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DFT calculations have been carried out to study the insertion reactions of alkenes into the Cu-B bond
in (NHC)Cu(boryl) complexes (NHC) N-heterocyclic carbene). The nature of the insertion reactions
and the relevant regiochemistry have been examined along withâ-hydride eliminations, which are followed
by reinsertion of the alkene into the Cu-H bond. Hyperconjugation (i.e.,π bonding) between the Cu-C
σ bond and the “empty” pz orbital on boron has been identified as the cause of the unexpectedly small
Cu-C-B angle found experimentally by X-ray diffraction inR-borylalkyl Cu(I) complexes.

Introduction

Transition metal boryl complexes1 play important roles in
catalyzed hydroboration, diboration, dehydrogenative borylation,
and other B-X addition reactions to unsaturated organics2-4

as well as the catalyzed borylation of C-H bonds in alkanes
and arenes.5,6 Insertion of alkenes into M-B bonds in boryl
complexes7 has been well established and is critical to a variety

of processes such as alkene diboration8 and other B-X additions
such as silylboration and stannylboration reactions9 as well as
the dehydrogenative borylation10 of alkenes to vinylboronate
esters, a process that involves alkene insertion into M-B
followed by â-hydride elimination.9f

Very recently, Sadighi and co-workers investigated the
insertion of styrenes into the Cu-B bond in an N-heterocyclic
carbene-ligated copper boryl complex,1.7d The styrene insertion
product,2, aâ-borylalkyl complex, was isolated and structurally
characterized by single-crystal X-ray diffraction. Experimentally,
it was also found that, on heating,2 undergoes aâ-hydride
elimination/reinsertion sequence to afford a rearrangedR-bo-
rylalkyl complex, 3 (Scheme 1). The crystal structure of3
showed a small Cu-C-B angle of 96.3(2)°. Such a small angle
around a formally sp3-hybridized carbon is quite unexpected.
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In this paper, we report the results of DFT calculations
providing the energetics related to the1 f 2 insertion reaction
and the2 f 3 rearrangement process shown in Scheme 1. This
study provides further insight into the nature of alkene insertions
into a Cu-B bond and allows us to understand the relative ease
of the insertion reaction versus the rearrangement process. We
then discuss the factors leading to the small Cu-C-B angle
observed in theR-borylalkyl complex,3.

Computational Details

Molecular geometries of the model complexes were optimized
without constraints via DFT calculations using the Becke 3LYP

(B3LYP)11 functional. Frequency calculations at the same level of
theory have also been performed to identify all the stationary points
as minima (zero imaginary frequencies) or transition states (one
imaginary frequency) and to provide free energies at 298.15 K,
which include entropic contributions by taking into account the
vibrational, rotational, and translational motions of the species under
consideration. Transition states were located using the Berny
algorithm. Intrinsic reaction coordinates (IRC)12 were calculated
for the transition states to confirm that such structures indeed
connect two relevant minima. The 6-311G** Pople basis set13 was
used for B, alkenic C atoms in the alkene substrates, and H involved
in â-elimination, while the 6-311G* Wachters-Hay basis set14 was
used for Cu. For all other atoms, the 6-31G basis set was used.15

To examine the basis set dependence, we also employed a larger
basis set to do single-point energy calculations for several selected
structures. In the large basis set, 6-311G** was used for B, alkenic
C atoms in the alkene substrates, and H involved inâ-elimination,
while the 6-311G* Wachters-Hay basis set was used for Cu and
6-31G* basis set for all other atoms. The results show that the basis
set dependence is insignificant. For example, using the smaller basis
set, the relative energies of1N1, TS1, 2A, and3A (Figure 1a) are
-13.0, 0.4,-26.5, and-31.1 kcal/mol, respectively. Using the
larger basis set, the relative energies are-14.1,-1.0,-29.4, and
-34.1 kcal/mol, respectively. We did not test the functional
dependence, as the functional used in the calculations reproduces
very well the X-ray crystal structures of complexes2 and3 (see
discussion in the main text). Molecular orbitals obtained from the
B3LYP calculations were plotted using the Molden 3.7 program
written by Schaftenaar.16 All of the DFT calculations were
performed with the Gaussian 03 package.17

Results and Discussion

Energetics of the Insertion (1f 2) and Rearrangement
(2 f 3) Processes.As mentioned in the Introduction, the
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insertion of styrene into the Cu-B bond in 1 gives 2, which
then undergoes a rearrangement to generate3, an isomer of2.
In order to investigate the energetics related to the insertion
and rearrangement processes, we carried out DFT calculations
using the model complex [(NHC)CuB(OR)2] {NHC ) 1,3-
dimethylimidazol-2-ylidine; B(OR)2 ) B(OCH2CH2O)} (1A),
in which the substituents at N in the NHC carbene ligand and
the methyl groups in the Bpin ligand were replaced by CH3

and H, respectively. Thus, 1,3-dimethylimidazol-2-ylidine was
used to model 1,3-bis(2′,6′-diisopropylphenyl)imidazol-2-ylidine
(IPr), while B(OCH2CH2O) was used to model Bpin.

Figure 1a shows the energy profile calculated for the insertion
and rearrangement processes. In the figure, the relative free
energies (kcal/mol) and relative electronic energies (kcal/mol,
in parentheses) are similar in the cases where the number of
reactant and product molecules is equal, i.e., in one-to-one or
two-to-two transformations, but differ significantly for one-to-
two or two-to-one transformations because of entropic contribu-

tions. In this paper, relative free energies are used to analyze
the reaction mechanism. For the energy profile shown in Figure
1a, a styrene substrate molecule initially coordinates to the
copper center forming a metal-η2-alkene intermediateIN1. From
IN1, the coordinated styrene undergoes a 2,1-insertion into the
Cu-B bond via transition stateTS1 to give theâ-borylalkyl
complex2A, a model for the insertion product2 obtained in
the experiment, with a barrier of 13.9 kcal/mol. Then2A
undergoes aâ-hydride elimination to give the copper hydride
intermediateIN2 with a barrier of 25.9 kcal/mol. FromIN2, a
reinsertion occurs to give3A, a model for3. From the energy
profile shown in Figure 1a, we can see that the styrene insertion
into the Cu-B bond is relatively more facile than the rear-
rangement process (2A f IN2 f 3A). In the rearrangement
process, once theâ-hydride elimination barrier is overcome,
the reinsertion has a barrier of only 12.3 kcal/mol to give the
more stableR-borylalkyl model complex,3A. Thus, the
theoretical results are consistent with the experimental observa-

Figure 1. (a) Energy profile calculated for the reaction of the model complex (NHC)Cu(boryl) (1A) with styrene. (b) Energy profile
calculated for 1,2-insertion of styrene into the Cu-B bond in the model complex (NHC)Cu(boryl) (1A). The calculated relative free energies
and electronic energies (in parentheses) are given in kcal/mol.
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tion that2 is a kinetic product, which can be further transformed
to the thermodynamically more stable product3 after heating.

The products2 and3, in which the Bpin and Ph groups are
on different carbons, show clearly the regioselectivity of the
styrene insertion; that is, the 2,1-insertion of styrene into the
Cu-B bond is preferred over the 1,2-insertion. To compare the
two different types of insertion, we also calculated the energy
profile for the 1,2-insertion shown in Figure 1b. The results
show that the 1,2-insertion is much less favored with a barrier
of 24.7 kcal/mol (Figure 1b), consistent with the experimental
observation that only the products having the Bpin and Ph
groups on different carbons were obtained.

The rearrangement process (2A f IN2 f 3A) has a barrier
of 25.9 kcal/mol (2A to TS2), which is slightly greater than
the barrier of the less favorable 1,2-insertion (24.7 kcal/mol).
One reviewer was therefore concerned that the 1,2-insertion may
be accessible. However, the 2,1-insertion leading to the forma-
tion of 2A is an irreversible process because the reverse process,
from 2A back to IN1 or 1A, has a barrier of 28.1 kcal/mol
(Figure 1a), which is greater than the barrier for the rearrange-
ment process from2A to IN2 and then3. In other words, the
insertion step determines the regioselectivity even though it is
not the rate-determining step. As the 2,1-insertion is an
irreversible process and is much more favorable when compared
with the 1,2-insertion, there is no chance for the 1,2-insertion
to occur in the reaction.

Nature of the Alkene Insertion. To probe the origins of the
regioselectivity, we analyzed the frontier molecular orbitals for
both the model complex1 and the substrate, styrene. Figure 2
shows the spatial plots and orbital energies of the relevant

frontier molecular orbitals. Alkene insertion into a Cu-B bond
involves formation of a new B-C bond and a new Cu-C bond
and cleavage of the alkeneπ bond and the Cu-B bond.
Therefore, the frontier molecular orbitals that are important in
the insertion reaction are the Cu-B σ andσ* molecular orbitals
of 1 and theπ andπ* molecular orbitals of the alkene substrate.
The Cu-B σ* molecular orbital lies very high in energy and is
not shown in Figure 2, while the Cu-B σ molecular orbital
corresponds to the HOMO. Due to the very high lying Cu-B
σ* orbital, better energy matching always exists between the
Cu-B σ molecular orbital, the HOMO of1, and the alkeneπ*
molecular orbital, the LUMO of the alkene substrate. Therefore,
a key factor that is expected to influence the regioselectivity of
the insertion reaction is the interaction between the filled Cu-B
σ molecular orbital and the alkeneπ* molecular orbital. One
can envisage that the direction of electron flow in the insertion
reaction is from the Cu-B σ bond to the alkene substrate. In
other words, the strong nucleophilicity of the Cu-B bond, which
was also emphasized in our studies of the insertion reaction of
CO2 into the Cu-B bond in (NHC)Cu-Bpin complexes,18 and
the electrophilicity of the alkene substrate should both be

(18) (a) Zhao, H.; Lin, Z.; Marder, T. B.J. Am. Chem. Soc. 2006, 128,
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D. S.; Tsui, E. Y.; Sadighi, J. P.J. Am. Chem. Soc.2006, 128, 11036. (d)
For a recent example of an especially nucleophilic lithium boryl complex,
see: Segawa, Y.; Yamashita, M.; Nozaki, K.Science2006, 314. 113. (e)
See also: Marder, T. B.Science2006, 314, 69. (f) For a study of the
exceptionaltrans-influence of boryl ligands, related to the electropositive
nature of boron and the resulting nucleophilicity of the M-B bond, see:
Zhu, J.; Lin, Z.; Marder, T. B.Inorg. Chem.2005, 44, 9384.

Figure 2. Frontier molecular orbitals calculated for the model complex (NHC)Cu(boryl) (1A), PhHCdCH2, (NC)HCdCH2, MeHCdCH2,
(NH2)HCdCH2, and (NMe2)HCdCH2. The orbital energies are given in eV.
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considered when we try to understand the theoretically calcu-
lated reaction barriers and the experimentally observed regi-
oselectivity.

The greater orbital percentage contribution of the CH2 carbon
versus the phenyl-substituted carbon in the LUMO (Figure 2)
of styrene explains the preference for 2,1-insertion over the
1,2-insertion. Theπ-electron-withdrawing phenyl substituent
shifts π-electron density from the CH2 carbon toward the
phenyl-substituted carbon, making the CH2 carbon more elec-
trophilic.

To support the notion that aπ-electron-withdrawing sub-
stituent favors 2,1-insertion, we also calculated the insertion
reaction of acrylonitrile with1. Indeed, the 2,1-insertion is
much more favored when compared with the 1,2-insertion
(Figure 3). The results are also consistent with the relative orbital
percentage contribution of the two alkenic carbons in the LUMO
of acrylonitrile (Figure 2). The 1,2- and 2,1-insertion barriers
of acrylonitrile are respectively much lower than the corre-
sponding insertion barriers of styrene. The lower-lying LUMO
of acrylonitrile versus styrene makes the acrylonitrile substrate
a better electrophile, reducing both the 1,2- and 2,1-insertion
barriers.

To gain further insight into the nature of the alkene insertion,
we also studied the insertions of other alkenes having electron-
donating substituents such as Me, NH2, and NMe2. The potential
energy profiles for the insertion reactions are shown in Figure
4. On the basis of the results we obtained for styrene and
acrylonitrile, two distinct observations can be made from Figure
4: (i) the insertion barriers calculated for the three substrates
are noticeably higher than those calculated for styrene and
acrylonitrile; and (ii) the barriers for the 2,1- and 1,2-insertions
of each of the three donor-containing substrates are comparable,
whereas styrene and acrylonitrile have significantly different

2,1- and 1,2-insertion barriers; the 2,1-insertion is clearly favored
for the acceptor-substituted alkenes.

The first observation can be easily understood. The discussion
above shows that the alkene insertion process involves nucleo-
philic attack of the boryl ligand on the coordinated alkene.
Electron-donating substitutents make the coordinated alkene
more electron-rich and are expected to retard the insertion
process. The second observation is quite unexpected. Since
electron-withdrawing substituents clearly favor the 2,1-insertion
over the 1,2-insertion (Figures 1 and 3), we would therefore
expect electron-donating substituents to reverse the preference.
The unexpected observation suggests that other factors
are also operative in addition to the electronic factor
discussed above. Consideration of steric effects can con-
veniently explain the calculational results. Electronically, electron-
donating substituents favor the 1,2-insertion because an
electron-donating substituent is able to shiftπ-electron
density toward the CH2 carbon, favoring the 1,2-insertion in
which the boryl ligand migrates to the CH(X) carbon (X: an
electron-donating substituent). The transition state for the 1,2-
insertion of a given substrate, H2CdCH(X), experiences greater
steric repulsion than that of the 2,1-insertion. In both the 1,2-
and 2,1-insertion transition states, the C- - -B distance is
much shorter than the Cu- - -C distance,Vide infra. Therefore,
the repulsive interaction between the substituent X and the
pinacolate group on the boryl ligand in the 1,2-insertion
transition state is much more significant than that between the
substituent X and the NHC ligand in the 2,1-insertion transition
state.

The arguments above indicate that for the insertion reaction
of H2CdCH(X) containing an electron-donating substituent (X)
the steric and electronic effects of X have opposite influences
on the insertion regiochemistry. For the insertion reaction of

Figure 3. Energy profiles calculated for 1,2- and 2,1-insertion of CH2CHCN with the model complex (NHC)Cu(boryl) (1A). The calculated
relative free energies and electronic energies (in parentheses) are given in kcal/mol.
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H2CdCH(X) containing an electron-withdrawing substituent
(X), both the steric and electronic effects of X favor the 2,1-
insertion over the 1,2-insertion, leading to the observation that
the 2,1-insertion is clearly favored for styrene as well as
acrylonitrile.

The relative barrier heights for the 2,1- and 1,2-insertions
shown in Figure 4 reflect how the steric effect counterbalances

the electronic effect for the three substrates containing an
electron-donating substituent. For propene,TS1Me andTS1Me′
have almost the same stability, suggesting that the steric and
electronic effects of Me are comparable. For vinylamine,TS1NH2

is slightly higher in energy thanTS1NH2′, suggesting that the
electronic effect of NH2 is greater than its steric effect. For
vinyldimethylamine,TS1NMe2 is lower in energy thanTS1NMe2′,

Figure 4. Energy profile calculated for 1,2- and 2,1-insertion of H2CdCHMe (a), H2CdCHNH2 (b), and H2CdCHNMe2 (c) into the
Cu-B bond in the model complex (NHC)Cu(boryl) (1A). The calculated relative free energies and electronic energies (in parentheses) are
given in kcal/mol.
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showing that, in this model system, the steric effect of the NMe2

group is greater than its electronic effect.
The relative stabilities of the 2,1-insertion and 2,1-insertion

products require some comments here. For both the styrene and
acrylonitrile substrates, the 1,2-insertion product (2A for styrene
or 2ACN for acrylonitrile) is noticeably more stable than the
1,2-insertion product (2A′ for styrene or2ACN′ for acrylonitrile)
(see Figures 1 and 3). For the alkyl products, theR carbon is
expected to be electron-rich because it is metal-bonded.

Therefore, electron-withdrawing substitutents (Ph or CN)
at the R carbon are expected to exert a stabilizing effect,
making the 2,1-insertion product more stable. Steric factors
should also favor the 2,1-insertion product because the sub-
stituent (Ph or CN) and the boryl group are on different carbons.
For each of the three donor-containing substrates (Figure 4),
the 1,2- and 2,1-insertion products have similar stabilities,
reflecting the balance of both the electronic and steric factors.
Electronically, an electron-donating substitutent prefers to be

Figure 5. Optimized structures with selected structural parameters (distances in Å and angles in deg) for the species shown in Figure 1a.
Selected calculated structural parameters for the model complexes2A and3A are compared to the experimental structural parameters (in
parentheses) of2 and3, respectively.
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at theâ carbon; however, this is sterically unfavorable because
both the substituent and the boryl group would be on the same
carbon.

Finally, it should be noted that the regioselectivity found here
is quite similar to those found in the insertion reactions of
alkenes with many neutral Pd(II) complexes.19 The similarity
suggests that in neutral Pd(II) complexes the regioselectivity
of insertion of an alkene substrate into a Pd(II)-R (R ) H,
alkyl, aryl) bond is also related to both the nucleophilicity of
the Pd(II)-R bonds and the steric effect of substituents on the
alkene. In addition, it is worth noting that in all cases metal-
catalyzed dehydrogenative borylation of styrene derivatives
gives ArC(R)dCHB(OR′)2 products arising from the regiose-
lective insertion of the alkene into the M-B bond followed by
â-hydride elimination.10

Understanding the Small Cu-C-B Angle in the R-Bo-
rylalkyl Complex 3. As mentioned in the Introduction, the
structure of theR-boryalkyl complex,3, determined by single-

crystal X-ray diffraction, shows that the Cu-C-B angle is
unexpectedly small (96.3(2)°).7d The calculated Cu-C-B angle
in the model complex3A is also small (93.1°) (Figure 5). The
long Cu- - -B distance (2.608(3) Å) and the trigonal geometry
about boron in the crystal structure do not suggest an attractive
Cu- - -B bonding interaction. The solution11B NMR spectrum
of the complex does not give any indication of such an attractive
interaction.7d

We first examined the HOMO calculated for the model
complex3A (Figure 6), which corresponds mainly to a filled
Cu-C (R-borylalkyl) σ-bonding orbital. The bonding charac-
teristics of the HOMO show that there also exists a slight
mixing of 2pπ orbitals from the two oxygen atoms as well as
the boron atom of the boryl group. The 2pπ orbitals from the
two oxygen atoms and the boron atom interact in aπ*-
antibonding fashion. The slight mixing of theπ* orbital from
the boryl group into the HOMO suggests a charge transfer
from the filled Cu-C (R-boroalkyl) σ bond to the “empty” pz
orbital on boron (i.e., theπ* orbital from the boryl group). The
charge transfer stabilizes the high-lying HOMO, which corre-
sponds to the Cu-C (R-borylalkyl) σ-bonding orbital. Clearly,
a small Cu-C-B angle, which enhances the orbital mixing,

(19) (a) Michalak, A.; Ziegler, T.Organometallics1999, 18, 3998. (b)
Michalak, A.; Ziegler, T.Organometallics2000, 19, 1850. (c) Deeth, R.
J.; Smith, A; Brown, J.J. Am. Chem. Soc. 2004, 126, 7144. (d) Cabri, W.;
Candiani, I.Acc. Chem. Res. 1995, 28, 2.

Figure 6. Calculated structural parameters (distances in Å and angles in deg) together with spatial plots of the HOMOs calculated for3A,
3B, 3C, 3D, and3E.
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maximizes the stabilizing effect. In essence, this reflects a small
degree of C-B π bonding (i.e., hyperconjugation) or, more
accurately, (Cu-C)-B π bonding, as the Cu-C σ-bonding
orbital is a much betterπ-donor than the lower lying oxygen p
orbitals.

To support the charge transfer (hyperconjugation) argument
above, we rotated the boronate plane in3A by 90° and
performed a partial geometry optimization by freezing the
relevant dihedral angle. The partially optimized structure is ca.
10 kcal/mol higher in energy than the fully optimized structure
3A. In the partially optimized structure, the Cu-C-B angle is
106.8°, which is not unusual, indicating that the hyperconju-
gation interaction is absent in the partially optimized structure.

To add further support to the charge transfer argument above,
we examined the model complex3B, in which the NHC ligand
is replaced with NH3. We expect a smaller charge transfer
because the Cu-C (R-borylalkyl) σ-bonding orbital is stabilized
due to the fact that NH3 exerts a weaker trans influence than
NHC. Indeed, the Cu-C-B angle calculated for3B is larger
than that calculated for3A, 96.6° versus 93.1° (Figure 6). The
HOMO calculated for3B lies lower in energy than that
calculated for 3A, -4.82 eV vs -4.62 eV. The Cu-C
(R-borylalkyl) σ bond calculated for3B is shorter than that
calculated for3A, 1.92 Å versus 1.95 Å. When the metal
fragment is replaced with a hydrogen atom (see3C in Figure
6), the calculated H-C-B angle in3C approaches the expected
tetrahedral angle because the HOMO is aπ* orbital of the
phenyl group instead. The B-C bond in3C is longer than those
in 3A and 3B because the charge transfer interaction, which
increases the C-B (π) bonding, no longer exists.

We also examined the model complex3D (Figure 6) in order
to see whether the lone pairs on the two nitrogen atoms of the
boryl group could turn off the function of the “empty” orbital
on the boron center and reduce the charge transfer because B-N
π-bonding interactions are expected to be much stronger than
B-O π-bonding interactions. To our surprise, the Cu-C-B
angle calculated for3D (92.9°) is almost the same as that
calculated for3A (93.1°) (Figure 6), suggesting that the (Cu-
C)-B π-interaction still dominates the bonding. Compared to
3E, in which the (NHC)Cu is replaced by H and thus the charge
transfer is not possible, model complex3D has longer B-N
bonds, supporting the suggestion that the B-N π-bonding
interactions in3D are not that significant. Similarly, the B-O
bond distances in3A,B are also noticeably longer than those in
3C. Comparing the structural parameters for3A (or 3) with those
for 2A (or 2), the B-O bond distances in3A (or 3) are also
systematically longer than those in2A (or 2) (Figure 5). In3A
(or 3), the charge transfer is possible. In2A (or 2), the charge
transfer is not possible because the Cu-C σ bond, which
corresponds to a high-lying occupied orbital, and the boryl group
are separated by a C-C σ bond (Figure 5).

The hyperconjugation interaction discussed above explains
well the small Cu-C-B angle observed in3. Interestingly, the
Cu-C(alkyl) bond in3 (or 3A) does not show an appreciable
lengthening because of the hyperconjugation interaction when
compared with the Cu-C(alkyl) bond in2 (or 2A) (Figure 5).
An explanation for this is that there is Cu-C(alkyl) bond
hyperconjugation in2A as well with the C1-bonded phenylπ*
orbitals. The C1-C(phenyl) bond distance in2 or 2A is found
to be shorter than that in3 or 3A.

Conclusions

The insertion reactions of alkenes into Cu-B bonds in
copper(I) boryl complexes have been investigated by DFT
calculations. The computational results support the notion that
insertion of an alkene substrate molecule into a Cu-B bond
involves nucleophilic attack of the boryl ligand on the coordi-
nated alkene. Therefore, alkenes bearing an electron-withdraw-
ing substituent have smaller insertion barriers than those bearing
an electron-donating substituent. The nucleophilicity of boryl
ligands (the electron-richness of metal-boryl bonds) also
influences the regiochemistry of the insertion reactions. For
alkenes bearing an electron-withdrawing substituent, 2,1-inser-
tion, i.e., migration of the boryl ligand to the unsubstituted
carbon, is preferred over 1,2-insertion. However, the factors
governing the insertion regioselectivity are more complicated
for alkenes bearing an electron-donating substituent, as elec-
tronic and steric effects of an electron-donating substituent have
opposing influence, and 2,1- and 1,2-insertions have comparable
transition state energies.

Similar to a Cu-B(boryl) bond, a Cu-C(alkyl) bond is also
very electron-rich. When there is a boryl substituent at the metal-
bonded carbon, the electron-rich Cu-C bond can interact with
the “empty” p orbital on boron, resulting inπ bonding between
the filled Cu-C (R-borylalkyl) σ bond and theπ* orbital of
the boryl group (the “empty” p orbital on boron). We expect
that similar bonding scenarios (hyperconjugation) should also
exist in other metal complexes containing an M-C-B linkage,
leading to small M-C-B angles.
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