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Abstract An efficient copper-catalyzed addition of arylboronic esters
to (Boc),0 was developed. The reaction can be conducted under ex-
ceedingly mild conditions and is compatible with a variety of syntheti-
cally relevant functional groups. It therefore represents a useful alterna-
tive route for the synthesis of methyl arylcarboxylates. A preliminary
mechanistic study indicated the involvement of an addition-elimina-
tion mechanism.
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Organocopper reagents are commonly used to deliver
carbon-containing nucleophiles in modern C-C bond-form-
ing reactions.! Conventional transformations involve the
use of an excess of an organocopper reagent (R,CuLi) to
achieve high reaction efficiency,”> which entails unneces-
sary waste of valuable organometallic species. It is not sur-
prising that alternative catalytic procedures have been de-
veloped to generate active organocopper reagents in situ
from a combination of a copper catalyst and a stoichiomet-
ric strongly nucleophilic organometallic reagent, such as a
Grignard reagent.> However, owing to the robust reactivity
and limited commercial availability of these reagents, such
procedures usually suffer from harsh reaction conditions
and poor functional-group tolerance. In contrast, organobo-
ron derivatives exhibits a high stability and controllable re-
activity, are readily available from commercial sources, and
are well known to serve as excellent reaction partners for
introducing desirable functionalities into organic scaf-
folds.*> Consequently, recent researches on copper catalysis
have paid increasing attention to the use of organoboron
reagent as substitutes for organometallic compounds in C-
Cbond-forming reactions. Several successful examples have
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been reported, mainly involving transformations of arylbo-
ronic acid derivatives (Scheme 1), including (a) Suzuki-type
coupling reactions with organic halides or pseudohalides,®-
8 (b) 1,4-additions to a,B-unsaturated compounds,® (¢) ring-
opening reactions with epoxides to afford -substituted al-
cohols,'°(d) inter- or intramolecular additions to aldehydes
or ketones,!! and (e) carboxylation reactions with CO, to af-
ford aromatic carboxylic acids.’? These elegant works not
only provide ready access to specific synthetically import-
ant structural motifs, but also show intriguing promise in
the exploration of novel organoboron-based copper-cata-
lyzed procedures.
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Scheme 1 Copper-catalyzed arylboron-based C-C bond-forming reac-
tions
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In this context, we report our finding that copper can
promote the addition of arylboronic esters to di-tert-butyl
carbonate [(Boc),0] under mild conditions to give moderate
to high yields of methyl arylcarboxylates after simple post-
processing. Preliminary mechanistic studies revealed that
an unusual addition-elimination mechanism might be in-
volved in this transformation. Our method therefore pro-
vides a powerful additional route for the synthesis of aryl-
carboxylic acid derivatives and expands the scope of orga-
noboron-based copper catalysis.

Our initial study focused on examining the feasibility of
copper-catalyzed addition of arylboronic ester 1a to various
carboxylic anhydrides, in the hope that this might provide a
useful complement to conventional synthetic procedures
involving Grignard reagents. After numerous unsuccessful
attempts, we serendipitously obtained a 23% yield of meth-
yl benzoate (3a) from a reaction system with (Boc),0 (2) as
a coupling partner, CuCl as a catalyst, LiOMe as a base, and
1,2-bis(diphenylphosphino)ethane (L1) as a ligand in N,N-
dimethylacetamide (DMA) at 50 °C. It appeared that LiOMe
can further attack the intermediate addition product of 1a
to 3a to afford a methylated product. Subsequent analysis of
the reaction residue also showed the presence of a 10%
yield of benzoic acid together with a tiny amount of tert-
butyl benzoate, which might have resulted from the de-
composition of the addition intermediate under the alka-
line conditions. On quenching the reaction with Mel, the to-
tal yield of 3a reached 33% (Table 1, entry 1). Excitingly,
lowering the reaction temperature to 30 °C had no signifi-
cant effect on the reaction (entry 2). The choice of ligand
played a crucial role in this reaction. Without a ligand, the
yield of 3a was only 8% (entry 3). Replacing L1 with
N,N,N',N'-tetraethylethane-1,2-diamine (L2) improved the
yield to 54% (entry 4), whereas the use of 1,10-phenanthro-
line (L3) dramatically inhibited the reaction (entry 5).
When 2,2'-bipyridine (L4) was used as the ligand, an excel-
lent catalytic performance was observed, with a yield of
71% (entry 6). This encouraged us to test a series of bipyri-
dine ligands (entries 6-9). As a result, the electron-rich bi-
pyridine ligand bearing two methyl groups L7 gave the op-
timal result (80% HPLC yield; 78% isolated yield). Replacing
LiOMe base with KOMe or NaOMe led to lower yields (en-
tries 10 and 11). Replacement of CuCl with other copper
catalyst also failed to improve the yield (entries 12-15). A
screening of DMF, NMP, or DMSO as solvent also negatively
affected the reaction (entries 16-18). After further optimi-
zation of the reaction time, a period of six hours was select-
ed as optimal (entries 19 and 20). Exposing the reaction
system to air led to a sharp decrease in the reaction efficien-
cy (entry 21). Finally, in a control experiment without CuCl,
the cross-coupling failed to occur, indicating that the copper
catalyst was necessary for the transformation (entry 22).
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Table 1 Copper-Catalyzed Cross-Coupling under Various Conditions?
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Entry Catalyst Ligand Base Solvent  Temp (°C)Time (h) Yield®(%)
1 Cud L1 LiOMe DMA 50 6 33
2 Cudl L1 LiOMe DMA 30 6 34
3 Cudl - LiOMe DMA 30 6 8
4 Cudl L2 LiOMe DMA 30 6 54
5 Cud L3 LiOMe DMA 30 6 11
6 Cud L4 LiOMe DMA 30 6 71
7 Cudl L5 LiOMe DMA 30 6 74
8 Cud L6 LiOMe DMA 30 6 75

9 CuCl L7 LiOMe DMA 30 6 80 (78)¢
10 Cudl L7 KOMe DMA 30 6 68
11 Cudl L7 NaOMe DMA 30 6 17
12 Cul L7 LiOMe DMA 30 6 36
13 CuBr L7 LiOMe DMA 30 6 69
14 Cu(OTf), L7 LiOMe DMA 30 6 25
15 Cu(OAc), L7 LiOMe DMA 30 6 50
16 Cudl L7 LiOMe DMF 30 6 45
17 Cud L7 LiOMe NMP 30 6 61
18 Cudl L7 LiOMe DMSO 30 6 50
19 Cudl L7 LiOMe DMA 30 4 51
20 Cudl L7 LiOMe DMA 30 8 79
214 Cudl L7 LiOMe DMA 30 6 5

22 - L7 LiOMe DMA 30 6 trace

2 Reaction conditions: 1a (0.375 mmol), 2 (0.25 mmol), catalyst (10 mol%),
ligand (13 mol%), LiOMe (2.5 equiv), solvent (0.5 mL) under Ar, then Mel (5
equiv), stirring, 2 h.

b Yields (average of two runs) were determined by HPLC with benzophenone
as the internal standard.

¢lsolated yield.

4 The reaction was conducted under air.

With the optimized conditions in hand, we then exam-
ined the scope of the reaction with respect to the arylbo-
ronic ester. As shown in Scheme 2, a wide range of arylbo-
ronic esters with electron-donating or electron-withdraw-
ing substituents smoothly participated in the reaction to
afford the desired products 3 in moderate to good yields.
Besides phenylboronic esters, naphthylboronic esters were
also suitable coupling partners (3b and 3c). Substituents in
the meta- (3d) or para-positions (3e) of the phenyl rings
had no significant effect on the reaction efficiency. A more
sterically hindered ortho-substituted arylboronic ester
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could also be successfully converted into the corresponding
methyl arylcarboxylate 3g. A variety of synthetically im-
portant functional groups such as alkyl (3d-g), phenyl (3h),
methoxy (3i), fluoro (3j), chloro (3k), bromo (31), iodo (3m),
trifluoromethyl (3n), trifluoromethoxy (30), cyano (3p),
terminal olefin (3q), methylsulfanyl (3r), sulfone (3s), ester
(3t), and piperonyl (3u) were tolerated. A nitro-substituted
arylboronic ester gave ester 3v in a moderate yield of 45%.
This protocol showed good compatibility with a trimethyl-
silyl group (3w), thereby offering additional opportunities
for downstream structural modification. Notably, an aryl-
boronic ester with an aldehyde substituent (3x) was also
compatible, and no carbonyl-addition product was ob-
served under our optimized reaction conditions. Finally,
our catalytic procedure could be applied to the coupling of
active hydrogen-containing arylboronic esters. A substrate
with an unprotected hydroxy group reacted with (Boc),0 to
provide the desired product 3y in a relatively low yield of
45%.

Next, several hetarylboronic esters were synthesized
and subjected to the reaction system to test the generality
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Scheme 2 Copper-catalyzed cross-coupling reactions of arylboronic
esters. Reagents and conditions: 1 (0.375 mmol), 2 (0.25 mmol), CuCl
(10 mol%), L7 (13 mol%), LiOMe (2.5 equiv), DMA (0.5 mL), 30 °C, 6 h,
under Ar, then Mel (5 equiv), stirring, 2 h. Isolated yields are reported.
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of this transformation (Scheme 3). Both oxygen- and sulfur-
containing hetarylboronic esters including furyl (5a), thie-
nyl (5b and 5c¢), and benzothienyl (5d) esters were effec-
tively converted into the corresponding products in moder-
ate yields. Unfortunately, with a pyridine-based boronic es-
ter as a substrate, none of the desired product 5e was
observed, and most of substrate remained unreacted.
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Scheme 3 Copper-catalyzed cross-coupling with hetarylboronic es-
ters. Reagents and conditions: 4 (0.375 mmol), 2 (0.25 mmol), CuCl (10
mol%), L7 (13 mol%), LiOMe (2.5 equiv), DMA (0.5 mL), 30 °C, 6 h, un-
der Ar, then Mel (5 equiv), stirring, 2 h. Isolated yields are reported.

Our catalytic protocol could also be applied to the cou-
pling of alkenylboronic esters. The (3-styrylboronic ester 6
reacted smoothly with (Boc),0 to give a,B-unsaturated
methyl cinnamate (7) in 60% yield (Scheme 4).

o o
; CuCl (10 mol%) S P
B. 9
x o + (Boc)0 L7 (13 mol%) Mel (0)
LiOMe, DMA

30°C, Ar, 6 h

6 2 7,60%

Scheme 4 Copper-catalyzed cross-coupling of an alkenylboronic ester

To further explore the synthetic practicability of our
new reaction, we conducted a gram-scale (5 mmol) experi-
ment with the 2-naphthylboronic ester 1b as a reaction
partner (Scheme 5). This copper-catalyzed coupling also
worked well, and afforded product 3b with a negligible
change in yield compared with that of the smaller-scale ex-
periment.

o/jL CuCl (10 mol%) o
| 0, e
Buo”  + (BockO L7 (13mol%)  Mel o
OO LiOMe, DMA

30°C, Ar, 6 h

1b 2
5 mmol, 1.09 g

3b, 89%

Scheme 5 A copper-catalyzed gram-scale cross-coupling

Next, several control experiments were performed to
probe the mechanism of this reaction (Scheme 6). When
(Boc),0 was replaced with CO,, no carboxylation product
was observed under the standard reaction conditions. This
suggested that a mechanism involving the reaction of 1a
with CO, generated in situ by decomposition of (Boc),0 can
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be excluded. An addition-elimination mechanism, unlike
those of previously reported carboxylation reactions of ar-
ylboronic acid derivatives,'? is more likely to be involved in
this transformation. To further identify the actual active in-
termediate we synthesized two possible elimination prod-
ucts 7 and 83 and we subjected these to the reaction condi-
tions. Substrate 7 remained unchanged under the current
reaction conditions, indicating that it is not the key product
of the addition-elimination step. However, carbonate 8 de-
composed quickly under basic conditions and afforded a
44% yield of 3a, a 38% yield of benzoic acid (9) and a small
amount of tert-butyl benzoate (7) after quenching with
HCI; this result was consistent with the analysis of reaction
residue from Table 1, entry 1.

OjL CuCl (10 mol%) o)
1 L7 (13 mol% Mel
@ By + CO2 _L7 (A3 mol%)_ Mel o
©/ LiOMe, DMA
30°C,6h
1a 1atm 3a, trace
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@) - A
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30°C, Ar,6h Z
7 3a, trace
(0] o
0o )Ol\ J< CuCl (10 mol%) ph)l\o/ + Ph)I\OH
L7 (13mol%)  H* o o
© o0~ o —_ — 3a, 44% 9, 38%
LiOMe, DMA )]\ )
° B
s 30°C, Ar,6 h + ph” O u

7,18%

Scheme 6 Control experiments for mechanistic studies

On the basis of these results and previous reports,'1214
we proposed a plausible reaction mechanism for this cop-
per-catalyzed protocol (Scheme 7). First, CuCl reacts with
ligand L to afford the LCu-OMe complex I, which undergoes
transmetalation with the arylboronic ester 1a to give inter-
mediate II. Addition of intermediate II to the carbonyl
group of (Boc),0 (2) is followed by elimination to afford in-
termediate 8, along with the regeneration of the copper cat-
alyst. Finally, base-promoted decomposition of 8 gives rise
to a mixture of arylcarboxylic acid derivatives. A high yield
of 3a is obtained after quenching the reaction system with
Mel.

In conclusion, we found that addition of arylboronic es-
ters to (Boc),0 could be achieved under mild conditions
with a copper catalyst.!’> Further explorations showed that
this reaction might proceed through an addition-elimina-
tion pathway and that it was compatible with a range of
aryl, hetaryl, and alkenylboronic esters. It therefore pres-
ents a conceptually new approach to the synthesis of aryl-
carboxylic acid derivatives. We hope the findings reported
above will inspire future research aimed at exploring the
synthetic versatility of organoboron-based copper catalysis.
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Scheme 7 Plausible reaction mechanism
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Commun. 2011, 47, 2946.
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