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Structure of (Z)-(5R)-methyl-2-(4-phenylbenzylidene)cyclohexanone
as chiral component of liquid-crystalline systems
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The spatial structure of (Z)-(5R)-methyl-2-(4-phenylbenzylidene)cyclohexanone prepared
by photochemical isomerization of the E-isomer was studied by analyzing the magnitudes and
temperature dependence of the proton spin-spin coupling constants obtained by 'H NMR
spectroscopy and the results of molecular modeling using semiempirical quantum chemical
AMI1 and PM3 methods and the density functional theory (DFT). Comparison of the results
obtained for the Z- and E-isomers shows that in both cases the conformational equilibrium for
both isomers is characterized by significant preference of the chair conformer having
an equatorial methyl group, namely, —AH (chair a === chair ¢) = 1.98—2.12 and
1.36—1.54 kcal mole~! for the Z- and E-isomers, respectively. Distinctions in the non-planar-
ity of the enone fragment and cyclohexanone ring in the Z- and E-isomers under study
following from the results of mathematical modeling were confirmed by the experimental
values of the geminal spin-spin coupling constants of protons of the methylene groups in
o,0.”-positions with respect to the enone group. Quantum chemical calculations of the Z-isomer
revealed the existence of intramolecular hydrogen bond between the carbonyl oxygen and the
nearest aromatic proton in ortho-position of the benzene ring. Possible reasons for different
helical twisting power of (Z)-(5R)-methyl-2-(4-phenylbenzylidene)cyclohexanone and the
E- and Z-arylidene derivatives of 1R,4R-isomenthone in the mesophase are discussed based on
the results of molecular structure studies for these compounds.

Key words: (Z)- and (E)-(5R)-methyl-2-(4-phenylbenzylidene)cyclohexanone, confor-
mational state, 'H NMR spectroscopy, quantum chemical calculations, intramolecular hydro-

gen bond.

Chiral o,B-unsaturated ketones with six-membered-
ring preset s-cis-configuration of enone fragment and a
Z- or E-configuration relative to the double bond are of
considerable interest as components of liquid-crystalline
(LC) systems with induced helical supramolecular order-
ing.1=4 Photoinduced effects in LC compositions, which
accompany a reversible photochemical £—Z-isomeriza-
tion typical of these compounds,5—? strongly depend on
the nature of both the nematic solvent and, especially, the
chiral additive (CA), although the reasons for this depen-
dence are unclear.

Photoactive CA include, in particular, 2-arylidene de-
rivatives of (1R,4R)-isomenthone ((3R,6R)-6-isopropyl-
3-methylcyclohexanone) 1*, which were studied in detail

* In the text below the unsaturated ketones under study will be
called "arylidene cyclohexanone derivatives” for convenience of
comparing the characteristics of methylcyclohexanone and iso-
menthone derivatives.

earlier.5-6:10.11 UV_Jrradiation of E-isomers in both iso-
tropic organic solvents3:10 and LC media%1! causes a
highly efficient E—Z-photoisomerization. A feature of this
photochemical transformation consists in a higher quan-
tum yield of the direct reaction compared to that of the
reverse reaction. This predetermines a much higher pro-
portion of the Z-isomer in the photostationary state.10 An
important macroscopic manifestation of this photo-
transformation in doped LC compositions is an increase
in the pitch of the supramolecular helix (P), i.e., its un-
twisting.311 A number of photochemically synthesized
Z-isomers exhibited much less pronounced twisting prop-
erties compared to the E-isomers,3%1! which underlies
the photoinduced untwisting of the cholesteric helix.
Recently,”8 it was established that the E- and Z-iso-
mers of monoarylidene derivatives of (3R)-methylcyclo-
hexanone 2b,c (Scheme 1) introduced into 4-(n-pentyl)-
4’-cyanobiphenyl (5CB) nematic mesophase show a dif-
ferent ratio of the twisting powers (B), although both the
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ratio of the quantum yields of the direct and reverse
photoisomerizations and the compositions of the photo-
stationary mixture are almost the same as for the arylidene
derivatives of isomenthone 1.

Scheme 1
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In this case the E- and Z-isomers are characterized by
the opposite signs of B, i.e., they induce cholesteric heli-
ces with opposite directions of twisting in nematic liquid
crystals. Unlike isomeric arylidene derivatives of iso-
menthone, in the series of (3R)-methylcyclohexanones 2
the isomer Z-2b obtained by preparative synthesis is
charactrized by a || value that is 3.5—4 times higher than
the corresponding value for the F-isomer (measured us-
ing different methods). This difference between the twist-
ing properties of the isomers E-2 and Z-2 leads to photo-
induced inversion of the cholesteric helix found for the
LC system SCB—CA E-2¢.”8 Recently, a qualitatively
similar ratio of the twisting powers of the F- and Z-isomers
was also observed® for the arylidene derivatives of some
other isomeric methyl-substituted cyclohexanones, which
was not explained at that time.

A considerable weakening of the twisting properties of
the Z-isomers compared to the E-isomers of the arylidene
derivatives of compound 1 was associated with the less
anisometric "twisted" molecular form of the former.*> At
the same time, recent experimental data obtained for
(3R)-methylcyclohexanone derivatives’-8 point to insuf-
ficiency of this interpretation. This gave an impetus to a
more detailed investigation of the structure of the Z-mono-
arylidene derivatives of (3R)-methylcyclohexanone.

The aim of this work was to study the structure of
Z-arylidenecyclohexanone 2a (Z-2a) obtained for the first
time by 'H NMR spectroscopy with implication of analy-
sis of the temperature dependences of spectral parameters
and the results of molecular modeling by the semiempirical
quantum chemical methods AM1 and PM3 and by the

density functional theory (DFT). The first two computa-
tional methods have some drawbacks and limitations; nev-
ertheless, they have been successively used earlier!2—14
for the conformational analysis of related compounds and
showed good agreement with experimental data. Simulta-
neously using all these methods in this work, we were
interested in reconstructing a generalized picture of the
spatial structure of the compounds under study and in
making the structural data obtained more reliable rather
than performing a comparative characterization of the
results obtained by different modeling techniques. The
results of our study of isomer Z-2a were compared with
those obtained for E-2a,14 which is important for the
understanding of the specific features of the behavior of
these compounds in LC systems (see above). In order to
assess with certainty structural differences between pairs
of the E- and Z-isomers of the unsaturated ketones under
study (in particular, the relative extent of non-planarity of
the double bonds in the enone groups), we also com-
pared the spectral characteristics of the long-wavelength
n,n*-band in the electronic absorption spectra and the
stretching frequencies of the carbonyl group in the IR
spectra. Based on the data on the spatial structure of the
chiral unsaturated ketones Z-2 in question, correspond-
ing E-isomers, and their isomenthone analogs 1 we will
discuss regularities of changes in the twisting properties of
these pairs of isomers in the mesophase.

Results and Discussion

The compound in question, Z-2a, was obtained by
photochemical transformation of corresponding E-isomer
(E-2a, Scheme 2), which was synthesized starting from
(3R)-methylcyclohexanone 3 in two stages (see Experi-
mental).

A similar procedure was used!® for the synthesis of the
compounds of the homologous series £-2 with long ter-
minal alkyl substituents C,H,,+; (n = 7—11, 16; e.g.,
FE-2b,c). They are highly soluble in LC systems, being at
the same time less suitable for detailed "H NMR studies
of their structures compared to £-2a.

The reaction of 3-methylcyclohexanone (3) with
4-chlorobenzaldehyde in boiling aqueous alkali solution
following a procedure similar to a known one!® results in
enone 4 (yield 67%). This procedure is more preferable
than the classical procedure for croton condensation of
cyclohexanones by prolonged stirring a mixture of re-
agents in aqueous alkali at room temperature (yields
20—25%).17

Compound 4 interacts with phenylboronic acid under
conditions of Suzuki cross-coupling catalyzed by in situ
prepared nickel(0) complexes by analogy with a known
procedure.!8 Except for a few studies!>1%20 we found no
information on the use of halo-substituted aromatic com-



Arylidene-substituted (3R)-methylcyclohexanone

Russ.Chem.Bull., Int.Ed., Vol. 55, No. 6, June, 2006 1001

Scheme 2
0 H
) (0] Cl .
i N\ ii
Me
3 Me
4
H o m o m’
111
49 -
7
Me
E-2a
—_—

Z-2a

Reagents and conditions: i. 4-Chlorobenzaldehyde, NaOH,
H,0, A, 24 h. ii. Phenylboronic acid, NiCl,(PPh;),/DPPF,
BuLi, K;PO,-(2—3)H,0, dioxane, A, 7—8 h. iii. hv, heptane.

pounds with enone fragment not involved in the reaction
as electrophilic substrates in the Suzuki cross-coupling.
In obtaining monoarylidene derivatives 2 the chloro de-
rivative 4 was chosen as electrophilic substrate in this
reaction because attempts to isolate the corresponding
bromide in individual form failed (for detail, see Refs 15
and 20).

An attempt to carry out a cross-coupling reaction of
2-(4-chlorobenzylidene)-5-methylcyclohexanone (4)
with phenylboronic acid under conditions of heteroge-
neous catalysis (palladium/carbon) in a dimethylacet-
amide—water mixture with potassium carbonate as base
at 100 °C (see Ref. 21) failed owing to instability of prod-
uct 2 and the starting compound 4 in a strongly basic
medium at high temperature.

The configuration of isomer Z-2a was unambiguously
confirmed by the diamagnetic shift of the signal of the
arylidene proton (8_cy 6.43) (Table 1) relative to the
corresponding signal of the E-form (8_cy 7.53), which is
accepted?2:23 as criterion for related structures, and by the
lack of the NOE between protons in the cyclohexanone
and aryl moieties. For the E-isomer, the NOE occurs
between the aromatic ortho-protons and H(5) cyclohex-
ane protons separated by 2.32—2.47 (AMI1 calculations)
or 2.04—2.34 A (DFT).

Table 1. Chemical shifts (8) and spin-spin coupling constants
(Ju,p) in '"H NMR spectra of the Z- and E-isomers of com-
pound 2a (CDCl;, 400 MHz, 293 K)

Proton ) Protons Jy,u/Hz
Z-2a E-2a Z-2a E-2a
Hp(2) 2272 2,113 Hyp(2), Heg(2) —14.0  —17.1
Heq(2) 2,633 2,688 Hyy(2), Hy(3)  11.5 11.4
Hax(3) 2,116 2.076  Heq(2), Hay(3) 4.1 4.7

H,(4) 1564 1.382
H(4)  2.011 1935

Heq(2), He(4) 1.9 2.4
H,(3), Hy(4) 109 11.0

Hoy(5)  2.579 2704 Hu(3), He4) 3.7 3.1
He(5) 2705 3.109  Hy(4), Hegd) —129  —13.0
C(7HH; 1.078  1.063 Hu(4), Hy(5) 119 119
H(B) 6430  7.533 Hy(4), He(5) 4.2 48
H, 7419 7497  Hed), Hy(5) 42 5.4
H,, 7513 7.625 Heg@), Heo(5) 3.4 3.6
H, 7579 7.613  Hy(5), Hyy(5) —143  —16.4
H,, 7.426  7.455 H,(5), H(8) 2.0 2.6
H,- 7332 7.369  Hy(5), H(8) 0.5 1.7

H(@3), C(7)H; 6.5 6.2

Conformational state of cyclohexanone fragment. Most
probably, isomer Z-2a exists in solutions as an equilib-
rium mixture of chair conformers with axial and equato-
rial orientation of methyl group, similarly to E-2a 1
(Scheme 3).

Scheme 3
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It should be noted that in monoalkyl-substituted cy-
clohexanes the substituent has only equatorial orienta-
tion.24 However, isomeric alkylcyclohexanones, especially
those containing an extra unsaturated substituent, can
exist as equilibrium mixtures of the chair-e (equatorial),
chair-a (axial), and even twist-conformers (see, e.g.,
Refs 12, 13, 25—27). Some compounds of this type exist
as mixtures with a very high proportion of the conforma-
tion with axial orientation of the methyl substituent.12:28



1002 Russ.Chem.Bull., Int.Ed., Vol. 55, No. 6, June, 2006

Krivoshey et al.

A number of 2-arylidene derivatives of (3R,6.5)-6-isopro-
pyl-3-methylcyclohexanone have different conforma-
tional structures in solutions!3 and in crystals.2? We failed
to find information on the molecular conformations of
chiral Z-isomers of o,B-unsaturated ketones except for
the data reported in Ref. 12. Because the twisting proper-
ties of this type of chiral compounds depend on the orien-
tation of alkyl substituent in the cyclohexanone ring
that fixes the s-cis-enone group,’ it was important to
study the conformational equilibrium (see Scheme 3) for
the isomer Z-2a. Information on the effect of the Z- or
F-arylidene substituent in the cyclohexanone ring on the
conformational equilibrium is also of fundamental in-
terest.

Similarly to isomer £-2a,14 the AM1 and PM3 calcu-
lations of isomer Z-2a revealed very small proportions of
twist-conformers (Table 2). According to DFT calcula-
tions, the twist-conformers have much higher energies
and can therefore be left out of consideration.

The conformational equilibrium mentioned above (see
Scheme 3) was studied by analogy with that reported ear-
lier based on the analysis of the magnitudes and tem-
perature dependences of vicinal spin-spin coupling con-
stants (3J) and on the results of molecular modeling using
the AM1, PM3, and DFT methods. According to calcu-
lations (see Table 2), the Z-2a isomer exists mainly in
conformation B (83.5% according to AM1 and PM3 cal-
culations) similarly to £-2a.14 This is the total mole frac-
tion of the two rotamers obtained from the results of
modeling for each type of conformers. The rotamers dif-
fer in the direction of rotation of the benzene ring relative

to the double bond (the sign of the angle ¢p,) and
have different energies. The calculated energies of con-
former A exceed those of the equatorial conformers (tak-
ing into account correspondence between the rotamers)
by 1.27—1.29 (AM1) and 1.04—1.05 kcal mol~! (PM3)
(see Table 2). The results of the semiempirical and DFT
calculations are by and large in agreement, although the
last-mentioned method does not predict the existence of
two types of rotamers of the Z-isomer, but predicts a
somewhat greater energy preferableness (1.64 kcal mol~!)
and, hence, higher proportion of the conformer B (94.2%)
(Table 3).

Similar proportions of the alternative conformers were
also predicted by the semiempirical methods for iso-
mer E£-2a.14 DFT calculations in this case predict a some-
what higher energy preferableness of the equatorial form
(2.04—2.18 kcal mol~!; see Table 3) and reflect the exist-
ence of pairs of rotamers for each type of conformers.

Our investigation of the conformational equilibrium
of isomers Z-2a and E-2a was based on the results of
'H NMR study. The experimental (@) and calculated (5)
multiplets of protons in the cyclohexanone ring of com-
pound Z-2a in CDCl; at 20 °C are shown in Fig. I.
Table 1 lists the proton chemical shifts and spin-spin
coupling constants for Z-2a and E-2a. At all tempera-
tures, the multiplet of H,,(2) proton is most pronounced
for both compounds under study.

The conformer ratio, mg,/m,y (meq and m,, are the
mole fractions of the conformers B and A correspond-
ingly) was determined based on the analysis of conforma-
tionally sensitive vicinal constant 3J2ax,3 from the multi-

Table 2. Energies (E) and selected geometric parameters of alternative conformers of isomer
Z-2a obtained from AM1 and PM3 calculations

Conformer E Proportion  ¢py, Qenon 01 6, dc—0. H—Ar
—1 A
/kcal mol (%) deg /A
AM1
By, chair e-1 0.0 57.57 —45.4 57.8 108 122 2.20
B,, chair e-2 0.47 25.96 24.9 53.9 71 110 2.54
A, chair a-1 1.27 6.69 43.6 —58.2 107 124 2.19
A,, chair g-2 1.76 292 =250 545 71 110 2.55
Ty, twist-1 1.48 4.69 435 -59.8 — — 2.18
T,, twist-2 1.93 219 =200 —57.6 — — 2.48
PM3
B, chair e-1 0.0 51.38 44.1 58.7 60 93 3.08
B,, chair e-2 0.28 31.97  —63.9 589 105 104 2.64
Ay, chair a-1 1.04 8.82 —439 589 60 93 3.07
A,, chair a-2 1.33 5.39 63.2 —59.3 105 105 2.63
T,, twist-1 2.39 0.89 65.0 —60.5 — — 2.65
T,, twist-2 2.07 1.54  —420 —60.4 — — 3.04

Note. Here and in Table 3 ¢, is the torsion angle O—C(1)—C(6)—C(8), ¢py, is the torsion
angle C(6)—C(8)—C(9)—C,, 6, is the angle C(1)=0...H,,, 6, is the angle O...H,,—C,,, and
dc—o. H—a, is the distance from the carbonyl O atom to the nearest aromatic proton.
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Table 3. Energies (£) and selected geometric parameters of alternative conformers of isomers Z-2a and £-2a (modeling
by DFT and MP2 methods)

Conformer E/kcal mol~! Proportion (%) Opn ®cnon  PCH; 0, 6, dc—0. H—Ar
DFT MP2 DFT MP2 deg /A

Z-2a

B, chaire 0.00 0.00 94.16  79.51 —25.4 42.1 175 114 136 2.07

A, chaira 1.64 0.80 5.84  20.49 27.1 —43.9 743 114 136 2.07
E-2a

B, chair e-1 0.00 0.00 90.85  77.18 21.1 94 173 — — —

B,, chair e-2 2.04 1.80 2.86 3.65 —35.9 15.9 173 — — —

Ay, chair a-1 1.59 0.84 6.14  18.59 —19.2 -9.5 74.7 — — —

A,, chair a-2 3.77 2.88 0.16 0.59 356 —15.5 75.7 — — —

were calculated based on the optimized geometries of the

Heq(3) Heg2) Hx(2) a alternative conformers in the framework of the computa-
H,.(5) tional methods employed (similarly to our previous
ax HG) Heq(4) H,,(4) study!4) using the known equation.3? It should be noted

that the use of the geometry of the cyclohexanone frag-
UU ment calculated by the AM1 and PM3 methods and by
the DFT method gives almost the same calculated values

of the spin-spin coupling constants of the conformers
(Jeq and J,,) and, correspondingly, the ratios of their con-
b centrations. This can indicate that all the three methods
correctly describe the geometry of the cyclohexane ring in

the compounds under study.

UU The calculated constants of conformational equilib-
L L L L L L L rium, K = mg,/m,,, the corresponding conformational
2.8 2.6 2.4 2.2 2.0 1.8 1.6 ) energies (AG = —RT'InK) at different temperatures, and
Fig. 1. Experimental (@) and calculated (b) multiplets of cyclo- the Change's in the el,l‘fha‘lp y (AH)‘ and 'entropy (AS) of the
hexanone ring protons in 'H NMR spectra of compound Z-2a conformational equilibrium are listed in Table 4. The pa-
(400 MHz, CDCl;). rameters AH and AS were determined from the depen-
dence of —AG/T on 1/T (correlation coefficients of linear

plet of H,,(2) proton (see above) with allowance for the approximation vary in the range 0.995—0.999). It should
weight-averaged nature of the observed quantity be noted that the constants and thermodynamic charac-
teristics of the conformational equilibrium obtained from
not only 3J2ax’3, but also other experimental conforma-
where J,, and J,, are the spin-spin coupling constants of tionally sensitive spin-spin coupling constants (3J3,4ax,
conformers B and A, respectively. The J., and J,, values 3J4ax’5aX) determined by simulating the corresponding

3 —
J2ax,3 - meq"eq + maxJax’

Table 4. Concentrations of equatorial conformer (m.,, mole fractions), —AG (kcal mol~!) values for the conformational equilibrium
(see Scheme 3) of isomers Z-2a and E-2a at different temperatures according to "H NMR spectroscopy data (3']2ax,3)’ and calculated
AH and AS values

Method meqo/—AG at T/K —AH AS
—1 —1 -1
238 248 253 273 293 323 /keal mol feal K=" mol
Z-1somer
AMI  0.952/1.41 0.943/1.38 — — 0.897/1.24 — 2.07+0.06 2.840.2
PM3  0.949/1.38 0.940/1.36 — — 0.894/1.24 — 1.9840.01 2.540.1
DET  0.953/1.42 0.944/1.39 — — 0.898/1.27 — 2.1240.04 2.940.2
E-Isomer
AMI  0.926/1.20 — 0.917/1.21 0.899/1.19 0.881/1.17 0.854/1.13  1.39+0.2 0.8+0.1
PM3  0.922/1.17 — 0.913/1.18 0.894/1.16 0.876/1.14 0.849/1.11  1.36+0.2 0.840.5

DFT 0.936/1.27 — 0.927/1.28 0.909/1.25 0.890/1.22 0.863/1.18 1.54%0.2 1.1£0.5
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multiplets characterized by larger broadening of their com-
ponents with a decrease in temperature, are quite similar
to those listed in Table 4 and found from the most reliably
determined 3J,,, 3 values.

The experimental AH values obtained for the confor-
mational equilibrium of the isomeric ketones under study
are in reasonable agreement with the calculated AE values
(heat of formation difference, AH, between the conform-
ers). The entropy contribution to the conformational en-
ergy of the compounds studied is small; this is also as-
sumed to be typical of, in particular, monosubstituted
cyclohexanes containing a spherical substituent (e.g.,
a methyl group).24

From Table 4 it follows that compound Z-2a has a
higher conformational energy AG at all measurement tem-
peratures and is characterized by a more negative change
in the enthalpy, AH, of conformational conversion (see
Scheme 3) compared to isomer E-2a. Although the
changes in entropy of the conformational equilibrium in
question are small, the AS for these isomers differ with
certainty; the entropy factor undoubtedly plays a more
important role for the Z-isomer.

The experimental AH values for E-2a (see Table 4)
almost coincide with the AH value for 3-methylcyclo-
hexanone (—1.28——1.40 kcal mol~!),27 determined in
the same solvent (CDClI;) from the temperature depen-
dence of the chemical shifts in the 13C NMR spectra. It
follows that introduction of the second sp? carbon atom
into the 3-methylcyclohexanone molecule to give a
cinnamoyl fragment with E-configuration has no effect
on the energy characteristics of the axial-equatorial con-
formational equilibrium. At the same time the character-
istics of this equilibrium for Z-2a are significantly differ-
ent from those of the E-isomer, namely, the differences
between the corresponding AH values much exceed the
experimental error. This is undoubtedly related to the
structural features of isomers.

Geminal spin-spin coupling constants and the structure
of the cyclohexanone and enone fragments. The geminal
constants 2J2ax’2eq and 2J53X’Seq of compound Z-2a (—14.0
and —14.4 Hz, respectively, see Table 1) are strongly dif-
ferent from those found for isomer E-2a (—17.2 and
—16.4 Hz, respectively).14 The change in the 2J constants
on going from the E- to the Z-isomer indicates different
orientations of the n-bonds of the enone group relative to
the o,0 -methylene units in the cyclohexanone rings in
these molecules. The 2J,.LH constant of the methylene
group in a-position relative to the C=0 or C=C bonds is
determined as follows3!:

2Jin = —12.6 — 6.0cos2pc—o, (1)
2y = —11.6 — 6.3c0s20c—c, 2)

where ¢c—g and ¢c—c are the torsion angles between the
C=0 or C=C groups and the bonds of the a-methylene

Fig. 2. Definition of torsion angles between the carbonyl (pc—q =

PC3)—C2)—C(1)—0) Or vinylene (¢c=c = Pc4)y—c(5)—C(6)—C(8))
groups and the bonds n the a-methylene fragments with corre-
sponding neighboring units of >C(3)HCH; or >C(4)H, rings in
Z- (a) and E-isomers (b).

fragments with the corresponding neighboring alkyl frag-
ments (definition of the angles ¢ for the Z- and E-isomers
under study is shown in Fig. 2). From Eqgs (1) and (2) it
follows that the conformations with @c—g or @c—c = 0°
and with @c—g or @c—c = 180° correspond to structures
with maximum values of the constant 2J. The angles ¢c—q
and ¢c—c (for notations, see Fig. 2) determined using the
molecular geometries obtained by different methods and
the geminal spin-spin coupling constants calculated from
Egs (1) and (2) are listed in Table 5. For comparison, we
also present here the corresponding parameters of the
E-isomer. The results obtained by all computational
methods are in reasonable agreement and show, in accor-
dance with the experimental data, higher values of the 2/
constants for the E-isomers. The torsion angles ¢c—g and
¢c=c for the Z-isomer are smaller than for the E-isomer,
which indicates an increase in the deviation of methylene
groups from the plane of the double bonds. This favors a
decrease in the overlap of the m-orbitals of the multiple
bonds and the Is-orbitals of the C—H bonds of methyl-
ene groups and, correspondingly, a decrease in the gemi-
nal spin-spin coupling constants.

Different geometries of the Z- and FE-isomers also
manifest themselves in the degree of non-planarity of the
enone fragment. According to the results of modeling by
all three computational methods, it is much more pro-
nounced for isomer Z-2 rather than £-2 (see Ref. 14 and
Tables 2 and 3). This difference in the geometry of the
isomers can be experimentally substantiated by the UV
and IR spectroscopy data. The long-wavelength ©,n*-band
in the UV spectrum of Z-2a (298 nm) experiences a blue
shift relative to the corresponding band of £-2a (312 nm).



Arylidene-substituted (3R)-methylcyclohexanone

Russ.Chem.Bull., Int.Ed., Vol. 55, No. 6, June, 2006 1005

Table 5. Selected torsion angles (¢;/deg) (see Fig. 2) and calcu-
lated geminal spin-spin coupling constants of protons at the
C(2) and C(5) atoms (2/,./Hz) in isomers Z-2a and E-2a (ac-
cording to AM1, PM3, and DFT calculations)

Method  ¢py Heo(2), Hax(2) Hax(5), Heg(5)
Pc=0 72Jcalc Pc=c 72Jcalc
Z-2a
AM1 —45.4, 1254, 14.6, 124.1, 13.6,
24.9 125.7 14.6 127.7 14.0
PM3 44.1, 1239, 14.5, 123.9, 13.6,

—63.9 124.1 14.5 123.5 13.5
DFT —26.1 138.9 16.0 129.5 14.1

(14.4) (14.0)
E-2a

AM1 46.4, 142.8, 16.4, 142.3, 15.5,
-57.2 140.7 16.2 139.0 15.2
PM3 —63.7, 133.9, 15.5, 132.6, 14.5,
57.3 134.5 15.6 134.6 14.7
DFT 22.6, 157.5, 17.7, 155.9, 16.8,
-37.0 152.8 17.3 148.5 16.2
(17.2) (16.4)

Note. Figures in parentheses denote the —2J, values.

exp

The stretching frequency of the carbonyl group (v(C=0))
in Z-2a (1695.2 cm™!) is much higher than that of E-2a
(1680.6 cm™!). These differences between the spectral
characteristics indicate a weaker electronic interaction in
the enone moiety and, therefore, a more non-planar struc-
ture of this fragment in the Z-isomer. This structural dis-
tinction can be an important reason for different twisting
powers of these compounds’-8 with allowance for the con-
cept#32 of the role of helical chirality of the additive mol-
ecules in the efficiency of inducing helical supramolecu-
lar ordering in the mesophase.

Structure of cinnamoyl fragment and hydrogen bond
Carom—H...O=C. An important feature of compound Z-2a
is the energy difference between rotamers of the ben-
zylidene fragment, which follow from the results of mod-
eling of pairs of corresponding conformers (see Tables 2
and 3). Semiempirical methods (AM1 and PM3) and the
DFT method describe these distinctions in different
manner.

According to AM1 calculatios, rotamers with a short-
ened contact between the carbonyl oxygen and the near-
est hydrogen atom in ortho-position of the benzene ring
(chair e-1, chair a-1; see Table 2) are more preferable for
each pair of conformers of cyclohexanone ring. The dis-
tance between these atoms and the magnitudes of the
angles 6, (C=0...H,,) and 6, (O...H,,—C,,) in these
conformers suggest the formation of intramolecular hydro-
gen bond C—H...O in this case. The existence of similar
interactions in solutions was a debated topic for long,33
the undirectedness of the interactions (i.e., weak depen-
dence of the C—H...O bond energy on the angle between

the O...H and H—C bonds) being a major counter-
argument. Nevertheless, the results of analysis of X-ray
diffraction data almost undoubtedly indicate the possibil-
ity for hydrogen bonds C—H...O to exist in crystals.33:34
By and large at present it is accepted that hydrogen bonds
C—H...O are characterized by O...H (here, dc—g y_ar)
distances of at most 2.7 A at an angle, 0,, between the
0...H and H—C bonds of at least 90°.33 The calculated
geometric characteristics of the shortened contacts in the
chair e-1 and chair a-1 conformers of compound Z-2a
(2.2—2.6 A; see Table 2) lie in the intervals accepted for
lengths of the hydrogen bonds C—H...O.

Scanning the potential energy surface over the torsion
angle ¢p,, by the AM1 method showed that the minimum
distance between the carbonyl oxygen and the closest
aromatic proton corresponds to a global energy minimum
for the molecule. Additionally, the minimum dc—q H_a,
value logically corresponds to the maximum values of the
C,,—H bond length and the absolute values of the atomic
charges of the carbonyl oxygen and aromatic proton. PM3
calculations gives some preference (by ~0.3 kcal mol™!)
to those rotamers of the arylidene fragment in which the
aromatic ortho-proton is more distant from the carbonyl
group (3.1 A; see Table 2) and the formation of hydrogen
bond is almost impossible. Therefore, in order to more
reliably establish the nature of the shortened contact
C=0...H—Ar in molecules Z-2a, we used the DFT
B3LYP/cc-pVDZ method. Geometry optimization of the
conformers with the shortened contact C=0...H—Ar us-
ing the geometric parameters obtained form AM1 and
PM3 calculations as the starting approximation led to
structures with a shortened contact (chair e and chair a,
2.07—2.08 A, 0, = 114° and 6, = 136°; see Table 3). The
geometric parameters of the hydrogen bonds for the con-
formers with equatorial and axial methyl group are almost
the same. It is important that calculations with the geo-
metric parameters of the alternative rotamers of the
arylidene fragment taken as the initial approximation also
lead to conformers with hydrogen bonds C—H...O, which
are structurally similar to the chair e and chair a conform-
ers. This can indicate realization of the one and only
rotamer of the arylidene fragment. At the same time
equivalence of the aromatic o- and o -protons in the
'H NMR spectrum of compound Z-2a (see Table 1) points
to a rather high (on the time scale of NMR experiments)
rotation rate of the benzene ring relative to the double
bond of the enone fragment.

Positive harmonic vibrational frequencies calculated
using the GAUSSIAN 98 program package35 (by analogy
with those reported earlier3®) for the chair e and chair a
conformers (22.2 and 23.1 cm™!, respectively) indicate
that they correspond to energy minima. Topological analy-
sis of the electron density distribution according to Bader3’
in the chair e conformer showed the presence of an axis
connecting the oxygen atom and the nearest aromatic
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o-proton, a (3, —1) critical point (electron density
0.023 au, Laplacian of electron density is 0.072 au), which
corresponds to an attractive interaction between these
atoms.

Thus, the results of AM1 and DFT B3LYP/cc-pVDZ
quantum chemical calculations including the determina-
tion of harmonic vibrational frequencies and topological
analysis of the electron density distribution indicate the
occurrence of a specific nonvalence interaction, namely,
intramolecular hydrogen bond C—H...O, in the molecules
of isomer Z-2a. Although the energy of this hydrogen
bond is low, it most likely stabilizes the arylidene frag-
ment of the Z-isomer, which has a more non-planar enone
group than the E-isomer, and, correspondingly, a higher
degree of helical chirality.

Structural differences between the Z- and E-isomers
of arylidene derivatives 1 and 2 underlie a qualitative
model proposed?9:38 for the description of the regularities
of helical supramolecular ordering induced by the CAs 1
and 2 upon introduction into the nematic mesophase 5CB.
The model is based on the assumption that the efficiency
of helical twisting in the nematic mesophase doped with
chiral compounds is determined by the balance between
the attractive forces and stereospecific repulsion between
the nematic and CA molecules. In the case of LC systems
containing arylidene derivatives 1 and 2 the attractive
factors first of all include the dispersion interactions be-
tween the benzene rings of the arylidene fragment of CA
and the biphenyl group in the SCB molecule. The attain-
ment of a maximum energy gain for this interaction re-
quires parallel alignment of these molecular fragments
relative to each other and the presence of a certain opti-
mum number of benzene rings in the CA molecules.

Intermolecular repulsion in a model system contain-
ing a CA molecule and two nematic molecules (arranged
"above" and "below" relative to the additives) determines
the direction of twisting (sign of B) and the angle between
the long axes of 5CB molecules responsible for the |B| value.
We considered several types of molecular repulsion in the
systems under study, having both steric and dipole-dipole
nature. The main types were as follows: steric repulsion
between the biphenyl fragment of 5CB molecule and the
methyl group at the chiral center of CA (it is particularly
important for CA 1 having an axially oriented methyl
group!213) and electrostatic repulsion between the likely
charged atoms of polar groups of the nematic (nitrile
group) and additive (carbonyl and polarized arylidene
double bond) molecules. Polarization of these groups of
the components of liquid crystals and related effects of
intermolecular repulsion in the mesophase depend on the
molecular conformation including the stereospecific twist-
ing of the enone fragment in a regular fashion.

As substantiated earlier,29:38 the former type of mo-
lecular repulsion in mesophase plays a decisive role for
the LC system containing isomer F-1a, which exists in

solution and in the crystal in the conformation with axial
methyl group, 1239 predetermining the formation of a left
cholesteric helix* at a rather high twisting power (B =
—36.9+1.3 um~! (mole fraction)=!).® In the system
5CB—Z-1a, the equilibrium between the axial and equa-
torial CA conformers (~80 : 20)!2 is responsible for the
compensation effects; as a result, the Z-isomer is charac-
terized by p = —1.120.2 um~! (mole fraction)~!,® which
is lower than for the E-isomer.

The conformational state of both E- and Z-isomers of
arylidene derivatives of (3R)-methylcyclohexanone 2 is
significantly different from that of their analogs 1. In the
framework of the model used in both cases it is as-
sumed?2%:38 that repulsion between the biphenyl fragments
of the 5CB molecules and the methyl group of the pre-
dominant equatorial CA conformer is insignificant owing
to a long distance between these fragments in the inter-
acting molecules. However, for the system 5CB—F-2a
the dipole-dipole interactions between the negative ends
of the nitrile (nematic) and carbonyl (CA) dipoles be-
come significant. This leads to a counterclockwise rota-
tion of the two SCB molecules relative to each other (left
supramolecular helix similar to the case of £-1a). Due to
the lack of orientation effect of the axial methyl group the
angle of rotation was estimated qualitatively as being much
smaller than in the LC system containing the CA E-1a.
These conclusions following from the qualitative model
of twisting are in agreement with the experimental data
(for E-2a p = —7.7£0.5 um~! (mole fraction)~!).20

A particularly remarkable distinction between the
properties of arylidene derivatives of compounds 1 and 2
is the positive sign and high twisting power of isomer Z-2a
(B = +37.4£1.9 um~! (mole fraction)~!).38 This cannot
be interpreted unambiguously based on the conforma-
tional approach only, because both isomers of com-
pound 2a (F and Z) exist in a similar conformation with
the cyclohexanone ring having an equatorial methyl group.
Because of this steric repulsion between the equatorial
methyl group at the chiral center of the CA molecule and
the biphenyl fragment of the SCB molecule can not differ
appreciably. Nevertheless it was reported?%:38 that owing
to significantly different geometry of the isomers Z-2a
and E-2a one can expect rather different electrostatic
intermolecular interactions in corresponding LC systems.
In the case of chiral additive Z-2a it is assumed38 that
intermolecular repulsion causing a clockwise rotation of
the 5SCB molecules relative to each other (right supramo-
lecular helix) is provided by undesired interactions of the
closely arranged benzene ring in the upper nematic mol-
ecule and carbonyl group, and the carbon atom of nitrile
group bearing a partial positive charge with the likely
charged carbon atom of the arylidene bond of CA.

* The character of repulsion between molecules in the model
systems is illustrated in Refs 20 and 38.
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The experimentally determined38 relatively large ab-
solute value of B for Z-2a is likely due to enhancement of
intermolecular repulsion owing to better conditions for
the 5CB and CA molecules to approach each other
(strengthening of dispersion attraction) because of the
lack of methyl group in a-position relative to the arylidene
fragment. This is consistent with experimentally observed
mesomorphic properties of alkyl-substituted compounds
of the E-2 type (n = 6—11) in contrast to non-mesomor-
phic isomenthone analogs E-1.152% An increase in steric
repulsion between the CA Z-2a, and 5CB molecules and,
hence, greater twisting in this case can also arise from the
contribution of helical chirality due to a greater non-
planarity of the enone fragment in Z-2a compared to E-2a.
These effects are also most likely followed by suppression
of mesomorphism of the Z-compounds (at least for Z-2b)”
unlike corresponding mesomorphic representatives of the
E-2 series.15:20

Structural differences between the E- and Z-isomers
of compounds 1 and 2 established in this work suggest
that the axial or equatorial orientation of the methyl sub-
stituent in the cyclohexanone ring of chiral unsaturated
ketones is not completely responsible for their twisting
properties in LC systems. Specific features of polarization
of the molecular fragments of chiral additives related to
conformational differences and their electrostatic inter-
actions with the molecules of the nematic environment
also play an important role.

Experimental

Reaction mixtures were analyzed and the purity of the
compounds synthesized was monitored by HPLC using a
Milichrom-5 liquid chromatograph with a reversed-phase col-
umn Silasorb C-18 (2x6 mm) and a Bischoff HPLC system with
a reversed-phase column Prontosil 120-5-C18 ac E-EPS. Aceto-
nitrile—water (70—100 vol.%) mixtures were used as eluents.

IR spectra were recorded with a Bruker IFS66 IR spectrom-
eter in CCl, and UV spectra were measured with a Hitachi
U3210 spectrophotometer in octane.

The twisting power was measured following a known pro-
cedure.20

IH NMR spectra were recorded with Varian Mercury-400
and Varian VXR-300 instruments (Me,Si as internal reference).
The proton multiplets in the second-order spectra were inter-
preted using the double resonance technique and confirmed by
the computer simulation of spin systems using the NUTS 4.35¢
program. The multiplets of cyclohexanone ring protons were
simulated using two spin subsystems, an eight-spin subsystem
Heq(2), Hyy(2), Heg(4), Hyi(4), H(3), C(7)H; (in order to simu-
late the proton multiplets H,,(2) and H(3)) and an eight-spin
subsystem Hq(2), Hoy(2), H(3), Heq(4), Hoy(4), Heq(5), Hay(5),
H(8) (in order to simulate the proton multiplets He,(2), Hg,(2),
Heq(4), Hay(4), Heg(5), Hyi(5), H(8)). The chemical shifts
and spin-spin coupling constants were determined by an accu-
racy of 0.001 ppm and 0.1 Hz, respectively (according to calcu-
lations).

The starting structures of the compounds under study
for optimization were composed using the HyperChem 5.01
program.4? The structures of isomers and their conformers
were found by full optimization of all geometric parameters
by the semiempirical quantum chemical AM14! and PM3 42
methods implemented in the MOPAC 6.0 package.43 Density
functional quantum chemical calculations with the three-pa-
rameter functional B3LYP/cc-pVDZ were carried out using
the GAUSSIAN 98 program.35

The reagents used were commercially available (3 R)-methyl-
cyclohexanone (98%, [a]p2* +13.5) and 4-chlorobenzalde-
hyde (Sigma—Aldrich), 1,1 -bis(diphenylphosphino)ferrocene
(DPPF), and K3PO,4-(2—3)H,0 (Lancaster). Bis(triphenyl-
phosphino)nickel(i) chloride NiCl,(PPh;), was obtained fol-
lowing a known procedure.## Phenylboronic acid was synthe-
sized by a known procedure.45 Dioxane was purified from per-
oxides and dried following a conventional procedure.4¢ Heptane
(Merck) was used without additional purification.

(E)-2-(4-Chlorobenzylidene)-(5R)-methylcyclohexanone (4).
A mixture of p-chlorobenzaldehyde (1.65 g, 12 mmol) and so-
dium hydroxide (0.8 g, 20 mmol) in water (50 mL) was degassed
in a vacuum of a water jet pump and blown with argon (two or
three cycles). Then, (3R)-methylcyclohexanone (2.7 g, 24 mmol)
was added and the degassing procedure was repeated. The reac-
tion mixture was boiled for 24 h with thorough stirring in argon
atmosphere (HPLC monitoring), cooled, neutralized with ace-
tic acid, and extracted with dichloromethane. The extracts were
combined, washed with water until a neutral pH value, dried
over CaCl,, and then evaporated until dryness. The residue was
recrystallized from a minimum amount of heptane to obtain
1.9 g (67%) of compound 4. Further recrystallzations from hep-
tane gave 1 g (36%) of a substance of analytically pure grade
(>99%, HPLC data) as light yellow needle-shaped crystals, m.p.
63—64 °C (heptane) (cf. Ref. 14: m.p. 62—63 °C). 'H NMR
(CDCl;, 300 MHz), 6: 7.61 (s, 1 H, C=CH); 7.04 (d, 2 H, H,,,
3J = 8.1 Hz); 6.85 (d, 2 H, H,,, 3/ = 8.1 Hz); 3.00 (m, 1 H,
Heq(5)); 2.68 (m, 1 H, Hyy(5)); 2.62 (m, 1 H, Hey(2)); 2.10 (m,
1 H, Hy(2)); 2.06 (m, 1 H, H(3)); 1.92 (m, 1 H, H(4)); 1.36
(m, 1 H, H,(4)); 1.05 (d, 3 H, Me, 3/ = 6.1 Hz).

(E)-(5R)-Methyl-2-(4-phenylbenzylidene)cyclohexanone
(E-2a). A mixture of bis(triphenylphosphino)nickel(i1) chloride
(84 mg, 0.128 mmol) and DPPF (78 mg, 0.141 mmol) was
degassed in intense argon stream, anhydrous dioxane (3 mL)
was added, and the mixture was degassed again. n-Butyllithium
(2 M solution in hexane, 0.3 mL, 0.51 mmol) was injected into
green NiCl,(PPh;),/DPPF suspension and the dark red mixture
obtained was stirred for 10 min at ~20 °C; and then a mixture of
chloride 4 (300 mg, 1.28 mmol), phenylboronic acid (172 mg,
1.41 mmol), and K3PO,-(2—3)H,0 (814 mg, 3.84 mmol) in
5 mL of dioxane degassed by bubbling argon was added. The
reaction mixture was stirred for 8 h (HPLC monitoring; the
change in the color of the reaction mixture from dark brown to
light yellow, which was probably due to the decomposition of
the catalyst to give anhydrous NiCl,, served as visible indication
of completion of the reaction), diluted with dichloromethane,
and filtered through a layer of silica (Kieselgel, 0.035—0.070 mm,
Acros Organics). The filtrate was evaporated to dryness. After
evaporation, silica (S-120, 3 volumes) and a small volume of
dichloromethane was added to the oily residue. The suspension
obtained was evaporated in vacuo with stirring on a rotary evapo-
rator at a bath temperature of at most 50 °C. The free-running
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mass thus obtained was transferred to the column onto an S-120
silica layer and extracted with hot heptane. The extract was
evaporated to dryness and the residue was recrystallized from
acetonitrile until a maximum attainable purity (HPLC monitor-
ing). The yield of ketone E-2a was 52%, purity >99% (HPLC
data), m.p. 127—128 °C (from acetonitrile). IR, v/cm~!: 1600.8,
1625.0, 1680.6. UV, A, /nm (g): 243 (3515), 312 (25260).
Twisting power (5CB), B/um~! (mole fraction)~!: —7.7+0.5.20
'H NMR (CDCl;, 400 MHz), &: 7.63 (d, 2 H, H,,, 3/ = 8.3 Hz);
7.61(d, 2 H, H,, 3/ = 8.3 Hz); 7.54 (s, 1 H, C=CH); 7.50 (d,
2H, H,,3/=8.3Hz);7.46 (d,2 H, H,,, 3/ = 8.3 Hz); 7.37 (1,
1 H, H,, 3J = 8.3 Hz); 3.11 (m, 1 H, Hey(5)); 2.71 (m, 1 H,
Hax(5)); 2.69 (m, 1 H, Heq(2)); 2.12 (m, 1 H, Hyy(2)); 2.08 (m,
1 H, H(3)); 1.94 (m, 1 H, Hcy(4)); 1.39 (m, 1 H, Hy(4)); 1.05
(d, 3 H, Me, 3/=6.2 Hz).

(Z)-(5R)-Methyl-2-(4-phenylbenzylidene)cyclohexanone
(Z-2a). A solution of E-2a (220 mg, 0.8 mmol) in 100 mL of
heptane was exposed to unfiltered UV-radiation of a DRSh-120
high pressure mercury lamp and stirred until a photostationary
state (HPLC monitoring). Heptane was evaporated and the resi-
due was crystallized from the minimum amount of methanol
at —5 °C. The yield of ketone Z-2a was 14%, m.p. 70—71 °C
(from methanol), purity 98% (HPLC data). IR, v/cm~!: 1626.2,
1654.9, 1695.2. UV, A, /nm (g): 258 (12980), 298 (25920).
Twisting power (5CB), B/um~! (mole fraction)~!: 31.3+1.5.38
'H NMR (CDCls, 400 Hz), 8): 7.58 (d, 2 H, H,-, 3/ = 8.3 Hz);
7.51(d,2 H, H,,, 3/=8.3 Hz); 7.43 (d, 2 H, H,,-, 3J = 8.3 Hz);
7.42(d, 2 H, H,, 3/ =8.3 Hz); 7.33 (t, 1 H, H,, 3/ = 8.3 Hz);
6.43 (s, 1 H, C=CH); 2.71 (m, 1 H, H(5)); 2.63 (m, 1 H,
Hey(2)); 2.58 (m, 1 H, Hyy(5)); 2.27 (m, 1 H, Hyy(2)); 2.12 (m,
1 H, Hy(3)); 2.01 (m, 1 H, Heo(4)); 1.56 (m, 1 H, H,y(4)); 1.08
(d, 3 H, Me, 3/ = 6.5 Hz).

The authors express their gratitude to A. D. Roshal”
for recording IR and UV spectra and to S. V. Iksanova for
measuring the 'H NMR spectrum of a semiproduct.
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