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The Electronic Spectra of Thioamides and Thiohydrazides
Part I. LCAO-MO Treatment and Band Classification

for Thiobenzamides

JAN SANDSTROM

Department of Organic Chemistry, University of Lund, Lund, Sweden

The ultraviolet spectra of thiobenzamide, N-methylthiobenz-
amide, and N,N-dimethylthiobenzamide have been recorded in diffe-
rent solvents. A long-wavelength, low-intensity maximum has been
assigned to a m -z * transition, and a maximum with higher intensity
to a m—»>n * transition. These assignations and the same ones for
thioacetamide are supported by simple LCAO—MO -calculations.
For dimethylthiobenzamide a steric effect has been included in the
calculations, and a prediction of the spectrum of thioacrylamide is
given. S-protonation of thioamides in sulphuric acid is supported by
NMR spectra.

The light absorption of organic thione compounds has been the subject of
investigation for quite a long time due to the remarkable *’chromophoric”
properties of the thione group. As readily available thiones the thioamides
have attracted a special interest. Hantzsch ! showed by comparing the ultra-
violet spectra of suitably substituted derivatives with those of the parent
compounds that thioamides mainly occur as thiones and not as the tauto-
meric imidothiol forms. Burawoy %° made a systematic survey of the ultra-
violet spectra of available thiones, and he found a characteristic long-wave-
length, low-intensity band, which he called the R-band, and a more intense
band, the K-band, at shorter wavelengths. The origin of the R-band has
been a matter of dispute for some time 3-5, but it is now fairly well established
that the low-intensity band of the thiones is due to the excitation of a nonbond-
ing electron from the sulphur atom to an antibonding = orbital, a n -z *
transition in the terminology proposed by Kasha ®. The classification of n —»n *
bands is mainly based on the effects of substituents and solvent polarity, and
by such means it has recently been shown $-1° that the low-intensity bands
in simple thioamides are also due to n -z * transitions.

In his very thorough investigation of the ultraviolet spectra of organic
thiones, Janssen -8 has also included a number of thioamides. Regarding
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the classification of the strong band of thioacetamide at 2670 A (log & 4.14,
in heptane) he comes to two conflicting conclusions. His study of the solvent
and substituent effects leads to the assignation of the band to a n — ¢* transi-
tion, whereas a LCAO—MO calculation gives better agreement if the band is
assumed to be due to a m—>z * transition.

It was hoped that this uncertainty could be removed by an investigation
of thioamides where the thioamide group was conjugated with an unsatu-
rated system. A m—z * transition should occur with lower energy due to the
conjugation, whereas a n - ¢ * transition should be less affected. Therefore,
if the 2670 A band is considerably shifted towards a longer wavelength by
conjugation, it is probably a z->z * band, but if it remains in the same region,
it should be due to a n — ¢ * transition. As a readily available conjugated
thioamide thiobenzamide was chosen, and it was found that the 2670 A
band disappears when the thioamide group is conjugated with a phenyl ring.
Instead, a new band appears at 2980 i (log & 3.81, in heptane). However, it
has been shown by Pullman * that enlargment of a conjugated system can
sometimes lead to a hypsochromic shift instead of the expected bathochromic
one. Therefore it was thought worthwhile to perform a LCAO—MO calcula-
tion on thiobenzamide in order to examine the effect of conjugation on the
different energy levels. It is well known that the simple Hiickel approxima-
tion often gives moderately reliable results only for the ground state proper-
ties, but the iterative procedure proposed by Wheland and Mann !2 has been
of considerable value in the hands of Nagakura 3 for the calculations involving
excited levels, and the somewhat simplified procedure of Janssen® gives
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Table 1.
]
Thioacet- | Conjugate | Thioacryl- | Thiobenz- | Dimethylthiobenzamide
amide acid (I) amide amide (1) ‘ (2)
a— 27818 | a — 2.7838 | a — 2.688f8
Antibonding a— 17978 | a — 1.8108 | a — 1.5398
orbitals a—2.0928 | a —1.3338 | @ — 1.3338 | a — 1.3338
a— 12098 | a—0.9728 | a —0.7828 | a — 0.7958 | @ — 0.8198 | a — 1.0598
Nonbonding
orbital a + 0.0298 — a + 0.0558 | a + 0.0518 | a + 0.0278 | a + 0.0098
a-+0.3888 | a + 0.9418 | a + 0.3688 | a + 0.3668 | a + 0.3218 | a + 0.3308
Bondin a+ 28208 | a+ 3.0328 | a + 1.5408 | a + 1.3478 | a + 1.3478 | a + 1.336p
orbitale a+ 29668 | @+ 1.3868 | a -+ 1.3618 | a + 1.3408
a + 2.5198 | a + 2.4798 | a + 2.5788
a 4 3.0878 | a + 3.0388 | a + 2.834f
dEnsn* — 1.2388 - — 0.8378 — 0.8468 — 0.8468 — 1.0688
AEm gy s — 1.5978 — 19138 — 1.1508 — 1.1618 — 1.1408 — 1.3898
Resonance
energy * — 11048 - — 24368 | —4.1088 | —4.1768 | — 3.9248

* —2f substracted for the thiobenzamides. The

value for the energy of the C=S8 bond,
—2.3128, is taken from Ref.®

good agreement between calculated and found n -= * and n—>= * transition
energies for a number of different thiones. The method of Janssen can there-
fore be used with confidence at least to calculate the directions of the shifts
imposed upon the energy levels of the thioamide group by conjugation. The
calculations were carried out using an electronic digital computor, and the
solutions of the secular equations and the calculations of new parameters
were combined into one single program. The iterations were continued until
[P—Pm—1] <4 X107 and |g,—@pm-1/<2X 10 (p, and ¢, = bond order and
charge in the m-th iteration). The Coulomb and resonance integrals are the
same as those used by Janssen 8.

The value of AE,_ ;. for thiobenzamide (Table 1) shows that the effect
of conjugation actually is to shift the z—z * band to a lower frequency.
The numerical value of the shift is lower than expected from the calculated

Table 2.

Vthioacetamide/Vthiobenzamide

n —» ¥ \ 7T > ¥
Cale.
1.46 1.38
‘ Found 1.14 | 1.12
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Table 3.
n—>a* > m*
Compound Solvent
AmaxA| log e | 4v% em-1| AmaxA| log e | Av* em™ | AmaxA| log g | 4v% cm1

Heptane | 36705 | 1.55b — | 2670 | 414 — o310 377
CH,CSNH, Ethanol | 3270 | 1.71 — | 2660 | 4.10 — | 2100 | 3.63

Water | 3090 | 1.88 — | 2610 | 4.00 -

Heptane | 4180 | 2.33 | 3400 | 2080 | 3.81 | 3900 | 2390 | 3.94 | 1500

ccl, 4125 | 2.40 — ~ | = - - | =
CsH,CSNH, Ethanol | 3700¢| 2.4 — | 2960 | 3.85 — | 2410 | 3.97

Water 4 | 3650¢| 2.5 — | 2870 | 3.93 — | 2480 | 3.93

Heptane | 4020 | 2.48 | 2400 | 2880 | 3.81 | 2800 | 2370 | 4.04 | 1100

ccl, 3960 | 2.45 — N - — | =
CeH,CSNHCH, | pipianol | 3905 | 2.41 — | 2865 | 3.86 — | 2380 | 4.03

Water 4 | 3550¢| 2.4 — | 2750 | 3.92 — | 2450 | 3.97

Heptane | 3050 | 250 | 2000 | 2840 | 3.93 | 2600 | 2500 | 3.95 | 3300

ccl 3890 | 2.56 - — | = — - | =
CaH,CSN(CHa)s | 1i1ianol | 3660 | 2.47 — | 2810 | 3.97 — 12390 | 3.90

Water 4 | 3520 | 2.47 —  l2710 | 402 — | 2300¢| 4.0

% YCH,CSNH,— VPhCSNR,R, ¥ Extrapolated value ¢ Shoulder 4 With 5 9, of ethanol.

transition energies of thioacetamide and thiobenzamide (Table 2), but the
same applies to the n —=z* band and by no means invalidates the argument
for the assignation of the 2670 A band of thioacetamide to a w— 7 * transition.

From Table 1 it is apparent that the energies of the highest bonding level
and of the nonbonding level are only slightly raised, and therefore the batho-
chromic shifts of the n »a* and z—= * bands should mainly be due to the
considerable decrease in energy of the lowest antibonding x level. If thisis
correct, the shift in frequency of the n -z * and n— =z * bands when going
from thioacetamide to thiobenzamide or its N-methyl derivatives (4v in
Table 3) should be of the same magnitude. This is also the case. The A» values
have been calculated for heptane solution only, because in ethanol and in
water several of the n —x * bands are so close to the n—x * bands that the
true positions of the maxima become uncertain, and furthermore the solvent-
solute interaction should be as weak as possible, as is the case in heptane
solutions.

The effect of methyl substitution on the nitrogen atom does not parallel
the one found by Janssen for thicacetamide and several other simple thio-
amides. Instead, hypsochromic shifts are observed, when two methyl groups
are successively introduced (Table 3). It is well known that methyl substitu-
tion increases the electron donating capacity of an amino group. This is borne
out by the megomeric dipole moments of the amino, methylamino, and dimethyl-
amino groups, which are 1.67, 1.93, and 2.06 D, according to a recent determina-
tion by Smith 4, In the calculations this effect can be accounted for in a simple
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Fig. 2. = Electron distribution and # bond order of thicacetamide in ground state (a)
and in excited state (b), thiobenzamide in ground state (c) and excited state (d), thioacet-
amidium ion in ground state (I, e), and thioacrylamide in ground state (f).

way by giving lower absolute values to the Coulomb integral for the nitrogen
atom, when methyl groups are introduced. Janssen!® has shown that an
increase in the electron-donating capacity of a hetero atom attached to a
thione group will raise both the nonbonding level and the lowest antibonding
n level. For thiobenzamide a calculation has now been performed with the
Coulomb integral for nitrogen changed from « + 1.58 to « +- 1.38. The results
are found in Table 1, (1). It appears that the nonbonding and lowest anti-
bonding levels are raised by the same amount of energy, but the highest bond-
ing orbital is also raised, and the change in transition energy is negligible
both for the n -»n* and the m-»>m * transitions. Thus the change in the
Coulomb integral does not seem to account for the hypsochromic shifts on
methyl substitution. An examination of the charge diagrams of the ground
and excited states in a m—>n * transition (Fig. 2) shows that the inductive
effect of the substituents on the nitrogen atom must have little effect on the
energy of this transition both in thioacetamide and in thiobenzamide. This
conclusion is based on the fact that the charge of the nitrogen atom is hardly
affected by the transition. Therefore, as has been shown by Gerson and Heil-
bronner 18, a change of the Coulomb integral is without effect on the energy
of the transition. Instead, hyperconjugation and steric effects must be respon-
sible for the shifts caused by alkyl substitution. An examination of molecular
models reveals that the phenyl ring and the thioamide group in N,N-dime-
thylthiobenzamide cannot be coplanar (Fig. 3). If the steric repulsion is
supposed to result in a rotation of the thioamide group out of the plane of

Acta Chem. Scand. 16 (1962) No. 7



THIOAMIDES AND THIOHYDRAZIDES 1621

€

7000 =N
l’ N
/!

6000 .

5000 \
/ \
/ \
/ \
! \
/ \
!
—1

\

\
2900 3000 3100 A

Fig. 3. Steric interference in N,N-dimethyl- Fig. 4. Ultraviolet spectra of thiobenz-
thiobenzamide. As reasonable values for amide in heptane (- - - - - - ) and in ethanol
the radii of interaction 0.75 of the van der ————
Waals radii have been chosen (for H 0.9
A, for S 1.4 A, and for CH, 1.5 A). The
C,—N and C,—S bond lengths have been

taken from Ref.?

the benzene ring, it can be taken into account in a calculation by lowering
the absolute value of 8 for the corresponding bond in the secular equation, as
has been shown by Heilbronner and Gerdil 1” and by Coulson 8. In order to
find out the directions of the changes in the energy levels caused by a change
in this integral, a calculation was performed on thiobenzamide with
ay = a¢ + 1.3fcc and B, , = 0.5fcc (The C,—C, bond connects the thio-
amide group with the benzene ring). The results of the calculation are found
in Table 1 (2). The effect of the rotation is to increase the n —-n * and m—x *
transition energies by about the same amounts (—0.228 and —0.258). In
harmony with this, the corresponding spectral shifts (from thiobenzamide to
dimethylthiobenzamide) were found to be 1340 and 1650 cm™, in heptane.
One of the common effects of steric inhibition of resonance is a lowering of
the intensity of the affected absorption bands. This is found to be the case
with the m—>z * band, for which the oscillator strength is lowered from 0.19
to 0.17 in heptane, whereas the oscillator strength for the n -z * band increases
from 0.0035 in thiobenzamide to 0.0046 in dimethylthiobenzamide. This
increase is not surprising in view of the departure from coplanarity in the
latter compound. It has been shown in several cases 19-2! that the intensity of
n -z * transitions in ketones can be considerably increased if the lone pair
orbital on the oxygen atom can overlap with a x orbital, which does not neces-
sarily have to be in conjugation with the carbonyl group. However, the steric
conditions must be such that the lone pair and x orbitals are not orthogonal,
and the result is a partial mixing of the n —»xn * and n—»=x * transitions.
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The oscillator strengths have been calculated with the aid of the simple formula
f= 431 X 10 X &max X 2 (Ymax—%,.5), Where v, ; is the wave number on
the low frequency side of the band at which the extinction has gone down to
half of the maximum value.

Thus it may well be that the increasing hypsochromic shifts caused by
methyl substitution are due to increasing departure from coplanarity. Jans-
sen ¢ has based a very reasonable explanation of the difference between the
spectra of tetramethylthiourea and the other thioureas on a similar steric
effect, but here the consequence of the departure from coplanarity is a batho-
chromie shift, since a heteroatom is turned out of conjugation.

The energy levels, the m electron distribution and the bond orders of thio-
acrylamide have also been calculated in order to study the effect of a simpler
kind of conjugation. As far as is known to the author, no simple ¢,-unsaturated
thioamide is described in literature. From the calculations (Table 1) it can
be concluded that thioacrylamide should have its n —»a* and z—>z* bands
very close to those of thiobenzamide.

The arguments which have been put forward by Janssen 7 and by the
present author ® in favour of a n - ¢ * transition can be reinterpreted in the
light of some new evidence to support a m—xz * transition. Like n - x *
transitions the » - ¢ * transitions must undergo blue shifts when the solvent
polarity is increased, since the excited state is less stabilized than the ground
state with increasing solvation. This applies in particular to hydroxylic sol-
vents, where hydrogen bonding to the nonbonding electrons is of overwhelming
importance for the blue shift ?2. However, a n— z * transition can also give
rise to such a change in the distribution of the =z electrons that a blue shift
with increasing solvent polarity results. This must be the case when the pola-
rity of a group, which is primarily responsible for the solvation, is considerably
diminished or reversed during the transition. As has been pointed out by Jans-
sen 7 this occurs with the thione group in thioamides, and the same applies
to thiobenzamide (Fig. 2). This effect must be smaller than the one caused
by hydrogen bonding. Now the solvent shifts are of quite different magnitude
for the low and high intensity bands in question. For thioacetamide the
n — n* band is shifted 3400 cm~ and for thiobenzamide about 3100 cm™!
when going from heptane to ethanol. The corresponding shift for the high
intensity band of thioacetamide is 140 cm™. For thiobenzamide the matter
is somewhat complicated by a slight vibrational structure of the band in
heptane (Fig. 4). As a rule the center of gravity of the band is used as the
maximum value, but here it is evident that the solvent shift is best represented
by the shift of the high frequency vibrational band, which amounts to 120
cm™L. The solvent shifts of n -z * and n - ¢ * bands should be of about equal
magnitude, since the main effect of increasing the solvent polarity will be a lower-
ing of the n level. This alone renders the assignation of the 2670 A band of
thioacetamide to a n — ¢ * transition somewhat doubtful. Furthermore,
Janssen ¢ has shown that this band is shifted to 2340 A in concentrated sul-
phuric acid. As will be shown later, protonation in concentrated sulphuric acid
occurs on the sulphur atom, and the nonbonding electrons in the free thio-
amide must be regarded essentially as o electrons in the protonated species.
They are therefore not available for transitions giving rise to absorption in

Acta Chem. Scand. 16 (1962) No. 7



THIOAMIDES AND THIOHYDRAZIDES 1623

the near ultraviolet. A calculation has been performed to show the effect of
S-protonation on the z levels of thioacetamide.

+
S—H

/
CHs—C/

The calculations started with the form (I) and with the parameters ac = «,
s+ = a + 1.5B, ay = a + 1.58, fes = 0.6f, and fex = 1.28. The final results
are found in Table 1 and Fig. 2. Leroy 2 has shown that the iterative procedure
gives a very reasonable result when starting with the form (II). In the final
diagram both charge and bond order are symmetrically distributed, and there-

H,N-CH=CH-CH=CH-CH=NH,"
II

fore the method has also been applied with some confidence to the structure
(I). It appears that the energy of the m—x * transition is increased from
—1.6978 in thioacetamide to —1.9138 in the protonated species, and therefore
the band at 2340 A may well be due to a z->z * transition. From the excita-
tion energies a z->m * transition is calculated to appear at 2220 A in the
spectrum of the protonated species, so the agreement is reasonably satis-
factory.

It is obvious that the results of the present investigation decidedly attri-
bute the 2670 A band of thioacetamide and the 2980 A band of thiobenza-
mide to m—x * transitions. 'This conclusion is further supported by a recent
investigation by Hosoya et al.?* As result of a semiempirical molecular orbital
calculation with configuration interaction they assign the 2670 A band to a
nm-»7 * transition, and a second n—>x * transition is calculated to appear
at 1670 A. Despite the poor numerical agreement, this transition is assigned
to a band at 2100 A by means of measurements of the direction of the transi-
tion moment in the crystalline state.

Protonation of thioamides

The structure of the conjugate acids of the thioamides has been discussed
by several authors with different results. Considerations of resonance stabiliza-
tion would favour S-protonation, but arguments for N-protonation have also
been put forward. Hosoya ef al.* have concluded that N-protonation occurs,
since S-protonation ought to raise the energy of the charge transfer state and
thereby cause a bathochromic shift of the first nz—x * band. Instead, as
mentioned above, a hypsochromic shift is found which is in harmony with the
result of a simple calculation. However, Janssen 2 has criticized the theory of
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Hosoya et al. and presented convincing evidence from ultraviolet and infrared
spectra of amides and thioamides and their conjugate acids, showing that O-
and S-protonation occurs. During recent years a mass of evidence has been
accumulated in support of O-protonation of amides, and in several cases (e.g.
Refs.26-28) NMR spectra have been used to show that the rotation around
the C—N bond is restricted, which would not have been the case, if N-protona-
tion had occurred. The NMR spectrum has now been recorded for N,N-dime-
thylthiobenzamide in carbon tetrachloride and in concentrated sulphuric
acid (Fig. 5). In both spectra two methyl signals are obtained, showing that
the two methyl groups are differently disposed with respect to the thione
group. Since N-protonation involves free rotation around the C—N bond,
the spectra obtained are only compatible with S-protonation. The chemical
shift between the methyl signals is changed from 24 cps in carbon tetrachloride
to 10 cps in sulphuric acid. Cryoscopic determination of the van’t Hoff i-factor
in 100 9, sulphuric acid shows that dimethylthiobenzamide is monoprotona-
ted in this solvent (Table 4).

In hydroxylic solvents hydrogen bonding probably also occurs to the
sulphur atom. Wheatley 2° and Penfold 3° have shown by X-ray crystallography
and Hopkins and Hunter 3 by association measurements that the sulphur
atom is the basic center of intermolecular hydrogen bonds in thioamides.
Flett 32 has stressed the similarity in infrared spectra of associated thioamides
and associated carboxylic acids, where the same type of bonding occurs.

Table 4. van’t Hoff i-factors for N,N-dimethylthiobenzamide in 100 9; sulphuric acid.

m 4t°C i
0.02220 0.282 2.06
0.01298 0.160 2.00
0.02278 0.286 2.01
0.01618 0.208 2.09
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EXPERIMENTAL

Thioamides. Thioacetamide was a commercial purissium quality and was recrystal-
lized twice from water without change in melting point (112—113°).

The thiobenzamides were obtained in good yields by reaction between carboxymethyl
dithiobenzoate * and ammonia or the appropriate amines. Thiobenzamide was recrystal-
lized from benzene and methyl- and N,N-dimethylthiobenzamide from benzene-heptane
to constant melting point.

Solvents. Heptane was shaken first with concentrated sulphuric acid and then with
water, dried with Drierite and distilled through a 60 cm Vigreux column.,

Ethanol, 99.5 9,, was refluxed with 1 9, of sodium ethoxide for some hours and was
then distilled through a 60 em Vigreux column.

Spectra. The ultraviolet spectra were recorded with a Beckman DU spectrophoto-
meter with photomultiplier attachment. In most cases the readings were fg}ﬁowed down
to 2150 A and only in a foew cases down to 2050 A, since the increasing spurious light
made the readings uncertain.

The 3670 A band of thioacetamide in heptane could not be obtained in the pure
solvent because of the poor solubility of the compound. Instead, the spectrum was recor-
ded in 5 cm stoppered quartz cells with thioacetamide in pure carbon tetrachloride and
in carbon tetrachloride-heptane mixtures (1:4, 2:3, 3:2, and 4:1 v/v). In all these solvents
the maximum appeared at 3670 A, which was therefore taken as the position of the maxi-
mum in pure heptane. The molar extinction coefficient at the maximum wavelength
decreased gradually with increasing heptane concentration and a value of 35 for pure
heptane was obtained by extrapolation.

The NMR spectra were recorded with a Varian Associates model V-4300-B high
resolution NMR spectrometer operating at 40 Me/s, and a flux stabilized 12” electromag-
net from the same company. The magnetic sweep was calibrated with the modulated
side band technique.

Cryoscopic measurements. Sulphuric acid containing a slight excess of anhydride was
prepared by mixing the calculated amounts of 95—97 9, sulphuric acid (Merck, pro ana-
lysi) and fuming sulphuric acid with 20 9, of anhydride of the same quality. Water was
then added in small portions until the horisontal part of the melting point curve was
reached. The melting point depressions have been corrected for supercooling, and the
calculations have been performed as described by Hammett and Deyrup *¢. N,N-Dimethyl-
thiobenzamide dissolves readily in this sulphuric acid even at a low temperature, and
it is recovered unchanged when the solution is poured onto ice.

The author is indebted to The Swedish Natural Science Research Council for financial
support, to Miss Karin Goéransson and Miss Ingeborg Leutiger for recording the ultra-
violet spectra, and to Civilingenjoér Jan Christer Eriksson for recording the NMR spectra.
The author is also indebted to Fil.Kand Leif Robertsson for programming the calculations
and to Laborator Carl-Erik Froberg and Ingenjor Kjell Jonsson at the Institute of
Numerical Analysis of the University of Lund for valuable advice concerning the use
of the electronic digital computor SMIL”. Laborator Stig Sunner has kindly placed
5 cm quartz cells and a suitable spectrophotometer at the authors disposal.
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