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The surprising and complex transformation of benaphthamycin B to give quinone2a is investigated
theoretically with a model compound, 1,5-dihydroxy-4-methoxy-2,3-dimethylanthraquinone (3). The
detailed study is performed using both DFT and perturbation theory under inclusion of solvent effects.
Several individual steps (reduction and hydrolysis, water elimination, ether cleavage, and oxidation) of
the proposed reaction cascade calculated at the PCM-MP2/6-31G(d)//B3LYP/6-31G(d) level of theory
are presented and discussed. It is shown that the key step, the ether cleavage as an SN2 reaction leading
to the anthrone12a, possesses a smaller activation barrier compared to the alternative process yielding
12b. Therefore, the formation of the thermodynamically preferred model quinone13ais also the kinetically
favored pathway: The results of the calculated model reaction should also be valid for benaphthamycin
B (1).

Introduction

Natural compounds can be important as lead structures for
pharmaceuticals.1 Several naturally and also a few related
nonnaturally occurring quinones, such as anthracyclines, e.g.,
daunorubicine, doxorubicine, idarubicine, and mithoxanthrone,
attracted large interest because of their importance as anticancer
agents.2 Another important class of quinones with promising
pharmaceutical activities are dihydrobenzo[a]naphthacenequino-
nes, which are formed byStreptomycessp. HKI-0057. One
representative compound of this class is madura lactone and its

open form, maduranic acid.3 More than 250 derivatives of this
compound, in particular, hydrazones, semicarbazones, and
thiosemicarbazones, have been synthesized and tested.3,4 Some
of them show interesting activities against diverse targets, e.g.,
activity against Gram-positive bacteria, and gyrase inhibition.
Further interesting derivatives are pradimicines5 and benaph-
thamycin B (1).4 During the synthesis of derivatives of1 a
complex and unusual reaction cascade was discovered. When
1 is treated with NaAlH4, with NaHSO3 solution saturated with
0.1 N HCl and finally oxygen (air),2a is obtained even though
2b is the expected product due to the larger number of hydrogen
bonds (Scheme 1).6 The structure of2a was characterized by
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two-dimensional NMR techniques (HMBC, HSQC) and high-
resolution (HRES) and electrospray ionization (ESI) mass
spectroscopy.6,7 Finally, the assignment of the absolute config-
uration of C11-OH and C15-CH3 was achieved by determi-
nation of the X-ray structure of benaphthamycin B (1).

The reaction shown in Scheme 1 is a one-pot reaction with
a suitable workup, but behind this seemingly simple reaction a
complex reaction cascade is hidden, which is still under
discussion.6 Since theoretical investigations significantly con-
tribute to a better understanding of chemical reactions, we report
here a computational gas-phase and solvent study to answer
two questions: First, can the reaction cascade of the first
pathway be supported by calculations? Second, why is the
quinone2awith the smaller number of hydrogen bonds favored
over 2b? The theoretical analysis of the complete benaphtha-
mycin B reaction sequence is computationally too demanding
and will therefore be carried out with a suitable model
compound, 1,5-dihydroxy-4-methoxy-2,3-dimethyl-anthraquino-
ne (3), which contains all important functional groups.

Computational Details

In the present study all calculations with density functional theory
(DFT; employing the hybrid functional B3LYP)8 and second-order
many-body perturbation theory (MP2)9,10 were performed with
Gaussian 03,11 together with Pople’s 6-31G(d)12 basis set. Transition
states were optimized using the Berny algorithm within Gaussian
03. All optimized structures were confirmed as local minima or
transition states by calculating harmonic frequencies, and scaled
(0.9806) zero-point vibrational energies were obtained. The simu-
lated solvent environment is introduced via Tomasi’s polarized
continuum model (PCM)13 using a dielectric constantε of 78.39
(water). Both the perturbation theory and the solvent field data are

obtained in single-point calculations employing B3LYP/6-31G(d)
geometries. In the following, data from several different levels of
theory are given: gas-phase B3LYP/6-31G(d) and MP2/6-31G(d)
and solvent (water) B3LYP/6-31G(d) and MP2/6-31G(d), all based
on B3LYP/6-31G(d) geometries. For the discussion of the mech-
anism, only the latter level, PCM-MP2/6-31G(d)//B3LYP/6-31G-
(d), as the “best” approach is used. The influence of perturbation
theory and/or solvation is discussed at the end of the paper.

Results and Discussion

Several theoretical studies on quinones are reported in the
literature. AM1 calculations by Lackner14 predict nonplanar
geometries of some of the structures which are bent about the
OCCO axis defined by the two quinone carbonyl groups. We
have obtained similar results for benzo[g]isoquinoline-5,10-
dione derivatives.15 To clarify whether this is a methodical
artifact, a search for quinones in the Cambridge Structural
Database (CSD)16 has been performed. It turned out that
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J. Antibiot.2001,54, 191. (b) Fernekorn, U.; Heinze, T.; Gräfe, U. Ger.
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Tetrahedron2000,56, 5147.
(16) Cambridge Crystallographic Data Centre. http://www.ccdc.

cam.ac.uk.

SCHEME 1. Reaction of Benaphthamycin B (1) To Yield 2aa

a Alternative product2b and model compound3 were used for the theoretical study.
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quinones are usually planar. Even though crystal effects cannot
be completely ruled out, it is evident from this analysis that the
semiempirical methods cannot correctly reproduce quinone
geometries. On the other hand, reliable quinone geometries can
be obtained by ab initio methods at Hartree-Fock and DFT
levels of theory.17

The two alternative products2a and2b as shown in Scheme
1 differ only in the location of one hydroxyl group that is linked
to either C4 or C9 of ring D. Table 1 lists the hydrogen bonds
with a distance between the hydrogen atom and the correspond-
ing acceptor atoms equal to or shorter than 1.86 Å. In accordance
with the different number of hydrogen bonds in2a and2b, the
experimentally observed compound2a is energetically disfa-
vored by 12.6 kcal/mol compared to the alternative product2b
(B3LYP/6-31G(d)).

On the basis of the experimental data, we propose the
following experimental reduction/oxidation pathway for our
model system (Scheme 2): In the first step, the reaction starts
with the reduction of the quinone carbonyl groups of3 by
NaAlH4, followed by hydrolysis of the aluminum compound.
The second step is the formation of the two alternative benzylic
carbocations9a and 9b by treatment with 0.1 N HCl and
transformation into the anthrones10a and 10b. Here, the
cleavage of the phenolic methyl ether takes place to yield
anthrones12aand12b, respectively, which in the last step are
oxidized to13a/bunder formation of hydrogen peroxide. Proof
for this sequence, i.e., cleavage before oxidation, is found in
the experimental procedure where the reaction mixture is
exposed to oxygen as the oxidizing reagent only in the final
chromatography.

It is well-known that the phenolic methyl ethers are cleaved
under acidic conditions.15 The reaction mixtures contain not only
0.1 N HCl but also aluminum. We therefore assume that an
Al3+ species coordinates at the ether oxygen atom, acting as a
Lewis acid and thus enabling the SN2 reaction with water as
the nucleophile. In the present study, Al(OH)3 is chosen as a
model Lewis acid because of its neutral character; the use of,
for instance, Al(OH2)6

3+ would lead to unwanted Coulomb
interactions in the gas phase. Subsequently, ion-dipole com-
plexes (IC1a,IC1b), transition states (TSa,TSb), and again
ion-dipole complexes (IC2a, IC2b) are formed. The so-called
ion-dipole complexes (ICs) were first described by Chan-
drasekhar18 for identity SN2 reactions, then discussed on different
levels,19 and later investigated for nonidentity SN2 reactions.20

An alternative pathway, the 1,3 hydrogen shift in the
tetrahydroxy compound7 and elimination of water with
formation of the anthrone10, followed by the same steps as
described above, can be excluded because it is well-known that
1,3 H shifts are formally forbidden in thermal reactions.

We now want to answer the question of whether the reaction
scheme described above can be supported by means of
computational studies. The reaction begins with the reduction
of 3 by aluminum tetrahydride anion (step 1 in Scheme 2). It
proceeds via step-by-step reduction of two quinone oxygen
atoms with loss of the quinone system to give two favorable
aluminum-containing six-membered rings. Hydrolysis of6
yields the tetrahydroxy compound7. This process is energeti-
cally preferential, as shown in Table 2: The formation of6

relative to the starting compound is favored by 125 kcal/mol;
hydrolysis is even more exothermic.

Protonation of7 and elimination of water then lead to the
carbocations9a and9b, whose formations are favorable. The
stabilization energies of9aand9b relative to7 are about 5-10
kcal/mol (Table 3, Figure 1), which can be explained by

stabilization of the cationic centers by the adjacent aromatic
moieties. Carbocation9a is energetically preferred over9b by
5.8 kcal/mol. The application of perturbation theory and/or
solvent environment does not alter the energetic ordering of
the cations; the difference between9a and9b is always about
5 kcal/mol in favor of the former. Surprisingly, the simulated
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TABLE 1. Hydrogen Bonds Distances (Å) in Products 2a and 2b

bond 2a bond 2b

O2′H-O3′ 1.65 O1′H-O2′ 1.78
O5′H-O4′ 1.85 O2′H-O4′ 1.59
O6′H-O3′ 1.65 O5′H-O4′ 1.86

O6′H-O3′ 1.63

TABLE 2. Relative Energies at Different Levels of Theory
(kcal/mol) for Reduction of 3 and Hydrolysis of 6

reaction step

B3LYP/
6-31G(d),
gas phase

B3LYP/
6-31G(d),
solvent

MP2/
6-31G(d),
gas phase

MP2/
6-31G(d),
solvent

3 + 2AlH4
- + 8H3O+ + 4H2O 0.0 0.0 0.0 0.0

4 + 2H2 + 8H3O+ + 4H2O -17.9 -34.4 -34.0 -50.5
5 + 2H2 + 8H3O+ + 4H2O -45.2 -63.7 -67.6 -86.8
6 + 2H2 + 8H3O+ + 4H2O -70.9 -92.4 -101.8 -124.8
7 + 2Al(OH2)6

3+ + 6H2 -392.4 -470.4 -445.2 -520.7

TABLE 3. Relative Energies at Different Levels of Theory
(kcal/mol) for Ether Cleavage of 7 and Subsequent Oxidation of 12

reaction step

B3LYP/
6-31G(d),
gas phase

B3LYP/
6-31G(d),
solvent

MP2/
6-31G(d),
gas phase

MP2/
6-31G(d),
solvent

7 + H3O+ - H2O + Al(OH)3 + O2 0.0 0.0 0.0 0.0
8a + Al(OH)3 + O2 -66.9 -23.6 -56.1 -12.8
8b + Al(OH)3 + O2 -67.8 -22.6 -57.8 -12.2
9a + H2O + Al(OH)3 + O2 -60.9 -22.2 -48.7 -10.3
9b + H2O + Al(OH)3 + O2 -55.6 -15.0 -44.8 -4.5
10a+ H3O+ + Al(OH)3 + O2 -20.6 -21.8 -14.8 -15.5
10a_enol+ H3O+ + Al(OH)3 + O2 -3.7 -9.0 0.9 -4.8
10b + H3O+ + Al(OH)3 + O2 -1.2 -6.7 2.5 -2.7
10b_enol+ H3O+ + Al(OH)3 + O2 0.6 -3.4 5.8 1.6
11a+ H3O+ + O2 -29.7 -27.3 -33.9 -30.2
11b + H3O+ + O2 -37.3 -31.8 -37.8 -31.6
IC1a + H3O+ - H2O + O2 -53.9 -41.0 -57.1 -42.3
IC1b + H3O+ - H2O + O2 -41.9 -32.6 -43.0 -53.1
TSa + H3O+ - H2O + O2 -14.4 -4.1 -9.0 2.5
TSb + H3O+ - H2O + O2 -9.3 -1.5 -2.4 6.3
IC2a + H3O+ - H2O + O2 -63.0 -54.5 -61.8 -51.3
IC2b + H3O+ - H2O + O2 -66.2 -54.5 -61.8 -48.9
12a+ H3O+ - H2O + Al(OH)3 +

MeOH + O2

-20.5 -21.4 -10.8 -11.2

12b + H3O+ - H2O + Al(OH)3 +
MeOH + O2

-15.0 -17.0 -3.7 -5.2

13a+ H3O+ - H2O + Al(OH)3 +
MeOH + H2O2

-26.2 -36.9 -14.7 -24.9

13b + H3O+ - H2O + Al(OH)3 +
MeOH + H2O2

-30.4 -35.5 -17.3 -21.9
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SCHEME 2. Proposed Reaction Steps of the Transformation of Model Compound 3a
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water environment leads to a relative destabilization of the
cationic structures8 and9 relative to7. This might be attributed
to the higher stabilization of the hydronium ion in the solvent
field compared to the onium ion8 and the carbocation9. The
intermediate structures8 are in fact only loose complexes
between the cations and a water molecule with an already broken
C-O bond so that the formation of the carbocations9 cannot
be the determining step. The process of simultaneously proto-

nating7 and breaking the C-O bond to give8 does not show
any activation barrier.

Deprotonation of9a (9b) leads to the anthrone10a (10b),
whose methyl ether bond is cleaved in the next step of the
reaction. In principle, one would expect that the anthroles
10a_enol/10b_enolas tautomeric enol forms should be at least
as favorable, but as shown in Table 3 and indicated in Scheme
2, they are significantly less stable and hence should not be
formed. An explanation for the stability of the anthrone10a
(10b) might serve the fact that it has two aromatic rings and
that there exists a favorable CdOsHO interaction.

We propose on the basis of our calculations and the
experimental findings that the ether cleavage proceeds via Lewis
acid-assisted nucleophilic attack of a water molecule on the
methyl group. We have used Al(OH)3 as a model Lewis acid
which coordinates on the phenyl ether oxygen atom (11a/11b)
and hence activates the O-Me bond. The subsequent SN2
reaction with water involves two positively charged ion-dipole
complexes (IC1a/b,IC2a/b) and a transition state (TSa/b,
Figure 2) and leads to the anthrones12a/b. The activation
energies for these processes also show a slight preference for
pathway 1 involvingTSa, which is favored by 4 kcal/mol.

In the last step of the reaction the quinone is formed. It is
well-known that anthroles react with molecular oxygen to give
quinone and hydrogen peroxide. This reaction is used in a
technical process, the well-known anthraquinone process for the
production of hydrogen peroxide.21 Oxidation of a very similar
compound is shown by Koch for tetrahydronaphthacenone.22

We can therefore safely assume that the oxidation proceeds with
formation of hydrogen peroxide. This spin-forbidden oxidation
reaction cannot be determined on one reaction coordinate, but
the gross reaction energy can be calculated. This reaction is
exothermic by about 15 kcal/mol.

(21) Goor, G.; Glenneberg, J.; Jacobi, S. Hydrogen Peroxide.Ullmann
Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2002; Vol. A13,
p 433.

(22) Schweitzer, B. N.; Koch, T. H.J. Am. Chem. Soc. 1993,115, 544.

SCHEME 2 (Continued)

a Both alternative pathways leading to products13a and13b, respectively, are shown.

FIGURE 1. Reaction profile for the formation of13a and13b.

FIGURE 2. Calculated transition states for ether cleavage:TSa (left),
d(O-CH3) ) 2.102 Å andd(CH3-OH2) ) 2.007 Å;TSb (right), d(O-
CH3) ) 2.062 Å andd(CH3-OH2) ) 1.996 Å.
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The data in Table 3 further demonstrate the influence of
solvent effects. It is only in the simulated water environment
where the transition states become the least stable species of
the reaction cascade. This is true for both the B3LYP and MP2
data. The results at these two levels of theory do not differ
significantly, with the relative MP2 energies being slightly
higher compared to the starting point. The relative destabilization
of the positively charges species8 and 9 has been discussed
before.

It is worth mentioning that the reactions steps reduction and
hydrolysis, water elimination, and oxidation are exothermic, with
the ether cleavage step being thermoneutral, which can be seen
as an indication of the accuracy of the proposed reaction
mechanism. From our “best” results, we suggest that the
complex reaction is kinetically controlled. The difference in
activation energies of the SN2 ether cleavage is decisive for the
formed product. Additionally, there is a slight thermodynamical
preference for the observed quinone13a despite the fewer
hydrogen bridges.

Conclusions

The unusual and complex reaction of benaphthamycin B can
be explained by theoretical investigations of the reaction with

a model compound, 1,5-dihydroxy-4-methoxy-2,3-dimethylan-
thraquinone (3). Calculations of the individual steps (reduction
and hydrolysis, water elimination, ether cleavage, and oxidation)
of the proposed reaction cascade at the PCM-MP2/6-31G(d)//
B3LYP/6-31G(d) level of theory shows that the formation of
the thermodynamically preferred quinone13a is also the
kinetically favored pathway: the ether cleavage as an SN2
reaction leading to the anthrone12a possesses a smaller
activation barrier compared to the alternative process yielding
12b. The results of the calculated model reaction should also
be valid for benaphthamycin B (1).
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