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An unprecedented and highly reactive Pd/C catalytic system has been introduced for the regiodivergent
hydrocarboxylation of terminal alkynes to selectively afford various acrylic and cinnamic acids employing
oxalic acid as a CO source as well as a promoter for the formation of the active Pd—H complex. Herein,
the formation of cinnamic acid is proposed to follow a unique anti-Markovnikov hydroiodination
mechanism and the formation of acrylic acid might follow the traditional hydrocarboxylation pathway.
Additionally, internal alkynes undergo hydrocarboxylation and carbonylative esterification with aliphatic
alcohols to yield different o,f-unsaturated acids and esters respectively. The designed strategies were
successfully leveraged for a diverse class of a,B-unsaturated acids and esters with excellent selectivity
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Accepted 8th October 2024 and yields under mild reaction conditions. Furthermore, the acid functionalization of complicated
naturally derived alkynes, utilizing economical and bench-stable oxalic acid and a commercially
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Introduction

The o,B-unsaturated acid and ester scaffolds are essential
building blocks present in pharmaceutically and biologically
active molecules.” The acrylic acid class of «,B-unsaturated acids
has extensive biological and industrial applications, including
in the synthesis of adhesives, coatings, and polymer chem-
istry,"* while the other class of naturally occurring cinnamic
acids exhibits antidiabetic, anti-inflammatory, antioxidant, and
anticancer activities (Scheme 1).

In addition, o,B-unsaturated carboxylates are key
compounds for the production of perfumes, agrochemicals,
pharmaceuticals, materials, and polymers.*

The carbonylative functionalization of alkynes is an impor-
tant synthetic research area, as the direct functionalization of
alkenes is quite difficult due to their less chemical reactivity.
However, the regio- and stereoselective carbonylative trans-
formation of alkynes to a,B-unsaturated acids is still chal-
lenging due to multiple active sites, encouraging researchers to
devise novel catalytic systems to address these selectivity limi-
tations." The metal-catalyzed hydrocarboxylation of alkynes
with naturally abundant and economical CO, is a well-known
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straightforward technique to access a,B-unsaturated acids;
however, it requires a stoichiometric amount of harsh organo-
metallic reagents such as silanes,**® ZnEt,,**? EtMgBr,* or
direct metals (Mn and Zn)¥" as reducing agents (Scheme 2a).

Another way to acquire a,B-unsaturated acids is through the
carbonylation of alkynes using direct CO gas. However, to
handle the toxic and flammable CO gas, highly sophisticated
instruments are required.® To avoid limitations associated with
the direct use of CO gas, Zhou and Fu's research groups re-
ported the use of formic acid for hydrocarboxylation of alkynes
to a,B-unsaturated acids with the aid of homogeneous Pd(OAc),
and Ni(acac), catalysts respectively.” However, to utilize liquid
formic acid as a CO surrogate, acetic anhydride is essentially
required as an activator, which subsequently generates acetic
acid as a byproduct.
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Scheme 1 Selected biologically active acrylic and cinnamic acid
derivatives.
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Scheme 2 Various carbonylative protocols for the synthesis of a,3-
unsaturated carboxylic acids.

Although numerous uniform Pd-catalysts have been applied
in the hydrocarboxylation and carbonylative esterification of
alkynes, there remains an untapped domain regarding
a heterogeneous Pd catalytic setup and a regiodivergent route
for generating acrylic and cinnamic acids from alkynes. Addi-
tionally, using a homogeneous catalytic system and direct CO
gas, the carbonylative esterification coupling of alkynes with
aliphatic alcohols is a well-known and straightforward route for
the synthesis of a,B-unsaturated carboxylates.®* However, their
synthesis using a suitable CO surrogate and heterogeneous
catalysis has not been reported yet.

Table 1 Optimization of the reaction conditions®

View Article Online

Edge Article

As part of our research aims to develop direct CO gas-free
carbonylation reactions, we are continuously exploring oxalic
acid as a bench stable, economical CO source in various
carbonylation reactions in an in situ as well as ex situ manner.’
Unlike the other CO sources, the thermal decomposition of
oxalic acid is activator-free and does not require any additives
such as anhydrides, bases or metals, to liberate the CO gas.>*®
Furthermore, comparing the cost and recyclability of homoge-
neous Pd catalysts, the readily available Pd/C can provide an
alternative, cost-efficient and greener pathway because of its
high stability, safe handling and easy recycling.

In this regard, herein, we have established novel Pd/C-
catalyzed robust strategies for regiodivergent hydro-
carboxylation of alkynes into cinnamic and acrylic acids as well
as the carbonylative esterification of internal alkynes with
aliphatic alcohols to yield ao,B-unsaturated esters with oxalic
acid serving as a C1 building block.

At the outset, we selected phenylacetylene (1a, 0.49 mmol, 1
equiv.) as the model substrate to react with CO gas generated in
situ from oxalic acid (5 equiv.) and Pd/C (3 mol%) as a catalyst
along with additive TBAI (1 equiv.) and BINAP ligand (6 mol%)
in DMF (2 mL) heated at 125 °C for 24 h. This reaction yielded
a mixture of a,B-unsaturated carboxylic acids in 60% yield i.e.,
cinnamic acid (2a) and 2-phenylacrylic acid (3a) with 74% and
26% selectivity respectively, and in the absence of the ligand,
the desired product did not form (Table 1, entries 1 and 2).

= Catalyst S LCOOH |
Ligand COOH
+ (COOH), —— > ©/\/ N 0o
Additive, Solvent
3a

1a Temp., Time (hrs)

2a

Selectivity
S. no. Catalyst Ligand Additive Solvent 2a 3a overall yield” (%)
1 Pd/C BINAP TBAI DMF 74 26 60
2 Pd/C — TBAI DMF nd nd 0
3 Pd/C DPEphos TBAI DMF 80 20 57
4 Pd/C dppe TBAI DMF 78 22 52
5 Pd/C PPh; TBAI DMF Traces Traces Traces
6 Pd/C Xantphos TBAI DMF 82 18 75
7 Pd/C PCy; TBAIL DMF Traces Traces Traces
8 Pd/C Xantphos TBAI(0.5) DMF 82 18 75
9° Pd/C Xantphos TBAI(0.5) DMF 84 16 85, 97¢
10 Pd/C Xantphos — DMF — 100 78, 844
11° Pd/C Xantphos — DMF Traces 100 64
12 Pd/ALO, Xantphos TBAI(0.5) DMF 82 18 79
13 Pd(OAc), Xantphos TBAI(0.5) DMF 84 16 75
14 Pd(PPh;),Cl, Xantphos TBAI(0.5) DMF 83 17 82
15 Pd(PPh;), Xantphos TBAI(0.5) DMF 78 22 59
16 Pd,(dba); Xantphos TBAI(0.5) DMF 75 25 66
17° Pd/C Xantphos K1(0.5) DMF 76 24 70
18° Pd/C Xantphos Nal(0.5) DMF 72 28 62

¢ Reaction conditions: phenylacetylene (1 equiv.), catalyst (3 mol%), ligand (6 mol%), additive (1.0 equiv.), oxalic acid (5 equiv.), and DMF (2 mL) at

125 °C for 24 h; TBAI = tetra-n-butylammonium iodide, BINAP =

(2,2'-bis(diphenylphosphino)-1,1’-binaphthyl), DPEphos = bis[phenyl]ether, dppp

=1,3- bls(d1phenylphosph1no)pr0pane PPh3 =1,2- b1s(dlphenylphosphlno)ethane Xantphos = 4,5-bis(diphenylphosphino)-9,9 dimethylxanthene.

b Isolated yields. ¢ Oxalic acid (3 equiv.).
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Considering the importance of ligands for the desired
product formation, we screened a series of bidentate phosphine
ligands with the Pd/C catalyst. Bidentate phosphine ligands
with different bite angles such as DPEphos, dppe, PPh;, Xant-
phos, and PCy; were investigated, and Xantphos was found to
be the most suitable ligand, delivering an overall 75% yield of 2a
and 3a with 82% and 18% selectivity respectively (Table 1,
entries 3-7). These findings revealed that the steric effect of the
phosphine ligands has no profound effect on the formation of
2a. On reducing the equivalency of TBAI from 1.0 equiv. to 0.5
equiv., the yield of the desired product was not affected, which
might result from TBAI recycling (Table 1, entry 8). After opti-
mizing the other reaction parameters such as catalyst loading,
time, temperature, solvent and oxalic acid equivalency, we have
determined the optimized conditions as follows: Pd/C (3 mol%),
Xantphos (6 mol%), oxalic acid (3.0 equiv.) and TBAI (0.5 equiv.)
in DMF solvent at 125 °C for 18 h, which gives 85% isolated yield
of 2a and 3a with 84% and 16% selectivity respectively i.e.,
condition A (Table 1, entry 9 and Tables S1-S7, see ESIT). To our
delight, on eliminating the additive, the regioselectivity of the
product became reversed and 2-phenylacrylic acid (3a) was ob-
tained as the major product with excellent 100% selectivity and
78% isolated yield i.e. condition B (Table 1, entry 10). In pursuit
of high reaction yield, other palladium catalysts such as Pd/
Al,03, Pd(OAc),, Pd(PPhj;),Cl,, Pd(PPh;),, and Pd,(dba); were
also examined, and Pd/C was found to be more effective and
selective for the desired product formation (Table 1, entries 12—
16). Other additives such as KI and Nal were also tested instead
of TBAI; however, they delivered an overall yield of 70% and
62% with 76% and 72% selectivity for 2a respectively (Table 1,
entries 17 and 18). The combination of Pd/C and phosphine
ligands has been previously well explored in different chemical
transformations," and in the present protocol, Pd/C and
Xantphos in combination with oxalic acid is found to be more
effective and selective for the desired acid transformation. After
establishing the ideal reaction conditions for 2a and 3a, we
scrutinized the robustness of the developed protocols for ster-
eoselective hydrocarboxylation of diversely substituted terminal
alkynes using conditions A and B, and the results are illustrated
in Tables 2 and 3 respectively.

To our delight, under both conditions, electron-donating
and electron-withdrawing substituted aryl alkynes such as
methyl, methoxy, fluoro, chloro, bromo, trifluoromethyl, and
polynuclear reacted successfully and delivered the correspond-
ing acids in moderate to good yields. When the reaction was
executed using condition A, the corresponding cinnamic acids
were obtained in moderate to good yields (56-88%) with
remarkable regioselectivity (Table 2, entries 2a-t). The selec-
tivity for linear acids was found to be the maximum i.e., 100%,
for most substrates with a minimum of 50% for 2c. Addition-
ally, when the reaction was executed using condition B, the
corresponding branched acids were produced in 52-82% yields
with excellent regioselectivity (Table 3, entries 3a-n). The
selectivity for branched acids was found to be exceptional i.e.
100% in most cases (Table 3, 3a-1). However, it decreases for
polynuclear compounds 3m and 3n, i.e. 58% and 57%, respec-
tively (Table 3, entries 3m-n).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope for cinnamic acids®

Pd/C

COOH COOH
/ Xantphos AR «
R + (CooH), — "= g B R \
DMF, 125 °C,18 hrs
\ COOH

: A\ COOH /@/\zc‘m“ X@/\,COOH

2a, 85%, o/p = 16:84 2b, 87%, o/p = 5:95 2d, 80%, o/ = 7:93

2c, 78%, o/p = 50:50

/©/§,COOH ,O~©/§,COOH ,@\,COOH ,©/\,COOH
So

2e, 88%, B=100 2f, 74%, /B = 14:86

F\©/§,COOH F.
F

2i, 68%, =100

2g, 66%, B 100 2h, 77%, B=100

. _.COOH /©/\,COOH ,©/\,CO0H
Br

2j, 65%, B=100 2K, 67%, p=100 21 64%, B=100

©(§,coon ,©/§,coou ©/§,COOH @\/COOH
Cl F3C CF3
CFy

2m, 56%, B=100 2n, 73%, =100 2p, 58%, p=100

O
J L.,

2t, 60%, = 100

20, 66%, p=100

. COOH . COOH g ‘
0\\/@/\/ NC” :

0 2q,79%, p=100 2r, 69%, o/p = 14:36 2s, 74%, p=100

\ COOH

“ Reaction conditions: 1 (1.0 equiv.), oxalic acid (3.0 equiv.), Pd/C
(3 mol%), Xantphos (6 mol%), TBAI (0.5 equiv.), and 2.0 mL of DMF;
heated for 18 h at 125 °C.

Table 3 Substrate scope for phenyl acrylic acids”

Pd/IC
Xantphos

DMF, 125 °C,18 hrs

| ‘ \
COOH 'COOH COOH

3a,78%, =100 3b,80%, w =100 3¢, 73%, o = 100 3d 82%, o = 100

| | |
COOH COOH CI\©)\COOH COOH
cl (o]

3e 80%, o=100  3f, 72%, o =100 39, 65%, o =100 3h, 52%, o =100

o COOH
R \ + R |3

= COOH
R// + (COOH),

COOH

31319

COOH COOH COOH @
Br F3CO
) c H
3i, 58%, o = 100 3j, 68%, o = 100 30 75% o 100 3h73%, o=100 00
o
| COOH
g e s
~No n
HooC, n=2,34

3m, 55%, o/p = 58:42 30, aor 3 0%

T 3n, 65%, a/f =57:43

| |
COOH O*coon COOH
HO

3p, aorp 0% 3q, aor B 0% 3r,aor B 0%

oY

ON

¢ Reaction conditions: 1 (1.0 equiv.), oxalic acid (3.0 equiv.), Pd/C
(3 mol%), Xantphos (6 mol%), and 2.0 mL of DMF; heated for 18 h at
125 °C.

Notably, in both conditions, the electronic and steric effects
of the substituents have a substantial impact on the yields of the
products. Aryl alkynes bearing electron-withdrawing substitu-
ents delivered the corresponding acids in lower yields than
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electron-donating aryl alkynes (Tables 2 and 3). Remarkably, the
halogen-bearing terminal alkynes exhibited 100% selectivity for
the corresponding acids (2h-p and 3e-j) in good yields under
both conditions. However, in the case of 2g, 2m, 2p and 3h, the
yield of the desired products was lower, which might be due to
steric hindrance present at the ortho position of the aryl alkynes.
Under the optimized reaction conditions A and B, aliphatic
terminal acids, 4-nitrophenyl acetylene, cyclohexyl acetylene,
and 4-hydroxy phenylacetylene were not able to deliver the
corresponding acids 3o-r. To check the versatility of the devel-
oped methodology, we further performed the reaction with
diphenylacetylene (4a) (0.28 mmol, 1 equiv.) using conditions A
and B, and the yield of the desired product 5a was found to be
higher under condition A i.e., 70%, than under condition B i.e.
58%.

During the optimization studies, it was observed that the
conversion of an internal alkyne (4a) to the corresponding acid
(5a) requires quite a large amount of reagents, ie., Pd/C
(5 mol%), Xantphos (10 mol%) and oxalic acid (4 equiv.), and
time (30 h), and delivered an optimum 88% isolated yield of 5a
(see ESIT). Under these optimum reaction parameters, both
symmetrical and unsymmetrical internal alkynes with electron-
donating and electron-withdrawing groups were well tolerated
and delivered the corresponding (E)-2,3-diarylacrylic acids via
syn-addition in good to excellent yields (58-93%) (Table 4, 5a-
u); no (Z)-isomer was found.

Table 4 Substrate scope of internal alkynes®

Pd/C
Xantphos HOOC,
Ph + (COOH), ——f —— —

TBAI
DMF, 135 °C, 30 hrs Ph Ph

hh

5c, 80% 5d, 63%

Ph——

h

5a, 88%

h

=0 5e,93%

5b, 90%

5, 82% F' sg80% F F 5h74% F
5j, 85% 5k, 82% 51, 78% 5m, 75%
HooC O

|
0

5p, 58% H .

Ho OH

5r, 85%
a/B =68:32

5q, 80% 5s,79% 5t, 76%

/B =67:33

% Reaction conditions: 4 (1.0 equiv.), oxalic acid (4.0 equiv.), Pd/C
(5 mol%), Xantphos (10 mol%), TBAI (0.5 equiv.), and 2.0 mL of DMF;
heated for 30 h at 135 °C.
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The electronic effect of the substituted diphenyl acetylene
has not been found to have any prominent effect on the yield of
the reaction and delivered 5a-i in 63-93% yields (Table 4, 5a-i),
where the lower yield in the case of 5d might be due to the steric
hindrance of the ortho methyl group. Subsequently, dialkyl
alkynes such as 2-butyne, 3-hexyne, 4-octyne and 5-decyne also
yielded the corresponding desired products 5j-m in 75-85%
yields with excellent E-isomer selectivity, and it was found that
higher alkyl substitution decreases the reaction yield. Hetero-
cyclic aromatic internal alkynes, i.e. 1,2-di(thiophen-3-yl)ethyne
and 1,2-di(thiophen-2-yl)ethyne, were also tolerated and yielded
the desired products 5n and 50 in 78% and 69% yields,
respectively. Interestingly, the alkyne-derivatized cholesterol
smoothly underwent hydrocarboxylation and yielded
compound 5p in 58% yield.

Despite the multifunctionality, i.e., alkyne, ether, alkene and
ketone in alkyne-derivatized cholesterol and estrone (3n and
5p), this methodology offers a promising late-stage functional-
ization strategy for alkyne-containing complex natural products
and pharmaceuticals. The di-alkyl and aryl-alkyl substituted
unsymmetrical internal alkynes were also well tolerated and
yielded the corresponding acids 5q-t smoothly with excellent E-
selectivity (76-85%). However, the di-aryl substituted unsym-
metrical alkyne produced a mixture of the two regio-isomers («/
B) in 84% yield with 67% and 33% selectivity, respectively (5u).

Inspired by the hydrocarboxylation of alkynes, we further
investigated the reaction for the carbonylative esterification of
alkynes.

We performed the reaction of diphenylacetylene (0.28 mmol,
1 equiv.) with methanol using condition A, and acid 5a (65%)
was formed as a major by-product along with the desired
product methyl (E)-2,3-diphenylacrylate 7a (28%). To prevent
the formation of the acid (5a), we tried the reaction using oxalic
acid as an ex situ CO surrogate under our well-established
double vial system and optimized the different reaction
parameters.”'® To our delight, we got an optimum yield of 80%
for 7a using Pd/C (5 mol%), Xantphos (10 mol%), oxalic acid (4
equiv.), PTSA (0.5 equiv.), and methanol (0.5 mL) at 125 °C (see
ESIt). With the optimum reaction conditions in hand, we
successfully explored various aliphatic alcohols using diphenyl
acetylene as a model substrate, yielding the desired products
7a-e in good yields (71-82%, Table 5). Additionally, various
symmetrical internal alkynes containing electron-donating
groups such as 4-CH;, 3-OCH; and 4-Bu and electron-
withdrawing groups such as 4-F, 3,4-difluoro, and 4-CF; were
well tolerated with ethanol, yielding the corresponding car-
bonylative esterification products 7f-k in good to excellent
yields (72-83%).

During the substrate scope investigation, it was found that
the electronic effects of the diphenylacetylene derivatives had
no prominent effect on the yield of the desired products.
However, the 2-CH; and 2-OCHj,-substituted diphenylacetylenes
failed to yield the corresponding esters, which might be due to
the steric hindrance occupied at the ortho position. However,
the heterocyclic and unsymmetrical internal alkynes were also
tested with ethanol and delivered the corresponding esters 71
and 7m in 68% and 74% yields respectively with E-selectivity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Substrate scope for a,B-unsaturated esters”

Pd/C (5 mol%)
Xantphos (10 mol%)
Ph=—==—Ph + (COOH), ROH (0.5mL)
6 PTSA (0.5 equiv) p  Ph
DMF, 125 °C, 24 hrs 7

- o o p s~

7a, 80% 7b, 82% 7c, 79%

o—/_/— o o/ o o/

7e, 1% 7, 83% 79, 72%

0—/ 0_/ o_/
0= _ O= _ O= _ o

Foozisan F OF g7 F FC o5 goy CF

7d, 76%

71, 68%

7m, 74%

% Reaction conditions: 6 (1.0 equiv.), oxalic acid (4.0 equiv.), Pd/C
(5 mol%), Xantphos (10 mol%), ROH (0.5 ml), PTSA (0.5 equiv.), and
1.5 mL of DMF; heated for 24 h at 125 °C.

With phenylacetylene serving as the model substrate, both
conditions A and B were also successfully tested for a gram scale
reaction Z.e. 9.80 mmol of 1, delivering compounds 2a and 3a in
78% and 73% yields, respectively (Scheme 3).

Pleasingly, on reducing the catalyst amount to 1 mol%, with
Xantphos (2 mol%), and oxalic acid (2 equiv.), both protocols A
and B delivered the corresponding acids in 73% and 71% yields,
respectively, without any significant decrease in yield or regio-
selectivity (Scheme 3). We further investigated the recyclability
of Pd/C for six consecutive cycles for compounds 2a and 3a
under conditions A and B respectively, and a slight decrease in
their yields after the third cycle was observed (Fig. 1). The
recycling experiments were performed with fresh Xantphos/
TBAI, and in the absence of this Xantphos/TBAI, the recycled
Pd/C did not yield the intended product. These results
demonstrate the scalability, sustainability, and effectiveness of
the developed procedure.

To confirm the role of Pd/C as a heterogeneous or homoge-
neous catalyst under the set reaction conditions, we performed
a mercury poisoning test for the formation of 2a. Initially, we
added 500 equiv. of mercury, i.e. Hg (0), into Pd/C (3 mol%) and
stirred the mixture for 3 h to form an amalgam, which was
further applied for the synthesis of compound 2a under the
optimum reaction conditions. Only 16% of the desired product

. ,COOH Pd/C (mol%)
| Xantphos (mol%)
'Y (COOH), (equiv)

‘ I 2 TBAI (equiv)

DMF, 125 °C
a) Standard condition (2a, 1140 mg, 78% yield)
b) PdIC (1 mol%), Xantphos (2 mol%),TBAI (0.5 equiv)
(COOH), (2 equiv), (2a, 1065 mg, 73% yield)

H
" Pdic (mot) | -
Xantphos (mol%) COOH
(COOH); (equiv)
S

DMF, 125 °C
1a (9.8 mmol)

a) Standard condition (3a, 1065 mg, 73% yield)
b) Pd/C (1 mol%), Xantphos (2 mol%)
(COOH), (2 equiv), (3a, 1040 mg, 71% yield)

Scheme 3 Gram-scale synthesis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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J§ Yield % (Method b)
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' i i i i i
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o
© o
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Fig. 1 Recycling tests of Pd/C for compounds 2a and 3a.

was formed. This control experiment suggests that the palla-
dium on carbon was a heterogeneous catalyst.

However, to further identify the role of Pd/C in the catalytic
cycle, we performed a hot filtration test for the formation of 2a.
At the outset, the reaction mixture at 125 °C was filtered through
a 0.20 pm-filter after 8 h, and the filtrate was further continued
for an additional 10 h, by adding oxalic acid (6 equiv.) into the
reaction mixture to maintain the internal CO pressure.
However, a 15% increase in the yield of 2a was observed i.e. 40
to 55%. This increase in the yield indicates that there might be
a possibility that Pd/C in the catalytic cycle undergoes a Pd(0)
leaching process and is redeposited on the surface of charcoal
at the end of the catalytic cycle. Nevertheless, these Pd/C and
ligand-mediated reactions lead to a complex interplay between
homogeneous and heterogeneous phases.'” Therefore, whether
Pd/C functions as a true heterogeneous catalyst or undergoes
Pd(0) leaching in the catalytic cycle is highly contentious."*

To probe the mechanism involved in the regioselective
hydrocarboxylation of terminal alkynes, a set of control exper-
iments were conducted and the outcomes are detailed in
Scheme 4. The intermolecular competition experiment of 4-
ethynylanisole and 1-ethynyl-4-fluorobenzene under condition
A produced 2e in 74% yield and 2h in trace amounts, indicating
that the reaction favors electron-rich alkynes over electron-
deficient alkynes for the desired product formation (i). Deute-
rium labelling experiments were also carried out for the
formation of 2a and 5a with D,0 (>99% D) under the corre-
sponding optimized reaction conditions and yielded the tar-
geted deuterated product 2aD with 56% D incorporation and
5aD with 58% D incorporation (ii & iii) (see ESIT). We further
carried out the reaction of 2a with D,O under condition A and
recovered 2a without any incorporation of deuterium; this
experiment shows that there is no H/D exchange possibility in
the formation of 2a under the set reaction conditions (iv). To
further identify whether the oxalic acid acts as a CO, source or
not, we conducted the reaction of 4a with H,0"® under standard
condition and detected the targeted compound 9 through LC-
MS (v) (see ESIf). Additionally, when the oxalic acid was
substituted with dry ice (solid CO,), the desired product was
obtained in trace amounts (vi); these results indicated that the
CO, generated from oxalic acid might act as a CO source.**

During the gram scale synthesis of 2a, we were able to
identify some reaction intermediates. The reaction crude was
analyzed through LC-MS and GC-MS techniques, and it was

Chem. Sci., 2024, 15, 18379-18386 | 18383
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Scheme 4 Set of control experiments.

found that styrene (10) and E-(B-iodo styrene) (11) were the other
by-products or intermediates formed during the reaction (vii b)
(see ESIT). When eliminating oxalic acid, styrene and E(B-iodo
styrene) were not obtained (vii a). These experiments demon-
strate that oxalic acid plays a role in activating 1a for the desired
product formation.

We further conducted the reaction with styrene and E(B-iodo
styrene) for the desired product formation (viii & ix), and
delightfully, the desired product 2a was formed in 90% yield
under condition ix, while condition viii did not yield 2a. These
experiments suggest that E(B-iodostyrene) may be the interme-
diate associated with the synthesis of 2a. There is a possibility
that oxalic acid could in situ form formic acid, which might
participate in the reaction. ** Although the formation of formic
acid from oxalic acid requires a high temperature, to eliminate
this possibility, we carried out the reaction with formic acid (3
equiv.), and only a 28% yield of 2a was obtained, indicating that
the reaction did not follow the formic acid pathway (Scheme 4,
x). Furthermore, we replaced oxalic acid with acetic acid (3
equiv.) under the standard reaction conditions; however, no
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desired product formation was obtained, indicating that under
acidic conditions, DMF doesn't act as a CO source (Scheme 4,
xi).

Although the exact mechanism of the reaction is still
unclear, based on the results obtained from control experi-
ments and previous reports,*** a plausible reaction mechanism
has been proposed in Scheme 5. In the cinnamic acid pathway,
initially, the HI generated from oxalic acid and TBAI undergoes
oxidative addition with the active palladium catalyst a, which is
generated from Pd/C and Xantphos and delivers intermediate b.
This intermediate b might undergo an anti-Markovnikov
hydroiodination with the terminal alkyne® and form interme-
diate d through substrate controlled face attack for (E)-selec-
tivity of hydroiodination on cyclopalladium intermediate c. The
intermediate d undergoes elimination to give intermediate e,
i.e. E(B-iodo styrene), and regenerate a. The intermediate e
undergoes oxidative addition with the active palladium catalyst
a and delivers intermediate f, followed by CO coordination and
insertion to afford intermediate g. Subsequently, the hydroxide
anion acts as a nucleophile and participates in reductive elim-
ination with intermediate g and delivers 2 (Path A). In contrast,
the acrylic acid pathway follows the traditional hydro-
carboxylation mechanism. Initially, the active palladium
hydride complex i is formed with the aid of CO and H,O,
generated from oxalic acid.*™* Subsequently, there is rapid
insertion of the alkyne into the Pd-hydride complex, which
forms intermediates j and k. The steric hindrance between the -
Ar group and bulky Xantphos skeleton in j restricts the forma-
tion of the Pd-complexes, and consequently, there is an unfa-
vorable generation of the corresponding linear acid 2.

However, the thermodynamically stable intermediate k,
which might be responsible for the formation of 3, undergoes
CO insertion and delivers the intermediate 1, followed by
hydrolysis, which delivers the desired product 3 through the
formation of intermediate m and regenerates the complex i
(Path B).

In conclusion, we have established a novel Pd/C and Xant-
phos combined one-pot efficient catalytic system for stereo- and
regio-selective hydrocarboxylation of terminal alkynes, which
selectively provides two distinct classes of acids: acrylic and

Pd(0)L, (COOH ~|: :
PPhy
(@) CO+COZ*H20 CO |Xantphos O AN
———————————————————————————— Pd= PdL,
(La) Ve
HPdL O PPh,

HPdI
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Scheme 5 Plausible reaction mechanism.
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cinnamic acids. Additionally, the hydrocarboxylation of internal
alkynes and their carbonylative esterification with aliphatic
alcohols delivered the o,B-unsaturated acids and esters,
respectively. In the present protocol, under fine-tuned reaction
conditions, various acrylic acids, cinnamic acids, a,B-unsatu-
rated acids and esters were selectively obtained with good to
excellent yields. The CO and H,O produced from oxalic acid
(Brgnsted acid) might act as a promoter for the formation of
a Pd-H complex®** or may be formed from H,. The reaction
process is easy to operate and requires no toxic gas. Moreover,
Pd/C as an economical and easily recyclable catalyst, along with
oxalic acid as a multifunctional reagent, makes this protocol
more sustainable and greener, and this methodology could be
suitable for academic and industrial applications.
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