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Abstract: Readily accessible tetraorganoborate salts un-
dergo selective coupling reactions under blue light irradia-
tion in the presence of catalytic amounts of transition-
metal-free acridinium photocatalysts to furnish unsymmet-
rical biaryls, heterobiaryls and arylated olefins. This repre-
sents an interesting conceptual approach to forge C—C
bonds between aryl, heteroaryl and alkenyl groups under
smooth photochemical conditions. Computational studies
were conducted to investigate the mechanism of the
transformation

N ' )

Biaryl derivatives constitute an essential class of compounds
for the development of pharmaceuticals and organic materi-
als. The use of transition metal catalysis to forge C—C bonds
between two aryls has become inevitable, following the pivo-
tal groundwork laid by Corriu-Kumada-Tamao,” Negishi,”
Suzuki-Miyaura™ and Stille® in the 1970s. Although these tra-
ditional methods dominate the world of cross-coupling reac-
tions, modern synthetic planning also includes direct C—H
functionalization® and decarboxylative strategies.” Moreover,
efforts have been made towards transition-metal-free alterna-
tives using borates as templates for intramolecular biaryl for-
mation. Few methods depict homocoupling reactions using
chemical oxidants such as VO(OEt)CL,,® iridium™ and zinc com-
plexes"” (Scheme 1A). Pioneered by Geske in 1959, the for-
mation of symmetrical biaryls under electrochemical oxidation
was extended to fluorinated substrates by Waldvogel in
2018."? However, the intramolecular coupling of borate salts
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Scheme 1. Previous and present contributions to coupling reactions of
TOBs.

was restrained to homocoupling products until very recently
(Scheme 1B). Building on methodologies developed in our
group to access functionalized organoboron derivatives, we re-
cently demonstrated an efficient and chemoselective electro-
chemical synthesis of unsymmetrical biaryls™® and heteroary-
lated olefins™ from readily accessible tetraorganoborate salts
(TOBs). The group of Studer similarly reported an elegant
chemical oxidation of mixed tetraorganoborates towards
hetero-biaryls using Bobbitt's salt."

The renaissance of photochemistry in past decades stems
mainly from the advantageous features it presents and the re-
activity it promotes in comparison with classical chemical pro-
cesses." Photoredox catalysis is a rapidly expanding field as it
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offers a tunable control over oxidation and/or reduction steps
for the generation of desired reactive intermediates."”

However, only few examples have been reported on the for-
mation of C—C bonds between two aryl moieties through pho-
toredox catalysis. The groups of Sanford, Duan and Konig em-
ployed either transition-metal photocatalysts ([Rul™® or [Zn]-
PDI" complexes), or organophotocatalysts (Eosin Y or PDI)?”
to reduce diazo-compounds and electron-poor aryl bromides
under photoirradiation towards intermolecular aryl-aryl bond
formation. The only example of photochemical borate rear-
rangement was described by Doty in 1971. Rose Bengal was
employed under UV-light irradiation for the formation of bi-
phenyl (Scheme 1C) from NaBPh, through oxygen-relayed
electron transfer.”” The authors proposed that singlet oxygen
is generated in situ, serving as the oxidizing species in the
transformation.

The creation of C—C bonds under photochemical conditions
is therefore largely restricted to specific substrates. Herein, we
challenge the general transition-metal free photocatalyzed for-
mation of biaryls and arylated olefins, providing innovative
perspectives in the domain of photocatalysis.

Conditions were first optimized using mixed tetraarylborate
salt 1a. Rhodamine 6G and acridinium-based photocatalysts
(Acr)? were tested in the presence of Cl;CBr or oxygen as oxi-
dant, respectively (Table 1). While rhodamine 6G only gave the
desired product 2a in 45% conversion within 48 h under
green light irradiation (1=530 nm), Acr-1 allowed for its for-
mation in 57% without oxidant (50% isolated yield). In the
presence of oxygen, the conversion went up to 85% and mod-
ifying the substitution pattern of the photocatalyst (Acr-2 to
Acr-4) gave similar results (82 to 85% conversion). Switching
the solvent to ethanol proved less efficient (69% conversion
within 8 days). However, decreasing the catalyst loading to
5 mol% did not alter the rate of coupling reaction, furnishing
2a in 78% yield after 48 h under blue light irradiation (A =
470 nm). Using a more powerful setup (13 Wcell™")** allowed
to decrease reaction times to 16 h, which also caused an in-
crease in temperature to 50 °C. Importantly, no traces of inter-
molecular coupling products were detected in all cases.

We previously demonstrated that the first oxidation of a
TOB salt preferentially occurs on the most electron rich unsatu-
rated moiety."*'¥ As a logical consequence, structures 1 were
designed to possess one electron-richer aryl group (Ar'), sur-
rounded by electron-poorer groups (Ar?). With optimized con-
ditions and setup in hands, we started evaluating the scope of
the aryl-aryl photocoupling (Scheme 2). It is worth noting that
tetraarylborate salts were accessed ex-situ by reaction of an ar-
yltrifluoroborate species with the appropriate Grignard (or
zinc) reagent and were engaged further without purification.
The yields in Scheme 2 are therefore given for the two-step se-
quence. In the presence of Acr-1 under blue light irradiation,
we were able to push the conversion to its maximum for the
formation of biphenyl 2b (91%), showing great improvement
in comparison with the conditions previously described by the
group of Doty (75% under UV irradiation). Varying the substi-
tution pattern of Ar' by introducing methyl, trimethylsilyl and
ether moieties led to structures 2c-j in good to excellent
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Table 1. Optimization of the photocoupling reaction.

A Photocatalysts employed for optimizations

Ar
R2 O OMe
N\

Ar = 2,6-(Me),-CgHs
Acr-3 (R% = H)
Acr-4 (R2 = NMe,)

Ar = 1-naphthyl
Acr-5 (R2 = NMe,)

EtHN  Me
Acr-1 (R' = Me)
Acr-2 (R! = Ph)

B Model photo-coupling reaction

photocatalyst

Rhodamine 6G
F
K®»('©/) (10 mol%)
0,

’,‘O F
A =470 nm MeO O

1a MeCN, 30 °C, 48hlal 2a
OMe
Photocatalyst Conversion®

(isolated yield)

Deviation from conditions

Rhodamine 6G Cl,CBr instead of O,, A =530 nm 45%
Acr-1 without O, 57 % (50 %)
Acr-1 none 85% (77 %)
Acr-1 EtOH instead of MeCN, 8 days 69 %
Acr-2 none 82%
Acr-3 none 83%
Acr-4 none 85% (78 %)
Acr-1 5 mol % catalyst loading 85% (78%)
Acr-1 5 mol % cat., 50°C, 16 h9 91% (83 %)

[a] Control experiments show no conversion of starting material in the
absence of photocatalyst or light (see Supporting Information). [b] Con-
versions determined by GC using n-undecane as internal standard.
[c] Switching to a more powerful LED setup induces a temperature in-
crease to 50°C (self-heating), allowing to decrease the reaction time to
16 h, see Supporting Information.

yields (up to 92%). Scaling up the reaction to 3 mmol also
gave 2h in a reasonable yield (77 %). Interestingly, these condi-
tions allowed for an efficient coupling of unprotected phenol
derivatives 2k, in up to 83 % isolated yield, verifying the func-
tional group tolerance of the method. Amides and nitriles also
proved tolerable (2m,n), although lower yields were obtained
(47 to 53%). This can be attributed to the lower reactivity of
organozinc reagents (necessary for the tolerance of amides
and nitriles) towards starting trifluoroborates in the initial for-
mation of TOB salts. Electron-rich heteroaryls such as benzoxa-
diazole and benzofurans were successfully coupled, yielding
compounds 20-r (up to 70%). The transformation of electron-
poor pyridyl and quinolyl TOB derivatives proved more difficult
to achieve and compounds 2s,t were only isolated in up to
56% vyields. However, the presence of dibenzofurans as Ar’
groups led to 78% of coupling product (2u). Functionalization
of the pharmacologically relevant celecoxib structure gave 2v
in 38% yield. The photocoupling reaction of sensitive halogen-
ated and pseudo-halogenated scaffolds was examined next, as

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 2. Scope of the photocoupling of TOBs. [a] Borate salts were generated in situ from the corresponding organotrifluoroborates and organomagnesium
species. [b] Yields are given over two steps, see Supporting Information. [c] Photocoupling was conducted on pure, isolated salts. [d] Prepared from organo-

zinc reagents.

they open the possibility for further functionalization. While
classical cross-coupling methods usually give complex mixtures
of products through uncontrolled oxidative additions,”” we
have previously demonstrated that an electrochemical process
can be employed to gain control over the formation of desired
functionalized compounds.'™

Remarkably, iodinated and brominated substrates were tol-
erated under our photocatalyzed conditions, furnishing halo-
genated biaryls 2w-2z in up to 69% yield. Nitrile-substituted
trifluoroborate substrates were also used in this two-step se-
quence, leading to structures 2aa-ab in moderate yields (47
to 63 %).

Having supported the proof-of-concept for photocoupling
reactions with a broad scope of biaryl products, we set out to
examine olefinations under similar conditions, as those would
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provide an interesting alternative for the formation of styryl
derivatives. Model substrate 3a was employed for optimiza-
tions, assuming that the oxidation of the alkenyl substituent
would be preferred over the remaining aryl groups.™ Perform-
ing the reaction with 5 mol% of Acr-1 without oxidant afford-
ed 4a in 35% yield and similar conditions to the ones used for
biaryl formation only pushed the conversion to 65% (Table 2).

However, the main product was found to be the overoxi-
dized epoxide 5a (see Scheme 3). Diphenyldisulfide did not
improve the conversion of 3a, and dipotassium phosphate fur-
nished 4a in 57 % isolated yield (73 % conversion of 3a). These
last conditions (cond. A, Scheme 3A) were therefore used in
the exploration of the reaction scope. B-styryl moieties were
evaluated first, providing (E)-bisarylated olefins 4a—e with up
to 57 % vyield. Interestingly, engaging (E)-alkenyl substrates led

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 2. Optimization of the photo-olefination reaction.

o
Ph™ X

Acr-1
@ L@F (5 mol%)
) oxidant
oB 3

J —0—

A =470 nm
Ph 3a MeCN, 50 °C, 16h 4a
Oxidant Conversion® Oxidant Conversion®
(isolated yield) (isolated yield)
o, 65% (< 10%)"™ PhSSPh 57% (40 %)
none 45% (35 %) K,HPO, 73% (57 %)

[a] Conversions determined by GC. [b] The epoxide 5a (from 4a) was iso-

lated, see Scheme 3.

CIRO)
blue light (470 nm) R
MeCN

3@ 50 °C, 16h

Acr-1 (5 mol%)
KZHPO4 (cond. A)
O balloon (cond B)

4a® 5a-b

A Photocatalyzed olefination of aryls (cond. A)

.M‘w

(57%) (57%) (52%)
4d (se%)[°1 de (47%) 4f (43%) 4g (39%)
OCF3

é}é}g

4h (28%) 4i (69%) 4§ (34%)

B Photocatalyzed olefination/epoxidation (cond. B)

ool O

5a (54%)! 5b (47%)P]

Scheme 3. Photo-olefination of alkenylborates. [a] Borate salts were generat-
ed in situ from the corresponding organotrifluoroborates. [b] Yields are
given over two steps, see Supporting Information. [c] Photocoupling was
conducted on pure, isolated salts.

to the stereoselective formation of products (E)-4 under ther-
modynamic control. Cyclic olefins 4 f-j were synthesized next,
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although conversions were generally lower than for acyclic
ones, with the exception of 4i (69% isolated yield). When
oxygen was used instead of K,HPO,, trans-epoxides 5a and 5b
were formed in up to 54 % yield.

More than adding synthetic interest to the method, these
findings indicate that the oxidant plays an essential role in the
transformation and its associated catalytic cycle. In contrast to
the work from Doty, our different set of conditions leads us to
believe that oxygen plays a role in the re-oxidation of the cata-
lyst, rather than in the oxidation of the substrate itself. We
therefore propose a reaction mechanism in which the oxygen
is implicated as the oxidant that enables the catalyst regenera-
tion (Scheme 4). Blue light irradiation (470 nm) allows for the
acridinium to reach its active, excited state to abstract an elec-
tron from substrate 1a. The resulting oxidized species [1a’] un-
dergoes a pseudo 1,2-metallate rearrangement,"*' giving the
cyclic intermediate 6, which further opens towards 7 through
[TS]*. Oxygen further intervenes to regenerate the photocata-
lyst from its reduced form, producing [0,]".* As witnessed in
the reaction of alkenyl derivatives, we know that oxygen inter-
acts with the intermediates to produce the corresponding ep-
oxides. Consequently, we suggest that an active oxygen spe-
cies reacts with 7 to promote an elimination reaction towards
the formation of 2a.

To assess a plausible reaction path, we performed a series of
density functional theory calculations on 1a using the software
Q-Chem®™ with the B3LYP functional®”’ and the 6-31G* basis
set. Here we determined equilibrium structures and computed

A Theoretical studies of the rearrangement

[Tsf*
+ 50 kJ-mol!
[a’] I
+ 39 kJ-mol! P o
— b
! %
| N
I S
N \
i
: —
; 7
— -4 kJ:mol”’
1a 87° 60°
- 340 kJ-mol”! o= 4 &

B Proposed catalytic cycle and mechanism

photo-excitation

@ N
* 2a

[Q] T - ArzB[O]
1a 0=0" BA"
ox 3 red
MeO 3

Ar2 Ar\@ Ar
/‘/ \©\ via [TST*

L ﬂﬁ

Ma’]

Scheme 4. Theoretical studies and proposed mechanism.
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the Gibbs free energies for the initial anion 1a and radical
[1a7 as well as for the radicals 6 and 7. We found a transition
state between 6 and 7 at a barrier height of 50 kJmol™" as de-
picted in Scheme 4. This completes the picture of the reaction
mechanism: the oxidation of the anion is followed by a relaxa-
tion during which the reacting six-membered rings rotate to
face each other, therefore coming closer together. The C-B-C-
angle of 108° in the anion changes to 87° in 6. This structure
has C; symmetry when rotationally averaging over the atomic
positions of the methoxy group. During the reaction, the B—C
bond is cleaved while the C—C bond is formed. The C; symme-
try is maintained while the bond breaks and lowered only af-
terwards. The C-B-C-angle in the transition state is 60° and
shrinks further while the tetrahedral coordination at the
carbon atom in the oxidized ring is restored.

In summary, we have demonstrated the feasibility of a che-
moselective coupling of tetraorganoborates using organo-pho-
tocatalysis. This conceptual approach has allowed us to access
a wide range of biaryl, heterobiaryl and olefin products under
blue light irradiation, in a simple and practical setup. A deeper
analysis of the mechanism through experimental and theoreti-
cal studies led us to propose an unusual reaction path that
goes through a cyclic intermediate, essential to the formation
of the C—C bond. Heterocoupling reactions were achieved and
we are currently working on alternative borate salts with in-
creased sustainability and atom economy. There is no doubt
that these advances within the field of photocatalysis will
enable the discovery of new reactions in the near future.
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