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Resonance effects are known to affect vibrational spectra and electrochemical properties of substituted quinones.
On the basis of the results of density functional calculations performed on several singly substituted 1,4-
benzoquinones, we propose an extended resonance model which can account for the most prominent substituent
effects onto the force constants of carbon-carbon and carbon-oxygen bonds. The calculations show that the
two proposed resonance mechanisms are closely coupled. This interplay of the two effects renders a quantitative
prediction of force constants of substituted 1,4-benzoquinone difficult. We nevertheless can give some simple
rules which in many cases can give a good estimate for expected force constant changes upon substitution of
1,4-benzoquinone.

Introduction

Quinones play an important role in electron-transfer processes
of photosynthetic bacterial reaction centers.1-3 Mesomeric
resonance effects have long been considered to play an important
role on carbonyl frequencies and redox potentials of substituted
1,4-benzoquinone.4 A quantitative model for the prediction of
carbonyl infrared frequencies of substituted quinones had been
postulated several years ago.5 The frequency change of carbonyl
vibrations found upon addition of a substituent had been
attributed to the mesomeric effect introduced by this substituent
in the case of the carbonyl group in meta position (distal CdO
bond) and to steric and inductive effects caused by the
substituent in the case of the carbonyl bond in ortho position
(proximal CdO bond). Our computational investigations of 1,4-
benzoquinone6 and of methoxy- and methyl-substitutedp-
benzoquinones7,8 allowed us to study quantitatively the effects
of different substituents and different substituent orientations
on structure, force constants, and vibrational frequencies.

In the case of 2-methoxy-1,4-benzoquinone9 we have found
two stable, planar conformers which differ in their orientation
of the methoxy group as shown in Figure 1. We have analyzed
the more stable conformer, conformera, which has its methoxy
group pointing away from the proximal carbonyl group. The
changes in the force constants of bonds R2, R3, and R10 could
be readily explained with the resonance structure depicted in
Figure 3. At that stage, however, we were not able to explain
the strengthening of bond R7 and the weakening of bond R1.
We have also investigated how the CdO and CdC force
constants change upon rotation of the methoxy group. Upon a
rotation by 90°, we found a reduction of the force constant of
the proximal carbonyl group and an increase of the force
constants of the distal carbonyl group as well as of the carbon-
carbon double bond C2dC3. The findings for bonds R2 and
R10 were consistent with a breakdown of resonance effects
resulting from the out-of-plane rotation of the methoxy group.
Upon further rotation of the methoxy group and thus upon
transforming conformera into conformerb, the force constants
of the carbon-carbon double bond and of the distal carbonyl

group decreased again which is in line with the resonance model
depicted in Figure 3.5,9 The force constant of the proximal
carbonyl group C1dO7, however, continued to decrease. While
the simple resonance model of Figure 3 could well explain the
behavior of the force constants R2 and R10 during the rotation
of the methoxy group, it fails to predict the observed changes
of the force constant of R7.

In the case of 2,3-dimethoxy-1,4-benzoquinone9 we have
found a stable conformation with both methoxy groups oriented
in the ring plane and pointing toward the corresponding proximal
carbonyl group. This structure had been postulated to be
stabilized through the formation of weak internal hydrogen
bonds. Our calculations predicted vibrational frequencies for
this planar conformer which clearly disagree with all available
experimental data. We have explained these findings with a
destabilization of the planar structure due to the formation of
hydrogen bonds with solvent molecules or with amino acids or
other cofactors in a protein. Such external hydrogen bonds can
be expected to be energetically more favorable than the proposed
internal hydrogen bonds.

A more detailed analysis of the bond lengths of unsubstituted
1,4-benzoquinone suggested, that resonance effects are already
present in the unsubstituted molecule.9 Such resonance structures
weaken carbon-carbon and carbon-oxygen double bonds and
strengthen carbon-carbon single bonds. Some of these reso-
nance structures are depicted in Figure 4a,1-5. This suggestion
led us to extend the resonance model in our investigation on
methyl substituted 1,4-benzoquinones8 by including the reso-
nance structure depicted in Figure 4b,6′. Besides the previously
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Figure 1. Stable conformers of 2-methoxy-1,4-benzoquinone (X)
O, Y ) CH3), 2-methyl-1,4-benzoquinone (X) CH2, Y ) H), 2-ethyl-
1,4-benzoquinone (X) CH2, Y ) CH3), 2-hydroxy-1,4-benzoquinone
(X ) O, Y ) H), and 2-hydroxymethyl-1,4-benzoquinone (X) CH2,
Y ) OH).
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discussed weakening of bonds R2 and R10 and strengthening
of bond R3, resonance structure6′ also explains the strengthen-
ing of bond R7 and the weakening of bond R1. All substituent
effects on the force constants of the CC and CO bonds we have
found in conformera of 2-methoxy-1,4-benzoquinone could thus
be explained with the extended resonance model in Figure 4b.
The reduction of the force constant of bond R7 upon rotation
of the methoxy group of 2-methoxy-1,4-benzoquinone from
conformer a to conformer b, however, could still not be
understood with this model.

For 2-methyl-1,4-benzoquinone, we found an increase of the
force constants of bonds R1 and R3 and a decrease of the force
constants of bonds R2, R7, and R10. While the effects on bonds

R1, R2, R3, and R10 could be explained with the electronic
resonance effect, we had, in agreement with the literature,5 to
postulate a steric effect in order to explain the weakening of
bond R7. This same steric effect could also be taken to explain
the observed decrease of the force constant of the proximal Cd
O bond in conformerb of 2-methoxy-1,4-benzoquinone.

On the basis of additional computational investigations, we
propose in this contribution a more general resonance model
for substituted 1,4-benzoquinones which can account for all
substituent effects without having to introduce a not-well-defined
sterical effect. We could moreover derive some simple empirical
rules which allow a rough prediction of how force constants
are expected to change upon addition of a substituent to 1,4-
benzoquinone.

Methods of Calculation

Density functional calculations were carried out with the
program GAUSSIAN94.10 The Becke exchange functional,11

combined with the gradient corrected correlation functional of
Perdew,12 was applied (denoted as BP86). The 6-31G** basis
set13 was chosen for all calculations.

The quantum chemically derived Cartesian force constant
matrixes were then read into the program GAMESS14 which

Figure 2. Minimized structures of 2-methoxy-1,4-benzoquinone, 2-methyl-1,4-benzoquinone, 2-ethyl-1,4-benzoquinone, 2-hydroxy-1,4-benzoquinone,
and 2-hydroxymethyl-1,4-benzoquinone. For every molecule, conformersa andb are denoted in the figure and the relative energies of the conformers
are given in kJ/mol.

Figure 3. Simple resonance model which can explain the most
dominant effects on structure and force constants upon methoxy
substitution of 1,4-benzoquinone.
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was employed to compute normal modes, force constants of
internal coordinates and total energy distributions in order to
assign the normal vibrations.15,16The set of internal coordinates
chosen for this process basically corresponds to the one applied
in earlier studies on benzene17 andp-benzoquinone.18 Valence
coordinates and internal coordinates are defined in the corre-
sponding references.8,9

The definition of the conformersa andb is given in Figure
1. Y can be an atom (a proton in 2-methyl- and 2-hydroxyl-
1,4-benzoquinone) or a group (CH3 in 2-methoxy- and 2-ethyl-
1,4-benzoquinone or OH in 2-hydroxymethyl-1,4-benzoquino-
ne). In conformera Y points away from the proximal carbonyl
group and disables strong internal hydrogen bonding while in
conformerb Y points toward the carbonyl group and strong
internal hydrogen bonding is possible. On the basis of our
findings in 2-methoxy-1,4-benzoquinone, all molecules were
first constrained to Cs symmetry during minimization. One
imaginary frequency had been found in the planar conformers
b of 2-ethyl-1,4-benzoquinone and 2-hydroxymethyl-1,4-ben-
zoquinone. These two molecules were therefore additionally
minimized without applying symmetry constraints. The resulting
structures still exhibit internal hydrogen bonding; the CdO H
interactions are, however, weaker than in the planar structures.
All minimized structures are shown in Figure 2. Conformersa
andb of each molecule are denoted in the figure, and the relative
energies of the conformers are given in kJ/mol. Structural
parameters discussed in this contribution are depicted in Figure
3. Molecular structures have been visualized using the program
MacMolPlot.19

Results and Discussion

Two stable conformations had been determined in the case
of 2-methoxy-1,4-benzoquinone. Both conformations are planar.
In the more stable conformer (conformera), the methoxy group
is pointing away from the carbonyl group in ortho position,
while in the second conformer (conformerb), sterical interac-
tions between methoxy and carbonyl groups are believed to
cause the higher energy. The calculated force constants of CC

and CO bonds of both conformers are listed in Table 1. With a
more detailed resonance model which is based on the mesomeric
resonance structures of the unsubstituted 1,4-benzoquinone but
also includes the dominant additional resonance structure
attributable to the substituent at position 2 (see Figure 4b), the
force constants found for conformera can be well understood.
Resonance structure6′ which is caused by the substituent
strengthens bonds R7 and R3 and weakens bonds R1, R2, and
R10. This resonance structure thus explains the previously not
understood significant strengthening of R7. The vibrational
frequencies determined with this set of force constants agree
well with experimental vibrational frequencies. The more stable
conformera therefore most likely corresponds to the structure
which is found in solution.9 Conformerb, however, is a possible
stable conformation in 2,3-disubstituted quinones.9,20,21 Even
though the same resonance effects should be effective as in
conformera, a considerably smaller force constant of bond R7
is predicted in conformerb than that in conformera. This force
constant is even smaller than the corresponding force constant
in 1,4-benzoquinone. We explain this significant weakening of
bond R7 by introducing internal hydrogen bonding which,
compared to 1,4-benzoquinone, stabilizes resonance structures
2-5, yielding structures2′′ to 5′′ depicted in Figure 4c. We
refer to this mechanism in the following as hydrogen bonding.
Resonance structures2′′-5′′ make clear that the proposed
internal hydrogen bonding cannot only explain the significant
weakening of bond R7 compared to 1,4-benzoquinone but also
weaker effects such as the strengthening of bonds R1 and R3
and the weakening of bonds R2 and R10. Analysis of the
resonance structures shown in Figure 4 leads us to summarize
the expected effect of a substituent on the force constants of
the bonds R1, R2, R3, R7, and R10 as presented in Table 2.
The two mechanisms thus affect the force constants of bonds
R2, R3, and R10 in the same direction while they are of opposite
sign for bonds R1 and R7. This explains the larger force
constants for bonds R1 and R3 and the smaller force constants
for bonds R2, R7, and R10 in conformerb of 2-methoxy-1,4-
benzoquinone compared to its more stable conformer. We will,

Figure 4. (a) Resonance structures which account for CC and CO bond lengths in 1,4-benzoquinone. (b) Extended resonance model which can
additionally explain substituent effects on bond lengths and stretching force constants of bonds R1 and R7 (resonance effect). (c) Resonance
structures due to the formation of internal hydrogen bonds as proposed in the present contribution (hydrogen bonding).
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in the following, however, demonstrate that the two mechanisms
are not independent of each other and thus not simply additive.

In the case of methyl-substituted 1,4-benzoquinone,8 only a
weak resonance effect can be expected which should be of
similar size in both conformersa andb. The differences of the
corresponding calculated force constants are, indeed, small. The
force constant of the proximal carbonyl group is considerably
smaller in 2-methyl-1,4-benzoquinone than that in conformer
a of 2-methoxy-1,4-benzoquinone. This can be explained with
the much weaker resonance effect a-CH3 group causes
compared to that which can be expected of an-OY group. It
is, however, even slightly smaller than the corresponding force
constant in 1,4-benzoquinone. Even though the resonance effect
is weak it should still result in an increase of the force constant
of the bond C1dO7. The calculated decrease of this force
constant is thus consistent with the suggested internal hydrogen
bonding which, in the case of the methylated quinone, is
certainly weak but exists in both conformers. We find that
hydrogen bonding is slightly stronger in conformerb than in
conformera. Conformationb is the more stable conformation
in 2,3-dimethyl-1,4-benzoquinone and in duroquinone which
both show CdO stretching frequencies at lower energy than
they are found in molecules having methyl groups in conforma-
tion a.8 These experimental findings are thus in agreement with
our model.

Inspection of the force constants of 2-methoxy-1,4-benzo-
quinone leads us to believe that bond R7 is more strongly
affected by internal hydrogen bonding than by the resonance
effect. The behavior of bonds R1 and R2 does not seem to be
clearly predictable. In 2-methoxy-1,4-benzoquinone hydrogen
bonding introduces a small reduction of the force constant of
R1. On the other hand, the slightly stronger internal hydrogen
bonding in conformerb of 2-methyl-1,4-benzoquinone slightly
increases the same force constant. In both molecules, bond R2
seems to be only little affected by hydrogen bonding. We find
a small decrease of the force constant of R2 of 0.062 and 0.021
mdyn/Å in 2-methyl- and 2-methoxy-1,4-benzoquinone, respec-
tively. We assume that the two mechanisms, i.e., resonance
effect and hydrogen bonding, are not independent and that
smaller effects such as those found for bonds R1 and R2 cannot
be predicted unambiguously.

Although hydrogen bonding generally stabilizes a molecular
structure, conformerb of 2-methoxy-1,4-benzoquinone is less
stable than conformera. Also in 2-methyl-1,4-benzoquinone
we have stated that a stronger internal hydrogen bond is found
in the slightly less stable conformerb than in conformera. To
explain these findings we have in a recent contribution compared
the structures of a planar 2-methoxy-3-methyl-1,4-benzoquinone
and a complex of 3-methyl-1,4-benzoquinone with methanol.21

We have found that the CdO H distance in 2-methoxy-3-
methyl-1,4-benzoquinone is more than 0.6 Å shorter than the
distance in the complex. Sterical constraints thus cause the
formation of nonideal, too short hydrogen bonds which raiseT
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TABLE 2. Summary of the Effect of Resonance Effects and
Hydrogen Bonding on Selected Force Constants

parameter
no

resonances
resonances in

1,4-benzoquinone

resonance effect
because of
substituent

hydrogen
bonding

R1 C-C +a - +
R2 CdC - - -
R3 C-C + + +
R7 CdO - + -
R10 CdO - - -
a + refers to a strengthening of a bond and- refers to a weakening.
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the energy but might on the other hand increase the weight of
resonance structures2′′-5′′ in Figure 4c.

To confirm our model we have carried out calculations on
2-hydroxy-1,4-benzoquinone and 2-hydroxymethyl-1,4-benzo-
quinone which are expected to form stronger internal hydrogen
bonds in conformationb than those in the previously discussed
molecules. While 2-hydroxy-1,4-benzoquinone is expected to
show a strong hydrogen bonding and a strong resonance effect,
internal hydrogen bonding should be clearly dominant in
conformerb of 2-hydroxymethyl-1,4-benzoquinone. As in the
case of 2-methoxy- and 2-methyl-1,4-benzoquinone we find two
stable conformations for both molecules corresponding to
conformersa andb in Figure 1. The calculated force constants
are listed in Table 1.

In conformera of 2-hydroxy-1,4-benzoquinone we find an
increase of the force constants of bonds R7 and R3 and a
decrease of the force constants of bonds R1, R2, and R10
compared to the force constants of 1,4-benzoquinone. These
effects are thus correctly predicted by the resonance model
shown in Figure 4b. As should be expected, the resonance effect
caused by the oxygen atom of the substituent is of similar size
in conformersa of 2-methoxy-1,4-benzoquinone and 2-hydroxy-
1,4-benzoquinone which results in similar force constants. In
conformer b of 2-hydroxy-1,4-benzoquinone strong internal
hydrogen bonding reduces the force constants of bonds R7 and
R10 and increases those of bonds R1 and R3. All these effects
are correctly predicted by the proposed hydrogen bonding in
Figure 4c. The force constant of bond R2, however, is only
weakly affected by this combination of strong hydrogen bonding
and strong resonance effect. This finding supports the previously
made suggestion that the two resonance mechanisms are not
independent.

Only a weak resonance effect can be expected in 2-hy-
droxymethyl-1,4-benzoquinone. For conformera which also
lacks strong internal hydrogen bonds, the calculated force
constants are similar to those calculated for the two conformers
of 2-methyl-1,4-benzoquinone. In conformerb, however, we
find a strong internal hydrogen bond, which, according to Figure
4c and Table 2 results in an increase of the force constants of
bonds R1 and R3 and a decrease of the force constants of bonds
R2 and R7. No effect on bond R10 is, however, found. In the
case of the symmetry constrained planar structure of conformer
b, even stronger effects are found. Here, the calculated force
constants are 4.555, 8.174, 4.508, 10.755, and 11.240 mdyn/Å
for bonds R1, R2, R3, R7, and R10, respectively. These findings
thus support the suggestion made above that short hydrogen
bonds which are caused by sterical constraints might raise the
weight of resonance structures2′′-5′′. Since hydrogen bonding
is clearly dominant in this molecule, our calculated force
constants are in good agreement with the predicted effects on
the force constants upon hydrogen bonding as summarized in
Table 2.

Several times above we have stated that resonance effect and
hydrogen bonding are most likely not independent. As soon as
resonance effect and hydrogen bonding occur simultaneously
the net effect on a force constant is not simply the sum of effects
expected by either resonance or hydrogen bonding. This is nicely
illustrated when we compare 2-methoxy-1,4-benzoquinone and
2-ethyl-1,4-benzoquinone (the force constants of the latter
molecule are also included in Table 1). In conformationa the
strong resonance in 2-methoxy-1,4-benzoquinone increases the
force constant of R7 by 0.325 mdyn/Å and reduces that of R10
by 0.226 mdyn/Å. A comparable resonance effect can also be
expected in conformerb. If that assumption is correct, internal

hydrogen bonding caused by the methoxy substituent reduces
the force constant of R7 by 0.39 mdyn/Å and increases that of
R10 by 0.15 mdyn/Å. In conformera of 2-ethyl-1,4-benzo-
quinone, the force constants of both carbonyl bonds are only
slightly affected due to a weak resonance effect and weak
hydrogen bonding. A methyl group is not expected to differ
dramatically from a methoxy group with respect to its ability
of forming hydrogen bonds. Nevertheless the CdO force
constants of both conformers of 2-ethyl-1,4-benzoquinone differ
only very slightly, i.e., the hydrogen bond formed by the methyl
group is considerably weaker than that formed by the methoxy
group. The calculations thus suggest that a strong resonance
effect allows for a strong internal hydrogen bonding in the case
of conformerb. Hydrogen bonding therefore tends to compen-
sate for the resonance effect.

Density functional methods have shown to very accurately
predict force constant changes caused by addition of a substitu-
ent to 1,4-benzoquinone. However, for many cases it would be
desirable to have some simple empirical rules for the prediction
of such force constant changes. Although the previously
discussed coupling of the two mechanisms makes this task
difficult we can give the following crude rules.

(R1) The force constant decreases by 0.25 mdyn/Å upon
-OY substitution in conformationa (pure resonance effect).
Upon -CH2 OH substitution in conformationb, the force
constant increases by 0.1 mdyn/Å (almost pure hydrogen
bonding). Upon-CH2 Y (Y ) H, CH3) substitution the force
constant decreases by 0.1-0.2 mdyn/Å. Compared to conformer
a, an increase by 0.15 or 0.5 mdyn/Å is found upon hydrogen
bonding with an-OH group forming either a five- or six-
membered ring.

(R2) The force constant is generally reduced upon substitution
(see also Table 2). Upon-OY substitution a reduction of 0.5-
0.7 mdyn/Å is found independent of the substituents conforma-
tion. Upon-CH2-OH or -CH2-CH3 substitution in confor-
mation a, the force constant decreases by about 0.3 mdyn/Å.
Upon-CH2-OH or -CH2-CH3 substitution in conformation
b, a decrease of 0.25-0.5 mdyn/Å can be expected.

(R3) The force constant generally increases upon substitution
(see also Table 2). An-OY substitution in conformationa
causes an increase of 0.4 mdyn/Å. Upon-CH2 Y substitution
in conformationa, the force constant increases by 0.15 mdyn/
Å. A large increase of 0.55 mdyn/Å can be expected upon-OY
substitution combined with-OH or -CH hydrogen bonding.

(R7) The force constant increases by 0.3 mdyn/Å upon-OY
substitution and stays nearly unaffected upon-CH2 Y substitu-
tion in conformationa. Upon-O-CH3 substitution, the force
constant of conformerb is 0.4 mdyn/Å smaller than that of
conformera. Upon-O-H or -CH2-OH substitution, the force
constant of conformerb is 0.3-0.6 mdyn/Å smaller than that
of conformera.

(R10) The force constant is generally reduced upon substitu-
tion (see also Table 2). An oxygen atom connected to the ring
such that no hydrogen bonds can be formed reduces the force
constant by 0.2 mdyn/Å. An oxygen atom connected to the ring
combined with any type of hydrogen bonding reduces the force
constant by 0.25-0.35 mdyn/Å. A-CH2 Y substituent forming
a hydrogen bond within a five-membered ring reduces the force
constant by 0.01 mdyn/Å. A larger reduction of 0.1-0.15
mdyn/Å is found when the hydrogen bond is formed within a
six-membered ring.

These rules can only give some rough predictions of expected
force constant changes upon addition of a substituent to 1,4-
benzoquinone. Note that due to the coupling of the two
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mechanisms, we can in some cases only predict the effect of
hydrogen bonding in conformerb compared to that in conformer
a and not compared to that in the unsubstituted 1,4-benzo-
quinone. The most certain predictions are clearly those for
structures which exhibit either a dominant resonance mechanism
(-OR substituted ring in conformationa) or dominant internal
hydrogen bonding (-CR2 OH substitution in conformationb).
In molecules which show a strong resonance effect combined
with internal hydrogen bonding, on the other hand, the two
effects are so strongly coupled that force constant changes
compared to unsubstituted 1,4-benzoquinone cannot be predicted
reasonably.

To provide some information about a more direct observable
than force constants we close this paragraph with a short
discussion of selected bond lengths of the molecules discussed
above. Calculated bond lengths are listed in Table 3. A strong
resonance effect as found in conformersa of 2-methoxy-1,4-
benzoquinone or 2-hydroxy-1,4-benzoquinone elongates bonds
R1, R2, and R10 and shortens bonds R3 and R7 compared to
1,4-benzoquinone. Strong internal hydrogen bonding as it is
found in conformerb of 2-hydroxymethyl-1,4-benzoquinone
elongates predominantly the bond length of the CO double bond
R7 in agreement with its decreased force constant. Despite the
found increase of the force constant of bond R1 upon internal
hydrogen bonding, we find compared to conformera of this
molecule only a slight elongation of this bond. This can most
likely be attributed to sterical interactions attributable to the
formation of a six-membered ring upon hydrogen bonding. This
explanation is supported by a widening of the HO-C(H2)-ring
angle from 109.5° in conformera to 118.3° in conformerb.
Bonds R7 and R10 are generally lengthened upon hydrogen
bonding except in the methyl and ethyl substituted quinone
where they occasionally stay unchanged. Double bond R2 is
elongated in all molecules except in 2-hydroxy-1,4-benzo-
quinone, and single bond R3 is shortened in all cases upon
internal hydrogen-bond formation. Although the alterations of
bond lengths due to the resonance effect and internal hydrogen
bonding are often very small nearly all structural changes are
in agreement with the rules given in Table 2.

Conclusions

In this contribution we have presented a model which allows
a qualitative prediction of how the force constants of the CC
and CO bonds of 1,4-benzoquinone are affected upon addition
of a substituent. Using density functional methods we have
demonstrated that substituent effects on the vibrational spectrum
of 1,4-benzoquinone can be explained by a superposition of two
resonance mechanisms. One of these resonance mechanisms is
caused by an electronic interaction of the substituents p-orbital
with the delocalizedπ-system of the quinone ring. A second
type of resonance mechanism only occurs when internal
hydrogen bonds between the substituent the proximal carbonyl
group can be formed. This second effect efficiently reduces the
force constant of the proximal carbonyl group and is the main
source for findings which had previously been attributed to a
not-well-defined steric effect.

The two resonance mechanisms have found to be closely
coupled. A strong resonance effect increases the electron density
of the proximal carbonyl bond and thereby enhances its potential
as a hydrogen-bond acceptor. Upon hydrogen bonding, the very
same bond is however weakened such that the strengthening of
the proximal carbonyl bond attributable to a strong resonance
effect is basically neutralized by an enhanced internal hydrogen
bonding. Although the interference of the two mechanisms T
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makes the formulation of general rules about how a substituent
affects the force constants of the CC and CO bonds of 1,4-
benzoquinone difficult, we have been able to give some rough
estimates for such effects. In some cases and because of the
interplay of the two mechanisms, such rules cannot be formu-
lated relative to 1,4-benzoquinone but only relative to the other
conformer.
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