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(10 g) was dissolved in 80 ml of methanol. Brucine (containing
2H,0, 21.3 g) was added and the solution was left overnight,
whereby a brucine salt had crystallized. The salt was recrystal-
lized twice from methanol and the diacid liberated by treatment
with dilute hydrochloric acid, (e]s:%® +37.6° (¢ 0.1 ethanol). Two
further recrystallizations of the brucine salt from methanol gave
diacid samples with [a]ss20 39.5 and 38.7°, respectively, showing
that the resolution was complete.

Diisopropyimaleic Anhydride (15). meso-2,3-Diisopropylsuc-
cinic acid?8 (5 g) was dissolved in acetyl chloride (10 ml) and allowed
to stand overnight. Excess acetyl chloride was evaporated and the
anhydride was purified by distillation. Bromine (3 g) was then
added slowly to the anhydride (3.7 g) at 120°, When the bromine
color had disappeared the reaction mixture was dissolved in aqueous
sodium hydroxide. The solution was acidified with hydrochloric
acid and the resulting precipitate was filtered off and recrystallized
from ethanol-water: mp 123-124°; nmr (§ in CCly) 3.01 (1,
heptuplet, CH(CH5)., / = 7.0 Hz), 1.28 (6, d, CH(CHj;);, / = 7.0
Hz); ir (KBr) 1830, 1760 cm~! (C=0).

Anal. Caled for CoH;40;: C, 65.9;
Found: C,66.0; H,7.70; O, 26.2

3,6-Diethylphthalic Anhydride (22). 2,5-Diethylfuran®® (10 g)
was added to a solution of maleic anhydride (7.9 g) in ether (10 ml).
After stirring for 4 hr, the mixture was cooled to —20° and the
crystals were filtered off. The product (which slowly reverts to
starting materials on standing at room temperature) was immedi-
ately transferred to a beaker containing 90% sulfuric acid (150 ml)
cooled to —5°. The solution was stirred for 30 min at —35 to
0° and then poured onto ice. The precipitate was filtered and
dissolved in aqueous sodium hydroxide (6 g in 120 m!l of water).
Addition of acetic acid (10 ml) precipitated some oily impurities
which were filtered off. Final acidification of the filtrate gave the
anhydride (129 yield) which was purified by sublimation and
recrystallization from hexane, mp 124-125° (lit.®0 122-125°).

Kinetic Measurements. Rate constants for the solvolysis of
anhydrides (k-;) were determined by the pH-stat method used pre-

H, 7.74, O, 26.3.

(49) M. Fetizon and P. Baranger, Bull. Soc. Chim. Fr., 1313 (1957).
(50) K. Wiesner, D. M. MacDonald, R. B, Ingraham, and R.B. Kelly,
Can. J. Res., 28, 561 (1950).

viously.®! At temperatures <30° the Radiometer G 202 B glass
electrode was employed, whereas the high-temperature electrode G
202 CH was used at 60°, Rate constants for attaining equilibrium
(eq 1) from the diacid side (k; + k-1) were determined spectro-
photometrically (Cary 15 spectrophotometer, with the cuvette
housing thermostated by circulating water from an external thermo-
stat). The reaction was followed by a suitable wavelength on a
solution prepared by rapid addition of a solution of the salt of the
diacid to 0.1 M hydrochloric acid.

For systems with difficultly soluble anhydrides (10 and 11) the
following method was used. An accurately weighed amount
(about 10 mg) of the diacid was dissolved in an acetic acid-acetate
(0.1 M) buffer solution (250 ml) and the solution was kept in a
well-stoppered flask at 60.0° for several weeks for equilibration.
After this period 100 ml of the solution was withdrawn by a pipet
and quickly cooled to about +5°in an ice bath. The solution was
neutralized by sodium carbonate (to a pH of 8) and then it was
extracted by ether (two 20-ml portions). The amount of anhydride
in the ether solution was then determined by glc (internal standard,
2m X 0.3 mm 109, DC-30 column).

Equilibration of Succinic Anhydrides. Solutions of the anhy-
drides (20 mg in 1 m! of dioxane) were filled into ampoules and the
ampoules were equilibrated in an oven for 2 weeks. The tem-
perature of the oven?? was kept at 170.0 3= 0.2°. The equilibrium
mixture of anhydrides was analyzed directly on a 2 m X 0.3 mm
5% SE-30 on Chromosorb P column. No equilibration took place
at the temperatures used (less than 100° on both injector and col-
umn) during these analyses.
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Abstract:

The sulfenyl compound (CH,),S+SCH,;BF,~ reacts rapidly and reversibly with both methyl sulfide and

methyl disulfide by cleavage of the S-S bond. The rates and activation parameters for these reactions in CH;NO,

have been determined by nmr techniques.

The position of equilibrium in the reaction (CH3).S*SCH3 + CHj;-

SSCH; == (CH3),S + CH,;S*(SCH ), has been found to lie far to the left with K = ky/k; = 7.4 X 10~4,  Equilibrium is
rapidly established (k; = 1.06 X 10¢ M~!sec~!and k; = 1.4 X 10" M~! sec~!) and is responsible for the pro-

nounced catalytic effect observed for (CH),S*SCH;BF,~ in the interchange of organic disulfides.

The enthalpy

and entropy of the disulfide-salt equilibrium and the rates of cleavage of CH;S*(SCH3), with methy! sulfide and
methyl disuifide have been determined. The results indicate that the reactivity of the S-S bond toward nucleophilic -
attack is enhanced by a factor in excess of 10% by methylation and S-methylation at sulfur.

he ease with which the S-S bond of dimethyl-
thiomethylsulfonium salts 1 are cleaved by nu-
cleophilic reagents was first documented by Helmkamp
and coworkers in their work on the preparation of 1
and its addition to alkenes and alkynes.? These re-

(1) The authors gratefully acknowledge support received for this
work from the National Science Foundation (GP-7485 and GP-12828).
(2) (a) D. J. Pettitt and G. K. Helmkamp, J. Org. Chem., 28, 2932

actions and the related studies of Meerwein?® indicate
that compounds of type 1 may be regarded as sulfenyl
derivatives and a potential source of alkylsulfenyl ions,

(1963); 29, 2702 (1964); (b) G. K. Helmkamp, B. A. Olsen, and D. J.
Pettitt, ibid., 30, 676 (1965); (c) G. K. Helmkamp, H. N. Cassey, B. A.
Olsen, and D. J. Pettitt, ibid., 30, 933 (1965); (d) G. K. Helmkamp,
B. A. Olsen, and J. R. Kaskinen, ibid., 30, 1623 (1965). o

(3) H. Meerwein, K, Friedrich Zenner, and R. Gipp, Justus Liebigs
Ann. Chem., 688, 67 (1965).
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RS+.+-¢ More recently, Kice and Favstritsky’ re-
ported an interesting reaction between 1 (as the trinitro-
benzenesulfonate salt) and methyl sulfide (eq 1). Al-

+ 1 +
(CH;),SSCH; + S(CHj). 2 (CH;).S + CH;SS(CH;) (1)
1 1

though the reactants and products are chemically in-
distinguishable, the reaction is observable by nmr
techniques and was found to be so fast as to preclude
accurate measurement of its rate. A lower limit for
the specific rate was set at 10> M~ 1sec™ 1.

We have investigated the kinetics of a closely related
reaction, namely the reversible cleavage of 1 (as the
fluoroborate salt) with methyl disulfide (eq 2). For

+ ke N
(CH,),SSCH; + CH,SSCH; 7> (CH;).S + CH,S(SCH3); (2)
ka
1 2

completeness, we have also studied the kinetics of
reaction of 1 with methyl sulfide, and the results and
implications of our work are described in this paper.

Kinetic Studies

Methy] Disulfide with Dimethylthiomethylsulfonium
Fluoroborate. The nmr spectrum of dimethylthio-
methylsulfonium fluoroborate (1) in nitromethane is
comprised of two sharp singlets with a relative intensity
of 2:1 at 3.22 and 2.86 ppm, respectively, as shown
in Figure la. Addition of methyl disulfide causes a
profound change in the line shape and chemical shift
of the three-proton SCH; resonance of 1 which broadens
and shifts progressively upfield with increasing con-
centration of CH,;SSCH; (Figure 1b). In contrast, the
line shape and chemical shift of the six-proton (CH;),S+
resonance are only slightly affected (Figure 1c¢) and no
resonance corresponding to that expected for CH;-
SSCH; in nitromethane (2.3 ppm) is evident. This
behavior signifies that a fast reaction occurs between 1
and CH,SSCH; to cause only an average chemical
shift to be apparent for the SCH; protons of the disul-
fide and the salt. The reaction given in eq 2 is con-
sistent with the nmr evidence; the salt initially trans-
fers STCH; to methyl disulfide to form (dithiomethyl)-
methylsulfonium fluoroborate (2) and methyl sulfide.
In the reverse reaction, STCH, is transferred from 2
to methyl sulfide and, because of the symmetry of 2,
there is an equal chance that the S*CH; group trans-
ferred will have originated from CH;SSCH; as from 1.
This may be more obvious from eq 3 in which the perti-
nent methyl groups are distinguished by the symbolism
CH; and Me. The net result of the reaction is to ex-
change the S-methyl groups of 1 with those of methyl
disulfide (eq 4)

The position of equilibrium in eq 2 must be far to
the left since the chemical shift of the (CHj),S+ res-
onance changes only slightly with [CH;SSCHj;] (Figure
Ic) implying that the population of methyl sulfide must

(4) G.K.Helmkamp, D. C. Owsley, W. M. Barnes, and H. N. Cassey,
J. Amer. Chem. Soc., 90, 1635 (1968); D. C. Owsley and G. K. Helm-
kamp, ibid., 89, 4558 (1967).

(3) N. Kharasch in *Organic Sulfur Compounds,” Vol. I, N, Khar-
asch., Ed., Pergamon Press, New York, N. Y., 1961, p375; A.J. Parker
and N, Kharasch, Chem. Rev., 59, 583 (1959).

(6) R. E. Benesch and R. Benesch, J, Amer. Chem. Soc., 80, 1666
(1958).

(7 J. L. Kice and N. A. Favstritsky, ibid., 91, 1751 (1969).
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L 1
PPM{T) 28 2.8

Figure 1. (a) Nmr spectrum of 1 (0.246 M) in nitromethane; the
main solvent signal is not shown but the 1*C side band is evident;
the sharp singlet downfield of the SCH; resonance of 1 is due to
trimethylsulfonium fluoroborate which was present as a minor
impurity (see Discussion). (b) Nmr spectrum of 1 in nitromethane
showing effect of added CH;SSCH; (0.025-0.25 ) on the SCH;
resonance. (c) Nmr spectrum of 1 in nitromethane containing 0.6
M CH,SSCH;.

be very low. The equilibrium must also be rapidly
established since the appearance of only one resonance
for the SCH; protons means that exchange is rapid on
the nmr time scale.
SMe

+ k2 +
(CHa)zSSMe =+ CHaSSCHa 2 (CH3)2S -+ CH;;S
ks
! \SCHa
2
k3 +
-T><_ (CH):SSCH; + CHsSSMe  (3)

ka
(CH;).8SMe -+ CH,SSCH; == (CH,),S*SCH; 4+ CH;SSMe (4)

Although the trisulfide salt 2 which is postulated as
an intermediate in the exchange process of eq 2 and 3
is not a known compound, related structures have been
proposed as intermediates in the reactions of disulfides
with sulfenyl chlorides® and sulfinic acids.?

Kinetics of Disulfide Exchange. The first objective
of the kinetic study was to determine the specific rate
k, for the reaction of methyl disulfide with 1. The
nmr method permits the measurement of the mean

(8) C. G. Moore and M. Porter, J. Chem. Soc., 2890 (1958).

(9) (2) J. L. Kice and E. H. Morkved, J. 4mer. Chem. Soc., 86,2270
(1964); (b) J. L. Kice and K. W, Bowers, ibid., 84, 2384 (1962).
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201 .
(CHy),S— SCHy + CHy~S~S—CHy
Rx (CHylpS + CHy— S — (SCHy ),
k= 2 [CHys-5—CH, ]
154

k= 1.06x10% M™'sec™!

k, x)072
sec~!

oS

1 1 ]
0055 ol 52 03

[cHy=3-$-CH,y]

Figure 2. Kinetics of SCH; exchange between 1 and CH;SSCH;.
Plot of k4 against [CH;SSCH;] for solutions 0.246 M in 1 in nitro-
methane at 40°.

lifetime 74 of the SCH; protons in 1 (site A), where
74 is related to the specific rate k, of SCH; exchange

by ka = 1/7a. The relationship between k. and kj
is given in the following equation
?_‘{d[st—ali] — kyfsalt]CH,SSCH;] = 2ka[salt]  (5)

where 2k, = kJ{CH;SSCH;). The factor of two ap-
pears in eq 5 because only one-half of all the molecules
of 2 formed from 1 revert to give 1 with exchanged S-
methyl groups (see eq 3). That is to say, the rate of
reaction of methyl disulfide with 1 is twice the rate of
S-methyl exchange.

The kinetic expression for a rapid two-site exchange
process is given in eq 6 where the subscript A refers

2 — 2
kA _ L _ 47rpApB (6A BB) (6)
TA ABV%

to site A (the SCH; protons of 1) and B refers to site
B (the SCH; protons of methyl disulfide); ps and py
are the relative populations of sites A and B with the
condition that p, + pg = 1; 84 and &g are the non-
exchanging chemical shifts of the SCH; protons in
sites A and B, respectively; the term Aéwy, is the line-
broadening term and is equal to the line width of the
exchanging resonance less the line width of the reso-
nance in the absence of exchange (which was assumed
to be equal to the line width of trimethylsulfonium
fluoroborate in the reaction mixture). Justification
for eq 6 is given in Appendix A.

The specific rate of exchange k, was determined at
various concentrations of disulfide by monitoring the
exchanging SCH; chemical shift dscy, and the line-
broadening Aéy.,, measured at half-height. The popu-
lations p, and py were calculated from eq 7 which re-

Oscu: = Pads + pris @)

lates 6gcp, to the populations and nonexchanging chem-
ical shifts of the two sites, and the values obtained were
used to determine k, from eq 6. According to eq

74 N

(CHy), 8= SCHy+ CHy~8~S—CHy
X g

T== (CHy),§ + CHy~S—(SCHy),

/2

72b 8= B B(K[cHy-5=3=CHy)/ [(cHy,§-Seryly)
5A= 71Hz

K=T6lx10"*

70

Hz

€8

66—

64 - L4

L#l 1 S I L 1 {
0 0z 04 06 08 10 1z 14 16

([eHy =S —5-CH 1)"®

Figure 3. Determination of the equilibrium constant of eq 2 from
a plot of the chemical shift of the S(CH;). resonance of 1 against
[CH,;SSCH;]"/2 for solutions 0.246 M in 1 in nitromethane at 40°

5, a plot of ks against [CH;SSCH;] should be linear
and of slope 0.5k,. A plot of the experimental data
for solutions 0.246 M is 1 and up to 0.597 M in CH;-
SSCH; in nitromethane at 40° is given in Figure 2.
The rate of exchange is evidently linear in [CH;SSCHj]
up to about 0.15 M but is faster than predicted by eq
5 at higher concentrations. The specific rate constant
k. for the reaction of disulfide with 1 was estimated from
the slope of the line shown in Figure 2 as k, = 1.06 X
104 M-1 sec—! at 40°. The reasons why the exchange
rate increases nonlinearly at high concentrations of
disulfide are discussed in a later section.

Determination of the Equilibrium Constant. As
noted previously, the chemical shift of the S-dimethyl
resonance of 1 (sicmy,) changes relatively little on
addition of methyl disulfide (Figure Ic). However,
the change is significant and is related to the equilib-
rium constant X for the reaction of disulfide with 1
by the expression

dsicms = 04’ — (B’ — 88)) X
(K/[salt]o)/{CH;SSCH;]"* (8)

where §,’ and 6y’ are the nonexchanging chemical
shifts of the S(CHj;), resonance of 1 and methyl sulfide,
respectively. The derivation of eq 8 is given in Ap-
pendix B. On referring to the chemical shifts relative
to site B (i.e., 65 = 0), eq 8 simplifies to

Ssccrg: = 84’ — 84’(K/[saltl)/{CH;SSCHi]"* (9)

which predicts that a plot of &sccmy. against [CH;-
SSCH;]" should be linear. A plot of the data, shown
in Figure 3, is roughly linear with an intercept of 6" =
71 Hz and a slope of 3.95 = 84’(K/[salt]))"* from which
a value of K = 7.6 X 10—+ was calculated for solutions
initially 0.246 M in 1.

The small value of K confirms the qualitative ob-
servation made from the nmr spectrum of disulfide-
salt mixtures that the equilibrium of eq 2 lies far to the
left. Since K = ky/k;, and using the value of ky =
1.06 X 10¢ M-! sec™!, the specific rate of the back
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reaction is calculated to be k; = 1.4 X 10" M~! sec?!
at 40°. Thus, methyl sulfide reacts with CH;S+*(SCHj).
approximately 10% times faster than methyl disulfide
reacts with (CH;),StSCH,.

Methy] Disulfide with (Dithiomethyl)methylsulfonium
Fluoroborate. A plausible explanation for the observa-
tion that the rate of SCH; exchange of 1 occurs faster
than predicted by eq 5 at high disulfide concentration is
that exchange of CH;SSCH; with 2 becomes significant
under these conditions (eq 10). There are, therefore,

SMe SCH;

ke +
’_>(k CH;S
4

</
CH;SSCH; + CH,S + CH;SSMe (10)

SCH;
2 2

SCH;

two pathways by which the SCH; groups of methyl
disulfide may exchange with 1, and these are repre-
sented by eq 2 (or 3) and 10. In the limit, when the
rate of eq 10 greatly exceeds the rate of the back reac-
tion of eq 2 (i.e., kfCH;SSCH;] > ki CH;SCH;],
each molecule of CH,SSCH; that reacts to form 2 will
have its SCH; groups completely exchanged by the
process of eq 10 before the back reaction of eq 2 takes
effect. Under these conditions, the specific rate of
exchange k, is related to the specific rate of displace-
ment k, by the expression

ka = kj[CH;SSCH;] an

Equation 11 may be rewritten in the more general form
of eq 12 where « is defined as the fraction of 2 that

ky = %kg[CHasSCHa](l 1 a) (12)

reacts by eq 10 and (1 — o) is the fraction that reacts
by eq 2. In the limit, when o = 0, then ka = !/2k»
[CH;;SSCH;;], when a = 1, kA = kz[CHaSSCHg]
The relative rates of the two pathways for the destruc-
tion of 2 are

a/(l — o) = k{CH;SSCH;]/k;{CH;SCH;]

and substituting for [CH;SCH;] = {K[CH,SSCH;]
[salt]} "2 gives

af(l — a) = kJCH,;SSCH,]"*/ks{ K[salt]}": (13)

The objective was to determine k4 from eq 13. To
do so, a value of a was first calculated from eq 12
using a measured value of k, at a given disulfide con-
centration. The data for two determinations are given
in Table I from which it is clear that the agreement in

Table I. Kinetics of Exchange of Methy! Disulfide with
(Dithiomethyl)methylsulfonium Fluoroborate
at 40° in Nitromethane

[CH;- ket
ka, SSCH;], [Salt],e 10-8
1073 sec™! M M ob sec!
1.53 0.246 0.246 0.177 0.83
4.65 0.597 0.246 0.472 2.2
e Concentration of 1.  ® Calculated from eq 12 using &, = 1.06 X

10¢ M-1sec™l. cCalculated fromeq 13 using k; = 1.4 X 10" M1
secland X = 7.6 X 10—4

k. is poor. However, the data establishes the order of
magnitude of kj, and for the purposes of further cal-
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culations we will use an average value of k, = 2 X 108
M-1sec—1,

Temperature Dependence of Disulfide Exchange. The
change in k, with temperature was determined from the
line shape and chemical shift of the SCH; resonance of
solutions 0.296 M in 1 and 1.13 M in methyl disulfide
in nitromethane over the temperature range —60 to
+35°. The expression used to calculate 7, and hence
ks is given in eq 14, which holds over the temperature
range employed encompassing regions of both fast
and slow exchange.® The negative sign in eq 14 is
applicable in the region of fast exchange and the posi-
tive sign in the region of slow exchange. The k4
values obtained using eq 14 were used to calculate k,

1
Ty = k= pa X
(BA —_ BB) + {pAZ(BA — 53)2 — 4(A5V1/2)2}1/2
2(6A — BB)ABIM/Z

from the expression 2k, = kJCH;SSCH;).1! The
temperature dependence of k, is expressed by the Ar-
rhenius equation In k; = —E,/RT + In A. A plot of
In k, vs. 1/T was linear and gave F, = 8.27 kcal/mol
and A = 7.4 X 10°. The enthalpy and entropy of
activation were calculated from these data such that
AH¥ = E, — RT = 7.68 kcal/mol and AS¥ = R[In
(hAJKTy — 11 = —15.1 eu.

A more satisfactory method of determining the acti-
vation parameters involves direct use of the Eyring
equation which may be expressed as ineq 15.!2 A plot
of In (k/T) against 10%/T is shown in Figure 4.

In (ko/T) = —AHF/RT + AS¥F/R + In (k/h) (15)

The slope of the line gave AHF 7.5 kcal/mol,
which value was used to calculate AS¥ = —16 eu using
k: = 1.06 X 10* M—! sec™! at 40°

Temperature Dependence of Equilibrium Constant.
The objective was to determine the enthalpy and entropy
for the equilibrium of eq 2 and to use these values
with the activation parameters determined for the for-
ward reaction to calculate AH* and AS¥ for the back
reaction. To do this, the equilibrium constant K was
calculated from eq 8 by measuring 8sccuy, at various
temperatures in solutions 0.29 M in 1 and 1.13 M in
CH,;SSCH; in nitromethane. A plot of In K vs. 103/T
was roughly linear (Figure 5, and eq 16) and gave AH =
2.4 kcal/mol and AS = —6.7 eu.

In K = —AH/RT + AS/R (16)

Subtracting the thermodynamic parameters from the
activation parameters for the forward reaction gives
AHF = 5.1 kcal/mol and AS¥ = —9.3 eu for the back
reaction, which is the reaction of 2 with methyl sulfide.

(14)

(10) C. S. Johnson, Jr., Advan. Magn. Resonance, 1, 33 (1965).

(11) The use of the limiting form of eq 12 may at first appear sur-
prising since it may be calculated from eq 13 using k3 = 1.4 X 107 M~}
sec™l, ks = 2 X 108 M-1gec™!, and K = 7.6 X 10-4 that « = 0.5
in solutions 0.296 M in 1 and 1.13 M in CH;SSCH3;., However, pro-
vided the term (1 + «) in eq 12 remains constant with temperature the
slope of an Arrhenius plot and hence E, (or AH F) will be independent of
@. A calculation in which « was varied between the limits @ = 0 to
« = 1 was found to give a maximum error of 10%; in the value of In k2
and a probable maximum error in AH ¥+ of 0.2 kcal/mol. The errors
introduced by neglecting the temperature dependence of « are probably
much less than indicated and are considered insignificant relative to the
overall experimental error.

(12) G. Binsch, Top. Stereochem., 3, 97 (1969).
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50 +
{CHy)y = SCHy+CHy-S—S-CH,

:
a0k T="(CHy),S+ CHy~S—(SCH,),

An'= 752 keal/mole

30
20
In(k,/7)
1.0+

0.0}

-1.0F

-20 . L
30 32 40
10%T

45 50
Figure 4. Activation parameters determined for SCH; exchange
from a plot of In (ko/T) against 103/T for solutions 0.296 M in1and
1.13 M in CH,;SSCH; in nitromethane,

+
(CHy), S™—SCH, + CHy-S- S~ CH,
+
osk T== (CHy)p S+ CHy—S~(SCHy),
o8
o7k
In(Kx10%)
06F

05|

04

| I |
38 38 40

03 L L
30 32 34 oY T

Figure 5. Thermodynamic parameters for equilibrium of eq 2 from
a plot of In (K X 10%) against 10%/T for solutions 0.296 M in 1and
1.13 M in CH,;SSCH; in nitromethane.

Sulfide with Dimethylthiomethylsulfonium
Fluoroborate. We have noted that CH;SSCH; ex-
changes with the SCH; group of 1.  In contrast, methyl
sulfide exchanges with the S(CHjs), group of 1 (eq 17).

Methyl

+ k1 +
(CHa)zSSCHa -+ Mezs (_; Me25$CH3 -+ (CHa)zS (17)
k1
1 1

This has the effect of shifting the S(CH;), resonance of 1
upfield on the addition of methyl sulfide without pro-
ducing a change in the magnetic or chemical environ-
ment of the SCH; resonance.

As reported by Kice and Favstritsky” the reaction of
CH;SCH; with 1 is extremely fast. We have attempted
to measure the rate, however, using low concentrations
of reagents and low temperatures. In the region of
fast exchange eq 6 applies and the specific rate of ex-
change k, is related to the specific rate of displacement
k1 by eq 18. The factor of 2 in eq 18 arises from the

I/TA = kA = 2k1[CH3$CH3] (18)

fact that the reaction in question is symmetrical and
produces exchange in both directions. The rate of
S(CHs;), exchange is therefore twice as fast as the rate of
reaction between methyl sulfide and 1.

+
70k (CHy)gS=SCHy+ (CHy)pS

+
S=== (CH,J,S + (CHylpS — SCHy

AH = 473 keal /mole

60~

Inlk /T}

S50

40 1 1 " 1

A L] .
32 33 36 |oYT 38 40 a2

Figure 6. Activation parameters for the reaction of methyl sulfide
with 1 from a plot of In (k,/T) against 103/T for solutions 0.0645 M
in 1 and 0.106 M in methyl sulfide in nitromethane.

A plot of k, vs. [CH;SCHj;) for solutions 0.0532 M
in 1 in nitromethane at 5° should be linear according to
eq 18. The experimental data, however, showed a high
degree of scatter which precluded an accurate deter-
mination of k;. The “best’’ value of k; was determined
at 1.5 X 0.5 X 105 M—! sec~! at 5°. The temperature
dependence of k, over the range —35 to 45° was mea-
sured with better precision using solutions 0.0645 M in
1 and 0.106 M in methyl sulfide. An Arrhenius plot
of In ky vs. 10%/T was linear and gave E, = 5.52 kcal/
mol. Using this value of E, and k, = 1.5 X 105 M—!
sec—! at 5°, the frequency factor was calculated as 4 =
3.3 X 10°% The values of E, and A4 were converted to
AH¥ = 493 kcal/mol and AS¥ = —16.8 eu at 25°
The activation parameters were also determined more
directly from a plot of In (k/T) vs. 10%/T (Figure 6).
The slope gave AH¥ = 4.73 kcal/mol and the intercept
gave AS¥ = —17.6eu. These parameters were used to
calculate k; = 4.5 = 1 X 10> M~! sec™! at 40°. It
should be noted that this value agrees with the lower
limit of 10% M~ sec~! predicted by Kice and Favstritsky?
for the specific rate of reaction between methyl sulfide
and 1.

Disulfide Interchange. A suspension of about 5 mg
of 1in 10 ml of an equimolar mixture of methyl disulfide
and ethyl disulfide (no solvent) caused immediate inter-
change of the disulfides. Within 30 min the mixture
had reached equilibrium (K = 4).

(CHi)sS *SCHs
CH;SSCH; + CH:SSC:H; > 2CH,SSCH;

Two-component mixtures of methyl disulfide, ethyl
disulfide, phenyl disulfide, and rerz-butyl disulfide were
observed to interchange with each other when any given
symmetrical pair and 1 were dissolved in nitrobenzene
to be 5 M in each disulfide and 10-2 M in 1. Although
no quantitative measurements were made under these
conditions, interchange involving tert-butyl disulfide
was notably slower than exchange between CH;SSCH;
and C,H;SSC:;H;. Also, addition of methyl sulfide to
a mixture of CH;SSCH; and fers-BuSS-rert-Bu slowed
the rate of interchange appreciably.

The catalytic action of 1 is undoubtedly due to the
combination of reactions 19 and 20. In eq 19, the
catalyst 1 converts one disulfide partner to the active
intermediate 2 which, if captured by the second disulfide
partner, results in interchange (eq 20). The inhibiting
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SCH;
RSSR + (CH,),S*SCH; === RSSR + (CHs:S  (19)
1 +

2
SCH; SR

I I
RSSR + CH;SSCH; <_> RSSCH; + CH;SSCH; (20)
+ +

effect of methyl sulfide can now be understood as a
competing reaction of methyl sulfide for the active
intermediate 2 (eq 21). Based on the data obtained in

ISCHa
RSSR + (CH;),S == RSSCH; + (CH;:S*SR  (21)
+

this work, the specific rate of eq 21 is about 70 times
faster than eq 20 with the position of equilibrium in eq
21 lying far to the right. Clearly, large concentrations
of (CH;),S will so reduce the concentration of 2 and
compete so effectively with RSSR for 2 as to effectively
inhibit disulfide interchange. In this connection, the
reported inhibition of acid-catalyzed disulfide inter-
change by thiols® 3 can be understood as the removal of
the ionic intermediates RHS*SR and RS+(SR), by thiol
(eq 22 and 23) rather than by the removal of RS+ by
thiol (eq 24) as has been suggested.®

I i
RSSR + R’SH T== R'SSR + RSH (22)
+ +
|
.
RS(SR), + R’SH === R'SSR + RSSR (23)
+
i
RS* + R'SH —> R'SSR (24)

Discussion

The reactions of 1 with methyl sulfide and with methyl
disulfide are both bimolecular processes each being
first order in the concentration of sulfide or disulfide.
A reaction mechanism involving rate-controlling dis-
sociation of 1 into methylsulfenium ions CH;S* is
therefore excluded.!'* Both reactions are best formu-
lated as SN2 processes in which the sulfide or disulfide
behaves as a nucleophile and attacks the electrophilic
sulfenyl sulfur of 1 to displace methyl sulfide. In view
of these results, it seems very unlikely that acid-cata-
lyzed disulfide interchange occurs by way of sulfenium
ions as has been suggested.® The process is most
reasonably formulated as proceeding by displacement
of the protonated disulfide by neutral disulfide to form
a trisulfide species related to 2 as the key intermediate.

II-I SR

+/
RSSR + R’SSR’ > RSH + R'S
+
SR’
SR SR
+/ +/
R'S + RSSR T~ R'SSR + RS
AN
SR’ SR’
(13) A. P. Ryle and F. Sanger, J. Biol. Chem., 66, 535 (1955).

(14) Seeref4-7 for references to the intermediacy of sulfenium ions in
the reactions of sulfenyl compounds.
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Table II. Kinetics of Displacement of Sulfenyl Salts with
Methy! Sulfide and Methy! Disulfides

kp AGF}P AH¥F, AS#,
Reaction M~1sec™! kcal kcal eu
CH;SSCH; + 1 1.1 x 10¢ 12.5 7.5 —16.1
CH,SCH; + 1 4.5 X 108 10.2 4.7 —17.6
CH;SSCH; + 2 2 X 108 11
CH,SCH; + 2 1.4 X 107 8.1 5.1 —-9.3
o In nitromethane. ® At 40°.

The kinetic data obtained in this work are summarized
in Table II. It is apparent from the data that methyl
sulfide is about 40 times more reactive than methyl
disvlfide toward 1 and about 70 times more reactive
than methyl disulfide toward 2. Methyl sulfide may be
said, therefore, to be the stronger nucleophile. These
results are consistent with the related work of Kice and
Morkved® on the reaction of disulfides with sulfinic
acids; it may be determined from their data that di-n-
butyl sulfide is some 250 times more reactive than di-n-
butyl disulfide toward the intermediate (RSS*R)-
S(O)Ar. The data of Table II also establish that
2 is some 30 times more reactive than 1 toward CH,-
SCH; and some 20 times more reactive than 1 toward
CH;SSCH;. Accordingly, 2 may be said to be the
stronger electrophile. The reactions in question can
also be treated by Pearson’s theory of hard and soft
acids and bases!s according to which the exceptional
reactivity of methyl sulfide toward 2 reflects the affinity
of a soft base (CH3;SCHy;) for a soft acid, CH;S*(SCH3)..
The kinetic data place methyl sulfide as a softer base
than methyl disulfide, and 2 as a softer acid than 1.

We noted with interest that no observable reaction
takes place on the nmr time scale between 1 and methyl
ether which must reflect in large part the “hardness” of
methyl ether as a base relative to methyl sulfide.

(CHy):SSCH; + (CH;0 77> (CHy)sS + (CHy),OSCH;

Comparing the activation parameters for the reac-
tions of 1 with CH,SCH; and CH;SSCHj; (the first two
reactions listed in Table 1I) shows that the entropies of
activation are very nearly the same although the en-
thalpies of activation differ significantly. In contrast,
the reactions of CH;SCH; with 1 and 2 have comparable
activation enthalpies but different activation entropies.
The relative reactivities of CH;SCH; and CH;SSCH;
with 1 (and by inference with 2 also) are determined
therefore by differences in A H ¥ values, while the relative
reactivities of 1 and 2 with CH;SCH; (and by inference
with CH;SSCH; also) are determined by differences
in AS¥ values. The question of interest is whether these
differences are primarily ground-state or transition-state
effects. That ground-state effects are probably im-
portant can be seen from the equilibrium of eq 2 which
lies far to the left withAH = 2.4 kcal andAS = —6.7 eu.
The free energy of the products (CH;SCH; + 2) there-
fore lies 4.4 kcal above that of the reactants (CH;SSCH;
4+ 1). Furthermore, the AH value of 2.4 kcal is closely
similar to AAH* = 2.8 kcal for the reactions of 1 with
CH;SCH; and CH;SSCHj3, and the AS value of —6.7 eu
is similar to AAS¥ = —8.3 eu for the reactions of CHs-
SCH; with 1 and 2 (Table 1I). We suggest, therefore,

(15) R. G. Pearson and J. Songstad, J. Amer. Chem. Soc., 89, 1827
(1967); J. O. Edwards and R. G. Pearson, ibid., 84, 16 (1962).
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that the relative reactivities of the reactions of Table II
are determined primarily by ground-state -effects.
Specifically, the greater reactivity of CH;SCH; toward
1 or 2 compared to CH;SSCH; may be attributed to the
greater stability of CH;SSCH; manifested as an en-
thalpy effect, and the greater reactivity of 2 relative to 1
may be due to the greater stability of 1 manifested as
an entropy effect. Stabilization of methyl disulfide
over methyl sulfide may be attributed to electron de-
localization of nonbonding electrons on sulfur by (3p-

CH,S—SCH; <> CH;S—SCH; <> CH,S—SCH,

3d) = bonding. Delocalization of this type has long
been discussed as a possible explanation of the bonding,
spectral, and chemical properties of disulfides. 16—19

Stabilization of 1 over 2 by an entropy effect is less
readily explained although solvation effects are prob-
ably responsible. Thus, the greater reactivity of 2
could result from its being more highly solvated which
would serve to lower its entropy in solution (raise its
free energy) placing it closer to the reaction transition
state.

Finally, it is informative to compare the reactivity
of the sulfenyl sulfur of 1 with other electrophilic
groups. We have studied the behavior of the di-
methylmethoxysulfonium cation 3 with methyl sulfide

+ +
(CH,)SOCH; + Me,S === (CH;):S + CH;0SMe,
3 3

and found the reaction to be immeasurably slow by
nmr standards. This sets an upper limit on the rate of
about 1 M-!sec~! although it is probably much slower,
if it occurs at all. Compared, therefore, to the SCH;
group, the OCH3 is far less reactive—less electrophilic—
a ‘“‘harder” acidic group. In fact, alkoxysulfonium
salts such as 3 generally react with nucleophiles by
attack at either carbon or sulfur rather than oxygen.%.?’
Similarly, the reaction of (CHj3),S*NH, with iodide is
thought to occur by way of attack at sulfur rather than
nitrogen.??

No reaction took place (on the nmr time scale) be-
tween trimethylsulfonium fluoroborate and methyl
sulfide in nitromethane, and it can be estimated that
methyl sulfide attacks the sulfenyl sulfur of 1 10° or

+ +
(CH;)zSCHa -+ MeZS —<__> (CHa)zS -+ CHaSMez

more times as rapidly as it attacks carbon in trimethyl-
sulfonium salts.” This enormous difference in reactivity
would seem to be related to an exceptional stabilization
of the transition states for reactions involving sulfenyl
sulfur. The electron-accepting properties of sulfur
may be responsible for this stabilization. The re-
actions of methyl sulfide and methyl disulfide with 1
and 2 can each be formulated in terms of a transition
state or intermediate 4 in which the positive charge is

(16) H.P.Koch, J. Chem. Soc., 394 (1949).

(17) G. Bergson, G. Claeson, and L. Schotte, Acta Chem. Scand., 16,
1159 (1962).

(18) C. Price in “Sulfur Bonding,” Ronald Press, New York, N. Y.,
1962, Chapter 2.

(19) N. Kharasch and A. J. Parker, Quart. Rep. Sulfur Chem., 1, 285
(1966).

(20) C. R. Johnson and D. McCants, Jr., J. Amer. Chem. Soc., 87,
5404 (1965).

(21) C.R.Johnson and W, G, Phillips, J. Org. Chem., 32, 1926 (1967);
J. Amer. Chem. Soc., 91, 682 (1969).

(22) J. H. Krueger, ibid., 91, 4974 (1969).

effectively delocalized over at least three sulfur atoms by
way of (3p-3d) = bonding.

X\ (IZHa /Y X (]:Hs Y
7 AN
CHa CH3 CHa CHS
43, X =Y = CH;
b, X = Y = SCH;
c, X = CHa,
Y = SCH;

The reactivity of 1 may also be compared to neutral
disulfides which also undergo S-S cleavage by nucleo-
philic attack at sulfur.?2® However, cleavage of di-
sulfides by thiolate ions is approximately 10¢ times
slower than cleavage of 1 by methyl sulfide. Clearly,
methylation, S-methylation, and protonation® of di-
sulfides greatly enhances the reactivity of the S-S bond
toward nucleophiles. Unfortunately, attempts to
alkylate disulfides often result in extensive formation of
trialkylsulfonium salts rather than dialkylthioalkyl-
sulfonium salts,” and this may now be understood in
terms of the following reactions. Thus the sulfide

i
RSSR + (CH;),0%" —> R§SR + (CH;),0

CH;

| +
RSSR + RSSR 2T~ RSCH; + RS(SR).
+

RSCH; + (CH;),0* —> RS(CHi), + (CHg),0

that is formed reversibly by the reaction of the alkyl-
ated disulfide with unreacted disulfide is effectively
trapped by the alkylating agent to give (irreversibly) a
trialkylsulfonium salt. In the preparation of 1, we
consistently observed the formation of small amounts
of trimethylsulfonium fluoroborate (Figure 1la).
Clearly, preparation of higher dialkylthioalkylsulfo-
nium salts by alkylation of disulfides will be successful
only if formation of monosulfides can be avoided.

Experimental Section

All nmr spectra and kinetic data were recorded using Varian
HA-60 and A-60 nmr spectrometers. Tetramethylsilane was
employed as an internal reference for chemical shift.

Dimethylthiomethylsulfonium fluoroborate was prepared by
methylation of methyl disulfide with trimethyloxonium fluoro-
borate?* by a procedure similar to that described by Helmkamp
and coworkers.? On adding a suspension of the oxonium salt in
nitromethane (or acetonitrile) to an equimolar amount of methy!
disulfide in nitromethane (or acetonitrile) followed by excess dry
ether to precipitate the product led to the coprecipitation of ap-
proximately 5-10% trimethylsulfonium fluoroborate impurity.
The impurity was minimized by a procedure in which methyl disul-
fide in acetonitrile was added dropwise to an equimolar amount
of trimethyloxonium fluoroborate suspended in acetonitrile at 0°.
After stirring the mixture for approximately 1 hr at 0°, dry ether
was added to precipitate dimethylthiomethylsulfonium fluoroborate,
which had mp 58-59°,

Dimethylmethoxysulfonium salt was prepared as the benzene-
sulfonate by the reaction of methy! benzenesulfonate with dimethyl
sulfoxide.
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work described in this paper.
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Appendix A

The line width (1/T:) in radians per second of an
observed resonance that is broadened by rapid exchange
between two sites A and B is given by %

l = Eﬁ EE 2 2 — 2
=Tt T + pa’pe¥(wa — wB)¥ 74 + 78) (25)

Assuming that the transverse relaxation times T, and
T, are equal, and using pa + ps = | and pa/ps =
7a/78, then eq 25 reduces to

1 — 2, —_— 2
T, = To + pappHwa — wg)ita
Substituting 75, = 1/k4 gives
1 1 paPei(ws — wp)?
— = e e 26
T, Toa ka 26)

According to eq 26, the observed line width (1/7T3) is
equal to the natural line width (1/754) plus the exchange-
broadened line width papp*(ws — wg)?/ka. Expressing
chemical shift and line width in hertz (je., @ = 27v)
gives

1 1 _ 4n’papp®(0a — 88)°

Tz Tz A k A

= 7I'A1/1/2

or

47TPAPB2(6A — 0p)?
AVI./Z =
ka
(25) S. Meiboom, Z. Luz, and D. Gill, J. Chem. Phys., 27, 1411
(1957); J. A. Pople, H. J. Bernstein, and W. G. Schneider, ‘‘High-

Resolution Nuclear Magnetic Resonance,” McGraw-Hill, New York,
N. Y., 1959, Chapter 10.
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where Ay, is the line width due to exchange in hertz.

Appendix B

The equilibrium constant for eq 2 may be written as

[CH;S*(SCH;),JICH;SCH;]

K = afks = [(CH),S*SCH,J[CH,SSCH,] _
[CH,SCH;]?
[salt][CH,SSCH;]
or

[CH;SCH;] = (K[salt]CH;SSCH;))": 27

The concentration of methyl sulfide is also related to
the exchanging chemical shift dscn,y, by way of the
populations p, and pp and nonexchanging chemical
shifts 65’ and dg’ of sites A and B. Thus

ds(cH), = pada’ + prds’ (28)

_ [CH;SCH;) _ [CH,SCH,]
P = [CH,SCH,] + [salt] [salt,

where [salt], is the initial concentration of 1. Substitut-
ing for pp in eq 28 and using px + ps = 1 gives

CH;SCH
[ 3 3](6B ’

[salt]o — %) @)

OscHy, = 0a” +

Substituting eq 27 in eq 29 and setting 85’ = 0 gives
Sscry: = 04’ — 0a'(K/[salt]y)/{CH;SSCH;]"* (9)
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When NO; reacts with styrenes in the presence of nitrosobenzene, phenyl(1-aryl-2-nitroethyl) nitroxides
(3) are formed through the reaction of S-nitroalkyl radicals 2 with nitrosobenzene.

In the reaction of NO,-NO mix-

tures with styrenes, bis(1-aryl-2-nitroethyl) nitroxides (8) are formed by the reaction of 2 with the a-nitroso-g-nitro

addition products 4 of the styrenes.
tigated, except for those with ortho substituents.

Both diastereomers of 5 (meso, and d,/) were observed with all styrenes inves-
Dissociation of the dimer of 4 is found to be accompanied by

decomposition of 4 into NO and the radical 2 with subsequent formation of the nitroxide 5.

hen nitrogen oxides react with olefinic sub-
stances, radicals are almost always formed.
These radicals have in the past been interpreted to be
charge-transfer complexes.’=3 In a recent note! we
have argued that these radicals are nitroxides and we
reported the structure of a nitroxide formed in the

(1) T. J. Schaafsma and J. Kommandeur, J. Chem. Phys., 42, 438
(1965).

(2) A.Hudson, Aust.J. Chem., 19,1971 (1966).

(3) B.H.]J. Bielski and J. M. Gebicki, J. Phys. Chem., 73, 1402 (1969).

(4) L. Jonkman, H. H. Muller, C. Kiers, and J. Kommandeur, ibid.,
74,1650 (1970).

reaction of NO; with styrene. We now present a more
detailed account of the nitroxide formation in the
reaction of NO, and NO with various styrenes of the
general type 1, in which Ar means a substituted phenyl
nucleus.

We will first discuss the nitroxide formation in the
reaction of NO, with styrenes in the presence of nitroso-
benzene. Our experiments show that NO; reacts with
styrenes to give a radical intermediate 2; this 3-nitro-
alkyl radical is trapped by nitrosobenzene to give the
nitroxide 3 (Scheme I).
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