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Solid-phase synthesis of â-sultams amenable for construction of sulfonyl â-lactam analogue
combinatorial libraries is reported. Imine intermediates generated from polymer-immobilized amino
acids and aldehydes are reacted with (chlorosulfonyl)acetates in the presence of pyridine to afford
the solid-phase-tethered â-sultam products. The latter can be released from support by acidic
cleavage (TFA) or photocleavage, depending on the nature of the linker employed (acid-labile or
photolabile linkers). Immobilized 4-(9-fluorenyl)methoxycarbonyl â-sultams are further function-
alized on supports to afford, upon cleavage, the respective carboxy and amido thiazetidine
derivatives. The method can be employed in production of â-sultam libraries for identification of
new antibacterial agents.

The ability of combinatorial technology to quickly
provide large numbers of novel, low molecular weight,
potential bioactive molecules is directly related to the
limitations to which the chemist is constrained in per-
forming solid phase organic synthesis. While conceptual
validation of the promise of combinatorial methods to
provide millions of compounds emerged in the form of
simple oligomeric molecules such as peptides, realistic
applications to drug discovery demands libraries of small-
sized, nonpolymeric molecules.1 Modern drug discovery
has often involved the rational design of specific phar-
macophores and scaffolds based on mechanistic and
structural understanding of the biological target(s) of
interest, rather than, for example, relying on screening
large libraries of easily synthesizable scaffolds. Thus, to
fully exploit the multitude of new genomically derived
potential drug targets, a closer integration of actual
targets with appropriate libraries based on specific
pharmacophoric groups is desirable. It will likely become
necessary to prepare libraries of novel pharmacophores
and scaffolds whose solid-phase synthesis (SPS) may
demand nonconventional chemistries, reagents, and re-
action conditions.2 It is therefore advantageous to ex-
plore the boundaries and limits of applying solid-phase
synthesis to produce small, reactive molecules.
In this paper, we report the first SPS of a â-sultam

(1,2-thiazetidine 1,1-dioxides) scaffold and describe a
synthetic strategy that offers sufficient latitude for
preparation of corresponding chemical libraries with
broad structural diversity. â-Sultams have recently
attracted attention due to their apparent structural

analogy to the â-lactams.3 Limited studies on â-sultams
have previously indicated an increased chemical reactiv-
ity of such heterocycles as compared to â-lactams.3b The
â-sultams however remain a rare heterocyclic class,
whose functionalized derivatives are largely unknown.
We set out to develop a SPS of â-sultams based on the

[2 + 2] cycloaddition of activated sulfenes with imines
as the critical step.3 While first examples of this trans-
formation in solution were reported by Tsuge and Iwan-
ami in 1970,4 little progress has been made since then,
and the majority of synthetic routes to â-sultams are
based on stepwise strategies via cyclization of 2-aminoal-
kanesulfonic acid derivatives.3a-c Our synthetic strategy
relies on the feasibility of efficient [2 + 2] cycloaddition
of sensitive and reactive intermediates generated in situ,
namely, imines and sulfenes, at low temperatures (-78
°C) on a solid support. As part of the efforts to arrive at
the optimal set of reaction parameters and choice of
appropriate sulfene precursors, we undertook a gel-phase
13C NMR5 study employing 13C-labeled benzaldehyde to
monitor the formation of a â-sultam heterocycle on a solid
support. Thus, reaction of Sasrin resin6 immobilized
alanine 1 (R1 ) Me) with Ph13CHO gave rise to the
corresponding 13C-labeled imine 2 (R1 ) Me, R2 ) Ph,
δ(13CH) ) 160 ppm). Treatment of imine 2 with methyl
(chlorosulfonyl)acetate as a reactive sulfene precursor
and pyridine as a base in THF at -78 °C followed by
gradual warm-up to rt resulted in an upfield shift of the
13C-labeled methine group (δ ) 52-53 ppm), indicating
a clean conversion to the [2 + 2] cycloadduct.7 Mild
acidolytic cleavage (1-2% TFA) followed by conventional
characterization of resulting product 4a (Scheme 1, Table
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1; 90% yield, 95% HPLC purity8) demonstrated the
reliability of the entire synthetic sequence. Following
this synthetic protocol, several â-sultam products 4 were
obtained in good yield and purity (see Table 1, entries
4a-d,n: 58-90% yield, 70-95% purity). While initial
studies employed polystyrene-based Sasrin resin pos-
sessing the highly acid-labile alcohol linker,6 the syn-
thetic sequence, intermediates, and products are robust
enough to tolerate other types of linkers and cleavage
conditions. Thus, â-sultams were successfully synthe-
sized using poly(ethylene glycol) (PEG) based TentaGel
resin derivatized with an R-methyl-6-nitroveratryl alcohol
based photolabile linker.9 The final products 4 were
released from polymeric support upon photolysis in
2-propanol at 365 nm.10 In most cases, â-sultam products
were isolated in satisfactory yield and purity (Table 1,
compounds 4e-m, 6: 19-39% yield, 70-94% purity).
The photocleavable linker methodology11 integrates well
with recently developed high throughput screening (HTS)
strategies and whole cell lawn assays which call for
direct, tiered release of compounds from polymeric beads
onto live cells under nonacidic conditions.12 In the
cycloaddition step, formation of two trans diastereomers
was usually observed,13 which is in agreement with the
results of solution synthesis of 4-methoxycarbonyl â-sul-
tams by Szymonifka et al.3d The cycloaddition appears
to be sensitive to steric hindrance, as evidenced by lower

yields and purity observed in the reaction with sterically
more demanding amino acids, such as aspartic acid tert-
butyl ester (Table 1, compound 4m, 19% yield, 58%
purity).
Notably, the synthesis appears to tolerate further

modifications in substitutions around the core thiazeti-
dine ring. Thus, it has been possible to extend the scope
of this transformation employing 9-fluorenylmethyl (chlo-
rosulfonyl)acetate as a novel R-carboxy sulfene synthon.14
The (9-fluorenyl)methoxycarbonyl group thus introduced
into the immobilized â-sultam heterocycle 3 (Scheme 1,
R3 ) OFm) could be smoothly deprotected with 0.5% DBU
in DMF to afford the corresponding 4-carboxy derivatives
5. This transformation opens up routes to new function-
alized â-sultams via subsequent derivatization of the
carboxylic acid moiety of immobilized 4-carboxy â-sultam
5. As an example, we acylated phenethylamine with the
resin-bound â-sultam 5 (R1 ) Me, R2 ) Ph) via its
activated pentafluorophenyl ester 7 to produce the cor-
responding 4-phenethylcarbamoyl â-sultam 8 (37% over-
all yield, 79% purity).15

In summary, herein we report development of the first
solid-phase synthesis of â-sultams based on low-temper-
ature [2 + 2] cycloaddition of activated sulfenes with
immobilized imines. The flexibility of the current method
to efficiently introduce and further modify various sub-
stituents around the core thiazetidine nucleus is note-
worthy. The current method is well suited for combina-
torial library synthesis of a diverse collection of
structurally novel â-sultams with potential for antibacte-
rial activity. The results of synthesis and screening of
â-sultam libraries for identification of new antibacterial
agents will be reported soon.

Experimental Section

General. All reagents were of the best grade available
(Aldrich, Sigma, Bachem Biosciences, and Rapp Polymere) and
used without further purification. 1-13C-Labeled benzaldehyde
was from Cambridge Isotope Laboratories, Inc. Methyl and
butyl (chlorosulfonyl)acetates were prepared according to ref
3d. Immobilization of N-Fmoc-protected amino acids on
alcohol-functionalized solid supports was performed according
to ref 16. Loading of amino acids on polymeric supports was
determined by photometry after Fmoc deprotection with 20%
piperidine in dimethylformamide.17 All reactions with sulfonyl
chlorides were carried out in dry glassware under a nitrogen
atmosphere. 1H and 13C NMR spectra (400 and 75 MHz,
respectively) were recorded in CDCl3 as solvent unless noted.
HRMS were obtained using the FAB technique. Analytical
HPLC was performed using a 5 µm C18 (4.6 mm × 150 mm)
reverse phase column (gradient from 90% of the aqueous 0.1%
TFA (eluent A)-10% of 0.1% TFA in MeCN (eluent B) to 20%
eluent A-80% eluent B over 45 min, flow rate 1.5 mL/min;
detection at 220 nm). Preparative HPLC was performed using
a 5 µmC18 (10 mm× 250 mm) reverse phase column (gradient
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with racemic DL-aminocaprylic acid was also diastereoselective, as only
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major and minor trans diastereomers is not known.
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Scheme 1

8178 J. Org. Chem., Vol. 62, No. 23, 1997 Gordeev et al.



from 90% eluent A-10% of the eluent B to 20% of the eluent
A-80% of the eluent B over 50 min, flow rate 4 mL/min).
General Procedure for Solid-Phase Preparation of

â-Sultams 3 and 4. An appropriate N-Fmoc-protected amino
acid resin 1 [100 mg, ca. 0.06 mmol for Sasrin support (method
A) or 150 mg, ca. 0.03 mmol for TentaGel S NH2 resin
functionalized with R-methyl-6-nitroveratryl alcohol photo-
linker (method B)] was deprotected with 20% piperidine in
dimethylformamide for 30 min. The resin was filtered, washed
liberally with dimethylformamide, MeOH, and CH2Cl2, and
dried under vacuum. The deprotected resin was suspended
in a solution of an appropriate aldehyde (1 mmol) in DCM (0.5
mL) and trimethyl orthoformate (0.5 mL) with catalytic AcOH
(10 µL), and the mixture was agitated by gentle shaking for 5
h. The resulted imine resin was filtered, washed liberally with
dimethylformamide, MeOH, and CH2Cl2, and dried under
vacuum. Anhydrous pyridine (0.080 mL, 1.0 mmol) was added
under an inert atmosphere to a suspension of the above imine
in THF (2.0 mL) precooled to ca. -78 °C, followed by dropwise
addition of an appropriate (chlorosulfonyl)acetate (0.86 mmol)
in THF (0.4 mL). The mixture was stirred at -78 °C for 3 h
and allowed to warm to rt over ca. 24 h. MeOH (ca. 5 mL)
was added, and the resin 3 was filtered off, washed liberally
with MeOH and CH2Cl2, and dried under vacuum. Photo-
linker-tethered compounds 4 were released by photolysis (365
nm, 12 h) in 2-propanol (2.0 mL), whereas Sasrin-supported
sultams 4 were cleaved with 2% trifluoroacetic acid in CH2-
Cl2 (ca. 2 mL, rt, 20 min). In the latter case, MeCN (7 mL)
and toluene (ca. 3 mL) were added (to prevent concentration
of the labile products in trifluoroacetic acid), and the solvent
was removed under vacuum. Products 4 were purified by
preparative HPLC. From reactions where mixtures of two
trans-â-sultam isomers were obtained, no further attempts to
separate the individual compounds were made.
Sasrin resin ester of [3-13C]-trans-2-[(S)-1-carboxy-

ethyl]-4-(methoxycarbonyl)-3-phenyl-1,2-thiazetidine 1,1-
dioxide (4a) (intermediate 3: R1 ) Me; R2 ) Ph; C-3 )
13C) was prepared as described above (method A) from Fmoc-
L-alanine immobilized on Sasrin resin (100 mg, 0.06 mmol)
and 13C-1-benzaldehyde (107 mg, 1.0 mmol) with methyl
(chlorosulfonyl)acetate (148 mg, 0.86 mmol). Fast gel-phase
13C NMR (C6D6) δ: 51.8 (3-C).
[3-13C]-trans-2-[(S)-1-Carboxyethyl]-4-(methoxycarbo-

nyl)-3-phenyl-1,2-thiazetidine 1,1-Dioxide (4a). Following
method A, 100 mg (0.06 mmol) of Fmoc-L-alanine immobilized
on Sasrin resin yielded 17.0 mg (90%) of the lyophilized
product 4a as a white solid (a 1.9:1 mixture of two trans
diastereomers). 1H NMR (major isomer) δ: 1.41 (d, J ) 7.2
Hz, 3 H), 3.89 (s, 3 H), 4.16 (m, 1 H), 4.89 (m, 1 H), 5.19 (dd,
J ) 154.2 and 6.0 Hz, 1 H), 7.40 (m, 3 H), 7.55 (m, 2 H). 1H
NMR (minor isomer) δ: 1.55 (d, J ) 7.2 Hz, 3 H), 3.90 (s, 3
H), 3.97 (m, 1 H), 4.89 (m, 1 H), 5.03 (dd, J ) 154.9 and 5.7

Hz, 1 H), 7.40 (m, 3 H), 7.55 (m, 2 H). Fast 13C NMR (major
isomer) δ: 52.6 (3-C). Fast 13C NMR (minor isomer) δ: 52.9
(3-C). HRMS: calcd for C12

13CH16NO6S 315.0732, found
315.0725 (M + H)+.
trans-2-[(S)-2-Cyclohexyl-1-carboxyethyl]-4-(methoxy-

carbonyl)-3-(4-biphenylyl)-1,2-thiazetidine 1,1-Dioxide
(4b). Following method A, 115 mg (0.075 mmol) of the Fmoc-
L-cyclohexylalanine immobilized on Sasrin resin yielded 24.0
mg (68%) of the lyophilized product 4b as a white solid (a
1.07:1 mixture of two trans diastereomers). Alternatively,
following method B, 150 mg (0.03 mmol) of the Fmoc-L-
cyclohexylalanine immobilized on TentaGel resin functional-
ized with R-methyl-6-nitroveratryl alcohol photolinker yielded
3.0 mg (21%) of the product. 1H NMR (major isomer) δ: 0.65-
1.95 (m, 13 H), 3.90 (s, 3 H), 4.17 (dd, J ) 8.7 and 6.4 Hz, 1
H), 5.00 (d, J ) 5.8 Hz, 1 H), 5.45 (d, J ) 5.8 Hz, 1 H), 7.36-
7.50 (m, 3 H), 7.55-7.68 (m, 6 H). 1H NMR (minor isomer) δ:
0.65-1.95 (m, 13 H), 3.79 (dd, J ) 9.2 and 5.9 Hz, 1 H), 3.91-
(s, 3 H), 4.95 (d, J ) 5.7 Hz, 1 H), 5.21 (d, J ) 5.7 Hz, 1 H),
7.36-7.50 (m, 3 H), 7.55-7.68 (m, 6 H). HRMS: calcd for
C25H30NO6S 472.1793, found 472.1792 (M + H)+.
trans-2-[(S)-2-Phenyl-1-carboxyethyl]-4-(methoxycar-

bonyl)-3-phenyl-1,2-thiazetidine 1,1-Dioxide (4c). Fol-
lowing method A, 100 mg (0.06 mmol) of the Fmoc-L-
phenylalanine immobilized on Sasrin resin yielded 13.5 mg
(58%) of the lyophilized product 4c as a white solid (a 1.25:1
mixture of two trans diastereomers). 1H NMR (major isomer)
δ: 3.27 (m, 2 H), 3.84 (m, 1 H), 3.88 (s, 3 H), 4.78 (d, J ) 6.0
Hz, 1 H), 5.18 (d, J ) 6.0 Hz, 1 H), 7.10 (m, 2 H), 7.10-7.48
(m, 8 H). 1H NMR (minor isomer) δ: 3.05 (m, 2 H), 3.88 (s, 3
H), 4.28 (m, 1 H), 4.89 (d, J ) 6.1 Hz, 1 H), 5.11 (d, J ) 6.1
Hz, 1 H), 7.10 (m, 2 H), 7.10-7.48 (m, 8 H). 13C NMR (major
isomer) δ: 35.9, 53.7, 60.0, 79.4, 126.8, 127.1, 128.5, 128.7,
129.2, 129.4, 134.9, 136.3, 162.3, 172.0. 13C NMR (minor
isomer) δ: 36.6, 52.7, 53.7, 59.7, 79.8, 127.1, 127.2, 127.3,
129.0, 129.3, 129.5, 135.2, 136.0, 162.2, 172.0. HRMS: calcd
for C19H20NO6S 390.1011, found 390.1010 (M + H)+.
Sasrin resin ester of [3-13C]-trans-2-[(S)-2-(tert-Butoxy-

carbonyl)-1-carboxypropyl]-4-(methoxycarbonyl)-3-phen-
yl-1,2-thiazetidine 1,1-dioxide (4d) (intermediate 3: R1
) tBuO2C(CH2)2; R2 ) Ph; C-3 ) 13C) was prepared as
described above (method A) from Fmoc-L-glutamic acid acid
γ-tert-butyl ester immobilized on Sasrin resin (100 mg, 0.06
mmol) and [1-13C]benzaldehyde (107.0 mg, 1.0 mmol) with
methyl (chlorosulfonyl)acetate (148 mg, 0.86 mmol). Fast gel-
phase 13C NMR (C6D6) δ: 51.7 and 52.4 (3-C).
[3-13C]-trans-2-[(S)-2-(tert-Butoxycarbonyl)-1-carbox-

ypropyl]-4-(methoxycarbonyl)-3-phenyl-1,2-thiazeti-
dine 1,1-Dioxide (4d). Following method A, 100 mg (0.06
mmol) of Fmoc-L-glutamic acid γ-tert-butyl ester immobilized
on Sasrin resin yielded 19.0 mg (74%) of the lyophilized
product 4d as a white solid (a 2.5:1 mixture of two trans

Table 1. â-Sultam Derivatives Prepared on Solid Supportsa

compd R1
b R2 R3 HPLC (%)c yield (%)d

4a Me Ph(13C)e MeO 95 90
4b C6H11CH2 4-biphenylyl MeO 95 68 (21) f
4c PhCH2 Ph MeO 70 58
4d tBuO2C(CH2)2 Ph(13C)e MeO 90 74
4e Me 4-biphenylyl MeO 94 39
4f tBuOC6H4 4-biphenylyl MeO 71 26
4g hexyl 4-biphenylyl MeO 97 26
4h tBuOCH2 4-biphenylyl MeO 82 33
4i C6H11CH2 3-(3,4-Cl2C6H3O)C6H4 MeO 79 20
4j hexyl 3-(3,4-Cl2C6H3O)C6H4 MeO 93 19
4k iPrCH2 3-(3,4-Cl2C6H3O)C6H4 MeO 79 20
4l C6H11CH2 3-(3,4-Cl2C6H3O)C6H4 BuO 70 20
4m tBuO2CCH2 4-biphenylyl MeO 58 19
4n Me Ph(13C)e FmOg 89 80
6 C6H11CH2 3-(3,4-Cl2C6H3O)C6H4 HO 80 24
8 Me Ph(13C)e Ph(CH2)2NH 79 37

a Compounds of entries 4a-d,n and 8 were made on Sasrin resin; all other products were obtained on TentaGel resin functionalized
with the photolinker. b L-Amino acids were used in all cases with exceptions of DL-aminocaprylic acid (compounds 4g,j) and D-leucine
(4k). c Crude products. Detection at 220nm. d Based on the loading of starting N-Fmoc-protected resin. For two diastereomeric HPLC
purified products (see Experimental Section for diastereomeric ratios of the products). e Made with Ph13CHO. f Yield in parentheses
correspond to that obtained using photolinker TentaGel resin. g FmO ) (9-fluorenyl)methoxy group.
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diastereomers). 1H NMR (major isomer) δ: 1.36 (s, 9 H), 2.20
(m, 2 H), 2.48 (m, 2 H), 3.89 (s, 3 H), 3.90 (m, 1 H), 4.92 (m, 1
H), 5.14 (dd, J ) 155.3 and 5.9 Hz, 1 H), 7.37-7.44 (m, 3 H),
7.52-7.60 (m, 2 H). 1H NMR (minor isomer) δ: 1.40 (s, 9 H),
1.75 (m, 1 H), 1.97 (m, 1 H), 2.48 (m, 2 H), 3.88 (s, 3 H), 4.16
(m, 1 H), 4.92 (m, 1 H), 5.36 (dd, J ) 155.3 and 5.8 Hz, 1 H),
7.37-7.44 (m, 3 H), 7.52-7.60 (m, 2 H). Fast 13C NMR (major
isomer) δ: 53.2 (3-C). Fast 13C NMR (minor isomer) δ: 52.3
(3-C). HRMS: calcd for C18

13CH25NNaO8S 451.1232, found
451.1229 (M + Na)+.
trans-2-[(S)-1-Carboxyethyl]-4-(methoxycarbonyl)-3-

(4-biphenylyl)-1,2-thiazetidine 1,1-Dioxide (4e). Follow-
ing method B, 150 mg (0.03 mmol) of the Fmoc-L-alanine on
TentaGel resin functionalized with R-methyl-6-nitroveratryl
alcohol photolinker yielded 4.5 mg (39%) of the lyophilized
product 4e as a white solid (a 1.27:1 mixture of two trans
diastereomers). 1H NMR (major isomer) δ: 1.42 (d, J ) 7.1
Hz, 3 H), 3.89 (s, 3 H), 4.16 (q, J ) 7.1 Hz, 1 H), 4.93 (d, J )
5.9 Hz, 1 H), 5.24 (d, J ) 5.9 Hz, 1 H), 7.35-7.38 (m, 4 H),
7.55-7.65 (m, 5 H). 1H NMR (minor isomer) δ: 1.56 (d, J )
7.3 Hz, 3 H), 3.91 (s, 3 H), 3.99 (q, J ) 7.3 Hz, 1 H), 4.93 (d,
J ) 5.7 Hz, 1 H), 5.08 (d, J ) 5.7 Hz, 1 H), 7.35-7.38 (m, 3
H), 7.55-7.65 (m, 6 H). HRMS: calcd for C19H20NO6S
390.1011, found 390.1012 (M + H)+.
trans-2-[(S)-2-(4-tert-Butoxyphenyl)-1-carboxyethyl]-

4-(methoxycarbonyl)-3-(4-biphenylyl)-1,2-thiazetidine 1,1-
Dioxide (4f). Following method B, 150 mg (0.03 mmol) of
the Fmoc-L-tyrosine tert-butyl ether immobilized on TentaGel
resin functionalized with R-methyl-6-nitroveratryl alcohol
photolinker yielded 4.2 mg (26%) of the lyophilized product 4f
as a white solid (a 15:1 mixture of two trans diastereomers).
1H NMR (major isomer) δ: 1.37 (s, 9 H), 3.24 (m, 2 H), 3.84
(m, 1 H), 3.89 (s, 3 H), 4.84 (d, J ) 6.0 Hz, 1 H), 5.22 (d, J )
6.0 Hz, 1 H, 3-H), 6.94 (d, J ) 8.5 Hz, 2 H), 7.18 (d, J ) 8.5
Hz, 2 H), 7.24 (d, J ) 8.3 Hz, 2 H), 7.37 (m, 1 H), 7.42-7.50
(m, 4 H), 7.56 (dd, J ) 8.3 and 1.5 Hz, 2 H). 1H NMR (minor
isomer was inseparable by preparative HPLC, partial spec-
trum from the mixture of two diastereomers is given below)
δ: 1.33 (s, 9 H), 3.03 (m, 2 H), 4.28 (m, 1 H), 4.92 (d, J ) 6.0
Hz, 1 H), 5.15 (d, J ) 6.0 Hz, 1 H). HRMS: calcd for C29H32-
NO7S 538.1899, found 538.1894 (M + H)+.
trans-2-[1-Carboxyheptyl]-4-(methoxycarbonyl)-3-(4-

biphenylyl)-1,2-thiazetidine 1,1-Dioxide (4g). Following
method B, 150 mg (0.03 mmol) of the Fmoc-DL-aminocaprylic
acid immobilized on TentaGel resin functionalized with R-meth-
yl-6-nitroveratryl alcohol photolinker yielded 3.6 mg (26% for
two diastereomers in a ratio of ca. 1.2:1) of the lyophilized
product 4g as a white solid. Isomers were separated during
HPLC purification. 1H NMR (major isomer) δ: 0.83 (t, J )
7.0 Hz, 3 H), 1.05-1.36 (m, 6 H), 1.32-1.54 (m, 2 H), 1.83-
2.02 (m, 2 H), 3.84 (dd, J ) 7.3 and 5.9 Hz, 1 H), 3.90 (s, 3 H),
4.95 (d, J ) 5.7 Hz, 1 H), 5.07 (d, J ) 5.7 Hz, 1 H), 7.37 (m, 1
H), 7.47 (m, 2 H), 7.55-7.67 (m, 6 H). 1H NMR (minor isomer)
δ: 0.81 (t, J ) 7.3 Hz, 3 H), 1.00-1.32 (m, 6 H), 1.32-1.54
(m, 2 H), 1.56 (m, 2 H), 1.71 (m, 2 H), 3.89 (s, 3 H), 4.04 (dd,
J ) 7.2 and 7.3 Hz, 1 H), 4.96 (d, J ) 5.9 Hz), 5.36 (d, J ) 5.9
Hz, 1 H), 7.38 (m, 1 H), 7.46 (m, 2 H), 7.57-7.60 (m, 2 H),
7.63 (m, 4 H). HRMS: calcd for C24H30NO6S 460.1793, found
460.1794 (M + H)+.
trans-2-[(S)-2-tert-Butoxy-1-carboxyethyl]-4-(methoxy-

carbonyl)-3-(4-biphenylyl)-1,2-thiazetidine 1,1-Dioxide
(4h). Following method B, 150 mg (0.03 mmol) of the Fmoc-
L-serine tert-butyl ester immobilized on TentaGel resin func-
tionalized with R-methyl-6-nitroveratryl alcohol photolinker
yielded 4.6 mg (33%) of the lyophilized product as a white solid
4h (a single trans diastereomer). 1H NMR δ: 1.19 (s, 9 H),
3.84 (m, 2 H), 3.90 (s, 3 H), 3.94 (t, J ) 4.1 Hz, 1 H), 4.92 (d,
J ) 5.9 Hz, 1 H), 5.16 (d, J ) 5.9 Hz, 1 H), 7.40 (m, 1 H), 7.47
(m, 2 H), 7.55-7.65 (m, 6 H). HRMS: calcd for C23H28NO7S
462.1586, found 462.1584 (M + H)+.
trans-2-[(S)-2-Cyclohexyl-1-carboxyethyl]-4-(methoxy-

carbonyl)-3-[3,4-dichlorophenoxy)phenyl]-1,2-thiazeti-
dine 1,1-Dioxide (4i). Following method B, 150 mg (0.03
mmol) of the Fmoc-L-cyclohexylalanine immoblized on Tenta-
Gel resin functionalized with R-methyl-6-nitroveratryl alcohol
photolinker yileded 3.3 mg (20% for two diastereomers in a

ratio of ca. 1.2:1) of the lyophilized product 4i as a white solid.
Isomers were separated during HPLC purification. 1H NMR
(major isomer) δ: 0.75-1.00 (m, 2 H), 1.10-1.80 (m, 9 H), 1.88
(m, 2 H), 3.81 (dd, J ) 8.2 and 6.4 Hz, 1 H), 3.91 (s, 3 H), 4.90
(d, J ) 5.7 Hz, 1 H), 5.15 (d, J ) 5.7 Hz, 1 H), 6.89 (dd, J )
8.8 and 2.7 Hz, 1 H), 7.01 (m, 1 H), 7.10 (d, J ) 2.9 Hz, 1 H),
7.23 (m, 1 H), 7.34 (m, 1 H), 7.40-7.45 (m, 2 H). 1H NMR
(minor isomer) δ: 0.72-0.94 (m, 2 H), 1.08-1.7 (m, 11 H), 3.91
(s, 3 H), 4.18 (dd, J ) 8.6 and 6.8 Hz, 1 H), 4.94 (d, J ) 5.8
Hz, 1 H), 5.39 (d, J ) 5.8 Hz, 1 H), 6.90 (m, 1 H), 7.01 (m, 1
H), 7.10 (d, J ) 2.8 Hz, 1 H), 7.23 (m, 1 H), 7.34 (m, 1 H),
7.38-7.46 (m, 2 H). HRMS: calcd for C25H28Cl2NO7S 556.0964,
found 556.0963 (M + H)+.
trans-2-[1-Carboxyheptyl]-4-(methoxycarbonyl)-3-[(3,4-

dichlorophenoxy)phenyl]-1,2-thiazetidine 1,1-Dioxide (4j).
Following method B, 150 mg (0.03 mmol) of the Fmoc-DL-
aminocaprylic acid immobilized on TentaGel resin function-
alized with R-methyl-6-nitroveratryl alcohol photolinker yielded
3.1 mg (19% for two diastereomers in a ratio of ca. 1.25:1) of
the lyophilized product 4j as a white solid. Isomers were
separated during HPLC purification. 1H NMR (major isomer)
δ: 0.86 (t, J ) 7.2 Hz, 3 H), 1.10-1.53 (m, 8 H), 1.83-2.00
(m, 2 H), 3.80 (dd, J ) 7.4 and 5.9 Hz, 1 H), 3.90 (s, 3 H), 4.89
(d, J ) 5.7 Hz, 1 H), 5.03 (d, J ) 5.7 Hz, 1 H), 6.88 (m, 1 H),
7.02 (m, 1 H), 7.10 (d, J ) 2.8 Hz, 1 H), 7.22 (m, 1 H), 7.34 (m,
1 H), 7.38-7.44 (m, 2 H). 1H NMR (minor isomer) δ: 0.85 (t,
J ) 7.2 Hz, 3 H), 1.07-1.37 (m, 8 H), 1.56 (m, 1 H), 1.73 (m,
1 H), 3.89 (s, 3 H), 4.04 (dd, J ) 7.3 and 7.2 Hz, 1 H), 4.90 (d,
J ) 5.8 Hz, 1 H), 5.30 (d, J ) 5.8 Hz, 1 H), 6.86 (dd, J ) 8.8
and 2.7 Hz, 1 H), 7.01 (m, 1 H), 7.07 (d, J ) 2.8 Hz, 1 H), 7.26
(m, 1 H), 7.35-7.43 (m, 3 H). HRMS: calcd for C24H28Cl2NO7S
544.0964, found 544.0964 (M + H)+.
trans-2-[(R)-3-Methyl-1-carboxybutyl]-4-(methoxycar-

bonyl)-3-[(3,4-dichlorophenoxy)phenyl]-1,2-thiazeti-
dine 1,1-Dioxide (4k). Following method B, 150 mg (0.03
mmol) of the Fmoc-D-leucine immobilized on TentaGel resin
functionalized with R-methyl-6-nitroveratryl alcohol photo-
linker yielded 3.1 mg (20% for two diastereomers in a ratio of
ca. 1:1) of the lyophilized product 4k as a white solid. Isomers
were separated during HPLC purification. 1H NMR (major
isomer) δ: 0.83 (d, J ) 6.2 Hz, 3 H), 0.98 (d, J ) 6.2 Hz, 3 H),
1.80-2.00 (m, 2 H), 3.78 (m, 1 H), 3.90 (s, 3 H), 4.90 (d, J )
5.8 Hz, 1 H), 5.16 (d, J ) 5.8 Hz, 1 H), 6.89 (m, 1 H), 7.03 (m,
1 H), 7.10 (d, J ) 2.9 Hz, 1 H), 7.23 (m, 1 H), 7.38 (m, 1 H),
7.40-7.47 (m, 2 H). 1H NMR (minor isomer) δ: 0.72 (d, J )
6.2 Hz, 3 H), 0.99 (d, J ) 6.2 Hz, 3 H), 1.38-1.60 (m, 2 H),
3.89 (s, 3 H), 4.12 (m, 1 H), 4.92 (d, J ) 5.9 Hz, 1 H), 5.35 (d,
J ) 5.9 Hz, 1 H), 6.86 (dd, J ) 8.8 and 2.7 Hz, 1 H), 7.00 (m,
1 H), 7.07 (d, J ) 2.7 Hz, 1 H), 7.26 (m, 1 H), 7.35-7.43 (m, 3
H). HRMS: calcd for C22H24Cl2NO7S 516.0651, found 516.0658
(M + H)+.
trans-2-[(S)-2-Cyclohexyl-2-carboxyethyl]-4-(butoxy-

carbonyl)-3-[(3,4-dichlorophenoxy)phenyl]-1,2-thiazeti-
dine 1,1-Dioxide (4l). Following method B, 150 mg (0.03
mmol) of the Fmoc-L-cyclohexylalanine immobilized on Tenta-
Gel resin functionalized with R-methyl-6-nitroveratryl alcohol
photolinker yielded 3.6 mg (20% for two diastereomers in a
ratio of ca. 1.2:1) of the lyophilized product 4l as a white solid.
Isomers were separated during HPLC purification. 1H NMR
(major isomer) δ: 0.65-1.00 (m, 2 H), 0.94 (t, J ) 7.4 Hz, 3
H), 1.10-1.95 (m, 15 H), 3.70 (m, 1 H), 4.26 (m, 1 H), 4.31 (m,
1 H), 4.87 (d, J ) 5.6 Hz, 1 H), 5.12 (d, J ) 5.6 Hz, 1 H), 6.87
(dd, J ) 8.8 and 2.8 Hz, 1 H), 7.00 (m, 1 H), 7.09 (d, J ) 2.8
Hz, 1 H), 7.23 (m, J ) 2.0 and 1.9 Hz, 1 H), 7.30-7.44 (m, 3
H). 1H NMR (minor isomer) δ: 0.70-1.00 (m, 2 H), 0.94 (t, J
) 7.4 Hz, 3 H), 1.05-1.75 (m, 15 H), 4.24 (dd, J ) 7.7 and 7.3
Hz, 1 H), 4.25 (m, 1 H), 4.32 (m, 1 H), 4.90 (d, J ) 5.8 Hz, 1
H), 5.34 (d, J ) 5.8 Hz, 1 H), 6.86 (dd, J ) 8.8 and 2.8 Hz, 1
H), 6.99 (m, 1 H), 7.07 (d, J ) 2.8 Hz, 1 H), 7.26 (m, 1 H),
7.35-7.43 (m, 3 H). HRMS: calcd for C28H34Cl2NNO7S
598.1433, found 598.1434 (M + H)+.
trans-2-[(S)-2-(tert-Butoxycarbonyl)-1-carboxyethyl]-

4-(methoxycarbonyl)-3-(4-biphenylyl)-1,2-thiazetidine 1,1-
Dioxide (4m). Following method B, 150 mg (0.03 mmol) of
the Fmoc-L-aspartic acid â-tert-butyl ester immobilized on
TentaGel resin functionalized with R-methyl-6-nitroveratryl
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alcohol photolinker yielded 2.8 mg (19%) of the lyophilized
product 4m as a white solid (a 2.15:1 mixture of two trans
diastereomers). 1H NMR (major isomer) δ: 1.42 (s, 9 H), 2.80
(m, 2 H), 3.89 (s, 3 H), 4.44 (m, 1 H), 4.92 (d, J ) 5.9 Hz, 1 H),
5.21 (d, J ) 5.9 Hz, 1 H), 7.38 (m, 1 H), 7.47 (m, 2 H), 7.55-
7.65 (m, 6 H). 1H NMR (minor isomer) δ: 1.44 (s, 9 H), 2.96
(m, 2 H), 3.89 (s, 3 H), 4.23 (m, 1 H), 4.91 (d, J ) 6.0 Hz, 1 H),
5.23 (d, J ) 6.0 Hz, 1 H), 7.38 (m, 1 H), 7.47 (m, 2 H), 7.55-
7.65 (m, 6 H). HRMS: calcd for C24H28NO8S 490.1535, found
490.1525 (M + H)+.
(9-Fluorenyl)methyl (Chlorosulfonyl)acetate. (9-Fluo-

renyl)methyl alcohol (3.15 g, 16.1 mmol) in CH2Cl2 (55 mL)
was added dropwise with stirring to (chlorosulfonyl)acetyl
chloride (2.85 g, 16.1 mmol) in CH2Cl2 (30 mL) at -20 °C. The
mixture was allowed to warm to rt over ca. 3 h and stirred at
rt for another 2 h. Solvent was evaporated in vacuo. The
resulting crude product was dissolved in CH2Cl2 (ca. 70 mL)
and hexane (ca. 20 mL), and the solution was stirred with
charcoal (3.0 g) for 1.5 h. Supernatant was filtered off and
evaporated in vacuo to afford 4.00 g (74%) of the product as
yellowish crystals, mp 78-80 °C. 1H NMR δ: 4.27 (t, J ) 6.5
Hz, 1 H), 4.60 (s, 2 H), 4.63 (d, J ) 6.5 Hz), 7.34 (m, 2 H), 7.43
(m, 2 H), 7.62 (d, J ) 7.5 Hz, 2 H), 7.77 (d, J ) 7.5 Hz, 2 H).
13C NMR δ: 46.9, 67.4, 69.4, 120.6, 125.3, 127.7, 128.5, 141.8,
143.2, 160.4.
Sasrin resin ester of [3-13C]-trans-2-[(S)-1-Carboxy-

ethyl]-4-[(9-fluorenyl)methoxycarbonyl]-3-phenyl-1,2-
thiazetidine 1,1-Dioxide (4n) (intermediate 3: R1 ) Me;
R2 ) Ph; R3 ) FmO; C-3 ) 13C) was prepared as described
above (method A) from Fmoc-L-alanine immobilized on Sasrin
resin (100 mg, 0.06 mmol) [1-13C]benzaldehyde (107 mg, 1.0
mmol) with (9-fluorenyl)methyl (chlorosulfonyl)acetate (289
mg, 0.86 mmol). Fast gel-phase 13C NMR (C6D6) δ: 53.4 (3-
C).
[3-13C]-trans-2-[(S)-1-Carboxyethyl]-4-[(9-fluorenyl)-

methoxycarbonyl]-3-phenyl-1,2-thiazetidine 1,1-Dioxide
(4n). Following method A, 100 mg (0.06 mmol) of the Fmoc-
L-alanine immobilized on Sasrin resin yielded 22.9 mg (80%)
of the lyophilized product 4n as a white solid (a 2.3:1 mixture
of two trans diastereomers inseparable by HPLC). 1H NMR
(notes major and minor refer to resonances of the major and
minor diastereomers, respectively; the note is absent when
signals of both isomers overlap) δ: 1.39 (d, J ) 7.2 Hz, 3 H,
major), 1.50 (d, J ) 7.3 Hz, 3 H, minor), 3.92 (m, 1 H, minor),
4.11 (m, 1 H, major), 4.26-4.31 (m, 1 H), 4.43-4.52 (m, 1 H),
4.67-4.75 (m, 1 H), 4.89 (d, J ) 155.6 and 5.9 Hz, 1 H,minor),
4.91-4.97 (m, 1 H), 5.09 (dd, J ) 154.8 and 5.9 Hz, 1 H,major),
7.22-7.50 (m, 9 H), 7.55-7.67 (m, 2 H), 7.77 (d, J ) 7.7 Hz, 2
H). Fast 13C NMR δ: 52.5 (3-C, major), 53.0 (3-C, minor).
HRMS: calcd for C25

13CH23NO6S 478.1280, found 478.1280
(M+).
Sasrin resin ester of [3-13C]-trans-2-[(S)-1-Carboxy-

ethyl]-4-carboxy-3-phenyl-1,2-thiazetidine 1,1-Dioxide
(intermediate 5: R1 ) Me; R2 ) Ph; C-3 ) 13C) was
prepared by deprotection of the respective 4-Fm-ester resin 3
(100 mg, 0.06 mmol) by gentle shaking with 0.5% 1.8-
diazabicyclo[5.4.0]undec-7-ene in dimethylformamide (2 mL)
for 2 h at rt. The resulting product was washed liberally with
dimethylformamide, MeOH, and CH2Cl2 and dried in vacuo.
Fast gel-phase 13C NMR (C6D6) δ: 55.1 (3-C, minor), 56.1 (3-
C, major).
trans-2-[(S)-2-Cyclohexyl-1-carboxyethyl]-4-carboxy-

3-[(3,4-dichlorophenoxy)phenyl]-1,2-thiazetidine 1,1-
Dioxide (6). Following method B, 150 mg (0.03 mmol) of the
Fmoc-L-cyclohexylalanine immobilized on TentaGel resin func-

tionalized with R-methyl-6-nitroveratryl alcohol photolinker
was converted into the respective tethered â-sultam 3 [R1 )
C6H11CH2, R2 ) 3-(3,4-Cl2C6H3O)C6H4, R3 ) FmO]. The latter
was deprotected with 0.5% 1.8-diazabicyclo[5.4.0]undec-7-ene
in DMF (4 mL) for 2 h, washed liberally with MeOH and CH2-
Cl2, and dried in vacuo. Photocleavage of the resulting resin
5 [R1 ) C6H11CH2, R2 ) 3-(3,4-Cl2C6H3O)C6H4] according to
method B followed by HPLC purification yielded a total of 4.1
mg (24% for two diastereomers in a ratio of ca. 1.75:1) of the
lyophilized product 6 as a white solid. Isomers were separated
during HPLC purification. 1H NMR (major isomer) δ: 0.67-
0.92 (m, 2 H), 1.01-1.24 (m, 5 H), 1.24-1.49 (m, 2 H), 1.54-
1.74 (m, 4 H), 4.24 (dd, J ) 9.2 and 5.9 Hz, 1 H), 5.01 (d, J )
5.2 Hz, 1 H), 5.51 (d, J ) 5.2 Hz, 1 H), 6.88 (dd, J ) 8.8 and
2.8 Hz, 1 H), 7.13 (m, 1 H), 7.09 (d, J ) 2.8 Hz, 1 H), 7.29 (m,
1 H), 7.38-7.46 (m, 3 H). 1H NMR (minor isomer) δ: 0.70-
1.00 (m, 2 H), 1.03-1.78 (m, 9 H), 1.80-1.97 (m, 2 H, CH2),
3.71 (m, 1 H), 4.89 (d, J ) 4.9 Hz, 1 H), 5.19 (d, J ) 4.9 Hz, 1
H), 6.86 (dd, J ) 8.7 and 2.7 Hz, 1 H), 6.98 (m, 1 H), 7.08 (d,
J ) 2.7 Hz, 1 H), 7.24-7.43 (m, 4 H). HRMS: calcd for C24H25-
Cl2NNaO7S 564.0626, found 564.0631 (M + Na)+.
Sasrin Ester of trans-2-[(S)-1-Carboxyethyl]-4-(phen-

ethylcarbamoyl)-3-phenyl-1,2-thiazetidine 1,1-Dioxide
(8) (cf. 3: R1 ) Me; R2 ) Ph; R3 ) Ph(CH2)2NH; C-3 ) 13C).
An appropriate resin (3, R1 ) Me; R2 ) Ph; R3 ) FmO; C-3 )
13C; 100 mg, 0.06 mmol) was agitated with 0.5% 1.8-
diazabicyclo[5.4.0]undec-7-ene in DMF (4 mL) for 2 h, washed
liberally with MeOH and CH2Cl2, and dried. The resulting
immobilized 4-carboxy â-sultam 5 (R1 ) Me; R2 ) Ph; C-3 )
13C) was converted into 4-pentafluorophenyl ester by gentle
shaking with pentaflurophenyl trifluoroacetate (0.25 mL, 1.45
mmol) and pyridine (0.25 mL) in N-methylpyrrolidine-2-one
(0.35 mL). The activated ester was filtered and washed with
N-methylpyrrolidine-2-one (5 × 1 mL). N-Methylpyrrolidine-
2-one (1.5 mL) and phenethylamine (0.10 mL, 0.80 mmol) were
added, and the mixture was agitated by gentle shaking for 1
h. The resulting Sasrin ester of 8 was filtered, washed
liberally with dimethylformamide, MeOH, and CH2Cl2, and
dried in vacuo. Fast gel-phase 13C NMR (C6D6) δ: 53.1 (3-C).
trans-2-[(S)-1-Carboxyethyl]-4-(phenethylcarbamoyl)-

3-phenyl-1,2-thiazetidine 1,1-Dioxide (8). Following the
general procedure, acidic cleavage of the corresponding Sasrin
ester of 8 (100 mg, ca. 0.06 mmol) followed by HPLC purifica-
tion yielded 9.0 mg (37%) of the lyophilized product as a white
solid (a mixture of two trans diastereomers in a ratio of 1.4:
1). 1H NMR (10% CD3OD in CDCl3, major isomer) δ: 1.34 (d,
J ) 7.2 Hz, 3 H), 2.81 (t, J ) 7.3 Hz, 2H), 3.40-3.50 (m, 1 H),
3.54-3.60 (m, 1 H), 4.02 (m, 1 H), 4.65 (m, 1 H), 5.11 (dd, J )
154.7 and 5.6 Hz, 1 H), 7.13-7.47 (m, 8 H), 7.43-7.50 (m, 2
H). 1H NMR (10% CD3OD in CDCl3, minor isomer) δ: 1.39
(d, J ) 7.3 Hz, 3 H), 2.81 (t, J ) 7.3 Hz, 2H), 3.40-3.50 (m, 1
H), 3.54-3.60 (m, 1 H), 3.90 (m, 1 H), 4.65 (m, 1 H), 4.90 (dd,
J ) 154.0 and 5.7 Hz, 1 H), 7.13-7.47 (m, 8 H), 7.43-7.50 (m,
2 H). Fast 13C NMR (10% CD3OD in CDCl3, major isomer) δ:
52.2 (3-C). Fast 13C NMR (10% CD3OD in CDCl3, minor
isomer) δ: 53.0 (3-C). HRMS: calcd for C19

13CH23N2O5S
404.1361, found 404.1364 (M + H)+.

Acknowledgment. We thank Dr. Mark Gallop for
helpful discussions and Mr. Edward Sullivan and Mr.
Stuart Lam for assistance with preparation of some of
the starting materials.

JO9713316

Solid Phase Synthesis of â-Sultams J. Org. Chem., Vol. 62, No. 23, 1997 8181


