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ABSTRACT: Two different products were obtained by the regiodivergent reaction of benzoquinone derivatives with phenolates
and anilines: 3-aryloxybenzoquinone and 2-phenylamino-3-bromobenzoquinone. Calculated density functional theory free energies
of reaction values corroborate the experimental observation of the formation of the substitution product in the reaction with
phenolates in acetonitrile and the product of addition/oxidation for the reaction with aniline in water. Calculated charges and Fukui
functions are similar for C2 and C3 atoms, indicating an equal possibility to suffer a nucleophilic attack. The calculated energy
barriers for nucleophilic attack steps indicated that the first steps of the substitution with phenolates and addition/oxidation with
anilines are faster, which justifies the formation of the respective products. The natural bond order analysis for the transition states
revealed that there is a strong interaction between lone pairs of N and O atoms and the πC2C3* for the O → C2 and N → C3 attacks
and a weak interaction for the O → C3 and N → C2 attacks, which also agrees with experimental observations.

1. INTRODUCTION
Quinone compounds are widely distributed in different
families of plants, fungi, and some animals; many of them
play integral roles in vital biochemical processes, such as
coenzyme Q10 (CoQ10, 1) or ubiquinone, an essential
quinone for cellular respiration and adenosine triphosphate
(ATP) production.1 Though the benzoquinone ring con-
stitutes a common structural unit of well-known antitumoral
drugs2 (as will be exemplified by the compounds 1−5 in Figure
1) such as mitomycin (2), mitoxantrone (3), and doxorubicin
(4), this class of compounds also displays other significant
pharmacological activities, such as antimicrobial and fungi-
cide.3,4 Benzoquinones and related compounds can exert their
therapeutic effect by acting as prooxidants, reducing oxygen to
reactive oxygen species (ROS), and as electrophiles, forming

covalent bonds with tissue nucleophiles.5 Most of its redox
effects are based on electrophilic reactivity determined by
carbonyl groups and the reaction of polarized C�C bonds
with O-, N-, and S-nucleophiles.6 Another important quinone,
alizarin (5), serves as pigments for textiles and to improve the
efficiency of dye-sensitized solar cells.7

Due to the versatile biological activity and chemical
reactivity of quinones, our research group has explored
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different methodologies that lead to the development of
synthetically modified compounds.5,8−10 Within this context,
we report the synthesis of aminobenzoquinones 9 and aryloxy-

benzoquinone derivatives 10 via regiodivergent conjugate
nucleophilic addition of amines 7 and phenoxides 8 to the 2-
bromo-1,4-benzoquinone ring of compound 6, which is a

Figure 1. Different applications for quinone compounds 1, 2, 3, 4, and 5.

Scheme 1. Synthesis Examples Involving Haloquinone Derivatives

Figure 2. Regiodivergence of the nucleophilic attack.

Scheme 2. Global Equations for the (A, B) Substitution and (C, D) Addition/Oxidation Reactions with Aniline and Phenolates

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04607
ACS Omega 2022, 7, 40241−40256

40242

https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04607?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


potential synthetic building block in the design of biological
molecules. It was expected that the reaction with anilines
would produce the elimination of the Br atom by a substitution
mechanism, but, surprisingly, the halogen atom remained in
the product, generating an addition/oxidation product. In
contrast to Michael addition, the nucleophilic substitution of a
bromide atom by sodium phenoxides preferentially produced
the quinone derivatives 10. In short, aromatic amines were
more likely to attack compound 6 by Michael addition instead
of nucleophilic substitution. Other examples involving
nucleophilic addition to the halo-quinone ring have been
reported in the literature (Scheme 1).11−13

This paper aims at the theoretical investigation of this
regiodivergence and the unexpected nucleophilic attack on
carbon C2, using a quantum-chemical method of calculation.

2. METHODOLOGY
We started by performing a conformational analysis of the
reactant 6 (2-bromine-6-methoxy-1,4-benzoquinone) through
a relaxed scan calculation for the C1−C6−O−CH3 torsion
angle in the gas phase (see Figure 2). To do so, we chose the
Density Functional Theory (DFT) ωB97X-D14 functional with
the Pople basis set 6-31G(d,p)15 to represent the electrons in
C, H, O, and N atoms and the core pseudopotential
LANL2DZ16 for the electrons in the bromine atoms as a
computational method. This DFT functional provides reliable
values for energies due the inclusion of dispersion terms,14

which are relevant to our evaluations since the molecules
investigated here have high polarizabilities. This previous
analysis is important because structure 6 will be strongly
discussed in terms of its molecular properties and will be part
of the product molecules. The lowest-energy conformer will be
considered for all calculations, using the same functional and
basis set, but including the implicit solvent effects of water
(dielectric constant ε = 78.36) and acetonitrile (dielectric
constant ε = 35.67) by the polarizable continuum model
(PCM)17 approach.

To assess possible thermochemical preferences for the four
distinct processes (nucleophilic conjugate addition/oxidation
at C3 and nucleophilic substitution at C2), we computed the
variation of Gibbs free energies (ΔGr) for each global equation
shown in Scheme 2, obtained by the sum of the steps described
in the Supporting Information (Figures S1−S4). For the
substitution mechanism with phenolate (Figure S1), the
nucleophile attacks the brominated carbon, and the electrons
move to the C4�O direction. The intermediate formed
eliminates the halide (weaker base than the phenolate anion),
regenerating the quinone moiety in the second step. For the
reaction with aniline (Figure S2), on the other hand, the
nucleophilic attack gives a zwitterionic intermediate, which is
deprotonated in the second step by a water molecule. The last
step is equivalent to that in Figure S1. The expected yield for
this reaction is lower than that for the reaction with phenolates,
due to the less basic character of the Ph−NH2 (when
compared to Ph−O−) and the competition between the
aniline/substrate and aniline/water interactions.

Reactions of amines with p-benzoquinones have been
investigated before but with different proposals. Hewgill and
Mullings presented a reactional route involving the nucleo-
philic attack on atom C3, followed by an oxidation step caused
by the oxygen from the air.18 In a very similar way, Tandon
and Maurya studied substitution and addition reactions of 1,4-
substituted quinones with aromatic amines in aqueous medium

(reactional conditions very similar to those presented in this
work) and proposed an addition/oxidation mechanism but
changed the oxidizing agent (from O2 to the quinone itself,
which seems more coherent, due to the low concentration of
O2 in aqueous solution).19 The organic product presents the
initial bromine atom. The addition/oxidation mechanisms for
the reaction with aniline and phenolate are presented in
Figures S3 and S4, respectively.

To investigate kinetic aspects that might be involved in the
regiodivergent formation of the products, we computed the
energy barriers (ΔGr

‡) of the first steps for each mechanism
presented in Figures S1−S4 (no intrinsic reaction coordinate
(IRC) calculations were done). These are the steps of the new
forming bonds (C−N/C−O). We calculated energy barrier
values as the difference between the transition-state energies
and their respective prereactant complex, all fully optimized
with the same computational method for the conformational
analysis. The nature of these stationary points was charac-
terized by frequency calculations, in which the minimum
energy points presented exclusively positive values and the
transition states exhibited only one imaginary frequency.

Natural bond order (NBO) analysis is known for describing
phenomena involving electron density transfer, such as
intermolecular forces20,21 and interactions between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO),22,23 which are related
to stabilization energy (E(2)), estimated by the second-order
perturbative approach

E q
F i j

(2)
( , )

i
j i

2

= [ ]

in which qi is the occupancy of the bond orbital, εj and εi are
the energies of the natural orbitals (acceptor and donor,
respectively), and F(i,j) is the Fock operator.24−28 An NBO
analysis was done for the frontier orbital interactions in the
transition states (TSs), using NBO 3.1 software29 (included in
Gaussian 09 software30). Atomic partial charges were
calculated using different models: Mulliken (MPA),31 charges
from electrostatic potentials using a grid-based method
(CHELPG),32 Hirshfeld (HPA),33−35 its improvement,
proposed by Marenich et al. (called CM5),36 and natural
charges (NPA)37 at the ωB97X-D/6-31G(d,p)-LANL2DZ-
PCM level (water and acetonitrile solvents).

An NBO analysis of the intermolecular interactions
established by the nucleophile and substrate was performed
in combination with the noncovalent interaction (NCI)
method, which allows us to calculate the reduced density
gradient (RDG), expressed mathematically by the function
s(r), obtained from the electron density (ρ(r)), using38

s r
r

r
( )

( )
2(3 ) ( )2 1/3 4/3= | |

The NCI representation in two dimensions (2D) and three
dimensions (3D) were obtained from Multiwfn software,39

and, for the 2D NCI scatter map (RDG × sign(λ2)ρ(a.u)),
negative values of sign(λ2)ρ(a.u) indicate attractive inter-
actions (where ρ(r) is the electron density and λ2 is the second
eigenvalue of the Hessian matrix).

Mulliken populational analysis is well-known for providing
unphysical partial charges and being dramatically dependent
on the basis set.40 The CM5 model has been pointed out to be
accurate in charge calculations for organic41 and inorganic42
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compounds. In a very recent study of regiodivergence in
organic reactions involving isoquinolinequinones, Kenouche et
al. carried out a benchmarking aiming to use an adequate
model to describe the partial charges in the reactants.
Comparing the results, they have shown an increase in
performance (an indication of the robustness of the method)
in the following order: Mulliken < Hirshfeld < CHELPG <
NPA methods.43 All these charge models were used in the
calculations for the p-bromobenzoquinone molecule inves-
tigated here, with emphasis placed on the NPA charges.

The Fukui functions and hardness and softness concepts are
useful tools in describing the reactivity of organic mole-
cules44,45 and have been largely employed in theoretical
works46−48 to provide insights about the interactions between
the reactants or even to describe biological interactions.49,50 In
general, hard nucleophiles tend to react with hard electro-
philes, in which their reactive sites tend to be highly charged
and relatively unpolarizable. Similarly, soft nucleophiles have a
high tendency to react preferentially with soft electrophiles due
to their high polarizability and low charge concentration. The
hardness and softness can be calculated using the ionization
energy, which can be approximated as the negative of the
HOMO energy, according to the frozen orbital approximation
(Koopman’s theorem)51 and the electron affinity (approx-
imately the negative of the LUMO energy by the Koopman
theorem), as is shown in the following two equations, where η
and S represent the global hardness and softness, respec-
tively.52

IE EA
2

= +

S
1

IE EA
=

+
As chemical reactions involve the redistribution of the

electron density, this variation can be described by a Fukui
function, defined by53

f r
r

N
( )

( )=

For molecules, the derivative mentioned above is not
continuous and, therefore, is difficult to evaluate. Thus,
alternative proposals have been developed to calculate Fukui
functions numerically and approximately for a specific atom i.
The most common is expressed by

f N N( 1) ( )i i i= [ + ]+

f N N( ) ( 1)i i i= [ ]

f
N N( 1) ( 1)

2i
i i0 =

[ + ]

The ρi(N + 1), ρi(N), and ρi(N − 1) values are the electron
densities associated with the atom i in the molecular cation, the
neutral molecule, and the molecular anion, respectively.
Different methods have been applied to calculate Fukui
functions.54,55 Mineva has dedicated efforts in developed
methods to describe the reactivity,56,57 and, recently, Mineva et
al. proposed two alternative ways to obtain Fukui indices,
based on Kohn−Sham orbitals and the atomic resolved
hardness matrix.58,59 Yang and Mortier proposed a condensed
and approximated way to calculate the local Fukui functions, in

Scheme 3. Synthesis of Amino-Benzoquinone Derivatives 9a−9g and 6-Aryloxy Compounds 10a−10d
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which the charges of the atoms (obtained by population
analysis) replace the electron densities in the last three
equations.60 This is a simpler but efficient way to calculate
these reactivity descriptors, widely employed for organic
molecules54,61 and studies about selectivity in organic
reactions,62 which is the main goal of this work. All calculations
cited here were performed using the Gaussian 09 package.

3. RESULTS AND DISCUSSION
3.1. Chemistry. The aminoquinone compounds 9a−9g

were prepared using the synthetic sequence illustrated in
Scheme 3. Bromination of vanillin with molecular bromine in
acetic acid gave the 3-bromo derivative 12 in good yield.63 The
brominated derivative was transformed into 2-bromo-6-
methoxy-1,4-benzoquinone 6 by reaction with an aqueous
solution of 30% hydrogen peroxide in basic medium.64 It was
observed that the reaction of aniline 7a and its related
analogues 7b−7g with the benzoquinone 6 resulted in the
corresponding Michael addition products, 3-bromo-5-me-
thoxy-2-aminoquinone derivatives 9a−9g, in yields ranging
from 35 to 57%. All experiments were conducted using an
excess of the nucleophilic substances. This reaction also gave
an unknown product insoluble in organic solvents, which upon
thin-layer chromatography (TLC) analysis showed a retention
factor similar to that of compounds 9a−9g. The instability of
quinone 6 in organic and aqueous solutions at room
temperature and the difficulty in isolating the derivatives 9a−
9g from a mixture of substances by column chromatographic
technique led to decreased yields.

In contrast, the nucleophilic substitution of phenol 13a and
its derivatives 13b−13d in basic medium at room temperature
occurred preferentially at the C2 position of benzoquinone 6
to generate 2-methoxy-6-aryloxy-compounds 10a−10d in
yields ranging from 29 to 47%. This reaction was problematic
to separate.

The structures of compounds 9a−9g and 10a−10d were
established based on one- and two-dimensional 1H and 13C
NMR experiments and mass spectrometry (MS) analysis. The
monocrystal X-ray diffraction analysis of compound 9b (Figure
3) was performed to definitively prove the exact structure of

the unexpected product. Based on the X-ray crystallographic
analysis, the molecular structure was confirmed, and the result
showed that the amine group was incorporated exactly in the
C-3 position of the quinonoid ring of 6, with the permanence
of halogen in the molecule, corroborating with the information
obtained by 1H and 13C NMR techniques.

3.2. Thermodynamic Investigation. Figure S5 shows the
ωB97X-D/6-31G(d,p)-LANL2DZ scan results, which point to
the best orientation of the CH3 group (all carbon atoms are
coplanar). It is possible to see that the planar structures are
related to the lowest energies (3.8 kcal·mol−1 more stable than
the other local minima). All other intermediates, transition
states, and products that will be discussed here were
constructed using this spatial orientation (φC1C6OCHd3

= ±180°).
The geometries of the reactants and products derived from

the unsubstituted phenolate/aniline (with label “a”) were
optimized at the ωB97X-D/6-31G(d,p)-PCM water or
acetonitrile, and harmonic frequencies were calculated at the
same level of theory, in order to estimate the free energy of the
reactions represented by Scheme 2. To obtain more accurate
results, the geometries of all species were reoptimized, and
vibrational frequencies were calculated, improving the basis set
to a triple-ζ quality (6-311+G(2d,p)). Our results with 6-
31G(d,p) and 6-311+G(2d,p) basis sets are shown in Figure 4.

They strongly point toward a thermodynamic preference for
the substitution product when phenolate is the nucleophile, in
line with experimental observations. Our computed values
suggest that the corresponding substitution reaction with
aniline is not spontaneous due the positive ΔGr values. For the
products from the conjugate addition/oxidation mechanisms,
the Gibbs free energy variation for both nucleophiles (Ph-NH2
and Ph-O−) is negative, but the reaction is almost 4 times
more exergonic using aniline than phenolate. A relevant
experimental point should be highlighted: the substitution
product with aniline may have been formed in very low
quantities (in line with the thermodynamic data), but it could
not be isolated and characterized.

The increase of the basis set maintained the same trends in
thermodynamic results for the addition/oxidation mechanisms
but caused significant differences in the substitution mecha-
nisms. It can be seen in Figure 4 that the substitution product
for the reaction with aniline is thermodynamically unfavorable
(positive value of ΔGr). For the phenolate substitution
mechanism, on the other hand, the value of ΔGr became less
negative, more consistent with organic reactions of this nature.
The fact that the thermodynamically favored products were
from the substitution mechanism (for phenolate) and

Figure 3. Asymmetric unit representation of the aminoquinone
derivative 9b. Displacement ellipsoids are drawn at the 50%
probability level.

Figure 4. ΔGr calculated (in kcal/mol) at ωB97X-D/6-31G(d,p) and
6-311+G(2d,p)-LANL2DZ-PCM water (reaction with Ph-NH2) and
acetonitrile (reaction with Ph-O−).
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addition/oxidation mechanism (for aniline) is totally in
accordance with what was observed experimentally.

To verify the effect of the exchange of solvents on the
spontaneity of the reactions represented by the global
equations of Scheme 2, ωB97X-D/6-31G(d,p)-LANL2DZ-
PCM ΔGr values were calculated for aniline in acetonitrile and
phenolate in water, with the values shown in Figure S6. It can
be noted that the exchange of solvents turned all values more
negative but did not affect the conclusion for the preferred
mechanism for each nucleophile, which indicates that the
difference in reactivity is a consequence of the interaction
between the pair of reagents itself and not the solvent used.
3.3. Molecular and Kinetic Investigation. The mecha-

nisms presented in Figures S1−S4 show that the formation of
the different products depends on the nucleophilic attack at
the C2 or C3 position of compound 6 by a variety of amines
and phenoxide ions. This nucleophilic attack is a consequence
of the interactions between molecules and atoms, which
suggests the importance of the prediction of atomic and
molecular properties, such as atomic partial charges and
molecular orbitals. The ωB97X-D/6-31G(d,p)-LANL2DZ-
PCM water or acetonitrile partial charges of the C2 (C−Br)
and C3 (C−H), using different models, are shown in Figure 5

as well as the nucleophilic Fukui function ( f+). As one can see
in Figure 5a, the partial charges are not significantly affected by
the change in the simulated solvent but, rather, by the
population analysis method used to calculate them, and, as
mentioned before, the two most accurate charge models
(CHELPG and NPA) produce similar charges. This figure also
indicates a similar partial charge of the C2 and C3 atoms of 6,
which can contradict the common intuition of thinking that
halogenated carbon is more positive than hydrogenated
carbon. The similarities between the partial charges of these
carbons can be understood by the small electronegativity
difference between the bromine atom and the sp2 carbon
atom.65 Although all charge models were used to calculate the
nucleophilic Fukui function ( f+), as shown in Figure 5b, only
the NPA model was used in further discussions and future
calculations in other levels of theory.

Figure 6 shows the results of NPA charges and f+, computed
with several functionals combined with 6-31G(d,p) and 6-
311+G(2d,p) basis sets. As expected, by the observation of the
NPA charges, both carbon atoms have similar values for f+,
which indicate that the nucleophilic attack in both carbon
atoms is feasible from a molecular point of view.

Figure 5. ωB97X-D/6-31G(d,p)-LANL2DZ-PCM water and acetonitrile Mulliken (MPA), ESP (CHELPG), Hirshfeld (HPA), CM5 and natural
(NPA) (a) charges and (b) nucleophilic Fukui function for both C2−Br and C3−H carbon atoms.

Figure 6. (a) CH and CBr natural (NPA) partial charges and (b) condensed nucleophilic Fukui function ( f+) calculated using B3LYP,
BhandHLYP, BPV86, LSDA, M06-2X, MPW1PW91, PBEPBE, and ωB97X-D functionals combined with 6-31G(d,p) and 6-311+G(2d,p) basis
sets, LANL2DZ pseudopotential, and PCM to consider the solvent acetonitrile and water effects.
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To get a visual representation of the properties mentioned
so far (nucleophilic Fukui functions and partial charges), the
electrostatic potential map and the condensed nucleophilic
Fukui function were generated, and the surfaces are shown in
Figure 7. Corroborating the last observations, the surfaces
indicate that the C2 and C3 atoms have a similar tendency in
receiving nucleophilic attacks; that is, the molecular properties
described here point to a possibility of the formation of
products with new groups in atoms C2 and C3. The calculated
reactivity and electrostatic parameters do not show a
preference for the nucleophilic attack to occur at C2 or C3,
which corroborates the experimental observation of obtaining
products with substituents on both carbons. Figure 7 also
allows us to see that the changing of the solvent used in the
PCM model does not affect electrostatic or reactivity trends.

Besides electrostatic features in the regiodivergent reaction
of 2-bromo-1,4-quinones, we also attempted to rationalize the
preferential formation of one product over another by
molecular orbitals analysis. The first characteristic to be
analyzed is the shape of the LUMO (particularly the π*C2−C3)
orbital of the substrate in water and acetonitrile. Figure 8a
shows this orbital (a π orbital with a high contribution of the pz
atomic orbitals), calculated at ωB97X-D/6-31G(d,p)-
LANL2DZ-PCM-water and acetonitrile using the optimized
structures. C2 and C3 atoms showed similar probability

densities, which points to the possibility of the HOMO from
the nucleophile interacting with any of the electrophilic sites in
a similar manner. In addition, varying the implicitly simulated
solvent does not affect the LUMO shape of the substrate.
Figure 8b,c shows the sum of |ci|2 (linear coefficients used to
construct the molecular orbital) calculated in several func-
tionals and using the 6-31G(d,p) and 6-311+G(2d,p) basis
sets. The values indicate a higher contribution of the C3 (C−
H) atom than the C2 (C−Br) for the LUMO, suggesting that
orbital interactions might be relevant to the conjugate
addition/oxidation mechanism.

The atomic and molecular results discussed so far point to
the inefficiency of common reactivity indices in describing the
regiodivergence of 4-bromo-1,2-quinone reactions with
phenolates and anilines, which requires further and more
detailed investigations of the interaction between molecules,
the spontaneity of the reaction (discussed thermodynamically
in the section 3.2), and kinetics of the rate-determining step, as
will be presented next.

Since most steps in the mechanisms represented in Figures
S1−S4 consist of protonation and deprotonation processes of
intermediates, the most important step of each mechanism is
associated with the nucleophilic attack (the first step of each
reaction route). Therefore, the species present in the first steps
of Figures S1−S4 were reoptimized at the ωB97X-D/6-

Figure 7. ωB97X-D/6-31G(d,p)-LANL2DZ electrostatic potential maps (isovalue = 0.0004) of the 1,4-benzoquinones in (a) PCM-water and (b)
PCM-acetonitrile. The ωB97X-D/6-31G(d,p)-LANL2DZ nucleophilic Fukui function grid (isovalue = 0.004) is also represented in (c) PCM-water
and (d) PCM-acetonitrile (positive values in purple and negatives in turquoise).

Figure 8. (a) ωB97X-D/6-31G(d,p)-LANL2DZ LUMO orbital (isovalue = 0.02) of the substrate in PCM-water and acetonitrile. Contribution of
the atomic orbitals from C2 and C3 to the LUMO orbital by comparing the |ci|2, where ci are the coefficients in the linear combinations of the
atomic orbitals considered in the (b) 6-31G(d,p) and (c) 6-311+G(2d,p) basis sets. Functionals and solvents used in the PCM model: a (B3LYP-
water), b (B3LYP-acetonitrile), c (BHandHLYP-water), d (BHandHLYP-acetonitrile), e (BPV86-water), f (BPV86-acetonitrile), g (LSDA-water),
h (LSDA-acetonitrile), i (M06-2X-water), j (M06-2X-acetonitrile), k (MPW1PW91-water), l (MPW1PW91-acetonitrile), m (PBE1PBE-water), n
(PBE1PBE-acetonitrile), o (TPSSTPSS-water), p (TPSSTPSS-acetonitrile), q (ωB97X-D-water), r (ωB97X-D-acetonitrile), s (MP2-water), and t
(MP2-acetonitrile).
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31G(d,p)-LANL2DZ−PCM-water or acetonitrile theory level
and were characterized as true minimum energy points on the
potential energy surface (PES) by the absence of imaginary
frequencies. For the substitution mechanisms, the first
intermediate consists of the nucleophile molecule connected
to the C2 atom. We attempted to locate the intermediate, but
optimization yielded the product complex, with the departure
of the bromine atom as leaving group, as shown in Figure 9a,b.
It suggests that the substitution reaction occurs concertedly

(like the SN2 mechanism, e.g.). To verify the existence of this
cationic intermediate on the PES related to the substitution
reaction mechanism, we explicitly modeled water solvent
molecules (H2O and CH3CN) placed in suitable sites that
allow the formation of hydrogen bonds. It can be seen, from
Figure 9c, that the optimized structure of the intermediate
present water molecules establishing hydrogen bonds with the
partial negatively charged oxygen atom O1 and protonated
nitrogen from aniline. It can be noticed that none of the

Figure 9. ωB97X-D/6-31G(d,p)-LANL2DZ-PCM optimized structures for the intermediates in the first steps of Figures S1−S4, using (a, b) the
PCM approach and (c, d) PCM + four explicit solvent molecules.

Scheme 4. New Substitution Mechanisms, Proposed after the Optimization of the Intermediates of the First Steps Shown in
(a) Figure S1 and (b) Figure S2
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strategies adopted to keep the halogen in the intermediate was
successful; that is, optimizing the geometries in a conventional
way, freezing coordinates, or positioning explicit solvent
molecules lead to the same type of intermediate (with the
elimination of the bromine atom), pointing to the possibility
that nucleophilic attack on the sp2 carbon and elimination of
the halogen occur in the same step. The proposed substitution
mechanisms, based on these results and different from those
presented in Figures S1 and S2, are shown in Scheme 4.

In addition to the substrate/nucleophile molecular pairs and
intermediates, the TSs associated with these nucleophilic
attacks were also optimized at the same level of theory and
were characterized as first-order saddle point of the PES, due
to the presence of only one imaginary frequency, whose
vibration involves breaking and formation of the chemical
bond with the substrate. The energy diagrams for the
nucleophilic attack steps with the optimized geometries of
the species are shown in Figure 10, along with the energy
barriers. It can be seen, from Figure 10a,c, that the first step of
the substitution mechanism with aniline presents an energy
barrier much higher than the corresponding value in the
conjugate addition/oxidation mechanism, which indicates a
kinetic preference for the addition/oxidation product. On the
other hand, a comparison of Figure 10b,d reveals that, for the
reaction with phenolates, both mechanisms present the first

step with similar energy barriers; that is, from the kinetic point
of view, both products are feasible. The kinetic and
thermodynamic results show that, for anilines, the addition/
oxidation product has a thermodynamic and kinetic preference
to be formed. For phenolate, the substitution product has an
expressive thermodynamic preference compared to the
conjugate addition/oxidation product (see Figure 4).

The HOMO of the transition states arises from the
interaction and donation of electron density from the
HOMO of the nucleophile to the LUMO of the substrate.
The HOMO orbital of the TS for the substitution mechanism
with phenolate is shown in Figure 11a. This transition state has
an imaginary frequency equal to −378.9 cm−1, and it is
possible to clearly see an HOMO−LUMO interaction. A
similar behavior is observed for 10 TS structures for a
substitution mechanism with aniline (imaginary frequency
equals −317.9 cm−1) and for the addition/oxidation
mechanism with aniline (imaginary frequency equal to
−302.3 cm−1), shown in Figure 11b,c, respectively. However,
when we turn our attention to the TS for the addition/
oxidation mechanism with phenolates (imaginary frequency
equal to −43.6 cm−1), the interaction between the HOMO and
LUMO orbitals shows a strong contribution of the C4 and C5
atoms of the substrate, different from the equivalent and
pronounced TS shown in Figure 11c. For this TS, eight

Figure 10. Relative Gibbs free energies (in kcal·mol−1) between the chemical species involved in the first step of the mechanisms represented in
Figures (a) S1, (b) S2, (c) S3, and (d) S4, calculated at the ωB97X-D/6-31G(d,p)-LANL2DZ-PCM water or acetonitrile.
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attempts were made (among changing the relative position of
the molecules, freezing coordinates, and scan calculations), and
all of them gave the nucleophilic attack in the C4 atom. The
closest and similar transition state to that shown in Figure 11c
that could be obtained was the one shown in Figure 11d but
with a less negative imaginary frequency and weak approx-
imation between the C3 atoms and the oxygen of the
phenolate, which indicates that phenolate nucleophilic attack
at the C2 atom (as shown in Figure 11a) is much more likely
to occur than at the C3 atom (Figure 11d). The absence of the
affinity between the C3 atom and the oxygen from the
phenolate explains the almost zero energy difference indicated
in Figure 10b between the reactants and the intermediate; that
is, the separated and connected systems are very similar
thermodynamically and must be associated with the preference
of the substitution product over the addition/oxidation. A
summary of the geometric and vibrational data of the TS is
shown in Table 1, which contains the distances between ArO-
C and ArN-C atoms (involved in the nucleophilic attack),

calculated at ωB97X-D/6-31G(d,p)-LANL2DZ-PCM. The
data indicate the greater distance ArO···C for the addition/
oxidation TS, consistent with the lack of affinity between the
C3 and the nucleophile.

To investigate the strength of the interactions between the
orbitals of the atoms and the donation of electron density,
NBO analyses were done at the ωB97X-D/6-31G(d,p)-
LANL2DZ-PCM level for the transition states of the four
mechanisms considered in this work, with the results shown in
Table 2. It was observed, in the TS for the addition/oxidation

with aniline, a strong interaction between the lone pair of the
nitrogen atom from the aniline and the πC2C3* orbital of the
substrate, with E(2) = 180.6 kcal·mol−1, characteristic of a
nucleophilic attack. On the other hand, for the substitution
mechanism with the same nucleophile, the most remarkable
donation observed is the interaction of the σNH from the amino
group to the σC2Br* with E(2) = 1.2 kcal·mol−1, without any
character of a nucleophilic attack. As described above, the

Figure 11. ωB97X-D/6-31G(d,p)-LANL2DZ-PCM water or acetonitrile HOMO orbital of the transition states for the first steps of the
mechanisms indicated in Figures (a) S1, (b) S2, (c) S3, and (d) S4.

Table 1. Imaginary Frequencies and Distances between
ArO···C and ArN···C Atoms in the Nucleophilic Attack,
Calculated at ωB97X-D/6-31G(d,p)-LANL2DZ-PCM for
the Transition States of the First Steps of the Mechanisms
Represented in Figures S1−S4

Orientation Mechanism
Imaginary

frequency (cm−1)
ArO···C or ArN···C

bond length (Å)

Phenolate Substitution −378.9 1.81
Addition/

oxidation
−41.6 2.10

Aniline Substitution −317.9 1.75
Addition/

oxidation
−302.3 1.82

Table 2. Second-Order Perturbation Theory Analysis of
Fock Matrix in NBO Basis at ωB97X-D/6-31G(d,p)-PCM
for the Transition States of the First Steps of the
Mechanisms Represented in Figures S1−S4

Orientation Mechanism Donor Acceptor
E(2) (kcal·mol

−1)

Phenolate Substitution Lone pair
(O)

πC2C3* 138.35

Addition/
oxidation

Lone pair
(O)

πC2C3* 44.07

Aniline Substitution σNH σC2Br* 1.17
Addition/

oxidation
Lone pair

(N)
πC2C3* 180.63
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transition state for the nucleophilic attack of the phenolate on
atom C2 (substitution mechanism) showed a strong
interaction between the electron pair of oxygen (nucleophile)
and the πC2C3* orbital, with E(2) = 138.4 kcal·mol−1,
characteristic of a nucleophilic attack. The transition state for
the nucleophilic attack of the phenolate on atom C3
(addition/oxidation mechanism) presented an interaction
between the electron pair of oxygen (nucleophile) and the
πC2C3* orbital, with E(2) = 44.1 kcal·mol−1, weaker than the last
one (substitution mechanism). All the results summarized in
Table 2 agree with kinetic and thermodynamic predictions.

The shorter distances of the ArN···C atoms and the higher
E(2) values shown in Tables 1 and 2 indicate that there is a
strong interaction between the quinone and the aniline. To
investigate whether hydrogen bonds can contribute to the
approximation of aniline in the vicinity of atom C3, two
molecular pairs formed by the aniline and the quinone were
optimized at the same level of theory used for the reactants:
the first pair has the N−H···O1 orientation, and the other one
has the N−H···O4 orientation. These geometries also passed
through NBO calculations and NCI analysis, to characterize
the interactions.

The relative energies and the geometric values of the
hydrogen bonds and angles are shown in Table 3, which allows
us to observe two hydrogen bonds in each pair: the NH···O1/
O4 (named HB1) and CHorto(aniline)···O1/O4 (named
HB2), with similar lengths. Furthermore, the N−H···O4
orientation is 2.8 kcal/mol more stable than the N−H···O1
orientation, which indicates that the first one is more likely to
be found than the second one (based on the Boltzmann
population). The higher value for E(2) also suggests that the
N−H···O4 interaction is stronger than N−H···O1.

However, a third interaction (named HB3) can be identified
in the N−H···O4 orientation, related to the C3−H···N
approximation, with similar length to the hydrogen bonds
cited here and can be associated with the extra stability of the
molecular pair. The E(2) value for this attraction is also
coherent to that proposed by Li et al., which pointed out the
existence of a C−H···O hydrogen bond, with E(2) stabilization
energy values close to 0.78 kJ·mol−1, associated with the
donation of electron density from the oxygen (lone pair) to the
antibonding orbital (LP → σCH* )66 of the receptor. The RDG
scatter maps and NCI plots for the optimized molecular pairs
are shown in Figure S7 and can give a visual representation of
the interactions described here.

The data described here indicate that the stronger
interactions in the NH···O4 orientation could explain the
higher concentration of nucleophile molecules in the vicinity of
the carbon 3, acting as a guide for the reactive site of the
nucleophilic attack. However, to ensure that, it is necessary to
perform the reaction with aniline in different solvents, varying
the polarity and ability to form hydrogen bonds, which goes

beyond the scope of this work but surely deserves future
investigations; that is, the results on hydrogen bonds constitute
only a theoretical indication but lack a complex experimental
validation. The main results that differ between the two
mechanisms presented here are the kinetic and thermodynamic
data. The experimental synthesis of the aminoquinones
reported here was performed in an aqueous solution due the
higher yields obtained for reactions between quinones and
amines using water as solvent, as reported by Yadav et al. in
their green synthesis of aminoquinones in aqueous solution,67

and difficulties in the experimental procedure (synthesis and
separation of the product) should arise if the reaction is
performed in other solvents.

4. CONCLUSIONS
This work aimed to describe, with thermodynamic, kinetic, and
molecular arguments, the regiodivergent reactions of benzo-
quinone 6 with different nucleophiles: phenolates and anilines.
Experimentally, the substitution product for the reaction with
phenolates and the addition/oxidation product for the reaction
with anilines were observed, which is corroborated by the
theoretical free energies of the reactions.

The evaluation of energies of the species involved in the
nucleophilic attack showed the kinetic preference of the
addition/oxidation product for the reaction of 6 with aniline.
For phenolates, on the other hand, both addition/oxidation
and substitution mechanisms have similar energy barriers. The
NBO analysis was carried out for the TS structures, showing
that, for nucleophilic attacks N → C3 and O → C2, there is an
electronic density donation, derived from the interaction
between the pair of electrons of oxygen or nitrogen (from the
nucleophile) and the πC2C3* orbital of the substrate, both with
high NBO stabilization energy (E(2) > 300 kcal·mol−1),
characteristic of an efficient nucleophilic attack. For TSs
associated with nucleophilic attacks N → C2 and O → C3,
interactions have much lower values of E(2) and reveal an
inefficient nucleophilic attack.

The calculation of partial charges using different models
(MPA, CHELPG, HPA, CM5, and NPA) showed that carbon
3 (CH) of 6 presents a partial charge more positive than
carbon 2 (CBr), which is consistent with the possibility of
nucleophilic attack on both carbons (this trend did not change
with the variation of base functions). The analysis of the
molecular properties of 6 (LUMO, electrostatic potential
maps, and the isosurface of the Fukui function) also indicated
that there are no substantial differences between the reactivity
characteristics of the C2 and C3 atoms of 6; that is, both are
proven susceptible to nucleophilic attack, but we pointed out
that regiodivergence was correctly predicted by thermody-
namic and kinetic data.

The characterization of the hydrogen bonds formed by an
aniline molecule and the quinone indicates that the

Table 3. Second-Order Perturbation Theory Analysis of Fock Matrix in NBO Basis, Relative Energies, and Geometrical
Properties of the Hydrogen Bonds Calculated at ωB97X-D/6-31G(d,p)-PCM for the Molecular Pairs with NH···O1 and NH···
O4 Orientations

Pair orientation ΔErel (kcal/mol) Interaction Donor NBO(i) Acceptor NBO(i) E(2) (kcal/mol) d (Å) θ (deg)

NH···O1 0.00 HB1 LP (O1) σNH* 4.66 2.1 161.5
HB2 σCHortho* 0.74 2.7 168.5

NH···O4 −2.8 HB1 LP (O4) σNH* 7.19 2.1 157.8
HB2 σCHortho* 0.19 2.6 134.5
HB3 σC3H* 3.03 2.4 138
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intermolecular interaction can increase the concentration of
nucleophile molecules around the C3 atom, but it deserves
additional experimental verification, which requires a new
synthesis using several solvents. Theoretical thermodynamic,
kinetic, and molecular properties results provide support to
experimental observations and enabled us to clarify in more
detail the regiodivergence of the chemical reactions presented
here.

5. EXPERIMENTAL SECTION
5.1. Chemistry. Infrared (IR) spectra were recorded on a

PerkinElmer FT-IR, model 1600 series spectrophotometer in
KBr pellets. NMR spectra were recorded on a Varian VNMRS
300 or 500 MHz spectrometer, in the specified solvents.
Chemical shifts (δ) are reported in parts per million, and the
coupling constants (J) are expressed in hertz. Through the
signs of the integrations, the multiplicities were described as
follows: s-simplet; d-doublet; m-multiplet, dd-double−doublet.
Melting points were determined with Fisher-Johns Melting
Point Apparatus instrument and are uncorrected. The high-
resolution mass spectrum (HRMS) was performed on the
Micromass Q-TOF (water) mass spectrometer.

The reactions were monitored by TLC performed on silica
gel 60 (Merck) and revealed under ultraviolet light at 254 nm.
The purification of the products was done by flash column
chromatography Merck silica gel and preparative plate
chromatography Merk silica gel 60 PF254.
5.2. General Procedure for the Synthesis of 3-Bromo-

4-hydroxy-5-methoxybenzaldehyde (12).52 To a 50 mL
round-bottom flask containing 6.7 mmol of vanillin 11
dissolved in 1.3 mL of glacial acetic acid was added a solution
of 0.360 mL of molecular bromine dissolved in 2 mL of acetic
acid. The reaction was kept under stirring and at room
temperature for a period of 15 min. Subsequently, the reaction
medium was treated with a saturated solution of sodium sulfite
(6 mL), and the mixture obtained was vacuum filtered in a
Büchner funnel. The solid was washed with portions of the
NaHSO3 solution and distilled water. The brominated vanillin
12 were purified by recrystallization from ethanol.
3-Bromo-4-hydroxy-5-methoxybenzaldehyde (12). White

solid (yield 95%), mp: 212−214 °C; IR (KBr, ν cm−1): 3279
(O−H), 2780 and 2848 (CHO), 1672 (C�O), 1287 and
1044 (C−O). NMR of 1H (500.00 MHz, dimethyl sulfoxide
(DMSO-d6)) δ (ppm): 3,89 (1H, s, OCH3); 7,41 (1H, d, J =
1,7 Hz, H-6); 7,69 (1H, d, J = 1,8 Hz, H-2); 9,76 (1H, s,
CHO).
5.3. General Procedure for the Synthesis of 2-Bromo-

6-methoxy-1,4-benzoquinone (6).53 To a 50 mL round-
bottom flask were added 3.5 mmol of bromovanillin 12 and 4.4
mL of 1 M aqueous potassium hydroxide solution. The
mixture was allowed to stir at room temperature for 10 min.
Subsequently, 9.8 mL of a 3% aqueous solution of hydrogen
peroxide was added. The reaction was kept under stirring at
room temperature for 15 min in an ultrasound bath at 40 °C
for 2 h. After 2 h of reaction, the organic phase was extracted
with ethyl acetate solvent, treated with anhydrous sodium
sulfate, and then concentrated under reduced pressure. After
concentration of the solvent under reduced pressure a solid
was obtained, which was treated with hot n-hexane. The
obtained filtrate was concentrated under reduced pressure,
yielding 2-bromo-6-methoxy-1,4-benzoquione (6).
2-Bromo-6-methoxy-1,4-benzoquinone (6). Yellow solid

(yield 65%), mp: 139−143 °C, mp: 212−214 °C; IR (KBr, ν

cm−1): 1696 and 1631(C�O), 1230 (C−O). NMR of 1H
(300,00 MHz, DMSO-d6) δ (ppm): 3,81 (3H, s, CH3); 6,13
(1H, d, J = 2,3 Hz, H-5); 7,32 (1H, d, J = 2,3 Hz, H-3).
5.4. General Procedure for the Synthesis of Amino-

cyclohexa-2,5-diene-1,4-dione (9a−9g). To a round-
bottom flask, 1 mmol of 2-bromo-6-methoxy-1,4-benzoqui-
none (6), 1.3 mmol of aniline (7a−7g), and 10 mL of water
were added. The reaction was left under irradiation in an
ultrasound bath for 3 h. Posteriorly, the mixture was filtrated in
Buchner funnel, and the precipitate obtained was washed with
distilled water. The phenylamino-1,4-benzoquinone derivatives
9a−9g were purified by column chromatography on silica gel
using a 9:1 n-hexane/ethyl acetate mixture as eluent.
3-Bromo-5-methoxy-2-(phenylamino)cyclohexa-2,5-

diene-1,4-dione (9a). Violet solid (yield 49%), mp: 178−180
°C; IR (KBr, ν cm−1): 3239 (N−H); 1650 and 1626 (C�O),
1237 and 1009 (C−O). 1H NMR (300.00 MHz, DMSO-d6) δ
(ppm): 3.85 (s, 3H, OCH3); 6.10 (s, 1H, H-6); 7.08−7,18 (m,
3H, H-2′/H-4′/H-6′); 7.28−7,34 (m, 2H, H-3′/H-5′). 13C
NMR (75.0 MHz, DMSO-d6) δ (ppm): 57.0 (OCH3); 99.5
(C3); 103.8 (C6); 124.7 (C2′/C6′); 125.0 (C4′); 127.9 (C3′/
C5′); 138.1 (C1′); 143.7 (C2); 160.5 (C5); 173.5 (C4); 181.2
(C1). HRMS (M+): m/z calculated for C13H10BrNO3:
306.9844; found: 306.9830.
3-Bromo-2-(4-methylphenylamino)-5-methoxy-cyclo-

hexa-2,5-diene-1,4-dione (9b). Purple solid (yield 47%), mp:
188−189 °C; IR (KBr, ν cm−1): 324 2 (N−H); 1652 and 1621
(C�O); 1236 and 1003 (C−O). 1H NMR (300.00 MHz,
DMSO-d6) δ (ppm): 2.28 (s, 3H, C4′-CH3); 3.84 (s, 3H,
OCH3); 6.08 (s, 1H, H-6); 7.00 (d, 2H, J = 9.0 Hz, H-2′/H-
6′); 7.31 (d, 2H, J = 9.0 Hz, H-3′/H-5′). 13C NMR (75.0
MHz, DMSO-d6) δ (ppm): 20.4 (C4′-CH3); 56.9 (OCH3);
98.5 (C3); 103.6 (C6); 124.8 (C2′/C6′); 128.3 (C3′/C5′);
134.3 (C1′); 135.3 (C4′); 143.6 (C2); 160.6 (C5); 173.2
(C4); 181.2 (C1). HRMS (M+): m/z calculated for
C14H12BrNO3: 321.0001; found: 321.9917.
3-Bromo-5-methoxy-2-((4-methoxyphenyl)amino)-

cyclohexa-2,5-diene-1,4-dione (9c). Purple solid (yield 47%),
mp: 186−188 °C; IR (KBr, ν cm−1): 3236 (N−H); 1649 and
1625 (C�O), 1234 and 1011 (C−O). 1H NMR (300.00
MHz, DMSO-d6) δ (ppm): 3.76 (s, 3H, C4′-OCH3); 3.84 (s,
3H, C6-OCH3); 6.07 (s, 1H, H-6); 6.88 (d, 2H, J = 9.0 Hz, H-
2′/H-6′); 7.06 (d, 2H, J = 9.0 Hz, H-3′/H-5′). 13C NMR
(75.0 MHz, DMSO-d6) δ (ppm): 55.2 (C4′-OCH3); 56.9
(C5-OCH3); 97.2 (C3); 103.4 (C6); 113.1 (C2′/C6′); 126.6
(C3′/C5′); 130.7 (C1′); 143.7 (C2); 157.0 (C4′); 160.7
(C5); 173.1 (C4); 181.1 (C1). HRMS (M+): m/z calculated
for C14H12BrNO4: 336.9950; found: 336.9942.
3-Bromo-5-methoxy-2-((4-chlorophenyl)amino)-6-me-

thoxycyclohexa-2,5-diene-1,4-dione (9d). Purple solid (yield
55%), mp: 210−212 °C; IR (KBr, ν cm−1): 3157 (N−H);
1660 and 1645 (C�O); 1228 and 1007 (C−O). 1H NMR
(300.00 MHz, DMSO-d6) δ (ppm): 3.85 (s, 3H, OCH3); 6.12
(s, 1H, H-6); 7.12 (d, 2H, J = 8.2 Hz, H-2′/H-6′); 7.35 (d,
2H, J = 8.2 Hz, H-3′/H-5′). 13C NMR (75.0 MHz, DMSO-d6)
δ (ppm): 57.0 (OCH3); 100.6 (C3); 104.0 (C6); 126.0 (C2′/
C6′); 127.8 (C3′/C5′); 128.7 (C1′); 137.2 (C4′); 143.5
(C2); 160.3 (C5); 173.6 (C4); 181.2 (C1). HRMS (M+):m/z
calculated for C13H9BrClNO3: 340.9454; found: 341.9363.
3-Bromo-5-methoxy-2-((4-fluorophenyl)amino)-6-me-

thoxycyclohexa-2,5-diene-1,4-dione (9e). Purple solid (yield
47%), mp: 158−160 °C; IR (KBr, ν cm−1): 3239 (N−H);
1652 and 1625 (C�O); 1999 and 1005 (C−O). 1H NMR
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(300.00 MHz, DMSO-d6) δ (ppm): 3.89 (s, 3H, OCH3); 5.88
(s, 1H, H-6); 7.00−7,10 (m, 4H, H-2′/H-3′/H-4′/H-5′/H-
6′); 7.71 (s, 1H, N−H). 13C NMR (75.0 MHz, DMSO-d6) δ
(ppm): 57.2 (OCH3); 98.7 (C3); 103.1 (C6); 115.5 (C3′/
C5′, d, JCF = 22.68 Hz); 127.5 (C2′/C6′, d, JCF = 8.8 Hz,);
132.8 (C1′, d, JCF = 2.5 Hz); 142.7 (C2); 161.1 (d, JCF = 248
Hz, C4′); 161.5 (C5); 174.2 (C4); 181.3 (C1). HRMS (M+):
m/z calculated for C13H9BrFNO3: 324.9750; found: 324.9759.
3-Bromo-5-methoxy-2-((4-nitrophenyl)amino)cyclohexa-

2,5-diene-1,4-dione (9f). Purple solid (yield 29%), mp: 250−
251 °C; IR (KBr, ν cm−1): 3276 (N−H); 1664 and 1644 (C�
O); 1578 and 1338 (NO2); 1236 and 999 (C−O). 1H NMR
(300.00 MHz, DMSO-d6) δ (ppm): 3.86 (s, 3H, OCH3); 6.18
(s, 1H, H-6); 7.21 (d, 2H, J = 9.0 Hz, H-2′/H-6′); 8.15 (d,
2H, J = 9.0 Hz, H-3′/H-5′), 9.56 (1H, s, N−H). 13C NMR
(75.0 MHz, DMSO-d6) δ (ppm): 57.2 (OCH3); 104.9 (C6);
108.7 (C3); 121.8 (C2′/C6′); 123.9 (C3′/C5′); 142.0 (C1′);
143.0 (C2); 145.5 (C4′); 159.8 (C5); 174.2 (C4); 181.2
(C1). HRMS (M+): m/z calculated for C13H9BrN2O5:
351.9695; found: 352.9623.
3-Bromo-5-methoxy-2-((4-bromophenyl)amino)-6-me-

thoxycyclohexa-2,5-diene-1,4-dione (9g). Purple solid (yield
49%), mp: 181−183 °C; IR (KBr, ν cm−1): 3207 (N−H);
1663 and 1665 (C�O); 1215 and 1002 (C−O). 1H NMR
(300.00 MHz, DMSO-d6) δ (ppm): 3.89 (s, 3H, OCH3); 5.90
(s, 1H, H-6); 6.95 (d, 2H, J = 9.0 Hz, H-2′/H-6′); 7.46 (d,
2H, J = 9.0 Hz, H-2′/H-6′); 7.67 (s, 1H, N−H). 13C NMR
(75.0 MHz, DMSO-d6) δ (ppm): 57.2 (OCH3); 99.9 (C3);
103.3 (C6); 119.7 (C4′); 126.8 (C2′/C6′); 131.7 (C3′/C5′);
142.3 (C2); 161.4 (C5); 174.2 (C4); 181.3 (C1). HRMS
(M+):m/z calculated for C13H9Br2NO3: 387.0235; found:
386.8930.
5.5. General Procedure for the Synthesis of Phenoxy-

cyclohexa-2,5-diene-1,4-dione derivatives (10a−10d).
To a 50 mL round-bottom flask were added 0.35 mmol of
the properly substituted phenol (8a−8d) and 5 mL of
acetonitrile. Then 1.05 mmol of K2CO3 was added, and the
reaction medium was kept under continuous stirring for 1 h at
room temperature. After this, 0.35 mmol of 2-bromo-6-
methoxy-cyclohexa-2,5-diene-1,4-dione (6) in 4 mL of
acetonitrile was added slowly and stirred for 3 h. Monitoring
the reaction by TLC was performed using hexane/ethyl acetate
(7:3) as the eluent. The organic phase was extracted with ethyl
acetate solvent, treated with anhydrous sodium sulfate, and
then concentrated under reduced pressure. The derivatives
10a−10d were purified by preparative plate chromatography
using a 9:1 (v/v) hexane/ethyl acetate mixture as eluent.
2-Methoxy-6-phenoxy-cyclohexa-2,5-diene-1,4-dione

(10a). Yellow solid (yield 48%), mp: 115−117 °C; IR (KBr, ν
cm−1): 1652 and 1624 (C�O). 1H NMR (500.00 MHz,
CDCl3) δ (ppm): 3.86 (s, 3H, C2-OCH3); 5.65 (d, 1H, J = 2.5
Hz, H-3); 5.86 (d, 1H, J = 2.0 Hz, H-5); 7.08−7.10 (dd, 2H, J
= 8.5 and 1.0 Hz, H-2′/H-6′); 7.30 (d, 1H, J = 8.5 Hz, H-4′);
7.42−745 (m, 2H, H-3′/H-5′). 13C/APT NMR (125.0 MHz,
CDCl3) δ (ppm): 57.1 (C2−OCH3); 107.4 (C-3); 111.1 (C-
5); 121.1 (C-2′/C-6′); 126.7 (C-4′); 130.5 (C-3′/C-5′); 152.8
(C-1′); 157.5 (C-2); 162.6 (C-6); 176.6 (C-4), 186.9 (C-1).
2-(4-Formyl-2-methoxyphenoxy)-6-methoxy-cyclohexa-

2,5-diene-1,4-dione (10b). Red solid (yield 29%) mp: 130−
132 °C. IR ((KBr, ν cm−1): 2919 and 2850 (C−H); 1681 and
1639 (C�O). 1H NMR (500.00 MHz, CDCl3) δ (ppm): 3.84
(s, 3H, C2-OCH3); 3.86 (s, 3H, C-2′-OCH3); 5.54 (d, 2H, J =
2.0 Hz, H-3); 5.85 (d, 2H, J = 2.0 Hz, H-5); 7.24 (s, 1H, H-

3′); 7.50 (dd, 1H, J = 8.0 and 2.0 Hz, H-6′); 7.51−7.52 (m,
1H, H-5′), 9.95 (s, 1H, CHO). 13C/APT NMR (125.0 MHz,
CDCl3) δ (ppm): 56.3 (C2′-OCH3); 56.8 (C2−OCH3); 107.5
(C-3); 111.3 (C-5); 111.7 (C-3′); 123.0 (C-5′); 125.2 (C-6′);
135.8 (C-4′); 141.9 (C-1′); 151.6 (C-2′); 153.4 (C-6); 157.7
(C-2); 171.6 (C-4); 171.8 (C-1); 190.7 (CHO).
2-Methoxy-4-(4-methoxyphenoxy)-cyclohexa-2,5-diene-

1,4-dione (10c). Yellow solid (yield 35%), mp: 122−124 °C;
IR ((KBr, ν cm−1): 1693 and 1641 (C�O). 1H NMR (500.00
MHz, CDCl3) δ ppm: 3.82 (s, 3H, C2-OCH3); 3.85 (s, 3H,
C4′-OCH3); 5.64 (d, 1H, J = 2.0 Hz, H-3); 5.85 (d, 1H, J =
2.0 Hz, H-5); 6.93 (dd, 2H, J = 7.5 and 2,5 Hz, H-2′/H-6′);
7.00 (dd, 2H, J = 7.5 and 2.5 Hz, H-3′/H-5′). 13C/APT NMR
(125.0 MHz, CDCl3) δ ppm: 55.8 (C-4′-OCH3); 56.7 (C2-
OCH3); 107.4 (C-3); 110.8 (C-5); 115.4 (C-2′/C-6′); 122.0
(C-3′/C-5′); 157.6 (C-4′); 157.9 (C-2); 158.0 (C-1′); 159.9
(C-6); 183.4 (C-4); 187.0 (C-1).
2-(4-Alyl-2-methoxyphenoxy)-6-methoxy-cyclohexa-2,5-

diene-1,4-dione (10d). Yellow solid (yield 32%), mp: 136−
138 °C; IR (KBr, ν cm−1): 1681 and 1642 (C�O); 1072 and
1026 (C−O). 1H NMR (500.00 MHz, DMSO-d6) δ (ppm):
3.41 (d, 2H, J = 6.5 Hz, C2′-OCH3); 3.77 (s, 3H, C2-OCH3);
3.81 (s, 3H, C2′-OCH3); 5.07−5.11 (m, 2H, CH−CH2�
CH2); 5.13−5.15 (m, 1H, CH-CH2�CH2); 5.30 (d, 1H, J =
2.0 Hz, H-3); 6.00 (d, 1H, J = 2.0 Hz, H-5); 6.85 (dd, 1H, J =
8.0 and 2.0 Hz, H-5′); 7.04 (d, 1H, J = 2.0 Hz, H-3′); 7.09 (d,
1H, J = 8.0 Hz, H-6′). 13C/APT NMR (125.0 MHz, DMSO-
d6) δ (ppm): 40.0 (C-3″); 55.7 (C2′-OCH3); 56.5 (C2−
OCH3); 106.9 (C-3); 109.4 (C-5); 113.8 (C-3′); 115.9 (C-
1″); 120.9 (C-6′); 121.5 (C-5′); 137.0 (C-2″); 138.8 (C-4′);
139.4 (C-1′); 150.0 (C-2′); 156.1 (C-6); 157.3 (C-2); 175.4
(C-4); 186.3 (C-1).
5.6. X-ray Diffraction Analysis. X-ray data collection and

structure refinement. Single-crystal X-ray data for 9b were
collected on a Bruker D8 Venture diffractometer using
graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å)
at 298 K. Data collection, cell refinement, and data reduction
were performed with Bruker Instrument Service v4.2.2,
APEX2,68 and SAINT,69 respectively. Absorption correction
using equivalent reflections was performed with the SADABS
program.70 The structure solutions and full-matrix least-
squares refinements based on F2 were performed with the
SHELX package71,72 and were refined with fixed individual
displacement parameters [Uiso\(H) = 1.2 Ueq (Csp2 and Car)
or 1.5 Ueq (Csp3)] using a riding model. All nonhydrogen
atoms were refined anisotropically. Crystallographic tables
were constructed using Olex2.73 X-ray crystallographic data in
cif format are available and can be obtained free of charge via
http://www.ccdc.cam.ac.uk/data_request/cif.
5.7. Crystal Data of 9b. C14H12NO3Br (M = 322.16 g/

mol): monoclinic, space group P21/c, a = 7.1915(3)Å, b =
24.0597(11) Å, c = 7.7844(3) Å, β = 100.987(2)°, V =
1322.21(10) Å3, Z = 4, T = 298.0 K, μ(Mo Kα) = 3.111 mm−1,
F(000) = 647.2, crystal size = 0.459 × 0.155 × 0.041 mm3,
Dcalc = 1.6183 g/cm3; of the 52 148 reflections measured (5.6°
≤ 2Θ ≤ 50.7°), 2420 were unique (Rint = 0.0493, Rsigma =
0.0144) and were used in all calculations. The final R1 was
0.0348 (I > 2σ(I)), and wR2 was 0.0694 (all data).
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