
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
24

 7
:4

3:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Mechanistic stud
aSchool of Physics and Electronic Engineer

510006, China. E-mail: emmiyao@163.com
bKey Laboratory of Molecular Target

Pharmaceutical Sciences & the Fih A

University, Guangzhou, 511436, China. E-m
cGuangzhou Institute of Energy Conversion,

510640, PR China

† Electronic supplementary informa
10.1039/c8ra07886f

‡ The authors contributed equally to this

Cite this: RSC Adv., 2018, 8, 35453

Received 22nd September 2018
Accepted 10th October 2018

DOI: 10.1039/c8ra07886f

rsc.li/rsc-advances

This journal is © The Royal Society of C
y of the ligand controlled
regioselectivity in iridium catalyzed C–H borylation
of aromatic imines†

Yuhua Liu,‡a Jipei Chen,‡a Kangsheng Zhan,a Yiqiang Shen,a Hui Gao *bc

and Lingmin Yao *a

As a major challenge in C–H borylation, how to control the selectivity has attracted lots of attention,

however, the related mechanistic information still needs to be uncovered. Herein, density functional

theory (DFT) has been used to study the mechanism for the ligand controlled regioselectivity in the

iridium-catalyzed C–H borylation of aromatic imines, which is inspired by experimental observations (R.

Bisht, B. Chattopadhyay, J. Am. Chem. Soc., 2016, 138, 84–87). The proposed Ir(I)–Ir(III) catalytic cycle

includes (i) the oxidative addition of the C–H bond to iridium(I); (ii) the reductive elimination of a C–B

bond; (iii) the oxidative addition of B2pin2 to an iridium(I) hydride complex; and (iv) the reductive

elimination of a B–H bond. The oxidative addition of a C–H bond to the iridium center is the

determining step. For the ligand AQ, ortho-selectivity is proposed to be attributed to the decreased

steric hindrance and increased electron donating effect of AQ (8-aminoquinoline) which promotes

proton-transfer in the ortho-transition state of C–H activation. While, for the TMP ligand, the steric

repulsion between the TMP (4,5,7,8-tetramethyl-1, 10-phenanthroline) ligand and the ortho-substituted

imine hinders the ortho C–H activation and favors meta borylation. Our calculations provide insights into

further ligand design to achieve different regioselective borylation of aromatics. Guided by the results,

the regioselectivity in the borylation of aromatics may be achieved by accordingly modifying the

electronic and steric substituents of the ligand.
Introduction

Transition metal catalyzed C–H borylation of aryl rings is one of
the most important methods used to activate C–H bonds and
functionalize organic molecules.1 In the past years, the C–H
borylation reaction catalyzed by different transition metal
complexes such as Ir, Rh, and Co has been developed well.2–6 In
particular, the number of iridium catalyzed aromatic C–H bor-
ylation reactions have grown considerably,4–7 in which an
important issue to be solved is how to control the regiose-
lectivity. One of the most employed strategies is the combina-
tion of iridium complexes with directing groups to allow
selective ortho-borylation.8–10 Smith reported an example of
sterically directed ortho-borylation.11 On the other hand, meta-
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selective C–H bond borylation of aryl rings is more difficult.
Only a few methods for the sterically controlled meta selective
borylations have been reported.12,13

Understanding the experimentally observed ligand
controlled regioselectivity is essential for clarication of the
detailed inuence of ligands and guiding further catalysis
design. Previous studies have proposed several hypothesises on
the regioselective C–H borylation,14–19 though debate is still
existed. Maseras and co-workers suggested that in the bor-
ylation of methyl benzoate catalyzed by iridium complexes
supported by PPh3 (triphenyl phosphine) or dtbpy (4,4-di-tert-
butyl bipyridine), the possible mechanism is iridium(III)/iri-
dium(V) catalytic cycle17(Fig. 1, green). Alternatively, Lan and co-
workers suggested that in the borylation of aromatic C–H
catalyzed by [Ir(cod)OH]2/Xyl-MeO-BIPHEP, iridium(I)/iridiu-
m(III)-based catalytic cycle exists18 (Fig. 1, aubergine).

Recently, Chattopadhyay reported a series of iridium cata-
lyzed borylation of aromatics with diboron reagents (Scheme
1).20 The original report described that the Ir catalysts supported
by AQ showed the capability of borylation on ortho position of
aromatic imine while the Ir/TMP system preferred meta-selec-
tivity, however, no explanation on the regioselectivity was given.
There are some issues to be answered: (1) what are the details of
the catalytic cycle? (2) What is the regioselective determine step
RSC Adv., 2018, 8, 35453–35460 | 35453
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Fig. 1 Potential mechanisms of iridium(III)/iridium(V) and iridium(I)/iridium(III) catalytic cycles for aromatic C–H borylation.

Scheme 1 Computational model for aromatic C–H borylation.
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in the cycle? (3) How does the structure of ligand inuence the
reactivity and regioselectivity? With the aim of answering these
questions, we conducted computational study by using the
prototypical reaction between phenyl imine and pinacolborane
as the model reaction (Scheme 1).
Scheme 2 Three types of potential mechanisms for C–H borylation of

35454 | RSC Adv., 2018, 8, 35453–35460
For the special reaction system in the model reaction
(Scheme 1), three possible mechanistic pathways have been
demonstrated and the related reaction proles have been
examined. All the pathways involve C–H activation, C–B reduc-
tive elimination and B–B oxidative addition and B–H reductive
elimination steps. The only difference lies in that path I
proceeds in the sequence of C–H activation, C–B reductive
elimination, B–B oxidative addition and B–H reductive elimi-
nation (Scheme 2a); while path II occurs in the sequence of C–H
activation, B–H reductive elimination, B–B oxidative addition
and C–B reductive elimination (Scheme 2b). Both path I and
path II proceed through Ir(I)–Ir(III) catalytic cycle. Path III
undergoes the analogues reaction sequence with path I but via
Ir(III)–Ir(V) catalytic cycle (Scheme 2c). Herein, we report our
investigations on the above possible pathways with special
emphasis on the ligand effects on regioselectivity.
aromatic imine.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Energy profile of path I in the borylation of aromatic imine catalyzed by AQ/Ir system.
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Computational method

The followed DFT calculations have been conducted using
Gaussian 09 program.21 Geometries were optimized using the
B3LYP functional.22 SDD23 basis set was used for Ir, a standard
6-31G(d)24 basis set was used for other atoms. Frequency anal-
yses were carried out to ensure theses stationary points were at
either a minimum or transition state. Solvation free energies
were calculated with SMD25 solvation model (solvent ¼ tetra-
hydrofuran). Additional single point calculations were per-
formed with M11L functional.26 SDD basis set was employed for
Ir while standard 6-311++G(d,p)24 basis set level for other atoms.
The solvation model for the single point calculation was the
same as described above. The energies presented in this paper
are the M11L calculated single point energies added with B3LYP
optimized thermodynamic corrections.

Results and discussion

We have rst examined the borylation of aromatic imine with
B2pin2 catalyzed by the Ir/AQ system (Scheme 1). The catalytic
cycle starts with the step of C–H activation of substrate aromatic
imine. The C–H bond is splitted upon the addition of H and C to
Scheme 3 Energy change in the second step of B–H reductive eliminat

This journal is © The Royal Society of Chemistry 2018
the Ir center, affording intermediate 4a or 4b (Fig. 2). The cor-
responding barrier of C–H activation is 33.0 kcal mol�1 and
28.0 kcal mol�1 for themeta-C–H activation (TS3b, Fig. 2, black)
and ortho-C–H activation (TS3a, Fig. 2, aubergine), respectively.
Thereaer, we try to gure out which is more likely the second
step in the catalytic cycle, the C–B reductive elimination or B–H
reductive elimination?

We have calculated the possibility of C–B reductive elimi-
nation followed with the initial step of C–H activation. Upon
C–H activation, B–C reductively eliminate from the interme-
diate 4a or 4b via TS5a or TS5b (Fig. 2), the barrier is
18.4 kcal mol�1 and 15.6 kcal mol�1 for meta- and ortho-selec-
tivity, respectively (Fig. 2).

Then B–B oxidative addition to Ir center takes place to
generate the iridium(III) complex. Two Ir–B distances of TS8
(Fig. 2) are different (2.40 vs. 2.55 Å). The barrier for TS8 is as
low as 2.8 kcal mol�1. The catalytic cycle is closed by B–H
reductive elimination to regenerate catalyst 1 (TS10, Fig. 2),
which requires 20.5 kcal mol�1. Given that the barrier of tran-
sition states in initial C–H activation step is the highest along
the route, C–H activation is likely the RDS step (regioselectivity
determining step) in path I. Comparing meta-selectivity with
ion for path II in AQ/Ir(I)-assisted C–H borylation of aromatic imine.

RSC Adv., 2018, 8, 35453–35460 | 35455

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07886f


Fig. 3 Key transition states and intermediates in Ir(I)/AQ catalyzed C–H activation in path I.
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ortho-selectivity in path I, our calculations indicate that ortho
selectivity is favored over meta selectivity by 5.0 kcal mol�1

(33.0 kcal mol�1 vs. 28.0 kcal mol�1) in the RDS step which is in
consistent with experimental observation.20

Thereaer, we investigated an alternative of the second step,
the B–H reductive elimination followed with C–H activation
step (Scheme 2, path II). The barrier of B–H reductive elimina-
tion is 36.7 kcal mol�1 (Scheme 3). Because the barrier is too
high to overcome under the experimental condition,20 this
pathway is ruled out, and further calculation along path II is
abandoned.
Fig. 4 Energy profile of path III in the borylation of aromatic imine cata

35456 | RSC Adv., 2018, 8, 35453–35460
The transition states of C–H activation and the related
intermediates in path I are located and detailed in Fig. 3. For
C–H activation, C–H of the phenyl ring approaches trans to
boron and the C–H bond is splitted upon interaction between
H, C and Ir atoms, resembling the previous studies by Sakaki.27

According to the previous reports, boryl nucleophilicity
promotes proton transfer in the transition state, thereby accel-
erates the subsequent C–H borylation.28 During the process of
C–H activation, both the length of Ir–C and Ir–H bond become
shorter, and the length of C–H bond becomes longer.
Comparing the transition states of TS3a and TS3b, which are
lyzed by TMP/Ir(I) system.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Energy profile of path I0 in the borylation of aromatic imine catalyzed by TMP/Ir(I) system.
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ortho- and meta-selectivity respectively, the latter is less steric
hindrance. Surprisingly, the barrier of the larger hindered TS3a
is lower. The lower energy of TS3a may due to the enhanced
electron donating ability of AQ which accelerates the proton-
transfer from ortho carbon to iridium atom.

The Ir(I)–Ir(III) catalytic cycle in path I bring us to envisage
whether an analogous Ir(III)–Ir(V) pathway exists (Scheme 1c).
The iridium center of precatalyst 1 is possible subjected to B–B
oxidative addition with B2pin2 (Fig. 4). The barrier of the initial
B–B oxidative addition step is slightly higher than that of ortho
C–H activation in Ir(I)/Ir(III) cycle (TS2 in Fig. 4 vs. TS3a in Fig. 2,
28.8 kcal mol�1 vs. 28.0 kcal mol�1). Consequently, the B–B
oxidative addition to iridium(I) should be a little more difficult
to proceed than ortho C–H activation, therefore the B–B oxida-
tive addition may not occur. Furthermore, we have calculated
along the whole Ir(III)/Ir(V) route to testify the possibility of path
III. The energy required for the initial aromatic C–H activation
is higher than 35.0 kcal mol�1 for both meta- and ortho-selec-
tivity (Fig. 4), much higher than the barrier for the analogous
Scheme 4 Energy change in the second step of B–H reductive eliminat

This journal is © The Royal Society of Chemistry 2018
C–H activation step in Ir(I)–Ir(III) cycle. Therefore, this route is
ruled out. We reach the conclusion that with ligand AQ, path I
with ortho-selectivity is favoured over meta-selectivity, in
consistent with the experimental observation.20

The similar pathways have been computed for the Ir(I)/TMP
system. The energy proles for the ortho-, and meta-borylation
of aryl imine are shown in Fig. 5. In path I0, the total energy
required for C–H activation is 12.0 kcal mol�1 and
27.0 kcal mol�1 for meta- and ortho borylation respectively
(TS3a0 vs. TS3b0, Fig. 5). The followed C–B reductive elimination
proceeds with a low barrier of 14.6 kcal mol�1 and
25.0 kcal mol�1 for meta- and ortho-selectivity. The subsequent
B–B oxidative and B–H reductive elimination requires energy of
10.5 kcal mol�1 and 25.9 kcal mol�1 respectively, and nally
regenerate catalyst 10. Given that the C–H oxidative addition
step is the regioselectivity determining step, the lower energy
barrier of meta-C–H activation than ortho-C–H activation indi-
cates that meta-path I0 is preferred (27.0 kcal mol�1 vs.
12.0 kcal mol�1).
ion for path II0 in TMP/Ir(I) assisted C–H borylation of aromatic imine.

RSC Adv., 2018, 8, 35453–35460 | 35457
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Fig. 6 Energy profile of path III0 in the borylation of aromatic imine catalyzed by TMP/Ir(III) system.
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We then check another possibility that B–H reductive elim-
ination is followed with the initialmeta-C–H activation (Scheme
1, path II). As shown in Scheme 4, formeta-path II, the barrier of
B–H reductive elimination is up to 30.2 kcal mol�1, which is not
possible to occur under experimental condition.20 Therefore,
path II0 is ruled out, and we have not continued to calculate this
route.

In path III0, aer B–B oxidative addition to Ir(I) which is the
same as the rst step in path III, the catalytic cycle proceeds
with C–H activation, which requires energy of 42.2 kcal mol�1

and 33.3 kcal mol�1 for meta- and ortho-C–H activation.
Thereaer, B–C bond reductively eliminates from intermediate
Fig. 7 Key transition states and intermediates in Ir(I)/TMP system catalyz

35458 | RSC Adv., 2018, 8, 35453–35460
7a0 or 7b0 to produce 9a0 or 9b0 (Fig. 6). The required energy for
this process is 3.1 kcal mol�1 and 1.7 kcal mol�1 for meta- and
ortho-selectivity respectively. Then, B2pin2 adds to iridium
center and the overall barrier for B–B oxidative addition is
8.0 kcal mol�1. B–H reductive elimination via 13TS0 leads to the
regeneration of catalyst 10, with a low barrier of 3.0 kcal mol�1.
Overall, both ortho- andmeta-path III0 have barriers higher than
30 kcal mol�1 for both ortho- and meta-selectivity, and it is not
possible to occur under experimental conditions.20 Therefore,
path III0 is also ruled out.

The structure of transition states of C–H activation and
related intermediates in path I0 are shown in Fig. 7. Structure
ed C–H activation in path I0.

This journal is © The Royal Society of Chemistry 2018
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comparison between TS3a0 and TS3b0 indicates that the lengths
of the Ir–H, C–H, and Ir–C bonds in these two transition states
are very similar to each other. The main difference lies in the
steric repulsion between the boryl group and the substituted
imine group. For TS3b0, the imine group are bent to retain
stable structure, while for TS3a0, the imine substitutent on the
aryl ring is unfolding, implying less steric hindrance than TS3b0.
Therefore, the greater steric repulsion in transition states of
orth C–H activation (TS3b0, Fig. 7) leads to higher energy
barrier, making orth C–H activation more difficult than meta
borylation.

The ligand-controlled selectivity can be rationalized by the
combination of steric and electronic effects. The key factors that
determine RDS step (C–H activation) are those accelerating
transfer of hydrogen to Ir center. For TMP ligand, themeta product
is obtained due to steric disfavor at ortho position. For AQ ligand,
the decreased steric hindrance and strong electron donating ability
of AQ promote ortho hydrogen transferring to iridium atom, while
the electronic effects could be veried by differentmulliken charge
on atoms of TS3a and TS3b0 (Table 1, ESI†). Accordingly, the ortho-
selectivity attributes to the decreased steric hindrance and
increased electron donating ability of AQ ligand while the meta-
selectivity is due to the steric of TMP. This is in good consistent
with the experimental observation.20

Conclusions

In summary, we have conducted DFT calculations to investigate
the origins of the ligand controlled regioselectivity in iridium-
catalyzed borylation of aromatic imine. The calculations are in
satisfactory agreement with the experimentally observation. The
results reveal a Ir(I)–Ir(III) catalytic cycle including four steps: (1)
C–H oxidative addition, (2) B–C reductive elimination, (3) B–B
oxidative addition and (4) B–H reductive elimination. The C–H
oxidative addition is the regioselectivity determining step of the
reaction. The structures of transition states in C–H activation
step are analyzed to illustrate the different regioselectivity. For AQ
ligand, the ortho product is shown to be favored over the meta
product because of the decreased steric hindrance and increased
electron donating effect of AQ ligand which promote proton
transfer in ortho C–H activation. For TMP ligand, the unfavorable
steric repulsion between TMP and the ortho substituted imine
group results in a higher energy barrier for ortho transition state
of C–H activation, therefore meta borylation is preferred.

The new mechanistic insights into the iridium catalyzed
borylation of aromatic imines might be helpful to the under-
standing of the origin of ligand controlled regioselectivity in this
kind of reaction, also provide guide for the design of new catalyst.
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