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The regioselectivities of several Diels—Alder reactions utilized en route to bisanthraquinone
antibiotic BE-43472B are examined using density functional theory calculations. These reactions
involve highly substituted dienes and juglone dienophiles, and there is an opposite regiochemical
outcome for Diels—Alder reactions with S-aryl substituted juglones when compared to reactions of
unsubstituted juglone. In this article, the effect of an aromatic conjugating group bonded to juglone is

explored.

Introduction

The bisanthraquinone antibiotic BE-43472B (1, Figure 1),
which was isolated by Rowley and co-workers from a strain
of streptomycete found in green algae,' has been shown to
have significant bactericidal activity against a variety of
pathogens, including some of those that demonstrate resis-
tance to commonly used antibiotics.” In addition to anti-
biotic activity, this compound previously appeared in a
Japanese patent, where it was claimed to be an antitumor

(1) Socha, A. M.; Garcia, D.; Sheffer, R.; Rowley, D. C. J. Nat. Prod.
2008, 69, 1070-1073.

(2) Socha, A. M.; LaPlante, K. L.; Rowley, D. C. Bioorg. Med. Chem.
2006, 14, 8446-8454.

(3) Kushida, S.; Nakajima, S.; Koyama, T.; Suzuki, H.; Ojiri, K.; Suda,
H. Japan Patent JP 08143569, 1996.
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agent.® The development of new antibiotics is currently an
area of keen interest as a result of the increasing resistance of
bacterial strains to conventional treatments.*

Nicolaou et al. recently assigned the absolute configura-
tion and completed the total synthesis of 1 as well as several
related compounds.® The key to the success of their synthetic
pathway was a regioselective Diels—Alder reaction of a
highly substituted diene with a juglone-based dienophile.
Juglone-based dienophiles have been used in the synthesis
of a number of complex organic molecules, several of which

(4) (a) Taubes, G. Science 2008, 321, 356. (b) Nicolaou, K. C.; Chen, J. S.;
Edmonds, D. J.; Estrada, A. A. Angew. Chem., Int. Ed. 2009, 48, 660—666.

(5) (a) Nicolaou, K. C.; Lim, Y. H.; Becker, J. Angew. Chem., Int. Ed.
2009, 48, 1-6. (b) Nicolaou, K. C.; Becker, J.; Lim, Y. H.; Lemire, A.;
Neubauer, T.; Montero, A. J. Am. Chem. Soc. 2009, 131, 14812-14826.
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FIGURE 1. The structure of bisanthraquinone antibiotic BE-
43472B (1).

SCHEME 1. Diels—Alder Reaction Employed in the Synthesis
of Antibiotic 1, Which Is Followed by a Cyclization Cascade and
Epimerization and Several Subsequent Synthetic Steps to Afford
(+)-BE-43472B (1)
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also have antibiotic activity, including the anthrapyran meta-
bolite indomycinone,® the anthraquinone kwanzoquinone

(6) (a) Hsu, D.-S.; Matsumoto, T.; Suzuki, K. Chem. Lett. 2006, 35,1016~
1017. (b) Tietze, L. F.; Singidi, R. R.; Gericke, K. M. Chem.—Eur. J. 2007,
13,9939-9947.
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C,” a variety of angucyclines,® galtamycinone,’ and urdamy-
cinone.' In the synthesis of antibiotic 1, upon heating of
diene (R)-2 and juglone-type dienophile 3a in dichloro-
methane, a single Diels—Alder adduct 4 was formed
(Scheme 1). Further heating in toluene, which allows for a
cyclization cascade and epimerization to occur, furnished the
octacyclic framework 6 of BE-43472B.
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FIGURE 2. Polarization of juglones due to internal hydrogen
bonding. Juglone (R = H) typically reacts with C-2 as the most
electrophilic position, however, juglone-derivatives (R =
anthraquinone) were found react with C-3 as the most electrophilic
position.

Fundamental studies of regiocontrol in Diels—Alder cyclo-
additions between juglone and juglone derivatives with a
variety of dienes have been performed, notably by Trost,'!
Kelly,'> and Boeckmann.'* The rationale for the observed
regioselectivity in cycloadditions of juglones with polar
dienes is based on the presence of a strong internal hydrogen
bond in juglone between the phenol proton and adjacent
carbonyl. This internal Brensted acid coordination polarizes
the st-system of juglones so that the most electrophilic site is
the carbon atom f to the hydrogen-bonded carbonyl (C-2 in
Figure 2).'* This regioselectivity is found to be dependent
upon diene polarity,'® with weakly polarized dienes typically
giving lower selectivities than more highly polarized dienes,
however, Lewis acid catalysts may also be used to influence
regiochemical control.'" In Nicolaou’s key Diels—Alder
reaction between 2 and 3a (Scheme 1), the more nucleophilic,
unsubstituted diene terminus is found to attack o to the
aromatic substituent of the dienophile, at C-3. This regio-
chemical outcome is intriguing because it is contrary to
expectation based on the rationale outlined above, where
the carbon atom f to the hydrogen-bonded carbonyl (C-2) is
typically more electrophilic due to internal Bronsted activa-
tion. The fact that the reaction between 2 and 3a proceeds
with complete regioselectivity also indicates that the aro-
matic substituent at the S position on the dienophile has a

(7) Tietze, L. F.; Gericke, K. M.; Guentner, C. Eur. J. Org. Chem. 2006,
21,4910-4915.

(8) (a) Larsen, D. S.; O’Shea, M. D. Tetrahedron Lett. 1993, 34, 1373~
1376. (b) Krohn, K.; Micheel, J. Tetrahedron 1998, 54, 4827-4838. (c) Krohn,
K.; Micheel, J.; Zukowski, M. Tetrahedron 2000, 56,4753-4758. (d) Carreno,
M. C.; Ribagorda, M.; Somoza, A.; Urbano, A. Angew. Chem., Int. Ed. 2002,
41, 2755-2757. (e) Landells, J. S.; Larsen, D. S.; Simpson, J. Tetrahedron
Lett. 2003, 44, 5193-5196. (f) Krohn, K.; Sohrab, M. H.; Florke, U.
Tetrahedron: Asymmetry 2004, 15, 713-718. (g) Motoyoshiya, J.; Masue,
Y.; Iwayama, G.; Yoshioka, S.; Nishii, Y.; Aoyama, H. Synthesis 2004, 13,
2099-2102.

(9) Apsel, B.; Bender, J. A.; Escobar, M.; Kaelin, D. E.; Lopez, O. D.;
Martin, S. F. Tetrahedron Lett. 2003, 44, 1075-1077.

(10) Matsuo, G.; Miki, Y.; Nakata, M.; Matsumura, S.; Toshima, K.
Chem. Commun. 1996, 225-226.

(11) Trost, B. M.; Ippen, J.; Vladuchick, W. C. J. Am. Chem. Soc. 1977,
99, 8116-8118.

(12) Kelly, T. R.; Gillard, J. W.; Goerner, R. N., Jr.; Lyding, J. M. J. Am.
Chem. Soc. 1977, 99, 5513-5514.

(13) (a) Boeckmann, R. K., Jr.; Dolak, T. M.; Culos, K. O. J. Am. Chem.
Soc. 1978, 100,7098-7010. (b) Boeckmann, R. K., Jr.; Delton, M. H.; Dolak,
T. M.; Watanabe, T.; Glick, M. D. J. Org. Chem. 1979, 44, 4396-4402.

(14) Mikami, K.; Motoyama, Y.; Terada, M. J. Am. Chem. Soc. 1994,
116, 2812-2820.
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SCHEME 2. After Subsequent Oxidation, the Diels—Alder
Reaction of (:5)-2 with Juglone (7) Provides Regioisomeric Ad-
ducts 10 and 11 in a 1 to Greater Than 9 Ratio
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significant, and crucial, effect on the regiochemical outcome
of this Diels—Alder reaction.

Other Diels—Alder reactions performed en route to anti-
biotic 1 also provide an interesting basis for a regioselectivity
study. Upon reaction of diene (S)-2 (the enantiomer of the
diene in Scheme 1) with unsubstituted juglone (7), the
preferred regioisomer results from the reaction of the nu-
cleophilic terminus of the diene with the carbon f§ to the
hydrogen-bonded carbonyl (C-2), as anticipated based on
electronic considerations (Scheme 2). Adducts 8 and 9 were
not isolated but were oxidized upon exposure to air and silica
gel. Oxidized adducts 11 and 10 were obtained in a greater
than 9 to 1 ratio. Thus, the regioselectivity is reversed when
unsubstituted juglone is used, further indicating that the
anthraquinone substituent on 3a plays a crucial role in
determining the regioselectivity of the reaction.

In addition to the Diels—Alder reactions of the enantio-
mers of 2 with both substituted and unsubstituted juglones,
the reaction of diene 12a, bearing a f-methoxyethoxymethyl
ether (OMEM) group at its C-1 terminus, with juglone (7)
was also undertaken and similar results were obtained—
reaction of the nucleophilic C-4 terminus of the diene with
the carbon B to the hydrogen-bonded carbonyl on the
dienophile 7 (C-2) is preferred (Scheme 3a). Adducts 13
and 14 were not isolated but were reduced subsequently to
give 15 and 16 in a 5:1 ratio. Diene 12b, which is the
deprotected analogue of 12a, was reacted with substituted
juglone 3b, which differs from 3a (Scheme 1) only by
protection of the phenolic alcohol of the anthraquinone with

SCHEME 3. (a) Reaction of Substituted Diene 12a with Juglone Gives 15 and 16 in a 5 to 1 Ratio; (b) Adduct 18 Is the Preferred

Diastereomer When Diene 12b Reacts with Substituted Juglone 3b
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SCHEME 4. Model Systems Used in the Computational Study of Diels—Alder Reactions with Juglone Dienophiles: Products that are
Predicted to be Preferred Based on Experimental Results with the Nonsimplified Reactants Are Shown in Blue

a) Model of 12a and 7

OMe OH O
/C1 C3
- O —
Me” ca c2
Me (e}
19 7
b) Model of 12b and 3b
OMe OH O
/c1 c3
- —
Me \C4 C2'Ph
Me o
19 22
c) Model of (R)-2 and 3a
Me OH O
Me _c1 c3
- O —
MeO” Nca €2>Ph
(o)
25 22
d) Model of (S)-2 and 7
Me OH O
Me C1 c3
g
Me0” Xca c2
o
25 7

a methoxymethyl (MOM) protecting group (Scheme 3b). As
for the previous case, the regioselectivity of the reaction is
switched upon the incorporation of an aromatic substituent
B to the intramolecular hydrogen-bond of juglone, giving
only a single regioisomer where C-3 acts as the most electro-
philic position. To understand how the anthraquinone sub-
stituent on juglone alters the regioselectivity of the reaction,
a computational study using density functional theory
(DFT) calculations was undertaken.

Computational Methods

All calculations were performed with Gaussian 09'° using the
density functional B3LYP with the 6-31G(d) basis set. Vibra-
tional frequencies were computed for all optimized structures in
order to verify that they were either minima or transition states,
and the unscaled zero-point energies are included in all thermo-
dynamic quantities. Calculations with a conductor-like polariz-
able continuum solvation model (CPCM)'® of dichloromethane
were performed to evaluate the effects of the experimentally
used solvent. The solute surface was defined with UAKS radii in
each case. To validate the results obtained at the chosen basis
set, single point energy calculations were carried out on all
optimized structures with a larger basis set at the B3LYP/6-
311G(d,p) level. For each of the reactions studied, the same
regiochemical trend is predicted regardless of the basis set
used, both giving almost identical quantitative predictions (see
Supporting Information).

(15) Frisch, M. J. et al. Gaussian 09, Revision A.02; Gaussian, Inc.:
Wallingford, CT, 2009.

(16) (a) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995-2001. (b)
Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem. 2003, 24,
669-681.
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Results and Discussion

To predict the regioselectivity of several Diels—Alder
reactions involving juglone-based dienophiles, the reactions
of interest were simplified to the model systems shown in
Scheme 4.

The reaction of 12a and juglone (7) has been explored
using 1-methoxy-3,4-dimethyl-1,3-butadiene (19) as a model
for 12a. Because of the intramolecular hydrogen-bonding of
juglone, the carbon f to this hydrogen-bonded carbonyl
(C-2) is the more electrophilic position of the dienophile.
The substitution of the diene renders the 4-position the most
nucleophilic, primarily as a result of the electron-donating
methoxy group at C-1. Therefore, it would be expected that
diene 19 and 7 would preferentially give regioisomer 20,
which is what is predicted computationally (see Table 1). The
transition states for both regioisomers have similar geome-
tries—both are asynchronous with similar forming bond
lengths (Figure 3). However, the preferred TS-20 (AH* =
14.9 kcal/mol) is slightly more asynchronous and is electro-
nically favored, resulting in a lower activation energy than
for TS-21 (AH* = 16.1 kcal/mol).

It is more complicated to intuitively postulate the pre-
ferred regioisomer when the juglone is substituted with an
aromatic group such as a phenyl group in the model system.
Will the withdrawing effect of the hydrogen-bonded carbo-
nyl or the conjugating effect of the aromatic ring control the
regioselectivity? It was observed experimentally that the
regioselectivity is indeed switched upon this substitution.
The nucleophilic termini of the dienes (C-4) react at the
carbon a to the hydrogen-bonded carbonyl (C-3) in the
[B-anthraquinone-substituted juglones. Diene 19 was also

J. Org. Chem. Vol. 75, No. 3, 2010 925
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TABLE 1. Computational Results for Juglone Diels—Alder Reactions (kcal/mol, B3LYP/6-31G(d))

reagents AH AG AH AG predicted ratio” (based on AG) experimental ratio”

19+7 20-TS 14.9 29.8 21-TS 16.1 31.1 20:21 = 1.7:1 20:21 = 5:1
20 —18.7 —2.6 21 —17.5 —1.6

19 + 22 23-TS 22.8 38.3 24-TS 17.2 32.6 2324 = 1:>99 18 (single diastereomer)
23 =77 9.1 24 —6.4 10.1

25 +22 25-TS 16.2 31.6 27-TS 25.0 40.3 26:27 = >99:1 4 (single diastereomer)
25 —10.5 5.3 27 -9.5 6.3

2547 28-TS 16.7 314 29-TS 14.9 29.6 28:29 = 1:21 10:11 = 1:>9
28 —21.1 —6.0 29 —22.2 =7.2

“Predicted ratio of the simplified model systems. “Experimentally observed ratio of the corresponding products.

TS-20
AH* 14.9 AG¥29.8 (26.6)

TS-21
AH*16.1 AG!31.1 (27.4)

FIGURE 3. Transition structures for the model reaction of diene 19 with juglone (7). B3JLYP/6-31G(d) energies in kcal/mol, with
dichloromethane value in parentheses. The favored TS is labeled in blue. Selected distances in A.

N
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TS-23
AH* 22.8 AG*38.3 (33.7)

AHF17.2 AG*32.2 (25.5)

FIGURE 4. Transition structures for the model reaction of diene 19 with juglone 22. B3LYP/6-31G(d) energies in kcal/mol, with
dichloromethane value in parentheses. The favored TS is labeled in blue. Selected distances in A.

used as a model for 12b, and S-anthraquinone-substituted
juglone 3b was modeled with S-phenyl-substituted juglone
(22) in order to reduce the computational cost and also to
obtain a more generalized model useful for the prediction of
regioselectivity in similar Diels—Alder reactions. Juglones 3b
and 22 were found to be very similar electronically: com-
puted electrostatic potential surfaces, lowest unoccupied
molecular orbital coefficients, and Mulliken atomic charges
were all similar (see Supporting Information), so a phenyl
substituent is a good model for the larger bisanthraquinone
used in experiment. In this system, the transition structure
for the preferred regioisomer (TS-24, AH* = 17.2 kcal/mol)
is significantly more asynchronous than TS-23 (AH* =
22.8 kcal/mol, Figure 4). The forming bond length is shorter
between the C-3 carbon adjacent to the phenyl group on the
juglone and the nucleophilic terminus of the diene. Compu-
tational predictions fully agree with the experimental
results—the conjugating effect of the aromatic moiety is

926 J. Org. Chem. Vol. 75, No. 3, 2010

more electronically dominant than the electron-withdrawing
effect of the hydrogen-bonded carbonyl.

To obtain the necessary adduct of a S-anthraquinone-
substituted juglone, diene (R)-2 was used in the synthesis of
antibiotic BE-43472B instead of diene 12b. Both enantio-
mers of diene 2 were modeled with 3-methoxy-1,2-dimethyl-
1,3-butadiene (25) and the same juglone-type dienophiles as
used in the preceding computations (7 and 22) were em-
ployed. The transition states for the reaction of diene 25 with
juglone 22 are similar to those of this dienophile with diene
19—the lower energy transition structure (TS-26, AH® =
16.2 keal/mol, for TS-27: AH* = 25.0 kcal/mol) is the one in
which the carbon adjacent to the phenyl group on the juglone
(C-2) combines with the nucleophilic terminus of the diene
(C-4) (Figure S5a). This preferred transition state is again
more asynchronous than the transition structure of the other
possible regioisomer. The higher energy of the transition
structure leading to the disfavored adduct suggests that steric
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TS-28
AH* 16.7 AG*31.4 (23.3)
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TS-29 et
AH¥14.9 AG*29.6 (22.1)

FIGURE 5. Transition structures for the model reactions of diene 19 with juglones (a) 22 and (b) 7. BSLYP/6-31G(d) energies in kcal/mol, with
dichloromethane value in parentheses. Favored TSs labeled in blue. Selected distances in A.

hindrance to attach at the unsubstituted carbon as well as the
conjugating affect of the aromatic group control the regio-
selectivity. In addition, when diene 25 is modeled with
unsubstituted juglone, the electronically expected product
29 is favored (for TS-28: AH* = 16.7 kcal/mol, for TS-29:
AH*=14.9 kcal/mol, Figure 5b). Table 1 summarizes all computa-
tional results.

The computed energy differences between competing
Diels—Alder transition structures demonstrate that the effect
of an aryl substituent on juglone is more potent than the
internal hydrogen bond in imparting regiocontrol. For the
dienes studied, there is an energetic preference for the more
nucleophilic terminus to attack at C-2 of juglone (AAG*
1.3—1.8 kcal/mol). With a phenyl substituent at C-2, how-
ever, this regiochemical preference is overturned, and the
nucleophilic terminus of the diene prefers to attack at C-3
(AAG* 5.7—8.7 kcal/mol). Inspection of the transition struc-
tures suggests that synchronicity of bond formation is im-
portant in determining regioselectivity. In reactions with
juglone 7, bond formation in the transition structure is
always more advanced at the more nucleophilic C-4 terminus
of the diene. Transition structures for 2-phenyl juglone 22
show similar asynchronous bond formation when the diene
C-4 terminus attacks the dienophile at C-3. However, for the
regioisomeric attack of 22, bond formation is more advanced
between the less nucleophilic C-1 terminus of the diene and
C-3 of the dienophile. The aryl group strongly activates
attack at C-3, overwhelming activation by the hydroxyl
group. The phenyl group stabilizes the reactant through

conjugation but does not stabilize transition states involving
substantial bond formation at C-2, the phenyl-substituted
carbon. Consequently, transition states in which the most
nucleophilic terminus of the diene attacks C-3 are strongly
favored.

Conclusions

The regioselectivities of several Diels—Alder reactions
involving juglone-based dienophiles were studied computa-
tionally. In unsubstituted juglone, the phenolic proton hy-
drogen bonds to the neighboring carbonyl group, rendering
the carbon S to this hydrogen-bonded carbonyl (C-2)
the more electrophilic position of the dienophiles; this posi-
tion reacts with the more nucleophilic terminus of the
diene. However, the effect of an aromatic group S to this
intramolecular hydrogen-bond was found to be dominant,
as the nucleophilic termini of several dienes are predicted
to react at the carbon o to the hydrogen-bonded carbonyl
(C-3). Therefore, there is an opposite regiochemical outcome
for Diels—Alder reactions with [-aromatic-substituted
juglones when compared to reactions of unsubstituted
juglone.
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