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Experimental and computational studies towards chemoselective

C-F over C-CIl functionalisation: reversible oxidati
the key

Emily Jacobs® and Sinead T. Keaveney®*

Abstract: Catalytic cross-coupling is a valuable tool for forming new
carbon-carbon and carbon-heteroatom bonds, allowing access to a
variety of structurally diverse compounds. However, for this
methodology to reach its full potential, precise control over all
competing cross coupling sites in poly-functionalised building blocks
is required. Carbon-fluorine bonds are one of the most stable bonds
in organic chemistry, with oxidative addition at C-F being much more
difficult than at other C-halide bonds. As such, the development of
methods to chemoselectively functionalise the C-F position in poly-
halogenated arenes would be very challenging if selectivity was to
be induced at the oxidative addition step. However, metal-halide
complexes exhibit different trends in reactivity to the parent
haloarenes, with metal-fluoride complexes known to be very reactive
towards transmetalation. In this current work we sought to exploit the
divergent reactivity of Ni-Cl and Ni-F intermediates to develop a
chemoselective C-F functionalisation protocol, where selectivity is
controlled by the transmetalation step. Our experimental studies
highlight that such an approach is feasible, with a number of nickel
catalysts shown to facilitate Hiyama cross coupling of 4i-
fluoronapthalene under base free conditions, while no cross cou
with 1-chloronapthalene occurred. Computational and experi
studies revealed the importance of reversible C-Cl oxidative addition
for the development of selective C-F functionalisation,
effects on the potential for reversibility also presented.

Introduction
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induced at the transmetalation step (Figure 1, bottom).

In the posed concept, selectivity is controlled by the
rgent rggctivity of the intermediate generated following
tive addition: a metal-F intermediate can undergo direct
ase-free transmetalation with organosilanses and boronic
acid¥whereas other metal-halides cannot. Thus, base-free
uzuki cross coupling could allow chemoselective C-
tion, in the presence of typically more active C-
halide bon®E, to be realised. This proposed selectivity is the
opposite of what could be achieved if selectivity was controlled
by the rate of C-halide oxidative addition to nickel."” Through
ined experimental and computational investigations we
strate the feasibility of this approach, and uncover the key
hat reversible oxidation addition will play in developing

Selective C-F over C-Cl functionalisation
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F)\(k,: PCys /NiJ\%\F Cl X=OHorNH, Cl

F~ N\ . .
cl CysP Cl = Catalytic reaction
= Stoichiometric reaction = Directing group required
= Activated substrate ref.8 i® 3examples ref. 9
Divergent reactivity of Ni-halide complexes demonstrated
X R
X =ClorBr CysP-Ni-PCys x=F CysP-Ni-PCy;
x - —_—
No reaction T 2(OH:2 R-BOH),
ref. 4a

No general method to selectively functionalise C-F over C-Cl

This work.. .towards a general, transmetalation controlled method
for selective C-F over C-Cl functionalisation

No reaction

Figure 1: Top: previous work on selective C-F over C-Cl functionalisation, and
studies on metal halide reactivity. Bottom: the concept explored in this work.

This article is protected by copyright. All rights reserved.



ChemCatChem

transmetalation-controlled selectivity. The insight presented in
this current work lays the groundwork for designing
chemoselective C-F functionalisation methodology in the future,
as well as allowing the more rational design of ligands that could
permit reversible oxidative addition.

Results and Discussion

Bimetallic C-F activation is often postulated in the Kumada or
Negishi cross coupling of fluoroarenes, where the magnesium or
zinc species are directly involved in the oxidation addition
step.""! This Lewis acid assisted activation accounts for the
prevalence of Kumada and Negishi type C-F cross coupling
approaches, with no reported examples of Hiyama cross
coupling of unactivated fluoroarenes. As such, the first challenge
is to develop a base-free Hiyama cross coupling protocol that
can be applied to an unactivated fluoroarene. We chose the
model reaction between 1-fluoronapthlene 1 and
trimethoxyphenylsilane 2 (Scheme 1), with 1-fluoronapthalene 1
simply chosen to allow the homo- and cross coupling products to
be differentiated.

F 0. Ni(COoD), Ph
Si:o\ ligand
s
sellonlE- ool
1 2 3

Scheme 1: The model cross coupling reaction between 1-fluoronapthalene 1
and trimethoxyphenylsilane 2.

S1). Surprisingly, use of the more electron rich and bulky biary
phosphine ligands widely used for C-Cl activation,"? suchas
SPhos, were also ineffective. While th
did not facilitate cross coupling, so,

ing, with
limination

idered, with 2-
being most effective (Table
S2). However, ature was limited to 100 °C,

with no product

creening, no increase in product
ny case (Table S3). The nickel to
cross coupling, with use of a 1:1
ratio allowing the reaction to proceed at 80 °C (Tables S4 and
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S5). Lastly, increasing the metal loading to 20 mol% raised the
yield of 3 to 75%, with additional improvement offered by
increasing the scale of the rea Itimately, an excellent
isolated yield of 85% was achieved and S6), with the
remaining material being 1-methoxyn
through methoxy group transfer,
previously for activated fluo: es.

Table 1: Development of the reaction c to promote base free Hiyama
cross coupling of 1-f|uoronak1. See -6 for additional data.

Ligand  Tempera Solvent‘ Nidigand Ni Yield
° ratio loading 3/ %
- ‘ Toluene ' - 5 mol% 0
L) P
SPhos \ Toluene 1:2 5 mol% 0
PBus 100‘ Toluene 1:2 5 mol% 0
PCyps wboluene 1:2 5 mol% 5
PCy, Toluene 1:2 5 mol% 5
APtBug l100 Toluene 1:2 5 mol% 0
100 THF 1:2 5 mol% 2
100 2-MeTHF 1:2 5 mol% 10
~ 130 2-MeTHF 1:2 5 mol% 4
~|
' 80 2-MeTHF 1:2 5 mol% trace
100 2-MeTHF 1:1 5 mol% trace
80 2-MeTHF 11 5 mol% 10
80 2-MeTHF 11 10 32
mol% (41
PCys 80 2-MeTHF 11 20 75
mol% (85%
Reaction conditions: 1-Fluoronapthalene 1 (13 uyL, 0.1  mmol),

trimethoxyphenylsilane 2 (37 pL, 0.2 mmol), Ni(COD),, ligand and solvent (0.3
mL) were added to a 4 mL pressure tube in an argon atmosphere glovebox.
The tube was sealed, removed from the glovebox and heated for 16 hours. 4-
Trifluoromethoxyanisole (15 pL, 0.1mmol) was added as the internal standard,
and the crude reaction mixture was analysed using GC-MS, with the yield of
product 3 determined using a calibration curve (see Figure S1). ®Isolated yield,
with the reaction performed on a larger scale (1 mmol of 1-fluoronapthalene
1).

As this is the first example of Hiyama cross coupling of an
unactivated fluoroarene, a small scope of substrates were
considered, focusing on unactivated fluoroaromatic compounds
(Scheme 2). We found that Hiyama cross coupling of 2-
fluoronapthalene to give the product 4 proceeded well (63%),
however some unreacted 2-fluoronapthalene, as well as 2-
methoxynapthalene, was observed. Surprisingly, when using 2-
fluorobiphenyl and 4-fluorobiphenyl lower yields of the cross-
coupled products 5 (15%) and 6 (<5%) were observed, with
mainly unreacted starting material remaining. The higher
reactivity of 2-fluorobiphenyl compared to 4-fluorobiphenyl
suggests that steric bulk promotes cross coupling.
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E ~  Ni(COD), (20 mol%) Ph
SI"O\ PCy; (20 mol%)
|
B - S !
R—:i)’f ©/ ? 2-MeTHF R—:i) + F-Si(OMe),
= ) 16h, 80°C Z
Ph
Ph
Ph_N
Ph Ph s
O o -
Ph CF3
3, 85% 4,63% 5,21% 6, 25%4 7, 5%
Ph
Ph Ph Ph l !
Ph Bu
8, 67% 9, 76% 10, 80% ‘

11, 65%°
_0O

Scheme 2: Scope of the nickel catalysed, base free Hiyama cross coupling of
fluoroaromatic compounds and trimethoxyphenylsilane 2. Reaction conditions:
Fluoroarene (1 mmol), trimethoxyphenylsilane 2 (2 mmol), Ni(COD), (0.2
mmol), PCys; (0.2 mmol) and solvent (3 mL). Isolated yields are reported,
unless otherwise stated. “Reaction performed using PAd,Bu (0.8 mmol),
instead of PCy; "Yield determined by F NMR, using 4-
trifluoromethoxyanisole as internal standard. °Yield determined by "H NMR,
using 4-trifluoromethoxyanisole as internal standard.

As phenyl-based fluoroaromatic compounds will be conside,
in the chemoselectivity section of this manuscript, we sou
increase conversion of 4-fluorobiphenyl to the product 6 by‘using
a different ligand. We found that the more bulky lig
adamantyl)-n-butylphosphine (PAd;Bu) could effectivel
cross coupling, giving the product 6 in 25% isolate
effectiveness of this more bulky ligand, relative to
suggests that increased steric bulk favours cross
due to promotion of the reductive elimination s
when using an activated pyridine-based substrate [0
the cross coupled product 7 was observed, with a sign
amount of homo-coupling detected. Lastly, a number
substituted napthalenes were considered, with good yields
products 8-11 observed, highlightin
groups are tolerated.
With this protocol now in han
main focus of this work — studies towards t
selective C-F over C-Cl cross ¢
principle experiment, where 1

12 was used (Scheme
divergent reactivity of
intermediates. That is, the N
transmetalatio

intermediate wil
proposed transmet;
it is necessary for thi

generated I-F and Ni-Cl
intermediate will undergo direct
hereas the analogous Ni-Cl
ile this is proof that the
Wity approach is feasible,
|ectivity to hold when both C-F and C-ClI
nately, in the competition experiment
1 and 1-chloronapthalene 12, no
d (Scheme 4). Analysis of the
S indicated that only unreacted

crude reaction mixture by
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starting materials remained, with '°F NMR spectroscopic
analysis finding that >95% of 1-fluoronapthalene 1 was still

present (relative to the rnal standard 4-
trifluoromethoxyanisole).
o~ Ni(COD), (20 mol%) Ph
S| PCy3 (20 mol%)
“ + O 2-MeTHF OO + CI-Si(OMe);
16 h, 80°C

3, 0%

| reaction with
occurs at C-F, n

Scheme 3: The key c
that cross coupling o
conditions.

ronapthalene 12, highlighting
C-Cl, under the developed

Ph
= Ni(COD), (20 mol%) g
1 Si 8\ PCys (20 mol%) X F-Si(OMe)s
+a * I > |l oo
2-MeTHF Z CI-Si(OMe),

16 h, 80°C 3 0%

ht into the reaction mechanism, and to probe the
bserved reaction inhibition when both C-F and C-
Cl are present, we turned to Density Functional Theory (DFT)
calculations. All calculations were performed using Gaussian
°! with geometry optimisations and frequency calculations
ed using the wB97X-D level of theory with the 6-31G (d)
set for H, C, P, O, N, F and ClI, and the SDD basis set for
nd Si. Single point energy calculations were performed using
e MO6L level of theory and the def2TZVP basis set, with the
CPCM model used to incorporate the implicit solvent effects of
THF (see the Supporting Information for more details, and
testing of other computational methods). Our experimental data
suggest that a less bulky NiPCys, not Ni(PCys),, based species
is the active catalyst, thus a typical 3-centred oxidative addition
transition state is likely."™ Moreover, as no P-F formation was
observed experimentally, ligand-assisted oxidative addition can
be excluded,™ and as no homo-coupling was observed, the
formation of a Ni(l) species is unlikely."” Thus, in our DFT
studies, 3-centered oxidative addition transition states were
considered, which is consistent with that frequently reported for
Ni catalysed oxidative addition of C(sp?) electrophiles.!'" *'®
Comparing the reaction profiles for Hiyama cross coupling
at the C-F and C-CI sites (Figure 2), it is clear that oxidative
addition at C-Cl is favoured over C-F, as expected based on the
reported rate constants for oxidative addition of different
electrophiles to nickel."” Interestingly, two different transition
states were located - one that involves explicit 2-MeTHF
coordination, and one that does not. For the transition states that
involve explicit 2-MeTHF coordination, the barriers for C-F and
C-Cl oxidative additon were 28.4 and 8.0 kcal mol”,
respectively. When considering the transition states that do not
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involve 2-MeTHF coordination, the barrier for C-Cl oxidative
addition is unchanged (8.2 kcal mol™), however there is a
significant decrease in the barrier for C-F oxidative addition
(23.8 kcal mol™). The differences in the Gibbs free energy for
oxidative addition when considering the two transition states

Gibbs free energy
given in kcal mol?

O = 2-MeTHF 2-MeTHF
1

X=F COD-Ni-PCy,

X=Cl

C-Cl oxidative addition transition states

Figure 2: The calculated reaction profiles for the Hiyama cr
chloronapthalene 12 (blue), focusing on the key oxidative,
free energy given in kcal mol™.

Following oxidative addition, a number of different intermediate
could form. For the intermediates that feature direct 2-M
coordination, the lowest energy speci
have the naphthalene and halide m
Prior to transmetalation the 2-MeT
dissociate to form the three coordinate na
species.

A significant difference
and 1- chloronapthaleng 12 rea
the transmetalation L while a 10 ansition state
could be located for the analogue, no ergy transition
state could be located for ct transmetalatlon with the Ni-Cl
intermediate. This is | agreement with  previous
computationa tal*® studies on direct
ediates, and suggests that
at the generated Ni-Cl

the 1-fluoronapthalene 1
ays was observed at

It

nnot occur for 1- chloronapthalene
etalation step.
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suggest that direct solvent coordination does not affect C-Cl
oxidative addition, yet disfavours gxidative addition at C-F. As
such, use of non-coordinating sol ay be a useful tool to
help promote selective C-F activation.

n trimethoxyphenylsilane 2 and either 1-fluoronapthalene 1 (red) or 1-
steps. CPCM (THF) MO06L/def2TZVP//wB97X-D/6-31G(d)+SDD, Gibbs

The reaction profiles also provide key insights into the
origin of the experimentally observed reaction inhibition when
both C-Cl and C-F are present. While the only productive cross
coupling pathway begins with oxidative addition at C-F, the
competing oxidative addition at C-Cl will lead to the very stable
Ni-Cl intermediate (-26.1 kcal mol™). Under the developed
reaction conditions, it is likely that formation of the Ni-Cl
intermediate is irreversible, thus the nickel catalyst gets trapped
as the Ni-Cl intermediate, inhibiting cross coupling. As such, to
achieve chemoselective cross coupling at C-F, oxidative addition
at C-Cl needs to be reversible. To examine how to promote
reversible oxidative addition at C-Cl, a series of ligands were
investigated (Figure 3). This is particularly important as there is
a growing interest in harnessing reversible oxidative addition to
develop unique reactivity,'® thus further insight into ligand
effects on reversibility is needed. In addition, there is precedent
for reversible oxidative addition at Ni allowing the higher energy
reaction pathway to be followed, leading to selective product
formation.'®! As such, achieving selective C-F over C-Cl
functionalisation is feasible if the C-Cl oxidation addition step is
reversible.
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Figure 3: Assessment of the ability of a range of Ni-ligand speci
(blue), with a focus on the potential for reversible C-Cl oxidative addi
keal mol™.

In this section, the focus was on un
affects the relative barriers for oxid

negative (and ideally, pos
oxidative addition increases.
nature of the c i would play a key role in

tion is reversible. For

stable form, which would make reversible
oxidati y as AG(CI) will be less negative.
How || calculations the resting state of

the catalyst was the lig OD species, and the oxidation

(THF) MO6L/def2TZVP//wB97X-D/6-31G(d)+SDD, Gibbs free energy given in

addition transition states did not involve explicit 2-MeTHF
coordination.

To begin with, the ligands PMes, PCyps, PCy; and P'Bus
were examined (Figure 3). These ligands were chosen as they
have comparable sigma donating abilities, yet highly varied
steric bulk. Interestingly, it was found that, in general, the barrier
for oxidative addition at C-Cl decreases with increasing steric
bulk, with the best ligand being P'Bus. In contrast, less bulky
ligands were generally favoured for C-F oxidative addition, with
PCyps being most effective. In terms of Ni-halide intermediate
stability, as the steric bulk on the ligand increases, both the Ni-F
and Ni-Cl intermediates become less stable. This is important,
as it indicates that the potential for reversible oxidative addition
increases with greater steric bulk on the ligand. This effect can
be clearly seen when comparing the difference in energy
between the ground state catalyst and the Ni-Cl intermediate
(AG(CI)): the PMes and PCyps ligands have the most negative
AG(CI) (-29.0 and -29.9 kcal mol™, respectively), and the P'Bus
ligand has the least negative AG(CI) of -23.1 kcal mol™. As such,
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in this series the P'Bus ligand is most likely to facilitate selective
cross coupling at C-F over C-Cl.

In the initial development of our base-free Hiyama cross
coupling reaction we found that use of Ni(COD), with P'‘Bus was
ineffective at promoting cross coupling (Table 1), which is
consistent with the ineffectiveness of bulky phosphines in nickel
catalysis observed previously.'® However, considering the
potential of this ligand to promote reversible oxidative addition at
C-Cl, we re-visited the use of P'Bus. Unfortunately, even after a
thorough investigation of different reaction conditions when
using Ni-P'Bus or Pd-P'Bus based catalysts, no cross coupling
between 1-fluoronapthalene 1 and trimethoxyphenylsilane 2 was
ever observed (Tables S7, S8, S9 and S10). These results
highlight a key challenge we have encountered: fluoroarene
cross coupling does not proceed when the ligand is too bulky,
however reversible C-Cl oxidative addition requires a bulky
ligand. These contradicting requirements make the development
of the desired chemoselective C-F over C-Cl functionalisation
protocol very difficult.

Despite this challenge, we examined a more diverse range
of ligands using DFT, to probe their potential for promoting
chemoselective C-F cross coupling. Considering the widespread
use of biarylphosphine-type ligands for chloroarene cross
coupling reactions,” we next examined PCys and PCy,Ph
derivatives with an ortho phenyl substituent (PCy,Cy™" and
PCy,Ph™ respectively). We were particularly interested in
examining how potential interactions between the ph
substituent and the Ni centre affect the oxidative ad
transition states and Ni-halide intermediate stability. It was found
that there was a significant decrease in the barrier for C-F
and C-Cl oxidative addition when using PCy,Cy"" and
relative to PCys (Figure 3). This is likely due to favo
interactions, as can be seen in both the C-F and
addition transition states (see Figure 4 for
analogues). However, the Ni-halide intermedi
stability to the PCy; analogues, with AG(CI) ranging
24.8 to -29.0 kcal mol” for this series. As such, PCy,Cy
PCy,Ph™ are unlikely to be able to promote selective C-
functionalisation, in the presence of C-Cl. )

or oxidative addition of either 1-
12 (right) to Ni-PCy,Ph"™".

Figure 4: The calc
fluoronapthalene 1 (le

electron-rich ligand is likely key to
, we next examined a range of N-
heterocyclic carben variation of the N-substituent
allows fine-tuning of steric bulk. To begin with, simple alkyl
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substituted carbenes were considered (Im-Me, Im-'Pr, Im-Cy and
Im-Bu, Figure 3). As expected based on the phosphine series, it
was found that, in general, bulki tituents on the carbene
ligand destabilised the Ni-halide inte s, with the Im-Bu
ligand having the least negative AG( 2 kcal mol™.
However, experimental tests using Im this ligand
was unable to prom oupling between 1-
fluoronapthalene 1 and trimeth Isilane 2, with only 0-5%
yield of the product 3 ol conditions examined
(Table S11).

We next movi
ligands, as these
centre to be intro
phenyl-substituted

d N-heterocyclic carbene
teric bulk around the Ni
ational analyses of the
ne series Im-Ph, diMe
see that the inclusion of
ring had little effect on the
, with all ligands having AG(CI) within -
The data for the iPr and SiPr ligands
uggesting that saturation of the
backbone of the ring has little effect on the energy
of the oxidative addition transition states, or the Ni-halide

intermediates

As steﬁulk around the Ni centre will likely increase the

ntial for C-CI reversibility, the ring expanded carbenes 6-
nd 7-SiPr were considered next. It was found that there
ignificant difference in AG(CI) between SiPr and 6-SiPr (-
_16.0 kcal mol”, respectively), due to destabilisation of
rmediate when moving from SiPr to 6-SiPr.
there were only minor changes in AG(Cl) when
moving from 6-SiPr to the ring expanded 7-SiPr analogue, likely
due to the buckling of the 7-membered ring to reduce steric
congestion around the NCN centre.
verall, based on the computational data for the aryl
ituted N-heterocyclic carbene ligands, the 6-SiPr ligand has
greatest potential for promoting chemoselective C-F over C-
cross coupling. As such, the 6-SiPr ligand was synthesised,
along with the iPr and SiPr ligands for comparison (see
Supporting Information for details). We also examined the
commonly used IMes ligand as an additional comparison. We
first performed a series of optimisation reactions to refine the
developed reaction conditions so that cross coupling between 1-
fluoronapthalene 1 and trimethoxyphenylsilane 2 would occur
(Table S11). We found that while iPr and SiPr could promote
cross coupling  between 1-fluoronapthalene 1 and
trimethoxyphenylsilane 2 in good yields (62% and 58%,
respectively, see Table S11), no product 3 formation occurred
when both 1-fluoronapthalene 1 and 1-chloronapthalene 12
were present in the reaction mixture (Table S12). In contrast, the
IMes ligand was ineffective at promoting cross coupling between
1-fluoronapthalene 1 and trimethoxyphenylsilane 2, with <5%
conversion to the product 3 observed (Table S11). This
difference in activity between the iPr and iMes ligands suggests
that the ortho isopropyl groups on the ligand are important for
promoting fluoroarene cross coupling.

Experimental studies on the key 6-SiPr ligand found that
this species was also ineffective at promoting cross coupling
between 1-fluoronapthalene 1 and trimethoxyphenylsilane 2
(<1% product 3 formed). As such, the ability of the 6-SiPr ligand
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to facilitate chemoselective C-F over C-ClI functionalisation was
unable to be properly investigated. This parallels our results
from the P'Bus ligand — while ligand bulk increases the potential
for reversible oxidative addition at C-Cl, ligands that are too
bulky are not able to facilitate nickel catalysed cross coupling
between 1-fluoronapthalene 1 and the silane 2 (Figure 5).

As an additional investigation into chemoselective C-F
functionalisation, the ligands PCy,Bu and PAd;Bu were
examined experimentally (Figure 5). These asymmetric
phosphine ligands were chosen as they are more sterically
congested than PCy;, however less crowded than PtBu;, and
therefore might lie in the ‘sweet-spot’ of steric congestion to
allow both C-F cross coupling and C-ClI reversibility to occur.
Through analysis of a range of reaction conditions it was found
that both PCy,'Bu and PAd,Bu promote cross coupling between
1-fluoronapthalene 1 and trimethoxyphenylsilane 2 in high yields
(85% and 92%, respectively, see Table S7), highlighting that
these bulky phosphine ligands are excellent at promoting
fluoroarene cross coupling. For the bulky ligand PCy,Bu it was

10.1002/cctc.202001462
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found that toluene was a more effective solvent than 2-MeTHF —
for example, when using a Ni to_ligand ratio of 1:4, use of
toluene led to 85% of the produc ereas use of 2-MeTHF
only gave 54% of the product 3 (Tab This data supports
the conclusions from our DFT analys use of non-

through decreasing the b
performed competition experi
1 and 1-chloronapthale

as added to the reaction
aterials present in the
reviously demonstrated
te reversible oxidative
2, 1:4 and 1:8 were also
no formation of the cross
s observed when 1-chloronapthalene 12

mixture, with only
mixture (Table S1
that excess ligan
addition,!"®" ni

coupling product
was pregent (Figure

coupling occur?
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X
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rent ligands are uS@. See the Supporting |

Lastly, a numbe
coupling site were

t feature a competing cross
6, compounds 14-20). In
identified as being most
chemoselective C-F functionalisation
ing on the ligands PCy,'Bu, PAd;Bu
mpound 4-fluorobiphenyl 13 was
oupling can occur under these
reaction conditions, as the majority of compounds 14-20 are

estigations into the base-free Hiyama cross coupling reaction between 1-fluoronapthalene 1 and

nformation for further details, and the specific reaction conditions examined.

phenyl-based (not napthyl). Under the three sets of reaction
conditions examined (Figure 6) the desired product 6 formed in
relatively low yields (10-35%, see Table S13). Despite these
lower vyields, this data confirms that fluoroarene cross coupling
can occur with compound 13 under the reaction conditions
considered, and thus the competition experiments with
compounds 14-20 are valid.

This article is protected by copyright. All rights reserved.



ChemCatChem
E o~ Ni(COD), (20 mol%) Ph
Q Sli:O\ 16 h, 80°C, and either: N
ri + ©/ CIJ a) PCy,'Bu (80 mol%), toluene, or RT P
Z b) PAd,Bu (80 mol%), toluene, or
2 ¢) iPr (20 mol%), 2-MeTHF + F-Si(OMe);

Does C-F functionalisation occur?

F F F ~ F
NS
Ph” i cl” : 1’ : :N02 Br
13 14 15 16
v b ¢ v X
/@Ph = | OMe
Ph X" No,
6, 10-35% 21,5-15%
F
® o oo O
Z X TiO TsO
17 & 18 19 20
X X X b ¢

Figure 6: Competition experiments using fluoroarenes that feature an
additional site for cross coupling. Ts = p-toluenesulfonyl, and Tf =
trifluoromethanesulfonyl. See Table S13 for additional data.

To begin with, compounds 14 and 15 were considered, as they
both feature a competing C-Cl site. No cross coupling
observed for 1-chloro-4-fluorobenzene 14, with GC-MS an
of the crude reaction mixture indicating that mainly unr

coupling at the C-CI site. Pleasingly, for 4-chlor
nitrobenzene 15 chemoselective C-F function
observed, however the methoxy based product 21
this highlights that selective functionalisation at
the desired cross coupling pathway leading to p
incorporation did not occur. In addition, the nitro substi
compound 15 is likely activating the C-F bond, which would bi
C-F functionalisation.

Compounds 16-20 performed 4 similar to
fluorobenzene 14, with no fluoroaren
The main species present in the cr

1-chlo

unreacted starting materials, however was
observed in varying amounts for, compounds 15% %, see
Table S13). Interesting, n was

observed for compound 20,
not occur as readily,
toluenesulfonyl).

(where Ts = p-

Conclusio

In summary, we h
Hiyama cross coup

irst example of base free
of unactivated fluoroarenes. This is
s that efficient, mono-metallic C-F
der relatively mild conditions using
er of phosphine and carbene
ligands shown to be effective. 1 general, bulky and electron rich
ligands are required, however there is a limit to the steric bulk
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tolerated, with the bulky P'Bus and 6-SiPr ligands unable to
promote cross coupling. The mechanistic insight we have
provided into mono-metallic C-F ion lays the groundwork
for developing effective Suzuki and fluoroarene cross
coupling methodology. Many of the curr ctionalisation

partners. As such, greater fu
achieved through the

reagents.
We have also the divergent reactivity of
Ni-Cl and Ni-F uld permit selective,

transmetalation unctionalisation, with
chloroarene cross under the developed
base-free corig sible oxidative addition at
the C-Cl po i for chemoselective C-F
functionalisation realised. Detailed computational and

ided valuable insight into ligand effects

generated Ni-ha
intermediates become less stable when the ligand gets more
bplky, with ?-SiPr, 7-SiPr, Im-'Bu and P'Bus ligands found to

the mos mising candidates for promoting reversible C-Cl
ative addition. A key challenge we encountered is that
arene cross coupling does not proceed when the ligand is
Iky, however destabilisation of the Ni-Cl intermediate
very bulky ligand. These contradicting requirements
opment of the desired chemoselective C-F over
alisation protocol challenging. In future work,
alternative approaches to destabilising the Ni-Cl intermediate will
be explored, such as the design of new ligands or the use of
desfabilising additives.

too

perimental Section

See the Supporting Information for all experimental details,
additional catalytic data and control experiments.
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Base-free Hiyama cross coupling of unactivated fluoroarenes was developed, demonstr no-metallic C-F

activation can be achieved using nickel catalysis. Experimental and computational inve ntial for selective C-F
cross coupling in the presence of more active C-halides were performed, highlighting th3&ansmetalation-gihtrolled C-F selectivity
may be possible if reversible oxidative addition can be achieved.

Institute and/or researcher Twitter usernames: @SineadKeaveney @MQSciEng @M Sci

This article is protected by copyright. All rights reserved.



