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The model of Jameson and Gutowsky which has been successful in
explaining systematic trends in coupling between directly bonded nuclei is
applied to coupling constants across two bonds, in particular the CCH
coupling. Empirical correlations of signs and magnitudes of CCH coupling
with changing bonding situations for both carbons are explained on the basis
of the model and the calculated values of y for CCH, the nature of the transfer of
spin information via the electrons in the sigma bonds between the coupled
nuclei (which in these calculations is expressed as a function of a collection of
resonance integrals) is examined, and the applicability of the results obtained
here to the XCH coupling constant is discussed. The model and the
calculations are found to be successful in explaining the observed correlations
in CCH couplings, and appear to hold promise of the possibility of an overall
understanding of Kxvz down and across the periodic table.

1. INTRODUCTION

Both positive and negative signs for the two-bond coupling constant 2Kxyyz
have been observed. There are scattered data (with signs) for some nuclei, and a
large amount of data (only magnitudes) for many nuclei. For HCH coupling, a
dependence on bond angle and electronegativity of substituents on the carbon atom
has been previously noted [1]. There also appears to be a dependence of HXH on
the size of X, at least in the cases (where X belongs to Group IV) in which both
signs and magnitudes of the HXH coupling have been determined [2]. A look at
the theory, whether by molecular orbital or valence bond treatment, reveals that
2Kxvz depends on a variety of exchange integrals between orbitals on X, Y and Z
[1]. Since exchange integrals are very sensitive even to subtle changes in
environment or angles, one would have to work out each individual case and it is not
obvious that an overall understanding of two-bond coupling constants is possible.
However, the above dependences which have been noticed imply that an overall
understanding of 2Kxyyz may not be out of reach.

Signs of most two-bond coupling constants are not yet known, and others,
especially proton—proton coupling, occur over a relatively small range of both
positive and negative values. There is, however, a two-bond coupling constant,
2K¢cn, for which signs have been determined in many cases, and which have a
rather wide range of magnitudes (nearly zero up to 50-8 Hz). These also afford a
great variety of bonding situations in which the couplings have been measured.
Furthermore, unlike other atoms, the bonding situations of carbon are fairly well
defined by the number and multiplicity of the bonds. Therefore, in seeking an
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overall understanding of the sign and magnitude of the reduced two-bond coupling
constant and its dependence on the nature of the coupled nuclei, the nature of the
intervening atom, substituent and stereochemical effects, for nuclei all over the
periodic table, we choose to start with the two-bond 13C-proton couplings.

Inspection of C2C1H coupling data in the literature [3-12] leads to the following
observations and correlations:

(1) Signs and magnitudes: 3CCH coupling constants in various systems have
relatively narrow spread of values within each set of bonding situations for the
carbon atoms, except for the ethylenic couplings

H
NS
Cc=C
/s N
which will be considered later. These ranges are as follows:
H H
AN / +12to —~59 uz AN e +26-6 to +463
—C1—Ce—] (25 compounds) C—C—1 (3 compounds)
/ AN RN
H H
AN —~40to —7-6 AN (+)19-8 to (+)32-1
—C—C= (29 compounds) C—C=| (8 compounds)
/ ‘ / \\\
H H
N —82to —10:6 N (+)32-8
—C—C= (5 compounds) C—C=1} (Il compound)
/'/ //

(H—-C=(C—) +45to +50-8
(7 compounds)

The signs in parentheses have been assigned here as the most likely signs on the
basis of comparisons with the other signs and magnitudes.

(2) Intervening atom (C1) effects: A survey of the data in [3-12] show that,
(a) increasing s character at C;t makes 2Kccu more positive and larger; (b)
electronegative substitution at C; likewise makes 2Kccm more positive. The
former trend is obvious from the ranges of values above, negative for Ci~sp3
hybridized and increasingly positive for Cy~ sp2 and ~sp hybridized. The latter
trend is easily seen in series of related compounds like the following:

*CH3CHs*  —45mz *COCICHz* (—)7-58 HC=*CCHs* (-)I10-6
*CH3CHa*Br (—)2-0 *COCICH2*Cl (—)57 ~ HC=*CCH2*Cl (—)8 -2
CI*CH2CH»*Br (- )43  Cl*CHCHg* (-)5-1
CI*CHsCH2*Cl —34  CI*CHCH2*Cl (—)2'5
CI*CHCH*Cl, <2 Cl*CHCH*Cl,  +1-2

+ When the bonds around C; (and C2) are non-equivalent, it is expected that the s
characters of C; in the different bonds around Ci (and of Cz in the different bonds around
C2) will be different. In these cases then, the s characters under consideration are the s
character of C; in the bonds to Cz and H, and the s character of Cz in the bond to C;.
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This is in agreement with 2 (¢) and with the observation on other systems that
electronegative substituents increase s character in bonds towards other atoms.
(3) Coupled atom (Co) effects: Except for

H

N/

TN
(for which see later discussion), it appears that, (@) increasing s character at Cot
increases the absolute magnitude of K¢cu (we note in the ranges of values given
above that negative values become more negative, positive values more positive as
Cz goes from ~sp3 to ~sp? to ~sp hybridization). (b) Electronegative substitu-
tion at Cp likewise makes |Kccm| greater. The latter trend is seen in series of
related compounds such as:

*CH3CHg* —4-5nz *CH3CH*O +26:6 CH3O*CCHs* —5-9

Clo*CHCH3s* (—)5-1 *CHCI,CH*O +35-8 HOO*CCHgz* —6-8

Clg*CCHs* (—)59 *¥*CCIsCH*O  +46-3.
Again this is a manifestation of the above-mentioned rule on the relation between
electronegative substitution and s character which has been found in other studies.

(4) Effects of stereochemistry of the rest of the molecule: The great variability in

magnitude as well as in sign of the CCH coupling constants (from —8-5 to nearly
zero, to +15-4 Hz in 15 compounds) in substituted ethylenes has been difficult to
understand. It has been found by Weigert and Roberts [13] that in the multi-
substituted ethylenes, the CCH coupling can be reproduced by the sum of CCH
coupling constants in ethylene and the monosubstituted compounds:

T=Jo+ Y (Ji—-Jo),

t
where Jo is the CCH coupling in ethylene, and J; are the CCH couplings in the
monosubstituted compounds. However, as was pointed out by Weigert and
Roberts, there is the remaining problem of interpreting the couplings in the
monosubstituted compounds themselves (see later section).

2. THEORETICAL CALCULATIONS
2.1. The model

In the model presented in [14] for coupling constants 1K xy of directly bonded
nuclei, it was found that the contact contribution could be expressed as:
IKxyz~(1/4)Z x4~ [3AE. (1)
Similarly, the contact contribution to two-bond coupling constants can be expressed
in terms of:
2Kxvz~(1/4)Z xyxvzl 7[3AE, (2)
where &/x is the interaction corresponding to the transfer of spin information from
the X nucleus to the X bonding orbital in the XY bond. yxyz is the interaction
corresponding to the transfer of electron spin information from the X bonding
orbital in the XY bond to the Z bonding orbital in the YZ bond. /7 is the
interaction corresponding to the transfer of spin information from the Z bonding
orbital in the YZ bond to the Z nucleus. 3AE is the mean triplet excitation energy.
The interactions &/x and /7 are the same as those cited for directly bonded nuclei, in

1 See footnote on page 492.
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which case there is no intervening atom Y and the transfer of spin information from
one electron to the other in the bond between X and Z is 100 per cent efficient since
the electron spins are antiparallel in a bond. yxyz is a function of one and two (or
more) centre integrals which are sensitive to the bond angle and the nature of the
substituents on the coupled nuclei and the intervening nucleus Y. It is also
expected to be sensitive to the rather subtle differences in environment due to
differences in stereochemistry of the rest of the molecule. The sign of y for bond
angles close to tetrahedral appears to be usually negative when there is free
rotation about the bonds. For example, CCH couplings (for which .%/¢and /g are
both positive) [14] in ethanic systems usually have negative values. So do HCH,
HSiH, SiCH, SnCH, PbCH, CdCH, and HgCH [15-17]. P{II)CH on the other
hand (for which <7p g1y is negative and /'y is positive) [18] in systems where free
rotation about all P bonds is possible, is positive. In these cases then, where free
rotation is possible, the sign of y appears to be negative. 'That is, the average value
of y over all angles of internal rotation appears to be negative, although values of y
for specific fixed stereochemical conformations may possibly have both positive and
negative values, depending on the angle.

2.2. Calculations of y and 2Kccu

Using an independent electron molceular orbital theory by Pople and Santry
[19], in principle it is possible to calculate reduced coupling constants in
hydrocarbons in any configuration. For the different bonding situations in which
C2C1H coupling constants are observed, the general method of Pople and Santry is
conveniently set up in a basis set involving hybrid orbitals. The off-diagonal
hamiltonian matrix elements are of two types, those between orbitals directly
bonded in the primary valence structure (Bcu and Bcc) and the remainder (B¢,
Bec', Ber' etc.) which connect orbitals in different bonds. In the calculation of
coupling constants, the latter are treated as perturbations on the zeroth-order
system involving only diagonal elements containing valence state ionization energies,
and off-diagonal matrix elements Bcc and Bcm, each of which depend on the
bonding situation. Pople and Santry applied this perturbation method in
determining bonded and long-range coupling constants of ethane, ethylene and
acetylene [20]. 'The extension of the method to the eight possible ¢ pure * Co-C1H
bonding situations is straightforward. Gradations between these bonding situations
are expected upon substitution of different groups at C; or Ca. Given below are
the expressions for the off-diagonal matrix elements and 2K¢cn for each situation.
The resonance integrals involved are the following:

bﬁ’c H %OH bPZH
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The mean triplet excitation energy is chosen to be —28 where f is the mean of
the direct bonding interaction elements of the type Bcc and Bey. ¢, is
approximated by (8mgefe/3).ac?bc(0)2 where ag is the coefficient of the 25 atomic
orbital of Cy in the bond to C;. This does not include 1s core polarization
contributions to ¢,. /g is approximated by (87gefe/3)pu(0)2. The actual Hy
and ¢, in the framework of the Pople-Santry molecular orbital method are
somewhat different from these values, but only to the extent that the delocalized
(perturbed) system is different from the completely localized zeroth-order system.
Thus, in the following expressions, vy is given by —{ }/882
(1) spP~sp3-H

2K con=(87P/3)%(1/4)c(0)*bu(0)*/165°

x {— 5B¢'2+[Ber’ + Bee' + Beg"(trans) + Zﬂcc”(gauche)]z}, 3
where
Be' = (1/4)(os — xp),
Bor' =(1/2)8sn—(1/2y/3)futs
Bec’ =(14)Bas-+ (112y/3)os+ (14)Bir,
Boo”=(1H)fss~ (112/3)Bos — (112)Bos + (2/3)Ban co5 6,
Bes=(112)Bon-+ (/3[2)a,
Bect=(14)Bs+ (v/3/2)Bos— (34)Bor
B=(Boc® +6Bcu)/7.
(2) sp?-sp3—H
2K cox=(878f3)(1/3)$c(0)$u(0)2/166°
x {—5Bc"2+[Ben’ + Bec’ + Bec”(150%) + Bec"(309))2),  (4)
where
B = (1o =)
Bor' =(112)Bsn—(1/2y/)fon,
Boc’=(112v/3)Bss +(1//6 = 1/6)Bus +(1/3y/ 2
Boc” =(12y/3)Bas— (1/6+ 112/ 6)fas— (116 2w+ (11v/3)Bar c05 6,
Boo®=(1/2/3)Bss + (11y/6-+ 112)Bos— (1v/2)frw
B=(Boc®+ Boc® + 3Bcu®+ Beu®)/6.
(3) sp-sp3-H
2K con = (87Pe/3)(1/2)c(0)*$x(0)*/168°
x {=5Bc"?+[Bcr’+ Boc’ + BecP) (5)
where
Be'=(1/4)(as— ),
Ben'=(1/2)Bsn— (1/2+/3)Bon,
Bee"=(1/2v/2)Bss + (1/20/2=/3/6v/2)Bas +(v/3/67/2)Bss
Beo”=(1/2/2)Bss = (1/2v/2+v/3[6+/2)Bos — (v/3]6+/2)Boo,
Bee®=(1/24/2)Bss + (1/24/24+4/3/24/2)Bss — (v/3/20/2)Bso,
/8 = (BCC(3)+ BCC(8)+ 3ﬁCH(1))/5~
(4) spP~sp*-H
2K ccm= (87Be[3)*(1/4)pc(0)*¢n(0)?/165°
X {=5Bc"2+ [Bor’+ Bec” + Bec"(150°) + Bec"(30°) + Bec"(90°), - (6)
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where
B’ = (1/3)(es — ap),
Ber'=(1/4/3)Bsn— (1/v/6)Bn,
Bec'=(1/2y/as+ (112~ 1/2y/6)fas+ (1124 Dfr,
Boo”= (1/2/3)Bss— (1/6+1/2y/6)fus—(1/67/2)Brw+ (1 3/ 3P 05 6,
B=(Boc®+ Bec®+3Bcua®) + Beu®)/6.
(5) sp*-sp*-H
2K com = (87fe/3)%(1/3)c(0)¢x(0)%/165°
x {—5B¢"2+[Beu’+ Bec' + Bee (trans) + Bec(cis))?), (V)
where
B’ = (1/3)(as — ap),
Ber'=(1/v/3)Bsn—(1/v/6)Bon,
Bee' = (1/3)Bss + (1/3v/2)Bos +(1/3)Boo,
Bec”=(1/3)Bss = (v/2/3)Brs — (1/6)Bow+(1/2)Ban cos ¢,
Boc® = (1/3)Bss +(2v/2/3)Bss — (2/3)Boas
B=(Bcc® +2Bcc® +2Bcu®)/5.
(6) sp?=sp>-H
The same expressions as in sp2-sp2-H. The values for the 8’s are different
however, since the bond lengths are different:

Beur®=(1/4/3)Bsn+(v/2//3)Bon,
B=(Bcc® +4Bcu®)/5. (8)
(7) sp—sp?-H
2K com = (87Be/3)(1/2)c(0)4m(0)2/168°
x {=5Bc"2+[Ber’+ Bec’ +Poc” ), (D)
where
Be'=(1/3)(as — ap),
Ber'=(1/v/3)Bsn—(1/v/6)Bon,
Bec'=(1/4/6)Bss +(1/7/6—1/24/3)Bos + (1/24/3)Boos
Boc"=(1/4/6)Bss — (1/v/6 + 1/24/3)Bss— (1/24/3)Bo0,
BecP= (1/4/6)Bss+ (1/A/3+1/4/6)Bss— (1/4/3)Boo,
B=(Bcc'V+ Bec® + Bec® + Ber®)/4.
(8) sp =sp-H
*Koom = (87Be/3)(1/2)bc(0)2$m(0)/165%. { —SBc'2+ [Boxt' + Bec ), (10)
where
Bc'=(1/2)(xs— ap),
Ber'=(/\/2)(Bsn~ Bon)s
Bee" =(1/2)(Bss—2Bss — Boo)s
BCC(S)Z (1/2)(/8&5 + 2/308 - }90,0_)’
Beua® =(1/2/2)(Bsn+ Bon),
B={(Bcc®+2Bcr®)/3.
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In evaluating the hamiltonian matrix elements the same assumptions used by
Pople and Santry will be made. That is:

Bu=(—10ev)S,,. (1D

Overlap integrals .S, were evaluated using the equations of Mulliken ez al. [21].
The values of 8,, are shown in table 1. The bond distances were taken as the
average of the experimental bond distances in representative molecules. In table 2
are the values of the resonance integrals for the eight bonding stuations considered
here.

C2—C; bond R
z t;beon (gf B% BUS BUU Bﬂﬂ

(1) spB—sp3 1-54 0-300 0-365 —-0-328 0-192
(2) spP-sp® ) ) ) _0- .

(#) spi-sp? 1-507 0-3559 0-377 0-3313 | 0-2038
3) sp—sp® 1-462 0-377 0-3927 -0-3326 | 0-2203
(5) sp2—sp? 1-466 0-3751 0-3913 —0-3326 | 0-2188
(6) sp2=sp2? 1-35 0-431 0-430 —0-326 0-265
(7) sp-sp? 1-44 0-3875 0-4002 —-0-3325 0-2288
8) sp=sp 1-20 0-511 0-472 —-0-290 0-337

Table 1. Interatomic resonance integrals, in units of —10 ev.

Ca g}lp':ond B¢’ Bew’ Bce’ Bec” B

(1) sp3—sp® | 0-245 | 0-1466 | 0-1084 0-071 (gauche) 0-6704
—0-121 (trans)

2) sp2-sp3 | 0-245 [ 0-1466 | 0-1157 0:00199+0-1177 cos ¢ | 0-6981

3) sp—sp3 0-245 | 0-1466 | 0-1241 | —0-0178 0-7222

4) sps—sp2 | 0-3266 | 0-1466 | 0-0972 0-00199+0-1177 cos ¢ | 0-6981

(5) sp2-sp? | 0-3266 | 0-1466 | 0-1064 0:004 +0-1094 cos ¢ 0:7376

(6) sp2=sp2| 0-3266 | 0-1466 | 0-1363 0-1189 (cis) 0-7291
—0-1471 (trans)

(7) sp—sp? 0-3266 | 0-1466 | 0-1101 | —0-0247 0-7757

(8) sp—sp 0-4900 | 0-0827 | 0-1105 | —0-0715 0-7872

Table 2. Resonance integrals, in units of —10 ev.

It should be noted that in the expressions for 2K¢cn the term —58¢2 which
gives a positive contribution is always present. To a first approximation this term
is dependent only on the hybridization of C;. 'The collection of terms in square
brackets gives a negative contribution and these terms depend on the type of
bonding orbitals of both C; and Cs. In table 3 the calculated values for y and
2K con are given.

2.3. Other contributions to 2Kceg

The pi contribution to 2K¢cy may be calculated in terms of o-7 interaction
parameters obtained from related free radicals [22]:

anac gezﬁe2
Am “geguPn?

M.P. II

2K ¢cn (pi contribution) ~ % ¥ cm-3, (12)



C. J. Jameson and M. C. Damasco

498

*suonenyis Surpuoq 30 pue 1) snouea Iof HIO0 N7, pue 4 Jo sanjea paje[nofe)

‘€ 9IqEL

3gf2F/Ng N& £q pardn[nw 9q 03 saey sonjea 959y ‘ssned N syueisuoo Juninds suyradAy -y S f yim aiedwoo oy, -ssned o] x £-887=H s |

991 L-91+ 018 p1+ 68 61+ b-TS¥L | T6£Z-0+ | 96200-0— | OTHT-0+ ds ds
L0+ 8- 01(+) ov-8+ v-7SPL | 9660-0+ | 91110-0— | 6£011-0+ ds
96-0— 391 398 6S-9+ 7-896 011-0+ | ¥2$10-0— | ¢¥ST1-0+ 295(=)
8L-0+ 9-01036-9(+) | €£-9+ Z-896 6901-0+ | S9610-0— | ssgzl-0+ g9s(—) s
07-0— T-S1+ 03 2.8+ SL-§+ €972 LOTL-0+ | 11910-0— | 189¢1-0+ ¢9s
£5-0+ S-g—01L. T~ €1-S+ +-2S¥T | 99S0-0+ | 62S10-0— | $61L0-0+ gs
8¢S 0+ S-7— 0 g1 YL-€+ 7896 6850-0+ | 07810-0— | 669L0-0+ z9s g¥s
0 6-1— 01 6€-0+ cr-g+ 792 £€790-0+ | 81120-0— | 8¥£80-0+ g9s
cwﬂ“mm%wwa paAIasqQ POIRIMIED) || sones 401 p 298/l 1= | 08/2°0S | yonempuqdy | uonezpugsy
' ﬂ g U z0] ‘HOO3J, “p A 01 suonnqiuo)) e k)

0T0Z Axenigsd LT 00:8T

193¢ [96pSTInoy - UOTINTAISTA IUSIUO) ejusbur]

:Ag pepeoTumOoq




[Ingenta Content Distribution - Routledge] At: 18:00 17 February 2010

Downloaded By:

On the spin-spin coupling between 13C and H separated by two bonds 499

where A is taken to be 6 ev and the sum is carried over the different o— pathways.
The hyperfine constants gy and ac are given by:

ag=Qculp” or QccuBp”,
3 3

ac=8%+ Y Qcxp"+ Y, OxicCpi,
=1 =1

where p” =1 if there is a pi orbital on the carbon in question, otherwise p”=0. The
sigma-pi interaction parameters Q (in gauss) are the following values calculated by
Karplus and Fraenkel [23]:

Qcuf=—23-4 for sp2 carbon, or — 34-7 for sp carbon,
Occual= +27-4 when averaged over all orientations,
Sc=—-127, Qcc’®=+144, Qcct=—13"9,

Ocu®=+19-2 for sp2 carbon, or + 38-1 for sp carbon.

The results are shown in the last column of table 3.  The pi contributions are found
to be much smaller than the observed coupling constants.

The spin—dipolar contribution to 2K¢cn in the Pople-Santry approximation is
[24]:

0eC unoce

Koon(spin-dipolar)=(~4/39)82 3 3. (PAE)? T cucnencio.
j uve

2

x Y (@alra¥Bre,ro—1c%8ap) | bu)

a, f=2,4,2
x (¢, |ra~*Bra,ru,—ru%8us) | $0)-

As was pointed out by Pople and Santry, all one-centre integrals vanish in this case
where one of the nuclei is H. Non-vanishing two-centre integrals such as
(pc|Bzc2—rc?)rc®| po). (pc| (Bzu2 — ru?)/ru’| pc) are vanishingly small because in
regions where 1/r¢3 is appreciable (near the C nucleus), 1sy is small and vice versa.
The orbital contribution to 2K¢cw 1s likewise negligible:

0cC unocc

2Kocm(orbital)~ (—16/3)8e2 . ) (AE)™ zz CinCiuCivCis

i 7 uve
x (6r| Mclrc®|4,) . (6| Mu/re®|4,),
where M are orbital angular momenta which vanish for the 1s orbital of H. Thus,
when only one-centre integrals are included the orbital contribution for 2K¢cu
vanishes. Non-vanishing two-centre integrals in terms such as

(pc|Mefrc®| po)(po| Mufrud| po)
are again negligibly small. The integral on the right gives the angular momentum
of the carbon 2p electrons about the H nucleus and is weighted by 1/rg3. In the
regions where 1/rg3 is large the 2p¢ density is small, so the orbital contribution to
2K ccm is likewise negligible.

3. DIsCUSSION OF RESULTS AND COMPARISON WITH EXPERIMENT

The calculated values for y are all less than unity, as expected: the transfer of
spin information being less complete than that between antiparallel electrons in a
bond. From table 3 it is clear that y becomes more positive as the intervening
atom Cp goes from sp3 to sp2? to sp hybridization: the positive contribution becomes
larger and the negative contributions become smaller in magnitude. Pople and
Santry [20] stated that the positive contribution (58¢'2) is probably overestimated.
However, this does not affect the result that y becomes increasingly more positive as
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C; changes hybridization from sp3 >sp2—>sp. We note that y is relatively insensitive
to the hybridization of the coupled atom Cp: there is but a small perceptible
decrease in y as Cy hybridization goes from sp3 to sp2to sp.  On the other hand, y is
very sensitive to the hybridization of the intervening atom C;. The changes on Cz
affect primarily #/¢, and not so much y (the sign of y is retained), whereas changes on
Cy affect y to a great extent and should affect %7, only to a small extent (in the
approximation used here changes on C; have no effect on /¢, at all).

For sp3 hybridized C;, the positive and negative contributions are of the same
order of magnitude. Since the positive contribution is overestimated, the
calculation is poor and gives the wrong sign of y and 2Kccm due to partial
cancellation of the negative terms by an overestimated positive term. This is not
surprising in view of Pople and Santry’s results for CCH coupling in ethane in
which they also had the same difficulty. The calculation of the HCH coupling is
likewise beset with this difficulty, both molecular and valence bond treatments give
positive couplings, in opposition to the observed negative signs [1]. Nevertheless,
the calculated increase in magnitude of 2K ccp as Cs goes from ~ sp3to ~sp2to ~sp
hybridization due to the increase in 2/, agrees with experiment.

For C; sp? or sp hybridized, however, the positive terms are clearly much
greater than (respectively 10-fold and 80-fold as great as) the negative terms, so that
even though the positive terms are overestimated, we still expect to get the correct
sign. We get a positive sign for y, and the observed positive signs for 2K¢cm.
The relative magnitudes of 2K in going from sp2 to sp hybridized C; are in the same
order as that observed:

(C1—Cg hybridization) sp—sp >sp2—sp >sp2—sp? >sp2—sp3

even when comparing observations on systems with different kinds and number of
electronegative substituents. Furthermore, regardless of sign, the calculated
2Kccp definitely increases in magnitude in changing Cp hybridization from sp3 to
sp? to sp, since in this calculation /¢, (and thus 2Kccn) is directly proportional
to ag,y?.  This result agrees with observed correlation (3).

Comparison of numerical values in table 3 of 2K ¢y calculated (which apply to
‘pure’ bonding situations such as sp3-sp2 etc.) and observed (which apply to
gradations between these bonding situations) for sp2 and sp hybridized C; show
reasonable agreement of calculations with experiment. It should be noted here
that most of the data compared with the theoretical C; =sp2 are on

Ce
C1=0
H

systems, in which the electronegative oxygen is expected to increase the s-ness of the
Cy hybrid orbitals used in bonding to the Cz and H atoms, thus making y more
positive than that for Cy=sp2.  So it is not surprising that the observed values
are somewhat larger than the calculated ones, in spite of the fact that the calculated
contact terms are known to be overestimated.

3.1. Angular dependence of some two-bond coupling constants

As was pointed out by Weigert and Roberts [13], although 2Kccn in the
polyhaloethylenes could be explained in terms of additive CCH couplings in the
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monohalo-compounds, there is the remaining problem of interpreting the couplings
in the monosubstituted ethylenes themselves. For the halogens, these are [13]:

L H H X=Br X=Cl é
\czc/ ¢ a -85 —83 0°
/N b +7-5 +7-1 180°
a H X c +58 +68
The C*
/7
X—C
\H*

coupling being positive compared to that in ethylene was explained by comparing
with the

X—C

AN
H

analogue, in which it has been shown that a positive substituent effect is associated
with the electron-withdrawing effect on the CHy fragment by an electronegative
substituent [25]. This positive substituent effect was also found by Dreeskamp
and Sackmann [3] for 2K¢cq in

C

/
X—C

\H

However, for CCH, and CCHjy, couplings, no explanation of the sign reversal has
previously been given.

A similar angular dependence appears to be operative in NCH couplings. For
example, the following NCH couplings have been reported [26]:

ZKNCH (1020 cm‘3)

g oH a($=09)  b($=180°)
>C = N.-/ —22 +11-4

Hp

Hy OH
Seed s

Me

Me OH
\c = N,./ +13-1
/

Hp

N
L +90
N7 H
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By considering the form of y for fragments of the above molecules, as well as the
monohaloethylenes, we find a possible explanation for the angular dependence:

( x ’ ”n o]
noH PCC\VX vy~ {58c'2—[Ber’+ Boc’ + Bec”(180°)

g +Boc¥(0°)]2}/882,
(2) e _C/X y~{5B8¢"2—[Bcu’+ Bec + Boc”(0°)
' A + BocX(180°)]2)/87,
3y M, B\ o y= {5Bc"2—[Ber’ + Bon'+ BenO(0°)
Ep’c‘g} +Ben'2(180°)]2}/867,
NG ..N./o y= {5862~ [Bow’ + Box' + BoxO(180°)
Ho ) +Ben'P(0°)]2)/882.

In the cases which are being compared, (1) versus (2) or (3) versus (4), the
protons are coupled to the same C or N nucleus. Therefore /¢ or  is the same.
Here both /¢ and &/ are positive. Thus the sign of y determines the sign of
2Kccnm or 2Knen.  In all four cases, the sign of y would be positive if the lone pair
or the halogen were replaced by a hydrogen atom. If we look at case (1) versus
case (2) we see that the resonance integrals in both cases are the same except for the
angular dependent Bec”, BeccX. Likewise (3) and (4) differ only by the integrals
Beu®® and Ben©.  We shall then examine how these resonance integrals change in
going from ethylene to these specific cases.

In our calculations we had found the following: the sign of B¢c¢” depends on the
dihedral angles ¢ which are indicated in parentheses in the above equations for y.
Also, we found that the magnitude of Bcc” depends on the s character of the carbon
orbitals involved: this integral is large when the carbon orbitals involved in the
integral are mostly p, and decreases drastically with more s participation in the
orbitals in question (see table 2). When X is an electronegative atom, the carbon
orbital involved in the C—X bond is such as to put more electron density close to X,
that is, more carbon p orbital participation in the CX bond. Thus, BccX should be
large since the B” integrals are found to increase with increasing p character. At
the same time, Bcc” is smaller here than when all atoms involved are either C or H,
since drawing more p into the C—X bond leaves less p, more s in the other bonds of
C.

Since lone pair electrons are not attracted to a second nucleus, they have high
probability of being found in the region close to the N nucleus, that is, in an orbital
which is s like. Therefore, Bon!? should be small compared to Ben” since the
other N bonds, especially to the OH, will have more p character. These effects on
¥ are summarized below:

1 (2) (3) “@)

Bcc”(0°) or BentP(0°) + + small
BccX(180°) or BenC(180°) — large —large
Bcc”(180°) or Bex!?(180°) - —small

BccX(0°) or Ben©(0°) +large +large

Effect on y — + - +
Sign of y ? + ? +
Sign of 2K, observed - + - +
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Since ay and ac are positive, the effects on y reflect effects on 2K¢cn and 2Kncw
themselves. As shown above, these qualitative arguments are in the right direction.
Certainly the + signs of 2K for the trans configurations are predicted correctly to be
enhanced positive. Whether the negative effects are large enough remains to be
determined. The Pople-Santry MO method for hydrocarbons can no longer be
used here since the effects we are looking for depend on electronegativity
differences which are no longer as small in these molecules as they are in C and H.

A similar angular dependence appears to be operative in P(ITI)CH couplings
[27], although unlike the NCH and CCH couplings, the signs of the PCH couplings
in those compounds of fixed stereochemistry have not yet been determined.

4. CONCLUSIONS

Except for the results for sp3 central atom whose signs, as expected, are not in
agreement with the observed values, our calculations bear out the observed
correlations (2) and (3), as well as the signs observed for sp2 and sp central atoms.

We find that, in the light of our model, the observations on 2K¢cxw are in accord
with the observations on other 2Kxcg. From the observed sign of 2K¢cn and the
known + sign of /¢ and /g, we deduce that the sign of y is negative when the
intervening atom is sp3 hybridized. ~Since we have found that y depends primarily
on the intervening atom, in XCH where C is a saturated carbon atom, y should
likewise be negative. On the basis of our model, the sign of 2Kx¢m will depend on
the sign of &/x (/u being always positive): 2Kxcn will be negative when & is
positive, and positive when &/ is negative. In [14] it was found that X atoms in
molecules could be classified as Case A or Case B, in which x is positive; or Case C,
in which 7 is negative [14]. Inagreement with this model, we find that in those
molecules where X is a Case A or Case B nucleus, specifically H, C, Si, Sn, Pb, Cd,
Hg, the 2Kxcm values are observed to be negative [3, 15, 16]. And in those
molecules where X is a Case C nucleus, specifically Se, Te and F, 2Kxcg are
observed to be positive [17]. Phosphorus is an intermediate case: Case C for
P(III) and Case B for P*(IV) and P(V)[18]. y may well be transferable, for a given
X and for a saturated carbon. Certainly the sign seems to be transferable, as we
have noted above.

Our calculations show not only that v is characteristic primarily of the central
atom, but that for carbon it shows a markedly increased positive value in going from
sp? to sp? to sp hybridization. This result may be more generally applicable. For
example, 2Kgcy is known to become more positive in going from

H H H H
N S N S
to C

C
7N\ |

systems [28]. We also expect 2Kypm to become more positive in going from
P(I1I) to P(IV) or P(V).

Note added in proof.—In view of our results, the recent values of 13C-M-H
couplings in transition metal compounds (WHrTEsIDES, G. M., and Mactio, G.,
1969, 7. Am. chem. Soc., 91, 4980) no longer appear anomalous when compared
with 13C-C-H couplings in organic compounds, since we have shown that the y in
two-bond couplings depend to a great extent on the nature of the intervening atom.
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