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ABSTRACT: In transition metal-mediated carboxylation reactions, CO2 inserts into a
metal−nucleophile bond. At the carboxylation transition state (TS), CO2 may interact with
the metal (inner-sphere path) or may insert without being activated by the metal (outer-
sphere path). Currently, there is no consensus as to which path prevails. In order to
establish general predictions for the insertion of CO2 into metal−carbon bonds, we
computationally analyze a series of experimentally reported Cu, Rh, and Pd complexes. Our
focus is on carboxylation of aromatic substrates, including Csp

3 benzyl and Csp
2 aryl and

alkenyl nucleophiles. We observe clear trends, where the nature of the nucleophile
determines the preferred path: benzylic Csp

3 nucleophiles favor outer-sphere and Csp
2

systems favor inner-sphere CO2 insertion into the metal−carbon bond. An exception are Cu−benzyl bonds, where inner- and
outer-sphere CO2 insertions are found to be competitive, highlighting the need to include both paths in mechanistic studies and in
the rationalization of experimental results. For insertion into Pd−Csp

2 bonds, we find that the metal−CO2 interactions at the TS are
weak and may be beyond 3 Å for sterically congested ligands. Nonetheless, on the basis of a comparison to other TSs, we argue that
the CO2 insertion into Pd−Csp

2 bonds should be classified as inner-sphere.

■ INTRODUCTION

Carbon dioxide has the potential to become a versatile building
block in organic synthesis.1−6 Carboxylation of organic
molecules with CO2 can be catalyzed by transition metals,
with good yields for a wide variety of compounds.1,2,6 A
number of mechanistic studies have been performed on metal-
mediated C−CO2 bond formation,7−22 and on the basis of
these, the observed mechanisms can be divided into two
classes:23,24 those that involve metal−CO2 interactions at the
C−C bond formation transition state (TS, inner-sphere
pathways) and those that do not (outer-sphere pathways,
Figure 1).

Knowledge about the intimate behavior of CO2 during C−C
bond formation is of importance for at least two reasons. First,
as CO2 is an inert molecule, it may be expected that metal−
CO2 interactions at the TS are needed to polarize and activate
CO2.

25 The lack of such interactions would then render CO2
less active. Interestingly, for some CO2 hydrogenations, where
mechanistic studies predicted an outer-sphere path, it has been
shown that Lewis acid additives enhance the reaction rate,

possibly by binding and activating the free CO2 molecule.26

Insights into the intrinsic behavior of CO2 can thus help to
rationalize and predict the effect of additives. Second, in
carboxylations involving prochiral nucleophiles, the config-
uration of the generated chiral center may depend on the mode
of CO2 insertion. Once the diastereomeric metal−nucleophile
intermediate is formed, inner-sphere CO2 insertion would
retain a given configuration, whereas outer-sphere insertion
would prompt an inversion. It is relevant to note that there
have been relatively few asymmetric C−CO2 bond formations
reported,6,27−30 often with low to medium enantiomeric
excesses (ee’s). It is tempting to speculate that the low ee’s
in some cases may originate from the inability to restrict the
CO2 molecule to one of the two possible insertion paths. An
understanding of how CO2 behaves could support the design
of systems that clearly favor one insertion mode, resulting in
better enantioselectivities.
To date, there is no clear consensus as to which pathway,

inner or outer, generally is preferred for C−CO2 bond
formation with late transition metals. For sp2 and benzylic
sp3 nucleophiles, various complexes based on e.g. Cu, Rh, or
Pd have been studied computationally, and it was concluded
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Figure 1. Mechanisms for C−CO2 bond formation.
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that these systems proceed via inner-sphere CO2 inser-
tion,21,23,31−37 but alternative outer-sphere paths were not
always tested. Actually, for Rh−COD-catalyzed C−C bond
formation with benzylic substrates, we recently showed a
strong preference for outer-sphere insertion.7 A review on the
behavior of group 9 and 10 metals in CO2 insertion reactions
with a variety of metal−X complexes (X = H, OR, NR2, CR3)
concluded that systems with low nucleophilicity, including
metal−alkyl nucleophiles, prefer outer-sphere paths.24 How-
ever, only few metal−alkyl examples following this trend were
identified, among them Ni and Pd complexes with allylic or
nonbenzylic Csp

3 nucleophiles.9−11 Unfortunately, for many
computational studies, it is unclear if both CO2 insertion
modes were evaluated. Further, it is uncertain if the often
encountered practice of truncating computational models may
have an effect on the mechanistic outcome.
In this work, the prerequisite of a metal−CO2 interaction for

C−CO2 bond formation is analyzed computationally for a
series of experimentally reported examples involving late
transition metals: Cu, Rh, and Pd. These metals represent
groups 9−11, and they were chosen due to their successful
performance in many C−CO2 bond formations.30,38−44 The
selected examples also represent a variety of well-known
ligands, with monodentate NHC, bidentate phosphine, or
tridentate pincer ligands. Our focus is on C−CO2 bond
formation with aromatic substrates, including Csp

3 benzyl and
Csp

2 aryl and alkenyl nucleophiles, with all calculations
performed on full molecular models.

■ COMPUTATIONAL DETAILS
Models. All calculations were carried out employing full molecular

models (Table S1), without truncations or symmetry constraints. A
closed-shell description of the electronic structure was employed for
all systems.
Computational Methods. Quantum mechanical calculations

were performed within the framework of density functional theory
(DFT)45 by employing Gaussian 09, Rev. D01.46 Unless specifically
indicated otherwise, the B3LYP47,48 functional and the Grimme
empirical dispersion correction D349,50 and the implicit IEFPCM51

solvent model were used for geometry optimizations to locate either
minima or first-order saddle points (transition states). The nature of
the stationary points encountered was characterized by means of
harmonic vibrational frequency analysis. All transition metals were
described with a Stuttgart/Dresden SDD basis set with the associated
pseudopotential,52,53 while the rest of the atoms were described with
6-31++G(d,p).54−58 This basis set combination is here referred to as
BS1.
Energies. Electronic single point energies were computed with

basis set BS2, comprising 6-311++G(2d,2p)57,59−61 (nonmetal
atoms) and SDD(f)62 (metal atoms). Temperature corrections
(Tcorr) were applied in order to match the experimental reaction
conditions. The final Gibbs free energies (1 atm standard state) are
computed as

= − + +G G E E TBS1 BS1 BS2 corr

Free energy barriers (ΔG⧧) for the CO2 insertion TSs are
calculated relative to a reactant state composed of the metal−alkyl and
free CO2.

For Rh−Csp
2 systems, a metal−(alkyl)(CO2) adduct was more

stable than the reactant with free CO2; in this case, barriers are
calculated with respect to the adduct.

■ RESULTS AND DISCUSSION
From the literature, we selected Cu, Rh, and Pd complexes that
were reported to promote CO2 insertion into metal−Csp

3 or
−Csp

2 bonds. In order to be able to isolate the effect of the
carbon nucleophile on the CO2 insertion path, complexes with
similar ligands were chosen for the two kinds of nucleophiles.
A compilation of studied reactions is given in the Table S1 in
the Supporting Information. The following discussion is
structured on the basis of the studied metal, with a subdivision
based on the type of nucleophile, benzyl or aryl/alkenyl.

Copper-Based Benzylic Csp
3 Nucleophiles. The cou-

pling of diborane compounds with CO2 in the presence of Cu
can lead to selective boracarboxylation of alkynes,63 alkenes,38

and aldehydes.64 The group of Popp and co-workers followed
this strategy to functionalize vinylarenes employing NHCs as a
Cu ligand to obtain single constitutional isomers.38 The
proposed mechanism involves the formation of a borylcuprate
species that inserts the vinylarene into the Cu−B bond.65 This
step was proposed to be rate limiting and to determine the
regioselectivity of the following carboxylation of the formed
benzylic carbon.36,65 In experiments, the NHC ligands IPr and
IMes showed different performances, with observed yields of
the desired carboxylation product of 17% and 85%,
respectively.38 Analysis of the carboxylation barriers with
various NHCs pointed to the conclusion that both the
electronic and steric natures of the NHC affect the
nucleophilicity of the alkyl.65 However, only inner-sphere
CO2 insertion was considered in the computational evalua-
tions.36,65

Here we studied the inner- and outer-sphere CO2 insertion
into the Cu−benzyl intermediate formed in the carboxylation
of styrene (Scheme 1).38 Our computations include three

different NHCs: the experimentally studied IPr and IMes
ligands38 and the N-methyl analogue IMe, which has a reduced
steric environment (Figures 2 and 3). The results show a
substantial preference (2.5 kcal/mol) for inner-sphere carbox-
ylation for the smallest IMe ligand, a weaker inner-sphere
preference (1.3 kcal/mol) for IMes, and a preference for outer-
sphere insertion (1.6 kcal/mol) for IPr, the largest ligand
(Figure 2). The three studied NHCs can be assumed to have
small differences in electron donation ability (with the order
IMe < IMes ≤ IPr),66 and therefore we suggest that the
differences in barriers and insertion paths mainly should be

Scheme 1. Computed CO2 Insertion Step in the Cu−NHC-
Catalyzed Boracarboxylation of Styrenea

aThe experimental reaction was originally reported in ref 38.
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ascribed to sterics. It can be noted that, as the NHC ligand is
enlarged, the barriers rise for both the inner- and the outer-
sphere CO2 insertions. The barrier increase caused by sterics is
larger for inner-sphere insertion, which intuitively makes sense,
eventually leading to preferred outer-sphere insertion.
In order to support the preference for outer-sphere CO2

insertion for large NHC ligands, we find it instructive to
discuss a related system. Recently, we investigated the Cu−IPr-
mediated carboxylation of organoboranes,67 a reaction
originally reported by Skrydstrup, Nielsen, and co-workers.39

This transformation involves a Cu−benzyl species, which
inserts CO2 (reaction 2 in Table S1 and Figure S1). In our
earlier study, a full molecular model was evaluated with DFT
(ωB97XD) and DLPNO-CCSD(T), including solvent and
temperature (393 K) corrections. Both levels of theory favored
an outer-sphere path, by respectively 1.8 and 0.3 kcal/mol.
Here, we have repeated these calculations with the B3LYP-D3
protocol and again find a small preference for outer-sphere CO2
insertion by 1.0 kcal/mol (393 K). The results obtained for
CO2 insertion into Cu−benzyl bonds are thus consistent
across different computational models and methods.
The small differences in barrier for inner-sphere versus outer-

sphere CO2 insertion for NHC−copper−benzyl species
indicate that both pathways are competitive in experiments.
This leads to two important conclusions. First, for Cu−NHC
complexes, both inner- and outer-sphere CO2 insertion should
always be evaluated in mechanistic studies. Second, Cu−NHC
systems may not be promising for stereoselective carbox-
ylations, because the competing inner- and outer-sphere TSs
would provide opposite configurations. For example, the Cu−
NHC-catalyzed bora- and hydrocarboxylations both form
products with chiral centers (Scheme 1 and Table S1, reaction
2), making development of an asymmetric version of these
reactions desirable.38,39 However, even if a chiral NHC ligand
may strongly favor one of the two diastereomeric Cu−benzyl
intermediates, the subsequent CO2 insertion would give low

ee’s, if both inner- and outer-sphere insertion takes place. For
example, the barrier difference of 1.0 kcal/mol computed for
reaction 2 (Table S1) would imply an ee of only 56% (393
K).68

Copper-Based Alkenyl and Aryl Csp
2 Nucleophiles.

Cu−NHC-catalyzed hydrocarboxylation of alkynes to α,β-
unsaturated carboxylic acids employing hydrosilane as a mild
reducing agent was developed by Tsuji and co-workers
(Scheme 2).40 The authors reported that symmetric bis-

substituted acetylene derivatives afford the corresponding E
isomers of the carboxylic acid. A proposed mechanism was
analyzed computationally by means of DFT, employing a
truncated catalyst.34 The four computationally studied
substrates all displayed the same regioselectivity, which was
stated to be determined after the insertion of the alkyne
substrate into the Cu−hydride bond of the active catalyst.34

For the subsequent C−CO2 bond formation, an inner-sphere
path was reported.
We studied the carboxylation of the Cu−alkenyl inter-

mediate computationally and succeeded in optimizing both the
inner- and outer-sphere TSs with a full model, using Cl2IPr as
ligand and an alkenyl derived from 1-phenyl-1-propyne (Figure
4).69 The angle of the CO2 molecule at the outer-sphere

(167°) and inner-sphere (144.5°) TS indicates that CO2 is
experiencing considerably more activation in the latter. The
computed outer-sphere barrier of 43.0 kcal/mol is impossible
to overcome at a reaction temperature of 70 °C, whereas 16.9
kcal/mol for the inner-sphere insertion should be very feasible
(up to 29 kcal/mol may be considered viable70). It can be
noted that the carboxylation barrier does not necessarily
represent the overall reaction barrier, as other steps may be
rate limiting. However, here we are concerned only with the
preferred CO2 insertion mode, and the results clearly show

Figure 2. Computed barriers (kcal/mol, 298 K) for carboxylation of
NHC−Cu−benzyl complexes.

Figure 3. Optimized TSs for inner- (left) and outer-sphere (right)
carboxylations of a benzylic intermediate in the Cu−IMes-catalyzed
boracarboxylation (THF, 298 K). Distances are given in Å.

Scheme 2. Computed CO2 Insertion Step in the Cu-
Catalyzed Hydrocarboxylation of Alkynesa

aThe experimental reaction was originally reported in ref 40.

Figure 4. Optimized TS geometries for inner- (left) and outer-sphere
(right) CO2 insertion into a Cu−alkenyl intermediate (n-hexane, 343
K). Distances are given in Å.
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that, for this Cu−alkenyl species, the inner-sphere path is
favored by 26.1 kcal/mol over outer-sphere insertion.
A Cu−IPr complex was also used by Hou and co-workers in

the catalytic synthesis of arylcarboxylic acids from arylboronic
esters (Table S1, reaction 4).41 Also other organoboronic
esters such as vinylic moieties were converted into the
corresponding α,β-unsaturated acids. The mechanism was
studied computationally by Marder, Lin, and co-workers,32 and
an inner-sphere TS was reported for a catalyst model, wherein
the bulky IPr arms were replaced by Me groups. As shown
above (Figure 2), such a truncation may affect the steric
constraints and the preferred CO2 insertion path. Therefore,
we studied the full IPr ligand with two experimental substrates,
4-methoxyphenyl and 4-methoxystyrene (Table S1, reactions
4a,b, and Figure S2).41 As for the truncated catalyst model, our
computations on the full model provide the inner-sphere CO2
insertion path for both the aryl and the alkenyl Csp

2

nucleophiles, with identical barriers of 15.2 kcal/mol (343
K). All attempts to obtain outer-sphere TSs for these systems
failed. On the basis of the three examples discussed here, a
strong preference for inner-sphere CO2 insertion is apparent
for Cu−IPr-mediated carboxylations of Csp

2 nucleophiles,
which is in contrast to the dual pathways observed for benzylic
Csp

3 nucleophiles.
Rhodium-Based Benzyl Csp

3 Nucleophiles. Regioselec-
tive rhodium-catalyzed hydrocarboxylation of styrene deriva-
tives and α,β-unsaturated carbonyl compounds was described
by the group of Mikami.30 Use of 1,5-cyclooctadiene (COD)
as a ligand and ZnEt2 as an additive afforded α-aryl carboxylic
acids in good yields. Moreover, asymmetric induction was
successfully achieved in moderate yields with (S)-SEGPHOS
as a chiral ligand. The proposed catalytic cycle involves
transmetalation of an ethyl moiety from ZnEt2 to Rh, followed
by β-hydride elimination. Substrate insertion into the Rh−H
bond comprises the next step, and its subsequent coupling to
CO2 renders the carboxylated product (Scheme 3).

The Rh−COD-catalyzed hydrocarboxylation was recently
investigated by our group.7 Computational examination of
several substrates supported the proposed mechanism but
revealed a strong preference for outer-sphere CO2 insertion.
Here we analyzed if these findings also apply if COD is
exchanged with the diphosphine ligand (S)-SEGPHOS (Table
S1, reaction 5). Our results for the substrate methyl 2-
phenylacrylate support the preference for an outer-sphere CO2
insertion by a margin of 17.0 kcal/mol (ΔG⧧ = 15.6 for outer-
sphere vs 32.6 kcal/mol for inner-sphere insertion; Figure 5).
As observed in our previous study,7 the outer-sphere TS is
characterized by an unusual binding mode of the substrate
toward the metal center, with η6 coordination of the phenyl
ring (Figure 5, right). It can be noted that the shown outer-
sphere TS gives the S product, whereas the R conformer of the

outer-sphere TS is 1.2 kcal/mol higher in energy (Figure S3).
The barrier difference corresponds to a computed ee of 80% S
at 273 K for the studied methyl ester, which is in good
agreement with experiments on a related ethyl ester, affording
an ee of 60% S at 273 K.30 The agreement supports that the
outer-sphere TS proposed here is operative for Rh−
SEGPHOS-catalyzed carboxylations.
A relevant consideration for all outer-sphere TSs is whether

the CO2 molecule at the TS may be able to interact with
another component in the reaction mixture, for example a
Lewis acid additive.26 For the Rh−benzyl system, we have
previously shown that CO2 does not interact with the additive
ZnEt2.

7 Another possibility may be that CO2 at the TS
interacts with a second Rh complex. We have tested this here
for carboxylation of COD−Rh−benzyl. However, the inter-
action of CO2 with another Rh complex increases the insertion
barrier from 14.4 to 32.4 kcal/mol (273 K, PBE-D2; see the
Supporting Information for optimized coordinates and ref 7 for
the full computational protocol). This is in line with results
indicating that a bimetallic CO2 insertion mechanism is not
beneficial for sterically hindered metal complexes.71

Rhodium-Based Alkenyl and Aryl Csp
2 Nucleophiles.

Carboxylation of aryl- and alkenylboronic esters with Rh in the
presence of 1,3-bis(diphenylphosphino)propane (dppp) was
described by the group of Iwasawa.42 The proposed
carboxylation mechanism suggests that CO2 inserts into the
rhodium−nucleophile bond (Scheme 4). Kantchev, Qin, and
co-workers have studied this reaction using DFT.33 The results
support the suggested mechanism and predict that CO2 binds
to Rh prior to its insertion into the Rh−C bond. With dppp as
a ligand, the computed barrier for inner-sphere CO2 insertion
was 12.7 kcal/mol (333 K).

Scheme 3. Carboxylation Step in the Rh−(S)-SEGPHOS-
Catalyzed Hydrocarboxylation of Methyl 2-Phenylacrylatea

aThe experimental reaction was originally reported in ref 30.

Figure 5. Optimized TSs for inner- (left) and outer-sphere (right)
carboxylation of methyl 2-phenylacrylate with Rh−(S)-SEGPHOS
(273 K, DMF). Distances are given in Å.

Scheme 4. CO2 Insertion Step in the Rh−dppe-Catalyzed
Carboxylation of Arylboronic Estersa

aThe experimental reaction was originally reported in ref 42.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00090
Organometallics XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00090/suppl_file/om0c00090_si_002.xyz
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00090?fig=sch4&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00090?ref=pdf


We have here used 4-methoxyphenyl and 4-methoxystyrene
as aryl and alkenyl Csp

2 nucleophiles, respectively, to revisit the
carboxylation step (Table S1, reactions 6a,b). These substrates
were experimentally studied by Iwasawa and co-workers, with
respectively Rh−(dppp) and Rh−(p-MeO-dppp) as cata-
lysts.42 For both systems, our calculations support that CO2
coordinates to Rh in a η2(C,O) mode prior to insertion,
forming an energetically low lying adduct. The inner-sphere
barriers with respect to the adducts are 11.2 kcal/mol (4-
methoxyphenyl) and 13.3 kcal/mol (4-methoxystyrene, 333 K;
Figure S4). As for the Cu−Csp

2 systems above, attempts to
obtain outer-sphere TSs for these Rh complexes failed, possibly
due to geometric and orbital constraints that make an outer-
sphere insertion inaccessible for Csp

2 nucleophiles.
Palladium-Based Benzylic Csp

3 Nucleophiles. The
group of Iwasawa reported regioselective synthesis of α-
branched propionic acid derivatives via Pd−pincer(EtPGeP)-
catalyzed hydrocarboxylation of styrenes, using a formate salt
as both a reductant and a CO2 source.43 The proposed
mechanism suggests that the coordination of formate to the
palladium catalyst leads to decarboxylation and generation of a
hydride species. Insertion of the styrene into the Pd−H bond
produces a Pd−benzyl species, which can react with the
released CO2 to give a palladium−carboxylate complex
(Scheme 5).

A DFT study of the Pd-catalyzed carboxylation of
unsubstituted styrene has been reported.35 Inner-sphere CO2
insertion into the Pd−benzyl complex was suggested to be
rate-determining; however, an outer-sphere path was not
considered. Here, we performed a computational evaluation
of both the inner- and outer-sphere pathways for this reaction,
employing 3-chlorostyrene as substrate, which is experimen-
tally active, in contrast to unsubstituted styrene.43 First, we
tried to coordinate CO2 to the Pd complex. However, the
relative energy of the adduct is rather high, 38.6 kcal/mol
(Figure S5), indicating that CO2 coordination will not occur.
We then optimized the TSs for insertion of CO2 into the Pd−
benzyl bond. Interestingly, for our model, outer-sphere CO2
insertion is preferred by 7.2 kcal/mol (ΔG⧧ = 19.8 kcal/mol
for outer-sphere vs ΔG⧧ = 27.0 kcal/mol for inner-sphere, 373
K, Figure 6). The geometry around the Ge−Me moiety in the
preferred conformations of the two TSs is worth noting.
Whereas the outer-sphere insertion TS minimizes the steric
hindrance between Ge−Me and 3-chlorostyrene, the inner-
sphere TS reduces the repulsion between Ge−Me and CO2
(Figure 6). At the outer-sphere TS, the benzylic nucleophile
coordinates in an η2 mode to Pd, in contrast to the η1

interaction at the inner-sphere TS. Indeed, a pattern is seen

for all metal−benzyl complexes studied here, where outer-
sphere TSs show more interactions between the metal and
nucleophile (η2, η3, or η6 binding) in comparison to inner-
sphere TSs (η1 or η2, Figures 3, 5, and 6). The stronger
substrate coordination may be contributing to lower the energy
of the outer-sphere TS.
The combined results for the Pd−, Rh−, and Cu−benzyl

systems studied here indicate that outer-sphere CO2 insertion
in many cases may be preferred for metal−benzyl complexes
or, at minimum, may be competitive with inner-sphere
insertion. This conclusion is in contrast with previous studies
reporting inner-sphere CO2 insertion for Pd and Cu with
benzylic nucleophiles.35,36,65

Palladium-Based Alkenyl Csp
2 Nucleophiles. There

appear to be few reported carboxylations of Pd−alkenyl
systems; however, the group of Iwasawa has reported one such
reaction, involving activation of a vinylic C−H bond of 2-
hydroxystyrenes (Table S1, reaction 8).44 The isolated X-ray
structure of a key Pd−alkenyl intermediate showed that two
substrates coordinate to the metal: one of them acts as a
neutral ligand, whereas the other has undergone C−H
activation to become an alkenyl (Figure 7). The OH groups

of both substrates are deprotonated and coordinated to Pd, as
well as to a Cs counterion present in solution. Here we studied
the carboxylation of the Pd−alkenyl complex formed from the
substrate that performed best in the reported experiments,
H2CCRR′, where R = 2-hydroxyphenyl and R′ = 4-
cyanophenyl.44 The computations (which were performed
without Cs present72) lead to the identification of a single TS,
with a barrier of 23.5 kcal/mol (Figure 7). Analysis of the
geometry revealed a Pd−CCO2

distance of 2.96 Å, which

appears significantly longer than the metal−CCO2
distances

found for other Csp
2 carboxylation TSs computed here (up to

Scheme 5. Carboxylation of a EtPGeP−Pd−Benzyl
Intermediate in the Hydrocarboxylation of a Substituted
Styrenea

aThe experimental reaction was originally reported in ref 43.

Figure 6. Optimized TSs for inner- (left) and outer-sphere (right)
carboxylation of 3-chlorostyrene with a EtPGeP−Pd complex (DMF,
373 K). Distances are given in Å.

Figure 7. (A) Reported X-ray structure of a Pd−alkenyl complex
formed from H2CCRR′, where R = 2-hydroxyphenyl and R′ =
phenyl.44 Cs is coordinated by diglyme solvent. (B) CO2 insertion TS
computed here for a related Pd−alkenyl species (see main text).
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2.20 Å for Rh−Csp
2 TSs and up to 2.70 Å for Cu−Csp

2 TSs,
Table S2).
In order to evaluate if the long metal−CCO2

distance is a
general feature of CO2 insertion into Pd−Csp

2 bonds, we
designed four virtual alkenyl systems on the basis of
experimentally known Pd−pincer complexes (for optimized
TS geometries see Figures S6−S9). In all cases, the alkenyl
nucleophile was derived from 1-phenyl-1-propyne, in analogy
to the Cu−Csp

2 system studied above (Scheme 2). The first
virtual Pd−Csp

2 complex is based on the experimentally known
EtPGeP ligand (used in the carboxylation of styrene
derivatives43), which also was employed in the Pd−Csp

3 case
above (Scheme 5). The Pd−CCO2

distance of 2.74 Å at the
carboxylation TS is the shortest computed here for a Pd−Csp

2

complex (Figure 8), which may be due to the flexible Et

substituents. The second virtual Pd−Csp
2 complex features the

experimentally known PhPSiP ligand, which has been used in
allene carboxylations.73 The congestion caused by the Ph
substituents repulses the approaching CO2, resulting in a
metal−CCO2

distance of 3.03 Å. The third virtual Pd−Csp
2

complex features the experimentally known tBuPCP ligand
(used in carboxylation of Pd−allyl and −methyl groups).10

The tBu substituents on this complex do not allow a close
approach of CO2, which results in a metal−CCO2

distance of
3.06 Å, the longest computed here (Figure 8). Out of curiosity,
we made a fourth complex, where the tBu groups were
truncated to methyl groups to reduce steric hindrance. In
comparison to tBuPCP, the metal−CCO2

distance for the MePCP
complex is shorter but remains as much as 2.82 Å (Figure 8).
We did not study an experimental Pd−aryl case here, such as

the seminal Pd-catalyzed carboxylation of aryl-bromides
reported by Martin and co-workers,74 due to the size and
complexity of the ligand that was used. However, for
comparison to the alkenyl case, we computationally studied a
tBuPCP−Pd−phenyl complex (Figure S10). The obtained
carboxylation TS shows a Pd−CCO2

distance of 2.97 Å, similar
to those for the Pd−alkenyl systems (Figure 8). However, the
computed barrier of 41.7 kcal/mol (298 K) indicates that this
complex may not be reactive, in line with results by Wendt and
co-workers.75

It can be concluded that the six optimized Pd−Csp
2 TSs

show similar geometric features: for example, OCO
angles of 143−149° and metal−CCO2

distances of 2.82−3.06 Å
(Table 1). However, a question is how these TSs should be
classified. Table 1 shows that there is relatively poor similarity
to outer-sphere TSs computed here but better similarity to
other inner-sphere TSs. We conclude that the Pd−Csp

2 TSs
may be classified as inner-sphere, despite the relatively long
metal−CCO2

distances. It needs to be kept in mind that all Pd−
Csp

2 complexes discussed here have fully saturated coordina-

tion spheres, with four ligands prior to insertion of CO2, which
may explain the low propensity of the metal to interact with
CO2. Therefore, the results for less coordinated Pd species may
differ. For example, in the reported geometry for a Pd-
catalyzed decarboxylation of aryls, the complex has three
ligands in addition to CO2, which allows for a smaller Pd−CCO2

distance (2.58 Å) and a pronounced Pd−OCO2
interaction

(2.05 Å),37 not observed in any of the Pd complexes studied
here.

■ CONCLUSIONS

The mechanistic details of transition metal-catalyzed C−CO2

bond formations were computationally examined for a series of
experimentally reported Cu, Rh, and Pd systems involving Csp

3

benzyl and Csp
2 alkenyl or aryl nucleophiles.

For benzylic Csp
3 nucleophiles, we show that the studied

Pd− and Rh−benzyl complexes strongly favor outer-sphere
CO2 insertion. The outer-sphere TSs reduce sterics between
CO2 and the metal ligands and allow for stronger coordination
of the benzylic substrates to the metal, which may contribute
to the observed preference for outer-sphere insertion. For four
studied Cu−benzyl complexes, our results indicate that large
NHC ligands promote a slight preference for outer-sphere
paths, but as the ligand is reduced, inner-sphere insertion
becomes equally accessible and eventually favored. Several
previous DFT studies reported only inner-sphere insertion for
carboxylation of Cu− and Pd−benzyl complexes,35,36,65 but
our study of these complexes shows that outer-sphere insertion
is equal or lower in barrier. These results highlight that outer-
sphere pathways need to be included in mechanistic studies of
metal−benzyl carboxylations.
For 11 experimental and virtual metal−Csp

2 complexes based
on Cu, Rh, and Pd, our results suggest that CO2 insertion
occurs via an inner-sphere pathway, which is in line with
previous computational results on Cu− and Rh−Csp

2

systems.21,32−34 For a series of Pd−alkenyl complexes, we
show that the CO2 insertion TSs feature rather weak Pd−CO2

interactions; however, these TSs should nonetheless be
classified as inner-sphere.
It has to be kept in mind that our conclusions may be valid

only for the studied complexes: e.g., Cu−NHCs, Rh−
diphosphine and Rh−dialkenes, and Pd−pincer and Pd−
alkoxide complexes. Further studies are needed to show if the
mechanistic trends observed here are universal for carbox-
ylation reactions involving late transition metals.

Figure 8. Pd−CO2 distances at the carboxylation TS of pincer Pd−
alkenyl complexes (for optimized geometries see Figures S6−S9).

Table 1. Range of Selected Geometric Parameters for Inner-
and Outer-Sphere CO2 Insertion TSs in Comparison to Pd−
Csp

2 Systems

OCO
(deg)

CCO2
−CNu−M
(deg)a

M−CCO2

(Å)a

outer-sphere TSsb 147−163 124−146 4.04−5.93
inner-sphere TSsc 138−152 51−82 2.16−2.76
Pd−Csp

2 TSsd 143−149 75−96 2.82−3.06
aM = metal. bBased on 8 outer-sphere TSs in Table S2, cBased on 11
inner-sphere TSs in Table S2, not including Pd−Csp

2. dBased on 6
Pd−Csp

2 TSs in Table S2.
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A.; Jonas, V.; Köhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
A Set of F-Polarization Functions for Pseudo-Potential Basis Sets of
the Transition Metals Sc-Cu, Y-Ag and La-Au. Chem. Phys. Lett. 1993,
208, 111−114.
(63) Zhang, L.; Cheng, J.; Carry, B.; Hou, Z. Catalytic
Boracarboxylation of Alkynes with Diborane and Carbon Dioxide
by an N-Heterocyclic Carbene Copper Catalyst. J. Am. Chem. Soc.
2012, 134, 14314−14317.
(64) Carry, B.; Zhang, L.; Nishiura, M.; Hou, Z. Synthesis of
Lithium Boracarbonate Ion Pairs by Copper-Catalyzed Multi-
Component Coupling of Carbon Dioxide, Diboron, and Aldehydes.
Angew. Chem., Int. Ed. 2016, 55, 6257−6260.
(65) Lv, X.; Wu, Y.-B.; Lu, G. Computational Exploration of Ligand
Effects in Copper-Catalyzed Boracarboxylation of Styrene with CO2.
Catal. Sci. Technol. 2017, 7, 5049−5054.
(66) Huynh, H. V. Electronic Properties of N-Heterocyclic Carbenes
and Their Experimental Determination. Chem. Rev. 2018, 118, 9457−
9492.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00090
Organometallics XXXX, XXX, XXX−XXX

H

https://dx.doi.org/10.1002/ejoc.201600338
https://dx.doi.org/10.1002/ejoc.201600338
https://dx.doi.org/10.1039/c1dt10771b
https://dx.doi.org/10.1039/c1dt10771b
https://dx.doi.org/10.1021/om901047e
https://dx.doi.org/10.1021/om901047e
https://dx.doi.org/10.1021/om901047e
https://dx.doi.org/10.1039/c4gc00243a
https://dx.doi.org/10.1039/c4gc00243a
https://dx.doi.org/10.1039/c4gc00243a
https://dx.doi.org/10.1016/j.jorganchem.2012.12.029
https://dx.doi.org/10.1016/j.jorganchem.2012.12.029
https://dx.doi.org/10.1016/j.jorganchem.2012.12.029
https://dx.doi.org/10.1016/j.jorganchem.2012.12.029
https://dx.doi.org/10.1039/C8CY00405F
https://dx.doi.org/10.1039/C8CY00405F
https://dx.doi.org/10.1039/C8CY00405F
https://dx.doi.org/10.1021/acs.organomet.8b00680
https://dx.doi.org/10.1021/acs.organomet.8b00680
https://dx.doi.org/10.1039/c0dt00491j
https://dx.doi.org/10.1039/c0dt00491j
https://dx.doi.org/10.1021/acs.orglett.6b03326
https://dx.doi.org/10.1021/acs.orglett.6b03326
https://dx.doi.org/10.1021/acscatal.6b03571
https://dx.doi.org/10.1021/acscatal.6b03571
https://dx.doi.org/10.1021/acscatal.6b03571
https://dx.doi.org/10.1002/anie.201006292
https://dx.doi.org/10.1002/anie.201006292
https://dx.doi.org/10.1002/anie.201006292
https://dx.doi.org/10.1002/anie.200801857
https://dx.doi.org/10.1002/anie.200801857
https://dx.doi.org/10.1002/anie.200801857
https://dx.doi.org/10.1021/ja061232m
https://dx.doi.org/10.1021/ja061232m
https://dx.doi.org/10.1021/ja061232m
https://dx.doi.org/10.1039/C7CC01377A
https://dx.doi.org/10.1039/C7CC01377A
https://dx.doi.org/10.1039/C7CC01377A
https://dx.doi.org/10.1021/ja405503y
https://dx.doi.org/10.1021/ja405503y
https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1002/jcc.21759
https://dx.doi.org/10.1002/jcc.21759
https://dx.doi.org/10.1063/1.3359469
https://dx.doi.org/10.1063/1.3359469
https://dx.doi.org/10.1063/1.452288
https://dx.doi.org/10.1063/1.452288
https://dx.doi.org/10.1007/BF01114537
https://dx.doi.org/10.1007/BF01114537
https://dx.doi.org/10.1063/1.1674902
https://dx.doi.org/10.1063/1.1674902
https://dx.doi.org/10.1063/1.1674902
https://dx.doi.org/10.1063/1.1677527
https://dx.doi.org/10.1063/1.1677527
https://dx.doi.org/10.1063/1.430801
https://dx.doi.org/10.1063/1.430801
https://dx.doi.org/10.1063/1.430801
https://dx.doi.org/10.1063/1.444267
https://dx.doi.org/10.1063/1.444267
https://dx.doi.org/10.1063/1.444267
https://dx.doi.org/10.1002/jcc.1058
https://dx.doi.org/10.1002/jcc.540080807
https://dx.doi.org/10.1002/jcc.540080807
https://dx.doi.org/10.1063/1.438955
https://dx.doi.org/10.1063/1.438955
https://dx.doi.org/10.1063/1.438955
https://dx.doi.org/10.1063/1.438980
https://dx.doi.org/10.1063/1.438980
https://dx.doi.org/10.1016/0009-2614(93)80086-5
https://dx.doi.org/10.1016/0009-2614(93)80086-5
https://dx.doi.org/10.1021/ja3063474
https://dx.doi.org/10.1021/ja3063474
https://dx.doi.org/10.1021/ja3063474
https://dx.doi.org/10.1002/anie.201602278
https://dx.doi.org/10.1002/anie.201602278
https://dx.doi.org/10.1002/anie.201602278
https://dx.doi.org/10.1039/C7CY01637A
https://dx.doi.org/10.1039/C7CY01637A
https://dx.doi.org/10.1021/acs.chemrev.8b00067
https://dx.doi.org/10.1021/acs.chemrev.8b00067
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00090?ref=pdf


(67) Obst, M. F.; Gevorgyan, A.; Bayer, A.; Hopmann, K. H.
Mechanistic Insights into Copper-Catalyzed Carboxylations. Organo-
metallics 2020, DOI: 10.1021/acs.organomet.9b00710.
(68) The ee estimate assumes that only one diastereomeric
intermediate is formed and that it will react via inner- and outer-
sphere CO2 insertion (giving opposite configurations) with an energy
difference of 1 kcal/mol between the two TSs. However, normally
two diastereomeric intermediates are formed in an asymmetric
reaction, and each one may react via both inner- and outer-sphere
carboxylation. Thus, the ee for chiral NHCs would be determined by
four TSs, not two. Here we have only computed achiral NHCs and
can thus only present an estimate based on two TSs.
(69) With Cl2IPr as ligand, this substrate provided a 75:25 mixture
of regioisomers in experiment,40 with the major regioisomer
exhibiting carboxylation at the phenyl-substituted carbon. The TSs
studied here correspond to formation of the major regioisomer.
(70) Ryu, H.; Park, J.; Kim, H. K.; Park, J. Y.; Kim, S.-T.; Baik, M.-H.
Pitfalls in Computational Modeling of Chemical Reactions and How
To Avoid Them. Organometallics 2018, 37, 3228−3239.
(71) Arayachukiat, S.; Yingcharoen, P.; Vummaleti, S. V. C.; Cavallo,
L.; Poater, A.; Elia, V. D. Cycloaddition of CO2 to Challenging N-
Tosyl Aziridines Using a Halogen-Free Niobium Complex: Catalytic
Activity and Mechanistic Insights. Mol. Catal. 2017, 443, 280−285.
(72) Geometry optimizations of a computational model involving Cs
and diglyme solvent coordinated to the alkoxide groups (as shown in
the X-ray structure, Figure 7) did not converge properly, and Cs and
diglyme therefore had to be removed from the model.
(73) Takaya, J.; Iwasawa, N. Hydrocarboxylation of Allenes with
CO2 Catalyzed by Silyl Pincer-Type Palladium Complex. J. Am. Chem.
Soc. 2008, 130, 15254−15255.
(74) Correa, A.; Martín, R. Palladium-catalyzed direct carboxylation
of aryl bromides with carbon dioxide. J. Am. Chem. Soc. 2009, 131,
15974−15975.
(75) Johansson, R.; Jarenmark, M.; Wendt, O. F. Insertion of
Carbon Dioxide into (PCP)PdII−Me Bonds. Organometallics 2005,
24, 4500−4502.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00090
Organometallics XXXX, XXX, XXX−XXX

I

https://dx.doi.org/10.1021/acs.organomet.9b00710
https://dx.doi.org/10.1021/acs.organomet.9b00710?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.8b00456
https://dx.doi.org/10.1021/acs.organomet.8b00456
https://dx.doi.org/10.1016/j.mcat.2017.10.023
https://dx.doi.org/10.1016/j.mcat.2017.10.023
https://dx.doi.org/10.1016/j.mcat.2017.10.023
https://dx.doi.org/10.1021/ja806677w
https://dx.doi.org/10.1021/ja806677w
https://dx.doi.org/10.1021/ja905264a
https://dx.doi.org/10.1021/ja905264a
https://dx.doi.org/10.1021/om0505561
https://dx.doi.org/10.1021/om0505561
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00090?ref=pdf

