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Halogenation of aromatic compounds is one of the funda-
mental reactions in organic chemistry.[l] N-Bromo- , N-iodo- ,
and N-chlorosuccinimide (NBS, NIS, and NCS, respectively)
are highly useful halogenating reagents in laboratories in
terms of their ease of handling, as well as the generation of
relatively inert succinimide as the by-product. Various
halogenation systems usingh NXS (X =Br, I, or Cl) have
been developed,”™ but halogenating unactivated aromatics
proceeds only in the presence of strong Lewis acids or
protonic acids.®’l Moreover, reaction conditions are in general
very harsh, such as high catalyst loadings,**! high reaction
temperatures, or considerably acidic solutions.* Some of
these reported catalytic systems proceed under relatively
milder reaction conditions. For example, Tanemura et al.
reported a method for the halogenation of aromatic rings
using NXS in the presence of NH,NO; or FeCl, in MeCN.F!
The reaction works with unactivated aromatics, but the
catalyst loading is high (10-100% mol). Yamamoto et al.
reported halogenation with ZrCl, as the -catalyst, and
although the catalyst loading is low (5mol %) the substrate
scope is limited to electron-rich aromatic rings.?¥) Moreover,
benzylic halogenation occurs when halogenating alkyl-sub-
stituted benzene derivatives, which is also a general side
reaction in many other halogenation systems. In view of these
facts, we still consider it highly desirable to develop milder
and more efficient halogenation methods.

The previous studies have focused on the activation of
NXS through complexation or protonation of the carbonyl
oxygen atom of NXS by acids to enhance the reactivity of the
halogenation process (Scheme 1a). We envisaged that a dual
activation of both the aromatic ring and NXS might greatly
enhance the reactivity (Scheme 1b). For this purpose, the
formation of a C,,—M bond through direct metallation of a
C,,—H bond is required. In principle, the cleavage of a C,—H
bond to form C,—M bond proceeds through oxidative
addition or electrophilic substitution mechanisms by metal
complexes having either low or high oxidation states,
respectively.”’
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Scheme 1. Halogenation through activation by catalysts. A=acid,
M = metal, and X=Br, |, Cl.

Gold-catalyzed transformations have been hot topics in
organic chemistry in recent years.® It has been documented
that gold(III) can electrophilically metallate C,,—H bonds to
afford arylgold(III) species.® In 1931 Kharasch and Isbell
reported that AuCl; could react with neat benzene to form a
phenylgold(IIT) complex, which could react with hydrogen
chloride to form phenyl chloride.” More recently, He and co-
workers reported several AuCls-catalyzed C—C bond-forming
reactions, in which arylgold(III) species, generated through
direct metallation of electron-rich aromatics, are proposed as
the key intermediates.**¥ AuCl,-catalyzed C—C bond-form-
ing reactions between electron-rich aromatics and alkynes, as
well as methyl vinyl ketone are reported by Reetz and
Sommer,® and Hashmi et al.®*¢) Although the mechanism of
these highly efficient AuCl-catalyzed reactions is still
unclear, we were encouraged by these reports and decided
to explore the possibility of gold-catalyzed halogenation
based on the hypothetical dual activation mode as shown in
Scheme 1b. Herein we report a highly efficient and practical
AuCl;-catalyzed halogenation of aromatics with NXS.

Table 1: Bromination of benzene with NBS using various catalysts in

DCE."
0 o)
cat. Br
+ N-Br ——————> + N-H
DCE, 80 °C
1: 10 o)

24h

Entry Catalyst (mol %) Yield [%6]®
1 AuCl, (1) 99
2 FeCl, (20) 27
3 FeBr, (20) 25
4 BF,-OFEt, (20) 7
5 NH,NO;, (20) <1
6 ZrCl, (20) 5
7 Pd(OAQ), (20) 0
8 Alcl, (20) <1
9 HCI (20) 0
10 H,SO, (20) 25

[a] Reaction conditions: benzene (1 mmol), NBS (1 mmol), DCE (2 mL),
80°C, 24 h. [b]Yields determined by using GC/MS methods with
n-dodecane as the internal standard. [c]4.7m in dioxane. DCE=1,2-
dichloroethane, NBS = N-bromosuccinimide.
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First, we compared the effi-
ciency of typical acid -catalysts
developed for halogenation reac-
tion using NBS. Therefore, the bro-
mination of benzene with NBS was
carried out in DCE at 80°C for
24 hours (Table 1). To our delight,
1mol% of AuCl; gave nearly a
quantitative yield of bromobenzene
(Table 1, entry 1), whereas FeCl;
and FeBr;, widely used as Lewis
acid catalyst in this type of reaction,
only afforded the product in 27 %
and 25% yield, respectively, at a
20 mol % catalyst loading, (Table 1,
entries 2 and 3). BF;-OEt,, another
strong Lewis acid known for its
ability to activate NXS, gave only
a 7% yield with the same catalyst
loading. NH,NO; and ZrCl,, which
have been efficient catalysts in the
systems reported by Tanemura
etal’¥ and Yamamoto and co-
workers,”¥ were not efficient in
that a less than 5% yield of desired
product was observed (Table 1,
entries 5 and 6). Pd(OAc),, which
has been used in direct aromatic
C-H bond activation,” gave no
product (Table 1, entry7). Since
reactions between gold(III) tri-
chloride and aryl compounds gen-
erates HCI, as indicated in previous
literature," the possibility exists
that insitu generated HCl may
catalyze the reaction. However,
when 20 mol % of HCIl was used as
the catalyst under identical condi-
tions, no product was observed
(Table 1, entry9), thereby ruling
out the possible HCI catalysis.
Finally, the strong acid catalyst
H,SO, (20mol%) could catalyze
the reaction but with low efficiency
(Table 1, entry 10). These bromina-
tion results clearly demonstrate the
superb catalytic activity of AuCl; as
compared with other Lewis acid or
protonic acid catalysts.

Next, the scope of this AuCls-
catalyzed bromination was exam-
ined with a variety of aromatic
substrates (Table 2). The results
demonstrated  wide  substrate
scope, including some unactivated
aromatic substrates. Most sub-
strates were treated with one equiv-

alent of NBS and 0.01 to 1 mol% of AuCl;, affording the
corresponding aryl bromides in high yields. Clean conversion

Angew. Chem. 2010, 122, 20722076

Table 2: AuCl;-catalyzed bromination of aromatic rings by NBS.!

Angewandte

At NBS cat. AuCly ArBr
ri +
1a-0 DCE 2a-o
Entry ArH AuCl, T t ArBr Yield
(mol%) [°C] [h] (9]
2 ©/ 1 1 RT 40 PN b2 O
_ o/p=1:2
Br
3 /©/ 1c 05 RT 30 /©/ 2¢ >99
Br
4 /@ 1d 05 60 5 /@( 2d >99
Br
5 j@ Tle 1 RT 24 D 2e 03
< é 0.1 RT 12 < 2 >99, (98)
Br
6 oo 80 12 2f >99
Br
7 1g 0.1 80 15 2g >99, (95)
0.1 RT 1 >99, (96)
MeO—@ MeOOBr
8 Th oo 80 20 zh >99
Br
9 MeOOOMe _— RT 1 50 >99, (98)
0.01 RT 12 MeO OMe >99
MeO,C MeO,C
10 Meo@ 1j 01 80 23 meo B 2 >99, (96)
Br
n MeOZCO 1k 5 80 48 MeOZCO 2k 20
3B >99,0/m/
12 Cl@ T g0 12 o % 21,2121 '
— p=7:1:2
cl Cl
136 @/ m 1 60 11 /©/ 2m 82
Br
F F
Br
14 /@\ n 1 80 3 /@[ 2n >99
F F F F
o] o) Br
15 < D 1o 05 RT 4 < D 20 >99, (92)
(¢] o]
Bt
16 QNoz 1p 5 80 10 $ NO, 2p trace

[a] Reaction conditions: substrate/NBS=1:1. [b] Yields determined by using GC/MS methods with
n-dodecane as the internal standard. Yield of isolated product given within parentheses. [c] 40%
BF,-OEt, was added.

was observed in all cases: GC/MS analysis indicates that only
monobromination products are formed. Additionally, ben-
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zylic bromination did not occur when the alkyl-substituted
benzene derivatives were subjected to the reaction (Table 2,
entries 2-6 and 13). Bromination of electron-rich aromatics,
such as anisole (1h) and 1,4-dimethoxybenzene (1i), requires
only 0.01mol % catalyst. A control experiment indicated that
no reaction took place in the absence of the AuCl; catalyst in
these cases. Notably, aromatic rings bearing moderately
strong electron-withdrawing substituents can also be bromi-
nated, although a higher catalyst loading and longer reaction
time are required in such cases (Table 2, entries 11-14).
However, for aromatics with strong electron-withdrawing
substituents, such as a nitro group, the bromination did not
occur with 5 mol % of AuCl; at 80°C (Table 2, entry 16).

In addition to the low catalyst loading, this halogenation
process only uses one equivalent of NBS and the reaction
proceeds with high yields. The halogenation is clean with
succinimide as the only by-product. These advantages allow
the possibility of combining this AuCls-catalyzed halogen-
ation with other transition metal catalyzed transformations
such as C—N and C—C bond-forming reactions. First, we
conceived that the insitu produced succinimide could be
utilized as a nitrogen source in the sequential C—N bond
formation. Upon the completion of the halogenation reaction,
active copper'” was added to the solution and the reaction
mixture was set to microwave irradiation for 30 minutes at
150°C."1 To our delight, the corresponding aryl amides were
obtained in good yields (Table 3). Therefore, this two-step
transformation constitutes an indirect strategy for converting
an aromatic C—H bond into a C—N bond.

Table 3: Converting arenes into aniline derivatives.?!

fo) o]
cat. AuCl, Active Cu Ar—N
AH + NBS oo | B NG T aw 150w, 150 C
tahmo 4 DMF, 30 min 4
e 3a-d
Entry ArH Products Yield [%6]"!
o]
o
(@]
s wod ) @i} 7
[¢]
cl Cl o]
3 Tm @*N)%‘ 3c 57

[a] First step: arene (1 mmol), NBS (1 mmol), see Table2 for the
reaction conditions. Second step: Active Cu (5 mmol), DMF 1 mL; MW
150W, Temp 150°C, time 30 min. [b] Yield of isolated product.

Next, we examined the combination of halogenation with
palladium-catalyzed transformations, namely the Suzuki-
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Miyaura cross-coupling, Miyaura borylation, and Sonogashira
coupling reactions (Scheme 2a,b,c respectively). All three
types of palladium-catalyzed coupling reactions turned out to

a) Ar'B(OH),
t. AuCl; [Pd(PPhy),] (3 mol%
AH + Nps  ouAUCly [PAPPRs)] (3 mol%) =
DCE Na,COj; (2 equiv)

1d,h THF/H,0, 80 °C 4ab
NO,
0 J weo{ ) )
4a, 95% 4b, 94%
b) B,pin, (1.1 equiv) 0
cat. AuCl 9 /
ArH + NBS 3 [PdACly(dppf)] (3 mol%) Ar—8]
DCE  KOAc (3equiv), DMSO, 80°C o
1g, h ) 5a,b
9 Bpin a
MeOQBpin
5a, 70% 5b, 68%
c) Ph—=——H
cat. AuCly [Pd(PPhs),] (3 mol%)
ArH + NBS Ar—=——Ph
DCE  cul (5 mol%), E:N (2 equiv)
1g.0 PhMe, 90 °C 6ab
P Ph
O — Ph <OI>/
W °
6a, 72% 6b, 67%

Scheme 2. Sequential transformations: bromination and a) Suzuki—
Miyaura cross-coupling, b) Miyaura borylation, and c) Sonogashira
coupling.

be compatible with the AuCl;-catalyzed halogenation con-
ditions. In a typical procedure, the arene was first converted
into the corresponding aryl bromide under the conditions
shown in Table 2. Upon completion of bromination, the
solvent was removed and the crude product was directly
subjected to the palladium-catalyzed coupling reaction with-
out additional purification. The two-step reaction afforded
satisfactory yields in all cases.

The extraordinarily high efficiency of the AuCl; catalysis
in aromatic halogenations raises intriguing questions con-
cerning its reaction mechanism. We hypothesized a dual
activation mode with the generation of arylgold(IIT) species
as the key intermediate as shown in Scheme 1b. This
hypothesis is based on the following: 1) It has been docu-
mented in the literature that simple aromatic groups readily
react with AuCl; to form arylgold(III) species at room
temperature.”) Moreover, arylgold species have been recently
proposed as intermediates in gold-catalyzed transforma-
tions;®12) Gold catalysts are soft Lewis acids and therefore
only weakly bond to a hard Lewis base such as the carbonyl
oxygen atom. However, as shown by the results summarized
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in Table 1, AuCl; is far more reactive as compared with other
strong Lewis acids such as FeCl;, FeBr;, and AlCl; in the
bromination reaction with NBS, which implies different
activation modes are operative in these reactions. For the
normal Lewis acid or protonic acid catalysis, the activation of
NBS is realized through coordination of carbonyl oxygen
atom. Therefore, in the case of AuCl;, a dual activation of
both the aromatic substrate and NBS seems likely.

To gain insights into the mechanism, a kinetic isotopic
effect (KIE) was measured through intermolecular compet-
itive bromination of benzene and [Dg]benzene with NBS as
catalyzed by BF;-OEt,, FeBr;, ZrCl,, and AuCl;, respectively.
When brominations were catalyzed by BF;-OEt,, FeBr;, and
ZrCl,, the ky/kp values ranged from 0.91-1.13, whereas the
ky/kp value is 1.66 in the case of AuCl;-catalyzed bromina-
tion. In general, electrophilic aromatic substitution does not
exhibit primary isotope effect because proton transfer from
the m-complex intermediate is fast and thus not in the rate-
limiting step.!'” Hence, the lack of primary kinetic isotopic
effects for BF;-OEt,-, FeBr;-, and ZrCl,-catalyzed bromina-
tions are consistent with the activation of NXS as shown in
Scheme 1a. Although the modest value of kinetic isotopic
effect observed in AuCl;-catalyzed bromination does not
provide conclusive information,™ it demonstrates that the
gold catalysis for bromination is distinct in mechanism from
other Lewis acid catalyzed brominations.

In conclusion, we have developed an efficient and mild
protocol for the bromination of arenes with NBS under AuCl;,
catalysis. Low catalyst loading, mild reaction conditions, as
well as clean transformations (almost quantitative yield of
aryl bromides in most cases and inert succinimide as the only
byproduct), are the advantages of this new method. More-
over, as demonstrated by several examples, the clean
reactions allow the combination of bromination with other
transition metal catalyzed reactions to realize functionaliza-
tion of aromatic C—H bonds in an efficient manner. Finally,
this AuCls-catalyzed reaction can also be extended to
chlorination and iodination with NCS and NIS, respec-
tively.

Experimental Section

Typical procedure for the AuCl;-catalyzed bromination with NBS:
NBS (3 mmol, 540 mg) and AuCl; (0.003 mmol, 0.1 mol%, 1 mg)
were weighed into a 25 mL round bottom flask. DCE (2 mL) and
methyl 2-methoxybenzoate 1j (3 mmol, 498 mg) were then added to
the flask in succession. The resulting reaction mixture was stirred for
about 23 h at 80°C (monitored by GC/MS). The solution was then
concentrated under reduced pressure and the residue was purified by
flash column chromatography to give methyl 5-bromo-2-methoxy-
benzoate 2j (703 mg, 96 % ).
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