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Abstract: A catalytic, highly diastereoselective process for the syn-
thesis of trans-b-lactams is reported. This system is based on a
phosphonium fluoride precatalyst that both activates the nucleo-
phile and directs the reaction process for high yield and diastereo-
selectivity.
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The synthesis of trans-disubstituted b-lactams can be a
capricious process. Unpredictable mixtures of diastereo-
mers often result, whereas reliable predictive models are
in short supply. This is regrettable as the trans-diastereo-
mers are every bit as useful as the cis; from antibiotics3 to
inhibitors of prostate-specific antigen4 and cytomegalovi-
rus protease,5 the trans-isomers possess potent biological
activity as well.6 The most common method to synthesize
trans-b-lactams employs the venerable Staudinger reac-
tion,7 which usually affords predominately the cis-diaste-
reomer, although altering the nature of the substrates and
reaction conditions can often promote the formation of
trans-isomer.6 From our standpoint, a reliable, easy to ex-
ecute, and highly selective synthesis of trans-b-lactams
would be a desirable contribution to the literature.8 In this
communication, we illustrate a strategy for the highly di-
astereoselective trans-b-lactam synthesis using imines, si-
lyl ketene acetals,9 and a phosphonium fluoride
precatalyst. Diastereomeric ratios exceed 28:1 in all cases,
and chemical yields are excellent.

Figure 1 New, highly diastereoselective precatalyst for the [2+2]
cycloaddition reaction of silyl ketene acetals with a-imino esters

Interestingly, the trans-diastereomer is usually more ther-
modynamically stable than the cis, yet the cis is almost al-
ways formed in catalytic reactions because of a kinetically

more favorable transition state (TS).6 Presumably, a TS
that produces the trans-diastereomer would therefore ne-
cessitate different conditions. In the reaction of cinchona
alkaloid-derived ketene enolates with imines, for in-
stance, the presence or absence of various metal cocata-
lysts has little or no effect on the diastereoselectivity of
the highly cis-selective b-lactam forming reaction.10 In
these bifunctional reactions, even minor changes in the
Lewis acid behavior could, in theory, reorganize the TS;
therefore, when none of the many Lewis acids tested were
able to provide a trans-selective reaction, we realized that
more drastic changes were needed. After many calcula-
tions and laboratory tests, we found that an internally bi-
functional nucleophilic catalyst, which contains a remote
non-nucleophilic anion, helps to reorganize the usually
cis-favoring TS to a trans-favored TS in the reaction of
ketenes with imines.8e With this new insight in mind, we
sought a new reaction manifold. 

Having successfully made use of aryl ester-derived ketene
acetals as nucleophilic ketene equivalents in a catalytical-
ly activated, trans-selective cycloaddition reaction with o-
quinone methides (o-QM),11 we noted these ketene acetals
would provide excellent b-lactam precursors in a reaction
with electrophilic imines.12 We were encouraged by a
report by Mukaiyama that a-aryl imines form trans-b-
lactams in cycloaddition with silyl ketenethioacetals.8b

Scheme 1 Trans-b-lactams from ketene acetals and imines.
PMP = para-methoxyphenyl

Initial efforts to catalyze the [2+2] b-lactam forming
cycloaddition employed the ammonium fluoride precata-
lysts that worked well in the quinone methide cycliza-
tions.11 However, these tests resulted in poor yield and
low, unpredictable diastereoselectivity. Reasoning that
the ammonium catalyst did not allow for proper TS orga-
nization, we sought a phosphonium salt that could act as a
Lewis acid, organizing the TS. To our satisfaction, aryl
and alkyl phosphonium fluoride precatalysts generally
gave good yields and diastereomeric ratios (dr) in favor of
the trans-isomer. Catalyst optimization led us to a new
phosphonium fluoride (1a, Figure 1) that was made by
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counterion exchange of the bis-salt formed from (R)-tol-
BINAP and o-xylene dibromide. A test reaction using this
catalyst at 5 mol% loading provided b-lactam 4a in 78%
yield and 86:1 dr; the best diastereoselectivity of any of
our catalyst tests (Scheme 1). Somewhat surprisingly, tet-
raphenylphosphonium fluoride (1b) provided nearly as
good results as catalyst 1a, and, in light of its lower cost
and more facile preparation, it was used to test the method
further.13 

Several ketene acetals were screened to ensure that we
had a consistently trans-diastereoselective b-lactam pro-
ducing cycloaddition reaction with PMP-imine (2;
Table 1). A variety of functional groups were well tolerat-
ed, including several different positions of hetero atoms
and aryl groups, as well as branched aliphatics and heavy
atoms such as chlorine and sulfur. The yields were good
(83% on average) and the dr was excellent (60:1, trans/cis
on average).

The reaction proceeds well with the phosphonium fluo-
ride precatalyst (1). The catalyst functions to make a bet-
ter nucleophile of the ketene acetal by nucleophilic attack

on the silane. The second function of the catalyst, in its
role as counterion to the enolate, perhaps is more impor-
tant. The bulk of the phosphonium cation was essential for
high diastereoselectivity; a change to various ammonium
cations, for instance TBAF or other precatalysts that
served well in the o-QM cyclization reactions, provided b-
lactams in unsatisfactory yield and dr. The phosphonium
cation is able to organize a TS in such a way that the trans-
diastereomer is kinetically favored, whereas the ammoni-
um cation is unable to make the reaction work well. The
large phosphonium cation forces a trans-relationship of
the substituents (Scheme 2).14 

Scheme 2 Proposed mechanism of trans-diastereoselective reaction

The mechanism of catalyst turnover is interesting as well.
The precatalyst acts to initiate the reaction because of the
high affinity of the fluoride ion for the TMS group of the
silyl ketene acetal 3. Once the reaction is initiated in this
manner, it proceeds smoothly to completion. We believe
that the eventual catalyst is the phosphonium phenoxide
(6) that is likely formed in the rapid cyclization step
shown as 5. This is the most probable mechanism because
we do not see any open, N-silylated product, even before
workup.15 In addition, Mukaiyama found that a compli-
mentary trans-b-lactam forming cycloaddition was cata-
lyzed by phenoxide.8b 

Making this method more synthetically useful, the para-
methoxyphenyl (PMP) protection is cleaved from the ni-
trogen without appreciable loss of yield or dr by reaction
with cerium(IV) ammonium nitrate (CAN) in an aceto-
nitrile/water mix (Scheme 3). For example, when an aque-
ous solution of CAN was added to lactam 4a in
acetonitrile at –10 °C, a high yield of deprotected lactam
7a was afforded without loss of dr (Table 1, entry 8).

Scheme 3 Simple derivatization of lactam products

Table 1 trans-b-Lactams from the [2+2] Cycloaddition of 2 and 3 
with 10 mol% PPh4F (1b)

Entry Product dr (trans/cis) Yield (%)

1 4a 78:1 82

2 4b 45:1 87

3 4c 88:1 88

4 4d 86:1 91

5 4e 38:1 84

6 4f 28:1 81

7 4g 51:1 71

8 7a >99:1a 95a

a Reaction of purified 4a with CAN/H2O.
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In conclusion, we have demonstrated a highly trans-selec-
tive b-lactam forming system in which a [2+2] cycloaddi-
tion between silyl ketene acetals and imines is promoted
by a phosphonium fluoride precatalyst. The nature of the
catalyst is important to the trans-selectivity and yield,
which we believe are based on the phosphonium cation’s
ability to act as a Lewis acid. A mechanistic study to elu-
cidate the mechanism of catalysis is forthcoming. 

All reactions were carried out under anhydrous, air-free conditions
using dried and distilled solvents. NMR data was collected on a 400
MHz (1H) instrument, and ppm (d) are given with respect to internal
TMS or residual chloroform standards. Diastereomeric ratios were
determined by comparison of integration of the C-2 ring proton of
the trans and cis-diastereomers in the 1H NMR prior to purification.
PMP imine 216 and silyl ketene acetals 317 were prepared according
to known procedures. Phosphonium fluoride catalysts were pre-
pared from the corresponding phosphonium bromide by ion ex-
change.18

Representative Procedure for Ethyl trans-3-Ethyl-1-(4-methoxy-
phenyl)-4-oxoazetidine-2-carboxylate (4a)16

PMP imine 2 (0.48 mmol) and tetraphenylphosphonium fluoride
(1b; 0.048 mmol) was dissolved in CH2Cl2 (3 mL) and cooled to
–78 °C. Ketene acetal 3 (0.576 mmol), as a solution in CH2Cl2 (1
mL), was added to the reaction mixture dropwise. The reaction was
allowed to warm to r.t. overnight. A sat. soln of NaF (3 mL) was
added to the reaction, which was stirred at r.t. for 30 min. The or-
ganic layer was dried using MgSO4 and purified by column chroma-
tography (EtOAc–hexanes) to obtain the pure b-lactam. Yield:
82%; light-yellow residue; dr (trans/cis) = 78:1. 1H NMR (CDCl3):
d = 7.25 (d, 2 H), 6.89 (d, 2 H), 4.31 (q, 2 H), 4.21 (d, 1 H), 3.75 (s,
3 H), 3.26 (m, 1 H), 1.92–1.75 (m, 2 H), 1.55 (t, 3 H), 1.52 (t, 3 H).
13C NMR (CHCl3): d = 170.1, 165.6, 156.3, 131.2, 117.8, 114.5,
61.8, 57.1, 56.6, 55.5, 21.7, 14.1, 11.2. IR (CH2Cl2): 1751, 1748 cm–1.

Ethyl trans-3-Benzyl-1-(4-methoxyphenyl)-4-oxoazetidine-2-
carboxylate (4b)
Yield: 87%; light-yellow residue; dr (trans/cis) = 45:1. 1H NMR
(CDCl3): d = 7.38–7.24 (m, 7 H), 6.82 (d, 2 H), 4.22–4.18 (m, 3 H),
3.78 (s, 3 H), 3.62 (m, 1 H), 3.31 (m, 1 H), 3.12 (m, 1 H), 1.25 (t,
3 H). 13C NMR (CHCl3): d = 169.8, 165.0, 156.5, 137.1, 130.9,
128.8, 128.7, 128.6, 127.0, 118.0, 114.4, 61.7, 56.4, 56.3, 55.5,
34.1, 14.0. IR (CH2Cl2): 1749, 1745 cm–1.

Ethyl trans-1-(4-Methoxyphenyl)-4-oxo-3-phenoxyazetidine-2-
carboxylate (4c)19

Yield: 88%; light-yellow residue; dr (trans/cis) = 88:1. 1H NMR
(CDCl3): d = 7.38 (m, 4 H), 7.18 (m, 3 H), 6.87 (d, 2 H), 5.38 (d,
1 H), 4.48 (d, 1 H), 4.32 (m, 2 H), 3.81 (s, 3 H), 1.28 (t, 3 H). 13C
NMR (CHCl3): d = 168.5, 161.0, 157.0, 156.9, 130.2, 129.8, 122.9,
118.8, 115.7, 114.5, 83.3, 62.4, 60.2, 55.5, 14.1. IR (CH2Cl2): 1752,
1747 cm–1.

Ethyl trans-3-(2-Chloroethyl)-1-(4-methoxyphenyl)-4-oxoazeti-
dine-2-carboxylate (4d)
Yield: 91%; light-yellow residue; dr (trans/cis) = 86:1. 1H NMR
(CDCl3): d = 7.23 (d, 2 H), 6.87 (d, 2 H), 4.33 (m, 3 H), 3.79 (s,
3 H), 3.77 (t, 2 H), 3.57 (m, 1 H), 2.42 (m, 1 H), 2.23 (m, 1 H), 1.26
(t, 3 H). 13C NMR (CHCl3): d = 163.6, 160.5, 148.0, 141.4, 123.6,
117.9, 114.5, 114.5, 61.9, 55.5, 14.2. IR (CH2Cl2): 1749, 1745 cm–1.

Ethyl trans-1-(4-Methoxyphenyl)-3-(methylthiomethyl)-4-
oxoazetidine-2-carboxylate (4e)
Yield: 84%; light-yellow residue; dr (trans/cis) = 38:1. 1H NMR
(CDCl3): d = 7.25 (d, 2 H), 6.89 (d, 2 H), 4.41 (d, 1 H), 4.39 (q,

2 H), 3.82 (s, 3 H), 3.51 (m, 1 H), 3.02 (m, 1 H), 2.97 (m, 1 H), 2.23
(s, 3 H), 1.28 (t, 3 H). 13C NMR (CHCl3): d = 169.7, 164.0, 156.6,
130.8, 118.0, 114.4, 62.0, 56.4, 55.5, 55.1, 32.0, 16.1, 14.1. IR
(CH2Cl2): 1750, 1748 cm–1.

Ethyl trans-3-Isopropyl-1-(4-methoxyphenyl)-4-oxoazetidine-2-
carboxylate (4f)20

Yield: 81%; light-yellow residue; dr (trans/cis) = 28:1.

Ethyl trans-1-(4-Methoxyphenyl)-3-methyl-4-oxoazetidine-2-
carboxylate (4g)21

Yield: 71; light-yellow residue; dr (trans/cis) = 51:1. 1H NMR
(CDCl3): d = 7.26 (d, 2 H), 6.88 (d, 2 H), 4.39 (m, 2 H), 4.31 (d,
1 H), 3.79 (s, 3 H), 3.41 (m, 1 H), 1.51 (d, 3 H), 1.27 (t, 3 H). 13C
NMR (CDCl3): d = 170.0, 168.5, 156.4, 117.9, 114.4, 61.8, 58.6,
55.5, 50.3, 14.2, 13.3. IR (CH2Cl2): 1749, 1741 cm–1.

Ethyl trans-3-Ethyl-4-oxoazetidine-2-carboxylate (7a)22

Yield: 95%; light-yellow residue; dr (trans/cis) > 99:1.
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