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The quinone subunit is contained in a broad range of biologically
important natural products.! This subunit is presentinanticancer
agents such as the anthracyclines, antibiotics such as the
rifamycins, antifungal agents such as kalafungin, and anticoccidial
agents such as frenolicin B.2 The latter two compounds are
members of the pyranonaphthoquinone family. The diverse
biological activity of quinones has led to the development of several
new synthetic methods for quinones. A number of methods
involving cycloadditions,? carbanion-mediated annulations,* and
nucleophilic and electrophilic reactions® have been reported.
Among the pathways featuring a cycloaddition reaction, one of
the most general methods for the regiospecific synthesis of
substituted quinones was pioneered by Rapoport and others.
This method involves the Diels—Alder reaction of a substituted
quinone and is depicted below. The X group is usually chlorine
or bromine, but nitriles and sulfoxides’ can also be employed.
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However, the requirement for a directing group can sometimes
complicate the synthesis of the dienophile.

As part of a program to evaluate the directing effects of
functional groups not directly attached to the atoms undergoing
Diels—Alder cycloaddition,® we now report that remote substit-
uents on a dienophile can confer excellent regioselectivity in Diels—
Alder reactions. Thiswork has led toan extremely direct synthesis
of the pyranonaphthoquinone framework and to the first synthesis
of frenolicin B (1).

The synthesis of 1, shown inScheme I, began with the reduction
of ketone 2. The alcohol 3 was generated in 100% yield by
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treatment of 2 with (+)-Ipc;BCl according to the method of
Brown.? Analysis of the Mosher ester of 3 indicated an
enantiomeric excess of approximately 93% on the basis of NMR.
In contrast, the reaction of 2,5-dimethoxybenzaldehyde with di-
n-propylzinc and quinine proceeded in 83% yield and afforded
alcohol 3 with an enantiomeric excess of only 70%. Metalation!?
of benzylic alcohol 3 using 2 equiv of #-butyllithium in ether to
generate the dianion followed by reaction with acrolein at -78
°C afforded diols 4 and 5 in a combined yield of only 44%. The
major product appeared to be derived from metalation either
meta or para to the benzylic alcohol. When the reaction was
conducted in 1:10 ether:pentane solution, the alcohols 4 and §
wereisolated in 56% yield, with only 11% of the undesired isomeric
product. Diols 4 and § were synthesized in a 1:1.5 ratio and
could be separated by flash chromatography. Cyclization of
alcohol 5 with palladium acetate and CO in THF in analogy with
the work of Semmelhack!! provided lactone 6 in 65% yield. The
reaction of the isomeric diol 4 under the same reaction conditions
afforded a mixture of 6 and its C-5 epimer. Oxidation of 6 with
the standard Rapoport conditions (AgO and nitric acid)!? provided
benzoquinone 7 in 95% yield.

In order to determine whether the lactone moiety might
influence the regioselectivity of the Diels—Alder reaction, we
examined a Diels—-Alder reactionof 7. Treatment of benzoquinone
7 with 1-((trimethylsilyl)oxy)butadiene afforded a Diels—Alder
adduct which wasimmediately treated with excess Jones reagent!3
to provide frenolicin B in 81% isolated yield from 7. We did not
isolate any fractions containing anisomeric quinone. Our product
was identical by proton NMR, IR, TLC, and 13C NMR analyses
to an authentic sample of frenolicin B supplied by Hoffmann-
LaRoche. In order to be absolutely certain, we also determined
the structure of our compound by X-ray crystallography.

We did not anticipate the excellent regioselectivity. In order
to better understand the origins of the selectivity, the molecular
geometry of 7 was fully optimized at the AM1!4 level of theory
and verified as a minimum by calculating the Hessian numerically.
Interestingly, the propyl group on the dihydropyran ring is
equatorial. Steric factors do not appear to be an issue here.

The RHF/6-31G(d) wave function!s was then evaluated at
this geometry and used to calculate molecular electrostatic
potentials (MEPs).!6 Here, a MEP is defined as the potential
felt by a positive test charge due to the molecular charge density,
evaluated over a grid of points in a given plane of the molecule.
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Figure 1. MEPs of 7 evaluated in planes 2 A below (a) and above (c)
the benzoquinone ring. (b) Schematic orientation of 7 in the MEPs.

The contour map thus generated identifies relative positive and
negative parts of the molecule and can be used, for example, to
indicate likely sites for electrophilic and nucleophilic attack. All
calculations were performed with the parallel version of the
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electronic structure program GAMESS.!7 Figure 1 shows two
MEDPs of 7 evaluated in planes 2 A below (Figure 1a) and above
(Figure 1c) and parallel with the benzoquinone ring.!¥ Figure
1b schematically depicts the orientation of 7 in the MEPs. Both
MEPs show a positive center region (solid lines) with negative
regions (dotted lines) at either side. The plane above the ring
shows an almost equal negative charge distribution on either side.
The plane below the ring shows more negative charge on one side,
presumably due mostly to the lactone ring, and only one negative
contour on the other side. Thus, these MEPs indicate that an
incoming diene with one electronegative substituent should prefer
to react with 7 from below the plane with the substituent away
from the butyrolactone ring. This preference is dictated by the
unequal charge distribution and the molecular geometry.!?

In order to probe this hypothesis, the Diels—Alder adduct 8
was isolated and its structure evaluated by both decoupling
experiments and a 2D-NOESY experiment. The significant
feature of the NOESY experiment was an NOE interaction
between the methine proton at C-5 and the methyls of the
(trimethylsilyl)oxy group. Thisinteraction could only be observed
if the diene had reacted by an endo transition state from the face
opposite the propyl group, supporting the theoretical analysis.

Frenolicin B, an anticoccidial agent, has been synthesized in
six steps from ketone 2. The key step, a regioselective Diels—
Alder reaction, proceeds with complete regiocontrol and in
excellent yield. A rationale for the remarkable regiocontrol is
advanced. The approach to the control of regioselectivity
described herein should be applicable to many other natural
product systems.
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