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Abstract - The geometries and the IE chemical shifts of dihydropyrene 1

and its benzannelated derivatives 2 - 8 have been studied by means of semi-
empirical quantum chemical procedures. The calculated bond lengths of 1 and
proton shifts of 1 - 5 are in good accord with the corresponding experimen-
tal values. We show that monobenzannelation in 2 - 4 causes considerable
bond length alternation in the [l14]perimeter and hence reduced diatropocity.
The same is true for the phenanth-fused dibenzannelated compounds 4 and 7.
On the other hand we report evidence that anth~fused dibenzannelated di-
hydropyrenes 5, 6, and 8 should be characterized by symmetric geometrical

structures without significant bond length alternation thus leading to en-

hanced diatropicity.

Neutral [n]annulenes with n=4m+2 are diatropic2
which has been rationalized by assuming a dia-
magnetic ring current (RC) effectB. Annelation
with other conjugated systems changes the elec-
tronic structure and hence the magnetic proper-
ties of the annulene. In recent years the an-
nelation effect has been studied extensively4-
9. In the case of [n]annulenes with small or
medium n, non-bonded interaction between the
inner protons usually leads to considerable
distortion of the perimeter from planarity so
that optimal conjugation in the 7n-system is im-
possible. On the other hand dihydropyrene 1 and
its benzannelated derivatives 2 - 8 constitute
suitable models in order to study the benzan-
nelation effect in annulenes, since 1 is essen-
tially planarlo and 1 - 8 represent conforma-
tionally rigid systems, Compounds 1 - 5 were

5-8

studied experimentally ~ and theoreticallyg.

Also calculations on magnetic susceptibilities
and resonance energies have been reportedll. In
this paper we report on our theoretical studies
on the geometries and 1H chemical shifts of 1 -
8. Compounds 5, 6, and 8 are of special interest
since an odd number of carbon atoms occurs in

the [14]perimeter between the two annelating

3

benzene rings so that all Kekulé-Robinson-Clar
structureslz show at least one quinoid 6-ring.
Thus 5, 6, and 8 constitute11 type II systems
in contrast to the type I compounds 2 - 4 and
7 vwhich are characterized by at least one
Kekulé-Robinson~Clar structure where none of
the annelating 6-rings is quinoid. Recently13
we introduced the term phenanth-fused for type
1 and anth-fused for type 1I dibenzannelated
[4m+2] annulenes.

The magnitude of the 18 chemical shifts in
annulenoid systems depends considerably on the
extent of bond length alternation (BLA). There-
fore the use of ideal geometries (IG) with
standard bond lengths is not always a suffi-
cient approximation. We determined the geome-
tries of 1 - 8 by means of the m-SCF force
field method (FF) of Lindnexl4. Only the Ohno-
Klopman formula15 for the two-centre electron
repulsion integrals has been replaced by the
Mataga-Nishimoto formulal6. This proved neces-
sary since only the latter formula takes suffi-
ciently well into account electron correlation
which is crucial in order to obtain the correct
delocalized structures for [4m+2]annu1enesl7’

8. For example, the unmodified FF procedure14
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would yield the symmetry reduced solution 1 in-

stead of the delocalized structure 1' (see Fig.
1) which has been found by X-ray analysislo. In
order to reduce the computing time we chose R=H
for 1 - 8 although 2, 4, and 5 have been stud-

ied experimentally with R=CH.. However, this

3
should not affect significantly the geometry

and the shifts of the protons which are located

at the carbon atoms of the m-network as has

5,19 6

been verified in case of 1 and 3°.

Fig. 1. Survey of compounds under study

The 1H chemical shifts § are calculated ac-
cording to the procedure of Ref.zo which leads
to shifts in good agreement with experimental
values for a large number of conjugated com-

18,20-22
pounds
6=6RC+6LA+

of the m-system and GLA the local anisotropic

. The formula used to obtain § is
60, where GRC is the RC contribution

. 2
contribution of n- and c-system. We have shown]

that GLA is important for a quantitative as-
sessment of proton shifts in annulenoid com-
pounds whereas in case of benzenoid hydrocar-
bons it is a sufficient approach to take only
GRC intc account. Go contains all contributions

to § which do not depend on the topology of the

molecule and it defines the zero of the é-scale.

For overcrowded protons, which have been deno-

ted by encircled numbers in Fig. 1, 60 contains

an additional down-field shift (van der Waals
correction)23. In this work we used the value
6%=5.12 ppm and for overcrowded 6- and 14-ring
protons the values 5.80 and 5.24 ppm. The for-
mulae given in Ref.20 for calculating GLA have
been derived only for planar systems. There-
fore, in case of the hydrocarbons 1 - 8 which
are not strictly planar, we calculated GLA by
assuming planar geometries whose bond lengths
have been determined by utilizing the self-

consistent resonance (SC8) procedurezo.

RESULTS AND DISCUSSION

Geometries

Similar to dihydropyrene 1, the benzanne-
lated derivatives 2 - 5, 7, and 8 are also es-
sentially planar according to our FF calcula-
tions. The maximum deviations from the mean
molecular planes are less than 17 pm. The tor-
sions along the bonds in the carbon skeletons
of the m-networks are small and so they do not
affect appreciably the n-conjugation. The bond
lengths which are obtained for planar geomet-
rical models by using the SCB approach agree
well with those of the FF procedure. The maxi-
mum differences amount to only 2 pm. Therefore,
the electronic structure and hence also the
magnetic properties of 2 - 5, 7, and 8 are
mainly determined by the extent of BLA which is
induced by the annelating benzene rings. Only
with 6, the close proximity of the two annela-
ting 6-rings and the resulting important non-
bonded interaction between the protons 1' and
8' leads to more pronounced deviations from

planarity, see Fig. 2. We calculate a distance

® +25pm

O -50pm

Fig. 2. Calculated deviations of carbon atoms
of 6 from the mean molecular plane
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of 207 pm between protons 1' and 8' which is
similar to that betweén the overcrowded protons
in phenmanthrene or pexyleneza. Larger differences
between SCB and FF bond lengths up to 3.5 pm
are encountered for 6, especially in the (14]-
perimeter around the annelated 6-rings.

We can divide the C-C bonds in 1 -~ 8 into
three classes: short bonds with r<137 pm which
we consider as quasi localized double bonds
{——), bonds with 137 pmsrs$id44 pm which we

consider as 'aromatic' bonds (==2), and long

bonds with r>144 pm which we consider as quasi

}. Using the sextet notaticnu

single bonds ¢(
for 6-rings where all bonds are aromatic we ar-
rive at the bond lengths pattern for 2 - 4 and
7 displayed in Fig. 1, whereas 1 is character-
ized by structure 1'. The longest aromatic
bonds with r=142.7-143.9 pm are those common to
a 6-ring and the [14]perimeter. This is due to
a reduction of bond order by annelationg’zs.
The bond lengths pattern for the type II hydro-
carbons 5, 6, and 8 is represented by the strue
tures 5', 6', and 8' in Fig. 1. These deloca-
lized structures are obtained irrespective of
the starting geometry. The bonds which are con-
mon to a 6-ring and the [l14]perimeter are even
longer (r=144.5-146.3 pm) than in the case of
the type I compounds. However, such bonds are
still important for the n-conjugation so that
5, 6, and 8 cannot be sonsidered as (22]perim-
eter systems.

The investigation of the Thouless instabili-
ty condition526 for the wave functions of 1 - 8
revealed that all these compounds are singlet
and non-real stable, i.e. the lowest eigenval-
ves 2% and A" of the singlet and non-real in-
stability problems are well above zero. This
means that there exist no other closed shell or
complex wave functions which are equal or lower
in energy. Furthermore this demonstrates that
the obtained delocalized structures 5', &', and
8' represent indeed more stable solutions than
those with second order bond fixation27 {for=-
mulae 5, &, and 8 in Fig. 1) and in case of 5
or 8 with broken gymmetry. The A values of the
type 11 compounds are slightly lower (As=1.7
ev, 2"Fs1.5 eV) than those of 1 (A°=1.9 ev,
lnr=2.4 eV} and the type I systems ()\Ss)\nr=2.4~
2.8 eV), This derives from the smaller energy
gap between tha highest occupied and the lowest
virtual orbital for the type II compounds 5, 6,
and 8 with g=3.8 eV with respect to 1-4 and

7 with g=4.8-5.2 eV,

The consideration of Kekuld structures alone
does not allow conclwions on the geometrical
structure of type II systems 5, 6, and 8, i.e.
if they prefer delocalized geometries 5', 6',
and _8_’_ or those with one o-quinoid benzene
ring. This can easily be verified if one cal-
culates the resonance energies by using the
method of conjugated circuit928 since all four
Kekul® structures A - D (see Fig. 3 where
these are given for 5 as an example) leading
to the delocalized structure yield the same
resonance energy as the two Kekuld structures
A and B alone which correspond to one of the

two possible o-quinoid geometries.

J O O Q4
A B C D

Fig. 3. Kekul# structures of 5 (only the m-net-
work has been given)

IH Chemical Shifts

Calculated and experimental ‘H chemical
shifts for 1 - 8 are given in Table 1. The mean
absolute error of our calculated values for all
protons of 1 - 5 is only 0.14 ppm. The largest
errors of maximum 0.4 ppm are encountered with
the 6-ring proton 1' of 5 and the 1d-xing pro-
tons 9 of 3, 4 of 4, and 5 of 5. GLA has been
calculated for planar geometrical models with
SCB bond lengths which differ slightly from
the FF ones. This can lead to errors in the
order of 0.1 ppm as can be seen by comparison
of the values obtained for the SCB or FF struc-
ture 1' with those obtained for a geometrical
model with BLA {rc=C/rC_C=134/i46 pm}. The de-
viations from planarity should not lead to
significant errors in GLA except perhaps in
case of & for overcrowded protons. Furthermore
somewhat larger errors are due to the RC term

which depends more on variations of bond
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Table 1. Calculated (6°C, &&®

mental (8

1°%Pg (all°values in ppm)

3 R=CH.)
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, 6) and experi-
H chemical shifts of

RC

LA

Compound Proton 6 [ [ Gexp Ref.
1 1 2.106 1.37 8.59 8.67 7,8
2 2.00 1.36 8.48 8.62
3 1.69 1.36 8.17 8.11
2 2 1.21 1.51 7.96 8.30 7
3 0.86 1.38 7.36 7.25
4 0.96 1.29 7.37 7.59
5 1.02 1.34 7.48 7.36
1 1.37 1.57 8.74 8.81
2' 1.02 1.43 7.57 7.62
3 1 1.24 1.62 8.10 8.11 6,8
4 1.30 1.51 7.93 7.90
5 1.06 1.40 7.58 7.62
6 1.00 1.31 7.43 7.52
7 0.97 1.33 7.42 7.37
8 0.81 1.36 7.29 7.14
9 0.94 1.27 7.33 7.70
10 1.05 1.34 7.51 7.38
1! 1.21 1.54 7.87 7.99
2! 0.97 1.43 7.52 7.69
3 1.01 1.43 7.56 7.70
4 1.32 1.56 8.68 8.75
4 1 0.87 1.64 7.75 7.40 8
4 0.%0 1.54 7.56 7.16
5 0.68 1.43 7.23 7.05
1 0.99 1.57 7.68 7.58
2 0.84 1.45 7.41 7.46
3’ 0.88 1.45 7.45 7.49
4 1.07 1.58 8.45 8.25
5 1 2.41 1.65 9.30 9.29 8
4 2,42 1.47 9.01 8.90
5 2,25 1.42 8.79 8.39
1' 1.71 1.50 8.33 8.70
2' 1.24 1.40 7.76 7.76
3 1.31 1.41 7.84 7.80
4" 1.97 1.56 9.33 9.39
6 4 2.24 1.50 8.86
5 1.71 1.43 8.26
6 1.95 1.43 8.50
7 2,06 1.41 8.59
8 2.12 1,38 8.62
9 2.29 1.62 9.15
1 1.94 2,19 9.93
2° 1.32 1.47 7.91
3 1.34 1.42 7.88
4" 2.02 1.57 9.39
S! 1.58 1.51 8.21
6' 1.12 1.41 7.65
7° 1.16 1.46 7.74
8’ 1,63 2.16 9.59
7 2 1.11 1,62 7.97
5 0.84 1.52 7.60
6 0.67 1.45 7.24
7 0.60 1,38 7.10
8 0.53 1.31 6.96
g 0.82 1.62 7.68
1 1.16 1.62 8.58
2 0.89 1.45 7.46
3¢ 0.88 1.46 7.46
4" 1.10 1.63 8.53
5 1.06 1.61 8.47
6" 0.89 1.45 7.46
7 0.85 1.45 7.42
8' 1.03 1.53 7.68
8 2 2.35 1.61 9.20
3 1.83 1.40 8.35
1 2.04 1.60 9.44
2 1.33 1.41 7.46

lengths than Gm. 68

values obtained with the

SCB and FF geometry differ in the mean by 0.15
ppm and the maximum 0.3 ppm. Only in case of
the overcrowded protons 1' and 8' of & the SC8
approach leads to exaggerated RC effects due
to unrealistic small non-bonded distances in
the assumed planar geometry. Consequently the
actually encountered errors of our calculated
shifts are in the expected order of magnitude.
It might be possible that larger errors occur
for the overcrowded protons of the yet unknown
6 since the size of GRC and the van der Waals
correction in <S° depends strongly on the ori-
entation of the C-H bond to other C-H and C-C
bond523. However, we expect that our calcula-
ted shifts for the non-overcrowded protons of
6 and for all protons of 7 and 8 are reliable
similarly to those of 1 - S.

For all benzannelated compounds 2 - 5 the
order of the 6-ring protons is correctly re-
produced by our calculations. This applies as
well to the 14-ring protons of 4 and 5, where-
as protons 4/5 of 2 are interchanged and pro-
ton 9 of 3 is calculated at too high a field
and proton 10 of 3 at too low a field.

In the calculation of proton shifts of 1 -
8 the inductive and hyperconjugative effect of
the alkyl bridges was not taken into account.
Both should influence the electronic structure
of the [14]perimeter similarlyzg. In order to
see how the bridges affect the proton shifts
we simulated the inductive effect within the
SCB approach by increasing the core energy by
1.4 eV (this value describes best the altera-
tion of ionization energies in the series of
methylbenzenes) of those carbon atoms which
are connected by the alkyl bridges. As expected
the shifts of the 6-ring protons decrease only
slightly by about 0.02 ppm. However, the 14-
ring protons also experience only small shifts
of about 0.06 ppm to higher field and the
shift is nearly the same for all these protons.

Similarly as with benzenoid hydrocarbonszo
GRC and § (not including the van der Waals cor~
rection) for 1 - 8 correlate well. Thus the or-
der of the protons is generally already deter-
mined by SRC, exceptions constitute protons 1
and 4 of 3 - 5, protons 5 and 9 of 7 and some
protons of 6.

The proton shifts which are calculated for
the FF geometries 5' and 8' of the type II an-
nulenes 5 and 8 deviate in the mean by only
0.06 ppm and not more than 0.18 ppm from those
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which are obtained by using an IG with all bond
lengths fixed at 140 pm, see Table 2. This
shows that also the long bonds which are common
to 6- and 14-ring in 5, 6, and 8 are important
for the magnetic properties so that these com-
pounds cannot be considered simply as {22]perim-~
eter systems. Proton shifts at significantly
higher field are obtained if 5 and 8 are char-
acterized by the unsymmetrical structures given
in Pig. 1 (rc=C/rc-C/:Cmc=134/l46/140 pm) .
Furthermore protons which are equivalent in the
delocalized structures 5' and 8' (e.g. protons
1 and 6 of 5) show values being different up to
0.28 ppm (14-ring) or even 0.54 ppm (6-xring).
This demonstrates that the shifts of the pro-
tons at the annelated benzene rings represent
s en sitive probes for the electronic structure
of the (14]perimeter similar to the coupling
constants3o. A fast dynamical process inter-
changing the two quinoid structures for 5 and
8 would lead to averaged shifts for correspon-
ding protons (e.qg. 1 and 6, 4 and 9, etc. in 5),
however, with significantly smaller § values
than those which are calculated for the deloca-
lized structures 5' and 8' and which are ob-
served experimentally. This gives further rea-
son to assume a symmetric delocalized geometry
S' and 8' in solution of 5 and 8.

Table 2. Calculated 1!1 chemical shifts § (in
ppm) for 5 and 8 assuming ideal geometry (IG),
calculated 7-SCF force field geometry (FF) or

agsymmetric structures (AS), and expegimental
results (EXP) for S (R=CH3)

Compound Proton IG FF AS EXP
s 1 9.29 9.30 8.33 9,29
6 9.29 9.30 8.20 9.29
4 8.98 9.01 8.17 8.90
9 8.98 9.01 7.89 8.90
5 8.74 8.79 7.79 8.39
10 8.74 8.79 7.87 8.39
1 8.35 8.33 B8.02 8.70
5t 8.35 8.33 7.48 8.70
2! 7.85 7.76 7.65 7.76
6' 7.85 7.76 7.18 1.76
3 7.89 7.84 7.68 7.80
7 7.89 7.84 7.22 7.80
q 9.52 9.33 8.95 9.39
8" 9.52 9.33 8.51 9,39
8 2 9.21 9.20 8.34
- 4 9.21 9.20 8.11
3 8.26 8.35 7.52
1’ 9.54 9.44 9.01
3 9.54 9.44 8.50
2 7.94 7.86 7.71
4 7.94 7.86 7.24

With the type I annulenes 2 - 4 and 7 the
BLA in the (14]perimeter which is induced by

the annelating benzene rings leads to the ex-
pected decrease of the diamagnetic RC effect.
No significant BLA is found in the case of the
type II compounds 5, 6, and 8 and hence we ob-
serve shifts for the protons of the 14-ring
similar to those in 1. For benzene we calcu-
late 6=7.20 ppm which is only slightly smaller
than the experimental value31 Gexp=7.27 ppm.

In a 6-ring with bond lengths as those occuring
in the annelated benzene rings of 2 - 8 we cal-
culate shifts 657.23 ppm and only for an over-
crowded proton is 657.91 ppm obtained. Thus
the shifts of all protons of the 6-rings of 2
- 8 are at lower field than in an isolated 6-
ring. This reflects the influence of the outer
{18]- or [22])perimeters, although the elec-
tronic structure is not dominated by them. The
outer perimeter influence turns out to be more
important in case of the type II compounds 5,
6, and 8 as can be seen by comparing corre-
spording ring protons. This is due to the char-
acteristic differences in the bond lengths pat-
tern of type I and II annulenes.

Thus far we have discussed only the shifts
of protons on the periphery of the system. For
the internal protons located at the alkyl
bridges we can calculate only the GRC term. We
computed GRC for the proton at the bridges with
R=H since we can assume that the RC effect will
influence protons at the alkyl bridges with R=
CE3 and R=H similarly. Our calculated 6% va1-
ues correlate sufficiently well with the ex-
perimental shifts for the methyl protons of 1
~ 5 with R=CH
line is

§_ . =0.852 6°C 4+ 0.79 (1)

calc
which yields shifts for the methyl protons of

3¢ see Table 3. The regression

the yet unknown compounds 6 - 8 similar to
those which have been obtained by a different
semiempirical approachg. Similar to 1 - 5 also
for 6 - 8 the high field shifts due to the RC
effect turn out to be considerably larger for
the type II systems 6 and 8 than those for the
type I annulene 7.

CONCLUSION
In this work we have determined the geome-
tries and IH chemical shifts of the dihydro-
pyrene 1 and its benzannelated derivatives 2 -
8 by means of semiempirical procedures. The a-
greement betwsen calculated and experimental
bond lengths for 1 and proton shifts for 1-5
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Table 3. Calculated RC contribution GRC of the

internal proton of 1 - 8 (R=H) and calculated

(8 ) and experimental (§ } proton shifts

fosaége methyl protons of lefgg (R=CE3). All
values are given in ppm

RC a b
Compound 8 acalc scalc sexp Ref,

1 -5.78 -4.13  -4.42 -4.25 5,6
2 -2.57 -1.40 -1.80 -1.85 5,7
3 -2.58° -1.41° -1.86 -1.60 57

-2.62 -1.44
4 -1.41 -0.41  0.04  0.02
5 -5.48 -3.88 -3.22 -3.58 5,8
6 -5.26° -3.69° -3.43

-5.18 -3.62
7 -1.34% -0.35° -0.10

-1.40 -0.40
8 -5.45 -3.85 -3.31

a Calculated by means of the regression line
(1). Taken from Ref. 8. First value for
proton Ha' second value for proton Eb’ see Fig.
1.

is satisfying. Our study shows that benzanne-
lation in the type I compounds 2 - 4 and 7 in-
duces BLA in the [14]perimeter leading to a re-
duction of diamagnetic RC effects. On the con-
trary the type II systems 5, 6, and 8 are char-
acterized by geometrical structures without ap-
preciable BLA if we disregard the long aromatic
bond common to two fused rings. These annulenes
constitute together with the parent annulene 1
delocalized ('aromatic') conjugated n-networks
exhibiting similar shifts of the 14-ring pro-
tons. Furthermore the 6-ring protons of the
type II systems appear at significantly lower
field than those of the type I compounds.

Structures with an o-quinoid benzene ring in
5, 6, and 8 would lead to significantly smaller
shifts thus excluding the possibility of fluc-
tuating systems. But we want to stress that
type II annulenes need not to be necessarily
delocalized systems. Especially for more ex-
tended type II annulenes it becomes more likely
to encounter wave functions with broken sym-
metry or ¢0-quinoid benzene rings which are more
stable than the delocalized structures. In case
of the benzannelated annulenes 2 - 8 signifi-
cant differences in geometry and proton shifts
are observed between systems of different type
whereas those between isomeric compounds of the
same type are small.

In the iu NMR spectra of the type I compouwnds
2 - 4 ordinary line widths under 2 Hz are en-

countered. On the other hand quite large line
widths of about 7 Hz are found in the case of
the type II compound 5. Furthermore the signals
of 5 broaden at lower temperature and even an
almost collapse of signals is observed indi-
cating the presence of a triplet species for
which we proposeda’13 a biradical form 5'' of
5 (see Fig. 1). m-SCF calculations with subse-
quent configuration interaction between singly
excitated configurations hae shown13 that the
energy separation between the restricted
Hartree-Fock ground state and the lowest tri-
plet state 1s considerably lower with the type
II than with the type I systems.

The investigation of the Thouless instabili-
ty condition326 for 1 - 8 revealed that all
compounds are non-singlet (triplet) unstable
since the lowest eigenvalue A of the non-
singlet instability problem is negative. This
proves the existence of an unrestricted
Hartree-Fock solution which is lower in energy
than the restricted one. However, this is not
tantamount to a triplet ground state since e-
lectron correlation generally stabilizes the
singlet Hartree-Fock wave function more than
the triplet state. But the occurence of non-
singlet instabilities underlines the importance
of spin correlation in these conjugated annu-
lenoid systems and demonstrates that a treat-
ment of triplet states and their energies with
respect to the lowest singlet state is possible
only by inclusion of additional configuration
interaction for all states.

We are currently attempting to synthesize 8
and several related benzannulenes, in an at-
tempt to more clearly delineate the properties
of these interesting anth-fused hydrocarbons,
and provide further tests for the chemical
shift predictions presented in this paper.
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