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Ab initio molecular orbital theory with the 6-31G(d), 6-31G(d,p), 6+33(d), 6-31G(d,p), and 6-311G(d,p)

basis sets and density functional theory (BLYP, BP86) including the hybrid density functionals B3LYP, B3P86,
and B3PW91 have been used to investigate stereoelectronic hyperconjugative interactions and relative energies
of the chair, 1,4-twist, and 2,5-twist conformers of 1,3-dithiane (1,3-dithiacyclohexane). The HF/6-31G(d)
energy difference/AE) between the chair conformer and the 1,4-boat transition state was 5.53 kcal/mol, and
the B3LYP/6-311+G(d,p) energy difference between the chair conformer and the 2,5-boat transition state
was 5.42 kcal/mol. Intrinsic reaction coordinate (IRC, minimum energy path) calculations have been used to
connect the enantiomers of the 1,4-twist conformer via the 2,5-boat transition state. The B3LYP/6(8 )
calculated energy difference between the 1,4-twist conformer and the 2,5-boat transition state was 0.80 kcal/
mol. The HF/6-31G(d) energy differencAf) between the chair conformer and the 2,5-twist conformer was
4.24 kcal/mol, and the 2,5-twist conformer was 0.48 kcal/mol lower in energy than the 1,4-twist conformer.
The chair-1,4-twist free energy difference\Gg_,) is 4.42 kcal/mol, and the chai2,5-twistAGZ_, is 4.27
kcal/mol. IRC calculations connected the chair conformer and 2,5-twist conformer on the potential energy
surface by a path that passes through the transition 3tatd]f between them. IRC reaction path computations
also connected transition staf€g-2]* to the chair conformer and the 1,4-twist conformer. The transition
state [TS-2]* between the chair and the 1,4-twist conformers is 9.89 kcal/mol higher in energy than the chair
conformer, and the transition stafeg-1]* between the chair and the 2,5-twist conformers is 10.44 kcal/mol
higher in energy than the chair conformer. The-&#ax, C4-Hax, and C6-Hax bond lengths are longer

than the corresponding-€Heq bond lengths in the chair conformer @-P 6* c—Hax, 0 c—Hax — 0* c—Hax)- IN
contrast, the C5Heq bond in the chair conformer is longer than the-Efax bond ¢s-c — 0*cs-Heq W

effect, or homoanomeric LP— 0* cs-req). The importance of geometrical considerations in stereoelectronic
hyperconjugative interactions is shown in the twist conformers and transition states of 1,3-dithiane. Unlike
the chair conformer, in the 2,5-twist conformer, the respectivdd®ond lengths at each carbon are equal
and the C2-Hiso bond lengths are shorter than the-Gfso bond lengths. In the 1,4-twist conformer, the
respective €H bond lengths at C2, C4, and C6 are equal and the kg bond length is longer than the
C5—Hax bond lengthds-c — 0*cs-neq, W effect, or homoanomeric lP— 0* cs5-Heq)-

Introduction

34
Knowledge of the conformers, conformations, and structural }s —_— E@ )

properties of carbocycles and heterocycles and their stereoelec-

tronic interactions is of considerable interest because of the 3
important roles that they play in many areas of scienée. ) ) . )
Derivatives of cyclohexanel( Figure 1) serve as models for There is a large body of information on the chair conformers

more complex systems, and derivatives of 1,3-dioxane (1,3- Of substituted saturated six-membered heterocyciébut only
dioxacyclohexane?, Figure 1) and 1,3-dithiane (1,3-dithiacy- @ few ab initio theory and density functional theory (DFT)
clohexane3, Figure 2, eq 1) have been employed in a wide studies on the mechanisms of conformational interconversions
variety of organic reactions. Studies of stereoelectronic effects in unsubstituted heterocyclohexarés!’ The investigations on

in carbocycles and heterocycles are useful because of their rigidsubstituted saturated six-membered heterocyclohexanes have
cyclic geometry, which keeps interacting orbitals in a well- almost exclusively dealt with possible chair conformers in order
defined geometry. The differences in stereoelectronic interac-t0 obtain their geometries, degree of puckering, and, in
tions and conformational properties among heterocycles are alsgearticular, energy differences between axially and equatorially
useful for comparative purposes. For example, the stereoelec-substituted structuréd The energetics and structural properties

tronic behavior of X-C—Y-containing systems (X, ¥= OR, of 1,3-dithiane 8), 2-phenyl-1,3-dithiane, and their correspond-
NRy, Hal), which is known as the anomeric effect, tends to be ing 2-lithio derivatives have been studi€d?! and the confor-
stronger in G-C—O relative to the SC—S segment. mational free energie\G°) of substituted 1,3-dithianes have

been reviewed® The question as to whether a single axial
*To whom correspondence should be addressed. Tel: 949/824-6501. Methyl group may be sufficient to cause substituted 1,3-dithianes
Fax: 949/824-2210. E-mail: ffreeman@uci.edu. to adopt twist forms has led to different sets of conformational
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Figure 2. Chair conformer §) and planar conformatior8) of 1,3-dithiane.

free energy AG®) values for alkyl substituents at various sponding equatorial onésgifferent behavior has been observed
positions on 1,3-dithianés. in 1,3-dioxanes and 1,3-dithianes. In 1,3-dioxa2)e C5—Hax
There are numerous computational studies on stereoelectronids downfield from C5-Heq and in 1,3-dithiane3] C2—Hax is
hyperconjugative interactions in the chair conformers of downfield from C2-Heq?2%7In cis-4,6-dimethyl-1,3-dioxané}
diheterocyclohexané$ 722-27 put only a few computational  a normal Perlin effect'fc _nax = 157.4 Hz< Jc_peq= 167.5
studies [1,3-dioxane2},16 1,4-dioxané{* and 1,2-oxathiarid] Hz) was observed at C2, butis-4,6-dimethyl-1,3-dithi-
on the mechanisms of conformational interconversion. Thus, ané® exhibits a reverse Perlin effectl¢_pax = 157.4 Hz>
in contrast to cyclohexanel), there is a paucity of detailed  Jc_peq = 144.9 Hz)267:3644 A L Pg — 0% c5_peq interaction

information dealing with the chairchair and twist-twist con- thoudh a W arrangement (the W effect) of orbitals was proposed
formational interconversions of unsubstituted heterocyclo- to explain the NMR coupling (reverse Perlin effect) in 1,3-
hexaneg#~17 dioxane @, Figure 7)*44 The hyperconjugative interactions

Although the energy differencedG;_,) between the chair  between the equatorial-orbitals and the antiperiplanar<S
and the twist conformers of simple monoheterocyclohexanes og-orbitals @s-c — 0* c-Heq Were used to account for the reverse
seem not to be knowh!®it has been estimated experimentally Perlin effect for all carbon atoms in the chair conformation of
from substituted 1,3-dioxanes that the twist conformer of 1,3- 1,3-dithiane 8).723 It was also suggested that the-c —
dioxane R) is of higher energy relative to its chair conformer o¢*c-neq interaction could be present in 1,3-dioxanes and that
than that in cyclohexanel).®28-32 |t has also been estimated the W effect might also be important in 1,3-dithiaRég.231t

experimentally from substituted 1,3-dithianes that t@&Z_, is possible that the normal or reverse Perlin effect is related to
for 1,3-dithiane 8) is smaller than that for cyclohexan® @nd the C—H bond lengths and the longer EBlax bond lengths
other saturated six-membered rirfgg:3335 in the chair conformers of 1,3-dioxanes and 1,3-dithianes may
One bond NMR spifrspin coupling constants have been used be the result of the interplay of several stereoelectronic
as a probe for stereoelectronic hyperconjugative efféttsor hyperconjugative interactions, including homoallylic participa-

example, in cyclohexane, the diréet—13C coupling constants  tion.4546

are larger for equatorial hydrogens than for the axial hydrogens. This study was undertaken in order to explore the ability of
This observation, which is referred to as the Perlin effect, modern ab initio molecular orbital theory and DFT to investigate
results from a hyperconjugative interaction with the participation possible stereoelectronic hyperconjugative interactions in various
of antiperiplanar €&H bonds ¢ c-Hax— 0* c-Hax).2®"262"This conformers 8, 4a, 4b) and transition states of 1,3-dithiane, to
results in a longer and weaker axiat-@& bond. Although axial calculate the energy differences among these conformers and
protons in a cyclohexane ring resonate upfield of the corre- transition states, and to explore the mechanisms of conforma-
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4a

Figure 3. 2,5-twist @a) and 1,4-twist 4b) conformers of 1,3-dithiane.

Figure 5. Half-chair conformations@a—c) of 1,3-dithiane.

tional interconversions of the chair conform8y, (the 2,5-twist 5), the 1,4-sofaqb, Figure 6), the 2,5-sofag§ Cs symmetry,
conformer @a, Figure 3), and the 1,4-twist conformedky and7d, Cs symmetry), and the 3,6-sofdd). The hypothetical
Figure 3). Although the chairchair conformational intercon-  high energy planar forng8, C,, symmetry, Figure 2) is not
version for 1,3-dithiane3) might be expected to be similar to  expected to be involved in the conformational interconversion
that for cyclohexane, differences are also expected because ofnechanisms. In contrast to the chair conformer of 1,3-dithiane
the changes in bond angles, bond lengths, and the presence aof3), with only the axial and equatorial positions available for
lone pairs. Among the structures to be considered for the substituents, the twist conformer has three possible positions.
conformational interconversion mechanisms of the chair con- These are the pseudoaxiabs), pseudoequatoriah/y), and
former of 1,3-dithiane §, Cs symmetry) are the 2,5-twist isoclinal (iso, Chart 1).

conformer and its enantiometd, C, symmetry), the 1,4-twist

conformer and its enantiomedlf, C, symmetry), the 2,5-boat  computational Methods and Calculations

transition state fa]¥, Cs symmetry, Figure 4), the 1,4-boat

transition state gb]¥, Figure 4), and the structures resembling The geometry optimized structures and the energy calculations
the 1,4-half chairsga,b, Figure 5), the 2,5-half-chai6¢, Figure were carried out with the MacSpartan PfoSpartarf,’ and
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Figure 6. Sofa conformations7@—d) of 1,3-dithiane.

CHART 1 (1 H=1 atomic unit (au)= 627.5095 kcal/mol), and the other
Hyax Hyax energies (energy differencAE), free energy differenceNG°),

ZPE, and thermal energy) are in kcal/mol. The dipole moments
Hyeq

Hiveg are given in debyes (D), and the entropies are given in entropy

units (eu).

Structuress—7 were used as starting points for exploration
Hyeq of the potential energy surface (PES). To maintain the desired
structural integrity during partial geometry optimizations in
the preliminary screening process, torsional angiswere
constrained in the 2,5-boabdq, C2—S1-C6—C5 = C2—S3—
Gaussiaff computational programs. The HF/6-31G(d) geometry C4—C5= 0°), 1,4-boat §b, S1-C2-S3-C4 = S1-C6—C5—
optimized structures were used as starting points for the otherC4 = 0°), half-chair 6a, S3-C4—-C5—-C6= 0°, S3-C4-C5—
geometry optimization calculations and MP2 single point energy C6= 57.3 or 58.9; 6b, C2-S1-C6—-C5= 0°, S3-C4-C5—
calculations. MP2 single point energy calculations were done C6 = 57.3; 6¢, C2-S3-C4—C5, = 0°, S3-C4—-C5-C6 =
on the respective geometry optimized structures. MP2 and DFT 57.3), sofa {{a, C4—-S3—-C2-S1-C6 are coplanar7b, S1-
provide electron correlation, which is often important in C2—S3-C4—C5 are coplanaryc, C2-S3-C4-C5-C6 are
conformational studie€.5°Basis sets with diffuse functions are ~ coplanar;7d, S3-C4—-C5-C6—S1 are coplanar), and planar
important for molecules with lone pair electrons, and the (8a ring atoms are coplanar) structures. The constraints were
6-31+G(d), 6-3H-G(d,p), and 6-31+G(d,p) basis sets take into  removed from each of the optimized constrained structires (
account the relative diffuse nature of lone p&fr@asis sets  7) after the prescreening partial geometrical optimization step,
with polarization functions have been useful in computational and it was submitted for transition structure search/optimization
studies involving hyperconjugative stereoelectronic inter- and then a subsequent frequency calculation.
actiond-26.7.1517.2351and involving structures containing third Each transition state optimized structure with one imaginary
row elementd’:52 frequency was submitted for intrinsic reaction coordinate (IRC,

Frequency calculations were computed on the HF/6-31G(d), minimum energy path) calculatio®$?6! since finding one
BLYP/6-31G(d), B3LYP/6-31G(d), B3P86/6-31G(d), and imaginary frequency (saddle point) does not guarantee that one
B3PW91/6-31G(d) geometry optimized structures at 203, has found a transition structure that is involved in the confor-
298.15, or 330 K and 1 atm of pressure. The zero point mational interconversion mechanism. Although saddle points
vibrational energies (ZPE) were scaled for HF/6-31G(d) (0.9135), generally connect two minima on the PES, these minima may
BLYP/6-31G(d) (1.0119), and B3LYP (0.980#)53-5° The HF/ not be the structures of interédt8” An IRC calculation
6-31G(d), BLYP/6-31G(d), BP86/6-31G(d), B3LYP/6-31G(d), examines the reaction path leading down from a transition
B3P86/6-31G(d), and B3PW91/6-31G(d) vibrational frequencies structure on a PES. The calculation starts at the saddle point
were scaled by 0.8929, 0.9945, 0.9914, 0.9614, 0.9558, andand follows the reaction in both directions. Thus, the IRC
0.9573, respectivel§£-53-5° Total energies are given in hartrees calculations definitively connect two minima on the PES by a

Hliso Hiliso Hliso

H2iso H2iso

4a 4b
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TABLE 1: Vibrational Frequencies (cm~1) and Assignments for the Chair Conformer (3) of 1,3-Dithiane

HF/ BLYP/ BP86/ B3LYP/ B3PW9l/ relative Raman

Ramaff®”  |R%667  6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) intensity (HF) activity (HF) assignmeft:s7

2962 m 2958 ms 2964 2965 2964 2952 0.04 86.2 2 Stketch (A")

2950's 2940 m 2936 2937 2945 2934 2945 0.49 84.2  ,sdidtch (A")

2932m 2932 2931 2926 0.22 75.8

2900 vs 2900 vs 2916 2910 2911 0.37 735 2Giretch Q)

2859 w 2860 sh 2878 0.15 18.0 Ghtretch )

2848 sh 2855 0.59 108.8 2 1424= 2848
2838 ms CH; stretch &)
2820w, br 2818 m CH; stretch &)
2760 w ?2x 1387=2774
1424 vs 1438 1437 1431 1427 0.09 194 LkissorsA')

1419 wm 1419 m, sh 1422 1425 1409 1419 0.05 21.2 o ShissorsA')

1390 wm 1387 ms 1398 ChscissorsA')

1338vw 1342 vw 1355 1345 1336 ?

1290vw  1285m 1309 1291 1286 1284 1290 0.45 0.73 ,®&h Q")

1272vw 1274 ms 1278 Chlvag A")

1244 w 1244 ms 1242 1246 1243 1234 1230 0.17 11.9 V@ A)

1204 w 1210 wm 1213 1212 1209 1206 Ohag A")

1200 w 1200 wm

1180 m 1193 1180 1181 0.27 15.9 Eivist (A" or A'")

1175w, sh 1172 vs 1176 1175 CHwist (A" or A")

1152vw 1150w 1158 1154 1147 1145 0.05 0.42  ,@Mst (A" orA")

1090 w 1090 w 1092 1089 1082 1080 0.01 1.19 ,@Mst (A orA”)

1047 wm 1037 1030 ?

1009 m 1010 ms 1012 1006 1006 1001 998 0.07 7.25 ,1GEk (A") + C—C stretch A")
916 wm 922 vs 920 917 915 910 907 0.27 419 —Cstretch {)
888w, br 889 ms 868 862 877 865 873 0.06 5.81 ,@dk (A")
818w, br 817 wm 812 814 809 805 799 0.02 0.25 @btk (A")

798 w 792 w 790 789 788 782 779 0.00 4.09  LQbck A)

750 vs 757 0.22 10.3 €S stretch A'")
738 m 724 ?

698 702

679 ms 677 s C—Sstretchq' + A")
672 w, sh 665 667 657 662 0.04 751
638 vvs 642 wm 637 639 €S stretch {)

620 622 622 621 624 0.06 34.0
466 w 472w 458 459 458 456 453 0.00 2.17 ring deformatish (
332w 322 327 330 324 325 0.02 4.14 ring deformati&i (
316 m 307 311 314 309 309 0.00 2.22 ring deformatidf) (
312s 306 306 307 305 304 0.01 3.62 ring deformatisi (

217 191 206 211 200 204 0.04 0.42 ring deformatiéyty) (

162 169 172 166 168 0.01 0.05
80m ring deformation ')

path that passes through the transition state between them.
However, two minima on a PES may have more than one
reaction path connecting them, corresponding to different
transition structures through which the reaction pa%ses.

Results and Discussion

H H
1.084 1.083

Frequency calculations showed that three minima were
located, the chair 3), 1,4-twist @a), and 2,5-twist 4b)
conformations, which are related to the chair and twist
conformations of cyclohexane. After the transition structure

search/optimization and frequency calculations, the constrained %, . 2 i S o

2,5-boat a) and 1,4-boat3b) geometries afforded the transition s\t 1 / 1785n

structures $a]* (HF/6-31G(d) E= —951.141407 ay = 2.65 H o 0e N ™ H

D) and Bb]* (HF/6-31G(d) E= —951.141275 auy = 1.98 M e R Lo

D), respectively. Transition structuiies-1 (HF/6-31G(d) E= H

—951.1335788 au) was obtained from the half-chair structures 1084

6a,c and from the sofa structuré,d, and transition structure rsart

TS-2 (HF/6-31G(d) E= —951.1344865 au) was obtained from

the half-chair structur@b and the sofa structurega,b. timated quite systematically by about 10%. The DFT methods

Table 1 shows the HF and DFT calculated and the experi- are in general well-behaved in predicting vibrational frequencies,
mental vibrational and Raman wavelengths and their respectiveand deviations from experimental results occur quite systemati-
assignments for the chair conformes) (of 1,3-dithiane®86° cally.>° The infrared and Raman spectra of the chair conforma-
Because of an absence of electron correlation, vibrational tion (3) of 1,3-dithiane have been discus$&d’® Data from
frequencies at the Hartred&ock level are commonly overes-  vibrational spectroscogdi;?° microwave spectroscopy (MVW);2
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TABLE 2: Calculated Bond Lengths (A) for the Chair Hax
Conformer (3) of 1,3-Dithiane .
]
HF/ MP2/  B3LYP/ B3P86/ B3PWOL/ [E 7 Heaq L= i 0 A
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) g {D S~
C2—Hax 1.083 1.095 1.095 1.095 1.096 0
C2—Heq 1.081 1.093 1.093 1.093 1.093 A B c
C4-Hax  1.085 1.097 1.098 1.098 1.098 Figure 7. Stereoelectronic interactions proposed for theHax and
C4—Heq  1.083 1.094 1.094 1.094 1.095 C5—Heq bonds in the chair conformer of 1,3-dithiane: the anomeric
C5—Hax 1.084 1.095 1.096 1.095 1.096 LPs— o* interaction between the axially directed nonbonding electron
gf_ggq %gi‘g igi’g iégg % égg iégg pair on sulfur and the antiperiplanar axiat-€ bond (A); the W effect
— : : : : : h ic effect * c5-Heq); (C) 0s—c — o* B).
S1-C6  1.817  1.815 1838  1.823 1gpe  ©Or homoanomeric effect (1eP— 0*cs-teq); (C) Os-c — 0¥ cs-tiea (B)
C4-C5 1529 1.526 1.533 1.525 1.528 TABLE 3: Bond Lengths (&) in the 2,5-Twist (4a) and

gas electron diffraction (ED®® NMR spectrd* dipole mo-
ments/*7>and UV photoelectron spectroscopy/MNBinves-
tigations and calculated structural featdfese consistent with

1,4-Twist (4b) Conformers of 1,3-Dithiane

HF/ MP2/  B3LYP/ B3P86/ B3PWO9l/
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)

the chair conformation3) being the most stable form of 1,3-  ~,_11iso  1.081 f.‘gégN'St @?093 1.093 1.094
dithiane in solution. The molecular orbital theory calculations co>—Hoiso  1.081 1.093 1.093 1.093 1.094
in this study agree with the experimental data that the cBair ( C5-Hliso  1.086 1.096 1.098 1.097 1.098
is the most stable conformer of 1,3-dithiane and that it is lower C5—H2iso  1.086 1.096 1.098 1.097 1.098
in energy than the 2,5-twist§) and 1,4-twist4b) conformers. ~ C4—Hyax  1.081 1.093 1093  1.093 1.094
The values of the HF( = 2.43 D) and MP2 =241 D) i dyed 1988 1094 1098 1098 1o%
calculated dipole momeng] for the chair conformer3) of 3-C2 1.824 1.826 1.845 1.831 1.833
1,3-dithane were larger than the experimental values of 2.13 s1—C6 1.817 1.814 1.836 1.822 1.824
and 2.09 D in tetrachloromethane and benzene, respectivély.  S3-C4 1.817 1.814 1.836 1.822 1.824
The DFT calculations gave a slightly smaller dipole moment C4-C5 1.535 1.531 1.540 1531 1.534

(« = 2.33 D) for 3 than did HF and MP2. The 2,5-twist 1,4-twist @b)
conformer 4a) had a smaller dipole moment (HF= 1.35 D; C2—-Hyax  1.080 1.093 1.093 1.093 1.094
MP2 and DFTu = 1.25 D) than the chair3) and 1,4-twist gi::g’ég iggé 1833 iSSS iggg iggg
(4b, HF 4 = 2.45 D; MP2 and DFT« = 2.36 D) conformers. Ci4—H2iso  1.083 1.094 1095 1,095 1095
HF, MP2, and DFT gave similar values for the torsional cs-Hyax 1.085 1.095 1.096 1.096 1.096
angles and bond angles in the chair conform®r d¢f 1,3- C5—-Hyeq 1.087 1.097 1.098 1.098 1.098
dithiane. The calculated torsional angles 3nare in better C6-Hyax  1.083 1.094 1.095 1.095 1.095
agreement with the ED ddfathan with the MW datd!72 C6-Hyeq  1.083 1.093 1.004 1.094 1.004
Although the HF/6-31G(d) HC—H bond angles in3 are Sé:gg igg% 1232 i'ggi igig igi%
slightly smaller than the MW and ED values, the other bond g;_cg 1.825 1821 1.846 1.830 1.832
angles are in excellent agreement with the experimental data.s3-c4 1.828 1.825 1.850 1.835 1.837
These calculations and the experimental data are consistent withC4—C5 1.536 1.536 1.540 1.533 1.535
C5-C6 1.528 1.526 1.532 1.525 1.527

each other, indicating that the chair conforn®rdf 1,3-dithiane

has appreciably greater ring puckering than cyclohexane since

the S-C—C, S-C—S, and C-C—C bond angles ir8 are all

larger than the €C—C bond angles in cyclohexane.
Although all levels of theory gave similar geometric param-

eters for the chair 3), 2,5-twist @a), and 1,4-twist 4b)

conformer 8) were slightly longer Ar = 0.002-0.004 A) than
the respective C2Heq, C4-Heq, and C6-Heq bond lengths
(LPs— 0™ c—Hax 0 c—Hax— 0% c—Hax). In contrast, the C5Heq
bond length in3, which is anti to the SC bond, is longer than

conformers of 1,3-dithiane, the MP2 and hybrid density func- the C5-Hax bond length. The S3C4—C5-Heq and S3-C4~—
tionals B3LYP, B3P86, and B3PW91 generally gave longer C5—Hax torsional anglest} in 3 are 175.0 and 58°1
bond lengths than HE®7® The BLYP functional, which  respectively, as are the SC6-C5-Heq and S+C6—C5—
systematically overestimates bond lengths, gave the longest bond1ax torsional anglest}. The longer C5-Heq bond length ir3

lengths (Table 25° The CG-S bond lengths ir8 are not equal,
and B3LYP gave longer €S bond lengths than HF, MP2, and
the other hybrid density functionals. All levels of theory
calculated the S1C2 bond length to be shorter than the-S1
C6 bond length in the chair conformeB8)( The C-S bond
lengths have been determined experimentally in tetrahyHro-2
thiopyran Cs symmetry, ED 1.832 AL MW 1.811 A8?), 1,4-
dithiacyclohexane (1,4-dithian€,, symmetry, ED 1.81 &3
X-ray 1.884) 85 4-oxa-1-thiacyclohexane (1,4-oxathiane, 1,4-
thioxane, ED 1.826 &587MW 1.824 A88), and 1,4-thioselenane
(1.81 A)8 Thus, the experimental and the HF, MP2, B3P86/
6-31G(d), and B3PW91/6-31G(d) calculated-%12 and C2-
S3 bond lengths in the chair conform@) of 1,3-dithiane are
similar to the observed €S bond lengths in tetrahydrd-2
thiopyran, 1,4-dithiane, and 1,4-thioselenane.

Geometry optimizations at all levels of theory showed that
the C2-Hax, C4-Hax, and C6-Hax bond lengths in the chair

may be a manifestation of thes-c — 0*cs5-Heq and homo-
anomeric LR — ¢*cs-neq Stereoelectronic hyperconjugative
interactions (Figure 7A874142The S1-C2 and C2-S3 bond
lengths in3 are equal as are the SC6 and S3-C4 bond
lengths (Table 2). The SIC2 and C2-S3 bonds are shorter
than the S+C6 and S3-C4 bonds.

The importance of structural considerations on stereoelec-
tronic hyperconjugative interactions in carbemydrogen bonds
is seen in a comparison of the geometrical parameters for the
chair @), 2,5-twist @a), and 1,4-twist 4b) conformers of 1,3-
dithiane. The GH bond lengths on the same carbon atom in
the 2,5-twist conformer4@) are equal, and the GHiso bond
lengths are shorter than the €Hiso bond lengths. These equal
C—H bond lengths are in marked contrast with the chair
conformer B) of 1,3-dithiane, with the chair conformations of
other heterocyclohexané$,”1517.4344and with the half-chair
conformations of unsaturated six-membered ifif in which
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TABLE 4: HF/6-31G(d) Thermochemical Data for Conformers and Transition States of 1,3-Dithiane

203K 298 K 330K
thermal thermal thermal
total energy AE ZPE energy S energy S energy S
3 —951.150219 78.142 80.097 70.366 81.869 78.213 82.602 80.748
da —951.143460 4.24 78.141 80.222 70.669 82.013 78.595 82.750 81.140
4b —951.142695 4.72 78.180 80.237 71.679 82.023 79.587 82.759 82.128
[5a)* —951.141404 5.53 78.178 79.929 68.721 81.523 75.848 82.194 78.186
[5b]* —951.141275 5.61 78.042 79.863 69.450 81.472 76.635 82.146 78.986
[TS-1# —951.133579 10.4 78.059 79.975 71.011 81.596 78.235 82.274 80.577
[TS-2)* —951.134487 9.87 77.954 79.962 73.150 81.472 78.147 82.243 82.136
TABLE 5: Total Energies for the Chair (3), 2,5-Twist (4a), and 1,4-Twist (4b) Conformers of 1,3-Dithiane
computational level chaidj 2,5-twist @a) 1,4-twist @b)

HF/6-31G(d) —951.150219 —951.143460 —951.142695

MP2/6-31G(d)//HF/6-31G(d) —951.917149 —951.910929 —951.909663

HF/6-31G(d,p) —951.162669 —951.155851 —951.155119

MP2/6-31G(d,p)//HF/6-31G(d,p) —951.982368 —951.976068 —951.974934

HF/6-31+G(d) —951.152764 —951.145720 —951.145132

MP2/6-3HG(d)//HF/6-3H-G(d) —951.927832 —951.920994 —951.920115

HF/6-31+G(d,p) —951.164892 —951.157809 —951.157251

MP2/6-31G(d) —951.918118 —951.912086 —951.910809

B3LYP/6-31G(d) —953.621602 —953.615225 —953.614262

B3LYP/6-31H-G(d,p) —953.719640 —953.712747 —953.712273

B3P86/6-31G(d) —954.817577 —954.811428 —954.810257

B3PW91/6-31G(d) —953.470048 —953.463917 —953.462775

the G-Hax and G-Hypax bond lengths are longer than the TABLE 6: Thermodynamic Parameters for the 2,5-Twist
respective €Heq and G-Hyeq bonds. The equal-€H bond gla)fand 1'4éTW'?t (‘éb) .Chqnformers [Relative to the Chair
lengths at each carbon in the 2,5-twidg) suggest an absence onformer (3)] of 1,3-Dithiane

of stereoelectronic hyperconjugative interactions involving these computational level AE AH® AG®
bonds. The S3C4—C5—H1liso and S3-C4—C5—H2iso tor- 2,5-twist @4a)
sional angles idtaare 159.5 and 842Qrespectively. The C4 HF/6-31G(d) 4.24 4.39 4.27
S3-C2—H1liso and C4 S3—C2—H2iso torsional angles ida MP2/6-31G(d)//HF/6-31G(d) 3.92 3.57 4.28
are 92.2 and 150%respectively. The €C bond lengths ita H';/g/'glﬁ‘g’p) 4.28 4.42 4.31
. ) -31G(d,p)//HF/6-31G(d,p) 3.95 3.60 431
are longer than those in the chair conform@y. The StC2 HF/6-31-G(d) 4.43 457 4.46
and C2-S3 bond lengths ida are equal and are longer than MP2/6-31-G(d)//HF/6-31-G(d) 4.28 3.93 4.64
the S1-C6 and S3-C4 bond lengths, which are equal. The-S1 MP2/6-31G(d) 3.79 3.93 3.82
C2 bond length irais longer (1.824 A) than that in the chair Eggg;g-gig’gg)(d ) 2-\%’ 21-175 jgg
'cé‘\(;n;(r)errgte]{lg,l 1.810 A) while their S3-C4 bond lengths (1.817 B3P86/6-31G(d) P 386 4.00 389
: . . B3PW91/6-31G(d) 3.85 3.99 3.88
Although the respective €C bond lengths ir8 (1.529 A) .
and4a (1.535 A) are equal, in the 1,4-twist conformeiby, HF/6-31G(d) 1,4-twist @b) 472 487 4.46
the C5-C6 bond (1.528 A) is shorter than the €&5 bond MP2/6-31G(d)//HF/6-31G(d) 4.72 4.87 4.46
(1.536 A). A 0s1-ce — 0% cs-Hyeq StEreoelectronic interaction HF/6-31G(d,p) 474 4.89 4.48
in 4b should lead to a shorter &6 bond, which should be MP2/6-31G(d,p)//HF/6-31G(d,p) 4.66 4.81 4.40
similar in length to the €C bond lengths in the chair conformer ~ HF/6-31+G(d) 4.79 4.94 4.53
(3, Tables 2 and 3). In the 1,4-twist conforméby, at positions mgg;g-gﬁe(d)mF/6-31+G(d) 4.86 5.01 4.60
-31G(d) 4.59 4.74 4.33
2 and 6, the EHyax and C-Hyeq bond lengths are equal as g3 yp/-31G(d) 461 476 435
are the C-Hiso bond lengths at position 4. The €Byax bond B3LYP/6-311-G(d,p) 4.62 4.77 4.36
length is slightly shorter than the €% yeq bond length B3P86/6-31G(d) 4.59 4.74 4.33
(0s—c— 0* C5-Hyeq and homoanomeric LP— U*cs—Hzpec)- The B3PW91/6-31G(d) 4.56 4.72 4.31

S3-C4—-C5-Hyax and S3-C4—C5—Hyeq torsional angles
in 4b are 84.9 and 15924 respectively, and the SIC6—C5—
Hyax and St C6—C5—Hyeq torsional angles are 47.4 and
163.5, respectively. The S2C2 bond length in the 1,4-twist
conformer 4b) is the shortest €S bond among the three
conformers 8 and4a,b). In the 1,4-twist conformer4p), all of
the C-S bond lengths are different. Thus, although the 2,5-
twist (4a) and 1,4-twist conformers4p) are close in energy
(Tables 4-7), their different geometrical features also serve to
distinguish between them.

MP2 gave smaller values of the energy differencA&)(
betweern3 and4athan HF (Table 6), and the 6-315(d) basis
set gave larger values &fE than the 6-31G(d) and 6-31G(d,p)

closer to the HF calculations, and the B3P86/6-31G(d) and
B3PW91/6-31G(d) values &fE were closer to the MP2 values.
The HF/6-31G(d) energy difference\E) of 4.24 kcal/mol
between3 and4ais smaller than the energy differencesH)
between the chair and the twist conformers of cyclohexane
(4.7-6.2 kcal/mol)? All levels of theory calculated small energy
differences AE = less than 1 kcal/mol) between the 2,5-twist
(4a) and the 1,4-twist4b) conformers with HF and B3LYP
giving the smallest energy differencesH).

The HF/6-31G(d) chairtwist free energy difference
(AGZ_, = 4.27 kcal/mol) between the chaiB)(and the 2,5-

twist structure 4a) is smaller than the estimated experimental
AGZ_, for cyclohexane (4.74.9 kcal/mol at 298 Kf;28.93-96
larger than the estimated experimental value of 2.9 kcal/mol

basis sets. The B3LYP/6-31G(d) energy differeneeE)Y
between the chair3j and the 2,5-twist4a) conformers was
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E, kcal/mol

Reaction coordinate to conformational interconversion ——

Figure 8. Potential energy diagram for the chathair interconversion of 1,3-dithian8)(through [TS-2}, the 1,4-twist conformer4p), and the
2,5-boat transition states]*.

from substituted 1,3-dithian€s33> and smaller than that the HF/6-31G(d), HF/6-3%G(d), and HF/6-33+G(d,p) levels
estimated value of 5.7 kcal/mol for 1,3-dioxang) (from of theory. However, IRC calculations at the B3LYP/6-
substituted 1,3-dioxanég5628.97100 The HF/6-31G(d) chair 311+G(d,p) level of theory connected the enantiomers of the
twist free energy differenceAG¢_,) between the chair3j and 1,4-twist conformer through the 2,5-boat bo&#]f transition
the 1,4-twist 4b) conformers was 4.46 kcal/mol. The longer state E = —953.710999 kcal/mol, Figure 8). Although it was
C—S bonds and the smaller torsional (Pitzer) potential are not verified by the IRC calculations but based on analogy with
contributing factors to the smaller estimated experimental cyclohexane conformations, it is reasonable to expect that a
AGZ_; values for 1,3-dithiane3j from substituted 1,3-dithi- structure resemblingsp]* will be the transition state for the
anes’28 interconversion between the 2,5-twist conforméa)(and its
The C-Hzypeq bond lengths are longer than the corresponding enantiomer. Although it is qualitative, the animated displace-
C—Hyax bond lengths at C2 and C5 in the 2,5-boat transition ments (normal coordinates) &77 cnt? for [5b]* suggest that
state pal¥, and the G-Hwpeq bond lengths are longer than the it is the barrier to the interconversion of the enantiomers of the
corresponding €Hypax bond lengths at C4 and C5 in the 1,4- 2,5-twist conformer 4a).19%:192The HF/6-31G(d) energy dif-
boat transition state5p]*. The C5-C6 bond is elongated in  ference AE) between the chair conformer and the 1,4-boat
the 1,4-boat transition stat&l]*. The respective geometries transition state §b]* was 5.53 kcal/mol, and the B3LYP/6-
of the 2,5-boat boat5g]* and 1,4-boatgb]* transition states 311+G(d,p) energy difference between the chair conformer and
were essentially unchanged after attempted IRC calculations atthe 2,5-boat transition statéd]* was 5.42 kcal/mol (Table 4).
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[5b]+

1,4-boat transi on state

E, kcal/mol
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Figure 9. Potential energy diagram of a higher energy path for the efthiair interconversion of 1,3-dithian8)(through [TS-1}, the 2,5-twist
conformer 4a), and the 1,4-boat transition statgb[*.

It has been estimated that the boat structure of cyclohexane is Single point energies and geometry optimized energies for
about 5.7-7.7 kcal/mol in energy above the chair confornfer. 3, [TS-1]*, and [TS-2]*are given in Table 7. The HF/6-31G(d)

IRC calculations on transition statd$-1]* at the HF/6-  energy difference/AE) between the chair conform&rand the
31G(d), HF/6-31G(d,p), HF/6-34G(d), and B3LYP/6-31G(d)  [TS-1]* is 10.44 kcal/mol, and between the chair conforier
levels of theory connected the chaB) (and 2-5'“’V¢'5t 4a) and the TS-2)%, it is 9.87 kcal/mol. The energy differenca)
conformers. IRC calculations on transition staf&{2]* at the between the chair and the half-chair structure of cyclohexane
HF/6-31G(d), HF/6-31G(d,p), 6-34G(d), and B3LYP/6-31G(d) 51472 11 5 kcalimoP The HF/6-31G(d) calculateiG* values
levels of theory connected the chaB) (and 1,4-twist 4b) f N +

o N e or 3 and [TS-1]* and for3 and [TS-2]* were 10.17 and 9.51
conformers of 1,3-dithiane. Thus, transition stat8{2)* is the . . . .
kcal/mol, respectively. The conformational interconversion

barrier between the chair conformeB) (and the 1,4-twist + "
conformer gb). These data are consistent with a mechanism follows the lower energy pathway, and th&* values are within

for the chair-chair interconversion that involves a fluxional 2 kcal/mol at all of the levels of theory and are in good
transition state with a geometry close to those of the half chair @greement with the experimental valuedt* (10.4+ 0.2 kcal/

and sofa structures. The EBlyeq bond lengths are longer than  mol)3° The differences in the calculateNiG* values could

the C5-Hyax bond lengths in transition stat&$-1* and reflect differences in the optimized geometries at various levels
transition state TS-2]*. as much as differences in the levels of theory. The experimental
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TABLE 7: Thermodynamic Parameters Relative to the
Chair Conformer (3) for Transition State [TS-1]* and
Transition State [TS-2JF

computational level total energy AE  AH* AG?
[TS-1*
HF/6-31G(d) —951.133579 10.44 10.18 10.17
MP2/6-31G(d)//HF/6-31G(d)  —951.899013 11.38 11.11 11.11
HF/6-31G(d,p) —951.145979 10.47 10.21 10.20
MP2/6-31G(d,p)//HF/6-31G(d,p)—951.964261 11.36 11.10 11.10
HF/6-31+G(d) —951.135916 10.57 10.31 10.30
MP2/6-31G(d)//HF/6-3H-G(d) —951.909472 11.54 11.27 11.26
B3LYP/6-31G(d)//HF/6-31G(d) —953.604183 9.97 9.71 9.70
B3P86/6-31G(d)//HF/6-31G(d) —954.800071 10.38 10.12 10.11
B3PW91/6-31G(d)//HF/6-31G(d)-953.452606 10.26 10.00 9.99
[Ts-2*
HF/6-31G(d) —951.134487 9.87 9.49 951
MP2/6-31G(d)//HF/6-31G(d)  —951.899059 11.35 10.97 10.99
HF/6-31G(d,p) —051.146921 9.88 9.50 9.52
MP2/6-31G(d,p)//HF/6-31G(d,p)—951.964379 11.29 10.91 10.93
HF/6-31+G(d) —951.136706 10.08 9.70 9.72
MP2/6-31G(d)//HF/6-3HG(d) —951.909109 11.75 11.37 11.38
B3LYP/6-31G(d)//HF/6-31G(d) —953.605038 9.44 9.06 9.08
B3P86/6-31G(d)//HF/6-31G(d) —954.800674 10.00 9.62 9.64
B3PW91/6-31G(d)//HF/6-31G(d)-953.453204 9.89 9.50 9.52

AG* values for 1,3-dioxane2j and 1,3-oxathiane were 98

0.2 and 9.3+ 0.3 kcal/mol, respectively?°

Conclusions

Ab initio molecular orbital theory and DFT have been used

J. Phys. Chem. A, Vol. 107, No. 16, 2003917

(3) and the transition statel §-2]* was slightly lower but in
good agreement with the experimental valwesf = 10.4 +

0.2 kcal/mol)3® These data suggest that the chair-to-chair
interconversion of 1,3-dithiane involves a fluxional transition
state with a geometry close to those of its half-chair and sofa
structures.

Supporting Information Available: Cartesian coordinates
of all reported minima and transition states, additional geo-
metrical parameters for the chair and twist conformers, non-
bonded distances in the chair and twist conformers, DFT
thermochemical data for the chair and twist conformers, and
the total energies for the chair and twist conformers. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Alabugin, I. V.; Zeidan, T. AJ. Am. Chem. So@002 124, 3175
and reference therein.

(2) Alabugin, I. V.J. Org. Chem200Q 65, 3910 and references therein.

(3) Ganguly, B.; Fuchs, BJ. Phys. Org. Chen2001, 14, 488.

(4) Davalos, J. Z.; Flores, H.; Jihmez, P.; Notario, R.; Roux, V.;
Juaristi, E.; Hosmane, R. S.; Liebman, JJFOrg. Chem1999 64, 9328.

(5) Roux, M. V,; Daalos, J. Z.; Jimeez, P.; Flores, H.; Saiz, J.-L.;
Abboud, J.-L.J. Chem. Thermodyri999 31, 635.

(6) Cuevas, G.; Juaristi, E.; Vela, A. Phys. Chem. A999 103 932.

(7) Juaristi, E.; Cuevas, G.; Vela, A. Am. Chem. Sod994 116,
5796 and references therein.

(8) Conformation is the spatial array of atoms in a molecule of given
constitution and configuration. Conformational isomer (conformer) is one
of a set of stereoisomers that differ in conformation, that is, in torsional

to calculate the optimized geometries and relative energies of yngie or angles. Only structures corresponding to potential energy minima

the chair, 1,4-twist, and 2,5-twist conformers of 1,3-dithiane.
The C2-Hax, C4-Hax, and C6-Hax bond lengths are longer
than the corresponding €Heq bond lengths in the chair
conformer B8) of 1,3-dithiane (LR — 0*c-Hax, 0 c—Hax — O
Cc-nax)- In contrast, the C5Heq bond is longer than the €5
Hax bond ¢s-c — 0*cs-req W effect, or homoanomeric
LPs— 0* cs-Heq). The importance of geometrical considerations
in stereoelectronic hyperconjugative interactions is shown in
the chair and twist conformers of 1,3-dithiane. Unlike the chair
conformer, in the 2,5-twist conformer, all-31 bond lengths

at a carbon atom are equal and in the 1,4-twist conformer all
C—H bond lengths are equal except the-&%eq bond, which

is longer than the C5Hax bond §s-c (0* cs-Heq, W effect, or
homoanomeric LPSof c5-Heg). In the 2,5-twist conformer, the
C2—Hiso bond lengths are shorter than the-@%so bond
lengths.

The B3LYP/6-31%G(d,p) energy difference\E) between
the chair conformerd) and the 2,5-boat transition statea[*
was 5.42 kcal/mol, and the HF/6-31G(d) energy differende) (
between the chair conformed)(and the 1,4-boat transition state
[5b]* was 5.61 kcal/mol. The B3LYP/6-33#1G(d,p) energy
difference AE) between the 1,4-twist conformetlf) and the
2,5-boat transition statec§]* was 0.80 kcal/mol. The HF/6-
31G(d) energy differenceAE) between the chair conformer
and the 2,5-twist conformer was 4.24 kcal/mol and the 2,5-
twist conformer was 0.48 kcal/mol more stable than the 1,4-
twist conformer. The chair2,5-twist free energy difference
AGZ_, for 1,3-dithiane was 4.27 kcal/mol and the chélr4-
twist AGZ_, was 4.46 kcal/mol.

IRC calculations connected the chair and 2,5-twist conformers
via transition stateTS-1]*and connected the chair and 1,4-twist
conformers via transition stat&$-2]*. The HF/6-31G(d) energy
difference (AE) between the chair conformeB)( and the
transition state TS-1]* was 10.44 kcal/mol, and between the
chair conformerd) and the transition statd -2+, it was 9.87
kcal/mol. The HF calculatedG* between the chair conformer

(local or global) qualify?
(9) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Compounds
Wiley: New York, 1994; Chapter 11 and references therein.
(10) Juaristi, E., EdConformational Behaior of Six-Membered Rings
VCH Publishers: New York, 1995.

(11) Bushweller, C. H. IfConformational Beheior of Six-Membered
Rings Juaristi, E., Ed.; VCH Publishers: New York, 1995; Chapter 2.
(12) Cremer, D.; Szabo, K. J. I€onformational Behaor of Six-
Membered RingsJuaristi, E., Ed.; VCH Publishers: New York, 1995;

Chapter 3.

(13) Kleinpeter, E. IrConformational Beheior of Six-Membered Rings
Juaristi, E., Ed.; VCH Publishers: New York, 1995; Chapter 6.

(14) Chapman, D. M.; Hester, R. E. Phys. Chem. A997 101, 3382.

(15) Freeman, F.; Kasner, M. L.; Hehre, W.JJ Phys. Chem. 2001,
105 10123.

(16) Freeman, F.; Do, K. W. Mol. Struct. (THEOCHEMWM2002 577,
43 and references therein.

(17) Freeman, F.; Lee, KStruct. Chem2002 13, 149.

(18) Wiberg, K. B.; Castejon, HI. Am. Chem. S0d 994 116, 10489.

(19) Okazaki, R.; O-oka, M.; Akiyama, T.; Inamoto, N.; Niwa, J.; Kato,
S.J. Am. Chem. S0d.987 109, 5413.

(20) Kuyper, L. F.; Eliel, E. LJ. Organomet. Chen1978 156, 245.

(21) Cuevas, G.; Juaristi, B. Am. Chem. So0d 997, 119, 7545.

(22) Juaristi, E.; Cuevas, G.; Flores-Vela, Petrahedron Lett1992
33, 6927.

(23) Cuevas, G.; Juaristi, E.; Vela, A. Mol. Struct (THEOCHEMN
1997, 418 231.

(24) Bock, K.; Wiebe, LActa Chem. Scand 973 27, 2676.

(25) Bailey, W. F.; Rivera, A. D.; Rossi, Kletrahedron Lett1988
29, 5621.

(26) Wolfe, S.; Pinto, B. M.; Varma, V.; Leung, R. Y. i&an. J. Chem
1990 68, 1051.

(27) Wolfe, S.; Kim, C.-K Can. J. Chem1991, 69, 1408.

(28) Eliel, E. L.Acc. ChemRes 197Q 3, 1.

(29) Kellie, G. M.; Riddell, F. GTop. Stereocheni974 8, 225.

(30) Friebolin, H.; Schmid, H. G.; Kabuss, S.; Faisst, @fg. Magn.
Reson.1969 1, 67.

(31) Pihlaja, K.; Nikander, HActa Chem. Scand 977 B31, 265.

(32) Pihlaja, K.Acta Chem. Scand 968 22, 716.

(33) Pihlaja, K.J. Chem. Soc., Perkin Trans.1®74 890.

(34) Eliel, E. L.; Hutchins, R. OJ. Am. Chem. Sod 969 91, 2703.

(35) Cox, J. M.; Owen, L. WJ. Chem. Soc. @967, 1130.

(36) Perlin, A. S.; Casu, Bletrahedron Lett1969 2921.

(37) Eliel, E. L.; Rao, V. S.; Vierhapper, F. W.; Juaristi, G. Z.
Tetrahedron Lett1975 4339.

(38) Hansen, P. EProg. Nucl. Magn. Reson. Spectro$881, 14, 175.



2918 J. Phys. Chem. A, Vol. 107, No. 16, 2003

(39) Rao, V. SCan. J. Chem1982 60, 1067.

(40) Thomas, H. D.; Chen, K.; Allinger, N. LJ. Am. Chem. S0d994
116 5887.

(41) Anderson, J. E.; Bloodworth, A. J.; Cai, J. Q.; Davies, A. G.; Tallant,
N. A. J. Chem. Soc., Chem. Commad892 1689.

(42) Anderson, J. E.; Bloodworth, A. J.; Cai, J.; Davies, A. G.; Schiesser,

C. H.J. Chem. Soc., Perkin Trang 1993 601.

(43) Anderson, J. E.; Cai, J. Q.; Davies, A. &.Chem. Soc., Perkin
Trans. 21993 2633.

(44) Cai, J. Q.; Davies, A. G.; Schiesser, C.HChem. Soc., Perkin
Trans. 21994 1151.

(45) Kirby, A. J.Stereoelectronic Effect©xford University Press: New
York, 1999.

(46) Homoallylic participation (anchimeric assistance) was proposed to

explain why 3g-chlosteryl tosylate or chloride solvolyzed 100 times faster
than the cyclohexyl analogue. Winstein, S.; AdamsJRAm. Chem. Soc
1948 70, 838.

(47) The MacSpartan Pro and Spartan programs are available from

Wavefunction, Inc., 18401 Von Karman Avenue, Suite 370, Irvine, CA
92612.

(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(49) Wiberg, K. B.; Castejon, H.; Bailey, W. F.; Ochterski,JJJ.Org.
Chem 200Q 65, 1181.

(50) Foresman, J. B.; Frisch, Axploring Chemistry with Electronic
Structure MethodsGaussian, Inc.: Pittsburgh, 1996.

(51) Salzner, U.; Schleyer, P. v. B. Org. Chem1994 59, 2138.

(52) Jonas, V.; Frenking, GChem. Phys. Lett1991 127, 175.

(53) Bauschlicher, C. W., Jr.; Partridge, H.Chem. Phys1995 103
1788.

(54) Rauhut, G.; Pulay, R. Phys. Chem1995 99, 3093.

(55) Scott, A. P.; Radom, LJ. Phys. Cheml1996 100, 16502.

(56) Wong, M. W.Chem. Phys. Lettl996 256, 391.

(57) Jaramillo, J.; Scuseria, G. Ehem. Phys. Lett1999 312 269.

(58) Florian, J.; Johnson, B..@. Phys. Cheml995 99, 5899.

(59) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional TheoryWiley-VCH: New York, 2000.

(60) Fukui, K.Acc. Chem. Red981, 14, 363.

(61) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(62) Itis not always true that a saddle point must connect two minima.
A situation is possible where two transition states are directly conn&ct&d.

(63) Valtazanos, P.; Elbert, S. F.; RuedenbergJKAm. Chem. Soc
1986 108 3147.

(64) Hirsch, M.; Quapp, W.; Heidrich, DPhys. Chem. Chem. Phys
1999 1, 5291.

(65) Bartsch, R. A.; Chae, Y. M.; Ham, S.; Birney, D. M.Am. Chem.
Soc 2001, 123 7479.

(66) Caramella, P.; Quadrelli, P.; Toma, L. Am. Chem. So2002
124, 1130.

(67) Reyes, M. B.; Lobkovsky, E. B.; Carpenter, B. K.Am. Chem.
Soc 2002 124, 641.

(68) Davidson, G.; Ewer, K. PSpectrochim. Actd986 42A 913.

(69) Hitch, M. J.; Ross, S. DSpectrochim. Actd969 25A 1041.

(70) Dorofeeva, O. V.; Gurvich, L. VJ. Phys. Chem. Ref. Date995
24, 1351.

(71) Alonso, J. L.; Caminati, W.; Cervellati, R. Mol. Struct 1983
96, 225.

Freeman and Le

(72) Cervalleti, R.; Corbelli, G.; Lister, D. G.; Alonso, J. 1. Mol.
Struct 1984 117, 247.

(73) Adams, W. J.; Bartell, L. S1. Mol. Struct 1977, 37, 261.

(74) Kalff, H. T.; Havinga, E.Recl. Tra.. Chim. Pays-Bad962 81,
282.

(75) Kalff, H. T.; Havinga, E.Recl. Tra.. Chim. Pays-Bad966 85,

7

67.

(76) Bogatskii, A. V.; Gren, A. |.; Davidenko, T. |.; Galatin, A. ¥opr.
Stereokhim1978 7, 24.

(77) Okazaki, R.; Niwa, J.; Kato, Bull. Chem. Soc. Jpri988 61,
1619.

(78) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople,.JARInitio
Molecular Orbital Theory Wiley: New York, 1986.

(79) Houk, K. N.; Li, Y.; Evanseck, J. DAngew. Chem., Int. Ed. Engl
1992 31, 682.

(80) Additional calculated geometrical parameters ®rand other
conformers of 1,3-dithiane are given in the Supporting Information.

(81) Schultz, G.; Kucsman, A.; Hargittai, Acta Chem. Scand. Ser. A
1988 42, 332.

(82) Kitchin, R. W.; Malloy, T. B., Jr.; Cook, R. LJ. Mol. Spectrosc
1975 57, 179.

(83) Hassel, O.; Viervall, HActa Chem. Scand 947, 1, 149.

(84) Marsh, R. EActa Crystallogr 1955 8, 9.

(85) Momose, T.; Suzuki, T.; Shida, Them. Phys. Lettl984 107,
568.

(86) Schultz, G.; Hargittai, I.; Hermann, 1. Mol. Struct 1972 14,
353.

(87) Hagen, G.; Hargittai, |.; Schultz, Gcta Chim. Sci. Hungl975
86, 219.

(88) Kitchin, R. W.; Avirah, T. K.; Malloy, T. B., Jr.; Cook, L. Mol.
Struct 1975 24, 337.

(89) Po, H. N.; Freeman, F.; Lee, C.; Hehre, WJJComput. Chem.
1993 14, 1376.

(90) Freeman, F.; Po, H. N.; Lee, C.; Hehre, WJJComput. Chem.
1997, 18, 1392.

(91) Freeman, F.; Po, H. N.; Lee, C.; Hehre, WJJComput. Chem.
1998 19, 1064.

(92) Freeman, F.; Po, H. N.; Hehre, WJJMol. Struct. (THEOCHEM)
200Q 503 145.

(93) A AGZ_; of 4.9 kcal/mol was reported for 1,3-tért-butylcyclo-
hexane. Allinger, N. L.; Freiberg, L. Al. Am. Chem. Sod96(Q 82, 2393.

(94) A AGZ_; of 4.7 kcal/mol was reported for 1,4-tért-butylcyclo-
hexane.

(95) Armitage, B. J.; Kenner, G. W.; Robinson, M. J.Tletrahedron
1964 747.

(96) van Bekkum, H.; Hoefnagel, M. A.; de Lavieter, L.; van Veen, A,;
Verkade, P. E.; Wemmers, A.; Wepster, B. M.; Palm, J. H.; Schaffer, L.;
Dekker, H.; Mosselman, C.; Somsen,R&cl. Tra. Chim. Pays-Bag967,

87, 1363.

(97) Rychnovsky, S. D.; Yang, G.; Power, J. P Org. Chem1993
58, 5251 and references therein.

(98) Howard, A. E.; Cieplak, P.; Kollman, P. A. Comput. Chenl995
16, 243.

(99) Cieplak, P.; Howard, A. E.; Powers, J. P.; Rychnovsky, S. D;
Kollman, P. A.J. Org. Chem1996 61, 3662.

(100) Anteunis, M. J. O.; Tavernier, D.; Borremans,Heterocycles
1976 4, 293.

(101) The imaginary frequencies fdid)* and Bb]* are not very large,
which suggests that the desired distortions are mdfebnaginary
frequencies are typically in the range of 468000 cn1?, and values less
than <100 cn1! typically correspond to couplings of low energy modes.
One must be wary of a structure that yields only very small imaginary
frequencies since this suggests a very low energy transition structure, which
may not correspond to the particular reaction of inte¥&st.

(102) Hehre, W. J.; Shusterman, A. J.; Huang, W. AVLaboratory
Book of Computational ChemistrWavefunction, Inc.: Irvine, CA, 1998.



