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ABSTRACT

A highly selective oxidative [3  + 2] cycloaddition of chiral enol ethers and hydroxynaphthoquinone is described. This convergent strategy is
amenable to an enantioselective synthesis of  B-rubromycin and related naphthoquinone spiroketals. Several compounds were found to inhibit
DNA-polymerase and telomerase in a manner resembling  o-rubromycin and  B-rubromycin.

(+)-B-Rubromycin belongs to a unique family of optically || G

active spiroketal natural products with a rich and emerging
history (Figure 1). Brockmann first isolated-rubromycin
(1), B-rubromycin @a), andy-rubromycin @) in 1966 from
strains ofStreptomyces collinusacterigZ However, Zeeck
later revisited the structure in 2000 and assigned it as the
p-quinone (2b} With assistance from Bringmann, &8
configuration was assigned to the unique spiroketa2bin
using circular dichroism,3-Rubromycin (2b) and-rubro-
mycin (3) inhibited telomerase with an Jgof less than 3
#M.% On the other handy-rubromycin (1) proved inactive
(ICso > 200 uM), exhibiting efficacy well outside the
window of the assayBecause of this discrepancy between
1 and2 and3, Hayashi proposed that the spiroketal moiety
found in the structure of the inhibitors was responsible
for their efficacy and as a privileged structural com-
ponent offered a good starting point for synthetic chem-
ists.
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ably biosynthesized as single enantiomers. However, eac
contains a single spiroketal stereocenter. Therefore, these gcheme 1. Regioselective and Diastereoselective Concerns

compounds do not appear to be biosynthesized by a o

conventional thermodynamic ketalization. Nevertheless, the B+2] 0 342
universal strategy has been to anneal two components g‘

together about a centralized carbonyl mofefesearchers HY e o

synthesized lower oxidation surrogates of the naphthoquinone or radical R
moiety, such as naphthazarin and benzyloxy derivatives. VRS 1-,,R

Most have reported methods to anneal these fragments fo)

togethe® Despite several extraordinary efforts, only Dan- » 0
ishefsky and co-workers reported synthesizing a naphtho- . %‘kﬁ“& & z OQ
guinone—isocoumarin spiroketal, albeit the aglycone of ‘)‘»}JL / & 1
heliquinomycin’ However, their nontraditional spiroketal- p \
ization method is not easily adapted to the synthesig of
and 3.2 We therefore thought thermodynamic spiroketaliza-
tion of compound® and3 was an unsound strategy.

We imagined instead that@naphthoquinone spiroketal
could be produced in a single kinetic step amenable to
diastereoselective control whereupon the stereochemistry that
directed the formation of the spiroketal stereocenter could by carbonylation in the presence of norbornadi€vehereas
be erased (Figure 2). The [8 2] oxidative cycloaddition ~ chromanon& was prepared in two steps by dihydroxylatibn

regioisomer
7 not seen

Scheme 2. Some Spiroketals Available from Chromanone
Methylenation and Subsequent Oxidative{32] Cycloaddition
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Figure 2. Retrosynthetic strategy amenable to stereocontrol. NaHCO,, THF

initially observed by Roy and Mandal could be used to test _ /@ o Q
our plan? CI X =
S ]

The chromanone4 and5 were constructed (Scheme 2).
Chromanonet was prepared in one step frasriodophenol
i P emiodr o+ o o{Zpo oo
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to 57%, the isolated yields fo7—9 are modest. To  90% yield. None of the correspondigtho-methoxynaph-
unequivocally establish both the regi@nd diastereoselec- thazarin was evident in the crude product. We conclude that
tivity of this transformation, we secured an X-ray structure the barrier or ground-state energy difference @t p-
of 7 (inset, Scheme 1). It indicates that chiral enol ethers conversion for naphthoquinon&s-9, a rearrangement that
undergo reaction from the face of the olefiniesystem we discovered and reported sometime ago, which was
opposite the bulky “R” substituents and on the same side assubsequently adopted by Kita for the synthesig-afibro-
the neighboring hydrogen atoms. To the best of our mycirf (3) is significantly higher than for the prior quinone
knowledge, this transformation is one of only a few diaste- counterpartd0—13.
reoselective oxidative [3- 2] cycloadditions and is perhaps Heating the naphthazaritb to 230°C in the presence of
the only example affording a spiroketal in a diastereoselective DEAD causes a retro-cycloaddition to occur, affording the
mannerts unsaturate@-methoxynaphthazarib6 in 34% yield (Scheme
The X-ray andH NMR data indicate that the correspond- 4). Further reduction and demethylation affords a hydro-
ing o-naphthoquinone product is not present. However, quinone intermediate that undergoes immediate oxidation to
naphthoquinones of this type are base-sensitive as showrproduce the naphthoquinone spirokedalThe extrusion of
by the conversion o with 5% potassium hydroxide into  cyclopentadiene fronl5 validates the notion that chiral
substituents within the starting chromanone can be used to
direct the formation of the spiroketal stereocenter and can
Scheme 3. Equilibrium Encountered in Othar- and then be er_ased; therefore, thi; short sFrategy is amenable to
p-Quinones the enantioselective synthesis of chiral members of the
rubromycin family.
With access to several naphthoquinone spiroketal motifs
and their naphthazarin counterparts, we began to identify the

g kY e pertinent pharmacophores firrubromycin. The telomere
o o repeat amplication protocol assay (TRAP) is often employed
© R to examine retained telomerase activity in the presence of
CHEN R an inhibitor. The protocol uses a polymerase chain reaction
:R= 11:R=H L . .
12.R=Cl 13:R=Cl (PCR) for amplification of DNA extension products to

circumvent radioactive labeling and lengthy gel exposure
times. The extended oligonucleotide afforded by exposure
the naphthoquinone furan reminiscentoefubromycin (1) of a starting telomer to telomerase is then visualized by
(Scheme 4). In a past investigation jefquinonesl1 and staining, whereupon the percent activity is determined by
densitometry. Comparisons ofd§% emerging from different
studies should be cautiously interpreted because the telom-
erase, which is isolated from cancer cells and used in TRAP,
is unpurified. Moreover, TRAP only provides an indirect
readout of telomerase activity by assuming that the Taq

Scheme 4. Some Reactions of the Norbornene Derivatives

NaBH
7 v SC: polymerase used for the subsequent amplification remains
KOH  >90% uninhibited!>-17
\ Synthetic compoundg—9 and14—16were analyzed by

TRAP. To normalize our findings, we also analyzed BIBR-
1532, a well-known telomerase inhibitor. Although reported
to have nanomolar potené§,our measured I value of
5.62+ 0.42 uM for BIBR-1532 compared favorably with
data obtained by Corey.Of the compounds tested, only
compound? showed inhibition with an 16, of approximately

};:/c H, “\/% 40 uM (Figure 3, right curve). However, Hayashi found that
T3 (ofe}

16 (34%) (15) Kim, N. W.; Piatyszek, M. A.; Prowse, K. R.; Harley, C. B.; West,
M. D.; Ho, P. L.; Coviello, G. M.; Wright, W. E.; Weinrich, S. L.; Shay,
J. W. Sciencel 994,266, 2011.

(16) (a) Piatyszek, M. A.; Kim, S. L.; Weinrich, S. Methods Cell Sci.

il ; ; i 1995,17, 1. (b) Pascolo, E.; Wenz, C.; Lingner, J.; Hauel, N.; Priepke, H.;
13, an equilibration witlo-quinone counterpartsd and12 Kauffmann, |- Garin-Chesa, P.: Rettig, W. J.: Damm, K. Schnapgl, A.

was deduced by isolation of the corresponding hydroquinonesgiol. Chem.2002,277, 15566.

(Scheme 3}* Therefore, thep-naphthoquinone7 was (17) Kazmer, S.; Pan, K. M.; Vassilev, IL. Biochem. Biophys. Methods
biected to reduction. Treat t Biwith sodium b 1999,40, 113-117.

subjected to reduction. Treatment dfwith sodium boro- (L% Damn, K. Hermmann, U.; Garin, P.; Hauel, N.; Kauffmann, 1

hydride and in situ methylation with dimethylsulfate afford Priepke, H.; Niestrol, C.; Daiber, C.; Enenkel, B.; Guillard, B.; Lauritsch,

; R I.; Miler, E.; Pascolo, E.; Sauter, G.; Pantic, M.; Martens, U. M.; Wenz,
exclusively thepara-methoxynaphthazaritbin greater than C.: Ligner, 3.: Kraut, N Rettig. W. J.. Schnapp. BMBO J.2001. 20,

6958.
(13) Schmidt, B.; Wildemann, Heur. J. Org. Chem2000, 3145. (19) Bamra, D. K.; Elayadi, A.; Falck, J. R.; Corey, D.Boorg. Med.
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Figure 3. TRAP inhibition curves. Left curves, show % telomerase activity with spin column separation of inhibitor before PCR amplification

for B-rubromycin (2b) and compound. Right curves, show % activity for BIBR-1532 afdvithout compound separation prior to PCR
amplification.

S-rubromycin (2b) also inhibits Tagolymerase, although These observations suggest that the spiroketal, the naph-
to a lesser degree than telomerase. This promiscuity requireshoquinone, and the norbornene synergistically cooperate
compound removal to prevent overestimation of potency by with regard to efficacy. However, because the norbornene
inhibition of Tag amplification. Thus, Hayashi extrac®  jn 7 s absent from botfi-rubromycin (2b) and the inactive
with chloroform before beginning PCR amplification. Be- analogued, inhibition by compound may occur through a

cause |nh|b_|t|on of the TRAP assay Is observed When different mechanism. However, additivity studies witand
compound’ is added before and after telomerase elongation, . o o :
2b to elucidate the similar or dissimilar modes of action

we deduced that that both Tamplymerase and telomerase _ .
are inhibited. Therefore, with commercjarubromycin @b) proved inconclusive.
serving as a standard, the respective inhibitors were removed In summary, our synthetic strategy lays the groundwork
by spin column separation before PCR amplification. In our for rapid enantioselective entry into the spiroketal motif of
hands, the spin column method of separation is less timechijral rubromycin skeletons by introducing a chiral substitu-
consuming and leads to improved recovery, precision, andgn in proximity to the spiroketal center. After removal of
accuracy over chloroform extraction. Our results show that . hiral auxiliary via retro-cycloaddition, the desired

B-rubromycin @b) inhibits telomerase as expected and _ . .
. - spiroketal can be constructed. Furthermore, our studies
validates our modified procedure. Compouhidow afforded - . . ..
indicate that when tested under identical conditi@hgi-

an 1G; value at a slightly higher concentration (6M for i : .
50% activity; Figure 3, left curve). bromycin (2b) is more potent than BIBR-1532, which has

Although compound? contains the spiroketal moiety previously been reported as a nanomolar inhibitor. Last, our
suggested as the privileged pharmacophore in the rubromycinconvergent strategy is well positioned to enable a careful
family, some structurally similar compounds in our study and critical examination of the biological effects of each
(8,9, 15, and16) did not show any inhibition in the standard functional group, which is important fof-rubromycin
TRAP assay at concentrations of up to 40M. This binding and selectivity.
surprising finding could indicate that structural components
other than the spiroketal alone contribute to inhibition or that . .
additional hydrophobicity in the pyranoid ring is desirable Acknowledgment. This research had been funded in the
for inhibition. As might be expected, removal of the past by UC-CRCC and by the NSF, the latter an early Career
spiroketal moiety ir7 (compoundl4) results in the loss of ~Award (0135031) to T.R.R.P.
all activity. This effect is consistent with Hayashi’s previous

hypothesis that the spiroketal serves as the central pharma- gypporting Information Available: Experimental pro-

cophore and the difference in activity betwgrubromycin, ¢ res and key spectral data for all new isolable compounds

which contains a spiroketal, am;drubro_mycin_, which does 5, 7—9, and14—16. This material is available free of charge
not. Remarkably, when the naphthoquinon@ imas reduced ; i
via the Internet at http://pubs.acs.org.
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