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ABSTRACT: Ion pairing has unexplored potential as a key catalyst−substrate
interaction for controlling regioselectivity and site-selectivity in transition-
metal catalysis, particularly in the area of C−H activation. However, there is a
significant perceived challenge that has meant that few have investigated this
approach to datethat of the low directionality, which could present an
unsurmountable challenge if seeking positional selectivity on flexible
substrates. Herein, we demonstrate that even flexible substrates with several
freely rotatable bonds undergo ion pair-directed C−H borylation with good to
excellent levels of regiocontrol for the arene meta-position. Furthermore, we
demonstrate that in specially designed competition substrates, ion pair direction prevails over competing hydrogen bond
direction. We anticipate that these findings will inspire the greater incorporation of ion-pairing into site-selective catalytic
strategies.

KEYWORDS: C−H activation, borylation, ion-pairing, noncovalent interactions, regioselectivity

The application of noncovalent interactions to exert control
in transition-metal catalysis is a potentially very powerful

strategy.1 Nature utilizes this approach extensively through the
use of cofactors as the reactive center in partnership with an
enzyme, which provides the necessary environment to achieve
desired selectivity.2 Chemical efforts to mimic this partnership
using hydrogen bonds3 and ion pairs4 have led to numerous
advances in control of enantioselectivity. Compared to
hydrogen bonds, ion pairs are typically perceived as lacking
the directionality necessary to achieve high levels of positional
control and as such have been underexplored in regioselective
or site-selective reactions using transition metals.5−7 This is
despite the great potential of ion pairing as a tool for directing
C−H bond functionalizationthe Coulombic interaction is
strong and potentially resilient to reaction conditions that may
disrupt weaker hydrogen bonds. In the course of their
pioneering work on steroid functionalization, Breslow and co-
workers carried out several fascinating studies using stoichio-
metric ion paired templates to achieve remote sp3 C−H
functionalization via a radical mechanism.8 The first concerned
selective functionalization of an extended alkyl chain and in
order to obtain good site-selectivity it was necessary to employ
two ion-pairing interactions to reduce overall flexibility (Figure
1a).9 Subsequently, they were able to use a single ion-pairing
interaction to enable radical chlorination of a rigid quaternary
ammonium-functionalized steroid with encouraging site-
selectivity and in a single example were able to show that
catalytic turnover, albeit low, was possible via ion exchange
(Figure 1b).10 Following these innovative studies, few develop-
ments in using ion-pairing to control C−H functionalization
have occurred. We recently reported an ion pair-directed

approach for controlling regioselectivity in iridium-catalyzed
borylation of aromatic C−H bonds in which an anionic ligand
for iridium ion pairs with a cationic ammonium salt substrate
(Figure 1c).11 In that work, two classes of aromatic quaternary
ammonium salts were explored: those derived from anilines and
benzylamines (Figure 1d). Both of these substrate classes
possess very low conformational freedom. For the former, there
is essentially none, and for the latter, there is only a single
rotatable bond, which in reality is significantly restricted in its
accessible conformations by the bulky quaternary ammonium
functionality. Hence, these rigid substrates constituted an ideal
starting point for establishing the proof of concept that ion
pairs were viable for controlling regioselectivity using transition
metal catalysis; both delivered high levels of meta-selectivity in
C−H borylation.12−14 We anticipated that the use of more
conformationally flexible, less rigid substrates that possess
greater degrees of freedom would be significantly more
challenging when combined with the relatively low direction-
ality of ion pairing and would provide a true test of the
generality of the approach (Figure 1e).
Herein we demonstrate that, despite these challenges, ion-

pair-directed borylation proves to be highly effective, giving
good to excellent levels of meta-selectivity on two flexible
substrate classes: quaternized phenethylamines and phenyl-
propylamines. Furthermore, we have designed competition
substrates that directly compare ion-pairing and hydrogen

Received: January 31, 2018
Revised: March 24, 2018
Published: March 26, 2018

Letter

pubs.acs.org/acscatalysisCite This: ACS Catal. 2018, 8, 3764−3769

© 2018 American Chemical Society 3764 DOI: 10.1021/acscatal.8b00423
ACS Catal. 2018, 8, 3764−3769

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
M

B
R

ID
G

E
 o

n 
Ju

ne
 1

8,
 2

01
8 

at
 1

3:
14

:4
4 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 
CORE Metadata, citation and similar papers at core.ac.uk

Provided by Apollo

https://core.ac.uk/display/162912573?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.8b00423
http://dx.doi.org/10.1021/acscatal.8b00423
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


bonding in their directing ability for borylation. Our findings
serve to highlight the potential of ion-pair-directed catalysis as a
strategy for control of regioselectivity and site-selectivity in C−
H activation reactions.
At the outset of our studies, we focused on quaternary

ammonium salts derived from phenethylamine derivatives.
Numerous phenethylamines are readily available, and the
biological importance of this class of molecules is very well
established, with numerous pharmaceuticals possessing a
phenethylamine motif embedded within their structure. We
evaluated four anionic sulfonate ligands (1a−1d) alongside
other borylation ligands dtbpy, bpy, and tmphen in the
borylation of quaternized phenethylamine substrate 2a (Table
1).15 We found that ligand 1a, in which the sulfonate is
connected to the bipyridine 5-position by a methylene spacer,
was the optimal ligand giving 8.8:1 meta:para selectivity (entry
1). Strikingly, ligand 1a had also proved to be the optimal
scaffold for not only our ion-pair directed borylation of aniline
and benzylamine derived ammonium salts but also our recently
reported hydrogen bond-directed borylation of benzylamines,
phenethylamine, and phenylpropylamine-derived amides.7f

Using dtbpy as ligand gave no reaction at all at 50 °C but
good conversion at 70 °C (entries 5 and 6), while bpy gave
only moderate conversion (entry 7). 3,4,7,8-Tetramethyl-1,10-
phenanthroline (tmphen) gave the highest yield and was
subsequently used to assess intrinsic borylation regioselectivity
(entry 8).16

With ligand 1a identified as the optimal, we next evaluated
the scope of the borylation on a range of quaternized
phenethylamines that would be expected to undergo non-

selective borylation using a standard borylation ligand (Table
2). A number of 2-substituted substrates proved to be
compatible, including those substituted with halides (3b, 3c,
and 3d), an electron-withdrawing group (3a), and an aromatic
substituent (3e). In the case of the 2-fluoro substrate 3d,
diborylation was found to be competitive with monoborylation,
with high meta-selectivity. A pyridine-derived substrate gave
excellent selectivity for borylation at the C4 position (3f).
Furthermore, quaternary ammonium salts derived from
substituted phenylalanines were also found to be compatible
(3g−3i). Interestingly, the ammonium salt derived from
phenethylamine (i.e., with no substituents on the arene) was
found to be unreactive using either ligand 1a or tmphen, even
under forcing conditions. Similarly, electron-donating sub-
stituents on the aromatic ring, such as methyl and methoxy,
also resulted in no reaction with either ligand. On the basis of
these observations, we surmise that the presence of the
ammonium functionality is, to some degree, reducing the
reactivity of the active borylation catalyst. Therefore,
correspondingly “activated” substrates, possessing electron-
deficient substituents on the arene, are required. In our
previous work with the zero and one-carbon chains, the strong
inductive effect of the ammonium group close to the arene
meant that most substrates were effectively electron deficient
and so additional electron-donating groups were tolerated.
However, in this present work, as the ammonium group moves
further away from the arene, its inductive removal of electron
density is significantly reduced. We also evaluated alternative
counterions apart from tosylate to attempt to increase
reactivity, but none was found to give significant improvement.
We next investigated the extension of the chain length by an

additional methylene unit, introducing further flexibility into

Figure 1. Previous examples of use of ion-pairing to control site-
selective reactions and our previous and current work on directed C−
H borylation.

Table 1. Evaluation of Anionic Ligands 1a−1d on
Quaternized Phenethylamine 2a

entry ligand meta:paraa total yield (%)b

1 1a 8.8:1 89
2 1b 5:1 89
3 1c 3.6:1 86
4 1d 1.7:1 98
5 dtbpy -- 0
6c dtbpy 1:2.0 91
7c bpy 1:2.2 51
8c tmphen 1:2.1 96

ameta:para ratios are taken from analysis of crude 1H NMR spectra.
bYields determined by 1H NMR with reference to 1,3,5-trimethox-
ybenzene internal standard. cReaction carried out at 70 °C.
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the substrate. We evaluated all four sulfonate ligands 1a−1d,
dtbpy, and tmphen on quaternized phenylpropylamine
substrate 4a (Table 3). These experiments demonstrated that

again ligand 1a was optimal, providing further indication of the
broad generality of this ligand structure (entry 1). In this case,
the meta-selectivity, at 5:1 was decreased when compared with
the phenethylamine-derived salt. This is likely attributable to
the greater flexibility of the substrate meaning that the entropic
cost for an organized transition state is becoming increasingly
high.
The scope of the borylation on a range of quaternized

phenylpropylamine derivatives is shown in Table 4. As before, a

number of substituents are compatible, including electron-
withdrawing groups (5a, 5e) and halides (5b−d, 5f).

We also evaluated a substrate bearing a four-carbon linker,
but we found that regioselectivity fell to below synthetically
useful levels: 2-chloro-substituted 4g delivered a 4:1 m:p
(Scheme 1). This is in comparison to 12:1 (3b) and 7.5:1 (5b)

for the analogous two-carbon and three-carbon substrates
bearing the 2-chloro substituent, showing that selectivity
steadily decreases with increasing chain length and substrate
flexibility.
Despite this, it is remarkable that a single ligand design

proves to be optimal for four different chain lengths. We
speculate that the sulfonate group of 1a, with its negative
charge delocalized across multiple atoms, serves as a diffuse area
of high charge density at a fixed distance from the iridium
center. Thus, as we postulated in our previous study on
hydrogen bond-directed borylation, it seems reasonable that as
long as a particular substrate is able to achieve a low-energy
conformation that will allow an electrostatic interaction with
the catalyst in the borylation transition state, then this may
plausibly lead to meta-selective borylation. Ortho-borylation is
disfavored on steric grounds and para-selective borylation
would likely need a significantly extended ligand design.7e

Ligand 1a, in which the methylenesulfonate group extends from
the 5- and 5′-positions of the bipyridine, likely has a fairly
restricted conformation, in which the C−S bond is
perpendicular to the plane of the bipyridine ring due to the

Table 2. Scope of Borylation of Substituted Quaternized
Phenethylamines

a1H NMR yield with reference to an internal standard quoted due to
decomposition during purification. bReaction carried out at 70 °C. c3.0
equiv. of B2Pin2 employed.

Table 3. Evaluation of Anionic Ligands 1a−1d on
Quaternized Phenylpropylamine 4a

entry ligand meta:para total yield (%)

1 1a 5.0:1 80
2 1b 3.8:1 68
3 1c 2.3:1 70
4 1d 1.7:1 82
5 dtbpy -- 0
6a dtbpy 1:1.5 68
7a tmphen 1:1.3 66

aReaction carried out at 70 °C.

Table 4. Scope of Borylation of Substituted, Quaternized
Phenylpropylamines

a1H NMR yield with reference to an internal standard quoted due to
decomposition during purification. bReaction carried out at 70 °C.

Scheme 1. Evaluation of a Substrate with a Four-Carbon
Chain
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bulk of the sulfonate group. This combination of proximity to
the Ir center and low conformation flexibly could be key to the
universal success of 1a (Figure 2). The longer chain length

variant 1b typically gives the next best regioselectivity. This
ligand still has proximity to Ir but with greater flexibility,
resulting in a greater entropic cost compared with 1a. With
ligands 1c and 1d, the sulfonate extends from the 4- and 4′-
positions and the resulting greater distance of the sulfonate
from the Ir metal center appears less favorable. Although 1c
and 1d ligands perform better on the longer chain substrates of
the present study compared with the shorter chain variants of
our previous study, as would be expected, they remain inferior
to 1a.
Aniline and benzylamine-derived quaternary ammonium salts

are amenable to cross coupling at the ammonium functionality
using either nickel or palladium catalysis. However, the longer
chain lengths of the substrates in the present study mean that
the ammonium functionality is no longer compatible with
existing protocols, being too remote from the aromatic ring.17

We demonstrate a Suzuki−Miyaura cross-coupling/Hofmann
elimination process which gives access to meta-aryl styrenes in
good yield over two steps (Scheme 2a, 7). Hofmann
elimination on these products after cross-coupling is facile,
the amine starting materials are readily available, and the alkene
functionality resulting from elimination is highly versatile. We
also developed a protocol wherein amine functionality could be
retained in the molecule, if desired. As demonstrated in Scheme

2b, treatment of a tertiary amine with 4-methoxybenzyl
chloride, followed by a counterion exchange gives a quaternary
ammonium tosylate which undergoes the ion-pair-directed
borylation giving 11:1 meta:para ratio in good yield (8). This
product can then be simply hydrogenated to reveal the meta-
borylated tertiary amine 9 as its toluenesulfonic acid salt. Given
the ubiquity of tertiary amine functionality in pharmaceuticals,
we anticipate that this simple procedure of quaternization/
borylation/hydrogenation could be of significant practical
utility in medicinal chemistry applications where flexible access
to the meta position of an aromatic ring is required.
We recently demonstrated that the sulfonate group of ligand

1a functions very effectively as a hydrogen bond acceptor to
allow the meta-selective borylation of amides derived from
benzylamines, phenethylamines, and phenylpropylamines.7f

This ability of a single ligand to engage highly effectively in
both hydrogen bonding and ion-pairing interactions offers a
rare and valuable opportunity to carry out a direct competition
between these two most important classes of noncovalent
interaction, in the context of a single molecule. Accordingly, we
prepared 10, 11, and 12, which all feature a potential
competition between ion-pair direction and hydrogen bond
direction, with borylation regioselectivity indicating the out-
come (Figure 3). These substrates demonstrated that, in all

cases, ion pair-directed borylation dominates to give highly
selective borylation meta to the ammonium. The small but
consistent decrease in the meta:para ratio (relative to the
ammonium) from 10 through to 12 approximately corresponds
to the trend we observed in the hydrogen bond-directed
borylation, wherein higher meta selectivity was typically
observed with the two and three carbon chains, compared
with the one carbon chain.7f

In summary, we have demonstrated that an ion pair-directed
approach to controlling regioselectivity in iridium-catalyzed C−
H borylation is effective even on substrates that possess
significant flexibility between the arene and the cationic group.
This constitutes a powerful approach for introducing versatile
boron functionality into the meta position of a range of
aromatic amines. But more broadly, this work demonstrates the
potential for wider application of the use of ion-pairing
interactions to control regioselectivity and site-selectivity,
challenging the assumption that lack of directionality should
make ion pairs unsuitable as a controlling element in chemical
reactions requiring high levels of precision. Additionally, while
the utilization of catalyst−substrate hydrogen bonds is now a
relatively commonly employed strategy, we have demonstrated
here that in a direct competition, ion-pair direction appears to
be the dominant director, at least in the context of C−H
borylation. We hope that these insights will provide an

Figure 2. Possible rationalization of factors behind the broad
generality of ligand 1a.

Scheme 2. Elaboration of Quaternary Ammonium Salt
Products via (a) Suzuki−Miyaura Cross-Coupling/Hofmann
Elimination and (b) Hydrogenation To Reveal Tertiary
Amine

Figure 3. Substrates featuring an internal competition between
ammonium and amide functionality.

ACS Catalysis Letter

DOI: 10.1021/acscatal.8b00423
ACS Catal. 2018, 8, 3764−3769

3767

http://dx.doi.org/10.1021/acscatal.8b00423


alternative outlook for those looking to exploit attractive
noncovalent interactions to direct catalysis.
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