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Abstract

The use of carbon dioxide (CO) as a building block in organic synthesis is a topic of high
interest. In this context, the focus of this work was on the development of catalytic systems
to efficiently convert CO; to valuable products. Herein, a series of phosphonium salts were
designed and used as catalysts for CO; fixation and conversion to different valuable products

via reductive and non-reductive reactions.

In this work, two bifunctional phosphonium salts bearing perfluorinated side chains were
prepared. The activity of those phosphonium salts for the cycloaddition of CO, and epoxides
was evaluated. The isolation and recyclability of the two phosphonium salts bearing
perfluorinated chains was tested and the deactivation of catalysts was studied in detail.

Subsequently, phosphonium salt-catalyzed selectively reductive C-N bond forming reaction
between amines and CO; as Cl-source in the presence of hydrosilanes were developed. In
these reactions, CO, and amines were converted to formamides and methylamines at
different temperatures. Initially, an air-stable internal phosphonium salt was developed for
both transformations. The formylation reaction and methylation reaction could be
performed under mild conditions. The protocol was applied to pharmaceutical compounds.
The upscale reactions were performed under mild conditions. Additionally, a phosphonium
methylcarbonate salt was proven to be an efficient catalyst for these reactions. The reactions
were tuned by using different hydrosilanes: methylation products were obtained with
polymethylhydrosiloxane (PMHS), which is an industrial waste product. Formylated products
were obtained with trimethoxysilane, including benzoheterocycles which were obtained
from diamines and CO; in one step. The mechanistic studies illustrated the pathways for the
two catalytic systems. A novel catalytic cycle was proposed in the presence of phosphonium
methylcarbonate salt, illustrating the interaction between the catalyst and reducing agent.



Kurzfassung

Die Verwendung von Kohlendioxid (CO;) als Baustein in der organischen Synthese ist ein
wichtiges aktuelles Thema. In diesem Zusammenhang lag der Schwerpunkt dieser Arbeit auf
der Entwicklung katalytischer Systeme zur effizienten Umwandlung von CO; in wertvolle
Produkte. Dabei wurde eine Reihe von Phosphoniumsalzen entwickelt und als Katalysatoren
fiir die CO,-Fixierung und Umwandlung in verschiedene wertvolle Produkte Gber reduktive

und nicht-reduktive Reaktionen verwendet.

In dieser Arbeit wurden zwei bifunktionelle Phosphoniumsalze mit perfluorierten
Seitenketten hergestellt. Die Aktivitat dieser Phosphoniumsalze fiir die Cycloaddition von
CO; und Epoxiden wurde untersucht. Die Isolierung und Wiederverwendbarkeit der beiden
Phosphoniumsalze mit perfluorierten Ketten wurde erprobt und die Desaktivierung der
Katalysatoren im Detail analysiert.

AnschlieBend wurde eine Phosphoniumsalz-katalysierte selektiv reduktive C-N
bindungsbildende Reaktion zwischen Aminen und CO; als C1-Quelle in Gegenwart von
Hydrosilanen entwickelt. Bei diesen Reaktionen wurden CO; und Amine bei verschiedenen
Temperaturen in Formamid und Methylamin umgewandelt. Fiir beide Transformationen
wurde zundchst ein luftstabiles internes Phosphoniumsalz entwickelt. Die Formylierungs-
und Methylierungsreaktionen konnten unter milden Bedingungen durchgefiihrt werden. Das
Protokoll wurde auf pharmazeutische Verbindungen angewendet. Die hochskalierten
Reaktionen wurden unter milden Bedingungen durchgefiihrt. Darliber hinaus erwies sich ein
Phosphoniummethylcarbonatsalz als leistungsfahiger Katalysator fiir diese Reaktionen. Sie
konnten durch den Einsatz verschiedener Hydrosilane gesteuert werden: Mit
Polymethylhydrosiloxan (PMHS), einem industriellen Abfallprodukt, wurden
Methylierungsprodukte erhalten. Mit Trimethoxysilan wurden formylierte Produkte
synthetisiert, darunter Benzoheterocyclen, die in einem Schritt aus Diaminen und CO;
erhalten wurden. Mechanistische Untersuchungen erlaubten Einblick in die zwei
katalytischen Systeme. Infolgedessen wurde ein neuartiger Katalysezyklus in Gegenwart von
Phosphoniummethylcarbonatsalz vorgeschlagen, der die Wechselwirkung zwischen

Katalysator und Reduktionsmittel veranschaulicht.
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1 Introduction
1.1 Carbon dioxide as a C1 building block in organic synthesis

The prospect of a worsening climate situation due to global warming has caused widespread
public concern. The carbon dioxide emissions was regarded as the primary driver of climate
change. The current global average concentration of CO; has reached 423 ppm by 2023,
which was around 280 ppm at the start of the industrial revolution.! The reason for this
sharp rise is the growing reliance on the combustion of fossil fuels (coal, petroleum, and
natural gas) which accounts for 80% of anthropogenic greenhouse gas emissions, with the
rest arising from the change of land use (primarily deforestation) and chemical processing.?!
The urgent need to develop strategies to reduce the concentration of CO., and other
greenhouse gases in the global atmosphere has prompted national and international
governments and industries to take action and establish a number of high-profile
collaborative programs, including the Intergovernmental Panel on Climate Change (IPCC),
the United Nations Framework Commission on Climate Change, and the Global Climate
Change Initiative.l3l A series of assessment reports, special reports, and technical papers
have been produced by IPCC, focusing on two technologies as mitigation pathways: carbon
capture and storage (CCS) and carbon capture and utilization (CCU). CCS process involves
separating CO; from industrial and energy-related sources, transporting to a CO; storage site
where it is sequestered from the atmosphere for long periods of time. Before 2022 CCS
remains central to climate mitigation strategies. In 2022 the IPCC Assessment Report
mentioned for the first time CCU as a solution to reduce net CO, emissions, as well as a
necessary technology to weaning off fossil carbon by using CO; as an alternative feedstock
for the production of renewable chemicals and fuels.) From the perspective of CCU
technology, CO: is not considered a waste, but as an accessible, inexpensive, and renewable
carbon source that can be used for the chemical synthesis or biosynthesis of commercially
important chemicals and fuels.[*?> The CO capture and the conversion into value added
products are of great economic, social and ecological significance.[®! It was estimated that
the demand for CO, will increase from 0.6 to 6.1 gigatons in 2050, thus using CO; as
feedstock in organic synthesis is a visionary technologies for the future.l’’ However, CO; is
the most oxidized form of carbon, and well-known to be both thermodynamically stable and
kinetically inert (AGf® = =396 kJ/mol), as a result, the activation and utilization of CO; is still
problematic.!® Related research had been widely reported in the past decades and a number
of value-added products were prepared from CO,. The reductive reactions of CO; include
hydrogenation to formic acid;!® carboxylation to carboxylic acids;*® reduction to fuels such
as CO,!'Y methanol,!*2! methane,®! and reduction to fine chemicals such as N-formamides; 3!
N-methylamines!’ and benzoheterocycles,*>) among others.[*®] The non-reductive reactions

include coupling to form cyclic carbonates 171 and oxazolidinones,*8! synthesis of urea



derivatives,® and polymerization to non-isocyanate polyurethanes?® and polycarbonates?!]

with epoxides (Figure 1).
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Figure 1. Selected products obtained through non-reductive and reductive transformation of CO2.

Utilizing CO; as a raw material is not a new topic from an industrial point of view. More than
110 MT p.a. CO; are used in the industrial synthesis of value-added chemicals, mainly on the
production of urea,!??! carbonates, 3 methane,!®! and salicylic acid.[?*! The reaction between
CO; and ammonia to produce urea was first industrialized in 1921 and is used to prepare
around 150 million tons of urea annually, being the largest consumer of exhaust CO;
emission. The synthesis of salicylic acid from phenol and carbon dioxide under basic
conditions, known as Kolbe-Schmitt reaction, is the first step in the industrial synthesis of
aspirin (Scheme 1). It is an even older process than the production of urea dating back to
1890.12°! Besides, the industrial production of polycarbonates (>10 Mt/yr), cyclic carbonates
(0.8 Mt/yr), methanol (100 Mt/yr) from CO> have been achieved.!?®!

From the energetic point of view, lower energy is required if CO; is incorporated as the
entire moiety into a compound (carbonation or carboxylation reactions), while if oxidation
state of the carbon atom is reduced by two units or more, the processes will be endergonic
(reduction reactions).[*?l Normally catalysts are employed in all the reductive reactions and
most of non-reductive reactions. The concept of catalysis was invented by Elizabeth Fulhame,
her theoretical work on catalysis was regarded as "a major step in the history of chemistry".

Since then, five Nobel Prizes that have been awarded for work in the field of catalysis within



the last two decades, demonstrating the great interest in catalysis research. Whereas
transition metals sometimes attract most of the attention in the study of catalysis, small
organic molecules without metals can also exhibit catalytic properties. The Nobel Prize in
Chemistry 2021 was awarded jointly to Benjamin List and David W.C. MacMillan for the
development of asymmetric organocatalysis. Nowadays organocatalysts become an
indispensable component in the green chemistry toolbox.

ONa OH OH

p(CO2) =5 bar —1/2 Na,S0,

Scheme 1. Kolbe—Schmitt carboxylation of phenol to salicylic acid with CO..
1.2 Coupling of CO; and epoxides to cyclic carbonates

The coupling of CO, with epoxides to form cyclic carbonates (Scheme 2) is known since 1943
and commercialized since 1958, but the synthesis of cyclic carbonate is still a topic of
enormous current activity. Cyclic carbonates find applications amongst others as electrolytes
in Li-ion batteries, ?” intermediates for fine chemicals and raw materials for the synthesis of
polycarbonates.?8! They also provide a green alternative to produce non-isocyanate
polyurethanes (NIPU) in which the use of harmful isocyanates is avoided.!?% 2°]

0]
0 0
R /ﬂ + CO, catalyst ’(O
R' p, Tt R
Rl
1 2

Scheme 2. Synthesis of cyclic carbonates from CO; and epoxides.

Cyclic carbonates can be produced via different routes. As early as 1883, Nemirowsky
reported the synthesis of ethylene carbonate from highly toxic phosgene and ethylene
glycol.[3% Other C1 building blocks such as dimethyl carbonate,Y urea,3% CO,33I and CO,34
have also been converted with diols to yield cyclic carbonates. Among all the chemical
routes, the currently most attractive one, especially with respect to sustainability, is the
atom-economic addition of CO> to epoxides.5d > 351 The addition of CO; to epoxides to
produce cyclic carbonates complies with several of the 12 Green Chemistry Principles such
as waste prevention, atom economy, safer solvents and auxiliaries, use of renewable
feedstocks, etc., which makes it a promising reaction. Numerous catalytic systems have been
published in this field, which were generally categorized into two approaches to achieve the
transformation: the CO; activation mode and the epoxide activation mode. In CO; activation
mode, normally the catalysts are carbenes,®! and strong organic bases,?”! which activate
CO; by forming a adduct being a nucleophile to open the ring of the epoxide and followed by
ring-closure to form the cyclic carbonate (Scheme 4A). The employed catalysts are normally

halogen-free, but the reaction conditions are relatively harsh. Epoxide activation is by far the



most reported strategy due to the mild reaction conditions adopted and broad substrates

scope.

\ O/C\O

(0]
@Q‘) @ >’O® Nu Nucleophile

5 /<T Nue 0 Nu co, 0 Q R'
R“\/ R R R ('Nu @ Lewis acid or Brgnsted acid

Scheme 4. Two modes of mechanism for the synthesis of cyclic carbonates.

The catalysts employed in the mode are normally Lewis or Brgnsted acids (Scheme 4B).[172
176,381 The Lewis or Brgnsted acid catalyst firstly coordinates to the epoxide, activating the
epoxide towards ring-opening by a nucleophile. The nucleophile, acting as a leaving group, is
almost always a halide and may be part of the Lewis or Brgnsted acid catalyst or added
separately. The resulting alcohol or alkoxide intermediate then reacts with CO; to form a
carbonate intermediate that forms the cyclic carbonate and regenerates the catalyst. The
most readily recognized difference between the epoxide activation and CO; activation
mechanisms is in the stereochemistry of the cyclic carbonate product.®®! In epoxide
activation mode the stereochemistry can be retained. In contrast, the inversion of the
epoxide stereochemistry is observed in the ring-closure step in CO; activation mode.
Comparing with heterogeneous catalysts, homogeneous ones are easier to design and study
mechanistically, thus the development of new homogeneous catalysts for cyclic carbonate
synthesis remains an important and widely studied area, such catalysts are discussed in

more detail below.

The reported catalysts are categorized into two types: The bi-component catalysts and the
one component catalysts. The bi-component catalysts normally compose of Lewis or
Brgnsted acid and additional halogen salts (Scheme 5). The Lewis or Brgnsted acid is used for
the activation of epoxides while additional halogen salts are used for the ring-opening of
epoxides. Han group reported the cellulose and Kl as bi-component catalysts for the
transformation from epoxides and CO; to cyclic carbonates, illustrating that the hydroxyl
groups on the vicinal carbons of cellulose play a key role for the high efficiency of the
catalyst.[*®) Werner group reported amino alcohols 4 and Kl catalytic system in which amino
alcohols are known to complex alkali metal halides might increase the solubility of the salt
thus acting as a phase transfer catalyst. In addition, the hydroxyl function of the amino
alcohol activates the substrate by hydrogen bonding.[*! Shirakawa group reported that the



transformation was achieved via the use of Kl-tetraethylene glycol 5 as readily available

catalyst, allowing the reaction to be performed at mild conditions.*?!

(0]
0 o)
R /ﬂ + CO, catalyst /K’;O
R’ p, Tt R
Rl
1 2
2011 Han et al. 2014 Werner et al. 2018 Shirakawa et al. 2022 Werner et al.
(o
HO\/\N/\/OH 0 0
Cellulose  Ki K [ N ] ~ N~ Cal
OH HO
OH
3 5 6
reaction condition: reaction condition: reaction condition: reaction condition:
110 °C, 2 MPa, 1 h, 90 °C, 1 MPa, 2 h, 40 °C, 1 atm, 24 h, 23 °C, 1 bar, 24 h,
catalyst: 66 wt% catalyst: 2 mol% catalyst: 10 mol% catalyst: 5 mol%

Scheme 5. Selected bi-component catalysts of transformation from epoxides and CO> to cyclic carbonates.

Most recently, Werner group reported the efficient and economical catalytic system of

triethylamine 6 in the combination with Cal,. The amine and Cal; formed the complex,

activated the epoxides and converted various substrates including challenging internal

epoxides.[4]

The one-component catalysts are mostly ammonium or phosphonium zwitterion salts with

or without halide anions (Scheme 6). The halogen-free catalysts go through CO; activation

mode while halogen-containing catalysts can react by activating the epoxide under relatively

mild conditions. The one-component organocatalysts 7 bearing an ammonium betaine

framework have been developed by Sakai group for the activation of CO; and epoxides to
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Scheme 6. Selected one-component catalysts of transformation from epoxides to cyclic carbonates.



produce cyclic carbonates.l** The transformation can be achieved under 1 MPa and 90—
120 °C in the absence of halide anions, the adduct of catalyst 7 and CO. activates the
epoxide via mechanism A (Scheme 4) to give the product. Lu et al. isolated the adduct of
phosphorus ylide and CO; and used as the halogen-free catalyst 8 for the transformation,
allowing the reaction to be performed at extremely mild conditions of 25 °C and 1 atm.[*"
The group of Werner reported the phosphonium salts bifunctional catalyst 9 for the
conversion of fatty acid esters and CO; to the respective cyclic carbonates. The catalytic
system was then used to produce eight carbonated fatty acid methyl esters and even four
carbonated vegetable oils in excellent isolated yields.[*®! Most recently Wu and co-workers
developed an ammonium salt organocatalyst 10 converting epoxides to cyclic carbonates in
the presence of only 0.02-0.20 mol%.3°4 Although the homogenous catalysts exhibited high
activity towards the reaction, the separation and recycling of homogenous catalysts is
generally challenging. In some cases, it is possible to separate the catalyst from the cyclic
carbonate by distillation.[>>® 471 However, for higher boiling cyclic carbonates the thermal

stress might lead to decomposition of the catalyst.
1.3 N-Formylation of amines with CO>

N-formamide derivatives are attractive chemicals with extensive applications in
pharmaceutical industry, biosciences, agrochemicals, etc.*8l In chemical industry,
they are important intermediates for transforming into other valuable materials such
as isocyanides,*?! benzoheterocycles, valuable reagents in Vilsmeier reaction® and
allylation reaction.® In nature, formamide, formed by HCN and HO is regarded as a
key prebiotic precursor and the origin of life.’? Formamide derivatives, such as
N-methylformamide and N,N-dimethylformamide (DMF) are most commonly used

solvents.
reductive routes non-reductive routes
H
H (N\ 2
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Figure 2. The synthesis routes of formamides.

Industrially, formamides are produced by amines with toxic and flammable CO in
methanol in the presence of catalyst NaOCHs (Figure 2).153 The transformation can
also be achieved by cross-coupling reaction between amines and methanol.’4 Urea,



the major product of CO; in the CCU chemical process paths, can be converted to
formamides through hydrogenation reduction reaction.> Also, formamides can be
obtained by the reaction between amines and formate, which is industrially produced
from C0,.°%1 Compared with the methods with dangerous reagents or indirect
synthesis from CO,, direct reductive functionalization of CO, with amines and reductants
to produce formamides is a promising methodology to prepare N-formamides. H,,
hydrosilanes and hydroboranes are the most dominant reductants. Using hydrosilanes or
hydroboranes as reductants for the transformation is appealing in the synthesis of
fine chemicals, especially considering the safety and high expense of high-pressure
techniques required by employing H;, although the disposal of accompanying by-
products and possible isolation process of hydrosilanes or hydroboranes are also
problematic. Employing PMHS as reducing agent is one of the solutions in terms of
the workup and expense because PMHS is an abundant, low cost, nontoxic, and
highly moisture stable chemical waste from silicone industry.[??! It is cheaper and
more easily removed compared to phenylsilanes that were widely used in the fixation

of CO; into amines in previous reports.

o)
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Scheme 7. N-formylation of amines with CO2 and reductant.

Chemists have developed many efficient methods and catalysts for the conversion of CO>
into formamides (Scheme 8 and Table 1). The organocatalysts for the N-formylation reaction
can be generally categorized into several groups. The first category is organic strong bases.
The reported catalysts for the conversion including TBD (13) *7) and DBU (14) 8! (Entries 1
and 2). In 2012, Cantat group reported the first strong base catalyst that using TBD as
catalyst for the N-formylation reaction of CO; and amines at 100 °C and solvent-free
condition (Entry 1). In the reported mechanisms, CO; was activated by TBD by forming
adducts in the form TBD—CO,, which have been hypothesized to allow CO: reduction by the
hydrosilanes to silylformate intermediate. A second example is the use of DBU as catalyst
which allows the employment of PMHS as reducing agent (Entry 2). The second category of
organocatalysts is N-heterocyclic carbenes (NHCs). They were also reported to form the
stable adducts with CO,, facilitating their reduction. In 2012, the group of Cantat reported
IPr NHC 15 catalyst which is more efficient than TBD, allowing the reaction to be performed
at room temperature and showed tolerance to more substances, including imines,
hydrazines and hydrazones (Entry 3).*°! Dyson and co-workers developed a thiazolium
carbene 16 catalyst for the N-formylation of primary amines under mild condition using

PMHS as reducing agent (Entry 4).19! Their mechanistic studies illustrated that NHCs acted as



Lewis bases in the same way as organic bases: NHCs bound CO; and then the NHC-CO;
adducts nucleophilically activated of the hydride of reducing agents to form the
intermediate silylformate, which gave the formylated products through the nucleophilic

attack by amines.

Besides the above-mentioned two types of catalysts, NHC-silyliumylidene cation complex
17,161 1,3,2-diazaphospholene 18,1621 B(CeFs)s 19 31 are all reported active for the
transformation via CO; activation. NHC-silyliumylidene cation complex 17 prepared by So’s
group recently, was proved to follow the CO; activation mode. The DFT calculation support
that the Si lone pair electrons of the complex catalyst interacted with CO; to form a new
adduct complex and the Si-H bond of PhSiH3 inserts into the C-O bond subsequently to form
the same intermediate (Entry 5). 1,3,2-diazaphospholene 18 and B(CsFs); 19 followed the
different reaction pathway or CO; reduction mechanism from other metal-free catalysts for
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Scheme 8. Representative organocatalysts for N-formylation reaction.



N-formylation (Entries 6, 7). In the mechanistic study of 1,3,2-diazaphospholene 18, CO; was
proposed to directly insert into the strongly polarized P%-H%> bond of
1,3,2-diazaphospholene 18, followed by the transfer of formate to a hydrosilane reducing
agent, which generated the silylformate intermediate and regenerated the
1,3,2-diazaphospholene. The B(CesFs)3 19 catalyst was proposed to promote carbamate salt
formation from CO; and amines through binding boron center to the oxygen atom of
carbamate and followed by the direct reduction of the carbamate by the hydroborane
reducing agent. The third group of organocatalysts includes ionic liquids (ILs) and other
organic salts which are the most reported in the past ten years. Almost all the reported ILs
and organic salts are reducing agent activation mode. In 2016, Dyson reported the

transformation catalyzed by TBAF 20 at room temperature and 0.1 MPa (Entry 8).

Table 1. Representative organocatalysts and reaction conditions for N-formylation reaction.

cat. t/ p(CO2)/ Reductant
Entry T/ °C ) Subtract Yield%  Ref.
(mol%) h bar (equiv.)
1 13(5) 100 24 1 PhSiHz (1) N-Methylaniline 40 [57]
2 14(10) 30 72 1 PMHS (8) N-Methylaniline 84 [58]
3 15(5) rt. 24 1 PhSiHs (3) N-Methylaniline 99 [59]
16 PMHS (200 ]
50 24 1 Ethylphenylalaninate 90 [60]
(7.5) ulL)
5 17 (5) 40 3 1 PhSiHz (2) N-Methylaniline 85 [61]
6 18 (5) r.t. 4 1 Ph2SiH; (3) N-Methylaniline 95 [62]
19 Me;NH+BH3 _
80 4 10 N-Methylaniline 87 [63]
(0.08) (2)
8 20(5) 30 4 1 (EtO)sSiH (4) N-Methylaniline 87 [64]
9 21(10) 50 18 10 Ph,SiH2 (2) N-Methylaniline 92 [65]
10 22(5) rt. 12 1 PhSiHs (2) N-Methylaniline 85 [66]
11 23(20) 90 6 20 PhSiHz (2) Aniline 99 [15b]
12 24 (-) 50 24 10 BH3NHs3 (3) N-Methylaniline 91 [67]

The fluorine anions activated the silica center of hydrosilane to liberate hydride instead of
initially activating CO,.[8] The same activation mode was also observed in betaine 21 and
derivatives (Entry 9).[°> %% The mechanistic study showed the catalyst acted as nucleophile

directly to activate the hydrosilane, followed by the CO; insertion to form the same



intermediate silylformate. The adduct of N-heterocyclic carbene and CO; 22 was isolated by
Yang’s group and used as the catalyst in the transformation under mild conditions (25 °C, 1
atm CO2) with hydrosilane as a hydrogen source (Entry 10).%¢! Apart from the above
mentioned category, other examples such as crown ether and polar aprotic solvents are
reported to be able to enhance the reaction or be used independently to achieve the
transformation, so in some cases N-formylation reaction can be performed “catalyst free” in
these solvents.[®” 701 |n 2023, Xu group reported that 18-Crown-6 23 activated the
hydrosilane by forming a semi-enclosed adduct, in which three of the oxygen atoms are
bonded to the silica center (Entry 11).11°°1 DMF 24 was reported to form the intermediate
with BHsNHs to lower the transition state and enabled to attack CO; easily, to some extent,
DMF played the role of the catalyst (Entry 12).

In all cases, at first COzis reduced by the respective reducing agents, such as
hydrosilane or hydroborane, to silylformate or borylformate intermediates. Second,
the amine nucleophilically attacks the carbon of carbonyl group to give the product.
Nevertheless, the formation of the intermediate follows different pathways and can
be summarized as the CO; activation mode A and reducing agent activation mode B
(Scheme 9). The CO: activation normally requires a nucleophile bearing unpaired
electrons to form an adduct with CO2 which facilitates the reduction by the reducing
agent. The reducing agent is normally activated by anions, mostly oxygen-containing
anions, and then liberates a hydride, transferring to the inserted CO; to form the

intermediate.
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Scheme 9. The two plausible reduction modes. A: CO2 activation mode. B: Reducing agent activation mode.

Benzoheterocycles are ubiquitous motifs in natural products and biologically active
molecules, for which they have gained considerable attention.l”! Especially benzimidazoles,
find wide application in antimicrobial compounds, anthelmintic and antipsychotic drugs,
antiulcer and anticancer agents, such as Liarozole, Lansoprazole, Flubendazole and
Bendamustine hydrochloride. The synthesis of benzimidazoles or other benzoheterocycles

by cyclization of o-phenylenediamines with CO; and reducing agents has been revealed using

10



similar catalysts employed for N-formylation reaction, such as NHC, zwitterion salts, or
B(CsFs)s. However, Some N-formylation catalysts, such as DBU 13 and TBD 14, were reported
to be efficient for the N-formylation reaction but no reports showed their activities for the
cyclization reaction. The synthesis of benzoheterocycles from CO; and diamines in the
presence of organic reducing agents goes through a two-step reaction. For instance, the
formation of the benzimidazoles: initially, the monoformylation of o-phenylene
diamines 25a leads to the formylated product 26a and followed by the subsequent
cyclization reaction to give the benzimidazoles product 27a (Scheme 10). Although the
cyclization reaction is based on the N-formylation reaction, a part of catalysts active for N-

formylation reaction are incompatible with cyclization reaction.

NH_ catalyst NH catalyst N
(I 7+ cor —= e 1D
NH, reductant NQO 2 N

Tt p(COy), H H

25a solvent 26a 27a

Scheme 10. Two individual steps of benzimidazole synthesis by the tandem N-formylation-cyclization reaction.

The N-heterocyclic carbene 15 was reported to catalyze the N-formylation reaction
efficiently in combination with PhSiHs by Cantat and then was reported to be active for
cyclization reaction in the presence of PMHS by the same group (Table 2, entry 1).[7Z
Although the same catalysts were employed in both N-formylation reaction and
cyclization reaction, the cyclization reaction normally needed higher temperature or more
catalyst loading. For instance, B(CsFs)s 19 is active for both N-formylation reaction and
cyclization reaction, however, cyclization reaction needed to be performed under harsher
conditions (120 °C, 10 mol%) than the N-formylation reaction (80 °C, 0.08 mol%) (Entry
2).731 In 2021, the group of Yang developed the NHC-CO, adduct 22 catalyst for the
cyclization reaction, allowing the reaction to be performed at room temperature and 1 bar
of CO, (Entry 3).[®] The group of Dyson revealed that the organic salt [TBA][OAc] had
significant activity on first N-formylation step but had no effect on the cyclization of
N-(2-aminophenyl)formamide to benzimidazole.* Therefore, different catalytic strategies
for the two steps are required for cyclization reaction from o-phenylenediamines,
such as DMF 24 and DMSO 28 which are solvents highly active for formylation reaction but
presented low conversion to benzoheterocycles, thus NaOH and BBrs; were needed in the
second step (Entries 5 and 6).7473] |n 2023, Gao and co-workers developed a catalytic
system with aminoguanidine 29 as catalyst for the transformation, the reaction was
performed at 100 °C for 6 hours (Entry 7).[78)
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Table 2. Representative organocatalysts and reaction conditions for cyclization reaction.

NH, catalyst N
@E "o ductant @»
NH, reductan H

LT p
252 solvent 27a
N //O H
Tk HZN\H/NWHZ
NH
28 29
. p(CO2)/ . .
Entry cat. (mol%) T/ °C t/ (h) b Reductant (equiv.) Yield (%) Ref.
ar
1 15 (5) 70 24 2 PMHS (3) 90 [72]
2 19 (10) 120 24 10 PhSiHs (4) 83 [73]
3 22 (5) 25 24 1 PhSiHs (3) 96 [66]
4 23 (10) 90 16 20 EtsSiH (2) 79 [15a]
5 24 (-) 80 18 (1) 10 BH3NHs (1) 94 [75]
6 28 (-) 70 6(2) 1 PhSiH3 (1) 93 [74]
7 29 (10) 100 6 1 (Et0)sSiH (5) 97 [76]

1.4 N-Methylation reaction of CO; and amines

The N-methylation reaction is an important reaction in the modulation of biological
functions of proteins and late-stage isotope labeling in the pharmaceutical industry.[””]
Carbon isotope-labelled methylated drug compounds are commonly used for the
measurement of the absorption, distribution, metabolization and excretion.[48b: 78]
The N-methyl unit is an integral and ubiquitous motif in 17 drug molecules of the top
200 selling medications in 2022, and it plays a vital role in the functionalities of these
life science molecules.l” The N-methylation reaction can be achieved by both a non-
reductive route and a reductive route (Scheme 11). The methylation agents, such as
methyl iodide,[® diazomethane,[®ll dimethyl sulfate,® and dimethyl carbonate,83!
are employed in the non-reductive N-methylation reaction with amines to give the
methylated amines directly, however, most of those reagents are toxic or explosive.
Besides, N-methylated amines can be obtained from amines via Eschweiler—Clarke
reaction by using excess formic acid and formaldehyde.[4 N-methylamines or N-
methylanilines are prepared industrially from amines or anilines with methanol in the

presence of an acid catalyst.[23!
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Scheme 11. The synthesis routes to N-methylamines.

In the reductive N-methylation reaction, the transformation is achieved by employing
methylation agents, normally CO; or formic acid, in combination with reducing agents,
such as H,, hydrosilanes and hydroboranes.[®5] The reductive Nmethylation reaction
can avoid the use of toxic methylation agents mentioned above. Recently the use of
CO; as methylation agent for N-methylation reaction has attracted considerable
attention and researchers are committed to develop various high-efficienct
catalysts. Although the N-methylation reaction conditions have not been optimized
for all N-formylation catalysts, the conversions to methylated products were
observed with TBD (13),186] DBU (14),1°8! carbenes 15,1132 B(C¢Fs)s (19),1871 TBAF (20),[64]
and glycine betaine 21[%°, The study of the mechanism focused on the transformation
with hydrosilanes more than with hydroborane, and the pathways with hydroborane
varied, thus only the mechanism in the presence of the hydrosilane is summarized
here. Although several speculated pathways of N-methylation have been proposed,
only two of them are supported by DFT calculations and experiments (Scheme 12).
Path I: Majority of metal and metal free catalytic systems are proved via this pathway,
such as DBU (14), B(CsFs)s (19), TBAF (20), Cs2C03, [Mn2(CO)10]. The N-formamide 12 is
formed and further reduced to N-methylamine 30 by the silane. The control
experiments were performed with TBAF (20), the intermediate silylformate was
successfully prepared from CO; and trimethoxysilane, N-methylformanilide was
obtained from silylformate and N-methylaniline quantitatively even without catalyst,
and then the obtained N-methylformanilide was fully converted to N,N-

dimethylaniline in the presence of catalyst and phenylsilane.[64
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Scheme 12. The pathways from silylformate to N-methylamines.

Path II: The silane is reduced to silylacetal 32, which reacts with the amine to afford
the aminal 33. The sustainable organocatalyst glycine betaine 21 afforded formamides,
aminals and methylamines under different conditions. However, formamides cannot afford
methylamines or aminals in the presence of catalyst, instead, the silylacetal is observed in
the reaction.[®>! In addition, aminals were obtained under CO, deficiency, which is the
evidence of being the intermediate. Besides these two pathways, urea as intermediate
was also proposed,® but it is never proved in an organocatalytic systems. However,
all pathways proceed by a silylformate intermediate which is supported by
experimental and computational evidence. The various catalysts will be discussed in

more detail below.

The first metal-free catalyst for N-methylation reaction was reported by the Cantat group in
2014, using Verkade super base 34 as catalyst which allowed the reaction to be performed at
90 °C for only 1 hour (Entry 7).114 |n 2021, a mesoionic N-heterocyclic olefin 35 was
developed as an efficient catalyst for this procedure converting primary and secondary
amines to methylated products at 40 °C for 24 hours (Entry 8).14 Most recently, Gao
successively reported the catalysts 6-amino-2-picoline (36) and N,N’-diisopropylcarbodiimide
(37) for N-methylation reaction (Entries 9 and 10).18% The hydroboranes were employed in all
the above examples as reducing agent, which revealed that hydroboranes improved the
formation of methylated products. Notably, both N-methylation and N,N-dimethylation of
primary amines are selectively achieved using N,N’-diisopropylcarbodiimide (37) as catalyst.
In the presence of hydrosilanes and suitable catalysts, normally both methylated and
formylated products were observed by varying reaction conditions.
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Table 3. Representative organocatalysts and reaction conditions for N-methylation reaction.

H catalyst Me
+ COp, — N
Noge i reductant RIR?
tTp
1 solvent 30
Me Di
WD | Phi . Me
o b | Me—(
N H,C Me” “N” “NH, e
Dipp )—Me
Me
34 36 37
cat. Reductant
Entry T7/°C t/(h) ) Subtract yield%  Ref.
(mol%) bar (equiv.)

1 14 (1) 100 48 1 PMHS (10) N-Methylaniline 88 [58]
2 15 (5) 50 24 1 Ph2SiH; (3) N-Methylaniline 91 [133]
3 19(5) 140 24 5 PhSiHs (2) N-Methylaniline 80 [87]
4 20 (5) 50 12 1 PhSiHs (3) N-Methylaniline 90 [64]
5 21 (5) 70 12 1 Ph2SiH; (4) N-Methylaniline 92 [65]
6 24 (-) 90 24 1 PhSiHz (2) N-Methylaniline 80 [90]
7 34 (1) 90 1 1 9-BBN (4) N-Methylaniline 91 [14c]
8 35 (5) 40 24 1 9-BBN (4) N-Methylaniline 80 [14a]
9 36 (10) 95 10 1 BH3NH;s (4) Aniline 86 [89Db]
10 37 (10) 100 10 1 BHs*NMes (4)  N-Methylaniline 65 [89a]

1.5 Tunable N-methylation reaction and N-formylation reaction

The controllable

reaction between N-formylation and N-methylation catalyzed by

organocatalysts or metal catalysts with ligands has been reported to selectively prepare

products by changing temperature, pressure, amine, solvent, reductant and/ or the base
(Table 4).°% With TBAF 20, the methylated product was obtained with the stronger reducing

agent phenylsilane while weaker trimethoxysilane only led to formylated product (Table 4,

entry 4).184 This selectivity may be due to the different energy barriers, the energy barriers

of 6 e N-methylation reaction is higher than that of 2 e formylation reaction, which requires
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a stronger reducing agent. However, catalysts and higher temperature can improve the
transformation to methylated products. For instance, amines converted to formylated
products under catalyst-free and converted to methylated products in the presence of 6-
amino-2-picoline (36).[8% The selectivity in path Il may be attributed to the relative rates of
CO; reduction to silyl formate, silyl formate reduction to silyl acetal and the reaction of the
silylformate with the amines, therefore, the procedure is more complicated and difficult to
be tuned. More specifically, in the catalytic system proved for path Il, almost all of

methylation reactions are favored by high temperature, for example in the presence of the

Table 4. Comparison of reaction conditions for N-methylation reaction and N-formylation reaction.

Hy© [H] H [H] Me
N " iNege T CO, T N
R "R2 condition a R R condition b R" "R?
12 1 30
o cat. Loading p(CO,)/ Reductant
Entry cat. Conditions T/ °C t/ (h) ]
(mol%) bar (equiv.)
a 10 30 72 1 PMHS (8)
1 14
b 1 100 48 1 PMHS (10)
a 5 r.t. 24 1 PhSiHs (3)
2 15
b 5 50 24 1 PhaSiHa (3)
a 0.08 80 4 10  MeaNH+BH;s (2)
3 19
b 5 140 24 5 PhSiHz (2)
a 5 30 4 1 (EtO)sSiH (4)
4 20
b 5 50 12 1 PhSiH3z (3)
10 50 18 10 Ph,SiH, (2)
5 21
b 5 70 12 1 Ph,SiH; (4)
a - 50 24 10 BH3NH3s (3)
6 24
b - 90 24 1 PhSiHs (2)

DBU catalyst (14), methylated products were obtained at 100 °C which is much higher than
the temperature for the formylated reaction (30 °C) (Entry 1).58) Also, in the CO> reduction
reaction catalyzed by betaine (21), the N-methylation was performed at 70 °C under 1 bar,
while the temperature of N-formylation reaction was 70 °C, however, the pressure of N-
formylation reaction was increased to 10 bar (Entry 5).[°1 In the previous reports, it is
interesting to observe that formylation reaction is favored by solvent free conditions. When
TBD (13) was employed as catalyst for N-formylation reaction, higher yields were obtained
without solvents for all the substrates.l*”! In addition, the solvent has a noticeable influence
on the conversion in the N-methylation reaction and higher yields are observed for polar
solvents.[®?]
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2 Objectives of this work

The conversion of CO; to value-added products is favorable for both greenhouse gas
mitigation and carbon resource utilization. However, due to the chemical stability of CO,, the
main challenge of CO; utilization is to convert CO; efficiently, selectively, and economically
to highly valuable products. Phosphonium salts are easily accessible and frequently used

intermediates, and long known phase-transfer organocatalysts.

To meet the challenge of CO utilization the first target of this work is developing the
phosphonium salts catalyzed protocol for CO, non-reductive coupling with epoxides to
prepare cyclic carbonates, allowing the reaction to be performed at room temperature. This
protocol should be able to be applied for the synthesis of dropropizine via cyclic carbonate.

In the field of homogeneous catalysis, the recycling of catalysts has been the major challenge.
Thus, the second target is to attach fluorinated chains to the efficient phosphonium salt
catalyst to facilitate the recyclability of homogeneous catalysts from the coupling reaction of
epoxides and CO..

CO; reductive coupling with amines to formamides and methylamines normally need long
reaction time, high catalyst loading, high reaction temperature, and/or pressure. The target
of CO; reduction reaction is design and synthesis of more efficient organocatalysts for the
reactions allowing the reaction to be performed at mild condition such as ambient pressure,
room temperature as well as low catalyst loading. In addition, it is an important target that
exploring more economical catalytic systems employing cost-effective PMHS to replace

other expensive hydrosilanes or hydroboranes as reducing agent.

Mechanistic study facilitates to gain deeper insights in the reaction procedure as well as
provide information for further catalyst development. Therefore, the mechanism of catalytic
cycle and the pathway of N-formylation and N-methylation reactions with CO, need to be

revealed, which is the final target.
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3 Results and Discussion
3.1 Phosphonium salt catalyzed CO; coupling reaction with epoxides.[38!

Quaternary phosphonium salts have been extensively used in organic synthesis as
organocatalysts.®3 Bifunctional phosphonium iodide salts bearing a phenol group are
proved to be excellent catalysts in synthesis of cyclic carbonates in previous reports.l®4
Based on the previous work in the group, the bifunctional phosphonium salts with a phenolic
moiety 38 was prepared and used for the synthesis of antitussive agent dropropizine, which
is employed as a racemic mixture in several commercial cough suppressants.[®! In general, it
is reported to be synthesized from N-phenyl-piperazine and glycerol-1-tosylate.l® Another
reported route for preparing it is direct amination of solketal via ruthenium-catalyzed
hydrogen borrowing reaction and subsequent ketal hydrolysis.[®”] Herein, the epoxide 1a was
obtained from phenylpiperazine and the respective epichlorohydrin. The subsequent
conversion under the standard reaction conditions for terminal epoxides gave the respective
carbonate 2a in 65% after 48 h (Scheme 13). The subsequent cleavage of the carbonate
protecting group under basic conditions gave dropropizine 39a in the total yield of 62%. The
formation of carbonate without purification and subsequent cleavage of the carbonate to
obtain dropropizine 39a could lead to in 61% vyield.

OH ,©
S0
38

Ph. Ph O Ph
Nﬂ 5 mol% cat. 38 \N/\ o~ NaOH/ H,0 \N/\ OH
K/N\/d) p(CO,)= 1.0 MPa LN A0 3h,23°C LN A oH

23°C,48h Dropropizine
1a 2a, 65% 39a, 62% (61%2)

@ without purification in the first step
Scheme 13. Synthesis of dropropizine via cyclic carbonate.
Since the high efficiency of catalyst 38 was proved, the fluorinated chains were attached to
the organocatalyst 38 to facilitate the separation of the catalyst. The fluorinated bifunctional
organocatalyst 40 with the fluorine contents of 38% were prepared by alkylation of the
corresponding phosphine. The commercially available phosphine with perfluorinated side
chains was alkylated with 2-iodoethanol to give the desired salt 41 with the fluorine contents
of 55%. The prepared catalysts were tested in the conversion of CO, with butylene oxide (1b)
at room temperature, under solvent-free conditions (Table 4). At room temperature the
catalyst 40 (2 mol%), with a lower fluorine content, led to the desired product 2b in
moderate yields of 55%, respectively (Entry 1).In the presence of catalyst 41, which has a

fluorine content of 55%, only traces of 2b were obtained (Entry 2). This might be explained
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by the observed low solubility of 41 in the epoxide 1b at room temperature. Excellent yields
of up to 98% were achieved by increasing the catalyst loading of 40 to 5 mol% (Entry 3).
Notably, at a low CO; pressure of 0.1 MPa, 2b was obtained in 52% at 23 °C in the presence
of 39 (Entry 3). In the presence of 41 a yield of 30% was achieved (Entry 4). This is in
agreement with previous studies in which catalysts with a phenolic hydroxyl group in the
ortho position to the phosphonium moiety show higher activity compared to 2-hydroxyethyl-
functionalized salts.?* Excellent yields of >90 % were achieved with catalysts 40 and 41
when the reaction temperature was increased to 45 °C (Entries 5 and 6). Compared to the
solvent-free conditions a similar yield of 99% for 2b was obtained in the presence of 40 (5

mol%) when perfluorodecalin was used as the solvent (Entry 3).

Table 4. The reaction parameter screening and catalyst screening.

0]
Catalyst O/(

(0]
CcO
Et/<] T Y2 1 24h, p(COy) = 1.0 MPa Et/'\/o
1b 2b
OH |© o
Rf8 HO ©)
Do HO )
GO
3
40 41
Catalyst loading )
Entry Catalyst T(°C) Yield® (%)
(mol%)
1 40 23 2 55
2 41 23 2 <5
3 40 23 5 98, 99, 52¢
4 41 23 5 30
5 40 45 5 99
6 41 45 5 93

Reaction conditions: 1.0 equiv. epoxide 1b (6.9 mmol), 2—-5 mol% catalyst, 23-45 °C, 24 h, p(CO2) = 1.0 MPa,
solvent-free. ? Yields determined by H NMR spectroscopy with mesitylene as internal standard. ® p(CO2) =

0.1 MPa. € Perfluorodecalin (1 mL) was used as solvent.

We studied the recyclability of catalyst 40 in the conversion of 4-fluorostyrene oxide 2c at
23 °C. After 30 h reaction time perfluorodecalin and toluene were added to dissolve the
product 2c and 73% of the catalyst was reisolated as a solid by simple filtration (Figure 3A).
In the second run, the amount of substrate was adjusted to the amount of catalyst which
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was reisolated. Surprisingly the yield of 2c dropped to 37%. The deactivation of the catalyst
and low yield of product is caused by the formation of the halohydrin, which was confirmed
by GC-MS. To restore the dehydrohalogenated catalyst, the recycled catalyst was treated

with an aqueous solution of hydrogen iodide. Utilizing the regenerated catalyst in the third
run afforded a yield of 81% for 2c.

(0]
A.
(0] 5 mol% 40
R/<] + COy /?\/fo
p(CO,) = 1.0 MPa, R
23°C, 30N (96: R= 4-F-CeHy)
100 -
80 4
X 60 -
5
o 40 A
2
20 -
0
run 1 run 2 regenerated regenerated regenerated
1 2 3
0]
(0] 5 mol% 41
B. e /(t)\/fo
p(CO,) = 1.0 MPa, R
45°C, 24 h, 2b: R= E)
100 -
80 4
X 60 -
S~
o
2 40 -
>-
20 | l
0
runl run 2 run 3 run 4 run5

Figure 3. Recycling of catalyst 40 and 41. Reaction conditions A: 1c (5.8 mmol), 5.0 mol% 40, 23 °C, 30 h, 1.0
MPa CO2, 1.0 mL perfluorodecalin and toluene. Yields were determined by H NMR spectroscopy with
mesitylene as internal standard. Reaction conditions B: 1b (0.12 mmol), 5.0 mol% 41, 45 °C, 24 h, 1.0 MPa CO,
0.5 mL perfluorodecalin. Yields of isolated products are given.

Additionally, we tested the recyclability of 41 in the conversion of butylene oxide (1b) with
CO; in perfluorodecalin. As expected from the conditions optimized in Table 4, the desired
product was obtained in 90% yield in the presence of 5.0 mol% 41 after 24 h at 45 °C and 1.0
MPa CO;. At 45 °C the catalyst transferred from perfluorodecalin to the organic phase and
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mixed with the reactant, allowing the reaction to proceed. Then cooling the catalyst reaction
mixture to 23 °C, the catalyst 41 precipitated from the mixture after the addition of
perfluorodecalin. The product was removed by decantation. No signal was observed in the
31p NMR of the product which indicates that the catalyst did not leach into the product
phase. Catalyst 41 and perfluorodecalin were directly used for the next run by simply adding
new substrate. The isolated yield gradually decreased from 90% in the first run to 37% in the
fifth run (Figure 3B). The recycled catalyst in the last run indicated the reason of deactivation
was the loss of the alkane chain and oxidation of 41 due to the exposure to air. This was
proved by a peak shift in the in 3'P NMR from 23.7 ppm for 41 to 27.9 ppm after the fifth run.
Based on our results, the reaction mechanism for 40 was proposed to explain the
deactivation process. In the initial step, catalyst 40 activates the epoxide via hydrogen
bonding (Scheme 14, i). This is followed by the nucleophilic ring-opening of the epoxide by
iodide (ii). Subsequent CO; insertion affords a linear carbonate intermediate (iii). An
intramolecular nucleophilic substitution gives the product 2, liberating the catalyst 40 (iii).
The formation of halohydrins is a frequently observed side reaction in the synthesis of cyclic
carbonates catalyzed by onium salts. This might lead to the observed formation of the
species 42a. Thus, 42a was prepared and comparing with the recycled catalyst. The *H NMR
spectra of the 1:1 mixture is comparable to the one of the recycled catalyst. The elemental

analysis of the recycled catalysts for iodide (calcd.: 8.05%, found.: 8.02%) supports this ratio.
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(
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42a

Scheme 14. Putative mechanism for coupling of epoxides 1 with CO2 catalyzed by bifunctional phosphonium
salt 40.
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This formation of the internal phosphonium salt 42a indicates that it is a stable Lewis base
that is probably able to be the catalyst for base catalytic reaction. With this idea in mind, CO;

reduction reactions were performed, and the results are shown in next chapter.
3.2 Phosphonium salt catalyzed N-methylation and N-formylation of amines with CO;

As introduced above, the CO, reductive coupling with amine is started from activating
reducing agents or CO, by nucleophilic catalysts. The obtained internal phosphonium salts
bearing phenolate anion can be a nucleophile for this reaction. Therefore, a series of internal
salts 42 were synthesized by treating the bifunctional phosphonium salts with NaOH
according to literature, leading to air-stable catalysts (Table 5). The investigation was
started by optimizing the N-methylation of N-methylaniline (11a) at 1 bar CO; in the
presence of 2 mol% of catalyst 42 and n-hexylsilane as reductant at 45 °C for 6 hours. The
reaction in the presence of the obtained phosphonium salt with strong electron-withdrawing
perfluoro chain 42a gave the methylated product 30a and formylated product 12a in the
yield of 59% and 32% respectively (Entry 1). Catalysts with different alkyl groups attached to
the phosphine center 42b—42e were tested in the model reaction, giving the methylated
product 30a in similar yields from 72% to 76% (Entries 2-5). The n-propyl-substituted

Table 5. The screening of catalysts 42 for the N-methylation reaction.

O
Me -
H o
N\M + CO, 2 mol% 42 I:l\ Nr\
© © n-HexylSiH; ©/ Me , ©/ Me
45°C, 6 h, p(CO,) = 1 bar
11a CHsCN 30a 12a
Entry Catalyst Yield 30a (%) Yield12a (%)
1 423 59 32
O@
@ 2 42b 74 19
R._®
/P\
Ph Ph 3 42c 76 15
4 42d 72 21
423, R = (CHZ)Q(CF2)7CF3
42b,R = CH, 5 42e 72 18
42c, R = (CH,),CH3
42d, R = (CH,)sCHj 6 42f 34 47
42e, R = (CH,),0CH,
42f, R = (CHj),OH 7 40c 0 0
8 - 0 0

Reaction conditions: N-Methylaniline 11a (0.47 mmol), n-HexSiHs (4 equiv, 1.9 mmol), catalyst 42: 2 mol%
(0.0094 mmol), CO2= 1 bar, 45°C, CH3zCN: 4 mL. Yield was determined by 'H NMR using mesitylene as the
internal standard.
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catalyst 42c leads to the highest yield of 76% of dimethylaniline 30a. The yield of the
methylation product decreased a lot when the hydroxyl-substituted catalyst 42f is used
(entry 6), while the formylation reaction was improved, probably because the hydroxyl
group reduced the basicity. No conversion was observed in the presence of phosphonium
iodide salt 40c (entry 7). The lower yields of dimethylamine obtained in the reactions with
40c and 42f suggest that the phenolic hydroxyl anion probably takes part in a nucleophilic
attack on the silicon center to liberate hydride for the reduction reaction. Without catalyst,
the transformation cannot be achieved (entry 8). Then different silanes were screened under
the temperature of 70 °C (Figure 4). Diphenylsilane was also active for the reaction in slight
lower vyield, but using triphenylsilane and phenylsilane gave unsatisfactory yields. Moderate
yield was obtained with methylphenylsilane, and no conversion was observed with
dimethylphenylsilane. Only traces of both products were observed with PMHS, probably
because of it is highly stable. The screening revealed that n-hexylsilane is the best hydride
source for the N-methylation reaction. Reducing the reaction time to 4 hours and 2 hours did
not lead to any decrease of yield, 90% vyield of dimethylamine 30a can be obtained even
within 1 hour.

Yield 30a (%) ® Yield 12a (%

-

99
100 { 93
0 =
= 57
60 1 E _
0 = =
©1 B = K 5 4
B o 0 = 0 0 0 = 0 0 ——
o 4 | — | j— | | — 8 — | e
n-HexSiHs PhSiH; Ph,SiH; PhsSiH MePhSiH, Me,;PhSiH PMHS

Figure 4. The screening of silane reducing agent for the N-methylation reaction with 42c. Reaction conditions:
N-methylaniline (11a, 0.47 mmol), silane (4 equiv) catalyst 42c (2 mol%), p(CO2)= 1 bar, 70 °C, CH3CN (4
mL). Yield was determined by 'H NMR using mesitylene as the internal standard.

Having the optimal conditions in hand, the scope and limitation of catalyst 42c in the
conversion of secondary amines 11 to methylated products 30 was further evaluated at
70 °C for 4 hours (Scheme 15). 4-Methoxy-methylaniline 11b gave the corresponding
dimethylaniline 30b in a vyield of 75%, however, the less sterically hindered 4-methoxy-
substituted aniline 11c gave the product 30c in a quantitative yield. The reaction of 4-bromo-
dimethylaniline with CO; led to the product 30d in 82% vyield. 11e bearing the strong

electron withdrawing acetyl group gave the desired product 30e in a moderate yield of 43%.
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The catalytic protocol was applicable to secondary amines with benzyl group 11f in excellent
isolated yield (90%). Diphenylamine reacted with CO; to afford the product 30g in the
isolated vyield of 42%, because the resonance between nitrogen and two phenyl groups
makes the amine less nucleophilic. The reaction of tetrahydroquinoline proceeded smoothly
to afford 30h in good vyield. The heteroarylamine methylpyridin-2-amine (11i) gave the
corresponding dimethylamine 30i in moderate yield of 62%. This catalytic protocol was also
applied for the aliphatic amine 11j, affording the methylated product 30j in moderate vyield.
2,2,6,6-Tetramethylpiperidine afforded the corresponding product pempidine 30k (a
ganglion-blocking drug) in the yield of 88%.

lT' + co 2 mol% 42¢ “':I:e
N, 2 17N~ R2
! R n-HexylSiH; (4 equiv.) R R
1 70 °C, 4 h, p(CO,) = 1 bar, 30
CH3;CN
< . . N.
ot gt o s
Me
MeO Br
(0]
30b: 75% 30c: 99% 30d: 82% 30e: 43% 30f: 90%°
Me Me Me Me
Ll L}
N N. Me Me Me
N N | AN Me @\/l{l Me N Me
— "Me
30g: 42%° 30h: 88% 30i: 62% 30j: 56% 30k: 88%

Scheme 15. Selected examples of substrates of N-methylation reaction. Yield was determined by 'H NMR,

mesitylene as the internal standard. ? Isolated yields.

In the screening of optimal conditions for the methylation reaction, the formation of the
formylated product was found to be more favorable at low temperature, so the formylation
reaction was studied at room temperature and 1 bar of CO,. Higher conversions and yields
were obtained in the absence of solvent, thus the reaction conditions screening was
performed without solvent (Table 6). Although full conversion and good yield of formylated
product was observed with 4 equiv. silane (entry 1), the remaining silane observed in H
NMR showed that less silane was consumed in the reaction. Therefore, the amount of silane
was reduced to 2 and 1 equiv. which boosted the selectivity but simultaneously lowered the
conversion (entries 2-3). To counteract this result, the reaction time was extended to 8
hours. The reaction proceeded with full conversion and finally gave the desired product 12a
in 96% (entry 4).

Then the scope and limitation of catalyst 42c in the conversion of secondary amines 11 to
formylated products 12 was studied at room temperature for 8 hours without solvent except

in the case of insoluble solid substrates (Scheme 16). Both 4-methoxy and 2-methoxy
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methylaniline gave corresponding formylated products 12b and 12c in excellent vyields.
Bromo-substituted methylaniline 11d was also tolerated, as 62% of 12d was obtained.
Anilines with electron withdrawing groups are a challenge for metal-free catalytic protocols,
since much lower yields are reported. 12e was obtained in an isolated yield of 32% from 4-
acetyl-methylaniline 11e. N-butyl aniline converted to desired product 12f in good yield
(81%). N-formyl substituted aniline afforded desired product N,N-diformylaniline (12g) in
yield of 88% under methylation conditions. This result indicates that the formylated aniline is
not the intermediate for the formation of the methylated aniline. Aliphatic amines 11h and
11i gave excellent yield of 96% and 81% respectively.

Table 6. Parameter optimization for the conversion of methylamine with CO2 to formylated product.

'}' Me r/o

0, 1
©/N‘Me+ co, 2 mol% 42c N\Me . N\Me
n-HexylSiH3,
23 °C, p(COy) = 1 bar
11a Solvent free 30a 12a

Entry Time n-HexSiHs  Conversion(%) Yield 30a(%) Yield 12a (%)

1 6 4 100 10 87
2 6 2 90 <5 75
3 6 1 84 0 83
4 8 1 100 4 96
52 8 1 100 27 71

Reaction conditions: aniline 11a (0.47 mmol), n-HexSiHs (0.47 mmol-1.9 mmol), catalyst 42c: 2 mol% (0.0094
mmol), COz = 1 bar, 23 °C, 6-8 h. Yield was determined by 'H NMR using mesitylene as the internal standard. a.
Using diphenylsilane.

Adamantanamine 11j and derivatives are drugs to treat Parkinson’s disease and influenza.
11j converted to the formylated product 12j under methylation conditions in an isolated
yield of 66%. Piperazine derivatives can find wide applications in pharmaceuticals, 11k,

bearing piperazine group, gave an excellent isolated yield of 90%.

The high activity and the controllable property of the catalyst 42c towards the mono-N-
methylation and mono-N-formylation of secondary amines made us wonder if the catalyst
can be used in the hierarchical reduction of primary amines with CO,. Consequently, two
primary amines were evaluated. Although aniline afforded mono-N-formylated product,
N,N-diformylated product and dimethylated product as dominant products in good yields
under three different reaction conditions, the conditions are not applicable for p-methoxy

aniline.
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Scheme 16. Selected examples of substrates of N-formylation reaction. Isolated yields are given. ? Yield was
determined by *H NMR, mesitylene as the internal standard. ® n-HexSiHs (4 equiv.), catalyst 42c: 2 mol%, CO,= 1
bar, 70 °C, CH3CN: 4 mL.

Furthermore, the current protocol was applied to late-stage functionalization of biological
active pharmaceuticals (Scheme 17). Sertraline (11l), an antidepressant, converted to the
methylated product 30l in the yield of 76% under improved conditions. At room

temperature, Sertraline converted to formylated product 12l in the isolated yield of 58%.

Me O H r/o

1 |

N. N\M N

‘ Mo ) o a2 ‘ ©  2mol% 42¢ ‘ Me
O n-HexylSiH3 (4.0 equiv.), O n-HexylSiH3 (1.2 equiv.), O
cl 90 °C, 48 h, 1bar, (| 23°C, 16 h, 1bar,
Cl CH3CN Cl CH3CN ¢l
291, 76% Sertraline (111) 121, 58%

Scheme 17. Methylation and formylation reactions of Sertraline. Isolated yields are given.

To shed some light into the mechanism of this catalytic procedure, the control experiments
were investigated and their 'H NMRs were studied. Diphenylsilane was employed for the
control experiments since it has a comparable activity to hexylsilane in N-methylation and
N-formylation reaction. In the first step, diphenylsilane and a catalytic loading of 42¢c were
mixed, resulting in the peak shifts in NMR spectra: The proton signal intensity at 4.93 ppm
belonging to Si-H disappeared after the reaction, and a new proton signal at 8.07 ppm
appeared which was attributed to silyl formate formed (Figure 5b). Also, a carbon signal at
162 ppm corresponding to C=0 in 13C NMR was observed. Subsequently, N-methylamine was
added to the mixture above immediately and reacted in argon atmosphere under the

reaction conditions, yielding 65% N-methylformamide.
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Figure 5. 'H NMR spectra of diphenylsilane and control experiments in CDsCN. (a) Section of the *H NMR of
diphenylsilane. (b) Section of the 'H NMR of diphenylsilane (2 equiv.) and CO2 with 2 mol% 42c, 1 bar, 23 °C,
solvent free, 16 h. (c) Section of the 'H NMR of the reaction solution from (b) and N-methylamine (1 equiv.)
after 16 h at 23°C under Ar in CD3CN at 23 °C for 16 h with mesitylene as internal standard.

'H NMR shows that the proton signal at 8.07 ppm disappeared and a proton signal at
8.50 ppm attributed to H-C=0 of N-methylformamide was observed (Figure 5c). Therefore,
these results imply that in the presence of catalyst, CO; is hydrosilylated by silane resulting
in silyl formate, and then the formamide was formed by the formylation of the amine with

silyl formate.

A two-step reaction was also performed to observe the intermediate of the methylation
reaction. Therefore, diphenylsilane and a catalytic amount of 42c were mixed at 70°C in
Schlenk flask, leading to dimethoxysilane (43a), silyl acetal (32a) and siloxane (44a) as main
products (Scheme 18a). In contrast to the reaction at 23°C, the formation of formate 31a
was not observed. Then after the reaction above stopped, N-methylamine was immediately
added and reacted under argon atmosphere at 70 °C, leading to the aminal (33a) in yields of
39% (Scheme 18b). This indicates that 32a is converted to 33a which might be subsequently
reduced to the product 30a and N-methylamine (11a) in next step. To convert of 11a to 30a
the addition of CO; would be required. In next step, fresh CO; were added simultaneously in
the mixture of step 1, giving the methylated product 30a in yield of 33%, because CO;
promoted the cleavage of C—N bond in aminal (33a) to give the product N,N-dimethylaniline
30a (Scheme 18c). It was presumed that one in dimethoxysilane (43a), silyl acetal (32a) and
siloxane (44a) might be the intermediate in the formation of the methylated product,

therefore, the reactions in the presence of (43a) and (44a) were studied respectively.
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Scheme 18. Control experiments for mechanistic study of N-methylation reaction. (a) Reaction of

diphenylsilane with CO2 in the presence of catalyst 42c. (b) Reaction of 11a in solution (a) under Argon. (c)

Reaction of 11a in solution (a) in the presence of COa..

No conversion was observed in the presence of dimethoxysilane (43a) and siloxane (44a)

under N-methylation reaction conditions or under Argon, which excluded the possibility of

being intermediates. Based on above results, the scope of intermediate was narrowed down

to silyl acetal (32a). Finally, a possible pathway was proposed based on the experiments and

previous reports (Scheme 19).

[Si]—H
,O\ /O\
[Si] CH3 [Si]
2
path B co,
H
RNV R2
RT R
R2,N\C/N\R2 [Si]-H
Hy

Scheme 19. Proposed reaction pathway of temperature-controlled N-methylation and N-formylation of amines

11 with COz in the presence of catalyst 42c.
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Initially, at low temperature or in the presence of strong nucleophilic amines the reaction
follows path A, in which the catalyst activates silane and allows CO; insertion to give silyl
formate intermediate. Then, the strong nucleophilic amines attack the carbon atom of the
silyl formate, affording the formylated product. Whereas in path B weakly nucleophilic
amines are not able to attack the silyl formate intermediate immediately, instead, the silyl
formate will be reduced to the acetal intermediate by the silane at higher temperature,
which is electrophilic enough to be attacked by weak amines, forming the aminal
intermediate. Aminals are further reduced to methylated product by the silane in the
presence of additional CO,.

3.3 Tunable reduction of CO>-organocayalyzed selective formylation and methylation of

amines.[8!

The N-formylation and N-methylation reaction appear to proceed by a general Lewis base
catalyzed reaction mechanism, in which hydrosilanes or CO, need to be activated by the
basic catalyst. In the catalytic protocol with internal phosphonium salt 42c, low yields of
both formylated and methylated products were obtained in the presence of the less
expensive PMHS. To explore a catalysts which can tolerate polymeric PMHS and inert CO,,
the spotlight is put on the phosphonium methylcarbonate salts. In the previous study, the
phosphonium methylcarbonate salts decompose to CO; and phosphonium methoxide after
heating.®® It was envisioned that the methoxy anion could present better activity than
phenolate anion towards the reaction. On the other hand, the phosphonium
methylcarbonate salt ([PhsPCH3][CH30CO;]) 45 is commercially available and can also be
prepared from phosphines and dimethylcarbonate (DMC) according to literature.[*%% |t was
firstly reported as a CO; surrogate in the preparation of propylene oxide in 2006,[10%
and then it has been employed in the transesterification!'%? and Henry reaction,®® as well
as vinylation reagents in the Wittig reaction.['%l PMHS was selected to be reducing agent to
meet the challenge. N-methylaniline was chosen as model substrate to evaluate the activity
of the catalyst towards the methylation reaction with 4 equiv. PMHS, CO; as carbon source
at 1 bar and 70 °C (Table 7). In the absence of catalyst, no conversion was observed (entry 1).
A moderate yield of 53% and good selectivity of N-methylated product 30a was obtained in
the presence of the catalyst (entry 2). In CH3CN, N-methylaniline gave the N-methylated
product 30a and N-formylated product 12a in the yield of 20% and 6%, respectively (entry 3).
In EtOAc and CH)Cl,, 11a failed to convert to either 30a or 12a (entries 4-5). Due to the
polymeric properties, PMHS was less active than non-polymeric silanes, thus excessive
amount were normally required. Full conversion was achieved by increasing PMHS to 10
equiv. and 30a was obtained in a good yield of 87%. A comparable yield of 83% 30a was
obtained by replacing THF with the biomass-derived chemical 2-methyltetrahydrofuran
(entry 7). To further optimize the reaction condition of N-methylation, halving catalyst

loading led to lower yield of methylated product 30a and selectivity (entry 8). After that,
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reaction temperature was raised to 80 °C and decreased to 60 °C and 50 °C, respectively.

Unfortunately, lower yields were observed in this case (entries 9-11).

Table 7. Reaction conditions optimization for the conversion of N-methylaniline (11a) with CO2 to methylated

product 30a.
H\ cat. 45 I\Il,lle 'fo
©/ Me + COp S © “Me + ©/ “Me
t, T, p(COy) = 1 bar
11a solvent 30a 12a
Catalyst PMHS Temperature Yield 30a Yield 12a
Entry Solvent
(mol %) (equiv.) (°C) (%) (%)
1 0 4 THF 70 0 0
2 10 4 THF 70 53 0
3 10 4 MeCN 70 20 6
4 10 4 EtOAc 70 0 0
5 10 4 CH2Cl; 70 0
6 10 10 THF 70 87 0
7 10 10 Me-THF 70 83 10
8 5 10 THF 70 62 30
9 10 10 THF 80 72 0
10 10 10 THF 60 82 17
11 10 10 THF 50 55 38

Reaction conditions: N-methylaniline 11a (0.233 mmol, 1 equiv.), PMHS (4-10 equiv.), catalyst 45: 0-10 mol%,
p(CO2) = 1 bar, 50-70 °C for 16 h, solvent: 2 mL. Yield was determined by *H-NMR using mesitylene as the

internal standard.

The scope of the reaction was next investigated by testing a variety of substituted secondary
and primary amines (Scheme 20). In this case, although a reaction time of 16 hours was
required to achieve an appropriate yield for most substrates, the transformation was
finished within 4 hours for a few of substrates. p-Methoxy-N-methylaniline (11b) gave the
corresponding dimethylaniline derivative 30b in 72% vyield after 16 h, while 71% of o-
methoxy-N,N-dimethylaniline 30c was isolated after only 4 hours. The bromo-substituted N-
methylaniline gave the product 30d in good yield of 77%. The methylated product of p-
acetyl-N-methylaniline (30e) was isolated in 42% yield. N-benzyl- and N-allyl-anilines
were converted to their corresponding products 30f and 30l in excellent yields (82%
and 89%). Tetrahydroquinoline afforded the methylated product 30h in a yield of 76%

in 4 hours.
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Scheme 20. Selected examples of substrates of N-methylation reaction. Isolated yields are given. # 4 h. ® Yield

was determined by *H NMR, mesitylene as the internal standard.

In comparison with secondary anilines, primary anilines normally exhibit less
nucleophilicity and form multiple reduction products, but with this catalytic system
they were also converted. Aniline 11m and p-methoxyaniline 11n afforded the
dimethylanilines in 90% and 42%, respectively. Surprisingly, the sterically hindered
substrates 2,2,6,6-tetramethylpiperidine successfully converted to methylated

product pempidine 30k, which is a ganglion-blocking drug.

Subsequently, the N-formylation of N-methylaniline was explored with the catalyst 45
(Scheme 21). It was found in the screening for N-formylation that N-formylated product is
unfavored in the presence of PMHS at various temperature. As a result, we had to screen
different silanes for N-formylation reaction. Finally, (MeO)sSiH afforded the N-formylated
product in 95% yield and outstanding selectivity (Scheme 16). With the optimal conditions in
hand, the scope and limitations of [PhsPCH3][CH30CO;] 45 for the catalytic conversion of
amines to their formylated products were studied at 70 °C for 4-24 hours in the presence of
(Me0Q)sSiH. Contrary to the methylation reaction, the hindered o-methoxy-N-methylaniline
11lc needed 24 h to be converted to the corresponding formylated product, but p-
methoxyaniline 11b achieved higher yield in only 4 hours. Bromo-substituted aniline 11d
afforded the corresponding N-methylformamides 12d in good vyield in 4 h while nitro-

substituted anilines 11m led to a low yield of 13%. N-substituted anilines were also
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Scheme 21. Selected examples of substrates of N-formylation reaction. Isolated yields are given. 2 4 h. ® Yield
was determined by *H NMR, mesitylene as the internal standard.

tolerated, N-allyl-substituted anilines 11n was successfully converted to the formylated
product 12n in 81% vyield after 24 h. Piperazine derivative 11o afforded the formylated
product 120 in the yield of 89%. A moderate yield of 69% of the formylated product 12p
was obtained from the pyridine-substituted amine. Aniline 11q and pyridine-2-amine
11r were selected as representative substrates of primary anilines. An excellent yield
90% of N-formanilide 12q was obtained from aniline, while 53% of the N-formylated-
pyridine-2-amine 12r was isolated.

The excellent conversion and selectivity of aniline to N-phenylformamide (12q) encouraged
us to study the possibility of the benzimidazole formation by monoformylation of the
o-phenylendiamin 25a followed by the intramolecular condensation with an amino group
present in the molecule. Therefore, the reaction was performed under the same reaction
conditions for the formylation of aniline without other additives (Scheme 22). To our
surprise, 83% of benzimidazole 27a was isolated from 1,2-diaminobenzene and CO; in one
step. Then, diverse substrates were investigated under the reaction conditions. p-Methoxy-
1,2-diaminobenzene 25b afforded the desired product 27b in the yield of 47%. For N-
disubstituted  substrates  1-N-methylbenzene-1,2-diamine  25¢ and  N-phenyl-o-
phenylenediamine 27d were evaluated in this protocol: 61% and 70% of the desired
products 27c¢ and 27d were obtained, respectively. The lower yields were due to the
formation of the monoformylation byproduct of the primary amino group that is less
nucleophilic than the secondary amino group. Moreover, quinazoline derivative 27e was
obtained from 25e in the yield of 64%.
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Scheme 22. Selected examples of substrates for the synthesis of benzoheterocycles 27 from diamines

25 and CO2 under reductive condition.

To gain insights into the mechanism of this chemoselective reaction, control experiments
were performed to explore the possible intermediates in the N-formylation and
N-methylation reaction. The same control experiments with internal phosphonium salt
catalyst 42c were performed. Initially, trimethoxysilane reacted with CO; in the presence
of catalyst [Ph3PCHs][CH30CO;] 45 affording the silyl formate in 29% vyield. The resulting
reaction mixture was purged with argon to replace the remaining CO,. N-methylaniline 11a
was added and reacted at 70 °C for 6 hours affording N-methylformanilide 12a in 69% yield.
Without catalyst, the silyl formate was not obtained, and as expected, no product was
observed upon addition of N-methylaniline. Then to reveal the pathways of N-methylation
reaction, the conversion of N-formamide to the N-methylamine was tested using PMHS in
the presence and absence of catalyst under the reaction conditions. In both cases, the

product could not be obtained, thus the path | (Scheme 12) was dismissed.

Once the different routes for the formation of products were established, we became
interested in understanding the role of the catalyst in this reaction and the different
selectivity observed for the reducing agents. Initially, a stoichiometric mixture of
trimethoxysilane and catalyst [PhsPCHs][CH30CO;] 45 was prepared, heated up to 70 °C and
analyzed by NMR spectroscopy (Figures 6 and 7). The characteristic signal at &Si—H)=
4.07 ppm in trimethoxysilane and the signal at {CO3CH3)= 3.37 ppm for the catalyst are not
observed in the mixture (Figure 6c). Instead, a new signal at S{HCO; )= 8.58 ppm was
observed in the mixture of trimethoxysilane and the catalyst. The signals at —78.60 ppm in
the 2°Si NMR (Figure 7b), respectively indicate the formation of Si(OMe)s. The signal at
around 3.30 ppm (marked as *) can be addressed to a methoxy anion which is probably
formed due to the decomposition of [PhsPMe][COsMe] to CO, and [PhsPMe][OMe]. The
results show the total conversion of the methylcarbonate anion and silane and the
formation of formate and tetramethoxysilane, which demonstrates that the catalyst reacts
stoichiometrically with the silane, supporting the hypothesis that the reaction is initiated in

this step.
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Figure 6. The *H NMR spectra for the control experiments. a) Section of the H NMR of trimeoxysilane. b)

Section of the 'H NMR of the catalyst 45. c) Section of the 'H NMR of a 1:1 mixture trimeoxysilane and
[Ph3sPCH3][COsMe] after 16 h at 70°C. * Methoxy anion.
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Figure 7. The 2°Si NMR spectra for the control experiments. a) 2°Si NMR of trimeoxysilane. b) 2°Si NMR of a 1:1
mixture trimeoxysilane and [PhsPCHs][COsMe] after 16 h at 70°C. * Methoxy anion.
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Altogether, the mechanism presented was proposed (Scheme 23). The methylcarbonate
anion attacks the silane forming a linear carbonate (A) that facilitates the attack of the
hydride to the carbonyl center. As a result, a tetrahedral intermediate (B) is formed. In the
absence of CO,, this intermediate can suffer a rearrangement giving the formate anion and
tetramethoxysilane. In presence of CO;, the methoxy group attacks the CO, molecule,
regenerating the catalyst and giving the silyl formate, which further reacts with the amine
through path | or Il giving the corresponding products.

+ [Si]—OH MeO~ O [Si]-H
®
H Ph;PMe
path (1) R1,N\R2
H OMe
H l/‘\ VO
O [SiI—O
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Scheme 23. Proposed mechanism for the selective reduction of CO; to formamides and methylamines with

phosphonium methylcarbonate salts.
4 Summary

In this work, a series of new phosphonium salt catalysts were prepared and employed in the
reductive and non-reductive fixation of CO. In the first part, a bifunctional phosphonium salt
and two bifunctional phosphonium salts bearing perfluorinated side chains were prepared.
These compounds are suitable for the synthesis of cyclic carbonates from epoxides and CO;
even under mild conditions (23 °C, 0.1 MPa). In addition, the antitussive agent dropropizine
was synthesized via cyclic carbonate as intermediate. Recycling experiments were
performed for fluorinated catalysts. The bifunctional catalyst bearing a hydroxyalkyl moiety

was recycled five times. A decrease in product yield from 90% to 37% during this process
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was observed, which could be assigned to the decomposition of the catalyst to the
corresponding phosphine oxide. The recycling of the catalyst containing a phenolic moiety
was also performed. The analysis of the reisolated catalyst revealed the partial formation of
an internal phosphonium salt which is catalytically inactive under the reaction conditions.
However, this type of internal phosphonium salt can be used as a Lewis base catalyst for the
COz reductive coupling with amines.

In the second part, internal phosphonium salts were prepared and introduced as an efficient
catalyst for switchable N-methylation and N-formylation reaction from CO; and amines in
the presence of n-hexylsilane. The reaction outcome could be tuned by altering the reaction
temperature and solvent. The methylation reaction was performed at 70 °C while the
formylation reaction was performed solvent-free at room temperature. The catalyst
exhibited wide substrate applicability, 22 examples of secondary and primary amines
converted to corresponding methylated products in up to 99% and 25 examples of
secondary and primary amines. The pharmaceutical molecule Sertraline converted to the
corresponding methylated and formylated products successfully. The scale-up reactions
were also performed. The control experiments and NMR studies showed that the silane is
first activated by the phenolate anion. Notably, the methylation and formylation reaction
follow two different pathways. The formylation proceeds via a silylformate intermediate

while methylation proceeds via a bis silylacetal.

In the final part, a phosphonium methylcarbonate salt was studied for the selective
reduction of CO; with amines. Among them, methyltriphenylphosphonium methylcarbonate
showed to be efficient for the 6-electron reduction of CO, with PMHS affording the N-
methylated product. Under the optimized conditions, 15 primary and secondary amines and
anilines were converted in yields up to 98%. The N-formylation of amines was also studied.
After performing a silane screening, trimethoxysilane was found to be a selective reducing
agent for formation of formamides. 15 substrates were converted and the desired products
were obtained in yields up to 94%. Additionally, this procedure was evaluated for the one-
step synthesis of benzoheterocycles from diamines. Under the reaction conditions the
catalyzed formation of the amidine group by formylation of amines followed by
intramolecular condensation was achieved, affording 5 benzimidazole derivatives in yields
up to 83%. Mechanistic studies support the reaction of the silane with CO; for the formation
of silylformate, which in the case of trimethoxysilane gives the formylated product. In the
presence of PMHS this intermediate undergoes a further reduction and gives the methylated
product through the formation of the aminal. Experiments support that the reaction is
initiated by the reaction between the methylcarbonate anion with the silane. The
silylcarbonate formed reacts with CO, regenerating the catalyst and giving the silylformate

as a result. This novel catalytic cycle provides a new perspective for CO; mediated reaction.
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Abstract: A series of hydroxy-functionalized phosphonium salts were studied as bifunctional
catalysts for the conversion of CO; with epoxides under mild and solvent-free conditions.
The reaction in the presence of a phenol-based phosphonium iodide
proceeded via a first order rection kinetic with respect to the substrate. Notably, in contrast
to the aliphatic analogue, the phenol-based catalyst showed no product inhibition. The
temperature dependence of the reaction rate was investigated,
and the activation energy for the model reaction was determined from an Arrhenius-plot
(Ea=39.6 kimol?). The substrate scope was also evaluated. Under the optimized
reaction conditions, 20 terminal epoxides were converted at room temperature to the
corresponding cyclic carbonates, which were isolated in yields up to 99%. The reaction is
easily scalable and was performed on a scale up to 50 g substrate. Moreover, this method
was applied in the synthesis of the antitussive agent dropropizine starting from
epichlorohydrin and phenylpiperazine. Furthermore, DFT calculations were performed to
rationalize the mechanism and the high efficiency of the phenol-based phosphonium iodide
catalyst. The calculation confirmed the activation of the epoxide via hydrogen bonding for
the iodide salt, which facilitates the ring-opening step. Notably, the effective Gibbs energy
barrier regarding this step is 97 kimol* for the bromide and 72 kimol? for the iodide salt,

which explains the difference in activity.
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A series of hydroxy-functionalized phosphonium salts were
studied as bifunctional catalysts for the conversion of CO, with
epoxides under mild and solvent-free conditions. The reaction
in the presence of a phenol-based phosphonium iodide
proceeded via a first order rection kinetic with respect to the
substrate. Notably, in contrast to the aliphatic analogue, the
phenol-based catalyst showed no product inhibition. The
temperature dependence of the reaction rate was investigated,
and the activation energy for the model reaction was
determined from an Arrhenius-plot (E,=39.6 kJmol™'). The
substrate scope was also evaluated. Under the optimized
reaction conditions, 20 terminal epoxides were converted at
room temperature to the corresponding cyclic carbonates,

Introduction

The use of CO, as a C; building block is receiving increasing
attention from the scientific and industrial community due to
economic and ecological considerations. It is progressively
regarded as an attractive, inexpensive, and abundant renewable
feedstock rather than waste.” Furthermore, in a future CO,
based circular economy it can be used as a platform to produce
bulk chemicals and energy carriers through its transformation
to fuels.”! Nevertheless, due to its thermodynamic stability, the
efficient activation and chemical fixation is still challenging.”
This can be partially overcome by converting CO, with high-
energy starting materials such as epoxides or hydrogen in the
presence of a catalyst. Thus, it is crucial to develop new catalytic
processes that allow the efficient transformation of CO, into
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which were isolated in yields up to 99%. The reaction is easily
scalable and was performed on a scale up to 50 g substrate.
Moreover, this method was applied in the synthesis of the
antitussive agent dropropizine starting from epichlorohydrin
and phenylpiperazine. Furthermore, DFT calculations were
performed to rationalize the mechanism and the high efficiency
of the phenol-based phosphonium iodide catalyst. The calcu-
lation confirmed the activation of the epoxide via hydrogen
bonding for the iodide salt, which facilitates the ring-opening
step. Notably, the effective Gibbs energy barrier regarding this
step is 97 kJmol™" for the bromide and 72 kJmol™' for the
iodide salt, which explains the difference in activity.

valuable products. Promising transformations even on an
industrial scale are the fixation of CO, into organic carbonates
or polycarbonates (Scheme 1, A).'®* These processes can be of
significant advantage regarding economic and ecological
considerations, for example, by saving fossil resources or
lowering the carbon footprint of a process.”

The synthesis of five-membered cyclic carbonates 2 from
CO, and epoxides 1 is of particular interest. It is an atom-
economic reaction and an excellent example of green
chemistry.” Moreover, cyclic carbonates are important materials
that are used in various applications, for example, as intermedi-
ates in organic synthesis,”® indirect CO, reductions to
methanol,” green solvents,"” electrolyte in lithium ion
batteries,""" polymer building blocks,"? and even as additives in
drugs and cosmetics."

Metal-based systems including Al-salen™ and triphenolat"”
complexes have been reported for the synthesis of cyclic
carbonates."® In these binary catalytic systems, the Lewis-acidic
metal complexes are often combined with an external
nucleophile, typically a halide ion from an onium salt, to
activate the epoxide (Scheme 1, B). The nucleophilic counter
anion of the salt acts as a temporary relay, ring-opening the
epoxide, which is activated by the Lewis-acidic metal center,
and subsequently serving as a leaving group upon ring closure
after CO, insertion. Catalytic systems that operate under near-
ambient conditions (low CO, pressure and room temperature)
are of interest in terms of advances towards sustainability."” In
the past decade, the use of organocatalysts has attracted
increasing attention in this research area.'¥ A significant benefit

14]
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Scheme 1. Synthesis of cyclic and polycarbonates as well as concepts and
selected catalysts for the conversion of epoxides with CO..

of this catalyst class is undoubtedly the metal-free carbon-
based scaffold, which is associated with a high potential for
structural modification, catalyst tuning, and immobilization."
In analogy to the metal-based systems, the combination of
hydrogen bond donors and quaternary ammonium salts to
activate the epoxide proved to be a promising concept in the
field of organocatalyzed cyclic carbonate synthesis (Scheme 1,
B).?% Systems based on different hydrogen bond donor
functionalities, such as alcohols,”” carboxylic acids,”? silanol,*”
phenols,? and (thio-)ureas,” were used in combination with
external nucleophiles to catalyze the addition of CO, to
epoxides to yield the corresponding cyclic carbonates. Even
though great advances have been made it is still challenging to
realize this reaction efficiently under low CO, pressures (1 atm)
and reaction temperatures below 100°C."”!

It is generally recognized that bifunctional catalysts consist-
ing of an electrophilic group and an internal nucleophile
significantly accelerate the process through synergistic
effects."®*® However, it was not until recently that bifunctional
phosphonium salts emerged as potent class of organocatalysts
(Scheme 1, Q). In 2014 our group reported the use of bifunc-
tional phosphonium salt catalyst 3 bearing an alcohol moiety as
hydrogen bond donor. This catalyst allowed for the synthesis of
cyclic carbonates at 90°C and 1.0 MPa CO, pressure, yielding

ChemSusChem 2021, 14, 363-372 www.chemsuschem.org

the desired products in up to 99% yield under solvent-free
conditions.””” More recently, we reported a mechanistic study
on the use of bifunctional phosphonium salt 3.%° This study
clearly showed that the epoxide is activated by hydrogen
bonding and that the order of reactivity in regard to the anion
increased in the order CI~ < Br~ <™. Significantly, the analysis of
the kinetic data revealed that partial product inhibition
hampered the overall efficiency of this catalyst. Also in 2014,
Wei-Li et al. introduced carboxylic acid derivative 4 as a catalyst
for the synthesis of cyclic carbonates at elevated temperatures
and pressure (130°C and 2.5 MPa).”® In 2016, Liu et al. showed
that biphenyl-derived phosphonium salt 5 enables the con-
version of epoxides with CO, at 60°C and low CO, pressure
(1.0 atm).?? In the same year, Toda et al. studied bifunctional
tetraarylphosphonium salt 6, which allowed for the synthesis of
cyclic carbonate at atmospheric CO, pressure but high reaction
temperatures of 120°C in chlorobenzene as the solvent.®” Very
recently, they carefully investigated the impact of the electronic
properties of the substituents on the catalyst efficiency.®" The
introduction of electron-donating groups significantly en-
hanced the catalytic activity, which allowed to reduce the
reaction temperature to 60°C. In 2017 our group reported the
use of bifunctional phenolic phosphonium bromide 7 for the
preparation of oleochemical carbonates at 80°C and 2.5 MPa
CO, pressure.’” Based on our previous results we envisioned
that the corresponding iodide 8 should show superior efficiency
as catalyst in the synthesis of cyclic carbonates under mild and
solvent free-conditions. Herein we report the synthesis and
application of this catalyst as well as thorough kinetic
investigations and DFT calculations to rationalize its superior
performance and the reaction mechanism.

Results and Discussion
Catalyst screening

We chose the conversion of 1,2-butylene oxide (1a) with CO, to
produce 1,2-butylene carbonate (2a) as a benchmark system to
evaluate and compare to previously reported catalysts under
uniform reaction conditions (Table 1). Our first-generation
bifunctional phosphonium salt 3 (2 mol%) gave the desired
product 2a in 25% yield after 24 h at 23°C and 1.0 MPa CO,
pressure (Table 1, entry 1). In the presence of catalysts 5, 6, and
7 significantly lower conversions and vyields <10% were
achieved (entries 2-4). In contrast, phosphonium iodide 8 gave
2ain 65% yield (entry 5).

This is remarkable since catalyst 7 was identified to be more
efficient compared to 8 at higher temperature (100°C) and CO,
pressure (5.0 MPa) in the synthesis of oleochemical
carbonates.®? With increasing reaction temperature the ob-
tained yield for 2a equalizes (entries 6-9). Notably, in the
presence of 5 mol% 8 an excellent yield >99% was achieved at
23°C (entry 10). Even at a lower CO, pressure of 0.1 MPa 2a was
obtained in 71% yield (entry 11). The lower yield might be due
to a lower CO, concentration in solution at this pressure, which
can have a strong impact on the reaction rate.””

364 © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 1. Comparison of bifunctional phosphonium salts in the cyclo-
addition of CO, with epoxides.
o]
2 or 5 mol% catalyst
Et/<(]) + CO, L O-d(o
23-90°C, 2-24 h B
p(CO,)=0.10r 1.0 MPa
1a solvent-free 2a
Entry Catalyst Loading T t Yield® TON
[mol %] [°q [h] [%]
1 3 2 23 24 25 13
2 5 2 23 24 2 1
3 6 2 23 24 2 1
4 7 2 23 24 10 5
5 8 2 23 24 65 33
6 7 2 45 6 (24) 60 (>99) 30
7 8 2 45 6 (24) 85 (>99) 43
8 7 2 920 2 89 45
9 8 2 920 2 96 48
10 8 5 23 24 >99 50
11® 8 5 23 24 71 36
Reaction conditions: 1.0 equiv. 1a (1.00 g, 13.9 mmol), 2-5 mol % catalyst,
2-24 h, p(CO,) =1.0 MPa, solvent-free. [a] Yields were determined by 'H
NMR spectroscopy using mesitylene as internal standard. [b] p(CO,)=
0.1 MPa. TON: turnover number.

Kinetic investigations

The efficiency of bifunctional phosphonium salts is closely
related to the ability of activating the epoxide by hydrogen
bonding.”” Recently, we reported a detailed mechanistic study
on alkyl-bridged bifunctional phosphonium salts as catalysts in
cyclic carbonate synthesis.”*? In this study the activation of
epoxide 1a by hydrogen bonding to catalyst 3 was proven by
IR spectroscopy. Moreover, kinetic and IR studies revealed an
interaction of 3 with the product 2a leading to significant
product inhibition. In the present case attempts failed to
investigate the interaction of phenolic catalyst 8 with the
epoxide or the carbonate by transmission IR spectroscopy due
to an overlap of the OH-stretching vibration from the phenol
moiety with bands of the C—H stretching modes. Unfortunately,
also measurements in the attenuated total reflection (ATR)
mode did not provide unambiguous results in this regard.>”

However, to further investigate the difference in the activity
of catalysts 3 and 8, we performed kinetic measurements of the
model reaction with 1,2-butylene oxide (1a) as the substrate at
23 and 45°C. These experiments have been conducted at a CO,
pressure of 1.0 MPa with a substrate content of 460 mmol and
2 mol% of catalyst. Product formation was monitored by the
sampling of the liquid reaction mixture at distinct time intervals
followed by 'H NMR spectroscopic analyses. The selectivity of
2a was consistently >999%. At 23°C with 8 as a catalyst, an
induction period was observed, which was attributed to the low
solubility of 8 in the pure epoxide at room temperature.** For
the catalyst system 3, no induction period has been identified,
but at higher conversions the catalytic performance is signifi-
cantly lower compared to the phenolic catalyst 8. In the next
step, we performed these model reactions at 45 °C. Now, for the
catalyst 8, the yield versus time data can be described by a first-
order kinetic model [Eq. (1)], in which Y is the yield and k°* is
the observable rate constant, as shown in Figure 1.
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Figure 1. Comparison of a first-order kinetic fit and the kinetic model
represented in Equation (2) for the conversion of epoxide 1a with CO, in the
presence of catalyst 3 and 8. The observed selectivity was >99%. Reaction
conditions: 1,2-butylene oxide (1a, 460 mmol), 2 mol% catalyst 3 or 8, p
(CO,)=1.0 MPa, 45°C, 48 h.
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In contrast, for the reaction in the presence of 3 a kinetic
model in which product inhibition was considered needs to be
used [Eq. (2)]. This equation is based on a Michaelis-Menten
model including a reversible product inhibition, which is valid
for the case of a first order with respect to the substrate. The
equilibrium constant K,,, of the product inhibition with the
aliphatic catalyst 3 was calculated as 0.260 Lmol ™' for the given
initial substrate concentration [S]°. The fact that the yield versus
time data for 8 was best described with the first-order model
indicates that product inhibition is not relevant for this system.
The obtained observable rate constants k°* were 0.197 h™' (8)
>0.0605 h™' (3), reflecting the catalytic activity.”” From these
observations it can be concluded that both the absence of a
significant product inhibition and an intrinsically higher activity
for the catalytic system with catalyst 8 cause its better perform-
ance.

We were further interested in the temperature dependence
of the reaction rate for the catalytic system with the phenolic
catalyst 8.%Y Therefore, additional experiments have been
performed so that a temperature range of 35-90°C was
covered. Yield versus time data was analyzed using a first-order
kinetic model (first-order with respect to the substrate concen-
tration) providing observable rate constants (k°*). An accept-
able Arrhenius behavior was found between 35-65°C (T=
308.15-338.15 K). Interestingly, at higher temperatures the
values of the rate constant decreased, which might be
attributed to a change in the solubility of CO, at higher
temperatures.®*® From an Arrhenius-plot a value for the
activation energy was calculated with E,=39.6 kJmol™', which
is in agreement with previous reports (Figure 2).5"' A respective
Eyring-plot allowed for the calculation of the enthalpy of
activation, which gave a value of AH™=36.9 kJmol™".

365 © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 2. Arrhenius-plot for the estimation of the activation energy E, of the
conversion of epoxide 1a with CO, in the presence of catalyst 8 over the
temperature range of 35-65°C (T=308.15-338.15 K). Reaction conditions:
1,2-butylene oxide (1a, 460 mmol), 2 mol % catalyst 8, p(CO,) =1.0 MPa.
y=—476.5x+13.277, R*=0.9638.

Substrate scope

Due to the observed superior efficiency of catalyst 8 we
evaluated the substrate scope regarding the conversion of
terminal epoxides 1 to the respective cyclic carbonates 2 at
room temperature (Figure 3). Carbonates 2a-d bearing ali-
phatic substituents were synthesized in good to excellent
yields. Particularly, propylene carbonate (2b) has attracted
much interest due to its applications as an electrolyte in
lithium-ion batteries™” and is regarded as one of the most
sustainable alternative solvents in organic chemistry.'® Nota-
bly, the conversion of enantiomerically pure (S)-propylene oxide
(S-1b) led to the corresponding cyclic carbonates S-2b in 94%
yield and >99% enantiomeric excess (ee). Due to the lower
polarity of epoxides 1c and 1d the solubility of the catalyst was
reduced, and the addition of a solvent (nBuOH) was required to
achieve 95 and 72% yield for 2c and 2d, respectively. The

R! 5mol% 8 o)
2)<? + CO, - o~
R 23 °C, 24 h, p(CO,)= 1.0 MPa RSK/O
. solvent-free RZ ~
1a-i 2a-i
o} o) o} o) o)
o~ o~ o~ o~ o~
(o) 0] O O 0
Et Me/K/ Bu Hex Ph/k/
2a, 95% 2b, 94% 2, 37% (95%)  2d, 72%F) 2e, 74%

S-2b, 94%, >99% ee R-2e, 74%, 83% ee

£ i £ wpd
(¢} (0] (o] [¢] e

C'\/k/0 K/N\/k/o m:x/ 0 PK/O
Cl

2f, 95% 29, 73% 2h, 10%!®! (86%)[°] 2i, 85%!°!

Figure 3. Substrate scope for the conversion of terminal epoxides 1 into the
corresponding carbonates 2. Reaction conditions: 1.0 equiv. 1 (1.00 g),
5mol% 8, 23°C, 24 h, p(CO,)= 1.0 MPa, solvent-free. Isolated yields are
given. [a] n-Butanol was employed as a solvent. [b] Yields were determined
by "H NMR spectroscopy using mesitylene as internal standard. [c] 80°C, p
(CO,)=2.5 MPa.
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phenyl-substituted product 2e was isolated in a yield of 74%.
In this case acetophenone was found as a by-product that was
derived from a Meinwald rearrangement.*® This indicates that
the conversion of styrene oxide (1e) proceeds at least partially
via a cationic intermediate. This assumption is supported by the
partial racemization, which was observed when (R)-styrene
oxide (R-1e) was converted. In this case, carbonate R-2e was
isolated in 74 % yield and 83 % ee. Furthermore, epichlorohydrin
(1f) was converted to the respective carbonate 2f in an
excellent yield of 95% while morpholine derivative 2g was
obtained in 73% yield. After having established a general
protocol for the conversion of monosubstituted epoxides under
mild conditions, the catalyst system was applied in converting
disubstituted terminal epoxides. Products 2h and 2i were
obtained in yields of 86 and 85%, respectively, even though
elevated reaction temperature (80°C) and higher CO, pressure
(2.5 MPa) were required.

Cyclic carbonates are frequently used as protecting groups
for 1,2-diols.’” The successful preparation of morpholine
derivative 2g prompted us to evaluate the synthesis of
dropropizine rac-10, which is an antitussive agent typically
employed as a racemic mixture in a number of commercial
cough suppressant.”® In general, it is prepared from the
epoxides 1j under acidic conditions or by direct amination of
solketal, a 1,2-hydroxy-protected derivative of glycerol, via
ruthenium-catalyzed hydrogen borrowing reaction and subse-
quent ketal hydrolysis.®

The intermediate epoxide rac-1j as well as enantiomerically
pure R- and S-1j were obtained in yields up to 96% from
phenylpiperazine (9) and the respective epichlorohydrin (1f)
(Scheme 2). The subsequent conversion under the standard
reaction conditions for terminal epoxides gave the respective
carbonate rac-2j in 65 % after 48 h. At 45°C full conversion was
achieved, and 2j was isolated in >99% yield. The subsequent
cleavage of the carbonate protecting group under basic
conditions gave dropropizine rac-10 in 95% yield. Notably, the
formation and subsequent cleavage of the carbonate to obtain

Ph\N + (0] i Ph\N
G+ ond —— (3

NH N\/<?

9 rac-1f rac-1j, 96%
R-1f R-1j, 94%, 98% ee
S-1f S-1j, 95%, 97% ee

Dropazine (rac-10), 95% rac-2j, 65%, >99%
f;—:g, gg:/& gzz//o ee R-2j, 90%,"1 24% ee
-1, 99%, 5% % ee S-2j, 61%, 54% ee

Scheme 2. Synthesis of dropropizine via cyclic carbonate 2j. Reaction
conditions: i) 23°C, 1 h, H,0 then NaOH/H,0, 75°C, 15 min. ii) 5 mol % 8,
23°C, 48 h, p(CO,) =1.0 MPa. iii) NaOH/H,0, 3 h, 23°C. [a] 45°C. [b] 45°C,
24 h.
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dropropizine in a sequential one-pot reaction could also be
achieved, leading to rac-10 in 61% yield. We envisioned that
also enantiomerically pure dropropizine should be accessible
via this route. Notably, this protocol circumvents the acidic
hydrolysis of the epoxide to the 1,2-diol, which might lead to
racemization. The precursors R-1j and S-1j were readily
accessible from (R)- and (S)-epichlorohydrin (R- and S-1f) and
amine 9 in excellent yields and enantioselectivities of 94%
(98% ee) and 95% (97 % ee), respectively. The conversion of R-
1j with CO, at 45°C led to carbonate R-2j in excellent 90%
yield. However, under these conditions partial racemization was
observed, and R-2j was obtained in 24% ee. Thus, S-2h was
converted at lower temperature (23°C), which led to a
significant improvement to 54% ee but a lower yield of 61%.
The deprotection of carbonates R-2j and S-2j occurred stereo-
selectively as expected to yield enantiomerically enriched R-10
and S$-10 in 95 and 99 % vyield, respectively.

As the major by-product in the manufacturing of biodiesel,
glycerol is widely available.*” Thus, the use of glycerol as the
feedstock for the preparation of value-added products is an
attractive goal. Moreover, the use of this biobased material can
lead to a significant reduction in the carbon footprint, for
example, in the synthesis of carbonates, compared to their
production from fossil resources.®™ Glycidol (11¢) and its
derivatives can be obtained from glycerol.*” The respective
carbonates show unique properties and find a range of
applications, for example, as synthetic building blocks, mono-
mers, and solvents.'”*? Hence, we were particularly interested
in the preparation of cyclic carbonates 12a-j from epoxides
11a-j in the presence of catalyst 8 (Figure 4). Under the
standard conditions the conversion of glycidyl ethers 11a and

5mol% 8 O
RO \/<]O + CO, > O—“(
23 °C, 48 h, p(CO,)=1.0 MPa RO\/k/O

11a-1 solvent-free 12a-1

(o]
o) o o L o
[0} [0} o]
MeO\/K—-/{3 tBUO\/K_/éo HO\/K/O F\PQ/O\/K/O
F

12a, 96% (56%)3  12b, 97% (58%)@  12¢, 82% 12d, 86%

£ @

O

FWOWO Me O\/k/o
(0]

O
oA
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F FF
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o) o]
O ? o4
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Figure 4. Substrate scope for the conversion of glycidol and its derivatives
11 into the corresponding carbonates 12. Reaction conditions: 1.0 equiv. 11
(1.00 g), 5 mol% 8, 23°C, 48 h, p(CO,) = 1.0 MPa, solvent-free. Isolated yields
are given. [a] 24 h. [b] 2 mol% 8, 90°C, 4 h. [c] 10 mol % 8, 45 °C, n-butanol
as solvent.
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11b did not lead to full conversion, and 12a and 12b were
isolated in 56 and 58% yield, respectively. Hence, we adjusted
the reaction time to 48 h, which led to full conversion and
excellent isolated yields of 96 and 97%. The conversion of
glycidol (11c), which is susceptible to polymerization,*? gave
glycerol carbonate 12c in 82%. In addition, the highly
fluorinated carbonates 12d and 12e, which can be used as
electrolytes in lithium batteries,” were prepared in yields of 86
and 79 % respectively. Furthermore, the unsaturated carbonates
12f and 12g, which are potential building blocks for homo-
and copolymers with cyclic carbonate units in the backbone,
were isolated in distinguished yields up to 99%." Epoxide
11h, containing a furfuryl moiety, can also be synthesized from
renewables,* and the respective carbonate was isolated in
97% yield. Silyl-functionalized carbonates are often used as
precursors for the synthesis of non-isocyanate polyhydroxy-
urethane hybrid materials.”” They also find applications in
industry due to their potential utilization as electrolytes™® and
in surface modification. Thus, we converted 11i with CO, in the
presence of catalyst 8 and were able to obtain 12i in 93%
under slightly modified conditions. Additionally, bisphenol
diglycidyl ether (11j) was converted into the respective
carbonate 12j in 95% yield. This biscarbonate is a frequently
used monomer for the synthesis of non-isocyanate polyur-
ethanes (NIPUs).!

The synthesis of internal carbonates derived from epoxides
and CO, is rather challenging and is often marginally studied in
the evaluation of the substrate scope. Considering the high
efficiency of catalyst 8 in the conversion of terminal epoxides
under mild conditions we were interested in its performance
regarding the conversion of internal epoxides 13 (Figure 5).
Initially, the standard protocol [5 mol%, 23°C, 24 h, p(CO,)=
1.0 MPa] was tested for the conversion of cyclohexene oxide

0 5mol% 8 O—/<O
’
R 'ﬂz + CO, 80 °C, 24 h, p(CO,)=2.5 MPa R J\{O
R solvent-free R2
13a-f 14a-f
O o} o)
o~ o~ o~
o & og
e}
14a, 59%, 14b, 72% 14c, 82%
<10%[P<
(o] (o] o)
Eo SN o @
0
PR Y Me/K( Me(HzC)7J\(
Ph Me (CH,);CO,Me
14d, 24%0 14e, 84% (Cisltrans=25:75),  14f, 57% (cis/trans=25:75)

<10%(30]

Figure 5. Substrate scope for the conversion of internal epoxides 13 into the
corresponding carbonates 14. Reaction conditions: 1.0 equiv. 13 (1.00 g),

5 mol% 8, 80°C, 24 h, p(CO,) =2.5 MPa, solvent-free. Isolated yields are
given. [a] n-Butanol was employed as a solvent. [b] 23°C, p(CO,) =1.0 MPa.
[c] Yields were determined by 'H NMR spectroscopy using mesitylene as the
internal standard.
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(13a). Under these conditions < 10% of the desired carbonate
14a was obtained. Hence, the reaction temperature and CO,
pressure were increased to 80°C and 2.5 MPa, respectively. This
led to significant improvement of the yield, and 14a was
obtained in 59%. Moreover, the conversion of epoxides 13b
and 13c led to the corresponding cyclic carbonates 14b and
14c in 72 and 82 % yield, respectively. Notably, the conversion
of cis-stilbene oxide (13d) gave the trans-stilbene carbonate
trans-14d in a selectivity of 99%. This indicates that the
reaction proceeds via a cationic intermediate (Sy1-pathway),
which is stabilized by the phenyl substituent®¥ This pathway
leads to the thermodynamically more stable trans-product.
Moreover, 1,2-diphenyl-ethan-1-one was observed as a by-
product, which comes from the Meinwald rearrangement.®® In
contrast, the conversion of cis-13e and cis-methyl oleate (13f)
gave the respective carbonates in yields up to 84% with a cis/
trans-selectivity of 25:75. This can be attributed to the less
pronounced stabilization of the cationic intermediate by hyper-
conjugation in the Sy1-pathway.

DFT calculations

On the basis of our findings and previous reports®™ we propose
a three-step mechanism. The initial step is the ring-opening of
epoxide 1a. Subsequently, the positively charged carbon atom
of CO, couples with the negatively charged oxygen atom to
form a linear carbonate; alternatively, this step can also be
considered as a nucleophilic attack of the negatively charged
oxygen atom to the lowest unoccupied molecular orbital
(LUMO) of CO.. Finally, an intramolecular nucleophilic substitu-
tion leads to the formation of the desired cyclic carbonate and
liberates the catalyst. Since the nucleophilic counterion has
been found to have an important effect on the activity of the
catalyst, both bromide salt 7 and iodide salt 8 were considered.
On the basis of this proposal, we calculated the full Gibbs free-
energy surface for the cycloaddition of CO, to epoxide 1a
catalyzed by phenol-derived phosphonium halides 7 and 8,
affording the five-membered cyclic carbonate 2a. All computa-
tional details are given in the Supporting Information. Here we
present the results for the more active catalyst 8, while those
for the less active bromide salt 7 can be found in the
Supporting Information. The optimized structure | shows a
hydrogen bonding (2.297 A) interaction between the phenolic
OH and the I~ counter ion. Notably, this interaction can also be
seen in the crystal structure of catalyst 8 (Figure6,
O1A-H1A-I1A: O1A-HT1A=0.89(5) A, H1A-I1A'=2.48(5) A,
O1A-11A'=3.365(3) A, O1A-H1A-ITA'=172(4)°, symmetry
code: (i) —1/24+x,y,1/2—2).

For catalyst 8, two possible pathways for the ring-opening
at the methylene (C;, Scheme 3, right) and methine carbon (C,
Scheme 3, left) in the epoxide function were evaluated.

The structure of the intermediates in the catalytic cycle are
shown in Scheme 3 while for clarity the optimized structures of
transition states TS1-a to TS3-a as well as TS1-f to TS3-f are
shown separately in Figure 7. The corresponding Gibbs free-
energy profile for the opening at C, and C; is depicted in
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Figure 6. Molecular structure of catalyst 8 in the solid state. Displacement
ellipsoids correspond to 30 % probability. Lower occupancy sites are omitted
for clarity. The intermolecular hydrogen bond is shown as dashed line.*"

L) e el

PR Ph O_ ~"F o on &
H Ph" Ph 0., H
Oy TS3(0p)-a \ TS3(0,)-B S
& o 6 = o0,
0,” O, N o /C~O
\— CH-Et il a)_ N
T —/ CH
I g’e P Et \|2
V(Op)-
R6hs vi V(0p)-p
o
A
0”0
TS2-o Ts2
g’ B
2a
®
NP @
Ph Ph O NP
.0 @ o
y O ~~8 Ph Ph O‘H o
o ¢ PHi PN O, '3
) Et__O
) 1© h
HC( o
V-t \ v-p
C(‘ipathway 0
o
€0 l/ g’ P co,
1a
® e
~N"p | @
Ph Ph o) \/\(;). \/\P‘
H TS1-a PR Ph O, TS1-B P Pho,
o - H H
r o EtYO
i o Vanr
Bt e’ B HCl o

n n-p

Scheme 3. Intermediates of the calculated catalytic cycle for ring-opening at
the methylene (Cﬁ, right) and methine carbon (C,, left) at epoxide 1a.

Figure 8. The initial step is the epoxide coordination to the
phenol-derived phosphonium salt to form intermediate Il via
hydrogen bonding. The coordination is exergonic by 3 kJmol™".
This energy difference indicates dynamic equilibrium in favor of
Il (77%). The next step is the nucleophilic attack of I~ to the
carbon of the epoxide with C—O bond cleavage and the
formation of a C— bond.

Notably, the ring-opening at C; via transition state of TS1-f
has an energy barrier of 68 kJmol™', which is lower than that at
C, via transition state of TS1-a by 20 kJmol™". This can be
attributed to the steric interaction as estimated on the basis of
the distortion energy of epoxide. Namely, the geometrical strain
energy AE.., of 1a in TS1-f is 30.6 kJmol™" lower than that in
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TS1-a. The proton of the phenol group is transferred to the
oxygen of iodo butanolate forming an ylide and iodo-butanol.
The formation of Ill from Il is endergonic by 15 and 9 kJmol™
for 2-iodobutan-1-ol (lll-a) and 1-iodobutan-2-ol (lll-B), respec-
tively. The co-adsorption of CO, from Ill-a and HlI-p to form IV-a
and IV-f is also endergonic by 14 and 26 kJmol™, respectively.
The energy barrier of C—O coupling via transition state of TS2-a
and TS2-f is 40 and 57 kymol™" from lll-a and llI-B, respectively.
The formation of 2-iodobutyl carbonate anion V-a and 1-
iodobutan-2-yl carbonate anion V-f in which O, is interacting
with the OH of phenol is endergonic by 2 and 9 kimol™' from
Ill-a and 1I-B, respectively.

For the last step (the ring-closure reaction), three possible
pathways were calculated considering that three oxygen (O,/
0,/0,) in carbonate may interact with the OH group of phenol
(Figure 9). For the a route, the interaction in V-a between 2-
iodobutyl carbonate through O, and O, with OH of phenol is
less favorable than that through O, by 21 and 8kJmol™,
respectively. This indicates the strong stabilization of the
carboxylate anion through the hydrogen bonding between the

OH-group of the phenol and O, and O. of the carboxylate
moiety, respectively.

For the last step through the o route, the ring closure
through the O,, O, and O, routes from the most stable V-a (O,)
via TS3-a to the carbonate-catalyst adduct VI has an energy
barrier of 91, 63, and 68 kimol™', respectively. Notably, the
formation of adduct VI is exergonic by 60 kJmol™". For the
route, the interaction in V- between 2-iodobutyl carbonate
through O, and O, with OH of phenol is more favorable than
that through O, by 22 and 14 kimol™', respectively. The ring
closure through the O,, O,, and O, route from V-§ (O,) via TS3-§
to form the adduct VI has an energy barrier of 78, 54, and
58 kimol ™", respectively. The formation of cyclic carbonate from
V-B (Oy) is exergonic by 61 kJmol™". Notably, the release of the
cyclic carbonate 2a from the catalyst-carbonate adduct VI is
exergonic by 14 kJmol™". This confirms the experimental finding
that in the presence of catalyst 8 no product inhibition takes
place. Overall, the Gibbs free-energy profile shows that
intermediate Il is the resting state of the catalytic cycle.
Interestingly, the ring-opening and ring-closing steps have very
similar effective Gibbs energy barriers of 71 and 72 kJmol™,
respectively, indicating that both steps can be rate-determin-
ing.

For catalyst 7, the Gibbs free-energy profile (Figure S22)
shows that the interaction of epoxide with phenol-derived
phosphonium to form intermediate ll;, through the H-bond is
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Figure 8. Calculated Gibbs free-energy profile for the addition of CO, to epoxide 1a in the presence of catalyst 8 for the reaction at the methylene (Cg) and

methine carbon (C,).
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endergonic by 27 kJmol™". The large energy difference indicates
dynamic equilibrium in favor of I, and 1a (>99.99%) rather
than llg. For the ring-opening step, the  route is also more
favorable than the a route. The energy barrier of ring-opening
via TS1-Bg, is 97 kJmol™", which is 5 kJmol™' lower than that via
TS1-ag,. It is worth noting that the formation of Ill-g, is highly
exergonic by 22 kJmol™', while the formation of lll-B, is slightly
endergonic by 6 kimol™'. This indicates that the reaction with
both the Br~ catalyst 7 and the |” catalyst 8 can compensate
the increase of energy caused by ring-opening, and the
formation of 1-bromobutan-2-ol is more thermodynamically
preferred. The following C—O coupling via TS2-$ has an
energy barrier of 51 kimol™'. For the last step of ring-closing,
the effective energy barrier via TS3-f5,(0,) from -5, is
86 kimol™". In contrast to catalyst 8, the rate-determining step
for the reaction in the presence of catalyst 7 is clearly the ring-
opening. The effective barrier regarding this step for the
bromide salt 7 is 97 kJmol™', which is higher than that for
iodide salt 8 (72 kimol™") by 25 kJmol™". This can reasonably
explain the superior catalytic activity of 8 compared to catalyst
7.

Conclusions

Bifunctional phenolic phosphonium salt catalysts showed
superior efficiency in converting epoxides and CO, into value-
added cyclic carbonates under mild and solvent-free conditions.
The phenol-based phosphonium iodide 8 proved to be the
most active catalyst. Notably, this catalyst showed high activity
even at room temperature. Kinetic investigations revealed that
the superior activity in comparison with the previously reported
aliphatic catalyst 3 originates from a higher intrinsic activity as
well as the absence of any product inhibition. In the model
reaction the equilibrium constant K, of the product inhibition
with the aliphatic catalyst was calculated as 0.260 Lmol™".
Moreover, the observable rate constants k° were determined
as 0.197 h™' (8) >0.0605 h™' (3), reflecting the catalytic activity.
An apparent activation energy with a value of E,=39.6 kimol™
was estimated for the benchmark reaction with catalyst 8. The
substrate scope was evaluated, and 20 terminal and 6
demanding internal epoxides were converted. Excellent results
were achieved at room temperature for terminal epoxides while
the conversion of internal epoxides required elevated reaction
temperatures. Notably, catalyst 8 showed high functional group
tolerance, and the desired cyclic carbonates were isolated in
yields up to 99% even on multi-gram scale (up to 509
substrate). Furthermore, this method was applied in the three-
step synthesis of antitussive agent dropropizine starting from
epichlorohydrin and phenylpiperazine. On the basis of the
experimental findings the full Gibbs free-energy surfaces for the
use of phenol-derived phosphonium halides 7 and 8 as catalysts
in the model reaction were calculated. The calculation con-
firmed the activation of the epoxide via hydrogen bonding for
the iodide salt, which facilitates the ring-opening step. Notably,
the effective barrier regarding this step is 97 kimol™' for the
bromide and 72 kJmol™" for the iodide salt, which clearly
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explains the difference in activity. The DFT calculations also
confirmed the experimental finding that no product inhibition
occurs in the presence of the phenol-based phosphonium
iodide. Interestingly, for catalyst 8 the ring-opening and ring-
closing steps have similar effective Gibbs energy barriers of 71
and 72 kJmol™', respectively, indicating that both steps can be
rate-determining. In contrast, for catalyst 7 the rate-determining
step is the epoxide opening with an effective Gibbs energy
barrier of 97 kimol™".

Experimental Section

Synthesis of catalyst 8

2-(Diphenylphosphanyl)phenol:*? Under argon a mixture of 2-
iodophenol (660 mg, 3.00 mmol, 1.00 equiv.), Pd(OAc), (6.7 mg,
0.029 mmol, 0.03 equiv.), and NaOAc (271 mg, 3.30 mmol,
1.10 equiv.) was dissolved in anhydrous dimethylacetamide
(9.00 mL). After addition of diphenylphosphine (559 mg, 3.00 mmol,
1.00 equiv.) the reaction mixture was heated to 110°C and stirred
for 17 h. Subsequently, the reaction mixture was cooled to 23°C
and filtered over celite using CH,Cl, as eluent. After removal of all
volatiles under vacuum the crude product was purified by column
chromatography (SiO,, CH,Cl,) to yield the title compound (710 mg,
2.55 mmol, 83%) as a colorless solid. '"H NMR (300 MHz, CDCl;,
25°C): 0 =6.26-6.28 (br s, 1H), 6.88-7.03 (m, 3H), 7.29-7.39 (m, 11H)
ppm. *'P NMR (122 MHz, CDCl; 25°C): 6 =—28.62 ppm.

(2-Hydroxyphenyl)diphenyl(propyl)phosphonium iodide (8):*? In a
pressure tube 1-iodopropane (2.17 g, 12.8 mmol) was added to 2-
(diphenylphosphanyl)phenol (510 mg, 2.55 mmol). The tube was
flushed with argon and sealed. Subsequently, the reaction mixture
was stirred at 102°C for 24 h. The crude product was filtered off
and washed with Et,0 (4x50 mL) to yield 8 (1.06 g, 2.37 mmol,
93 %) as a white solid. 'H NMR (300 MHz, CDCl,): 6=1.14 (td, J=7.3,
1.9 Hz, 3H), 1.68-1.81(m, 2H), 3.08-3.18 (m, 2H), 6.84-6.92 (m, TH),
6.94-7.01 (m, 1H), 7.53-7.69 (m, 9H), 7.75-7.82 (m, 2H), 7.96-8.01
(m, TH), 10.78 (br s, 1H) ppm. *'P NMR (122 MHz, CDCl;) 6=
23.49 ppm.

Representative examples for the synthesis of cyclic
carbonates

4-Methyl-1,3-dioxalan-2-one (2a):®* A 45 cm? stainless-steel auto-
clave was charged with catalyst 8 (306 mg, 0.683 mmol, 5 mol %)
and 1,2-epoxybutane (1a, 1.00 g, 13.9 mmol). The autoclave was
purged with CO,. Subsequently, the reaction mixture was stirred at
23°C for 24 while p(CO,) was kept constant at 1.00 MPa. CO, was
released slowly, and the reaction mixture was filtered over SiO,
with EtOAc as eluent. After the removal of all volatiles under
vacuum 2a (1.53 g, 13.1 mmol, 95%) was obtained as a light-yellow
oil. '"H NMR (300 MHz, CDCl;) §=1.03 (t, J=7.4 Hz, 3H), 1.66-1.93
(m, 2H), 4.09 (dd, J=8.4, 7.0 Hz, 1H), 4.53 (dd, J=8.4, 7.9 Hz, 1H),
4.61-4.74 (m, 1H) ppm.

4-(Methoxymethyl)-1,3-dioxalan-2-one (12a):* A 45 cm’ stainless-
steel autoclave was charged with 2-(methoxymethyl)oxirane (11a,
1.00 g, 11.4 mmol) and catalyst 8 (254 mg, 0.567 mmol, 5 mol%).
The autoclave was purged with CO,. Subsequently, the reaction
mixture was stirred at 23 °C for 48 h while p(CO,) was kept constant
at 1.00 MPa. CO, was released slowly, and the reaction mixture was
filtered over SiO, with EtOAc as eluent. After the removal of all
volatiles under vacuum 12a (1.44 g, 10.9 mmol, 96 %) was obtained
as a yellow liquid. '"H NMR (300 MHz, CDCl;) 6 =3.43 (s, 3H), 3.58
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(dd, J/=10.9, 3.8 Hz, TH), 3.63 (dd, J=3.9 Hz, 1H), 4.39 (dd, /=84,
6.1 Hz, 1H), 450 (t, /=8.3 Hz, 1H), 4.75-4.87 (m, TH) ppm.

cis-Tetrahydrofuro[3,4-d][1,3]dioxol-2-one (14¢):®¥ A 45 cm?® stain-
less-steel autoclave was charged with 6-dioxabicyclo[3.1.0]lhexane
(13¢, 1.00g, 11.6 mmol) and catalyst 8 (261 mg, 0.582 mmol,
5 mol%). The autoclave was purged with CO,. Subsequently the
mixture was stirred at 80 °C for 24 h, while p(CO,) was kept constant
at 2.50 MPa. The reactor was cooled with an ice bath below 20°C
and CO, was released slowly. The reaction mixture was filtered over
SiO, with EtOAc as eluent. After the removal of all volatiles under
vacuum the desired products 14c (1.25g, 9.61 mmol, 82%) was
obtained as a colorless liquid.
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Abstract: The synthesis of three bifunctional phosphonium salts bearing perfluorinated side
chains is reported. These compounds were employed as catalysts for the synthesis of cyclic
carbonates from epoxides and CO,. The most efficient catalyst comprised a phenolic
substructure and allowed the synthesis of various carbonates at room temperature and a
CO; pressure as low as 0.1 MPa. The reaction could be performed in perfluorodecalin which
in some cases led to improved yields and facilitated the separation of the catalyst.
Furthermore, the isolation from the reaction mixture and recyclability of two catalysts was
evaluated. In total 16 cyclic carbonates were prepared in yields up to 97%.
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Changyue Ren,™ Anke Spannenberg,” and Thomas Werner*® "

Abstract: The synthesis of three bifunctional phosphonium
salts bearing perfluorinated side chains is reported. These
compounds were employed as catalysts for the synthesis of
cyclic carbonates from epoxides and CO,. The most efficient
catalyst comprised a phenolic substructure and allowed the
synthesis of various carbonates at room temperature and a
CO, pressure as low as 0.1 MPa. The reaction could be

performed in perfluorodecalin which in some cases led to
improved yields and facilitated the separation of the catalyst.
Furthermore, the isolation from the reaction mixture and
recyclability of two catalysts was evaluated. However, the
activity of the recycled catalysts gradually decreases due to
partial decomposition. In total 16 cyclic carbonates were
prepared in yields up to 97%.

Introduction

The utilization of CO, as a C1 building block in organic synthesis
is of increasing importance and received great attention in
recent years.! The global atmospheric CO, concentration has
reached 417 ppm in 2021. Thus, carbon capture and utilization
(CCU) strategies to convert this readily available and cheap
waste gas into valuable-added products are of great economic,
social and ecological interest."%* CO, is used on industrial scale
as a raw material, mainly to produce urea carbonates,”
methanol,® and salicylic acid.”’ However, all of these valor-
ization routes consume < 1% of the annual global CO,
emissions.”®

A promising reaction that fulfills several of the 12 Green
Chemistry Principles is the atom economic addition of CO, to
epoxides 1 to produce cyclic carbonates 2 (Scheme 1).*! Cyclic
carbonates find applications as electrolytes in Li-ion batteries,"”
intermediates for fine chemicals and raw materials for the
synthesis of polycarbonates."” They also provide a green
alternative to produce non-isocyanate polyurethane (NIPU) in
which the use of harmful isocyanates is avoided.'?

Recently, bifunctional phosphonium salt catalysts bearing a
phenol motif emerged as efficient catalysts for the addition of
CO, to epoxides. These catalysts usually activate the epoxide via
hydrogen bonding, lowering the activation barrier for the

[a]l C. Ren, Dr. A. Spannenberg, Prof. Dr. T. Werner

Leibniz Institute for Catalysis e.V. at the University of Rostock
Albert-Einstein-Stral3e 29a, 18059 Rostock (Germany)

E-mail: Thomas.Werner@catalysis.de

Prof. Dr. T. Werner

Department of Chemistry

Paderborn University

Warburger Str. 100, D-33098 Paderborn (Germany)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ajoc.202200156

© 2022 The Authors. Asian Journal of Organic Chemistry published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use, dis-
tribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

s

> 0

Asian J. Org. Chem. 2022, 11, €202200156 (1 of 7)

[¢]
0 Catalyst
<J o+ cop /?:/fo
T, t, p(COy), solvent R
1 2

Scheme 1. Synthesis of cyclic carbonate 2 by coupling CO, with epoxides 1.

subsequent nucleophilic ring opening by the halogen
anion.l'*™

In 2016, the group of Shirakawa reported that biphenyl-
derived phosphonium salt 3 enables the conversion of epoxides
with CO, at low CO, pressure (1.0 atm) (Scheme 2)." In the
same year, Toda and coworkers studied bifunctional tetraar-
ylphosphonium salt 4, which also allowed for the synthesis of
cyclic carbonate at atmospheric CO, pressure.™™ However, this
catalyst requires reaction temperatures of 120°C and chlor-
obenzene as the solvent. Subsequently, the same group studied
the impact of the electronic properties of the substituents on
the catalyst efficiency."® The introduction of electron-donating
groups significantly enhanced the catalytic activity, which
allowed to reduce the reaction temperature to 60°C. In 2017
our group reported the use of bifunctional phenolic
phosphonium bromide 5 for the preparation of oleochemical
carbonates at 80°C and 2.5 MPa CO, pressure."”

Changing the counter anion from Br~ to | allowed the
synthesis of various terminal epoxides even at 23°C."® The

separation and recycling of homogenous catalysts is generally
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Scheme 2. Previously reported phosphonium salt catalysts 3-6 for the
conversion of epoxides 1 with CO,.
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challenging. In some cases it is possible to separate the catalyst
from the cyclic carbonate by distillation."” However, for higher
boiling cyclic carbonates the thermal stress might lead to
decomposition of the catalyst. The immobilization of the
catalysts on heterogenous supports is one possible alternative.
In this regard we previously reported the immobilization of
bifunctional phosphonium salts bearing a phenol moiety on
different supports.”® Another possibility is the use of fluori-
nated catalysts and the separation of the catalyst from a
biphasic system.?" Yasuda and Sakakura reported the use of
perfluorinated phosphonium salt 6 (—Rf;= C¢F,;C;H,—) which
allowed the facile separation of 6 in scCO, from the product
phase.”? Herein we report the synthesis of phenol based
bifunctional phosphonium salts bearing perfluorinated side
chains, their use in the synthesis of cyclic carbonates as well as
studies on their recycling.

Results and Discussion

The fluorinated bifunctional organocatalysts 8, 9 and 11 with
different fluorine contents (17%, 38% and 55%) were prepared

OH l@

/@ b @(p/\/ Rin
Ph OH 90-100 °C, 24 h, @@\@
toluene
7 8,n=2,84%
9,n=8,77%

90 °C, 24 h, N
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Scheme 3. Synthesis of the phosphonium salt catalysts.

Table 1. Comparison of phosphonium salts 8, 9 and 11 as catalysts in the
synthesis of carbonate 2a.
o) Catalyst O//<
Et/<l + €0, T,24 h, p(CO,) = 1.0 MPa Et)\/o

1a 2a
Entry Catalyst T°C Loading [mol%] Yield [%]“
1 8 23 2 58
2 9 23 2 55, 54
3 1 23 2 <5
4 8 23 5 95
5 9 23 5 98, 99, 5219
6 11 23 5 30
7 8 45 5 29
8 9 45 5 29
9 1 45 5 93
10 9 60 1 98
Reaction conditions: 1.0 equiv. epoxide 1a (6.9 mmol), 2.0-5.0 mol%
catalyst, 23-60°C, 24 h, p(CO,) = 1.0 MPa, solvent-free. [a] Yields deter-
mined by 'H NMR spectroscopy with mesitylene as internal standard. [b]
Perfluorodecalin (1 mL) was used as solvent. [c] p(CO,)=0.1 MPa. [d] 16 h.
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by alkylation of the corresponding phosphine (Scheme 3). The
conversion of 7 with perfluoroalkyl iodide (Rf,, n=2 and n=38)
gave the desired bifunctional salts 8 with a fluorine content of
17% and 9 with a fluorine content of 38% in 84% and 77%
yield, respectively. Commercially available phosphine 10 with
perflourinated side chains was alkylated with 2-iodoethanol.
The desired salt 11 was obtained in a moderate yield of 64%.

The prepared catalysts were tested in the conversion of CO,
with butylene oxide (1a) at low reaction temperatures (< 50°C)
under solvent-free conditions (Table 1). Even at room temper-
ature the catalysts 8 and 9 (2 mol%) with a lower fluorine
content led already to the desired product 2a in moderate
yields of 58% and 55% respectively (Entries 1 and 2). Interest-
ingly, in the presence of catalyst 11 which has a fluorine
content of 55% only traces of 2a were observed (Entry 3). This
might be explained by the low solubility of 11 in the epoxide
1a which was observed at room temperature. Excellent yields of
up to 98% were achieved by increasing the catalyst loading of 8
and 9 to 5 mol% (Entries 4 and 5). Notably, even at a low CO,
pressure of 0.1 MPa 2a was obtained in 52% at 23°C in the
presence of 9 (Entry 5). In the presence of 11 a yield of 30% was
achieved (Entry 6). This agrees with previous studies in which
catalysts with a phenolic hydroxyl group in the ortho position
to the phosphonium moiety show higher activity compared to
2-hydroxyethyl-functionalized salts."® Excellent yields of >90%
were achieved with catalysts 8, 9 and 11 when the reaction
temperature was increased to 45°C (Table 1, entries 7-9). To
further clarify the role of the hydroxyl group, we prepared an
analog to catalyst 9 without this group. Under the condition of
entry 5, only 3% yield was obtained in the presence of 5 mol%
of this analog (see Supporting Information for details).

We were interested in the potential to separate the catalyst
directly from the reaction mixture via a biphasic work-up using
a suitable perfluorinated solvent. Thus, the solubility of the
most active catalysts 8 and 9 in butylene carbonate (2a) and
various perfluorinated solvents was investigated. Perfluorodeca-
lin proved to be the most suitable solvent for the separation
(see Supporting Information for details). Upon addition of
toluene 70% of catalyst 9 is in the fluorous phase while the
organic phase contains 30%. This result indicates the possibility
of separating the catalyst from the reaction mixture by
extraction with perfluorodecalin. As expected, the solubility of 8
in this solvent is much lower due to the low fluorine content of
17%. In this case 96% of the catalyst remained in the organic
phase. Therefore, the performance of 9 was further investigated.
At 23°C the test reaction can also be performed at a lower CO,
pressure (0.1 MPa) or in perfluorodecalin without loss of
efficiency (Table 1, Entry 2). Compared to the solvent-free
conditions a similar yield of 99% for 2a was obtained in the
presence of 9 (5 mol%) when perfluorodecalin was used as the
solvent (Entry 5). At a reaction temperature of 60°C full
conversion to the desired product was achieved after 16 h with
a reduced catalyst loading of 1 mol% (Entry 10). We obtained
crystals of 9 which were suitable for X-ray crystallographic
analysis (Figure 1). An intermolecular O—H--I hydrogen bond is
observed in the crystal structure of 9 (O1—H1-I1: O1-H1=

o

0.82(3) A, H1.-11=257(3), 01-11=3.381(2) A, O1-H1.-I1=
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Figure 1. Molecular structure of catalyst 9 in the solid state (CCDC 2113188).
Displacement ellipsoids correspond to 30% probability. Lower occupancy
sites are omitted for clarity. The intermolecular hydrogen bond is shown as
dashed line.*

168(3)°. The bond between the oxygen and hydrogen atom is
shorter compared to the previously reported propyl-substituted
analogue (0.89(5) A), while the bond between the hydrogen
and iodide counter ion is longer (2.48(5) A)."®

Subsequently we studied the scope and limitation of
catalyst 9 in the conversion of epoxides 1 with CO, at room
temperature (Scheme 4). Butylene oxide (1a) and propylene
oxide (1b) gave the corresponding carbonates 2a and 2b in
isolated yields of 93% and 91% respectively. The conversion of
1a was also performed in perfluorodecalin which led to a
comparable yield of 95%. Epoxide 1c bearing a long alkyl chain
gave the desired product 2c¢ in a moderate yield of 50%. At
higher reaction temperature (45°C) the isolated yield was
increased to 94%. The reaction of epifluoro-(1d) and epichlor-
ohydrin (1e) with CO, led to the corresponding cyclic carbo-
nates in 78% and 85% respectively. At 45°C styrene oxide (1f)

o)
o 5 mol% Catalyst 9
<l * CO it A 0//<o
t, T, p(COz) R/IV
1 2
0 o) 0 o] o)
)o\/J(O oJ<O oJ<O oJ<O o//<o
Et Me ,,Bu)\/ F\/'\/ cl\)\/
2a, 93%, 95%@  2b,91%  2c, 50%, 52% 94%!  2d, 78% 2e, 85%
o o]
vy o0& //(O o]
o ] o) J<
/‘\/o Me%\/o N/\ 0 o]
Ph E Me 1\/N
2f, 30%, 91%! 2g, 60%, 79%I? 2h, 81% 2i, 96%!°
0 0
0 0
OJ< O/[< OJ<O OJ(Q
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0
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Scheme 4. Evaluation of the substrate scope with 9. Reaction conditions:
1.0 equiv. epoxide 1 (500 mg), 5.0 mol% catalyst, 23 °C, 24 h, p(CO,)-

=1.0 MPa, solvent-free, isolated yields are given. [a] 1 mL perfluorodecalin.
[b] 48 h. [c] 45°C [d] 60°C, 2.5 MPa.
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was converted to carbonate 2f in 91% vyield while at room
temperature only a low yield of 30% was obtained. Interest-
ingly, 4-fluorophenyl substituted epoxide 1g gave a yield of
60% which was further improved to 79% in the presence of
perfluorodecalin as solvent. The more challenging 1,1-disubsti-
tuted terminal epoxide 1h can be transformed to 2h in 81%
isolated yield under much milder conditions (45°C, 1 MPa,
24 h), compared to the conditions published in a previous
report (80°C, 2.5MPa, 24h) utilizing a non-fluorous
phosphonium salt catalyst."® Piperazine derivative 2i is an
intermediate in the synthesis of the antitussive dropropizine,!
Conversion of 1i at 45°C gave this intermediate in 96% yield.
Glycidyl ethers 1j-10 represent a challenging class of
substrates.”” For their efficient conversion it was necessary to
either extend the reaction time to 48 h or to increase the
reaction temperature to 45°C. Methyl glycidyl ether can be
transformed to 2j in 82% yield at 23°C in 48 h, while the yield
for tert-butyl glycidyl carbonate (2k) was improved from 64% to
97% when the reaction was performed at 45 °C instead of room
temperature. Carbonate 2I, a promising monomer for conduct-
ing polymers and coatings, was obtained in 77% yield at room
temperature. tert-Butyldimethylsilyl ether 2m was obtained in
94% vyield. Fluoroalkyl-substituted carbonates are valuable
products which can be used as electrolytes in lithium
batteries.” The fluorous-tagged carbonates 2n and 20 are
obtained from the corresponding glycidyl ethers in yields of
82% and 67% respectively. Finally, 41% yield was obtained at
further elevated temperature and pressure for the very
challenging cyclohexene oxide (2p).

We studied the recyclability of catalyst 9 in the conversion
of 4-fluorostyrene oxide (1g) at 23°C. After 30 h reaction time
toluene and more perfluorodecalin was added to dissolve the
product 2g and 73% of the catalyst was reisolated as a solid
(Figure 2). In the second run the amount of substrate was
adjusted to the amount of catalyst which was reisolated.
Surprisingly the yield of 2g dropped to 37%.

The '"H NMR spectra of the recycled catalyst significantly
changed compared to the spectra of the fresh catalyst 9
(Figure 3a vs. 3c). We postulated the formation of the zwitter-
ionic compound 12 under the reaction conditions. This might
occur either by the loss of hydrogen iodide or by the formation
of the corresponding halohydrin which is a frequently observed
side product in the synthesis of cyclic carbonates from epoxides
in the presence of bifunctional onium salt catalysts.**' Thus,
12 was prepared and the 'H NMR is shown in Figure 3d. '"H NMR

100
80
60
40
20

Yield/%

run 1 run 2 regenerated 1 regenerated 2 regenerated 3

Figure 2. Recycling studies for catalyst 9. Reaction conditions: 1g (1.0 equiv),
5.0 mol% 9, 23°C, 30 h, 1.0 MPa CO,, 1.0 mL perfluorodecalin. Yields were
determined by ' H NMR spectroscopy with mesitylene as internal standard.
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Figure 3. Sections of the "H NMR spectra of a) the recycled catalyst, b) a 1:1
mixture of 9 and 12, c) catalyst 9, d) compound 12.

spectra of several samples with different ratios of 9:12 were
taken (Figure S4). The '"H NMR spectra of the 1:1 mixture is
comparable to the one of the recycled catalyst (Figure 3a vs.
3b). The elemental analysis of the recycled catalysts for iodide
(calcd.: 8.05%, found.: 8.02%) supports this ratio. The initial
activity of the catalyst was restored by treating the recycled
catalyst with an aqueous solution of hydrogen iodide. Utilizing
the regenerated catalyst in the third run led to a yield of 89%
for 2g. 69% of catalyst was reisolated and only 3% of the
product was detected in the fluorous phase. The catalyst was
recovered, regenerated and reused two more times with similar
results.

Additionally, we tested the recyclability of 11 in the
conversion of butylene oxide (1a) with CO, in perfluorodecalin.
In the presence of 50mol% 11 the desired product was
obtained in 90% yield after 24 h at 45°C and 1.0 MPa CO,. At
45°C the organic phase turned homogenous and allowed the
reaction to proceed. After cooling the reaction mixture to 23°C
11 directly precipitates from the reaction mixture. The product
was removed by decantation. No signal was observed in the *'P
NMR of the product which indicates that the catalyst is not
leaching to the product phase (Figure S6). Catalyst 11 and
perfluorodecalin were directly used for the next run by simply
adding new substrate. The isolated yield gradually decreased
from 90% in the first run to 37% in the fifth run (Figure 4). The
decrease in the catalytic activity can be addresses to the loss of
iodoethanol and oxidation of 11 which is indicated by a peak
shift in the *'P NMR from 23.7 ppm for 11 to 27.9 ppm after the
fifth run (Figure S5). While catalyst 11 is stable under air at
room temperature heating 11 to 45°C for 4 h led already to
partial decomposition and a signal in the *'P NMR at 28.0 ppm
indicates the formation of the phosphine oxide.””!

Based on our results and previous reports we propose the
reaction mechanism shown in Scheme 5."® In the initial step
catalyst 9 activates the epoxide via hydrogen bonding
(Scheme 5, i). This is followed by the nucleophilic ring opening
of the epoxide by iodide (ii). Subsequent CO, insertion leads to
a linear carbonate intermediate (iii). An intramolecular nucleo-
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Figure 4. Recycling of catalyst 11. Reaction conditions: 1a (0.12 mmol),
5.0 mol% 11, 45°C, 24 h, 1.0 MPa CO,, 0.5 mL perfluorodecalin. Yields of
isolated products are given.
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Scheme 5. Putative mechanism for coupling of epoxides 1 with CO,
catalyzed by bifunctional phosphonium salt 9.

philic substitution is then giving the product 2, liberating the
catalyst 9 (iii). The formation of halohydrins is a frequently
observed side reaction in the synthesis of cyclic carbonates
catalyzed by onium salts. This might lead to the observed
formation of the species 12. Toda reported that these type of
zwitterionic phosphonium salts are capable forming cyclic
carbonates from halohydrins and CO, at elevated temperatures
(60°C)."*" However, no reaction was observed at a lower
reaction temperature of 25°C which is in agreement with our
results in the catalyst recycling experiments.

Conclusion

Three bifunctional phosphonium salts bearing perfluorinated
side chains were prepared in up to 84% yield by simple
alkylation. These compounds are suitable for the synthesis of
cyclic carbonates from epoxides and CO, even under mild
conditions (23°C, 0.1 MPa). The most active catalyst is based on
a phenolic substructure. Under the optimized reaction con-
ditions (5mol% cat, 23°C or 45°C, 1.0 MPa) 15 terminal
epoxides were converted to the corresponding cyclic carbo-
nates in yields up to 96%. The reaction can be performed in
perfluorodecalin which led in some cases to improved yields. To
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the best of our knowledge, this is the first example for the
coupling of epoxides with CO, employing a biphasic fluorous
system. The catalyst can be easily separated by precipitation
from the biphasic reaction mixture. Recycling experiments were
performed for two of the catalysts. The bifunctional catalyst
bearing a hydroxyalkyl moiety was recycled five times. A
decrease in product yield from 90% to 37% during this process
was observed which could be assigned to the decomposition of
the catalyst to the corresponding phosphine oxide. The
recycling of the catalyst containing a phenolic moiety was also
performed. The analysis of the reisolated catalyst revealed the
partial formation of a zwitterionic species which is catalytically
inactive under the reaction conditions. However, this species
can be converted to the active catalyst by regeneration with
hydrogen iodide.

Experimental Section

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)(2-
hydroxyphenyl)diphenyl-phosphonium iodide (9) : A mixture of 7
(1.39g, 5.00 mmol), 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-
10-iododecane (3.44 g, 6.00 mmol) and toluene (8 mL) was stirred
for 24 h at 90°C in a pressure tube. Subsequently, all volatiles were
removed in vacuo. The obtained solid was washed with Et,0 (2x
100 mL) to yield 9 (3.27 g, 3.84 mmol, 77%) as a colorless solid. 'H
NMR (300 MHz, CDCl;) 6 =10.41 (s, 1H), 8.14 (dd, J=7.6, 6.0 Hz, TH),
7.92-7.78 (m, 2H), 7.78-7.66 (m, 4H), 7.66-7.51 (m, 5H), 7.10-6.97
(m, 1H), 6.97-6.83 (m, 1H), 3.54-3.32 (m, 2H), 2.63-2.32 (m, 2H)
ppm. *C NMR (75 MHz, CDCly) 6=161.68 (d, J=2.6 Hz), 138.31,
135.52 (d, J=3.0 Hz), 134.10 (d, J=9.1 Hz), 133.11 (d, J=10.1 Hz),
130.77 (d, J=12.8 Hz), 121.65 (d, J=13.1 Hz), 119.23 (d, /=7.1 Hz),
117.99, 116.81, 101.35, 100.15, 25.58, 17.20, 16.80 (d, J=59.5 Hz)
ppm. CygH;oF;;0P, m/z (ESI) 725 (M™).

tris(4(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl)pheny-l)(2-hydroxyethyl)phosphonium
iodide (11): A Schlenk flask was charged with 10 (3.20g,
2.00 mmol), 2-iodoethanol (344 mg, 2.00 mmol) and toluene
(15mL). The flask was constantly purged with argon and the
reaction mixture was stirred for 24 h at 90°C. Subsequently, all
volatiles were removed in vacuo. The obtained solid was washed
with Et,0 (2x50 mL) to yield 11 (2.06 g, 1.27 mmol, 64%) as a
colorless solid. 'H NMR (400 MHz, CDCl;) 6 =7.81-7.70 (m, 6H), 7.53
(dd, J=8.3, 3.1 Hz, 6H), 4.29 (t, J=6.7 Hz, 1H), 4.07 (dd, J=19.7,
6.3 Hz, 2H), 3.86-3.79 (m, 2H), 3.09-2.98 (m, 6H), 2.44 (dt, /=184,
9.5 Hz, 6H). *'P NMR (162 MHz, CDCl;) 6 =23.68. *C NMR (75 MHz,
CD,Cl,) 6=147.23, 147.19, 13432, 134.17, 130.41, 130.24, 128.49,
117.29, 116.11, 32.23, 31.94, 31.64, 26.93, 26.54 ppm. HRMS (ESI)
Calcd. for CeoH,4OF ;P 1645.0940. Found: 1645.1142.

General procedure for the synthesis of various cyclic carbonates
2using 9: A 45cm’® stainless-steel autoclave was charged with
catalyst 9 (5.0 mol%) and epoxide 1 (500 mg, 1.00 equiv). The
autoclave was purged with CO, and the pressure kept constant at
1.0 or 2.5 MPa. The reaction mixture was stirred at 23°C-60°C for
24 or 48 h. Subsequently the CO, was released slowly. The crude
mixture was diluted with EtOAc (30 mL) and filtered over SiO, with
cyclohexane/ethyl acetate=10:1. The carbonates 2 were obtained
after all volatiles were removed in vacuo.

4-Ethyl-1,3-dioxolan-2-one (2a):"® According to the GP, 1,2-
epoxybutane (1a, 500 mg, 6.95 mmol), 9 (296 mg, 0.347 mmol) and
CO, were converted at 23°C, 1.0 MPa for 24 h to yield 2b (749 mg,
6.45 mmol, 93%) as a light-yellow oil. '"H NMR (300 MHz, CDCl;) 6=
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4.69-4.57 (m, TH), 4.49 (t, J=8.1 Hz, 1H), 4.08-4.00 (m, 1H), 1.82-
1.64 (m, 2H), 0.97 (t, J=7.5Hz, 3H). *C NMR (75 MHz, CDCl;) 6=
155.19, 78.09, 69.06, 26.87, 8.43 ppm.

4-Methyl-1,3-dioxolan-2-one (2b):"® According to the GP, 1,2-
epoxypropane (1b, 500 mg, 8.61 mmol), 9 (296 mg, 0.430 mmol)
and CO, were converted 23°C, 1.0 MPa for 24 h to yield 2b
(797 mg, 7.81 mmol, 91%) as a light-yellow oil. '"H NMR (300 MHz,
CDCly)) 6=4.91-4.74 (m, 1H), 4.58-4.47 (m, 1H), 4.05-3.94 (m, 1H),
1.45 (d, J=7.0 Hz, 3H) ppm. *C NMR (75 MHz, CDCl;) 0=155.13,
73.65,70.72, 19.40 ppm.

4-Butyl-1,3-dioxolan-2-one (2¢):"® According to the GP, 1,2-
butyloxirane (1c, 500 mg, 4.99 mmol), 9 (213 mg, 0.250 mmol) and
CO, were converted 23°C, 1.0 MPa for 48 h to yield 2c (675 mg,
4.68 mmol, 94%) as a light-yellow oil. '"H NMR (300 MHz, CDCl;) 6 =
4.76-4.64 (m, 1H), 4.56-4.47 (m, 1H), 4.06 (dd, J=8.4, 7.2 Hz, 1H),
1.89-1.60 (m, 2H), 1.51-1.29 (m, 4H), 0.91 (t, J=7.0 Hz, 3H) ppm. "*C
NMR (75 MHz, CDCl;) 6 =155.20, 77.16, 69.50, 33.66, 26.53, 22.35,
13.89 ppm.

4-(Fluoromethyl)-1,3-dioxolan-2-one (2d):"® According to the GP,
epifluorohydrin (1d, 500 mg, 6.57 mmol), 9 (280 mg, 0.329 mmol)
and CO, were converted 23°C, 1.0 MPa for 24h to yield 2d
(595 mg, 5.12 mmol, 78%) as a light-yellow oil. '"H NMR (400 MHz,
CDCl;y) 6 =4.98-4.89 (m, 1H), 4.74 (dd, J=11.8, 2.3 Hz, 1H), 4.62 (dd,
J=11.2, 2.3 Hz, 1H), 4.55-4.52 (m, 1H), 4.44 (dd, J=11.2, 3.1 Hz, TH)
ppm. C NMR (101 MHz, CDCl;) 6 =154.66, 82.22, 80.47, 74.62 (d,
J=19.6 Hz), 64.96 (d, /=7.1 Hz) ppm.

4-(Chloromethyl)-1,3-dioxolan-2-one (2e):"® According to the GP,
epichlorohydrin (1e, 500 mg, 5.40 mmol), 9 (231 mg, 0.270 mmol)
and CO, were converted 23°C, 1.0 MPa for 24 h to yield 2e
(620 mg, 4.54 mmol, 85%) as a light-yellow oil. '"H NMR (300 MHz,
CDCl;) 0=5.04-4.89 (m, 1H), 4.65-4.53 (m, 1H), 441 (dd, J=8.9,
5.8 Hz, 1H), 3.85-3.67 (m, 2H) ppm. >C NMR (75 MHz, CDCl;) 6=
154.27,74.35, 67.10, 43.71 ppm.

4-Phenyl-1,3-dioxolan-2-one (2f):"® According to the GP, styrene
oxide (1f, 500 mg, 4.16 mmol), 9 (178 mg, 0.208 mmol) and CO,
were converted 45°C, 1.0 MPa for 24 h to yield 2f (625 mg,
3.81 mmol, 91%) as a colorless solid. "H NMR (300 MHz, CDCl;) 6 =
7.41-7.33 (m, 3H), 7.31-7.26 (m, 2H), 5.60 (t, J=8.0 Hz, TH), 4.77-
4.67 (m, TH), 4.30-4.22 (m, 1H) ppm. *C NMR (75 MHz, CDCl;) 6 =
154.95, 135.90, 129.82, 129.33, 125.98, 78.09, 71.26.ppm.

4-(4-Fluorophenyl)-1,3-dioxolan-2-one (2g):"*’ According to the
GP, 2-(4-fluorophenyl)oxirane (1g, 500 mg, 3.62 mmol), 9 (154 mg,
0.181 mmol) and CO, were converted 23°C, 1.0 MPa for 24 h to
yield 2g (516 mg, 2.83 mmol, 79%) as colorless solid. 'H NMR
(300 MHz, CDCl;) 6 =7.40-7.32 (m, 2H), 7.18-7.09 (m, 2H), 5.71-5.61
(m, TH), 4.79 (dd, J=8.7, 8.1 Hz, 1H), 4.32 (dd, J=8.7, 7.8 Hz, 1H)
ppm. *C NMR (75 MHz, CDCl;) 6 =163.56 (d, J=248.7 Hz), 154.68,
131.73 (d, J=3.3 Hz), 128.13 (d, /=8.6 Hz), 116.50 (d, J=22.0 Hz),
77.53,71.22 ppm.

4,4-Dimethyl-1,3-dioxolan-2-one (2h):"® According to the GP, 2,2-
dimethyloxiran (1h, 500 mg, 6.93 mmol), 9 (296 mg, 0.347 mmol)
and CO, were converted 45°C, 1.0 MPa for 24 h to yield 2h
(654 mg, 5.63 mmol, 81%) as a light-yellow oil. 'H NMR (300 MHz,
CDCl;) =4.14 (s, 2H), 1.52 (s, 6H) ppm. >C NMR (75 MHz, CDCl,)
0=154.72, 81.80, 75.51, 26.19 ppm.

4-((4-Phenylpiperazin-1-yl)methyl)-1,3-dioxolan-2-one (2i) ):"® Ac-
cording to the GP, 1-(oxiran-2-ylmethyl)-4-phenylpiperazine (1i,
500 mg, 229 mmol), 9 (97.7mg, 0.115mmol) and CO, were
converted 45°C, 1.0 MPa for 24 h to yield 2i (575 mg, 2.19 mmol,
96%) as a colorless solid. 'H NMR (300 MHz, CDCl;) 6 =7.28-7.24 (m,
2H), 6.89 (dd, /=18.0, 7.5 Hz, 3H), 4.93-4.79 (m, 1H), 4.61-4.49 (m,
1H), 4.27 (dd, J=8.5, 7.1 Hz, 1H), 3.19 (t, J=5.0 Hz, 4H), 2.73 (dd, J=
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12.0, 5.5 Hz, 6H) ppm. *C NMR (75 MHz, CDCl;) 6 =154.82, 151.61,
127.27,120.63, 116.54, 75.12, 68.20, 60.12, 54.58, 49.22 ppm.

4-(Methoxymethyl)-1,3-dioxalan-2-one (2j):"¥ According to the
GP, 2-(methoxymethyl)oxirane (1j, 500 mg, 5.67 mmol), 9 (242 mg,
0.284 mmol) and CO, were converted 23°C, 1.0 MPa for 48 h to
yield 2j (618 mg, 5.67 mmol, 82%) as a light-yellow oil. 'H NMR
(300 MHz, CDCl;) 6 =4.87-4.73 (m, 1H), 4.49 (t, J=8.3 Hz, 1H), 437
(dd, J=8.4, 6.1 Hz, TH), 3.67-3.53 (m, 2H), 3.42 (s, 3H) ppm. *C NMR
(75 MHz, CDCl;) 6 =155.02, 75.07, 71.59, 66.30, 59.78 ppm.

4-(tert-Butoxymethyl)-1,3-dioxolan-2-one (2k):"® According to the
GP, 2-(tert-butoxymethyl)oxirane (1k, 500 mg, 3.84 mmol), 9
(164 mg, 0.192 mmol) and CO, were converted 45°C, 1.0 MPa for
24 h to yield 2k (650 mg, 3.73 mmol, 97%) as a light-yellow oil. 'H
NMR (400 MHz, CDCl;) 6=4.80-4.71 (m, TH), 4.49-4.41 (m, TH),
4.39-4.31 (m, 1H), 3.60 (dd, J=10.4, 4.4 Hz, 1H), 3.53-3.46 (m, 1H),
1.17 (s, 9H) ppm. *C NMR (101 MHz, CDCl;) 6 = 155.24, 75.26, 73.86,
66.54, 61.27, 27.28 ppm.

2-(Oxo-1,3-dioxolan-4-yl)methyl methacrylate (21):"® According to
the GP, oxiran-2-ylmethyl methacrylate (1I, 500 mg, 3.52 mmol), 9
(150 mg, 0.176 mmol) and CO, were converted 23°C, 1.0 MPa for
48 h to yield 2I (501 mg, 2.70 mmol, 77%) as a light-yellow oil. 'H
NMR (300 MHz, CDCl;) =6.20-6.12 (m, 1H), 5.70-5.63 (m, TH),
5.03-4.93 (m, 1H), 4.58 (t, J=8.6 Hz, 1H), 4.47-4.39 (m, 1H), 4.38-
4.28 (m, 2H), 1.95 (s, 3H) ppm. >C NMR (75 MHz, CDCl;) 6 =166.76,
154.56, 135.25, 127.45, 73.92, 66.19, 63.55, 18.27 ppm.

4-(((tert-Butyldimethylsilyl)oxy)methyl)-1,3-dioxolan-2-one
(2m):"* According to the GP, tert-butyl-dimethyl-(oxiran-2-ylmeth-
oxy)silane (1m, 500 mg, 2.65 mmol), 9 (113 mg, 0.133 mmol) and
CO, were converted 45°C, 1.0 MPa for 24 h to yield 2m (580 mg,
2.50 mmol, 94%) as a colorless solid. '"H NMR (300 MHz, CDCl;) 6=
4.79-4.67 (m, 1H), 4.55-4.38 (m, 2H), 3.91 (dd, J=11.7, 3.5 Hz, T1H),
3.72 (dd, J=11.6, 2.8 Hz, TH), 0.89 (s, 9H), 0.09 (s, 6H) ppm. >*C NMR
(75 MHz, CDCl;) 6 155.07, 76.18, 60.00, 62.57, 25.80, 18.30, —5.37,
—5.42 ppm.

4-(((2,2,3,3,4,4,5,5-Octafluoropentyl)oxy)methyl)-1,3-dioxolan-2-
one (2n):"¥ According to the GP, 4-((2,2,3,3,445,5-
octafluoropentyl)oxy)methyloxirane (1n, 500 mg, 1.82 mmol), 9
(77.8 mg, 0.091 mmol) and CO, were converted 23°C, 1.0 MPa for
48 h to yield 2n (473 mg, 1.49 mmol, 82%) as a light-yellow oil. 'H
NMR (400 MHz, CDCl;) 6 =6.26-5.83 (m, 1H), 4.90-4.77 (m, 1H), 4.52
(td, J=8.5, 0.5 Hz, 1H), 4.39 (ddd, J=8.5, 6.1, 0.9 Hz, 1H), 4.16-3.96
(m, 2H), 3.96-3.87 (m, 1H), 3.84 (d, J=11.0, 3.6, 1.1 Hz, 1H).”>*C NMR
(101 MHz, CDCl;) 6=154.68, 115.49, 110.24, 107.71, 105.35, 74.59,
71.71 68.58 (t, J=25.7 Hz), 65.85 ppm.

4-(((2,2,3,3,4,4,5,5,6,6,7,7-Dodecafluoroheptyl)oxy)methyl)-1,3-di-
oxolan-2-one (20) According to the GP, 4-((2,2,3,3,4,4,5,56,6,7,7-
dodecafluoropentyl)oxy)methyloxirane (10, 500 mg, 1.35 mmol), 9
(57.6 mg, 0.0675 mmol) and CO, were converted 23°C, 1.0 MPa for
48 h to yield 20 (373 mg, 0.901 mmol, 67%) as a light-yellow oil. '"H
NMR (300 MHz, CDCl;) 6=6.06 (tt, J=51.9, 5.2 Hz, 1H), 4.90-4.77
(m, 1H), 4.52 (t, J=8.5Hz, 1H), 4.39 (dd, /=8.5, 6.2 Hz, TH), 4.16-
3.97 (m, 2H), 3.95-3.81 (m, 2H) ppm. >C NMR (75 MHz, CDCl;) 6 =
154.55, 111.08, 110.56, 107.61, 104.32, 74.46, 71.60, 68.89, 68.51,
68.13, 65.71 ppm.

Hexahydrobenzo[d][1,3]dioxol-2-one (2 p):"® According to the GP,
7-oxabicyclo[4.1.0]heptane (1p, 500 mg, 5.09 mmol), 9 (217 mg,
0.254 mmol) and CO, (2.5 MPa) were converted 60°C, 2.5 MPa for
24 h at 60°C for 24 h to yield 2p (298 mg, 2.10 mmol, 41%) as a
light-yellow oil. '"H NMR (400 MHz, CDCl;) 0=4.73-4.61 (m, 2H),
1.92-1.84 (m, 4H), 1.66-1.55 (m, 2H), 1.46-1.35 (m, 2H). *C NMR
(101 MHz, CDCl;) 6 =155.47, 75.85, 26.85, 19.24 ppm.
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Procedure for the recycling of homogeneous catalyst 9: A 45 cm®
stainless-steel autoclave was charged with catalyst 9 (245 mg,
5.80 mmol, 5.0 mol%), epoxide 1g (800 mg, 1.0 equiv) and perfluor-
odecalin (1 mL). The autoclave was purged with CO, and kept
constant at 1.0 MPa. The reactor was stirred at 23°C for 30 h.
Subsequently the CO, was released slowly. Toluene (10 mL) and
perfluorodecalin (4 mL) were added. The organic phase was
separated from the perfluorinated phase and precipitated catalyst.
The catalyst 9 was reisolated from the perfluorinated phase by
evaporation, washed with toluene (2x5 mL) and diethyl ether and
reused in the next run. Combining all the eluate with organic phase
and remove all the volatiles from the organic phase in vacuo the
product 2g was obtained as colorless solid. The yield was
determined directly by 'H NMR spectroscopy using mesitylene as
internal standard. The catalyst was regenerated by treating with
5.0 mol % HI aqueous (56 wt. %) solution.

Procedure for the recycling of homogeneous catalyst 11: A
45 cm® stainless-steel autoclave was charged with catalyst 11
(246 mg, 6.00 umol, 5.0 mol%), epoxide 1 (200 mg, 0.120 mmol,
1.0 equiv) and perfluorodecalin (0.5 mL). The autoclave was purged
with CO, and kept constant at 1.0 MPa. The reactor was stirred at
45°C for 30 h. Subsequently the CO, was released slowly. Toluene
(0.2 mL) was added to facilitate the phase separation. The organic
phase was separated from the perfluorinated phase and the
precipitated catalyst. After removal of all volatiles from the organic
phase in vacuo the product 2a was obtained as light-yellow oil. The
perfluorinated phase including catalyst 11 was directly used in the
next run without further purification.

2-((3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
Heptadecafluorodecyl)diphenylphosphonio)phenolate  (12) A
flask was charge with the phosphonium salt 11 (341 mg,
0.400 mmol), MeOH (0.8 mL). Then 10% NaOH aqg (0.5 mL) was
added, and the reaction mixture was stirred for 0.5h at room
temperature. The mixture was treated with H,O (10 mL) and the
aqueous layer was extracted with CHCl; (20 mLx3). The organic
layers were combined, dried over Na,SO,, filtered, and concentrated
to give the 12 as a colorless solid (208 mg, 0.287 mmol, 72%). 'H
NMR (300 MHz, CDCl;) 6 7.76-7.65 (m, 2H), 7.64-7.49 (m, 8H), 7.37-
7.29 (m, 1H), 6.66 (dd, J=8.7, 6.3 Hz, 1H), 6.54-6.41 (m, TH), 6.25 (d,
J=6.3Hz, 1H), 342-321 (m, 2H), 2.84-2.51 (m, 2H). *C NMR
(75 MHz, CDCly) 6 137.12, 133.70, 133.54, 133.40, 132.72 (d, J=
9.5 Hz), 129.69 (d, J=12.2 Hz), 128.09, 122.71, 121.79, 110.65, 96.98,
26.21, 17.78, 1736 (d, J=63.4Hz)>'P NMR (122 MHz, CDCl;) ¢
20.26 ppm.
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Abstract: The use of CO; as a C1 building block is of great relevance and a focus of current
research. Herein, we report the synthesis of air-stable internal phosphonium salts and their
application as catalysts in the N-methylation and N-formylation of amines utilizing CO,. A
series of catalysts was prepared and tested. Under the optimized reaction conditions the N-
formylation of amines was achieved at 23 °C, 1 bar CO; pressure under solvent free
conditions using equimolar amounts of n-hexylsilane as reducing agent. A modification of
the reaction conditions led to a selectivity switch and the N-methylation was realized at
70 °C in acetonitrile using the same catalyst and reductant. In total, 22 amines were
converted to corresponding N-methylated products in up to 99% vyield. Moreover, 24
examples for the conversion to corresponding N-formylated products in up to 96% vyield is
reported. This reaction can be performed at gram-scale. Both the N-methylation and N-
formylation reaction were also applied to the late-stage functionalization of the
pharmaceutical Sertraline. NMR studies and control experiments revealed two different

reaction pathways and intermediates for the N-methylation and N-formylation.
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optimized reaction condition, the N-formylation of amines was achieved at
23 °C, 1 bar CO, pressure under solvent-free conditions using equimolar
amounts of n-hexylsilane as reducing agent. A modification of the reaction
conditions led to a selectivity switch, and the N-methylation was realized at
70 °C in acetonitrile using the same catalyst and reductant. In total, 22
amines were converted to the corresponding N-methylated products in up
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to 99% yield. Moreover, 25 examples of the conversion to the corresponding N-formylated products in up to 96% yield are reported.
Both reactions can be performed at large scale. Both the N-methylation and N-formylation reactions were also applied to the late-
stage functionalization of the pharmaceutical sertraline. NMR studies and control experiments revealed two different reaction

pathways and intermediates for N-methylation and N-formylation.

KEYWORDS: CO,, phosphonium salt, N-formylation, N-methylation, selective reduction

B INTRODUCTION

Carbon dioxide (CO,) is a readily available, safe, and renewable
carbon source, making it an attractive C, building block for the
sustainable synthesis of organic molecules.'® Methyl- and
formyl-substituted amines represent core structures, e.g., in
natural products, pharmaceuticals, and dyes.”® The N-
methylation reaction of amines is an important reaction in
modulating biological functions of proteins and late-stage
isotope labeling in the pharmaceutical industry.”~"* Classical
methodologies for N-formylation and N-methylation often
require the use of a hazardous formylating reagent such as
formaldehyde, chloral, or carbon monoxide'>'® or alkylating
agent such as methyl iodide, dimethyl sulfate, or dimethyl
carbonate, respectively.'”~"? The catalytic reduction of CO, in
the presence of secondary and primary amines avoids the need
for these harmful reagents. This can be achieved by utilizing mild
hydrides such as hydrosilanes or hydroboranes as reducing
agents. In 2012 Cantat and co-workers reported the first
examples of catalytic systems for the N-formylation of amines
with CO, using triazabicyclodecene (TBD) as an organocatalyst
and hydrosilanes as reducing agents.”””" Metal-based catalytic
systems for the N-methylation of N—H bonds using CO, asa C,
building block and hydrosilanes as reductants were consec-
utively reported in 2013 by the groups of Cantat and Beller, who
employed Zn and Ru complexes as catalysts, respectively.””*
The reductive reaction of amines with CO, and hydrosilanes
follows a complex network of interrelated reactions, which can

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

lead to two-electron reductive product formamides or six-
electron reductive product methylamines, and in a few cases
four-electron reductive product aminals were also obtained
(Scheme 1).** The selectivity depends on the catalyst loading,
temperature, pressure of CO,, amine, and solvent.>>~>* This
opens the possibility of switching the selectivity to perform
either transformation with one catalyst by modifying the
reaction conditions. A number of metal-based catalysts and
organocatalysts for the selective N-methylation and N-
formylation of amines with CO, have been reported.*****3~%
However, often high catalyst loadings, long reaction times, and/
or high reaction temperatures are required.

Amine bases have been reported as organocatalysts for the
transformations, such as 1,8-diazabicyclo[5.4.0]undec-7-en
(DBU) in combination with polymethylhydrosiloxane
(PMHS) as the reducing agent as well as 6-amino-2-picoline
in combination with borane—trimethylamine.”>”** The group of
Dyson employed N-heterocyclic carbenes (NHCs) for the
selective N-methylation and N-formylation of amines with CO,
and silanes as reducing agents.”® Organic salts such as
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Scheme 1. Reaction of Amines with CO, under Reductive Conditions

|‘-| Co, H \fo R2 R2
_N. N or ,‘\l "\l or N
R'" "R? [H] R RZ RT N TNRi R OR2
Thiswork:
©
o 90
H.-O0 TN H /P\
Y Ph" Ph ‘ Ph" Ph
N -€ _N. ) + CO,
R1” CR2 1.0 equiv. [Sil-H R" R 1bar 40 equiv. [SI-H R TR?
23 °C Solvent-free 70 °C, CH3CN

tetrabutylammonium fluoride (TBAF), acetylcholine-carbox-
ylate, and Ehos honium methylcarbonate have also been used as
catalysts.”**>*” Moreover, a selectivity switch has been achieved
utilizing zwitterionic salts such as glycine betaine and lecithin as
catalysts.”****® Organocatalysts are desirable to circumvent the
problematic availability, costs, and/or toxicity of metals.*” Based
on our work on the synthesis of bifunctional phosphonium salts
for the coupling of CO, with epoxide to prepare cyclic
carbonates,” ~* we herein report the preparation of air-stable
internal phosphonium salts and their use in selective reductive
coupling of amines with CO, yielding N-methylated or N-
formylated products.

B RESULTS AND DISCUSSION

We envisioned that internal phosphonium salts 2 should be
suitable catalysts for the N-methylation and N-formylation of
amines with CO,. A series of salts 2 were prepared based on
previously reported phosphonium salts 1.** Treating salts 1
with aqueous NaOH under previously reported condtions*” led
to bench-stable catalysts 2 in yields up to 93% (Scheme 2). After
crystallization of 2b, single crystals suitable for X-ray crystallo-
graphic analysis were obtained. The molecular structure of 2b is
shown in Scheme 2.

Scheme 2. Preparation of Internal Phosphonium Salts 2 from
Salts 1 and Crystal Structure of 2b“

HO °o
:@ NaOH (10% aq)
R\GI; ° Rg

Ph Ph |
1 2

2a, R= —Me, 79%

2b, R= -nPr, 78%

2c, R= —nHex, 71%

2d, R= ~(CH,),0CH3, 57%
2e, R= ~(CH,),0H, 93%

2f, R= —(CH,)»(CF,)7CF3, 72%

“Displacement ellipsoids correspond to 30% probability. Hydrogen
atoms and the solvent molecule (H,0) have been omitted for
clarity.*

The prepared salts 2 (2 mol %) were evaluated as catalysts for
the conversion of N-methylaniline (3a) with CO, and silane as
reductants at 45 °C for 6 h (Table 1, entries 1—6). Catalysts 2a—
2d gave the methylated product 4a in similar yields (72—76%).
In all cases, the formylated product Sa was also obtained in yields
up to 21%. In contrast, catalysts 2e and 2f gave 4a in significantly
lower yields (entries S and 6). In the presence of salt 1b instead
of the catalyst 2b or in the absence of 2b, no conversion was

observed (entries 7 and 8). Since the highest yield of 76% for the
methylated product 4a was achieved in the presence of catalyst
2b, the reaction conditions were further optimized with 2b. An
increase of the reaction temperature to 70 °C led to full
conversion, and 4a was obtained in 99% vyield (entry 9).
Notably, at room temperature, the selectivity switched to the N-
formylated product Sa, which was obtained in 73% yield (entry
10). Various other silanes were screened at 70 °C and led to
lower or no product formation (entries 11—16). Notably,
shorter reaction times of 4 and 1 h still led to good yields of 98%
and 90%, respectively (entries 17 and 18). A lower catalyst
loading of 1 mol % 2b gave the desired product 4a in 89% yield
(entry 19).

Under the optimal conditions, the scope and limitations of
catalyst 2b (2 mol %) in the conversion of amines 3 with CO, in
the presence of n-hexylsilane to the methylated products 4 were
further evaluated at 70 °C for 4 h (Scheme 3). p-Methoxy-N-
methylaniline (3b) gave the corresponding dimethylaniline 4b
in a yield of 75%, while o-methoxy-substituted substrate 3¢ gave
the product 4c in 99% yield. The reaction of 4-fluoro- and 4-
bromo-N-methylaniline with CO, led to products 4d and 4e in
91% and 82% yield, respectively. 4-lodo-N-methylaniline was
converted to 4f in 40% yield. Notably, the dehalogenation
byproduct N-methylaniline (3a) was observed in 16% yield. 3g
bearing the electron-withdrawing acetyl group gave the desired
product 4g in a moderate yield of 43%, while the corresponding
aminal was formed as byproduct in a yield of 15% (see the
Supporting Information). The catalytic protocol was applicable
to the conversion of various other secondary amines 3h—3k with
an N-benzyl, N-butyl, N-cyclohexyl, or N-allyl group, which led
to the desired products 4h—4k in excellent yields of up to 99%.
The conversion of diphenylamines 31 and 3m gave the N-
methylated products in moderate yields of 42% and 46%,
respectively, while the reactions of tetrahydroquinoline (3n)
and indole (30) afforded 4n and 4o in good yields of up to 88%.
N-Methylpyridin-2-amine (3p) gave the desired product 4p in a
moderate yield of 62%. The protocol was also applied to the
conversion of benzyl- and alkyl-substituted amines 3q and 3r,
leading to the desired products in 56% and 73% yield,
respectively. 2,2,6,6-Tetramethylpiperidine (3s) and morpho-
line (3t) afforded the corresponding products pempidine (4s), a
ganglion-blocking drug,48 and 4t in yields of 88% and 44%,
respectively. Primary amines often afford multiple products in
this type of reaction. However, aniline (3u) afforded the
dimethylated product 4u in a moderate yield of 66% as the main
product under a slightly modified condition.

In the catalyst screening, the N-formylated product Sa was
obtained as the main product in 73% yield at 23 °C in the
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Table 1. Catalyst Screening and Parameter Optimization for the Conversion of Methylaniline (3a) with CO, to N-Methylated

Product 4a“

) ¢’
N. 1-2 mol% 2 N. N
©/ Me * ©O: Silane, p(CO,) = 1 bar ©/ Me * ©/ Me
23-70 °C, 1-6 h, CH3CN
3a 4a 5a

entry T (°C) t (h) catalyst silane yield of 4a (%) yield of Sa (%)

1 45 6 2a n-HexSiHj; 74 19

2 4S5 6 2b n-HexSiH; 76 15

3 45 6 2c n-HexSiH; 72 21

4 45 6 2d n-HexSiH; 72 18

S 45 6 2e n-HexSiH; 34 47

6 45 6 2f n-HexSiHj; 59 32

7 45 6 1b n-HexSiH, 0 0

8 45 6 - n-HexSiH; 0 0

9 70 6 2b n-HexSiHj; 99 0
10 23 6 2b n-HexSiH; 8 73
11 70 6 2b PhSiH,4 24 0
12 70 6 2b Ph,SiH, 93 0
13 70 6 2b Ph;SiH 0 0
14 70 6 2b MePhSiH, 57 8
15 70 6 2b Me,PhSiH 0 0
16 70 6 2b PMHS <S 4
17 70 4 2b n-HexSiH; 98 0
18 70 1 2b n-HexSiH; 90 4
19° 70 6 2b n-HexSiH, 89 0

“Reaction conditions: 3a (0.47 mmol), silane (4.0 equiv), catalyst 2 (2 mol %), p(CO,) = 1 bar, 23—70 °C, CH;CN (4 mL). Yields were
determined by '"H NMR analyses using mesitylene as the internal standard. b1 mol % catalyst.

presence of catalyst 2b (Table 1, entry 10). We assumed that in
general the N-formylation should be possible by adjusting the
reaction conditions utilizing the same catalyst. Initially we
studied the impact of the concentration of the reaction solution
(Table 2, entries 1 and 2). With a lower amount of solvent, a
similar yield of 71% was obtained (entry 1). However, under
solvent-free conditions, an 87% yield was obtained (entry 2).
The amount of silane was reduced to 1 equiv, which led to an
83% yield (entry 3). When the reaction time was prolonged to 8
h, full conversion was achieved, and Sa was obtained in an
excellent 96% yield (entry 4). The use of diphenylsilane as the
reducing agent led to a slightly lower yield of 71% (entry ).
Subsequently the scope and limitations of catalyst 2b in the
conversion of various amines 3 with CO, to formylated products
S were investigated under the optimized conditions (Scheme 4).
Except for insoluble substrates, all reactions were performed
under solvent-free conditions. 3a gave Sa in an isolated yield of
82%. Both p-methoxy- (3b) and o-methoxy-N-methylaniline
(3c) gave the corresponding formylated products Sb and Sc in
yields of 85% and 81%, respectively. Halogen-substituted N-
methylanilines 4d and 4e were also tolerated, leading to 5d in
74% yield and Se in 62% yield. Anilines containing electron-
withdrawing substituents are challenging substrates for metal-
free catalytic protocols, and lower yields were previously
reported.”*”*>*’ The reaction of 3g gave Sg in a low yield of
32%. N-Benzyl, N-butyl, and N-allyl aniline derivatives (3h—3j)
gave the desired products in yields up to 81%. N-Benzoylaniline
(3v) gave only a 9% yield of formylated product Sv even under
more drastic conditions. In contrast, N-formylaniline (3w)
afforded N,N-diformylaniline (Sw) in 88% yield under the
methylation condition. Notably, this indicates that formylated
anilines are not intermediates in the methylation of anilines.

Both tetrahydroquinoline (3n) and indole (30) were tolerated,
affording the corresponding formylated products Sn and So in
good yield of 85%. Benzylic amines (3q and 3x) and alkyl-
substituted amines (3r and 3y) could be converted to the
desired formylated products in up to 96% yield. The reaction of
morpholine (3t) afforded the desired product St in an excellent
yield of 95%. Adamantylamine (3z) and derivatives are drugs to
treat Parkinson’s disease and influenza.”® N-Methyl-N-adaman-
tyll-amine (3z) was converted to the formylated product 5z
under the methylation conditions, and the product was isolated
in 66% yield. Piperazine derivatives find wide applications as
pharmaceuticals, and 3za and 3zb bearing a piperazine
substructure gave excellent isolated yields of 92% and 90%,
respectively. Under slightly modified conditions, the conversion
of aniline (3u) led to the monoformylated product Sua in 76%
yield, and at higher reaction temperatures the diformylated
product Sub could be obtained in 70% yield.

From the application viewpoint, scale-up reactions were
performed for both the N-methylation and N-formylation
reactions (Scheme 5). 3h (5 mmol) was converted to the
desired N-methylated product Sh in 82% yield (Scheme Sa).
Moreover, 1 g of 3za was converted with CO, at 45 °C for 24 h,
and the desired product Sza was isolated in 83% yield (Scheme
Sb). The formation of the N-methylated product was not
observed.

Furthermore, the 2b-catalyzed N-methylation and N-
formylation were applied to the late-stage functionalization of
the antidepressant sertraline (3zc). Sertraline was converted to
the N-methylated product in 76% yield. Moreover, sertraline
was N-formylated, and the desired product was isolated in 58%
yield (Scheme 6).
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Scheme 3. N-Methylation of Amines 3 with CO,”
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“Reaction conditions: Amine 3 (0.50 mmol), n-hexylsilane (4.0
equiv), 2b (2 mol %), p(CO,) = 1 bar, 70 °C, CD;CN (4 mL), 4 h.
Yields were determined by "H NMR analyses with mesitylene as the
internal standard. ”2 h. “Isolated yield. “85 °C, 24 h. °8.0 equiv of n-
hexylsilane.

Table 2. Optimization of the Reaction Conditions for the N-
Formylation of 3a with CO,”

H (/0
N 2 mol% 2b N
“Me + CO2 “Me
n-HexSiH3, (1.0-4.0 equiv.)
6-8 h, 23 °C, p(CO,) = 1 bar
3a 5a
entry  t(h) mL of solvent silane (equiv) yield of Sa (%)
1 6 2 n-HexSiH, (4) 71
2 6 0 n-HexSiH; (4) 87
3 6 0 n-HexSiH, (1) 83
4 8 0 n-HexSiH; (1) 96
5 8 0 Ph,SiH, (1) 71

“Reaction conditions: 3a (0.47 mmol), n-hexylsilane, 2b (2 mol %),
p(CO,) = 1 bar, 23 °C, 6—8 h. Yields were determined by '"H NMR
analyses using mesitylene as the internal standard.

Several control experiments were performed to elucidate the
possible mechanism of N-methylation and N-formulation with
CO, in the presence of catalyst 2b. The use of n-hexylsilane led
to complex mixtures. Thus, diphenylsilane was employed for the
control experiments since it showed comparable results in the N-
methylation reaction (Table 1, entry 12) and N-formylation
reaction (Table 2, entry S). Initially a two-step control
experiment was performed. Figure la shows a section of the
"H NMR spectrum of diphenylsilane with the characteristic
signal of 5(Si—H) = 4.93 ppm. In the first step, diphenylsilane

Scheme 4. N-Formylation of Amines 3 with CO,”
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H
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“Reaction conditions: Amine 3 (0.50 mmol), n-hexylsilane (1.0
equiv), 2b (2 mol %), p(CO,) = 1 bar, 23 °C, 8 h, solvent-free.
Isolated yields are given. “The yield was determined by '"H NMR with
mesitylene as the internal standard. “CH,CN (0.5 mL). °N-
Methylation conditions. “Amine (1.0 mmol), n-hexylsilane (2.0
equiv), 16 h, CH;CN (4 mL). fn-Hexylsilane (4.0 equiv), 2b (1
mol %), 70 °C, 24 h.

Scheme S. Scale-Up Reactions: (a) Methylation of 3h; (b)

Formylation of 3za
(@) @” + co, @& :

2b 2 mol%

n-HexSiHj; (4.0 equiv.),
85 °C, 16 h, p(CO,)= 1 bar,

CH4CN
3h, (468 mg) 5h, 82% (406 mg)
o
H 2b 2 mol% Nr/
mo
® () + co d
N n-HexSiH3 (1.0 equiv.),
Bh 45 °C, 24 h, p(CO,)= 1 bar, N
Solvent free Ph

3za, (1) 5za, 83% (0.969 g)

(2.0 equiv) and 2b (2 mol %) were mixed under a CO,
atmosphere (1 bar) at room temperature, resulting in a
significant change in the '"H NMR spectrum (Figure 1b). The
characteristic signal at 5(Si—H) = 4.93 ppm was not observed
after the reaction, and a new proton signal at §(HCO,) = 8.07
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Scheme 6. Late-Stage Functionalization: N-Methylation and
N-Formylation Reactions of Sertraline with CO,

2 mol% 2b -
n-HexSiH3 (1.2 equiv.), -
23 °C, 16 h, 1 bar,
CH3CN

Cl
Cl

5zc, 58%

cl| Sertraline (3zc)

| 2 mol% 2b
n-HexSiH; (4.0 equiv.),
90 °C, 48 h, 1 bar,
CH3CN

Cl
4zc, 76%

ppm appeared and was attributed to the formation of silyl
formate 6.”' The signal at 5(C=0) = 163 ppm in the *C NMR
spectrum also supports the formation of 6 (Figure S2). In the
second step, N-methylamine (3a) was added to the mixture
above and reacted under an argon atmosphere at room
temperature for 16 h, giving N-methylformamide (5a) in 65%
yield (Figure 1c). The '"H NMR spectrum shows that the proton

signal at 5(HCO,) = 8.07 ppm disappeared and a new signal at §
= 8.50 ppm appeared, which can be attributed to the formation
of N-methylformamide. As mentioned above, a similar yield of
71% for Sa was obtained in the direct conversion of 3a with CO,
and diphenylsilane (Table 2, entry S). Notably, in the absence of
catalyst 2b, neither the formation of the silyl formate nor the
formation of the formylated product was observed. These results
indicate an initial hydrosilylation of CO, catalyzed by 2b to form
a silyl formate, which subsequently reacts with the amine 3a to
form the N-formylated product Sa.

Subsequently, we turned our attention to the N-methylation
of amines with CO,. In previously reported work, the dominant
mechanism for the N-methylation proceeds via the hydro-
genation of a formylated intermediate leading to the N-
methylated product.””’>** To investigate this possibility, Sa
was converted with diphenylsilane and CO, under the standard
methylation conditions (Scheme 7). However, under these
conditions, the formation of the methylated product 4a was not
observed. This clearly indicates that the pathway of N-
methylation in the presence of 2b does not proceed as
previously reported via an N-formylated intermediate.

To identify possible intermediates of the N-methylation
reaction, diphenylsilane was converted with CO, (1 bar) at 70
°C for 4 h in the presence of 2 mol % 2b (Scheme 8a). In
contrast to the reaction at 23 °C, the formation of formate 6 was
not observed. Instead, dimethoxysilane (7), silyl acetal 8, and
siloxane 9 were detected as the main products (see the
Supporting Information for details).”® In the absence of catalyst
2b, the formation of 7, 8, and 9 was not observed. We assumed

a
H H
(@) S A
I
ﬂvJ (J
0 O
g:z HC-O O-CH b
s s Na 2b 2 mol% P .
(b) U J U } + co, o [( ] Si ‘
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b 6
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H \ h:
(¢) Reaction mixture (b) + “ X [ N 2b 2 mol% f s J c
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Figure 1. "H NMR spectra of diphenylsilane and control experiments in CD;CN. (a) Section of the "H NMR spectrum of diphenylsilane. (b) Section
of the '"H NMR spectrum of diphenylsilane (2 equiv) and CO, with 2 mol % 2b (1 bar, 23 °C, solvent-free, 16 h). (c) Section of the "H NMR spectrum
of the reaction solution from (b) and N-methylamine (1 equiv) after 16 h at 23 °C under Ar in CD;CN at 23 °C for 16 h with mesitylene as an internal

standard.
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Scheme 7. Reaction of 5a under the N-Methylation Conditions
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Scheme 8. Control Experiments for Mechanistic Studies of the N-Methylation Reaction: (a) Reaction of Diphenylsilane with CO,
in the Presence of Catalyst 2b; (b) Reaction of 3a in Solution (a) under Argon; (c) Reaction of 3a in Solution (b) in the Presence

of CO,”
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Scheme 9. Control Experiments for Mechanistic Study of the N-Methylation Reaction: (a) Reaction of Dimethoxysilane and
Siloxane with 3a under Argon in the Presence of Catalyst 2b; (b) Reaction of Dimethoxysilane and Siloxane with 3a in the

Presence of CO, and Catalyst 2b
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that silyl acetal 8 might be an intermediate of the reaction. Thus,
3a was added to the reaction solution from Scheme 8a and
reacted under argon (Scheme 8b). After 3 h, the aminal product
10 was obtained in 39% yield. This indicates that 8 is converted
to 10, which might be subsequently reduced to the product 4a

and 3a in the next step. To convert 3a to 4a the addition of CO,
would be required.’’ Indeed, when CO, (1 bar) was added in
the above reaction solution from Scheme 8b, the desired

product 4a was obtained in 33% yield (Scheme 8c).
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Furthermore 7 and 9 were converted with 3a and catalyst 2b
under argon to exclude that these compounds are intermediates
in the reaction (Scheme 9a). Additionally, 7 and 9 were
converted under the same conditions in the presence of
diphenylsilane (Scheme 9b). No conversion was observed in
all cases, indicating that these compounds are not intermediates
of N-methylation or N-formylation.

Based on these results and previous reports, a possible
pathway was proposed, which is shown in Scheme 10. In the

Scheme 10. Proposed Reaction Pathway of Temperature-
Controlled N-Methylation and N-Formylation of Amines 3
with CO, in the Presence of Catalyst 2b

H
R! O L. S
\N_// ‘91/74 O
R? _0.__0 \/\%
8 s PH" Ph S
2b i—
_ _ o
[Si]0-_O[Si] H-[Si]
co, %
H path B ®
PH “Ph
1 1
o ;
R2 ~~N~g2  [SilH R2,N
4

presence of catalyst 2b, CO, is initially reduced by the silane to
the corresponding formate. At lower temperatures (23 °C), the
formate reacts with the amine directly, forming the N-
formylated product § (Scheme 10, path A). In contrast, at
higher temperatures (70 °C), the formate is further reduced to
the silyl acetalintermediate, which reacts with the amine to form
the corresponding aminal (Scheme 10, path B). The aminal is
then further reduced to N-methylated product 4.

B CONCLUSIONS

A series of new internal phosphonium salt catalysts were
prepared by simply treating the corresponding phosphonium
iodides with an aqueous sodium hydroxide solution. These salts
were tested as catalysts for the N-methylation and N-formylation
of amines with CO, as a C; source and silane as a reducing agent.
The efficient N-methylation of amines was achieved at 70 °C in
acetonitrile as a solvent using n-hexylsilane as a reducing agent.
Notably, a complete switch in selectivity was achieved by simply
reducing the reaction temperature to 23 °C. At this temperature,
amines were converted to the N-formylated products under
solvent-free conditions. The most efficient catalyst exhibited
broad applicability. Twenty-two secondary and primary amines
were converted to the corresponding N-methylated products in
up to 99% yield. Moreover, 24 amines were N-formylated using
the same catalyst and reducing agent. The potential of the
catalyst was demonstrated by a scale-up reaction and the late-
stage functionalization of the pharmaceutical sertraline. Control
experiments and NMR studies indicate that the N-methylation
proceeds at higher temperatures via silyl acetal and aminal
intermediates, while the formylation proceeds at 23 °C via silyl

formates. Overall, an efficient catalyst is reported that can switch
between N-methylation and N-formylation of amines with CO,
by simply changing the reaction conditions.
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Abstract: The N-formylation and N-methylation of amines with carbon dioxide (CO;) are
important types of transformations which give access to a wide range of key intermediates
and compounds. Efficient catalytic methods for both reactions are rare because of the
challenge to control selectivity. Herein, we report the environmentally benign
organocatalyzed N-formylation and N-methylation of primary and secondary amines using
CO; as the C1 source in the presence of hydrosilanes as reductant. Readily available
methyltriphenylphosphonium methylcarbonate proved to be an efficient catalyst for the N-
methylation of amines and CO; in the presence of polymethylhydrosiloxane (PMHS) under
mild conditions. In contrast the selective N-formylation is achieved in the presence of
trimethoxysilane as reductant. In both transformations, a wide range of substrates was
selectively converted. 15 primary and secondary amines were N-methylated and N-
formylated and the corresponding products obtained in yields up to 98% and 94%,
respectively. Moreover, benzimidazoles are accessible from diamines and CO; in a one-pot
reaction in yields up to 83%. Mechanistic investigations revealed different reaction pathways
for the N-methylation and N-formylation depending on the reductant as well as the

activation of CO2 by the catalyst.
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Tuneable reduction of CO, — organocatalyzed
selective formylation and methylation of aminesf

Changyue Ren,*® Constanza Terazzi® and Thomas Werner () *¢

The N-formylation and N-methylation of amines with carbon dioxide (CO,) are important types of trans-
formations which give access to a wide range of key intermediates and compounds. Efficient catalytic
methods for both reactions are rare because of the challenge of controlling selectivity. Herein, we report
the environmentally benign organocatalyzed N-formylation and N-methylation of primary and secondary
amines using CO, as the C1 source in the presence of hydrosilanes as the reductant. Readily available
methyltriphenylphosphonium methylcarbonate has been proven to be an efficient catalyst for the
N-methylation of amines and CO, in the presence of polymethylhydrosiloxane (PMHS) under mild con-
ditions. In contrast, the selective N-formylation is achieved in the presence of trimethoxysilane as the
reductant. In both transformations, a wide range of substrates were selectively converted. 15 primary and
secondary amines were N-methylated and N-formylated and the corresponding products were obtained
in yields of up to 98% and 94%, respectively. Moreover, benzimidazoles are accessible from diamines and
CO, in a one-pot reaction in yields of up to 83%. Mechanistic investigations revealed different reaction
pathways for N-methylation and N-formylation depending on the reductant as well as the activation of
CO, by the catalyst.

Introduction

N-Methylamines and N-formamides are attractive chemicals
that have found extensive applications in the pharmaceutical
industry, biological sciences, and agriculture."”® Formamide
derivatives, such as N-methylformamide and N,N-dimethyl-
formamide (DMF), are among the most used solvents and
important intermediates for the synthesis of other valuable
materials,” such as isocyanides'®'" and benzoheterocycles.'>"?
N-Methylamines are structural subunits that can be found in
many significant bioactive compounds and drugs.'* The
common C1 sources for N-methylation and N-formylation reac-
tions include Mel,"> CH,N,,"® dimethyl carbonate,'” metha-
nol,*® formic acid*® and CO,.?° In particular, the use of CO, in
combination with reducing agents is an attractive alternative
to toxic and hazardous reagents (Scheme 1a). CO, is a waste
product of fuel combustion currently deemed as a promising
surrogate of carbon feedstocks. Its utilization has been an
active field of research in the past few decades. However, the
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kinetic inertness and thermodynamic stability of the CO,
molecule significantly hinder its efficient valorization under
mild conditions.”'>*

Although a few catalysts have been reported to be able to
perform the N-functionalization of amines to form both forma-
mide and methylamine (Scheme 1a),>*>° there are several
challenges to overcome in terms of these reactions. One of
them is employing cost-efficient reductants.*® Phenylsilanes
have been widely used in the fixation of CO, into
amines,”®*%293132 pyt their use presents some disadvantages
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Organocatalyst amines and diamines

Scheme 1 (a) N-Methylation and N-formylation of amines with CO,
and silane. (b) The formation of benzoheterocycles from diamines with
CO, and silane.
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since they are expensive, and the byproducts formed are
difficult to remove. Polymethylhydrosiloxane (PMHS) is an
abundant, low-cost, non-toxic, and highly moisture-stable
chemical waste product generated by the silicone industry.***
Even though it would be advantageous to use PMHS as the
reductant in the reduction of CO,, very few organic catalysts
are reported to be active for both PMHS and CO, for the
methylation reaction. Dyson et al. reported a thiazolium
carbene-based catalyst for the N-formylation and
N-methylation of amines using PMHS as a reducing agent,
which allows the reaction to proceed under relatively mild
conditions.**?”

The Xia group reported diazabicycloundecene (DBU) as an
organocatalyst for the selective N-methylation and
N-formylation of secondary amines, converting secondary
amines, CO, and PMHS into methylamines and formamides
at 100 °C and 30 °C, respectively.*® Furthermore, benzohetero-
cycles can be prepared from o-phenylenediamine, CO, and
silane (Scheme 1b). The formation of the benzimidazole ring
is plausible by monoformylation and subsequent imine for-
mation with a suitable catalyst. However, due to the mis-
matched catalysis, the cyclization reaction normally requires
two steps or harsher conditions than the N-formylation
reaction.'®?!%23%4% [ the previous reports, the N-formylation
and N-methylation reactions are assumed to proceed by a
general base-catalysed reaction mechanism, in which hydro-
silanes are activated by the basic catalyst or the carbamate salt
formed.”> Most recently, the Song group reported the
N-methylation and N-formylation reaction between CO, and
secondary amines in the presence of phenylsilane catalyzed by
an ammonium carboxylate ionic liquid.*! In addition, Lin and
coworkers reported Cs,CO; to be an efficient inorganic catalyst
for these reactions.*” These reports and our interest in using
phosphonium salts as organocatalysts for the utilization of
CO, motivated us to explore a phosphorus-based organo-
catalyst in combination with PMHS as a reductant for the
methylation of amines.**™*® We focused on methylcarbonate
salts which were first reported as a CO, surrogate in the prepa-
ration of propylene oxide in 2006, and subsequently have
been employed in the transesterification*® and Henry reac-
tions,”® and as vinylation reagents in the Wittig reaction.”®

Results and discussion

Methyltriphenylphosphonium methylcarbonate is commer-
cially available and can also be prepared from phosphines and
dimethylcarbonate (DMC) according to the literature.”® PMHS
was selected as the reducing agent and N-methylaniline (1a) as
the model substrate for evaluating the activity of the catalyst
towards methylation, utilizing CO, as the carbon source at 1
bar and 70 °C (Table 1). In the absence of the catalyst, no con-
version was observed (entry 1). A moderate yield of 53% and
good selectivity for N-methylated product 2a were obtained in
the presence of the catalyst (entry 2). In CH;CN,
N-methylaniline (1a) gave the N-methylated product 2a and
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Table 1 Optimization of the reaction conditions for the conversion of
N-methylaniline (1a) with CO; to methylated product 2a

H [Pho;’1l\2 ngA)M hl’le r/o
N e e
Me + CO; 2 2 N\Me + N\Me
PMHS, solvent
t, T, p(CO,) = 1 bar
1a 2a 3a

Cat. Silane T Yield Yield

Entry (mol %) (equiv.)  Solvent (°Cc) 2a“%(%) 3a“ (%)
1 0 4 THF 70 0 0
2 10 4 THF 70 53 0
3 10 4 MeCN 70 20 6
4 10 4 EtOAc 70 0 0
5 10 4 CH,Cl, 70 0 0
6 10 10 THF 70 87 0
7b 10 10 THF 70 29 0
8 10 10 Me-THF 70 83 10
9 5 10 THF 70 62 30
10 10 10 THF 80 72 0
11 10 10 THF 60 82 17
12 10 10 THF 50 55 38

Reaction conditions: N-methylaniline (1a, 0.233 mmol, 1 equiv.),
PMHS (4-10 equiv.), catalyst (0-10 mol%), p(CO,) = 1 bar, 50-80 °C,
16 h, solvent. * Yield was determined by "H NMR using mesitylene as
the internal standard.  CO, balloon.

N-formylated product 3a with a yield of 20% and 6%, respect-
ively (entry 3). In EtOAc and CH,Cl,, 1a failed to convert to
either 2a or 3a (entries 4 and 5). Due to its polymeric nature,
PMHS is less active than non-polymeric silanes. Thus, an

d.2673%51 Full conversion

excess of reductant is normally require
was achieved by increasing the amount of PMHS and 2a was
obtained in a very good yield of 87% (entry 6). Even under 1
atm of CO, (balloon), 2a was accessible in 29% yield (entry 7).
Replacing THF with the biomass-derived 2-methyl-
tetrahydrofuran (Me-THF) gave 3a in 83% yield (entry 8). At a
lower catalyst loading, an increase in the formation of the
N-formylated product 3a was observed (entry 9). Finally, the
impact of the reaction temperature was studied (entries
10-12). Neither an increase nor a decrease of the reaction
temperature led to an improved yield of 2a. Notably, at lower
temperatures (50 °C), the yield of 2a decreased to 55% but 3a
was obtained in 38% yield (entry 12).

The scope of the reaction was next investigated by convert-
ing a variety of substituted secondary and primary amines 1
under the optimized conditions. While a reaction time of 16 h
was required to achieve an appropriate yield for most sub-
strates, full conversion was achieved within 4 h for a few sub-
strates (Table 2). p-Methoxy-N-methylaniline (1b) gave the
corresponding dimethylaniline 2b in 72% yield after 16 h,
while 71% yield of o-methoxy-N,N-dimethylaniline (2¢) was iso-
lated after only 4 h (entries 1 and 2). Fluoro- and bromo-substi-
tuted N-methylanilines gave the products 2d and 2e in good
yields of 86% and 77%, respectively (entries 3 and 4).
Substrates with strong electron-withdrawing groups were chal-
lenging for the reaction: the methylated products of p-nitro-
(2f) and p-acetyl-N-methylaniline (2g) were isolated in 19% and
42% yields, respectively (entries 5 and 6). Further functiona-
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Table 2 Substrate scope for the synthesis of N-methylamines from
amines with CO, and PMHS

10 mol%
H [PhsPMe]COsMe Me
N, + CO; > N
R R PMHS (10 equiv.), THF R1T DR2
16 h, 70 °C, p(CO,) = 1 bar
1 2
Entry Substrate 1 Product 2 Yield
1 H 2b, R® = p-OCH;, 72%
A N\ 3 a
2 | Me 2¢, R” = 0-OCH3 71%
3 AP 2d, R® =p-F 86%
4 R? 2e, R® = p-Br 77%
5 2f, R® = p-NO, 19%
6 2g, R = p-Ac 42%
7 H 2h, R = Bn 89%
AN 2 : 2
8 ©/ R 2i, R* = cyclohexyl 83%
9 2j, R® = n-butyl 87%
10 2k, R* = allyl 82%
11 ) 76%%"

b [::]/NHZ i o
N
©/ \Me

2m

13 /©/NH2 Me 42%
N
\o “Me

o

2n
14 @\/H 20 30%2°

N
\Me

15 Me, H Me 2p 98%”

N
MeUMe

Reaction conditions: amine 1 (0.600 mmol), PMHS (10 equiv.), catalyst
(10 mol%), p(CO,) = 1 bar, 70 °C, 16 h, THF. Isolated yields are given.
“4 h. ?Yvield was determined by 'H NMR using mesitylene as the
internal standard. “The N-formylated product was obtained in 68%
yield.

lized substrates such as N-benzyl-, N-cyclohexyl-, N-butyl-, and
N-allyl-anilines were converted to the corresponding methyl-
ated products 2h-2k in excellent yields (82-89%) (entries
7-10). Tetrahydroquinoline afforded the methylated product 21
in a yield of 76% in 4 h (entry 11). In comparison with second-
ary anilines, primary anilines normally exhibit lower nucleo-
philicity and form multiple reduction products**** However,
with this catalytic system, aniline (1m) and p-methoxyaniline
(1n) afforded dimethylanilines in yields of 90% and 42%,
respectively (entries 12 and 13). Besides anilines, benzyl-N-
methylamine (10) was also tested. However, the formylated
product 30 was obtained in 68% yield as the main product
while the methylated product 20 was obtained in 30% yield
(entry 14). Surprisingly, the sterically hindered substrate
2,2,6,6-tetramethylpiperidine was successfully converted to the
methylated product pempidine 2p, which is a ganglion-block-
ing drug (entry 15).>*

Since the formation of the N-formylated product 3a was
also observed in significant amounts during the screening
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(Table 1, entry 12), we further explored the N-formylation of
N-methylaniline (1a) catalyzed by [Ph;PMe]CO;Me (Table 3).
Initially, we turned our focus to other silanes. PhSiH; and
Ph,SiH, gave moderate yields of N,N-dimethylaniline (2a) and
poor yields of N-methylformanilide (3a) (entries 1-5). PhSiH;
and Ph,SiH, mainly formed methylated product 2a, and only
8% desired product 3a was observed (entries 1 and 2). Ph;SiH
converted 1a to 3a in a yield of 39% and no 2a or 3a was
observed with Et;SiH (entries 3 and 4). (MeO),SiH afforded the
N-formylated product in an excellent yield of 98% with out-
standing selectivity (entry 5). Further screening of the reaction
conditions was performed in the presence of (MeO);SiH
(entries 6-10). Reducing the reaction time to 4 h led to a com-
parable yield and selectivity (entry 6). 1la was quantitatively
converted to the desired product 3a even with a much lower
loading of the catalyst (entry 7). An excellent yield of the formy-
lated product 3a (95%) was also obtained at 70 °C in 4 hours
in the presence of 3 equiv. of (MeO);SiH (entry 8). No product
was obtained without the catalyst (entry 9). A lower amount of
(MeO);SiH was not sufficient to convert all the reactant (entry
10).

With the optimal conditions in hand, the scope and limit-
ations of [Ph;PMe]CO;Me for the catalytic conversion of
amines to their formylated products were studied at 70 °C in
the presence of trimethoxysilane as the reductant (Table 4).
Under these conditions, p-methoxyaniline (1b) was
converted to 3b in a high yield of 86% (entry 1). In some cases,
extension of the reaction time from 4 to 24 h was necessary. In
contrast to the methylation reaction, o-methoxy-N-methyl-
aniline (1¢) needed 24 h to be converted to the corresponding
formylated product in a good yield of 79% (entry 2). Electron-
withdrawing groups were also evaluated: fluoro- and bromo-
substituted anilines 1d and 1e afforded the corresponding

Table 3 Screening reaction conditions for the conversion of
N-methylaniline (1a) with CO; into formylated product 3a

o
; r
©/ “Me + CO2 2 2 ©/ “Met ©/N\Me
[Sil-H 2-4 equiv.
70 °C, t, p(CO,) = 1 bar
1a THF 2a 3a
Cat. Si-H t Yield 2a  Yield 3a

Entry (mol%) (equiv.) Silane (h) (%) (%)
1 10 4 PhSiH, 16 31 8
2 10 4 Ph,SiH, 16 55 8
3 10 4 Ph,SiH 16 0 39
4 10 4 Et;SiH 16 0 0
5 10 4 (MeO);SiH 16 0 98
6 10 4 (MeO),SiH 4 0 94
7 2 4 (MeO);SiH 4 0 9%
8 2 3 (MeO);SiH 4 0 95
9 0 3 (MeO);SiH 4 0 0
10 2 2 (MeO),SiH 4 0 44

Reaction conditions: N-methylaniline (1a, 0.233 mmol), silane (2-4
equiv.), catalyst (0-10 mol%), p(CO,) = 1 bar, 70 °C for 4-16 h, THF.
The yield was determined by 'H NMR using mesitylene as the internal
standard.
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Table 4 Substrate scope for the conversion of amines to formamides
with CO; and trimethoxysilane

2 mol%

(o]
B [PhsPMe]COsMe r
R RZ + CO, _N_
(MeO)3SiH 3 equiv. R’ R?
1 24 h, 70 °C, p(CO,) = 1 bar 3
THF
Entry Substrate 1 Product 3 Yield
1 N 3b, R® = p-OCH;, 86%"“
2 [ me 3¢, R® = 0-OCH; 79%
3 AP 3d, R*=p-F 86%"
4 R® 3e, R® = p-Br 76%"
5 3f, R® = p-NO, 13%
6 3g, R® = p-Ac 53%
7 N 3j, R? = n-butyl 84%
8 @/ “R? 3k, R? = allyl 85%
9 ¥ 3l 94%
10 @\/H 30 92%
N.
Me
11 | 3q 75%
N
12 HN/_\N_<i> 3r 89%
N
13 N N 3s 69%
I N “Me
=

14 C/NHz -0 90%

©/NH

3t
15 Ny NH2 r/o 53%

I P> | Ny NH
=
3u

Reaction conditions: amine 1 (0.600 mmol), trimethoxysilane (220 mg,
3 equiv.), catalyst (2 mol%), p(CO,) = 1 bar, 70 °C, 24 h, THF. Isolated
yields are given. “4 h.

N-methylformanilide 3d and 3e in good yields in 4 h; while
nitro- and acetyl-substituted anilines 1f and 1g led to lower
yields of 13% and 53%, respectively (entries 3-6).
N-Substituted anilines were also tolerated, N-butyl- and N-allyl-
substituted anilines 1j and 1k were successfully converted to
their formylated products 3j and 3k in 84% and 85% yield,
respectively, after 24 h (entries 7 and 8). Tetrahydroquinoline
11 gave the formylated product 31 in 94% yield (entry 9). The
conversion of the benzylamines 10 and 1q was also successful
and 92% and 75% yield, respectively, of the formylated methyl-
benzeneamine 30 and dibenzylamine 3q were isolated (entries
10 and 11). The piperazine derivative 1r afforded the formy-
lated product 3r in a yield of 89% (entry 12). A moderate yield
of 69% of the formylated product 3s was obtained from the
pyridine-substituted amine 1s (entry 13). Aniline (1t) and pyri-
dine-2-amine (1u) were selected as representative substrates of
primary amines (entries 14 and 15). An excellent yield of 90%
of N-formanilide 3t was obtained from aniline, while 53% of
the N-formylated-pyridine-2-amine 3u was isolated.
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The excellent conversion and selectivity of aniline (1t) to
N-phenylformamide (3t) encouraged us to study the possibility
of the formation of benzimidazole by monoformylation of the
o-phenylenediamine (4a) followed by subsequent intra-
molecular condensation with the amino group. Therefore, the
reaction was performed under the same reaction conditions as
for the formylation of aniline without other additives. To our
delight, 83% of benzimidazole 5a was isolated from 1,2-diami-
nobenzene and CO, in one step (Table 5, entry 1). This
prompted us to investigate the synthesis of other imidazole
derivatives 5. p-Methoxy-1,2-diaminobenzene (4b) afforded the
desired product 5b in a yield of 47% (entry 2). N-Disubstituted
substrates 1-N-methylbenzene-1,2-diamine (4¢) and N-phenyl-
o-phenylenediamine (4d) were evaluated in this protocol: 61%
and 70% of the desired products 5c¢ and 5d were obtained,
respectively (entries 3 and 4). The lower yields were due to the
formation of the monoformylation byproduct from the
primary amino group that is less nucleophilic and reactive
than secondary amino groups. There are only a few examples
of the synthesis of quinazoline derivatives utilizing CO,."*>*>°
Under our conditions, the six-membered ring quinazoline
derivative 5e was also isolated in a yield of 64% from o-(amino-
methyl)aniline 4e (entry 5).

To gain insights into the reaction mechanism, control
experiments were performed to identify the possible inter-
mediates in the N-formylation and N-methylation reactions
(Scheme 2). Initially, trimethoxysilane was reacted with CO, in
the presence of the catalyst [Ph;PMe]CO;Me, affording the
silyl formate in 29% yield. Characteristic signals for silylfor-
mate were observed in the 'H and '*C NMR spectra at

Table 5 Substrate scope for the conversion of diamines to benzohe-
terocycles with CO, and trimethoxysilane

2 mol%

NH
A N
Rl H o+ co, [PhsPMe]COzMe e Y
Z 1N~R1 (MeO)3SiH 3 equiv. (- Nig1
24 h, 70 °C, p(CO,) = 1 bar 1
4 THF 5
Entry Substrate Product Yield

1 @NHz 4a @EN\> 5a 83%
N
NH, H
NH.
2 /@[ 2 4b /@:N\> 5b 47%
MeO NH, MeO N
3 @NHz 4c @N\) 5¢ 61%
H N
@ @[N\> 5d 70%
N

5 NH, 4e N\\I 5e 64%
NH, NH

Reaction conditions: diamine 4 (0.600 mmol), trimethoxysilane (3
equiv.), catalyst (2 mol%), p(CO,) = 1 bar, 70 °C for 24 h, CH;CN.
Isolated yields are given.

e
Ha ad
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) o)
@  (MeO)SiH + CO, — > (\eO),si_ I
70°C, 16 h, THF o 'H

p(COz) =1 bar no catalyst: 0%

with catalyst (10 mol%): 29%

.0

N + (MeO);SiOH
Argon Ph”" “Me (MeO)s
70°C,6h

H 9
(b) Ph’N\Me+ (MeO)GSkO)J\H

1 equiv. 4 equiv.
reaction mixture

no catalyst: 0%
with catalyst: 69%

Scheme 2 Control experiments for the N-formylation reaction. The
yields were determined by *H NMR using mesitylene as the internal
standard.

8(SIOCHO) = 7.96 ppm and §(SiOCHO) = 158.2 ppm, respect-
ively (Scheme 2a and Fig. S11).”® Notably, in the absence of the
catalyst, this was not observed. Apart from silyl formate, tetra-
methoxysilane was also observed in the "H NMR and *°Si NMR
spectra at §(SiOCH3) = 3.40 ppm and §(SiOCH;) = —78.6 ppm,
respectively (Fig. S1-S31). The formation of tetramethoxysilane
can be addressed by the over-reduction of silyl formate in the
absence of amines.”” The resulting reaction mixture was
purged with argon to replace the remaining CO,.
N-Methylaniline (1a) was added and reacted at 70 °C for 6 h,
affording N-methylformanilide (2a) in 69% yield (Scheme 2b).
Without the catalyst, the silyl formate was not observed.
Moreover, the silyl formate did not react with the amine 1a in
the absence of the catalyst.

Thus we conclude that N-formylation proceeds via the silyl
formate intermediate which has been reported before.>®
However, for the N-methylation of amines by CO, in the pres-
ence of organocatalysts, two possible pathways are discussed
in the literature. Both pathways proceed via the initial for-
mation of the silyl formate (Scheme 3). Path I: the
N-formamide is formed and further reduced to N-methylamine
by the silane. The majority of catalytic systems were proved to
follow this pathway by experimental and computational
evidence.>®*>*13%%0 path II: the silane is reduced to silyl
acetal, which reacts with the amine to afford the aminal.
Subsequently, the aminal is reduced to the methylated
product.?®38

The two routes were evaluated by performing a series of test
reactions. First, the conversion of N-formamide to
N-methylamine was tested using PMHS as the reductant in the
presence and absence of the catalyst under the methylation
reaction conditions (Scheme 4a). In both cases, the product

H
cat. o R'”°R?
COp ———> PN
PMHS [Si]—O H path |
path Il l PMHS
2 H

170N

H H

Scheme 3 Possible pathways for the N-methylation reaction with PMHS.
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l\llle l\lne

N<
Ph” “Me

PMHS 10 equiv.

70°C, 16 h, THF no catalyst: 0%

with catalyst (10 mol%): 0%

N D

_— \/N\M
PMHS 4.0 equiv.
70°C, 16 h, THF no catalyst: trace
with catalyst (10 mol%): 50%

e

Scheme 4 Control experiments for the N-methylation reaction. The
yield was determined by *H NMR using mesitylene as the internal
standard.

could not be obtained. Thus, path I was ruled out.
Subsequently, we considered path II. We hypothesized that the
intermediate formation of the aminal in the reaction mixture
should be detectable by NMR. Indeed, it was possible to detect
the formation of the aminal by "H NMR spectroscopy. The
spectra showed a characteristic signal for the aminal reso-
nance at §(N-CH;) = 2.86 ppm which agrees with previous
reports.®® Under the optimized reaction conditions, the aminal
was initially formed in 9% yield after 2 h (Table S1 and
Fig. S51). This supports the assumed formation of the aminal
as an intermediate. Furthermore, the conversion of the aminal
to the N-methylamine was studied. In this regard, N,N,N',N'"-
tetramethylethanediamine (TMEDA), a commercially available
aminal, was chosen to react with PMHS in the presence of CO,
since it is reported that CO, contributed to the cleavage of the
N-C bond.”® Under the reaction conditions, the aminal
(TMEDA) and PMHS were converted and the corresponding
N-methylated product was obtained in 50% yield in the pres-
ence of the catalyst, which demonstrated that path II is reason-
able for this catalytic system (Scheme 4b and Fig. S61). Only
traces of the product were observed in the absence of CO, or
catalyst.

Interestingly, despite being a milder reducing agent than
trimethoxysilane, PMHS was efficient for the 6-electron
reduction of CO, in the presence of the catalyst®> This might
be explained when path II is considered. In this route, due to
the polymeric nature of PMHS, the formation of a bis silyl
acetal can proceed via an intramolecular reduction of the silyl
formate (Scheme S17).

Once the different routes to the formation of products were
established, we became interested in understanding the role of

Rl 0

z'N_<H SiH Y
I\I/Ie
RZ‘N\R1

R' R!

Pl }

RQ'N%N‘RZ [Sil-H
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the catalyst in this reaction and the different selectivity
observed for the reducing agents. Initially, a stoichiometric
mixture of PMHS and catalyst [Ph;PMe]CO;Me was heated to
70 °C and analyzed by NMR spectroscopy (Fig. 1c). The charac-
teristic signal at §(Si-H) = 4.72 ppm in PMHS (see 1a) and the
signal at 6(CO3;CH3) = 3.37 ppm (see 1b) for the catalyst were
not observed in the mixture. Instead, a new signal at § =
8.58 ppm was observed in the mixture which can be attributed
to the formation of the formate anion.®® A signal with the
same chemical shift (§(HCO,”) = 8.58 ppm) was observed in
the mixture of trimethoxysilane and the catalyst (Fig. 2c). Also,
in this case, the signals at §(Si-H) = 4.07 ppm for the silane
and for the catalyst §(CO;CH3) = 3.37 ppm were not detectable
in the mixture. The signals at 3.37 ppm and —78.60 ppm in
the 2°Si NMR spectra (Fig. S71), respectively, indicate the for-
mation of Si(OMe),.** The common signal in both mixtures at
around 3.30 ppm (marked as *) can be addressed to a methoxy

CH.
@ [s, EJ ‘ 4.72 ppm

(b)

fj @
© PhiPMe
HiC. Ao Phd

Al |

[ 0 ¢Hs |

_oPhPMe + [SI-O7
o OMe J,

1.0 equiv ¢ *

CH,
© ls‘. o} +  [PhPCHJICH,0C0;) ——=
H

- l

90 88 86 &4 82 80 78 76 74 72 70 68 54 52 50 48 45 36 34 32 30
3/ ppm

¢ 858 ppm
1

Fig. 1 (a) Section of the *H NMR spectra of PMHS. (b) Section of the *H
NMR spectra of catalyst [PhsPCH3]COsMe. (c) Section of the 'H NMR
spectra of a 1:1 mixture of PMHS and [PhsPCH3]COzMe after 16 h at
70 °C. * denotes the methoxy anion.

OCH,
H,CO-Si-OCH;
(@) H

(b) o

b

3.37 m|
Al )

OoCH, '
H;CO-Si-OCH; +  [PhyPCH;)[CH;0CO;) ca ?
H

5 OCH,
5 PhiPMe *+  HyCO-Si-OCH
o d  OcH,

()
1.0 equiv. ¢

d *

3.47 ppm|

¢ 858
il i . S B

84 82 80 78 76 74 72 70 68 &2 40 a8 36 14 32
5/ ppm

Fig. 2 (a) Section of the *H NMR spectra of PMHS. (b) Section of the *H
NMR spectra of the catalyst [PhsPMe]COzMe. (c) Section of the *H NMR
spectra of a 1:1 mixture of PMHS and [PhzPMe]COzMe after 16 h at
70 °C. * denotes the methoxy anion.
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Scheme 5 Mechanistic proposal for the selective conversion of amines
with CO, to formamides or methylamines with phosphonium methyl-
carbonate salts.

anion which is probably formed due to the decomposition of
[Ph;PMe]COs;Me to CO, and [Ph;PMe]OMe.*® These results
indicate the conversion of the methylcarbonate anion and
silane to formate. This led us to the assumption that the reac-
tion is initiated in this step. Based on these results, we
propose the mechanism shown in Scheme 5.

The methylcarbonate anion attacks the silane forming A
which facilitates the attack of the hydride to the carbonyl
center and the generation of B. The decomposition of B leads
to silyl formate and a methoxy anion which reacts with CO, to
regenerate methylcarbonate (catalyst) and it also leads to the
regeneration of the catalyst in the following step, which has no
negative impact on the catalytic efficiency. As indicated above,
in the absence of CO,, this B can undergo a rearrangement
resulting in the formate anion, e.g. tetramethoxysilane. In the
presence of trimethoxysilane as the reducing agent, the
formate further reacts with the amine through path I to the
N-formylated product which is not further reduced. In con-
trast, if PMHS is used as the reducing agent, the N-formylated
product further reacts to form bis silyl acetal which sub-
sequently reacts with the amine and PMHS to give the
N-methylated product.

Conclusions

Phosphonium methylcarbonate has been proven to be an
efficient organocatalyst for the conversion of CO, with primary
and secondary amines and diamines. Notably, the selectivity
of the reaction can be tuned by the choice of the reductant. In
the presence of readily available PMHS, selective

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc03993e

Published on 23 November 2023. Downloaded on 7/10/2024 5:08:26 PM.

Green Chemistry

N-methylation was achieved under mild conditions. In con-
trast, the use of trimethoxysilane as the reducing agent leads
to the selective N-formylation of the amines. Moreover, the
one-pot synthesis of imidazoles was possible when diamines
were used as the starting material. Mechanistic investigations
revealed different reaction pathways for N-methylation and
N-formylation depending on the reductant. N-Methylation pro-
ceeds most probably via silyl formate while N-formylation pro-
ceeds via a bissilyl acetal and aminal intermediate. The
mechanistic studies also suggest that the catalyst directly acti-
vates CO,. This tuneable process was applied to a broad range
of substrates. Under the optimized conditions, 15 primary and
secondary amines and anilines were converted to
N-methylated products in yields of up to 98%. The
N-formylation of 15 amines led to the desired products in
yields of up to 94%. Additionally, this procedure was evaluated
for a one-pot N-formylation/condensation reaction of diamines
leading to the corresponding heterocycles in yields of up to
83%. Thus, the presented mechanistic studies give insights
into the N-methylation and N-formylation of amines with CO,.
In addition, the protocols presented provide straightforward
access to valuable intermediates that use CO, as a C1 building
block.

Experimental
Synthesis of methyltriphenylphosphonium methylcarbonate

In a 10 mL Schlenk tube, triphenylphosphine (0.235 g,
0.896 mmol), dimethylcarbonate (DMC) (0.52 mL, 6.15 mmol),
and methanol (0.52 mL) as solvent were introduced in the
shortest time possible to limit the exposure of phosphine to
air. The Schlenk tube was heated for 24 h at 140 °C. The reac-
tion mixture was allowed to cool to an ambient temperature
and volatiles were removed in a vacuum. The off-white solid
was stirred under an inert atmosphere with cyclohexane
(8.3 mL) at 50 °C for 2 hours. After filtration on a Gooch cruci-
ble, the product was obtained in 64% yield as a colorless solid
(0.215 mg, 0.580 mmol). *H NMR (300 MHz, CDCl,): § =
7.82-7.58 (m, 15H), 3.37 (s, 3H) ppm. The methyl protons
(P-CH3) were not detectable due to H/D exchange.’® "H NMR
(300 MHz, CD;CN): & = 7.98-7.81 (m, 3H), 7.79-7.62 (m, 12H),
3.29 (s, 3H), 2.89 (d, J = 15.7 Hz, 3H). *C NMR (75 MHz,
CDCly): 6 = 134.96 (d, J = 2.9 Hz), 133.26 (d, J = 10.7 Hz),
130.39 (d, J = 12.9 Hz), 119.41 (d, J = 88.5 Hz), 52.20. *C NMR
(75 MHz, CD,CN): 6 = 162.20, 140.32 (d, J = 3.1 Hz), 138.68 (d,
J = 10.8 Hz), 135.47 (d, J = 12.9 Hz), 124.98 (d, J = 88.9 Hz),
56.17, 13.50 (d, J = 57.8 Hz) ppm. *'P NMR (122 MHz, CDCl;):
6 = 21.92 ppm. HR-MS (MePh;P+): m/z caled 277.1151, found
277.1153.

Representative procedure for N-methylation - the synthesis of
N-benzyl-N-methylaniline (2h)

In a stainless-steel autoclave, PMHS (414 pL) was added to a
solution of the catalyst (21.4 mg, 60.0 pmol) and
N-benzylaniline (1h, 110 mg, 0.600 mmol) in THF (5 mL). The

This journal is © The Royal Society of Chemistry 2024
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autoclave was purged with CO, and the pressure was kept con-
stant at 1 bar. The reaction mixture was stirred at 70 °C for
16 h. Subsequently, CO, was released slowly. The solvent was
removed in a vacuum and the residue was purified by chrom-
atography (SiO,, cyclohexane/ethyl acetate = 20/1) to yield
N-benzyl-N-methylaniline (105 mg, 0.533 mmol, 89%) as a
colorless oil. "H NMR (300 MHz, CDCl;) § = 7.37-7.28 (m, 2H),
7.28-7.19 (m, 5H), 6.81-6.69 (m, 3H), 4.55 (s, 2H), 3.03 (s, 3H).

Representative procedure for N-formylation - the synthesis of
N-benzylformamide (30)

In a stainless-steel autoclave, trimethoxysilane (220 mg,
1.80 mmol) was added to a solution of the catalyst (4.23 mg,
12.0 pmol) and N-methyl-1-phenylmethanamine (72.7 mg,
0.600 mmol) in THF (0.6 mL). The autoclave was purged with
CO, and the pressure was kept constant at 1 bar. The reaction
mixture was stirred at 70 °C for 24 h. Subsequently, CO, was
released slowly. The solvent was removed in a vacuum and the
residue was purified by silica gel chromatography (cyclo-
hexane/ethyl acetate = 10/1) to afford N-benzylformamide
(82.0 mg, 0.552 mmol, 92%) as a colourless oil. '"H NMR
(300 MHz, CDCl;) § = 8.21 (s, 0.57H, maj), 8.08 (s, 0.43H, min),
7.38-7.04 (m, 5H), 4.44 (s, 0.89H, min), 4.31 (s, 1.19H, maj),
2.77 (s, 1.33H, min), 2.70 (s, 1.71H, maj).

Representative procedure for the preparation of
benzimidazoles - the synthesis of 1H-1,3-benzimidazole (4a)

In a stainless-steel autoclave, trimethoxysilane (220 mg,
1.80 mmol) was added to a solution of the catalyst (4.23 mg,
12.0 pmol) and o-phenylenediamine (64.9 mg, 0.600 mmol) in
THF (6 mL). The autoclave was purged with CO, and the
pressure was kept constant at 1 bar. The reaction mixture was
stirred at 70 °C for 24 h. Subsequently, CO, was released
slowly. Then the solvent was removed in a vacuum and the
residue was purified by silica gel chromatography (cyclo-
hexane/ethyl acetate = 1/1) to yield 1H-benzo[d]imidazole
(58.8 mg, 0.498 mmol, 83%) as a colorless solid. "H NMR
(300 MHz, CDCl;) 6 8.11 (s, 1H), 7.79-7.59 (m, 2H), 7.35-7.28
(m, 2H), 6.28 (s, 1H).
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