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The substituent effect in 4-substituted-1,2-benzoquinone is investigated by means of modeling using
B3LYP hybrid functional in conjunction with the 6-311+G(d,p) basis set. The interrelation between
different types of substituents, X = NO, NO,, CN, CHO, H, Me, OMe, OH, NH,, NHMe and
N(Me),, and both CO groups has been characterized both qualitatively and then quantitatively by
means of several measures of 7z-electron delocalization (HOMA, MCI, DI, FLU) based on structural
and electronic properties of 4-substituted-1,2-benzoquinones chosen for analysis. Results of this
analysis clearly show that only the meta-placed CO group is affected by substituents, whereas the
para-placed CO group is rather insensitive to substitution. These observations may help to explain
diversified chemical properties (including reactivity) of CO centers in o-benzoquinone derivatives.
Among others, they may explain differences in proton-accepting properties of carbonyl O atoms, as it
is shown for simple models in which carbonyl groups in o-benzoquinone act as proton acceptors in
H-bonds of O- - -H—F type.

Introduction

It has long been known that substituent effect from meta-
and para-positions differs in a dramatic way. Quantitatively

it was shown in a clear manner already by Hammett himself
in his fundamental monograph' by introducing two kinds of
substituent constants o, and o,,. Taft et al.? quantified this
difference by assuming that for para-substituent effect the

" Dedicated to the memory of Larry Schaad (1930—2009) and in recognition of
his outstanding contribution to theoretical organic chemistry.
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(1) Hammett, L. P. Physical Organic Chemistry; McGraw Hill: New
York, London, 1940; p 188.
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blend of resonance and inductive effect is ~1:1, whereas in
meta-substituent effect the contribution of resonance is
much lower, only ~33% of that for para one. More precise
analysis gave later a similar result.” In the last decades of the
20th century, the inductive effect has become frequently
identified not necessarily with a through bond but rather
through space interactions* based mostly on purely electro-
static interactions.” An important and interesting problem in
the field of research on substituent effects on chemical and
physicochemical properties is its transmission in X—R—Y
systems, i.e. from the substituent X through the moiety R to
the reaction/process site Y. Traditionally the transmission
factor of the substituent effect is considered numerically in
terms of reaction constants, p, the slope of the linear regres-
sion of a given physicochemical property on substituent
constants. The p constants depend on a distance between X
and Y, on the environment of the reaction/process (solvent
effect, see Reichardt®), on kind of the process’ and on the
nature of bonds linking these two groups.® In the case of
application of the Hammett-like equations to planar
molecules,” contributions due to the resonance and field
effects in the transmission factors may be roughly estimated.

The purpose of this paper is a special approach to the
transmission phenomenon of substituent effect by showing
how the meta- and para-type substitution, with respect to the
carbonyl groups (see Schemes 3 and 4), in o-benzoquinone
derivatives influences the properties of CO group. The other
issue is to investigate the communication’s routes of these
interactions. It may be studied by analyzing the bonds
linking the substituent in position 4 with carbonyl groups
in position 1 (para position) and in position 2 (meta position). It
has to be noted that in classical cases (e.g., X—Ph—Y-type
systems) the resonance effect of the substituent X on reaction
site Y is mostly acting for para- or para-type'®!'! positions,
whereas for meta type positions it is much weaker. This is
illustrated by Schemes 1 and 2 for benzaldehyde substituted
by electron-donating groups. Finally it will be shown how
these interactions affect properties of the ring in substituted
o-benzoquinone.

(2) (a) Taft, R. W. J. Phys. Chem. 1958, 64, 1805-1815. (b) Taft, R. W.;
Lewis, I. C. J. Am. Chem. Soc. 1958, 80, 2436-2443.

(3) Exner, O. In Advances in Linear Free Energy Relationships; Chapman,
N. B. Shorter, J., Eds; Plenum Press: London, 1972; Chapter 1, pp 1—69.

(4) (a) Bowden, K.; Grubbs, E. J. Chem. Soc. Rev. 1996, 25, 171-177. (b)
Exner, O.; Charton, M.; Galkin, V. J. Phys. Org. Chem. 1999, 12,289-289. (c)
Wiberg, K. B. J. Org. Chem. 2002, 67, 1613-1617.
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512. (b) Westheimer, F. H.; Kirkwood, J. G. J. Chem. Phys. 1938, 6, 513-517.

(6) Reichardt, Ch. Solvents and Solvent Effects in Organic Chemistry, 3rd
ed., Wiley-VCH: Weinheim, 2003.

(7) Jaffe, H. H. Chem. Rev. 1953, 53, 191-261.

(8) (a) Bowden, K. Can. J. Chem. 1963, 41,2781-2793. (b) Ritter,J. D. S.;
Miller, S. 1. J. Am. Chem. Soc. 1964, 86, 1507-1512. (¢) Zhdanov, Y. A.;
Minkin, V. I. Correlation Analysis in Organic Chemistry (in Russian), 1zd.
Rostovskogo Universiteta: Rostov, 1966. (d) Dayal, S. K.; Ehrenson, S.;
Taft, R. W. J. Am. Chem. Soc. 1972, 94, 9113-9122.

(9) (a) Hammett, L. P. Physical Organic Chemistry; McGraw-Hill: New
York, 1970; p 353 in Polish ed., PWN Warsaw, 1977. (b) Yukawa, Y; Tsuno,
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W. R. J. Chem. Soc. Perkin Trans. II 1977, 2033-2037. (d) Taft, W. R.;
Topsom, R. D. Prog. Phys. Org. Chem. 1988, 16, 1-83.

(10) Krygowski, T. M.; Palusiak, M.; Plonka, A.; Zachara—Horeglad,
J. E. J. Phys. Org. Chem. 2007, 20, 297-306.

(11) Palusiak, M.; Krygowski, T. M. New J. Chem. 2009, 33, 1753-1759.
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Chemistry, 2nd ed. Cornell University Press: Ithaca, London, 1969;
Chapter 2.

JOC Article

SCHEME 1. Interaction between 77-Electron-Donating
Substituent and Carbonyl Group for Para-Substituted
Benzaldehyde System
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SCHEME 2. Interaction between s7-Electron-Donating Substit-
uent and Carbonyl Group for Meta-Substituted Benzaldehyde
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SCHEME 3. Interaction between s7-Electron-Donating Substit-
uent and Carbonyl Group for Meta-Type Substitution in 4-X-1,2-
Benzoquinone
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Resonance theory'? applied to the problem considered in this
paper leads to structures presented in Schemes 3 and 4 showing
qualitatively a difference in s-electron interactions between
substituents X, electron-donating or electron-accepting, to
C10 and C20 groups (see Scheme 5 for atom numbering).

If the substituent is m-electron donating, the preferred
communication is only with C20 group as shown by reso-
nance effect presented in Scheme 3. In the case of an electron-
attracting substituent, it will compete with both carbonyl
groups, attracting electrons from the ring, and the formal
charge, due to resonance, will be located at C3. Note that in
both cases (Schemes 3 and 4) bond b2 (see Scheme 95) is not
involved in resonance effects of substituents with the carbonyl
groups. As seen from the schemes, neither s-electron-donating
nor electron-attracting substituents communicate with C10.

The purpose of this paper is to illustrate the presented
above difference in a more quantitative way, using quanti-
tative measures of zz-electron delocalization as: HOMA, 314
bond characteristics based on the quantum theory of atoms
in molecules (QTAIM),'® the aromatic fluctuation (FLU)
index,'® and the multicenter index (MCI),'” both being the

|

(13) Kruszewski, J.; Krygowski, T. M. Tetrahedron Lett. 1972, 3839—
3842.

(14) Krygowski, T. M. J. Inf. Comput. Sci. 1993, 33, 70-78.

(15) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Oxford
University Press: New York, 1990.

(16) Matito, E.; Duran, M.; Sola, M. J. Chem. Phys. 2005, 122, 014109.
Matito, E.; Duran, M.; Sola, M. J. Chem. Phys. 2006, 125,059901(Erratum).

J. Org. Chem. Vol. 76, No. 2, 2011 551



JOC Article

SCHEME 4. Interaction between 77-Electron-Attracting
Substituent and Carbonyl Group for Para-Type Substitution
in 4-X-1,2-Benzoquinone
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SCHEME 5. Labeling of Bonds and Atoms in 4-X-Substituted
Derivatives of 1,2-Benzoquinone; X = NO, NO,, CN, CHO, H,
Me, OMe, OH, NH,, NHMe, and N(Me),
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measures of electron density-based delocalization. Itis worth
noting that MCI has been recently proven to work correctly
for different series of aromatic systerns,18 and it can be
applied not only to rings but also to the analysis of fragments
of the ring, i.e. to the electronic delocalization in a certain
part of them.

Methodology

As an object of investigation the set of systems shown in
Scheme 5 was chosen. The full geometry optimization was
performed using B3LYP hybrid functional'® in conjunction
with 6-311G basis set?® with polarization and diffuse functions,
the latter included for non-hydrogen atoms only, i.e., 6-3114+G-
(d,p). For two o-benzoquinone derivatives (X = H and NMe»)
the formation of H-bonds with an external HF molecule were
studied. In this case, two types of H-bonded complexes were
analized: (i) assuming linearity C=0---H—F and (ii) without

(17) (a) Bultinck, P.; Rafat, M.; Ponec, R.; van Gheluwe, B.; Carbo-
Dorca, R.; Popelier, P. J. Phys. Chem. A 2006, 110, 7642-7648. (b) Bultinck,
P.; Ponec, R.; Van Damme, S. J. Phys. Org. Chem. 2005, 18, 706-718.

(18) (a) Feixas, F.; Matito, E.; Poater, J.; Sola, M. J. Comput. Chem. 2008,
29, 1543-1554. (b) Feixas, F.; Jiménez-Halla, J. O. C.; Matito, E.; Poater, J.;
Sola, M. J. Chem. Theory Comput. 2010, 6, 1118—1130.
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Devlin, F. J.; Chabalowski, C. F..; Frisch, M. I. J. Phys. Chem. 1994, 98,
11623-11627. (d) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chem. Phys.
Lett. 1989, 157, 200-206.

(20) (a) Krishnan, R.; Binkley, J. S..; Seeger, R.; Pople, J. A. J. Chem.
Phys. 1980, 72, 650-654. (b) McLean, A. D.; Chandler, G. S. J. Chem. Phys.
1980, 72, 5639-5648.

(21) 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.; Iyengar, 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.; 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, I.;
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, J. A. Gaussian 03, Revision C.02;
Gaussian, Inc.: Wallingford, CT, 2004.

552 J. Org. Chem. Vol. 76, No. 2, 2011

Szatytowicz et al.

SCHEME 6. Scheme of Homodesmotic Reaction Used for
Calculation of SESE

T O—U G

constraints. For optimized structures the frequency analysis was
performed in order to check whether all geometries correspond
to true ground-state stationary points. Gaussian 03*! set of
codes was used for this part of calculations.

The geometry-based index of aromaticity HOMA'* may
serve as a convenient, reliable,?” and easily accessible quantita-
tive measure of zz-electron delocalization® of the system (in the
ring). The formula for HOMA reads:

1 1 2
HOMA = 1- %; 0 (Ropt,i = Ry) (1)

where 7 is the number of bonds taken into the summation; o is a
normalization constant (for CC and CO bonds acc=257.7 and
oco=157.38) fixed to give HOMA =0 for a model nonaromatic
system and HOMA =1 for the system with all bonds equal to the
optimal value R, ; assumed to be realized for full aromatic
systems (for CC and CO bonds R cc is equal to 1.388 and
Ropi.co=1.265 A); R; denotes bond lengths taken into calcula-
tion.

In order to estimate the energy parameter corresponding to
the interaction between the given substituent and the carbonyl
groups the substituent effect stabilization energy (SESE)
approach was applied. The homodesmotic reaction chosen
for estimation of SESE values can be found in Scheme 6. All
SESE numerical data are collected in the Supporting Informa-
tion (SI).

For the optimized geometries a detailed analysis of the
electron distribution function was performed according to the
QTAIM proposed by R. F. W. Bader,"> using AIM2000**
program. The following parameters are discussed: electron
density measured at the bond critical point (BCP), ppcp, and
the values of the delocalization indices (DIs) and MCI. For
monodeterminantal wave functions the DI is given by:

N/2
O(A4,B) = 2 5;(4)S;(B) 6)

The summations in eq 2 run over all the spin-occupied
molecular orbitals. S;(4) is the overlap between molecular
orbitals i and j within the basin of atom A4 as defined by the
QTAIM partition (although other partitions can be used®).
O(A4,B) provides a quantitative idea of the number of electron
pairs delocalized or shared between atoms 4 and B. On the other
hand, the MCl is a particular extension of the /., index:?°

Ling(0) = > miye+niy Siiy (A1) Siyiy (A2) -+ - Siiy (An)

ity in - ey iy

3)

(22) Schleyer, P. v. R. Chem. Rev. 2001, 101, 1115-1117.

(23) Krygowski, T. M.; Cyranski, M. K. Chem. Rev. 2001, 101, 1385~
1419.

(24) (a) Biegler-Konig, F. W.; Bader, R. W. F.; Tang, T. H. J. Comput.
Chem. 1982, 3, 317-328. (b) Biegler-Konig, F. AIM2000, University of
Applied Sciences: Bielefeld, Germany, 2000.

(25) (a) Matito, E.; Poater, J.; Sola, M.; Duran, M.; Salvador, P. J. Phys.
Chem. A 2005, 109,9904-9910. (b) Matito, E.; Salvador, P.; Duran, M.; Sola,
M. J. Phys. Chem. A 2006, 110, 5108-5113.

(26) Giambiagi, M.; de Giambiagi, M. S.; dos Santos, C. D.; de Figueiredo,
A.P. Phys. Chem. Chem. Phys. 2000, 2, 3381-3392.
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n; being the occupancy of molecular orbital (MO)iand (={ 4,
A», ..., Ay } a string containing the set of N atoms forming the
ring structure. This expression is used both for closed-shell and
open-shell species.”” Summing up all the ILing values, resultin%
from the permutations of indices A1, 4, ..., Ay, the MCI index'
is defined as:

MCI(.A) = ﬁ > Ling(A) 4)
P(A)

where P(.{) stands for a permutation operator which inter-
changes the atomic labels 41, A», ..., A5 to generate up to the N!
permutations of the elements in the string . 1728 The Lijng and
MCI give a measure of the electronic delocalization among the
centers 4, A, ..., Ay. When computed in an aromatic ring, the
more positive the MCI, the more aromatic the ring. The analysis
of the delocalization in the ring by MCI has been complemented
with the calculation of the fluctuation index of aromaticity
(FLU),'® which measures the amount of electron sharing be-
tween contiguous atoms. It is defined as:

FLU(.{)
1y ( V() )“(a(A,-,A,-fl)—amfm,-,A,-,l)) i
N,‘:] V(Al'*l) 6rcf(A[aAifl)
©)
where Ay = Ay and V(A) is the atomic valence given by:
V(4;) = Z 0(4;, 4;) (6)

AjF#A;

and a is a simple function to make sure that the first termineq 5
is always greater or equal to 1, so it takes the values:

_ 1
«={

The 0,r(C,C) = 1.389 e, calculated from benzene at the
B3LYP/6-311++G(d,p) level, was used in the calculations.
FLU is close to 0 in aromatic species, and differs from it in
nonaromatic ones.

All calculations of the MCI and FLU indices have been
performed with the Gaussian 032! and AIMPAC?*** packages
of programs, at the B3LYP/6-311+G(d,p) level of theory.
Calculation of atomic overlap matrices (AOM) and computa-
tion of DIs and MCIs has been performed with the AIMPAC
and ESI-3D? collection of programs. Calculation of DIs with
the density functional theory (DFT) cannot be performed exactly
because the electron-pair density is not available at this level of
theory.’® As an approximation, we have used the Kohn—Sham
orbitals obtained from a DFT calculation to compute Hartree—
Fock-like DIs. The MCI values have also been obtained from
the Kohn—Sham orbitals using eqs 3 and 4.

VIA) > V(A
I/((A3)2V((/4,-_11)) Q)

Results and Discussion

There are two aspects of substituent effects affecting
4-substituted o-benzoquinone derivatives: (i) a problem of
communication between substituent X and both carbonyl

(27) Lain, L.; Torre, A.; Bochicchi, R. C.; Ponec, R. Chem. Phys. Lett.
2001, 346, 283-287.

(28) Cioslowski, J.; Matito, E.; Sola, M. J. Phys. Chem. A 2007, 111,
6521-6525.

(29) Matito, E. ESI-3D: Electron Sharing Indices Program for 3D Molec-
ular Space Partitioning (http://iqc.udg.edu/~eduard/ESI), Institute of Com-
putational Chemistry, Girona, 2006.

(30) Poater, J.; Sola, M.; Duran, M.; Fradera, X. Theor. Chem. Acc. 2002,
107, 362-371.
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FIGURE 1. Dependence of HOMA for transmission paths
OC2C3C4 (meta-type way) and OC1C6C5C4 (para-type way) on
substituent constants o (0, for electron-donating substituents and
for others op).
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FIGURE 2. Dependence of MCI for transmission paths
OC2C3C4Y and OC1C6C5C4 on substituent constants o (o, for
electron-donating substituents and for others op).

groups, and of indication of the route of communication,
and (ii) how the substituents affect the ;-electron delocaliza-
tion in the ring of benzoquinone. They present different
general phenomena and are considered in separate ways.

Communication between Substituent and the Carbonyl
Groups. Consider first the way in which s-electron delocali-
zation indices as HOMA,'"* MCI'” and FLU'® describe
communication paths between substituent X and both car-
bonyl groups: OC2C3C4 (meta-type way) and OC1C6C5C4
(para-type way), for labeling see Scheme 5. We assume that
for electron-donating substituents the appropriate substitu-
ent constants are 0p+ and for others oy, all taken from Taft et al.
review.?! Figures 1 and 2 present the scatter plots for these
relationships. Moreover, if the HOMA values are plotted
against the SESE (see Scheme 6), the latter correlate nicely
with 0, for electron-donating substituents and for others
op, by equation SESE = —5.44 ¢ — 0.023 with cc = —0.975
(Figure S1, SI), then HOMA vs SESE relationship is very
similar to that in Figure 1, see Figure S2 (SI).

As we see (Figures 1 and 2), both delocalization indices,
HOMA and MCI, applied to the path of meta-substitution
follow linear dependences with correlation coefficients
cc=—0.970 and —0.978, respectively. This shows a strong
increase of s-electron delocalization with an increase of the

(31) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.
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FIGURE 3. Dependence of CO bond lengths, dc—o, on substituent
constants o (0, " for electron-donating substituents and for others o,,).

electron-donating power of the substituent. The interaction
between the substituent and another carbonyl group —C10
is totally different. For this case we observe for HOMA a
weak and opposite dependence (cc = 0.836) and almost
constant values of MCI.

With respect to the tendencies given by MCI, it is worth
noting the change of sign of the MCI(OC2C3C4Y) values
with the increase of electron-donating power, which clearly
reinforces the idea of an important increase in the communica-
tion path between the O2 and the substituent with the 7-donor
character of the substituents. On the other hand, the fact that
MCI(OCIC6C5C4) remains constant, and with negative
values, proves the disconnection (lack of communication)
between Ol and the substituent. It has to be noted that for
the OC2C3C4 we have included the first atom (Y) of the X
substituent in the calculation of MCI in order to make the
two MCI values comparable (both OC2C3C4Y and
OCI1C6C5C4 refer to a S5-center delocalization index).

When we plot the CO bond lengths against substituent
constants o, and 0,,, we end up with a picture as in Figure 3.
As we see, in both cases (C10 and C20) the substituent
“works” in the same direction, but the bond length of C10 is
almost independent of the substituent effect (cc = —0.641)
with slope = —0.0005, whereas for C20 bond lengths the
slope of linear regression is ~10 times greater (—0.0046), with
cc=—0.975.

The electronic-based DI index has also been applied to
analyze the electronic delocalization for the two different CO
bonds as shown in Figure 4. As we see, the dependence of the
DIs on substituent constants 0,/0," is similar to that pre-
sented in Figure 3 for bond lengths, but with slopes of
opposite sign.

It is well-known that bond lengths correlate with the value
of electron density measured at the bond critical point (BCP)

(32) (a) Howard, S. T.; Krygowski, T. M. Can. J. Chem. 1997, 75, 1174~
1181. (b) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Clarendon
Press: Oxford, 1994. (c) Popelier, P. Atoms in Molecules: An Introduction;
Prentice Hall, Harlow: New York, 2000. (d) O’Brien, S. E.; Popelier, P. L. A.
Can. J. Chem. 1999, 77, 28-36. (¢) Bader, R. F. W.; Matta, C. F.; Cortés-
Guzman, F. Organometallics 2004, 23, 6253-6263. (f) Bader, R. F. W.;
Matta, C. F. Inorg. Chem. 2001, 40, 5603-5611. (g) Vidal, 1.; Melchor, S.;
Alkorta, I.; Elguero, J.; Sundberg, M. R.; Dobado, J. A. Organometallics
2006, 25, 5638-5647. (h) Palusiak, M. J. Organomet. Chem. 2007, 692, 3866—
3873. (i) Sobezyk, L.; Grabowski, S. J.; Krygowski, T. M. Chem. Rev. 2005,
105, 3513-3560. (j) Gonzdlez, L.; M6, O.; Ydnez, M.; Elguero, J. J. Mol.
Struct. 1996, 371, 1-10. (k) Espinosa, E.; Souhassou, M.; Lachekar, H.;
Lecomte, C. Acta Crystallogr., Sect. B1999, 55, 563-572. (1) Grabowski, S. J.
J. Phys. Chem. 4 2000, 104, 5551-5557. (m) Grabowski, S. J.; Dubis, A. T.;
Palusiak, M.; Leszczynski, J. J. Phys. Chem. B 2006, 110, 5875-5882.
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¢ C20
B C10

1.0

FIGURE 4. Correlation between the bonding DIs of C10 and C20
with substituent constants o (0, " for electron-donating substituents
and for others o,,); for C20 bond cc = 0.985.

of the given bond, pgcp.'®*? This relation is fulfilled in the
present case. The proper graphical representations can be
found in Figure S3 (SI), that presents the relation between
bond length and ppcp estimated for both CO bonds. The
same trend in variability is observed, but the range of
changes for C10 is much narrower than for C20. The latter
proves our earlier observations that the C10 bond is mostly
unchanged due to the presence of X, whereas the C20 one is
involved in the interaction with substituents X. A similar
observation comes from variability of charges on the oxygen
atoms O(C1) and O(C2), presented in Figure S5 (SI). The
stretching vibration of the carbonyl group shows also a
substantial difference for C1=0 and C2=0 ones, see Figure
S6 (SI). The interaction between X and a given CO group
occurs mostly due to the transfer of charge along the sequence
of covalent bonds linking X with CO. This is direct conse-
quence of m-conjugation between substituent and reaction
center in the ring. Thus, it is worth taking a look at electron
density at BCPs of bonds al, bl, and cl (see Scheme 5). The
relation between pgcp and bond lengths of these bonds can
be found in Figure S4 (SI). It can be seen that for bonds bl
and cl the range of diversity is relatively similar, but slightly
larger for cl, that is, for formally double bonds with
m-electrons which can be involved into direct interaction
with X. Clearly, the al bond is much less affected by the
interaction with X, which in turn proves that no direct
m-electron communication between both CO groups or
between C10 and X can be noticed. This may be explained
with the lack of 7-conjugation between C10 and X, but also
with the fact that both CO groups are electron-withdrawing
centers with strongly polarized C=0O bonds, in which the
carbon atoms possess partially positive atomic charges. This
explains also the relatively longer distances and lower values
of ppcp found for al bond (see Figure S4, SI).

One more argument comes from statistical analysis of
bond lengths in the system in question. Table S1 (SI) presents
the relevant data. When we look at the estimated standard
deviation (esd) values we see clearly that bonds involved in
resonance type of communication path between substituent
and CO group are characterized by much higher esd values,
forbl,cl,and C20 they are 0.015,0.011, and 0.005, respectively,
which may be compared with data for b2, ¢2, and C10:
0.002, 0.006, and 0.001. Delocalization due to resonance
substituent effect affects strongly bond lengths and this is
registered by their greater changeability described by esd-values.
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TABLE 1. Geometrical (in ;&) and Energetic (in kcal/mol) Parameters
of the O - - -H—F Hydrogen Bond in 4-X-0-Benzoquinone, where X = H,
and NMe, Linearity C=0O- - -H—F Is Assumed

4-X- Cl1=001---HH-FC2=00O---HH-F AEyp
4-H- 1.211 1.211
O---HF 1214 1.796 0.932 1.210 —7.21
4-NMe,- 1.211 1.221
Ol---HF 1.215 1.775 0.934 1.221 —8.17
02---HF 1.210 1.227 1.714 0.938 —10.17

HOMA =-0.0886:5- 1.373

-1.21

1.4

-15 T T
-2.0 -1.0 0.0 1.0

FIGURE 5. Dependence of aromaticity index HOMA of the ring
on substituent constants o (0, for electron-donating substituents
and for others o), cc = —0.930.

In order to present chemical consequences of substituent
effect on both carbonyl groups, their ability to form H-bond-
ingis considered. For that purpose, a method of approaching
HF molecule along line of CO bonds is carried out®® to find
an equilibrium complex. The computation was repeated for
all fully relaxed geometrical parameters. In this case two type
of H-bonded systems were found: with O---H—F turned
toward the nearest hydrogen atom (Table S2a, SI) and with
O---H—F turned toward the nearest oxygen atom (Table
S2b, SI). It should be noted that the former is stronger than the
latter. These studies are done for two cases: for a substituent
strongly electron-donating (X = NMe,) and for an unsub-
stituted molecule (X = H).

The results presented in Tables 1 and S2 (SI) show that the
strength of interactions depend on the type of carbonyl
group. In line with expectation, the weakest H-bond was
found for the unsubstituted complex. The electron-donating
power of the substituent (X = NMe,) increases strength of
intermolecular interactions. Moreover, the strongest H-bonding
is found for C20 in which Scheme 3 predicts negative charge
at oxygen atom.

Substituent Effect on the z-Electron Delocalization in the
Ring of Benzoquinone. When m-electron delocalization is
concerned for the whole ring, then we find again an accept-
able linear dependence of delocalization indices HOMA,
MCI, and FLU on substituent constants, as shown in
Figures 5—7 and numerically presented in Table S3 (SI).

As we see, all three indices, geometry-based HOMA and
electronic-based MCI and FLU applied to evaluate the
sr-electron delocalization (aromaticity) in the whole ring plotted
against substituent constants, present a like picture. That is,
the higher the electron-donating power of the substituent,

(33) Krygowski, T. M.; Zachara, J. E.; Szatylowicz, H. J. Phys. Org.
Chem. 2005, 18, 110-114.
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FIGURE 6. Correlation between electron-based aromaticity index
MCI of the ring and substituent constants o (0," for electron-
donating substituents and for others oy,), cc = —0.843.

0.077

0.074 -

FLU /a.u

0.071 A

-2.0 -1.0 0.0 1.0

FIGURE 7. Correlation between electron-based aromaticity index
FLU of the ring and substituent constants o (o, for electron-
donating substituents and for others op,), cc = 0.913.

the higher the electronic delocalization in the ring. In general,
however, all indices indicate that the six-membered ring in
o-benzoquinones is nonaromatic.

Conclusions

(1) Substituent effects in 4-substituted-1,2-benzoquinone
derivatives, described by simple resonance structures,
are documented quantitatively by the use of the
delocalization indices HOMA and MCI. Our results
indicate a clear increase of s-electron delocalization
via the C4C3C20 path with the increase in the
m-donor character of the substituent. This effect is
not seen for the C4C5C6C10 path.

(2) Comparison of meta- and para-substituted benzaldehyde
(Schemes 1 and 2) and the title compounds (Schemes 3
and 4) leads to a simple rule that, if the number of bonds
between an electron-accepting atom and an electron-
donating one is even (4 or 6), then the intramolecular
charge transfer is possible; i.e., the resonance effect
works. If the number of bonds is odd, then the resonance
route of communication is expressed very weakly.

(3) A negative charge predicted by the resonance struc-
ture for C20 is in line with a stronger H-bond formed
with C20 than with C10.

(4) Carbonyl groups C10 and C20 behave also in a
dramatically different way. The bond length and DI
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of C20 depend strongly on substituent constants,
whereas those of C10 show almost no dependence on
these constants.

(5) Aromaticity indices of the ring depend strongly on
substituent constants (o, " for electron-donating sub-
stituents and for others o,) and SESE values—the
more electron-donating the substituent, the more
aromatic the ring.

Acknowledgment. H.S. and T.M.K. gratefully acknowl-
edge the Interdisciplinary Center for Mathematical and
Computational Modeling (Warsaw, Poland) for providing
computer time and facilities and the Ministry of Science and
Higher Education of Poland for supporting this work under
the Grant No. N N204 127338. Financial help has been
furnished by the Spanish MICINN Project No. CTQ2008-
03077/BQU and by the Catalan DIUE through Project No.
2009SGR637. J.P. thanks the MICINN for the Ramén y
Cajal. Support for the research of M.S. was received through
the ICREA Academia 2009 prize for excellence in research

556 J. Org. Chem. Vol. 76, No. 2, 2011

Szatytowicz et al.

funded by the DIUE of the Generalitat de Catalunya. M.P.
acknowledges university Grant No. 505/721/R.

Supporting Information Available: Figures: SESE vs sub-
stituent constant, HOMA (of the ring and for transmission
paths: OC2C3C4 and OC1C6C5C4) vs SESE, electron density
at BCP for CO and CC bonds vs their bond lengths, and
Mulliken charges on the oxygen atoms and the frequency
stretching vibrations for both carbonyl groups vs substituent
constants. The tables contain: (S1) bond lengths, their mean
values, and estimated standard deviations for 4-X-0-benzo-
quinone; (S2) for the H-bonded complexes of the derivatives:
X = Hand NMe,, geometrical and energetic parameters of
the O- - -H—F hydrogen bond (results of the optimization
without constraints); and (S3) numerical characteristic of
m-electron delocalization for 4-X-o-benzoquinones. Car-
tesian coordinates and computed total energies of opti-
mized molecules and H-bonded complexes. This material
is available free of charge via the Internet at http://pubs.
acs.org.



