Ky = K'(Y2)[XY]) = ko[XY] + 2kY,] (19)
Ki=K; =0 (20)

In this case all the pseudo-first-order rate constants can
be individually determined, condition 11 being of course
satisfied. The specific rate constants ki, k-, ks, and
k; can in turn be solved for by varying the relative con-
centrations of the reactants.

Spin-Multiplet Structures

Questions always arise in chemical exchange prob-
lems involving spin coupled systems whether each com-
ponent of a spin multiplet can be considered as an in-
dependent site. Usually when spin coupling is modu-
lated by exchange without being interrupted by break-
ing of bonds between scalar coupled spins, the mul-
tiplet structures can always be considered as indepen-
dent sites and if such bonds are broken whether spin
multiplets can be considered as independent sites de-
pends on whether there is spin coherence during the
exchange or not. If spin orientation is conserved,
multiplets then behave as independent sites. In fact
if the multiplet independent site situation is established,
the number of pseudo-first-order rate constants can be
considerably reduced by the uniformity of the multiplet
structure.
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Discussion and Conclusion

The nuclear magnetic resonance (nmr) spectrum of a
reacting mixture of compounds contains much more
information of a quantitative analytical nature than the
more classical methods of studying chemical kinetics.
The measurement and analysis, for example, of a gas
pressure or the record of the intensity of an ultraviolet
absorption with time are very selective pieces of infor-
mation and tell us very little about the reaction except
the rate of growth or decay of one individual compo-
nent with time. It is well known that nmr methods
measure reaction rates at equilibrium and can also be
used to follow the progress of reactions in nonequilib-
rium situations. The limitation of the method is the
time window of the inverse frequency differences which
are modulated by the exchange in the case where reac-
tions are taking place at equilibrium. We have shown
in this paper, the total information that can be derived
from a complete line-shape fit approach to first-order
spectra,® before an appeal to the chemical situation
must be invoked to solve a reaction mechanism. An
example of the application to a specific reaction is given
in the following article.

(30) Second order effects present no additional complication to

this general analytical method though a spectrum with such effects will
be more complex.
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The unsymmetric halogen exchange reactions of mixed dimethyltin dihalides in toluene solutions

have velocities suitable for study by complete line-shape fit methods of exchange-broadened proton magnetic

resonance spectra.
of three, with no exchange between these five groups.

The problem of modulation of 15 Larmor frequencies can be reduced to five equivalent sets
In the 3 X 3 site rate matrix, tolerable line-shape fits can

be obtained at several concentrations with only two independent pseudo-first-order rate constants but the linear
relationship to proposed chemical rate constants is not consistent for a nontruncated system. Use of three inde-
pendent pseudo-first-order rate constants does not improve the fit to experimental data and always renders the

third pseudo-first-order rate constant near zero in magnitude.

An optimum fit to experimental line shapes, at

all relative concentrations, to within 197 deviation over at least 70 data points is obtained by the use of four inde-
pendent pseudo-first-order rate constants in a truncated system. The reactions are inhibited by molecular iodine
and accelerated by halide ions and a reaction mechanism involving ionization steps and unsymmetric reassociation
and exchange of halogen ions with molecules is proposed. The concentration of ions is extremely low but their
rate-determining control is properly demonstrated by adding iodine and halide ions in the order of 1073102 M

concentrations.

The influence of iodine on the pseudo-first-order rate constants can be accounted for in terms

of rate expressions derived from the proposed mechanism and the changes can be shown to be approximately pro-
portional to the inverse square root of the concentration of molecular iodine which removes halide ions to form

the trihalide complex ions.

Previous applications of nmr in chemical-exchange
studies have mostly been directed to determination
of rates in kinetic processes in which the mechanism is

(€8] 'I.'his research was generously supported by the National Research
Council of Canada in operating grants to L, W. R,

either known?2-8 or resolves into simple alternatives.’=!!
The few studies made to date on chemical reaction

(2) (a) H. S: Gutowsky and C. M. Holm, J. Chem. Phys., 25, 1228
(1956); (b) P, T.Inglefield, E. Krakower, L. W. Reeves, and R. Stewart,
Mol. Phys., 15, 65 (1968).
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mechanisms!2-1% by nmr were accomplished by approx-
imate methods of line-shape analysis. We believe that
the complete line-shape fitting method will provide an
even more powerful means of determining the mech-
anism of a chemical reaction and have formulated a
general approach to such problems.?®

In the study of !'®Sn chemical shifts, Burke and
Lauterbur?! made an investigation of halogen exchange
in mixtures of SnCl,, SnBrs, and Snl,. The mixed
halides were formed in a moderately rapid reaction and
peaks could be identified for all mixed halides SnX,Y,_,.
The equilibria, as far as could be determined, represented
a random redistribution of halogen atoms among the
tin compounds. Nonrandom redistribution of halogen
atoms and alkyl groups was also studied independently
by Grant, et al.,?? and Van den Berghe, et al.,?? under
both equilibrium and nonequilibrium conditions in
reactions of R,SnX,_, compounds.

A most recent study using proton magnetic resonance
by Van den Berghe, er al.,?* of binary mixtures of
methyltin halides shows that halogen exchange can be
rapid or slow on the nmr time scale and is dependent on
the particular mixed halide and on the solvent in some
cases. The work is qualitative at best and some fea-
tures of it are difficult to explain, especially the vast
change in halogen exchange rates between chloroform
and carbon tetrachloride used as solvents. A pre-
liminary study with emphasis on purity of reactants and
solvents was made of halogen exchange in binary mix-
tures of dimethyltin dihalides? and a simple mechanism
was proposed for the process. At that time, the line-
shape fitting procedures described in the previous pa-
per ® were not fully developed. It is the purpose of this
study to apply the more extended theory? to the ex-
change of halogens in dimethyltin dihalide mixtures.

Experimental Section
(a) Dimethyltin Dihalides. Dimethyltin dichloride and di-

(3) A. Allerhand, H. S. Gutowsky, J. Jonas, and R. A. Meinzer,
J. Amer. Chem, Soc., 88, 3185 (1966).
(4) F. A. L. Anet and A. J. R, Bourn, ibid., 89, 760 (1967).
(5) L. W. Reeves, Advan. Phys. Org. Chem., 3, 187 (1965).
(6) C. S. Johnson, Advan. Magn. Resonance, 1, 33 (1965),
(7) H. Kessler, Angew. Chem., Int. Ed. Engl., 9, 219 (1970).
(8) T. H. Siddall and W. E. Stewart, Chem. Rev., 70, 517 (1970);
Progr. Nucl. Magn. Resonance Spectrosc., 5, 33 (1969).
(9) E: J. Wells, R, C, Ferguson, J. G, Hallett, and L. K, Peterson,
Can, J. Chem., 46, 2733 (1968).
(10) D. R, Dalton, K. C, Ramey, H. J. Gisler, L. J. Lendway, and
A, Abraham, J, Amer. Chem. Soc., 91, 6367 (1969).
(11) H. Kessler and D. Leibfritz, Tetrahedron Lett., 1595 (1970).
(12) S. Meiboom, J, Chem. Phys., 34, 375 (1961).
(13) E. Grunwald, A, Loewenstein, and S. Meiboom, ibid., 27, 630
(1957).
(14) A. Lowenstein and S. Meiboom, ibid., 27, 1067 (1957).
(15) S. Meiboom, A, Loewenstein, and S. Alexander, ibid., 29, 969
(1958).
(16) M. T. Emerson, E. Grunwald, and R. A, Krumhout, ibid., 33,
547 (1960).
(17) E. Grunwald, P. J. Karabatsos, R. A. Krumhout, and E. J.
Purlee, ibid., 33, 556 (1960).
(18) Z. Luz and S. Meiboom, ibid., 39, 366 (1963).
(1;1693)) D, E. O'Reilly, G. E. Schacher, and K. Schug, ibid., 39, 1756
(1§27(:);)) S. O. Chan and L. W, Reeves, J. Amer. Chem. Soc., 95, 670
(21) J. J. Burke and P. C, Lauterbur, ibid., 83, 326 (1961).
(152?) D. Grant and J. R, Van Wazer, J. Organometal. Chem., 4, 229
lé?)) E. V. Van den Berghe and G. P. Van der Kelen, ibid., 6, 522
(1966).
(24) E. V. Van den Berghe, G. P, Van der Kelen, and Z. Eeckhaut,
Bull, Soc. Chim. Belg., 76, 79 (1967).
(25) E. A, Allan, M. G. Hogben, L. W. Reeves, and K. N. Shaw,
J. Pure Appl. Chem., 32,9 (1972).

methyltin dibromide were obtained commercially from Alfa
Inorganics, Inc., and were purified by subliming in vacuo at room
temperature. Dimethyltin diiodide was prepared from dimethyltin
oxide and hydriodic acid, a more direct method to yield dimethyltin
diiodide in a high state of purity. This method, different from
that reported in ref 25 using tetramethyltin and tin tetraiodide,
produces only the diiodide. The crude dimethyltin diiodide
resulted from the reaction

(CH;):SnO + 2HI ~——> (CH):Snl, + H,0

in aqueous medium and was colored reddish brown by the iodine
usually present due to slight decomposition of the rather unstable
iodide. An aqueous solution of the crude diiodide was treated with
sodium thiosulfate to remove the iodine and the decolorized solu-
tion was shaken with several portions of chloroform to extract the
dimethyltin diiodide. The solvent was removed from the extract
by evaporation under reduced pressure and the solid dimethyltin
diiodide was recrystallized from carbon tetrachloride. The crystals
were dried under reduced pressure and the melting point of the
colorless crystals was found to be 42°,

(b) Preparation of Nmr Samples and Their Storage. Binary
mixtures of the three dimethyltin dihalides were prepared in
toluene of spectro grade quality previously and permanently
dried by keeping over molecular sieve. The solutions were put in
standard 5-mm o.d. nmr tubes and about 17, by wt of TMS was
added to give a line-shape standard. A glass-wool plug was then
inserted in the upper part of the nmr tube and above it some
molecular sieve (Linde 4 A) was suspended. After that the
samples were degassed by the conventional freeze-pump-thaw
cycles and then sealed. The samples were always stored in the
dark in a refrigerator. The above precautions were made to
reduce to a minimum the presence of water or hydroxylic impurities
to which the chemical exchange rates of the halogens in these
systems are very sensitive and to prevent photolysis of the halides
particularly the iodide.

(c) Nmr Measurements. Proton magnetic resonance measure-
ments were obtained using a Varian HA-100 spectrometer equipped
with a V-6031 variable temperature probe and temperature con-
troller. The line width and shape in the absence of chemical
exchange effects were closely watched by continually monitoring
the TMS signal which was optimized to minimum line width and
Lorentzian shape by careful adjustment of the homogeneity con-
trols of the spectrometer. Spectra were recorded with field-
frequency lock on the methyl peak of the solvent at a sweep rate
of 0.1 Hz sec™! in the approximately slow passage limit?¢ with an
H, field of 0.02 mG such conditions being well below the require-
ments for a nonsaturated line.?® Intensity measurements required
to determine the population at each site in the dimethyltin dihalide
systems were made by repeated tracings (at least 3 per spectrum)
onto good quality bond paper and cutting out the spectra for weigh-
ing of individual peaks. Overlapping of main peaks and satellites
were accounted for by their relative natural abundances.

Computation and Fitting of Line Shapes

A computer program CLSFIT¥ has been written to
accommodate exchange of transverse magnetization
among up to 24 sites. This program computes ex-
change modified line shapes and iterates to optimize the
complete fit of an experimental spectrum by a theoreti-
cal one. Iteration can be controlled to optimize the
pseudo-first-order exchange rates, the line positions,
the spin-site populations and the apparent line widths
in the absence of chemical exchange.

The steady-state absorption line shape is computed
from the absorption line-shape function?

Y(x) = —Re{dI'S-[A + (R, + ixDI"*-S~*-P} (1)

where A is a scalar constant, I is a transition intensity
row vector, R, is the transverse relaxation rate including
instrumental effects in the absence of exchange, x is the

(26) F. Bloch, Phys. Rev., 7, 460 (1946).

(27) The program in Fortran is available from the authors on
request,

(28) (a) H. S. Gutowsky, R. L. Vold, and E. J. Wells, J. Chem. Phys.,
432, 4107 (1965); (b) L. W, Reeves and K. N. Shaw, Can. J. Chem., 48,
3641 (1970).
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independent frequency variable, I is a unit matrix, P is
the spin-site population column vector, and S is the
transformation matrix which diagonalizes [K — iQ],
namely

A=S'"[K —iQ]S Q)

where K is the rate matrix,i = vV —1,and Qisa diagonal
matrix of spin-site Larmor frequencies. The required
input data are discussed in greater details in the fol-
lowing.

(a) Rate Matrix K. This is the heart of the problem.
It is a square » X n matrix, where » is the number of
exchange sites. As was mentioned in the first paper®
of this series, the elements in this matrix are pseudo-
first-order rate constants. The number of independent
pseudo-first-order rates and the relations between them
depend on whether the system in question is truncated
or not. An experimental spectrum can always be
fitted completely with these pseudo-first-order rates
before any mechanism for the exchange process is
known.

(b) Spin-Site Frequency Matrix Q. Itisdiagonal with
elements Q; = (w; — wo) Where w; is the Larmor fre-
quency of the ith site and wq is a reference frequency.
These elements are generally obtained to a first approx-
imation by observation in the slow exchange limit.
The fitting routine in the program cirsFIT will auto-
matically make fine adjustments of these values to mini-
mize the mean error per data point in the fitting process.

(c) Spin-Site Population Vector P. The elements of
this vector are equilibrium concentrations in moles per
liter of each species in each site. They are determined
by weighing individual nmr peaks as described in the
previous section and from the known amounts of sub-
stances used in preparing the samples. The fitting
routine will also make fine adjustments of these param-
eters, if necessary, to minimize the fit error.

(d) Transverse Relaxation Rate R,. This rate in-
cludes all instrumental effects of magnet inhomogeneity.
In all cases discussed in this work these effects are much
larger than the natural relaxation rates. So in the ab-
sence of chemical exchange all resonances have the
same line width defined by the line-shape standard.
This parameter is also automatically adjusted when
necessary by the fitting routine to give a better fit.

Analysis of Fitting Errors

The total line-shape fitting errors are expressed as
the mean error per cent per data point, ¢, given by

N
¢ = %2[ Ye(x) — Y(xo)] ©)

where N is the total number of data points across the
spectrum, Y*(x,) and Y(x,) are the normalized experi-
mental and theoretical intensities, respectively, for the
frequency x, such that

Yemax = Ymax = 100

Usually this error can be less than 297 except for the
extreme fast and slow exchange regions where deter-
mination to 5% deviation is acceptable.

General Observations

The proton magnetic resonance spectra at 100 MHz
of three binary mixtures of dimethyitin dihalides
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(namely, dichloride-dibromide, dichloride-diiodide,
and dibromide-diiodide) at room temperature show in
each case one broad peak of full width at half-maximum
ranging from 5 to 15 Hz with unresolved tin-117 and
tin-119 satellites. Variation of the concentrations of
the components in each binary mixture from 0.4:0.6
to 0.5:0.5 and to 0.6:0.4 M shows the corresponding
changes due to difference of the relative amounts of the
components while the overall exchange modified spec-
trum is essentially the same. The exchange rates in
all these mixtures are of more or less the same magni-
tude. These observations are quite different from
those of Van den Berghe, et a/.,2* in that their exchange
in the dimethyltin dichloride and dibromide mixture is
fast, resulting in one sharp main peak and four satel-
lites and their exchange in the dichloride-diiodide or
dibromide-diiodide mixture is slow, giving a resolved
or partially resolved spectrum. Such discrepancies
can be explained by the following observations and will
be fully accounted for quantitatively in a later section.

In our routine observation of exchange in carefully
prepared and sealed samples kept under controlled con-
ditions, it was found that over a period of 6 months
samples kept in the dark in a refrigerator showed the
same line shape indicating unchanged exchange rates
over the period. Samples of mixtures containing the
diiodide as one component, if not kept in the dark,
showed considerable reduction in exchange rates on
standing. The dichloride and dibromide mixture had
much better keeping qualities even if stored at room
temperature in the light. One sample containing the
diiodide was once accidentally put close to a window;
the solution was turned slightly purplish probably due
to liberation of iodine by photolysis. The sample gave
a well-resolved spectrum at room temperature showing
a tremendous reduction in exchange rates. Experi-
ments were performed in which varying amounts of I
were added to each of the three binary mixtures of the
dihalides (concentrations of I, in the solutions ranging
from 10-3 to 3 X 10-2 M) and pmr spectra were run.
For the diiodide-dibromide and diiodide-dichloride
mixtures, 10=% M I, present in the solutions retarded
the exchange sufficiently to give well-resolved spectra
of three main peaks corresponding to the two sym-
metric dihalides and the mixed dihalide and the tin
satellites. The inhibiting effect of the added I, tended
to reach a limit when the I, concentration approached
to about 10-2 M. For the dibromide-dichloride mix-
ture exchange was also retarded by the presence of I
but the inhibiting effect was at least an order of mag-
nitude smaller than in the previous two mixtures as the
spectrum for this mixture was just about to resolve at
I concentration of 3 X 10-2 M. Denoting the in-
hibiting effect of iodine to halogen exchange in a binary
mixture of A and B by M.! (A, B) we can summarize
the above observations qualitatively as M.! (Me,-
Snl,, Me,SnBr,) slightly > M.! (Me,Snl,, Me.SnCly) >
M (Me,SnBr;, Me,SnCl,).

Testing of a Proposed Mechanism

In the case of halogen exchange in a mixture of two
dimethyltin dihalides, a kinetic scheme was proposed
by Allan, et al.?> The scheme consists of ten bimolecu-
lar reactions taking place simultaneously at their
respective rates. Only four of the reactions contribute
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to modify the line shape of the methyl proton reso-
nances. They are

k1
(CH;),SnX; + (CHj):SnY, —‘“‘-k— 2(CH,;).SnXY 4)

k2
(CH;):*SnX; + (CH;3)SnXY ~—>
(CHs)z*snXY + (CH;):SHXz (5)

k
(CHa)*SnY;: + (CHp):SnXY —>
(CH;):*SnXY + (CHs):SnY: (6)

with specific rate constants Ky, k—1, ko, and ks.

Naturally occurring tin has two magnetic isotopes
with spin half properties and appreciable abundances,
namely VSn, 7.67%, and '*Sn, 8.68%,. These iso-
topes have similar magnetogyric ratios and their satel-
lites on each side of the main methyl proton resonances
are only about 1 Hz apart. The complete spectrum
in the slow exchange limit consists of 15 peaks. Chem-
ical exchange of the type outlined in reactions 4-6
does not involve breaking of the Sn-C bond so that
the spin-spin coupling is preserved during the exchange
process. This has important consequences and it
has been shown?® that, from the symmetry of the spin
multiplets, the 15 X 15 problem can be simplified to
five 3 X 3 similar subproblems. Correspondingly
the 15 X 15 rate matrix K can then be partitioned into
five 3 X 3 blocks identical with each other. On the
basis of the proposed mechanism and in the representa-
tion of (CH;)SnX., (CHj;),SnXY, and (CH;).SnY,,
the 3 X 3 matrix K® (which is to repeat up to 5 times)
contains only two independent pseudo-first-order
rate constants K; and K; shown in eq 7 where the

K —-K 0
K¢ = -Ki K'+K -k’ (M
0 —K; Ky’

K’s and K'’s are related by detailed balancing. The
full 15 X 15 matrix K can be found in ref 25.
Considering the kinetics of the reactions 4-6 the
pseudo-first-order rate constants K; and K, can be
formulated in terms of the specific rate constants
ki, k_1, ko, and k; as follows in eq 8 and 9. Thus an

K1 = kl[Megsan] + kg[MegsnXY] (8)
Kg = ka[Megsan] + k_l[MeQSnXY] (9)

experimental line shape can be fitted by the use of X,
and K with a spin-site frequency matrix, Q, a popula-
tion vector, P, and an instrumental transverse relaxa-
tion rate R, as described before. And if the proposed
mechanism is correct, eq 8 and 9 show that ki, ki,
ks, and ks can be individually determined by varying
the known concentrations. In principle, two samples
of different relative concentrations can determine all
the specific rate constants. But, in practice, in order
to overdetermine the system, several samples of various
relative concentrations are used to minimize experi-
mental errors in individual measurements. Table 1
shows the best fit values K, and X, to within 39 errors
for the binary mixture of (CH;),Snl; and (CHs).-
SnBr, at three different relative concentrations and
at three different temperatures.

Attempts to solve for ki, k_;, ke, and k; according
to eq 8 and 9 using the best-fit values of K; and K;

Table I. Best Fit X and X for the
(CH;):Snl—~(CHj;).SnBr, Mixture

[Me;Snl;} [Me.SnIBr] [Me:SnBr;]

0.176:0.448 : 0.267:0.466: 0.376:0.448:

0.376 M 0267 M 0176 M

Temp, K, Kz, K, K, K, K,
°C sec=1  sec! sec~1 sec”l  sec~! sec!
—29.0 10.1 9.2 19.3 13.5 2.7 2.2
—34.5 8.4 7.5 16.2 11.9 2.1 1.4
—40.0 8.0 7.1 11.8 8.5 1.8 1.2
in Table 1 were made but without success. Thus

within experimental errors the proposed mechanism
turned out to be not consistent with experimental ob-
servations. Moreover, such mechanism could not
explain the fact that traces of iodine considerably
retard the halogen exchange while most other known
impurities accelerate it extensively.

Search for an Acceptable Mechanism

Before we gave up the last proposed mechanism,
attempts to fit experimental spectra with three pseudo-
first-order rate constants instead of two before were
made. This third rate K; was assumed to be zero
before on the ground that there is no direct transfer
of magnetization from (CHj;).SnX, to (CH;).SnY,
within the proposed scheme for the exchange of halo-
gens. Best-fit values of K, K,, and K3 were computed.
All the K; were very small if nonzero and K; and K,
were about the same, within fitting errors, as those
obtained in fits with only two pseudo-first-order rate
constants. This means that no direct exchange oc-
curs between (CH;)SnX; and (CH;)SnY, but the
actual exchange mechanism remains to be found.

After eliminating mechanisms explainable with two
or three pseudo-first-order rate constants, an attempt
was then made to fit the experimental spectra with

four?® pseudo-first-order rate constants. The matrix
K® is then given by %
D, -k, 0
K®» = | —K, D, -—K, (10)
0 —K; D;
where
D, = Ki{Me,SnXY]/[Me:SnX,] 099

D2 = Kl[MegsnXg]/[MegsnXY] +
K4[MCQSDY2]/[MCQSDXY] (12)

D; = K{Me,SnXY]/[Me:SnY:] (13)

Fitting with four K’s, unexpectedly, afforded an even
better fit to within 197 with reasonable ease. The
best fit values of K; and K; and K, and K, were not
necessarily related. This suggested that we had a
truncated system. Moreover, the best fit values of
K; and K; are more accurate and very reproducible
as they can be determined individually from eq 11
and 13 while those of K, and K, are less reproducible
as they always appear as a weighted sum in eq 12.
The weighted sum of K, and K, has the same accuracy
as K, and K; but their individual values suffer from

(29) The maximum number is six for a 3 X 3 system, but two have
been established to be zero leaving four independent ones.
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greater inaccuracy as was discussed in an earlier
paper.?®

A survey of the literature on chemical reactions
involving organotin and halogen compounds®-3?
leads to a new Kkinetic scheme for the halogen ex-
change process. This scheme consists of four ion-
ization steps

Me,SnX, ::_-* Me;SnX* + X~ (14)

Me:SnY; %_-‘ Me,SnY+ + Y- a15)
-

Me:SnXY :::3 MeSnX* + Y- (16)
S

Me:SnXY :::’ Me:SnY* + X~ an
»

with equilibrium quotients @, given by

Qi =afay (i=123,and4) (18)
and two unsymmetric halogen transfer steps
b1
Me,SnX, + Y~ :b-_-‘ Me.SnXY + X~ (19)
be
Me:SnY; + X~ == Me.SnXY + Y~ (20)

boe

Calculations from electric dipole moment data of
organotin halides show that the Sn—C bond is mainly
covalent whereas the Sn-X bond has >279 ionic
character. 3334

Electric conductance experiments3—% showed that
organotin halides did ionize in aprotic organic solvents
though not to a very great extent. It will be shown
later that these steps are quite important in the rate
determining though their direct contribution to the
overall exchange rates is much smaller than that
from the unsymmetric halogen transfer steps (19 and
20). Halogen exchange reactions involving halides
and halide ions have been very extensively studied.®
Reactions such as 19 and 20 involving organotin com-
pounds may possibly take place via the pentacoordi-
nate tin complex as the intermediate state.

In the above kinetic scheme all the six two-way
reactions are rate determining and contribute to modify
the nmr line shape. Apart from these, four reactions

(eq 21-24) may also take place at the same time. These
Me:SnX, + *X~ —i MeSnX*X + X~ 2n
Me,SnY, + *Y~ —b; Me,SnY*Y + Y~ (22)
Me.SnXY + *X- i) Me.Sn*XY + X~ (23)
Me.SnXY + *Y~ i) Me.SnX*Y + Y~ 24)

(30) (a) A. K. Sawyer, Ed., ‘“‘Organotin Compounds,” Vol. I-I1I,
Marcel Dekker, New York, N. Y., 1971; (b) W. P. Neumann, “Organic
Chemistry of Tin,” Interscience, London, 1970.

(31) R. C. Poller, “Chemistry of Organotin Compounds,” Logos
Press, London, 1970.

(32) V. Gutmann, Ed., ‘‘Halogen Chemistry,” Vol. I-IIl, Academic
Press, New York, N. Y., 1967,

(33) C. P. Smyth, J. Org. Chem., 6, 421 (1941).

(34) C. P. Smyth, J. Amer. Chem. Soc., 63, 57 (1941).

(35) C. A, Kraus and C. C. Callis, ibid., 45, 2624 (1923).

(36) A. M. Thomas and E. G. Rochow, ibid., 79, 1843 (1957).

(37) R. Schick, Ph.D, Dissertation, University of Giessen, 1965,

(38) Reference 32, Vol. I, p 41.

(39) Reference 30b, p 14, and references quoted therein.
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reactions are symmetric in the halogen exchanged and
no modulation of the methyl proton resonances occurs.

On the basis of the above kinetic scheme, considera-
tion of the rate of formation of each dihalide leads to
the following relations between the pseudo-first-order
rate constants K,_; and specific constants a’s and b’s.40

Ky = ay((XY)[Xe]) + bi[Y] (25)
Ky = a((Y.J[XY]) + bo[Y"] (26)
K; = ay(Xo)/[XY]) + bi[X7] 27)
K, = a(XYJ/[Ys]) + 5:[X7] (28)

The effects of iodine in retarding the exchange are
explained by reactions 29 and 30 by which the concen-

_ X7
(TJ(X~]
_ Y]
(LIY"]
trations of X~ and Y~ are considerably reduced.
Using the detailed balancing of charged species in
the solution of the mixture of dimethyltin dihalides
and some iodine, expressions for the equilibrium con-
centrations of X~ and Y~ are obtained (eq 31 and 32).

A[Xe] + Q4XY]

L+X =ILX" G

(29

L+ Y =LY~ C,

(30)

X1 = {(Qi[Xe] + QXY + GilL) + (31)
(QoY2] + QdXY](1 + CL]}
[Y-] = QdY:] + QdXY]

{(QiXe] + QIXYD(L + Gi[L]) + (32)
(QAY2] + Q[ XYD( + ClL]}

From these equations it is obvious that if either or
both of Ci[I;] and C,[I;] is much larger than 1 the [X~]
and [Y~] will be much reduced. It is also important
to note that the system under study based on this reac-
tion scheme is a truncated system as some of the species,
namely the Me,SnX*t and Me.SnY+, involved in the
reactions are not observable under the highest gain
conditions of the Varian HA-100 nmr spectrometer.

Additional Experiments and Results

The three following experiments were specifically
designed to verify the above reaction scheme.

(a) Variation of Best-Fit Pseudo-First-Order Rate
Constants K, and K; with Iodine Concentration. Pmr
spectra of the binary mixture of dimethyltin diiodide and
dimethyltin dibromide (initial concentration of com-
ponents: 0.6 M diiodide and 0.4 M dibromide) at
29.5° with iodine concentrations ranging from 0 to
10-2 M were taken. Complete line-shape fitting with
four K’s was made to within 297 errors. Their best
fit values are shown in Table II and K; and K; (which
have been shown to be individually determinable and
very reproducible) are plotted against 1/[I,]'/* in Figure
1. Typical fits of experimental and theoretical spectra
are shown in Figures 2 and 3 for the mixture of di-
methyltin diiodide (0.6 M) and dimethyltin dibromide
(0.4 M) in toluene at 29.5° without and with 5 X
10-% M 1,, respectively.

By comparing the best-fit exchange rates in mix-
tures with and without 1, one can say that the first
terms in eq 25-28 which are not affected by I, are very

(40) [XY] = {Me:SnXY], etc.
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Figure 1. Plot of pseudo-first-order rate constants vs. iodine con-
centrations.

Table Il.  Best-Fit Pseudo-First-Order Rate Constants
in Binary Mixture of Dimethyltin Diiodide and
Dibromide with I; at 29,5°

—1Iodine concn--—
(L] 1/ [T,

~———DBest-fit rate constants, sec™l——— X 103, mol~'/»
K1 K, Ka K4 mol/l. 1.1/2

275.0 220.0 230.0 570.0 0 ©
10.8 8.9 9.1 22.6 1 31.6
7.6 6.2 6.4 15.8 2 22.4
6.6 5.4 5.5 13.8 3 18.3
5.6 4.6 4.7 11.7 4 15.8
4.9 4.1 4.2 9.9 5 14.1
4.4 3.8 3.9 9.0 7 12.0
3.9 3.5 3.6 8.1 10 10.0

much smaller than the second terms when [I,] = O.
Traces of I, 10—3 M, are sufficient to reduce the latters
by more than an order of magnitude. [I;] about
10-2 M already reduces the second terms to about the
same as or even smaller than the first terms. From
eq 26, 27, 31, and 32 if Cl)] ~ CJfl] > 1 or Gl
> Cyl;] > 1 is satisfied, K, and K; are approximately
proportional to 1/[I,]**. This is borne out by the
approximate linear plot in Figure 1.

(b) Effects of Added Halide Ions on the Exchange.
Most tetraalkylammonium halides are quite insoluble
in toluene, the solvent used in our exchange studies.
Tetrabutylammonium bromide was found to be most
convenient and dissolves to somewhat above 10-3%
M in neat dry toluene. This compound was also
found to dissolve much more readily in toluene con-
taining the dimethyltin dihalides to more than 102

TEMPERATURE: 28.5 C SWEEP WIOTH: 80 HZ
INSTRUMENTAL LINEWJOTH = 0.50 HZ

(= 275.000

» EXPERIMENTAL OATA K,= 220.000

POINTS K,= 230.000
K,= 570.000
C.= 0.376 MALES/LITAE
Ce= 0.4Y8 MOLES/LITRE
Cy= 0.176 MOLES/LITRE

— BEST FIT THEORETICAL
SPECTRUN

Figure 2. Pmr best fit experimental and theoretical spectra for the
dimethyltin diiodide-dimethyltin dibromide mixture without iodine.

TEMPERATURE: 29.5 C SWEEP WIOTH: 80 HZ
INSTRUMENTAL LINEWIOTM = 0.50 HZ

| K. = 4.300

+ EXPERIMENTAL ORTA + K,= 4,100

FOINTS i Ky= 4.200

— BEST FIT THEORETICAL ; | Ky= 9.900
SPECTRUN C,= 0.376 MOLES/LITRE

C,= 0.448 MOLES/LITARE
Cs= 0.176 MOLES/LITRE

Figure 3, Pmr best fit experimental and theoretical spectra for the
dimethyltin diiodide-dimethyltin dibromide mixture with 0.005 M
iodine.

M. Pure dry tetrabutylammonium bromide (mol wt
322.38) was added by the mg to 1 ml of the solution
of the equimolar mixture (0.5:0.5 M) of dimethyltin
dibromide and dichloride. The solution was well
equilibrated and nmr spectra were run at 29.5°. One
milligram of (CsH):NBr in 1 ml gives a concentra-
tion of 3.1 X 103 M Br~ ion if the salt ionizes com-
pletely. There is no information about the extent of
ionization under our experimental conditions so the
following observations are only qualitative. Approx-
imate pseudo-first-order rate constants K; and K; were
about 100 sec™! in the neat mixture without (CiHg)s-
NBr. With 1 mg of the salt added the previously
collapsed broad peak sharpened up considerably
giving K, and K; approximately 3000 sec=!. Further
addition of 1 mg of the salt approximately doubled
the effects. This observation verified eq 26 and 27
qualitatively. Accuracy in determination of exchange
rates is relatively low in this extremely fast exchange
limit. An upper limit for the concentration of ions
from the ionization steps is derived to be 10=* M by
comparing the exchange rates with and without (C;Hy).-
NBr added.

(¢) Variation of Exchange Rates K, and K; with
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(CH,)NBr Concentration in the Presence of 2 X 102
M1,. Al mlsolution containing 0.6 mmol (CH;),Snl,,
0.4 mmol (CH;),SnBr;, and 2 X 10-2 mmol of I,
was first prepared in pure dry toluene and a pmr spec-
trum of it was taken at 29.5°. Successive amounts
of 1 mg each of (C;H,)NBr were added and the equili-
brated sample was rerun for a spectrum for five times.
Complete line-shape fitting of the spectra was made to
within 39 errors. The best-fit values of K, or K3 were
plotted against the amount of (C,H,),NBr added
in Figure 4. The approximate equality of K; and Kj;
was only accidental. The plot in Figure 4 shows an
approximately linear but small increase in rates as
more (C,H,):NBr is added at the beginning when the
total amount of (C.Hy):NBr added is much smaller
than the amount of I, present in the solution. The
plot then curves up more and more rapidly as the total
amount of (C.H,):NBr added becomes larger and
comparable to the initial amount of I,. This behavior
is in agreement with the theory based on the proposed
reaction scheme. The I, when present in excess over
the Br— added ties down most of the Br~ added as
I,Br— allowing only a slow increase in the Br— and I~
concentrations. When the Br— added becomes com-
parable to the initial amount of I, present in the solu-
tion, the reaction

I, + Br~ === L,Br~

removes an appreciable amount of the molecular I,
leaving the equilibrium concentration of I, lower and
lower as more and more of the bromide is added.
[I,] appears in the denominator part of the fraction
ineq 31 and 32. Its getting smaller and smaller makes
the Br— and 1- concentrations larger and larger more
rapidly. This accounts for the more rapid increase in
the exchange rates in the later part of the plot in Fig-
ure 4,

Discussion and Conclusion

In this work it is shown that the nmr technique is
a more powerful tool than the conventional methods
to study chemical reactions. It not only affords easy
determination of equilibrium and nonequilibrium reac-
tion rates but also provides a means of detailed deter-
mination of reaction mechanisms.

In the organotin halide systems, exchange reactions
can take place in three ways, involving either (a)
breaking and forming of only Sn-X bonds, (b) breaking
and forming of only Sn-C bonds, or (c) breaking and
forming of both Sn-X and Sn-C bonds.

In the present study of the dimethyltin dihalide sys-
tems by nmr, the breaking and forming of Sn-C bonds
is ruled out by readily available evidence from a pmr
spectrum of the methyl proton resonances, namely
that there is no tendency of the tin satellites collapsing
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into the main peaks even in the extremely fast exchange
limit. Moreover, the verified conclusion that there
is no direct transfer of magnetization from Me;SnX,
to Me,SnY, reconfirms the above ruling. It has also
been shown?%?2? that at temperatures below 50° ex-
change reactions involving breaking and forming of
Sn-X and Sn-C bonds in dimethyltin dihalide are
energetically unfavorable. So under the experimental
conditions the reaction in the dimethyltin dihalide
systems involves only halogen exchange and the mech-
anistic scheme consists of four ionization steps and
two halogen transfer steps possibly via the penta-
coordinate tin intermediate. The inhibiting properties
of I, to halogen exchange in these systems are due to
formation of complex trihalide ions of the type I,X~.
The observed sequence M.! (Me,Snl;, Me,;SnBr,) slightly
> MeI (Megsnlg, MeQSnC]g) > MeI (MCQSnBrg, Meg'
SnCly) is consistent with the stability constant data
of Benoit and Guay*! for I;~, I,Br—, and I,Cl~ in aprotic
solvents.

(41) R. L. Benoit and M, Guay, Inorg. Nucl. Chem. Lett., 4, 215
(1968).
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