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It is shown that sterically unperturbed vicinal HH coupling constants in planar 7-membered w-systems
correlate linearly with the HMO w-bond order: *J(HH) =20.91P, , —3.85 (r.m.s. error 0.26 Hz, correlation
coefficient =0.988). Systematic deviations from this relationship which most probably originate from valence
angle changes are found for fused w-systems containing rings of different size. Model calculations using the
CNDO/2 method as well as finite perturbation theory and INDO wave functions support the experimental
findings. An improvement of existing 3J(HH)—P, , correlations for planar 6-membered rings is possible if
CNDO/2 m-bond orders are used instead of HMO or PPP-SCF data.

INTRODUCTION

Following theoretical calculations' and experimental
results,? vicinal HH coupling constants in planar un-
saturated hydrocarbons are found to depend on the
CC bond length R,, and the HCC valence angles 6
and @’. Detailed structural information for new com-
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pounds can thus be obtained in a relatively straightfor-
ward manner through the analysis of the 'H n.m.r.
spectrum if *J(HH)—R, , or *J(HH)-bond angle cor-
relations are known with sufficient accuracy.

From these correlations the *J(HH)—R,, , relation-
ship has been studied most extensively for unsaturated
6-membered rings.>* Results for 5-membered rings
have recently been presented.’ In addition, linear cor-
relations between *J(HH) and the MO =-bond order
P,.,, first formulated for benzenoid hydrocarbons in
1962.° are available for 5-7 and 6-membered rings.>*

Similar studies for unsaturated 7-membered rings
did not progress beyond a first limited attempt.® Since
we recently determined the ‘J(HH) data for the
benztropylium ion (1),” we felt that a closer inspection
of a *J(HH)—P,, relationship for 7-membered rings
would be rewarding. In order to obtain additional
experimental data the 'H n.mr. spectra of
dicyclopenta[ef, kiTheptalene (2) and its dihydro de-
rivative (3) (Fig. 1) were analysed.'

RESULTS AND DISCUSSION

The spectra of 2 and 3 have been reproduced
elsewhere;'' 2 yields an AX, system (8. =7.24, 6x=
* Author to whom correspondence should be addressed.

+ Proton Magnetic Resonance Spectra of Unsaturated Ring Systems,
Part XXIV; for Part XXIII see Ref. 47.
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8.55 ppm, J(AX)=9.63 Hz) for the protons of the
7-membered ring and an additional singlet (8 =8.25
ppm) for those of the 5-membered ring. J(12)=4.5Hz
was thus determined from the '*C satellites. The one
bond '*C, 'H coupling constants, also obtained from
the '>*C n.m.r. spectrum of 2, showed a remarkable
dependency on ring size. For the 5-membered ring
167 Hz was found, whereas for the 7-membered ring
values of 'J(CaH) =156 and 'J(CxH) =151 Hz were
observed. For 3, in addition to two singlets at § 2.21
(CH, protons) and & 6.69 (five ring protons) an AMX
system was observed and analysed (6o=6.34, 6=
4.92, 8x=5.58 ppm, J(AM)=10.46, J(MX)=8.46,
J(AX)= 1.35 Hz). The assignment of the proton reso-
nance - frequencies of 3 was based on the finding
J(AM) > J(MX). This relationship follows from the
CC bond length of Ray,=0.1368 nm and Ryx=
0.1424 nm, determined for the closely related
3,5,8,10-tetramethylaceheptylene,'>'* and the inverse
3J(HH)—R,.., proportionality'. It is further supported
by the m-bond order relationship derived below. The
3J(HH) data for 1-3 are given in Table 1 together with
vicinal coupling constants from the literature for a
number of structurally related systems'* " which are
collected in Fig. 1. For the following discusion we
assume that the 7-membered fings in 1-8 are virtu-
ally planar, a realistic hypothesis in view of the availa-
ble X-ray data. '>'*?!

Since to our knowledge CC bond length data have
been determined for only a few of these systems (6°',
10°%), we used HMO m-bond orders for the elucida-
tion of a *J(HH) correlation with structural features in
the 7-membered rings of 1-11. As Fig. 2 demon-
strates, a good linear relationship is obtained. Using
only data from 1(a, b), 2(a), 3(b), 4(b), 7(a, b), and
8(a, b)—a limitation that will be justified below—
yields

3J(HH) = (20.91 £ 1.25)P, ,(HMO) — (3.85+0.79) (1)

with a correlation coefficient R =0.988 and a standard
deviation of 0.29 Hz. The data for 9, 10, and 11 have
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Figure 1. Planar cyclic w-systems containing 7-membered
rings.

been excluded from the regression analysis because of
their lower accuracy (estimated error +0.2 Hz®'%?°)
and the possibility that 11 is not fully planar.>® Despite
this restriction these coupling constants fit the general
slope nicely. On the other hand, a number of points
obviously deviate from relationship (1) in a systematic
manner and they were also excluded from the calculation.

A closer inspection of the above mentioned devia-
tions reveals that they are due to coupling constants of
HC-==CH fragments in the neighbourhood of anne-
lated 5-membered rings. As an example we mention
azulene (6) where coupling in a is found too low and
coupling in b too high. Similar observations are made
for couplings in fragments a of 3 and 4 and, most
pronounced, for both couplings a and b of 5. As is
well known from investigations dealing with 6-
membered rings*** and cyclic olefins,?® strain effects
may introduce changes in HCC bond angles, thereby

Table 1. Vicinal H,H coupling constants in HC=<CH frag-
ments of planar 7-membered rings in bi- and
polycyclic w-systems

Compound  HC-=CH-fragment P, (HMO) 2J(HH) Ref.
1 a 0.674 10.34 9
b 0.629 9.52 9
2 a 0.656 9.63 this work
3 a 0.719 10.46  this work
b 0.568 8.46 this work
4 a 0.740 10.74 14
b 0.547 7.66
c 0.738 12.26
5 a 0.707 9.91 15
b 0.590 10.23
6 a 0.664 9.5 16
b 0.639 10.3
7 a 0.763 12.23 17
b 0.527 6.73
8 a 0.726 11.06 18
b 0.575 8.19
a 0.698 109 8
b 0.604 8.5
c 0.673 108
d 0.621 8.2
10° a 0.738 10.8 19
b 0.536 8.0
c 0.765 12.0
1" a 0.770 11.5 20
b 0.521 6.8
c 0.772 115

2 Coupling constants are those for the 8,8'-dicyano compound.

causing changes in vicinal HH coupling.’ It is there-
fore interesting to remember that fusion of a smaller
ring to a 6-membered ring also decreases the coupling
in fragment a and increases that in fragment b, as is
exemplified if the data for benzocyclopropene (12),*
benzocyclobutene (13),* and biphenylene (14)** are

compared with the benzene value (7.54 Hz>®):

Q> On O

12 13 14
J(Hz) a 6.04 7.36 6.89 (7.03)
b 7.63 7.78 8.23 (7.91)

For 14 these changes are also a result of strong
variations in the CC w-bond orders, but even after
correction for this effect using the relationship

*J=12.47P, ,(HMO)-0.71 )

derived for unstrained aromatic systems,* a substantial
difference between predicted values (in parentheses)
and observed ones remains.

On the other hand, fusion of a larger ring to a
smaller one causes changes of opposite sign for the
>J(HH) values in the latter. A notable example is
found with the benzocyclooctatetraene dianion
(15).>*7 In this and similar cases, in addition to possi-
ble strain effects, van der Waals effects will be most
probably responsible for the observed trends, as is
suggested by the findings for o-di-t-butylbenzene
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Figure 2. 3J(HH)}—P, (HMO) correlation for systems 1-11;
points used for the least squares fit of Eqn (1) are marked by
half filled symbols.
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C(CHs)s

Q
QoL
C(CHs)s

15 16
J(Hz) a 8.51 8.11
b 5.80 7.00

(16)*® and several benzenoid aromatics like phenan-
threne®* or 3,4-benzpyrene.”®

Additional data which support the above mentioned
observations comes from the series pentalene dianion
(17),° indeny! anion (18),° and azulene (6),'® where
the coupling increases despite constant 7r-bond order:

P, ,(HMO) 0.650 0.659 0.656
J(HH)[Hz] 3.0 3.4 4.0

We therefore conclude that deviations from linear
3J(HH)—P, , correlations are to be expected in bi-
and polycyclic 7r-systems if fused rings of different size
N are present. In particular, two distinct situations
may be anticipated:

Type A. Fusion of a small ring (N <6) to a larger one
causes J(12) to decrease and J(23) to increase:

H-2

H-3 H-1
a

© ©
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Type B. Fusion of a larger ring to a smaller one causes
J(12') to increase and J(2'3’) to decrease:

H-1

Clearly, these rules only describe the general trend
that most probably originates mainly from HCC bond
angle changes as a result of steric strain or compres-
sion. They can hardly be formulated quantitatively and
the ultimate magnitude of the *J(HH) changes is de-
termined by the individual structural situation and can
only be assessed where complete structural data are
available. In particular less pronounced changes or
violations of the rules formulated above are to be
expected in cases where the fused rings differ by only
one carbon unit. For example, the *J(HH) values in
the 6-membered ring of indane® show small changes of
opposite sign to that expected for a type A arrange-
ment. Similarily, in the indenyl anion both vicinal
coupling constants in the 6-membered ring (8.05,
6.51 Hz") are reduced if compared with values ex-
pected on the basis of the HMO #-bond order” (8.15,
6.75 Hz). Furthermore, fusion of two planar rings with
more than six carbon atoms will always lead to steric
compression of the type observed for 15, as is
exemplified by the deviation of coupling c-in 4.
Nevertheless, especially for the smaller rings up to the
7-membered rings, a general picture for the rationali-
zation of observed trends for HH coupling constants in
fused polycyclic mw-systems seems to emerge from
this study that may also be helpful to understand the
structural dependency of vicinal *C, 'H coupling
constants in methyl substituted 7-systems.*'

In order to support our interpretation we have
carried out calculations for the HH coupling constants
in benzene, where the anticipated structural changes
were simulated by decreasing the HCC valence angles
9 at C-1 and C-4:

H-2' H-2

H-3' H-3
H-4

The results, obtained for  =120°, 118°, 116° and 114°
on the basis of the Pople-Santry theory>> within the
CNDOQ/2 approximation®® and, in addition, with the
finite perturbation method** using INDO wave func-
tions*® are summarized in Table 2.

As in other cases, the usefulness of such approaches
lies mainly in the possibility of analysing experimen-
tally observed trends rather than in the calculation of
absolute magnitudes of coupling constants. It thus
appears that the HCC angle changes introduced are
appropriate to induce the *J(HH) changes of type A
and type B discussed above, since we find that J(12)
decreases and J(23) increases, whereas the opposite is
true for J(12') and J(2'3"), respectively. The type A
perturbation therefore seems to increase the HCC
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Table 2. Calculated HH coupling constants for
distorted benzene (in Hz) and 2s, 2s-
bond orders P, 1.(x —10%)

CNDO/2 6=120° 118° 116° 114°
J(12) 524 516 508 5.1
J(23) 524 530 536 541
J(12)) 524 532 540 548
J(2'3) 524 517 510 502
J(13) 108 105 102 0.99
J(13) 1.08 111 115 118
J(14) 039 039 039 039
Pis, 16(1, 2) 944 938 931 924
P1s. 15(2,3) 944 949 954 958
Pis. 16(1,2) 944 950 955 960
P1s, 1512, 3) 944 939 933 926
FP-INDO

J(12) 854 840 829 817
J(23) 854 863 876 882
J(12) 854 867 883 9.02
J(2'3) 854 841 830 8.15

valence angle in the a-position, a fact simulated within
our model by the proton sequence H-1, H-2, H-3,
H-4, whereas the type B perturbation—simulated by
the proton sequence H-1, H-2', H-3', H-4—decreases
this angle. It is noteworthy that the change of only one
pair of valence angles is sufficient to introduce the
changes for all the vicinal coupling constants in an
alternating manner. As an inspection of the CNDO/2
density matrix shows, these changes are a result of
parallel changes of the 1s-1s bond orders between the
protons under consideration. The CCwx-bond order,
on the other hand, is completely unaffected by the
structural alteration.

Cooper and Manatt, in their analysis of strain effects
on HH coupling constants in 6-membered rings™* only
found small and unsystematic trends for the vicinal
parameters. The reason for this might be seen in the
inclusion of planar a,a’-diketones, where electronic
effects may mask the steric influences.

As for the long range coupling constants *J and
3], we calculate changes (Table 2) that are different from
those observed in strained bicyclic systems like 12 and
13.>*** Since earlier calculations® using the same
theoretical model, however with minimized geomet-
ries, reproduced the experimental trends correctly, it
must be concluded that bond length and CCC-angle
changes are of considerable importance for *J and °J
values also.

Possible improvements of 3J(HH)——P,L,,, correlations

Despite the progress made in theoretical calculations
of spin-spin coupling,>® empirical correlations between
H,H coupling constants and structural or theoretical
parameters are still useful since they allow—within a
more limited set of compounds—rather precise predic-
tions. In an earlier paper we demonstrated that differ-
ent *J(HH)—P, , correlations exist for aromatic and
olefinic 7-systems in cases of 6-membered rings if
HMO or PPP-SCF-P,, , data are used. It was suggested

b
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Figure 3. Aromatic and olefinic cyclic m-systems containing
6-membered rings.

that this is a consequence of the shortcomings within
both m-electron theories and that an advanced
theoretical treatment would be more successful.

Using now a set of sterically unperturbed *J(HH)
data in 6-membered rings of compounds 19-26 (Fig. 3
and Table 3) and CNDOQO/2 calculations for the 2p,-
CC-bond orders in these systems we derive from a
linear regression analysis

*J(HH) = (9.60+0.18)P, ,(CNDO/2) +(1.25+0.13)
(3)

with a standard deviation of only 0.08 Hz and a corre-
lation coefficient of 0.998.

EXPERIMENTAL

Degassed samples of 2 and 3 (0.2mM in CS, with c.
10% tetramethylsilane added as internal reference)

Table 3. Vicinal H,H coupling constants in sterically unper-
turbed HC--=CH fragments of planar 6-membered

rings
2J(HH) SJHH)
Compound HC==CH-Fragment P, ,(CNDO/2) calculated experimental Ref.
19 a 0.667 7.66 7.54 26
20 a 0.736 8.32 8.28 4
b 0.589 6.91 6.85 4
21 a 0.756 8.51 8.55 4
b 0.563 6.66 6.59 4
22 a 0.614 7.15 7.20 36
b 0.714 8.11 8.11 36
c 0.795 8.89 9.00 3
23 a 0.669 7.68 7.72 3
b 0.799 8.92 8.80 3
24 a 0.904 9.93 10.00 4
25° a 0.859 9.50 9.46 4
26 a 0.830 9.22 9.25 37
b 0.477 5.83 5.94 37

® Because of the torsion around the C-2—C-3 bond in
cyclohexa-1,3-diene®® only the coupling constant across the
double bond was considered.
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were measured with a Varian HA 100 spectrometer
using side band calibration. The experimental error in
line position was 0.05-0.09 Hz. *C satellites were
determined with a CAT computer using 50 transients
at a sweep width of SHzcm.”™ C n.m.r. spectra
were recorded with a Bruker HX-90 spectrometer at
22.63 MHz using the FT mode. These results have been
cited elsewhere."'

The HMO calculations were performed with the
program of Heilbronner and Straub.*”> For the
CNDOJ/2 and INDO calculations*® standard geometry
and parameters®> were used with the following excep-
tion: the CNDO/2 program was modified for the use
of one centre repulsion integrals as given by Sichel
and Whitehead** and the calculation of two centre
repulsion integrals by the Ohno procedure.*® It was
shown earlier®® that this modification improves the
calculated H,H coupling constants.

CONCLUSION

The results of this work yield a guideline for the
interpretation of vicinal HH coupling constants in
fused ring systems, and add to the available *J(HH)—
P.. (HMO) correlations for 5-7 and 6-membered
rings>* those for 7-membered rings. In cases where
points from ‘aromatic’ compounds (bond order range
0.4 to 0.8) and ‘olefinic’ compounds (bond orders

<0.4 or >0.8) fall on different correlation lines,
better results are obtained if CNDO/2 #-bond orders
are used, a possibility that has not yet been tested for
5- or 7-membered rings.

Equation (1) may be useful for studies concerned
with the electronic structure of cyclic r-systems,
where arguments based on chemicat shifts often fail to
allow conclusive answers, in particular in cases of
charged species or compounds that contain groups
with large diamagnetic anisotropies (-CN, -C=C-).
As pointed out elsewhere,*®*' *J(HH) values on
neighbouring HC—=-CH fragments are therefore sensi-
tive probes of electronic structure, especially if
methods to account for other influences, like valence
or torsional angle changes, are available.}
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lated CC bond lengths and corrections for HCC valence angles (S.
Braun and J. Kinkeldei, Tetrahedron, in press).
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