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ABSTRACT: The [LNiH]"-catalyzed hydroalkenylation between
styrene and a-olefins gives distinctive chemo- and regioselectivities P+ Ak
with N-heterocyclic carbene (L = NHC) ligands: () the reaction with
NHC ligands produces the branched tail-to-tail products, whereas the
reaction with phosphine ligands (L = PR;) favors the tail-to-head
regio-isomers; (b) the reaction stops at heterodimerization with no
further oligomerization even with excess a-olefin substrates; (c)

"[(IPr)NIH]OTf" (cat.)
_—

Toluene, R.T. Alkyl

@'}‘HC ¥ Olefin Insertion Determines Regioselectivity
Strong Ni Ph Interaction

F

Alkyl Group Avoids Steric Repulsion with NHC

typical side reactions with a-olefins, such as isomerization to internal

olefins or polymerization, are either significantly diminished or eliminated. To understand the operating mechanism and origins
of selectivities, density functional theory (DFT) calculations were performed, and several additional experiments were conducted.
The olefin insertion step is found to determine both the regioselectivity and chemoselectivity, leading to the tail-to-tail
heterohydroalkenylation product. With a small NHC ligand (1,3-dimethylimidazol-2-ylidene), the intrinsic electronic effects of
ligand favor the tail-to-head regioisomer by about 1 kcal/mol in the olefin insertion step. With bulky NHC ligands (1,3-bis(2,6-
dimethylphenyl)imidazol-2-ylidene or SIPr), the steric repulsions between the ligand and the substituent of the inserting alkene
override the intrinsic electronic preference, making the tail-to-tail regioisomer favored (about 3 kcal/mol with both ligands). In
the competition between homo- and heterodimerization, the insertion of the secondary styrene breaks its 7-conjugation, making
the insertion of styrene about 2 kcal/mol less favorable than that of alkyl-substituted alkenes. In addition, the interaction between
nickel and phenyl group of styrene stabilizes the resting state and inhibits the side reactions with a-olefins, suggesting that
styrene, or similar aryl olefins, is not only a substrate, but also an inhibitor for side reactions. This unique effect of styrene is

verified by control experiments.
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B INTRODUCTION

Efficient and selective carbon—carbon bond formation that uses
abundant and renewable feedstock chemicals for the synthesis
of valuable products is a major focus of modern synthetic
chemistry." Hydroalkenylations, which add a vinyl group and a
hydrogen across a double bond, are atom and step economic
when high reactivity and selectivity is achieved (Scheme 1).”
Since the first report by Alderson in 1965, many research
groups have devoted efforts to the development of transition
metal catalysts for this reaction.*™” The phosphorus-based
nickel-hydride catalysts and their equivalents, contributed by

Scheme 1. Chemo- and Regioselectivities in Hetero-
Hydroalkenylation Reactions
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Wilke, ™ RajanBabu,11 Leitner,'” and others,"® have received the
most attention for their high efficiency, chemo- and especially
enantioselectivity.

Ho and co-workers recently reported that the in situ
generated [(NHC)NiH]" catalyst can provide distinctive
reactivities and selectivities in the hydroalkenylation between
a variety of vinylarenes and a-olefins.'* The NHC-ligated
catalysts selectively facilitate the tail-to-tail heterohydroalkeny-
lation, shown in Scheme 2b and 2¢, producing the branched
terminal 1,1-disubstituted alkenes."*'> With phosphine
ligands, the nickel-hydrides favor other regioisomers, as
shown in Scheme 2a.**“!° In addition, the NHC ligands
favor 1:1 adducts, with no further oligomerization even with
excess a-olefins. Typical side reactions with a-olefins, such as
the olefin isomerization, are also limited by NHC ligands.
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Scheme 2. Regioselectivities of [(L)NiH]*-Catalyzed
Hetero-Hydroalkenylation between Styrene and a-Olefins:
(a) L = PhyP, (b) L = IMes, (c) L = IPr
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Despite the experimental and theoretical studies on the
mechanism of [(R;P)NiH]"-catalyzed hydroalkenylation,'” the
origins of the intriguing reactivities and selectivities of the
reactions involving the [(NHC)NiH]" catalysts are still
unknown. We have undertaken a theoretical study to answer
the following questions: What is the mechanism of hydro-
alkenylation with the [(NHC)NiH]" catalysts? What are the
origins of the reactivities and selectivities of hydroalkenylation
with these NHC-ligated nickel-hydride catalysts? Why do
phosphine and NHC ligands, the two most popular types of
ligands in nickel chemistry, produce such different regiose-
lectivities in this reaction?

B COMPUTATIONAL METHODS

Geometry optimizations, vibrational frequencies, and thermal
energy corrections were performed with the B3LYP functional,
and the 6-31G(d) basis set for all main group elements and
SDD basis set for nickel as implemented in Gaussian 09."*
Energies were evaluated with the MO06 method,"” the 6-
311+G(d,p) basis set for all main group elements, and the SDD
basis set for nickel. All reported free energies involve zero-point
vibrational energy corrections and thermal corrections to Gibbs
free energy at 298 K. The solvatlon free-energy corrections
were computed with the SMD model™ on gas-phase optimized
geometries, and toluene was chosen as the solvent for
consistency with the experiment. Extensive conformational
searches for intermediates and transition states have been
conducted, but only the most stable conformers and isomers
are discussed here.

Bl RESULTS AND DISCUSSION

Reaction Mechanism. The proposed mechanism for the
[(NHC)NiH]*-catalyzed hydroalkenylation of styrene and a-
olefins is shown in Scheme 3. This mechanism is based on
previous theoretical and experimental studies on the mecha-
nisms of [LNiH]"-catalyzed hydroalkenylation with phosphine
ligands and other related reactions.”’ The initial hydride
insertion of 1 produces the 7’-allylic nickel species 2, and
subsequent insertion of a-olefin gives the intermediate 4. From
4, the p-hydride elimination can occur to generate the
heterodimer coordinated nickel complex S, and subsequent
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Scheme 3. Tentative Mechanism Proposed for
[(NHC)NiH]*-Catalyzed Hydroalkenylation of Styrene and

a-Olefins
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product extrusion produces the heterodimer product and
regenerates 1. Alternatively, 4 can undergo a styrene
coordination to produce intermediate 6, and subsequent f-
hydride transfer and product extrusion produce the same
heterodimer product and regenerate intermediate 2.

We first studied the mechanism computationally, using the
homodimerization of styrene as an example and 1,3-bis(2,6-
dimethylphenyl)imidazol-2-ylidene as the model NHC li-
gand.”” The free-energy changes of the most favorable pathway
are shown in Figure 1. From [LNiH(styrene)]* complex 8, a
facile hydride insertion on the terminal carbon of styrene
occurs via TS9 with a 2.8 kcal/mol barrier, producing the
intermediate 10 (see later discussions for regioselectivity). The
coordination of another styrene on 10 gives the intermediate
11, and 11 undergoes the styrene insertion via TS12 with the
phenyl group of styrene (labeled in red) proximal to the
forming C—C bond (see later discussions for regioselectivity).
Subsequently, an endergonic styrene coordination on 13 occurs
to allow a favorable f-hydride transfer via TS15, producing the
product-coordinated complex 16. Complex 16 releases the
styrene-dimer product and regenerates the intermediate 10.
The resting state of the whole catalytic cycle is intermediate 13,
and the rate-determining step is the f-hydride transfer via TS1S
with an overall barrier of 15.6 kcal/mol. The initial hydride
transfer generates 10 in the first cycle, but thereafter, the -
hydride elimination is coupled to hydride insertion in TS1S.

In order to address the ligand steric effect on the free-energy
profile, we also studied the same reaction pathway with SIPr
(1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene).
The free-energy changes of the desired pathway are very similar
to the two ligands (Figure 1 vs Figure 2). With SIPr ligand, the
hydride insertion and olefin insertion steps are very facile,
leading to the formation of the resting state, 22. The
subsequent f-hydride transfer, via TS24, is the rate-limiting
step of the catalytic cycle with an overall barrier of 16.1 kcal/
mol.

p-Hydride Transfer vs p-Hydride Elimination. A
previous theoretical study on a similar reaction with a
[(RyP)NiH]" catalyst found that a B-hydride transfer step,
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Figure 1. Free-energy changes of the most favorable pathway of [(NHC)NiH]*-catalyzed tail-to-tail dimerization of styrenes (Gibbs free energies in
keal/mol). L = 1,3-bis(2,6-dimethylphenyl)-4,5-dihydroimidazol-2-ylidene.
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Figure 2. Free-energy changes of the most favorable pathway of [(NHC)NiH]*-catalyzed tail-to-tail dimerization of styrenes (Gibbs free energies in

keal/mol). L = SIPr.

instead of a classic f-hydride elimination step, occurs to
generate the hydroalkenylation product."”* As found here
(Figure 1), these results imply that the hydroalkenylation with
[(RyP)NiH]* catalysts proceeds without a nickel-hydride
species after the catalyst initiation.”

With the [(NHC)NiH]" catalyst, we studied the competition
between a f-hydride transfer and a p-hydride elimination.
Figure 3 shows that f-hydride transfer step (via TS15) is only
slightly favored by 0.6 kcal/mol over a f-hydride elimination
step (via TS27).** This is different from the mechanism with
phosphorus-based nickel catalyst, in which the A-hydride
transfer step is found to be more favorable by about 10 kcal/
mol compared with f-hydride elimination step.'’* The major
difference between the NHC and the phosphorus ligand is the
barrier of f-hydride elimination. With the phosphorus ligand,
the p-hydride elimination generates a very unstable nickel-
hydride species, and the step is about 20 kcal/mol ender-
gonic.'’® This makes the reaction pathway with A-hydride
elimination very unfavorable. While with the NHC ligand, the
nickel-hydride species, 28, is significantly stabilized, and the -
hydride elimination from 26 to 28 is only endergonic by 3.1
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kcal/mol. The stabilization of nickel-hydride intermediate with
NHC ligand makes the S-hydride elimination competitive with
the p-hydride transfer. To further confirm the competition
between these two steps, we also calculated the competing
transition states with SIPr ligand. The S-hydride transfer is also
more favorable by only 0.8 kcal/mol than the p-hydride
elimination step with SIPr ligand.”® This suggests that the two
steps are competitive with both IMes and IPr ligands.

Regioselectivity. Based on the computed free-energy
profile of the proposed mechanism, we studied the competition
between the four regioisomeric hydroalkenylation products
between styrene and a-olefins, using styrene dimerization as an
example (Scheme 4). Because the first hydride insertion step is
very facile, the intermediates 10 and 32 are in equilibrium. We
found that the olefin insertion step determines the ratio of the
four products (30, 31, 36, and 37), and only the branched tail-
to-tail product 30 is observed experimentally.

The optimized structures and relative Gibbs free energies of
the preintermediates and transition states of the regioselectiv-
ity-determining step, olefin insertion, are shown in Figure 4.
From 8, the hydride can insert to the terminal carbon of the
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Figure 3. Free-energy changes and transition state structures of f-hydride transfer and f-hydride elimination steps from intermediate 13 (Gibbs free
energies in kcal/mol). L = 1,3-bis(2,6-dimethylphenyl)-4,5-dihydroimidazol-2-ylidene.

Scheme 4. Four Possible Regioisomeric Products of
[(NHC)NiH]*-Catalyzed Styrene Dimerization
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styrene, generating the intermediate 10, and 10 undergoes a
styrene coordination to give the intermediate 11 (Scheme 4).

Subsequently, there are two possible styrene insertion
transition states, TS12 and TS29, leading to 30 and 31,
respectively. Alternatively, the initial hydride insertion of 8
could occur on the internal carbon of the coordinated styrene
to generate intermediate 32. After the styrene coordination, the
intermediate 33 also has two corresponding transition states for
styrene insertion, TS34 or TS3S to give 36 or 37. The
competition between the four insertion transition states, TS12,
TS29, TS34, and TS35, determines the regioselectivity.

Comparing the intermediates 11 and 33, 11 is 7.8 kcal/mol
more stable, due to the strong coordination from the phenyl
group. Interestingly, similar coordination is impossible in
intermediate 33, because the bulky NHC ligand does not
allow the sterically demanding phenyl group to rotate to
become proximal to the ligand. Instead, only a weak agostic
interaction is found. This difference in coordination still exists
when comparing the subsequent insertion transition states
(TS12 and TS29 vs TS34 and TS35). For the same reason,
TS34 and TS3S only have a weak agostic interaction and are
much less favorable than TS12 and TS29.

Comparing the insertion transition states TS12 and TS29, a
3.4 kecal/mol preference for TS12 is found, in line with the
experimental results that only tail-to-tail products are observed.
This selectivity is due to the steric repulsion between the NHC
ligand and the phenyl group of the inserting styrene in TS29.
The NHC ligand has local C2 symmetry, while the phosphine
ligand has local C3 symmetry. The anisotropic steric environ-
ment of NHC ligands has also been found to play an important

DOI: 10.1021/acscatal.5b01075
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Figure 4. Optimized structures and Gibbs free energies of intermediates and transition states of regioselectivity-determining step, olefin insertion, of
[(NHC)NiH]*-catalyzed styrene dimerization (Gibbs free energies in kcal/mol).

role in determining selectivities in other metal-catalyzed
reactions with NHC ligands.26

To understand the steric effects of ligand on the
regioselectivity, we also studied the competition between the
four insertion transition states with the SIPr ligand, as shown in
Figure 5. The calculated regioselectivities of the SIPr ligand is
similar to that of 1,3-bis(2,6-dimethylphenyl)-4,5-dihydroimi-
dazol-2-ylidene. After the initial hydride insertion, the
intermediate with phenyl coordination, 20, is 5.3 kcal/mol
more stable than the regioisomeric intermediate 39. This
stabilization of phenyl coordination also differentiates the
stabilities of the subsequent olefin insertion transition states,
making TS21 and TS38 more stable than TS40 and TS41.
Comparing TS21 and TS38, we found a 3.4 kcal/mol
preference for TS21, because of the steric repulsions between
the SIPr ligand and the phenyl group of the inserting styrene in
TS38.

To further understand the regioselectivity, especially the
different regioselectivities with NHC and phosphine ligands
(Scheme 2), we studied the insertion transition states with
various substrates and ligands (results shown in Figure 6). First,
the replacement of the inserting styrene by a propene leads to a

5549

similar regioselectivity for the tail-to-tail product. TS42 is 3.5
kcal/mol more stable than TS43. This suggests that styrene and
other a-olefins have similar tail-to-tail selectivity with bulky
NHC ligand, which is consistent with the experimental
results.'** Changing the iPr groups of the NHC ligand to
methyl groups does not affect the regioselectivities significantly,
and TS44 is 3.8 kcal/mol more stable than TS4S. To
understand the intrinsic selectivity and the effects from the
steric repulsions of the bulky NHC ligands, we also calculated
the selectivity when a small NHC ligand, 1,3-dimethylimidazol-
2-ylidene, is used. We found that TS47, which gives the tail-to-
head product, is now favored by 0.8 kcal/mol compared with
TS46, indicating a reversed selectivity.27 Therefore, the tail-to-
head product is in fact intrinsically favored, and this intrinsic
selectivity is reversed by the bulky NHC ligands. Changing the
NHC ligand to triphenylphosphine ligand, the same intrinsic
selectivity is found, TS49 is 1.1 kcal/mol more favorable than
TS48. The computed selectivity with PPh; ligand is also
consistent with the previous experiments (Scheme 2).""** This
is related to the different steric environments of NHC and
phosphine ligands, the cone-shaped phosphorus ligands are not

able to alter the intrinsic regioselectivity.
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Figure 5. Optimized structures and Gibbs free energies of intermediates and transition states of regioselectivity-determining step, olefin insertion, of
[(NHC)NiH]*-catalyzed styrene dimerization (Gibbs free energies in kcal/mol).

Chemoselectivity. We further studied the chemoselectivity
of the reaction. In particular, we focused on the following three
questions: (1) Why is the heterohydroalkenylation between
styrene and a-olefins favored relative to the homodimerization
of styrenes? (2) Why is trimerization or further oligomerization
of olefins not observed even with excess a-olefins? (3) Why are
typical side reactions with a-olefins, such as isomerization and
oligomerization, significantly diminished?

Homo- vs Heterohydroalkenylation. The free-energy
changes of the pathways that lead to the homo- or the
heterohydroalkenylation products are shown in Figure 7. In line
with the experimental results that the heterohydroalkenylation
is more favorable than the homohydroalkenylation, we found a
2.4 kcal/mol preference to the heterodimerization pathway
(TS44 vs TS12). Although the coordination of styrene is
stronger than that of propene, and intermediate 11 is 1.6 kcal/
mol more stable than $0. The insertion of styrene breaks the
conjugation between the inserting double bond and phenyl
group, leading to a higher barrier of insertion, while the
insertion of propene or other a-olefins does not need to break
such conjugation.”” To confirm the change of 7-conjugation in
the insertion, we calculated the distortion of styrene and
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propene in the competing insertion transition states, TS12 and
TS44, as shown in Figure 8. The distortion energies of alkenes
are calculated by comparing the gas-phase electronic energies of
the distorted alkenes in the transition states (TS12 and TS44)
with those of the ground states. As highlighted in Figure 8,
styrene and propene are distorted similarly except that the
exocyclic double bond of styrene is no longer in the same plane
with the phenyl group as in the ground state. This weakens the
m-conjugation in styrene and makes the distortion energy of
styrene 3.4 kcal/mol larger than that of propene. The change in
distortion energy is also comparable to the energy difference in
the transition states (TS12 vs TS44), suggesting that the major
contribution to the chemoselectivity is the change of z-
conjugation in the olefin insertion step.

Dimerization vs Trimerization. The free-energy changes
of the dimerization and trimerization pathways were studied by
using the styrene only, and the results are shown in Figure 9.
From intermediate 14, the f-hydride transfer via TS1S gives
the styrene-dimer-coordinated complex 16, and the substrate
extrusion and subsequent steps generate the intermediate 13
for the next catalytic cycle. Alternatively, 14 can isomerize to
intermediate 26, which undergoes the styrene insertion via

DOI: 10.1021/acscatal.5b01075
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Figure 8. Optimized structures of olefin insertion transition states, TS12 and TS44, and the distortion energies of the inserting alkenes in the
transition states. L = 1,3-bis(2,6-dimethylphenyl)-4,5-dihydroimidazol-2-ylidene.
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Figure 9. Free-energy changes of the styrene dimerization and trimerization pathways (Gibbs free energies in kcal/mol). L = 1,3-bis(2,6-
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TS53 for the trimerization.” Because of this endergonic
isomerization from 14 to 26, the styrene trimerization is 4.2
kcal/mol less favorable than the dimerization (TS53 vs TS1S).
This explains the experimental result that only dimerization
occurs with no trimerization or further oligomerization.

Side Reactions with a-Olefins. We also studied the
competition between the observed hydroalkenylation with
styrene and dimerization of a-olefins. As shown in Figure 10,
the propene insertion step via TS56 requires a 19.2 kcal/mol
barrier as compared to the resting state 13, which is 3.6 kcal/

L
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Figure 10. Competition between [(NHC)NiH]'-catalyzed styrene
and propene dimerization. L = 1,3-bis(2,6-dimethylphenyl)imidazol-2-
ylidene.
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mol higher in free energy than the rate-limiting step of the
styrene dimerization via TS1S. This is mainly because the
dimerization of a-olefins, or other side reactions, does not
involve any stable transition states or intermediates with a
strong Ni-Ph bond like 13.%" Therefore, the side reactions with
a-olefins are inhibited in the presence of styrene.

Based on the computations, the reactant styrene can also be
regarded as an inhibitor of the side reactions with a-olefins.
Without styrene, or other vinylarenes that can generate similar
stable intermediates like 13, the side reactions with a-olefins
should be favorable.

To test this prediction, we studied 1-octene consumption in
the absence of styrene, and we compared the results with the
standard reaction in a shorter time (reduced from 24 to 2 h). In
the absence of styrene, all of the Il-octene is consumed in
undesired nonselective isomerization and homodimerization at
a much faster rate (Entry 1, Table 1). In the presence of
styrene, only half of the 1-octene was consumed and much
fewer undesired processes with 1-octene occurred (Entry 2,
Table 1). Thus, nearly half of the 1-octene remained unreacted
in the presence of styrene within 2 h. These results clearly
showed that the styrene and the products derived were
responsible for the suppression of side reactions.

Bl CONCLUSION

The mechanism, chemo- and regioselectivities of [(NHC)-
NiH]*-catalyzed hydroalkenylations between styrene and a-
olefins have been explored through DFT calculations. From the
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Table 1. Effect of Styrene and Its Derived Products on the
Rate of a-Olefin Consumption in the Reaction with
[(NHC)NiH](OTf) Catalyst

59' 59"

Non-selective Non-selective
isomerizations dimerizations

5 mol%
"[IPr-NiH(OTf)]"

P 1-Octene Generated in situ from of 59 of 59
58 59 Ni(cod),, 1-octene,
1:3 p-anisaldehyde, PhJ\n/n-Hex PhJ\WPh
TESOTf/NEts;
Toluene, r.t., 2 hrs 60 61
conversion of yield of 60 + 61 (%)
entry” styrene 59(%)" (60:61)° (59': 59”)°
1 no 100 / 73:27
2 yes 50 46 (90:10) N.D.

“The reactions were conducted according to the original paper, except
otherwise indicated above. “Determined by the NMR ratio.
“Determined by GC-MS (sum of the area of the nonselective S9’
and 59”), the N.D. was due to overlap of l-octene and Il-octene
isomers.

[LNiH(styrene)]" intermediate, a facile hydride insertion and
subsequent olefin insertion generate the resting state of the
catalytic cycle. This intermediate undergoes the rate-limiting -
hydride transfer step to produce the hydroalkenylation product.
The olefin insertion step is found to determine the
regioselectivity that favors the tail-to-tail product. Only the
insertion transition state for the tail-to-tail product is favored
both electronically and sterically. This transition state has a
strong interaction between nickel and a phenyl group, with the
substituent of the inserting asymmetric alkene pointing away
from the bulky NHC ligand. The olefin insertion step also
determines the chemoselectivity between heterohydroalkenyla-
tion and homohydroalkenylation. The insertion of aryl-
substituted alkene breaks the conjugation between the inserting
double bond and the aryl group, while the insertion of alkyl-
substituted alkene does not break such conjugation. This leads
to the favorable heterohydroalkenylation with alkyl-substituted
alkenes.

The stable resting state of the hydroalkenylation with
styrene, which has a strong interaction between nickel and
phenyl group, makes the side reactions with a-olefins difficult.
This suggests that styrene is not only a substrate but also an
inhibitor for the side reactions with other a-olefins. This unique
effect of styrene was proved experimentally. When the catalyst
was subjected to only 1-octene, nonselective olefin isomer-
ization and dimerization were found, while the heterohy-
droalkenylation with styrene under the same conditions
generates the desired heterodimer as the major product.
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