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ABSTRACT: The mechanism of the copper-catalyzed
regioselective ortho C—H cyanation of vinylarenes has been
investigated using density functional theory calculations. This
C—H cyanation is composed of two discrete catalytic cycles
(the copper-catalyzed electrophilic cyanative dearomatization
and the subsequent base-catalyzed hydrogen transposition)
that furnish the ortho C—H cyanated arenes. The electrophilic
cyanation step features a unique six-membered transition state,
leading to the formation of the dearomatized intermediate with
a high level of site selectivity. Such dearomatization
significantly increases the reactivity of the C—H bond, thereby

enabling the base-assisted C—H activation in the following steps.
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1. INTRODUCTION

Transition-metal-catalyzed C—H functionalization has become
a powerful tool in the synthetic chemist’s repertoire.”> In
particular, the recent development of chelation-assisted ortho-
selective C—H functionalization has culminated in a range of
synthetically versatile transformations." However, in contrast to
numerous well-developed techniques to activate C(sp*)—H
bonds ortho to relatively strong o-chelating directing groups
such as pyridines'®" and carbonyls,'“™® the selective function-
alization of C—H bonds ortho to a weakly coordinating z-ligand
such as an olefin remains challenging.?

In this regard, Yang and Buchwald recently reported an
ortho-selective C—H cyanation of vinylarene derivatives
triggered by olefin borylation using inexpensive copper catalysts
featuring a high level of site selectivity (Schemes 1 and 2).*°
Preliminary mechanistic studies* led us to postulate that this
C—H cyanation process involves an unconventional copper-
catalyzed electrophilic dearomatization mechanism. As shown
in Scheme 1, interception of the benzylcopper intermediate II
generated from borocupration of styrene I by a proper
electrophile (e.g, NCTS® (2)) leads to the formation of a
highly reactive dearomatized intermediate III, which in turn
undergoes a 1,3-hydrogen transposition to furnish the ortho C—
H functionalized product IV. The key step in this proposed
mechanism, the catalytic dearomatization involving benzylcop-
per intermediates, has rarely been reported.” The exact
mechanism of this novel transformation and the origin of the
selectivity for the dearomatization intermediate are not clear. In
addition, strategies utilizing dearomatization as a driving force
for selective C—H functionalization of arenes remain to be
developed. We envisioned that a thorough mechanistic
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Scheme 1. Copper-Catalyzed Dearomatization-Induced C—
H Functionalization: A New Strategy for the Selective ortho
C(sp?)—H Functionalization of Vinylarenes
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understanding and a predictive model for the regioselectivity
of the cyanation reaction could aid in the further development
of this dearomatization-induced C—H functionalization strat-
egy. Herein we report our computational study on the
mechanism of this Cu-catalyzed dearomatization/C—H func-
tionalization (Scheme 3). We revealed the factors that
contribute to the high level of selectivity observed in the
borocupration and the electrophilic cyanation steps. Further-
more, we provide computational evidence in support of a base-
catalyzed mechanism for the hydrogen transposition event.
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Scheme 2. Distinct Regioselectivity in the Copper-Catalyzed
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2. COMPUTATIONAL DETAILS

All calculations were performed with Gaussian 09.° Images of
the 3D structures of molecules were generated using CYL-
View.” The geometries of all 1ntermed1ates and transition states
were optimized with the B3LYP' functional in gas phase. A
mixed basis set of SDD for Cu and 6-31G(d) for other atoms
were used in geometry optimizations. Slngle-pomt energy
calculations were performed with the M06'" functional and a
mixed basis set of SDD for Cu and 6-311+G(d,p) for other
atoms. The SMD'? solvation model was used in M06 single
point energy calculations with THF as the solvent. The
reported free energies and enthalpies include zero-point
energies and thermal corrections calculated at 298 K with
B3LYP/SDD—6-31G(d). All energies in the energy profiles are
with respect to the separate reactant 1 or 15 and the active
catalyst 4. The combination of using a GGA or hybrid GGA
functional, such as BP86 and B3LYP, for geometry
optimizations and a meta hybrid GGA functional, such as
MO6, for single-point calculations was used in most of the
recent computational studies on transition metal-catalyzed
reactions.'> This approach has also been recommended by
several recent benchmark studies on organometallic com-
pounds.'* To ensure our conclusions are not affected by the
choice of the computational method used in this study, we
performed test calculations with different DFT methods, basis
sets, and solvation models. The detailed results of these test
calculations are included in the Supporting Information. These
test calculations at different levels of theories give absolute

activation barriers within the range of +2—3 kcal/mol, while
the relative activation barriers between the competing transition
states are not affected by the choice of method.

All structures reported are the lowest energy conformers as
indicated by calculations. The structures and energies of select
high energy isomers and conformers are provided in the
Supporting Information. We used 1,2-bis(dimethylphosphino)-
benzene (DMPBz, L1) as a model ligand in the calculations.
We have also computed the overall energy profile using the
actual ligand used for this transformation (1,2-bis-
(diphenylphosphino)benzene, DPPBz, L2) and found that
the change of ligand did not affect the conclusions described
here (see Supporting Information for details).

3. RESULTS AND DISCUSSION

Mechanism of the Dearomative Cyanation Cycle. We
first calculated the reaction pathways for the cyanative
dearomatization reaction of 2-vinylnaphthalene (1) and
NCTS (2) with the borylcopper complex (4) to form the
three possible cyanation products 8a, 8b, and 3c (Catalytic
Cycle Iin Scheme 3). The subsequent base-catalyzed hydrogen
transposition of 8a and 8b to furnish final products 3a and 3b
(Catalytic Cycle II in Scheme 3) will be discussed later. The
computed Gibbs free-energy profiles are shown in Figure 1.
The relative enthalpies (AH,,) are also provided in square
brackets. The cyanation begins with the coordination of 2-
vinylnaphthalene to the borylcopper complex (4) to provide 7
complex S. This step is exothermic, and the resulting 7 complex
S is 6.8 kcal/mol less stable than the separate reactant 1 and 4
in terms of Gibbs free energies. Complex 5 then undergoes the
facile and exergonic borocupration to afford the borylated
intermediate 6 with the benzyl group #'-bound to the copper
center.'>'® The addition of the electrophilic cyanating reagent
NCTS (2) to the C1, C3 and benzylic positions of 6 gives rise
to the formation of isomeric intermediates 7a, 7b, and 7¢ via
transition states TS2a, TS2b, and TS2c, respectively. TS2a and
TS2b both involve a six-membered cyclic structure, where the
copper center coordinates to the terminal nitrogen atom of the
cyano group (Figure 1 inset and Figure 2). The cleavage of the

Scheme 3. Proposed Catalytic Cycles for the Formation of the ortho C—H Cyanation Product 3a

Ph

’

Li—N,
‘A\LimBu
LCu —OtBu
Ph
/
B,Pin, LOu—=N
BPin —O1Bu
Catalytic Cycle |

Lcu—BPin Copper-Catalyzed Dearomative Cyanation

X
CuL
! A
OO BPin Cyanation _BPin
7f_/'

« reactivity
« regioselectivity

borocupration
* regioselectivity

A
H

LCu N Ph

/Ph
NC—N
Ts

1,2- emnatm}

2945

LCu—OtBu
NC, H CN
Catalytic Cycle Il
= Base-Catalyzed H Transposition
BPin
deprotonation protonation
- effects of base 3a
A
O—1tBu
LCu CN

BPin OO

» competing oxidative addition mechanism
« driving force for dearomatization
« relative rates of the two cycles

DOI: 10.1021/acscatal.5b00443
ACS Catal. 2015, 5, 2944—-2951


http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00443/suppl_file/cs5b00443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00443/suppl_file/cs5b00443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00443/suppl_file/cs5b00443_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b00443

ACS Catalysis

AG 5o, M0B) <P o PMez
[AHGsol, mos)] \ [, =
PMe,
L1

Ts

NC—N

2 “Ph
1+4
£ b (NCTS)
Cu
N . BPin
90
1 5

4

18.6 kcal/mol

Figure 1. Computed potential energy surface of the copper-catalyzed cyanative dearomatization cycle. The major pathway for the cyanation and
following steps is shown in red, and the other two regioisomeric pathways are shown in black. Gibbs free energies and enthalpies (in square brackets)
are in kcal/mol. Selected bond distances in the most favorable cyanation transition state TS2a are labeled in A.

(Figure 2) is found to be significantly less favorable than

TS2a. The following 1,2-elimination of copper tosylamide 9
= from 7a, 7b, and 7c are facile, requiring low activation barriers
T & : o of 2.1, 5.8, and 1.3 kcal/mol, respectively. The high exergonicity
196 a9 {)‘ of the cyanation process (6 + NCTS — 9 + 8a) offers the key
\,:‘q.ggv_ﬁh& driving force to the irreversible formation of the dearomatized
j 368 PYIAN product 8a.
& Origin of Regioselectivity in Cyanative Dearomatiza-
\ tion. The high level of regioselectivity for the dearomatized
TS2b A g TS2¢ intermediate 8a is a unique feature of the C—H cyanation
AGH g 1650, = 29.0 kcal/mol AGH g 1620, - 28.6 kcal/mol reaction. To gain further understanding into the origin of the
observed selectivity, we performed distortion—interaction
Figure 2. Optimized geometries of less favorable transition states in analysis for the NCTS addition transition states TS2a—c.'®
the electrophilic cyanation step. The energies required to distort the benzylcopper complex 6

and NCTS into the transition state geometry (AE*,,,
Cu—C(benzylic) bond and the addition of NCTS occur in a (benzylcopper) and AE"y, (NCTS), respectively) are given

concerted fashion. Although the aromaticity of one of the in Table 1. The interaction energy between 6 and NCTS in the
benzene rings is disrupted in the CI attack, TS2a only requires transition state is defined as AE, = AE* — AE%y,
an activation barrier of 18.6 kcal/mol and leads to the (benzylcopper) — AE*y, (NCTS). The preference for TS2a
dearomatized intermediate 7a, which is only 4.8 kcal/mol less is clearly controlled by the low distortion energies of both the
stable than 6. In contrast, owing to the loss of the aromaticity of benzylcopper and NCTS compared to competing transition
both benzene rings, reaction at the C3 position (TS2b) states TS2b and TS2c. The high energy required to distort the
requires an activation barrier of 10.4 kcal/mol higher than that benzylcopper in TS2b is due to the greater extent of disrupted
at the C1 position and leads to a much less stable intermediate aromaticity. Although the aromaticity of the naphthyl ring is
7b."” While the formation of 7c is highly exergonic owing to maintained in TS2c while not in TS2a, the distortion of
the preservation of aromaticity, the benzylic cyanation involving benzylcopper in TS2c is 1.7 kcal/mol higher than that in TS2a.
the four-membered cyano insertion transition state TS2c More importantly, NCTS is substantially more distorted in
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Table 1. Distortion—Interaction Analysis for the NCTS
Addition Transition States TS2a—c*”

TS AE*  AE';, (benzylcopper 6)  AE*(NCTS)  AE*,
TS2a 2.7 14.1 22.4 -33.8
TS2b 13.0 21.9 27.6 -36.5
TS2c 12.1 158 29.6 -332

“The activation energy AE, the distortion energy of the benzylcopper
6, AE*;, (benzylcopper), the distortion energy of NCTS, AF* 4,
(NCTS), and the interaction energy AE®, are given in kcal/mol.

TS2c compared to TS2a. These greater distortion energies in
TS2c are attributed to the unfavorable steric repulsions in the
four-membered transition state, which, in addition, features a
disfavored pentacoordinate benzylic carbon.

The different steric environments in the six-membered
cyanation transition state TS2a and the four-membered
transition state TS2c can be visualized in the Newman
projection along the forming C—C bond shown in Figure 3.

TS28, AG! ¢ 14, = 18.6 kealimol

6-TS2a)

TS2¢, AGF,

= 28.6 kcal/mol

6-TS2c)

Figure 3. Newman projections of electrophilic cyanation transition
states TS2a and TS2c. For clarity, the Bpin group is not shown.

In the lowest-energy conformers of TS2a and TS2c, the
relatively small Ph group on NCTS is placed toward the H
atom on the other reaction partner, complex 6, to avoid steric
clashes (i.e., the bulkier Ts group on NCTS is pointing away
from 6; the Ph group on NCTS is pointing away from the
CH,Bpin in TS2c and away from the naphthyl ring in TS2a).
The steric interactions in the transition states mainly arise from
the repulsion between the Ph and the C—H bond (shown in
red in the Newman projections). In TS2c, insertion of the
cyano group into the C(sp®)—Cu bond results in close contact
between the benzylic C—H bond and NCTS, as evidenced by
the short distance (H-~-C = 2.45 A) and small dihedral angle
(51°) between the benzylic hydrogen atom and the phenyl
group of NCTS. Such unfavorable steric interactions are not
present in the cyano addition to the naphthalene’s sp? carbon in
the six-membered transition states. In TS2a, The correspond-
ing N—C---C—H dihedral angle (82°) is much larger and the
C---H distance (3.14 A) is much longer than those in TS2c.
Additionally, NPA charge calculation of benzylcopper 6
shows that the benzylic carbon is more negatively charged than
the C1 and C3 positions (Figure 4), thereby suggesting the C1
selectivity in the electrophilic cyanation is mainly controlled by
substrate distortion and steric effects and not electronic effects.
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Figure 4. Optimized geometry of the benzyl copper complex 6. The
NPA charges on the benzylic carbon, C1, and C3 are shown in blue.
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Regioselectivity in the Borocupration of Vinylnaph-
thalene. The borocupration step in the aforementioned
catalytic cycle proceeds with a high level of regioselectivity in
favor of the benzylcopper adduct 6. The two possible
regioisomeric pathways (via TS1 and TS1’) for the
borocupration step are computed and shown in Figure S.
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Figure S. Free-energy profiles of possible pathways for the
borocupration step to form the benzylcopper (6) and alkylcopper
(6') intermediates, respectively. The favorable pathway which leads to
benzylcopper 6 is highlighted in red.

Borocupration leading to the formation of benzylcopper 6 via
TS1 is 109 kcal/mol more favorable than that to afford
alkylcopper 6’ via TS1'. In addition, benzylcopper 6 is found to
be 7.4 kcal/mol more stable than alkylcopper 6’, indicating the
generation of the benzylcopper species is both kinetically and
thermodynamically favorable. The high regioselectivity is in line
with previous computational and experimental studies'>"'® and
is attributed to a combination of electronic and steric effects in
the nucleophilic attack of the boryl moiety. The exclusive
formation of the benzyl copper intermediate 6 is an important
step that positions the Cu adjacent to the ortho C—H bond to
facilitate the NCTS cyanation through the six-membered
transition state, TS2a.

Oxidative Addition/Reductive Elimination Mecha-
nism. Previous computational studies on Cu-catalyzed
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amidation, fluorination, and trifluoromethylation reactions of
aryl halides supported mechanisms involving C—X oxidative
addition of Cu(I) species."” We evaluated computationally
whether a similar Cu(I)/Cu(IIl) redox cycle is possible in this
ortho C—H cyanation reaction. The oxidative addition of the
benzylcopper(I) complex 6 into the N—CN bond of NCTS
(2), and the subsequent reductive elimination would directly
lead to the minor product 3c. The Gibbs free-energy profile of
this pathway is shown in Figure 6a. The optimized structures of

(a)

AG 501, Mos)
[AH(so1, Moe)]

TS4
AGH

(6-TS4

)= 36.1 kcal/mol

AGH

(6-TS5)

=16.4 kcal/mol

Figure 6. (a) Free-energy profile of the oxidative addition/reductive
elimination mechanism involving a Cu(I)/Cu(III) redox cycle leading
to the formation of benzylic cyanation product 3c. (b) Optimized
geometries of the oxidative addition (TS4) and reductive elimination
(TSS) transition states.

the oxidative addition and reductive elimination transition
states (TS4 and TSS, respectively) are shown in Figure 6b.
Oxidative addition of benzylcopper intermediate 6 to NCTS is
found to be the rate-determining step and requires an activation
barrier of 36.1 kcal/mol with respect to complex 6. This is 7.5
kcal/mol higher than the barrier for cyano insertion at the
benzylic position via TS2¢ and 17.5 kcal/mol higher than the
most favored C1 cyanation pathway (TS2a). These results
suggest the oxidative addition/reductive elimination mecha-
nism is not involved in the current copper-catalyzed electro-
philic cyanation.

Mechanism of the 1,3-Hydrogen Migration Cycle. The
major product of the cyanation cycle, the dearomatized
compound 8a, then undergoes a formal 1,3-hydrogen migration
to afford rearomatized product 3a. We next carried out DFT
calculations to investigate the mechanism of this trans-
formation. Because the concerted thermal 1,3-H shift is a

2948

symmetry-forbidden process, we explored alternative mecha-
nisms involving base-assisted C—H activation.””*° Because both
copper tert-butoxide (11) and lithium tert-butoxide (13) may
be present under the reaction conditions, we considered two
1,3-hydrogen migration pathways involving these different
bases. The computed free-energy profile for the reaction using
LCuOtBu as the base is shown in Figure 7. The C-H

(a) P Bu
’ P PMe,
AGso1, Mos) PCtlilu'O‘l-li oN ( = @[
[AH 01, Mog)] o p PMe,
BPin OO oy A
< Cu W oN
TS6a P
336 BPin OO
[-63.1]

~ TS7a
= 7.4 kcal/mol

TS6a
= 4.2 kcal/mol

AG*

(11a-TS7a)

AGt(aa-TSSa)
Figure 7. (a) Free-energy profile of the base-catalyzed hydrogen
transposition/rearomatization using LCuOfBu as the catalyst. (b)
Optimized geometries of the C—H deprotonation (TS6a) and
protonation (TS7a) transition states.

deprotonation step involves a six-membered transition state
TS6a, where the proton is transferred to the base while the
Cu—C(benzylic) bond is formed simultaneously. This base-
assisted rearomatizing allylic C—H cleavage process requires a
very low activation barrier of 4.2 kcal/mol, and the formation of
the rearomatized complex 12a via TS6a is highly exergonic.
Subsequent proton transfer from the copper-bound tert-butanol
to the benzylic carbon (TS7a) also requires a low activation
barrier and is exergonic. Overall, the hydrogen migration cycle
requires much lower activation energy than the cyanation cycle.

The 1,3-hydrogen migration pathway using LiOtBu in place
of LCuOtBu occurs via a similar mechanism (Figure 8). The
deprotonation with LiOtBu also involves a six-membered
transition state (TS8a), in which the proton is transferred to
the base with concurrent formation of the C(benzylic)—Li
bond. In the subsequent reprotonation step, the proton of the
lithium-bound tert-butanol is transferred to the benzylic
position via TS9a. Compared to the LCuOtBu-catalyzed
hydrogen transposition, this LiOtBu-catalyzed hydrogen trans-
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Figure 8. (a) Free-energy profile of the base-catalyzed hydrogen
transposition using LiOfBu as the catalyst. (b) Optimized geometries
of the C—H deprotonation (TS8a) and protonation (TS9a) transition
states.

position process requires a slightly higher activation barrier for
the initial deprotonation step (AG* (8a — TS8a) = 7.0 kcal/
mol) but allows for the following benzylic protonation to occur
with a very low activation energy (AG* (14a — TS9a) = 1.5
kcal/mol). Overall, this LiOtBu-catalyzed hydrogen trans-
position requires a low activation barrier of 7.0 kcal/mol,
which is very close to the activation barrier using LCuOtBu as
the catalyst (7.4 kcal/mol). Taken together, these calculations
demonstrate that regardless of the identity of the base catalyst,
the base-catalyzed C—H activation is much faster than the
electrophilic dearomative cyanation, and the cyanation step is
thus the rate-determining step of the overall cascade catalysis.
Rate-Determining Step of the Overall Catalytic Cycle.
Based on the computed reaction mechanisms discussed above,
the most favorable pathway for the overall reaction involves five
individual steps (Figures 1, 7, and 8): olefin borocupration
(TS1) to form benzyl copper intermediate, ortho cyanation
with NCTS (TS2a) and copper tosylamide elimination (TS3a)
to form the dearomatized intermediate 8a, and C—H
deprotonation (TS6a or TS8a) and reprotonation (TS7a or
TS9a). The rate-determining step is the cyanation of the
benzylcopper intermediate 6 (TS2a), which has an activation
barrier of 18.6 kcal/mol. Here, the rate-determining step
precedes the C—H bond cleavage process, in line with the
secondary kinetic isotope effects (KIE) observed in experi-
ment.* We also calculated the KIE values for the C—H
cyanation of 2-vinylnaphthalene and obtained good agreement
with the experimental results (Scheme 4). .
Copper-Catalyzed Cyanative Dearomatization Cycle
with Styrene as the Substrate. In the above calculations, we
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Scheme 4. Experimental* and Computed Kinetic Isotope
Effects in Copper-Catalyzed C(sp>)—H Cyanation of 2-
Vinylnaphthalene

H CN H
A 10 mol % CuCl
11 mol % DPPBz (L2) BPin
/T B,Pin,, LiOBu
+ NC—N_
Ph 60 °C CN  D(H)

Kiylkp = 0.98+0.02

chose 2-vinylnaphthalene as the substrate to gain insight into
the origin of the favorable C1 cyanation over the isomeric C3
and benzylic cyanations. Moreover, preliminary experimental
studies revealed that this copper-catalyzed C—H cyanation
could also be applied to simple styrene derivatives (Scheme 5).*

computed ky/kp = 0.94

Scheme 5. Copper-Catalyzed C(sp*)—H Cyanation of

4
Styrene.
20 mol % CuCl
22 mol % DPPBz (L2)
X JTs szlnz L|OtBu
+ NC—N
Ph THF, 80 "C 12h BPin BPin
15 16a

2
(NCTS) 72%a

?Yields are determined by "H NMR spectroscopy.

not observed

To investigate the difference in reactivity between styrene and
vinylnaphthalene in the cyanative dearomatization, we calcu-
lated the potential energy profiles for the ortho and benzylic
cyanation pathways in the reaction with styrene (Figure 9).
Consistent with the experimental finding described above,
calculations show that the C—H cyanation of styrene is still
facile and strongly favors the ortho C—H cyanation product 16a
over the benzylic cyanation product 16b. The electrophilic
cyanative dearomatization (TS11a) remains the rate-determin-
ing step of the overall catalytic process, having an activation
barrier of 23.4 kcal/mol with respect to the benzyl copper
intermediate 18. Although still feasible under the reaction
conditions, this activation barrier is 4.8 kcal/mol higher than
that of the C—H cyanation of 2-vinylnaphthalene (AG* = 18.6
kcal/mol). We attribute the increased activation barrier for
electrophilic dearomatization to the greater extent of aromatlc
stabilization of benzene as compared with naphthalene.”
Furthermore, in accordance with the high level of regiose-
lectivity observed experimentally (Scheme $), calculations show
that the six-membered transition state leading to the
dearomatized intermediate 20a is 5.8 kcal/mol lower in energy
than the four-membered transition state resulting in the
formation of benzylic cyanation product 16b. Given the
significantly fewer dearomative transformations that can be
applied to nonfused simple aromatic compounds,* our studies
could open up new avenues for the dearomatization and
selective functionalization of a wide range of arene substrates.

4. CONCLUSIONS

In summary, we have performed computational studies on the
mechanism and origins of selectivities in the copper-catalyzed
ortho C—H cyanation of vinylarenes. Our DFT calculations
reveal that the reaction takes place via a unique copper-
catalyzed electrophilic cyanative dearomatization followed by
base-catalyzed hydrogen transposition. Several factors contrib-
ute to the highly selective formation of the ortho cyanation
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Figure 9. Computed potential energy profiles of the copper-catalyzed cyanative dearomatization cycle with styrene (15) as the substrate.

product via the dearomatized intermediate 8a: (a) the ortho
cyanation with NCTS occurs via a six-membered transition
state that minimizes unfavorable steric repulsions and requires
much lower barrier than the cyanation at the benzylic position;
(b) the facile and highly exothermic elimination of copper
tosylamide 9 after cyanation makes formation of the
dearomatized intermediate 8a irreversible; (c) intermediate
8a is rapidly converted to the final product 3a via base-catalyzed
hydrogen transposition. Overall, the initial copper-catalyzed
cyanative dearomatization cycle transforms the unactivated
C(sp*)—H bond into an allylic C—H bond that undergoes facile
base-induced C—H activation to furnish the rearomatized
product. We anticipate the origin of this distinct site selectivity
uncovered by DFT calculations will guide the design and
advancement of novel C—H functionalization reactions using
the dearomatization-induced C—H activation strategy.
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