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Mechanochemical synthesis of (hetero)aryl Au(i)
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Growing demand for sustainable chemical syntheses casts mechanochemistry in a new light as an envir-
onmentally benign alternative to traditional solvent-based methods. Given recent interest in Au() com-
plexes for catalytic, materials, and medicinal applications, we developed a mechanochemical protocol to
prepare (hetero)aryl Au()) complexes under green conditions. The procedure reported here uses C-H or
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C-B activation to afford the corresponding Au(l) complexes in high yields. Our approach bypasses exter-
nal heating, long reaction times and the use of toxic solvents. We demonstrate that mechanochemical
C—H auration can be used on highly functionalised bioactive substrates. Mechanistic aspects of the C-H
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Introduction

Organogold compounds have demonstrated usefulness in a
diverse range of research areas including synthetic," physical,
and medicinal chemistry.® An important subset of this class of
compounds comprises neutral (hetero)aryl-ligated Au(i) com-
plexes, which have attracted interest as mechanistic probes in
organometallic catalysis,* as luminescent® and often mechano-
chromic® materials for optical devices and sensors, and as bio-
logically active molecules for anticancer and antibacterial
treatments.”

Despite the considerable level of attention garnered by
these complexes, their preparation traditionally relies on the
addition of reactive, unstable, or otherwise inconvenient-to-
handle aryl organometallic reagents (e.g., Grignards, lithiates,
zincates) to a Au(i) source,'”™*“*“® or transmetalation from
toxic arylstannanes.>*® More recent reports describe the syn-
thesis of aryl Au(r) complexes via transmetalation from various
organoboron reagents®?/*¢7%1% and organosilanes'! or by
direct C(sp®)-H activation."” While a handful of these methods
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use so-called green solvents' (e.g., H,O, EtOH),'% they still
suffer from the need for extended reaction times or elevated
temperatures. More generally, the problem of solvent waste
remains an ongoing challenge for the greening of chemical
synthesis, including that of organometallic species.™

We sought to address these issues by developing a method
to synthesize (hetero)aryl Au(i) complexes using a mechano-
chemical ball milling approach.'” Ball milling uses the physi-
cal impact of ball bearings against the interior walls of reac-
tion vessels to provide reagent mixing and activation energy.
The generation of organometallic compounds under milling
conditions has been reported previously for a number of tran-
sition metals.'® With respect to gold specifically, however, only
a very small number of complexes, virtually all of them NHC-
ligated, have hitherto been prepared mechanochemically,"®%'”
the majority by manual grinding with a mortar and pestle.
The reproducibility of mortar-and-pestle techniques is con-
spicuously problematic due, in part, to variability in energy
inputs delivered by different operators.'®”

Herein, we develop a standardized approach to the syn-
thesis of a broad range of (hetero)aryl Au(i) complexes, via
either transmetalation from organoboronic acids or by C-H
auration (Fig. 1). In particular, our use of an automated mixer
mill allows for the precise application of consistent mechano-
chemical force. We note that our method is applicable to the
chemoselective auration of highly functionalized bioactive sub-
strates. We also demonstrate direct C(sp*)-H auration to be
reversible under milling conditions and investigate the impli-
cations this has for achieving chemoselectivity between
different aryl moieties.
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Fig. 1 This work: mechanochemical synthesis of diverse (hetero)aryl Au
(1) complexes by ball milling.

Results and discussion

We initially investigated the possibility of using boronic acids
as aryl sources, given that such compounds have been demon-
strated to be competent reagents in several solvent-based
methods.’#*°“7 All reactions were conducted in a Teflon™
vessel loaded with one stainless steel ball bearing. Using
3-tolylboronic acid (1a) with (Ph;P)AuCl as a model Au(i) pre-
cursor, we observed clean formation of the desired product,
2a, by *>'P NMR spectroscopy after milling for 1 h at 30 Hz in
the presence of either 1.0 equiv. KOH or CsF (Table 1, entries 1
and 2)."® No product was observed without inclusion of a base
(entry 3). Accordingly, the addition of a small volume of water
to enable liquid-assisted grinding (LAG)' was only effective
when combined with a base additive (compare entries 4 and 5).

Table 1 Optimization of aryl boronic acid transmetalation

View Article Online

Paper

In particular, product formation became effectively quantitat-
ive with a modest excess of KOH (entry 6). Substituting the sep-
arate boronic acid/KOH pairing for a pre-formed trialkoxybo-
rate led to diminished yield (entry 7).

Having established a set of optimised conditions, we
screened boronic acids to generate a variety of aryl Au(i) phos-
phine complexes (Scheme 1). Significantly, most of the
product complexes could be isolated from the reaction mixture
by extraction with EtOAc and a Celite filtration, which speaks
to the overall ease of their synthesis using our procedure. The
reaction did not appear significantly sensitive to the steric
demands of ortho-substituted aryl groups; these transmeta-
lated efficiently even when paired with a bulky®® tricyclohexyl
phosphine ligand (2¢). In general, transmetalation of either
electron-rich or electron-neutral aryl groups proceeded in
excellent to quantitative yield (2a-h). Greater substituent
dependence was observed, however, for electron-poor arylboro-
nic acids: while 4-(trifluoromethyl)phenyl complex 2i was
obtained in very good isolated yield (84%), 3-nitrophenyl
complex 2j was observed to form in only 23% spectroscopic
yield. A similar trend was found for heteroarene substrates:
pleasingly, electron-rich moieties such as thiophene (2k) and

Scope: Organoboronic acids in transmetalation
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z H20 (0.1 mL) Z
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@ + PhsP-Au-Cl @
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1a 2a
Entry Additives Yield “ (%)
1 KOH (1.0 equiv.) 75
2 CsF (1.0 equiv.) 52
3 None 0
4 H,0 (0.1 mL) 0
5 KOH (1.0 equiv.) + H,O (0.1 mL) 94
6 KOH (1.2 equiv.) + H,O (0.1 mL) >99
7° H,0 (0.1 mL) 84

“Determined by *'P NMR spectroscopy for reactions conducted on
0.1 mmol scale in a 14 mL Teflon™ vessel with one stainless steel ball
(15 mm, 13.6 ). ” Using potassium 2-hydroxymethyl-2-methylpropane-
1,3-diol borate in place of boronic acid.

This journal is © The Royal Society of Chemistry 2020

Scheme 1 Substrate scope for aryl boronic acid transmetalation to
Au() phosphines. Yields determined by *'P NMR spectroscopy; values in
parentheses are isolated yields using 1.2 equiv. Ar-B(OH), and 1.5 equiv.
KOH(q (1.25 M) on 0.1 mmol scale. 2.0 equiv. KOH, £3.0 equiv.
KOH(q (2.50 M), 25 Hz “1.4 equiv. Ar-B(OH), 92.5 equiv. KOH(.q)
(2.50 M), 2 h, 25 Hz € 3.0 equiv. KOH,q) (2.50 M), 36 Hz.
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9-phenyl-9H-carbazole (21) - both motifs of significant interest
in organic materials applications®! - transmetalated smoothly.
In contrast, electron-poor 3-pyridineboronic acid afforded only
trace amounts of product (2m). Lastly, although p-vinyl
complex 2h was obtained in very good yield (88%), the gene-
ration of an o-aurated styrenyl complex®® (2n) proved less
efficient.

Our success with mechanically induced transmetalations
from (hetero)arylboronic acids prompted us to attempt the
more challenging® synthesis of (hetero)aryl Au(i) complexes
directly via arene C-H activation. Specifically, we aimed to
develop a general mechanochemical protocol for the gene-
ration of Au(i) complexes of significantly greater scope than
the handful of polyfluoroarene derivatives generated manually
so far.'”? With 1,3-dichlorobenzene as a model substrate, we
determined that increasing the equivalents of arene relative to
(EtsP)AuCl led to steadily higher yields (Table 2, entries 1-4).
Even at 4.0 equiv. of arene, however, product yield did not
exceed 50%. In contrast to the boronic acids case, the addition
of water to facilitate LAG proved detrimental (entry 5).
Accordingly, by substituting the hydroxide base with KO'Bu -
and thus establishing anhydrous conditions - the yield
improved dramatically (entry 6).

Using these optimized conditions, we were able to prepare
a series of polyhaloaryl Au(i) phosphine complexes in very
good to excellent yields (Scheme 2). The general effectiveness
of our mechanochemical approach notably extended in this
instance to the synthesis of pyridyl complexes both with (3c)
and without (3f) steric hindrance about the nitrogen center.
The required di-ortho-halide substitution pattern of the aryl
group likewise did not appear to encumber the reaction and
various combinations of F, Cl, and Br substituents were all
well tolerated. Products also formed readily with bulky P‘Buj
ligands. The formation of complex 3d, for which solution-
phase syntheses had previously proven unsuccessful,'*? pro-
ceeded in 91% isolated yield under our milling conditions.
Moreover, the preparation of pentafluorophenyl complex 3e
could be scaled up by a factor of 5 without significant decrease

Table 2 Optimization of haloarene C—H auration
PEt,
H base Au
cl cl (4.0 equiv.) cl Cl
\©/ + EtsP-Au-Cl \©’
& 30Hz 1h
3a
Entry Arene equiv. Base Yield “ (%)
1° 2.0 NaOH 14
2P 3.0 NaOH 26
3 4.0 NaOH 39
4 4.0 KOH 47
5 4.0 NaOH + H,0 (0.1 mL) 0
6 4.0 KO'Bu 88
7 4.0 None 0

“Determined by *'P NMR spectroscopy for reactions conducted on
0.1 mmol scale. ” 25 Hz.
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Scope: Haloarenes in C-H auration
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Scheme 2 Substrate scope for haloarene C—H auration. Isolated yields
on 0.1 mmol scale. 1.5 h 2 h, 36 Hz © 0.5 mmol scale 4.0 equiv. KOH.
For 3f the crystal structure has ellipsoids set at 50% probability.

in yield. The structure of 3f was confirmed by X-ray crystallo-
graphic analysis.”*

By a simple switch of base from KO‘Bu to KOH, we could
readily expand our C-H auration protocol to include a series of
heteroarenes (Scheme 3).>*> Notably, benzothiazole complex 4a
was obtained in 85% isolated yield after milling for 1 h, com-
pared to 55% yield obtained after stirring in 1,4-dioxane at
35 °C for 15 h.'®? (Temperature measurements of the interior
of our reaction vessels and the balls using a laser thermometer
immediately after the cessation of milling never exceeded

Scope: Heteroarenes in C-H auration
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Scheme 3 Substrate scope for heteroarene C-H auration. Isolated
yields on 0.1 mmol scale. ? Yield determined by *'P NMR spectroscopy
36 Hz © 4.0 equiv. KO'Bu.

This journal is © The Royal Society of Chemistry 2020
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32 °C, even after milling for 60 min at 30 Hz.) Despite bearing
a comparatively more acidic proton at C2,>° benzoxazole
(PKamomso) = 24.8) exhibited lower reactivity than benzothiazole
(PKampmso) = 27.3), suggesting that C-H bond acidity may not
be the sole determinant of the relative ease of auration in
these cases. Specifically, we propose that initial S---Au inter-
actions in the case of benzothiazole may pre-organise the reac-
tants to better facilitate subsequent C-H auration to produce
4a. Quantitative formation of benzoxazole complex 4b could
nevertheless be achieved by simply increasing the oscillation
frequency of the mill to 36 Hz. High yield, and complete regio-
selectivity for C2 functionalization, were likewise observed for
unsubstituted thiophene (pKympmso) = 33.5), in stark contrast
to the reported difficulty of forming complex 4c in solution.'>?
2-Bromo-substituted thiophene also underwent C-H auration
to afford complex 4d in high isolated yield.

Gratifyingly, our optimized mechanochemical conditions
for preparing Au(r) phosphine complexes translated well to
the complementary synthesis of NHC-ligated compounds
(Scheme 4). Of particular note was that 2,4,6-trifluorophenyl
complex 5a was obtained in 82% isolated yield, whereas earlier
attempts with mortar-and-pestle grinding produced only trace
amounts.'”” Additionally, complex 5b, isolated in 93% yield,
has recently been demonstrated by Nolan and co-workers to
serve as a versatile precursor to many other NHC-Au(i)
species.'”

To further demonstrate the general applicability of our
milling conditions to the preparation of aryl Au(r) complexes,
we attempted the C-H auration of highly functionalized, bio-
logically active substrates (Fig. 2). Such late-stage derivatisation
under mechanochemical conditions has not been demon-

Scope: Compatibility with NHC ligands
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Scheme 4 Synthesis of NHC-ligated complexes. Isolated yields on
0.1 mmol scale. ?4.0 equiv. arene, 4.0 equiv. KO'Bu 1.4 equiv. Ar-B
(OH);, 1.5 equiv. KOH(,q) (1.25 M) ©1.5 equiv. KOH(,q) (1.25 M) 91.0 equiv.
Ar-B(OH),, 2.0 equiv. KOH).
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Fig. 2 Synthesized Au() phosphine complexes of biologically active
compounds. See ESI for reaction details.

Diflufenican-Au(PEt,)
66%

strated previously. The C2-H auration of caffeine proceeded in
67% yield after milling for 1 h at 30 Hz (¢ 76% after 65 h
stirring in 1,4-dioxane'??). Interestingly, Diflufenican, a com-
mercialized herbicide,”” was selectively aurated on the
difluorophenyl group. This is complementary to analogous
metalations with palladium and cobalt directed by the
pyridyl moiety to the trifluoromethylated phenyl ring instead.>®
Functionalization of the commercial antifungal agent
Econazole® also occurred exclusively on the 1,3-dichlorophe-
nyl ring, despite the presence of a pendant imidazole group.

Given the prevalence of biologically active compounds
bearing both halo- and heteroaryl motifs (vide supra), we were
interested to investigate the degree to which our mechano-
chemical C-H activation conditions would afford chemo-
selectivity between auration of these two groups. To that end, a
series of competition experiments was conducted using equi-
molar amounts of haloarene and heteroarene substrates with
(‘BusP)AuCl and excess KO'Bu.>® As shown in Scheme 5A, com-
bining pentafluorobenzene (C¢FsH) and benzothiazole
resulted in the formation of complexes 3e and 4a in an 11:1
ratio under conditions analogous to those for their separate
synthesis. Lower ratios were observed with C¢FsH and benzoxa-
zole (Scheme 5B, 3e/4b = 4:1) and trifluorobenzene and ben-
zothiazole (Scheme 5C, 3g/4a = 1:1). In all cases, analysis by
3P NMR spectroscopy indicated complete consumption of the
(‘BusP)AuCl starting material after 1 h. Effectively the same
product ratios were also obtained in each case upon milling
for a longer period (2 h).

To determine if the origin of the product ratios was thermo-
dynamic or kinetic in nature, we carried out additional experi-
ments in which a pre-formed complex was subjected to
milling in the presence of another arene substrate, with or
without base present (Scheme 6). (An equivalent of free arene
corresponding to the aryl group of the complex was also added
so that the total number of equivalents of each aryl group
present would be the same as in the prior competition experi-
ments.) When complex 3e was milled together with benzothi-
azole and excess KO'Bu, only partial conversion to benzothi-
azole complex 4a was observed and the ratio of product com-

Green Chem., 2020, 22, 5648-5655 | 5651
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Mechanistic insights: Competition experiments
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Scheme 5 Haloarene/heteroarene C—H auration competition experi-
ments. Product ratios determined by 3P NMR spectroscopy.

Mechanistic insights: Aryl ligand exchange

A P'Bu; FI"BU:;
H Au Au
F F N S _F F Ns
3e + + | \> H — +
F F s 36Hz1h E F @
F F
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3e 4a
4.0 equiv. KO'Bu 13 1
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F. F N F F
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3e 4a
4.0 equiv. KO'Bu 5 3 1
nobase 0 g 100

Scheme 6 Aryl group exchange experiments. Final complex ratios
determined by combined 3!P and *°F NMR analysis, see ESI+ for details.

plexes was 3e/4a = 13:1 (Scheme 6A).>" Starting instead from
pure 4a and free C¢FsH also favoured 3e (3e/4a = 5:1;
Scheme 6B). These results indicate the C-H auration is revers-
ible and that the product ratios from the competition experi-
ments reflect an overall equilibrium between different aryl
Au(1) complexes. DFT (PBEO/TZVP/SDD) calculations also point
to the major species in the mixtures from the competition
experiments as being the more thermodynamically stable
complex (see ESIf for details).
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Mechanistic insights: Intermediate identification I:"Bu3
Au
F. F
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! 1.2 equi 1 (4.0 equiv.)
Au (1.2 equiv.) Al _
| 1 F;'Bu;
a & 0Bu 30Hz, 1h A
30Hz 1h 6
N?s
&
4a: 79%

Scheme 7 Synthesis of Au() alkoxide complex 6 and subsequent aryl
C—H activation. Yields determined by 3P NMR spectroscopy.

The actual mechanism of the observed aryl exchange
remains to be elucidated fully. The complete lack of reactivity
of 3e and 4a with benzothiazole and C¢F5sH, respectively, in the
absence of KOBu rules out the possibility of a direct meta-
thesis-type process. Larrosa and co-workers have proposed that
aryl C-H auration is mediated in solution by a gold alkoxide
species when KO'Bu is used as base.’® Indeed, upon milling
(‘BusP)AuCl together with KO‘Bu, we observed complete con-
version to a single species that we assigned as (‘Bu;P)AuO’Bu
(6) on the basis of 'H, *C, *'P, DOSY NMR spectroscopy and
HRMS analysis (Scheme 7).>? Significantly, this material
demonstrated competency equal to that of (“‘BusP)AuCl in
forming 3e and 4a under standard milling conditions. If
formed in catalytic amounts in situ, 6 could thus also poten-
tially facilitate the observed aryl exchange between these com-
plexes. At this time, however, we cannot discount the possi-
bility of an exchange proceeding directly through the reaction
with a deprotonated aryl species.

Conclusions

We have developed a green protocol for the preparation of
(hetero)aryl Au(i) complexes by leveraging the practical advan-
tages of automated mechanochemical synthesis. Specifically,
the method reported herein generates products with greater
overall expediency than previous syntheses while avoiding the
need for prolonged heating or environmentally hazardous sol-
vents. Under our mechanochemical regime, Au(i) complexes
can be formed by either transmetalation from readily available
aryl boronic acids or direct C-H activation of various halo- and
heteroarenes. The method allows the synthesis of several pre-
viously challenging compounds and demonstrates, for the first
time, the viability of a mechanochemical approach to the late-
stage C-H auration of biologically active substrates.
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