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Abstract—The 'H-NMR-spectra of 1,6-imino-, 1,6-methylimino-, and 1,6-ethyleno[10]annulene have
been analyzed 1n terms of chemical shifts and H,H-coupling constants. The parameters obtained demon-
strate the aromatic character of these systems.

INTRODUCTION

THE aromatic character of the [10]annulenes I and II, synthesized by Vogel'?
and Sondheimer,? has been established by means of ESR, NMR and UV spectro-
scopy.4=® The existence of a delocalized 10 n-electron system in I and II is further

X I: X=CH,
2 I X=0
CO II: X = NH
IV: X = NCH,
Pl V: X = C=CH,

supported by the X-ray analysis of 1,6-methano[10]annulene-2-carboxylic acid.’
According to these data, the C, ,-perimeter shows only slight deviations from planarity
and has practically non-alternating C—C-bond lengths.

Our determination of the proton spin-spin coupling constants in I and I1° yielded
information about the structural relationship of the two systems. Since coupling
parameters are usually most sensitive to changes in molecular geometry, their close
correspondence in both compounds was interpreted in favour of a similar molecular
structure. The present study extends these investigations and deals with the analysis
of the NMR spectra of 1,6-imino, 1,6-methylimino and 1,6-ethyleno[10]-annulene
(11, IV and V respectively).8-?

RESULTS

The spectra of III-V are treated as AA’'BB'-systems, since coupling between
protons of different halfrings is small and causes only line broadening. Furthermore,
the presumably rapid inversion of the nitrogen in III and IV at room temperature
leads to an effective C,,-symmetry for the C,,-perimeter in these compounds. The
direct method for the analysis of AA'BB'-type spectra as developed by Dischler and
Englert'’-!! was employed to obtain approximate shift and coupling parameters.
These have been refined using the Laocoon II iterative computer program.!2 The

* Part VII see Ref. 15.
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TABLE 1. CHEMICAL SHIFTS AND H,H-OOUPLING CONSTANTS FOR H1I-V

3.5 T34 vod® . B e S J4s Afe
I 2592 2-889 17-89 882 9-31 0-06 1-50 006 t(NH) ~ 11-2
Iv 2734 2997 1576 894 9-08 011 1-47 007 (NCH;) = 9415
v 2585 2984  2392¢ R85 9-43 001 1-32 008 1(=CH,) = 6-808
2:582 2983  40-03° 887 9-47 —-0-03 1-26 009

¢ in ppm;

® in Hz;

¢ standard deviation between experimental and calculated line positions (in Hz);
¢ at 60 MHz;

¢ at 100 MHz.

163.99
AN 187.57

*
T

F1G. 1 Observed and calculated '"H-NMR spectrum of III at 60 MHz; concentration 1
molar in CCl,; line positions refer to internal tetramethyisilane at +600-00 Hz.
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final values are collected in Table 1. They yield theoretical spectra in excellent agree-
ment with experiment, both with regard to frequencies and to intensities, as is demon-
strated in Fig. | for II1. The standard deviation between calculated and observed line
positions was in the order of the experimental error. The probable error in the final
parameters is not larger than 0-1 Hz. For V, the analysis was performed at 60 MHz
as well as at 100 MHz. Both results agree closely and are given in Table 1.

The assignment of the Larmor frequencies is based on the observation that the lines
of the downfield half spectrum (AA’-part) show a small, but substantial broadening,
as compared with those of the upfield half spectrum (BB’-part). Since this can be
attributed to the presence of the nitrogen atoms in III and IV (causing quadrupole
broadening or spin-spin coupling), or to spin-spin coupling to the olefinic protons
in'V, it is clear that the downfield resonance is due to the protons in g-positions with
respect to the 1,6-bridge. This is in accordance with the assignment for 1,5 on the
basis of the observed long-range coupling between the protons at C,, and the ring
protons in the a-positions. It has since been confirmed by deuterium exchange
reactions* and by analysis of spectra from substituted derivatives.!3

The olefinic protons of V give rise to a quintet with a splitting of 0-27 Hz, whose
outer lines are barely resolved. Since this may be deceptively simple, no assignment
for the observed splitting can be made.

DISCUSSION

The spectral parameters obtained for III-V (Table 1) are in close agreement with
those reported for I and II.° The aromatic character of I1I-V, which has been derived
recently for the imino compounds on the basis of their UV spectra,® is therefore
supported by the present results. Again, as in the case of II, substitution of the methy-
lene group in I by a heteroatom or the ethyleno group does not affect the magnitude
of the coupling constants significantly. We conclude, therefore, that the molecular
geometry of III-V is very similar to that found for I.”

Heilbronner et al. have interpreted results of their UV measurements assuming
different hybridization of the nitrogen in III and IV. For the latter compound they
suggest sp>-hybridization, which brings the Me group into a position at the twofold
axis of symmetry of the C,,-perimeter. The NMR spectrum of IV is compatible with
a symmetrical arrangement of the Me group, but cannot distinguish between a fixed
position of the substituent at the symmetry axis or a rapid equilibrium between two
equivalent species (IVa = I'Vb):

dy = oo

Temperature studies down to —80° have so far revealed no change of the spectrum
attributable to a slow nitrogen inversion. It is to be presumed that NMR measure-
ments at much lower temperatures are required to observe this inversion process,
since the activation energy is expected to be small. A value of 99-6° was found by
X-ray analysis for the C-—C—C bond angle of the methylene bridge in I. Similar
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values can be assumed for the C—N——C bond angles in I1I and IV. Thus, compared
with cyclic ethylene imines,'* where smaller C—N—C bond angles are present, the
energy of the planar transition state for the nitrogen inversion is lower in the 1,6-
imino[ 10]annulenes. Furthermore, the detection and interpretation of the spectral
changes in the case of slow nitrogen inversion will be complicated, since the chemical
shifts of the ring protons are only slightly influenced by weak substituents such as
H or CH, at the 1,6-bridge and the resulting spectrum in the slow exchange limit will
be a superposition of two AA’'BB’-systems. The shift parameter of the Me protons
in TV is not affected by the equilibrium IVa = [VDb, since exchange occurs between
equivalent environments. Experiments with suitable derivatives, where this equiva-
lence is removed by introduction of substituents into the ring, have yielded no
conclusive results

However, the possibility that an assymetric arrangement of the Me group in IV
would probably lead to a change in molecular geometry has to be considered, since
models indicate van der Waals interactions between the substituent and the carbon
2p,-orbitals of the ring.® Such interactions would be similar to those which seem to
operate in 7-substituted cycloheptatrienes,'* where it has been found that the pre-
ferred conformation is one in which the substituent is in the quasi-equatorial position.
Consequently, the coupling constants observed for IV and III, where the smaller
substituent avoids such interactions, should be different. This is not the case. J,, and
J 34 are closer in magnitude for IV than for I-1IL, but the change, as well as that for
the other coupling constants, seems not significant.

This finding, therefore, supports the original suggestion made by Heilbronner
et al.® On the other hand, the argument may be advanced that different hybridization
of the nitrogen in IIT and IV should also affect the perimeter geometry and, conse-
quently, the coupling constants, since the C—N-—C bond angle would most probably
differ for these compounds. Qur results for V, however, invalidate this conclusion.
The coupling constants found for this compound (Table 1), where the hybridization
at C,, must be close to sp?, agree nearly within experimental error with those found
for I, where C, , is formally sp3-hybridisized. The bond angle of the 1,6-bridge seems,
therefore, to be determined by the steric requirements for maximum n-overlap in the
perimeter and not by the most favourable state of hybridization of the bridge atom.
That the C,—C,,—Cs bond angle is very similar in I and V is also supported by the
high stretching frequency of the C,,—C,, double bond in V (1693 cm™?),'¢ which
is intermediate between that of methylenecyclobutane (1675 cm™")'7 and methylene-
cyclopropane (1770 cm~").!® indicating a bond angle for V appreciably smaller than
116°. The '3C—H coupling constant obtained for I (142 Hz)® already demonstrates
the increased p-character in the C,—C,, and C¢—C,, bonds even for this compound.
According to the known relationship between J,;_, and s-character,'® sp?* and
sp>© hybridization is calculated here for the orbitals forming the C—H and C—C
bonds, respectively.

For all compounds analysed so far in this series (I-V) J,3 < J3, has been found.
This is in agreement with structural data given by X-ray analysis,” where bond
lengths of 1-374 and 1-414 A for the C,—C; and C,—C, bonds, respectively, and
dihedral angles between neighbouring C—H bonds of 20° for ¢, and ca. O° for
¢54 are reported. An increase of J, 5 by ca. 0-7 Hz as compared to J,, is predicted by
theory?° on the basis of the different bondlength. The twist around the C,—C; bond,
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on the other hand, leads to a cancellation of this effect, since a decrease of ca. 10 Hz
for J 4 is expected from the Karplus equation.2° The actual difference between J ,5 and
J34 (=032 Hz for I)* is, therefore, in agreement with current theory on vicinal
coupling constants.

The “J-values (e.g. J,4 in Table 1) are considerably smaller than meta-coupling
constants in benzenoid aromatic systems, where interactions of 1-3 Hz are found.?!
Since the coplanarity of the intervening bonds is a necessary condition for large
(positive) o-contributions to these constants,2?-23 the reduction observed in the
present case must be due to the unfavourable geometry.” The 3J-values (J,¢ in
Table 1), on the other hand, seem to profit from the steric situation met with I-V.
They are appreciably larger than J,,, in benzene (0-68 Hz),>* suggesting a possible
homoallyltype mechanism?® for this interaction.

The chemical shifts observed for the protons in III-V (Table 1) are in accord with
the presumably enhanced diamagnetic anisotropy of these compounds due to the
n-electron delocalization. The finding 1,.5 <15, is in agreement with the ring-
current model ® As in other cases,2® correction of the calculated contributions® by an
empirical factor of 0-7 yields shift values in accord with experiment: 2-53 and 2-81 ppm
for 1,.5 and 75 4. respectively, with cyclohexadiene-1-327 taken as olefinic reference

The existence of a ring-current is further supported by the resonance frequencics
found for the protons of the substituents in the 11-position. The NH proton of 111
shows a broad line at 1~ 11-2. Intermolecular hydrogen bonding, that is most
probably present, has apparently no pronounced deshielding effect, since it takes
place in the shielding region of the C,, perimeter (see below). The Me protons of IV
resonate at T = 9-42, 1-87 ppm upfield from those in N-methylazepine.?® Finally, the
geminal methylene protons of V are subject to an upfield shift of 1-40 ppm, compared
to the olefinic resonance in 1,1-dimethylethylene.2?

The dilution shift of the chloroform resonance has also been measured for 111, in a
similar manner to I and I1.°> An upfield shift of 0-51 ppm was obtained, with reference
to the chloroform resonance in infinite dilution in inert solvents. Corresponding
values for I and II are +1-30 and +0-97 ppm, respectively, whereas benzene gives
0-89 ppm and cyclooctatetraene —0-28 ppm? (all data obtained with tetramethylsilane
as internal reference). The decreasing upfield shift in the order I > II > III is expected,
since the heteroatom in the latter two compounds will form hydrogen bonds'more
easily than the n-electron systems. Even so, the resonance shift is still positive, whereas
normal hydrogen bonds normally lead to large negative shifts.3° An obvious ex-
planation for this behaviour is the location of the X . . . H-~CCl, bond in the shielding
region of the n-electron decet.

EXPERIMENTAL

Analytically pure samples of I1I, IV and V, 1 molar in CCl,, with 3-5% TMS added as internal reference,
were degassed on the vacuum line and sealed in 5 mm o.d. PYREX-tubes. Spectra were obtained with a
Varian A60 or HA 100 spectrometer (using frequency sweep mode for the latter) and calibrated by standard
sideband technique. Experimental line positions were determined by interpolation and averaging over
several spectra obtained in the two directions of the static field. When completely resolved, the probable
error was 005 c/s. Dilution measurements of the chloroform proton resonance in III as solvent were
carried out as described previously for I and I1.3



7038 H. GUNTHER and H.-HERRMANN HINRICHS

We are indebted to Dr.’s W. Pretzer and F. Weyres for samples of II1I-V, to Dr. K. Burton for reading
the manuscript, and to Prof. Dr. E. Vogel for supporting this work. Calculations were performed with the
IBM 7090 computer of the Institut fir Instrumentelle Mathematik, Bonn. Financial support by the
Deutsche Forschungsgemeinschaft is gratefully acknowledged.

REFERENCES

! E. Vogel and H. D. Roth, Angew. Chem. 76, 145 (1964).

2 E. Vogel, M. Biskup, W. Pretzer and W. A. B4ll, Ibid. 76, 785 (1964).

3 A. Shani and F. Sondheimer, J. Am. Chem. Soc. 89, 6310 (1967).

4 F. Gerson, E. Heilbronner, W. A. B3Il and E. Vogel, Helv. Chim. Acta 48, 1494 (1965).

> H. Giinther, Z. Naturforschg. 20b, 948 (1965).

$ H.-R. Blattmann, W. A. Bdll, E. Heilbronner, G. Hohlneicher, E. Vogel and J. P. Weber, Helv. Chim.

Acta 49, 2017 (1966).

M. Dobler and J. D. Dunitz, Ibid. 48, 1429 (1965).

8 E. Vogel, W. Pretzer and W. A. Boll, Tetrahedron Letters, 3613 (1965).

? E. Vogel, F. Weyres, H. Lepper and V. Rautenstrauch, Angew. Chem. 78, 754 (1966).

10 B. Dischler and G. Englert, Z. Naturforschg. 16a, 1180 (1961).

11 B, Dischler, Ibid. 20a, 888 (1965).

12 3. Castellano and A. A. Bothner-By, J. Chem. Phys. 41, 3863 (1964).

3 Unpublished work of W. Bremser.

14 A T. Bottini and J. D. Roberts, J. Am. Chem. Soc. 78, 5126 (1956);
F. A. L. Anet and J. M. Osyany, Ibid. 89, 352 (1967).

13 H. Giinther, M. Gorlitz and H.-H. Hinrichs, Tetrahedron 24, 5665 (1968).

16 F, Weyres, Ph.D. thesis, Kln 1966.

7 D. E. Applequist and J. D. Roberts, J. Am. Chem. Soc. T8, 4012 (1956).

18 J. T. Gragson, K. W. Greenlee, J. M. Derfer and C. E. Boord, Ibid. 75, 3344 (1953).

19 N. Muller and D. E. Pritchard, J. Chem. Phys. 31, 768 (1959); C. Juan and H. S. Gutowsky, Ibid. 37,
2198 (1962).

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

2! H. Suhr, Anwendungen der Kernmagnetischen Resonanz in der Organischen Chemie, Springer Verlag,

Berlin (1965).

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

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

24 J. M. Read, R. E. Mayo and J. H. Goldstein, J. Mol. Spectroscopy 22, 419 (1967).

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

26 R. J. Abraham, Mol. Phys. 4, 145 (1961).

27 T, Schaefer and W. G. Schneider, Canad. J. Chem. 41, 966 (1963).

28 K. Hafner and J. Mondt, Angew. Chem. 78, 822 (1966).

29 E. B. Whipple, J. H. Goldstein and L. Mandell, J. 4m. Chem. Soc. 82, 3010 (1960); G. S. Reddy and J.
H. Goldstein, Ibid. 83, 2045 (1961).

30 Ref. 211 page 322T.

I

2

~



