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Local Aromaticity in Benzo-
and Benzocyclobutadieno-
Annelated Phenanthrenes
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Dusica Simijonovi¢,? and Jelena Burdevi¢?

ITexas A&M University at Galveston, 200 Seawolf Parkway, Galveston, TX, USA
2Faculty of Science, University of Kragujevac, P. O. Box 60, Kragujevac, Serbia

The effects of benzo- and benzocyclobutadieno-(BCBD-)annelation on the local aro-
maticity of the central ring (X) of phenanthrene were examined. The local aromatic-
ity of the ring X was estimated using a graph-theory-based index and two geometry-
based indices. DFT calculations of phenanthrene congeners showed that many of these
molecules are nonplanar, with significant steric strain. All three indices indicate that
the effect of benzo-annelation is opposite to that of BCBD-annelation. The deviation of
some phenanthrene derivatives from planarity does not influence the effects of annela-
tion. This finding is in accord with some previously reported studies on the dependence
of the aromaticity of the ring(s) on distortion from planarity.

Key Words: phenanthrene, benzo-annelated phenanthrenes, benzocyclobutadieno-
annelated phenanthrenes, aromaticity, deviation from planarity

INTRODUCTION

The effects of benzo- and benzocyclobutadieno-(BCBD-)annelation on local aro-
maticity of a particular six-membered ring in benzenoid hydrocarbons have
been investigated in several recent papers [1-6]. In Figure 1, diagrams 2 and
3 illustrate linear and angular benzo-annelation of an arbitrary benzenoid hy-
drocarbon (diagram 1), whereas diagrams 4 and 5 illustrate linear and angular
BCBD-annelation of the same hydrocarbon. The six-membered ring whose lo-
cal aromaticity has been examined is marked by X. Note that the congeners
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Figure 1: A benzenoid molecule (1), its benzo-annelated congeners (2 and 3), and its
BCBD-annelated congeners (4 and 5). In this work we are focused on the local aromaticity
of the six-membered ring marked by X.

obtained by BCBD-annelation are structurally similar to the earlier, much-
studied phenylenes [7].

The effects of benzo- and BCBD- annelation on the central ring X of an-
thracene have recently been studied in detail [6]. For this purpose, three local
aromaticity indices were applied: ef (energy effect), HOMA (Harmonic Oscilla-
tor Model of Aromaticity), and T (see Equation 4 further below). These indices
are well suited for studies of the dependence of local aromaticity on the envi-
ronment of the molecule or its fragment.

Before we introduce the energy effect, we need to present the result of
Coulson, concerning the total 7-electron energy [8]:

+00
1 ¢ (G.ix)

—0oQ

In Equation (1), E(G) stands for the total n-electron energy of the conjugated
molecule whose molecular graph is G. In Equation (1), ¢(G,x) and ¢'(G,x) de-
note the characteristic polynomial of G and its first derivative, whereas i is
the imaginary unit. Taking into account the Sachs theorem [9, 10], it is possi-
ble to express the energy effect ef(X) of a particular ring X, contained in the
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molecular graph G, on the respective E value by Eq. (2) [11, 12]:

¢ (G, ix)
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dgX)=— |1
T

—00

where G-X is the subgraph obtained by deleting the ring X from the graph
G. The ef values are expressed in the units of the HMO resonance integral g,
whose recommended value for thermochemical purposes amounts —137 kJ/mol
[13]. The positive ef values indicate that the cycle X stabilizes the molecule,
whereas negative ef values imply destabilization. More details on the energy
effect can be found in the review [3].

The HOMA index is defined as [14-16]:

HOMA(X) = 1- = 3" (Rupe — Ri)™ (3)

where n is the number of bonds taken into the summation (n = 6 [6]), and
« is an empirical constant (« = 25.77 - 10~2) chosen to give HOMA = 0 for
a hypothetical Kekulé structure of an aromatic system (with the lengths for
C-C bonds as in 1,3-butadiene) and 1 for the system with all bonds equal to
the optimal value R,y:. The quantity R,y is defined as a length of the C-C
bond for which the energy (estimated by use of the harmonic potential) of the
compression to the length of a double bond and expansion to the length of
a single bond in 1,3-butadiene is minimal (R,p; = 138.8 pm). The individual
bond lengths are denoted by R;. Their values were determined [6] using density
functional theory (DFT).

The X index is simply defined as the sum of the lengths of the six C-C
bonds of the ring X (in picometers) [6]

TX)=) R. (4)

It is supposed that if cyclic conjugation in a ring increases (resp. decreases),
then the double-bond character of the involved C-C bonds increases (resp. de-
creases), causing in average a shortening (resp. extension) of the C-C bonds of
X. Such an assumption was confirmed in the investigation of the anthracene
congeners [6].

It was found that the agreement between the graph-theory-based ef re-
sults, and geometry-based HOMA and X results is reasonably good [6]. The
main conclusion was surprising: The effect of benzo-annelation is opposite to
that of BCBD-annelation. In particular, the following rules were revealed.

1. Linear benzo-annelation (diagram 2 in Figure 1) decreases the local aro-
maticity in the ring X in comparison to that in the non annelated parent
species 1.
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2. Angular benzo-annelation (diagram 3 in Figure 1) increases the local aro-
maticity in the ring X in comparison to that in the non annelated parent
species 1.

3. Linear BCBD-annelation (diagram 4 in Figure 1) increases the local aro-
maticity in the ring X in comparison to that in the non annelated parent
species 1.

4. Angular BCBD-annelation (diagram 5 in Figure 1) decreases the local aro-
maticity in the ring X in comparison to that in the non annelated parent
species 1.

It is worth pointing out that anthracene and its all congeners are perfectly
planar molecules with negligible steric strain. A logical question arises: How
does the deviation from planarity influence the local aromaticity of the ring X,
and the above-stated rules 1-4? The answer to this question can be obtained
by examining the effects of benzo- and BCBD-annelation in a case where some
congeners are non planar. In this work, we present the results of the investi-
gation of the effects of benzo- and BCBD-annelation on the central ring (X) of
phenanthrene. As expected, some of the phenanthrene derivatives are found
to be non planar, with significant steric strain. Our ultimate goal is to estab-
lish whether the non planarity of the annelated molecules influences the local
aromaticity of the ring X of phenanthrene, and its change due to benzo- and
BCBD-annelation.

COMPUTATIONAL DETAILS

Phenanthrene and its benzo- and BCBD-annelated congeners are studied in
this work. Phenanthrene is a relatively small and symmetric molecule, and has
a total of 14 benzo-annelated and 14 BCBD-annelated congeners, that makes
the DFT calculations of all possible molecules practical.

The geometries of all investigated molecules were optimized using the
Gaussian 09 program package [17], at the B3LYP/6-311+G(d,p) level of the-
ory [18, 19]. The applied triple split basis set adds p functions to hydrogen
atoms, in addition to the d functions and diffuse functions on carbon atoms. As
previously documented [6, 20], this theoretical model yields reliable molecu-
lar geometries, especially for such stable, singlet ground state species as those
studied in the present work. Details of the calculated geometries of phenan-
threne and its benzo- and BCBD-annelated congeners can be obtained from
autho, Svetlana Markovi¢, upon request.

After determining the geometries of the investigated molecules, the HOMA
and X values of the ring X were calculated using Equations (3) and (4). The
corresponding ef values were calculated using an in-house software, based on
Equation (2) [21].
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Figure 2: Optimized geometries of phenanthrene (with labeled sites of annelation) and
some BCBD-annelated (a;a,4 and a;a,ay) and benzo-annelated (a;a.a3 and ajaaly)
conyeners. X indicates the ring whose local aromaticity is examined.

RESULTS AND DISCUSSION

Before we present our results, we need to introduce the notation used in this
work. Namely, the sites of annelation in phenanthrene are labeled as shown
in Figure 2. The labeling of phenanthrene congeners is illustrated by opti-
mized geometries of some BCBD- and benzo-annelated derivatives of phenan-
threne. The examples presented in Figure 2 confirm our assumption that some
phenanthrene derivatives are non planar. Careful examination of the geome-
tries of all non planar molecules showed that the ring X is particularly twisted,
where the bond angles considerably deviate from the dihedral bond angle char-
acteristic for sp? hybridized carbon atoms. This structural feature necessar-
ily induces significant strain in the non planar benzo- and BCBD-annelated
phenanthrenes. These facts justify our choice of phenanthrene congeners in
order to examine the influence of non planarity to the local aromaticity of the
ring X.
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Figure 3: Correlation between the HOMA and X values of the ring X of phenanthrene, and
its benzo- and BCBD-annelated derivatives.

As expected, the linear correlation between HOMA and X is fairly good,
with the correlation coefficient of —0.993 (Figure 3). The data points pertain-
ing to both benzo- and BCBD-annelation form a single correlation line, without
any visible separation between the points associated to the two different an-
nelation modes. This result confirms the earlier finding [6] that HOMA and T
reproduce the same m-electron property of the ring X, which can be considered
as its local aromaticity.

The correlation between HOMA and ef is curvilinear and much weaker,
although one can observe that the HOMA values increase with increasing ef
values (Figure 4). The deviation from curvilinearity is more pronounced in the
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Figure 4: Correlation between the HOMA and ef values of the ring X of phenanthrene, and
its benzo- (squares) and BCBD-annelated (triangles) derivatives.
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Table 1: The chanye of the ef, HOMA and X indices of the ring X caused by
benzo- and BCBD-annelation. Aef(benzo) is the difference between the ef value
of the ring X of the benzo-annelated congener and the ef value of the same ring
in phenanthrene. The meanings of Aef(BCBD), AHOMA(benzo), AHOMA(BCBD),
AZ(benzo), and AZ(BCBD) are analogous. The labeling of the compounds is
presented in Figure 2. The ef, HOMA, and X values of phenanthrene amount
0.0534 g, 0.4621, and 853.083 pm, respectively. The symbols P and NP in the
AZ(benzo) and AZ(BCBD) columns indicate planarity/non planarity of the
molecule in question.
. ________________________________________________________________________________________________________|
Aef Aef AHOMA AHOMA AY AT
molecule (benzo) (BCBD) (benzo) (BCBD) (benzo)(pm) (BCBD) (pm)

I —0.0103 0.0120 -0.1684 0.0856 3.014(P) —-1.139(P)
hip -0.0173 0.0281 -0.3221 0.1536 5.940(P) —2.116(P)
a; 0.0159 —0.0059 0.0609 —-0.1066 —1.428(P) 2.427(P)
a 0.0155 —0.0058 0.1048 —-0.1452 —-2.154(P) 2.905(P)
aas 0.0295 —0.0088 0.1321 -0.3896 —3.226(NP) 5.919(P)
a;as 0.0373 —0.0097 0.1848 —-0.2436 —3.800(NP) 5.308(P)
aray 0.0375 —0.0098 0.1588 -0.2494 —-3.317(NP) 5.683 (NP)
Q203 0.0369 —0.0096 02059 -0.2933 —-4.211(P) 5.850(P)
a;aQa3 0.0559 -0.0114 0.2474  -0.4792  —-5.444(NP) 8.791(P)
a;020y 0.0562 -0.0115 02321 -0.4604 —-5.093(NP) 8.980(NP)
a;0,030, 0.0790 -0.0126 0.2951 —-0.6622 —6.736(NP) 12.047 (NP)
aily 0.0011 0.0029 -0.1170 —-0.0249 1.543 (NP) 1.187 (P)
Qzlo 0.0008 0.0030 -0.0595 —0.0560 0.736(P) 1.651(P)
a;azly 0.0109 -0.0018 —0.0426 —-0.2550 —0.306(NP) 4.653 (P)

case of BCBD-annelated molecules (triangles). The correlation between X and
ef is of similar quality (except that the HOMA values decrease with increasing
ef values), and is not presented here.

The results of the investigation are summarized in Table 1. The authors
first consider the molecules obtained by linear or angular annelation (first
11 pairs of molecules). In this case, all three indices are in agreement (the
sign of the HOMA value is the same as the sign of the respective ef value,
and opposite to the sign of the X value), and their values indicate that the
effect of benzo-annelation is opposite to that of BCBD-annelation. This im-
plies that the rules 1-4, stated in the Introduction, are obeyed with no ex-
ceptions. Furthermore, the higher the number of linear (resp. angular) benzo-
annelations, the weaker (resp. stronger) is the local aromaticity of the ring
X. This finding is documented with the ef and HOMA values that decrease
(resp. increase) with increasing number of linear (resp. angular) annelations,
and X values that increase (resp. decrease) with increasing number of linear
(resp. angular) annelations. The situation with BCBD-annelation is completely
opposite. Namely, the higher the number of linear (resp. angular) BCBD-
annelations, the stronger (resp. weaker) is the local aromaticity of the ring X.
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As a consequence, the local aromaticity of the ring X is the highest in benzo-
annelated a;asasays, and lowest in BCBD-annelated a;asasas. By inspecting
the Aef(BCBD) values in Table 1, one can observe that for a certain number
of angular annelations the ef values are mutually nearly equal. On the other
hand, the ranges of the AHOMA and AX values for a certain number of angu-
lar BCBD-annelations are much wider. This fact explains the deviation of the
BCBD-annelated molecules from curvilinearity in Figure 4.

As for the a;l; and asls pairs of molecules, where both linearly and an-
gularly annelated fragments are involved, the values of the ¢f, HOMA and &
indices lie between those for linearly and angularly annelated molecules. In
particular, the ef and HOMA values of benzo-annelated congeners are higher
(resp. lower) than those of linearly (resp. angularly) annelated derivatives,
whereas their ¥ values are lower (resp. higher) than those of linearly (resp.
angularly) annelated molecules. The situation with the BCBD-annelated a;l2
and agls is quite opposite. But, the sign of the Aef values is opposite to the sign
of the AHOMA values, and the same as the sign of the AX values. It turns out
that HOMA and X indices predict that the effect of linear benzo-annelation
dominates over that of angular benzo-annelation, whereas the effect of lin-
ear BCBD-annelation is weaker than that of angular BCBD-annelation. The
prediction based on the ef index is opposite. Finally, in the case of BCBD-
annelated ajagle all indices predict that the angular effect is dominant over
linear effect. The ef value lies between those for linearly and angularly BCBD-
annelated congeners, whereas the HOMA (resp. ¥) value is lower (resp. higher)
than the corresponding values of some angularly BCBD-annelated molecules.
The values of the three indices for benzo-annelated a;asls are mutually contra-
dictory, but lie between those for linearly and angularly annelated molecules.
All these “irregularities” are the consequence of the competition between the
stabilizing and destabilizing modes of annelation.

CONCLUDING REMARKS

Examination of local aromaticity of the ring X in benzo- and BCBD-annelated
phenanthrenes confirms the rules 1-4 [6] presented in the Introduction.
In short, the effects of benzo-annelation are opposite to those of BCBD-
annelation. The agreement between the graph-theory based ef results and
the geometry-based HOMA and X results is remarkably good. The fact that
many phenenthrene derivatives are non planar (Figure 2 and Table 1) does
not affect the effects of annelation. This finding is in accord with some pre-
viously reported studies on the dependence of the aromaticity of the ring(s)
on distortion from planarity [22, 23]. Peri-substituted naphthalene deriva-
tives are convenient examples of molecules where the changes in aromaticity
due to the folding of the aromatic moiety can be studied. It was shown [16]
that small folding of the naphthalene moiety does not substantially affect the
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aromaticity. Analysis of the experimental molecular geometry of 1,4-dichloro-
2,6[5]lmetacyclophane [22] showed its high aromaticity, despite substantial
distortions from the planar conformation. A similar situation was found in
the case of [5]-p-cyclophane [23], where a substantial folding of the ring was
observed.

It is worth pointing out that there are fewer examples of (non planar)
phenanthrene derivatives that violate the rules 1-4 in comparison to (planar)
anthracene congeners. In the case of some anthracene derivatives (for example
perfectly planar BCBD-annelated a;lo [6]), the repulsion between the hydro-
gen atoms that lie on the bays necessarily gives rise to the elongation of some
C-C bonds of the ring X. This elongation leads to the increased X values, and
decreased HOMA values. In the case of phenanthrene congeners, the devia-
tion from planarity allows the bonds to take the lengths close to their optimal
values.

The few molecules where disagreement among the values of applied in-
dices exists, contain both linearly and angularly annelated fragments. These
examples confirm the fact that energetic and geometric criteria of aromaticity
[24—-27] may lead to contradictory conclusions [16, 28—30].
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