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Conformational Preferences of 2-Methoxy, 2-Methylthio, and
2-MethylselenocyclohexyN,N-dimethylcarbamate: A Theoretical and Experimental
Investigation
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Studies on the conformational equilibria of 2-methoxy, 2-methylthio, and 2-methylselenocycldhékyl-
dimethylcarbamate are reported. DNMR spectroscopy experiments at 203 K provided the percentages of
each conformer in equilibrium. Theoretical calculations using the MP2, B3LYP, and B971 methods with
cc-pVDZ basis set were applied to determine the differences in energy between the conformers. The analysis
of the potential energy surface (PES) for each conformer showed the presence of two rotamers. NBO analysis
provided an explanation of the factors (hyperconjugative and steric interactions) that drive rotamer and
conformer preferences.

Introduction between important interactions such as hyperconjugative and
either attractive or repulsive steric effects. Some researchers have

The conformational analysis of six-membered rings has i eqtigated the conformational preferencesrahs2-halocy-

provided the foundation for modern stereochemistry, whose ey anois and their methyl ethéfs15 It was verified that in
main objective is the determination of the molecular geometry, p,hydrins intra- and/or intermolecular hydrogen bonds lead
the rela_ltlve energies of conformers_ included, a_nd attempts 10 he conformational equilibrium toward tlegjuatorial-equato-
determine the major forces controlling the relative conforma- rial (eq—eq) conformeri4=15 whereas, for their methyl ethers
. - 1—4 [} ) ’
tional St"_"b'"_t'es' ) . the egq—eq population is not as large as that for the alcohols.
Investigation of the factors that determine the conformational Equilibrium is governed by steric and dipolar factors as well
preferences of substituents in these compounds have enricheghe “gauche effect?4-15
our understanding of how organic fragments behave when joined - Recently, some cyclohexane derivatives with a carbamate as
together into a single compourid? Conformational preferences 5 gypstituent were investigated with respect to the rotational
are usually explained by a balance bet_weer; effects, namely,parrier of the carbamate portin8 and the possible anticho-
electron delocalization and steric repulsidfs: ~ linesterasic activity of one of the compouridsTherefore,
One of the most-reliable methods to measure conformational carbamate derivatives constitute an important class among
equilibrium constants is the determination of integral ratio pijologically active compounds and attempts of correlating
intensities of NMR signals for individual conformers under molecular structure to pharmacological activity is under Wajf
conformational inflexible” conditions. This occurs at low  This work reports on the conformational analysis of the cis
temperatures, when the inversion of the ring in substituted and trans isomers of 2-methoxycyclohefyN-dimethylcar-
cycloh_exanes becomes sufficiently slow in the NMR sp_ectros- bamate {), 2-methylthiocyclohexyN,N-dimethylcarbamate],
copy time scale. Zefirov et &lcalculated the conformational  gng 2-methyselenocyclohexi:\-dimethylcarbamate3j (Fig-
equilibrium constants for a series of Ifyansdisubstituted  yre 1), yet unknown in the literature, through NMR spectroscopy
cyclohexanes by using this methodology through low-temper- in association with theoretical calculations.
ature’*C NMR spectroscopy experiments.
The development in computational chemistry led to a large Experimental Section

variety of studies using both theoretical and experimental  compounds.The compounds were synthesized starting from
methodologies** Several computational studies describing the the parent ketones, which were either purchasee=(0) or
conformational behavior of monosubstituted cyclohexanes havegptained through procedures described in the literd€idg.
been performed. These studies showed that the steric effectsthese ketones were reduced with LiAlkh THF at room

do not seem to exert a significant influence on the equatorial temperaturé to yield a mixture of cis and trans alcohols. After
preference of the methyl group and substituéts. that, the corresponding alcohols were reacted with metallic

Severalrans-1,2-disubstituted cyclohexane derivatives have sodium followed byN,N-dimethylcarbamy! chloride to yield the

been studiet!+ > as models to evaluate the competition target compounds as a mixture of cis and trans isomers, which
were separated through silica column elution. For compound

d* dCOFFESpgndilng author. Addressli Dgpartamento den@a - Univer- 1, we used hexanelethyl acetate (8:2) and for compa2nd
sidade Estadual de Marihgd&v. Colombo, 5790, 87020-900 Marihga . ; ;
ParanaBrazil. Fax: ++55 44-3261-4125. E-mail: eabasso@uem.br. benzene/ethyl ace.tate (8:2). It was th possible to ISOI.ate the
t Universidade Estadual de Maringa compound3 trans isomer because of its very low rate in the
* State University of Campinas. mixture.
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Figure 1. Conformational equilibrium of cis and trans isomer\oR-
dimethycarbamate 2-monossubstituted<X0O, S, and Se).

e} N(CHa3)

l XCHj
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TABLE 1: Percentages of Conformers of Each Isomer of
Compounds 1-3 Obtained Experimentally through H and
13C Spectra Signal Integration at Low-Temperature
Experiments (DNMR)2

cis trans
compound ae ea aa ee
1 80 20 12 88
2 90 10 10 90
3 81 19 b b

aExperiments performed at 203 K in Acetong-ftllsomer not
isolated.

Hsay); 1.44 (1H, m, Hay. NMR- 13C (C3D60, 75.46 MHz.6 in
ppm): ¢ 156.3 (G=0); 71.9 (G) 49.3 (G); 36.6 (N-CHy);
36.0 (N-CHy); 31.3 (G); 30.9 (G); 24.8 (G); 23.6 (C); and
13.8 (CHy).
Cis-2-methyselenocyclohexyd:N-dimethylcarbamate. NMR-
IH (C3Dg0, 300.06 MHZz;0 in ppm): 6 4.96 (1H, m, H); 3.12
(1H, m, H); 2.94 (6H, s, 2CH); 1.99 (3H, m, CH) 1.97 (1H,
m, Heeg; 1.91 (1H, Heg; 1.87 (1H, m, Hy); 1.67 (1H, m,
Hseg; 1.61 (1H, m, Heg; 1.61 (1H, m, Ha); 1.44 (1H, m,
Hzay; 1.39 (1H, m, Hay. NMR- 13C (C3D60, 75.46 MHz,0 in
ppm): 6 156.1 (G=0); 73.4 (G) 44.1 (G); 36.5 (N—CHy);
36.0 (N=CHjy); 30.2 (G); 29.9 (G); 24.9 (G); 21.6 (G); and
4,8 (CHg).
Trans2-methoxycyclohexyN,N-dimethylcarbamate. NMR-
IH (C3Dg0, 300.06 MHz;d in ppm): ¢ 4.67 (1H, m, H); 3.39
(3H, m, CH;) 3.19 (1H, m, H); 2.91 (6H, s, 2CH); 1.93 (1H,
Hzeq; 1.92 (1H, m, Heg; 1.63 (1H, m, Heg; 1.62 (1H, m,

Figure 2. Pictorial presentation of the dihedral angle analyzed and Hseg; 1.36 (1H, m, Hag; 1.34 (1H, m, Hay; 1.31 (1H, m,

key numbering of studied compounds.

NMR Spectroscopy Experiments.The compounds were

characterized through and!3C spectra and 2D NMR contour

Hea); 1.30 (1H, m, Hay. NMR- 13C (C3D60, 75.46 MHz,0 in
ppm): 6 156.4 (CG=0); 80.4 (G); 75.2 (G) 57.4 (CHy); 36.5
(N—CHz); 36.0 (N-CHzg); 29.9 (G); 29.0 (G); 23.1 (G); and
23.0 (G).
Trans2-methylthiocyclohexyN,N-dimethylcarbamate. NMR-

plots. The isomer assignments were done taking into account'H (CsDsO, 300.06 MHz;0 in ppm): 6 4.67 (1H, m, H); 2.92

the chemical shifts and coupling constants of hydrogerearid

(6H, s, 2CHY); 2.65 (1H, m, H); 2.11 (3H, m, CH); 2.08 (1H,

H,. The spectra were obtained on a Varian Mercury Plus 300 M. Heed; 2.07 (1H, Heq; 1.69 (1H, m, Heq; 1.66 (1H, m,

operating at 300.06 MHz fdiH and 75.46 MHz fof3C. Spectra
were obtained with ca. 20 mg crhof acetone-glas a solvent
and probe temperature of 298 K referenced to,$1eunder
typical conditions for'H (spectral width 4000 Hz with 32 K

data points and zero filled to 128 K to give a digital resolution

Hae;1.60 (1H, m, Hay); 1.44 (1H, m, Ha); 1.37 (1H, m, Hay
1.34 (1H, m, Hay). NMR- 13C (C3D¢0, 75.46 MHz,6 in ppm):
0 156.3 (C=0); 74.9 (G); 48.6 (G); 36.6 (N-CHa); 36.0 (N—
CHz); 31.3 (G); 30.9 (G); 24.8 (G); 23.0 (G) and 13.8 (CH).

of 0.03 Hz). The chemical shifts of the compounds studied are Computational Details

presented below, and the atom key numbering is shown in

Figure 2.

The low-temperaturéH and13C NMR spectra of ca. 10 mg
of solutions of compounds—3in 0.7 mL of acetoneglat 203
K were recorded on Bruker AVANCE 1300 equipment
operating at 300.13 MHz fofH and 75 MHz forl3C.

Cis-2-methoxycyclohexyN,N-dimethylcarbamate. NMRH
(C3DgO, 300.06 MHz;6 in ppm): 6 5.04 (1H, m, H); 3.37
(3H, m, CH) 3.31 (1H, m, H); 2.93 (6H, s, 2CH); 1.90 (1H,
M, Heeq; 1.76 (1H, Heg; 1.72 (1H, m, Heg; 1.66 (1H, m,
Hsa; 1.57 (1H, m, Heg; 1.52 (1H, m, Ha); 1.39 (1H, m,
Haay; 1.33 (1H, m, Ha). NMR- 13C (CG3DgO, 75.46 MHz,6 in
ppm): ¢ 156.5 (G=0); 79.2 (G); 71.5 (G) 56.8 (CH); 36.5
(N—CHgz); 36.1 (N-CHz); 28.5 (G); 27.8 (G); 22.6 (G); and
21.6 (GQ).

Cis-2-methylthiocyclohexyN,N-dimethylcarbamate. NMR-
1H (C3Dg0O, 300.06 MHz in ppm): 6 5.03 (1H, m, H); 2.94
(6H, s, 2CH); 2.83 (1H, m, H); 2.11 (3H, m, CH) 1.99 (1H,
M, Heeq; 1.82 (1H, Heg; 1.73 (1H, m, Heg; 1.70 (1H, m,
Hsa; 1.55 (1H, M, Heg; 1.51 (1H, m, Ha); 1.49 (1H, m,

The theoretical calculations were performed with Gaussi-
an03%3 The most-stable conformers of compourids3 were
obtained by calculating the potential energy surface (PES)
through the HFY/6-31G(d,p}° level of theory. The conforma-
tional equilibrium of compound4—3 is shown in Figure 1.
The most-stable structures of each conformet 02, and 3
were determined through potential energy surface calculation
(PES) by varying two dihedral angless©C;—0—Cc—o and
C3—Cy—X—Cch, (Figure 2) in increments of Edanging from
0° to 360" with partial optimization at each point.

The geometries for the most-stable conformers obtained from
PES were optimized applying the MP2 metiédunning’s
basis set (cc-pVDZ) was used to carry out these calculations
because this basis set describes the atoms present in the studied
compounds satisfactorily. This basis set is defined as a consistent
correlation that contains all of the correlating functions that
lower the correlation energies by similar amounts as well as all
correlation functions that lower the energy by large amothts.
Stationary points were fully optimized and characterized by
vibrational frequency calculations, which also provided zero
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TABLE 2: Energy Difference (kcal mol~1) and Percentages of Each Conformer of Compounds-13 Obtained through
Theoretical Calculations in the Vapor Phase

cis trans
1 2 3 1 2 3
ae ea ae ea ae ea aa ee aa ee aa ee
AE/%  AE/%  AE/%  AE/% AE/% AE/% AE/% AE/% AE/% AE/% AE/%  AE/%

MP2/cc-pVDZ 0/83 0.94/17 0/82 0.89/18 0.64/25 0/75 0/94 1.62/6 0/84 0.97/16 0.61/26  0/74
B3LYP/cc-pvDZ  0/66  0.40/34 0/82 0.89/18 0/72 0.54/28 0.06/47 0/53 0.40/34  0/66 0.88/18  0/82
B971/cc-pVDZ 0/74  0.60/26  0/83  0.92/17 0/57 0.16/43  0/56 0.14/44  0.20/43  0/57 1.0/15 0/85

TABLE 3: Energy Difference (kcal mol~1) and Percentages TABLE 4: Sum of Main Hyperconjugative Interactions
of Each Conformer of Compounds 3 Obtained through from Second-Order Perturbation Energy Matrix (kcal
Theoretical Calculations with Solvent Effect with the mol~1) Obtained through NBO Analyses at B3LYP/cc-pVDZ
Onsager Model at B3LYP/cc-pvDZ for Compounds 1-3
cis trans isomers conformers 1 2 3
Compound ae ea aa ee cis ae 96.3 91.4 89.9
ea 94.1 89.0 87.8
AEP6  AE% AE% AE% trans aa 85.3 817 80.7
1 0/70 0.49/30 1.15/13 0/87 ee 83.9 82.7 81.0
2 0/67 0.40/33 1.94/4 0/96
3 o/g7 11313 1.26/10  0/90  compoundsl—3 are listed in Table 2. The hybrid functional

methods reproduced the experimental results for the cis isomer
of compoundd—3. In the particular case of trans isomers, there
are energy differences smaller than 0.5 kcal Thdll—2) in
both hybrid functional methods. However, a good correlation
was observed between the experimental and theoretical energy
difference for the cis isomer of compouBdAs can be seen in
Table 3, the results obtained by solvation calculation at the MP2/
cc-PVDZ level are in agreement with the experimental results
(Table 1), showing that the solvent effect plays an important
Low-temperature experiments to determine the conformer role in the conformational preference for all compounds studied
preferences of all compounds were carried out successfully, here.
except for the trans isomer of compouBdwhich was not To find out which effects are responsible for the stabilization
isolated. Both*H and*3C NMR spectra were run as a function  of each conformer, we performed a study of attractive (hyper-
of temperature in acetone-dThe ratios of each conformer in  conjugative interaction) and repulsive (steric interaction) ste-
conformational equilibrium shown in Table 1 were obtained reoelectronic effects through NB&R-3! analysis for all
through *H and °C signal integration at low-temperature  conformers. To simplify the NBO analysis, the most-important
experiments. These experiments were also useful to identify thehyperconjugative (attractive) and steric (repulsive) interactions

point vibrational energy (ZPE). Natural bond orbital (NB®)
analyses were performed applying the B312YRybrid func-
tional and the cc-pVDZ basis set. These calculations were
performed using NBO version 30for the delocalization
interaction and NBO version 5bfor the steric interactions
using Gaussian(0Z.

Results and Discussion

obtained conformers through the measuremenmt @falf-height were summed and are summarized in Tables 4 and 5, respec-
line width) for *H resonance, which corresponds to the sum of tively.
the vicinal couplings plus any long-range coupliigs. For the cis isomer, compourid-2, the results suggest that

The results of the calculations performed in the gas phase hyperconjugative interactions are responsible for the larger
and including solvent (acetone) effects through the Onsager stabilization of conformere in relation to conformera In
modef? are important tools to describe the conformational Table 4, it can be observed that the sums of the main second-
behavior of compound$—3. The energy minimums localized  order stabilization energies fae conformers are around 2.0
to each conformer were fully optimized in the gas phase and in kcal mol? higher than those of conformees. Note that the
solvent (acetone), yielding the energies listed in Tables 2 and steric interaction energies betwesmand ineaare quite similar
3. The conformer populatiort$ andN; were calculated through  (Table 5) for the cis isomer of compounds-2, which, as
eq 1. In this equation is the molar fraction of eitheae and mentioned before, corroborates the hyperconjugative interactions
eaor aaandee(Figure 1), and\E is the conformational energy  as the main factor driving the conformational preference of
difference determined previously. The results are shown in compoundsl and 2.

Tables 2 and 3. However, for compoundB, the difference between steric
interactions inae and ineais around 8 kcal mof(Table 5).
N, /N, = e AERT 1) This energy difference is more significant than that observed
for hyperconjugative interactions (Table 4). These results

It can be observed from Table 2 that the energy difference indicate that for compoun8 both steric and hyperconjugative
between conformers for cis or trans isomers calculated at theinteractions drive the conformational preferences.
MP2/cc-pVDZ level in some cases are smaller than 1 kcal For the trans isomer, only the hyperconjugative interactions
mol~L. In addition, this level of theory (MP2/cc-pVDZ) did not  do not explain the conformational preferences of compounds
reproduce the experimental results for the trans isomer of 1—3, especially in the case of compouhd~or this compound,
compoundd and2 or the cis isomer of compourl Therefore, NBO analysis showed that the sum of most-important second-
we performed single-point energy calculations, using geometriesorder stabilization energies for conformaais higher than that
optimized at the MP2/cc-pVDZ level with two hybrid func-  for conformereeby 1.4 kcal mot? (Table 4), in contrast to the
tionals (B3LYP® and B97%%). The energy difference and experimental result. However, by analyzing the data in Table
percentages for each functional and for each conformers of5, it can be observed that there are strong repulsive steric



11704 J. Phys. Chem. A, Vol. 111, No. 45, 2007

TABLE 5: Sum of Main Steric Interaction Energies (kcal
mol~1) Obtained through NBO Analysis at B3LYP/cc-pVDZ

1 2 3
ae
Oci-c2 LPor 12.58 11.72 7.93
OC1-Heq LPo7 8.55 8.05 4.97
OC2-Hax LPo7 0.56
oci-c2 LPx 14.05 6.59 2.73
OC1-Heq LPyx 1.34
0C2-Hax LPx 11.00 7.5 3.10
TOTAL 46.18 33.86 20.63
ea
Oci-c2 LPo7 12.94 12.46 12.32
OC1-Hax LP07 10.09 10.12 10.84
OC2-Heq LPo7
0ci1-c2 LPX 13.81 7.72 1.65
OC1-Hax LPx
OC2-Heq LPX 8.77 3.87 3.94
TOTAL 45.61 34.17 28.75
aa
oci1-c2 LPo7 13.95 12.31 11.95
OC1-Heq LPo7 10.10 10.07 9.96
Oc2-Heq LPo7 0.74 0.74
oci1-c2 LPX 12.67 7.95 5.84
OC1-Heq LPx 1.65 2.03
OC2-Heq LPX 9.04 3.96 1.58
TOTAL 45.76 36.68 32.10
ee
oci1-c2 LPo7 7.43 11.86 11.61
OC1-Hax LPo7 9.59 8.07 8.15
0C2-Hax LPo7 0.52
Oci-c2 LPx 13.79 6.50 4.24
OC1-Hax LPx 0.65
OC2-Hax LPx 8.15 3.64 2.82
TOTAL 40.13 30.07 26.82

interactions for conformeraa, which are around 5 kcal
mol~1 higher than those of conformege This repulsive
interaction can be invoked to explain the higher stability of
conformer ee in comparison to that of conformeaa of
compoundL.

For compound® and 3, the differences between the sums
of the most-important second-order stabilization energies of
conformersseandaaare 1.0 and 0.8 kcal mol, respectively.
Alternatively, the steric repulsive interaction (Table 5) of
conformer aa is around 6 kcal mott higher than that of
conformeree.Therefore, for the trans isomers of compou@ds
and3, it was observed that both interactions drive the confor-
mational preference for conformee Both interactions work
in the same way: while the attractive hyperconjugative interac-
tion stabilizes conformeeeg the repulsive steric interaction
destabilizes conformeaa, leading to a higher stabilization of
conformeree

Conclusions

The conformational equilibrium of compounds-3 was
investigated through theoretical and experimental methods.
The amounts of conformers in equilibrium determined through
DNMR spectroscopy were in agreement with those deter-
mined theoretically. The cis isomers of compoufes present
a small difference between steric interactions; therefore, the
hyperconjugative interactions lead to the stabilizationaef
conformers. For compound 3, both effects, steric and hyper-
conjugative interactions, are important in conformational
rule.

The conformational preference of tlee conformer for the
trans isomer of compoundsand3 is dictated by hyperconju-

Cedran et al.

gative and steric interactions, while the stability of conformer
ee for the trans isomer of compount is dictated by steric
interactions.
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