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The thermochemical data and spin-spin coupling constants (SSCC) are compared with the geometrical parameters of
molecules investigated in the gas phase by electron diffraction and microwave spectroscopy. Cycloalkanes C,H,,, cyclo-
alkenes C,,H,;, _,, cyclo-1,3-dienes, bicyclo[n. 1.0]alkanes, and bicyclo [n.m. 1]alkanes have been chosen as objects of
investigation. Using the method of least squares, 13 empirical equations, relating the strain energy and the SSCC, on
the one hand, to the internuclear distances and the valence and dihedral angles, on the other, have been fitted. The
equations can be used to estimate the characteristics of compounds which have not been investigated.
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I. INTRODUCTION

Two features are characteristic of the concept of strain,
which is widely used in organic chemistry. On the one
hand, the fundamental postulates of the concept are
intuitively understood and permit easy qualitative predic-
tions; on the other hand, quantitative estimates are difficult
and are of a conventional kind, because the concept of
"strain" has no rigorous definition®.

It has come to be assumed that the molecule has a certain
excess energy if its geometrical parameters differ from those
characteristic of the "unstrained" system, adopted by
convention as the starting point for calculations, the
reference system, or standard. In order to discover
individual types of strain in the molecule, it is sometimes
sufficient to inspect its structural formula. In other cases
it is necessary to construct three-dimensional models or to
carry out special calculations. We shall describe as an
example several molecules whose geometry is known.

For example, angular strain can be specially readily
deduced in the spiropentane (I).> The deformations of the
internuclear distances are less evident, but it can be assumed
that the common bond in bicyclo[2.2.0Jhexane (II) 3 must be
extended if it is supposed that the molecule is formed from
cyclohexane by the insertion of a bond between the 1- and
4-positions. Bicyclo[2.2.2]octane (III) may serve as an
example of a molecule with a dominant torsional strain (the
presence of eclipsed conformations).” Finally, repulsive van
der Waals interactions between non-bonded hydrogen atoms
have an appreciable influence on the conformation of a mole-
cule such as that of bicyclo[3.3.1]nonane (IV).5

>

(1) (11)

(111) (V)

Thermochemical data constitute the experimental basis for
the quantitative estimation of the strain energy Eg. Informa-
tion about the geometrical structure of the molecules has
been most frequently resorted to for their interpretation,
although quantitative correlations have not been analysed®~1°,
On the other hand, an appreciable parallelism between the
changes in Eg and molecular characteristics such as, for
example, spectroscopic properties!! and Compton profiles!?
has also been noted.

Comparison with the geometry is widely used also in the
analysis of the spin—spin coupling constants (SSCC); the
correspondence between the structure factors, the strain
in the molecules, and the SSCC has been frequently pointed
out in NMR studies.

For a number of reasons, cyclic hydrocarbons constitute
the most promising objects for the search for a correlation
between the above parameters:

Ei-molecular geometry -SSCC. (@Y)

Firstly, cyclisation of a hydrocarbon is as a rule accompanied
by considerable changes in its geometry, which lead some-
times to the appearance of strain amounting to several tens
of kecal mol™!.  Secondly, cyclic hydrocarbons are the most
important structural units in organic chemistry, forming
sequences of molecules with similar structures gradually
increasing in complexity, which are being actively investi-
gated by thermochemical and NMR methods. Accurate
geometrical data obtained in the gas phase are available for
many compounds. This is very important because only in
the gas phase is the molecular geometry closest to the
equilibrium geometry as a consequence of the absence of
intermolecular interactions®?3,

In the present review an attempt is made to compile and
survey the experimental data published up to 1979 and
characterising the strain energy, the geometrical structure,
and the SSCC of cyclic hydrocarbons and to analyse the
relation between these parameters using a minimum number of
assumptions. It was found that the relations between the
parameters can be analysed only in relation to cycloalkanes,
cycloalkenes, cyclo-1,3-dienes, bicyclo[n.1.0]alkanes, and
bicyclo[n.m.1]alkanes, which have been most thoroughly
investigated on the lines indicated. We confined ourselves
to the consideration of only unsubstituted hydrocarbons,
since little information is available about substituted cyclo-
alkanes and it is non-systematic. An exception has been
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made for hydrocarbons of the cyclopropane series in order to
survey the numerous thermochemical data which have been
published in the last decade.

1. Calculation of the Strain Energies

The strain energy Eg of a cyclic compound is understood
as the energy of the molecule in excess of that of the
corresponding acyclic chain. The quantitative estimation
of Eg presents considerable difficulties and is of a conven-
tional kind»!®'. The energies Eg can be estimated from
the experlmental enthalpies of combustion (AH ) or formation
(AHf) and the enthalpies of hydrogenation (AHh) with the aid
of additive computational schemes and by methods of calcula-
tion based on a mechanical model of the molecule and
approximate quantum-chemical calculations.

Approximate quantum-chemical calculations of Eg are
performed comparatively rarely and are of interest for an
approximate estimation of AHZ.'® In calculations on complex
molecules by this method, it is necessary to introduce many
approximations, which leads to a considerable freedom in the
selection of parameters and discrepancies between the results
obtained by different workers!?

Within the framework of the mechanical model of the mole-
cule® (the term "molecular mechanics" is used in the foreign
literature*’>18), the energies Eg are calculated as sums of the
individual contributions of the energies associated with the
deformations of the bond lengthé and angles (compared with
ideal molecules), the torsional strain, and the interaction of
atoms not linked by valence bonds. The method of mole-
cular mechanics has been examined critically by Engler et
al.'® (see also other communications!®™2).

The values of Eg obtained by comparing the experimental
AHf with quantities calculated assuming additivity for
hypothetical unstrained molecules with the same number and
types of bonds are used in the present study. Hence it
follows that the values of E4 depend both on the reliability
of the experimental thermochemical data and on the selected
method for their calculation for the chosen unstrained
reference molecules, which are usually open-chain analogues
(as in structural studies).

Not all compounds with an open chain of carbon atoms are
free from strain. In branched acyclic molecules repulsive
interactions inevitably arise between non-bonded atoms
(mainly gauche-interactions). In estimating Eg one must
therefore employ only computational schemes (based on the
additivity of the bond energies or group contributions) in
which the contribution of the gauche-interactions is isolated
and highly branched acyclic molecules (for which interactions
of another type are characteristic) are not considered.

Table 1 presents the values of Eg for cyclo-alkanes obtained
by computational schemes of this type'®?2~2%,

It follows from Table 1 that there are discrepancies between
the values of Eg even when isotypical computational schemes
are used. For a comparison of the Eg, it is therefore
desirable to employ the same computational scheme for all the
compounds considered. In the present study the Eg were
evaluated by an additive scheme?®? in which the group
contributions were obtained not only for hydrocarbons but
also for their derivatives, which extends its applicability.
The strain energy is defined as the difference between the
experimental and calculated enthalpies of formation AHF f:

Eg = AHf(G)’e—— AHf(G),c (2)

where AH;(G),C is equal to the sum of the group contribu-
tions.
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Table 2 presents only those group contributions which we
used to calculate the AHf(G) for hypothetical unstrained mole—
cules corresponding to the hydrocarbon considered.

Table 1. The strain energies of cycloalkanes (Eg, keal
mol™t) at 298 K.

n 11221 | 21101

;
!
31281 ' e | l 1221 #ji0] 312381 l 41211

)
3 27.6 | 28.1 | 28.0 27.5 7 6.4 7.7 I 7.3 6.3
4 2.6 | 27.3 | 27.1 26.5 8 9.9 1.3 16.9 9.7
5 6.0 6.9 6.7 5.0 il 12.8 14.4 14.0 12.6
6 0.2 1.3 1.0 0.1 v 2.6 4.4 13.9 12.4
Notation: n is the number of carbon atoms in the ring and

the numerals 1, 2, 3, and 4 denote computational schemes.
Note. The numbers in square brackets in this and other
Tables as well as in the formulae in the text denote
references (Ed.of Translation).

Table 2. The group contributions to AHf(G) (keal mol™!) at
298 K*.

Group Contribution Group Contribution
C—(C)y(H), —4.95 C—(Ca(H): —4.29
C—(C)3(H) —1.90 C4—(C)(H) 8.59
C—(O(CH(H): —4.76 —(C)(E) 6.78

*The designations of the groups are the same as in the
review of Benson et al.?” For example, C—(C)(Cq)(H),
means that the group contains a saturated carbon atom C
linked to one similar carbon atom (C), to one carbon atom
involved in a double bond (Cg), and to two hydrogen atoms
(H),, i.e. it represents the group

i
(<)
H

The extent to which Eg is arbitrary depends on the
possibility of selecting an unstrained system (computational
scheme), as mentioned above, and on the different influences
(not taken into account when any computational scheme is
employed) of (a) temperature, (b) zero-point energy (i.e.
the energy of nuclear movement), and (¢) the energy pAV on
the AH f for the real cyclic molecule and the hypothetical
molecule assumed to be unstrained.

It is necessary to estimate the limits within which the
values of Eg can vary as a result of the influences of the
three factors.

(a) The heat capacities of acyclic hydrocarbons can be
assumed to be additive. For example, the contribution of
the group [C—(C),(H,),], i.e. of —-CH,—, to Cp is 5.5 cal
mol™! K™1.3! The contribution of the —CH,~ group obtained
from the experimental Cp (25.40 cal mol~! K™!) for cyclo-
hexane®” is 4.2 cal mol™ K~!. Owing to the difference
between the values of Cp per —~CH,— group in the ring and
in the hypothetical unstrained molecule, the value of Eg for
a six-membered ring is too low by more than 2 kecal mol™* at
298.15 K.



Russian Chemical Reviews, 51 (8), 1982

(b) The vibrational energy in n-alkanes can also be
regarded as additive (on average, 17.50 kecal mol ™ *
corresponds to the —CH,— group?*~?7). A specific vibra-
tional energy different from that of a hypothetical unstrained
molecule is characteristic of each cyclic compound, but the
difference should not be large, because the main contribution
to the zero-point energy comes from the vibration
frequencies of the C—H bonds, which are comparatively
insensitive to molecular structure. For the majority of
hydrocarbons considered, the zero-point energy cannot be
calculated because the complete set of vibration frequencies
is unknown. Quantitatively this can be illustrated in only a
few examples: the vibrational energy for cyclohexane,
calculated as NIthv; (where N is the Avogadro number,

i

h the Planck constant, and v; the frequencies of the
fundamental vibrations) is 104.5 kcal mol™',?® while the value
estimated from the group contributions (6 x 17.50) is

105.0 kcal mol™%; the corresponding values for cyclopentane
are 86.0 and 87.5 kecal mol™* and those for cyclobutane are
67.3 and 70.0 keal mol~*. Consequently, according to these
data, the value of Eg may be too high owing to failure to take
into account the difference between the zero-point energies,
for example, by 3 kecal mol™! for cyclobutane. According to
the results of another study'*, the energy Eg for cyclobutane
is too high by 4.6 kcal mol™! and the corresponding errors
for three-, five-, and six-membered rings are 4.2, 3.7, and
3.4 keal mol™1,

Table 3. Changes in the strain energy (AEg, kcal mol™') on
passing from a three-membered to a six-membered ring
obtained from different thermodynamic quantities*.

n ' AE ) AE, AEgs, AEs

34 1.0 0.9 1.4 1.4

4—5 20.8 19.8 19.9 19.9

56 6.4 5.7 6.1 6.1
*Notation: AE are the differences between the strain

energies obtained from the internal atomisation energies in
the hypothetical equilibrium state at 0 K and 298 K; the
AEg were obtained from the enthalpies of atomisation at
298 K; n is the number of carbon atoms in the ring.

The mutually compensating influences of the thermal (a)
and zero-point (b) energies result in the approximate
constancy of the differences in the Eg on passing from one
ring to another regardless of whether the thermal and
zero-point energies are excluded or taken into account in
the calculations. Table 3 presents the differences between
the Eg for several cycloalkanes according to Nelander and
Sunner!*. Consequently, in order to compare the Eg for a
specific series of compounds, one can also employ other
available quantities, such as AHf (298 K); here the error
of the Eg compared is 1—2 kcal mol™? (provided that the same
additive scheme is used to calculate the AH; of the unstrained
molecules).

(¢) The difference between the contributions of the
energies pAV to AH ; for the cyclic compound and for the
corresponding unstrained compound can be readily found
from the relation AH;(G) = AU?(G) + (1~ 1/2m)RT for
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compounds having the general formula ChHm. The
difference between the pAV is incorporated in the Eg, where
it is not constant (0.6 keal mol™! for cycloalkanes and

1.2 kecal mol™! for bicycloalkanes) and will be eliminated in
comparing the Eg in a given series of compounds.

Next, a comparison will be made of the conventional
values of Eg, obtained as differences between the experi-
mental and calculated AH?(G) [see Eqn.(2)] or calculated
with the aid of a mechanical model'”>!® in the few instances
when no experimental AH$ are available.

The experimental values of AH? and the strain energies Eg
presented below are expressed in keal mol * and refer to
298.15 K. The errors in AH, are expressed in terms of a
95% confidence interval and are given in round brackets.
For example AH;-(G) for cyclopropane is 12.74(12) kecal mol™?,
i.e. in this case the error of the determination is 0.12 kcal
mol™ %, In those cases where there are no experimental
enthalpies of evaporation AHS, they were estimated from
the Klages relation® in order to obtain AH for the gaseous
state (the latter quantities are listed in the Table without
an indication of the error).

2. Geometrical Parameters of the Molecules

The steric disposition of the atoms in the molecules can be
described unambiguously by specifying the internuclear
distances r (the less rigorous term "bond length" is
frequently used), the valence angles o, and the dihedral
angles 1. The most accurate measurements of these mole-
cular parameters are made in the gas phase by electron
diffraction'®2° and microwave spectroscopy'®3°. The two
methods yield geometrical parameters having a different
physical significance and different indices and differing by
an amount greatly exceeding the experimental error?' =%,
X-Ray diffraction analysis yields a third variety of geometri-
cal parameters; therefore, in comparing data obtained by
different methods, account must be taken of these differ-
ences.

However, even within the limits of each of the first two
methods~—electron diffraction and microwave spectroscopy—
there exist a wide variety of parameters having a different
significance. Readers wishing to make independently
accurate comparisons of the internuclear distances should
refer to the literature indicated above on the stereo-
chemistry'®2°~3% and to the original studies. A rigorous
comparison implies the employment of geometrical parameters
of only one type within the limits of a given physical method.

In electron diffraction studies the final data are not
presented in a unique manner and the authors quote
distances designated by the symbol rg or rg. They are
related by the equation

re=ro+uwfr. ,

where u is the amplitude of the vibrations of pairs of atoms.
The correction term u?/ry can be usually readily calculated
and it amounts to 0.002 and 0.006 & for the C—C and C—H
bonds respectively. Tables 4—9 (see below) present data
taken directly from original communications without indication
of the type of distance. The only exception has been made
for cycloalkanes, in which all the distances have been
recalculated on the rg basis to ensure a consistent compari-
son.

The distances designated by the symbols r; and rg can be
obtained from microwave data. They are not simply related
and there are no simple relations between them and the
electron diffraction parameters rg and rg.
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The valence angles quoted in electron diffraction studies
are believed to be the most reliable if they have been
calculated taking into account the correction for the
contraction effect®’. Neglect of this correction can distort
the valence angles by several degrees. The corrections
are calculated on the basis of the theory of vibrations,
provided that the force field of the molecule is known (for
references to the last studies in this field, see Mastryukov
and Dorofeeva®'). The valence angles corrected for the
contraction effect are designated by the symbol ¢, in order
to show that they refer to a geometrically self-consistent r
structure, in contrast to the rg and rq structures.

We shall now proceed to the description of the comparison
of the geometrical parameters carried out to find correlations
with Eg. For this purpose, it is desirable to employ a
simplified equation for the calculation of the strain energy
Eg within the framework of the mechanical model (for more
complex versions of the equation, see the relevant communica-
tions!®=%1):

=E(r)+ E(a) 4+ E (1) + Epy =

f—%Ka(a——oco)er%Kr(l%'COS3T) FEm  (3)

—;—Kr(r--— ro)-
Here each term refers to individual components of the strain
mentioned previously: the deformation of the distances (r),
the valence angles (o), and the dihedral angles (1) and also
the energies of non-valence interactions Epy. The
reference values are designated by the subscript 0.

It follows from Eqn.(3) that the strain energy is a complex
function of many variables and by an empirical comparison
one can only hope to find a parameter (or parameters) on
which the Eg for a series of molecules with similar structures
depend preferentially. For this purpose, it is necessary to
analyse three pair combinations: Eg—r, Eg—a, and Eg—1.
We shall not consider the non-valence interactions in
quantitative terms and shall confine ourselves to referring
to the system of van der Waals radii®®, which are usually
resorted to for comparisons of this kind.

Inspection of Eqn.(3) shows that, for example, in the case
of internuclear distances a linear correlation is to be
expected in terms of the variables Eg and n(r - ry)?, where
n is the number of deformed bonds. This is also true of
the valence angles. However, tests have shown that the
simplest relations of the type Eg—(r — ry) and Eg—(a — o)
are much more convenient and we shall henceforth employ
these.

The second general observation about Eqn.(3) concerns
the choice of the reference values of r, and «,. In the
mechanical model these quantities are empirical parameters
without physical significance and are selected to ensure the
best agreement between the calculation and experiment.

We prefer to employ geometrical data for the reference
molecules investigated. Admittedly in most instances such
choice is not of fundamental importance, since the relative
changes in r - r; and o - o, are necessary only for a
qualitative derivation of a correlation with Eg, and the final
quantitative characteristics, i.e. the correlation equations,
have been usually derived not for the relative but for the
absolute values of the geometrical parameters. The
correlation equations make it possible in their turn to
estimate independently certain values of r; and o, (see
Section III).

The selection of the reference values for the dihedral
angle 1, which should be 60° for the gauche-orientation
and 180° for the trans-orientation in acyclic systems,
presents a special difficulty®®. However, cyclisation
distorts these values so much that they become of little
practical use for a comparison. Furthermore, in the
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majority of structural studies there is simply no explicit
information about the dihedral angles. For these reasons,
we confined ourselves to comparing certain dihedral angles
in repeating fragments of similar molecules.

As already mentioned, the most suitable standard for
saturated hydrocarbons is a normal chain with the trans-
disposition of all the C—~C bonds, although at the usual
temperatures there is also a considerable amount of other
conformers. Electron diffraction studies on alkanes
ranging from ethane to n-heptane established that the
average parameters of these molecules are appreciably
constant and we shall use them henceforth for the compari-
son: the average distance rg(C—C) = 1.533(1) &+ ana
the average valence angle /C—C—C = 112.6(0.1)°.%"%
More detailed information about the structures of different
hydrocarbons can be found in the book of Volkov et al.'®

A recent investigation®? showed that the above constancy
of the C—C bond lengths breaks down on passing to higher
alkanes. Thus the distance for n-C,¢H,, is 1.542(4) A,
which has been attributed to the influence of non-valence
interactions. A reinvestigation of n-C,H;, *° taking into
account the contraction effect led to a more accurate C—C—C
valence angle, equal to 113.8(0.4)°. We shall use the
previous average value if only because in the majority of
studies on cyclic hydrocarbons quoted here such corrections
were not introduced.

Since the entire subsequent data refer to cyclic hydro-
carbons, in conclusion of this section we shall present
examples of strained acyclic molecules as an illustration.

In such systems the strain increases with increasing
branching of the chain, which is particularly notable for the
t-butyl group. When two such groups are linked together,
the distance between them is significantly increased and
reaches 1.582(10) &.*' The greatest C—C distance

(1.611 &) has been recorded in the (t-C,Hq);CH molecule*?
and in the similar molecule of (t-C,H4),CH, “° the C—C—C
angle is appreciably increased. The structural data for
these two unusual molecules are presented below (the methyl
group is illustrated by a circle).

H
Vah], P

g) 116.0(0.4)° Cgo

[+
1.548(2) A

o/i\o

é\o

TAs in the representation of the thermochemical data, here
and henceforth the experimental errors referring to the last
decimal places are given in round brackets, i.e. in this
instance r, = 1.533 * 0.001. A more detailed form of
notation is usually employed for angles, i.e. 112.6(0.1)°,
although a formulation of the type 112.6(1)° can also be
encountered in the literature.
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The strain has also distorted the conformational charac-
teristics of the butyl and methyl groups for which the
deviations of the dihedral angles At from the staggered
orientation, which serves as the starting point of the
calculation (1 = 0°), are presented:

Molecule (t-C4H9)3CH (t-C4H9)2CH?
At (C4H,) 10.8(0.5)° 15.1 (6.0)°
AT (CH,) 18.0 (6.0)° 13.2(7.0)°

3. The Spin—Spin Coupling Constants

In the literature on the NMR spectroscopy of organic
compounds a considerable number of publications (including
review publications) are devoted to the discussion of the
question of the correspondence between the spin—spin
coupling constant (SSCC) and the structural, conformational
parameters of the molecule**”~7%, The influence of molecular
structure on the SSCC between the nuclei of like and unlike
atoms, both linked directly and separated from one
another, has been investigated. In connection with the
development of 'C NMR spectroscopy, there has been a
growth of interest in recent years in the study of the SSCC
between the carbon nuclei constituting the skeleton of an
organic molecule. These constants are significantly smaller
than the corresponding SSCC for protons, but this
deficiency is compensated by the simplicity of the observation
of the J» _ C'71’75_77'

At the same time one should note that few systematic
data, enabling one to trace the "geometry—SSCC" relation
for a series of structurally similar compounds, are
available. Among cyclic hydrocarbons, the SSCC for
vicinal protons *Jy - y (the coupling constants of the
'H nuclei via three bonds) and the coupling constants for the
13C and 'H nuclei via one bond 13z _ y (obtained either
from high-resolution *}C NMR spectra or by analysing the
13C satellites in proton spectra), for which definite correla-
tions with the structure have been established (see below),
constitute an exception in this respect.

In this review we shall not be concerned with the
theoretical aspects associated, in particular, with the
mechanism of the spin—spin coupling, to which due attention
has been devoted in the series of reviews quoted here. We
shall only note that the true cause of the changes in the
SSCC is still not altogether clear. They can be caused by
an alteration of the s character of the corresponding orbital
and hence can serve as a measure of the s character of the
bond. {(Minimum values of the J13c _ g constant are
characteristic of carbon atoms with sp?, sp?, and
sp-hybridisations, amounting to ~125, 156, and 250 Hz
respectively.) Formulae linearly relating the degree of s
character of the hybrid orbital of the carbon atom in the

C—H bond to the J13g _ g constant have been proposed
and have been frequently revised**"78=%. At the same
time there exists the view that it would be premature to
establish a quantitative correlation between the constant
1J13¢ _ g and the degree of s character and that it would
be more correct to regard J13¢c _ [ = 125 Hz as a charac-
teristic of tetracoordinate carbon with a tetrahedral
environment®®%7,

The change in the SSCC may be a consequence of the
change in the length of the corresponding bond caused
by the deformation of the angles and the diminution of
repulsive interactions®®; in particular, an increase of the
constant 1J13c _ H should then be expected. However,
certain experimental and calculated data have shown that
there is no direct relation between these quantities*® 6%
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68,79 Despite the difficulty of interpretation, the correla-
tion between the SSCC and the deformation of the structure
is believed to have been reliably established’®. However,
one must not forget the definite (known) inaccuracy of the
relations established is due to the fact that one of the
parameters compared (SSCC) characterises the substance
in the liquid state and the other (structural parameter)
characterises the substance in the gaseous (or crystalline)
state. One must also take into account the influence of the
steric interactions of the neighbouring groups on the SSCC
and hence the possibility of employing the observed
correlations only within the limits of a series of isotypical
compounds.

In this study we have analysed the "geometry—SSCC"
relation on the basis of new experimental results or results
which have been revised in recent years. We used mainly
the constants 'J13c _ g and *Jy _ g, whose values for cyclic
hydrocarbons are most systematic, as mentioned above.
Certain bridged bicyclic hydrocarbons are an exception;
successive changes in the SSCC between vicinal protons
(¥y _ y) and between protons via four bonds (*Jy _ y)
have been described for these compounds.

I1. CORRELATION BETWEEN THE STRAIN ENERGY, THE
GEOMETRICAL PARAMETERS, AND THE SPIN-SPIN
COUPLING CONSTANTS

1. Cycloalkanes

(a) Correlation between the Strain Energy and the Structural
Parameters

The structural data for cycloalkanes and the strain
energies Eg are listed in Table 4. The following dimensions
are used in Tables 4—9 and in the text: kcal mol~! for Eg,
R for the internuclear distance, degrees (°) for the valence
and dihedral angles, and Hz for the SSCC.

The conformational characteristics of these hydrocarbons
are distinguished by their wide variety and are not
susceptible to analysis on a single basis. Indeed, cyclo-
propane is a rigid system, cyclobutane is bent by an angle
of 26°#, there is pseudorotation in cyclopentane, and
cyclohexane exists in the chair conformation with a torsional
angle of 54.5°. The conformations of cycloheptane, cyclo-
octane, and cyclodecane are also comparatively unrelated to
the conformations of the preceding homologue. Since it
is difficult to put forward a single scheme for the comparison
of the dihedral angles in the above molecules, we shall
confine ourselves to the consideration of the internuclear
distances r'g(C—C) and the C—C—C valence angles. These
geometrical parameters will be considered in much more detail
for cycloalkanes than for other cyclic compounds, firstly in
order to illustrate the approach employed, which is to a
large extent repeated in the subsequent sections of the
review and, secondly, because of the unusual nature of the
results obtained for the cycloalkanes themselves.

#The view has been established in the literature that the
four-membered ring of cyclobutane is bent by an angle of
~35°.19%,195  In the latest electron-diffraction study it has
been shown that allowance for the pendulum shifts of the
methylene groups (for a more detailed description of this
effect, see Mastryukov et al.'°®) leads to a significant
decrease of the non-planarity of the cyclobutane ring,
which confirms the results of non-empirical quantum-
chemical calculations!®’.
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Table 4. The enthalpies of formation, strain energies, structural parameters, and SSCC of
cycloalkanes*.
AHY AHS AH
) fG) f(G) : ’ f
Molecule (expt) (expt) (calc) Eg rg €-C) rg (C—B) L£C—-C-C, ZH—C—11 Ring shape. g
CyHs — 12.74 (12) |—14.85 | 27.6 {1.512 (2) [89]**  |1.095 (3) 60.0 1ot (1.0) | planar 161 [44]; 162 [97, 98);
160.45 {99]
CiHs 0.88 (12) | 6.79 (12) [—19.80 [ 26,6 [1.551 (3) [90] 1.109 (6) 885 167 (3) bent by 26(3)° 134 [44]; 136 (1) [07}
CsHio —25.60 (17) |—18.74 (19) | —24.75 6.0 |1.546 (1) [91] 1113 (1) 1041 106.0 non-planar; 128 [44]; 131 (2) [971;
- L pseudorotation 128.221 (0.005) {100]
CeHi2 —37.36 (07) |—29.47 (07) |—29.70 0.2 [1.536 (2) [92, 93] [L.121 (4) 1114 (0.2)  [107.5 (1.5) | chair with # torsional 123 (124) |44]; 127 (2)
angle of 54.9(0.4)° %%%] 125.00 [101]; 124.56
Cillyy | —37.45 (12) [—28.25 (14) |—34.65 6.4 [1.540 (1) [94] 1118 (3) 115.3 (0.3) twisted chaic®** 122 [44]: 127 (2) [97]
CsHis —40.08 (22) [—29.73 (22) |—39.60 9.9 {1,542 (5) [95] L113 (15) 1i6.6 108.0 mixture of conformers {123 [44]; 126 (2) [97]
CoMys | —43.31 (22) |—31.74 (38) |—44.55 | 12.8 125 (2) [97]; 124 (3)
103)
CioHeo | —49.40 (22) [—36.88 (36) |—49.50 | 12,6 |1.545 (3) [96] 1115 (3) 116.1 (1.1) {1054 boat—chair-boat**** {118 [44]; 121 (3) [103];
126 (2) [97]

*The experimental values of AH? were taken from Pedley and Rylance®®.
**[n this and subsequent Tables the references indicated for one of the geometrical parameters

refer to all the structural data presented.
*#**¥The content of the main conformer was 76 * 6%.
*¥¥*¥The content of the main conformer was 49 * 3%.
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Figure 1. Variation of the C—C internuclear distances rg and

the C—C—C valence angles in the cycloalkanes CpH,n with
ring size n. The horizontal lines correspond to reference
values.

The distances rg(C—C) and the valence angles in the cyclo-
alkanes investigated are illustrated in Fig.1. The range of
variation of the distances (1.512—-1.551 &, i.e. +2.5% relative
to the average value) is significantly smaller than the range
of variation of the valence angles (60—116.6°, i.e. +64%
relative to the average value). However, the variation of
the internuclear distances is more complex, while the varia-
tion of the valence angles has the simpler form of curves with

saturation§. The variation of the geometrical parameters of
cycloalkanes expressed in this direct form has no analogy
whatever with the variation of the Eg for these compounds
illustrated in Fig.2.

] 39
o], |4n],10°A
w
20 2
- 120
0
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5 20
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Figure 2. Variation of the strain energy Eg (curve 1) and of
the differences Ao = [112.6° - o (curve 2) and Ar =

11.533 - r| x 10° (&) (curve 3) in the cycloalkanes CpH,p
with ring size n.

§It is of interest to note that the introduction of a hetero-
atom into the cyclic system does not alter significantly the
features found for hydrocarbons!®®,
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As mentioned above, the strain energies Eg must be
compared with the deviations of the geometrical parameters
of the molecule under consideration from the reference
values. Since the symmetrical deviations from the
reference values must make the same contributions to the
Eg (in the mechanical model this phenomenon is described
by Hooke's law), the absolute differences are employed for
the comparison with the Eg: Ar = ]1.533 -~ r| x 103 R for
the C—C distances and Ao = [112.6°—a| for the C—C—C
angles. These differences are in fact illustrated in Fig.2.

It is quite evident that even such relative geometrical param-
eters reproduce correctly in qualitative terms the decrease
of Eg on passing from C3;H; to CgH,, with a subsequent
increase on further ring expansion.

Fig.2 shows that the curve illustrating the variation of the
internuclear distances closely imitates the form of the Eg
curve.
the correlation equations

Ey=—5.74+156 Ar , (4)
E,=6.19+048 Az , (5)

obtained by the least squares method and presented in a
graphical form in Figs.3 and 4.

to the changes in the internuclear distances in these mole-
cules.

E,, kcal mol™
J0r
20
/A
J
0 20,
w3-Ar, A

Figure 3. Variation of the strain energy Eg with Ar for
different hydrocarbons: 1) CsHg; 2) C,Hg; 3) CsHiygs

4) C¢Hyp; 5 C,Hy,; 6) CgHye; 7) CygH,p.  The error

in the measurement of the internuclear distances (%0.001 &)
and the approximate error in the estimation of Eg (1.5 keal
mol™!) for cyclopentane as an example are indicated by
horizontal and vertical lines; straight line—calculation by
Eqn.(4).

As a consequence of the satisfactory linear relation
between Eg and Ar, Eqn.(4) can be used for quantitative

estimates of the C—C distances in the hydrocarbons for which

only thermochemical data are available. For example, the

A direct confirmation of this observation follows from

These relations clearly show
that the values of Eg for cycloalkanes are very closely related
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rg(C—C) = 1.545 & distance has been estimated from Eg in
CoHi,e.

Ej, kcal mol™!

N/

20

10

I/ L1 1 1
10 7 50 A,

Figure 4. Variation of the strain energy with Aa:
see Fig.3; straight line—calculation by Eqn.(5).

1)-7)

The preferential correlation of Eg with the deformations of
the internuclear distances rather than the valence angles
conflicts with the generally accepted hypothesis that the
values of Eg for cycloalkanes are mainly determined by the
angular Baeyer strain. The same conflict obtains also in
the mechanical model: a change in distances is believed to be
so unfavourable energetically that in some calculations this
effect is simply neglected®.

In more accurate calculations it is assumed that a
10% deformation of the C—C distances (for example, a change
from 1.54 to 1.70 &) is accompanied by a change in the
strain energy by only 3.1 kcal mol™1.*® The result obtained
in the above study shows that the changes in the C—C
distances in the range 1,512—1.551 R are satisfactorily
correlated with the changes in Eg in the range 0.2—27.6 kcal
mol™!, It is noteworthy that the cyclopropane molecule does
not deviate from this relation, although it has the shortest
bond. The minimum C-C distance in this compound has
been interpreted by some workers within the framework of
the special concept of "bent bonds".3:109

We do not believe that the above contradictions indicate
deficiencies of the computational procedure based on the
mechanical model, because our treatment is extremely limited
and empirical, as already mentioned. Attention need only
be drawn to the fact that the analysis of the direct depen-
dence of Eg on the geometrical parameters of cycloalkanes

17-21

fThe structural data for C;H;, have been published only
recentlyg" and the initial version of Eqn.(4) was therefore
derived without taking them into account and had the form
Eg = —6.37 + 1.59 Ar.  On substituting the value of Eg for
cycloheptane in this expression, it is possible to calculate
rg(C—C) = 1.541 R, which is larger than the experimental
value only by 0.001 R.
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can yield an interesting and unusual result, which was not
discussed previously and which can be used to estimate
internuclear distances from thermochemical data (or
conversely). Cycloalkanes occupy a special position,
because the strain energies of cycloalkanes and bicyeclic
hydrocarbons are better correlated with the deformation of
the valence angles (as will be seen from the exposition below).

We shall not deal with the H-C—H angles whose deforma-
tion also contributes to the strain energy, because the
angles ZC—~C—-C (a) and ZH-C—H (B) vary in a concerted
manner**® in accordance with the linear equation

§=126.1+0.17c .

As a result of this relation, the behaviour of the difference
Aa illustrated in Fig.4 should reflect correctly the overall
deformation component of the strain energy in cycloalkanes.

As already mentioned in the introduction, substituted
cyclic hydrocarbons will not be considered systematically.
The only exception was made for hydrocarbons of the cyclo-
propane series. In recent years extensive experimental
data have accumulated for the AH; of cyclopropanes which
have not been surveyed. Using these data, we considered
the influence of the introduction of substituents of different
types on the Eg for the three-membered ring. The data in
Table 5, which lists the values of AH? and Eg for sub-
stituted cyclopropanes and cyclopropenes, show that Eg is
constant (27—28 kecal mol™!), within the limits of the error of
the determination, for all saturated hydrocarbons with the
exception of the seventh and eighth compoundst. The
strain energy Eg of alkenyl derivatives of cyclopropane with
the double bond separated from the ring by a o-bond is close
to Eg for cyclopropane itself, which indicates either the
absence of an effect of p—m conjugation or its very small
magnitude. The introduction of an exocyclic or endocyclic
double bond greatly increases Eg for the three-membered ring.

The estimated strain energy per trigonal atom in cyclo-
propene, evaluated as half the difference between the
values of Eg for cyclopropene and cyclopropane, is 13.1 keal
mol~l, Subsequent calculation of Eg for methylenecyclo-
propane, defined as the sum of Eg for cyclopropane and
13.1 kcal mol~?, leads to 40.7 kcal mol !, which fully agrees
with the value calculated from the experimental AHf(G) for
methylenecyclopropane (Table 5). This agreement suggests
that the contributions of the trigonal carbon atom (endo- or
exo-) to the strain energy in the systems considered are
approximately the same.

Thus the data presented show that the introduction of the
substituents into the molecule hardly alters the overall
strain energy. At the same time in approximate quantum-
chemical calculations*!'® a relatively strong steric interaction
between the CH; groups is postulated.

(b) Correlation between the Structural Parameters and the
SSCC

On the basis of the changes in the constants J 3¢ _ g in
the series of cyclic saturated hydrocarbons (ranging from
cyclopropane to cyclododecane), a linear correlation was
observed as early as 1963 between the SSCC and the angle
LC—C—C, described by the equation**

Yieon=203—0.720c . (6)

Using Foote's data**, Mislow®’ derived a correlation equation

+The AH? for 1,1,2-trimethyl- and 1,1, 2,2-tetramethyl-
cyclopropanes and vinyl-cyclopropane should be redeter-
mined.
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expressing the dependence of the constants J 13c _ g hot
on the angle a but on the interorbital angle oy, (which
reflects the state of hybridisation and is determined from the
relation copp = 0.13400 + 94.83).%7 However, calculation of
the above constant by Eqn.(6) using modern values of the
geometrical parameters (Table 4) yields values of J13¢c _ g
which differ appreciably in many instances from the experi-
mental values.

Table 5. The enthalpies of formation and strain energies
of substituted cyclopropanes and cyclopropenes.

Molecule* AHpp) ** AH?(G) E References
FAN — 12.74 (12) 27.6 1881
N R 0.41 (16) 5.8 27.7 188]
AN —5.92 (19) 0.8 27.6 188}

—R
N —7.97 (19) ~1.97 (30) 27.6 188]

R
R s —6.29 (16) 0.4 29.3 [88]
N R trans: —7.34 (19) —0.9 28.0 [88]
R
/</R —22.99 (20) 5.7 20.9 188]
G
R R
¢ R
/NS —28.63 (22) —20.6 23.7 [83]
=,
Rl

R
I\ —21.57 (24) —13.6 27.9 [88]
g

RZ

IR —27.74(40) —18.5 28.0 188)

N
“R
R(ﬂ
IR - _ .
A 46.14 (54) 33.8 27.5 [88]
R
>*/ 22.9(90) 30.9{90) 27.3 [88]
29.3 — — [111]
|>~CH ~CH, { 236 . — [112)
245 (20) 31.3 (30) 27.8 | [113]
‘>7C:CH2 14.51 30) 22.4 27.4 rr
|
R
l>*IC:C:CH2 46.80 (50) 55.8 28,6 |
R
'>-—CECH 62.40 (20) 69.8 (40) 26.7 | [113}
>:CH2 — 47.9 (40) 40.8 188)
CH,
I — 94.6 (280) - [114]
H,C=/N—CH
AN - 66.2 (60) 53.8 [88]
AN — 58.2 (20) 53.7 [88)
“R
R R
e 32.8 (50) 39.6 (110) -
=

*R = CHj, R* = C,Hs;, R2 = C;H,, and R® = CH,,.

**Tyurner et al.''® determined the enthalpies of hydrogena-
tion of methylmethylenecyclopropane, ethylidenecyclo-
propane, and 1,2-dimethylcyclopropene in solution in acetic
acid at 25 °C. We did not calculate the values of AH;(G)
from these data, because the differences between the
enthalpies of evaporation and solution are unknown.

%5 M.Pimenov's data (Candidate's Thesis in Chemical
Sciences, Moscow State University, Moscow, 1982).
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Fig.5 presents the changes in the constant 'Jisg _ y, the
C—C~—-C valence angles, the C—C internuclear distances, and
the Eg (the data from Table 4) for the series of compounds
considered on passing from cyclopropane to cyclododecane
(the geometrical parameters of cyclononane have still not
been determined). It shows that the SSCC vary almost in
parallel with the variation of the C-C-C angle only.

]
r(C-H), A CG-C-C;
1.100 + 50
70
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Figure 5. Variation of the C—H internuclear distances

(curve 1), the C—C—C valence angles (curve 2), Ji3c_yg
(curve 3), and Eg (curve 4) in cycloalkanes with ring size n.

On the basis of the data presented, a linear relation was
obtained between J 13¢c _ g and the C—C—C angle (a) for
cycloalkanes (1J13c _ i = 195.7 — 0.6320), which, however,
is characterised by a relatively small but appreciable scatter
of the points. If the data corresponding to cyclopropane
are disregarded in the calculation, then the above relations
for the series of saturated cyclic hydrocarbons ranging from
cyclobutane to cyclohexane fit satisfactorily on a straight
line. The relation between J13¢c _ i and £C—C—C for the
series of cycloalkanes is best described by the parabolic
equation (Fig.6)

1ng_x=0.0073 &*—1.963 ¢ +251.715 . [&))

On the basis of the observed relation between Eg and the
C-C distance [Eqn.(4)], the unknown average internuclear
distances in cyclononane were estimated previously. Using
Eqgn.(7), it is also possible to find the average C—C—C angle
in this hydrocarbon; it amounts to 111° (in agreement with
the data in Table 4). Eqn.(7) satisfies the corresponding
parameters. of propane!!” and, which is particularly
interesting, strained compounds such as bicyclo[2,2,1]-
heptene and bicyclo[ 2,2,1]hepta-2,5-diene (for the
1J1ac(.’) — g and the corresponding angles, see Table 9
below).
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2. Cycloalkenes

(a) Correlation between the Strain Energy and Structural
Parameters

The structural data and the strain energies Eg for cyclo-
alkenes are presented in Table 6. cis-But-2-ene serves as
a suitable standard for comparisons in this series of
compounds!®. The required parameters of this molecule
are the C—C distance [1.506(2) &], the C = C distance
[1.346(3) &1, and the C—C = C angle [125.4(0.4)°]. We
shall consider initially the C—C and C = C distances.
Comparison with the distances in the standard reveals the
following features: cyclopropene should be just as strained
as cyclohexene, but both these compounds are less strained
by a factor of ~1.5 than cyclo-octene. The data presented
in no way agree with the Eg curve in Fig.7.

7
J"[;—H! Hz

!
160 B

40

T

120 Sk '
50 2/ 90 £ G-6-C,°
Figure 6. Variation of 1J 13- _y with the C—C—C angle for
cycloalkanes: 1)—6) see Fig.3; 7) CgH;5; curve—
calculation by Eqn.(7).

On the other hand, there is a satisfactory agreement
between this curve and the variation of the C—C = C (a,)
(Aa; = 125.4 — o) and the C—C—C (0a;) (Ao, = 112.6 — a,)
angles, illustrated in Fig.7. Since the differences Aca; and
Aw, have non-alternating signs, the conclusions are
independent of the type of standard within the limits of a
single sequence of molecules. In this case it is more useful
to find correlation equations using the geometrical parameters

themselves rather than the above differences#. For the

above angles, the equations assume the following form:
E;=111.2—0.895 o, . (8)
E{=100.6—0.894 a, . (9)

Their graphical representation is illustrated in Fig.8. The
parallel arrangement of the straight lines obtained on the
basis of Eqns.(8) and (9) is striking. Thus, in contrast to
cycloalkanes, a correlation of the strain energy only with
the deformations of valence angles is characteristic of their
unsaturated analogues.

#We shall adhere to a similar approach henceforth; for a
qualitative determination of correlations involving Eg, the
relative changes in the geometrical parameters are usually
employed, but in the final equations the structural param-
eters are used directly.
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Figure 7.

Table 6. The enthalpies of formation, strain energies, structural parameters, and SSCC of

Russian Chemical Reviews, 51 (8), 1982

cycloalkenes.
Molecule AH;(L) AH;(G) Eg CC and CH bonds Valence angles Dihedral angles WYisc—H JH—H
A - 66.23 (60) | 53.3 | 1—2 1.304 (3) [119,120]| 2—1—H 1329 (2.5) — 226 [127]; 1.3 [127, 129]
é 13 1.519 (2) 220 [128]:
1 2 1—H 1.077 (12) 2989 [129]
3—H 1.112 (15)
s — 37.45 (36) | 29.8 | 1—2 1. 42 (5)[121] 1—2—3  94.2(0.5) — 170 {45, 130] 2.7 [46];
1—4 1,517 2—-3—4 858 (0.5) 2.85 [130]
Q 34 1.566 (5) 9—1—H 1335 (0.5)
L 1—H 1.083 (5) H—3—H 109.2 (0.5)
2 3—H 1.094 (5) 4—3—H 1145 (0.5)
\ 110 (41) | 7.81(41) | 5.1| 1—2 1546 (35) [122 29—3—4 1110 (12) [2—1—5 160 (1) [47]:] 5.1 [46];
2—3 1.519 (30) ! H—1—H 1048 S3_a_5 288(25) 161.6 [48] 54 (0.1) [47];
8 2 3—41342(10) H—2—H 101.8 5.57 [48, 49]
"=/ C—Hay 1.098 (6) 3—4—H 1435
5 —9.11 (10) [—1.10(12) | 1.4] 1—21. 335(3)[123—125} 1—2—3 1235 1—2—3—4 —I152 157 [47); 8.8 [46]; 9.6 [47];
2—3 1.504 2-3—4 1121 2—3—4-5 449 158.4 [48] |10.11 (0.05) [48, 49]
¢ s 3—4 1515(20) 3—4—5 111.0 3—4—5—6 —602
T3 C—H 1.093 (15)
— —225(22) | 4.9 — — — 156.2 [48] 10.8 [46];
11.02 [48]
— -—6.45 (26 5.7 | 1—2 1.332 (3) [126] 1—2—3 1219 (08) [8—1—2—3 136.0 (0.4) 156.0 [48] 10.3 [46];
SR @) 2—3 1.499 (8) 2—3—4 1046 (04) {1—2—3—4 —91.1(0.8) 10.41 [48]
7 ‘ 3—4 3—4—5 1138 (0.43 2—3—4-5 542 (1.0)
. N 4—5 }1.549 (2) 4—5-—-6 1188 (0.6) |3—4—5--6 —82.8 (0.6)
5—6 2—1—H 1184 (20) [4—5—6—7 111.8(1.0)
I 3—-H'L.110 (2) e o
1-H 1103 H—C—H 1068 (1.7) |H—1—2—H 1776 (11.2)

Note.

structural studies.
The dihedral angles in this and subsequent tables are presented in a dual form.
the usual significance, for example, 1(1-2—3—4) denotes the angles between the planes

Here and henceforth the atoms are numbered

in accordance with data obtained in

The experimental values of AH ¢ were taken from Pedley and Rylance®®

drawn through the 1-2—-3 and 2-3-4 carbon atoms.
fraction in which the planes between which the angle is measured are indicated in the numerator

and denominator.

Aa,.’
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B Aay, °
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Variation of the strain energy Eg (curve 1) and

the differences Aa; = 125.4° — a; (curve 2) and Ao, =

112.6° — a, (curve 3) in the cycloalkenes CpHop -, with ring
size n.

The first has

The second designation is in the form of a

(b) Correlation between the Structural Parameters and the

SSCC

It is known that in the series of cis-cyclo-olefins there
exists a definite relation between the SSCC of the vinyl

protons and the ring size

45-48,50,56,68

The change in the

constant *Jy _ g is more likely to be due to the local
geometry about the double bond*%"® (the C = C interatomic
distances and the C = C—C and C = C-H angles) rather

than the overall strain energy of the molecule.

The

empirical correlations derived by different investigators
between the above constants and the C = C interatomic
distances are similar and correspond to an increase of the
constant JH H Py ~0.6-0.7 Hz as the C = C bond length

diminishes by 0.02 R .68

The comparisons of the above

relations with experimental data have shown, however, that
there is no direct relation between the constants 3Jyg _ g
Thus the change in the
C = C internuclear distance from 1.342 R in cyclobutane to
1.332 & in cyclo-octene should have corresponded to an
increase of the constant %Jy _ g by ~0.3 Hz, while in reality
the difference between the constants is ~7.5 Hz.

The relation between the constants 3Jy _ g and the

and the C=C bond length"®"%%¢,

C = C—H angles has been shown by the analysis of the study
of Cooper and Manatt"® to be close to the predicted theoretical
relation®®, the sensitivity of the SSCC to the change in

£C = C—H being particularly notable for angles close to 120°,
The C = C—H angle is found from the C = C—C angles, which
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are more readily determined experimentally, using the relation
/C = C—H = (360 -/C = C—C)/2. Calculation of the depen-
dence of the constants 3JH _ygonthe C =C-C and

C = C-H angles for cis-buta-1,3-diene (for changes in the
angles from 108° to 123° and from 114° to 124° respectively)
showed that the size of the angles has an appreciable
influence on the constant; the dependence of *Jy - g on

the C = C-C angle is more explicit than that of the

C = C—H angle®®.

E, keal mol™?

a0 70 2 noa.’

Figure 8. Variation of the strain energy with the C-C =
C (I) and C-C—-C (JI) valence angles for different hydro-

carbons: 1) CzHy; 2) CyHg; 3) CsHg; 4) CcHyps
5) CgH,,; I) calculated by Eqn.(8); II) calculated by
Eqn.(9).

Comparisons have also been made between the structural
parameters of cyclo-olefins and the constants J 13c _ g 52,54,
72 A linear relation has been established between the con-
stant 'J13¢ _ g and the C = C—C angle for a series of
unsaturated compounds of different types®'. (However, the
points corresponding to cyclobutene and cyclopentene do not
fit on the resulting straight line.)

Fig.9 presents the variation of *J13¢ _ gy, %y _ gy, the
C = C—C angles, the C = C distances, and the strain
energies Eg (according to the data in Table 6) in the series
of compounds investigated ranging from cyclopropene to
cyclo-octene. It is seen that the SSCC and the C = C-C
angle vary in parallel, the parallelism breaking down on
passing from cyclopropene to cyclobutene. There is no
correspondence whatever between the variations of both
SSCC and the C=C bond length; nor is there a full
correlation (particularly of the constant J 13¢c - g) with the
strain energies Eg.

The linear equations describing the relations between the
SSCC and /C = C—C (a) (}13¢c _ g = 277.5 —1.0140;
3JH _ g = —9.88 + 0.15560) do not reflect the observed
relation in a sufficiently clear-cut manner. (As for cyclo-
alkanes, the linear correlation holds when data corresponding
to the three-membered unsaturated ring are rejected in the
calculation.) The dependence of the SSCC on /C = C-C
(a) has been studied most completely and in this instance
is described by the parabolic equations (Figs.9 and 10)

(10)
(1)

g =0.0195 0*—4.720 o« +443.327 ,
*J s =0.0039 &> —0.579 & +22.465
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The question of the reason for the deviations from the
linear relation of the corresponding parameters of both
saturated and unsaturated three-membered rings (if the
accuracy of the determinations of the quantities compared is
assumed to be adequate) still remains open. Owing to the
lack of systematic, uniform data for a large number of the
hydrocarbons considered (in the series of cycloalkenes the
entire calculation is in fact based on the parameters for 4—5
compounds), it is difficult to reach a definite conclusion.
Possibly the deviations are caused by the extremum values
of the geometrical parameters or a significantly different
hybridisation of the carbon atom in three-membered cyclic
compounds, which occupy an intermediate position between
saturated, unsaturated, and acetylenic hydrocarbons.

£ 0=C-C,"

~ N
T

E,, kcal mol™!

Figure 9. Variation of the C = C—C valence angles (curve
1), Eg (curve 2), ise _ g (curve 3), and Yy _ g
(curve 4) in cycloalkenes with ring size n.

It is noteworthy that Eqn.(10) is also characteristic of
certain other unsaturated compounds, particularly of
ethylene'!’, cyclohexa-1,4-diene®’, cyclo-octatetracene®?,
bicyelo[ 2,2,1]hept-2-ene’!®, and bicyclo[2,2,2]octa-2-ene"?,
while correlation (11) holds satisfactorily both for the above
hydrocarbons and in addition for cyclopenta- and cyclo-
hexa-1,3-dienes®’ and cycloheptatriene“.

3. Cyclo-1, 3-Dienes

Few data are available for cyclopolyenes and they are not
susceptible to analysis on a common basis (Table 7). In
agreement with previous observations, the strain energyv
Eg is a minimum for the six-membered ring, although the
transition from the five- to the six-membered system is
accompanied by only a slight decrease of Eg, amounting
to 0.6 kcal mol™! (the analogous decrements in the series of
cycloalkanes and cyclo-olefins are 5.8 and 4.0 keal mol™?
respectively).

It follows from Table 7 that the main internuclear distances
(C = C, =C-C=, and =C—C—-) in the dienes considered are
equal within the limits of experimental error. The only
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notable change occurs in the valence angles on ring expan-
sion. For example, the C = C—C(=) valence angle§
increases in the series of compounds considered (109.21°,
120.13°, 129.1°, and 129.0°), which does not agree with the
variation of Eg. Thus, for the given class of compounds,
it is so far impossible to discover the geometrical parameter
which is most closely related to the changes in Eg or the
SSCC %y - y of vinyl protons).

1
‘J;SC_H ) Hz

of

220

200 11
9
180 7
5
160 3
1
60 80 100 120
<(=0-C,°

Figure 10. Variation of J13c _ p (curve I) and *Jy _ g
(curve II) with the C = C-C angles for C,H,, -, cyclo-
alkenes; 1)—35) see Fig.8; I) calculation by Eqn.(10);
II) calculation by Egn.(11).

4, Bicyclo[n,1,0]alkanes

(a) Correlation between the Strain Energy and the Structural
Parameters

Thermochemical and geometrical data for bicyclo[n,1,0]-
alkanes are compiled in Table 8. In their molecules there are
several types of C—C distances which differ slightly from
one another. The small differences between the C—-C
distances can be found accurately only by microwave measure-
ments or by means of a combination of electron diffraction and
spectroscopic data. The most interesting geometrical param-
eter in the above series of compounds is undoubtedly the
length of the common C—C bond. The results of its measure-
ment are available only for the first three representatives
of the series, but they do not exhibit an appreciable
correlation with the changes in the Eg of these compounds
(Fig.11). This also applies to other individual C—-C
distances in these molecules.

The C—C—C valence angles in bicycloalkanes differ from
those in the compounds considered previously by the
presence of a tertiary carbon atom. The value of this
angle for isobutane (110.8°) '** was adopted as the reference

§The reference value of this angle, obtained*° for
butadiene, is 123.3(0.5)°.
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value. The sum of the differences Aa = (110.8° — «;) +
(110.8° — a,) + (110.8° - a;) was adopted as the measure of
the strain in the three C—C—C angles around the tertiary
carbon atom. The choice of the angles a,, a,, and a; is
explained below in relation to bicyclo[1,1,0]butane:

Fig.11 shows that the deformation of the angles about the
tertiary carbon atom and the strain energy vary similarly in
the series of condensed hydrocarbons and Fig.12 presents
the variation of Eg as a function of the average angle
{C—C—Cgy = tgy = (op +ap * a3)/3. The corresponding
equation is

E,=1682—1374a,, . (12)

An analogous relation is obtained when account is taken of
the C(1)—C(2)—C(3) valence angles () in a large ring,
which are 60°, 89.5°, and 100.9° respectively according to

calculations for the first three compounds in Table 8. The
corresponding correlation equation is
E=1105—0706 o . (13)

The dihedral angles 6 at which the plane of the three-
membered ring is inclined relative to the plane of the ring
condensed with it have also been measured for the hydro-
carbon investigated. The variation of these angles is not
consistent with the variation of the Eg, as can be seen from
Fig.13. Nor has a correlation been observed between Eg
and the average (g-C distances, which amount to 1.498, 1.529,
1.524, and 1.535 A respectively for the saturated hydrocarbons
of the bicyclo[n,1,0] series investigated (Table 8).

(b) Correlation between the Structural Parameters and the
SSCC

Few data are available for the SSCC for condensed bicyclic
systems containing a three-membered ring. The geometrical
and thermodynamic parameters of bicyclo[n,1,0]alkanes have
been determined only for the first four members of the
series. Fig.13 presents the dependence of the constant
113 _ g (C is the common atom of the two rings) on Eg and
the angle 0. All the quantities in the range indicated vary
in parallel but Eg increases more appreciably (than lJlac - H
and 0) on passing from bicyclo[3,1,0]hexane to bicyclo-
[2,1,0]pentane, but changes little on passing from the latter
to bicyclo[1,1,0]butane. Nor is there a full correspondence
between the changes in E; and the changes in the (C—C—C)ay
angle. At the same time the constant J13c _ y varies
linearly with the angle 8, a geometrical parameter of the
bicyclic condensed molecule, which can be expressed by the
equation

g p=—176.0+3.123 6 . (14)

It is of interest to discover how J13¢ _ y changes when
the double bond in the cycloalkene is replaced by a three-
membered ring.
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Table 7. The enthalpies of formation, strain energies, structural parameters, and SSCC of

cyclopolyenes.
Molecule AH;(L) AH?(G) Eg Bonds Valence angles Dihedral angles Yisc_H YH—H
. 25.16(30) | 31.26(91) | 4.8 | 1—2 1.309(2) [133] 1—2—3 109.16 (10.0) | planar ring 170 [67) 5.06 [50, 51]
s@ﬂ 2--3 1.542 (3) 2—3—4 109.21 (10.0)
4 3
s s 17.52(24) | 25.41 (02) | 4.2 | 1—2 1.350 (4) [134,135] | 3—2—1 120.13(0.6) non-planar ring 163 [67) 9.42[60];
23 1.468 (14) 2—1—6 120.14(0.5) 1—2-3—4 16.3 9.64[49, 51]
4 1 4—5 1.523 (16) 1—6—5 110.
—7 56 1.534 (20)
[ -— 22.51 (22) 6.2 | 1—2 1.347(6) [136] 1—2—3 129.1(0.3) non-planar ring —_ 8.9(51]
7, ; 23 1.450 (15) 2—1—17 129.1(0.3) geﬂgcti;e angle
' 4—5 1.509 (20) —6—
N/ 5—6 1.522 (20) 90
P 1—H 1.092 (7)
P — 19.23 7.9 | 1—2 1.347(5) [137) 1—2-3 129.0(0,5; non-planar ring — 11.30 [51]
23 1.475 (10) 4—5-6 117.2(0.5 37.8(1.0)
f ° 45 1.509 (5) 5—6—7 105.9
N4 5—6 1.542 (5)
- — 23 1217. 345 — —
] 2 4 34.44(29) | 43.69(29) | 3.7 | 1—2 1.356(5) [138] 1—2-3 127.2 i : 0 105 00)
.@7 23 1.446 (7) 2—3—4 119.8
t 6—7 1.507(7) 5-6—7 121.8
’ 1—H 1.095 (10) H—1—2120(2.0) =76 oo
7—H1.106 (10) 560" (20)
T e s 60.83(31) | 71.13(31) | 16.9 | 1—2 1.340 (1) [139)] 1—2—3 126.1 (0.5) 1—6—5—2 155 [52] —
1 f ( 23 1.475 (1) 2——-———_3_4_543.1(0.5)
C—H 1.100(4)
8! 3
,o b 2

Note. All the experimental values of AH? were taken from Pedley and Rylance®® except AH?(G) for
cyclo-octa-1,3-diene which we calculated from the enthalpy of hydrogenation obtained in

acetic acid solution at 25 °C.”7 We assume that the calculated value is reliable because the
corrections disregarded in the calculation (the differences between the AH of solution and
evaporation of cyclo-octa-1,3-diene and cyclo-octane) are in this case small. This follows

from a comparison of the enthalpy of hydrogenation of its isomer cyclo-octa-1,5-diene obtained

in acetic acid solution” with the value calculated from the enthalpies of combustion of cyclo-octa-
1,5-diene (AH] = -1186.46 * 0.31 kecal mol™* *32) and cyclo-octane®®.

<, a, <, A

‘lmc_H 226 170 161.6 158.4
(VD (VID (VIID) (1X)
‘1130—;{ 205 178 166 160

It is found that the bicyclic hydrocarbons (VI)—(IX) have
higher constants than the corresponding cycloalkenes, the
difference decreasing on passing from compound (VII) to
(IX). The bicyclobutane (VI), for which Wiy _ p is
smaller than for cyclopropene, is an exception. The
constants 1J 13 _ g of the more complex polycyclic strained
compounds (X)—(XII), whose composition includes the
bicyclobutane fragment, are known.

H H
%)
(X) (X1) (X11)
'J,;C_H[asi] 215 212 205 205

Their geometrical and chemical parameters are unknown,
but one can postulate that in the above series of compounds
the strain energy Eg and the dihedral angles 6 in the bicyclo-
butane fragment will diminish on passing from compound (X)
to (VI), i.e. in conformity with the variation of the constant
1J13C —H'151

It is of interest to compare the values of J 130 _ g for
certain mono-, bi- and tri-cyclic hydrocarbons. Whereas
the corresponding SSCC for the carbon atom common to both
rings varies significantly with increase of the size of the
larger ring and varies linearly with the dihedral angle 6
(Fig.14), the constant Ji3c _ g for the nuclei of the "non-
bridging" carbon atoms retains the specific value charac-
teristic of the given ring and changes only slightly from
compound to compound (the values of J13z _ g are given
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under the formulae of the compounds below):

o, d o

B
123151) 1269 125151] 126 —121!7[151] 125 101]
124

& d

132 151] 1a0151] 128-11] 44, 100]

A, o,

140151 134-136 44, 07

O O O 0

160% 158[151] 161 151] 160{151]

D- DL O,

161[44] 159.8[117] 157.8[117)

20

\\ |
40
Jor

1 1 } | 1

! Z 7 4 bn

E, kcal mol™!

)
S
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N
[
t

Figure 11, Variation of the strain energy Es and Ao
involving the tertiary carbon atom in bicyclo[n,1,0]alkanes:
1) bicyclo[1,1,0]butane; 2) bicyclo[2,1,0]pentane;

3) bicyclo[3,1,0]hexane; 4) bicyclo[4,1,0]heptane;

5) bicyclo[5,1,0]octane.

It is also noteworthy that virtually identical values of
1J13¢ - y (involving the double bond) are characteristic of
the unsaturated hydrocarbons presented below. The
constants *J13c _ [(2) of tricycloheptene and the

fThese data have been obtained by Yu.N.Luzikov in the
Laboratory of NMR Spectroscopy of the Faculty of Chemistry
of Moscow State University.
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conjugated cyclohexadiene are somewhat larger:

f NH1) : NH1) n’ : ; NH(1)
H

H(2) H(2) H(2)
163 151] 15807 158.69 16240

160[151] 15907 16039 16367
H H
SHe
T H .

158[07] 1584

'
h,.
e Hy

Er— @)

5. Bicyclo[n,m,1]alkanes

(a) Correlation between the Strain Energy and Structural
Parameters

The geometrical features of hydrocarbons of this class have
been more thoroughly investigated than their thermochemis-
tryt. We shall therefore carry out only a qualitative
comparison of the geometrical parameters, using partly the
calculated strain energies taken from Allinger et al.!” and
Engler et al.® (Table 9 and Fig.15).

Several hydrocarbons in this series have been reinvesti-
gated but only in the case of norbornane were the errors of
previous studies revealed by an electron diffraction
investigation®®. The situation is much less clear for
bicyclo[1,1,1]pentane®®*® and bicyclo[2,1,1]hexane®’8:
for each of these compounds, Table 9 presents two sets of
geometrical parameters. It is difficult to make a choice
between them. The results for the bicyclo[2,1,1]hexane
are striking: the author of a later study'®! claimed that his
data were more accurate than the results of previous
measurements!®’. Nevertheless his results'®! seem to be
anomalous on the corresponding plots, deviating from the
general relations. We therefore decided not to include them
in the derivation of the correlation equations (16) and (17);
they are shown in Fig.16 for comparison (see the filled
circles).

We shall consider how individual geometrical parameters
vary, namely (a) the internuclear distances, (b) the valence
angles, and (c) the dihedral angles.

(a) The most common geometrical element in the given
series of hydrocarbons is the —HC—CH,—CH— bridge. The
exact measurement of the C—C distances in the bridge
involves a number of difficulties because the contributions
of these distances to the overall diffraction patterns diminish
significantly with increasing complexity of the molecule. We
preferred to employ in this case the average distance
(C—C)ay, which has been determined more accurately and
which characterises the strain in the molecule as a whole.
The variation of this parameter is illustrated graphically in
Fig.15.

+Most thermochemical studies have been made on compounds
of the norbornane series. Some compounds have been
reinvestigated in different laboratories!®®. The results do
not agree fully with one another and require further
experimental confirmation.
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Table 8. The enthalpies of formation, strain energies, structural parameters, and SSCC of the
bridgehead C—H bond in bicyclo[n,1,0]alkanes.

Molecule AHz) AHy Gy Eg Bonds Valence angles Dihedral angles Yiac—H
; 46.30 (29 54,91 (19) | 65.6] 1—3 1.497(3) [143] ‘ 1—3—H 128°22’ a14) |1—2—3 205 (2) [150—152]
| e A 3—4 1.498 (4)[ H—C—H 115° 34y 122%0" (307) 202 [153]
1—2-2 59“58’
1
31.0 (34 37.8 (40 56.4] 1—4 1.536 (1) [144] 5—1—H 121.2(0.1) 1—5—4 178.1 (0.5) [78]
R @4 0 1378 1R iih 1288000 |, 30730 T
Ds 1—2 1.528(2)
‘ 1—5 1.507 (2)
A 1.22(65) 9.15(20) | 32.7) 1—6 1.515(8) [145] 5-1—2 109.8(0.4) 2 5—1—H 147.1 (10.1)
s s }:g 1.454(9) 1—2—H 110.2 (1.1) 25.2(2.9) 166 [451)
{ b3} 1.543(4) 1—6—H 128.2(3.7) | 4—2—1—5
? — —1— .8(6. 5
C—H 1.100 (6) 5—1—H 125.8(6.4) 1—6— 706 (1.1)
1—5—4—2
8(T — — | 1—5 1.521 (1) [146] 1—-2—3 112.0(1.0) 1—5—4
. 288010 1—2 1.494 (10 2—3—4 111.5(1.0) o3 4118809
5 56 1,g82 f% 54
1—6 1.522 {—5—
NS 4—5 1.529(15) o 113:50.0) _
Y 3—.4 1.530 (15)
23 1.338(10)
—6.49 (30 2.63(31) | 31.2] C—C 1.535(8) [147] 6—1—2 120 (1.0) 1—7—6 160 [151]
AN @0 e et 2—3—4 112(115) hapsrare LIt
7 C—H 1.10 (1) 4—5—H 109
al ) 3—4—H 108
¥ H—7—H 117
@ —14.39(26) | —3.97 (29) | 29.5 — — — —
(} —17.48(60) | —5.45(60) | 33.0, — — — -
—16.28(42) | —6.31(45) | 27.2| ciscoc,, 1.536(6)[148) | C—C—C orsional angle in B
cis- (6-membered ring) 112.9 Io?;ional angle ilrgl
(4-membered ring) 88.9 4-membered ring 157
C—C—C torsional angle in
trans-C-Cyy  1.532 () (6-membered ring) 110.4 6'"“?"‘"9’9‘1 riqg 57
(4-membered ring) 87.3 torsional angle in
4-membered ring 145
—55.11 (21) | —43.52(55)| —0.1}(C~C),, 1.530 (3) [149] C—C--C,, 111.4(0.4) torsional angle 55.0 (0.5). —
trans- @ C—H 1.112(H
Note. The experimental values of AHZ for the second, fourth, and fifth compounds were
taken from Kozina'*! and those for the remaining compounds are from Pedley and Rylance®
(b) The valence angle ZC—C~-C (a) involving the bridging and is described by the equation
i m i icyclo[m,n, 1]alkanes

f:arbon ator}1 in the sy metm(.:al bicy [. ,n,1] : ) Ey——1173.2410.55 (16)

increases linearly on expansion of the rings on either side

of the bridge, which is described by the following equation®: Bicyclo[n, 1,1]alkanes, containing a four-membered

fragment occupy a special place. The individual charac-
a—0.836+ 18.282p° (15) gm p p Hvid .
teristics of these molecules are presented in Fig.17; the data

where p = m + 3. When this relation is recalculated in terms
of the deviation from the standard angle 112.6°, another plot
is obtained, which is also shown in Fig.15.

(¢) The geometrical parameters considered above vary
almost linearly on expansion of the rings, while Eg varies
non-linearly. The parameter which exhibits the best
correlation with Eg proved to be the dihedral angle 6; it is
shown below for bicyclo[1,1,1]pentane and bicyclo[2,1,1]-

hexane.
[}

The dependence of the angle on Eg is illustrated in Fig. 16

for cyclobutane have been included for comparison.
Evidently, in contrast to the preceding case, the best
correlation is observed between Eg and the £ C—C—C (a)
involving the secondary carbon atom in the four-membered
ring (Fig.18), which is described by the following empirical

equation:

Eq=4305—4.5500 .

(17

(b) Correlation between Structural Parameters and SSCC

There are virtually no systematic data on the geometry and

the SSCC for bridged hydrocarbons.

The successive

changes in the above parameters can be illustrated only in
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relation to the three bicyclic hydrocarbons (XIII)—(XV):

(X111) (X1V) (Xv)
Each of these contains the cyclobutane fragment®:, One of
the characteristic parameters in the NMR spectra of com-
pounds of this kind is the SSCC of the exo, cis protons
via four o-bonds, for which one can postulate a dependence
on the dihedral angle 6 in the four-membered ring (Table 9).
The series of compounds considered can be logically
completed by cyclobutane itself. The exact value of the
constant “Jy _ g of this compound is unknown but it is close
to zero according to Meiboom and Snyder®®’.
[*TH(1) - H(lz) = -0.01 and "JH(s) — H(+) = *+0.01 for
cyclobutanol*¢®}

‘4

Ej, kcal mole™

7/ g0 00
L(C-C-C0)a,®

Figure 12. Variation of Eg with the average (C—C—C)gyy
valence angle involving the tertiary carbon atom in
bicyclo{n,1,0]alkanes: 1)—4) see Fig.1l; straight line—
calculated by Eqn.(12).

Figs.19 and 20 (based on the data in Table 9) illustrate
the changes in the constant “Jy _ y and the angle 6 for the
hydrocarbons (XIII)—(XV) and cyclobutane as well as the
linear relation between them, described by the equation

J o= —0.285 0+ 44.026 . (18)

In determining the above correlation, bicyclo[1,1,0]butane
should have been included, but two experimental values of
the constant “Jy _ g, differing significantly from one

Russian Chemical Reviews, 51 (8), 1982

10 Hz ¢ and
152)'

another, are indicated in the literature:
5.9 Hz '°° (the latter agrees with theoretical values
According to the relation established [Eqn.(18)], g - g =
10 Hz should correspond to a dihedral angle of 122.4° for
bicyclo[1,1,0]butane; however, when account is taken of
the specific features of the structure of a system with two
condensed three-membered rings, then the agreement with
the data of Wiberg et ai.®® cannot apparently serve as a
criterion of their validity.

10 -
12/

1—1

S Il

40

Eg, kcal m

Jor

Figure 13. Variation of the dihedral angles 6 (curve I),
Eg (eurve II), and 'J13g _ g (eurve III) in bicyclo[n,1,0]-
alkanes with the size of the larger ring: 1)—35) see Fig.11.

iflJE,H,HZ
7
200
190
180 z
170 J
160 ,[/lllllllllllil
10 115 120 g.°

Figure 14. Variation of J13c _ y with 6 for bieyeclo[n,1,0]1-
alkanes: 1)—4) see Fig.11l; straight line—calculated by
Egn.(14).

It is possible to quote examples of successive changes in
3JH - y In a series of bridged hydrocarbons where five-
or six-membered unsaturated rings are the repeating
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Table 9. The enthalpies of formation, strain energies, structural parameters, and SSCC of
bicyclo[m,n,k ]Jalkanes.

Molecule AH;(L) Ah‘f’;c) E Bonds Valence angles Dihedral angles g H Su—H  [YH—uH | *y—n
— — (92 23) C—C 1.557(2) 1—2—3 74.2(0.2) 120 - —3.0[53]|10[53] | —
[17]* [158]
C—H 1.109(4) H—C—~H 111.7(1.8)
C—C 1.545(6) 1—2—3 73.3(1.0) 120
[159]
C—H 1.100(10) | H—C—H 103.9(5.0)
(41.21) 1—2 1.665(24) 1—2—3 102.1 1=5—4 o5 - —65—75| 7-8 | —
[t8]* 160 ey [53] | [53]
1—5 1.544(15) 5—1—6 78.2
2—3 1.513(15) 1—5—4 89.4
C—H 1.112(5) H—2—H 109.2(4.0)
H—6—H 100.8(6.0)
- — 1—2 1.537(1) 1—2—3 100.4(0.4)
[161]
1—5 1.547(1) 1—5—4 85.4(1.1) 1—5—4
2—3 1.537(1) 5—1—6 83.3(1.2) Tz 1295
C—H 1.098(4) 2—1—5 100.6(0.5)
H—2—H 117.3(4.0)
H—6—H 98.8(5.9)
— — (35.85) 1—2 1.511(15) 1—6—5 87 1(1.0) 1—6—5 07 5 — —8.5—9.5[5.5—6|
(18] * [162] TR (53] | [53]
23 1.534(30) 2--3—4 113.0(1.8) -
1—6 1.553(9) 1—2—3 108.7(1.1)
C—H 1.091(5) 6—1—2 110.9(0.6) 2—3—4 143.0
6—1—7 84.9(1.4) 4—5—1—2 :
P —22.04(52) —12.43(55) 16.1 1—2 1.536(3) 1—T—4 93.1(0.6) 1—6—5—4 o e CH—H 141
. [88] 88} [163] ¢ Ty 18109 o 1118]
3 s 23 1.553(9) H—C—H 109.9(1.5) S C(2)—H 130
17 1.55809) C(7)—H 132 — — —
Y C—H 1.112¢2)
! |
— — 12.1) * 1-=2 1.553(57 1—8—5 102.8(1.6) | 1—8—5 — - — —
azn {!7(11( ) (-6 s 1743
23 1.532(71) 2-3—4 109.6(2.5) [1—2—4—
1—8 1.501(54) H—C—H 101.2(6.0) | 5 4 _,
1—7 1.501(25) SO0 42.8) — — — -
6—7 1.344(60) 1—2—4—5
C—H 1.109(f)
1—8—5
1765 132.6(4.4)
—42.6(20) —30.5(60) 7.9 1—2 1.567(4) 1—9—5 111.2(1.7) | 1—9—5
Zo5 ) i ( L )
2—-3 1.537(4) 2--3—4 111.5(1.4) |24
1—49 1.476(5)
C—H 1.116(4) H—C—H 106.3(2.4) {1—2—4—35
T3  141.6(1.6) — — — —
I
9.89(33) 19.14(35) 19.8 — — — 165(82] — — | 5.6—5.
[156] [156) 166.5[118] [4%,165,
166]
— 58.0(60) [157] 27.9%* 1—2 1.535(7 1—T—4 94.1(3.0 1—2—3—4 C(t)—H 172.5 5.05 (165
7 (€0t [162]( : @0 oy 15-6(2.2) & + Ul
H 4 23 1.343(3) C—-C—H 124(3) T 172.8 48,118, 5.28 [48]
3 . 165]
{ 1—-7 1.573(14)
Bt 4 C—H 1.123(14) | H~C—H 113(8) C(7)—H 135
5 —35.13(19 —23 66(22) 9.8 1—2 1.538(15 - [118]
1, [331( ) o) 2 a3 100.7(0.7) — - — -
P 7 2--3 1.552(29) = -
Lo CH 1010 H—C—H 110.1(5.6)
R —5.57(17) 4.90(19) 10.5 1—2 1.509(15) | 1—2—3 114.2(0.6)
[88] (88} [164]
2--3 1.341(8) 2—-3—H 122.4(6.0) (1—2—3-4
18 H—C—H 109.2(4.0) 5 121.22.0) 162.8[48] - - 8.24
1.549(8) 1—~6—5— 148]

*Calculated data.
*¥Estimated using the difference between the heats of hydrogenation of norbornene and norborna-2,5-diene.
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elements*®:

H. H. H
Y )Cb j/:&
H H H

i—n 5 8[48) 5.68[48) 5[169]

The values of Eg for both series increase from left to right,
i.e. in conformity with the decrease of the SSCC of the
vicinal protons. Probably £C = C~C varies in the same
sequence (analogously to the variation of the corresponding
parameters for cycloalkenes).

b,
nA | 40

y ~~— 130
20
10

r—a?
120
118
116
114

112

N

x
\x\x

E,, kcal mol™!
x

Iay)
553
T

Eq, kcal mol™

I !

| 1 i
1+ 2+1 242 3+7 3*3 n+m

Figure 15. Variation of the strain energy Eg (1), the average
(C—C)g4y internuclear distance (r) (3), the difference

Ao = 112.6° - o (a is the C—~C-C angle in the bridge) (4),
and the dihedral angle 0 (2) in bicyclo[n,m, 1]alkanes with
the size of the ring; bicyclo[1,1,1]pentane and bicyclo-
[2,1,0]hexane were investigated twice.

I11. CONCLUSION

The most general comment which can be made on the basis
of the data considered concerns Eqn.(1). The experimental
data presented in Section II show that in fact two separate
relations exist:

E,-molecular geometry and SSCC-molecular geometry. (1)

They cannot be combined in terms of geometrical data
because in most cases different geometrical parameters are
involved in the quantitative relations.

The only deviation from this rule arises in the case of
cycloalkenes [see Eqns.(8), (10), and (11)]. However, one
should note that, despite the absence of quantitative rela-
tions, the SSCC vary in parallel with Eg. In those cases
where deviations are observed from such parallel variation
[for example in the cyclo-octane—cyclononane (Fig.5) and
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cyclohexene—cycloheptene (Fig.9) transitions], an
experimental test of the corresponding parameters would
be desirable.

£, keal moi™?

90
70
50
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n

{ [ { i

12 114 116 118 120 8,°

Figure 16. Variation of the strain energy with 6 for
different bicyclic hydrocarbons: 1) bieyclof1,1,1]pentane:
2) bicyclo[2,2,11lhexane; 3) bicyclo[2,2,1]heptane;

4) bicyclo[3,2,1}octane; 3) bicyclo[3,3,1]nonane;

straight line—calculated by Eqn.(16); filled circle—Chiang's
datal®®,

Ej, kcal mol™!
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Figure 17. Variation of the strain energy Eg, the average
(C—-C)gy internuclear distance (r), the dihedral angle in the
four-membered fragment y, and the difference Aa = 112.6° —
a (a is the C~C—C valence angle at the secondary carbon
atom in the four-membered fragment) in bicyclo[n,1,1]-
alkanes and cyclobutane (the convention is adopted that for
this compound n = =),

For each series of the cyclic hydrocarbons considered,
there is a definite correlation between the SSCC and the
angular parameters of the molecule; no dependence on the
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internuclear distances has been observed. One can
postulate on the basis of the available (limited) data, that
such correlations between the SSCC and the angular param-
eters of the molecule can be found also in other series of
hydrocarbons when the amount of the relevant experimental
data is sufficient.

E,, kcal mol™!

L
80 g0
L G-6-C°

Figure 18. Variation of the strain energy with the C-C—-C
valence angle in the four-membered fragment in different
bicyelic hydrocarbons: 1) bicyclo[1,1,1]}pentane;

2) bicyclo[2,1,1]hexane; 3) bicyclo[3,1,1]heptane;

4) cyclobutane; straight line—calculated by Eqn.(17);
filled circle—Chiang's datal®l.
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Figure 19. Variation of the dihedral angle 6 in the four-
membered fragment (curve 1) and “Jy — g (curve 2) in
bicyclo[n. 1.1]alkanes (II-IV), bicyclo{1,1,0]butane (I),
and cyclobutane (V).

If the variation of Eg in the series of compounds
considered as a function of the number of carbon atoms n
is followed {for bicyclo[n,1,0]alkanes, n is the number of
carbon atoms in the larger ring and for symmetrical bridged
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hydrocarbons it is the number of carbon atoms in each ring}
(Fig.21), it is found that the nature of the variation of Eg in
the series of bicyclo[n,1,0]alkanes and cycloalka-1,3-dienes
is approximately the same, the values of Eg for rings with

n between 5 and 8 being similar. In each series of com-
pounds hydrocarbons containing six-membered rings have
the smallest values of Eg regardless of which structural
parameters (bond length, valence or dihedral angles) are
mainly used to determine Eg. Bicyclo[n,1,0]alkanes,

where the minimum is displaced to the hydrocarbon with the
larger seven-membered ring, are an exception, but in this
case there are grounds for recommending the redetermined
values of AH? for bicyclo[5,1,0]octane#.

I i | I
120 150 524 100 8,7

Figure 20. Variation of “Jy _ g with 6: 1)—4) see Fig.18.

The introduction of a correction for the contribution of
the energy pAV to Eg does not alter the nature of the
curves, which are merely displaced by 0.6 or 1.2 kcal mol™*.

The strain energies Eg of cyclohexane, cyclohexene,
cyclohexa-1, 3-diene, and bicyclo[ 2, 2, 2]octane per six-
membered ring are -0.2, 1.1, 4.2, and 4.9 kecal mol~?
respectively. The conformation of the six-membered ring
in these hydrocarbons varies as follows: chair -~ half-
chair + flattened half-chair -~ boat. However, one should
note that the above values of Eg cannot be used to estimate
the energy of the chair + half-chair + boat conformational
transition for a six-membered ring, since the values of Eg
reflect the overall strain energy and not the conformational
energy.

We examined above how Eg is related explicitly to the
geometrical parameters and the SSCC and how it varies in a
specific series of compounds with the number of carbon
atoms. It is also of interest to trace the variation of the

#The value of AH; for bicyclo[4,1,0]heptane quoted by
Dashevskiil®, whose results we have employed, differ from
the other literature values by 2.3 kecal mol™!, In this
connection, the enthalpy of combustion of bicyclo[5,1,0]-
octane has been redetermined. The following values (in
kecal mol™!) have been obtained at 298 K: AHg Ly =
—1218.80 + 0.45; AHO( y = -11.82 £ 0.47; AH =
-1.42 £ 0.51; Eg = §2.1. This value of Eg is présented in
Fig.21 (the experimental work has been carried out by
L.P.Timofeeva).
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relative values of Eg characterising the transition from cycio-
alkanes (A) to the corresponding cycloalkenes (B) and the

bicyclo[n,1,0]alkanes (C):

w ® ©

Es, kcal mol™
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30+
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40
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~
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Figure 21. Variation of Eg in the series of cycloalkanes (1),
cycloalkenes (2), cycloalkadienes (3), bicyclo[n,1,0]alkanes
(4), and symmetrical bridged bicycloalkanes (5) with the
number of carbon atoms in the ring for (1), (2), and (3),
with the number of carbon atoms in the larger ring for (4),
and with the number of carbon atoms in one of the rings for

(5).

Fig.21 presents the variation of Eg for each of these
series and Fig.22 presents the differences AEgl) = Eg(B) -
Eg(A) and AES*) = Eg(C) - Eg(A). Each of the quantities
AEél) or AEé2 considered separately corresponds to the
additional strain in the cycloalkane molecule which appears as
a consequence of the introduction of a double bond or a
three-membered ring respectively. Comparison of the two
sequences of the values of AE{') and AEgz) demonstrates the
approximately identical nature of their variations in series
(B) and (C). It is known*"® that there are analogies
between the conformations of the carbon ring in these hydro-
carbons determined by the absence of internal rotation
relative to the double bonds in series (B) or the common
bond in the bicyclic systems (C).
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It is of interest to trace the changes in Eg on passing from
monocyclic to bicyelic and tricyclic hydrocarbons in the
series below:

N I

(xvp (v (xvin (xvim
- S0y S
xvh—| . R S A [
159 (xviy 22 ( )
AE,, keal mol™!

Figure 22. Variation of the differences AE(}) = E (B) -
Eg(A) (curve 1) and AE{?) = Eg(C) - Eg(A) (curve 2).

(Unfortunately such examples are limited owing to the
insufficient amount of experimental data.) The greatest
change in Eg corresponds to the introduction of a three-
membered ring into the system. The methylene bridge
linking the first and fourth carbon atoms causes smaller
changes in Eg, particularly when the trimethylene ring is
already in the molecule. The overall change in Eg on
passing from cyclohexane to the nortricyclene (XVIII) via
compound (VIII) or (XIV) is virtually the same, which
confirms the validity of the quantities used in the calcula-
tions.

On the basis of the empirical equations relating Eg to
different geometrical parameters which have been derived,
a slightly different meaning can be given to the reference
values of ry and o,. We recall that we adopted these values
from data for the molecules with the minimum Eg, associated
with the given geometrical parameter. For example,
saturated hydrocarbons ranging from methane to n-heptane,
cis-butene, and isobutane have been used as standards.
With the aid of the above correlation equations, we can now
carry out a kind of test of these values by determining them
from the condition for the equality of Eg to zero. The values
obtained from the empirical equations (we shall designate
them by ry and af respectively) can be regarded as
generalised constants satisfying sets of molecules and related
directly to Eg.
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The values of r; and o, used previously are compared below
!
with their analogues ry and o, calculated from empirical
equations (4), (8), and (9):

C-C bond ry=1.533() A ry=1537T4A calc. by Eqn.(4),
C=C-Cangle a,=125.4(0.4° «a =1245° calc. by Eqn.(8) ,
C-C-Cangle a,=112.6(0.1)° a,=1125> calc. by Eqn.(9) .

1t is noteworthy that the reference values of the angular
parameters which we used above and the values calculated
by Egns.(8) and (9) are very similar. Evidently this shows
that the selected acyclic systems are indeed free from
angular strain, which arises in cyclo-olefins and is described
by Eqns.(8) and (9). The discrepancy of 0.004 A between
r, and ry may not be fortuitous and may have a perfectly
definite significance, because r; = 1.537 R is virtually
identical with the C—C distance in cyclohexane (1.536 X),

for which Eg is close to zero. The increase in the length
of the C—C bond in cyclohexane may arise as a consequence
of inevitable gauche-interactions®®. Similar gauche-inter-
actions in acyclic systems with a short-carbon chain are
much less appreciable®®.

Analogous calculations using other empirical equations do
not yield interesting results, which may be due to the
specific features of the geometrical parameters considered
or the inadequate number of experimental data [for example,
the average angle (C—C—-C)gavy in Eqn.(12)].
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