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The boron trifluoride etherate induced rearrangement of glycidic thiol esters has been studied. Migration of an
o substituent occurs in those cases where at least one phenyl or two methyl groups are attached to the 8 position
of the thiolglycidate allowing for stabilization of positive charge at the 8 position when the epoxide ring is opened
by the Lewis acid. 3-Phenylthiolglycidates (4a and 4¢) undergo rearrangement with thiol ester group migration in
preference to migration of the a-hydrogen atom to give the corresponding 3-oxo thiol esters (5a and 5¢), respec-
tively. However, the a-phenyl group migrates in preference to the thiol ester function in the rearrangement of S-
phenyl 3,3-dimethyl-2-phenylthiolglycidate (4d) to give thiolpyruvate (14) as the major product. In one example
involving the rearrangement of S-phenyl 2-phenylthiolglycidate (4e) to form B-oxo thiol ester (2a), a 8 hydrogen
serves as the migrating group. The rearrangement of 4e also gives a smaller amount of 3-lactone 16, formed in a
novel ring expansion reaction involving the shift of the phenylthio group to the « position.

Intramolecular Wagner-Meerwein rearrangement pro-
cesses involving a 1,2 migration to an electron-deficient
center have been studied extensively. It is well known that
aryl groups, alkyl groups, and hydrogen atoms may serve as
migrating groups in this reaction. More recently a large va-
riety of electron-withdrawing substituents have been ob-
served to function as migrating groups, including ketone,?
ester,3 amide,* amidate,? nitrile,® phosphonate ester,” phos-
phinyl 8 sulfoxide,? sulfone,? nitro,'® and halogen groups.!!
In this connection the rearrangement of epoxides substitut-
ed with electron-withdrawing groups has received the
greatest attention. We have been interested in the synthe-
sis and chemistry of glycidic thiol esters (1). These com-
pounds undergo boron trifluoride induced rearrangement
with thiol ester group migration to give the enol tautomer
(2) of the corresponding $-oxo thiol ester.!? This is the first

reported example of migration of the thiol ester function -

during a nonenzymatic rearrangement process.!3
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We wish to report here on the migratory aptitude of the
thiol ester group relative to other groups such as methyl,
phenyl, hydrogen, and carbethoxy. Similar studies on the
migratory aptitude of ketone?® and carbethoxy groups3® in
related epoxide rearrangement processes have been re-
ported. Also with the recent development of a high-yield
procedure for the preparation of thiolglycidates,' the
BFs-induced rearrangement of glycidic thiol esters pro-
vides a convenient synthetic route to 8-oxo thiol esters and
also certain «-keto thiol esters. Despite the importance of
these functional groups in biological systems, relatively few
methods have been found for their preparation.1516

Results and Discussion

Initially we synthesized glycidic thiol esters from the cor-
responding salts using thionyl chloride or oxalyl chloride
Schotten~-Baumann procedures. The oxalyl chloride meth-
od that we used is similar to that developed by Speziale
and Frazier!” for the synthesis of glycidamides. Thus, for
example, glycidic thiol esters 4a and 4b were prepared by
allowing glycidate salts 3a and 3b to react with oxalyl chlo-
ride in benzene followed by treatment with benzenethiol

and pyridine in ether solvent. Glycidic thiol ester 4c was
prepared by treatment of 3¢ with S-phenyl thiolchlorocar-
bonate in tetrahydrofuran at 0°.
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All of the BFg-induced rearrangements of glycidic thiol
esters that we have studied were found to proceed rapidly
(within 30 min or less) when the glycidic thiol esters (4)
were treated with excess boron trifluoride etherate (4
equiv) in ether solvent at room temperature. These condi-
tions were used by House? in the rearrangement of «,8-
epoxy ketones, although stronger conditions were needed
in some cases. Somewhat more severe conditions involving
BF3; gas in benzene solvent were used by Kagan and
Singh3a in the rearrangement of glycidic (oxygen) esters.
The rearrangement products obtained in our study were
isolated in high yield by evaporation of the ether solvent
followed by direct column chromatography on silica gel.

The BFs-induced rearrangement of S-phenyl 3-methyl-
3-phenylthiolglycidate (4a) gave S-phenyl 2-methyl-2-phe-
nyl-3-oxopropanethioate (5a) as the major product (87%).
In a similar way thiolglycidate 4b gave 8-keto thiol ester 5b
in 91% yield. The structure of the rearrangement products,
5a and 5b, were established on the basis of spectral data
and by conversion to the corresponding 2-pyrazoline-5-
ones, 6a and 6b, by treatment with hydrazine hydrate in
ethanol. The formation of 8a from 4a may be explained by
assuming initial opening of the epoxide ring by the Lewis
acid followed by 1,2 migration of the thiol ester function
from the @ to the electron-deficient 8 carbon atom.!8 We
have reported earlier that 1a and 1b undergo rearrange-
ment to give 2a and 2b involving migration of the thiol
ester function.’? These results together with the results
presented here suggest that the S-phenyl thiol ester func-
tion has higher migratory aptitude than methyl or hydro-
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gen in the BF3-induced rearrangement of glycidic thiol es-
ters. A similar preference for carbonyl group migration has
been observed in the rearrangement of chalcone epoxides.2b
In the case of glycidic esters the carbethoxy group migrates
in preference to methyl in the BFs-induced rearrangement
of ethyl 2-methyl-3-phenylglycidate.32:12

Interestingly the rearrangement of ethyl 3-phenylgly-
cidate (7) has been reported to give ethy! 3-phenylpyruvate
(8) involving apparent migration of the a hydrogen.®2 In
this connection we have examined the rearrangement of S-
ethyl 3-phenylthiolglycidate (9). Rearrangement of 9 gave
primarily the enol tautomer of S-ethyl 2-phenyl-3-oxopro-
panethioate (10). It is probable that the thiol ester group
migrates in the conversion of 9 to 10 in view of the fact that
we have already shown with a 14C labeling study!2b that the
thiol ester group and not the 8-phenyl group migrates in
the corresponding conversion of S-phenyl ester 1a to 2a. In
any case, when these results are compared to those ob-
tained by Kagan and Singh32 they suggest that the pres-
ence of the sulfur atom has a major influence on the migra-
tory aptitude of the thiol ester function in this system.
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Furthermore, these results support the conclusion that
the thiol ester group has higher migratory aptitude than
the normal (oxygen) ester in these rearrangement reac-
tions. In agreement with this interpretation we find that
S-phenyl 3,3-diphenylthiolglycidate (4¢) underwent BFs-
induced rearrangement with thiol ester group migration to
give S-phenyl 2,2-diphenyl-3-oxopropanethioate (5¢) in
85% yield. In contrast, ethyl 3,3-diphenylglycidate rearran-
ges in the presence of HCl at 200° to give ethyl diphenylpy-
ruvate involving migration of a hydrogen atom.2® The
structure of B¢ was established by deformylation using the
method of House?® to give S-phenyl diphenylethanethioate
(12). 12 was synthesized independently from sodium di-
phenylacetate (13) and S-phenyl thiolchlorocarbonate.
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Also in this connection we have examined the rearrange-
ment of S-phenyl 8,3-dimethyl-2-phenylthioglycidate (4d).
Two products, thiolpyruvate 14 (80% yield) and B-keto
thiol ester 5d (10% yield), were obtained. The structure of
14 was established by independent synthesis involving
treatment of sodium 3,3-dimethyl-3-phenylpyruvate (15)
with S-phenyl thiolchlorocarbonate in THF at 0°. The
BFs-induced rearrangement of 4d to 5d would appear to in-
volve migration of the thiol ester function. This is notewor-
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thy®d in view of the fact that it is the first reported case
where a carbonyl group has been found to compete with
phenyl as the migrating group in the rearrangement of
«,3-epoxy carbonyl systems. In contrast only the phenyl
group has been observed to migrate in the BFs-induced
rearrangement of ethyl 2-phenyl-3,3-dimethylglycidate.32
The major product obtained from the rearrangement of 4d
is thiolpyruvate 14, which would result from migration of
the a-phenyl. This suggests that the «a-phenyl group has
higher migratory aptitude than the thiol ester function in
the rearrangement of a-phenyl glycidic thiol esters.
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In summary, in the BFs-induced rearrangement of S-
phenyl glycidic thiol esters involving shifts from the o posi-
tion to the electron-deficient 8 carbon atom, the relative
migratory aptitudes would be as follows: phenyl > S-phe-
nyl thiol ester > methyl or hydrogen. A similar order has
been found for the benzoyl group in the rearrangement of
chalcone epoxides? and for the carbethoxy group in the
rearrangement of glycidic esters.32 We have also obtained
results that suggest that the thiol ester group has higher
migratory aptitude than the carbethoxy group in these
rearrangement reactions.

House? has shown that the BFs-induced rearrangement
of 2,3-epoxy-2-phenylpropiophenone leads to initial gener-
ation of positive charge at the o position owing to reso-
nance stabilization by the a-phenyl substituent. One of the
8 hydrogen atoms then migrates to the « position (or alter-
natively the hydrogen is lost as a proton) to give after
work-up with phenylhydrazine the corresponding pyrazole
derivative of «-formyldeoxybenzoin. In a similar manner
ethyl 2-phenylglycidate is converted into ethyl 2-phenyl-
3-oxopropanoate, although in low yield.32 We have found
that the rearrangement of S-phenyl 2-phenylthiolglycidate
(4e) provides a similar rearrangement product, 2a, in 55%
yield. We also isolated from this rearrangement reaction
B-lactone 16 in about 20% yield. The structure assignment

0) BF,
0
Cé \Céljsc - etherate + 0
2 ¢Hy ——> 2a SCH,
C5H5 CGH:')
4e 16

for 16 is based on elemental analysis and spectral data. The
ir spectrum shows a §-lactone carbonyl at 1815 cm~! while
the NMR spectrum shows an AB quartet at & 4.47 and 4.61
(JaB = 5.5 Hz). In the mass spectrum the molecular ion oc-
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curs at m/e 256 while the base peak is at m/e 212 (M.* —
CO,). We would rationalize the formation of 16 by initial
attachment of the BF; catalyst to the thiol ester carbonyl
oxygen atom followed by intramolecular coordination of
the electrophilic carbonyl carbon with the epoxide oxygen
atom resulting in opening of the epoxide ring and forma-
tion of the four-membered ring. A 1,2 shift of the phenyl-
thio group to the a-carbon position would generate §-lac-
tone 16. Migration of the phenylthio group and formation
of the four-membered ring may occur simultaneously, The
conversion of 4e to 16 represents a novel ring expansion
reaction not previously observed in the Lewis acid induced
rearrangement of other o,8-epoxy carbonyl systems.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer Model 457
spectrometer. Nuclear magnetic resonance spectra were recorded
on a Varian Associates Model A-80A spectrometer using tetra-
methylsilane (Me4Si) as an internal standard except where other-
wise noted. Mass spectral analysis was performed on a Varian
MAT CH-5 instrument. THF was dried over sodium metal-an-
thracene complex and distilled prior to use. Benzene was dried
over sodium metal while ether was dried over LiAlH,. Both were
distilled prior to use. The petroleum ether had a boiling point
range of 60-110°. The silica gel used for column chromatography
was Baker reagent grade (60-200 mesh). Merck silica gel GF-254
was used for preparative thin layer chromatography. Melting
points and boiling points are uncorrected. The elemental analyses
were performed by M-H-W Laboratories, Garden City, Mich. S-
Phenyl thiolchlorocarbonate was purchased from Columbia Organ-
ic Chemicals Co.

Sodium 2,3-dimethyl-3-phenylglycidate (3b), believed to be
the trans (E) isomer, was obtained from a mixture of sodium (E)-
and (Z)-2,3-dimethyl-3-phenylglycidate?! by fractional crystalliza-
tion from ethanol and water as colorless plates: mp 314-316° dec;
NMR (D20, Me,Si external standard) & 7.30 (s, 5 H), 1.53 (s, 3 H),
1.10 (s, 3 H).

S-Phenyl 3-Methyl-3-phenylthiolglycidate (4a). Sodium 3-
methyl-3-phenylglycidate (3a,22 2.25 g, 0.011 mol) was suspended
in anhydrous benzene (25 ml) under nitrogen at 0°. This was treat-
ed with pyridine (3-5 drops) followed by the dropwise addition
over a period of 1 hr of freshly distilled oxalyl chloride (2.22 g,
0.0175 mol) in benzene (5 ml). The reaction mixture was stirred at
0° for 30 min and the benzene was removed by evaporation under
reduced pressure maintaining the temperature below 15°. Fresh
benzene (20 ml) and pyridine (8-5 drops) were added and then
evaporated under reduced pressure. Anhydrous ether was added to
the residue and the temperature was lowered to —40 to —50°. Ben-
zenethiol (1.00 g, 0.0091 mol) in ether (5 ml) and pyridine (0.92 g,
0.012 mol) in ether (5 ml) were added dropwise separately and si-
multaneously over a period of 20 min. The reaction mixture was
stirred at —40 to —50° for an additional 2 hr and then warmed to
room temperature before water (25 ml) was added. The ether layer
was separated and the water was reextracted with ether (25 ml).
The combined ether extracts were dried (NasSOy4) and concentrat-
ed and the crude product was subjected to column chromatogra-
phy on silica gel eluting with petroleum ether followed by benzene—
petroleum ether, which upon evaporation gave what is believed to
be the trans (E) isomer of 4a (1.16 g, 4.3 mmol, 38%). Recrystalli-
zation (n-hexane and benzene) gave colorless needles: mp 68-69°;
NMR (CCly) 6 7.33 (s) and 7.27 (s) (10 H), 3.48 (s, 1 H), 1.83 (s, 3
H); ir (KBr) 1690 cm™* (broad).

Anal. Caled for C16H14098: C, 71.08; H, 5.22; S, 11.86. Found: C,
71.33; H, 5.14; S, 11.69.

S-Phenyl 2,3-dimethyl-3-phenylthiolglycidate (4b), believed
to be the trans (E) isomer, was obtained using a similar procedure
from sodium 2,3-dimethyl-3-phenylglycidate (8b), oxalyl chloride,
benzenethiol, and pyridine in 17% yield. Recrystallization (n-hex-
ane and benzene) gave colorless needles: mp 61-62°; NMR (CCLy) 6
7.33 (s) and 7.26 (s) (10 H), 1.78 (s, 3 H), 1.18 (s, 3 H); ir (KBr)
1690 cm™1 (broad). ‘

Anal. Caled for C17H1504S: C, 71.80; H, 5.67; S, 11.28. Found: C,
71.66; H, 5.40; S, 11.13.

S-Phenyl 2-phenylthiolglycidate (4e) was obtained using a
similar procedure from sodium 2-phenylglycidate,?® oxalyl chlo-
ride, benzenethiol, and pyridine in 85% yield. Recrystallization
(n-hexane and benzene) gave colorless plates: mp 55.5-57°; NMR
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(CCly) 6 7.42 (s) superimposed on a multiplet 7.80-7.20 (10 H),
3.35(d, 1 H,J = 6.5 Hz), 297 (d, 1 H, J = 6.5 Hz); ir (KBr) 1690
em™! (broad).

Anal. Caled for CmeOzS: 70.29; H, 4.72; S, 12.51. Found: C,
70.11; H, 4.84; S, 12.32,

S-Phenyl 3,3-Diphenylthiolglycidate (4c). Sodium 3,3-di-
phenylglycidate (3¢,2° 2.62 g, 0.010 mol) was suspended in dry
THF (30 ml) under nitrogen atmosphere at 0°. It was treated with
pyridine (3-5 drops) followed by the dropwise addition over a peri-
od of 30 min of S-phenyl thiolchlorocarbonate (1.72 g, 0.010 mol)
in dry THF (5-10 ml). The reaction mixture was stirred for 30 min
at 0° and then at room temperature for an additional 60 min be-
fore it was poured into cold water (200 ml) and ether (200 m}). The
ether layer was separated and the water layer was extracted again
with ether (100 ml). The combined ether extracts were dried
(NagSO4) and concentrated to give an oil which was subjected to
column chromatography on silica gel eluting with petroleum ether
followed by benzene-petroleum ether (1:1) to collect the product
(2.4 g, 0.0072 mol, 72%). Recrystallization (n-hexane and benzene)
gave pure 4c as colorless plates: mp 93-95°; NMR (CCly) 6 7.22 (s)
superimposed on multiplet 7.60-6.70 (15 H), 3.90 (s, 1 H); ir (KBr)
1675 cm™L. :

Anal. Caled for Cg1Hy6028: C, 75.87; H, 4.85; 8, 9.65. Found: C,
75.67; H, 4.58; S, 9.51.

S-Phenyl 2-phenyl-3,3-dimethylthiolglycidate (4d) was ob-
tained in a similar manner from sodium 2-phenyl-3,3-dimethylgly-
cidate?! and S-phenyl thiolchlorocarbonate in 72% yield. Recrys-

" tallization (n-hexane and benzene) gave colorless needles: mp 66—

67°; NMR (CDCl3) & 7.28 (s) superimposed on multiplet at 7.65-
7.10 (10 H), 1.62 (s, 3 H), 1.07 (s, 3 H); ir (KBr) 1700 em™? (broad).

Anal. Caled for Cy7H14028: C, 71.80; H, 5.67; H, 11.28. Found: C,
72.01; H, 5.65; S, 11.11.

Rearrangement of 4a. Boron trifluoride etherate (0.55 ml, 4.4
mmol) was added to 4a (0.298 g, 1.1 mmol) in dry ether (15 ml)
under nitrogen atmosphere and the reaction was stirred at room
temperature for 30 min before concentrating under reduced pres-
sure. The residual oil was subjected to column chromatography on
silica gel eluting with benzene. Concentration of the benzene el-
uent containing the product gave S-phenyl 2-methyl-2-phenyl-3-
oxopropanethioate (5a) as a faint yellow oil (0.260 g, 0.96 mmol,
87%): NMR (CCly) 6 10.00 (s, 1 H), 7.42 (s) and 7.25 (s) (10 H), 1.83
(s, 3 H); ir (thin film) 1725, 1685 cm™1.

The produet (0.260 g, 0.96 mmol) in ethanol (3 ml) was treated
with hydrazine hydrate (0.20 g, 4.0 mmol) and the solution was re-
fluxed for 20 min and then allowed to stand at room temperature.
Crystals began to form after approximately 1 day. After 3 days the
crystalline derivative was washed with warm hexane (to remove di-
phenyl disulfide) and recrystallized from ethanol and water to give
4-methyl-4-phenyl-2-pyrazolin-5-one (6a), mp 101-102° (lit. mp
99-101°,2¢ 107-110° 25),

Anal. Caled for C1oH1oN2O: C, 68.95; H, 5.79; N, 16.08. Found:
C, 69.20; H, 5.61; N, 15.89.

Rearrangement of 4b. Using the same general procedure 4b
was converted to S-phenyl 2-methyl-2-phenyl-3-oxobutanethioate
(5b), which was obtained as a faint yellow oil in 91% yield. 5b crys-
tallized after trituration with ether. Recrystallization from n-hex-
ane gave pure 5b: mp 65-66°; NMR (CCly) 6 7.32 (s) and 7.28 (s)
(10 Il-I), 2.07 (s, 8 H), and 1.85 (s, 3 H); ir (thin film) 1715, 1685
em™L

Anal. Caled for C17H1g028: C, 71.80; H, 5.67; S, 11.28. Found: C,
71.73; H, 5.78; S, 11.22.

8b was converted to 3,4-dimethyl-4-phenyl-2-pyrazolin-5-one
(6b) on treatment with hydrazine hydrate in ethanol. Recrystalli-
zation from ethanol and water gave colorless plates, mp 156-158°
(reported?® mp 158-159°). The mixture melting point with an au-
thentic sample (mp 156-158°) prepared from hydrazine hydrate
and ethyl 2-methyl-2-phenyl-3-oxobutanoate3 in ethanol was not
depressed.

Anal. Caled for C;;H12N20: C, 70.19; H, 6.43; N, 14.88. Found:
C, 69.99; H, 6.66; N, 14.80.

Rearrangement of 9. Using the same general procedure 94 was
converted to the Z enol tautomer of S-ethyl 2-phenyl-3-oxopro-
panethioate (10). It was necessary to purify this product further by
a second column chromatography on silica gel eluting with ben-
zene—petroleum ether (1:1) followed by short-path distillation
(bath temperature 115-120°, 0.4 mm) to give the product as a faint
yellow oil in 53% yield: NMR (CCly) 8 12.30 (d, 1 H, J = 12.0 Hz),
7.22 (s, 5 H), 690 (d, 1 H, J = 12.0 Hz), 2.88 {q, 2 H, J = 7.0 Hz),
1.24 (t, 3 H, J = 7.0 Hz); ir (thin film) 1725 (m), 1670 (shoulder),
1625 cm™! (s). The structure of the rearrangement product was
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confirmed by conversion of the chromatographed material to 4-
phenylpyrazolone (11) (mp 221-223°) using hydrazine hydrate in
ethanol. The mixture melting point of this pyrazolone with an au-
thentic sample was not depressed.2’

Rearrangement of 4c. In'a similar way 4¢ was converted to S-
phenyl 2,2-diphenyl-3-oxopropanethioate (5¢) which was obtained
as a light yellow oil in 85% yield: NMR (CDClg) § 10.02 (s, 1 H),
7.28 (s, 15 H); ir (thin film) 1730, 1685 em™1,

The rearrangement product was deformylated using the proce-
dure of House.?2 A solution of the rearrangement product (1.0 g)
and sodium acetate (1.2 g) in ethanol (150 ml) was allowed to re-
flux for 3 hr. The reaction mixture was cooled to room temperature
before adding ether (150 ml). The ether was extracted with 20% so-
dium chloride solution (3 X 150 ml), dried (Na2SO,), and concen-
trated to give an oil which solidified on standing. The NMR of this
product suggested that it was a mixture of ethyl diphenylacetate
and S-phenyl diphenylethanethioate (12). Recrystallization from
hexane and benzene gave pure 12 as colorless needles: mp 81-83°;
NMR (CCly) 6 7.28 (s) and 7.23 (s) (15 H), 5.13 (s, 1 H); ir (KBr)}
1690 cm™1L,

Anal. Caled for CooH3608: C, 78.91; H, 5.30; S, 10.53. Found: C,
78.54; H, 5.11; S, 10.31.

The mixture melting point of this compound with an authentic
sample (prepared as described below) was not depressed. In a later
attempt to purify 5¢ by preparative thin layer chromatography on
silica gel 12 was obtained instead, mp 80-82°. The mixture melting
point of this material with authentic 12 (described below) was also
not depressed.

S-Phenyl Diphenylethanethioate (12). Using the same S-phe-
nyl thiolchlorocarbonate procedure described for the synthesis of
S-phenyl 3,3-diphenylthiolglycidate (4c), sodium diphenylacetate
was converted to 12 in 64% yield after column chromatography.
Recrystallization (n-hexane and benzene) gave colorless needles,
mp 81-83°.

In a separate experiment the rearrangement product 5¢ was con-
verted to 4,4-diphenyl-2-pyrazolin-5-one (6c) on treatment with
hydrazine hydrate in ethanol. The crystals were washed with n-
hexane followed by recrystallization from ethanol and water to
give colorless plates: mp 204-206°; ir (KBr) 3320 (sharp), 1705,
1725 cm™! (shoulder).

Anal. Caled for CisH12N2O: C, 76.25; H, 5.12; N, 11.86. Found:
C,76.03; H,5.12; N, 11.84.

Rearrangement of 4d. Using the same procedure 4d was con-
verted to S-phenyl 3,3-dimethyl-3-phenylthiolpyruvate (14),
which was obtained as a thick yellow oil that crystallized on stand-
ing. Recrystallization (n-hexane and benzene) gave the pure thiol-
pyruvate 14 as yellow plates in 70% yield: mp 47-48°; NMR (CCly)
§7.18 (s, 10 H), 1.58 (s, 6 H); ir (KBr) 1715, 1695 cm™1,

Anal. Caled for C17H16058: C, 71.80; H, 5.67; S, 11.28. Found: C,
71.67; H, 5.54; S, 11.31.

The mother liquors obtained from the recrystallization of 14 on
concentration gave a mixture of 14 (10%) along with S-phenyl 2,2-
dimethyl-3-phenyl-3-oxopropanethioate (5d, 10%) which were sep-
arated by careful column chromatography on silica gel eluting with
benzene-petroleum ether (1:9). 5d was obtained as a colorless oil:
NMR (CCLy) 6 8.1-7.8 (m, 2 H), 7.35 (s) superimposed on a multi-
plet at 7.6-7.2 (8 H), 1.62 (s, 6 H); ir (thin film) 1695, 1675 cm™1,
This was converted to 4,4-dimethyl-3-phenyl-2-pyrazolin-5-pne
(6d) on treatment with hydrazine hydrate in ethanol. The product
was purified by chromatography on a silica gel column eluting with
2% ethanol in benzene. Recrystallization from benzene-n-hexane
followed by a second recrystallization from ethanol and water gave
the pure pyrazolone 6d, mp 117-118° (1it.28 mp 118°). The mixture
melting point with an authentic sample (mp 117-118°) prepared
from ethyl 2,2-dimethyl-3-phenyl-3-oxopropionate?® and hydra-
zine ‘hydrate in ethanol was not depressed. An analytical sample
was obtained after two recrystallizations from ethanel and water.

Anal, Caled for C11H;2No0: C, 70.19; H, 6.43; N, 14.88. Found:
C, 70.08; H, 6.61; N, 15.16.

Sodium Phenyldimethylpyruvate (15). Ethyl phenyldimeth-
ylpyruvate®® was converted to 15 in 56% yield using Claisen’s
method.?® The salt was obtained as an amorphous, faint yellow
powder: NMR (D30, Me4Si external standard) 6 7.38 (s, 5 H), 1.55
(s, 6 H).

S-Phenyl 3,3-Dimethyl-3-phenylthiolpyruvate (14). Using
the S-phenyl thiolchlorocarbonate procedure described for the
synthesis of S-phenyl 3,3-diphenylthiolglycidate (4¢), pyruvate
salt 15 was converted to thiolpyruvate 14 in 59% yield after column
chromatography. Recrystallization (n-hexane and benzene) gave
14 as yellow plates, mp 47-48°. The NMR and ir spectra of this
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compound were identical with the NMR and ir specira of 14 ob-
tained from the rearrangement of 4d. The mixture melting point
was not depressed.

Rearrangement of 4e, Using the same general rearrangement
procedure, 4e was converted to a mixture of products containing
the Z enol tautomer of S-pheny! 2-phenyl-3-oxopropanethioate
(2a) and a second compound, 3-lactone 16. The mixture was sepa-
rated by a second column chromatography on silica gel eluting
with benzene-petroleum ether (1:4). The 8-lactone 16 was eluted
first (20% yield). Recrystallization (n-hexane and benzene) gave
colorless plates: mp 99-100°; NMR (CDCls) 6 7.32 (s) superim-
posed on a multiplet at 7.60-7.15 (10 H), 4.47 and 4.61 (AB quar-
tet, 2 H, J = 5.5 Hz); ir (KBr) 1815 cm™! (strong); mass spectrum
(92°, 70 €V) m/e (rel intensity) 2566 (M.*, 15), 212 (M.* — COs,
100), 211 (81), 165 (10), 147 (M.* — CgH;8, 17), 110 (57).

Anal. Caled for C15Hi2048: C, 70.29; H, 4.72; 8, 12,51, Found: C,
70.21; H, 4.78; S, 12.70.

Further elution of the silica gel column with benzene—petroleum
ether (1:4) gave the Z enol tgutomer of S-phenyl 2-phenyl-3-o0xo-
propanethioate (2a) (55% yield): NMR (CCL) 6 12.35 (d, 1 H, J =
12.5 Hz), 7.23 (s, 10 H), 6.85 (d, 1 H, J = 12.5 Hz); ir (neat) 1700,
1625 cm ™!, The structure of this rearrangement product was estab-
lished by conversion to 4-phenylpyrazolone (11) (mp 223-224°)
using hydrazine hydrate in ethanol. The mixture melting point
with an authentic sample!28:27 was not depressed.

Acknowledgment. We wish to thank the Research Cor-
poration for a Frederick Gardner Cottrell Grant in support
of this work. We also wish to thank L. M. Humphrey of the
Upjohn Co., Kalamazoo, Mich., for assistance with the
mass spectral analysis.

Registry No.—2a, 30031-66-4; 3a, 54984-42-8; trans-3b,
54934-18-8; cis-3h, 54934-35-9; 3¢, 54934-19-9; 4a, 54934-20-2; 4b,
54934-21-3; 4c, 54934-22-4; 4d, 54934-23-5; 4e, 54934-24-6; 5a,
54934-25-7; 5b, 54934-26-8; 5e, 54934-27-9; 5d, 54934-28-0; 8a,
941-18-4; 6b, 18182-57-5; 6¢, 40110-22-3; 6d, 24979-47-3; 9, 54885-
09-5; 10, 54934-29-1; 11, 54934-30-4; 12, 54934-31-5; 14, 54934-32-
6; 15, 54934-33-7; 16, 54934-34-8; benzenethiol, 108-98-5; sodium
2-phenylglycidate, 24568-17-0; S-phenyl thiolchlorocarbonate,
13464-19-2; sodium 2-phenyl-3,3-dimethylglycidate, 24568-18-1;
sodium diphenylacetate, 1716-11-8; ethyl phenyldimethylpyru-
vate, 54934-36-0.

References and Notes

(1) Presented in part at the 5th Centra! Regional Meeting of the American
Chemical Society, Cleveland, Ohio, May 13-15, 1973. Taken principally
from the Ph.D. Thesis of D. J. Dagli, University of Detroit, 1974,

(2) (a) H. O. House, J. Am. Chem. Soc., 76, 1235 (1954); (b) H. O. House
and D. J. Relf, ibid., 77, 6525 (1955); (c) H. O. House, D. J. Reif, and R.
L. Wasson, ibid., 79, 2490 (1957); (d) H. O. House and G. D. Ryerson,
ibid., 883, 879 (1961); (e) H. Hart and L. R. Lerner, J. Org. Chem., 32,
2669 (1967); (f) V. Tortorella, L. Toscano, C. Vetuschi, and A. Romeo,
J. Chem. Soc., 2422 (1971).

(3) (a) S. P. Singh and J. Kagan, J. Am. Chem. Soc., 91, 6198 (1969); (b) J.
Kagan, D. A. Agdeppa, Jr., and S. P. Singh, Helv. Chim. Acta, 55, 2252
(1972); (c) D. E. McGreer and Y. Y. Wigfield, Can. J. Chem., 47, 2905
(1969); (d) J. N. Marx, J. C. Argyle, and L. R. Norman, J. Am. Chem.
Soc., 86, 2121 (1974); (8} R. M. Acheson, Acc. Chem. Res., 4, 177
(1871); (f) E. A. Harrison, Jr., Chem. Ind. (London), 109 (1974); (g) J. D.
White, J. B. Bremner, M. J. Dimsdale, and R. L. Garcea, J. Am.-Chem.
Soc., 93, 281 (1971). .

(4) H. Dahn, M. Ballenegger, and H. P. Schlunke, Chimia, 18, 59 (1964).

(5) L. A. Paquette, T. Kakahano, and J. F. Kelley, J. Org. Chem., 36, 435
(1971).

(6) R. N. McDonald and P. G. Hill, J. Org. Chem., 35, 2942 (1970).

(7) R. H. Churi and C. E. Criffin, J. Am. Chem. Soc., 88, 1824 (1966);, M.
Sprecher and D. Kost, Tetrahedron Lett,, 703 (1969); N. N. Girotra and
N. L. Wendler, ibid., 4647 (1969).

(8) P.F. Cann, D. Howells, and 8. Warren, Chem. Commun., 1148 (1971).

(9) (a) T. Durst and K. C. Tin, Tetrahedron Lett., 2369 (1970); (b) D. F. Ta-
vares, R. E. Estep, and M. Blezard, ibid., 2373 (1970).

(10) H. Newman and R. B. Angier, Tetrahedron, 26, 825 (1970).

(11) R. N. McDonald in ‘‘Mechanisms of Molecular Migrations”, Vol. 3, B. S.
Thyagarajan, Ed., Wiley-Interscience, New York, N.Y., 1971, p 67.

(12) (a) J. Wemple, J. Am. Chem. Soc., 92, 6694 (1970); (b) J. Domagala
and J. Wemple, Tetrahedron Lett.,, 1179 (1973).

(18) It is known that the thiol ester group migrates during the conversion of
methylmailonyl coenzyme A to succinyl coenzyme A catalyzed by meth-
ylmalonyl coenzyme A mutase: J. Retey and F. Lynen, Biochem. Bio-
phys. Res. Commun., 18, 358 (1984); M. Sprecher, J. M, Clark, and D.
B. Sprinson, J. Biol. Chem., 241, 872 (1966).

(14) R. A. Gorski, D. J. Dagli, V. A. Patronik, and J. Wempie, Synthesis, 811
(1974). .

(15) R. B. Baker and E. E. Reid, J. Am. Chem. Soc., 51, 1567 (1929); M. W.
Cronyn, M. P. Chang, and R. A. Wall, ibid.,, 77, 3031 (1955); R. M.
Avena and S. Kumar, Anal. Biochem., 4, 514 (1962); 8. Motoki and T.



Synthesis of 10-Thiofolic Acid

Sato, Bull. Chem. Soc. Jpn., 42, 1322 (1969); C. Demuynck and A.
Thuillier, Bull. Soc. Chim. Fr., 2434 (1969).

(16) J. Wieland and H. Koppe, Justus L ‘abigs Ann. Chem., 588, 15 (1954}, E.
Zbirat and E. Werner, Monatsh Chem., 97, 1797 (1966); J. Knappe and
U. Herzog-Weigand, Justus Liebigs Ann. Chem., 701, 217 (1967); G. A.
Russell and L. A. Ochrymowycz, J. Org. Chem., 34, 3618 (1969).

(17) A. J. Speziaie and H. W. Frazier, J. Org. Chem., 26, 3176 (1961).

(18) In the case of rearrangement of «,3-epoxy ketones it is not known at
present whether or not carbonyl group migration is concerted with ep-
oxide ring opening,?! and the same point may be made with respect to
the BFs-induced rearrangement of glycidic thiol esters.

(19) H. O. House, J. W. Blaker, and D. A. Madden, J. Am. Chem. Soc., 80,
6386 (1958).

{20) F.F. Blicke and J. A. Faust, J. Am, Chem. Soc., 76, 3156 (1954).

(21) 8. P. Singh and J. Kagan, J. Org. Chem., 35, 3839 (1970).

(22) H. O. House and J. W. Blaker, J. Am. Chem. Soc., 80, 6389 (1958). The

J. Org. Chem., Vol. 40, No. 12,1975 1745

salt we isolated had a decomposition point of 268-270° and the fol-
lowing NMR (D,0, Me4Si external standard): § 7.33 (s, 5 H), 3.48 (s, 1
H), 1.63 (s, 3 H). We believe that it is the trans (E) isomer.

(23) S. P. Singh and J. Kagan, J. Org. Chem., 35, 2203 (1970).

(24) F. M. Fiordalisi, U.S. Patent 3,166,475 (1965); Chem. Abstr., 62, 9141
(1965).

(25) B. J. Nicolaus, L. Mariam, E. Bellasto, and E. J. Lopetit, Gazz. Chim. ial.,
94, 652 (1964).

(26) M. W. Grittos, J. W. James, and L. F. Wiggins, British Patent 1,088,846
(1967); Chem. Abstr., 68, 105193x (1968).

(27) H. A. Offe, W. Siefken, and G. Domagk, Z. Naturforsch. B, 7, 446
(1952).

(28) C. Sabate-Alduy and J. Lematre, Bull. Soc. Chim. Fr., 4159 (1969).

(29) D. F. Thompson, P. L. Bayless, and C. R. Hauser, J. Org. Chem., 19,
1490 (1954).

(30) L. Claisen, Ber., 38, 693 (1905).
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An unambiguous synthesis of 10-thiofolic acid has been carried out in good yield starting from p-carbomethoxy
thiophenol. Methods have been developed for the quantitative conversion of 6 to the bromo ketone 8. p-Carbome-
thoxy thiophenol (3) and the acid (2) were found to be unstable in organic solvents in the presence of oxygen and
were converted to the corresponding disulfides (4 and 5). A reduction procedure has been developed for the rapid
and clean conversion of 14 to 15, and a procedure for the simultaneous cyclization-oxidation of 15 to 16. 10-
Thiofolic acid (1) has been tested for its ability to inhibit the growth of two folate-requiring organisms and
showed good antifolate activity. It has also shown moderate activity in preliminary screening against L-1210 leu-

kemia in mice.23

The synthesis and biological evaluation of homofolic
acid*® and its reduced derivatives (20)23 have given impe-
tus to the search for folic acid analogs which are altered in
the region corresponding to the C°-N10 bridge in folic acid.
A number of analogs in this class have been reported re-
cently.#10 It appeared to us that the replacement of the
10-amino group of folic acid by a heteroatom would result
in folate analogs whose tetrahydro forms®3 could contrib-
ute interference to the thymidylate synthesis reaction
owing to their inability to form cyclic one-carbon interme-
diates through positions 5 and 10. This paper details the
synthesis and preliminary antifolate activity of such a com-
pound, 10-thiofolic acid (1).

At the outset, a convenient procedure for the preparation
of p-carbomethoxythiophenol (3) was required. This was
accomplished by a route previously described by Wiley,!!
and the disulfide 4 was also isolated from the reaction mix-
ture. Hydrolysis of 3 gave p-carboxythiophenol (2), which
was converted to the disulfide 5 during crystallization. The
quantitative conversion of N-(2,3-epoxypropyl)phthalim-
ide to the bromo ketone 8 was carried out by modifications
of the original literature procedures.!2-14 Reaction of 3 with
8 in pyridine produced 9 in 75% yield, which was subse-
quently converted to the oxime 10. This compound was iso-
lated as a 1:1 mixture of the syn and anti isomers as evi-
denced by NMR spectroscopy and thin layer chromatogra-
phy. Since the eventual removal of this carbonyl protective
group was required at a later step, no attempt was made to
separate and identify the individual isomers. '

The NMR spectral observations also excluded a possibil-
ity that the product might be a thioketal formed by the
reaction of 2 mol of thio ester with the carbonyl moiety of 8
in preference to the nucleophilic displacement of the bro-
mide by 3.

Although several methods are described in the literature
for the cleavage of the phthalimide function for compounds
similar to 10, including treatment with strong acids and
bases, the use of hydrazinel® was preferred because. of its
ability to cleave such systems under mild conditions. This
was accomplished smoothly and in high yield. These reac-
tions are summarized in Scheme I. Several attempts were
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