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Computational exploration of ligand effects in
copper-catalyzed boracarboxylation of styrene
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The critical ligand effects in copper-catalyzed boracarboxylation of styrene were investigated using density
functional theory (DFT) calculations. Based on the rate-determining CO, insertion step, the computations
reveal that the reactivity of the catalysts ligated by monophosphine ligands is controlled by the ligand's
electronic properties. This is consistent with the nature of nucleophilic attack on CO, by the benzylcopper
intermediate. In contrast, the NHC ligands exert significant steric effects on the reactivity. The ineffective-
ness of bidentate phosphine ligands originated from the large distortion of the catalyst and CO, that is
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1. Introduction

Olefin carboxylation with CO, can not only offer great oppor-
tunities for making value-added carboxylic acids," but also
motivate the interest in utilizing CO, as an appealing C1
building block in organic synthesis.>>* In this connection,
various transition metal-based catalytic systems have been de-
veloped for accessing the carboxylation of the unsaturated
carbon-carbon bond using CO,.>**® Recently, the Popp group
reported a copper-catalyzed boracarboxylation of styrenes with
CO, and szinz.37 As shown in Scheme 1, the addition of CO,
and the Bpin group into styrene delivers the boracarboxy-
lation product 2 with high regioselectivity (the minor regio-
isomer is not shown). The undesired borylation product 3
and protoboration product (not shown) can also be obtained
under the experimental conditions. The most remarkable fea-
ture of this reaction is the significant ligand effect on the re-
activity of boracarboxylation. Three types of ligands, mono-
dentate phosphine ligands (e.g., PPh;, PMePh,, PEt;, PCys),
N-heterocyclic carbene (NHC) ligands (e.g., SIPr, IPr, SIMes,
IMes, ICy) and bidentate phosphine ligands (BINAP, Me-BPE,
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caused by the sterically congested transition state of CO, insertion.

Xantphos), have been experimentally explored in this reac-
tion. Among these, PCy;, IMes and ICy supporting copper cat-
alysts are the most active ones (entries 4, 8, and 9). In con-
trast, other monophosphine and NHC ligands with different
P-bound substituents and N-bound substituents display rela-
tively low yields of the desired product 2 (entries 1-3, 5-7). In
addition, the bidentate phosphine-based catalysts show quite
low reactivities in this reaction (entries 10-12). The origin of
these striking ligand effects on reactivity is still unexplored
with computations.
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Scheme 1 Cu-catalyzed boracarboxylation of styrene. Experimental
conditions: styrene (0.25 mmol), THF (4 mLl), B,pin, (1.5 equiv.),
NaOtBu (3.0 equiv.), CuCl (12 mol%), phosphine ligand (13 mol%) or
(NHC)CuCl (12 mol%).
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Scheme 2 Proposed mechanism.

The general mechanism of this reaction is straightforward,
including the addition of LCu-B to styrene (I and II,
Scheme 2), CO, insertion into the Cu-C bond (III) and trans-
metalation with copper carboxylate (IV). The products 2 and
3 are generated from the competing pathways diverged at
benzylcopper intermediate I. Although previous studies have
gained useful insights into the reaction mechanism,**** the
origin of the ligand effect on the reactivity remains elusive
because earlier computational studies often employ small
model phosphine and NHC ligands, and do not have a sys-
tematic comparison among various different ligands. Herein,
we performed DFT calculations to identify how the ligand's
electronic and steric properties dominate the reactivity in this
copper-catalyzed boracarboxylation reaction.

2. Computational methods

All calculations were performed with Gaussian 09.** In geom-
etry optimizations, the B3LYP density functional and a mixed
basis set of SDD for Cu and 6-31G(d) for other atoms were
used. All minima have zero imaginary frequency and all tran-
sition states have only one imaginary frequency. Single-point
energies were calculated using the M06 functional**** and a
mixed basis set of SDD for Cu and 6-311+G(d,p) for other
atoms. Solvation energy corrections were calculated using the
SMD model.*® THF was used as solvent in the calculations.
The same level of theory was often used in recent computa-
tional studies of Cu-catalyzed reactions.””*° The natural
bond orbital (NBO) charge was calculated at the M06/SDD-6-
311+G(d,p) level in the THF solvent based on the geometry
optimized at the B3LYP/SDD-6-31G(d) level. The 3D struc-
tures of molecules were generated using CYLview.”"

3. Results and discussion

We first studied the mechanism of Cu-catalyzed boracarboxy-
lation of styrene using CO, and B,pin,. LCu-Bpin (4 in
Fig. 1), generated from the reaction of LCu-OtBu with B,pin,
(see Fig. S1 in the ESIT for details), is considered as the active
catalyst. The addition of 4 to styrene determines the regio-
selectivity of the reaction. The borocupration transition state
with Cu attacking the a-carbon of styrene (5-TS, AG* = 11.1
keal mol™) is significantly more favorable than that with Cu
attacking the B-carbon of styrene (7-TS, AG* = 22.1 keal
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Fig. 1 Energy profile of Cu-catalyzed boracarboxylation of styrene.
Energies are with respect to the separated LCu-Bpin and styrene.

mol ™). This is mostly due to the formation of a stable ben-
zylic copper intermediate (6) via 5-TS.*®

Two competing pathways, CO, insertion and -H elimina-
tion, are possible after the formation of intermediate 6. The
B-H elimination pathway is disfavored both kinetically and
thermodynamically (11-TS, AG¥¢_ 1115 = 26.2 keal mol ™). This
is in line with the quite low yield of the borylation product 3
when ICy is employed as the ligand (entry 9 in Scheme 1). In
contrast, the CO, insertion with a barrier of 20.1 kcal mol ™
(9-TS, with respect to 6) is an irreversible process. This repre-
sents the rate-determining step in the overall catalytic cycle.
The resulting copper carboxylate 10 can be transformed to
the major boracarboxylation product 2 via transmetalation
and acidification steps.

Based on the rate-determining CO, insertion, we then in-
vestigated the ligand effect on the reactivity. The computed
barriers of CO, insertion with different ligands are shown in
Table 1. Typically, the nucleophilicity of the negatively
charged oa-carbon in 6 is crucial for the reactivity of CO, in-
sertion.”® Thus, we calculated the NBO charges on the
o-carbon in 6 with different ligands (Table 1). As expected,
due to their stronger ability for electron donation, the NHC
and bidentate phosphine ligands furnish more negative
charges on the a-carbon. However, the trend of the barriers
of CO, insertion is not consistent with the change of the
nucleophilicity of the a-carbon. Although having a more
negative charge on the a-carbon, the benzylcopper intermedi-
ates with SIPr, IPr and bidentate phosphine ligands lead to
higher barriers than those of monophosphine-supported
benzylcopper with less negative charges (entries 5, 6, 10-12
vs. entries 1-4). We further plotted the relationship between
the barrier of CO, insertion and the charge of a-carbon with
monophosphine and NHC ligands (Fig. 2). The crossing

This journal is © The Royal Society of Chemistry 2017
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Table 1 Ligand effects on the reactivity of CO, insertion

Entry Ligand Barrier (AG¥, kcal mol ™) Charge (e) on o-carbon® v(CO)’ (em™) % Viur
1 PPh; 25.5 -0.626 2068.9 26.8

2 PMePh, 24.5 -0.629 2067.0 25.1

3 PEt; 23.8 —-0.635 2061.7 24.8

4 PCy; 20.7 -0.635 2056.4 29.0

5 SIPr 27.9 —-0.645 2051.5 36.1

6 IPr 26.8 —0.643 2050.5 31.6

7 SIMes 22.7 —-0.640 2051.2 32.5

8 IMes 22.7 —0.640 2050.5 31.5

9 ICy 20.1 -0.634 2049.7 26.0
10 BINAP 30.3 —-0.655 — —

11 Me-BPE 27.8 —0.649 — —

12 Xantphos 26.4 -0.655 — —

“ The a-carbon of styrene attached to Cu in 6 (Fig. 1). * The values taken from ref. 52 and 54.

trend indicates that the reactivity of CO, insertion is not only
affected by the nucleophilicity of the benzylcopper intermedi-
ate. The monophosphine ligand with stronger donicity leads
to a lower barrier (e.g., PCy3). On the contrary, the ICy ligand
with the lowest barrier affords the least negative charge com-
pared to other NHC ligands. Therefore, we hypothesize that
both the ligand's electronic and steric properties would influ-
ence the reactivity of nucleophilic attack on CO, by
benzylcopper intermediates.

To verify our hypothesis, we use Tolman's electronic pa-
rameter (TEP, v.,)’> and the buried volume parameter (%
Vour)™ to study the ligand's electronic and steric effects on
the reactivity, respectively. For the monodentate phosphine li-
gands, a good linear correlation between AG* and the li-
gand's TEP (v.,) was observed (R> = 0.92, Fig. 3). This indi-
cates that the reactivity of CO, insertion with the copper
catalyst ligated by monophosphine ligands (e.g, PPh;,
PMePh,, PEt; and PCy;) is controlled by the ligand's
electronic properties. In contrast, AG* poorly correlates with
the TEP of NHC ligands®* (see Fig. S2+ for details).

Next, we studied the effect of the ligand's steric properties
on the reactivity. Unfortunately, for both NHC ligands and
monophosphine ligands, we did not observe good correla-
tions between the AG* of CO, insertion and the % Vi, (R*=
0.67 for NHC ligands in Fig. 4; see the correlation with mono-
phosphine ligands in Fig. S3t). Nevertheless, the general
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Fig. 2 Relationship between the barrier of CO, insertion (AG?) and the
charges on the a-carbon atom.
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trend shown in Fig. 4 suggests that the reactivity is
suppressed by the bulkiness of NHC ligands. The ICy ligand
with the smallest % V;,,,, leads to the lowest barrier.

Because the buried volume parameter may oversimplify
the catalytic pocket formed by a given ligand,>® certain criti-
cal interactions between the catalyst and the substrate may
be overlooked. Thus, after finding a general trend of the li-
gand's steric effect on reactivity shown in Fig. 4, we further
compared the optimized geometries of CO, insertion transi-
tion states with SIPr, IPr, SIMes, IMes and ICy ligands (13-
TS-16-TS and 9-TS, Fig. 5a). Clearly, there are repulsive inter-
actions between CO, and the NHC ligand in these transition
states, as evidenced by the shortest O---H distance
(highlighted in red, Fig. 5a). Moreover, the O---H distances in
13-TS/14-TS, 15-TS/16-TS, and 9-TS are significantly different.
As can be seen in Fig. 5b, a very good linear correlation be-
tween the barrier of CO, insertion and the O---H distance be-
tween CO, and the NHC ligand was observed (R*> = 0.97). This
result indicates that the effect of NHC ligands on the reactiv-
ity is mostly derived from the steric repulsion between CO,
and the N-bound substituents. The relatively long O---H dis-
tance in 9-TS with the ICy ligand exerts small steric hin-
drance when incorporating CO,, thus leading to high reactiv-
ity (AG*s_.ors = 20.1 kcal mol™). In contrast, because the
ortho-substituent in the NHC ligand points towards CO, in
the geometries of transition states (13-TS-16-TS), bulkier

=S 30.0 ¢ monophosphine ligand
g R?=0.92
©
2250 PEt, PPh
% s PMePh,
~ ¢
5200 gy,
5]
m
15.0
2055 2060 2065 2070
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Fig. 3 Correlation between the barrier of CO, insertion (AG*) and the
Veo Of monophosphine ligands.
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Fig. 5 (a) Optimized geometries of the transition states of CO, insertion

with different NHC ligands. (b) Correlation between the barrier of CO,
insertion (AG*) and the shortest O---H distance between CO, and the ligand.

substituents lead to closer proximities to CO,, resulting in
more disfavored repulsions thus decreasing the reactivities
(ortho-isopropyl substituents in 13-TS/14-TS vs. ortho-methyl
substituents in 15-TS/16-TS).>
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Fig. 6 Computed distortion energies of the CO, fragment (shown in
blue) and the LCu-Bpin fragment (shown in orange) in the transition
states of CO, insertion.

Compared to the abovementioned monophosphine li-
gands and NHC ligands, the catalysts supported by the
bidentate phosphine ligands (e.g., BINAP, Me-BPE and
Xantphos) show extremely high barriers of CO, insertion, al-
though these ligands can dramatically enhance the nucleo-
philicity of the benzylcopper intermediate (entries 10-12 in
Table 1). This can be ascribed to the steric congestion around
the four-coordinated copper center in the CO, insertion tran-
sition states. To better understand the low reactivities with
bisphosphine ligands, we used the distortion/interaction
model®® to analyze the difference in reactivity of the catalysts
with PCy;, BINAP, Me-BPE and Xantphos ligands (Fig. 6). In
the distortion/interaction analysis, the geometry of the CO,
insertion transition state was dissected into two fragments,
CO, and LCu-Bpin. The distortion energies of each fragment
(AEgist(co,) and AEgigicu-p) from the transition states with
bisphosphine ligands are larger than those with PCys;, respec-
tively. The computed activation energies (AE) in the gas
phase are consistent with the total distortion energies
(AEgisqco,) * AEdgisqicus) among these four phosphine li-
gands. This result suggests that the CO, insertion is more
sensitive to the steric crowdedness of bidentate phosphine li-
gands than their electronic donicities.

Conclusions

In summary, we performed DFT calculations to investigate
the origin of ligand effects in the Cu-catalyzed boracarboxy-
lation of styrene in the presence of B,pin, and CO,. The com-
puted mechanism indicates that the CO, insertion is the
rate-determining step in the overall catalytic cycle. Although
the nucleophilic attack in the CO, insertion step is typically
favored by electron-rich benzylcopper intermediates, the com-
putations reveal that both the electronic and steric properties
of ligands can affect the reactivity. For monophosphine li-
gands, the electron donation ability of the ligand is the domi-
nant factor in promoting the reactivity. For NHC ligands and
bisphosphine ligands, the bulkiness of the ligand leads to
steric repulsions between the ligand and CO,, or increases
the total distortion of the catalyst and CO,. Both these effects
result in low reactivity of CO, insertion. These theoretical

This journal is © The Royal Society of Chemistry 2017
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insights into ligand effects may be useful for designing effi-
cient transition metal catalysts in CO, transformations.
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