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Abstract

The copper-NHC-catalyzed carboxylation of organoboranes with CO, was investigated using
computational and experimental methods. The DFT and DLPNO-CCSD(T) results indicate that non-
benzylic substrates are converted via an inner sphere carboxylation of an organocopper
intermediate, whereas benzylic substrates may simultaneously proceed along both inner and outer
sphere CO; insertion pathways. Interestingly, the computations predict that two conceptually
different carboxylation mechanisms are possible for benzylic organoboranes, one being copper-
catalyzed and one being mediated by the reaction additive CsF. Our experimental evaluation of the
computed reactions confirms that carboxylation of non-benzylic substrates requires copper-

catalysis, whereas benzylic substrates can be carboxylated with and without copper.

Introduction

Carbon dioxide has significant potential as a carbon source for chemical synthesis, because it is
plentiful, readily available, and cheap.?7 In this function, CO> could help replace fossil carbon
sources, such as crude oil or natural gas, thus reducing the dependency on these finite resources.
A challenge in this approach is the relatively high chemical inertness of CO,, resulting in the
necessity for catalysts or reactive co-substrates for many reactions involving CO>. Nevertheless,
CO;-based synthesis pathways for a variety of products have been developed, which can be
classified into three categories: i) reactions selectively reducing CO; to formic acid, CO, methanol,
or lower alkanes, ji) reactions fixating CO2 through carbon-carbon (C-C) bond formation to form e.g.
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carboxylic acids, and iii) reactions fixating CO; through carbon-heteroatom (C-X) bond formation,
leading to cyclic carbonates or carbamates.®8

A Cu(l)-based system able to fixate CO; through C-C bond formation was published
independently by Hou® and Sawamura®® in 2011, and improved upon by Skrydstrup, Nielsen, and
coworkers!! in 2017 (Scheme 1). The reaction protocol involves two steps: first, a hydroboration
with the 9-borabicyclo[3.3.1]nonane dimer (9-BBN), and second, a 1,10-phenanthrolineCu(l)- or
IPrCu(l)-catalyzed (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) carboxylation of the in
situ formed organoborane with CO; in the presence of a base. Skrydstrup and coworkers employed
the milder base CsF instead of the strong alkoxides used by Sawamura or Hou, expanding the scope
of substrates to cyclic olefins, stilbenes, B-substituted styrenes and terminal acetylenes.® !

Rv
Rl

1) (9-BBN),, Solvent R"
)\/R" . R
R 2) Cu, Ligand L, Base B,

CO,, X°C, Y h CO,H

Scheme 1. Cu-catalyzed carboxylations reported by Hou (X =70, Y = 24, Cu = CuCl, L=IPr, B= MeOLi, R" = H), Sawamura
(X=100, Y =12,Cu = CuOAgc, L = 1,10-phen, B = KO'Bu, R" = H), and Skrydstrup (X =120, Y =16, Cu=Cul, L= IPr,B =
CsF, R" = alkyl).>?

We here set out to investigate the mechanistic details of the Cu-NHC-catalyzed carboxylation of
in situ formed organoboranes.!! To achieve this goal, we employed computational methods,
namely Density Functional Theory (DFT) and Domain-based Local Pair Natural Orbital Coupled
Cluster (DLPNO-CCSD(T)). We were particularly interested to establish if the CO, molecule
experiences activation from the copper center during C-C bond formation (implying an inner sphere
mechanism), or if an outer sphere path with a free CO, molecule is preferred, as recently proposed
by us for Rh-catalyzed hydrocarboxylation.? Further, it can be noted that the Cu-catalyzed reaction
reported by Skrydstrup, Nielsen, and coworkers occurs in the presence of three equivalents of
CsF,'! and we thus paid particular attention to the role of CsF in the reaction mechanism, because
we recently showed that it may promote carboxylations.!® Different types of substrates were
investigated, involving both a benzylic and a non-benzylic organoborane, which here are shown to

have different mechanistic preferences. Our experiments support the computational predictions.



Computational details

Computational Model: All calculations were performed on the full molecular systems without any
truncations or symmetry constraints. The two in situ formed organoboranes sub1 and sub2 (Figure
1) derived from cyclohexene R1 and trans-B-methylstyrene R2, respectively, were used to
investigate the reaction mechanism. These substrates were chosen because they previously
showed high yields in experiments (subl: 94%, sub2: 89%)'! while having different electronic
properties. For steps where CsF enters or leaves, the reference structure for CsF was modelled as
a dimer, Cs;F,. However, as the exact nature of the CsF reference state under experimental
conditions (dioxane solvent, 120 °C) is not known, we also computed the oversll barriers with an

alternative tetrameric reference state (CsaF4) for comparison (Table S1, Scheme S1).
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Figure 1. The two investigated organoboranes sub1 (derived from cyclohexene R1) and sub2 (derived from trans-63-
methylstyrene R2) as well as the used NHC ligand IPr.

Computational Methods: Geometries were optimized using the long-range corrected wB97XD
functional.** This functional was chosen based on good results in recent benchmarks.>1¢ Additional
DFT calculations were performed using the PBE'”'8 and B3LYP'® functionals with the GD3BJ®
dispersion correction to assess the robustness of the computed results (details are given in the
Supporting Information, SI). The employed software was Gaussian16 B.01 for all DFT calculations.?!
For optimizations, the basis set BS1 was used, which consists of the SDD basis for Cu and Cs, as well
as the 6-31+G* basis for all other elements. DFT single-point (SP) energies were calculated at the
BS2 level, using the same DFT functional as used in optimizations. BS2 comprises the SDD basis for
Cu and the def2-TZVP basis for all other elements. Both BS1 and BS2 employed the SDD ECPs for
Cu and Cs. Solvation effects were included in optimizations and SP calculations through the use of
an IEFPCM model of 1,4-dioxane.

In order to obtain accurate electronic energies beyond DFT, we employed DLPNO-CCSD(T).?%23
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This method is reported to have a comparable accuracy to CCSD(T), while scaling considerably
better, allowing the treatment of large molecules with high accuracy.?*?® The DLPNO-CCSD(T) SP
energies were calculated using the wB97XD-based geometries obtained as described above. The
DLPNO-CCSD(T) method was used with the scalar-relativistic ZORA operator and basis set BS3,
consisting of the SARC-ZORA-TZVPP basis for Cs and the minimally augmented ma-ZORA-def2-
TZVPP basis for all other elements. These calculations were accelerated by using the RIJCOSX
approximation?’ employing the auxiliary basis sets def2-TZVP/C and SARC/J. The employed
software for these calculations was ORCA 4.1.2.% Final DLPNO-CCSD(T) standard state Gibbs free
energies (AGcesp(m) were obtained by applying the wB97XD-based thermal, entropic, and solvation
corrections at 393.15 K (120 °C) and the BS1 level to the SP DLPNO-CCSD(T) electronic energies.

Unless explicitly stated otherwise, the AGcespir) energies are used for the discussion.

AGcesp(m) = AG(wserxo,pcm,Bs1) — DE(wss7xo, vac,8s1) + AE(ccsp(m), vac, Bs3) (1)

Final DFT standard state Gibbs free energies were obtained similarly by applying the BS1 thermal

and entropic corrections (393.15 K) to the SP DFT energies calculated at the BS2 level:

AGprr = AG(ort,pem,Bs1) — DE(prt,pem,Bs1) + AE(DFT,PCM,BS2) (2)

All energies correspond to a 1 atm standard state.

Experimental Methods: Commercially available starting materials, reagents, catalysts and
anhydrous and degassed solvents were used without further purification. Thin layer
chromatography was carried out using Merck TLC Silica gel 60 Fys4 and visualized by short-
wavelength ultraviolet light or by treatment with potassium permanganate (KMnOQj) stain. *H, and
13C NMR spectra were recorded on a Bruker Avance 400 MHz at 20 °C. All *H NMR spectra are
reported in parts per million (ppm) downfield of TMS and were measured relative to the signals for
CHCl3 (7.26 ppm). All 13C NMR spectra were reported in ppm relative to residual CDCl; (77.20 ppm)
and were obtained with *H decoupling. Coupling constants, J, are reported in Hertz (Hz). High-

resolution mass spectra (HRMS) were recorded from methanol solutions on an LTQ Orbitrap XL



(Thermo Scientific) in negative electrospray ionization (ESI) mode. Melting points were measured
using Stuart SMP50 automatic melting point detector.

General procedure for Cu-catalyzed/Cu-free hydrocarboxylation. Inside a glove box, a 45 mL
pressure tube was charged with corresponding olefin (1.7 mmol), (9-BBN), (1 equiv.) and dry
dioxane (4 mL (Cu-catalyzed), 6mL (Cu-free)). The flask was closed with suitable cap, removed from
the glove box and heated to 65 °C for 16 h. Afterwards, the pressure tube was transferred back to
the glove box. To the reaction mixture at 20 °C was added CsF (3 equiv.) and, in case of Cu-catalyzed
reactions, a solution of catalyst (the mixture of Cul (5 mol%), IPrHCI (6 mol%) and NaOtBu (6 mol%)
in dry dioxane (3 mL) stirred at 20 °C for 30 min before use). The pressure tube was closed with the
cap and removed from the glove box. Afterwards, CO, (120 mL) was added via a syringe, followed
by stirring the reaction mixture at 120 °C for 16 h. Next, the reaction mixture was diluted with 30
mL Et,0 and transferred into a 500 mL separating funnel. The resulting mixture was extracted with
30 mL saturated basic (NaHCOs) solution (3 times). Resulting basic solution was washed with 15 mL
Et,0 (once), acidified (50-55 mL 6 M HCI) and extracted with 30 mL Et,0 (3 times). The resulting

solution of Et,0 was distilled to dryness to give the corresponding acid.

Results and Discussion

Cu(l)-catalyzed conversion of subl: We initiated our investigation of the copper-catalyzed
carboxylation of organoboranes from the mechanism proposed by Skrydstrup, Nielsen and co-
workers.!! Their schematic proposal suggests a transmetalation of I-Cu-IPr with CsF to form the
active species F-Cu-IPr, which reacts with the organoborane to give a Cu-alkyl intermediate,
followed by insertion of CO,. Our computational results indicate that such a mechanism is feasible
for the cyclohexene-derived organoborane subl, although our data suggests some modifications
to the original proposal, with the obtained mechanism shown in Scheme 2. We will refer to this

mechanism as A, with the computed Gibbs energy profile for sub1 shown in Figure 2.



The computed pathway A starts with a nucleophilic attack of the fluoride ion of the active species
(F-Cu-IPr) at the boron atom of the substrate. The corresponding transition state (TSi-2a) has a
barrier of 16.8 kcal/mol relative to 1 and is characterized by a partial transfer of the fluoride from
copper to boron. At the intermediate 2a, the fluoride is bridging between boron and the metal
center. The energy of this intermediate is 7.2 kcal/mol. In the following step, a concerted
rearrangement leads to the formation of the Cu-alkyl intermediate 3a, concomitant with release of
(9-BBN)-F. This step has a barrier of 22.8 kcal/mol and can be viewed as a transmetalation, with the
cyclic TS (TSz2a-3a, Figure 3) composed of copper, boron and the reactive carbon. When this TS is
reached, the fluoride is already fully transferred to boron. A separate TS for fluoride transfer could
not be identified. The formed Cu-alkyl intermediate 3a has a relative energy of 0.4 kcal/mol, making
it relatively stable. 3a can then insert a CO; molecule via TS3a.4a. Several TSs were identified for this
step, which can be classified as inner or outer sphere, depending on the presence of Cu-CO;
interactions at the transition state. With a computed barrier of 31.9 kcal/mol, the inner sphere TS
is clearly preferred for sub1, compared to the outer sphere TS with a barrier of 39.6 kcal/mol (Figure
4). The energies obtained with different DFT functionals (wB97XD, PBE-D3BJ, B3LYP-D3BJ) provide

the same clear preference for an inner sphere attack (SI, Table S2). This result is in line with the
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Figure 2. Computed Gibbs free energy profile (kcal/mol) of the Cu(l)-catalyzed path A for sub1 (red) and sub2 (blue).
B’ =9-BBN, L=IPr.

Figure 3. Optimized geometry of TSza.3a for sub1. Distances are in A. The NHC ligand (IPr) is transparent for clarity. Color
code: C = grey, H = white, N = blue, B = pink, F = green, O =red.

inner sphere mechanism predicted for carboxylation of non-benzylic Cs,® carbons with Rh
complexes,3%32 but it is in contrast to computational work on Ni- and Pd-mediated carboxylations,
supporting outer sphere pathways for non-benzylic Csp3 carbons.32-34 In our computations, the CO;
insertion step is rate-limiting. The formed intermediate 4a has a relative energy of -11.3 kcal/mol.
The final step of the catalytic cycle is the transmetalation of 4a with CsF to regenerate the active
species 1 and form the product 5 (relative energy of -15.0 kcal/mol). No TS for this transmetalation
could be located. The overall barrier of 31.9 kcal/mol for the Cu(l)-IPr-catalyzed carboxylation of
subl via Path A is feasible at the experimental temperature of 393 K (based on the discussion by

Baik and coworkers,3> a barrier of up to ~33.2 kcal/mol should be viable). It can be noted that path
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A for Cs> carboxylation of the non-benzylic organoborane subl is similar to the reported
mechanism for Cu-NHC-catalyzed Cs,? carboxylation of arylboronate esters,?® although the
involvement of CsF here, instead of KO'Bu, provides some differences with respect to the formed

intermediates and products.
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Figure 4. The optimized geometries of the inner and outer sphere TS for CO2 insertion (TSsa-4a) With the non-benzylic
substrate sub1l. Distances are in A. The NHC ligand is transparent for clarity. Color code as in Figure 3.

Cu(l)-catalyzed conversion of sub2: The computed steps for the Cu-IPr-catalyzed carboxylation of
the trans-B-methylstyrene-derived borane sub2 are essentially as for sub1, with the Gibbs free
energy profile shown in Fig. 2. However, there are two major differences: Firstly, for the CO;
insertion TS3a-4a (Fig. 5) the inner (27.2 kcal/mol) and outer sphere (26.9 kcal/mol) conformers are
very close in energy. This indicates that for benzylic carbons, a Cu-NHC-catalyzed carboxylation may
operate via both inner and outer sphere pathways. The DFT-based energies also support this
conclusion (SI, Table S2 and S3). It can be noted that a recent study on Cu-NHC-mediated
boracarboxylation of alkenes reported an inner sphere TS for carboxlation of a benzylic Cs?
carbon,?” however, it is unclear if the outer sphere path was evaluated. For Rh-mediated
carboxylations, we have earlier observed a very strong preference for outer sphere pathways for
benzylic substrates.’? Secondly, sub2 is featuring a different resting state than sub1, which is greatly
influencing the rate-limiting barrier. Our calculations predict that the complexation of sub2 with
the reaction additive CsF leads to an energetically low-lying species (2b), -9.3 kcal/mol below 1.
This raises the rate-limiting barrier for CO; insertion from 29.5 kcal/mol to 36.2 kcal/mol for sub2,

which appears slightly above a feasible barrier limit at the experimental temperature (~33.2
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kcal/mol, vide supra). It can be noted that the barrier of this step is dependent on which CsF
reference state is employed in calculations. If the reference state is CssFs4 instead of Cs;F, the
barrier for TS3a-4a is reduced from 36.2 to 33.5 kcal/mol (see SI, Table S1). Thus, there is an
uncertainty in the carboxylation barrier for sub2 with Mechanism A, which is further discussed
below (Table 1). For sub1l, a similar CsF-substrate adduct 2b can also be optimized (Figure 2), but it
is not lower in energy than 1, and therefore does not influence the rate-limiting barrier for sub1.
We proceeded to explore if a variant of pathway A, with a transmetalation of the alkyl to copper
occurring directly from the CsF-sub2 adduct 2b, may provide lower barriers. However, this pathway
showed unfeasible barriers of at least 47 kcal/mol for sub2 (SI, Table S4). The adduct 2b is thus not

expected to be reactive, and it needs to dissociate prior to Cu-catalyzed transmetallation of sub2.
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Figure 5. The optimized geometries for the inner- and outer sphere TS for CO; insertion (TSsa-sa) With the benzylic
substrate sub2. Distances are in A. The NHC ligand is transparent for clarity. Color code as in Figure 3.

CsF-mediated carboxylation: We recently showed that CsF can mediate the carboxylation of
benzylic boranes.'? As the reaction conditions (Scheme 1) of the copper-system involves addition
of three equivalents of CsF, we proceeded to explore if the additive could be the carboxylating
agent. Setting out from the low-lying 2b adduct, a possible carboxylation pathway involving a
organocaesium species 3b may exist, as shown in our previous work.? This pathway will be referred
to as path B and is shown in Scheme 3, while the corresponding computed Gibbs free energy profile
is shown in Figure 6. This pathway is of no importance for subl, for which we compute a rate-
limiting barrier of 53.3 kcal/mol (Fig. 6). However, for sub2 the rate-limiting barrier computed for

the Cs-mediated carboxylation path B is 37.0 kcal/mol (Fig. 6), indicating that it is equally likely to
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occur as the copper-catalyzed pathway A (36.2 kcal/mol, Fig. 2). It needs to be mentioned here that
the TS for the rate-limiting step of path B (TSzb-3b) shows only a small imaginary frequency of 16i to
35/ cm™ with the different DFT functionals, making both its optimization and its interpretation
challenging.3® However, a displacement of the TS geometry along the intrinsic reaction coordinate
(IRC) supports that TSap-3bindeed is linking 2b and 3b, implying that the small imaginary frequency

may be an inherent feature of this TS.
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Scheme 3. Our proposed mechanism for the CsF-mediated carboxylation of benzylic organoboranes.
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Figure 6. Computed Gibbs free energy profile (kcal/mol) of the CsF-mediated pathway B for the two substrates sub1
(red) and sub2 (blue). ® =9-BBN

Explicit solvation effect: All calculations presented above (Fig. 2 and 6) were performed with an
implicit IEFPCM model to obtain an approximate estimate of the effect of the solvent (1,4-dioxane)
on the reaction geometries and energies. This is a standard approach in computational chemistry,
however, it does not take into account the effect that explicit solvent may have. We here recom-
puted paths A and B with one explicit 1,4-dioxane molecule added as a ligand to the Cs containing
species (Fig. 7). For the different computational protocols, the computed barriers (S| Table S5 and

S6) are either identical or change by a maximum of 3 kcal/mol relative to the energies obtained
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with the implicit solvent model. In particular, we find that the involvement of explicit solvent does
not change the proposed mechanistic preferences of sub1 (preferably path A) or sub2 (path A and
B equally likely with DLPNO-CCSD(T)).

Figure 7. COz insertion TS (TSsb-5) for sub2 via path B in presence of a 1,4-dioxane molecule. Color code as in Fig. 3.

Discussion of the computed barriers: Table 1 shows the computed overall barriers at 323 K for the
Cu-catalyzed pathway A and the CsF-mediated pathway B for subl and sub2 obtained with
different levels of theory.

For subl, it can be seen that the different computational protocols predict barriers that vary by
up to 7.2 kcal/mol. However, all methods predict that the preferred pathway is A, which has a
feasible barrier close to the discussed threshold of 33.2 kcal/mol at 323K3° for all electronic
structure methods (DLPNO-CCSD(T), wB97XD, PBE-D3BJ, B3LYP-D3BJ) and molecular models
(with/without 1,4-dioxane) tested here. Instead, for path B, all methods and models predict a
barrier above 47 kcal/mol for sub1. This strongly indicates that Cu-catalysis via path A is viable for

subl, whereas a CsF-mediated path B is excluded.

Table 1. Computed overall standard state Gibbs free energy barriers (kcal/mol, 323 K) for the Cu-catalyzed pathway
A and CsF-mediated pathway B obtained at different levels of theory.

Substrate Method Solvation Model Path A Path B AAG(A-B)
sub1 DLPNO-CCSD(T) PCM 31.9 53.3 -21.4
sub1 DLPNO-CCSD(T) PCM+Explicit 31.9 47.7 -15.5
sub1 wB97XD PCM 33.6 53.9 -20.3
subl wB97XD PCM+Explicit 33.6 48.6 -15.0
subl PBE-GD3B)J PCM 26.4 49.6° -23.2
subl B3LYP-GD3BJ PCM 29.9 50.5° -20.6
sub2 DLPNO-CCSD(T) PCM 36.2 37.0 -0.8
sub2 DLPNO-CCSD(T) PCM+Explicit 39.2 38.6 0.6
sub2 wB97XD PCM 40.4 36.4 4.0
sub2 wB97XD PCM+Explicit 40.6 35.6 5.0
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sub2 PBE-GD3B)J PCM 25.6 29.6° -4.0
sub2 B3LYP-GD3BJ PCM 29.8 28.9° 0.9

agnergies based on SP calculations on the wB97XD structures (TSsp-5), as re-optimization at the given level was unsuccessful.

For sub2, the different protocols predict barriers that vary by up to 15 kcal/mol (Table 1). This
large variation cannot be explained definitely, but one possibility is that the stability of the
predicted resting state of sub2 (the low-lying CsF-substrate adduct 2b) may be described rather
differently by the different methods. This state is not involved in the reactivity of subl, where
smaller energetic variations between the computational protocols are observed. The results for
sub2 show a trend, where the computed barriers for both path A or B are consistently below 33
kcal/mol with B3LYP-D3BJ or PBE-D3BJ, but consistently above 33 kcal/mol with DLPNO-CCSD(T) or
wB97XD. Although the results indicate that both paths A and B may be equally likely to occur for
sub2, a clear conclusion regarding their feasibility cannot be made. An important point in this
analysis regards the expected accuracy of the computed values. Absolute barriers obtained with
DFT may have an error of more than 5 kcal/mol,?® and also for DLPNO-CCSD(T), a recent benchmark
showed an average deviation of more than 7 kcal/mol between experimental and computed
dissociation energies,? with the origin of the error being unknown. A conclusion on the feasibility
of path A and B for sub2 thus cannot be made from computations alone. We therefore proceeded

to perform experimental tests.

Experimental evaluation: A possible prediction derived from our computational work is that sub1
will only work under Cu-catalysis (path A), whereas sub2 may be converted with either Cu-catalysis
(path A) or via a CsF-mediated path (path B). We tested this hypothesis by redoing the experiment
in Scheme 1 with the two alkenes cyclohexene R1 (the precursor of organboborane subl) and
trans-B-methylstyrene R2 (the precursor of organboborane sub2), with or without Cu-IPr added to
the reaction mixture (Scheme 4). For cyclohexene, the reaction gives 0% vyield in the absence of
copper, but 73% vyield in the presence of copper. This is in excellent agreement with the computed
barriers, predicting that Cu-catalysis is essential for sub1 (Table 1). For this substrate, the results
for path A indicate that the CsF additive only seems to be important for the transmetalation step
allowing reformation of the active NHC-Cu-F species, but it should not be involved in the CO;
insertion.
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Cul (5 mol%),
IPrHCI (6 mol%),

V)
(1 equiv.) NaOtBu (6 mol%)

(9-BBN)2 CsF (3 equiv.), CO, CO,H
(A) % Dioxane, 65°C, 16h Dioxane, 120°C, 16h N
R1 P1 73%
(1 equiv.) .
(9-BBN)2 CsF (3 equiv.), CO, CO,H
(B) [ 7 Dioxane, 65°C, 16h  Dioxane, 120°C, 16h N
R cul (5 mol%), P1 0%
IPrHCI (6 mol%),
CO,H
(1 equiv.) NaOfBu (§ mol%) 2
N (9-BBN)2 CsF (3 equiv.), CO,
(c) O/\/ Dioxane, 65°C, 16h Dioxane, 120°C, 16h
R2 P2 84%
CO,H
(1 equiv.) )
AN (9-BBN)2 CsF (3 equiv.), CO,
®) Dioxane, 65°C, 16h Dioxane, 120°C, 16h
R2 P2 91%

Scheme 4. Experimental conditions and yield for Cu-catalyzed and CsF-mediated carboxylation of cyclohexene and
trans-B-methylstyrene.

In contrast, the sub2 precursor trans-B-methylstyrene is converted to the carboxylic acid with
and without copper added to the reaction mixture, providing 84% and 91% vyield, respectively
(Scheme 4). The higher yield in absence of copper may be attributed to a decarboxylation reaction
mediated by the copper complex.!®> The experimental results support the prediction that
conversion of sub2 can occur in absence of copper, indicating that path B may be operative. In
presence of both copper and CsF, it cannot be determined which pathway occurs for sub2, but on
basis of our computations indicating similar barriers for the copper-catalyzed path A and the CsF-

mediated path B (Table 1) we predict that both occur simultaneously.

Conclusions

We have investigated the Cu-NHC-catalyzed carboxylation of cyclohexene and trans-f3-
methylstyrene using DFT and DLPNO-CCSD(T). Several interesting conclusions can be drawn. Firstly,

a main conclusion is that non-benzylic organoboranes such as subl require copper for successful
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CO; insertion, whereas for the benzylic organoborane sub2, the copper-catalyzed reaction and the
CsF-mediated carboxylation path appear equally accessible. This behavior is consisted for different
computational protocols and models. Our experimental testing verified the need for copper for
subl, but showed good carboxylation of the benzylic carbon in sub2 in absence of copper.
Secondly, an analysis of the involved transition states shows that non-benzylic Cs,® substrates
prefer an inner sphere carboxylation (where CO; exhibits interactions with the metal center),
whereas the benzylic Csp3 species can proceed along both inner and outer sphere routes for CO>
insertion. A clear consensus regarding inner versus outer sphere mechanism for C-CO; bond
formation is currently not available from the literature. Both inner and outer have been predicted
for metal-coordinated Csp® carbons,230-3437 although sometimes only one alternative appears to
have been studied computationally. The intimate details of the CO; insertion step are of particular
interest for developing enantioselective carboxylations, where the inner and outer pathways would
give opposite configurations. Our conclusions that both CO; insertion modes may occur
simultaneously in Cu-NHC-based carboxylations of benzylic carbons indicate that attempts to
develop an asymmetric variant of this type of reactions are unlikely to succeed. More investigations
regarding the effect of the metal catalyst and substrate on the preferred CO; insertion mode are in

progress in our laboratory.

Supporting Information.
Cartesian coordinates in a format that allows visualization with e.g. Mercury (.xyz file). Additional
computational results, experimental procedures, data for compound characterisation and NMR

spectra (.pdf file). This material is available free of charge via the Internet at http://pubs.acs.org.
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