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Studies on the conformational equilibria of 2-methoxy, 2-methylthio, and 2-methylselenocyclohexanol are
reported. Dynamic NMR spectroscopy experiments at-2% K were performed, which provided the
percentages of each conformer in equilibrium. Theoretical calculations using the B3LYP method and aug-
cc-pvdz basis set were applied to determine the differences in energy between the conformers. The analysis
of the potential energy surface of each conformer showed the presence of two rotamers. Natural bond orbital
analysis provided an explanation of which factors are driving the rotamer and conformer preferences.

1. Introduction the “gauche effect*.”8 Abraham et af.demonstrated, through
NMR spectroscopy and theoretical data, the strong bonding
between the hydroxyl group and the fluorine atontrams-2-
fluorocyclohexanol, which is responsible for the predominance
of the egq-eq conformation of this molecule. Freitas et3al.
demonstrated that, besides hydrogen bonding, the gauche effect
and steric interactions are also present for chlorine, bromine,

The term “conformational analysis” is a broad one, but two
of its aspects shall receive special consideration here: the
determination of the molecular geometric structures, including
the relative energies of the conformers, and the attempts to
determine the major forces controlling the relative conforma-

tional stabilities. In this field, the conformation of the six- S s L .
A . . S ._and iodine derivatives. By use of ab initio and force field
membered rings, which have two substituents in either the axial - X .
calculations, Jansen and co-workémccomplished a detailed

or the equatorial positions, is important, mainly as useful models . oo . . .
. . . . Y investigation of the possible orientations of the hydroxyl group
to rationalize factors governing conformational equilibria. One

. . in cyclohexanol. They found four isomers and ab initio results

of the most reliable methods to measure conformational . .

g . S . - showed that the difference in energy between the three most
equilibrium constants is the determination of the ratio of integral : : )
) . . S stable isomers is quite small.
intensities of the NMR signals of individual conformers under . .
b ) . A " - Up to now, most reviews have focused on the effects (steric
conformational inflexible” conditions. This occurs at temper- and electrostatic) involved in the conformational equilibrium
atures around—80 °C, when the inversion of the ring in q

substituted cyclohexanes becomes sufficiently slow on the NMR iC)src])lE/nzlar; tirsart]r?glfnuapcs,trltgtneg f(r;gﬁiothheexarlggjct?gr?no;h;-l;%gst{iﬁ t?alj
spectroscopy time scale. Zefirov et'atalculated the confor- Jor on n

) s . cyclohexanones with LiAlki
mational equilibrium constants for a series oins1,2- In this paper, we carried out a detailed conformational
disubstituted cyclohexanes by using this methodology through . paper,

low-temperaturd3C NMR spectroscopy experiments. Because 'nVestigation okis-2-methoxy 1), cis-2-methyithio @), andcis
of an increase in computational chemistry power (computational 2-methylselenocyclohexand@) NMR experiments, along with

calculations), a large variety of studies have been published in'_[heoretlcal calculations, were used to clarify the main factors

this area. The focus is mainly on the classical effects (steric involved in this equilibrium.
and electrostatic) present in these systems. frhas1,2-
disubstituted cyclohexane isomer has been extensively stuflied
as a model in an attempt to clarify these effects. Some 2.1. Compounds.Compoundsl and 2 were synthesized
researchers have investigated the conformational preferences othrough stereoselective reduction of the corresponding ketones
trans-2-halocyclohexanols and their methyl eth&rs.They with potassium trisecbutylborohydride (k-selectrid&13 in
verified that in halohydrins intra- and/or intermolecular hydrogen THF at —60 °C (ethanol/N(l)). Compound 8) was obtained
bonds lead the conformational equilibria toward the equaterial  through the reduction of the corresponding ketone with LIAIH
equatorial (egreq) conformef; 6 while, for their methyl ethers, in THF at room temperature.

the eg-eq population is not as large as for the alcohols, the 2.2. Theoretical Calculations.All the calculations were
equilibrium is governed by steric and dipolar factors as well as performed with the Gaussian 03 packajghe stable conform-

ers of compound$—3 (Scheme 1) were obtained by calculating

2. Experimental

* To whom correspondence should be addressed. Fak55 44-3261- the potential energy surface (PES) through the HF/6-31G level
4125. E-mail: eabasso@uem.br. of theory. The geometries for the most stable conformers were
Universidade Estadual de Maringa. e . . . .

* State University of Campinas. optimized by density functional theory (DFT) calculations with
8 Universidade de Sao Paulo. the B3LYP hybrid functional, which consists of the nonlocal
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SCHEME 1: Conformational equilibrium of the
investigated compounds
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exchange functional of Becke's three-parametet®satd the
nonlocal correlation functional of Lee et ®Dunning’s basis

set (aug-cc-pVDZ) was used to carry out these calculations. It
is defined as a correlation consistent basis set that contains all

the correlating functions that lower the correlation energies by
similar amounts as well as all correlation functions that lower
the energy by large amouri&These sets are compact, converge
systematically to the CBS limit, and well defined with respect
to the increase in both size and accur#cgtationary points
were fully optimized and characterized by vibrational frequency
calculations, which also provided zero-point vibrational energies
(ZPE). Natural bond orbital (NBO) calculations were performed
by using B3LYP/6-31G(d,p}22°

2.3. NMR Spectroscopy ExperimentsAll the compounds
were characterized througH, 13C, and 2D NMR spectroscopy.
The spectra were obtained on a Varian Mercury Plus 300
operating at 300.06 MHz fdiH and 75.46 MHz fof3C. Spectra
were obtained with ca. 20 mg cr solutions with a probe
temperature of 298 K referenced to M under typical
conditions fortH (spectral width 4000 Hz with 32K data points
and zero filled to 128 K to give a digital resolution of 0.03
Hz).

The chemical shifts of the compounds studied are presented

below and the key to atom numbering is shown in Scheme 1.

2.3.1. cis-2-Methoxycyclohexandéd NMR (CDClz, 300.06
MHz; 6 in ppm): 6 3.84 (1H, m, H); 3.40 (3H, s, CH) 3.27
(1H, m, Hy); 2.40 (1H, dd, OH); 1.78 (2H, m, #qand Hsy);
1.60 (4H, M, Hay Haeq Hseq Heay); 1.35 (1H, m, Hay); 1.28
(1H, m, Hiay. 3C NMR (CDCk, 75.46 MHz,6 in ppm): 6
21.0 (G); 22.0 (G); 25.9 (G); 30.0 (G); 56.1 (CH); 68.2 (Q)
and 80.0 (G).

2.3.2. cis-2-MethylthiocyclohexanéHd NMR (CDCls, 300.06
MHz; 6 in ppm): 6 3.87 (1H, m, H); 2.80 (1H, m, H); 2.24
(1H, dd, OH); 2.10 (3H, s, Ck); 1.87 (1H, m, Heg; 1.65 (4H,
M, Hzax HzeqHaegand Heg; 1.50 (1H, m, Hay; 1.35 (2H, m,
Haax and Hsay. 3C NMR (CDCh, 75.46 MHz,6 in ppm):
14.0 (CH); 20.1 (G); 24.7 (G); 27.4 (G); 31.3 (G); 52.1 (G);
66.1 (Q).

2.3.3. cis-2-Methylselenocyclohexanéd NMR (CDCls,
300.06 MHz;6 in ppm): 3.77 (1H, m, K); 3.11 (1H, m, H);
2.56 (1H, dd, OH); 2.00 (3H, s, G 1.45-1.28 (8H, m).13C
NMR (CDCl3, 75.46 MHz,0 in ppm): 6 4.0 (CHy); 21.0 (G);
24.8 (G); 28.7 (G); 32.2 (G); 50.0 (G); 68.0 (G).

The low-temperaturé®C NMR spectra were obtained on
Bruker DPX 300 operating at 75.47 MHz f&iC in acetoneds
at 200-210 K. The chemical shifts are compiled in Table 1.

3. Results and Discussion

3.1. Theoretical ResultsThe conformational equilibrium of
the compounds is shown in Scheme 1. The conformational
structures of conformersandll were obtained through a PES
calculation considering the rotation of the two dihedral angles
CG—Cl—O—H and Q;—CZ—X—CHg.
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TABLE 1: 13C Chemical Shifts (ppm) of Compounds 1, 2,
and 3 at Room Temperature and at Low Temperature

1 2 3
[ | L | e | I L | L el | R L e
C 685 649 717 66.1 66.0 726 68.1 686 72.3
C 80.2 814 796 521 509 53.1 49.7 46.1 503
Cs 26.1 259 270 274 270 295 29.1 286 29.2
Cs 221 247 249 247 26.7 25.0 251 287 27.6
Cs 21.3 19.6 194 20.1 195 20.7 21.1 195 217
Ce 30,5 31.1 300 31.3 331 308 322 363 364
CH; 56.1 551 564 139 134 165 3.80 260 4.90

2298 K in CDCE from TMS. P 203-210 K in acetonels from TMS.
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Figure 1. Structures optimized through the B3LYP/aug-ccpvdz level
of theory, considering the conformational and rotational equilibrium
present in this system (% O, S, and Se).

Two minima (ot and rot") were localized for each
conformer (Figure 1) and then fully optimized, yielding the
energies presented in Table 2. According to Table 2, conformer
| showedrot" as the most stable rotamer (about 2.00 kcal/mol)
for both compound® and3, while for 1, the small difference
in energy betweemot’ androt” (0.07 kcal/mol) suggested a
rotamer mixture. By taking the most stable rotamer of each
conformer, it was possible to determine the conformational
energy differences between conformémndIl as 0.05, 1.18,
and 0.92 kcal/mol forl, 2, and 3, respectively, conformer
being the most stable in all compounds. In edNis the mole
fractions ofl andll, N, + N, = 1, andAE is the conformational
energy difference previously determined

N,/N, = e “ERT 1)

By analysis of the spatial geometry of the compounds, we
note that there is a hydrogen bond between the hydroxylic
hydrogen and the heteroatom of the substituent in batthand
rot" of I. This interaction was also observediin but only for
rot’, since inrot"” the electron lone pair is turned away from
the hydroxylic hydrogen. The hydrogen bond provides a five-
membered ring formation that contributes to system stabilization.
The same interaction was reported foans2-halocyclo-
hexanols~7
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TABLE 2: Rotamer Energies (E) and Rotational Energy Difference (AE) of the Studied Compounds
E (hartrees) AE (kcal/mol)
Il rot "'—rot’
compounds rot’ rot"” rot’ rot"” | Il
2-methoxycyclohexanol —425.46434 7 —425.464236 —425.46427 1 —425.45963 1 0.07 291
2-methylthiocyclohexanol —748.45531 3 —748.458434 —748.45655 8 —748.45226 3 —1.96 2.70
2-methylselenocyclohexanol ~ —2751.8047 41 —2751.80806 5 —2751.8065 92 —2751.8021 81 —2.08 2.76

TABLE 3: Interaction Energy Orbital Obtained through
NBO Analysis? of the Compounds

TABLE 4: PNBO Overlap Integrals for Attractive LP « —
0*o-n (Ins+) and Repulsive LB, — go-n (In) Interactions

E (kcal/mol) Complex Lo. Io (ol 1 o)
NBO donator NBO acceptor 1 2 3 R
I rot R—0—H----0( 0.104 0.066 2.48
LPy 0*co-ca 7.70 3.94 211 R ' ' ’
LPX ()’*017(:2 1.14 0.15 0.47
LPx 0 C2-Hax 6.28 4.17 2.63 R
LPy 0*ci-ce 063  0.32 R—O—H-----8{ -0.184 -0.127 2.10
LPx 0*c3-ca 0.66 0.45 0.22 R
LPy 0*o-n 1.38 3.14 4.56
I rot” R
LPy 0% co—c3 1.65 0.14 R_O_H""Se\ '0189 -0140 1.82
LPy o*cica 7.25 4.69 3.46 R
LPx 0% co-Hax 5.41 2.96 1.64 a Pre-orthogonal localized orbitals.
LPx 0*c1-cs 0.81 0.79 0.71
LP, o*o- 1.83 5.13 5.04
" o I rot’ As LP; — 0*ci1-c2 and LR — o*co-c3 are through bond
LP, o 065 081 064 interactions, the energy decre_ase_s in the order G > SQ;
LP, O*erco 1.52 1.83 219 therefore, the oxygen lone pair will interact more effectively
LPx 0% C2-Heg 5.09 0.87 0.37 than those of sulfur and selenium.
LPy 0" 0-H 2.05 4.75 4.74 Another important interaction observed iat’ androt" is
LPx 0" cz-cs 752 3.82 2.05 LPx — 0*o-n. In contrast to the results previously discussed,
o Mrot” this one is a through-space interaction, increasing in the order
LP O C1-Hax 0.61 0.63 0.55 O < S < Se (Table 3). This interaction is intrinsically correlated
LP o crez 8.7 >82 3.99 with hydrogen bond formation and the charge transfer is in turn
LP, 0% Co-Heq 562 228 1.09 yarog , 9 A
LP, * o strongly correlated with the overlapot of LPx and 0*o-n
LPy, 0*co-c3 1.89 0.44 0.24 orbitals. We compared the values of the attractive deaceptor

aThreshold= 0.1 kcal/mol.

To evaluate the interactions in both rotamers from each
conformer, we performed a detailed NBO analysis on all of

them. Table 3 shows the main orbital interactions between the

electron lone pair (LR of the substituent and the antibonding
sigma ¢*) to adjacent bonds. The main hyperconjugatives
interactions observed in both rotamersl dFigure 1) are LR

— 0%c1-c2, LPy — 0% co—c3, and LR — 0* co—Hax. One inversion
between the energy value interactions of =P ¢*c1-c2 and

LPx — o*c2-c3 is observed when going fromot’ to rot”
(rotation of the dihedral angles€C,—X—CHz). This fact is
due to the electron lone pair position, clearly depicted in Figure
1 (I-rot" andl-rot").

As in compoundl the hydrogen bond is possible for both
rotamersot' androt"), the orbital interactions should explain
the rotational preference. The interaction energiesdtrand
rot" are very similar, while irrot' there is one more interaction
(LPo — 0*c3-c40.66 kcal/mol) than inrot”. Indeed, by

(Ino*) and repulsive donerdonor ko (LPx — go-n) overlaps

for the most stable conformef)(for all compounds (Table 4).
The ratio (ho*/l ,0)2, gives a measure of the energetic balance
between attractive and repulsive terms in the equilibrium
geometry. When both,é* and (l,0*/1 ,0)? are favorable, the
shortest and strongest H-bond resgtsThus, as only for
compoundl is this value favorable, a stronger H-bonding is
observed than for compoungdsnd3. The high energy observed
for this interaction, in S and Se derivatives, is due to the diffuse
lone pair (LR/s9 when compared with the O derivative (most
polar hydride antibond* o).

Conformer Il exhibits essentially the same behaviorl as
except for the absence of | P> o*o_y in rot". It is clear that
this interaction, together with the interaction P 0* co—c3,
is responsible for the lowest system energy that increases around
2.80 kcal/mol when these interactions are not possible or not
effective, as inll -rot’, Figure 1.

To evaluate how important is the hyperconjugative interaction
to conformer stabilization, we calculated the electronic delo-

comparison of the sum of interaction energies presented in Tablecalization energy for the most stable rotamers in each conformer

3 from rot’ against the ones imt"”, the former is 0.85 kcal/

from compoundsdl, 2, and3.

mol larger, in accordance to the rotamer preference. By analysis To perform this calculation we deleted all hyperconjugative

of the interaction energies (Table 3) for the conforrhgin
compoundsl, 2, and3, we observed the preference fat"
only for 2 and3 by 1.54 and 0.86 kcal/mol, respectively. This
preference is attributed to interactionsy-P 0* c1—c2 and LR

— o*ci-ce that are more effective imot", as well as the
interaction LR — ¢*o_n, that becomes larger irot” than in
rot'.

interactions in order to obtain just the localized contribution
(natural Lewis structure). The difference of the original energy
(full) minus the localized one provide the stabilizing effect of
the delocalization contribution. Thus, conformershows the
electronic delocalization energies 1.75, 1.85, and 3.04 kcal/mol
higher than conformdr, for compoundg, 2, and3, respectively.
These results are presented in Table 5 and indicate an inversion
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TABLE 5: Electronic Delocalization Energy (AAE) for Compounds 1, 2, and 3

1 2 3
I Il I Il I Il
total energy ;)2 —425.48890 8801 —425.488517169 —748.470313444 —748.468554519 —2749.485259765 —2749.485530261
deletion energyHq)®? —424.98725 5207 —424.984072424 —748.002715350 —747.998005507 —2749.010376426 —2749.005798883
AEP = E; — Eq 314.793 316.544 293.422 295.274 297.994 301.036
AAEP 1.75 1.85 3.04

a|n hartrees® In kcal/mol.

As the *Jon-He coupling is possible only for conformer

C the variation observed in these values can be explained in terms
™ <L . of the conformer population (Scheme 1). Thus, fdgn-ne
‘9 values approach typical ones as the populatiom bécomes
L™ J\ 3 larger. The observed coupling reinforces the existence of the
‘ interaction between the hydroxylic hydrogen and the hetero-
Jonss atoms (O, S, Se).
Figure 2. Couplings®Jon-n1 and*Jon-ne Observed in thé rotamers
of compoundsl, 2, and3. 4. Conclusion
of the conformer preferencedl (more stable thar), that is The conformational equilibrium of compounds 2, and3
opposed to those previously determined. was investigated through theoretical and experimental methods.

Indeed, when we deleted only the main interactions, described Th€ percentages of conformers determined through DNMR
in Table 3, the same behavior was observed, in other words, SPECtroscopy is in agreement with the ones determined through
according to these results the hyperconjugative interactions,theoreucal calculations. Conformeiis the most stable for all

mainly the ones in Table 3, are driving the conformer preference, COmpounds investigated. The interactions P o, through-
rather than steric effects. bond or through-space, are shown to be the most important ones

3.2. Experimental Results. Compoundsl and 2 were to explain the conformer preferences. Indeed, the interactions

synthesized through stereoselective reduction from the parentLPX — 0%o- and LR, — ooy contributed to evaluate the
ketone, while compoun@ was prepared by reduction with a energetic balance between attractive and repulsive terms in the
metallic hydride (LiAlH;), which produced a mixture of cis and equilibrium geometry.

trans isomers. Because of the difficulty in obtaining pure cis
isomer for3, all the NMR spectra were run with the mixture,
as the cis isomer represents more than 85% of this mixture.

By use of the'3C spectrum run at low temperature (showing

two conformers) together with 2D NMR spectroscopy tech- g qayi ;
. . perior (Capes) for a scholarship for C. C. Bocca and B. C.
niques (COSY and HMQC), obtained at room temperature, we Fiorin, the Funda@ de Amparo éPesquisa do Estado dédsa

assigned each conformdrgndll , Scheme 1) to the cis isomer Paulo (FAPESP) for a fellowshi
. ) p for C. F. Tormena (02/12305-
(at 203-210K) ?]fl’l 2, an?\B thrrc])ugh correlaglo_n with tl}f trans h 6) and financial support (Grant 00/07692-5). We also acknowl-
;ssgmirs, pn(ie rtwf(ta atfterr] as tfe samefsu sgltuent € e((:jt ont E'edge the use of the computer facilities of the Centro Nacional
chemical shifts of the conformé of each compound. de Processamento de Alto Desempenho (CENAPAD-SP) and

All these chemical shifts are presented in Table 1. The professor C. H. Collins’ assistance in revising this manuscript.
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