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ABSTRACT: Control of site-selectivity in chemical reactions
that occur remote from existing functionality remains a ma-
jor challenge in synthetic chemistry. We describe a strategy
that enables three of the most commonly used cross-
coupling processes to occur with high site-selectivity on di-
chloroarenes which bear acidic functional groups. We have
achieved this by repurposing an established sulfonylated
phosphine ligand to exploit its inherent bifunctionality.
Mechanistic studies suggest that the sulfonate group engages
in attractive electrostatic interactions with the associated
cation of deprotonated substrate, guiding cross-coupling to
the chloride at the arene meta-position. This counterintuitive
combination of anionic ligand and anionic substrate demon-
strates an alternative design principle when considering ap-
plying non-covalent interactions to direct catalysis.

Transition metal-catalyzed cross coupling has become a
key tool in the synthetic chemist’s arsenal.! A key feature is
its predictability with regard to which functional group un-
dergoes reaction. In simple cases, with only a single (pseu-
do)halide and a single organometallic, the outcome is cer-
tain. In more complex substrates bearing multiple halides,
particularly heteroarenes, it can be less obvious.> For stand-
ard arenes, C-X Bond dissociation energy is the strongest
indicator of reactivity towards oxidative addition, in some
cases allowing iterative cross coupling of substrates bearing
several different halides (Figure 1, a).>+5 An often more chal-
lenging scenario involves arenes bearing the same halide at
multiple sites. For specific substitution patterns it may be
possible to differentiate them according to steric (b) and/or
electronic (c) considerations, as typically the least hindered
and most electron deficient C-X bonds will be most
reactive.3b ¢ In some cases, it has been possible to invert in-
trinsic selectivity by employing a directing group to interact
with either the palladium catalyst (d)7 or a bifunctional lig-
and for palladium which complexes with a magnesium salt of
the substrate after deprotonation of both with strong base
(e).8 However, these strategies have only resulted in coupling
proximal to the directing group, at the ortho position.

Arguably the greatest challenge in this area, which remains
largely unaddressed, is that of how to achieve remote site-
selective coupling on arenes with minimal steric or electronic
bias (f).9%° Access to polyhalogenated arenes bearing multiple

identical halogens is typically more straightforward than
regioselectively accessing variants bearing non-identical hal-
ogens. Thus development of catalyst-controlled methods to
differentiate identical, remote halogens could rapidly add
value and complexity to readily available building blocks. We
hypothesized that this challenge might be met using bifunc-
tional phosphine ligands that bear a remote functional group
able to interact with the substrate though a non-covalent
interaction.>> With the proper scaffold, a pseudo-
intramolecular transition state could realize site-selective
oxidative addition through either hydrogen bonding or elec-
trostatic interactions (Fig 1, g or h). A variety of sulfonylated
phosphine ligands are known, for the purposes of carrying
out catalysis in waters and we envisaged these may be repur-
posed to exploit their inherent bifunctionality. In particular,
electrostatic interactions have been under-explored as direct-
ing elements for site-selective catalysis.#’s We recently
demonstrated that an anionic sulfonate-bearing bipyridine
ligand can direct C-H borylation through electrostatic inter-
actions with a cationic substrate.’® The pairing together of

Figure 1. Site-selective cross-coupling of dihaloarenes
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oppositely charged components in an ‘ion-pairing’ strategy, is
an intuitive way to invoke attractive electrostatic interactions
but this combination may not always be practical. In this
work we present a distinct mechanistic concept for utilizing
electrostatic interactions in which an anionic substrate and
anionic catalyst are able to be united through putative inter-
action with a bridging alkali metal cation (Fig 1, i).

An important criterion at the outset was to develop a pro-
tocol that would be effective on aryl chlorides, given their
greater availability than the corresponding bromides or io-
dides.7 Accordingly, we sought to use derivatives of the dial-
kylbiaryl phosphine ligand family pioneered by Buchwald,*®
in which the lower aryl ring offers several positions for func-
tionality. In 2005, Anderson and Buchwald reported sodium
salts of sulfonylated SPhos and XPhos, sSPhos and sXPhos,
for cross-coupling of aryl chlorides in water, which have
since been used widely and are commercially available.’9° To
probe their ability to act as bifunctional ligands, we evaluat-
ed sSPhos and sXPhos in the Suzuki coupling of N-Acetyl-
3,4-dichlorobenzylamine (1a) alongside standard SPhos and
XPhos (Table 1), initially to probe whether a hydrogen bond-
ing interaction may result in site-selectivity (Figure 1,g). As
expected, SPhos and XPhos gave equal coupling at the meta
and para chlorides (entries 1 and 2). In contrast, sSPhos gave
an encouraging 3.8:1 ratio, favoring Cl,, (entry 3) whilst

Table 1. Evaluation of ligand/substrate parameters?

O PCy, PCy, PCYz PCV:z
MeO. O OMe MeO. OMe
3" *Na XPhos sXPhos
Pr

SPhos sSPhos SOs *Na
NHR NHR NHR
BOH)2 5 moie Pd(0AG),
10 mol% L|gand
3eq. K3PO4 Ar Cl Ar

1a_f CO,Et THF, 40°C, 16h cl, Ar , Ar ,

Entry R Ligand % Yield 233 %

2 3 4 Conv.

1 Ac (1a) SPhos 19 18 17 111 65

2 Ac XPhos 4 32 10 131 100

3 Ac sSPhos 38 10 5 3.81 54

4 Ac sXPhos 42 22 6 1.81 70

5 TFA (1b) | sSPhos 39 20 14 1.9:1 73

6 Boc (1c) | sSPhos 17 n 8 151 34

7 Ts (1d) | sSPhos 48 6 4 7.51 53

8 pNs (1e) | sSPhos 48 2 <1 >20:1 50

9 Tf if) | sSPhos 78 <1 9 >20:1 91
10° Tf sSPhos 63 <1 31 >20:1 100
1be Tf sSPhos 60 <1 31 >20:1 100
12 bed Tf sSPhos | 88 (82) <1 1 >20:1 100
13bod Tf SPhos 30 19 30 1.6:1 75
14 bed Tf sXPhos 67 9 10 71 o1
15 bed Tf XPhos 40 33 22 121 88

2Yields determined by 'H-NMR with internal standard ex-
cept in parentheses (isolated) b Solvent used: 19:1 THF:H,O. ¢
2 mol% Pd(OAc), and 4 mol% ligand used. 9 1.2 Equivalents
boronic acid used.

sXPhos was inferior (entry 4). Variation of the N-group on
the amine revealed that while trifluoroacetyl and Boc gave
poor selectivity (entries 5 and 6), Tosyl increased to 7.5:1 and
p-Nosyl to >20:1, albeit with moderate conversion (entries 7
and 8). Continuing the electronic trend, triflate provided
excellent selectivity and now with excellent conversion (en-
try 9). A small amount of water as co-solvent increased con-
version without reducing site-selectivity (entry 10) and Pd
loading could be reduced to 2 mol% (entry 11). Reducing the
boronic acid to 1.2 eq. gave less di-coupled byproduct 4 (en-
try 12). A control experiment on this substrate using SPhos
demonstrated that in the absence of the sulfonate group on
the ligand there is essentially no selectivity (entry 13). Under
these optimized conditions, sXPhos gave 7:1 m:p, inferior to
sSPhos (entry 14), whilst XPhos was non-selective (entry 15).
Analysis as the reaction progressed revealed that site-
selectivity remained constant over time.>

Given the striking increase in selectivity as the N-
protecting groups became more electron-withdrawing, we
considered whether the potassium phosphate base may be
deprotonating 1f to form a potassium salt. Indeed, stirring 1f
in d8-THF with K3PO4 showed complete deprotonation by
'H-NMR within 30 mins at room temperature, whilst no such
changed was observed for 1a. This suggests that the superior
site-selectivity observed with the N-Tf group may be best
rationalized by invoking an electrostatic interaction of the
potassium salt of 1f with the sulfonate group of the ligand
(Figure 1,h). We sought to test this hypothesis by addition of
an appropriately sized crown ether, which should disrupt
this putative interaction by sequestration of the potassium
cation.”> 22 Accordingly, in the presence of 18-crown-6, site-
selectivity was completely eroded, but as the crown ether
became too small to complex K+, selectivity was restored,
providing support for the importance of the uncomplexed
potassium cation (Scheme 1, entries 1-4). Systematic variation
of the cation size suggested that it should be of a minimum
ionic radius in order to achieve high selectivity (entries 5-8).

Scheme 1. Effect of crown ethers and cationic radius

Additive Selectivity % Conv.

Ent
MY 3eq) B (mip)

NHTf 1 None KzPO,  >20:1 89

B(OH)2 2 mol% Pd(OAc), 2 18-Crown-6 KiPO, 151 60

4 mol% sSPhos 3 15-Crown-5 KsPO, 351 51

4 12-Crown-4 KzPO; >20:1 88

Clyy 3eq.Base, 40°C 5 pNone  LipCO;  1.8:1 38

Cl, CO,Et THF (entries 1-4) 6 None Na,CO; 3.8:1 68

or19:1 THF:H,O 7 None K,CO3  >20:1 77

(entries 5-8) 8 None Cs,CO;  >20:1 60

We next evaluated the scope with regard to the boronic
acid component, for which excellent site-selectivity was re-
tained (>20:1 in all cases, Scheme 2). This included electron-
deficient (2f, 5b) and electron-rich (5¢, 5e, 5g) aromatics.
Versatile functional groups are tolerated, including a methyl
ketone (5d) and a free aniline (5e). Notably, several groups
that could potentially engage in hydrogen bonding interac-
tions with the catalyst (eg. phenol 5¢ and acetamide 5f) are
tolerated well, suggesting that the presumed electrostatic
mode of catalyst direction has orthogonality with potential
hydrogen bonding interactions. Furthermore, a boronic acid
bearing a chloride could be coupled selectivity with little
evidence of further coupling of the product (5h), demon-
strating the high level of catalyst control over which site un-



dergoes oxidative addition. Heterocyclic boronic acids in-
cluding pyridine (5i), pyrimidine (sj), thiophene (s5k) and
pyrrole (51) also gave excellent site-selectivity. For the latter
three substrates, commercially available precatalyst sSPhos-
PdG2 was required, due to the sensitivity of the boronic ac-
ids.»324 Longer chain lengths did not result in reduction of
site-selectivity, despite their greater flexibility (5m, 5n). We
evaluated whether Sonogashira coupling, to form sp>-sp C-C
bonds, would be compatible with our ligand-directed ap-
proach. This worked well under copper-free conditions giv-
ing excellent selectivity for coupling at the meta-chloride.>s
Several alkynes were evaluated: TIPS-acetylene (50), two
arylacetylenes (5p, 59q), and a cyclohexanol-substituted
acetylene (sr).

Scheme 2. Scope of Site-Selective Suzuki-Miyaura and
Sonogashira couplings?
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Given the importance of C-N bond-formation, we next in-
vestigated whether Buchwald-Hartwig amination would be
feasible. Gratifyingly, aniline could be selectively coupled
with 1f and after optimization we found that the novel ligand
s(tBuSPhos), the P-(tBu), version of sSPhos, gave superior
reactivity (Scheme 3).26 A range of electron rich (6a, 6b) and
poor (6¢, 6e, 6f) anilines participated as well as several aro-
matic heterocyclic amines (6d and 6g). As previously, control
experiments with standard SPhos gave very low selectivity.>

Scheme 3. Site-selective Buchwald-Hartwig coupling

NHTE O
2 2 mol% Pdy(dba)s (PtBU),
. 4 mol% s(tBuSPhos) MeO OMe
Clpy R 3 eq. K3PO,4 O o “Na
cl Dioxane, 110 °C, 16h 3
Pt s(tBuSPhos)
NHTf  ga NHTf b
oo o™
N N
cl cl
>20:1, 89% >20:1, 91% >20:1, 70% >20:1, 45%
NHTf  ge NHTf  gf NHTf  gg
CO,Et
S
ét Qr é\ /QY é\ T -
N N N
a a M o a H
>20:1, 64% >20:1, 76% >20:1, 55%

For Suzuki coupling we also examined several substrates
that bear chlorides on different aromatic rings, comparing
any intrinsic selectivity (SPhos) with directed-selectivity
(sSPhos) (Scheme 4). In all cases, the directing effect of the
ligand had a large impact on the intrinsic selectivity, pulling
it dramatically towards the meta-chloride. Intrinsic selectivi-
ty was either reversed (7a, 7b) and or went from non-
selective to highly selective (7¢, 7d). These results highlight
the potential for this method in the late stage functionaliza-
tion of more complex molecules that bear multiple chlorides.

Scheme 4. Competition substrates bearing chlorides
on different rings

7a 7b 7¢ 7
NHTf NHTf
NHTf NHTf
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SPhos: 3.6:1 sSPhos: O o O SPhe
O O 2.9:1 o o
cl
O sspn:sl- O O SPhos: O SPhos:
c 5.3:1 Cl SPhos: 11:1 11 SES
cl

The chemistry works very effectively on gram-scale and we
demonstrate several synthetic manipulations of the products
involving removal of the triflate group (Scheme 5).27

Scheme 5. Gram-scale reaction and manipulations
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If our mechanistic hypothesis regarding the origin of selec-
tivity is correct (Figure 1h), we reasoned that arenes bearing
Brensted acidic groups other than triflamide may also partic-
ipate effectively as they would readily form potassium salts
under the reaction conditions. Not only would this broaden
the scope of the process, but also provide a further test of the

Gram Scale reaction
>20:1 coupling at Cl,




proposed mechanism. Accordingly, we evaluated 3,4-
dichlorophenylacetic acid in Suzuki-Miyaura coupling using
sSPhos and were happy to observe that, in line with our hy-
pothesis, >201 site-selectivity for the meta chloride was again
achieved (Scheme 6a, 11a), whilst SPhos gave none.> Con-
versely, sSPhos gave poor selectivity with the corresponding
methyl ester of the carboxylic acid.>* High selectivity was
maintained with the longer chain of a hydrocinnamic acid
(ub), and Sonogashira couplings were also compatible with
both (11c, nd). Interestingly, 3,4-dichlorobenzoic acid un-
dergoes preferential coupling at the para-Cl using standard
SPhos, due to electronic effects (Scheme 6b, 11e). In con-
trast, sSPhos completely switches site-selectivity to the me-
ta-Cl (11f). Further validating the mechanistic hypothesis,
sodium sulfonate 12, derived from the corresponding benzyl
chloride, also underwent site-selective coupling (Scheme 6c¢).
The product could be converted directly to sulfonamide 13, a
group used extensively in medicinal chemistry, or alterna-
tively transformed directly back to a benzyl chloride.>

Scheme 6. Coupling of carboxylic acids and benzyl-
sulfonates?
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Boronic Alkyne
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K3POy4 then
CO;E( Piperidine cl Cout

46%, >20:1 m: p
2 For carboxylic acids, yields shown are isolated after conver-
sion to methyl esters with TMS-diazomethane.

In conclusion, we have demonstrated that a commercially
available sulfonylated phosphine ligand, in which the sul-
fonate group is conventionally used to engender water solu-
bility, can be ‘repurposed’ as a bifunctional ligand to enable a
range of site-selective cross couplings at remote positions.
We propose that selectivity arises due to a key electrostatic
interaction between the alkali metal cation of a deprotonated
substrate and the anionic sulfonate group of the ligand. This
counterintuitive combination of anionic ligand and anionic
substrate demonstrates an alternative design principle when
considering applying non-covalent interactions to direct
catalysis. The process effectively controls site-selectivity in
three of the most widely used cross-coupling processes (Su-
zuki-Miyaura, Sonogashira and Buchwald-Hartwig)>® and has
been demonstrated on substrates bearing three different
acidic functional groups.
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