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Abstract 

CO2 is a renewable source of carbon that has not yet been properly utilized. The reason for this 

is mostly due to its kinetic and thermodynamic stability. The potential renewability of CO2, 

coupled with environmental concerns, has motivated scientists worldwide to develop new 

artificial carbon cycles for chemical fixation of CO2. Unfortunately, the pronounced inertness 

of CO2 allows only the synthesis of a range of C1 molecules, often with poor selectivity. These 

limitations also make enantioselective carbon-carbon (C-C) bond-forming utilizing carbon 

dioxide (CO2) difficult to achieve. Therefore, there has been relatively few examples of 

enantioselective C-C bondforming reactions reported in the literature.  

The primary objective of my work is to develop enantioselective C-C bond-forming 

reactions using CO2, with a particular focus on metal-catalyzed enantioselective incorporation 

of CO2. 

 The first catalytic enantioselective hydrocarboxylation was reported in 2016 by Mikami 

and colleagues. We became interested in the mechanistic details of this transformation and set 

out to provide computational and experimental insights, on the transformation. 

The enantioselective boracarboxylation has not yet been explored and is an interesting 

transformation to produce novel drug precursors. With an interest in enantioselective 

carboxylations, our group set out to develop an enantioselective method for boracarboxylation 

of styrenes. 

As of writing this thesis, the boracarboxylation is currently restricted to alkynes and 

styrenes. We therefore aimed to expand the applicability of the boracarboxylation to allenes. 

With the boracarboxylation being similar to hydroboration, we started our study optimizing 

from known to work hydroboration conditions with CO2 instead of a proton source. 
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1 Introduction 

1.1 CO2 as a source of carbon 

Carbon dioxide (CO2), an often overlooked and undervalued source of carbon that is primarily 

considered a waste product from natural, and human made processes, such as respiration, 

agriculture and the burning of fossil fuels. For many CO2 is known as the reason behind fizzy 

soft drinks or as dry ice for transporting perishable goods. While for chemists, CO2 is seen as a 

promising future carbon source to produce a vast array of chemicals needed in today’s society. 

 

Over the last few decades, CO2 has gained a lot of attention in the scientific community and the 

public. This traction is mainly caused by the rapidly increasing emissions prompted by the 

growing consumption of fossil fuels every year.[1]  It is estimated that about 37Gt of CO2 is 

emitted from human activity each year and plants and phytoplankton contribute to the removal 

of about 30% via photosynthesis (See Figure 1) leaving a net surplus.[2,3] The average 

concentration of CO2 in the atmosphere as of 2023 is roughly 420 ppm and is growing with 

approximately 2.4 ppm every year.[4] However, given the ever increasing supply of CO2 it still 

remains mostly underutilized. 

 

 

Figure 1: Picture of photosynthesis taken from Wikimedia Commons.[5] 

 

As of writing, newer technologies for handling CO2 such as Carbon Capture and Storage (CCS) 

and Carbon Capture and Utilization (CCU) are being widely discussed and developed.[6] CCS 

involves the capture of CO2 emissions and storing them underground. While promising and 

scale able, it is prone to leaks which requires constant surveillance and is an energy heavy 



 

2 

solution.[6-9] CCU is the more feasible of the two, it involves using CO2 to generate useful higher 

value products.[10,11] While CCU shows promise, currently, it cannot transform enough CO2 

alone to fully mitigate the effects of climate change and the available technologies for CO2 

conversion is limited.[10,12] As of now, few well-established processes such as the production of 

methanol, urea and carbonates have been industrially developed and commercialized.[13] 

However, these processes only make up about 1‰ of the available CO2 on the planet and only 

account for a handful of the chemicals that are needed in today’s society.[14] 

 

Given the untapped potential of CO2 as a carbon feedstock, it does not come without its own 

set of challenges. As of now, even when considering the endless potential of CO2 as our new 

future carbon source, the field of CO2 conversion remains underdeveloped. The lack of CO2-

converting reactions is mainly due to its chemical inertness and thermodynamic stability, which 

in return makes the energy cost of CO2 conversion high.[15] Additionally, the requirement for a 

new CO2-converting catalyst to be efficient and selective while also minimizing unwanted 

waste products makes the development of new catalysts challenging.[16-19] As of now, methods 

for both capture, storage, and transport of CO2, and scalability of industrial methods, are at the 

moment too expensive to be widely applied in industry.[20] Furthermore, CO2-converting 

technologies also needs to be either built or properly incorporated into the existing 

infrastructure before being widely applied in industry.[21] Even though the abundance of 

available CO2 in the atmosphere is high, the concentration compared to the other atmospheric 

gasses is low.[22] In return, the low concentration of CO2 in the atmosphere could also make 

capture and extraction less efficient.[23] 

 

With these challenges in mind, the question arises: why should we invest in CO2 conversion in 

addition to CO2 storage?  While natural gas and fossil fuel are already deeply integrated into 

our infrastructure and provide a significant portion of the world’s supply of carbon-based 

chemicals, they are finite and will eventually be depleted.[24] The steadily decreasing fossil fuels 

reservoirs have made scientists look towards CO2 as a potential candidate to replace traditional 

fossil sources. Compared to fossil fuels, CO2 has a unique advantage and does not face the same 

depletion issue, since all chemicals being derived from CO2 will eventually be converted back, 

effectively creating an artificial carbon cycle.[24,25] Expanding from artificial carbon cycles, 

renewable energy sources like solar and wind power can efficiently convert CO2 into high-

energy fuels, providing a promising energy storage solution.[26] In addition, the sheer abundance 

of CO2 could also make it a cheap and valuable precursor for the production of fuels, polymers, 
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bulk chemicals and finer chemicals such as pharmaceuticals.[27]  Furthermore, as new CO2 

conversion methods are developed and optimized, there is the potential to show a significant 

impact on both the polymer and pharmaceutical industry.[28,29] From a long term sustainable 

perspective, investing in CO2 conversion could also help mitigate todays environmental 

challenges, while being more resource efficient and also meeting industrial needs for an 

efficient CO2 conversion method.[30] Therefore, the need for new efficient and selective 

catalysts for CO2 conversion is essential in order to bring down the high energy cost. 

 

While some efforts have been made towards the development of new C-C bond-forming 

reactions utilizing CO2, progress towards an efficient CO2-converting reaction remains 

limited.[31] This challenge is particularly pronounced in relation to bulk chemical production. 

While bulk chemicals that do not require C-C bond formation from CO2, such as methanol 

(CH3OH), methane (CH4), and formic acid (HCOOH) has seen emerging implementation in 

industry. Other chemicals that do require C-C bond formation (benzoic acid, ethanol, ethylene, 

polymers, etc.) that can be derived from CO2 are still in the very early research stages. 

 

 

Figure 2: Examples of functional groups in pharmaceuticals that can be derived from CO2 and their abundance (%) 

in pharmaceuticals.[32] 

 

Furthermore, the majority of research dedicated to the conversion of CO2 into fine chemicals 

has centered around transition metal catalyzed C-C bond formation.[33-35] The emphasis on C-

C bond formation is particularly relevant because many of the functional groups that can be 

derive from CO2 are commonly found in pharmaceutical drugs (See Figure 2), making up an 

abundance of approximately 68% of functional groups in all pharmaceuticals.[32] This alone 

could make CO2 a very important precursor in medicinal chemistry for the preparation of 

commercial drugs. Functional groups such as carboxylic acids,[33] esters,[36] and acrylates,[37] 

can be prepared in one-step reactions, while amides,[38] ketones,[39] enones,[40] amide esters,[41] 

and hydroxamic acids,[42] with follow-up transformations. For instance, drugs such as naproxen, 
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ibuprofen and fenoprofen (See Figure 3) all can be synthesized from CO2 via a carboxylation 

reaction.[43] These drugs are also unique in the sense that the carboxylation of their precursors 

generates a stereocenter at the carbon bound to the carboxyl group. The generated stereocenter 

results in two stereoisomers of the drug, each with different activity profiles. When entering the 

patient, the two conformers of the drug interact differently with the chiral environment of the 

body, potentially resulting in effects ranging from none to devastating for the patient.[44] 

Naproxen, for example has two mirror images; the (R) conformer has a sedative effect, while 

the (S) is toxic to the liver.[45] Therefore, for CO2 to become a viable carbon source for the 

production of everyday pharmaceuticals an enantioselective conversion method must be 

developed. As of writing this thesis, the field of enantioselective carboxylations using CO2 

remains challenging and only a limited amount of successful chiral carboxylations utilizing 

CO2 has been reported. The reasons for so few chiral reactions are mainly due to the high 

stability of CO2, resulting in a restricted amount of reaction partners, highly reactive/unstable 

metalorganic catalysts are needed. Additionally, the harsh conditions required in order to 

transform CO2, which in return makes low selectivity expected.[46] 

 

 
Figure 3: Structures of the chiral pharmaceuticals naproxene, ibuprofene and fenoprofene that can be derived from 

CO2. 
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1.2 Focus and aims of the thesis. 

The overarching aim of this thesis work was to contribute to the development of metal-

catalyzed enantioselective carboxylation reactions using CO2 for C-C bond formation. The aim 

was two parted with focus both on developing new methodology, but also on gaining increased 

understanding of mechanistic aspects of CO2-converting catalytic systems.  

 

To address these aims, we focused on three sub-goals:  

 

1. to provide experimental support to computational mechanistic studies of the Rh-

catalyzed hydrocarboxylation of acrylates (paper I, chapter 3.1). 

2. to develop an enantioselective Cu-catalyzed boracarboxylation of styrenes starting from 

a previously described non-enantioselective method (paper II, chapter 3.2). 

3. to extend the scope of the boracarboxylation from styrenes to allenes with the potential 

to develop an enantioselective method for boracarboxylation of allenes (chapter 3.3).   
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2 Background 

2.1 CO2-converting reactions. 

While CO2-converting reactions remain a subject of ongoing research, certain processes have 

already found successful applications in industry (See Figure 4).[47] One type of CO2 converting 

reaction is the reduction of CO2 to products such as methanol or methane.[21] These processes 

typically use H2 as a reductant and are facilitated by metal-based catalysts such as Ni, Ru and 

Rh.[48-53] For instance, the methanol synthesis was commercialized in 2012 by Carbon 

Recycling International (CRI) in Iceland. CRI converts approximately 5600 tons of CO2 yearly 

into methanol using hydrogen gas produced from geothermal energy.[21] Electrochemical 

reduction of CO2 can produce carbon monoxide,[54] which is used for isolation of nickel in the 

metallurgy industry,[55] or as a starting material in the Fischer-Tropsch process to produce 

hydrocarbon fuels.[48,56-58] The electrochemical reduction of CO2 to ethylene has been reported 

using heterogeneous Fe or CuAg containing catalysts.[31,59,60] As of now, we have CO2-based 

sustainable alternatives for most oil-based industrial processes. The main limitation preventing 

us from fully transitioning to CO2-based industrial processes is that the technologies, including 

CO2, are still more energy demanding than oil-based processes.[61] 

 

 

Figure 4: Selected basic transformations including CO2, CO2 reductions (yellow), addition of N/O-nucleophiles to 

CO2 (green), C-C bond forming products from CO2 (red).[62] 
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Another group of CO2 converting reactions are based on the reactivity of CO2 with N/O-

nucleophiles (See Figure 4, green). Typically used nucleophiles are amino alcohols, amines, 

epoxides, and alcohols.[63] In the fertilizer industry, CO2 reacts with ammonia to produce urea 

via the Bazarov reaction.54,55 This reaction converts CO2 and ammonia to ammonium 

carbamate, followed by dehydration to urea.[64,65] Currently, more than 90% of urea produced 

from the Bazarov reaction is used as fertilizer.[30,66] Moreover, CO2 can be used to produce 

important industrial polymer precursors, such as polycarbonates and polycarbamates.[30,67,68] 

For example, the industrialized Asahi-Kasei process utilizes ethylene oxide and CO2, for the 

production of polycarbonate (PC).[69] CO2 easily combines with amines to form the 

corresponding carbamic acid. However, when introducing alcohols to perform a subsequent 

dehydrative hydrogenation, the carbamate production is limited.[70] Few reports on the direct 

conversion of CO2, amines and alcohols to carbamates exist. The two known catalytic systems 

utilizes a homogeneous Sn or a Ni catalyst and are performed under high pressures.[71,72] To the 

best of my knowledge, there are no commercial processes that utilize CO2 for carbamates 

production. However, few relevant catalytic transformations are close to being 

industrialized.[31]  

 

The third group of reactions are C-C bond-forming reactions using CO2 as C1-synthon. Typical 

products are carboxylic acids, which have a wide range of applications such as food additives, 

cosmetics, pharmaceuticals, and polymers.[73] The estimated market value of carboxylic acids 

is likely to reach 16 billion euros by 2024.[74] To my knowledge, the only industrialized C-C 

bond-forming reaction including CO2 to carboxylic acids is the Kolbe-Schmitt reaction (See 

Scheme 1), which produces salicylic acid (2), a precursor for aspirin.[75] 

 

 

Scheme 1: Reaction scheme for the the Kolbe-Schmitt reaction.[75] 

 

Recent methods for C-C bond formation using CO2 are based on transition metal catalysis, 

photocatalysis, and electrochemical processes.[76] Known transformations using metal 

catalyzed systems involve numerous different transition metals, such as Ni, Rh, Ir, Ti, Ru, Co, 

Fe, Zr, Cu, Pd, Au and Rh.[77-79] These transformations include addition reactions, which CO2 

and another substituent is incorporated into a double bond.[80] C-H carboxylations, that involve 
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the direct functionalization of C-H bonds, typically facilitated by C-H activation, followed by 

carboxylation with CO2.
33 The Cross-coupling C-C bond formation with CO2, which typically 

couples an alkyl halide or organoboronate with CO2 to form carboxylic acids.[81] The 

electrochemical carboxylation, which relies on electrons from an external source in the form of 

a electric current to catalyze the reaction.[82-84] Photoredox carboxylation utilizes a light source 

to excite the substrate, initiating a reaction that facilitates the incorporation of CO2 to form 

carboxylic acids.[85] 

 

In this thesis, the focus will be primarily on the 1,2-addition reactions utilizing CO2, specifically 

to saturated C-C bonds since they are the most relevant to the work conducted. While exploring 

this area extensively, the next sections will touch upon enantioselective carboxylations with 

emphasis on C-C bond formation. The conducted research on CO2 addition reactions has paved 

the way for the development of many different transformations. Among these reactions the 

hydrocarboxylation, boracarboxylation, silacarboxylation, thiocarboxylation, 

carbocarboxylation, phosphonocarboxylation, photoredox carboxylative addition, 

electrochemical carboxylative addition.[78,80-82,85-90]  

 

2.1.1 Examples of relevant 1,2-addition reactions incorporating CO2  

2.1.1.1 Hydrocarboxylation 

Hydrocarboxylation is a 1,2-addition reaction that introduces a carboxylic group and a 

hydrogen to an unsaturated bond (See Scheme 2). This reaction is useful in the way that it gives 

access to a wide range of different carboxylic acid derivatives. An ideal hydrocarboxylation 

would require only three components, which includes CO2, H2, and an olefin. As of now, these 

conditions are only considered a dream reaction since most hydrocarboxylations require 

stoichiometric amounts of base and a metallic or organic reductant.[78] Many different examples 

of hydrocarboxylation of olefins using CO2 have been developed, utilizing different transition 

metal catalysts such as Cu, Rh, Ni, Ti, Fe, Ru, Co, Pd and Zr.[78] 

 

 
Scheme 2: General reaction scheme for a hydrocarboxylation reaction. 

 

To the best of my knowledge, the first hydrocarboxylation dates back to 1978 and was reported 

by Lapidus and co-workers.[91] They described the hydrocarboxylation of ethylene to propionic 
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acid, utilizing both homogeneous and heterogeneous Pd and Rh catalysts. The carboxylation of 

ethylene with CO2 was successfully achieved under high temperature and pressure in an 

aqueous HCl solution (180 °C and 700 atm). Under these conditions, propionic acid was 

isolated in yields of 38% contaminated with ethanol, and ethyl propionate side products. After 

Lapidus discovery, Höberg and colleagues showed that Ni0 complexes could form nickel 

lactones, CO2, and alkynes. Then, after acidification, gave the corresponding α,β-unsaturated 

carboxylic acid.[92] In the early 1990s, the group of Duñach expanded the hydrocarboxylation 

to a broader scope of alkynes,[93] including 1,3-diynes,[94] 1,3-enynes,[95] and α,ω-diynes.[96]  

 

In 2008, Rovis and co-workers, developed the first hydrocarboxylation of styrenes (See 

Scheme 3). They employed a nickel catalyst, cesium carbonate as an additive, and diethyl zinc 

as the reductant and synthesized various carboxylic acid derivatives (6).[97] Later in 2011 Ma 

and colleagues applied the same method to alkynes,[98] and to 2-alkynylanilines in 2017.[99] In 

2015, the Martin group reported a hydrocarboxylation of alkynes using Mn as a reductant with 

alcohols as a proton source.[100] Further, a similar system with styrenes, using an iron based 

catalyst and EtMgBr as a reductant was reported by the Thomas group in 2012.[101] 

Subsequently, these conditions were also applied to alkynes in 2016 by the Cheng group.[102] 

In the same year, the Xi group reported a hydrocarboxylation of styrenes using a titanium 

catalyst and iPrMgCl as a reductant.[103] The following year, the same group also applied these 

conditions to alkynes.[104] Another system utilizing DIBAL-H and a nickel catalyst for the 

hydrocarboxylation of 1,3-dienes was studied by the team of Kimura in 2021.[105] Then, in 2023, 

the group of Lee reported a hydrocarboxylation of allenes with diisobutylaluminum hydride as 

the reducing agent and a NHC-CuCl catalyst.[106] 

 

 
Scheme 3: Shows the reaction conditions of Rovis and co-worker’s hydrocarboxylation of styrenes reported in 

2008.[97] 

 

Not long after Rovis, in 2011, Iwasawa and co-workers expanded the scope of the reaction for 

allenes (See Scheme 4).[107] By employing a Pd-pincer complex with a diphosphine silyl ligand 

(9) as a catalyst and AlEt3 as a reductant, they facilitated the hydrocarboxylation of allenes (7) 

in the internal double bond. The same year they expanded the scope to include 1,3-dienes using 



 

11 

the same Pd-pincer complex (9).[108] In 2015, they further developed the scope of allenes using 

HCOONBnMe3 as a CO2 source and reducing agent, with a Pd-pincer complex utilizing a 

diphospine germanium ligand (9).[109] Two years later, they further expanded the scope to also 

include terminal alkenes, and cesium formate as a CO2 source and reducing agent.[110] 

 

 
Scheme 4: Shows the conditions Iwasawa and coworkers utilized for the hydrocarboxylation of allenes in 2011.[107] 

 

In 2011, the research team of Tsuji showed a hydrocarboxylation of internal and terminal 

alkynes (10). By employing a Cu-NHC catalyst (12) in conjunction with hydrosilanes as a 

reductant (see Scheme 5), they obtained valuable carboxylic acids (11) in good yields.[111] Later 

in 2020, the Jiang group published a similar hydrocarboxylation of alkynes, with tetrakis 

palladium and BINAP.[112] The year after, the team of Li used catalytic amounts of water in 

conjunction with hydrosilanes to initiate the hydrocarboxylation of alkynes.[113] 

 

 
Scheme 5: Reaction scheme of Tsuji and co-worker’s main conditions for the hydrocarboxylation of alkynes.[111] 

 

In 2013, Leitner and his team of researchers were inspired by Simonato’s use of formic acid as 

a hydrocarboxylation reagent.[114,115] They envisioned the direct conversion of CO2, H2, and 

olefins  into carboxylic acids. After identifying optimal conditions (See Scheme 6), they 

achieved selective hydrocarboxylation for cyclohexene and cyclopentene, while the other 

substrates resulted in regioisomeric mixtures. Interestingly, by adding CH3I as a promoter in 

0.5 equiv. and p-TsOH·H2O as a water source, the activity of the catalyst increased, resulting 

in higher yields. They also reduced the hydrogenation product (15) to only 5% and obtained the 

main product (14) in an excellent yield of 92%.[114] 
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Scheme 6: General reaction conditions for Leitner and co-worker’s hydrocarboxylation of olefins reported in 

2013.[116] 

 

In 2011, Hou[117] and Sawamura[118] independently reported a hydroboration-carboxylation of 

terminal olefins using CO2, copper catalysis, and alkoxides as additives to form carboxylic 

acids. Building on their findings, in 2017, Skrydstrup and colleagues set out to extend their 

two-step hydrocarboxylation to internal alkenes and terminal alkynes (See Scheme 7, a). Their 

conditions showed a viable alkoxide-free method to access carboxylic acids from cyclohexenes, 

stilbenes, and styrenes. The reaction is initiated by a hydroboration step with (9-BBN)2 in 

dioxane. Then, in sequence, a carboxylation using CO2 in the presence of a copper catalyst and 

CsF. Interestingly, for terminal alkynes (18), they found a double hydrocarboxylation, forming 

derivatives of malonic acid (See Scheme 7, b).[119] Later in 2019, Bayer and colleagues 

discovered that the catalyst was not needed for substrates such as stilbenes, β-substituted 

styrenes, and allenes (See Scheme 7, c). Their approach showed a hydroboration of alkenes and 

allenes, followed by a CsF-mediated hydrocarboxylation.[35] The year after, in 2020, a similar 

system using a copper catalyst, B2pin2, and KOtBu for a selective 1,2-hydrocarboxylation of 

1,3-dienes was reported by the Zhang group.[120] 
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Scheme 7: Shows (a) Skrydstrup and co-worker’s general conditions for hydrocarboxylation of alkenes, (b) terminal 

alkynes and (c) the group of Bayer’s hydrocarboxylation of alkenes.[35,121] 

 

Martin and co-workers aimed to combine three abundant chemical feedstocks (water, CO2, and 

olefins under mild conditions. Screening styrenes (22) under optimal conditions with Mn as the 

reducing agent (See Scheme 8, a), the hydrocarboxylation products (23) were obtained in good 

to excellent yields. Also, by changing their conditions (See Scheme 8, b), they also found that 

unactivated olefins, both terminal (24), internal (25), and even as a mixture of regioisomers 

yielded the same product (26). For alkynes (27), they obtained the branched product (28) in 

moderate to good yields (See Scheme 8, c).[119] The same year Sato and co-workers reported a 

similar system, using Zn as the reductant and water as a proton source for the 

hydrocarboxylation of ynamides.[122] 
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Scheme 8: Shows the optimal conditions for hydrocarboxylation of styrenes (a), hydrocarboxylation of terminal and 

internal olefins (b), hydrocarboxylation of alkenes and alkynes (c) all developed in the group of Martin.[119] 

 

To the best of my knowledge, the first hydrocarboxylation enabled by photoredox cataltsis was 

reported by Iwasawa and colleagues in 2017 (See Scheme 9). By combination of a Rh-catalyst, 

with a Ru-photocatalyst, iPr2NEt as an electron donor, and Cs2CO3 as additive, they obtained 

carboxylic acids (34) in moderate yields.[123] Later in 2019, they improved their method with 

the use of BI(OH)H as an electron donor, and an Ir-phocatalyst.[124] In 2022, the same group 

reported a system based on a Rh-catalyst, Ru-photocatalyst, and H2 gas as both a reductant and 

proton source.[78] In 2017, the group of Jamison reported a similar hydrocarboxylation in 

continuous flow, with p-terphenyl as a photocatalyst, PMP as an electron donor, and water as 

an additive.[125] In 2021, team of Romo reported a similar photocatalyzed hydrocarboxylation 

of acrylates under continuous flow. Their method used hydrosilanes as a hydrogen source, p-

terphenyl as the photocatalyst, and a tetramethyl piperidine analogue as the reductant.[126] 

Following the works of Jamison, the group of Wu reported the hydrocarboxylation of alkynes 

enabled by a combination of Co-catalysis and Iridium based photocatalyst.[127] The same year 

the group of König reported a light driven hydrocarboxylation of styrenes, with a nickel-based 

catalyst, and 4CzIPN as a photocatalyst.[128] 
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Scheme 9: Hydrocarboxylation of olefins enabled by photoredox catalysis developed in the group of Iwasawa.[123] 

 

Nam and colleagues investigated an electrochemical β-selective carboxylation of styrenes (See 

Scheme 10). By using a Mg-based cathode and Ni-based anode and a DMF-TBABF4 

electrolyte mixture, they were able to perform a 1,2-addition of styrenes generating carboxylic 

acids (36) with faradaic efficiencies reaching 65%.[129] Using a similar system, Buckley and 

colleagues expanded the electrochemical carboxylative 1,2-addition to substituted olefins,[130] 

and acrylates.[131] In 2023, Mellah and co-workers reported an electrochemical Sm-catalyzed 

β‑hydrocarboxylation of styrenes.[132] During the same year, the team of Ye reported the 

electrochemical hydrocarboxylation of allenes.[133] 

 

 

Scheme 10: Electrochemical hydrocarboxylation of styrenes studied by Nam and co-workers.[129] 

 

In 2020, Yu and colleagues envisioned that electron rich thiolates, and electron-deficient 

acrylates/styrenes might form a charge-transfer complex (CTC) (39). The CTC prompts a 

single-electron reduction of acrylates/styrene or CO2 to generate radical anions, which, in 

return, could facilitate hydrocarboxylation of both styrenes and acrylates (See Scheme 11). The 

reaction performed well for tetrasubstituted acrylates (37) and allowed the hydrocarboxylation 

of bioactive molecules, such as isoborneol, L-(–)-menthol, α-terpineol, 4-carvomenthenol, and 

β-cholesterol.[134] 
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Scheme 11: Shows the general procedure for light-activated hydrocarboxylation of styrenes and acrylates (37) 

using a CTC complex (39) performed by Yu and coworkers.[134] 

 

While the hydrocarboxylation is a well-studied and notable reaction that has seen a lot of 

progress since Lapidus original publication,[91] it is crucial to acknowledge the persisting issues. 

The challenges related to kinetics, selectivity, and CO2 activation, still persist.[80]  

 

2.1.1.2 Boracarboxylation 

The boracarboxylation is an addition that introduces a carboxylic acid and a boronic ester to an 

unsaturated carbon-carbon bond (See Scheme 12). The boracarboxylation was first reported by 

the group of Hou in 2012. In their study, they demonstrated a reaction that is similar to a 

hydroboration; however, instead of a proton source as an electrophile, CO2 was tested. The 

introduction of CO2 resulted in a cyclic adduct in the form of lithium salt (41).[135] Their 

substrate scope consisted of symmetric- and asymmetrically substituted alkynes (See Scheme 

12). To their surprise, CO2 would always insert into the benzylic position of the substrate. With 

further synthesis from 41, they performed a Suzuki-Miyaura cross-coupling to obtained trans 

acrylic acid derivatives in moderate yields.[135]  

 

Later in 2016, Popp and coworkers reported a set of milder conditions that effectively could 

perform a regioselective boracarboxylation of styrenes (See Scheme 12). With an acidic 

workup, they were able to obtain the product (43) in the free acid form. During their 

investigations, they characterized three major products: The boracarboxylation product (43), 

the β-hydride elimination product (44), and the hydroboration product (45) (See Scheme 12). 

Like Hou, Popp also saw a clear trend that CO2 would always insert into to the benzylic position 

of the styrene.[87]  
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Scheme 12: (a) first boracarboxylation of unsaturated systems by Hou and co-workers.[135] (b) Boracarboxylation 

of styrenes reported by the group of popp.[87]  

 

In 2019, Popp and coworkers published a follow-up study (See Scheme 13) addressing the 

limitations regarding high catalyst loading (12 mol%) and poor yield for electron-deficient 

styrenes. Initially, when reducing the catalyst loading (5 mol%), they observed an increase in β 

-hydride elimination product (44). The increasing side product made them consider a 

decomposition of or inactive NHC-Cu complex at lower catalyst loading.[136] Inspired by 

previous studies on the addition of triphenylphosphine (PPh3) to Cu based catalytic systems,[137-

140] they hypothesized its introduction could improve their reaction yields. Their hypothesis was 

that PPh3 served a dual role, by coordinating to and slowing down the decomposition of the 

NHC-Cu species. By reducing the catalyst (to 5 mol%) and adding PPh3 (5 mol%), they 

obtained comparable and or elevated yields with the same substrates. In addition, the amount 

of β-hydride elimination product (44) was reduced, while also expanding the substrate 

scope.[136]  

 

 

Scheme 13: Popp and co-workers study on phosphine-facilitated boracarboxylation of styrenes in 2019.[136] 
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Later in 2022, the Popp group also investigated the boracarboxylation of α-substituted styrenes 

(See Scheme 14). To their surprise, when applying higher CO2 pressure, the yields dropped 

drastically. With further testing, they managed to reproduce the best yields observed in the 

previous studies by increasing the B2pin2 loading. The observed lower yield could be the reason 

of CO2 being consumption before the insertion of styrene into the copper carbene complex.[88] 

From the accepted boracarboxylation mechanism, they suggested an alternative reaction 

pathway including the reduction of CO2 to CO mediated by the intermediate Cu-Bpin complex 

and pinB-O-Bpin (See Scheme 15).[141-143] Their conducted 13B NMR studies also revealed 

that elevated pressures of CO2 resulted in the formation of large quantities of pinB-O-Bpin.[88] 

Additionally, they suspected electron-deficient substrates to give better yields, since they are 

known for faster insertion into (NHC)Cu-boryl complexes.[144] Indeed, after screening of 

styrenes, they observed higher yields at elevated pressures of CO2 for electron-deficient 

systems. Overall, showing that a higher pressure could both benefit and pose a disadvantage 

depending on substrate type.[88] 

 

 

Scheme 14: General reaction conditions for Popp and co-workers study on boracarboxylation of α-substituted 

styrenes in 2022.[88] 

 

The first in-depth study of the boracarboxylation mechanism was conducted by Lu’s group in 

2017. Their investigation primarily explored the ligand effects. However, they also determined 

the observed regioselectivity was likely a result of the high stability of the benzylic copper 

intermediate (See Scheme 15, C). Additionally, they found that the β-hydride elimination of C 

to be less kinetically and thermodynamically favorable than the CO2 insertion (See Scheme 15, 

step iii), which they also identified as the rate-determining step.[142]  
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Scheme 15: Accepted mechanism of the Copper-catalyzed boracarboxylation with the reduction of CO2 as a 

competitive side reaction.[88,135,141-143]  

 

In 2019 the group of Popp conducted a computational study on the mechanism of the 

boracarboxylation. They found that the formation of the Cu-boryl species B (See Scheme 15) 

occurs at a very low energy barrier and happens almost instantly. The Cu-boryl complex prefers 

insertion of the styrene according to the pathway ii to generate C, over the diverging CO2 

reduction pathway. From C they saw a clear preference for the CO2 insertion step iii over β-

hydride elimination to 44 (See Scheme 15) and other competing side reactions such as 

polymerization, hydroboration and decupration. Their study also determined the CO2 insertion 

to be the likely rate-determining step,[141] which aligns with Lu and coworkers previous 

report.[142] In 2020, Popp and co-workers also considered the role of the organoboron reagent 

in the reaction mechanism. From calculations, they suggested that boron participates as a Lewis 

acid in the CO2 insertion and promotes it (See Figure 5, C). The study demonstrated a 

correlation between the activation energy of CO2 insertion and the electron deficiency at the 

boron center in organoboron reagents. As boron becomes more electron-deficient, the energy 

barrier decreases. This results in a more electrophilic carbon, enhancing its reactivity for the 

subsequent metalation by copper (See Scheme 15, ii).[145]  
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Figure 5: Figure of the boron assisted transition state A, outer-sphere transition state B, and inner-sphere transition 

state C.[145] 

 

2.1.2 Examples of other relevant carboxylation reactions 

2.1.2.1 Silacarboxylation 

The silacarboxylation was studied by the group of Tsuji in 2012, they demonstrated a copper-

catalyzed reaction employing a silylboronate and CO2 for 1,2-addition to an unsaturated system. 

They first studied the reaction using internal alkynes (52),[89] but also later in 2014 expanded 

the substrate scope to include allenes (56).[90] By employing two sets of conditions achieving 

excellent regioselectivities in both the internal (55) and terminal (57) double bond of the allene 

(See Scheme 16, A and B).  

 

 

Scheme 16: Silacarboxylation of internal alkynes and allenes.[89,90] 

 

2.1.2.2 Thiocarboxylation 

The thiocarboxylation was published in 2017 by Yu and co-workers (See Scheme 17), in their 

study they utilized visible light and catalytic amounts of FeCl3 to drive their reaction forward. 

With this innovative approach, they were able to thiocarboxylate styrenes (58) under mild 

reaction conditions. They produced a wide range β-thioacids (60) with excellent yields, up to 
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91%.[86] In 2022, Jain and colleagues further developed the thiocarboxylation of styrenes using 

photocatalysis and an iron-based metal-organic framework (MOF).[146] 

 

 

Scheme 17: Thiocarboxylation of styrenes (58) using an iron based catalyst and 30W blue LED light.[86] 

 

2.1.2.3 Carbocarboxylation 

The carbocarboxylation enabled by photoredox catalysis was reported by the group of Hong in 

2021 (See Scheme 18). In this study they combined 4CzBnBN as a photocatalyst, styrenes (61), 

substituted anilines (62), blue LED light and TMSCHN2 as a methylation agent. With these 

conditions they were able to produce γ-aminobutyric esters (63) in yields of up to 91%.[147]  

 

 
Scheme 18: Metal-free photoredox-catalyzed carbocarboxylation of styrenes (61).[147] 

 

2.1.2.4 Phosphonocarboxylation 

In 2019, Yu and colleagues published the first phosphinocarboxylation operating under 

photoredox catalysis. By utilizing 4CzIPN as a photocatalyst, disubstituted phosphine oxides 

(65), K2CO3 as a base, and blue LED (See Scheme 19) they performed a 1,2-addition that 

incorporates CO2 and disubstituted phosphine oxides into the double bond of styrenes, with 

yields reaching 93%.[148] 

 

 
Scheme 19: Phosphoncarboxylation of styrenes enabled by photoredox catalysis (64).[148] 
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2.1.3 Enantioselective C-C bond-forming reactions with CO2 and related 

transformations. 

Enantioselective reactions transform a prochiral starting material into a chiral product and 

produce an excess of one of the two enantiomeric forms of the product. The development of 

enantioselective reactions has been an important topic in modern organic chemistry.[149] Which 

also was recognized by the Nobel prizes in chemistry for the development of enantioselective 

hydrogenations, oxidations (2001) and organocatalytic transformations.[150,151] The first 

catalytic enantioselective reaction using a chiral transition metal complex was reported in 1966 

by Noyori and colleagues. After Noyori and co-worker’s discovery, a modern era of transition 

metal-catalyzed enantioselective reactions was born and paved the way for the development of 

important chiral ligands (See Figure 6), such as (R)-BINAP,[152] (S,S)-DiPAMP,[153] (S,S)-tBu-

BOX,[154] (S,S)-Me-DuPhos,[155] and more.[150,151,156] 

 

 

Figure 6: Structures of (R)-BINAP (69), (S,S)-DiPAMP (70), (S,S)-tBu-BOX (71) and (S,S)-Me-DuPhos (72). 

 

Enantioselective C-C bond-forming reactions that utilize CO2 are still a relatively new research 

area. Therefore, little progress has been made to form enantioenriched molecules with CO2 as 

a carbon feedstock. So far, there are three main strategies to obtain chiral molecules 

incorporating CO2. The first strategy, deracemization (See Scheme 20, a) starts with a racemic 

starting material that is transformed to an enantiomerically enriched product using 

enantioconvergent processes such; dynamic kinetic resolution or enantioconvergent synthesis. 

The second approach involves chirality transfer (See Scheme 20, b) from an enantiopure 

substrate, without a chiral catalyst or additive. In this method, the formed chiral center depends 

on the absolute configuration of the starting material. The third strategy involves 

enantioselective synthesis (See Scheme 20, c). This method involves the formation of a chiral 

product from a prochiral substrate with the use of an enantiopure chiral catalyst or additive.[157] 



 

23 

 

Scheme 20: The main strategies for enantioselective C-C incorporation of CO2 (a) deracemization (b) chiral transfer 

and, (c) enantioselective synthesis.[157] 

 

To the best of my knowledge, it was not until 1986 that the first enantioselective C-C bond-

forming reaction with CO2 was reported (See Scheme 21). The Hogeveen group investigated 

an enantioselective carboxylation of a lithium enolate (75), which was formed by the 

deprotonation of 73 with a chiral base, (S,S)-α,α’dimethyldibenzylamide lithium (74). 

Carboxylation of the enolate and methylation of the acid formed an ester (76) in up to 67% e.e., 

and yields ranging from 60 to 90%.[158] This reaction marked a significant step forward in the 

field of enantioselective C-C bond-forming reactions with CO2.  

 

 

Scheme 21: Enantioconvergent carboxylation of (73) using the chiral base (S,S)-α,α’dimethyldibenzylamide lithium 

(74).[158]  
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In 1990, Chong and co-workers reported a chirality transfer of enantiopure α-

alkoxyorganostannanes to α-hydroxy acid derivatives (See Scheme 22, a). By first using n-

BuLi to perform a Sn-Li exchange, they generated an α-alkoxyorganolithium intermediate. 

Then, followed by the introduction of CO2, resulted in enantioenriched α-hydroxy acid 

derivatives (78, up to 98% e.e.).[159] In 1992, the same group reported that α-

aminoorganostannanes (79) could also undergo chirality transfer to generate secondary α-

amino organolithiums (See Scheme 22, b). Further, introducing CO2 to their reaction mixture 

resulted in amino acid derivatives (80) with up to 94% e.e.[160] 

 

 

Scheme 22: Chong and colleagues chirality transfer of (a) α-hydroxy acid derivatives (77),[159] and (b) α-

aminoorganostannanes (79) to synthesize amino acid derivatives (80).[160] 

 

In 1991, the Beak group conducted an enantioselective carboxylation of Boc-pyrrolidine (81) 

using s-BuLi in the presence of (–)-sparteine (87). This was followed by CO2 addition, 

affording (R)-proline (82) with 88% e.e. (See Scheme 23, a).[161] In 1997, the group compared 

the outcome of the enantioselective carboxylation with the carboxylation via 

stannylation/chirality transfer (See Scheme 23, b), to synthesize amino acids (84 and 86) using 

(–)-sparteine (87) and s-BuLi.[162] With the enantioselective carboxylation, they observed 

excellent yields of up to 95% for the amino acid derivatives (84), with e.e. reaching 92%. 

Additionally, the chirality transfer reached yields of up to 81% and e.e. values of 90% for (86). 
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Scheme 23: Beak and colleagues 1991 study on (a) enantioselective carboxylation and (b) comparison of 

enantioselective carboxylation and chirality transfer.[161,162] 

 

Schlosser and co-workers reported an enantioselective deprotonation of 88 in the presence of 

(–)-sparteine (87) and s-BuLi (See Scheme 24, a). This transformation allowed for the synthesis 

of N-Boc-protected phenyl glycine derivatives (89) in yields up to 65% and e.e.’s reaching 

85%.[163] In 2001, Voyer and colleagues reported an analogous approach (See Scheme 24, b) 

using a substrate with a silyl protecting group combined with a Boc group (90). This way, they 

were able to obtain the N-Boc-protected phenyl glycine derivatives (91) in yields reaching 86% 

and e.e. values of 98%.[164] 

 

 

Scheme 24: The Schlosser (1995) and Voyer (2001) groups’ enantioselective carboxylation to synthesize N-Boc-

protected phenyl glycine derivatives (89 and 91).[163,164] 

 

In 1999, a study conducted by the group of Nakai (See Scheme 25) showed a related 

enantioselective carboxylation of (methoxymethyl)benzene (93). By exposing their substrate to 
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t-BuLi in the presence of a (S,S)-Box-iPr ligand (95) followed by the addition of CO2, they 

were able to perform an enantioselective carboxylation with e.e. and yields of up to 95%.[165]  

 

 

Scheme 25: Enantioselective carboxylation of benzyl methyl ethers reported by the group of Nakai.[165]  

 

A year later, in 2000, Fournet and co-workers presented an interesting diastereoconvergent 

carboxylation approach (See Scheme 26). By the treatment of N-(α-stannylalkyl) 

oxazolidinones (96) with n-BuLi, followed by the addition of CO2, they managed to prepare 

protected amino acids with good yields and e.e. values up to 95%.[166] 

 

 

Scheme 26: Diastereoconvergent carboxylation of N-(α-stannylalkyl)oxazolidinones (96).[166] 

 

The same year, the group of Toru reported an enantioconvergent carboxylation of 

thioorganostannyls (See Scheme 27, 98 and 100). By combining n-BuLi, with (S,S)-Box-i-Pr 

(102) followed by CO2 addition, they obtained a range of α-thiocarboxylic acids (99 and 101) 

with e.e. values of up to 74%.[167] 
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Scheme 27: Enantioconvergent carboxylation of thioorganostannyls reported by Toru and co-workers.[167] 

 

In 2001, Hoppe and co-workers reported an enantioselective carboxylation approach for 

propargylic carbamates (103) enabled by the combination of (–)-sparteine, n-BuLi at - 78 °C, 

followed by addition of CO2 (See Scheme 28). The chiral acid derivative (104) was obtained 

with e.e. values of up to 85%.[168] 

 

 

Scheme 28: Enantioselective carboxylation of propargylic carbamates (103).[168] 

 

A few years later, in 2002,[169] and 2004,[170] Mori and colleagues published two consecutive 

studies (See Scheme 29) regarding a nickel catalyzed ring closing carboxylation of bis-1,3-

dienes (105). Their study was interesting in the sense that it could generate three consecutive 

chiral centers in a single operation. Using Ni(acac)2 and (S)-MeO-MOP (107) as a chiral 

catalyst with diethylzinc as a reductant, they observed (106) with 95% e.e. and yields up to 

99.9%. The generated active Ni(0) species react with the diene to give a bis-allyl species, which 

then enantioselectively inserts CO2 into the substrate. Transmetallation of the generated nickel 

carboxylate with R2Zn, and then a reductive elimination  followed by the addition of CH2N2 

yields the methyl carboxylate (See Scheme 29).[157] 
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Scheme 29: Ni-catalyzed enantioselective carboxylation of dienes (105).[169,170] 

 

In 2009, Lu and colleagues took a different approach and decided to explore enantioselective 

electrocarboxylation (See Scheme 30, a). Their method employed a stainless steel or palladium 

electrode in the presence of a chiral ligand (111 or 112), to synthesize the pharmaceutical 

intermediate atrolactic acid (109 and 110). By generating an α-hydroxy anion (114) via 

electrochemical reduction of acetophenone (108), followed by incorporation of CO2 in an 

enantioselective manner. This way, they were able to synthesize atrolactic acid (109 and 110) 

in e.e. up to 30%.[171] Lu also expanded the substrate scope to include benzylic halides using 

113, both and heterogeneous catalysis in 2014 (e.e. up to 83%),[172] homogeneous catalysis in 

2015 (e.e. up to 73%).[173] Recently, in 2021, they improved this method by using 113, and 

LSF-x and Pt electrodes,[174] and further in 2022 with PrCoO3-T and Pt electrodes, giving e.e. 

values up to 95% (See Scheme 30, b).[175] A year later, they also experimented with analogues 

of 113 reaching e.e. up to 83%.[176] 
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Scheme 30: Electrocarboxylation of acetophenone (108) using a (a) stainless steel Mg electrode,[171] and (b) 

PrCoO3-T Pt electrode,[175] for the enantioselective synthesis of atrolactic acid (109 and 110).  

 

Sato and colleagues reported an enantioselective carboxylation approach of chiral α-amido 

stannans (115) mediated by CsF for the activation of tin (See Scheme 31, a). The product 

resulted in N-sulfonyl amino acids (116) with e.e. values reaching 90%.[177] Later in 2014, the 

group of Sato published a follow-up study using chiral α-amido silanes (117), with CsF as an 

activator, (See Scheme 31, b) to obtain α-amino acid derivatives (118) with e.e. values of 

99%.[178]  
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Scheme 31: Chirality transfer in α-amido stannanas (115) (a) and  α-amido silanes (117) (b).[177,178] 

 

In 2016, the group of Mikami reported the first enantioselective hydrocarboxylation of acrylates 

(119) with CO2.
[179] Their method utilized a chiral Rh-phosphine complex (121) with 

diethylzinc as a reducing agent and CO2 as a carbon source. They obtained their product (120) 

with e.e. as high as 66% and yields up to 69%. A mechanistic study conducted by Hopmann 

and co-workers in 2018 (See Scheme 32) gave important insight to the mechanism. They 

proposed a transmetalation between an ethyl group from diethylzinc and the Rh-complex, 

followed by β-hydride elimination to generate an active Rh-H species. Then, the acrylate (119) 

inserts into the Rh-H species to form a Rh-alkyl species C. The resulting complex has enough 

nucleophilicity to attack CO2, giving a rhodium carboxylate complex. Finally, a transmetalation 

between the rhodium complex and diethylzinc to reform the Rh(1)-Et complex, releasing the 

product (120). Hopmann also suggested an explanation for the moderate e.e. observed by 

Mikami’s group. They proposed that Rh coordinates to the aryl ring of the substrate in a 6 

fashion during CO2 insertion (See scheme 32). Additionally, the study presented a unique C-

CO2 bond formation step, showing that CO2 does not interacting with either the Rh-complex or 

the organozinc reagent.[180] 
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Scheme 32: Rh-catalyzed enantioselective hydrocarboxylation of acrylates (119) performed by Mikami and co-

workers .[179] Also shows the possible mechanism for the hydrocarboxylation of acrylates.[180]  

 

The year after, the group of Yu published a study on Cu-catalyzed hydroxymethylation of 

styrenes and 1,3-dienes (See Scheme 33, a and b).[181] Their study describes a reaction including 

an addition of CO2 followed by the reduction of the intermediate carboxylate. Using a chiral 

copper catalyst, with silanes as the reducing agent, and a base, they obtained corresponding 

alcohols (123 and 125) with excellent e.e. (up to 98%) and yields (up to 96%). In 2019, the 

reaction was extended to 1,1-disubstituted-1,3-dienes (See Scheme 33, b),[182] and 1,1-

disubstituted allenes (See Scheme 33, c),[183] yielding chiral alcohols (127 and 129) with 

excellent e.e. values (up to 99%). Later in 2021, Ma and colleagues demonstrated the utility of 

this approach for terminal alkynes, reaching e.e. values up to 99%.[184] 
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Scheme 33: Enantioselective hydroxymethylation of (a) styrenes and 1,3-dienes (122 and 124), (b) 1,1-

disubstituted 1,3-dienes (126) and (c) 1,1-disubstituted allenes (128).[181-183] 

 

A few years later in 2018, Mei and colleagues experimented with enantioselective palladium-

catalyzed reductive electrocarboxylation of allyl esters using CO2. They raised the question if 

electric currents could be used for the catalytic reduction of allyl acetates (131). Their 

innovative method used chiral bidentate phosphines (133 – 135), Pd(OAc)2, with Pt-Mg 

electrodes in an undivided cell (See Scheme 34).[185] Chiral bidentate phosphines are typically 

inactive in the allylation of aldehydes,[186-188] but were discovered to be efficient for catalytic 

conversions, including CO2. Depending on the phosphine, they were able to obtain 

corresponding allyl carboxylic acid (132) products with a moderate e.e. of 56 – 67% (See 

Scheme 34). [185] 
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Scheme 34: Pd-catalyzed enantioselective electrocarboxylation of allylic acetates (131).[185]  

 

In 2021, the Bandini group reported an enantioselective carbocarboxylation of alkenes (136) 

with CO2 (See Scheme 35, a).[189] Their reaction was facilitated by a nickel catalyst equipped 

with a chiral ligand (140), Zn as a reductant, TMSCl and TBAI as additives. With these 

conditions, they obtained corresponding acids with an excellent e.e. of 99%. The same year, 

Yu’s team reported a similar system based on the combination of Ni(cod)2 with a chiral ligand 

(141), Zn as a reductant, with MgCl2 and LiOtBu as additives (See Scheme 35, b).[190] They 

also acquired their product with an excellent e.e. of 99%. 
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Scheme 35: Enantioselective carbocarboxylation reported by a) the Bandini group and b) the group of Yu.[189,190] 

 

In 2022, Li and co-workers (See Scheme 36) published a study on a nickel-catalyzed 

enantioconvergent carboxylation. The reaction was facilitated by Ni(PCy3)2, Mn as a reductant, 

and a chiral bipyridine ligand (144) in the presence of CO2. They were able to synthesize 

pharmaceuticals such as naproxen, ketoprofen, and fenoprofen in excellent e.e. of up to 98%. 

This transformation demonstrates the potential of catalytic C-C bond-forming reactions 

involving CO2 to produce relevant enantiomerically pure compounds.[191] 

 

 

Scheme 36: Ni-catalyzed enantioconvergent carboxylation of benzylic(pseudo)halides (142).[191] 
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3 Results and Discussion 

3.1 Rh-catalyzed enantioselective hydrocarboxylation (Paper I) 

3.1.1 Introduction 

To the best of my knowledge, the first hydrocarboxylation of acrylates was performed by 

Mikami and co-workers. They developed a hydrocarboxylation that utilized a chiral rhodium 

complex equipped with a chiral bidentate phosphine ligand. However, their conditions could 

only achieve moderate e.e..[179] Shortly after the original report, our group conducted an 

experimental and computational study on the mechanism of the reaction.[180] The goal of Paper 

I was gain a deeper understanding of what factors determine the enantioselectivity of the 

hydrocarboxylation. My task was to synthesize and determine the performance of four chiral 

Rh complexes, where three of them have not been studied before. The goal of my work was to 

experimentally validate the computational results and e.e. predictions. As I only carried out the 

experimental work, the computational results of Paper I will not be discussed in detail in my 

thesis.[192] 

 

3.1.2 Results and discussion 

3.1.2.1 Synthesis of Rh complexes. 

The synthesis for the Rh complexes 145 – 148 (See Scheme 37) was carried out using a slightly 

modified version of Mikami’s procedure (See Paper I SI). Mikami separated AgSbF6 and 

[Rh(cod)Cl]2 in two Schlenk tubes, followed by canula addition of AgSbF6 to [Rh(cod)Cl]2. 

For the sake of ease, by combining [Rh(cod)Cl]2 and AgSbF6 into one round bottom flask, the 

canula step was avoided. The complexes 145, 146 and 147 formed without any problem, all in 

quantitative yields. However, the synthesis of complex 148 was not done without a challenge. 

For the first attempt, a complex with two (S,S)-BDPP coordinated to the Rh-metal center was 

observed. To solve the issue of 1,5-cyclooctadiene (cod) not coordinating to rhodium, Mikami’s 

approach was tested (see Paper I SI). By first generating [Rh(cod)2]SbF6 in situ, followed by 

addition of a solution containing (S,S)-BDPP, complex 148 was obtained in a quantitative yield. 
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Scheme 37: General synthesis and structures of Rh complexes studied in paper I.[192] 

 

3.1.2.2 Hydrocarboxylation of model acrylate 

When conducting the hydrocarboxylation of 149 with Rh complexes 145 – 148 (See Scheme 

37), the product (150) was isolated in moderate to excellent yields (Table 1, entries 1 – 3). The 

corresponding experimental e.e. values varied from racemic to low. Comparing the 

experimental to the computed e.e., a general trend was observed. When performing the 

hydrocarboxylation of 149 using complex 148, propionic acid was the major product, and 150 

was not observed. We hypothesized that the formation of the side product is a result of CO2 

inserting into the Rh-Et intermediate prior to the β-hydride elimination (See Scheme 32, A), 

leading to the release of propionic acid. The main suspicion was that the β-hydride elimination 

was slow, possibly due to the wide bite angle of (S,S)-BDPP.[193-195] Therefore, CO2 was 

introduced to the reaction while the contents of the reaction flask was under an argon 

atmosphere. This way, the concentration of CO2 would be lower, and there would be time for 

the β-hydride elimination to occur before CO2 could be incorporated into the Rh-complex. 

When applying a lower CO2 concentration, the product (150) was obtained in a yield of 94% 

and e.e. of 4%.  
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Table 1: Hydrocarboxylation of model acrylate with tested Rh complexes, showing the obtained experimental and 

computational e.e. values for entries 1 – 4.[192] 

 

Entry Rh complex Isolated yield e.e. exp. (%) e.e. comp. (%) 

1 (S)-SEGPHOS-Rh complex (145) 48 % 32.0a 53.8 

2 (rac)-StackPhos-Rh complex (146) 74 % n.d. 47.0 

3 (S,S)-tBu-BOX-Rh complex (147) 99 % 0.0 6.4 

4 (S,S)-BDPP-Rh complex (148) 94 % 4.0 24.3 

a) Experiment reported by Mikami and colleagues to have 60% e.e.  

 

While the experimental e.e. are low, the values were in agreement with the computationally 

predicted e.e., and thus could be used to strengthen the computational mechanistic suggestions.  

 

3.1.3 Conclusion paper I 

Experiments using complexes 145 – 148 as catalysts revealed that all can catalyze the 

hydrocarboxylation, with 145, 146, and 147 providing good to excellent yields (74 – 99 %) for 

substrate 149. The experimentally obtained e.e. values were used to validate and support the 

accuracy of the computational protocol, demonstrating the ability of DFT-D to model the 

enantioselective Rh-catalyzed hydrocarboxylation reactions. The joint experimental and 

computational results shown in paper I, suggest that the enantioselectivity of the 

hydrocarboxylation might be difficult to control.  



 

40 

3.2 Enantioselective Boracarboxylation (Paper II) 

3.2.1 Introduction 

The enantioselective boracarboxylation of styrenes have not been reported. This transformation 

is interesting in the sense that it gives an attractive method to produce enantioenriched 

pharmaceutical precursors with mild reaction conditions. Here, I present the work conducted 

towards an enantioselective method for the boracarboxylation of styrenes, reaching good yields 

and up to very good e.r. (See Scheme 38). Detailed computational studies of the reaction 

mechanism were also carried out, to further understand mechanistic factors determining the 

enantioselectivity. however, the computational results will not be further discussed in my thesis. 

 

 

Scheme 38: Enantioselective boracarboxylation of styrenes with CO2 presented in paper II. 

 

3.2.2 Optimization of reaction conditions 

My initial investigations showed that phosphine-based Cu-catalysts can be as effective as NHC-

Cu-systems for regioselective boracarboxylation of styrenes (for further details, see Paper II 

SI, Table S1 – S3). Specifically, a catalytic system formed from [Cu(MeCN)4]PF6 and (S,S)-

BDPP in the presence of Cs2CO3 as a base, and 2-MeTHF as solvent led to the formation of the 

boracarboxylation product of 4-methylstyrene in 84% isolated yield (See Table 2, entry 1). 
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Table 2: The performance of chiral phosphines for the boracarboxylation of 4-methylstyrene (151a). 

 

 
Entry Ligand e.r. a) Isolated yield 

1 (S,S)-BDPP 48:52 84% 

2 (R,R,R,R)-BIBOP 43:57 46% 

3 (R)-Walphos 39:61 44% 

4 (3S,3´S)-BABIBOP 23:77 45% 

5 (R)-BINAP 30:70 22% 

6 (SFc,Rc)-Mandyphos 23:77 23% 

7 L1 35:65 71% 

8 L2 48:52 72% 

9 (R,R)-BenzP* 23:77 23% 

10 (S,S)-QuinoxP* 92:8 26% 

a) The e.r. of the product was determined by super critical fluid chromatography (SFC) with a chiral column.   
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Further, I examined a range of commercially available chiral ligands (See Table 2; for complete 

overview, see Paper II SI Table S4). The best yields were obtained with (S,S)-BDPP followed 

by the chiral phosphines (R,R,R,R)-BIBOP, (R)-Walphos and (3S,3´S)-BABIBOP though the 

enantioselectivity of the reactions was poor (44 – 46%; see Table 2, entries 2 – 4). (3S,3´S)-

BABIBOP showed moderate enantioselectivity (e.r. 23:77), with similar e.r. attained for the 

well-established ligands (R)-BINAP (e.r. 30:70; see Table 2, entry 5) and (SFc,Rc)-Mandyphos 

(e.r. 23:77; see Table 2, entry 6). In comparison, chiral NHC-ligands granted significantly 

better yields (71 – 72%), but lower selectivities (L1 e.r. 35:65, L2 e.r. 48:52; see Table 2, 

entries 7 and 8).[87,88] The promising results obtained for (3S,3´S)-BABIBOP directed us 

towards extending the study to other P-chiral phosphines, such as (R,R)-BenzP* (See Table 2, 

entry 9) and (S,S)-QuinoxP* (See Table 2, entry 10). While both exhibited lower yields, (S,S)-

QuinoxP* showed very good enantioselectivity, resulting in the boracarboxylation product in 

92:8 e.r., and we decided to optimize the reaction conditions with (S,S)-QuinoxP* as ligand 

(See Table 3).  

 

The optimization of the reaction conditions for (S,S)-QuinoxP* was initiated with the screening 

of solvents (for a full overview; see Paper II SI Table S5 – S9). I focused mainly on ether-

type solvents, as they were shown to give the best yields in the previous experiments. 

Nevertheless, ethers did not provide significantly better results, with a notable exception for 

anisole that somewhat improved the yields to 40% (See Table 3, entry 2), which could be 

increased even further to 76% by doubling the catalyst loading to 10 mol% (See Table 3, entry 

8). The increased ligand loading decreased the e.r. to 84:16. Altering the base to alkoxides, such 

as NaOtBu (See Table 3, entry 4), which have been shown to work well for NHC-ligands,[87,88] 

did not show improvement in yields for phosphines. Different copper sources resulted in a 

reduction in yields to 18 – 26% (See Table 3, entries 5 – 7). Advancing forward, I tested a 

range of additives; among these, phase transfer catalysts and weakly coordinating anions (See 

Table 3, entries 11 – 14) were included, with no observed improvement. A notable exception 

was 18-crown-6 ether (See Table 3, entry 9), which gave an improved yield from 40% to 58% 

at a catalyst loading of 5 mol%. In combination with the increased yield, 18-crown-6 ether also 

slightly improved the observed e.r. from 92:8 to 96:4. Increasing the catalyst loading to 10 

mol% with 18-crown-6 ether as an additive did not enhance the yield further (See Table 3, 

entry 10). 
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Table 3: Summary of the most important results from the optimization with (S,S)-QuinoxP* as the ligand. 

 

Entry Cu-source Base Additive (mol%) Solvent e.r. Yielda) 

1 [Cu(MeCN)4]PF6 Cs2CO3 - Dioxane n.d. 25% 

2 [Cu(MeCN)4]PF6 Cs2CO3 - Anisole 92:8 40% 

3 [Cu(MeCN)4]PF6 Cs2CO3 - Triglyme n.d. 19% 

4 [Cu(MeCN)4]PF6 NaOtBu - Anisole n.d. 26% 

5 [Cu(MeCN)4]BF4 Cs2CO3
 - Anisole n.d. 18% 

6 [Cu(MeCN)4]SbF6 Cs2CO3 - Anisole n.d. 20% 

7 [Cu(MeCN)4]BArF Cs2CO3 - Anisole n.d. 26% 

8 [Cu(MeCN)4]PF6 Cs2CO3 - Anisole 84:16 76%b) 

9 [Cu(MeCN)4]PF6 Cs2CO3 18-crown-6 (50) Anisole 96:4 58%c) 

10 [Cu(MeCN)4]PF6 Cs2CO3 18-crown-6 (50) Anisole 93:7 60%b) 

11 [Cu(MeCN)4]PF6 Cs2CO3 TBAB (50) Anisole 95:5. 42% 

12 [Cu(MeCN)4]PF6 Cs2CO3 PPh3 (20) Anisole 91:9 32% 

13 [Cu(MeCN)4]PF6 Cs2CO3 monolaurin (20) Anisole 87:13 37% 

14 [Cu(MeCN)4]PF6 Cs2CO3 palmitic acid (20) Anisole 94:6 33% 

a) Isolated yields. b) 10 mol% of Cu-source and 12 mol% of the ligand was used. c) Average yield of two 

experiments.  

 

3.2.3 Substrate scope 

Continuing the study, I tested the optimal conditions on a wide range of electron-rich, electron-

deficient, and electron-neutral styrenes (See Scheme 39). Styrenes functionalized with a methyl 

group in the para, meta or ortho position (151a, 151d and 151g) were selectively transformed 

with yields ranging from 37 – 58% and e.r. varying from good to excellent (up to 96:4). When 

changing the substituent for a more electron donating group, such as methoxy (151b and 151e), 

alkyl (151c) and phenoxy (151i), only fair yields were observed (33 – 42%). However, the 

products associated to the fair yields were obtained with high e.r. (up to 98:2 e.r.). 

Unfunctionalized styrene (151j) and naphthalene analogues (151k and 151l) also exhibited fair 

yields (36 – 41%), whereas the observed e.r. values for these substrates had diminished (up to 

86:14). Styrenes with electron-withdrawing groups including fluorine (151m and 151p), 

trifluoromethyl (151n and 151q), cyano (151o), nitro (151s) and ester (151t) resulted in similar 

yields to the electron-neutral and -rich styrenes (13 – 67%). However, the observed lower e.r. 
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in the electron-deficient systems suggest that electronic effects from the substrate could play a 

decisive role for the level of enantioselectivity of boracarboxylations. To further investigate 

this hypothesis, we decided to test to two analogues of the electron-rich substrates 151e and 

151h with a fluorine substituent (151f and 151r). This led to a significant decrease in 

enantiomeric ratios for the products 152f and 152r. 

 

 

 
Scheme 39: The substrate scope for the enantioselective boracarboxylation of styrenes. a) Average yield of two 

experiments. b) Yield obtained at 5 atm of CO2.  
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Also, we investigated the impact of CO2 pressure on the enantioselectivity of the 

boracarboxylation. In a recent publication, the research group of Popp showed that a higher 

pressure of CO2 is beneficial in terms of yield for the electron-deficient styrenes.[88] When 

applying 5 atm of CO2 pressure for the electron-deficient substrates (151m, 151n, 151p and 

151q), the observed yield increased for 152m (from <5% to 19%), 152n (from 38 to 48%) and 

152q (from 33 to 48%), while the e.r. remained unchanged.  

 

Benzylic protons are known to be fairly acidic depending on the substituents.[196] As the 

enantiomeric ratio for most of the electron deficient products were low, we were concerned the 

boracarboxylation product could racemize under our basic conditions. Therefore, compound 

152p and 152q, respectively, were dissolved in anisole and left vigorously stirring in the 

presence of Cs2CO3 (2.0 equiv.), B2pin2 (1.5 equiv.) and CO2. When analyzing 152p and 152q 

with SFC after 24 hours, the e.r. values were unchanged. However, in the presence of in 

presence of Cs2CO3 (2.0 equiv.) alone, there was notable racemization. 

 

To determine the absolute configuration of the major enantiomer of the boracarboxylation 

product, we utilized sodium perborate tetrahydrate to transform 152j to tropic acid 153 (See 

Scheme 40). The generated tropic acid was obtained in a quantitative yield, with the e.r. of 153 

retained and shown to have the (S)-configuration (Paper II SI, Chromatogram S21). This 

means that the absolute configuration of the obtained boracarboxylation product is the (R)-

configuration. Noteworthy, tropic acid is a key intermediate in asymmetric synthesis of atropine 

and tropicamide related alkaloids.[197] 

 

 

Scheme 40: Determination of the absolute configuration of the boracarboxylation product 152j via synthesis of 

tropic acid. 
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3.2.4 Additional results not included in paper II. 

3.2.4.1 Analogue of (S,S)-QuinoxP* for optimization of reaction conditions. 

After screening multiple commercially available chiral ligands, (S,S)-QuinoxP* was identified 

as the best ligand in terms of enantioselectivity. We had some concerns about proceeding with 

further optimization using (S,S)-QuinoxP*, due to its high cost. For a cost-effective 

optimization, a none-chiral analogue of (S,S)-QuinoxP* was prepared.  

 

Following the general procedure reported by Yoshida and co-workers, an attempt to synthesize 

QuinoxPtBu4 (154) and QuinoxPCy4 (155) (See Scheme 41) was made.[198] Firstly, the aim was 

to synthesize 154; however the reaction gave 0% yield. So, I proceeded to the synthesis of 155 

and obtained the ligand in a yield of 35% (462 mg).  

 

 

Scheme 41: General conditions for the synthesis of the none-chiral (S,S)-QuinoxP* analogue 154 and 155.[198] 

 

A solvent screen was performed with ligand (155) showing the best yields when using THF 

(51%) (Table 4, entry 1). Unfortunately, upon switching ligand 155 to (S,S)-QuinoxP*, the 

observed yield for the boracarboxylation at otherwise identical conditions (Table 4, entry 1) 

did not persist. This disappointing result prompted us to use (S,S)-QuinoxP* as the ligand for 

optimizing the enantioselective boracarboxylation. 
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Table 4: Screening of solvents for the boracarboxylation with the nonchiral (S,S)-QuinoxP* analogue 

QuinoxPCy4 (155). 

 

Entry Solvent Isolated yield 

1 THF 51% 

2 2-MeTHF 9% 

3 Dioxane 37% 

4 DME 36% 

5 Eucalyptol 30% 

6 Acetal 24% 

7 Diglyme 29% 

8 Triglyme 33% 

9 Methylal 39% 

10 Isosorbide 0% 

11 Anisole 0% 

12 DMF 22% 

13 Acetonitrile 0% 

14 Chloroform 12% 

15 Tetraethyl Orthosilicate 0% 

 

3.2.5 Conclusion paper II 

Through optimization and testing of substrates, we have designed an enantioselective 

boracarboxylation including addition of CO2 to styrenes. The developed method involves a 

chiral copper catalyst derived from the P-chiral ligand (S,S)-QuinoxP* and [Cu(MeCN)4]PF6. 

The method ensures high regioselectivity with yields reaching up to 58%. The 

enantioselectivity of the reaction is potentially influenced by the electronic structure of the 

styrene, with electron-rich styrenes delivering the best enantiomeric ratios. The synthetic 

protocol achieves e.r. values of up to 98:2, comparable to the highest enantioselectivities 

reported thus far for other CO2-based carboxylations. The chiral β-boronated carboxylic acids 

synthesized in this way could potentially serve as valuable building blocks for synthesis of 

natural products and analogues of pharmaceutical.  
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3.3 Preliminary results on boracarboxylation of allenes  

3.3.1 Introduction 

During the work on the enantioselective boracarboxylation of styrenes, we became interested 

in expanding the boracarboxylation to other types of substrates. While alkynes and styrenes as 

substrates for boracarboxylation were described,[87,135] allenes had not been reported at the time 

this study was conducted. However, the hydroboration of allenes, a reaction that is quite similar 

to the boracarboxylation in terms of reaction conditions, has been reported.[199-203] We therefore 

decided to look closer at the potential boracarboxylation of allenes with CO2. 

 

3.3.2 Initial determination of reaction conditions 

To find working reaction conditions for the boracarboxylation of allenes, we tested modified 

reaction conditions used for Cu-catalyzed hydroborations of allenes[203,204] (See Table 5, entries 

1-2), and some of the reaction conditions identified during our work with boracarboxylation of 

styrenes (See Table 5, entries 3-10). The best result was obtained using the conditions for 

enantioselective boracarboxylation in 2-MeTHF (See Table 5, entry 3). Starting with aryl 

allene 158a, one major product (159a) with a yield of 55% was obtained. For alkyl allene 161, 

the boracarboxylation resulted in a mixture of several regioisomers in 35% yield (See Table 5, 

entry 4). Using the optimal conditions for enantioselective boracarboxylation in anisole with 

several achiral ligands such as dcpe, dtbpf, t-Bu-Xantphos, PPh3, and dppbz resulted in poor 

yields (0% – 25%; See Table 5, entries 5 – 10). We therefore decided to focus the further 

optimization on aryl allenes using a catalytic system based on Cu(MeCN)4PF6 and (S,S)-BDPP.  
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Table 5: The performance of selected test reaction conditions and chosen test substrates for the boracarboxylation 

of allenes 157b, 157a, and 160. 

 

 

Entry Substrate Catalyst (mol%) Ligand (mol%) Base (equiv.) Solvent °C/h Yield 

1 158b CuI (5) ICy HCl (6) NaOtBu (2.0) THF 20/24 0% 

2 158b CuI (5) IPr HCl (6) NaOtBu (2.0) THF 20/24 0% 

3 158a Cu(MeCN)4PF6 (5) (S,S)-BDPP (6) Cs2CO3 (2.0) 2-MeTHF 20/36 55%a 

4 161 Cu(MeCN)4PF6 (5) (S,S)-BDPP (6) Cs2CO3 (2.0) 2-MeTHF 20/36 35%b 

5 158a Cu(MeCN)4PF6 (5) dcpe Cs2CO3 (2.0) Anisole 20/36 10% 

6 158a Cu(MeCN)4PF6 (5) dtbpf Cs2CO3 (2.0) Anisole 20/36 0% 

7 158a Cu(MeCN)4PF6 (5) t-Bu-Xantphos Cs2CO3 (2.0) Anisole 20/36 0% 

8 158a Cu(MeCN)4PF6 (5) ICy HCl Cs2CO3 (2.0) Anisole 20/36 10% 

9 158a Cu(MeCN)4PF6 (5) PPh3 Cs2CO3 (2.0) Anisole 20/36 27%c 

10 158a Cu(MeCN)4PF6 (5) dppbz Cs2CO3 (2.0) Anisole 20/36 25% 

a) Resulted in one major product (159a), b) Product resulted in complex mixture of regioisomers c) For this 

experiment 12 mol% of PPh3 was used. 

 

3.3.3 First optimization attempt for the boracarboxylation of allenes. 

Screening of solvents (See Table 6, entries 1 – 12) pointed at DME as a good solvent with 74% 

yields (See Table 6, entry 4). Next, achiral phosphine ligands were tested (See Table 6, entries 

13 – 15) and we were pleased to see that dppbz provided the corresponding acid in 89% yield 

(See Table 6, entry 15). The first goal for this project was to develop a boracarboxylation of 

allenes not focusing particularly on enantioselectivity. However, a control experiment without 

ligand (See Table 6, entry 16) showed that the ligand was essential for product formation, a 

prerequisite for the future development of an enantioselective method. 
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Table 6: The performance of selected reaction conditions for the 1st attempt to boracarboxylate allenes. 

 

Entry Ligand (mol%) Solvent Isolated yield 

1 (S,S)-BDPP THF 40% 

2 (S,S)-BDPP 2-MeTHF 55% 

3 (S,S)-BDPP Dioxane 46% 

4 (S,S)-BDPP DME 74%a 

5 (S,S)-BDPP Eucalyptol 12% 

6 (S,S)-BDPP Acetal 31% 

7 (S,S)-BDPP Diglyme 30% 

8 (S,S)-BDPP Methylal 46% 

9 (S,S)-BDPP Anisole 25% 

10 (S,S)-BDPP DMF 54% 

11 (S,S)-BDPP Toluene 0% 

12 (S,S)-BDPP DME 71%b 

13 dppp DME 43% 

14 PPh3 DME 49%c 

15 dppbz DME 89%a 

16 None DME 0% 

a) Average yield from two experiments. b)  For this experiment 10 mol% of the copper salt and 12 mol% of the 

ligand was used. c) For this experiment 12 mol% of PPh3 was used. 

 

With satisfying conditions using [Cu(CH3CN)]PF6 (5 mol%), dppbz (6 mol%), Cs2CO3 (2.0 

equiv.), and DME (See Table 6, entry 15) in hand, we planned to investigate the substrate scope 

of the reaction (See Figure 7). When conducting experiments for substrate 158b – 158d (See 

Figure 7), a significant drop in reaction yields was observed. Alarmed by the sudden low yields 

the optimized reaction with 158a was re-examined (See Table 6, entry 15). The yield was not 

reproducible and had dropped from 89 to 5%. The same result was found when re-examining 

the experiments described in Table 6, entries 4 and 12 giving 74% and 71% yield.  

 

Several reagents were identified as potential sources for the reproducibility problems: new 

batches of [Cu(CH3CN)4]PF6, B2pin2, dppbz and Cs2CO3 were used in the low-yielding 

reactions. To rule out that we used reagents of bad quality, new reagents ([Cu(CH3CN)]PF6 

from TCI and Sigma Aldrich), Cs2CO3 (>99.9% purity from Sigma Aldrich), dppbz (from 

Sigma Aldrich) were tested. We also tested solvents of different quality (DME both anhydrous 
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>99.5% inhibitor-free and reagent plus >99% from Sigma Aldrich) to make sure that the solvent 

did not contain an unidentified component, which negatively impacts the yields. None of these 

reactions were successful. Currently, our working hypothesis is that either one of the reagents 

used during optimization contained an impurity crucial for optimal reaction yields. 

Unfortunately, we did not have the batch information for the previous chemicals, therefore 

pursuing new optimized conditions seemed more productive than identifying the missing 

component. 

 

 

Figure 7: Planned substrate scope for the boracarboxylation of allenes. 

 

3.3.4 Second optimization attempt for boracarboxylation of allenes. 

Starting over again, the decision to change the Cu-salt to [Cu(CH3CN)]BF4, which showed 

promise in our previous optimization with styrenes using (S,S)-BDPP. The ligand and solvent 

were changed to ICy HCl and THF, based on their promising results in boracarboxylation of 

styrenes.[87,88] The reaction time was shortened from 36 to 24 hours for time conservation and 

yields were recorded with quantitative NMR analysis. Starting with the screening of bases, 

common alkoxides proved to be ineffective, resulting in 0 – 3% yield (See Table 4, entries 1 – 
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3). The best base for the new screening was Cs2CO3 (See Table 4, entry 4), and additional 

analysis of CsF and TEA did not result in further improvement (See Table 4, entries 5 and 6). 

 

Table 4: Tested bases for the second attempt to optimize for the boracarboxylation of allenes. 

 

Entry Base (2.0 equiv.) NMR yield 

1 NaOtBu 3% 

2 KOtBu 0% 

3 LiOMe 0% 

4 Cs2CO3 30% 

5 CsF 3% 

6 TEA 0% 

 

Further solvent screening of ethers and more polar solvents gave yields ranging from 6 – 31% 

(See Table 5, entries 1 – 6). Here among others I examined different solvent mixtures and was 

pleased to find that a mixture of DME and DMF (4:1) resulted in a higher yield of 32% (See 

Table 5, entry 7). 

 

Table 5: Screening of solvents for the 2nd attempt to optimize the boracarboxylation of allenes. 

 
Entry Solvent NMR yield 

1 THF 31% 

2 2-MeTHF 15% 

3 Dioxane 18% 

4 DME 31% 

5 Anisole 6% 

6 DMF 29% 

7 DME/DMF (4:1) 32% 

8 DME/Dioxane (1:1) 26% 

9 DME/MeCN (4:1) 5% 

10 DME/Toluene (4:1) 31% 
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Screening of ligands revealed that phosphine ligands, which performed well in the previous 

optimization, resulted in very poor yields of 0 – 7% (See Table 6, entries 2 – 9). NHC ligands 

were A better choice, with SIMes HCl providing the product in 46% yield (See Table 6, entry 

12). More carbene ligands were therefore tested after the optimization of the Cu-source but did 

not result in further reaction improvement (See Table 6, entries 12 – 15). 

 

Table 6: Screening of selected ligands for the second optimization. 

 
Entry Ligand (6 mol%) NMR yield 

1 ICy HCl 31% 

2 PPh3 (12 mol%) 5% 

3 Xphos (12 mol%) 7% 

4 XantPhos 4% 

5 Cy3PHBF4 (12 mol%) 0% 

6 dppbz 0% 

7 BINAP(rac) 0% 

8 dppp 0% 

9 dppe 0% 

10 SIMes HCl 46% 

11 IPr HCl 0% 

12 IMes HCl 42%a 

13 SIPr HCl 0%a 

14 SIMes BF4 40%a 

15 SIPr BF4 0%a 

16 SIMes HCl (12 mol%) 43% 

a) The reaction was conducted with CuCl as the Cu-salt in 5 mol% 

 

Both gold and silver catalysts have been described for hydroboration,[205,206] and can form 

similar NHC-complexes to copper.[207,208] However, silver or gold salts (AgSbF6 and 

(CH3)2SAuCl) (See Table 7, entries 1 and 2) as catalyst precursors were not successful. Copper 

halides provided the best yields, ranging from 35 – 54% (See Table 7, entries 3 – 5). Further 

testing of other copper sources did not lead to further improvement of the reaction. 
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Table 7: Screening of different Cu-sources including a silver and a gold complex for the boracarboxylation of 

allenes. 

 

Entry Cu-salt (5 mol%) NMR yield 

1 AgSbF6 0% 

2 (CH3)2SAuCl 0% 

3 CuCl 54% 

4 CuBr 45% 

5 CuI 35% 

6 [Cu(COD)Cl]2 23% 

7 Cu(MeCN)4PF6 36% 

8 Mesitylcopper(I) 20% 

 

For now, due to time constraints resulting from the new optimization and writing this thesis, 

only five additives for the boracarboxylation of allenes have been tested (See Table 8, entries 

1 – 5); however, no further improvement in yield was observed.  

 

Table 8: Selected additives for testing for the boracarboxylation of allenes. 

 
Entry Additive NMR yield 

1 Phenylalanine (20 mol%) 36% 

2 Pyridine (20 mol%) 49% 

3 PPh3 (12 mol%) 41% 

4 Cy3PHBF4 (12 mol%) 28% 

5 XantPhos (6 mol%) 0% 

 

3.3.5 Conclusion for boracarboxylation of allenes 

In conclusion, the study aimed to explore boracarboxylation of allenes, a substrate that has 

previously unexplored for this reaction. Initially, we were able to identify promising conditions 

including, [Cu(CH3CN)]PF6 (5 mol%), dppbz (6 mol%), Cs2CO3 (2.0 equiv.), B2pin2 (2.0 

equiv.), and DME as the solvent, resulting in 89% yield. Unfortunately, we were not able to 

reproduce these results over time. We hypothesize that this relates to changes in the quality of 
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the used reagents or solvents. A second attempt to optimize the reaction conditions resulted in 

the best boracarboxylation of allene 158a in 54% yield using CuCl (5 mol%), SIMes HCl (6 

mol%), B2pin2 (2.0 equiv.), Cs2CO3 (2.0 equiv.), DME:DMF (4:1) as the solvent.  

 

In summary, the study illustrates the challenges in achieving consistent boracarboxylation of 

allenes. As of now, due to complications related to the reproducibility of the first developed 

conditions, the project has halted in favor of writing this thesis. Despite the obstacles, the 

boracarboxylation of allenes is possible to develop and this study has laid the groundwork for 

future exploration of the reaction. 
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4 Conclusion and Outlook 

In this thesis I successfully developed and broadened the scope of available enantioselective C-

C bond forming reactions utilizing CO2.  

I supported the mechanistic studies conducted within our group with experimental 

studies. Three new chiral Rh-complexes were synthesized (145 – 148) and tested as catalyst in 

the enantioselective hydrocarboxylation of the model acrylate (149). The experimental e.e. was 

used to verify the accuracy of the computational protocol and was in agreement with the e.e. 

predicted computationally. This joint computational and experimental study strengthens 

understanding of the mechanism of the enantioselective hydrocarboxylation reported by 

Mikami and co-workers. 

An enantioselective method for the boracarboxylation of styrenes using CO2 was 

developed. We were able to obtain the boracarboxylation products of electron-rich styrenes 

with very good e.r. values (up to 98:2). In addition, we found the absolute configuration of the 

boracarboxylation product with (S,S)-QuinoxP* as the ligand to be the (R)-enantiomer. We also 

extended the boracarboxylation to include five new styrenes.  

A study to extend the boracarboxylation to allenes and other related unsaturated systems 

has started. Despite the challenges related to reproducibility of the reaction yields, a solid 

groundwork for the continuation of the investigation has been laid. Currently, we can reach 

yields of 54% with the optimization substrate (158a) and obtain one major product (159a) with 

excellent regioselectivity. As of now, the goal to develop an enantioselective method for 

boracarboxylation of allenes was not reached, primarily due to complications with 

reproducibility. 

Future work should include the development of a new catalytic system, allowing for the 

enantioselective boracarboxylation for electron-poor substrates. Also, expansion of the strategy 

to other substrate types, such as stilbenes, 1,3-dienes and imines is an interesting topic to 

address in the future. Additionally, exploration of applications for the chiral boracarboxylation 

products, in the form of natural products or pharmaceuticals, such as β-amino acids and atropine 

and tropicamide related alkaloids. 

I believe this thesis contributes to advancing synthetic methodologies and enhancing 

our fundamental understanding of catalytic processes, including C-C bond formation with CO2. 

As we move forward, the exploration of new catalytic systems for C-C bond-forming reactions 

using CO2 will remain important. The challenges encountered also present an exciting 

opportunity for future studies. 
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5 Experimental Details 

This chapter includes experimental details not included in the manuscript for paper II and the 

experimental procedures and analytical data for the boracarboxylation of allenes. 

 

5.1 General methods 

Commercially available starting materials, reagents, catalysts, ligands, solvents, and anhydrous 

solvents were used without further purification. Non-anhydrous solvents were dried using 

activated 4Å molecular sieves. Flash column chromatography was performed with Merck silica 

gel 60 (230-400 mesh). Thin layer chromatography was carried out using Merck TLC Silica 

gel 60 F254 and visualized by short-wavelength ultraviolet light. 1H, 13C and 19F NMR spectra 

were recorded on a Bruker Avance 400 MHz at 20 °C. All 1H NMR spectra were reported in 

parts per million (ppm) downfield of TMS and were measured relative to the signals for residual 

CHCl3 (7.26 ppm). All 13C NMR spectra were reported in ppm relative to residual CDCl3 (77.20 

ppm) and were obtained with 1H decoupling. Coupling constants, J, were reported in Hertz 

(Hz).  
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5.2 General procedures 

5.2.1 General procedure for the synthesis of QuinoxPCy4  

5.2.1.1 2,3-bis(dicyclohexylphosphaneyl)quinoxaline (155).[209] 

 

 

 

In a glove box, a 100 mL round bottom flask was charged with  dicyclohexylphosphine (2.20 

equiv.) and sealed using a rubber septa and electrical tape. In sequence, another 100 mL round 

bottom flask was charged with 2,3-dichloroquinoxaline (1 equiv.) and sealed with a rubber 

septa and electrical tape. To both round bottom flasks 10 mL of dry THF were added via a 20 

mL syringe. The round bottom flask containing the phosphine was then put on a cold bath and 

cooled down to - 78 °C. When the desired temperature of - 78 °C was reached, n-BuLi (2.5 M, 

2.1 equiv.) was slowly dripped via a 20 mL syringe to round bottom flask containing the 

phosphine. The reaction mixture was then allowed to stir at - 78 °C for 1h before being warmed 

up to room temperature. Next, the reaction mixture was again cooled down to - 78 °C and the 

mixture containing the 2,3-dichloroquinoxaline was transferred via a 20 mL syringe and slowly 

dropped to the reaction mixture containing the phosphine. After addition, the reaction mixture 

was then stirred for 4h at - 78 °C, followed by letting the mixture slowly warm up to room 

temperature. Further, the mixture was quenched using 20mL of water and then extracted with 

Heptane (3 x 30mL). The organic extract was then washed with 20 mL of water and transferred 

to a 500mL round bottom flask and added 5g of silica gel. The heptane was then evaporated, 

and the product was purified using column chromatography (1 part DCM : 3 parts heptane). the 

fractions containing the product were  combined and evaporated to dryness yielding 462 mg or 

an orange powder (yield 35%). 1H NMR (400 MHz, CDCl3) δ 8.13 – 8.01 (m, 2H), 7.75 – 7.64 

(m, 2H), 2.42 – 2.28 (m, 4H), 2.01 – 1.90 (m, 4H), 1.80 – 1.70 (m, 10H), 1.66 – 1.58 (m, 12H), 

1.35 – 1.08 (m, 29H). 13C NMR (101 MHz, CDCl3) δ 166.1 – 165.9 (m), 141.1, 129.5 (d, J = 

32.1 Hz), 34.6 (t, J = 4.6 Hz), 33.2 (d, J = 4.1 Hz), 32.3 (d, J = 18.3 Hz), 30.4, 30.1 (t, J = 5.7 

Hz), 29.9 (t, J = 7.0 Hz), 29.8, 29.7, 27.43 (q, J = 5.4 Hz), 27.3, 27.2, 27.1, 26.6, 26.4. 31P NMR 

(162 MHz, CDCl3) δ -5.48. 
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5.2.2 General procedure A for the synthesis of 1,1-dibromocyclopropanes 

 

 

 

Tetrabutylammonium bromide (0.25 equiv.) and a stirring bar was added to a 100mL round 

bottom flask. The flask was then sealed with a rubber septum and an electric tape. Then styrene 

(1 equiv.) and bromoform (2.0 equiv.) were transferred to the flask via syringe. A solution of 

16.7 M sodium hydroxide in water (5.5 equiv.) was then slowly added using a syringe while 

stirring at 50 °C. The mixture was then left stirring for 3 days at 60 °C. After, the reaction was 

quenched by the addition of 6 M HCl solution (40 mL). The aqueous mixture was then extracted 

with diethyl ether (3 x 50 mL). The combined organic extracts were washed with 6M HCl 

solution (50 mL), then saturated sodium bicarbonate solution (50 mL) and finally with distilled 

water (50 mL). The organic solvent was then removed using a rotary evaporator. The leftover 

brown organic residue was then purified using silica gel column chromatography (eluents were 

mixtures of heptane and ethyl acetate). For some systems we removed the leftover styrene using 

evaporation with azeotrope of water.  

 

5.2.2.1 1-(2,2-dibromocyclopropyl)-4-methylbenzene, (157a).[210] 

Following the general procedure A, 156a (5.909 g, 50 mmol) was 

transformed to the target compound 157a (4.789 g, 16.514 mmol) as a 

colorless oil in 33% yield. 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.13 (m, 

4H), 2.94 (dd, J = 10.5, 8.3 Hz, 1H), 2.38 (s, 3H), 2.13 (t, J = 10.5, 7.6 Hz, 1H), 2.00 (t, J = 9.0, 

7.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.5, 133.1, 129.1, 128.9, 35.8, 29.0, 27.3, 21.4, 

21.3. 

 

5.2.2.2 (2,2-dibromocyclopropyl)benzene, (157b).[210]  

Following the general procedure A, 156b (2.600 g, 25 mmol) was transformed 

to the target compound 157b (0.808 g, 2.928 mmol), as a colorless oil in 12% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.24 (m, 5H), 2.98 (dd, J = 10.5, 

8.3 Hz, 1H), 2.15 (dd, J = 10.5, 7.8 Hz, 1H), 2.03 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, 

CDCl3) δ 136.1, 129.0, 128.4, 127.8, 36.1, 28.6, 27.3. 
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5.2.2.3 1-(2,2-dibromocyclopropyl)-4-methoxybenzene, (157c).[210] 

Following the general procedure A, 156c (3.350 g, 25 mmol) was 

transformed to the target compound 157c (3.071 g, 10.036 mmol), as a 

yellow oil in 40% yield. 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.14 (m, 

2H), 6.94 – 6.86 (m, 2H), 3.82 (s, 3H), 2.91 (dd, J = 10.8, 8.1 Hz, 1H), 2.11 (dd, J = 10.6, 7.7 

Hz, 1H), 1.96 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 159.1, 130.1, 128.3, 113.8, 

55.4, 35.4, 29.4, 27.4. 

 

5.2.2.4 (2,2-dibromo-1-methylcyclopropyl)benzene, (157d).[211] 

Following the general procedure A, 156d (2.950 g, 25 mmol) was transformed 

to the target compound 157d (3.083 g, 10.631 mmol), as a white solid in 43% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.27 (m, 5H), 2.17 (d, J = 7.5 Hz, 

1H), 1.79 (d, J = 7.6 Hz, 1H), 1.72 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 142.5, 128.6, 128.5, 

127.4, 36.9, 35.9, 33.8, 27.9. 

 

5.2.3 General procedure B for the synthesis of allenes 

 

 

 

To a vigorously stirred solution of a 1,1-dirbomocyclopropane in dry THF (40 mL), EtMgBr 

(1.1 equiv, 1 M solution in THF) was added at 20 °C. The reaction mixture was stirred at room 

temperature for 1.5 h. Afterwards, the reaction mixture was quenched by adding saturated aq. 

NH4Cl solution (20 mL) followed by extraction with Et2O (3 x 30 mL). The combined organic 

fractions were dried by filtering through a silica plug and concentrated on a rotary evaporator 

to give the corresponding allene.  

 

5.2.3.1 1-methyl-4-(propa-1,2-dien-1-yl)benzene (158a).[210] 

Following the general procedure B, 157a (4.785 g, 16.500 mmol) was 

transformed to the target compound 158a (2.140 g, 16.438 mmol), as a 

yellow oil in 99% yield. 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 
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8.0 Hz, 2H), 6.19 (t, J = 6.8 Hz, 1H), 5.17 (d, J = 6.8 Hz, 2H), 2.38 (s, 3H). 13C NMR (101 

MHz, CDCl3) δ 209.7, 136.7, 131.0, 129.5, 126.7, 93.9, 78.8, 21.3. 

 

5.2.3.2 propa-1,2-dien-1-ylbenzene, (158b).[210] 

Following the general procedure B, 157b (0.808 g, 2.928 mmol) was transformed 

to the target compound 158b (0.253 g, 2.178 mmol), as a yellow oil in 74% yield. 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.07 (m, 5H), 6.08 (t, J = 6.8 Hz, 1H), 5.06 (d, J = 6.8 

Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 209.9, 134.0, 128.7, 127.0, 126.8, 94.1, 78.9. 

 

5.2.3.3 1-methoxy-4-(propa-1,2-dien-1-yl)benzene, (158c).[210] 

Following the general procedure B, 157c (3.071 g, 10.036 mmol) was 

transformed to the target compound 158c (1.284 g, 8.783 mmol), as a brown 

oil in 86% yield 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.20 (m, 2H), 6.90 – 6.82 (m, 2H), 6.14 

(t, J = 6.8 Hz, 1H), 5.13 (d, J = 6.8 Hz, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 209.4, 

158.7, 127.8, 126.1, 114.2, 93.4, 78.8, 55.3. 

 

5.2.3.4 buta-2,3-dien-2-ylbenzene, (158d).[212] 

Following the general procedure B, 157d (3.083 g, 10.631 mmol) was 

transformed to the target compound 158d (1.237 g, 9.502 mmol), as a yellow oil 

in 99% yield. 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.18 (m, 5H), 5.04 (q, J = 

3.2 Hz, 2H), 2.12 (t, J = 3.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 209.1, 136.8, 128.5, 126.7, 

125.8, 99.9, 77.0, 16.8. 
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5.2.4 General procedure C for boracarboxylation of allenes 

 

 

 

An oven dried 100 mL round bottom flask equipped with a stirring bar was introduced to the 

glove box. The round bottom flask was charged with B2pin2 (2 equiv.), base (2.0 equiv.), ligand 

(6 mol%) and Cu-salt (5 mol%), closed with a septum and sealed tight using electric tape. The 

round bottom flask was then evacuated, and a CO2 atmosphere was applied. Solvent (20 mL) 

was added, and the mixture was left stirring for 30 minutes. Then, allene (1 equiv.) was added 

via a syringe , and a balloon filled with dry CO2 was attached to the flask. The reaction mixture 

was left stirring for 24 hours at 20 oC. Afterwards, the flask was opened to air and diluted with 

Et2O (20 mL). The organic mixture was extracted using aq. saturated Na2CO3 (3 x 30 mL). The 

combined aq. phases were slowly acidified with aq. 6M HCl (60 mL) and extracted using Et2O 

(3 x 30 mL). The combined organic fractions were washed using distilled water (30 mL) and 

evaporated to dryness to give the product. 

 

5.2.4.1 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(p-tolyl)but-3-enoic acid (159a).  

Following the general procedure C, 158a (0.150 g, 1.152 mmol) was 

transformed to the target compound 159a (0.311 g, 1.029 mmol), as a faint 

yellow oil in 89% yield.1H NMR (400 MHz, CDCl3) δ 7.20 – 7.11 (m, 

4H), 6.04 – 5.95 (m, 1H), 5.51 – 5.41 (m, 1H), 4.62 – 4.52 (m, 1H), 2.34 (s, 3H), 1.23 (d, J = 

3.0 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 179.4, 137.0, 133.8, 130.8, 129.2, 129.2, 84.0, 

55.3, 24.7, 24.5, 21.2. HRMS calculated m/z for [C17H22BO4]
-: 301.1606, found 301.1617. 

 

5.2.4.2 2-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoic acid (159b). 

Following the general procedure C, 158b (0.134 g, 1.152 mmol) was 

transformed to the target compound 159b (0.190 g, 0.6594 mmol), as a faint 

orange oil in 57% yield (crude). 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.24 

(m, 5H), 6.02 – 5.97 (m, 1H), 5.49 – 5.44 (m, 1H), 4.62 – 4.56 (m, 1H), 1.21 (d, J = 4.4 Hz, 

12H). 13C NMR (101 MHz, CDCl3) δ 178.8, 144.9, 136.9, 130.9, 129.4, 128.6, 127.4, 84.1, 

55.7, 24.6. HRMS calculated m/z for [C16H20BO4]
-: 287.1449, found 287.1461. 
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5.2.4.3 2-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoic acid 

(159c). 

Following the general procedure C, 158c (0.168 g, 1.149 mmol) was 

transformed to the target compound 159c (0.03 g, 0,0920 mmol), as a 

brown oil in 8% yield (crude). 1H NMR (400 MHz, CDCl3) δ 7.21 – 7.16 

(m, 2H), 6.88 – 6.82 (m, 2H), 5.99 – 5.93 (m, 1H), 5.50 – 5.45 (m, 1H), 4.56 – 4.50 (m, 1H), 

3.78 (s, 3H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 178.5, 158.9, 131.4, 130.6, 130.4, 

129.1, 114.0, 114.0, 84.0, 55.3, 24.6. HRMS calculated m/z for [C17H22BO5]
-: 317.1555, found 

317.1556. 

 

5.2.4.4 2-methyl-2-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoic acid (159d). 

Following the general procedure C, 158d (0.150 g, 1.152 mmol) was not 

transformed to the target compound 159d.  
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7 Appendix 

This chapter includes additional spectroscopical data for the compounds described in chapter 5. 

7.1 NMR Spectra 

2,3-bis(dicyclohexylphosphaneyl)quinoxaline (155). 
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1-(2,2-dibromocyclopropyl)-4-methylbenzene (157a). 

 

 
  



 

90 

(2,2-dibromocyclopropyl)benzene (157b)  
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1-(2,2-dibromocyclopropyl)-4-methoxybenzene (157c)  
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(2,2-dibromo-1-methylcyclopropyl)benzene (157d)  
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1-methyl-4-(propa-1,2-dien-1-yl)benzene (158a). 
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propa-1,2-dien-1-ylbenzene (158b)  
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1-methoxy-4-(propa-1,2-dien-1-yl)benzene (158c)  
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buta-2,3-dien-2-ylbenzene (158d)  
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(p-tolyl)but-3-enoic acid (159a) 
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2-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoic acid (159b).  
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2-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoic acid (159c).  
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Computational and Experimental Insights into Asymmetric
Rh-Catalyzed Hydrocarboxylation with CO2

Ljiljana Pavlovic,[a] Martin Pettersen,[b] Ashot Gevorgyan,[b] Janakiram Vaitla,[b]

Annette Bayer,*[b] and Kathrin H. Hopmann*[a]

The asymmetric Rh-catalyzed hydrocarboxylation of α,β-unsatu-
rated carbonyl compounds was originally developed by Mikami
and co-workers but gives only moderate enantiomeric excesses.
In order to understand the factors controlling the enantiose-
lectivity and to propose novel ligands for this reaction, we have
used computational and experimental methods to study the
Rh-catalyzed hydrocarboxylation with different bidentate li-
gands. The analysis of the C� CO2 bond formation transition
states with DFT methods shows a preference for outer-sphere

CO2 insertion, where CO2 can undergo a backside or frontside
reaction with the nucleophile. The two ligands that prefer a
frontside reaction, StackPhos and tBu-BOX, display an intriguing
stacking interaction between CO2 and an N-heterocyclic ring of
the ligand (imidazole or oxazoline). Our experimental results
support the computationally predicted low enantiomeric ex-
cesses and highlight the difficulty in developing a highly
selective version of this reaction.

Introduction

Widespread efforts are currently devoted to the search of
catalysts, which can fixate CO2 into organic molecules.[1] A
significant part of this activity is focused on metal-catalyzed
carbon-carbon bond formation with CO2.

[2] For the metal-
catalyzed formation of saturated carboxylic acids, different
protocols have been reported, including carboxylation of
halides (C� X bonds)[2a,b] and reductive carboxylation of unsatu-
rated compounds such as alkenes.[2c–h] An example of the
carboxylation of Csp3� X bonds has been reported by Martin
and co-workers, who developed a mild Ni(I)-catalyzed protocol
for converting benzyl halides and CO2 to phenylacetic acids.[2b]

The catalytic reductive carboxylation of alkenes is a challenging
area, which has witnessed some progress in recent years. For
example, Greenhalgh and Thomas reported a Fe(II)-catalyzed
synthesis of α-aryl carboxylic acids from styrene derivatives and
CO2.

[2e] A Cu(I)/CsF-based protocol for the incorporation of CO2

into disubstituted alkenes was reported by Skrydstrup, Nielsen,
and co-workers.[2h]

Interestingly, many of the known C� CO2 bond formations
result in generation of chiral carboxylic acids, but as racemic
mixtures only.[2b,e,h] Indeed, the design of enantioselective
C� CO2 bond formation reactions remains a major challenge.
This is demonstrated by the fact that only very few studies on
asymmetric C� CO2 bond formation have been reported.[1f,2c,3] In
order to broaden the usefulness of CO2 as a carbon synthon in
the chemical and pharmaceutical industry, it is essential that
novel enantioselective carboxylation protocols are developed,
for example for the preparation of chiral carboxylic acids, which
are important intermediates in many synthetic processes.[4]

A promising asymmetric C� CO2 bond formation protocol
has been reported by Mikami and co-workers in 2016, involving
the first enantioselective hydrocarboxylation of α,β-unsaturated
carbonyl compounds (Figure 1).[2c] The rhodium-based reaction
involved the use of (S)-SEGPHOS as a chiral ligand, but only
moderate enantiomeric excesses (e.e.’s) of up to 66% could be

[a] Dr. L. Pavlovic, Prof. Dr. K. H. Hopmann
Hylleraas Center for Quantum Molecular Sciences
Department of Chemistry, UiT The Arctic University of Norway
9037 Tromsø, Norway
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Department of Chemistry, UiT The Arctic University of Norway
9037 Tromsø, Norway
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Supporting information for this article is available on the WWW under
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© 2020 The Authors. European Journal of Organic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Figure 1. Enantioselective hydrocarboxylation reaction reported by Mikami
and coworkers.[2c]
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achieved.[2c] The (S)-BINAP ligand gave similar results to (S)-
SEGPHOS whereas other ligands, such as (S)-SynPhos or
(R,R)-iPr-DuPhos, provided significantly lower e.e.’s.[2c]

A computational analysis of the related non-enantioselec-
tive Rh-COD-catalyzed hydrocarboxylation reaction showed that
during C� CO2 bond formation, the CO2 molecule does not
interact with rhodium.[5] Moreover, it was shown that benzylic
substrates display an unusual η6-coordination mode, with the
nucleophilic carbon positioned up to 3.6 Å away from
rhodium.[5] The same substrate binding mode and preference
for an outer sphere CO2 insertion were found computationally
for the chiral Rh-(S)-SEGPHOS catalyst.[6] This raises the question
how the enantioselectivity is controlled in systems where CO2 is
not constrained through interactions with the metal. Although
CO2 preferably is positioned in the outer sphere, it may still be
affected by repulsive and attractive nonbonding interactions
with the ligand. A better understanding of the factors that
govern the preferred positions and orientations of CO2 may
help to design catalysts with higher enantioselectivities.

Modern computational methods are sufficiently advanced
to provide insights into the factors that control the enantiose-
lectivity in metal-catalyzed reactions.[7] For example, the
selectivity may be influenced by the presence of specific
interactions between the chiral catalyst and the substrate, and
in particular, nonbonding forces may contribute significantly to
the preferred formation of one product enantiomer.[7–8] The
identification of the selectivity-determining interactions typi-
cally relies on the computational optimization of the involved
diastereomeric transition states. Such structures are generally
built manually, followed by DFT optimizations, using different
optimization algorithms.[9] However, approaches to speed-up
the computational analysis through automatized techniques
have been put forward,[10] with one example being the open-
source toolkit AARON (An Automated Reaction Optimizer for
New catalysts) designed by Wheeler and co-workers.[10a] AARON
employs TS templates provided by the user, but can automati-
cally swap the ligands to build new geometries.

Herein, we perform a computational analysis of the
selectivity-determining factors in the Rh-catalyzed hydrocarbox-
ylation for four chiral rhodium complexes, of which three
ligands have not previously been tested in this reaction. Ligand
swapping is performed with AARON, followed by DFT optimiza-
tions. To validate the enantioselectivities predicted by the
computations, an experimental analysis of all systems is
performed.

Results and Discussion

Our study of the Rh-catalyzed asymmetric hydrocarboxylation
reaction consists of three parts. Initially, we validated the
computational protocol through analysis of the Rh-(S)-SEG-
PHOS-catalyzed hydrocarboxylation of two experimentally
known substrates.[2c] Next, we expanded our computational
study to include the CO2 insertion TSs for three additional chiral
ligands, which have not been used in experiments on this
reaction. Finally, we conducted an experimental evaluation of
the corresponding Rh-complexes for hydrocarboxylation of
ethyl 2-phenylacrylate.

For the analysis of the chiral ligands, 10 outer sphere CO2

insertion TSs were built for each ligand, with different ligand-
substrate orientations (Figure 2). Five of them were pro-(S)-TSs,
and five the corresponding pro-(R) TSs. In the conformations
TS1a and TS1b, the phenyl ring of the substrate interacts with
the Rh-center in an η6 fashion, whereas CO2 is in the outer
sphere, leading to a backside C� CO2 bond formation (reminis-
cent of a SE2(back) reaction). The difference between TS1a and
TS1b is the orientation of the ester moiety (Figure 2). At TS2a
and TS2b, the substrate is still bound in an η6 fashion, but the
CO2 is positioned closer to metal, leading to a frontside reaction
(reminiscent of a SE2(front) reaction). At TS3, both the phenyl
group and the carbonyl oxygen of the substrate interact with
the Rh-center. It is important to highlight that for the
comparative analysis of the four ligands, only outer sphere CO2

insertion was considered,[5] because the TS conformations,
where interactions between Rh and CO2 take place (referred to
as inner sphere CO2 insertion), show very high barriers (TS4_S
and TS4_R, Supporting Information, Table S1). The four studied
chiral ligands are given in Figure 3.

Computational analysis of Rh-(S)-SEGPHOS: The Rh-SEG-
PHOS-catalyzed hydrocarboxylation was here investigated com-
putationally with the styrene-type α,β-unsaturated carbonyl
substrates sub1 and sub2 (Figure 1), which previously have
been studied experimentally by Mikami and co-workers.[2c] The
overall hydrocarboxylation mechanism for substrates of this
type has been reported with [Rh(cod)Cl]2 (SI, Figure S1).[5] We
have here studied the full mechanism with Rh-(S)-SEGPHOS as
the catalyst and methyl 2-phenylacrylate (sub1) as the sub-
strate, with the energy profile shown in Figure S2 (Supporting
Information). The mechanistic steps include a transmetallation
of an ethyl from diethylzinc to the precatalyst, followed by a β-
hydride elimination to give an Rh-H-Et intermediate. Insertion

Figure 2. Five TS orientations considered here. For each of these, both pro-(R) and pro-(S) conformations were included.
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of the substrate leads to an energetically low-lying Rh-benzyl
species that can attack CO2.

[5] The CO2 insertion is rate- and
enantioselectivity-determining.[5] At the carboxylation TS, the
benzyl group prefers to coordinate in an η6 mode to rhodium,
with the formally negative charge on the substrate delocalized
between the nucleophilic carbon and the ester group, yielding
an intermediate enolate (Figure 4). The enolate can attack CO2

from its re or si face, and with a chiral ligand, unequal amounts
of the (R)- and (S)-enantiomer of the product can be formed.

Carboxylation of methyl 2-phenylacrylate: In order to validate
our computational protocol and our mechanistic understanding
of this reaction, we first analyzed the Rh-(S)-SEGPHOS-catalyzed
C� CO2 bond formation with sub1 (Figure 1). The results support
our previous observation that CO2 prefers to be in the outer
sphere during C� CO2 bond formation,[5] as the inner and outer
sphere TSs with Rh-(S)-SEGPHOS show an energy difference of
17.3 kcal/mol in favor of outer-sphere insertion (SI, Table S1,
Figure S3).

At the lowest-lying outer sphere transition state TS1a_Ssub1/L1,
the η6-coordinated enolate attacks CO2 via its re face (~G¼6 =

12.1 kcal/mol relative to the Rh-benzyl intermediate, Figure S4,
SI) and the experimentally observed (S)-product is obtained. At
TS1a_Rsub1/L1, which is higher in energy by 0.7 kcal/mol, CO2 is
attacked by the enolate si face, giving the (R)-product (Figure 5).
Other outer sphere conformations (Figure 2) were significantly
higher in energy (Table 1). On the basis of all computed TS
energies, we evaluated the e.e. for the Rh-(S)-SEGPHOS-catalyzed
hydrocarboxylation of sub1, providing a computed e.e. of 53.8%
(S), in very good agreement with the experimentally reported e.e.
of 60.0% (S).[2c]

Various noncovalent interactions between the ligand and
sub1 can be identified at the two energetically lowest-lying
SEGPHOS TSs, TS1a_Ssub1/L1, and TS1a_Rsub1/L1 (Figure 5). At
TS1a_Ssub1/L1, the phenyl rings of SEGPHOS form two C� H···π
interactions (2.95, 3.10 Å) with the phenyl of the substrate. At
the energetically higher lying TS1a_Rsub1/L1, SEGPHOS forms
three C� H···π interactions with sub1, two with the substrate
phenyl (2.97 and 3.14 Å), and one with the methyl group of the
ester moiety (3.16 Å, Figure 5). As the strength of these C� H···π
interactions appear similar at the two diastereomeric TSs, they
do not seem to determine the selectivity. An analysis of C� H···O
attractions at the two TSs shows comparable distances for
interactions within the substrate (TS1a_Ssub1/L1: 2.16 Å, TS1a_
Rsub1/L1: 2.11 Å), but significant differences in the intermolecular
C� H···O interaction between the sub1 carbonyl and the
SEGPHOS phenyl (TS1a_Ssub1/L1: 2.46 Å, TS1a_Rsub1/L1: 3.00 Å). We
speculate that this C� H···O interaction may be an essential
factor in determining the enantioselectivity in the Rh-(S)-
SEGPHOS-catalyzed hydrocarboxylation of methyl 2-phenylacry-
late.

If CO2 is placed closer to rhodium, here referred to as
frontside insertion (TS2, Figure 2), the barriers increase by
several kcal/mol (Figure 5). Interestingly, the frontside attack
provides an incorrect enantioselectivity, as the TS2a Rsub1/L1

Figure 3. Four chiral ligands studied here in Rh-catalyzed hydrocarboxyla-
tion.

Figure 4. Illustration of the enolate intermediate of sub1 and its attack on
CO2.

Table 1. Barrier differences (ΔΔG¼6 , kcal/mol, 273 K) for different TS conformations (Figure 2) in Rh-catalyzed hydrocarboxylation of sub1.

Ligand
η6, backside η6, frontside η2, backside e.e.comp e.e.exp
TS1a_S TS1a_R TS1b_S TS1b_R TS2a_S TS2a_R TS2b_S TS2b_R TS3_S TS3_R [%] [%]

L1 (SEGPHOS) 0.0 0.7 3.1 2.0 6.5 4.0 7.3 4.9 8.3 7.9 53.8 (S) 60.0 (S)[c]

L2 (StackPhos) 2.2 2.8 2.1 3.0 0.0[a],
0.8[b]

0.6,[a]

1.9[b]
0.8 1.0 15.2 10.8 47.0 (S) n.d.[d]

L3 (tBu-BOX) 1.9 0.7 3.1 0.8 0.0 0.5 3.6 2.5 3.2 5.3 6.4 (S) (0)[e]

L4 (BDPP) 0.5 0.0 0.8 1.9 5.8 5.5 8.6 6.4 9.7 12.1 24.3 (R) (4)[e]

[a] TS2a structures as given in Figure 8 (TS2a_Ssub1/L2/TS2a_Rsub1/L2). [b] TS2a structures with stacking of pentafluorophenyl and phenyl as given in the SI,
Figure S6 (TS2a_stack Ssub1/L2/TS2a_stack_Rsub1/L2). [c] From ref.[2c]. [d] Only racemic StackPhos could be tested, and the e.e. could thus not be determined. [e]
Experimental results obtained here with sub3, which has an ethyl group instead of the methyl in sub1 (Figure 1).
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structure is 2.5 kcal/mol lower in energy than TS2a Ssub1/L1. The
experimentally observed (S)-selectivity)[2c] is thus dominated by
the backside structures. These findings highlight the need to
compare computationally predicted TSs with experimental
selectivities to evaluate if appropriate TS conformations were
located.

The TS3 conformations, where the ester of the substrate
interacts with rhodium (Figure 2), are ~8 kcal/mol higher in
energy than TS1 and are not considered relevant (Table 1).

Carboxylation of 4-(tert-butyl)benzyl 2-phenylacrylate: We
proceeded to analyze sub2, which contains two phenyl rings
(Figure 1), leading to several favorable C� H…π interactions
during C� CO2 bond formation (Figure 6). A similar pattern as for
sub1 is observed, where at the lowest-lying transition state
TS1a_Ssub2/L1 (~G

¼6 =12.0 kcal/mol), the Rh-benzyl (SI, Figure S4)
attacks CO2 from its re face, resulting in the (S)-product. A
favorable C� H···O (2.47 Å) interaction is seen at TS1a_Ssub2/L1 but
lacks at TS1a_Rsub2/L1, which is higher in energy by 1.0 kcal/mol.
The computed e.e. of 73% (S) is in good agreement with the
experimental value of 66% (S).[2c]

The combined results for sub1 and sub2 indicate that the
enantioselectivity of Rh-(S)-SEGPHOS-catalyzed hydrocarboxyla-
tion appears to be a result of favorable C� H···O interactions
between the substrate and the SEGPHOS ligand. At the
preferred TS1a conformations (Figure 5 and Figure 6), the CO2

molecule is placed away from the metal center (>5 Å) and thus

the chiral catalyst is promoting the enantioselectivity through
the positioning of the alkene substrate, not through interac-
tions with CO2.

Potential of other ligands in the Rh-catalyzed asymmetric
hydrocarboxylation: We selected a set of ligands structurally
different from SEGPHOS from the library of AARON[10a] (L2–L4,
Figure 3) and investigated their predicted enantioselectivities
with DFT. The set includes one P,N ligand (L2: StackPhos),[11] an
N,N ligand (L3: tBu-BOX)[12] and a P,P ligand (L4: BDPP).[13] These

Figure 5. Illustration of the noncovalent interactions at four of the optimized CO2 insertion TSs for Rh-(S)-SEGPHOS-catalyzed hydrocarboxylation of methyl 2-
phenylacrylate (sub1). Only some of the hydrogens are shown for clarity. Distances in Å.

Figure 6. Illustration of the preferred TSs for Rh-(S)-SEGPHOS-catalyzed
carboxylation of sub2. Only some of the hydrogens are shown for clarity.
Distances in Å.
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ligands have shown good performance in other asymmetric
transformations (allylation, aziridination, hydrovinylation),[14] and
to our knowledge, they have not previously been used for Rh-
catalyzed hydrocarboxylation.

The outer sphere TS conformations depicted in Figure 2
were evaluated for L2–L4 and sub1 through manual DFT
calculations, with the energies summarized in Table 1 (geo-
metric parameters are shown in Figure 7, Figure 8 and
Tables S1–4, SI). For BDPP (L4), we see a similar behaviour as for
SEGPHOS, with a preference for backside insertion (Table 1).
However, the StackPhos (L2) and tBu-BOX (L3) ligands show a
computed preference for frontside insertion. Both ligands
display an intriguing stacking interaction between CO2 and the
N-heterocyclic ring of the ligand (imidazole or oxazoline,
Figure 7, SI, Figure S7).

It can be noted that related attractive stacking interactions
have been predicted in computational studies focusing on the
binding of CO2 to N-heterocyclic compounds,[15] and in exper-
imental and computational studies on the solvation of aromatic
compounds in supercritical CO2.

[16] However, to our knowledge,
the heterocycle-CO2 stacking interaction has not been described
in the context of an organometallic ligand or a CO2 insertion
reaction.

The heterocycle-CO2 interaction appears strongest at the
StackPhos TS geometries, with a nitrogen-CCO2 distance of
3.22 Å (Figure 7). The StackPhos TS geometries with sub1 are

therefore discussed in further detail here. Besides the CO2-
imidazole stacking, the lowest lying TS2a_Ssub1/L2 also displays
an intriguing F-π attraction between a fluoro group of the
pentafluoro-phenyl and the naphthalene ring (3.05 Å), along-
side a C� H···F interaction (2.53 Å, Figure 8). Similar F-π inter-
actions to phenantrene-like aromatic systems have been
reported in the literature.[17] Interestingly, this F-π interaction is
not seen in the X ray structure of the StackPhos ligand,[11a]

which instead displays π-π stacking between pentafluorophenyl
and naphthalene subunits (3.38 Å). In our computations, this π-
π stacking increases the TS energy by 2.5 kcal/mol (SI, Fig-
ure S5).

An alternative π-π interaction between pentafluorophenyl
and another phenyl substituent increases the CO2 insertion
barrier slightly by 0.8 kcal/mol (TS2a_stack_Ssub1/L2 SI, Figure S6).
In the case of backside insertion with StackPhos, the imidazole-
CO2 interactions are absent, which increases the barriers by 2 to
3 kcal/mol (Table 1). The TS3 structures, where the ester
carbonyl interacts with rhodium, are more than 11 kcal/ mol
above the TS2 structures and therefore are not relevant.

The best (R)-pathway obtained for sub1 with StackPhos
proceeds via frontside insertion and is 0.6 kcal/mol above the
best (S)-structure (TS2a_RsubI/L2, Figure 8). This TS also displays
stacking of CO2 above the imidazole moiety and an F-π
interaction between pentafluorophenyl and the naphthalene
subunits (Figure 8). The e.e. computed on the basis of all
obtained StackPhos TS structures is 47% (S) (Table 1), which
indicates that this ligand is not expected to perform signifi-
cantly better than SEGPHOS.

The other studied ligands are predicted to give low e.e.’s.
Our calculations show that with the (R,R)-tBu-BOX chiral ligand,
at the lowest-lying TS2a S sub1/L3, the frontside CO2 insertion is
preferred (SI, Figure S7). The opposite enantiomer TS2a R sub1/L3

is higher in energy by only 0.5 kcal/mol. The predicted e.e. on
the basis of all optimized TS conformations is only 6.4%
(Table 1).

With the (R,R)-BDPP ligand, at the lowest-lying TS1a R sub1/L4,
the CO2 prefers backside insertion (SI, Figure S7). TS1a_S sub1/L4

has a barrier that is only 0.5 kcal/mol higher than TS1a_R sub1/L4.
Figure 7. Stacking of CO2 above the N-heterocyclic ring of L2 and L3 at the
frontside TSs. Distances in Å.

Figure 8. Illustration of the preferred TSs for Rh-(R)-StackPhos-catalyzed carboxylation of sub1. Distances in Å
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The TSs for the frontside CO2 insertion are higher in energy by
more than 5 kcal/mol (Table S4). This scenario is reminiscent of
the biphospine ligand (S)-SEGPHOS. These observations may be a
consequence of the bulky phenyl groups of the ligands, which
restrict CO2, making the backside insertion more preferable. The
computed e.e. for this ligand is 24% (R) (Table 1).

Experimental analysis of Rh-catalyzed hydrcarboxylation
of L1 to L4: We analyzed the ability of L1 to L4 to mediate the
CO2 insertion reaction with sub3 (Figure 1), which is closely
related to the computationally studied substrate sub1, but
which has an ethyl instead of a methyl ester. In the work by
Mikami and co-workers, sub3 and sub1 behaved similarly,
providing respectively 66% and 60% e.e.’s for Rh-SEGPHOS
catalyzed hydrocarboxylation.[2c]

In our work, we obtained a product yield of 48% and an e.e.
of 32% with L1 and sub3 (Table 2). Although the yield is similar
as previously reported, the e.e. is somewhat lower than the
reported 66%.[2c] For L2, only a racemic mixture of the ligand
could be tested,[18] providing a yield of 74% for carboxylation of
sub3 (Table 2). Thus, L2 may provide reasonable yields, and
may be a relevant starting point for future development of
ligands for this reaction.

For L3, experimental hydrocarboxylation of sub3 gave the
acid in as much as 99% yield but with 0% e.e. (Table 2), in good
agreement with our predictions for sub1 of 6.4% e.e. (Table 1).

For L4, our experimental results on sub3 showed 94% yield,
but only 4% e.e. (Table 2), in line with the predicted low e.e. of
24% e.e. for sub1 (Table 1).

We conclude that our experimental results are in good
agreement with the low e.e.’s predicted by the computations.
This validates the proposed outer sphere mechanisms pre-
sented here for ligands L1 to L4 and indicates that DFT-D
methods can be employed to model the enantioselectivities of
these kinds of systems. At the same time, it highlights the
difficulty to make a selective version of the rhodium-catalyzed
hydrocarboxylation of acrylates.

Conclusion

We have employed computational and experimental methods
to study the potential of bidentate chiral ligands L1 to L4 for

the asymmetric rhodium-catalyzed hydrocarboxylation of acryl-
ates.

Our DFT analysis of the mechanism supports a preference
for an η6 coordination of benzylic substrates and an outer
sphere insertion of CO2 also with chiral ligands.[5] The reported
experimental enantioselectivity with SEGPHOS[2c] is reproduced
for substrates sub1 and sub2 in our calculations and is
predicted to arise from the C� H···O interaction between a
phenyl group of SEGPHOS and the carbonyl group of the
substrate.

Our computations on the chiral P,N ligand StackPhos (L2),
the N,N ligand tBu-BOX (L3) and the P,P ligand BDPP (L4)
showed up to 47% e.e. for sub1. For StackPhos and tBu-BOX,
the preferred transition state geometries display an intriguing
stacking interaction of CO2 with the N-heterocyclic ring
(imidazole or oxazoline, Figure 7). Experimental analyses of
ligands L1 to L4 showed that all are able to catalyze the
hydrocarboxylation reaction, with L2, L3, and L4 providing
good yields of 74 to 99% for carboxylation of sub3. Although
the experimentally observed enantiomeric excesses are low,
they are in good agreement with computations, underpinning
the ability of DFT-D to adequately model complex enantiose-
lective reactions.

Our combined results on Rh-catalyzed hydrocarboxylation
indicate that the enantioselectivity of this reaction is difficult to
control. A possible strategy to be considered is to steer CO2 into
a specific position to decrease its conformational freedom. The
noncovalent stacking interactions observed between CO2 and
L2 or L3 (Figure 7) may be interesting in this sense and variants
of these ligands may thus be a relevant starting point for future
developments.

Computational section
Computational models: Calculations were performed with full
substrates sub1 and sub2 (Figure 1) and with the full ligands
(Figure 3). No molecular truncations or symmetry constraints were
applied.

Computational methods: All calculations were performed at the DFT
level of theory as implemented in the Gaussian09 package.[19] For
geometry optimizations, the DFT functional PBE[20] was employed
together with the Grimme empirical dispersion correction (D2[21])
and the implicit polarizable continuum model using the integral
equation formalism, IEFPCM[22] (DMF solvent). The PBE functional
has been found to be an adequate choice for rhodium-catalyzed
hydrocarboxylation reactions in our previous study,[5] where it
provided a good agreement with experimental results.[2c] The
geometries of all intermediates and transition states were fully
optimized and frequency calculations were performed in order to
confirm the nature of the stationary points, where all transition
states structures exhibited only one imaginary frequency.

In geometry optimizations, the BS1 basis set was employed,
consisting of 6-311G(d,p)[23] for C, H, O, N, F, and P, and the
LANL2DZ[24] basis set and pseudopotential for rhodium, including
an extra f polarization function with exponent 1.35.[25] A larger basis
set, BS2, was employed for single-point energy calculations,
consisting of 6-311+G(2d,2p) on all non-metal atoms and LANL2TZ
(f) on rhodium.

Table 2. Experimental yields and e.e’s with four chiral ligands employed in
Rh-catalyzed hydrocarboxylation of sub3.

Ligand Yields [%] e.e.exp [%]

L1 (SEGPHOS) 48.0 32.0
L2 (StackPhos) 74.0 n.d.[a]

L3 (tBu-BOX) 99.0 0.0
L4 (BDPP) 94.0 4.0

[a] n.d=Not detected.
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In order to convert computed free energies (ΔG°, BS1) at 1 atm into
a 1 M standard state, a standard state (SS) correction was included.
At 273 K, this correction is � 1.69 kcal/mol (for a reaction that goes
from 2 moles to 1).[26]

The final Gibbs free energy was determined with the following
expression: ΔG°1M,273K=ΔG°1atm,BS1,273K� ΔEBS1+ΔEBS2+SS273K.

The enantiomeric excess (e.e.) was computed using the formula
Eq. (1):[7,27]

where kRi are the computed rate constants of TS structures with (R)
configuration, which are summed from i=1 to i=n, where n is
equal to the number of TSs within 3 kcal/mol from the best TS. ksi is
the equivalent for (S)-TSs.

AARON ligand swapping: The TS library used for AARON[10a] was
based on the SEGPHOS structures obtained in the manual DFT
analysis. Three ligands present in the AARON ligand library (L2, L3,
L4) were then specified to be swapped with SEGPHOS. We
preoptimized the conformations with the swapped ligands with
AARON in two steps, using HF/6-31 in the first step and PBE-D2/
BS1mod in the second step, where BS1mod is as BS1 but lacks the
additional f polarization function on rhodium, as AARON did not
allow the addition of basis functions. The obtained geometries for
all ligands were then used as input for further manual DFT
investigations, with the protocol as described above for manual
DFT calculations. Note that for L4, the (R,R) ligand was computed,
but the (S,S) ligand was used in experiments (which should give
opposite enantioselectivity).

Experimental Section
Experimental Details: Commercially available starting materials,
reagents, catalysts, and anhydrous and degassed solvents were
used without further purification. Thin-layer chromatography was
carried out using Merck TLC Silica gel 60 F254 and visualized by
short-wavelength ultraviolet light or by treatment with potassium
permanganate (KMnO4) stain.

1H, 13C, 19F, and 31P NMR spectra were
recorded on a Bruker Avance 400 MHz at 20 °C. All 1H NMR spectra
are reported in parts per million (ppm) downfield of TMS and were
measured relative to the signals for CHCl3 (7.26 ppm). All 13C NMR
spectra were reported in ppm relative to residual CDCl3 (77.20 ppm)
and were obtained with 1H decoupling. Coupling constants, J, are
reported in Hertz (Hz). High-resolution mass spectra (HRMS) were
recorded from methanol solutions on an LTQ Orbitrap XL (Thermo
Scientific) in positive electrospray ionization (ESI) mode.

(S)-SEGPHOS, (S,S)-tBu-BOX, and (S,S)-BDPP ligands are commercially
available. Ethyl 2-phenylacrylate, StackPhos, and corresponding Rh
complexes were prepared according to slightly modified literature
procedures. For more details, see Electronic Supporting Informa-
tion.

General experimental procedure for the preparation of Rh-complexes
(Figure 9): Inside of the glove box an oven-dried 25 mL round
bottom flask was charged with [Rh(cod)Cl]2 (100.0 mg, 1 equiv.) and
AgSbF6.The flask was sealed with a rubber septa, removed from the
glove box, and equipped with an Ar balloon. Inside of the glove
box, another oven dried 25 mL round bottom flask was charged
with the corresponding chelating ligand (2 equiv.), sealed with a
rubber septum, removed from the glove box, and equipped with
an Ar balloon. Both flasks were charged with dry CHCl3 (5 mL) and
allowed to stir for 30 min at 20 °C. This was followed by the
dropwise addition of CHCl3 solution of the ligand to the stirring

solution of [Rh(cod)Cl]2, which was accompanied by precipitation of
a white powder (AgCl/NaCl). The resulting mixture was stirred at
20 °C for 1 h. Afterward, the precipitate was filtered off and the
solvent was evaporated to give the corresponding complex as an
orange powder.

General experimental procedure for Rh-catalyzed hydrocarboxylation
of ethyl 2-phenylacrylate (Table 2): Inside of the glove box an oven-
dried 25 mL Schlenk flask was charged with corresponding Rh-
complex (10 mol%) and AgSbF6 (10 mol%). The flask was sealed
with a rubber septum, removed from the glove box, evacuated,
filled with CO2, and equipped with a CO2 balloon. This was followed
by sequential addition of dry DMF (5 mL) and ethyl 2-phenyl-
acrylate (150 mg, 1 equiv.) using syringes. The resulting mixture
was transferred into an ice bath where under vigorous stirring 1 M
solution of Et2Zn in hexane (1.2 equiv.) was added dropwise using a
syringe. The resulting mixture was allowed to stir at 0 °C for 3 h.
Then the reaction mixture was diluted with Et2O (5 mL) and
carefully neutralized using 6 M HCl (5 mL). The acidic solution was
diluted with water (5 mL) and removed using a separating funnel.
The organic phase was then extracted using a solution of saturated
NaHCO3 (3×30 mL). The collected aqueous solution was carefully
treated with 6 M HCl (60 mL) and extracted using Et2O (3×30 mL).
Collected Et2O solution was washed with distilled water (30 mL)
and evaporated to give the target acid as a faint orange oil.
Enantiomers were separated using SFC on a chiral column (CEL-2),
eluent iPrOH:EtOH :TFA – 70 :30 :2, and gradient 3–8, 10 min run.

Starting from 0.851 mmol of ethyl 2-phenylacrylate the product
was obtained as a faint orange oil, yield 48%, e.e. 32% (0.091 g, [Rh
(cod)(((S)-SEGPHOS)]SbF6), yield 74% (0.121 g, [Rh(cod)((rac)-Stack-
Phos)]SbF6), yield 99%, e.e. 0% (0.189 g, [Rh(cod)((S,S)-tBu-BOX)]
SbF6), yield 94%, e.e. 4% (0.178 g, [Rh(cod)((S,S)-BDPP)]SbF6).

1H
NMR (400 MHz, CDCl3): δ=10.38 (br s, 1H), 7.39–7.24 (m, 5H), 4.21
(q, J=7.1 Hz, 2H), 1.87 (s, 3H), 1.22 (t, J=7.1 Hz, 4H). 13C NMR
(101 MHz, CDCl3): δ=177.0, 171.9, 137.7, 128.4, 128.0, 127.4, 62.3,
58.7, 22.0, 14.0.
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Computational part 

Proposed mechanism for Rh-catalyzed hydrocarboxyalation 
 

 
 

Figure S1. Mechanism for Rh-SEGPHOS-catalyzed hydrocarboxylation, based on the 

previous experimental proposal,1 and computations performed in our computational study with 

COD ligand.2 Rh-benzyl intermediate displays η3 binding mode of the substrate to the metal.  

 

                                                           
1 S. Kawashima, K. Aikawa, K. Mikami, Eur. J. Org. Chem. 2016, 3166-3170. 
2 Lj. Pavlovic, J. Vaitla, A. Bayer, K. H. Hopmann, Organometallics 2018, 37, 941-948.  
  

https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/ejoc.201600338
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Computed free energy profile for Rh-(S)-SEGPHOS catalyzed 

hydrocarboxylation of methyl 2-phenylacrylate 
 

 

Figure S2. Computed free energy profile (kcal/mol, 273 K, PBE-D2/BS2[IEFPCM]//PBE-
D2/BS1[IEFPCM] level of theory) for Rh-(S)-SEGPHOS-catalyzed hydrocarboxylation of 
methyl 2-phenylacrylate. The Rh(DMF)Et intermediate is the energetic reference. The last 
step, transmetallation is not included, as this TS could not be located. The rate and 
enantioslectivity-determining step is the CO

2
 insertion into the Rh-benyzl intermediate.  
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Computational results for Rh-(S)-SEGPHOS (L1) 
 

Table S1. Selected distances (Å) of noncovalent interactions at the TS conformations with Rh-(S)-

SEGPHOS and methyl 2-phenylacrylate. The energy differences betweeen pro-(S) and pro-(R) TSs 

(∆∆G#) are given in kcal/mol. The computed e.e. is 53.8 % (Table 1, main text).  

 

 
 TS Stereo 

CH..O 
(Cat-
Sub) 

CH...π 
(Sub-Cat) 

C-H..O 
(within 
sub) 

Rh-C 
(Nuc) 
 

 
C-CO2 

 

 
∆∆G# 

 

O
u

te
r 

s
p

h
e
re

 i
n

s
e
rt

io
n

 

Backside 
CO2 

insertion 

TS1a_
S 

pro-
(S) 

2.46 
2.95; 

3.08;3.60 
2.16(Ph) 3.60 2.30 0.0 

TS1b_
S 

pro-(S) 2.43 2.85; 3.20 2.40(Me) 3.70 2.20 3.1 

TS1a_
R 

pro-(R) 2.97 
3.16; 

2.97;3.14 
2.11(Ph) 3.64 2.26 0.7 

TS1b_
R 

pro-(R) 3.32 3.24; 2.94 2.33(Me) 3.67 2.20 2.0 

Frontside
CO2 

insertion 

TS2a_
S 

pro-(S) >4.00 2.93;2.95 2.14(Ph) 3.90 2.20 6.5 

TS2b_
S 

pro-(S) >4.00 3.00; 3.24 2.35(Me) 3.90 2.20 7.3 

TS2a_
R 

pro-(R) >4.00 2.95;2.94 2.28(Ph) 3.80 2.32 4.0 

TS2b_
R 

pro-(R) >4.00 2.90; 2.94 2.40(Me) 3.96 2.30 4.9 

Rh-O=C 
(ester)  

TS3_S pro-(S) 
Rh-

O(Es) 
2.17 

2.71;3.16 2.47(Ph) 3.43 2.45 8.3 

TS3_R pro-(R) 2.17 2.64;3.24 2.53(Ph) 3.60 2.30 7.9 

In
n

e
r 

s
p

h
e

re
 

in
s
e
rt

io
n

  

Rh-CO2 
interactio

n 

TS 4_S pro-(S) 
Rh-CO2 

2.18 
2.93; 4.02 2.21(Ph) 2.80 2.23 17.3 

TS 
4_R 

pro-(R) 2.60 2.82;3.06 2.21(Ph) 2.71 2.07 18.7 
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The optimized TSs (C-CO2) with Rh-CO2 interactions 
 

 
 

Figure S3. The optimized TSs for C-CO2 bond formation step with Rh-CO2 interaction present 

(inner sphere CO2 insertion, TS4_Ssub1/L1 and TS4_R sub1/L1), with methyl 2-phenylacrylate and 

(S)-SEGPHOS (distances in Å). Structures given in SI are generated using CYLview.3 

 

                                                           
3

.CYLview, 1.0b; Legault, C. Y., Université de Sherbrooke, 2009 (http://www.cylview.org) 
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The optimized geometries of Rh-benzyl intermediates  
 

 
 

Figure S4. The optimized Rh-benzyl structures. On the left side is given the Rh-benzyl 

intermediate with methyl 2-phenylacrylate substrate. On the right side is given Rh-benzyl 

intermediate with 4-(tert-butyl)benzyl 2-phenylacrylate substrate (distances in Å). Rh-benzyl 

intermediates display η3 binding mode of the substrate to the metal.  
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Computational results for Rh-(R)-StackPhos (L2)  
 

Table S2. Selected distances (Å) of noncovalent interactions at the TS conformations with Rh-(R)-

StackPhos and methyl 2-phenylacrylate. The energy difference between pro-(S) and pro-(R) TSs 

(∆∆G#) are given in kcal/mol. The computed e.e. is 47.0 % (Table 1, main text). ) Only frontside TSs 

display Imidazole-CO2 stacking interaction. 

 

 

                                                           
4 There is one CH...O interaction at 2.54 Å. An intramolecular CH...O interaction is at 2.19 Å. 
5 There is one weak CH...O interaction at 3.10 Å 
6 There is one CH…π interaction between the Me of the ester and naphthalene ring (2.60 Å). A CH...O 
interaction is identified at 2.3 Å. 
7 There is one CH…π interaction between the Me of the ester and naphthalene ring (2.60 Å). 
8 An intramolecular CH...O interaction is at 2.22Å. 
9 A Rh-O=C(ester) interaction is at 2.16 Å. 
10 A Rh-O=C(ester) interaction is at 2.26 Å. 
 

 TS 
Ste-
reo 

C-CO2 
 

Rh-C 
(Nuc) 

Imidazole-
CO2 CH...π 

(Sub-Cat) 
F-π CH...F 

 
∆∆G# 

 
CCO2-
NIm 

OCO2-
Imid. 

Backside 
CO2 

insertion 

TS1a_
S4 

pro-
(S) 

2.26 3.68 - - 2.53; 3.16 2.78 2.37 2.2 

TS1b_
S5 

pro-
(S) 

2.24 3.78 - - 
3.33; 

3.32, 2.80 
2.78 2.37 2.1 

TS1a_
R6 

pro-
(R) 

2.55 3.48 - - 2.56; 3.46 2.90 2.45 2.8 

TS1b_
R7 

pro-
(R) 

2.55 3.52 - - 2.58; 3.31 2.94 2.47 3.0 

Frontside 
CO2 

insertion 

TS2a_
S 

pro-
(S) 

2.21 3.73 3.22 3.10 2.64;3.28 3.05 2.54 0.0 

TS2b_
S 

pro-
(S) 

2.21 3.74 3.26 3.10 2.66; 3.26 3.03 2.53 0.8 

TS2_S
tack_2

_S 

Pro-
(S) 

2.21 3.73 3.21 3.08 2.66;3.40 2.95 
π-π 

0.8 
3.46 

TS2a_
R8 

pro-
(R) 

2.23 3.85 3.17 3.26 2.84; 3.18 3.02 2.53 0.6 

TS2b_
R 

pro-
(R) 

2.20 3.85 3.16 3.28 2.73; 3.30 2.96 3.16 1.0 

TS2_S
tack_2

_R 

pro-
(R) 

2.23 3.83 3.15 3.23 2.82, 3.28 2.91 
π-π 

1.9 
3.48 

Rh-O=C 
(ester) 

TS3_S
9 

pro-
(S) 

2.53 2.97 - - 3.02; 3.50 2.77 
2.31; 
2.52 

15.2 

TS3_R
10 

pro-
(R) 

2.32 3.56 - - 3.07 2.84 
2.40; 
2.55 

10.8 
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The optimized higher-energy TSs with StackPhos  

 
Figure S5. Illustration of stacking interaction between the the pentafluorophenyl group and 

naphthalene ring, at the TS2a_Stack_I sub1/L2 (distances are in Å).  

 

 
Figure S6. Illustration of stacking interaction between the pentafluorophenyl group and the 

second phenyl group linked to imidazole ring, at the TS2a_Stack_Ssub1/L2 and 

TS2a_Stack_Rsub1/L2. The pentafluorophenyl group also forms F-π interaction with the phenyl 

group, which is attached to the phosphorus (distances in Å).  
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Computational results for Rh-(R,R)-tBu-BOX (L3) 
 

Table S3. Selected distances (Å) of noncovalent interactions at the TS conformations with Rh-(R,R)-
tBu-BOX and methyl 2-phenylacrylate. The energy difference between pro-(S) and pro-(R) TSs (∆∆G#) 

are given in kcal/mol. The computed e.e. is 6.4 % (S) (Table 1, main text). Frontside TSs display 

Oxazoline-CO2 interaction. 

 

 

 
 

Figure S7. Illustration of the noncovalent interactions at the lowest lying pro-(S) and pro-(R) 

TS2a sub1/L3 carboxylation structures alongside TS1a_R sub1/L3 conformation with Rh-(R,R)-tBu-

BOX (distances are in Å).  At the TS1a_R sub1/L3, the oxygen atom of the ester group of the 

substrate forms two CH...O interactions with the oxazoline ring.   

 

 TS Stereo 
 

C-CO2 
 

Rh-C 
(Nuc) 

CH...O 
(Sub-Lig) 

N…H(π) 
 

∆∆G# 
 

Backside 
CO2 insertion 

TS1a_S pro-(S) 1.98 3.56 2.64 3.34 1.9 

TS1b_S pro-(S) 2.23 3.90 - 3.40 3.1 

TS1a_R pro-(R) 2.25 3.76 2.43, 2.72 2.91 0.7 

TS1b_R pro-(R) 2.26 3.89 3.01 2.92 0.8 

Frontside 
CO2 

insertion 

TS2a_S pro-(S) 2.21 4.03 

N(Ox)-C(CO2) H(Ox)-O(CO2) 

0.0 3.48 2.46 

TS2b_S pro-(S) 2.26 4.05 3.87 2.35 3.6 

TS2a_R pro-(R) 2.14 3.96 3.54 2.60 0.5 

TS2b_R pro-(R) 2.13 3.92 3.61 2.43 2.5 

Rh-Estar 
TS3_S pro-(S) 2.54 3.06 

Rh-O(Est) CH-π 

3.2 2.10 2.50 

TS3_R pro-(R) 2.39 3.08 2.11 2.53 5.3 
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Computational results for Rh-(R,R)-BDPP (L4) 
 

Table S4. Selected distances (Å) of noncovalent interactions at the TS conformations with Rh-(R,R)-

BDPP and methyl 2-phenylacrylate. The energy difference between pro-(S) and pro-(R) TSs (∆∆G#) are 

given in kcal/mol. The computed e.e. is 24.3 (R) % (Table 1, main text).  

 

 

 
 

Figure S8. Illustration of the noncovalent interactions in the lowest lying pro-(S) and pro-(R) 

TS1a sub1/L4 carboxylation structures with Rh-(R,R)-BDPP (distances are in Å).  

 

 

 
TS Stereo 

 
C-CO2 

 

Rh-C 
(Nuc) 

CH...O 
(Sub-Lig) 

CH...π 
(Sub-Lig) 

∆∆G# 
 

Backside 
CO2 

insertion 

 TS1a_S pro-(S) 2.22 3.64 2.31 3.28; 3.40 0.5 

TS1b_S pro-(S) 2.22 3.72 3.20 2.83; 3.13; 3.35 0.8 

TS1a_R 
pro-
(R) 

2.21 3.64 2.46 
3.00; 3.10; 

3.40 
0.0 

TS1b_R pro-(R) 2.18 3.68 2.74 3.11; 3.36        1.9  

Frontside 
CO2 

insertion 

TS2a_S pro-(S) 2.38 3.82 - 3.38; 3.38 5.8 

TS2b_S pro-(S) 2.31 3.86 - 3.53; 3.47 8.6 

TS2a_R pro-(R) 2.45 3.85 - 3.30; 3.47 5.5 

 TS2b_R pro-(R) 2.42 3.82 - 3.36; 3.35 6.4 

Rh-Estar TS3_S pro-(S) 2.45 3.40 
Rh..O(Est) 

(2.20) 2.52; 3.23 9.7 

TS3_R pro-(R) 2.28 3.28 
Rh..O(Est) 

(2.22) 2.36; 3.58 12.1 
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Abstract. The boracarboxylation reaction has potential for 
production of new drug candidates, but the development of 
an asymmetric version of this transformation is challenging. 
We report an enantioselective boracarboxylation of styrenes, 
enabled by a copper catalyst containing chiral phosphines. 
Our experimental conditions provide yields of up to 76% 
and enantiomeric ratios reaching 98:2. A computational 
analysis of the mechanistic details shows a complex pattern 

of competing reaction pathways explaining challenges 
encountered when developing asymmetric reactions using 
CO2. 

Keywords: Asymmetric catalysis; Carbon dioxide 
fixation; Carboxylation; Copper; Computational chemistry; 
Reaction mechanism.

 

Introduction 

Carbon dioxide is a cheap and widely abundant waste 
gas that can serve as a source of carbon. One of its 
possible applications is as a building block for the 
formation of value-added chemicals.[1] This requires 
efficient ways to form C-C bonds with CO2. The use 
of CO2 in carboxylation reactions is of large interest, 
given the abundance of carboxylic acid functional 
groups in natural and medicinal compounds.[2] A 
review from 2020 concluded that over 60% of all 
bioactive molecules described in the medicinal 
chemistry literature contain at least one carboxylic 
acid moiety or another functional group that can be 
derived from a carboxylic acid.[3] 

Conventional methods for carboxylation using CO2 
such as the Grignard reaction and the Kolbe-Schmitt 
reaction are well developed, have been 
commercialized and can be used to prepare food 
additives such as benzoic and acetic acid or 
pharmaceutical products such as salicylic acid.[4] In the 
last two decades, there has been increasing focus on 
developing catalytic and electrochemical methods for 
CO2-based carboxylations broadening the scope of 
CO2-based chemical transformations.[5] 

The ability to form chiral carboxylic acids plays a 
critical role in natural product synthesis and drug 
development. However, the number of catalytic 
asymmetric carboxylations employing CO2 is 
limited.[6] In 2004, the Mori group demonstrated the 
generation of three stereocenters through Ni-catalysed 
carboxylative cyclization of bis-1,3-dienes with 
enantiomer ratio (e.r.) up to 96:4 and yields up to 
99%.[7] A notable study was published in 2016 by 
Mikami´s group, who applied a chiral Rh-based 
catalyst in the hydrocarboxylation of acrylates. In their 
study they achieved an e.r. of up to 83:17 and excellent 
yields.[8] Another significant study in the field of 
asymmetric CO2 utilization was published by the 

group of Yu in 2017.[9] Their study describes a Cu-
catalyzed hydroxymethylation of styrenes and 1,3-
dienes, achieved from addition of CO2 and in-situ 
reduction of the intermediate carboxylate, with 
conditions obtaining excellent e.r. (up to 99:1) and 
yields (up to 96%). Later, this method was extended to 
the hydroxymethylation of 1,1-disubstituted-1,3-
dienes[10] and 1,1-disubstituted allenes[11] producing 
quarternary stereocentres with good enantioselectivity. 

Also, in 2017 Marek and co-workers achieved a Cu-
catalysed asymmetric carbomagnesiation of 
cyclopropene using CO2 as electrophile in one 
example. The reaction exhibited good yields (up to 
75%) and excellent e.r. values (up to 98:2).[12] 
Recently, enantioselective carbo-carboxylations of 
alkenes via a Ni-catalysed Heck 
coupling/carboxylation cascade have been reported by 
the groups of Lopez and Bandini,[13] and Kong and 
Yu.[14] The first example of an enantioselective 
electrochemical carboxylation was reported by Lu and 
co-workers in 2009 transforming acetophenone to the 
corresponding -hydroxyacid with an e.r. of 65:35.[15] 
Recently, the method was modified to provide an e.r. 
of up to 97:3 for selected examples.[16] The group of 
Lu also reported the electrochemical transformation of 
benzylic halides to the corresponding carboxylic acids 
with an e.r. up to 92:8 using either a chiral 
homogeneous[17] or heterogenous[18] co-catalyst. 
Similarly, in 2018, Mei and co-workers reported the 
electrochemical carboxylation of allylic acetates with 
an e.r. of up to 84:16 using a chiral Pd-catalyst.[19] 

One reaction of interest in terms of asymmetric 
development is the boracarboxylation, which allows 
for direct carboxylation of an unsaturated C-C bond 
using CO2 as a carbon source. The simultaneous 
addition of a boron moiety creates a reactive C-B bond 
that subsequently can be used for derivatization 
leading to potential drug precursors, for example of 
anti-inflammatory agents such as naproxen, 
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flurbiprofen or fenoprofen.[20] The first reported 
catalytic boracarboxylation of unsaturated C-C bond 
dates from 2012. Hou and co-workers (Scheme 1a) 
described the boracarboxylation of various alkynes 
using carbon dioxide and bis(pinacolato)diboron 
(B2pin2), in the presence of a NHC-copper(I)-based 
catalyst.[21] Popp and co-workers showed that similar 
reaction conditions could also be used for the 
regioselective boracarboxylation of substituted 
styrenes (Scheme 1b),[22] as well as α-substituted vinyl 
arenes.[23] However, to our knowledge, no 
enantioselective boracarboxylation of unsaturated C-C 
bonds has been reported so far. 

Computational analyses of the regioselective 
boracarboxylation of unsaturated substrates[24] have 
indicated a plausible reaction pathway, with 
elementary steps involving i) formation of the reactive 
copper(I) boronate species, ii) insertion of the 
unsaturated substrate into the copper-boron bond, and 
iii) carboxylation at the carbon bound to copper 
(Scheme 2). 

Here, we present our work towards an asymmetric 
boracarboxylation method allowing for the 
enantioselective addition of CO2 to styrenes, with 
good yields and excellent enantiomeric excesses 
(Scheme 1c). Detailed computational studies of the 
reaction mechanism reveal multiple competing 
carboxylation pathways, which impact the 
enantioselective outcome. 

 

Scheme 1. Previously reported boracarboxylations of a) 

acetylenes,[21] and b) styrenes,[22a] and c) the present work 

on stereoselective boracarboxylation. 

 

Scheme 2. Proposed mechanism for copper-catalyzed 

boracarboxylation of styrenes.[21, 23-25] 

Results and Discussion 

Our investigation commenced with the development 
of a regioselective boracarboxylation protocol based 
on phosphine ligands. Our preliminary studies showed 
that phosphine-based copper catalysts can be very 
effective for boracarboxylation of styrenes (ESI, 
Table S1-S3). In particular the combination of 
[Cu(MeCN)4]PF6 and (S,S)-BDPP in the presence of 
Cs2CO3 as a base in 2-MeTHF leads to formation of 
the boracarboxylation product of 4-methylstyrene in 
84% isolated yield, albeit with a close to racemic result 
(e.r. 48:52, Table 1, entry 1). 

Based on the initial reaction conditions, we 
investigated a range of commercially available chiral 
phosphine ligands (Table 1 and complete overview in 
ESI, Table S4). In addition, some chiral NHC-ligands 
were included in the screening (Table 1, entry 7 and 
8).[22a, 23] Relative to the results obtained for (S,S)-
BDPP (84% yield), the yields of the reaction dropped 
for other chiral phosphines. The next best phosphine 
ligands in terms of yield (44-46%) were (R,R,R,R)-
BIBOP, (R)-Walphos and (3S,3’S)-BABIBOP (entry 
2-4). At this stage, (3S,3’S)-BABIBOP (entry 4) 
showed the best enantioselectivity (e.r. 23:77), with 
similar enantiomeric ratios obtained for the well-
known ligands (R)-BINAP (e.r. 30:70; entry 5) and 
(SFc,Rc)-Mandyphos (e.r. 23:77; entry 6). The chiral 
NHC-ligands L1 and L2 (entry 7-8) showed good 
yields (71% and 72%), but low selectivities (L1 e.r. 
35:65 and L2 e.r. 48:52). The promising results 
obtained for (3S,3´S)-BABIBOP prompted us to 
extend our study towards other P-chiral phosphines, 
such as (R,R)-BenzP* (entry 9) and (S,S)-QuinoxP* 
(entry 10).[26] While both resulted in poor yields (23-
26%), (S,S)-QuinoxP* (entry 10) exhibited an 
excellent enantioselectivity, providing the 
boracarboxylation product with an e.r. of 92:8. With 
these results in hand, we proceeded to optimize 
reaction conditions using (S,S)-QuinoxP* as chiral 
ligand. 
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Table 1. The performance of selected chiral phosphines for 
the boracarboxylation of 4-methylstyrene (1a). 

 
 

 
 

Entry Ligand  e.r. a) Yieldb) 

1 (S,S)-BDPP 48:52 84% 

2 (R,R,R,R)-BIBOP 43:57 46% 

3 (R)-Walphos 39:61 44% 

4 (3S,3´S)-BABIBOP 23:77 45% 

5 (R)-BINAP 30:70 22% 

6 (SFc,Rc)-Mandyphos 39:61 44% 

7 L1 35:65 71% 

8 L2 48:52 72% 

9 (R,R)-BenzP* 23:77 23% 

10 (S,S)-QuinoxP* 92:8 26% 

a) The enantiomeric ratio of the product was determined by 

super critical fluid chromatography with a chiral column. b) 

Isolated yields. 

Initially, we focused on altering the solvent. 
Although ethers did not provide better results, 
somewhat improved yields of 40% were obtained with 
anisole (Table 2, entry 2), which could be increased to 
76% yield by doubling the catalyst loading to 10 mol% 
(Table 2, entry 8). This reaction showed a good 
enantiomeric ratio of 84:16. A change of the base to 
alkoxides such as NaOtBu, which worked well for 
carbene ligands,[22a] did not improve yields (Table 2, 
entry 4). The copper source had critical impact on the 
yield, with a change in counterion resulting in a drop 

to 18-26% (Table 2, entry 5-7). Inclusion of different 
additives such as phase transfer catalysts and weakly 
coordinating anions did not provide any improvement 
(Table 2, entry 11-14), with the exception of 18-
crown-6 ether (Table 2, entry 9), which demonstrated 
a significant enhancement from 40% to 58% yield at 5 
mol% catalyst loading. The addition of 18-crown-6 did 
not only increase the yield, but also slightly improved 
the enantioselectivity from e.r. 92:8 to 96:4. Increased 
catalyst loading with 18-crown-6 as an additive did not 
result in further improvement (Table 2, entry 10). 

We moved on to study the reaction for a range of 
electron-rich, electron-deficient, and electron-neutral 
styrenes (Scheme 3) using [Cu(MeCN)4]PF6/(S,S)-
QuinoxP* as precatalyst, Cs2CO3 as base combined 
with 18-crown-6 as additive in anisole as solvent. 
Styrenes with a methyl substituent in para, meta or 
ortho position (1a, 1d and 1g) could be selectively 
functionalized in 37-58% yields with enantiomeric 
ratios ranging from good to excellent (up to 96:4). 
When changing to more electron donating substituents 
such as methoxy (1b and 1e), alkyne (1c) and phenoxy 
(1i), the yields were fair (33-42%), but corresponding 
products were obtained with high enantioselectivity 
(up to 98:2 e.r.). Unsubstituted styrene (1j) and 
naphthalene derivatives (1k and 1l) also resulted in fair 
yields (36-41%), but the enantioselectivity for these 
substrates went down. Electron-withdrawing 
substituents such as fluorine (1m and 1p), 
trifluoromethyl (1n and 1q), cyano (1o), nitro (1s) and 
ester (1t) resulted in comparable yields to those seen 
for electron-neutral and -rich systems (13-67%). 
However, the lower enantiomeric ratios suggest that 
electronic effects from the substrate impact the 
enantioselectivity of boracarboxylations. This 
hypothesis was investigated by adding a fluorine to the 
electron-rich substrates 1e and 1h, which resulted in a 
noticeable drop in e.r. for the products 2f and 2r. 

We also explored the potential impact of the CO2 
pressure on the enantioselectivity of the reaction. In a 
recent study, the Popp group showed that higher 
pressures of CO2 can benefit the yield of the reactions 
involving electron-deficient systems.[23] Accordingly, 
we investigated the influence of the CO2 pressure on 
the yield and enantioselectivity for electron-deficient 
substrates (2m, 2n, 2p and 2q). While the yields for 
the reactions involving these substrates increased for 
2m (from <5% to 19%), 2n (from 38% to 48%) and 2q 
(from 33% to 48%), the enantiomeric ratio was 
practically unaffected. 

To establish the absolute configuration of the major 
boracarboxylation product, we employed sodium 
perborate tetrahydrate to convert 2j to tropic acid 3j 
(Scheme 4). The later was obtained in a quantitative 
yield, with the enantiomeric ratio of the product 
retained (ESI, Chromatogram S21). Comparing the 
chromatogram of 3j to commercially available (R)-
tropic acid, we concluded that the (R)-enantiomer of 2j 
was formed upon boracarboxylation of 1j with (S,S)-
QuinoxP*
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Table 2. Summary of the optimization of the reaction for (S,S)-QuinoxP*. 

 
 

Entry Cu source Base Additive (mol%) Solvent e.r. Yielda) 

1 [Cu(MeCN)4]PF6 Cs2CO3 - Dioxane n.d. 25% 

2 [Cu(MeCN)4]PF6 Cs2CO3 - Anisole 92:8 40% 

3 [Cu(MeCN)4]PF6 Cs2CO3 - Triglyme n.d. 19% 

4 [Cu(MeCN)4]PF6 NaOtBu - Anisole n.d. 26% 

5 [Cu(MeCN)4]BF4 Cs2CO3
 - Anisole n.d. 18% 

6 [Cu(MeCN)4]SbF6 Cs2CO3 - Anisole n.d. 20% 

7 [Cu(MeCN)4]BarF Cs2CO3 - Anisole n.d. 26% 

8 [Cu(MeCN)4]PF6 Cs2CO3 - Anisole 84:16 76%b) 

9 [Cu(MeCN)4]PF6 Cs2CO3 18-crown-6 (50) Anisole 96:4 58%c) 

10 [Cu(MeCN)4]PF6 Cs2CO3 18-crown-6 (50) Anisole 93:7 60%b) 

11 [Cu(MeCN)4]PF6 Cs2CO3 TBAB (50) Anisole 95:5 42% 

12 [Cu(MeCN)4]PF6 Cs2CO3 PPh3 (20) Anisole 91:9 32% 

13 [Cu(MeCN)4]PF6 Cs2CO3 monolaurin (20) Anisole 87:13 37% 

14 [Cu(MeCN)4]PF6 Cs2CO3 palmitic acid (20) Anisole 94:6 33% 
a) Isolated yields. b) 10 mol% of Cu-source and 12 mol% of the ligand was used. c) Average yield of two experiments.  

 

Scheme 3. The substrate scope of the asymmetric boracarboxylation. a) Yield obtained at 5 atm of CO2. 
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Scheme 4. Boracarboxylation of 1j into (R)-2j and oxidation of the boracarboxylation product (R)-2j to (S)-tropic acid 3j. 

A computational analysis of the mechanistic details 
was performed, initially focusing on substrate 1a and 
the (S,S)-BDPP ligand (see ESI Figures S10, S11 and 
Table S10). The most relevant reaction pathways (see 
Scheme 5) were then studied with (S,S)-QuinoxP*. We 
hypothesized that the first step of the reaction would be 
the formation of the reactive copper borate A through 
the activation of B2pin2 with the base Cs2CO3,[27] and 
the subsequent transmetallation between the activated 
diboron species and the copper complex (see ESI 
Scheme S1 for details). Coordination of styrene 1a to 
A leads to formation of intermediate B, followed by a 
2,1-borocupration to form C (Scheme 5 and Figure 1). 
The latter step involves transfer of the borate to the 
terminal position of the substrate, which in our 
calculations has a low barrier (2.3 to 3.1 kcal/mol 
relative to B, depending on the resulting stereoisomer). 
The alternative 1,2-borocupration displays a higher 
insertion barrier (9.8 kcal/mol relative to B), 
explaining the absence of the corresponding product in 
experiments. 

Intermediate C exists as two diastereomeric forms 
(CR and CS) with either (R) or (S) configuration at the 
benzylic carbon. The formation of CR and CS is 
exergonic by 15.2 and 16.5 kcal/mol respectively, 
relative to A (Figure 1). Considering that the reverse 
barriers from CR and CS to B are less than 20 kcal/mol 

at room temperature (Figure 1),[28] we assume that the 
diastereomeric species can interconvert rapidly, 
implying Curtin Hammett conditions.[29]  

The subsequent CO2 insertion into the 
diastereomeric intermediates CR and CS is rate-
determining (Figure 2) and controls the 
enantioselectivity. We have previously shown that 
carboxylation at benzylic positions may occur through 
either inner or outer sphere CO2 insertion, with the 
preferred pathway determined by the transition metal 
and, in particular, by the size of the ligand.[30] 
Consequently, both CR and CS can independently form 
the carboxylated species DR and DS. If CO2 insertion 
occurs in an inner sphere fashion (where CO2 interacts 
with the copper centre), the stereochemistry at the 
benzylic carbon in C is retained, whereas outer sphere 
insertion (where CO2 does not interact with copper) 
results in an inversion. Under Curtin-Hammet 
conditions, the e.r. of the final product will depend on 
the barriers of all energetically available CO2 insertion 
pathways.[29a]  

Starting from CS, the outer sphere carboxylation TS 
leading to the (R)-product is significantly lower in 
energy (13.7 kcal/mol) than the inner sphere TS (17.4 
kcal/mol respectively, Figure 2). From CR, both outer 
and inner sphere pathways have near-identical barriers 
(14.0 and 14.1 kcal/mol respectively).  

 

Scheme 5. Proposed mechanism for the boracarboxylation of styrene 1a. 
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Figure 1. Gibbs free energy profile (kcal/mol, PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD for Cu), IEFPCM:THF, 

298.15K) for the formation of intermediate C. 

 

Figure 2. Gibbs free energy profile for the insertion of CO2 into the diastereomeric C intermediates (kcal/mol, PBE-

D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD for Cu), IEFPCM:THF, 298.15K, energies are given relative to A). TS(CDi) refers 

to inner sphere TSs, and TS(CDo) refers to outer sphere TSs. 

The optimized geometries (Figure 3) show that in 
all four TSs, the CO2 molecule is stabilized by CH/O 
interactions with the substrate. In the inner sphere TSs, 
a significant bending of the substrate occurs to 
accommodate the CO2 molecule, which interacts with 
both the benzylic carbon and the copper atom. The 
distortion of the substrate requires a significant amount 

of energy making the inner sphere TSs less favourable 
than the outer sphere TSs. In the latter, the CO2 
molecule approaches the substrate from the backside 
of the C(benzylic)—Cu bond. Even though more 
unfavourable steric clashes are seen in the outer sphere 
TSs than in the inner sphere TSs, the outer sphere TSs 
remain preferred. Looking at TS(CDo)S→R, we can see 
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a CH/O interaction (2.50Å) between one of the 
hydrogens of the copper complex and one of the 
oxygens in Bpin, which stabilizes the structure and 
makes this TS more favoured than TS(CDo)R→S. 

On the basis of all four transition states leading to D 
(Figure 2), we obtain a theoretical e.r. of 71:29 (in 
THF) in favour of the (R)-product, which is in line with 
the experimentally observed e.r. of 96:4 (in anisole). 
Changing the implicit solvent model from THF to 
anisole (ESI, Table S12) provides similar results, with 
a computed e.r. of 87:13. The reverse barriers from D 
to C are higher than 40 kcal/mol, which indicates that 
the CO2 insertion is irreversible at room temperature. 
The overall thermodynamic driving force for the 

formation of the free products ER and ES is -67.3 
kcal/mol (see ESI for details). 

When examining the crude reaction mixture of the 
boracarboxylation of 1j by NMR, we see 23% of 
borated styrene (ESI, Spectrum S55), possibly formed 
through a competing β-hydride-elimination from C, in 
line with previous results.[22a] We calculated the β-
hydride elimination pathway using (S,S)-QuinoxP* as 
ligand, which shows a barrier of 17.1 kcal/mol (ESI, 
Scheme S2), thus being 3.4 kcal/mol higher than the 
CO2 insertion step (13.7 kcal/mol). This energy 
difference rationalizes the formation of small amounts 
of borated styrene in experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optimized geometries of all four CO2 insertion TSs, grey = C-C(CO2) distances, red = attractive CH/O interactions, 

black = attractive CH/π interactions, distances in Å, energies relative to A, PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD for 

Cu), IEFPCM:THF, 298.15K. For clarity, only hydrogen atoms of interest are shown.

Conclusion 

We have developed a boracarboxylation method for 
the enantioselective addition of CO2 to styrenes, using 
a chiral copper catalyst derived from the P-chiral 
ligand (S,S)-QuinoxP* and [Cu(MeCN)4]PF6. Our 

approach provides the boracarboxylation product with 
high regioselectivity and yields up to 76%. The 
enantioselectivity of the reaction clearly depends on 
the electronic structure of the styrene, with electron-
rich styrenes providing the best enantiomeric ratios. 
Detailed computational studies of the mechanism show 
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that the reaction occurs through multiple competing 
pathways, which impacts the enantioselective outcome. 
For the studied copper precatalysts based on phosphine 
ligands, we find that inner and outer sphere 
carboxylations show similar barriers, indicating that 
both pathways will compete. This phenomenon 
significantly impacts the enantioselectivity and 
complicates the development of a robust 
enantioselective method. Nonetheless, our synthetic 
protocol provides enantiomeric ratios of up to 98:2, 
which are comparable to the best enantioselectivities 
reported so far for CO2-based carboxylations. The 
chiral β-boronated carboxylic acids accessible in this 
way provide valuable building blocks for the synthesis 
of pharmaceuticals. 

Experimental Section 

Commercially available starting materials, reagents, 
catalysts, ligands, solvents, and anhydrous solvents were 
used without further purification. The chiral ligands were 
purchased from Sigma Aldrich and Stream chemicals. 
Racemates were prepared according to the literature 
procedure.[22a] Non-anhydrous solvents were dried using 
activated 4Å molecular sieves. 1H, 13C and 19F NMR spectra 
were recorded on a Bruker Avance 400 MHz at 20 °C. All 
1H NMR spectra were reported in parts per million (ppm) 
downfield of TMS and were measured relative to the signals 
for residual CHCl3 (7.26 ppm). All 13C NMR spectra were 
reported in ppm relative to residual CDCl3 (77.20 ppm) and 
were obtained with 1H decoupling. Coupling constants, J, 
were reported in Hertz (Hz). High-resolution mass spectra 
(HRMS) were recorded from methanol solutions on an LTQ 
Orbitrap XL (Thermo Scientific) either in negative or in 
positive electrospray ionization (ESI) mode. Infrared spectra 
were recorded on an Agilent Cary 630 FT-IR spectrometer 
and absorptions are reported in wavenumber (cm-1); br = 
broad, s = strong, m = medium, w = weak. Melting points 
were recorded using Stuart SMP50 automatic melting point 
detector. Optical rotation measurements were performed 
using a Polarimeter AA-10R from Optical Activity LTD. 
Determination of e.r. values were carried out on a Waters 
ACQUITY UPC2 system equipped with a TrefoilTM AMY1, 
2.5μm 3.0 x 150mm column. Compounds were detected on 
a Waters ACQUITY PDA detector spanning wavelengths 
from 190 to 400 nm. The resolution of the products was 
performed with a mobile phase consisting of supercritical 
CO2 and i-PrOH containing 0.5 % of TFA and a linear 
gradient of 2 – 20 % i-PrOH over 8 min followed by isocratic 
1.5 min of 20 % i-PrOH with a flow rate of 1.0 mL/min (SFC 
method A) or a linear gradient of 2 – 30 % i-PrOH over 8 
min followed by isocratic 1.5 min of 30 % i-PrOH with a 
flow rate of 1.5 mL/min (SFC method B). 
Representative procedure for the asymmetric 
boracarboxylation: An oven dried 100 mL round bottom 
flask (see Figure S1) and a stir bar were introduced to the 
argon filled glove box. To the round bottom flask, a 
magnetic stir bar, B2pin2 (1.5 equiv.), base (2.0 equiv.), 
ligand (6 mol%) and Cu-salt (5 mol%) were added, closed 
with a septum, and sealed tight using electric tape. To the 
flask, 20 mL of solvent were added and left stirring for 30 
minutes. Then the corresponding styrene (1 equiv.) was 
added, and a balloon filled with dry CO2 was attached to the 
flask. The round bottom flask was then left stirring for 24 
hours at 20o C (see Figure S5). Afterwards, the flask was 
opened to air and the content was diluted with 20 mL of Et2O. 
The reaction mixture was transferred into a 250 mL 
separating funnel where the organic layer was extracted 
using a solution of saturated NaHCO3 (3x30 mL). Then the 
separated aqueous solution was first washed with Et2O 
(3x30 mL), acidified by slow addition of 60 mL 6M HCl and 
then extracted using Et2O (3x30 mL). The organic solution 
was washed using 30 mL of distilled water. Afterwards the 

organic solution was evaporated to dryness to give the 
product. 

Computational details: All molecules were calculated with 
no truncations or symmetry constraints, using the Gaussian 
16 program, revision B.01.[31] Geometries were optimized at 
the PBE[32] level of theory with the 6-31+G* basis set[33] 
(using the SDD ECP for Cu), including the D3BJ dispersion 
correction by Grimme.[34] The solvation effects were 
included implicitly using the polarizable continuum model 
(PCM) with the parameters for THF.[35] Transition states and 
minima were confirmed through frequency calculations (no 
imaginary frequencies for minima, one imaginary frequency 
for transition states). Single point energies were computed 
with the PC-2[36] basis set. All Gibbs free energies are given 
at 298.15K and 1atm. The theoretically predicted e.r. was 
determined using a modified version of the Eyring equation 
(see equation in ESI).[37] 
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1 Experimental procedures 
1.1 General considerations 

Commercially available starting materials, reagents, catalysts, ligands, solvents, and anhydrous 

solvents were used without further purification. The chiral ligands were purchased from Sigma Aldrich 

and Stream chemicals. Racemates were prepared according to the literature procedure.[1] Non-

anhydrous solvents were dried using activated 4Å molecular sieves. 1H, 13C and 19F NMR spectra were 

recorded on a Bruker Avance 400 MHz at 20 °C. All 1H NMR spectra were reported in parts per million 

(ppm) downfield of TMS and were measured relative to the signals for residual CHCl3 (7.26 ppm). All 
13C NMR spectra were reported in ppm relative to residual CDCl3 (77.20 ppm) and were obtained with 
1H decoupling. Coupling constants, J, were reported in Hertz (Hz). High-resolution mass spectra (HRMS) 

were recorded from methanol solutions on an LTQ Orbitrap XL (Thermo Scientific) either in negative 

or in positive electrospray ionization (ESI) mode. Infrared spectra were recorded on an Agilent Cary 

630 FT-IR spectrometer and absorptions are reported in wavenumber (cm-1); br = broad, s = strong, m 

= medium, w = weak. Melting points were recorded using Stuart SMP50 automatic melting point 

detector. Optical rotation measurements were performed using a Polarimeter AA-10R from Optical 

Activity LTD. Determination of the enantiomeric ratio (e.r.) were carried out on a Waters ACQUITY 

UPC2 system equipped with a TrefoilTM AMY1, 2.5μm 3.0 x 150mm column. Compounds were detected 

on a Waters ACQUITY PDA detector spanning wavelengths from 190 to 400 nm. The resolution of the 

products was performed with a mobile phase consisting of supercritical CO2 and i-PrOH containing 0.5 

% of TFA. Resolution was achieved using one of the two gradients: SFC method A - a linear gradient of 

2 – 20 % i-PrOH over 8 min followed by isocratic 1.5 min of 20 % i-PrOH with a flow rate of 1.0 mL/min; 

SFC method B - a linear gradient of 2 – 30 % i-PrOH over 8 min followed by isocratic 1.5 min of 30 % i-

PrOH with a flow rate of 1.5 mL/min. 

 

1.2 General procedures 

1.2.1 Method A: General procedure for boracarboxylation of styrenes. Reactions performed at 

atmospheric pressure of CO2.  

 

 

An oven dried 100 mL round bottom flask and a stir bar were introduced to the argon filled glove box. 

To the round bottom flask, a magnetic stir bar, B2pin2 (1.5 equiv.), base (2.0 equiv.), ligand (6 mol%) 

and Cu-salt (5 mol%) were added, closed with a septum, and sealed tight using electric tape. To the 

flask, 20 mL of anhydrous solvent were added and left stirring for 30 minutes. Then the corresponding 

styrene (1 equiv.) was added, and a balloon filled with dry CO2 was attached to the flask (see Figure 

S1). The round bottom flask was then left stirring for 24 hours at 20 oC. Afterwards, the flask was 

opened to air and the content was diluted with 20 mL of Et2O. The reaction mixture was transferred 

into a 250 mL separating funnel where the organic layer was extracted using a solution of saturated 

NaHCO3 (3x30 mL). Then the separated aqueous solution was first washed with Et2O (3x30 mL), 

acidified by slow addition of 60 mL 6M HCl and then extracted using Et2O (3x30 mL). The organic 

solution was washed using 30 mL of distilled water. Afterwards the organic solution was evaporated 

to dryness to give the product.  
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1.2.2 Method B: General procedure for boracarboxylation of styrenes. Reactions performed at high 

pressure of CO2.  

 

 

An oven dried 47 mL pressure vial (See Figure S2) and a stir bar were introduced to the argon filled 

glove box. To the pressure vial, a magnetic stir bar, B2pin2 (1.5 equiv.), base (2.0 equiv.), ligand (6 mol%) 

and Cu-salt (5 mol%) were added and the vial was sealed tight. Outside of the glove box to the pressure 

vial 10 mL of anhydrous solvent was added through the septum using a syringe. The vial was left stirring 

at 20 oC for 30 minutes. Then the corresponding styrene (1 equiv.) was added through the septum 

using a syringe, followed by injection of 120 mL CO2 as it is shown in Figure S3. The reaction mixture 

was then left stirring for 3 hours at 60 °C (see Figure S4). Afterwards the reaction mixture was allowed 

to cool down to room temperature, the flask was opened to air and the reaction mixture was diluted 

with 10 mL of Et2O. The reaction mixture was transferred into a 250 mL separating funnel where the 

organic layer was extracted using a solution of saturated NaHCO3 (3x30 mL). Then the separated 

aqueous solution was first washed with Et2O (3x30 mL), acidified by slow addition of 60 mL 6M HCl and 

then extracted using Et2O (3x30 mL). The organic solution was washed using 30 mL of distilled water. 

Afterwards the organic solution was evaporated to dryness to give the product.  
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1.2.3 Description of the used glassware and setup of the reactions  

 

 

Figure S1. Boracarboxylation reactions under atmospheric pressure of CO2. The balloons are filled with 

CO2.  
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Figure S2. Shows the pressure vial used for the high-pressure experiments. The pressure vial is 

equipped with a screw cap (1), a silicon septum (2), a metallic stabilizer made from 1 NOK (3), a silicone 

septum with a protection lair made from Teflon (4) and a 47 mL vial (5).  
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Figure S3. Injection of the first portion of CO2 into the pressure vial.   
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Figure S4. Shows the general setup for the experiments conducted with high pressure vials. 
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1.3 Overview of optimization tables 

Table S1. Solvent screening for boracarboxylation of 4-methylstyrene.  

 

Entry Solvent Yielda 

1 THF 39% 

2 2-MeTHF 45% 

3 Dioxane 40% 

4 DME 20% 

5 Eucalyptol 35%b 

6 Methylal 23%b 

7 Toluene 0%b 

8 Acetal 33%b 
a If not otherwise specified the yield refer to isolated products. b These experiments were done with 

[Cu(MeCN)4]PF6 (5 mol%), Cs2CO3 (2 equiv.) and B2Pin2 (2 equiv.).  

 

Table S2. The screening of bases for boracarboxylation of 4-methylstyrene.  

 

Entry Base (equiv.) Yielda 

1 LiOtBu (1.5) 48% 

2 LiOMe (1.5) 43% 

3 KOtBu (1.5) 5% 

4 Cs2CO3 (1.5) 52% 

5 CsF (1.5) 12% 

6 Cs2CO3 (1.5) 28%b 

7 CsOAc (1.5) 32% 

8 Bu4NOAc (1.5) 0% 

9 Cs2CO3 (2.0) 73%c,d 

10 Cs2CO3 (2.5) 60%e 

11 Cs2CO3 (2.5) 20%c 

12 Cs2CO3 (2.0) 0%c,f 

13 Cs2CO3 (2.0) 60%e 
a If not otherwise specified the yield refer to isolated products. b For this experiment the temperature 

was 60 °C. c For this experiment 2.0 equiv. of B2pin2 was used. d Average yield of two experiments. e 

For this experiment 2.5 equiv. of B2pin2 was used. f This experiment was done without the ligand.  

Table S3. The screening of transition-metal complexes for boracarboxylation of 4-methylstyrene.  
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Entry Catalyst (5 mol%) Yielda 

1 [Cu(MeCN)4]PF6 84% 

2 Cu(TC) 62%b 

3 CuI 0% 

4 CuOAc 0% 

5 CuF2 0% 

6 [Cu(MeCN)4]PF6 65%c 

7 [Cu(MeCN)4]PF6 0%d 

8 Ni(cod)2 0% 

9 NiCl2glyme 0% 

10 Co(acac)2 0% 
a If not otherwise specified the yield refer to isolated products. b Product was contaminated with 

thiophene-2-carboxylic acid (TC = thiophene-2-carboxylate).c For this experiment the reaction time 

was 24h. d For this experiment the reaction was done without the ligand.  
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Table S4. Screening of chiral ligands for the boracarboxylation reaction. 

 

Entry Ligand (6 mol%)a e.r. Yieldb 

1 (S,S)-BDPP 48:52 84% 

2 (S,S)-Ph-BPE,BPE 68:32 23% 

3 (R)-Josiphos 69:31 20% 

4 (S)-MeOBIPHEP 75:25 21% 

5 L1 35:65 71% 

6 L2 48:52 72% 

7 (1R,1’R,2S,2’S)DuanPhos 40:60 30% 

8 (R,R)-i-Pr-DUPHOS 45:55 24% 

9 (S,S)-QuinoxP* 92:8 26% 

10 (S)-DTBM-SEGPHOS® - 0% 

11 (R)-DTBM-GarphosTM 58:41 25% 

12 (R)-BINAP 30:70 22% 

13 (R)-Josiphos 32:68 36% 

14 (R)-Walphos 39:61 44% 

15 (SFc,RC)-Mandyphos 23:77 20% 

16 (R,S)-O-pinap 60:40 28% 

17 (rac)-StackPhos - 27% 

18 (S)-SEGPHOS - 0% 

19 (S,S)-tBu-BOX 50:50 19% 

20 L3 49:51 23% 

21 (2R,3R)-MeO-BoQPhos 31:69 19% 

22 (R,R,R,R)-BIBOP 43:57 46% 

23 (3S,3’S)-BABIBOP 23:77 45% 

24 (R,R)-BenzP* 23:77 23% 

25 L4 - 0% 

26 (S)-BI-DIME 50:50 11% 

27 Mandyphos SL-M002-1 - 0% 

28 (S)-BINAPINE - 0% 
a For the structure of ligands see Figures S5-S8. b If not otherwise specified the yield refer to isolated 

products.  
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Figure S5. Shows the structures of the ligands for the entries 1-9 in Table S4.  

 

Figure S6. Shows the structures of the ligands for the entries 10-14 in Table S4. 
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Figure S7. Shows the structures of the ligands for the entries 15-20 in Table S4.  

 

Figure S8. Shows the structures of the ligands for the entries 21-28 in Table S4.  
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Table S5. Solvent screening for boracarboxylation of 4-methylstyrene enabled by (S,S)-QuinoxP* 

ligand.  

 

Entry Solvent Yielda 

1 THF 10% 

2 2MeTHF 4% 

3 Dioxane 25% 

4 DME 10% 

5 Eucalyptol 22% 

6 Acetal 22% 

7 Diglyme 13% 

8 Triglyme 19% 

9 Methylal 14% 

10 Dimethyl Isosorbide 11% 

11 Anisole 40% 

12 DMF 11% 

13 Acetonitrile 17% 

14 1,2-Dimethoxybenzene 3% 

15 Chloroform 12% 

16 Tetraethyl Orthosilicate 13% 

17 1,3-Dimethoxybenzene 23% 
a If not otherwise specified the yield refer to isolated products. 

Table S6. The screening of bases for boracarboxylation of 4-methylstyrene enabled by (S,S)-QuinoxP* 

ligand.  

 

Entry Base (2 equiv.) Yielda 

1 Cs2CO3 40% 

2 Rb2CO3 19% 

3 CsOAc 0% 

4 K3PO4 0% 

5 CsF 0% 

6 RbF 0% 

7 AgF 0% 

8 LiOtBu 0% 

9 LiOMe 0% 

10 KOMe 0% 

11 KOtBu 19% 

12 NaOtBu 26% 

13 NaOSiMe3 20% 
a If not otherwise specified the yield refer to isolated products.  
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Table S7. The screening of Cu-complexes for boracarboxylation of 4-methylstyrene enabled by (S,S)-

QuinoxP* ligand.  

 

Entry Cu-source (5 mol%) Yielda) 

1 [Cu(MeCN)4]PF6 40% 

2 [Cu(MeCN)4]BF4 18% 

3 [Cu(MeCN)4]SbF6 20% 

4 [Cu(MeCN)4]BArF 26% 

5 [Cu(MeCN)4]OTf 23% 

6 [Cu(MeCN)4]ClO4 3% 

7 Cu(TC) 42%b) 

8 [Cu(cod)Cl]2 21%c) 

9 [Cu(MeCN)4]PF6 76%d),e) 

a) If not otherwise specified the yield refer to isolated products. b) Product was contaminated with 

thiophene-2-carboxylic acid (TC = thiophene-2-carboxylate). c) for this experiment 2.5 mol% of the Cu-

source was used. d) Amount of the used Cu source was 10 mol% and, while the ligand was 12 mol%. e) 

e.r. was measured to be 16:86.  

Table S8. The screening of additives for boracarboxylation of 4-methylstyrene enabled by (S,S)-

QuinoxP* ligand.  

 

Entry Additive (mol%) Yielda) 

1 none 40% 

2 NaBArF (20) 0% 

3 18-Crown-6 (50) 58%b),c) 

4 TBAB (50) 42% 

5 PPh3 (20) 32% 

6 ICy HCl (5)/NaOtBu (6) 12% 

7 PCy3HBF4 (5)/NaOtBu (6) 17% 

8 DMAP (20) 23% 

9 TBD (20) 38% 

10 Monolautin (20) 37% 

11 Palmitic Acid (20) 33% 
a) If not otherwise specified the yield refer to isolated products. b) Average yield of two experiments. c) 

e.r. was measured to be 96:4.  
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Table S9. Changing various parameters from the optimal conditions found for boracarboxylation of 4-

methylstyrene enabled by (S,S)-QuinoxP* ligand.  

 

Entry Change e.r. Yielda 

1 none 96:4 58%b 

2 [Cu(MeCN)4]PF6 (10 mol%) and (S,S)-QuinoxP* (12 mol%) 93:7 60% 

3 18-Crown-6 (0.25 equiv.) 92:8 31% 

4 18-Crown-6 (1 equiv.) 93:7 31% 

5 B2pin2 (2 equiv.) 93:7 48% 

6 5 atm CO2, 30 min, 3.0 equiv. B2pin2, 60 °C 92:8 34% 

7 5 atm CO2, 3 h, 3.0 equiv. B2pin2, 60 °C 91:9 50% 

8 5 atm CO2, 24h, 3.0 equiv. B2pin2, 60 °C 91:9 55% 
a If not otherwise specified the yield refer to isolated products. b Average yield of two experiments.  

 

1.4 Characterization of products 

 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(p-tolyl)propanoic 

acid, 2a.[1] Following the general procedure (method A) starting from 

1.27 mmol of the corresponding styrene, the product was obtained as a 

faint yellow oil with average yield 58% (experiment 1: 184 mg; 

experiment 2: 243 mg). 1H NMR (400 MHz, CDCl3) δ 7.20 (d, 2H), 7.11 (d, 

J = 7.9 Hz, 2H), 3.84 (dd, J = 9.6, 7.0 Hz, 1H), 2.32 (s, 3H), 1.55 (dd, J = 16.0, 9.6 Hz, 1H), 1.26 (dd, J = 

15.9, 7.0 Hz, 1H), 1.16 (d, J = 6.6 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.9, 137.6, 136.8, 129.3, 127.8, 

83.5, 67.1, 46.6, 24.8, 24.6, 21.1. HRMS: calculated m/z for [C16H22BO4]–: 289.1620, found 289.1618. 

Enantioselective ratio = 94:6, determined by SFC method A, tR = 6.99 min (major), tR = 7.40 min (minor). 

[α]D
20 = - 60.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2b.[1] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as a faint yellow oil, yield 41% (0.158 g). 1H NMR (400 MHz, 

CDCl3) δ 7.24 – 7.19 (m, 2H), 6.85 – 6.79 (m, 2H), 3.80 (dd, J = 9.2, 7.4 

Hz, 1H), 3.77 (s, 3H), 1.52 (dd, J = 15.9, 9.2 Hz, 1H), 1.30 – 1.23 (m, 1H), 1.14 (d, J = 4.1 Hz, 12H). 13C 

NMR (101 MHz, CDCl3) δ 180.9, 158.8, 132.6, 129.0, 114.0, 83.5, 55.4, 46.1, 24.8, 24.7. HRMS: 

calculated m/z for [C16H22BO5]-: 305.1569, found 305.1567. Enantioselective ratio = 98:2, determined 

by SFC method A, tR = 4.99 min (major), tR = 5.2 min (minor). [α]D
20 = - 46.0 (c = 0.5 g/100mL, CHCl3) 
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2-(4-isobutylphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)propanoic acid, 2c.[1] Following the general procedure 

(method A) starting from 1.27 mmol of corresponding styrene the 

product was obtained as a faint yellow oil, yield 31% (0.132 g). 1H 

NMR (400 MHz, CDCl3) δ 7.21 (d, J = 7.8 Hz, 2H), 7.06 (d, J = 7.8 

Hz, 2H), 3.83 (t, J = 8.3 Hz, 1H), 2.43 (d, J = 7.2 Hz, 2H), 1.83 (hept, J = 6.8 Hz, 1H), 1.53 (dd, J = 15.9, 9.1 

Hz, 1H), 1.36 – 1.24 (m, 2H), 1.13 (d, J = 4.3 Hz, 12H), 0.88 (d, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) 

δ 181.0, 140.7, 137.7, 129.4, 127.7, 83.5, 46.6, 45.2, 30.3, 24.8, 24.7, 22.5, 22.5. HRMS: calculated m/z 

for [C19H28BO4]-: 331.2090, found 331.2089. Enantioselective ratio = 92:8, determined by SFC method 

A, tR = 7.11 min (major), tR = 7.65 min (minor). [α]D
20 = - 56.0 (c = 0.5 g/100mL, CHCl3) 

 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(m-tolyl)propanoic 

acid, 2d.[1] Following the general procedure (method A) starting from 

1.27 mmol of corresponding styrene the product was obtained as faint 

yellow crystals, yield 49% (0.182 g, 0.627 mmol). 1H NMR (400 MHz, 

CDCl3) δ 7.19 (t, J = 7.5 Hz, 1H), 7.14 – 7.03 (m, 3H), 3.84 (dd, J = 9.4, 7.1 

Hz, 1H), 2.33 (s, 3H), 1.55 (dd, J = 16.0, 9.4 Hz, 1H), 1.31 – 1.24 (m, 1H), 1.16 (d, J = 5.1 Hz, 12H). 13C 

NMR (101 MHz, CDCl3) δ 181.1, 140.5, 138.2, 128.7, 128.6, 128.1, 125.0, 83.5, 46.9, 24.8, 24.7, 21.5. 

HRMS: calculated m/z for [C16H22BO4]-: 289.1620, found 289.1616. Enantioselective ratio = 85:15, 

determined by SFC method B, tR = 4.24 min (major), tR = 4.46 min (minor). [α]D
20 = - 32.0 (c = 0.5 

g/100mL, CHCl3) 

 

2-(3-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2e.[1] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as a colorless oil, yield 42% (0.164 g, 0.538 mmol). 1H NMR 

(400 MHz, CDCl3) δ 7.20 (t, J = 7.9 Hz, 1H), 6.92 – 6.83 (m, 2H), 6.78 

(ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 3.83 (dd, J = 9.5, 7.0 Hz, 1H), 3.77 (s, 3H), 1.54 (dd, J = 16.0, 9.5 Hz, 1H), 

1.31 – 1.23 (m, 2H), 1.15 (d, J = 5.4 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.8, 159.8, 142.0, 129.6, 

120.3, 113.5, 112.9, 83.6, 55.3, 47.0, 24.8, 24.6. HRMS: calculated m/z for [C16H22BO5]-: 305.1569, 

found 305.1566. Enantioselective ratio = 82:18, determined by SFC method A, tR = 6.37 min (major), tR 

= 6.54 min (minor). [α]D
20 = - 36.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(4-fluoro-3-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)propanoic acid, 2f. Following the general procedure 

(method A) starting from 1.27 mmol of corresponding styrene the 

product was obtained as a colorless oil, yield 44% (0.183 g). 1H NMR 

(400 MHz, CDCl3) δ 6.97 (dd, J = 11.1, 8.3 Hz, 1H), 6.92 (dd, J = 8.1, 2.1 

Hz, 1H), 6.82 (ddd, J = 8.2, 4.2, 2.1 Hz, 1H), 3.85 (s, 3H), 3.81 (dd, J = 8.9, 7.6 Hz, 1H), 1.51 (dd, J = 16.0, 

8.9 Hz, 1H), 1.28 (dd, J = 16.0, 7.7 Hz, 1H), 1.13 (d, J = 2.6 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.7, 

151.7 (d, J = 245.4 Hz), 147.5 (d, J = 10.8 Hz), 136.6 (d, J = 3.9 Hz), 120.3 (d, J = 6.9 Hz), 115.9 (d, J = 18.4 

Hz), 113.2 (d, J = 1.9 Hz), 83.6, 56.3, 46.6, 24.7, 24.6. 19F NMR (377 MHz, CDCl3) δ -137.4. IR (ATR): 3150 

(br, w), 2979 (w), 1729 (s), 1612 (m), 1518 (s), 1377 (s), 1281 (s), 1141 (s), 1123 (s), 1033 (s), 851 (s), 

814 (s) cm-1. HRMS: calculated m/z for [C16H21BFO5]-: 323.1475, found 323.1472. Enantioselective ratio 

= 79:21, determined by SFC method A, tR = 6.04 min (major), tR = 6.40 min (minor). [α]D
20 = - 38.0 (c = 

0.5 g/100mL, CHCl3) 
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(o-tolyl)propanoic acid, 

2g.[1] Following the general procedure (method A) starting from 1.27 mmol of 

corresponding styrene the product was obtained as faint yellow crystals, yield 

37% (0.137 g). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.32 (m, 1H), 7.26 – 7.18 (m, 

3H), 4.21 (t, J = 8.3 Hz, 1H), 2.51 (s, 3H), 1.61 (dd, J = 16.0, 8.8 Hz, 1H), 1.40 

(dd, J = 15.9, 7.8 Hz, 1H), 1.21 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 181.1, 139.0, 136.3, 130.4, 127.1, 

126.4, 83.5, 42.6, 24.7, 24.6, 19.9. HRMS: calculated m/z for [C16H22BO4]-: 289.1620, found 289.1617. 

Enantioselective ratio = 82:18, determined by SFC method A, tR = 6.02 min (major), tR = 6.37 min 

(minor). [α]D
20 = - 40.0 (c = 0.5 g/100mL, CHCl3) 

 

2-([1,1'-biphenyl]-4-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2h.[1] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as faint yellow crystals, yield 32% (0.143 g). 1H NMR (400 MHz, 

CDCl3) δ 7.55 (dd, J = 12.9, 7.8 Hz, 4H), 7.47 – 7.37 (m, 4H), 7.37 – 7.30 

(m, 1H), 3.93 (t, J = 8.2 Hz, 1H), 1.61 (dd, J = 16.0, 9.3 Hz, 1H), 1.34 (dd, J = 16.0, 7.2 Hz, 1H), 1.16 (t, J = 

4.5 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.6, 141.0, 140.3, 139.5, 128.8, 128.4, 127.4, 127.3, 127.2, 

83.6, 46.6, 24.8, 24.7. HRMS: calculated m/z for [C21H24BO4]-: 351.1777, found 351.1773. 

Enantioselective ratio = 73:27, determined by SFC method B, tR = 6.58 min (major), tR = 6.96 min 

(minor). [α]D
20 = -28.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(3-phenoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2i.[2] Following the general procedure (method A) starting 

from 1.27 mmol of corresponding styrene the product was obtained as a faint 

yellow oil, yield 33% (0.153 g). 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 7.8 Hz, 

2H), 7.25 (t, J = 7.9 Hz, 1H), 7.14 – 7.02 (m, 2H), 7.02 – 6.96 (m, 3H), 6.87 (dd, 

J = 8.2, 2.4 Hz, 1H), 3.84 (dd, J = 9.4, 7.1 Hz, 1H), 1.53 (dd, J = 16.0, 9.4 Hz, 1H), 

1.32 – 1.22 (m, 1H), 1.16 (d, J = 4.3 Hz, 11H). 13C NMR (101 MHz, CDCl3) δ 180.5, 157.5, 157.1, 142.4, 

129.9, 129.8, 123.4, 122.7, 119.1, 118.6, 117.5, 83.6, 46.9, 24.8, 24.7. HRMS: calculated m/z for 

[C21H24BO5]-: 367.1726, found 367.1721. Enantioselective ratio = 76:24, determined by SFC method A, 

tR = 7.70 min (major), tR = 8.42 min (minor). [α]D
20 = -34.0 (c = 0.5 g/100mL, CHCl3) 

 

2-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoic acid, 2j.[1] 

Following the general procedure (method A) starting from 1.27 mmol of 

corresponding styrene the product was obtained as a white solid, yield 36% 

(0.125 g, 0.453 mmol). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.24 (m, 5H), 3.91 

(dd, J = 9.3, 7.3 Hz, 1H), 1.61 (dd, J = 16.0, 9.3 Hz, 1H), 1.40 – 1.27 (m, 2H), 1.20 

(d, J = 4.4 Hz, 11H). 13C NMR (101 MHz, CDCl3) δ 180.6, 140.5, 128.6, 128.0, 127.3, 83.5, 47.0, 24.8, 

24.6. HRMS: calculated m/z for [C15H20BO4]-: 275.1463, found 275.1461. Enantioselective ratio = 86:14, 

determined by SFC method B, tR = 5.10 min (major), tR = 5.27 min (minor). [α]D
20 = - 46.0 (c = 0.5 

g/100mL, CHCl3) 
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2-(naphthalen-2-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2k.[1] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding naphthalene the product 

was obtained as faint yellow crystals, yield 40% (0.168 g) 1H NMR (400 

MHz, CDCl3) δ 7.78 (q, J = 5.5 Hz, 4H), 7.49 – 7.38 (m, 3H), 4.05 (t, J = 8.3 

Hz, 1H), 1.66 (dd, J = 16.1, 9.3 Hz, 1H), 1.37 (dd, J = 16.1, 7.2 Hz, 1H), 1.12 (d, J = 4.6 Hz, 12H). 13C NMR 

(101 MHz, CDCl3) δ 180.4, 138.0, 133.5, 132.8, 128.4, 128.0, 127.7, 126.7, 126.2, 126.1, 125.9, 83.6, 

47.1, 24.8, 24.8, 24.7. HRMS: calculated m/z for [C19H22BO4]-: 325.1620, found 325.1618. 

Enantioselective ratio = 69:31, determined by SFC method A, tR = 9.61 min (major), tR = 9.90 min 

(minor). [α]D
20 = - 34.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(naphthalen-1-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoic 

acid, 2l. Following the general procedure (method A) starting from 1.27 mmol of 

corresponding naphthalene the product was obtained as solid white crystals, 

m.p. = 129.3 – 131.7 °C, yield 41% (0.171 g) 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J 

= 8.3 Hz, 1H), 7.84 (d, J = 7.9 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.56 – 7.38 (m, 4H), 

4.67 (dd, J = 9.4, 6.9 Hz, 1H), 1.72 (dd, J = 16.0, 9.4 Hz, 1H), 1.46 – 1.37 (m, 1H), 

1.13 – 1.06 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 180.5, 137.0, 134.1, 131.5, 129.0, 127.9, 126.3, 125.7, 

125.6, 125.2, 123.7, 83.6, 24.8, 24.6. IR (ATR): 2974 (m), 2925 (br, m), 1702 (s), 1369 (s), 1322 (s), 1295 

(s), 1138 (s), 846 (s), 788 (s) cm-1. HRMS: calculated m/z for [C19H22BO4]-: 325.1620, found 325.1618. 

Enantioselective ratio = 63:37, determined by SFC method A, tR = 6.98 min (major), tR = 7.22 min 

(minor). [α]D
20 = 16.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(4-fluorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2m.[1] Following the general procedure (method B) 

starting from 0.63 mmol of corresponding styrene the product was 

obtained as a faint yellow oil, yield 19% (0.035 g). 1H NMR (400 MHz, 

CDCl3) δ 7.32 – 7.21 (m, 2H), 7.02 – 6.93 (m, 2H), 3.85 (dd, J = 8.9, 7.7 Hz, 

1H), 1.53 (dd, J = 16.0, 8.9 Hz, 1H), 1.33 – 1.24 (m, 1H), 1.14 (d, J = 1.9 Hz, 12H). 13C NMR (101 MHz, 

CDCl3) δ 180.2, 162.2 (d, J = 245.6 Hz), 136.1, 129.6 (d, J = 8.1 Hz), 115.5 (d, J = 21.3 Hz), 83.6, 46.1, 

24.8, 24.7. 19F NMR (377 MHz, CDCl3) δ -115.6. HRMS: calculated m/z for [C15H19BFO4]-: 293.1369, found 

293.1369. Enantioselective ratio = 89:11, determined by SFC method A, tR = 5.80 min (major), tR = 6.26 

min (minor). [α]D
20 = -28.0 (c = 0.5 g/100mL, CHCl3) 

 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(4-

(trifluoromethyl)phenyl)propanoic acid, 2n.[2] Following the general 

procedure (method B) starting from 0.63 mmol of corresponding 

styrene the product was obtained as faint yellow crystals, yield 48% 

(0.104 g) 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 

8.0 Hz, 2H), 3.92 (t, J = 8.2 Hz, 1H), 1.56 (dd, J = 16.1, 9.1 Hz, 1H), 1.29 (dd, J = 16.1, 7.5 Hz, 1H), 1.13 

(d, J = 4.0 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 179.8, 144.4, 129.7 (q, J = 32.4 Hz), 128.5, 125.6 (q, J 

= 3.9 Hz), 122.9, 83.8, 46.8, 24.7, 24.6. 19F NMR (377 MHz, CDCl3) δ -62.6. HRMS: calculated m/z for 

[C16H19BF3O4]-: 343.1337, found 343.1332. Enantioselective ratio = 53:47, determined by SFC method 

A, tR = 5.09 min (major), tR = 5.41 min (minor). [α]D
20 = - 4.0 (c = 0.5 g/100mL, CHCl3) 
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2-(4-cyanophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2o.[2] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as a yellow powder, yield 67% (0.255 g) 1H NMR (400 MHz, 

CDCl3) δ 7.61 – 7.55 (m, 2H), 7.43 – 7.38 (m, 2H), 3.90 (dd, J = 8.8, 7.6 Hz, 

1H), 1.53 (dd, J = 16.1, 8.8 Hz, 1H), 1.31 – 1.23 (m, 1H), 1.11 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 179.3, 

145.7, 132.4, 128.9, 118.7, 111.2, 83.8, 47.0, 24.7, 24.6. HRMS: calculated m/z for [C16H19BNO4]-: 

300.1416, found 300.1441. Enantioselective ratio = 52:48, determined by SFC method A, tR = 7.55 min 

(major), tR = 7.74 min (minor). [α]D
20 = 0.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(3-fluorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2p.[1] Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as a faint orange oil, yield 41% (0.154 g) 1H NMR (400 MHz, CDCl3) 

δ 7.47 – 7.35 (m, 1H), 7.24 (dt, J = 7.7, 1.3 Hz, 1H), 7.21 – 7.16 (m, 1H), 7.12 

– 7.04 (m, 1H), 4.02 (dd, J = 9.1, 7.4 Hz, 1H), 1.69 (dd, J = 16.0, 9.2 Hz, 1H), 1.47 – 1.40 (m, 1H), 1.31 (d, 

J = 3.2 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.1, 162.9 (d, J = 245.9 Hz), 142.8 (d, J = 7.3 Hz), 130.1 

(d, J = 8.2 Hz), 123.7 (d, J = 2.9 Hz), 115.1 (d, J = 21.8 Hz), 114.2 (d, J = 20.9 Hz), 83.7, 46.7, 24.7, 24.6. 
19F NMR (377 MHz, CDCl3) δ -113.0. HRMS: calculated m/z for [C15H19BFO4]-: 293.1369, found 293.1366. 

Enantioselective ratio = 73:27, determined by SFC method A, tR = 5.57 min (major), tR = 6.13 min 

(minor). [α]D
20 = - 26.0 (c = 0.5 g/100mL, CHCl3) 

 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(3-

(trifluoromethyl)phenyl)propanoic acid, 2q. Following the general 

procedure (method B) starting from 0.63 mmol of corresponding styrene 

the product was obtained as faint yellow crystals, m.p. = 81.0 – 84.0 °C, 

yield 48% (0.105 g) 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 2.0 Hz, 1H), 

7.53 – 7.48 (m, 2H), 7.41 (t, J = 7.7 Hz, 1H), 3.93 (t, J = 8.2 Hz, 1H), 1.57 (dd, J = 16.0, 8.6 Hz, 1H), 1.32 

(dd, J = 16.0, 7.9 Hz, 1H), 1.12 (d, J = 1.2 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 180.1, 141.3, 131.4, 

130.7 (q, J = 32.3 Hz), 129.1, 125.5 (q, J = 272.2 Hz), 125.1 (q, J = 4.0 Hz), 124.2 (q, J = 4.0 Hz), 83.7, 

46.8, 24.7, 24.6. 19F NMR (377 MHz, CDCl3) δ -62.7. IR (ATR): 2983 (w), 2970 (br, w), 1705 (s), 1326 (s), 

1168 (s), 1140 (s), 1121 (s), 1073 (s), 848 (m), 704 (w) cm-1. HRMS: calculated m/z for [C16H19BF3O4]-: 

343.1337, found 343.1334. Enantioselective ratio = 68:31, determined by SFC method A, tR = 4.39 min 

(major), tR = 4.84 min (minor). [α]D
20 = -14.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(2-fluoro-[1,1'-biphenyl]-4-yl)-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)propanoic acid, 2r.[2] Following the general procedure 

(method B) starting from 1.27 mmol of corresponding styrene the 

product was obtained as faint yellow crystals, yield 31% (0.145 g). 1H 

NMR (400 MHz, CDCl3) δ 7.55 – 7.49 (m, 2H), 7.43 (t, J = 7.5 Hz, 2H), 7.40 

– 7.33 (m, 2H), 7.20 – 7.11 (m, 2H), 3.92 (dd, J = 9.2, 7.2 Hz, 1H), 1.59 (dd, 

J = 16.0, 9.2 Hz, 1H), 1.33 (dd, J = 16.0, 7.3 Hz, 1H), 1.17 (dd, J = 4.5, 2.2 Hz, 12H). 13C NMR (101 MHz, 

CDCl3) δ 180.3, 159.7 (d, J = 248.3 Hz), 141.8 (d, J = 7.8 Hz), 135.7, 130.9 (d, J = 3.9 Hz), 129.1 (d, J = 2.9 

Hz), 128.6, 128.0 (d, J = 13.6 Hz), 127.8, 124.0 (d, J = 3.3 Hz), 115.8 (d, J = 23.7 Hz), 83.7, 46.5, 24.8, 

24.7. 19F NMR (377 MHz, CDCl3) δ -117.73 (t, J = 9.7 Hz). HRMS: calculated m/z for [C21H23BFO4]-: 
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369.1683, found 369.1679. Enantioselective ratio = 65:35, determined by SFC method A, tR = 8.66 min 

(major), tR = 9.46 min (minor). [α]D
20 = - 22.0 (c = 0.5 g/100mL, CHCl3) 

 

2-(4-nitrophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propanoic acid, 2s. Following the general procedure (method A) 

starting from 1.27 mmol of corresponding styrene the product was 

obtained as a faint yellow powder, m.p. = 144.2 – 146.4 °C,  yield 13% 

(0.054 g). 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.4 Hz, 2H), 7.48 (d, J 

= 8.4 Hz, 2H), 3.98 (t, J = 8.1 Hz, 1H), 1.58 (dd, J = 16.1, 8.8 Hz, 1H), 1.30 (dd, J = 16.2, 7.3 Hz, 1H), 1.13 

(s, 12H). 13C NMR (101 MHz, CDCl3) δ 179.0, 147.7, 147.3, 129.1, 123.9, 83.9, 46.8, 24.7, 24.7. IR (ATR): 

2981 (m), 2920 (br, m), 1697 (s), 1600 (w), 1522 (s), 1371 (s), 1344 (s), 1329 (s), 1320 (s), 1141 (s), 848 

(s), 839 (m) cm-1. HRMS: calculated m/z for [C15H19BNO6]-: 320.1314, found 320.1307. Enantioselective 

ratio = 53:47, determined by SFC method B, tR = 5.53 min (major), tR = 5.84 min (minor). [α]D
20 = - 2.0 

(c = 0.5 g/100mL, CHCl3). 

 

2-(4-(methoxycarbonyl)phenyl)-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)propanoic acid, 2t. Following the general 

procedure (method A) starting from 1.27 mmol of corresponding 

styrene the product was obtained as faint white crystals, m.p. = 95.6 

– 97.5 °C, yield 38% (0.160 g). 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J 

= 7.9 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 3.96 – 3.91 (m, 1H), 3.90 (s, 3H), 1.56 (dd, J = 16.1, 8.9 Hz, 1H), 

1.30 (dd, J = 16.0, 7.6 Hz, 1H), 1.13 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 179.6, 167.0, 145.6, 130.0, 

129.2, 128.1, 83.7, 52.2, 46.9, 24.8, 24.7. IR (ATR): 2975 (w), 2965 (br, w), 1721 (s), 1698 (s), 1369 (m), 

1283 (s), 1189 (m), 1140 (m), 1108 (m), 1100 (m), 847 (w), 719 (w) cm-1. HRMS: calculated m/z for 

[C17H22BO6]-: 333.1518, found 333.1515. Enantioselective ratio = 51:49, determined by SFC method A, 

tR = 7.56 min (major), tR = 8.15 min (minor). [α]D
20 = - 2.0 (c = 0.5 g/100mL, CHCl3) 

 

2-methyl-2-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoic 

acid, 2u. Following the general procedure (method B) starting from 1.27 mmol 

of corresponding styrene no reaction was observed, yield 0%. 

 

 

tetrakis(acetonitrile)copper(i)hexafluoroantimonate, 2ab.[3] To a glovebox, 

two dried 50 mL round bottom flasks were introduced. One was charged with 

1 mmol of CuCl and the other with 1 mmol of silver(I) hexafluoroantimonate. 

Both round bottom flasks were sealed in argon atmosphere using a rubber 

septa and tape. After that 10mL of dried acetonitrile was added to both round 

bottom flasks and they were left stirring for 30 minutes. Then the silver(I) 

hexafluoroantimonate solution was slowly dripped to the CuCl solution, and 

white AgCl precipitate was observed during the addition. After addition the solution was left stirring 

for 1h. After stirring the solution was filtered and the organic solution was then evaporated to give a 

white solid, yield of 99.5% (0.470 g) 1H NMR (400 MHz, CD3CN) δ 1.96 (s, 12H). 13C NMR (101 MHz, 

CD3CN) δ 235.4, 118.7. 19F NMR (377 MHz, CD3CN) δ -108.6 – 139.0 (m). 
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tetrakis(acetonitrile)copper(i)tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 

2ac.[3] To a glovebox two dry 50 mL round bottom flasks were introduced. One 

was charged with CuCl (0.060 g, 0.606 mmol) and the other with NaBArF 

(0.537 g, 0.606 mmol). Both flasks were sealed under argon atmosphere and 

added 10 mL of dry acetonitrile. The flask with the NaBArF mixture was heated 

to 60 degrees and the CuCl solution was slowly dripped to the solution using 

a syringe while stirring. After the addition of NaBArF, the reaction mixture was 

left stirring for 24 h. When the reaction was finished the NaCl precipitate was filtered of and the organic 

mixture was evaporated to dryness giving a brown oil 99.9% yield (0.663 g) 1H NMR (400 MHz, CD3CN) 

δ 7.85 – 7.79 (m, 8H), 7.74 (s, 4H), 2.01 (s, 12H). 13C NMR (101 MHz, CD3CN) δ 280.7 – 279.0 (m), 252.8, 

247.7 – 246.5 (m), 242.6 (q, J = 271.9 Hz), 235.7 (hept, J = 3.9 Hz), 235.2. 19F NMR (377 MHz, CD3CN) δ 

-63.3. 

 

3-hydroxy-2-phenylpropanoic acid, 3j.[1] To a 100mL round bottom flask 2j 

(0.251 mg, 0.909 mmol) was added and dissolved in 20 mL of THF/water 

solution (1:1). The reaction mixture was added 5 equiv. of sodium perborate 

tetrahydrate (0.977 mg, 6.350 mmol) and left stirring for 3h. After stirring the 

flask was opened and diluted using 20 mL of Et2O. The organic mixture was then 

extracted using a solution of saturated NaHCO2 (3x30 mL). Then the aqueous solution was first acidified 

by slow addition of 60 mL 6M HCl, then extracted using Et2O (3x30 mL). The organic solution was then 

washed using 30 mL of distilled water. After washing the organic solution was evaporated to dryness 

yielding a crystalline white solid 80% yield (0.121 mg). 1H NMR (400 MHz, MeOD) δ 7.29 (dd, J = 22.7, 

4.9 Hz, 5H), 4.09 (q, J = 7.5, 6.6 Hz, 1H), 3.84 – 3.64 (m, 2H). 13C NMR (101 MHz, MeOD) δ 176.1, 137.9, 

129.7, 129.2, 128.5, 65.1, 55.8. HRMS: calculated m/z for [C9H9O3]-: 165.0557, found 165.0557. 

Enantioselective ratio = 80:20, determined by SFC method A, tR = 5.25 min (major), tR = 5.57 min 

(minor). [α]D
20 = - 12 (c = 0.5, MeOH) 

2 Computational data 

2.1 General considerations 
All molecules were calculated with no truncations or symmetry constraints, using the Gaussian 16 

program, revision B.01.[4] Geometries were optimized at the PBE[5] level of theory with the 6-31+G* 

basis set[6] (using the SDD ECP for Cu), including the D3BJ dispersion correction by Grimme.[7] The 

solvation effects were included implicitly using the polarizable continuum model (PCM) with the 

parameters for THF.[8] Transition states and minima were confirmed through frequency calculations 

(no imaginary frequencies for minima, one imaginary frequency for transition states). Single point 

energies were computed with the PC-2[9] basis set. All Gibbs free energies are given at 298.15K and 

1atm. The theoretical predicted e.r. was determined using a modified version of the Eyring equation.[10] 

The equation is as follows: 

 𝑒𝑒𝑡ℎ𝑒𝑜(%) =
1−𝑒(−

∆∆𝐺𝑅/𝑆
‡

𝑅𝑇
)

1+𝑒(−
∆∆𝐺𝑅/𝑆

‡

𝑅𝑇
)

⋅ 100   Equation 1 

2.2 Mechanistic studies of the boracarboxylation with (S,S)-BDPP as ligand 

The following figures and table (Figures S10, S11 and Table S10) show the calculations for the full 

mechanism using (S,S)-BDPP instead of (S,S)-QuinoxP*. 
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Similarly to the reaction with (S,S)-QuinoxP*, there is a very low barrier for the insertion of the 

substrate into the Cu-B bond (1.1 to 3.8 kcal/mol depending on the resulting stereoisomer (Figure 

S10). The interconversion barrier between intermediates CR and CS is also low enough to be reachable 

at room temperature, meaning that the two intermediates can interconvert. 

For the CO2 insertion step with (S,S)-BDPP as ligand (Figure S11), the lowest energy pathway seems to 

be the one going from intermediate CR through an outer sphere pathway to product DS. 

The choice of solvent (THF or anisole) does not affect the final computed e.r. of the reaction (Table 

S10). 

 

Figure S10. Gibbs free energy profile (PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD ECP and basis set for 

Cu), IEFPCM:THF, 298.15K) for the coordination of the p-methylstyrene to reagent A (with (S,S)-BDPP 

as ligand), followed by the formation of intermediate C. The calculated relative free energies (in 

kcal/mol) are in parentheses. 
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Figure S11. Gibbs free energy profile for the insertion of CO2 into the diastereomeric C intermediates 

(kcal/mol, PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD ECP and basis set for Cu), IEFPCM:THF, 298.15K, 

energies are given relative to A), with (S,S)-BDPP as ligand. TS(CDi) refers to inner sphere transition 

states, and TS(CDo) refers to outer sphere transition states. 

Table S10. Comparison of Gibbs free energies (kcal/mol) for the reaction (with (S,S)-BDPP as ligand), 

using THF or anisole as solvent (PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD ECP and basis set for Cu), 

IEFPCM, 298.15K). 
 

THF (ε = 7.4257) Anisole (ε = 4.2247) 

A 0.0 0.0 

BR -5.8 -6.8 

BS -4.3 -5.7 

TS(BC)R -4.7 0.1 

TS(BC)S -0.5 -1.1 

CR -20.2 -21.1 

CS -20.8 -21.5 

TS(CDi)R→R -3.9 -4.5 

TS(CDo)R→S -6.6 -7.4 

TS(CDo)S→R -4.5 -5.3 

TS(CDi)S→S -3.5 -3.1 

DR -33.1 -32.6 

DS -30.1 -31.7 

Predicted e.r. 98:2 (S) 97:3 (S) 

 

2.3 Mechanistic studies of the formation of the boracupration reagent 
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Scheme S1. Proposed formation of copper borate A (mechanism based on literature proposal[11]) with 

calculated Gibbs free energies in kcal/mol relative to the starting reagents (PBE-D3BJ/PC-2//PBE-

D3BJ/6-31+G*(SDD ECP and basis set for Cu), IEFPCM:THF, 298.15K). 

2.4 Evaluation of solvent effects on the boracarboxylation 

Table S11. Comparison of Gibbs free energies (kcal/mol, relative to A) for the reaction, using THF or 

anisole as solvent within the IEFPCM model (PBE-D3BJ/PC-2//PBE-D3BJ/6-31+G*(SDD ECP and basis 

set for Cu), IEFPCM:THF, 298.15K). 

 
 

THF (ε = 7.4257) Anisole (ε = 4.2247) 

A 0.0 0.0 

BR -2.3 -3.2 

BS -0.9 -1.6 

TS(BC)R 0.0 -0.9 

TS(BC)S 2.4 1.8 

CR -15.2 -15.8 

CS -16.5 -16.0 

TS(CDi)R→R -1.1 -1.5 

TS(CDo)R→S -1.2 -1.7 

TS(CDo)S→R -2.9 -3.1 

TS(CDi)S→S 0.9 0.7 

DR -29.8 -31.8 

DS -31.0 -31.3 

 

Table S12. Comparison of Gibbs free energy barriers (kcal/mol, relative to C) for the CO2 insertion step 

and resulting theoretical enantiomeric ratio, using THF or anisole as solvent (PBE-D3BJ/PC-2//PBE-

D3BJ/6-31+G*(SDD ECP and basis set for Cu), IEFPCM, 298.15K). 
 

THF (ε = 7.4257) Anisole (ε = 4.2247) 

CR to TS(CDi)R→R 14.1 14.3 

CR to TS(CDo)R→S 14.0 14.0 

CR to TS(CDo)S→R 13.7 13.0 

CR to TS(CDi)S→S 17.4 16.7 

Predicted e.r. 71:29 (R) 87:13 (R) 

 

2.5 Mechanistic study of the -hydride side reaction 
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Scheme S2. Possible mechanism and calculated Gibbs free energies (kcal/mol, PBE-D3BJ/PC-2//PBE-

D3BJ/6-31+G*(SDD ECP and basis set for Cu), IEFPCM, 298.15K, energies are given relative to A) for 

the β-H elimination pathway from intermediate CS, leading to products E’Z and E’E. The Gibbs free 

energies in red are for IEFPCM:anisole, the ones in blue are for IEFPCM:THF. 
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