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Acylphosphonates are potent acyl anion precursors that
generate acyl anion equivalents under the promotion of
cyanide anion via phosphonate-phosphate rearrangement.
These anions readily react with aldehydes to provide cross-
benzoin products. In this way it is possible to synthesize a
variety of aromatic-aromatic, aromatic-aliphatic, and ali-
phatic-aromatic benzoins. Moreover the reaction of ben-
zoylphosphonate with potent electrophile 2,2,2-trifluoroac-
etophenone provided the corresponding aldehyde-ketone
coupling product in high yield.

Polarity reversal (umpolung) of carbonyl group (acyl
anion equivalents) provides a powerful alternative to
traditional carbon-carbon bond construction methods
and adds new dimensions of flexibility to the design of
synthetic targets.1 These useful entities have been tra-
ditionally obtained by functional group manipulation and
stoichiometric strong base deprotonation of the corre-
sponding carbonyl compounds. Recently impressive
progress has been made in the catalytic generation of acyl
anion equivalents, especially in the benzoin2 and Stetter3

reactions. As far as the cross-benzoin and intramolecular
Stetter reactions are concerned, the use of acylsilanes4,5

as acyl anion precursors based on the nucleophile-
promoted Brook rearrangement6 is the most practical and
selective method available. However, acylsilanes for use
as precursors suffer from tedious preparative operations
that often require a stoichiometric strong base or metal
nucleophiles, and most of the time they are synthesized
from the corresponding acyl anions.7 Thus, there is
always a need for practical and easily accessible acyl
anion precursors that can engage in catalytic carbon-
carbon bond-forming reactions.

Phosphorus, like silicon, has the ability to migrate from
carbon to oxygen and oxygen to carbon.In fact deproto-
nation of R-hydroxyphosphonates and base-catalyzed
addition of dialkyl phosphites to acylphosphonates induce
such phosphonate-phosphate rearrangements, which
have a close analogy to the 1,2-Brook rearrangement of
acylsilanes.8 We envisioned that the typical nucleophilic
catalysis of benzoin and Stetter reactions might promote
acylphosphonates to generate an appropriate concentra-
tion of the corresponding acyl anion equivalents that are
sufficiently nucleophilic in order to participate in the
reactions with electrophiles. It is very important to note
that Johnson and co-workers very recently reported the
viability of this approach in the synthesis of a variety of
aromatic-aromatic cross-benzoin products 3 from aro-
matic acylphosphonates, with [18-crown-6/KCN] complex
as catalyst in diethyl ether providing the optimal condi-
tions (Scheme 1).9 Morover Kurihara reported stoichio-
metric strong base deprotonation of R-cyanophosphates
generating cyano-phosphate anions 1b that react with a
variety of electrophiles including aldehydes to provide 3.10

However, they reported that cyano-phosphate anions 1b
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with electron-rich aromatic and aliphatic groups are not
useful in this particular transformation. Herein, we
report our preliminary results in the realization of this
idea utilizing acylphosphonates 1 as the acyl anion
precursors and aldehydes 2 as electrophiles in the pres-
ence of a cyanide catalyst to provide cross-benzoin
products 3 (Scheme 1).11 Acylphosphonates are readily
available on a multigram scale from acyl chlorides and
trialkyl phosphites via Arbuzov reaction without need to
use any special condition or apparatus.12

We initially investigated the reaction of benzoylphos-
phonate with p-anisaldehyde catalyzed by 10% KCN in
the presence of phase transfer catalysts (Bu4NBr or 18-
crown-6) in various solvents and observed very slow or
no conversion in many solvents at ambient temperature.
Although heating provided varying degrees of conversions
in different solvents, reaction in DMF provided a smooth
and fast transformation into the desired product 3a in
93% yield at ambient temperature without using a phase
transfer catalyst (Table 1, entry 1).

Next, we investigated the scope of this reaction for the
synthesis of typical aromatic-aromatic benzoins. Reac-
tion of benzoylphosphonate with various aromatic alde-
hydes furnished the expected products in good to excel-
lent yields (Table 1, entries 1-8). Heterocyclic aldehydes
provided the expected products 3e and 3g, albeit con-
taminated with isomeric benzoins 3f and 3h (Table 1,
entries 5-8). This concurrent regioisomerization process
was also pointed out by Johnson and co-workers.9 Whereas
lowering the temperature (0 °C) provided the expected
products without isomer contamination, increasing the
catalyst load (30%) quickly furnished the isomeric prod-
ucts. In this way the synthesis of both isomeric benzoins
was possible from the same starting materials. Formation
of isomeric benzoins is presumably due to the basic
cyanide-catalyzed isomerization of the expected benzoins.
In fact, the treatment of isolated pure 3g with catalytic
DBU under the same reaction conditions afforded 3h
with complete conversion. To understand the scope of the

method in synthesizing all of the isomers of a given pair
of a donor and acceptor, we examined the reaction of
substituted aroylphosphonates. Whereas the reaction of
4-F-benzoylphosphonate proceeded smoothly to give di-
substituted cross-benzoins 3i and 3j in very good yields
(Table 1, entries 9-10), electron-rich 4-MeO-benzoylphos-
phonate reacted very slowly under the usual reaction
conditions. Gratifyingly, simply increasing the catalyst
load (30% KCN) resulted in a smooth transformation
providing 3k and 3l in very good yields (Table 1, entries
11 and 12).

(10) For examples of stoichiometric generation of acyl anion equiva-
lents from R-cyanophosphates and their reactions, see: (a) Kurihara,
T.; Santo, K.; Harusawa, S.; Yoneda, R.; Chem. Pharm. Bull. 1987,
35, 4777-4788. (b) Schrader, T. Angew. Chem., Int. Ed. Engl. 1995,
34, 917-919.

(11) This mechanistic picture is based on the well-known benzoin
reaction mechanism and its congeners; see refs 1, 4, and 9.

(12) (a) Berlin, K. D.; Taylor, H. A. J. Am. Chem. Soc. 1964, 86,
3862-3866. (b) Maeda, H.; Takahashi, K.; Ohmori, H. Tetrahedron
1998, 54, 12233-12242.

SCHEME 1. Mechanism of Cross-Benzoin
Reaction via Cyanide Ion Promoted Generation of
Acyl Anions from Acylphosphonates

TABLE 1. Synthesis of Aromatic-Aromatic Benzoinsa

a Reactions were carried out on a 1 mmol scale (1.1 equiv of
aldehyde) with concentrations of 0.5 M in the presence of 10% KCN
at room temperature except for entries 5 and 7 at 0 °C and entries
6, 8, 11, and 12 with 30% KCN. b Isolated yields.
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After establishing the utility of acylphosphonates in
aromatic-aromatic cross-benzoin synthesis, we investi-
gated their potential in the incorporation of aliphatic
moieties into the benzoin structure and started with the
reactions of aroylphosphonates with aliphatic aldehydes.
Although the initial reactions with the KCN catalyst
provided the expected benzoins, yields were low with
considerable site product(s) contamination. Later we
found that the DMF solution of premixed CsF (20%) and
TMSCN (30%) was superior to KCN in terms of conver-
sion rates and product purity. In fact the reaction of
aroylphosphonates with cyclohexancarboxaldehdye and
benzyloxyacetaldehyde furnished the products in good
yields (Table 2, entries 1-6).

The use of both KCN and CsF + TMSCN in DMF failed
to give good yields in reactions between aliphatic acylphos-
phonates and aromatic aldehydes. Presumably the highly
enolizable nature of aliphatic acylphosphonates resulted
in the protonation of the critical acyl anion equivalent,
and hence the presumed catalytic cycle failed (Scheme
1). We found that the use of 30% KCN and 30% 18-
crown-6 in refluxing toluene provided better yields (Table
2, entries 7 and 8). Although we examined the reactions
of a wide range of aliphatic acylphosphonates 1 (R1 )
cyclohexyl, isopropyl, methyl) and aromatic aldehydes 2
(R2 ) Ph, 4-OMePh, 4-FPh) to obtain aliphatic-aromatic

benzoins in the 60-70% yield range, the formation of a
protonation product (15-20%) was unavoidable. The
separation of this product to obtain pure products proved
to be highly problematic. When reaction was carried out
with nonenolizable trimethylacetylphosphonate, good
yield of the corresponding benzoin was obtained smoothly
in toluene (Table 2, entry 8). Last, the syntheses of
aliphatic-aliphatic cross-benzoins 3 (R1 ) cyclohexyl,
isopropyl, methyl and R2 ) cyclohexyl, isopropyl, methyl)
were very sluggish, providing only <20% estimated
yields.

Prompted by the success of acylphosphonates as acyl
anion precursors in benzoin condensation, we carried out
preliminary experiments to further study the potential
of these entities. Catalytic intermolecular coupling of
aldehydes and ketones has not been realized so far.2c-e

Thus, we examined the reaction of benzoylphosphonate
with potent electrophile 2,2,2-trifluoroacetophenone 4,
which furnished the expected coupling product 5 in 87%
yield (eq 1). The same reaction with acetophenone only
provided poor yields together with the recovered starting
materials.

In conclusion, we have shown that acylphosphonates
are a new generation of potent acyl anion precursors that
undergo nucleophile-promoted phosphonate-phosphate
rearrangement to provide the corresponding acyl anion
equivalents as reactive intermediates. Compared to
laborious synthesis of acylsilanes, they are readily avail-
able on a multigram scale from the corresponding car-
boxylic acids or aldehydes, which offers an atom- and
time-efficient access to acyl anions. They add a new and
highly practical method to the toolbox of synthetic
chemists. Current work is directed toward further un-
derstanding the nature and reactivity of acylphospho-
nates as acyl anion precursors in reactions with various
electrophiles and development of enantioselective version
of the presented reaction.

Experimental Section

General Procedures for Cyanide-Catalyzed Cross-Ben-
zoin Reactions. Reactions were carried out according to
different procedures depending on the nature of the substrates.
Briefly, reactions between aromatic acylphosphonates were
carried out in DMF with 10% KCN catalysis (Method A), and
slight modifications in temperature (0 °C, Method B) or catalyst
load (30% KCN, Method C) were made to optimize yields.
Reactions between aromatic acylphosphonates and aliphatic
aldehydes were carried out in DMF with CsF + TMSCN
catalysis (Method D), and reactions between aliphatic acylphos-
phonates and aromatic aldehydes were carried out in toluene
with 30% KCN and 30% 18-crown-6 as catalyst system (Method
E). Representative procedures are as follows.

Representative Example for Method A: Diethyl 2-(4-
fluorophenyl)-1-(4-methoxyphenyl)-2-oxoethyl phosphate
(3j). The title compound was prepared according to Method A
using 260 mg (1 mmol) of acylphosphonate, 149.8 mg (1.1 mmol)
of p-methoxybenzaldehyde, 6.5 mg (10%, 0.1 mmol) KCN, and
2 mL of DMF. After 25 min at ambient temperature, the crude
product was purified by flash chromatography with 1:3 petro-
leum ether/ether to afford 368 mg (93%) of the product as a

TABLE 2. Synthesis of Aromatic-Aliphatic and
Aliphatic-Aromatic Benzoinsa

a For entries 1-6, reactions were carried out in premixed DMF
solution of 20% CsF and 30% TMSCN (see Supporting Information
for details). For entries 7 and 8, 2 equiv of aldehyde with 30%
KCN and 30% 18-crown-6 in toluene (5 mL, 0.2 M) was heated to
100 °C. b Isolated yields.
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colorless oil: IR (film) 2986, 2839, 1698, 1601, 1512, 1461, 1443,
1257, 1177, 1159, 1044, 986 cm-1; 1H NMR (400 MHz, CDCl3) δ
1.16 (3H, t, J ) 7.0 Hz), 1.33 (3H, t, J ) 6.7 Hz), 3.76 (3H, s),
3.88-3.96 (2H, m), 4.14-4.26 (2H, m), 6.58 (1H, d, J ) 7.8 Hz),
6.89 (2H, d, J ) (8.7 Hz), 7.05 (2H, m), 7.41 (2H, d, J ) 8.7 Hz),
7.94-7.98 (2H, m); 13C NMR (100 MHz, CDCl3) δ 16.2 (d, J )
6.9 Hz), 16.3 (d, J ) 6.9 Hz), 55.6, 64.2 (d, J ) 6.3 Hz), 65.0 (d,
J ) 6.0 Hz), 80.0 (d, J ) 4.8 Hz), 114.9, 116.1 (d, J ) 22.0 Hz),
127.1, 130.0, 131.1 (d, J ) 2.9 Hz), 132 (d, J ) 9.2 Hz), 160.8,
166.1 (d, J ) 255 Hz), 192.4 (d, J ) 4.7 Hz); 31P NMR (161 MHz,
CDCl3) δ -1.19. Anal. Calcd for C19H22FO6P: C, 57.58; H, 5.59.
Found: C, 57.31; H, 5.32.

Representative Example for Method B: Diethyl 2-oxo-
2-phenyl-1-(thiophen-2-yl)ethyl phosphate (3g). The title
compound was prepared according to Method B using 242 mg
(1 mmol) of acylphosphonate, 123 mg (1.1 mmol) of 2-thiophen-
ecarboxaldehyde, 6.5 mg (10%, 0.1 mmol) KCN, and 2 mL of
DMF. After 30 min at 0 °C, the crude product was purified by
flash chromatography with 1:3 petroleum ether/ether to afford
305 mg (86%) of the product as a pale yellow oil: IR (film) 2968,
1695, 1516, 1443, 1435, 1282 cm-1; 1H NMR (400 MHz, CDCl3)
δ 1.20 (3H, dt, J ) 1, 7 Hz), 1.31 (3H, dt, J ) 1, 7.9 Hz), 3,9-
4,05 (2H, m), 4.1-4.25 (2H, m), 6.9 (1H, dj, J ) 7.9 Hz), 6.96
(1H, dd, J ) 3.6, 5.1 Hz), 7.17 (1H, dd, J ) 1.1, 3.6 Hz), 7.36
(1H, dd, J ) 1.1, 5.1 Hz), 7.4-7.44 (2H, m), 7.51-7.57 (1H, m),
7.95-7.9 (2H, m); 13C NMR (100 MHz, CDCl3) δ 15.73 (d, J )
7.3 Hz), 15.85 (d, J ) 6,8 Hz), 63.9 (d, J ) 6.3 Hz), 64.3 (d, J )
5.9 Hz), 74.7 (d, J ) 4.2 Hz), 127.2, 128.2, 128.6, 128.7, 128.9,
133.6, 134.0, 136.6 (d, J ) 6.2 Hz), 192.2 (d, J ) 4.8 Hz); 31P
NMR (161 MHz, CDCl3) δ -2.61. Anal. Calcd for C16H19O5PS:
C, 54.23; H, 5.40. Found: C, 54.05; H, 5.26.

Representative Example for Method C: Diethyl 1-(4-
fluorophenyl)-2-(4-methoxyphenyl)-2-oxoethyl phosphate
(3l). The title compound was prepared according to Method C
using 272 mg (1 mmol) of acylphosphonate, 136.5 mg (1.1 mmol)
of p-fluorobenzaldehyde, 19.5 mg KCN (30%, 0.3 mmol), and 2
mL of DMF. After 6 h at ambient temperature, the crude product
was purified by flash chromatography with 1:3 petroleum ether/
ether to afford 372 mg (94%) of the product as a colorless oil:
IR (film) 2993, 1693, 1601, 1511, 1261, 1173, 1037, 986 cm-1;
1H NMR (400 MHz, CDCl3) δ 1.18 (3H, t, J ) 7.1 Hz), 1.33 (3H,
t, J ) 7.1 Hz), 3.84 (3H, s), 3.89-3.98 (2H, m), 4.14-4.24 (2H,
m), 6.60 (1H, d, J ) 8.1 Hz), 6.9 (2H, d, J ) 8.8 Hz), 7.06 (2H,
m), 7.45-7.55 (2H, m), 7.93 (2H, d, J ) 8.8 Hz); 13C NMR (100
MHz, CDCl3) δ 15.8 (d, J ) 7.1 Hz), 16.0 (d, J ) 7.0 Hz), 55.4,
63.9 (d, J ) 6.2 Hz), 63.3 (d, J ) 6 Hz), 78.8 (d, J ) 4.9 Hz),
114, 116 (d, J ) 22.1 Hz), 130 (d, J ) 8.2 Hz), 131.3, 163.1 (d, J
) 251 Hz), 163.9, 191.7 (d, J ) 4.9 Hz); 31P NMR (161 MHz,

CDCl3) δ -2.30. Anal. Calcd for C19H22FO6P: C, 57.58; H, 5.59.
Found: C, 57.52; H, 5.61.

Representative Example for Method D: 3-(Benzyloxy)-
1-oxo-1-phenylpropan-2-yl diethyl phosphate (3p). The title
compound was prepared according to Method D using 242 mg
(1 mmol) of acylphosphonate, 165 mg (1.1 mmol) of benzyloxy-
acetaldehyde, 30 mg CsF (20%), 29.7 mg TMSCN (30%), and 2
mL of DMF. After 5-10 min at ambient temperature, the crude
product was purified by flash chromatography with 1:3 petro-
leum ether/ether to afford 318 mg (81%) of the product as a
colorless oil: IR (film) 2950, 2354, 1692, 1635, 1515, 1451 cm-1;
1H NMR (400 MHz, CDCl3) δ 1.1-1.23 (6H, m), 3.8-3.83 (2H,
m), 3.96-4.09 (4H, m), 4.43-4.52 (2H, m), 5.74-5.79 (1H, m),
7.14-7.23 (5H, m), 7.36-7.41 (2H, m), 7.49-7.53 (1H, m), 7.86-
7.89 (2H, m); 13C NMR (100 MHz, CDCl3) δ 15.9 (d, J ) 2.76
Hz), 16.0 (d, J ) 2.79 Hz), 64.12 (d, J ) 6.0 Hz), 64.2 (d, J ) 6.0
Hz), 70.4 (d, J ) 6.1 Hz), 73.4, 77.9 (d, J ) 5.4 Hz), 127.6, 127.8,
128.3, 128.8, (d, J ) 3.0 Hz), 133.6, 134.9, 137.3, 194.8 (d, J )
3.0 Hz); 31P NMR (161 MHz, CDCl3) δ -2.27. Anal. Calcd for
C20H25O6P: C, 61.22; H, 6.42. Found: C,61.42; H, 6.64.

Representative Example for Method E: 2-Cyclohexyl-
2-oxo-1-phenylethyl diethyl phosphate (3t). The title com-
pound was prepared according to Method E using 248 mg (1
mmol) of acylphosphonate, 212.2 mg (2 mmol) of benzaldehyde,
19.5 mg KCN (30%, 0.3 mmol), 79 mg (30%, 0.3 mmol) of 18-
crown-6, and 5 mL of toluene. After 6 h at 100 °C, the crude
product was purified by flash chromatography with 1:3 petro-
leum ether/ether to afford 227 mg (64%) of the product as a
colorless oil: IR (film) 2926, 1692, 1655, 1512, 1450, 1280, 1229,
1031 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.16 (3H, dt, J ) 0.9,
7.2 Hz), 1.34 (3H, dt, J ) 0.9, 6.9 Hz), 1.10-1.45 (5H, m), 1.60-
1.83 (5H, m), 2.50 (1H, m), 3.84-3.94 (2H, m), 4.11-4.21 (2H,
m), 5.75 (1H, d, J ) 8.1 Hz), 7.30-7.40 (5H, m); 13C NMR (100
MHz, CDCl3) δ 15.9 (2C, m), 25.2, 25.6, 25.7, 28.0, 29.3, 29.7,
46.7, 64.1 (2C,m), 81.9 (d, J ) 5.2 Hz), 127.9, 128.9, 129.3, 134.5,
207.2; 31P NMR (161 MHz, CDCl3) δ -2.44. Anal. Calcd for
C18H27O5P: C, 61.01; H, 7.68. Found: C, 61.24; H, 7.52.
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