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a-Functionalized phosphonic acid derivatives are of biomed-
ical interest, as they have been found to display inhibitory
activity towards several important groups of enzymes, includ-
ing renin, thrombin, ESPS synthase, HIV protease, and
various classes of protein tyrosine kinases and phosphatases.
The pharmaceutical potential of these compounds has
stimulated the development of methodology for their prep-
aration, particularly in enantiomerically enriched forms.
Much of this effort has been directed toward the synthesis
of a-hydroxy phosphonates, including enzymatic[1, 3,4] and
chemical methods[2,5–9] . The available methods are suitable
primarily for the synthesis of secondary a-hydroxy phospho-
nates. A notable exception is the recent report of Samantha
and Zhao, in which the use of proline derivatives to promote
the aldol reaction of ketones and acylphosphonates yielded
tertiary a-hydroxy phosphonates.[10] In this and related aldol
reactions, the secondary amine, through covalent attachment,
forms a chiral enamine that participates in a diastereoselec-
tive addition reaction with the carbonyl component. We
report herein the first examples of tertiary a-hydroxy
phosphonate ester synthesis promoted by hydrogen-bond
catalysis. The reactions proceed in good yield and excellent
diastereo- and enantioselectivity.

Over the past decade hydrogen-bond catalysis has mush-
roomed into a powerful strategy for asymmetric synthesis.[11]

Of the successful applications of this paradigm in the
promotion of 1,2-additions, most involve the use of an imine
as the electrophilic partner.[12] Among hydrogen-bond-pro-
moted additions to carbonyl compounds, the reported exam-
ples primarily involve aldehydes.[13, 14] We reasoned that acid
chloride equivalents, such as acyl phosphonates (or perhaps
even acyl cyanides), could function as effective electrophiles
in such reactions because the hydroxy phosphonate product is
known to be thermodynamically stable. The reaction of a
b-substituted enol ether with acetyl dimethyl phosphonate
would give a product having two chiral centers, including a
tertiary a-hydroxy phosphonate, produced by a method that
complements the asymmetric hydrophosphonylation reaction
[Eq. (1)].[8] The latter process has only been reported for
aldehydes.

A variety of chiral organic molecules were evaluated as
hydrogen-bond donor catalysts for the above reaction,
including amino alcohols, diols, thioureas, and cinchona
alkaloids (Figure 1).[15] The high reactivity profile of N,O-

ketene acetals (e.g., 13) and their prior success in the aldol
reaction prompted us to use this nucleophile for the present
study (Table 1). This survey showed that many common
hydrogen-bond donors, without additional structural optimi-
zation, accelerated the Mukaiyama aldol reaction between
N,O-ketene acetal 13 and acetyl phosphonate 14 . Indeed,
most catalysts provided an improved diastereoselectivity over
the uncatalyzed reaction, although they varied widely in their
ability to induce enantiselectivity. Whereas the indanol-based
ligand 1 gave low enantioselectivity, Trost�s ligand (2) and

Figure 1. Hydrogen-bond donor catalysts for asymmetric aldol reaction
with acetyl phosphonate.
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proline-derived amino alcohol 8 gave promising selectivities
of 20% and 34 % ee, respectively. The best diastereo- and
enantioselectivities were obtained with the taddol (a,a,a’,a’-
tetraaryl-1,3-dioxolane-4,5-dimethanol) family of diols, such
as 3 and 4. Even though 3 provided a slightly better selectivity,
the more easily accessible and commercially available taddol
4 was selected for additional studies.

The result obtained with taddol 4 was further optimized
by varying the reaction parameters (Table 2). The reaction
was quite rapid at room temperature, but afforded the
product in low diastereo- and enantioselectivity, and in
modest yield (Table 2, entry 1). A longer reaction time did
not significantly improve the yield (Table 2, entry 2). Careful

examination of the crude reaction samples, from the room
temperature reactions, by NMR analysis revealed the pres-
ence of silyl enol ether 16 and propanamide 17, arising from

the transfer of the silyl group between the reactants. Carrying
out the reaction at 0 8C not only decreased the proportion of
the side products but also increased the diastereo- and
enantioselectivity of the product (Table 2, entries 3 and 4).
Lowering the temperature to �80 8C, gave rise to a more
useful reaction, having a 33:1 diastereomeric ratio and
94% ee for the major isomer (Table 2, entry 5). A longer
reaction time improved the yield (Table 2, entry 6). Dia-
stereo- and entioselectivities eroded as the catalyst loading
was lowered, although a useful reaction was obtained at
10 mol% catalyst loading (Table 2, entries 7-9). The reaction
was also carried out using the corresponding diethyl and
diisopropyl acetyl phosphonates, but both gave inferior
results.[16] Optimum results were obtained when the reaction
was carried out at �80 8C with 20 mol% of the catalyst and
using the acyl phosphonate as the limiting reagent (Table 2,
entry 10). The above reaction represents, to our knowledge,
not only the first hydrogen-bond-catalyzed enantioselective
aldol reaction of an acyl phosphonate, but also one in which
two chiral centers are set, one of which is a tertiary a-hydroxy
phosphonate ester.

To assess the utility of the hydrogen-bond-promoted acyl
phosphonate aldol reaction, we examined the reaction of
N,O-ketene acetals having various subtituents (Table 3). The

reactions were quenched with an HF solution to remove the
tert-butyldimethylsilyl (TBS) group. The reactants were
selected to illustrate the scope of the reaction as well as the
ability to generate aldol adducts substituted with useful
functional groups. Alkyl-substituted ketene acetals generally

Table 1: Various hydrogen-bond donors as catalysts for the diastereose-
lective and enantioselective Mukaiyama aldol reaction.

Entry Catalyst t [h] Conv. [%] d.r. (anti/syn) ee [%]

1 – 7.5 63 10 –
2 1 10 87 23 9
3 2 7.5 79 20.5 20
4 3 10 92 33 90
5 4 10 92 30 90
6 5 10 86 14.5 0
7 6 7.5 75 12.7 0
8 7 7.5 51 25 0
9 8 10 67 25 34
10 9 7.5 58 13.5 0
11 10 16 85 23 0
12 d-fructose 16 92 12.5 0
13 d-glucose 16 94 12.5 0
14 11 7.5 44 n.d. 5
15 12 7.5 43 n.d. 0

Reactions were performed in toluene at �40 8C and 0.3m concentration.
n.d. = not determined.

Table 2: Optimization of the reaction conditions.

Entry Catalyst [mol%] T [8C] t [h] Yield [%] d.r. (anti/syn) ee [%]

1[a] 20 22 0.5 48 5.8 67
2[a] 20 22 1.5 55 4.4 68
3 20 0 12 47 14 87
4 20 �40 12 68 27 90
5 20 �80 22 58 33 94
6 20 �80 48 73 33 94
7 10 �80 48 74 29 90
8 5 �80 48 54 26 87
9 2 �80 48 39 30 84
10[b] 20 �80 48 89 33 95

All reactions were performed by using 1 equivalent of N,O-ketene acetal
and 1.5 equivalent of acyl phosphonate. The limiting reagent was at 0.3m

concentration. [a] Silyl enol ether 16 was present in the crude product
before quenching. [b] Acyl phosphonate 14 was the limiting reagent.

Table 3: Scope of hydrogen-bond-promoted acetyl phosphonate aldol
reaction.

Entry R Product Yield [%] d.r. (anti/syn) ee [%]

1 Me 15a 73 97:3 95
2 Et 15b 51 99:1 89
3 Bn 15c 66 99:1 91
4 iBu 15d 52 99:1 96
5 OMe 15e 61 99:1 95
6 OPh 15 f 82 99:1 99
7 OPMP 15g 81 99:1 99
8 SMe 15h 52 99:1 98
9 Cl 15 i 77 99:1 97

All reaction were performed in toluene at 0.3m acyl phosphonate and
1.5 equivalent of ketene acetal.
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gave the corresponding products in high diastereo- and
enantioselectivities (Table 3, entries 1–3). Whereas a sluggish
reaction was observed with the isopropyl substituted ketene
acetal, moving the bulky group one carbon atom away
provided a useful reaction (Table 3, entry 4). The reaction was
also effective with heteroatom-substituted N,O-ketene ace-
tals. Both methoxy- and phenoxy-substituted ketene acetals
underwent the aldol reaction smoothly to provide the
corresponding products with high diastereo- and enantiose-
lectivities (Table 3, entries 5 and 6). The p-methoxyphenoxy-
substituted (PMP-O) ketene acetal was also investigated as
removal of the PMP group in the product would provide a,b-
dihydroxy phosphonate esters. The required enol ether was
used without purification and provided the aldol product with
excellent selectivity (> 99:1 d.r., 99 % ee ; Table 3, entry 7).
The anti stereochemistry assigned to the major diastereomer
was confirmed by the X-ray crystallographic analysis of the
product 15 g (Figure 2). As an additional demonstration of

this methodology, both thioether- and chloro-substituted
ketene acetals were effective reactants in the taddol catalyzed
phosphonate aldol reaction, providing the expected products
as essentially single diastereomers with excellent enantiose-
lectivities (Table 3, entries 8 and 9). Interestingly, even
lactam-derived enol ether 18 reacted well with acetyl
phosphonate to afford the aldol product with near complete
diastereoselectivity (tentatively assigned syn), albeit a lower
with ee value [Eq. (2)].

The reaction of N,O-ketene acetals with other classes of
reactive electrophiles was examined briefly to determine the
generality of the above Mukaiyama aldol reaction. Of the

electrophiles considered, acyl cyanides appeared to be
particularly interesting, since their products would be sily-
lated cyanohydrins of ketones, which are versatile synthetic
intermediates. Thus the reaction of N,O-ketene acetal 13 a
with acetyl cyanide (20) under the standard reaction con-
ditions provided the addition product in 78% yield, as 1:1
mixtures of diastereomers, with good to excellent enantiose-
lectivity (Scheme 1). The corresponding reaction of 13 f
proceeded in better selectivity, with the major diastereomer
being formed in 90% ee. To the best of our knowledge, there
are no previous reports on enantioselective aldol reactions of
acyl cyanides.[17]

In conclusion, we have described the first examples of
hydrogen-bond-promoted enantioselective Mukaiyama aldol
reactions with acyl phosphonates. These reactions are cata-
lyzed by the simple, commercially available taddol 4. This
mild and general method gives a-hydroxy phosphonate
products with two chiral centers, one tertiary and one
quaternary, formed with high diastereo- and enantioselection.
The analogous enantioselective aldol reaction of acetyl
cyanide can also be catalyzed through hydrogen-bonding
interactions and gives quaternary silylated cyanohydrin
products, formally the products of cyanosilylation of ketones.

Experimental Section
General procedure for the aldol reactions in Table 3: A flame-dried
test tube capped with a septum was loaded with 20 mg taddol
(0.031 mmol, 0.2 equiv), purged with argon, and maintained under a
positive argon pressure. The vessel was charged with dry toluene
(0.5 mL) and then placed in a �78 8C bath. After 5 min, acyl
phosphonate (20 mL, 0.153 mmol, 1 equiv) and the N,O-ketene
acetal (60 mL, 0.23 mmol, 1.5 equiv) were added sequentially. The
tube was then placed in a�80 8C bath, and after 48 h the reaction was
quenched with 0.3 mL of 5% HF/CH3CN. Progress of the TBS
removal was monitored by TLC. After complete removal (2–5 h), the
reaction mixture was diluted with methylene chloride and then
washed successively with saturated sodium bicarbonate solution and
brine. The organic phase was dried over Na2SO4 and then concen-
trated. Purification of the residue by using silica gel chromatography
(hexanes/EtOAc 1:1) provided the product.
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Figure 2. X-ray crystal structure of phosphonate aldol product 15g.[18]

Scheme 1. Mukaiyama aldol reactions with pyruvonitrile.
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