Paramessr
S Typs [2]] kan Pty Hrcaies Sund Blab lrws 15 A
Forus P St Oy Hesahir 18150
Scan Bagin & miz Capiiary 00 Sk Oy Gom. A0 Emin
Sran Excl 1890 mie Bl Erd P Offaat 500 inf Chramrt 'inbvm Soures
b A, 1 51 e A0
A
16 110ED0
i |\
as | |
18
WA 0BT 10 I OB “%_--’l M tmizme 111 BE1 572 QIFET] Tase |
o e e T T —— 7 T T " —
o R IR
=00
200 110400
l
1500 | |
1000 | |
- ||
|
J ! HLETI
RRlE 110E RRAE-) 11E el 112k HE
Brusir Cospiso Desadnihe 4.0 prrrd 3007 300 11:28 2% Paga a1

Figure S 427: HR-MS (ESI) analysis of the NaOH exiract of Table S 19, entry 4 — air exposure
of sodium 3-methyl-2-oxobuyrate and Cu(BF4)s-8H,0 in DCM/MeOH/"heptane.
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Figure S 428: HR-MS (ESI) analysis of the NaOH extract of Table S 19, entry 5 — air exposure
of sodium 13Cg-3-methyl-2-oxobuyrate and Cu(BF4)»-6Ho0 in DCM/MeOH/"heptane.

458



HR-MS Analysis

Experimental section

Display Report
Analysis Indo Aeguiaibon Dl 3007 2020 004231
[ar—— F AL OO0 w300 T e W1 1_14_01_109610.4
Methoe hystar_nl= Cperaine BOALEOE
‘Bample Hame MEG11 Iresiname | Gl migrDTOF 10237
Commen
Heguisition Paramsr
Saagins Typss [=]] bt Fokirity Higues St Mt i 1.6 B
Foew PAr: s St Chry Haalar 183"
Exun Bagin e Bl iy 3800 Y i Dy e B0
Foan Endl 100 Y2 Sl [ncd Plate Dffue 300 St Cirawt Wb Soarce
It MAE, 0 7-0 8 A{T4E)
cé
240 BaT1
[
IEATEE
[
&
164 500
S A B
ALTES ERDAMD
|
|- ] 1 J samn P P oo e BaE 1007 7
AL (W N /N T PR ST J.L.JJ i L
b 1m m 0 420 200 a0 ™ ] 00 1 iz
Bruker Compees Oasasnakes. 4.0 provied: 00T 0 10 EY Page 1 of1
Display Repaort
Analysia indo Aecquiaion Dlate 30,07 2020 DAz 2
Anakys Hare T \Daleh 20 TOIT sam 300 T oIy MeE11_14_01_109610.4
ithzs hyalis_nil= Crparali BOALEDE
Sample Hams MR Irertramand ( Sack mer TR 1023F
Comment
Hoquisition Paramessr
S Typs [2]] kan Pty Hrcaies Sund Blab lrws 15 A
Forus P St Oy Hesahir 18150
Fcan Bagin 0 iz G Capiiary 00 S Oy T, L]
Sran Excl 1890 mie Bl Erd P Offaat 500 inf Chramrt 'inbvm Soures
It g T
2500
- M
12000
000
B
1
aA FE5, 0 T-U s WA
112 gTE2
&
&
3
|
19T e asarr | a8 114 B 1sare IR
[ r = : T r — - =T r
RL| ) -] 113 L 15§ 118 1T 114 119 1w
Brusir Cospiso Desadnihe 4.0 prrrd 3007 3030 11: 2088 Paga a1

Figure S 429: HR-MS (ESI) analysis of the NaOH exiract of Table S 19, entry 6 — air exposure
of sodium '3Cg-3-methyl-2-oxobuyrate and Cu(BF4),-6H0 in DCM/MeOH/"heptane.
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Figure S 430: HR-MS (ESI) analysis of the NaOH extract of Table S 20, entry 1 — reaction of 129
with CO4/O5 in toluene.
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Figure S 431: HR-MS (ESI) analysis of the NaOH extract of Table S 20, entry 2 — reaction of 196
with CO/O5 in toluene.
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Figure S 432: HR-MS (ESI) analysis of the NaOH extract of Table S 20, entry 3 — reaction of 196

with CO4/Os in toluene.
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4.17 UV/Vis Spectroscopy

4.17.1 UV/VIs Spectroscoplic Analysls of 1,4,7-Tacn-ligated Cu Complexes

UV/Vis samples were prepared under Ar and transferred into a cuvette sealed with a Teflon-

coated rubber septum. Air exposure of the same samples for the indicated time was con-
ducted after the initial measurement under Ar. UV/Vis spectra presented within this section

and in Figure 33 were baseline corrected by subtraction of the UV/Vis spectrum of the utilized
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Figure S 433: UV/Vis spectra (450-800 nm) of 172 (1.7 mM in MeOH) and a solution of 127,
Cul and NaBPh, in MeOH (Table S 13, entry 5) before CO, bubbling (2.3 mM) and after 3 h of
CO, bubbling (ca. 2.1 mM - evaporation of the solvent during the bubbling procedure prohibits
a precise statement of the concentration) and the same samples exposed to air for the indicated
tir
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Figure S 434: UV/Vis spectra (450-800 nm) of 172 (1.7 mM in MeOH) and a solution of 127,
Cul and NaBPh, in MeOH (Table S 13, entry 6) before CO, bubbling (0.3 mM) and after 2 h of
COs5 bubbling (ca. 1.7 mM - evaporation of the solvent during the bubbling procedure prohibits a
precise statement of the concentration) and the same reaction mixture after stirfing under Ar for
19 h (ca. 0.2 mM in MeOH) and after 2nd 2 h CO, bubbling (ca. 1.5 mM in MeOH). The same
UV/Vis samples were exposad fo air for the indicated time and recorded again for comparison.
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Appendix

UV/Vis Speciroscopy
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Figure S 435: UV/Vis spectra (350-800 nm) of 172 (1.7 mM in MeOH) and a solution of 127, Cul
and NaBPh, in MeOH (Table S 17, entry 4) before O, treatment (1.7 mM) and after 1.5 h under

O- atmosphere (ca. 1.7 mM). The same UV/Vis samples were exposed to air for the indicated

time and recorded again for comparison.
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