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A new rearrangement resulting from cleavage of the S-Cs bond of penicillin sulfoxide is reported. An episulfon-
ium ion, D, is suggested as a possible intermediate. Both the six-membered ring products 4, 5 and 6 and a five-mem-
bered ring compound, 7, arise from the same intermediate D. Understanding the mechanism of the new rearrange-
ment was an important step in learning how to control reaction conditions so that the desired S-C; cleavage reac-
tion occurs with minimum contamination by the competing S-C; cleavage process.

The key intermediate in the conversion of penicillin sulf-
oxide 1 to exo-methylenecepham sulfoxide 3 is sulfinyl chlo-
ride 2.1 In a typical example, the synthesis of sulfinyl chloride
2 is carried out by reacting penicillin sulfoxide with N-chlo-
rophthalimide (NCP) in refluxing toluene. Where R,R; is
phthaloyl, the formation of sulfinyl chloride 2 is uneventful
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and proceeds in high yield.! However, when R is an amide
function (for example, phenoxyacetyl) and R, is H, a capri-
cious side reaction often intervenes in which the reaction
mixture rapidly turns dark with concomitant evolution of
quantities of HCl gas. The frequency and rapidity of the side
reaction increase dramatically with increasing reaction size
and concentration. In the most striking examples, all of the
penicillin sulfoxide is consumed in a few minutes, and two new
yellow-colored products, 5 and 6, are formed and comprise the
majority of the reaction product.

Early in our investigation of this side reaction we noted that
the ratio of 5 to 6 varied with time. It was subsequently dem-
onstrated that when 5 was refluxed in toluene for a few hours,
it was converted quantitatively to 6. Furthermore, we found
that trace amounts of acid greatly accelerated the conversion
of penicillin sulfoxide 1 to 5 and 6 and that this side reaction
could be minimized by carefully avoiding the introducticn of
acid and by using acid scavengers.?

An important clue to the mechanism of the reaction was
provided by the observation that pencillin sulfoxide 1 reacts
with NCP on standing in methylene chloride at room tem-
perature (again the reaction is accelerated by the additicn of
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acid). The product of this reaction was obtained as a yellow
solid and identified as an HCI salt of compound 4. It was
crystallized from acetone as yellow needles, mp 148-150
°C.

Later, compound 4 was found to be a minor component of
the crude reaction mixtures in which 5 and 6 were the major
products, and compound 4 was subsequently isolated from
these mixtures by silica gel chromatography. When the HCI
salt of 4 was suspended in a toluene solution saturated with
Cl; and heated to reflux, compounds 5 and 6 were formed, thus
establishing an important link in the rearrangement.

When the HCl salt of 4 was dissolved in methanol at room
temperature, the color was discharged and 7 was obtained in
high yield as a white crystalline solid. Interestingly, 4 as the
free imine did not react with methanol under similar condi-
tions.

Compound 7 crystallized from methanol as white prisms,
mp 119-120 °C. Elemental analysis and high-resolution mass
measurements indicated a composition of Co3HgsN3O4S. Its
proton NMR spectrum showed signals corresponding to an
OCHj and an AMX system (-NH-CH(OCH3)-CH-), in ad-
dition to the gem-dimethyl group, the phenoxyacetamido side
chain, and the p-nitrobenzyl ester. The final structure was
determined by 13C NMR spectroscopy and NOE studies of
the proton NMR spectrum, as well as by X-ray analysis as
follows.

The unit cell of compound 7, as determined by X-ray dif-
fraction, contained four molecules and had the dimensions

=23.154 (4) A, b =11.032 (2) A,c = 9.659 (2) A, and 8 =
98.88 (1)°, with the space group P2,/a. The density calculated
for CazHasN307S was 1.328 g cm~3, which was exactly the
density determined by flotation. A total of 2681 reflections,
of which 244 were considered unobserved, were measured on
a four-angle automated diffractometer using monochromatic
copper radiation. The structure was solved by phasing on the
sulfur atom, located from an E2 — 1 map, followed by refine-
ment using the tangent formula. Further refinement by the
the least-squares method, including anisotropic temperature
factors for all heavy atoms and isotropic hydrogen atoms at
assumed positions, gave a final R value of 0.068. The final
heavy atom positional and thermal parameters (Table I) and
the bond distances and angles (Table II) are included in the
supplementary material. Figure 1 shows the extended con-
formation of the molecule.

The proton NMR spectrum of 4 indicated that the
phenoxyacetamido side chain and the p-nitrobenzyl ester
function were still intact; however, the proton signals corre-
sponding to the AMX system in 7 were gone. Instead, a vinyl
proton singlet at 8 7.52 and two exchangeable resonances at
$11.0 (s, 1 H, amide NH) and ca. 11.3 (brd s of variable posi-
tion) appeared. The upfield 6 H singlet at 6 1.44 indicated that
the gem dimethyl groups were adjacent to a divalent sulfur
such as in penicillins. In fact, examining the proton and 13C
spectra revealed that the partial structure shown below was
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Figure 1. ORTEP drawing of 7.

present in all other products (4, 5, and 6) in this series. In view
of this evidence, only two structures (I and II) in addition to
structure 4 met the structural requirements.
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Of the two similar structures I and II, the latter seemed less
probable since it would require N-Cj cleavage rather than the
more likely S-C; cleavage. We favored structure 4 of the two
remaining alternatives. As described above, the proton NMR
spectrum showed two discrete exchangeable proton reso-
nances. This implies strongly that the exchange rate of the NH
was quite slow. Thus, rapid chemical exchange cannot be in-
voked to explain an absence of vicinal coupling as in structure
I. Therefore, the NH and the vinyl proton of 4 cannot be ad-
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Having determined the structure of 4 and having estab-
lished the link between 4, 5 and 6, their physical data were
compared. Compounds 5 and 6 were readily separated and
purified by silica gel column chromatography. Compound 5,
isolated as a yellow oil, had a composition of CaaHgpN306SCl
as determined by elemental analysis and high-resolution mass
measurement. Compound 6, crystallized from chloroform as
yellow plates, mp 92-93 °C, had a composition of
C29H19N306S, which amounted to the loss of HCI from 5. The
proton NMR spectrum of 5 was almost identical with that of
4 except for the vinyl proton signal which was missing from
5. In addition, the following changes were observed in the
NMR spectra of 5 and 6. The chemical shift of the methylene
protons in the side chain showed a downfield shift from 6 4.59
in 5 t0 6 5.16 in 6, and a similar change in the 3C NMR spectra
from 6 66.8 to 62.4 was observed. The carbonyl carbon of the
side chain also shifted from 6 167.0in 5 to § 160.3 in 6. These
changes are consistent with a change from a phenoxyace-
tamido side chain in 5 to PhOCH,-C(0O-)=N- in 6, and,
therefore the following structures are proposed.
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Based on the information in hand, we believe that the re-
arrangement occurs as outlined in Scheme I. First, NCP ac-
tivated by a trace of acid reacts with penicillin sulfoxide 1 to
form intermediate A, which suffers S—Cs bond cleavage fol-
lowed by loss of CO to give intermediate B. Elimination of a
proton to give C is followed by ring enclosure to give episul-
fonium ion D. Loss of HCI from D gives compound 4. As de-
scribed earlier, the HCl salt of 4 reacts with Cl; (generated in
situ by the reaction of HCI and NCP) to give compound 5,
which on heating loses HCI to give 6 as the final product.

The S-C5 bond cleavage of penicillin sulfoxide followed by
loss of CO and reclosure to a six-membered ring compound
as outlined in Scheme I is not unprecedented. Thomas and
Williams have demonstrated a similar reaction between
penicillin sulfoxide and phenylacetyl chloride in the presence
of aqueous acetone (in this example, ring enclosure to a six-
membered ring bicyclic acetonide occurred).? Likewise, we
found that both phenylsulfinyl chloride and phenylacetyl
chloride reacted rapidly at room temperature with penicillin
sulfoxide ester 1 to give the HCl salt of 4 in a manner entirely
analogous to the reaction with NCP.

It is possible that the HCl salt of 4 reacts with methanol via
intermediate D to give compound 7.4 Evidence that an epi-
sulfonium ion such as D may intervene is obtained when the
reaction is carried out in deuterated methanol (MeOD). Ex-
clusive incorporation of deuterium occurs in compound 7 at
the carbon bearing the methoxy function. This result excludes
a five-membered ring intermediate I as a possible precur-
sor.

Our results indicate that the S-C; bond cleavage is a major
(yet relatively unexplored) rearrangement pathway of peni-
cillin sulfoxide. In addition, the unusual rearrangements which
ensue offer further testimony to the wealth of chemistry which
resides in the pencillin molecule.

Experimental Section

Proton NMR spectra were determined with a Varian HA-100
spectrometer and 13C NMR spectra with a Jeol PFT-100 spectrom-
eter. All solvents were spectrophotometric grade. Melting points were
measured using a Thomas-Hoover capillary melting point apparatus
and were uncorrected.
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General Procedure for the Preparation of 4. The p-nitrobenzyl
ester of penicillinV sulfoxide (1; R = PhOCHy—, R; = p-NO,PhCHo-)
(10 g, 20 mmol) and N-chlorophthalimide (4 g, 22 mmol) were mixed
in 50 mL of unstabilized methylene chloride, and the suspension was
stirred at room temperature until the starting materials dissolved and
yellow-colored precipitate formed (about 5-6 h). The yellow precip-
itate was filtered, suspended in 30 mL of acetone (1 h), and filtered
again to remove the soluble phthalimide. Treatment with acetone gave
yellow needle-like crystals, mp 148-150 °C, in high yield. Elemental
analysis showed a composition of CgoH31N3OgS-HCL, and 7% of
chlorine was free chloride. Its proton NMR spectrum showed the
following signals: (Me2SO-dg, 100 MHz) 6 1.44 (s, 6 H, dimethyl), 4.73
(s, 2 H, -CH,-0Ph), 5.42 (s, 2 H, -CH,-Ph-p-NOy), 6.9-8.3 (9 H,
characteristic of the phenoxyacetyl and p-nitrobenzyl aromatic
protons), 7.52 (s, 1 H, vinyl proton), and exchangeable resonances at
611.0 (s, 1 H, amide NH) and ca. 11.3 (brd s of variable position, 1 H,
apparently HCI). Irradiation of the CH; group of -CH;-OPh led to
an NOE (7%) at one of the exchangeable proton resonances, and ir-
radiation of the above exchangeable proton resonances led to a 13%
NOE in the vinyl proton resonance. The 13C NMR (MeySO-dg)
spectrum indicated the presence of 2 CHj (6 23.4), 4 carbons of the
dihydrothiazine ring (5 38.6, 120.1, 128.8, and 143.3), and 2 ester
carbons (4 162.8 and 166.9).

General Procedure for the Preparation of 5 and 6. The p-ni-
trobenzyl ester of pencillinV sulfoxide (1; 25 g, 50 mmol) and N-
chlorosuccinimide (10 g, 67 mmol) were heated to reflux for 20 min
in 250 mL of 1,1,2-trichloroethane. At this time, the reaction mixture
was very dark and no starting material remained by TLC, A large
guantity of HCl gas can be seen (NH4,OH) evolving from the con-
denser. The reaction mixture was extracted three times with 500 mL
of saturated NaCl solution and dried (MgSQOy), and the solvent was
removed by rotary vacuum evaporation. Thin-layer chromatography
showed that the mixture was mostly compound 5, and it was isolated
by column chromatography (750 g of silica gel eluted with 40% ethyl
acetate-hexane). Heating 5 in toluene for ca. 3 h gave 6 in high
yield.

Alternately, instead of isolating 5, the crude reaction mixture from
above was redissolved in toluene and refluxed overnight. Purification
was carried out by column chromatography as before to give com-
pound 6 as a gum which can be crystallized by the addition of a small
amount of chloroform.

Compound 5, isolated as a yellow oil, analyzed for CooHgoN3OgSCl,

and FDMS showed a molecular ion at m/e 489. Its proton NMR
spectrum showed the following signals: (CDCl3, 60 MHz) § 1.56 (s, 6
H, dimethyl), 4.59 (s, 2 H, -CHy-OPh), 5.38 (s, 2 H, -CHo-Php-NOy),
and 6.9-8.3 (9 H, characteristic of phenoxyacetyl and p-nitrobenzyl
aromatic protons). The 13C NMR spectrum (MesSO-dg) indicated
the presence of 2 CHj (6 23.6), 4 carbons on the dihydrothiazine ring
(6 40.6, 119.5, 123.6, and 146.1), and 2 ester carbons (§ 161.9 and
167.0).
. Compound 6, crystallized from CHCl; as yellow plates, mp 92-93
°C, analyzed for CooH19N304S, and FDMS showed a molecular ion
at m/e 453. Its proton NMR spectrum showed the following signals:
(CDCls, 100 MHz) 5 1.66 (s, 6 H, dimethyl), 5.16 (s, 2 H, -CH—OPh),
5.40 (s, 2 H, -CH2-Ph-p-NO3), and 6.9-8.3 (9 H, characteristic of the
phenoxyacetyl and p-nitrobenzyl aromatic protons). The 13C NMR
spectrum (Me;SO-dg) indicated the presence of 2 CHs (5 25.5), 4
carbons on the thiazine ring (8 44.9, 127.83, 145.3, and 148.4), 1 carbon
on the oxazole ring (8§ 160.3), and 1 ester carbon (5 162.3).
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Conversion of Compound 4 to 7. The thiazine derivative 4 (2 g)
was dissolved in methanol (10 mL), and if a small amount of
phthalimide remained it was removed by filtration. Gradually the
yellow color of the filtrate disappeared, and colorless crystals formed
in high yield. The product was filtered off and dried to give tetrahy-
drothiazoline 7 as white prisms, mp 119-120 °C, microanalyzed for
Ca3Ha5N304S, and FDMS showed a molecular ion at m/e 487 and also
m/e 293 and 194, corresponding to the fragments cleaved between the
carbon holding OCHj3 and the thiazine ring. Its proton NMR spectrum
showed the following signals: (Me,SO, 100 MHz) ¢ 1.64 (s, 6 H, di-
methyl), 3.26 (s, 3 H, -OCH3), 4.58 (s, 2 H, -CH,0Ph), 5.44 (s, 2 H,
-CHy-Ph-p-NOy), 5.41 (dd, J = 9.5 and 4.5 Hz, 1 H,-CH-OCHj), 6.02
(d, J = 4.5 Hz, 1 H, -CH-8), 8.04 (d, J = 9.5 Hz, 1 H, -NH), and
6.8-8.3 (9 H, characteristic of phenoxacetyl and p-nitrobenzyl aro-
matic protons). Irradiation of the CHy group of the phenoxyacetamido
side chain and the p-nitrobenzyl ester function led to sharpening of
the ortho protons of the respective aromatic rings. However, irra-
diation of the protons of the OCHj group leads to no NOE anywhere
in the AMX system, indicating a confirmation which maintains the
OCHj; group distant from the AMX protons. The 13C NMR spectrum
showed 2 CHj (6 29.1 and 29.6}, 1 MeyC- (6 64.1), 1 -C(NYH-S (6 80.8),
1 C(OMe)H-N ((Me2SO-dg) 4 80.3), 1 OCH3 (5 161.0), and 2 ester
carbons (5 168.6 and 168.4).

Reaction of 1 with Benzenesulfinyl Chloride. To a suspension
of 20 g of 1 in 300 mL of acetone was added 10 mL of benzenesulfinyl
chloride. After stirring for 30 min, all of the solid material had dis-
solved and shortly afterwards a yellow product started to precipitate.
Stirring at room temperature was continued for a total of 2 h, and 6.2
g of yellow crystalline product was filtered off. The crystals (650 mg)
were recrystallized from 50 mL of boiling acetonitrile. Next morning
tiny needles of the HCl salt of 4, mp 148-150 °C, were collected. Anal.
Calcd for CooH2oN3OgSCl: C, 53.82; H, 4.31; N, 8.56; S, 6.53; Cl, 7.22.
Found: C, 54.05; H, 4.56; N, 8.69; S, 6.76; Cl, 6.88.
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parameters and bond distances and angles for 7 (4 pages). Ordering
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