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J = 2.3, 18.1 Hz, 1 H), 5.22 (dd, J = 2.3, 10.56 Hz, 1 H), 2.37 (m,
2 H), 2.12 (s, 3 H), 1.91-0.80 (m, 11 H), 0.93 (s, 9 H), and 0.14
and 0.12 (2 s, combined 6 H); *3C NMR (CDCI;) § 209.3, 136.8,
116.6, 86.1, 42.6, 41.0, 32.7, 29.5, 28.1, 26.3, 24.4, 23.9, 23.0, 18.3,
and -5.5. Anal. Caled for C;gH3,058i: C, 66.2; H, 10.4. Found:
C, 65.87; H, 10.25.

1-Hydroperoxy-2-(2-oxobut-4-yl)cyclohexanecarbox-
aldehyde tert-Butyldimethylsilyl Ether (7). The olefin 6
(289.5 mg, 0.916 mmol) was dissolved in methanol (10 mL) and
cooled to -78 °C, and ozone was passed into the resulting solution
until it turned blue. Dimethyl sulfide (1.0 mL) was added, and
the resulting solution was warmed to room temperature, stirred
for 7 h, and then concentrated under reduced pressure. The
residue was chromatographed on silica gel (15 g) with 15:5:80 ethyl
acetate—methylene chloride-hexane. The fractions containing
the desired material were combined and concentrated under
reduced pressure to yield 226.6 mg (75%) of an unstable, clear,
colorless oil: IR (neat) 3550 (w), 2940 (s), 2870 (s), and 1720 (s)
cm™; 'H NMR (CDCl,) 6 9.68 (s, 1 H) and minor isomer 9.93 (s),
2.07 (s, 3 H), 2.1-0.9 (m, 13 H), 0.88 (s, 9 H), and 0.12 (s, 6 H);
13C NMR (CDCly) 6 207.7, 203.9, 89.4, 41.9, 39.5, 29.6, 27.3, 26.3,
26.1, 25.6, 22.6, 21.3, 18.2, and —5.8. Integration of the aldehyde
peaks showed at most 10% of the minor isomer.

Cyclization of 1-Hydroperoxy-2-(2-oxobut-4-yl)cyclo-
hexanecarboxaldehyde tert-Butyldimethylsilyl Ether.
Preparation of 8 The aldehyde 7 (35.3 mg, 0.107 mmol) was
dissolved in anhydrous THF (5 mL), and tetra-n-butylammonium
fluoride (0.2 mL of a 1 M solution in THF, 0.2 mmol) was added.
After 3 h at room temperature, the resulting solution was con-
centrated under reduced pressure and chromatographed on silica
gel (10 g) with 30:70 ethyl acetate~hexane. The fractions con-
taining the major product were combined to yield 12.3 mg (57%)
of a white, crystalline solid: 'H NMR (pyridine-d;) § 5.16 (br s,
2 H, OH), (4.24 (d, J = 5.4 Hz, 1 H) and minor isomers 4.62 (d,
J = 5.6 Hz) and 4.08 (d, J = 5.4 Hz),? 2.51-0.50 (m, 15 H including
1.42 (s)); 3C NMR (pyridine-d;) é 104.4 (s), 85.9 (s), 70.9 (d), 43.6
(d), 37.7 (d), 34.8 (t), 31.9 (t), 27.2 (t), 25.2 (t), 24.6 (q), and 22.0
(t). Crystal data: needles suitable for X-ray diffraction studies
were obtained by recrystallization from acetone. Single crystals
are monoclinic; space group P2,/n (no. 14); a = 11.444 (3) &, b
=5.813 (4) A, c = 16.351 (3) A, 8 = 107.49 (3)°, Z = 4. Three
dimensional X-ray diffraction data were collected for 2022 re-
flections of which 595 were independent, having 4° < 26 > 45°
on a computer-controlled Enraf-Nonius CAD4 X-ray diffrac-
tometer with graphite monochromated Mo Ka radiation (X 0.7107
A) and 6 - 26 scanning technique. The nonhydrogen atoms were
located by using the direct methods program MULTAN. Hy-
drogen atoms were located from a difference Fourier map, and
the resulting structure converged at R = 0.035. Tables of the final
atomic positional parameters, the atomic thermal parameters, and
the bond distances and angles may be found in the supplementary
material.
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Since the discovery of thienamycin,! chemical modifi-
cations? of its C-2 side chain have been investigated ex-
tensively to improve its chemical stability?® and decrease
its metabolism by renal dehydropeptidase 1.2 We have
studied the reactivity of the vinyl sulfide system,* a moiety
of thienamycin, using the thienamycin model compound
1, and applied the results thus obtained for modification
at the 2-position of thienamycin. This report describes the
synthesis of the C-2 aza-substituted 1-carbapenem deriv-
ative 9 by novel Smiles-type rearrangement.

In the course of studies on the vinyl sulfide system,* we
became interested in the chemistry of the vinyl sulfonium
salt? 2. The sulfide 1 was treated with 1.5 equiv of methyl
iodide (Mel) in the presence of 1.2 equiv of silver tetra-
fluoroborate® in nitromethane to afford the sulfonium salt
2, which was further treated without purification with 1.0
equiv of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) in di-
methyl sulfoxide (Me,SO) to give the rearranged product
4 in 50% yield from compound 1 (see Scheme I). The
structure of compound 4 was supported by NMR, IR, and
mass spectra. The NMR spectrum of 4 exhibited a singlet
at 6 2,12 (3 H) assignable to the SMe group and a multiplet
due to the methylene protons (NCHy,) at 6 3.66-3.83, which
was shifted to lower field, in contrast to that of the starting
material 1 at § 3.39. The similar shift to lower field proved
to be a common characteristic of all the rearranged prod-
ucts reported here. Compound 4 was assumed to be pro-
duced via the intermediate 3 formed by the intramolecular
Michael addition,” followed by 3-elimination® as shown in

(1) (a) Albers-Schonberg, G.; Arison, B. H.; Hensens, O. D.; Hirshfield,
J.; Hoogsteen, K.; Kaczka, E. A.; Rhodes, R. E.; Kahan, J. S.; Kahan, F.
M.; Ratcliffe, R. W.; Walton, E.; Ruswinkle, L. J.; Morin, R. B.; Chris-
tensen, B. G. J. Am. Chem. Soc. 1978, 100, 6491. (b) Kahan, J. S.; Kahan,
F. M.; Goegelman, R.; Currie, S. A.; Jackson, M.; Stapley, E. O.; Miller,
T. W.; Miller, A. K.; Hendlin, D.; Mochales, S.; Hernandez, S.; Woodruff,
H. B.; Birnbaum, J. J. Antibiot. 1979, 32, 1.
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G. J. Med. Chem. 1979, 22, 1435. (b) Yamamoto, K.; Yoshioka, T.; Kato,
Y.; Isshiki, K.; Nishino, M.; Nakamura, F.; Shimauchi, Y.; Ishikura, T.
Tetrahedron Lett. 1982, 897. (c) Miyadera, T.; Sugimura, Y.; Hashimoto,
T.; Tanaka, T.; Iino, K.; Shibata, T.; Sugawara, S. J. Antibiot. 1983, 36,
1034. (d) Cama, L. D.; Wildonger, K. J.; Guthikonda, R.; Ratcliffe, R.
W.; Christensen, B. G. Tetrahedron 1983, 39, 2531.
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(¢) Mikami, H.; Ogashiwa, M.; Saino, Y.; Inoue, M.; Mitsuhashi, S. An-
timicrob. Agents Chemother. 1982, 22, 693. (d) Norrby, S. R.; Alestig,
K.; Ferber, F.; Huber, J. L.; Jones, K. H.; Kahan, F. M.; Meisinger, M.
A. P.; Rogers, J. D. Ibid. 1983, 23, 293.

(4) Takemura, M.; Higashi, K.; Fujiwara, H.; Sato, M.; Furukawa, M.,
unpublished work. The thienamycin model compound 1 was prepared
in five steps from methyl 3-amino-3-methylbutyrate: The details of the
synthesis of compound 1 will be reported at a later date.

(56) Knipe, A. C. In “The Chemistry of the Sulphonium Group”; Stir-
ling, C. J. M., Patai, S., Ed.; Wiley: Chichester, 1981; Chapter 12.

(6) Hortmann, A. G.; Harris, R. L.; Miles, J. A. J. Am. Chem. Soc.
1974, 96, 6119.

(7) The intermolecular counterpart of the Michael addition/elimina-
tion pathway in carbapenems containing the 2-sulfoxide moiety has been
reported by the Sanraku-Ocean group: see ref 2b.

(8) (a) Corbett, D. F.; Pant, C. M.; Stoodley, R. J. J. Chem. Soc.,
Chem. Commun. 1976, 1021. (b) Pant, C. M.; Steele, J.; Stoodley, R. J.
J. Chem. Soc., Perkin Trans. 1, 1982, 595. (c¢) Hirai, K.; Iwano, Y.;
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Scheme I. This reaction is a new example of the Smiles-
type rearrangement? in which the intramolecular nucleo-
philic attack occurs on a vinylic carbon other than an
aromatic carbon.

This reaction was then extended to the sulfone 5 (Chart
I). Oxidation of 1 with 2.2 equiv of m-chloroperbenzoic
acid (m-CPBA) in CH,Cl, gave the sulfone 5 in 66% yield.
In the reaction of the sulfone 5 with DBU in Me,SO or
N,N-dimethylformamide (DMF), the Smiles-type rear-
rangement was not observed and the starting material 5
was recovered. However, when the sulfone 5 was treated
with a stronger base such as sodium hydride (NaH) in
DMF, the rearranged compound 6 was obtained in 52%
yield after methylation of the resulting sulfinic acid with
Mel .8be

The success of the Smiles-type rearrangement of the
thienamycin model compounds 2 and 5 prompted us to
apply this methodology to the thienamycin derivatives 7
and 8. First, the bis-protected thienamycin 710 was treated
with Mel and AgBF, in nitromethane to result in the
decomposition of the 8-lactam ring. Then, the thienamycin
sulfone 8!' was prepared for the trial of the Smiles-type
rearrangement. When the sulfone 8 was treated with 1.0
equiv of DBU* in the presence of 4.0 equiv of Mel in DMF
at room temperature for 15 min, the rearranged product
913 was obtained in 14% yield as an amorphous powder

(9) (a) Waldau, E,; Piitter, R. Angew. Chem., Int. Ed. Engl. 1972, 11,
826. (b) Hasegawa, K.; Sasaki, T.; Hirooka, S. Bull. Chem. Soc. Jpn.
1973, 46, 2894. (c) Hasegawa, K.; Hirooka, S.; Sasaki, T. Ibid. 1975, 48,
1513. (d) Matier, W. L.; Comer, W. T. J. Org. Chem. 1974, 39, 3080.

(10) Shih, D. H.; Ratcliffe, R. W. J. Med. Chem. 1981, 24, 639.

(11) The sulfone 8 was prepared according to the method described
in Merck’s patent: Jpn. Kokai Tokkyo Koho JP79-52092; Chem. Abstr.
1980, 92, 41785c¢.

(12) Attempted rearrangement of 8 using NaH as a base resulted in
the decomposition of the 8-lactam ring.

(13) We confirmed that the rearranged product 9 was different from
the corresponding N-methyl analogue of the starting material 8, which
was synthesized by another method.
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after purification by reverse-phase HPLC.

In summary, a new type of the C-2 aza-substituted 1-
carbapenem derivative 9 was synthesized by novel
Smiles-type rearrangement of the thienamycin sulfone 8.
To our knowledge, the compound 9 is the first C-2 aza-
substituted 1-carbapenem derivative in the literature.

Experimental Section

General Methods. Melting points were taken on a Yanagimoto
melting point apparatus and uncorrected. Infrared spectra (IR)
were recorded on a Hitachi 260-30 infrared spectrophotometer.
Proton NMR spectra were obtained on a Hitachi R-40 (90 MHz)
or a Varian XL-200 (200 MHz) spectrometer. Chemical shifts
are reported in parts per million relative to tetramethylsilane (&
units). Mass spectra were recorded on a JEOL JMS-01SG-2 or
a JMS-D300 mass spectrometer. HPLC purifications were per-
formed on a Waters ALC/GPC Model 201.

1-Acetyl-5,5-dimethyl-2-(methoxycarbonyl)-3-[methyl-
(2-[([(p-nitrobenzyl)oxy]jcarbonyl)amino]ethyl)sulfonio]-
2-pyrroline Tetrafluoroborate (2). To a stirred solution of 1
(90 mg, 0.2 mmol) in nitromethane (3 mL) were added Mel (43
mg, 0.3 mmol) and AgBF, (50 mg, 0.25 mmol) at room temper-
ature. After being stirred for 1.5 h, the reaction mixture was
filtered. The filtrate was concentrated and the residue was washed
with benzene to give 2 as a syrup, which was used for the next
reaction without further purification: 'H NMR (Me,SO-dg, 90
MHz) 6 1.59 (6 H, s, 2 X CHj), 2.18 (3 H, s, CH3CO), 3.04 (2 H,
8, C4H2), 3.14 (3 H 8, SCHa), 3.43-3.75 (4 H m, SCchHzN) 3.83
(3 H, s, CO,CH3), 5.23 (2 H, s, NCO,CH;, Ar), 7.64 (2 H,d,J =
9 Hz, Ar H), 8.25 (2 H, d, J 9 Hz, Ar H).

1-Acetyl-5,5-dimethyl-2-(methoxycarbonyl)-3-[ N-[2-
(methylthio)ethyl]([(p -nitrobenzyl)oxy]carbonyl)-
amino]-2-pyrroline (4). DBU (30 mg, 0.2 mmol) was added to
a solution of 2 (prepared from 90 mg of the compound 1) in Me,SO
at room temperature. After stirring for 0.5 h, the reaction mixture
was diluted with ethyl acetate and washed with 1 M KH,PO,
solution. The organic layer was dried (Na,SO,) and concentrated.
The residue was purified by preparative TLC on Merck silica gel
60 F254 plate using benzene—ethyl acetate (1:1) to afford 50 mg
(50%) of 4 as an oil: IR (CHCI,) 1710, 1635 cm™; *H NMR (CDCl;,
90 MHz) § 1.55 (6 H, 5, 2 X CH,), 2.07 (3 H, s, CH,CO), 2.12 (3
H, s, SCHj;), 2.69 (2 H, t, J = 6 Hz, SCH,), 2.70 (2 H, s, C,H,),
3.66-3.83 (2 H, m, NCH,), 3.78 (3 H, s, CO,CHj,), 5.25 (2 H, s,
NCO,CH, Ar), 745 (2 H,d, J = 9 Hz, Ar H), 825 (2 H,d, J =
9 Hz, Ar H); Anal. Calcd for Cy;Hy:N3O,S: C, 54.18; H, 5.85; N,
9.038. Found: C, 53.73; H, 5.65; N, 8.90; exact mass calcd for
021H27N307S 465.1567, found 465.1535.

1-Acetyl-5,5-dimethyl-2-(methoxycarbonyl)-3-[(2-[([(p-
nitrobenzyl)oxylcarbonyl)amino]ethyl)sulfonyl]-2-pyrroline
(5). A solution of 1 (451 mg, 1 mmol) and m-CPBA (450 mg, 2.2
mmol) in CH,Cl, (15 mL) was stirred at 0 °C for 2 h. The reaction
mixture was diluted with CH,Cl,, washed with 5% NaHCO, and
water, dried (MgS0,), and concentrated. The residue was
chromatographed on silica gel (15 g) using benzene—ethyl acetate
(1:1) to give 320 mg (66%) of 5 as a colorless oil, which crystallized
on standing at room temperature: mp 126-128 °C; IR (KBr) 1740,
1720, 1670 em™'; 'H NMR (CDClg, 90 MHz) 5 1.61 (6 H, s, 2 X
CH,), 2.21 (3 H, s, CH;CO0), 2.89 (2 H, 5, C,H,), 3.2-3.4 (2 H, m,
SO,CH,), 3.6-3.8 (2 H, m, NCH,), 3.92 (3 H, 5, CO,CH,), 5.23 (2
H, s, NCO,CH, Ar), 5.9 (1 H, m, NH), 7.54 (2 H, d, J = 9 Hz,
Ar H), 824 (2H, d,J =9 Hz, Ar H); Anal. Caled for CyHy;N;0,S:
C, 49.68; H, 5.21; N, 8.69. Found: C, 49.39; H, 5.12; N, 8.45.

1-Acetyl-5,5-dimethyl-2-(methoxycarbonyl)-3-[[2- (me-
thylsulfonyl)ethyl]([(p -nitrobenzyl)oxy]ecarbonyl)-
amino]-2-pyrroline (6). To a stirred solution of 5 (48 mg, 0.1
mmol) in DMF (1 mL) was added NaH (5 mg, 0.1 mol) at -30
°C under argon, and then the reaction mixture was allowed to
warm to —15 °C. After stirring for 1.5 h at the same temperature,
Mel (3 drops) was added to the mixture and stirring was continued
for an additional 0.5 h. The reaction mixture was diluted with
ethyl acetate, washed with 0.5 N HCl and water, dried (MgSO,),
and concentrated. The residue was chromatographed on silica
gel (3 g) using ethyl acetate to give 26 mg (52%) of 6 as a pale
yellow foam: IR (CHCl,) 1715, 1640, 1520, 1350, 1310, 1135 cm™;
H NMR (CDCl;, 90 MHz) 4 1.55 (6 H, s, 2 X CH,), 2.08 (3 H,
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s, CH;CO), 2.69 (2 H, s, C;H,), 2.97 (3 H, s, SO,CHy), 3.38 (2 H,
t, J = 6 Hz, SO,CH,), 3.73 (3 H, s, CO,CHy), 3.96 2 H, t,J =
6 Hz, NCH,), 5.23 (2 H, s, NCO,CH; Ar), 7.52 (2 H, d, J = 9 Hz,
Ar H), 8.23 (2H, d, J = 9 Hz, Ar H); Anal. Caled for Cy;HpyN5OgS:
C, 50.69; H, 5.47; N, 8.45. Found: C, 50.38; H, 5.42; N, 8.21. Mass
spectrum (FD), m/e 497 (M™*).

p-Nitrobenzyl (5R,88)-6-[(R)-1-Hydroxyethyl]-2-([2-
(([(p-nitrobenzyl)oxy]carbonyl)amino)ethyl]sulfonyl)car-
bapen-2-em-3-carboxylate (8). To a stirred solution of 7 (400
mg, 0.68 mmol) in THF (20 mL) was added m-CPBA (298 mg,
1.50 mmol) at 0 °C under argon. After stirring for 15 min at the
same temperature, Na,HPO, (237 mg, 1.69 mmol) was added to
the mixture. The reaction mixture was allowed to warm to room
temperature and stirring was continued for 5 h at room tem-
perature. The reaction mixture was diluted with ethyl acetate,
washed with 5% NaHCOj; and water, dried (Na;SO,), and con-
centrated. The residue was purified by HPLC [Nucleosil 5C;4
column 20 mm X 30 cm, acetonitrile-water (2:1)] to afford 130
mg (31%) of 8 as a colorless powder: mp 79-92 °C dec; IR (KBr)
1785, 1720, 1700 cm™}; TH NMR (CDCl,, 200 MHz) 4 1.32 (3 H,
d,J = 6 Hz, CH,), 3.1-3.4 (2 H, m, C,H,), 3.4-3.6 (3 H, m, SO,CH,
and C¢H), 3.6-3.8 (2 H, m, NCH,), 4.28 (1 H, m, CgH), 4.42 (1
H, m, C;H), 5.20 and 5.29 (2 H, ABq, J = 14 Hz, CO,CH, Ar),
5.43 and 5.52 (2 H, ABq, J = 14 Hz, CO,CH, Ar), 5.66 (1 H, m,
NH), 7.56 2 H, d,J = 9 Hz, Ar H), 7.66 (2 H, d, J = 9 Hz, Ar
H),8.28 (2H,d,J =9 Hz, ArH), 830 (2 H, d, J = 9 Hz, Ar H).
Anal. Caled for CZGH%N40123~1/2H20'. C, 49-76', H, 4.34', N, 8.93.
Found: C, 49.45; H, 4.23; N, 8.66.

p-Nitrobenzyl (5R,65)-6-[(R)-1-Hydroxyethyl)-2-[[2-
(methylsulfonyl)ethyl]([(p -nitrobenzyl)oxy]carbonyl)-
amino]carbapen-2-em-3-carboxylate (9). To a stirred solution
of 8 (31 mg, 0.05 mmol) in DMF (0.5 mL) was added DBU (8 mg,
0.05 mmol) at room temperature under argon. After being stirred
for 15 min, the reaction mixture was diluted with ethyl acetate,
washed with 0.5 N HCI and water, dried (MgS0O,), and concen-
trated. The residue was purified by HPLC [Nucleosil 5C,5 column
20 mm X 30 cm, acetonitrile-water (3:1)] to give 4 mg (14%) of
9 as a colorless powder: mp 70-78 °C dec; IR (KBr) 1780, 1720,
1520, 1350, 1300, 1130 cm™!; 'H NMR (CDClg, 200 MHz) 6 1.38
(3H,d, J = 6 Hz, CH,), 2.96 (3 H, s, SO,CH3), 3.16 (1 H, dd, J
= 10, 20 Hz, C,,H), 3.26 (1 H, dd, J = 8, 20 Hz, C;;H), 3.35 (1
H, dd, J = 2.4, 6.4 Hz, C;H), 3.40 (2 H, m, CH,S0,), 4.02 (2 H,
m, NCH,), 4.2-4.4 (2 H, m, C;H and CgH), 5.22 (2 H, s,
NCO,CH,Ar), 5.18 and 5.36 (2 H, ABq, J = 14 Hz, CO,CH, Ar),
742 (2H,d,J =9Hz, ArH),763 (2H,d, J =9 Hz, Ar H), 8.22
(4H,d,J =9 Hz, Ar H). Anal. Caled for C;HysN,O;,S: C, 51.26;
H, 4.46; N, 8.86. Found: C, 50.82; H, 4.34; N, 9.34. Mass spectrum
(FD), m/e 632 (M), 630, 586, 546.

Acknowledgment. We thank Dr. B. G. Christensen for
the generous supply of thienamycin which made this work
possible and for his helpful suggestions throughout this
work.

A Convenient Preparation of Cyclopentadiene
from Its Dimer
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Cyclopentadiene has been prepared on a laboratory scale
by thermolysis of dicyclopentadiene (1), either by reflux
(170 °C) of neat 1! or by addition of 1 to some high-boiling
oil, at 250-260 °C.2 It is recommended that the vapors

(1) Moffett, R. B. “Organic Syntheses”; Wiley: New York, 1963;
Collect. Vol. 4, p 238.
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Figure 1. Apparatus for the preparation of cyclopentadiene.

are fractionated to remove refluxing, uncracked dimer and
entrained liquid. In commercial procedures, the dimer is
cracked at 350-360 °C with a short contact time,? which
avoids the otherwise necessary fractionation to remove the
dimer.

We now report a simplified laboratory procedure which
mimics commercial vapor-phase cracking procedures. The
hot (350-400 °C) surface is provided by an electrically
heated Red-Rod, mounted vertically above the surface of
hot (170 °C) dicyclopentadiene. This arrangement permits
a rapid and efficient preparation of cyclopentadiene from
commercial dicyclopentadiene. In a typical experiment,
5.2 g of dimer gave 4.7 g (91%) of cyclopentadiene within
20 min.

The present apparatus can also be used for the prepa-
ration of dimethylketene from its dimer.?

Experimental Section

The glassware was dried before use to avoid ice formation in
the product. The Red-Rod was purchased from Electrothermal
Engineering Ltd.*

Dicyclopentadiene (analytical grade; 5.2 g) was charged in the
round-bottomed flask (Figure 1). A slow (ca. 30 mL/min) stream
of nitrogen was maintained throughout the operation. The
Red-Rod was allowed to reach operating temperature (350—-400
°C), approximately 25 V to the Red-Rod, and the dicyclo-
pentadiene was heated (oil bath 170 °C). After ca. 20 min, the
reaction was completed and cyclopentadiene (4.7 g, 91%) had
condensed in the receiver. The product had np 1.4435 (lit. np
1.433;! 1.4429;% 1.4440%).
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