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Conformational flexibility of six-membered dihydrocycles
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The conformational flexibility of six-membered 1,4- and 1,2-dihydrocycles caused by a
flattened shape of the minimum on the potential energy surface is discussed. The effect of
the conformational flexibility of the rings on the physicochemical characteristics of com-

pounds is considered.
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The classical conformational analysis of cyclic sys-
tems involves identification of stable conformations and
the energy barriers between them. However, it is known
that atoms in a molecule oscillate and, therefore, the
geometric parameters of the molecule vary within cer-
tain limits. Thus, in reality, a certain area on the poten-
tial energy surface rather than a single minimum point
corresponds to each conformer. The size of this area is
determined by the structure of the molecule. In the case
of cyclic systems, the dynamic properties of the ring
caused by the thermal motion of the atoms can substan-
tially change the ring conformation and, hence, the
physicochemical properties of compounds. A classic ex-
ample of conformational dynamics is the psendo-rota-
tion in cyclopentane and cyclohexanel leading to fast
transitions between conformers at room temperature
and caused by the fact that the barriers to these transi-
tions are low.

Recently, yet another type of flexible six-membered
rings has been found. The potential energy surfaces for
their molecules contain only one minimum, but this
minimum is flattened. Consequently, conformers, whose
energies are close to the minimum point but whose
geometries are markedly different, become populated.

This type of conformational dynamics of the ring was
found to be typical of many six-membered dihydrocycles.
Recent studies have shown that conformational flexibil-
ity is encountered much more often than pseudo-rota-
tion. This stimulated our attempt to describe systemati-
cally the published data on this type of conformational
dynamics for six-membered dihydrogenated rings, be-
cause compounds of this class have been studied most
thoroughly in this respect.

Cyclohexa-1,4-diene and its derivatives

The conformational flexibility of the ring caused by a
flattened minimum in the potential energy surface was
found for the first time in a study of cyclohexa-1,4-di-
ene (1) and its derivatives (2, 3).
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Contradictory experimental data on the equilibrium
conformation of 1 served as the starting point for this
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discovery. First, it has been found by gas electron dif-
fraction? that 1 exists in a boat conformation. However,
more recent studies carried out by microwave spectro-
scopy? resulted in the conclusion on the planar structure
of the molecule. It has been suggested3 that in molecule
1, fast transitions between the planar equilibrium con-
formation and a boat-like conformation occur; they
were not taken into account in the processing of the
electron-diffraction experiment, and this led to the ap-
parent contradiction. :
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Subsequent studies of the structure of compound 1
carried out by vibrational spectroscopy,®> NMR,$ and
X-ray diffraction’ as well as non-empirical guantum-
chemical calculations®® have confirmed the planar struc-
ture of the molecule. The hypothesis? about substantial
conformational flexibility of the cyclohexa-1,4-diene ring
has been verified theoretically by molecular mechan-
icsI 11 gnd by the MNDO M and ab initiol?13 methods.
It was found that the minimum in the potential energy
surface in molecule 1 is markedly flattened. As a result,
the transition from the equilibrium planar conformation
to a boat-like conformation in which the angle between
the planes of the double bonds is £160° increases the
molecular energy by less than 1 kecal mol™l.

This property of the dihydrogenated ring is due to
the fact that its conformation is determined by two
factors acting in opposite directions.>11.3415 Qe of
these factors is the angular strain arising due to the
deformation of the endocyclic bond angles at the satu-
rated carbon atoms in the planar conformation, while
the other factor is the 1,2-allylic strain caused by
nonvalence interactions between the hydrogen atoms of
the methylene groups and the double bonds; this stabi-
lizes the planar geometry of the ring. The transition of
the cyclohexa-1,4-diene ring into the boat conformation
decreases the angular strain but, simultaneously, it en-
hances the 1,2-allylic interaction. Consequently, the
overall change in the molecular energy proves to be
insignificant.

The electronic interactions between the n-systems of
the double bonds in 1 also have a substantial effect on
the conformation of the dihydrocycle.}® It is known!7-18
that the double bonds in cyclohexa-1,4-diene are not
isolated and can interact both through the direct overlap
of the p,-AO through space (through-space interaction)
and due to overlap with the pseudo-m-orbitals of the
methylene groups (through-bond interaction). The former
type of interaction depends on the distance between the
double bonds and, hence, it stabilizes the nonplanar
conformation of the ring. The efficiency of the interac-
tion through bonds is determined by the mutual orienta-
tion of the p,~AO of the carbon atoms at the double

bonds and the pseudo-n-orbitals of the methylene groups
and thus it is the maximum in the planar ring. AM1
calculations have shown!6 that the energy of the through-
space interaction in molecule 1 is negligibly small (less
than 0.003 eV) and that it slightly changes when the
ring is bent. Conversely, the energy of interaction through
bonds is fairly large (1.46 eV) and sharply decreases on
passing into the boat conformation. Thus, this interac-
tion is an additional factor stabilizing the planar confor-
mation of the cyclohexa-1,4-diene ring.

On going to benzannelated derivatives of 1, 1,4-di-
hydronaphthalene 2 and 9,10-dihydroanthracene 3, the
conformational flexibility of the dihydrocycle substan-
tially increases, which has been confirmed both in theo-
reticalll and in experimentall® (1H NMR) studies.

This has been explainedi0-21L,14.15 by the increase in
the angular strain due to the fact that C(sp3)—C(Ar)—
C(Ar) bond angles are more rigid than C(sp?)—C(sp’)—H
angles. The fact that the barrier to rotation around the
C(sp3)—C(Ar) bond is lower than that around the
C(sp>)—C(sp?) bond has been considered as an additional
factor responsible for the increase in the flexibility of the
ring in the 1—2—3 series.?® However, its role seems to be
relatively small.

The introduction of a substituent to a saturated
carbon atom in the dihydrogenated ring results in its
transition into a boat conformation with the pseudoaxial
orientation of the substituent,14 owing to the appearance
of asymmetry in the nonvalence interactions of the
1,2-allylic type along the C(sp2)—C(sp3) bonds.

Based on the 'H NMR data, it has been shown?l,22
that the rings in compounds 4 and 5 are less flexible.
However, a certain flexibility of the ring is retained even
in the presence of bulky substituents, for example, in
molecules 6 and 7 containing triphenylmethyl groups,
despite the substantial steric restrictions.23,24
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No data on the effects of substituents in 1,4-dihydro-
naphthalene can be found in the literature. The influ-
ence of substituents on the conformational flexibility has
been studied most extensively for 9,10-dihydroanthracene
derivatives, apparently, due to the fact that these com-
pounds are obtained relatively easily and are fairly stable.

An 'H NMR study of the dynamics of the ring in
the methoxy derivative 8 has led to contradictory results.
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First, it was shown that compounds of this type are
conformationally rigid.23> However, more recent stud-
ies?6 have led to the opposite conclusion, and the earlier
results?S have been explained by false interpretation of
spin-spin coupling constants.

8

As in the case of compounds 4—7, the dihydrogenated
ring in alkyl derivatives 9 remains flexible.2” This feature
is also retained in the dimethyl-substituted derivative
10, despite the fact that the [,2-allylic strain stabilizing
the planar conformation becomes substantially stron-

R = Me, Pri, But

Me Me

Study of the conformational flexibility of the par-
tially hydrogenated ring in 9,10-disubstituted derivatives
11 and 12 by 'H and 3C NMR spectroscopy and by
molecular mechanics has shown?%39 that cis- and trans-
isomers are appreciably dissimilar in this respect. The
unfavorable nonvalence interactions between the alkyl
group and the hydrogen atoms in the peri-positions of
the benzene rings cause a sharp increase in the rigidity
of the cis-isomer with diaxial orientation of substituents
and with flattened ring. An increase in the degree of
folding of the partially hydrogenated ring in this case
enhances the repulsion between the alkyl groups, which
also increases somewhat the rigidity of the ring confor-
mation. In the case of trans-isomers, one of the substitu-
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R = Me, Et, Pr, But
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NO,

13

ents is always located near the peri-hydrogen atoms of
the benzene rings, which destabilizes the equilibrium
conformation and is favorable for the dihydroanthracene
fragment being flexible. An exception is 9,10-dinitro-
derivative 13. According to 'H NMR data, the dihydro-
genated ring is conformationally flexible in both isomers
of 13;3! this is apparently due to the strong electrostatic
interactions between the substituents and between the
oxygen atoms of the nitro groups and the peri-hydrogen
atoms, which stabilize both conformations.

The decisive role of the interactions between the
substituents at the saturated carbon atoms and the hy-
drogen atoms in peri-positions of the benzene rings has
also been confirmed in a 'H NMR study3? of tetra-
substituted derivatives 14. In these compounds, the
above-mentioned interactions occur in both isomers and
account for the retention of the ring flexibility. How-
ever, for the same reason, the introduction of a methoxy
group in the peri-position (compound 15) leads to a
substantial increase in the rigidity of the partially hydro-
genated ring.

HO R R! R? OMe
HO R RJ Lz
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R = Me, Et, Pr, (CH,),Ph;  R' = H, OK;
R2 = Me, Et, Pr, (CHp),Ph

A molecular mechanics calculation has shown3? that
the ring remains flexible even in dispiro derivative 16.

The replacement of one of the methylene groups in
cyclohexa-1,4-diene by an exocyclic double bond en-
hances the flattening factors, because it decreases the
angular strain and because a system of conjugated bonds
is formed in the ring. However, according to ab initio
quantum-chemical calculations in the 6-31G basis set,
the dihydrogenated ring in 1-oxocyclohexa-1,4-diene is
only slightly more rigid than that in the unsubstituted
molecule. On passing from the planar equilibrium con-
formation to the boat-like conformation with a C=C—
C(sp®)—C= torsion angle of +20°, the energy of the
molecule increases by 1.82 kcal mol~!. The conforma-
tional flexibility of the dihydrogenated rings in the ylidene
derivatives of 9,10-dihydroanthracene has also been con-
firmed3 in a 'H NMR study of compound 17.
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According to ab inmitio calculations, the flexibility of
the partially hydrogenated ring increases on going from
oxo to imino and then to the methylene derivative of
cyclohexa-1,4-diene3% (compounds 18). The introduc-
tion of substituents to the exocyclic double bond in
compounds 19 results in the fixation of the equilibrium
conformation of the ring and in the loss of flexibility,36
due to the repulsion between the methyl groups and the
hydrogen atoms in the peri-positions of the benzene
rings. In all cases, the presence of a conjugated system
of bonds in the ring disturbs the symmetry of the boat
conformation. The saturated carbon atom deviates from
the root-mean-square plane of the double bonds much
more substantially than the second bridging carbon atom.

Me Me
X ‘ CH,
18 R Me Me
19 20
X = 0, NH, CH,

The high conformational flexibility of the dihydro-
genated ring in ylidene derivatives of cyclohexa-1,4-di-
ene makes it possible to explain the contradictions in the
experimental data on the equilibrium geometry of com-
pound 20. Initially, it has been found by microwave
spectroscopy3’ that the dihydrogenated ring exists in a
boat conformation with an angle between the planes of
the double bonds of 172°. However, a more recent and
more thorough study led to the conclusion that it exists
in a planar conformation,3® which is also in agreement
with theoretical results.35:39

1,4-Dihydrogenated heterocycles

According to molecular mechanics,*® AM],41:42 and
ab initio (HF/3-21G 43 and HF/6-31G 35) calculations,
the replacement of one of the methylene groups in
cyclohexa-1,4-diene by a heteroatom (compounds 21—
23) increases the rigidity of the ring but to a lesser extent
than the introduction of an exocyclic double bond. In
fact, in the 1,4-dihydropyridine molecule, the transition
from the planar equilibrium conformation into a boat
conformation with a C=C—C(sp?)—C= torsion angle of
+20° increases35 the energy of the molecule by
0.84 kcal mol~!. The results of calculations were con-
firmed by 'H NMR studies* of compound 24.

It has been found by AM1 calculations® that the
change in the nature of the double bonds in 1,4-dihydro
derivatives of pyridine (22), pyrimidine (25), pyridazine
{(26), and 1,3,5-triazine (27) has no noticeable effect on
the flexibility of the partially hydrogenated ring. The
replacement of the bridging heteroatom is more signifi-
cant. Compound 22 and 4H-pyran (23) are character-
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ized by close changes in energy following the bending of
the ring by 20° (~0.9 kcal mol™!).35 However, in the
case of 4H-thiopyran, this value is much smaller3®
(0.1 kcal mol™1), which is apparently due to the addi-
tional angular strain resuiting from the fact that in the
planar conformation, the endocyclic C—S—C bond angle
markedly deviates from its "natural” value (~100°) 4546
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Annelation of a benzene!447 or an azole®4? ring to
one of the double bonds of the 1,4-dihydrogenated het-
erocycle enhances its flexibility. This is due to the same
reasons as in the case of cyclohexa-],4-diene derivatives.
However, an MNDO study of this feature in 4,7-dihydro-
azolo[1,5-alpyrimidines (28) has demonstrated that the
energy change following the bending of the dihydro-
pyrimidine ring depends on the nature of the five-mem-
bered ring.4? The dihydrogenated ring in the imidazole
derivative proved to be the most flexible, while that in the
pyrazole derivative was found to be the most rigid. This
sequence is inconsistent with the variation of the
n-electron character of the azole rings; therefore, it has
been explained by different energies of interaction of the
n-system of the five-membered ring with the C=C double
bond through the methylene group.

The introduction of substituents to a carbon atom,
closest to the bridging heteroatom, at the double bond
has no significant effect on the conformational flexibility
of the dihydrocycle. 4848 An increase in the bulk of the
substituent attached to the other carbon atom at the
double bond results in a decrease in the mobility of the
partially hydrogenated ring, because it enhances 1,2-al-
Iylic interactions. Alkyl groups attached to the saturated
carbon atom exert a similar effect. 4048 The flexibility of
the dihydrogenated ring in the latter case has been
confirmed by studies!¥30 of the !H NMR spectra of
compounds 29 and 30.

coclicee

R = Me, Et, Pr
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Table 1. Ranges of variation of endocyclic torsion angles (t) in
various compounds containing some types of dihydrogenated
rings, according to X-ray diffraction data

Dihydro- Number of Torsion t/deg
cycle structures angle

with R < 0.1
p-Quinone 155 C=C-C(=0)~-C —21.4-21.1
4-Pyridone 61 C=C—C(=0)—C —9.4—-7.9
4 H-Pyranone 59 C=C—C(=0)-C -26.2—28.4
2-Pyridone 165 =C—C(=0)~NH~C= —114—8.1
2H-Pyranone 232 =C—-C(=0)—-0—~C= ~[1.2—13.8

Uracil 469 NH~C(=0)~NH-C(=0) ~12.5~11.0
Cytosine 264 =N—C(=0)~NH-C= -140—11.3
Isocytosine 208 =C—~NH-C(=0)—C= -10.5—124

1,4-Dihydrogenated rings
containing no saturated carbon atoms

The replacement of the second methylene group in
ylidene derivatives or in heterocyclic analogs of
cyclohexa-1,4-diene (31—34) by an exocyclic double
bond removes the angular strain, and, hence, it elimi-
nates the factor destabilizing the planar conformation of
the partially hydrogenated ring. A dynamic NMR study
of substituted pyridones 35 made it possible to assume3?
that the conformational flexibility of the ring is retained
within certain limits. The possibility of relatively easy
deformation of the endocyclic torsion angles in these
compounds has also been confirmed by analysis of the
distribution of the magnitudes of the endocyclic torsion
angles in the crystals of various types of dernvatives
containing 1,4-dihydrogenated rings with no saturated
carbon atoms, carried out using the Cambridge Crystal
Structure Database32 (Table 1). For comparison, the
corresponding range for benzene derivatives is £4°.

X X X X @]
slsjeXsle!
NH 0 S Me” N Ng

[

X Prt

33 34 35

31 32
R = Me, Et, PA

Quantum-chemical AMI1 33.34  and ab initio
(HF/6-31G)35 calculations have shown that in com-
pounds 31—34, the conformational flexibility of the par-
tially hydrogenated ring somewhat decreases. However, in
general, this property is retained. For example, the transi-
tion of the partially hydrogenated ring in the molecule of
4-pyridone from the planar equilibrium conformation into
the boat conformation with a C=C—C(=0)—C= torsion
angle of #20° increases35 the energy by less than
2.4 kcal mol™!. For comparison a similar deformation of
the ring in pyridine requires*? more than 8 kcal mol™.

The fact that the flexibility of the dihydrogenated
ring incorporating no saturated carbon atoms is retained
implies that a new factor destabilizing the planar confor-
mation has appeared. Since in these molecules, steric
effects are relatively insignificant, this new factor has
obviously an electronic nature.

Analysis of the electronic structures of 1,4-dihydro-
genated rings has shown3554 that the n-MO, which are
most strongly deformed on bending of the ring, have the
same general form for all types of 1,4-dihydrogenated
rings (Fig. 1). The replacement of the methylene group
by a heteroatom or by an exocyclic double bond changes
the polarities of these MO; however, their overall sym-
metry is retained.

The presence of a cyclic conjugated system in mol-
ecules 31--34 make it possible to consider them in
terms of the aromaticity concept. According to the
Hiickel rule, all these compounds can be formally di-
vided into two groups: compounds with aromatic
6n-electron conjugated systems (for example, quinone)
and those containing nonaromatic 7=n-electron conju-
gated systems (ylidene derivatives of 1,4-dihydrogenated
heterocycles). In the former case, a decrease in the
polarity of the exocyclic double bond should lead to an
increase in the extent of aromaticity of the n-system
and, as a consequence, to a decrease in the flexibility of
the ring. In the latter case, the opposite effect should be
observed. The results of AM1 54 and HF/6-31G 35
calculations fully confirm this hypothesis. In the
quinone-—quinonimine—quinonemethide series, the con-
formational flexibility of the ring decreases, whereas in
the oxo-imino-methylene series of 1,4-dihydropyridine
derivatives, it increases. Thus, it can be assumed that it
is the disturbance of aromaticity of a cyclic conjugated
system that acts as the new factor destabilizing the
planar conformation of the dihydrogenated ring.

The crucial role of the degree of aromaticity in the
conformational dynamics of six-membered 1,4-dihydro-
genated rings is also confirmed by the large coefficients
of correlation (0.90—0.98) between the change in the
molecular e¢nergy following bending of the ring by 30°
and the Bird and Pozharskii®® aromaticity indices
found from the results of non-empirical3’ and semi-
empirical® quantum-chemical calculations.

The dihydrogenated ring in 1,4-dihydropyrazine (36)
incorporating an antiaromatic cyclic conjugated system
is even more flexible.93 A similar =-system is also present
in molecule 37. However, in this case, quantum-chemi-
cal calculations3”-8 led to the conclusion that the par-
tially hydrogenated ring is rigid. However, it should be
bomme in mind that the methods of calculation used in
these studies were not perfect; therefore, this conclusion
appears to be conjectural.

() OCO
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The conformational flexibility of the heterocycle in
the carbonyl derivatives of 1,4-dihydroazines, unlike
that for unsubstituted compounds, depends on the na-
ture of the exocyclic double bond.3354 According to
AMI1 calculations, the dihydrogenated ring in 4-oxo-
1,4-dihydro-1,3,5-triazine is the most flexible, while
that in 4-pyridone is the most rigid. This may indicate
that the conformational rigidity of the partially hydroge-
nated ring depends not only on such an integral factor as
the degree of aromaticity of the cyclic n-system, but also
on differential factors such as the efficiency of conjuga-
tive interactions of the bridging groups with endocyclic
doubie bonds.

Cyclohexa-1,3-diene and its derivatives

According to microwave spectroscopy>?6® and gas
electron diffraction, 25462 the molecule of cyclohexa-
1,3-diene (38) exists in a conformation with C, symme-.
try; this conformation is intermediate between the sofa
and half-chair conformations and can be characterized
as a distorted sofa. The torsion angle between the
endocyclic double bonds, according to several estimates,
ranges from 12° to 18°.

The equilibrium conformation of the ring in 38 is
determined, as in the case of cyclohexa-1,4-diene, by
two opposing groups of factors.2:14:15 One of them is the
conjugation between the double bonds, which promotes
flattening of the molecule, while the other group in-
cludes the angular strain arising due to the deformation
of the endocyclic bond angles at the saturated carbon
atoms, which is the maximum when the ring is planar,
and the tendency to attain a staggered conformation
along the C(sp?)—C(sp?) bond. The geometrical param-
eters of the ring found experimentally indicate that the
bending factors predominate.

Over a long period of time, this dihydrogenated ring
has been considered as conformationally rigid (see, for
example, a review!5). However, a detailed study of the
ring inversion in compound 38 has shown$3 that only
the =C—C(sp3)—C(sp?)—C= torsion angle can act as
the reaction coordinate for the conformational transi-
tion. Conversely, the change in the angle between the
double bonds does not lead to the transition into the
mirror-symmetric conformer. The molecular mechanics
calculation of the potential energy surface as a function
of the two torsion angles mentioned above3.64 has
revealed a number of unusual features. It was found that
the valley, in which the points of minima and the
transition states of inversion are located, is Z-shaped.
Thus, the change in the torsion angle between the
double bonds toward flattening of the butadiene frag-
ment results in the movement of the molecule to an

Fig. 1. General view of z-MO in various types of 1,4-dihydrogenated rings.
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appendix of the valley, which does not lead to the
transition state. As this takes place, the torsion angle
between the single bonds remains virtually constant, and
the C=C bonds become markedly twisted. The calcula-
tions show53 that flattening of the n-system in cyclohexa-
1,3-diene increases the energy of the molecule by less
than 1.5 kcal mol~L.

L= S

38

Thus, in this case, only the saturated fragment of the
dihydrogenated ring proves to be conformationally rigid.
The conjugated system can execute twisting vibrations
with a fairly large amplitude. A similar effect has also
been observed$3:56 in heterocyclic analogs of 38 {com-

pounds 39-—-41).
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When one of the methylene groups in molecule 38 is
replaced by an exocycic C=0 double bond, the confor-
mation of the dihydrogenated ring is flattened,87-%8 be-
cause the angular strain decreases, the CH,—CH, frag-
ment disappears, and the conjugated system is extended.
The partially hydrogenated ring remains nonrigid; how-
ever, the type of flexibility becomes similar to that found
in cyclohexa-1,4-diene derivatives. According to calcu-
lations by molecular mechanics and by the MNDO §7
and AM1 %8 methods, the transition of the ring in
molecule 42 from the equilibrium planar conformation
into the distorted sofa conformation with a =C—C(=0)—
C—C== torsion angle of £20° increases the energy of the
molecule by less than 1 keal mol™!.

Ej"

The introduction of alkyl substituents to the satu-
rated carbon atom leads to the transition of the partially
hydrogenated ring into the distorted sofa conformation
and to a substantial decrease in the flexibility of the ring
owing to enhancement of the 1,2-allylic interactions.

The molecular mechanics and MNDO calculations
have shown$7 that the ring in molecule 42 is insensitive
to the steric and electronic effects of substituents at the
double bonds.

The increase in the angular strain in naphthalene
derivatives 43 and 44 results in an increase in the

conformational flexibility of the partially hydrogenated
ring.%8 As in the case of benzannelated derivatives of
cyclohexa-1,4-diene, this is due to the appearance of
the rigid benzene ring in the structure. This effect is
more pronounced in compound 44 than in 43, because
in the former case, the saturated carbon atom is directly
linked to the aromatic ring.58

In 9,10-dihydrophenanthrene derivative 45, the
dihydrogenated ring exists in the distorted sofa confor-
mation, which is due to the repulsion of the hydrogen
atoms in the peri-positions of the benzene rings in the
planar conformation of the molecule. These interactions
are responsible for the substantial increase in the rigidity
of the partially hydrogenated ring,%8 because further
deviation of the molecule from the planar conformation
would result in an appreciable disruption of the conjuga-
tion between the benzene rings, whereas its flattening
would lead to a sharp increase in the unfavorable H...H
interactions.

The replacement of the second methylene group by a
carbonyl group, i.e., transition to o-quinone 46, removes
the angular strain. However, the planar conformation of
the ring proves to be destabilized by the repulsion of the
lone electron pairs of the oxygen atoms in the vicinal
carbonyl groups.58 According to AM1 calculations,
this effect is stronger than the angular strain. The transi-
tion of molecule 46 from the equilibrium planar con-
formation into the distorted sofa conformation with a
=C—C(C=0)~-C(=0)—C= torsion angle of +20° re-
quires®® less than 0.5 kcal mol™!. The dihydrogenated
ring in naphthoquinone 47 is even more flexible. In the
case of phenanthroquinone 48, the partially hydroge-
nated ring is markedly more rigid, which is due to the
reasons discussed above.

QU ©‘©
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1,2-Dihydrogenated heterocycles

One of the most interesting problems in the theoreti-
cal conformational analysis of 1,2-dihydrogenated het-
erocycles is determination of the equilibrium conforma-
tions for 1,2~ and 1,6-dihydroazines and 2H-pyran.
According to molecular mechanics and quantum-chemi-
cal calculations,9~73 the rings in 1,2~ and 1,6-dihydro-
pyridines, pyrimidines, and 2H-pyran are planar. How-
ever, an X-ray diffraction analysis of derivatives of these
heterocycles containing no substituents at the saturated
carbon atom (for example,”*75 49 and 50) has demon-
strated the existence of distorted sofa conformations
with various degrees of folding. This inconsistency has
been explained only when the conformational flexibility
of these heterocyclic derivatives has been considered.
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As shown by AMI1 calculations,” 73 the transition
of the dihydrogenated ring from the equilibrium planar
conformation into a distorted sofa type conformation
with a =C—C(sp3)—X—C= torsion angle (X = NH, 0)
of £20° increases the energy of the molecule by less
than 1 kcal mol~!; the difference between the flexibilities
of 1,2-dihydropyridine and 2H-pyran is slight. It should
be noted that the changes in the energy of the molecules
considered here are much smaller than those observed
for the corresponding 1,4-dihydrogenated derivatives.

Thus, intermolecular interactions in the crystal can
easily change the geometry of 1,2-dihydrogenated het-
erocycles, which resuits in the contradictions between
theoretical and experimental data.

When the methylene group is replaced by an exocy-
clic double bond, the rigidity of the ring increases;
however, generally, the ring remains flexible.”’~73 The
transition of the 2-pyridone molecule from the equilib-
rium planar conformation into the distorted sofa confor-
mation with a =C—C(=0)—~NH-C= torsion angle of
+20° increases the energy by 1.4 kcal mol™'. The rea-
sons for these effects are similar to those discussed above
for 1,4-dihydrogenated heterocycles. It should be noted
that the calculated’® coefficients of correlation between
the aromaticity indices and the energies required to
bend the ring by 30° are substantially larger than those
for the 1,4-dihydrogenated analogs (r = 0.98—0.99).

Annelation of the 1,6-dihydropyrimidine ring to a
furan ring (compounds 51) somewhat increases the ri-
gidity of the ring,” unlike the situation observed for
4,7-dihydroazolopyrimidines.4® Apparently, in this case,
the extension of the conjugated system has a stronger
effect on the conformational behavior of the partially
hydrogenated ring than the enhancement of the angular
strain. The introduction of substituents to the nitrogen
atom of the imino group has the opposite effect due to
the repulsion beétween the alkyl radical and the vicinal
exocyclic double bond.”

X
R
0 N/| 07" o
51 52

X = Hyp, O, NH, CHy; R = H, Me

Analysis of the thermal vibrations in molecule 52
made it possible’® to assume that out-of-plane vibra-
tions of the ring occur with a noticeable amplitude even
in the crystalline phase.

Conformational flexibility of the ring
in biologically active molecules

It is clear that such a fundamental feature as the
conformational flexibility of the partially hydrogenated
ring should have an appreciable effect on the physico-
chemical properties of compounds containing these rings.
The allowance for the dynamic properties of the par-
tially hydrogenated rings is especially significant when
the molecule participates in intermolecular interactions
of the "host—guest” type, for example, in biological
systems.

Quantum-chemical calculations by the AM1 method
have shown’? that tetrahydro-2,4-dioxopyrimidine and
oxodihydropyrimidine rings incorporated in the nucleic
bases uracil (53), thymine (54), cytosine (55), isocvtosine
(56), and guanine (57) possess fairly high conforma-
tional flexibilities. The transition from the equilibrium
planar conformation into the distorted sofa conforma-
tion with a corresponding torsion angle equal to +20°
increases the molecular energies by less than
1.5 kecal mol™!. The tetrahydrogenated rings in uracil
and thymine containing formally antiaromatic cyclic
conjugated systems are especially flexible.

o NH,
Me
HN l HN ] N)j
O)\NH o)‘NH o)‘NH
53 54 55
HN l HN ] N>
HZNAN HzNJ\N NH

56 57

The relative ease of deformation of these rings is also
supported by an analysis of the distribution of the mag-
nitudes of the torsion angles in uracil, cytosine, and
isocytosine based on X-ray diffraction data (see Table 1).

The results point to the occurrence of "breathing”
vibrations in DNA and RNA molecules associated with
the change in the conformations of the partially hydro-
genated rings of pyrimidine and pyrine bases incorpo-
rated in these molecules. In addition, the generally
accepted distance between the pairs of bases linked by
stacking interactions (3.4 A) is apparently the averaged
value and can vary within certain limaits.

Yet another example of the role of flexibility of
biologically active molecules is provided by the agonists
and antagonists of the cell calcium channels of the
general formula 58. Studies on structure——activity corre-
lations carried out for several years’8—3% have led to the
conclusion that there is a correlation between the physi-
ological action and the degree of folding of the



Flexibility of six-membered dihydrocycles

Russ.Chem.Bull., Vol. 46, No. 12, December, 1997 1989

1,4-dihydropyridine ring found from X-ray diffraction
data for the crystals. However, calculations by a mo-
lecular mechanics method® have shown that the par-
tially hydrogenated rings in all of these molecules pos-
sess fairly high conformational flexjbilities. The range in
which the variation of the C=C—C-—C= torsion angle is
accompanied by an increase of the molecular energy by
no more than 1 kcal mol™! with respect to its equilib-
rium conformation amounts to ~40°. Even if the imper-
fection of the calculation procedures and the influence
of the solvent are taken into account, this value remains
fairly large and completely covers the region in which
the structure—property correlation was observed. There-
fore, the different biological activities of these com-
pounds cannot be due to the differences in the confor-
mations of their dihvdrogenated heterocycles and are
caused apparently by other factors.

R
CONH,
b
N
MeQOC COoOMe JOH
b A
Me” "NH™ “Me
ROCH} OH
58 59

A significant role is played by the conformational
flexibility of the 1,4-dihydropyridine ring in the NADH
(59) molecule, which participates in important redox
processes in a living organism.

According to the data of NMR spectroscopy3? and
AMI 4183 and HF/3-21G ab initio¥? calculations, the
dihydrogenated heterocycle in 59 possesses high confor-
mational flexibility. The nonplanar conformation of the
pyridine ring is® a necessary condition for the occur-
rence of stereospecific enzymatic reactions involving
NADH. The high degree of flexibility of the 1,4-di-
hydropyridine ring ensures a population of the boat
conformation needed for this purpose and thus facili-
tates the interaction with the active site of an enzyme.

Thus, while considering the interaction of molecules
containing six-membered dihydrogenated rings with
bioreceptors, one should take into account not only the
particular geometry of the molecule but also the set of
possible conformations of the reacting molecule with
endocyclic torsion angles varying within a certain range.
Therefore, any search for more or less strict relation-

|
L

60

ships between the geometric parameters of a molecule
and its biological activity without allowance for the
dynamics of the cyclic system appears to have few
prospects.

Rigid-chain heterocyclic polymers

Yet another example of the relationship between the
dynamic properties of partially hydrogenated rings and
physicochemical characteristics of compounds are rigid-
chain heterocyclic polymers based on naphthylimide
(for example, 60). The main and the most significant
characteristic of these polymers is the Kuhn segment,
ie., the length of a straight section in the macromol-
ecule. In the ideal case, when there are no fragments
that disturb the rod-like shape of the monomeric unit,
the Kuhn segment would be infinitely long. However,
experimental measurements lead to finite although fairly
large values.33:36 This result could not be explained from
the viewpoint of thermal vibrations of atoms, incom-
plete cyclization of the imide fragment, or other factors.

Calculations by the AM1 method have shown®’ that
the imide rings in the molecules of naphthylimide (61)
and naphthyldiimide (62) can be easily transformed into
the sofa conformation. A change in the C(Ar)—C(=0)—
NH—~C(=0) torsion angle by +20° increases the mo-
lecular energy by less than | kcal mol™!. The energies
required for the symmetric and antisymmetric changes
in these torsion angles in two imide rings in molecule 62
are virtually identical. Therefore, the rod-like shape of
these polymers can be disturbed as a result of flexibility
of the imide rings. Monte Carlo modeling of the struc-
ture of polymers with allowance for the contribution of
nonplanar conformations of the imide ring has fully
confirmed this hypothesis.33

b O
(6] o}

61 62

Thus, the studies surveyed in this review demonstrate
that conformational flexibility is a general fundamental
feature of six-membered dihydrogenated rings, which is
intimately connected with their electronic structure.
The conformational flexibility of the ring can exert a
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substantial effect on the physicochemical characteristics
of compounds.
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