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Abatrac-PMR spectroscopy has been used to study the conformations at room temperature of several 
classes of cyclopentanoid compounds, including substituted cyclopentenes, cyclopentene oxides, tri- and 
tetrasubstituted cyclopentanes. The substituents are either halogens or --OR, where R is H, AC, Bz or 
Me. Unlike the cyclohexanoid compounds, for most of which only the two chair forms need be considered, 
the cyclopcntanoid compounds generally have several different conformers contributing significantly to 
the conformational equilibrium. The cyclopentane ring is so flexibk that conformations with less than 
maximum puckering have littk additional strain, and there appears to be considerable pseudolibration 
about the energy well representing a particular fully puckered conformation. The series whose conforma- 
tions are most restricted is the cyclopentene oxides. Regardless of substituents, an e&-conformation is 
preferred, except for the c&4-bromo-1,2-oxide which exists as an equal mixture of endo and exo con- 
formers; all the other oxides seem to exist in fully puckered end0 conformations. Unlike the cyclohexanes, 
the cyclopentanes easily tolerate 1.3syn diaxial subatituents, and 1,2-rrans substituents are generally 
disposed diaxiahy rather than diequatoriahy; for example the tribenxoate esters of (1,3/2)-cyclopentane- 
trio1 and (1,3/2)-cyclopentenetriol contain 7crSoo/, of all-axial conformers The 0-isopropylidene deriva- 
tives prefer conformations in which the average puckering is such that the fused dimethyldioxolane- 
cyclopentane ring system approximates an overall errdo- or boat shape.. Coupling constants involving 
oxirane protons of cyclopentene oxides am much smaller than corresponding coupling constants observed 
in other ring systems: oxirane-oxirane, 2.7 f 0.3 Hz; oxirane-cis vi&al, I.4 Hz; and oxirane-rrans vicinal 
0.6 Hz. The bases for all these effects are discussed. 

THE factors which determine the conformation of cyclohexanoid molecules are by 
now fairly clearly defined and as a result the conformational analysis of such systems 
usually rests on a firm basis The same cannot yet be said about cyclopentanoid 
systems. Early measurements of the entropy and heat capacity of gaseous cyclo- 
pentane. as well as more recent electron diffraction studies, indicate that the molecule 
is puckered. ‘a Puckering of the ring changes the interior C-C-C bond angles and 
thus increases the angle strain but this is offset by the decrease in eclipsing energy 
which results from rotation of the ethanoid units away from the fully eclipsed geo- 
metry present in the planar conformation. In their early calculations of the energies 
of cyclopentanoid conformations Pitzer and DonathZd considercd the two sym- 
metrically puckered forms which result either from twisting one C atom out of the 

l Supported in part by the following grants from the National Institutes of Health: AM-07719. GM- 
13971 and 2Tl-GM-35 Some of these results were presented at the 153rd National Meeting of the American 
Chemical Society. Miami Beach Florida April 1967. For Part XV. see Rd 1. 

7 Author to whom correspondence and requests for reprints shoukl. be addressed. 
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plane of the other four (C, envelope), or from twisting one C atom above and one 
below the plane of the other three C atoms (C,. half-chair, twist*). For these two 
forms the curves of potential energy as a function of the amplitude of puckering 
were essentially identical. The conformations with minimal energy have the geo- 
metries indicated in Fig 1, which shows the dihedral angles and deformations in A 
away from the principal plane of the ring It was further shown that for a given ampli- 
tude of puckering the total energy was independent of the phase angle of puckering. 
Thus for cyclopentane itself. 10 C, and 10 C, forms of equal energy can lx generated 
by “pseudorotation”. around the ring of the phase angle of puckering Similar 
numbers of conformers are possible in furanoid systems e.g., see Hall et aL3* 

28.6 
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FIG 1. Minimalenergy Conformations of Cyclopentane. The inotcated distances in A refer to 

the displacement of one (or two) atoms from the plane defined by the other four (or three) 

atoms. The angles indicated refer to the dihedral angles between cis-vicinal bonds attached 

to the particular ring-bond. The values are those of F’itxer and Donath See text for more 

probable values of the parameters. from recent calculations 

The advent of computer calculations allowed Hendrickson4 to remove the sym- 
metry restrictions which earlier workers had assumed His calculations indicated 
that there were many non-symmetrical conformations of cyclopentane (i.e. all 
C-C-C bond angles and dihedral angles unequal) representing energy wells (i.e. 
local energy %inima”). Altona et UI.‘*~ noted that the torsional angles found in a 
given cyclopentane conformation. including both the experimental values based 
on X-ray data? and Hendrickson’s theoretically calculated forms, were described 
by Eq (1). ‘pj is the ring torsional angle; the parameter (pm is the maximum possible 
torsional angle, and A is the phase angle of puckering, which locates the position of 
maximal puckering in the ring If this equation is 

A 
‘PI = (Pm cos ( ) y+j8 

j = 0, 1,2 3,4; 6 = 144 

generally valid for cyclopentanoid systems, then any conformation can be described 
by the two parameters (P,,, and A and all the dihedral angles can be calculated by 
substitution of j = 0, 1, 2 3, 4. 

l The symmetrical envelope and twist conformations can be described with the nomenclature suggested 
by Hal1.s Envelope forms are designated by a V and twist forms by a T. with sub and/or superscripts to 

denote the carbon atom(s) displaced below or above the principal plane of the ring. 
t These authors5*6 have reported X-ray and other data on ring D of a series of steroids and other 

molecules (in which pseudorotation is not possible), which clearly support the existence of non-symmetrical 

conformations in substituted cyclopentanoid systems. In the compounds they studied. the experimentally, 

determined bond and torsional angles corresponded to unsymmetrical conformations betwu?n C, and C, 

forms. 
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The model shown in Fig 1 is qualitatively correct, but the absolute values which 
are taken from Pitzer and DonathZd should be modified in the light of more recent 
work. Hendrickson’s calculated model4 gives (P= = 44.3” ; recent electron-diffraction 
studies* show pm = 42 f 1”. Valence-force calculationst show that for the C, form. 
41” and 25” are more reasonable than the values shown in Fig 1, and for the CZ form 
the values should be 43”, 34” and 13”. 

The calculations of Pitzer and Donath” and of Hendrickson4 indicated that the 
potential energy barriers in free cyclopentane are negligible, and that actually there 
is probably a continuum of minimal-energy forms which interconvert by pseudo- 
rotation. However, substituents. which change the torsional strain. will increase the 
potential energy barriers which restrict pseudorotation and thus some conformations 
will become stabilized relative to others. Pitzer and Donath” calculated that a single 
substituent which increases two adjacent potential energy barriers would stabilize 
those C, forms in which the substituent is in the most puckered part of the ring. 
whereas a group (e.g CO) which lowers the adjacent potential energy barriers would 
stabilize C, forms, with the substituent in the least puckered portion of the molecule. 
Extension of such calculations to the trans-1,2-dihalogenocyclopentanes’* lo showed 
that CZ conformations, with the halogens in the most puckered part of the ring. 
should be the minimal-energy forms; in these compounds the barrier to pscudo- 
rotation is about 1.2 kcal/mole. The minimal-energy CZ form was however. only 
slightly more stable (ca 02 k&/mole) than the “nearest” C, (envelope) forms (In 
the unpublished valence force studies referred to above, Altona finds that in trans-1.2- 
dichlorocyclopentane the barrier is 151.8 kcal above the uu form. and in both the 
aa and ee forms the nearest C, is O~l(M~l2 kcal above the minimum). These authors 
suggested that restricted pseudorotation, termed “pseudolibration”. may occur 
around the minimalenergy form. The extent of pseudolibration will depend on the 
shape and depth of the potential energy barrier. Ouannes and JacquesBP have also 
reported similar calculations for 3-methylcyclopentanone and for the cIs- and 
rrans-3-methylcyclopentanols. 3-Methylcyclopentanone has a fairly deep (cu 3.6 
kcal/mole) and sharp energy barrier. In contrast, the 3-methylcyclopentanols have 
much shallower and flatter potential energy curves, indicative of a large number of 
conformations which are approximately equivalent energetically. so that extensive 
pseudolibration is possible. The changes in torsionalenetgy terms which result 
from the introduction of a substituent(s) do not depend on the axial or equatorial 
orientation1 of the substituent(s). Microwave studies on pseudorotation in such 
systems have recently been reviewed by Laurie.sb 

The Karplus equation’ (Eq 2) predicts a dependence of the vicinal coupling 
constants on the dihedral angle (PHI The extensive work of Altona et al..” on the 

Jvlc = A cos’ (PH,, - B cos (p,,,, + C 

l W. J. Adams. H. J. Geise and L. S. Bartell. American Chemical Society Meeting Columbus, Ohio. 

1968. Personal communication from Dr. H. J. Geise. 

t Unpublished observations of Dr. C. Altona. 
$ The “axiakquatorial” terminology used in cyclohexane has b&n retained. although in cyclopentanu 

the dihedral angles will not generally equal those in cyclohcxane. If cp is the dihedral angle between cis- 

vi&al bonds. and if there is no angular deformation. then cp,, = cp; q_ = 120” + cp,: q., = 120” - cp,.. 



4432 R. STEYN and H. Z. SALU 

truns-1.2dihalogenocyclopentan~ suggests that in such systems the constants have 
the following values: A = 9.5; B = 0.5; C = 04. The analogy between the polar 
substituted cyclopentanes studied by Altona et aL and the ones we have studied. 
suggests that it is reasonable to use the same values for the constants in Eq (2). 

In conformationally mobile systems. if the rate of interconversion among conformers 
is sufficiently rapid compared to the frequency differences in the chemical shifts and 
coupling constants. then an averaging of these values occurs in the observed spec- 
trum.’ r The coupling constants observed will be determined by : (1) the conformational 
equilibrium; (2) the geometry and thus the J values of the individual conformers. 

i 
A= 180”.+,>0’ A = 180”. 4, < 0” 

$2 = - 4, 

J,. 2 (observed) = f [X,(J,, 2 + J,, 2,)~ + (I - XJY,, t + J,, ,&I 
J 1.2 = XAJ,,) + (1 - X,NJ,,) 

Ji, s (observed) = f CUJ,, , + J,, s.L + (I - X,)(J,, s + J,, ,,),I 
J 1.3 = XNe,) + (1 - X,)(J,) 

Ew. (3) 

Ew (4) 

Jo, = J1203: J.. = J,,(A): 
J.. = J,,(E): Je. = J,,(A) 
I#& = 120” + +,.. : 4J.. = 120’ - @%.. 

0 < 9,. > 60 

FIG 2. Calculation of the Conformational Equilibrium Involving two Envelope Conformers. 
When X the substituent on the out-of-plane carbon atom is equatorial or axial. the con- 
former is named E or A respectively. X, = mole fraction of the A conformer. See text for 
definition of other symbols. and see footnote concerning the use of “X” with different 
meanings. Note that the numbering of the protons in this figure differs from the numbering 

indicated in the various examples in Charts 1 and 2 

For a substituted cyclopentane, existing as an equilibrium mixture of envelope 
conformers in which the substituent is axial or equatorial (Fig 2) the observed H, 
signal will theoreticallyt2 be a 9-line multiplet, with average separations given by 
Equations (3) and (4) shown in Fig 2 If values for the individual coupling constants 
J.,,, J,,, J,,, and J,, are known, it is possible to calculate the conformational equilib- 
rium constant from the observed coupling constants In chair conformers of cyclo- 
hexane, the pairs of adjacent carbon atoms assume a conformation which is almost 
that of fully-staggered ethane. Consequently, for molecules with different X substitu- 
ents.* variations in the .I values of the individual conformers will be primarily. a 

l The authors have considered the potential for confusion that is introduced by using “X” in several 
ways in Fig 2 and elsewhere in this paper. Nevertheless it seems better to use accepted nomenclature. i.e. 
“X” for an electronegative substituent (and H, for the methine proton on the same carbon atom); X, for 
the mole fraction of axial conformers; and ABX etc. to indicate relative chemical shifts of a three spin 
system; than to introduce still another set of terms. 
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function of the electronegativity of X. rJV r4 Often the values of these coupling con- 
stants can be obtained directly from the spectra of related compounds which are 
conformationally homogeneous. However, in cyclopentanoid systems the values* of 
.I,, J,,, J., and J,,, will be a function not only of the electronegativity of X. but more 
importantly of tbe degree of puckering of the ring This puckering will not necessarily 
be the same in different cyclopentanoid compounds, and will depend both on X and 
on any other substituents present in the molecule Therefore, unless one assumes a 
particular geometric model for substituted cyclopentanes, the observed .I,, and J,,, 
will be a function of two unknowns i.e. the extent of puckering and the conformational 
equilibrium. 

I ‘1 ’ ’ I ““I 

1.0 075 0.5 0.25 0 X0 

FIG 3. Dependence of J’ (=.I,, + J,_J on the Dihedral Angle and the Mok Fraction of 

Axial Conformer. For a given value of the dihedral angk 4, the appropriate coupling 
constants were calculated from the Karplus equation in the form given in the text. For each 
+,, J’ was then calculated for the different values of X, from the equation 

J’ = J, + (XdJ,d + (1 - X,)(J,). 
See text and Figure 2 for definition of terms 

In substituted cyclohexanes .I_, and J., may differ by 2-3 Hz, although the dihedral 
angles involved are nearly the same. “* ‘6 Booth”j has rationalized this discrepancy 
as an orientational difference in the effect of an electronegative substituent. such that 
the maximum effect of the substituent on the value of J, coincides with a cruns- 
coplanar system, X-C,-&-H Altona er al.” have pointcd out that since the 
puckering in cyclopentanoid systems is generally smaller than that in cyclohexanoid 
systems. the difference between J,, and J,, will also be smaller; thus, as an approxi- 
mation it can be assumed that J., = J,. On the basis of this approximation. Eq (4) 
shows that the observed J,, 3 (cis coupling constant) is independent of the conforma- 
tional equilibrium An appropriate form of the Karplus equation can therefore be 
used to estimate the dihedral angle cp,. from the ci.s coupling constant. regardless of 
the conformational equilibrium By further assuming that q,,,, = 120” + cp,,, and 
‘p,, = 120” - (pea. one can calculate J, and J,,. Then, from the observed trans 
coupling constant and these values of J, and J,,, it is possible to calculate X, the 

* J, and J, are tk. ci.s coupling constants between vicinal protons with a dihedral angk of cp_: J, is 
the coupling constant between tram vicinal protons with cpU = 120” + et_; and J, is tk coupling constant 
between rrcns vicinal protons with p_ = 120” - fp_. 
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mole fraction of conformer with axial X substituent(s), by Eq (3). In many cases the 
individual values of J,, and J,, cannot be obtained from the NMR spectrum and 
only their sum J’ is known Fig 3 illustrates the dependence of J’ on (ho= and X,. 
The figure shows that if J’ is either quite large or quite small, then a reasonable estimate 
of X,, and cp, can he made. However. if S has an intermediate value, then a wide 
range of combinations of (pea and X,, would be consistent with a particular J’. 

For cyclohexanoid systems it is generally valid to assume that the conformational 
equilibrium involves just two conformers which differ only in the orientation of 
substituents, since the energies of boat and skew forms am considerably greater than 
those of the two chair forms. However, cyclopentanoid systems because of the low 
energy barriers_ can adopt a larger number of conformations Therefore. the NMR 
spectrum can be interpreted only in terms of an “average conformation” character- 
ized by consistent values of A (pm and X, However. if a coupling constant so calcu- 
lated is found to be both unique and maximal. it will of course characterize the con- 
formation of the compound. 

A further ambiguity arises in the interpretation of the NMR spectra of non-dis- 
symetric molecules containing enantiotopic protons.” In such molecules the “average 
conformation” may not correspond to a nondisymmetric form but rather to a DL 

pair of dissymetric conformations In the example shown in Fig 2 if (p2 # cpJ. then 
the protons of each pair, H, - H,, and H, - H,,, would be diastereotopic, and in 
theory the members of each pair should be distinguishable. However, when there is 
rapid conformational interconversion, both protons in a pair will experience the 
same average environment and will therefore appear isochronous and magnetically 
equivalent. in a spin-coupling sense. relative to vicinal protons. Approximately the 
same value of X, is calculated either from the observed average J values by treating 
them in the manner described above for a conformationally nondissymetric molecule. 
or from the more rigorous treatment using all the individual J values indicated in 
the equations in Fig 2 Therefore. it is possible to learn something about the average 
orientation of substituents even when a full analysis is not possible. In such systems. 
however, unless certain assumptions are made concerning the relationship between 
dihedral angles, it is not possible to calculate the individual J values (and the two 
angles cpz and (p3) from the observed coupling constants. 

RESULTS AND DISCCSSION 

Coupling constants and conformational analysis of substituted cyclopentenes and 
cyclopentene oxides 

In cyclopentenes and cyclopentene oxides (Chart 1) the rigidity of the double bond 
or oxirane ring”* ‘O restricts pseudorotation, so that the only possible puckered 
conformations are V4 and V,. For a series of such compounds we have used the values 
of J,, and J,,,, for coupling between methylene protons and vicinal H, protons. 
to estimate the average dihedral angle between the cis-vicinal protons as well as the 
equilibrium between the V4 and V, conformations. The relevant J values and the 
conformations are presented in Tables 1 and 2. 

The coupling constants indicate that the V, or “boat” is the preferred conformation 
for the fused-ring epoxycyclopentane system (Fig 4). These results agree with those 
of McCullough et aLzl who measured the dipole moments of a series of 4-substituted 
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CHART 1. %JBST~TUTIZD CYCLOPENTIMES AND U’OXYCYCLDPENTANiS 
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H, H6 
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X=OH OBz OAc Bf OMe 

cyclopentene oxides and concluded that the boat conformation was generally 
preferred. This same conformation also predominates in a variety of substituted 
bicyclo[3.l.O]hexane compounds which contain a cyclopropyl ring22* 23 in place of 
an oxirane ring The tendency of the substituted epoxycyclopentanes to assume a 
boat conformation cannot be explained consistently in terms of dipolar interactions. 
axial oersus equatorial orientation. or non-bonded interactions involving the sub- 

V,. boat 
i 

V’. chair 

Q d X 

I z I 
I- 

FIG 4. Confonnational Equilibria in Cyclopentenes and Cyclopentene Oxides 
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TABLE 1. CbJPLING COWTANlS AND DERIVED CONFORMATIOW OF SUBSTITUTBD CYCLOPENTENE OXIDE3 

Compound Jcl, J 1.01 J, + J, 
4” 

b&w=) x, 
%V.m 

Boat conformation 

3a 5.2 1.0 6.2 43 0.95 95 
4a 7.3 7.0 14.3 28 0.10 90 
3c 8.5 
4e 7.5 6.7 14.2 26 0.10 90 
3d 8.8 
Sa 7.5 8.8 16.3 26 0 100 
Sb 7.6 8.6 16.2 25 0 100 
6d 5.7 09 6.6 40 @95 95 
7a 15.2 0 100 
8a 15.3 1 100 
7c 15.4 0 100 
8c 4.8 1 100 
7d 15.1 0 100 
8d 5.0 1 loo 
7e 15.5 0 100 
9c 7.5 8.2 15.7 26 0 100 

10 7.5 8.8 16.3 26 0 100 

J values (Hz) refer to the coupling constants between H, protons and vicinal cis- or rrans-metbylene 
protons See Chart 1 for identification of compounds. 4, = dihedral angle between H, and the 
cis-methylene proton. calculated from 

J,, = 9.5 cosx 4, -@Scos&,+O-4 

X, = the mole fraction of conformers in which the X-substituent is oriented axially relative to the 
plane of the ring Values of X, = 0 or 1. and of % V, = 100, shoukt not he taken literally. The im- 
precision of the measurements as well as of the constants used in the equation probably do not allow 
calculation of X, to better than f S-lo%. The values noted, then, were actually in the range where the 
imprecision may actually indicate X, > 10 or < 0. These have heen reported as 1 and 0. respectively. 
For all compounds except 5a the solvent was CDCI,. For 5a the solvent was CDsOD. 

stituent(Q Therefore, the boat conformation of the fused ring system must be of 
considerably lower energy than the chair conformation, and the preferred V, con- 
formation is inherently a property of the ring system. The introduction of a sub- 
stituent can reverse the relative energies, and thus change the conformation only if 
there is unusually large steric or dipolar interaction in the boat conformation which 
is reduced in the chair conformation. 

TABLB 2. COUPLING CONSrANTS AND DERIVED CONFOBbIATIOM FOR SUBSTITUTED CYCLOPENTENES 

Compound J c(J J t,DU J,+J, X, 

la 6.2 3.3 95 37 0.65 
lc 67 2.8 95 33 065 
2a 68 5.4 12.2 32 @36 
2b 7.4 4.2 11.6 27 047 
M 6.2 2.0 8.2 37 080 

Symbols are explained in Table 1. 
Solvent for la and 2a was CD,OD. For other compounds it was CDCl,. 
For compound 2lb in acetone. J,, = J,, = 40 Hz and X, = @67 (see text). 
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The substituted cyclopeutenes differ from the epoxides in two ways: (a) there is no 
a priori preferena: for either of the possible envelope conformations; (b) the nature 
and position of the substituents affect the conformational equilibrium Furthermore. 
as the data in Table 3 show, the conformational equilibrium for the olefins lc and 2d 
is shifted toward the more polar “axial” conformer in a more polar solvent The 
corresponding epoxides, 4c and 66 do not show this effect. indicating much less 
conformational mobility. 

TAISLZ 3. Em~cr OF POLARITY OF SOLVENT ON CONFORbfAl’lONAL EQUILIBRRJM 

Compound 

Cad CD&N 
- 

J cia J IPEW X3 J rfi J I,_ X, 

lc 6.7 FO 067 6.7 2.3 O-76 
4c 7,7 7.0 0.02 I.5 7.1 05 
2d 64 2.4 0.75 6.2 1.6 0.86 
6d 5.2 1.1 0.96 5.5 1.0 @% 

Symbols are explained in Table 1. 

One possible explanation for this difference between the cyclopentenes and the 
epoxides involves the orientation of the oxirane or vinylic protons relative to the 
vicinal protons or substituents Examination of Dreiding models shows that. in planar 
cyclopentene oxide, the dihedral angle, H-C,-C,-H’(cis), is IX 40” (cfFig 5). In the V., 
conformation the angle is increased to ea. SS’, whereas in the V4 confo~ation it is 
decreased to ca 25”, a less favourable geometry. On the other hand in planar cyclo- 
pentene each oleflnic C-H bond bisects the H-C-H angle of the adjacent methylene 
group, producing a dihedral angle of 60’. In either puckered conformation of cyclo- 
pentene one of the C-H bonds on both C, and Cs will becorae more nearly eclipsed 
with the adjacent olefinic C-H bond Therefore, in unsubstituted cyclopentene the 
two possible envelope conformations are equivalent It should be noted however. 
that the internuclear distance between oxirane protons or olefmic protons and 
vicinal methylene protons is considerably greater than that in a saturated ethane 
unit. Consequently, the importance of eclipsing interactions in determining the 
conformation of these molecules is questionable. Indeed, Eliel has stated that “an 
sp2 hybridized atom in planar surroundings is not seriously troubled by bond 
eclipsing”.2b Several lines of evidence have indicated that the electrons of an oxirane 
ring are delocalired,20 and Walsh” has suggested that the oxirane ring carbon atoms 
are approximately sp2 hybridized, as he also proposed for cyclopropane. One repre- 
sentation of the electron density in epoxides is the “bent bond” structure2’ similar 
to that proposed by Coulson and Moflitt 25 for cyclopropane In Fig 5, the shaded 
areas indicate the regions of major electron density about the epoxide bonds in 
accordance with this bent-bond formulation_ McCullough et al.” have proposed 
that the V4 conformation of epoxycyclopentane there is reduced interaction of the 
C4-CJ and C5---II” bonds (Fig 5) with the “bent” C,-C, and C-0 bonds. In 
the V4 conformation these interactions would be increased, and thus this conforma- 
tion would be less favorable. In cyclopentenes, however, rotation in either direction 
results in the same geometry about the double bond and vicinal methylene protons. 
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Cyciopentene Oxides 

Cyclopentenes 

GoI 
H’ (b 3 

H C-1 

9 
C4 

H” 

Planar 

H’ H’ 

H 
H 

A 

Cz 

H” C. 
CZ 

% 
H” $ 

V, 
V* 

Values of 4~. degrees 

Cyclopentene Oxides Cyclopentenes 

Planar V, V4 Planar V4 V4 

40 55 25 60 75 45 
60 75 45 120 135 105 

43 0 15 15 0 15 15 

FIG 5. Newman Projections of Planar and Puckered Cyclopentene and Cyclopentene Oxide. 
The sketches represent projections along the Cs-C, bond with C, in front In all the 
puckered conformations the dihedral angIea (Cs-C,) - (C,--C,) and (C,-C,) - (C,~,) 
are approximately 30”. Regions of high electron-density (the oxirane ring bonds in the case 
of cyclopentene oxide. and the double bond in the case of cyclopentcne) are indicated by the 
thick lines H is the proton attached to C,; H’ and H” are the protons attached to C,. cis 
and tram respectively to C,--H. The dihedral anglea are defined as follows: for cyclopentene 
oxide q& refers to H’-C,-C-H. and I#J> refers to H”-Cs-C,--O. For cyclopentene. 

$Q refen to H’-C,-C,-H. and I#J~ refers to H”--C,-C,-C2. 

There appears to be some restriction of the amplitude of this rotation, since cis vicinal 
coupling is considered to be always larger than trans coupling in these systems.19c-19’ 

Oxirane ring proton coupling constants 
Williamson et a1.,26 studying monosubstituted l,l-dichlorocyclopropanes found 

that the vicinal coupling constants vary with the electronegativity of the substituents. 
and used this as evidence that the electronic properties of the cyclopropane ring are 
intermediate to those of saturated and unsaturated compounds. Coupling constants 
for cis protons in epoxides are significantly smaller than those in cyclopropanes 
although the dihedral angle is 0” in both cases_ This difference is thought to be due 
in part to the decreased electron density about the oxirane carbon atoms resulting 
From the electronegativity of the oxygen. 26* 27 The values of J1, 2 reported in Table 4 
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Compound J 1.1 12.3 (~3 J,. 3 (@WI 

7c 2.8 1.5 
7e 3.0 1.2 
& 2.6 05 
8e 2,4 O-8 
8d 2.6 @6 

6d 
10 3.0 

Average 2.1 1.4 0.6 

’ These are the coupling constants between H, and the adjacent methylene 

protons on C-5. 
See Chart 1 for identification of compounds and numbering of protons. 

agree with the earlier observations that oxirane proton coupling constants are much 
smaller than those in cyclopropane compounds (J,,, = 8-12 Hz) or in saturated 
fused ring systemsI (Jcb = 8-10 Hz) in which the dihedral angle is also 0”. Buss et ~1.‘~ 
have reported an average J of 40 Hz for oxirane proton coupling constants in several 
pyranoid epoxides, and Glotter et al.L(M have reported values of 6 Hz and 4 Hz for 
the oxirane ring proton coupling constants in both 3a-4aepoxy-5a-hydroxy- 
cholestane and in the 5-p-isomer. Smaller values of Ji, z were reported by Jefferies 
et a1.2w in cyclopentanoid epoxides of beyerol, and the same value (average = 2.7 Hz) 
is found in our series. This small value of J may be due to the decreased size of the 
fused ring system_ Laszlo and Schleyer JO have reported that cis olefinic coupling 
constants decrease with ring size. In view of the “partial double bond” character of 
epoxide ringq20* 24 it seems plausible that a similar effect might occur in fused-ring 
epoxides, accounting for the smaller coupling constants observed in cyclopentanoid 
epoxides compared to cyclohexanoid ones. It is also noteworthy that 51,2 for epoxides 
is smaller than for the olefins from which they are derived even though the dihedral 
angle remains at 0” ; e.g. Jefferies et ~1.‘~~ reported values of J = 5.5 for the olefinic 
protons of the cyclopentenoid moiety of the fused ring system, and J = 2-3 for the 
corresponding epoxides This serves to emphasize the importance of bond angle and 
hydridization in determining the size of J, and the danger of relying solely on the 
dihedral angle. 

Collins et ~1.~~’ have reported values of 3.3-45 Hz for the coupling of oxirane 
ring protons with adjacent cis-methine protons in 3-substituted4,5epoxycholestanes. 
Similar values were obtained by Cross 31b for steroidal 5,6-epoxides, although the 
8epoxides consistently showed weaker coupling (J = 2.1-2.7 Hz) than the a- 
epoxides (J = 3.34.1 Hz). In these epoxides the coupling of an oxirane proton with 
adjacent truns-methine or @arts-methylene protons was too small to measure The 
data in Table 4 show that, in cyclopentanoid epoxides, coupling between an oxirane 
proton and a cis-methine proton (J;v3) is smaller than in steroidal epoxides. We have 
also observed small, but measurable, couplings between an oxirane proton and an 
adjacent trans-methine proton (e39 as in Table 4 and Chart 1, compounds 66 8a. 
&, 86 These differences may be due in part to the difference in the size of the 
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carbocyclic ring as noted above for olefms, but differences in the dihedral angles 
between tbe C-H bonds in the two types of epoxides might also account for the 
observed differences. Examination of Dreiding models of the steroidal 4.5epoxides 
shows that in the conformations suggested by the authorP the dihedral angles 
between the oxirane C-H bonds and the vicinal methylenic C-H bonds are 25-30” 
(cis) and 90-95” (tram). In the V, conformation of the cyclopentanoid epoxides (cf. 
Figure 5). the cis dihedral angle is cu 40” and the tram dihedral angle is UI 80”. For 
these approximate dihedral angles. Equation (2) predicts that &-coupling would be 
larger in the steroidal epoxides than in the cyclopentanoid ones whereas the trans 
coupling would be larger in the cyclopentanoid epoxides. Although the relative 
values of the coupling constants observed are in agreement with those predicted. the 
absolute values are consistently lower than predicted from the equation. The equation. 
J = 5.1 cos2 cp- computed by Tori et al.‘lC for vicinal coupling of oxirane protons in 
steroids. also gives values which are much larger than those we have observed in 
cyclopentanoid epoxides. 

Coupling constants and conformational analysis of tri- and terrasubstituted cyclo- 
pentanes 

In contradistinction to the cyclopentenes and oxides in the case of those cyclo- 
pentanoid compounds in which the number of possible conformations is not 
restricted the interpretation of the coupling constants is more ambiguous. We have 
used the values of .I,& and J,_ for couplings involving H, and vi&al cis- and trans- 
methylene protons. to estimate a value of X, in the manner described for the cyclo- 
pentenes and epoxides The calculated values of X, should be considered only as a 
qualitative measure of the average orientation of the X substituents on C3 C, or C, 
relative to the general plane of the ring A large value of X, indicates that on the 
average these substituents are oriented axially. The relevant values of J and of X, 
are presented in Table 5. The data indicate that there is no general preference for the 
substituents on C,. C4 or Cs to assume an axial or equatorial orientation. For 
example in l&t. 14a and 14b the cis-substituents on C3 .and C5 are. on the average. in 
predominantly equatorial positions whereas in lib 13b and 17a the J,,, values 
indicate a larger contribution from conformations in which there are syn-diaxial 
substituents. 

In the case of the all-nuns compound llb. corroborating evidence of the preference 
for conformations with axial substituents was obtained from a different set of 
coupling constants. The signal of the C2 proton is distinct from that of the other two 
O-C-H protons, appears as a triplet, Jsverage = 3.7 Hz (JR_+ = l/2 (Jr2 + J2& 
The average conformation was deduced by assuming that only six conformations 
contribute significantly. of which three (V2. Ti and T:) have the substituents in axial 
or quasi-axial orientation. and three (V,. Ti and T:) have equatorial or quasi- 
equatorial substituents. From the values of cpi (Eq. 1 and Fig. 1) the values of qcn 
cp, and q,,,, for each of the conformations were obtained and the appropriate 
coupling constants calculated by Eq (2). From these theoretical values a trial and 
error method* gave X, = 069. in reasonable agreement with the value of 0.8 

l The same result was obtained whether it was assumed that mok fraction (envelope) = mole fraction 

(twist), or that all three possible axial (or equatorial) conformations contributed equally to the net X, 

(or XJ. 
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CHART 2. TRI- AND TETRMtJBslTllJYEDcoMPouNLS 

H4 

a H31$?jYgH6 BQr 
x x x x 

52 X 

0 \I*/” 

12 13 14 

17 18 

\P’ 
16 

19 

a 

X=OH 

b 

OBz 

X 

20 

C 

OAc 

d 

Br 

21 

e 

OMe 

TABLE 5. CiXJPLING COWTANlS AND AVEXAGE CONFORMATlONAL PREFLUWNCE OF POLYSUBSTWLJ’IED 

CYCLOP@NTANB 

Compound 

llb 
12b 
IL 
13b 
148 

14b 
Acetonides 

158 
1Sh 
14% 
170 
17h 
17d 
l& 
19a 
28 

Jt , 2 

4.1 
5.2 
5.3 

60 
6.5 
6.1 

5.6 
5.4 

J eta J, 

1.5 1.5 
I.4 41 
I.5 6.5 
7.8 4-O 
I.8 7.4 
8.1 7.0 

6.0 93 
63 8.8 
4.7 1.2 
46 2.6 
49 1.1 
6.2 3.2 

Jc+J, (XY 

9Q 08 
11.2 05 
14Q 01 
104 D5 
15.1 0 
153 0 

15.3 0 
15.1 0 
59 1.0 
I.2 D8 
6Q IQ 
7.4 Q-1 

3Q 1Q 
16Q 0 
6-2 ca.09 

Average shape 

chair *boat 
chair 
chair *boat 
chair 
chair 

boat 
boat 
boat 
boat 
boat 
boat *hair 
boat 
boat 
boat 

J values (Hz) other than J,, f refer to the coupling constants between a proton on a substituted ring 
carbon atom and the vicinal cb and trans methylene protons. as deacribcd in the text. The method of 
computing JIe2 for isochronous protons is given in the text. Tk compounds are identified in Chart 2. 

’ 8ee text for discussion d these terms. 
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reported in Table 5. In the case of the corresponding cyclopentene derivative 21b 
only the V’ and V, conformations can exist. With most of the commonly used 
solvents. 2lb gave spectra in which most of the signals were almost isochronous. 
The spectrum of a solution in acetone however. gave well-separated signals. and H2 
gave a triplet J = 40 Hz From this value the mole-fraction of 2lb in the V2 con- 
formation is calculated to be O-67. remarkably close to the value for llb. and suggesting 
that the same factors are operable in both cases. 

These findings agree with the conclusions of the Dutch authors5-’ concerning the 
trans-1.2-dihalogenocyclopentanes and -indans. It would be interesting to know 
whether the presence of polar substituents in trans-1. 2 3-disposition makes the 
potential well even steeper than that calculated for the LZcases and that pseudo- 
libration would consequently be even more restricted. If that were true. the con- 
formational equilibrium would indeed represent mainly the extreme forms indicated. 
rather than a whole range of forms. 

Altona et al.” found that the trans-1.2-dihalogenocyclopentanes exist largely in 
diaxial conformations. The only l-3 syn-diaxial interactions possible for the halogen 
atoms involve a H atom which must be less serious than repulsion between vicinal 
C-Br dipoles In the case of llb and 21b. however, with two large groups 1.3-diaxial. 
the all-axial conformation is still preferred. This shows very clearly the difference 
between the cyclohexanoid and cyclopentanoid series In substituted cyclohexanes. 
conformations with 1.3~syndiaxial interactions are generally unfavorable.2c whereas 
for the cyclopentanoid series. repulsion between vicinal dipoles is more important 
in determining the favored conformation. The difference arises because in cyclo- 
pentanoid compounds 1,3-syn-diaxial substituents are not parallel, and steric and 
dipolar repulsion between such substituents is smaller than in corresponding cyclo- 
hexanoid compounds. Warshawsky and Fuchs3’ reached similar conclusions from 
a study of diphenylcyclopentanols. 

The NMR spectra of all the acetonides listed in Table 5 indicate that the average 
puckering is such that the fused dimethyldioxolane-cyclopentane ring system 
approximates an overall end& or boat shape in which C4 of the cyclopentane ring 
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is rotated towards rather than away from. the dioxolane ring. In compounds 17a 
and #) conformations of this type could be stabilized by intramolecular H-bonds. 
but this would not be possible in the other molecules. It is difficult to assess whether 
this apparent consistency in the average shape of these acetonides is a consequence 
of the particular substituents in these compounds or whether it is characteristic of 
this fused-ring system. 

If the symmetrically substituted compounds listed in Table 5 actually existed in 
either the V, or V4 conformations then the dihedral angle cpo for H,-C,-C,--)I2 
would be 09 and Jlv2 should be cu 94 Hz The values of J,,, are much smaller than 
this and indicate that rp, is greater than 0”. On the other hand if these molecules 
existed as a DL pair of the enantiomeric conformers Ti and T:. with a dihedral 
angle rpo of 35-46” (corresponding to the observed J,,, values) then the dihedral 
angles rp, and tpP between the H, protons and adjacent cis-methylenic protons 
would be 1 l-15” (from Eq 1). This would give Jcb. cu 85-94 Hz and J,,,, ca 3-O-3+ 
Hz. The observed values of Jcls and J,,,,,,, are consistently outside the range predicted. 
and indicate that the average dihedral angle is greater. Therefore. these symmetrically 
substituted cyclopentanes do not appear to exist exclusively in one of the conforma- 
tions (V, V*. or the DL pair T: and Tf) in which the puckering of the ring is sym- 
metrically oriented relative to the substituents. 

In rigid systems an electronegative substituent generally exerts a greater de- 
shielding effect on a trms vicinal proton than on a cis vicinal proton.13* l4 This 
generalization appears to be valid for most of the cyclopentanoid compounds which 
we have studied.33 but not for 3a 3c 3d and 16b (see Table 6). In the spectra of these 
four compounds the signal for H, (H& lying &WI.S to the C, electronegative sub- 
stituent. is either upfield to or overlaps the signal of the cis protons H, (H,). The 
assignment of the methylene signals in 3a and 16b was made on the basis of de- 
coupling experiments which showed that the upfield methylene proton was strongly 
coupled to H, and that the downfield methylene proton was only weakly coupled 
to H,. Also. in 16b the upfiekl methylene proton is coupled to the dioxolane bridge- 
head protons. whereas the downfield methylene proton is not. Small or zero couplings 
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TABLE 6. hOTON CHEM~CAI. !+WFlS OF SVMME~CAL CYCLoPBNlFNe OXID= AND CVCLOPENTANETRIOL 

Di?RIVATWTS 

Compound 6H, bHs 6H, 6Hs ASH, A6H+ A&H, AaH, 

38 3.63 1.92 2.15 4.07 
4a 348 160 2.47 4.09 

+@32 -0.32 -t-k55 +e55 

3c 352 214 2.14 5.23 
4c 3.62 1.69 2.62 4.84 

+ 045 -0.48 - 0.48 + 0.45 

16b 4.73 2.04 2-37 5.38 
l5b 4-12 1.30 2.45 551 

+ 0.24 -O#it -0.41 -k@57 

36 3.65 ca.2*55 ca. 255 4.35 
150 463 153 2.16 446 

See Charts 1 and 2 for identification of compounds and numbering of protons. 
A&H, = difference in the chemical shift of H, in corresponding cis- and ttans-isomers @,,-&,a. 
Similarly for A&H,. Values are in parts per million. 

H, = vicinal methylene proton ci.t to H,. 
Ha = vicinal methylene proton trans to H,. 

AdH* = the differena in chemical shifts to H, in corresponding cis- and fruns-isomers (b,,-S,,,). 
Similarly for A&H,. 

between vicinal protons trans to dioxolane bridgehead protons have been observed 
in several systems.33-3s 

The chemical shift data for these compounds can be rationalized with the earlier 
observations on the angular dependence of deshielding by electronegative sub- 
stituents. if each pair of cis-tram isomers is considered together. Thus. in the spectra 
of the isomers in which the protons are truns to the C-4 electronegative substituent 
the H, and H,, signals are downfield with respect to their positions in the spectra of 
the isomers in which the protons are eis to the substituent (M H3 and A8 H4 in 
Table 6). Apparently. both the oxirane and dioxolane ring more strongfy deshield a 
vicinal proton cis to the ring (H4). than a proton aans to the ring (H3). The deshielding 
effect of the C., electronegative substituent is su~impo~ on this effect of the fused 
ring The data for the unsymmetrical compounds listed in Table 7 further illustrate 
this phenomenon. In each pair of cis-tram isomers the H, signal is farther downfield 
when the proton is cis to the oxirane or dioxolane ring than when it is truer (A4 H3). 

TABLE 7. CHEMICAL SHIFTS OF UMYMbfETRICAL CYCLOPENTiiNE 

OXIRANE AND ff~PF~A~~OL DERWATIVRS 

Compound 

8si 3.54 3.39 4.29 
7s 3-46 3.46 4.26 

+003 

8c 356 3.49 524 
7c 3.45 358 508 

+Q16 

&f 3.62 3.68 4.40 
7d 3-59 359 4.20 

+ 0.20 

l%n 4.73 4.33 413 
19a 4.59 438 3.81 

+032 

See Charts 1 and 2 for identification of compounds and numbering of protons. 
A&H, = the diierenoe in chemical shifts of Hs in corresponding cis- and nuns-isomers (df,(P(-&& 
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If one considers the rings as electronegative substituents then their apparent effect 
on the relative chemical shifts of vicinal c& and truns protons is opposite to that 
usually observed. 

Unless the cyclopentane ring is in a planar conformation the various protons will 
be oriented differently relative to the C-C bonds of the ring and thus differential 
shielding effects might be observed due to the diamagnetic anisotropy of the C-C 
bonds themselves.36 As indicated earlier. the cyclopentane epoxides exist pre- 
dominantly in the V, conformation in which a vicinal proton aans to the oxirane 
ring is quasi-axial and a vicinal proton cis to the oxirane ring is quasi-equatorial 
(Fig 4). Although the conformations of the acetonides are not as welldefined. on the 
average the same geometry appears to apply to the protons vicinal to the dioxolane 
ring in these compounds. Thus Mi H, in the unsymmetrical anhydrotriols and 
isopropylidene triols and A6 H, and A& Ha in the symmetrical ones correspond to 
the difference in chemical shifts of axial and equatorial protons. The range of S,, 
observed in these compounds is O-03-0*55 ppm. In cyclohexanoid systems the range 
of S,, which has been observed is 0*13-0*55 ppm.37* ‘* Therefore, the relative chemical 
shifts observed for protons vicinal to an oxirane or dioxolane ring in these cyclo- 
pentanoid compounds are consistent with the generalization derived from cyclo- 
hexanes that axial protons are more shielded than corresponding equatorial protons. 
The puckering found in the cyclopentane derivatives is smaller than that in cyclo- 
hexanes, and thus 6, would be expected to be smaller. However, it seems unwise to 
ascribe any particular shielding or deshielding effect to the oxirane and dioxolane 
rings on the basis of a qualitative interpretation of these data The apparently greater 
shielding of a vicindl proton truns to these fused rings may simply reflect the con- 
formations of these compounds rather than some special shielding property of the 
oxirane and dioxolane rings. 

EXPERIMENTAL 

The syntheses of all the compounds discussad have been reported in previous publications.3941 
NMR spectra were determined on 510% solns with Vatian Associates A-60 or HA-100 NMR Spectro- 

meters TMS or sodium 2.2-dimethyl-2-sikpentane-S-sulfonate was used as internal reference. 
The assignment of the various NMR signals to specific protons was based on chemical shift values. 

integral ratios the relative magnitude of various coupling constanta and doubk irradiation experiments. 
In the case of the unsymmetrical anhydrotriols. the assignment of H, and Hz was based on the assumption 
that the vicinal coupling constant Js, s would be greater than the long-range coupling constant J,, s. For 
those compounds in which the signals of the methykne protons overlap or in which the methyknic region 
of the spectrum is too complicated to anaIyze, only the sum J,, + J,_ measured from the H, signal. has 
been reported. In the case of the sytnrnctrical compounds included in Table 5. the coupling constant J,. z. 
between the isochronous nuclei H, and H,. was obtained by the analysis outlined by Popk. Schneider 
and Ikrnstein4’ for AAXX’ spin-systems with J A*’ = 0 Hz Exczpt in those cases for which imputation 
was actually carried out. the values ofl are tirst-order, obtained by direct measurement of spectra recorded 
with an expanded sweep width. 
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