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ABSTRACT: Ab initio calculations, in the frame of MO theory, were carried out on both most stable (chair)
conformers of trimethylene cyclic sulfite. Optimized geometries derived at the HF/6–31G* level reveal that both
conformers possess a rigid chair conformation with the S=O group located either axially (conformer I) or
equatorially (conformer II). Energy calculations at the MP2/6–311��G**//HF/6–31G* level indicates that
conformer I is ca 4.6 kcal molÿ1 more stable than II. The I� II interconversion was studied in the gas phase at
different temperatures and in solutions of low- and high-polarity solvents. The calculations reveal that in the gas phase
and in solutions of low-polarity solvents the conversion of I into II does not occur. In medium-high-polarity solvents,
such as acetonitrile and dimethyl sulfoxide, II is present at ca 12%. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

It is well known that six-membered rings can exist in
either chair (C ) or boat (B ) conformations. The chair to
boat interconversion requires the molecule to pass
through various flexible forms.1,2 Pritchard and co-
workers3,4 isolated both geometric isomers ofmeso-2,4-
pentanediol cyclic sulfite and found that the stretching
S=O occurs at 1190 cmÿ1 for an axial orientation of this
group, whereas in the equatorial isomer such stretching is
at ca 1230 cmÿ1. Thermal equilibration at 200°C for
15 min converted conformerII (S=O equatorial) almost
completely into I (S=O axial). Overbergeret al.5

reported that heatingI for 12 h at 160°C or 1 h. at
200°C does not reveal the presence ofII . These results
indicate that for the I � II interconversion DG
> 4.4 kcal molÿ1 (1 kcal = 4.184 kJ).6

Arbouzov,7 using a vectorial method, calculated dipole
moments of 1.8 and 4.9 D for conformersI and II of
trimethylenecyclic sulfite (TCS), respectively. Since
these values are far away from the experimental value
of 3.60 D, it has been suggested (1) that in solution TCS
could exist as a mixture of both conformers. However, if
the I , II interconversion existed, then significant
changes in both the dipole moment and the S=O
stretching modes should be observed. The experimen-

tal m values in low-polarity solvents (CCl4, C6H6, C6H12)
and �(S=O) vary very little and just one band at ca
1190 cmÿ1 was detected in all cases. This implies that the
calculated dipole moments are not the correct ones and
that I (S=O group axial) would be the most stable
species both in the gas phase and in solution. On the other
hand, if the calculated dipole moments7 are correct, then
it is unclear why TCS shows an averagemvalue between
1.8 and 4.9 D. If isomerI is the only species present in
low-polarity solvents then the experimentalmvalue
would be close to 1.8 D. We believe that most probably
the theoreticalm values have been erroneously calculated
and that the experimental values shows large deviations
from the real value. In this work, we studied theoretically
the I � II ‘equilibrium’ both in the gas phase and in
solutions of various solvents in order to determine
whether such equilibrium exists or not, to calculate
well-based dipole moments for both conformers and to
explain the reported values. Since 2,4-pentanediol cyclic
sulfite, a closely related compound, isomerizes at room
temperature and at 120°C, we also studied the effect of
temperature on theI � II equilibrium.

COMPUTATIONAL METHODS

The geometries of conformersI and II were first
optimized at AM1 level of theory. The AM1 geometries
were further optimized at the HF/6–31G* level using the
Gaussian 94 series of programs.8 Frequency and IR
intensities predicted at the equilibrium geometries
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producedall real valuesand henceboth structuresare
local minima.Energycalculationswerecarriedoutusing
basissetswith polarizationanddiffusefunctionson both
heavyand hydrogenatomsat the MP2 level to include
electron correlation. The calculated energies were
correctedfor zero-pointvibrational energies(ZPE). To
obtainthefreeenergiesof isomerization,enthalpieswere
calculatedby addingZPEandthermalcorrectionsto the
relativeenergiescalculatedat MP2/6–311��G** level.
TheDG valueswereobtained,asusual,fromDG = DHÿ
TDS. To estimatethe solute–solventeffect,we usedthe
SCRFpolarizedcontinuummethod(PCM)9 asmodified
by Wiberg and co-workers.10,11 This method (IPCM)
calculatesthe electricfield analyticallyandthe cavity is
defineduponan isosurfaceof the total electrondensity.
Thus,the cavity is uniquelyderivedform the electronic
environmentandjust the isosurfacelevel, i.e. thecharge
density(0.0004ÿ 0.001e/B3), needsto bespecified.The
solvent effect in IPCM is derived from the surface
potentialsandthedielectriccontinuuminteractions.This
is equivalentto going to infinite order in the electric
moments.To apply the IPCM methodto modelatethe
solvent,the gas-phasemoleculargeometrieswere used
sincethestructuralparameterschangeverylittle ongoing

from thegasphaseto solutionandhenceno largeeffects
on thesolvationfreeenergiesareexpected.12,13Thefree
energies in solution (G°soln) were calculated from
G°soln= DGgas� DG°s, the secondterm being the free
energy of solvation. The dielectric constantsfor the
solventswere 36.64 and 46.7 for CH3CN and DMSO,
respectively.

To study the effect of temperatureon the I � II
equilibrium, thermodynamicpropertieswere calculated
at 298,348,398,448and498K.

RESULTS AND DISCUSSION

Figure1 showstheoptimizedgeometriesof conformersI
andII of TCSandtheatomnumberingusedin Table1.
From Table1, it canbe inferredthat the bonddistances
involving the ring atomsaresimilar in bothconformers.
In fact, the C—C, C—O andO—S bondlengthsareca
1.52, 1.43 and 1.60Å, respectively,characteristicof
simplebonds.Thesulfur–exocyclicoxygendistanceis a
typical of anS=O doublebond.

The equatorialcarbon–hydrogenbond lengthsare ca
1.08Å whereastheaxialbondlengthsvary from 1.081to

Figure 1. Optimized geometries and atom numbering for conformers I and II of TCS
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1.087Å. Theinternalbondanglesarealsoverysimilar in
both conformers, whereas the dihedral angles are
characteristicof eachconformation.Although thereare
no structuredeterminationdata, the derived structural
parametersfor I and II are in the rangefound for other
sulfur-containing heterocycliccompounds.14 In addition,
it hasbeenfoundthatgeometriescalculatedat theHF/6–
31G* level areconsistentlyin goodagreementwith the
experimentaldata15,16andthatoptimizedgeometriesare
relatively unaffectedby inclusion of polarizationfunc-
tions on hydrogenatoms,unlessthey are involved in
hydrogenbonding.

The ab initio energy calculationsand the thermo-
dynamicsfor the I � II equilibriumin thegasphaseare
givenin Table2. In orderto establishanappropriatelevel
of theory, we calculatedthe gas-phaseenergiesusing
differentbasissets.FromTable2, it canbe inferredthat
electron correlation has a significant effect on the
energiesof conformersI and II . The same effect is
observedwhenlargebasissetsareused,in particularif
diffusefunctionson theheavyatomsareincluded.At the
MP2/6–311�G** level, the effect of including diffuse

functionson hydrogenatomsseemsto be small; never-
theless,the relative energiesused to derived the free
energyof isomerization(DG) werethoseobtainedat the
highestlevel of theory.At this level the free energyof
isomerization for the I � II equilibrium is ca
4.6kcalmolÿ1 in the gas phase,in keeping with the
experimentalestimateof DG> 4.4kcalmolÿ1.6 We are
awarethat thecalculatedfreeenergychangeDG is good
within 2 kcalmolÿ1, but since we are dealing with
differences between two very similar structures,the
errors are most probably canceledout. Accordingly,
conformerI mustbe the only speciespresentin the gas
phaseandhencethevalueof 1.8D mustbein errorasthe
experimentyieldeda valueof 3.60D. The errorsin the
calculateddipolemomentsaremostprobablydueto the
S—O—C,O—C—CandO—S—Oangles(110,109and
108°, respectively)usedin the calculationof m. In fact,
the optimizedgeometriesof I and II showvaluesof ca
116, 110 and97°, respectively.Our calculatedm values
are3.87D for I and6.57D for II . Thesevaluesgreatly
differ from theArbouzovvalues1 but agreewell with the
valuefor conformerI detectedastheonly speciesin the
gasphaseandin low-polarity solvents.

To studythesolventeffect on the I � II equilibrium,
theIPCM self-consistentreactionfield (SCRF)wasused.
Since the structural parameterschangevery little on
goingfrom thegasphaseto solution,onecanexpectnot
to observe large changesin the solvation energies.

Table 1. Structural parameters for conformers I and II of
TCSa

Parameter I II

O1— C2 1.4317 1.4238
C2— C3 1.5235 1.5225
C3— C4 1.5236 1.5225
C4— O5 1.4316 1.4239
O5— S6 1.6074 1.6158
O1— S6 1.6071 1.6159
S6—O7 1.4427 1.4271
C2— H8 1.0789eq 1.0868ax
C2— H9 1.0810ax 1.0787eq
C3— H10 1.0846 1.0860
C3— H11 1.0860 1.0834
C4— H12 1.0810ax 1.0787eq
C4— H13 1.0789eq 1.0868ax
<C2C3C4 110.82 110.00
<C3C4O5 109.68 110.05
<C4O5S6 116.79 115.21
<O5S6O7 106.90 105.61
<O1C2H8 105.07 109.52
<O1C2H9 108.90 105.54
<C2C3H10 109.20 109.90
<C2C3H11 109.75 109.30
<C3C4H12 111.91 112.20
<C3C4H13 111.89 110.01
<O1C2C3C4 ÿ54.60 54.42
<C2C3C4O5 54.60 ÿ55.42
<C3C4O5S6 ÿ61.90 63.48
<C4O5S6O7 ÿ51.58 ÿ169.09
<C4C3C2O8 ÿ170.82 ÿ66.13
<C4C3C2H9 66.39 172.51
<O1C2C3H10 65.73 ÿ176.46
<O1C2C3H11 ÿ175.97 ÿ64.70
<C2C3C4H12 ÿ66.38 ÿ172.62
<C2C3C4H13 170.79 66.03

a Bonddistancesin Å andanglesanddegrees.

Table 2. Calculated energiesa,b and dipole momentsc for
isomers I and II of TCS in the gas phase

Parameter I II

E(HF/6–31G*) ÿ739.123784ÿ739.112709
E(MP2/6–31G*) ÿ740.180782ÿ740.170887
E(MP2/6–311G*) ÿ740.349154ÿ740.339309
E(MP2/6–311G**) ÿ740.393515ÿ740.383803
E(MP2/6–311�G**) ÿ740.412406ÿ740.404365
E(MP2/6–311��G**) ÿ740.413049ÿ740.405126
ZPE 67.757 67.458
HÿH0 3.611 3.710
S 77.105 77.837
mc 3.87 6.57
Relativevalues(kcal molÿ1):
E(HF/6–31G*) 6.95
E(MP2/6–31G*) 6.20
E(MP2/1–311G*) 6.18
E(MP2/6–311G**) 6.09
E(MP2/6–311�G**) 5.05
E(MP2/6–311��G**) 4.97
D(ZPE) ÿ0.30
D(Hÿ H0) 0.10
DH 4.77
TDS 0.22
DGd 4.55

a Basedon HF/6–31G*geometries.
b E in hartree,ZPE, HÿH0, DE, TDS and TDS in kcalmolÿ1; S in
calmolÿ1 Kÿ1.
c MP2/6–311��G** values,in debye.
d BasedonDE calculatedat the MP2/6–311��G** level.
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Accordingly, the gas-phasemoleculargeometriesat the
HF/6–31G* level were used. Table 3 gives the total
energiesin solutionfor conformersI andII , freeenergies
of solvation(DG°s), freeenergiesin solution(G°soln) and
the relativeDG°soln values.In medium-polaritysolvents
such as acetonitrile (� = 36.63) and dimethyl sulfoxide
(� = 46.7), the DG°soln values are 1.23 and 1.19kcal
molÿ1, respectively.Theseresultsimplies that in these
solventsconformerII becomesimportantasits concen-
tration is ca 12%. At this concentrationthe dipole
momentfor themixtureof I andII shouldbeca4.50D.
The IPCM resultsindicatethat despitethe differenceof
ca10D in thedielectricconstantsof CH3CN andDMSO,
conformersI and II possesssimilar free energiesof
solvation in both solvents, although conformer II is
slightly bettersolvatedthanI . It is worthnotingthatusing
Onsager’sSCRFat l = 1, i.e. the multipolar expansion
being truncatedat the dipole term, the resultsare very
similar to those found with the IPCM method. This
implies that the electricmomentsof higherorderdo not
contributesignificantly.

Hellier et al.1 assignedthe axial S=O stretching
vibrational mode to a bandat 1190cmÿ1, whereasthe
equatorial�(S=O) showsup at 1230cmÿ1. The room
temperatureIR spectraof 2,4-pentanediolcyclic sulfite
dissolvedin perchlorethyleneor in theneatliquid reveal
a strong peak at 1190cmÿ1 and a weak shoulderat

1230cmÿ1. At 120°C, the banddue to the axial S=O
groupdecreasesby ca 10%, whereasthat at 1230cmÿ1

increasesits intensity,implying that the conversionI �
II takesplaceat thistemperature.TheIR bandsdueto the
�(S=O) modesof TCS conformersin severalsolvents
are given in Table 4. According to Table 4, in the IR
spectraof TCS in the gasphaseand in CCl4 and CS2

solutions, just one band at ca 1190cmÿ1 should be
detected.In polar solvents, such as acetonitrile and
dimethyl sulfoxide, a shoulderat ca 1230cmÿ1 is also
observed.Fromtheexperimentalpoint of view, it would
interesting to study the temperatureeffect on the IR
spectraof TCS andseewhetherthis compoundbehaves
as2,4-pentanediolcyclic sulfite.

Pritchard and Vollmer3 converted II almost com-
pletely into I by heatingat 200°C, whereasOverberger
et al.5 failed to convertI into II by heatingat the same
temperaturefor 1 h. Table 5 shows the free energy
changesof isomerizationattemperaturesrangingfrom 25
to 225°C. From this table it can be inferred that in the
studiedrangeof temperaturesDG� 4.4kcalmolÿ1, in
good agreementwith the experimental observations.
Therefore,in theaboverangeof temperaturesconformer
I is theonly speciespresentin thegasphase.

CONCLUSIONS

From the present study we can conclude that: (1)
conformerI is the only speciespresentin the gasphase
andin low-polarity solvents;(2) conversionof I into II
takesplace in polar solvents,the concentrationof the
latter being ca 12% in acetonitrile and dimethyl
sulfoxide;(3) the reportedIR spectraof TCS in CH3CN
and DMSO needsto be reinvestigatedin order to see
whetherthe bandat 1230cmÿ1 is observed;(4) in the
range25–225°C temperaturehasno effecton the I � II
equilibrium since DG� 4.4kcalmolÿ1; and (5) the
experimentaldipole momentsin solutionarealso to be
redetermined,sinceam of 3.25D is not consistentwith

Table 3. Free energies of solvation and in solution of CH3CN and DMSO for isomers I and II of TCS

Isomer Gasphase CH3CN IPCM energiesa DMSO IPCM energiesa

I ÿ739.123784 ÿ739.133263 ÿ739.133353
II ÿ739.112709 ÿ739.127479 ÿ739.127627
Freeenergiesof solvation(DG°s)

b

I ÿ5.95 ÿ6.00
II ÿ9.27 ÿ9.36
Freeenergiesin solution(G°soln)

c

I ÿ5.95 ÿ6.00
II ÿ4.72 ÿ4.81
Relativevalues(DG°soln) 1.23 1.19

a Energiesin hartree.
b DG°s = DE(soln.ÿ gas).
c G°soln= DG°gas� DG°s.
d Relativevaluesin kcalmolÿ1; DG°soln= G°soln(II )ÿG°soln(I ).

Table 4. Calculated S=O stretching modesa (cmÿ1) in TCS
conformers I and II in various solvents

Solvent � I II Experimentalb

Gas 1.00 1180 1230
CS2 2.64 1179 1230 1190
CCl4 2.24 1179 1230 1190
CH3CN 36.64 1177 1231 1190
DMSOc 46.70 1177 1230

a Frequenciesscaledby 0.8929.
b FromRef. 1.
c DMSO= dimethyl sulfoxide.
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the theoreticalvalues;the valuesreportedby Arbouzov
aretooapproximateto beusedascriterionfor the I � II
equilibrium to exist.
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Table 5. Thermodynamicsa for the I� II equilibrium at different temperatures (K)

I II

Parameter 298 348 398 448 498 298 348 398 448 498

Hÿ H0 3.661 4.760 6.079 7.561 9.193 3.711 4.873 6.204 7.692 9.329
S 77.105 80.966 84.772 88.509 92.171 77.837 81.744 85.579 89.334 93.006
Relativevalues(kcalmolÿ1)
DE 4.97 4.97 4.97 4.97 4.97
DZPE ÿ0.30 ÿ0.30 ÿ0.30 ÿ0.30 ÿ0.30
D(Hÿ H0) 0.05 0.11 0.13 0.13 0.14
TDS 0.22 0.27 0.32 0.37 0.42
DGb 4.50 4.51 4.48 4.43 4.39

a Hÿ H0 in kcalmolÿ1 andS in cal Kÿ1 molÿ1.
b BasedonDE calculatedat theMP2/6–311��G** level.
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