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The 'H NMR method in combination with molecular simulation was used to study
conformations of Z- and E-isomers of (1R,4R)-cis-2-(4-methoxyphenyl)benzylidene-p-
menthan-3-one. In solutions the Z-isomer, unlike the conformationally uniform E-isomer, is
an equilibrium mixture of chair conformers with the substantial predomination of one form
with the axially oriented methyl and equatorial isopropyl groups (75—78%). The enone group
is more nonplanar in the Z-isomer than in the E-isomer. For the isopropyl fragment, the
equiprobable existence of trans- and two gauche-rotamers for the Z-isomer and a substantial
predomination of gauche-forms in the case of the E-isomer were established.
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E,Z-1somerization of chiral (1R,4R)-2-arylidene-p-
menthan-3-ones has recently attracted attention!—5 due
to a great distinction in the properties of isomers as
components of induced cholesteric liquid-crystalline (LC)
composites. Compounds with the Z-isomeric structure
were obtained by the photochemical method.12 For the
determination of the configuration of o,B-unsaturated
ketones relatively to the double bond (first of all, 2-aryl-
idene derivatives of various cyclohexanones), the chemi-
cal shift of the arylidene proton (6—cyg > 6.9 for
E-isomers and 8_cy = 6.2—6.4 for Z-forms!:2:6,7) ig
used a reliable criterion.

The steric structure of E-isomers of various 2-aryl-
idene-p-menthan-3-ones was studied in detail by both
spectral methods® and X-ray diffraction analysis (see,
e.g., Refs. 9—11). However, until presently the sugges-
tions about the specific features of the structure of the
corresponding Z-forms (degree of nonplanarity of the
cinnamoyl group, conformational state of the cyclohex-
anone fragment) were based only on analysis of spectral
(UV, IR) data and some results of simulation by the
molecular mechanics (MM) method.2-3:12 The latter
method, as mentioned in Refs. 13 and 14, does not
always describe adequately the conformational state of
cyclic systems, although in combination with analysis of
parameters of 'H NMR spectra it can give quite con-
vincing results.

The knowledge of the conformational state of the
Z- and E-isomers of chiral (1R,4R)-2-arylidene-p-
menthan-3-ones is necessary for understanding of both
the peculiarities of their photochemical behavior (a
much higher efficiency of the E—Z process than that of

the inverse photoreaction3:12) and spectral distinctions
of isomers.2:12 This is also important for revealing rea-
sons for a considerable decrease in the twisting ability of
Z-isomers compared to the initial E-forms in induced
cholesteric LC systems!»3:4 and for the explanation of
differences in signs and values of spontaneous polariza-
tion of ferroelectric LC composites.13 Therefore, the
task of this work is to study the conformational state
of Z- and E-isomers of (1R,4R)-2-(4-methoxyphe-
nyl)benzylidene-p-menthan-3-one by 'H NMR spec-
troscopy and molecular simulation.

E-isomer

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1519—1527, September, 2001.
1066-5285/01/5009-1596 $25.00 © 2001 Plenum Publishing Corporation



Conformations of Z-, E-2-arylidenementhanones

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001 1597

Table 1. Chemical shifts (8) in 'H NMR spectra of Z- and E-isomers (400 MHz)

Proton VA E AL 7 E Az VA E
(CDCly) (CsDg) (437 (A3p)
H(1) 2.890 3.486 0.596 2.663 3.496 0.833 0.227 —0.010
H(4) 2.306 2.248 —0.058 2.183 2.100 —0.083 0.123 0.148
H(5) 1.987 1.873 —0.114 1.700 1.581 —0.119 0.287 0.292
H(5") 1.863 1.906 0.043 1.665 1.752 0.087 0.198 0.154
H(6) 1.775 1.801 0.026 1.493 1.506 0.013 0.282 0.295
H(6") 2.020 1.923 —0.097 1.744 1.687 —0.057 0.276 0.236
H(8) 2.197 2.576 0.379 2.302 2.862 0.560 —0.105 —0.286
H(11) 6.319 7.155 0.836 6.297 7.624 1.327 0.022 —0.469
CH;(7) 1.134 1.231 0.097 0.930 0.992 0.062 0.104 0.239
CH;(9, 10) 0.881; 0911;  0.030;  1.053; 1.124;  0.071; —0.172; —0.213;
0.914 0.974 0.060 0.976 1.079 0.103 —0.062 —0.105
H, 7.370 7.426 0.056 7.697 7.412 —0.285 —0.327 0.014
H,, 7.454 7.565 0.111 7.544 7.518 —0.026 —0.090 0.047
H, 7.515 7.549 0.034 4.469 7.514 0.045 0.046 0.035
H, 6.956 6.984 0.028 6.894 6.935 0.041 0.062 0.049
OCHj; 3.843 3.856 0.013 3.398 3.421 0.023 0.445 0.435

Note. A%(CDCl3) = 85(CDCl3) —

87(CDCl3); A4(C¢Dg) = 85(CgDg) —

87(C¢Ds);

A8 = 8,(CDCls) — 8 (CgDyg); ASp = 8(CDCl3) — 8(C¢Dg).

With this purpose, we compared the experimental
values of vicinal spin-spin coupling constants for pro-
tons of the cyclohexanone ring (3JH, p) with their values
calculated for alternative conformers by the results of
molecular simulation. Using the conformational study
of some cyclohexanone derivatives,13 we showed that
the MM method describes satisfactorily the geometry of
molecules but gives the relative content of conformers
with a substantial error. Therefore, in this work, along
with the known MMX method (taking into account
n-electron conjugation),16 we used the semiempirical
quantum-chemical AM11!7 and PM318 methods. It seems
reasonable to verify the validity of the complex ap-
proach applied in Refs. 13 and 14 for the characteriza-
tion of the conformational state of cyclic systems using
a new example.

Results and Discussion

The 'H NMR spectra of the compounds under study
were obtained in CDCl; and C¢Dg, which allows one to
monitor the dependence of aromatic solvent-induced
shifts of signals from protons on their position in the
molecule. For example, the distances between multip-
lets of methylene protons for the E-isomer in benzene
increase compared to those in the spectrum obtained in
CDCls. The signals mentioned are observed separately,
which allowed the application of double resonance meth-
ods. The use of these solvents, double resonance, and
computer simulation of spin systems (see Experimental)
allowed the entire assignment and analysis of multiplets
from all protons of the compounds under study. The
obtained chemical shifts (8) and spin-spin coupling
constants (J) are presented in Tables 1 and 2.

Chemical shifts of the Z- and FE-isomers differ sig-
nificantly (see Table 1). The highest AZ values are
observed for arylidene H(11), methine H(1), and iso-
propyl H(8) protons. In a solution of C¢Dg¢ they in-
crease by 0.2—0.4 ppm compared to those in CDClj;.
The arylidene H(11) proton in the E-isomer lies in the
region of deshielding by the carbonyl group, whereas in
the Z-form this proton is substantially remote from this
group and, therefore, its signal is upfield shifted.1¥ A
similar difference in chemical shifts of the arylidene
proton was also observed for several other F,Z-isomeric
pairs.67:20 The diamagnetic shift of the H(1) signal in
the Z-isomer, as compared to that in the FE-isomer,
corresponds to its distance from the aromatic system. A
change in the orientation of the aryl fragment also

Table 2. Experimental spin-spin coupling constants (J/Hz) in
IH NMR spectra of the Z- and E-isomers

Protons VA E VA E
(CDCl) (C¢Dg)

H(5), H(5") —13.6 —13.6 —13.5 —13.3
H(6), H(6") —13.5 —13.4 —13.5 —13.3
H(1), H(6) 4.6 2.5 4.7 2.5
H(1), H(6") 4.0 3.8 4.4 3.8
H(4), H(5) 5.9 6.4 5.9 6.3
H(4), H(5") 10.3 12.4 10.5 12.4
H(5), H(6) 4.9 3.0 5.0 2.9
H(5), H(6") 5.0 3.9 4.6 3.9
H(5"), H(6) 3.8 3.6 4.0 3.6
H(57), H(6") 10.5 13.4 10.3 13.3
H(4), H(8) 6.6 34 6.5 34
H(1), CH3(7) 7.0 7.0 7.0 6.8
H(8), CH3(9, 10) 6.8 6.9 6.7 6.9




1598

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001

Pivnenko ef al.

results in the diamagnetic shift of resonance of H(8) in
the Z-isomer compared to that in the FE-form. Taking
into account that the configuration for the FE-isomer is
known from X-ray diffraction data for several related
compounds,?10 including that for the biphenyl ana-
log,12 the difference in chemical shifts of protons pre-
sented above for the second isomer can evidence the
Z-configuration of the latter.

Conformational states of the cyclohexanone ring of
Z- and E-isomers. The J values of the isomers (see
Table 2) depend on the conformational state of mol-
ecules. For the most probable conformers differed in
orientation of the alkyl groups relatively to the cyclo-
hexanone ring and turning of the isopropyl group, we
present the calculated values of steric energy E (in the
case of MMX calculations) or energy of formation AH
(in the case of AM1 and PM3 calculations) (Tables 3
and 4). The molar fractions of probable conformers for
both isomers (Tables 3 and 4) were calculated using the
known correlation (1):

m; = exp(—E;/RT)/Zexp(—E;/RT), (D
where m; is the molar fraction of the ith conformer in
the equilibrium system, £, is its energy, 7 is temperature
(K), and R is the universal gas constant.

It is seen in Table 3 that the results of simulation of
the Z-isomer by the MM method indicate a substantial

prevailing of the chair conformations with the axial
methyl and equatorial isopropyl groups (chair-ae)
(about 97%). In addition, the isopropyl fragment has
three hindered rotamers characterized by the torsion
angle ¢ H(8)—C(8)—C(4)—H(4). The rotamer with the
trans-arrangement of the H(8) and H(4) protons (con-
former A, see Table 3) is more preferential (42.9%) than
each of two alternative gauche-forms (B and C, 23.3 and
30.6%, respectively).

At the same time, a diverse conformational variety
of the Z-isomer follows from the AM1 and PM3 calcu-
lations (see Table 3). Along with the above-indicated
conformations chair-ae, inverted forms chair-ea con-
tribute considerably. According to the PM3 results,
conformers of the chair-ea type are somewhat more
preferential (the overall content of three rotamers D—F
is 50%) compared to the conformer chair-ae (rotamers
A—C, 23%). In addition, both quantum-chemical meth-
ods show that several higher-energy twist-conform-
ers, whose overall content is about 25% (PM3)
and about 10% (AMI1), can exist in the equilibrium
system.

Table 5 contains the vicinal constants 3JH,H for
protons of the ring for the alternative conformers of the
Z-isomer. They were calculated from the torsion angles
(according to the results of molecular simulation)
using two modified Karplus—Conroy’s equations:
Durette—Horton’s equation (2) taking into account the

Table 3. Energy parameters (£) and some torsion angles for the most probable conformers of the Z-isomer*

Conformer E Fraction Angle/deg
-1
/keal mol %) 0(4.8) ¢ 92 93 94 Ps 96 97 o P9 P10

MMX

A chair-ae* 45.7 42.9 168 53 =51 52 —56 52 -50 53 39 74 —179

B chair-ae* 46.1 233 —64 50 —49 52 —57 53 —49 50 36 75 —179

C chair-ae* 45.9 30.6 66 49 —48 51 —-59 —54 —49 48 38 75 —177

D chair-ea** 47.6 1.6 171 —52 49 —52 59 —56 52 —-56 80 177 =77
AM1

A chair-ae —3.6 15.8 166 58 —58 55 —54 51 —=52 62 -50 72 178

B chair-ae -3.5 12.8  —63 56 —57 56 —55 51 —52 60 -50 72 177

C chair-ae —4.2 45.9 75 55 —56 56 —56 52 —51 60 -50 73 177

D chair-ea -3.5 13.7 176  —56 53 —52 56 —56 55 —61 50 179 =73

E twist -2.9 4.7 69 58 -35 —24 64 —41 —18 62 —49 106 —163

F twist -2.5 2.1 173 48 —66 21 37 —56 12 56 —49 135 —169
PM3

A chair-ae —4.7 14.9 174 60 —63 61 —56 48 =50 66 43 75 172

B chair-ae -3.5 1.9 —63 59 —58 55 —54 50 —53 63 48 71 178

C chair-ae —4.2 6.1 68 55 —56 56 —56 52 —52 58 56 73 178

D chair-ea —4.7 157 —171 —54 53 —55 61 —59 55 —-59 76 178 —69

E chair-ea —4.4 9.2 —64 —49 43 —45 55 —58 54 —=50 =72 178 —86

F chair-ea =5.0 25.2 63 —48 39 —42 54 —60 56 —49 =75 180 =90

G twist —4.9 22.5 179  —40 54 —11 —43 57 —15 —41 —61 110 =71

Notes. The data are presented for conformers, whose fraction exceeds 1.5%. ¢; — C(1)—C(2)—C(3)—C(4),

9 — C(2)—C(3)—C(4)—C(5), 93 — C(3)—C(4)—C(5)—C(6), 94 — C(H—C(5)—C(6)—C(1), 95 — C(5)—C(6)—C(1)—C(2),
9 — C(6)—C(1)—C(2)—C(3), 97 — OC(3)—C(2)—C(11), 93 — C(2)—C(11)—C(12)—C(ortho-), 99 — C(7)—C(1)—C(2)—C(3),

919 — CE)—C(H—-CB3)—C(Q2).

* Conformation chair with axial methyl and equatorial isopropyl groups.
** Conformation chair with equatorial methyl and axial isopropyl groups.
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Table 4. Energy parameters (£) and some torsion angles for the most probable conformers of the E-isomer*
Conformer E Fraction Angle/deg
/kcal mol™! (%)
9(4.8) 91 92 93 P4 95 96 97 93 P9 P10
MMX
A chair-ae* 46.1 27.8 166 53 —50 50 —56 54 =51 56 47 72 —178
B chair-ae* 46.3 179  —67 49 —46 49 -57 55 =51 52 47 73 —176
C chair-ae* 45.7 52.0 63 47 —43 47 —56 56 =51 49 47 73 —174
AM1
A chair-ae —4.8 32.2 162 49 =51 54 =57 52 —48 49 50 76  —176
B chair-ae —4.4 145 —69 47 —49 54 =57 52 —47 45 50 77  —175
C chair-ae =5.1 48.3 73 46 —49 55 —58 52 —46 45 50 77  —176
PM3
A chair-ae —6.4 30.4 173 51 -59 62 -59 46 —43 53 54 82 177
B chair-ae =55 72  —65 47 =50 55 =57 50 —44 45 54 80 —174
C chair-ae —6.7 53.1 67 44 =50 58 -59 50 —43 42 55 82 —177
D twist —4.8 2.1 59 49 —16 —38 64 —32 -22 47 =79 101 —145
E twist =5.1 34 —180 —37 51 —11 —43 57 -17 —37 -76 108 =73

Notes. See Table 3.

* Conformation chair with axial methyl and equatorial isopropyl groups.

Table 5. Torsion angles ¢(H,H)/deg for possible conformers in the Z-form and coupling constants (3JH,H/HZ) calculated using

Egs. (2) and (3)

Confor-  ¢(1,6) Jamme ©1L,6)  uayney 94.5)  Vaayusy 95,6 Masyue 965767 3uis.en
e 6)JE) @ 6 @ 6 @ 0 6)NNE)
avs> Jexp
MMX
A —65 3.2 2.4 52 5.0 4.2 176 12.1 11.8 59 4.2 3.1 —-173 10.1 13.4
B —=70 3.2 2.4 52 49 4.1 179 12.1 11.8 58 4.2 3.1 —174 12.7 13.4
C —64 33 2.5 53 4.8 4.0 177 12.1 11.8 58 4.3 33 —173 12.7 13.4
D —179 12.1 11.8 —62 3.6 3.1 66 3.0 2.2 177 12.8 13.5 —54 49 4.0
3Ja\, 3.3 2.5 4.8 4.0 11.7  11.5 4.3 3.3 124 13.1
AMI1
A —69 2.8 2.0 48 5.5 4.7 177 12.1 11.8 64 3.6 24 —171 12.6 13.3
B —69 2.8 2.0 49 5.4 4.6 180 12.1 11.8 63 3.7 2.5 —-173 12.7 13.4
C —68 2.8 2.0 49 5.4 4.5 180 12.1 11.8 62 3.7 2.6 —173 12.7 13.4
D —178 12.1 11.8 —61 3.7 3.2 68 2.9 2.1 174 12.8 13.5 —61 3.9 3.0
E —161 11.1 10.9 —44 6.2 5.8 100 2.2 1.7 —179 129 13.6 —=53 5.0 43
F —-176 12.1 11.8 —60 3.8 3.3 145 8.9 8.7 155 10.9 11.3 —80 2.1 0.8
3Jav 4.8 4.2 5.1 4.4 9.9 9.5 5.7 5.0 10.4 10.6
PM3
A =71 2.6 1.8 45 6.0 5.1 -—176 12.1 11.8 60 4.1 3.0 —172 12.7 12.9
B —68 2.8 2.0 47 5.7 4.8 177 12.1 11.8 62 3.8 26 —170 12.5 12.7
C —68 2.9 2.1 48 5.5 4.6 180 12.1 11.8 61 3.9 2.8 —172 127 12.8
D 177 12.1 11.8 —66 3.1 2.6 66 3.1 2.3 178 12.9 13.6 —-56 4.5 34
FE 180 12.1 11.8 —64 33 2.8 76 2.2 1.5 171 12.6 13.3 —60 4.0 2.8
F 178 12.1 11.8 —66 3.0 2.6 78 2.1 1.3 170 12.6 13.2 —62 3.8 2.6
G —63 3.5 2.6 52 4.8 4.0 107 2.9 2.5 72 2.7 1.3 —158 11.4 11.5
3, 77 7.1 41 35 48 43 8.1 7.4 76 7.0
Yerp 4.6 4.0 10.3 4.9 10.5
Note. The data are presented for conformers, whose fraction exceeds 1.5%.
electronegativity of a-substituents?! and Eq. (3) addi- 3Jy.u = Picos?p + Pycose + Py +
tionally taking into account the orientation of o-sub- + ZAY [Py + Pscos?(E + Pg [Axd], (3)

stituents relatively to the pair of coupling protons and

where ¢ is the torsion angle, XAy, is the sum of differ-
ences of electronegativities of substituents in the ethane
fragment and hydrogen according to Huggins,23 P, — Pg

the electronegativity of p-substituents?2

3/ = (7.8 = cose + 5.6 cos2¢) (1 — 0.12Ay,), )
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Table 6. Torsion angles ¢(H,H) for possible conformers in the E-form and coupling constants (3JH’H/1‘IZ) calculated using
Egs. (2) and (3)

Confor-  ¢(1,6) Maamne o167 uayney 045)  Vu@nsy  05,6) Mue)ne 95,6 3us.e)
e @ 0 @ 0 @ 0 @ 0 @ 0
av> Yexp
MMX
A —64 3.3 2.5 52 4.9 4.0 174 12.0 1.8 59 4.2 3.1 —173  12.7 129
B —63 34 2.6 53 4.7 3.8 176 12.1 1.8 58 4.2 32 —173  12.7 129
C —62 3.5 2.7 54 4.6 3.7 174 12.0 1.8 59 4.2 32 —173 127 129
30 3.4 2.6 4.6 3.8 11.9 1.6 4.2 3.2 12.7 129
AM1
A —68 2.8 2.0 49 5.4 4.5 171 12.1 61 3.8 2.7 —174 12.7 134
B —68 2.9 2.1 50 5.3 4.4 178 12.1 61 3.9 2.8 —174 12.8 13.5
C —67 2.9 2.1 49 5.3 4.4 179 12.1 60 4.0 29 —-175 12.8 13.5
30 2.9 2.2 5.2 4.4 11.6 4.0 3.0 12.2 129
PM3
A =72 2.5 1.7 43 6.3 5.4 —175 120  11.7 57 4.4 34 —-174 128 13.5
B —69 2.7 1.9 46 5.8 49 -—178 12.1 118 59 4.2 32 —173  12.7 134
C —69 2.7 2.0 46 5.8 4.9 179 12.1 11.8 58 4.3 33 —175 128 13.5
D =51 9.9 9.7 =36 7.4 7.0 85 1.8 1.2 179 129 13,6 —52 5.1 4.3
E —63 3.4 2.6 52 4.9 4.1 106 2.8 2.4 73 2.6 1.3 —157 113 11.8
30 2.7 2.0 5.8 5.0 11.1  10.8 4.4 3.4 12.1  12.8
3exp 2.5 3.8 12.4 3.0 13.4
Note. See Table 5.
are empirical coefficients,22 & is the coefficient that
characterizes the orientation of the o-substituent rela- a
tively to the pair of coupling protons, and Ay; is the
electronegativity of the o-substituent calculated taking
into account the electronegativity of the p-substituent.
The weighted-mean values (3J,,) for each type of
coupling constants were calculated using Eq. (4) )
3Jalv = 23Jimi’ (4) ot
where m; is the molar fraction of the ith conformer
obtained from the simulation results (see Table 3).
It is seen in Table 5 that the vicinal constants
3JH(1),H(6)» 3JH(4),(5'), and 3JH(5),H(_6)a3JH(.5'),H(6’)a whose
3Jev values obtained by the AM1 simulation agree satis-
factorily with experiment (see Table 2 or the last row in
Table 5), are conformationally sensitive for the Z-iso- b

mer. This allows us to believe that the results of simula-
tion by this method reflect the real conformational
equilibrium in solutions of the compound under study,
i.e., the existence of a mixture of chair-like conformers
with a considerable prevailing of chair-ae (the overall
content of different rotamers of the isopropyl group is
approximately 75%).

The vicinal constants /,, based on the results of
PM3 simulation differ considerably from the experi-
mental values (see Tables 5 and 2). Since all simulation
methods used almost equally describe the geometry of
the molecules (see Table 3), it is natural to assume that
for the Z compound under study the divergence between
the PM3 results and experiment is associated with the
nonadequate description of minor energy differences
between alternative conformers. A similar situation was

Fig. 1. Most probable alternative chair conformations of two
types for the Z-isomer with the axial (a¢) and equatorial (b)
orientation of the methyl group (conformations 4 and D in
Table 3).
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also stated in Ref. 14 for some cyclohexenones. How-
ever, the ratio of conformers can be corrected consider-
ing the experimental SJH(I),H(())’ 3.]1_1(4)’(5'), 3JH(5),H(6)9
and 3JH(5'),H(6') values as weighted-average for three
types of conformers according to Eq. (5)

3 —
Jexp - 3‘]chair—ae”'lae + 3‘]chair—ea”'lea +
+ 3Jz‘wist[l = (mge + my,)l, (5)

where m,, and m,, are the molar fractions of inverted
chair-like conformers in the equilibrium system; and
3 chair-aes “Ienair-eas a0A 3, are the corresponding J
constants calculated from Egs. (1) and (2) for the
conformers chair-ae, chair-ea, and twist, respectively.

The results obtained by the solution of the corre-
sponding systems of equations are presented in Table 7
along with similar results based on the use of the
molecular geometry obtained by the MMX method.
These estimations and the results of the AMI1 method
described above show that the Z-isomer in solutions is a
equilibrium system of chair-like conformers (Fig. 1, a, b)
with a considerable prevailing form chair-ae (on the
average 75—78%). At the same time, according to these
estimations, the contribution of the rwist-conformers
(on the contrary to the results of AM1 and especially
PM3 simulation) is insignificant.

In the case of the FE-isomer (Tables 4 and 6), all
simulation methods used and all calculated 2/, values

also indicated the preferential chair conformation with
the axial methyl and equatorial isopropyl groups
(chair-ae) (91—98%). Only the PM3 method gives a
noticeable content of the fwist-conformers (in general,
approximately 6—7%). Note that the same conforma-
tion of molecules is observed in crystals of various
E-(1R,4R)-2-arylidene-p-menthan-3-ones studied pre-
viously by the X-ray diffraction method.9—11
Rotameric equilibrium of the isopropyl fragment of
isomers. The rotameric equilibrium of the isopropyl
fragment with respect to the C(4)—C(8) bond is also of
interest. In the case of the FE-isomer, the constant
3JH(4),H(8) is equal to 3.4 Hz (see Table 2), which
corresponds to the predomination of gauche-rotamers in
equilibrium. The molecular simulation methods give
consistent results of rotamer population, also preferring
gauche-forms (see Table 4). However, the 3JavH(4),H(8)
value calculated from the obtained rotamer distribution
is overestimated compared to the experimental values in
all cases (Table 8, 9). Table 9 also contains the popula-
tions of rotamers of the E-isomer calculated from the
experimental 3JH(4),H(8) value using Eq. (6)

3Jexp = 3Jtransm + 3Jgauche (1 = m), (6)

where m is the molar fraction of the trans-rotamer in the
equilibrium system, and 9J,,,,,; and 9/ g;cpe are the cou-
pling constants calculated by Eqgs. (2) and (3) for the

Table 7. Estimation of the conformational state (fractions m,, and m,, of conformers chair-ae
and chair-ea) from 3Jexp and 3J . for alternative conformers* of the Z-isomer

Protons ¢;/deg 3J a1/ Hz Jexp/Hz — my, Meq
Chair Twist Chair Twist Calculation
ae ea ae ea
MMX
H(1), H(6) —65 -179 24 118 4.6 0.76 0.24
—64 —179 2.5 11.8 0.77 0.23
H(4), H(5") 176 66 11.8 2.2 10.3 0.84 0.16
177 66 12.1 3.0 0.80 0.20
H(5), H(6) 59 177 3.1 13.5 5.0 0.83 0.17
58 177 33 135 0.84 0.16
H('), H6") —173 —54 13.4 4.0 10.5 0.69 0.31
—174 —54 12.7 4.9 0.72 0.28
my, 0.78 0.22
PM3
H(1), H(6) —68 =177 —63 2. 11.8 2.6 4.6 0.77 0.26
=71 180 —63 1. 11.8 2.6
H@#), H(5') —176 66 107 11. 2.3 2.5 10.3 0.71 0.29
—-179 76 107 11. 1.5 2.5
H(5), H(6) 61 171 72 2.8 133 1.3 5.0 0.79 0.21
63 170 72 26 13.2 1.3 0.82 0.22
H('), H®6) —170 —62 —158 12.7 26 11.5 10.5 0.67 0.24
—-172 —-56 —158 12.9 34 115
my, 0.75 0.24

Notes. The results obtained using Eq. (2) for the calculation of 3/, are presented; application
of Eq. (3) gives, on the average, similar results. The boundary values of the corresponding
torsion angles (¢;) from the array of those calculated for conformers of this type (chair-ae,
chair-ea or twist) differed in turn of the isopropyl group relatively to the cyclohexane ring.
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Table 8. Torsion angles (p(H,H)/deg, vicinal coupling constants (3.IH,H/HZ) for possible rotamers of the isopropyl fragment of the
Z- and E-isomers calculated from Egs. (1) and (2), and fractions (m) of the trans-rotamer calculated using Eq. (6)

Conformer MMX AM1 PM3
Fraction ¢/deg 3J/Hz Fraction ¢/deg 3J/Hz Fraction ¢/deg 3J/Hz
%) o @ P o © P @ 6
Z-isomer
A chair-ae 429 169 10.9 10.8 15.8 166 10.8 10.7 14.9 174 11.3 11.1
B chair-ae 23.3 —64 3.1 2.3 12.8 —63 3.2 2.4 1.9 —62 3.2 2.4
C chair-ae 30.6 66 2.9 1.9 459 74 2.1 1.1 6.1 67 2.7 1.7
D chair-ea 1.6 171 11.1 11.0 13.7 175 11.3 11.1 15.7 =71 11.1 10.9
E chair-ea 9.2 —63 3.1 2.2
F chair-ea 25.8 63 3.2 2.2
E-isomer
A chair-ae 27.8 166 10.8 10.7 32.2 161 10.4 10.3 30.4 173 11.2 11.1
B chair-ae 17.9 —66 2.8 2.0 14.51 —68 2.6 1.8 7.2 —65 2.9 2.1
C chair-ae 52.0 63 3.2 2.2 48.34 72 2.3 1.3 53.1 66 2.8 1.8
FE twist 2.1 59 3.6 2.7
F twist 34 -79 11.3 11.2

corresponding rotamers. Despite some scatter of the
obtained values (Table 8), we can conclude that the
E-isomer in solutions contains approximately 15%
trans-rotamer (this is much lower than 28.8—32.0%
calculated from the energy characteristics). Therefore,
the F-isomer in solutions is, most likely, an equilibrium
mixture of frans- and two gauche-rotamers in a ratio of
0.15 : 0.85, respectively.

For the Z-isomer, the experimental 3JH(4)’H(8) value
is double that for the E-form, which indicates an in-
crease in the fraction of the transoid rotamer. The
calculation from the experimental J value gave a con-
tent of the frans-rotamer of 50% on the average (see
Table 9). A similar change in the populations of the
rotamers of the isopropyl group was also observed on
going from some 2-arylidene- and 2-(O-aroyl)oxy-
methylene derivatives of (1R,4R)-p-menthan-3-one to
their (4.5)-diastereomers with the conformation lability
of the cyclohexanone ring (coexistence of conformers
chair-ae and twist).24=26 The trans-rotamer of the iso-
propyl fragment is substantially prevailing for B-hydr-
oxyketone, a derivative of (—)-menthone with the
(45)-configuration, as can be judged from a 3JH(4),H(8)
value of 11.0 Hz obtained in Ref. 25.

Degree of nonplanarity of the enone and arylidene
groups of the Z- and E-isomers. For understanding
differences in the properties of Z- and E-isomers as
components of LC systems, it is important to know the
structure of their cinnamoyl fragment, in particular, the
degree of nonplanarity of the enone and arylidene groups.
All three used simulation methods describe almost simi-
larly the geometry of the cyclohexanone rings of identi-
cal conformations, whereas substantial differences are
observed for the structure of the cinnamoyl fragment
(see Tables 3 and 4, torsion angles ¢; and ¢g). Accord-
ing to the results of MMX calculations, the enone
groups in both isomers are aplanar to approximately the

same extent (¢; = 48—56°), and the benzylidene frag-
ment in the Z-form is even somewhat flattened com-
pared to that in the E-isomer (¢g = 38 and 47°).
However, the AM1 and PM3 methods indicate a more
considerable distortion of the coplanar character of the
carbonyl and double >C=C< bonds (¢7) and a slightly
different "twisting" of the benzylidene group (¢g) in the
case of the Z-form.

We attempted to obtain data on the structure of the
cinnamoyl group from the experimental results of
IH NMR. As can be seen in Table 1, the difference in
the & values for ortho- and metha-protons is much lower
for the Z-isomer than for the E-isomer (0.084 and

Table 9. Vicinal coupling constants (3JH(4),H(8)) for possible
rotamers of the isopropyl fragment of the Z- and FE-isomers
calculated from Egs. (1) and (2), and fractionc (m) of the
trans-rotamer calculated using Eq. (6)

Parameter MMX AM1 PM3
) (3) 2 (3) 2 3)
Z-isomer
30 6.6 5.9 5.1 4.4 6.5 5.8
3JeXlD 6.6
mp* 0.45 0.51 0.45 0.51 0.42 048
my* 0.46 0.53 0.52 0.57 0.45 0.52
Mgy 0.49
FE-isomer
30 5.2 4.5 5.0 4.3 5.6 4.9
3JeXlD 34
mp* 0.08 0.16 0.11  0.19 0.07 0.14
my* 0.16 0.14 0.14 0.23 0.08 0.17
Mgy 0.14

* my was obtained using the coupling constant of gauche rotamer
B, m, was obtained using the coupling constant of gauche
rotamer C.
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0.139 ppm, respectively). This reflects a weakening of
the electron interaction of the carbonyl group and ben-
zene ring in the first case, which, in turn, indicates the
more nonplanar structure of the Z-isomer compared to
its E-analog. Thus, the experimental 'H NMR data
confirm the results of quantum-chemical calculations
predicting the more nonplanar structure of the cinnamoyl
fragment of the Z-isomer under study compared to its
E-form.

Influence of an aromatic solvent on spectra of Z- and
E-isomers. The studied isomeric unsaturated ketones
differ substantially by the influence of the aromatic
solvent (benzene) on chemical shifts of the protons
H(1), H(11), and H,, (by more than 20-fold, see Table 1,
A8z Adp) and H(8), CH(7), and H,, (somewhat more
than twofold). The changes in the chemical shifts of
other protons in the spectra of the Z- and E-isomers on
going from deuteriochloroform to deuteriobenzene are
virtually the same. This indicates the specific character
of solvation, i.e., the interaction of the m-electronic
benzene system with the carbonyl carbon atom bearing
a partial positive charge.2” This representation corre-
sponds sufficiently well to the shielding effect of ben-
zene for protons of the 5- and 6-methylene groups and
the methyl group in position 1 of the cyclohexanone
fragment. The difference in the observed values of aro-
matic solvent-induced chemical shifts (ASIS effect28,29)
for isomeric compounds in the case of protons H(1) and
CHj;(7) is related, most likely, to somewhat different
steric conditions for the coordination in this fragment
(neighborhood of the arylidene proton in the case of the
Z-isomer or aryl group for the E-analog). It is likely that
the conformational specific features of the isomers also
play a substantial role (the significant content of con-
formers with the equatorial methyl group in the case of
the Z-isomer).

However, based on the concept of the type of coor-
dination considered above, we cannot explain the con-
siderably different ASIS effects for the arylidene and
ortho-protons of the benzene ring nearest to the enone
group in isomeric compounds. For example, the H(11)
proton of the E-isomer in benzene experiences a strong
deshielding effect compared to that in a solution
of CDCl; (A3 = —0.469), unlike the Z-isomer
(A8 = 0.022). By contrast, the ortho-protons of the
benzene ring are strongly deshielded by the aromatic
solvent in the case of the Z-isomer (AS, = —0.327, see
Table 1). These distinctions can be presented as a result
of the formation in the studied systems of weak
H-complexes of the C—H bond of the benzene ring
with lone electron pairs of the carbonyl group. The
AM1 calculations indicate the possibility of the forma-
tion of such bonds (the C,,—H...0O=C distance was
estimated as 230—290 pm, see Fig. 2, a and b). In such
H-complexes formed by the FE-isomer, the arylidene
proton is arranged in the plane of the solvating benzene
ring at a distance of 400—500 pm experiencing a sub-
stantial deshielding.!® In the case of the Z-isomer, a
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Fig. 2. Possible orientation of benzene molecules relatively to
model Z-(1R,4R)-2-(4-phenyl)benzylidene-p-menthan-3-one (a)
and its E-isomer (b) according to estimations by the AMI
method.

similar situation appears in benzene solutions for pro-
tons (especially ortho-) nearest to the enone group of
the benzene ring (see Fig. 2, a).

Note that we did not observe any substantial changes
in the J values between the protons of the cyclohex-
anone fragment and the 3JH(4),H(8) values for the studied
isomeric compounds on going from CDCI; to C¢Dg
(see Table 2). Therefore, the conformational states of
the cyclohexanone fragment of the studied isomeric
compounds and the rotameric equilibria of their isopro-
pyl fragment in an aromatic solvent remain unchanged.

Experimental

E-(1R,4R)-2-(4-Methoxyphenyl)benzylidene-p-menthan-3-
one was synthesized as described,? and the Z-isomer was ob-
tained by its photochemical transformation.2

I'H NMR spectra were obtained on a Jeol INM-LA 400 FT
spectrometer (400 MHz) using Me4Si as an internal standard.
The observed multiplets of protons in the second-order spec-
tra were interpreted using double resonance and con-
firmed by the computer simulation of spin systems (using
the quantum-chemical NUTS 4.35 program). The simula-
tion of multiplets was performed for the seven-spin sys-
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tem H(1)H(6)H(6")H(5)H(5’ )H(4)H(8) (see designations in
Table 1). The determination accuracy for chemical shifts of the
H(1), H(4), H(8), and H(11) protons and protons of the
methyl groups and benzene rings was 0.001 ppm; the accuracy
of determination of & values is an order of magnitude lower for
protons of the 5- and 6-methylene groups in the spectra
recorded in CDCl;. The J values were determined from simula-
tion results with an accuracy of 0.1 and 0.3 Hz in the first and
second cases, respectively.

Quantum-chemical calculations for alternative conformers
were performed by the AM117 and PM318 methods realized in
the MOPAC 6.0 program package. The solvation of the ketones
under study was simulated in the framework of the AMI
method by the full optimization of a molecular ensemble
composed of a molecule of the solute and five solvent mol-
ecules, whose initial arrangement was specified arbitrarily. The
calculation was performed for several variants of the initial
mutual orientation of solvent molecules. As the calculations
showed, the results of optimization of the geometry of molecu-
lar ensembles somewhat differed quantitatively but were the
same at the qualitative level.

This work was financially supported by the INTAS
(Grant 1997-1730). 'H NMR spectra were measured at
the Laboratory of Coordinator of the Project Prof. J. W.
Goodby (University of Hull, Center of Organic and
Biological Chemistry, Great Britain), and the authors
are sincerely grateful to him for assistance.
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