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Ab initio MO calculations were carried out, at the MP2/6-311G(d,p)//MP2/6-31G(d) level, to determine the confor-
mational energy of alkyl 1-phenylethyl sulfoxides, CH
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 60°) where the alkyl group (R) is 

 

gauche

 

 to the C
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H
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 (Ph)
and 

 

anti

 

 to the benzylic methyl group (Me) has been found to be the most stable.  Rotamer 

 

b

 

 (

 

φ

 

 

 

~

 

 300°), where R is
flanked by Me and Ph, has been shown the next most stable in every case except for isopropyl and 

 

t

 

-butyl analogue with
the 

 

threo

 

 configuration.  The R/Ph 

 

anti

 

 conformation (rotamer 

 

c
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φ

 

 

 

~

 

 180°) has been found the least stable.  Interatomic
distances (CH/

 

π

 

 as well as CH/O) at the stable geometries are found to be very short.  These results are interpreted in the
context of the attractive CH/

 

π

 

 and CH/O hydrogen bonds and the unfavorable electrostatic interaction between the S–O
dipole and the quadrupole of the phenyl group.  In view of the above result and of previous findings, the alkyl/phenyl
congested folded conformation of aralkyl compounds has been suggested to be a general phenomenon.

 

More than 25 years have elapsed since one of the authors
and co-workers reported on the 'unusual' conformation for a
series of 

 

t

 

-butyl 1-phenylethyl sulfoxides.  Thus, in 1974, a X-
ray crystallographic study of (
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mophenylethyl sulfoxide, CH
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demonstrated that the 
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-butyl group was 

 

gauche

 

 to the phenyl
(Ph) and 

 

anti

 

 to the benzylic methyl group (Me).
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-butyl-1-
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-bromo-
phenylethyl sulfoxide, was shown to exist in a similar confor-
mation (

 

t

 

-Bu/Ph 

 

gauche

 

) in crystals (Fig. 1)
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.
The solution conformation of these sulfoxides was then

studied, by NMR and CD; it was shown that both the diastere-
oisomers maintained a conformation similar to that in solid.
Dipole-moment measurements gave results consistent with this

conclusion.
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  The solution conformation of lower alkyl ana-
logues CH
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examined subsequently.
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  Again, the alkyl group was suggested
to be 

 

gauche

 

 to Ph and 

 

anti

 

 to Me in the most preferred confor-
mation (Fig. 2, rotamer 

 

a

 

: R/Ph torsional angle 

 

φ

 

 

 

~

 

 60°), irre-
spective of the configuration at the chiral carbon and sulfur
atom (

 

threo

 

 or 

 

erythro

 

).
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  The second most favorable confor-
mation has been suggested to be R flanked by Ph and Me (rot-
amer 

 

b

 

: 

 

φ

 

 

 

~

 

 300°).
The authors suggested that the phenomenon is a conse-

quence of attractive interactions occurring between the alkyl
CH and the phenyl 

 

π

 

-ring.

 

6

 

  The weak molecular force, now
termed the CH/

 

π

 

 interaction,

 

7

 

 has been recognized as a kind of
weak hydrogen bond operating between a soft acid and a soft
base.  Evidence has since accumulated to indicate that the
CH/

 

π

 

 interaction plays important roles in the conformational
issues of organic compounds.
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In a previous paper, we studied the conformation of a series
of alkyl 1-phenylethyl ketones, MeCH(C

 

6

 

H

 

5

 

)–CO–R, by MP2/
6-311G(d,p)//MP2/6-31G(d) level calculations.
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  A conforma-
tion whereby the group R (CH
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) is

 

gauche

 

 to Ph and 

 

anti

 

 to Me (Fig. 3, rotamer 

 

a

 

) has been found
as the most stable.  Another favorable conformation has been
shown to bear R flanked by Ph and Me (rotamer 

 

b

 

).  A note-
worthy feature was the dearth of the rotamer (R/Ph 

 

anti

 

) corre-
sponding to 

 

c

 

.  This type of geometry is customarily assumed
to be the most stable by organic chemists in stereochemical

 

# A comprehensive literature list for the CH/

 

π

 

 interaction is avail-
able on the following website: http://www.tim.hi-ho.ne.jp/dioniso

Fig. 1.   X-ray crystallographic results of (

 

α

 

S

 

,S

 

R

 

)- and
(

 

α

 

S

 

,S

 

S

 

)-

 

t-butyl-1-p-bromophenylethyl sulfoxides.

considerations (bulk repulsive conjecture).
To explore the generality of the above phenomenon and to

investigate the principle determining the conformational equi-
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librium of organic molecules, here we studied the conforma-
tion of a series of alkyl 1-phenylethyl sulfoxides by ab initio
MO calculations.  We will show that the folded alkyl/phenyl
conformation is not “unusual” but prevails generally in these
simple aralkyl compounds.

Method

The Gaussian 98 program10 was used.  The basis sets imple-
mented in the program were employed without modification.

Electron correlation energies were calculated by applying the
second order Møller-Plesset (MP2) perturbation theory.
Geometry of the molecules was optimized at the MP2/6-
31G(d) level of approximation.  Using these geometries, single
point calculations were performed at the MP2/6-311G(d,p)
level to estimate the conformational energies.  Vibrational fre-
quencies were calculated using the analytical second deriva-
tives at the same level of the geometry optimization for each
conformer.  Using these results, the thermal energy corrections
were added to the total energy at 298.15 K and 1 atmosphere
of pressure, using the principal isotope for each element type.

Results and Discussion

Table 1 gives relative steric energies of the stable conforma-
tions of alkyl 1-phenylethyl sulfoxides CH3CH(C6H5)–S(O)–R
with differing configurations.  Figure 4 gives computer outputs
of the methyl analogues (threo and erythro) as an illustrative
example.  Table 2 lists interatomic CH/π, CH3/O, and Cortho

–H/O distances at the stable geometry of the respective
rotamers.11

As expected, rotamer a has been calculated to be the most
stable, irrespective of the configuration and the nature (bulki-
ness) of the alkyl group.  For ethyl and isopropyl analogues
three stable geometries are found, with respect to the rotation
around the S–C(alkyl) axis.  For these derivatives, a geometry
that bears a Cα–H bond pointing to the ipso carbon of the
phenyl group (thus forming a 5-member CH/π bond) is the
most stable.  In Fig. 5 are given stereo views for rotamer a of
the ethyl analogues.  Note that the relevant C–H bonds point to
the phenyl ring.  In rotamer b, on the other hand, this type of
geometry is not always found to be the most stable (Table 1).
This is understandable since, in these cases, a methyl group in
ethyl or isopropyl clashes with the benzylic methyl.  It may be
pointed out in this regard that the torsion angle φ correspond-
ing to these geometries (underlined) significantly deviates
from the standard value.

Short CH/π distances are noted between an α- or a β-CH in
R and the ipso carbon in every case; 2.52–2.73 Å and 2.56–
2.72 Å for 5- and 6-member CH/π hydrogen bond, respective-
ly.  These values are shorter than the accepted van der Waals

Fig. 2.   Three stable conformations of sulfoxide diastereoiso-
mers CH3CH(C6H5)–S(O)–R.

Fig. 3.   Three conformations of alkyl 1-phenylethyl ketones,
CH3CH(C6H5)–CO–R. 

Table 1.   Relative Gibbs Free Energies (in kcal mol−1) at 298 K and 1 Atmosphere of Pressure of the Stable Conformations of
CH3CH(C6H5)–S(O)–R (threo and erythro), Calculated by the Ab Initio Method, MP2/6-311G(d,p)//MP2/6-31G(d).  Optimized
Torsion Angles R–S–C–Ph, φ/° are Given in the Parentheses.  Number in the Bracket for Rotamer a and b of Ethyl and Isopropyl
Analogues Indicates the Number of Atoms Forming the Intramolecular CH/π Hydrogen Bond.  See Text for the Underlined Values

(a) threo (b) erythro

Rotamer a Rotamer b Rotamer c Rotamer a Rotamer b Rotamer c
CH3 0.00 (66) [5] 1.00 (308) [5] 1.29 (165) CH3 0.00 (48) [5] 1.03 (298) [5] 3.48 (173)

C2H5 0.00 (63) [5] 1.46 (307) [5] 1.65 (162) C2H5 0.00 (49) [5] 0.99 (301) [5] 3.15 (176)
0.31 (65) [5] 2.01 (308) [6] 2.27 (169) 0.57 (46) [5] 2.33 (303) [6] 3.27 (173)
1.67 (62) [6] 3.72 (320) [5] 3.28 (148) 0.62 (53) [6] 2.70 (295) [5] 5.50 (173)

i-C3H7 0.00 (62) [5] 1.74 (306) [6] 1.53 (160) i-C3H7 0.00 (45) [5] 1.54 (302) [6] 3.27 (177)
0.83 (63) [6] 3.19 (322) [5] 3.26 (143) 0.60 (54) [6] 3.14 (311) [5] 4.73 (172)
2.14 (63) [6] 5.75 (312) [6] 3.49 (147) 2.35 (55) [6] 5.92 (307) [6] 6.36 (172)

t-C4H9 0.00 (67) [6] 3.78 (312) [6] 1.16 (144) t-C4H9 0.00 (56) [6] 3.68 (305) [6] 3.95 (172)
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distance (1.2 + 1.7 = 2.9 Å).12  The results well compare with
the data of a crystallographic database survey: 2.63 and 2.70
Å, respectively, for 5- and 6-member intramolecular CH/π
bonds.13

Another interesting feature of the present results is that rota-
mer b is more stable than rotamer c (with two exceptions: R =
i-C3H7 and t-C4H9, threo).14  In rotamer b, R is flanked by Me
and Ph.  This rotamer has allegedly the most crowded geome-
try, which organic chemists often neglect in stereochemical
considerations.  The steric congestion (R vs Me) is certainly
severer in rotamer b than in rotamer a.  The difference in Gibbs
energy between rotamers a and b (∆ab) in fact increases from
1.00 and 1.03 kcal mol−1 (R = CH3) to 3.78 and 3.68 kcal
mol−1 (t-C4H9) in the threo and erythro sulfoxides, respective-
ly.

The CH3/O interaction between the benzylic methyl group
(Me) and the S–O oxygen may stabilize rotamers a and c in the
threo sulfoxides, and rotamers a and b in the erythro series.  It
is noteworthy in this respect that, in rotamer a, the R/Ph tor-
sion angle is larger in the threo sulfoxides (62–67°) than in the
erythro series (45–56°).  Consequently, the Me/O torsion angle
becomes approximately the same (58–67°) in rotamer a of
both the diastereoisomers.  In such geometry, the S–O oxygen
and Me come sufficiently close to each other.  Distances be-

tween one of the three hydrogens of Me and the S–O oxygen
atom are in fact found to be short in these geometries (2.55–
2.68 Å, 2.36–2.51 Å, and 2.40–2.49 Å, respectively, for rotam-
er a of threo sulfoxides, rotamer b of erythro sulfoxides, and
rotamer c of threo-sulfoxides).  The above values are much
shorter than the sum of the van der Waals radii of the relevant
atoms (1.2 + 1.5 = 2.7 Å); this indicates the importance of
this type of hydrogen bond in controlling the conformation of
these molecules.

The least favorable geometry is rotamer c, which bears R
anti to Ph.  This is understood in terms of the unfavorable elec-
trostatic interaction between the dipole of S–O and the quadru-
pole of phenyl group.9  Further, in rotamer c, the stabilizing
CH/π interaction cannot occur.  The differences in Gibbs
energy between rotamers a and c (∆ac) are smaller in the threo
series (1.16–1.65 kcal mol−1) than the corresponding values of
the erythro sulfoxides (3.15–3.95 kcal mol−1).  This is reason-
able, since two types of CH/O hydrogen bonds (CH3/O and
Cortho–H/O interactions, Fig. 6) may contribute in rotamer c of
the threo sulfoxides.  Stabilization from the CH3/O hydrogen
bond cannot be anticipated, on the other hand, in rotamer c of
the erythro sulfoxides.  The stabilizing effect of the Co–H/O
interaction finds support in the short C–Ho/O distances at the
respective geometries (Table 2).

Fig. 4.   Stereo views of the methyl sulfoxides as illustrative examples.  (a) threo-a, (b) threo-b, (c) threo-c, (d) erythro-a, (e) erythro-
b, (f) erythro-c.  Note that, in rotamers a and b, the relevant C–H bond exactly points toward the phenyl ring.
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Conclusion

The present computational results show that the relative
conformational energy is determined by a compromise of vari-
ous interactions, attractive as well as repulsive.  The attractive
interactions include the CH/π and CH/O15 hydrogen bonds.  In
rotamers a and b, R is close to Ph and is capable of interacting
favorably with the π-system.  In rotamers a and c of threo sul-
foxides and in rotamers a and b of erythro sulfoxides, CH3/O
hydrogen bond can operate between the benzylic methyl group
and the polarized S–O oxygen atom.  In rotamers b and c of
threo sulfoxides and in rotamers a and c of erythro sulfoxides,
the C–Ho/O interaction may operate between an ortho CH and
the S–O group.  The unfavorable interactions are of steric (R
vs Me) and electrostatic (O vs Ph) nature.

A similar alkyl/phenyl folded conformation was suggested
to prevail for structurally related aralkyl compounds CH3CH-
(C6H5)X–R: ketones (X = CO; NMR)16 and alcohols (CHOH;
IR, NMR).17  In all of the cases examined, the conformer cor-
responding to geometries a and b has been shown to prepon-
derate, irrespective of the nature of the group X (CO, CHOH,
SO, or SO2) and the experimental condition.  The above find-
ings are consistent with our recent result obtained by a statisti-

cal study of the Cambridge Structural Database;13 the CH/π-
interacted folded structure is often found in crystals as well as
in solution.  It therefore seems that the alkyl/aryl-congested
conformation is not an exception but is the rule.  It is clear that
the dominant force to stabilize the folded conformation is the
CH/π interaction.18  The intramolecular 1,5-CH/O hydrogen
bond,19 where possible, serves for maintaining the stability of
these conformations.

The ab initio MO calculations correctly reproduced the
experimental data, with regard to the conformational equilib-
rium of alkyl 1-phenylethyl sulfoxides.  Previous force-field
calculations20 predicted rotamer a to be the most stable but
erroneously suggested rotamer c as the next most stable.  The
failure of the MM2 method in predicting the correct rotameric
equilibrium may most probably be due to the negligence of the
favorable CH/π and CH/O hydrogen bonds and of the unfavor-
able O/Ph interaction.  We conclude that the necessary param-
eters for such interactions, underestimated in the past, should
be implemented in the future version of force-field programs.

This study was supported in part by a Grant-in-Aid on Re-
search for the Future “Photoscience” (JSPS-RFTF-98P01202)
from the Japan Society for the Promotion of Science.  The au-

Fig. 5.   Stereo views of three stable geometries (each two 5-membered and one 6-membered CH/π-bonded ones) of rotamer a of
ethyl analogues.  (a) threo, (b) erythro.
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