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w, 2995 m, 2948 m, 2880 m, 1722 w, 1629 s, 1589 m, 1480 m, 1449
s, 1429 m, 1415 m, 1387 my 13086, s, 1240 s, 1209 s, 1148 s, 1073
s, 1027 s, 1000 s, 937 s, 828 s. 'H NMR (200 MHz): 7.88-7.83
(m, 2 H, Ar H ortho to SO,), 7.66-7.46 (m, 3 H, Ar H), 5.71-5.52
{m, 1 H, CH=CH,), 5.14-5.04 (m, 2 H, CH=CH,), 4.24 (d, J =
3.0, 1 H, C=CHH), 4.13 (d, J = 3.0, 1 H, C==CHH), 4.02 (dxd,
J = 12,6, 5.4, 1 H, OCH_H;), 391 (dxd, J = 128, 5.4, 1 H,
OCH,H,), 3.79 (g, J = 7.2, 1 H, SO,CHCH,), 1.57(d, J = 7.2, 3
H, CH;). MS (70 eV): m/e (relative intensity) 252 (M*, 0.49),
111 (12), 110 (33), 91 (11), 83 (12), 81 (10}, 78 (11), 77 (54), 69
(12), 55 (58), 53 (18), 51 (32), 43 (52), 41 (100). Anal. Caled for
C3H 30,8 C, 61.90; H, 6.35; S, 12.70. Found: C, 61.79; H, 6.60,
S, 12.76.

1-[[1-Methyl-2-[(1-methyl-2-propenyl)oxy]-2-propenyl}-
sulfonyl]benzene (lie). Method B. Chromatography solvent,
hexane/EtOAc, 4/1. Yield, 88%. Though chromatographically
homogeneous, the compound consisted of a mixture of two 3,v-
unsaturated isomers and one a,3-unsaturated isomer in a ratio
of 40:40:20. IR (neat): 3071 w, 2990 w, 2940 w, 1712 w, 1622 w,
1588 w, 1479 w, 1448 m, 1420 w, 1372 w, 1305 s, 1290 8, 1248 m,
1207 w, 1148 s, 1072 m, 1071 w, 998 m, 989 m, 930 w, 895 w, 817
m. 'H NMR (200 MHz): 7.89-7.46 (m, 5 H, Ar H, all isomers),
5.89-5.39 (m, 1 H, CH=CH,, all isomers), 5.20-4.97 (m, 2 H,
CH==CH,, all isomers), 4.75 (quintet, J = 6.7, 1 H, OCHCHj, .,
isomer), 4.34-4.17 (m, 1 H, OCHCHj,, 1st 8,y isomer), 4.20 (d, J
= 3.0, 1 H, C==CHH, 8,y isomers), 4.18 (d, J = 3.0, 1 H, C=CHH,
1st 3,y isomer), 4.12 (d, J = 3.0, 1 H, C=CHH, 2nd 8,y isomer),
4.09 (d, J = 3.0, 1 H, C=CHH, 2nd 3,y isomer), 3.82-3.67 (m,
1 H, PhSO,CHCHS, 8, isomers), 2.42 (q, J = 1.4, 3 H, =C(CH,),
o,3 isomer), 1.92 (q, J = 1.4, 3 H, O(CH3)C=C, o,8 isomer ), 1.56
d, J =17.2,3 H, SO,CHCH,, 8,y isomer), 1.54 (d,J = 7.1, 2 H,
PhSO,CHCH,, 8,y isomer), 1.33 (d, J = 6.3, 3 H, OCHCHj, «,8
isomer), 1.13 (d, J = 6.4, 3 H, OCHCHj,, 8,y isomer), 0.97 (d, J
= 6.4, 3 H, OCHCH,, 8,y isomer). MS (10 eV): m/e (relative
intensity) 266 (M*, 1.3), 212 (21), 145 (14), 143 (22), 126 (27), 125
(51), 124 (57), 109 (20), 105 (12), 81 (12), 78 (16), 77 (10), 71 (88),
69 (13), 57 (18), 55 (97), 53 (21), 43 (100). Anal. Caled for
C1,H15058: C, 63.16; H, 6.77; S, 12.03. Found: C, 63.13; H, 6.83;
S, 11.93.

(E)-8,3-Dimethyl-1-[ (4-methylphenyl)sulfonyl]-5-hepten-
2-one (8ce). Method B. This compound was formed during
workup. Chromatography solvent, hexane /EtOAc, 4/1. Yield,
87%. IR (CHCly): 3029 s, 3019 m, 2971 m, 2938 w, 2920 w, 2880
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w, 1717 8, 1648 w, 1492 w, 1468 m, 1450 w, 1439 w, 1401 w, 1389
w, 1380'w, 1368 w, 1326 s, 1306 m, 1292 m, 1230 m, 1226 m, 1211
s, 1208 m, 1187 w, 1152 s, 1119 w, 1087 m, 1070 w, 1037 m, 1018
m, 1004 m, 970 m, 955 w, 927 w, 875 w, 812 m. 'H NMR (200
MHz): 7.83 (d,J = 8,2 H, Ar H ortho to SO,), 7.36 (d, J = 8,
2 H, Ar H), 5.46-5.36 (m, 1 H, CH=CH), 5.22-5.12 (m, 1 H,
CH-—CH) 4.27 (s, 2 H, p- TolSOZCH2) 2.45 (s, 3 H, CgH,CH,),
212(d,J=17,2H,CH,),160(d,J =7 3H, ——CHCHa) 1.11
(s, 6 H, 2 x CHj). MS (70 eV): m/e (relative intensity) 294 (M*,
3), 240 (50), 222 (20), 155 (13), 139 (20), 138 (16), 121 (27), 97 (41),
95 (19), 92 (13), 91 (51), 85 (26), 81 (15), 69 (51}, 67 (22), 65 (24),
57 (11), 55 (100), 53 (10), 44 (41), 43 (47), 39 (22). Anal. Caled
for C,¢H,,048: C, 65.31; H, 7.48; S, 10.80. Found: C, 65.40; H,
7.91; S, 11.02.

1-[[3-Methyl-1-[2-methyl-1-[[(4-methylphenyl)sulfonyl]-
methyl]-1-propenyl]-1,2-propadienyl]sulfonyl]-4-methyl-
benzene (9). Method B. Chromatography solvent, hexane/
EtOAc, 3/1. Yield, 76%; mp 142-144 °C. IR (CHCly): 2995 w,
2970 w, 2900 w, 2840 w, 1950 w, 1905 w, 1648 w, 1599 m, 1490
w, 1385 w, 1357 m, 1310 s, 1298 s, 1282 s, 1260 w, 1235 w, 1180
w, 1145 s, 1119 w, 1085 s, 1070 w, 1040 w, 1020 w, 950 w, 899 w,
815 w. 'H NMR (220 MHz): 7.72 (d, J = 8.4, 2 H, Ar H ortho
to 80,), 7.71 (d,.J = 8, 2 H, Ar H ortho to SO,), 7.32 (d, J = 8,
2H, ArH),7.30 (d, J = 8.2,2 H, Ar H), 4.23 (s, 2 H, p-T0lSO,CH,),
9.44 (s, 6 H, 2 X CgH,CH,), 1.75 (s, 6 H, =CCH.), 1.54 (s, 3 H,
CH,), 1.46 (s, 3 H, CH;3). MS (70 eV): m/e (relative intensity)
289 (M* - 189, 25), 225 (11), 157 (21), 149 (13), 139 (28), 133 (100),
132 (42), 117 (31), 115 (16), 105 (49), 93 (14), 92 (20), 91 (81), 79
(21), 77 (34), 65 (31), 55 (12), 51 (12), 44 (44), 43 (13). Anal. Calcd
for Co,Ho50,S,: C, 64.86; H, 6.31; S, 14.41. Found: C, 64.54; H,
6.41; S, 14.43.
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Clostridium thermosaccharolyticum (ATCC 31960) converts glucose to (-)-(R)-propylene glycol; standard
procedures transform this substance to (+)-(R)-methyloxirane ((+)-(R)-propylene oxide) with enantiomeric excess

>99%.

Enantiomerically pure (+)-(R)-methyloxirane (4) is a
valuable chiral synthon.>* This paper details a new
method for the production of multigram quantities of
optically pure (>99% ee) 4 from glucose (1) (Scheme I).
Previous syntheses of this substance have started with

ethyl (+)-(S)-lactate,’® alanine,”® propene,® and acetol.’*

t1986-1987 Du Pont Fellow.
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This procedure is capable of generating this useful chiral synthon on a large scale.

Methods developed for butene oxide could also be applied
to 4.1
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Synthesis of (+)-(R)-Methyloxirane

Scheme I. Preparation of Enantiomerically Pure
(+)-(R)-Methyloxirane®

OH HO OH
HO 0 a Heven
HO s
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1

¢Key: (a) C. thermosaccharolyticum, 60 °C, 37 h (7.9 g/L); (b)
HBr/AcOH, room temperature (82%); (¢) C;H,;0K, C;H,;;0H,
room temperature (88%).
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Figure 1. 'H NMR spectra of 4 (a) and of racemic methyloxirane
(b) in the presence of Eu(tfc). Addition of racemic methyloxirane
to 4 (expansion) allowed the quantitative determination of percent
ee.

Fermentation of glucose in a glass carboy by the bac-
terium Clostridium thermosaccharolyticum (ATCC
31960)'? yielded an aqueous broth containing 7.9 g/L of
(-)-(R)-1,2-propanediol (2). Concentration and filtration
of the broth, continuous extraction into ether, and dis-
tillation yielded 2 with an enantiomeric excess of >99%,
as measured by !H NMR in the presence of Eu(tfc).!?

Reaction of 2 with hydrobromic acid in acetic acid af-
forded a mixture of acetoxybromopropanes, of which the
major compound was 3. Treatment of this mixture with
potassium pentanolate! in pentan-1-ol generated the ep-
oxide 4. The enantiomeric excess of 4, measured by 'H
NMR spectroscopy in the presence of Eu(hfc), was >99%
(Figure 1). The shift reagent studies were calibrated by

(2) Mori, K.; Senda, S. Tetrahedron 1985, 41, 541-546.

(3) Hillis, L. R.; Ronald, R. C. J. Org. Chem. 1985, 50, 470-473.

(4) Review of use of oxiranes in synthesis: Rao, A. S.; Pakinikar, S.
K.; Kirtane, J. G. Tetrahedron 1983, 39, 2323-2367.

(5) Hillis, L. R.; Ronald, R. C. J. Org. Chem. 1981, 46, 3348-3349.

(6) Johnston, B. D.; Slessor, K. N. Can. J. Chem. 1979, 57, 233-235.

(7) Koppenhoefer, B.; Weber, R.; Schurig, V. Synthesis 1982, 316-318.

(8) Castedo, L.; Castro, J. L.; Riguera, R. Tetrahedron Lett. 1984, 25,
1205-1208.

(9) Habets-Criitzen, A. Q. H.; Carlier, S. J. N.; deBont, J. A. M,;
Wistuba, D.; Schurig, V.; Hartmans, S.; Tramper, J. Enzyme Microb.
Technol. 1985, 7, 17-21.

(10) Price, C.; Osgan, M. J. Am. Chem. Soc. 1956, 78, 4787-4792.

(11) Chenault, H. K,; Kim, M.-J.; Akiyama, A.; Miyazawa, T.; Simon,
E. S.; Whitesides, G. M. J. Org. Chem. 1987, 527, 2608-2611.

(12) Cameron, D. C.; Cooney, C. L. Bio/Technology 1986, 4, 651-654.

(13) Chiral shift reagents: Fraser, R. R. In Asymmetric Synthesis;
Morrison, J. D.; Ed.; Academic: New York, 1983; Vol. 1, pp 173-196.

(14) Ellis, M. K; Golding, B. T. Org. Synth. 1984, 63, 140-145.
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the sequential addition of precisely determined amounts
of either the opposite enantiomer or the racemic material
to a known amount of the sample.

This procedure has several advantages over existing
methods. The starting material, glucose, is readily
available; other sugars such as xylose and mannose may
also be used.!? The enantiomeric excess of the product is
high. The procedure can be used to produce 4 on a large
scale.

Experimental Section

Materials and Methods. Infrared spectra were recorded as
neat films on NaCl plates. Optical rotations were measured in
a 1-dm cell with a Perkin-Elmer 241 polarimeter. The lanthanide
shift studies were carried out with a Bruker AM 300 instrument.
Concentrations of glucose, 1,2-propanediol, acetate, lactate, and
ethanol in aqueous solution were measured by HPLC (column,
AMINEX HPX87H, Bio-Rad Laboratories; solvent, 0.005 M
H,S0,; flow rate, 0.5 mL/min; column temperature, 45 °C; re-
fractive index detection).

C. thermosaccharolyticum (ATCC 31960) is available from the
American Type Culture Collection. This microorganism is non-
pathogenic. Yeast extract was obtained from DIFCO. Deuteriated
acetonitrile (1% Me,Si) was purchased from ICN Biomedical, Inc.
Eu(tfc) was dried in vacuo in a drying pistol at 50 °C and ma-
nipulated under a nitrogen atmosphere. All other chemicals and
biochemicals were reagent grade and were used without further
purification.

Analysis of Optical Purity. The splitting of enantiotopic
protons of 2 in the presence of Eu(tfc) was monitored by 'H NMR
spectroscopy, with CD,CN as a solvent.!® Calibration of the shift
study was as follows. Separate standard solutions of the sample
and of the S enantiomer were made in volumetric flasks. A precise
amount of the standard solution containing the sample was added
via syringe into a dry NMR tube, followed by addition of the shift
reagent. Precisely determined amounts of the standard solution
containing the S enantiomer were then added by syringe; con-
tinued addition of the solution increased-the intensity of the
signals corresponding to the S enantiomer, which were resolved
at the base line from those corresponding to the R enantiomer.
Signals corresponding to the S enantiomer were not observed with
the standard solution containing the sample but were observed
when the ratio of the sample standard solution to the S enantiomer
standard solution was 99.5:0.5. Drying the commercially obtained
shift reagent enhanced resolution. For compound 4, Eu(hfc) in
CDCl; was used as the lanthanide shift reagent. Stepwise addition,
as above, of precise amounts of racemic material calibrated the
study.

Fermentation of Glucose.'® Solutions containing the fol-
lowing compounds were prepared in distilled water and were
autoclaved at 121 °C for 30 min: (1) 7.0 g of NaCl, 10.4 g of
MgCl,-6H,0, 0.9 g of CaCl,-H,0, and 14 mg of sodium resazurin
(a redox indicator) in a total volume of 0.7 L; (2) 35.0 g of yeast
extract, 20.3 g of K;HPO,, 10.5 g of KH,POy, 9.1 g of (NH,),S0,,
35 mg of FeSO,7TH,0 in a total volume of 0.7 L; (8) 315 g of
D-glucose in a total volume of 0.7 L; (4) 119 g of NaHCO; and
3.5 g of L-cysteine hydrochloride in a total volume of 4.2 L.
Solution 4 was prepared in a 5-gal Pyrex carboy sealed with a
three-holed rubber stopper containing three stainless steel tubes;
one tube served as an entrance port for CO,, one was attached
to a paraffin oil bubbler to allow the escape of H, and CO, during
the fermentation, and one was a sampling port. The solutions
were cooled to below 45 °C, and then the first three solutions were
added aseptically to the carboy. The carboy was sparged with
CO, for 20 min or until the disappearance of the red color, due
to the oxidized form of resazurin, indicated that the medium was
free of oxygen. The carboy was then heated to 60 °C in an
incubator and inoculated with 0.7 L of a vigorous culture of C.
thermosaccharolyticum grown in an anaerobic flask!? containing

(15) Sweeting, L. M.; Whitesides, G. M. J. Org. Chem., in press.

(16) On anaerobic microbial technique: Ljungdahl, L. G.; Wiegel, J.
In Manual of Industrial Microbiology and Biotechnology; Demain, A. L.,
Solomon, N. A,, Eds.; American Society for Microbiology: Washington,
DC, 1986; pp 84-96.
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the above medium. The fermentation was stopped after 37 h at
which time analysis by HPLC indicated 7.9 g/L of 2; acetate,
lactate, and ethanol were also produced.'®

In practical use, the addition of resazurin and the analysis by
HPLC are not necessary. To accommodate foaming, & 5-gal carboy
should contain no more than 15 L of medium. The periodic
addition of antifoam (FG-10, Dow-Corning, concentration <0.5
g/L) can control foaming.

Purification of (-)-(R)-1,2-Propanediol (2). Centrifugation
(4000g, 25 min) of the cell suspension resulting from a 5-L fer-
mentation separated the cell mass from the broth. The broth was
concentrated to 880 mL by rotary evaporation at 0.1 Torr after
the addition of 0.1 mL/L of silicon antifoam (FG-10, Dow-
Corning). Overnight storage of the concentrate at 4 °C precip-
itated salts and protein that were removed by centrifugation.
Buchner filtration of the concentrate and passage through a
0.45-um filter prevented the formation of an emulsion during the
subsequent continuous extraction into ether. After 120 h of
continuous extraction (water:ether =~ 1:1.4, v:v), concentration

(17) Daniels, L.; Zeikus, J. G. Appl. Microbiol. 1975, 29, 710-711.
(18) The fermentation was repeated on a 15-L scale with similar re-
sults.

of the ethereal phase yielded 31 g of crude 2, which was distilled
at reduced pressure to yield 23 g (0.3 mol) of a clear, viscous liquid:
ee >99%; [a]?®p —22.0° (¢ 7.5, Hy0) [1it.*® [«]?°p —22.2° (c 7.5,
H,0)]; *H NMR spectrum agreed with that of the S enantiomer.!®
Further continuous extraction yielded an additional 12 g of crude
2 after nine more days.

(+)-(R)-Methyloxirane (4). Conversion of the diol to the
epoxide proceeded via the acetoxybromopropanes according to
published procedures.’® Thus, from 25.0 ¢ (330 mmol) of 2 was
obtained 48.7 g (270 mmol, 82%) of a clear, colorless liquid whose
'H NMR spectrum?® identified it as mainly 3; 'H NMR spec-
troscopy indicated the presence of approximately 6% of 1-acet-
oxy-2-bromopropane. Conversion of the mixture (25.0 g, 138
mmol) to 4 by treatment with potassium pentanolate in pen-
tan-1-ol followed the literature!® to yield 6.8 g (121 mmol, 88%)
of 4 as a clear, colorless liquid: bp 38-39 °C (lit.!? bp 34-35 °C);
ee >99%; [a]®p +18.0° (¢ 5.78, CCLy) [(lit.!3 []*¥p +19.13° (¢ 5.66,
CCl)]; 'H NMR spectral data were in agreement with those in
the literature.'®

Registry No. 1, 50-99-7; 2, 4254-14-2; 3, 99457-42-8; 4,
15448-47-2; (S)-H;CCHBrCH,0Ac, 109243-62-1.

(19) Huff, E. Biochim. Biophys. Acta 1961, 48, 506-517.

Synthesis of Functionalized Bicyclic Dioxopiperazines via Intramolecular
Epoxide Opening
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d,l-Homoserine was condensed with N-p-methoxybenzylglycine ethyl ester and alkylated to furnish (2-
hydroxyethyl)piperazinedione 8. Oxidation to the corresponding aldehyde and condensation with dimethyl-
sulfoxonium methylide provided the epoxide 10. Enolate formation resulted in an intramolecular epoxide opening
reaction providing the bicyclo[2.2.2] (11) and bicyclo[3.2.2] (12) dioxopiperazines in a 3:1 ratio. Dehydration
of 11 and 12 provided 6,8-bis(p-methoxybenzyl)-2-methylene-6,8-diazabicyclo[2.2.2]octane-5,7-dione (2) and
7,9-bis(p-methoxybenzyl)-7,9-diazabicyclo[3.2.2)non-2-ene-6,8-dione (1), respectively.

As part of a program directed at synthesizing and
studying unnatural analogues of the natural antibiotic
bicyclomycin,! the carbocyclic bicyclo[3.2.2] and bicyclo-
[2.2.2] olefins 1 and 2 were chosen as potentially interesting
targets. It was reasoned that omission of the bridging ether
oxygen in the more highly strained bicyclo[3.2.2] and -
[2.2.2] ring systems would impart both increased chemical
stability? and increased biological reactivity to these ana-
logues. Since neither functionalized ring system has been
reported in the literature,®* a new approach had to be
devised that would produce useful quantities of 1 and 2.
In this paper is described a convenient and practical
synthesis of these unusual bicyclic dipeptides using an
intramolecular enolate epoxide cyclization reaction.

HO m—i——= Me 1 2

BICYCLOMYCIN

(£)-N-Carbobenzoxyhomoserine (3) is silylated (4)

tFellow of the Alfred P. Sloan Foundation 1986-88. NIH Re-
search Career Development Awardee 1984-89. Eli Lilly Grantee
1986-88.
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(MeyBu*SiCl, DMF, Et;N, 0 °C) and condensed with
N-p-methoxybenzylglycine ethyl ester (DCC, THF, 25 °C)
to afford the dipeptide 5. Without purification, 5 was
directly subjected to hydrogenolysis (10% Pd/C, H,,
EtOH, 1 atm) to afford the piperazinedione 6 in 40%
overall yield from 3 (Scheme I). Alkylation of the re-
maining amide nitrogen with p-methoxybenzyl chloride
in DMF in the presence of NaH furnished the fully pro-
tected substrate 7 (79%).5 Desilylation (HF-Py complex)
furnished alcohol 8 (87%) that was oxidized to the al-
dehyde 9 (78%). Homologation of the aldehyde with di-
methylsulfoxonium methylide afforded the epoxides 10 (1:1

(1) (a) Williams, R. M.; Armstrong, R. W.; Dung, J.-S. J. Am. Chem.
Soc. 1985, 107, 3253. (b) Williams, R. M.; Armstrong, R. W.; Dung, J.-S.
J. Med. Chem. 1985, 28, 733.

(2) Bicyclomyecin is known to undergo various acid catalyzed ring-
opening reactions resulting from scission of bridging-ether linkage, see:
Maag, H.; Blount, J. F.; Coffen, D. L.; Steppe, T. V.; Wong, F. J. Am.
Chem. Soc. 1978, 100, 6786.

(3) For a synthesis of a simple bicyclo[2.2.2] dioxopiperazine system,
see: (a) Kemp, D. S.; Sun, E. T. Tetrahedron Lett 1982, 23, 3759. (b)
Eastwood, F. W.; Gunawardena, D.; Wernert, G. T. Aust. J. Chem. 1982,
35, 2289.

(4) Kemp et al. have used a bicyclo[2.2.2] dioxopiperazine as an in-
termediate in the preparation of 3-turn-inducing dipeptide analogues, see
ref 3a and Kemp, D. S.; McNamara, P. E. J. Org. Chem. 1985, 50, 5834.
Syntheses of the bicyclic materials reported herein have potential ap-
plication in this area.

(5) Williams, R. M.; Glinka, T. Tetrahedron Lett. 1986, 27, 3581;
complete experimental details for the preparation of 3-7 will appear
elsewhere (Williams, R. M.; Glinka, T.; Kwast, E., manuscript in prepa-
ration).
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