Development of Innovative Methodologies
for Transition Metal Catalyzed Syntheses
of Fine Chemicals

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

Gutachter:
1. Prof. Dr. Matthias Beller (Leibniz-Institut flir Katalyse e.V.)
2. Prof. Dr. Wolfram Seidel (Institut fir Chemie, Universitat Rostock)

vorgelegt von
Séren Hancker, geboren am 18.05.1990 in Eutin

Tag der Einreichung: 30.01.2019
Tag des Kolloquiums: 14.05.2019

https://doi.org/10.18453/rosdok_id00002481

</\ataly5|s S U""F&%E%ESE 0

Leibniz-Institut fir Katalyse e.V.

/" Traditio et Innovatio



zef007
Schreibmaschinentext
https://doi.org/10.18453/rosdok_id00002481

zef007
Schreibmaschinentext


Abstract

Development of Innovative Methodologies for Transition Metal Catalyzed

Syntheses of Fine Chemicals

Soren Hancker

This thesis describes the development of novel methodologies for transition metal catalyzed
syntheses of industrially relevant substances. Herein, the efficiency of innovative catalysts
for environmentally-friendly hydrogen autotransfer conversions which enable molecular
transformations displaying significant advantages over classical synthetic routes is
investigated. Moreover, the thesis presents new heterogeneous materials for the atom
efficient amidocarbonylation which allows access to the important substance class of N-acyl
amino acids and thereby amino acid building blocks. The reported protocol significantly
improves the well-known methodology by decreasing a critical co-catalyst loading. Finally, a
new procedure for the selective synthesis of Z-alkenes via twofold utilization of palladium
atoms — initially as homogeneous and subsequently as heterogeneous catalyst — is

presented.

Die vorliegende Arbeit beschreibt die Entwicklung neuartiger Methoden fir die
Ubergangsmetall-katalysierte Synthese industriell relevanter Substanzen. Hierbei wird die
Effektivitat innovativer Katalysatoren flr umweltfreundliche Hydrogen Autotransfer
Reaktionen untersucht, die molekulare Umsetzungen ermoglichen, welche signifikante
Vorteile gegenlber klassisch-synthetischen Routen besitzen. Weiterhin evaluiert die Arbeit
neue heterogene Materialien fir die atom-effiziente Amidocarbonylierung, welche Zugang
zu der wichtigen Stoffklasse der N-Acyl-Aminosduren und damit Aminosdure-Bausteinen
bietet. Das veroffentlichte Protokoll erlaubt eine deutliche Reduzierung der Konzentration
eines entscheidenden Co-Katalysators. Schlussendlich prasentiert die Arbeit ein neues
Prozedere fir die selektive Synthese von Z-Alkenen Uber die zweifache Verwendung von

Palladiumatomen — zunachst als homogener und anschliefend als heterogener Katalysator.
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1. Preface

1. Preface

In 2016, the German chemical-pharmaceutical industries and its 447,000 employees
generated an overall turnover of 184.7 billion euro and therefore constitute one of the most
productive industrial sections. Moreover, the pharmaceutical industry and the fine- and
specialty-chemicals branch combined for almost 50% of the overall turnover, thus

emphasizing the economic relevance of both sections (Scheme 1).11

Overall Turnover of the German Chemical-
Pharmaceutical Industry and Its Subsectors in 2016

Petrochemicals Pharmaceutical
and Derivatives Industry

26% 26%
Wash- and
Bodycare- V
Chemicals

6%

Inorganic

Commodity

Chemicals Chemicals

6% Polymers 2%
14%

Data source: VCLIU

Fine- and
Specialty-

Scheme 1. Share of each branch in the overall turnover in 2016.

In recent years, the significance of these two industrial branches has been emphasized as
the production index of both industries has been increasing (Scheme 2). In contrast, other
branches affiliated with the chemical-pharmaceutical industry recorded declining production
indexes.[

In general, the production of both pharmaceuticals and fine chemicals requires complex and
multi-step syntheses since the target molecules include multiple and often challenging
functionalities.[23! Thus, processes have to be designed to selectively and efficiently afford
the product while minimizing the formation of waste. In addition, the desire to decrease the
energy consumption and the emission of greenhouse gases requires chemists to develop
novel and sustainable methodologies and processes for the synthesis of industrially relevant

products.[*8l
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[a] Production Index depicts an economic index providing information on the level and change
of the quantitative production. Level of 2010 is set as 100%.

Chemical-Pharmaceutical Industry
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= Fine- and Specialty-Chemicals
s n0rganic Commodity Chemicals
— Polymers

Petrochemicals and Derivatives

Scheme 2. Development of the Production Index.

Herein, catalysis constitutes a key factor to accomplish these tasks. The science of
accelerating chemical reactions provides a tool box of possibilities not only to increase the
reaction rates but also to provide alternative reaction pathways.l®! Thereby, new chemical
transformations are enabled while others can be performed with improved functional group
tolerance. Thus, the necessity of waste-intense stoichiometric conversions and
(de)protection transformations can be avoided while more direct synthetic routes are
facilitated. As a result, catalytic conversions are currently involved in over 80% of all
manufacturing processes in the chemical industry.[l?! Consequently, pharmaceutical and
chemical companies demonstrate an incessant interest in the development of new catalysts
and new catalytic methodologies.[23!

Due to the superior selectivity and activity under milder conditions, homogeneous catalysis
is widely applied in academic research as well as the industrial production of

pharmaceuticals and fine chemicals.[®!112l While the implementation on industrial scale
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implies specific challenges, homogeneous catalysis has exceeded established stoichiometric
methodologies in numerous examples.l2313] Herein, the most well-studied catalytic
conversions include hydroformylation, hydrogenation, oxidation, metathesis, carbonylation
and cross coupling reactions.** Furthermore, the significance of homogeneous catalysis has
been emphasized by the bestowal of several Nobel Prizes in Chemistry to contributors
accomplished in this specific field including Knowles, Noyori (2001, chiral hydrogenation),
Sharpless (2001, chiral epoxidation), Chauvin, Grubbs, Schrock (2005, metathesis) and most
recently Heck, Negishi, and Suzuki (2010, cross-coupling reactions).[t>17]

While the majority of these examples effect transformations of functional groups, cross
coupling reactions enable alterations in the basic carbon structure.['®2% |n the early 1970s,
the initial work was conducted by Heck and Mizoroki by converting aryl halides with olefins
to the corresponding substituted alkenes catalyzed by palladium salts.[2222l Ever since,
numerous C-C coupling protocols utilizing various nucleophiles have emerged. Sonogashira
and Hagihara introduced the coupling with acetylenes as nucleophiles?3! while Suzuki and
Miyaura employed organoboronic acids as coupling partner.l24 In addition, various
organometallic reagents such as organo-zinc,!?! -tin,[2627] -magnesium(282°] and -silicon3"
were found to be reactive organometallic reactants. Furthermore, C-H acidic compounds(3¥-
3] as well as amines,[*%*] alcohols*243] and thiols**4¢] were identified as suitable coupling
partners. Based on the wide application range and superior profitability, cross coupling
methodologies are extensively applied in both industry and academic research.[%:19:47-51]
Despite the success of homogeneous catalysts in industrial processes, heterogeneous
catalysis is viewed as advantageous and more eligible on large scale due to the superior
recyclability and reusability.2°3] However, insufficient catalytic performances often prevent
the implementation of heterogeneous catalysts in the fine chemical and pharmaceutical
industry.®! As an emerging strategy, the design and synthesis of well-defined heterogeneous
materials has proven to afford novel materials with increased selectivity and efficiency
combined with recyclability and durability.®**°! Surprisingly, the alternate approach to
convert a homogeneous complex into a heterogeneous catalyst subsequently to an initial
reaction in order to enable a second conversion by the newly formed material had been
reported as early as 1994.1% However, despite this elegant solution to an otherwise
challenging problem, this methodology has rarely been applied ever since.%62 Stjll, this

procedure turned the synthesis of the industrially relevant agrochemical Prosulfuron into an

(V8]
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economically feasible process as it combines the advantages of homogeneous and
heterogeneous catalysis.[®3!

Complementary to traditional cross coupling reactions, hydrogen autotransfer reactions
support the formation of sp*-carbon-nucleophile bonds.[®4%%] |n recent years, the field of
hydrogen autotransfer reactions, also known as borrowing hydrogen, and the related topic
of transfer hydrogenation conversions have been gaining increased interest.[%6%8] Herein, an
unreactive substrate is activated by dehydrogenation. Subsequently, the resulting
intermediate performs a specific reaction. Finally, the initially abstracted hydrogen is added
to the structural motif formed in the reaction of the intermediate. Advantageously, these
reactions usually form only small amounts of non-toxic by-products which benefits the atom
efficiency and reduces costs for waste-management. Moreover, inexpensive but unreactive
compounds such as alcohols can be activated without additional stoichiometric and waste-
intensive methodologies.[®9-71]

Aside from manipulations in the carbon structure, the insertion of functional groups
constitutes a crucial aspect of syntheses in the pharmaceutical and fine chemical industry.[23!
Herein, amino acids and peptides have been of fundamental interest to chemists since the
beginning of chemical research.l’274 Thus, the investigation of novel methodologies for the
synthesis of amino acids and their derivatives depicts an omnipresent necessity.[”! For this
purpose, the amidocarbonylation displays an advantageous process as the reaction proceeds
with 100% theoretical atom efficiency.[’®7’] In addition, the carbonylation employs readily

accessible starting materials such as amides and aldehydes to give N-acyl amino acids.[78!
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2. Hydrogen Autotransfer

2.1. Theory

By describing the dimerization of linear alcohols to alpha-substituted alcohols catalyzed by
sodium alkoxide at elevated temperatures, the first report of the Guerbet reaction dates
back as far as 1899.[7%1 However, the initial protocol proceeded via a different route than
modern hydrogen autotransfer protocols. Whereas the original methodology involves a
reaction step closely related to the Cannizzaro reaction,®-82 advanced (de-)hydrogenation
catalysts avoid the generation of carboxylic acids as stoichiometric by-products.l’283! |nstead,
hydrogenation of the intermediate affords the final product.[’0848] Prior to the era of
modern homogeneous catalysts,[®88687]  heterogeneous copper,[®889 nickell®® and
palladium®! materials were found to support the reaction at lower temperatures and
improved selectivity. Consequently, novel catalysts perform the Guerbet reaction according
to the general hydrogen autotransfer mechanism.[’%7185] |n principle, this mechanism

completes identical steps independent from the involved substance classes (Scheme 3).

Impossible Direct Pathway
Inactive |—H o _ |Inactive —H
Substrate —H - Product—H
Cat
Acrf;}a,ﬁon Selective
Dehydrogenation Hydrogenation
Cat-H2
Reactive | ~ | Reactive |
Substrate 4 Intermediate
Reactant
Possible Pathway

Scheme 3. General mechanistic concept of hydrogen autotransfer reactions.
Herein, an inactive substrate — commonly an alcohol — is activated through dehydrogenation
by the hydrogen autotransfer catalyst. Thereby, hydrogen is attached to the catalyst which
serves as an oxidizing agent. Subsequently, the reactive substrate forms the corresponding
intermediate by interacting with additional reactants. Henceforward, the resulting
compound is further reduced to the final product by the hydrogenated catalyst. The

“inactive” product can formally be dehydrogenated again which constitutes the reversibility
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of the entire process. However, the product is generated since the reduced form is
thermodynamically favored under reaction conditions.[6>:84:85.91]

Due to necessary hydrogenation and dehydrogenation activity, the hydrogen autotransfer
catalyst is required to support both reaction steps. Traditionally, specifically
ruthenium(11)#453 as well as iridium(1)[®2] and iridium (111){%°79 salts have proven to facilitate

various hydrogen autotransfer reactions (Scheme 4).

15! Phase Catalysts:

l, el 4 c, c \x PPh,
o /N, “ /N, S Cly, | PPhg

Ir Ir Ir Ir
AN / Ru
Y VN e N Phsp”  NCI
[IrCl(cod)]» [Cp*IrCl,] RuClI;(PPhj3),
2"d Phase Catalysts:
i
- P
SiMe, Ph  O~y-O,  Ph 1 rjpr
O P..\\ /
C :<<| _H Ph%PﬂHi{%Ph (\ M BFs
Fo SMes LI N N—Fe—Cc=0
e H 211 W
O/ o l Pr
'Pr
Kndlker Catalyst Shvo Catalyst Fe-MACHO-BH

Scheme 4. Selected examples of catalysts for hydrogen autotransfer reactions.
These catalysts oxidize the starting material to the corresponding reactive intermediate (e.g.
oxidation of a primary alcohol to the aldehyde) by formally abstracting H, as dihydrogen,
dihydride or hydride complex.[?3%4 Therefore, stabilizing ligands such as phosphines or
carbenes are commonly added to the noble metal salts. In contrast to these first phase
catalysts, the development of non-innocent ligands such as pincer®>-%8] or Knélker-type!l99:100]
ligands introduced an additional possibility for the storage of H» in hydrogen autotransfer
reactions. These more recent catalysts abstract H, by binding one hydrogen atom as hydride
to the transition metal while adding the second as a proton to the ligand. Whereas the
Knélker and Shvo complexes transfer the proton from the hydroxy function present in the
ligand,!*%! pincer complexes often contain a secondary amine capable of releasing a proton
and simultaneously establishing formal nitrogen-metal double bonds.[%%101 |n the case of
pyridine and acridine pincer ligands, the hydrogen is provided by a C-H proton.[192103] pye to
their direct influence on the catalytic process, these ligands are referred to as non-
innocent.[1% Based on the increase in activity caused by this type of ligands, less active non-

noble metals such as manganese,[19! jronl1%.1071 gand cobalt!1%] demonstrated drastically
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improved performances in hydrogen autotransfer reactions. Furthermore, such complexes
provide excellent activity in transfer hydrogenations.[67:10°]
While alcohols remain the primary target for activation in hydrogen autotransfer research,

alkanes and amines represent suitable substrates as well (Scheme 5).

1
J Alkane J Metathesis I’ Intermediate R
R Dehydrogenatlon J Hydrogenation
R1
-R _R
NH, Amine NH  Amine N Intermediate HN
— —_— I —-
1 Dehydrogenation 1 Alkylation J Hydrogenation
R R R‘I R1
SN Amine oo Oxidative Cyanation NN
| - | - | N
R Dehydrogenation R R1
R\\N/R Intermediate R“N’R
J| Hydrogenation
R1 R1
0} o]
OH__ Alcohol @ c-Alkylation R Intermediate R <
R Dehydrogenation R - Hydrogenation
R‘l
Intermediate OH
R Hydrogenation qu\(R

Scheme 5. Selected examples for substrates and reactions in hydrogen autotransfer
chemistry.

In principle, alkanes act as suitable substrates for the dehydrogenation through transition
metal complexes.[110112] Combined with powerful metathesis catalysts, the resulting alkenes
are converted into higher alkanes.[113-113] However, the insufficient selectivity limits extended
applications in the field of fine chemical synthesis.

Likewise, amines can be activated by the abstraction of hydrogen and the formation of the
corresponding imines.[11] Hereupon, the conversion with inert amines such as aniline
provides access to secondary amines.[117:118] |n addition, the application of tertiary amines

with hydrogen cyanide under oxidizing conditions offers amines containing nitriles as
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functional group in the a-position.[!1°] Nevertheless, the nucleophilic character of the amine
limits the application since the substrate competes with potential nucleophiles.

Noteworthy, the most extensive application range is found for alcohols as reducible starting
materials. More precisely, the alkylation of carbon- and nitrogen-nucleophiles with alcohols
has been extensively studied by several groups.[65:69-71.92120] Eor this purpose, the alcohol is
initially reduced to the corresponding aldehyde or ketone prior to a sequential condensation
reaction. In the second step, imines are generated in situ in the case of nitrogen-
nucleophiles while carbon-nucleophiles lead to alkenes. In general, the resulting C-X double
bond is hydrogenated to give the final product. Thus, this methodology employs otherwise
unreactive alcohols as efficient alkylation agent. Furthermore, water results as the exclusive
by-product while more traditional alkylation agents produce stoichiometric amounts of
metal salts.[121122] |n addition to C- and N-alkylation, the hydrogen autotransfer methodology
enables the alkylation of dienes(123127] and phosphonium ylides.[128.129] Moreover, the in situ
generated aldehydes can perform the Tishchenko condensation.[121,122130-133] Eing|ly, the
multitude of suitable nucleophiles and substrates enables the synthesis of numerous
heterocycles.[120,134-140]

Among the most powerful tools, the modification of the basic carbon network by alkylation
of C-H acidic compounds represents a widely investigated strategy.[®7992 Due to the
number of applicable substrates containing acidic a-protons, this methodology allows for the
condensation towards various substance classes. Thus, a variety of compounds containing

numerous structural motives becomes accessible via hydrogen autotransfer (Scheme 6).

Hydrogen Autotransfer C-Alkylation Reactions

N Il

(/
A
o,
fZZ
g

Scheme 6. Selected examples for C-alkylation of C-H acidic compounds with
alcohols.
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Herein, ketones have been intensively investigated for their reactivity in hydrogen
autotransfer protocols. Among others, simple ruthenium®*142] and iridium catalysts!143144
such as RuCly(dmso)s and [IrCl(cod)]. facilitate the formation of substituted ketones. In
contrast to these and other early protocols,’%14] modern hydrogen autotransfer catalysts
require only catalytic amounts of base. Furthermore, the utilization of advanced
non-innocent ligands in catalysts such as pincer- and Kndlker-type complexes allows the
activation of otherwise unreactive metals such as cobalt, iron, manganese or rhenium.[146-149]
While the activation of higher alcohols is achieved with various catalysts, the
dehydrogenation of methanol to formaldehyde requires powerful hydrogen autotransfer
catalysts. Nevertheless, the alkylation of ketones employing methanol was achieved by
different groups with rhodium, iridium and ruthenium complexes.['>®132] |n addition to
substituted ketones, the hydrogen autotransfer methodology enables access to a-
substituted alcohols when over-stoichiometric amounts of specific hydrogen donators are
applied.l5>71141] Moreover, it was shown that the application of chiral catalysts gives
enantiomerically pure alcohols.[153]

Aside from ketones, various C-H acidic compounds such as nitroalkanes,®2l malonic acid
derivatives,[92154155] esters, [64156] amides!!>7-158] and nitriles(!>%-165] have been converted
successfully to the corresponding alkylated substances through hydrogen autotransfer
protocols. While strongly C-H acidic substances such as nitroalkanes, malonic acid derivatives
and ketones can be sufficiently activated by catalytic amounts of base, less C-H acidic
compounds such as esters, amides and nitriles typically require over-stoichiometric amounts
of strong bases to deprotonate the a-carbon atom. Moreover, the conversion of these
challenging substrates generally demands powerful and highly active iridium and ruthenium

hydrogen autotransfer catalysts.
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2.2. Objectives

The main objective of the investigations in hydrogen autotransfer reactions was the
reproduction and improvement of the ester alkylation reported by Huang and co-workers.[”"]
The motivation for this study was reasoned by the described two-stepped synthesis of
valproic acid by alkylation of methyl valerate with n-propanol catalyzed by iridium complex 1

and ensuing hydrolysis (Scheme 7).

Classical Route Novel Methodology
o} o 0
- MN 1) Catalyst M
o) 4steps g a-Alkylaton O
> -
—_— 2) ag. HCI
Br~ " Hydrolysis HO_~

Scheme 7. Alternative synthetic route towards valproic acid.

The product represents one of the WHOs essential medicines!®® as the pharmaceutical is
applied to treat epilepsy, bipolar disorder and to prevent migraine.[!6’ As a part of the EUs
CHEM21 project,[1%8l the Beller group collaborated with researchers at Sanofi due to the
shared interest to find a more environmentally-friendly and economically-efficient synthesis
of this important pharmaceutical. Currently, the production of valproic acid is accomplished
via di-alkylation of ethyl cyanoacetate with two equivalents of bromopropane catalyzed by
sodium ethoxide and subsequent decarboxylation prior to the hydrolysis of the nitrile as
final step (Scheme 7).1169]

In order to succeed, the published results had to be reproduced and ensuing experiments
had to be conducted to identify new catalysts preferably composed of non-noble metals
which improve the productivity. Thereby, it was desired to avoid the generation of several
equivalents of salt by-products in the classical route and instead establish an alternative
synthetic route. In fact, this approach had provided the target molecule while producing
water and the residual catalysts as exclusive by-product. Moreover, non-noble metals such
as iron are considered nonhazardous compared to noble metals which represents a critical

aspect in the synthesis of pharmaceuticals.['’0271] Another critical aspect remains in the
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2. Hydrogen Autotransfer

availability and sustainability of second and third row transition metals. According to Hunt,
the known reserves for rhodium, iridium, platinum and ruthenium will be depleted within
the next 50 years. Likewise, the existing palladium resources will be consumed within the
next 100 years. While the time span allows the society enough time to find alternatives for
these rare metals, this survey emphasizes the limited availability of these resources.[172]

Aside from the main objective, the extension of the understanding of the application range
of the MACHO-type ligands and the hydrogen autotransfer methodology in general was
desired. In recent years, the Beller group successfully applied non-noble metal pincer
complexes for the hydrogenation of nitriles and esters, C-alkylation of ketones, N-alkylation

of amines, the Tishchenko reaction and the hydrogen production from methanol (Scheme

g).[149,173-181]

R
| _R
L H H
H2+COZ - CH30H 'N_M CcO Nitrile - X ,H

Dehydrogenation(®*! HGI Hydrogenation@®l R I

=]
>R H

R

M= Fe[a]l Mn[b]
A A

Scheme 8. Selected examples for non-noble metal pincer complex catalyzed reactions
from the Beller group.

Hereupon, the development of novel hydrogen autotransfer protocols employing non-noble
metals for the catalytic synthesis of fine chemicals represents a fundamental interest. Hence,
iron-based catalysts such as the Fe-MACHO-BH complex were extensively tested for their
activity in well-known hydrogen autotransfer reactions successfully catalyzed by noble metal

catalysts.
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2.3. Results

In order to reproduce the reported results, the iridium complex 1 was synthesized according

to the published procedure illustrated in Scheme 9.[70]

B(OH),
| N . Pd(PPhs),
- ~ OMe
N Br | N
OMe 2
HBr X on _(Bu)}PCI X 0
_N-HBr N g Py

[Ir(cod)Cl],

Catalyst 1

. J

Scheme 9. Synthesis of iridium complex 1.
The complex was obtained as described in the literature. Consequently, the generated
substance was tested for its activity in the described optimization reaction of benzyl alcohol

with 'butyl acetate according to Scheme 10.

OH o
. O Ir1 /k
)J\ - O
0
87al;7glb]

Conditions: 1 mmol benzyl alcohol, 1.2 mmol *butyl acetate, 1.5 mmol KO*Bu, 0.5
mol% 1 in 1 mL toluene at 60 °C for 12 h. [a] Reported isolated yield in %. [b]
Isolated yield in %.

Scheme 10. Optimization reaction for the a-alkylation of esters.
Accordingly, tbutyl 3-phenylpropanoate was successfully synthesized in 79% isolated yield
compared to a reported isolated yield of 87%. Despite the slight deviation, the activity of the
described complex in the a-alkylation of esters was proven. Consequently, the generated
catalyst was applied in the desired alkylation of methyl valerate with n-propanol according
to the described conditions. However, the conversion failed to give the target molecule or an
intermediate despite multiple attempts to repeat the published results. Instead, the
transesterification product n-propyl valerate was repeatedly identified by GC-MS analysis as

the exclusive reaction product (Scheme 11).
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0
9 Ir1 O
\/\)J\ * HO/\/ —_— O/ * \/\)’l\

Not Detected Transesterification Product

Conditions: 1 mmol methyl valerate, 1.5 mmol KO™Bu, 0.5 mol% 1 in 0.8 mL n-propanol at 60 °C for 16 h.

Scheme 11. Results for the attempted methyl valerate propylation.

Based on these results, extended manipulations were conducted to determine the crucial
aspect of the methyl valerate alkylation causing the deviation from the reported results and
the disagreement between the successful reproduction of the optimization study and the
failed reproduction of the methyl valproate synthesis. Therefore, a series of experiments
was executed in which the starting materials were subsequently altered to identify critical
changes. Herein, the conditions from the optimization study constituted the foundation
since this conversion proceeded effectively. Initially, the reactivity of n-propanol towards
dehydrogenation was investigated by reacting the alcohol with ‘butyl acetate under the

optimized conditions (Scheme 12).

" Ir 1 O
NNoH ¢t )J\ - = \/\)I\
O O
Conditions: 1 mmol n-propanol, 1.2 mmol *butyl acetate, 1.5 mmol KO*Bu, 0.5 mol% 1
in 1 mL toluene at 60 °C for 12 h.

Scheme 12. Successful a-alkylation of butyl acetate with n-propanol.
The corresponding product ‘butyl valerate was successfully detected by GC-MS in repeated
experiments. Consequently, n-propanol generally constitutes a suitable starting material for
the a-alkylation of esters with iridium catalyst 1 under the implemented conditions. Next,
the influence of the alcohol moiety within the ester was studied by exchanging tbutyl acetate

for ethyl acetate in the conversion with n-propanol (Scheme 13).

0 Ir1 MOA

o e L

Conditions: 1 mmol n-propanol, 1.2 mmol ethyl acetate, 1.5 mmol KO*Bu, 0.5 mol% 1
in 1 mL toluene at 60 °C for 12 h.

Scheme 13. Successful a-alkylation of ethyl acetate with n-propanol.
The expected ethyl valerate was detected by GC-MS as well as the product of the a-
alkylation of ethyl acetate with ethanol. Hence, the transesterification of ethyl acetate with

n-propanol provided n-propyl acetate and ethanol which subsequently participated in the
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2. Hydrogen Autotransfer

reaction as a suitable alkylation agent. Therefore, the corresponding esters n-propyl valerate
and butyrate were identified by GC-MS as well. Thus, the ester-alkylation proceeds
according to the hydrogen autotransfer protocol independently from the alcohol
incorporated in the ester. Eventually, the standard conditions were applied to the
transformation of ‘butyl valerate with n-propanol in order to assess the influence of a pre-

existing alkylation in the a-position of the ester (Scheme 14).

"o * \/\)?\Ok _ Ity \%/k

Conditions: 1 mmol n-propanol, 1.2 mmol ‘butyl valerate, 1.5 mmol KO*Bu, 0.5 mol% 1in 1
mL toluene at 60 °C for 12 h.

Scheme 14. Unsuccessful a-alkylation of 'butyl valerate with n-propanol.

Interestingly, the corresponding tbutyl valproate was not found by GC-MS. Consequently, the
desired conversion was not observed. Instead, significant quantities of the starting material
were identified as well as the transesterification product n-propyl valerate. Thereby, the pre-
existing alkylation in the a-position of the ester was determined to be the critical aspect
which presumably prevents the conversion of methyl valerate towards methyl valproate.
The results were confirmed in several iterations. Further manipulations with esters
incorporating pre-existing a-alkylations such as ‘butyl 3-phenyl-propanoate supported this
finding as the corresponding product was not detected.

Nevertheless, the development of alternative catalytic systems for the ester alkylation by
hydrogen autotransfer protocols was approached. Herein, the Fe- and Ru-MACHO-BH

complexes 2 and 3 were evaluated as catalysts (Scheme 15).

ipr ) Ph
| JPr '__\\\Ph
e N—R‘.‘—CEO
/N (Fe c—0 H/ P |U
H H | H
P".r . P"‘-’!
1 iPr | “Ph
ipr Ph
Fe-MACHO-BH 2 Ru-MACHO-BH 3

Scheme 15. Structure of Fe- and Ru-MACHO-BH
complexes.

These catalysts were chosen based on the superior reactivity displayed in different
applications involving the dehydrogenation of primary alcohols or the hydrogenation of C-X

double bonds as key step_[136,1?3,1?4,1?8,1?9,182—184]
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After initial tests suggested a superior activity for the Fe-MACHO-BH complex 2, the ongoing
investigation was continued utilizing this catalyst (Table 1, entry 1).

Table 1. Optimization of the iron catalyzed a-alkylation of esters.

OH Catalyst
Y
{ + I J< Base @/\)L J<
)J\ Solvent
(0]

Entry Alcohol [mmol] Ester [mmol] KO'Bu [mmol] T[°C] t[h] Yield® [%]
1] 1 1.2 1.5 60 16 5

2 1 1.2 1.5 60 16 8

3 1 1.2 0.75 60 16 5

4 1 1.2 1.5 60 5 15
5 5 1 1.5 60 5 <1
6 1 5 1.5 60 5 10
7 1 1.2 1.5 40 16 20
8 1 1.2 1.5 25 16 22
9 1 1.2 1.5 0 16 12
10 1 1.2 1.5 25 16 250

Standard conditions (entry 2): 1 mmol benzyl alcohol, 1.2 mmol ester, 1.5 mmol KO®Bu, 0.5 mol % Fe-MACHO-BH 2, in
1 mL toluene at 60 °C for 16 h. [a] Yield determined by GC with hexadecane as internal standard. [b] 0.5 mol% Ru-
MACHO-BH 3 [c] 1 mol% Fe-MACHO-BH 2 [d] NMR yield 24%, isolated yield 20 %.

Herein, the reduction of the base quantity led to an insignificantly lower yield of 5% (entry
3). Surprisingly, the outcome improved to 15% when the reaction time was reduced to 5
hours at 60 °C (entry 4). While further decreasing the duration led to similar results without
significant improvement, the extension of the reaction time presumable caused
decomposition of the final product by the strong basic conditions. As the next step, the
influence of the alcohol and ester equivalents was tested by conducting the conversion with
an excess of each starting material in two separated experiments. Under the effect of 5
equivalents of alcohol, the product was not detected (entry 5). In contrast, employing 5
equivalents of ester gave 10 % of the desired product (entry 6). Therefore, these
experiments suggest that the ester does not limit the product formation while an excess of
alcohol suppresses the generation of the alkylated ester. Noteworthy, the yield was further
increased to 20% when the reaction temperature was reduced to 40 °C (entry 7). In fact, the
product formation improved slightly to 22% when the reaction was conducted at room
temperature (entry 8). However, this tendency was not extended at 0 °C as only 12% of the
target molecule was synthesized (entry 9). In addition, the application of 1 mol% Fe-MACHO-
BH 2 only slightly enhanced the reaction outcome to 25%. Upon isolation, 20% overall yield

of the desired product was obtained and characterized.
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Unfortunately, this result was not further improved despite various attempts to increase the
outcome of the reaction. Herein, the application of different bases (including NaOBu,
LiIHMDS, NaBHs and NaH), solvents (benzene, heptane, diethyl ether, anisole and tbutanol),
catalysts (Shvo catalyst, Kndlker catalyst, Mn-MACHO-BH) and additives (AICls, BF3-OEt;)
failed to raise the yield to a more satisfying level. Due to these results, the methodology has
not been extended to other starting materials to date.

Entries 3 and 4 (Table 1) indicate that the reaction medium promotes the decomposition of
the target molecule under specific conditions since the product yield declined over
prolonged reaction times. In addition, the tendency of the observed higher yields at lower
temperature further indicates a decomposition of the product at higher temperatures and

increased reaction time (entries 4, 7 and 8).

EWG EWG

EWG\/EWG :l/

Hydrogen
Autotransfer

EWG = (CO)OR, (CO)R, CN R

Scheme 16. Suitable C-H acidic substrates for hydrogen autotransfer reactions.
Aside from the investigations on the a-alkylation of esters, the alkylation of various C-H-
acidic compounds utilizing the hydrogen autotransfer methodology and the homogeneous,
iron-based catalysts was tested. Herein, malonic acid derivatives such as ethyl cyanoacetate,
pivaloylacetonitrile and malononitrile as well as nitromethane, acetonitrile, acetamide and
benzylcyanide (Scheme 16) were identified as suitable substrates due to their increased C-H-
acidity and reported tendency to readily condensate with aldehydes to the corresponding C-

C double bond incorporating compound.
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Generally, literature studies have proven that the conversion of the displayed substances
with primary alcohols under hydrogen autotransfer conditions yields the corresponding C-
alkylated a-acidic compounds.[92154155157-165] However, the corresponding products were
mainly absent in the resulting reaction mixtures when the transformations were conducted

with the iron-based catalysts (Scheme 17).

N _N O
N
b )
Ph Ph
4 ND 5ND
O 0 N
[l =
Ao A N
6 ND 7ND | 8ND
N 0
AN _Et N
o]
Ph Ph
9 <5% 10 >5%

Scheme 17. Results for the iron-catalyzed hydrogen autotransfer
reaction.

Herein, the C-benzylated malonic acid derivatives 4 and 5 as well as the compounds 6, 7 and
8 were not detected by GC-MS although various conditions including various catalysts, bases
and solvents as well as altered concentrations were tested.

In order to better understand the failure of the desired conversions, mechanistic
experiments were conducted. For all desired transformations, the presence of the required
benzaldehyde in the corresponding reaction mixtures was confirmed by GC-MS. Thus, the
formation of the condensation partner was achieved by the employed hydrogen
autotransfer catalyst since no quantities of benzaldehyde were detected when the applied
benzylic alcohol or an unreacted experiment solution were analyzed by GC-MS. Thus, the
alcohol dehydrogenation required for the hydrogen autotransfer methodology successfully
proceeded. Moreover, the reaction of benzaldehyde instead of benzylic alcohol with the
corresponding C-H acidic substances yielded the desired condensation products in significant
guantities under hydrogen autotransfer conditions. Therefore, since the condensation

product was not observed in the regular experiments utilizing benzylic alcohol, the
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experiment results indicate that either the concentration of the generated benzaldehyde
was too low to support the condensation with the present reactant or the catalyst impeded
the condensation reaction.

Nevertheless, the conversion of ethyl cyanoacetate afforded the corresponding a-alkylated
derivative 9 (Scheme 17) in amounts sufficient for the identification of the molecule by GC-
MS. Although the generation of the desired substance was confirmed, the overall yield
remained unsatisfying as only minimal quantities were generated. Despite significant efforts,
the reaction outcome was not improved and only traces of the product were detected by
GC-MS.

In contrast, the transformation of benzyl cyanide with benzylic alcohol proceeded smoothly.
However, aside from the desired hydrogenated condensation product 10, the associated

intermediate 11 was detected in significant quantities as well (Scheme 18).

Cs,CO4

- HOW Fe-MACHO-BH _ N . N
Z Ph famyl-Alc. |

Ph Ph
10 11

Scheme 18. C-Alkylation of benzyl cyanide.

Unfortunately, the intermediate to product ratio was not further elevated than 1:1 despite
extended efforts to improve the overall yield of the desired nitrile 10. Essentially, various
bases (including K»CO3, KO'Bu, NaBH4, NaHMDS and KOH), solvents (including toluene, THF,
dioxane and anisole), catalysts (Fe-MACHO-BH, Kndlker-catalyst, ferrocenecarboxaldehyde)
as well as temperatures and reaction periods were evaluated. Nevertheless, the
corresponding intermediate was not completely converted to the desired product while the
conversion of benzyl cyanide approximated full consumption.

Eventually, the experiment results indicate that while the dehydrogenation of the benzylic
alcohol proceeds efficiently enough to allow the condensation of the resulting benzaldehyde
with benzyl cyanide to the double bond incorporating product, the reaction rate of the
ensuing hydrogenation of the afforded intermediate was not increased enough to achieve
the complete conversion to the desired product. Herein, the cause remains unidentified as a
decomposition of the catalyst as well as insufficient hydrogenation activity of the catalyst
result in an unsatisfying hydrogenation outcome. However, the detection of significant

intermediate amounts supports the generally accepted reaction pathway since the double
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bond is generated from the condensation of aldehyde and C-H acidic compound and
simultaneous elimination of water. In contrast, a direct substitution of the alcohol moiety by
the a-carbon nucleophile has never been reported and does not afford the double bond
intermediate 11.

Continuing the studies on the dehydrogenative abilities of iron-based catalysts, the
dehydrogenative couplingreaction of primary alcohols with methanol to generate the

associated methyl esters was investigated (Scheme 19).

Base 0
OH Fe-MACHO-BH
o + > + 2H
R OH 7 ¢ch, Solvent R)-LO’CHS 2

Scheme 19. Dehydrogenative coupling of primary alcohols to
methyl esters.

Although this reaction has mainly been reported to be catalyzed by heterogeneous materials
under aerobic and therefore oxidative conditions, 18518 recent results for the homogeneous
synthesis of lactones from dioles by the Fe-MACHO-BH complex indicate the ability of the
iron-based catalyst to facilitate this oxidative conversion.['’8] Moreover, this transformation
was successfully achieved by ruthenium-based complexes and the application of sacrificial
hydrogen acceptors.[132133]

In the initial experiments, the desired methyl benzoate was generated in trace amounts and
identified by GC-MS. In addition, the analysis revealed the presence of benzaldehyde.
Herein, Fe-MACHO-BH was applied as catalyst whereas K>COs in tamyl alcohol was employed
as base-solvent system at 130 °C for 16 h. Unfortunately, further optimization of the
transformation did not provide more satisfying results despite extended approaches to
optimize the reaction conditions. Herein, the catalyst, base and solvent as well as their
concentrations were altered to identify positive effects and tendencies. Moreover, additives
(including H,O, 0O, crotononitrile, tolan) as well as conducting the reaction under
atmospheric pressure and argon flow in order to remove evolved hydrogen gas did not
improve the reaction outcome. In contrast, the application of toluene as solvent without
additional base led to the formation of significant amounts of benzyl benzoate instead of the

desired methyl ester (Scheme 20).

K,CO3 Q
OH Fe-MACHO-BH
t > o)
amyl-alc.

Scheme 20. Dehydrogenative coupling towards symmetric esters.
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Consequently, the experiments suggest that while trace quantities of methyl benzoate were
formed in initial experiments, the presence of methanol impedes the catalyst since the
symmetric ester was generated in relevant amounts in the absence of the alcohol.

Aside from the studies utilizing the homogeneous iron complex 2, the performance of
various heterogeneous catalysts originating from the pyrolysis of distinct transition metal
complexes in standard hydrogen autotransfer reactions such as ketone and amine alkylation
was investigated. For this purpose, five different pyrolyzed heterogeneous catalysts were
chosen and initially applied in the alkylation of benzophenone with benzylic alcohol (Scheme

21).

0 Base

+ OH Het. Catalyst
_—
Solvent O ‘
Scheme 21. Alkylation of ketones with alcohols catalyzed by pyrolyzed
heterogeneous catalysts.

As catalysts, iron and ruthenium on charcoal as well as iron, cobalt and nickel on Al;03 and
cobalt on Co30s4 were tested. Herein, the catalysts were prepared by pyrolysis of
molecularly-defined complexes which were previously adsorbed to the surface of the
support. As a result, the transition metals form nitrogen-doped clusters serving as
catalytically active centers. The catalyst screening results are displayed in Table 2.

Controversially, the initially obtained promising yields in the first iteration especially for the
carbon supported catalysts (Table 2, entries 2 and 3) were not confirmed. Despite significant
efforts, the continuative experiments offered no significant reaction outcomes. In order to
reproduce the initial results, various solvent- and Cs,COs-batches were tested but the
moderate yet encouraging yields have not been reproduced despite various iterations and
modifications. While the desired product was still present in the reaction mixture, the
experiments constantly yielded less than 5% of the targeted substance. Since the cause for
the severe loss of productivity was not identified, the further investigation of this specific

reaction was concluded.
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Table 2. Catalyst screening for the C-alkylation of ketones by pyrolyzed heterogeneous

catalysts.
a Cs,CO; 0
+ OH  Het. Catalyst
—_—
Toluene

150 °C for 16 h
Entry Catalyst Yield Run 1! [%] Yield Run 2! [%]
1 Co@Co50,4 27 <5
2 Fe@C 39 <5
3 Ru@C 45 <5
4 Fe@Al,03 22 <5
5 Co@Al,0; 35 <5
6 Ni@Al,O3 15 <5
7 - ND!®! ND!
Standard conditions: 1 mmol acetophenone, 1.2 mmol benzylic alcohol, 10 mol% Cs;COs, 3 mol% catalyst
(referring to the amount of metal in relation to acetophenone) in 1 mL toluene at 150 °C for 16 h. [a] Yield
determined by GC with hexadecane as internal standard. [b] Not Detected.

In addition to the C-alkylation with alcohols, the activity of the employed heterogeneous
catalysts was briefly evaluated in several reactions requiring the dehydrogenation of primary
alcohols. These conversions included the N-alkylation of amines, the synthesis of lactones

from diols and the Guerbet reaction of n-hexanol (Scheme 22).

@/\/NHZ . @/\OH Het. Catalyst Oé@
—

Het. Catalyst OH
_—

/\/\/\OH

OH  Het. Catalyst
——————
OH 0]

Scheme 22. N-Alkylation of amines by pyrolyzed, heterogeneous catalysts.

Unfortunately, the conducted manipulations did not generate the corresponding products.
In accordance with previous results for the homogeneously catalyzed alkylation of C-H-acidic

compounds, trace amounts of the required aldehyde were detected by GC-MS.
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2.4. Outlook

Regarding the ester alkylation with alcohols, the application of novel and advanced iron-
based complexes offers the possibility of superior catalysts which are more active in the
desired transformation. However, the question remains how significant the influence of the
catalyst on the substrate condensation is. While the catalyst is proposed to be active in the
hydrogenation and dehydrogenation, the condensation is generally considered to be not

directly affected by the catalyst (Scheme 23).

Nu + j NP DR+ H0
R
12 13 14 15
K = Cis " Cys
Ciy "Gy

K¢ = Chemical Equilibrium Constant

¢,, = Concentration of 12
¢,3 = Concentration of 13
¢,4 = Concentration of 14
¢,5 = Concentration of 15

Scheme 23. Law of mass action for the condensation reaction
of hydrogen autotransfer conversions.

Nevertheless, the concentrations of the reagents and products reason the chemical
equilibrium. Due to the chemical equilibrium constant, an increased aldehyde concentration
and a decreased product concentration lead to a more rapid generation of the overall
product (Scheme 23). Consequently, the catalyst indirectly affects the condensation reaction
since the aldehyde concentration is reasoned by the ability of the catalyst to dehydrogenate
the corresponding alcohol. Moreover, the ability to hydrogenate the reactive intermediate
to the desired reduced product influences the intermediate concentration. Via this pathway,
the catalyst indirectly affects the condensation reaction.

To improve the alkylation of acetates with alcohols catalyzed by the Fe-MACHO-BH catalyst,
the knowledge about the exact decomposition pathway leads to alternate reaction
conditions preventing the degradation of the product. Moreover, the decomposition
pathway might additionally effect and degrade the reactant. Thus, identifying and
circumventing the degradation mechanism enables a more selective synthesis of the target

molecule.
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In general, the development of more effective and advanced non-noble metal-based
complexes represents the central challenge as more efficient (de-)hydrogenation catalysts
increase the concentration of the required aldehydes and improve the conversion of the
reactive intermediate. In several targeted conversions, the reactions proceeded to the
corresponding intermediate when the associated aldehyde was employed under hydrogen
autotransfer conditions. However, the transformations did not give the desired product
when the corresponding alcohol was employed despite the formation of detectable
aldehyde quantities in the reaction solution. Thus, novel catalysts generating higher
concentrations of the necessary aldehyde improve the condensation of the substrates to the
desired compounds.

Regarding the heterogeneously catalyzed conversions, the synthesized catalysts displayed
activity in the C-alkylation of ketones which emphasizes their general potential as
(de-)hydrogenation catalysts. Therefore, a wider screening of novel materials as well as
reaction conditions offers the possibility of more satisfying results. In addition, the
reproducibility has to be assured and the cause for the deviation between the obtained

results for the C-alkylation has to be determined.
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3. Amidocarbonylation

3.1. Theory

Due to the elementary importance for biological life, amino acids are of fundamental
interest for chemists and biologists.[727>121] |n addition, N-acyl amino acids are applied in
various fields and therefore represent a substance class which draws extended industrial
interest. For example, the structural motif of N-acyl amino acids is present in numerous
substances such as surfactants like N-lauroyl sarcosine, pharmaceuticals Piracetam, Captopril
and N-acetyl cysteine as well as food additives such as Aspartame (Scheme 24).[5] Moreover,
N-acetyl amino acids constitute the reactant for the enantiomerically pure production of

amino acids through enzymatic resolution.[781%]
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Scheme 24. Industrially important substances incorporating N-acyl
amino acids.

Furthermore, since amino acids depict the fundamental component of proteins as well as
peptides and constitute significant building blocks for organic syntheses, chemists have paid

plenty of attention to develop novel methodologies for their production.[122191
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Scheme 25. Selected examples for the synthesis of amino acids.
Aside from numerous industrially applied methods, the Strecker synthesis employing
aldehydes, potassium cyanide and ammonium chloride as reactants serves as one of the
most well-known and established procedures for the synthesis of racemic amino acids
(Scheme 25).[192193] | jkewise, the Gabriel synthesis for primary amines constitutes a well-
investigated synthetic approach which can be modified for the production of amino acids by

s.121 However, these and other classical methods

utilizing bromo malonic acid derivative
produce stoichiometric quantities of organic by-products and inorganic salt waste.

In contrast, the amidocarbonylation,””] also referred to as Wakamatsu reaction,!’®! describes
an alternate approach offering theoretically perfect atom economy. Herein, the single
remaining by-product is the applied catalyst. Moreover, this procedure employs readily
accessible starting materials such as (in situ formed) aldehydes, acetals or epoxides in
combination with amides or nitriles.[’l

While the initial report by Wakamatsu in 1971 described the conversion towards various N-
acyl amino acids catalyzed by Co2(CO)s,’® Beller and co-workers reported the successful
amidocarbonylation utilizing PdBr2(PPhs)2 and lithium bromide. This novel catalytic system
expanded the substrate scope of the methodology.l77:190.194193] Eyer since, protocols utilizing
platinum and gold catalysts have emerged.[1%61971 Nevertheless, the focus of research
continued with either palladium or cobalt catalyzed amidocarbonylation as these
approaches offer superior selectivity and effectivity.[198201]

The mechanism of the conversion was the subject of several publications and case

studies.[78201.2021 The generally accepted mechanism is illustrated in Scheme 26.
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Scheme 26. Generally accepted mechanism for the Pd-catalyzed
amidocarbonylation.

Herein, the active palladium catalyst adds oxidatively into the C-Br bond. This bond is
generated in situ from the condensation product of the aldehyde and the amide. In
particular, the bromine replaces the oxygen in the hemiamidal either directly through
nucleophilic substitution or by addition of hydrogen bromide to an in situ formed C-N double
bond resulting from the elimination of water. In an elegant mechanistic study, Freed and
Kozlowski showed that imines as well as enamides represent suitable substrates for the
amidocarbonylation.l??3] However, it is hereby noted that this does not prove that the
conversion generally necessitates the formation of the double bond as this functional group
can reverse to the hemiamidal upon the addition of water. Furthermore, the authors suggest
the direct addition of an undefined palladium hydride bromide complex to the C-N double
bond as an alternative pathway which does not require oxidative addition by the
palladium.[2%3] Nevertheless, the generated palladium complex is stabilized by coordination
of the carbonyl oxygen to the metal center. Following the insertion of carbon monoxide into
the Pd-C bond, the novel palladium complex is hydrolyzed. Thereby, the final product is
released and further incorporates all atoms being present in the aldehyde and amide in the
beginning of the reaction. Moreover, the water molecule stemming from the condensation
is added to the final product in the palladium acyl hydrolysis. Furthermore, even the
previously added hydrogen bromide is regenerated. Thus, the reaction proceeds with 100%
theoretical atom efficiency. Interestingly, the study by Freed and Kozlowski further indicates

that the in situ generated equivalent of water appears insufficient to facilitate the reaction
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completely as only 10% of the desired product was formed under what is referred to as
rigorously anhydrous conditions.[293]

Among other economically attractive products, the surfactant N-lauroyl sarcosine and the
pharmaceutical Piracetam are accessible via amidocarbonylation. Complementary to the
classical synthetic routes, both substances can be prepared without the generation of

significant amounts of waste (Scheme 27).
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Scheme 27. Comparing classical and amidocarbonylation route for the synthesis
of Piracetam and N-lauroyl sarcosine.
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Both substances are synthesized through nucleophilic substitution reactions with alkyl or
acyl halides, respectively. Aside from an energy-intensive synthesis of those reactants, the
transformations generate stoichiometric salt by-products. However, long chain sarcosinates
are perceived as green detergents due to their good dermatological compatibility and foam-
forming qualities.’” Thus, this substance class is produced in quantities of approximately
10.000 tonnes per year.l78l

Although the amidocarbonylation displays a diminished reactivity with N-alkylated amides,
Lin and Knifton obtained 95% of N-lauroyl sarcosine when paraformaldehyde was reacted

with N-methyl dodecanamide catalyzed by Co(CO)s under 200 bar of syngas at 120 °C.
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3. Amidocarbonylation

Further investigations led to a two staged pilot plant by Hoechst AG to provide the
surfactant on industrial scales.[’8204205] According to the literature, the synthesis of
Piracetam via amidocarbonylation has not been commercialized so far.

Unlike the cobalt catalyzed Wakamatsu reaction, the palladium-mediated
amidocarbonylation requires significant amounts of lithium bromide (generally 35 mol%)
and additional trace amounts of sulfuric acid (1 mol%).120222] |ndeed, these co-catalysts
proved to be essential in the first heterogeneously promoted amidocarbonylation utilizing

pd/C.l1%5
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3.2. Objectives

In the beginning of the study, two main objectives for the investigation in the
amidocarbonylation were established. Since the development of the palladium catalyzed
amidocarbonylation, experiments were mainly conducted utilizing either classic
triphenylphosphine or no additional ligand. Since the spectrum of efficient phosphine-based
ligands has been drastically extended in the last 20 years, the screening of various well-
known ligands was executed in order to identify more powerful catalytic system for a TON-
and TOF-efficient amidocarbonylation. In recent years, specifically pyridine containing
phosphine ligands revealed outstanding qualities in acid-catalyzed carbonylation reactions
such as the methoxycarbonylation.[20629] Therefore, various ligands developed in recent
years were tested in the palladium catalyzed amidocarbonylation.

On the other hand, the possibility to develop a process for the synthesis of N-lauroyl
sarcosine was examined reasoned by the collaboration of the Beller group with Eastman
Chemical and the desire to find an efficient alternative route to produce the surfactant.
Herein, especially the demand for high amounts of additives and the question of reusability

of the catalyst displayed problematic aspects of the hitherto developed protocols (Scheme

28).
Amidocarbonylation routes for N-lauroyl sarcosine:
0 O 4 H
0]
)L . J\ 3 mol% Coa(CO)s _ )k OH
n-Cq1Hz3 TH 4~ Sy 200 bar CO/Hy, 2h n-CyqHz3 'T
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Scheme 28. Protocols for the amidocarbonylation of N-methyl dodecanamide.
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3.3. Results

Initially, various ligands were tested as additives for the palladium catalyzed
amidocarbonylation in order to determine their effect on the efficiency and reactivity. A

selection of the tested ligands is shown in Scheme 29.

PdBr,
ngand
)LNH L|Br H2804 ).L OH

Q0 OO By
g 0 L

L160% L2 40% L3 40%
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L6 24% L7 44%

Conditions: 2.5 mmol benzaldehyde, 2.5 mmol acetamide, 0.25 mol% PdBr;, 0.5 mol% L1-
L3 or 0.25 mol% L4-L7, 35 mol% LiBr, 1 mol% H;504 in 2.5 mL NMP under 60 bar CO at
120 °C for 16 h. NMR-yields determined with ethylene carbonate as internal standard.

Scheme 29. Results for the tested ligands in the palladium-catalyzed
amidocarbonylation.

The conversion of benzaldehyde and acetamide to N-acyl a-phenylglycine was chosen as a
model system based on the challenging nature of the aromatic aldehyde substrate.

Moreover, the catalyst concentration was selected with 0.25 mol% to enable the
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differentiation of the performances of the ligands. Otherwise, the results were leveled if the
catalyst concentration caused full conversion with all ligands. Unexpectedly, none of the
widely-applied ligands L2-L7 gave higher yields than triphenyl phosphine. Strongly electron-
donating ligands such as tricyclohexylphosphine (L2) or BuPAd, (L3) as well as bidentate
ligands L4-L7 gave somewhat decreased yields. Most importantly, pyridine-containing ligand
L4 did not improve the reaction outcome compared to the standard phosphine L1 despite
the excellent performance of this ligand in carbonylations catalyzed under acidic conditions
such as alkoxycarbonylations.[2062991 Moreover, a control experiment revealed that the
reaction proceeds comparably when no phosphine ligand is present in the reaction mixture.
Under the described conditions (Scheme 29), 56% of the product was obtained without an
additional organic phosphine compound.

These results were accounted when the reaction towards N-lauroyl sarcosine was
investigated more closely. Initially, the reaction was conducted with PdBr; and L1 under 60
bar CO at 130 °C for 16 h (Table 3, entry 1).

Table 3. Optimization of the PdBr,-catalyzed conversion towards N-lauroyl sarcosine.

O o PdBr,, PPhj )OI\

o oy " I LB oo
Entry PFA [mmol] PPhs [mol%] T[°C] Yield® [%)]
1 1 1 130 5glt]

2 1 1 140 54!

3 1 1 100 68!

4 1 - 100 g1!t!

5 1 - 80 g2!t!

6 2 - 80 82

7 - 60 97

8 2 - 40 = 40%0<)

Standard conditions (entry 1): 2.5 mmol N-methyl dodecanamide, 2.5 mmol paraformaldehyde (PFA),
35 mol% LiBr, 1 mol% H;50s, 0.5 mol% PdBr;, 0.5 mol% PPhs, in 2.5 mL NMP under 60 bar CO at 130 °C
for 16 h. [a] Yield determined by NMR with ethylene carbonate as internal standard. Integration
results based on R-CH»,-COOH. [b] Significant amounts of the starting material remained unconverted
[c] Overlapping signals from the product, starting material and presumably intermediates.

Herein, the conversion afforded 58% of the desired product. Still, significant amounts of the
starting material remained unconverted in the crude reaction mixture. However, raising the
temperature to 140 °C did not improve the reaction outcome (entry 2). Surprisingly, the
yield was increased by 10% when the temperature was lowered to 100 °C (entry 3).
Nevertheless, significant quantities of the starting amide were still present in the solution.

Based on the observation that ligands do not necessarily benefit the activity, an experiment
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without triphenylphosphine was executed which yielded 81% of the surfactant (entry 4).
Similar yields were observed when the reaction was exercised at 80 °C (entry 5). Upon
employing two equivalents of PFA, the yield did not improve but the starting material was
completely converted (entry 6). Advantageously, the surfactant was obtained almost
guantitatively when the reaction temperature was decreased to 60 °C (entry 7). However, an
additional decrease of 20 °C led to a diminished reaction outcome of 40% (entry 8). Herein,
significant quantities of the substrate were found in the crude product mixture.
Nevertheless, the industrial application requires more efficient systems regarding the
reusability and efficiency of the catalyst as well as the quantity of additives necessary for a
complete conversion and high vield. Herein, the possibility of employing heterogeneous
palladium catalysts for the requested transformation was further examined (Table 4).

Table 4. Screening for efficient heterogeneous palladium catalysts in the
amidocarbonylation.

)OI\ o _Pd-Cat. i on
n-Cq1Hzg lilH * HJJ\H Lf&:zgg"' > n-Cq1Hz3 T/\([)]/
Entry Pd-Catalyst Yield® [%)]
1! PdBr; 77
2 Pd black 52
3 Pd/C (ox.) 42
4 Pd/SiO; 48
5 Pd/Al,0O; 22
6 Pd/N@Gr 48
7 Pd/Faujasite A 30
8 Pd/ZSM-5 A 12
9 Pd/Faujasite B <5
10 Pd/ZSM-5 B 50

Standard conditions (entry 2): 1 mmol N-methyl dodecanamide (NMDA), 2 mmol paraformaldehyde (PFA),
35 mol% LiBr, 1 mol% H;S0., Pd-catalyst (1 mol% metal) in 1 mL NMP under 60 bar CO at 100 °C for 16 h. [a]
Yield determined by NMR with ethylene carbonate as internal standard. Integration results based on R-CH:-
COOH. [b] 0.5 mol% PdBr.

For comparison, the amidocarbonylation catalyzed by PdBr; was repeated on the applied
decreased scale (entry 1). Herein, the experiment afforded 77% of the N-acyl amino acid.
Initially, the catalyst testing was performed employing 1 mol% sulfuric acid and 35 mol%
lithium bromide under 60 bar CO at 100 °C for 16 hours while converting 1 mmol NMDA with
two equivalents of PFA. The catalysts quantity was elected to represent exactly 1 mol% of
palladium, independently from the metal loading of the material. These initial parameters

were chosen based on the prior results and the report on the Pd/C-catalyzed
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amidocarbonylation from 1999.11%] Simple palladium black led to a modest yield of 52%
(entry 2). When the reaction was carried out utilizing 1 mol% of charcoal supported
palladium, a slightly decreased yield of 42% was recorded (entry 3). Further studies
examined the effect of the acidic or basic nature of the support. Therefore, Pd/SiO, gave the
surfactant in a similar yield of 48% (entry 4) while aluminum oxide afforded only 22% of N-
lauroyl sarcosine (entry 5). Surprisingly, the more basic nitrogen-doped graphene supported
palladium catalyst provided 48% of the glycine derivative (entry 6). Unexpectedly, the
catalyst supports the conversion to the product despite the nitrogen doping of the graphene
which constitutes basic centers expected to impede the acid-catalyzed transformation.

In addition, palladium catalysts based on acidic materials were synthesized to investigate
these acidic supports for beneficial effects. Thus, the metal nanoparticles were prepared by
applying both wet impregnation (A) and incipient wetness impregnation (B) on each material
to give four diverse catalysts. Except for Pd/Faujasite B (entry 9), all generated catalyst
demonstrated activity in the model reaction. Nevertheless, only 12% of the theoretical
quantity was formed when Pd/ZSM-5 A was applied in the transformation towards N-lauroyl
sarcosine (entry 8). The employment of Pd/Faujasite A generated 30% yield (entry 7) while
utilizing Pd/ZSM-5 B led to a moderate reaction outcome of 50% (entry 10). Thus, a yield
similar to the initially tested palladium black was observed.

In addition, the possibility to replace sulfuric acid as by the acidic supports was investigated
by conducting experiments without the co-catalyst. The results are depicted in Table 5.

Table 5. Screening of heterogeneous palladium catalyst incorporating acidic supports for
the H,SO4-free amidocarbonylation.

o} o 0o
. I Pd-Cat., LiBr _ PIS OH
n-Cqq1Hz3 NH y NMP CO n-Cq1Hz3 N/\n/
I |5

Entry Pd-Catalyst Yield™ [%]
1 Pd black <5
2 Pd/Faujasite A <5
3 Pd/ZSM-5 A 23
4 Pd/Faujasite B <5
5 Pd/ZSM-5 B 28
Standard conditions (entry 1): 1 mmol N-methyl dodecanamide (NMDA), 1.5 mmol paraformaldehyde
(PFA), 35 mol% LiBr, Pd-catalyst (1 mol% metal) in 1 mL NMP under 60 bar CO at 100 °C for 16 h. [a] Yield
determined by NMR with ethylene carbonate as internal standard. Integration results based on
R-CH>-COOH.

As expected, the manipulation employing palladium black failed to give the desired product

as no quantities of the surfactant were detected by NMR (entry 1). Thereby, the essential
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role of sulfuric acid under classical conditions was emphasized. Similarly, the synthesis of the
surfactant by the Faujasite-based palladium catalysts A and B remained unsuccessful (entries
2 and 4). In contrast to these results, the materials consisting of ZSM-5 both afforded the
desired compound. Herein, Pd/ZSM-5 A offered 23% yield of the substance (entry 3) while
Pd/ZSM-5 B yielded 28% of the surfactant (entry 5). Thus, the experiments suggest that
heterogeneous supports incorporating acidic centers offer access to N-acyl amino acids via
amidocarbonylation procedures conducted without the addition of acidic additives.

In general, the manipulations suggest that a catalyst support does not increase the reaction
output. Moreover, no distinct tendency regarding the effect of the acidic or basic nature of
the supporting material was observed. The study was continued with palladium black since
the commercially available catalyst offered sufficient performance. Henceforward, the
reaction parameters were screened for optimal reaction conditions (Table 6).

Table 6. Optimization of the Pd black catalyzed amidocarbonylation.

)OL o Pd black ji\ o
n-Cq1Hz3 TH * HJI\H Lﬁ&:zggd > n-Cq1Hzg ’i‘/ﬁ(;r
Entry H,SO, [mol%] Pd black [mol%)] PFA [mmol] T[°C) Yield™ [%]
1 1 1 2 100 52
2 5 1 2 100 80
3 10 1 2 100 84
4 10 1 2 80 87
5 10 1 2 60 87
6 10 1 2 40 8
7 10 0.5 2 60 52
8 10 0.25 2 60 26
9 10 0.1 2 60 20
10 10 1 1 60 87
11 10 1 1.5 60 91
12 10 1 2.5 60 87
Standard conditions (entry 11): 1 mmol N-methyl dodecanamide (NMDA), 1.5 mmol paraformaldehyde
(PFA), 35 mol% LiBr, 10 mol% H;504, 1 mol% Pd black in 1 mL NMP under 60 bar CO at 60 °C for 16 h. [a]
Yield determined by NMR with ethylene carbonate as internal standard. Integration results based on
R-CH;-COOH.

Initially, the sulfuric acid concentration was varied in order to increase the reaction output.
Herein, 10 mol% of the strong acid gave 84% of the target substance (entry 3) while half the
amount accounted for an insignificantly decreased yield of 80% (entry 2). The experiment
conducted under the starting parameters is displayed in entry 1 for comparison. The
variation of the reaction temperature revealed that the product formation does not

significantly depend on the temperature in a range from 60 to 100 °C since the results did
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not differ strongly as 84% were obtained at 100 °C (entry 3) and 87% at both 80 and 60 °C,
respectively (entries 4 and 5). In contrast, lowering the temperature to only 40 °C had a
drastic influence as only 8% of the desired product was detected after 16 hours (entry 6).
Naturally, manipulations to examine the effect of a decreased palladium loading were
carried out. Herein, reducing the loading to 0.5 mol% resulted in a declined yield of 52%
(entry 7). Accordingly, experiments with 0.25 mol% and 0.1 mol% afforded the surfactant in
only 26% and 20%, respectively (entries 8 and 9). Therefore, the catalyst concentration
strongly affects the reaction outcome and a catalyst loading of 1 mol% appears sufficient but
also necessary to facilitate the transformation in a satisfying manner. Oppositely, the PFA
guantity does not significantly influence the yield since N-lauroyl sarcosine was obtained in
yields ranging from 87% to 91% when the PFA concentration was varied between 1 and 2.5
mmol (entries 5 and 10 to 12). Herein, a slight excess of 1.5 equivalents provided the best
result.

Furthermore, the effect of the lithium bromide loading on the overall performance was

examined (Scheme 30).

)OL 0 Pd black )OL
¥ LiBr, H,SO, OH
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Conditions (optimal): 1 mmol N-methyl dodecanamide (NMDA), 1.5 mmol
paraformaldehyde (PFA), 2.5 mol% LiBr, 10 mol% H;S04, 1 mol% Pd black in 1 mL NMP
under 60 bar CO at 60 °C for 16 h. Yields determined by NMR with ethylene carbonate
as internal standard. Integration results based on R-CH>-COOH.

Scheme 30. Influence of the lithium bromide concentration on the
reaction yield.

Advantageously, the lithium bromide content can be significantly decreased since a loading
of 2.5 mol% offers sufficient activity and satisfying yields as 90% of the surfactant was

detected (Scheme 30). However, the output excessively declines when only 1 mol% of
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lithium bromide was employed. Moreover, the formation of the surfactant was not observed
when the lithium salt was absent. In contrast, an increased concentration up to 35 mol% did
not improve the reaction outcome. Obviously, the additive is necessary to facilitate the
reaction. However, decreasing the co-catalysts loading to 2.5 mol% represents an enormous
cost reduction for a potential industrial scale application whereas the increase of the
employed sulfuric acid appears negligible since the base chemical can be obtained
inexpensively in bulk quantities.

Addressing the reusability of the applied catalyst, recycling experiments were conducted

(Scheme 31).

[y
=]
!

jl\ o Pd black Q
+ LiBr, H,SO, )I\ OH
n-C11H23 TH HJJ\H NMP._CO - ﬂ-C11H23 'ill/\“/
’ o)
100
80 -
S
— 60 -
=
Q
=
e 40 -
E i i
=
0 =1 L T 1
1 2 RUN 3 4

Conditions: 1 mmol N-methyl dodecanamide (NMDA), 1.5 mmol paraformaldehyde
(PFA), 2.5 mol% LiBr, 10 mol% H,S04, 1 mol% Pd black in 1 mL NMP under 60 bar CO at
60 °C for 16 h. After the initial cycle, the particles were separated by centrifugation. The
catalyst was washed with NMP and again separated by centrifugation. This process was
repeated five times before the particles were transferred to the next set of the reaction.
Yields determined by NMR with ethylene carbonate as internal standard. Integration
results based on R-CH-COOH.

Scheme 31. Results for the recycling experiments.
For the evaluation of the reusability of the catalyst, the material was employed under
optimized reaction conditions with subsequent separation of the heterogeneous material
from the reaction solution by centrifugation. Afterwards, the particles were washed with
NMP several times before these were applied again. Simultaneously, the organic layers were
combined after which the solvent was removed in high vacuum in order to analyze the crude
product for its N-lauroyl sarcosine content by NMR. Meanwhile, the heterogeneous material
was transferred under argon via syringe with NMP into an autoclave vial already equipped

with the next set of reagents and co-catalysts. As shown in Scheme 31, a productivity loss of
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roughly 10% vyield per cycle was documented after every run. However, the exact cause for
the decreasing reaction output remains unidentified. The result of the centrifugation
indicates that the palladium black particles differ tremendously in their size and weight.
While the majority of the material was precipitated even at low centrifugation speed, visible
guantities of the catalyst remained in the solution as particles were observed in the solution
after separation even at the highest centrifugation speed. Therefore, a certain loss of
palladium during the recycling must be accounted when interpreting the loss of activity.
Moreover, the transfer of the isolated material via syringe and solvent does not represent an
ideal method as loss of substance was observed as well. Therefore, the author assumes the
loss of catalytically active material during the recycling process to be the main reason for the
declining productivity in the recycling experiments. Unfortunately, loss of catalytically active
material affects small scale recycling experiment more significantly than manipulations on
increased scales. In addition, the loss of catalyst was increased if the heterogeneous catalyst
had been transformed into a homogeneous palladium complex during the conversion
through reaction with in situ generated hydrogen bromide and CO. A homogeneous complex
is inseparable by centrifugation and therefore remains in the liquid phase.
Continuative, the substrate scope of the reaction was further examined (Scheme 32).
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Condition A: 1 mmol amide, 1.5 mmol aldehyde, 2.5 mol% LiBr, 10 mol% H,S0., 1 mol% Pd black in
1 mL NMP under 60 bar CO at 60 °C for 16 h. Conditions B: 1 mmol amide, 1.5 mmol aldehyde, 35
mol% LiBr, 1 mol% H;504, 1 mol% Pd black in 1 mL NMP under 60 bar CO at 120 °C for 16 h. Yields
determined by NMR with ethylene carbonate as internal standard. Isolated Yields in parentheses.

Scheme 32. Substrate scope for the novel amidocarbonylation protocol.
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Applying the optimized conditions for the synthesis of N-lauroyl sarcosine, acetamide was
tested as substrate in the amidocarbonylation. Unexpectedly, no product formation was
observed under the optimized conditions (conditions A, Scheme 32). Furthermore, none of
the tested substrates provided the desired product except for amide 18 which was
generated in 73% NMR yield while 65% were isolated. Nevertheless, the synthesis of the
corresponding products was attempted by employing the initial conditions obtained from
the literature report on the heterogeneously catalyzed amidocarbonylation (conditions B,
Scheme 32).12%°] Herein, N-acetyl glycine (16) was afforded in 45% isolated yield catalyzed by
35 mol% lithium bromide and 1 mol% sulfuric acid at 120 °C for 16 hours. Furthermore,
employing 2-pyrrolidinone gave 68% isolated yield of Piracetam (17) under conditions B
while N-benzoyl glycine (19) was formed in 30% isolated yield. Unfortunately, when amides
20-23 were reacted with the corresponding aldehydes, the products were not detected in
the reaction mixture under milder nor under more severe conditions. Thus, the reaction of
NMDA proceeds with formaldehyde but not with higher aldehydes such as benzaldehyde or
isovaleraldehyde.

These results confirm the general reactivity of aldehydes in which formaldehyde represents
the most active aldehyde due to the electron-poor character and the insignificant steric

hindrance by the hydrogen atoms (Scheme 33).
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Scheme 33. Reactivity of aldehydes towards
nucleophiles and amides towards electrophiles.
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Substituted aldehydes are generally less reactive due to the steric hindrance of the organic
substituent and its electron-donating character. Overall, the amidocarbonylation does
proceed with substituted aldehydes as well. However, the conversion with higher aldehydes
fails under the milder conditions specifically optimized for the amidocarbonylation of the N-
alkylated amide NMDA and formaldehyde. Nevertheless, the absence of reactivity for
formaldehyde with other amides except for NMDA and substance 18 under milder
conditions remains unexplained.

Next, the influence of a pre-existing N-alkylation of the amide was investigated (Scheme 34).

(o] Pd black
)J\ + LiBr, H2804 )L
NH, NMP, CO
O/

20%
J\ Pd black
LiBr, H,SO
Nt Ml . IR )L
| o7 T NMP,CO
0%

Conditions: 1 mmol amide, 1.5 mmol isovaleraldehyde, 2.5 mol% LiBr, 10 mol%
H;504, 1 mol% Pd black in 1 mL NMP under 60 bar CO at 60 °C for 16 h. Yields
determined by NMR with ethylene carbonate as internal standard. Integration
results based on R-CH-COOH.

Scheme 34. Comparison of the activity of pre-alkylated and non-
alkylated amides.

In earlier reports, a present N-alkylation impeded the palladium-catalyzed
amidocarbonylation.’”] The executed manipulations suggest that this tendency applies in
the developed protocol as well since N-methyl acetamide was not converted to the desired
N-acyl-N-methyl leucine whereas the non-methylated acetamide provided 20% of the
leucine derivative under identical conditions.

In order to address the scalability, a 10 g-scale experiment was performed (Scheme 35).

O o Pd black o

LiBr, H,SO OH
ﬂ-C11H23)I\NH * JJ\ 2 4 - n'C11 Hza)l\'i.l/\n/

| H H NMP, CO )

95%

Conditions: 46.8 mmol NMDA, 70.3 mmol PFA, 2.5 mol% LiBr, 10 mol% H,S04, 1 mol% Pd black
in 46.8 mL NMP under 60 bar CO at 60 °C for 16 h. Isolated yield.

Scheme 35. Application of the novel protocol for the 10 g synthesis of N-lauroyl
sarcosine.
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Advantageously, the desired surfactant was afforded in >98% vyield utilizing a slightly
modified work-up procedure. The major impurity in the obtained product is the starting
material NMDA with slightly less than 2%. Upon an additional acid-base extraction, the pure
product was acquired in 95% overall yield. The results indicate that the production can be
transferred to industrial scales without significant loss of activity. Moreover, the yield proved
to be slightly higher than the NMR analyses suggested which is attributed to the inaccuracy
of the NMR yield method.

With the intention of further characterizing the products, samples from the target
compound were prepared in order to analyze the materials for their residual palladium

content (Scheme 36).
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Sample N-lauroyl sarcosine

Sample A: Prepared by separating the catalyst from the reaction mixture by
centrifugation, washing with NMP and subsequently removing the solvent to obtain
the crude product (1 mmol scale). Sample B: Substance obtained after the first
purification step of the 10 g-scale experiment. Sample C: Substance obtained after
complete purification procedure of the 10 g-scale experiment. Sample D: Substance
obtained from the PdBr;-catalyzed reaction after complete purification procedure for
comparison (1 mmol scale).

Scheme 36. Results for the recycling experiments.
Herein, the prepared materials were analyzed by ICP-OES analysis in order to determine the
degree of leaching occurring through the reaction and the work-up procedure. In addition, a
sample from the PdBr;-catalyzed amidocarbonylation towards N-lauroyl sarcosine was
examined for comparison. As shown in Scheme 36, residual palladium was detected in all
processed materials. Herein, especially the crude product constituting sample A contained
high amounts of palladium with 460 ppm. Moreover, the observed contamination accounts
for 17% of the originally employed palladium which explains the declining productivity in the
recycling experiments. In addition, the results suggest that the loss stems from either
insufficient separation by centrifugation or from leaching as homogeneous palladium

complex. Furthermore, the purification steps successfully lowered the palladium
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contamination. In fact, 250 ppm palladium were detected in sample B while the content was
reduced to 150 ppm in sample C following the acid-base extraction. Unexpectedly, the
sample obtained after applying the complete purification procedure to the PdBr;-catalyzed
reaction offered the lowest quantity of palladium with 80 ppm.

In addition to the studies focused on industrially applicable N-acyl amino acids, the
possibilities to extend the substrate spectrum of the amidocarbonylation were evaluated.
Herein, the alteration of the amide appeared logical and the implementation of

sulfonamides into the carbonylation process was examined (Scheme 37).
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Scheme 37. Synthetic approach to N-sulfonyl amino acids viag
amidocarbonylation.

As starting conditions, the applied reaction parameters from the general
amidocarbonylation were chosen for the desired conversion. Based on the experience with
the optimization of N-lauroyl sarcosine, the critical parameters such as temperature, ligand
and PFA concentration were varied. The results are depicted in Table 7.

Table 7. Optimization of the synthesis of N-sulfonyl amino acids via amidocarbonylation.

0\\8//0 0 PdBr,, PPhy 0\\S//0 OH
SNH, + )L LiBr, H,SO, \”/ﬁf
—_—-
H”>H ~ NMP, CO H o4
Entry PFA [mmol] PPhs [mol%)] T[°C] Yield™ [%)]
1 2.5 1 130 60
2 2.5 1 140 52
3 2.5 1 100 65
4 2.5 - 100 70
5 2.5 - 80 41
6 5 - 100 39
7 3 - 100 74
Standard conditions (entry 7): 2.5 mmol N-methyl dodecanamide (NMDA), 3 mmol paraformaldehyde
(PFA), 35 mol% LiBr, 1 mol% H;S04, 0.5 mol% PdBr; in 2.5 mL NMP under 60 bar CO at 100 °C for 16 h. [a]
Yield determined by NMR with ethylene carbonate as internal standard. Integration results based on
R-CH>-COOH.

In general, the amidocarbonylation proceeds successfully when sulfonamides are applied as
substrates. Under 60 bar carbon monoxide and 130 °C, the product is generated at 60% vyield
catalyzed by PdBry/(PPhs), and 35 mol% LiBr as well as 1 mol% sulfuric acid (entry 1).

However, an increase of the temperature by 10 °C led to a decreased yield of 52% (entry 2).
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Based on this effect, the temperature was further lowered to 100 °C. Henceforward, the
glycine derivative was found in 65% and therefore a slightly improved yield was observed
(entry 3). Due to the experience with the amidocarbonylation of NMDA, the influence of the
ligand was examined by conducting an experiment according to entry 4 without the additive.
Thus, the yield was further raised slightly to 70%. Nevertheless, the temperature of 100 °C
appeared necessary since the product was formed in only 41% yield when the reaction was
conducted at 80 °C (entry 5). Furthermore, the PFA concentration was varied in order to
learn about the effect of the reagent’s concentration. Thereby, the manipulations with 2 and
1.2 equivalents gave the compound in 39% and 74%, respectively (entries 6 and 7). Thus, the
experiments indicate that a slight excess of the aldehyde has beneficial effects (entry 7)
while a significant excess inhibits the conversion (entry 6).

Following the initial optimization results, preliminary tests of the substrate scope were

started in order to identify suitable aldehydes for the sulfonamidocarbonylation.

O\\S//O 0 PdBr;
“NH, + lL LiBr, HpS04 /HTOH
R2”>H “NMP,CO
nCBHw
\\//
o. O
0.0 N7
\\S/: OH s\N OH
N H
o 0

Scheme 38. Substrate scope for the sulfonamidocarbonylation.

Unfortunately, none of the applied aldehydes gave rise to the corresponding N-sulfonyl
amino acids. Despite various attempts under more severe and forcing conditions, the
desired compounds were not generated. Thereinafter, the author became aware of the PhD
thesis of Wahed Ahmed Moradi?® and the included results for the
sulfonamidocarbonylation. Herein, comparable experiments provided similar results leading
to the identical conclusion that the amidocarbonylation of sulfonamides is feasible with
formaldehyde. However, the implementation of higher aldehydes fails to give the
corresponding products. A comparison of the results can be found in the appendix.

Next, the amidocarbonylation methodology was extended to the synthesis of malonic acid
derivatives. Therefore, the application of glyoxylic acid with acetamide for the synthesis of

acetamido malonic acid was investigated (Scheme 39).
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0 °| PdBr2
NH; NMP co
0
36% 34%

Conditions: 1 mmol acetamide, 2 mmol glyoxylic acid, 35 mol% LiBr, 1 mol% H,S0,, 0.5
mol% PdBr; in 1 mL NMP under 60 bar CO at 60 °C for 16 h. Yield determined by NMR with
ethylene carbonate as internal standard. Integration results based on N-CH,-COOH and
N-CH-(COOH)s.

Scheme 39. Synthesis of acetamido malonic acid via amidocarbonylation.
Advantageously, preliminary experiments indicated that the utilization of glyoxylic acid leads
to the formation of the desired acylamido malonic acid. Thus, 70% of the substrate was
successfully converted under 60 °C and 60 bar carbon monoxide catalyzed by 0.5 mol%
PdBrz, 35 mol% lithium bromide and 1 mol% sulfuric acid in 16 hours. However,
approximately half of the targeted compound already underwent reductive decarboxylation
at the point of analysis. Nevertheless, the desired acetamido malonic acid was formed in

36% overall yield.
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3.4. Outlook

In conclusion, an improved catalytic system for the production of N-lauroyl sarcosine was
developed and applied on a 10 g-scale. Moreover, the employed heterogeneous catalyst
offers reusability and a drastic decrease of the lithium bromide loading while operating at
significantly lower temperatures. Thus, an efficient and scalable methodology was
successfully developed.

However, the results of the optimization study for the homogeneously catalyzed
amidocarbonylation raised the main question whether the addition of phosphine ligands
benefits the activity and productivity. The manipulations suggest that the reactivity of PdBr;
exceeds the reaction rate of conversions with additional ligand. Moreover, a detailed
literature study revealed examples in which the data suggest that the reaction proceeds
more efficiently without an added phosphine ligand as well (Table 8).

Table 8. Selected examples from literature reports on amidocarbonylations.

Entry Literature Ligand Conditions Yield [%]
1 PPh 37
Beller et. al. 1998202 : A
- 80
[a]
> Beller et. al. 2003201 PPhs B <70%
6 - >80%!°!

Conditions: A = 25 mmol acetamide, 25 mmol isovaleraldehyde, 35 mol% LiBr, 1 mol% H,504, 0.25 mol%
PdBr;, 0.5 mol% PPhs in 25 mL NMP under 60 bar CO at 80 °C for 1 h. B = 50 mmol acetamide, 100 mmol
propionaldehyde, 35 mol% LiBr, 1.5 mol% H;50,, 0.25 mol% PdBr;, 0.5 mol% PPh; in 50 mL NMP under 60
bar CO at 100 °C for 12 h. [a] Obtained from Figure 3 and 6.

These findings support the results from the described study. However, the addition of
triphenylphosphine proved to be beneficial in several cases as well. Nevertheless, since the
heterogeneous catalyst performed excellent in the synthesis of N-lauroyl sarcosine and
further displayed reusability, the question is raised whether the reaction is homogeneously
or heterogeneously catalyzed. As often observed in homogeneous palladium catalysis, the
solution contained (palladium) black particles after the reaction when homogeneously PdBr;
was applied. On the other hand, the activity of palladium black declined after each reaction
cycle. Although this decrease in the productivity might be assigned to loss of catalyst during
the work-up, the necessity to better understand the nature of the active palladium species
was emphasized when the applied ligands did not improve the amidocarbonylation of
acetamide with benzaldehyde. Therefore, the identification of the catalytically active species

will be a priority for future investigations of the amidocarbonylation. Furthermore, a

44



3. Amidocarbonylation

detailed understanding of the active catalyst allows for a more precise screening for more
active catalyst.

Moreover, a protocol for the amidocarbonylation of benzenesulfonamide towards N-
phenylsulfonyl glycine was developed. Unfortunately, this protocol was not successfully
applied to higher aldehydes. For further studies, the importance of identifying the critical
aspect of the mechanistic cycle for the sulfonamidocarbonylation with higher aldehydes
represents a significant priority in order to developed protocols enabling the conversion of
these more challenging substrates.

In addition, the results prove that the formation of amido malonic acids from the conversion
of an amide with glyoxylic acid was achieved. However, the reductive decarboxylation of the
target molecule represents a critical aspect. Herein, an extensive optimization study offers
the possibility to provide conditions under which the decomposition is suppressed. Herein,
especially a temperature decrease and minimal amounts of sulfuric acid benefit the stability

of malonic acid derivatives.

45



4. Sonogashira-Semihydrogenation

4. Sonogashira-Semihydrogenation

4.1. Theory

In 1975, Heck?!Yl and Cassar?2 individually reported the successful palladium-catalyzed
coupling of iodobenzene and phenylacetylene. However, these conversions required rather
forcing conditions. In contrast, Sonogashira and Hagihara described the successful
palladium-catalyzed coupling of aryl iodides with terminal acetylenes employing copper
iodide as co-catalyst at room temperature in the same year.[”?! Hence, the palladium-
catalyzed formation of internal acetylenes assisted by copper salts is nowadays referred so

as Sonogashira or Sonogashira-Hagihara coupling (Scheme 40).

Pd-Cat
Cu-Cat
Base
1_ + 2_— —_— 2_— 1
R'=X R*——H Solvent R*——R
A

R' = Aryl, Vinyl
R? = Organyl
X =1, OTf, OTs, Br, Cl

Scheme 40. Conditions for the Sonogashira coupling.
Oppositely, the copper-free methodology is sometimes described as Heck-Cassar coupling.
Thereby, the tool box for late-stage introductions of internal acetylenes was intensively

extended as evidenced by various industrial and scientific applications (Scheme 41).[11.19.213-

216]

Terbinafin Enduracil Tipifarnib

Scheme 41. Pharmaceuticals produced via Sonogashira coupling.
Herein, the aryl halide or pseudohalide is coupled with an organic acetylene vig activation of
the terminal C-H proton and the associated formation of a copper acetylide. As halides,
iodides, triflates,[217-219 and bromides[?29-222 35 well as chlorides[?23224] represent suitable

coupling partners. The activity of these compounds decreases in the depicted sequence from
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the most active iodides to the least reactive chlorides. Furthermore, tosylates!?25227] a5 well
as mesylates/?28l have been effectively employed as substrates. It is important to note that
even the most unreactive vinyl halides (in general vinyl chlorides) perform at higher reaction
rates than aryl iodides.?3! Thus, even deactivated aryl bromides constitute challenging
starting materials for Sonogashira coupling protocols. Herein, the starting material is
referred to as deactivated when electron-rich substituents increase the electron density in
the C-X bond whereas electron-poor aryl and vinyl halides constitute activated substrates. In
addition, the reactivity of the acetylene is influenced as well since electron-withdrawing
substituents activate the C-H bond and increase the acidity of the alkyne. In contrast,
electron-donating moieties decrease the C-H acidity and the deprotonation of the substrate
is inhibited.[22°]

Although the exact mechanism of the palladium/copper-catalyzed Sonogashira reaction is
not entirely understood and proven, it is generally suggested to proceed via two
independent cycles displayed in Scheme 42. For mechanistic studies, especially the
investigation of the two catalytic cycles combined in the presence of both metals raises

significant challenges to researchers in terms of experiment design.

L—Pd—L
R'——R? R1-X
Trans-Cis o
Isomerization Omdg_twe
& Addition
S f,.gil,’,‘;‘t'i‘; Palladium-Cycle
R'-Pd

Transmetalation

Copper-Cycle

X
+
RsNH
H—— H————R? c
- Acetylene ' opper
Coordination C|u RN Acetylide
X Formation

Scheme 42. Generally accepted mechanism for the Sonogashira coupling.
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Herein, the active palladium complex PdL, adds the aryl halide by oxidative addition into the
carbon halide bond. Thereby, the oxidation state of the palladium complex is increased from
zero to two and the Umpolung of the carbon atom is achieved. Consecutively, the palladium
complex exchanges the halide for the acetylide with the in situ formed copper acetylide. This
process is referred to as transmetalation. The copper complex is previously generated by
abstraction of the halide acid from the m-alkyne copper complex. Typically, an amine base
supports the abstraction of the proton by generating an organic ammonium salt. In addition,
the transmetalation regenerates the copper halide salt which coordinates an additional
alkyne to provide the m-alkyne copper complex. Thereinafter, the palladium complex
undergoes trans-cis-isomerization and subsequent reductive elimination to give the desired
internal alkyne. Moreover, the active palladium species PdL; is regenerated to initiate the
next catalytic cycle.

As catalyst, various palladium salts and palladium-ligand combination have been reported to
efficiently facilitate the transformation of terminal to internal acetylenes.[213.224] Aside from
the well-established palladium phosphine ligand combinations, N-heterocyclic carbenes230
as well as palladacycles/?3l] have proven their respective activity in the C-C bond forming
process. Moreover, the application of various heterogeneous materials and nanoparticles
enabled the formation of internal alkynes by Sonogashira coupling protocols.[?32 However,
the topic of heterogeneous catalysts for coupling reactions is controversially discussed as it
is suggested that the heterogeneous palladium only serves as a reservoir and that leached
homogeneous palladium constitutes the catalytically active species.[233:234]

Internal acetylenes depict an interesting structural motif which can be found in natural
products,[223 pharmaceuticals/?1®! and molecular organic materials(23>23¢l sych as organic
LEDs.[213237] Moreover, the generated internal acetylenes are of specific interest due to the
diverse functionalization possibilities of the C-C triple bond including hydrogenations,[238-240]
halogenation, 21242 cycloadditions(2*3-2%°] as well as ozonolysis.[2%0]

As indicated in the literature,[213.214237] gne drawback in classical Sonogashira coupling
protocols arises from the utilization of copper salts as co-catalysts. Thereby, the
methodology has to be conducted under inert conditions since oxygen promotes copper-
mediated Hay and Glaser couplings.?*”l Furthermore, the addition of another
environmentally problematic and difficult to recover catalyst creates additional

requirements for chemical processes. Herein, copper-free protocols offer an efficient
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alternative. Unfortunately, the absence of copper decreases the reactivity of the catalytic
system and constitutes the necessity of such synthetic protocols to employ amine bases or
specific bases such as CsyC03.1213:214.248-257] |n these cases, the amine bases are applied in
excess or often even as solvents which creates environmental concerns as well.

However, scientists have been reporting several studies addressing the investigation of
copper- and amine-free Sonogashira coupling methodologies.[2°8264 |n these enhancements,
the acetylene deprotonation is assumed to be achieved by an undefined palladium m-alkyne
complex.[213214] |nterestingly, numerous examples utilizing the combination of K,CO3 as
inorganic and inexpensive base and DMF as solvent have been documented in the

[265-274] Apparently, this solvent-base system increases the deprotonation of the

literature.
acetylene without the assistance of copper enough to empower the reported catalytic
systems to facilitate the Sonogashira coupling reactions. Thereby, drawbacks from utilizing
copper co-catalysts and amines can be avoided.

Aside from cross-coupling reactions, hydrogenations are amongst the most-applied chemical
transformations in the pharmaceutical and fine chemicals industry.[21418] While both
homogeneous and heterogeneous transition metal catalysts offer activity in such reductions,
heterogeneous materials are generally preferred in industrial-scale processes due to their
advantageous separability and reusability.”] At the same time, homogeneous complexes
usually display superior selectivity, activity and functional group tolerance under milder
conditions.’2l In recent years, several groups developed novel and well-designed
heterogeneous materials displaying increased selectivity and activity while maintaining the

y.P4>1 Among other techniques, the Beller group and

beneficial separability and reusabilit
others established the pyrolysis of molecularly distinct nitrogen-containing transition metal
complexes as an advanced route for the synthesis of superior catalytically active
materials.27>282] Vijg this methodology, heterogeneous catalysts possessing nitrogen-doped
metal centers embedded into the material surface as catalytically active sites are accessible.
The resulting highly active catalysts demonstrate tremendous reactivity in several
conversions such as nitro- and aldehyde-hydrogenation, alkyne- and quinoline-
semihydrogenation as well as aldehyde-amination and Guerbet-conversions.

Aside from the approach to develop novel heterogeneous materials, the strategy of

converting an applied homogeneous catalyst into a solid which is further employed as

heterogeneous catalyst in a subsequent reaction was already successfully realized on an
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industrial scale in 1994.1501 Notably, this approach allowed the production of the

agrochemical Prosulferon on an economically feasible standard (Scheme 43).163]

CF;
N,*
SO;Na A CFs
sz(dba)3 SO;Na Pd!C SO;Na
+ Charcoal
o
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\\//

Prosulferon

Scheme 43. Industrial production of Prosulferon.

However, despite the increased efficiency and the combination of the advantages from both
homogeneous and heterogeneous catalysis, this strategy has not extensively found its way
into industrially scale productions and scientific research regardless of its obvious
advantages. Accordingly, this methodology has only been reported to be further applied for
the synthesis of Naproxen. 61l

In general, Z-alkenes represent an interesting and promising substance class as this
functional group is found in numerous biologically active compounds and constitutes a
valuable building block for organic syntheses of various substance classes due to its broad
functionalization spectrum.

Classically, this structural motif can be generated viag various well-known routes. However,
the established routes are affiliated with several drawbacks including the formation of
stoichiometric amounts of waste, the requirement for commercially non-available starting
materials, implementation problems on industrial scales or deficient selectivity. A selection

of methodologies is displayed in Scheme 44,
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Scheme 44. Selected routes for the synthesis of Z-alkenes.
Herein, the selective semihydrogenation of internal acetylenes resembles the most direct
pathway. However, this synthetic procedure requires specific hydrogenation catalysts
capable of performing the selective semihydrogenation towards the desired product without
over-hydrogenation and significant formation of the E-isomer. In this regard, the Lindlar
catalysts represents the most well-known and investigated compound.[283284 While this
Pd@CaCOs3 catalyst is typically poisoned with quinoline and lead acetate, more advanced
heterogeneous materials based on noble metals[28>-290 and other transition metals(291-2%4
have been developed in recent years and show high activity and selectivity without these
additives. In contrast, the Wittig reaction offers selective access to Z-alkenes via
stoichiometric reaction of aldehydes with phosphor ylides under specific reaction
conditions.!2 Similarly, the related Peterson olefination condenses aldehydes with a-silyl
carbanions and the subsequent acidic or basic hydrolysis determines the
diastereoselectivity.[2°¢] Nevertheless, both reaction protocols lead to the formation of
stoichiometric waste. Furthermore, the isomer can be synthesized by photoisomerization of

297.298] Unfortunately, photoisomerizations are difficult to be

the corresponding E-alkene.!
realized on industrial scales. Finally, terminal olefins can be converted into internal Z-alkenes
by suitable alkene metathesis catalysts.[2°] However, specifically intermolecular reactions

represent challenging conversions for this methodology.
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4.2. Objectives

Inspired by these reports, a sequential one-pot protocol for the selective synthesis of Z-
alkenes was developed including a homogeneously catalyzed Sonogashira reaction and a
heterogeneously performed selective semihydrogenation (Scheme 45). Both
transformations are conducted by the same metal atoms as the homogeneous catalyst is
heterogenized subsequently to its application as Sonogashira catalyst. The in situ
heterogenized catalyst then performs the selective semihydrogenation using hydrogen gas

as reducing agent.

Novel Methodology:
1st Step R2 3rd Step
I|3r . w Sonogashira Semihydrogenation —
R"  Re [Pd] { Pd@Support ~ R' R?
R1
+ Hzo
2nd Step

Scheme 45. Novel methodology for the synthesis of Z-alkenes.

Aside from the optimization of the protocol, the investigation of the substrate scope of the
innovative protocol was further planned. For the optimization study, the development of the
heterogenization and the selectivity of the semihydrogenation as well as the overall one-pot
sequence were specifically focused on in order to achieve a working methodology. While the
enhancement of the Sonogashira reaction via alteration of the solvent and especially the
catalyst-ligand-system offers tremendous possibilities in terms of improving the reactivity
and selectivity of this reaction step, it was decided to maintain the catalyst, ligand and
solvent known to work according to the literature for the carbonylative Sonogashira reaction
in order to focus on the non-investigated and experimental sequence steps 2 and 3.

Noteworthy, the initial results from the study were reported in the master thesis of the
author. The regarding experiments (entries 1-5) are marked in the optimization of the

Sonogashira reaction (Table 9) presented in the following chapter.
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4.3. Results

For this study, 4-bromotoluene (24) and phenylacetylene (25) were selected as starting
materials to afford the corresponding product phenyl-p-tolyl-acetylene (26). This model
system was chosen based on reports in the literature indicating that the conversion
proceeds smoothly catalyzed by PdCl,/BuPAd: (27) in a solution of K,CO3/DMF without
266,271,272,300]

further additives (Cu salts, amines).!

Table 9. Optimization of the copper- and amine-free Sonogashira reaction.

v o I SN

BuPAd, Il

DMF
‘ BUPAdz

24 25 26 27

Entry®! 25[mmol] Pd:L[mol%] TI[°C] t[h] Conversion®[%] Yield [%]

1* 1 4:6 25 96 68 65
2* 1 4:6 40 24 >99 82
3* 1 4:6 60 4 >99 78
4* 15 4:6 60 4 >99 67
5*M 0.6 4:6 60 6 88l 70
6 1 2:2 60 16 >99 84
7 1 1:1 60 16 >99 88
gl 0.6 1:1 60 16 67 61
9 1 1:1 60 8 90 80
10 1 0.5:0.5 60 16 90 81
11 1 0.1:0.1 60 16 66 60
12 1 0:1 60 16 <1 <1
13 1 1:0 60 16 <1 <1

* These results were obtained in experiments conducted for the master thesis of the author.

[a] Standard conditions (entry 7): 0.5 mmol 4-bromo-toluene (24), 1 mmol phenylacetylene (25), 1 mmol
K2COs, 1 mol% PdCl;, 1 mol% BuPAd,, 2 mL DMF at 60 °C for 16 h. [b] Regarding 24. [c] Determined by GC
with hexadecane as internal standard. [d] 25 was dissolved in 1 mL DMF and added continuously over the
first 2 hours of the experiment. [e] Conversion of 25: >99%.

Prior to continuing the experiments from the master thesis regarding the Sonogashira
coupling step, it was already established that the reaction affords the targeted compound in
65% yield when the protocol is executed at room temperature (Table 9, entry 1). While the

selectivity at room temperature is exceptional, the conversion reached only 68% after 96
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hours of reaction time. When the temperature was increased to 40 °C, the yield reached
82% at full conversion of the aryl bromide after 24 hours (entry 2). Therefore, the selectivity
significantly drops when the reaction is performed at higher temperatures. However, the
drastic improvement of the reaction rate benefits the applicability of the methodology
greatly. In agreement, simply raising the temperature to 60 °C afforded 78% of 26 after only
4 hours (entry 3). In conclusion, the optimization was further executed at 60 °C despite the
decreased selectivity due to the high reaction rate and the desire to minimize the necessary
catalyst loading. Continuing the studies, the effect of the acetylene concentration was
investigated as the complete consumption of this reagent was documented in several
experiments. Noteworthy, the reaction outcome was further lowered to 67% when 3
equivalents of the terminal acetylene were applied (entry 4). In agreement with prior
findings, the yield further declined to 70% when 1.2 equivalents were added continuously
over the first 2 hours of the experiment (entry 5). While the selectivity stayed at 80% in
comparison with experiments in which two equivalents of phenylacetylene were utilized
(entries 2 and 3), the aryl bromide conversion was only completed to 88% while the
acetylene was consumed entirely. These manipulations indicate the necessity for an excess
of acetylene when the reaction is catalyzed by the PdCl,/BuPAd;-system.

Next, the minimization of the applied amount of catalyst was approached by reducing the
loading of the palladium precursor and the ligand to 2 mol% (entry 6). Herein, the yield was
increased to 84%. Noteworthy, the selectivity was generally enhanced when lower catalyst
loadings were applied (entries 6 to 11). In agreement, 88% selectivity was observed at full
conversion when 1 mol% palladium salt and ligand were applied (entry 7). The repeated
attempt to lower the necessary concentration of 25 resulted in a declining yield of 61% at
only 67% conversion with complete consumption of the acetylene (entry 8). Thus, the
ensuing manipulations were conducted utilizing the original amount of 2 equivalents. Due to
the decreased catalyst loading and the associated declining reaction rate, the product was
afforded in only 80% overall yield and 90% selectivity when the experiment was executed for
8 hours at the reaction temperature (entry 9). Thus, the elaborated reaction time of 16
hours was chosen for the ongoing investigation. In accordance with previous results, the
reaction rate further diminished at lower catalyst loadings while simultaneously displaying
enhanced selectivity towards the product (26) (entries 10 and 11). Herein, the selectivity

remained at 90% while the activity in the formation of 26 was lowered to 81% and 60%,
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respectively. Importantly, the control experiments emphasized the necessity of both
catalytically applied substances since the generation of the target molecule failed in the
absence of either BUPAd; or palladium chloride (entries 12 and 13).

Next, the semihydrogenation of the intermediate 26 was studied. Initially, the protocol
applying paraformaldehyde (PFA) and water as hydrogen source was tested and optimized
(Table 10).

Table 10. Optimization of the semihydrogenation applying (CH»0),/H:0.

(CHZ0),
‘ ‘ KoCO4
PdCl,
__BuPAd,

‘ TDMF, H,0 ‘ O

26

Entry (CH,0), DMF:H,0 Conversion®™  Yield 28! Z:E-Ratio™ Selectivity 28!

[mmol] [mL] [%] [%] [%:%] [%]
1 5 2:0 4 <1 - -
2 5 2:0.1 26 22 22:4 85
3 2.5 2:0.1 20 17 17:2 85
4 10 2:0.1 31 26 26:4 84
5 5 2:0.2 54 48 48:3 89
6 5 2:0.4 61 50 50:5 82
7Ll 5 2:0.2 32 26 26:3 81
gl 5 2:0.2 68 61 61:4 90
9lel 5 2:0.2 51 42 42:5 82
10 5 2:0.2 66 60 60:3 91

[a] Standard conditions (entry 5): 0.5 mmol 26, 5 mmol (CH;0),, 1 mmol K;COs3, 1 mol% PdCl;, 1 mol% BuPAd,, 2 mL
DMF, 0.2 mL H;0 at 120 °C for 24 h. [b] Regarding 26. [c] Determined by GC with hexadecane as internal standard. [d]
Referring to the ratio of yield to conversion. [e] 2 mmol K;COs. [f] 140 °C. [g] 160 °C. [h] 140 °C, 12 h.

This methodology originated from the attempt to conduct a carbonylative Sonogashira
coupling reaction with paraformaldehyde as carbon monoxide source. In the associated
experiments, the non-carbonylated acetylenes and the corresponding hydrogenated alkenes
were observed instead of the desired alkynones. Further manipulations suggested that the
combination of residual water and PFA led to the hydrogenation of the in situ formed
alkynes. Thus, the established conditions were applied in order to identify suitable reaction
parameters for a satisfying hydrogenation of the internal acetylene. To begin with, the

hydrogenation step was optimized separately to guarantee that changes in the reaction
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outcome were caused by effects of the reaction parameters on the semihydrogenation and
not on the prior Sonogashira coupling.

Accordingly, the presence of water was tested for its effect on the semihydrogenation of 26
using PFA as hydrogen source. Herein, entries 1 and 2 emphasize the significance of water as
its absence prevented the formation of the desired Z-alkene entirely (Table 10). In addition,
the internal alkyne remained unconverted in the reaction solution. In contrast, employing
0.1 mL H;O led to the formation of 22% of the semihydrogenation product with 85% overall
selectivity (entry 2). Thus, the presence of water displays a critical factor for the desired
conversion. Continuing the optimization, the PFA concentration was varied in order to
enhance the conversion and the product formation. Herein, reducing the PFA excess to
2.5 mmol lowered the reaction outcome to 17% and the conversion to 20% (entry 3).
Unfortunately, increasing the PFA excess to 20 equivalents only slightly affected the overall
yield as 26% of the Z-alkene 28 was formed (entry 4). Moreover, the PFA concentration
insignificantly influenced the overall Z-selectivity (entries 2 to 4).

On the other hand, the water concentration in the solution directly impacted the overall
yield and selectivity since increasing the content to 10% and 20% of water gave rise to 48%
and 50% vyield, respectively (entries 5 and 6). However, the selectivity decreased to 82%
when 0.4 mL of water were present (entry 6). Therefore, further studies were continued
employing 10% water in respect to DMF (entry 5). Furthermore, the addition of 4
equivalents of K>CO; drastically reduced the productivity as only 26% of 28 was detected
(entry 7). At the same time, the selectivity declined to 81%. Noteworthy, the reaction yield
and conversion reached its maximum during the optimization when the experiment was
modified to run at 140 °C (entry 8). Thereby, 28 was provided in 61% vyield under 68%
conversion of 26 and an overall Z-selectivity of 90%. Unfortunately, an additional increase in
the reaction temperature by 20 °C failed to offer further enhancement of the productivity
but instead decreased the reaction outcome to 42% and the selectivity to 82% (entry 9).
Although various approaches to further improve the reactivity of the transformation were
conducted, the utilization of paraformaldehyde as hydrogen source proved to be insufficient
to reach a satisfying level in terms of selectivity and activity for the synthesis of Z-alkenes. In
fact, entry 10 implies that the semihydrogenation stagnhates after 12 hours of reaction time.
Consequentially, the results suggest that either the evolution of hydrogen is stopped at a

certain point during the reaction or that the catalyst is deactivated during the
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semihydrogenation process since the reaction outcome after 12 and 24 hours of reaction
time only showed insignificant variation (entries 8 and 10). Thus, numerous alternative
hydrogen sources were tested for their activity in the selective semihydrogenation of 26 by
the PdCly/BuPAd;-system in K2CO3/DMF/H20 mixture. The solvents as well as the base and
the catalytic system were not altered for the optimization of the semihydrogenation step in
order to guarantee the compatibility with the Sonogashira coupling step.

Attempting to find other suitable hydrogen sources, different compounds were tested for
their specific efficiency in the selective semihydrogenation with the catalytic system. While
different hydrides as well as formic acid resulted in insufficient selectivity, the application of
different alcohols offered no activity in the hydrogenation. Advantageously, hydrogen gas
afforded the desired substance in satisfying yield and selectivity. Moreover, molecular
hydrogen represents an efficient hydrogen source as no by-products are formed. For the
implementation of the gas, the reaction solution was heated for 8 hours to 120 °C.
Subsequently, the mixture was cooled down to room temperature and hydrogen gas was
bubbled through the solution (Table 11).

Table 11. Optimization of the selective semihydrogenation applying hydrogen gas.

1) K,CO4
PdCl,
BuPAd
DMF, H,0
I 120°C, t;
i O O

26

Entry® t; [h] t, [min] Conversion™* [%)] Yield 28[°] [%] Z:E—Rat|0[°] [%:%] Selectl\nty 2801 [%]
1 8 150 >99 <1 - -

2 8 80 >99 33 33:9 33

3 8 40 >99 80 80:8 80

4 8 20 >99 91 91:6 91

5 8 10 60 51 51:5 85

6 4 20 46 38 38:4 a3

7 2 20 21 14 14:3 67

8 0 20 <1 <1 - -

[a] Standard conditions (entry 4): 0.5 mmol 26, 1 mmol K;COs, 1 mol% PdCl;, 1 mol% BuPAd,, 2 mL DMF, 0.2 mL H,O at
120 °C for 8 h. Subsequently, hydrogen gas was bubbled through the solution at 25 °C for 20 min at 0.5 mL/s gas flow.
[b] Regarding 26. [c] Determined by GC with hexadecane as internal standard. [d] Referring to the ratio of yield to
conversion.
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Herein, full conversion of the internal acetylene was achieved when the hydrogenation was
conducted for 150 min. However, no detectable amounts of the target molecule were
present in the reaction mixture (entry 1). Instead, the Z-alkene was completely
hydrogenated to the corresponding alkane. Consequently, the product yield increased when
the hydrogenation period was reduced. After 80 minutes of hydrogenation, the targeted
product was synthesized in 33% vyield at full conversion of the starting material (entry 2).
Nevertheless, the Z:E-ratio as well as the Z-selectivity remained unsatisfying as the majority
of the product was converted to the undesired alkane. These criteria were significantly
improved by further shortening the hydrogenation period to 40 min. Thereby, the Z:E-ratio
was enhanced to 80:8 at full conversion of the internal acetylene paired with an overall yield
of 80 % (entry 3). After a hydrogenation period of 20 minutes, Z-alkene 28 was provided in
91% vield with a Z:E-ratio of 91:6 and complete consumption of the starting material (entry
4). Thus, the implementation of hydrogen gas as direct reducing agent offered the optimal
procedure for the selective hydrogenation of the internal acetylene. Further experiments
revealed that a hydrogenation period of 10 minutes failed to assure complete conversion of
the starting material as 40% of the internal acetylene was detected in the reaction mixture
(entry 5). Furthermore, the heterogenization period at 120 °C had to be conducted for 8
hours as the incomplete consumption of the reactant was observed when the
heterogenization was decreased to 4 or 2 hours, respectively (entries 6 and 7). In these
cases, the modification led to a diminished yield of 38% and 14% after 20 minutes of
hydrogenation. Noteworthy, the product was not detected when the heterogenization
period was eliminated (entry 8). Thus, the homogeneous palladium complex showed no
activity in the hydrogenation of acetylenes utilizing hydrogen gas emphasizing the necessity
of the presented catalyst transformation sequence.

As the next step, the isolated reaction steps were combined to a sequential one-pot
protocol. For this purpose, the Sonogashira coupling was conducted under the conditions
developed in the optimization of step 1 (Table 9, entry 7). Hereinafter, the optimal amount
of water was added after the reaction cooled down to room temperature (Table 10, entry 5).
Subsequently, the solution was heated to 120 °C for 8 hours in order to heterogenize the
palladium catalyst. Following this step, the mixture was hydrogenated by passing the gas
through the solution. Determining the optimal duration for the hydrogenation period, the

reaction was executed while samples from the reaction solution were prepared in specific
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intervals and analyzed for their content. The resulting yield over time sequence is displayed
in Scheme 46. The optimal hydrogenation duration was determined at 25 minutes of
hydrogen flow. Therefore, the results slightly differed from the semihydrogenation

optimization demonstrated in Table 11.

1)P|‘;2§?3 R 2)+ HO
B BuPAd 120 °C, 8 h —
| r + w —2)- ‘ ‘ ————- 1 2
R’ R? DMF 3)+H, R R
60°C,16h 25°C
100

80

60

Yield [%]

40
20

0
0 10 20 30 40 50 60
Time [min]
Conditions: 0.5 mmol 24, 1 mmol 25, 1 mmol K;COs, 1 mol% PdCl,, 1 mol% BuPAd; in 2
mL DMF at 60 °C for 16 hours. Subsequently, 0.2 mL H,O was added at room
temperature after which the solution was heated to 120 °C for 8 hours. Finally, H> was
bubbled through the reaction mixture at 25 °C. Yield determined by GC with hexadecane
as internal standard.

Scheme 46. Product yield over time of the sequential one-pot synthesis.

Next, the activity of various terminal acetylenes and aryl bromides to generate the
corresponding Z-alkenes was investigated utilizing the developed protocol (Table 12).

Table 12. Substrate scope of the Sonogashira-semihydrogenation.

1) K,CO4 5
‘ ‘ PdCl, R 2) + H,0

BuPAd ° —
E|3r . ‘ 2 H 120°C,8h 1;—\ )
R! R DMF 3)+H, R R

60 °C, 16 h R 25 °C, 20 min
Yield®! Yield®!
[a] i _
Entry Intermediate Alkyne [%] Z-Alkene Alkene [%]

= I
1 85 75
31 32
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Table 12. Substrate scope of the Sonogashira-semihydrogenation.

1) K,CO4 ,
PdCI, 2) + H,0
Br w BuPAd, 120 °C, 8 h —
————
R! R2 DMF { 3)+ H, R' R?
60°C,16h |, 25°C,20min
Yield!® Yield!®!
[a] F 2
Entry Intermediate Alkyne [%] Z-Alkene Alkene [%]
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Table 12. Substrate scope of the Sonogashira-semihydrogenation.

1) K,CO4 ,
PdCl, 2) + H,0
Br w BuPAd, 120 °C, 8 h —
R! R2 DMF { 3)+ H, R' R?
60 °C, 16 h i 25°C,20min
Yield!® Yield!®!
[a] F 2
Entry Intermediate Alkyne [%] Z-Alkene Alkene [%]
~
S ‘ —s
e -
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45 46
Z
e o OO w
NN N
I \
47 48
- l ) O
10 ‘ 98 84
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49 50
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/
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o) L0
53 54
/
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Table 12. Substrate scope of the Sonogashira-semihydrogenation.

1) K,CO; ,
‘ ‘ PdCl, 2) + H,0
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Br ‘ uPAd, H 120°C,8h /—\,
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Yield!® Yield!®!
[a] F 2
Entry Intermediate Alkyne [%] Z-Alkene Alkene [%]
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4. Sonogashira-Semihydrogenation

Table 12. Substrate scope of the Sonogashira-semihydrogenation.

1) K,CO; ,
‘ ‘ PdCl, 2) + H,0
BuPAd ° —
?r . ‘ u 2 ‘ ‘ 120°C,8h 1/—\ ,
R! R DMF 3) +H, R R
60°C,16h 1, 25°C,20min
Yield!® Yield!®!
[a] F 2
Entry Intermediate Alkyne [%] Z-Alkene Alkene [%]
85

\O OO

0\
19t 90
»
67
‘ ol
20 80

n-Hex

69
FZ

21 75

71

=
220 <° ~ 69 0
5 L
73 74

[a] Standard conditions: 0.5 mmol aryl bromide, 1 mmol terminal acetylene, 1 mmol K,COs, 1 mol% PdCl;, 1 mol%
BuPAd; in 2 mL DMF at 60 °C for 16 hours. Subsequently, 0.2 mL H,O was added at room temperature followed by
heating to 120 °C for 8 hours. Finally, H, was bubbled through the reaction mixture at 25 °C for 25 min. [b] Isolated yield.
[c] 30 min hydrogenation. [d] 35 min hydrogenation. [e] 180 min hydrogenation. [f] Significant amounts of the
intermediate remained unconverted [g] The isolated product contained significant amounts of the corresponding
E-alkene which emerged to be inseparable from the desired product by preparative methods. [h] 40 min hydrogenation.
[i] The resulting complex mixture was not further isolated [j] Despite prolonged hydrogenation, only insignificant
amounts of the corresponding product were detected and not further isolated. [k] 80 min hydrogenation with 25 mol%

oi
=

70

52

j|
2
o
>

34

@]
~
N
|

3,6-dithia-1,8-octanediole (DTOD) at 0 °C. [I] 20 min hydrogenation at 0 °C.

Herein, the elaborated reaction conditions were applied to the conversion of ortho-, meta-
and para-methyl-substituted bromobenzenes with phenylacetylene to identify the influence
of the substitution pattern. Entries 1 to 3 in Table 12 demonstrate that the corresponding
intermediates 31, 33 and 35 were synthesized in 85%, 87% and 84% overall vyield,

respectively. Consequently, no significant substituent effect on the Sonogashira coupling
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4. Sonogashira-Semihydrogenation

was documented. Nonetheless, the final products were only offered in comparable yields
when the hydrogenation period was adjusted. Thus, the compounds were afforded in similar
yields of 75% (32), 75% (34) and 72% (36) when the duration of the hydrogenation of the
ortho-substituted methyl bromobenzene was extended to 30 minutes. The prolonged
hydrogenation period for the ortho-substituted bromotoluene was presumably reasoned by

the steric hindrance of the methyl substituent (Scheme 47).

Scheme 47. Ball-and-stick models of tolan (left) and 35 (right).

Herein, the steric proximity to the reaction center limits the access of the catalyst surface to
the C-C triple bond. As a result, the reaction rate is impeded. Thus, the semihydrogenation
was significantly affected by the steric properties of the aryl bromide while the Sonogashira
reaction demonstrated insignificant variation in relation to the substituents position.
Furthermore, the electronic effect of the substituent was analyzed by conducting the
reaction with an aryl bromide with electron-donating substituent and, for comparison, a
starting material with electron-withdrawing group. Consequently, 3-trifluoromethyl-
bromobenzene (entry 5) and 3-methoxy-bromobenzene (entry 4) were applied in the
Sonogashira-semihydrogenation. In accordance with general findings,[213214 the electron-
withdrawing trifluoromethyl group increases the activity of the aryl bromide in the
Sonogashira coupling as 93% of the corresponding intermediate 39 were synthesized. In
contrast, only 72% of the internal alkyne 37 containing the methoxy group was found which
confirms the tendency of electron-donating groups to inhibit coupling reactions. Moreover,
the hydrogenation of the intermediates 37 and 39 towards the Z-alkenes 38 and 40 was
affected by the electronic properties as well. Herein, the internal alkyne containing the

electron-withdrawing group was entirely hydrogenated to the product 40 after 25 minutes in
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83% vyield (entry 5) while the electron-donating methoxy substituent caused a decline in the
reaction rate of the semihydrogenation. Thus, the hydrogenation period for compound 37
had to be extended to 35 minutes in order to achieve 68% yield (entry 4). During the
investigation of the substrate scope, the tendency of coordinating functional groups to
necessitate extended hydrogenation periods was observed in multiple cases (entries 4, 8, 9,
12 and 19). In general, the duration of the hydrogenation had to be prolonged for substrates
incorporating coordinating groups such as methoxy, thiomethoxy and amine functionalities.
In addition, the hydrogenation period had to be varied to identify the optimal duration in
dependency on the electronic and steric properties of the alkyne. Extending the substrate
scope, the reactivity of 4-trifluoromethyl-bromobenzene was examined for the two reaction
steps (entry 6). Employing this specific aryl bromide, the conversions afforded 88% of the
internal alkyne 41 and 79% of the Z-alkene 42. 2-Bromonaphthalene was successfully tested
when the internal alkyne 43 was provided in 82% overall yield while the hydrogenation
product 44 was afforded in 72% vyield (entry 7). Moreover, the thiomethoxy containing
starting material was converted to the corresponding alkyne 45 with an overall yield of 69%
(entry 8). Due to the sulfur containing functionality, the hydrogenation period had to be
prolonged to 3 hours to give the final product 46 in 35%. Still, the resulting reaction mixture
contained significant amounts of the intermediate 45. Herein, the thiomethoxy group
represents a severe example for the effect of coordinating functionalities on the
hydrogenation. Moreover, the conversion of 4-dimethylamino-bromobenzene gave 70% of
the internal alkyne 47 whereas the final product 48 was afforded in 41% overall yield upon
hydrogenation (entry 9). Nevertheless, the obtained compound further incorporated 15% E-
alkene which emerged to be inseparable from the desired Z-alkene by preparative methods.
Thus, this starting material gave the most unsatisfying Z:E-ratio with 85:15. Furthermore, 4-
bromo-benzonitrile was applied in the Sonogashira coupling to afford the internal alkyne 49
in 98% overall yield while the subsequent semihydrogenation gave the desired product 50 in
84% (entry 10). In addition, the result for the Sonogashira reaction further emphasizes the
tendency of electron-withdrawing groups to improve the results for the aryl bromide
coupling. Continuing the study, 4-phenyl-3-fluoro-bromobenzene was examined in the
conversion to the internal acetylene 51 as well as the Z-alkene 52 and identified both desired
substances to be synthesized in 96% (51) and 86% (52) (entry 11). Expanding the substrate

scope, the intermediate 53 was generated in 68% vyield whereas the corresponding final
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product 54 was afforded in 64% overall yield (entry 12). Noteworthy, a nhumber of substrates
with specific functionalities failed to give the targeted products. Herein, aldehyde- and nitro-
containing aryl bromides successfully gave the associated internal alkynes 55 and 57 in 87%
and 83% overall yield, respectively (entries 13 and 14). However, the subsequent
hydrogenation offered a complex mixture of various products including alkanes, alkenes and
alkynes containing either reduced or non-reduced aldehyde- or nitro-functionalities and its
intermediates. Thus, substrates containing easily reducible functional groups represent
challenging and problematic compounds as the heterogeneous palladium acts as potent
hydrogenation catalyst. However, while readily reducible functionalities such as nitro or
aldehyde groups were hydrogenated, functional groups such as nitriles possess higher
activation barriers which results in inert behavior towards hydrogenation as evidenced by
product 50. Utilizing a pivaloyl-containing ester, the internal alkyne 59 was isolated in 86%
yield (entry 15). However, the intermediate decomposed during the heterogenization by
partial hydrolysis due to the basic aqueous medium at elevated temperature. Consequently,
a complex mixture of hydrolyzed, non-hydrolyzed, reduced and non-reduced compounds
was obtained and not further analyzed by work-up. Therefore, the starting materials and
intermediates have to fulfill three main requirements to be convertible to Z-alkenes by the

novel methodology.

1. The functional groups have to be tolerated by the Sonogashira coupling conditions.
2. The functionalities have to be inert to the basic aqueous conditions of the
heterogenization at high temperatures.
3. The characteristics have to be inert to the hydrogenation conditions in the final
reaction step.
As presented in the substrate scope, a broad variety of starting materials meet these criteria,
thus emphasizing the various possible applications of the novel methodology.
In addition, the reactivity of various acetylenes with the innovative methodology was
examined. Herein, the effect of substituents was investigated similar to the experiments in
entries 1 to 3. Therefore, ortho-, meta- and para-methyl substituted phenyl acetylene were
employed as starting materials for the conversion with 4-bromotoluene (entries 16 to 18).
Regarding the Sonogashira coupling, a marginal position effect was observed as the
corresponding intermediates 61, 63 and 65 were obtained in 82%, 84% and 80% vield,

respectively. Instead, the described ortho-effect of functional groups displaying steric
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proximity to the C-C triple bond was observed for the terminal alkyne as well. Due to the
impeded hydrogenation, the application of 2-methylphenylacetylene led to 71% of the
desired Z-alkene 66 after the hydrogenation period was adjusted to 30 minutes. After 25
minutes of hydrogenation, both compounds 62 and 64 were received in 76% vyield.
Moreover, the transformation of 4-bromotoluene with 2-methoxy-6-ethynyl-naphthalene
resulted in an isolated yield of 90% of the intermediate 67 while the final product 68 was
obtained in 85% overall yield (entry 19). Unfortunately, 4-chloro-phenylacetylene denied the
conversion to the final product 70 upon hydrogenation while the Sonogashira reaction
proceeded smoothly under the formation of 80% of the intermediate 69 (entry 20). Despite
numerous attempts under various conditions, the selective hydrogenation of the C-C triple
bond was not achieved. Although minor amounts of the desired compound were detected
by GC-MS, the manipulations failed to give full conversion of the intermediate 69. Instead,
the conversion maximum reached 10% after 60 minutes of hydrogen flow. Noteworthy, the
reaction of 4-bromotoluene with 1-octyne offered the internal alkyne 71 in 75% yield (entry
21). However, the initial test for the hydrogenation step suggested that the selectivity of the
reduction remained unsatisfying although promising. Most importantly, the targeted Z-
alkene 72 was produced and identified by analytical methods. Nevertheless, the Z-selectivity
reached only 58% under slightly modified conditions at 0 °C. While the majority of the
remaining material was already converted to the corresponding alkane, traces of the
intermediate 71 were still present in the reaction mixture. In order to improve the
performance especially in regard to the chemoselectivity, the desired transformation was
performed under the influence of 3,6-dithia-1,8-octanediole (DTOD), also referred to as
Lindlar Catalyst Poison,13°Yl as additive. Herein, a positive effect of this additive on the
chemoselectivity was observed which allowed the synthesis of the final product 72 in 52%
isolated yield. Moreover, the Z-alkene was generated with 80% Z-selectivity. Furthermore,
the synthesis proceeded more practically as the additive suppressed the over-hydrogenation
of the desired product towards the alkane. The results of both experiments are depicted in

Scheme 48 for comparison.
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1) K,CO,4
PdCl,
Br BuPAd, ___
DMF n-Hex
I 0°C. 16
+ -
2) + H,O
n-Hex 120 °C, 8 h
3) + H,
+ DTOD 72
25°C
100,0
< 80,0 s L 2 O
=
g
< 60,0
Q
=
[+F]
S
Z 40,0
~N
20,0
0,0
0 50 100 150
Time [min]
—&— No Additive —&— 25 mol% DTOD
Conditions: 0.5 mmol 4-bromotoluene, 1 mmol 1-octyne, 1 mmol K;COs, 1 mol% PdCl;, 1 mol%
BuPAd; in 2 mL DMF at 60 °C for 16 hours. Subsequently, 0.2 mL H;O was added at room
temperature after which the solution was heated to 120 °C for 8 hours. Finally, the additive was
added and H; was bubbled through the reaction mixture at 0 °C for 25 minutes. Yield determined by
GC with hexadecane as internal standard.

Scheme 48. Influence of DTOD in the semihydrogenation step of internal acetylene
71.

Thus, terminal alkyl-substituted alkynes are convertible to the corresponding Z-alkenes by
the novel methodology under assistance of the additive DTOD as well. Nonetheless, the
formation of the corresponding product from 1-bromo-3,4-(methylenedioxy)benzene and
butyl acetylene was almost completely prevented when the additive was applied. Instead,
the desired compound 74 was obtained in 34% overall yield when the experiment was
conducted at 0 °C. In this case, two opposite tendencies reason the reactivity of this specific
substrate. On the one hand, the alkyl substitution increases the electron density of the C-C
triple bond which improves the reaction rate of the hydrogenation. Therefore, the reaction
proceeds faster at lower temperatures as observed for the internal alkyne 71. On the other
hand, the steric hindrance caused by the 'butyl group reasons an increased activation barrier
which reduces the reaction rate as observed for the intermediates 36, 46 and 66 (Table 12).
Consequently, the addition of DTOD to the reaction with tbutyl acetylene poisoned the
catalyst and therefore further inhibited the conversion of the resulting alkyne 73 towards

the Z-alkene 74. However, when the internal alkyne was transformed to the corresponding
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Z-alkene, the product was hydrogenated to the alkane faster since the activation barrier of
the Z-alkene towards hydrogenation is lowered due to the steric constitution of the Z-
alkene. For comparison, the compounds 73 and 74 are displayed in Scheme 49 to illustrate

the steric access to the C-C triple and double bond, respectively.

Scheme 49. Ball-and-stick models of compounds 73 (left) and 74 (right).

In order to further extend the understanding of the ongoing process, the heterogeneous
compounds were isolated after each reaction step and analyzed by ICP-OES for its palladium
content. In addition, the solvent was removed from the remaining homogeneous solution
and ICP-OES analysis of the residue was conducted as well. The experiments suggested that
the transition metal still exists as homogeneous complex after the Sonogashira coupling step
as no palladium was observed in the heterogeneous residue while 94% of the originally
employed amount was found in the sample prepared from the solution. In contrast, the
samples prepared after the heterogenization step under aqueous conditions at elevated
temperatures contained 26% of the applied palladium whereas the residue from the
homogeneous solution incorporated 69% of the theoretical palladium amount. Apparently,
the homogeneous complex is not completely converted to a heterogeneous species after the
second reaction step. However, since significant amounts of the transition metal were found
in the solid phase, a heterogenous catalyst was formed during this step. Therefore, this step
is described as heterogenization. Consequently, similar results were obtained from the
samples prepared after the hydrogenation as 29% of the palladium was detected in the
heterogeneous material while 68% remained in the solution residue. Moreover, the solid
phase obtained after the hydrogenation was further analyzed by XRD and XPS
methodologies to improve the understanding of the nature of the in situ formed catalyst.

The results from the XRD-investigation are displayed in Scheme 50.
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Scheme 50. XRD-analysis of the heterogeneous material obtained after the hydrogenation process.

Herein, the investigation supported the expectation that the majority of the heterogeneous
material consisted of a K2CO3-KHCO3; mixture while the methodology detected potassium
bromide impurities and residual potassium chloride as well. Precisely, a comparison of the
generated diffractogram with the ICDD-database suggested correlation between the
obtained data and the characteristics of monoclinic KHCOs3;, Ks4H(CO3)3*1.5H,0 and
KBrosClo.2. Unfortunately, the analysis did not reveal further information on the nature of the

palladium catalyst since the concentration of the transition metal in the solid was too low for
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the employed analytical method. Furthermore, XPS-analysis of the synthesized material was

conducted (Scheme 51).
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Scheme 51. XPS-spectra of the heterogeneous material obtained after the hydrogenation process.
Unfortunately, the XPS-analysis only confirmed the composition of the substance to be

293 eV; Kzs = 378

mainly oxygen (O1s = 532 eV), carbon (C1s = 289 eV) and potassium (Kzp

eV) with trace quantities of bromine (Brsq = 69 eV) and chlorine (Cly, = 199 eV). Organic
fluorine is commonly observed as surface contamination from e.g. PFPE or PTFE.

Based on these results, the mechanism illustrated in Scheme 52 is postulated.

PdLy o= --------- 2ndStep_ ____.___ > [Pd]@Support
Br—R!
1
R H R
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| = |
1 1st Step H R2
R R2
|
L—Pld—L
Br Y
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K,CO, KHCO;
R2———H KBr Support: K,CO; KHCO3 KBr, (KCI)

Scheme 52. Postulated mechanism for the sequential Sonogashira-semihydrogenation.
Initially, the generation of the catalytically active, homogeneous palladium complex is

achieved by coordination of the BuPAd;-ligand to the metal center. Noteworthy, the exact
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characteristics of this complex remain undetermined. However, literature findings and
discussions suggest the formation of di- and even more active mono-coordinated palladium
complexes for bulky electron-rich phosphine ligands in cross coupling reactions.392303] The
active catalyst adds the aryl bromide by oxidative addition into the C-Br bond generating the
organopalladium complex. Subsequently, the formed complex is converted into the
organopalladium acetylide complex by initially coordinating the acetylene via the C-C triple
bond following deprotonation assisted by the base K,COs to give the palladium acetylide.
Overall, this process exchanges the bromide resulting from the oxidative addition with the
acetylide. Moreover, the deprotonation of the acetylene converts the K,CO3 to KHCO3 and
potassium bromide, thus forming two of the materials found in the heterogeneous catalysts
support. Hereupon, the internal acetylene is released from the organopalladium complex by
reductive elimination of the aryl and acetylide moiety. Hereby, the catalytically active
species is restored to initiate the next catalytic cycle. Essentially, these sequences constitute
the first step of the one-pot procedure.

After step 1, the heterogenization of the homogeneous catalyst is accomplished by adding
water to the reaction solution and heating the resulting mixture to 120 °C for 8 hours.
However, the exact processes of the heterogenization remain speculative. In this regard, the
presence of water appears essential as evidenced by Table 10. While an excess of water
leads to the dissolution of the K2CO3-KHCO3-KBr-KCI mixture and therefore to the dissolution
of the required heterogeneous catalysts support since all described potassium salts are
water soluble. During this process, the synthesized internal alkyne remains unconverted in
the reaction solution and thus has to be inert to the basic aqueous conditions at elevated
temperatures.

The generated heterogeneous catalyst is applied in the final step of the one-pot
Sonogashira-semihydrogenation. Through hydrogen gas, the catalyst is activated by
reduction and the internal alkyne is selectively hydrogenated to the corresponding Z-alkene
via a standard heterogeneous hydrogenation mechanism. Herein, the surface structure of
the catalyst allows for the reduction towards the desired Z-alkenes but prevents the
over-hydrogenation to the corresponding alkanes. As expected, the heterogeneous
hydrogenation suppresses the formation of the thermodynamically favored E-alkenes as the

mechanism proceeds via syn-addition (Scheme 53).
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Scheme 53. Mechanism for the heterogeneous syn-
addition.

Herein, the hydrogen adds to the metal surface due to the strong tendency of palladium to
form metal hydrides. In a sequential step, the alkyne is coordinating to the surface and
reduced by transfer of two hydrogen atoms to the C-C triple bond. Since the atoms are
added to the same side of the alkyne, the corresponding Z-alkene is generated with both
hydrogen atoms placed on the same site of the C-C bond (syn-addition).

As earlier described, the reaction requires a significant excess of the employed terminal
alkyne to proceed with satisfying conversion and yield of the desired internal alkyne. Despite
various efforts, the necessary excess was not significantly reduced. In order to better
understand the problematic side reactions, the conversion of phenylacetylene by the
catalytic system was further analyzed by GC-MS to identify by-products. Thereby, two

undesired major side products were found (Scheme 54).

P Ph
/
ph X
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PdCl,
H BuPAd,
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Ph DMF
60 °C, 16 h H
Ph
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Scheme 54. Arylacetylene side-reaction.
Interestingly, the two observed side products stemmed from dimerization reactions since
the molecules displayed the twice (75) and triple (76) mass of phenylacetylene as molecular
peak in GC-MS analyses. While the dimerization of phenylacetylene towards the
corresponding enyne by various transition metals including electron-rich palladium

complexes has been documented in the literature,3943971 the trimerization towards the
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associated conjugated dienyne has only been reported to be facilitated by a specific cobalt
catalyst once.

However, the hydropalladation of phenylacetylene towards the corresponding enyne 75
offers the possibility to synthesize the associated E-Z-dienes via the developed methodology

according to Scheme 55.

Ph
‘ ‘ ‘ | 2) Heterogenization i
1) Hydropalladation - E -
> E 3) Hydrogenation —
Ph == ) Hydrog PH
77
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75

Scheme 55. Synthesis of E-Z-dienes via the novel methodology.
Noteworthy, the initial experiment employing the well-known reaction system including the
catalysts and K,CO3 in DMF gave a complex mixture with undesired over-hydrogenated
compounds as major products. Albeit, the desired compound 77 was formed as a minor

by-product. However, the conversion yielded all displayed compounds (Scheme 56).
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Scheme 56. Products from the initial attempt to
generate E-Z-dienes.

However, the desired E-Z-diene 77 was obtained as major product when potassium bromide

was added prior to the second step.

Ph
1) PdCl, 2) +H,0
| | BuPAd, | | +KBr Z
K,COj 120°C, 8 h
Ph DMF = 3) +H, Ph
60 °C, 16 h 25 °C, 25 min 77
Ph

Scheme 57. Synthesis of E-Z-dienes via the novel methodology.
This indicates the importance of the generated potassium halide for the selectivity of the in

situ formed heterogenous catalyst in the original reaction of aryl bromides with terminal
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acetylenes. With additional potassium bromide, the synthesis of the E-Z-diene 77 as major
product was achieved while the displayed by-products (Scheme 56) were detected by GC-MS
as well. The additional C-C double bond results in an increased number of possible
hydrogenation products which further increases the demands for the catalysts selectivity.
Nevertheless, the novel protocol offers access to the otherwise difficult to synthesize
E-Z-dienes. In this regard, the new methodology further allows for additional

transformations (Scheme 58).
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Scheme 58. Synthetic pathways available by the novel Sonogashira-Semihydrogenation protocol.
As a part of an initial investigation of the possible synthetic pathways, the reaction of

bromo-E-alkene 78 with phenylacetylene under Sonogashira coupling conditions provided
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the corresponding asymmetric enyne 79. Moreover, the subsequent heterogenization and
hydrogenation generated the desired asymmetric E-Z-diene 80 as major product. However,
as no extensive optimization was conducted, the selectivity remained at improvable levels.
Furthermore, the catalytic system of PdCl, and BuPAd: enabled the transformation of
phenylacetylene with bromoalkyne 81 according to Cadiot-Chodkiewicz to give the
corresponding diyne 82. Upon heterogenization and hydrogenation, the associated
asymmetric Z-Z-diene 83 was identified by GC-MS analyses as one main product in a complex
mixture of compounds. Unfortunately, the Glaser-type coupling of phenylacetylene failed to
give the associated symmetric diyne 84 when the established catalytic system was employed
under atmospheric conditions. However, literature findings indicate that Pd(ll) salts in
combination with polar aprotic solvents and inorganic carbonates as well as benzoguinone
as oxidizing agent offer access to the corresponding symmetric diynes.3%! Thus, a
modification of the developed protocol offers to give the desired compounds and enable the
subsequent heterogenization and hydrogenation towards the symmetric diene 85. Overall,
the elaborated methodology can be extended to the synthesis of complex conjugated

structures which otherwise require demanding multi-step syntheses.
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4 4. Outlook

Regarding the developed synthesis of Z-alkenes, the focus of continuative studies is set on
the minimization of the necessary phenylacetylene concentration in order to increase the
efficiency of the overall process. Therefore, especially the screening for more selective
(phosphine) ligands displays a promising approach. Since the applied phosphine ligand is
assumed to insignificantly influence the following steps two and three, these processes of
the one-pot procedure will be insignificantly affected by the replacement of BuPAd». On the
other hand, the literature on copper- and amine-free Sonogashira coupling reactions
suggests that this type of conversions requires electron-rich palladium complexes which
benefit the alkyne dimerization as well. Thus, any efficient ligand supporting the additive-
free Sonogashira coupling presumably leads to the formation of the undesired dimerization
product. Therefore, the implementation of a copper mediated Sonogashira coupling offers
the possibility of an improved efficiency regarding the required phenylacetylene
concentration while the hydrogenative abilities of the resulting heterogenous Cu-Pd catalyst
have to be determined for its support of the selective semihydrogenation since copper-
based Z-alkene-selective catalysts have been described as well.[240)

Moreover, the improvement and reduction of the heterogenization period constitutes a
central aspect of further investigations. Herein, the drastic reduction of the duration of the
second step is desired in order to increase the efficiency of the overall process. More
importantly, the effectivity of the heterogenization requires improvement since only 26% of
the employed palladium is found in the heterogenous material after the second step. Thus,
the majority of the transition metal is still present as homogeneous complex. Thereby, the
recyclability and reusability of the expensive catalyst is impeded since the recovering of the
dissolved palladium demands more sophisticated techniques while the solids can be filtered
off the reaction mixture or separated by centrifugation without significant difficulties. To
achieve a complete heterogenization, different approaches have to be tested for their effect
on the process. Herein, various additives have to be tested to identify pathways to
accelerate the heterogenization. Alternatively, the discharge of oxygen to the solution
before the second reaction step leads to the oxidation of the BuPAd»-ligand. While the bulky
phosphine is inert to atmospheric oxygen as a solid, the ligand is rapidly oxidized in solution.

Consequently, this suggests that the presence of the phosphine prevents the precipitation of
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the transition metal under argon atmosphere by coordinating and thus shielding the metal
center. Furthermore, the application of oxidizing additives offers the possibility to increase
the precipitation rate of the heterogenization. However, the desired internal alkyne has to
be inert to the employed oxidizing agent. Nevertheless, the resulting catalyst is required to
be tested for its efficiency and selectivity in the subsequent hydrogenation since all
alterations might affect the catalyst performance.

In addition, the improvement of the semihydrogenation selectivity is the subject of further
investigations. For the described methodology, the Z-alkene is favored by the heterogeneous
hydrogenation and the surface structure of the catalyst which inhibits the
over-hydrogenation. However, especially the over-hydrogenation is not entirely prevented.
Unfortunately, especially when the internal alkyne is completely converted, the
hydrogenation rate for the desired product increases. Noteworthy, this circumstance is
illustrated in Scheme 48. Without the additive DTOD, the Z-alkene is further hydrogenated
to the corresponding alkane as soon as the concentration of the reactant accounts for less
than 10% of the original amount. While the effect was observed for all employed starting
materials, the aryl-alkyl-alkynes demonstrated a more drastic over-hydrogenation.
Advantageously, the additive DTOD successfully suppressed the over-hydrogenation in the
case of compound 71 almost entirely (Scheme 48). Nevertheless, the application of this
substance prevented the semihydrogenation for the diaryl-acetylenes completely. Thus, the
inhibiting characteristics of the sulfur-containing compound emerged to be too severe for
the majority of the tested substances. Herein, the investigation of other additives for their
selectivity improving characteristics offers the possibility to improve the overall yield and
efficiency. Moreover, the selectivity of the catalyst is affected by the addition of additives to

the heterogenization process.
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5. Summary

In conclusion, novel reaction conditions for the synthesis of a-substituted esters from
acetates and primary alcohols catalyzed by the Fe-MACHO-BH complex have been
developed. Although the yield of the corresponding product remained at insufficient levels,
the product was characterized by NMR and GC-MS.

In addition, the critical aspect of the alkylation of methyl valerate to methyl valproate by
iridium complex 1 was identified to originate from the pre-existing a-alkylation of the
substrate. Moreover, the reproduction of the optimization experiment from literature
findings was achieved and the feasibility of the reaction with n-propanol was proven as well.
While the desired transformation towards methyl valproate failed, it was shown that the
alkylation of ethyl esters proceeded despite transesterification and the resulting product
mixture.

Unfortunately, the well-established Fe-MACHO-BH catalyst could not successfully be applied
to the conversion of several C-H-acidic compounds with primary alcohols. Nevertheless, the
presence of the important corresponding aldehydes in the reaction solutions was proven for
the targeted reactions. In contrast, the associated aldehydes performed the desired
condensation under hydrogen autotransfer conditions. Thereby, the general
dehydrogenation activity was observed while the condensation of the substrates was
identified as crucial and failing intermediate step.

Aside from the investigation into the hydrogen autotransfer methodology, the development
of a heterogeneously palladium-catalyzed amidocarbonylation of N-methyldodecanamide
towards N-lauroyl sarcosine was achieved. Herein, the necessary additive loading was
reduced to 2.5 mol% of lithium bromide which constitutes a significant decrease compared
to the originally applied 35 mol%. Although the concentration of sulfuric acid had to be
increased, the development represents a major improvement in regard to the economic
efficiency of a theoretical industrial process since the additive’s costs exceed the expenses
for sulfuric acid drastically.

Despite a decreasing selectivity, the general recyclability and reusability of the catalyst was
proven by recycling experiments indicating a reaction outcome decrease of 10% yield per
run. As physical material loss influences small scale experiments more drastically than

conversions on increased scales, this effect diminishes on multi g-scales. In this regard, the
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conversion was conducted on a 10 g-scale resulting in an excellent yield of 95% upon
isolation. Nevertheless, trace metal analyses indicate and emphasize the problematic
removal of residual amounts of palladium from the product.

Moreover, the selective synthesis of Z-alkenes from aryl bromides and terminal acetylenes in
a sequential one-pot procedure via homogeneously catalyzed Sonogashira coupling and
subsequent selective semihydrogenation by the heterogenized catalyst was developed.
Thereby, the expensive palladium catalyst is employed twice — once as homogeneous
catalyst by coordination of the BuPAd:-ligand and once as heterogeneous catalyst obtained
from the previously homogeneous catalyst by heterogenization under basic conditions.
Although the agueous conditions of the heterogenization step limit the substrate scope of
the described procedure, the conversion of various aryl bromides and terminal acetylenes
was proven. Therefore, the novel methodology offers tremendous upside to well-known
synthetic pathways since no prior formation of the corresponding internal alkyne or the
utilization of stoichiometric reagents is required. Advantageously, the methodology can be
applied to the synthesis of diaryl-Z-alkenes as well as aryl-alkyl-Z-alkenes. Herein, it was
shown that additives can significantly improve the performance of the hydrogenation by
increasing the selectivity and inhibiting the over-hydrogenation. In addition, minor
modifications of the procedure offer the possibility to extend the product scope to various
dienes including symmetric and asymmetric E-Z- as well as Z-Z-dienes. Based on the results
of experiments and ICP-analyses, a general mechanism was developed and illustrated.
Moreover, the competing side reaction in the Sonogashira coupling which causes the

necessity for an excess of terminal alkyne was identified.
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7. Appendix

The appendix includes the general procedures for the conducted experiments as well as
analytical results. In addition to the written data, the NMR spectra are displayed. Generally,
the synthesized and isolated products have been characterized by H- and *C-NMR, GC-MS
and HR-MS as well as to some extent EA. Moreover, the technical characteristics of the
employed analytical equipment are documented. Finally, the authors publications are

presented.

o1
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7.1. Hydrogen Autotransfer

General Information

All manipulations were conducted under argon with exclusion of moisture and oxygen by
using standard techniques for the manipulation of air sensitive compounds. Reaction
temperatures refer to silicon oil in an additional pressure tube within the heated alumina
block or to the silicon oil bath. NMR data were recorded on either Bruker ARX 300, Bruker
ARX 400 or Bruker Fourier 300 spectrometers. 13C- and 'H-NMR spectra are given in ppm and
referenced to signals of deuterated solvents and residual protonated solvents, respectively
(CDCl3: H: 7.260 ppm, 3C: 77.160 ppm; C¢De: 'H: 7.260 ppm, 3C: 128.060 ppm). Gas
chromatography-mass analysis was carried out on an Agilent HP-5890 instrument with an
Agilent HP-5973 Mass Selective Detector (El) and HP-5 capillary column using helium carrier
gas. TOF HR-MS measurements were performed on an Agilent 1200/6210 Time-of-Flight LC-
MS. Flash chromatography was performed on a Teledyne Isco CombiFlash Rf 200 system.
Chemicals were purchased from Sigma Aldrich, Alfar Aesar, TCI or Strem and were used as
received. DMF was dried by a SPS from Innovative Technology while H20 was flushed with
argon for one hour. Solvents were stored in Aldrich Sure/store flasks under argon.

The iridium complex 1 was synthesized according to the literature procedure.l’!
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General procedure for the synthesis of Fe-MACHO-BH 2
[Fe(CO)(Br)2(HN(CH2CH,P'Pr;)1)]

1.02 equivalents of FeBrz:(718 mg; 3.33 mmol) were dissolved in 30 mL Ethanol (abs.) at
room temperature. The ligand ((HN(CH2CH2P'Pr3);) (1 g; 3.27 mmol) was added dropwise
over a period of 5-10 minutes. After the addition of 1-2 mL ligand-solution, a white
precipitate was formed. It is not necessary to further purify this product as the excess of
FeBr; will be easily removed in the next step.

After stirring at room temperature overnight, the solid was allowed to precipitate. The
supernatant solution was removed via syringe and the solid was washed three times with 10
mL of Ethanol (abs.). The slightly yellow liquid contains residual FeBr,. After removing the
solvent, a white-light greenish solid is obtained (1.4 g; no NMR-characterization due its
paramagnetic characteristic).

30 mL THF (abs.) was added (the solid is poorly soluble in THF, complete dissolving is not
required). Carbon monoxide was bubbled through the suspension for 1 h until the
precipitate is dissolved completely and the solution has turned to dark blue. After removing
the residual carbon monoxide by bubbling argon though the solution, 40 mL of n-heptane
(abs.) were added. The solvents were removed under reduced pressure to obtain a dark
blue, crystalline solid which was washed with Ethanol (abs.) to remove the residual excess of
FeBr,.

The procedure gives 1.35 g (2.46 mmol, 75.2% vyield) of the desired intermediate iron

complex. NMR spectra can be obtained at this stage (CsDe, THF-ds or CDzH>)

[Fe(CO)(H)(HBH3)(HN(CH2CH2PPr3)2)]/complex 2

To 1.35 g (2.46 mmol) of [Fe(CO)(H)(HBH3)(HN(CH2CH2P'Pr;),)] in 50 mL THF (abs.), a solution
of NaBH4 (0.93 g; 24.6 mmol) in 30 ml Ethanol (abs.) was added. The blue solution turns to
bright yellow. After stirring for 2 h at room temperature, the solvent was removed under
reduced pressure. The product should not be heated as the complex decomposes towards
the non-stable dihydride. The yellow residue was dissolved in toluene (abs.) and filtered to
remove the salts.

After removing the solvent, an orange-yellow solid was isolated. Recrystallisation from
THF/n-heptane (dissolving the solid in 3-5 mL THF and adding 20-30 mL n-heptane) affords

fine yellow needles (537.2mg, 1.33mmol, 53.9% yield).
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General Procedure for Hydrogen Autotransfer Reactions

The experiments were carried out in pressure tubes equipped with a magnetic stirring bar.
Prior to the reaction, the solid reaction compounds were added to the pressure tube which
was subsequently placed in an evacuation tube. The corresponding screw cap with septum
was added into the evacuation tube as well. The closed tube was evacuated and flushed with
argon three times. Afterwards, the tubes lid was slightly lifted and the liquid substances as
well as the solvent (water-free stored under Argon) were added via syringe into the pressure
tube. 4-Bromotoluene was slightly heated and added as a liquid as well since this compound
sublimates significantly upon the exposition to vacuum. Finally, the lid of the evacuation
tube was removed and the pressure tube was sealed with the screw cap under argon
counter flow before the tube was placed in an aluminum heating block. The temperature
was controlled by a thermocouple in an additional pressure tube with silicon oil placed in the
aluminum block.

After the reaction was finished and cooled down to room temperature, the tube was opened
and hexadecane was added as internal standard. A sample was prepared by filtering the

crude solution through cotton. The sample was analyzed by GC-MS.

Example of Scheme 10 (page 12):

Benzyl alcohol: 1 mmol = 104 pL
Butyl acetate: 1.2 mmol = 162 plL
KO'Bu: 1.5 mmol = 168.3 mg
Complex 1: 0.5 mol% = 2.7 mg

1 mLtoluene, 60 °C, 12 h
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Analytica Data
ITSD *H & *C NMR: CDCls: H: 7.260 ppm, *3C: 77.160 ppm; C¢De: *H: 7.260 ppm, 13C: 128.060

ppm.
All 8H and 813C in ppm, all coupling constants J in Hz.

Iridium complex 1: *H NMR (300.1 MHz, C¢D¢): 8'H = -38.53 (1H, s, IrH), 1.19-1.24 (9H, m,
CHs), 1.31-1.36 (9H, m, CH3), 6.53-6.58 (1H, m, ArH), 6.84-6.93 (3H, m, ArH), 7.01-7.07 (2H,
m, ArH), 9.73 (1H, m, ArH); 3P NMR (121.5 MHz, CsDs): 63!P = 160.4 (P-'Buy); HRMS (CI, m/z):
caled. for IriCigH26CliN101P1 (M): 543, found: 543; (M-3>Cl): 508, found: 508; (M-3'Cl): 506,
found 506.

Fe-MACHO-BH 2: 13C NMR (75.5 MHz, CsDs): 813C = 18.3 (2 CH3), 19.0 (2 CHs), 20.4 (2 CH3),
20.8 (2 CHs), 25.3 (2 CH), 29.0 (2 CH2), 29.6 (2 CH), 54.1 (2 CHy); *'P NMR (121.5 MHz, C¢Ds):
831P = 99.3 (P-'Pr,), 99.4 (P-'Pry)

Note: The NMR sample contained residual amounts of THF and heptane from the

purification step.

3-Phenylpropanoic acid tert-butyl ester: 'TH NMR (300.1 MHz, CDCl3): 6'H = 1.44 (9H, s, CH3),
2.53-2.58 (2H, m, CHa), 2.90-2.95 (2H, m, CHa), 7.17.-7.22 (3H, m, ArH), 7.25-7.32 (2H, m,
ArH); 3C NMR (75.5 MHz, CDCls): 613C = 28.1 (CHs), 31.2 (CH»), 37.1 (CH,), 80.3 (C7), 126.2
(CH), 128.4 (2 CH), 128.4 (2 CH), 140.8 (CY), 172.3 (C%); GC/MS-EI (70 eV): m/z (%) = 150
((MH - C(CHs)3)*, 100), 57 (87), 91 (75), 104 (72), 105 (69), 133 (42), 77 (23), 78 (15), 103 (14),
79 (13), 51 (11), 151 (10).

Pentanoic acid tert-butyl ester: GC/MS-EI (70 eV): m/z (%) = 85 ((M — OC(CH3s)3)*, 100), 103
((MH, — C(CHa)s)", 78), 57 (44), 60 (26), 61 (25), 73 (18), 102 (11).

Pentanoic acid ethyl ester: GC/MS-ElI (70 eV): m/z (%) = 85 ((M — OCHs)*, 100), 103
((MH; - CHs)*, 77), 57 (42), 61 (25), 73 (22), 60 (20), 75 (11).

Butanoic acid ethyl ester: GC/MS-El (70 eV): m/z (%) = 71 (M — OCyHs)*, 100), 89
((MH; - C2H5)+, 58).
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2,3-Diphenyl-propionitrile: GC/MS-EI (70 eV): m/z (%) = 91 (100), 207 (M*, 19).

2,3-Diphenyl-acrylonitrile: GC/MS-EI (70 eV): m/z (%) = 205 (M*, 100), 204 (87), 190 (42),
203 (23), 177 (18), 176 (17), 206 (16), 178 (16).

Benzoic acid benzyl ester: GC/MS-E| (70 eV): m/z (%) = 105 (100), 91 (45), 212 (M*,38), 77
(27), 194 (17), 51 (10), 167 (10).

3-Phenyl-propiophenone: GC/MS-EI (70 eV): m/z (%) = 105 (100), 210 (M*, 52), 77 (31).



7. Appendix

1Us=1r-K. 1 hd

1.19
38

T T T
i 3 o 4 J 4 =] 4 -0 12 -14 -1 18 20 2} -39 -2 18 0 1 -3 -3k i
pom
105=1r-€. 2.d
3P CELS e ~
= =
(¥a) [Xe]
— O
| |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0200 200 190 180 170 160 150 140 130 10 10 100 %0 0 W & S 4 3 W0 1 0 0 20 30 40 50 60 70 80 90



7. Appendix

LAUS L0l

T T T T T T
5 14 13 1 1 10 a 3 7 G 3 4 3 2 1]
pom
uy M~ O h T g O
= h o m TS @
] O oD L O O Oy oD
n S e e e o

/
/
h

o

I ] “ln‘lih

1 i 100 20 a0 0 G0 5 40 30 20 10



7. Appendix

'o.205. 14.hd
L&

99.43

(99,34

—
i poim

1.ficl UM el e L o OO0 0 =

Lan B e B Bh ol [=a =y Ny Ry ] =

[ b e e -

e NN

r T T T T T T T T T T T T T T T T T
] 25 9.0 55 4.0 75 ] 45 6.0 35 30 45 4.0 15 10 25 2.0 1.5 ]



151209.t327.11.tid

7. Appendix

13¢ a3 IN] & ¥IRY o mg o
I f XYY =] ~ i o
— — — = - [+3] [ s W el
| | ~ - | (AN
"2 20 2o 20 200 10 10 1M 10 150 @0 10 o o 0 @ & A & D H B D 1 0
ppm
T1100% 508
CI-MS Ir-Complex 1
332
i 543
. - 172 . <
74 107 139 ;7 201 257 282 394 451 i .!L
T T I T ] I T T LBk T L 1 L | L I 1 1 T T I T L I ) I T I I I I L] T T 1 i
50 lbo 150 ZLQ 250 3EU 350 ‘\450 450 550 550
100% 508
543
7 332 ‘
|
74 107 163 21g 282 | 394 451 \ 670 725 789 833
FR— fmperh e ; e = -1 o L A L B
I ‘SIOI 2 Ilb; i IIIS([J Y Izlut; Y I2I56 o i3 01 H r3]5f]| H [4IUOI o I4‘5(§| o [550 ol IS‘ECIP : 51]0 650 71]0 750 9130 850



7. Appendix

7.2. Amidocarbonylation

The following table includes a comparison of the obtained results for the
sulfonamidocarbonylation by the author and the findings given in the dissertation of Wahed
Ahmed Moradi.

Comparison of the results for the sulfonamidocarbonylation.

2
SNH, + J_L LiBr, H,SO, S\N)YOH
—_—
R "H NMP,CO ©/ H
0
Entry Compound Yield previous work / %!%!  Yield this work / %!’
o. ,O

N

7 OH
1 N/j( 65 74
H
o

n-CgH
O\\ ,/O a7

2 S"'N OH n.e.[ <1
H
3 NP n.e.k <1
57 OH
N
H
SRR
4 C}\\S//O OH <1 <1
(o
H
O
5 NP <1 n.e.
P OH
N
H

)

(8] Conditions: 25 mmol Benzsulfamide, 50 mmol paraformaldehyde (PFA), 35 mol% LiBr, 1 mol% H,50,, 0.25
mol% PdBr;, 0,5 mol% PPhs in 25 mL NMP under 60 bar CO at 120 °C for 12 h. [b] Conditions: 2.5 mmol
Benzsulfamide, 3.125 mmol paraformaldehyde (PFA), 35 mol% LiBr, 1 mol% H,S04, 0.5 mol% PdBr; in 2.5 mL
NMP under 60 bar CO at 100 °C for 16 h. [c] n.e. = not executed.

The following section includes the publication as well as the according supporting
information. Herein, detailed experimental instructions on the conducted manipulations are

given as well as analytical data.
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General amidocarbonylation procedure

The manipulations were carried out in a 300 mL Parr high pressure autoclave. The small-scale
experiments were conducted in 4 mL glass vials using magnetic stirring bars. Prior to the reaction, the
vials were placed on an appropriate plate and equipped with the solid compounds which were
subsequently sealed with a septum cap and evaporated and flushed with argon for three times.
Afterwards, the solvent (water-free stored under Argon) was added prior to sulfuric acid
(concentrated, neither purified nor oxygen- or water-free). The autoclave was closed before it was
evaporated and flushed with Argon for three times as well. The autoclave was opened and the plate
with the vials was placed inside quickly before the autoclave was closed again. Afterwards, the
autoclave was flushed with argon for 15 minutes. The autoclave was sealed tightly before it was
flushed with carbon monoxide up to 3 bars for three times. The reaction pressure (60 bars CO) was
added by aid of the digital pressure indication. The autoclave was regulated by a control unit which
monitored the reaction temperature viag an integrated thermometer. The temperature was adjusted
to the given value by the control unit automatically. The experiment was conducted at the
corresponding reaction temperature for 16 hours.

Subsequently to the reaction, the autoclave was cooled in an ice bath. At room temperature, the
pressure was released slowly. The heterogeneous catalyst was separated either by centrifugation
(recycling experiments, preparation of sample A) or by filtration (optimisation reactions, substrate
scope, 10 g-scale experiment, preparation of samples B-D) and washed at least three times within
the process. Whenever NMP was removed (70 °C in high vacuum), an anti-splash guard with return-
hole (Sigma Aldrich) was utilized since the solvent condensed before reaching the condensation trap.
After the removal of NMP, the crude product was obtained.

Example on the basis of table 2, entry 11:

N-methyl dodecanamide: 1 mmol=213.4 mg.
PFA (paraformaldehyde): 1.5 mmol = 45 mg.
Lithium bromide: 35 mol% = 30.4 mg.
Pd black: 1mol%=1.1 mg.
H,S04: 10 mol% =5 pL.

In 1 mL NMP at 60 bars CO and 60 °C for 16 hours.
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Catalyst preparation

Pd/SiO,, Pd/Faujasite A and Pd/ZSM-5 A (all 1 wt.% Pd)

Pd/SiO, was prepared by wet impregnation. Silica (990 mg, 0.035-0.070 mm, pore diameter 6 nm)
was added to a solution of 30 mL water and Pd(NOs)'XH,0 (25 mg, ca. 40% Pd content). After 30
minutes of stirring, the liquid was removed by rotary evaporation. Subsequently, the material was
further dried at 80 °C overnight. Finally, the catalyst was calcined at 500 °C for 2 hours to give the
final product. Pd/Faujasite A and Pd/ZSM-5 A were synthesised accordingly.

Pd/Faujasite B and Pd/ZSM-5 B (both 1 wt.% Pd)

Pd/Faujasite B and Pd/ZSM-5 B were prepared by incipient wet impregnation. Therefore,
Pd(NOs;)2-XH;0 (25 mg, ca. 40% Pd content) was dissolved in water (1.2 mL for Faujasite and 0.8 mL
for ZSM-5). The solution was added to 990 mg of supporting material. Finally, the catalysts were
dried at 80 °C overnight and finally calcined at 500 °C for 2 hours to give the final product.

Pd/N@Gr (3 wt.% Pd)

Pd/N@Gr was synthesised by pyrolysis of a mixture of [Pd(phenanthroline)Cl,] and carbon powder.
For the synthesis of [Pd(phenanthroline)Cl;], [Pd(CHs;CN).Cl;] (2.233 mmol, 579 mg) was added
dropwise to a stirred solution of phenanthroline-H,0 (4.925 mmol, 976 mg) and 60 mL DMF at 150
°C. After the formation of a precipitate within a few minutes, the mixture is heated under reflux
conditions for another 3 hours. The product was obtained as orange needles after filtration.
Subsequently, [Pd(phenanthroline)Cl;] (0.314 mmol, 112.23 mg) was dissolved in 60 mL DMF at 120
°C. Henceforward, carbon powder (888.42 mg, VULCAN XC72R) was added and the mixture was kept
at 120 °C for 2 hours. The solvent was removed by vacuum and the solid was further dried for 15 h at
120 °C in high vacuum. Finally, the catalyst was obtained by pyrolysis of the material at 800 °C for 2 h
under argon atmosphere.
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Optimisation reactions

The reaction solution was filtered through filter paper. The paper was washed with NMP several
times. Ethylene carbonate (0.25 mol% to the amide) was added to the crude product (viscous liquid).
Acetone was added to guarantee equal dispersion of the NMR standard within the sample. The
acetone was removed by high vacuum. The integration results are based on the four protons from
ethylene carbonate and the two protons from the glycine moiety (N-CH,-COOH). Noteworthy, N-acyl
sarcosines exist as cis- and trans-isomers.' Therefore, the N-CH,-COOH signal is split into one singlet
at 3.96 ppm and one at 4.09 ppm. The intensity distribution for N-lauroyl sarcosine is 66:34. The
signal splitting can also be observed for the methyl group N-CH; (2.79 ppm and 2.98 ppm, 34:66,
singlet) and the first CH,-group of the alkyl chain CH,-CH,-CO-N (2.16 ppm and 2.30 ppm, 34:66,
triplet, /= 7.4 Hz).

Examples for NMR-analysis of the crude product:

447
405
/30

180208 f318.10.fid
1H DMS0
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Recycling experiments

After the reaction, the mixture was transferred under argon into a septum sealed centrifuge tube.
After centrifugation (5000 U/min for 20 min), the supernatant solution was removed via syringe and
collected. The particles in the tube were washed with NMP five times. The combined NMP layers
were prepared for NMR analysis (analogue to “Optimisation reactions”). The particles were
transferred via syringe with NMP under argon into the next vial already containing the next set of
reaction substrates as well as lithium bromide. In order to transfer the catalyst as entirely as possible,
NMP was added in 0.1 mL portions and then transferred into the vial. This was repeated 10 times in
order to add 1 mL NMP over the entire process as solvent for the next run. Finally, sulfuric acid was
added and the manipulations were pursued as usual (see “General amidocarbonylation procedure”).
After the reaction, the particles were treated with this procedure again until the forth cycle.

NMR-analysis of runs 1-4:

Runl

447
406
395

170405.304.10.fid l' '\'
1H DMS0D
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Run 2

170406,310.10.fid
1k DM50
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Substrate scope

The reactions were conducted and analysed by NMR and therefore treated according to the
manipulations described in the sections “General amidocarbonylation procedure” and “Optimisation
reactions”.

In order to determine the isolated yield, the reaction was repeated and an acid-base extraction was
conducted in contrast to the optimisation reactions. Therefore, the crude product was dissolved in
saturated aqueous NaHCO; solution (reaction is complete when evolution of gas stops and the
liquid/particles are dissolved). The aqueous solution was extracted with ethyl acetate three times.
Subsequently, the aqueous phase was acidified with concentrated phosphorus acid to pH 3. The
aqueous phase was extracted with ethyl acetate again three times. The combined organic layers
were dried over Na;SO, which was later filtered off. Ethyl acetate was removed on the rotary
evaporator. The products were dried in high vacuum.
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10 g-scale experiment

The solid substrates and catalysts were added directly into the autoclave which was equipped with a
mechanic stirrer. The autoclave was closed, evaporated and flushed with argon for three times.
Meanwhile, a Schlenk flask was evaporated and flushed with argon as well. NMP and sulfuric acid
were added and mixed by stirring with a magnetic stirring bar. The resulting solvent was added into a
syringe and the autoclave was opened carefully. Under argon counter flow, the top of the autoclave
was slightly lifted and the solvents were injected into the autoclave. Subsequently, the autoclave was
closed and flushed with argon for 15 minutes. The carbon monoxide pressure was added after
flushing with CO and heating as well as stirring was started. After the reaction, the pressure was
released very slowly. The reaction mixture was filtered through filter paper before the solvent was
removed in high vacuum at 70 °C (see “General amidocarbonylation procedure”).

Water was added to the crude product at atmospheric pressure and 70 °C. After stirring for a few
minutes, the two phased system was stored in a deep freezer at -28 °C for one hour. Afterwards, the
solid was allowed to warm up to room temperature until the water melted. The solid raw product
was crushed into small particles with a scoopula on a frit (POR 3) and subsequently washed with
water five times. The product resulting from this purification step was analysed by ICP-OES and NMR
as sample B. For additional purification, the acid-base extraction described within the section
“Substrate scope” was conducted. For N-lauroyl sarcosine, the product starts to separate from the
aqueous phase between pH of 4-6. The separation occurs immediately during the addition of
concentrated phosphorus acid. After the two phased system was formed, a few more drops of
concentrated phosphorus acid were added in order to ensure that the product can be obtained
entirely. Additionally, the aqueous phase was extracted with ethyl acetate three times. The
combined organic layers were dried over Na,SO,. After the solid was filtered off, ethyl acetate was
removed using a rotary evaporator. The resulting viscous liquid was dried in high vacuum. The
resulting N-lauroyl sarcosine was further analysed as sample C by ICP-OES and NMR.

NMR-analysis for samples B and C: see section “ICP-OES analysis”.
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ICP-OES analysis

Samples B and C were prepared as described in the section “10 g-scale experiment”.

Sample A was prepared by conducting the experiment on the optimisation scale (conditions table 2,
entry 11; see section “General amidocarbonylation procedure”). After the reaction, the particles
were removed by centrifugation (5000 U/min for 20 min) and the remaining solid was washed with
NMP five times. The crude product was analysed by ICP-OES and NMR as Sample A.

Sample D was prepared by conducting the reaction utilising PdBr, (0.5 mol%, 6.2 mg) as catalyst
under otherwise optimised reaction conditions on a 1 g-scale (4.69 mmol N-methyl dodecanamide) in
a 8 mL vial (see section “General amidocarbonylation procedure”). The product was isolated
according to the conditions described in section “10 g-scale experiment”. Therefore, the sample was
generated in the identical manner as sample C. The substance obtained from the PdBr,-catalysed
reaction was analysed as sample D by ICP-OES and NMR.

NMR-analysis for Samples A-D:

Sample A

170602 313,105 Y
IH DMSD

P

n [] I_=
0.62
22
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Sample B

170622, f301.10.0d

Ih DM50
L~ |
0 145 140 35 130 125 13D 115 110 s o ompo 550 80 A&l 1l - £5 &0 55 &0 5 0 3% 30 25 20 13 10 0%
ppm

Sample C

1706271307, 10.d

1K DM50

J
r T T T T T T T T T T T T T T T T T T T T T T T T T T
0 145 140 135 130 125 A0 1ns LLO 105 b %5 4D 8L EDT 0 &5 &b 55 & 540 3% 3 =T TR P TS NI B -}



Sample D

7. Appendix




7. Appendix

Analytical data of the synthesised products

14 & 13C NMR: DMSO0-Ds (ITSD: *H NMR: 2.500 ppm; 1C: 39.520 ppm)
All 6*H and 6*3C in ppm, all coupling constants J in Hz.

N-Lauroyl sarcosine (1): Off-white solid (12.04 g, O 4B KB
95%). 'H NMR (300.1 MHz, DMSO-ds): 8*H = 0.83-0.88 MNXKOH
(3H, m, CHs), 1.19-1.30 (16H, m, 8 CH.), 1.40-1.52 (2H, HA HA‘I\ o
m, CH,), 2.16 (0.68H, t, J = 7.4, H%), 2.30 (1.32H, t, J = HE LcH®

7.4, H*), 2.79 (1.02H, s, HS), 2.98 (1.99H, s, HS), 3.96

(1.32H, s, H®), 4.09 (0.68H, s, HB), 12.61 (1H, br s, COOH); *C NMR (75.5 MHz, DMSO-de): 6*C = 13.9
(CHs), 22.1 (CH,), 24.5 & 24.6 (CH), 28.7 (2 C, CH,), 28.9-29.0 (4 C, CH), 31.3 (CH,), 31.8 & 32.1
(C*H.), 34.2 & 36.0 (C°Hs), 48.9 & 50.9 (C®H,), 170.8 & 171.0 (CO-N), 172.6 & 172.6 (COOH); HRMS
(ESI, m/z): caled. for CisHsNOs™ (M-H*): 270.20747, found: 270.20746; EA: calcd. for CisHsNOs: C
66.38%, H 10.77%, N 5.16, found C 66.55%, H 10.55%, N 5.00%.

N-Acetylglycine (2): Off-white solid (52.7 mg, 45%). *H NMR (300.1 MHz, DMSO- (o]
ds): 6'H =1.84 (3H, s, CHs), 3.71 (2H, d, /= 5.7, CH,), 8.15 (1H, t, J = 5.7, NH); 3C )LN/YOH
NMR (75.5 MHz, DMSO-ds): 83C = 22.3 (CH3), 40.7 (CH,), 169.7 (C%), 171.5 (C?); H

HRMS (ESI, m/z): calcd. for CsHsNOs™ (M-H'): 116.03532, found: 116.03529; EA:

calcd. for C4H;NOs: € 41.03%, H 6.03%, N 11.96%, found C 41.19%, H 6.01%, N 11.63%.

o

2-Oxo-1-pyrrolidineacetic acid (3): This product was further purified by 0O 0
sublimation in high vacuum (102 mbar) at 100 °C. Off-white solid (97.3 mg, 68%). _}‘C‘H
'H NMR (300.1 MHz, DMSO-ds): 6'H = 1.94 (2H, p, /= 7.4, CH;), 2.23 (2H, t, /= 8.1, N

CH,), 3.38 (2H, t, /= 7.0, CH,), 3.90 (2H, s, CH,), 12.71 (1H, br s, COOH); *C NMR

(75.5 MHz, DMSO-ds): 8*3C = 17.5 (CH,), 29.9 (CH,), 43.6 (CH,), 47.0 (CH), 170.2 (C9), 174.4 (CY);
HRMS (ESI, m/z): calcd. for CsHsNO3 (M-H*): 142.05097, found: 142.05063; EA: calcd. for CsHsNOs: C
50.35%, H 6.34%, N 9.79%, found C 50.61%, H 6.50%, N 9.77%.

Hexahydro-2-oxo-1H-azepine-1-acetic acid (4): Off-white solid (111.3 mg, 65%). 0 O

1H NMR (300.1 MHz, DMSO-ds): 6'H = 1.51-1.58 (2H, m, CH,), 1.60-1.70 (4H, m, _>_OH
2 CH,), 2.41-2.45 (2H, m, CH3), 3.37-3.40 (2H, m, CH,), 3.98 (2H, s, CH2); *C NMR N

(75.5 MHz, DMSO-d¢): 6**C = 22.9 (CH,), 27.7 (CH.), 29.3 (CH.), 36.3 (CH,), 49.9

(CHz), 50.2 (CH,), 171.1 (C%), 175.0 (C%); HRMS (ESI, m/z): calcd. for CgHi1,NO3™ (M-H*): 170.08227,
found: 170.08218; EA: calcd. for CsH13sNO3: C 56.13%, H 7.65%, N 8.18%, found C 55.99%, H 7.52%, N
7.84%.

N-Benzoylglycine (5): Off-white solid (53.8 mg, 30%). *H NMR (300.1 MHz, 0

DMSO-ds): 6*'H =3.94 (2H, d, J = 5.9, CHy), 7.44-7.57 (3H, m, CH), 7.86-7.89 (2H, @J\NWOH
m, CH), 8.83 (1H, t, J = 5.9, NH); *C NMR (75.5 MHz, DMSO-ds): 6*C = 41.3 H o)
(CH,), 127.3 (2C, CH), 128.5 (2C, CH), 131.5 (CH), 133.9 (C9), 166.7 (C?), 171.4

(C%); HRMS (ESI, m/z): caled. for CsHsNOs (M-H*): 178.05097, found: 178.05084; EA: calcd. for
CsHsNOs: C 60.33%, H 5.06%, N 7.82%, found C 60.61%, H 5.04%, N 7.72%.
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Analytical instruments

NMR

- AV 400 (Bruker)

Build 2005, Magnetic field 9.4 Tesla, Proton-Resonance-Frequency 400 MHz.
- AV 300 (Bruker)

Build 2005, Magnetic field 7.0 Tesla, Proton-Resonance-Frequency 300 MHz.

- Fourier 300 (Bruker)
Build 2012, Magnetic field 7.0 Tesla, Proton-Resonance-Frequency 300 MHz.

HRMS

- Agilent 1200/6210 Time-of-Flight LC-MS
EA

- Leco TruSpec Micro CHNS Element Analysator
ICP-OES

- Varian/Agilent 715-ES
Substances

Paraformaldehyde (PFA) — Sigma Aldrich
NMP — Acros Organics
N-Methyldodecanamide — TCI
Lithium bromide — Fluka

Sulfuric acid — Fisher Chemical
Acetamide —TCI
N-Methylacetamide — TCI
2-Pyrrolidinone — TCI
2-Cyanacetamide — Sigma Aldrich
e-Caprolactame — Sigma Aldrich
Benzamide — Sigma Aldrich
Succindiamide — Sigma Aldrich
Benzaldehyde — Sigma Aldrich
Isovaleraldehyde — TCl

Pd black — Sigma Aldrich

Pd/C (ox.), 10 wt.% — Merck
Pd/Al,0s, 5 wt.% — Sigma Aldrich
PdBr; — Sigma Aldrich

Pd(NOs); hydrate (ca. 40% Pd) — Strem
[Pd(CHs;CN).Cl;] — Sigma
Phenanthroline-H,0 — Sigma

References

1 A. P. Mikhalkin, Russ. Chem. Rev., 1995, 64, 259.
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Synthesis of N-Lauroyl Sarcosine by Amidocarbonylation: Comparing
Homogeneous and Heterogeneous Palladium Catalysts
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* Supporting Information

ABSTRACT: An improved system for the synthesis of N-acyl amino acids via Pd-catalyzed amidocarbonylation is reported.
Utilizing inexpensive Pd black gives the industrially important surfactant N-lauroyl sarcosine in excellent yields (95%) on a multi-
gram scale. Advantages of the new system include reusability, decreased process temperature, and, importantly, drastically

decreased co-catalyst loading.

® INTRODUCTION

N-Acyl amino acids are of fundamental importance for
chemistry and biology."” ® In addition, they are of specicc
industrial interest as this class of compounds possesses a variety
of di*erent application <elds. For example, pharmaceuticals
such as Captopril or N-acetyl cysteine, food additives like
Aspartame, and surfactants such as N-lauroyl sarcosine (1)
depict N-acyl amino acid derivatives as structural motives.” The
broad application range of amino acids as an integral part of
peptides as well as proteins and the importance of amino acid
derivatives as building blocks for organic syntheses continue to
attract interest for clevelopin% more e* ective synthetic method-
ologies for their production. 7

Within the numerous possible syntheses for amino acids and
their derivatives, amir:lot:au‘bonylation,8 also known as the
Wakamatsu reaction,” is an interesting approach due to its
perfect atom e* ciency. Complementary to the more common
carbonylation reactions of ole* ns'% 12 or aryl halides,"®" '* this
methodology employs readily accessible (in situ generated)
aldehydes combined with either amides, nitriles, acetals, or
epoxides.

While commercial routes for N-acyl amino acids, combining
the Strecker reaction with subsequent acylation, produce
overstoichiometric amounts of salt waste, amidocarbonylation
only results in the (co)catalysts as "by]ilroducts". Originally
developed using Co,(CO)s as catalyst, " '® nowadays the
palladium-catalyzed methodology utilizing lithium bromide and
sulfuric acid as co-catalysts prevails in this area.'? Notably, this
latter protocol further enhanced the substrate scope of the
reaction.'””

Due to their high foam-forming quality and good
dermatological compatibility, long chain sarcosinates are of
increasing interest as green detergents,‘1 which are produced in
a quantity of 10000 tonnes per year.® As an example, the
commercial synthesis of N-lauroyl sarcosine is realized by
reacting sarcosine with N-lauroyl chloride under Schotten®
Baumann reaction conditions (Figure 1).* Despite a decreased
reactivity toward secondary amides, Lin and Knifton success-
fully synthesized N-lauroyl sarcosine in 95% overall yield
employing 1 mol % of Co3(CO)g and 200 bar CO/H, at 120

*C via amidocarbonylation of N-methyl dodecanamide with

. 4 ACS Publications
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Classical route:

0

Amidocarbonylation:

0 o
.
HJJ\H

[Co] or [Pd]
co

manza)J\rrﬁrOH

ITIH

n-Cy1Haa

Figure 1. Comparison of the industrial synthesis of N-lauroyl sarcosine
and the amidocarbonylation pathway.

paraformaldehyde (PFA).'® Further investigations by Hoechst
AG gave the surfactant in a two staged pilot plant process.zz’23

While the amidocarbonylation theoretically incorporates
every substrate atom in the product molecule, the Pd-catalyzed
procedure requires signi® cant amounts of lithium bromide S35
mol %) and sulfuric acid (1 mol %) as co-catalysts.”"*®
Likewise, these additives were essential in the *rst reported
heterogeneously catalyzed amidocarbonylation using Pd/ c

Herein, we describe an improved amidocarbonylation
procedure using a novel heterogeneous Pd catalyst, which
allowed a drastic reduction in lithium bromide loading to 2.5
mol %.

® RESULTS AND DISCUSSION

The amidocarbonylation of N-methyl dodecanamide with PFA
toward N-lauroyl sarcosine was chosen as the model reaction
since the industrially relevant product represented the main
interest of this study. An initial catalyst examination was
conducted employing 35 mol % lithium bromide and 1 mol %
sulfuric acid at 100 +C and 60 bar of CO as reaction parameters
(Table 1). These conditions were selected based on prior
*ndings from the *rst reported heterogeneously catalyzed
amidocarbonylation applying Pd/C. For comparison, the
reaction utilizing 0.5 mol % PdBr; resulted in an overall yield
of 77%. When the reaction was carried out with 1 mol % of
simple palladium black, 52% of the desired surfactant was

Received: October 12, 2017
Published: November 14, 2017
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Table 1. Comparison of Various Heterogeneous Catalysts
with PdBr; for the Model Reaction

o (Pd] o
S 1 A W
g R AL I
60 bar CO, 16 h 1

entry” catalyst NMR yield”

1 PdBr,” 77

2 Pd black 52

3 Pd/C (ox.) 42

4 Pd/Si0, 48

5 Pd/ALLO, 22

6 Pd/N@Gr 48

7 Pd/Faujasite A 30

8 Pd/ZSM-5 A 12

9 Pd/Faujasite B <5

10 Pd/ZSM-5 B 50

9General reaction conditions: 1 mmol of N-methyl dodecanamide, 2
mmol of PFA, 35 mol % LiBr, 1 mol % H,;S0,, 1 mL of NMP, Pd
catalyst (1 mol % metal) at 100 +C and 60 bar CO for 16 h. “Ethylene
carbonate was added as an internal standard. Integration results are

based on R-CH,-COOH. “0.5 mol % PdBr;.

detected. Charcoal supported palladium in the oxidic form led
to a slightly decreased yield of 42%. In order to survey common
supports for heterogeneous catalysts, SiO,- and Al,O5-based
palladium catalysts were evaluated. While Pd/SiO, gave the
desired product in an insigni* cantly lower yield of 48%, using
aluminum oxide as support resulted in only 22% of N-lauroyl
sarcosine. Surprisingly, a more basic nitrogen-doped graphene
supported palladium catalyst resulted in the formation of 48%
of the glycine derivative. Apparently, this catalyst performs in a
similar manner as palladium black, which is contrary to
expectations since nitrogen doping of the graphene results in
basic centers assumed to impede the acid-catalyzed amido-
carhonylation. Additionally, ZSM-5- and Faujasite-based
palladium catalysts were synthesized in order to test those
acidic materials for positive e* ects.”” For each support, wet
impregnation (A) and incipient wetness impregnation (B) were
used to prepare the heterogeneous metal nanoparticles. In
general, all resulting catalysts demonstrated a certain activity in
the model amidocarbonylation reaction. However, only minor
conversion was observed in the presence of Pd/Faujasite B
(<5%) and Pd/ZSM-5 A (12%). A moderate yield of 30% was
provided by Pd/Faujasite A, whereas using Pd/ZSM-5 B as
catalyst resulted in the product being obtained in 50% yield,
similar to the initially tested palladium black. Apparently, the
catalyst support does not improve the reaction output. In
addition, there is no obvious tendency regarding the basic or
acidic character of the support. Due to its commercial
availability and su* cient performance, we continued our
investigations utilizing Pd black as catalyst.

To improve the product yield, temperature as well as acid
and catalyst concentrations were varied (Table 2). For example,
an increased loading of sulfuric acid up to 10 mol % enhanced
the yield of 1 to 84%. Half of the amount of the acid gave 80%
N-lauroyl sarcosine. To our delight, the overall yield was further
enhanced when the reaction was carried out at lower
temperatures. Both at 80 and 60 *C, product 1 was formed
with 87% e+ ciency. However, at 40 *C the reaction yielded
only 8% of the desired surfactant. Investigations aiming to
decrease the necessary palladium loading proved that a catalyst
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Table 2. Optimization of the Reaction Conditions in the
Amidocarbonylation of N-Methyl Dodecanamide with PFA
toward N-Lauroyl Sarcosine

35 mol% LiBr

0 X mol% HyS0y,
X mol% Pd black

9 L OH
B R e

n-CqqHzs |
60 bar CO, 16 h o
H,S0, Pd black PF NMR
entry” (mol % (mol %) (mmol) T (-C) yieldb
1 1 1 2 100 52
2 5 1 2 100 80
3 10 1 2 100 84
4 10 1 2 80 87
5 10 1 2 60 87
6 10 1 2 40 8
7 10 0.5 2 60 52
8 10 0.25 2 60 26
9 10 0.1 2 60 20
10 10 1 1 60 87
11 10 1 1.5 60 91
12 10 1 25 60 87

“General reaction conditions: 1 mmol of N-methyl dodecanamide, X
mmol of PFA, 35 mol % LiBr, X mol % H3504, X mol % Pd black, 1
mL of NMP at X +C and 60 bar CO for 16 h. “Ethylene carbonate was
added as an internal standard. Integration results are based on R-CH,-
COOH. and are given in %.

content of 1 mol % is required to achieve approximately full
conversion. A reduction to 0.5 mol % palladium black led to a
diminished output of 52% of 1. While the in®uence of the
catalyst content appears to be strong, neither a signi®cant
excess nor the application of exactly 1 equiv of PFA drastically
a*ected the outcome of the amidocarbonylation as the
deviation in the overall yield accounts for only 4% in both cases.

Next, the e*ect caused by the concentration of lithium
bromide was brie*y evaluated. As shown in Chart 1, the
amount necessary to obtain good product yields can be

Chart 1. In* uence of Lithium Bromide Content”

5 X mol% LiBr o

)_I\ j\ 10 mol% H-S0, )L OH
1 mol% Pd black
n-CyHzg” NH * — MO8 CEFER, n-CqyHag” N
e T HT H S mlNMP, 60 °C I/j:],/
60 bar CO, 16 h 1
100 -
80 -
g
3 60 -
i
>
-4 o
g 40
=
20 - i
0 T T T T T
0 1 25 5 20 35

LiBr (mol%)

?General reaction conditions: 1 mmol of N-methyl dodecanamide, 1.5
mmol of PFA, X mol % LiBr, 10 mol % H;50,, 1 mol % Pd black, 1
mL of NMP at 60 +C and 60 bar CO for 16 h. Ethylene carbonate was
added as an internal standard. Integration results are based on R-CH,-
COOH.
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signi* cantly decreased from 35 mol % down to 2.5 mol %.
Clearly, reducing the loading of the co-catalyst by more than
90% lowers the expense for the process considerably. Likewise,
the overall atom e* ciency is improved as well. The results
indicate that a lithium bromide addition of more than 2.5 mol
% does not positively a®ect product formation since the
experiments utilizing 2.5, 5, 20, and 35 mol % each lead to 90 *
1% overall yield. However, reducing the co-catalyst loading to 1
mol % gave only 20% of the target substance. In agreement
with previous work, no surfactant was produced in the absence
of lithium bromide.

In order to evaluate the reusability of palladium black, this
material was tested in recycling experiments. Therefore, the
reaction was conducted under optimized conditions with
subsequent isolation of the catalyst particles by centrifugation.
In order to both reuse the particles and determine the reaction
yield by NMR, the isolated particles were washed with NMP
several times. The solvent was removed from the combined
organic layers, and the crude product was analyzed by NMR
with an internal standard while the particles were transferred
into the vial equipped with the next set of reaction compounds.
As shown in Chart 2, a loss of activity of ca. 10% was detected

Chart 2. Recycling Experiments™

2.5 mol% LiBr

0 o}

).L Q 10 mol% H2S04 )k oH
1 mol% Pd black

n-Cy4H NH * J'I\ . 2 JIRRAS PO O o RCygHas N

waE H™ "H L NMP, 60 °C I/\"/

0
60 bar CO, 16 h 1

80 A
60 -
40 A
20 -
0 - T T T
1 2 Run 3 4

9General reaction conditions: 1 mmol of N-methyl dodecanamide, 1.5
mmol of PFA, 2.5 mol % LiBr, 10 mol % H,50,, 1 mol % Pd black, 1
mL of NMP at 60 +C and 60 bar CO for 16 h. After the initial cycle,
the particles were separated by centrifugation. The catalyst was washed
with NMP and again separated by centrifugation. This process was
repeated * ve times before the particles were transferred to the next set
of reaction compounds. Ethylene carbonate was added as an internal
standard. Integration results are based on R-CH,-COOH.

NMR yield (%)

after every run. The decreasing yield is explained either by
deactivation of the catalyst or by loss of catalytically active
material in the recycling process.

Having an improved protocol for the preparation of N-
lauroyl sarcosine in hand, we investigated the reaction of three
aldehydes and seven amides using the optimal protocol and
compared it to more severe conditions (Figure 2). Unfortu-
nately, the reaction of PFA with acetamide, 2-pyrrolidinone,
and benzamide using conditions A did not provide access to the
corresponding glycine derivatives. On the other hand, the
corresponding products were obtained when the reaction was
carried out at 120 +C with 35 mol % lithium bromide and 1 mol
% sulfuric acid (conditions B). More speci® cally, N-acetyl-
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glycine (2) was formed in 57% NMR yield (45% isolated) and
the conversion of 2-pyrrolidinone gave 80% NMR yield (68%
isolated yield) of the corresponding 2-oxo-1-pyrrolidineacetic
acid (3). Notably, the corresponding amide Piracetam is of
interest as a pharmaceutical for the potential treatment of
dementia. Furthermore, N-benzoyl glycine (5) was synthesized
with 44% NMR yield (30% isolated yield). However, when
caprolactam was reacted with PFA at 60 +C (conditions A), the
corresponding caprolactam acetic acid (4) was obtained in 73%
NMR yield (65% isolated yield). Under more severe conditions
at 120 +C, the product was synthesized in 80% NMR yield.
Despite reaction conditions B being more forcing, butanedia-
mide and 2-cyano acetamide failed to convert to the
corresponding glycine derivatives (6 and 7).

Next, we compared the amidocarbonylation of isovaleralde-
hyde with acetamide and N-methylacetamide in order to
elucidate the in*uence of an additional N-alkyl substituent
(Figure 3). Under identical reaction conditions, N-acetyl
leucine can be synthesized in 20% NMR yield, whereas N-
acetyl-N-methyl leucine is not formed at all.

As shown in Figure 4, our improved protocol can be easily
performed on a 10 g scale. To our delight, when employing a
slightly modi* ed workup procedure, the compound is obtained
in >98% overall yield with the starting material as the major
impurity (<2%). An additional acid* base extraction further
enhanced the purity of the product while the yield decreased to
95%. This experiment suggests that the synthesis of 1 can be
transferred to larger scales without a signi® cant loss of catalyst
activity.

To get insight into the degree of palladium leaching from the
heterogeneous catalyst, analysis of the metal contamination in
product 1 was executed. Therefore, the palladium contents of
the (crude) products from 1 and 47 mmol scale experiments
were determined by ICP analysis. For comparison, a sample
generated by carrying out the reaction with PdBr, was also
investigated. As depicted in Chart 3, in all samples a signi* cant
amount of palladium was observed ranging from 80 to 460
ppm. The crude product of sample A contained the most
palladium, which accounts for a loss of around 17% of the
originally employed palladium black. The reasons for this loss
of palladium remain currently unknown. Sample B, which was
obtained after the <rst puri®cation step, contained lower
amounts of palladium (250 ppm). The palladium content could
be further reduced to 150 ppm by subsequent acide base
extraction. Surprisingly, the product prepared by employing the
homogeneous catalyst was the lowest in residual palladium (80
ppm).

® CONCLUSIONS

An improved palladium catalyst for the synthesis of the
industrially important surfactant N-lauroyl sarcosine is
described. Investigating the amidocarbonylation reaction of
N-methyl dodecanamide with paraformaldehyde (PFA) in the
presence of inexpensive Pd black gives the desired product 1 in
excellent yields (95%). Advantages of the new protocol include
reusability, decreased process temperature, and signi*cantly
decreased co-catalyst loading.

® EXPERIMENTAL SECTION

General Information. The solvent (NMP) was *ushed
with argon and dried with molecular sieves overnight.
Subsequently, the sieves were *ltered o* and the resulting
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Cond. Aor B
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Figure 2. Substrate scope of the Pd black catalyzed amidocarbonylation. Conditions A: 1 mmol of amide, 1.5 mmol of aldehyde, 2.5 mol % LiBr, 10
mol % H3S0y, 1 mol % Pd black, 1 mL of NMP at 60 +C and 60 bar CO for 16 h. Conditions B: 1 mmol of amide, 1.5 mmol of aldehyde, 35 mol %
LiBr, 1 mol % H,S0,, 1 mol % Pd black, 1 mL of NMP at 120 +C and 60 bar CO for 16 h. NMR yields were determined using ethylene carbonate as
an internal standard. Integration results are based on R-CHp-COOH. Yields are given in %; isolated yields are given in parentheses.
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Figure 3. Comparison of the in* uence of an N-alkyl substituent on the
activity of the substrate in the amidocarbonylation with substituted
aldehydes. Conditions A: 1 mmol of amide, 1.5 mmol of aldehyde, 2.5
mol % LiBr, 10 mol % H;SO,, 1 mol % Pd black, 1 mL. of NMP at 60
*C and 60 bar CO for 16 h. NMR yields were determined using
ethylene carbonate as an internal standard. Integration results are

based on R-CH,-COOH.

2.5 mol% LiBr

o o 10 mol% H,SO; )
Py 1 mol% Pd black PS OH
+ — .
mCiites” NH HJ\H TmLNMP, 60 ¢ "CuHazs T/\ﬂ/
60 bar CO, 16 h PR
10g 95%

Figure 4. Amidocarbonylation of N-methyl dodecanamide with PFA
toward N-lauroyl sarcosine on a 10 g scale. Conditions: 46.8 mmol of
N-methyl dodecanamide, 70.3 mmol of PFA, 2.5 mol % LiBr, 10 mol
% H,S0y, 1 mol % Pd black, 46.8 mL of NMP at 60 +C and 60 bar CO
for 16 h.

NMP was distilled at 70 *C in high vacuum (10" * mbar). Both
steps were conducted under an argon atmosphere. "H and "*C
NMR spectra were recorded on Bruker AV 300, Bruker Fourier
300, and Bruker AV 400 NMR spectrometers. Chemical shifts
are reported in ppm relative to the deuterated solvent (DMSO-
dg: 'H: 2.500 ppm; 3C: 39.520 ppm). High-resolution mass
spectra were recorded on an Agilent 1200/6210 time-of-*ight
LC-MS by electrospray ionization. Elemental analyses were
conducted utilizing a Leco TruSpec Micro CHNS element
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Chart 3. ICP-OES Results for Pd Content of Di* erent N-

Lauroyl Sarcosine Samples®

500 4

g 8 8

Pd content (ppm)

8

™

Sample N-lauroyl sarcosine

“Sample A: Prepared by separating the catalyst from the reaction
mixture by centrifugation, washing with NMP, and subsequently
removing the solvent to obtain the crude product. Sample B:
Substance obtained after the *rst puri*cation step. Sample C:
Substance obtained after complete puri® cation procedure. Sample D:
Substance obtained after complete puri*cation procedure of the
PdBr;-catalyzed reaction.

analyzer. ICP-OES measurements were conducted on a Varian/
Agilent 715-ES instrument.

Catalyst Preparation. Pd/SiO,, Pd/Faujasite A, and Pd/
ZSM-5 A (Al 1 wt % Pd). Pd/SiO; was prepared by wet
impregnation. Silica (990 mg, 0.035+ 0.070 mm, pore diameter
6 nm) was added to a solution of 30 mL of water and
Pd(NO;),°XH,0 (25 mg, ca. 40% Pd content). After 30 min of
stirring, the liquid was removed by rotary evaporation.
Subsequently, the material was further dried at 80 +C overnight.
Finally, the catalyst was calcined at 500 *C for 2 h to give the
*nal product. Pd/Faujasite A and Pd/ZSM-5 A were
synthesized accordingly.

Pd/Faujasite B and Pd/ZSM-5 B (Both 1 wt % Pd). Pd/
Faujasite B and Pd/ZSM-5 B were prepared by incipient wet
impregnation. Therefore, Pd(NO3),°XH,0 (25 mg, ca. 40% Pd
content) was dissolved in water (1.2 mL for Faujasite and 0.8
mL for ZSM-5). The solution was added to 990 mg of
supporting material. The catalysts were dried at 80 <C
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overnight and * nally calcined at 500 +C for 2 h to give the *nal
product.

Pd/N@Gr (3 wt % Pd). Pd/N@Gr (3 wt % Pd) was
synthesized by pyrolysis of a mixture of [Pd(phenanthroline)-
Cl;] and carbon powder. For the synthesis of [Pd-
(phenanthroline) Cl,], [Pd(CH3CN),Cl,] (2.233 mmol, 579
mg) was added dropwise to a stirred solution of phenanthro-
line*H;0 (4.925 mmol, 976 mg) and 60 mL of DMF at 150 C.
After the formation of a precipitate within a few minutes, the
mixture was heated under re*ux conditions for another 3 h.
The product was obtained as orange needles after *ltration.
Subsequently, [Pd(phenanthroline)Cl,] (0.314 mmol, 112.23
mg) was dissolved in 60 mL of DMF at 120 *C. Then, carbon
powder (888.42 mg, VULCAN XC72R) was added, and the
mixture was kept at 120 =C for 2 h. The solvent was removed
by vacuum, and the solid was further dried for 15 h at 120 «C in
high vacuum. Finally, the catalyst was obtained by pyrolysis of
the material at 800 +C for 2 h under an argon atmosphere.

General Amidocarbonylation Procedure. The manipu-
lations were carried out in a 300 mL Parr high-pressure
autoclave. The small scale experiments were conducted in 4 mL
glass vials using magnetic stirring bars. Prior to the reaction
(example Table 2, entry 11 in parentheses), the vials were
placed on an appropriate plate and equipped with the solid
compounds (213.4 mg N-methyl dodecanamide (1 mmol), 45
mg of PFA (1.5 mmol), 30.4 mg of lithium bromide (35 mol
%), 1.1 mg of Pd black (1 mol %)), which were subsequently
sealed with a septum cap and evaporated and *ushed with
argon three times. Afterward, NMP (1 mL; water-free stored
under argon) was added prior to 5 *L of sulfuric acid (10 mol
%; concentrated, neither puri*ed nor oxygen- or water-free).
The autoclave was closed hefore it was evaporated and * ushed
with argon three times as well. The autoclave was opened, and
the plate with the vials was placed inside quickly before the
autoclave was closed again. Afterward, the autoclave was * ushed
with argon for 15 min. The autoclave was sealed tightly before
it was *ushed with carbon monoxide up to 3 bar three times.
The reaction pressure (60 bar CO) was added by aid of the
digital pressure indication. The autoclave was regulated by a
control unit that monitored the reaction temperature via an
integrated thermometer. The temperature was adjusted to the
given value by the control unit automatically. The experiment
was conducted at the corresponding reaction temperature for
16 h. Subsequent to the reaction, the autoclave was cooled in
an ice bath. At room temperature, the pressure was released
slowly. The heterogeneous catalyst was separated either by
centrifugation (recycling experiments, preparation of sample A)
or by *ltration (optimization reactions, substrate scope, 10 g
scale experiment, preparation of samples B+ D) and washed at
least three times within the process. Whenever NMP was
removed (70 *C in high vacuum), an antisplash guard with a
return hole (Sigma-Aldrich) was utilized since the solvent
condensed before reaching the condensation trap. After the
removal of NMP, the crude product was obtained.

Optimization Reactions. The reaction solution was
sltered through e<lter paper. The paper was washed with
NMP several times. Ethylene carbonate (0.25 mol % to the
amide) was added to the crude product (viscous liquid).
Acetone was added to guarantee equal dispersion of the NMR
standard within the sample. The acetone was removed by high
vacuum. The integration results are based on the four protons
from ethylene carbonate and the two protons from the glycine
moiety (N-CH,-COOH). Noteworthy, N-acyl sarcosines exist
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as cis- and trans-isomers." Therefore, the N-CH,-COOH signal
is split into one singlet at 3.96 ppm and one at 4.09 ppm. The
intensity distribution for N-lauroyl sarcosine is 66:34. The
signal splitting can also be observed for the methyl group N-
CHj (2.79 and 2.98 ppm, 34:66, singlet) and the *rst CH,
group of the alkyl chain CH,-CH,-CO-N (2.16 and 2.30 ppm,
34:66, triplet, ] = 74 Hz).

Recycling Experiments. After the reaction, the mixture
was transferred under argon into a septum sealed centrifuge
tube. After centrifugation (5000 U/min for 20 min), the
supernatant solution was removed via syringe and collected.
The particles in the tube were washed with NMP «ve times.
The combined NMP layers were prepared for NMR analysis
(analogously to Optimization Reactions). The particles were
transferred via syringe with NMP under argon into the next vial
already containing the next set of reaction substrates as well as
lithium bromide. In order to transfer the catalyst as entirely as
possible, NMP was added in 0.1 mL portions and then
transferred into the vial. This was repeated 10 times in order to
add 1 mL of NMP over the entire process as solvent for the
next run. Finally, sulfuric acid was added and the manipulations
were pursued as usual (see General Amidocarbonylation
Procedure). After the reaction, the particles were treated with
this procedure again until the fourth cycle.

Substrate Scope. The reactions were conducted and
analyzed by NMR and therefore treated according to the
manipulations described in the sections General Amidocarbo-
nylation Procedure and Optimization Reactions. In order to
determine the isolated yield, the reaction was repeated and an
acid* base extraction was conducted, in contrast to the
optimization reactions. Therefore, the crude product was
dissolved in saturated aqueous NaHCOj solution (the reaction
is complete when the evolution of gas stops and the liquid/
particles are dissolved). The aqueous solution was extracted
with ethyl acetate three times. Subsequently, the aqueous phase
was acidi* ed with concentrated phosphorus acid to pH 3. The
aqueous phase was extracted with ethyl acetate again three
times. The combined organic layers were dried over Na,SOy,
which was later *ltered o*. Ethyl acetate was removed on the
rotary evaporator. The products were dried in high vacuum.

Ten Gram Scale Experiment. The solid substrates and
catalysts were added directly into the autoclave, which was
equipped with a mechanic stirrer. The autoclave was closed,
evaporated, and *ushed with argon three times. Meanwhile, a
Schlenk *ask was evaporated and *ushed with argon as well.
NMP and sulfuric acid were added and mixed by stirring with a
magnetic stirring bar. The resulting solvent was added into a
syringe, and the autoclave was opened carefully. Under argon
counter *ow, the top of the autoclave was lifted slightly and the
solvents were injected into the autoclave. Subsequently, the
autoclave was closed and *ushed with argon for 15 min. The
carbon monoxide pressure was added after *ushing with CO
and heating as well as stirring was started. After the reaction,
the pressure was released very slowly. The reaction mixture was
*Itered through *Iter paper before the solvent was removed in
high vacuum at 70 *C (see General Amidocarbonylation
Procedure). Water was added to the crude product at
atmospheric pressure and 70 +C. After stirring for a few
minutes, the two phase system was stored in a deep freezer at
» 28 +C for 1 h. Afterward, the solid was allowed to warm to
room temperature until the water melted. The solid raw
product was crushed into small particles with a scoopula on a
frit (POR 3) and subsequently washed with water *ve times.
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The product resulting from this puri® cation step was analyzed
by ICP-OES and NMR as sample B. For additional puri* cation,
the acid* base extraction described within the section Substrate
Scope was conducted. For N-lauroyl sarcosine, the product
starts to separate from the aqueous phase as an additional liquid
phase between pH 4 and 6. The separation occurs immediately
during the addition of concentrated phosphorus acid. After the
two phase system was formed, a few more drops of
concentrated phosphorus acid were added in order to ensure
that the product can be obtained entirely. Additionally, the
aqueous phase was extracted with ethyl acetate three times. The
combined organic layers were dried over Na,SO,. After the
solid was *ltered o*, ethyl acetate was removed using a rotary
evaporator. The resulting viscous liquid was dried in high
vacuum. The resulting N-lauroyl sarcosine was further analyzed
as sample C by ICP-OES and NMR.

ICP-OES Analysis. Samples B and C were prepared as
described in the section Ten Gram Scale Experiment. Sample A
was prepared by conducting the experiment on the
optimization scale (conditions Table 2, entry 11; see section
General Amidocarbonylation Procedure). After the reaction,
the particles were removed by centrifugation (5000 U/min for
20 min) and the remaining solid was washed with NMP +ve
times. The crude product was analyzed by ICP-OES and NMR
as Sample A. Sample D was prepared by conducting the
reaction utilizing PdBr, (0.5 mol %, 6.2 mg) as catalyst under
otherwise optimized reaction conditions on a 1 g scale (4.69
mmol N-methyl dodecanamide) in an 8 mL vial (see section
General Amidocarbonylation Procedure). The product was
isolated according to the conditions described in section Ten
Gram Scale Experiment. Therefore, the sample was generated
in an identical manner as sample C. The substance obtained
from the PdBr,-catalyzed reaction was analyzed as sample D by
ICP-OES and NMR.

Analytical Data. All *'H and *!C are in ppm, and all
coupling constants [ are in Hz.

N-Lauroyl Sarcosine (1). O+ -white solid (12.04 g, 95%). 'H
NMR (300.1 MHz, DMSO-dg): *'H = 0.83- 0.88 (3H, m,
CHj), 1.19+ 1.30 (16H, m, 8 CH,), 140+ 1.52 (2H, m, CH,),
2.16 (0.68H, t, J = 7.4, HY), 2.30 (1.32H, t, ] = 74, HY), 2.79
(1.02H, s, HS), 2.98 (1.99H, s, H), 3.96 (1.32H, s, H?), 4.09
(0.68H, s, H®), 12.61 (1H, br s, COOH); *C NMR (75.5
MHz, DMSO-dg): +!3C = 13.9 (CHy), 22.1 (CH,), 24.5 and
24.6 (CHy), 28.7 (2 C, CHy), 28.9+ 29.0 (4 C, CHyp), 313
(CH,), 31.8 and 32.1 (C*H}), 34.2 and 36.0 (C°H;), 48.9 and
50.9 (CBH,), 170.8 and 171.0 (CO-N), 172.6 and 172.6
(COOH); HRMS (ESI, m/z): caled. for C;sH;sNO;” (M -+
H*): 270.20747, found: 270.20746; EA: calcd. for C;sHpgNO3:
C 66.38%, H 10.77%, N 5.16%; found C 66.55%, H 10.55%, N
5.00%.

N-Acetylglycine (2). O«-white solid (52.7 mg, 45%). 'H
NMR (300.1 MHz, DMSO-dg): *'H = 1.84 (3H, s, CHy), 3.71
(2H, d, ] = 5.7, CH,), 8.15 (1H, t, J = 5.7, NH); 3C NMR
(75.5 MHz, DMSO-dy): *'3C = 22.3 (CH3), 40.7 (CH}), 169.7
(C9), 171.5 (C%); HRMS (ESI, m/z): caled. for C;H{NO;” (M
+ H*): 116.03532, found: 116.03529; EA: calcd. for C;H;NO3:
C 41.03%, H 6.03%, N 11.96%; found C 41.19%, H 6.01%, N
11.63%.

2-Oxo-1-pyrrolidineacetic Acid (3). This product was
further puri*ed by sublimation in high vacuum (10"% mbar)
at 100 *C. O--white solid (97.3 mg, 68%). '"H NMR (300.1
MHz, DMSO-dg): *'H = 1.94 (2H, p, ] = 7.4, CH,), 2.23 (2H,
t,J=81, CHy), 3.38 (2H, t, J = 7.0, CHy), 3.90 (2H, s, CHy),
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12.71 (1H, br s, COOH); C NMR (75.5 MHz, DMSO-d,):
+3C =175 (CH,), 29.9 (CH,), 43.6 (CH,), 47.0 (CH,), 170.2
(C9), 1744 (C9); HRMS (ESI, m/2): calcd. for CgHgNO;" (M
» H*): 142.05097, found: 142.05063; EA: calcd. for CgHgNO;:
C 50.35%, H 6.34%, N 9.79%; found C 50.61%, H 6.50%, N
9.77%.

Hexahydro-2-oxo-1H-azepine-1-acetic Acid (4). O -white
solid (111.3 mg, 65%). 'H NMR (300.1 MHz, DMSO-dg): *'H
= 1.51+ 1.58 (2H, m, CH,), 1.60+ 1.70 (4H, m, 2 CH,), 2.41+
245 (2H, m, CH,), 3.37- 340 (2H, m, CH,), 3.98 (2H, s,
CH,); 3C NMR (75.5 MHz, DMSO-d;): *3C = 22.9 (CH,),
27.7 (CHy), 29.3 (CHy), 36.3 (CH,), 49.9 (CH,), 50.2 (CH,),
171.1 (C9), 1750 (C%; HRMS (ESI, m/z): calcd. for
CgH;,NO;" (M + H*): 170.08227, found: 170.08218; EA:
calcd. for CgH3NO;: C 56.13%, H 7.65%, N 8.18%; found C
55.99%, H 7.52%, N 7.84%.

N-Benzoyiglycine (5). O+ -white solid (53.8 mg, 30%). 'H
NMR (300.1 MHz, DMSO-dg): *'H = 3.94 (2H, d, J = 5.9,
CH,), 744+ 757 (3H, m, CH), 7.86+ 7.89 (2H, m, CH), 8.83
(1H, t, J = 5.9, NH); '3C NMR (75.5 MHz, DMSO-d;): **C =
41.3 (CHy), 127.3 (2C, CH), 1285 (2C, CH), 131.5 (CH),
133.9 (C9), 166.7 (C9), 1714 (C%); HRMS (ESL, m/z): calcd.
for CqHgNO3" (M « HY): 178.05097, found: 178.05084; EA:
caled. for CgHgNO;: C 60.33%, H 5.06%, N 7.82%; found C
60.61%, H 5.04%, N 7.72%.
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7. Appendix

7.3. Sonogashira-Semihydrogenation

The following section includes the publication as well as the according supporting

information. Herein, detailed experimental instructions on the conducted manipulations are

given as well as analytical data.
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General Information

General Information: All manipulations were conducted under argon with exclusion of
moisture and oxygen by using standard technigues for the manipulation of air sensitive
compounds. Reaction temperatures refer to silicon oil in an additional pressure tube within
the heated alumina block. NMR data were recorded on either Bruker ARX 300, Bruker ARX
400 or Bruker Fourier 300 spectrometers. 13C and 'H NMR spectra are given in ppm and
referenced to signals of deuterated solvents and residual protonated solvents, respectively
(Acetone-ds: H: 2.050 ppm, 13C: 29.840 ppm; CD,Cl,: H: 5.320 ppm, 13C: 54.000 ppm). Gas
chromatography analysis was performed on an Agilent HP-5890 instrument with a FID
detector and HP-5 capillary column using H, as carrier gas. Gas chromatography-mass
analysis was carried out on an Agilent HP-5890 instrument with an Agilent HP-5973 Mass
Selective Detector (El) and HP-5 capillary column using helium carrier gas. TOF HR-MS
measurements were performed on an Agilent 1200/6210 Time-of-Flight LC-MS. Flash
chromatography was performed on a Teledyne Isco CombiFlash Rf 200 system. Chemicals
were purchased from Sigma Aldrich, Alfar Aesar, TCl or Strem and were used as received.
DMF was dried by a SPS from Innovative Technology while H,O was flushed with argon for
one hour. Solvents were stored in Aldrich Sure/store flasks under argon.
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General Procedure for Sonogashira Optimization

The experiments were carried out in pressure tubes equipped with a magnetic stirring bar.
Prior to the reaction, the solid reaction compounds were added to the pressure tube which
was subsequently placed in an evacuation tube. The corresponding screw cap with septum
was added into the evacuation tube as well. The closed tube was evacuated and flushed with
argon three times. Afterwards, the tubes lid was slightly lifted and the liquid substances as
well as the solvent (water-free stored under Argon) were added via syringe into the pressure
tube. 4-Bromotoluene was slightly heated and added as a liquid as well since this compound
sublimates significantly upon the exposition to vacuum. Finally, the lid of the evacuation
tube was removed and the pressure tube was sealed with the screw cap under argon
counter flow before the tube was placed in an aluminum heating block. The temperature
was controlled by a thermocouple in an additional pressure tube with silicon oil placed in the
aluminum block.

After the reaction was finished and cooled down to room temperature, the tube was opened
and hexadecane was added as internal standard. A sample was prepared by filtering the
crude solution through cotton. The sample was analyzed by GC.

Example on the basis of table 1, entry 7:

4-Bromotoluene: 0.5 mmol = 63.5 uL
Phenylacetylene: 1 mmol = 110 uL
K2COs: 1 mmol = 138 mg
PdCl;: 1 mol% = 0.9 mg
BuPAd; (CataCXium A): 1 mol% = 1.8mg

2mLDMF, 60°C, 16 h
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General Procedure for Hydrogenation Optimization

The experiments were carried out in pressure tubes equipped with a magnetic stirring bar.
Prior to the reaction, the solid reaction compounds were added to the pressure tube which
was subsequently placed in an evacuation tube. The corresponding screw cap with septum
was added into the evacuation tube as well. The closed tube was evacuated and flushed with
argon three times. Afterwards, the tubes lid was slightly lifted and the liquid substances as
well as the solvent (water-free stored under Argon) were added via syringe into the pressure
tube. Finally, the lid of the evacuation tube was removed and the pressure tube was sealed
with the screw cap under argon counter flow before the tube was placed in an aluminum
heating block. The temperature was controlled by a thermocouple in an additional pressure
tube with silicon oil placed in the aluminum block.

After the reaction was finished and cooled down to room temperature, the tube was opened
and hydrogen gas was bubbled through the reaction solution. After the hydrogenation is
finished, argon was bubbled through the solution to end the reaction prior to the addition of
hexadecane as internal standard. A sample was prepared by filtering the crude solution
through cotton. The sample was analyzed by GC.

Example on the basis of table 2, entry 4:

(4-methyl-phenyl)phenylacetylene: 0.5 mmol = 96 mg

K2COs: 1 mmol = 138 mg
PdCl;: 1 mol% = 0.9 mg
BuPAd; (CataCXium A): 1 mol% = 1.8mg

2 mLDMF, 0.2 mLH;0,120°C,8h

After step 1:
+ H-bubble, 0.5 mL/s gas flow, 25 °C, 20 min

After step 2:
+ Argon-bubble, 10 min
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General Procedure for Substrate Scope

The experiments were carried out in pressure tubes equipped with a magnetic stirring bar.
Prior to the reaction, the solid compounds were added to the pressure tube which was
subsequently placed in an evacuation tube. The corresponding screw cap with septum was
added into the evacuation tube as well. The closed tube was evacuated and flushed with
argon three times. Afterwards, the tubes lid was slightly lifted and the liquid substances as
well as the solvent (water-free stored under Argon) were added via syringe into the pressure
tube. Finally, the lid of the evacuation tube was removed and the pressure tube was sealed
with the screw cap under argon counter flow before the tube was placed in an aluminum
heating block. The temperature was controlled by a thermocouple in an additional pressure
tube with silicon oil placed in the aluminum block.

When the intermediate alkyne was the desired product, the work-up (see below) was
started after this reaction step.

Otherwise, after finishing the reaction and cooling down to room temperature, the pressure
tube was placed in the evacuation tube which was evacuated and flushed with argon prior to
this. Under argon counter flow, the screw cap was removed and the second solvent was
added into the reaction mixture. The pressure tube was sealed again and placed in the
aluminum block again to start the second reaction step.

After this second step was finished and the solution was cooled down to room temperature,
the tube was opened and hydrogen gas was bubbled through the reaction solution. When
the hydrogenation was finished, argon was bubbled through the solution to end the
reaction.

For work-up, the solvents were removed by high vacuum. Especially DMF should be removed
to improve the performance of the flash chromatography. Afterwards, the resulting crude
product was dissolved by EtOAc/H,0 and extracted with EtOAc three times. The combined
organic layers were extracted with H,O again for three times. The combined organic layers
were dried over Na;SO4 which was subsequently filtered off. Silica gel was added and the
solvent was removed by rotary evaporator. A flash chromatography was conducted using
heptane. In some cases (substances h, i, I, n, u), 5% EtOAc was added. Especially when Z-
Alkenes are the desired products, the flash chromatography had to be repeated in some
cases until a satisfying separation from the intermediate alkyne and the over-hydrogenated
alkane was achieved.

Example on the basis of table 3, entry 1 (substance 4a):

4-Bromotoluene: 0.5 mmol = 63.5 uL
Phenylacetylene: 1 mmol = 110 uL
K2COs: 1 mmol = 138 mg
PdCl;: 1 mol% = 0.9 mg
BuPAd; (CataCXium A): 1 mol% = 1.8mg

2mLDMF, 60°C, 16 h
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After step 1:
+0.2mLH0, 120°C, 8 h

After step 2:
+ Hy, 0.5 mL/s gas flow, 25 °C, 25 min

After step 3:
+ Ar, 10 min
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ICP-OES Analysis

The reactions were carried out as described in section 2. and stopped at each reaction step
for the preparation of both ICP-Samples. Herein, the homogeneous and heterogeneous
phases were separated by centrifugation. The heterogeneous material was additionally
washed with acetone five times. Afterwards, the solvents were removed by rotary
evaporator. The heterogeneous material was used as obtained. The homogeneous samples
were prepared by adding silica gel to the mixture and removing the solvent subsequently.
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The heterogeneous material obtained after the hydrogenation step was analyzed by powder
diffraction (powder-XRD). The generated diffractogram was interpreted by aid of a database
(ICDD) which compares the generated diffractogram to data of listed compounds and
identifies substances matching the recorded data. In the case of the generated catalyst,
significant correlations between the generated data and the diffractograms of monoclinic
KHCO3, KaH2(CO3)3*1.5H,0 and KBrogClo» were documented. Based on these observations
and the fact that these compounds are theoretically expected to be formed from the
Sonogashira coupling, the composition of the catalysts support is postulated as a K;COs3-
KHCOs mixture with additional KBr and trace amounts of KCI.
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Peak name Survey Data File: D:\XPS\2017\94_Hancker\es170331_VSH346\Survey.avg Unifit for Windows
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The XPS analysis displays a photoemission-spectroscopic methodology which mainly serves
as a non-invasive analytical method for the determination of the elemental composition on
the surface of materials. Herein, the binding energies (X-axis) of the generated
photoelectrons are characteristic for the specific atom orbitals. Thus, the intensity peaks can
be assigned to the characteristic atom orbitals and enable information about the elemental
composition of the analyzed substance. As shown, the surface of the heterogeneous
material obtained after the hydrogenation step consists mainly of oxygen, potassium and
carbon. However, while evidence of bromine and chlorine is found in the data, the
concentration of the palladium, whose presence was confirmed by ICP-OES, on the
investigated surface is too low to generate the corresponding peaks.

The employed amount of palladium accounts for only 0.54 mg (0.9 mg PdCl, per reaction).
Since the obtained heterogeneous residue amounted for 132 mg, the maximum palladium
content would be 0.41% (assuming the complete heterogenization of the applied palladium).
As only 26% of the employed palladium was heterogenized according to ICP-OES results for
the generated heterogeneous material, the actual palladium loading in the measured sample
was 0.11%. In addition, the distribution of the palladium and therefore its content on the
surface remain unknown as well.



7. Appendix

Analytical Data

)=

3a (4-methyl-phenyl)phenylacetylene: Off-white solid, isolated yield: 81.9 mg, 85%. 'H NMR
(300.1 MHz, Acetone-dg): 6 = 2.35 (s, 3 H), 7.19-7.24 (m, 2 H), 7.37-7.47 (m, 5 H), 7.52-7.57
(m, 2 H); 3C NMR (75.5 MHz, Aceton-de): & = 21.5 (CH3), 89.4 (C9), 90.2 (CY), 121.0 (CY), 124.2
(C9), 129.1 (CH), 129.4 (2 CH), 130.1 (2 CH), 132.2 (4 CH), 139.4 (C9); HRMS (El, m/z): calcd.
for CisH1 (M)*: 192.09335, found: 192.09364; GC/MS-EI (70 eV): m/z (%) = 192 (M*, 100),
191 (47), 189 (23), 193 (16), 165 (12), 190 (11).

=

3b (3-methyl-phenyl)phenylacetylene: Off-white solid, isolated yield: 83.4 mg, 87%. *H NMR
(300.1 MHz, Acetone-ds): 6 = 2.34 (s, 3 H), 7.19-7.23 (m, 1 H), 7.26-7.31 (m, 1 H), 7.34-7.45
(m, 5 H), 7.52-7.59 (m, 2 H); ¥¥C NMR (75.5 MHz, Aceton-ds): 6 = 21.2 (CH3), 89.7 (C9), 90.2
(C%), 123.8 (C%), 124.1 (C9), 129.2 (CH), 129.3 (CH), 129.4 (CH), 129.4 (2 CH), 130.1 (CH), 132.3
(2 CH), 132.8 (CH), 139.1 (C%); HRMS (El, m/z): calcd. for CisH12 (M)*: 192.09335, found:
192.09311; GC/MS-EI (70 eV): m/z (%) = 192 (M*, 100), 191 (30), 189 (21), 193 (16), 165 (12),
190 (11),.

)=

3¢ (2-methyl-phenyl)phenylacetylene: Off-white solid, isolated yield: 80.5 mg, 84%. 'H NMR
(300.1 MHz, Acetone-ds): & = 2.51 (s, 3 H), 7.18-7.24 (m, 1 H), 7.25-7.31 (m, 2 H), 7.38-7.45
(m, 3 H), 7.49-7.53 (m, 1 H), 7.54-7.61 (m, 2 H); 3C NMR (75.5 MHz, Aceton-d¢): 6 = 20.8
(CHs), 88.9 (CY), 94.1 (C9), 123.7 (CY), 124.2 (CY), 126.6 (CH), 129.3 (CH), 129.4 (CH), 129.4 (2
CH), 130.4 (CH), 132.2 (2 CH), 132.5 (CH), 140.7 (C9); HRMS (El, m/z): calcd. for CisH12 (M)*:
192.09335, found: 192.09281; GC/MS-EI (70 eV): m/z (%) = 192 (M*, 100), 191 (95), 189 (35),
165 (22), 190 (17), 193 (15), 115 (11).
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3d (3-methoxy-phenyl)phenylacetylene: Off-white solid, isolated yield: 75 mg, 72%. *H NMR
(300.1 MHz, Acetone-ds): 6 =3.83 (s, 3 H), 6.97 (ddd, J = 8.3, 2.6, 1.0 Hz, 1 H) 7.09-7.14 (m, 2
H), 7.29-7.35 (m, 1 H), 7.49-7.44 (m, 3 H), 7.53-7.57 (m, 2 H); 13C NMR (75.5 MHz, Aceton-
de): 6 = 55.7 (CHs), 89.7 (C9), 90.0 (C9), 115.8 (CH), 117.2 (CH), 124.0 (CY), 124.7 (CH), 125.0
(C9), 129.4 (CH), 129.5 (2 CH), 130.5 (CH), 132.3 (2 CH), 160.6 (C?%); HRMS (EI, m/z): calcd. for
C1sH1201 (M)*: 208.08827, found: 208.08883; GC/MS-EI (70 eV): m/z (%) = 208 (M*, 100), 178
(24), 165 (23), 209 (16).

=4

3e (3-trifluoromethyl-phenyl)phenylacetylene: Off-white solid, isolated yield: 114.5 mg,
93%. 'H NMR (300.1 MHz, Acetone-de): 6 = 7.41-7.48 (m, 3 H), 7.57-7.66 (m, 3 H), 7.71-7.74
(m, 1 H), 7.80-7.86 (m, 2 H); 3C NMR (75.5 MHz, Aceton-ds): & = 88.3 (C9), 91.7 (C9), 123.3
(C9), 124.8 (q, Y = 271.7 Hz, CF3), 125.1 (CY9), 125.8 (q, / = 3.9 Hz, CH—C—CF3), 128.7 (q, %/ =
3.9 Hz, CH-C—CF3), 129.5 (2 CH), 129.8 (CH), 130.5 (CH), 131.4 (g, % = 32.2 Hz, C—CF3), 132.5
(2 CH), 135.8 (CH); 1°F NMR (282.4 MHz, Aceton-ds): 6 = -63.0 (CFs); HRMS (EI, m/z): calcd.
for CisHoF3 (M)*: 246.06509, found: 246.06550; GC/MS-EI (70 eV): m/z (%) = 246 (M*, 100),
247 (16).

F

F
3f (4-trifluoromethyl-phenyl)phenylacetylene: Off-white solid, isolated yield: 108.1 mg,
88%. 'H NMR (300.1 MHz, Acetone-ds): 6 = 7.42-7.47 (m, 3 H), 7.57-7.62 (m, 2 H), 7.77 (s, 4
H); ¥¥C NMR (75.5 MHz, Aceton-de): & = 88.5 (C9), 92.6 (C%), 123.3 (CY), 125.1 (q, Y/ = 271.5 Hz,

CF3), 126.4 (q, 3/ = 3.9 Hz, CH-C—CFs), 128.2 (C9), 129.6 (2 C, CH), 130.0 (CH), 130.4 (q, ¥ =
32.4 Hz, C-CF3), 132.5 (2 CH), 132.9 (2 CH); F NMR (282.4 MHz, Aceton-dg): & = -62.9 (CF3);
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HRMS (El, m/z): calcd. for CisHgF3 (M)*: 246.06509, found: 246.06532 GC/MS-EI (70 eV): m/z
(%) = 246 (M*, 100), 247 (16).

3g (2-naphthyl)phenylacetylene: Off-white solid, isolated yield: 93.7 mg, 82%. *H NMR
(300.1 MHz, Acetone-ds): 6 = 7.40-7.46 (m, 3 H), 7.54-7.63 (m, 5 H), 7.89-7.96 (m, 3 H), 8.13-
8.14 (m, 1 H); 13C NMR (75.5 MHz, Aceton-ds): 6 = 90.4 (2 C9), 121.3 (C9), 124.0 (C9), 127.7
(CH), 127.8 (CH), 128.6 (2 CH), 129.0 (CH), 129.1 (CH), 129.4 (CH), 129.5 (2 CH), 132.1 (CH),

132.4 (2 CH), 133.8 (C), 134.0 (C%); HRMS (EI, m/z): calcd. for CigH1, (M)*: 228.09335, found:
228.09330; GC/MS-EI (70 eV): m/z (%) = 228 (M*, 100), 226 (32), 229 (19), 227 (10).

3h (2-methylthio-phenyl)phenylacetylene: Off-white solid, isolated yield: 77.4 mg, 69%. H
NMR (300.1 MHz, Acetone-dg): 6 = 2.52 (s, 3 H), 7.14-7.19 (m, 1 H), 7.27-7.30 (m, 1 H), 7.35-
7.38 (m, 1 H), 7.40-7.45 (m, 3 H), 7.48-7.51 (m, 1 H), 7.56-7.60 (m, 2 H); 3C NMR (75.5 MHz,
Aceton-ds): & = 14.7 (CH3), 87.7 (C9), 96.2 (C), 121.5 (CY), 124.0 (C9), 124.8 (CH), 125.0 (CH),
129.4 (2 CH), 129.5 (CH), 130.0 (CH), 132.1 (2 CH), 132.8 (CH), 143.0 (CY); HRMS (EI, m/z):
calcd. for CisH12S (M)*: 224.06542, found: 224.06487; GC/MS-EI (70 eV): m/z (%) = 224 (M*,
100), 223 (92), 229 (19), 221 (23), 208 (22), 225 (20), 165 (15), 222 (13), 178 (10), 163 (10).

J)=)

3i (4-N,N-dimethylamino-phenyl)phenylacetylene: Off-white solid, isolated vyield: 77.1 mg,
70%. *H NMR (300.1 MHz, Acetone-de): & = 2.96 (s, 6 H), 6.69-6.73 (m, 2 H), 7.32-7.41 (m, 5
H), 7.47-7.51 (m, 2 H); *C NMR (75.5 MHz, Aceton-de): 6 = 40.2 (2 CHs), 87.9 (CY), 91.6 (CY),
110.4 (CY), 112.7 (2 CH), 125.1 (C9), 128.4 (CH), 129.3 (2 CH), 131.8 (2 CH), 133.3 (2 CH),
151.2 (C9); HRMS (EI, m/z): calcd. for CigH1sN (M)*: 221.11990, found: 221.11961; GC/MS-EI
(70 eV): m/z (%) = 221 (M*, 100), 220 (52), 222 (17), 205 (15), 176 (14).
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==

3j (4-cyano-phenyl)phenylacetylene: Off-white solid, isolated yield: 99.4 mg, 98%. *H NMR
(300.1 MHz, Acetone-ds): 6 = 7.42-7.47 (m, 3 H), 7.56-7.62 (m, 2 H), 7.70-7.74 (m, 2 H), 7.79-
7.83 (m, 2 H); 3C NMR (75.5 MHz, Aceton-ds): 6 = 88.5 (C9), 94.0 (C9), 112.5 (C9), 118.9 (CY),
123.0 (C9), 128.7 (C%), 129.5 (2 CH), 130.1 (CH), 132.5 (2 CH), 133.0 (2 CH), 133.2 (2 CH);
HRMS (El, m/z): calcd. for CisHoN (M)*: 203.07295, found: 203.07284; GC/MS-EI (70 eV): m/z
(%) = 203 (M*, 100), 204 (17).

F

O=

3k (4-phenyl-3-fluoro-phenyl)phenylacetylene: Off-white solid, isolated vyield: 130.3 mg,
96%. 'H NMR (300.1 MHz, Acetone-ds): & = 7.39-7.53 (m, 8 H), 7.54-7.63 (m, 5 H); 13C NMR
(75.5 MHz, Aceton-ds): 6 = 88.6 (d, /= 3.1 Hz, C9), 91.4 (C9), 119.6 (d, J = 24.8 Hz, CH), 123.5
(C%), 124.9 (d, J = 9.8 Hz, CY), 128.8 (d, J = 3.4 Hz, CH), 129.0 (CH), 129.5 (2 CH), 129.5 (2 CH),
129.7 (CH), 129.7 (2 CH), 130.2 (d, J = 13.6 Hz, C9), 131.9 (d, J = 4.2 Hz, CH), 132.4 (2 CH),
135.8 (d, J = 1.0 Hz, C%), 160.1 (d, J = 247.4 Hz, CY); 19F NMR (282.4 MHz, Aceton-dg): & = -
118.9 (CF); HRMS (EI, m/z): calcd. for CyoH13F (M)*: 272.09958, found: 272.09978; GC/MS-EI
(70 eV): m/z (%) = 272 (M*, 100), 273 (21), 270 (18).

o0=0

3l (3,4-methylenedioxy-phenyl)phenylacetylene: Off-white solid, isolated yield: 75.8 mg,
68%. *H NMR (300.1 MHz, Acetone-dg): § = 6.06 (s, 2 H), 6.87-6.90 (m, 1 H), 7.01-7.01 (m, 1
H), 7.07-7.10 (m, 1 H), 7.37-7.42 (m, 3 H), 7.49-7.54 (m, 2 H); 13C NMR (75.5 MHz, Aceton-
de): 6 = 87.5 (CY), 89.2 (C9), 101.7 (CH), 108.5 (CH), 111.1 (CH), 116.3 (C9), 123.3 (C7), 126.2
(CH), 128.2 (CH), 128.5 (2 CH), 131.3 (2 CH), 147.8 (C9), 148.3 (CY%); HRMS (EI, m/z): calcd. for
C1sH1002 (M)*: 222.06753, found: 222.06695; GC/MS-EI (70 eV): m/z (%) = 222 (M*, 100), 163
(32), 221 (25), 223 (16), 165 (11).
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3m (4-carbaldehyde-phenyl)phenylacetylene: Off-white solid, isolated yield: 89.5 mg, 87%.
'H NMR (300.1 MHz, Aceton-de): 6 = 7.42-7.46 (m, 3 H), 7.57-7.62 (m, 2 H), 7.71-7.75 (m, 2
H), 7.93-7.96 (m, 2 H), 10.63 (s, 1 H); ¥*C NMR (75.5 MHz, Aceton-ds): & = 89.2 (C9), 93.6 (C9),
123.2 (C9), 129.5 (2 CH), 129.7 (C%), 130.0 (CH), 130.3 (2 CH), 132.5 (2 CH), 132.8 (2 CH),
136.8 (CY), 192.1 (CH); HRMS (El, m/z): caled. for CisH10O (M)*: 206.07262, found:
206.07281; GC/MS-EI (70 eV): m/z (%) = 206 (M*, 100), 205 (70), 176 (46), 177 (18), 207 (16),
151 (16), 178 (12), 150 (12).

-O=CO

N I

7y
3n (4-nitro-phenyl)phenylacetylene: Off-white solid, isolated yield: 93.0 mg, 83%. *H NMR
(300.1 MHz, Aceton-ds): 6 = 7.43-7.48 (m, 3 H), 7.57-7.63 (m, 2 H), 7.76-7.81 (m, 2 H), 8.24-
8.28 (m, 2 H); 33C NMR (75.5 MHz, Aceton-ds): 6 = 88.3 (C9), 94.9 (C9), 122.9 (C9), 124.5 (2
CH), 129.6 (2 CH), 130.3 (CH), 130.7 (C?%), 132.6 (2 CH), 133.3 (2 CH), 148.1 (C%); HRMS (ElI,

m/z): calcd. for C1aHoNO; (M)*: 223.06278, found: 233.06281; GC/MS-EI (70 eV): m/z (%) =
223 (M*, 100), 176 (62), 193 (47), 165 (25), 151 (22), 177 (19), 224 (16).

%_.{(0

=4

30 (4-phenyl-pivalate)phenylacetylene: Off-white solid, isolated yield: 120.1 mg, 86%. H
NMR (300.1 MHz, Aceton-de): 6 = 1.35 (s, 9 H), 7.14-7.19 (m, 2 H), 7.39-7.44 (m, 3 H), 7.54-
7.61 (m, 4 H); 3C NMR (75.5 MHz, Aceton-dg): & = 27.3 (3 CH3s), 39.6 (C9), 89.3 (C9), 90.0 (C9),
121.3 (C9), 123.0 (2 CH), 123.9 (CY), 129.4 (CH), 129.4 (2 CH), 132.3 (2 CH), 133.4 (2 CH),

152.3 (CY9), 176.9 (CY); HRMS (El, m/z): calcd. for CigH1g02 (M)*: 278.13013, found:
278.12987; GC/MS-EI (70 eV): m/z (%) = 194 (100), 278 (M*, 22), 165 (15), 195 (15).

=
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3p Di-(4-methyl-phenyl)acetylene: Off-white solid, isolated yield: 84.4 mg, 82%. *H NMR
(300.1 MHz, Acetone-de): & = 2.35 (s, 6 H), 7.20-7.24 (m, 4 H), 7.40-7.44 (m, 4 H); 3C NMR
(75.5 MHz, Aceton-ds): 6 = 21.4 (2 CH3), 89.5 (2 C9), 121.2 (2 C9), 130.1 (4 CH), 132.3 (4 CH),
139.3 (2 CY); HRMS (EI, m/z): calcd. for CisH14 (M)*: 206.10900, found: 206.10924; GC/MS-EI
(70 eV): m/z (%) = 206 (M*, 100), 205 (25), 189 (18), 207 (17), 191 (15).

)=

3qg (4-methyl-phenyl)(3-methyl-phenyl)acetylene: Off-white solid, isolated yield: 87.0 mg,
84%. *H NMR (300.1 MHz, Acetone-ds): & = 2.34-2.34 (m, 3 H), 2.35-2.36 (m, 3 H), 7.18-7.24
(m, 3 H), 7.25-7.31 (m, 1 H), 7.31-7.36 (m, 2 H), 7.41-7.45 (m, 2 H); ¥C NMR (75.5 MHz,
Aceton-ds): 6 =21.2 (CHs), 21.4 (CH3), 89.6 (CY), 89.8 (CY), 121.1 (CY), 124.1 (CY), 129.3 (2 CH),
130.0 (CH), 130.1 (2 CH), 132.2 (2 CH), 132.7 (CH), 139.1 (C9), 139.4 (CY; HRMS (EI, m/z):
calcd. for CigH1a (M)*: 206.10900, found: 206.10932; GC/MS-EI (70 eV): m/z (%) = 206 (M*,
100), 205 (21), 189 (19), 207 (17), 191 (13).

=

3r (4-methyl-phenyl)(2-methyl-phenyl)acetylene: Off-white solid, isolated yield: 82.2 mg,
80%. 'H NMR (300.1 MHz, Acetone-dg): & = 2.35-2.36 (m, 3 H), 2.49-2.50 (m, 3 H), 7.19-7.25
(m, 3 H), 7.26-7.30 (m, 2 H), 7.43-7.50 (m, 3 H); 3C NMR (75.5 MHz, Aceton-d¢): 6 = 20.0
(CHs), 20.6 (CH3), 87.4 (C9), 93.5 (C9), 120.4 (C9), 123.1 (C9), 125.8 (CH), 128.4 (CH), 129.3 (2
CH), 129.5 (CH), 131.3 (2 CH), 131.6 (CH), 138.5 (C9), 139.8 (CY); HRMS (El, m/z): calcd. for
CisH14 (M)*: 206.10900, found: 206.10921; GC/MS-EI (70 eV): m/z (%) = 206 (M*, 100), 191
(67), 205 (44), 189 (28), 207 (17), 202 (17), 190 (16), 203 (13), 165 (13), 192 (11),.

:0\

3s (4-methyl-phenyl)(6-(2-methoxy-naphthalene))acetylene: Off-white solid, isolated vyield:
121.9 mg, 90%. *H NMR (300.1 MHz, Acetone-ds): & = 2.37 (s, 3 H), 3.94 (s, 3 H), 7.18-7.22
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(m, 1 H), 7.23-7.26 (m, 2 H), 7.32-7.33 (m, 1 H), 7.45-7.48 (m, 2 H), 7.52-7.56 (m, 1 H), 7.81-
7.85 (m, 2 H), 8.02-8.02 (m, 1 H); 13C NMR (75.5 MHz, Aceton-ds): & = 21.4 (CH3), 55.8 (CHs),
89.8 (C9), 90.0 (CY), 106.8 (CH), 119.1 (C%), 120.4 (CH), 121.3 (CY), 128.0 (CH), 129.5 (CI),
129.6 (CH), 130.1 (2 CH), 130.2 (CH), 131.8 (CH), 132.2 (2 CH), 135.3 (CY), 139.4 (CY), 159.5
(C9); HRMS (El, m/z): calcd. for CaoH160 (M)*: 272.11957, found: 272.11977; GC/MS-EI (70
eV): m/z (%) = 272 (M*, 100), 229 (43), 273 (21), 257 (15), 226 (14), 228 (13),.

=)

3t (4-methyl-phenyl)(4-chloro-phenyl)acetylene: Off-white solid, isolated yield: 90.7 mg,
80%. 'H NMR (300.1 MHz, CD,Cly): 6 = 2.37 (s, 3 H), 7.17-7.20 (m, 2 H), 7.33-7.36 (m, 2 H),
7.41-7.44 (m, 2 H), 7.45-7.48 (m, 2 H); 3C NMR (75.5 MHz, CD,Cly): & = 21.8 (CH3), 88.0 (CY),
91.0 (CY), 120.3 (CY), 122.6 (CY), 129.2 (2 CH), 129.8 (2 CH), 132.0 (2 CH), 133.3 (2 CH), 134.5
(C9), 139.5 (CY); HRMS (El, m/z): calcd. for CisH11*Cl (M)*: 226.05438, found: 226.05405,
calcd. for CisH113’Cl (M)*: 228.05143, found: 228.05166; GC/MS-EI (70 eV): m/z (%) = 226
(Msscr*, 100), 189 (35), 228 (Mazcr, 33), 227 (22), 225 (19), 190 (16), 191 (12).

3u (4-methyl-phenyl)(n-hexyl)acetylene: Off-white solid, isolated vyield: 74.8 mg, 75%. H
NMR (300.1 MHz, Acetone-ds): 6 = 0.87-0.93 (m, 3 H), 1.28-1.51 (m, 6 H), 1.53-1.63 (m, 2 H),
2.30-2.31 (m, 3 H), 2.37-2.41 (t, J = 6.9 Hz, 2 H), 7.11-7.15 (m, 2 H), 7.24-7.28 (m, 2 H); 13C
NMR (75.5 MHz, Aceton-de): 6 = 14.3 (CHs), 19.7 (CH2), 21.3 (CHs), 23.3 (CH2), 29.3 (CH2),
29.6 (CH,), 32.1 (CH,), 81.3 (C9), 90.1 (C%), 122.1 (C9), 129.9 (2 CH), 132.1 (2 CH), 138.3 (C9);
HRMS (El, m/z): caled. for CisHa0 (M)*: 200.15595, found: 200.15571; GC/MS-EI (70 eV): m/z
(%) = 129 (100), 131 (79), 128 (55), 157 (43), 143 (40), 142 (40), 200 (M*, 35), 115 (32), 105
(24), 127 (21), 141 (19), 158 (17), 144 (14), 130 (14), 116 (14), 171 (12), 91 (12), 132 (11).
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3v (3,4-methylenedioxy-phenyl)(tert-butyl)acetylene: Off-white solid, isolated yield: 70.0
mg, 69%. 'H NMR (300.1 MHz, Aceton-de): 6 = 1.28 (s, 9 H), 6.00 (s, 2 H), 6.77-6.81 (m, 2 H),
6.88 (dd, J = 8.0, 1.6 Hz, 1 H); 3C NMR (75.5 MHz, Aceton-ds): & = 28.5 (C9), 31.3 (3 CH3), 79.7
(CY), 97.0 (C9), 102.3 (CH3), 109.1 (CH), 112.0 (CH), 118.2 (CY), 126.5 (CH), 148.3 (CY), 148.4
(C%); HRMS (El, m/z): calcd. for C13H140; (M)*: 202.09883, found: 202.09882; GC/MS-EI (70
eV): m/z (%) = 187 (100), 202 (M*, 55), 128 (20), 129 (17), 188 (13).



7. Appendix

WA

4a 1-(4-methyl-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 73.0 mg, 75%. H
NMR (300.1 MHz, Acetone-ds): 6 = 2.28 (s, 3 H), 6.58 (s, 2 H), 7.03-7.06 (m, 2 H), 7.12-7.15
(m, 2 H), 7.19-7.27 (m, 5 H); ¥C NMR (75.5 MHz, Aceton-ds): & = 21.2 (CH3), 127.9 (CH),
129.1 (2 CH), 129.6 (4 CH), 129.7 (2 CH), 130.3 (CH), 131.0 (CH), 135.2 (C9), 137.7 (C%), 138.4
(C9; HRMS (El, m/z): calcd. for Ci5H1a (M)*: 194.10900, found: 194.10891; GC/MS-EI (70 eV):
m/z (%) = 179 (100), 194 (M*, 86), 178 (82), 193 (21), 165 (15), 180 (14), 195 (14), 115 (13),
152 (11).

WA

4b 1-(3-methyl-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 72.7 mg, 75%. H
NMR (300.1 MHz, Acetone-dg): 6 = 2.23 (d, J = 0.6 Hz, 3 H), 6.61 (s, 2 H), 7.01-7.04 (m, 2 H),
7.07-7.13 (m, 2 H), 7.20-7.25 (m, 5 H); 3C NMR (75.5 MHz, Aceton-de): & = 21.3 (CH3), 126.6
(CH), 128.0 (CH), 128.7 (CH), 129.0 (CH), 129.0 (2 CH), 129.6 (2 CH), 130.3 (CH), 130.8 (CH),
131.1 (CH), 138.1 (C9), 138.2 (C9), 138.5 (CY; HRMS (El, m/z): calcd. for CisHia (M)*:
194.10900, found: 194.10882; GC/MS-EI (70 eV): m/z (%) = 179 (100), 194 (M*, 86), 178 (84),
193 (23), 195 (14), 180 (14), 165 (13), 115 (11), 152 (10).

WA,

4c 1-(2-methyl-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 69.6 mg, 72%. H
NMR (300.1 MHz, Acetone-ds): 6 = 2.24 (s, 3 H), 6.68 (s, 2 H), 7.02-7.09 (m, 2 H), 7.09-7.11
(m, 1 H), 7.12-7.13 (m, 1 H), 7.14-7.20 (m, 4 H), 7.21-7.25 (m, 1 H); 13C NMR (75.5 MHz,
Aceton-ds): 8 = 19.9 (CHs), 126.5 (CH), 128.0 (CH), 128.2 (CH), 128.9 (2 CH), 129.6 (CH), 129.6
(2 CH), 130.3 (CH), 130.9 (CH), 131.4 (CH), 136.7 (C9), 138.0 (C9), 138.0 (C9); HRMS (El, m/z):
calcd. for CisH14 (M)*: 194.10900, found: 194.10883; GC/MS-EI (70 eV): m/z (%) = 179 (100),
194 (M*, 80), 178 (67), 115 (23), 116 (15), 193 (14), 180 (14), 195 (13), 165 (12).
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[\
Vi 2 O

4d 1-(3-methoxy-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 71.8 mg, 68%. H

NMR (300.1 MHz, Acetone-ds): & = 3.64 (s, 3 H), 6.60 (d, J = 12.3 Hz, 1 H), 6.65 (d, J = 12.3 Hz,
1 H), 6.75-6.84 (m, 3 H), 7.13-7.16 (m, 1 H), 7.18-7.27 (m, 5 H); 3C NMR (75.5 MHz, Aceton-
ds): 6 = 55.2 (CHs), 114.0 (CH), 114.7 (CH), 122.1 (CH), 128.0 (CH), 129.1 (2 CH), 129.6 (2 CH),
130.1 (CH), 131.0 (CH), 131.2 (CH), 138.3 (C9), 139.4 (CY), 160.5 (C%); HRMS (EI, m/z): calcd.
for C1sH140 (M)*: 210.10392, found: 210.10441; GC/MS-EI (70 eV): m/z (%) = 210 (M*, 100),
165 (59), 179 (41), 178 (40), 209 (34), 152 (27), 194 (26), 167 (25), 166 (19), 177 (19), 195
(18), 211 (16), 176 (10).

F
o O
F

4e 1-(3-trifluoromethyl-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated vyield: 102.8 mg,
83%. 'H NMR (300.1 MHz, Acetone-ds): § = 6.68-6.72 (d, J = 12.2 Hz, 1 H), 6.77-6.82 (d, J =
12.2 Hz, 1 H), 7.21-7.31 (m, 5 H), 7.43-7.55 (m, 4 H); 3C NMR (75.5 MHz, Aceton-de): & =
124.5 (q, 3) = 3.9 Hz, CH-C-CF3), 125.1 (q, 1J = 271.7 Hz, CF3), 126.2 (q, 3) = 3.9 Hz, CH-C-CF3),
128.4 (CH), 129.3 (2 CH), 129.4 (CH), 129.5 (2 CH), 130.0 (CH), 130.9 (q, % = 31.9 Hz, C-CF3),
132.9 (CH), 133.4 (CH), 137.5 (C9), 139.1 (C9); ®*F NMR (282.4 MHz, Aceton-ds): & = -63.4
(CF3); HRMS (El, m/z): calcd. for CisH11F3 (M)*: 248.08074, found: 248.08030; GC/MS-EI (70
eV): m/z (%) = 248 (M*, 100), 178 (71), 179 (70), 233 (21), 247 (20), 227 (19), 249 (16).

‘2 O

4f 1-(4-trifluoromethyl-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 98.5 mg,
79%. *H NMR (300.1 MHz, Acetone-ds): 6 = 6.70 (d, J = 12.3 Hz, 1 H), 6.80 (d, / = 12.3 Hz, 1
H), 7.21-7.31 (m, 5 H), 7.42-7.46 (m, 2 H), 7.56-7.61 (m, 2 H); 13C NMR (75.5 MHz, Aceton-
de): 6 = 125.3 (g, 1 = 271 Hz, CF3), 126.0 (q, 3J = 3.9 Hz, 2 CH-C-CF3), 128.5 (CH), 129.3 (2 CH),
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129.3 (q, %) = 32 Hz, C-CF3), 129.5 (CH), 129.6 (2 CH), 130.3 (2 CH), 133.3 (CH), 137.5 (C9),
142.4 (C%; °F NMR (282.4 MHz, Aceton-dg): & = -63.0 (CFs); HRMS (El, m/z): calcd. for
CisH11F3 (M)*: 248.08074, found: 248.08027; GC/MS-EI (70 eV): m/z (%) = 248 (M*, 100), 179
(89), 178 (84), 227 (20), 247 (20), 233 (17), 249 (16), 180 (13), 229 (12), 176 (10).

N\
2 \_/> </_\>

4g 1-(2-naphthyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 82.7 mg, 72%. *H NMR

(300.1 MHz, Acetone-ds): 6 = 6.73 (d, J = 12.3 Hz, 1 H), 6.82 (d, J = 12.3 Hz, 1 H), 7.21-7.32
(m, 5 H), 7.33-7.37 (m, 1 H), 7.43-7.49 (m, 2 H), 7.70-7.78 (m, 3 H), 7.80-7.86 (m, 1 H); 3C
NMR (75.5 MHz, Aceton-de): & = 126.9 (CH), 127.0 (CH), 127.6 (CH), 128.2 (CH), 128.3 (CH),
128.5 (CH), 128.7 (CH), 128.8 (CH), 129.1 (2 CH), 129.7 (2 CH), 131.0 (CH), 131.5 (CH), 133.6
(C9), 134.5 (C9), 135.8 (CY), 138.2 (CY); HRMS (EI, m/z): calcd. for CigHia (M)*: 230.10900,
found: 230.10867; GC/MS-EI (70 eV): m/z (%) = 230 (M*, 100), 229 (100), 228 (52), 215 (26),
226 (20), 231 (18), 227 (14), 202 (13).

—S —

w2 O

4h 1-(2-methylthio-phenyl)-2-phenyl-Z-ethene: Slightly yellow oil, isolated yield: 39.3 mg,
35%. 'H NMR (300.1 MHz, Acetone-ds): 6 = 2.49 (s, 3 H), 6.62-6.66 (d, J = 12.2 Hz, 1 H), 6.68-
6.72 (d, J=12.2 Hz, 1 H), 6.96-7.01 (m, 1 H), 7.05-7.09 (m, 1 H), 7.13-7.21 (m, 5 H), 7.24-7.29
(m, 1 H), 7.32-7.35 (m, 1 H); 3C NMR (75.5 MHz, Aceton-dg): § = 15.3 (CHs), 125.3 (CH),
126.0 (CH), 128.1 (CH), 128.9 (CH), 128.9 (CH), 128.9 (2 CH), 129.7 (2 CH), 130.0 (CH), 132.1
(CH), 136.8 (C9), 137.6 (C%), 138.9 (C9); HRMS (El, m/z): calcd. for CisH1aS (M)*: 226.08107,
found: 226.08112; GC/MS-EI (70 eV): m/z (%) = 211 (100), 226 (M*, 46), 178 (44), 212 (17),
210 (14), 165 (11).
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4i 1-(4-N,N-dimethylamino-phenyl)-2-phenyl-Z-ethene: yellow oil, isolated yield of the E-Z-
mixture: 54.0 mg, 48%. ~ 15% E-lsomer according to 'H NMR. *H NMR (300.1 MHz, Acetone-
de): 6 =2.91 (s, 6 H), 6.37-6.41 (d, °J = 12,1 Hz, 1 H), 6.46-6.50 (d, ?J = 12,1 Hz, 1 H), 6.55-6.60
(m, 2 H), 7.09-7.33 (m, 7 H); 3C NMR (75.5 MHz, Aceton-de): & = 40.3 (2 CHs), 112.6 (2 CH),
125.6 (C9), 127.2 (CH), 127.5 (CH), 129.0 (2 CH), 129.4 (2 CH), 130.6 (2 CH), 131.2 (CH), 139.2
(C9), 150.7 (CY9; HRMS both Isomers (El, m/z): calcd. for CigH17N (M)*: 223.13555, found:
223.13505; GC/MS-EI (70 eV): Z-lsomer: m/z (%) = 223 (M*, 100), 222 (42), 178 (22), 224
(17), 179 (12), 207 (11); E-Isomer: m/z (%) = 223 (M*, 100), 222 (41), 178 (19), 224 (18), 207
(12), 179 (11).

2 O

4j 1-(4-cyano-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 86.1 mg, 84%. *H NMR
(300.1 MHz, Acetone-ds): & = 6.66-6.70 (d, > = 12.2 Hz, 1 H), 6.80-6.84 (d, 3/ = 12.2 Hz, 1 H),
7.21-7.29 (m, 5 H), 7.39-7.42 (m, 2 H), 7.61-7.65 (m, 2 H); 3C NMR (75.5 MHz, Aceton-ds): 6
= 111.3 (C9), 119.3 (C9), 128.6 (CH), 129.3 (3 CH), 129.5 (2 CH), 130.5 (2 CH), 132.9 (2 CH),
133.9 (CH), 137.3 (C9), 143.0 (CY); HRMS (El, m/z): calcd. for CisH11N (M)*: 205.08860, found:
205.08895; GC/MS-EI (70 eV): m/z (%) = 204 (100), 205 (M*, 98), 190 (40), 203 (33), 206 (15),
176 (14), 177 (13), 165 (12).

/N
~ 7 O

4k 1-(4-phenyl-3-fluoro-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 118.1 mg,
86%. 'H NMR (300.1 MHz, Acetone-ds): 6 = 6.62-6.66 (d, 3/ = 12.3 Hz, 1 H), 6.73-6.77 (d, % =
12.3 Hz, 1 H), 7.05-7.10 (m, 1 H), 7.14-7.17 (m, 1 H), 7.22-7.48 (m, 9 H), 7.53-7.58 (m, 2 H);
13C NMR (75.5 MHz, Aceton-ds): 6 = 116.9 (d, J = 23.8 Hz, CH), 126.2 (d, J = 3.2 Hz, CH), 128.4
(CH), 128.4 (d, J = 13.5 Hz, C°), 128.6 (CH), 129.3 (2 CH), 129.4 (2 CH), 129.4 (d, J = 2.3 Hz,
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CH), 129.5 (2 CH), 129.6 (CH), 129.6 (CH), 131.3 (d, J = 4.1 Hz, CH), 132.4 (CH), 136.2 (d, J =
1.4 Hz, CY), 137.8 (CY), 139.5 (d, J = 8.3 Hz, C9), 160.2 (d, J = 246.2 Hz, CY%); °*F NMR (282.4
MHz, Aceton-de): & =-119.6 (CF); HRMS (El, m/z): calcd. for CaoH1sF (M)*: 274.11523, found:
274.11528; GC/MS-EI (70 eV): m/z (%) = 274 (100), 275 (21), 252 (21), 273 (17), 253 (16), 196
(15), 259 (11), 197 (11).

4] 1-(3,4-methylenedioxy-phenyl)-2-phenyl-Z-ethene: Colorless oil, isolated yield: 72.2 mg,
64%. 'H NMR (300.1 MHz, Acetone-de): § = 5.95 (s, 2 H), 6.54 (s, 2 H), 6.68-6.78 (m, 3 H),
7.19-7.28 (m, 5 H); *C NMR (75.5 MHz, Aceton-de): 6 = 102.0 (CH), 108.9 (CH), 109.3 (CH),
123.8 (CH), 127.9 (CH), 129.2 (2 CH), 129.5 (2 CH), 129.9 (CH), 130.7 (CH), 132.0 (C9), 138.3
(C9), 147.8 (CY), 148.4 (C9; HRMS (El, m/z): calcd. for CisH1202 (M)*: 224.08318, found:
224.08301; GC/MS-EI (70 eV): m/z (%) = 224 (100), 165 (67), 166 (25), 223 (21), 225 (16), 193
(13), 164 (12).

(2

4p 1,2-di-(4-methyl-phenyl)-Z-ethene: Colorless oil, isolated yield: 79.3 mg, 76%. *H NMR
(300.1 MHz, Acetone-dg): 6 = 2.28 (s, 6 H), 6.53 (s, 2 H), 7.03-7.07 (m, 4 H), 7.13-7.16 (m, 4
H); 3C NMR (75.5 MHz, Aceton-ds): 8§ = 21.2 (CH3), 129.5 (4 CH), 129.7 (4 CH), 130.3 (2 CH),
135.4 (2 C9), 137.5 (2 C9; HRMS (El, m/z): calcd. for CieHis (M)*: 208.12465, found:
208.12442; GC/MS-EI (70 eV): m/z (%) = 208 (100), 178 (67), 193 (59), 192 (31), 191 (22), 209
(17), 179 (14), 115 (14), 207 (12), 189 (12), 165 (12).

(2 O
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4q 1-(4-methyl-phenyl)-2-(3-methyl-phenyl)-Z-ethene: Colorless oil, isolated yield: 79.5 mg,
76%. *H NMR (300.1 MHz, Acetone-de): & = 2.23-2.24 (m, 3 H), 2.27-2.28 (m, 3 H), 6.55 (s, 2
H), 7.00-7.04 (m, 2 H), 7.05-7.06 (m, 2 H), 7.09-7.11 (m, 2 H), 7.13-7.17 (m, 2 H); 3C NMR
(75.5 MHz, Aceton-dg): & = 21.2 (CHs), 21.4 (CHs), 126.5 (CH), 128.6 (CH), 128.9 (CH), 129.6 (2
CH), 129.6 (2 CH), 130.2 (CH), 130.4 (CH), 130.8 (CH), 135.2 (C9), 137.6 (C9), 138.3 (C9), 138.5
(C9); HRMS (El, m/z): calcd. for Ci6H16 (M)*: 208.12465, found: 208.12444; GC/MS-EI (70 eV):
m/z (%) = 208 (100), 178 (79), 193 (70), 192 (34), 191 (24), 209 (17), 179 (16), 115 (16), 189
(14), 165 (14), 207 (12), 194 (11).

2 &

4r 1-(4-methyl-phenyl)-2-(2-methyl-phenyl)-Z-ethene: Colorless oil, isolated yield: 73.1 mg,
71%. *H NMR (300.1 MHz, Acetone-de): & = 2.23-2.24 (m, 6 H), 6.62 (s, 2 H), 6.95-7.03 (m, 4
H), 7.04-7.08 (m, 1 H), 7.09-7.12 (m, 1 H), 7.13-7.19 (m, 1 H), 7.20-7.24 (m, 1 H); 3C NMR
(75.5 MHz, Aceton-dg): & = 19.9 (CHs), 21.1 (CHs), 126.5 (CH), 128.0 (CH), 129.4 (CH), 129.6 (5
CH), 130.9 (CH), 131.3 (CH), 135.1 (C9), 136.7 (C9), 137.6 (CY9), 138.2 (C%); HRMS (El, m/z):
calcd. for CigH1s (M)*: 208.12465, found: 208.12452; GC/MS-EI (70 eV): m/z (%) = 208 (100),
178 (82), 193 (72), 115 (29), 192 (23), 116 (22), 191 (19), 209 (18), 179 (17), 165 (15), 189
(13), 194 (12).

WA,
W4

0

/

4s 1-(4-methyl-phenyl)-2-(6-(2-methoxy-napthalene))-Z-ethene: Colorless oil, isolated yield:
116.1 mg, 85%. 'H NMR (300.1 MHz, Acetone-ds): 6 = 2.28 (m, 3 H), 3.90 (m, 3 H), 6.62 (d, J =
12.2 Hz, 1 H), 6.71 (d, J = 12.2 Hz, 1 H), 7.03-7.07 (m, 2 H), 7.09-7.13 (m, 1 H), 7.16-7.20 (m, 2
H), 7.23-7.24 (m, 1 H), 7.31-7.35 (m, 1 H), 7.60-7.63 (m, 1 H), 7.65-7.68 (m, 1 H), 7.69-7.71
(m, 1 H); 3C NMR (75.5 MHz, Aceton-ds): § = 21.2 (CHs), 55.6 (CH3), 106.7 (CH), 119.7 (CH),
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127.3 (CH), 128.0 (CH), 128.6 (CH), 129.6 (2 CH), 129.7 (2 CH), 129.9 (C9), 130.2 (CH), 130.4
(CH), 130.6 (CH), 133.7 (C7), 134.9 (CY), 135.4 (C7), 137.7 (CY), 158.9 (CY); HRMS (El, m/z):
calcd. for CooH1s0 (M)*: 274.13522, found: 274.13544; GC/MS-EI (70 eV): m/z (%) = 274 (M,
100), 215 (42), 216 (26), 259 (24), 275 (22).

4u 1-(4-methyl-phenyl)-2-n-hexyl-Z-ethene: Colorless oil, isolated yield: 52.8 mg, 52%. H
NMR (300.1 MHz, Acetone-ds): 6 = 0.87 (m, 3 H), 1.22-1.38 (m, 8 H), 1.40-1.50 (m, 2 H), 2.31
(s, 3 H),5.62 (dt, J = 11.7, 7.3, 1 H), 6.37 (dt, ) = 11.7, 1.8, 1 H), 7.13-7.20 (m, 4 H); 13C NMR
(75.5 MHz, Aceton-dg): 6 = 14.3 (CHs), 21.1 (CHs), 23.3 (CHp), 29.3 (CH,), 29.8 (CH,), 30.7
(CH3), 32.5 (CHy), 129.5 (2 CH), 129.6 (CH), 129.6 (2 CH), 132.9 (CH), 135.8 (C?), 136.9 (C9);
HRMS (El, m/z): calcd. for CisH22 (M)*: 202.17160, found: 202.17166; GC/MS-EI (70 eV): m/z
(%) = 131 (100), 118 (49), 202 (29), 115 (21), 91 (18), 116 (16), 129 (15), 117 (15), 105 (15),
132 (13), 128 (11).

0]

L

4v 1-(3,4-methylenedioxy-phenyl)-2-tert-butyl-Z-ethene: Colorless oil, isolated yield: 35.1

(o)

mg, 34%. *H NMR (300.1 MHz, Acetone-ds): & = 0.99 (s, 9 H), 5.55 (d, J = 12.5 Hz, 1 H), 5.97
(s, 2 H), 6.28-6.33 (m, 1 H), 6.63-6.67 (m, 2 H), 6.77-6.79 (m, 1 H); 3C NMR (75.5 MHz,
Aceton-ds): & = 31.5 (3 CHs), 34.6 (C%), 101.8 (CH,), 108.3 (CH), 110.0 (CH), 122.9 (CH), 127.7
(CH), 133.7 (C9), 143.2 (CH), 147.1 (C9), 148.1 (C?); HRMS (El, m/z): calcd. for C13H160; (M)*:
204.11448, found: 204.11436; GC/MS-EI (70 eV): m/z (%) = 159 (100), 189 (70), 204 (M*, 68),
131 (34), 115 (22), 91 (16), 160 (13), 144 (13), 116 (13), 77 (10).
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Analytical Instruments

NMR
- AV 400 (Bruker)
Build 2005, Magnetic field 9.4 Tesla, Proton-Resonance-Frequency 400 MHz.
- AV 300 (Bruker)
Build 2005, Magnetic field 7.0 Tesla, Proton-Resonance-Frequency 300 MHz.
- Fourier 300 (Bruker)
Build 2012, Magnetic field 7.0 Tesla, Proton-Resonance-Frequency 300 MHz.
HRMS
- Agilent 1200/6210 Time-of-Flight LC-MS
GC-MS
- Agilent HP-5890 with Agilent HP-5973 Mass Selective Detector (El) and HP-5 capillary
coloumn
GC
- Agilent HP-5890 with FID detector and HP-5 capillary column
ICP-OES

- Varian/Agilent 715-ES
Flash chromatography

- Teledyne Isco CombiFlash Rf 200
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Development of a Palladium-Catalyzed Process for the
Synthesis of Z-Alkenes by Sequential Sonogashira-

Hydrogenation Reaction

Soren Hancker,® Helfried Neumann,® and Matthias Beller*®

Abstract: A novel and selective sequential one-pot protocol for
the synthesis of Z-alkenes via Sonogashira—semihydrogenation
is reported. The efficiency of the methodology is increased by
utilizing PdCl,/BuPAd, as homogeneous catalyst for the Sono-

gashira coupling and subsequently transforming the transition
metal complex into a heterogeneous Pd hydrogenation catalyst.
This methodology represents one of the rare examples directly
combining homogeneous and heterogeneous catalysis.

Introduction

Catalysis represents a key technology for efficient and sustaina-
ble production in the chemical industry. In addition, academic
laboratories and life science industries benefit from this well-
established tool box for the synthesis of biologically active com-
pounds and fine chemicals. Due to their respective advantages
and disadvantages, both homogeneous and heterogeneous
catalysts are applied in the manufacturing of numerous daily
products.I"! Traditionally, due to superior reusability and recycla-
bility heterogeneous catalysts are favored for the synthesis of
bulk chemicals. On the other hand, the demand for high selecti-
vity and activity under mild conditions benefits the application
of molecularly-defined homogeneous catalysts, specifically in
the field of fine chemicals and specialties. However, in recent
years there has been an increasing interest to develop more
active and selective heterogeneous catalysts to overcome the
conventional disadvantages of such materials while sustaining
the benefits.”?! Among other approaches, we and other groups
demonstrated that the pyrolysis of distinct molecular com-
plexes adsorbed on inorganic materials generates doped metal
centers embedded into the support as catalytically active sites,
which constitute highly efficient heterogeneous catalysts.*!

Interestingly, beside from this current approach, the method-
ology of utilizing a homogeneous complex for an initial chemi-
cal transformation prior to converting it into a heterogeneous
material which is active in a sequential reaction step has been
reported as early as 1994.14 Notably, this strategy turned the
synthesis of the agrochemical Prosulfuron into an economically
feasible process.®] Surprisingly, despite this success, this con-
cept has rarely been applied in other areas.[®!

[a]l Leibniz-Institut fiir Katalyse eV. an der Universitit Rostock,
Albert-Einstein-Strale 29a, 18059 Rostock, Germany
E-mail: Matthias.Beller@catalysis.de
www.catalysis.de
E. Supporting information and ORCID(s) from the author(s) for this article are
0 available on the WWW under https://doi.org/10.1002/ejoc.201800651.
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Inspired by all these reports, we present a new methodology
for the selective synthesis of Z-alkenes including homogeneous
and heterogeneous palladium catalyzed transformations. As an
initial step, a Sonogashira reaction is performed followed by
hydrogenation of the resulting alkyne catalyzed by a heteroge-
neous catalyst formed from the initially homogeneous metal
complex. The resulting structural motif is found in various bio-
logically active compounds and represents a valuable building
block for organic syntheses.”]

In general, Z-alkenes are synthesized sequentially from the
corresponding internal acetylene by hydrogenation (Scheme 1).
For this second step, specific hydrogenation catalysts such as
the Lindlar catalyst are typically used.®! In recent years other
heterogeneous materials have been developed based on both

Established Routes:
o}

e / Wittig Reaction /—\
T - e
R RZ R

Seleclive —
R'———R? > R! R?

Semihydrogenation
R‘I

\=\ Photoisomerization /TN

» R R2
RZ
o R Peterson

=~ / =
I/ + /:SI\—R - R R?

1 .

R R? R Olefination
I/ / Olefine =\

* - 1 2
R' R2 Melathesis R R
Novel Methodology:
Br ‘ ‘ Sequential One-Pot _

| ‘ Sonogashira =Y R
R! R? Semihydrogenation

Scheme 1. Selected routes for the synthesis of Z-alkenes.
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noble metals,”! and other transition metals."® More tradition-
ally, starting from aldehydes and phosphonium ylides, the Wit-
tig reaction constitutes a stoichiometric approach leading to
almost exclusively Z-alkenes under optimized conditions.'! The
related Peterson olefination is another approach towards Z-alk-
enes.'? Herein, aldehydes are reacted with a-silyl carbanions
followed by an acidic or basic work-up which determines the
stereoselectivity. Furthermore, Z-alkenes can be synthesized by
photoisomerization of E-alkenes.I'®! Finally, alkene metathesis
provides access to Z-alkenes starting from easily available termi-
nal olefins."! However, the selectivity of this C-C bond forming
transformation remains challenging especially for intermolec-
ular reactions.

Results and Discussion

For our initial investigations, the reaction of 4-bromotoluene (1)
and phenylacetylene (2) to give phenyl-p-tolyl-acetylene (3)
was chosen as model system. Previously, it was shown that the
combination of PdCl,/BuPAd, with K,CO; in DMF catalyzes
Sonogashira reactions without the need of further additives (Cu
salts, amines).l'?! Initially, the influence of the reaction tempera-
ture was evaluated applying this system. Even at room tempera-
ture, the reaction reached 68 % conversion and 65 % yield.
However, 4 days were required and significant amounts of both
starting materials remained unconverted (Table 1, entry 1).

Table 1. Optimization of the copper- and amine-free Sonogashira reaction.

Lo JO-
KCOj4
PG, | I P/\\/\
+ BuPAd,
DMF, T, t O
BuPAd,
1 2 3

Entryt! 2 Pd/L T t Conversion®d  Yieldl<

[mmol] [mol-%)] Pl [h] [9] [%6]
1 1 46 25 96 68 65
2 1 46 40 24 > 99 82
3 1 46 60 4 > 99 78
4 1.5 46 60 4 > 99 67
5id] 0.6 46 60 6 8glel 70
6 1 22 60 16 > 99 84
7 1 1:1 60 16 > 99 88
gldl 0.6 1:1 60 16 671e 61
9 1 1:1 60 8 90 80
10 1 0.5:0.5 60 16 90 81
1 1 0.1:0.1 60 16 66 60
12 1 0:1 60 16 <1 <1
13 1 1:0 60 16 <1 <1

[a] Standard conditions (Entry 7): 0.5 mmol 1, 1 mmol 2, 1 mmol K;COs,
1 mol-% PdCl;, 1 mol-% BuPAd,, 2 mL of DMF at 60 °C for 16 h. [b] Regarding
1. [c] Determined by GC with hexadecane as internal standard. [d] 2 was
dissolved in 1 mL of DMF and added continuously over the first 2 h of the
experiment. [e] Conversion of 2: > 99 %.

Simply increasing the temperature to 40 °C led to full conver-
sion of the aryl bromide and 82 % of 3 were obtained after 24
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hours (entry 2). At 60 °C, complete conversion was achieved
after only 4 hours while the reaction provided 78 % of the de-
sired compound (entry 3). Despite the decreased selectivity, the
ongoing optimization was conducted at 60 °C due to the in-
creased reaction rate and the desire to further lower the cata-
lyst loading. Furthermore, the effect of the acetylene concentra-
tion was investigated since the complete consumption of 2 was
observed in several experiments. Noteworthy, the yield further
declined to 67 % when 3 equivalents of phenylacetylene were
employed (entry 4).

The selectivity remained at 80 % compared to entries 2 and
3 when 1.2 equivalents were applied by adding the reagent
continuously over a period of two hours (entry 5). However,
significant amounts of the aryl bromide were detected while 2
was completely converted after the reaction. Upon reducing
the catalyst and ligand loading to 2 mol-%, 84 % of the desired
product was obtained (entry 6). Notably, the selectivity towards
the internal acetylene was improved when lower catalyst load-
ings were applied (entries 6-13). Accordingly, the selectivity im-
proved to 88 % at full conversion when 1 mol-% of the catalyst
was utilized (entry 7). Attempts to decrease the necessary con-
centration of 2 resulted in lower product yields (entries 5 and
8). As expected lower catalyst loadings require longer reaction
times since a conversion of 90 % was observed after 8 hours
(entry 9). The necessity for longer reaction times under low
catalyst loadings was emphasized by experiments applying
0.5 mol-% or 0.1 mol-% catalyst (entries 10 and 11). While the
selectivity remained high, the conversion decreased to 90 %
and 66 %, respectively. The control experiments proved that the
palladium salt as well as the ligand is required for a successful
reaction since the absence of either one of these compounds
prevented the formation of the product (entries 12 and 13).

Next, different hydrogen sources were tested for the selec-
tive hydrogenation of 3. Applying our catalytic system, hy-
drides, formic acid and alcohols failed to generate the product,
whereas hydrogen gas afforded full conversion of the internal
acetylene 3. For the implementation of hydrogen, the reaction
mixture was heated to 120 °C for 8 hours before the solution
was cooled down to room temperature. Subsequently,
hydrogen gas was bubbled through the reaction mixture for a
specific time at 25 °C. The reaction provided full conversion, but
no Z-alkene was detected after 150 min (Table 2, entry 1). In-
stead, quantitative amounts of the alkane (6) emerged as the
reaction product. After a hydrogenation time of 80 min, 33 %
of the desired product 4 was obtained, but the Z-selectivity and
Z/E-ratio remained at low levels (entry 2). These parameters
were further improved as the reaction time was decreased to
40 min (entry 3). Herein, the Z-selectivity was increased to 80 %
at complete conversion and Z/E-ratio of 80:8. However, a hyd-
rogenation period of 20 min gave the best result including 91 %
overall yield at Z/E-ratio of 91:6 (entry 4). Experiments to further
decrease the reaction time proved that the generation of the
desired Z-alkene remained uncompleted as only 60 % of the
desired Z-alkene was obtained (entry 5). Noteworthy, modifying
the initial reaction step led to a decrease in the hydrogenation
activity. In this case, the yields dropped to 38 % and 14 % after
20 min of hydrogenation when the first phase was reduced to

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Optimization of the selective—semihydrogenation.
O 1) KaCO4 O O
PdCl, O
Il BuPAd, =
DMF, H,0, 120 °C, t; |
WOl
i, tp
3 4 5 6
Entry!! ty [h]  t; [min] Conversion®< [9] Yield 4 [%] Z/E-Ratio'! [96:%)] Z-Selectivity!! [%] Yield™ 6 [96]
1 8 150 > 99 <1 <19 <1 88
2 8 80 > 99 33 339 33 55
3 8 40 > 99 80 808 80 1
4 8 20 > 99 91 91:6 91 3
5 8 10 60 51 515 85 3
6 4 20 46 38 38:4 83 2
7 2 20 21 14 14:3 67 2

[a] Standard conditions (Entry 4): 0.5 mmol 3, 1 mmol KzCOz, 1 mol-% PdClz, 1 mol-% BuPAd;, 2 mL of DMF, 0.2 mL of H;O at 120 °C for 8 h. Subsequently,
hydrogen gas was bubbled through the solution at 25 °C for 20 min at 0.5 mL/s gas flow. [b] Regarding 3. [c] Determined by GC with hexadecane as internal

standard. [d] Referring to the ratio of yield to conversion.

4 and 2 hours, respectively (entries 6 and 7). It is important to
note that without heterogenization of the initially applied homo-
geneous Pd complex, no hydrogenation occurred.

Finally, the separate reaction steps were combined to a se-
quential one-pot process. Therefore, the transformation was ex-
ecuted with the conditions developed in the optimization of
the Sonogashira reaction (Table 1). Subsequently, water was
added into the reaction mixture at room temperature before
the solution was heated to 120 °C for 8 hours. In order to deter-
mine the optimal duration for the hydrogenation reaction, sam-
ples were prepared in specific intervals and analyzed for their
composition. The results are depicted in Figure 1. The optimal
duration was identified at 25 min of hydrogen flow and there-
fore slightly differing from the optimization results for the semi-
hydrogenation step (Table 2).

Next, we examined the reactivity of different aryl bromides
and terminal acetylenes to form preferentially Z-alkenes using
this novel methodology (Table 3). Initially, we applied the previ-
ously optimized conditions to the reaction of methyl-substi-
tuted bromobenzenes such as ortho-, meta- and para-methyl-
bromobenzene with phenylacetylene in order to study the ef-
fect of the substitution position. As shown in Table 3, entries
1-3, the corresponding intermediates 3a, 3b and 3¢ were iso-
lated with 85 %, 87 % and 84 % overall yield. Thus, no signifi-
cant effect on the yield of the coupling reaction was observed.
However, the semihydrogenation only provided the products in
comparable yields 75 % (4a), 75 % (4b) and 72 % (4c) when the
duration of the hydrogenation was adjusted. Herein, the ortho-
substituted methyl-bromobenzene required longer reaction
times presumably caused by steric hindrance of the methyl
group. Due to the steric proximity of the ortho-substituent, the
access of the catalysts surface to the internal acetylene is im-
peded. Therefore, the position of the substituent affects the
semihydrogenation reaction, while the Sonogashira coupling
displayed insignificant deviation based on the substituent posi-
tion. Furthermore, the influence of the electron-withdrawing or
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Br 1) KGO0,
Il PdCl, 2)+ H,0
BuPAd, | | 120°C,8h
+ —_— > B
DMF, 60 °C, 16 h 3)+H;
25°C,t
1 2 3 4
Product Yield Over Time
100 4

Yield 4a [%]

Q 10 0 30 40 50 &80

Time [min]

Figure 1. Product yield over time of the hydrogenation step in the sequential
one-pot methodology. Conditions: 0.5 mmol 1, 1 mmol 2, 1 mmol K;CO,,
1 mol-% PdCl;, 1 mol-% BuPAd,, 2 mL of DMF at 60 °C for 16 h. Subsequently,
0.2 mL of H;O was added at room temperature after which the solution was
heated to 120 °C for 8 h. Finally, H; was bubbled through the reaction mix-
ture at 25 °C for 25 min. Yield determined by GC with hexadecane as internal
standard.

-donating nature of the substituent was investigated. Accord-
ingly, 3-methoxy-bromobenzene (1d) as well as 3-trifluoro-
methyl-bromobenzene (1e) was evaluated for the productivity
in the Sonogashira-semihydrogenation (entries 4 and 5). In
agreement with literature findings, the electron-withdrawing
group promotes the coupling reaction as 93 % of 3e was
formed. Conversely, only 72 % of intermediate 3d was obtained
suggesting that electron-donating groups decrease the reactiv-
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ity of the aryl bromide. The complete reaction of 1d and 1e to
the corresponding Z-alkenes revealed an additional influence of

the substituent on the hydrogenation result. The hydrogenation
period had to be extended for substrate 1d in order to achieve

Table 3. Substrate scope for the Sonogashira—semihydrogenation.!

. 1) K,C0q ?
J.' , PdCl, I 2) + H,0 R
AL BuPAd, 120°c’8h [
o
'l'jﬂ DMF,60°C,16h = 3)+ Hy ’ ﬂ
R [ 7] 25°C, 25min o
1a 2a 3a 4a
Entry® Intermediate Yield® [%] Z-Alkene Yield' [%] Entry® Intermediate Yield® [%] Z-Alkene Yield® [%]
1 Sl 85 Y7o\ 75 120 o~ 68 64
2 75 13 87 ol
Qs e
Im
S ~
3 72 14 = & - : p, ; ol
C u o \_o
Q In dn
4lel 68
18 o 86 oun
LA
T .
5 83
16 76
6 79
17 76
7 72
13[0] 71
gin 69 350l
* gld] B5
o . 1
.-,/EQ;J ’ { >/ kY -
gel (Y 70 et 410
N \ <
. 20 80 WA oM
DA aw
10 08 Y = 84
N o
4 241 (i 75 52
_\ P -
& Y -
1 96 ' 86 - o 60 2
% o e

[a] General remark: For the isolated yields, the experiment was conducted twice. The first experiment was stopped after the Sonogashira step and the alkyne
was isolated. The second experiment was conducted as described without purification of the intermediate and the Z-alkene was isolated. Therefore, the
overall yield for the Z-alkene is obtained from 1 and 2 directly when the reaction is run without the isolation of 3. [b] Standard conditions: 0.5 mmol 1,
1 mmol 2, 1 mmol K;CO;, 1 mol-% PdCl;, 1 mol-% BuPAd,, 2 mL of DMF at 60 °C for 16 h. Subsequently, 0.2 mL of H,O was added at room temperature
followed by heating to 120 °C for 8 h. Finally, H; was bubbled through the reaction mixture at 25 °C for 25 min. [c] Isolated yield. [d] 30 min hydrogenation.
[e] 35 min hydrogenation. [f] 180 min hydrogenation. [g] Significant amounts of the intermediate remained unconverted. [h] The isolated product contained
significant amounts of the corresponding E-alkene which could not be removed by preparative methods. [i] 40 min hydrogenation. [j] The resulting complex
mixture was not further isolated. [k] Despite prolonged hydrogenation, only insignificant amounts of the corresponding product were detected and not
further isolated. [I] 80 min hydrogenation with 25 mol-% 3,6-dithia-1,8-octanediol (DTOD) at 0 °C. [m] 20 min hydrogenation at 0 °C.

Eur. J. Org. Chem. 2018, 5253-5259 www.eurjoc.org 5256 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



@xChemPubSoc
o x Europe

full conversion (68 % yield) while the internal alkyne 3e was
completely hydrogenated after 25 min (83 % yield). The tend-
ency of (strongly) coordinating functional groups to require
prolonged hydrogenation periods was observed in several
cases during the exploration of the substrate scope (entries 4,
8, 9, 12, 19). Based on the steric and electronic properties of
the substrate, the optimal hydrogenation time varies for every
reaction. Continuing our studies, we examined the reactivity
of 4-trifluoromethyl-bromobenzene (1f) for both reaction steps
(entry 6). Applying this starting material afforded 88 % of the
intermediate 3f and 79 % of the corresponding final product
4f. When 2-bromonaphthalene was tested, the internal alkyne
3g of the conversion with phenylacetylene was provided with
82 % overall yield while the hydrogenation gave 72 % of the Z-
alkene 4g (entry 7). 2-Methylthio-bromobenzene was success-
fully converted into the intermediate 3h with an overall yield
of 69 % despite the sulfur-containing functional group (entry
8). Albeit, the hydrogenation had to be extended to 3 hours,
the process yielded 35 % of the Z-alkene 4h. Nevertheless, a
significant amount of the first-step product remained uncon-
verted in the crude mixture despite the prolonged reaction
time. Therefore, the methylthio-moiety displays a rather drastic
example of the functional group effect on the hydrogenation.
The transformation of 4-dimethylamino-bromobenzene (1i) of-
fered 70 % of the intermediate product 3i while the hydrogen-
ation provided Z-alkene 4i in 41 % overall yield (entry 9). How-
ever, the resulting product additionally contained 15 % E-alkene
which could not be removed by preparative methods. There-
fore, this substrate resulted in the most unfavorable Z/E-ratio
(85:15). The aromatic nitrile 1j was converted successfully to the
corresponding intermediate 3j in 98 % yield (entry 10). Subse-
quently, the hydrogenation afforded 84 % of the target Z-alkene
4j. Furthermore, this result confirms the tendency of electron-
withdrawing substituents to increase the reactivity of the aryl
bromide in the coupling reaction. Next, we examined starting
material 1k in the transformation to the corresponding prod-
ucts and found both targets to be generated in 96 % (3k) and
86 % vyield (4k), respectively (entry 11). Extending the list of
different aryl bromides, intermediate 3l was isolated in 68 %
yield while the associated final product was obtained in 64 %
(entry 12). Notably, also few functionalized substrates pre-
vented the successful conversion to the desired products. In
this respect, aldehyde- and nitro-containing substrates Tm and
1n smoothly converted into the corresponding intermediates
in 87 % and 83 % yield; however, the hydrogenation led to a
mixture of products including alkanes, alkenes and alkynes with
either reduced or non-reduced aldehyde- or nitro-functional
group (entries 13 and 14).

Using the ester-containing compound 1o, provided the inter-
mediate 30 in 86 % yield (entry 15). Unfortunately, during
heterogenization of the catalyst, the product was partially hy-
drolyzed in basic aqueous medium at 120 °C. Thus, a mixture
of numerous compounds was obtained.

Moreover, we investigated the reactivity of different acetyl-
enes in the one-pot Sonogashira-semihydrogenation process.
To identify position effects, we compared the overall yields ap-
plying compounds 2p, 2q and 2r (entries 16-18). The results
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indicate a marginal effect for the coupling reaction as all three
corresponding intermediates were isolated in 82 %, 84 % and
80 % overall yield. Regarding the final product, the tendency of
ortho-substituents inhibiting the hydrogenation was observed
as well. While the compounds 4p-4r were obtained in similar
quantities (76 %, 76 % and 71 %), the duration of the hydrogen-
ation had to be extended in the case of ortho-methyl-phenyl-
acetylene (2r) to 25 min in order to achieve complete conver-
sion. Continuing our substrate scope, the conversion of aryl
bromide 1a and terminal acetylene 2s provided the corre-
sponding coupling product 3s in 90 % and the semihydrogena-
tion product 4s in 85 % overall yield (entry 19). Unfortunately,
the attempt to include 4-chloro-phenylacetylene in the list of
convertible substrates failed although the intermediate 3t was
isolated in 80 % yield (entry 20). Here, various attempts to hy-
drogenate the C-C triple bond ended. To our delight, the trans-
formation of 1a with 1-octyne (2u) afforded the intermediate
in 75 % yield (entry 21). Nevertheless, the initial hydrogenation
results proved to be unsatisfactory/unsatisfying although prom-
ising. While the target was in fact formed and identified, the
Z-selectivity accounted for only 58 %. The remaining starting
material was already converted into the corresponding alkane.
To increase the chemoselectivity, this reaction was performed
in the presence of 3,6-dithia-1,8-octanediol (DTOD), also known
as Lindlar Catalyst Poison.’®?! Indeed, we discovered a positive
effect of this additive for the hydrogenation of the intermediate
3u. The results of the experiments with and without the addi-
tive are displayed in Figure 2.

1)K,CO n-Hex
2003
Br PdCl, 2)+ H,0 n-Hex
. 4 BuPAG 120°C.8h
n-Hex "DMF, 60°C, 18h 3) +Hy
+ Additive
25°C,t
1a 2u 4u
Influence of DTOD as additive
1000 4
80,0 il 2
&
3 600
3 20,0
&
200 1
00 4 . — *
0 20 40 60 80 100 120 140 160 180

Time [min]

-#— No Additive #— 25mol% DTOD

Figure 2. Influence of DTOD in the semihydrogenation step of internal acetyl-
ene 3u. Conditions: 0.5 mmol 1a, 1 mmol 2u, 1 mmol K;C0;, 1 mol-% PdCl,,
1 mol-% BuPAd,, 2 mL of DMF at 60 °C for 16 h. Subsequently, 0.2 mL of H,0
was added at room temperature after which the solution was heated to
120 °C for 8 h. Finally, the additive was added and H; was bubbled through
the reaction mixture at 0 °C for 25 min. Yield determined by GC with hexa-
decane as internal standard.

Eventually, the final product 4u was formed with 80 % Z-
selectivity and an isolated yield of 52 % when the reaction was
conducted with 25 mol-% DTOD at 0 °C for 80 min (Table 3,
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Scheme 2. Postulated mechanism for the sequential Sonogashira—semihydrogenation.

entry 21). Consequently, alkyl-substituted acetylenes can be
converted by aid of the additive with our methodology as well.

Nonetheless, when tert-butyl-acetylene (2v) was applied in
combination with aryl bromide 11, the hydrogenation was pre-
vented almost entirely in the presence of DTOD. Without the
additive, the corresponding Z-alkene 4v was obtained in 34 %
yield when the reaction was conducted at 0 °C (entry 22).

To improve our understanding of the process, we analyzed
the heterogeneous material and the reaction solution after
each step for its palladium content by ICP-OES analysis. The
results indicate that the palladium remains homogeneously dis-
solved after the Sonogashira reaction since no palladium was
observed in the isolated particles. Overall 94 % of the originally
applied palladium was detected in the homogeneous solution.
In contrast, samples obtained after the heterogenization of the
molecular catalyst as well as after the hydrogenation reaction
contained detectable amounts of palladium. Herein, the homo-
geneous phase contained 69 % while the heterogeneous mate-
rial incorporated 26 % of the employed transition metal. Obvi-
ously, the catalyst is not entirely heterogenized after the second
reaction phase. To investigate the heterogeneous material XRD-
and XPS-analysis were conducted. As expected, the material
mainly consists of a K,CO;-KHCO; mixture containing additional
KBr and residual amounts of KCl. Unfortunately, the palladium
content in the substance was too low (< 1 %) to get a defined
understanding of the catalyst nature. XPS-analysis confirmed
the composition of the material by O, C, K, Br and Cl. Herein,
the chloride is presumably present as KCl stemming from PdCl,
and K;COs.

Based on our findings, we postulate the mechanism depicted
in Scheme 2 for the formation of Z-alkenes in the Sonogashira-
semihydrogenation.

Initially, the synthesis of the internal acetylene is accom-
plished according to the generally accepted catalytic cycle for
the Sonogashira reaction (first step).l'®! Herein, the active palla-
dium complex undergoes oxidative addition with the aryl
bromide. Next, the bromide ion is exchanged with the terminal
acetylene through abstraction with K;COs. Aside from the for-
mation of the aryl palladium acetylene complex, KBr and KHCO;
are generated. Following the reductive elimination of the de-
sired internal acetylene, the active palladium complex is regen-
erated and initiates a new catalytic cycle. During the partial
heterogenization of the molecular Pd catalyst (second step), the
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generated intermediate remains unconverted in the reaction
mixture. Finally, the resulting heterogeneous palladium catalyst
is activated by reduction with hydrogen. Hereupon, a palladium
hydride surface is generated which serves as the active hyd-
rogenation catalyst. Due to the specific surface, the selectivity
of the catalyst allows for the hydrogenation of the internal acet-
ylene towards the desired Z-alkene.

Conclusions

In summary, we developed a novel protocol for the synthesis
of Z-alkenes making use of palladium twice, once as homoge-
neous complex and once as heterogenized hydrogenation cata-
lyst. This methodology consists of three steps: 1. homogeneous
Sonogashira reaction, 2. heterogenization of the homogeneous
palladium complex and 3. selective semihydrogenation. It rep-
resents one of the rare examples in which a catalyst is trans-
formed into a new form sequentially enabling an additional
reaction. The synthesized Z-alkenes are an interesting substance
class for fine chemical syntheses and life sciences. We further
demonstrated the application on various substrates containing
different functional groups and indicated the limitations regard-
ing functional group tolerance.

Experimental Section

General Information: All manipulations were conducted under ar-
gon with exclusion of moisture and oxygen by using standard tech-
niques for the manipulation of air sensitive compounds. Reaction
temperatures refer to silicon oil in an additional pressure tube
within the heated aluminium block. NMR spectroscopic data were
recorded on Bruker ARX 300, Bruker ARX 400 and Bruker Fourier
300 spectrometers. '*C and 'H NMR spectra are given in ppm
and referenced to signals of deuterated solvents and residual proto-
nated solvents, respectively ([Dglacetone: 'H: 2.050 ppm, '3C:
29.840 ppm. CD,Cly: 'H: 5.320 ppm, '*C: 54.000 ppm). The assign-
ment of the carbon atoms was accomplished by aid of DEPT spec-
tra. Gas chromatography analysis was performed on an Agilent HP-
5890 instrument with a FID detector and HP-5 capillary column
using argon as carrier gas. Gas chromatography-mass analysis was
carried out on an Agilent HP-5890 instrument with an Agilent HP-
5973 Mass Selective Detector (El) and HP-5 capillary column using
helium carrier gas. TOF HR-MS measurements were performed on
an Agilent 1200/6210 Time-of-Flight LC-MS. Flash chromatography
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was performed on a Teledyne Isco CombiFlash Ry 200 system.
Chemicals were purchased from Sigma Aldrich, Alfar Aesar, TCl or
Strem and were used as received. DMF was dried by a SPS from
Innovative Technology while H,O was flushed with argon for one
hour. Solvents were stored in Aldrich Sure/store flasks under argon.

General Procedure for the Sonogashira-Semihydrogenation to-
wards Z-Alkenes: In general, all steps are conducted subsequently
without any intermediate work-up. Additives or solvents are only
added after each step when indicated. In a glass pressure tube
under argon, 4-bromotoluene (0.5 mmol, 63.5 pL), phenylacetylene
(1 mmol, 110 pL) and DMF (2 mL) were added to the already
present solids PdCl; (1 mol-%, 0.9 mg), BuPAd; (1 mol-%, 1.8 mg)
and K;COs (1 mmol, 138 mg). The pressure tube was closed and
the mixture was stirred in an aluminium block at 60 °C for 16 h.
Afterwards, 0.2 mL of H,0 was added to reaction mixture under
argon counter flow. The tube was closed again and heated to 120 °C
for 8 h. Unless otherwise noted, hydrogen gas was passed through
the reaction mixture at 0.5 mL/s gas flow at room temperature
(25 °C) for a specific time without further additives. Afterwards,
argon was passed through the solution for 10 min to remove dis-
solved hydrogen gas. For work-up, the product was purified by flash
chromatography after initial extraction to give 73 mg (75 %) of 4a.
Detailed information can be obtained from the provided Support-
ing Information.

CCDC 1846870 (for TPAP 3) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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