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Rates of dissociation of a-chlorodibenzyl sulfide have been determined by dynamic NMR technique.

Ex-

amination of the rates at various concentrations of chloroform-d solutions has confirmed that the rates are not
dependent on concentration, thus establishing that the NMR measurement affords data of unimolecular dis-

sociation.
the rates of dissociation.

The salt effect seems to be very small since addition of tetraethylammonium bromide hardly affects
Rates of dissociation in o-dichlorobenzene are smaller than in chloroform-d. The main

contribution to the decrease in rates is given by the increase in enthalpy of activation, indicating that the hy-
drogen-bonding ability of chloroform is favorable for ionic dissociation.

Ionization of organic halides is an important process,
since it is regarded as the first and rate-determining
step in Syl type reactions.? Winstein ef al. were
able to analyze the dissociation process into at least
three steps: formation of intimate ion pair, solvent-
separated ion pair, and free ions.®) In solvolytic reac-
tions, any of the ionic species can produce products
depending on concentration, making it difficult to
study the earlier stages of ionization by solvolysis.
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Various methods have been worked out in order
to clarify the early stages. One is the exchange of
a halogen (or a sulfonyloxyl) group which is labeled
by an isotope.>® However, it has a handicap in-
trinsically in that the rates are measured in the presence
of salts, giving rise to the salt effect. Other methods
involve racemization of an optically active halide (or
sulfonate)”) or scrambling or retention of oxygen-18
isotopes in carboxylates®) and sulfonates.” These tech-
niques apparently require optical resolution of the
substrate and preparation of the isotopically labeled
compounds. If a facile method is available, it would
help clarify the initial stages of ionization of organic
halide to a considerable extent.

We have found that easily ionizable compounds
such as 2-chloro-1,3,5-trithiane exhibit a drastic change
in line shapes of their NMR spectra, indicating the
ionization process of the compounds.’® The method
has been applied to substituted a-chlorodibenzyl sul-
fide to show that it is possible to extend the method
to ionic dissociation if the compound in question
carries diastereotopic protons and a chiral center which
is lost on ionization.!)

Since the process was followed by the coalescence
temperature method!? of NMR spectroscopy, only
the free energies of activation have been available.
Kinetic data at various temperatures would enable
us to get further insight into the early stages of ioniza-
tion; most of earlier works provided kinetic data only
at a certain temperature. The concentration ca. 0.5
mol L1 utilized in the routine measurements of 1H
NMR spectroscopy might be too high to observe
Syl type ionization; in the classical methods a lower
concentration was used. It is necessary to examine

the usual concentration in NMR measurements as

regards Syl reactions.

We have carried out dynamic NMR measurements
of a-chlorodibenzyl sulfide solutions in various con-
centrations. The line shapes were simulated and ac-
tivation parameters, AH* and AS*, were obtained.
This paper reports the results. The effects of the
salts added as well as the solvents on ionic dissociation
are discussed.

Experimental

Materials and Solutions. a-Chlorodibenzyl sulfide was
prepared by the chlorination of dibenzyl sulfide with N-chloro-
succinimide.!V  Chloroform-d or ¢-dichlorobenzene was dried
over Molecular Sieves 4A and solutions were prepared in a
dry box desiccated with diphosphorus pentaoxide. The solu-
tions were made directly by weighing the sample and the
solvent. The concentrations were calculated by using the
density of the solvent. Substance to be added to chloro-
form-d solutions was carefully dried either in a vacuum or
by means of Molecular Sieves.

1H NMR Measurements. The spectra were obtained
on a Hitachi R-20B spectrometer equipped with a tem-
perature variation accessory for solutions with high con-
centration, and on a JEOL FX-60 spectrometer equipped
with a temperature variation accessory and FT-facilities
for solutions with low concentration. Both instruments were
operated at 60 MHz. The temperature of the solution was
determined by the chemical shift differences of methanol
and ethylene glycol protons, at low and high temperatures,
respectively, when not directly read by a thermocouple.

Acquisition and Processing of Data. The *H NMR spec-
tral line shapes were simulated with a modified Binsch pro-
gram,'® the process being treated as an AB2BA exchange.
Adsg and J,p were obtained by simulating the spectra
at temperatures low enough where the rate of exchange is
considered to be zero. They were treated as constant
throughout the temperature range examined. The T, values
were obtained from the half band widths of the methine
proton signals at given temperatures. The calculated spec-
tra were compared with the observed by visual fitting. The
rates of proton spin exchange thus obtained were put into
the Eyring equation and activation parameters, AH* and
AS*, were obtained.

The free energies of activation for the spin exchange at
the coalescence temperatures were obtained by putting the
observed data into!¥
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AB PROTON EXCHANGE IN 0-CHLORODIBENZYL SULFIDE IN CHLOROFORM-d:

1H NMR SPECTRAL DATA AT 60 MHz AND KINETIC PARAMETERS

Run 1 Run 2 Run 3 Run 4
Concentration/mol L-* 0.267 0.195 0.116 0.0190
Ad,p/Hz 9.49 9.39 8.97 9.26
Jap/Hz 13.80 13.20 13.20 13.66
AH* [kcal mol-? 6.8+1.0 6.84+0.6 6.8+0.1 6.8+0.6
AS*[e.u. —29.8+3.2 —28.94+2.0 —29.7+0.3 —30.1+2.0
AG?[kcal mol—* ® 15.5 15.3 15.4 15.4
AG?%/[kcal mol—1 ®) 16.0 15.6 15.9 16.1
T./°C 37 32 34 36
kels71®) 78.0 74.8 74.5 77.1
a) Obtained by the coalescence temperature method. b) Calculated from the enthalpy and the entropy of
activation.
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Fig. 1. Chemical shifts of A and B protons of a-chloro-

dibenzyl sulfide in chloroform-d at various tempera-
tures.

Results and Discussion

Since the diastereotopic protons in a-chlorodibenzyl
sulfide is connected to the chiral center zia two single
bonds, there are various conformations possible in
solution. The distribution of the conformations and
consequently chemical shift difference might change
with temperature. This is serious in total line shape
analysis, since the chemical shift difference cannot
be directly read from the line shapes at near-by coa-
lescence temperatures. The difficulty is usually over-
come by assuming the linearity of the change in the
chemical shift difference due to temperature. We have
measured the chemical shift differences at various
temperature by observing the spectra at a temperature
where the exchange of proton spins is slow, and also
at several lower temperatures. The results are shown
in Fig. 1. We see that the chemical shifts change
with temperature. The difference in chemical shifts
between protons A and B remains almost constant,
enabling us to assume that the chemical shift dif-
ferences are constant througout the temperature range
examined. Coupling constants of the AB protons were
invariant as well.

The agreement between the calculated and the ob-
served spectra is satisfactory. A set of typical data

Fig. 2. Calculated and observed AB parts of the spectra
of a-chlorodibenzyl sulfide in chloroform-d at the
concentration of 0.195 mol L. The signals outside
of the AB are due to impurities.

is given in Fig. 2. The data obtained with chloroform-
d solutions are summarized in Table 1. The kinetic
parameters obtained with various concentrations agree
within the error limit, although the concentrations
have been changed by an order of magnitude. The
calculated free energies of activation from the en-
thalpies and entropies of activation, obtained by line
shape analyses, are in good agreement with those
obtained by the coalescence temperature method. This
may be taken as evidence that the line shape analysis
affords reliable data since the principles of the two
methods differ.

The activation parameters are independent of con-
centration. It is assumed in the NMR theory of
exchange of proton spins that the process is unimolec-
ular. If the reaction is multimolecular, its treatment
would be as follows. If the actual reaction is of n-th
order, the rates of the reaction is expressed by

v = k[x]™. (2)
Since, in the NMR treatment, the reaction is f;aken
to be of the first order, the rate expression becomes

v = k[x]*[x] = K[]. 3)
Putting the £’ value into the Eyring equation, we
obtain
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TaBLE 2. AB PROTON EXCHANGE IN &-GHLORODIBENZYL SULFIDE IN 0-DICHLOROBENZENE :
TH NMR SsPECTRAL DATA AT 60 MHz AND KINETIC PARAMETERS

Run 5 Run 6 Run 7
Concentration/mol L1 0.214 0.197 0.167
Adap/Hz 10.15 10.39 10.15
Jap/Hz 13.2 13.2 13.2
AH*[kcal mol-1 10.6+1.0 8.1+0.4 9.1+0.9
AS*/e.u. —22.042.7 —29.8+1.1 —24.444.7
AG?: [keal mol~1 2 18.4 19.1 17.4
AG7 [kcal mol~1 ) 18.7 19.4 17.4
T./°C 92.5 105.3 96.0
kefs—! 75.3 75.4 75.3

a) Obtained by the coalescence temperature method. b) Calculated from the enthalpy and the entropy of

activation.
4 AH* 1 AS* kg
= 27— 4 In[x*? s
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Thus correct AH* can be obtained from the slope
of the straight line by the plot. However, the intercept
contains a In[x]"~! term, indicating that if the reaction
is not unimolecular but multimolecular, the apparent
AS* should change with concentration. Since the
actual values of AS* are invariant throughout the
concentration range examined, the constancy assures
that we are measuring the unimolecular dissociation
process of the w«-halo sulfide.

The enthalpy of activation is very small whereas
the entropy of activation is very large negative (Table
1). Easily ionizable organic halides give very large
negative entropy of activation for solvolysis. For ex-
ample, triphenylmethyl chloride gives AH* 12.5 kcal
mol! (1cal=4.18]) and AS* —17eu. (leu=
4.18 J K- mol-!) in aqueous acetone.’® The entropy
of activation for the exchange of chloride ion between
an ammonium salt and triphenylmethyl chloride is
even larger: AH* and AS* are .12.4 kcal mol-1 and
—39 e.u. at 50 °C, respectively.®) It is suggested that
a large negative entropy of activation is associated
with an ionization process in a medium of low di-
electric constant.'® The loss of freedom in motion
of solvent molecules by ionization should cause the
phenomenon.

The present results are the consequence of racemi-
zation of the compound which should be derived
by the motion of ionic species. If the ion pair col-
lapses from the side where the chloride ion departs,
it does not cause racemization: it is not observed
as the exchange of proton spins and the situation is
apparent from Eq. 5.
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Instead, either the rotation of the planar cation or
the motion of chloride ion from one side to another
of the cation plane is necessary to cause racemization,

i.e. exchange of AB proton spins. This motion re-
quires some freedom of the ionic species. This process
does not seem possible in the intimate ion pair as
suggested by Winstein and Robinson'? for the attack
by a solvent molecule, but it is possible in a loose,
solvent-separated ion pair. It is not clear whether
the formation of the intimate ion pair is the rate de-
termining step of the observed change: the second
step, intervention of solvent molecule(s), might be
the rate determining as well. However, the above
discussion indicates that the solvent-separated ion pairs
are formed in nonpolar solvents like chloroform.

As a preliminary test of the salt effect on the ioniza-
tion in this system, tetracthylammonium bromide was
added. A solution containing 0.115 mol L1 of a-chlo-
rodibenzyl sulfide and 0.112 mol L-1 of the salt in
chloroform-d showed the coalescence of the signals
AB due to the methylene protons at 32.2 °C which
differ little from those in Table 1. Since lowering
in solution temperature caused precipitation of the
salt, it was not possible to obtain the chemical shift
difference and the coupling constant of the AB protons
for calculation of the free energy of activation at the
coalescence temperature. By using the data of Run
2, Table 1, which are not considered to be affected
much by the salt added, the rate constant at 32.2 °C
is calculated to be 74.8 s71. The presence or absence
of the salt effect should be discussed carefully,? but
the results suggest that the salt effect'® is practically
absent, since high concentration of the salt should
affect the rates of ionization to some extent.!® The
salt effect is larger in less polar media.?® Winstein
et al. suggested that it is mostly caused by ion pairs
in less polar media because the concentration of free
ions is too low.2)) Although sodium tetraethylalumi-
nate becomes solvent-separated ion pairs in benzene
on addition of polar solvents,? it is not possible to
utilize this in our case. However, it is almost certain
that there are solvent-separated ion pairs in our system
because of the low polarity of the medium. Further
elaboration to fill the gap between the solvents, such
as acetone and diethyl ether used by Winstein et al.,2
and chloroform is apparently needed.

Pyridine reacts almost instantaneously with chloride
to form a salt on addition to a solution in chloroform,
but we could detect no TH NMR signals attributable
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to a-bromodibenzyl sulfide which could be formed
by exchange of the anion, after leaving a solution
of tetraecthylammonium bromide and «-chlorodibenzyl
sulfide in chloroform to stand overnight. Swain and
Kreevoy® found that the chloride-exchange could occur
in benzene with measurable rates.

In order to examine the solvent effect on the en-
thalpy and entropy of activation for ionization, o-
dichlorobenzene was used as a solvent. The results
are given in Table 2. The dissociation of the halide
in o-dichlorobenzene is slower in this solvent than
in chloroform.1) The main factor which decreases
the rates of dissociation is the enthalpy term. En-
tropy of activation is large negative, the absolute
value decreasing to some extent.

The larger enthalpy of activation indicates that
the ionic species are less stabilized by the solvation
of o-dichlorobenzene than by that of chloroform. This
is contrary to expectation from the dielectric constants;
4.81 and 9.93 for chloroform and o-dichlorobenzene,
respectively. Donor numbers and acceptor numbers
are often used for the ionic species,?® but they are
unknown for these solvents except for the acceptor
number of chloroform. Z values?® may be useful
because they are obtained from the UV spectra of
salts (ion pairs) in various solvents; 63.2 and 60.0
for chloroform and o-dichlorobenzene, respectively.
The Z values correspond to energy (kcal mol=!) of
the light absorbed by the ion pairs and ions and the
difference is correlated with the difference in energy
of the ground and the excited states,®) not being di-
rectly connected with the freedom of ion pairs. None-
theless, among other solvent parameters the Z values
give best results for correlating the rates of dissociation
of a-chlorodibenzyl sulfide in the two solvents. From
the microscopic stand point, chloroform, which is ca-
pable of forming hydrogen bond,?® can stabilize
anions?” and this ability is responsible for the ob-
served results. The observed decrease in the enthalpy
of activation should include this stabilization.

Conclusion. Dynamic NMR technique has been
used for the investigation of ionic dissociation of «-
chlorodibenzyl sulfide, which has a pair of diastereo-
topic protons; their diastereotopicity is lost on ioni-
zation. The process involves the ionization of the
halide into intimate ion pairs and then solvent-sepa-
rated ion pairs. Racemization may take place at
this stage and the racemized solvent-separated ion
pairs lose the solvent molecule(s) to give racemized
intimate ion pairs which then collapse into the in-
verted covalent species.
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In this technique we do not have to see the presence
of ionic species. The usual dynamic NMR technique
makes use of the coalescence of the two signals as-
cribable to the respective species to estimate the rates
of exchange. Kessler et al. investigated the rates of
ionization of triarylmethyl derivatives by observing
both the covalent and ionic species.?®) The rates of
dissociation are obtained in relatively nonpolar sol-
vents. The rates of ionization can be obtained at
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various temperatures without prior optical resolution
of the substrate, affording activation parameters of
ionization. The technique affords information on uni-
molecular dissociation at concentration of c¢a. 0.2 mol
L1, which gives insight into the early stages of the
Syl reactions.

The only shortcoming of this technique is that the
substrate should possess diastereotopic protons whose
diastereotopicity is lost on ionization. This may limit
utilization of the technique to some extent and may
require modification of a molecule which is conve-
niently studied by the classical method. The rates
of exchange of proton spins should be 10°—10-%s-1
as in the usual dynamic NMR technique.?®) This
will not hamper the usefulness of the technique be-
cause this kind of limitation is always present for other
techniques as well. It is difficult to obtain reliable
data by the classical method if the rates exceed 10-%
s71. The compound we used is very easily ionizable,
thus reacting with atmospheric moisture. Although
this may cause some errors, but it is the main reason
why we were able to carry out the studies in relatively
nonpolar aprotic solvents.

It is not possible to identify by this method how
much of the solvent-separated ion pairs return to the
covalent species without racemization, but this is un-
avoidable in the ionization of organic halides. Com-
bination with isotopic labeling and subsequent ob-
servation of scrambling will afford useful data in
this context.

The work was carried out with a Grant-in-Aid for
Scientific Research from the Ministry of Education,
Science and Culture.
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