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ABSTRACT: The regioselectivities of N-heterocyclic carbene
(NHC) ligands in Ni-catalyzed alkyne—aldehyde reductive
coupling reactions with silane reducing agents are investigated
using density functional theory. Reversal of regioselectivity can
be achieved by varying the steric bulkiness of the ligand. The
steric influences of NHC ligands are highly anisotropic.
Regioselectivity is primarily controlled by the steric hindrance
at the region of the ligand close to the alkyne. Analysis of 2D
contour maps of the NHC ligands indicates that the regio-
selectivities are directly affected by the shape and orientation of
the N-substituents on the ligand.

he control of regiochemistry is a widespread challenge in

addition reactions to nonpolar 7T-systems such as alkenes,
alkynes, dienes, and allenes. Substrates that lack strong steric or
electronic biases typically undergo regiochemically unselective
additions, whereas regiocontrol with more biased substrates,
while sometimes selective, often cannot be reversed. Regiochem-
ical reversals are sometimes accomplished by employing sub-
strate direction strategies," by employing two fundamentally
distinct procedures,” or by altering the mechanism® or rate-
determining step® of the process. Recently, Montgomery and co-
workers reported that dramatic regiochemical reversals in a broad
range of aldehyde—alkyne reductive coupling processes were
possible by tuning the size of N-heterocyclic carbene (NHC)
ligands (Scheme 1).° Given uncertainties in the origin of this
effect, we have set out to determine if the regiochemical reversals
arise from steric effects in a common mechanistic pathway, or
from a fundamental change in the mechanism or rate-determin-
ing step of the additions.” Furthermore, elucidating the precise
nature of the requisite interactions will guide the design of more
effective catalysts and the identification of other reaction classes
that allow regiocontrol by NHC ligand variation.

A widely recognized model to describe the steric properties of
NHC ligands involves the “buried volume” (%Vy,,), defined as
the percentage of volume occupied by the ligand in the first
coordination sphere of the metal.® %Vi,,, is a measurement of
average bulkiness of the ligand. In contrast, regioselectivities are
often controlled by interactions between substrates and specific
regions of the ligand. Especially, factors such as the orientation
and conformation of the N-substituents (wingtips) on the NHC
ligands may be essential for regiochemical control,”'® while %
Viur is not sensitive to these effects.*
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Scheme 1. Ni-Catalyzed Reductive Couplings of Alkynes and
Aldehydes with N-Heterocyclic Carbene Ligands®
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We report the first theoretical study on the regioselectivities of
Ni-catalyzed reductive alkyne —aldehyde coupling reactions with
NHC ligands (Scheme 1). Density functional theory calculations
provide good agreement with experimental regioselectivities
across the range of ligands examined. We find that regioselec-
tivity is controlled by steric repulsion between the alkyne
substituents and the highly hindered NHC ligand in the oxidative
addition transition state (TS).'> The regioselectivities are di-
rectly affected by the shape and orientation of the N-substituents
on the NHC ligand, which we illustrate through the use of steric
contours of ligands.

The mechanism and regioselectivities of Ni-catalyzed alkyne—
aldehyde couplings using phosphine ligand and organoborane as
reductant were previously investigated.'® The regioselectivity of
couplings of alkynes without directing groups is controlled by
steric repulsions around the forming C—C bond in the oxidative
addition TS, leading to C—C bond formation at the less hindered
terminus of the alkyne. Similar to the reactions with phosphine
ligands, the rate- and regioselectivity-determining step, irrespective
of NHC size, is the oxidative addition of alkyne and aldehyde to
form a five-membered metallacycle intermediate."* In the oxidative
addition TS, the Nj, alkyne, aldehyde, and the carbene carbon atom
are all in the same plane. The imidazolylidene ring is perpendicular
to this plane. This conformation minimizes the steric repulsions of

Received:  March 4, 2011
Published: April 20, 2011

6956 dx.doi.org/10.1021/ja202007s | J. Am. Chem. Soc. 2011, 133, 6956-6959



Journal of the American Chemical Society

COMMUNICATION

Ma. )
proximal-TS% 3 i
AAGE=0.8 kealimol L #PF B

distal-TS9a

AAG* = 0.0 kealimol

distal-TS9d
AAGE = 1.6 kcalfmol

Figure 2. Oxidative addition transition states with ligand 5d.

the ligand with the substrates. Two different orientations are
possible for unsymmetrical alkynes in the oxidative addition TS,
leading to the two regioisomeric products (Figures 1 and 2). Here
we define the distal pathway as that in which the bulkier alkyne
substituent is distal to the forming C—C bond in the TS. The
proximal pathway has the bulkier alkyne substituent proximal to
the forming C—C bond. The regioselectivities of these coupling
reactions are determined by the energy differences between the
distal and proximal oxidative addition TSs.

The regioselectivities of the couplings of 2-hexyne and pro-
plonaldehyde with several NHC ligands were calculated in
Gaussian 09'° using two levels of theory: (a) geometry optimiza-
tions and frequency calculations using B3LYP'” with a mixed
basis set of LANL2DZ for Ni and 6-31G(d) for other atoms; and
(b) single-point calculatlons using the B3LYP optimized geo-
metry with the M06'® functional and a larger basis set of SDD for
Niand 6-3114+G(d,p) for other atoms. The predicted differences
in activation enthalpies and Gibbs free energies at 298 K between
distal and proximal pathways are shown in Table 1. Both B3LYP
and MOG6 calculations provide good agreement with the experi-
mental regioselectivities. In general, MO6 single-point calcula-
tions provide slightly superior results to B3LYP. B3LYP
predicted the wrong major regioisomers for reactions with
ligands Sb and 6a, while the MO06 results agree with the
experiment. The predicted ratios of the distal and proximal
products are calculated on the basis of the differences in free
energies from MO6 calculations. They agree very well with
experimental ratios for all ligands investigated.

The buried volumes of the ligands are also given in Table 1.!
Although there is a qualitative trend toward increasing preference
for 11 and larger %V, the correlation is not quantitative, and
there are many exceptions to the trend. For example, the
adamantyl-substituted ligand Sc has the second largest %V,

Table 1. Calculated Regioselectivities in Couplings of
2-Hexyne and Propionaldehyde

OSi(-Pr)
oY% n-Pr i\O -
W 3\ =
L Me
distal- TSQ 10

n-Pr o
N ke M, » )

Co,
g, 04» o 0 OSi(i-Pr)a
1 1
Me v’ _ . Me 0 —,
3£ L

L nPF Et | nPr Et i

proximal-TS9 11

B3LYP* M06" ratio
ligand® %Vio'S AAHT AAGT AAH® AAG" predicted” exptl’
s5a 30.5 04 0.5 0.5 0.8 7921  87:13
8 24.9 0.0 0.3 03 04 6436  86:14
sb 316 —03 —05 0.3 0.2 57:43  67:33
6a 327  —04 —05 0.1 02 59:41  61:39
Sc 36.1 —0.8 —0.6 —14 —1.2 11:89 44:56
sd 33.6 —19 —1.5 —0.9 —1.6 6:94 20:80
6b 357  —21 —34 —08 —19 4:96 7:93
7a 389  —27 —31 30 —34 1:99 6:94

“For structures of these ligands, see Scheme 1. * Zero-point energies,
thermal corrections, and entropies are calculated at the B3LYP/
LANL2DZ—6-31G(d) level. © Activation energy differences are defined
as (proximal — d:stal) Energies are in kcal/mol. Gibbs free energies are
calculated at 298 K. “Ratio of 10:11 calculated from MO06 Gibbs free
energies. “Heptanal is used in place of propionaldehyde in the experi-
ment. See ref 5. legand 7b (R’ =Ph) is used in place of 7a (R’ = Me) in
the experiment.

while its regioselectivity is low. The 2,6-diisopropylphenyl-
substituted NHC ligands 5d, 6b, 7a, and 7b are much more
selective for the proximal products, although their %V, values
are only slightly higher than those for other ligands that lead to
different regiochemical control. This type of deviation is not
unexpected, since %V}, describes only the average bulkiness of
the ligand, while the regioselectivity is mainly determined by the
steric hindrance in the region adjacent to the alkyne substituent.

The oxidative addition TS structures with ligands Sa and 5d
are shown in Figures 1 and 2, respectively. For the reactions
involving ligand Sa, few steric interactions between the ligand
and the alkyne substituents are observed. Due to the short C—C
distance in the TS (~1.70 A), strong steric repulsions are
expected around the forming C—C bond and thus dominate
the regioselectivity of the preferred distal products. When 2,6-
diisopropylphenyl-substituted NHC ligands such as 5d, 6b, and 7
are used, steric repulsions between the alkyne substituent and the
ligand become significant and reverse the regiochemical prefer-
ences of the coupling products. The bulkier substituents are now
oriented proximal to the forming C—C bond.

To better illustrate the steric repulsions at dlfferent regions of
the ligand, 2D contour maps along the z axis' of the van der
Waals surface of ligands Sa, Sc, and 5d are plotted in Figure 3%
The corresponding CPK model diagrams are also shown. The
ligand geometries are taken from a model TS structure of
couplings of acetylene and formaldehyde. In ligand 5d, the atoms
closest to the substrates and with the most steric hindrance
(labeled in red) are on the o-isopropyl substituents on the phenyl
group. This highly hindered region is very close to the distal
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Figure 3. CPK model and 2D contour maps of the van der Waals
surface of ligands 5a, Sc, and 5d. Distances are in A. Ni is located at the
origin of the coordinate system in the contour maps and is shown in
green in the CPK models. Contour line of zero is defined as in the same
plane of the Ni atom. Negative distance (red) indicates the ligand is
closer to substrate; positive distance (blue) indicates the ligand is farther
away from substrate. The position of the distal alkyne substituent is
marked with “X”. The regions of the ortho, meta, and para substituents

« » o« » « »

on ligand 5d are marked with “0”, “m”, and “p”, respectively.

alkyne substituent (labeled “X”).*' Similarly, the strong steric
control by o-isopropylphenyl-substituted ligands 6b, 7a, and
7b is also attributed to the bulky ortho substituents. In
contrast, meta and para groups on the ligand are quite far
away from the distal alkyne substituent and are expected
to have minimal impacts on regioselectivity. Although the
adamantyl-substituted ligand Sc is very bulky with a large %
Vbur the most hindered region is around the adamantyl group,
which is pointing away from the plane of alkyne and aldehyde
(Figure 3b). The steric repulsions in the region of the distal
alkyne substituent are only moderate. This explains the
moderate regioselectivities observed in the couplings with
ligand Sc. The conformation of the substituents on the ligand
is also important to maintain the steric control. The o-
isopropyl groups in ligand Sd fix the conformation of the N-
substituted aryl groups perpendicular to the imidazolylidene
ring and bring the isopropyl groups into close proximity with
the distal alkyne substituent. In contrast, in ligand Sa, the N-
substituted p-tolyl groups are tilted away from the distal
alkyne substituent, and no steric interactions are observed
with the alkyne substrate.

The proximal products are slightly more favorable for cou-
plings with saturated NHC ligands (6a, 6b) than those with the
unsaturated NHC ligands with the same R group (Sb, 5d,
respectively). This is attributed to the shorter distances between
Ni and the saturated NHC ligands, which lead to greater steric
bulk of the ligands. For example, the Ni—C_,pene distances in
distal-TS9 are 1.835 and 1.843 A for ligands 6b and 5d,

Table 2. Calculated Regioselectivities in Couplings of Var-
ious Alkynes and Aldehydes with Ligands 8, 5b, 6b, and 7a

Ni(COD),

OSi(i-Pr; OSi(i-Pr;
R, o oD (-Prs (Pr)y
. " A
R H” R A - RO "Ry + RO Ry
2 3 (i-Pr)3SiH R, R
12 13
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entry R, R, R, L=8 L=Sb L=6b L=7a

1 nPr  Me Me 6832  48:52 4:96 2:98
2 nPr  Me Et 6436 5743 4:96 1:99
3 nPr  Me Ph 8812  70:30 2:98 6:94
4 iPr Me DPh 982"  43:.57 5:95 2:98
S i-Pr H Et 99:1 95:5 26:74 5:95

“Product ratios are calculated from MO06 single-point energies with
B3LYP zero-point energies, entropies, and thermal corrections to Gibbs
free energies. "Entry 4 data for ligands 8 and 6b closely match
experimental data (97:3 and 10:90, respectively). For these data and
the closest comparisons for the other entries, see ref 5.

respectively. Substituents on the backbone (7a) also increase
the regioselectivity, leading to the proximal products.

The effects of substituents on alkynes and aldehydes were
also investigated (Table 2). Substituents on the aldehyde have
small effects on regioselectivities (entries 1—3). The back-
bone-substituted ligand 7a is predicted to give greater regios-
electivity of proximal products than ligand 6b for most
alkynes, especially for terminal alkynes (entry S). The non-
parallel orientation of the two N-aryl groups enforced by the
C2 structure of ligands 7a/7b puts the o-isopropyl substitu-
ents in the best position to differentiate between the substit-
uents of terminal alkynes.*”

In conclusion, the origin of regiochemical reversal in aldehyde—
alkyne reductive couplings using silane reducing agents and nickel—
NHC catalysts has been established by computational methods. The
control of regioselectivity by ligands derives from alkyne—ligand
interactions when large ligands are employed, and from
aldehyde—alkyne interactions when small ligands are em-
ployed, involving the rate-determining oxidative addition.
The regiochemical reversal is unique to NHC ligands in this
reaction class among the ligands studied to date. While %V},
serves as a useful guide for predicting ligand steric effects, this
study illustrates that regiochemistry predictions require an
understanding of the precise substrate positioning adjacent to
the non-uniform shape of NHC ligand. Steric contour maps of
ligands provide insights into the origins of the regiochemical
effects in these catalytic processes.
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B NOTE ADDED AFTER ASAP PUBLICATION

In the version published ASAP April 20, 2011, structure 11 in
Table 1 was incorrect. The corrected version was reposted
May 4, 2011.
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