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1. Introduction
A. SCOPE

Long-range nuclear spin-spin coupling constants in high
resolution nuclear magnetic resonance (nmr) spectra are those
which occur between nuclei separated by more than three
bonds. In this review emphasis will be placed on comparison
of experimental and theoretical results, conformational and
substituent dependencies, and the detailed mechanisms which
lead to the observed long-range coupling constants. To limit
the length of this review, only coupling between protons will
be considered.

Previous reviews in this field include a brief discussion! of

(1)9 C. N. Banwell and N. Sheppard, Discussions Faraday Soc., 34, 115
(1962).
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all types of proton coupling constants in hydrocarbons and an
extensive compilation? of long-range H-H coupling constants.
Three monographs3a.b:4 on high resolution nmr spectroscopy
include discussions and compilations of coupling constant data.
An extensive tabulation of nmr spectral parameters has ap-
peared.®

B. NOMENCLATURE

With few exceptions classification of types of long-range
coupling will conform to molecular structure, i.e., allylic,
homoallylic, etc.!=4 The coupling constant between nuclei,
N and N’, in which there are # intervening bonds will be de-
noted by "Jxx’. However, in certain cyclic molecules in which
there can be more than one coupling path the superscript »
will be omitted.

Coupling constants can have either positive or negative
signs. The signs of long-range coupling constants are usually
measured relative to a large coupling of “known” sign. The
signs of the latter are determined either by absolute sign
measurements or they are inferred from theoretical calcula-
tions. Important absolute sign measurements include the
determination of a positive value for the ortho H-H coupling
in p-nitrotoluene by orientation in a strong electric field.®” By
partial alignment in a nematic liquid crystal, all positive values
were obtained for the ortho, meta, and para H-H coupling
constants in benzene8? the ¢is and trans H-H coupling con-
stants,!° and the directly bonded C!3-H coupling constants!®
in cyclopropane and cyclobutane. The long-range coupling
constant ‘g’ in methylacetylene is negative.!! All of the
H-H and H-F coupling constants in fluorobenzene are posi-
tive or zero.® With these and other absolute sign determina-

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

(3) J. W. Emsley, J. Feeney, and L. H, Sutchffe “High Resolution
Nuclear Magnetic Resonance Spectroscopy,’’ Pergamon Press, Inc.,
New York, N. Y.: (a) Vol. I, 1965; (b} Vol. 11, 1966.

(4) L. M. Jackman, and S. Sternhell, “Applications of Nuclear Mag-
netic Resonance Spectroscopy in Orgamc Chemistry,”” Pergamon Press,
Inc., New York, N. Y., 1968.

S) W, Brugel “Nuclear Magnetic Resonance Spectra and Chemica
Structure,” Vol. 1, Academic Press, New York, N. Y., 1967.

(6) A. D Buckingham and E. G. Lovering, Trans. Faraday Soc., 58,
2077 (1962).

g)%?) D. Buckingham and K., A. McLauchlan, Proc. Chem. Soc., 144

(8) A.Saupeand G. Englert, Phys. Rev, Lett., 11, 462 (1963).
(9) L. C. Snyder, J. Chem. Phys., 43, 4041 (1965).

8(9))67§ Meiboom and L. C. Snyder, J. Amer. Chem. Soc., 89, 1038
(11) G. Englertand A. Saupe, Mol. Cryst., 1, 503 (1966).
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tions and a very large number of relative sign measurements,
the pattern of coupling constant signs is well established. Some
important exceptions to this statement occur for certain long-
range coupling constants, and these will be discussed in sub-
sequent sections.

11. Experimental Techniques

In principle, all of the nuclear magnetic moments in a molecule
are spin coupled to one another, and, if the interactions do not
vanish accidentally or they are not smaller than the natural
line width, failure to observe them is due to instrumental
difficulties or spectral complexity. Small splittings in high
resolution nmr spectra are often obscured by magnetic field
inhomogeneities or unfavorable relaxation times.

Major difficulties in detecting weak coupling constants can
occur when there is strong coupling in some part of the spec-
trum. In such cases the simple rules for first-order analysis
may not be applicable.?® A case in point is the deceptively
simple spectrum of the methyl protons of toluene for which a
triplet splitting from only two protons is indicated.!? How-
ever, a detailed spectral analysis!? indicates coupling of com-
parable magnitude to all five of the strongly coupled aromatic
protons.

In cases where the magnitudes of coupling constants are
near the limit of instrumental resolution, accurate values are
not easily obtained. Furthermore, usual methods for deter-
mining relative signs (first-order analyses and/or nuclear
magnetic double resonance) often are not applicable. As a
consequence, it is difficult to set error limits on many of the
long-range coupling constants which are reported.

A variety of experimental techniques are available!¢ to
overcome these difficulties. Several methods of resolution
enhancement have been developed!® for slow-sweep (~0.01
Hz/min) nmr spectra. These include trial and error fitting of
the multiplet lines from an assumed line shape,® and linear
transformation (convolution and Fourier transform) tech-
niques!¢ in which a digital computer is interfaced to an nmr
spectrometer. Another method uses analog transformation
performed inside the spectrometer.!® The advantage claimeds
for the last methods is that the measured splittings are inde-
pendent of the choice of the transformation function such that
the component line shape need not be known accurately.

Weak splittings obscured by magnetic field inhomogeneity
effects can be detected by a variety of double irradiation tech-
niques™2° which make use of the fact that effects originating
from nuclear spin—-spin coupling are confined within the mole-
cule and thereby experience almost exactly correlated local
fields with nonuniformity of the applied magnetic field.

Relative signs of long-range coupling constants have been
determined from temperature?! and solvent?? dependencies

(12) M. Barfield and D. M. Grant, J, 4mer. Chem. Soc., 85, 1899 (1963).
(13) M., P, Williamson, R. J. Kostelnik, and S. M. Castellano, J. Chem.
Phys., 49, 2218 (1968).

(14) R.R. Ernst, Advan. Magnetic Resonance, 2, 1 (1966).

(15) R. R. Ernst, R, Freeman, B. Gestblom, and T. R. Lusebrink, Mol.
Phys., 13, 283 (1967).

(16) W, D, Keller, T. R. Lusebrink, and C. H. Sederholm, J. Chem:
Phys., 44, 782 (1966).

(17) R.Freeman and B, Gestblom, ibid., 47, 1472 (1967).

(18) R.Freeman and B. Gestblom, ibid., 47, 2744 (1967).

(19) S. Forsen and T. Alm, J. Mol. Spectrosc., 17, 13 (1965).

(20) S. Forsen and R. A, Hoffman, ibid., 20, 168 (1966).

(21) R. Freeman, Mol. Phys., 11, 505 (1966).

(22) R. Freeman and S. Bhacca, J. Chem. Phys., 45,3795 (1966).

of the nmr spectra. INDOR (internuclear double resonance)
techniques?3-2¢ have also been applied?s to the problems of de-
tecting hidden transitions, resolving multiplet lines, and deter-
mining relative signs of long-range coupling constants.

1. Theoretical Formulations

In this section the various theoretical formulations, which
have been used to calculate coupling constants, will be ex-
amined. Particular emphasis will be placed on the various
theoretical treatments which will be useful for discussing
mechanisms of long-range coupling. Detailed mathematical
descriptions can be found in the original literature references,
a 1965 review,? and a recent monograph? which discusses
all types of nmr parameters.

Most of the theoretical descriptions follow from the in-
terpretation of Ramsey and Purcell? and the formulation of
Ramsey,? who showed that the electron spins are important
in the interaction and that the electron and nuclear spins can
interact pia a magnetic dipole-dipole interaction, an orbital-
dipole interaction, and a Fermi contact interaction. The latter
term appears to provide the most important contributions for
coupling between protons, and essentially all theoretical
descriptions are based on this assumption. There have been no
theoretical estimates of the importance of the other terms to
long-range coupling.

Since the interaction energy is bilinear in the nuclear
spins,32-3! the second-order perturbation expression for the
contact nuclear spin coupling constant is

Jane = —Q3R(167BR/3)2ynyns X
> [E.— EJ™! <‘I’o\2 8(r Sy \I,x><\1,x2 6(rkN’)skE\I’('
L i & i
0))

where 3 is the Bohr magneton, vy is the magnetogyric ratio of
nucleus N, ¥ and ¥, are the ground-state and triplet-state wave
functions with energies Es and E,, respectively, 8(rx) is a Dirac
deltafunction for electron j at nucleus N,’and the summation is
to be taken over all of the triplet levels. Equation 1 is the
starting point for most formulations of contact nuclear
spin—spin coupling.

A theoretical description,32 which used single determinant
molecular orbital (MO) wave functions, also invoked the
“average energy approximation” to eliminate the sum over
excited states in eq 1. The resulting expression was propor-
tional to the square of the mobile bond order for the coupled
atoms. This implies necessarily positive coupling constants
between protons and vanishing coupling constants between
atoms in the same subset of an alternant system. Subsequently,
the same investigator3? introduced electron spin resonance

(23) E. B. Baker, ibid., 37,911 (1962).

(24) R, Kaiser, ibid., 39, 2435 (1963).

(25) V.J.Kowalewski, J. Mol. Spectrosc., 30, 531 (1969).

gg% 51;11. Barfield and D, M. Grant, Advan. Magnetic Resonance, 1, 149

27) 1. D. Memory, “Quantum Theory of Magnetic Resonance Param-
eters,” McGraw-Hill Book Co.,Inc., New York, N. Y., 1968.

(28) N. F.Ramsey and E. M, Purcell, Phys. Rev., 85, 143 (1952).

(29) N.F. Ramsey, ibid., 91,303 (1953).

88)511)3 B. McNeil, C. P. Slichter, and H. S. Gutowsky, ibid., 84, 1245
(31) E.L.Hahn and D. E. Maxwell, ibid., 84, 1246 (1951).

(32) H.M. McConnell, J. Chem. Phys., 24, 460 (1956).

(33) H.M. McConnell, J. Mol, Spectrosc., 1,11 (1957).
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(esr) hyperfine splittings in free radicals as a criterion for the
interaction between o and = electrons and obtained an ex-
pression for the w-electron contributions to the coupling
constants

Jan™ = (AE)"'8°QnOn'pNn-? 2

where AE is an “‘average excitation energy, Ox and Q- are
the hyperfine splittings for nuclei N and N, and pxx- is the
bond order connecting the carbon atoms to which N and N’
are attached. Equation 2 does not remove all of the difficulties
of simple MO theory, but the introduction of valence-bond
(VB) wave functions for aromatic systems does lead to the
possibility of coupling constants of either sign. 4

A subsequent theoretical formulation? for the =-electron
contributions to proton coupling in hydrocarbon molecules
also used esr hyperfine coupling data for free radicals as an
experimental criterion for -7 configuration interaction, but
included a finite sum over z-electron triplets

JHH" = 2.1 X IO_lEZT:[aH(DaH'(n/AT(D] (3)

where ar(7) and ar/(T) are hyperfine coupling constants in
hertz, and the Am(T)’s are the !II — 3II excitation energies in
electron volts. This method was particularly successful in pre-
dicting the correct signs and magnitudes of a number of long-
range coupling constants in acyclic hydrocarbons, and pro-
vides the basis for many discussions of coupling mechanisms
in unsaturated systems. This m-electron formalism was ex-
tended?® to include the effects of delocalization in conjugated
systems by including a sum over the occupied and unoccupied
MO’s. Despite the neglect of important terms in the coupling
constant expression,® the calculated long-range results3s—3#
appear to agree satisfactorily with the experimental values.

A theoretical formulation?® ¢ based on VB wave functions,
and the assumption of an “‘average excitation energy’’ ineq 1,
was most successful in describing vicinal H-H coupling*! and
the w-electron enhancement!? of geminal H-H coupling con-
stants. In the VB schemes nonvanishing coupling constants
between nondirectly bonded nuclei are attributed to the im-
portance of nonperfect pairing structures to the ground-state
wave function, since certain long-bonded structures provide a
mechanism for correlating the electron spins at the sites of the
coupled nuclei. These methods are closely related to the Dirac
vector-model descriptions of contact coupling, 4242 which pro-
vide easily visualized models for discussing?® mechanisms of
nuclear spin-spin coupling.

The original VB descriptions?®-# have been reformulated ¢4
in terms of Penney-Dirac bond orders#-4¢ for which eq 1 with
the “average energy approximation” gives

(34) H. M. McConnell, J. Chem. Phys., 30, 126 (1959).

(35) M. Karplus, ibid., 33, 1842 (1960).

(36) 1.V, Acrivos, Mol, Phys., 5,1 (1962).

(37) M. Barfield, J. Chem. Phys., 49, 2145 (1968).

(38) A.V.Cualiffe and R. K. Harris, Mol. Phys., 13, 269 (1967).
(39) M. Karplus and D. H. Anderson, J. Chem. Phys., 30, 6 (1959).
(40) E.Hiroike, J. Phys. Soc.Jap., 15, 270 (1960).

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

(42) H. M. McConnell, ibid., 23, 2454 (1955).

(43) S. Alexander, ibid., 34, 106 (1961).

(44) M, Barfield and M. Karplus, J. Amer. Chem. Soc., 91, 1 (1969).
(45) W. G, Penney, Proc. Roy. Soc., A158, 306 (1937).

(46) D. Clarkson, C. A. Coulson, and T. H. Goodwin, Tetrahedron,
19, 2153 (1963).

SNy = (QRAE)"{16mBR/3) N X
'Ep(t,u)@*(N)eﬁu’(N') @

where ¢,(N) and ¢,(IN") denote the values of the atomic orbital
wave functions at nuclei N and N, respectively, and p(t,u) is
the Penney-Dirac bond order

ptu) = (1/3)_22010:(1/2)"_” T+ 2£:" &)
J.

In eq 5 the ¢,’s are the coefficients of the nonpolar, singlet VB
canonical structures,® and in the superposition diagram of
structures j and /, i;; is the number of islands and f;;* is the
usual exchange factor for orbitals ¢ and «. Evaluation of the
constants in eq 4 gives a very simple form# for coupling be-
tween protons

Jar' = 4185(AE)~1 p(h,h') (6)

For molecular systems in which a localized bond descrip-
tion is a reasonable approximation (nonaromatic hydrocar-
bons), the Penney-Dirac bond orders in eq 4-6 can be re-
lated44 to nonlocal bond orders, p°(z,u), for the four-electron
systems comprising two bond pairs. For example, consider a
hydrocarbon with N bonds o', in addition to the bonds h-c
and ¢’-h’, where # and A’ denote 1s hydrogenic orbitals cen-
tered on the coupled protons. In this case a concise but ap-
proximate relation follows 4 from eq 6

Jam = 4185(AE)“[p°(h,h’) + (3/2)217°(h,01)p°(0'1,h’):|
J

)

where p°(h,h"), p°(h,0,), and p°(c’s,h") denote nonlocal bond
orders for the four-electron fragments [A-c, ¢’-h’], [h—c,
o~0y], and [o/0’y, ¢’-h']. For some discussions it will be
convenient to express these bond orders in terms of the indi-
vidual exchange integral parameters

K(hyh') + K(C,C') _ K(C’h,) _ K(C"h)] (8)
K(hic) + K(c',h")

po(hh") = (1/2)[

p°(hoy) =

Khoy) + Kieo's) — K(ho') — Kie,o)
(1/ 2)[ K(ho) + Kopo'y) ] ®

where the K’s denote the formal, two-electron VB exchange
integrals associated with the orbital arguments. Equations
6-9 form a satisfactory theoretical basis for qualitative discus-
sions of mechanisms of coupling between protons. Equation 6
can be taken to higher order of perturbation theory,* but for
this approximate method, the increased complexity of the re-
sulting expressions does not seem to be justified.

In a recent theoretical description # of nuclear spin coupling,
which used a sum over a finite set of triplet-state VB wave
functions, it was shown that VB results based on the “average
energy approximation’ cannot be justified quantitatively.
However, a perturbation treatment ¢4 indicates that results by
the two methods are proportional for localized systems and,
therefore, that the same mechanisms must be operative in
either case. This provides the justification for the discussions
of mechanisms by means of eq 6-9.

(47) H. G. Hecht, Theor. Chim. Acta, 1,222 (1963).
(48) P. Chandra and P. T. Narasimhan, Mol. Phys., 11, 189 (1966).
(49) M. Barfield, J. Chem. Phys., 48, 4458 (1968).
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The single-sign difficulties of the earlier MO theory?? can
be superseded, also, by means of an LCAO-MO formulation5°
which includes an explicit sum over the excited-state wave
functions. The resulting contact coupling constant expression
is

June = (Bh)y(167B%/3) ynyn e AN, (N )T (10)
where

T =4 > e — el cucweicm 08))
i,0cc
J,unocce
and the other expressions have been defined previously. In
eq 11 the ¢, and ¢, are the coefficients of atomic orbital ¢ in
the ith occupied and jth unoccupied MO’s with energies €, and
€, respectively. In general, calculations of long-range H-H
coupling constants by means of eq 10 have not been particu-
larly successful.’* However, a perturbation approach®? in
conjunction with eq 10 has been used to identify the important
delocalization terms which give rise to long-range H-H
coupling.53 It should be noted that the MO formulation is
quite different in form from the VB description but leads to
similar mechanisms for transmission of coupling in the o-elec-
tron framework, 4454
Recent advances in the spin coupling theory include a
generalization® of those formulations based on eq 1 by means
of density matrix theory and group functions with intergroup
configuration interaction. In a treatment?® which uses double
perturbation theory it has been shown that the Jgg' calculated
by Pople-Santry MO theory (eq 10) is mutually exclusive
of that part calculated via the VB theory (eq 41) which used
the “‘average energy approximation.” One of the most promis-
ing new developments is the calculation of contact coupling
constants by means of self-consistent perturbation theory?¢
and INDO (intermediate neglect of differential overlap) wave
functions. This method, which does not make use of eq 1,
considers the transmission through the molecule of the ef-
fective spin density produced by the contact perturbation.

A. MECHANISMS OF LONG-RANGE COUPLING

Coupling between protons is generally believed to be domi-
nated by the Fermi contact interaction. These terms may also
give rise to the most significant contributions to coupling
between other nuclei such as C*3, F19, and P31, but very little
is known about the importance of the noncontact terms in the
electron-nuclear Hamiltonian. Furthermore, theoretical cal-
culations of contact coupling are not of sufficient accuracy to
attribute discrepancies between calculated and experimental
values to contributions from other terms. Thus, the emphasis
is necessarily confined to contact coupling. The details of con-
tact mechanisms are of interest in providing a conceptual
basis for the transmission of the spin-coupling “‘information”’
from one nucleus to its coupled partner.

At the qualitative level most discussions of the mechanisms
of contact coupling can be based simply on the VB perturba-

(50) J. A.Pople and D. P, Santry, Mol Phys., 9,311 (1965).

(51) T. Yonezawa, 1. Morishima, M. Fujii, and H. Kato, Bull. Chem.
Soc. Jap., 40, 487 (1967).

(52) J.N.Murrell and V, M. S. Gil, Theor. Chim. Acta, 4,114 (1966).
(53) R.Ditchfield, G. T. Jones, and J. N, Murrell, ibid., 9, 253 (1968).
(54) M, Barfield, J. Chem. Phys., 41,3825 (1964).

(55) E. Hiroike, J. Phys. Soc.Jap., 22,379 (1967).

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

tion formalism. The relationship of the contact coupling con-
stants to the fragment bond orders provides concise mathe-
matical expressions, but an alternative approach?® which uses
MO perturbation theory in the Pople-Santry formalism is
expected to lead to similar conclusions.52

Terms in eq 7 which are linear in the fragment bond orders,
i.e.,p°(h,h"), are classified 4 as direct as only those bonds which
include the coupled nuclei are involved. Terms in eq 7 which
are of second order or higher are called indirect because one
or more intermediate bonds are included in the coupling path.
Since these terms follow from the coupling constant expression
they should provide a clearer basis for discussing spin-coupling
mechanisms. These expressions have been used, also, in the
MO description® of the interaction between radical lobes
separated by several intervening ¢ bonds.

Consider the case of coupling between protons H and H'
in two C-H bonds, #-c and c¢’-4’, where orbitals ¢ and ¢’ are
centered on the same or on different carbon atoms. The direct
contribution to the coupling constant is proportional to the
bond order, p°(h,4"), which is related to the exchange integrals
by means of eq 8. Depending on the distance between the two
C-H bonds and their relative orientation, any or all of the ex-
change integrals in the numerator of eq 8 may be nonnegli-
gible, For example, if only the first term, K(4,h'), were non-
negligible, then the direct term could be identified¢4 with the
“through-space” mechanism®: since only the electrons
centered on the coupled nuclei are involved. The suggestion®?
that the large values of 4/mm’, observed in strained bicyclic
hydrocarbons, could be explained in terms of interactions be-
tween the “rear lobes” of the hybrid orbitals ¢ and ¢’, corre-
sponds to the importance of K(c,c’) in the numerator of eq 8.
The direct contributions are also related to the importance of
the long-bonded VB structures which link the coupled atoms.

Calculated coupling constants in which direct mechanisms
provide the dominant contributions include %/gg’ in methane 39
and 3/gg’ in ethane.#! For coupling over more than three
bonds, there are no theoretical results which can be identified
with the direct mechanism. This difficulty can be attributed to
the inadequacy of semiempirical criteria for estimating the
integral parameters.

Existing theoretical results for long-range coupling corre-
spond to contributions from /ndirect mechanisms. For ex-
ample, indirect contributions will arise in the second-order
sum in eq 7 if the coupled C-H bonds both interact with some
other bond in the molecule. Higher order terms would corre-
spond to additional links in the coupling chain. It may reason-
ably be expected that the magnitudes of the indirect coupling
contributions will fall off more rapidly in saturated systems
than in unsaturated ones because of the smaller delocalization
terms associated with individual links. The decrease with
number of intervening bonds must be maximal for the
“through-bond” contributions®?-¢! since the coupling paths in-
clude the bonds containing the coupled nuclei and one bond
between every pair of atoms in the chain linking the coupled
nuclei. 44 “Through-bond’’ couplings in saturated systems can-
not depend on the dihedral angles of the system?® and are

(57) R. Hoffman, A, Imamura, and W. J. Hehre, J. Amer. Chem. Soc.,
90, 1499 (1968).

(58) D.R.Davis, R. P, Lutz, and J. D. Roberts, ibid., 83, 246 (1961).
(59) L. Petrakis and C. H. Sederholm, J, Chem. Phys., 35, 1243 (1961).
(60) J. Meinwald and A, Lewis, J, Amer. Chem. Soc., 83, 2769 (1961).
(61) S.Koide and E. Duval, J, Chem. Phys., 41, 315 (1964).
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Figure 1. Labeling of orbitals in a fragment of the 2-butene molecule.

probably negligible for coupling over more than two bonds.#

Long-range coupling constants over no more than five
bonds are to be expected from the second-order terms in eq 7
with the assumption that only nearest neighbor exchanges are
important. For example, in the 2-butene fragment depicted
in Figure 1 only the bonds o—¢’ and =—=' are centered on
atoms which are nearest neighbors to both ¢-4 and ¢’-A’. For
coupling in the g-electron framework, the second-order terms
in eq 7 are probably sufficient, corresponding to negligible
coupling over six or more saturated bonds. For coupling in
delocalized systems higher order terms would certainly be re-
quired in the perturbation expression.

A number of terms have been used, also, to describe the
indirect coupling which is transmitted via the w-electron sys-
tem. For example, the term “hyperconjugation,’”” which has
been used frequently, is not particularly useful because it has
several different definitions.?¢ In the simple MO scheme hyper-
conjugation implies charge redistribution for molecules in
which the 7- and o-electron systems can overlap.52 To account
for coupling in those cases in which one or both of the coupled
nuclei is on an a-carbon atom and, therefore, is in the nodal
plane of the 7 system, the ‘“spin polarization” mechanism can
be invoked. The spin polarization mechanism is attributable
to nonvanishing ¢—m exchange interactions, i.e., ¢—7 con-
figuration interaction. In VB terminology in which deviations
from perfect pairing arise because of nonzero exchange inter-
actions between different bonds, the hyperconjugative®® and
spin polarization mechanisms are not fundamentally different.
However, no charge redistribution is implied in the simple VB
scheme.

It has been shown®* that both spin polarization and elec-
tron-transfer mechanisms are important in determining the
hyperfine coupling constants in methyl groups of free radi-
cals. Comparable theoretical studies of the importance of the
two mechanisms for long-range coupling constants have not
appeared. Presumably those theoretical formulations, 3385~
which use esr hyperfine coupling constant data as a semi-
empirical criterion for ¢—7 configuration interaction or o—=
exchange, implicity introduce the effects of electron transfer
as well as spin polarization.

B. SUBSTITUENT EFFECTS

The dependence of long-range coupling constants on the
nature of nearby substituents is quite complex, and no sys-
tematic theoretical investigations have appeared. In this sec-
tion a qualitative MO description of substituent effects on

(62) R. S. Mulliken, C. A. Rieke, and W. G. Brown, J. Amer. Chem.
Soc., 63, 41 (1941),

(63) M. Karplus, J. Phys. Chem., 64, 1793 (1960).
(64) D. Lazdins and M. Karplus, J. Chem. Phys., 44, 1600 (1966).
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Figure 2. (a) Nodal behavior of the eight molecular orbitals of an
eight-electron fragment for the propane molecule. (b) Molecular
orbital energies for the wave functions depicted in (a).

4#Jrm- is performed for an eight-electron fragment of the pro-
pane molecule. This method is based on eq 10 and 11 and
arguments which are completely analogous to those intro-
duced by Pople and Bothner-By®® to discuss the effects of sub-
stituents on geminal coupling constants. Similar analyses
could be performed for other types of long-range coupling,
such as %Jgg, in a butanic fragment.

The nodal behavior of the eight MO’s and the correspond-
ing symmetry designations appropriate to C,, symmetry for
the all-frans arrangement of a propanic fragment are depicted
in Figure 2a. The ordering of the MO energies, which is de-
picted qualitatively in Figure 2b, follows from the same con-
siderations which were used for a CH, fragment. %5

The signs of the products of the coefficients of the 1s orbitals
on Hi and H;, ¢nepcpmesn in eq 11, are entered in the second
column of Table I for each of the possible transitions from
occupied (i) to unoccupied (j) MO’s. Transition energies in
the first column are given in order of increasing separation.
The signs of the contributions of each transition to “am’,
which according to eq 10 and 11 are opposite to the product
signs, are entered in the third column.

Now consider the effect of the introduction of an electron-
withdrawing group at the C, carbon atom. Electron density
will be withdrawn from the bonding regions of the symmetric
MO, ¢, resulting in a decrease of the 1s atomic orbital co-
efficients, c1; and ¢, The 1s coefficients in the other symmetric
MO’s will be increased accordingly, but they will be unchanged
for the antisymmetric MO’s. In the fourth column of Table I
are entered the changes in the magnitudes of the coupling
constants on substitution of an electron-withdrawing
group at the C, carbon atom. Since the positive shifts outweigh

(65) J. A.Pople and A, A, Bothner-By, ibid., 42, 1339 (1965).
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Table 1
Changes in the Magnitude of /gr’ due to Inductive and Hyperconjugative Substituents at the C; and C; Carbon Atoms of a Propanic Fragment

Change of *Jar’'-C; substitution

Change of “Jar'-C) substitution

Sign of Hyper- Hyper-
Transition CiNCIAPC SAC in! Sign of Yum’ Inductive conjugative Inductive conjugative

4—+5 - + >+ >+ >4

3—+5 + - >— >—

4—6 + - >— >—
2—=+5 - + >+ <+ >+
3—=6 - + >+ >+ >4
47 - + >+ >4 >4
15 + - >—
2—6 + - >—
37 + - >— >—

4—8 + - >— >—
1—+6 - + <+ >+ >+
217 - + >+ <+ >+
3—+8 - + >+ >+ >+ .es
17 + - >—
2—38 + - >—
1—+38 - + <+ >+ >+

the negative shifts, it appears that the over-all effect should be
to produce a positive change in the value of Ygm’.

The introduction of a hyperconjugative, electron-withdraw-
ing substituent on the C, carbon atom would have the effect of
reducing the electron density about the two hydrogen atoms
in the antisymmetric MO . if the nodal plane of the sub-
stituent is perpendicular to the plane of the fragment. With
the same type of arguments as before, the substituent shifts in
4Jgn are entered in the fifth column of Table 1. The over-all
effect of the substituent is not as clear in this case. However,
the occupied and unoccupied MO’s have well-separated ener-
gies and adjacent items should not be very different in energy.
Thus, a positive shift is also indicated for a hyperconjuga-
tive substituent on the C, carbon atom.

The changes in 4&r’ due to inductive and hyperconjugative
substituents at the C; carbon atom are given in the last two
columns of Table 1. An electron-withdrawing group at C; will
decrease the electron density near H; in both y; and ¢, in
Figure 2a, whereas a hyperconjugative substituent will have
the same effect in ;3 and 4. The qualitative results for these
cases in Table I are ambiguous. However, if the propanic
fragment is broken at C; and the right-hand fragment is
twisted clockwise about C; and the left-hand fragment is
twisted counter-clockwise about C;, an ethanic fragment is
obtained. The results for substitution at the C; carbon atom
for this ethanic fragment are identical with those in Table I.
A large amount of experimental data in substituted ethanes®
indicates a negative shift in the vicinal coupling constants due
to both inductive and hyperconjugative substituents. By
analogy negative shifts in 4/gr- would be expected for sub-
stitution at the C; carbon atom.

These results for substituent effects on long-range coupling
are based on very crude qualitative arguments. They are intro-
duced here on a tentative basis to help rationalize the observed
trends in subsequent sections.

1v. Long-Range H-H Coupling
With few exceptions the classifications of long-range H-H

66) A.A.Bothner-By, Advan. Magnetic Resonance, 1, 195 (1965).

coupling constants according to molecular types here con-
form to the usual nomenclature.? Relatively more space will
be devoted to coupling in saturated systems because these are
the least understood and because o-electron coupling is im-
portant in unsaturated systems as well. In certain conforma-
tions of an unsaturated fragment the w-electron contributions
to the coupling constant may be negligible in comparison
with the o-electron contributions. In a few cases the classifica-
tion may therefore be artificial.

A. SATURATED MOLECULES

1. Four Intervening Bonds.
Propanic Coupling

A large number of experimental values have been reported for
coupling over four bonds in saturated systems. The physical
situation is complex and there are disagreements about the
most important mechanisms. Coupling over four saturated
bonds will be discussed in terms of the propanic fragment de-
picted in Figure 3. The coupled nuclei H and H' interact with

Figure 3. Designation of orbitals in a 12-electron fragment of the
propane molecule.

the atomic orbitals 4 and A’ via the Fermi contact term, and
from eq 7 the coupling constant is given semiquantitatively by

Yar = 4185QAE)Y{p°(h,h") + (3/2[p°(h,o)p°(o2h") +
p°(ho'dp°(osh”)] — (3/2lp°(h,cp°(ch’) +
p(he )’ BN} (12)
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The first term in the braces corresponds to the direct interac-
tion between the two C-H bonds, and it is related to the ex-
change integrals pig eq 8. The next two terms correspond to the
two possible indirect geminal-vicinal interactions, and the
last two terms to the indirect vicinal-vicinal interactions.
Equation 12 does not include the third-order term corre-
sponding to the indirect ‘“‘through-bond” coupling mecha-
nism®! since it is expected to be an order of magnitude smaller
than the second-order terms.

As indicated previously the greatest difficulty in applying
eq 12 is the absence of any quantitative information about the
direct term, In the all-frans or “W*’ conformation depicted in
Figure 3 the exchange integral K(c,c’) between the hybrid
orbitals ¢ and ¢’ could be nonnegligible. Since it is probably
negative in sign, it would lead to significant positive contribu-
tions to 4=g/. In other conformations of the propanic frag-
ment any or all of the exchange integrals in the numerator of
eq 8 could be of importance.** Experimental studies®” de-
signed to exhibit evidence for direct coupling in compounds
1-3 with the half-cage structure show that long-range coupling

Ha Ha
1 1
Cl_H, QH HH, OH Cl Hp HgOAC

Cl Cl H
cl cl
cl ¢l cl

Jgp =11 Hz Jap = 0.5 Hz Jgb <<IHz

1 2 3

between nonbonded protons is negligible in 3, but interaction
with an intermediate oxygen atom in 1 and 2 leads to mea-
surable H-H coupling.

Since evidence for the importance of a direct mechanism to
H-H coupling is ambigous, consider the indirect terms in eq
12. The last two terms describe the mutual interactions be-
tween the bonds containing the coupled nuclei and the ex-
ternal C-H bonds for the propane fragment in Figure 3. Since
both of these terms involve the products of two vicinal inter-
actions, contributions will be angularly dependent and neces-
sarily negative in sign. The second and third terms in eq 12
describe the two possible geminal-vicinal interactions. Since
the geminal bond orders, p°(h,01) and p°(cs,h’) in eq 12, are
independent of dihedral angle, these indirect mechanisms will
depend on the sum of the vicinal bond orders, p°(h,0.") and
po(ahh’)

p°(ho2’) = Acos®¢p + Becosp + C (13a)
p°(o2,h’) = Acost¢’ + Beosop’ + C (13b)

where ¢ and ¢’ denote the dihedral angles measured from the
C,—C:—C; plane as depicted in Figure 4. As the two vicinal
bond orders have their maximum value for ¢ = ¢’ = 180°,
the indirect contributions to 4/gm’ will have their maximum
absolute value for the all-frans or “W*’ arrangement.®® Since

(67) F. A. L. Anet, A, J. R. Bourn, P, Carter, and S. Winstein, J. Amer.

Chem, Soc., 87, 5249 (1965). These authors referred to the type of

cou%hng under discussion as that proceeding by a “through-space®’

mechanism. However, the VB nonperfect pairing structure depicted

by these authors conforms to our definition of a direct mechanism.

&6‘8) A, Rassat, C. W, Jefford, J. M. Lehn, and B, Waegell, Tetrahedron
tt., 233 (1964).

Figure 4. Specification of the dihedral angles, ¢ and ¢’, in propane.

the vicinal bond orders in eq 13 are positive, the sign of these
indirect contributions will be the same as that for the geminal
bond orders, The problem here is that geminal bond orders
are extremely sensitive to the cancellation between integrals
in the numerator of eq 8.2¢-¢¢ In fact, this is the difficulty which
was encountered in the VB calculation®® of 2/gg’ in methane.
As a consequence, there can be no justification for transferring
the geminal bond order from an HCH grouping in methane
to an HCC grouping in propane.t!.”® Furthermore, this as-
sumption incorrectly leads to maximum negative coupling for
the all-zrans conformations.’

An alternative procedure?* uses the empirical criterion of a
positive geminal HCC bond order in eq 12. Entered in Table
II are the calculated values for the indirect contributions,

Table 11
Calculated VB Results for ¥Jgg’ in a 12-Electron Propane Fragment®
¢, deg ¢’! deg “JHH” Hz ¢, deg ¢” deg ”JHH’, Hz
0 0 1.05 120 120 -0.11
60 0.61 180 0.70
120 0.59 240 0.09
180 1.14 300 -0.21
240 0.59
300 0.61 180 180 1.21
240 0.70
60 60 -0.32 300 0.65
120 0.06
180 0.65 240 240 -0.11
240 -0.21 300 0.06
300 0.04 300 300 -0.32

s Dihedral angles are measured from the C—~Cy~C;s plane as
shown in Figure 4.

4 Jgw’, to long-range coupling in a 12-electron propane frag-
ment at 60° intervals of the dihedral angles.”! Although these
values are based on the VB formalism?® 4 which does not in-
voke the “average energy approximation,” they are in sub-
stantially good agreement with previous results®* because of a
readjustment in the magnitude of the empirical geminal inter-
action parameter.

A major difficulty in ascertaining whether the direct or in-
direct mechanism is dominant for coupling over four saturated
bonds is the unavailability of experimental data for unstrained
and unsubstituted molecules. A number of values of 4gm

(69) M. Karplus, J. Amer. Chem. Soc., 84, 2458 (1962).
(70) Z.Luz, J. Chem. Phys., 48, 4186 (1968).
(71) M. Barfield and B. Chakrabarti, unpublished results, 1968.



764

M. Barfield and B. Chakrabarti

Table 111
Representative Coupling over Four Saturated Bonds in Strained, Bicyclic Molecules
Molecule Jar’, Hz Ref Molecule 4Jgg’, Hz Ref
1. Bicyclo[2.2.1]heptanes 4. Bicyclo[2.1.1]hexanes
\ﬂb 1.0-1.2 68,73 H
a. 1.0-1.4 75
" " 1.35-1.8 76
a, 6.7-8.1 60, 81
H
b. g% 1.0-1.6 73 H
H
H b. 8 82
34 72
¢ 1.7-2.6 73
it 5. Bicyclo[1.1.1]pentane
. N
H a. @-H 10 83
d. 1.0 74
H H
2. Bicyclo[2.2.1]heptenes
H b. 18 83
a. 0-1.0 77
H H
H 6. Tricyclo[1.1.1.04-5]pentanone
H
b. AQ 2.0-3.1 77,78
H 0 14 84
3. Bicyclo[3.1.1]heptenes
H
5.86.4 79, 80 7. Bicyclo[1.1.0]butane

have been observed®0-%.72-84in strained bicyclic molecules, and
representative values are entered in Table III. Coupling con-
stants range from 1.0 Hz in the bicyclo[2.2.1]heptanes to 18
Hz in bicyclo[1.1.1]pentane (item 5b). The latter is the largest
known value of #/gr’. In almost all of the molecules in Table
11I the criterion for a straightest zig-zag path! applies, and it
could be argued®® that the separations between the “rear
lobes” of the hybrid orbitals, which are bonded to the coupled
nuclei, decrease with increasing ring strain, thereby increasing

(72) 3J. Meinwald and Y. C. Meinwald, J. 4mer. Chem. Soc., 85, 2514

(1963).

(73) K. C. Ramey, D. C. Lini, R, M. Moriarty, H. Gopal, and H. G.

Welsh, ibid., 89, 2401 (1967).

((13)66? Chalier, A. Rassat, and A. Rousseau, Bull. Soc. Chim. Fr., 428

(75) F. A.L, Anet, Can.J. Chem., 39, 789 (1961).

(76) J.1.Musher, Mol. Phys., 6,93 (1963).

(77) A. P. Marchand and J. E. Rose, J. Amer. Chem. Soc., 90, 3724

(1968), and references cited therein.

gg)“y F. Bystrov and A. U. Stepanyants, J. Mol. Spectrosc., 21, 241

(79) R.B. Batesand V. P. Thalacker, J. Org. Chem., 33, 1730 (1968).

(80) F. Kaplan, C. O. Schulz, D. Weisleder, and C. Klopfenstein, ibid.,

33, 1728 (1968).

gSl) K. B. Wiberg, B. R. Lowry, and B, J. Nist, J. Amer. Chem. Soc.,
4, 1594 (1962).

(82) R.Srinivasan and F. 1. Sonntag, ibid., 89, 407 (1967).

(83) K. B, Wiberg, G, Lampman, R, Ciula, D. S. Connor, P. Schertler,

and J. Lavanish, Tetrakedron, 21, 2749 (1965).

(84) S.Masamune,J, Amer. Chem. Soc., 86,735 (1964).

HAH 10 83

the importance of a direct mechanism.??

Alternatively, it has been noted®¢ that 4/gg’ increases with
the number of coupling paths which link the coupled protons.
On this basis it could be argued that the larger values of 4¥/gr’
in Table III arise as the sum of indirect mechanisms over
multiple paths, and that there should be a further enhance-
ment in #Jgr’ if the effects of ring strain are associated with an
increase in the magnitude of the geminal HCC interactions.

A large number of experimental values for #/gr’ in un-
strained, saturated systems have been reported®.—% and

(85) A.Padwa, E, Shefter. and E. Alexander, ibid., 90,3717 (1968).

(86) K. Takahashi, Bull. Chem. Soc. Jap., 39, 2782 (1966).

(87) M. Anteunis, N. Schamp, and H, dePooter, Bull. Soc. Chim. Belges,
76, 541 (1967).

(88) C.W. Jefford and B. Waegell, Tetrahedron Lert., 1981 (1963).

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

2?8)671)‘ D. Hall, J. F. Manville, and A. Tracey, Carbohyd. Res., 4, 514
(91) L. D. Hall and L. Hough, Proc. Chem. Soc., 382 (1962).

(92) B. Coxon, Tetrahedron, 21,3481 (1965).

(93) K. C.Ramey and J. Messick, Tetrahedron Lett., 4423 (1965).

(94) J. Delmau and J. Duplan, ibid., 559 (1966).

(95) 1. E. Anderson, J. Chem, Soc., B, 721 (1967).

gg)ﬂl)( G. R. Pachler and W. G. E. Underwood, Tetrahedron, 23, 1817
gg)“l)( G. R. Pachler and P. L. Wessels, J. S. Afr. Chem, Inst., 19, 49
(98) R. K. Harris and R. A. Spragg, J. Mol. Spectrosc., 23, 158 (1967).
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representative values are compiled in Table IV. Signs are un-
known unless indicated otherwise. Important relative sign
measurements include those for the conduritols (items 6 and
7), pyranose derivatives (items 9-11 and 13), benzopyran
derivatives (item 16), and a tetrahydrofuran derivative (item
17). Since inductive or hyperconjugative substituents are near
one or both of the coupled protons in all of the molecules in
Table IV, the problem of the conformational dependency of
4Jgg’ is inextricably tied to the problem of substituent effects.
General trends in the signs and magnitudes which can be in-
ferred from the coupling constant data in Table IV are as
follows.

1. Coupling constants between equatorial protons, which
are in the all trans or “W* relationship, are positive and in the
range 1-2 Hz.

2. Between protons in the axial and equatorial positions,
4Jgr/’s are in the range 0.4-0.8 Hz and can be of either sign.

3. On the basis of a few values, coupling constants between
axial protons are negative and in the range 0.3-0.9 Hz. An
exceptionally large value of magnitude 2.25 Hz has been re-
ported for a substituted cyclohexanone derivative (item 3).

Semiempirical VB results in Table I are #J,,» = +1.20 Hz,
4y, = +0.65 Hz, and #J,, = —0.32 Hz. Clearly, there
are some major discrepancies with the experimental results
in Table IV, and these may not be attributable to substituen?
effects. For example, coupling constants of magnitudes 2.28
and 1.90 Hz have been reported between axial protons in 2-
chloro-3,3,5,5-tetramethylcyclohexanone (item 3) and a penta-
erythritol derivative (item 15), respectively. These may be con-
trasted with values of —0.3 Hz in a conduritol (item 6) and
+0.3-0.4 in dioxane (item 14). Coupling between axial and
equatorial protons has been shown by relative sign determina-
tions to be negative in two pyranose derivatives (items 10 and
11), but both positive and negative signs have been inferred®®
for the two types of 4/, in a conduritol (item 7).

In the absence of coupling constant data for the unsub-
stituted molecules in Table 1V, it is difficult to find any quali-
tative trends due to substituents. In a rigid structure (item 4)
replacement of hydrogen by bromine on the carbon which is
linked to one of the coupled protons has no effect on 4/, .
However, replacement of Br by more electronegative Cl or
OH in another rigid structure (item 5) leads to a decrease in
the magnitude of 4/,.-. This trend is observed also for coupling
between the bridge proton and the 5-endo proton of a number
of 2,6-bridged bicyclo[2.2.1]heptane derivatives (item 1c in
Table III) and is consistent with the qualitative considerations
of substituent effects in section IIL.B. On the basis of these
substituent effects it is suggested that 4/, in the unsubstituted
cyclohexane should be about +2 Hz.

The presence of oxygen atoms in the ring adjacent to the
carbon atoms bearing the coupled protons produces an en-

H H
H\C|/H H\é/H

H
4 5

hancement of /4.6, in dioxane (item 14) and the pentaerythri-
tol derivatives (item 15). It seems likely that this effect is re-

lated to the very large positive shifts in the values of 2/gm/
which have been observed in cyclic ethers.?®-19 The enhance-
ment in the positive contribution® appears to be due to the
lone pairs, since the maximum positive contribution to #/gg’
is observed when the lone pairs ““eclipse’’ the CH; group.%9-100

There is some experimental data for coupling over four
saturated bonds in which one of the protons can assume all
of the equilibrium orientations of a methyl group. The upper
limit for coupling of this type in the trans conformation (4) is
about 0.9 Hz9.101-104 wijth a positive sign® in those cases in
which it has been measured. In the gauche conformations (5),
the “Jm_cg, are negative in sign and in the range 0.15-0.5
Hz.%¢ The trans and gauche H-CH; coupling constants are
obtained as an average over the equilibrium conformations
of a methyl group

Ya_cm'™ = (1/3)[Yur(180°, 180°) + 24xx/(180°, 60°)]

Ju_cr %M = (13 Yau(60°, 180°) +
JauA(60°, 60°) + JurA60°, 300°)

Substitution of the indirect values from Table II leads to cal-
culated trans and gauche values of +0.83 and +0.12 Hz,
respectively. It seems likely that this incorrect sign for indirect
coupling in the gauche conformation is attributable to the
wrong sign predicted for 4/ga (60°, 180°) in Table II. The use
of empirical values of 42 Hz for 4/ga+ (180°, 180°) and —0.4
Hz for 4/gm’ (60°, 180°) from Table IV leads to much better
results (+0.64 and —0.22 Hz for ¥a_cr,""*"* and Yg_cg, "%,
respectively).

No unambiguous substituent trends are discernible from the
available data?5:96.101-104 for 4Jg_cg,. In compounds in which
a carbonyl grouping is adjacent to one of the coupled pro-
tons, 192,104 yalues as large as 1 Hz have been observed. In view
of the difficulty in analyzing the spectra of molecules whose
conformation is in doubt, it would be hazardous to ascribe
this to a definite substituent effect.!%% Even with these inherent
difficulties long-range coupling of this type has been useful
in assigning ring fusion stereochemistry in angularly methy-
lated ring compounds, 102—104

In cases in which both of the coupled protons can assume
all of the equilibrium conformations of methyl groups, i.e,
propane, itself, for which |4Jm1r| = 0.3 Hz,'% and gem-di-
methyl groupings,9%-1% couplings constants are in the range
0.2-0.7 Hz. Because the positive contributions to 4/gg’ are
invariably larger in magnitude, it may be concluded that
these are all positive in sign. The average of the nine cal-
culated indirect values for the staggered equilibrium conforma-
tion of propane is +0.36 Hz.

(99) R. C. Cookson, T. A. Crabb, J. J. Frankel, and J. Hudec, Tetra-
hedron Suppl., 7,355 (1966).

(100) M. Anteunis, Bull. Soc. Chim. Belges, 75, 413 (1966).

(101) M. Anteunis, W, W, Vandenbroucke, and N, Schamp, id., 76,
552 (1967).

(102) M. J. T. Robinson, Tetrahedron Lett., 1685 (1965).

(103) K. L. Williamson, T. Howell, and T. A. Spencer, J. Amer. Chem.
Soc., 88, 325 (1966).

gllggg)N S. Bhacca, J. E. Gurst, and D, H., Williams, #bid., 87, 302

(105) R. Sheppard and J. J. Turner, Mol. Phys., 3, 168 (1960).
(106) F.A.L. Anet, J. Amer. Chem. Soc., 84, 747 (1962).
8(9)2)7)M Anteunis and D, Tavernier, Bull, Soc. Chim. Belges, 76, 432

(108) W. J. Mijs, Rec, Trav. Chim. Pays-Bas. 86, 220 (1967).
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Representative Long-Range Coupling Constants, “/gr’, in Unstrained, Cyclic Molecules

Molecules 4’} Hz Ref
Br
He
1. HO He Jow = 1.7 68
Br
Cl J“,.. = 155
Jh..o =1.25
2, Br rena = 0.70 87
Jla.la = 0.9
Jla;.a = 2,25
3. a {Ju.e- = 0.6 87
Br Jista = 1.3
Br
A H J 1.8 68
H o = 1.
4 He Br Ju = 1.8 88
[0}
OH Jow = 1.6
5. He Cl Jow = 1.6 68
Br J..r =2.2
X
Joo' = 2.1
6. { = _0.3} 89
Joo = +0.4
7 Jorar = —0.8} 8
Jlo.al =1.2
8. J2e4e = 1.25 90, 91
Jsese = 1.5
AcO
H 2 Jiete = +1.6
9 He 0 Jiose = +1.5 90, 91
OAc H,. J’a.“ = 0.45
OAc 0
Hn
AcO (&3
ae = —U. 5 90
10. A 7 . J 0.6
OAc
1
Ha
AcO.
11. 7 Ja.e = —0.4 90
AcO 1 €
OAc
Ei
: (0}
12, H M°7 Juw = 0.5-0.9 92
& He
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Table 1V (Continued)

Molecule® X 4/mr’} Hz Ref
)24
13 JHH/ (ez0) = +1.2 90
' (¢ = 180°, ¢’ =~ 150°)
Jaae = 1.5, 1.0
14, Jreta = 0.4-0.5 93,94
Jeete = 2.50 95
Jda.ta = 0.3—0.4 93
Jlo.so =25
>C-t-Bu Jrea1e = 2.5
15. Jsaa1a = 1.90
\ ch Se = 2.70 95
/S='O J7..u. = 2.25
Jﬁa.lla =1.85
16 J..ua = +0.5—0.7
' (¢ = 120°, ¢’ =~ 180°) %
Joaie = —0.7-0.9
X (¢ =~ 120°, ¢’ =~ 60°)
AcO,
He\ H, Jis = —0.6
17. HY \ K Jig=—0.4 97
O\IL Joe = —0.4
AN
18, o ° i = 1.4) 98
0 - Jza $a = 1-0[
H,
Jo = 2.2 98

He, N N
19, 77?1// °
CH,— 4

 Subscript e = equatorial; subscript a = axial. > Unless specified, signs were not determined.

2. Five Intervening Bonds.
Butanic Coupling

In contrast to the large number of experimental values for
4Jgr’ there are only a few reports of coupling constants be-
tween protons separated by five saturated bonds. Theoretical
treatments include a discussion of %Jgg’ in benzene®® and an
investigation!®® of the dependence of %/ga/ on the hybridiza-
tion of the intervening carbon atoms. As noted previously ¢4
the interpretation is simple when only second-order terms are
retained in eq 7. The proposed indirect mechanism, which
leads to coupling over five bonds in a butanic fragment (6), is
quadratic in the vicinal bond orders, p°(h,0) and p°(h’,c"),

Hl\c I/Cf'—' Cg\c ‘/H.(
6

with dependence on dihedral angle specified by eq 13a and
13b. Therefore, the dependence of %/gr’ on dihedral angle
will be of the form

(109) H. Frischleder and G. Bidr, Mol, Phys., 11, 359 (1966).

8ar = (A cos?*¢p + Beosop + C) X
(Acos?¢’+ Beoso' + O (14)

Maximum coupling will occur for ¢ = ¢’ = 180°, but &g
is independent of the dihedral angle measured about the C~C;
bond in 6.

With empirical vicinal bond orders, based on vicinal H-H
coupling constants, it is estimated that this type of indirect
coupling will lead to maximum values of from +0.5 to +1.0
Hz. 44 Most of the known examples of coupling between pro-
tons separated by five saturated bonds involve multiple cou-
pling paths. Values of |%/1| =~ 0.1 Hz and |3/:| = 0.5 Hz were
reported between equatorial protons in a pyranose derivative
(item 8 in Table IV); |5st| = 0.9 Hz was reported?3-s4for 1,3-
dioxane (item 14 in Table IV), and |Yx.cm| < 0.3 Hz in a
tetrahydrofuran derivative®® (item 17 in Table IV). A very
large five-bond coupling constant of magnitude 2.3 Hz has
been reported 19 for a tricyclic molecule (7).

(110) K. Toriand M. Ohtsuru, Chem. Commun., 886 (1966).
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H ’
CeHs
7

A coupling of 1.25 Hz was observed!!! between the apical
and axial protons in 8, and in 9 a value of 1.7 Hz was obtained.

H!

|
C
o5” O 9CH
H'_ O P !
clocH c—H
ocH,

H HH

8 9

The authors concluded!!! that the five-bond couplings are in
the ratio of the number of paths linking the coupled nuclei
and, hence, that the coupling may be attributable to an in-
direct mechanism. A further significant conclusion, which fol-
lows!!! if the same mechanism is dominant for all of these
couplings, is that they are independent of geometry about the
central bond. This provides good evidence for the proposed
indirect mechanism. 4+

B. UNSATURATED MOLECULES

Long-range H-H coupling constants to be considered in this
section include those over four or more bonds having con-
tiguous unsaturation, i.e., one double bond, one triple bond,
or cumulated double bonds. Conjugated systems, having
alternate single and multiple bonds, will be considered in a
subsequent section.

Coupling constants over four bonds are examined for allylic
(10), isopropylidenic (11), acetylenic (12), and allenic (13)
fragments.

X
&
H—C=C—C—H H—C—C—-C—H
10 1
H—C=C—C—H H—C=C=C—H
12 13

Coupling over five bonds includes homoallylic (14) and cumu-
lenic (15) fragments.

H—-C—C=C—C—H H—(C=),.C—H
14 15

1. Four Intervening Bonds

a. Allylic Coupling

Allylic H-H coupling has been extensively investigated. In
substituted propenes allylic coupling constants range from
—0.4 to —1.8 Hz, but in cyclic compounds in which the
orientations of both C-H bonds are fixed, experimental values
range from +1.6 to —3.5 Hz 54112 Since the =-electron con-

(111) E. J. Boros, K. J. Coskran, R. W, King, and J. G. Verkade, J.
Amer. Chem, Soc., 88, 1140 (1966).
(112) E. W, Garbisch, ibid., 86, 5561 (1964), and references cited therein,

Figure 5. Designation of orbitals in a fragment of the propene
molecule.

tributions to 4/gg’ are invariably negative in sign, the oc-
currence of positive allylic coupling constants in certain con-
formations appears to be only consistent with contributions
from the o-electron framework. 2.54:112

The mechanism for w-electron allylic coupling can be dis-
cussed in terms of the propenic fragment depicted in Figure
5. The indirect contribution from eq 7 is

Yan™ = 4185(AE)'(3/2)p°(h,m)p (mi,h') (15)

where the two bond orders provide a measure of the o—7 ex-
change interaction. Since the s—7 exchange integrals and,
therefore, the bond orders are of opposite sign, “/ga™ is
necessarily negative. In the semiempirical formulations for
m-electron coupling,®%~35 esr hyperfine coupling constant data
have been used as criteria for the signs, magnitudes, and con-
formational dependencies of the o—7 interactions. As the
Penney-Dirac fragment bond orders are related to the hyper-
fine coupling constants,*4" p°(m,h’) is independent of di-
hedral angle, whereas

pc(hﬂr'.’) = A Sin2 ¢ + B (16)

Here ¢ is the dihedral angle measured from the C—C,—C;
plane as shown in Figure 6. Although this choice of dihedral
angle conforms to that for the propane molecule in Figure 4,
it differs by 90° from the dihedral angle defined in ref 54 and
180° from the dihedral angle of ref 112. For free-radical frag-
ments of the type C-C-H, B ~ 0in eq 16 such that ¥gg" will
have a sin? ¢ dependence on dihedral angle. For the six-elec-
tron allylic fragment depicted in Figure 5, the calculated VB
result is 118

Y™ = —3.36 sin? ¢ an

which has a maximum negative value for ¢ = 90° but vanishes
for ¢ = 0 and 180°.

In acyclic molecules in which the H; proton can assume all
of the equilibrium conformations accessible to a methyl
group, it is necessary to take an average value, weighted with
respect to the conformer populations. For propene it is as-
sumed that the populations are equal, and the equilibrium
coupling constant is given by

(Yam )eaunt = (1/3)[¥ER(60°) +
Uur/(180°) + ¥Yrr/(300°)] (18)

Substitution of eq 17 into eq 18 leads to a calculated, equilib-
rium mw-electron contribution of —1.68 Hz.!1? This value is
in substantially good agreement with the signs and magnitudes
of the allylic coupling constants in propene.!!* However, the

113) M., Barfield, J. Chem. Phys., 48, 4463 (1968).
(114) A. A. Bothner-By and C, Naar-Colin, J. Amer. Chem. Soc., 83,
231 (1961).
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Figure 6. Specification of the dihedral angle, ¢, in a typical con-
formation of propene. The C; carbon eclipses the C; carbon atom,
and the cisoid proton, H;, eclipses the transoid proton, H;’.

cisoid coupling constant [#/(H;-H;) in Figure 6] is larger in
magnitude than the transoid coupling constant [4/(H;’-H;) in
Figure 6] in propene and a large number of substituted pro-
penes.® This difference has been rationalized?:54112 in terms
of positive g-electron contributions which have steric require-
ments similar to ¥gg’ in propane

(UHHr"(transoid))equn > (“JHHr’(CiSOid»equn

Examples are known!15:11¢ in which the transoid allylic cou-
pling constants are greater in magnitude than the cisoid, but
the responsible factors are not understood.

A large amount of experimental data has been obtained
for substituted propenes, and substituent effects can be quite
important. Coupling constant data for propene and repre-
sentative 1,2 and 3-monosubstituted propenes!i#117—12
are entered in Table V. Cisoid allylic coupling constants in the
first column of Table V are essentially unaffected by substitu-
tion at the C; carbon atom, whereas the transoid values are
slightly more negative for all substituents except phenyl. If
the major effects of substitution were effective in the s-electron
framework, the qualitative considerations of section IILB
would suggest negative shifts for both inductive and hyper-
conjugative substituents at the C; and C; carbon atoms. The
greater shifts for the transoid values could be compatible with
a larger magnitude of 4“/gr”. In the examples of C,; and C;
substitution, both hyperconjugative and inductive substituents
lead to more positive allylic coupling constants. However, for
the C; substitution the trend within the series I, Br, Cl, and
F is to more negative values. Furthermore, the direction of
these shifts is reversed for C, substitution. The shifts to more
positive values for all examples of inductive and hypercon-

(115) G. P. Newsoroff and S. Sternhell, Tetrahedron Lett., 6117 (1968),

(116) F. H. A. Rummens and J. W. de Haan, Org. Magnetic Reson-
ance, in press.

(117) C. N. Banwell and N, Sheppard, quoted by R. A. Hoffman and

S. Gronowitz, Ark. Kemi, 16, 471 (1960).

(118) M. Y. DeWolf and J. D. Baldeschwieler, J. Mol. Specirosc., 13,

344 (1964).

(119) A. A. Bothner-By, S. Castellano, and H. Giinther, J. Amer. Chem.

Soc., 87, 2439 (1965).

(120) A. A. Bothner-By and H. Giinther, Discussions Faraday Soc., 34,

127 (1962).

(121) R. T. Hobgood, Jr., G. S. Reddy, and J. H. Goldstein, J. Phys.

Chem., 67, 110 (1963).

5122) A. A. Bothner-By, S. Castellano, S. J. Ebersole, and H. Giinther,
. Amer. Chem. Soc., 88, 2466 (1966).

(123) D. R. Davis and J. D. Roberts, ibid., 84, 2252 (1962).

(124) D. F.Koster and A, Danti, J. Phys. Chem., 69, 486 (1965).

(125) H. M. Hutton and T. Schaefer, Can.J. Chem., 45,1165 (1967).

(126) G. S. Reddy, J. H. Goldstein, and L. Mandell, J. Amer. Chem.

Soc., 83, 1300 (1961).

(127) R.C. Hirst, Ph.D, Thesis, University of Utah, 1963.

180*

o 60*° 120*

Figure 7. Comparison of calculated and experimental values of
transoid allylic coupling constants from Table VI,

jugative C, substitution is also compatible with the proposed
g-electron substituent effects.

In cyclic molecules with more or less rigid geometry, a
number of transoid and cisoid allylic coupling constants have
been reported, and representative values2.7112.18-185 gre
entered in Table VI. Dihedral angles in Table VI are crude
estimates from molecular models.54 12 Experimental coupling
constants in the third column undoubtedly reflect a variety of
uncertainties including substituent effects, coupling through
multiple paths, solvent effects, and the usual uncertainties in
the accurate measurement of small splittings.

Transoid allylic coupling constants in Table VI are plotted
as a function of the estimated dihedral angles in Figure 7. For
graphical convenience errors of +0.2 Hz were assumed in the
values of the coupling constants and +10° in the dihedral
angles, but these are undoubtedly optimistic. The solid line in-
cluded in Figure 7 is that based on semiempirical VB calcula-
tions.?¢ A similar plot of the cisoid allylic coupling is not in-
cluded as there is insufficient experimental data in Table VI to
establish the detailed angular dependence.

The agreement of the calculated angular dependence of the
transoid allylic coupling constants with the experimental
points in Figure 7 is reasonable except for dihedral angles
smaller than about 45°, Disagreement here is critical for the

(128) D.D. Elleman and S. L. Manatt, J, Chem. Phys., 36, 2346 (1962).
(129) R. Freeman, Mol. Phys., 5, 499 (1962).

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

83%)3)D J. Collins, J. J. Hobbs, and S. Sternhell, Tetrahedron Lett., 197
83%)5)1: Hruska, H. M. Hutton, and T. Schaefer, Can.J, Chem., 43, 1942
(133) A. A, Bothner-By, C. Naar-Colin, and H. Giinther, J. Amer.
Chem, Soc., 84, 2748 (1962).

(134) G. Van Binst, J. C. Nouls, J. Stokoe, C. Danheux, and R. H.
Martin, Bull. Soc. Chim. Belges, 14, 506 (1965).

(135) T. A. Wittstruck, S. K. Malhotra, and H. J. Ringold, J. Amer.
Chem, Soc., 85, 1699 (1963).
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Table V
Cisoid and Transoid Allylic H-H Coupling Constants {(~/zr’, Hz) in Propene and Representative 1,2 and
3-Monosubstituted Propenes®
HXC=CHCHjy ~ H,C=CXCHj “ H;C—=CHCH, X-

X Cisoid Transoid Cisoid Transoid Cisoid Transoid
H —1.75 —1.33 —1.75 —1.33 —1.75% —1.,33
CH; —1.25¢ —1.25¢ —-1.7¢ —1.2¢
F —1.8 —1.6° —1.0¢ —0.4° —1.63/ -1.27%/
Cl —-1.7¢ -1.7 —1.3¢ —0.7¢ —1.41¢ —0.93¢
Br —1.8 —1.6° —1.4 —0.8° —1.21¢ —0.59¢
1 —-1.7¢ —1.5 —1.6¢ —-1.0¢ —1.04¢ —0.43¢
OH —1.55 —1.25¢
OCH; —0.5 —0.5 -1.67¢ —1.42¢
CHj; —1.4 -0.7¢ -1.57 -0.87 —1.47¢ —1.47¢
CH==CH, —-1.5% —1.2¢ —1.2% —1.30% —1.50%
C=CH —1.60 -1.10¢
CN —1.5m —1.4m —-1.7» —1.2m —-1.90" —1.68"

¢ All allylic coupling constants in this table are assumed to be negative. ® Reference 114, ¢ Reference 5. ¢ Reference 117. ¢ Reference 118.
! Reference 119. # Reference 120. » Reference 121. ¢ Reference 122, # Reference 123, * Reference 124. ! Reference 125. ™ Reference 126. # Refer-

ence 127.
Table V1
Representative Transoid and Cisoid Allylic Coupling Constants in Rigid, Cyclic Molecules
Dihedral Dihedral
angle, angle,
Molecule ¢,deg  Yug',s Hz Ref Molecule ¢, deg  Ygr',* Hz Ref
A, Transoid H\ H,
R 18 /C=¢=o 60 —1.94 132
1. RY 180 +1.3 112 H
g 15. Plumericin (J10,13) 60 1.5 131
R R
2. ﬂb 160 +0.5 77 0
16. 20 0.7-0.8 112
oot
3, ﬁb 160 +0.95 77 (gAc
H\ /CH(bBu);
17. - —0.1 112, 133
4, Q=o 120 2.2 112 WA 0 0
5. @’ 120 —1.98 128 H C/CH’
g 18. (%]f \u 0 0.4 134
N
6. ©=o 120 -2.1 129
B. Cisoid
7. /Ogo 120 1.3 112 1. Glycyrrhetinic acid, 18
epimer 105-120  1-1.5 131
Br 2. 6-Substituted A%3-keto
H steroids (Jy.8s) 100 1.5-2.0 135
CH;
8. <:\1i>_ﬂ 120 -1.6 130 e
N 3, ((I\H 60 1.62.0 134
N7 >H
9, Plumericin (Js.7) 100-115 2.5 131
H H,
10. tBu— =0 100 2.3 112
0 4 >c=(og=o 60 —~1.36 132
0 H
1. "B“_CXOJ 100 21 112 5. 6-Substituted At3-keto
steroids (Ji,a¢) 15-30  <0.5 135
6. Glycyrrhetinic acid 5 <0.5 131
12. '*Pr—©=0 100 2.1 112 H o CHEBY,
7. /C=f< 0 —0.63 112,133
13. Himandridine 90 3.5 2 H H

s Signs are undetermined unless specified.
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proposed indirect mechanism for g-electron coupling,* since
the theoretical basis for an indirect o-electron mechanism re-
quires that the allylic coupling constants in the 0 and 180°
conformations be of positive sign and in the ratio of the cis
and trans coupling constants in ethanic or ethylenic systems.
The argument!12 for a vanishing or small negative value of the
transoid allylic coupling for ¢ = 0° depends critically on the
experimental value of —0.1 Hz reported!2? for 3,3-di-#-butyl-
1-propene (item 17 in Table VI). Unfortunately, this is not
an entirely rigid system, and the data may reflect significant
negative contributions from conformers having the gauche
orientation.!!? Relative sign determinations for small values
of the dihedral angle could provide a critical test for a direct
vs. an indirect mechanism for g-electron coupling.

With the possible exception of item 7 in Table VI, there are
insufficient data to examine substituent effects on allylic cou-
pling constants in cyclic systems. The occurrence of a large
substituent effect has been noted!®® for 2-oxabicyclo[3.2.0]-

hept-6-ene (16) for which | 4sa| = 2.8 Hz and |4, = 1.5 Hz.
HY /0
Hg
16

b. Isopropylidenic Coupling

The term ‘‘isopropylidenic’’ has been proposed!® to de-
scribe coupling in fragments of the type 11. Since this is a
four-bond coupling, nonnegligible contributions from both
the - and o-electron frameworks are expected. As a conse-
quence of the uncertainties in the steric requirements for the
g-electron mechanism, the precise angular dependence of this
type of coupling is not understood.

The w-electron mechanism for isopropylidenic coupling
can be discussed in terms of indirect contributions from eq 7
in which each of the bond orders has a sin? ¢ dependence on
dihedral angle. Valence-bond calculation!!? for the case in
which X in 11 corresponds to a carbon atom leads to the ap-
proximate result

YUgr” = —4.72 sin? ¢ sin? ¢’ (19

in which ¢ and ¢’ are the dihedral angles measured from the
C,—C,-C; plane. In those cases in which both of the coupled
protons can assume all of the equilibrium orientations of a
methyl group, the equilibrium coupling constant is obtained
asan average [(sin2 ¢)sy = {sin2@")er = (1/2)]

(Ve equu = —1.18 Hz

However, it seems likely that this value will be partially offset
by positive o-electron contributions comparable in magnitude
to those for saturated systems (~+0.5 Hz).
Experimental values in this case have magnitudes of 0.4-
0.55 Hz.!'%s A sign determination in 2-methylpropenyl
acetate in dictates that this type of coupling is negative.1%b
Isopropylidenic coupling is most commonly observed in
those cases in which X in 11 denotes an oxygen atom. A

g136)6)L. A, Paquette and J. H. Barrett, J. Amer. Chem, Soc., 88, 1718

(137) H. C. Beyerman, D. W, Reinhoudt, A. Sinnema, and A. Van
Veen, Rec. Trav. Chim. Pays-Bas, 85, 347 (1966).

51 8) (a) R. F. C. Brown, I. D. Rae, and S. Sternhell, dust, J. Chem.,
8, 61 (1965); (b) D. J. Sardella, Chem. Commun., 1613 (1968).

theoretical description!3®= used VB wave functions to ra-
tionalize the experimental value of 4-0.54 Hz!%? for the long-
range coupling in acetone. However, neglect of any type of
o-electron contributions by these authors would not seem to
be justified, since these could be as large as the observed effect.
Although the proposed dependence of 4/gm’ in acetone on
the polarity of the C-O bond appears to have no experimental
justification, 4 the change of sign between 2-methylpropenyl
acetate (—0.49 Hz)1%b and acetone (+40.54 Hz) is consistent
with a positive shift for an electron-withdrawing substituent
at the central carbon atom of a propanic fragment.
Experimental results have been reported for a number of
cyclic ketones. In the cyclohexanone derivatives (17 and 18)

Br Br
H2d
Hg t-Bu Hg CoH
O HZe 0 ng
17 18

I‘Ju,ec|’s are 1.7 and 1.4 Hz, respectively, whereas the corre-
sponding 4/5;.¢.’s were too small to be resolved. 41 Since the
w-electron contributions should vanish in both cases accord-
ing to eq 19, the steric requirements for g-electron coupling
appear to be similar to those in cyclic unsaturated molecules.
Isopropylidenic coupling constants of magnitude 1.1-0.2 Hz
have been reported between the 1 and 3 axial protons in a
number of 1-substituted 2-ketotriterpenes,!42 and magnitudes
ranging from 1.0 to 1.3 Hz have been found in some 1,3-
dibromo-2-decalones.14? Negative w-electron contributions
should predominate for cases in which both of the protons
are out-of-plane. Relative sign measurements will be required
to establish the sign reversal expected in going from 4/, to
ol

Recent experimental results!44-145 for cyclobutanone, which
are .4cis) = +4.6 (+4.214) Hz and 4,,(trans) =
(—2.99145) Hz, presumably reflect significant contributions
via the two possible four-bond coupling paths. However, it is
not at all clear how these results fit into the suggested pattern
for isopropylidenic coupling.

c. Acetylenic and Allenic Coupling

Long-range H-H couplings over four bonds in methyl-
acetylene (19) and allene (20) are dominated by allylic-type

HC=CCH;, H,C=—=C=CH,
19 20

m-electron mechanisms and are independent of dihedral
angles. Free rotation of the methyl C-H bonds in methyl-
acetylene should lead to w-electron contributions which are
about one-half of the maximum allylic coupling for each of
the two coupling paths. In fact, a VB calculation!!% which does
not invoke the “average energy approximation” for an eight-

(139) (a) J. R. Holmes and D. Kivelson, J. Amer. Chem. Soc., 83, 2959
32916(%9;6};. Dreeskamp, Z. Phys. Chem. (Frankfurt an Mam), 9,

(140) W, H. de Jeu, R. Deen, and J. Smidt, Rec. Trav. Chim. Pays-Bas,
84, 1621 (1965).

(141) E. W. Garbisch, Jr., Chem. Ind. (London), 1715 (1964).

(142) B.Lacoume, Bull; Soc. Chim. Fr., 3496 (1967).

(143) P.Laszlo and J. 1. Musher, ibid., 2558 (1964).

(144) L. H. Sutcliffe and S. M, Walker, J. Phys. Chem., T1, 1555 (1967).
(145) B, Braillon, J, Mol. Spectrosc., 27, 313 (1968).
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Figure 8. Labeling of orbitals in a fragment of the allene molecule.

electron fragment of 19, gives a value of —3.10 Hz, which is
very close to the maximum for allylic coupling in eq 17. The
experimental value for methylacetylene is —2.9 = 0.2 Hz, 1. 146

For coupling in the eight-electron fragment of the allene
molecule, which is depicted in Figure 8, the conformation is
fixed in such a way that 4/gg- is a maximum for the two allylic-
type coupling paths, (A—c...m—m:...c’-h") and (h-c...m'~
ws’...c'-h’). Therefore, it is reasonable to expect that the
coupling in allene should be about twice the maximum for
allylic coupling. The calculated VB result!!? in this case is
—7.37 Hz which is to be compared with the experimental value
of —7.0 &= 0.1 Hz.146.1#7

For long-range coupling in substituted allenes®!#¥ and
methylacetylenes, 5117 the shifts are generally toward less
negative values. Some typical values for monosubstituted
compounds are given in the Table VIIL. All values are assumed

Table VI

Representative Values of 3/gr’ (Hz) in Substituted Allenes
and Methylacetylenes

X H,C=C=CHX HC=CCH,X
CH, —6.66 —-2.4,-2.6
Cl —6.1 -2.6
Br —6.1 =-2.7
I —-6.3 ~2.8
CN —2.85

to be negative. Note that the changes within the inductive
series Cl, Br, I are much smaller than in the corresponding
3.substituted propenes in Table V.

2. Five or More Intervening Bonds

a. Homoallylic Coupling

Homoallylic coupling was extensively discussed in a previous
review, 2 and the angular dependence appears to be well docu-
mented. The indirect w-electron contributions for the 2-
butene fragment depicted in Figure 1 will have an angular de-
pendence analogous to that for isopropylidenic coupling.
Valence-bond calculations!!® for a minimal six-electron frag-
ment give

g™ = +4.99 sin® ¢ sin? ¢’ 20

where ¢ and ¢’ are the dihedral angles measured from the
C—C,—C; and C,-C;—C, planes, respectively. For 2-butene the
equilibrium =-electron contribution is obtained by taking the
appropriate average

<5JHH’,r>equil = +1-25 Hz

(146) E.B. Whipple, J. H. Goldstein, and W. E. Stewart, J. Amer. Chem.
Soc., 81, 4761 (1959).

(147) S.L.Manattand D. D, Elleman, ibid., 84, 1579 (1962).

((llgsgs)R. C. Hirst, D, M. Grant, and E. G. Paul, J. Chem. Phys., 44, 4305

This calculated value is in good agreement with the experi-
mental value of 1.2 Hz.1# Since the w-electron contributions
are identical for the cis- and trans-2-butenes, the observa-
tion10 that 8Jgg/(trans) is generally about 0.3 Hz larger than
5Jar/(cis) is indicative of contributions from the o-electron
framework.

In an interesting application of the angular dependence of
the homoallylic coupling specified by eq 20, it has been
shown!®! that 1,4-dihydronaphthalene (21) should be nearly
planar in solution. From eq 20 it follows that the ratio of the

cis coupling constant, 5J(cis), to the trans coupling constant
5J(trans), is equal to the ratio of the averages for the two con-
formations of 21

[sin’ ¢]* + [sin®(120° + ¢)]*
2 sin* ¢ sin? (120° + ¢)

5(cis)/*J(trans) = 1)
Since experimental values are 9.63 and 8.04 Hz for the cis and
trans coupling constants,1%° respectively, this ratio is 1.19. The
angle ¢ in eq 21 which gives this ratio is about 115°, corre-
sponding to a nearly coplanar arrangement of the ring carbon
atoms. Numerical results based on the ‘“‘average energy ap-
proximation” were +8.8 and +7.3 Hz!5! for the cis and
trans coupling constant, respectively. However, for equilibra-
tion between the two conformations, eq 20 leads to the values
+4.7 and 44.1 Hz, which are much too small.

Coupling over five bonds in dimethylacetylene is of the
homoallylic type with an experimental value of 2.7 Hz 152
Karplus®® obtained a value of 4-2.9 Hz for this case, whereas
the VB result is 4-2.18 Hz.112 The latter value presumably re-
flects a small contribution of third order through the per-
pendicular m-electron system.

b. Coupling in the Cumulenes

Calculated? 113 and experimentall24146,158.154 resylts for
long-range H-H coupling in a series of cumulenes are entered
in Table VIII. The very large value for /gm in butatriene
(item 2) can be attributed to several five-bond, w-electron
coupling paths. 5138 These are depicted schematically in
Figure 9a—c. Approximately 4.3 Hz of the total calculated
(7.01 Hz) can be attributed to the homoallylic-type mecha-
nism depicted in Figure 9a. The coupling path depicted in
Figure 9b corresponds to & conjugative mechanism and con-
tributes about 1.7 Hz to the total. The remaining 1 Hz can be
attributed to two equivalent coupling paths of the type de-
picted in Figure 9c.

The large value of —5.3 Hz, which was computed for %/gg’
in pentatetraene (item 4), is attributable to the very effective
conjugation in this system. The theory3 which uses esr hyper-
fine data as semiempirical criteria did not include the effects
of delocalization, and a much smaller value (~0.5 Hz) was in-

(149) A. A. Bothner-By, unpublished work quoted in ref 3, p 176.

(150) R.R. Fraser, Can.J. Chem., 38, 549 (1960).

SlSlg E. W. Garbisch, Jr., and M. G. Griffith, J. Amer. Chem. Soc.,
0, 3590 (1968).

(152) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 768 (1959).

(153) S. G. Frankiss and I, Matsubara, J, Phys. Chem., 70, 1543 (1966).

(154) E. M. Kosower and T. S. Sorensen, J. Org. Chem., 28, 687 (1963)
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Table VIII

Calculated and Experimental Long-Range H-H Coupling
Constants in the Cumulenes

$Jur'"(caled),*  *J gr’(obsd),
Molec ule Hz H:z
Four Bonds
1. CH;=C=CH, -7.37 (-6.7) -7.00
Five Bonds
2. CH,=C=C=CH, +7.01 (7.8) |8.95 e
3. CH;CH=C=CH. +2.50 3.454
Six Bonds
4, CH~=C=C=C=CH; —-5.30
5. CH;CH=C=C=CH, —-1.60 ~|1.2]¢
6. CH;CH=C=:CHCH; -0.28 <l0.3}/

Seven Bonds

7. CHsCH=C=C=C=CH, +1.71
8. CH;CH=C=C=CHCH; +0.93
9. CH;=C=CHCH=C=CH, +1.73

s Reference 113. Values in parentheses are from ref 35.
b [Reference 146. ° Reference 153. 4 Reference 124. ¢ Value ob-
tained for (CH;);C=C=CHCHO in ref 154. / Reference 124.
This coupling was not obtained in an analysis of the spectrum of
2,3-pentadiene.
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Figure,9. Representation of three possible (a~c) coupling paths for
the butatriene molecule.

dicated. Experimental data do not appear to be available for
this system.

C. CONJUGATED MOLECULES

1. Acyclic

Measurable long-range coupling has been observed!®s over
as many as nine bonds in conjugated systems, i.e., those sys-
tems which have two or more multiple bonds each separated
by single bonds in the usual structural formula. In these cases
the mechanisms which lead to the observed splitting undoubt-
edly arise from the combined effects of o—7 configuration
interaction and delocalization in the 7 system.

(({g%)z)E 1. Snyder and J. D, Roberts, J. Amer. Chem, Soc., 84, 1582

Comparisons of the theoretical!'®* and experimen-
tal124.128,155-181 reqults for coupling between protons separated
by four to nine bonds in conjugated hydrocarbons are given
in Table IX. Calculated values in the second column are VB
results based on the fragments depicted in the first column, 113
The calculated values for coupling over four bonds (items 1-3)
are generally more negative than the observed values. This is
consistent with the expectation of nonnegligible positive
contributions from the g-electron framework. Comparison
of the calculated with experimental results for frans-butadiene
and 1,3-cyclohexadiene (item 1) provides a further indication
that essentially all of the positive contributions to 4/xg- arise
from the all-trans or “W* conformation. The agreement be-
tween calculated and experimental results for coupling over
more than four bonds in Table IX is quite reasonable and
coincides with the expectation of smaller relative contribu-
tions from the o-electron framework with an increasing
number of bonds.

The damping of the w-electron contribution to long-range
coupling provides a measure of the extent of long-range de-
localization. 62 The w-electron contributions to the two-to-
nine-bond H-H coupling constants in a 12-electron octa-
tetraene fragment?® are plotted in Figure 10 as a function of
the number, #, of intervening C-C and C-H bonds. The
damped oscillation and alternation of sign with increasing » is
expected. This behavior can be satisfactorily represented
(dashed line in Figure 10) by the equation

Y = —1.71(=1)(=0.56)° (22)

where r and s denote the number of C-C double and single
bonds, respectively, and » = r + s + 2. Equation 22 implies
that the spin coupling is transmitted essentially without at-
tenuation over the normal double bonds but is damped by
about 44 97 over each conjugated single bond. Equation 22 also
satisfactorily reproduces the calculated results for the polyenes
(items 2, 4, 10, 13,17 and 19) in Table IX.

Long-range H-H coupling in substituted butadienes has
been studied extensively with particular emphasis on the re-
lationship of coupling constants to conformation. 163—16" On
the basis of the experimental results it was concluded!¢+ that
the m-electron contributions to 4/gg’ and /gg’ in butadiene
should be —0.8 and +0.7 Hz, respectively. These values are
in substantially good agreement with the calculated ones (items
1 and 4 in Table IX). In Table X are entered the experimental
four- and five-bond coupling constants for trans-butadiene
and a number of 2-substituted butadienes (22). Although
the largest variation in the five-bond coupling constants

gggi)R T. Hobgood and J. H. Goldstein, J. Mol. Spectrosc., 12, 76

(157) S. L. Manatt, private communication, 1968.

(158) E. 1. Snyder, L. J. Altmann, and J, D. Roberts, J. Amer. Chem.
Soc., 84, 2004 (1962).

(159) E. O.Bishop and J. I. Musher, Mol. Phys., 6, 621 (1963).

88(6))2)R C. Hirst and D. M. Grant, J, Amer. Chem. Soc., 84, 2009

(161) F. Bohlmann, C. Arndt, H. Bornowski, and K. M., Klein, Chem.
Ber., 96, 1485 (1963).

(162) H. Giinther, Tetrahedron Lett., 2967 (1967).

ggé)s)A A. Bothner-By and R. K. Harris, J. Amer. Chem. Soc., 87, 3445

(164) A. A.Bothner-By and R. K. Harris, ibid., 87, 3451 (1965).
(165) A.A.Bothner-By and D, Jung, ibid., 90, 2342 (1968).
(166) A. A.Bothner-By and E. Moser, ibid., 90, 2347 (1968).
(167) A. A. Bothner-By and D. F. Koster, ibid., 90, 2351 (1968).
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Table IX
Comparison of Calculated and Experimental Coupling Constants between Protons Separated by Four to Nine Bonds in
Conjugated Hydrocarbons
Fragmente Jur'(caled)t Hz Molecule Jur'(obsd), Hz
Four Bonds
C
I
1. HC=C-C—H -0.89 trans-C;H=CHCH=CH, —0.86¢ (trans)
—0.83¢ (cis)
H
d
) s
C
Il
2. H—C=C—C—H -3.18 HC=CCH==CH, —2.17¢
cC
I
3. -—C—C—C—H —0.60 cis-Tagetone <lo.3)/
Five Bonds
4. HC=C—C=C—H 0.95 trans-CH,—CHCH=—=CH, 1.30¢ (¢rans—trans)
0.60¢ (trans—cis)
0.69° (cis—cis)
H—O—— H 1.11¢
5. H—C=C—C=C—H 0.78 CH~=CHC=CH 0.8-0.9°¢
6. H—C=C—C=C—H 1.45 CH=CC=CH |2.2|"
C
7. HHC=C—C—C—H 0.59 CH;=C(CH;)C(CH;)==CH, ~|1.0[¢
C
I
8. —C—C—C=C—H 0.54 CH~=C(CH,)C=CH 0.287
C
I
9. —C—C=C—C—H 2.68 —C=CHC=CCH, |2.5]*
C C
I
10. —C—C=C—C—-H 0.36 Halfordin |1.1]?
Six Bonds
11. H—-C=C—C=C—C—H -0.7 CH=CHCH=CHCH, ~ 0.6|"
12. H—C=C-C=C—C—H —-1.07 CH=CC=CH, l.27|"
Seven Bonds
13. H—C=C—C=C—C=C—H 0.51
14, H—C=C—-—C=C—C=C—H 0.77
15. —CC=C—C=C—C—H 0.52 vee cee
16 H—C—C=C—C=C—C—H 0.73 CH;C=C—C=CCH; |l.3|"
Eight Bonds
17. H—C=C—C=C—C=C—C—H —0.30
18. H—HC=C—C=C—C=C—C—H —0.44
Nine Bonds
19. H—-C=C—C=C—C=C—C=C—H 0.24
20. H—C—-C=C—C=C—-C=C—C—H 0.17
21. - C—C=C-C=C—C=C—C—-H 0.31 CH;C=CC=CC=CCH;0OH 0.4

¢ Assumed single- and double-bond distances for these fragments are given in Tables III-V of ref 113. » Reference 113. Some of the values
are unpublished VB results (items 2, 8, 10, 13, 14, 17-21) based on the generalized product formulation of ref 37. ¢ Reference 156.
4 Reference 157, ¢ Reference 158. / Reference 159. No detectible splitting was observed for this coupling in the spectrum of cis-tagetone.
¢ Reference 160. » Reference 155. ¥ Reference 124. 7 Reference 125. * Reference 161. ! F. N. Lahy and C. S. Barnes, unpublished results quoted
in ref 2.
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Figure 10. A plot of coupling over two to nine bonds in octatetraene
as a function of the number, », of intervening bonds. The dashed
line conforms to eq 22.

Table X

Long-Range H-H Coupling Constants in f7ans-Butadiene
and Representative 2-Substituted Butadienes?

Ui, 41, 8o, Wi, W, W,

X H: Hz Hz H:z Hz Hz Ref
H -0.86 —-0.83 1.30 0.60 0.60 0.60 156
F 0.09 -0.19 1.4 0.73 0.62 0.70 166
Cl -0.18 -—-0.60 1.42 0.72 0.61 0.67 166
Br -0.32 -0.76 1.34 0.69 0.61 0.70 165
1 -0.58 —-1.08 1.24 0.65 0.54 0.66 165

OCH; (.00 0.00 1.50 0.57 0.51 0.51 156

¢ Proton positions are numbered as in 22.

in Table X is 0.2 Hz, the four-bond coupling constants

R
c=¢ K
/ o=(
B/ N\
X H,
22

appear to be extremely sensitive to substituent factors. In
fact, 41, exhibits a sign change in 2-fluoroprene. The shift to
more positive values with increasing electronegativity of the
substituent is consistent with that noted for the 2-substituted
propenes in Table V. Since 4/ga-’s for the haloprenes in Table
X are approximately proportional to those for the 2-halopro-
penes in Table V, it seems likely that the same substituent
mechanism is responsible.

2. Cyclic

The calculated results for conjugated molecules in Table IX
are based on acyclic fragments in which the carbon atoms are
coplanar. In highly substituted!®:16" or cyclic unsaturated
molecules this often will not be the case, and it is necessary
to consider the changes in the long-range coupling constants
due to twisting about the single bonds.

As examples of long-range H-H coupling in cases in which
there are significant deviations from planarity and coupling
via multiple paths, consider the cases of cycloheptatriene (23)
and cyclooctatetraene (24). Calculated!® VB r-electron con-

882)9)M Barfield and B. Chakrabarti, J. Amer. Chem, Soc,, 91, 4346

He H; Hs
Hs e He H,
H
Hy ‘ Hy H,
Hy e Hy H,
23 24

tributions and experimental results¢% 170 are entered in Table
XI. Calculations were performed for two different conforma-
tions of the cycloheptatriene fragments, In one set of calcula-
tions the angle 8 between the planes, which is formed by
C;—C+CsC; and C—C;- - - Ce—C;, was set equal to 40° since
this is close to the microwave result of 40.5 = 2°,171 In the
other calculation 8 was set equal to 0° in accordance with X-
ray diffraction results'’2 for the Mo(CO); complex of 23. The
methylene protons were assumed to be tetrahedral with one
of the C-H bonds in the nodal plane of the 7 electrons. In
the room-temperature nmr spectrum of 23 the methylene
protons are equivalent;!®® hence the couplings to the two
methylene protons are computed as an average.

Since the protons H,, Hs, and H, in 23 are separated from
the H, protons by 3, 4, and 5 bonds, respectively, along one
path of the ring and by 8, 7, and 6 bonds along the other path,
coupling to the methylene protons includes sums of contribu-
tions with opposite signs. The signs of the w-electron contribu-
tions are determined by the sign of the larger contributions
along the shorter paths.

It is interesting to note that the calculated results for 8 =
0° in Table XI are consistent with both sets of data, but those
for 8 = 40° are not. For example, the observed values for
J:a + Jos are 1.48 and 1.38 for cycloheptatriene and the Mo-
(CO); complex, respectively. For 8 = 40° the calculated sum
is negative, but for 8 = 0° the addition of +1.2 Hz due to ¢-
electron coupling in the all-frans arrangement of the bonds
linking H; and H, gives a value of +1.30 Hz, which is in
reasonable agreement with data for both compounds. Addi-
tion of +1.2 Hz to the ¥/3 = —0.47 Hz in the 8 = 0° con-
formation gives +0.73 Hz which is in very good agreement
with the experimental results. For 8 = 40° this coupling
should be negative. Since any contributions to the five-bond
coupling, &/3, are expected to be positive, the calculated value
for the 8 = 0° conformation appears to be the only one con-
sistent with both sets of experimental data.

The =-electron contributions to coupling in cycloocta-
tetraene (24) were based on the “tub” conformation with di-
hedral angles of 70° between adjacent w-electron systems. The
large values for the long-range coupling constants Jis",
Jis™, and J,;™ in Table XI can be attributed to the favorable re-
lationship between the C-H bonds containing the coupled
protons and the adjacent m-electron bond. The very small
values for J;4™ and J;5™ are due to the near orthogonality of the
individual double bonds which has the effect of damping out
long-range coupling in the extended w-electron systems.
Furthermore, the ‘“‘tub” conformation for cyclooctatraene is
sufficiently nonplanar that the contributions from the g-elec-
tron framework should be small. Long-range coupling con-
stant data for this molecule are not available.

(169) H. Giinther and R. Wenzl, Z, Naturforsch., B22, 389 (1967).
(170) F. A.L. Anet,J. Amer. Chem, Soc., 84, 671 (1962).

(171) S.S. Butcher, J. Chem. Phys., 42, 1833 (1965).

(172) J. P. Dunitz and P, Pauling, Helv. Chim. Acta, 43, 2188 (1960).
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Table XI
Calculated ~-Electron Contributions to the Spin-Spin Coupling Constants in Fragments of the Cycloheptatriene and
Octatetraene Molecules Compared with Available Experimental Data
Cycloheptatriene Cyclooctatetraene————
——Jgr'"(caled),® Hz—— Jar'(expt]),t Hz Jar'"(caled),® Jar'(exptl),c
HH' B8 = 40° 8 =0° CHT,8 Mo(CO); complex HH’ Hz Hz
¢ . 2.75
12 0.93 0.86 6.7 {8.70 12 2.42 11.0
. _ . -1.32 _

13 -0.91 0.82 <0.4 { 0.84 13 2.58

14 0.50° 0.04¢ <0.1 14 0.22

23 2.48 2.33 8.9 8.4 15 -0.22

24 —-1.64 —1.04 16 2.34

1

25 0.55 1.14} 1.48 1.38/ 23 4.5 2.0

26 —0.34 —0.42

27 0.09 0.51 <0.3

34 3.06 0.95 5.51 6.81

35 —-1.99 —-0.47 0.72 0.77

36 1.26 0.36 0.69 0.34

s Reference 168. * Reference 169. ¢ Reference 170. ¢ Cycloheptatriene (23). ¢ Values taken as averages for the 1 and 1’ protons. / J: +

Jos = 1.48 Hz for 23 and 1.38 Hz for the complex.

D. AROMATIC MOLECULES

1. meta and para Coupling

Experimental values of the ortho, meta, and para H-H cou-
pling constants have been compiled®#¢ for several hundred
substituted benzenes. Typically, meta coupling constants are
in the range +1 to +3 Hz, whereas para values are also posi-
tive with magnitudes less than 1 Hz. Particular values seem to
depend as much on the pattern of substitution as the nature
of the substituent.%¢ Additivity schemes, based on changes in
the ortho, meta, and para coupling constants on substitution,
have been proposed. 173,174

meta coupling between the two ortho protons in mono-
substituted benzenes increases with substituent electronega-
tivity.1’s For example, the meta H-H coupling constant in
benzene is +1.37 Hz, "¢ but on substitution of F, Cl, Br, I,
and C=CH, the shifts in J, ¢ from this value are 1.37, 0.88,
0.75, 0.51, and 0.40 Hz, respectively. These substituent-in-
duced shifts are slightly larger than the corresponding shifts
in the 2-substituted propenes (Table V) and butadienes (Table
X), but they are all in the same direction and are roughly
proportional to one another. Thus, in every case of 2-substitu-
tion which we have encountered, inductive and hyperconjuga-
tive substituents product positive shifts. Furthermore, these
changes conform to the qualitative predictions of section
II1.B for substituent induced shifts in the o-electron frame-
work.

On the basis of existing theoretical results3+?53.56,16 for
coupling in benzene, it appears that the most important con-
tributions to the ortho and meta coupling constants are due to
g-electron mechanisms, whereas the para coupling arises from
a w-electron mechanism. Representative theoretical values for
the three aromatic coupling constants are compared with
experiment in Table XII. In the first column the 7-electron re-

(173) S. Castellano and R. Kostelnik, Tetrahedron Lett., 5211 (1967).
(174) T. Schaefer, G. Kotowycz, H. M. Hutton, and J. W, S, Lee,
Can.J. Chem., 46, 2531 (1968).

(175) S. Castellano and C. Sun, J. Amer. Chem. Soc., 88, 4741 (1966).

176) J. M. Read, R. E. Mayo, and J. H. Goldstein, J. Mol. Spectrosc.,
2, 419 (1967).

Table X1I

Comparison of Theoretical and Experimental Values for the
ortho, meta, and para Coupling Constants in Benzene

MO- vB® CNDO°® INDO® Expild

%Jgm,°rthe, Hz 0.17 0.76 7.55 8.15 7.54
Jar,mes, Hz 0 -0.61 1.90 2.13 1.37
Jgm/?ore, Hz 0.01 0.65 0.4 1.15 0.69

¢ Molecular orbital theory without configuration interaction, ref
32. b Reference 168. < Reference 56. ¢ Reference 176.

sults are based on MO wave functions and the ‘“‘average energy
approximation.”32 In the next column the calculated w-elec-
tron contributions were obtained with a truncated sum over
VB triplet states.¢® Results in the third and fourth columns
arise from self-consistent perturbation theory® with CNDO 17
(complete neglect of differential overlap) and INDO (inter-
mediate neglect of differential overlap) wave functions, respec-
tively. Since the INDO method differs’® from the CNDO
method principally in the inclusion of the one-center exchange
integrals, differences in the results obtained by the two meth-
ods are indicative of the importance of o— interactions. Ex-
perimental results are given in the last column. Differences
between the CNDO and INDO results in Table XII for ortho
and para coupling constants are close to the values for the
w-electron contributions in the second column. However, for
meta coupling the difference is less than the VB result and of a
different sign.

2. Benzylic Coupling

The term ““benzylic” has been used!® to describe coupling
between an aromatic proton and a proton centered on the «-
carbon atom of a side chain. In cases in which the a-carbon
atom is sp3-hybridized, the 0- and p-benzylic coupling con-
stants are generally larger than the m-benzylic coupling con-

8;;)5)1 A, Pople, D. P, Santry, and G. A, Segal, J. Chem. Phys., 43,5129
8;87)1 A. Pople, D. L. Beveridge, and P. A. Dobosh, ibid., 47, 2026

(179) P. M. Nair and G. Gopakumar, Tetrahedron Lett., 709 (1964).
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stants. 80 In toluene, for example, the o-, m- and p-benzylic
coupling constants are —0.75, 0.36, and —0.62 Hz, respec-
tively. 13 0-Benzylic coupling is analogous to allylic coupling,
and the smaller values for the former have been attributed 81
to the partial = bonding in the aromatic systems.

It appears that most aspects of benzylic coupling can be
satisfactorily discussed in terms of the o—= configuration inter-
action mechanism. Equation 2, which relates w-electron con-
tributions to mobile bond orders, has been used7®.182— 185 to
discuss benzylic coupling but it has the distinct disadvantage
of predicting vanishing m-benzylic coupling. *¢ This problem
does not arise in theoretical descriptions which do not invoke
the “average energy approximation.”?.18 Calculated values
for o- and p-benzylic coupling constants are —0.87 and —0.37
Hz, respectively, 3¢ whereas the semiempirical VB results!® for
o- and m-benzylic coupling are —0.73 and 0.59 Hz, respec-
tively.

Because of the sin? ¢ dependence of the o—r interaction be-
tween a benzylic proton and an adjacent 2p# orbital, w-elec-
tron contributions should vanish for the in-plane conforma-
tions of an sp3-hybridized C-H bond. When two bulky sub-
stituents are on the a-carbon atom, the in-plane conformation
for the C-H bond should be favored. In this case the indica-
tions are that the o- and m-benzylic coupling constants are
about the same.®8® It is presumed that indirect s-electron
mechanisms are important in this case, but more quantitative
data are needed.

In cases in which the a-carbon atom is sp2-hybridized, a #-
electron mechanism will also be operative for the in-plane
conformations. Experimental results have been obtained in a
number of cases of this type. For example, in indene (25) and
benzofuran (26) coupling constants between the 3 and 7 pro-
tons are 0.712.186, 187 gnd 0,8-1.0 Hz, #8187 regpectively. These

H; H,
H; H, 0
Q= QL
H;
H, H

25 26

results seem to be typical for protons with comparable relative
orientations.? Valence-bond results!®® for indene (25) are as
follows: J3.4s" = —0.34 Hz, Js.5" = +0.27 Hz, J5,s" = —0.39
Hz, and J;.;" = 0.27 Hz. In the substituted benzofuran 27, the

H:
CH, 0
/ COzMe
CH,
H, H,
27

(180) G.P. Newsoroff and S. Sternhell, Aust.J. Chem., 21, 747 (1968).
(181) H. Rottendorf and S. Sternhell, ibid., 17, 1315 (1964).

83%)3)1\4 J. S. Dewar and R. C, Fahey, J. Amer. Chem. Soc., 85, 2704
(183) A.D. Cohen and K. A, McLauchlan, Mol. Phys., 9, 49 (1965).
832)7)K D. Bartle and J. A. S. Smith, Spectrochim. Acta, 23A, 1715
(185) D. J. Blears, S. S. Danyluk, and T. Schaefer, Can. J. Chem., 46,
654 (1968).

(186) J. A. Elvidge and R. G, Foster, J, Chem. Soc., 590 (1963).

(187) J. A. Elvidge and R. G. Foster, ibid., 981 (1964).

experimental results are J;; = F0.12 Hz, J;,; = £0.60 Hz, and
Jo1 = +0.99 Hz.183 Since the para H-H coupling constants
are invariably positive, the upper set of signs is selected. The
experimental signs are consistent with the theoretical ones
but are all slightly more positive possibly because of indirect
g-electron contributions of about +0.2-0.3 Hz along the
four- and five-bond paths.

A surprising feature of the benzylic coupling constants is
their insensitivity to substituent effects.8-191 For example,
in 2-bromo-5-chlorotoluene, 18 the benzylic coupling constants
differ at most by 0.1 Hz from the values in toluene.!® On this
basis it appears!® that the mechanisms responsible for aro-
matic coupling and benzylic coupling may be mutually ex-
clusive. Since it appears that the benzylic coupling constants
can be adequately discussed in term of 7-electron mechanisms,
this provides a further argument that substituent effects are
most important in the g-electron framework.

3. Interbenzylic Coupling

The term “interbenzylic”’ 92 is used to describe coupling
between protons which are centered on the a-carbon atoms of
different side chains. Experimental results for interbenzylic
coupling constants are scanty even though the theoretical cal-
culations?®- 1% indicate that they are of the same order of mag-
nitude as the benzylic coupling constants.

ortho interbenzylic coupling is analogous to homoallylic
coupling and should exhibit the same steric requirements, but
the partial #-bond orders in aromatic systems should lead to
smaller magnitudes. An ortho-interbenzylic coupling of mag-
nitude 0.37 Hz has been obtained in a benzofuran derivative
(27), and this is about one-third of the value for homoallylic
coupling in 2-butene. A meta-interbenzylic coupling which is
<0.35 Hz has been inferred from the analysis of the nmr spec-
trum of mesitylene. 3¢

An interesting trend for ortho-interbenzylic coupling has
been noted!®® in phenyl-substituted 1,4-dihydrobenzene (28),
1,4-dihydronaphthalene (29), and 9,10-dihydroanthracene
(30). The five-bond H-H coupling constants fall from 9 Hz

H CH, H CH, H CH,
HH H H H H
28 29 30
in 28 to 6 Hz in 29 to 0 Hz in 30.

4. Inter-Ring Coupling

Failure to detect small coupling constants, such as between
protons centered on different rings of a polyacene, seldom
implies that they are identically zero. For example, in the case
of indene (25) the partial analysis®¢ suggested extensive inter-
ring coupling. Valence-bond calculations!® of long-range
coupling in indene indicate that coupling between the methy-

(188) G.Kotowycz and T. Schaefer, Can.J. Chem., 44, 2743 (1966).
832)6)1) Gagnaire and Trinch-Huu-Ich, Bull. Soc. Chim. Fr, 3763
(190) D. T. Witiak, D. B, Patel, and Y. Lin, J. Amer. Chem. Soc., 89
1908 (1967).

(191) W.C,Ripka and D. E. Applequist, ibid., 89, 4035 (1967).

(192) M. Neeman, private communication, 1966.

(193) N. Carruthers and G. E. Hall, J. Chem. Soc., B, 861 (1966).
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lene protons and those of the aromatic ring range from 0.56
to 0.83 Hz, and between the 2 proton and the ring protons the
range is 0.25-0.32 Hz.

Coupling constants between protons separated by as many
as six bonds have been reported®4 for indolizine (31) and
azaindolizine (32), both with magnitudes of about 0.5 Hz. A
number of additional inter-ring coupling constants are

(194) P. J. Black, M. L. Heffernan, L. M. Jackman, Q. N. Porter, and
G. R, Underwood, Aust.J. Chem., 17, 1128 (1964).

reported in ref 2 and 4.

H
H\N/ \N\/)—
31 32
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