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The so-called gauche rule preferring the less symmetrical sc conformations on sp*~sp* bonds was
revised by theoretical calculations of five sulfonyl derivatives: CsHsSO,OCH3, CH3SO,0C¢Hs5,
CISO,0C¢H;s, C¢HsSO,CH,Cl and C¢HsSO,S0,CHs. At the same time the limiting possibilities
of common theoretical models were tested in predicting exact geometry and minute energy
differences between rotamers. With a larger basis set, for instance at the level B3LYP/

6-311+ G(3df,3pd)//B3LYP/6-311 + G(3df,3pd) or MP2/6-311 + G(2df,2pd)//MP2/

6-311+ G(2df,2pd) different methods yielded concordant values of the dihedral angle t
characterizing the conformation. However, the predicted values of energy were not in sufficient
agreement to give reliable population of rotamers. Probably the best estimate of this population
can be obtained by combining the calculated angle T with some experimental quantities, for

instance with dipole moments. According to these results, the gauche rule is not a generally valid
law. Preponderance of sc¢ conformation in different classes of compounds may have different
reasons. In our case, we obtained a qualitative explanation assuming that conformation is
determined by destabilizing interaction of two polar bonds in the neighbouring sc position, while

lone electron pairs have no observable effect.

Introduction

Conformations for single bonds connecting two sp* hybridized
atoms are usually near to the staggered forms. The number of
three possible conformations is reduced to two in simpler,
more symmetrical compounds; of them usually the less sym-
metrical is preferred. To give a simple example, 1,2-dicya-
noethane prefers' the synclinal, C, conformation (once also
called “‘gauche’) to antiperiplanar, C,,. In 1972 Wolfe at-
tempted to generalize these regularities in the so-called gauche
rule.> A conformation should be stabilized by interactions of
two polar bonds or two lone electron pairs in the position sc
(gauche). This conformation is the more stable, the more such
interactions exist. This rule was not quite unambiguous: with
more complex compounds it may happen that interactions
between bonds are opposed by interactions between electron
pairs; in this case the bonds should be more important.> The
rule also does not distinguish the polar bonds according to the
orientation of the polarity.

The basic paper? has been cited more than 800 times. On the
other hand, few attempts were made to formulate the rule
more precisely. The problem is still current but is investigated
mainly on particular classes of compounds.®* This strategy is
followed also in the present communication, which is devoted
to sulfonyl derivatives 1-5 investigated formerly by one of the
present authors using dipole moments.>® Since the dipole
moments of these compounds were generally high, it was
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possible to estimate roughly the population of the conformers
from experiments.’'?> This approach was sometimes sup-
ported by determination of the Kerr constant'®'* and by IR

spectroscopy. 13-15
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The merit of the dipole moment method is that it does not
involve any empirical correlations and determination of
conformation is commonly straightforward. Thus the dipole
moment of 5, 3.99 D, is evidently not compatible with the
conformation ap, although the quantitative estimate led to
the conclusion that this form still prevails.® On the other
hand, the dipole moments are of limited experimental accu-
racy and the estimate of the expected moments from bond
moments is rather approximate: recent reinvestigation
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Table 1 Calculated energies and some geometrical parameters of the conformers of methyl benzenesulfonate 1

Theoretical model E(sc)/a.u. E(ap)/a.u. AE/kJ mol ™! Yo(sc) £ O-S-0°/)° /° 1(s70)”//-°\
HF/SVP —891.2517821 —891.2527022 2.42 43 122.5 82.9 1.457
HF/6-31G(d,p) —891.7667441 —891.7679113 3.06 37 121.3 70.6 1.424
HF/6-31G(df,pd) —891.8059815 —891.8073929 3.71 31 121.0 80.6 1.420
MP2/6-31G(df,pd) —893.6140190 —893.6143070 0.76 60 122.3 75.2 1.449
MP2/6-311 + G(2df,2pd) —893.9944007 —893.9928307 —4.12 91 122.1 72.0 1.435
B3LYP/SVP —894.8614221 —894.8616225 0.53 62 122.5 82.8 1.456
B3LYP/6-31G(d,p) —895.3587582 —895.3593474 1.55 52 122.2 79.9 1.458
B3LYP/6-31G(df,pd) —895.3860098 —895.3868274 2.15 46 121.9 79.6 1.455
B3LYP/6-311+ G(d,p) —895.5126393 —895.5131907 1.45 53 122.1 79.3 1.453
B3LYP/6-311+ G(2df,2pd) —895.5933456 —895.5932924 —-0.14 68 121.7 77.5 1.438
B3LYP/6-311 + G(3df,3pd) —895.6089704 —895.6084389 —1.40 78 121.7 77.0 1.431
—895.5022810¢ —895.502582°¢ 0.79 59
CSD/6-311+ G(d,p) —893.6527771 —893.6524954 —0.74 73 122.0 76.5 1.441
Experimental X-ray ) 119.7(18)° 747 1.422(25)¢
Experimental in solution 77 60y
Experimental combined® 88 74

“ The O-S—O bond angle and the dihedral angle T = / C-O-S—C in the sc conformer. ” Average value of the two S—O bond lengths in the sc
conformer. ¢ Average values (with standard deviation in parentheses) from 512 molecules containing the fragment C-SO,~O-C, ref. 21. ¥ The
most frequent value (modus) from 413 molecules containing the fragment C-SO,~O-C, ref. 21. ¢ Calculated Gibbs energy AG°(298). / Estimated
from the dipole moments in CCly assuming T = 60°, ref. 11. ¢ Estimated here from the experimental dipole moment and geometry of the sc¢ form
taken from X-ray data. The recommended most trustworthy values are printed in bold.

revealed that this principle holds only for symmetrical
structures when the bond moment is collinear with the
pertinent bond.'® However, the main problem is in the
interpretation of smaller differences between experimental
dipole moments and those estimated from bond moments.
For instance when the experimental moment of 1 did not
agree with the value anticipated for 1sc, one could either
assume that some amount of 1ap is present in equilibrium or
that the form 1sc is distorted so that the C—S—O—C dihedral
angle deviates from 60°. Both can occur even simulta-
neously. Determination on the basis of the Kerr con-
stant'!"1? suffers from similar problems, in addition the
interpretation is much more complex and some results
obtained by this method'” are questionable. Concerning IR
spectroscopy, it gave evidence that several forms are present
but their ratio was not estimated.'>!'> Note that all methods
mentioned are carried out in solution. In the case of dipole
moments, the close relation of gas-phase and solution results
was reported recently;'® on the other hand our experience
with theoretical calculations of the solvent effect was very
unsatisfactory and is not discussed here.

In contrast to some success in determining conformation,
any rule governing it more generally was not found.” For
instance structures 1-3 involve both strongly polar bonds and
lone electron pairs, and it was not possible to estimate which
are more important for the conformation.

We expected that quantum chemical calculations might
contribute significantly to the general problem of the gauche
effect using just the model compounds 1-5. We were aware
that the energy differences between rotamers are very small
and cannot be safely predicted by contemporary quantum
chemical methods; on the other hand even the experimental
values are not fully dependable as mentioned. We encountered
already the problem of whether the calculated or experimental
quantities are more reliable, and attempted to solve it referring
to a selected series of accurate enthalpies of formation.'® In
our case energies of required accuracy are not obtainable and

we proceeded by shifting the interest from the energy to the
geometry. In this way individual quantum chemical methods
can be evaluated by comparison with relatively reliable experi-
mental data and the experimental methods for determining the
population can be improved. We believe that we have obtained
more accurate populations than hitherto by properly combin-
ing the experimental and theoretical approach.

We calculated the geometry and energy of the two rotamers
of 1 by a variety of theoretical models (Table 1), the selected
methods were then applied to compounds 2-5 (Tables 2-5).

Calculations

The HF, MP2 and DFT calculations were performed using the
Gaussian 03 program.?® The theoretical models are listed in
Table 1; we avoided the single-point calculations and always
calculated geometry and energy at the same level. No sym-
metry conditions were presumed. All final structures were
checked by the vibrational analysis and were found to repre-
sent energy minima. No correction for the zero-point energy
was applied. Population of the conformers at 298 K was
calculated assuming that their AG°(298) equals AE.

Results and discussion
Comparison of the theoretical models and experiments

In Table 1 are listed energies and some geometric parameters
of the ester 1 calculated at a variety of theoretical levels. The
energy differences between conformers are rather small and
their estimates within the framework of the particular mod-
els may differ even more. One cannot decide, which model is
better by comparison with the experimental population of
rotamers since even this population suffers by great uncer-
tainty (see criticism in the Introduction). We attempted
testing on the basis of the geometric parameters, the
O-S-O bond angle and S-O bond lengths, obtained as
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Table 2 Calculated energies and some geometrical parameters of the conformers of phenyl methanesulfonate 2

Theoretical model E(sc)/a.u. E(ap)/a.u. AE/kJ mol ™! Yo(sc) £ 0SO“/° /° 1(sfo)”//&
MP2/6-311+ G(d,p) —893.6216801 —893.6216033 —0.20 68 122.1 64.9 1.445
B3LYP/6-311+G(d.p) —895.5194671 —895.5207122 3.27 35 121.6 74.0 1.451
B3LYP/6-311+ G(2df,2pd) —895.6004226 —895.6010777 1.72 50 121.4 76.7 1.436
B3LYP/6-311+ G(3df,3pd) —895.6155419 —895.6157357 0.51 62 75.8 1.430
Experimental X-ray 119.7(18)° 747 1.422(25)°
Experimental in solution 60° (60)°

Experimental combined’ 71 74

“ The O-S-O bond angle and the dihedral angle © = / C-O-S-C in the sc conformer. ® Average value of the two S—O bond lengths in the sc
conformer. ¢ Average values (with standard deviation in parentheses) from 512 molecules containing the fragment C-SO,~O—C, ref. 21. ¥ The
most frequented value (modus) from 413 molecules containing the fragment C-SO,-O-C, ref. 21. ¢ Estimated from the dipole moments in benzene
assuming © = 60°, ref. 5./ Estimated here from the experimental dipole moment and geometry of the sc form taken from X-ray data. The

recommended most trustworthy values are printed in bold.

Table 3 Calculated energies and some geometrical parameters of the conformers of phenyl chlorosulfate 3

Theoretical model E(sc)/a.u. E(ap)/a.u. AE/kJ mol ™! % (sc¢) £ O-S-0°/° /° [(S-0)° /A
MP2/6-311+G(d,p) —1313.4689015 —1313.4641197 —12.55 100

B3LYP/6-311+ G(d,p) —1315.8059785 —1315.8021666 —10.01 99 123.1 69.4 1.441
Experimental in solution® 100 (60)

Experimental combined? 100 69

“ The O-S-O bond angle and the dihedral angle t = / Cl-S-O-C in the sc conformer. ” Average value of the two S-O bond lengths in the sc
conformer. ¢ Estimated from the dipole moments in benzene assuming t = 60°, ref. 6. ¢ Estimated here from the experimental dipole moment with

the calculated dihedral angle 7.

average values from the X-ray data of many sulfonic esters.>!
One assumes generally that these values are almost randomly
affected by crystal packing forces; hence their average values
should by concordant with the assumed gas-phase values.??
In this treatment the angles are believed to be more reliable
than the bond lengths since they are not controlled by the
size of the crystal cell.>*?*> Note that we compare the values
calculated for the sc¢ rotamer of one compound with the
experimental average of many compounds. It is thus as-
sumed that all the compounds investigated were in the sc
conformation. This was in principle confirmed (Fig. 1).
Another problem was that the molecule 1 and most of the
molecules investigated experimentally are chiral, hence the
two S-O bonds are of different length. Since they can be
hardly distinguished and classified in the CSD, we simply
used average values.

Both the O-S-O angles and S—-O bond lengths calculated
with a sufficiently large basis set agreed well with the experi-
ments. The calculated S-O lengths evidently converge to the
right value with the increasing basis set (Table 1), while the

S—O-S angles are less sensitive and can be obtained with good
precision even at low levels. The DFT methods appear to be
slightly better than MP2 but the difference is minute. We
concluded that our theoretical models with larger basis sets are
acceptable and yield reliable geometries. For calculations of
the conformers of 2-5 we used only these well-tried models
when they were acceptable for technical reasons.

Geometry of the sc conformer

Determination of conformation comprises two different pro-
blems: first estimating the dihedral angle 7 in the rotamer sc
(rt = LC-S-0-Cin1and?2, CI-S-O-Cin 3, C-S-C-Clin 4,
or C-S-S—C in 5), second estimating the population of the two
rotamers in the equilibrium mixture. Calculations allow the
two problems to be solved separately but this has not been
possible on the basis of common experimental methods.

The calculated angle t depends relatively strongly on the
theoretical model (Table 1); with the larger basis set it reaches
a limiting value but a difference between DFT and MP2

Table 4 Calculated energies and some geometrical parameters of the conformers of chloromethyl phenyl sulfone 4

Theoretical model E(sc)/a.u. E(ap)/a.u. AE/kJ mol ™! %(sc) /. 0-S-09° /° [(S-O)’/A
MP2/6-311+ G(d,p) —1277.6022998 —1277.5980749 —11.09 99 122.1 61.5 1.458
B3LYP/6-311 + G(2df,2pd) —1279.9656623 —1279.9630472 —6.87 97 121.2 62.4 1.449
Experimental in solution 100°¢ (60)°

Combined? 100 62

“ The O-S-O bond angle and the dihedral angle 1 = / C-S—C—Cl in the sc conformer. ” Average value of the two S-O bond lengths in the sc
conformer. ¢ Estimated from the dipole moments in benzene assuming © = 60°, ref. 7. ¢ Estimated here from the experimental dipole moment with

the calculated dihedral angle 7.
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Table 5 Calculated energies and some geometrical parameters of the conformers of diphenyl disulfone 6

Theoretical model E(sc)/a.u. E(ap)/a.u. AE/KJ mol ! Yo(sc) £ O-S-0°/° /° l(S—O)[’/A
MP2/6-311+ G(d,p) —1557.5308351 —1557.5259868 —13.873 100 123.1 43.8 1.459
B3LYP/6-311+ G(2df,2pd) —1560.8234507 —1560.8264762 7.94 8 122.0 71.7 1.448
B3LYP/6-311+ G(3df,3pd) —1560.8470360 —1560.8264762 7.58 9 122.1 73.9 1.441
Experimental X-ray‘ 120.2 179.9¢ 1.428
Experimental in solution 277 (60)?

Combined® 31 (74)

“ The O-S-O bond angle and the dihedral angle 1 = / C-S-S-C in the sc conformer. * Average value of the two S-O bond lengths in the sc
conformer. ¢ Ref. 22; in the crystalline state the compound is in the conformation ap. ¢ Estimated from the dipole moments in benzene assuming
T = 60°, ref. 9. ¢ Estimated here from the experimental dipole moment with the calculated dihedral angle .
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Fig. 1 Histogram of the dihedral angle 7 in 413 sulfonic acid esters in

the crystalline state with the width of the classes = 10°.

models persists. We may suggest the value t = 75 + 3° as a
cautious estimate for the sulfonic esters 1 and 2. Comparison
with single trustworthy experiments is not possible; the main
problem is that the dipole moments give ambiguous results: an
imperfect agreement can be explained either by admixture of
the rotamer ap or by deformation of the sc¢ rotamer (angle 7
differing from the standard value of 60°). We searched again a
solution in the X-ray structures. In this case it is not possible to
take an average from all published structures since the dihe-
dral angles are measured in different directions.>! (For in-
stance the same structure may be reported as 0 or 180°.) We
made a histogram for all investigated sulfonic esters (Fig. 1)
and searched for the most populated value (modus). In our
opinion, the most probable value of 7 is 73-74°. In any case the
value 60° used commonly when estimating dipole moments
from bond moments®'? was significantly in error. Agreement
with the best calculations is very good, both for 1 and 2, in fact
better than could be expected. We conclude that theoretical
methods at a sufficient level give good estimates of the
geometry of the sc conformer, even the predicted differences
between the compounds 1-5 are in our opinion real.

Population of the sc and ap conformers

The second problem may become rather difficult since we cannot
rely either on calculations or on experiments. (The latter are

practically always accompanied by theoretical assumptions.)
Contemporary quantum chemical methods are evidently unable
to predict the population of rotamers with the accuracy of
several percent (see Table 1 where the population is given in
percent of the sc conformer). They are effective only when the
energy difference is some 10 kJ mol~" or more and one rotamer
is practically absent; then also agreement with experiments can
be simply reached (for instance in Tables 3 and 4). In general it is
not possible to recommend any theoretical model since the
required accuracy is too high. Calculations useful in practice
should for instance clearly differentiate 50% population from
say 80% but in energy terms the required accuracy would be 3.4
kJ mol™! and can be hardly achieved by the standard methods.

In our opinion quantum chemical calculations may be
useful even in such cases: geometry of the rotamers can be
calculated with some reliability and used in empirical determi-
nation of the conformational equilibrium. An example is given
in Table 5; the resulting estimate of the population is probably
the best one can get. The examples in Tables 1 and 2 are less
important since the geometry of the sc¢ conformer can be
obtained either by calculation or from the Cambridge Data-
base®! with practically equal results.

The gauche effect

Of the five compounds investigated here, 5 is evidently at
variance with the simple gauche rule and some examples can be
found in other classes of compounds. We agree in principle
with Remizov'? that one cannot consider the “gauche effect”
as any general preference and one cannot find any kind of
interaction, which would explain all observed cases. Wolfe
attempted to explain the stability of conformers as a sum of
attracting and distracting forces between two groups (and lone
electron pairs) in the gauche position;> this explanation cannot
be incorporated into the concept of quantum chemistry and in
addition one must make assumptions about the intensity of
interaction of various groups. In spite of this, we may attempt
this approach within the restricted group of our sulfonyl
derivatives. We pictured the ap and sc conformers of 1-5 in
the Newman projections and counted the number of interac-
tions of the adjacent groups in the sc (gauche) position. It is
possible to get a common picture if one assumes that interac-
tion of two polar bonds is destabilizing and that the lone
electron pairs have only a minor effect.

Most evident is the conformation of 5, which is clearly
determined by the interactions of the strongly polar S-O
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bonds. This makes the sc conformer less stable: three interac-
tions compared to two in the ap conformer. Any gauche rule
formulated for the whole molecule would be misleading in this
case. Similarly the conformation of 4 is dominated by the
interactions of polar S-O and C-Cl bonds: one in the sc¢
conformer compared to two in ap. The ratio of 2 : 1 is
particularly high in this case and preference of the sc¢ con-
former is also high (Table 4). The effect of the S—-C bond is
insignificant. With the sulfonic esters 1 and 2 the conformation
is determined by the interactions of the S—-O bonds with O-R,
whether O—CHj3 or O-C4H; (one in sc, two in ap). Remarkably
it is of little consequence that the polarity of the O-R bond is
in reversed direction, with the negative end toward the central
atom. In the case of chlorosulfates 3; the polarity of the S—CI
bond is negligible compared to S—O bonds. Conformational
preference of all our compounds can be thus explained by a
unique principle, although in details referring to ad hoc argu-
ments. However, we were not able to devise any general gauche
rule, not even for this class of compounds.

Conclusions

We may attempt to draw some general conclusions in two
different directions. Concerning the evaluation of standard
quantum chemical methods, they are certainly at present not
able to predict the population of rotamers with the accuracy of
several percent. They are thus able to determine conformation
only if it is strongly shifted to one side (energy difference of
some 10 kJ mol™'); from the point of view of organic
chemistry there is only one rotamer existing in such cases.
Nevertheless the quantum chemical calculations are useful
since they can describe the structure of the individual rotamers
with more precision than many experimental methods. This
information can be used in calculating the population on the
basis of experiments.

Concerning the gauche effect we can only support the
opinion'” that any general rule does not exist. When it is valid
in some classes of compounds, it may have different reasons in
every case. When the conformation should be qualitatively
explained in simple terms, the destabilizing interactions of
polar bonds in the sc¢ position would be in our opinion most
important.
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