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A Generalized Resonance Model for Substituted 1,4-Benzoquinones
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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 carb@arbon and carbenoxygen 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 !
o o \
Quinones play an important role in electron-transfer processes T ., P
of photosynthetic bacterial reaction cent&rd. Mesomeric "2 — R2
resonance effects have long been considered to play an important - -
role on carbonyl frequencies and redox potentials of substituted moll mel
1,4-benzoquinong A quantitative model for the prediction of conformer a conformers

carbonyl infrared frequencies of substituted quinones had beengijgyre 1. Stable conformers of 2-methoxy-1,4-benzoguinone=(X
postulated several years atjbhe frequency change of carbonyl 0,y = CH;), 2-methyl-1,4-benzoquinone & CH,, Y = H), 2-ethyl-
vibrations found upon addition of a substituent had been 1,4-benzoquinone (% CH,, Y = CHa), 2-hydroxy-1,4-benzoquinone
attributed to the mesomeric effect introduced by this substituent (X = O, Y = H), and 2-hydroxymethyl-1,4-benzoquinone £XCH,

in the case of the carbonyl group in meta position (disteCC Y = OH).

bond) and to steric and inductive effects caused by the ) o .

substituent in the case of the carbonyl bond in ortho position 9roup decreased again which is in line with the resonance model
(proximal G=0 bond). Our computational investigations of 1,4- depicted in Figure 3° The force constant of the proximal
benzoquinone and of methoxy- and methyl-substitutqs carbqnyl group C£07, however, (_:ontlnued to decrease. Whlle
benzoquinonds allowed us to study quantitatively the effects the simple resonance model of Figure 3 could well explain the
of different substituents and different substituent orientations Pehavior of the force constants R2 and R10 during the rotation
on structure, force constants, and vibrational frequencies. of the methoxy group, it fails to predict the observed changes

In the case of 2-methoxy-1,4-benzoquinbme have found of the force constant Of_ RY. _

two stable, planar conformers which differ in their orientation ~ In the case of 2,3-dimethoxy-1,4-benzoquinbmee have
of the methoxy group as shown in Figure 1. We have analyzed found a stable conformation with both methoxy groups oriented
the more stable conformer, conforngemhich has its methoxy in the ring plane and pointing toward the corresponding proximal
group pointing away from the proximal carbonyl group. The carb_o_nyl group. This structu_re had been_ postulated to be
changes in the force constants of bonds R2, R3, and R10 couldStabilized through the formation of weak internal hydrogen
be readily explained with the resonance structure depicted in bonds. Our calculations predicted vibrational frequencies for
Figure 3. At that stage, however, we were not able to explain this planar conformer which clearly disagree with all available
the strengthening of bond R7 and the weakening of bond R1. experimental data. We have explained these findings with a
We have also investigated how the=O and G=C force destabilization of the planar structure due to the formation of
constants change upon rotation of the methoxy group. Upon ahydrogen bonds_ with solv_ent molecules or with amino acids or
rotation by 90, we found a reduction of the force constant of other cofactors in a protein. Such external hydrogen bonds can
the proximal carbonyl group and an increase of the force pe expected to be energetically more favorable than the proposed
constants of the distal carbonyl group as well as of the carbon  internal hydrogen bonds.
carbon double bond G2C3. The findings for bonds R2 and A more detailed analysis of the bond lengths of unsubstituted
R10 were consistent with a breakdown of resonance effects 1,4-benzoquinone suggested, that resonance effects are already
resulting from the out-of-plane rotation of the methoxy group. Presentin the unsubstituted molectiBuch resonance structures
Upon further rotation of the methoxy group and thus upon Weaken carboncarbon and carboroxygen double bonds and
transforming conformea into conformerb, the force constants ~ strengthen carbencarbon single bonds. Some of these reso-
of the carbor-carbon double bond and of the distal carbonyl nance structures are depicted in Figurel4gh. This suggestion

led us to extend the resonance model in our investigation on

t Present address: Instititrfvledizinische Optik, Ludwig-Maximilians- ~ Methyl substituted 1,4-benzoquinobésy including the reso-
Universitd, Oettingenstrasse 67, D-80538 Minen, Germany. nance structure depicted in Figure 8b,Besides the previously
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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, conforereerdb 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

R1, R2, R3, and R10 could be explained with the electronic
resonance effect, we had, in agreement with the liter&ttwe,
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 proxirral C
O bond in conformeb of 2-methoxy-1,4-benzoquinone.

On the basis of additional computational investigations, we

dominant effects on structure and force constants upon methoxy propose in this contribution a more general resonance model

substitution of 1,4-benzoquinone.

for substituted 1,4-benzoquinones which can account for all
substituent effects without having to introduce a not-well-defined

discussed weakening of bonds R2 and R10 and strengtheningsierica) effect. We could moreover derive some simple empirical
of bond R3, resonance structufealso explains the strengthen- 15 which allow a rough prediction of how force constants

ing of bond R7 and the weakening of bond R1. All substituent ¢ expected to change upon addition of a substituent to 1,4-
effects on the force constants of the CC and CO bonds we havebenzoquinone.

found in conformen of 2-methoxy-1,4-benzoquinone could thus

be explained with the extended resonance model in Figure 4b.Methods of Calculation

The reduction of the force constant of bond R7 upon rotation  pensity functional calculations were carried out with the

of the methoxy group of 2-methoxy-1,4-benzoquinone from program GAUSSIAN94° The Becke exchange functiorial,

conformer a to conformerb, however, could still not be  combined with the gradient corrected correlation functional of

understood with this model. Perdewt2 was applied (denoted as BP86). The 6-31G** basis
For 2-methyl-1,4-benzoquinone, we found an increase of the set® was chosen for all calculations.

force constants of bonds R1 and R3 and a decrease of the force The quantum chemically derived Cartesian force constant

constants of bonds R2, R7, and R10. While the effects on bondsmatrixes were then read into the program GAMES8hich
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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).

was employed to compute normal modes, force constants ofand CO bonds of both conformers are listed in Table 1. With a
internal coordinates and total energy distributions in order to more detailed resonance model which is based on the mesomeric
assign the normal vibratiod86The set of internal coordinates  resonance structures of the unsubstituted 1,4-benzoquinone but
chosen for this process basically corresponds to the one appliedalso includes the dominant additional resonance structure
in earlier studies on benzereandp-benzoquinoné? Valence attributable to the substituent at position 2 (see Figure 4b), the
coordinates and internal coordinates are defined in the corre-force constants found for conformarcan be well understood.
sponding referencés Resonance structur6 which is caused by the substituent
The definition of the conformera andb is given in Figure strengthens bonds R7 and R3 and weakens bonds R1, R2, and
1. Y can be an atom (a proton in 2-methyl- and 2-hydroxyl- R10. This resonance structure thus explains the previously not
1,4-benzoquinone) or a group (ghh 2-methoxy- and 2-ethyl-  understood significant strengthening of R7. The vibrational
1,4-benzoquinone or OH in 2-hydroxymethyl-1,4-benzoquino- frequencies determined with this set of force constants agree
ne). In conformer Y points away from the proximal carbonyl  well with experimental vibrational frequencies. The more stable
group and disables strong internal hydrogen bonding while in conformera therefore most likely corresponds to the structure
conformerb Y points toward the carbonyl group and strong which is found in solutio.Conformerb, however, is a possible
internal hydrogen bonding is possible. On the basis of our stable conformation in 2,3-disubstituted quinofé%2! Even
findings in 2-methoxy-1,4-benzoquinone, all molecules were though the same resonance effects should be effective as in
first constrained to €symmetry during minimization. One  conformera, a considerably smaller force constant of bond R7
imaginary frequency had been found in the planar conformers js predicted in conformes than that in conformea. This force
b of 2-ethyl-1,4-benzoquinone and 2-hydroxymethyl-1,4-ben- constant is even smaller than the corresponding force constant
zoquinone. These two molecules were therefore additionally jn 1,4-benzoquinone. We explain this significant weakening of
minimized without applying symmetry constraints. The resulting pond R7 by introducing internal hydrogen bonding which,
structures still exhibit internal hydrogen bonding; the=Q H compared to 1,4-benzoquinone, stabilizes resonance structures
interactions are, however, weaker than in the planar structures.p—g, yielding structure®” to 5" depicted in Figure 4c. We

All minimized structures are shown in Figure 2. Conformers  yefer to this mechanism in the following as hydrogen bonding.
andb of each molecule are denoted in the figure, and the relative Resonance structure2’—5" make clear that the proposed
energies of the conformers are given in kJ/mol. Structural internal hydrogen bonding cannot only explain the significant
parameters discussed in this contribution are depicted in Figureweakening of bond R7 compared to 1,4-benzoquinone but also
3. Molecular structures have been visualized using the programyyeaker effects such as the strengthening of bonds R1 and R3
MacMolPlot® 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
Two stable conformations had been determined in the casethe bonds R1, R2, R3, R7, and R10 as presented in Table 2.
of 2-methoxy-1,4-benzoquinone. Both conformations are planar. The two mechanisms thus affect the force constants of bonds
In the more stable conformer (conforn&y the methoxy group R2, R3, and R10 in the same direction while they are of opposite
is pointing away from the carbonyl group in ortho position, sign for bonds R1 and R7. This explains the larger force
while in the second conformer (conformigy, sterical interac- constants for bonds R1 and R3 and the smaller force constants
tions between methoxy and carbonyl groups are believed tofor bonds R2, R7, and R10 in conformierof 2-methoxy-1,4-
cause the higher energy. The calculated force constants of CChenzoquinone compared to its more stable conformer. We will,

Results and Discussion
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the energy but might on the other hand increase the weight of hydrogen bonding caused by the methoxy substituent reduces
resonance structurés'—5" in Figure 4c. the force constant of R7 by 0.39 mdyn/A and increases that of

To confirm our model we have carried out calculations on R10 by 0.15 mdyn/A. In conformea of 2-ethyl-1,4-benzo-
2-hydroxy-1,4-benzoquinone and 2-hydroxymethyl-1,4-benzo- duinone, the force constants of both carbonyl bonds are only
quinone which are expected to form stronger internal hydrogen slightly affected due to a weak resonance effect and weak
bonds in conformatiob than those in the previously discussed hydrogen bonding. A methyl group is not expected to differ
molecules. While 2-hydroxy-1,4-benzoquinone is expected to dramatically from a methoxy group with respect to its ability
show a strong hydrogen bonding and a strong resonance effectof forming hydrogen bonds. Nevertheless the=@ force
internal hydrogen bonding should be C|ear|y dominant in constants of both conformers of 2'ethy|-1,4-benzoquin0ne differ
conformerb of 2-hydroxymethyl-1,4-benzoquinone. As in the ©only very slightly, i.e., the hydrogen bond formed by the methyl
case of 2-methoxy- and 2-methyl-1,4-benzoquinone we find two 9roup is considerably weaker than that formed by the methoxy
stable conformations for both molecules corresponding to 9roup. The calculations thus suggest that a strong resonance

conformersa andb in Figure 1. The calculated force constants effect allows for a strong internal hydrogen bonding in the case
are listed in Table 1. of conformerb. Hydrogen bonding therefore tends to compen-

In conformera of 2-hydroxy-1,4-benzoquinone we find an sate for_ the resf’”ame effect.
increase of the force constants of bonds R7 and R3 and a Density functional methods have shown to very accurately
decrease of the force constants of bonds R1, R2, and RigPredict force constant changes caused by addition of a substitu-
compared to the force constants of 1,4-benzoquinone. TheseENt t0 1,4-benzoquinone. However, for many cases it would be
effects are thus correctly predicted by the resonance mode|desirable to have some simple empirical rules for the preqllcuon
shown in Figure 4b. As should be expected, the resonance effec®f such force constant changes. Although the previously
caused by the oxygen atom of the substituent is of similar size discussed coupling of the two mechanisms makes this task
in conformersa of 2-methoxy-1,4-benzoquinone and 2-hydroxy- difficult we can give the following crude rules.
1,4-benzoquinone which results in similar force constants. In  (R1) The force constant decreases by 0.25 mdyn/A upon
conformerb of 2-hydroxy-1,4-benzoquinone strong internal —OY substitution in conformatior (pure resonance effect).
hydrogen bonding reduces the force constants of bonds R7 andJpon —CHz OH substitution in conformatiob, the force
R10 and increases those of bonds R1 and R3. All these effectsconstant increases by 0.1 mdyn/A (almost pure hydrogen
are correctly predicted by the proposed hydrogen bonding in bonding). Upon—-CH, Y (Y = H, CHs) substitution the force
Figure 4c. The force constant of bond R2, however, is only constant decreases by 8:0.2 mdyn/A. Compared to conformer
weakly affected by this combination of strong hydrogen bonding & an increase by 0.15 or 0.5 mdyn/A is found upon hydrogen
and strong resonance effect. This finding supports the previouslyPonding with-an—OH group forming either a five- or six-
made suggestion that the two resonance mechanisms are nofnembered ring.

independent. (R2) The force constant is generally reduced upon substitution
Only a weak resonance effect can be expected in 2-hy- (Se€ also Table 2). UponOY substitution a reduction of 0-5
droxymethyl-1,4-benzoquinone. For conformemhich also 0.7 mdyn/A is found independent of the substituents conforma-

lacks strong internal hydrogen bonds, the calculated force tion. Upon—CH;—OH or —CH,—CHs substitution in confor-
constants are similar to those calculated for the two conformersmationa, the force constant decreases by about 0.3 mdyn/A.
of 2-methyl-1,4-benzoquinone. In conformier however, we Upon —CH,—OH or —CH,—CHjs substitution in conformation
find a strong internal hydrogen bond, which, according to Figure 0. @ decrease of 0.28.5 mdyn/A can be expected.
4c and Table 2 results in an increase of the force constants of (R3) The force constant generally increases upon substitution
bonds R1 and R3 and a decrease of the force constants of bondésee also Table 2). Ar-OY substitution in conformatiora
R2 and R7. No effect on bond R10 is, however, found. In the causes an increase of 0.4 mdyn/A. Upe@H, Y substitution
case of the symmetry constrained planar structure of conformerin conformationa, the force constant increases by 0.15 mdyn/
b, even stronger effects are found. Here, the calculated forceA. A large increase of 0.55 mdyn/A can be expected up@Y
constants are 4.555, 8.174, 4.508, 10.755, and 11.240 mdyn/Asubstitution combined with-OH or —CH hydrogen bonding.
for bonds R1, R2, R3, R7, and R10, respectively. These findings  (R7) The force constant increases by 0.3 mdyn/A up@yY
thus support the suggestion made above that short hydrogersubstitution and stays nearly unaffected upe®H, Y substitu-
bonds which are caused by sterical constraints might raise thetion in conformatiora. Upon —O—CHjz substitution, the force
weight of resonance structur@s—5". Since hydrogen bonding ~ constant of conformeb is 0.4 mdyn/A smaller than that of
is clearly dominant in this molecule, our calculated force conformera. Upon—O—H or —CH,—OH substitution, the force
constants are in good agreement with the predicted effects onconstant of conformeb is 0.3-0.6 mdyn/A smaller than that
the force constants upon hydrogen bonding as summarized inof conformera.
Table 2. (R10) The force constant is generally reduced upon substitu-
Several times above we have stated that resonance effect antion (see also Table 2). An oxygen atom connected to the ring
hydrogen bonding are most likely not independent. As soon as such that no hydrogen bonds can be formed reduces the force
resonance effect and hydrogen bonding occur simultaneouslyconstant by 0.2 mdyn/A. An oxygen atom connected to the ring
the net effect on a force constant is not simply the sum of effects combined with any type of hydrogen bonding reduces the force
expected by either resonance or hydrogen bonding. This is nicelyconstant by 0.250.35 mdyn/A. A—CH, Y substituent forming
illustrated when we compare 2-methoxy-1,4-benzoquinone anda hydrogen bond within a five-membered ring reduces the force
2-ethyl-1,4-benzoquinone (the force constants of the latter constant by 0.01 mdyn/A. A larger reduction of 6a.15
molecule are also included in Table 1). In conformatiothe mdyn/A is found when the hydrogen bond is formed within a
strong resonance in 2-methoxy-1,4-benzoquinone increases th&ix-membered ring.
force constant of R7 by 0.325 mdyn/A and reduces that of R10  These rules can only give some rough predictions of expected
by 0.226 mdyn/A. A comparable resonance effect can also beforce constant changes upon addition of a substituent to 1,4-
expected in conformds. If that assumption is correct, internal  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 % SuoaR
hydrogen bonding in conformer_compared to th_at in conformer £ TOeINY
a and not compared to that in the unsubstituted 1,4-benzo- g
quinone. The most certain predictions are clearly those for %
structures which exhibit either a dominant resonance mechanism o]
(—OR substituted ring in conformatia) or dominant internal §
hydrogen bonding{CR, OH substitution in conformatioh). Q
In molecules which show a strong resonance effect combined § 220Ls
with internal hydrogen bonding, on the other hand, the two . |g|el383Igs
effects are so strongly coupled that force constant changes é S| E
compared to unsubstituted 1,4-benzoquinone cannot be predicted . 2 =
reasonably. g |8
To provide some information about a more direct observable < g‘
than force constants we close this paragraph with a short = S ©CoON O
discussion of selected bond lengths of the molecules discussed 2 | 2e|28233
above. Calculated bond lengths are listed in Table 3. A strong b [N g
resonance effect as found in conformersf 2-methoxy-1,4- o S
benzoquinone or 2-hydroxy-1,4-benzoquinone elongates bonds 2 2 §
R1, R2, and R10 and shortens bonds R3 and R7 compared to 2 |2
1,4-benzoquinone. Strong internal hydrogen bonding as it is % §' ~© 10! M
found in conformerb of 2-hydroxymethyl-1,4-benzoquinone NOIEeBREI]
elongates predominantly the bond length of the CO double bond g |3 g7
R7 in agreement with its decreased force constant. Despite the < (Z]e
found increase of the force constant of bond R1 upon internal s > 8
hydrogen bonding, we find compared to confornaeof this JE‘ )
molecule only a slight elongation of this bond. This can most 2 2le|28e8Y
likely be attributed to sterical interactions attributable to the Q| 2I8EIET
formation of a six-membered ring upon hydrogen bonding. This ) S
explanation is supported by a widening of the HO(H,)-ring S © §
angle from 109.%in conformera to 118.3 in conformerb. 'g S
Bonds R7 and R10 are generally lengthened upon hydrogen S |2elsyged
bonding except in the methyl and ethyl substituted quinone S MEIEREMS S
where they occasionally stay unchanged. Double bond R2 is :?r § S
elongated in all molecules except in 2-hydroxy-1,4-benzo- 4 <415
quinone, and single bond R3 is shortened in all cases upon Q < °
internal hydrogen-bond formation. Although the alterations of 2 Zls|luamo g
bond lengths due to the resonance effect and internal hydrogen g (‘;’ g BRI
bonding are often very small nearly all structural changes are 3 g7
in agreement with the rules given in Table 2. 5 5
ad % °
Conclusions %.é Slelsavey
: - , sZ|8|lElRmS A
In this contribution we have presented a model which allows o QN5
a qualitative prediction of how the force constants of the CC 5|8 “g
and CO bonds of 1,4-benzoquinone are affected upon addition gfj <|°
of a substituent. Using density functional methods we have t=kal ; 2
demonstrated that substituent effects on the vibrational spectrum 3 EIES 5 8822
of 1,4-benzoquinone can be explained by a superposition of two 53| 2| E UL B
resonance mechanisms. One of these resonance mechanisms is 2 E|l&]2
caused by an electronic interaction of the substituents p-orbital §§ 8 .
with the delocalizedr-system of the quinone ring. A second EESE ﬁ
type of resonance mechanism only occurs when internal gfj 2l lnanmos 2
hydrogen bonds between the substituent the proximal carbonyl 8o|z|E BmERY
group can be formed. This second effect efficiently reduces the =& E Sl E:_)
force constant of the proximal carbonyl group and is the main % aCJ %83 %
source for findings which had previously been attributed to a 38 < o
not-well-defined steric effect. SEIRSE S
The two resonance mechanisms have found to be closely o8 S|E|LgK 83 %
coupled. A strong resonance effect increases the electron density g Sle|e|23383 o
of the proximal carbonyl bond and thereby enhances its potential 2 fr E 8 S
as a hydrogen-bond acceptor. Upon hydrogen bonding, the very N §
same bond is however weakened such that the strengthening of R [ o
. . o <5} (]
the proximal carbonyl bond attributable to a strong resonance ws Elaanm~a ©
effect is basically neutralized by an enhanced internal hydrogen g 2 g redoer &
bonding. Although the interference of the two mechanisms (YN o
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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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