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ABSTRACT: A single-step gold(I)-catalyzed chemoselective protocol to access ortho-substituted diarylsulfones has been
established. Acenaphthoimidazolylidene gold complexes are effective catalysts for the arylsulfonylation of boronic acids by
potassium metabisulfite (K,S,05) and diaryliodonium salts to access (poly-)ortho-substituted diarylsulfones even in gram scale.
Unlike the transition metal-catalyzed two-component coupling systems, the sterically hindered aryl groups in diaryliodonium
salts are preferentially transferred over less bulky ones to form synthetically difficult targets, including those of pharmaceutical

importance.

espite tremendous achievements in the transition-metal-

mediated cross-coupling reactions,’ the direct construc-
tion of highly sterically hindered carbon centers still constitutes
a notorious challenge, especially, for syntheses of poly-ortho-
substituted biaryls under mild reaction conditions.” With the
aid of bulky electron-rich tertiary phosphines® or N-
heterocyclic carbenes (NHCs)," several groups have demon-
strated the possibility to access ortho-substituted biaryls® and
diarylketones® by utilizing Pd-catalyzed cross-couplings of
sterically hindered aryl halides or aryl boronic acids. Never-
theless, the efficient and practical protocols for ortho-
substituted diaryl compounds syntheses are still in high
demand.

Functional diarylsulfones are one type of privileged
structural motif in various drugs and biologically active
compounds.” As common sulfonylation agents, sodium
sulfinates are often used to synthesize various functional
sulfonamides’ and sulfones.® However, the limited commercial
sources of sodium sulfinates restrict the application in organic
synthesis. Therefore, transition-metal-catalyzed three-compo-
nent coupling reactions recently emerged as a promising
strategy to prepare these compounds.”'’ In 2013, Willis and
co-workers pioneered Pd-catalyzed sulfonylative reactions with
aryl lithium reagents, DABSO (1,4-diazabicyclo[2.2.2]octane
bis(sulfur dioxide), a surrogate of SO,) and aryl iodides
(Scheme 1a).” To avoid the use of air-sensitive lithium
reagents, and inconvenient two-step operation, they developed
a more practical Cu(I)-catalyzed sulfonylative Suzuki—Miyaura
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Scheme 1. Transition-Metal-Catalyzed Three-Component
Sulfonylative Coupling Reactions for Diarylsulfone
Synthesis
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coupling reaction.'’ However, a limitation for both protocols is
difficulty in tolerating ortho-functional groups. The only
example for direct ortho-substituted diarylsulfone synthesis is
1-methyl-2-(phenylsulfonyl)benzene in the Cu(I) catalytic
system, where only a 49% yield was achieved with 10 mol %
catalyst.'” For bulky 1,2,3-trisubstituted aryl sulfones,
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regioselective ortho-metalation with s-BuLi had to be applied
(Scheme 1a).” Despite these achievements, the single-step
synthesis of ortho-substituted diarylsulfones remains challeng-
ing.

Gold(I) has the same d'° configuration as Pd(0), but
gold(I)- complexes have rarely been employed for coupling
reactions." By using ¢-Bu;P as a ligand, Toste and co-workers
realized the first Au(I)-catalyzed alkylsulfonylation of aryl
boronic acids.'” Our group demonstrated the direct synthesis
of alkyl-, vinyl-, and allylsulfones by utilizing NHC-Au(I)
complexes at low catalyst loading.'> However, no arylsulfony-
lation products were observed in the case of using aryl halides
as reactants. The weak nucleophilicity and desulfitative Heck-
type reactions of the possible intermediate, sodium sulfinate,
may be responsible for this outcome.'* Inspired by the high
efficiency of diaryliodonium salts in arylation involving the
formation of C—C, C—0, C—S, and C—N bonds,'>'° we
would like to explore the possibility of using diaryliodonium
salts for the syntheses of diarylsulfones in three-component
cross-coupling reactions.

Table 1. Optimization of the Reaction Conditions”

ng
g R,

Na,CO3 (1.0 mmol) OSO
3a (0.5 mmol) 4a (0.75 mmol) :A[Jeocoh(‘:fzz'g :L) :E

entry variation from the standard conditions sa (%)°
1 none 86
2 1b as a catalyst 65
3 1c as a ccatalyst 46
4 2a as a catalyst 68
S 2b as a catalyst 40
6 2c as a catalyst 35
7 Pd(OAc), and P'Bu;-HBF, 12
8 Pd(OAc), and L, <1
9 Pd(MeCN),Cl, and L, 45
10 Cu(OAc), and L, 25
11 Cu(MeCN),BF, and L, n.d.

“Standard reaction conditions: under an atmosphere of N,, NHC-
Au(I) (5.0 mol %), 2-naphthaleneboronic acid 3a (0.5 mmol),
K,S,05 (1.0 mmol), 4a (0.75 mmol), and Na,CO; (1.0 mmol) were
stirred in 2 mL of MeCN at 100 °C for 24 h. "Isolated yield. (Note:
Mes = mesityl group, Dipp = di—isopropyl—phenyl group).

29\

Ar’N\?N\Ar Ar’NVN‘Ar i
' Au A,u : iPr
X X i
1a 2a: Ar = Dipp, X =Cl; : b .
1b 2b: Ar=Dipp, X =OH; | Ly:PAdBu  L2iR=fBui Ly
1c 2¢: Ar = Mes : Ls: R=Cy

Initially, 2-naphthaleneboronic acid (3a), unsymmetrical
diaryliodonium salts (4a), and potassium metabisulfite
(K,S,05) were selected to test the three-component cross-
coupling reactions (Table 1). After optimization of reaction
conditions (see the Supporting Information, Table S1), the
desired sulfone Sa was obtained in 86% yield when the
reaction was carried out with S mol % NHC-Au(I) 1a and
Na,CO; in MeCN at 100 °C for 24 h (Table 1, entry 1). The
chemoselectivity of the reaction was excellent, and no less-

hindered sulfone 5b was formed. This observation is quite
different from the previous studies on the Pd-catalyzed C—C,,
bond formation reactions, in which the less bulky aryl groups
are usually transferred.'” The auxiliary ligand X (Scheme under
Table 1) and the steric hindrance of the N—Ar group in NHC-
Au(I) complexes obviously affected the reaction efficiency.
Yields of 65% and 45% were obtained with NHC-Au 1b and 1¢
respectively (entries 2 and 3), indicating the bulkiness of the
Ar groups is helpful in improving productivity. In the case of
NHC-Au(I) analogues 2a—c, derived from imidazolium salts,
similar results were observed, but with lower yields (entries 4—
6). These outcomes confirmed our previous conclusion that
ylidenes derived from acenaphthoimidazolium salts with
extended 7-systems exhibited better catalytic activities."”'>'®
Other privileged catalysts in the literature derived from viable
phosphines and palladium precursors in the sulfonylation
reactions®'® were tested under our standard (entries 7-9,
Table 1) or literature reaction conditions (entries 1—4, Table
S2). Only a 45% yield was obtained when Pd(MeCN),Cl, and
L, were applied (entry 9). In the case of a copper catalyst,
inferior yields were found (entries 10—11, Table 1). The use of
the bulky and expensive Xphos L; resulted in only 25% yield
(entry 10, Table 1). When the catalyst was formed by
Cu(MeCN),BF, and dipyridine L,, a privileged combination
in the previous study,” no sulfone formation was observed
(entry 11, Table 1).

With the optimal reaction conditions in hand, the feasibility
and chemoselectivity of the protocol were then investigated,
and the results were compiled in Scheme 2. Delightedly,
whenever electron-rich and electron-deficient boronic acids
were applied, the chemoselectivity was consistent: the bulky
2,4,6-trimethylphenyl ring was selectively transferred for the
arylsulfonylation in the all cases to form sterically hindered
poly-ortho-sulfones 6—11 in good to excellent yields (65%—
98%, Scheme 2). The position of the methyl group of

Scheme 2. Chemoselective Arylsulfonylation of Boronic
Acids®

OTf 42, K,5,05 of¢)

ABOH:  *  5iles  NaxCO, MeCN Ar> Mes
3 4a 100°C 6-210
Q0 o9 Q0 o0
S‘Mes ~ SMes S‘Mes S'Mes
HaCH
t-Bu
6: 98% 7a: ss%( -) 7c: 98% 8a: 77%
7b: 85% (m-) EPAC2 Antagonist
QQ Q.0 09 b
e e
iPr ~o Ph
8b: 82% 9a: 85% b: 72% O 40: 70%

EPAC2 Antagonist  Heparan sulfate inhibitors

Q0 o0
S.
/©/ Mes S Mes S Mes /©/S‘Mes
F TMS
11a: 92% 11b: 82% 12: 82% 13: 90%
Y. O Cla,
‘Mes S Mes O S Mes <O©/S‘Mes
O
I O
L/ 14:58% 15:81% 16: 64% 17: 78%
oL QP 00 QP
(/j@/ "Mes N&t@/s‘Mes s‘Mes & S‘Mes
¢} N S S
18: 81% 19: 78% 20: 54% 21: 50%

“With NHC-Au 1a (5.0 mol %), aryl boronic acid 3 (0.5 mmol),
K,S,05 (1.0 mmol), 4a (0.75 mmol), and Na,CO; (1.0 mmol) in 2
mL MeCN at 100 °C for 24 h. "Isolated yield.
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tolylboronic acid slightly affected the coupling efficiency.
Sulfones 7a and 7b were produced in 65% and 85% yields,
respectively. Sulfone 7c¢, a potent and specific EPAC2
antagonist (commercially available, S mg/147 USD, Sigma-
Aldrich),”® was obtained in excellent yield (98%). Another
EPAC2 antagonist, mesityl(4-methoxylphenyl)sulfone 9a,”’
was also obtained in high yield (85%). A heparan sulfate
inhibitor,”> 9b, was successfully prepared in 72% yield. These
outcomes demonstrated the applicability of our protocol for
the preparation of commercially valuable compounds. Besides
mono- and di-electron-neutral, -rich, and -poor substituents
(8—11), halo-substituted substrates were also suitable for the
coupling. Sulfone 11b was selectively produced in 82% yield
with the chloro-group remaining unreacted, and no direct
Suzuki-coupling products were detected, confirming the
chemoselectivity of the protocol and the opportunity for
further transformation.

The scope could also be further extended to boronic acid
containing a thioether group (sulfone 12), which is difficult to
access by conventional oxidative protocols.”® A yield of 82%
was produced even though the sulfur donors have a strong
affinity for gold centers. When 4-(trimethylsilyl) phenylboronic
acid was used, sulfone 13 was also obtained in a good yield
(90%). For aryl boronic acids containing a bulky and 7-
conjugated system, a 2,4,6-trimethylphenyl ring was still
selectively transferred to form extremely hindered diary-
Isulfones in good yields (74—81%, 15—16). Bulky heterocyclic
boronic acids containing oxygen, nitrogen, or sulfur atoms
were all well accommodated and resulted in sulfones 17—20 in
moderate to good yields (54—81%). It should be noted that
sulfone 21 is difficult to access by the known Pd-catalyzed
arylsulfonylative reactions.”

Subsequently we turned our attention to the feasibility of
other unsymmetrical salts (Scheme 3). When diaryliodonium
salts 4b—4f with different functional groups were selected as

Scheme 3. Scope of Unsymmetrical Diaryliodonium Salts”
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“Boronic acid (0.5 mmol), K,S,05 (1.0 mmol), Na,CO; (1.0 mmol),
1a (5.0 mol %) and triflate (0.75 mmol) were stirred in MeCN at 100
°C for 24 h. PIsolated yields. 10 mol % of 1a, 48 h.

electrophiles, the bulky 2,4,6-trimethylphenyl ring was readily
transferred in all the cases to generate corresponding sulfones
in good to excellent yields (9a, 15, 17, 19, and 22, Scheme 3),
regardless whether electron-rich, electron-poor, bulky, or
heterocyclic aryl boronic acids were involved. The extremely
sterically hindered ortho-iPr group was also readily transferred
to produce extremely bulky product 23 in good yield with
excellent chemoselectivity (74%, Scheme 3). In contrast to
electron-poor aryl groups, electron-rich ones were selectively
transferred to produce, for example, sulfone 24, an inhibitor to
alter the rate of (S)-flurbiprofen metabolism in vitro,”* in good
yields (58—67%, Scheme 3). In the case of a salt containing
both aryl and alkenyl groups, the aryl group was selectively
transferred affording sulfone 25 in good yield (67%, Scheme
3). The selective synthesis of less bulky and/or electron-poor
sulfones may be accessed with symmetrical diaryliodonium
salts (Scheme 4), which further expanded the substrate scope.

Scheme 4. Scope of Symmetrical Diaryliodonium Salts”
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“Boronic acid (0.5 mmol), K,S,05 (1.0 mmol), Na,CO; (1.0 mmol),
1a (5.0 mol %), and diaryliodonium triflate (0.75 mmol) were stirred
in 2.0 mL of MeCN about 24 h at 100 °C. “Isolated yields. 10 mol %
of 1a, 48 h.

All tested symmetrical salts 4g, 4h, 4i, and 4j were readily
coupled with various (hetero)aryl boronic acids to afford
corresponding diarylsulfones in good yields (62 92%, Scheme
4). Sulfone 29, an anticancer/antimalarial agent > was attained
in good yield (75%, Scheme 4). Sulfone 40, prepared via ortho-
lithiation in literature (Scheme 1a),” could be directly obtained
in 85% yield by our developed protocol.

In order to further explore the potential of our protocol to
access ortho-substituted pharmaceutical diarylsulfones, a
concise gram-scale synthesis of bioactive sulfone 41, an
inhibitor of farnesyl-protein transferase,”® was then carried
out (Scheme 5). The selectivity of our protocol was relatively
good even with halogen substrates where, except for
diarylsulfones formation, no corresponding Suzuki-coupling
product was observed. With (4-bromo-2-methyl-phenyl)-
boronic acid and commercially available diphenyl-iodonium
triflate as the coupling partner, sulfone 42 was formed in 75%
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Scheme 5. Gram-Scale Synthesis of Diarylsulfone 41, an
Inhibitor of Farnesyl-Protein Transferase
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yield under our standard reaction conditions. After conversion
of the bromo-group to an amine, diarylsulfone 43 was further
condensed with aldehyde 44 and reduced into final product 41
in 85% yield. These results clearly demonstrate versatility and
applicability of our newly developed Erotocol.

According to our previous study,l‘ sulfinate might be the
possible intermediate in NHC-Au(I) catalyzed sulfonylative
reactions.””® In order to clarify the chemoselectivity and
transfer inclination of bulky aryl groups in diaryliodonium salts,
triflate 4c was selected for the control tests (eqs 1 and 2,
Scheme 6). When 4c reacted with sodium benzenesulfinate in

Scheme 6. Control Experiments for Mechanism
Investigation
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MeCN at 100 °C for 24 h, the bulky 2,4,6-triisopropylphenyl
group was transferred preferentially to form the sterically
hindered diarylsulfone 45 in a good isolated yield, without the
formation of the less bulky sulfone 46 (eq la, Scheme 6).
However, in the presence of 10 mol % Cul as an additive, the
chemoselectivity of the reaction was completely opposite with
only less bulky product 46 generated (eq 1b, Scheme 6). This
observation is in agreement with previous reports that a bulky/
ortho-substituted aryl group is favored for the transfer over a
less bulky one in metal-free conditions.**” However, even in
the presence of transition metal Au, the bulky aryl groups are
still transferred in our case.

With these outcomes, we conceived the chemoselectivity
might be tuned by the addition of copper(I) salts. When 10
mol % Cul was added to the reaction under our standard
reaction conditions (eq 2c, Scheme 6), the bulky group was
still favorably transferred and only a small amount of sulfone
46 was formed (11% yield, eq 2d, Scheme 6). When more than
20 mol % Cul was added to the reaction, the transformation
was completely suppressed. And most starting materials were
recovered (eq 2e, Scheme 6), which could be attributed to the
formation of a NHC-Cu intermediate. When NHC-Cu
complexes 1d and 2d were applied as catalysts, no product

formation was observed (see Supporting Information, Table
S2).

With this information in hand, we proposed that the
intermediate Ar* formed in situ from bulky and electron-rich
aryl groups are more stable than that formed by less bulky and
electron-poor aryl groups,” which may further explain the
chemoselectivity of our newly developed protocol. Subse-
quently, a combination of control experiments and previous
studies' > led to the plausible mechanism illustrated in
Scheme 7. After initial trans-metalation of the NHC-Au(I)

Scheme 7. Plausible Mechanism of Chemoselective

Arylsulfonylation
R R®
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species A with aryl boronic acid, intermediate B (NHC-Au-Ar)
is generated.30 Sulfur dioxide, generated in situ from heating
K,S,0;, is inserted into the Au—C,, bond to afford a sterically
congested sulfonyl Au(I) complex C (NHC-Au-SO,-Ar).”" In
the presence of a suitable base, NHC-Au(I) species A is
regenerated, and a crucial intermediate D is produced, which
can react with the more stable bulky Ar* formed by
diaryliodonium salts. Sterically hindered diarylsulfone is thus
favorably obtained.

In summary, a robust NHC-Au(I) complex la exhibits high
catalytic activity in a single-step arylsulfonylation of boronic
acids by K,S,0; and diverse symmetrical and unsymmetrical
diaryliodonium salts, which is a chemoselective and efficient
protocol to access (poly-)ortho-substituted diarylsulfones even
in gram scale under mild reaction conditions. The trans-
formation can tolerate a broad range of functional groups with
different electronic properties, bulkiness, and a heterocycle on
both sides of the substrates to access various bioactive
diarylsulfones. Unlike the two-component transition-metal-
catalyzed coupling reactions with unsymmetrical diaryliodo-
nium salts,"” our protocol exhibits excellent chemoselectivity,
where sterically hindered and electron-rich aryl groups in
diaryliodonium salts are preferentially transferred to form
otherwise synthetically difficult targets, including those of
pharmaceutical importance.
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