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Abstract: A novel class of b-lactam derivatives of 1-aminophos-
phonates was synthesized by Staudinger [2+2] cycloaddition reac-
tion of ketenes with imines derived from 1-aminophosphonates.
Treatment of aromatic aldehydes with ammonia and diethyl phos-
phite followed by a reaction with ketenes, which are generated from
the appropriate acid chloride and a tertiary amine, gave a novel class
of b-lactam derivatives of 1-aminophosphonates. The major or, in
some cases, sole product of the cycloaddition is the cis-b-lactam.

Key words: 1-aminophosphonates, b-lactams, ketenes, imines,
[2+2]-cycloaddition reaction

a-Functionalized phosphonic acids have attracted grow-
ing attention because of their novel applications in indus-
try, agriculture and medicine, and as synthetic
intermediates.1–4 Among a-functionalized phosphonic
acids, 1-aminophosphonic acids are an important class of
compounds that exhibit a variety of interesting and useful
properties. 1-Aminophosphonic acids are considered to be
mimics of the corresponding 1-aminocarboxylic acids in
biological systems.5 Indeed, a number of potent antibiot-
ics,7 enzyme inhibitors,8 and pharmacological agents9 are
1-aminophosphonic acids or peptide analogues. 

The b-lactam skeleton is still attracting a lot of attention
due to its applications as antimicrobial agents and elastase
inhibitors.10 Due to the constant need for new drugs dis-
playing broader antibacterial activity, numerous penicillin
derivatives have been prepared and examined for antibac-
terial activity. Penams, carbapenems, cephalosporins, cla-
vulanic acids, and oxapenams constitute a variety of new
b-lactam-containing ring systems that are reported to
show antibacterial properties (Figure 1).11

A large number of synthetic methods for the preparation
of b-lactams have been developed.12 Of these methods,
the Staudinger reaction, in particular, has provided useful
and economical access to b-lactams, mainly due to the
ready availability of both Schiff bases and ketenes.13 The
key step in the Staudinger synthesis of b-lactams is the
[2+2] cycloaddition of ketenes, which are generated from
the appropriate acid chloride and a tertiary amine, with
imines.

In contrast to extensive studies on the synthesis of 1-ami-
nophosphonates and b-lactam derivatives,14–18 relatively

few papers have reported the synthesis of such com-
pounds containing two functionalities in the same mole-
cule.19 The conjunction of two functionalities may afford
powerful biological activity. 

Figure 1

Recently, we have reported that the reaction of diethyl N-
(arylmethylene)-1-aminoaryl methylphosphonate with di-
ethyl phosphite in the presence of chlorotrimethylsilane or
acetyl chloride gives bis[1-diethoxyphosphorylal-
kyl]amine as the sole product (Scheme 1).20

Scheme 1

We were interested in studying the synthesis of a novel
class of b-lactam derivatives of 1-aminophosphonates
through the Staudinger reaction of 1-iminophosphonates
with ketenes (Scheme 2).
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Treatment of diethyl N-(phenylmethylene)-1-aminophe-
nyl methylphosphonate (1a), which was chosen as a mod-
el compound and prepared by our previous reported
method,21 with various acid chlorides was studied in the
presence of triethylamine in toluene, and the progress of
the reaction was monitored by TLC (Scheme 3).

Scheme 3

Treatment of 1a with propanoyl (2a), butanoyl (2b) and
phenylacetyl (2c) chlorides in the presence of triethyl-
amine in anhydrous toluene at room temperature for 24
hours, failed. When the reaction was carried out with ace-
toxy acetyl chloride (2d) in the presence of triethylamine
in anhydrous toluene for 12 hours at room temperature,
compound 3d was obtained in 64% isolated yield. The
structure of 3d was confirmed by NMR data and elemen-
tal analysis. In the 31P NMR spectrum, two singlet peaks
appeared at d = 18.43 and 18.81 ppm. The major, or sole,
product of the Staudinger [2+2]-cycloaddition reaction of
ketenes with imines was the cis-b-lactam.10 On the other
hand, due to the presence of the stereogenic center at the
a-position of the phosphonate moiety, compound 3d can
exist as two diastereoisomers. The diastereomeric excess
of 28% for 3d was calculated from the integrated areas of
the 31P NMR peaks. The 1H NMR spectrum contains two
sets of doublet peaks at d = 4.87 (JH–P = 21 Hz) and 5.13
(JH–P = 21.7 Hz) ppm, which corresponds to the hydrogen
CH-P in the two diastereoisomers. The 1H NMR spectrum
also contains two doublet peaks at d = 5.04 (J = 5 Hz) and
5.74 (J = 5 Hz) ppm, which corresponds to the cis hydro-
gens (g and d) in 3d for a single diastereoisomer. The sig-
nals for the cis hydrogens of the second diastereoisomer
showed two doublet peaks at d = 5.34 (J = 4.7 Hz) and
5.85 (J = 4.7 Hz) ppm. The 13C NMR spectrum exhibited
a two sets of doublet peaks at d = 54.1 (JC–P = 153.4 Hz)
and 56.2 (JC–P = 156.6 Hz) ppm for the two diastereoiso-
mers. The [2+2] cycloaddition reaction of 1a with meth-
oxyacetyl chloride (2e) in the presence of triethylamine
converted the Schiff base 1a into the corresponding cis-b-
lactam 3e at room temperature after 12 hours in good iso-
lated yield (80%) in about 20% diastereomeric excess.
The results are summarized in Table 1. 

Treatment of a range of derivatives of diethyl N-(aryl-
methylene)-1-aminoaryl methylphosphonates 1 with var-
ious acyl chlorides in toluene at room temperature were
examined (Table 1). As shown in Table 1, the reaction of
diethyl N-(4-methoxyphenylmethylene)-1-amino (4-meth-

oxyphenyl) ethylphosphonate (1b) with a mixture of meth-
oxyacetyl chloride (2e) and triethylamine in toluene at
room temperature afforded the corresponding b-lactam
derivative 3g in 80% isolated yield (entry 6). Treatment of
1b with phenoxyacetyl chloride (2f) in the presence of tri-
ethylamine in toluene gave 3h in 72% isolated yield in
about 35% diastereomeric excess (entry 8). The reaction
of diethyl N-(4-fluorophenylmethylene)-1-amino (4-fluo-
rophenyl) ethylphosphonate (1c) with a mixture of meth-
oxyacetyl chloride (2e) and triethylamine in toluene at
room temperature, afforded the corresponding b-lactam
derivative 3i in 80% isolated yield (entry 9). 

In summary, we have developed a novel synthesis of b-
lactam derivatives of 1-aminophosphonates by using the
Staudinger [2+2]-cycloaddition reaction of ketenes with
imines derived from 1-aminophosphonates. The major, or
sole, product of the cycloaddition is the cis-b-lactam. Us-
ing this method, a series of b-lactam derivatives of 1-ami-
nophosphonates was synthesized in good to excellent
yields. Some of the major advantages of this protocol are
the simple procedure, easy work-up, good yields, and cat-
alyst-free reaction conditions.

All chemicals were commercial products and were either distilled or
recrystallized before use. NMR spectra were recorded with a 250
Bruker Avance instrument with chemical shifts (d) being reported
as ppm and couplings expressed in hertz; the chemical shift data are
given relative to CHCl3 (d = 7.26 ppm) for CDCl3 solution. For 13C
NMR spectra, the chemical shifts in CDCl3 are recorded relative to
the CDCl3 resonance (d = 77.0 ppm). Silica gel column chromatog-
raphy was carried out with Merck Silica gel 60 (Merck No. 10184).
Merck Silica gel 60 F254 plates (No. 5744) were used for prepara-
tive TLC.

Synthesis of Diethyl N-(Arylmethylene)-1-aminoaryl Methyl-
phosphonate (1); General Procedure
Obtained according to our previously published article.21

The aldehyde (15 mmol) was added to NH4OH (30%, 15 mL) and
the solution was stirred for 5 h at reflux. During this time, a white
precipitate formed. The precipitate was removed by filtration and
dried. Diethyl phosphite (828 mg, 6 mmol) was added to this solid
and the resulting solution was stirred for 2–5 h at 70 °C. Chroma-
tography on silica gel (EtOAc–n-hexane, 5:5) gave the pure product
diethyl N-(arylmethylene)-1-aminoaryl methyl phosphonate 1 as a
colorless oil.21

Synthesis of Novel b-Lactam Derivatives of 1-Aminophospho-
nates (3); General Procedure
A solution of the acid chloride 2 (3.5 mmol) in anhydrous toluene
(10 mL) was slowly added to a solution of diethyl N-(arylmethyl-
ene)-1-aminoaryl methylphosphonate 1 (1 mmol) and Et3N (4.5
mmol) in anhydrous toluene (10 mL) at 0–5 °C. The reaction mix-
ture was then allowed to warm to r.t. and the reaction mixture was
stirred for 12–24 h. The reaction mixture washed with H2O (2 × 15
mL), sat. NaHCO3 (10 mL), and brine (10 mL). The organic layer
was dried over Na2SO4 and the organic solvent was removed by dis-
tillation under reduced pressure to give the crude product, which
was purified by column chromatography on silica gel (EtOAc–n-
hexane, 1:5→5:1) to give a diastereomeric mixture of b-lactams 3
in 64–80% yields. All products gave satisfactory spectral data in ac-
cord with the assigned structures.
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Table 1 Reaction of Diethyl N-(Arylmethylene)-1-aminoaryl Methylphosphonates 1 with Acyl Chlorides 2 in Toluene at Room Temperture

Entry Compound 1 Compound 2 Product 3 Time (h) Yield (%)a 31P NMR of 3

1

1a
2a

–c 24 – –

2

1a
2b

–c 24 – –

3

1a
2c

–c 24 – –

4

1a
2d

3d

14 64
18.43, 18.81
(28%)

5

1a
2e

3e

12 80
18.70, 19.11
(20%)

6

1a
2f

3f

12 70
18.59, 19.02
(4%)

7

1b
2e

3g

12 80
18.87, 19.37
(8%)

8

1b
2f

3h

12 72
18.83, 19.31
(35%)
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1-[(Diethoxyphosphoryl)phenylmethyl]-2-oxo-4-phenylazeti-
din-3-yl Acetate (3d)
Colorless oil; mixture of two diastereoisomers.
1H NMR (CDCl3, 250 MHz): d = 1.02–1.45 (m, 12 H), 1.61 (s, 3 H),
1.63 (s, 3 H), 3.75–4.08 (m, 6 H), 4.10–4.30 (m, 2 H), 4.87 (d,
J = 21 Hz, 1 H), 5.04 (d, J = 5 Hz, 1 H), 5.13 (d, J = 21.7 Hz, 1 H),
5.34 (d, J = 4.7 Hz, 1 H), 5.74 (d, J = 5 Hz, 1 H), 5.85 (d,
J = 4.7 Hz, 1 H), 7.0–7.55 (m, 20 H).
13C NMR (CDCl3, 62.9 MHz): d = 16.1–16.5 (m), 19.8, 54.1 (d,
JP–C = 153.4 Hz), 56.2 (d, JP–C = 156.6 Hz), 62.6–63.7 (m), 127.7,
127.9, 128.3, 128.4–129.0 (m), 129.6–129.9 (m), 131.1, 131.9,
132.6, 164.9 (b-lactam CO), 169.0 (acetoxy CO).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.43 (major), 18.81
(minor).

Anal. Calcd for C22H26NO6P: C, 61.23; H, 6.08; N, 3.25. Found: C,
61.08; H, 6.15; N, 3.20.

Diethyl [(3-Methoxy-2-oxo-4-phenylazetidin-1-yl)phenylmeth-
yl]phosphonate (3e)
White powder; mixture of two diastereoisomers.
1H NMR (CDCl3, 250 MHz): d = 1.0–1.25 (m, 9 H), 1.33 (t,
J = 7 Hz, 3 H), 3.02 (s, 3 H), 3.03 (s, 3 H), 3.37–3.55 (q, J = 7 Hz,
1 H), 3.65 (q, J = 7 Hz, 1 H), 3.73–4.05 (m, 5 H), 4.05–4.25 (m,
1 H), 4.59 (d, J = 4.7 Hz, 1 H), 4.71 (d, J = 4.5 Hz, 1 H), 4.83 (d,
J = 4.7 Hz, 1 H), 4.85 (d, J = 21 Hz, 1 H), 5.10 (d, J = 21.7 Hz,
1 H), 5.16 (d, J = 4.7 Hz, 1 H), 6.96–7.18 (m, 8 H), 7.25–7.40 (m,
10 H), 7.40–7.53 (m, 2 H).
13C NMR (CDCl3, 62.9 MHz): d = 15.7–16.6 (m), 53.5 (d, JP–C =
152.8 Hz), 55.4 (d, JP–C = 156.6 Hz), 57.9, 58.0, 62.3–63.6 (m),
85.0, 85.5, 127.6, 127.8, 128.0, 128.1, 128.2, 128.3–128.8 (m),
128.9, 129.4–129.9 (m), 131.3, 132.2, 133.6, 166.8 (b-lactam CO),
166.9 (b-lactam CO).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.70 (minor), 19.11
(major).

Anal. Calcd for C21H26NO5P: C, 62.51; H, 6.50; N, 3.47. Found: C,
62.32; H, 6.40; N, 3.40.

Diethyl [(3-Phenoxy-2-oxo-4-phenylazetidin-1-yl)phenylmeth-
yl]phosphonate (3f)
Colorless oil; mixture of two diastereoisomers.
1H NMR (CDCl3, 250 MHz): d = 1.0–1.20 (m, 9 H), 1.33 (t,
J = 7.0 Hz, 3 H), 3.75–4.10 (m, 6 H), 4.10–4.28 (m, 2 H), 4.90 (d,

J = 21.3 Hz, 1 H), 5.05 (d, J = 4.7 Hz, 1 H), 5.16 (d, J = 21.5 Hz,
1 H), 5.33 (d, J = 4.2 Hz, 1 H), 5.36 (d, J = 4.5 Hz, 1 H), 5.46 (d,
J = 4.5 Hz, 1 H), 6.65 (d, J = 7.7 Hz, 4 H), 6.79 (t, J = 7.5 Hz, 2 H),
6.95–7.15 (m, 14 H), 7.15–7.27 (m, 4 H), 7.27–7.42 (m, 4 H), 7.44–
7.58 (m, 2 H).
13C NMR (CDCl3, 62.9 MHz): d = 16.1–16.6 (m), 53.9 (d, JP–C =
154.1 Hz), 55.9 (d, JP–C = 156.6 Hz), 62.4 (d, JP–C = 7.5 Hz), 62.9
(d, JP–C = 7.6 Hz), 63.3 (d, JP–C = 6.9 Hz), 63.5 (d, JP–C = 6.9 Hz),
63.8 (d, JP–C = 2.5 Hz), 64.1, 115.5, 121.9, 127.6, 127.8, 128.2,
128.3, 128.4, 128.6, 128.7, 128.9, 129.1, 129.2, 129.7, 129.8, 131.2,
132.1, 132.9, 156.7, 165.7 (d, JP–C = 5.0 Hz), 165.8 (d, JP–C =
5.0 Hz).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.59 (52%), 19.02
(48%).

Anal. Calcd for C26H28NO5P: C, 67.07; H, 6.07; N, 3.01. Found: C,
66.95; H, 6.15; N, 3.05.

Diethyl {(4-Methoxyphenyl)-[2-(4-methoxyphenyl)-3-methoxy-
4-oxoazetidin-1-yl]methyl}phosphonate (3g)
Colorless oil; mixture of two diastereoisomers.
1H NMR (CDCl3, 250 MHz): d = 1.02–1.18 (m, 9 H), 1.25–1.37 (t,
J = 7 Hz, 3 H), 3.03 (s, 3 H), 3.05 (s, 3 H), 3.66 (s, 3 H), 3.71 (s,
3 H), 3.77 (s, 6 H), 3.80–4.02 (m, 6 H), 4.02–4.23 (m, 2 H), 4.53 (d,
J = 4.5 Hz, 1 H), 4.66 (dd, J = 3.2, 1.5 Hz, 1 H), 4.73 (d, J = 5 Hz,
1 H), 4.78 (d, J = 20.7 Hz, 1 H), 5.05 (d, J = 21.5 Hz, 1 H), 5.09 (s,
1 H), 6.53 (d, J = 8.7 Hz, 2 H), 6.64 (d, J = 8.7 Hz, 2 H), 6.77–6.9
(m, 4 H), 6.96–7.12 (m, 4 H), 7.24 (d, J = 8.7 Hz, 2 H), 7.37 (d,
J = 7.5 Hz, 2 H).
13C NMR (CDCl3, 62.9 MHz): d = 16.1–16.5 (m), 52.6 (d, JP–C =
154.7 Hz), 54.6 (d, JP–C = 158.5 Hz), 55.1, 55.2, 58.0, 58.1, 62.4–
63.4 (m), 84.9, 85.4, 113.2, 113.3, 113.5, 113.9, 123.4, 124.0,
125.4, 125.6, 130.0, 130.3, 130.9–131.4 (m), 159.3–159.5 (m),
159.6, 159.7, 159.8, 166.8 (d, JP–C = 5.0 Hz), 167.0 (d, JP–C =
5.0 Hz).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.87 (minor), 19.37
(major).

Anal. Calcd for C23H30NO7P: C, 59.59; H, 6.53; N, 3.02. Found: C,
59.53; H, 6.45; N, 2.96.

Diethyl {(4-Methoxyphenyl)-[2-(4-methoxyphenyl)-3-phenoxy-
4-oxoazetidin-1-yl]methyl}phosphonate (3h)
Colorless oil; mixture of two diastereoisomers.

9

1c
2e

3i

14 80
18.33, 18.72
(32%)

a Yields refers to the isolated pure products after column chromatography.
b 31P NMR d shifts and de in parentheses.
c Unknown mixture.

Table 1 Reaction of Diethyl N-(Arylmethylene)-1-aminoaryl Methylphosphonates 1 with Acyl Chlorides 2 in Toluene at Room Temperture
 (continued)
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1H NMR (CDCl3, 250 MHz): d = 1.00–1.28 (m, 9 H), 1.35 (t,
J = 7 Hz, 3 H), 3.65 (s, 3 H), 3.66 (s, 3 H), 3.71 (s, 3 H), 3.78 (s,
3 H), 3.8–4.05 (m, 5 H), 4.05–4.25 (m, 3 H), 4.82 (d, J = 20.7 Hz,
1 H), 4.96 (d, J = 4.7 Hz, 1 H), 5.19 (d, J = 21.7 Hz, 1 H), 5.31 (d,
J = 4.5 Hz, 2 H), 5.40 (d, J = 4.7 Hz, 1 H), 6.45–6.62 (m, 6 H),
6.62–6.92 (m, 8 H), 6.93–7.15 (m, 8 H), 7.24 (d, J = 8.7 Hz, 2 H),
7.42 (d, J = 8.5 Hz, 2 H).
13C NMR (CDCl3, 62.9 MHz): d = 16.1–16.6 (m), 53.0 (d, JP–C =
154.3 Hz), 54.9 (d, JP–C = 158.5 Hz), 55.0–55.2 (m), 62.5 (d, JP–C =
7.5 Hz), 62.9 (d, JP–C = 6.9 Hz), 62.6–63.7 (m), 81.4, 81.9, 113.1,
113.2, 113.5, 114.0, 115.5, 121.9, 123.3, 123.9, 124.8, 125.0, 129.1,
130.2, 130.5, 130.9–131.5 (m), 156.9, 159.4, 159.6–159.9 (m),
165.6 (d, JP–C = 5.0 Hz), 165.7 (d, JP–C = 5.0 Hz).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.83 (major), 19.31
(minor).

Anal. Calcd for C28H32NO7P: C, 62.25; H, 6.43; N, 2.79. Found: C,
62.32; H, 6.35; N, 2.70.

Diethyl {(4-Fluorophenyl)-[2-(4-fluorophenyl)-3-methoxy-4-
oxo-azetidin-1-yl]methyl}phosphonate (3i)
Colorless oil; mixture of two diastereoisomers.
1H NMR (CDCl3, 250 MHz): d = 0.98–1.25 (m, 9 H), 1.31 (t,
J = 7.0 Hz, 3 H), 3.02 (s, 6 H), 3.73–4.05 (m, 6 H), 4.07–4.23 (m,
2 H), 4.56 (d, J = 4.75 Hz, 1 H), 4.68 (dd, J = 4.5, 1.5 Hz, 1 H), 4.77
(d, J = 4.7 Hz, 1 H), 4.78 (d, J = 21.3 Hz, 1 H), 5.11 (d,
J = 21.5 Hz, 1 H), 5.17 (d, J = 5.0 Hz, 1 H), 6.63–6.88 (m, 4 H),
6.93–7.22 (m, 8 H), 7.23–7.36 (m, 2 H), 7.37–7.48 (m, 2 H).
13C NMR (CDCl3, 62.9 MHz): d = 16.0–16.5 (m), 52.3 (JP–C =
155.3 Hz), 54.6 (JP–C = 157.8 Hz), 58.0, 58.1, 62.4–63.2 (m), 63.3–
63.7 (m), 85.0, 85.5, 114.5, 114.6–115.0 (m), 115.1, 115.3, 115.5,
115.8, 127.3, 128.1 (JC–F = 3.1 Hz), 129.4 (JC–F = 2.5 Hz), 130.4
(JC–F = 8.2 Hz), 130.7 (JC–F = 8.2 Hz), 131.4–131.9 (m), 160.4–
160.8 (m), 164.5–164.8 (m), 166.7 (d, JP–C = 5.0 Hz), 166.8 (d,
JP–C = 5.0 Hz).
31P NMR (CDCl3, 101.25 MHz, H3PO4): d = 18.33 (d, JP–F = 2.2 Hz;
major), 18.72 (d, JP–F = 2.6 Hz; minor).

Anal. Calcd for C21H24NO5F2P: C, 57.38; H, 5.51; N, 3.19. Found:
C, 57.52; H, 5.35; N, 3.20.
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