162 F. A. MoMmaNY AND R. A. BoNHAM

Vol. 86

[CoNTRIBUTION NO. 1162 FROM THE DEPARTMENT OF CHEMISTRY, INDIANA UNIVERSITY, BLOOMINGTON, IND.}
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A detailed analysis of the molecular structure of the five-membered ring 1,2,5-thiadiazole as determined by the
sector-microphotometer method of gas electron diffraction is reported. The final refined molecular parameters

are: 7(S-N) = 1632 A, 7,(N-C) = 1.329 A., and 7,(C-C) = 1.413
The root mean square amplitude of vibration values for the N—C and C-C bonds were assumed to have
. in order to obtain least squares estimates for 7,( N-C) and
Without making these assumptions it was found that the weighted average of these two distauces

99.4°.
the values /(N-C) = 0.040 A. and I(C-C) = 0.043 A
r(C-C).
was 1.356 A.

It is the purpose of this paper to report the final re-
fined structural parameters and the details of the struc-
tural analysis for the new five-membered ring compound
containing sulfur—nitrogen bonds, first synthesized by
Carmack and co-workers.?2>  Ag 1,2,5-thiadiazole and
thiophene are the sulfur analogs of pyrazine and benzene,
respectively, it is of some interest to compare the struc-
tures of these molecules to see if the effects of sulfur and
nitrogen atoms on the aromaticity of the systems can be
observed in terms of changes in various molecular
parameters. Precise data on pyrazine are not available
at present. However, the structural data available
for benzene® and thiophene,*® coupled with the data
presently available for thiadiazole,?® should be suf-
ficient to draw some tentative conclusions about this
problem.

Experimental Procedure

Samples of 1,2,5-thiadiazole of better than 999, purity were
obtained from the laboratory of Professor Marvin Carmack at
Indiana University. Electron diffraction photographs were ob-
tained with an 73 sector using the sector electron diffraction
camera in Professor L. S. Bartell’s laboratory at Iowa State Uni-
versity. Specimen pressures of 20 to 80 mm. with exposure
times of 1 to 4 sec. were used at a temperature of 298°K. The
beam current was 0.3 wa. and the accelerating voltage was 40 kv,
Four research grade plates at each of two camera distances were
obtained for each molecule. The photographic plates were mi-
cropliotometered in Professor L. O. Brockway’s laboratory at
the University of Michigan.

The microphotometer traces of the electron diffraction photo-
graphs were read at 0.25-mm. intervals to four significant figures
in the optical density with the aid of a Bausch and Lomb 7 power
measuring magnifier. The photographic emulsion was cali-
brated by a procedure due to Bartell and Brockway.”

The indices of resolution were found to be 0.97 for the 21.35-cm.
camera distance and 1.00 for the 10.66-cm. camera distance. It
was felt that the values of the index of resolution indicated the
ahsence of any serious extraneous scattering effects.

Structure Analysis.—The experimental data were analyzed ac-
cording to schemes outlined elsewhere.*® Bond lengths and
vibrational amplitudes® were all obtained by least squares analysis
of the radial distribution curve, corrected for anharmonicity and
series termination effects, with a mathematical model including
corrections for the failure of the Born approximation.!® The
calculated experimental radial distribution curve made use of
experimental data at integral values of ¢ (¢ = 40 sin [8]/\) over
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A; I(S-N) = 0.048 A. and ZN-S-N =

the range ¢ = 12 to 90. An artificial convergence factor e=%:
was employed where d was chosen so that the experimental value
of M(g)at g = 90 was reduced to a tenth of its value. The miss-
ing data in the region 0 < ¢ < 12 were obtained both from the
available experimental data, by a technique described in ref.
4, and by use of calculated data froin an assumed theoretical
model. Both technigques gave the same results.

The standard correlation technique using the experimental in-
tensity curve was employed to obtain an estimate of the planarity
of the molecule and as a further check on the analysis. _ It was
found that the molecule was planar to better than 0.1 A. The
background needed for the correlation and radial distribution
analysis was obtained by using the smoothness criterion and the
Karle’s nonnegative area criterion.!!

As an additional check, a sharpened radial distribution func-
tion was used as a correlation technique.!'? The missing data in
the region 0 < ¢ < 12 are not needed in this analysis and the
method is very insensitive to the choice of the background func-
tion. When properly used, this method yields molecular param-
eters which correspond closely to the rn(1) parameters defined
by Bartell.13

In order to carry out the structural analysis, the parameters for
the hydrogen atoms were assumed to be those found in ethylene.!4
Furthermore, the reasonable values /(N-C) = 0.040 and I-
(C-C) = 0.045 were assumed in order that a dissection of the
composite peak, containing the information on the 7,(N-C) and
r¢(C—C) parameters, could be made. Without this assumption,
it is of course still possible to obtain the average of the two 7,-
(N-C) and one 7,(C-C) distance quite accurately.

Results

In Table I the final results for bond lengths and am-
plitudes of vibration, as determined by least squares
analysis of the radial distribution curve, are presented.
The listed uncertainties include a scale factor error of
two parts per thousand and uncertainties due to ran-
dom errors which have been estimated by using eq. 12a
and 12b of ref. 8 Errors due to possible uncer-
tainties in the theory have not been included. Figures
1 and 2 indicate the experimental intensity curves and
background functions used in the analysis. Figure 3
shows the experimental and theoretical M (g) curves and
their difference and Fig. 4 presents the same curves in
the radial distribution space.

TABLE I

STRUCTURAL PARAMETERS DERIVED FROM RADIAL DISTRIBUTION
CURrRVES AND CALCULATED PRECISIONS

7g(0) & i 8l
C-H 1.080 0.010 0.078 0.010
S-N 1.632 .005 .048 .007
N-C 1.329 .008 .040°
c-C 1.413 .010 .043°
£ N-8-N 99.4 &= 0.2°
£L8-N-C 106.5 = 0.4°

s Assumed values.

In Table II the available structural results for the
molecules benzene, thiophene, and 1,2,5-thiadiazole are
presented. The 1,2,5-thiadiazole distances appear to
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Fig. 1.—Long camera distance intensity data, Io(¢), and the
background function, B(g) (smooth curve). The ordinate
values refer to an arbitrary relative intensity scale.
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Fig. 2.—Short camera distance intensity data, Io(¢), and the
background function, B(g) (smooth curve). The ordinate
values refer to an arbitrary relative intensity scale.

vary somewhat between the methods of analysis, but
the differences are within the assigned limits of error.

TaBLE 11

STRUCTURAL RESULTS FOR MOLECULES SIMILAR TO
1,2,5-THIADIAZOLE

¥Ci- sz ¥Cy-Cs ¥8-C ¥8-N rc-N <LN-8-N
Benzene® 1.397
Thiophene? 1.370  1.419 1.714
1,2,5-Thiadiazole® 1.413 1.632 1.320 99.4°
1,2,5-Thiadiazole? 1.420 1.631 1.328 99.55
1,2,5-Thiadiazole-3,4-
dicarboxamide® 1.437 1.621 1,322 98.75

e See ref. 3a and 3b. ? R. A. Bonham and F. A, Momany,
J. Phys. Chem., 67, 2474 (1963). ° Present study. ¢ See ref. 6.
¢ Private communication with R. R. McDonald. 7 C,-C; is the
bond nearest the sulfur in thiophene.

If we assume the Pauling! equation for computing the
double-bond character in these molecules, it can be
shown that the C==C distances adjacent to the sulfur

(15) L. Pauling, “The Nature of the Chemical Bond,” Cornell University
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Fig. 3.—Experimental and theoretical reduced molecular
intensity curves and their difference. The ordinate scale refers
to the absolute value of M(g).
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Fig. 4 —Radial distribution curve for 1,2,5-thiadiazole and
the difference between the theoretical and experimental curves.

The ordinate refers to the absoiute scale of the radial distribution
function.

atom in thiophene and the C=N distances in thiadiazole
both have a rather high degree of double-bond char-
acter (~709%). The S=C and S=N values are some-
what ambiguous because of the lack of a precise single
bond S—N distance; however, to a first approximation
these values are again very close (~30%). From these
results, it can be reasonably concluded that the subse-
quent introduction of two nitrogens into the thiophene
ring at the 2,5-positions has little effect on the over-all
aromaticity. This conclusion is compatible with the
bond C-C lengths opposite the sulfur atom for thio-
phene and 1,2,5-thiadiazole. The very slight dif-
ference in bond lengths is within the probable errors
given in the two experimental determinations.
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Molecular Complexes and Their Spectra.

XVII.

The Iodine and the Chloranil Complexes

with Thianthrene Analogs

By Akira KuBovama!l
REeceIVvED FEBRUARY 25, 1963

The thermodynamic properties of the iodine complexes with the thianthrene analogs I, I, and III in solution
were spectroscopically studied. Their charge transfer bands were also studied in comparison with the ones

of the chloranil complexes with the thianthrene analogs.
thianthrene analogs are essentiallv n-donors for iodine.

From the obtained results, it is concluded that the
Furthermore, referring to the energies of the charge

transfer bands of the chloranil complexes, the appropriate integral values for the thianthrene analogs in the

Hiickel MO method were studied.

Introduction

Many studies have hitherto been carried out with
various charge-transfer type molecular complexes.
But there have been only few works in which un-
saturated heterocyclic compounds except for azines
were used as donors. Recently, Lang? studied spec-
troscopically the iodine complexes with five-membered
unsaturated heterocyclic compounds. Since thian-
threne analogs have two heteroatoms, it is particularly
interesting to study the charge transfer interaction
between 1odine and these molecules, the principal
reason for undertaking the present study. In the
present study, thianthrene (I), phenoxathiin (II), and
diphenylene dioxide (I1I) were used as donors.

EID EID @D

Experimental

Materials.—Fisher certified iodine was resublimed under re-
duced pressure. Fisher spectrograde dichloromethane and car-
bon tetrachloride were dried with Drierite and distilled with a
Podbieluiak column. Phillips 66 ‘‘pure’”’ grade n-heptane
was washed twice with concentrated sulfuric acid, then severa
times with water, dried with Drierite, and distilled with a Pod-
bielniak column. FEastman Pure Chemicals of thianthrene,
phenoxathiin, and chloranil were purified by recrystallization
from n-heptane—ethanol (1:1) mixture, n-heptane, and toluene,
respectively (m.p. 158.5-159.5° for thianthrene, 57-57.5° for
phenoxathiin). Commercially available diphenylene dioxide
was washed twice by dilute agueous sodium hydroxide solution
and, after drying, recrystallized repeatedly from n-heptane
(m.p. 119-120°).

Method.—Absorption spectra were measured with a Beckman
spectrophotometer Model DK-2 attached with a thermostated
cell jacket. Square silica cells of 1-cm. path length were used.
The molar extinction coefficients near the peaks of the charge
transfer absorption bands® and the equilibrium constants were
obtained by the formula of Ketelaar, et al.* In the cases of
thianthrene and phenoxathiin, the concentrations of iodine were
4.6 ~ 5.3 X 107¢ M and those of the donors 0.05 ~ 0.20 M.
In the case of diphenylene dioxide the concentration of iodine
was 3.7 X 1073 M and those of the donors were 0.21 ~ 0.36 M.
Since the tail of the long wave length absorption band of thian-
threne and the CT band of its iodine complex considerably over-
lap with each other, especially in carbon tetrachloride, Ep in
the formulas of Ketelaar, et al.,* was obtained by dividing the
difference between the absorption of thianthrene and that of the
complex solution by the iodine concentration. The absorption
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(4) J. A. A. Ketelaar, C. van de Stolpe, A. Goudsmit, and W. Dzcubas,
Rec. trav. chim., T1, 1104 (1952).

intensities of thianthrene were always less than 7.59, those of
the complex solutions. The CT bands of the complexes between
chloranil and the thianthrene analogs were measured with equal
volume mixtures of the chloranil and the thianthrene analogs
solutions, both nearly saturated. The CT band shapes of the
iodine and the chloranil complexes were obtained by subtracting
the absorptions corresponding to the added quantities of
both components of the complexes from the absorptions of the
complex solutions. The oscillator strengths of the CT bands were
calculated by the approximate formula given by Tsubomura and
Lang.5:8

Results

Since the formula of Ketelaar, et al.,* was satisfied
in all cases, it is clear that the one-to-one charge trans-
fer complexes were formed in the concentration ranges
used in this work. Table I shows the equilibrium con-
stants and the molar extinction coefficients obtained.
In the calculation of the equilibrium constants, the
molarity was used as the units of the concentrations
of iodine and the donors. As shown in Table I, the ob-
tained molar extinction coefficients of the complexes
somewhat fluctuated over the temperature range
adopted in the present study, but it is likely that in
all cases the molar extinction coefficients are inde-
pendent of temperature. Therefore, the equilibrium
constants shown in Table I were evaluated using the
average values of the molar extinction coefficients ob-
tained at various temperatures. As shown in Fig. 1,
good linearities between the logarithms of the equi-
librium constants and the reciprocals of temperatures
were obtained in all cases. The binding energies
(AH) and the entropies of formation(AS) of the com-
plexes are obtained from the slope and the intercept
of the straight lines shown in Fig. 1. The thermo-
dynamic constants and the features of the CT bands
obtained are shown in Tables IT and III, respectively.
The features of the CT bands of the chloranil complexes
with the thianthrene analogs at 20° are also shown
in Table III for the purpose of comparison; Ay~
and Av* in the sixth and the seventh columns of Table
IIT are the differences in wave number between the
peak positions of the CT bands and their half-height
positions of the CT bands at the longer and the shorter
wave length sides, respectively, and the sums of these
two values are the half-widths (Avy2) of the CT bands
which are shown in the eighth column. The peak
positions of the CT bands and the CT band shapes of
the iodine complexes with the thianthrene analogs are
almost independent of temperature. In thelast column
the oscillator strengths of the CT bands, f-values, are
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