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Abstract—The metal complex Rh(acac)(CO)2 in the presence of dicyclohexylphenylphosphine provides a useful catalyst system for
the addition of boronic acids to 1,2-diketones and 1,2-ketoesters. The best yields were obtained when the transformation was per-
formed in DME/H2O at 80 �C with 4 equiv of the boronic acid. The results discussed herein extend the scope of the addition of
arylboronic acids to highly activated diketones and ketoesters. The products of the reaction are useful in the synthesis of natural
products containing oxygenation next to esters or ketones.
� 2007 Elsevier Ltd. All rights reserved.
The addition of carbon nucleophiles to 1,2-diketones
and 1,2-ketoesters is an attractive method for the syn-
thesis of tertiary alcohols vicinal to a carbonyl group.1

The tertiary alcohols of this type are useful precursors
for niacin receptor agonists based on acifan2,3 and the
HIV integrase inhibitor integrastatin.4 While auxiliary
based methods exist for the asymmetric synthesis of
such derivatives,5,6 until recently no catalytic asymmet-
ric methods provided these products. Catalytic methods
for the direct addition of aryl groups have been limited
to Friedel–Crafts reactions7 and the rhodium-catalyzed
addition of arylstannanes.8 While these methods provide
excellent yields, the limitation of the Friedel–Crafts
reaction to electron rich aromatics and the toxicity of
stannanes represent significant drawbacks. The recent
extension of rhodium-catalyzed nucleophilic additions
of arylboronic acids9–11 to trifluoromethyl ketones,12

isatin derivatives,13,14 and oxalates15 shows that the acti-
vation of the carbon–boron bond may provide a useful
solution to the problems associated with stannanes and
Friedel–Crafts reactions.16 These reactions also provide
a useful alternative to Grignard reactions as they can be
performed in the presence of water with only a small
amount of transition metal catalyst.

While excellent results have been obtained with isatin
derivatives and aryl trifluoromethyl ketones, the carbon-
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yls in these substrates cannot enolize as they possess no
acidic a-protons. Previous studies have shown that
enolizable 1,2-diketones and 1,2-ketoesters are more
challenging electrophiles.17,18 These substrates can poly-
merize rapidly if conditions are highly acidic or basic,
leading to problems with conversion. The adaptation
of the conditions used for the rhodium-catalyzed addi-
tion of arylboronic acids to aldehydes11,19–21 provides
a starting point for the development of an asymmetric
version of this reaction.

Initial attempts to affect this transformation focused on
the addition of phenylboronic acid (1) to 2,3-butane-
dione (2) using Rh(acac)(CO)2 as a precatalyst in the
presence of 1,1 0-bis(diphenylphosphino)ferrocene (dppf,
4) (Table 1). Ligands with large P–Rh–P angles have
been reported to accelerate the addition reaction with
aldehyde substrates.11 While the product was formed
from this addition, the yield of the process was only
17%. Rhodium-catalyzed addition reactions are known
to be sensitive to both the steric and the electronic pro-
perties of the phosphine ligands,18 so the variation of the
phosphine structure was undertaken in order to improve
the reaction. The use of triarylphosphines only provided
low yields of the desired addition product (Table 1,
entries 2–5). Switching to trialkylphosphines proved to
be more advantageous. Tri(t-butyl) phosphine has been
shown to provide superior yields with faster reaction
rates when similar rhodium-catalyzed reactions were
performed with aldehydes.19 Using tri-t-butyl phosphine
(10) as a ligand, the yield of the reaction increased to
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B(OH)2

+ R1
R2

O

O

R2

O

R1 OH

3 mol %
Rh(acac)(CO)2

6 mol % 
PPh(Cy)2 (14)

DME/H2O
80 °C1

(4 equiv)

Entry Electrophile Product Yield
(%)

1

O

O2 O

OHPh

3
83

2

O

O16 O

OHPh

17
54

3 OEt
O

O18

OEt

O

OHPh

19
47

4 O
O

O

Ph
20

O

O

Ph
OHPh

21
62

5 OEt
O

O
Ph

22
OEt

O
Ph

Ph OH

23
64

6

O

O24 O

OH
Ph

25
0

7

N
H

O

O

26

N
H

O

Ph OH
27

83

8 Ph
O

O
28

Ph

O

OHPh
Ph

O

HO Ph
+

29 30
42

Table 1. Screen of phosphine ligands

B(OH)2
+

O

O
O

OH

5 mol %
Rh(acac)(CO)2

5 mol %
phosphine

DME/H2O
80 °C1

(2 equiv)
2 3

Entry Phosphine Yield (%)

1 dppf (4) 17
2 Triphenylphosphine (5) 17
3 Tris(p-methoxy)phosphine (6) 17
4 Tris(p-fluorophenyl)phosphine (7) 7
5 Tri-2-furylphosphine (8) 2
6 Tributylphosphine (9) Trace
7 Tri(t-butyl)phosphine (10) 26
8 Di(t-butyl)phenylphosphine (11) 30
9 2-(Di-t-butylphosphino)biphenyl (12) Trace

10 Tricyclohexylphosphine (13) 0
11 Dicyclohexylphenylphosphine (14) 61
12 2-(Dicyclohexylphosphino)biphenyl (15) Trace
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26% (Table 1, entry 7). The use of other trialkyl phos-
phines also gave low yields. Mixed alkyl/aryl substituted
phosphines showed little improvement except for di-
cyclohexylphenylphosphine (14) which gave an encour-
aging 61% yield.

With a promising catalyst-phosphine combination, a
number of experimental factors were varied in an effort
to further increase the yield of the addition reaction.
Phosphine loading studies with dicyclohexylphenyl
phosphine 14 showed that a 2:1 ratio of phosphine to
rhodium complex was optimal. Further optimization
showed that only 3 mol % of the rhodium complex
was required for good catalytic activity. Lowering or
raising the temperature of the reaction proved detri-
mental. Allowing the reaction to proceed for more than
24 h also gave no increase in the yield of the transfor-
mation. Changing the solvent showed little difference
between dioxane, DME, and toluene. Variations in the
amount of water (between 1% and 50% water with
DME as a cosolvent) also had little effect on the yield.

Attempts were also made to improve the reaction
through the use of additives. The addition of a base,
for example, may activate boronic acids to transmetalla-
tion with a metal catalyst.19 The use of a stoichiometric
amount of basic additives (KOH, K2CO3, NaHCO3,
Et3N) gave much lower yields of addition products.
The use of thallium(I) ethoxide, which has been previ-
ously shown to increase the yield of some Suzuki cou-
plings, was also explored to no avail.22,23 The addition
of NMO to facilitate the displacement of the carbon
monoxide ligands from the precatalyst also proved
detrimental to the overall yield.

Investigation into the ratio of boronic acid to 1,2-di-
ketone proved to be the only fruitful avenue for increas-
ing the reaction yield. The use of excess boronic acid is
common in similar systems, especially with electron-
poor aryl boronic acids, as protodeborylation can be a
competing process.24 Doubling the amount of boronic
acid present in the reaction mixture lead to an 83% yield
of the addition product.

With good conditions for the addition of phenylboronic
acid to 2,3-butanedione, a number of other electrophiles
were used to determine the scope of the addition reac-
tion. Many acyclic 1,2-diketones and 1,2-ketoesters
proved to be excellent substrates for addition (Table
2).25–27 An exception was 1,2-cyclohexanedione (24)
which gave no addition product. The analysis of 1,2-
cyclohexanedione by 1H NMR showed that the one
carbonyl preferred the conjugated enol tautomer,
explaining the lack of reactivity as the molecule was
more similar to an a,b-unsaturated ketone than a
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1,2-diketone. Cyclic substrates that cannot enolize, such
as isatin (26), gave an excellent yield of the addition
products without the need for protection of the amide
hydrogen. Unsymmetrical 1,2-diketones provided the
mixtures of addition products. For example, 1-phenyl-
1,2-propanedione 28 (Table 2, entry 8) provided a
1.7:1 mixture of alcohols 29 and 30. Sterics or the greater
stability imparted by conjugation with the phenyl group
can explain the observed product ratio.

The variation of the boronic acid nucleophile was also
explored, using 2,3-butanedione as the electrophile
(Table 3). The use of boronic acids with electron-
Table 3. Variation of boronic acid
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Figure 1. Proposed mechanism of the addition reaction.
withdrawing groups has been shown to be problematic
in some systems,28 but good yields were obtained using
electron poor arylboronic acids under these conditions
(Table 3, entries 3–5). The use of acetophenone deriva-
tive 37 highlighted the excellent functional group toler-
ance of this method, as the pendant ketone precludes
the formation of the corresponding aryllithium or
Grignard reagent. The use of the ortho-tolylboronic acid
provided a lower yield than other cases, which may be
due to steric congestion near the reacting centers. Vinyl-
boronic acids were also explored as addition partners
(Table 3, entries 7–9). These gave similar yields as the
aryl boronic acids.

A working hypothesis for the mechanism of the addition
reaction follows from the studies of Hayashi29 and
Miyura.11 The active catalyst is generated by the binding
of the phosphine to the transition metal (Fig. 1). Under
acidic conditions, the b-diketonate ligand is lost and a
phenylrhodium intermediate such as 48 is formed. Next,
ligand exchange with the reactive carbonyl activates the
electrophile for nucleophilic addition. After the addition
of the phenyl group to the ketone, the alkoxide is hydro-
lyzed and the phenylrhodium is reformed by reaction
with another equivalent of phenylboronic acid. This
results in the formation of the addition product 3 and
the turnover of the catalyst.

The rhodium-catalyzed addition of aryl and vinylboron-
ic acids provides a direct route to tertiary a-hydroxy
ketones under mild conditions. This cluster of function-
ality is present in a number of interesting target mole-
cules. The use of rhodium catalysis and boronic acids
to affect this addition reaction allows for the formation
of a new carbon–carbon bond with excellent functional
group tolerance. Further studies on the asymmetric vari-
ants of this process will be reported in due course.
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