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ABSTRACT

OH NCS, cu(l)ClI
B MeCN, 80 °C

Q

’fR 85-99% yield R
17 examples

R = alkyl, aryl, ester, alcohol, ether, aldehyde, ketone, amides

A mild, efficient, Cu(l)-catalyzed method for the conversion of arylboronic acids to aryl chlorides is reported. This method is particularly useful
for the conversion of electron-deficient arylboronic acids to aryl chlorides, a transformation that is inefficient in the absence of Cu catalysis.

Aryl chlorides have grown in utility as synthetic intermedi-
ates® and are essential components of many pharmaceutical
compounds.? Classic methods for the synthesis of chlorinated
arenes are via direct electrophilic aromatic substitution or
the Sandmeyer reaction. More recently, boron—halogen
exchange® has emerged as a means by which halogenated
arenes can be generated. The mgjority of these transforma-
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tions have been directed at the synthesis of aryl iodides,
bromides,* and fluorides.®

Although aryl boron—bromide and boron—iodide ex-
change is efficient with NBS and NIS for some substrates,
the analogous boron—chloride reaction with NCS fails or
has limited scope, presumably due to the lower reactivity of
NCS.**" Huffman showed that Cu(ll) can mediate the
bromination of arylboronates,® and Hartwig extended this
to chlorides.” Unfortunately, this method relies on the use
of excess Cu(ll) halide salts (3.5 equiv) and, in the case of
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Table 1. Copper(l) and Electrophilic Halogen Source Survey

(?H
MeCN, 80 °C
1a 2a, X =CI
3a, X=Br
42, X =|
Cu salt Xt reaction
entry (1 equiv) (1 equiv) time, h % yield*

1 CuCl NCS 2 96
2 NCS 24 <1®
3 CuCl 24 30°°
4 NBS 24 194
5 CuBr NBS 1 98
6 NIS 24 25°
7 Cul NIS 2.5 87
8 CuCl DCDMH/ 2 98
9 CuOAc NCS 2 64¢
10 CuCl, NCS 2 >98b

2 All yields are for isolated, pure products unless otherwise noted.
P Yields were determined by analytical HPLC against commercial standards.
¢Two major byproducts corresponding to homodimerization and debor-
onation products were observed. ¢ See ref 4c; in our hands a 21% yield
was obtained. ¢ See ref 4c; however, in our hands a 66% yield was obtained.
fDCDMH = 1,3-dichloro-5,5-dimethylhydantion. ¢ 4% 3-O-acetoxyni-
trobenzene was present in the isolated material, unoptimized.

6a

aryl bromides, is accompanied by variable yields 24—96%.
Regardless, previous methods of boron—halogen exchange
suffer from poor reactivity with electron-deficient substrates.
We have developed an efficient and mild boron—chloride
exchange (chlorodeboronation) reaction. Importantly, this
method is copper catalyzed, is effective for both electron-
rich and electron-deficient substrates, requires low metal
loading, and further demonstrates the remarkable ability of
Cu(l) to mediate heteroatom couplings with boronic acids.®

The exceptionally low yield (3.7%) for the conversion of
3-nitrobenzene boronic acid (1a) to 3-chloronitrobenzene (2a)
with NCS/cat. NaOMe provided a starting point for our initial
investigations.® We speculated that Cu(l) would favorably
modulate the reactivity of 1a with NCS.*° Gratifyingly, the
addition of 1 equiv of CuCl to the reaction mixture provided
2a in 96% isolated yield (Table 1, entry 1).'* CuBr/NBS
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thoroughly investigated.
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and Cul/NI'S combinations were also found to give excellent
yields of the corresponding bromo (3a) and iodo (4a)
analogues, respectively (entries 5 and 7). In contrast, Cu(Il)
alone is an inefficient promoter as the yield of 3a from a
boronate ester using CuBr; is 28%.5 We are not aware of
any iododeboronation procedures using Cul,. Control experi-
ments confirmed the mediator role of Cu(l) in this reaction
(entries 2, 4, and 6). Moderate reactivity was observed with
CuCl aone (entry 3). Our Cu(l) conditions also promote the
chlorination with 1,3-dichloro-5,5-dimethylhydantion (DCD-
MH) (entry 8) and appear superior to previous methods that
use this reagent.® Under these stoichiometric conditions,
alternative copper sources, including CuOAc (entry 9) and
CuCl; (entry 10), provided moderate to high yields of 2a.
Additionally, potassium 3-nitrotrifluoroborate underwent
rapid conversion to 2a (97% yield, 2 h),*® whereas the
corresponding pinacol ester was less reactive (20% conver-
sion at 24 h, data not shown). Temperature influences rate
but not efficiency. Reactions of 1a proceed to 95% conver-
sion in 24 h at rt and >99% in 2 h a 80 °C. Moreover,
reaction temperatures of 120 °C, obtained in a microwave
reactor, reduced reaction times to 30 min or less (data not
shown). For the determination of the scope of this process,
all reactions reported in this study were performed at 80 °C
in MeCN.

Given the limited reports of aryl chlordeboronation, we
focused our efforts on this problem. The functionalized
boronic acids shown in Table 2 were used to demonstrate
the scope of this reaction. In al cases, chlorination proved
highly efficient (85—99% isolated yield). Electron-rich
(entries 1—5) and electron-deficient (entries 6—12) aryl
chlorides were obtained by this method from the correspond-
ing boronic acids.*® Functional group tolerance is excellent.
In addition to ester (entry 6), nitrile (entry 7), and amide
(entry 9) groups, ketone, aldehyde, acid, and alcohol (entries
10—13) groups were well tolerated. This method also
accommodates sterically congested boronic acids (entries
14—16) including biphenyl-2-boronic acid (96% yield) and
2,6-dimethylboronic acid (94% yield).

Having demonstrated the broad applicability of the sto-
ichiometric Cu(l)-mediated process, we hoped to gain further
insight into the reaction mechanism with catalytic levels of
the Cu(l) halide. Our initial experiments with reduced Cu(l)
loading (0.5 and 0.2 equiv, data not shown) revealed that a
catalytic process is operative. Table 3 demonstrates the
effectiveness of this process using catalytic Cu(l): 0.1 equiv of
CuCl and 1 equiv of NCSin MeCN (0.25—0.5M) at 80 °C.
Comparable yidds for the catalytic CuCl relative to stoichio-
metric conditions were obtained for al compounds tested.
Slightly longer reaction times were required for the catalytic
reactions. Several advantages to this method are that the
reactions proceed with high efficiency and virtualy no side

(12) The reported yield for the synthesis of 4a from a potassium
trifluoroborate is 64%; see ref 4e.

(13) Additional control studies testing the reactivity of various boronic
acids with NCS aone wer performed on select substrates. The percent
conversion by HPLC under identical conditions in the absence of CuCl are
as follows: 1b, 60%; 1c, 0%; 1k, 29%; 1m, 0%. In the absence of CuCl,
significant impurities were observed during the reaction of 1c with NCS.
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Table 2. Substrate Scope for Copper(l)-Mediated Boronic Acid
to Chloride Conversion

OH
= é\ 1 eqU.iV NCS Cl
rEZ | OH 1 equiv CuCl _/ |
X MeCN, 80 °C S
1b-1q 2b-2q
entry acid halide product Iierizn(k)ln % yield®
Cl
1 1b /©/ 2b 12 98
Ph
H
N Cl
2 1e¢ 2¢ 2 96
o]

. cl
3 1d O 2d 2 93
3

cl
5 1f @[ 2 18 97
O/
cl
6 1g /©/ 2% 5 95
Me0O,C
NC cl
7 1h \©/ 1 98
cl
8 li /©/ %12 98
)
9 1j \NJ\@C] 2 2 9
H
cl
10 1k p &k 4 98
0
cl
1nou Hp 21 85
o)
0
HO cl
2 1m 2m 18 95
cl
13 1n w12 94
HO
cl
4 lo @ 2% 2 98"
cl
15 1p @[ p 4 96
Ph
16 1q @;C' 2q 7 94

2All yields are for isolated, spectroscopically pure products unless
otherwise noted. P Yield for this entry was determined by analytical HPLC
due to product volatility.

Table 3. Chloride Formation with Catalytic CuCl

QH
B. 1 equiv NCS cl
R—/ | OH 0.1 equiv CuCl R—/ |
= MeCN, 80 °C x
A . reaction . 1qa
entry acid halide product time. b Yoyield
O,N cl
1 1a \©/ 12 98
Cl
2 1b /©/ 20 98
Ph
H
N Cl
3 1lc 18 96
(o]
Cl
4 1if @[ 24 79
o
NC Cl
5 1h \©/ 18 98
Cl
6 1i /©/ 18 98"
Cl
7 1k \”/@ 18 93
[0}
Cl
8 1 HYO/ 20 95
(o}
Cl
9 1p @ 18 83
Ph

2| solated yields unless otherwise noted. ® Yield for this entry determined
by analytical HPLC due to product volétility.

products or significant impurities. Products are usually isolated
in high purity following a standard workup. In most instances,
chromatographic purification can be avoided and solvent waste
minimized. The reactions are conveniently monitored by HPLC,
and the percent conversion is an excellent predictor of isolated
yields (see the Supporting Information).

Scheme 1. Proposed Mechanism

[0}
CuX
Ar—X 4 N-X
O
]
/X /X
Ar-Cu N-Cu
X X
6 W e} 5

Su-B(OH),  Ar-B(OH),
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A plausible mechanism for this transformation follows that
of Liebskind et al. for the Cu(l)-catalyzed coupling of
arylboronic acids with N-thio-substituted imides (Scheme
1).2%2 Oxidative addition of the Cu(l) halide with the
corresponding N-halosuccinimide would generate a Cu(ll)
complex (e.g., 5). Transmetalation with boron would generate
a Ar—Cu(X), species (6).** Reductive elimination would
afford the aryl halide. The recent isolation of a stable Pd'
oxidative addition product with NCS supports intermediates
such as 5.*° While the proposed mechanism is plausible,

(14) Preliminary studiesindicate the potential intermediacy of compound
6. In the absence of significant competing side reactions, a combination
using equimolar amounts of CuCI/NBS or CuBr/NCS should proceed
through the copper(111) species 5. Subsequent reaction with 1a would provide
a mixture of 2a and 3a via intermediate 6. If this pathway is valid, both
combinations should provide identical ratios of products favoring the faster
reductive elimination pathway. Indeed, when these mixed combinations were
independently reacted with 1a, 3a formation was favored over 2a by 2—3-
fold as confirmed by *H NMR analysis.

P B
CuCUNBS Br| | ol r
or — N‘C(‘J LW L\JC| — 23, 3a
cl
CuBr/NCS \ OoN

5 6
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15142.
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131, 5044.

(17) The reaction of 1a with 1 equiv of CuCl, in MeCN at 80 °C for
18 h provided >95% conversion to 2a.
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alternative mechanistic frameworks cannot be ruled out given
the complex nature of copper chemistry. For example, NCS
could oxidize Cu(l)CI to Cu(Il)Cl, providing a direct route
to intermediate 6.*° Preliminary investigations in our labo-
ratories indicate boronic acids react as well as boronate esters
using stoichiometric CuCl,.r” While not advanced in the
literature, the halodeboronation of boronate esters with
stoichiometric Cu(ll) halide salts may occur viathis pathway.

In conclusion, we have described the first transition-metal-
catalyzed aryl chlorodeboronation reaction. This protocol
offers several advantages over previous methods. The
conditions are mild, and catalyst loading islow. The substrate
scope is broad and functional group tolerance is high. This
robust synthetic pathway to chlorinated arenes is also
applicable to electron-rich and el ectron-deficient arylboronic
acids, the latter of which are inefficient substrates for
chlorodeboronation reactions.
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