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and other workers’ results on the thermal and photochemical 
isomerization of 2a plus experimental details (and tabulation) 
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The beauty and unlimited opportunities of penicillin 
chemistry lie in the fact that many functional groups are 
brought into combination in a relatively small molecule. 
In addition, some of these groups can be transformed into 
new, reactive functionalities which give a special challenge 
to the chemistry of the penicillin molecule. A typical 
example of a transformation which creates a highly reactive 
functionality is the thermal equilibrium of penicillin sul- 
foxide 1 and the azetidinone sulfenic acid 2 (eq 1). 
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Although the sulfenic acid group in 2 consists of only 
three atoms, i.e., S, 0, and H, many different and distinct 
reactions have been successfully performed on each of 
these atoms in spite of the fact that the S-0-H group is 
attached to the very sensitive four-membered azetidinone 
ring.2 Our interest in finding a new way to form the 
sulfinium cation 3b, which is a proposed intermediate in 
the preparation of 3-methylenecepham sulfoxide (4),3 led 
us to study the dehydrogenation of the azetidinone sulfenic 
acid 2, and our results are reported here. 

We hoped that the hydrogen atom of the sulfenic acid 
group in 2 could be abstracted as the hydride ion H-, 
forming the intermediate 3a and that the resonance form 
3b might then ring close to the em-methylene sulfoxide 
4 (eq 2). 

To test this idea the sulfenic acid 2, prepared by ther- 
molysis of penicillin sulfoxide 1, was treated with p -  
benzoquinone or chloranil (1 equiv, refluxing toluene, 2 
h). A mixture of five compounds was obtained which was 
separated by chromatography over silica gel. From the 
first fraction, the crystalline deacetoxycephem 9 (mp 
189-190 “C), was isolated in 3.4% yield (Scheme I). The 
structure was established by comparison with an authentic 
sample. The second fraction provided a mixture of 2- 
(sulfinoxymethy1)penams 5 and 6 and the 3-sulfinoxy- 
cepham 7 (total yield 48.5%). 

(1) Azetidinone Antibiotics. 21. Paper 20 J. L. Pfeil, S.  Kukolja, and 
L. A. Paquette, J. Org. Chem., 46, 827 (1981). 
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By repeated chromatography these isomers were sepa- 
rated and isolated as colorless amorphous solids. From 
the third fraction was isolated the 3-sulfinoxycepham ester 
8 in 13.3% yield. 

Elemental analyses for 5-8 were correct for empirical 
formula C ~ & O l & ,  consistent with the conclusion that 
these compounds are isomeric and also dimers of the or- 
iginal penicillin molecule. The dimeric nature of these 
compounds can be clearly seen by examination of the 
NMR spectra. 

The structure of the azetidinone sulfinic acid portion 
of esters 5-8 was established by IR, NMR, and mass 
spectra. The IR spectra of these esters display an ab- 
sorption band at 1780 cm-’, indicating the presence of the 
azetidinone carbonyl. The NMR spectra show charac- 
teristic quartets and doublets for azetidinone portions with 
coupling constants J = 4.5 and 9.0 Hz. In addition, all 
these esters have a singlet a t  6 1.9-2.0 for methyl protons 
and typical allylic signals between 6 5.0 and 5.3, which 
when the compound is treated with triethylamine for 10 
min changed to two 3-proton singlets a t  6 2.21 and 2.27 
due to the presence of the isopropylidene group.4 The 
major fragmentation peaks at  m/e 451,483, and 501 in- 
dicate the presence of the azetidinone sulfinate fragment 
and the penam and cepham moiety in these molecules. 

Treatment of a mixture of 5-8 with methanesulfonic acid 
afforded after chromatography 3-methylenecepham sulf- 
oxide 4. This results provides chemical support for the 
sulfinic acid ester portion of compounds 5-8.3 

The structures of 3P-hydroxycephams and 2P-hydroxy- 
methylpenams, fragments of esters 5-8, were also ascer- 
tained by NMR spectra and chemical reactions. Thus the 
3P-hydroxy-3-methylcepham fragment in 7 was easily 
recognized by the characteristic AB quartet at 6 2.85 and 
3.48 (J = 15 Hz), the saturated methyl singlet at 6 1.4, and 
the H-4 singlet a t  6 4.78. Similarly, the diastereoisomer 
8 displays the AB quartet a t  6 2.15 and 3.24 (J = 15 Hz), 
the methyl protons at  6 1.48, and the H-4 proton at 6 4.3Ei5 

The isomeric 2a-oxymethylpenam part of 5 was deduced 
from the NMR spectrum in which the 2P-methyl protons 
show chemical shift a t  6 1.31, the 2-methylene AB quartet 
a t  6 3.75 and 3.89 (J = 11.0 Hz), and the H-3 singlet a t  6 
4.75. These signals for the methyl and methylene protons 
were shifted significantly upon oxidation of the penam 
sulfur to the corresponding sulfoxide. Thus in the sulf- 
oxide the 2P-methyl group has an upfield chemical shift 
to 6 1.25 and the methylene protons a downfield shift to 
6 4.48. Similar chemical shifts between the sulfide and 

(4) R. D. G. Cooper and F. L. Jose, J.  Am. Chem. Soc., 92,2575 (1970). 
(5) S.  Kukolja, N. D. Jones, M. 0. Chaney, T. K. Elzey, M. R. 

Gleissner, J. W. Paschal, and D. E. Dorman, J.  Org. Chem., 40, 2388 
(1975). 
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Scheme IIa 
(A) Radical Mechanism 

?- 

I 
COOR, 

5 and 6 

PW0 

2 %  Rz-4 R2SOOSRz - R2-&0SRz - 
penam 
esters < cepham 
esters 

Rz- D -0- + R3Sf 

(B) Ionic Mechanism 
0-H  O+ 0-H 

2 3 ,  

COOR, 

9 

LOOR, 

7 and 8 
" R = C,H,OCH,CONH; R, = CH,C,H,-p-NO,; Q p -  

benzoquinone or chloranil. Compounds 5 and 7 are epi- 
meric with 6 and 8 a t  the sulfinyl sulfur atom. 

sulfoxide group in a penam system are well documented 
in the literature.6 The diastereomeric penam 6 shows a 
chemical shift for the saturated methyl protons at  6 1.38, 
the AB quartet for the methylene hydrogens at  6 3.78 and 
3.90 (J  = 11.0 Hz), and the H-3 singlet a t  6 4.91. 

When 5-8 were refluxed in DMF for 45 min, deacet- 
oxycephalosporin 9 was formed and isolated by chrom- 
tography. The conversion of methyl-substituted penicillins 
and 3-substituted cephams to 3-cephem 9 by heating in 
DMF has been reported earlier,' and these transformations 
firmly support the proposed structures for compounds 5-8. 

On the basis of the evidence presented, we believe that 
compounds 6 and 8 are epimeric with 5 and 7 at the sul- 
finyl sulfur atom. 

Although our initial goal-the direct synthesis of exo- 
methylenecepham 4-was not achieved, the formation of 
the sulfinate esters indicates that the anticipated dehy- 
drogenation of the sulfenic acid 2 does take place. It is 
not clear whether the hydrogen atom is abstracted as a 
hydride ion (H-, path B, Scheme 11) or as a radical (H-, 
path A), but the formation of both penam and cepham 
esters indicates that ion R3S+ is probably an intermediate 
a t  some point in the reaction pathway. The formation of 
R3S+ is conceivable as a result of the rearrangement of a 
dimerized intermediate. Whether the reaction path is 
initiated by a radical (path A) or ionic (path B) dehydro- 
genation has not been determined. 

Experimental Section 
Reaction of (Phenoxymethy1)pencillin Sulfoxide p -  

Nitrobenzyl Ester with p-Benzoquinone. In order to remove 
the moisture, 125 mL of toluene and 5.0 g (10 mmol) of 6-(phen- 
oxyacetamido)penicillanate sulfoxide p-nitrobenzyl ester was 
refluxed for 15 min under a Dean-Stark adapter. After that, 1.1 
g (10 mmol) of p-benzoquinone was added, and heating at  reflux 
temperature was continued for 2 h. Solvent was removed, 10 mL 

(6) R. D 

of chloroform was added to the residue, and the insoluble black 
precipitate was filtered off. The fitrate was evaporated to dryneas 
to a brown foam which was chromotographed over a column (200 
g of silica gel, 4 X 90 cm). The column was developed with a 7 3  
mixture of ethyl acetate-n-hexane, the eluant being collected in 
18-mL fractions. The following fractions were collected. 

I (fractions 39-43) gave 394 mg of crystalline p-nitrobenzyl 
7-(phenoxyacetamido)-3-methyl-3-cephem-4-carboxylate (9), mp 
189-190 "C, which is identical (TLC, IR, NMR) with an authentic 
sample. 

I1 (fractions 45-67) gave 1.98 g of a mixture of two isomeric 
penams and a cepham compound. These three components were 
separated by repeated chromatography as described below. 

I11 (fractions 69-83) constituted 815 mg of a mixture of penam 
and cepham compounds. 

IV (fractions 85-93) afforded 265 mg of pure cepham ester 7 
as a colorless foam: NMR (CDCl3) 6 1.4 (s, 3 H, CH3), 1.91 (s, 

4.6 (2 s, both 2 H, PhOCH2), 4.78 (8, 1 H, C4-H), 5.25 (m, 5 H, 
Cs-H, vinyllic and allylic Hs),  5.63 and 5.8 (2 dd, 2 H, C7-H's), 
6.9-7.7 (m, 12 aromatic and NH Hs); IR (CHC13) 1780,1742,1690, 
1682 cm-'. 

An 800-mg amount of fraction I1 was rechromatographed over 
a silica gel column (2.5 X 40 cm) which was prewashed with acetic 
acid. The column was developed with a 9:l mixture of chloro- 
form-ethyl acetate at  the rate of 3 mL/min, and the following 
five fractions were collected. 

A (fractions 18-25) yielded 120 mg of pure cepham ester 8 as 
a colorless foam: NMR (CDC1,) 6 1.48 (8,  3 H, CH3), 1.93 (s, 3 

and 5.32 (3 s, 3 vinyllic and allylic H's), 5.18 and 5.32 (2 d, J = 
4.5 Hz, 2 H, (CH's), 5.87 and 6.1 (2 dd, J = 4.5 and 10 Hz, 2 H, 
C7-H's), 7.2, (center of m for 12 aromatic and NH protons); IR 
(CHCl,) 1774, 1740, 1690, 1672, 1519, 1343 cm-'. 

B (fractions 26-33) gave 134 mg of a mixture of cepham 8 and 
penam 5 esters. 

C (fractions 35-45) yielded 266 mg of pure penam isomer 5 as 
a colorless amorphous solid: NMR (CDCl,) 6 1.31 ( s ,3  H, CHJ, 
1.93 ( s ,3  H, CH,), 3.75 and 3.89 (AB q, J = 11.0 Hz, 2 H, penam 

4.75 (s ,1  H, C3-H), 4.98-5.3 (m, 8 H, d for C5-H, 2 CH2 of pNB, 
3 vinyllic and allylic H), 5.55 (d, J = 4.5 Hz, 1 H, C5-H), 5.75 and 
5.95 (2 dd, J = 4.5 and 9 Hz, 2 H, C6-Hs), 6.8-7.6 (m, 18 aromatic 
H), and 7.9 and 8.15 (2 d, J = 9.0 Hz, 2 NH); IR (CHCl,) 1788, 
1745, 1682, 1523, 1349 cm-'. 

D (fractions 47-53) yielded 105 mg of two penam isomers 5 and 
6. 

E (fractions 55-80) gave 101 mg of the second penam isomer 
6 as a colorless solid: NMR (CDCl,) 6 1.38 (s, 3 H, CH3), 1.87 
(s ,3  H, CH,), 3.78 and 3.90 (AB q, J = 11.0 Hz, 2 H, penam CHJ, 

3 H, CHB), 2.85 and 3.48 (AB q, J = 15 Hz, 2H, CZ-H), 4.53 and 

H, CH3), 2.15 and 3.24 (AB 9, 2 H, J = 15 Hz, CZ-H), 4.35 (8, 1 
H, C4-H), 4.44 ( ~ , 2  H, PhOCHJ, 4.70 ( ~ , 2  H, PhOCHJ, 5.07,5.25, 

CHZ), 4.42 and 4.6 (AB q, J = 15 Hz, 2 H), 4.62 (8, 2 H, PhOCHZ), 

4.46 and 4.5 (2 9, both 2 H, 2 PhOcHz), 4.63 (9, 1 H, CZ-H), 4.4-5.3 
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(m, 9 H, 2 C,-H), 4.9-5.3 (m, 9 H, 2 C6-H, 2 CHz of pNB, 3 vinyllic 
and allyllic H), 5.68 (m, 2 H, 2 dd of C6-H's), 6.9-7.6 (m, 18 
aromatic H and 2 NH); IR (CHClJ 1785,1742,1692,1680 cm-'. 

Anal. Calcd for C46H44N6016S2: c, 55.19; H, 4.43; N, 8.46; 0, 
25.57; S, 6.41. Found: C, 54.92; H, 4.67; N, 8.64,0,25.82; S, 6.19. 

Preparation of p-Nitrobenzyl7-(Phenoxyacetamido)-3- 
methyl-3-cepham-4-carboxylate (9). A 260-mg sample of 
fraction II was refluxed in 3 mL of dimethylformamide for 45 min, 
and while the solution was hot, about half of the solvent was 
evaporated under reduced pressure. The remaining half was 
dissolved in 20 mL of ethyl acetate and washed with 1 N HCl(3 
x 10 mL), a saturated solution of sodium bicarbonate, and brine. 
After being dried the solvent was evaporated, and the residue was 
chromatographed on a preparative silica gel plate by using a 7:3 
mixture of ethyl acetate-hexane. The major component was 
extracted with acetone and the NMR of the isolated material was 
consistent with that of the title compound. 

A similar reaction was repeated with cephams 7 and 8, and the 
title compound was isolated by preparative thin-layer chroma- 
tography. 

Preparation of p-Nitrobenzyl l-Oxo-7-(phenoxyacet- 
amido)-3-methylenecepham-4-carboxylate (4). A 815-mg 
sample of fraction I11 (containing 1:1 mixture of penam 5 and 
cepham 7) was stirred in 4.8 mL of methanesulfonic acid for 35 
min at room temperature. A solution was slowly poured onto 7.5 
g of NaHC03 in 75 mL of water and 50 mL of ethyl acetate. The 
organic layer was separated, washed with brine, and dried and 
the solvent evaporated. The residue was dissolved in 2.0 mL of 
ethyl acetate, and the title compound crystallized out after 
scratching and keeping the solution in a refrigerator overnight. 
The isolated product is identical (NMR, IR, TLC) with an au- 
thentic  ample.^ 

Oxidation of the Penam Sulfur in 5 to the Sulfoxide. A 
mixture of 636 mg of the penam 5 and 200 mg of m-chloroper- 
benzoic acid in 20 mL of dichloromethane was kept at room 
temperature for 45 min. The solution was washed with an aqueous 
solution of sodium bisulfite and brine. After the mixture was dried 
over MgS04, the solvent was evaporated to give 530 mg of the 
crude product which was purified by chromatography over silica 
gel (ethyl acetate-hexane, 7:3). Fractions 14-24 contained 170 
mg of the pure penam sulfoxide isolated as a colorless foam: NMR 
(CDC13) 6 1.25 ( ~ , 3  H, CHJ, 1.96 ( ~ , 3  H, CHJ, 4.48 ( ~ , 2  H, CHZO), 
4.52 (s, 4 H, PhOCH2), 4.59 (s, 1 H, CS-H), 4.85 (d, J = 4.5 Hz, 
1 H, C,-H), 5.02-5.5 (m, d, CS-H, 2 CH2 of pNB, 3 allyllic H), 
5.98-6.17 (2 dd, J = 4.5 and 9 Hz, 2 H, C6-H's), 6.8-7.52 (m, 18 
aromatic H), 8.13-8.23 (2 d, J = 9.0 Hz, 2 NH); IR (CHC13) 1790, 
1745, 1695, cm-'. 

Anal. Calcd for C46H44N6017S2: C, 54.33; H, 4.36; N, 8.26; s, 
6.31; 0, 26.74. Found C, 54.08; H, 4.56; N, 8.08; S, 6.07; 0, 27.00. 
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Nazady' reported the synthesis of aniline from sulfur, 
ammonia, and cyclohexane in modest yield. During our 
investigation of this reaction, we discovered that a second 
nitrogen-containing product is produced under his con- 
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Table I. o-Phenylenediamine Synthesisa 

sulfur, hexane, PhH, PhNH,, OPD, 
cyclo- 

mg ELL mL ",,g mg mg 
100 
100 
400 
400 
400 
400 
800 
500 

200 
200 
800 
800 

1500 
1500 
2500 
2500 

2.5 
2.5 
1.5 
1.5 
1.0 
0 
0 
0 

0.5 25 3 
1.0 1 0  11 
1.0 76 18 
2.0 109 109 
2.0 86 95 
2.0 83 95 
2.0 145  103 
1.0 94 29 

a 1 h, 330°C. 

ditions, o-phenylenediamine (OPD), the subject of this 
note. 

Table I gives the yield of aniline and OPD from the three 
ingredients at various reactant concentrations. In previous 
work' benzene was used as solvent; we find that it is merely 
an unnecessary diluent and reactor productivity is in- 
creased by replacing the benzene with additional cyclo- 
hexane. OPD is favored by high ammonia pressures and 
is less sensitive to other variables. GC analyses revealed 
that the regioselectivity to OPD was greater than 99%. 
Aniline is not the precursor of OPD not only because ita 
amination is significantly slower than the formation of 
OPD under these conditions but also because m- 
phenylenediamine, the thermodynamically most stable 
isomer, is the major isomer produced, rather than the 
observed OPD from cyclohexane. Very little benzene is 
produced; excess cyclohexane is recovered unchanged. 

The ortho selectivity has precedent in reactions of sulfur 
and amines with substituted organic compounds under 
milder conditions. Cyclohexanone reacts with sulfur and 
ammonia at  50 "C to give the spiro compound 2 in high 
yield.2 Acetophenones react with sulfur and primary 
amines3 to give hexathiocanes 3. In both these examples 

PI 

+ "3 + Ss Q 
2 

3 

replacement of the carbonyl oxygen by a nitrogen sub- 
stitutent is accompanied by sulfur functionalization of the 
adjacent carbon. 

Methylcyclohexane gives a mixture of products including 
a methyl-OPD, but also containing toluidines (o:rn:p = 
5:83:13) and an aminobenzonitrile. 

These reactions may proceed via alternating dehydro- 
genations by sulfur and nucleophilic attacks by ammonia. 
The isomer distribution of the toluidines suggests that at 

(1) Nazady, J. G. Can. Patent 815064, 1969; Chem. Abstr. 1969, 71, 

(2) Asinger, F.; Thiel, M.; Kaltwasser, H. Justus Liebigs Ann. Chem. 

(3 )  Asinger, F. J.; Saw, A.; Offermanns, H.; Dagga, F. A. Justus Lie- 

101508. 

1957, 606, 61-74. 

bigs Ann. Chem. 1969, 723, 119-128. 
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