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Abstract—Both alkane- and arene-sulfinrtes undergo racemization and oxygen exchange reaction with trich-
loroacetic anhydride. The rate of racemization of (~)menthyl (~)p-toluencsulfinate was found to be twice that of
oxygen exchange, suggesting the reaction involves a Walden inversion. When reaction was carried out in benzene,
the rate of racemization was found to be first order with respect to both sulfinic ester and trichloroscetic anhydride.
The substituent effect is large (p = ~1.53) suggesting that the initial acylation is the rate-determining step. The rate
of racemization was found (o be ratarded by the addition of perbaloacetic acid while very small catalytic effect of

mercuric chloride was observed.

Recently there has been much concemn on racemization
of sulfoxides. Sulfoxides have been found to be race-
mized photochemically,’ by thermal induced bomolytic
cleavage,” by reversible allylic rearrangement through
allyl suifenate esters’ and by pyramidal inversion® at
higher temperature. It has also been shown that race-
mization of sulfoxides takes place quite rapidly by
reversible nucleophilic substitution at room temperature
in hydrochloric acid,’ sulfuric acid® and dinitrogen
tetroxide(N,0.),” and at somewhat higher temperatures
in acetic anbydride solution. phosphoric acid solution®
and in weak carboxylic acid.'®

In contrast to sulfoxides the racemization of the
optically active sulfinic esters has been investigated very
little despite the importance in the organic sulfur stereo-
chemistry'' as the main source of the optically active
sulfoxides.

The sulfinic esters which give stable carbonium ions
upon heterolysis have been known to be racemized and
rearranged to sulfones through ion-pair intermediates in
polar solvents'? (Fig. 1).
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Earlier, Herbrandson and Dickerson'® found that dis-
stereomeric (—)menthyX—)arenesulfinates in nitrobenzene
epimerize in presence of hydrogen chloride and chloride
anion. A mechanism involving reversible formation of a
sulfiny! chloride was proposed (Fig. 2) and the epi-
merization was accounted for by rapid chloride anion
exchange at sulfur in the sulfinyl chloride intermediate.

Mecanwhile we found that optically active sulfinic
seters are readily racemized with trichloroacetic anhy-
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dnide without cleaving S-OR linkage. This paper will deal
with a detailed account of our kinetic study on the
racemization reaction of  enantiomeric  alkyl
alkanesulfinates(l) and diastereomeric (—)menthyl
(-)arencsulfinates(2) with trichloroacetic anhydride.
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RESULTS AND DESCUSSION

When optically active neopentyl methanesulfinate(1d)
or (- )menthyl (- )p-toluenesulfinate(2d) was treated with
trichloroacetic anbydride in beanzene solution at room
temperature, the sulfinic ester, recovered nearly quan-
titatively by quenching with a large amount of water, was
found to have lost its activity. NMR and IR spectra of
the recovered esters were found to be identical to those
of the starting ones. When optically active neopentyl
methanesulfinate(ld) was treated with trichloroacetic
anhydride in benzene, the rate of racemization(k,..) was
found to follow a linear correlation with the concen-
tration of trichloroacetic anhydride and hence the rate
was found to depend on both the sulfinic ester and
trichloroacetic anhydride (first order each) as shown in
Table 1.
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Table 1. Determination of kinetic order of racemization reaction

in beazene at 25.5£0.1°C*

Mo. Concn. of (C1,000),0 kx 10¢ relative

wole/1 relative (scc")b) rate

conen,

1 o0.286 1 6.30 1

2 0.292 1.0 6.55 1.04

3 0.44 1.54 9.20 1.46

4 0.59 2.08 12.8 2.03

a) Ester = 7.02 x 10°2 mole/}

b) ky = 21.7 £ 0.6 x 107 wlsec!

Second order rate constants for the racemization of a
series of alkkyl alkanesulfinates(l) with trichloroacetic
anhydride, which were calculated by dividing the first
order rate constants of racemization by trichloroacetic
anhydride concentration, are listed in Table 2.

Similar rate constants for the racemization of a series
of diastereomeric (—)menthyl (—)arenesulfinates(2) with
another pertinent data are collected in Table 3.

Inspection of the kinetic data in the Tables 2 and 3
reveals that the rates of racemization of the
alkanesulfinates(l) are higher than those of
arencsulfinates(2) and vary by the nature of both R and
R’ groups in 1. The kinetic data in Table 3 also indicate

Table 2. Kinetic data on racemization of alkyl alkanesulfinates(1),
R-S(O)OR' with trichloroacetic aabydride in benzene solutioe®

M. R R Tep.£0.1°C &y x 10% (0 sec”))
) He Pr" {19) 25.5 40.2:0.9
2w () 28 727418

3 ne Bt (1c) 25.5 17,2403

¢ me om0 2 21.7 1 0.6

S me M (lg) 3.2 33.0 ¢ 0.9

6 M wp ()  40.3 62.9 ¢ 1.2%)

7 8" pr" (1e) 25.% 144405

o) Ester = 7 x 1077 mole/1, (€1,6C0),0 = 2-3 x 107" moles1.

b) Np = neopentyl.
) € = 13.2 kcal/mole, a5’ « -28.5 e.u. (st 25.5°C).

that the rate of racemization of (-)menthyl (-)p-
toluenesulfinate(2b) was about twice that of oxygen
exchange. This means that the reaction involves a Wal-
den inversion. The energy and entropy (at 25.5°C) of
activation for the racemization were found to be
14.5kcal/mole and -26.8¢.u., respectively. For race-
mization of neopentyl methanesulfinate(1d) the entropy
of activation was found to be —28.5e.u. These small
values of the entropies of activation are also in keeping
with the S,,2 type mechanism.

In the '*O exchange reaction of diaryl sulfoxides in
both dinitrogen tetroxide and highly concentrated sul-
furic acid, k,,/k... is unity, while the entropies of activa-
tion are substantially large and positive.*” The race-
mization reaction of diaryl sulfoxides in warm acetic
anhydride and less concentrated sulfuric acid is con-
sidered to be of Sy\2 type process and gives a k. /K.
value of roughly 1/2. The entropies of activation of these
reactions are also quite small*® AS” =-286e.u. (at
120" for acetic anhydride and -189¢.u. (at 30°) for
diluted sulfuric acid respectively. Kinetic data in Table 3
reveal that the polar efect of p-substituent is markedly
larger than that in the racemization of diaryl sulfoxides
in warm acetic anhydride. The rates are nicely correlated
with the Hammett equation and a negative p value (for
o), —1.53, was obtained. These results indicate that in
contrast to racemization reaction of sulfoxides in acetic
anhydride solution,’ the first step of the reaction, i.e.
acylation, is the rate-determining one, though the k_,/k, ..
value of roughly 1/2 indicates that the energy barrier for
the oxygen exchange process (Sn2) must be quite similar
to that of the initial acylation. Thus, the over-all process
of the reaction can be illustrated as shown in Fig. 3.

The data in Tables 4 and S reveal that the rate of
racemization of m-propyl methanesulfinate(la) is re-
tarded after addition of trichloroacetic acid or
trifluoroacetic acid. This observation is also in keeping
with the suggested mechanism because a decrease of the
rate of racemization is considered to be due to deac-
tivation of sulfinyl oxygen either by hydrogen bonding or
protonation, which suppresses the initial acylation. In
connection to this observation it is worthy to note that
the racemization of neopentyl methanesulfinate(1d) with
trichloroacetic anhydride is 25 times slower than with
trifluoroacetic anhydride (Table 6). The large enhance-
ment of the rate of racemization with trifluoroacetic
anhydride is undoubtedly associated with its more elec-

Table 3. Kinetic data on racemization of (- )menthyl (- )arenesulfinates(2) with trichloroacetic anhydnde*

No. X in Solvent  Temp £ 0.1°C k, x 10%
P-XCgHyS(0)OMenthyl ). sec”! )

1 " (28) CeMs 25.5 2.98 ¢ 0.05

2 me () Cel 25.5 5.25 ¢ 0.)3%+¢)

3 He CeMs 3.7 121 ¢ 0.5

. e Cell 4.1 24.0 +1.0¢

s e THF 25.5 2.27 ¢ 0.4

6 Ne ed) 25.5 4.51 3 0.18

7 ¢ (%) CeMg 25.5 1.32 1 0.06

8) Ester = 7 x 1072 mole/1; (€1560),0 « 2-5 x 10° ! mole/1.

b) kz(ucungo) »=2.72¢012 10
-26.8 e.u.

¢) Ea = 14.5 kcal/mole; AS™ e

ka/t"lC

(at 25 5°C).

wlosec; 0.52.

d) 493.7 mg of H9Cl, was added to 10 m1 reaction mixture.
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Table 4. [nBuence of trichloroacetic acid on the racemirzation R ¢y Re®
reaction of n-propyl methasesulfinate(ls) with trichloroacetic ™ -oo/\c.:o....ugclz —_— \s—o.c-cc13 cc13cod°
anhydride in benzeoe solutioe at 25.520.1* n'o/s (')-c-cc13 R'0” H
]

Mo.  C1,CCO0H (mg)®) & x 10* (sec!)  rel. rate

1 0 5.77 1.00
2 38.4 §.22 0.90
3 68.7 3. 0.68
4 92.0 2.88 0.50
5 140.5 2.09 0.36
6 251.2 1.33 0.23

SEster = 1.7 x 10~" mole/1; (C1,CCO),0 = 1.428 x 10™" mole/]1.
SAcid was added to 10 mi reaction mixture.

Table $. Influence of trifluoroacetic acid on the racemization of
a-propy! methanesalfinate(ls) with trichloroacetic arhydride in

benzene solution at 25.520.1%
b) 4 -1
Mo.  CF,CO0H (mg) k x 10" (sec”’) rel. rate
1 0 4.80 1.00
2 18.7 3.73 0.78
3 65.3 .84 0.59

Ester = 1.99 x 10" mole/l; (C1,CCO)0 = 1.94 x 107’ mole/l.
SAcid was added to 10 m! reaction mixture.

Table 6. Effect of anhydride (RCO)0 on the racemization of
neopestyl methanesulfisate(1d) in benzeae solution at 25.5 £ 0.1

Anhydride k (sec”))

R concn. (mole/1)

Ky (n" ~nc")

! (21.7 s 0.6)x10"*

sty x 10!

(6.32 + 0.16)x10"*
(1.12 + 0.08)x10°> (545

Gy  2.917 2107

H

CFy 2.058 x 107

-2

a) Ester » 7 x 107" mole/).

trophilic character than that of trichloroacetic anhydride.
Thus, the first rate-determining step of reaction, acyl-
ation, should be markedly facilitated with triffucroacetic
anhydride and bence the over-all rate of reaction is
eventually increased.

The racemization of sulfoxides is known to be
catalyzed markedly by a small amount of Lewis acids
such as mercuric chloride.® However, the addition of
0.5 g HgCl; accelerates the rate of racemization of (-)-
menthyl (-)p-toluenesulfinate(2b) only two-fold. This
small catalytic effect of mercuric chloride is also con-
sidered 10 be due to the acceleration of the first acylation
step, since in this step the leaving of trichloroacetate
group will be facilitated by co-ordination with mercuric
chlonide as shown below.

The solvent effect on the rate of racemization of
peopenty] methanesulfinate(ld) was examined and the
results are collected in Table 7.

Apparently the reaction is slower in a nucleophilic
solvent, dioxane, but faster in a less nucleophilic and
polar solvent such as acetonitrile. The data in Table 3
also indicate that the rate of racemization of (—-)menthyl
(-)p-toluenesulfinate(2d) is about 2 times lower in THF

Tabie 7. Kinetic data on the racemization reaction of neopeatyl
methancsulfinate(id) with trichloroacetic anhydride in different

solvents at 25.520.1%
No Solvent K, x 104 (0 sec™h)
- 2
1 Benzene 21.7 + 0.6
2 Dioxane 5.45 ¢+ 0.18
3 Acetonitrile 64.9 +1.3
a) Ester = 7 x 1072 mole/1;

(€1,600),0 = 2-3 x 107! mole/1.

than in benzene. Slower racemization in dioxane and
THF is due mainly to a special interaction between
solvent and trichloroacetic anhydride. Since both diox-
ane and THF are nucleophilic solvents, they would in-
wuctmtbmhydndetolormalooseoomplexmdthu
interaction may suppress the acylation of sulfinyl oxygen
of low basicity, thus reducing the rate of racemization.

0 0
[l (]
CIJC—%—O—(:Z'—CCIJ

ét76

The racemization is undoubtedly of ionic character
and bence expected to be accelerated in a more polar
solvent acetonitrile because the initial acylation of the
sulfiny] oxygen would be facilitated in this solvent.

Since the mechanism of racemization of the sulfinic
esters with trichloroacetic anhydride is different from
that of the sulfoxides in warm acetic anhydride,® it is
interesting to measure the rate of racemization of same
sulfoxides in presence of trichloroacetic anhydride. The
results are collected in Table 8.

Comparison of this data with the data from Tables 2
and 3 reveals that the racemization of sulfoxides is about
10° times faster than that of the sulfinic esters. This
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Table 8. Kinetic data on the racemization reaction of sulfoxide,
p - Tol- S(O)-R, with trichloroacetic anhydride in benzene

solution at 25.5+0.1*
S S |
No. R ky (K -sec”)
00
1 Me fast 40 be messured
2 gt 58.7 + 2.0
3 Ph 1.6¢0.7

a) Sulfoxide = 3 x 10" mole/1;
(€1560),0 = 3.5 x 107> mole/1.

strong enhancement of the rate of racemization of sul-
foxides is undoubtedly caused by the much higher
nucleophilicity of the sulfinyl oxygen in sulfoxides than
that of the sulfinic esters.

KEXPERIMENTAL
Materials

Optically active alkyl alkanesuifinates(1) were synthesized as
reported,'* by reaction of the corresponding sulfnyl chloride
with alcobo! in presence of an optically active tertiary amines,
and purified by distillation. 8-Propyl methanesulfinate(la): b.p.
3 2mmHg, [alp, +27.28Nc=103, EOH) [it™* (a)
- 26.92%EtOH)). i-Propyl methanesulfinate(1): b.p. 33*/S mmHg,
{alp —28.95%c = 1.24 EtOH) {lit* [a), -16.28YB1OH)). 1-Butyl
owthanesulfinate(le): b.p. 34-35°/SmmHg, [a), -21.7Nc=
193EOH) (W (a)p - 1S.80%EtOH).  Neopeatyl
methascsulfinate(ld): b.p. 4-45/ImmHg, [a)lp +25.70%c =
INEOH) [i*" (el -2212EOH)). &-Propyl a-
butanesulfinate(le). b.p. 62-63*/1.5mmHg, (alp+2B.1%c =
0.93 EtOH) [lit." [a), +22.7EIOH)).

Optically active (—)menthyl (—)arenesuifinates(2) were obtained
by the reaction of the corresponding sulinyl chloride with (~)
menthol in presence of pyridine and purified by recrystallization.
(-)Menthyl (-)benzenesulfinate(2a): mp. 48-50°C, [alp
-203.3%c =216 acetone), (B."” mp. 49-51° [a)p
- 205.5%acetone)). (-)Menthyl (~)p-tolvencsulfinate(2): m.p.
102-104°, fa)p - 203.4*(c = 2.34 acetooe), [lit." m.p 108-109.1°C,
lalp - 210%(acetone)]. (~ )Menthyl - )p-~chlorobea-
zenesulfinate(2e): m.p. §7-88°C, (a)p - 181.1° (c =0.66 acetone).

8O.Labeled  optically  active  (-)memthyl (- »-
toluenesulfinaie(2d) was prepared by the same procedure using
"O-tabeled p-totuencsulfiayl chloride which was prepared from
""O-labeled sulMinic acid, m.p. 101-103°, [a)p, -2015° (c=
1.34 acetone), 0.463 excess atom® of *O.

Optically active sulfoxides were prepared from (-)meathyl (-)p-
toluenesulfinate (m.p. 102-104° with [a], - 203.4° (scetooe)] and
appropriate Grignard reagesis according to the method
developed by Andersen.” p- Toly1 methyl sufoxide: m.p. 72-73°,
la)p+ 144.9 (c = 1.01 acetone), (it.” m.p. T3-74, [a]y + 145.5°
(acetone)). p-Tolyl t-butyl sufoxide: m.p. $3-90°, (al, + 168.8°
(c =028 acetone), (L' m.p. 89.5-90°, {a),+ 161° (acetome)).

p-Tolyl pbemyl sulfoxide: m.p. 92-93°, [alp+27.1° (c=5.19
EBIOH), (tit.” m.p. 92-93°C, [a)p + 27.0° (EtOH)).

Solvents obtained commercially were purified according to the
usual

Trichlomcaic anhydride obtained commercially was purified
by distillation. b.p. 86-87/2 mmHg.

Kinetic procedure. The rates of racemization aad oxygen
exchange were measured by the following method using UNION
OR-30D Polarimeter and HITACHI-6a type mass spectrometer.

Kinetic procedure | (Racemization and oxygen exchange). The
reactions were carried out in sealed tubes in which sulfinic ester
and trichloroacetic anhydride of a set mole were dissolved in

beazeoe. A sealed tube containing sbout 10 ml of the mixture
was drawn out at time intervals from the bath and quenched with
water. After addition of S0 ml of ether, the organic layer was
washed with 5% Na,CO, aq and water. After dried over MgSO,
solvent was distilled off. Then the sulfinic ester resulted was
thoroughly dried and subjected to both O aoalysis and specific
mnonmummenu.m"o-uomimakuhufmmthe
mupakhuhn“md“ofco,‘udthen pstant for
oxygen exchange was calculated from equatioa log ﬂ. BB, -
B = k1/2.303, where B, and B, are atom% of **O at time 0 and
time ¢, respectively, and 8 is the atom% of '*O of natural CO,.
The first order rate constamts for the racemization were cal-
culated from equation log a,- a/a, - a, = kU2.303, where a,
and a, are the specific rotations, [a], at time 0 and ¢, respectively,
and a, is speciic rotation {a}y, of racemic mixture. Second order
rate constants were calculated by division of first order rate
constants by trichloroacetic anhydride conceatration.

Kinetic procedure I for racemization. In the polarimetric cell
was placed s soln containing an optically active sulfinic ester and
trichloroacetic anhydride of a set mole, the rate was measured
directly by checking the rotation, a, with a polarimeter which
was set at a desired temp. First order rate constants for race-
mization of encntiomeric ester were calculated from the equation
log ag/a, = k1/2.303 where a, and a, are the rotation powers at
time O and ¢, respectively. In racemization of diastereomeric
esters following equation was used. Log a, - ala, - @ = k1/2.303
where a, asd a, are the rotatory powers at time 0 and ¢,
respectively, and a is the final rotatory power. The second order
rate constants were calculated by division of first order rate
constants by the trichloroacetic anhydride concentration. The
rate cosstants obtained by this method are in good agreement
with those obtained by isolating the product under kinetic pro-
cedure 1.

Ackrowledgement—One of us (J. D.) thanks the Japan Society
for the Promotion of Science for a ooe-year fellowship.

'K. Mislow, M. Axelrod, D. R. Rayner, H. Gotthardt, L. M.
Coyne and G. S. Hammond, J. Am. Chem. Soc. 87, 4958 (1965).

?E. G. Miller, D. R. Rayner, H. T. Thomas and K. Mislow, /bid.
99, 4861 (1968).

’p. Bickart, F. W. Carson, J. Jacobus, E. G. Miller and K.
Mislow, Ibid. 90, 4869 (1968). )

‘D. R Raymer, A. J. Gordon and K. Mislow, Ibid. 99, 4854
(1968).

K. Mislow, T. Simoas, J. T. Melillo and A. L. Teroey, Ibid. 86,
1452 (1964). H. Yoshida, T. Numata and S. Oae, Buil. Chem.
Soc. Japar 44, 2875 (1971).

‘N. Kunieda and S. Oae, Ibid. 46, 1745 (1973); and refs cited
’N. Kunieda, K. Sakai and S. Ose, Ibid. 42, 1090 (1969).

*S. Onc and M. Kise, Ibid. 43, 1416 (1970).

*N. Kunieda and S. Oae, Ibid. 41, 1025 (1968).

“S Yokoyama and M. Kise, Ibid. 41, 1221 (1968).
"K.K. Andenen.lnl J. Sulfur Chem. 6,63 (1971). S. Osc and N.
Kunieda, Swifinic acid 1o Organic Chemistry of Salfur, Chap.
11. Pleaum Press, New York (1977).

E. Ciuflarini, M. Isots and A. Fava, /. Am. Chem. Soc. 98, 3594
(1968).

“H. F. Herbrandson and R. T. Dickerson, Ibid. 81, 4102 (1959).
“M. Mikolajczyk and J. Drabowiz, J. Chem. Soc. Chem.
Commun. 547 (1974). J. Drabowicz, Ph.D. Thesis, Lodz (1974).
YR E. Estep and D. F. Tavares, Int. J. Sulfur Chem. 8, 279
(1973).

K. K. Andersen, Tetrahedron Letters 93 (1962).

VK. Mislow, M. Greea, P. Laur, J. T. Melillo, T. Simmons and A.
L. Teroey, J. Am. Chem. Soc. 87, 1958 (196S).



