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Abstract The direct interaction between CO, and termi-
nal alkynes in the presence of bis-(NHC)-metal catalysts
at ambient conditions was studied. Two Cu and Ag-based
bis-N-heterocyclic carbene Transition Metal catalysts were
synthesized. The (NHC),-Ag complex showed a better cat-
alytic performance towards the carboxylation of terminal
alkynes in comparison with the copper analogue even for
the conversion of acetylene gas. The optimized conditions
for the carboxylation are: the use of Cs,CO; as additive,
one atmosphere CO, and room temperature using 1% mol
catalyst. Mechanistic insight into the reaction mechanism
is obtained by means of state-of-the-art first principles
calculations.
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1 Introduction

As an abundant, economical and renewable carbon source,
carbon dioxide is of great interest and has attracted much
attention for its efficient utilization, which has become a
long-term target and research hotspot [1-9]. At present,
the conversion of carbon dioxide into useful fine chemi-
cals receives extensive attention and motivates scientists’
interest [10]. In the field of carbon dioxide fixation, one of
the most promising catalytic reactions is the direct reac-
tion from carbon dioxide with other organic compounds
to carboxylic acids and related derivatives [11]. Though
organolithium and Grignard reagents can react with carbon
dioxide easily, it is impossible to synthesize functionalized
carboxylic acid compounds using these complexes [12]. On
the contrary, transition-metal-catalyzed carboxylation of
less reactive terminal alkynes or alkenes [13—15] and other
nucleophiles [16-26], such as organozinc, organoboron,
and organosilicone, with CO, provide an efficient approach
to diverse functionalized carboxylic acids and derivatives
[27-33].

In numerous CO, transformations, the direct insertion
has become the main field due to easy C—H bond activation
of terminal alkynes [34-36]. In 2010, Yu and Zhang [37]
applied a copper N-heterocyclic carbene system combined
with a base, and immobilized this on a polymer generating
a Poly[(NHC), s(NHC-Cu), 5] species for the direct carbox-
ylation of terminal alkynes. Later on, he reported on a new
approach applying a silver nano-polymeric heterocyclic
carbene as catalyst realizing the reaction between CO, mol-
ecules and terminal alkynes and the recycling of the cata-
lyst [38]. In 2011, apart from complicated systems, Lu’s
group worked out the carboxylation of terminal alkynes
in CO, atmosphere while utilizing Agl as catalyst in com-
bination with Cs,CO; as basic additive (50-60°C, 2 atm)
[39]. In 2012, GooBlen and co-workers similarly studied the

Fig. 1 Carboxylation of termi-
nal alkynes by catalysts 1 and 2

R

CO, inserting in terminal alkynes catalyzed by silver tetra-
fluoroborate instead of silver iodide [40]. One of the major
drawbacks of the Ag-based catalyst systems is their high
ambient and light sensitivity, which makes their manipu-
lation highly complicated, besides the elevated cost of the
silver precursors or ligands utilized and the use of the envi-
ronmentally toxic DMF as reaction solvent [41]. Despite
the present achievements for the catalytic CO, insertion
into terminal alkynes, several drawbacks need to be opti-
mized for the carboxylation process. Due to the inherent
chemical thermodynamic and kinetic stabilities, rigorous
catalytic conditions such as high temperature and pressure
are usually required to offer the energy for the endother-
mic carboxylation. Additionally, the suitable catalysts for
the reaction are usually made from expensive ligands or
metal sources, which hinder the industrial development of
the direct carboxylation of CO, and terminal alkynes [40].
Since the utilization of thegases CO, and acetylene gas can
lead to the generation of the important medical intermedi-
ate propiolic acid, the research of simple and efficient cat-
alytic system used for direct carboxylation in mild condi-
tions is urgently required [42].

In 2006, Saughnessy and co-workers reported the syn-
thetic strategy for the ligand 1-(2,4,6-trimethylphenyl)-
3-(3-sulfo-propyl)-imidazole, which was used to generate
the silver bis N-heterocyclic carbene catalysts 2 (Fig. 1)
[43]. Verpoort and co-workers used the same ligand to
synthesize catalyst 1 in Click reactions [44], Both com-
plexes exhibit high ambient stability and robustness.
Herein, based on earlier investigations in this field, we
present unprecedented notable activities for two metal
bis N-heterocyclic carbene complexes 1 and 2 (Fig. 1) for
the terminal alkyne C-H bond activation. The catalytic
performance for the direct carboxylation using CO, was
investigated as well as the suitable catalytic conditions
and substrate adaptability (Fig. 1). This work represents,
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at the best of our knowledge, the first documented case of
the use of bis-(NHC)-metal complexes for the carboxyla-
tion of terminal alkynes.

2 Experimental
2.1 Materials and Instrumentation

All reagents were used as received, Cu(I) sources were
stored under argon in a glove box. Solvents were dried
using standard procedures. 1-(2,4,6-Trimethylphenyl)-
3-(3-sulfonato-propyl)-imidazolium and  bis(1-mesi-
tyl-3-(3-sulfonatopropyl)imidazol-2-ylidene) silver
sodium salt were synthesized according to literature
procedures [43]. NMR characterizations were car-
ried out using a Bruker Advance 500 MHz spectrom-
eter, chemical shifts (8) are reported in parts per mil-
lion (ppm) referenced to tetramethylsilane ('H) or
the internal (NMR) solvent signals ('*C). Terminal
alkynes were purchased and used without further puri-
fication. Carboxylation experiments were carried out
under dry conditions. 1-(2,4,6-Trimethylphenyl)-imi-
dazole [45], 1-(2,4,6-trimethylphenyl)-3-(3-sulfonato-
propyl)-imidazolium, bis[1-(4-sodiumsulfonatebutyl)-
3-(2,4,6-trimethyl-phenyl)-4,5-imidazolyl-3-ylidine]
copper(I) hexafluorophosphate e} [44] and

bis(1-mesityl-3-(3-sulfonatopropyl)imidazol-2-ylidene)
silver sodium salt (2) were prepared according to litera-
ture procedures [43].

2.2 General Procedure for the Carboxylation Reaction
of Terminal Alkynes with Carbon Dioxide

A suitable catalytic loading of complex 1 or 2 was dis-
solved in 1 ml of dried DMSO in a 10 ml Schlenk flask
along with 1.2 eq Cs,CO; (391 mg) and 1 mmol terminal
alkyne under inert atmosphere. Then CO, gas was bubbled
continuously through the reaction mixture under continu-
ous stirring for 16 h at room temperature. After the reac-
tion time, diluted HCI acid was added to the mixture until
pH=1. Thereafter, extraction with ethyl acetate separated
the product from the solution, after which anhydrous mag-
nesium sulfate was added to dry organic phase. Finally,
after filtration the solvent was removed under reduced pres-
sure, giving the pure product, which was characterized by
'H and "*C-NMR.

2.3 Computational Methods

The proposed catalytic cycles for catalyst 1 and 2 (Cu, and
Ag, respectively) were studied by means of Density Func-
tional Theory (DFT). All intermediates and transition states
were fully optimized at the DFT level of theory using the
B3LYP hybrid functional ([46] and references therein) as
implemented in Gaussian09 [47]. The double-zeta Pople

Table 1 Different conditions
applied for the optimization
of the carboxylation of phenyl
acetylene with catalyst 1

1. Catalyst 1(5 mol%)
additive(1.2eq),

solvent —
@%H + CO, \

—COOH
2. HCI
Entry Solvent Additive Pressure (bar) Temperature Yield (%)*
O
1 DMF K,CO, 1 RT. 45
2 DMF Cs,CO4 1 R.T. 50
3 DMSO K,CO, 1 R.T. 25
4 DMSO Cs,CO4 1 R.T. 80
5 DMSO Cs,CO4 1 50 20
6 DMSO Cs,CO4 35 R.T. 50
7 DMF-H,0 Cs,CO4 35 R.T. 15
8 DMF-H,0 Cs,CO4 35 50 ~5
9 DMSO-H,0 Cs,CO4 35 R.T. 20
10 DMSO-H,0 Cs,CO4 35 50 15

Reaction conditions: (1) phenyl acetylene (1 mmol) at CO, atmosphere, catalyst 1 (0.05 mmol, 5 mol%),
1.2 eq additive, 16 h; (2) HCI 2N was used to acidify the reaction mixture

Catalytic yields were calculated using "H-NMR integration using 1,4-ethynylbenzene as internal standard
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basis set 6-311G(3df,2p) was used for all the atoms except
for Cu and Ag, for which the LANL2DZ effective core
potential and basis set was applied [48]. The frequencies
were calculated at the same level of theory as the geometry
optimizations and confirmed that all structures were either
local minima on the potential energy surface or transition
states. Furthermore, also the van der Waals corrections as
developed by Grimme were included [49]. More specifi-
cally, the dispersion corrections are calculated according
to the third version of Grimme [50]. The calculation pro-
cedures for the activation free energy barriers and reaction
free energies were performed with the software module
TAMKIN [51].

3 Results and Discussion
3.1 Optimizing Reaction Conditions

The effects of catalytic loading, solvent, base, pressure
and temperature play a significant role in the direct car-
boxylation of terminal alkynes. Here, phenyl acetylene was
selected as standard substrate to test the catalytic perfor-
mance using a variety of base additives and solvents along
with 5 mol% copper catalyst 1 under carbon dioxide atmos-
phere for 16 h. The different reaction conditions (solvent,
base, pressure and temperature) together with the %-yields
are given in Table 1.

The results indicate that the utilization of DMF or
DMSO as solvent made little difference with respect to
the yield (entry 1-4, Table 1). Aiming to take advantage
of the high water solubility of the catalyst due to the pres-
ence of sulphate groups on the NHC ligand, mixed sol-
vents of DMF-H,0 and DMSO-H,0 were selected as
reaction media, (entry 7-10), which disclosed that water
has a deleterious effect on the catalytic performance.
Experiments carried out with phenyl acetylene in aque-
ous conditions confirmed the inhibition of the carboxyla-
tion (Table S1, Supporting Information). Therefore, dried
organic solvents such as DMF or DMSO are the preferred
solvents for catalysis. The addition of Cs,CO; (1.2 eq) as
base additive resulted in higher yields than adding K,CO;,
suggesting that the use of a stronger base is beneficial for
the catalytic process. Moreover, the sharp increase of pres-
sure from 1 bar (entry 4) to 35 bar (entry 6) gave rise to
a notable drop of the yield from 80 to 50%, although this
is not necessarily a clear indicative of a harmful effect of
the positive pressure. In this case, a very high concentra-
tion of CO, was applied, thus hindering the dissociation of
the catalytically active mono-(NHC)-Cu species. In case of
entries 4-5, 7-8, and 9-10, the temperature was increased
from room temperature to 50°C, contrarily the catalytic
yields decreased, revealing that room temperature was
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Fig. 2 Comparison of catalytic yields between catalysts 1 and 2 for
the carboxylation of terminal alkynes. (Catalytic yields were deter-
mined via 'H-NMR integration.)

considered to be beneficial for the catalytic system while
elevated temperatures had a deleterious effect on the cata-
lytic performance. Some experiments carried out at tem-
peratures higher than 50 °C have shown a clear decrease on
the yield, ascribed to the instability of the metal-propiolate
intermediate formed mainly due to the reversibility of this
initial step, taking this process towards the initial reactants
condition. Furthermore, it is well known that Cu catalysts
can activate decarboxylation of propiolic acids efficiently at
60°C [37, 52, 53]. Based on the analysis above, we opti-
mized the reaction conditions for following carboxylation
experiments: DMSO as solvent, 1.2 eq Cs,CO; as base
additive, atmospheric pressure and ambient temperature
using our Cu and Ag-based catalyst systems.

3.2 Activity of Bis-(NHC)-Cu vs. Bis-(NHC)-Ag
Catalysts

For the study of the catalyst performance of both com-
plexes 1 and 2 (Fig. 1), 1 equivalent of phenyl acetylene
and 1.2 equivalents Cs,CO; were added in DMSO under
1 atm of CO, at room temperature for 16 h, followed by
acidification of the crude product. A comparison was made
in order to determine which catalyst demonstrated the best
catalytic performance for the carboxylation (Fig. 2).

From the graph displayed in Fig. 2, it is apparent that
the Ag-NHC complex outperformed the Cu-based one for
the carboxylation reaction. At all catalyst loadings, higher
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Table 2 Bis-(NHC)-Ag

1) catalyst 2 (1 mol %)

catalyzed carboxylation of Cs,CO; (1.2 eq) COOH
alkynes > 16'h, R. T., DMSO /
// + CO, (1 atm) > R

R 2) HCI 2N
Entry R Yield® (%)
1 (p-MeO)-Ph— 90
2 Ph- 85
3 HC=C-Ph- 85b
4 HC=C—(CH,),CH,- 77°
5 (CH;);Si— 72
6 (CH;);C- 65
7 H- 40

Reaction conditions: (1) 1 bar of CO, atmosphere, room temperature, catalyst 2 (0.01 mmol, 1 mol %),
1.2 eq Cs,COs3, 16 h; (2) HCI 2N to acidify the mixture

ACatalytic yields are obtained by 'H-NMR integration

®2.4 eq of Cs,CO,4

activities under the same conditions were obtained for
catalyst 2 in comparison with catalyst 1. When the catalyst
loading of 2 were 1 mol% or higher, only slight changes
in the catalytic yield was observed, reaching values from
90 to 93%. On the contrary, when the catalytic loading was
decreased to 0.5 mol%, a notable drop in yield to 70% was
noticed. According to these results, aimed for optimized
catalytic conditions, we selected 1 mol% catalyst 2 as the
suitable catalytic loading for carboxylation of terminal
alkynes.

3.3 Substrate Scope of Catalysts

Due to the higher catalytic activity of 2 we explored
the substrate scope of 2 using the optimized conditions
(Table 2). The results obtained with a series of terminal
alkynes reveal that the reactivity of the bis-(NHC)-Ag com-
plex towards the used alkynes is variable, probably due to
the difference in acidity of the alkyne proton. As clearly
depicted in Table 2, in entry 1-3, when using aromatic
terminal alkynes as substrates, which are the most acidic
amongst the substrates applied, the catalytic yields could be
over 85%, showing higher reactivity towards carboxylation
than the rest of the substrates investigated. In the contrary,
among entry 4-7, the highest yield from aliphatic terminal
alkynes was not higher than 77% (entry 4), thus indicating
that the presence of a benzene ring is beneficial for the high
conversion of terminal alkynes with CO,. We consider this
is attributed to the conjugative effect of the benzene ring,
lowering thereby the electron density of the alkynyl group
which moves toward the benzene ring to reach a more
steady structure. Hence, the C—H bond of the alkynyl group
is much easier to be activated, and thus causing a facile

carboxylation reaction. However, it is expected that the
behavior of complex 2 towards substrates containing elec-
tron-withdrawing groups (e.g. R=para-NO,, NC, CHO-
Ph,) may not be so efficient for carboxylation, since such
groups lower the electron density on the Pi-bonds of the
alkyne, producing a weaker NHC-M-acetylide bond. Such
trend was already experimentally observed by Zhang [37].

In entry 3 and 4, diynes were selected as substrates on
account of the hypothesis that a dicarboxylic acid may be
obtained. But unexpectedly, according NMR spectra of the
products (Supporting Information), diynes were not fully
carboxylated since complex 2 could only catalyze the con-
version of the dyines into mono propiolic acids instead of
the double carboxylated analogs even when increasing the
amount of base up to ten equivalents. Unfortunately, a rea-
son for this unexpected behavior remains unknown.

3.4 Mechanism of Catalyzed Carboxylation
of Terminal Alkynes Using Bis-(NHC)-M (M=Cu,
Ag)

There was no experimental approach to determine what the
real active species is, however, with DFT calculations on
bis-(NHC)-complexes, we could not find any possible reac-
tion pathway for the CO,-addition due to the steric effects
of the ligands. Therefore, bis-NHC complexes were elimi-
nated as possible candidates to catalyze the CO, addition
and mono-NHC-complexes were used for further study [44,
54]. 'TH-NMR experiments made by Nolan et al. for bis-
(NHC)-Cu(I) complexes in Azide-Alkyne Cycloaddition
reactions further confirmed the existence of a mono-NHC-
complex as the real active species [54]. In order to obtain a
full mechanistic understanding of the catalyst, we decided
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Fig. 3 Calculated catalytic
mechanism of carboxylation
between phenyl acetylene and
CO,. Reaction free energy
barriers AG* and reaction free
energies AGy, are given in kJ/
mol at 298 K for catalyst 1 and
in brackets for catalyst 2. The
results were obtained at the
B3LYP/6-311g (3df,2p)-D3
level of theory

6.5
NHC +CO, T———> NHC-CO,

Fig. 4 Overview of difference (@) NHC-Cu
in TS geometry between cata- o
lyst 1 (NHC-Cu) and catalyst 2 \

(NHC-Ag)

to investigate the feasibility of the described reaction
mechanism with state of the art first principle calculations
assuming gas phase conditions (Fig. 3). More specifically,
the carboxylation of phenyl acetylene and CO, was stud-
ied for catalysts 1 and 2 (Fig. 1) employing the B3LYP/6-
311g(3df,2p) level of theory (see above for a detailed
description of the computational methodology, Sect. 2.3).
Note first that in the active mono-metal-NHC catalysts, we
considered Cs coordination to the —SO;™ group of the NHC
ligand (Fig. 4). Whenever an NHC-M-phenylacetylide is
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formed in the catalytic cycle, it can react with CO, to form
an NHC-M-3-phenylpropiolate. For conciseness, we pre-
sent the elimination of NHC-M-3-phenylpropiolate as well
as the creation of NHC-M-phenylacetylide as an equilib-
rium reaction from Cs-phenylacetylide, rather than showing
all separate steps (Fig. 4). The activation free energy for the
rate determining CO, addition step in the catalytic cycle is
about 6 kJ/mol higher for NHC-Cu (catalyst 1) with respect
to NHC-Ag (catalyst 2). A difference in 6 kJ/mol, should
be visible in an a least approximately ten times faster initial
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reaction rate, which compares favorably with the observed
activity difference between both catalysts (Fig. 2). The geo-
metric comparison between both transition states shows a
larger C—C coupling distance for NHC-Ag, which points
to a more early transition state. Moreover, for NHC-Ag the
Metal phenylacetylide distance is larger, which explains its
faster activation (or lower free energy barrier). For both
catalysts, the generation of the NHC-M-phenylacetylide
is modeled as an exergonic equilibrium step where Cs-
phenylacetylide and NHC-M-3-phenylpropiolate are con-
sumed and Cs-3-phenylpropiolate is produced. Remark
that this scheme represents just one possible reaction route.
Another route could be CO, addition via a CO,-carbene
adduct rather than a CO, molecule, as was also investigated
by Yang et al. [55]. However, this type of addition could
not compete with regular CO, addition and was therefore
omitted for further investigation (a comparison is shown in
Figure S.1, see supporting information). Other CO, addi-
tion routes have been postulated by Liu et al. for anionic Ag
complexes [56], yet the transition states found here, happen
in a similar fashion compared to the anionic complexes.

With a reaction free energy difference of only 6.5 kJ/
mol, CO, can be activated by a free NHC [37], forming a
NHC-CO, adduct, which can act as a temporarily CO, stor-
age in the solvent phase.

According to the experimental results, there is a strong
relationship between the acidity of the terminal alkyne
hydrogen and the total conversion to propionic acid, there-
fore, the driving force of the reaction must be the proton
withdrawal from the alkyne by the cesium carbonate and
concomitant formation of the cesium-acetylide intermedi-
ate (Fig. 4). This also explains why the use of Cs,CO; as a
stronger base gives better results than K,CO; (see Table 1).
With a modeled reaction free energy of 9.1 kJ/mol, the
formation of Cs-phenylacetylide from Cs,COscan indeed
be regarded as feasible. For completeness, free energy dif-
ferences and their respective enthalpy and entropy contri-
butions for all catalytic pathways in this paper are sum-
marized in Table S.2 (supplementary information). The
influence of the free NHC is supported by the works of
Zhang et al. where the application of a polymer supported-
free NHC mixed with metal-NHC complexes of Cu and Ag
(I) dramatically increased the yield of the carboxylation
reactions of a wide variety of substrates [38]. After the for-
mation of the NHC-M-3-phenylpropiolate, intermolecular
ion exchange to form the corresponding cesium phenyl-
propiolate takes place with the concomitant release of the
mono NHC-M species. Finally, this cesium phenylpropio-
late salt is converted to the acid after the addition of HCI.
A decrease in catalytic activity when a high CO, pressure
is applied (Table 1) might come from the high concentra-
tion of CO, in the reaction media, affecting the equilib-
rium between the bis- and mono-metal-(NHC) species, and

hence hindering the formation of the last species. This is
also an indication that there is no coordination of DMSO
with the Ag(I), which accounts for the catalytic activity
when Ag(l) salts are used, as was suggested by Goofen
[57].

4 Conclusion

In this report, we successfully applied a Cu(I) and a Ag(I)-
based sulfonated-bis(N-heterocyclic carbene) complexes in
the carboxylation reaction of a series of terminal alkynes
with carbon dioxide. The feasibility of the carboxylation
reaction and suitable reaction conditions for both com-
plexes were studied in depth. From this analysis, it turned
out that the Ag-bis(NHC) complex showed a higher con-
version at lower catalyst load than the Cu-based analog,
and that our optimal reaction conditions were attained
when using a dry DMSO solution of terminal alkyne and
CO, at 1 atm along with 1 mol% of bis-(NHC)-Ag cata-
lyst, using 1.2 eq of base Cs,CO; at room temperature.
These conditions can lead to yields higher than 90% within
16 h. Furthermore, the acidity of the proton at the terminal
alkyne mostly determined the yield of the carboxylation, as
indicated by the high yields obtained when using aromatic
alkynes as substrates, given by their higher acidity com-
pared to the rest of the substrates applied. Based on these
results, we computationally modeled a reaction mechanism
where the active site of the complex is on a metal-mono-
NHC species. The comparison of free energy barriers
quantitatively confirmed that the Mono-Ag-(NHC) is more
active than the Mono-Cu-(NHC), which is in good agree-
ment with the experiments and an extra validation of the
postulated reaction mechanism.
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