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directed Pd-catalysis in
combination with C–H activation: site-selective
coupling of remote chlorides with fluoroarenes and
fluoroheteroarenes†

William A. Golding and Robert J. Phipps *

Systems incorporating catalyst–substrate non-covalent interactions are emerging as a versatile approach to

address site-selectivity challenges in remote functionalization reactions. Given the achievements that have

been made in this regard using metals such as iridium, manganese and rhodium, it is surprising that non-

covalent catalyst direction has not been utilized in reactions incorporating palladium-catalyzed C–H

activation steps, despite palladium being arguably the most versatile metal for C–H activation. Herein,

we demonstrate that electrostatically directed, site-selective C–Cl oxidative addition is compatible with

a subsequent C–H activation step, proceeding via a concerted metalation deprotonation-type

mechanism. This results in site-selective cross-coupling of dichloroarenes with fluoroarenes and

fluoroheteroarenes, with selectivity controlled by catalyst structure. This study demonstrates that Pd-

catalyzed C–H activation can be used productively in combination with a non-covalently-directed mode

of catalysis, with important implications in both fields.
Introduction

In recent years, non-covalent interactions have been increas-
ingly explored as a powerful tool for modulating positional
selectivity in transition-metal catalyzed reactions.1 Examples of
reactions that have been investigated using this approach
include hydroformylation,2 alkyne hydrometalation,3 cross-
coupling4 and C–H activation.5 The latter is an area of chemistry
in which control of positional selectivity is one of the dening
challenges and which arguably has much to gain from the
application of non-covalent strategies.6 To this end, iridium-
catalyzed borylation of arenes has received the most attention
to date, possibly due to its relatively mild reaction conditions,
high functional group tolerance and compatibility with non-
polar solvents.7 A broad spectrum of non-covalent interactions
including hydrogen bonding,8 ion-pairing9 and electrostatic
interactions10 have all been employed to direct the reactive
iridium catalyst through substrate–ligand interactions.11 But it
is conspicuous that little progress has been made on applying
analogous non-covalent approaches to control site-selectivity in
reactions involving palladium-catalyzed C–H activation
processes.12,13 This is despite the rapid popularization of the use
of ‘transient’ directing groups, which combine with the
bridge, Lenseld Road, Cambridge, CB2
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substrate in a reversible but covalent manner, to direct the Pd
metal center in the C–H activation step.14,15 The inherent
reversibility of non-covalent interactions makes them ideal to
explore in this context. However, there is relatively little prece-
dent for non-covalent catalyst direction being used in tandem
with palladium-catalyzed C–H activation. An interesting recent
example from Crimmin and co-workers suggested dispersion
interactions can inuence regioselectivity in the palladium-
catalyzed C–H alumination of toluene.16 If compatibility could
be more broadly demonstrated it would pave the way for new
and innovative design strategies incorporating non-covalent
design elements for controlling site-selectivity in Pd-catalyzed
C–H activation reactions.

We recently reported that sulfonated phosphine ligands can
be used to direct site-selective palladium-catalyzed cross
coupling on substrates featuring remote chlorides that would
be very challenging to differentiate using existing methods.4

sSPhos is a commercially available, water-soluble phosphine
that we repurposed such that the sulfonate group engages in
a non-covalent interaction with the substrate.17 Experiments
provided support for a scenario wherein the potassium cation of
the deprotonated substrate interacts with the sulfonate group of
the ligand, leading to oxidative addition being directed to the C–
Cl bond at the substrate meta position (Fig. 1, upper pathway).
Following this, transmetalation or amine coordination/
deprotonation was followed by reductive elimination to typi-
cally give a single regioisomer as product. At the outset of this
work we questioned whether it might be possible to replace the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Proposed integration of C–H activation of fluoroarenes with an
electrostatically-directed site-selective oxidative addition.

Table 1 Optimization of site-selective coupling between A and Ba

Entry Pd Source Ligand Eq. PivOH
%
Conv. 3 : 4

1b Pd(OAc)2 sSPhos 0 0 N/A
2 Pd(OAc)2 sSPhos 0 0 N/A
3 Pd(OAc)2 sSPhos 0.3 48 14 : 1
4 Pd(OAc)2 sSPhos 0.6 56 14 : 1
5 Pd(OAc)2 sSPhos(NBu4) 0.6 78 16 : 1
6 [(Cin)PdCl]2 sSPhos(NBu4) 0.6 100 15 : 1
7 [(Cin)PdCl]2 SPhos 0.6 100 1.2 : 1
8c [(Cin)PdCl]2 SPhos 0.6 100 1.2 : 1
9d [(Cin)PdCl]2 sSPhos(NBu4) 0.6 88 16 : 1
10e [(Cin)PdCl]2 sSPhos(NBu4) 0.6 82 13 : 1

a Ratios and conversions determined by 1H-NMR analysis with internal
standard. b THF as solvent. c Potassium 2,4-
dimethoxybenzenesulfonate included as additive (20 mol%). d 6 eq. 2a
used. e 3 eq. 2a used.
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transmetalation step with a CMD step to enable C–H bond
activation to occur on the coupling partner. This would not only
increase the efficiency of the C–C bond formation by avoiding
prefunctionalization of one reactant, but more importantly
would demonstrate proof-of-concept that CMD is compatible
with non-covalent catalyst direction, in this case to control site-
selectivity in oxidative addition to the C–Cl bond. Proof that this
is viable may have broader implications for palladium-catalyzed
C–H activation as it could act as a stepping-stone to non-
covalent catalysis being applied for control of site-selectivity
in the challenging C–H activation step of a catalytic cycle (vide
supra). To test our proposal, we sought to examine uoroarenes
and uoroheteroarenes as coupling partners (Fig. 1, lower
pathway). In addition to being well suited to CMD with Pd-
catalysis,18 success with this substrate class would also provide
complementarity to our previous work. We had attempted to
use polyuorophenyl boronic acids, triuoroborate salts and
MIDA-boronates as coupling partners under our previous
conditions but observed no conversion in all cases.19 This was
also the case when using the sSPhos G2 pre-catalyst (see ESI† for
full details). Hence, development of a C–H activation variant
would be of practical utility, allowing access to these uorinated
biaryl products in a selective manner.
Results and discussion

When approaching the optimization of the proposed reaction,
our primary concern was whether the conditions required for
effective C–H activation might interfere with the electrostatic
interaction presumed to be responsible for the site-selectivity in
the oxidative addition step. We commenced our investigations
with triate-protected dichlorobenzylamine 1a and penta-
uorobenzene (2a) (Table 1). Under the conditions that we had
previously used for site-selective Suzuki coupling, no product
formation was observed (entry 1). Consulting the conditions
optimized by Fagnou and co-workers in their seminal work on
peruoroarene C–H activation, we switched the solvent to iPrOAc
but still observed no product formation (entry 2).18a,18b Addition of
substoichiometric amounts of pivalic acid was found to be
benecial, in accordance with previous observations.20 Good yield
This journal is © The Royal Society of Chemistry 2020
was obtained with 60 mol% PivOH and, importantly, excellent
levels of site-selectivity for coupling of the chloride at the meta
position was obtained (14 : 1, entries 3 and 4). The yield could be
improved by switching from the typical sodium salt of sSPhos to
the more soluble tetrabutylammonium salt, sSPhos(NBu4) (entry
5). Finally, an evaluation of Pd sources showed that [(Cinnamyl)
PdCl]2 gave improved yield (entry 6). When switching the ligand
to standard SPhos the site-selectivity dropped to 1.2 : 1, in line
with the hypothesis that the sulfonate group on the ligand is
crucial for this outcome (entry 7). To probe the effect of having an
arene sulfonate moiety present but detached from the ligand
structure, we carried out the reaction using 20 mol% SPhos with
20 mol% potassium 2,4-dimethoxybenzenesulfonate as an
additive (entry 8). This showed similarly low site-selectivity as
observed when using SPhos. The equivalents of
pentauorobenzene could be reduced to three equivalents before
signicant effect on yield was observed (entries 9 and 10).
However, for the purposes of scope exploration, nine equivalents
were retained in the remainder of the studies, due to anticipated
lower reactivity of some lesser uorinated arenes.

To provide support for the proposed electrostatic interac-
tion, in which the potassium cation is thought to play a crucial
role, we carried out experiments wherein stoichiometric
amounts of various crown ethers are added under the optimized
reaction conditions (Scheme 1). These showed that addition of
18-Crown-6, which is best able to bind potassium, resulted in no
selectivity and poor conversion (entry 2). As the crown ether was
made smaller and less able to bind potassium, selectivity and
reactivity were restored (entries 3 and 4).
Chem. Sci., 2020, 11, 3022–3027 | 3023
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Scheme 1 Evaluation of various sizes of crown ether as additives
under the optimized conditions.
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Having optimized conditions for the site-selective coupling
of 1a with pentauorobenzene, we next evaluated the scope of
the peruoroarene component (Scheme 2). Undesired proteo-
dechlorination of the reaction products was observed in some
cases, however this deleterious pathway could be largely avoi-
ded by shortening the reaction time (see ESI† for full details).
Isomeric tetrauoroarenes underwent efficient coupling in high
yield and with excellent site-selectivity (3b and 3c). 1,3,5-Tri-
uorobenzene represented the limit of reactivity (3d); whilst
selectivity was high, conversion was moderate and such a drop-
off of reactivity is precedented.18a Tetrauorobenzenes bearing
various substituents reacted smoothly and the scope encom-
passed methoxy (3e), triuoromethyl (3f), alkynyl (3g), ester (3h)
and acetamide (3i) groups. A further peruoroarene could be
incorporated without issue (3j). It is interesting to note that the
site-selectivity, whilst typically >10 : 1, does vary to some degree
with the uoroarene partner, despite the selectivity-
determining step occurring in the oxidative addition. We attri-
bute this small variation to a solvent effect – as the reactions are
relatively concentrated (0.5 M) and nine equivalents of arene are
Scheme 2 Scope of the perfluoroarene reaction component in
coupling with 1a.

3024 | Chem. Sci., 2020, 11, 3022–3027
being used, this typically means a �1 : 1 ratio by volume of
uoroarene : solvent. It is therefore foreseeable that changes in
the uoroarene component could be manifested in minor
uctuations in oxidative addition regioselectivity.

We next sought to determine whether the reaction would be
compatible with uorinated heteroarenes and so evaluated
several variously uorinated pyridines (Scheme 3). Pleasingly,
2,3,5,6-tetrauoropyridine was found to give excellent yield and
site-selectivity (5a). Two different constitutional isomers of tri-
uorinated pyridine also reacted well, with C–H activation
viable at either the C4- (5b) or C3- (5c) position relative to the
pyridine nitrogen, dependant on the nature of the uorination.
Even 3,5-diuoropyridine reacted, albeit with low conversion
(5d). In this case presumably the inductive withdrawal of the
pyridine nitrogen compensates for the low degree of uorina-
tion, still permitting some reactivity to be obtained, and rep-
resenting the current limit of reactivity according to the present
protocol.

We next explored the scope of the aryl chloride component
(Scheme 4). Extending the chain length to encompass phene-
thylamine (5e) and phenylpropylamine (5f) derivatives was
tolerated, with reduced but still synthetically useful levels of
site-selectivity. We found that benzylic substitution poses no
problem for the catalyst control with both methyl (5g) and
phenyl (5h) groups at that position giving excellent results.

Whilst the triyl-protected benzylamines can be manipu-
lated post-reaction, obtaining the free amine is challenging. We
demonstrate that the parent benzylamine can be readily con-
verted to the corresponding potassium sulfamate salt by treat-
ment with chlorosulfonic acid followed by potassium
hydroxide.11a This sulfamate salt 1b undergoes highly site-
selective coupling with tetrauoropyridine (13 : 1). The
product was subjected to acid-promoted sulfamate cleavage
followed by triuoroacetylation, to enable isolation as amide 5i.
As found previously with cross-coupling, a sulfonate as well
accommodated as an electrostatic directing group in this C–H
activation reaction, giving excellent selectivity for coupling at
Clm (5j, aer conversion to the corresponding sulfonamide).
Herein, we also demonstrate that a mono-basic benzyl phos-
phonate also results in excellent site-selectivity, with the
coupled product isolated aer methylation as 5k. Perhaps the
Scheme 3 Evaluation of fluorinated pyridines as coupling partners
with 1a.

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Evaluation of various Brønsted acidic groups able to
interact with catalyst resulting in selectivity for reaction at the meta-
chloride.

Scheme 5 Unoptimized couplings of two examples of heterocyclic
N-oxides with two different classes of substrate.
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most commonly encountered Brønsted acidic functional group,
the carboxylic acid, functions as an excellent electrostatic
directing group, tolerating a variety of chain lengths. Chlori-
nated phenyl acetic acid (5m), hydrocinnamic acid (5n) and
phenylbutyric acid (5o) all resulted in excellent site-selectivity.
Furthermore, an alkene could be tolerated in the chain
without side reactions and with no erosion of site-selectivity
(5p). We next sought to evaluate the ability of our ligand to
override a substrate's innate selectivity. As anticipated, coupling
of 3,4-dichlorobenzoic acid with tetrauoropyridine using
SPhos as ligand gave very high selectivity for the para-chloride
(6l), presumably due to substrate electronics rendering this the
most electron decient of the two C–Cl bonds. In contrast,
simply switching the ligand to sSPhos rendered a switch in site-
selectivity giving a remarkable 4 : 1 ratio of coupling at Clm vs.
Clp, and 5l as major product.
This journal is © The Royal Society of Chemistry 2020
Finally, we disclose that thiazole N-oxides and pyrazine N-
oxides are viable C–H activation partners to be used in place of
the uoroarenes (Scheme 5).21 These were demonstrated on two
different substrate classes of aryl chloride, triamide 1a and
sulfonate 1c. Although the conversions were only moderate
under the conditions optimized for the peruoroarenes,
importantly site-selectivity was excellent in both cases and these
promising results demonstrate the broader potential of this
strategy.

Conclusions

In summary, we have demonstrated that electrostatically-
directed palladium catalysis using sulfonylated phosphine
ligands is compatible with CMD-type C–H activation in a single
catalytic cycle. This results in a highly site-selective uoroar-
ylation of a number of substrates bearing two undifferentiated
C–Cl bonds, with anionic handles for the electrostatic interac-
tion encompassing triamide, carboxylate, phosphonate,
sulfonate and sulfamate. From a practical viewpoint, this work
expands the scope of coupling partners able to engage in this
site-selective coupling, since uoroaryl boronic acids were
incompatible with the cross-coupling protocol. More impor-
tantly though, this is a powerful demonstration that non-
covalently-directed catalysis for control of site-selectivity can
be used in conjunction with C–H activation. This paves the way
for future, related developments in which site-selectivity may be
controlled in the C–H activation step itself.
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2 (a) T. Šmejkal and B. Breit, Angew. Chem., Int. Ed., 2008, 47,
311–315; (b) P. Dydio, R. J. Detz and J. N. H. Reek, J. Am.
Chem. Soc., 2013, 135, 10817–10828.

3 S. M. Rummelt, K. Radkowski, D.-A. Roşca and A. Fürstner, J.
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