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The surprising and complex transformation of benaphthamycin B to give quiPaii® investigated
theoretically with a model compound, 1,5-dihydroxy-4-methoxy-2,3-dimethylanthraquir)netfe
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 cleavagg2ascact®n leading

to the anthrond 2a, possesses a smaller activation barrier compared to the alternative process yielding
12b. Therefore, the formation of the thermodynamically preferred model quih®ais also the kinetically
favored pathway: The results of the calculated model reaction should also be valid for benaphthamycin
B (2).

Introduction open form, maduranic acfMore than 250 derivatives of this
compound, in particular, hydrazones, semicarbazones, and
thiosemicarbazones, have been synthesized and fesgmine
of them show interesting activities against diverse targets, e.g.,
activity against Gram-positive bacteria, and gyrase inhibition.
C’eFurther interesting derivatives are pradimicihasd benaph-
{hamycin B (1) During the synthesis of derivatives df a
complex and unusual reaction cascade was discovered. When
1is treated with NaAlH, with NaHSQ solution saturated with
0.1 N HCI and finally oxygen (air)2ais obtained even though
Sbis the expected product due to the larger number of hydrogen
bonds (Scheme $)The structure oRa was characterized by

Natural compounds can be important as lead structures for
pharmaceuticals. 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 antican
agents Another important class of quinones with promising
pharmaceutical activities are dihydrobergopphthacenequino-
nes, which are formed bgtreptomycesp. HKI-0057. One
representative compound of this class is madura lactone and it
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SCHEME 1. Reaction of Benaphthamycin B (1) To Yield 2a&

1) 10 eq NaAlH,/THF
2) NaHSOyH,0

3)0.1 NHCI
[
4) O, (air)
Chromatography
1 2a
7
CHj Oy O CHz
O OH
|
OH--OH--O--HO OH O OMe
12 4 5
2a 2b 3

a Alternative producb and model compound were used for the theoretical study.

two-dimensional NMR techniques (HMBC, HSQC) and high- obtained in single-point calculations employing B3LYP/6-31G(d)
resolution (HRES) and electrospray ionization (ESI) mass geometries. In the following, data from several different levels of
spectroscop§” Finally, the assignment of the absolute config- theory are given: gas-phase B3LYP/6-31G(d) and MP2/6-31G(d)
uration of C1:-OH and C15-CHs; was achieved by determi- a”stgoL“\’(eP”/%(Vé’i‘tGe(%)B3LYP/6'316|(:d) ar;]d '\é',PZ/ 6'31@(‘1]): r?” basek?
nation of the X-ray structure of benaphthamycin B. on - geometries. For the discussion of the mech-
The reaction Shﬁwn o Schomme 1 ig . one‘_’pot]?eécﬁon with 2nism, only the latter level, PCM-MP2/6-31G(d)//B3LYP/6-31G-

. . . . . . (d), as the “best” approach is used. The influence of perturbation
a suitable workup, but behind this seemingly simple reaction & yheory and/or solvation is discussed at the end of the paper.
complex reaction cascade is hidden, which is still under
discussiorf. Since theoretical investigations significantly con-
tribute to a better understanding of chemical reactions, we report
here a compuj[atll:o_nal gas-p?}ase and solvent sdtudyftohanfs_wer Several theoretical studies on quinones are reported in the
twohquesgons. |rst,dc%n t (T rtlea_ctlon? casca g 0 ht e |r§t literature. AM1 calculations by Lackn¥rpredict nonplanar
pa_t way e'supporte y calculations? Second, why is t egeometries of some of the structures which are bent about the
quinone2awith the smaller number of hydrogen bonds favored 5~ axis defined by the two quinone carbonyl groups. We
over 2b? The theoretical analysis of the complete benaphtha- o e optained similar results for benzo[gjisoquinoline-5,10-
mycin B reaction sequence Is computa_t|onally too demanding gione derivatived® To clarify whether this is a methodical
and will therefore be carried out with a suitable model artifact, a search for quinones in the Cambridge Structural

compound, 1,5-dihydroxy-4-methoxy-2,3-dimethyl-anthraquino- paiahase (CSB§ has been performed. It turned out that
ne (3), which contains all important functional groups.

Results and Discussion

. . (11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

Computational Details M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

. . . . N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

In the prese_nt study all c_:alculatl_ons with density functional theory Mennucci, B.; Cossi, M.; Scaimani, G.; Rega, N.; Petersson, G. A.;

(DFT; employing the hybrid functional B3LYPand second-order  Nakatsuii, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
many-body perturbation theory (MPZP were performed with Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

Gaussian 03! together with Pople’s 6-31G(#)basis set. Transition ~ X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

states were optimized using the Berny algorithm within Gaussian g:aar r?]nn]qiilloﬁeqlﬁgr?lglﬁegsf géh?érrg}(ri“%n”WR-A'i-élzaéye\\(/v.%ggﬁtmé'“k?-?
03. All optimized structures were confirmed as local minima or Voth, c. A_’; Salvadc;r, P’.; Dannenbérg, ] 'J_; Zakr’zewsk’i, V. G.: Dap'pric'h,

transition states by calculating harmonic frequencies, and scaleds : paniels, A. D.: Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
(0.9806) zero-point vibrational energies were obtained. The simu- D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
lated solvent environment is introduced via Tomasi's polarized G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
continuum model (PCM} using a dielectric constartof 78.39 Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

; : M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(water). Both the perturbation theory and the solvent field data are Johnson. B.- Chen. W. Wong, M. W.: Gonzalez, C.: Pople, J. A., Gaussian,

Inc., Pittsburgh, PA, 2004.
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TABLE 1. Hydrogen Bonds Distances (A) in Products 2a and 2b An alternative pathway, the 1,3 hydrogen shift in the
bond 2a bond 2b tetrahydroxy compound7 and elimination of water with
02H—03 165 OLH—O2 178 forma_tion of the anthron&O0, followed by thg same steps as
O5'H—04' 1.85 02'H—04' 1.59 described above, can be excluded because it is well-known that

06'H—03' 1.65 O5'H—04' 1.86 1,3 H shifts are formally forbidden in thermal reactions.
O6'H-03' 1.63 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
quinones are usually planar. Even though crystal effects cannot

b letely ruled L ident f hi vsis that th of 3 by aluminum tetrahydride anion (step 1 in Scheme 2). It
e completely ruled out, itis evident from this analysis that the proceeds via step-by-step reduction of two quinone oxygen
semiempirical methods cannot correctly reproduce quinone

; . . . atoms with loss of the quinone system to give two favorable
geometries. On the other hand, reliable quinone geometries cal

. S I'hluminum-containing six-membered rings. Hydrolysis ®f
Ibe cibta]'cnid by 7ab initio methods at Hartréeock and DFT 0|4 the tetrahydroxy compouritl This process is energeti-
evels of theory: cally preferential, as shown in Table 2: The formation6of
The two alternative produca and2b as shown in Scheme
1 differ only in the location of one hydroxyl group that is linked TABLE 2. Relative Energies at Different Levels of Theory
to either C4 or C9 of ring D. Table 1 lists the hydrogen bonds (kcal/mol) for Reduction of 3 and Hydrolysis of 6

with a distance between the hydrogen atom and the correspond- BsLYF(’j/ B3LYF(’j/ MPZ/d MPZ/d
ing acceptor atoms equal to or shorter than 1.86 A. In accordance reaction step gfsl,%agé 6_:6}\%(;13' Sf’slﬁfai’e Gé%}\g%t)'
with the different number of hydrogen_ bondsZa z_and2b, _the 34 2AH- + 8HO" + 41O 00 00 00 00
experimentally observed compouia is energetically disfa- 4+ 2H, + 8HO" + 4H,0 ~17.9  —344 -340 -505
vored by 12.6 kcal/mol compared to the alternative pro@ict 5+ 2H, + 8H;O* + 4H,0 -452  —637 —676  —86.8
(B3LYP/6-31G(d)). 6+ 2H, + 8H;0" + 4H,0 -709  —924 —101.8 —124.8
7 4 2AI(OH2)6*" + 6H, —392.4 —470.4 —4452 —520.7

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 startsrelative to the starting compound is favored by 125 kcal/mol;
with the reduction of the quinone carbonyl groups by hydrolysis is even more exothermic.

NaAlH,, followed by hydrolysis of the aluminum compound. Protonation of7 and elimination of water then lead to the
The second step is the formation of the two alternative benzylic carbocation®a and 9b, whose formations are favorable. The
carbocations9a and 9b by treatment with 0.1 N HCl and  stabilization energies &aand9b relative to7 are about 510
transformation into the anthronelda and 10b. Here, the kcal/mol (Table 3, Figure 1), which can be explained by
cleavage of the phenolic methyl ether takes place to yield
anthronesl2aand12b, respectively, which in the last step are
oxidized tol3a/bunder formation of hydrogen peroxide. Proof

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

B3LYP/ B3LYP/ MP2/ MP2/

for this sequence, i.e., cleavage before oxidation, is found in 6-31G(d), 6-31G(d), 6-31G(d), 6-31G(d),
the experimental procedure where the reaction mixture is reaction step gas phase solvent gas phase solvent
exposed to oxygen as the oxidizing reagent only in the final 7 1.0+~ H,0 + AI(OH); + O, 0.0 0.0 0.0 0.0
chromatography. 8a+ Al(OH)3 + O, -66.9 —236 —561 —12.8
. . 8b -+ Al(OH)3 + O, -67.8 -226 578 —122
Itis wc_all_-knowr! _that the phenqllc m(_athyl ethers are cleaved o, . H,0 + AI(OH)s + O, 609 222 -487 -103
under acidic condition¥ The reaction mixtures contain notonly  gp+ H,0 + AI(OH); + O, -55.6 —150 —448  —45
0.1 N HCI but also aluminum. We therefore assume that an 10a+ H30*+A+|(OH)3+02 -206 —21.8 -148 -155
AI3* species coordinates at the ether oxygen atom, acting as g0a-eno HO FAOH)s+0, - =37 = ~90 09 —48
. X . ; ) Ob + H3zO" + Al(OH)3 + O, -12  -67 25 —27
Lewis acid and thus enabling theBreaction with water as  jgp enol+ H,0* + Al(OH)s + 0, 06  —3.4 58 16
the nucleophile. In the present study, Al(QHS chosen as a  11a+H 0"+ 0O, —29.7 —273 —339 -302
model Lewis acid because of its neutral character; the use of, |lclf++H|§|oc+)j (|)-|20+ o —g;-g —ﬁ-g —2;? —i%-g
i 3+ a 30" 7 H2 > —93. —41. —57. —42.
for instance, Al(OH)&*" would lead to unwan_t(_ad Coulomb IC1b + H.O* - H0 + O, 219 -326 430 531
interactions in the gas phase. Subsequently;-tipole com- TSa+ H:0t - H,0 + O, 144  —41 —90 25
plexes (IC1a,IC1b), transition states (TSalSbh), and again TSb+ Hz0" ~HO+ O, -93 -15 24 6.3

ion—di ) IC2a + HsO0" ~ H0 + O, —-630 545 —61.8 —51.3
ion—dipole complexeslC2a, IC2b) are formed. The so-called <% HO" - HO + O Cea2  _tar  _els  —3e

ion—dipole complexes (ICs) were first described by Chan- 15,4 4,0~ H,0 + AOH)s + -205 -21.4 -10.8 —11.2
drasekhd for identity Sy2 reactions, then discussed on different MeOH + O,

levels!® and later investigated for nonidentity S reactiong® 12?\/'25"3'0; ;DZHzO +AI(OH);+ —150 —-17.0 -37 -52
13a+ HyOt ~H,0+ Al(OH)s +  —26.2 —36.9 —147 —249
(17) (a) Rozeboom, M. D.; Tegmo-Larsson, |.-M.; Houk, K.NOrg MeOH + H;0;
’ . . - , L.-M.; s NS . Lr - B ) )
Chem.1981,46, 2338. (b) Wheeler, R. Al. Am. Chem. S0d.994,116, 13?\/|on|§|0+ HLBZO + Al(OH)s + 304 -355 17.3 219

11048. (c) Boesch, S. E.; Wheeler, R. A.Phys. Chem1995,99, 8125.
(d) Grafton, A. K., Wheeler, R. AJ. Phys. Chem. A997,101, 7154.
(18) Chandrasekhar, J.; Joergensen, Wl.IAm. Chem. So&985 107,

stabilization of the cationic centers by the adjacent aromatic

2974. - . - .

(19) Calculation of nucleophilic substitution: Koch, W.; Holthausen, M. Moieties. CarbocatioBa is energetically preferred ovéb by
C.A(h‘,hemist‘s Guide to Density Functional Theazyd ed.; Wiley-VCH: 5.8 kcal/mol. The application of perturbation theory and/or
Weinheim, Germany, 2001; pp 24249. ; ; ;

(20) (a) Glukhovtsev, M. N.- Pross, A.: Radom, L. Am. Chem. Soc solvent_ envwonm_ent does not alter the en_ergetlc ordering of
1995,117, 2024. (b) Glukhovtsev, M. N.; Pross, A.. Radom,JL.Am. the cations; the difference betwe@a and9b is always about
Chem. S0c1996,118, 6273. 5 kcal/mol in favor of the former. Surprisingly, the simulated
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SCHEME 2. Proposed Reaction Steps of the Transformation of Model Compound?33

Step 1 Al
o o"® 1
00
O O OMe
OH O HoAl”
3 4
H,0, H
O‘O -A(OH,)g®"
Step 2 (pathway 1)
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SCHEME 2 (Continued)
Step 3 (pathway 2) OH

—_—

OH
AP +Hy0 O‘O

100 OH O O_ H
3 >{
OH O OMe AR PE
A|3+ H OHz
IC1b
11b
OH OH o
- — 0 - (I
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OH O O. H OH O 0O H A OH O OH
R4 AN 12b
AP 1o, b OH,
TSb IC2b
Step 4 (pathway 2)
(@]
0
12b
-H20;
OH OH O
13b

aBoth alternative pathways leading to produt8a and 13b, respectively, are shown.

nating 7 and breaking the C—0O bond to gi¥edoes not show
any activation barrier.

107 Deprotonation oa (9b) leads to the anthront0a (10b),

0 — - whose methyl ether bond is cleaved in the next step of the
reaction. In principle, one would expect that the anthroles
10a_enol/10b_enahs 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 anthrob@a
(10b) might serve the fact that it has two aromatic rings and
that there exists a favorable C=0—HO 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(Oklas a model Lewis acid
which coordinates on the phenyl ether oxygen at@de(11b)
and hence activates the-®Me bond. The subsequenyy&
reaction with water involves two positively charged ‘egtipole
complexes (ICla/b,IC2a/b) and a transition stateTSa/b,
Figure 2) and leads to the anthrong&®a/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
FIGURE 2. Calculated transition states for ether cleavagga (left), production of hydrogen peroxidé Oxidation of a very similar
d(O—CHg) = 2.102 A andi(CHs—OH,) = 2.007 A;TSb (right), d(O— compound is shown by Koch for tetrahydronaphthacerne.
CHy) = 2.062 A andd(CHs—OH;) = 1.996 A. 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.

keal/ PCM-MP2/6-31G(d)//B3LYP/6-31G(d)

mol

-10 -
20—
-30—
-40
-50 -
60

FIGURE 1. Reaction profile for the formation df3aand 13b.

water environment leads to a relative destabilization of the
cationic structure8 and9 relative to7. This might be attributed

to the higher stabilization of the hydronium ion in the solvent
field compared to the onium io8 and the carbocatiof. The
intermediate structure8 are in fact only loose complexes o : . N —
between the catlons and a water molecule ith an alfeady broker) (21 G501 & Cletneberg, . Jaob, S, rytogen Peotleany,
C—0 bond so that the formation of the carbocati@nsannot p 433.

be the determining step. The process of simultaneously proto- (22) Schweitzer, B. N.; Koch, T. HI. Am. Chem. S0d 993,115, 544.
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The data in Table 3 further demonstrate the influence of a model compound, 1,5-dihydroxy-4-methoxy-2,3-dimethylan-
solvent effects. It is only in the simulated water environment thraquinone (3). Calculations of the individual steps (reduction
where the transition states become the least stable species o&nd hydrolysis, water elimination, ether cleavage, and oxidation)
the reaction cascade. This is true for both the B3LYP and MP2 of the proposed reaction cascade at the PCM-MP2/6-31G(d)/
data. The results at these two levels of theory do not differ B3| YP/6-31G(d) level of theory shows that the formation of
significantly, with the relative MP2 energies being slightly e thermodynamically preferred quinoriSa is also the
higher compared to the starting point. The relative destabilization kinetically favored pathway: the ether cleavage as a@ S
of the positively charges speci@sand 9 has been discussed o ion “leading to the anthront2a possesses a smaller

before. activation barrier compared to the alternative process yielding

Itis Wprth mentl(.)nl'ng f[hat the regcthns steps reduct!on gnd 12b. The results of the calculated model reaction should also
hydrolysis, water elimination, and oxidation are exothermic, with . .
rk‘|>e valid for benaphthamycin B (1).

the ether cleavage step being thermoneutral, which can be see
as an indication of the accuracy of the proposed reaction
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