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The conformational preference for gauche structures over anti ones in the simple model molecules CH4�nClnS
(where n ¼ 1 and 2) was examined in detail by means of Natural Bond Orbital (NBO) analysis. We also compared
the origin of the anomeric effect in CH2ClSH and CH2FSH. The energetic preference at MP2/6-311+G(d,p) level
was slightly greater in CH2ClSH than in CHCl2SH. NBO analysis at the HF/6-311+G(d,p)//MP2/6-311+G(d,p) level
indicates that the conformational preference for gauche conformers over anti ones is the result of a wide variety of
orbital interactions. However, the interaction between the lp(S) and ��(C–Cl) is the most important factor for stabilizing
the gauche conformers. In all compounds studied here, the effect of electrostatic and steric contributions involved in the
Lewis term on stability of gauche conformers was less important than the charge delocalization.

The hyperconjugative interactions are ubiquitous in organic
chemistry and lead to significant changes in geometry,1,2

electron density distribution, MO energy, IR spectra, bond
strengths,3,4 and NMR spectra.5,6 The generalized anomeric ef-
fect (GAE) is recognized in an R–X–B–Y moiety as the strong
preference for the gauche orientation of the R–X bond with
respect to the B–Y one.7–10 A large number of experimental
and theoretical studies have been carried out in order to pro-
vide an explanation for anomeric effect.11–35

We have recently investigated the origin of the anomeric
effect in fluoromethanol36 and fluoromethanethiol.37 In a con-
tinuation of our study on the AE and rotational barrier, we
attempted to analyze origin of this effect in CH4�nClnS (where
n ¼ 1 and 2) (Scheme 1). In addition, the variation of the AE
going from CH2FSH to CH2ClSH was examined.

Results and Discussion

Energetics and Geometries. Table 1 presents the follow-
ing relative thermodynamic properties of studied molecules,
that is, change of enthalpy (�H), change of Gibbs free energy
(�G), and change of entropy (�S), calculated at the HF/6-
311+G(d,p), B3LYP/6-311+G(d,p), and MP2/6-311+G(d,p)

levels and dipole moments (m) at MP2/6-311+G(d,p) level.
Optimized structural parameters obtained at the MP2/6-
311+G(d,p) level are given in Table 2.

CH2ClSH (1a–1c). Figures 1a and 1b show the C–S rota-
tional potential for 1a compound at the MP2/6-311G(d,p)
level of theory. The Gibbs free energy of activation (�G#)
and enthalpy of activation (�H#) for the internal rotation about
the C–S bond in the 1a and 1c compounds calculated at the
MP2/6-311+G(d,p) level of theory are listed at the top of
potential scan curves in Figs. 1a and 1c, respectively.
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a,c b,d

1a, 1b: X = Cl, Y = Z = W = H
1c:        X = Y = Z = H, W = Cl
2a, 2b: X = Y = Cl,  Z = W = H
2c, 2d: X = W = Cl, Y = Z = H

Scheme 1.

Table 1. Calculated Conformational Energy (kJmol�1) and Entropy (Jmol�1 K�1) at the B3LYP/6-311+G(d,p), HF/
6-311+G(d,p), and MP2/6-311+G(d,p) Levels and Dipole Moment (Debye) at MP2/6-311+G(d,p) Level

B3LYP/6-311+G(d,p) HF/6-311+G(d,p) MP2/6-311+G(d,p)

Compd. �Ha) �Gb) �S �Ha) �Gb) �S �Ha) �Gb) �S m
1a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.75
1b 12.7 9.3 11.5 9.3 7.8 4.1 11.4 6.1 17.8 2.84
1c 18.5 17.2 4.3 26.5 25.5 3.3 42.0 40.8 4.0 2.51
2a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.81
2b 3.8 3.6 0.6 2.5 2.5 �0:1 3.5 3.3 0.5 2.05
2c 9.3 7.7 5.4 14.2 12.8 4.6 39.9 38.4 5.0 2.37
2d 28.1 25.4 9.1 19.4 15.3 7.3 46.9 44.18 10.8 1.18

a) Sum of electronic energy and thermal enthalpy differences. b) Sum of electronic energy and thermal free energy
differences.
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As shown in Table 1, the Gibbs free energy of the gauche
conformer 1a was smaller than the anti conformer 1b at all
mentioned levels. The difference in Gibbs free energy between
gauche and anti conformers at MP2/6-311+G(d,p) level drop-
ped from 17.2 kJmol�1 in fluoromethanethiol37 to 6.1 kJmol�1

in chloromethanethiol. Hence, substitution of F by Cl in CH2-
FSH reduces anomeric effect. ZPE correction reduced this
energy in chloromethanethiol by 1.5 kJmol�1. Energy data
show that the electron correlation decreases the relative Gibbs
free energy from 7.8 kJmol�1 (HF method) to 6.1 kJmol�1

(MP2 method).
The resulting potential curve (Fig. 1) of CH2ClSH at the

MP2/6-311G(d,p) level of theory had minima for the gauche
and anti conformers at ’(H–S–C–Cl) = 66.3 and 179.9�, re-
spectively. In contrast to the conformational behavior of CH2-
FSH,37 the anti structure of CH2ClSH with ’(H–S–C–Cl) =
179.9� is thought to be an intermediate. The �G# on going
from gauche conformer to TS1 is 10.96 kJmol�1, as shown at
top of Fig. 1.

The C–S bond in the gauche conformer of CH2ClSH was
calculated to be 1.797 Å at the MP2/6-311+G(d,p) level of
theory, which is shorter than the C–S bond in methanethiol,
by 0.015 Å. On the other hand, the C–Cl bond of CH2ClSH
was calculated to be 1.785 Å at the same level of calculation,
which is 0.01 Å longer than the C–Cl bond in chloromethane
(see Table 2). The shortening of the C–S bond, lengthening
of the C–Cl bond and increase in the S–C–Cl angle in gauche
conformer 1a relative to the anti conformer 1b at the MP2/6-
311+G(d,p) level of theory can be explained by an AE. Com-
parison of C–S bond length in gauche conformer of CH2FSH
(1.791 Å)37 and CH2ClSH (1.797 Å) shows that the AE de-

creases when moving to higher rows of periodic table.
The results in Table 1 indicate that the Gibbs free energy of

CH3SCl is 40.8 kJmol�1 higher than the CH2ClSH. The poten-
tial scan for the internal rotation about the C–S bond is shown
in Fig. 1c. The Gibbs free energy rotational barrier was 11.9
kJmol�1, as shown at the top of curve in Fig. 1c. The C–S bond
length in 1a (1.797 Å) was greater than that in 1c (1.794 Å).

CHCl2SH (2a and 2b). Figure 2a shows the potential scan
for the internal rotation about the C–S bond for 2a compound
at the MP2/6-311G(d,p) level of theory. The resulting poten-
tial curve (Fig. 2a) of CHCl2SH had minima for conformers
2a and 2b at ’(W–S–C–X) = 63.1 and 179.6�, respectively.
The calculated Gibbs free energy difference between 2a and
2b conformers was 3.3 kJmol�1. The Gibbs free energy barrier
in going from 2a conformer to TS1 is 10.7 kJmol�1, as shown
at top of Fig. 2a. In the lowest energy conformation (2a) of
CHCl2SH compound, thiol hydrogen was gauche to the maxi-
mum number of halogens, despite the steric penalty incurred
for adopting such a position. The shortening of the C–S bond
by 0.012 Å, lengthening of the C–Cl(X) and C–Cl(Y) bonds,
respectively, by 0.01 and 0.001 Å, and increase in the S–C–
Cl(X) angle by 5.5� in conformer 2a relative to the 2b at the
MP2/6-311+G(d,p) level of theory can also be attributed to
an AE.

The barriers to rotation about the C–S bond in gauche con-
formation of CH2ClSH and CHCl2SH were approximately
identical. For CH2ClSH and CHCl2SH compounds, the Gibbs
free energy difference between the two possible conformers
was 6.1 and 3.3 kJmol�1, respectively. Hence, energetic pref-
erence at MP2/6-311+G(d,p) level is slightly greater in CH2-
ClSH than in CHCl2SH.

Table 2. Optimized Geometrical Parameters of Molecules 1a–1d at MP2/6-311+G(d,p) Levela)

W
X

ZY
W

X

ZY

a,c b,d

1a 1b 1c 2a 2b 2c 2d

C–X 1.785 1.772 1.091 1.780 1.770 1.779 1.770
(1.775)b)

C–Y 1.088 1.088 1.091 1.780 1.779 1.089 1.089
C–Z 1.089 1.088 1.094 1.088 1.086 1.092 1.089
C–S 1.797 1.817 1.794 1.797 1.809 1.785 1.808

(1.812)c)

S–W 1.335 1.337 2.059 1.337 1.337 2.052 2.059

Y–C–Z 108.9 110.2 109.1 106.8 106.2 109.6 110.4
Y–C–X 107.1 107.6 110.3 109.8 111.3 107.8 108.9
X–C–Z 107.8 107.6 109.1 106.8 106.9 108.3 108.9
Y–C–S 111.3 111.0 111.2 113.5 113.2 110.4 110.4
Z–C–S 106.4 111.0 105.8 105.9 111.0 104.8 110.4
X–C–S 115.1 109.4 111.3 113.5 108.0 115.7 107.8
W–S–C 95.6 94.0 99.8 94.8 93.9 99.2 96.2

W–S–C–X 66.3 179.9 61.7 63.1 179.6 71.2 �179:9
W–S–C–Y �55:9 �61:4 �61:7 �63:1 �55:8 �51:8 �61:3
W–S–C–Z 174.3 61.4 180.0 �179:0 63.5 169.6 61.1

a) Bond lengths are given in angstroms and angles in degrees. b) C–Cl bond length in chloro-
methane. c) C–S bond length in methanethiol.
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CH2ClSCl (2c and 2d). The potential scan for the internal
rotation about the C–S bond in compound 2c is shown in
Fig. 2b. The �G# on going from TS1 was 15.8 kJmol�1, as
shown at the top of curve in Fig. 2b. The Gibbs free energy of
the gauche conformer 2c at the MP2/6-311+G(d,p) level is
5.8 kJmol�1 lower than the anti 2d one, as given in Table 1.
Therefore, the energetic preference of most stable conformer at
MP2/6-311+G(d,p) level is slightly greater in CH2ClSCl than
in CHCl2SH. As a result, the order of energetic preference of
most stable conformers in studied compounds is CH2ClSH >
CH2ClSCl > CHCl2SH.

The shortening of the C–S bond by 0.023 Å, lengthening
of the C–Cl bond by 0.009 Å and increase of the S–C–Cl angle
by 7.9� in gauche conformer 2c relative to the anti conformer
2d at the MP2/6-311+G(d,p) level of theory can also be
explained by anomeric effect.

Natural Bond Orbital Analysis. Among theoretical meth-
ods, natural bond orbital (NBO) analysis is a unique approach

to the evaluation of the delocalization effects.6,17,18,38,39 The
most important interactions between donor and acceptor NBOs
are reported in Table 3. In addition, occupancies of natural
bonds and lone pairs, natural charges, and %p-character of sul-
fur atom are given in Table 4. Total energies, Lewis energies,
and electronic delocalization contribution to the anomeric
effect are also given in Table 5.

CH2ClSH. From results of NBO analysis collected in
Table 3, in the gauche structure 1a, the charge-transfer ener-
gies of lp2(S) ! ��(C–Cl) and lp2(S) ! ��(C–H) interac-
tions were 55.1 and 18.4 kJmol�1, respectively. These two in-
teractions represent approximately 23% of the total delocaliza-
tion energy (324.0 kJmol�1). In the anti structure 1b the lp2(S)
participate in two lp2(S) ! ��(C–H) interactions with total
charge-transfer energy of 50.4 kJmol�1. Dependence of most
important delocalization energy Eð2Þ on the ’(X–C–S–H) dihe-
dral angle is shown in Fig. 3. As can be observed, the strength
of delocalization energy of lp2(S) ! ��(C–Cl) interaction in-
creased going from the eclipsed (’ ¼ 0:0�) to gauche (’ ¼
66:3�) structure and then decreased. In addition, reduction of
delocalization energy of lp2(S) ! ��(C–Z(H)) interaction
was accompanied by an increase in lp2(S) ! ��(C–Y(H)) in-
teraction on rotation. It should be noted that although delocal-
ization energy of lp2(S) ! ��(C–Cl) interaction at ’ � 85:0�
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Fig. 1. Calculated potential energy curve for rotation
around the S–C bond at MP2/6-311G(d,p) level. (a) and
(b) (expanded) for CH2ClSH and (c) for CH3SCl. Activa-
tion energies at MP2/6-311+G(d,p) level are given at top
of curves.
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Fig. 2. Calculated potential energy curve for rotation
around the S–C bond at MP2/6-311G(d,p) level. (a) For
CHCl2SH and (b) for CH2ClSCl. Activation energies at
MP2/6-311+G(d,p) level are given at the top of curves.
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(Fig. 3a) is a maximum, the most stable conformer (gauche)
is formed at ’ ¼ 66:3� (Table 2). Therefore, the most stable
conformation of CH2ClSH may also be influenced by some
other factors, such as weak interactions.

Because of stronger hyperconjugative interactions with
��(C–Cl) in 1a with respect to the 1b, ��(C–Cl) occupation
number in 1a was greater than 1b by 0.0244e. In 1a, the
lp2(S) ! ��(C–Cl) interaction is stronger than lp3(Cl) !
��(C–S) interaction (with 35.7 kJmol�1 energy), and in the
1b, the lp3(Cl) ! ��(C–S) interaction (with 31.1 kJmol�1

energy) was weaker than two lp2(S) ! ��(C–H) interactions
with the total charge-transfer energy of 50.4 kJmol�1. The

lp3(Cl) ! ��(C–S) interaction energy in both conformers is
almost identical.

The changes in charge-transfer energies of lp2S ! ��(C–
X) (X ¼ F and Cl) on rotation in CH2XSH are compared
in Fig. 3a. From comparison of charge-transfer energies of
lp2S ! ��(C–X) (X ¼ F and Cl) and of lp2S ! ��(C–
Y(H)) interactions in gauche conformer of CH2FSH

37 and
CH2ClSH (see Table 3), it can be seen that when moving
down through the group 17 of periodic table the charge-trans-
fer energy of lp2S ! ��(C–X) interaction decreases from
69.4 to 55.1 kJmol�1 and that of lp2S ! ��(C–Y) interaction
increases from 13.1 to 18.4 kJmol�1. The differences in the

Table 4. NBO Analysis Data Calculated at the HF/6-311+G(d,p) Level of Theory

Occupancy

1a 1b 1c 2a 2b 2c 2d

C–Y 1.9948 (1.9952)a) 1.9961 1.9963 1.9929 1.9936 1.9932 1.9951
C–Z 1.9920 (1.9951) 1.9961 1.9868 1.9897 1.9936 1.9857 1.9955

��(C–X) 0.0385 (0.0181) 0.0141 — 0.0593 0.0421 0.0408 0.0158
C–S 1.9931 (1.9935) 1.9930 1.9933 1.9911 1.9911 1.9925 1.9904
lp1(S) 1.9921 (1.9953) 1.9944 1.9954 1.9844 1.9919 1.9939 1.9963
lp2(S) 1.9518 (1.9691) 1.9734 1.9690 1.9456 1.9542 1.9463 1.9700

Natural charge

C �0:4708 (�0:4612) �0:4545 �0:6589 �0:3815 �0:3686 �0:5571 �0:5273
S 0.0409 (0.0290) 0.0318 0.2633 0.0846 0.0811 0.2913 0.2741
X �0:0677 (�0:0486) �0:0481 �0:2051 �0:0101 0.0022 �0:0177 0.0022

% p-Character of sulfur

C–S 82.1 (83.2) 83.1 81.0 82.6 83.3 81.7 82.8
lp1 33.8 (30.4) 29.7 24.8 30.4 31.6 26.4 22.8
lp2 97.2 (99.6) 100.0 100.0 100.0 97.9 97.9 100.0

a) NBO data for TS1 is given in the parentheses.

Table 3. The Second-Order Perturbation Energy Eð2Þ (kJmol�1) (Donor ! Acceptor) Calculated at the
MP2/6-311+G(d,p) Level

Donor Acceptor 1a 1b 1c 2a 2b 2c 2d

lp1(S) ��(C–Y) 6.4 2.2 — 10.2 5.2 4.3 —
lp1(S) ��(C–Z) 3.3 2.2 — 4.2 5.7 — —
lp1(S) ��(C–X) 3.0 — — 10.2 — 2.4 —
lp2(S) ��(C–Y) 18.4 25.2 27.6 41.9 45.6 16.9 26.1
lp2(S) ��(C–Z) — 25.2 27.6 — 25.3 — 26.1
lp2(S) ��(C–X) 55.1 — — 41.9 — 59.4 —
lp2(X) ��(C–S) — — — 29.9 25.4 17.8 15.1
lp3(X) ��(C–S) 35.7 31.1 13.7 29.9 21.9 36.9 30.0

Table 5. Total Energy, Lewis Energy (in au), and Electronic Delocalization Contribution to the AE (��Edel in kJmol�1) Calculated at
the HF/6-311+G(d,p) Level of Theory

1a 1b 1c 2a 2b 2c 2d

Etot �896:66227 �896:65874 �896:65359 �1355:57493 �1355:57415 �1355:57178 �1355:57079
ELewis �896:53876 �896:54604 �896:56850 �1355:36977 �1355:37414 �1355:42148 �1355:43472
�Edel �324:0 �295:6 �223:2 �538:1 �524:3 �394:3 �356:9
�Etotal 0.0 9.3 22.8 0.0 2.3 0.0 2.6
�ELewis 0.0 �19:1 �78:0 0.0 �11:4 0.0 �34:7
��Edel

a) 0.0 28.4 100.8 0.0 13.8 0.0 37.4

a) ��Edel ¼ ðEtotal � ELewisÞanti � ðEtotal � ELewisÞgauche.
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trends involving the ��(C–F) and ��(C–Cl) antibonds as
acceptors can be rationalized quantitavely through NBO anal-
ysis of Eð2Þ. For each donor NBO (i) and acceptor NBO (j), Eð2Þ

associated with delocalization i ! j was estimated as Eð2Þ ¼
�Eij ¼ �qjFði; jÞ2=ð"i � "jÞ, where qi is the donor orbital oc-
cupancy, "i, "j are diagonal elements (orbital energies) and
F(i,j) is the off-diagonal NBO Fock matrix element. NBO
calculations showed that the values of �" and F(i,j) included
in Eð2Þ term decrease, respectively, from 0.85 and 0.106 au in
lp2S ! ��(C–F) interaction to 0.71 and 0.087 au in lp2S !
��(C–Cl) one. Therefore, trends in the donor ability of the sul-
fur lone pair toward ��(C–X) orbitals are controlled by
increasing the F(i,j) term by 0.019 au on going from Cl to F.
The increase in energy of lp2S ! ��(C–Y) interaction in
going from CH2FSH to CH2ClSH can be attributed to increas-
ing of F(i,j) term by 0.01 au.

From Table 4, the lone pairs of sulfur atom are directionally
inequivalent in the gauche structure: one occupies an orbital
with considerable p-character (97.2%) and a low occupation
number (1.9518e) and the other occupies an orbital with
p-character (33.8%) and high occupation number (1.9921e).

The p-character of the sulfur lone pair, in which participate
in lp(S) ! ��(C–Cl) interaction in the gauche (lp2(S)) and
anti (lp1(S)) structures were 97.2 and 29.7%, respectively.
The obtained results show that donor ability decreases with
an increase in the s-character of a lone pair and lone pairs with
100% p-character are intrinsically better donors than respec-
tive spn hybrid orbitals.

The natural charge distribution of 1a (gauche structure)
calculated at the HF/6-311+G(d,p) level (Table 4) shows that
both the C and Cl carry negative charges of �0:4708e and
�0:0677e, respectively, and S carries a positive charge of
0.0409e. For the anti structure 1b, the negative charge on the
Cl (�0:0481e) was smaller than corresponding atom in the
gauche structure by 0.0196e. Therefore, lp(S) ! ��(C–Cl)
interaction in the gauche structure is stronger than anti struc-
ture, causing a large negative charge on the Cl atom in the
gauche structure.

Studies on the compounds involving atoms with different
types of lone pairs show that the effect of charge delocalization
should not be studied comparing only lp ! �� interactions,
since � ! �� interactions and interactions involving Rydberg
orbitals can have relative importance.9,12 Thus, NBO analysis
at the HF/6-311+G(d,p)//MP2/6-311+G(d,p) level was also
carried out using NOSTAR keyword for zeroing all orbital
interactions (off-diagonal Fock matrix elements). As it can be
seen from Table 5, the difference between total and Lewis en-
ergies (�Edel ¼ Etotal � ELewis) as a measure of loss of stabili-
zation for the gauche structure 1a was �324:0 kJmol�1 (equal
to 0.014% of the total energy). �Edel for the anti structure 1b
was �295:6 kJmol�1 (equal to 0.012% of the total energy),
implying a smaller amount of charge delocalization in the anti
structure than gauche one. The Lewis energy difference
(�ELewis) is a measure of molecular stability in the absence
of stereoelectronic interactions. In the absence of electronic
delocalization, steric effects would be dominant in gauche
conformer (with greater Lewis energy than anti) and a prefer-
ence for the anti conformer would predominate.

The relative total energies of the various conformers as well
as the Lewis and delocalization energy contributions to the
relative energies upon rotation for CH2ClSH and CH2FSH
are presented in Fig. 4a. From Fig. 4a, it is evident that in
going from gauche conformer to anti one, difference between
�Etot and ��Edel increases, indicating charge delocalization
contributions to the total energy decreases. Amount of this
difference for CH2ClSH was firstly greater than CH2FSH on
going from gauche to anti, but it inverted for ’ > 130�. For
’ / 70:0�, a larger decrease in the charge delocalization
contributions to the total energy for CH2FSH is mainly due
to greater increase of Lewis contribution in CH2FSH with
respect to CH2ClSH. On the other hand, as the Lewis contribu-
tion increases on going from gauche to anti, contribution
of delocalization on total energy decreases. Similarity between
the total energy change and delocalization energy change
reveals the influence that the Lewis contribution has on re-
ducing the rotational barrier. Decrease in rotational barrier
on going from CH2FSH to CH2ClSH is expected due to an in-
crease in the Lewis contribution and a decrease in delocaliza-
tion. Besides, Figure 4a shows that the variations of delocali-
zation contribution in both compounds are greater than varia-
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tions of Lewis energy contribution for all dihedral angles.
Therefore, the electrostatic and steric contributions included
in the Lewis term are less important than delocalization
contribution to rotation.

The structural effects of electron delocalization can be ex-
amined by coupling the NBO energetic analysis to numerical
geometry optimization using the Gaussian program package.
The hyperconjugative delocalizations effects on the structural
parameters obtained by HF/6-311+G(d,p) method are given in
Table 6. As can be seen from this Table, in the absence of the
lp(S) ! ��(C–Cl) interaction, the geometry distortion in the
gauche conformer was greater than in anti one.

The rotational energy barrier can be decomposed into struc-
tural (bond and lone pair energy), steric repulsion and de-
localization energy changes (�Ebarrier ¼ �Estruct þ�Edeloc þ
�Esteric).

40,41 The individual energy contributions (�!) form-
ing structural energy and sum of bond and lone pair energy
change (

P
�!) are listed in Table 7. As given in this Table,

the changes of lp1(S), lp2(S), and C–S NBOs energies on rota-
tion in 1a were �95:5, 58.6, and 97.9 kJmol�1, respectively.
Hence the lp2(S) and C–S NBOs are the most important barrier
forming energy contributions. The NBOs energy is sensitive
to changes in hybridization. In other words, the significant
source of the NBO energy increase is the 1.1 and 2.4%
increase in p-character of sulfur of C–S and lp2(S) in TS1
(Table 4 and Fig. 1a), respectively. The barrier forming struc-
tural energy change on rotation in 1a is (�18:5 kJmol�1)
anti-barrier (i.e., negative).

The AE in CH3SCl is expected to be weaker than CH2ClSH.
The sum of Eð2Þ terms corresponding to interactions of the S
lone pairs (lp1 and lp2) with ��(C–H) antibond in 1c com-
pound was 55.2 kJmol�1. It is noteworthy from the NBO data
in Table 3 that the 1a structure benefits from one strong
lp(S) ! ��(C–Cl) interaction with 55.1 kJmol�1 energy,
while this interaction is absent in 1c. The natural charges in
Table 4 indicate that the positive charge on the S (0.2633e)
in 1c structure is larger than that in 1a structure by 0.2224e.

CHCl2SH (2a and 2b). Influence of rotation about the C–
S bond on the most important interaction energies is shown in
Fig. 3b. As can be seen from Fig. 3b, the strength of delocal-
ization energy of lp2(S) ! ��(C–X) and lp2(S) ! ��(C–Y)
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Table 6. Hyperconjugative Delocalizations Effects on the
Structural Parameters: (d) Deletion of lp(S) ! ��(C–
Cl) and lp(S) ! ��(C–H) Hyperconjugative Interactions;
(f) Deletion of lp(S) ! ��(C–Cl) Hyperconjugative
Interaction

d f

Parameter 1a 1b 1a 1b

�(C1–Cl)a) 0.011 �0:044 0.039 �0:007
�(C1–H) �0:009 0.011 0.014 0.012
�(C1–S) �0:068 �0:032 �0:054 0.000
�(Cl–C–S)b) 7.8 4.1 4.0 0.1
�(W–S–C) �2:9 �5:0 �1:9 �1:5
�(W–S–C–Cl)b) 96.1 �17:3 �66:0 0.0

a) Bond lengths are in angstroms. b) Angles are in degrees.

Table 7. HF/6-311+G(d,p) Calculated Change in Bond and
Lone Pair Energies on Rotation

�!a)(GS ! TS1)

1a 2a 2c

C–S 97.9 101.9 0.7
lp1S �95:5 64.6 44.6
lp2S 58.6 �47:9 7.6
C–X �34:5 8.3 �10:9
C–Y �12:2 �62:6 49.3
C–Z �19:1 �9:1 �4:4
S–W 14.5 �37:3 11.2
lp1X �70:0 39.8 19.0
lp2X �11:6 �21:1 �20:7
lp3X 53.5 18.1 �19:2
lp1Y — �54:1 62.6
lp2Y — �37:4 22.2
lp3Y — �25:8 �1:1P

�!b) �18:5 �62:4 161.0

a) �! ¼ "tNt � "eNe.
38,40,41 b) Structural energy in kJmol�1.
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interactions between dihedral angle ’(H–S–C–X) 0 and 63.0�

was different, but in 63.0� (2a) were equal. In conformation 2b
(’ ¼ 180:0�), the delocalization energy of lp2(S) ! ��(C–X)
interaction was nearly zero, whereas its value for lp2(S) !
��(C–Y) interaction was 41.9 kJmol�1. In other words, NBO
results (Table 3 and Fig. 3b) show that conformer 2a benefits
from two strong lp2(S) ! ��(C–Cl) interactions each with a
delocalization energy of 41.9 kJmol�1, whereas the conformer
2b has one such interaction with 45.6 kJmol�1. Owing to the
presence of two lp2(S) ! ��(C–Cl) donor–acceptor interac-
tions in 2a, the stability of 2a structure is greater than 2b one.

In contrast with the CH2ClSH, the calculated natural charge
distribution of 2a and 2b indicates (Table 4) that the both Cl
carry partially positive charges. The NBO analysis also de-
scribes the bonding in terms of the natural hybrid orbitals.
From Table 4, in conformers 2a and 2b, one of the lone pairs
(lp2) of sulfur atom had considerable p-character (100.0% for
2a and 97.9% for 2b) and the other have �30:0% p-character.
Hence, a nearly pure p-type lone pair orbital participates in the
electron donation to the ��(C–Y(Cl)) orbital [lp2S ! ��(C–
Cl)] in conformers 2a and 2b.

For the 2a � 2b equilibrium, Lewis energy difference was
negative (�11:4 kJmol�1) and ��Edeloc was positive (13.8
kJmol�1) (Table 5), indicating conformer 2a is favored when
electronic delocalization is dominant and 2b is preferred when
steric effects predominate. The relative total energies of the
various conformers as well as the Lewis and delocalization
energy contributions to the relative energies upon rotation
for CHCl2SH are presented in Fig. 4b. From Fig. 4b, it is evi-
dent that on going from conformer 2a to 2b one, the difference
between �Etot and ��Edel increases, indicating charge de-
localization contributions to the total energy decrease and
Lewis contributions increase.

The change in lp1(S), lp2(S), and C–S NBO energies on ro-
tation in 2a was 64.6, �47:9, and 101.9 kJmol�1, respectively,
as given in Table 7. Hence, the lp1(S) and C–S NBOs are
the most important barrier forming energy contribution. The
significant source of the NBO energy increase in 2a is the
0.7 and 1.5% increase in p-character of sulfur atom in C–S
bond and lp1(S) NHOs of the top-of-barrier of 2a, respectively.
The structural energy on rotation in 2a was �62:4 kJmol�1.
Hence, structural energy term of rotational barrier in 2a is
anti-barrier.

CH2ClSCl (2c and 2d). Correlations of ’(Cl–S–C–Cl)
dihedral angle with the energy of the most important interac-
tion energies are shown in Fig. 3c. The strength of delocaliza-
tion energy of lp2(S) ! ��(C–Cl) interaction increased on
going from the eclipsed structure (’ ¼ 0:0�) to gauche (’ ¼
73:1�) one, then decreased, and finally become zero in for
the anti conformation (’ ¼ 180:0�). In anti conformation the
lp2(S) ! ��(C–Cl) interaction was replaced by two lp2(S) !
��(C–H) interactions. In addition, reduction of delocalization
energy of lp2(S) ! ��(C–Z(H)) interaction was accompanied
by an increase in the lp2(S) ! ��(C–Y(H)) interaction on
rotation. Hence, the NBO results (Table 3 and Figure 3c) show
that in the gauche conformer 2c, lp2(S) participates in
lp2(S) ! ��(C–Cl) interaction with a charge-transfer energy
of 59.4 kJmol�1, while the strength of this interaction in 2d
is smaller than threshold limit (2.1 kJmol�1). Since lp2(S) !

��(C–Cl) orbital interaction is nearly absent in conformer 2d,
stabilization of conformer 2c vs. 2d results. Because of the dif-
ferent charge-transfer interactions, the occupation number of
��(C–Cl) in 2c (0.0408e) is greater than 2d (0.0158e). The
relative total energies of the various conformers as well as
the Lewis and delocalization energy contributions to the rela-
tive energies upon rotation for CH2ClSCl are presented in
Fig. 4c. The Lewis energy term was small and positive for di-
hedral angles between 0.0 and 73.1� and then increased on
going from gauche conformer to anti one, as shown in Fig. 4c.
the decrease in the charge delocalization contributions to the
total energy is mainly due to increases of Lewis contributions
in going from gauche conformer to anti one.

For the 2c � 2d equilibrium, Lewis energy difference was
negative (�34:7 kJmol�1), and ��Edeloc was positive (37.3
kJmol�1), indicating that conformer 2c is favored when elec-
tronic delocalization is dominant and 2d is preferred when the
steric effects predominate. On the other hand, the absolute
value of �ELewis and ��Edeloc in CH2ClSCl was greater than
CHCl2SH. Therefore, it is expected that the energetic prefer-
ence of most stable conformer in CH2ClSCl is greater than that
of CHCl2SH.

As shown in Table 7, the change of lp1(S), lp2(S), and C–S
NBOs energy on rotation in 2c was 44.6, 7.6, and 0.7 kJmol�1,
respectively. Hence energy of lp1(S) is the dominant term in
structural energy. The change in the percentage of p-character
in lp1(S), lp2(S), and sulfur atom of C–S bond on rotation was
�2:8, 1.9, and 1.0, respectively. The structural energy on rota-
tion in 2c was 161.0 kJmol�1. Hence, it is expected that the
structural energy term contributes to the rotational energy
barrier of 2c.

Computational Details

Potential scans for the internal rotation about the C–S bond
were performed by using geometry optimization at fixed dihe-
dral angles ’(W–S–C–X) of 0–360� with MP2/6-311G(d,p)
method. All of the structures studied in this work were fully
optimized at the HF/6-311+G(d,p), B3LYP/6-311+G(d,p),
and MP2/6-311+G(d,p) levels of theory. The vibrational
frequencies were also calculated at the same levels to charac-
terize the stationary points and calculation of thermal correc-
tions. All computations were performed using the Gaussian-98
program package.42 The NBO analysis43 was carried out on the
HF/6-311+G(d,p) wave functions obtained from the MP2/6-
311+G(d,p) optimized geometries using version 3.1 of NBO
package44 included in Gaussian-98 program.

Conclusion

The data and discussion in previous sections, lead us to the
following major conclusions. The gauche conformers, that is,
1a, 2a, and 2c were predicted to be more stable than corre-
sponding anti ones. The order of energetic preference of most
stable conformers in studied compounds was CH2ClSH >
CH2ClSCl > CHCl2SH. Also, substitution of F by Cl in CH2-
FSH reduced the AE. NBO analysis at the HF/6-311+G(d,p)
level indicates that the conformational preference of 1a, 2a,
and 2c conformers over 1b, 2b, and 2d ones, respectively is
the result of a wide variety of orbital interactions. However,
interactions between the lp(S) and the ��(C–Cl) are the most
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important factors for stabilizing the gauche conformers. The
strength of delocalization energy of lp2(S) ! ��(C–Cl) inter-
action in all compounds increased on going from the eclipsed
(’ ¼ 0:0�) to gauche structure and then decreased. From com-
parison of charge-transfer energy of lp2S ! ��(C–X) (X ¼ F

and Cl) interaction in gauche conformer of CH2FSH and
CH2ClSH, it can be seen that when moving down through
the group 17 of periodic table the charge-transfer energy of
lp2S ! ��(C–X) interaction decreases. In the absence of
the lp(S) ! ��(C–Cl) hyperconjugative interaction in 1a, the
geometry distortion in the gauche conformer is greater than the
anti one. Difference between total and Lewis energies for the
gauche structure of 1a, 2a, and 2c is greater than correspond-
ing anti structures (1b, 2b, and 2d), which imply a lower
charge delocalization in the anti structures than gauche ones.
From the ��Edel values, it can be concluded effect of hyper-
conjugative stabilization is always stronger than effect of ener-
gy of the conformers considered as hypothetical Lewis struc-
tures. Hence, the electrostatic and steric contributions involved
in the Lewis term are less important than the charge delocal-
ization. In addition, for all compounds, the difference between
�Etot and ��Edel on going from gauche conformer to anti one
increase, indicating charge delocalization contributions to the
total energy decreases and Lewis contributions increases.
The structural energy on rotation in 1a, 2a, and 2c was
�18:5, �62:5, and 161.0 kJmol�1, respectively. Hence, the
structural energy term of rotational barrier in 1a and 2a is
anti-barrier.
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