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In this work, we analyze a series ofhydroxyaryl aldehydes to discuss the interrelation between the
resonance-assisted hydrogen bond (RAHB) formation and the aromaticity of the adjacent aromatic rings.
As compared to the nonaromatic reference species (malonaldehyde), the studied compounds can be
separated into two groups: first, the set of systems that have a stronger RAHB than that of the reference
species, for which there is a Kekud&ructure with a localized double CC bond linking substituted carbon
atoms; and second, the systems having a weaker RAHB than that of the reference species, for which
only s-electrons coming from a localized Clarsextet can be involved in the RAHB. As to aromaticity,

there is a clear reduction of aromaticity in the substituted ipso ring for the former group of systems due
to the formation of the RAHB, while for the latter group of species only a slight change of local aromaticity

is observed in the substituted ipso ring.

1. Introduction of the most frequently used concepts in structural chemistry.

it f K bonding i . h bi Usually RAHBs are classified as-conjugated ring or chain
Different types of weak bonding interactions are the subject 65 for which characteristic changes in geometrical or

of numerous investigations in many branches of ngtural SCIENCES g |actronic properties are observed, that is, elongation of formally
Among them, the hydrogen bond (H-bond) which plays an o e honds and shortening of formally single bonds ac-
important role In_many ch§m|cal, blochemlca!, or physical companied by suitable changes in critical points corresponding
processes, occupies a special place. The special feature of th‘?o these bonds, together with elongation of the B (X =
H-bond arises from the fact that this interaction is significantly proton donor) b(;nd and shortening of the ()9 (Y = proton

directional. For this reason, the H-bond has a crucial Impact on ;¢ centor) hond within the H-briddeh schematic representation
phenomena such as crystal packing or stabilization of the ot ejectronic effects proceeding within such cyclic RAHB is
second-order structure of proteins @elices or3-sheets. shown in Figure 1 for malonaldehyde. Different kinds of RAHB

A thorough knowledge of H-bonding phenomena allows for aye heen investigated using experimental and theoretical
the explanation of many effects taking place not only in the athods, among them both inter- as well as intramolecular
crystal state, but also in solution and living organisms and is (O)H-++0, (N)H-+-O, (O)H++N, and (O)H--S H-bridges$—8
indispensable in crystal engineerihdmong all the types of gy dies on crystal structures for which such systems have been

H-bonds, the strongest known are those assisted by additionalypserved have been reporfeHor example, it has been found
effects, for example, resonance-assisted or charge-assisted '

H-bonds. Since Gilli et al:# introduced in 1989 the concept of @ Gl G.. Bellucai, F.; Ferrettl, V.. Bertolasi, V0. Am. Chem. Soc
resonance-assisted hydrogen bonds (RAHBS), it has become ON9gq 111 1023-1028. P P e
(4) Gilli, G.; Bertolasi, V. InThe Chemistry of EnalsRappoport, Z.,
* To whom correspondence should be addressed. Pht6d:972.418.912. Ed.; Wiley: Chichester, U.K. 1990; Chapter 13.

Fax: +34-972.418.356. (5) Grabowski S. JJ. Phys. Org. Chen004 17, 18—31.
T University of todz (6) Rybarczyk-Pirek A. J.; Grabowski S. J.; Matecka M.; Nawrot-
# Universitat de Girona. Modranka JJ. Phys. Chem. 2002 106, 11956-11962.
(1) Jeffrey, G. A. InAn Introduction to Hydrogen Bondingruhlar, D. (7) Wojtulewski S.; Grabowski S. €hem. Phys. LetR003 378 388—
G., Ed.; Oxford University Press: New York; 1997. 394.
(2) Desiraju, G. R. InCrystal Engineering: The Design of Organic (8) Sanz, P.; Yéez, M.; Mg, O. J. Phys. Chem. 2002 106, 4661~
Solids Elsevier: Amsterdam, The Netherlands, 1989. 4668.
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FIGURE 1. Schematic representation of the electronic movement in
the cyclic resonance assisted hydrogen bond of malonaldehyde.

for the crystal structures of chromone derivatf/éisat both
(N)H---O and (O)H--N intramolecular RAHBs can be observed;
however, the existence of (N)HO bonds is usual for these
families of compound&’} whereas (O)H:N ones are rather
uncommon. The nature of the RAHBs may be explained within
the principle of the minimum difference between X and Y proton
affinities APA within the (X)H---Y H-bond or of the minimum
ApKa, whereApKj is the difference between th&pvalues of
two interacting groups as measured in a proper polar solerit.
The cyclic enolic RAHB structure depicted in Figure 1
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anticipate that our findings prove that intramolecular RAHB
has strong impact on electron distribution even in these parts
of the molecule which are placed about 10 A away from the
H-bond, and this distance is limited only by the fact that no
bigger systems were taken into account in the investigations
presented in this work.

2. Methodology

Geometries of all analyzed systems shown in Figures 2 and 3
were optimized without any symmetry constraints using DFT
methods in the Gaussian 03 set of coidhe B3LYP functionat2’
was applied in conjunction with the 6-33G(d,p) basis sé¥2°
for all atoms. The frequency analysis at the same level of theory
has been used to verify that the optimized geometries correspond
to stationary points. For each systemmt@ XlII ) in Figure 2, we
have analyzed three possible conformers (see Figure 3), namely,
the closed cis (a), open cis (b), and trans (c) species. The energy
difference Egir) between optimized closed cis and open cis

contains six delocalized electrons that readily suggest the conformers has been taken as an indication of RAHB strength. In

formation of a pseudoaromatic ring in RAHBS1” The relation
between H-bond strength and theelectron delocalization in

this work, we discuss only the results of the cis isomers since they
are the most relevant as far as the RAHB is concerned. However,

the pseudoaromatic ring has been the subject of different the Cartesian coordinates, energies, and aromaticity descriptors of

studied”1° (for a recent review see ref 20). To our knowledge
only two works have analyzed the relation between the RAHB
fused to an aromatic ring and the change of aromaticity
undergone by this aromatic systéi The authors of these
studies have shown that if the RAHB is fused to an aromatic
ring, the RAHB may affect dramatically the-electron delo-
calization in the aromatic part of the system. The goal of this
work is to extend these initial investigations on the interplay
between the intramolecular RAHB and the local aromaticity of
six-membered rings (6-MRs) to a series ofhydroxyaryl
aldehyde species. To this end, we will analyze not only how
the RAHB formation affects aromaticity in the adjacent 6-MR,
but also how the different nature of the aromatic 6-MRs modify
the strength of the RAHB fused to this aromatic ring. Usually
RAHB is considered as mainly a local effect having significant
influence only on those parts of molecular systems which are
directly involved in this interaction. Yet there are already reports
that the formation of a RAHB may have impact on electron
distribution also in farther parts of the molectl&l22Here we

(9) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, GActa Crystallogr., Sect.
B 1995 51, 1004-1015.

(10) Rybarczyk, A. J.; Matecka, M.; Grabowski, S. J.; Nawrot-Modranka,
J. Acta Crystallogr., Sect. @002 58, 0405-0406.

(11) Malarski, Z.; Rospenk, M.; Sobczyk, L.; Grech,EPhys. Chem
1982 86, 401-406.

(12) Zeegers-Huyskens, T. Intermolecular ForcesHuyskens, P. L.,
Luck, W. A., Zeegers-Huyskens, T., Eds.; Springer-Verlag: Berlin, 1991;
Chapter 6.

(13) Sobczyk, LBer. Bunsen-Ges. Phys. Cheb®98 102, 377-383.

(14) Reinhard, L. A.; Sacksteder, K. A.; Cleland, W. A.Am. Chem.
Soc.1998 120, 13366-13369.

(15) Dannenberg, J. J.; Rios, R.Phys. Cheml1994 98, 6714-6718.

(16) Rehaman, A.; Datta, A.; Mallajosyula, S. S.; Pati, SJKChem.
Theory Comput2006 2, 30—36.

(17) Filarowski, A.; Kochel, A.; Cidik, K.; Koll, A. J. Phys. Org. Chem.
2005 18, 986—-993.

(18) Raczyska, E. D.; Krygowski, T. M.; Zachara, J. E.; @mtowski,
B.; Gawinecki, R.J. Phys. Org. ChenR005 18, 892-897.

(29) Gilli, P.; Bertolasi, V.; Pretto, L.; L¥ka, A.; Gilli, G. J. Am. Chem.
S0c.2002 124, 13554-13567.

(20) Sobczyk, L.; Grabowski, S. J.; Krygowski, T. @hem. Re. 2005
105 3513-3560.

(21) Grabowski, S. J.; Dubis, A. T.; Martynowski, D.; ®ika, M.;
Palusiak, M.; Leszczyski, J.J. Phys. Chem. 2004 108 5815-5822.

(22) Grabowski, S. J.; Dubis, A.; Palusiak, M.; LesztzkinJ.J. Phys.
Chem. B2006 110, 5875-5822.
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the optimized B3LYP/6-31:1G(d,p) structures of all these isomers
(closed cis, open cis, and trans) are given in the Supporting
Information.

The harmonic oscillator model of aromaticity (HOMA) index
has been employed as a geometrical criterion of local aromaticity.
According to the definition proposed by Kruszewski and Kry-
gowsk#P?31the applied formula is as follows:

ol 5
HOMA=1--% (R~ R) 1)

né

where n corresponds to the number of bonds within the ana-
lyzed ring, in the case of the present studgquals 6,0 being a
constant fitted to give a value of HOM#A 1 for ideally aromatic
systems with all bonds lengths equal to optimal vaRsg and
HOMA = 0 for nonaromatic species (for CC bonds=257.7 and
Ropt =1.388 A).

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A;; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(24) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(26) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, Nl. J.
Phys. Chem1994 98, 11623-11627.

(27) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, &hem. Phys. Letl.989
157, 200-206.

(28) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, 1.AChem. Phys.
198Q 72, 650-654.

(29) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639-
5648.

(30) Kruszewski, J.; Krygowski, T. Mletrahedron Lett1972 13, 3839-
3842.

(31) Krygowski, T. M.J. Chem. Inf. Comput. Sc1993 33, 70-78.
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FIGURE 2. Labels for the molecules and rings studied.

As a magnetic indicator of local aromaticity, the nucleus- shielding measurk1 A above the center of the ring. It has been
independent chemical shift (NICS) index as defined by Schleyer postulated that NICS(1) better reflects aromaticity patterns because
et al3 has been used. This is one of the most widely employed at 1 A the effects of ther-electron ring current are dominant and
indicators of aromaticity. NICS(0) is defined as the negative value local o-bonding contributions are diminish&#36.37
of the absolute shielding computed at a ring center determined by  As electronic-based descriptors of aromaticity, we have used the
the nonweighted average of the heavy atoms’ coordinates in thepara-delocalization (PDI) and the aromatic fluctuation (FLU)
ring. Rings with large negative NICS(0) values are considered aro- indexes. The PDI is the average of all delocalization indexes{DIs)
matic. The more negative the NICS(0) value is, the more aromatic of para related carbon atoms in a given 6-f¥RThe DI value
the ring is. As it has been shown by Lazzeretti and AilF&ré, between atoms A and B)(A,B), as defined in the framework of
the NICS(0) values may contain important spurious contributions the atoms-in-molecules theory (AIM) of Bad®ris obtained by
from the in-plane tensor components that are not related to aro-double integration of the exchange-correlation derf3ifyc(r1,r2),
maticity. So, to complement the NICS analysis, NICS(1) values
have been also calculated as the negative values of absolute (36) Schleyer, P. v. R.; Manoharan, M.; Wang, Z. X.; Kiran, B.; Jiao,

H. J.; Puchta, R.; Hommes N. J. R. v. @rg. Lett.2001, 3, 2465-2468.

(37) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v. R.; Weber,

(32) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, J.Phys. Chem. Phys. Che2004 6, 273-276.

N. J. R. v. EJ. Am. Chem. S0d.996 118 6317-6318. (38) Fradera, X.; Austen, M. A.; Bader, R. F. \l/.Phys. Chem. A999

(33) Lazzeretti P. InProgress in Nuclear Magnetic Resonance Spec- 103 304-314.

troscopy Emsley, J. W., Feeney, J., Sutcliffe, L. H., Eds.; Elsevier: (39) Poater, J.; Fradera, X.; Duran, M.; Sdi& Chem—Eur. J.2003

Amsterdam, The Netherlands, 2000; Vol. 36, pp8B. 9, 400-406.
(34) Lazzeretti, PPhys. Chem. Chem. Phy&004 6, 217-223. (40) Bader, R. F. W. Iitoms in Molecules. A Quantum ThepBxford
(35) Aihara, J.Chem. Phys. Let2002 365 34—39. University Press: New York; 1990.
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FIGURE 3. Schematic representation of the closed cis (a), open cis
(b), and trans (c) conformers of malonaldehyde esttydroxybenzal-
dehyde.

over the basins of atoms A and B, which are defined from the zero-
flux gradient condition applied to the one-electron density):

OAB) =~ [ [ Tye(Fy,T,)dr di, —
Jo [ Dxe(FoT)dTydT, = =2 [ [ Ty (7}, T)dT,dF, (2)

O(A,B) provides a quantitative idea of the number of electrons
delocalized or shared between atoms A and B. Aromatic 6-MRs
have larger PDI values than nonaromatic ones. Finally, the FLU
index*? is based on the fact that aromaticity is related to the cyclic
delocalized circulation ofz-electrons, and it is thus constructed
not only considering the amount of electron sharing between
contiguous atoms, which should be substantial in aromatic mol-
ecules, but also taking into account the similarity of electron sharing
between adjacent atoms. It is defined as

1RING (V(B))u(é(A,B) ~ 0re(AB)
FLU=" ZB
na&s| \V(A)

whered(A,B) is the DI between basins of atoms A and B af{&)

is the valence of atom A, with the sum running over all adjacent
pairs of atoms around the ring, being equal to the number of
members in the ring, and(C,C) = 1.4 e (the DI between two
adjacent C atoms in benzefe o in eq 3 is a simple function to
ensure that the enclosed term is always greater or equal to 1;
accordingly it reads

2

®)

0 ref(Ar B)

_J1  Vv(B) > V(A)
@“= { —1 V(B) = V(A) “)
with the valence of atom AY(A), reading as follows:
®)

V(A) = ;Aé(A,B)

Consequently, FLU is close to 0 in aromatic species; the higher
the FLU values, the lower the aromaticity. The AIMPAC packége
was employed for the topological characterization of electron
density distribution and for the DI calculations.

3. Results and Discussion

For all systems analyzed the closed cis form is more stable
than the open cis conformer. The energy differenEgi

(41) Ruedenberg, KRev. Mod. Phys1962 34, 326-352.

(42) Matito, E.; Duran, M.; SolaV. J. Chem. Phy2005 122, 014109.

(43) Biegler-Konig, F. W.; Bader, R. W. F.; Tang, T.-d. Comput.
Chem.1982 3, 317-328.
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TABLE 1. B3LYP/6-3114+G(d,p) Selected Geometrical Parameters
Usually Considered as Indicators of H-bond Strength for the Closed
cis Form and Energy Difference between the Closed cis and the
Open cis Forms

Ediff dofH d(o)H...o do...o 0O—H---0 6(H,O)
[kcal moy]  [A] [A] [A] [deg] [e]
| 12.96 0.996 1.705 2.590 145.77 0.120
1l 11.07 0.984 1.765 2.638 145.84 0.102
1 10.07 0.980 1.793 2.661 145.78 0.095
\Y 13.84 0.993 1.662 2.555 147.36 0.123
\Y 13.89 0.990 1.710 2.598 147.20 0.115
VI 9.66 0.979 1.802 2.670 145.91 0.093
VI 14.51 0.996 1.647 2.545 147.72 0.128
VIl 14.55 0.993 1.687 2.582 147.73 0.121
IX 16.10 0.999 1.613 2.520 148.75 0.136
X 13.38 0.991 1.665 2.555 147.13 0.121
Xl 13.72 0.988 1.723 2.609 147.10 0.111
Xl 10.55 0.982 1.787 2.656 145.75 0.098
X1 10.50 0.982 1.783 2.653 145.78 0.099

between these two forms together with the geometric parameters
that are more related to the RAHB strength are given in Table
1. Egir is the most common recipe to define the strength of an
intramolecular HB>*44” However, it should be emphasized that

in the case of systems investigated hEgg is not the exact
H-bond binding energy, but the energy of stabilization arising
from the formation of the extra ring in the closed cis form as
compared to the open cis structure. Tligg may contain also
energetic contributions resulting from side effects, which can
take place in both closed cis as well as open cis conformers.
For example, the steric repulsions between the hydroxyl H atom
and the nearest H atoms of the aromatic system affect the
total energy of some of the open conformers and, consequently,
their Egi values (vide infra). However, as one can see in Table
1, in general, an increase Iyt goes with a decrease of the
(O)H---O and G--O distances and an increase in thel®bond
length, theZJO—H:---O angle, and the DI between +O atoms,
thus giving support to the use Bfiz as an indicator of RAHB
strength. As to thi$(O,H) value, in a previous stuéfa linear
relation between the H-bond strength and H-bond D(X(H),

with X being the proton acceptor atom) was already found. A
similar relationship can be observed in the systems investigated
here betweeky; ando(O,H) values in Table 1, the correlation
coefficientr? being equal to 0.92.

We use malonaldehyde speciess a reference compound
since for this system there is no interaction of the RAHB with
an aromatic ring. For this system, th&y value is 13.0
kcalmol~1, which is not far from the 12.5 kcathol~* obtained
at the MP2/D95** level for the parentis-2-enol of acetyl-
acetone specié8.Taking compound as the reference, we can
separate the systems studied into two groups. The first one
includes speciel, Ill , VI, XII, andXIIl for which the RAHB
is weaker than that of compourdaccording to the smaller
Eqirr values and longer (OO0 H-bond distances. The second
one contains all specie$\(, V, VI, VIl , IX, X, and XI)
having a stronger RAHB than that of the system of reference
(larger Eq4ir values and generally shorter (OYHD H-bond

(44) Barone, V.; Adamo, CJ. Chem. Phys1996 105 1100711019.

(45) Luth, K.; Scheiner, SJ. Phys. Chem1994 98, 3582-3587.

(46) Fores, M.; Duran, M.; SolaM.; Orozco, M.; Luque, F. 1. Phys.
Chem. A1999 103 4525-4532.

(47) Cuma, M.; Scheiner, S.; Kar, T. Am. Chem. Socl998 120,
10497-10503.

(48) Poater, J.; Fradera, X.; Duran, M.; Sdi&; Simon, SChem. Phys.
Lett. 2002 369 248-255.
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on oH the case of investigated systems the substituted ring should be
= less aromatic than the corresponding ring within the unsubsti-
-— B tuted species. Indeed, all aromaticity indices indicate less aro-
P X matic character of the benzene ringlinas compared to the

unsubstituted molecule of benzene (see aromaticity descriptors
of Tables 2 and 3). Both the effect of delocalizationmeélec-
trons and the substituent effect are present in all investigated
systems and are mutually competitive.

distances). We will see in the next paragraphs that this separation | "€ last effect is strictly connected with the existence of the
is governed by the interaction between the RAHB and the intramolecular RAHB and can be considered only in the case
aromatic moiety. of closed cis conformers. As one can see in Figure 1, the effect
It is worth noting that there are three simultaneatislectron of resonance within t_he extra pse“do"?‘rom_a“c rng formed by
the RAHB is proceeding in the same direction as it takes place

delocalization effects taking place within the analyzed systems . ) i
Il =XIII . The first one is the global effect of delocalization of in the substituent effect (Figure 4). Therefore, both these effects

m-electrons proceeding inside the aromatic rings, leading to should mutually cooper_ate_. One can even postula_te, that both
stabilization of aromatic species. In the Clar's motfeP! an the effect of communication betwee_n the sybstltuents and
aromaticz-sextet in a Kekuleesonance structure is defined as the resonance accompanying H-pondlng are in fact thg same
six r-electrons localized in a single benzene ring separated from phengmenqn which can be cons@ered as a mesomeric effect
adjacent rings by formal CC single bonds. In this model, the ampllfled with .the process of formation of the extra pseudoaro-
Kekule resonance structure with the largest number of disjoint Matic RAHB ring.
aromaticz-sextets is the so-called Clar structure. Accordingto ~ Comparing the aromaticity indicators of Tables 2 and 3, a
Clar's model, it is possible to divide our analyzed systems into decrease of aromaticity of the 6-MR in closed ¢iss observed
two subgroups. In the first group there are those systems forin comparison with the unsubstitued benzene molecule as a con-
which only one Clar structure can be found. It is the case of sequence of the substituent effect and RAHB formation leading
derivatives of benzene and phenanthrene. In the calie thfe to changes inz-electron delocalizatioft Substituents are
situation does not need special comment, since only one ring isdisturbing regular distribution of-electrons within their carrier
present in the molecule and thesextet of electrons has to be  ring. On the other side, the aromatic systenmeélectrons in
localized within this ring. In the case of phenanthrene, two Clar closed cidl is relatively stable, which makes the communication
7-sextets are localized within the lateral rings, while the inner between both substituents difficult, also reducing the effect of
ring is significantly less aromatic, with a single pair of resonance in H-bonding ii. This is the reason why the RAHB
m-electrons localized in the bond linking carbon atoms placed is relatively weaker irll as compared to in.
in positions 9 and 18 In these systems, rings having a localized  Applying these conclusions to compouitid, one can expect
n-sextet in the Clar structure are the most aromatic cePtéfs.  that the substituted ring 1 (see Figure 2) should be the less
The second group contains all species having more that a singlearomatic of both, while unsubstituted one should have a larger
Clar structure, namely, all derivatives of naphthalene and aromatic character, as it is less influenced by additional effects.
anthracene. For these latter, Clar's model cannot differentiate Nevertheless, aromaticity indices do not indicate such a situation.
which of the Clar structures contributes more to the aromaticity On the contrary, it seems that both rings have relatively similar
of the system. In this case, the so-called “migrating Clar aromatic character, with the substituted one appearing to be even
m-sextet” can be considered according to Clar's concept. The more aromatic. The explanation can be found in the diagram
idea of the migrating Clar-sextet may explain relatively small  shown in Figure 5. Two Clar structures are possiblelfior In
differences in values of parameters reflecting local aromaticity structurea of Figure 5, the Clar-sextet is localized within the
of the rings. In other words, the observed local aromaticity is a unsubstituted ring. This implies localization of fawelectrons
result of superposition of all Clar structures acting for a given within the substituted ring and leads to a decrease-eectrons
molecule. available in the bond linking substituted carbon atoms which
The second effect is the one due to the interaction betweenare those that contribute to the RAHB. In the case of Clar
the substituents. A schematic representation of this effect is structureb, this bond is significantly richer withr-electrons.
shown in Figure 4. As one can see, the substituent effect (alsoThis allows for supplying both the substituent effect and
known as mesomeric effect) is involving-electrons of an resonance assistance of H-bond witkelectrons from the
aromatic system as a result of communication between both of substituted ring, even if it will partially disturb the local
the substituents Therefore, it is possible to postulate that this aromaticity of this ring. So the Clar structupds favored over
effect proceeds, so to say, against the process of delocalizatiorstructurea in the closed cis form ofll , because the former
of w-electrons in the ring, perturbing the uniform distribution helps the formation of the RAHB. However;electrons avail-
of electrons within the aromatic system. One can expect that in able for the RAHB inlll are less than those in reference com-
poundl and, as a consequence, the RAHB in this species is

FIGURE 4. Schematic representation of the electronic interaction
between the aromatic ring and the substituents.

(49) Clar, E. InThe Aromatic SexteWiley: London; 1972. also weaker than in speciésAs far as the aromaticity of ring
(50) Randi¢c M.; Balaban, A. T. JChem. Inf. Model2006 46, 57—64. 1 is concerned, there are two effects that counteract: first, by
o e O 0 S 805 pemaoos 15, InCreasing the weight o he resonance strudurih a.r-sextet
785-791. localized in ring 1, the aromaticity of this ring is increased;
(53) Portella, G.; Poater, J.; Bofill, J. M.; Alemany, P.; SdVa J. Org. and second, the assistance of theextet in the formation of
Chem2005 70, 2509-2521; erratumibid. J. Org. Chem2003 70,4560~ the H-bond partially destroys the aromaticity of ring 1. As a
(54) Krygowski, T. M.; Ejsmont, K.; Sgief, B. T.; Cyrarski, M. K.: consequence, fdll we find a minor loss of aromaticity in ring
Poater, J.; SolaM. J. Org. Chem2004 69, 6634-6640. 1 as compared to unsubstituted species. This is confirmed by
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TABLE 2. B3LYP/6-311+G(d,p) Aromaticity Indices for the Closed cis Form of the Investigated Systenfs
HOMA NICS(0) NICS(1) PDI FLU

ringl ring2 ring3 ringl ring 2 ring 3 ring 1 ring 2 ring 3 ringl ring2 ring3 ringl ring2 ring3
|
1] 0.925 —7.985 —9.026 0.081 0.006
1] 0.756  0.738 —8.993 —6.968 —9.728 —9.348 0.062 0.070 0.012 0.012
\% 0.642 0.832 —-7.114 —-8.192 —8.442 —10.319 0.054 0.078 0.017 0.007
\Y 0.693 0.830 —=7.713 —7.997 —8.855 —10.340 0.054 0.077 0.017 0.008
VI 0.615 0.693 0.613 —8.301 —9.682 -6.643 —9.033 -—11.479 -—-8.961 0.054 0.062 0.064 0.017 0.012 0.017
VIl 0.487 0.743 0.688 —5.975 -10.615 —-7.576 —7.562 —12.279 —-9.959 0.045 0.065 0.067 0.022 0.010 0.014
VI 0.544 0.740 0.667 —6.788 —10.588 —7.409 —7.960 —12.333 —9.864 0.045 0.064 0.066 0.023 0.010 0.015
IX 0.339 0.896 0.883 —4.701 —7.647 —7.752 —6.582 -10.115 —-9.973 0.032 0.082 0.083 0.025 0.005 0.004
X 0.731 0529 0.862 —7.395 —5.915 -8.477 —8.600 —8.606 —10.818 0.060 0.050 0.080 0.013 0.018 0.006
Xl 0.785 0.513 0.855 —7.518 —5.607 —8.313 —8.708 —8.313 -—10.686 0.060 0.049 0.079 0.013 0.019 0.006
Xl 0.832 0.405 0.875 —8.818 —4.340 —8.025 —9.866 —7.396 —10.396 0.065 0.042 0.081 0.009 0.022 0.005
Xl 0.828 0.421 0.884 —9.007 —4.327 -—8.372 -10.007 —7.493 -10.535 0.065 0.043 0.081 0.009 0.022 0.005

aNICS in ppm and PDI in electrons.

TABLE 3. B3LYP/6-311+G(d,p) Aromaticity Indices for Unsubstituted Polycyclic Aromatic Hydrocarbons Related to Substituted Investigated

Specied
HOMA NICS(0) NICS(1) PDI FLU
ring 1 ring 2 ring 1 ring 2 ring 1 ring 2 ring 1 ring 2 ring 1 ring 2
benzene 0.990 —8.039 —10.217 0.103 0.000
naphthalene 0.784 —8.407 —10.482 0.075 0.009
anthracene 0.629 0.720 —7.481 —11.152 —9.722 —12.792 0.065 0.065 0.016 0.010
phenanthrene 0.868 0.460 —8.513 —5.412 —10.680 —8.205 0.081 0.046 0.005 0.081

aNICS in ppm and PDI in electrons.

0.

0.
Sy u
/:0 /5
a b
O. O.
Z “q ZZ
| |
(o] (o]
c d

FIGURE 5. Clar structures for specidd andIV.

the values of local aromaticity indices which in general indicate
a slight reduction of the aromaticity for the two rings.

In the case oflV, aromaticity indices clearly indicate the

All the compounds which belong to the first group, that is, those
with a RAHB weaker than compoundll , Il , andV1), present

a similar behavior in the aromatic character change. For these
systems, there is weakly differentiated aromatic character of all
rings. In selected cases, the substituted rings seem to be even
more aromatic than unsubstituted ones, which confirms that
both substituent effect and resonance effect within the extra
ring formed because of the RAHB formation are mutually
cooperating. Compounds belonging to the second group, that
is, those with a stronger RAHB than that of the reference
compound K, V, VII, and VIl ), present the substituted
rings significantly less aromatic than unsubstituted ones. This
fact again indicates the same direction of both mesomeric
effects. It is worth mentioning that the HOMA results fdgr

are in line with those obtained for 2-hydroxyacetonaphthone
by Filarowski et alt”

Let us also note the slightly larg&gs value forV and VIl
as compared to those fov andVIl , respectively, despite the
slightly shorter (O)H:-O and Q--O distances and somewhat

substituted ring as the less aromatic and the unsubstituted ringlarger6(O,H) in IV and VIl (see Table 1), which support the

as the one with the localized Clarsextet. This seems to be in
excellent agreement with observations madelfor There is
now a localized double CC bond linking substituted carbon
atoms for structurel. Structured is now favored as compared
to ¢ in the closed cis form since in the former the H-bond is
assisted by the twa-electrons localized in the double CC bond
linking substituted carbon atoms, while in the latter the H-bond
is assisted by the six-electrons which are delocalized over
the whole ring and less available for assisting the H-bond. In
this case,t-electrons accessible for the RAHB are similar to
those in reference compounhdand the RAHB in this species,
measured both b¥qr as well as geometrical parameters of
H-bridge, seems to be stronger than in speties

This philosophy has application for all of the systems with a
migrating Clarz-sextet, that is, for systems froti to VIII .
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formation of a stronger HB for these species as compar& to
and VIII , respectively. We attribute this fact to the larger
H---H repulsive interactions present in the open cis conformer
when the hydroxyl substituent is jf position with respect to

a C atom of a &C bridge (as irv, VIII , IX, andXI isomers),
which is translated into largei values because of the open
cis conformer destabilization and not because of stronger
H-bonding. This effect will also explain the largEgi value

of Xl in comparison withX. We note in passing that the
differences caused by these-HH repulsive interactions are
minor (compareEgi values oflV vsV, VII vsVIII , or X vs

XI) as expected from the fact that, for instance, in biphenyl the
difference between the planar structure (with twe-H contacts
separated by about 2 A) and the most stable conformer is only
1.4 kcal mot1.5556
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a b

FIGURE 6. Most important resonance structures and Clar structure for phenanthrene together with its B3LYP&{p)L C-C bond lengths
(in A).

An interesting situation occurs in the case of all phenanthrene 016 —
derivatives. As was previously mentioned, phenanthrene is an |

example of a hydrocarbon with a single stable Clar structure T Vil
where the inner ring is significantly less aromatic than the lateral |

ones. Moreover it has strongly localized double bond linking 012 Ve
carbon atoms placed in positions 9 and 10. According to ) X,
previous observations, if the inner ring is substituted (the case Xl

of IX) then both the substituent effect and the effect of the
resonance within the extra ring are additionally stabilizing the
only Clar structure. It is worth noting that, among the species
analyzed|X shows the greatedy value in agreement with
the fact that the twar electrons of the double C(9)C(10) bond 0.04 — |

linking substituted carbon atoms in this system are particularly s |

well localized and that formation of extra ring additionally b

stabilizes the only possible Clar structure. However, if one of |

the lateral rings is substituted, additional effects disturb the 0 — fire

aromatic character of this ring, analogously as it takes place in |

benzene derivatives, leading to a decrease of aromaticity of this vie

ring in comparison with the next lateral ring. Nevertheless, this |

ring is still more aromatic than the inner one. In other words, 004 ' [ T I ' [ ' [ T |
influence of both resonance effects is mainly limited to the 8 1 oM 16 18
substituted ring, since the stability of the only Clar structure is “

making the transfer of thes‘? eﬁects to adjacenF rings diﬁicglt. FIGURE 7. Plot of %APDI vs Egir values for all species studied.
For these phenanthrene derivatives substituted in the outer rings its of energy are kcal mot.

we have two different situations. On one hand, one is represented

by Xl and Xlll for which the RAHB is weaker than in

compound, and, on the other hand, compountiandXl have  RAHB is stronger than that of the reference compouinéf

a RAHB stronger than that of malonaldehyde. The difference thjs is not possible (as ifi, Il , VI, XIl, andXlll ), then the
can be explained by taking into account that the two resonanceclosed cis conformer favors the RAHB by increasing the weight
structures that lead to the Clar structure are not equally of the resonance structures wittresextet localized in the ipso
important. From the B3LYP/6-3HG(d,p) bond lengths of  ring 1. As a consequence, the RAHB is weaker than that of the
phenanthrene in Figure 6, it is clear that structufes a larger  reference compound Thus the mesomeric effect is operative
contribution than structure in the final wave function. Taking  in all cases, but its magnitude is larger when the substituents
structurea as the most important in phenanthrene, we have that jnteract with a localized double CC bond linking substituted
for XIl and XIll we need the sixt-electrons delocalized in  carbon atoms. As far as the aromaticity of ring 1 is concerned,
ring 1 to assist the formation of the H-bond as in compound there is a clear loss of local aromaticity for the former group of
Il . Thus, for these systems, aromaticity in ring 1 remains the systems, while for the latter there is a small gain or a minor

same as in the unsubstituted phenanthrene or even increasess of local aromaticity in ring 1 as compared to unsubstituted
slightly. On the other hand, in speci¥sand XI the RAHB species.

can be assisted by the twoelectrons localized in the double In the previous paragraphs, we have based our analysis on
CC bond linking substituted carbon atoms. This leads {0 a {he influence of the local aromaticity of the ipso ring over the
stronger RAHB than in the reference compound and to & RaHB strength on qualitative arguments based on Clar struc-
significant loss and gain of aromaticity in rings 1 and 2, yres. Figure 7 shows that this relation is indeed quantitative.
respectively. _ - As an energetic measure of the RAHB formation we use the

In summary, the closed cis conformer stabilizes the RAHB gnerqy difference between the closed cis form and the open cis
by increasing the weight of the KeKulstructures with a  gyycture Egy), while as an indication of the change of local
localized double CC bond linking substituted carbon atoms. If aromaticity of ring 1 we consider the percentage of the PDI
this is possible (as if, V, VI, VIl , IX, X, andXI) thenthe  yaqyction when going from open cis to closed cis form (PDI
. : . ~values for the open cis form can be found in the Supporting
S 855%2%2?”'ngeM”élAét?Scst“fg;g”i%?gg%"“* L.; Cyvin, B.N.;Cyvin,  |nformation). Such a relation (with a linear correlation coef-

' (56) Poater, J.; SojaVl.; Bickelhaupt, F. M.Chem—Eur. J. 2006 12, ficient o_f r? = 0.95) is shown in Figure 7, where again a clear
2889-2895. separation into two groups can be noticed.

0.08 — |

%APDI
1
.
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4. Conclusions which this effect of stabilization is relatively weaker than in
the case of reference species, for which onlglectrons coming
from a localized Clarr-sextet can be involved in the resonance-
assisted hydrogen bond. As far as the aromaticity of substituted
ipso ring 1 is concerned, there is a clear loss of aromaticity for
he former group of systems, while for the latter group we find

minor change of local aromaticity in ring 1. It has been also
shown that the change in local aromaticity of the substituted
rk)so ring 1 is linearly related to the strength of the RAHB
formed.

It has been shown that mesomeric (resonance) effects
proceeding in molecules of the investigated series of substituted
polycyclic hydrocarbons has a large impact on electron distribu-
tion within the entire group of molecules. This impact is clearly
stronger for those species for which the resonance assiste
hydrogen bond can be considered. It is worth mentioning that,
except for a few reports, usually the resonance assisted hydroge
bonds are considered as mainly a local phenomenon limited
for atoms directly involved in H-bonding. From the presented
materials, the conclusion arises that both the substituent effect Acknowledgment. Financial help has been furnished by the
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