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CONJUGATION IN MACROCYCLIC BOND SYSTEMS—VTI'

'"H-CHEMICAL SHIFTS OF ANNELATED ANNULENES
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Abstract—The nonlocal contribution of the pi-electrons to the 'H-chemical shifts in the annulenoid systems 1-12 is
calculated within the HMO theory from which information is gained about the change of the annulenoid character of
(4n) and (4n + 2)-annulenes by different annelated groups. The predicted trends are then compared with experimental
data. Calculated ground state stabilization energies and aromaticity indices based on the uniformization of bond lengths

show no correlation with the chemical shifts.

INTRODUCTION

Annulenes with (4n + 2) pi-electrons are diatropic whereas
those with (4n) pi-electrons are paratropic’™ and their
magnetic properties are changed by substituents or anne-
lated groups. To study these changes we calculated the
"H-chemical shifts of the [12] and [14] annulenes shown in
Fig. 1. Our calculations on other possible isomers of 4-6
and 8-12 are not reported here since the results are very
similar to those in the present paper.

We used the modified HMO theory of Roberts® with the
following parameters: The coulomb integrals ac =0, ao =
2.5 and the resonance integrals Bcc =1, Beo = 0.8. Since
experimenta] geometries are only known for 7 we used

“ideal” geometries, i.e. all C=C and C-O bondlengths were
fixed at 1.4 A, C-H at 1.08 A and bondangles at 120°. The
introduction of bond alternation will reduce the diatropic
or paratropic effects. It is, however, uncertain which
degree of alternation may be appropriate. Therefore bond
alternation was not taken into account. The paratropic
effects of annulenes with (4n) pi-electrons will be much
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Fig. 1. Survey of compounds under study.

more reduced by bond alternation than the diatropic effects
of annulenes with (4n+2) pi-electrons.” The calculated
"H-chemical shifts & (in ppm, §: =O for TMS, & >0 for
upfield shifts) are absolutely too large and therefore only of
qualitative nature. The inner protons are always calculated
at too high a field since the strong nonbonded interaction
between them will cause deshielding.®

'H-Chemical shifts

In all the [12]annulenes resp. [14]annulenes the atoms
are numbered in the same manner as 1 or 7 in Fig. 1.
Starting with number 13 or 15 the atoms of the annelated
groups are numbered clockwise as in the annulene part.
The compounds 2',4'-6', 8, 10'-12' correspond to 2, 4-6, 8,
10-12 but the bond which is common to the annulene and
the annelated group is now deleted. The calculated 'H-
chemical shifts are given in the Tables 1-3. The mean
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Fig. 2. Mean chemical shifts &, and & of 1-12 and 2, 46, 8,

10'-12'. The chosen scale is |8 — 8|°7-8/|8| where 8o = — 5.791s the

theoretical value of an olefinic proton. Infinite values have been put
tothe ends of the scale.
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Table 1. Calculated ' H-chemical shifts & (in ppm) of the [ 12]annulenes

[12]Annulenes
1“ 2 3 4a 4b 5 6
Proton benzene dimethylene [c]furan {blfuran [I2]annulene [l4lannulene
3 —43.2 -6.98 -13.1 -151.0 +4.13 -48.7
7 -43.4 -6.98 -14.2 -151.0 +4.28 -49.0
—
11 -43.3 -6.98 -14.2 -151.0 +4.37 —48.9
8’ -43.3 -10 -138 -151.0 +4.3 —-48.9
1 -8.60
2 -10.1
4 +4.86 -5.47 -34] +34.2 +7.17
5 +3.55 -5.50 -3.70 +29.9 +5.04
6 +4.53 -547 -3.48 +137 -9.29 +6.12
> + o
8 +4.52 547 -3.48 +33.7 -8.84 +6.10
9 +3.51 -5.50 -3.1 +29.8 -8.46 +4.93
10 +4.59 -5.47 -3.46 +33.8 -8.75 +6.20
12 +4.98 -5.47 -3.35 +34.5 -3.78 +6.77
8" | +4.4 -55 -3.5 +32.8 -9.0 +6.0
13 -0.96 =572 -4.50 +7.43 4
14 -2.28 -5.70° -4.37 +3.50
15 -2.18
16 —-0.03
“HOMO and LUMO are degenerate.
8. is the mean value of the inner (outer) protons.
“Both methylene protons have the same § value.
“The protons 13-24 of 6 correspond to the protons 3-14 of 11 (cf. Table 2).
Table 2. Calculated *H-chemical shifts & {in ppm) of the [14]annulenes
[14]Annulenes
7 8 9 10a 10b 11 12
Proton benzene dimethylene [c]furan [b)furan [12)annulene [14]annulene
3 +520  +3.78 -4.85 -0.54 +4.75 -10.9 +4.55
7 +520 +39%4 —4.85 -0.46 +4.81 -11.8 +4.26
10 +520  +3.94 -4.85 -0.46 +4.81 -11.7 +4.26
14 +520 +3.78 -4.85 —-0.54 +4.75 -10.7 +4.55
&° +5.2 +3.9 -4.9 -0.5 +4.8 -113 +4.4
1 -9.23 -9.34
2 -9.23 -9.34
4 -914 915 -6.08 -1.59 -9.12 -1.25 -9.29
s -879 -8.59 —6.05 =132 -8.72 -3.10 -9.06
6 -914 -888 —6.08 -7.48 -9.06 -3.04 -10.7
8 -923 895 —6.09 -1.52 -9.14 -3.03
9 -923  -8.95 -6.09 -1.52 ~9.14 -3.01
1 -9.14 -8.88 -6.08 -7.48 -9.06 -295 -10.7
n -8.79  -8.59 -6.05 -7.32 -8.12 -2.78 -9.06
13 -9.14 -915 —6.08 -1.59 -9.12 +2.25 -9.29
5  -91 -89 -6.1 -1.5 -940 -21 -9.6
-5.88
15 -8.88 -5.67 -7.58 ~7.47 i
-5.88
16 -8.23 -5.87 -7.58 -6.98
17 -8.23
18 -8.88

“8,0 is the mean value of the inner {outer) protons.
*The protons 15-24 of 11 correspond to the protons 3-12 of 6 (cf. Table 1).

values of the inner (&) and outer (§) protons of the
considered annulene part can be used for comparing the
different compounds (cf. Fig. 2). The annelated groups
reduce the ring current in the order:

[b]JFuran < [l4]Jannulene < benzene < [c]furan <
dimethylene < [12]annulene. This order applies to the
inner protons of the [12] and the [ 14]annulenes as well as to
the outer protons of [12]annulenes. The [b]furan- and the

{14]annulene-groups are exchanged for the outer protons
of the [14]annulene (cf. Table 2). The order of the “small™
annelated groups [b}furan, benzene, [clfuran and di-
methylene follows closely the bond order of the bond
which is common to the annulene and the annelated group
(cf. Table 4). The yet unknown compounds 3 and 9 are
calculated to be almost olefinic which corresponds to the
fact that radialenes are described as nonaromatic.” The
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Table 3. Calculated ' H-chemical
shifts 8,0, (mean values of the
inner (outer) protons) of 2', 4'-

6.8,10-12

Compound  §, X
2 - 4
4a’, 4b’ ~16.1 -29
§ +5.1 -9.1

6 —c +x

8 +4.5 9.1
10a’, 10b' -0.1 -76
- —ct +x
12 +5.2 -9.9

“HOMO and LUMO are de-
generate.

differences in the chemical shifts between §, 8, 10a, 12 and
the corresponding monocyclic compounds 5, 8', 10a’, 12/
are very small, Therefore the compounds 5, 8, 10a and 12
can be regarded as only small perturbed annulenes §', 8,
108" and 12'.

The above stated order of the annelated groups agrees
well with that found for the external proton HS of the
monodehydro[12]annulenes  13-16*° and of the
bisdehydro[14]annulenes 17-21**""" (cf. Fig. 3 and Table 5).
The experimental chemical shifts of the inner protons of
13-21 cannot be compared with our calculated values since
the trans double bonds in these compounds might be
conformationally mobile.*"' It might also be possible that
the inner protons are influenced by the anisotropies of the
triple bonds. The chemical shifts of the protons at the
annelated groups are strongly affected by the electronic
structure of the annulene part (cf, Ref."). Fusion of a (4n)
resp. (4n+2) pi-electron system shifts the benzene and
furan proton resonances to higher or lower field as is shown
by our calculations (cf. Table 1 and 2) as well as by
experiment (cf. Table 5). We wish to emphasize that
especially benzene fused to annulenes can give informa-
tion about the extent of bond alternation in the annulene

19 20 21

Fig. 3. Survey of known monodehydro{l2)annulenes and
bisdehydro[ 14]annulenes.
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Table 4. The bond orders P of the bond which is common to the
annulene and the annelated group of 1-12

[12]Annulenes [14])Annulenes

Annelated group  Compound P Compound P
1¢ 0.622 7 0.642
Benzene 2 0.546 8 0.502
Dimethylene 3 0.357 9 0.366
[c)Furan 4a 0.425 10a 0.419
[b]Furan 4b 0.663 10b 0.564
{12]Annulene 5 0.331 11 0.491
[14]Annulene 6 0.491 12 0.473

“HOMO and LUMO have been singly occupied.

Table 5. Experimental 'H-chemical shifts § (in ppm) of the
dimethylmonodehydrof 12)annulenes
dimethylbisdehydro[14)annulenes 17-21(cf. Fig. 3)

13-16

and the

Compound HE H® H* HY Ref.
[12]Annulenes:
13, Alkyl -5.73
14, {b]Furan -580 -591 -606 -7.09 [8a]
15, Benzene -6.10 -7.08 -7.08
16, [c}Furan -6.28 =721
[14)Annulenes:
17, Alkyl -8.24 } (8]
18, [b]Furan =117 =177 =724 178
19, Benzene -7.08 -825 -17.51 9]
20, [c]Furan -6.72 -1.82 110}
21, (14]Annulene -7.31 (11]

“The corresponding benzof14Jannulene has been synthesized
by H. A. Staab."* Since this compound is the only one in the series
7-12 we used the dehydro| 14]annulenes 17-21 for for comparison.

part since the chosen method is parametrized to reproduce
correctly the chemical shifts of benzenoid hydrocarbons,
Our calculations support the assignment of H* and HY in
dimethylbenzobisdehydro[ 14Jannulene 19.° The protons
H*and H" of dimethylbenzomonodehydro[ 12]annulene 15
have the same chemical shift.** Therefore we can conclude
that in the [12)annulene 1§ double bond fixation is more
important than in the corresponding [14]annulene 19.

We also calculated the aromaticity indices, A, of Julg"
which are based on the uniformization of the bondorders of
the peripheral bonds and the homodesmotic stabilization
energies' considering only pi-energy differences. No cor-
relations were found between the ground state stabilization
energies and either the mean chemical shifts or the
aromaticity indices.

Acknowledgements—The authors wish to thank Prof. F. Sond-
heimer for stimulating discussions and for his kindness in
informing us of his results prior to publication. Financial support by
the Deutsche Forschungsgemeinschaft and a grant of computer
time of the Universitatsrechenzentrum Heidelberg is gratefully
acknowledged.

REFERENCES

'Part V: G. Ege and H. Vogler, Tetrahedron 31, 569 (1975).
*]J. A. Pople and K. G. Untch,J. Am. Chem. Soc. 88,4811 (1966).
*F. Baer, H. Kuhnand W. Regel, Z. Naturforsch. A22, 103 (1967).
“‘F. Sondheimer, Accounts Chem. Res. 5, 81 (1972).

°*H. G. Ff. Roberts, Theoret. Chim. Acta Berl. 18, 63 (1969).
“N. Jonathan, S. Gordon and B. P. Dailey, J. Chem. Phys. 36, 2443
(1962); C. W. Haigh, R. B. Mallion and E. A. G. Armour, Mol.
Phys. 18, 751 (1970).
3. L. Athara, Bull. Chem. Soc. Japan 48, 517 (1975).



1792

%R, H. Wightman and F. Sondheimer, Tetrahedron Letters 4179
(1975); ®R. R. Jones, J. M. Brown and F. Sondheimer, Ibid.
4183 (1975).

°R.T. Weavers and F. Sondheimer, Angew. Chen. 86, 167 (1974),

°P. J. Beeby, R. T. Weavers and F. Sondheimer, Ibid. 86, 163
(1974).

“T. M. Cresp and F. Sondheimer, J. Am. Chem. Soc. 97, 4412
(1975).

H. VoGLER and G. EGE

"2D. Cremer and H. Giinther, Liebigs Ann. 763, 87 (1972).

DA, Julg, The Jerusalem Symposia on Quantum Chemistry and
Biochemistry (Edited by E. D. Bergmann and B Pullman), p. 383.
Academic Press, New York (1970).

1“P. George, M. Trachtman, C. W. Bock and A. M. Brett, Theoret.
Chim. Acta, Berl. 38, 121 (1975).

*H. A. Staab and U. Meissner, personal communication.



