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ABSTRACT: The mechanism and origins of selectivities in ': Lot - .
[Ni(NHC)]-catalyzed intramolecular (5 + 2) cycloadditions [ & ] p . P
and homo-ene reactions of vinylcyclopropanes (VCPs) and m-ﬂmw = =

alkynes have been studied using density functional theory. The

preferred mechanism involves oxidative alkyne—alkene cycliza- u —=. ﬁ«u — «:CC)

tion to form a metallacyclopentene intermediate, in contrast

to a cyclopropane cleavage pathway in the reaction with Rh(I) [ ‘CO] C@“ C@
catalysts. The selectivity between the (S + 2) and homo-ene ,__ i

products is determined in the subsequent competing reductive )

elimination and $-hydride elimination steps. Two similar-sized

N-heterocyclic carbene (NHC) ligands, SIPr and ItBu, yielded reversed product selectivity, favoring the (S + 2) and homo-ene
products respectively. This is attributed to the anisotropic steric environment of these NHC ligands, which positions the bulky
substituents on the ligand toward different directions and leads to distinct steric control in the reductive elimination and
P-hydride elimination transition states.

B INTRODUCTION Scheme 1. Postulated Mechanisms for Transition-Metal-

As the structural core in a large number of biologically important Catalyzed (5 + 2) Cycloadditions

natural products, functionalized seven-membered rings are =
targets for numerous synthetic studies. Among the current soes oM ""'" . sers A °C<\/\
methodologies, transition-metal-catalyzed (S + 2) cycloadditions cyc:opropane \ pride 8 12
of vinylcyclopropanes (VCPs) with 27 components such as o s i
alkynes, alkenes, and allenes provide a step-economical method /—/ L

RN

ology for the synthesis of functionalized cycloheptadlenes Since L,,

R
the first report using a Rh(I) catalyst by Wender et al,,” various oxidative rleduchve
cyclization i
transition metal catalysts including rhodium,? ruthemum,4 X i(? mnaten

nickel,® and iron® have shown promising catalytic activities in Step B Step D C.M._,,—’ °\/:©
this methodology. The (S + 2) reaction also led to the discovery
of (5 + 1), (5 + 2 + 1), and other cycloadditions employing °y°':f.'°".,“cd'°"e

vinylcyclopropane or its analogues as building blocks.”

In contrast to the vast aspects of experimental investigations
on this reaction, computational studies have only been focused
on Rh-catalyzed reactions to date.® The effects of metal catalysts
on the mechanism and selectivity are still not clear. Especially,
although all (S + 2) cycloadditions are likely to occur via a
metallacyclooctadiene intermediate (7, Scheme 1), the mecha-
nism leading to the formation of this intermediate may be
different when different metal catalysts are employed. Previous
computational studies indicated that the cycloadditions with Rh o i ‘ ) T
catalysts occur via cleavage of the cyclopropane to form the cycloadditions, nickel ShO.V\.IS strong ligand control in the selectivity
metallacyclohexene intermediate 5 followed by alkyne insertion of the (5 + 2) cycloaddition product (3) and a homo-ene pro-

to form intermediate 7 (Step A, Scheme 1). The alternative duct (2).” Using the SIPr (1,3-bis(2,6-diisopropylphenyl)-
imidazolidene) ligand, the selectivity between the cycloheptadiene

component at the initial step with different transition metal
catalysts not only directly relates to the mechanism in the (5 +2)
cycloadditions but also impacts the synthetic utility of VCPs in
other transition-metal-catalyzed reactions.

In addition to the uncertainty of the initial steps in the
mechanism, the metal catalysts may also affect the mechanism in
the subsequent steps after formation of the metallacycloocta-
diene intermediate. Unique among all metal catalysts for (5 +2)

mechanism involving oxidative cyclization of the alkyne and the
alkenyl group on a VCP to form the metallacyclopentene inter-
mediate 6 (Step B) is not favorable with Rh. Since vinyl- Received: October 5, 2012

cyclopropane is a widely used synthon, its behavior as a 2C or SC Published: December 31, 2012
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Scheme 2. Nickel-NHC Catalyzed Intramolecular (5 + 2) Cycloaddition and Homo-Ene Reaction of Alkyne and VCP
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product 3 and homo-ene product 2 depends upon the nature of
the terminal alkyne substituent. In contrast, the reaction with the
ItBu ligand gives only the homo-ene product 2 regardless of the
terminal alkyne substituent (Scheme 2). In addition, the tether
between the VCP and 27 component has no significant effect on
the selectivity."

Apparently, the selectivity between the cycloheptadiene and
the homo-ene products is controlled by the preference for the
P-hydride elimination and the reductive elimination pathways
after the formation of the metallacyclooctadiene intermediate.
Controlling the competition between reductive elimination and
p-hydride elimination to prevent side reactions'' and catalyst
decomposition'” is a persistent challenge in many transition-
metal-catalyzed C—C bond formation reactions. In order to
achieve better synthetic utility, great efforts have been made to
control these competitive steps by optimization of the substrate,"
the counterion,'* and especially the type and size of the ligand."®
Since SIPr and ItBu are both electron-rich NHC ligands, their
steric properties are most likely controlling the selectivity. Based
on the widely applied “buried volume” (%V},,) model,'® which
describes the average bulkiness of the ligand, ItBu (35.5%V,,)"*
and SIPr (35.7%Vy,,)"* have almost identical steric bulk. Why
do these two NHC ligands with similar steric and electronic
properties lead to reversed selectivity between f-hydride elimina-
tion and reductive elimination? Here we report DFT calculations
on the transition states of the competing pathways and analyze
the effects of the shape of NHC ligands, i.e. the orientation of the
bulky substituents, with the steric contour model. We'” and
Cavallo'® have employed the steric contour model to highlight the
importance of the anisotropic steric environment of NHC ligands
in determining regio- and stereoselectivities. In this report, we
present the first example that the shape and orientation of the
NHC ligand affect the mechanism and prevent pB-hydride
elimination from the metallacycle.

B COMPUTATIONAL DETAILS

Geometry optimizations, frequencies, and solvation energy calculations
were performed with the B3LYP functional implemented in Gaussian

' The Stuttgart/Dresden effective core potential (SDD) was used
for nickel. For all other atoms, the 6-31G(d) basis set was employed in
geometry optimizations and the 6-311+G(2d,p) basis set was employed
in single-point solvation energy calculations. All reported free energies
involve zero-point vibrational energy corrections, thermal corrections
to the Gibbs free energy at 298 K, DFT-D3 dispersion corrections,?
and solvation free energy corrections computed by single-point
CPCM calculations on gas-phase optimized geometries. Toluene was
used in the CPCM calculations for consistency with experiment. The
molecular cavities were built up using the United Atom Topological
Model (UAHF), and an extra sphere was added on the transferred
hydrogen of TS2S and TS29. Figures 2, 4, 6, and 7 were prepared using
CYLView.”!
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B RESULTS AND DISCUSSION

1. Mechanism of Formation of the Metallacycloocta-
diene Intermediate. The possible pathways of the trans-
formation of the substrate coordinated complex 10 to the
metallacyclooctadiene intermediate 14 are computed and
summarized in Figure 1. The structures of selected intermediates
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Figure 1. Gibbs free energies for [Ni(NHC)]-catalyzed cycloaddition
from substrate coordinated complex to metallacyclooctadiene inter-
mediate. The favored oxidative cyclization pathway is shown in blue,
while the black and red indicate the cyclopropane cleavage pathway with
alkyne coordination before (black) or after (red) VCP cleavage.
Energies are given in kcal/ mol.??

and transition states are shown in Figure 2. A model NHC ligand,
1,3-dimethylimidazolidine, was employed in the investigation of
mechanisms.

To form the metallacyclooctadiene intermediate, formation of
one C—C bond and two Ni—C bonds are the fundamental steps,
and the order of these steps determines whether the oxidative
cyclization mechanism via the metallacyclopentene intermediate
12 or the cyclopropane cleavage mechanism via the metal-
lacyclohexene intermediate 18 is involved.”® In the oxidative
cyclization mechanism (highlighted in blue in Figure 1), complex
10 initially undergoes C—C bond formation via transition state
TS11 (20.1 kcal/mol) to give the metallacyclopentene inter-
mediate 12 (8.6 kcal/mol). Subsequent cleavage of the cyclo-
propane is more facile with a 1.6 kcal/mol barrier to give the stable
metallacyclooctadiene intermediate 14 (—6.6 kcal/mol). On the
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Figure 2. Optimized structures and bond distances of selected inter-
mediates and transition states in Figure 1.

other hand, initial cleavage of the cyclopropane to give the
metallacyclohexene intermediate 18 (29.4 kcal/mol) is very
different. The cyclopropane cleavage can occur in two ways.”*
Figure 1 shows that whether the alkyne is coordinated to the metal
in the TS or not (TS20 and TS16, respectively), the reaction
requires a much higher barrier than the oxidative cyclization
(TS11). Although [Ni(NHC)] can promote the rearrangement of
vinylcyclopropane to cyclopentene via cyclopropane cleavage,™ it
is not likely to occur in this reaction. The main reason is the strong
intramolecular coordination with alkyne. The dissociation of
alkyne from the catalyst resting state 10 requires 24.1 kcal/mol.
This contributes to the high barrier of cyclopropane cleavage
transition state TS16. The cyclopropane cleavage transition state
involves coordination of the alkyne (TS20), requiring an even
higher activation energy than TS16. This is attributed to the
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formation of an unstable intermediate (18) in this pathway. Thus
the most preferred pathway in [Ni(NHC)] catalyzed (S + 2)
cycloadditions initiates via oxidative alkyne—alkene cyclization to
form the metallacyclopentene intermediate 12.>° This is contrast
to the Rh(I) catalyst from our previous theoretical studies.® In
[Rh(CO),Cl], catalyzed intermolecular (S + 2) cycloadditions of
VCP and acetylene, the cyclopropane cleavage pathway is
preferred by 7.8 kcal/mol.** This reversed preference arises from
two parts. First, the electron-rich NHC ligand stabilizes the
14-electron oxidative coupling transition state TS11 dramatically
with only a 20.1 kcal/mol barrier. In [Rh(CO),Cl],, this step
requires a barrier of 29.7 kcal/mol in the intermolecular reaction.
Also, the relative stability between intermediates 10 and 15 are
very different between nickel and rhodium complexes. From the
triangular geometry of 15, the rotation of cyclopropane will not
provide any favorable agostic interaction to replace alkyne
coordination as in the rhodium complex. Therefore, rhodium
and nickel have different preferences between metallacyclohexene
and metallacyclopentene pathways.

2. Mechanism of the Formation of (5 + 2) Cycloaddition
and Homo-Ene Products. From the metallacyclooctadiene
intermediate 14 (—6.6 kcal/mol with respect to the reactant
complex 10), there are two different pathways. First, direct
C—C reductive elimination could occur via transition state TS21
(7.9 kcal/mol), leading to the cycloheptadiene product 22
(—26.5 kecal/mol) (Figures 3 and 4). Then diene isomerization

L= N M a [

Figure 3. Gibbs free energies of the [Ni(NHC)]-catalyzed (S + 2)
cycloaddition and homo-ene reaction from the metallacyclooctadiene
intermediate 14. The (S +2) cycloaddition pathway is shown in black, and
the homo-ene pathway is shown in blue. Energies are given in kcal/mol.

occurs via transition state TS29 (—12.1 kcal/mol), generating an
allyl nickel(II) hydride intermediate 30 (—28.2 kcal/mol). From
30, reductive elimination occurs via TS31 (—19.2 kcal/mol),
leading to a more stable conjugated diene product complex
32 (—28.1 kcal/mol). The overall barrier for cycloheptadiene
generation is only 14.5 kcal/mol (14 to TS21). Alternatively,
p-hydride transfer could occur through TS23 (5.6 kcal/mol),
forming a tetracoordinated nickel(II) hydride complex 24
(—2.6 kcal/mol). This relatively unstable intermediate under-
goes C—H reductive elimination to form the triene product 26
(—26.8 kcal/mol) via transition state TS25 (2.7 kcal/mol).
A possible alkene insertion transition state TS27 (7.7 kcal/mol)
from 24 was also located, generating a nickel hydride complex 28.
In principle, 28 can further undergo C—H reductive elimination
and generate the intermediate 22 and eventually the seven-
membered ring product. Therefore, TS21 and TS27 are very
competitive with the model ligand and further calculations with
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Figure 4. Optimized structures and bond distances of selected inter-
mediates and transition states in Figure 3.

the experimental ligand SIPr were conducted to determine the
favored pathway for cycloheptadiene formation. TS21-SIPr is
4.6 kcal/mol more stable than TS27-SIPr, suggesting that
C—C reductive elimination and f-hydride elimination pathways
(TS21 and TS23) are the selectivity-determining steps for (5 +2)
cycloaddition and homo-ene reaction.

3. The Catalytic Cycle. The full catalytic cycles for
[Ni(NHC)]-catalyzed (5 + 2) cycloaddition and homo-ene
reaction are shown in Figure 5. The substrate coordinated
nickel complex 10 is the resting state in both catalytic cycles.
Complex 10 undergoes alkyne—alkene cyclization to form a
metallacyclopentene intermediate 12. Subsequent cyclopropane
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cleavage of 12 leads to metallacyclooctadiene intermediate 14.
From intermediate 14, the reductive elimination produces the
cycloheptadiene complex 22 or f-hydride elimination occurs
through transition state TS23 to eventually give triene complex
26. The isomerization from 22 is facile and further produces
the observed cycloheptadiene coordinated complex 32. The
liberation of the product from both product complexes 32 and 26
to regenerate the Ni-reactant complex 10 is highly exothermic.
The predicted barrier of 20.1 kcal/mol is consistent with experi-
mental conditions.>®

4. Substituent and Ligand Effects on Selectivities
between (5 + 2) and Homo-Ene Products. 4.1. SIPr
Controlled Selectivity. When the SIPr ligand is employed, the
preference for the formation of 2 or 3 relies on the terminal
alkyne substituent in the substrate (Table 1).> When the alkyne
substituent is small, e.g. methyl or ethyl, the major product is
triene 2. With a bulky substituent, such as isopropyl or tertiary-
butyl, cycloheptadiene 3 is formed. The catalytic cycles (shown in
Figure S) indicated the selectivity of the triene (2) and cycloaddi-
tion (3) products is determined by the energy difference between
TS23 and TS21. The transition states in reactions with the
SIPr ligand and substrates with various alkyne substituents were
computed.

Table 1 shows the computational and experimental selectivities
between 2 and 3. Computations predicted the same trend of
selectivity as the experiment. In the reactions with the SIPr ligand,
bulkier alkyne substituents (e.g, R = t-Bu or TMS, entries 4 and 5)
prefer the cycloaddition product 3, while in the reaction with the
IBu ligand, the triene product 2 is favored (entry 6). In cases
where moderate selectivities were observed experimentally
(entries 2 and 3), computation showed a greater preference for
3 than experiment.

Figure 6 shows the transition states in the reactions with Me
and TMS substituted substrates and the SIPr ligand. For each
reaction, both the reductive elimination transition state (TS21)
leading to the (S + 2) cycloaddition product and the S-hydride
elimination transition state (TS23) leading to the homo-ene
product are shown. The conformations of the metallacycle in
TS21 and TS23 are similar, while the orientations of the SIPr
ligand are noticeably different. In the reductive elimination
transition state (TS21), the imidazolidine ring is in the same plane
with the Ni and the forming carbon—carbon bond. In contrast, in
the f-hydride elimination transition state (TS23), the imidazo-
lidine ring is perpendicular to the plane of Niand the two a-carbon
atoms. To illustrate the different orientations of the NHC ligands,
2D contour maps of the van der Waals surface of the SIPr ligand in
transition states TS21 and TS23 are generated and shown in
Figure 6. The red region in the contour plot indicates the ligand is
closer to the substrate, and the blue region indicates the ligand is
farther away from the substrate. The “R” marks the a-positions of
the terminal alkyne substituent. In the f-hydride elimination
transition state (TS23), the alkyne substituent (R) is placed
adjacent to two i-Pr groups. In contrast, in the reductive elimina-
tion transition state (TS21), the alkyne substituent (R) is placed
under the phenyl rings and the distances between R and i-Pr
groups are greater than those in TS23. In reactions with bulky
alkyne substituents, the f-hydride elimination transition state is
disfavored due to steric repulsions with the i-Pr groups on the
ligand. For example, in TS23-SIPr-TMS (R = TMS), the shortest
H-H distance between TMS and i-Pr groups is only 2.10 A. In
TS21-SIPr-TMS, the distance between TMS and i-Pr become
longer, with the shortest H—H distance being 2.28 A. Thus, f-hydride
elimination (T$23-SIPr-TMS) is disfavored by 6.1 kcal/mol.
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Figure 5. Gibbs free energies of preferred mechanism for [Ni(NHC)]-catalyzed (S + 2) cycloaddition (black) and homo-ene reaction (blue). Energies

are Gibbs free energies given in kcal/mol.

Table 1. Theoretical and Experimental Selectivities between
Triene 2 and Cycloheptadiene 3 with SIPr and ItBu Ligands
and Substrates with Various Terminal Substituents®
(Energies are in kcal/mol)

Ni{COD),(5 mol%}
O,_//_q ngand(5 mol%) \&
—=—R toluene t
1

entry R ligand AAG*(2—3)b 2:3thee 2:3%°
1° Me SIPr -0.8 85:18 100:0
2 Et SIPr 2.0 5:95 60:40
3 i-Pr SIPr 2.6 1:99 33:67
4 t-Bu SIPr 3.5 0:100 0:100
S T™MS SIPr 6.1 0:100 0:100
6 t-Bu 1tBu -12 90:10 100:0

“The M06 method also produces the same trend with a small preference
for (S + 2) cycloadditions. Detailed results are listed in the Supporting
Information. “The selectivity between pathways leading to products 2
and 3 is calculated from the activation free energy difference between
TS23 and TS21. “Replacing the oxygen by NTs in the tether changed
the AAG*(2—3) to 0.2 kcal/mol. Detailed results are listed in the
Supporting Information.

When the alkyne substituent is small (e.g, R = Me), the steric
effects are diminished and -hydride elimination becomes favorable
over reductive elimination.”’”

4.2. Selectivity in Reactions with the ItBu Ligand. The buried
volume of the ItBu ligand (35.5%) is almost identical to that of
SIPr (35.7%). This suggests the overall bulkiness of these ligands
is similar. However, the reaction with the ItBu ligand gives
reversed selectivity compared to the SIPr ligand (entries 6 and 4,
Table 1). The f-hydride elimination transition state TS23-1tBu-
tBu is favored by 1.2 kcal/mol, leading to the homo-ene product,
while, in the reaction with SIPr ligand, f-hydride elimination is
disfavored by 3.5 kcal/mol. The optimized transition structures
of reductive elimination and f-hydride elimination with the ItBu
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Figure 6. Optimized transition structures of Me and TMS substituted
TS21 (reductive elimination in the (5 + 2) pathway) and TS23
(p-hydride elimination in the homo-ene pathway) with the SIPr ligand.
Steric contour plots of the SIPr ligand are shown for both TSs and
illustrate the different orientations of the NHC ligand in TS21 and
TS$23. Niis located at the origin of the coordinate system in the contour
plots. The contour line of zero is defined as in the same plane with the Ni
atom. Negative distance (red) indicates the ligand is closer to the
substrate; positive distance (blue) indicates the ligand is farther away
from the substrate. Distances are in A.
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Figure 7. Optimized transition structures of -Bu substituted TS21
(reductive elimination in the (5 + 2) pathway) and TS23 (f-hydride
elimination in the homo-ene pathway) with the ItBu ligand. Steric contour
plots of the ItBu ligand are shown for both TSs and illustrate the
orientations of the NHC ligand in TS21 and TS23. Ni is located at the
origin of the coordinate system in the contour plots. The contour line of
zero is defined as in the same plane with the Ni atom. Negative distance
(red) indicates the ligand is closer to the substrate; positive distance (blue)
indicates the ligand is farther away from the substrate. Distances are in A.

ligand are shown in Figure 7. Ligand steric contour plots for these
transition states are also illustrated. The ligand contour plots
indicated the shape of the IfBu ligand is very different from that
of the SIPr ligand, although their buried volume and overall
bulkiness are similar. The most bulky regions on the IfBu ligand
are the two t-Bu groups located in the same plane with the
imidazolylidene ring. In the $-hydride elimination transition state
(TS23-1Bu-tBu), the orientation of the ItBu ligand is the same as
that of the SIPr ligand (TS23-SIPr-Me and TS23-SIPr-TMS,
Figure 6) and the smaller model ligand SIMe (TS23, Figure 4):
the alkyne substituent (marked with a red “R” in the contour plot)
is placed perpendicular to the imidazolylidene ring, and thus no
obvious steric repulsions with the ligand are observed. In the
reductive elimination transition state (TS21-ItBu-tBu), the ItBu
ligand adopts a different orientation from those in the reductive
elimination with the SIPr and SIMe ligands (TS21-SIPr-Me and
TS21-SIPr-TMS, Figure 6 and TS21, Figure 4). Steric repulsions
with the #-Bu groups in the imidazolylidene plane forced the
ItBu ligand to rotate almost 90° to place the alkyne substituent
perpendicular to the imidazolylidene. The distance between the
alkyne substituent and the t-Bu groups on the ligand is shorter
in the reductive elimination TS than that in the f-hydride
elimination TS.

B CONCLUSION

The mechanism and selectivities of [Ni(NHC) ]-catalyzed (5 +2)
cycloadditions and homo-ene reactions were studied theoret-
ically. The origins of the selectivity of the cycloaddition and
homo-ene products in reactions with different alkyne substituents
and ligands were elucidated. The preferred catalytic cycle involves
oxidative cyclization to form a metallacyclopentene intermediate,
followed by cyclopropane cleavage to yield a metallacycloocta-
diene intermediate. Subsequent direct C—C reductive elimination
leads to the cycloheptadiene product, while #-hydride elimination
and C—H reductive elimination lead to the homo-ene product.
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The selectivity is controlled by the shape and orientation of the
NHC ligand. With the SIPr ligand, larger terminal alkyne
substituents destabilize the -hydride elimination transition state,
leading to the (5 + 2) cycloaddition product. This is attributed to
the steric repulsions with the i-Pr groups located perpendicular
to the imidazolidine ring. With the IfBu ligand, the S-hydride
elimination transition state leading to the homo-ene product is
preferred.
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Optimized Cartesian coordinates and energies, M06-calculated
results of ligand-controlled selectivities, and complete ref 19
(Gaussian 09). This material is available free of charge via the
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