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The kinetics of methyl transfer from 1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) to a series of
thioanisoles (2) and to a comparable series of anilines (5) have been followed spectrophotometrically in acetonitrile
under pseudo-first-order conditions at four temperatures for each compound. Derived second-order rate constants,
Arrhenius equation constants, and activation thermodynamic parameters have been calculated for intra- and inter-
series comparison. Both series exhibited well-defined Hammett correlations (pg = —1.58 & 0.04; corr coeff = 0.999
for the thioanisoles, and pn = —1.95 & 0.05; corr coeff = 0.998 for the anilines) in which the p values were essentially
constant over the range 25-80 °C. Specific rate constants for the thioanisole set (kgX) correlated well with those
of the aniline set (knX) via a linear equation: log ksX = m log kn* + constant, where the slope m is approximated
by the ratio of Hammett p values (ps/pn). Comparisons with literature data show that dimethyl sulfate is 2.3 times
as reactive as 1 toward the thioanisoles, and that 1 is about 10 times as reactive as Mel toward the anilines.

Transmethylation reactions,?* which play a normal role
in the cobalamin-dependent biosynthesis of methionine® and
in the transfer of intact methyl groups from S-adenosyl-L-
methionine to various receptor substrates,® appear to be
universally important in biological systems. In addition to the
enzyme specificities involved, such reactions apparently de-
pend upon a subtle interplay of relative nucleophilicities of
nitrogen, sulfur, oxygen, and cobalt moieties which are not yet
well understood. The very concept of nucleophilicity, con-
sidered as kinetic basicity, has defied precise quantification
and various equations in the literature have been shown to be
of limited value for predicting relative nucleophilic reactivity.”
Some qualitative comparisons of the relative nucleophilicities
of S, N, and Co in methyl transfers have been reported by
Schrauzer® who used simple methylsulfonium, -ammonium,
and -cobaloxime models. More recently, Coward and Sweet?
provided the first detailed kinetic study of methyl transfer
from substituted aryldimethylsulfonium perchlorates to
various anionic and amine nucleophiles.

In our laboratory we have been particularly interested in
the nucleophilicity of bivalent sulfur. Qualitatively, it is well
known that simple dialkyl sulfides are easily methylated by
methyl iodide, sulfate, or sulfonates to give the corresponding
sulfonium salts.’® Compounds such as thioanisole (2, X = H)
or diphenyl sulfide, in which bivalent sulfur is bonded to one
or two sp? carbons, are alkylated with more difficulty, re-
quiring either methyl sulfate at elevated temperatures or
methyl iodide in the presence of equimolar amounts of mer-
curic iodide,! silver tetrafluoroborate,!2 silver perchlorate,
or silver 2,4,6-trinitrobenzenesulfonate.!® These reagents all
have limited scope for comparative kinetic studies, and indeed
kinetic data in the literature are sparse. Second-order rate
constants for the reactions of several dialkyl sulfides with
methyl iodide have been reported by Pearson,” and a Ham-
mett correlation for methylation of a series of substituted
thioanisoles with dimethyl sulfate in benzyl alcohol at 45.2 °C
has been published by Gosselck and Barth.14

We now wish to report a kinetic study of the methylation
of variously substituted thioanisoles (2) and anilines (5) by
1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1),'5
a parallel set of systems (eq 1 and 2, respectively) selected to
measure the relative nucleophilicities of bivalent sulfur vis-
4-vis trivalent nitrogen of a comparable reference series.
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Figure 1. Representative Arrhenius plots for reaction of 1-methyl-
2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) with thioanisole
(0) and with aniline (m). Second-order rate constants, & (M1 s™1),
at various temperatures T (K), were determined in acetonitrile.

Table I. Second-Order Rate Constants for Reaction of

1 with Thioanisole at 65.3 + 0.3 °C

(1], M
[CeHsSMe], M
104 ko, M—1 g—1a

34.68 X 105
0.5018
2.39 £ 0.04

<2415 X 105
1.014
2.35 £+ 0.03

38.19 X 105
0.8685
2.43 £0.02

@ Average of two runs.

Results

A preliminary, preparative scale reaction of the dithiinium
salt (1) with thioanisole (2, X = H) afforded a high yield (91%)
of 2,5-diphenyl-1,4-dithiin (3) and dimethylphenylsulfonium
tetrafluoroborate (4, X = H). Similarly, reaction of 1 with
aniline in 16.5-fold excess showed the products to be 3 in 96%
yield and N-methylaniline. VPC analysis of these last prod-
ucts showed only a minor trace of dimethylaniline, resulting
from secondary alkylation.

Kinetic studies of the reactions of 1-methyl-2,5-diphenyl-
1,4-dithiinium tetrafluoroborate (1) with thioanisoles and
anilines were carried out spectrophotometrically at various
temperatures in acetonitrile under pseudo-first-order con-
ditions with the nucleophile present in 102- to 103-fold excess.
The derived second-order rate constants were independent
of nucleophile concentration, as illustrated by representative
data in Table I, and are completely summarized in the Ex-
perimental Section (Table VII). Representative Arrhenius
plots for the two series are shown in Figure 1. Rate constants
calculated at 330 K and activation thermodynamic parameters
at 330 K are summarized in Table IT. Hammett plots!® (Figure
2) gave p values of —1.58 % 0.05 (correlation coefficient 0.999)
and —1.92 + 0.06 (correlation coefficient 0.998) for the
thioanisole and aniline series, respectively, at 330 K. The re-
sulting array of data provided a basis for computation of
second-order rate constants at selected common temperatures
for comparison and correlation.

Discussion

It is well known that the Hammett p, defined in eq 3

X
| log pH = 0P ) (3)
provides a measure of the susceptibility of a reaction to vari-
ation of substitutents on a reactant.16:17 According to Jaffel®
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Figure 2. Hammett plots for the reactions of 1-methyl-2,5-diphe-
nyl-1,4-dithiinium tetrafluoroborate (1) with thioanisoles (pg = —1.58
+ 0.05) and with anilines (on'= ~1.92 £ 0.06) at 330 K. Error blocks
show standard deviations.

the three main factors which determine this susceptibility are
(a) the reaction conditions, including solvent and temperature
effects; (b) the transmission of electrical effects of substituent
X to the reaction site; and (c) the susceptibility of the reaction
to changes in electron density at the reaction site.

In the present study the reaction conditions were essentially
identical. However, unlike the thioanisoles (2), the anilines
(5) may be capable of hydrogen bonding with other aniline
molecules and possibly with the solvent acetonitrile. The
self-association of aniline has been studied by others!® and
does not appear to be significant at the concentrations used
in this study. No data for the interaction of anilines with ac-
etonitrile appear to be available. However, reactions of the
dithiinium salt (1) with N-methylaniline and with N,N-
dimethylaniline show second-order rate constants and acti-
vation thermodynamic parameters (cf. Table II) very similar
to those of aniline itself suggesting that no significant H-
bonding interactions occur in the system used.

Variations in the temperature dependence of p have been
discussed by Wells!7 and others,6:21 and are given, for the
general case, by eq 417 ‘

p= Go (M> (4)

T do

in which Ggis a constant and the partial derivative [JAG*/dc
= (dAH*/d0) — T(0AS*/d0)] is also temperature dependent,
except for the few known cases where the reaction series are.
isoentropic. A comparison of the activation parameters in
Table IT shows that the activation processes for the thioanisole
series are isoenthalpic (AH¥ = 20.4 kcal/mol) within experi-
mental error, hence p should be temperature invariant.17-21
The aniline series is not so well defined, and a plot of activa-
tion enthalpies vs. entropies also shows no isokinetic rela-
tionship.172! Values of p for hoth series were calculated at four
temperatures in the range 25.0-80.0 °C and found to be con-
stant [pg = —1.58 & 0.04 (thioanisoles) and px = —1.95 + 0.05
(anilines)] within experimental error.
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Table II. Activation Parameters and Rate Constants at 330 K¢
Registry 10¢ k,® AH= ¢ AG#,d
no. Compd M-1s1 kcal/mol kcal/mol AS* € eu of&
123-09-1 p-Chlorothioanisole 0.488 £ 0.005 20.4 £ 0.2 25.89 + 0.01 —~16.6 £ 0.6 +0.227 £ 0.02
100-68-5 Thioanisole 1.07 £ 0.02 20.4 £ 0.9 25.38 + 0.02 -15.14+2.9 0
623-13-2 p-Methylthioanisole 2.15 £ 0.02 20.0 £0.2 24.92 + 0.01 ~14.9 + 0.5 ~0.17 &+ 0.02
1879-16-9 p-Methoxythioanisole 2.87 £0.12 20.8 £ 0.7 24,73 + 0.03 —-119+ 2.1 —0.268 £ 0.02
98-16-8 a,a,a-Trifluoro-m- 2.27 £ 0.06 18.6 £ 0.3 24.89 + 0.02 -19.4 £ 0.9 +0.467 £ 0.071¢
toluidine
108-42-9 m-Chloroaniline 3.86 = 0.06 19.14£0.2 24.54 £+ 0.01 -16.5% 0.6 +0.373 £ 0.02
62-53-3 Aniline 16.7 £ 0.3 17.8 £ 0.2 23.58 & 0.02 =177+ 0.7 0
108-44-1 m-Toluidine 249 £ 0.3 18.9 £0.1 23.32 + 0.01 -18.3+ 0.4 —0.069 £ 0.02
106-49-0 p-Toluidine 44.0 + 0.9 18.5 + 0.2 22.94 + 0.01 —-13.6 £ 0.7 —0.170 = 0.02
104-94-9 p-Anisidine 57.9 £ 2.0 164 £ 0.4 22.76 + 0.02 ~19.6 + 1.3 —0.268 £ 0.02
100-61-8 N-Methylaniline 319+ 1.3 18.5 £ 0.7 23.15 £ 0.03 -14.4+ 2.0
121-69-7 N,N-Dimethylaniline 27.5+£1.3 174 £ 0.6 28.25 & 0.03 =177+ 1.8

@ All errors are standard deviations. ? Calculated by Arrhenius equation: log & = (—=E.t/2.3RT) + log A. ¢ AH* = Eas — RT. 4k’
= (kT/h)e—AG*RT e AS¥ = (AH*— AG¥)/T. f All values except CF3 were taken from D. McDaniel and H. Brown, J. Org. Chem.,
23, 420 (1958). € H. van Bekkum, P. Verkade, and B. Wepster, Recl. Trav. Chim. Pays-Bas, 78, 815 (1959).

Table III. Second~-Order Rate Constants (M—!s—!) and
Differences in Activation Free Energy for Methylation
of Thioanisoles (kgX) and Anilines (kn*) with 1 at 330 K

AAGH,
Substituent X 104 kgX 104 BnX kcal/mol
p-MeO 2.87 57.9 1.97
p-Me 2.15 44,0 1.98
m-Me (1.38)¢ 24.9 1.89
H 1.07 16.7 1.80
p-Cl 0.488 (6.13)¢ 1.65

@ Interpolated data calculated from Hammett plots.

As mentioned in item b above, p is also determined by the
balance of field, inductive, and resonance contributions!® by
which the electrical effect of substituent X is transmitted to
the reaction site. In the present study only p-methoxy-
thioanisole might have been expected to show unusual sta-
bilization of the transition state via d-orbital conjugation of
partially positive sulfur with the methoxy group, as suggested
in the following approximation of the transition state structure

L CH
ry C >’\ /
CH,0 S - CH.
3 \\\ 5+/=\6 d
CH,—--8 S
\e/
CeH;
8

(8). Since all of the substituents, including methoxy, correlated
well with primary para (op) and meta (o) substituent con-
stants, the p values for both the thioanisole and aniline series
reflect parallel differences in their respective susceptibilities
to substituent electrical effects.2® Hence any special conju-
gation via d-orbital interaction is contraindicated.

Finally, the magnitude of p (cf. item ¢, above) is considered
to be a measure of the magnitude of the developing charge at
the reaction site.2! In the present comparison there appears
to be no qualitative difference between the behavior of the
lone pair of electrons on sulfur or nitrogen, since the p values
are quite similar. The slightly less negative value of p for the
thioanisoles with respect to the anilines may simply reflect
a more diffuse positive charge on the sulfur than that on the
smaller nitrogen atom in their respective transition states.

Rate Correlations. Common Electrophile. A qualitative
comparison of the specific rates of methylation of analogous

thioanisoles and anilines shows that the ratios kgX/kn¥
(substituent X; S and N for the sulfur and nitrogen nucleo-
philes, respectively) range roughly from 0.02 to 0.04 at 25 °C,
tending to increase at higher temperatures. These values are
comparable with similar ratios obtained from Pearson’s data’
for reactions of methyl iodide with aliphatic sulfides and
amines; e.g. ks/kn = 0.034 for tetrahydrothiopyran and pi-
peridine at 25 °C.

On the basis of absolute reaction rate theory, for which the
familiar equation k’ = (kT/h) exp (—AG*/RT) applies, such
rate ratios are given by

ksX/kNX = exp (—AAGF/RT) (5)

where AAG™ is the difference in activation free energy of two
series members having given substituent X. This relationship
suggested that if AAG* is approximately constant for all
substituents X, a simple linear relationship of the form kgX
= mkn¥ + b may be applicable, in which the slope (m) should
be approximated by the right-hand portion of eq 5and b is a
constant. Table III gives data at 330 K which clearly illustrate
the variation in AAG¥, Despite this variation a least-squares
regression line [kgX = (0.0446 % 0.0013)knX + (2.58 + 0.48)
1075] showed an excellent correlation (coefficient » = 0.998),
and a slope only slightly lower than expected from eq 5 [exp
(~AAG*/RT) = 0.059] using a mean value of AAG¥ from
Table III. However, similar data from other temperatures

.showed greater variations in AAG¥ and gave lines showing a

distinet curvature, thus obviating broad correlation over the
whole range of data. We therefore turned to the Hammett
equation,

Since both the thioanisoles and anilines separately obey the
Hammett relationship (eq 3) using the same primary oy values,
elimination of g between the two series equations leads to

log kgX = £s log kn* + <log kgH — L5 log kNH> (6)
PN PN

in which the rate constants kX cover all members of the series
including kX = kH, and the intercept (in parentheses) is de-
fined by the specific rates of the parent thioanisole and aniline.
A plot of eq 6 is illustrated in Figure 3 for data at 56.8 °C,
which falls within the range of the experimental rate deter-
minations, and shows a correlation coefficient of greater than
0.999. A similar plot at 45.2 °C showed a correlation coefficient
of 0.998. Although the slopes of both lines are slightly lower
than expected from the ratio pg/pn = —1.58/~1.95 = (.81
(calculated assuming both p values to be constant as discussed
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Figure 3. Logarithmic correlation of second-order rates of methyl-
ation of thioanisoles (kg) and anilines (kn) by 1-methyl-2,5-diphe-
nyl-1,4-dithiinium tetrafluoroborate (1) in MeCN at 330 K, following
eq 6. The regression line: log kg = (0.775 £ 0.019) log kn — (1.826 £
0.045) shows a correlation coefficient >0.999.

earlier), the correlation based on eq 6 was quite satisfactory .

and found to be equally applicable at other temperatures.

It is of further interest that a parallel application of the
Swain-Scott equation?? to reactions of thicanisoles and ani-
lines with a commion electrophile such as compound 1 leads
to eq 7, where &g is the rate constant of an arbitirary reference
nucleophile and ngX and nnX are nucleophilic reactivity pa-
rameters for structurally comparable sets of thioanigoles and
anilines, respectively.

X X
log kX = %log AnE + [<1 - S;IS—X> log ko] (7)

The slope (ngX/nn%) of eq 7 represents the relative nucleo-
philicity of the thioanisoles with respect to the structurally
comparable anilines based oh a reference nucleophile defined
only numerically by % of the intercept term. Although this
reference nucleophile is not chemically defined, it is appatrent
that, since the slopes of eq 6 and 7 are the same (ie., ps_/pNA =
nsX/nxX); the ratio of p vdlues of the thivanisoles with respect
to the analogous anilines represents a measure of the relative
nueleophlhcmes of the two series.

Rate Correlations, Diverse Electrophlles. It was of ad-
ditional interest to compare the rate behavior of a given series
of nucleophiles, such as the thioanisoles or anilines, toward
different electrophilic alkylating agents. Substituent effects
for reactions 1 and 2 from the present study are compared with
related series from the literature in Table IV. All values for
literature reactions were recalculated using the op and ap
values of McDaniel and Brown.?3 Although p values are not
strictly comparable, since p is solvent dependent,!624 the
values for methylation of thioanisoles with dimethyl sulfate
and with the dithinium salt (1) are the same within experi-
mental error.

Specific rate constants for reaction 1 and for the parallel
alkylation of thioanisoles (2) with dimethyl sulfatel4 at 45.2
°C-are summarized in Table V. A Hammett plot of the liter-
ature data is illustrated in Figure 4, which shows a significant
deviation only for p-nitroanisole. Although Gosselck and
Barth!* made no comments about experimental errors, this
deviation can probably be ascribed to enhanced resonance
interaction involving simple p— delocalization of the lone pair
on sulfur with the nitro group as suggested by the canonical
form (9) shown. In any case, since both ¢ and p are the same
for both series, the Hammett relationship is simply log (k1/
RMess0,) = constant, hence k1/kMe,50, = constant. Conse-

, plicable at constant temperature, with AAG* =
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Figure 4. Hammett plot (o = —1.67 & 0.06) for the reaction of di-
methyl sulfate with thioanisoles in benzyl alcohol at 45.2 °C. Recal-
culated from the data of V. Gosselck and H. Barth, Z. Naturforsch.
B,16, 280 (1961). Substituents (reading left to right) are p-MeO,
p-Me, H, p-Cl, m-Cl, m-NOg, p-NOs.
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Figure 5. Direct linear relationship: ki = (0.43 + 0.03) EMess04 —
(0,156 £ 0.43) 1075, between the rates of methylation of thioanisoles
by 1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) in

MeCN and by dimethyl sulfate in benzyl alcohol at 45.2 °C; correla-
tion coefficient = 0.992; data from Table V,

quently, eq 5 based on transition state theory appeared ap-
constant. A
direct plot of ky vs. kmess0, (Figure 5) showed a correlation
coefficient of 0.992, a zero intercept within experimental error,
and a constant reactivity ratio ki/kme,80, = 0.43. Alternately,
dimethyl sulfate is 2.3 times as reactive as the dithiinium salt
(1) in the alkylation of a given thioanisole.

< R
_ /N=<:>=S"CH3

A similar comparison of the rates of alkylation of substi-
tuted anilines by the dithiinium salt (1) and by methyl iodide
is illustrated in Figure 6, based on the data of Table VL. In
order to make a comparison with literature data at 80 °C it was
necessary in this case to extrapolate our kinetic data about 20



Methylation of Thioanisoles and Anilines

J. Org. Chem., Vol. 41, No. 16, 1976 2757

Table IV. Comparison of p Values for Methylation of Substituted Anilines and Thioanisoles

Methyl Temp, Corr No. of

Methyl donor acceptor Solvent °C po coeff points
CHsl XCgH4NH- PhNO, 80 —-2.14 £0.13% 0.993 6
Dithiinium salt (1) XCgHsNH, CH3;CN 80 —-1.83 £ 0.11¢ 0.993 6
Dithiinium salt (1) XCgH4SCH3 CH3;CN 80 ~1.60 + 0.03¢ 0.9997 4
(CHg)9S04 XCgH4SCH; PhCH-OH 45.2 —1.87 + 0.08¢ 0.998 6
Dithiinium salt (1) XCgH4SCH3 CHiCN 45.2 —1.57 £ 0.07¢ 0.998 4

a Brror is standard error. ® Calculated from data of P. Randhakrishnamurti and L. Panigrahi, J. Indian Chem. Soc., 46, 567 (1969).
¢ This work. ¢ V. Gosselck and H. Barth, Z. Naturforsch. B, 16,280 (1961). Does not include p-NO,. These authors incorrectly reported

p as —1.14,

Table V. Comparison of Methylation of Substituted
Thioanisoles with Dimethyl Sulfate and 1-Methyl-2,5-
diphenyl-1,4-dithiinium Tetrafluorcborate (1) at 45.2 °C

Dimethyl
sulfate® 1,b¢
105 k, 105k,

Substituent 1./mol-s 1./mol-s od
p-NO; 0.283 +0.778
m-NOg 0.520 +0.710
m-Cl 1.93 +0.373
p-Cl 3.10 1.51 +0.227
H 9.50 3.32 0
p-CHj 15.9 6.77 -0.170
p-CH30 20.3 8.66 —0.268

@V, Gosselck and H. Barth, Z. Naturforsch. B, 16, 280 (1961).
Solvent: benzyl alcohol. ® This work. Solvent: acetonitrile.
¢ Computed from Arrhenius equation. ¢ All values from D.
McDaniel and H. Brown, J. Org. Chem,, 23, 420 (1958).

rI\‘able VI. Comparison of Methylation of Substituted
Anilines with Methyl Iodide and 1-Methyl-2,5-diphenyl-
1,4-dithiinium Tetrafluoroborate (1) at 80 °C

Methyl
iodide® 1,b.c
104k, 104k,

Substituent  1./mols 1./mols od
m-CF3 154 +0.467 £ 0.071¢
m-Br 1.94 +0.391 & 0.02

- m-Cl 1.57 27.8 +0.373 £ 0.02
p-Cl 3.26 +0.227 £ 0.02
H 9.22 106 0
m-CHjs 16.0 176 ~0.069 £ 0.02
p-CHs 28.0 298 =0.170 £ 0.02
p-CH30 318 —0.268 £ 0.02

@ P, Randhakrishnamurti and G. Panigrahi, J. Indian Chem.
Soc., 46, 567 (1969). Solvent: nitrobenzene. ® This work. Solvent:
acetonitrile. ¢ Computed by Arrhenius equation. ¢ All values
except m-CF3 from D. McDaniel and H. Brown, J. Org. Chem.,
23, 420 (1958). ¢ H. van Bekkum, P. Verkade, and B. Wepster,
Recl. Trav. Chim. Pays-Bas, 78, 815 (1959).

°C beyond the range of experimental determinations by using
individual Arrhenius equations. Furthermore, since only four
substituents among the two sets were directly comparable
without still further, and inappropriate, extrapolation based
on the Hammett equation, the high correlation coefficient
(0.999) probably exaggerates the agreement. Nevertheless,
except for the low intercept, which cannot be precisely ex-
plained, the rate constants for alkylation of anilines with 1 and
with methyl iodide again appear to be a simple linear function.
Overall, the dithiinium salt (1) is about ten times as reactive
as methyl iodide toward the anilines.

Finally, it is noteworthy that, although the activation energy

30 -
L Anilines

m Salt

N
o

o

103k (M~'sec™):Dithiiniu

O 1 1 1 1 1 J
0 10 20 30

10*k (M'sec™'):Mel
Figure 6. Linear relationship: &, = (10.23 £ 0.02) kyer + (11.9 £ 0.3)
1074; corr coeff >0.999, between the rates of methylation of anilines
by 1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) in
MeCN and by methyl iodide in nitrobenzene at 80 °C; data from
Table VI

for the reaction of aniline with methyl iodide (E,. = 8.77
kcal/mol) is much smaller than for similar alkylation with the
S-methyl dithiinium salt (1) (E . = 18.4 kcal/mol), the acti-
vation entropy at 80 °C is vastly more negative for the methyl
iodide (AS¥ = —49.9 eu) reaction than for the reaction of the
sulfonium alkylating agent (1: AS¥ = —17.8 eu). This entropy
difference may reflect a greater degree of bonding between the
nucleophilic center and the methyl group in methyl iodide,
as also implied by the more negative p values (cf. Table IV),
or alternately may indicate less constraint in the approach
route of the nucleophile attacking the carbon of the methyl-
sulfonium system (1).25

Expérimental Section

Apparatus. Ultraviolet spectra and kinetic data were obtained with
a Perkin-Elmer 402 uv-visible spectrophotometer fitted with a cast
iron cell block. Constant temperature {£0.03 °C) was maintained by
circulating water from a Forma-Temp Jr. constant temperature bath
and circulator through a jacketed 1-cm sample cell and the cell block.
Reaction temperatures were read (£0.3 °C) from a calibrated ther-
mometer in the cell block. NMR spectra were recorded on a Hitachi
Perkin-Elmer R-20A spectrometer. VPC analyses were carried out
with a Nester-Faust Anakro IA chromatograph fitted with a silicone
SE-30 column. Melting points were determined in capillary tubes
using a calibrated Mel-Temp apparatus.
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Table VIL - Effect of Temperature on the Rate of Methylation of Nucleophiles by 1

Temp, +0.3 °C 104 kg, 1./mol-s Temp, £0.3 °C 10% kg, 1./molss
Aniline N-Methylaniline
37.1 2.85 + 0.06 40.2 v 6.70 + 0.13
44.8 562 + 0.10 48.6 15.8 £ 0.7
54.0 18.0+£ 0.4 53.7 23.0+ 0.8
62.2 26.5 + 0.5 59.0 39.1+35
m-Chloroaniline N,N-Dimethylaniline
41.1 0.855 + 0.018 36.8 4.63 £0.17
48.9 1.85 £ 0.07 40.0 6.03 £ 0.04
56.7 3.73+0.11 48.6 145 £ 0.2
63.4 7.04 £ 0.14 56.6 26.0 & 0.2
p-Toluidine Thioanisole
31.5 3.85 + 0.02 50.0 0.635 + 0.014
40.3 9.37 % 0.02 54.6 0.890 + 0.054
49.3 229+ 0.6 59.6 1.37 £ 0.06
56.9 433+ 0.6 65.3 2.40 £+ 0.05
p-Anisidine p-Methylthicanisole
39.0 12,7+ 0.6 48.7 0.964 + 0.025
44.7 22.5 + 0.4 54.6 1.72 £0.04
47.9 282+ 1.1 60.5 3.07 £ 0.03
56.9 56.3 £ 1.0 67.0 5.45 £ 0.09
59.5 72.0 £ 1.0 ..
p-Chlorothioanisole
a,a,a-Trifluoro-m-toluidine
54.5 0.389 % 0.010
43.8 0.693 £ 0.023 59.6 0.638 £ 0.010
49.8 1.14 £ 0.04 64.3 0.976 £ 0.019
56.7 2.21 = 0.06 69.9 1.67 £ 0.03
63.4 4.02 £ 0.05 L
65.3 471 + 0.08 p-Methoxythioanisole
m-Toluidine 49.3 1.28 £ 0.02
54.8 2.46 + 0.05
37.4 3.81 £ 0.04 60.1 4.00 £+ 0.03
44.8 8.01 +£0.13 67.0 ~ 7.44 £ 0.23
51.4 153+ 0.5
59.2 304+ 05

Materials. 1-Methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate
(1) was prepared by the method of Young and Lazarus.!> The amines,
which were commercially available, were purified either by distillation
under reduced pressure or by recrystallization followed by sublima-
tion. All of the sulfides except p-methoxythioanisole were commercial
products purified by distillation under reduced pressure. p-
Methoxythioanisole was prepared according to the procedure of
Bordwell and Pitt?® and was distilled under reduced pressure to give
pure product with a boiling point in agreement with literature values.
Acetonitrile (Fisher Certified) was distilled three times from phos-
phorus pentoxide.

Acetonitrile solutions of the dithiinium salt (1) were stable indef-
initely at room temperature and for at least 24 h at 66 °C, which
represents the upper limit of temperature for these studies. Solutions
of 2,5-diphenyl-1,4-dithiin (3) at 66 °C likewise showed no ultraviolet
absorbance change for at least the several hours necessary to monitor

the aniline reactions. Literature reports of failure of amines to react -

with acetonitrile?’.28 were confirmed by observing no change in the
NMR spectrum of a 1.5 M solution of aniline in acetonitrile at 63 °C
overnight. Therefore, competing reactions under the conditions used
to study the methylation of anilines are insignificant. In contrast,
solutions of the dithiin (3) and thioanisole showed a steady increase
in absorbance over a period of hours at 66 °C which would complicate
the study of the slower reacting thioanisoles. Apparently this increase
was due to oxidation, since careful flushing of the solutions for the
thioanisole kinetics with dry nitrogen eliminated the problem.
Identification of Products. Reaction of 1 with Aniline, Six
grams (0.0162 mol) of 1-methyl-2,5-diphenyl-1,4-dithiinium tetra-
fluoroborate (1) and 25.0 g (0.268 mol) of aniline were heated at 78
°C for 3 h. The solution was cooled and the precipitated 2,5-diphe-
nyl-1,4-dithiin (3) was removed by filtration. After it was concentrated
on a rotary evaporator, an approximately 0.1 M solution of HCl was

added to the filtrate to precipitate the remaining 2,5-diphenyl-1,4-
dithiin (3), which was combined with the previous material to give a
total yield of 4.15 g (96%). Ammonium hydroxide was then added to
separate an amine layer which was extracted into ether and distilled
from calcium hydride. VPC analysis showed the mixture to be aniline
and N-methylaniline with only a trace of N,N-dimethylaniline.

Reaction of 1 with Thioanisole. A solution of 0.50 g (0.0014 mol)
of 1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) and
0.25 g (0.002 mol) of thioanisole in 1 ml of acetonitrile was maintained
at 85 °C for 18 h. Concentration of the solution led to precipitation
of 0.30 g of crude 2,5-diphenyl-1,4-dithiin (3). Addition of ether pre-
cipitated 0.24 g (79%) of a white solid with mp 131-132.5 °C. Evapo-
ration of the filtrate to near dryness allowed the collection of another
0.03 g of 3 to give a total crude yield of 0.33 g (91%), which after one
recrystallization from absolute ethanol weighed 0.20 g (55%) with mp
114-116 °C (lit.?® mp 115-117 °C). Recrystallization of the hygro-
scopic white solid from acetonitrile-ether and drying in vacuo with
phosphorus pentoxide gave analytically pure dimethylphenylsul-
fonium tetrafluoroborate with mp 132.5-133.5 °C; NMR (CD3CN)
8 3.17 (s, 6, CHg’s), 7.8 ppm (m, 5, ArH).

Anal. Caled for CgH,BF4S: C, 42.51; H, 4.91; S, 14.18. Found: C,

'42.59; H, 4.95; S, 14.11.

Kinetic Measurements. The progress of the reactions described
herein was followed by observing the decrease in ultraviolet absorb-

.ance at 340 nm. Beer’s law plots of the 2,5-diphenyl-1,4-dithiin (3)

and 1-methyl-2,5-diphenyl-1,4-dithiinium tetrafluoroborate (1) were
linear and passed through the origin. A least-squares computer pro-
cedure gave molar extinction coefficients (¢) of 1.05 X 103 and 4.72 X
102 for the dithiin (3) and the dithiinium salt (1), respectively. Since
the reactions were run with an initial dithiinium salt concentration
(S¢=0) of about 20 X 10~5 M and a nucleophile concentration (N) of
about 0.01-1.0 M, the integrated rate equation is given by eq 8 fol-
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lowing, where S; = molar concentration of dithiinium salt (1) and D;
= molar concentration of dithiin (3) at time ¢.

3= BN - b1 (&

t2
Since
At = GsSt + EDDg and Dt = St=0 - St,
(4; — epSi=0)
€S T €D

At = St(és - 6D) + EDS¢=0 or St =

Substitution of this latter equation for S; into eq 8 gives the final rate
equation 9.

At1 - eD‘St=0

In = EkN(to— t1) 9

A£2 — epSt=0

Pseudo-first-order plots of In (A; — e Si=0) vs. time were linear to
2-4 half-lives and both the aniline and thioanisole reactions were
found to go essentially to completion. Any absorbance due to the
nucleophiles was cancelled by placing in the reference beam a solution
of nucleophile of exactly the same concentration as that in the reaction
solution. All kinetic determinations were made in triplicate with
agreement usually better than £5%. i

Stock solutions of the dithiinium salt (1) and the nucleophile were
prepared in the bath. The reaction was started by pipetting a known
volume of the dithiinium salt solution into a 10-ml volumetric flask
and diluting to the mark with the stock nucleophile solution. In the
case of the thioanisole series reactions, dry nitrogen was slowly bub-
bled through the stock solutions cooled in an ice bath for ca. 20 min
and through the reaction solution for about 10 min before placing it
in the sample cell. The nucleophile concentrations were typically
0.01-0.20 M for the aniline series reactions and 0.2-1.0 M for the
thioanisole series reactions. In the case of the aniline series the five-
fold ordinate expansion system of the spectrophotometer was used
and the calculated rate constant was usually based on the first 15-30%
of the reaction. The normal ordinate plot was used for the thioanisole
series and the rate constants were based on approximately the first
75% of the reaction.

Derived rate constants are summarized in Table VII, with errors
given as standard deviations. The temperature error (+0.3 °C) rep-
resents the outer limits of control as measured at the cell block. A
time-averaged standard deviation of temperature in the reaction
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cuvette could not be determined directly, but was necessarily less than
+0.3 °C.

Registry No.—1, 17250-79-2; p-chloroaniline, 106-47-8; m-
methylthioanisole, 4886-77-5; dimethylphenylsulfonium tetrafluo-
roborate, 33613-52-4.
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p-Chlorobenzoyl thiochlorosulfite (1b) reacted with thiophenols or potassium xanthates to give acyl aryl dithio-
sulfites (3) or acylalkoxythiocarbonyl dithiosulfites (4). The reaction of 1 mol of 1b with 1.5 mol of aniline gave bis-
p-chlorobenzoyl dithiosulfite (2b) and N-sulfinylaniline, whereas 1 mol of 1b with 2 mol of aniline afforded p-chlo-
robenzanilide. Carboxylic acids with 1b in the presence of triethylamine gave carboxylic anhydrides and 2b. Reac-
tion of 1 with potassium thiocyanate gave acyl isothiocyanates.

Previously, one of the authors has reported the prepara-
tion of diacyl dithiosulfites RCOSS(O)SCOR’ (2) and acyl
thiochlorosulfites RCOSS(0O)Cl (1) by the reaction of
thiocarboxylic acids and thionyl chloride.! Although chloro-
sulfites ROS(O)Cl are readily prepared from thionyl chloride
and alcohols, thiochlorosulfites RSS(O)Cl have not been
isolated and their formation has been only postulated as in-
termediates in the reaction of thionyl chloride and mercap-
tans.? Accordingly, it appeared of interest to investigate the
reactions of 1 with various nucleophilic reagents. Aroyl
thiochlorosulfites (1, R = Ar) are more stable than acyl

thiochlorosulfites (1, R = alkyl) and some of the former could
be isolated as crystalline solids. Reactions were then examined
with p-chlorobenzoyl! thiochlorosulfite (1b, R = p-CICgH,)
which was especially stable and convenient to handle.

Results and Discussion

Thiobenzoic acid or p-chlorothiobenzoic acid was allowed
to react with thionyl chloride at low temperature to give
benzoyl thiochlorosulfite! (1a) or p-chlorobenzoyl thiochlo-
rosulfite (1b) in 60-80% yield (eq 1). Acyl thiochlorosulfites
were readily hydrolyzed to give diacyl dithiosulfites! (2) in



