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The synthesis of biaryl compounds from aryldiazonium salts and
arylboronic acids was achieved using PPhzAuCl as catalyst, CsF as base
and acetonitrile as solvent. Combined to photosensitizers, irradiation by
blue LEDs allowed accelerating the reaction and expanding its scope.
Various functional groups were compatible including bromoaryls,
iodoaryls, aldehydes and alcohols. A 2-iodobenzyl alcohol moiety was
smoothly introduced by this method, enabling its consecutive isotopic
labelling by a Pd-catalysed alkoxycarbonylation.

The field of homogeneous gold catalysis has been intensively
explored in the last few decades and is now a well-established
area.’ First employed for pi-activation and cascade reactions,’
many efforts have focused on catalytic cycles requiring changes
in the Au oxidation state.? This led to the development of novel,
successful strategies for coupling reactions implying the formation
of gold(m) intermediates, using for example external oxidants® or
radical partners. The latter approach has been recently extremely
fruitful, especially when merged with radical generation through
visible light photoredox catalysis.”® Being prone to single-electron
reduction,’ aryldiazonium salts proved to be ideal reactants for
gold catalysed couplings under photoredox conditions® and have
already been combined to various substrates (Scheme 1).
Indeed, under visible light and in the presence of a photosensitizer
[Ru(bpy);>*, fluorescein,. . .], they give in situ the desired aryl-radicals,
allowing consecutive oxidative addition onto Au(1) species. After
another one-electron oxidation, the reductive elimination from the
resulting Au(m) complexes produces the desired compounds
while regenerating the gold(i) catalyst.® After the seminal work of
Glorius et al. exploiting the intramolecular cyclization of alkenes,”® a
wide range of reactions were also found to be suitable for this
strategy including methanol addition to alkenes,”” ring expansion,”
allenoate cyclization,”® Meyer-Schuster rearrangements’”~
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Scheme 1 Gold-catalysed couplings with aryldiazonium salts under photo-
redox conditions.

and others.”*#¥ Both phosphorus- and carbon-based partners
(sp®, sp or sp®) were described but surprisingly, no biaryl
formation was reported under photoredox conditions.’
However, it should be noted that the line between photoredox
catalysis and photoredox activation may be thin.'® When light only
plays a role in radical initiation, other methods of activation can
become competitive, as demonstrated by a few reports describing
gold-catalysed coupling of diazonium salts without visible light and
PS.”%** For example, Shin et al. proved that simple thermal activation
of diazonium salts at 60 °C was sufficient to induce the cross
coupling of vinyl golds in the dark (which was previously developed
at room temperature under blue LED irradiation).” In a different
mannet, Shi et al. recently published an elegant method employing
cationic Au' catalysts which were able to promote direct N, extrusion
of diazonium salts under the assistance of 2,2'-bipyridine."*
Under this set of conditions, the couplings of terminal alkynes or
arylboronic acids with the aryl moiety of diazonium species were
achieved in good yields. Unfortunately, these conditions led to much
lower yields when using p-iodide diazonium salts (Scheme 2)."*
Within this context, we were looking for methods allowing
the synthesis of biaryl compounds from boronic acids and
aryldiazonium salts that would be compatible with free benzyl

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Gold-catalysed coupling of aryldiazonium salts with arylboronic
acids without photoredox conditions (Shi et al, ref. 11).

alcohols and iodoaryls. Considering the scarce reports of
Pd-catalysed Suzuki-Miyaura reactions potentially meeting
these criteria®® and the limited results obtained in our case,™*
the possibilities offered by gold-catalysis were re-examined.
Hypothesizing a potential detrimental effect of the cationic
gold source towards iodoaryls, the cross-coupling of 4-methoxy-
benzene-diazonium tetrafluoroborate 1a with phenylboronic
acid 2 was investigated with PPh;AuCl. This one was less active,'®
and only small amounts of the desired product 3a could be obtained
without photoredox conditions. However, when combined with blue
LED irradiation and a catalytic amount of 9-mesityl-10-acridinium
tetrafluoroborate (6),”*“'® more interesting results were observed.
Indeed, the use of 10 mol% of PPh;AuCl and 2 equivalents of
Na,CO; in CH;CN at 30 °C under photoredox conditions led to a
57% conversion of the diazonium 1a. The desired coupling product
3a was produced in this case concomitantly with anisole 5a in a
2/1 ratio, as determined by "H NMR analysis of the crude mixture
(Table 1, entry 1). KOH" instead of Na,COs; slightly improved this
result (entry 2) but CsF was demonstrated to be the best base,'®
allowing full conversion of 1a to a 3a/5a mixture in a 7:3 ratio
(entry 3). A control experiment in the dark with bpy as an
additive (20 mol%) gave only 40% conversion, demonstrating
the importance of the photoredox process under this set of
conditions (entry 4). The use of (IPr)AuCl instead of PPh;AuCl
was investigated but no biaryl products were formed in this case
(entry 5). An excess or catalytic amount of CsF was detrimental
(entries 6-8), and the quantity of base was set to 1.05 equivalents

Table 1 Optimization of the reaction conditions®
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for further experiments. In combination with slightly increased
quantities of diazonium 1a (1.5 equivalent) and acridinium 6
(4 mol%), the desired biaryl 3awas isolated in 55% yield (entry 9).
Interestingly, exchanging the organic photosensitizer by 2 mol%
of Ru(bpy);(PFe), allowed access to 3a in 63% yield (entry 10).
Finally, control experiments were performed in the absence of any
photosensitizer either under blue light irradiation or in the dark
(entries 11 and 12). Both experiments led to almost identical results
(i.e. lower conversion and limited formation of 3a), indicating that
no direct effect of the visible light could be detected in this case."®

In contrast, the substitution on the aryl ring of the diazonium
appeared to be crucial. Indeed, the 4-nitrobenzene-diazonium
tetrafluoroborate 1b was able to react with phenylboronic acid
without any photoredox conditions, producing the cross-coupling
product 3b in 81% yield within 16 h (entry 13). The course of this
reaction was monitored when performed in the dark or under
irradiation with blue LEDs in the presence of a photosensitizer
(Fig. 1, see the ESIT for details).

At 30 °C in the dark, pure thermal initiation was sufficient to
ensure smooth formation of 3b (Fig. 1, orange line). Indeed, the
easiness of the 4-nitro-substituted diazonium salt to undergo
one electron reduction® allowed thermal initiation and innate
radical chains to operate efficiently.”" This mechanism difference
between the two substrates was confirmed by quantum yield
measurement, which were determined to be 1.4 and 9.6 when
employing 1a (4-MeO-) or 1b (4-NO,-), respectively (see the
ESIt for details). However, in the latter, the use of photoredox
conditions allowed completion of the reaction within 1 h 30
(Fig. 1, blue line) whereas only 50% of 3b was formed at the
same time in the dark (orange line). Thus, the benefits of the
photoredox initiation process'® were demonstrated in this case
by a strong acceleration of the reaction.

Then, the scope was investigated with the 9-mesityl-10-
acridinium 6 (conditions A) or with Ru(bpy)s(PFe), (conditions R)

PPh,AuCI (10 mol %)

Ar=N,* BF, + Ph-B(OH),

1a: Ar = 4-CHy0-CgH, 2
1b : Ar = 4-NO,-CgH,

Base, PS, Blue LEDs

Ar-Ph *+ Ar-Ar + Ar-H

CH3CN, 30 °C, 16 h

3a-b 4a-b 5a-b

Ar (x equiv.) Photosensitizer® (y mol%) Base (z equiv.) 1/3/4/5 ratio® (yield, %)
1 1a (1 equiv.) Acrid (2 mol%) Na,CO; (2 equiv.) 43/35/0/22
2 1a (1 equiv.) Acrid (2 mol%) KOH (1 equiv.) 24/46/10/20
3 1a (1 equiv.) Acrid (2 mol%) CsF (1 equiv.) 0/70/0/30
4° 1a (1 equiv.) bpy (20 mol%) CsF (1 equiv.) 60/11/10/19
5/ 1a (1 equiv.) Acrid (2 mol%) CsF (1 equiv.) 30/0/0/60
6 1a (1 equiv.) Acrid (2 mol%) CsF (1.5 equiv.) 0/33/13/54
7 1a (1 equiv.) Acrid (2 mol%) CsF (2.0 equiv.) 0/25/11/64
8 1a (1 equiv.) Acrid (2 mol%) CsF (0.5 equiv.) 48/32/3/17
9 1a (1.5 equiv.) Acrid (4 mol%) CsF (1.05 equiv.) 13/60/5/22 (55%)
10 1a (1.5 equiv.) Ru (2 mol%) CsF (1.05 equiv.) 0/73/2/25 (63%)
11 1a (1.5 equiv.) None CsF (1.05 equiv.) 60/15/5/20
12°¢ 1a (1.5 equiv.) None CsF (1.05 equiv.) 62/15/5/18
13°¢ 1b (1.5 equiv.) None CsF (1.05 equiv.) 33/57/0/10 (81%)

“ Reactions run on a 0.25 mmol scale. ? Acrid = 9- Me51ty1 10-acridinium
determined by "H NMR analysis of the crude mixture.
30 °C in the dark. (IPr)AuCl was used instead of PPh;AucCl.

This journal is © The Royal Society of Chemistry 2016

tetrafluoroborate 6, bpy = 2,2'-bipyridine, Ru = Ru(bpy)s(PFe),. ¢ Ratio

4 Isolated yields of 3 after purification by Column chromatography. ¢ Reaction performed at
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Fig. 1 Evolution in time of the *H NMR yield of 3b in the dark (orange line)
or with Ru(bpy)s(PFe)2 (2 mol%) under blue LED irradiation (blue line).

as photosensitizers. Under both conditions, the mixture was
stirred for 16 h under blue light irradiation to ensure the full
completion of the reaction.

Interestingly, both conditions gave good results for 4-nitro-
benzenediazonium 1b with phenylboronic 2, 2-methyl-phenyl
and 2-bromophenylboronic acids as partners. Compound 3b
was isolated in 75-76% yields, and products 3c and 3d were
obtained in 90-92% and 73-80% yields, respectively. The reaction
was also compatible with highly hindered nucleophiles, and product
3e was synthesized from 9-anthraceneboronic acid in yields up
to 55% (conditions A). When switching to 4-methoxybenzene-
diazonium tetrafluoroborate 1a, the Ru(bpy);>*-based conditions
gave the best yield (63% of 3a) and were employed with other
arylboronic acids. Compound 3f was isolated in a 55% yield
whereas 2-methyl- and 2-nitrophenylboronic led to the cross-
coupling products 3g and 3h with excellent results (respectively,
90% and 92% isolated yields). Similarly to 3b, identical yields of
3i were obtained from 4-(methoxycarbonyl)-benzenediazonium
with the two sets of conditions (65%). With this diazonium,
conditions A and R were compatible with aldehydes (50% of 3k)
and iodoaryls (up to 55% of 31), demonstrating the mildness of
this method. 2-Nitro- and 4-iodobenzene-diazonium were also
suitable, providing 3m, 3n and 3o with moderate to good yields.
Finally, the most noticeable achievements were the syntheses of
the desired model compounds 3p, with a yield of 50% with both
photosensitizers, and 3q, in a 47% yield under conditions R.*>
Indeed, introduction of the 2-iodobenzyl alcohol moiety occurred
smoothly, allowing its further isotopic labelling by a palladium-
catalysed alkoxycarbonylation (Scheme 3, 90% isolated yield of 7,
based on a limiting amount of *C0).**

To investigate the reaction mechanism, *'P and "H NMR spectro-
scopies were realised on stoichiometric amounts of PPh;AuPh in
CD;CN. Acridinium 6 and 1a or 1b were added to the mixture, which
was then irradiated with blue LEDs for 3 h. Under these conditions,
the gold complex was able to produce the desired 3a and 3b as
the main products (see the ESIf for details). Based on these
results, and on the previous reports of gold-catalysed cross-
couplings with diazonium salts,”®"" the mechanism in Scheme 4
was proposed. After transmetalation with the arylboronic acids,* the
triphenylphosphine-aryl-gold species undergo oxidative addition by
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Scheme 3 Substrate screening and carbonylation of 3p. Isolated yields.
Conditions: Arylboronic acid (0.25 mmol), aryldiazonium tetrafluoroborate
(1.5 equiv.), PPhzAuCl (10 mol%), CsF (1.05 equiv.), CHsCN (2 mL) at 30 °C for
16 h. “Conditions A: 9-mesityl-10-acridinium tetrafluoroborate (4 mol%).
PConditions R: Ru(bpy)s(PFe), (2 mol%). “Conditions from ref. 13b: Pd/BaCO3
(0.5 mol%), MeOH, rt, 12 h, see the ESIt for details. “Reaction time: 8 h.
“Limiting amount of *CO, see the ESIt for details.

the aryl radical. The latter is consecutively regenerated by a one-
electron oxidation of the gold(u) intermediates. Then, the reductive
elimination from the resulting Au(ur) complexes produces the biaryl
compound® and regenerates the gold(r) catalyst. It should be noted
that the radical initiation step can occur through thermal processes,
but these are highly dependent on the substitution onto the
diazonium salts. In any case, the photoredox cycle allows an
acceleration of the reaction, thus expanding its scope to less
active substrates.

In summary, we described the gold-catalysed coupling of
aryldiazonium salts with arylboronic acids under photoredox
conditions. Employing the convenient PPh;AuCl as the gold
source, the conditions proved to be extremely mild (30 °C) and
compatible with a wide range of functional groups such as
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Scheme 4 Proposed mechanism of the reaction.
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bromoaryls, iodoaryls, aldehydes and alcohols. The utility of
this method was demonstrated by performing the synthesis of a
biaryl with a 2-iodobenzyl alcohol moiety, which could not be
efficiently obtained using the methods described previously in
the literature. The resulting compound 3o was efficiently
labelled by *C-carbon monoxide, confirming the orthogonality
with Pd-catalysed reactions. Aiming toward the synthesis of new
potential biotracers,”* gold-catalysed couplings of this 3-(hydroxy-
methyl)-4-iodobenzenediazonium salt 10 with biomolecule-based
boronic acids are being currently explored.

This study was supported by the MESR (doctoral fellowship),

and by a public grant from the French Agence Nationale de la
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