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I. Scope

Interest in the high-resolution 'H NMR spectra of cyclic olefins
originates from various sources. Besides the aspect of basic
structure determination that certainly ranges among the most
important applications, the conformational analysis of cyclic
olefins has been tremendously advanced through the information
obtained from chemical shifts and spin—spin coupling constants.
In addition, these parameters are dependent on the electronic
structure of the individual systems and valuable details about
chemical bonding became available.

On the other hand, the NMR spectra of cyclic olefins with
known stereochemistry have served as an important source of
experimental data that paved the way for a better understanding
of the mechanisms which determine chemical shifts and cou-
pling constants of protons in organic molecules. Empirical

NMR/chemical structure correlations could thus be established
and theoretical investigations were stimulated.

Besides these static parameters related to molecular ge-
ometry and bonding, the sensitivity of the NMR method to in-
tramolecular rate processes has led to a wealth of information
related to the dynamic properties of molecules, including con-
formational equilibria as well as valence isomerizations. The
temperature dependence of the spectrum has thus been studied
for many systems.

It is therefore not surprising that a large number of NMR in-
vestigations dealing with cyclic olefins has appeared in recent
years, and as a first step in an attempt to summarize the results
obtained this review covers work concerned with cyclic mo-
noenes. The emphasis lies on simple cycloalkenes and their
benzo derivatives, but unsaturated ketones, heterocycles, bi-
cyclic compounds, and cycloalkynes are treated as well though
less exhaustively. The main interest is focussed on high-reso-
lution NMR work in isotropic solvents; however, investigations
on systems partially oriented in the nematic phase are also in-
cluded. Structural and theoretical work dealing with the specific
systems is cited. In cases where F NMR work contributed
significantly to our knowledge of structure and conformation,
these investigations have also been included, whereas '3C NMR
work is generally not considered.

The material is arranged in main divisions following ring size.
Since there are practically no investigations that treat rings larger
than cyclodecene, this compound quite naturally sets the limit
for our survey. The main accent was put on those papers that
are primarily concerned with the NMR spectrum of the individual
compounds and where efforts have been made to measure the
NMR parameters of the system as accurately and as completely
as possible. On the other hand, many data of general interest are
contained in references dealing with aspects of synthesis or
reaction mechanism, and these sources have been cited fre-
quently, but no attempt was made to cover them completely.
Also, for data of trivial nature, the reader is referred to compi-
lations of NMR parameters. -3 Efforts have been made to screen
the literature as thoroughly as possible, including journals re-
ceived up to the middie of 1976. Work that appeared or came
to our attention past this date is collected in the Addendum that
should be consulted by the reader paralle! to the main text. Even
so we are aware of the possibility that we may have missed
some important articles, and apologies are made for these
shortcomings in advance.

Structural formulas are given for ali compounds whose NMR
spectra are discussed in some detail. Particular protons are in-
dexed by numbers or letters that are used in turn to identify the
NMR parameters. The numbers generally do not conform with
the labeling of the carbon skeleton laid down by chemical no-
menciature. If for a particular compound two or more parameters
are identical for reasons of molecular symmetry, only one of
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them is listed in the table. Chemical shifts are given in ppm on
the 6 scale with positive values downfield from the reference
signal, if not stated otherwise that of tetramethylsilane (TMS).
Coupling constants are in Hz. Those cited to two decimal places
are believed to be reliable within 0.1 Hz or less; other data may
be in error by 0.2 Hz or more.

Quite naturally, the quality of the various contributions to the
field differs widely, and the amount of material presented could
have been easily reduced by a factor of 0.5 or so if a strict
standard as to the accuracy of the experimental and theoretical
work would have been followed. Most authors do not give ex-
perimental errors for frequency measurements and in many
cases poor spectra are reported. In addition, first-order treat-
ments are still popular in cases where with some extra effort
more reliable data could have been obtained. On the other side,
one must admit that in a number of cases even the most quali-
tative information from a poorly resolved spectrum may be of
chemical interest and of importance for a specific problem. We
therefore refrained from ignoring such sources completely. We
would, however, like to stress the need for accurate work and
refer to the discussion of details connected to experiment and
to the theory of spectral analysis given by Abraham.* Also, an
astonishingly large number of papers does not quote experi-
mental details like the concentration of the solution used for the
measurement.

Il. Related Reviews

Several reviews treating materiai closely related to the present
subject have appeared. Of special interest are Sternhell’s dis-
cussions of H,H coupling constants in general®® and the survey
of H,H long-range coupling constants given by Barfield and
Chakrabarti.”

The results of conformational analysis of seven-membered
rings have been treated by Tochtermann,® and an extensive
account of the NMR work on cyclopentadienyl compounds has
been presented by Sergeyev.? The NMR investigations of con-
formational changes in general have been surveyed by Thomas©
and Sutherland," and a recent monograph on *‘Dynamic NMR
Spectroscopy’’ 12 contains reviews by Binsch on NMR band-
shape analysis and by Anet on the conformation of ring com-
pounds. The R-value method, developed to derive information
about the geometry of cyclic compounds from H,H coupling
constants, was discussed by Lambert,'® and the numerous data
obtained for annulenes {only of peripherical interest in the
present context) have been collected by Haddon, Haddon, and
Jackman. The NMR spectra of simple heterocycles are the
topic of a thorough treatment by Batterham, s and most of the
material discussed there is not included in the present survey.
Finally, the theoretical methods used to calculate spin-spin in-
teractions that are relevant to our discussion have been reviewed
by Barfield and Grant' and by Murreil.!”

Illl. Introduction

Before starting to present the results obtained for individual
systems in detall, it seems practical to discuss some general
aspects of chemical shifts and spin-spin coupling constants for
protons in cyclic olefins.

A. Chemical Shifts

In the absence of special substituent effects the diamagnetic
anisotropy of the double bond will be the dominating factor that
influences the resonance frequencies. It is generally agreed
today that protons above or below the plane of the double bond
and near the z axis (1) are shielded, whereas deshielding exists
in the x,y plane. The calculations, 89 the results of which have
been presented in graphical form,? disagree with respect to the
sign of the effect near the x axis, where shielding'® as well as
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deshielding'® has been predicted. Only the second alternative,
however, seems supported by the majority of the experimental
findings. In buta-1,3-diene (2), existing predominantly in the s-
trans conformation,2%-21 the protons near the x axis of the second
double bond are deshielded.?? Similar results are found for the
inner protons of the diene systems of cyclopenta-1,3-diene (3)
and cyclohexa-1,3-diene (4).23
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In still another calculation24.25 it was found that shielding in-
stead of deshielding might also occur in the x-y plane of the
double bond. To substitute the older picture for the shielding cone
of the C==C bond (5a),2° model 5b was proposed. [t should be

+
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remembered that shielding cones of type 5a or §b with an
opening angle of 109.4° apply only for groups with axial sym-
metry. In the present context they are simplified representations
of the true anisotropy effect of the CC double bond.] However,
since in only 6 out of 21 experimental data used for the evalu-
ation of the diamagnetic anisotropies of the double bond the
contribution of the double bond to the shielding was predominant
and since none of these came from protons near the y axis, it
seems premature to discard 5a in favor of 5b. On the contrary,
the chemical shifts for 2, 3, and 4 strongly support model 5a. In
2 the central protons that come close to the y axis of the second
double bond are the most strongly deshielded. In going from 4
to 3 H(1) moves to the y axis of the opposite C==C bond, and
again deshielding is observed. Other examples will be cited in
section IV.A.

From the numerous cases of protons situated in the shielding
region near the z axis of the doubie bond, a few examples from
the class of cyclic olefins are cited to demonstrate the effect.
In cyclohepta-1,3,5-triene (6) the 3,4 double bond is responsible

5-042 5142
5144 H H H
5288
H
/
AN
6 7

for the shielding of the quasi-axial methylene proton,?? and in
the norcaradiene system?8.22 (7) a large shift difference for the
cyclopropane protons results from the combined effect of the
two double bonds. Of special interest are the observations made
for the norbornenes.3%3" In syn-7-methylnorbornene the CHg
resonance is shifted to higher field by 0.09 ppm as compared
with the same resonance in the anti isomer.3 In hydrocarbon 8
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the syn proton at C(7), however, is deshielded with respect to
the anti proton, whereas the same proton is shielded in a pair
of syn- and anti-substituted norbornenes®° (9, 10). Predictions

6132 51.08 8375 4353
HS; EHa HO; EHa HS; EOH
8 9 10
as to the sign of the anisotropy effect are, therefore, difficult to
make, if the proton considered is located near the borderline
between the shielding and the deshielding region of the double
bond. This uncertainty is due in most cases to an insufficient
knowledge of the molecular geometry, and occasionally to the

small magnitude of the effect in this region and to the approxi-
mate nature of the calculations.
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Other examples of similar unexpected deshielding effects of
the double bond are provided by compounds 11 to 14.%2 An
explanation for the surprising downfield shift of the bridge
methylene resonance in 12 as compared to 11 is offered by the
assumption that the anti proton is deshielded by the double bond
more strongly than the syn proton is shielded. If this is true, the
assignment 6(Hgyn) = 0.25 and 0.20, 6(Hgny) = 0.45 and 0.75 ppm
for the bridge protons in 13 and 14, respectively, results. Con-
sequently, for these protons in 12 an overall effect of Aj =
+0.25 ppm is predicted if similar geometry is assumed, in per-
fect agreement with the experimental observation.
Special situations arise in cases where steric compression

leads to large deshielding effects. An example was found with
compound 15 and the corresponding ketal, where H? resonates

O
15

at 6 2.44 and 2.55, that is, 1.38 and 1.49 ppm at lower field than
the anti-methylene proton in norbornene, despite its location near
the z axis of the second double bond.33 A strong van der Waals
interaction34 between the hydrogen 1s orbital and the 7 cloud
of the double bond was invoked to explain this observation. Hs,
on the other hand, is shielded by 0.38 and 0.43 ppm, respec-
tively, and it seems reasonable to assume that the electron
density is raised at this position as a consequence of the van der
Waals effect. Also, the steric interaction may force H® closer
to the z axis of the C(1)==C(2) bond.

For substituted derivatives, additional shielding effects of the
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various groups present (anisotropy, ring current, electric field,
and van der Waals effects®) have to be considered to account
for the observed chemical shifts. Substitution at the r system
will furthermore influence the w-charge density at the carbon
atoms, and this effect may be evaluated using the empirical
relation

Ao = KAQ,

where Ao is the change in the proton shielding constant, AQ,
is the excess charge density, and K is a proportionality constant
with a magnitude in the order of 8-12 ppm/electron.35-40

In the case of fully conjugated cyclic  systems, the ‘ring
current effect’” has a major influence on the proton resonance
frequencies, and this aspect has been discussed in detail.'4 Both
diamagnetic*! and paramagnetic*? ‘ring current effects’” have
been theoretically predicted and experimentally verified in cases
of delocalized (4n + 2) and (4n) m systems, respectively, thus
making proton NMR one of the most powerful methods for the
elucidation of the electronic structure of cyclic unsaturated
compounds. The magnetic behavior of annulenes as well as
cyclic olefins was also the object of susceptibility measurements
by the NMR method*® and of studies concerned with specific
solvent-solute interactions, where solvent shifts of the proton
resonance frequency in chloroform## or acetonitrile*® have been
employed to detect magnetic anisotropies.

B. H,H Coupling Constants

Spin-spin coupling constants between protons in cyclic
olefins are expected to yield a great deal of information con-
cerning structure and conformation. Indeed, cyclic olefins have
been used frequently to demonstrate certain relations that exist
between the magnitude and sign of the coupling constants and
the molecular geometry.46

In the case of vicinal coupling, the dependence of 3J on the
magnitude of the HCC valence angles*’ became clear from the
observation made for cyclic monoenes, where increasing values
for 3J across the double bond have been found with increasing
ring size:48-51

H H H y

X0

H H

s 13 29 56 10.1

In addition, cyclic olefins were used to derive the equa-
tion52.53

3) = —35.10R,, + 56.65

that correlates vicinal coupling constants across the double bond
in six-membered rings with the CC bond length R,,,. Using HMO

bond orders £,,,, the relation

3J=7.42P,, + 2.69

was found®? to hold for olefinic systems of this particular ring
size. Data for fulvenes, on the other hand, led to

8J = —32.26R,, + 48.45

suitable both for isolated and for conjugated double bonds.54
On the basis of these correlations between 3J and CC bond
length or 7 bond order (also proposed theoretically#”:55 and first
established experimentally for benzenoid aromatics58), many
important informations about the ground-state properties of
cyclic m systems have been obtained. In particular, the alter-
nation or nonalternation of vicinal coupling constants on
neighboring HC=CH fragments may be used in suitable cases
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TABLE I. Survey of 'H and *C NMR Parameters of Cycloalkenes®

Ring size¥ 8(=CH) (=CCH,-) 8(=CCCH,) SHHC=CH) 'J=13C-H) 8(="13C-) 8(=C-"3CH,) Lit.

3 7.01 0.92 1.3 228.2 108.7 23 b-d

4 6.03 2.57 2.85 170 137.2 31.4 d-f

5 5.60 2.28 1.90 5.57 161.6 130.8 32.8 dgaf

6 5.59 1.96 1.65 10.11 158.4 127.4 25.4 dgf

7 5.71 2.11 1.62, 1.49 11.02 156.2 132.7 29.6 d.gf

c-8 5.56 2,11 1.50 10.41 156.0 130.4 26.0 dgf
t-8 5.40 16.0 151 h,i
c-9 : 10.7 j
t-9 5.2 h
c-10 5.36 10.8 Ji
t-10 5.43 15.1 J

a Chemical shifts refer to tetramethylisilane as standard. © Reference 90. ¢ Reference 83. ¢ Reference 102. ¢ Reference 110. ! Reference 84. ¢ Reference

51. " Reference 85.  Reference 479. / Reference 49. ¥ ¢ = cis; t = trans.

to distinguish localized (olefinic) from delocalized (aromatic or
anti-aromatic) cyclic 7 systems.57-59 In an extension of the
earlier approach,58 the vicinal H,H coupling constants in the
benzene ring of benzo[n]annulenes are now used to determine
the electronic ground-state properties of the respective [n]-
annulenes.60.81

Turning to long-range coupling constants, we find that, in
particular, the magnitude and sign of the allylic coupling “Jyans
and its dependence on conformation have been evaluated using
experimental data derived from the NMR spectra of cyclic ole-
fins.62.63 Recent MO calculations®4 using the INDO method®5
are in good agreement with the experimental results. The same
is true for the homoallylic coupling constant 5J, whose depen-
dence on geometry has been investigated in detail.%¢ Calcula-
tions®” for H,H coupling constants in several cycloalkenes
performed with the finite pertubation method®® within the INDO
approximation®® substantiate all these findings and demonstrate
that this approach is a reliable tool for the interpretation of ex-
perimental results.

In this review, vicinal coupling constants will be discussed on
the basis of the Karplus theory.47-¢® For long-range couplings,
the o— separation modei”’°-72 will be adopted since the inter-
pretation of experimental data from unsaturated compounds in
terms of separate contributions by the ¢ and = framework, X(o)
and J(), respectively, has proved successful. The usefulness
of this concept has been convincingly demonstrated by inves-
tigations dealing with acyclic polyenes.” A correction of the
older theory,’2 however, was found necessary.’477 The «
contributions to H,H coupling constants are characterized by”3
(1) independency of configuration, i.e., for 2 4Jge(m) = *Jyrans(T);
and (2) by the observation that the replacement of a hydrogen
atom in a C(sp?)-H bond by a methyl group changes the sign of
J() but only slightly the magnitude.”® More recently, /() is
evaluated using MO theory and comparing results of calculations
performed with INDO and CNDO/2 wave functions or INDO wave
functions obtained with partial neglect of one-center exchange
integrals.’®:89 In the CNDO/2 method®® one-center g7 ex-
change integrals that transmit electron spin information from
the o to the ™ system are completely neglected. Thus, the dif-
ference JeaicdINDO) — Jeaicl CNDO/2) allows an estimate of the
w-electron contribution to the particular coupling con-
stant.65.79

In addition to the conventional allylic and homoallylic
w-coupling path, characterized by spin correlations of types 16
and 17, respectively, spin correlations of type 18 and 19 will
contribute to the coupling in conjugated systems. These
mechanisms have been termed ‘“‘vinylic”'®! or A1r)eon®? and were
first considered in aromatic compounds by McConnell. 7071

In the following text the notation used for H,H coupling con-
stants complies to the present usage. "J stands for coupling over
nbonds and "Jgs and "Jyans designate coupling between protons
in a cis or trans arrangement at a double bond or a single bond

H.‘%L%'_‘;_H Lol ;g'_'e_H
16 17

HR A
18 19

in a conformationally rigid compound with dihedral angles near
0 or 180°, respectively; Jaa, Jae: Jeo d8sCribe couplings of
protons in axial and equatorial positions.

The terms “axial’’ and “‘equatorial”, while strictly applicable
only in the cyclohexane system, are used to describe stereo-
chemically similar situations in other ring systems, usually with
the prefixes ‘‘quasi’ or “‘pseudo’’.

Finally, as an introductory survey, the NMR data of cycloalk-
enes, including 3C chemical shifts, are presented in Table {. In
addition, reference is made to a '%F NMR investigation of various
fluorinated cycloalkenes.8¢

V. Individual Compounds
A. Cyclopropene

Because of molecular C,, symmetry, the protons of cyclo-
propene (20), whose structure has been determined by electron
diffraction®” and by microwave spectroscopy,38? give rise to
a classic A,X, system with 6(1,2) 7.01, 6(3,3') 0.92, and J(1,3)
= 1.75 Hz.99 The magnitude of 1,2) was obtained from the '3C
satellites of the olefinic protons, which yielded 1.3 Hz for this
interaction and in addition 'J(13C, 'H) = 226 Hz; 228.2 Hz was
measured for the same constant in the '*C NMR spectrum of
20.%% From these experiments it was not possible to deduce the

H! H3

%
H2
20

magnitude of the geminal H,H coupling constant as well as the
sign of this and the other spin,spin interactions, and these pa-
rameters remain unknown. For 1-methylcyclopropane 'A'3C,H)
= 172 Hz was found at the CH; group,®? whereas '3C NMR again
yielded a slightly different value (169.0 Hz).83 The other one-bond
13C, ™H coupling constants for 20 and its 1- and 3-methyl deriv-
ative are as follows:8% 20 C-3 167.0 Hz; 1-Me-20 C-2 224.7 Hz,
CH; 129.0 Hz; 3-Me-20 C-1 224.0 Hz, C-3 162.4 Hz, and CH;
124.5 Hz.

NMR data for a number of methyl- and chloro-substituted
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TABLE lIl. NMR Data of Cyciopropenes and Cyclopropenones

Chemical Reviews, 1977, Vol. 77, No. 4 603

Compound Solvent 8(1,2) 8(3,3") 8(CHa) 1,2) H1,3) 1413C, H)a Ref
Cyclopropene Neat 7.06 0.93 1.3 1.75 226, 228.2 83, 90, 102
CCl,! 7.01 0.92
1-Methy!- 6.40 0.83 2.13 224.7 83, 92
3,3-Dimethyl-® 7.32 1.15 221 91, 93
1,3,3-Trimethyl- ¢ 6.65 1.06 (6 H); 218 91,94
2.00 (3 H)
1,2,3,3-Tetramethyl- 0.99; 1.90 94
1-Chloro- CCl, 6.65 1.61 1.5 95
3-Chloro- CCly 7.57 4.23 1.5 95
1,2-Dichioro- CCly 2.07 95
1,3-Dichioro- CCly 7.20 4.48 95
3,3-Dichloro- CCl, 8.00 239+ 2 95
1,3,3-Trichloro- CCl, 7.67 240 2 95
1,2,3-Trichloro- CCly 4.72 95
1,2-Diphenyl- CDCl3 1.52 96
Cyclopropenone CDCl3 9.08 3.9+0.1 217 £ 1 97
H>S0,49 1.3+ 0.1 250 97
1-Methyl- CCly 8.66 2.40 213+ 4 d
1,2-Dimethyl- CClg 2.25 d
1-n-Propyi- 8.68 e

2 Qlefinic position.  JCH3,H) = 0.7 Hz. ¢ Allylic JCHg,H) = 1.1 Hz. 9 Reference 99. ¢ Reference 100. / 15% v/v. ¢ Concentrated.

cyclopropenes have been reported,®2-% as well as those for
cyclopropenone,®” where earlier data®598 were in error (Table
.

The unique position of 20 among the cycloalkenes is apparent
from its chemical shifts, where additional factors cause an up-
tield shift for the CH, resonance of 1.65 ppm and a downfield
shift for the ==CH-resonance of 0.98 ppm if cyclobutene is taken
as reference. A ring current effect within the ¢ skeleton, which
received new experimental support in the case of cyclopro-
pane,’° was proposed as the origin of these shifts. 92 It was also
suggested® that at least part of the deshielding of the olefinic
protons is due to the higher s character in the CH bonds. From
TJX('3C, H) one calculates approximately 44% on the basis of
the empirical Muiler-Pritchard relation. 103

Compared to cyclopropane, the CH, protons of 20 are de-
shielded by 0.7 ppm. Assuming similar shielding contributions
from the ¢ bonds in both three-membered rings, this additional
effect can be ascribed to the diamagnetic anisotropy of the
double bond in 20. An angle of 64° between the z axis and the
vector leading from the midpoint of the C—=C bond to one of the
methylene protons is calculated from the structural data.8®
Deshielding is thus expected according to model 5a, in agree-
ment with the experimental findings.

The existence of a diamagnetic ring current in 20 has also
been postulated on the basis of microwave studies 194 that led
to the determination of magnetic anisotropies Ay (out-of-plane
minus average in-plane magnetic susceptibility) of several
three-membered ring compounds from the measurement of their
molecular Zeeman effect (Table Ill). These data suggest additivity
for Ax contributions originating from the cyclopropane o skel-
eton and the double bond. They support, therefore, the analysis
of the proton chemical shifts in 20 given above.

Compared to 20, the olefinic protons in cyclopropenone are
less shielded by 2 ppm, a result that is most likely due to the
combined effect of: (a) the diamagnetic anisotropy of the car-
bonyl group, (b) the partial positive charge induced in the 2,3
positions, and (c) the electric field effect caused by the dipole
moment of 4.39 D. Finally, the high-field shift found for the ole-
finic resonance in 1-chlorocyclopropene was attributed to the
large CCCl angle that exists in the three-membered ring (150°),
since the proton is now in the diamagnetic shielding region of
the C-Cl bond.%5

In an investigation of the conformational behavior of primary
and tertiary cyclopropenylcarbinols using vicinal coupling and
pyridine-induced solvent shifts, it was found that conformation

TABLE Hl. Magnetic Susceplibility Anisotropies Ay of Three-
Membered Rings %4

Ax, 1078
Compound erg/(G2 mol) Ref
Cyclopropane -10.0 a
Methylenecyclopropane —16.6 £ 0.6 b
Cyclopropene —17.0£ 0.5 a
Cyclopropenone —-17.8+ 1.0 104
Propene —6.4+ 0.8 c

a Reference 105. ? Reference 106. ¢ Reference 107.

R
R, OH R, 1

21 22 23 24

21 is the least favored. 98 No definite results with respect to the
rotation around the C-0 bond could be obtained from 3J(HCOH).
Substituted methylenecyclopropenes of type 22 were synthe-
sized'%? in order to study rotational isomerism about the exo-
cyclic double bond. From the temperature-dependent NMR
spectra activation barriers AG¥ of 14.0 to 21.0 kcal/mol were
determined at the coalescence temperatures. Steric and elec-
tronic factors determining the barriers were discussed. Finally,
the scattered NMR data for azirine (23) and diazirine (24) have
been summarized, and evidence for the shielding properties of
the diazirine ring is available. 5

B. Cyclobutene

The spectrum of cyclobutene (25) shows two sharp lines at
6 2.57 and 6.03, indicating deceptive simplicity. Analysis'1° was

H' H4
'II/H "
H3
H2 K
25
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TABLE IV. NMR Parameters of Cyclobutene?

{a) Chemical Shifts (CCl4)

8(1,2) 6.03 5(3,4) 257
(b) Coupling Constants

J1,2) +2.85 JO3CHY 170
J1,3) —0.35 (—1.00)2 J(RC,H3) 140
J(1,4)  +1.00(0.35) J13CCCH") — J(13CCH2)  +4.0
J3,8) —12.00 J(13CCCH4) — A13CCHS) +7.0
J(3,4) +4.65

J3,4'y  +1.75

a Alternative assignment.

performed using the '°C satellites of olefinic and methylene
protons as well as information obtained from di- and trideuterated
species. The results are given in Table IV.

The calculated spectrum was sensitive to the difference of
the long-range '3C,H coupling constants but was not affected
by an interchange of J(1,3) and J(1,4) in combination with a sign
reversal. The assignment given for these parameters is based
on the observation that in the spectrum of the mixture of
1,3,3-trideuterio- and 2,3,3-trideuteriocyclobutene the CH, ab-
sorption at higher field shows a smaller splitting than that at lower
field. Because it is known that deuterons exert generally a
shielding effect on neighboring protons,'! the high-field ab-
sorption was assigned to the 1,3,3 isomer.

A reasonably good fit between calculated and observed
spectra was also obtained using the combination J(1,3) = +0.3
and J(1,4) = —0.9 Hz. This solution can, however, be discarded
since the positive sign of vicinal coupling H,H constants is well
established.®

The proton spectrum of 25 oriented in a nematic liquid crystal
solvent has also been analyzed, "2 and the geometry obtained
was found in excellent agreement with that derived from mi-
crowave spectroscopy.'13

in a careful study'4 the "H NMR data for 19 differently sub-
stituted cyclobutenes, methylenecyclobutenes, and 1,2-bis-
(methylene)cyclobutenes were determined, together with the
one-bond 'C,'H coupling constants. Data were derived directly
from the mostly complicated spectra through the extensive use
of double and triple resonance experiments and the inspection
of the 13C satellite spectra. Computer simulation was employed
to confirm the results by comparison between theory and ex-
periment, but no iterative analyses were performed. The dis-
cussion is focussed on the influence that structural changes,
which are introduced by the increasing number of sp? carbons
within the four-membered ring, have on '('3C,H). For 3J4s and
the allylic and homoallylic H,H coupling constants, the foliowing
ranges were found typical:

H CH, CH;
H H CH,
25-30 15-1.7 1.0-12

In another investigation, 'S long-range coupling constants of
similar magnitude were observed for methyl groups that occupy
an olefinic position due to the favorable geometry of ¢ and 7
bonds. On the other hand, a methyl group in 3 or 4 position shows
no coupling to the olefinic protons:114.115

CHy H CHs

N

f CHy)
5J(CHgH) =24 Hz 4J(CHzH) ~ 5J(CHgH) ~ O

H. Giinther and G. Jikeli

A number of fluoro-substituted cyclobutenes have been
studied?'® with the following results for the various J(H,H)
values:

J(1,2) +3 43,3 -12to —-15
J(1,3) =05 J(3,4) +4to0 +6
A1,4) +1to +2 J3,4") +1to +4

For 3,3,4,4-tetrafluorocyclobutene J(1,2) = 3.48 Hz was
found.” The increase of this coupling as compared with the
analogous interaction in the hydrocarbon is expected on the
basis of the known alternation of substituent effects on vicinal
coupling constants.18.11° The absolute magnitude of the change
(0.83 Hz) is, however, much smaller than that found, for example,
in fluorobenzene, where one substituent is sufficient to raise 3J
by 0.81 Hz over the benzene value.'? A possible explanation
seems to be that in the present case the effect of one CF, group
is partly cancelled by the second CF, group, since the number
of intervening bonds is either (1) leading to an increase of (1,2)
or (2) leading to a decrease of J(1,2).

For several other systems that contain a partial cyclobutene,
structure NMR data have been reported’2'-124 (Table V). In a
careful study of thiete 1, 1-dioxide (26) all H,H and C,™H coupling

N—s0,

26

constants were determined from 'H and '3C NMR spectra. 125
Sign determinations were performed by tickling and triple res-
onance experiments. The spectrum is of the A,MX type and
yielded 6(A) = 4.580, 6(M) = 6.785, 6(X) = 7.178 ppm; JA,X)
= +1.60, JAM) = —0.52, and JM,X) = +4.10 Hz. Earlier
chemical shift assignments were confirmed by deuteration.
Noteworthy is the increase found for 3. as a result of the in-
troduction of the bulky sulfur atom into the cyclobutene ring that
apparently leads to severe changes for the CCC and HCC va-
lence angles. Sign and magnitude of J(A,X) and J(A,M) support
the first assignment given for J(1,3) and J(1,4) in 25 (see Table
IV). The consequences of the different geometry on these pa-
rameters are, however, not known. In general it appears that the
relation |J/(1,3)] < |J(1,4)| seems sensitive to geometry and
substituent effects since frequently the opposite ratio has been
given114.121 (cf. Table V).

For cyclobutenone (27),'2” isopropylidenecyclobutenone
(28),72% and phenylcyclobutenedione (29),'2® the particular

5682 H,
/O
66.17 H, 0
7 6195
N\ /CH3
¥ 5878H; T
L
5835 Hy N CH,
5300 6174
3J s =25 Hz 3Jqs = 30 Hz
27 28
CeHs 0
4
N\
Hy \O
6 9.56 (CDCly)
61013 (DMSO-dy)
29
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TABLE V. NMR Data of Miscellaneous Cyclobutenes
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(1) 5(2) 3(3) 8(4) J(1,2) J(1,3)2 J(1,4) J(2,3) J(2,4)¢ J(3,4) Solvent Ref
H! H*
--Cl
6.23 6.23 5.06 5.06 2.5 1.6 0.9 0.9 1.6 3.2 CCl, 114
- 1J(13C,'H): C(1) 181.0, C(3) 166.7
H? H3
(o] e "
@‘” 6.40 6.40 4.14 4.14 0.7 1.8 1.8 0.7 3.9 CDClI, 115
o He "
H! H4
5.84 6.12 3.3 4.8 2.8 1.5 0 0 2.8 CCl, 121
H2 M3
H CHj3
O,
J—CHs 5.88 6.38 3.19 2.8 1.5 0 CDCl, 122
H? He
Wi H* OOR
N
/ 6.04 6.42 2.6 CDCl, 122
H2

4 5ign not determined.

low-field absorption of the olefinic 8 proton is most probably a
consequence of two factors: charge density effects and de-
shielding by the diamagnetic anisotropy of the carbanyl group.®
For Hg 'J("3C,H) values of 177.0 Hz (CCl,) for 28 and 181.7
(CDCIl3) and 185.4 (DMSO-dg) Hz for 29, respectively, were
found. 128

Interesting tautomeric phenomena have been detected for
cyclobutane-1,3-diones. Whereas the parent compound (30)

H CH
o 3

O CH; O
H g

J 4

-

CHg

4 4
© i o i HO i

30 31 32

seems to exist in equilibrium with the enol, 29130 the enol is
heavily favored in the case of 2-methyl-1,3-cyclobutanedione
(31).137 A detailed NMR study of 3-hydroxy-2,4-dimethylcyclo-
butenone (32) revealed the temperature dependence of the
spectrum that consists of two CH3 doublets centered at 1.1 and
1.42 ppm (J = 7.0 and 2.5 Hz, respectively) and a methine proton
multiplet (13 resolved lines out of 16 theoretical ones) in DMSO
at room temperature. in H,O the methyl resonances broaden and

CH
CHg /o 8 P
— I
:: / LI
HO CH, © CHj
32 33 H

o)

CHj /
==

HO CH,
32’

finally collapse to a singlet at elevated temperatures.'32 The
various proton exchange mechanisms explaining this behavior
have been tested using line-shape calculations based on the
Anderson-Kubo-Sack theory.133-135 Activation parameters for
the keto-enol tautomerism 32 = 33 = 32/, the most likely of
two remaining possibilities, were obtained. Later, '3 the effect
of pH on the spectrum of 32 was studied, and the results again
demonstrate the existence of 33 as an intermediate which is
approached through the enolate anion of 32.

C. Cyclopentene
1. The Hydrocarbon and Its Derivatives

No complete analysis of the cyclopentene spectrum has so
far been achieved. 3J,;s = 5.57 Hz was determined for the ole-
finic protons from the '3C satellites under simultaneous de-
coupling of the allylic CH, protons.5" In the same experiment
TX'3C,™H) = 161.6 Hz was found in the olefinic position. The
value of 3J.;s drops to 5.1 Hz and 'J(*3°C, H) increases to 167
+ 1Hz in the strained system 34,137

He
m X
o X
H3 + O
34 35 36

For exo- and endo-tricyclo[5.2.1.02-6)deca-3,8-diene (35),
values of 5.6 and 5.8 Hz have been reported for /3,4) and A8,9),
respectively,'38 and a number of cyclopentadiene dimers sub-
stituted in various positions have been treated in detail.13°

The CH,-CH, segment of cyclopentene was studied in the
diketal 36, and values of 8.6 and 4.2 Hz were found for /(3,4) =
SJeis @and K3,4") = 3Uyans. 140 In two other investigations the
partially deuterated compounds 37a'! and 37b'42 were studied.
For the former, the AA'BB’ system of the dimethylene fragment
was analyzed with simultaneous 2H decoupling.'4! 3., = 9.36
and 3Jyans = 5.72 (£0.04) Hz were found. These values showed
no temperature dependence between 220 and 360 K, indicating
the presence of a single conformation or a group of equal energy
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TABLE Vi. NMR Data of Substituted Cyclopentenes

(a) Chemical Shifts

Substitution 8(1,2) 8(3,5) &(4a) 5(483) Solvent® Ref

¢is-3,5-Dibromo- 6.13 5.06 2.72 3.08 CCl4 153

5.0 2.68 3.03 CS; 152

cis-3,5-Dihydroxy- 5.77 4.44 1.29 2.56 DMSO0-dg 153

5.88 4.66 1.51 2.66 CDCl; 153

5.87 4,59 1.41 2.73 CD3;0D b
cis-3,5-Dibenzhydryl- 6.23 572 2.03 3.1 DMSO0-dg 163
6.28 5.88 2.07 3.10 CDCl3 153
(b) Coupling Constants
. 3.448,58) 3H40,50)

Substitution 2/40,40) (3Jais) (Cirans) 341,5) 4X1,4a) 4J(1,40) Solvent? Ref
cis-3,5-Dibromo- -16.5 6.5 1.8 1.0 CCly 153
-16.4 6.9 1.5 0.4 0.2 CS, 152
cis-3,5-Dihydroxy- -13.0 7.3 5.8 1.0 0.6 DMSO-dg 153
—14.7 7.3 3.6 1.0 0.5 CDCl3 153

—13.7 6.9 5.3 0.5 CD30D b
cis-3,5-Dibenzhydryl- —14.7 7.3 3.8 0.8 DMSO-dg 153
-15.0 7.5 4.0 0.8 CDClg 153

@ Concentration max. 10%. ¢ Reference 157.

N

D HA "D
37a 37b

conformers. The R value method'® was not applicable to derive
quantitative information about the puckering angle but indicated
that 37a is more flat than other five-membered rings not con-
taining two sp? carbons. On the basis of the Karplus theory, the
magnitudes of the vicinal coupling constants are in accord with
the expectations for the envelope conformation 38 that has been
established by various structural methods.43-148 A puckering
angle 6 of 22-23° has been found by microwave 43144 and IR
spectroscopy,’#® whereas electron diffraction4? yielded 29°.
For the ring-puckering barriers 660 and 700 cal/mol were de-
termined.'45:148 Calculations'4%:150 reproduce the essential
features of these results quite well. The spectrum of 37b was
analyzed under the condition of both the deuterons and the
olefinic protons decoupled.42 The observed A, BC-type spec-
trum yielded the following data:

Conformational analysis of cyclopentenes has sofar been
attempted in relatively few cases. Computer simulation was used
to analyze the ABMM'XX’ system of cis-3,5-dibromocyclopen-
tene.152 Other studies'5%154 on c¢is-3,5-dihydroxy- and cis-
3,5-dibenzhydroxycyclopentene are based on first-order treat-
ments and double resonance. From the results (Table VI) the
following conclusion can be drawn. From the vicinal coupling
constants only 3J,.ns = H4a,58) is significantly influenced by
the conformation. This finding points to an equilibrium between
two envelope conformations with either diaxial or diequatorial
substituents (42-a,a, 42-e,¢), as the relevant Newman projections

X H"“Hw
li&(“h . :
Fom \H"’ X
P

42-aa 42-ce
indicate. For the dibromide and the diol (in CDCl3) the small
magnitude of 3Jyqns SUggEsts a trans-coplanar arrangement of
the C(5)-X and the C(4)-H*4 bond, where a maximum effect of
the electronegative substituent is expected.55:156 The confor-
mation 42-a,a, therefore, is favored, and its concentration was

8a = 2.282 ppm JA.B) (Jirans) = 5.63 % 0.04 Hz )
8 = 1.797 ppm HAC) (Jorg) = 9.46 % 0.04 Hz estimated to 80 %.754 In polar solvents, on the other hand, sol-
8¢ = 1.808 ppm JB,C) (Joem) = —12.74 £ 0.02 Hz vation shifts the equilibrium toward the e,e conformation

Noteworthy is the stereochemical isotope effect of 0.011 ppm
on the chemical shift of HB, in cis position to the deuterons. The
coupling constants agree well with those obtained for 37a.141

An ample study of homoallylic coupling has been performed
for cyclopentene and its 4-hetero derivatives using the finite
pertubation method and INDO wave functions.'5' The most im-
portant result is the finding SJyans > SJss, NOt apparent if only
m-electron contribution are considered. The values for the planar
structures 39, 40, and 41 have been calculated as shown.
Agreement with experiment is good, except for the negative sign
of 5Jg;s in 41 (see also section IV.C.3).

. - - -~ H “~H
H “H H H N

0

(64 % 154). For the diol, IR measurements support these inter-
pretations, 153

Of further significance are the iong-range coupling constants
between the olefinic and the methylene protons at C(4) that profit
from the M-mechanism. For 42-a,a 4J(1,4a) ~0.5 and 4J(1,413)
~ 0, whereas for 42-e,e the opposite ratio is found.

For trans-3,5-disubstituted compounds the methylene protons
are equivalent, indicating a planar conformation or a fast equi-
librium 42-a,e = 42-e,a. The latter is supported by IR results that
established two nonequivalent OH groups for the diol;153 4.
substituted systems slightly prefer the axial conformation
(~85%), the concentration of which is raised in polar sol-
vents. 154

As a general result the fact emerges that substituents strongly
influence the geometry of cyclopentene. The conformation of
this ring system is therefore less predictable than that of other

39 40
5y o ring compounds, for instance, cyclohexene.
s cis 2.78 252 —3.68 in this context, investigations dealing with acenaphthene (43)
Jirans 492 751 473 are of interest, since the CH,CH,, fragment of this compound may
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TABLE Vil. NMR Data of Cyclopent-2-enones
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2. 3(3) o(4) 54" 3(5) 8(5") Solv® Ref
51 6.10 7.71 2.2 2.66
. . cCl
4-Benzoyl-51 6.28 7.58 5.98 2.38 2.38 CCI: 1:3
4-Benzoy!l-51 5.82 6.90 6.53 2.07 2.83 CeDsg 153
4-Bromo-51 6.17 7.62 5.15 2.56 2.92 CS; 158
#2,3) H2,4) J(3,4) H4,5) X4',5) MP Solv Ref
51 5.70 —2.14 2.60 7.20 2.24
. . . . 0.36 Neat
4-Benzoyl-51 5.7 -1.3 2.7 6.6 2.3 CET :;g
4-Benzoyi-51 5.9 -1.2 2.5 6.6 23 CGD: 153
4-Bromo-51 -1.2 2.6 6.4 1.8 CS; 153

# Concentration max. 10%. M = 4,4’} — 45,5'). < Reference 173.

serve (with some reservations as to the similarity of bond lengths
and bond angles) as a model for a planar structure. 3Jois = 9.2
and 3Jyans = 3.8 Mz were found from the analysis of the 3C
satellites. 158 The a-bromo derivative yieided values of 6.8 and
2.7 Hz for the same constants.'5® Other mono- and disubstituted
systems have been studied. 58160

Additional NMR data have been reported for the highly sub-
stituted isomers 44a and 44b, 18" for cis- and trans-45,'%2 as well

H
HO. OC(CHy)s ©:> .
\Q/ BCHO =
45 46 47
OCOR
R/
48

as for systems containing a partial cyclopentene structure (48,163
47,164 48,765 49786) and the influence of tris(dipivaloylmetha-
nato)europium(i) [Eu(dpm)s] on the spectrum of 3-cyclopen-
tenyl-1-methanol (50) was recorded and the average structure
of the 1:1 complex computed from the pseudocontact shifts by
an iterative procedure. 187

2. Cyclopentenones

The introduction of a third sp?-hybridized carbon atom into
the five-membered ring renders cyclopent-2-enone (51) prac-
tically planar. It has been estimated'®® that the dihedral angle
between the planes determined by the carbon segments C(1)
to C(4) and C(4)-C(5)-C(1), respectively, has a maximum value
of 10°. The microwave spectrum of 51 was later found consis-
tent with a planar structure.'6?

M2

51

The H NMR spectrum of 51 has been examined by several
authors,46:170 and the data given in Table VIl were obtained. In
addition, the spectra of cyclopent-2-enones substituted in the
4 position have been described,5? and these results are also
included in the table. The spectrum of 3-fert-butyl-4-bromocy-
clopent-2-enone was discussed particularly as a example of an
ABX system,17?

In an extensive investigation of 26 cyclopent-2-enones mono-,
di-, and trisubstituted (R = CHg, Cl, Br) in position 4 and §, evi-
dence for nonplanar conformations that resuit from eclipsed
interactions of the substituents was obtained from chemical
shifts and coupling constants and supported by IR measure-
ments.72 From an analysis mainly of the vicinal coupling con-
stants it was concluded that (1) in trans-4,5-dihalo-51 from the
conformation with diequatorial or diaxial substituents the latter
is preferred, (2) in trans-5-chloro-4-alkyl-51 the substituents
occupy the axial positions with increasing size of the alky! group,
and (3) in cis-4-chloro-5-alkyl-5 1 none of the two conformations
dominates, the ring deformation being the same for alkyl groups
of different size.

A twist of ~20° around the C(4)-C(5) bond was estimated for
the nonplanar conformations. For case 3 the NMR findings do
not rule out a planar structure.

NMR data for various other substituted cyclopent-2-enones
have been reported in a number of studies that used first-order
treatments only and were aimed primarily on structural assign-
ments. 74181 No NMR investigation of cyclopent-3-enone, which
like its isomer 51 is planar, 182.182 has, to our knowiedge, been
published.

3. Heterocyclic Systems

A great deal of NMR work has been performed in order to
establish the structure and conformation of five-membered
heterocycles containing one double bond, especially since these
compounds are widely occurring as partial structures in many
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TABLE VIIl. NMR Data of Compounds of Types 52 and 53

H. Ginther and G. Jikeli

8(2) 5(3) 5(4) 5(5) Solv Ref
§2,X=0 6.31 4.95 2.60 4.38 CDClg a
52,X=8 6.17 5.63 2.74 3.22 CDClg a
52, X = 80, 6.66 6.81 2.92 3.19 CDCl3 a
53, Y=N;X=0 6.92 3.73 4.15 CDCl3 a
83, Y=N;X=8 7.96 4.27 3.23 CDClg a
42,3) A2.4) 43,4) A4,5) J4,5" MP Ref
52, X =0¢° 2.43 -2.36 2.46 10.76 8.13 6.09 170
52, X = 8¢ 5.98 —2.23 2.78 9.99 7.53 5.09 170
52, X = S0,¢ 6.62 —2.29 3.12 9.00 4.20 474 170
53, Y=N;X=0° —2.20 19.44 170
53,Y=N; X =8¢ —2.24 9.76 7.95 4,53 170
a Reference 187. * M = J(4,4') ~ J(5,5'). © Neat. ¢ 1:1 in CDClj.
natural products. The earlier efforts in this field have been ex- TABLE IX. NMR Data of Compounds 58-60
tensively reviewed, ' and what follows concentrates on the more
recent findings. 58 59 50
Interesting data concerning the mechanism of vicinal H,H s
X ; AH,H) 15 7.12 8.33
coupling constants were obtained from a study of compounds 1 013 1
H13C, TH) 220.1 189.50 190.73
of type 52 and 53.170.184 The protons of the CH,CH, fragments 2413C-C-H) 17.5 4.66 3.97
He Hé Hé 3413C-C-C-Hy) 9.3 8.70 10.42
e v . 5(H) 7.025 7.211 6.833
I 'H l H Solvent/concn CS,/sat. soln  CSp/sat. soln  CSy/sat. soln
—H> )\ —H° Ref 194, 195 195 195
H2 X U H2 X KT

52, X=0, S, 8O, 583, X=0, 8§ Y=N

of these molecules yield spectra of the AA’BB’ type, 185 most
of them formerly misinterpreted as A,B, systems with the in-
correct assumption 3J.is = 3Jyans. The authors'7° determined
all vicinal coupling constants, whereas the geminal constants
could not be secured since it proved impossible to measure the
parameter K. Selected results are collected in Table VIil.

Compared to 36 a strong increase for the magnitude of the
vicinal coupling constants over the single bond was found for
52 and 53. This is still true in the light of the new data now
available for 37,741.142 in particular, in the case of 2,3-dihydro-
furan (52, X = O). This finding could not be explained with
changes in bond length, bond angles, and/or the electronegativity
of the heteroatom, even if the dependence of the latter factor
on the relative orientation of the electronegative X group and
the CH bonds of the dimethylene fragment?55.156.186 wag con-
sidered. It was assumed that a further mechanism influencing
the 3J values in these systems must operate and that presumably
the free electron pairs of the heteroatoms are responsible for
the observed effect.

In a study of 5-substituted 2,3-ring-fused heterocycles of type
52 (X = O, S) the spectrum of the CHCH;, fragment was carefully
analyzed.88 Again large values for 3Jyans = J(4,5') were found
(6.6-7.2 Hz), leading t0 a 3Jys/3Jyrans ratio of 1.2-1.4, consid-
erably smalier than that expected on the basis of the Karplus
theory4? for an eclipsed CH,CH, fragment (~2.5; see, for in-
stance, 43, section IV.C.2). Similar findings were earlier reported
for 2- and 3-methyl-5-phenyl-4,5-dihydrofuran (3Jy, = 10.2,

Jrans = 8.4, 8.6 Hz).789 This observation was explained88 with
the nonplanarity of the compounds, and the predominance
(>90%) of an envelope conformation 54 with pseudo-equatorial

o7
X
54
substituents in the 5 position was proposed. This view is sup-
ported by earlier IR results for 2,3-dihydrofuran (52, X = Q) which

established an envelope or Cs conformation in solution with an
angle of buckle of 19° and a barrier to planarity of only 0.24

kcal/mol. 190,146 Nonplanarity was also found for 2,3-dihydro-
thiophene (52, X = 8).148 The authors 188 did not comment on
a possible lone-pair effect for 3J.

Several furenidone systems of type 55 (3-oxo0-2,3-dihydro-
furan) have been investigated in detail.’®' Large deshielding
exists here for H2 (6 8.23 ppm) owing to the presence of the
carbonyl function and the ether oxygen. Allylic coupling (0.8 Hz)
was established between H2 and the CH, group, presumably
transmitted through the heteroatom. J(2,5) = 0.8 Hz was also
observed in 56.1%2 The 5-methyl derivative of 55 shows a

efs
H3 o)
(/ O o
H2? Hs H2
55 56
o-
x
CHz Q
57

homoallylic coupling between CH; and CH,, protons of the same
magnitude (0.9 Hz).1®! This was attributed to a partial double-
bond character for the G(5)-O bond, represented by the reso-
nance structure 57.

3Je1s and several '3C, 'H coupling constants have been mea-
sured for the planar molecule vinylene carbonate (58), which
is close to being a perfect pentagon with internal CCC angles
near 108°,79% and its sulfur analogues 59 and 60'94.195 (Table
IX). Data for the structuraily similar maleic anhydride are J(H,H)
= 572+ 0.18 and "A'3C,'H) = 189.5 £ 0.7 Hz.1%6 Both values
are considerably different from those in the open-chain analogue
maleic acid, being 12.2 + 0.1 and 169.3 % 0.3 Hz, respectively.
In a number of studies solvent, concentration, and temperature
effects for the NMR parameters of maleic anhydride, mainly the
proton chemical shift, were traced to study donor-acceptor in-
teractions notably with aromatic compounds. 5
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TABLE X. NMR Data of Compounds 61-63¢
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o(1) 3(5) J1.3)° J(1,4)° J41,5) J(1,8) J(5,6) Solv Ref
61 4514 5851 7.07 459 1.63 —2.51 6.33 Neat 197
(4.59)9 (7.07)¢
419+ 0.10 6.66 + 0.09 0.66 + 2.49 —2.68 % 0.93 595+ 0.12 EBBA®f 198
25+07 44+08 56+ 1.1 EBBA® ¢ 217
62 3664 5794 6.60 3.24 2.52 ~2.36 6.31 Neat 197
(3.24)9 (6.60)¢
63 3716 6.109 1.94 1.27 2.89 ~2.34 8.57 Acetone” 197
(1.27)¢ (1.94)4
0.7 +0.4 1.2+ 0.4 -08+0.5 o/ 8.6+ 05 199
5(2) 5(3) 8(4) 8(5) 5(6) Solv Ref
R-61/ 5.116 4.767 4.649 5.808 6.024 CCl,* 207
R-61/ 5.956 4.814 4.731 6.298 cClym 207
42,5) J2,6) J2,3)¢ U240 J(3,4) 43.5) J(3,8) J(4,5) J4(4,8) 45,6) Solv Ref
R-61/ +1.87 —2.46 +6.40 +3.22 —13.00 —2.61 +1.58 —2.45 +1.69 +6.19  CCl ¥ 207
R-61' —1.85 +5.87 +3.21 —13.81 +1.78 +2.04 CcCl,m 207
1J(13C,,HY) TK13C3,HO) 2J(3C o HY) 3/13C,,,HE) 2HCs,H") = 4UCaH3 Ref
61 146.7 + 0.1 168.04 + 0.03 75+1.2 541 -95+0.2 197

2 |f not stated otherwise, the error in the coupling constants is £0.02 Hz. ? 5Jgs. © SUyans. 9 Most likely assignment (see text). € EBBA = N-(p-ethogy-
benzylidene}-p-n-butylaniline.  Concentration 19.5 mol %, temp 18 °C. 9 Concentration 10 mol %, temp 30 °C. h Saturated solution. ' Assumed. / R
= 2-methoxycarbonyl (H' = COOCH,). ¥ Concentration 9.2%. /R = 2,3-diphenyl (H! = H5 = CgHs). ™ Concentration 13.5%.

0 S

PNENPN

0 8 S S

H H
59

An inverse linear relation between 3J(H-C-C-H) and
2J(‘3C—C—H) at the double bond was noted for 58—60 as well
for the other unsaturated systems.'®5 Points for olefinic and
aromatic compounds define different lines, and this observation
indicates a possible correlation between the ratio of these two
coupling constants and the electronic structure of cyclic «
systems. Carbon-13 isotope shifts on 6(H) of 0.0035 ppm for
directly bonded protons and 0.0013 ppm for a proton separated
by three bonds from '3C were found.

Turning now to 2,5-dihydro heteroaromatics, one finds a
minute treatment of the spectra of 2,5-dihydrofuran (61), 2,5-
dihydrothiophene (62), and 2,5-dihydrothiophene 1,1-dioxide
(butadiene suifone, 63),'%7 as well as studies of 61 and 63 par-
tially oriented in a nematic solvent,198.199

S
<S> 22N\

The spectra of 61-63 are deceptively simple under conditions
of low resolution owing to the small value of the sum J(1,5) +
J(1,6), showing only two lines.2%° High resolution and high gain
now 97 enabled the observation of weak transitions symmetri-
cally flanking the main peaks, and an iterative analysis of the
AA'XX'X'X'"" systems was carried out using the method of
Braillon and Barbet.2' Only the geminal coupling constants
could not be obtained because the small difference of /(1,3) and
J(1,4) that makes the methylene protons nearly magnetically
equivalent. The symmetry of the spin system did not allow the

S

H H H
58

H

X
60

(©)]

distinction of J(1,5) from J(1,6) nor SJg;s from 5Jans. The former
were assigned on the basis of their signs and the latter on the
basis of the homoallylic coupling constants in cyclohexa-1,4-
diene.2%2 As we shall discuss below, the second assignment
most probably is incorrect. In the case of 61 an analysis of 13C
side bands was also achieved. The results are collected in Table
X.

The main interest of the authors was directed at the cross-ring
coupling constants of the homoallyl type [J(1,3) = SJg, J(1,4)
= SUirans]- They developed a semiempirical theory in terms of
“orbital coupling factors’, based on earlier work,293:204 gnd
analyzed possible ¢ and 7 contributions to these interactions.
They found hyperconjugation of the methylene groups with the
7 bond and the lone pairs as the most efficient coupling mech-
anisms. Thus, these couplings may also be regarded as 4J
values. Contrary to the INDO results 15" discussed above and to
the results suggested by the liquid crystal studies,198.19¢ 5
> SUyans Was obtained. Because of the numerous and drastic
approximations, the theory will most probably be of limited value
for the actual calculation of J values, but might be helpful for an
analysis of spin-spin coupling in terms of “‘chemical signifi-
cance’, i.e., MO models.

The NMR work on partially oriented 618 and 6399 is of in-
terest here with respect to the assignment of 5J,s and 5y ans,
since in both studies the dipolar as well as the scalar coupling
constants were determined independently. For both systems 5/,
< SJyans Was found (Table X). Whereas for 63 several assump-
tions and the large experimental error render the results
somewhat uncertain, the data for 61 are more reliable. They
agree reasonably well with those calculated by the finite pert-
ubation method'3? (see section IV.C.1) and reinforce the con-
clusions that the first assignment for the 5J values given in Table
X must be reversed.

Further support for this comes from an investigation of cis-
and trans-2,5-disubstituted-2,5-dihydrofurans 64a and 64b,2%5
The stereochemistry of both systems was elegantly established
from the NMR spectra of their 3,4-addition products: trans-
bromination leads to an AA’XX’ system for the dibromide of 64b,
whereas the adduct of 64a has no symmetry. The reverse is true
for the formation of the cis diols. Since the AA'BB’ systems of
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TABLE XI. Comparison of Liquid Crystal NMR Studies of 2,5-Dihydrofuran (61)

Reference 198

Paper received Aug 7 1973

Field strength, MHz (mode) 220 (CW)

Solvent EBBA

Concn 19.5 mol %

Temp, °C 18

Exptl error in line position

Scalar couplings included in iterative analysis Yes

RMS error of fit (number of lines used) 0.44 (77)

Vibr correct No Yes

r13/r12 1.936 1.964

f14/l'12 2.179 2.204

I'15/f12 1.449 1.472

r15/r12 2.218 2.244

rse/ri2 1.455 1.461

Tested structure Rigid Puckered
planar

Proposed structure Puckered

216 217 218
Oct 10 1973 Nov 26 1973  Jan 14 1974
100 (CW) 240 (FT) 100 (CW)
EBBA a EBBA
5% wiw 10 mot % 18.4 mol %
30 25
+2.0 *1.5
No Yes No
0.113 1.65 (70)
No No No
1.945 1.953 1.834 1.942° 0.017¢
2.187 2.194 2,176012.184 0.015
1.462 1.430 1.445 1.446 0.018
2.228 2.215 2.210 2.217 0.010
1.454 1.466 1.445 1.455 0.011
Rigid Rigid Rigid
planar planar planar,
puckered
Rigid Rigid
planar planar

a2 p,p"Ethoxybenzoxybutylpheny! carbonate. © Average value for data of rigid planar structures. © Largest ditference between two values for rigid planar

structures.

RO/EOj\OR RO? :O: “IoR

64a 64b
R= CHS, COCH3

64a,b proved difficult to analyze because of N~ 0 as a conse-
quence of the opposite sign of J and J', the vicinal and allylic
coupling constants, the parameters were partly extracted from
the 13C satellites. SJys = 0.4 Hz and SJyans = 4.0 and 3.5 Hz was
obtained, a result which is qualitatively also apparent from the
experimental spectra: For 64a one estimates K ~ M, 85 whereas
for 64b K = M is indicated. A later, more accurate analysis of
64a,b (R = COCHj) confirmed the earlier results with slightly
different numerical values.2%

In what appears to be the latest study of the 2,5-dihydrofuran
system (61) complete iterative analyses—including sign de-
termination—for 2-methoxycarbonyl-61, 2,3-diphenyl-61, and
for five derivatives of phthalan (65) were reported.2%? The data

@8

65

for the first two compounds are included in Table X. The dis-
cussion was focussed again at the relative magnitude of 5J.
and Suans (bOth Of positive sign), and the relation 5.5 < Sdyrans
suggested by the results described above was confirmed. With
the necessary care it can be used to assign stereoisomeric
molecules. The finite pertubation theory®® in the INDO approx-
imation®® was used to trace the experimental findings by cal-
culations with special emphasis on conformational effects im-
portant for the above-mentioned long-range interactions via the
dual path as 5J through the CC double bond and as 4J through
the heteroatom. The results, given ailso in graphical form, showed
these parameters to be very sensitive to the puckering angle §
between the planes formed by C(2)—0—C(5), and C(2)—
C(3y=C(4)—C(5). It seems important to note the predictions for
strongly folded conformations (f ~ 25°), where 5Jyans and 4Jqs
between the pseudoaxial hydrogens become equal and 5J
between the pseudoequatorial hydrogens vanishes. The authors
discussed literature relevant to 'their observations, notably
studies dealing with oxazolines. They felt that the possibility of
a simple extension of their results to other 2,5-dihydro hetero-
aromatics does not exist (see, however, discussion for 67 and
68).

5Jcis @and SJyans values in line with the above findings are re-
ported in an investigation of 17 3-oxazolines where five cis/trans
pairs were assigned.2%8 In another study, an earlier assignment
of the stereochemistry of two C-1 epimers of dehydrofuranose
(66) was reversed on the basis of the two observed homoallylic
interactions of 0.9 and 4.0 Hz.20°

CH30. H

H: |1 I ;H
o)
CH,J TH—CHZOCHa
OCH,q

66

The NMR study of partially oriented 618 also yielded detailed
structural data for this compound, where only an early electron
diffraction study was availabie.2'® Compared to calculations that
were based on a rigid planar structure, improved agreement
between experimental and calculated dipolar coupling constants
was achieved with corrections to the structure for ring puckering
and methylene rocking motions. A puckering angle of 16° re-
sulted between the planes determined by C(2) to C(5) and
C(5)-0-C(2), respectively. Thus as suggested by far-IR work,2'?
and contrary to earlier results,146.212-214 g4 has a structure
similar to cyclopentene (cf. section IV.C.1). As to the absolute
values for the bond lengths and angles some uncertainty re-
mains, since the NMR method ultimately relies on the assumption
of one structural parameter to scale the results. This undoubtedly
must be regarded as the largest drawback, despite all sophisti-
cation and accuracy achieved in today’s liquid crystal NMR
work.215

This latter aspect is especially illuminated by the fact that in
addition to ref 198 three other independent groups investigated
compound 61 simultaneously.216-218 As a consequence of this
coincidence 61 now turns out to be a test case for the reliability
of results obtained from liquid-crystal NMR studies. In Table Xi
we summarize experimental data and as structural information
the calculated ratios of interproton distances. Since these are
based on an assumed structure, the data for the rigid planar
structure must be compared. They agree fairly well, the largest
deviations between two values of the series ranging from 1 to
2%. Larger discrepancies, however, are found for the final
structural parameters given in three of these studies 198.217,218
because of the various assumptions introduced. The largest
disadvantage seems the lack of unequivocal criteria that could
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TABLE XIl. NMR Data of 3,4-Dehydroprolinamide (67)2°°
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6(2) 8(3) 5(4) (5a) 5(5b) Solvent
4.549 5.896 5.864 3.785 3.911 CDCly®
4.551 5.853 6.074 3.792 3.792 D,0#%

A2,3) K2,4) J2,5a) J(2,5b) J3,4) J(3,5a) A3,5b)
2.10 —2.54 5.81 3.76 5.86 —2.47 -2.21
2.13 —2.40 4.18¢ 5.92 —2.40¢
K4,5a) J(4,5b) J(5a,5b) Solvent
1.99 1.86 —14.73 CDCly®
1.97¢ D, 0%t

2 Saturated solution. ® Reference compound sodium salt of 3-trimethylsilylpropane-1-sulfonic acid or sodium terephthalate. ¢ Average valus.

aid the search for the best solution. Consequently, in two of the
treatments,?76:217 the possibility of a puckered structure was
not considered.

For 63 planarity was found,'®® in agreement with x-ray re-
sults,2'9 but the possibility of ring puckering was not rigorously
tested.

The abundance of nitrogen heterocycles has led to a con-
siderable number of NMR investigations in this field. For 2,5-
dihydropyrrole systems again the determination of the
homoallylic coupling constants was of interest and the spectrum
of 3,4-dehydroprolinamide (67) was analyzed?2%:2%% ysing an

H4 H3

H5b§\\\\‘ N "///H2
67
ABXYM and ABCDE approach. The latter gave after iterative
refinement the data collected in Table XIl.
From the '3C satellites of the cis- and trans-A3-pyrrolines 68a
and 68b coupling constants of 3.0 and 7.2 Hz, respectively, were

R= CO2CH3, Ar = p‘CH3006H4

obtained.2% The finding 5Jqs < SJyans @stablished by these re-
sults has later been used to clarify the stereochemistry in related
compounds.221.222

A study of 40 pyrrolizidine alkaloids yielded general infor-
mation about chemical shifts and the magnitude of coupling
constants.223 The three systems retronecine (69), heliotridine
(70)—two diastereoisomers—and heliotridene (7 1) were later

H,OH OH

-
-

H,OH CH, He

69 70

selected for detailed investigations.224:225 Conformational
analysis was achieved with the help of the observed coupling
constants. For all three systems a planar unsaturated ring seems
well established. The pyrrolidine ring, on the other side, is exo-
buckled in 69, whereas rapidly interconverting exo- and endo-

buckled envelope conformers exist in the case of 70 and 71 with
an estimated angle of buckle of ca. 45° for the latter:

S0 oo

exo endo

The 71 exo/endo ratio is changed from 1:1 to 1:3 upon proton-
ation of the nitrogen atom effected by adding concentrated HCI
to the CDClj solution of 71. The concentration of endo-71 also
increased at low temperature showing this conformer to be
energsetically favored. Considerable changes of chemical shifts
and coupling constants were observed on protonation, and the
former allowed an identification of the individual proton reso-
nances at the C(3) and C(5) methylene groups through the reg-
istration of protonation shifts of similar magnitude for H(3a),
H(5c), and H(8w). Following these findings225 the assignment
for 8(5cx), 6(583), J5cx,8cx) (3Ueis) and J(58,8c1) (Suirans) given in
the earlier work on 69 and 70224 has to be reversed. An inter-
esting observation is the absence of homoallyl coupling in the
pyrrolidine ring of 71 [J(3,8«) = 0], since it suggests that the
lone pair of the heteroatom does enhance these interactions only
in the presence of the double bond (cf. discussion for 61 and
62)_199

Of systems with more than one heteroatom in the ring we note
studies dealing with the conformation of cis- and trans-3,5-
dimethyl-3-methoxycarbony!-Al-pyrazolines22® as well as that
of 3,3,4-trisubstituted-A'-pyrazolines.??” Like cyclopentene (38)
these systems possess an envelope conformation with a folding
angle of ~25 to ~36°. In the first study?26 the existence of only
one conformation was assumed, whereas in the second study?27
both forms with axial and equatorial substituent at C(4) (72 and
73, respectively) were found, their relative energy being de-
pendent on the nature of the substituents at C(3): for diesters (X

R X X
H-3 (] N\\
) — Y
Y N R .
72 H 73

= Y = COOCH;) increasing size of an alkyl group at C(4) favors
72, while for diketones (X = Y = COR; R = CHg, CgHs) with
methyl and phenyl substitution at C(4) 73 dominates.

For A2-pyrazolines, the influence of substitution on NMR
parameters and conformation has been investigated.228.229 The
AA'BB' systems of the CH,CH, fragments in 1,3-diphenyl-A2-
pyrazoline and 3-phenylisoxazoline were analyzed, and sub-
stituent effects for proton resonance frequencies were obtained
for 36 and 23 derivatives of these two systems, respectively.230
For the vicinal coupling constants 3J.;s > 3Jyans Was observed
in all cases. Further work on pyrazolines and pyrazolones as well
as on reduced pyrroles and pyrrolidones has been summarized, 1
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and as a guide to the more recent literature in this field we only
mention three studies dealing with rotational isomerism in
acyl-A2-pyrazolines,23! and first-order spectra of A3-pyrazo-
lines222 and 3-aminoisoxazolines.?3?

Finally, stereochemical information has been obtained by NMR
using shifts reagents and 2J('P,'H) data for the cycloaddition
products of 3,4-dimethyl-1-thio-1-phenylphosphole with tropone
that contain a phosphorus heterocycle (74),2%4 and earlier
sources of NMR information for various dihydrophospholes and
their salts have been cited. 'S

4. Bicyclic Systems

Several bicyclic systems contain a cyclopentene ring as
partial structure, and from this class of compounds papers
dealing with bicyclo[2.1.1]hex-2-ene (75) and norbornene (bi-
cyclo[2.2.1]hept-2-ene, 76) and their derivatives will be re-
viewed in this section.

Only limited NMR information is available for 75235 and the
related benzvalene (77).2%¢ Since first-order treatments have

75 76 77

been used and deceptive simplicity present in many of these
spectra was not considered, reliability is confined to the chemical
shift information. Some coupling constants were determined for
benzo-75,2%7 and its 4-methyl carboxylate,238 but since no it-
erative analysis was employed, the precision of the reported
values is probably low.

The spectrum of norbornene (76) and those of many of its
derivatives are also deceptively simple, and the parameters were
obtained from an investigation of the '3C satellites?3%24° and
with the help of solvent shifts.24? The following ranges for the
coupling constants were given {in Hz):24°

JH12) 2.8-3.0 J1,7%) 1.8-2.0 J1BC,HY)  164-166
H1,3)  0.5-0.7 1,78 <1.3-15
H2,3) 5.5-5.8 75,78 8.56-9.5

For the parent system the treatment was later refined using
double resonance experiments to decouple all methylene pro-
tons from H' to H*. The resonance of the olefinic protons could
thus be observed and analyzed as the AA’ part of an AA'XX'
system, including '3C-satellite lines.24! From this work J(1,2)
= 2.89, J(1,3) = 0.77, K1,4) = 1.12, and J(2,3) = 5.77 Hz re-
sulted. (2,3) = 5.68 and J('®C,H3) = 166.8 Hz were reported
by another group.®! The CH,CH, fragment of 76 has not yet been
analyzed with the necessary accuracy. The strain effect present
in 76 for the vicinal coupling constants becomes clear from a

! CN

CN
3 4 CN
CN
78
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comparison with the data of the closely related bicyclo[2.2.2]-
oct-2-ene (78), where the following values were found:242 J(1,2)
= 6.91, J1,3) = 1.31, J2,3) = 8.12, and J(1,4) ~ 0 Hz. For
J(1,2) the large difference (4.02 Hz) indicates that changes in
CCH bond angles are accompanied by a reduction of the dihedral
angle.

Because of its rigidity the norbornene system served as a
popular model to establish stereospecificity of coupling path-
ways and substituent induced chemical shifts. One of the early
examples was the demonstration of the M or W mechanism fa-
voring large couplings over four ¢ bonds.84243-245 Two types
of interactions have been observed:246

H 7
H
(¢]
H H
H H
J(HH) 2.0-3.1 08-1.0Hz

The fact that only the endo protons at C(5) and C(6) are appre-
ciably coupled to H”® emerged as an important criterion for the
evaluation of the configuration of 5-, 6-, and 7-substituted nor-
bornenes. It allowed on the other side an unequivocal assignment
of 6(H"8) and 6(H72).247 Using anti-7-deuterio-763" and exo,-
exo-5,6-dideuterio-76,%° it was shown independently by two
other groups that in 76 Hs resonates at lower field than H™2. The
assignment was later confirmed through the synthesis and NMR
spectrum of endo,endo-5,6-dideuterio-76.248 The proton reso-
nance frequencies of 76 are therefore as given in Table XIII.

8(7s) > 06(7a) is also true for benzo-76, where 1.77 and 1.48
ppm were found24? contrary to earlier assignments.24° For 7-
substituted norbornenes, however, the situation is reversed,?46
since for a pair of isomers H® now resonates at higher field than
H7a, Small changes of the molecular geometry apparently in-
duced by substitution at C(7) seem to shift H”S from the para-
magnetic to the diamagnetic shielding region of the C(2)-C(3)
double bond. The values for the carbinol have been given above
(cf. section lI.A). In the case of 7-syn- and 7-anti-carboethoxy-76
& values of 4.50 and 4.23 ppm were found for H2 and HS, re-
spectively 246

In order to settle the question of the relative magnitude of 3J;s
values in the CH,CH, fragment of 76 raised by results of earlier
investigations,259-251 5 detailed NMR analysis of the ABX systems
in the CH,CHR part of 5-exo- and 5-endo-norbornylcarboxylate
(79a, 79b) fully deuterated in all other positions was per-
formed.252 The spectra of both compounds were observed with
H {2H} decoupling and the results of the analysis (Table Xll) were
confirmed by INDOR experiments. 3J{H,H)engo = 2J{H,H)exos 1.€.,
J(1,3) in 79a = J(1,2) in 79b, was firmly established, showing
that the earlier results were in error.

D D
Dcoor Pyt

79a 7%b

For halogenated norbornenes the magnetic anisotropy effect
of the halogen substituents at C(5) and C(6) on the resonance
frequencies of H7S and H72 have been discussed.?53 A com-
prehensive analysis of the spectrum of endo-cis-5,6-dibromo-76
was presented later?54 with the results given in Table Xill. For
a series of chlorinated norbornenes of type 80 the influence of
various substituents (X = OH, OAc, Cl, CgHs, COOH, CN) on the



'H NMR Spectra of Cyclic Monoenes

Chemical Reviews, 1977, Vol. 77, No. 4 613

TABLE XII1. NMR Data of Norbornene (76) and Several Substituted Norbornenes?

5(1,4) 5(2,3) 6(5x,6x) 6(5n,6n) 6(7s) 5(7a) J(1,2) J(1,3) J(1,4) J(2,3) Solvent(concn) Ref
76 2.85 5.91 1.59 0.96 1.32 1.06 2.89 0.77 1.12 5.77 30, 31, 51,
. 5.68 240, 247
5(1) 6(2) 5(3) J(1,2) J(1.3) J(2,3)
79a 2,143 1.898 1.300 4.4 9.0 -11.8 252
79b 2.863 1.848 1.380 9.4 4.2 -11.8 252
5(1,4) 6(2,3) 6(586) 6(7s) §(7a)
b 3.25 6.23 4.45 1.80 1.47 CCl, (20% 253
w/v)
J(1,2)  J(1,3) J(1,4) J(1.6) J(1,7s) J(1,7a) J(2,3) J(2,7a) J(5,6) J(7a,7s)
3.0 0.6 1.35 3.3 2.05 1.5 5.7 0.6 7.65 (-)9.7 CCI, (1 M) 254
6(5x)  6(5n)  J(5x,5n) J(5x,6n) J(5x,6x) J(5n,6n)
81 2.61 2.01 -12.3 3.7 9.6 8.9 258
§(1) 6(2) §(3) 5(4) &§(5x) 6(6x) &(6n) &(7s) §(7a) J(1,2)=J(3,4) J(1,3)
c 2.95 6.01 5.97 3.02 1.130 1.945 1.03 1.497 1.217 2.85 1.2 260
J(1,4) J(1,6x) J{l,6n) J(1,7s)=dJ(4,7s) J(1,7a)=J(4,7a) J(2,3) J(2,4) J(2,75)=J(3,7s)
0.9 3.80 0.5 1.8 1.55 5.7 1.2 ~0.3
J(2,7a)=J(3,7a) J(4,5x) J(5x,6x) J(5x,6n) J(6x,6n) J(6n,75) J(7s,7a) J(2,5x), J(3,5%)
0.65 2.85 9.30 5.55 (—)10.8 1.8 (—=)7.70 ~0.4

aFor proton numbering see appropriate formula.  endo-cis-5,6-Dibro

NMR parameters of the remaining protons was studied.?55 This
work allowed an isolation of the electronegativity effect exerted
by the X groups on H,H coupling constants and internal chemical
shifts, since because of the rigid geometry of 80 the other factors
influencing these parameters can be regarded to a good ap-
proximation as constant. In the electronegativity range of
3.80-2.49 determined for the series of X groups given above
by the NMR method, 256 linear variations of 3Jyans (2.5-4.6 Hz),
3Jeis (7.6-9.3 Hz), and 2J (—13.3 to — 12.6 Hz) were found. The
internal chemical shifts also showed a linear dependence on the
substituent electronegativity.

In another investigation,257 80 (X = PO(OCHj3),) was used,
together with other systems, to establish the angular dependence
of 31P-C-CH coupling constant. A general Karplus-type be-
havior was found. Data similar to those reported for 80 have been

Cl Cl Br
Cl H BrBr
cl Br. [ H,
X ﬂ” W,
Cl [ Br X
C H Br H,
80 81

obtained from the analogous bromo compounds.258 The parent
system 81 yielded resuits (Table XIll) that support the findings
for the two 3Jgs values cited above.?52 In context with a new
theoretical study using both MO and VB formalism in their recent
versions adequate for treating nuclear spin-spin coupling to
elucidate the conformational dependence of 4J values, the
spectra of endo,endo- and endo,exo-5,6-dimethyl-80 as well as
that of endo-5-methyl-80 were analyzed.?59 Small negative
4 J(CH3~C~-C~H) data were found, in agreement with the cal-
culations that predict negative interactions of this type for di-
hedral angles of between 30 and 120°. The stereochemistry of
endo-5-trimethylsilyl-76 was established in an ample study28°
that used high-field NMR (250 and 300 MHz), double resonance,
and INDOR experiments. Computer simulation was employed
to test the data (Table XllI) that include several hitherto unob-
served long-range coupling constants.

Several authors investigated the effect of shift reagents on
the 'H NMR spectra of norbornenes. 5-endo-Hydroxymethyl-76

mo-76. € endo-5-Trimethylsilyi-76.

was used to study a possible influence of the shift reagent
Eu(dpm)z on H,H coupling constants.26' Within the limits of the
experimental error, given as 0.1 Hz, no such changes were
observed, with the exception of couplings involving protons at
C(8), the carbon in « position to the coordination site. This agrees
with results of another group 67 who studied the same compound
under similar conditions and observed contact shifts only for the
CH,-O resonance. The average structure of the alcohol-
Eu(dpm); complex was derived by a least-squares fit of calcu-
lated on observed proton shifts. The power of the lanthanide shift
reagents for the simplification of spectra and for structure elu-
cidation was nicely demonstrated in the case of 5-exo-methyl-
6-endo-hydroxymethyl-76 and its 5-endo-6-exo- isomer.262 ¥
importance is the finding that only a dynamic model for ti::
complex which considered rotamers about the C-0 as well a3
the G-CH, O bond could adequately explain the experimental
results.

Finally, we mention an investigation dealing with 5,6-dicar-
bomethoxynorbornenes,?5® the observation of deshielding for
the 'H resonance caused by steric compression in the system
15 cited in section II.A,3% and the use of the NMR parameters
of 76 to establish the structure of norbornadiene-cyclopenta-
diene addition products,?%4 as well as that of benzo[3,4]bicy-
clo[3.2.1]octa-3,6-dienes.?85 Long-range shielding effects of
the three-membered ring in tricyclo[3.2.1.024]octenes and their
benzo derivatives with exo- and endo-cyclopropane ring have
been given.266

D. Cyclohexene
1. The Hydrocarbon and Its Derivatives

The structure of cyclohexene has been determined by electron
diffraction,267-270 and the half-chair 82, already proposed in

82
1937,271 was found to be the stable conformation. Similar
conclusions were drawn from IR and Raman measurements272
and from x-ray investigations of substituted cyclohexenes.273.274
The half-chair was also predicted by calculations275:276 that
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TABLE XIV. Data for the Conformational Interconversion of Cyclohexenes

H. Ginther and G. Jikeli

Cyclohexene T, °Ca Ve — vg? AGF ¢ Ed Solvent Ref
1,4-Dihydroperdeuterio- —166.7 537 f 283
4-Fluoro- —-151.8 728° 5.3 0.014 CD,CDCI 283
4-Chloro- —-151.8 6.3 0.200 CD,CDCI 283
4-Bromo- —149.3 6.3 0.077 CD,CDCI 283
1,4-Dihydro-4-bromoperdeuterio- —148.0 6.3 CD,CDCI 283
4-lodo- —146.3 6.5 —0.016 CD,CDC! 283
cis-4,5-Dicarbomethoxy- —~135.5 7.4 CD,CDCI 283
Perfluoro- =111.5 19.4¢.9 6.83" CF.Cl, 286
1,2-Dichloroperfluoro- =111.5 12,79 6.28/ CF.Clz 286
3,3,6,6-Tetramethyl- -117.5 8.4 k 290
3,3-Dimethyl-1,2,5,5-tetradeuterio- —146.8 6.3 CF,Cly 290
4,4-Dimethyl- —155.8 6.1 CF.Cly 290

2 Coalescence temperature (+:0.5°). ® Chemical shift difference between equatorial and axial H at C(4) (Hz at 60 MHz). € In kcal/mol (£0.1). ¢ In kcal/mol.
¢ Chemical shift difference between equatorial and axial fluorine (in Hz at 56.4 MHz). f 40 % (v/v) in deuteriovinyl chloride/chlorotrifluoroethylene (1:2).
9 JFF) = 287 Hz. " AH¥ = 7.2 + 0.2 kcal/mol; AS¥ = 2.6 + 1.6 eu. ' 2/(F,F) = 280 Hz. / AHF = 6.3 £ 0.2 kcal/mol; AS¥ = 0.2 £ 1.5 eu. ¥ Vinyl

chloride/CF ,Cl; (85:15).

showed 82 to be essentially strainfree.277

For 1,2,3,3,6,6-hexadeuteriocyclohexene values of 8.94 and
2.95 Hz were determined?78 for 3Jyans [=(Jaa + Jee)/2] and 3ugis
{=3Js¢), respectively, and from the ratio, the R value'® of 3.03
and a torsional angle of 63° were calculated??? for the twist
around the C(4)-C(5) bond, in good agreement with the structural
data. From the '3C sateliites of the olefinic protons, 3J(1,2) =
10.11 Hz and 'J("3C,™H) = 158.4 Hz were determined under
simultaneous decoupling of the allylic protons,5' the complete
analysis being prevented by the complexity of the spin system,
a fact equally true for all the higher cycloalkenes. Considerable
reduced 3/ values across the double bond were found by the
same technique in compounds 83 to 86.5' Geminal coupling

83 84 85 86
34 88 824 76 9.5 Hz

constants for the allylic CH, group in 18 cyclohexenes and
compounds of related structure were collected.28° The data are
in the range from (—)15 to (—)19 Hz, and their dependence on
conformation of the systems was discussed.

Starting with 82, the conformational equilibria of the larger
rings are characterized by energy barriers that are in many cases
high enough to allow the detection of individual conformers using
low-temperature NMR. Therefore, the interest of the application
of NMR to these systems originates not only from the usefulness
of their NMR parameters for structural investigations, but also
from the possibility to measure conformational free energies
and activation parameters in order to gain knowledge about the
dynamic behavior of such molecules.

In the present case, a ring inversion process between two
equivalent half-chair conformations 82a and 82b was de-

1
It
g

82a 82b

tected.281-283 A free enthalpy of activation AGF of 5.4 kcal/mol
resulted at —167 °C from measurements on 1,4-dihydroper-
deuterio-82,282.283 that was chosen for the purpose of spectra
simpiification through "H{2H} double resonance. At this tem-
perature the chemical shift difference between axial and
equatorial methylene protons at C(4) amounts to 0.3 ppm, 0.2
ppm less than in cyclohexane.

For 3- and 4-substituted cyclohexenes equilibria between
conformers with axial and with equatorial substituents are
possible, and E; and E,4 values similar to the A values for sub-
stituted cyclohexanes?®4 were introduced for these systems in
order to characterize the AG® data.?®? The general features of
cyclohexene conformational analysis as well as some earlier
experimental results have been reviewed.285 In Table XIV we
present the results of measurements made for 4-substituted
systems and for the fluoro-substituted compounds 87 and 88.
For the latter a complete line-shape analysis was employed288
to extract the rate constants from the 1°F NMR spectra.

Cl 6 3
(. S =
F
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87 88 89

A major point of interest and the subject of a number of the-
oretical studies was the mechanism of cyclohexene ring in-
version. Reviews of the earlier results worth reading are given
in ref 286 and 289. The boat form 89 was regarded by some

89
\/};’\/ /\/
82a 82b 82a 82b

(@) (b)

authors as intermediate (energy profile a),28'287 and by others
as the transition state of the inversion (energy profile b),283.286.289
It is now accepted that the latter interpretation is correct,
especially since recent improved calculations 150 agree with the
earlier data.?88 The results for the 4-substituted cyclohexenes28?
(Table XIV) suggested energy profile b, since an increase of the
barrier was found with increasing size of the substituent at C(4).
The origin of this effect was seen in the eclipsing of the C(4)~-X
and C(5)-H bonds possible in 89. More recently, the gem-di-
methyl-substituted systems 90, 91, and 92 were studied to find

CH CH
3 3 D.
D2
:E ? [ jg»CH
D 3
CH;  CHj3 CH;  CH, Ha
90 91 92

further support for this interpretation.2?® The AG™ values given
in Table XIV were found at the coalescence temperature, that
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for 80 being the highest so far measured for a substituted cy-
clohexene. This finding clearly supports the boat form as the
transition state, since a large steric interaction is expected for
the methyl groups at the “prow”’ of 88. A similar effect is stili
present in 91, and a comparison with the energy of CH3,CH3 and
CHg,H 1,3-diaxial interactions in cyclohexane suggests that in-
deed the barrier increase found for 90 and 91 with respect to the
parent compound originates from van der Waals repulsion. The
data for 92 support the conclusions reached earlier for the 4-
substituted systems, where the barrier rise was attributed to
torsional energy in the transition state (see above).
Information about the geometry and conformation for a con-
siderable number of substituted cyclohexenes has been derived
from their NMR spectra, even if the majority of these measure-
ments were performed in the region of fast exchange. A number
of 4,5-disubstituted systems was studied,?°" and from these cis-
and trans-4,5-dimethyicyclohexene retained their conformational
mobility even at —161 and —153°, respectively, as was con-
cluded from the absence of line broadening in their spectra. For
the trans compound H* and HS resonate at higher field than in
the cis isomer (0 1.45 vs. 1.95), and this observation was at-
tributed to their predominate axial orientation, in contrast to the
average axial-equatorial orientation in the cis compound.
Complete deuteration at C(3) and C(6) was employed in other
studies292.293 in order to simplify the spectra of 4,5-disubstituted
as well as 4-substituted cyclohexenes (93, 94). The AB spectra

D D D, D
R R
HA HX
R? HB
HB HA
D D D D
93 94

of the methine protons yielded average 3J values of 10-11 Hz
and for the ABX systems of 94 the sum Jax + Jgx ranging from
11.3 to 14.1 Hz was extracted directly from the spectra. As-
suming limiting values for Jaa, Jae, @nd Jee, the spin-spin inter-
action between axial and equatorial protons, the conformational
preferences in 93 and 94 were estimated. In all cases the more
stable conformer was that with equatorial substituents, in
agreement with other findings, however, the contribution of the
axial conformer was found larger than in the corresponding
cyclohexanes. This fact was attributed to the reduction of 1,3-
diaxial interactions from two in cyclohexane to only one in cy-
clohexene. For polar substituents, a destabilization of the di-
equatorial form of 93 was noted. Later, more accurate data for
trans-4,5-disubstituted systems of type 93 were obtained through
H{2H}-decoupling experiments.2%4 The temperature dependence
of 3(4,5) was observed, and an iterative procedure2®® was
employed to extract the individual NMR parameters J,o and Jaa
(Jgauche @Nd Jyans, respectively) as well as the AH® and AS°
data. The diequatorial conformer was present to 70-80 %, with
the exception of CCls-substituted systems, where this per-
centage dropped to 60%. Considerable variations for the cal-
culated values of the coupling constants were found over the
whole series of compounds. In the light of the uncertainities
inherent in the iterative method,29¢ the reliability of the quanti-
tative results seems, however, doubtful.

Analysis of the deuterium decoupled ABX spectra of 4-cyano-,
4-chloro-, and 4-ethoxycarbonyl- 94 was also performed in a
variety of different solvents.?97 Using dihedral angles of ¢ =
58° and ¢, = 62° and a simple cos? dependence for 3J, the
mole fraction of the equatorial conformer was estimated from
the ratio R = Jax/Jpx ©f the two vicinal interactions. Values of
~50, ~60, and ~100% resulted for the three systems. Later
the stereoisomeric cis- and trans-3-methyl-4-R-3,6,6-trideu-
teriocyclohexenes with R = COOCHj3, CH,0H, CH,Cl were
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studied.2%8 The conformational behavior of these systems is
complicated by the nonequivalence of the axial and equatorial
position at C(3) and C(4). The large value found for one vicinal
coupling constant of the ABX system formed by the methine
proton at C(3) and the methylene protons at C(4) (10.4-12.9 Hz)
indicates the equatorial preference of the R group in all cases.
The magnitude of the other vicinal coupling constant was only
3.7-2.1 Hz. AG® values of 1-2 kcal/mol were estimated with
the help of several assumptions concerning dihedral angles and
limiting values for the coupling constants.

Studies of a series of compounds of type 95 (X = OCHjs, Cl,

X
D
D
2 e
H
HA
CH, COOCH,
g5

H, CgHs, COOCH3;, CN, CONH,, OCOCHS3, N(CH,CH,),0) were
performed to investigate the effect of S-substitution on 2J
values.?%® Agreement with theory3° was found as electron-
withdrawing substituents caused a negative shift, and elec-
tron-donating substituents caused a positive shift for 2J, the total
range being 2.9 Hz. A correlation of A2J with the shielding of the
olefinic proton adjacent to the CH, group suggested that reso-
nance interactions between X and the 7-bond affected the hy-
perconjugative electron transfer to and from the CH, bond or-
bitals. 4J values between the methylene protons at C(3) and C(5)
were also determined.

The spectra of several sterecisomeric 3,4,5,6-tetrahydrox-
ycyclohexenes, the so-called conduritols, have been analyzed
in detail, and their conformations were deduced from the ob-
served H,H coupiing constants.®0! In all cases the half-chair was
found to be the most stable conformer. Small negative 4J values
were observed between protons in axial and equatorial positions
(*Jaar 4Jae) in support of the earlier theory of 4J coupling.24%
Recent theoretical work substantiates these findings.25°

Conformational studies have also been performed for
3,4,5-trichloro-6-bromo- and 3,4,5,6-tetrachlorocyclohexenes
using 300-MHz spectra that facilitated the determination of
coupling constants and readily allowed an assignment of the
configuration.392 The spectrum of the tetrachloro compound 96

4

] a1.2) - 0.8%

cl Cl
3 1 3(2,3)=7(1,5) = 4.58
" 2 He 3(3,8) = 0.93
ol Cl 3(1,3)=23(2,6) = -1.13
HS I(s,3) . ez
J(3,4)23(5,5) = 3.3
96 T(2,5)=5(4,3) = -0,45

C(3,2) = C.°5

showed AA'XX' half-spectra for the olefinic as well as for the
methine protons at C(4) and C(5) that upon analysis gave the
coupling constants as shown.

In another study of 3- aryl-1,3,5-5-tetramethyl-A'- and AS-
cyclohexenes,3% it was found that an aryl- and an a-naphthyl
group remained strictly in an axial position, thus allowing the
majority of the methyl groups to occupy the equatorial positions.
The arguments in favor of these conformations were derived
mainly from chemical shifts that are given also for the model!
systems 1-methyl- and 1,3,3,5-5-pentamethyicyclohexene.
Evidence for the preferred rotamer with respect to a-naphthyl
rotation was also deduced from the ring current effect of the
naphthy! ring.

Based on findings for several 3,4-disubstituted cyclohexenes,
the conformational free energy of an allylic tert-butyl group was
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estimated to be much less (ca. 50 %) than the corresponding
value for this substituent in cyclohexane.®%* Partial deuteration
with TH{2H} spin decoupling was used to determine chemical
shifts and coupling constants. For trans- and cis-3,4-disubstituted
systems several cases of conformational heterogeneity were
observed, indicating that a gauche interaction between a
neighboring substituent and the tert-butyl group is of similar
magnitude or even larger than the conformational free energy
of the latter group. On the other hand, for 3,6-disubstituted
systems the e,e conformation dominates. In addition, data for
1- and 2-tert-butyl-4-methoxycarbonyi-82 are reported and
compared with results found earlier for 4-methoxycarbonyl-82292
and its 1,2-dimethyl derivative.3%5 Only minor changes of con-
formation following the introduction of a tert-butyl group in 1 or
2 position are indicated, the ester group always occupying
dominantly (ca. 80 %) the equatorial position.

Finally, we mention work on cyclohexene partial structures
in the natural products codeine and isocodeine, %6 in Diels-Alder
adducts (97),3°7 and in bicyclic ketones (98).3%8 Relevant to the

H3
D
D CO,CaHs
CHa
97 08

material presented here are also a recent review on chair-chair
interconversion of six-membered rings3%® and the complete
analysis of the spectrum of the CH,CH, fragment of the chair
form of cyclohexane.®10

2. Bicyclic and Tricyclic Systems

The conformation of cyclohexene is drastically altered if one
of the CC single bonds is replaced by a three-membered ring,
which imposes similar constraints on bond and torsional angles
like an additional CC double bond. It is therefore to be expected
that the conformation of 3-carene (99) resembles that of cy-
clohexa-1,4-diene, whereas that of 2-~carene (100) should show

CH
CH, 3

100

101
a relationship to the shape of cyclohexa-1,3-diene. As an in-
teresting observation that illuminates this point, we mention the
structure of benzene trioxide (101)31 that can formally be re-
garded as the first planar cyclohexane derivative.
Conflicting interpretations of the NMR data of 99 are available.
Two boat forms, 99a and 99b, were discussed,®'? and from the
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chemical shifts it was deduced that 89a is favored. Examination
of the 220-MHz spectrum,3'3 on the other hand, led to the con-
clusion that the six-membered ring of 99 is essentially flat, since
the coupling constants J(1,2a) = 7.5 and J(1,2b) = 0 Hz were
in good agreement with calculated values based on a Karplus-
type relation J = 10 cos? ¢ derived for 3J values in substituted
cyclopropanes. Since in addition the electron diffraction pattern
of 99 was interpreted solely in terms of conformation 99a,314
further work is ciearly needed to derive a more satisfactory
answer about the conformation of this compound and that of its
isomer 100. For some substituted 3-carenes first-order NMR data
are avallable,®5 as well as for 2-norcarenes.?'®

A detailed discussion of the conformations of 21 methyl-
substituted cyclohexene-4,5-dicarboxylic acid anhydrides of type
102 was given.3'7 For the trans compounds, only the rigid half-
chair with diequatorial CO groups is possible. For the cis com-
pounds, however, the large values found for 3J(H¢4, H%) of 9.4 to
10 Hz indicated that the respective CH bonds are eclipsed, and
a boat geometry (102a) was proposed for the six-membered ring.

o)
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102 102a 102b

Ring inversion must then lead to a second boat conformer (102b),
and from the coupling constants it was concluded that either one
can be favored depending an ¢is or trans substitution at C-3
and/or C-8. Since the accuracy of the measured J values is low
and only 3/ data were considered, the results are only indicative
for the general picture. in particular, the authors did not comment
on the possibility of a planar six-membered ring and the fact that
substitution inevitably will lead to deformations of the geometry,
and as a consequence one is dealing with a whole family of
conformations in this series of compounds. This limitation,
however, applies to a large number of other studies as well, as
discussed above. In another paper the configuration of various
Diels—Alder adducts of alkylbutadienes and maleic anhydride
was established from chemical shift measurements.318

The model pair 103 and 104 was used to estimate the influ-

o o

103 104 105

ence of the diamagnetic anisotropy of the three-membered ring
on the chemical shifts of the vinyl protons;82 § values of 5.58 and
5.43 ppm, respectively, were found. Using the point dipole ap-
proximation3'® with Ax = —20 X 10=8 ¢cm3/mol for the cy-
clopropane ring®20 and the bond anisotropy model,®2" the ex-
perimentally observed shielding of +0.15 ppm was excellently
reproduced, regardiess whether a conformational equilibrium
between two boat conformations analogous to 102a and 102b,
respectively, or a planar six-membered ring was assumed. An
attempted conformational analysis for cis-8-oxabicyclo[4.3.0]-
non-3-ene (105) failed because an incorrect treatment was used
for the interpretation of a poorly resolved spectrum,322

For the bicyclo[2.2.2]oct-2-ene system (106) first-order
treatments are available®23-325 that discuss anisotropy effects
of the double bond as well as that of the benzene ring in the
corresponding benzoderivatives and that of the three-membered
ring in the structurally related tricyclo[3.2.2.0]nonenes (107).32"
In 3-substituted derivatives of 106 the magnitude of 4J(r) ap-
parently is proportional to the electron density at the double bond
which in turn is a function of the substituents.325 Data for the
structurally related system 78242 have already been given in
section IV.C.4,
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The stereochemistry of the four isomeric 5-hydroxy-6-
methylbicyclo[2.2.2]oct-2-enes was assigned with the help of
lanthanide-induced shifts (LIS) using Eu(fod); as the shift re-
agent.326 The qualitative assignment based on the concentration
dependence of the LIS data and reasonable assumptions con-
cerning the structure of the complex was confirmed on a
quantitative basis using a computer program to assign less well
determined resonances. The agreement factor R*27 served as
criterion for the correct solution.

Bicyclo[3.1.1]hepta-2-enes have been treated in more detail
with the spectral analysis of the natural occurring terpenoids
verbenone, myrtenal, a-pinene, and 11 «-pinene deriva-
tives.328-330 These systems can be regarded as bridged cyclo-
butanes (108), and the findings were related to the data of other
strained four-membered rings in a number of bicyclic com-
pounds.330 It was found that the correlation of 2J values with the
CCC bond angle differs markedly for these systems from that
found for other hydrocarbons of different ring size, a fact already
noted earlier.280 Large 4J couplings of positive sign (5.9 to 6.4
Hz) were found between the quasi-equatorial bridgehead protons
H'and H5, and the influence of the cyclobutane folding angle on
the magnitude of these couplings was traced with INDO calcu-
lations and by geometric considerations concerned with the
possibility of a direct coupling mechanism. The results of both
approaches compared well with the experimental findings. From
the presumably negative geminal coupling constant of 18 Hz at
the C(4) methylene group it was concluded that the C(1)-C(5)
fragment of 108 is essentially planar. 3J. across the double
bond was found to agree with data of other bridged cyclohex-
enes. Induced chemical shifts for CHz and OH substituents were
reported. However, attempts to reproduce these data with the
help of various mode! calculations33'.332 were unsuccessful.
in addition we mention results for benzo[6,7]bicyclo[3.2.1]-
octa-3,6-dienes?% that are of related interest here.

The conformational behavior of 9,10-disubstituted cis-
A28.hexalins (109) and of [4.4.4]propelia-3,8,12-triene (110),

CH,X
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X = Br, CN, COOCH;
109 110
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both containing cyclohexene substructures, was the goal of a
dynamic NMR study.333 In the hexalines the AB system of the
angular CH, protons was used to monitor the ring inversion
process by line-shape calculations over a temperature range
of ca. 70°. The relatively high barrier found [AGT (300 K) 12.2,
13.4, and 14.2 kcal/mol for X = Br, CN, COOCHs, respectively]
was taken as evidence for a mechanism that assumes the boat
form as transition state and requires simultaneous inversion of
both rings, thus making the barrier much higher than in cyclo-
hexene. In contrast, ring inversion in cis-decalin proceeds ap-

Chemical Reviews, 1977, Vol. 77, No. 4 617

parently independently for both rings, and the barrier is only
slightly larger than in cyclohexane 309334

In the case of 110 an AA'BB'-type spectrum was observed
for the allylic protons when the vinylic protons were decoupled.
Because of the degeneracy of many transitions, an approximate
line-shape analysis assuming an AB system was possible. A
further increase in barrier was found (AG¥(300 K) 16.7 kcal/
mol), indicating that most probably the inversion is concerted
for all three rings. The ground-state conformation of 110 was
later found to be of D; symmetry with all three rings adopting a
cyclohexene-like half chair conformation.®35 In contrast, a boat
conformation is adopted by the six-membered rings of the dione
111,336 possibly as a consequence of the bond angle changes
associated with the introduction of a four-membered ring. This
leads to a situation that is close to that in cyclohexa-1,4-diene
where a flat boat conformation was established.3%7 Lanthanide
shift reagents were used to distinguish the allylic proton reso-
nances cis and trans to the ether bridge in the propellane 112
in order to investigate the steric course of the homogenous
1,4-hydrogenation of the tetraene precursor.3¢

3. Cyclohexenones

There is a paucity of precise NMR data for cyclohexenones
since the spectra of the parent compounds have so far not been
analyzed and only first-order treatments have been used to
collect data for a number of derivatives.

It is generally assumed33? that cyclohex-2-enone possesses
an envelope conformation 113 in which the oxygen and five
carbons are coplanar and only C(5) deviates from this plane (sofa
or envelope form). This view is supported by a recent microwave
study34° and was adopted in two NMR investigations341.342 where
the authors, however, used the misleading term half-chair.

Whereas for the parent compound a fast equilibrium between
the two enantiomers 114a and 114b exists,>*° most substituted

5/ 3 2 J— —
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systems investigated so far adopt predominantly a single con-
formation. For several 3-methylcyclohex-2-enones phenyl
substituted in positions 5 and 6, evidence for the preferred
equatorial orientation of the C(5) substituent was derived.34
Similar studies for methyl- and tert-butyl-substituted systems342
used 220-MHz spectra and shift reagents to achieve first-order
analysis. Again it was concluded that the 5-substituent occupies
the equatorial position. The conformational analysis was based
primarily on the coupling constants, notably 3J(3,4e), 3J(3,4a)
and 43,5e), 4J(3,5a) (cf. 113). For the latter, a rigid conformation
is supposed to yield values of 1.7 Hz for 4/(3,5¢e) because of a
typical W arrangement of the ¢ bonds, and ~0 for 4/3,5a),
whereas ~0.8 Hz is observed for the average coupling *4(3,5)
= [44(3,58) + 4J(3,5a)]/2 in flexible forms. Using the same
approach, mono-, di-, tri-, and tetramethyl-substituted systems
and their BF3 complexes were studied by others.343 From the
findings it was concluded that complexation does not change
the conformational equilibrium but leads to drastic charge
transfer from the double bond to the carbonyl group as indicated
by considerable downfield shifts observed for H(2) (0.84—-1.04
ppm) and H(3) (0.87-0.94 ppm). This again supports a planar
arrangement of C(1) to C(3).

Vicinal and allylic coupling constants were employed to gain
information about the geometry of the partial cyclohex-2-enone
structure in various natural products344.345 after NMR/structure
correlations had been uncovered by earlier investigations dealing
with A%-3-ketosteroids.®46 In addition, shift reagents were used
for general structure determinations of systems with cyclo-
hex-2-enone subunits.®*” Bridged cyclohex-2-enones were
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TABLE XV. Coupling Constants for Compounds 116 and 117351
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JA,B) JAC) HA,D) JB,C) JB,D) HC.D) Solvent
116 —=1.30 +0.92 -0.66 0.1 ~-0.20 +7.60 CDCl;
117 —1.39 —=0.77 —0.32 CDCl3

treated in the studies mentioned above®28:33 and in an investi-
gation where the chemical shift of the olefinic 3-proton was
utilized to estimate the twist angle of the conjugated system in
compounds possessing a methylene bridge between positions
2 and 6 or 2 and 4.348 Miscellaneous 2J data in cyciohexenones
and related molecules have been reviewed.34°

Structurally related to 113 are exo-methylenecyclohexene
(115) and the two anhydrides 116 and 117. Several derivatives

115 116 117

of 115 substituted at carbons 3 and/or 4 were investigated
qualitatively by first-order analysis and double resonance ex-
periments.35° For 116 and 117, an ample study established the
magnitude and the absolute signs of long-range H,H coupling
constants over four, five, and six bonds33' with the help of
spin-decoupling and spin-tickling experiments. The results (Table
XV) were found in excellent agreement with theoretical pre-
dictions and experimental data from acyclic dienes.

4. Heterocyclic Systems

A good deal of work exists again for heterocyclic systems
derived from cyclohexene by replacement of one or more
methylene groups by oxygen, nitrogen, or sulfur. In the oxygen
series several studies concerned with the conformation of
5,6-dihydro-4H-pyran (118) are available and, using the calcu-
lations for cyclohexene?7%:288 as a guideline, three conforma-
tions for 118 have been considered in the discussions of the NMR
results:352 the half-chair 118a, calculated to be of lowest en-
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ergy,275.288 the envelope or "‘sofa’ conformation 118b,352 de-
stabilized by 1.2 kcal/mol, and the boat form 118c¢. Line-shape
changes in the low-temperature spectrum of 118 were attributed
to a conformational equilibrium of the two half-chairs 118a and
118a’.354 At —156 °C the methylene protons in the « position
to the oxygen appear as the AB part of an ABXY system with the
axial proton at higher field. A AG¥ of 6.6 £ 0.3 kcal/mol was
derived at the coalescence temperature (—140 °C), a surpris-
ingly high value in the light of results that indicate a barrier de-
crease in cases where a CH, group is replaced by an oxy-
gen.355-359 However, this applies to situations where only tor-
sional energy (eclipsing of CH bonds) is important. In the present
case, the origin of the barrier increase compared to the hydro-
carbon (AAG™F = 1.2 kcal/mol: cf. section IV.D.1) was attributed
to ground-state stabilization by conjugation between the 7 bond
and the heteroatom.

Evidence for the half-chair conformation was also derived
from the spectrum of D-glucal triacetates®6® and more recently
from that of 4-tert-butyl-118.361 Shift reagents were used in this
case successfully to simplify the spectrum for first-order analysis

that allowed the determination of 3J and 4J value. The similarity
of the vicinal coupling constants in the C(5)-C(6) fragment with
those of cyclohexane strongly supports 118a as the ground-state
conformation of 118. On the other hand, 118b was favored in
a discussion of results obtained for several substituted com-
pounds, but the arguments presented are not fully convincing.352
An interesting graphical method was developed to analyze the
observations made for annelated and substituted dihydropyrans
on the basis of an equilibrium 118a = 118a’.%52 The authors
correctly emphasized the limited nature of the NMR method that
uses the Karplus equation to derive quantitative data for a series
of differently substituted systems. Nevertheless, a general insight
into the conformation and geometry of the compounds studied
was possible, indicating that in the trans compounds the 4-phenyl
group prefers the pseudo-equatorial position, whereas a 2-alkoxy
group prefers the pseudo-axial position. In the cis compounds
a slight dominance of the conformer with both groups in
pseudo-axial positions was indicated; 2,3-annelation alters these
preferences due to peri interactions with the 4-substituent.
Strong changes are also caused by substituents in the phenyl
group. Further evidence for general substituent effects on the
conformation of 118 comes from investigations dealing with
unsaturated carbohydrates, where o and 3 isomers exist in dif-
ferent half-chairs.383

Resuits bearing on the conformation of 118 have also been
obtained from flavans (2,3-benzo-118).364-368 |t was pointed
out385 that the accuracy of the Karplus equation is insufficient
to allow a decision in favor of either the half-chair or the enve-
lope conformation. The cyclohexane-like effect of electroneg-
ative substituents on 3J values found for the flavans, however,
again supports the half-chair. This and the other observations
in favor of 118a as the stable conformation of 118 in the liquid
state are strongly supported by the results of far-IR work that
established 118a in the gas phase and in addition yielded a ring
inversion barrier of 8.4 kcal/mol.37%

Conclusions based on the Karplus equation are also available
for derivatives of 3,6-dihydro-2H-pyran (119), where the mi-
crowave spectrum of the parent compound was studied.36® A
twisted or half-chair conformation 120 similar to that of cyclo-
hexene (see section IV.D.1) was found with a twist angle 7 of
31.5 + 3°,

2 H5a
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119 120 121

In the NMR studies of 2,6-disubstituted derivatives of 118 a
half-chair (121) was assumed.37° From the large value obtained
for the sum of /(6,5a) + /6,5e) and the dihedral angles estimated
from Dreiding models, it was concluded that the “‘trans’’ com-
pounds exist predominantly in the conformation 121, For the
“cis’”’ compounds a ca. 1:1 mixture of the a,a and e,e conformer
was considered. Later, AG® values were derived from temper-
ature variations in the coupling constants.371 As in other cases,
the numerous assumptions necessary to obtain this information
leaves the reader with mixed feelings about the significance of
quantitative resuilts.

From those compounds containing two oxygen atoms 1,4-
dioxene (122) was studied most extensively.372373 The NMR
spectrum of 122 consists at room temperature of two singlets
at 5 3.96 and 5.86 ppm and shows at —144.5 °C an AA’BB’
system for the CH,CH, fragment which gave after iterative
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analysis the following data: 6, 3.886, 6, 4.044 ppm; 2J =
—11.88, 3,0 = 9.98, 3J o = 1.08, and 3J,, = 2.02 Hz. Consid-
ering the effect of oxygen on the 3/ values the coupling con-
stants compare favorable with those of cyclohexane.®'° Thus
the half-chair 123 must be the ground-state conformation of 122.

() S

122 123

The twist angle was calculated from the vicinal coupling con-
stants as 26.8°.373 This result is in good agreement with the
conclusions drawn from dipole moment measurements,374
far-infrared work,%75 and the microwave spectrum.37¢ From the
latter a twist angle of 29.9° was deduced and the molecule is
believed to possess little, if any, strain.

From the temperature dependence of the NMR spectrum it
was also possible to extract the activation parameters for the
ring inversion of 122 using complete line-shape calculations.372
Again, as in the case of 118, the barrier is rather high (AGF =
7.32 £ 0.21, AHF = 7.32 % 0.15 kcal/mol). A similar resuft was
presented in the IR work®75 that in addition gave evidence for
the presence of ca. 7% of a bent conformer, destabilized by 561
cm™ ' with respect to 123.

Compound 122 was also studied in partially oriented form
using a liquid crystal matrix.®77 For the analysis of the spectrum
the indirect coupling constants were largely neglected. Test
calculations showed them to be of minor importance for the
correct reproduction of the spectrum. Only a twisted geometry
could explain the results, the twist angle being 29.1°, in excellent
agreement with the above-mentioned findings. This observation
shows that the reorientation of 122 in the liquid crystal is fast

compared to the ring inversion process.
Oj/x
0o

0y Y
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124
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Conformational analysis has been performed for 2-substituted
5,6-benzodioxenes (124).878:37° The coupling constants for the
parent compound were determined from an analysis of the 13C
satellite spectrum as J = 5.92 and J' = 2.28 Hz, indicating a fast
equilibrium between two half-chairs. For derivatives with X =
CN, CO,C;H5, CO,CH3, and COCI, a pseudo-axial preference
was found for the substituent, whereas for system with X =
COCHjz, CONCHgCgHs, and C(OH)(CHz3),, the substituent oc-
cupies the pseudo-equatorial position.

Similar results were obtained from the analysis of the ABX
spectra of 2-substituted phenanthrodioxenes (125).380 Bulky
groups like phenyl and naphthy! are exclusively pseudo-equa-
torial oriented, whereas for X = SC,Hs, OC,Hs, OCgHs, and Cl,
increasing concentrations of the pseudo-axial conformer are
found. The configuration of 2,3-disubstituted systems (cis or
trans) was established from the coupling constants since for the
average value 3J(cis) > SJ(trans) is valid.

A significant increase for the barrier of ring inversion was
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reported in a preliminary dynamic NMR study of 1,3,3-tri-
methyl-4,5-dioxacyclohexene (126, 4,5,6-trimethyl-1,2-diox-
4-ene), a cyclic peroxide.38! From the temperature dependence
of the gem-dimethy| signals, a AGT of 11 kcal/mol was obtained,
determinations of the Arrhenius parameters being less accurate
owing to the use of approximate methods for the extraction of
the rate constants. Since the half-chair is the most likely
ground-state conformation of 126, the reason for the barrier
increase as compared to the ring inversion of cyclohexene
(AAGT = ca. 6 kcal/mol) might be seen in additional lone-pair
interactions and bond angle strain present in the transition state.
Similar barrier raises due to the O-O grouping are known for
saturated systems,382.383

In the field of nitrogen-containing compounds a considerable
amount of work has been invested to uncover the conformational
behavior of the tetrahydropyridazine system 127. The first re-
port384 dealt with 3,6-diphenyl-127, R = CHs, C,Hs, and showed

0
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N
|
N
CH;
o)

3>NCOOR
| - NCOOR
127 128
| N//COOCH2CF3
I
N\\H
129

the presence of two rate processes associated with energy
barriers AGF of 18.9 kcal/mol (at 97 °C) and 14.8 kcal/mol (at
—3 °C). These were attributed to cyclohexene-like ring inversion
and hindered rotation about the N-COOR bonds. For the former
process a line-shape analysis yielded AHF = 16.4 £ 1 kcal/mol
and AS¥ = —7 % 3 eu.385 At 30 °C the coupling constants of
the compound are in accord with the half-chair conformation
found for cyclohexene (cf. section IV.D.1). Compared to the
hydrocarbon, however, and analogous to the situation discussed
for 126, the introduction of the N(COOR)}-N(COOR) fragment into
the six-membered ring greatly increases the barrier for ring in-
version (AAHF ~ 10 kcal/mol). That has been attributed to steric
hindrance between the COOR groups in the transition state
leading to a high rotational barrier around the N-N bond,385 an
interpretation supported by experimental findings for compound
128,386 where the possibility of rotation around the N-COOR
bonds and nonbonded interactions between the ester groups
have been eliminated. An upper limit of AG¥ (—60 °C) = 10.4
kcal/mol was found in this case for the ring inversion barrier.
Additional evidence that the barrier height depends on the re-
sistance to rotation around the N-COR bond was present-
ed.SSG

The above assignment of the two barriers was criticized®8?
and restricted rotation instead proposed as the origin of the
high-energy process, but the original arguments®8 found support
by others388-3%0 and are now accepted insofar as recent work3®"
at 100 MHz established a similar activation barrier for 127, R =
CzHs (Table X V1), and revealed a much lower value (AG* < 10
kcal/mol) for the model compound 129, thus again indicating
that a removal of the above-mentioned steric crowding in the
transition state considerably lowers the ring inversion energy.

Whereas agreement about the origin of the high-energy
process has thus been reached, arguments in favor of restricted
rotation,384.385 nitrogen inversion,3°2 and a combination of
both®®! have been advanced to explain the low-temperature rate
process. In order to shed more light on this problem, the bicyclic
compounds 130-133 were studied.386.393-395. Gince these are
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TABLE XVI. Energy Barriers for Dynamic Processes In Tetrahydropiridazines and Related Compounds

Compound Solvent AG¥(°C)® AHF @ ASF? Barrier origin Ref

127, R = CyHs Cyclohexane 20.5 (25) 207+ 1.4 0.6 Ring inversion 391
CH3COOH 21.1(25) 229+1.2 6.0 Ring inversion 391

128 CHCl, <10.4 (—60) Ring inversion 386

129 CHCl5°¢ 14.2 11.2 -11.0 Restricted rotation 391
CHCl3 <10(—60) Ring inversion 391

3,6-Ph-127, R = CHj3 CoCly 18.9 (97) 16.4 £ 1.0 —7+ 3 Ringinversion 384, 385
CDCl3 14.8 (—3) Restricted rotation 384, 385

130 CDClg? 145+ 0.2(—9) 169+ 0.6 8.3 £ 2.1 Nitrogen inversion 394
Pentane? 13.9+ 0.2(—95) 16.2+ 0.8 7.6 £ 2.6 Nitrogen inversion 394

131 CDClz? 13.7 (—5) Restricted rotation 395

132 CDCi3¢ 12.2 £ 0.2(—9) 149 £+ 0.8 10+ 3  Nitrogen inversion 394
Pentane? 11.8 £ 0.3(~5) 124 £ 0.6 2.8 £ 2.5 Nitrogen inversion 394

133 CDCl39 16.4 (27.5) Bridge Hipping 395
D,0 16.6 (32) Bridge flipping 395

135 CFCly 12.0 (—20) Nitrogen inversion® 399
CF.Cl, 8.5(—109) Ring inversion® 399

a |n kcal/mol. Ineu. € 10% (v/v). 9Ca. 0.5 M. @ For alternative assignment see ref 400 and section V.

R
5 T/ N/R
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1 \R \R
130, R = CH, 132, R=CH,

131, R = COOCH, 133, R = COOCH,

rigid systems, it was hoped to analyze nitrogen inversion and
restricted rotation without the interference of the ring inversion
process. The low-temperature spectra of 130-133, obtained
in the slow exchange region revealed two distinct CH3 signais
for the methyl compounds and three to four different CH; signals
for the esters, thus indicating the presence of conformers
130/132a and their mirror images, and 131/133a-c, respec-
tively. For 130 and 132 consecutive inversion of both nitrogens
was found®93.394 (Table XVI), and for 131 and 133 restricted
rotation was favored3®43%5 over nitrogen inversion.3%® For 133,
coalescence of the individual COOR signals was obtained
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practically in the same temperature range as for 131 (=10 to
—50 °C). In the case of a nitrogen inversion process, on the other
side, a barrier decrease should be observed for the less strained
system 133, as was indeed found for the pair 130/132 (Table
XV1), where only inversion can be responsible for the spectral
changes.

In addition, a bridge flipping process of the twisted NCOOR-
NCOOR bridge containing the two nitrogens in the nearly planar
state was discovered in the [2.2.2] system {133d = 133e, Table
XVI). No solvent effect on the barrier height was observed. In
contrast, the activation energy for the pyramidal nitrogen in-

version in 130 was found to increase by 2.3 kcal/mol when
pentane was replaced by D,0 as solvent.3%* This work was later
extended to 1- and 5-monosubstituted systems of type 130 and
131398 and the conformational fiexibility of systems of type 134

N

@ L [tk
\R
133d 133e 134, n=1-4

was investigated.3%7 It is interesting to note that in the case of
the ethyl ester the chirality of 133 is documented not only by the
presence of two distinct ethyl absorptions but also by the di-
astereotopic nature of the methylene protons, thus giving rise
to two ABC; type spectra in the siow-exchange region.

The temperature-dependent NMR spectra of tetrahydropyr-
idazines 135 were also investigated by several groups.398-400

Ny
- 3

~ \

B
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135 136

The most stable conformation of these systems has one axial
and one equatorial N-CHj; group, a fact also supported by dipole
moment measurements.*%® Two dynamic processes with energy
barriers as shown in Table XVI were detected and attributed to
nitrogen inversion and ring inversion, respectively.3®® In an
earlier study on related systems*®? only the high-energy process
(AGF ~ 12 kcal/mol) was described.

Notwithstanding the correctness of the above-mentioned
assignment, the ring inversion barrier in these systems is much
lower than that for 127. The possibility of a ring inversion process
which does not involve a passing of the two N-CH3 groups and
therefore requires less energy was suggested for 135 and the
above assignment for the nitrogen inversion barrier was criti-
cized.*%° These authors instead connected the high barrier to
inversion processes (nitrogen or ring) with passing of the N
substituents and the low barrier to inversion processes (nitrogen
or ring) without passing of the N substituents. It seems that more
work is needed to understand the conformational dynamics of
these molecules (see section V).

Finally, evidence for a slow nitrogen inversion process at N-2
with barriers between 12.4 and 20.4 kcal/mol was found for
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substituted tetrahydro-s-tetrazines (138).492

In a 270-MHz study the problem of the stereochemistry of
three isomeric indoloquinolizines (137), containing the 3,6-
dihydropyran partial structure, was attacked by an iterative
spectral analysis of the ABCD system, supported by INDOR
experiments.4% The stereochemistry at rings C and D was dis-
cussed on the basis of 2/A,B) and the chemical shift difference
va — Vg, both parameters that are sensitive to the orientation of
the nitrogen lone pair relative to the C-Hp and C-Hg bonds. In
the related octahydrophenanthridine 138 a formerly assumed

A

1

4 3 NH N/CH3
r
6

139 140

[
@

non-W 4J coupling was recognized as the homobenzylic coupling
of 1.88 Hz between the pseudo-axial protons at C(6) and C(10)
by a double resonance study.4%4

In the field of compounds containing two different heteroatoms
we note a study of H,H coupling constants in 1,2-oxazines
(139).49° For 13 differently substituted systems first-order
analysis aided by spin decoupling was applicable. Homoallylic,
allylic, and vicinal coupling constants were observed. It was
concluded that the 5J coupling (2.0-2.5 Hz) is transmitted to an
appreciable amount across the N-O bond. Because of the
electronegativity effect of the two heteroatoms, the magnitude
of the 3J values is rather small (A3,4) 3.4-3.7, X5,6) 2.9 Hz).

The dynamic behavior of N-substituted (CHs, t-C4Hg) 4,5-
benzo-139 and 6-phenyi-139 was the main interest of a related
investigation that used low-temperature NMR studies at 60, 100,
and 220 MHz.#%% Ring and nitrogen inversion can be assumed
for these systems according to Scheme |. Only one of these
processes, however, could be slowed down sufficiently to effect
the NMR line shape that changed from an A, to an AB system
for the N-CH, and O-CH;, protons but remained a singlet for the
N-CH3 and N-t-C4Hg resonance. This information was not
enough to decide which of the two inversions shown in Scheme
| is slow on the NMR time scale. In view of the barrier height
determined at coalescence temperature (AG* (3 °C) 11.0
kcal/mol) the authors voted in favor of slow nitrogen inversion.

SCHEME |
o} O
X\/ T Ninversion X ; T
N H
"]‘ N—" R ?-E N )
(a) I
R
”rmg inversion )
T “ring inversion
X N X N—R
H H
N inversion
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Support for this interpretation was seen in the 13.7-kcal/mol
barrier found for nitrogen inversion in the saturated system tet-
rahydro-2-methyl-1,2-0xazine (140)*°7 on one side and the low
barrier for ring inversion in cyclohexene on the other side.
However, since ring inversion in the 1,2-dioxin 126 requires
much higher energy (see above), the possibility that the same
process is responsible for the spectral changes observed for
139 seems not yet ruled out, especially since solvent effects,
known to influence strongly the barrier for nitrogen inver-
sion,407:408 haye not been investigated. In a preliminary note,4%°
barriers [ AG¥(T,)] of 13.0 to 13.8 kcal/mol are given for a se-
ries of alkyl-substituted derivatives of 139. Again nitrogen in-
version was invoked; the solvent effects observed in some cases
are, however, rather small and probably within experimental
error. in summary, it appears that the difficulties associated with
a correct assignment of the various dynamic processes present
in nitrogen heterocycles are still persistent, a statement un-
derlined by a recent controversy on this matter,409.410

From sulfur-containing systems the 3,6-dihydrothiopyran 141
was investigated at 220 MHz and the half-chair conformation
141a was found compatible with the H,H coupling constants.*!
Another conformational anzlysis deals with the dihydro-1,4-
thiazine system 142.412 Th.- ABX systems of the aliphatic pro-
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tons of derivatives substituted at C(2) and C(5) were analyzed
and the resuits discussed in terms of the two “‘sofa’’, or “enve-
lope’’, conformations 142a and 142b where electronic conju-
gation was seen as the driving force for the assumed coplanarity
of atoms 1 to 5. With the help of the NMR parameters from a
conformationally rigid model compound it was shown that for
142, R = R’ = CO,CHyg, in pyridine and acetone-dg, 142a with
R in a quasi-axial environment dominates, leading to JA,X) =
JHB,X), whereas in CDCl3 JA,X) > J(B,X), indicating an appre-
ciable population also of conformation 142b. The importance
of intramolecular hydrogen bonding between R and the NH proton
for the stabilization of 142b was demonstrated and confirmed
by IR studies. Conformational equilibria for different solvents
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e S e
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were later determined from the magnitudes of J(A,X) and
XB,X).*"® The work was extended to the corresponding sulfox-
ides,*'* and evidence for an overwheiming preference of the
conformation with the oxide function in the axial position—also
found in saturated systems*'5>—was presented. However, the
claim to have evaluated the NMR parameters from the AB region
of the ABX systems by first-order analysis renders the accuracy
of the quantitative aspect of this work somewhat doubtful. Finally,
we mention an x-ray study of cis-1,4-dimethylisothiochroman
dioxide which showed this system to adopt a boat form 143 in
the solid state instead of the half-chair.*'® The same confor-
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mation presumably is present in solution since the NMR spec-
trum yielded for H(4) a 3J coupling of 12 Hz showing this proton
to be in an axial position. Similar findings were reported for the
trans-1,3-dimethyl sulfone, whereas the cis-1,3-dimethyl
compound presumably adopts a half-chair conformation.

A number of earlier studies, notably on dimeric pyridones,
2,3-dihydro 4-pyrones, and tetrahydropyridines, are cited in ref
15.

E. Cycloheptene
1. The Hydrocarbon and Its Benzo Derivatives

Compared to the six-membered ring, the investigation of the
conformational processes present in the larger rings is more
complicated because the barriers to pseudorotation and ring
inversion are of comparable magnitude. The assignment of the
activation parameters determined from the NMR line-shape
changes to specific conformational transformations are,
therefore, not always possible. Furthermore, the increased
flexibility of the larger ring systems as well as their more com-
plex spectra—a simple consequence of the increased number
of protons present—strongly reduces the possibility to obtain
exact chemical shifts and coupling constants unless partial
deuteration and "H{?H} double resonance experiments are em-
ployed.

Experimental results for the conformational behavior of cy-
cloheptene that were obtained prior to 1970 have been reviewed
in detail.® We mention these investigations only briefly and
concentrate on the more recent findings.

Three conformations, the chair 144, the boat 145, and the
twist boat 146 are considered for cycloheptene.*17:418 First in-
formation that indicated the chair to be the most stable one came
from investigations of benzocycloheptenes 147-149,419-422 For

Qa o &Geae

144 145 146

148 and 149 the nonequivalence of the CH and C—~CHj; bonds
at C(5), respectively, was demonstrated by the observation of
an AB system and nonequivalent methyl groups in the low-
temperature NMR spectra (<—60 °C).420-422 This allowed the
exclusion of 146 as the ground-state conformation. A decision
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OH CD, @<)<CH3
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between 144 and 145 was then possible on the basis of H,H
coupling constants and chemical shifts. The diol 147 and its
acetate were examined,*'9 and the single vicinal coupling of 9
Hz observed between the pseudo-axial benzylic hydrogen at
C(3,7) and its neighboring CH, protons was found compatible
only with the chair conformation, where—following models—
dihedral angles between the C(3)-H and C(4)-H bonds of 80 and
115° are expected, while for 145 these angles are probably 15
and 150°, respectively. Extended investigations of a large
number of substituted benzocycloheptenes confirmed this in-
terpretation.420-422 Considering the ring current effect on the
chemical shift of the CH, protons and the methyl groups at C(5)
in both conformations 144 and 145, the observed shift differ-
ences between pseudo-axial and pseudo-equatorial positions
were found to agree only with that expected for the chair
144,

H. Ginther and G. Jikeli

Further evidence against the twist-boat ground state came
from a study of 5,5-difluorocycloheptene (150)423:424 that showed
dynamic behavior in the 1°F NMR spectrum with coalescence
at —92 °C and an AB system (Av = 1602 Hz, XA,B) = 248 Hz)
in the slow exchange limit. Line-shape analysis between —44
and —147 °C yielded AH* = 7.4 £ 0.1 kcal/mol and AS¥ =
0.2 £ 0.1 eu. From their data alone the authors could not exclude
the boat, but they favored the chair conformation, and their
choice is supported by the findings discussed above. In addition,
all investigations cited so far agree in that no second confor-
mation was detected in the low-temperature spectra, thus
showing the chair to be by far the most stable one. This is in
accord with Raman and IR data*?5 that proved 144 to be the
conformation of crystalline cycioheptene. In the liquid phase,
however, additional bands were attributed to the boat confor-
mation.

In order to further characterize the chair conformation 144,
spectral analysis of several partially deuterated benzocyclo-
heptenes was carried out at —120 °C, where—on the NMR time
scale—"frozen’’ conformations exist for these system.#26 As
in the earlier studies,*1%-422 from the now more accurately de-
termined vicinal H,H coupling constants A3a,4a) = 12.6, A3a,4e)
= 1.1, A3e,4a) = 1.1, and A3e,4¢e) = 6.6 Hz (errors £0.1-0.2
Hz), dihedral angles of ¢1 = ¢3 = 73°, ¢, = 44°, and ¢, = 189°
{see 151) were derived using a Karplus-type relation of 3J =
12.95 cos? ¢ adjusted empirically for cyclohexane.?10 As indi-

152

cated by 152, the boat is not compatible with these resuits.
Compared to cyclohexane, the seven-membered ring in 161 was
found more puckered, showing a smaller ¢, and a larger puck-
ering angle ¥ (cf. 151) than the six-membered ring. For the
chemical shifts, the axial proton at C(3) was found less shielded
than the pseudo-equatorial one, most probably as a conse-
quence of the ring current effect of the annelated benzene ring.
At C(4) 8, < b, was observed, as in cyclohexane. In this context
we also mention the results of a different study that determined
3J.is across the double bond as well as 'X'3C,'H) in the olefinic
position of cycloheptene itself with values of 11.02 and 156.2
Hz, respectively.5"

A compound diverging from the line developed so far appar-
ently is 3,3,6,6-tetramethylbenzocycloheptene (153)*27 where
four C(4)}-methyt signals (two 1:1 pairs of different intensity) are
observed in the slow exchange limit (—81 °C).#28 Accordingly
two conformations, presumably boat and chair, are present, a
result that agrees well with the predictions of model calcula-
tions*2! that showed both conformers to be of equal energy.
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TABLE XVIl. Activation Parameters for Dynamic Processes in Cycloheptenes, Benzocycloheptenes, and Tetramethylthiacycloheptyne (171)

Compound AG™, °ce AHF @ AS* b Solvent (concn) Ref
148 10.7 (—57) 13.0 + 1.5 (E,) 150+ 1.6 CS» (5-10%) 422
(log A)
150 7.45 (—92) 7.7 £ 0.4 () 0242 CF3Br/propene (10%) 424
153 12.6 -1 CS, (5-10 wt%) 428
9.3 -10 428
154 12.2 (—40) CDCls 429
156 5.0 £ 0.3 (—165) HaC=CHCI/CHF,Cl 431
85:15 v/v (5%)
160 <5 CHF,CI (5%) 437
Benzo-160 10.3 (—73) CS2(5-10%) 422
161 6.0 (—153) CHF,CI (5%) 437
Benzo-161 11.3 (—45) CS;(5-10%) 422
162 6.2 (—140) CHF.CI (5%) 437
Benzo-162 11.8 (—45) CS, (5-10%) 422
163 7.7 (—117) CHF,CI (5%) 437
Benzo-163 10.4 (—863) CSz(5-10%) 422
168 9.5 £ 0.2 (—57) 9.940.2 1.5+ 1.2 CHF,CI 443
174 9.2 (—100) 94403 13115 CD.Cl, 455
a|n kcal/mol. 2 In eu.
H3 CH; H4C, CH; D
HOOC, D
D
CH3 CH3 D
Hg HsC D
153 154 156

itself431 used cycloheptene-4,4, 5,6,6-ds (156) for low-temper-

CD.,OH ature investigations. A splitting of the C(5)-H resonance in a

2 doublet was found at —171 °C and for the coalescence tem-

perature AG¥ (~165 °C) = 5.0 £ 0.3 kcal/mol was calculated.

155

From the experimental intensity ratios below coalescence and
the line positions in the averaged spectra, AH® = 0.3 kcal/mol
was extracted and from an approximate treatment of the line-
shape changes activation parameters of AHF = 9.3 kcal/mot,
ASF = —10 eu,, and AHF = 12.6 kcal/mol, AS¥ = —1 eu,
were derived for the dynamic processes attributed to chair =
boat and chair = chair interconversions, respectively. It was
suggested by others that one of these processes is associated
with pseudorotation.422

In a later study dealing with the structurally related system 154,
however, a different interpretation of the experimental obser-
vations was proposed.*?? Spectral changes similar to those
found for 153 were observed for the C(3) methyl groups of 154
that resulted in the appearance of two 1:1 doublets having dif-
ferent intensity. Since the IR spectra of 154 in the solid and in
CS, solution were found identical, the author attributed the
second doublet in the low-temperature NMR spectrum to lines
of the C(4) and C(5) methylene protons and assumed that only
one conformer, either chair or boat, is present.

Paramagnetic shift reagents and first-order analysis were
employed to establish the most stable conformation of cyclo-
heptene-5-carbinol-a,a-d» (155).42° Evidence of a chair form
with pseudo-equatorial substituent was found. The spectra are,
however, poorly resolved, and a more accurate investigation still
seems desirable.

Besides the attempts to determine the ground-state confor-
mation of cycloheptene and its derivatives, efforts have been
made to uncover the details of its dynamic behavior. in addition
to the dynamic NMR study of the 5,5-difluoro compound already
mentioned, the activation parameters of the dynamic process
responsible for the line-shape changes in the spectrum of the
benzo compound 148 were determined.*22 AGF (—57 °C) =
10.7 kcal/mol was found. A study dealing with the parent system

Because of the assumed existence of intermediates (145, 146)
in the inversion process, a transmission coefficient of %, was
used for the ring inversion.

The detailed discussion of these experimentally determined
activation parameters that are summarized in Table XVII is only
possible by recourse to theoretical results as a guideline since
no direct information about the geometry of transition states are
available from the NMR method, and in a series of transforma-
tions only that with the highest barrier is measured. It is therefore
gratifying that a considerable number of theoretical investigations
of the cycloheptene conformations and their interconversion
pathways are available.!50.276:421,432-434 Eycant for the two
earliest treatments?®7-417 all calculations agree in that the chair
144 is the most stable conformation for the hydrocarbon as well
as its benzo derivative and that the twist boat is a true interme-
diate for the chair = chair interconversion. Furthermore, the
rate-determining step is that of the chair-boat or chair-twist boat
transition and not one of a pseudorotation within the boat family.
The experimentally determined barriers are then connected to
these local ring inversions (for a definition see F. A. L. Anet in
ref 12). For the overall energetics of cycloheptene ring inversion,
however, different results have been obtained, and these are
summarized in Figure 1. Besides the true conformations
144-146 characterized by energy minima, transition-state
geometries 157 to 159 have been calculated. Whereas for

& d o

157 158 159

treatments a—-d molecular mechanics or force-field calcula-
tions*3° were used, treatments e and f are based on the MINDO/II
method.*3¢ Here a different Inversion path was found for cy-
cloheptene and benzocycloheptene,*3%:434 the latter being in
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Figure 1. Schematic representation of calculated conformational in-
terconversion mechanisms for cycloheptene (a, ¢, d, e) and benzocy-
cloheptene (b, f): (a) ref 276; (b) ref 421, 422; (c) ref 150; (d) ref 432;
(e) ref 433; (f) ref 434, Energies are in kcal/mol relative to the energy
of the chair conformation 144.

qualitative agreement with study b. On the other hand, treatments
d and e for cycloheptene agree in that both show the boat to be
no intermediate at all and thus predict the disappearance of a
separate pseudorotation barrier. Furthermore, it seems that the
twist boat is preferred over the boat in the more recent results
for the parent system.

An intriguing feature certainly is the difference in barrier height
found for cycloheptene and benzocycloheptene (AAG™ = 5.7
kcal/mol). Various explanations have been offered. An increase
in bending energy for the internal angles G(1)-C(2)-C(3) and
C(2)~C(7) in the transition state 157431 and nonbonding H,H re-
pulsion were discussed, '*° while others preferred to interpret
the change in AG¥ as a documentation of the existence of dif-
ferent inversion mechanisms. 433434

An attempt to decide this alternative experimentally was made
with the investigation of compounds 160 to 163,37 whose benzo
analogues had been studied earlier.%?? The spectrum of 160 did

H,C
D 3 CH,
D.

HSC CHG ch CH3 CH3

CH;
CHj3

D D Hs
160 161 2 163

not show changes attributable to a dynamic process even at
—170 °C; that of 161 gave a doublet for the methyl groups below
—153 °C. In the case of 162 deuterium decoupling was em-
ployed and the CH, resonances were found to change from an
A, to an AB system (T, — 140 °C). Finally, for 163 an unsym-
metrical AB-type absorption and a doublet were observed in the
slow exchange region for the methylene protons at C(3) and C(7)
and the CH3 resonances, respectively, while the C(5) methylene
proton absorption remained a singlet even at —170 °C. The
barriers calculated at the various coalescence temperatures are

compared in Table XVl with those of the corresponding benzo
systems. In all cases, with the exception of the pair 163/
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benzo-163, one finds within experimental error the same barrier
increase in going from the parent compound to the benzo de-
rivative (AAGT = 5.4 kcal/mol). This was taken as a strong.
evidence for a common inversion path in both series of com-
pounds, and this finding thus diverges from the results of the
theoretical studies e and f discussed above. For the last pair of
compounds AAGT only amounts to 2.7 kcal/mol and two
possibilities to explain this result, which mainly originates from
the barrier increase in the parent system 163, were suggested.
Both imply an energy increase for the supposed transition state
of pseudorotation (structure 158), which can be reached from
the chair or from the twist boat as possible stable conformations
of 163. The latter possibility is supported by the fact that the
methylene resonance at C(5) remained a singlet even at the
lowest temperature reached (—170 °C).

2. Heterocyclic Systems

The earlier work on heterocycloheptenes of types 164 to 167
(X = 8, O) and/or their gem-dimethyl derivatives as well as the

Qe O

corresponding benzo systems*17:438-442 hag again been re-
viewed in detail.® 1! For the sulfur heterocycles several inter-
esting features were discovered.

(1) In many cases two conformations of comparable energy
exist. One of these is the chair and the other one may be either
twist boat or boat.

(2) Barriers for local ring inversion of the chair to the boat
family and for pseudorotation within the boat family could be
measured separately, energy differences between the two
processes being in the order of 3-8 kcal/mol.

(3) The replacement of a methylene group by sulfur leads to
an increase in the activation barriers which become > 15 kcal/
mol in the case of benzo-166.

(4) Several a,a’-disubstituted benzo trisulfides crystallize
within the limits of detection in a single conformation (twist boat
or chalr), and the appearance of the conformational equilibrium
could be followed by NMR at —40 °C, thus allowing an inde-
pendent determination of AG* values.

For the oxygen-containing systems 164, and 5,5'-dimethyl-164
(X = 0), and their corresponding benzo derivatives, the slow
exchange limit was reached only for 5,5'-dimethylbenzo-164,
yielding AGF (—76 °C) = 9.7 kcal/mol at coalescence, again
lower by 2.1 kcal/mol than in the hydrocarbon (1489).

From a low-temperature NMR study of 5-oxabenzocyclo-
heptene*4 (168) and the analysis of the ABCD spin system of
the CH,CH, fragment at —105 °C—aided by the use of partially

c;
168

deuterated compounds and H{?H] decoupling—it was possible
to show that this system exists also predominantly in a chair
conformation. The NMR parameters are compared with that of
151 in Table XVIII. The differences between both sets of coupling
constants could be attributed partly to the electronegativity effect
of the oxygen and to a slightly more flattened seven-membered
ring in 168. The line-shape changes from the AA’XX’ system
obtained in the fast exchange limit to the ABCD system mea-
sured at —105 °C were calculated using the DNMR-2 program#44
and from the rate constants obtained between —41.6 and —91.4
°C the activation parameters given in Table XVIl were calcu-
lated. The ring inversion process is thus again lowered by the
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introduction of an oxygen (AAGT = 1.2 kcal/mol in comparison
to 148). A new type of long-distance isotope effect on the
chemical shifts in the deuterated compounds was noted.

The spectra of a number of methyl-substituted 1,5-benzodi-
azepines and 1,5-benzothiaazepines have been anaiyzed by the
iterative procedure in the fast exchange limit, and chemical shifts
and coupling constants are reported.4® The conformations of
the compounds were qualitatively discussed on the basis of a
modified Karplus relation using the 3J values obtained. The
conclusions drawn are necessarily based on many assumptions
since no information from "'frozen’’ conformers could be gained
in the temperature range used.

Finally we mention two investigations that deal with bridged
systems 169 and 170 that contain a cycloheptenone partial
structure.446447 |n the case of 169 the bridges prevent the
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169 170

molecule from adopting a twist conformation and a true chair
= boat equilibrium, favoring the boat conformation, is obtained.
A line-shape analysis carried out in CCl, and acetone-dg yielded
AGF = 16.0 and 16.4 kcal/mol, respectively, for 169, n = 9;
AHF = 16.7 kcal/mol and AST = 1.5 eu were obtained. These
activation parameters are very sensitive to the size of the
methylene bridge; for 169, n = 10, the slow exchange limit could
not be reached at —80 °C (AG* < 8 kcal/mol), and for 169, n
= 8, no dynamic behavior was detected even at 140 °C, which
means that the barrier for ring inversion exceeds ca. 22 kcal/
mol. For 170 that was substituted in positions 2 and 4, cis and
trans isomers were investigated. In the former the cyclohep-
tenone ring adopts a chair conformation in case of 23,483 sub-
stitution. This conformation was also predicted earlier for the
parent ketone.**8 In addition, as a reference to related material,
we refer to two recent studies dealing with cycloheptane*® and
cycloheptene oxide.*%°

3. Cycloheptyne

The seven-membered ring is the first cycle where stable
derivatives containing a CC triple bond were isolated, thus al-
lowing structural and conformational studies. We therefore in-
clude here and in the following sections investigations dealing
with cyclic acetylenes.

Cycloheptyne itself, while detected as a short-lived inter-
mediate,*>" is still too reactive to allow its isolation. Even the
3,3,7,7-tetramethyl derivative, while more stable than the parent
hydrocarbon, has a half-life of only 1 day in solution.*52 The sulfur
derivative 171, however, was prepared*5® and investigated.

H Hs
L s ~
S
H.C CH,
171 171a

Electron diffraction studies showed that 171 possesses con-
formation 171a and with 145.8° the smallest CCC angle at the
triple bond known so far.%>* At room temperature the NMR
spectrum of 171 consists of two singlets at 2.784 and 1.186 ppm
for the CH, and CHj protons, respectively. 453455 At lower
temperature line-shape changes are observed and at —108 °C
a CHo-AB system [8(A) 2.970, 6(B) 2.725 ppm, XA,B) = (—) 13.7
Hz] and two methyl singlets (6 1.283, 1.132 ppm) are found, in
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TABLE XVII. NMR Parameters of Benzocycloheptene (151)42¢ and
5-Oxabenzocycloheptene (168)443

1514 168°
5(3a) 2.83 3.230
8(3e) 2.72 2.726
d(4a) 1.23 3.359
o(4e) 1.97 4,122
2/3a,3e) —~14.1 £ 0.1¢ ~15.3 £ 0.2¢
2 /4a,4e) -~13.8 £ 0.2 —11.8+0.2
3/(3a,4a) 12.6 £ 0.2 11.2:£ 0.2
3/(3a,4e) 1.1+ 0.1 2.0£0.2
34(3e,4a) 1.1£0.1 0.6 0.2
3/3e,4¢) 6.6 £ 0.2 50+£0.2

2 Values obtained from various partially deuterated systems at — 120 °C
in CHCIF,. © At —105 °C in CHCIF,. © Estimated errors.

accord with the expectation based on 171a.%55 From the line-
shape analysis of the AB = BA exchange between —30.0 and
—85.5 °C activation parameters given in Table XVIl were derived
for the dynamic process that is best ascribed to ring inversion.
The rather low barrier found for this strained system most
probably is a consequence of the flexibility of the C=C—C
valence angles. Following the observations made for other sulfur
heterocycles as cited above (section IV.E.2), the ring inversion
barrier for the parent hydrocarbon is expected to lie below 9
kcal/mol.

F. Cyclooctene

Whereas the seven-membered ring was the first to accom-
modate a triple bond, cyclooctene is the first cycloalkene where
both the cis and trans isomers have been isolated. The spectra
of both isomers show considerable differences in the methylene
region as well as in the olefinic region, the latter with absorptions
centered at 6 5.40 and 5.51 ppm for the cis and trans com-
pounds, respectively 8% These variances are a conseguence of
the differences in geometry and conformational behavior that
will be discussed in the following sections.

1. cis-Cyclooctene

The detailed structure of cis-cyclooctene has not yet been
determined, but conformation 172 was predicted for this com-
pound*3¢ on the basis of x-ray evidence for cyclooctenimine. 487

172

Calculations50.276.432 yje|ded similar geometries as energy
minima. Other forms have been discussed*®8.45% and could be
eliminated because of the small (1 Hz) coupling constant found
for cis-5,8-dihydrocyclooctene-d,, indicating a dihedral angle
of ca. 90° between the C(5)-H and C(6)-H bonds.

Two dynamic processes were found for cis-cyclooctene by
NMR*58:459 and attributed to pseudorotation (AG¥ = 5.8 kcal/
mol) and ring inversion (AG¥ = 8.2 kcal/mol), but no detailed
account on this investigation has so far appeared. In a study that
used variable-temperature '°F NMR, two structureless signals
separated by 6.4 ppm were observed at — 156 °C for 1-fluoro-
cis-cyclooctene, indicating the presence of two conformations,
presumably 173 and 174.4¢0 From the peak area ratio of 3:2, an

AT A

F F
173 174
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energy difference of 95 kal/mol was calculated. Coalescence
was observed at —129 °C and an energy barrier of 6.1 kcal/mol
estimated for the dynamic process responsible for the line-shape
changes. Either pseudorotation or ring inversion could explain
equally well this finding, but in a recent review on multistep
conformational interconversion mechanisms#®! two pathways
for the dynamic behavior of cis-cyclooctene were proposed that
allow a unique interpretation of the NMR data. One is a pseu-
dorotation that introduces a C, axis on the NMR time scale. It
must be assigned to the low-energy process in view of the NMR
evidence.*? It also interchanges the two fluorine sites. The
barrier for the high-energy process that is necessary for com-
plete geminal exchange to occur and that conforms to ring in-
version is characterized by a plane of symmetry.

A 300-MHz spectrum of cis-bicyclo[6.4.0]-10,12-dioxa-2-
and 3-dodecene showed the former to exist predominantly in
conformation 175 with axial alkene group despite an expected
strain effect of ca. 2.25 kcal/mol for this orientation of the double
bond.*%3 The reason for this observation was seen in nonbonding
interactions hetween internal hydrogens and oxygen expected
for the alternative conformation 176.

o7

0
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175 176

2. trans-Cyclooctene

trans-Cyclooctene, first isolated in 1910,465 recognized as
the trans isomer in 1950,455 and resolved into optical isomers
in 1963,468 has a twist or distorted crown conformation 177.467
It is rigid on the NMR time scale, the barrier to ring inversion
accompanied by racemization for the pure isomers being 35.6
kcal/mol.4%8 177 was determined by recent electron diffraction

O >
177

measurements*S” and agrees with the result of various x-ray
investigations of trans-cyclooctene metal compiexes,*69-471
iodo-trans-cyclooctene,*”? and trans-2-cyclooctenyl dinitro-
benzoate.?”® In an earlier electron diffraction analysis a chair
conformations was proposed,*7 but it seems that this result is
in error. The twist conformations is also supported by the out-
come of recent theoretical calculations.'%%432 One group*’S
found a distorted chair as the most stable form, but this result
was not confirmed.*32 An interesting feature of 177 is the twisted
double bond that shows an dihedral angle of 136°. This possibility
had been suggested already in connection with the interpretation
of dipole moment*’® and optical activity data.477:478

A first-order interpretation of the °C satellites of the olefinic
protons of 177 yielded 'X13C,H) = 151, 3J(1,2) = 3Uyans = 16.0,
342,3) = 10.0, and 3A2,3") = 4.5 Hz.#7° The one-bond 1°C,'H
coupling constant is thus considerable smaller than in the cis
isomer (see Table I), and this agrees with the rehybridization of
the olefinic carbons discussed earlier '3 in connection with the
twisted double bond, where some s-character was introduced
into the m-bond thereby lowering the s-character in the C-H
bonds. Vicinal coupling constants in the same order as for 177
were found also for trans-cyclooctenyl derivatives, 480481 A
consideration of the effect of the double bond anisotropy on the
chemical shift of the methylene protons yielded support for the
twist conformation,*”® and the thermal transformation of con-
figurationally pure 2-bromo-3-methoxy-trans-cyclooctene into
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its diasterioisomer (20%) and the cis compound (30%) was
detected by NMR.482

3. Cyclooctyne

The structure of cyclooctyne has been determined by electron
diffraction as the “‘half-chair’’ 178 that has the unique feature

ne G
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H,C CH,

178 179

of six coplanar carbon atoms.483 The C=C—C angle (158.5°)
is larger than in the seven-membered cyclic acetylene 171, and
an increased flexibility of the compound is expected.

In order to simplify the spectrum of 178, 4,4,7,7-tetrameth-
ylcyclooctyne (179) was synthesized and investigated.484 At 35
°C three signals at 0.99, 1.44, and 1.82 ppm were observed and
assigned to the CH3, v-CHj, and a-CH, protons, respectively.
At low temperature the methyl signal splits into a doublet and
partially overiapping AA'BB’ systems are observed for the
methylene protons. From coalescence measurements at 60 and
220 MHz for both absorptions a AG™ value in the order of 12.5
kcal/mol could be extracted and was assigned to ring inversion.
The barrier is surprisingly high if one considers the results for
171 (cf. section IV.E.3) and the assumed barrier-raising effect
of the sulfur. This finding shows that the effect of dimethyl sub-
stitution on barrier height apparently has a strong positional
dependence. Models suggest that ring inversion in 179 involves
CH3,CHg3 repulsion, whereas in 171 only CHs,H repulsion is
present.

4. Heterocyclic Systems

Recently, NMR data for cis- and trans-1,2-diaza-1-cyclooctene
(180 and 181, respectively) and their cis- and trans-3,8-diphenyl

S

= O_
180 181

derivatives was reported.*85> As expected, both isomers show
different NMR spectra, but both are temperature dependent. In
the 3,8-diphenyl series the fact that cis-3,8-diphenyl-181 is the
only isomer that possesses diastereotopic methine protons was
used for structural assignment. For cis-3,8-diphenyl-180 a dy-
namic process characterized by a barrier AG¥ of 18.1 £ 0.3
kcal/mol as determined from the '3C NMR spectrum was re-
ported.

G. Cyclononene

There is a paucity of NMR as well as structural data for cy-
clononenes. An early analysis of the olefinic splitting pattern in
cis-cyclononene ylelded 8(1,2) = 3Jys = 10.7, 342,3) = 8.2,
and 4(1,3) = —0.7 Hz,*86 and dihedral angles were estimated
from these data,*® but the results are probably not accurate
enough to allow conclusions about the conformation. The
spectrum of the trans compound was compared qualitatively with
that of cis- and trans-cyclooctene.?5

Force field calculations have been performed for cis- and
trans-cyclononene;276:432.475 however, the results can only be
compared*32 with structural data obtained for caprylolactam and
its hydrochloride.#8” The resolution of enantiomeric trans-cy-
clononenes was attempted, but only partially successful even
at low temperatures.*38 A racemization barrier of 20 £ 2 kcal/
mol was found, much lower than that for trans-cyclooctene.
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Diasteroisomeric 2-halo-3-methoxy-trans-cyclononenes (182
and 183) were detected by NMR at 35 °C, while at higher tem-
peratures their increased interconversion rate led to coalescence
of the methoxy signals (92 °C).482

OCH,Z

I\\\\“

X
182 183 184

First-order NMR data are available for cis- and trans-1,3-
dibromocyclononene*8® and for bicyclic systems of type 184
(X = CH,490.491 0,492 g493) that contain a cyclononene ring. In
the former case the stereochemical assignment of the double
bond in both isomers was based on a deshielding effect exerted
by bromine on the vinylic proton in a cis arrangement that was
indicated by results from various model compounds; 6 = 6.11
and 5.89 ppm was found for the cis and trans isomers, respec-
tively. In the bicyclic series the vinylic proton (6 5.57 for X = O,
0 6.25 for X = S, 6 5.68 for X = CHy) in the ether and the sulfide
is deshielded by 1.4 and 0.9 ppm, respectively, in comparison
to the resonance of the § proton in untwisted viny! ethers and
sulfides. This was taken to indicate the absence of dative in-
teractions between the heteroatom and the double bond in 184
due to unfavorable geometry.493

H. Cyclodecene

The possible conformations of cis- and trans-cyclodecene
have been discussed in more detail,461:494.45 and experimental
as well as theoretical treatments are available. X-ray investi-
gations of the silver nitrate complexes of both olefins*6.497 and
of a cyclodecenyl-p-nitrobenzoate of the trans compound*®®
have been performed, and the problem of conformation and
conformational interconversion has been attacked by calcula-
tions. 150:432.475 The |atter disagree in their predictions for the
most stable geometries of the two olefins, and according to the
x-ray results, the trans compound adopts different conformations
in the AGNO3; complex and in the p-nitrobenzoate crystals, where
only the major component present to 70-80% could be char-
acterized. The observed forms are 185 for the complex*°8 and
186 for the p-nitrobenzoate.4%5

185 186

An interesting feature of 185 is the twisted trans double bond
that has a torsional angle of 138°, practically the same value
as found for trans-cyclooctene.*67 A further point of interest is
the increased flexibility of the ten-membered ring even in the
trans compound that prevents the isolation of optical isomers,488
Half-lives of 10° years, 10 s, and 10™% s at room temperature
have been calculated*®® for the enantiomers of the eight-, nine-,
and ten-membered cyclic trans olefins, respectively. However,
at —60 °C diastereoisomers were also observed for 2-bromo-
3-methoxy-trans-cyclodecene,*8? coalescence of the methoxy
signal occurring now at 5 °C. Calculations*32 indicate that the
free trans olefin might adopt a conformation that differs appre-
ciably from that of the AgNO3; complex (185), whereas for the
cis isomer, both the complex and the free olefin, closely follow
conformation 187 found experimentally for the complex.*®7 [We
would like to point out that the stereoformulas given for 185-187
were based on the experimental resuits and chosen to illustrate
the main features of the conformations. They contain some
“‘artistic intuition’’ and must by no means be mistaken as exact
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representations of structural parameters as bond lengths and
bond angles.] Thus, the situation met with the two isomers of
cyclodecene can be summarized as follows:*%% ** cis-cyclode-
cene has a well-defined conformation, related to the stable cy-
clodecane conformation, with a planar double bond system.”
For trans-cyclodecene the available evidence ‘‘points to a
number of rather ill-defined conformations of roughly equal
energy, all destabilized by the presence of twisted double bond
systems.”’

Except for an earlier report on H,H coupling constants of the
olefinic protons in cis- and trans-cyclodecene*® (cf. Table I),
NMR investigations deai exclusively with trans-cyclodecens.
A detailed study was performed on 1,2,4,4,9,9-hexadeuterio-
trans-cyclodecene, where the allylic protons were used as a
probe to uncover the dynamic behavior of this olefin.4%8 At room
temperature these protons give rise to a single resonance at 6
2.05 ppm, whereas at —74 °C an AB system with A§(A,B) =
0.19 ppm and J(A,B) = 12.8 Hz is observed. A complete line-
shape analysis in the temperature range from —7 to —74 °C
yielded £, = 10.7 £ 0.3 kcal/mol, log A = 11.7 £ 0.3, AS¥ =
—6.8 ey, and AG* (2.8 °C) 12.0 kcal/mol for the rate process
responsible for these spectral changes. Models and their inter-
conversions as well as the experimentaily measured exchange
mode indicated that the observations originate from a rotation
of the trans double bond through the loop of the methylene
groups (188 = 189). Another dynamic process with an appar-
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ently slightly higher barrier documents itself in a broadening of
the other CH, resonances at 6 1.37 and was attributed to re-
stricted rotation around the C(6)-C(7) bond. At lower tempera-
tures (— 143 to — 164 °C) further motions are apparently slowed
down sufficiently to affect the spectrum; however, their identi-
fication was not possible. In particular, a third dynamic process,
the flipping of the C(4) and C(9) methylene groups, was expected
to be too fast for NMR detection.

The choice of the relative population of the six conformations
chosen above for trans-cyclodecene*%8 was later criticized on
the basis of the x-ray resuits for the AgNO3; compiex that showed
185 to be the most stable form.4% in a subsequent '°F NMR
investigation of 3,3-difluoro-trans-cyclodecene, no experimental
evidence was found against this prediction.*®® This study con-
firmed the presence of three dynamic processes, ‘‘frozen out”
at temperature ranges of +17 to —11, —11 to —30, and —30
to —150 °C, and documented by the following spectral changes:
{a) transformation of the '°F singlet to an AB system, (b) changes
of the separation of the two inner lines of this AB system, and
{c) the appearance of at least four different AB systems at —152
°C with the relative population of 0.78, 0.14, 0.05, and 0.03, as
well as additional minor absorptions. The authors concluded that
at least five different conformations are present at —152 °C, an
interpretation that is supported by the results of calculations
which yield six conformations within an energy range of 2.5
kcal/mol.*32 The activation parameters derived from the A, =
AB exchange are £, = 14.9 & 0.4 kcal/mol, log A = 14.68 +
0.28, AG™ (2.8 °C) = 12.4 kcal/mol, and ASF = +6.9 eu.
Whereas the AG¥ value agrees with that obtained from the
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TABLE XiIX. NMR Parameters of Benzocycloalkenes (191, 198) and Benzocycioalkanediones ( 184-196)

H. Giinther and G. Jikell

Compound 6(1,4) 6(2,3) &{a-CHo) J(1,2) H2,3) H1,3) J(1,4) Rms Solv Ref
191, n=1 7.1482 7.189 3.11 6.04 7.63 0.33 1.85 0.04 CDCl3® 503, 504
191,n=2 6.9072 6.764 3.1 7.36 7.79 1.00 1.03 0.03 CDCl,® 503, 504
7.36 7.78 0.92 1.06 0.04 ceclf i
6.76% 6.90 506
191,n=3 7.073# 6.990 2.80 7.59 7.20 1.17 0.48 0.04 CDCl;® 502, 504
191, n=4 2.65 CCly9 502
191,n=25 2.74 CCl,9 502
191, n=6 2.78 CCl,s9 502
194 8.080°¢ 7.856 7.71 7.15 0.77 1.24 0.03 CDCl3® 504
1985 7.963¢ 7.845 7.73 7.34 1.05 0.83 0.02 CDCl3® 504
196 8.045¢ 7.733 7.81 7.34 1.30 0.58 0.01 CDCl;® 504
198 7.4839 7.606 6.86 7.45 0.34 1.89 0.03 CCl4n 513

a Assignment based on H,H long-range coupling. © Assignment based on width of 13C satellites. © Assignment based on benzene solvent shifts. 9 As-
signment based on H,F coupling constants: J(1,F) = 3.64, J(2,F) = —~0.33 Hz. ® Concentration 10-20% w/v or v/v. /0.6 M. 9 At infinite dilution. " 25%

v/v. f Reference 507.

earlier proton NMR work, the other parameters differ consid-
erably, a fact that was attributed to systematic errors of unknown
origin.

An interconversion scheme, where eight possible confor-
mational classes of trans-cyclodecene were connected by the
types of motions mentioned above (rotation of the C=C and
C(6)—C(7) bonds and flipping of the methylene groups) was
given.*?® Clearly, at room temperature all three of these pro-
cesses are rapid on the NMR time scale. For the line-shape
changes, however, only a tentative assignment was possible,
the proposed order being now bond rotation (C=C or C—C),
CH, flipping, and bond rotation (C—C or C=C).

More recently, an interconversion path for frans-cyclodecene
was proposed*®! that renounced high-energy C(6)-C(7) bond
rotation. A family of four conformations, among them that found
for the AgNO3; complex (185) and for the p-nitrobenzoate (186),
is interchanging with each other via corner-moving steps of low
energy, and connected by C==C bond rotation as the high-energy
process followed by successive passage through four unpopu-
lated forms to the inverted crystal conformation 186’, thereby
achieving geminal exchange. This scheme explains the NMR
findings except for the postulated second high-energy process.
Clearly, this problem requires further studies, especially since
the experimental evidence for this second high-energy process
seems less clearcut than for the other intramolecular mo-
tions.

Finally, we mention a study that deals with tautomerism in
ethy! 2-thiooxocycloalkanecarboxylates of ring sizes 5 to 12
(190, n = 1-8).5% For the smaller rings up to 190, n = 5, the cis
enethiols 190a dominate, most probably as equilibrium mixtures

COOR COOR
(CH2)n (CHZ)n
S SH
180 190a

of COOR rotamers. The spectra of the larger ring compounds
(ring size 10-12, 190, n = 6-8) show additional signals attrib-
utable to trans enethiols and thione forms, and the concentration
of the former increases with increasing ring size. Equilibrium
concentrations as calculated from the NMR intensities are
given.

. Benzocycloalkenes

Results for benzocycloalkenes have already been treated in
the appropriate former sections if the findings were of relevance
to the properties of the parent cycloalkene. We now discuss
work especially concerned with the benzo systems themselves
irrespective of a particular ring size.

The NMR parameters of simple benzocycloalkenes (191) are
summarized in Table XIX. They have been discussed under the
aspect of a possible pertubation of the 7-electron sextet by strain
effects, a phenomenon known as the Mills-Nixon effect.5°! From
the chemical shifts measured for the benzylic protons in mono-,
di-, and tricycloalkenobenzenes of type 191-193 (n = 3-6), it

H1 (CH2)n
M2
(CH,),,
H3
H4 (CHZ)H
191 192
{CH,),
(GHa)y
(CHy),
193

was concluded that the ‘“‘ring current effect” of the aromatic ring
in these systems is diminished by strain since in comparison to
model compounds (cycloalkenes, exo-methylene cycloalkenes)
a less pronounced downfield shift was found with decreasing ring
size.592 The measured chemical shift data for benzocyclobutene
and benzocyclopropene,%3 however, cast doubt on this argu-
ment. In these compounds ring strain is expected to be large,
and a distinct upfield shift for the resonance frequencies of all
protons should result if cyclic delocalization is appreciably
quenched. This is not the case (Table XiX), and the observed
effects are most probably of different origin.

The detailed analysis of the AA’BB’ spin systems of 191, n
= 1-3, and several benzoalkanediones (194~196) yielded pre-

@]
O
/O
N\
\O 0
194 195 196

cise data for the coupling constants, and a strong variation of
the long-range coupling constants *J (Jmeta) and J (Jpara) With
ring size was noted3% (Table X1X). Considering also the values
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TABLE XX. NMR Parameters @ of a-Tetralone (199522

A. Aliphatic Protons

10 e | 1l
8(2) 2.4609  J4,4) —16.21
8(3) 1.9887 1.9839 J(2,3) 8.76
5(4) 2.8252 J2,3" 4.26
J(3,4) 7.98
J2,2" —16.67 JH3',4) 4.29
43,3'")  —13.00 —-13.20
B. Aromatic Protons
! I | It
8(5) 7.0983 7.0997 J(5,8) 0.54 0.60
8(6) 7.2973 7.3000 J(4,6) 0.33
87) 7.1476 7.1500 J(6,7) 7.24 7.24
8(8) 7.8764 7.8695 J(6,8) 1.48 1.60
J4,7) —0.61
J(4,5) —0.91 £7,8) 7.67 7.87
J(5,6) 7.67 7.88 J(4,8) 0.43
J5,7) 1.26 1.30

2 Errors in chemical shifts 0.001-0.002 ppm, in coupling constants
0.03-0.11 Hz for aliphatic protons, those for aromatic protons being smaller.
Solvent/concn: CCly/15 wt %. ° 2,2'-Dideuterio-199. € 4,4'-Dideuterio-
199.

of these parameters in o-di-tert-butylbenzene,5°% it appears that
the long-range coupling constants are indicative of the strain
effects operating in the various systems: 4J increases with de-
creasing ring size, i.e., increasing strain, whereas 5J shows the
opposite trend. The changes observed for the vicinal coupling
constants were found less systematic. This paper also reports
correct values for H,H coupling constants in cis- and trans-
a,a’-dibromo-191, n = 2, and the corresponding tetrabro-
mide.

The spectrum of 191, n = 1, is complicated by the small
chemical shift difference between the aromatic « and (3 protons,
and for 191, n = 4, Ad is too small to allow an analysis, even at
high field strength (220 MHz). Assignments of proton resonance
frequencies were based on the assumption that the benzylic
protons couple more strongly with the aromatic « protons than
with the ( protons. Recently, the assignment given for indan
(191, n = 3) was confirmed, but for 191, n = 2, the reverse as-
signment was proposed.5°6 For completeness, we also mention
here investigations dealing with the 'C NMR chemical
shifts598.506 angd the 3C,'3C coupling constants5® of these
systems.

An interesting study of the spectra of benzocycloalkenols
(187, n = 1-3), measured at high field strength (220, 300 MHz)
and in the presence of Eu(dpm); in order to overcome the dif-

OH
F

(CH,),, F
197 198
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ficulties that result from the small chemical shift differences
between the aromatic protons in the hydrocarbons, has ap-
peared.51° It bears on the problem of lanthanide shift reagent
induced changes of H,H coupling constants that has also been
discussed in a recent review®'2 and in ref 361. The determined
values—especially the para-coupling constant 1,4)—differ
considerably from the exact parameters found for the parent
systems. Using statistical methods for an error analysis the
authors concluded that the observed deviations are real and
indicative for a coupling constant change caused by Eu({dpm)s.
No conclusions as to the origin of this effect were, however,
possible. In view of the severe line broadening brought about
by the shift reagent, the difficulties of obtaining correct errors
for NMR parameters that also include the experimental error in
the measured line positions, and the unfavorable ratio of ex-
perimental information (number of lines) to unknown spectral
parameters (coupling constants, chemical shifts) met especially
for the AA’BB’ system because of its symmetry, the possibility
that the observed differences originate from random errors
seems not fully excluded.

The spectrum of 1,1-difiuorobenzocyclopropene (198) has
also been analyzed completely.5'® Here the relative chemical
shift AS(A,B) is much larger than in the hydrocarbon, and the
analysis of the spectrum, performed for the proton AA’BB' spin
system with *°F decoupling as well as for the full six-spin system,
presented no problem. Relative signs of H,F coupling constants
were determined by spin-tickling experiments. The vicinal H,H
coupling constants found (Table XIX) differ from the values in
the hydrocarbon 191, n = 1, but no satisfactory explanation for
this finding could be presented.

First structural information on benzocyclopropenes came
from a study of 191, n = 1, and 198 partially oriented in a
nematic phase.5' It was found that within experimental error
both compounds possess the same proton geometry in the
six-membered ring. The benzene ring is distorted in the sense
that CCC bond angles at C(«) and C(«) are smaller and those
at C(0) and C(3") are larger than 120°. This conclusion found
support by the results of an x-ray analysis of 1,1-dicarbome-
thoxy-2,5-diphenyi-191, n = 1,55 and a recent microwave in-
vestigation of 198.56 Similar distortions of the benzene ring have
been reported for 194.517

CNDO/2 calculations for benzocycloalkenes have been
performed in order to detect structural pecularities and to explain
the experimental findings for the H,H coupling constants.518:519
Geometries were derived using an energy minimization proce-
dure, and the spin—spin interactions were calculated on the basis
of the Pople-Santry theory.52° The observed trends for the AH,H)
values were reproduced quite well; the bond lengths found for
191, n = 1, are on the other side in disagreement with the results
of the x-ray work cited above. in this connection we mention a
recent review on the chemistry and properties of benzocyclo-
propenes.5?!

Conformational aspects for a substituted indan2%” and 4,5-
disubstituted tetralins2®7:522 have been followed with the help
of H,H coupling constants. For trans-4,5-dimethyltetralins?®? a
preferred diequatorial orientation of the methyl groups was de-

TABLE XXI. NMR Parameters of Methylene Protons in Five- and Six-Membered Rings of Compounds 200-204536

Compd Ap® 3Jecis 3 rans 2Jgem 2/’ gem R ¥ Solvent
200 33.04 8.61 3.49 —17.67 —19.46 0.41 23 CS;
201° 16.0 7.0 6.2 (—15.0) (—15.0) 0.89 42 CS;
201¢ (1.13) (47)

202 15.54 8.63 551 —15.23 —18.53 0.64 36 CHCI3
203 18.88 3.45 9.44 —13.73 —17.23 2,73 61 CS;
204 19.42 4.14 8.92 —17.38 —21.51 2.16 58 CHCl5

2 Chemical shift difference between A and B protons in Hz at 60 MHz. 2 Noniterative solution, ngem not determined. © Alternative assignment for vicinal

coupling constants.
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rived, whereas for dihalo-substituted systems522 a strong pre-
dominance of the diaxial conformer seems to exist, a conclusion
mainly based on dipole moment measurements.

199 199a 199b

A detailed investigation was performed on "«a-tetralone (199),
where the complete computer analysis was aided by the use of
deuterated species and H{2H} decoupling.52® The results, given
in Table XX, show the stable conformation with the C=0 group
essentially coplanar with the aromatic ring and the three CH,
groups in a perfectly staggered relationship to one another. This
corresponds to the sofa or envelope conformation discussed
for 113 in section IV.D.3. Long-range coupling constants over
four, five, and six bonds were obtained, and their magnitude and
sign agreed well with the results of previous calculations®24 if
rapid ring inversion, leading to average values, was assumed.
A subsequent 220-MHz investigation®2% deals with the methyl-
substituted tetralone 199a and 199b. From the coupling con-
stants of 199a extracted by first-order analysis, support for a
probably distorted sofa conformation with an axial 4-methyl
group was obtained by the R-value method. The latter yielded
¥ = 51° for the internal dihedral angle between the C(4)-C(5)
and C(6)-C(1) bonds. For 199 57° was found for this parame-
ter.523 |n contrast, for 199b a 1:1 mixture of two half-chairs was
assumed since equal cis and trans 3J values across the C(5)-C(6)
bond were found.

Benzo derivatives of norbornene (76) and bicyclo[2.2.2]-
octene (106) have been studied extensively. Several investi-
gations have already been cited248.265.266 in the appropriate
sections (IV.C.4, IV.D.2). Others deal with systems derived from
the parent compound by the introduction of a cyclopropane,52®
oxirane, and aziridine ring,%27 and discuss the shielding prop-
erties of these three-membered rings. The nonequivalence of
the two one-bond '3C,™H coupling constants at C(7) of 76 and
benzo-76 was established with values of 136.0 and 130.0, and
136.0 and 132.0 Hz, for 'X'3C,H7s) and A '3C,H8), respectively,
in the two compounds.528 In addition, paramagnetic contact
shifts529:530 have been observed in 6-aminobenzo-765%" using
bis(acetylacetonato)nickel(ll) in order to obtain long-range ESR
hyperfine splittings across ¢ bonds and their signs. Similar
studies for 6-aminobenzo-1065%2 were undertaken in order to
gain quantitative information about the dihedral angle depen-
dence of 3-proton ESR hyperfine coupling constants in radicais.
First-order NMR data for dihalo- and other disubstituted benzo-
norbornenes have been reported53® and were found generally
in line with observations made for 76 itself.251253 Finally, we
mention a study®4 that contains data on benzobicyclo[3.2.1]-
octene and an investigation535 that deals with several polycyclic
systems where information about the relative strength of the
shielding cones of ketonic and olefinic linkages became avail-
able.

As for benzoheterocycles, numerous investigations exist, but
within the limits of the present review we refrain from covering
this field. Some examples have been included in the former
sections in connection with work on the parent systems, and
earlier studies (up to 1969) have been treated in ref 15. Unfor-
tunately, many of them suffer from low-sensitivity spectra and
the use of first-order treatments. An example what can be done
is given in a paper dealing with the geometry of the five- and
six-membered rings in 1-indanone (200), t-indanone ethyi-
enedithiol ketal (201), benzothiophene dioxide (202), 4-thio-
chroman (203), and 4-thiochroman 1, 1-dioxide (204).5%¢ Iterative
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analysis of well-resolved AA'BB'-type spectra yielded reliable
coupling constants that were in turn used to determine the in-
ternal dihedral angles Y (cf. 205) by the R-value method13.27¢

H
X H
{
Y H
H
205

(Table XXI). As can be seen, the alicyclic ring in 203 is slightly
puckered (for cyclohexane, Y = 56°), and that of the dioxide 204
is virtually without distortion. In the five-membered rings care
must be exercised in the assignment of the two vicinal coupling
constants 3Js and 3Jyans. R values and torsional angles were
calculated for the two possible choices, and except for 201 a
unique decision as to the correct solution was possible. It was
concluded that the flattening of the five-membered rings be-
comes less pronounced on passing from 200 as the most flat-
tened compound to 202 and 201.

V. Addendum

Section IV.A and B. Interest in the structure of small ring
compounds continues, and as a supplementation we mention
microwave investigations for 3,3-diflucrocyclopropene®3? and
exo-methylenecyclobutenone,538 a study of the vibrational
spectra of cyclopropenone,5?® as well as x-ray work on cis-
cyclobutene-3,4-dicarboxylic acid.54¢ There are also several
attempts to calculate the geometries of cyclopropene and cy-
clopropenone by improved ab initio methods.541~%42 For cy-
clobutenedione d(H) = 9.73 ppm was reported,544 and recent
reviews on the chemistry of cyclopropenone and related com-
pounds90:545 also discuss the physical properties of these
systems.

Section IV.C. An x-ray investigation of 1,2-diphenylcyclo-
pentene®#® has established the C, envelope conformation 38
for the cyclopentene ring with a puckering angle of 17.2°,
somewhat less than that found for cyclopentene itself (see
above). Ring puckering potential functions and the conformations
were also the aim of a CNDO/2 study of several unsaturated five
membered rings, including 38, cyclopent-3-enone, and the
dihydrofurans.547 Further insight into the geometry of the cy-
clopentene ring comes now from a detailed study of the TH NMR
spectra of the four symmetrical dichlorocyclopentenes (1,2-,
4,4-, ¢is-3,5-, and trans-3,5-dichloro-38).54¢ Iterative analysis
was used to determine the NMR parameters, including the signs
of the majority of the coupling constants. Envelope conforma-
tions were found for the 1,2, trans-3,5, and ¢is-3,5 isomer with
an equilibrium displaced by approximately 70% to the side of
the diaxial form 42-a,a in the case of the latter compound, in
accord with earlier findings. Precise values for the interactions
4X1,4c) and *1,40) (+0.47 and —0.24 Hz, respectively) were
measured. For the homoallylic interactions again SJyans > 5Jeis
was observed in all cases with the exception of the 4,4 isomer,
where 1.34 Hz was found for both couplings. On the basis of the
large allylic interaction 4X1,3) (—2.14 Hz) and the increase
observed for 3.41,2) (AJ = 0.89 Hz compared with that for 38),
a planar structure was proposed for this compound. The finding
Sdans = SJeis IS then at variance with the theoretical predictions
(cf. 39).151:207 With this additional information at hand more
precise measurements for natural products containing cyclo-
pentene moieties3#9550 should yield more satisfactory re-
sults.

The planarity of cyclopent-2-enone has been further estab-
lished by IR and Raman measurements,55! and a slow inter-
conversion between ‘‘free” and hydrogen-bonded forms of
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substituted 4-hydroxycyclopent-2-enones in acetone solution
has been established by double resonance.*5? The work dealing
with compounds 58-60194195 has now been extended to 1,3-
dioxole (58, CO=CH,) and bis-1,3-dioxolyl.55® Chemical shifts
and H,H as well as '3C, H coupling constants are given, including
sign determinations by iterative analysis and double resonance
experiments. A particular large geminal 3C, 'H coupling constant
of 20.04 Hz and a remarkable small 3AH,H) value of 1.21 Hz (the
smallest measured so far for this type of interaction) were found
in the olefinic fragment of 1,3-dioxole. For the bicyclic compound
the temperature variation for 3XH,H) across the single bond in-
dicated that in polar solvents such as acetone the gauche con-
former is that of higher energy, in contrast to the behavior of
other tetrasubstituted ethanes. In a subsequent paper>54 the
spectrum of 1,3-dioxole served to demonstrate line broadening
effects caused by the phenomenon known as ‘‘radiation
damping’’.555 it was shown that for relatively strong resonance
lines nonnegligible intensity changes and peak distortions result
and may in turn cause erroneous line assignments and loss of
information.

From the field of nitrogen heterocycles we cite two additional
investigations that deal with the conformation of 5-substituted
A2.1,2 3-triazolines55¢ and A2-pyrazolines.557 Evidence for an
envelope conformation with pseudo-axial substituent was found
for the triazolines.

Further investigations of bicyclic compounds deal with the
stereochemistry of norbornene derivatives disubstituted at po-
sition 2 (cf. 76)358:559 and the influence of exo-cis and endo-cis
5,6-substituents on the chemical shifts in 76.56% An interesting
linear correlation between d(H) of the C(7) methylene protons
and Taft's o, values was found. For derivatives with endo-hy-
droxymethy! groups in positions 5 and 6, evidence for the pre-
ferred conformation of the substituents was derived from the
measured 3JH,H) data.5¢' Rotational isomerism was also in-
vestigated for the two diastereomers of 5-endo-(2-hydroxy-
ethyl)-76 using first-order analysis of the 220-MHz spectrum and
LIS studies.5 It turned out that the information derived from the
LIS data was insufficient to support the conclusions drawn from
chemical shift data alone. Independent evidence was thus de-
rived from the 'H NMR spectra of the cyclization products of both
alcohols. A comprehensive NMR study of a large number of
substituted endo-tricyclo[3.2.1.024]oct-6-enes has appeared.563
4J interactions involving a non-W path were reported, 564 but for
76 again 4J(H7s,H5") > 4(H7s,H%) was confirmed with values
of 2.1 and 0.4 Hz, respectively. Two other investigations deal
with the spectra of 5- and 6-chloro-substituted 76585 and with
the solvent effects for 7-hydroxy-76.56¢ Characteristic differ-
ences in the splitting pattern observed for the pheny! resonances
in exo and endo adducts of tetracyclone (tetraphenylcyclopen-
tadienone) with cyclohexene were found and ascribed to rota-
tional isomerism of the phenyl groups in the 1,4 position.587 It
appears from other data that these “‘fingerprints’’ may serve as
an empirical method to establish the stereochemistry of such
adducts. LIS studies on endo and exo 5§,6-dicarboxylic acid an-
hydrides of 76 and derivatives with the spiro substituents at C-7
were performed in order to investigate complex formation with
bifunctional systems containing donors of different basicity.58
It was found that, in the absence of steric effects, carbonyl
oxygen is favored over ether oxygen attachment. Finally, we only
mention a few leading references that deal with the nitrogen
inversion®¢® and n,7* interactions®7°-572 in 7-azanorbornene
and related compounds.

Section IV.D. Theoretical calculations of the H,H coupling
constants for the cyclohexene half-chair 82 have been per-
formed572 using the Pople-Santry theory52° and the finite per-
turbation method.88 Qualitative agreement with experimental
data was found for most values, somewhat better for the second
approach. The calculated allylic coupling constants are different
in magnitude and sign from those derived in ref 67. The 3J values
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agree well with those cited above for the parent compound if the
conformational equilibrium 82a = 82b is taken into account.
Still, the uncertainties of such calculations are too large to allow
such data to be used as a sound basis for conformational anal-
ysis, a possibility that would be of particular interest in the case
of systems like 82 where, because of the complex NMR spec-
trum, experimental values are difficult to obtain.

Conformational analysis of substituted cyclohexenes has
continued,5”* including polyalcohols and their acetates derived
from aromatic hydrocarbons.575 In the latter study the results
obtained for conduritols3°" were used as a guideline. For some
of the systems a boat or flattened chair conformation was indi-
cated, and hydrogen bonding in NHR-substituted systems even
leads to conformations with all substituents in axial positions.
H NMR was also used to investigate the stereochemistry of
cyclohexene alcohols formed by reduction of cyclohex-2-en-
ones,%7® and a recent review on conformational processes in
cyclic compounds also summarizes the results obtained for
cyclohexene ring inversion.577

The formerly unresolved question of the geometry of 105 has
again been investigated and evidence for the “‘open’’ confor-
mation corresponding to 102b was derived from LIS measure-
ments.578 Additional data on the bicyclo{2.2.2]octene system
(108) are available379:580 with an especially detailed discussion
of the NMR parameters in ref 579.

The earlier NMR results on the conformation of substituted
cyclohex-2-enones®4? were confirmed by a CD study,%8! and
hindered rotation about the aryl-C(3)-cyclohex-2-enone bond in
naphthalenes substituted by a cyclohex-2-enone ring was ob-
served.582 A preliminary account on the stereochemistry of
spiro[5.5]undeca-1,8-dien-3-ones, containing a cyclohex-2-
enone and a cyclohexene partial structure, has appeared.583

As for heterocyclic systems, a major step forward was made
in the conformational analysis of the 5,6-dihydropyran system
(118) by a rigorous analysis of the spectra of acetylated gly-
cals584 that were already the subject of earlier studies by this
group and by others.585 lterative computer analysis was sup-
plemented by double resonance experiments to assure sign
determinations for the coupling constants. Thus a reliable set
of experimental fH,H) values was at hand for a least-squares
analysis based on the assumption that the observed data are
weighted averages of the constants corresponding to the two
half-chair conformations. Neglecting 8-configurational and minor
substituent effects, the set of 46 observed coupling constants
yielded optimized values characteristic of the individual half-
chairs, as well as the mole fractions. AG® values ranging from
0.2 to 1.8 kcal/mol for seven different conformational equilibria
were thus obtained. The observed temperature dependence of
the Jvaiues further supports the dynamic nature of the systems.
Rotational isomerism for the CH,OAc side chain was also in-
vestigated. Some of the earlier treatments of unsaturated car-
bohydrates are cited in a review on NMR applications in this
field.586

The half-chair conformation for 3,6-dihydropyran (118) as well
as for 1,4-dioxene (122) received further support from a Raman
study587 that yielded barriers for ring inversion in the gas phase
of 7.6 & 0.6 kcal/mol for 118 and 122 as well as for cyclohex-
ene.

1,4-Dioxene was again subject of a detailed NMR analysis
including this time the 13C sateilites in the H spectrum, the 13C
spectrum, and the 'H spectrum of 122 oriented in two different
lyotropic mesophases.®88 Nearly all spin-spin interactions of
this molecule have now been determinated and from the liquid
crystal work twist angles close to 28° were derived, in good
agreement with the results of other studies.373376.377 Extended
Huckel calculations nicely reproduced the twist angle as well
as the inversion barrier.272 The AA'BB’ system of the CH,-CH;
fragment of 2-chloro-122 was analyzed3%® with results practically
identical with those of the parent compound. To extract chemical
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shifts and coupling constants for 1,3-dioxene and three
methyl-substituted derivatives 300-MHz spectra were used.59°
It was concluded that the envelope conformation corresponding
to 118b (C(5) = O) is the most stable form. AGF (—123 °C) ~
7.2 kcal/mol was estimated for the dynamic process detected
for the parent compound and ascribed to ring inversion. Since,
according to these results, 1,3-dioxene has a unique position
among simple cyclohexene analogues, further studies to sub-
stantiate the above conclusions seem desirable.

Evidence for the preferred orientation of the substituents in
several 5,6-dihydro-4 H-1,3-oxazines was aiso derived from H,H
coupling constants determined by first-order analysis.5®' The
discussion was based on an envelope conformation of the ox-
azine ring found in an x-ray study of a highly substituted deriva-
tive.592

Considerable progress in understanding the dynamic behavior
of the tetrahydropyridazines 130, 132, and 135 was possible
through the application of 13C NMR?593:594 and photoelectron (PE)
spectroscopy®®® as well as the low-temperature cyclic vol-
tametry,59 and we describe these results in order to report on
the present state of the development in this field. The discrimi-
nation between inversior processes that involve the nitrogens
or the ring and that are characterized either by passing (high-
energy process) or by nonpassing (low-energy process) of the
methy! groups*®® has proven a fruitful concept. It is now ac-
cepted that 135 has an a,e conformation®®® (half-chair with axial
and equatorial methyl group), and the low-energy process (cf.
Table XVI) is attributed to an a,e = e,a equilibrium via nitrogen
inversion without passing of the methyl groups and involving the
a,a conformation as intermediate:5%4 AGF (298 K) = 7.68 £
0.21, AH* = 8.8 + 0.35, AS* = 3.9 £ 1.9 eu (solvent ace-
tone-dg). Ring inversion of the nonpassing type connects the a,a
to an e,e form. Both are present in only minor concentrations
and have so far escaped direct detection. Estimates for the
amount of e,e conformation present yield approximately
0.2% .59 An interconversion scheme between the eight possible
conformations has been given.58 Of importance in this context
are also the results for the saturated analogues of 135, where
new data for the high energy processes could be obtained.5%”

For the bicyclic compounds, PES resultsS®5 confirm the trans
arrangement of the CH; groups, and an improved line-shape
analysis of the '3C spectrum yielded more precise activation
parameters for the nitrogen inversion in 132 still believed to be
consecutive:598 AHF = 11.70 £ 0.24 kcal/mol, AS* = —2.11
+ 0.96 eu, AGF (298 K) = 12.33 + 0.05 kcal/mol (in acetone-
ds). Notably different from the earlier resuits3®* is the negative
activation entropy.

Section IV.E-H. In a preliminary report®®® a chair confor-
mation with axial phenoxy group has been proposed for the
cyclic phosphite 164, X-CH;-X = O(POC¢Hs)O, on the basis of
the 3XP,H) coupling constants of 13.0 and 7.0 Hz observed be-
tween 3'P and the allylic methylene protons, and the assumption
that the phenoxy group strongly prefers the axial orientation. The
coupling constants did not change over a temperature range from
—60 to 80 °C. In contrast, the corresponding benzo compound
showed nearly equal couplings (9.5, 10.5 Hz) and moreover a
strong temperature dependence of these parameters. An
equilibrium between a chair and a twist boat conformation was
proposed in this case. For the analogous sulfites (164, X—-CHp-X
= O(S0)0, and the corresponding benzo derivative) preliminary
data point to a twist boat conformation and a chair/twist boat
equilibrium, respectively.59® Evidence for a twist boat confor-
mation was also gathered from the '3C NMR results in the case
of alkyl-substituted 1,3-dioxocyclo-hept-5-enes (164, X =
O).SOO

The conformation of a trans cyclodecenone ring (present as
a partial structure in a 5,10-secosteroid) was investigated by
x-ray and NMR analysis.%°! In the solid an extended crown
conformation of approximate C,, symmetry was found. In
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contrast to other trans cyclodecene structures (see above), the
double bond deviates only slightly from planarity (torsional angle
175°). Transannular attraction between the C=C and C=0
double bonds was invoked to explain this finding. In solution, the
NMR results ("H and '°C) supported the presence of the crown
conformation, but at the same time indicated the existence of
the second form resembling conformation 185,496

Section IV.l. Benzene derivatives of type 192 with n = 2 or
n = 2 and 1 (the latter linear annelated) have recently been
synthesized,892.603 and the question of strain effects on chemical
shifts or ring current intensity is again of interest. In line with our
discussion above, the data for these systems do not indicate the
presence of any unusual mechanism for proton shielding, the
6(H) values of the aromatic protons (6.74 and 6.85 ppm, re-
spectively) being close to the resonance of these protons in
durene (6.74 ppm&%4). Since systematic investigations, espe-
cially those including dilution measurements, of these and other
strained systems are missing, chemical shift arguments in the
discussion of the bording situation in the benzene ring of these
molecules®5 shoulc be used with caution. The peculiar equiv-
alence of the methylene resonances in the compounds cited
above (6 3.08 ppm) seems worth mentioning.

Iterative computer analysis of the methyt tetralone spectra®2°
was now presented.8% The authors voted in favor of a half-chair
instead of an envelope or sofa conformation®23 in the case of
the monomethyl compounds. Non-half-chair forms were pro-
posed for the trimethyl compounds. Finally, for recent studies
on benzo heterocycles, we mention work on chromans®%7 and
flavans®°® as well as on tetrahydroisoquinoline®%® and 3,4-di-
hydro-1,6-benzodiazocine-2,5-diones.510

VI. Conclusion

As the material discussed in this review demonstrates, 'H
NMR has enormously extended and deepened our knowledge
about structure and dynamic behavior of cyclic monoenes.
Naturally, the picture is fairly complete for the smaller rings, but
there is definitely less information on medium and large rings.
Already the difficulties in understanding the dynamic behavior
in the cycloheptene series are far from being completely re-
moved. Furthermore, it is now increasingly realized that for
substituted systems important parameters of the conformation
established for the parent compound may have changed, and
the detection of such differences will be the goal of further work.
Also, as in other fields of dynamic NMR studies, the correct
determination of activation entropies that could yield important
informations about transition states and the pathways of con-
formational equilibria is only in its beginnings. Certainly, the high
sensitivity and precision attainable through 'H Fourier transform
techniques, the use of high-field spectrometry, allowing also
increased spectra simplification by double resonance methods,
and the new information derived from '3C NMR will lead to future
progress, especially if the potential available through these
experimental techniques in combination with rigorous spectral
analyses and the application of advanced theories is fully ex-
ploited.

Vil. References

(1) W. Briigel, ‘'Kernresonanz-Spektrum und Chemische Konstitution'',
W. Steinkopff, Darmstadt, 1967, and Academic Press, New York, N.Y.,
1967.

(2) F. A. Bovey, "‘NMR Data Tables for Organic Compounds”, Wiley-Inter-
science, New York, N.Y., 1967.

(3) L. M. Jackman and S. Sternhell, “'Applications of Nuclear Magnetic
Resonance Spectroscopy in Organic Chemistry”’, 2nd ed, Pergamon
Press, Oxford, 1969.

(4) R. J. Abraham, *‘Analysis of High Resoiution NMR Spectra’’, Elsevier,
Amsterdam, 1971,

(5) S. Sternhell, Rev. Pure Appl. Chem., 14, 15 (1964).

(6) S. Sternhell, Q. Rev. Chem. Soc., 23, 236 (1969).

(7) M. Barfield and B. Chakrabarti, Chem. Rev., 69, 757 (1969).

(8) W. Tochtermann, Top. Curr. Chem., 15, 378 (1970).

(9) N. M. Sergeyev, Prog. NMR Spectrosc., 8, 71 (1973).



H NMR Spectra of Cyclic Monoenes

(10) W. A. Thomas, Annu. Rep. NMR Spectrosc., 3, 92, (1870).

(11) 1. O. Sutherland, Annu. Rep. NMR Spectrosc., 4, 71 (1971).

(12) L. M. Jackman and F. A. Cotton, Ed., *'Dynamic Nuclear Magnetic Reso-
nance Spectroscopy’’, Academic Press, New York, N.Y., 1975,

(13) J. B. Lambert, Acc. Chern. Res., 4, 87 (1971).

(14) R. C. Haddon, V. R. Haddon, and L. M. Jackman, Top. Curr. Chem., 16,
103 (1971).

(15) T.J. Batterham, “NMR Spectra of Simple Heterocycles”’, Wiley N.Y., 1973;
for an earlier review, see R, F. M. White and H. Williams in ‘Physical
Methods in Heterocyclic Chemistry”, Vol. IV, Academic Press, New York,
N.Y. 1971,

{16) M. Barfield and D. M. Grant, Adv. Magn. Reson., 1, 149 {1965).

(17) J. N. Murrell, Prog. NMR Spectrosc., 6, 1(1971).

(18) J. Tillieu, Ann. Phys., 2, 471, 631 (1957).

(19) J. A. Pople, J. Chem. Phys., 37, 60 (1962),

(20) W. Haugen and M. Traetteberg, Acta Chem. Scand., 20, 1726 (1968).

{21) K. Kuchitsu, T. Kukuyama, and Y. Morino, J. Mol. Struct., 1, 463
(1967).

(22) R. T. Hobgood and J. H. Goldstein, J. Mol. Spectrosc., 12, 76 (1964).

(23) M. A. Cooper, D. D. Elleman, C. D. Pearce, and S. L. Manatt, J. Chem.
Phys., 53, 2343 (1970).

(24) J. W. ApSimon, W. G. Craig, P. V. Demarco, D. W. Mathieson, L. Saunders,
and W. B. Whalley, Tetrahedron, 23, 2339 (1967).

(25) J. W. ApSimon, P. V. Demarco, D. W. Mathieson, W. G. Craig, A. Karim,
L. Saunders, and W. B. Whalley, Tetrahedron, 26, 119 (1970).

(26) L. M. Jackman, ‘‘Applications of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry’’, Pergamon Press, London, 1959, p
129.

(27) F.R. Jensen and L. A. Smith, J. Am. Chem. Soc., 86, 956 (1964).

(28) E. Vogel, W. Wiedemann, H. Kiefer, and W. F. Harrison, Tetrahedron Lett.,
673 (19863).

(29) E. Vogel, W. Wiedemann, H. D. Roth, J. Eimer, and H. Glinther, Justus
Liebigs Ann. Chem., 759, 1 (1972).

(30) B. Franzus, W. C. Baird, Jr., N. F. Chambertain, T. Hines, and E. {. Snyder,
J. Am. Chem. Soc., 90, 3721 (1968).

(31) A.P.Marchand and J. E. Rose, J. Am. Chem. Soc., 90, 3724 (1968).

(32) H. Gunther, H. D. Roth, and E. Vogel, unpublished resuits.

(33) R. McCulloch, A. R. Rye, and D. Wege, Tetrahedron Lett., 5163
(1969).

(34) W.T.Raynes, A. D. Buckingham, and H. ). Bernstein, J. Chem. Phys., 36,
3481 (1962).

(35) D. Fraenkel, A. E. Carter, A. McLachlan, and J. H. Richards, J. Am. Chem.
Soc., 82, 5846 (1960).

(36) H. Spiesecke and W. G. Schneider, Tetrahedron Lett., 468 (1961).

(37) T. Schaefer and W. G. Schneider, Can. J. Chern., 41, 966 (1963).

(38) H. W. Garwer and B. P. Dailey, J. Chem. Phys., 42, 2658 (1965).

(39) W. Bremser and H. Gunther, Org. Magn. Reson., 1, 435 (1969).

(40) D. G. Farnum, Adv. Phys. Org. Chem., 11, 123 (1875).

(41) J. A. Pople, J. Chem. Phys., 24, 1111 (1956).

(42) J. A. Popie and K. Untch J. Am. Chem. Soc., 88, 4811 (1966).

(43) H. J. Dauben, Jr., J. D. Wilson, and J. L. Laity, “‘Nonbenzenoid Aromatics”,
Vol. 2, J. P. Snyder, Ed., Academic Press, New York, N.Y., 1971.

(44) H. Gunther, Z. Naturforsch., Teil B, 20, 948 (1965).

(45) F. A. L. Anet and G. E. Schenck, J. Am. Chem. Soc., 93, 556, 3310
(1971).

(46) E. W. Garbisch, Jr., J. Am. Chem. Soc., 86, 5561 (1964).

(47) M. Karplus, J. Am. Chem. Soc., 85, 2870 (1963).

(48) O. L. Chapman, J. Am. Chem. Soc., 85, 2014 (1963).

(49) G. V. Smith and H. Kriloff, J. Am. Chem. Soc., 85, 2016 (1963).

(50) P. Laszlo and P. v. R. Schleyer, J. Am. Chem. Soc., 85, 2017 (1963).

(51) M. A. Cooper and S. L. Manatt, Org. Magn. Reson., 2, 511 (1970).

(52) J. B. Pawliczek and H. Gunther, Tetrahedron, 26, 1755 (1970).

(53) M. A. Cooper and S. L. Manatt, J. Am. Chem. Soc., 91, 6325 (1969).

(54) H. L. Ammon and G. L. Wheeler, J. Am. Chem. Soc., 97, 2326 (1975).

(55) J. N. Murrell and V. M. S. Gil, Theor. Chim. Acta, 4, 114 (1966).

(56) N. Jonathan, S. Gordon, and B. P. Dailey, J. Chem. Phys., 36, 2443
(1962).

(57) H. Gunther and R. Wenzl, Z, Naturforsch., Teil B, 22, 389 (1967).

(58) H. Giinther, Tetrahedron Lett., 2967 (1967), and literature cited there-
in.

(59) D.J. Bertelli, T. G. Andrews, Jr., and P. O. Crews, J. Am. Chem. Soc., 91,
5286 (1969).

(60) D. Cremer and H. Gunther, Justus Liebigs Ann. Chern., 763, 87 (1972).

(61) H. Gunther, A. Shyoukh, D. Cremer, and K.-H. Frisch, Tetrahedron Lett.,
781(1974).

{62) A. A. Bothner-By and D. Jung, J. Am. Chem. Soc., 90, 2342 (1968).

(63) H. Giinther, Z. Naturforsch., Teil B, 24, 680 (1969).

(64) M. Barfield, J. Am. Chemn. Soc., 93, 1066 (1971).

(65) J. A. Pople and D. L. Beveridge, "‘Approximate Molecular Orbital Theory",
McGraw-Hill, New York, N.Y., 1970.

(66) M. Barfield and S. Sternhell, J. Am. Chem. Soc., 94, 1905 (1972).

(687) V.N. Solkan and N. M. Sergeyev, Org. Magn. Reson., 6, 200 {1974).

(68) J. A. Pople, J. W. Mclver, Jr., and N. S. Ostlund, J. Chem. Phys., 49, 2960,
2965 (1968).

(69) M. Karplus, J. Chem. Phys., 30, 11 (1959).

(70) H. M. McConnell, J. Mol. Spectrosc., 1, 11 (1957).

(71) H. M. McConnell, J. Chem. Phys., 30, 126 (1958).

(72) M. Karplus, J. Chem. Phys., 33, 1842 (1960).

(73) P. Albriktsen, A. V. Cuniiffe, and R. K. Harris, J. Magn. Resonance, 2, 150
(1970), and earlier literature cited therein.

(74) R. Ditchfieid and J. N. Murrell, Mol. Phys., 15, 5§33 (1968).

(75) R. Ditchfield and J. N. Murrell, J. Chem. Phys., 50, 3133 (1969).

(76) M. Karplus, J. Chem. Phys., 50, 3133 (1969).

(77) M. Barfield and J. J. Reed, J. Chem. Phys., 51, 3039 (1969).

(78) R. A. Hotfmann, Mol. Phys., 1, 326 (1958).

(79) M. Bacon and G. E. Maciel, Mol. Phys., 21, 257 (1971).

Chemical Reviews, 1977, Vol. 77, No. 4 633

(80) |. R. Peat and W. F. Reynolds, Can. J. Chem,, 51, 2968 (1973).

(81) A. A. Bothner-By and R. K. Harris, J. Am. Chem. Soc., 87, 3451
(1965).

(82) H. Gunther and H.-H. Hinrichs, Justus Liebigs Ann. Chem., 706, 1
(1967).

(83) H. Gunther and H. Seel, Org. Magn. Reson., 8, 299 (1976).

{84) D. E. Dorman, M. Jautelat, and J. D. Roberts, J. Org. Chem., 36, 2757
(1971).

(85) V.. Sokolov, L. L. Troitskaya, P. V. Petrovskii, and O. A. Reutov, Dokl.
Akad. Nauk SSSR, 193, 834 (1970).

(86) L. Cavalli and R. K. Harris, J. Magn. Reson., 10, 355 (1973).

(87) J.D. Dunitz, H. G. Feldman, and V. Schomaker, J. Chem. Phys., 20, 1708

(1952).
(88) P.H.Kasai, R. J. Myers, D. F. Eggers, and K. B. Wiberg, J. Chem. Phys.,
30, 512 (1959).
(89) W. M. Stigliani, V. W. Laurie, and J. C. Li, J. Chem. Phys., 62, 1890
(1975).
(90) J. B. Lambert, A. P. Jovanovich, and W. L. Oliver, Jr., J. Phys. Chem., 74,
2221(1970).
(81) G. L. Closs, Adv. Alicyclic Chem., 1, 53 (1966).
(92) F. Fisher and D. E. Applequist, J. Org. Chem., 30, 2089 (1965).
(93) G. L. Closs and R. B. Larrabee, Tetrahedron Lett., 287 (1965).
(94) G. L. Closs and L. E. Closs, J. Am. Chem. Soc., 85, 99 (1963).
(95) R. Breslow, G. Ryan, and J. T. Groves, J. Am. Chem. Soc., 92, 988
(1970).
(96) D. T.Longone and D. M. Stehouwer, Tetrahedron Lett., 1017 (1970).
(97) R. Breslow and M. Oda, J. Am. Chem. Soc., 94, 4787 (1972).
(98) R. Breslow and G. Ryan, J. Am. Chem. Soc., 89, 3073 (1967).
(99) R. Bresiow and L. J. Altman, J. Am. Chem. Soc., 88, 504 (1966).
(100) K. T. Potts and J. S. Baumn, Chem. Rev., 74, 189 (1974).
(101) C. D. Poulter, R. S. Boikess, J. |. Brauman, and S. Winstein, J. Am. Chem,
Soc., 94, 2291 (1972).
(102) K. W. Wiberg and B. J. Nist, J. Am. Chem. Soc., 83, 1226 (1961).
{103) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 768 (1959).
(104) R. C. Benson, W. H. Flygare, M. Oda, and R. Breslow, J. Am. Chem. Soc.,
95, 2772 (1973).
(105) R. C. Benson and W. H. Flygare, J. Chem. Phys., 51, 3087 (1969).
(106) R. C. Benson and W. H. Flygare, J. Chem. Phys., 53, 4470 (1970).
(107) R. C. Benson and W. H. Flygare, Chem. Phys. Lett., 4, 141 (1969).
{108} J. L. Pierre, M. Vincens, and M. Vidal, Bull. Soc. Chim. Fr., 1775
(1971).
(109) Th. Eicher and N. Pelz, Chern. Ber., 103, 2647 (1970).
(110) E. A. Hill and J. D. Roberts, J. Am. Chem. Soc., 89, 2047 (1967).
(111) H. Batiz-Hernandez and R. A. Bernheim, Prog. NMR Spectrosc., 3, 63
(1967).
(112) W. Herrig and H. Gunther, J. Magn. Reson., 8, 284 (1972).
(113) B. Bak, J. J. Led, L. Nygaard, J. Rastrup-Anderson, and G. O. Sgrensen,
J. Mol. Struct., 3, 369 (1969).
(114) H. Huther and H. A. Brune, Org. Magn. Reson., 3, 737 (1871).
(115) S. Farid, W. Kothe, and G. Pfundt, Tetrahedron Lett., 4151 (1968).
(116) R. A. Newmark, G. R. Apai, and R. O. Michael, J. Magn. Reson., 1, 418
(1969).
(117) R. K. Harris and V. J. Robinson, J. Magn. Reson., 1, 362 (1969).
(118) A. D. Cohen and T. Schaefer, Mol. Phys., 10, 209 (1965).
(119) S. Castellano and C. Sun, J. Am. Chem. Soc., 88, 4741 (1966).
(120) J. E. Loemker, J. M. Read, and J. H. Goldstein, Mol. Phys., 13, 433
(1967).
(121) L. A. Paquette, J. H. Barrett, R. P. Spitz, and R. Pitcher, J. Am. Chem. Soc.,
87, 3417 (1965).
(122) L. A. Paquette and J. H. Barrett, J. Am. Chem. Soc., 88, 1718 (1866).
(123) R. C. DeSelms and W. R. Schleigh, Tetrahedron Lett., 3563 (1972).
(124) |. Fleming and D. H. Williams, Tetrahedron, 23, 2747 (1967).
(125) G. Fronza, A. Gamba, R. Mondelli, and G. Pagani, J. Magn. Reson., 12,
231(1973).
(126) D. C. Dittmer and M. E. Christy, J. Org. Chem., 26, 1324 (1961).
(127) J. B. Sieja, J. Am. Chem. Soc., 93, 2481 (1971).
(128) R. C. DeSelms and F. Delay, J. Am. Chem. Soc., 95, 274 (1973).
(129) H. H. Wasserman and M. V. Dehmiow, J. Am. Chem. Soc., 84, 3787
(1962).
{130) H. H. Wasserman and M. V. Dehmlow, Tetrahedron Lett., 1031 (1962).
(131) R. B. Johns and A. B. Kriegler, Aust. J. Chem., 17, 765 (1964).
(132) J. 8. Chickos, D. W. Larsen, and L. E. Legler, J. Am. Chem. Soc., 94, 4266
(1972).
(133) P. W. Anderson, J. Phys. Soc. Jpn., 9, 316 (1954),
{134) R. Kubo, J. Phys. Soc. Jpn., 9, 935 (1954).
(135) R. A. Sack, Mol. Phys., 1, 163 (1958).
(136) J. S. Chickos and R. E. K. Winter, J. Am. Chem. Soc., 95, 506 (1973).
(137) J. Meinwald and B. E. Kaplan, J. Am. Chem. Soc., 89, 2611 (1967).
(138) K. C. Ramey and D. C. Lini, J. Magn. Reson., 3, 94 (1870).
(139) N. M. Sergeyev, G. |. Avramenko, V. A. Korenevsky, and Y. A. Ustynyuk,
Org. Magn. Reson., 4, 39 (1972).
(140) C. H. Depuy, C. E. Lyons, and C. B. Rodewald, J. Chem. Eng. Data, 11,
102 (1966).
(141) J. B. Lambert, J. J. Papay, S. A. Khan, K. A. Kappauf, and E. St. Magyar,
J. Am. Chem. Soc., 96, 6112 (1974).
(142) F. A. L. Anet and F. Leyendecker, J. Am. Chem. Soc., 95, 156 (1973).
(143) G. W. Rathjens, J. Chem. Phys., 36, 2401 (1962).
(144) S. S. Butcher and C. C. Costain, J. Mol. Spectrosc., 15, 40 (1965).
(145) J. Laane and R. C. Lord, J. Chem. Phys., 47, 4941 (1967).
(146) T. Ueda and T. Shimanouchi, J. Chem. Phys., 47, 5018 {1967).
(147) M. J. Davis and T. W. Muecke, J. Phys. Chem., 74, 1104 {1970).
(148) W. C. Harris and C. T. Longshore, J. Mol. Struct., 16, 187 (1973).
(149) D. A. Usher, E. A. Dennis, and F. H. Westheimer, J. Am. Chem. Soc., 87,
2320 (1965).
{160) N. L. Allinger and J. T. Sprague, J. Am. Chem. Soc., 94, 5734 (1972).
(151) M. Barfield, R. J. Spear, and S. Sternhell, J. Am. Chem. Soc., 93, 5322



834 Chemical Reviews, 1977, Vol. 77, No. 4

(1971).

(152) H. J. Jakobsen, Tetrahedron Lett., 1991 (1967).

(183) F. G. Cocu, G. Walczunowicz, L. Bors, and Th. Posternak, Helv. Chim.
Acta, 53, 739 (1970).

(154) R. Steyn and H. Z. Sable, Tetrahedron, 27, 4429 (1971).

(155) D. H. Williams and N. S. Bhacca, J. Am. Chem, Soc., 86, 2742 (1964).

(156) H. Booth, Tetrahedron Lett., 411 (1965).

(157) H. Z. Sable, W. M. Ritchey, and J. E. Nordiander, Carbohyor. Res., T, 10
(1965).

(158) 8. Sternhell and P. W. Westerman, J. Org. Chem., 39, 3794 (1974).

(159) M. J. S. Dewar and R. C. Fahey, J. Am. Chem. Soc., 85, 2704 (1963).

(160) C.K. Fay, J. B. Grutzner, L. F. Johnson, S. Sternhell, and P. W. Westerman,
J. Org. Chem., 38, 3122 (1973).

(161) S. Wawzonek and W. E. Bennett, Org. Magn. Reson., 4, 73 (1972).

(162) H. Haubenstock, P. G. Mennitt, and P. E. Butler, J. Org. Chem., 35, 3208
(1970).

(163) K.gngita, K. Hata, R. Oda, and J. Tabushi, J. Org. Chem., 38, 2640
(197

(164) W. L. Mock, C. M. Sprecher, R. F. Stewart, and M. G. Northolt, J. Am.
Chem. Soc., 94, 2015 (1972).

(165) P. W. Thies, E. Finner, and F. Rosskopt, Tetrahedron, 29, 3213 (1973).

(166) G. Cueille and R. Fraise-Jullien, Tetrahedron, 28, 1331 (1972).

(167) J. Paasivirta, H. Hakli, and K.-G. Widen, Org. Magn. Reson., 6, 380
{1974),

(168) F. Alderweireidt and M. Anteunis, Bull. Soc. Chim. Belg, 73, 285
(1964).

(169) (a) D. Chadwick, A. C. Legon, and D. J. Miller, J. Chem. Soc., Chem.
Commun., 1130 (1969); b) T. H. Chao and J. Laane, J. Mol. Spectrosc.,
48, 266 (1973).

(170) R. J. Abraham, K. Parry, and W. A. Thomas, J. Chem. Soc. B, 446
(197 1),

(171) E. W. Garbisch, Jr., J. Chem. Educ., 45, 402 {1968).

(172) G. Hajdukovi¢ and M. L. Martin, J. Mol. Struct., 20, 105 (1974).

{173) H.N. A, Al-Jallo and E. S. Waight, J. Chem. Soc. B, 73 (1966).

(174) N. Heap and G. H. Whitman, J. Chem. Soc. B, 164 (1966).

(175) C.F. H. Allen, Can. J. Chem., 45, 1201 (1967),

(176) R.T. Gray and H. E. Smith, Tetrahedron, 23, 4229 (1967).

(177) L. Heslinga, M. van Gorkom, and D. A. van Dorp, Recl. Trav. Chim.
Pays-Bas, 87, 1421 (1968).

(178) J. M. Conia and M. L. Leriverend, Bull. Soc. Chim. Fr., 2981 (1370).

(179) K. G. Lewis and C. E. Mulquiney, Aust. J. Chem,, 283, 2315 (1970).

(180) J. Grimaldi and M. Bertrand, Bull. Soc. Chim. Fr., 957 (1971).

{181) B. H.3Freeman, J. M. F. Gagan, and D. Lloyd, Tetrahedron, 29, 4307
(1973).

(182) J. W. Bevan and A, C. Legon, J. Chem. Soc., Faraday Trans. 2, 902
(1973).

(183) J.D. Lewis and J. Laane, J. Mol. Spectrosc., §3, 417 (1974).

(184) R. J. Abraham and W. A. Thomas, Chem. Commun., 431 (1965).

(185) For areview on AA'BB' spectra, see H. Giinther, Angew. Chem., 84, 907
(1972); Angew. Chem., int. Ed. Engl., 11, 861 (1972).

(186) K. G. R. Pachler, Tetrahedron, 27, 187 (1971).

(187) R. J. Abraham and W. A. Thomas, J. Chem. Soc. B, 127 (1966).

(188) E. Dradi and G. Gatti, Org. Magn. Reson., 3, 479 (1971).

(189) P. Scribe, C. R. Acad. Sci., 261, 160 (1965).

(190) W. H. Green, J. Chem. Phys., 50, 1619 (1969)

(191) A, Hofmann, W. v. Philipsborn, and C. H. Eugster, Helv. Chim. Acta, 48,
1322 (1965).

(192) D. Gagnaire, E. Payo-Subiza, and A. Ronsseau, J. Chim. Phys., 62, 42
1965).

(193) W. F. White and J. E. Boggs, J. Chem. Phys., 54, 4714 (1971).

(194) K. A. McLauchlan and T. Schaefer, Can. J. Chem., 44, 321 (1966).

(195) D. M. McKinnon and T. Schaefer, Can. J. Chem., 49, 89 (1971).

(196) H. M. Hutton and T. Schaefer, J. Phys. Chem., 68, 1602 (1964).

(197) R. Lozach and B. Braillon, J. Magn. Reson., 12, 244 (1973).

(198) K. C. Cole and D. F. R. Gilson, Can. J. Chem., 52, 281 (1974).

(199) C. C. Khetrapal, A. C. Kunwar, and A. Saupe, J. Magn. Reson., 7, 18
(1972).

(200) P. K. Korver, P. J. van der Haak, H. Steinberg, and Th. J. de Boer, Rec!.
Trav. Chim. Pays-Bas, 84, 129 (1965),

(201) B. Braillon and J. Barbet, C. R. Acad. Sci., 261, 1967 (1965).

(202) E. W. Garbisch, Jr., and M. G. Gritfith, J. Am. Chem. Soc., 90, 3590
(1968).

(203) C. Barbier and J. Serre, Theor. Chim. Acta, 7, 64 (1967).

(204) C. Barbier and G. Berthier, Int. J. Quantum Chem., 1, 657 (1967).

(205) C. Barbier, D. Gagnaire, and P. Vottero, Bull. Soc. Chim. Fr., 2330
(1968).

(206) J. P. Jacobsen, J. T. Nielsen, and K. Schaumburg, Acta Chem. Scand.,
25, 2785 (1971).

(207) M. Barfield, R. J. Spear, and S. Sternhell, J. Am. Chem. Soc., 97, 5160
(1975).

(208) M. Giezendanner, H. Heimgartner, B. Jackson, T. Winkler, H.-J. Hansen,
and H. Schmid, Helv. Chim. Acta, 56, 2611 (1973).

{209) T. J. Batterham, N. V., Riggs, A. V. Robertson, and W. R. J. Simpson, Aust.
J. Chem., 22, 725 (1969).

(210) J. Y. Beach, J. Chem. Phys., 9, 54 (1941).

(211) T. B. Malloy, J. Mol. Spectrosc., 44, 504 (1972).

(212) T. Ueda and T. Shimanouchi, J. Chem. Phys., 47, 4042 (1967).

(213) L. A. Carreira and R. C. Lord, .J. Chem. Phys., 51, 3225 (1969).

(214) L. A. Carreira, |. M. Mills, and W. B, Person, Jr., J. Chem. Phys., 56, 1444
(1972).

(216) P. Diehl and W. Niederberger, Specialist Periodical Reports, *‘Nuclear
Magnetic Resonance”, Vol. 3, The Chemical Society, London, 1974, p
368, and earlier reports in Vol. 1 and 2 of this series.

(216) P. F. Swinton, J. Mol. Struct., 22, 221 (1974).

(217) J. Courtieu and Y. Gonelle, Mo!. Phys., 28, 161 (1974).

(218) D. G. de Kowalewski and V. J. Kowalewski, J. Mol. Struct., 23, 203

H. Giinther and G. Jikeli

(1974).

(219) D. E. Sands and V. W. Day, Z. Kristallogr., Kristallgeom., Kristaliphys.,
Kristalichem., 224, 220 (1967).

(220) L. F. Johnson, A. V. Robertson, W. R. J. Simpson, and B. Witkop, Aust.
J. Chem., 19, 115 (19686).

(221) J. W. Lown, T. W. Maloney, and G. Dallas, Can. J. Chem., 48, 584
(1970).

(222) P. B. Woller and N. H. Cromwell, J. Org. Chem., 35, 888 (1970).

(228) C. C. J. Culvenor and W. G. Woods, Aust. J. Chemn., 18, 1625 (1965).

(224) C. C. J. Culvenor, M. H. Heffernan, and W. G. Woods, Aust. J. Chem., 18,
1605 (1965).

{2256) K. G. R. Pachler, J. P. Tollenaere, and P. L. Wessels, Tetrahedron, 25,
5255 (1969).

(226) D. E. McGreer, N. W. K. Chiu, M. G. Vinje, and K. C. K. Wong, Can. J.
Chem., 483, 1407 (1965).

(227) R. Danion-Bougot and R. Carrié, Org. Magn. Reson., 5, 453 (1973).

(228) A, Hassner and M. J. Michelson, J. Org. Chem., 27, 3974 (1962).

(229) W. A. Brey and C. M. Valencia, Can. J. Chem., 48, 810 (1968).

(230) R. Sustmann, R. Huisgen, and H. Huber, Chem. Ber., 100, 1802

(1967).

(231) J. Elguero, C. Marzin, and L. Pappalardo, Bull. Soc. Chim. Fr., 1137
(1974).

(232) J.-L. Aubagnac, J. Elguero, and J.-L. Gilles, Bull. Soc. Chim. Fr., 288
(1973).

(233) J.-L. Olivé, C. Petrus, and F. Petrus, Bull. Soc. Chim. Fr., 1144 (1973).

(234) Y. Kashman and O. Awerbouch, Tetrahedron, 29, 191 (1973).

(235) K. B. Wiberg and R. W. Ubersax, J. Org. Chem., 37, 3827 (1972).

(2386) K. E. Wilzbach, J. S. Ritscher, and L. Kaplan, J. Am. Chem. Soc., 89, 1031
(1967).

(237) M. Pomerantz, J. Am. Chem. Soc., 88, 5349 (1966).

(238) H. Tanida and Y. Hata, J. Am. Chem. Soc., 88, 4289 (1966).

(239) K. Tori, R. Muneyuki, and H. Tanida, Can. J. Chem., 41, 3142 (1963).

(240) P. Laszlo and P, v. R. Schieyer, J. Am. Chem. Soc., 86, 1171 (1964).

(241) E. W. Garbisch, Jr., J. Chem. Soc., Chem. Commun., 332 {1968).

(242) H. Giinther, H. Klose, and D. Cremer, Chem. Ber., 104, 3884 (1971).

(243) J. Meinwald and A. Lewis, J. Am. Chem. Soc., 83, 2769 (1961),

(244) J. Meinwald, Y. C. Meinwald, and T. N. Baker, J. Am. Chem. Soc., 86, 4047
(1965).

(245) M. Barfield, J. Chem. Phys., 41, 3825 (1964).

(246) E. |. Snyder and B. Franzus, J. Am. Chem. Soc., 86, 1166 (1964).

(247) K. Tori, K. Aono, Y. Hata, R. Muneyuki, Tsuiji, and H. Tanida, Tetrahedron
Lett., 9 (1966).

(248) N. H. Werstiuk, Can. J. Chem., 48, 2310 (1970).

(249) K. Tori, Y. Hata, R. Muneyuki, Y. Takano, Tsuji, and H, Tanida, Can. J.
Chem., 42, 926 (1964).

(250) J. Paasivirta, Suom. Kemistil. 8, 38, 130 (1965).

(251) J. C. Davis, Jr,, and T. V. van Auken, J. Am. Chem. Soc., 87, 3900
(1965).

(252) F. A.L. Anet, H. H. Lee, and J. L. Sudmeier, J. Am. Chem. Soc., 89, 4431
(1967).

(253) P. M. Subramanian, M. T. Emerson, and N. A. LeBel, J. Org. Chem., 30,
2624 (1965).

(254) K. Browne and R. J. Kagi, Aust. J. Chem., 26, 1831 (1973).

(255) K. L. Williamson, J. Am. Chem. Soc., 85, 517 (1963).

(256) J. R. Cavanaugh and B. P. Dailey, J. Chem. Phys., 34, 1099 (1961).

(257) L. Evelyn, L. D. Hall, P. R. Steiner, and D. M. Stokes, Org. Magn. Reson.,
5, 141 (1973).

(258) A.P.Marchand, O.R. Cornell, R. E. Hopla, B. N. Fowler, D. D. Washburn,
and C. C. Zinsser, Tetrahedron Lett., 3277 (1972).

(259) M. Barfield, A. M. Dean, C. F. Fallick, R. J. Spear, S. Sternheli, and P. W.
Westerman, J. Am. Chem. Soc., 97, 1482 (1975).

(260) R. Gassend, Y. Limouzin, and J. C. Maire, Org. Magn. Reson., 8, 259
(1974).

(261) K.-T. Liu, Tetrahedron Lett., 5039 (1972).

(262) R.J. Abraham, S. M. Coppell, and R. Ramage, Org. Magn. Reson., 6, 658
(1974).

(263) N. Kamezawa, K. Sakashita, and K. Hayamizu, Org. Magn. Reson., 1, 405
(1969).

(264) J. Mantzaris and E. Weissberger, J. Org. Chem., 39, 726 (1974).

(265) H. Tanida, K. Tori, and K. Kitahonoki, J. Am. Chem. Soc., 89, 3213
(1967).

(266) K. Tori, M. Ueyama, T. Tsuji, H. Matsumara, and H. Tanida, Tetrahedron
Lett, 327 (1974),

(267) L. H. Scharpen, J. E. Wollrab, and D. P. Ames, J. Chem. Phys., 49, 2368
(1968).

(268) T. Ogata and K. Kozima. Bull. Chem. Soc. Jpn., 42, 1263 (1969).

(269) J. F. Chiang and 8. H. Bauer, J. Am. Chem. Soc., 91, 1898 (1969).

(270) H. J. Geise and H. R. Buys, Recl. Trav. Chim. Pays-Bas, 89, 1147
(1970).

(271) J. Boeseken and W. J. F. de Rijck van der Gracht, Recl. Trav. Chim.
Pays-Bas, 56, 1203 (1937).

(272) K. Sakashita, J. Chem. Soc. Jpn., 79, 329 (1958).

(273) R. A. Pasternak, Acta Crystallogr., 4, 316 (1951).

(274) J. M. Linsey and W. H. Barnes, Acta Crystallogr., 8, 227 (1955).

(275) R. Bucourt and D. Hainaut, Bull. Soc. Chim. Fr., 1366 (1965).

(276) G. Favini, G. Buemi, and M. Raimondi, J. Mol. Struct., 2, 137 (1968).

(277) F. Zuccarello, G. Buemi, and G. Favini, J. Mol. Struct., 18, 295 (1973).

(278) E. W. Garbisch, Abstracts 155th National Meeting of the American
Chemical Society, San Francisco, Calif., March—April 1968, No. P85; cited
in ref 279.

(279) H. R. Buys, Recl. Trav. Chim. Pays-Bas, 88, 1003 (1969).

(280) R. C. Cookson, J. J. Frankel, J. Hudec, and T. A. Crabb, Tetrahedron Suppl.,
7. 355 (1966).

(281) F. A. L. Anet and M. T. Hag, J. Am. Chem. Soc., 87, 3147 (1965).

(282) F. R. Jensen and C. H. Bushweller, J. Am. Chem. Soc., 87, 3285
(1965).



1H NMR Spectra of Cyclic Monoenes

(283) F. R. Jensen and C. H. Bushweller, J. Am. Chem. Soc., 91, 5774
(1969).

(284) S. Winstein and N. J. Holness, J. Am. Chem. Soc., 77, 5562 (1955).

(285) F. R. Jensen and C. H. Bushweller, Adv. Alicyclic Chem., 3, 139
(1971).

(286) J. E. Anderson and J. D. Roberts, J. Am. Chem. Soc., 92, 97 (1970).

(287) N. L. Allinger, J. A. Hirsch, M. A, Miller, and l. J. Tyminski, J. Am. Chem.
Soc., 90, 5773 (1968).

(288) R. Bucourt and D. Hainaut, Bull. Soc. Chim. Fr., 4562 (1967).

(289) V. G. Dashevsky and A. A. Lugovskoy, J. Mol. Struct., 12, 39 (1972).

(290) M. Bernard and M. St.-Jacques, Tetrahedron, 29, 2539 (1973).

(291) H. Peters, R. A. Archer, and H. S. Mosher, J. Org. Chem., 32, 1382
(1967).

(292) N. S. Zefirov, V. N. Chekulaeva, and A. J. Belozerov, Tetrahedron, 25,
1997 (1969).

(293) N. Zefirov, N. M. Victorova, S. P. Knyazer, and N. M. Sergeyev, Tetrahe-
dron Lett., 1091 (1872).

(294) N. M. Victorova, S. P. Knyazer, N. S. Zefirov, Y. D. Gavrilov, G. M. Nikolaev,
and V. F. Bystrov, Org. Magn. Reson., 6, 236 (1974).

(295) H. S. Gutowsky, G. G. Belford, and P. E. McMahon, J. Chem. Phys., 36,
3353 (1962).

(296) For a discussion, see (a) G. Govil and H. J. Bernstein, J. Chem. Phys., 47,
2818 (1967); (b) E. W. Garbisch, Jr., B. L. Hawkins, and K. D. MacKay in
“Conformational Analysis, G. Chourdoglu Ed., Academic Press, New York,
N.Y., 1971,

(297) J.-P. Aycard, H. Bodot, R. Garnier, R. Lauricella, and G. Ponzard, Org. Magn.
Reson., 2,7 (1970).

(298) J.-P. Aycard, R. Geuss, J. Berger, and H. Bodot, Org. Magn. Reson., 5,
473 (1973).

(299) R. R. Fraser and B. F. Raby, J. Am. Chem. Soc., 94, 3458 (1972).

(300) J. A. Pople and A. A. Bothner-By, J. Chem. Phys., 42, 1339 (1865).

(301) R. J. Abraham, H. Gottschalk, H. Paulsen, and W. A. Thomas, J. Chem.
Soc., 6268 (1965).

(302) Y. Sanemitsu, N. Kurihara, M. Nakajima, G. E. McCasland, L. F. Johnson,
and L. C. Carey, Agr. Biol. Chem., 36, 845 (1972).

(303) B. L. Shapiro, M. D. Johnston, Jr., J. R. Hlubucek, G. R. Sullivan, and G.
R. Strobel, J. Magn. Reson., 9, 411 (1973).

(304) J. P. Aycard and H. Bodot, Org. Magn. Reson., 7, 226 (1975).

(305) J. P. Aycard, H. Geuss, and H. Bodot, C. R. Acad. Sci., Ser. C, 275, 1447

(1972).

(306) A.E.Jacobson, H.J.C. Yeh, andL. J. Sargent, Org. Magn. Reson., 4, 875
(1972).

(307) O. Korver, T. L. Kwa, and C. Boethower, Tetrahedron, 24, 1025
(1968).

(308) E. W. Colvin and W. Parker, J. Chem. Soc., 5764 (1965).

(309) J. E. Anderson, Top. Curr. Chem., 45, 139 (1974).

(310) E. W. Garbisch and M. G. Griffith, J. Am. Chem. Soc., 90, 6543
(1968).

(311) W. Littke and U. Driick, Angew. Chemn., 86, 554 (1974); Angew. Chem.,
int. Ed. Engl., 13, 539 (1974).

(312) S. P. Acharya, Tetrahedron Lett., 4117 (1866).

(313) R. J. Abraham, M. A. Cooper, and D. Whittaker, Org. Magn. Reson., 5,
515 (1973).

(314) V. A. Naumov and V. M. Bezzubov, Dokl. Akad. Nauk SSSR, 171, 634
(1966).

(315) P. J. Kropp, D. C. Heckert, and T. J. Flautt, Tetrahedron, 24, 1385
(1968).

(316) L. A. Paquette and S. E. Wilson, J. Org. Chem., 37, 3849 (1972).

(317) H. Werner, E. Kleinpeter, and A. Zschunke, Org. Magn. Reson., §, 179
(1974).

(318) G. Mann, H. Werner, and M. Mihlistadt, Z. Chem., 12, 232 (1972).

(319) H. M. McConnell, J. Chem. Phys., 27, 226 (1957).

(320) S. Forsén and T. Norin, Tetrahedron Lett., 2845 (1964).

(321) K. Tori and K. Kitahonoki, J. Am. Chem. Soc., 87, 386 (1965).

(322) B.P.Mundy, K.-R. Sun, and R. D. Otzenberger, J. Org. Chem., 37, 2793
(1972).

(323) K. Tori, Y. Takano, and K. Kitahonoki, Chem. Ber., 97, 2798 {1964).

(324) C. M. Cimarusti and J. Wolinsky, J. Am. Chem. Soc., 90, 113 (1968).

(325) C. M. Cimarusti and J. Wolinsky, J. Org. Chem., 36, 1871 (1971).

(326) M. R. Wilcott, ill, R. E. Davis, and R. W. Holder, J. Org. Chem., 40, 1952
(1975).

(327) R. E. Davis and M. P. Wilcott, lll, J. Am. Chem. Soc., 94, 1744 (1972).

(328) R. B. Bates and V. P. Thalacker, J. Org. Chem., 33, 1730 (1968).

(329) F. Kaplan, C. O. Schulz, D. Weisleder, and C. Klopfenstein, J. Org. Chem.,,
33, 1728 (1968).

(330) R.J. Abraham, M. A. Cooper, J. R. Saimon, and D. Whittaker, Org. Magn.
Reson., 4, 489 (1972).

(331) R. F. Zurcher, Prog. NMR Spectrosc., 2, 205 (1967).

(332) M. T. Tribble, M. A. Miller, and N. L. Allinger, J. Am. Chem. Soc., 93, 3894
(1971).

(333) H. Gilboa, J. Altman, and A. Loewenstein, J. Am. Chem. Soc., 91, 6062
(1969).

(334) F.R. Jensen and B. H. Beck, Tetrahedron Lett., 4523 (1966).

(335) O. Ermer, R. Gerdil, and J. D. Dunitz, Helv. Chim. Acta, 54, 2476
(1971).

(336) S. C. Nesly, R. Fink, D. van der Helm, and J. J. Bloomfield, J. Am. Chem.
Soc., 93, 4903 (1971).

(337) H. Oberhammer and S. H. Bauer, J. Am. Chem. Soc., 91, 10 (1969).

(338) C. Amith, M. Cais, D. Fraenkel, and D. Ginsburg, Heterocycles, 3, 25
(1975).

(339) E. Toromanoff, Top. Stereochem., 2, 157 (1967).

(340) S. A, Manley and J. K. Taylor, J. Chem. Soc., Chem. Commun., 382
(1970).

(341) C. Arnaud and J. Huet, Bull. Soc. Chim. Fr., 4525 (1971).

(342) J.-J. Barrieux, J. Gore, and J.-C. Richer, Bull. Soc. Chim. Fr., 1020
(1974).

Chemical Reviews, 1977, Vol. 77, No. 4 835

(343) C. Paris, G. Torri, L. Eiégant and M. Azzaro, Bull. Soc. Chim. Fr., 1449
1974

(344) T. Toda, M. C. Woods, and K. Takahashi, Tetrahedron, 27, 5391
(1971).

(345) A, G. Hortmann, D. S. Daniels, and J. Schaefer, J. Org. Chem., 33, 3968
(1968).

(346) (a)D. J. Collins, J. J. Hobbs, and S. Sternheli, Aust. J. Chem., 16, 1030
(1963); (b) T. A. Wittstruck, S. K. Malhotra, and H. J. Ringold, J. Am. Chem.
Soc., 85, 1699 (1963).

(347) (a) S. G. Levine and R. E. Hicks, Tetrahedron Lett., 311 (1971); (b)Y T. J.
Leitereg, ibid., 2617 (1972).

(348) G. L. Buchanan and G. Jamieson, Tetrahedron, 28, 1129 (1972).

(349) R. Cahill, R. C. Cookson, and T. A, Crabb, Tetrahedron, 25, 4711
(1969).

(350) C. Arnaud and J. Huet, Bull. Soc. Chim. Fr., 4170 (1972).

(351) D. J. Sardella and G. Vogel, J. Phys. Chem., 74, 4532 (1970).

(352) J.-C. Martin, Bull. Soc. Chim. Fr., 277 (1970).

(353) E. M. Philbin and T. 8. Wheeler, Proc. Chem. Soc., London, 167
(1958).

(354) C. H. Bushweller and J. W. O'Nz.il, Tetrahedron Lett., 4713 (1968).

(355) J. B. Lambert, R. G. Keske, and C:. K. Weary, J. Am. Chem. Soc., 89, 5921
(1967).

(356) F. A. L. Anet and J. S. Hartman, J. Am. Chem. Soc., 85, 1204 (1963).

(357) R. R. Fraser and C. Reyes-Zamora, Can. J. Chem., 45, 1012 (1767)

(358) J. T. Gerig and J. D. Roberts, J. Am. Chem. Soc., 88, 2791 (1966).

(359) H. Glinther, J. B. Pawliczek, B. D. Tunggal, H. Prinzbach, and R. A. Levin,
Chem. Ber., 106, 984 (1973), footnote 19.

(360) L. D. Hall and L. F. Johnson, Tetrahedron, 20, 883 (1964).

(361) A.DeBoer, Org. Magn. Reson., 5, 7 (1973).

(362) M. J. Cook and G. Desimoni, Tetrahedron, 27, 257 (1971).

(363) A. J. Ferrier, N. Prasad, and G. H. Sankey, J. Chem. Soc. C, 587
(1969).

(364) J. W. Clark-Lewis, L. M. Jackman, and T. McL. Spotswood, Aust. J. Chem.,
17, 632 (19¢€.4).

(365) B. J. Bolger, A. Hirwe, K. G. Marathe, E. M. Philbin, M. A. Vickars, and C.
P. Lillya, Tetrahedron, 22, 621 (1966).

(366) J. Brugidou and H. Christol, Bull. Soc. Chim. Fr. 1974 (1966).

(367) K. Kursawa, W. D. Jilis, B. T. Redman, J. O. Sutherland, O. R. Gottlieb,
and H. M. Alves, .. Chem. Soc., Chem. Commun., 1265 (1968).

(368) J. W. Clark-Lewis, Aust. J. Chem., 21, 2059 (1968).

(369) J. A. Wells and T. B. Malloy, Jr., J. Chem. Phys., 80, 398/ (1974).

(370) O. Achmatowicz, Jr., J. Juczak, A. Konowal, and A. Zamoj:ki, Org. Magn.
Reson., 2, 55 (1870).

(371) O. Achmatowicz, Jr., M. Chmielewski, J. Jurczak, L. Kozerski, and A.
Zamojski, Org. Magn. Reson., 4, 537 (1972).

(372) R. H. Larkin and R. C. Lord, J. Am. Chem. Soc., 88, 5129 (1973).

(373) R. H. Larkin and R. C. Lord, J. Am. Chem. Soc., 98, 1643 (1974).

(374) C.-Y.Chen and R. J. W. LeFevre, J. Chem. Soc., 558 (1965).

(375) R. C. Lord, T. C. Rounds, and T. Ueda, J. Chem. Phys., 57, 2572
(1972).

(376) J. A. Wells and T. B. Malloy, Jr., J. Chem. Phys., 80, 2132 (1974).

(377) C. A. de Lange and K. J. Peverelli, J. Magn. Reson., 18, 159 (1974).

(378) M. J. Cook, A. R. Katritzky, and M. J. Sewell, J. Chem. Soc. B, 1207
(1970).

(379) N. S. Zefirov, N. M. Tekhtman, and M. A. Federovskaya, Russ. J. Org.
Chem., 5, 188 (1969).

(380) G. Pfund and S. Farid, Tetrahedron, 22, 2237 (1966).

(381) M. L. Kaplan and G. N. Taylor, Tetrahedron Lett., 295 (1973).

(382) G. Cleason, G. Androes, and M. Caivin, J. Am. Chem. Soc., 83, 435
(1961).

(383) R. W. Murray, P. R. Story, and M. L. Kaplan, J. Am. Chem. Soc., 88, 526
(1966).

(384) J. C. Breliére and J. M. Lehn, Chem. Commun., 426 (1965).

(385) J. E. Anderson and J. M. Lehn, Tetrahedron, 24, 137 (1968).

(386) B. J. Price, |. O. Sutherland, and F. G. Williamson, Tetrahedron, 22, 3477
(1966).

(387) C. H. Bushweller, J. Chem. Soc., Chem. Commun., 80 (1966).

(388) B. J. Price, R. V. Smaliman, and |. O. Sutherland, J. Chem. Soc., Chem.
Commun., 319 (1966).

(389) R. Daniels and K. H. Roseman, J. Chem. Soc., Chem. Commun., 429
(1966).

(390) B. M. Korsch and N. V. Riggs, Tetrahedron Lett., 5897 (1966).

(391) E. W. Bittner and J. T. Gerig, J. Am. Chem. Soc., 94, 913 (1972).

(392) R. Daniels and K. H. Roseman, Tetrahedron Lett., 1335 (1966).

(393) E. L. Allred, C. L. Anderson, R. L. Miller, and A. L. Johnson, Tetrahedron
Lett., 525 (1967).

(394) J. E. Anderson and J. M. Lehn, J. Am. Chem. Soc., 89, 81 (1967).

(395) J. E. Anderson and J. M. Lehn, Tetrahedron, 24, 123 (1968).

(396) J. Wagner, W. Wojnarowski, J. E. Anderson, and J. M. Lehn, Tetrahedron,
25, 657 (1969).

(397) J. M. Lehn and J. Wagner, Tetrahedron, 25, 677 (1969).

(398) J. E. Anderson and J. M. Lehn, Bull. Soc. Chim. Fr., 2402 (1966).

(399) J. E. Anderson, J. Am. Chem. Soc., 91, 6374 (1969).

(400) R. A. Y. Jones, A. R. Katritzky, K. A. F. Record, and R. Scattergood, J.
Chem. Soc., Perkin Trans. 2 406 (1974).

(401) B. Junge and H. A. Staab, Tetrahedron Lett., 709 (1967).

(402) F. A, Neugebauer and A. Mannschreck, Tetrahedron, 28, 2533 (1972).

(403) G. van Binst and D. Tourwé, Org. Magn. Reson., 6, 590 (1974).

(404) A. C. Huitric, B. R. Lowry, A. E. Weber, J. E. Nemorin, and S. Sternhell,
J. Org. Chem., 40, 965 (1975).

(405) F. G. Riddell and H. Labaziewicz, Org. Magn. Reson., 6, 599 (1974).

(406) R. A. Y. Jones, A. R. Katritzky, and S. Saba, J. Chem. Soc., Perkin Trans.
2, 1737 (1974).

(407) F. G. Riddell, J. M. Lehn, and J. Wagner, J. Chem. Soc., Chem. Commun.,
1403 (1968).

(408) J. M. Lehn, Fortschr. Chem. Forsch., 15, 311 (1970).



636 Chemical Reviews, 1977, Vol. 77, No. 4

(409) F. G. Riddell and H. Labaziewicz, J. Chem. Soc., Chem. Commun., 766
(1975).

(410) 1. J. Ferguson, A. R. Katritzky, and D. M. Read, J. Chem. Soc., Chem.
Commun., 255 (1975).

(411) D. M. Vyas and G. W. Hay, J. Chem. Soc., Perkin Trans. 1, 180 (1975).

(412) A. R. Dunn, J. McMillan, and R. J. Stoodley, Tetrahedron, 24, 2985
(1968).

(413) A.R.Dunn and R. J. Stoodley, Tetrahedron, 28, 3315 (1972).

(414) J. Kitchin and R. J. Stoodley, Tetrahedron, 29, 3023 (1973).

(415) J. B. Lambert, D. S. Bailey, and C. E. Mixan, J. Org. Chem., 37, 377
(1972).

(416) D. A. Pulman and D. A. Whiting, J. Chem. Soc., Chem. Commun., 831
(1971).

(417) R. Pauncz and D. Ginsburg, Tetrahedron, 9, 40 (1960).

(418) S. Kabuss, A. Luttringhaus, H. Friebolin, H. G. Schmid, and R. Mecke,
Tetrahedron Lett., 719 (1966).

(419) G. L. Buchanan and J. M. McCrae, Tetrahedron, 23, 279 (1967).

(420) S. Kabuss, H. Friebolin, and H. G. Schmid, Tetrahedron Lett., 469
(1965).

(421} 8. Kabuss, H. G. Schmid, H. Friebolin, and W. Faisst, Org. Magn. Reson.,
1, 451 (1969).

(422) S. Kabuss, H. G. Schmid, H. Friebolin, and W. Faisst, Org. Magn. Reson.,
2, 19 (1970).

(423) R. Knorr, C. Ganter, and J. D. Roberts, Angew. Chem., 79, 577 (1967).

(424) E. S. Glazer, R. Knorr, C. Ganter, and J. D. Roberts, J. Am. Chem. Soc.,
94, 6026 (1972).

(425) N. Neto, C. Di Lauro, and S. Califano, Spectrochim. Acta, Part A, 26, 1489
(1970).

(426) M. St.-Jacques and C. Vaziri, Org. Magn. Reson., 4, 77 (1972).

(427) M. Hart and J. L. Corbin, J. Am. Chem. Soc., 87, 3135 (1965).

(428) E. Grunwald and E. Price, J. Am. Chem. Soc., 87, 3139 (1965).

(429) G. Borgen, Acta Chem. Scand., Ser. B, 28, 135 (1974).

(430) J. Grandjean, Bull. Soc. Chim. Belg., 81, 513 (1972).

(431) M. St.-Jacques and C. Vaziri, Can. J. Chem., 49, 1256 (1971).

(432) O. Ermer and S. Lifson, J. Am. Chem. Soc., 95, 4121 (1973).

(433) G. Favini and A. Nava, Theor. Chim. Acta, 31, 261 (1973).

(434) G. Favini and A. Nava, Gazz. Chim. Ital., 104, 621 (1974).

(435) (a) A. Golebiewski and A. Parczewski, Chem. Rev., 74, 519 (1974); (b)
C. Altona and D. H. Faber, Fortschr. Chem. Forsch., 45, 1 (1974); (c)N.
L. Allinger, Adv. Phys. Org. Chem., 13, 1 (1976),

(436) M. J. S. Dewar, Fortschr. Chem, Forsch., 23, 1(1971).

(437) M. St.-Jacques and C. Vaziri, Can. J. Chem., 51, 1192 (1973).

(438) H. Friebolin, R. Mecke, S. Kabuss, and A. Littringhaus, Tetrahedron Lett.,
1929 (1964).

(439) S. Kabuss, A. Luttringhaus, H. Friebolin, and R. Mecke, Z. Naturforsch.,
21b, 320 (1966).

(440) H. G. Schmid, H. Friebolin, S. Kabuss, and R. Mecke, Spectrochim. Acta,
22, 623 (1968).

(441) K. v. Bredow, H. Friebolin, and S. Kabuss, Org. Magn. Reson., 2, 43
(1970).

(442) K. v. Bredow, A. Jaeschke, H. G. Schmid, and H. Friebolin, Org. Magn.
Reson., 2, 543 (1970).

(443) L. Canuel and M. St.-Jacques, Can. J. Chem., 52, 3581 (1974).

(444) D. A. Kleier and G. Binsch, J. Magn. Reson., 3, 146 (1970).

(445) P. W. W. Hunter and G. A. Webb, Tetrahedron, 28, 147 (1973).

(448) J. G. Vinter and H. M. R. Hoffmann, J. Am. Chem. Soc., 95, 3051
(1973).

(447) Y. Kashman and A. Rudi, Tetrahedron, 30, 109 (1974).

(448) N. L. Allinger and W. Skrybalo, J. Org. Chem., 27, 722 (1962).

(449) J. B. Hendrickson, R. K. Boeckman, Jr., J. D. Glickson, and E. Grunwald,
J. Am. Chem. Soc., 95, 494 (1873).

(450) K. L. Servis, E. A. Noe, N. R. Easton, and F. A. L. Anet, J. Am. Chem. Soc.,
96, 4185 (1974).

(451) G. Wittig and J. Meske-Schulller, Justus Liebigs Ann. Chem., 711, 65
(1968).

(452) A. Krebs and H. Kimling, Angew. Chemn., 83, 540 (197 1); Angew. Chem.,
Int. Ed. Engl., 10, 509 (1971).

(453) A. Krebs and H. Kimling, Tetrahedron Lett., 761 (1870).

(464) J. Haase and A. Krebs, Z. Naturforsch., Teil A, 27, 624 (1972).

(455) J. Uimen, Ph.D. Thesis, University of Cologne, 1973.

(456) J. Dale, Angew. Chem., 78, 1070 (1968); Angew. Chem., Int. Ed. Engl.,
5, 1000 (1966).

(457) L. M. Trefonas and R. Majeste, Tetrahedron, 19, 919 (1963).

(458) F. A. L. Anet in “Conformational Analysis”’, C. Chiurdoglu, Ed., Academic
Press, New York, N.Y., 1971, p 15,

(459) M. St.-Jacques, Ph.D. Thesis, University of California—Los Angeles,
1967,

(460) F. J. Weigert and D. R. Strobach, Org. Magn. Reson., 2, 303 (1970).

(461) J. Dale, Top. Stereochem., 9, 199 (1976).

(462) F. A. L. Anet in ref 12.

(463) M. Anteunis and M. Coryn, Bull. Soc. Chim. Belg., 83, 133 (1974).

(464) R. Willstatter and E. Waser, Ber., 43, 1176 (1910).

(465) K. Ziegler and H. Wilms, Justus Liebigs Ann. Chem., 567, 1, (1950).

(466) A. C. Cope, C. R. Ganellin, H. W. Johnson, Jr., T. V. van Auken, and H.
J. 8. Winkler, J. Am. Chem. Soc., 85, 3276 (1963).

(467) M. Traetteberg, Acta Chem. Scand., Ser. B, 29, 29 (1975).

(468) A. C. Cope and B. A. Pawson, J Am. Chem. Soc., 87, 3649 (1965).

(469) P. Ganis, U. Lepore, and G. Paiaro, Chem. Commun., 1054 (1969).

(470) P. Ganis, U. Lepore and E. Martuscelli, J. Phys. Chem., 74, 2439
(1970).

(471) P. C. Manor, D. P. Shoemaker, and A. C. Parkes, J. Am. Chem. Soc., 92,
5260 (1970).

(472) G. Ferguson and D. Hawley, cited in ref 432,

(473) Q. Ermer, Angew. Chem., 86, 672 (1974); Angew. Chem., Int. Ed. Engl.,
13, 672 (1974).

(474) R. M. Gavin and Z. F. Wang, J. Am. Chem. Soc., 95, 1425 (1873).

H. Giinther and G. Jikeli

(475) G. Buemi, G. Favini, and F. Zuccarello, J. Mol. Struct., 5, 101 (1970).

(476) N. L. Allinger, J. Am. Chem. Soc., 80, 1953 (1958).

(477) A. Moscowitz and K. Mistow, J. Am. Chem. Soc., 84, 4605 (1962).

(478) A.C. Cope and A. S. Mehta, J. Am. Chem. Soc., 86, 5626 (1964).

(479) K. T. Burgoine, S. G. Davis, M. J. Peagram, and G. H. Whitham, J. Chem.
Soc., Perkin Trans. 1, 2629 (1974).

(480) G. H. Whitham and M. Wright, J. Chem. Soc. C, 883 (1971).

(481) G. H. Whitham and M. Wright, J. Chem. Soc. C, 886 (1971).

(482) C. B. Reese and A. Shaw, Chem. Commun., 1367 {,970).

(483) J. Haase and A. Krebs, Z. Naturforsch., Teil A, 26, 1190 (1971).

(484) A.Krebs, Tetrahedron Lett., 4511 (1968).

(485) G. Vitt, E. Hadicke, and G. Quinkert, Chem. Ber., 109, 518 (1976).

(486) C. Kreiter cited in ref 49.

(487) F. K. Winkler and J. D. Dunitz, J. Mol. Biol., 59, 169 (1971).

(488) A. C. Cope, K. Banholzer, H. Keller, B. A. Pawson, J. J. Whang, and H.
J. 8. Winkler, J. Am. Chem. Soc., 87, 3644 (1965).

(489) D. K. Wedegartner and M. J. Milliam, J. Org. Chem., 33, 3943 (1968).

(490) J. A. Marshall and H. Faubl, J. Am. Chem. Soc., 89, 5965 (19867).

(491) J. R. Wiseman, J. Am. Chem. Soc., 89, 5966 (1967).

(492) C. B. Quinn and J. R. Wiseman, J. Am. Chem. Soc., 95, 1342 (1973).

(493) C. B. Quinn and J. R. Wiseman, J. Am. Chem. Soc., 95, 6120 (1973).

(494) J.D. Dunitz in "Perspectives in Structural Chemistry”, Vol. ll, Wiley, New
York, N.Y., 1968, p 1.

(495) J. D. Dunitz, Pure Appl. Chem., 25, 495 (1971).

(496) P. Ganis and J. D. Dunitz, Helv. Chim. Acta, 50, 2379 (1967).

(497) O. Ermer, H. Eser, and J. D. Dunitz, Helv. Chim. Acta, 54, 2469
(1971).

(498) G. Binsch and J. D. Roberts, J. Am. Chem. Soc., 87, 5157 (1965).

(499) E. A. Noe, R. C. Wheland, E. S. Glazer, and J. D. Roberts, J. Am. Chem.
Soc., 94, 3488 (1972).

(500) F. Duus, Tetrahedron, 30, 3753 (1974).

(501) W. H. Mills and G. J. Nixon, J. Chem. Soc., 2510 (1930).

(502) H. Meier, E. Muller, and H. Suhr, Tetrahedron, 23, 3713 (1967).

(503) E. Vogel, W. Grimme and 8. Korte, Tetrahedron Lett., 3625 (1965).

(504) M. A. Cooper and S. L. Manatt, J. Am. Chem. Soc., 92, 1605 (1970).

(505) 8. Castellano and R. Kostelnik, Tetrahedron Lett., 5211 (1967).

(506) W. Adcock, B. D. Gupta, T. C. Khor, D. Dodrell, and W. Kitching, J. Org.
Chem., 41, 751 (1976).

(507) H. Glnther and R. Wenzl, cited in ref 52.

(508) H. Gunther, G. Jikeli, H. Schmickler, and J. Prestien, Angew. Chem., 85,
826 (1973); Angew. Chem., Int. Ed. Engl., 12, 762 (1973).

(508) H. Gunther and W. Herrig, J. Am. Chem. Soc., 97, 5594 (1975).

(510) T. B. Patrick and P. H. Patrick, J. Am. Chem. Soc., 94, 6230 (1972).

(611) T. B. Patrick and P. H. Patrick, J. Am. Chem. Soc., 95, 5192 (1973).

(512) O. Hofer, Top. Stereochem., 9, 111 (1976).

(613) H. Gunther and J. B. Pawliczek, Org. Magn. Reson., 3, 267 (1971).

(514) J. B. Pawliczek and H. Glnther, J. Am. Chem. Soc., 93, 2050 (1971).

(615) E. Carstensen-Oeser, B. Muller, and H. Dirr, Angew. Chem., 84, 434
(1972); Angew. Chem., int. Ed. Engl., 11, 422 (1972).

(516) R. Pozzi, K. R. Ramaprasad, and E. A. C. Lucken, J. Mol. Struct., 28, 111
(1975).

(517) F. H. Allen and J. Trotter, J. Chem. Soc. B, 916 (1970).

(518) C. S. Cheung, M. A. Cooper, and S. L. Manatt, Tetrahedron, 27, 689
(1971).

(519) C. S. Cheung, M. A. Cooper, and S. L. Manatt, Tetrahedron, 27, 701
(1971).

(520) J. A. Pople and D. P. Santry, Mol. Phys., 8, 1(1964).

(521) B. Halton, Chem. Rev., 73, 113 (1973).

(522) H.R.Buys, C. H. Leeuwenstein, and E. Havinga, Recl. Trav. Chim. Pays-
Bas, 88, 1233 (1969).

(523) K. Gatto, J. D. Reinheimer, K. Shafer, and J. T. Gerig, Org. Magn. Reson.,
6, 577 (1974).

(524) R. Wasylishen and T. Schaefer, Can. J. Chem., 50, 1852 (1972).

(525) M. J. Cook and T. K. Hock, Org. Magn. Reson., 7, 187 (1975).

(526) K. Kitahanoki, K. Sakurawi, K. Tori, and M. Ueyama, Tetrahedron Lett.,
263 (1976).

{527) K. Tori, K. Aono, K. Kitahanoki, R. Muneyuki, Y. Takano, H. Tanida, and
T. Tsuji, Tetrahedron Lett., 2921 (1966).

(528) K. Tori, T. Tsushima, H. Tanida, K. Kushida, and S. Satoh, Org. Magn.
Reson., 6, 324 (1974).

(628) D. R. Eaton and W. D. Philips, Adv. Magn. Reson., 1, 103 (1965).

(530) G. A. Webb, Annu. Rep. NMR Spectrosc., 8, 211 (1970).

(531) K. Tori, Y. Yoshimura, and R. Muneyuki, J. Am. Chem. Soc., 93, 6324
(1971).

(532) L. M. Stock and M. R. Wasielewski, J. Am. Chem. Soc., 95, 2743
(1973).

(533) S. J. Cristol and G. W. Nachtigall, J. Org. Chem., 32, 3738 (1967).

(534) L. Billet and G. Descotes, Bull. Soc. Chim. Fr., 2617 (1971).

(535) E. Weissberger, J. Org. Chem., 39, 3701 (1974).

(536) J. B. Lambert and F. R. Koeng, Org. Magn. Resor., 3, 389 (1971).

(637) K. R. Ramaprasad, V. W. Laurie, and N. C. Craig, J. Chem. Phys., 64, 4832
(1976).

(638) W. Czieslik, L. Carpentier, and D. H. Sutter, Z. Naturforsch., Teif A, 29,
1498 (1974).

(539) F. R.Brown, D. H. Finseth, F. A, Miller, and K. H. Rhee, J. Am. Chem. Soc.,
97, 1011 (1975).

(540) E. Benedetti, M. R. Ciajolo, J. P. Declercq, and G. Germain, Acta Crys-
tallogr., Sect. B, 30, 2873 (1974).

(541) N. J. Fitzpatrick and M. O. Fanning, J. Mol. Struct., 25, 197 (1975).

(542) A. Skancke, J. Mol. Struct., 30, 95 (1976).

(543) N. J. Fitzpatrick and M. O. Fanning, J. Mol. Struct., 33, 257 (1976).

(544) J. C. Hinshaw, J. Chem. Soc., Chem. Commun., 630 (1971).

(545) T. Eicher and J. L. Weber, Top. Curr. Chem., 57, 1(1975).

(546) J. Bernstein, Acta Crystallogr., Sect. B, 31, 418 (1975).

(547) G. de Alti and P. Decleva, J. Mol. Struct., 31, 319 (1976).

(548) B. Lemarié and M. C. Lasne, Spectrochim. Acta, Part A, 32, 307



TH NMR Spectra of Cyclic Monoenes

(1976).
(549) R. M. Carman, R. G. Coombe, and T. R. Watson, Aust. J. Chem., 17, 573
(1964).
(550) T. Ohgi, T. Goto, H. Kasai, and S. Nishimura, Tetrahedron Lett., 367,
(1976).

(651) T.H. Chao and J. Laane, J. Mo!. Spectrosc., 48, 266 (1973).

(552) R. Effenberger and R. W. Richards, Aust. J. Chem., 28, 2731 (1975).

(553) T. Schaefer, K. Chum, D. McKinnon, and M. 8. Chauhan, Can. J. Chem.,
53, 2734 (1975).

(554) T. Schasfer, J. Magn. Reson., 21, 87 (1976).

(555) A. Abragam, “‘The Principles of Nuclear Magnetism", Clarendon Press,
Oxford, 1962, p 73.

(656) C. E. Olsen, Acta Chem. Scand., Ser. B, 28, 425 (1974).

(6567) B. Laude and Le Quoc Khanh, Spectrochim. Acta, Part A, 31, 1121
(1975).

(558) J. C. Muller, J. P. Fleury, and U. Scheidegger, Org. Magn. Reson., 2, 71
(1970).

(659) R. V. Moen and H. S. Makowski, Anal. Chem., 43, 1628 (1971).

(560) M. C. Thorpe and W. C. Coburn, Jr., J. Org. Chem., 34, 2576 (1969).

(561) H. Singer, |. Schuphan, and K. Ballschmitter, Z. Naturforsch., Teil B, 30,
373 (1975).

(562) M. L. Mihailovi¢, S. Milosavljevi¢, D. Jeremi¢, and J. Milovanovic, Org.
Magn. Res., 9, 229 (1977).

(563) R. T.Kagi and B. L. Johnson, Aust. J. Chem., 28, 2207 (1975).

(664) V. Mark, Tetrahedron Lett., 299 (1974).

(565) J. Paasivirta, M. Pitkanen, R. Laatikainen, and T. Kurkirinne, Finn. Chem.
Lett., 6, 215 (1974).

(566) E. Kautolahti and K. Laihia, Finn. Chem. Lett., 7, 6 (1975).

(567) J. M. Coxon and M. A. Battiste, Tetrahedron, 32, 2053 (197€).

(568) R. E. R. Craig, A. C. Craig, and G. D. Smith, Tetrahedron Lett., 1189
(1975).

(569) A.P.Marchand and R. W. Alien, Tetrahedron Lett., 619 (1977).

(570) K. Yoshikawa, K. Bekki, M. Karatsu, K. Toyoda, T. Kamio, and |. Morishima,
J. Am. Chem. Soc., 98, 3272 (1976).

(571) 1. Morishima and K. Yoshikawa, J. Am. Chem. Soc., 97, 2950 (1975).

(572) J. B. Grutzner, J. Am. Chem. Soc., 98, 6385 (1976).

(673) G. Pouzard, C. R. Acad. Sci., Ser. C, 274, 1633 (1972).

(574) R. Lafrance, J.-P. Aycard, and H. Bodot, Org. Magn. Reson., 9, 253
(1977).

(575} H. Yagi, D. R. Thakker, O. Hernandez, M. Korreeda, and D. M. Jerina, J.
Am. Chem. Soc., 99, 1604 (1977).

(576) C. Arnaud, N. C. Danh, and J. Huet, Bull. Soc. Chim. Fr., 1063 (1974),

(577) R. Bucourt, Top. Siereochem., 8, 159 (1974).

(578) J. Bennett, A. C. Craig, B. P. Mundy, G. W. Dirks, and K. B, Lipkowitz, J.
Org. Chem., 41, 469 (1976).

(579) Gurudata and J. B. Stothers, Can. J. Chem., 47, 3515 (1969).

(580) S. Geribaldi, G. Torri, and M. Azzaro, Bull. Soc. Chim. Fr., 2521

Chemical Reviews, 1977, Vol. 77, No. 4 637

(1973).

(581) J.-J. Barieux, J. Gore, and M. Subit, Tetrahedron Lett., 1835 (1975).

(582) D. Nasipuri and P. R. Mukherjee, J. Chem. Soc., Perkin Trans. 2, 464
(1975).

(583) P. M. McCurry, Jr., and R. K. Singh, J. Chem. Soc., Chem. Commun., 59
(1976).

(584) M. Rico and J. Santoro, Org. Magn. Reson., 8, 49 (1876).

(585) A. A. Chalmers and R. H. Hall, J. Chem. Soc., Perkin Trans. 2, 728
(1974).

(586) B. Coxon, Adv. Carbohydr. Chem. Biochem., 27, 7 (1972).

(587) J. R. Durig, R. O. Carter, and L. A. Carreira, J. Chem. Phys., 60, 3098
(1974).

(588) 8. A. Spearman and J. H. Goldstein, J. Magn. Reson., 20, 75 (1975).

(589) R. A. Adrey and L. A. Cort, J. Chem. Soc., Perkin Trans. 2, 959
(1975).

(590) R. Camerlynck and M. Anteunis, Tetrahedron, 31, 1837 (1975).

(591) C. Giordano and L. Abis, Gazz. Chim. ltal., 104, 1181 (1974).

(592) F. Garbassi and L. Giarda, Acta Crystallogr., Sect. B, 29, 1190 (1973).

(593) 8. F. Nelson and G. R. Weisman, J. Am. Chem. Soc., 98, 1842 (1976).

(594) G. R. Weisman and S. F. Nelson, J. Am. Chem. Soc., 98, 7007 (1876).

(895) P. Rademacher and H. Koopman, Chem. Ber., 108, 1557 (1975).

(696) S.F. Nelson, L. Echegoyen, E. L. Clennan, D. H. Evans, and D. A. Corrigan,
J. Am. Chem. Soc., 99, 1130 (1977).

(597) 8. F. Nelson and G. R. Weisman, J. Am. Chem. Soc., 98, 3281 (1976).

(598) A.C. Guimaraes and J. B. Robert, Tetrahedron Lett., 473 (1976).

(699) H. Faucher, A. Guimaraes, and J. B. Robert, Tetrahedron Lett., 1743
(1977).

(600) M. J. Gianni, M, Adams, H. G. Kuivila, and K. Wursthorn, /. Org. Chemn.,
40, 450 (1975).

(601) H.-C.Mez, G.Rist, O. Ermer, L, Lorenc, J. Kalvoda, and M. L. Mihailovi¢,
Helv. Chim. Acta, 59, 1273 (1976).

(602) R. P. Thummel, J. Am. Chem. Soc., 98, 629 (1976).

(603) D. Davalian and P. J. Garratt, J. Am. Chem. Soc., 97, 6883 (1975).

(604) "Selected NMR Spectral Data”, Vol. |, AP Research Progress Report 44,
Thermodynamic Research Center, Texas A&M University, Ser. No.
184,

(605) R.L.Funk andK. P.C. Vollhardt, Angew. Chern., 88, 63 (1976); Angew.
Chem., Int. Ed. Engl., 15, 53 (1976).

(608) K. Bergesen, M. J. Cook, and T. K. Hock, Org. Magn. Reson., 8, 513
(1976).

{607) R. Binns, W. D. Cotteril, I. A. R. Derrick, and R. Livingstone, J. Chem. Soc.,
Perkin. Trans. 2, 732 (1974).

(608) M. Stiwa and H. Sliwa, Tetrahedron Lett., 3527 (1976).

(609) M. Davis, H. M. Higel, R. Lakhan, and B. Ternai, Aust. J. Chem., 29, 1445
(1976).

(610) J. Elguero, A. Fruchier, G. Llouquet, and C. Marzin, Can. J. Chem., 54,
1135 (1976).



