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ABSTRACT: A Pd-catalyzed highly regioselective hydrocarboxylation of alkynes with carbon dioxide has been established. By 
the combination of Pd(PPh3)4 and 2,2'-Bis(diphenylphosphino)-1,1'-
binaphthalene (Binap), a variety of functionalized alkynes, including 
aryl alkynes, aliphatic alkynes, propargylamines and propargyl 
ethers, could be leveraged to provide a wide array of α-acrylic acids 
in high yields with high regioselectivity under mild reaction 
conditions. Experimental and DFT mechanistic studies revealed that 
this reaction proceeded via the cyclopalladation process of alkynes 
and carbon dioxide in the presence of Binap to generate a five-
membered palladalactones intermediate, and enabled the formation 
of the Markovnikov adducts. Moreover, this strategy provided an 
effective method for the late-stage functionalization of alkyne-
containing complicated molecules, including natural products and 
pharmaceuticals.
KEYWORDS: alkynes, carbon dioxide, DFT calculation, hydrocarboxylation, Markovnikov addition, palladium 

INTRODUCTION
 Alkynes functionalization is one of the most dynamic and 

synthetically powerful research areas in modern synthetic 
chemistry because it enables the directly synthesis of 
functionalized alkenes.1 The control of regioselectivity and 
stereoselectivity, however, remains a formidable challenge in 
developing such transformations, which inspires a series of 
catalytic systems to address these selectivity issues, 
especially for the hydrofunctionalization of alkynes.2 

Transition metal-catalyzed carboxylation reactions with 
CO2 have emerged as a powerful and versatile strategy for 
the direct synthesis of carboxylic acids,3 which represent an 
important class of molecules, widely existed in natural 
products4 and pharmaceuticals5 (Scheme 1A). Among them, 
the hydrocarboxylation of alkynes with CO2 is one of the 
most straightforward and atom-economical methodology. In 
the early years, noncatalytic approaches using a 
stoichiometric amount of Ni reagents were relied to 
implement the hydrocarboxylation of alkynes and CO2.6 
Recently, by the use of reductants, such as ZnEt2, silane and 
Mn, a series of transition-metal catalytic systems for the 
hydrocarboxylation of alkynes with CO2 have been 

successfully developed. For instance, Ma,7a Tsuji,7b Martin,7c, 

7f et al. reported Ni- or Cu-catalyzed hydrocarboxylation of 
internal alkynes with CO2 in recent years.7 These catalytic 
transformations usually proceeded through Ni-catalyzed 
cyclometallation or Cu-catalyzed hydrometallization process, 
and some challenging issues still remain in terms of substrate 
scope and catalyst efficiency. Thus, the development of new 
catalytic systems to address these issues is of great 
significant but extremely challenging.

Palladium-catalyzed carbon-carbon bond and carbon-
heteroatom bond formation reactions have been extensively 
investigated over the past several decades, owing to the 
inherent advantages of versatility, high reactivity and high 
selectivity of palladium reagents.8 However, only a few 
noteworthy research works focused on the Pd-catalyzed 
direct carboxylation reactions involving CO2 and their 
mechanisms.9 So far, there are two representative 
strategies,10 including i) the carboxylation of aryl halide and 
benzyl halide through the insertion of CO2 to C-Pd bond 
(Scheme 1B, a) 10b,10d,10h; and ii) the carboxylation of σ-
allylpalladium species through the nucleophilic addition, 
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which derived from the hydropalladation process of allenes 
and dienes or the 
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Scheme 1. Palladium-catalyzed hydrocarboxylation of 
alkynes with CO2 and their applications in organic synthesis.
allylpalladium process of allyl stannanes and allylic alcohols 
(Scheme 1B, b).10a,10c,10e,10f,10g,10i Surprisingly, while these 
systems allow for the carboxylation of specific substrate 
classes, the Pd-catalyzed direct hydrocarboxylation of 
readily available alkynes with CO2 has remained almost 
unexplored to date. One challenge associated with this 
transformation may be the insertion of CO2 to vinyl-Pd bond 
of alkenylpalladium intermediate,9b,10d which was regarded 
as a typical intermediate in the hydrofunctionalization of 
alkynes.2 The underlying reason may be due to the C-Pd 
bonds of organopalladium intermediates are relatively 
nonpolar, and display rather low reactivity toward those 
polar electrophiles. 9b, 11 So CO2 as an electrophile is difficult 
to react with organopalladium intermediates in most cases. 
Another challenge in developing Pd-catalyzed direct 
hydrocarboxylation of alkynes with CO2 is to control chemo-, 
regio- and stereoselectivity, because this reaction can 
potentially produce overreduction byproduct and various 
isomers of products. Based on our recent works about Pd-
catalyzed coupling reactions of unsaturated hydrocarbons,12 
we envisioned that a sufficient electron-rich bidentate 
phosphine ligand might enhance the catalyst activity of Pd 
catalyst and then promote the hydrocarboxylation of alkynes 
and CO2 in the presence of an appropriate reducing agent. 

Herein, we reported the success of this approach by the use 
of new catalytic system consisting of simple palladium 
catalyst and bidentate phosphine ligand, enabling the 
synthesis of various α-acrylic acids in a highly regio- and 
stereoselective manner (Scheme 1C). Moreover, density 
functional theory calculations (DFT) demonstrated this 
protocol proceeded the cyclopalladation process (Scheme 1C, 
Path A) rather than the hydropalladation process (Scheme 1C, 
Path B), wherein the bidentate phosphine ligand is crucial to 
the successful realization of the transformation.
RESULTS AND DISCUSSION

At the outset, the phenylacetylene, due to its availability 
and the facile derivatization of desired product, was selected 
as a model substrate to react with CO2. Considering the 
importance of ligand on the desired hydrocarboxylation 
reaction, a screening of bidentate-type phosphine ligands 
with Pd(PPh3)4 as catalyst and PhSiH3 as the reductant were 
first examined in the presence of NEt3 as the base (Table 1). 
Bidentate-type ligands with varying bite angles, including 
dpp-benzene, dppe, dppp, dppb, binap, DPEphos and 
xantphos, were investigated respectively. We were delighted 
to find that binap was the most suitable phosphine ligand, 
affording the desired product 2a in 86% yield (entry 5). And 
no Pd black was observed during the transformation, 
indicating the high activity of the catalysis system. The use 
of dppp and dppb based catalysts led to decreased yields 
(entries 3-4), While dpp-benzene, dppe and DPEphos 
exhibited extremely low reactivity due to the formation of Pd 
black during the reaction (entries 1-2, 6). Moreover, 
xantphos gave no trace of the desired product but led to the 
generation of hydrogenation byproduct 3a (entry 7). These 
results revealed the steric hindrance effect of bidentate 
phosphine ligands 
Table 1. Optimization of the hydrocarboxylation of 
phenylacetylene (1a) with CO2.a

CO2

Pd(PPh3)4 (1.5 mol%)
PhSiH3 (1.3 equiv)

Ligand (6 mol%)

NEt3 (1.0 equiv)
DMF (3 mL), 80 oC

CO2H
CO2H

+

2a1a 2a'

+

3a

Yield [%] bEntry Ligand Conversion [%]
2a 2a’ 3a

1 dpp- 
benzene

 

benzene 
benzene 
benzene

55 trace n.d 9

2 dppe 83 25 5 18
3 dppp 90 61 trace trace
4 dppb 85 63 8 trace
5 binap 100 86(82) trace 7
6 DPEphos 57 22 n.d trace
7 Xantphos 100 n.d n.d 49

Ph2P PPh2

PPh2

PPh2

binap
 92o

dppe, n = 0, 85o

dppp, n = 1, 91o

dppb, n = 2, 98o

n O

PPh2

PPh2

DPEphos
102.2o

PPh2

PPh2

dpp-benzene
83o c

O

PPh2

PPh2

Xantphos
111.7o

a Reaction conditions: 1a (0.6 mmol), Pd(PPh3)4 (1.5 mol%), 
ligand (1.5 mol%), NEt3 (1 equiv.), PhSiH3 (1.3 equiv.), DMF 
(3 mL), CO2 (2 MPa), 12 h. b NMR yield with CH2Br2 as the 
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internal standard; the number in parentheses is the yield of the 
isolated yield. c Reference 13, standardized P-M-P angles from 
X-ray structures and calculations.

 

CO2+
R

Pd(PPh3)4 (1.5 mol%)
PhSiH3 (1.3 equiv)
Binap (1.5 mol%)

NEt3 (1.0 equiv)
DMF (3 mL), 80 oC

R

COOH

21

COOH

2a, R1 = H, 82%
2b, R1 = Me, 79%
2c, R1 = tBu, 80%
2d, R1 = OMe, 83%
2e, R1 = F, 68%
2f, R1 = Cl, 48%
2g, R1 = Ph, 61%
2h, R1 = CF3, 51%

R1

COOH

R1

2i, R1 = OMe, 84%
2j, R1 = F, 45%

COOH
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Cl

2v, 64%

COOH
NC

2u, 76%

COOH

2t, 51%

COOH

COOH
S

COOH

R1

2k, R1 = OMe, 80%
2l, R1 = F, 69%

COOH

Me

n = 2, 2p, 82%
n = 3, 2q, 76%
n = 4, 2r, 71%

2m, 62%

n

COOH

2x, 57% 2z, 42%2y, 85%

COOH

COOH

COOHCOOH

2n, 68%a 2o, 70%a

O

COOH

COOH

O

H

H

H

2af, 70%

2ag, 70%

COOH

2w, 57%

O

COOH
Me

Me

H

H

H

Me

2ah, 53%

TBSO

COOH

HO
HOOC

COOH

O

O

S
O

ON

N

COOH
O
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c) Late-stage functionalization of complex molecules
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n = 2, 2ac, 72%a

n = 3, 2ad, 73%a

COOH COOHn

N
S O
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from probenecid from polyenic compounds

from estrone from cholesterin

Scheme 2. Hydrocarboxylation of terminal alkynes with CO2. 
Reaction conditions: 1 (0.6 mmol), Pd(PPh3)4 (1.5 mol%), binap 
(1.5 mol%), NEt3 (1 equiv.), PhSiH3 (1.3 equiv.), DMF (3 mL), 
CO2 (2 MPa), 12 h, isolated yield. a Reaction conditions: 1 (0.6 
mmol), Pd(PPh3)4 (3.0 mol%), binap (3.0 mol%), NEt3 (2 
equiv.), PhSiH3 (2.6 equiv), DMF (3 mL), CO2 (2 MPa), 24 h, 
isolated yield. 
reflected by the bite angle had a rather determinative effect 
on the reactivity of the catalyst13. Moreover, control 
experiment showed that when the reaction was conducted in 
the absence of Et3N under otherwise identical conditions, the 
desired product was obtained in a lower yield (Table S1, 
entry 23), indicating that Et3N played an important role for 

the transformation.14

With the optimized reaction conditions in hand, our 
attention then turned to examine the hydrocarboxylation of 
terminal alkynes containing different functional groups and 
steric environments (Scheme 2). Gratifyingly, both electron-
donating and electron-withdrawing group substituted aryl 
alkynes were well tolerated, giving the corresponding α-
acrylic acids in moderate to excellent yields with excellent 
regioselectivity (2a-2m). Notably, the electronic nature of 
the substituents has significant influence on the product 
yields. Aryl alkynes with electron-withdrawing groups gave 
the corresponding products in lower yields than those with 
electron-donating groups, and styrenes were observed as the 
major by-products. Moreover, meta- and ortho-substituted 
substrates also could be successfully applied to this protocol 
(2i-2l). Interestingly, the reaction of diynes (1n-1o) also 
proceeded well but required longer reaction times and a 
larger amount of catalyst and reductant. Subsequently, 
aliphatic terminal alkynes with different chain lengths were 
found to be tolerated, giving the corresponding products in 
high yields (2p-2r). 2-Cyclohexylacrylic acid 2t could be 
obtained a lower yield than that of 2s, which might be 
attributed to the influence of steric hindrance. More 
importantly, various functional groups, such as cyano, chloro, 
silyl ethers, hydroxyl and carboxyl appended to the alkyl 
chain were all compatible with the standard reaction 
conditions, allowing for efficient synthesis of α-alkyl acrylic 
acids in high yields and excellent selectivity (2u- 2y). It is 
worth mentioning that phenyl propargyl sulfide (1z) could 
also be employed in the hydrocarboxylation transformation, 
albeit with moderate yield, and a large amount of 
allyl(phenyl)sulfane was formed as the by-product. 
Propynylamine protected by varied aromatic substituents or 
aliphatic substituents, including acetyl, phenyl, adamantly 
and tosyl, proceeded smoothly under the standard conditions, 
yielding the corresponding products 2aa-2ab in good yields, 
which are difficult to prepare by other methods and could be 
further transformed to β-amino acids. Dialkyl carboxylic 
acid 2ac and 2ad were synthesized with similar efficiency 
and selectivity. Interestingly, high yields and 
regioselectivities were observed for the alkynes
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CO2+
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X-ray of 5c
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F F

5f, 52%
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 Scheme 3. Hydrocarboxylation of internal alkynes with CO2.   
Reaction conditions: 4 (0.6 mmol), Pd(PPh3)4 (1.5 mol%), binap 
(1.5 mol%), NEt3 (1 equiv.), PhSiH3 (1.3 equiv.), DMF (3 mL), 
CO2 (2 MPa), 12 h, isolated yield.

 

CO2

Pd(PPh3)4 (X mol%)
Binap (X mol%)
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NEt3 (1.0 equiv)
DMF (10 mL), 80 oC, 24 h
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+
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(a) Pd(PPh3)4 (0.5 mol%), Binap (0.5 mol%), 2a (1.03 g, 70%, ton = 140)

COOH

COOH

Ph

F

CO2

COOH
standard
conditions

MeO

COOH

MeO
2aj, 71% naproxen

COOH

2ai, 81% (1.28 g, 63%) ibuprofen

COOH

Ph

2ak, 62% flurbiprofen

F

COOH

H
N

O

N
H

P

O

OH
OHO

OH

O

+ CO2

this route: 1-step, 81%

previous: 3-steps 65%

Phosphinic Peptide Inhibitors

(a)

(b) ref. (16)

R
ref. (15)

(b) Pd(PPh3)4 (0.1 mol%), Binap (0.1 mol%), 2a (0.992 g, 67%, ton = 670)

2alBr

Scheme 4. Gram-scale reactions and synthetic applications.
derived from the modifications of drug molecules and 
natural products, such as probenecid (2ae), estrone (2ag), 
cholesterol (2ah), despite the fact that the starting alkynes 
contained ketones, alkenes, and ethers functionalities, 
offering a potential strategy for the late-stage 
functionalization of alkyne-containing complex natural 
products and pharmaceuticals. 

To further explore the utilities of our method, the substrate 
scope was extended to different internal alkynes 4 (Scheme 
3). As expected, various symmetrical diarylalkynes (4a-4g) 
containing electron-donating and electron-withdrawing 
substituents such as methyl, ethyl, t-butyl, fluoro, chloro, 

were all tolerated under the reaction conditions, delivering 
the corresponding (E)-2,3-diarylacrylic acids as the sole 
products in moderate to high yields. Similarly, electron-
donating substituted diarylacetylenes gave the corresponding 
products in higher yields than those with electron-
withdrawing substituents (5a-5f). The structure of product 5c 
was characterized unambiguously by X-ray crystallographic 
analysis.15 For unsymmetrical alkynes, diarylalkynes (4h-4i) 
with a para-substituent on one of the phenyl rings afforded a 
mixture of products in moderate yield, wherein CO2 
insertion took place predominantly adjacent to the electron-
rich site. For 1-phenyl-1-propyne 4j, the carboxylation 
tended to occur at the carbon atom near the alkyl group to 
produce the vinyl carboxylic acids in 57% combined yield, 
but for substrate 4k, the reaction underwent with the 
opposite selectivity pattern. It should be pointed out that, in 
these two cases, large amounts of the starting materials could 
be recovered unchanged.

To further illustrate the value of this unique Pd-catalyzed 
hydrocarboxylation reaction, we applied it in the  synthesis 
of biologically active compounds (Scheme 4). Firstly, a 
gram-scale (10 mmol) experiment was successfully 
conducted to deliver the product 2a with 70% isolated yield 

 

CO2

Pd(PPh3)4 (1.5 mol%)
PhSiH3 (1.3 equiv)
Binap (1.5 mol%)
NEt3 (1.0 equiv)
DMF (3 mL), 80 oC, 8 h

+

1d, 0.6 mmol 1i, 0.6 mmol 2d, 65% 2i, trace

+ +
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1a
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MeO F3C MeO

COOH
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CO
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+
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HOOC
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+

HCOOH
standard conditions

+

1a

(i)

2a, not detected

HOOC

3a, 51% NMR yield

+

3 equiv.
without PhSiH3

PhSiH3

HOOC

+

0.78 mmol not detectedD-DMF, 80 oC, 3 h

Pd(dba)2 (1.5 mol%)
Binap (1.5 mol%)CO2PhSiH3(g) HCOOSiH2Ph

Scheme 5. Intermolecular competition experiments and 
mechanistic studies.
in high selectivity by employing 0.5 mol% Pd(PPh3)4 and 0.5 
mol% Binap. Pleasingly, reducing the amount of catalyst to 
0.1 mol%, this transformation could proceed smoothly 
without the significant erosion in yield and regioselectivity, 
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5

which demonstrated the high-efficiency of this catalytic 
system in hydrocarboxylation of alkynes and CO2 (Scheme 
4A). Subsequently, α-acrylic acids 2ai, 2aj, 2ak could be 
synthesized by our protocol in high yields, which are 
important synthetic intermediates for the preparation of 
ibuprofen, naproxen and flurbiprofen, nonsteroidal anti-
inflammatory drugs, respectively (Scheme 4B, a).16 
Moreover, the product 2al, a key intermediate for the 
synthesis of the phosphinic peptide inhibitor,17 could be 
prepared by our catalytic approach in a high yield, while 
previously reported method involved three steps with (2-
bromoethyl)benzene as the starting material in only 65% 
yield. (Scheme 4B, b). These examples illustrated this 
catalytic protocol could provide an effective tool for the 
preparation of pharmaceuticals containing a carboxylic acid 
functional group.

To get a deeper understanding of the reaction, some 
mechanistic studies were conducted. Firstly, an 
intermolecular competition experiment with the mixture of 
electron-rich and electron-deficient alkynes as substrates was 
carried out under the standard conditions (Scheme 5A). The 
reaction afforded the product 2d with 65% yield and gave a 
trace amount of the product 2i, which indicated electron-rich 
substrates were 
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Scheme 6. Proposed reaction mechanism.
more favourable for this Pd-catalyzed hydrocarboxylation 
reaction. Then, deuterium labelling experiments were 
performed. Both the hydrocarboxylation of 1r-D with 
PhSiH3 and 1a with PhSiD3 furnished deuterated targeted 
products with an E/Z ratio of 1:1 (Scheme 5B, b and c). We 
speculated the reason might be due to the intramolecular 
H/D exchange of the product during the extraction process in 
the presence of protonic acid, which have been demonstrated 
in Scheme S3. In addition, in order to exclude the direct H/D 
exchange possibility of product 2a with PhSiD3, the product 
2a was used as substrate to react with PhSiD3 under the 
standard conditions (Scheme 5B, d). These results 
demonstrated PhSiH3 might serve as proton donor in this Pd-
catalyzed hydrocarboxylation reaction. Moreover, we 
observed the formation of the active Pd catalyst upon the 
reaction, which was generated in situ from Pd reagents and 
Binap. Employing the active Pd catalyst 6 as catalyst, which 
was prepared from Pd(dba)2 and Binap, the reaction afforded 
the product 2a with 61% yield (Scheme 5C, f). The structure 

of 6 was confirmed unambiguously by X-ray 
crystallography.18 To further study the mechanism, the 
reaction of CO2 with hydrosilane in the presence of Pd 
catalyst was conducted. However, no desired silyl formate 
product was detected, which suggested that silyl formates 
might not be key intermediates for the transformation 
(Scheme 5C, g).19 Furthermore, in order to exclude the 
possibility of HCOOH or CO as the intermediate, derived 
from the reduction of CO2 in the presence of PhSiH3, two 
control experiments were designed. Replacing CO2 with CO 
under the standard conditions, the product 2a could not be 
detected together with the formation of by-product 3a 
(Scheme 5C, h). Additionally, Employing HCOOH as 
substrate to react with phenylacetylene without the PhSiH3, 
the reaction provided no product 2a, wherein 3a and 1,3-
butadiene were as the major by-products (Scheme 5C, i). 
Therefore, these observations excluded the involvement of 
the CO or HCOOH process.

On the basis of the experimental results, as well as 
previous reports7b, 9f, 20, plausible mechanistic pathways for 
the hydrocarboxylation were tentatively proposed in Scheme 
6. Firstly, the active palladium catalyst 7 was generated in 
situ from palladium catalyst and Binap. Subsequently, the 
reaction might proceed via the oxidative cyclization process 
to afford five-membered palladiumalactone intermediate 9 
(Scheme 6, Path A), which could react with PhSiH3 to 
produce intermediate 10. Then, intermediate 10 underwent 
the reductive elimination to afford intermediate 14 and 
regenerate the Pd(0)L species 7. Finally, the desired product 
2a was released from intermediate 14 in the presence of 
protonic acid together with the formation of the derivatives 
of silane.7b, 20a Additionally, the reaction also might proceed 
the hydropalladation process in the presence of PhSiH3 and 
binap, giving the alkenylpalladium intermediate 12 (Scheme 
6, Path B). Then, the insertion of CO2 into the vinyl-Pd bond 
produced intermediate 13, followed by the reductive 
elimination and protonolysis to afford the desired product 2a.

To probe the nature of the regioselective 
hydrocarboxylation of alkynes with carbon dioxide catalyzed 
by Pd(0) complex, DFT calculations at ωB97X-
D/BSII//ωB97X-D/BSI level were carried out on the whole 
catalytic cycles of Path A and Path B above shown in 
Scheme 6. BSI denotes that the LANL2DZ basis set is used 
for Pd center and the 6-31G (d) basis sets for all the other 
atoms, and BSⅡ denotes that the LANL2DZ basis sets were 
used for Pd center and the 6-31++G (d, p) basis sets for all 
the other atoms. DFT calculations at ωB97X-
D/BSII//ωB97X-D/BSI level mean that single point 
calculations were performed at ωB97X-D/BSII level based 
on geometry optimization at ωB97X-D/BSI level for each 
stationary point along reaction pathways. The SMD 
polarizable continuum model in N, N-dimethylformamide as 
the solvent was employed in the calculations.21 Thermal 
correction and entropy contribution to the Gibbs free energy 
were taken from the frequency calculations at ωB97X-D/BSI 
level. To avoid the overestimated entropic effect induced by 
thermal corrections from gas-phase optimization, in this 
study, translational movement was evaluated using the 
method presented by Whitesides.22 The free energy profiles 
of Path A and Path B are shown in Scheme 7A and 7B, 
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6

respectively. Path A consists of four fundamental steps: the 
coordination of phenylacetylene, the cyclopalladation step, 
the σ-bond metathesis step and the reductive elimination step. 
Similarly, Path B consists of four steps: the oxidative 
addition step, the phenylacetylene insertion step, the CO2 
insertion step and the reductive elimination step. Path A1/B1 
and Path A2/B2 represent the Markovnikov addition 
pathway and anti-Markovnikov addition pathway, 
respectively. The difference between Path A and Path B is in 
the insertion sequence of substrates of phenylacetylene, CO2 
and silane.

In Path A, phenylacetylene coordinates with Pd center of 
the catalytic species (7) to form 8 at first, which is 
exothermic by 22.7 kcal/mol (Scheme 7A). Then O1 of CO2 
approaches to Pd center of 8 and C3 interacts with C2 of 
coordinated phenylacetylene in the cyclopalladation step, 
which give intermediates 9A1 owning a five-membered ring 
via the transition state TS8-9A1 along Markovnikov addition 
route and 9A2 via TS8-9A2 along anti-Markovnikov addition 
route (9A1/9A2 denotes stationary point 9 along Path A1/A2). 
The free energy barriers of the cyclopalladation step of Path 
A1 and Path A2 are 11.7 kcal/mol and 13.8 kcal/mol, 
respectively. In the σ-bond metathesis step of Path A, the Pd-
O1 bond of fiver-membered ring of 9 is broken and Si-H1 
bond of substrate silane is broken via transition states TS9-
10A1/TS9-10A2 owning a seven-membered ring moiety, 
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Scheme 7. The calculated relative Gibbs free energies to catalytic species (7) of stationary points along (A) the cyclopalladation pathway 
(Path A) and (B) the hydropalladation pathway (Path B) (All energies are denoted in kcal/mol, and interatomic distances are shown in Å. 
The blue line stands for Path A1 and Path B1 adopting Markovnikov addition mode, the red line stands for Path A2 and Path B2 adopting 
Anti-Markovnikov addition mode). 

which form 10A1/10A2. The free energy barriers of the σ-bond 
metathesis step from 9 to 10 of Path A1 and Path A2 are 21.6 
kcal/mol and 25.3 kcal/mol, respectively. In the reductive 
elimination step, the hydrocarboxylated products (14a/14b) 
are released via transition states TS10-7A1/TS10-7A2 and the 
catalytic species (7) are regenerated. The free energy barriers 
of the reductive elimination step from 10A1 to 7A1 for Path 
A1 is 5.0  kcal/mol. The process from 10A2 to TS10-7A2 in 
Path A2 has no free energy barrier, in which the free energy 

of TS10-7A2 is lower than that of 10A2 due to the entropy 
effect. Similarly, the calculated free energy barriers of the 
oxidative addition step, the phenylacetylene insertion step, 
the CO2 insertion step and the reductive elimination step of 
Path B1/B2 are 0.0/0.0, 23.4/30.4, 33.2/27.5 and 13.4/12.0 
kcal/mol, respectively (Scheme 7B). It is obvious that Path A 
via cyclopalladation is more favorable than Path B via 
hydropalladation. The rate-determining step of Path A1 and 
Path A2 is the σ-bond metathesis process, and the rate- 
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Scheme 8. The relationship of the free energy barriers (at ωB97X-D/BSI level) of the rate-determining step (the σ-bond metathesis) in 
Path A1 and different substrates (the black line), and that of the experimental yields and different substrates/APT charge (the red line) 
(different substrates in para-position of phenyl ring were subsitituted by -OCH3 (2d), -H (2a), -F (2e), and -CF3 (2h), respectively).
determining step of Path B1 and Path B2 are the CO2 
insertion step and the phenylacetylene insertion step, 
respectively. On the other hand, Markovnikov addition along 
Path A1 is more favorable than anti-Markovnikov addition 
along Path A2. In general, the carboxylation of 
phenylacetylene catalyzed by Pd complex adopts oxidative 
cyclization pathway with Markovnikov addition mode (Path 
A1). The carboxylation products observed in the experiments 
are mainly Markovnikov products, and the calculated results 
agree well with experiments.

In the rate-determining step of Path A, the σ-bond 
metathesis step, Pd-H1 bond and Si-O1 bond of 9 are formed 
while Pd-O1 bond is broken. Interestingly, the calculated ∠
Pd-O1-C3-O2 dihedral angles change from 179°/174° in 
9A1/9A2 to 145°/127° in TS9-10A1/TS9-10A2, respectively. 
The Pd-O1-C3-O2 dihedral angle in the σ-bond metathesis 
step of Path A2 changed larger than that of Path A1, which 
could be in that the steric effect of phenyl part of the original 
phenylacetylene in anti-Markovnikov addition (Path A2) 
destroy the conjugation of C1=C2 double bond, C3=O2 double 
bond and phenyl ring. As a result, the energy barrier of is the 
σ-bond metathesis step of Path A1 following Markovnikov 
addition is lower than that of Path A2 following anti-
Markovnikov addition. Based on APT charge analysis,23 the 
phenyl ring in phenylacetylene has a pull electron effect on 
the C-C triple bond, the APT charges of Pd in 9A1 and 9A2 are 
-0.079 and -0.013, respectively. Compared with that of 9A1, 
the phenyl moiety of 9A2 has a stronger pull electron effect 
on the Pd center. These are consistent with the calculated 
free energy barriers of the σ-bond metathesis step and the 
reductive elimination step in Path A1 and Path A2, which 
may unveil the nature of preference of Markovnikov addition. 

In order to further understand the substituent effect of 
substrates on the reaction, we substituted the para-position 
of phenyl ring of 9A1 using electron-donating group (-OCH3) 
and the electron-withdrawing groups (-F, -CF3) in the rate-
determining step (the σ-bond metathesis step) of Path A1 
adopting Markovnikov addition mode. As shown in Scheme 8, 
the calculated free energy barriers of this step of the reaction 
using substrates in para-position of phenyl ring subsitituted 
by -OCH3 (2d), -H (2a), -F (2e), and -CF3 (2h) were 16.8, 
17.2, 17.5, 17.6 kcal/mol, respectively. The calculated results 

agree well with experimental yields present in Scheme 2 
above. Meanwhile, the calculated free energy barriers of the 
rate-determining step of different phenylacetylene substrate 
and the APT charges of Pd center are positively correlated, 
this implies that the electron-withdrawing group in para-
position of benzene ring of phenyl alkyne substates could 
increase positivity of Pd center, leading to a decrease in 
reactivity. In other words, the alkyne substrates with stronger 
electron-donating ability could promote the reaction.

In addition, the phosphorus ligand effect of Pd catalysts 
was investigated by experimental and theoretical studies. 
The calculated bite angles of Binap, DPEphos and Xanphos 
are 92°, 102.2° and 111.7°, respectively. Based on the DFT 
calculations, the rate-determining step of  DPEphos and 
Xanphos Pd catalytic systems changed from the σ-bond 
metathesis step to the cyclopalladation step along Path A. 
The free energy barriers of the cyclopalladation step for 
DPEphos and Xanphos Pd systems  are 32.1 and 31.0 
kcal/mol, respectively. These are also consistent with the 
experimental results. It indicates that a Pd catalyst owning 
larger bite angle of diphosphorus ligand debilitates its 
catalytic activity for this reaction.

CONCLUSION
In summary, we have developed a highly regioselective 

Pd-catalyzed hydrocarboxylation of alkynes with CO2, 
offering an attractive route towards straightforward synthesis 
of various α-acrylic acids, a privileged motif widely existed 
in a number of natural products and pharmaceuticals. This 
catalyst system exhibited excellent catalytic activity under 
the mild reaction conditions. Additionally, this 
transformation provides a powerful tool for the late-stage 
functionalization of alkyne-containing complex molecules, 
including natural products and pharmaceuticals. A DFT 
study was performed to investigate the reaction mechanism. 
The calculated results demonstrate that the cyclopalladation 
(Path A) is more favorable than the hydropalladation (Path 
B). The rate-determining step is the σ-bond metathesis step 
owning a free energy barrier of 25.8 kcal/mol. Markovnikov 
addition (Path A1) is dominant compared to anti-
Markovnikov addition (Path A2), which correlate well with 
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experiments. Further investigations to extend the substrate 
scope of the synthetic protocol together with detailed 
mechanistic investigations are ongoing in our laboratory.
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