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A mechanistic study of palladium-catalyzed oxidative carbocyclization and borylation of allenes was carried
out by using density functional theory (DFT) calculations. A subtle change in the reaction conditions can
cause the reaction to produce either cyclobutene product or alkenylboron compound with high
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chemoselectivity. Acetic acid solvent gives the alkenylboron compound as the major product, while

methanol solvent favors the formation of the cyclobuteneboron product. Our calculations account for
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1. Introduction

As one of the important synthetic reagents in organic synthesis
and medicinal chemistry, the efficient preparation of organo-
boron compounds has attracted much attention over the years.*
Activation and functionalization of the robust C-H bond in
allene offers a promising protocol to synthesize versatile phar-
maceutical molecules and functional materials.>® Therefore,
much attention has been focused on transition-metal-catalyzed
functionalization of allenes. Among them, palladium is the
most attractive, and many palladium-based synthetic method-
ologies have been developed in recent decades.*

Recently, Bickvall et al.® reported the efficient olefin-directed
palladium-catalyzed oxidative carbocyclization and borylation
of allenes by using 3,4-dienoate (R1) and B,pin, (R2) as the
reactants. A subtle change in the reaction conditions can cause
the reaction to produce either cyclobutene product or alke-
nylboron compound with high chemoselectivity (Scheme 1).
Acetic acid solvent gives the alkenylboron compound P1 as the
major product, while methanol solvent favors the formation of
the cyclobuteneboron product P2.

To account for the observed chemoselectivity, Backvall and
coworkers postulated the possible reaction mechanisms
summarized in Scheme 2. The reaction starts from A formed by
the coordination of allene and olefin in R1 to Pd(u) center of
catalyst Pd(OAc), (cat). Then allene attack involving allenic C-H
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the observed solvent-controlled chemoselectivity. Lowering the polarity of the solvent disfavors the
olefin insertion step and the formation of cyclobuteneboron product.

bond cleavage occurs to afford vinylpalladium B. In the next
step, B could undergo an olefin insertion to produce the
cyclobutene intermediate C followed by the transmetalation
with B,pin, to form D. Finally, the reductive elimination would
give the cyclobutene derivative product P2. In another pathway,
the transmetalation of B with B,pin, and the subsequent
reductive elimination could produce product P1.

Although a plausible mechanistic pathway has been
proposed by Béckvall et al.,® several key issues related to the
reaction mechanisms remain unanswered. (1) The details of the
reaction mechanisms, e.g., the rate-determining step and
selectivity-determining step, are still unclear. (2) How do the
solvents (MeOH vs. AcOH) alter the reaction pathway to leading
to the products P1 and P2?

In this work, we choose density functional theory (DFT)
calculations to address all of these questions. We expect a clear
understanding for the reaction mechanisms of olefin-directed
palladium-catalyzed oxidative carbocyclization and borylation
of allenes could benefit in designing new related reactions.

2. Computational details

All of the structures were optimized and characterized as
minima or transition states at the B3LYP®/BSI level (BSI desig-
nates the basis set combination of LanL2DZ’ for Pd atom, and 6-
31G(d,p) for other atoms) in the solvent with solvation effects
accounted for by the SMD?® solvent model. According to the
experimental conditions, methanol and acetic acid were adop-
ted as the solvents. Harmonic vibrational frequencies were also
calculated at the same level of theory to identify all stationary
points as minima (zero imaginary frequencies) or transition
states (one imaginary frequency). Intrinsic coordinate reaction
(IRC)® calculations were carried out to examine the connection
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Scheme 1 The palladium-catalyzed reaction of R1 with R2 reported by Backvall and co-workers.

W

Et0,C P

Ha I\/ EtO,C

J R1\\, 'Pd—OAc
Pd(OAC)

A
EtO,C
Pd(0)
Bpin

—a

o
3

F0.0 EtO,C EtO,C N
Bpin F{ 4 OAc
D ¢ OAc B,pin, B

Scheme 2 The mechanism of palladium-catalyzed reaction of R1 with
R2 reported by Backvall and co-workers.

of a transition state with its backward and forward minima
when necessary. The energetic results were then further refined
by the single-point calculations at the M06 (ref. 10)/BSII level,
where BSII denotes the basis set combination of SDD'"* for Pd
atom and 6-311++G(d,p) for the remaining atoms. In all of the
figures that contain energy diagrams, calculated relative Gibbs
free energies (kcal mol ') in the two solvents are presented.
Unless otherwise noted, all discussed relative energies in
subsequent sections are referred to the Gibbs free energies
calculated at the M06/BSII level. All the calculations were per-
formed with the GAUSSIAN 09 (ref. 12) software package.

3. Results and discussion

Fig. 1 shows the free energy profiles calculated for C-H activa-
tion (R1 + cat — 3), and the geometric structures for selected
species are shown in Fig. 2. As shown in Fig. 1, R1 initially
coordinates with the Pd metal center of the catalyst cat via the
allene and olefin moieties to give intermediate 1, initiating the
reaction. This step is exergonic by 17.2 kcal mol ! in MeOH
solvent, suggesting that the step is thermodynamically favor-
able. Next, one of the acetate ligands in 1 acts as the base to
deprotonate the sp> C-H bond through the transition state TS1
to afford the intermediate 2, with a concerted metalation—

5014 | RSC Adv., 2017, 7, 5013-5018

deprotonation (CMD) mechanism.”® In TS1, the C-H bond
cleavage and Pd-C bond formation occur simultaneously. The
distances of C-H bond and Pd-C bond are 1.29 and 2.06 A,
respectively. The free energy barrier of the C-H activation step is
calculated to be 11.5 kcal mol™' in MeOH solvent. Subse-
quently, dissociation of the coordinated HOAc molecule leads
to a more stable 16e complex 3, which is exergonic by of 15.1
keal mol " in MeOH solvent.

The free energy profiles for the transformation from 3 to the
intermediates 7 and 11 are calculated and shown in Fig. 3 and
the related selected species geometric structures are given in
Fig. 4. As shown in Fig. 3, with the addition of R2 to 3, inter-
mediate 4 is produced with the free energy increasing of 6.9 kcal
mol " (red line). The subsequent transmetalation process is
stepwise, and includes two steps. The O center of OAc anion
firstly attacks one of the B center in R2 to form intermediate 5,
only requiring the activation barrier of 3.9 kcal mol~". Then
transmetalation occurs to lead to intermediate 6 via transition
state TS3 by overcoming the energy barrier of 10.1 kcal mol .
Through dissociating one Bpin-OAc molecule, a more stable
intermediate 7 is formed by releasing the free energy of 16.4
kecal mol ™. In another pathway, prior to the addition of R2 to 3,
the olefin bond in 3 would inserts into the Pd-C to afford the
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Fig. 1 Free energy profiles in methanol [acetic acid] for the C-H
activation step in the palladium-catalyzed reaction R1 with R2.
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Fig. 2 Geometric structures for selected species shown in Fig. 1. The hydrogen atoms not participating in the reaction have been omitted for

clarity. Distances are in A.

cyclobutene intermediate 8 through transition state TS4 by
overcoming a free energy barrier of 18.3 kcal mol ™" (blue line).
Next, with the addition of R2, transmetalation would occur
through the transition states TS5 and TS6 to give the interme-
diate 10 followed by the dissociating Bpin-OAc molecule to form
intermediate 11. The calculated free energy barrier for the
transmetalation is 6.9 kcal mol ™.

We have thoroughly studied the possibility of additional
methanol coordination in all the intermediates and transition
states. For example, in the key olefin insertion step, the tran-
sition state with an additional methanol coordination, TS4b, is
5.7 kcal mol ™" higher in free energy as compared to that without
the methanol coordination, TS4 (Fig. 3). We have found
a similar situation exists for all other species; either no

coordination site is available in palladium or the additional
methanol coordination is unfavorable in free energy.

The free energy profiles for the reductive elimination step
leading to alkenylboron and cyclobuteneboron products are
calculated and shown in Fig. 5 and the related selected species
geometric structures are given in Fig. 6. As shown in Fig. 5, the
last step for the reaction is the C-B reductive elimination from
Pd(u), producing the alkenylboron and cyclobuteneboron
products and regenerating the Pd(0) catalyst. The two trans-
formations leading to alkenylboron and cyclobuteneboron
products are also confirmed both kinetically and thermody-
namically favorable. The activation barriers via transition states
TS7 and TS8 are 7.2 and 0.9 kecal mol~ " and the reaction ener-
gies for the two steps are 23.3 and 29.1 kcal mol *, respectively.
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Fig.3 Free energy profiles in methanol [acetic acid] for the transmetalation and olefin insertion steps in the palladium-catalyzed reaction R1 with

R2.
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Fig. 4 Geometric structures for selected transition states shown in Fig. 3. The hydrogen atoms not participating in the reaction have been

omitted for clarity. Distances are in A.
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Fig. 5 Free energy profiles in methanol [acetic acid] for the reductive elimination step in the palladium-catalyzed reaction R1 with R2.
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Fig. 6 Geometric structures for selected species shown in Fig. 5. The hydrogen atoms not participating in the reaction have been omitted for

clarity. Distances are in A.
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As shown in Fig. 1, 3, and 5, the rate- and selectivity-
determining step for the reactions leading to alkenylboron
and cyclobuteneboron products are transmetalation step (TS3)
and olefin insertion step (TS4), respectively. The competition
between TS3 and TS4 determines the chemoselectivity between
alkenylboron and cyclobuteneboron products. These are very
close in energy, and correct prediction of selectivities is very
difficult because of inaccuracies in solvation models."* With
methanol solvent (¢ = 32.6), the overall energy barriers to
produce alkenylboron and cyclobuteneboron products (3 to TS3
and 3 to TS4) are 17.7 and 18.3 kcal mol '. With acetic acid
solvent (¢ = 6.3), the overall energy barriers for the trans-
metalation step to produce alkenylboron product decreases to
12.7 keal mol™*, while the olefin insertion barrier increases to
20.1 kecal mol~'. These changes suggest that lowering the
polarity of solvent disfavors the olefin insertion step and the
formation of cyclobuteneboron product. Therefore, the solvent-
controlled formation of alkenylboron and cyclobuteneboron
product is most likely due to the polarity of methanol. Consis-
tent with this postulate, the thorough experimental examina-
tion of solvents by Backvall et al. also showed the trend that
higher polarity solvents, such as the mixture of MeOH and H,O,
favor the formation of cyclobuteneboron product P2.

4. Conclusions

DFT investigations have elucidated the mechanisms of
palladium-catalyzed oxidative carbocyclization and borylation
of allenes. The chemoselectivity of the reaction is solvent-
controlled. Acetic acid solvent gives the P1 as the major
product, while methanol solvent favors the formation of the P2
product. The reaction leading to P1 undergoes three steps: C-H
activation, transmetalation, and reductive elimination. In
contrast, the reaction producing P2 includes C-H activation,
olefin insertion, transmetalation, and reductive elimination.
Our calculations probed the origins of the observed solvent-
controlled chemoselectivity. The lowering the polarity of
solvent disfavors the olefin insertion step and the formation of
product P2.
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