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In 1998, Miyaura reported Rh(I)/bisphosphine-catalyzed addi-
tion reactions of aryl/alkenylboronic acids with aldehydes,1 which
marked an important step of transition metal-catalyzed such addi-
tion reactions.2–10 Subsequent study from the same group showed
that Rh(I)/t-Bu3P (1:1 ratio) possess much higher catalytic activity
than Rh(I)/bisphosphine catalysts,2 suggesting that bulky, mono-
dentate ligands would be superior ligands. Since then, a number
of Rh(I) catalysts derived from monodentate ligands have been
developed.3,4 In our laboratory, we are interested in developing
highly active/efficient catalysts for such addition reactions. We
have recently documented metalacycle-catalyzed addition reac-
tions of arylboronic acids with carbonyl-containing compounds.7

In our studies, we demonstrated that the catalytic activity of the
metalacycles could be tuned by varying the Lewis acidity of the
metal center, including employing less electron-donating ligands
and softer metal.7 We surmised that such Lewis acidity tuning
strategy might also be suitable to develop highly active Rh(I) cata-
lysts with unprecedented catalytic activities.

Dienes have recently been reported as efficient ligands in Rh(I)-
catalyzed addition reaction of arylboronic acids with a,b-unsatu-
rated ketones/esters/aldehydes.11,12 Importantly, Rh(I)/diene
catalysts exhibited higher catalytic activity than Rh(I)/phosphines
including Rh(I)/bisphosphine catalysts. We speculated that such
catalytic activity increase might in part be due to the less elec-
tron-donating ability of the dienes, which could make the Rh(I)
center more Lewis acidic. We thus envisioned that Rh(I)/diene cat-
alysts could be highly active catalyst systems for the addition of
arylboronic acids with aldehydes. In this Letter, we report on the
Rh(I)/diene-catalyzed addition reactions of arylboronic acids with
aldehydes, with low Rh(I) catalyst loading, and a highly efficient
tandem reaction sequence of arylboronic acids with a,b-unsatu-
rated aldehydes.13
ll rights reserved.
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Our study began with the addition reaction of phenylboronic
acid with 4-nitrobenzaldehyde by using chloro(1,5-cyclooctadi-
ene)rhodium(I) dimer ([Rh(I)(COD)Cl]2) (1), chloronorbornadiene-
rhodium dimer ([Rh(I)(NBD)Cl]2) (2), and [Rh(I)(CH2CH2)2Cl]2 (3)
as catalysts (Table 1). We first tested KOH and KF, two bases that
have been previously used for this type of addition reactions with
other ligands for Rh(I).2,4k We found that with [Rh(COD)Cl]2 as cat-
alyst, a low conversion was observed for KF/toluene–H2O, and var-
ied conversions depending on the amount of the base used were
observed for KOH/dioxane, with 1 equiv of KOH affording the best
result (Table 1, entries 1–4). Screening other bases/solvents
showed that K3PO4/THF was an excellent solvent/base combination
(Table 1, entries 5–15). [Rh(I)(NBD)Cl]2 (2) and [Rh(I)(CH2CH2)2Cl]2

(3) exhibited less efficiency than 1 (Table 1, entries 16–20). Further
study revealed that the existence of water in the reaction system
can accelerate the reaction (Table 1, entries 21 and 22). We have
lowered the amount of [Rh(COD)Cl]2 to 0.1% for the addition reac-
tion. Once again, K3PO4 was observed as the best base.

With [Rh(COD)Cl]2 as catalyst and K3PO4 as base, we have
examined a number of aromatic aldehydes and arylboronic acids
for the addition reaction. We found that the reaction went
smoothly with 0.025–0.05% [Rh(COD)Cl]2 as catalyst (Table 2,
entries 1–10). Aliphatic aldehydes have been reported to be less
effective substrates in Rh(I)-catalyzed addition reaction of arylbo-
ronic acids with aldehydes due to the tendency of aliphatic alde-
hydes to undergo Aldol reaction under the reaction condition. It
was of interest to us to see whether the Rh(I)/diene system could
effect the reaction with this type of substrate. We were pleased
to find that the addition with aliphatic aldehydes as substrates pro-
ceeded well with high isolated yields (Table 2, entries 11–17). To
our knowledge, the 0.025% loading of 1 represented the lowest
Rh(I) loading in the addition reaction of arylboronic acids with
aldehydes. We have also tested vinylboronic acids as nucleophiles
for the addition and found that vinylboronic acids were less reac-
tive than arylboronic acids and higher catalyst loading was
required for the reaction (Table 2, entries 18 and 19).



Table 1
Rh(I)/diene-catalyzed addition reactions of phenylboronic acid with 4-nitrobenzaldehyde a

PhB(OH)2 CHOO2N

OH

NO2

+
Base, Solvent, r. t.

Rh(I) Catalyst

Entry Rh(I) Cat. Catalyst loading (%) Solvent Base Time (h) Conver.b (%)

1 1 1 Toluene KF (2 equiv) 0.5 18
2 1 1 Dioxane KOH (0.5 equiv) 0.5 66
3 1 1 Dioxane KOH (1 equiv) 0.5 87
4 1 1 Dioxane KOH (3 equiv) 0.5 12
5 1 1 Dioxane K3PO4 (2 equiv) 0.5 99
6 1 1 THF K3PO4 (2 equiv) 0.5 99
7 1 1 THF K3PO4 (2 equiv) 0.25 91
8 1 1 Dioxane K3PO4 (2 equiv) 0.25 85
9 1 1 THF KOH (2 equiv) 0.25 41

10 1 1 THF K2CO3 0.25 43
11 1 1 THF Na2CO3 0.25 16
12 1 1 THF KF 0.25 34
13 1 1 THF KOAc 0.25 10
14 1 1 THF NaOH 0.25 <2
15 1 1 THF Cs2CO3 0.25 55
16 2 1 Dioxane KOH (2 equiv) 0.25 80
17 2 2 THF KF (2 equiv) 0.25 34
18 2 2 Toluene KF (2 equiv) 0.25 0
19 2 2 THF K3PO4 (2 equiv) 0.25 91
20 3 1 THF K3PO4 (2 equiv) 1 0
21 1 1 THF K3PO4 (5.5 M, 2 equiv) 0.25 99
22 2 1 THF K3PO4 (5.5 M, 2 equiv) 1 92
23 1 0.1 THF K3PO4 (5.5 M, 3 equiv) 0.5 81
24 1 0.1 THF/H2O (10:1) KOH (2 equiv) 0.5 42
25 1 0.1 Dioxane/H2O (10:1) KOH (2 equiv) 0.5 25

a Reaction conditions: aldehyde (0.5 mol), phenylboronic acid (0.75 mmol), THF (2 mL), base (0.5–3.0 equiv), rt.
b Conversion based on 1H NMR.

Table 2
[Rh(COD)Cl]2-catalyzed addition reactions of aryl/alkenylboronic acids with aldehydes a

ArB(OH)2 RCHO
[Rh(COD)Cl]2

R

OH

Ar
+

THF, K3PO4 (5.0 M), r. t.

Entry ArB(OH)2 RCHO Cat. loading Time (h) Yieldb (%)

1 B(OH)2 CHOO2N 0.025 10 96

2 B(OH)2MeO CHOO2N 0.025 15 97

3 B(OH)2 CHO 0.05 19 82

4 B(OH)2 CHOMeO 0.05 16 83

5 B(OH)2 CHO

OMe
0.05 16 90

6 B(OH)2 CHO 0.05 19 89

7 B(OH)2MeO CHO 0.05 19 84

8 B(OH)2
CHO 0.05 17 87

9
B(OH)2

OMe
CHO 0.05 17 93
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Table 2 (continued)

Entry ArB(OH)2 RCHO Cat. loading Time (h) Yieldb (%)

10 B(OH)2 CHOBr 0.05 10 91

11 B(OH)2 Ph CHO 0.05 19 83

12 B(OH)2 Ph CHO 0.05 16 91

13 B(OH)2MeO Ph CHO 0.05 16 92

14 B(OH)2 Ph CHO 0.05 16 93

15 B(OH)2 CHO 0.05 17 82

16 B(OH)2MeO CHO 0.05 17 86

17
B(OH)2

OMe
CHO 0.05 17 87

18 Ph
B(OH)2 CHOO2N 0.25 16 86

19 C6H13
B(OH)2 CHOO2N 0.25 16 44

a Reaction conditions: aldehyde (1.0 equiv), boronic acid (1.5 equiv), THF (4 mL), K3PO4 (5.0 M, 3.0 equiv), rt.
b Isolated yields.

Table 3
Competitive addition reaction of phenylboronic acid with aromatic aldehydes and
aliphatic aldehydes a

PhB(OH)2 R1 H
O

R2 H
O

R1 Ph

OH

R2 Ph

OH

BA

+
0.25% [Rh(COD)Cl]2

K3PO4, THF, r. t.
++

(1 equiv.) (1 equiv.) (1equiv.)

Entry

R1 H
O

R2 H
O Ratio of A:Bb

1 H
O

H
O

O2N
1:7.3

2 H
O

Ph H
O 1:2.2

3 H
O

O2N Ph H
O 3.1:1

4
H

O
Ph H

O 1:2.4

5
H

O
Ph H

O 1:2.5

6
Ph H

OPh
Ph H

O 1.2:1

a Reaction conditions: phenylboronic acid (1.0 equiv), aldehydes (1.0 equiv each).
THF (2 mL), K3PO4 (5 M, aqueous solution, 3.0 equiv), room temperature, 18 h.

b Ratio based on 1H NMR.
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The observation of aliphatic aldehydes as excellent substrates
for this reaction prompted us to carry out studies to understand
the reactivities of different aldehydes for this reaction. We tested
the addition reaction with phenylboronic acid as the nucleophile.
Our results are listed in Table 3. We found that p-nitrobenzalde-
hyde, which bears an electron-withdrawing substituent, exhib-
ited higher reactivity than p-methylbenzaldehyde, which bears
an electron-donating group (Table 3, entry 1). Aliphatic alde-
hydes such as hexanal and 3-methylbutanal showed a similar
reactivity as p-methylbenzaldehyde (Table 3, entries 1–5). Inter-
estingly, 3-phenylpropanal exhibited a higher reactivity than
hexanal, 3-methylbutanal, or p-methylbenzaldehyde (Table 3,
entries 2, 4, and 5). In addition, 3,3-diphenylpropanal showed
a higher reactivity than 3-phenylpropanal (Table 3, entry 6).
These results might suggest that the phenyl group participated
in the addition reaction.

We have also employed [Rh(COD)Cl]2 as the catalyst for the
addition reaction of arylboronic acids with a,b-unsaturated alde-
hydes.12,14 We found that the reaction outcome was dependent
on the solvent used and on the steric hindrance of substrates/re-
agents. With MeOH as solvent, the addition reaction occurred in
a 1,4-addition fashion and 3,3-diphenylpropanal was observed in
high yield (Table 4, entry 1), which was consistent with the previ-
ous observation.12 With THF as solvent, the 1,4-addition followed
by 1,2-addition occurred and alcohols were observed in good to
high yields (Table 4). With 2-substituted phenylboronic acids as
nucleophiles, we observed that crotonaldehyde gave tandem reac-
tion products in good yields, but cinnamaldehyde gave a mixture of
1,2-addition products and 1,4-addition followed by 1,2-addition
products, suggesting that the initial addition was dependent on
the steric hindrance of the substrates and reagents.

In summary, we have demonstrated that [Rh(COD)Cl]2 was a
highly efficient catalyst for the addition reactions of arylboronic
acids with aldehydes, with low Rh(I) catalyst loading. We also
found that the reaction of arylboronic acids with a,b-unsaturated
aldehydes greatly depends on the solvent and the steric hindrance
of the reagents/substrates. Our future work will be directed to
determine the scope and limitation of Rh(I)/diene-catalyzed addi-
tion reactions and to develop the asymmetric version of these
processes.



Table 4
Tandem reactions catalyzed by [Rh(COD)Cl]2

a

ArB(OH)2 R H
O

R Ar
OHAr

0.5%[Rh(COD)Cl]2
+ K3PO4, solvent

room temperature, 48 h

Entry ArB(OH)2

R H
O Solvent Yieldb (%)

1 B(OH)2 Ph H
O

MeOH 98c

2 B(OH)2 Ph H
O

THF 86

3 B(OH)2 Ph H
O

THF 73

4 B(OH)2MeO
Ph H

O
THF 80

5 B(OH)2 Ph H
O

THF d

6
B(OH)2

OMe

Ph H
O

THF e

7 B(OH)2 H
O

THF 80

8 B(OH)2 H
O

THF 86

9 B(OH)2MeO
H

O
THF 78

10 B(OH)2 H
O

THF 55

11
B(OH)2

OMe

H
O

THF 81f

a Reaction conditions: aldehyde (1.0 equiv), arylboronic acid (3.0 equiv), solvent
(6 mL), K3PO4 (5 M aqueous solution, 6.0 equiv), room temperature.

b Isolated yields.
c Conversion based on 1H NMR.
d A mixture of 1,2-addition allylic alcohol and 1,4-addition followed by 1,2-adi-

ition was observed, in a ratio of 0.67:1.
e A mixture of 1,2-addition allylic alcohol and 1,4-addition followed by 1,2-

addition was observed, in a ratio of 4.6:1.
f 0.25% [Rh(COD)Cl]2 was used.
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