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The reactions of Me,SnL(S,CNEt,) (L=S,CNEt, (1) and I (2)) with iodine in cyclohexane were investi-

gated employing a stopped-flow technique.

The kinetic data indicate that the reaction in the presence of a large

excess of 1 or 2 proceeds via a charge-transfer complex of Me,SnL(S,CNEt,)-I,, which decomposes in the rate-

determining step to yield Me,SnI(L) and unstable I(S,CNEt,).
excess 1 or 2 to afford Me,SnI(L) and tetraethylthiuramdisulfide (3).

This unstable intermediate reacts with the
The reaction of 1 with a large excess of I,

was also kinetically studied to reveal the formation of the 1 :2 complex, Me,Sn(S,CNEt,),-21,, as an inter-
mediate; this intermediate then undergoes a simultaneous degradation to afford Me,Snl, and 3. The transition

state in the reaction is discussed.

Several reactions of dithiocarbamato-metal com-
plexes with halogen have been reported thus far;
bis( N, N-dialkyldithiocarbamato)zinc(II),  -cadmium-
(IT) and -mercury(IT) react with X, (X=Cl, Br, I)
in the mole ratio of 1:1 to give adducts between
MX, (M=Zn, Cd, Hg) and tetraalkylthiuramdisul-
fide, MX, (R, tds) (R,tds=[R,NC(S)S-];).))  On
the other hand, N,N-dialkyldithiocarbamato com-
plexes of Cu(I),» Au(I)» and Ni(II)V oxidatively
add X, to yield MX,(S,CNR,;) (M=Cu, Au) and
NiX(S,CNR,); respectively. These reactions, how-
ever, have not been studied kinetically.

Recently, we have noticed that Me,Sn(S,CNEt,),
and Me,SnI(S,CNEt,) react with I, to give Me,-
SnI(S,CNEt,) and Me,Snl, respectively, together
with tetraethylthiuramdisulfide. This paper will re-
port on our kinetic and mechanistic studies of these
reactions as well as that of Me,Sn(S,CNEt,), with
an excess of I, in cyclohexane. The stability con-
stant of the charge-transfer complex between tetraethyl-
thiuramdisulfide and iodine is also obtained.

Experimental

Madterials. Bis(N, N-diethyldithiocarbamato)dimethyl-
tin(IV), Me,Sn(dtc), (dtc=S,CNEt,), was obtained as has
been described in a previous paper.® N,N-Diethyldithio-
carbamatodimethyliodotin(IV), Me,SnI(dtc), was prepared
by the reaction of Me,SnCl(dtc) with a large excess of Nal
in acetone in the manner described previously;® it was
then recrystallized from ligroin; mp 124 °C. Found: G,
19.82; H, 4.04; N, 3.50%. Calcd for C,H;(NS,ISn: C,
19.84; H, 3.81; N, 3.319%,.

Iodine was purified by sublimation five times. Com-
mercially available tetraethylthiuramdisulfide, Etstds (tds=
SNC(S)S-SC(S)N(), was recrystallized from ligroin; mp
70 °C. Cyclohexane used as a solvent in the kinetic ex-
periments was purified in the usual manner.?

Reactions. (i) A solution of I, (1.02 mmol) in benzene
(20 ml) was added to Me,Sn(dtc), (2.38 mmol) in the same
solvent (20 ml) at room temperature. The solution was
stirred for 30 min, and then evaporated to dryness under
reduced pressure. The resulting solid was recrystallized
from ligroin to afford white crystals of Me,SnI(dtc) (1.87
mmol). The filtrate after recrystallization was evaporated
to dryness again to give Et,tds (0.84 mmol).

(ii) A benzene solution (20 ml) containing I, (0.5 mmol)
and Me,SnI(dtc) (1.9 mmol) was stirred for 1hr at room
temperature; the subsequent application of the procedure

described above gave Me,SnI, (0.6 mmol).

(iii) A benzene solution (20 ml) of Me,Sn(dtc), (2.3
mmol) was added to the excess of I, (4.5 mmol) in the same
solvent (20 ml) at room temperature. The solution was
then stirred for 3.5 hr, filtered, and evaporated to a small
volume. The precipitate which appeared was collected by
filtration and recrystallized from petroleum ether to afford
Me,SnI(dtc) (0.3 mmol). The filtrate was evaporated to
give a solid product, from which Me,SnI, (1.5 mmol) was
obtained.

Spectra. The electronic spectra were recorded on
a Hitachi 124 spectrophotometer. The infrared spectra
were measured in Nujol mulls on a Hitachi EPI-L spectro-
photometer.

Kinetics. Kinetic experiments were carried out under
pseudo-first-order conditions at 25 °C, using at least a ten-
fold excess amount of either iodine or the tin compound.
The rate of reaction was followed by monitoring the trans-
mittance at a fixed wavelength in the electronic spectra of
the reaction mixture, using a Union RA-1100 stopped-flow
spectrophotometer equipped with a l-cm quartz cell. The
measurements were usually made over a period of 3 half-
lives of the reaction. Pseudo-first-order rate constants, kqopsq,
were obtained from the semi-logarithmic plots of In(4;,— A4e)
against time, where 4; and A are absorbances at a given
wavelength at time ¢ and at the end of the reaction respectively.
Rapid scanning spectra were measured on a Union RA-1300
stopped-flow reaction analyzer in order to determine the
wavelength of which the reaction could best be followed.

Results and Discussion

Stoichiometry of the Reaction. The reaction of
I, with excess Me,Sn(dtc), rapidly proceeds to give
Me,Snl(dtc) and Et,tds in good yields. Iodine also
reacts with Me,Snl(dtc) to afford Me,Snl, and Et,tds;
this reaction is reversible. The forward and backward
reactions require a few minutes and several days
respectively to come to an equilibrium. Thus, the
stoichiometry for the reaction of Me,Sn(dtc), with
I, may be expressed as follows:

1

Me,Sn(dtc), + 5

fast
I, —  Me,Sal(dtc) + —;—Et4tds (1)

1 slow
MeSnl(dte) + 5T, = ™~ Me,SnI, + —;—Et4tds @)
very slow
Stability Constant of the Charge-transfer Complex between
I, and Etds. By analogy with the formation
of a stable charge-transfer complex between I, and
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Fig. 1. Absorption spectra of Et;tds in cyclohexane
(1.0X 10 M) containing varying amounts of I,:
(a) 0, (b) 1.0x10-3, (c) 2.0x10-3, (d) 3.0%x 1073,
(e) 4.0x10-3, (f) 5.0x1073, (g) 8.0x10*M (25
°Q).
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Fig. 2. Absorption spectra of I, in cyclohexane (8.0 x
10+ M) containing varying amounts of Et,tds: (a)
0, (b) 8.0x10% (c) 1.6x10-%, (d) 4.0x1073, (e)
8.0x10-3, (f) 1.6 x10—2M (25°C).

N-methylthioacetamide,® N-methylthiocarbamate® or
other sulfur containing compounds,’® I, may be
expected to form a complex with Et,tds, which is the
reaction product between I, and Me,Sn(dtc), or
Me,Snl(dtc). In accordance with this, cyclohexane
solutions containing Et,tds and I, exhibit an absorp-
tion at 355 nm, which is intensified with an increase
in the amounts of I,, as is shown in Fig. 1. Thus,
the 355 nm band can unequivocally be assigned to
the CT transition from Et,tds to I,. Figure 2 shows
the electronic spectra of I, in cyclohexane containing
varying amounts of Etjtds. The 520 nm band due
to I, is shifted to a short wavelength (470 nm) by adding

TaBLE 1.

VARIOUS MOLE RATIOS IN CYCLOHEXANE AT 25 °C.
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Et,tds, and an isosbestic point is observed at 515 nm.
The continuous-variation method at 470 nm revealed
that the composition of the CT complex is 1 : 1. Thus,
the following equilibrium takes place in solution:

I, + Et,tds == I,-Et,tds (3)

The equilibrium constant, as calculated from the
absorbances at 470 nm (e,,,=2.14x10%) by means
of the Rose-Drago equation,” was K=3.75 (=0.01) x
102 in cyclohexane at 25 °C.

Reaction of I, with Excess MeySn(dic), or Me,Snl(dtc).
The rapid scanning spectra for the reaction of I, with
excess Me,Sn(dtc), are depicted in Fig. 3, which
reveals that a strong band appears at 386 nm im-
mediately after mixing and that the band decays
with a half-life of about 200 ms. An almost identical
half-life of decay was found at the 520 nm band. The
reaction of I, with excess Me,SnI(dtc) also showed
the decay of the 386 nm band with a half-life of about
40s. However, the CT band due to I,-Ettds at
355 nm was not observed at all.

475

386
Wavelength, nm

400

Fig. 3. The decay of the electronic spectrum after
mixing I, (1.7x10-3M) with Me,Sn(dtc), (3.0x
102 M) in cyclohexane at 25 °C.

The rate of reaction was followed by measuring the

transmittances at 386 and 520 nm of a solution right
after the mixing of I, with excess Mey,Sn(dtc),. The
Guggenheim plots showed a good linear relationship
between In(4,—A4e) and the time. Thus, the reaction
apparently obeys the first-order kinetics with respect
to I,. The apparent first-order rate constants, Kgygq,
obtained at various concentrations of Me,Sn(dtc),
are collected in Table 1.
Plots of the rate constants obtained from the decay
of the transmittances at 386 and 520 nm against the
concentration of Me,Sn(dtc), showed a good linearity,
as may be seen in Fig. 4; this indicates that the reac-
tion is first-order in both I, and Me,Sn(dtc)s,.

Taking into account this result and the fact that
I, can form CT complexes with various sulfur-con-
taining compounds,®® the band at 386 nm may be

APPARENT RATE CONSTANTS FOR THE REACTIONS OF Me,Sn(dtc), wite I, AT

[I,]=3.0x 10-* M

[Sn]/[L] 10 20 30 40 50 60 80
Fonsa (386 nm) 0.263 0.527 0.846 1.08 1.32 1.57 2.24
Fonsa (520 nm) 0.268 0.555 0.761 1.02 1.32 1.63 2.16
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Fig. 4. Plots of the apparent rate constant against

the Me,Sn(dtc), concentrations; @ 386 nm, O 520
nm.

assigned to the CT complex formed between I, and
Me,Sn(dtc), in the initial process. The addition of
Etstds to the reactant solution caused no appreciable
decrease in the rate of reaction. Thus, the following
pathways for the reaction may reasonably be suggested:

K
Me,Sn(dtc), + I, === Me,Sn(dtc),-1, 4)
k1
Me,Sn(dtc),-I, —— Me,SnI(dtc) + I(dtc) (5)

fast
I(dtc) + Me,Sn(dtc)y, — Me,SnlI(dtc) + Et,tds (6)

Reaction (5) represents the rate-determining step,
producing unstable I(dtc). Although there is no
evidence for the formation of I(dtc) as an intermediate,
a somewhat analogous species, ISCN, has been reported
to exist in the following equilibrium:®

I- + (SCN), —= I(SCN),~ = ISCN + SCN-  (7)

It may be possible that the two molecules of I(dtc)
produced in Eq. (5) react with each other to afford
I, and Et,tds, but this reaction dose not seem to occur,
since no band was observed at 355 nm (due to I,-
Et,tds) at all in the presence of excess Me,Sn(dtc)s,.
Instead, I(dtc) must react rapidly with excess
Me,Sn(dtc), to give Me,Snl(dtc) and Et,tds, as is
shown in Eq. (6). According to this reaction scheme,
kopsq can be expressed by Eq. (8):

kK, [Me,Sn(dtc),]
1+ K;[Me,Sn(dtc),]

If K,[Me,Sn(dtc),] is negligibly small compared
with unity, A% is reduced to k,K;[Me,Sn(dtc),].
This expression is consistent with the plots of k..
against the concentration of Me,Sn(dtc), with a zero
intercept (Fig. 4). Thus, £,K, is obtained as 1.84x
102 M-1sL.

Kinetic experiments on the reaction of Me,SnI(dtc)
with I, were carried out by monitoring the transmit-
tance only at 386 nm, since there was no marked
change in the transmittance at 520 nm in this system
because of the low solubility of Me,SnI(dtc) in cyclo-

kc()lb)sd =

C)
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hexane. The £, values obtained at various con-
centrations of Me,SnI(dtc) are listed in Table 2,

which shows the reaction to be first-order in both
Me,SnI(dtc) and I,.

TABLE 2. APPARENT RATE CONSTANTS FOR THE REACTION
OF Me,SnI(dtc) witH I, AT VARIOUS MOLE RATIOS
IN CYCLOHEXANE AT 25°C. [I,]=3.3x10*M

[Sn]/[L,] 23 28 38 47
kobsaX 102 (386nm) 1.10 1.24 1.59  2.08

By analogy with the Me,Sn(dtc),~I, system, the fol-
lowing pathways may be postulated, where k,K,=
1.37 M-1s-1:

K,
Me,SnI(dtc) + I, == Me,SnI(dtc) 1, 9)
k
Me,Snl(dtc) - I, — Me,SnI, + 1(dtc) (10)
fast
I(dtc) + Me,SnI(dic) ——> Me,Snl, + Et,tds (11)

Since both K; and K, are unknown, £;K; and £,K,
have been difficult to analyze quantitatively.

Reaction of Me,Sn(dic), with Excess I, The
rate of reaction was determined from the decay of
the transmittance at 386 nm. A good linear rela-
tionship between the In(4,—A«)* and the time was
observed, except for the final short period, in which
the 355 nm band arising from the product of I,-Et,tds
is intensified and the tail of this band is overlapped
with the 386 nm band. Plots of %,,,, vs. the square
of I, concentrations gave a straight line in the pres-
ence of a large excess of I,, while a significant devia-
tion from it was observed in the presence of a small
excess of I, as is shown in Fig. 5. These results may
be interpreted by assuming the reaction pathways
shown in Scheme 1.

One of the pathways involves the formation of the
1:2 adduct between Me,Sn(dtc), and I, which

10

(3]

kobsd X 102, s1

0 5 10
[L]? x 105, M2
Fig. 5. Plots of the apparent rate constant against the

square of the I, concentrations; Me,Sn(dtc), 5.1X
104 M.

* Here, Aw was assumed to be zero.
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Ky, +1
Me,Sn(dtc),

—1,

K5, +1
Me,Sn(dtc),-I, > Me,Sn(dtc),-2I,
~1,

ks l ~I(dtc) / ‘
k 4 ks
Me,SnI(dtc) /_I(dtc) I —2I(dtc)
K, |1 4 /
Lt/
Me,SnI(dtc) I, ——> Me,Snl,
—I(dtc)
Scheme 1.

undergoes either consecutive (k, and £, in Scheme 1)
or simultaneous (k;) degradation to yield Me,Snl,
and I,-Et,tds. These processes can well explain the
second-order dependence of the I, concentration.
Taking into account the result that the reaction is
much faster than that of I, with excess Me,SnI(dtc),
the simultaneous degradation of the 1 :2 adduct is
preferable to the consecutive one. Another route is
the successive formation of two 1 :1 adducts, Me,-
Sn(dtc),+I, and Me,SnI(dtc)-I,, followed by degrada-
tion such as has been described above. This pathway
leads us to the assumption that the reaction obeys the
first-order kinetics in the I, concentration, because
kK >k.K,. It may, therefore, be assumed that, in
the presence of a small excess of I,, the processes via
both the 1:1 and 1 :2 adducts take place. Thus,
in the presence of a large excess of I,, the rate constant
can be expressed by Eq. (12):

o kKKLT

R = o (12)
If K;K,[I,]? is negligibly small compared with unity,
one can obtain kRu=FkK K [1,]2, which coincides
with the experimental data, and /K, K;=1.34X
10t M-2s-1,

There are two possible mechanisms to form the
unstable 1:2 adduct between Me,Sn(dtc), and I,.
One is a nucleophilic attack of two I, molecules on
the tin atom. This is, however, not likely to occur,
since no eight-coordination of tin is common. The
other mechanism is an electrophilic attack of I, on
the sulfur of separate dithiocarbamato ligands in a
given complex, such as is shown in a. This can be
assumed on the basis of the fact that I, forms CT
complexes with various sulfur-containing compounds.?®)
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I,

S. S
> P>
S/ NS
I
a

In conclusion, we propose that the reaction proceeds
through a transition state involving a six-membered
ring formed by the electrophilic attack of I, on the
sulfur as follows: This mechanism predicts that the

~ /s\ \I/S\ \I/I_‘"I\
- sln\s/c I = /sln\s/c_ /Sln?{'s-__c P
~N,
— _S5nI + I(dte) —s= (13)

stronger Sn—S bond would be, the less reactive toward
I,. This is consistent with the present result that
the rate of the reaction of Me,SnI(dtc) with I, is
slower than that of Me,Sn(dtc),, since the »(Sn-S)
frequency of Mey,SnI(dtc) (393 cm~Y) is fairly higher
than that of Me,Sn(dtc), (366 cm=1).
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