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Abstract-In a series of norbomanes, benzonorbomenes, and norbornenes, the vicinal cis couplings ‘.I.,..,, and 
‘1,“,..“&> are determined. A trend is recognized in which 1.,,.,, steadily decreases in this series while I.,,,_,,, 
remains relatively constant; in norbomenes .I..,,..,, and 1.., ,,,,” do are about the same. These observations are 
understood by means of theoretical calculations performed for representative compounds of the series. This study 
indicates that interactions of the Gmethylene bridge with the bonds of the C,-C, ethylene bridge are responsible for 
the nonequivalence of I,.,,.,, and J..,,.,,, in norbornanes, and that in norbomenes interaction of the olefin 
functionality with bonds of the ethylene bridge is responsible for bridging _I,.,..., back fortuitously close to J.,.,.,.,. 

Nonequivalence of the exo-exe (cu. 12 Hz) and endo- 
endo (cu. 9 Hz) vicinal H-H coupling constants has been 
clearly demonstrated’ in norbomanes 1. This observation 
has been perplexing in view of experimental results for 
substituted norbomenes 2a, which exhibit’ almost identi- 
cal exo-exo and endo-endo coupling constants. In both 
cases the dihedral angles between the C-H bonds 

\ endo \ endo 
1 2a 

containing the coupled protons are close to 0” so that 
equal values would be expected from theoretical consid- 
erations.’ Opening out of the H-C-C angles’ would be 
expected’ to decrease the vicinal coupling, but there is no 
structural data which suggests that the H,,-C-C angle in 
2a is greater than the corresponding internal angle in I. 

In the present study the exe-exe and endo-endo 
coupling constants are determined for a series of 
norbornanes, benzonorbomenes, and norbornenes. 
Theoretical techniques are then used to investigate the 
two types of coupling in norbomane and norbornene, and 
it is clearly shown that the exo-exe coupling in both 
compounds is enhanced by interaction with the electrons 
of the CH2 (C,) bridge, but in norbomene the exo-exe 
coupling is reduced by about the same amount owing to 
interactions of the rear-lobes of the C-H bonds with the 
electrons of the double bond. The implications of these 
findings are profound: structural groups which are seoeral 

bonds remoced from the coupling sites, but which are in 
proximity to both of the bonds containing the coupled 
nuclei, can provide important, alternative mechanisms for 
transmission of the coupling. 

RESULTS 

In an effort to establish the generality of the features of 
the vicinal exo-exe and endo-endo couplings discussed 
here, accurate data from nine compounds were collected 
and appear in Table 1. The NMR spectra of 2-5, 9 were 
performed and analyzed in the present study; those of 
6-8.10 have been previously reported.‘.’ Compounds 2,3, 
610 were synthesized by us, while compounds 4 and 5 
were generously supplied by Dr. James W. Wilt. 

The NMR analyses of 2-5, 7-10 involved the routine 
solutions of AA’BB’ patterns. The NMR analysis of 6 was 
more complex,’ but the ethylene bridge of 6 is virtually 
symmetrical’ and in this paper will be treated as such. 

Since an AA’BB’ pattern is bilaterally symmetrical, one 
cannot distinguish from the NMR pattern itself between 
JA,, and J”,,.. Experiments done by our group have 
further established that spin-tickling studies cannot 
furnish this information. Therefore, there was initially 
some doubt in our minds if in 2 the exo-exe coupling were 
in fact greater than the endo-endo coupling (compare 
9.30 with 9.02 Hz). To resolve this uncertainty, the 
heptadeuterio derivative 11 was synthesized (Scheme 1). 
A by-product of the last step was deuterated nortricyclene 
14. Analysis of the AA’B pattern of 11 verified the 
respective J values. That ‘Jrrcr..ro >‘Jmdrr.tndo in norbor- 
nenes has also been observed in I 2 3 4 7 7-hexadeuterio- 9 1 9 , , 
norbornen-5-yl carboxylate (9.4, 9.0 Hz).’ 

The syntheses of 2, 3, 9 are described in the 
Experimental. As an example of NMR analysis involved 
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Table I. NMR parameters for various norbomenes, benzonorbomenes and norbomanesa,b 

8 
z 

c 

c 

9.30 9.02 

9.52 9.10 

3.07 1.57 0.97 

3.70 2.50 2.06 

c 10.76 9.80 4.56 2.44 1.52 

c 11.35 11.35 4.90 2.46 1.96 

4.64 1.76 1.42 !A 12.05 9.12 

e 13.20 9.15 

e 12.50 9.97 

c 12.22 9.05 4.62 1.43 1.13 

e 12.71 9.82 4.46 2.17 1.54 

4.74 1.79 1.54 

4.47 2.00 1.43 

%_ values in Hz, with probable errws less than 0.05 Hz. &hemitbl Shifts in ppn dcunfield fran 

tetramethylsilane. SThrs uork. %f 5. s&f 1. 

D D 

Scheme I. 

in this study, Fig. I shows observed and simulated NMR wide variety of parent and substituted compounds, Jmdu.mdo 
patterns for 9. remains at 9-10 Hz, and J,,,,, is 9-10 Hz for norbomenes 

Inspection of Table 1 makes it clear that throughout a and 12-13 Hz for norbomanes. An intermediate value of 
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from the X-ray crysta~lo~pbic data on a&i-7- 
norbornenyl brosylate.” The INDO-FPT results for 
norbornane and norbomene, which are entered in Column 
I of Table 2, are in quite acceptable agreement with the 
experimental results in Table 2. Fu~hermore, 3.L~,.~~~, in 
norbornane is about 2 Hz greater than in norbornene, 
whereas 3Jedg,.cndir is just about the same in the two 
compounds. In norbornene the exo-exo coupling is only 
slightly larger than the endo-endo coupling. In all cases 
the calculated exo-endo coupling constants are too large, 
but this may simply be due to inaccuracies in the H-C-H 
angles. / “I I 

,I !’ 

160 
!_ ; i ’ -L- <co zckzr-- .’ 

I50 130 
l-L! ,.. J-. 
120 - I!0 

Cps 

Fia. 1. 7h: 100MHz Droton NMR spectrum of 9. The shaded 
arias represent contrib&ions to the NMR spectrum from isotopic 
(‘H) impurities. B&urn: Calculated (LAOCOON III) 100 MHz 

proton NMR spectrum of 9. 

f,,.,, is seen for the benzonorbornenes 4, 5; and an 
anomalously high J~ndu,nldo appears for 5, which has an 
sp2-hybridized C-l carbon atom. 

In an attempt to recognize the mechanism responsible 
for the larger exo-exo coupling in norbornane, an initial 
guess was made that the rear lobes of the two exo C-H 
bonds of the two ethylene bridges might interact as 
depicted in Fig. 2(a). Entry II of Table 2 shows the results 
for the case in which all of these overlaps across the ring 
were set to zero. That L.,,,, is still substanti~ly larger 
than Jcndcndr,.endt, implies that this interaction is not the 
responsible one. 

TBE5lWlXAL RESULTS AND DiSCUSSION 
Calculated results in this section are based on the 

coupling constant formulation of finite pe~urbation 
theory (FPT) in the intermediate negiect of differential 
overlap (IND0)6.7 approximation of self-consistent-field 
(SCF) molecular orbital (MO) theory. This method has 
been quite useful for c~culating molecui~ properties 
such as geometries, dipole moments, and hypefine and 
nuclear spin-spin coupling constants. In the usual 
applications of the method” it is difficult to sort out the 
individual electronic factors which lead to the calculated 
coupling constants. For this reason, it is useful to adopt a 
procedure which has been quite useful in studies of 
long-range H-H’ and H-p coupling constants. In the 
INDO procedure” off-diagonal elements of the Fock 
matrices are of the type 

Next. all of these overlaps were restored and the effect 
of the C-7 methylene bridge was investigated by setting all 
of the interactions between the C-7 carbon in norbornane 
(and its two hydrogens) and the CZ and C3 carbons (and 
their hydrogens) to zero. The effect (see entry III in Table 
2) is dramatic: now Jl~o.cndo is significantly greater than 
J U<wxo. It thus appears that in the norbornane molecule, it 
is the interaction of the exo and endo bonds with the 
methylene bridge that gives rise to the nonequivalence of 
the exo-exo and endo-endo coupling constants. 

5 = @no f PnW,,. - Cy,,, (1) 

where Fz, is the off-diagonal element of the Fock matrix 
for electrons of a-spin, PA0 and &,’ are empirical 
parameters for atoms A and B, S,, is the overlap integral 
between atomic orbitals p and V, PE, is an element of the 
charge density-bond order matrix for electrons of a -spin, 
and yAs is approximated as a Coulomb integral involving 
valence shell s-type orbitals for atoms A and B. A similar 
expression can be written for F$,.” These elements can 
be set equal to zero by choosing S,, and ?All to be equal to 
zero. From a large number of calculations, which were 
intended to eliminate certain elements of the Fock 
matrices from the c~culations,* it was found sufficient to 
simply set the S,,, for the atoms of interest equal to zero. 
This is reasonable since one expects P,,* to be quite small 
unless p and Y are centered on bonded atoms. 

The INS-FPT calculations for norbornane were 
based on an electron diffraction structure.‘l The geometry 
gave identical internal angles for H,,-C-C and Hlndrr-C- 
C and, therefore, the cakulated results reported here do 
not include complications from this variable. In the 
absence of suitable structural data for norbomene, one of 
the ethylene bridges of norbornane was replaced by the 
fragment -CH=CH-, for which the geometry was taken 

n 

fb) 

Fig. 2. (a) Schematic representation of exe-carbon hybrid orbitals 
on C,, C,, C5, and C, norbomane (1). (II) Schematic representation 
of exocarbon hybrid orbitais on C, end C,, and Zp, atomic 

orbitak on C, and C. of norbornene (Ze). 
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Table 2.ExperimentalandcalculatedvicinafJ valuesfornorbomaneandnorbomeneioftheethylenebridge) 

Entry Experimental Calculated 

$2 IIf 
7 

1119 rvh VL 

4x0 exo l -*- 
Norbornane 12.2h 

%ndo endo' -*- 
Norbornane 9.lb 8.824 8.94 13.57 

&xo,endo* 

Norbornane 4.& 

11.394 12.91 11.06 

5.4!+ 5.83 5.58 

J -exo,exo' -- 
Norbornene 

9.3& 

4!Jsl!z.m* 
Norbornene 

9.05 

h.& 
Nor~rnene 3.87K 

11.01 9.68 

8.03 9.96 

5.83 5.63 

&In Hz. hTaken from compound 9. CTaken from compound 2. hormal INDO-FPT 

calculation on norbornane. $ormal INOO-FPT calculati& on norbornene. 

LINDO-FPT calculation on norbornane with C2,C3,C5,C6 interactions (ethylene 

bridge-ethylene bridge) set to zero. SINDO-FPT calculation on norbornane with 

C2,C3,C7 interactions (ethylene bridge~ethylene bridge) set to zero. ~INDO-FPT 

calculation on norbornene with C2~,,C3pz.C5,C6 interactions (n-bond contrlbu- 

tion) set to zero. &ormal INW-Fm calculation on 7-ketonorbornene. 

Since it appears that the C-7 methylene bridge can 
affect I,,, and Lnd~.~ti~ in such a manner, it now remains 
to determine the reason for the equivalence of the 
coupling constants in norbomene. Since the main 
difference between the two molecules is the olefin, we 
surmised that the additional mechanistic feature of 
norbomene might be the T-interaction of the olefin with 
the back lobes of the exe-hydrogens as in Fig. 2(b). 
Accordingly, this interaction was set to zero by removing 
the overlap between the pZ orbitals of CZ and C3 and the 
orbitals of C, and G,. Entry IV of Table 2 shows the 
results: LX,,,, is now substantially larger than J~_dO.~flndO. 
This interaction with the p-bond, therefore, seems to be 
responsible for bringing the J~ro.u,,/J~ndo.mdo ratio close to 
unity. 

Although the internal angle may still be a factor in 
norbomane and norbomene in determining the final 
observed exo-exo and ends-e~do couplings, additional 
mechanisms via indirect coupling appear to be operating: 
other groups removed from the coupling site can provide 
significant pathways for the transmission of the coupling. 
Undoubtedly, many anomalous results in other systems 
may well be attributable to mechanisms of this general 
type. 

It should be realized that this additional mechanistic 
feature must be operating for bonds of boih of the 
coupling nuclei. For example, norcamphor (6) has a I,,.,,, 
value in the “norbornane category” because (regarding 
the G-C, ethylene bridge) the functionality is interacting 
with the bonds on only G. 

Although a similar theoretical treatment of the ben- 
zonorbomenes would be prohibitively expensive, a 
qualitative assessment can be made of these compounds 
on the basis of the discussion above. Regarding com- 
pound 4 (Table l), the effects of the 7,7-dimethoxy and 
I ,4dichloro functionalities would seem in themselves not 
to affect significantly L.,, and Jsn,+.mdo (note these 
functionalities exist in the no&mane 10, whose J values 
are “normal”). The interaction with the r-bond, however, 
would not be as si~ificant in ~nzonorbomenes as in 
norbomenes, owing to a lower ~-bond order in the former 
type of compound. Accordingly, one would anticipate the 
major difference in benzonorbornenes would be a J,,<,, 
value intermediate between those of norbornenes and of 
norbomanes. This is precisely what is observed. 

One should be aware that the generalizations .I,,,, > 
.Ldn.cndO in norbom~es and .Lcl, = LG,~~ in norbor- 
nenes may be limited to symmetrical molecules and/or 
molecules without large distorting groups. Clearly, the 
dihedral angular dependence will continue to be the main 
factor affecting vicinal coupling constants, and in 
asymmetrically substituted norbomanes there can easily 
be twisting of the overall norbomane skeleton” that can 
lead to significantly different J values.” Further, one 
should be cautious in extending these generalizations to 
systems with greatly different functionalities with differ- 
ent hybridizations-compound 5 is such an example. Here 
the Jmdo.cndo value is distinctly different from the pattern of 
the other compounds of the series. Aside from the 
distorting effect imposed by strain,” there exists the 
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common in the literature, there is sufficient data from the 
bicyclo[2.2.2]octyl system to make a comparative 
analysis (Table 3). In the alcohols 15-19, it is seen that an 
olefin perturbing the backside of a cis vicinal pair of 
hydrogens (16) decreases the coupling; this effect is 
similar but smaller in magnitude for a benzo functionality 
(17). In the compound pairs 20, 21 and 22, 23 the same 
effect of the olefin is observed. Thus, the same general 
phenomenon appears to be operating in the 
bicyclo[2.2.2]octanes as in the bicyclo[2.2.l]heptanes. 

EXPRRIMENTAL 

1,2,3,4,7,7-Hexadeuferionorbornene (2) was synthesized by the 
previously published procedure16 from perdeuteriocyclopen- 
tadiene’ and ethylene. 

1,2,3,4,7,7-Hexochloronorbomene (3) was synthesized by the 
previously published procedure” from hexachlorccyclopen- 
tadiene and ethylene. 

I,?-Dichloro-7.7-dimethoxybenzonorborne (4) and 1,2- 
dichloro-7-kefobenzonorbomene (5) were furnished by James W. 
Wilt, Loyola University of Chicago. 

1,3,3,4,7,7-Hexadeuferionorcamphor (6) was synthesized and 
analyzed as previously reported.J 

1,2,2,3,3,4,7,7-Octadeuferionorbomune (9). The 
hydrogenolysis-reduction of 2” utilizing deuterium over PdC was 
carried out as described’* to give 8, which was deuteriodechlori- 
nated using sodium and t-butanol-O-d, in THF to give 9, using the 
procedure of Classman and Marshall.‘9 A pentane soln of 9 thus 
prepared was purified via preparative gas chromatography 
(20 ft x 3/8 in SE-30, 3m on 45160 mesh Chromasorb P; injector 
temp. 150”. column temp. I lo”, He carrier gas, 85 ml/min); under 
these conditions 9 had a retention time of 32 min. The deuterium 
content of 9 thus obtained was determined by mass spectrometry 
(Found: 35.0% da, 35.4% d,, 179% &,6.4% d,. 3.0% 6, 1.8% d,, 
0.8% dl, O@Z d,, 0.0% Q). The NMR spectrum of 9 appears in 
Fig. 1. 

1,2,3,4,ex@5,7,7-Heptadeuterionorbomene (11) was synthes- 
ized according to the following sequence. A mixture of e_xo and 
endo isomers was carried through to the last step. Fit, 
perdeuteriocyclopentadiene* (IO.35 g) and vinyl acetate (62.0 g) 
were heated in a steel bomb under N, at 195” for 10hr.20 The 
product was distilled off at 70-75” (20 mm) to give 14.0 g (62%) of 
deuterated acetate 12. NMR analysis indicated 79:21 endo : exo 
isomers. 

Compound 12 was saponified with 8% NaOHaq (1OOml) by 
stirring at room temp. for 22 hr. The alcohol product was isolated 
by extraction with two IO&ml portions of ether, drying (MgSO,), 
and concentration under reduced pressure to give IO.2 g (99%) of 
white semi-solid. The crude product was tosylated according to 
the procedure of Tipson*’ by its reaction with 25.Og of 
p-toluenesulfonyl chloride in 120ml of dry pyridine at -5” for 
24 hr. Workup in the usual manner gave 18.24g (77%) of crude 
tosylate 13. NMR analysis indicated 80: 20 endo : exe isomers. 
Fractional crystallization from petroleum ether gave I I.56 g of 
white needles, m.p. 58.0-62.5”, NMR analysis 95:5 endo : exo 
isomers. 

Reaction of 11.56g of 13 with 3.3 g of lithium aluminum 
deuteride in a manner identical to that of Nickon for the saturated 
analogz2 gave, after sublimation (loo”, 760 mm) 0.5 g of white 
semi-solid. NMR analysis indicated at 60:40 ratio of 11: 14 
(norbornene:nortricyclene). The NMR signals of 14 did not 

interfere with those of 11, and the mixture was not further 
purified. 

NhfR analyses were performed on a JEOL PSI00 NMR 
spectrometer, with saturated samples in chloroform-d with 1% 
v/v TMS internal standard, utilizing internal lock field sweep 
mode. The NMR parameters were ob&ned by analyzing the NMR 
data with the LAOCOON HI program.” As an example of this 
analysis, the observed and simulated spectra of 9 are shown in Fig. 
1. 
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