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A Study on Electronic Spectra of Organic Compounds with S-Cl Group
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MO calculations were carried out for CH_SCl, C;H;SCl, and related compounds with the S—CI group by the
CNDO/2 or the ASMO-SCF method. The absorption bandsin the 300—400 nm region observed were assigned
to the o¥ «ng transition in view of transition energy and oscillator strength. Such characteristic bands are
attributed to the extraordinarily low energy level of the ¥, orbital.

Various organic compounds containing the sulfenyl
group (S—Cl) are generally known to be highly reactive
ones, often with characteristic colors (orange-red) irre-
spective of whether they are arylsulfenyl or alkane-
sulfenyl.

The first discussion on the color of such compounds
was given by Kharasch et al.,) for o-nitrobenzenesulfenyl
chloride and its derivatives which have an intensely red
color, especially in sulfuric acid. They attributed this
to the intramolecular # resonance formed between the
sulfenium cation and the nitro group adjoining, as shown
below.
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The. characteristic color, however, is common to
o-nitrobenzene-sulfenyl chloride and such compounds
as benzenesulfenyl chloride and methanesulfenyl chlo-
ride which have no nitro group adjacent to the S—CI
group. Studies®3 concerning the electronic absorp-
tion spectra of organic compounds with the S-Cl
group were reported without theoretical investigation
on the absorption bands of 300—400 nm common to
such compounds. It seemed to be of interest to study
the characteristic bands which may be closely related
to formation of the S—Cl bond.

In the present study, MO calculation by the CNDO/
29 or ASMO-SCF method® using the zero-differen-
tial overlap approximation were carried out for CH,-
SCl, CgH;SCl and some related compounds containing
the S-Cl bond, in order to investigate the character
of the S-CI bond. For the sake of comparison, elec-
tronic absorption spectra of methanesulfenyl and
p-toluenesulfenyl chlorides were measured in various
solvents.

Method of Calculation

Calculations of o-electron systems such as alka-
nesulfenyl chlorides were carried out by the CNDO/2
method, developed by Pople et al.,9 and the singlet
excitation energies and oscillator strengths were calcu-
lated using the virtual orbital approximation. The
atomic orbitals of sulfur atom were employed up to its

3p orbitals.* For calculations of SOCl,, SO,Cl,, and
CH,SO,Cl we tried to include 3d orbitals of sulfur atom
having the same exponent {54 as {3,.9

In the case of benzenesulfenyl chloride, the singlet
excitation energies and oscillator strengths were calcu-
lated by the ASMO-SCF method with the zero-defferen-
tial overlap approximation,® in order to avoid defects
of the CNDO/2 method when applied to the 7 electron
systems.** In the present calculation, the configura-
tional interaction is not taken into account, because the
transition energies of CH,SCl and CgH;SCl are not
changed so remarkably by the consideration of CI.

TaBLE 1. MOLECULAR STRUCTURES OF CH,SCI,
CF,;SCl, anp C,H;SC1
Bond distance (A)  Bond angle
Compound —_— (deg.)
C-S S-Cl £GCSCl
CH,SCI» 1.815 2.014 100.39
CF,;SCl1 1.829 105.4
C.H;SCl1 1.805 103.2
a) See Ref. 7.

The assumed molecular structures of the compounds
with the S~Cl group are given in Table 1. Microwave
spectral analysis?”? was used for methanesulfenyl chlo-
ride, while CF,SCl and C;H;SCl were estimated from
both calculations and the molecular structures of
(CF3),S8,8 and (CgHj;),S,,% respectively. For the mo-
lecular structures of all the other compounds, the
observed structures were employed.10-13)

Experimental

Methanesulfenyl chloride and p-toluenesulfenyl chloride
were prepared by the previously reported methods!#% from
dimethyl disulfide in 1,1,2,2-tetrachloroethane and chlorine,
and from p-thiocresol in carbon tetrachloride and chlorine,

* Preliminary calculations including those of 3d orbitals
of the sulfur atom were carried out to estimate their contribu-
tion. The results predict the unacceptable polarization of
S(6—)-Cl(6+) and the larger bond energy of Eg_¢, than Eg_g
in contrast with the results obtained by restricting up to the
3p orbitals. These results are unreasonable from experimental
aspects and the 3d orbitals for sulfur have thus been excluded
from this study.

**  For example, the 7-MO of ethylene is not calculated as
the highest occupied molecular orbital (HOMO) but as the
next highest occupied molecular orbital (NHOMO). Fur-
thermore, our preliminary calculation on C¢gHySCl by the
CNDOJ2 gave a too large n*«—rx excitation energy, t.e., 12.5¢V.
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respectively. The products were isolated by vacuum distil-
lation, and their electronic absorption spectra in the region
210—700 nm were measured in various solvents.
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TABLE 2. (OBSERVED ELECTRONIC TRANSITIONS OF
coMpoUNDS WITH THE S—Cl Group

Compound Solvent  A,,.(nm) e.,. Reference
CH,;SC1 Gas ph 355.0 24.5 3
Results and Discussion ? (Gas phasc) 205.0 671
The observed electronic spectra of methanesulfenyl Cyclohexane 33(5)(6) 5i7‘2 This work
chloride and p-toluenesulfenyl chloride are shown in ca §61.0 25 7 Thi "
Fig. 1. The most stable conformation of CH,SCl in its 4 276.3 503' s wor
ground state was calculated by means of the CNDO/2 ’
method to optimize the total energy by changing the CF,SCI (Gas phase) g?ig 2§: 2
bond distance R(S-Cl) between sulfur and chlorine Lich :
atom. The optimized bond length, R=2.064 A, is in  CCL,SCl p(lt%rotleum 322.0 10.0 2
good agreement with the experimental value (2.014 A) ccl, 324.0  12.0
in the. gas phase. With this bond length, the transition $-CH,C,H,SCI Cyclohexane 391.2 424 This work
energies were calculated to be 301.1 nm (the first band) 243.0 10240
and 203.Q nm (the second band) in the ultraviolet reg.ion. Ethyl cther  391.0 254 This work
The predicted wavelength for the first band seems a little 241.0 9325
shorter than the observed one (355.0 nm). The calcu- Methylene .
lated wavelengths for both bands, however, are sensitive chloride 391.5 451 This work
to the change of the bond distance R(S-Cl) and shift C.H,SCl cal, 386 589 This work

toward the longer wavelengths by a slight elongation of
the bond (Table 3).

TaBLE 3. DEPENDENCE OF THE SINGLET EXCITATION
ENERGIES OF CH3SCl oN THE BOND

pisTaNce R(S-Cl)
ofceng oficreng
3 — — —
—~ R(S-Cl) angition Transition
V™ A) energ Oscillator ener Oscillator
/,’ ) /’ \\\ (nm)y strength (nmg)y strength
\
w 2 /// ,/ \\‘ 2.014 288.1 3.77x1078 196.9 8.07x1072
_?3” / / \' 2.064 301.1 4.36x1075 203.0 3.21x10°3
// / N 2.114 316.0 4.15x107% 206.7 2.90x 1072
/i \\\ N 2.314 379.4 3.93x107% 239.2 5.21x107%
1 s : \
/// l/ \\ ~
- / \\\ . From the calculated results, the first band is assigned
e ™ to the excitation of the lone pair electron on the sulfur
- . atom to the lowest unoccupied orbital (LUMO),
300 350 400 450 which is mainly localized in the anti-bonding MO of
Wavelength (nm) the S-Cl bond (s*s_c;). The band is thus closely
Fig. 1. Electronic absorption spectra of CH,SCl (——), related to the presence of the S-Cl bond. In fact,

CgH;SCl (-—----- ), and p-CHzCH,SCl (---.- ) in the
region of 300—450 nm.

atom to the lowest unoccupied orbital (LUMO), which
is mainly localized in the anti-bonding MO of the S—Cl

TABLE 4. OBSERVED AND CALCULATED EXCITATION ENERGIES OF COMPOUNDS WITH THE S—Cl BOND

Observed Calculated
Compound Solvent —_— Exci tam:a tor Assignment
Amax (0M) s energy (nm) strength
SCl, n-hexane® 263 520 286.4" 4.56x107® ¥ eng
246 417 250.2 4.18x107® c¥<ng
SOClI, n-hexane 253t 2240 205.2" 2.15x10™ c¥«ng
201.19 2.81x10™
SO,Cl, cyclohexane <2109 218.2» 3.74x10°2
196.9% 3.92x1072
CH,S0,Cl ethyl ether <2109 221.0® 4.51x1072
197.4° 5.03x 1072

+ Absorption shoulder.
a) H. P. Koch, J. Chem. Soc., 1949, 394, C. C. Price and S. Oae, “Sulfur Bonding,” Ronald Press Company

(1962).

b) Calculated by the CNDO/2 method excluding the 3d orbitals of sulfur atom.

c) Calculated by

the CNDO/2 method including the 3d orbitals of sulfur atom. d) No absorption band exists in the region
210—700 nm.
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bond (6*s_c1). The band is thus closely related to the
presence of the S-Cl1 bond. In fact, CH,SH and (CH,),S
have no absorption band above 300 nm.'® Other pos-
sibilities of excitation of either the lone pair electron on
chlorine atom or the s-electron of the S-Cl bond might
be considered. The former is assigned to the second
band, but the latter is hardly acceptable since the ex-
citation energy of the ¢*<o transition is much larger
than that of the o*<n transition (e.g., for (CH;),S
AE} ;,=6.2 eV AE} ,=5.2 e¢V). This may be sup-
ported by the fact that methanesulfonyl chloride (CH;-
SO,Cl) without lone pairs on the sulfur atom has no
absorption band in the ultraviolet and visible regions
(Table 4). Moreover, the molar extinction coefficient
of the ¢*«o transition is, in general, of the order of 102—
103 as ¢, whereas the observed one is less by one order,
implying that the assignment (c*<o) is not reasonable
for the first band.

The second band is assigned from the present calcu-
lation to be the excitation of the lone pair electron
(n’) of chlorine atom to the o¥, orbital (¢*<n’). The
wavelength, however, is considerably longer than that
of the usual alkyl chloride, ¢.g., CH,Cl (154-161 nm) ;*?
in addition the wavelength of the first band is greater
than that of usual alkyl sulfides. The main reason for
such large shifts toward the longer wavelength of these
two bands in comparison with those of the related
compounds, (CH,),S and CH,Cl, may be attributed
to the extraordinarily low orbital level of 6%y in
CH,SCL  Moreover, it is seen from the increase of the
S—ClI bond length that the energy level of ¥, is greatly
lowered in comparison with that of the lone pairs of
sulfur and chlorine atoms (Fig. 2). Such a tendency
may be connected with the color of the sulfenyl com-
pounds. Furthermore the ratio between the calculated
oscillator strengths of the two bands is in good agree-
ment with that between the observed en,y’s. Thus,
it may be concluded that the first band is assigned to
the o* (S-Cl)«n(S) transition and the second one to
the 6* (S—-Cl)«n’ (CI).

eV
4 - S - 1
31
2- \\\\\\ et
‘.
0 . Osal
&l CH,SCL
2]
T Tee— Ns

.]3.

e Osal
14 T \‘;':.___‘_ ____ Ng
as{ —

R(S-COA|
2014 2064 2114 2214 2.314

Fig. 2. The relation between the bond distance R(S-Cl)
and the molecular orbital levels in CH,SCI.
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As a related compound, sulfur dichloride (SCl,) was
also studied. The results are given in Table 4. The
observed absorption bands at 263 and 246 nm which
have almost the same intensities as and shorter wave-
lengths than the o¥c<ng transition of CH4SCl were
predicted to be due to the excitations of c¥c<ng and
o¥creng, respectively. These assignments may be rea-
sonable since the two ¢* orbitals of the S-Cl bond are
nearly degenerate and therefore the calculated oscillator
strengths for the transitions give almost the same values.
For SOCI,, where one oxygen atom combines with the
lone pair electron of sulfur atom, its absorption band
further shifts toward a shorter wavelength in comparison
with that of SCl,. This may be attributed to the stabili-
zation of the S—CI bond by the formation of S-O bond.
The 65_c1 orbital level of SOCI, is lower than that of
SCl; by ca. 1.2 eV and the corresponding o* orbital
becomes higher accordingly. Furthermore, the absorp-
tion bands of SO,Cl; and CH,;SO,Cl, which have a sulfur
atom combining with two oxygen atoms and hence no
lone pair electrons, have not yet been found in the
ultraviolet region. From these experimental and theo-
retical investigations it is demonstrated that compounds
with the S—Cl group have, in general, weak absorption
bands in the 350—400 nm region due to the transition
between the lone pair orbital of sulfur (ng) with small
ionization potential and the low-energy anti-bonding
orbital, o¥,.

TABLE 5. SINGLET EXCITATION ENERGIES OF
CF,SCI anp CgH,SCl

Oscillator

Excitation

Compound energy (nm) strength Assignment

CF,SCI» 290.0 4.68x 107  o¥ «ng
194.0 2.40x107%2  o¥ eng

CgHSCI» 372.2 5.40x 1078  o¥ «ng

a) Calculation carried out with R(S~Cl) of 2.060 A
by the CNDO/2 method. b) Calculation carried
out with R(S-Cl) of 2.070 A by the ASMO-SCF
method.

For further investigation of alkanesulfenyl chloride,
CFgSCl was studied by the same method as mentioned
above and the optimized molecular structure was
obtained to give a potential energy minimum at 2.060 A
of R(S-Cl). The singlet excitation energies for the
optimized structure are given in Table 5. The first
and second absorption bands are attributed to the
excitations of of¢«ns and ofene’, respectively, in a
manner similar to the case of CHySCl. These calcu-
lated results are also in fair agreement with the obser-
ved values (Table 2) not only in the wavelengths but
also the intensities. The first and second absorption
bands of CF,SCl, however, shift toward shorter and
longer wavelength, respectively, in comparison with
those of CH4SCl. This is also realized from a com-
parison of the energy levels of CH;SCl and CF,;SCl
shown in Fig. 3; in particular, the ng orbital of CF,SCl
is largely stabilized in comparison with the o¥¢, orbital.

In order to clarify such a trend, we compared the
bond energy E,g of CF;SCl with that of CHgSCI
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TasLE 6. BonD ENERGIES E, 5 (a.u.) IN CH3SCl anp
CF,SCl carcuLaTED BY THE CNDO/2 METHOD

Compound  R(S-Cl) (A) C-8 S-Cl
CH,SCl 2.064 —0.612 —0.476
CF,SCl 2.060 —0.588 —0.484

(Table 6).*** CF,SCl has a larger S-CI bond energy
and a smaller C-S bond energy than those in CH3SCI.
This might be due to the inductive effect of fluorine
atom which attracts electron on carbon atom. As
a consequence, the C-S bond is weakened but the
S-Cl bond undergoes no such remarkable inductive
effect. From these results, it may be expected that
CF,;SClI has two reactive bonds, C—S and S-Cl, which
may lead to interesting chemical reactions. The
shifts observed in the absorption bands of CF3SCl in
comparison with those of CHSCl seem to be consistent
with the change of bond energies of S-Cl and C-8
bonds.

25Y
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Ney
_‘5-
CH3SCl1 CF3SCl1

R(S-C)=2.064A R(S-Cl)=2.06A

Fig. 3. The molecular orbital levels in CH,SCl and
CF;SCI.

In the case of the arylsulfenyl chlorides, o-nitro-
benzenesulfenyl chloride and its derivatives studied
previously,) there may be interaction between the
ortho-substituted nitro group and the sulfur atom to
give rise to the sulfenium cation. These molecules
are therefore not suitable for an investigation of the
cause of the reddish color which many arylsulfenyl
chlorides bear. Accordingly, benzenesulfenyl chloride
which can not have such an interaction was taken as
the simplest arylsulfenyl chloride.

For the calculations, the molecular structure was
determined by using the CNDO/2 method; two con-
formations of the chlorine atom (Fig. 4, A and B) were
compared. Conformation A, where the chlorine atom
is on the same plane as the benzene ring, is more stable
than B, where it is out of plane. The stabilization of
A may be attributed to the sz-conjugation effect between

*** Inthe CNDO/2 approximation, the total energy E, can
be expressed by the following equation, Ex=3] E,+>] E,p,
A A<B

where E, and E, denote the monatomic and diatomic terms,
respectively.

Tokio Yamasg, Shinichi NAcaTa, Yasuo Kikuzono, and Kenichi Fukur

[Vol. 48, No. 5

Al /Cl
3300 A Qs
B: Ors-al
~73.305
B
-73.310
A
Rs-CnR
200 206 210 220

Fig. 4. Dependence of the total energies of benzene-
sulfenyl chloride on the parameter R(S-Cl).

the lone pair electrons on the sulfur atom and the z-
electrons on the benzene ring; there is no such conjuga-
tion effect in B since the lone pair orbital is perpen-
dicular to the m-orbitals.

Using the resulting bond distance R(S-Cl)=2.070 A
i.e., the optimized bond distance of conformation A, the
singlet excitation energies and oscillator strengths were
calculated by the ASMO-SCF method (Table 5). Itis
seen that the calculated location of the absorption band
of the longest wavelength (372.2 nm) is in accord with
the observed one (386 nm), and that it is also due to the
excitation of ¢¥c<ng is accord with the assignment for
the alkanesulfenyl chlorides.
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Fig. 5. The relation between the molecular orbital levels
of benzene and benzenesulfenyl chloride.

In molecules having = and lone pair electrons such
as carbonyl compounds, the absorption bands of the
longest wavelength are generally known to be z*<n
transitions.’® However, the energy level of the o¥q
orbital is lower than that of the sn* orbital in this
molecule, which may lead the c*<n transition to be
the lowest energy excitation (Fig. 5). Furthermore, the
o*<n transition in CgHSCl is smaller than that of the
alkane sulfenyl chlorides. This may be attributed to
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Benzene

Fig. 6. Energy level of benzenesulfenyl chloride.

the participation of the lone pair orbital in the z-con-
jugation as follows; the ng orbital in CgH;SCl is con-
structed from the interaction between the ng’ orbital
(lone pair orbital on the sulfur atom) and degenerate
# orbitals (e,,) of benzene, and hence the lone pair
orbital as shown in Fig. 6. This result suggests that the
c*<n transition in CgHSCI gives a smaller excitation
energy than that of alkanesulfenyl chlorides which can
not have such interactions. Moreover, there is no absorp-
tion band in the region above 300 nm in CgH,SC H,.1%
The calculated oscillator strength (of the order of 10-3)
is larger than that of CHZSCl (of the order of 10-5),
and such a tendency is also found in the observed
values of ¢, (Table 2). Thus, as in the case of the
alkanesulfenyl chlorides, the observed absorption band
at the longest wavelength in CgH,SCI is assigned to
be the transition of o¥¢<n.

Conclusion

. The characteristic absorption band in the ultraviolet
region of organic compounds with the S~CI group,
commonly appearing at 300—400 nm, was assigned to
the excitation of the lone pair electron of sulfur atom
to the o¥q orbital; the present calculation reveals that
such a band at a fairly long wavelength which induces
an intensely red color may be mainly due to the extra-
ordinarily low energy level of the ¥ orbital and the
small ionization potential of 3p electron of the sulfur
atom. From the present theoretical study, the high
reactivity of S-Cl bond is attributed to the weakness of
this bond, probably caused by the large electron repul-
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sion between 3p electrons of sulfur and chlorine atoms.

The authors are grateful to Professor Hiroshi Kato
and Mr. Katsumi Nakai for their helpful discussions.
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