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In an effort to further understand the chemistry of anthracycline-type quinone methides, two
tetracyclic o-quinone methides, 4,5,12-trimethoxy-11-[(trimethylacetyl)oxy]-9,10-dihydro-6(2H)-
naphthacenone (19) and (+)-9-carbomethoxy-4,5,12-trimethoxy-11-[(trimethylacetyl)oxy]-9,10-di-
hydro-6(2H)-naphthacenone (20), were synthesized, and their reaction with several nucleophiles
was investigated. Carbon- and sulfur-based nucleophiles afforded stable adducts while oxygen-
and nitrogen-based nucleophiles afforded unstable adducts due to the reversibility of the addition.
Adducts of 19 with ethanol and O-silylated adenosine (27) were acetylated to afford stable phenol

acetates 21 and 29, respectively.

Introduction

The anthracycline antitumor antibiotics, such as adria-
mycin and daunomycin, are an important class of cancer
chemotherapeutic agents,® and yet their precise mode of
action is not fully understood.? These compounds, which
are known to be DNA intercalators,® may derive their
anticancer activity via several different manifolds of
action, including the following: (1) a radical based
mechanism involving the formation of super oxide or
other radicals from quinonoid redox chemistry;* (2) an
intercalation-based pathway involving DNA topoisomerase
I1;5 or (3) a mechanism involving alkylation of some
critical biomolecule by a quinone methide,® or other
reactive intermediate.?®

(0}
Hac N NHe
OH
1 Daunomycin R=H
2 Adriamycin R =O0OH

There is considerable evidence to implicate both the
topoisomerase®- and radical*-mediated pathways in the
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biological activity of the anthracyclines, but whether
quinone methides are responsible for any of the biological
activity of the anthracyclines, remains the subject of
current research and discussion.” What is known is that
upon reduction to the hydroquinone, the anthracyclines
suffer loss of the sugar moiety to afford a biologically
inactive aglycone.®® Thus, whether desirable or not,
guinone methides are formed upon reduction of the
guinone moiety of the anthracycline. It should be noted
that even if the quinone methide is not related to the
anticancer properties of the anthracyclines, it is impor-
tant to understand the chemistry of these intermediates.
Indeed, it has been proposed that the quinone methide
intermediates might be responsible for some of the
undesired cytotoxic properties of the anthracyclines such
as their potent cardiotoxicity and play no role in the
desired anticancer activity.®

In 1981, Moore formalized “bioreductive alkylation” to
explain the biological activity of more than 200 quinone-
containing compounds.® The process is proposed to occur
via reduction of the quinone of an anthracycline such as
adriamycin (2) to the corresponding hydroquinone (3)
followed by loss of the sugar moiety to afford a quinone
methide (4/4', Scheme 1). There is conflicting evidence
as to whether the quinone methide is more correctly
represented as quinone methide 4 with a C-ring carbonyl,
or tautomer 4' with a B-ring carbonyl.” In either case,
the quinone methide could serve as an electrophile
toward a critical nucleophilic biomolecule, in what may
be a reversible process. The resulting quinone methide—
nucleophile adduct, 5, could then be “trapped” by oxida-
tion to the corresponding quinone, 6.

The identity of the biological nucleophile(s), Nu, in the
bioreductive alkylation process has been the subject of
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Scheme 1. Proposed Mechanism of Bioreductive Alkylation®
oH on Q oM
=
co (o oH o CH0 O HO
(0]

CH0 O OH Nu

speculation. Those proposed include DNA, critical pro-
teins/enzymes, and cell walls.?> To date, there is only
indirect evidence to indicate that a DNA base might
function as a nucleophile toward an anthracycline qui-
none methide; however, efforts to study the quinone
methides have been thwarted by the instability of these
highly reactive compounds.>”° In spite of these difficul-
ties, several researchers have made significant contribu-
tions toward understanding the details of the bioreduc-
tive pathway. For example, the Koch group!® has
demonstrated that upon reduction of the quinone moiety,
the sugar can be lost to afford a quinone methide
intermediate that can be observed by UV spectrometry
and, in special cases, by 'H NMR spectroscopy.” These
anthracycline derived quinone methides are unstable
intermediates which generally have half-lives of less than
one minute making detailed study of their chemistry
difficult if not impossible. An exception to this is 11-
deoxydaunomycin derivative 7/7'.7 Koch and coworkers
found that this quinone methide was stable in DMSO
solution and obtained a *H NMR spectrum which showed
a signal for the C(7)-methine hydrogen at 6 7.25, sup-
porting the B-ring quinone methide 7' rather than 7, with
a C-ring quinone methide carbonyl.”

OH O H
7 7'

CHO O HO H

Research in our laboratory has focused on examining
the role of quinone methides in the biological activity of
the anthracycline antitumor antibiotics by constructing
and studying simple model quinone methides.'! The
overall goal is to gain a firm understanding of the
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chemistry of the quinone methide intermediates, so that
new anthracyclines might be designed to maximize the
desired anticancer properties and minimize the undesired
cytotoxic side effects.

Previously, we have reported the synthesis and study
of two simple tricyclic anthracycline model quinone
methides, 8.1 These tricyclic systems underwent facile
reaction with a variety of nucleophiles (eq 1).}! Our
results showed that heteroatom-based nucleophiles such
as aniline, ethanol, water, and thiols added reversibly
to the quinone methide with the equilibrium favoring the
adduct. For example, isolation of the crystalline aniline
adduct, 9a (Nu = PhNH), followed by solvation in acid-
free CDCl; and standing for 20 min resulted in 5—8% of
the adduct reverting to quinone methide 8a by *H NMR
analysis.11P

OR' Angle and Yang’”7 OR'
OO0 = )
CH30 o CH;0 OH Nu
a R'=Ac
8 b R'=Me 9

We report here the synthesis of quinone methides 10
and an investigation of their reaction with a variety of
nucleophiles. The protecting group “P” for the C(11)-
phenol was initially planned to be an ester rather than
an alkyl ether to provide stability to the quinone methide
and inhibit air oxidation of the hydroquinone adducts,
11.*1 In contrast to the anthracyclines which could have
either a B- or C-ring quinone methide, 10 is constrained
to be a B-ring quinone methide. Comparison of spectral
data for these model compounds with that of Koch’s 11-
deoxydaunomycin derivative should provide additional
evidence for or against a C-ring quinone methide. In
addition, important information on the stability of an-
thracycline type quinone methide—nucleophile adducts
and the reversibility of their formation should result.

CH;O0 ©OP CH,O OP

R R
Nu
(eq2)
CHO Q. O CH;O Q OH N
T CHy * CHy .
10 P = protecting group 11
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Results and Discussion

The precursors to the quinone methides were con-
structed using methodology developed by Hauser.'? An-
nelation of the known'? sulfone 12 with cyclohexenones
13a,b followed by protection of the resulting hydroqui-
nones as the bis-pivalates (eq 3) afforded dihydronaph-
thacenones 14a,b in 58% and 40% vyield, respectively.
Benzylic ketone 14b was far less stable than its C(9)-
unsubstituted counterpart, 14a, upon exposure to air for
prolonged periods.

1 LDA, THF -78°C

CH;0 OgPh CH;O  OPiv
m " O C

CH40 3. CIC(O)C(CHy);, CHO Q. O
DMAP, CH2C|2 °
12 14a R=H
14b R = CO,Me
Piv = C(O)C(CH3)3 i ° i
CHz0 OPiv
R
= QOO0 @
eq
THF/H,0
CH40
3
15 R=H
16 R =CO,Me

At this point, the C(7)-ketone needed to be reduced to
a methylene group, and the C(6)-pivalate needed to be
selectively removed in the presence of the C(11)-pivalate.
This was accomplished in a single step upon treatment
of 14 with NaBH, in aqueous THF to afford the mono-
protected hydroquinones 15 and 16 in 59% and 75% yield,
respectively. Interestingly, 16, possessing a C(9)-ester
substituent, appeared to be a 1:1 mixture of conforma-
tional isomers at room temperature as evidenced by the
1H NMR spectrum which showed signals for two phenols
at ¢ 10.75 and ¢ 10.74 and the 3C NMR spectrum which
showed two signals for many of the carbons in the
molecule. Recording the NMR spectra at 80 °C resulted
in coalescence of the resonances, and a single set of
resonances was observed.

The mechanism for the monodeprotection/reduction
reaction is thought to proceed via initial reduction of the
ketone to benzylic borate 17 followed by intramolecular
acyl transfer to form C(6)-phenoxide 18. Elimination of
sodium pivalate to afford quinone methides 19 and 20
followed by reduction with a second equivalent of NaBH,
afforded the monoprotected hydroquinones 15 and 16. A
similar reaction was reported by Mitchell and co-workers
after the completion of this portion of our work.'® At this
stage, the structure assignment of the pivalate at C(11),
rather than C(6), was based on the mechanism of the
reaction. This assignment was later confirmed by the
analysis of the *H NMR spectrum of 26a with substitu-
ents at both C(7) and C(9).

Monopivalates 15 and 16 were oxidized to quinone
methides 19 and 20, respectively, with silver(l) oxide (10
equiv) in refluxing benzene (eq 4). Upon completion of
the oxidation (TLC monitoring), the reaction mixture was
allowed to cool to rt and filtered through a pad of Celite
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Scheme 2. Proposed Mechanism for the
Reduction of 14

CH30 OPiv OPiv
14b
CH30 o OBH;Na a@o@ \ﬂ/
C(CHa)3
18

Piv = C(O)CCHs)3

OPiv CH;O  OPiv
m = CcCoo0
CH30 O OH

19 R=H
20 R=CO,Me

15 R=H, (85%)
16 R = CO,Me, (75%)

to remove excess Ag,O. Monitoring the oxidation by *H
NMR spectroscopy showed the disappearance of the
signal for the phenol, at 6 11.0 for 15 (CsD¢) and at o
10.76 for 16 (CDCI3;), and the concomitant appearance of
a signal for the new C(7)-methine hydrogen at 6 7.37 (t,
J = 4.6 Hz, C¢Dg) for 19 and 6 7.22 (t, J = 4.8 Hz, CgDy)
for 20. The chemical shift of the new (C7)-akylidene
hydrogen on the quinone methides compares favorably
with the 6 7.25 shift reported by the Koch group for 11-
deoxydaunomycin quinone methide 7'.7 This similarity
in the NMR shifts argues for adriamycin-derived quinone
methide 4/4' to be more correctly represented as the
B-ring quinone methide 4' rather than 4 (Scheme 1).

CHs0 C(CH3)3 CHO  OC(O)C (:H3
OOO‘ o OO‘Q
CeHe
CHO g, O CHO QO (eq4)

15R=H 19 R=H
16 R =CO,Me 20 R =CO,Me

Reaction of the Quinone Methides with Simple
Nucleophiles. One of the first nucleophiles to be
examined was ethanol. Stirring a deuterobenzene solu-
tion of 19 with 3 equiv of ethanol or a solution of 19 in
ethanol resulted in recovery of starting material after 24
h (*H NMR analysis). However, addition of 2 mol %
trifluoroacetic acid to a solution of quinone methide 19
and ethanol, followed by stirring for 12 h, did afford the
desired ethanol adduct (Scheme 3). This adduct proved
to be quite unstable making purification impossible in
our hands. Analysis of the crude product by 'H NMR
spectroscopy showed signals for the phenol at 6 11.14 and
the C(7)-benzylic hydrogen at 6 5.28 and disappearance
of the signal for the quinone methide C(7)-hydrogen at ¢
7.27. Treatment of the crude ethanol adduct with acetic
anhydride afforded the stable acetate 21 in 28% overall
yield from phenol 15. At room temperature, the *H NMR
spectrum of 21 showed broad resonances for most of the
hydrogens, indicating the possible presence of conforma-
tional isomers. When the spectrum was recorded at 100
°C, many of the signals sharpened considerably; however,
there were still some broad resonances consistent with
an active conformational equilibrium. For example, the
C(7)-hydrogen appeared as two broad singlets at 6 4.85—
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Scheme 3. Reaction of Quinone Methide 19 with
Nucleophiles

CHO  OPi
1. EtOH, 8 v
“T e OO0
2. DMAP,
Acz0, CH:O Q OAc OFEt
21
CHO  OPiv

19 | " OOO‘

CH30 OH NH
CH

Ph
22
CH3O  OPiv
23a Nu = SPh
23b Nu = SBu
OOO‘ 23c Nu=CN

23d Nu = NaCH(CO,CHs),
CH,0 CH OH Nu

DMAP, Ac,0,
CH20|2

CHsO  OPiv

CH;O O OAc Nu

Piv = C(O)CCH3)3

24b Nu = SBu
24c Nu=CN

CHO  OPiv

| ()
(CH40),S0,

CHO Q O CH(CO,CHa),
25 CHg CHy

|23d

4.75 and 4.70—4.60 at 24 °C (Cg¢D¢), and at 100 °C
(CD3C¢Ds) these two resonances coalesced to a broad
singlet at 6 4.84—4.76, while the resonances for the
remaining hydrogens in the A-ring on C(8)-, C(9)-, and
C(10) were still quite broad. As will be shown below, the
presence of conformational isomers is related to the
acetoxy group on the C(6)-phenol.

In contrast to the sluggish reaction with ethanol, the
reaction of 19 with aniline was extremely rapid. Treat-
ment of a benzene solution of 19 with aniline (1.1 equiv)
resulted in the immediate disappearance (*H NMR) of
the quinone methide (Scheme 3). The 'H NMR spectrum
of the reaction mixture showed a signal assigned as a
phenol hydrogen at 6 11.09 consistent with the formation
of 22. Unfortunately, attempted purification or deriva-
tization of 22 led to decomposition, and the adduct could
not be characterized.

In contrast to alkoxy and amine adducts, thiol adducts
of the quinone methide proved to be quite stable. Treat-
ment of 19 with thiophenol resulted in an instantaneous
reaction to afford 23a in 29% yield after flash chroma-
tography. The 'H NMR spectrum of 23a showed a signal
for the C(7)-benzylic hydrogen at 6 5.47. In addition, the
reaction of 19 with butanethiol afforded adduct 23b in
27% yield (Scheme 3). Acetylation of the crude product
afforded acetate 24b in 30% yield. It is interesting to
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note that the *H NMR spectra of phenols 23a and 23b
both showed the presence of one major conformer at 24
°C. However, at 24 °C the 'H NMR spectrum of acetate
24b showed two signals for the C(7)-methine hydrogen
at 0 4.67 and ¢ 4.48 (C¢Dg) in a 2:1 ratio. Recording the
spectrum at 100 °C resulted in these peaks coalescing to
a single broad singlet at 6 4.53 (CD3CsDs). This result
is consistent with the *H NMR spectrum of acetylated
ethanol adduct 21. It is likely that acetylation of the
C(6)-phenol introduces an A'® interaction'* with the
pseudoequatorial C(7)-butylthio substituent in 24b, re-
sulting in the destabilization of the conformer with this
substituent in the pseudoequatorial orientation relative
to the alternative conformer with the butylthio group in
the pseudoaxial conformation.

Carbon nucleophiles, dimethyl malonate, and cyanide
ion were also examined. Treatment of 19 with lithium
cyanide in DMF afforded 23c in 35% yield (Scheme 3).
Surprisingly, adduct 23c appeared to be a 4:1 mixture
of compounds (conformational isomers) at room temper-
ature as determined by integration of the signals for the
C(7)-methine hydrogens at 6 4.23 and 4.13 in the 'H
NMR spectrum. It occurred to us that the two com-
pounds could be structural isomers of some type (e.g.
nitrile—isonitrile), rather than conformational isomers.
HPLC showed a single compound under a variety of
conditions, and recording the *H NMR spectrum at 70
°C failed to lead to coalescence of the signals for the C(7)-
methine hydrogen. To confirm the fact that the two
compounds were indeed conformational isomers, and not
structural isomers, the signal for the C(7)-methine
hydrogen at 6 4.23 was irradiated, causing the signal for
the other C(7)-hydrogen at 6 4.13 to disappear also. The
reverse irradiation again caused the loss of both signals.
As a control, irradiation at ¢ 4.03 and 6 4.33 (flat base
line areas of the spectrum 0.10 ppm to each side of the
resonances in question) with the same power as above
resulted in no change in the *H NMR spectrum. These
experiments show that the two compounds are indeed
in equilibrium with each other. Since the interconversion
of nitrile—isonitrile isomers is known to have a high
activation energy and be slow at room temperature,® the
two compounds must be conformational isomers. Acet-
ylation of phenol 23c afforded acetate 24c in 48% vyield.
The signals in the *H NMR spectrum of acetate 24c were
broad; for example, there were two broad humps for the
C(7)-methine hydrogen at 6 4.10—4.05 and ¢ 4.20—4.15
(C¢Ds, 300 MHz). Heating this sample to 100 °C led to
coalescence of these signals into one broad singlet at o
3.91 (CD3C5D5, 500 MHZ)

Treatment of 19 with the anion derived from treatment
of dimethyl malonate with NaH afforded malonate
derivative 23d which was protected as the methyl ether
(to facilitate isolation and purification) to afford 25 in
57% from 15 (Scheme 3).

The reactivity of C(9)-substituted quinone methide 20
was nearly identical to that of the C(9)-unsubstituted
guinone methide, 19. Reaction of 20 with the anion
derived from treatment of dimethyl malonate with NaH
afforded malonate derivative 26a in 52% from phenol 16
with >5:1 diastereoselectivity by *H NMR analysis of the
crude reaction mixture (eq 5). The trans-relative stere-

(14) Hoffmann, R. W. Chem. Rev. 1989, 89, 1841—1860.

(15) Maloney, K. M.; Rabinovitch, B. S. In Isonitrile Chemistry; Ugi,
1., Ed.; Organic Chemistry: A Series of Monographs; Academic: New
York, 1971; Chapter 3.
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ochemistry of 26a was assigned to the major diastere-
omer on the basis of the *H NMR coupling constants of
the A-ring hydrogens and *H—H decoupling experiments
(see Supporting Information for details). Irradiation of
the malonate methine hydrogen resulted in the collapse
of the signal for the C(7)-benzylic methine hydrogen to a
broad singlet (width at one-half height = 11.0 Hz). This
showed that the C(7)-hydrogen was pseudoequatorial.
One of the C(8)-hydrogens (Hax) had two large coupling
constants and one small coupling constant (J = 19.7, 11.7,
5.8 Hz). The small coupling constant was determined
to be due to coupling to the C(7)-hydrogen, thereby
indicating that the C(9)-hydrogen was pseudoaxial.

Reaction of 20 with thiophenol afforded adduct 26b as
a single diastereomer in 64% yield from 16 (eq 5). The
relative stereochemistry of thio-adduct 26b was assigned
by analogy to 26a and by the coupling constants of its
A-ring hydrogens. The signal for the C(7)-hydrogen was
a broad singlet (6 5.18), indicating that it was pseu-
doequatorial (i.e. it was coupled to two hydrogens with
small coupling constants for each). One of the C-8-
pseudoaxial hydrogens was coupled to three hydrogens
with two large and one small coupling constant (J = 13.1,
13.1, 3.3 Hz); this showed the C(9)-hydrogen must be
pseudoaxial.

CHsO  OPiv CHsO  OPiv
COzMe CO,Me
O e ‘ ’ OO (eq5)
CH40 CH,0
3 CH3 3 H OH Nu
20 26a Nu = (Na)CH(CO,CHa),
26b Nu = SPh

Reaction of Quinone Methide 19 with a Protected
2'-Deoxyadenosine. Since DNA has been proposed as
a likely nucleophile toward anthracycline quinone
methides, we elected to examine the reaction of 19 with
a nucleoside. Since reaction of 19 with aniline and
ethanol afforded unstable adducts, it was not clear that
a nucleoside would be a viable nucleophile or afford
stable, isolable products. To ensure that the adduct was
formed through the heterocyclic base and not one of the
sugar hydroxyls, TBDMS-protected 2'-deoxyadenosine 27
was prepared according to a procedure by Ogilvie.*® The
reaction of quinone methide 19 with 1.2 equiv of 27 in
benzene-ds was followed by *H NMR spectroscopy (eq 6).
No reaction occurred at concentrations ranging from 0.01
to 0.5 M. Addition of 2 mol % trifluoroacetic acid to a
0.5 M solution of 19 in benzene-dg followed by stirring
for 12 h resulted in the formation of a 1:1 adduct of 19
and 27 by 'H NMR analysis. Unfortunately, all attempts
to isolate this adduct, believed to be a diastereomeric
mixture of 28, resulted in decomposition. The *H NMR
spectrum of the crude adduct showed two signals for the
phenol-hydrogen at 6 11.05 and 10.98. In an attempt to
prove that adenosine derivative 27 had indeed reacted
with 19, the crude reaction mixture was concentrated and
treated with acetic anhydride/DMAP to acetylate the
phenol. Flash chromatography afforded the desired
adduct 29 as a 1:1.6 mixture of diastereomers (HPLC)
in 33% yield (eq 6). The diastereomers were separated
by HPLC (tg = 15.8 min, minor; 16.8 min, major) and
characterized separately. The formation of an adduct
was evident from the 'H NMR spectra of the two

(16) Ogilvie, K. K. Can. J. Chem. 1973, 51, 3799—3806.

Angle et al.

diastereomers (pure by HPLC analysis) that clearly
showed a 1:1 adduct had formed. In addition, mass
spectral analysis showed the expected molecular ion at
m/z 958 (MH™; 28% minor diastereomer, 32, major
diastereomer), and the correct exact mass. The con-
nectivity of 29 was consistent with the fragmentation
pattern in the mass spectrum which showed peaks at
m/z 614 (5%, minor diastereomer; 6%, major diastere-
omer) for loss of the sugar portion of the nucleoside and
437 (100%, major and minor) for loss of the entire
nucleoside. Unfortunately, detailed structural informa-
tion was impossible due to the presence of conformational
isomers for each diastereomer. For example, the NMR
spectrum of the minor diastereomer (tg = 15.8 min)
showed broad signals for the C(7)-hydrogen and the N-H
at 0 6.35 and 0 6.09. Homonuclear *H decoupling and
IH—!'H COSY experiments failed to show the expected
C(7)-hydrogen—C(8)-hydrogen coupling, and thus the
signals for these hydrogens could not be assigned. The
signals for the C(7)-hydrogen and N-H of the major
diastereomer (tg = 16.8 min) came at 6 6.37 and J 6.15.
Again, the resonances for these hydrogens could not be
assigned.

CHs0 0)C(CHg)s
Hz

N

N
CH40 OR NH
TBDMSO 3 &

3
o NN
LA
2 OTBDMS "N
19 TBDMSO o (eq6)
2 mole% CF3CO,H,
CgHe, RT
OTBDMS
28 R=H DMAP,
29 R=Ac Ac,0

The site of alkylation on the adenosine has been
assigned as N(6) as shown, but the lack of X-ray quality
crystals, the presence of conformers in the *H NMR
spectra of both diastereomers precluding observation of
coupling between the N(6)-hydrogen and the C(7)-
hydrogen of the anthracycline, and the overlap of UV
chromophores for the tetrahydronaphthacene and the
adenosine make a rigorous structure proof impossible.
Support for our assignment comes from our previous
work in our laboratory that showed quinone methides 8
(eq 1) alkylated adenosine derivatives at the N(6)-
position.'** Other possible sites of alkylation include the
N(1)- and N(3)-positions and cannot be excluded as
possible structures with the available information.

Conclusion

We have shown that protected B-ring quinone methide
anthracycline type model quinone methides are stable
intermediates that undergo reaction with a variety of
nucleophiles. Comparison of the *H NMR chemical shift
for the C(7)-alkylidene hydrogen of B-ring quinone
methides 19 and 20 to that for Koch’s 11-deoxydauno-
mycin derivative 7/7' lends support for viewing adria-
mycin derived quinone methide 4/4' as the B-ring quinone
methide 4’ rather than the C-ring quinone methide 4.
The adducts formed upon reaction of 19 and 20 with
nitrogen and oxygen-based nucleophiles were surpris-
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ingly unstable and required acetylation of the phenol to
allow isolation of the products. The instability of these
adducts shows that if the mode of action of the anthra-
cyclines does involve quinone methide intermediates,
other factors such as favorable hydrogen bonding interac-
tions, z-stacking interactions, and/or accessibility to an
oxidizing agent that locks the nucleophile in position by
formation of the quinone must be intimately involved.
In light of our results, it is not surprising that an
adriamycin quinone methide—DNA adduct has not been
isolated. One would now expect such an adduct to be
extremely unstable and be difficult, if not impossible, to
isolate as a phenol derivative. The stability of the thiol
adducts as unprotected phenols leads one to speculate
that if quinone methide formation needs to be minimized
for optimal anticancer activity with minimum side effects,
perhaps anthracycline-thioglycoside derivatives should
be screened for possible anticancer activity. The syn-
thesis of such compounds is currently under investigation
and will be reported in due course.

Experimental Section

General Information. NMR chemical shifts were reported
in 0, parts per million (ppm), relative to chloroform (6 = 7.26)
or benzene (6 = 7.15) as internal standards. Coupling
constants, J, were reported in hertz (Hz) and refer to apparent
peak multiplicities and not true coupling constants. Abbrevia-
tions used were as follows: s = singlet, br s = broad singlet,
d = doublet, t = triplet, g = quartet, p = pentuplet, m =
multiplet. IR spectra were recorded on FT-IR. Mass spectra
were recorded at the Southern California Mass Spectrometry
Facility at UC Riverside and were reported as % relative
intensity to the molecular base peak. Matrix abbreviations
used were as follows: DCM = dichloromethane, NBA =
nitrobenzyl amine, PPG = polypropylene glycol. Flash chro-
matography was carried out with E. Merck silica gel 60, 230—
400 mesh. Purification with deactivated silica gel refers to
silica gel which had been stirred with 5% NEt; and the eluting
solvent for 1 h prior to use. TLC was performed on glass
backed silica gel 60 plates (250 um thickness, with a 254 nm
fluorescent indicator). HPLC separations were carried out
using RI detection. The following standard HPLC parameters
were used: flow rate = 0.5 mL/min; column = 8 mm silica
gel, 4.6 mm i.d. x 250 mm length. Ether, tetrahydrofuran
(THF), and benzene were distilled from sodium/benzophenone.
Pyridine, CH3CN, CH,Cl,, CHCI3, tetramethylethylenediamine
(TMEDA), (i-Pr);NEt, and EtsN were distilled from CaH..
Toluene was distilled from LiAIH,. m-CPBA, 50—65% from
Aldrich Chemical Co., was washed with phosphate buffer (pH
7.5) prior to use. Phosphate buffer refers to pH 7.5 prepared
by dissolving 1.2 g of KH,PO,4 and 4.3 g of Na;HPO, (anhy-
drous) in water and diluting to a volume of 1 L. Solvents for
chromatography and recrystallization were distilled prior to
use. The molarities indicated for alkyllithiums were estab-
lished by titration with 2,5-dimethoxybenzyl alcohol.*” Unless
otherwise stated, all reactions were run under an atmosphere
of argon in oven- or flame-dried glassware. Concentration
refers to removal of solvent under reduced pressure (water
aspirator) with a Buchi rotavapor. Deoxygenation refers to
bubbling argon through a solution of the substrate at 0 °C for
30—60 min.

4,5,12-Trimethoxy-6,11-bis[(trimethylacetyl)oxy]-9,10-
dihydronaphthacene-7-one (14a). n-BuLi (5.6 mL ofa 1.4
M solution in heptane, 7.8 mmol) was added to a solution of
diisopropylamine (1.17 mL, 8.4 mmol) and THF (20 mL) at 0
°C. The resulting solution was stirred at 0 °C for 30 min and
then cooled to —78 °C. A slurry of sulfone 13 (1.58 g, 3.81
mmol) and THF (20 mL) was added dropwise through a large
bore addition funnel, and the resulting purple mixture was

(17) Winkle, M. R.; Lansinger, J. M.; Ronald, R. C. J. Chem. Soc.,
Chem. Commun. 1980, 87.
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stirred for 30 min at —78 °C. A solution of cyclohexenone (0.95
mL, 9.14 mmol) and THF (1 mL) was added, and the resulting
golden brown mixture was stirred at —78 °C for 5 min. After
removing the cooling bath, the reaction mixture was allowed
to warm to rt and then heated at reflux (bath temp 90—100
°C) for 30 min; upon reaching rt the color of the reaction
mixture was dark green, and after refluxing for 30 min the
color was dark red. After cooling to O °C, the reaction mixture
was acidified to ca. pH 5 (pH paper) with 1 N HCI, and the
THF was removed in vacuo. The resulting bright red suspen-
sion was extracted with ethyl acetate (3 x 50 mL), washed
with phosphate buffer (3 x 50 mL) and brine (50 mL), dried
(MgS0.), and concentrated to afford 1.14 g (81%) of crude 6,11-
dihydroxy-4,5,12-trimethoxy-9,10-dihydronaphthacene-7-one
as a red foam which was used without further purification:
H NMR (300 MHz, CDCls3) 6 9.59 (bs, 1 H), 7.76 (d,J = 7.5
Hz, 1 H), 7.37 (t, 3 = 8.2 Hz, 1 H), 6.70 (d, J = 7.6 Hz, 1 H),
3.93 (s, 3 H),3.90 (s, 3H),3.85(s,3H),2.90 (t, J =6.1 Hz, 2
H), 2.63 (t, J = 6.3 Hz, 2 H), 2.48—-2.16 (2 H); 3C NMR (75
MHz, CDCls) 6 204.2, 160.8, 157.7, 156.5, 145.4, 138.4, 129.7,
129.6, 129.6, 128.4, 119.7, 116.7, 113.2, 109.9, 104.7, 63.7, 63.6,
56.2, 38.7, 22.7, 21.6, 19.0; IR (CHCI3) 3400, 2942, 1709, 1395
cm~l. A deoxygenated solution of the above hydroquinone
(1.14 g, 3.10 mmol) and CH,ClI; (20 mL) was added via cannula
to a deoxygenated solution of 4-(dimethylamino)pyridine
(DMAP) (2.51 g, 20.6 mmol) and CH.CI, (20 mL) at 0 °C.
Pivaloyl chloride (1.3 mL, 10.3 mmol) was then added, and
the resulting solution was stirred at 0 °C for 30 min and then
allowed to warm to rt over 1 h. The reaction mixture was
poured into phosphate buffer (50 mL) and extracted with
CH.CI; (20 mL). The organic layer was dried (MgSO.) and
concentrated to afford 2.35 g of crude product as a red-orange
oil. Flash chromatography (3:1 hexanes/ethyl acetate, deac-
tivated silica gel) afforded 1.6 g (78% from sulfone) of 14a as
an orange solid. The solid was recrystallized from hexanes/
ethyl acetate to give 1.18 g (58% from sulfone 12) of 14a a
light orange amporphous powder: mp 194—195 °C; 'H NMR
(300 MHz, CDCl3) 6 7.82 (d, J = 8.8 Hz, 1 H), 7.40 (t, J = 8.2
Hz, 1 H), 6.78 (d, J = 7.5 Hz, 1 H), 3.97 (s, 3 H), 3.84 (s, 3 H),
3.83 (s, 3 H), 3.14 (dt, J = 16.8, 5.2 Hz, 1 H), 2.76 (partially
obscured dd, J = 14.6, 7.0 Hz, 1 H), 2.75—2.62 (m, 2 H), 2.18—
2.10 (m, 2 H), 1.53 (s, 9 H), 1.50 (s, 9 H); 3C NMR (75 MHz,
CDCl3) 196.4, 177.5, 176.4, 157.1, 157.1, 157.0, 147.8, 146.5,
139.8,130.8, 130.8, 129.1, 127.5, 121.2, 115.2, 105.9, 64.5, 63.4,
56.7, 41.0, 39.4, 39.5, 27.7, 27.6, 24.1, 21.6; IR (CHCI3) 2936,
1745, 1686, 1366 cm™1; MS (CI, NH3) m/z 537 (MH™, 100),
453 (36); HRMS calcd for C3;H3,0s (MHT) 537.2488, found
537.2512.
(£)-9-Carbomethoxy-4,5,12-trimethoxy-6,11-bis-[(tri-
methylacetyl)oxy]-9, 10-dihydronaphthacene-7-one (14b).
The same procedure used for the preparation of 14a was
carried out with enone 13b (282 mg, 1.83 mmol) and sulfone
12 (633 mg, 1.53 mmol) to afford 1.10 g (260%) of crude
hydroquinone as a red oil which was used in the subsequent
reaction without further purification. *H NMR (300 MHz,
CDCl3, 24 °C) 6 9.69 (s, 1 H), 7.69 (d, J = 8.6 Hz, 1 H), 7.48 (t,
J=8.2Hz 1H),6.81(d,J=7.6Hz, 1 H), 4.00 (s, 3 H), 3.95
(s, 3 H), 3.94 (s, 3 H), 3.73 (s, 3 H), 3.62—2.60 (m, 5 H); IR
(CHCI3) 3344, 2955, 1732, 1362 cm~*. Pivaloyl chloride (0.56
mL, 4.6 mmol) was added to a deoxygenated solution of the
above crude hydroquinone (1.10 g), DMAP (1.1 g, 9.2 mmol),
and CHCl; (15 mL) at 0 °C. The resulting solution was stirred
for 4 h and then poured into phosphate buffer (30 mL). The
organic layer was dried (MgSQ,) and concentrated to afford a
red oil. Flash chromatography (3:1 hexanes/ethyl acetate,
deactivated silica gel) afforded 364 mg (40% from sulfone 12)
of 14b as a red oil: *H NMR (300 MHz, CDClj3, 24 °C) 6 7.82
(d,J=88Hz,1H),7.40 (t, J=7.4Hz, 1 H),6.78(d, J=75
Hz, 1 H), 3.96 (s, 3 H), 3.85 and 3.83 (s, 3 H), 3.75 (s, 3 H),
3.72 (s, 3 H), 3.52—2.78 (m, 5 H), 1.54 (s, 9 H), 1.52 (s, 9 H);
3C NMR (75 MHz, CDCls, 24 °C) 6 194.0, 193.7, 177.5, 176.4,
176.2, 173.3, 157.1, 157.0, 157.0, 153.9, 148.1, 146.6, 146.5,
140.1, 140.0, 131.0, 129.3, 129.0, 127.8, 126.4, 126.3, 121.3,
121.2,119.7,119.6, 115.1, 106.0, 105.9, 105.8, 64.6, 64.5, 63.5,
63.4, 56.6, 52.2, 42.5, 42.1, 39.5, 39.4, 38.3, 38.3, 27.8, 27.6,
27.5,26.9, 26.7, 26.3; IR (CHCI3) 2975, 1748, 1733, 1693, 1556,
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1362 cm~%; MS (CI, NH3) m/z 595 (MH*, 100), 511 (38), 495
(23); HRMS calcd for Ca3H39010 (MH™) 595.2543, found 595.2524.

6-Hydroxy-4,5,12-trimethoxy-11-[(trimethylacetyl)oxy]-
7,8,9,10-tetrahydronaphthacene (15). Sodium borohydride
(84 mg, 2.2 mmol) was added to a deoxygenated solution of
bis-pivaloyl ester 14a (198 mg, 0.37 mmol), water (250 uL),
and THF (10 mL) at 0 °C. The reaction mixture was allowed
to warm to rt over 30 min and was then poured into phosphate
buffer (50 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic extracts were dried (MgSO,) and
concentrated to afford 215 mg crude 15 as a brown glass.
Flash chromatography (3:1 hexanes/ethyl acetate, deactivated
silica gel) afforded 98.4 mg (61%) of monopivalate 15 as a
yellow-green glass: *H NMR (300 MHz, CDCls) 4 10.70 (s, 1
H), 7.82 (d, J = 8.8 Hz, 1 H), 7.30 (t, J = 8.2 Hz, 1 H), 6.74 (d,
J =7.4Hz, 1 H), 4.05 (s, 3 H), 3.97 (s, 3 H), 3.83 (s, 3 H),
3.02—-2.96 (m, 2 H), 2.82—2.72 (m, 1 H), 2.59—2.45 (m, 1 H),
1.96—1.72 (m, 4 H), 1.49 (s, 9 H); 13C NMR (125 MHz, CDCls)
0 176.9, 155.5, 148.3, 148.1, 147.6, 134.3, 129.6, 127.6, 125.1,
119.0, 118.0, 116.6, 115.6, 104.1, 100.9, 64.7, 63.2, 56.1, 39.4,
27.8,24.4,23.6, 22.5, 22.3; IR (CHCIs3) 3300, 2960, 1740 cm™1;
MS (CI, NH3) m/z 439 (MH*, 100), 353 (56), 339 (33); HRMS
calcd for CysH3106 (MHT) 439.2121, found 433.2123.

(£)-9-Carbomethoxy-6-hydroxy-4,5,12-trimethoxy-11-
[(trimethylacetyl)oxy]-7,8,9,10-tetrahydronaphthacene
(16). Sodium borohydride (17 mg, 0.45 mmol) was added to a
deoxygenated solution of bis-pivaloyl ester 14b (45.0 mg, 0.076
mmol), water (90 uL), and THF (3 mL) at 0 °C. After 30 min
the reaction mixture was poured into phosphate buffer (10 mL)
and extracted with ethyl acetate (3 x 20 mL). The combined
organic extracts were dried (MgSO,) and concentrated. Flash
chromatography (3:1 hexanes/ethyl acetate, deactivated silica
gel) afforded 28.0 mg (74%) of 16 as an orange oil. Monoester
16 existed as a 1:1 mixture of conformational isomers at rt by
IH NMR analysis: *H NMR (300 MHz, CDCl3, 24 °C) § 10.76
and 10.75 (s, 1 H), 7.82 (d, 3 = 8.8 Hz, 1 H), 7.30 (t, J = 8.2
Hz, 1 H), 6.74 (d, J =7.5Hz, 1 H), 4.04 (s, 3 H), 3.97 (s, 3 H),
3.84 and 3.84 (s, 3 H), 3.76 and 3.75 (3 H), 3.39—3.25 (m, 1H),
3.15—-3.06 (m, 1 H), 2.91-2.64 (m, 2 H), 2.38—2.26 (m, 1 H),
1.95-1.56 (m, 1 H), 1.50 (s, 9 H); 3C NMR (75 MHz, CDCls,
24 °C) 6 176.9, 176.5, 175.8, 175.7, 157.4, 150.6, 150.5, 146.2,
146.0, 137.0, 136.8, 128.0, 126.3, 126.1, 125.3, 122.8, 122.4,
120.3, 119.7, 118.8, 115.3, 115.2, 104.9, 63.3, 63.3, 62.7, 62.6,
56.8, 51.8, 39.8, 39.4, 27.7, 27.8, 26.5, 26.3, 25.6, 18.8; IR
(CHCIs) 3300, 2957, 1734, 1558 cm™1; MS (CI, NH3) m/z 497
(MH*, 100), 483 (21), 397 (39), 367 (18); HRMS calcd for
CasH330s (MHT) 497.2175, found 497.2183

General Procedure for the Synthesis of Quinone
Methide 19. Ag,O (468 mg, 2.0 mmol, 10 equiv relative to
phenol) was added to a stirred suspension of 15 (89 mg, 0.20
mmol), powdered 4 A molecular sieves (weight approximately
equal to amount of 15), and benzene (1.5 mL, 0.13 M in
phenol). The resulting suspension was heated to reflux, and
the reaction progress was monitored by TLC for loss of starting
material (2—12 h). When phenol 15 had been consumed, the
reaction mixture was cooled, filtered through Celite, and used
immediately. The solution of quinone methide was >95% pure
by *H NMR analysis: *H NMR (300 MHz, CsDg) 6 7.74 (d, J =
8.5Hz, 1 H),7.37 (t, J = 4.6 Hz, 1 H), 7.17 (partially obscured
t,J=77Hz 1H),6.40(d,J=7.8Hz 1H), 4.01 (s, 3 H),
3.56 (s, 3 H), 3.36 (s, 3 H), 2.61—1.64 (m, 6 H), 1.40 (s, 9 H).

General Procedure for the Synthesis of Quinone
Methide 20. Ag,O (160 mg, 0.70 mmol) was added to a
solution of phenol 16 (23.0 mg, 0.0460 mmol), 4 A molecular
sieves, and benzene-ds (2 mL) and heated to reflux. The
progress of the reaction was monitored by TLC and *H NMR
for loss of starting material; after 3.5 h, the reaction mixture
was filtered through Celite. The resulting orange solution
containing quinone methide 20 was >90% pure (*H NMR
analysis) and was used immediately in the subsequent reac-
tions: 'H NMR (300 MHz, C¢Dg, 24 °C) 6 7.73 (d, J = 8.4 Hz,
1H), 7.22 (t, J = 4.8 Hz, 1 H), 7.15 (partially obscured m, 1
H), 6.41 (d, J = 7.8 Hz, 1 H), 3.99 (s, 3 H), 3.56 (s, 3 H), 3.36
(s, 3H),3.27 (s, 3H), 2.72—2.69 (m, 1 H), 2.38—2.31 (m, 2 H),
2.19-2.18 (m, 2 H), 1.41 (s, 9 H).
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(+)-6-Acetoxy-7-ethoxy-4,5,12-trimethoxy-11-[(trimeth-
ylacetyl)oxy]-7,8,9, 10-tetrahydronaphthacene (21). Eth-
anol (10 mL, 0.17 mmol) and trifluoroacetic acid (12 uL of a
0.37 M solution of trifluoroacetic acid and benzene-ds, 0.0044
mmol, 3.1 mol %) were added to a solution of quinone methide
19 [prepared from phenol 15 (63 mg, 0.14 mmol) and Ag.O
(333 mg, 1.4 mmol)] and benzene-dgs (500 uL). After 12 h, *H
NMR analysis showed adduct formation and loss of 19. The
reaction mixture was sparged to dryness with argon to afford
crude adduct as a yellow-orange oil. This unstable phenol was
protected as the corresponding acetate to facilitate handling
and characterization. Aminopyridine (DMAP) (104 mg, 0.84
mmol) was added to a solution of the crude adduct and CHCl.
(500 uL) and the reaction cooled to 0 °C. Acetic anhydride
(60 uL, 0.64 mmol) was added and the reaction monitored by
TLC. After 30 min at 0 °C, the reaction mixture was poured
into equal volumes of phosphate buffer (10 mL) and CHClI,
(10 mL). The aqueous layer was extracted with CH,Cl, (2 x
5 mL). The combined organic extracts were dried (Na,SO.)
and concentrated to afford 79.4 mg crude 21 as an orange
glass. Flash chromatography (1.5:1 hexanes/ethyl acetate,
deactivated silica gel) afforded 20.5 mg (28%) of 21 as a yellow-
green glass. An analytical sample was prepared by recrys-
tallization (hexanes/ethyl acetate) and then purified by HPLC
(1.5:1 hexane/ethyl acetate) to afford 21 as yellow-green
crystals: mp 125—127 °C; 'H NMR (300 MHz, toluene-dg, 100
°C) 6 7.83 (d, J = 8.9 Hz, 1 H), 7.08 (partially obscured t, J =
7.8 Hz, 1 H), 6.45 (d, J = 7.4 Hz, 1 H), 4.84—-4.76 (br s, 1 H),
3.80—3.40 (br m, 2 H), 3.70 (s, 3 H), 3.59 (s, 3 H), 3.56 (s, 3 H),
3.15—-2.90 (br m, 1 H), 2.80—2.50 (br m, 1 H), 2.12 (s, 3 H),
1.65—1.52 (m, 2 H), 1.43 (s, 9 H), 1.48—1.30 (partially obscured
m, 2 H), 1.19 (t, J = 7.0, 3 H); IR (CCly) 2958, 2937, 1772,
1752, 1363, 1198, 1114, 1087, 1059 cm™1; UV (CH3CN, 0.8 mg/
50 mL) Amax 204 (4.357), 228 (4.181), 268 (4.880), 364 (3.721),
382 (4.003), 404 (3.918), 426 (3.785); MS (FAB+, DCM/NBA)
m/z 524 (M*, 100), 480 (13), 437 (46), 421 (7), 353 (16), 337
(20), 323 (30); HRMS calcd for C3oH360s (M) 524.2410, found
524.2430.

(£)-6-Hydroxy-7-phenylthio-4,5,12-trimethoxy-11-[(tri-
methylacetyl)oxy]-7, 8,9,10-tetrahydronaphthacene (23a).
A solution of thiophenol (17.5 xL, 0.17 mmol, 1.1 equiv) and
benzene-ds (30 uL) was added to a solution of quinone methide
[prepared from phenol 15 (65.8 mg, 0.15 mmol) and Ag.O
(346.9 mg, 1.50 mmol)] and benzene-de (2.5 mL). After 10 min,
the reaction mixture was sparged to dryness with argon to
afford crude 23a as a dark yellow oil. Flash chromatography
(3:1 hexanes/ethyl acetate on deactivated silica gel) afforded
23.5 mg (29%) of 23a as a yellow-green needles: mp 165—166
°C; 'H NMR (300 MHz, C¢Dg, 24 °C) 6 11.45 (s, 1 H), 7.97 (d,
J =87 Hz, 1 H), 7.75 (d, J = 7.6 Hz, 2 H), 7.08 (partially
obscured m, 5 H), 6.30 (d,J =7.4 Hz, 1 H,), 5.47 (s, 1 H), 3.67
(bs, 3H),3.39 (s, 3H), 3.35 (s, 3 H), 2.68—2.55 (m, 1 H), 2.52—
2.40 (ddd, 3 = 17.7, 12.8,5.7 Hz, 1 H), 2.10 (brd, J = 13.1, 1
H), 1.70—1.60 (br m, 2 H), 1.47 (s, 9 H); IR (CCly,) 2956, 2937,
1747, 1451, 1374, 1276, 1118 cm™%; MS (FAB+, CHCIs/NBA/
PPG) m/z 546 (M*, 7), 437 (100), 422 (3), 351 (4), 323 (7);
HRMS calcd for C3,H3406S (M) 546.2076, found 546.2071.

(£)-7-(Butylthio)-6-hydroxy-4,5,12-trimethoxy-11-[(tri-
methylacetyl)oxy]-7,8, 9,10-tetrahydronaphthacene (23b).
Butanethiol (30 xL, 0.27 mmol, 1.5 equiv) was added to a
solution of quinone methide [prepared from phenol 15 (79.5
mg, 0.18 mmol) and Ag.O (419 mg, 1.81 mmol)] and benzene-
ds (1.5 mL). After 5 min, the reaction mixture was sparged
to dryness with argon to afford crude 23b as an orange oil.
Flash chromatography (3:1 hexanes/ethyl acetate) afforded
25.6 mg (27%) of 23b as a yellow amorphous powder. Thio
adduct 23b existed as a 3:1 mixture of conformational isomers
(based on integration of 'H NMR for ArOH at 6 11.32 and
11.28) at rt: *H NMR (300 MHz, C¢Dg, 24 °C, major conformer)
011.32 (s, 1 H), 7.96 (d, J = 8.6 Hz, 1 H), 7.10 (obscured dd,
J=85,75Hz 1H),6.30(d,J=75Hz 1H),5.00 (brs, 1
H), 3.65 (s, 3 H), 3.36 (s, 6 H), 2.76 (t, 3 = 7.4, 2 H), 2.65—2.45
(m, 1 H), 2.12 (br d, 1 H), 1.80—1.65 (m, 4 H), 1.47 (s, 9 H),
1.50—1.35 (partially obscured m, 4 H), 0.84 (t, 3 H); 13C NMR
(75 MHz, C¢Dg, 24 °C) 6 175.5, 155.7, 149.5, 149.1, 147.7, 134.9,
125.4,119.8, 118.6, 116.9, 116.1, 115.4, 104.4, 63.8, 62.6, 55.3,
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39.1,38.9, 32,5, 32.1, 28.1, 27.6, 23.7, 22.2, 17.6 13.6; IR (CCly)
3300—3150, 2958, 2936, 1747, 1451, 1373, 1360, 1118 cm™%;
MS (FAB+, DCM/NBA) m/z 526 (M*, 31), 453 (3), 437 (100),
351 (16), 323 (22) ; HRMS calcd for C3oH3506S (M™) 526.2389,
found 526.2391.
()-7-Cyano-6-hydroxy-4,5,12-trimethoxy-11-[(trimeth-
ylacetyl)oxy]-7,8,9,10-tetrahydronaphthacene (23c). Lith-
ium cyanide (1.84 mL of a 0.5 M solution in dimethylform-
amide, 0.92 mmol) was added to neat quinone methide
[prepared from phenol 15 (102.5 mg, 0.23 mmol) and Ag.O (531
mg, 2.31 mmol)]; the reaction mixture underwent an immedi-
ate color change from green to red. After 10 min, the reaction
mixture was poured into equal volumes of phosphate buffer
(10 mL) and ethyl acetate (10 mL). The aqueous layer was
extracted with ethyl acetate (2 x 5 mL). The combined organic
extracts were dried (Na,SO,), concentrated, and subjected to
flash chromatography (3:1 hexanes/ethyl acetate, deactivated
silica gel) to afford 37.8 mg (35%) of 23c as a yellow glass.
The glass was recrystallized from hexanes/ethyl acetate to give
an analytical sample of 23c as a yellow amorphous powder (a
3:1 mixture of conformations based on *H NMR integration of
C-7 H): mp 124-126 °C, dec; *H NMR (300 MHz, CgDs, 24
°C, major conformer) 6 11.32 (s, 1 H), 7.94 (d, 3 = 8.7 Hz, 1
H), 7.11 (partially obscured dd, J = 8.7 Hz, 1H), 6.29 (d, J =
7.4 Hz, 1 H), 4.23 (apparent 6 and br s, J = 4.5 Hz, 1 H), 3.69
(s,3H),3.35(s,3H),3.33(s,3H), 2.97 (bd, I = 16.6 Hz, 1 H),
2.21 (ddd, J =17.5, 12.4, 6.1 Hz, 1 H), 1.84—1.74 (br m, 2 H),
1.45 (s, 9 H), 1.27-1.20 (m, 1 H), 1.14—1.02 (ddd, J = 19.2,
13.8, 5.6 Hz, 1 H); 'H NMR (300 MHz, C¢Ds, 24 °C, minor
conformer, selected resonances) 6 11.34 (s, 1 H), 4.13 (br s, 1
H), 3.65 (s, 3 H), 3.25 (s, 3 H), 1.47 (s, 9 H); UV (CH3CN, 0.9
mg/50 ML) Amax NM 432 (2.980), 412 (3.141), 386 (3.320), 368
(3.062), 268 (4.192), 228 (3.366), 204 (3.651); IR (CCl,4) 3350—
3150, 2958, 2936, 1749, 1455, 1452, 1436, 1375, 1360, cm™%;
MS (FAB+, DCM/NBA) m/z 463 (M*, 100), 448 (4), 437 (15),
394 (2), 378 (56), 364 (18), 353 (14), 323 (5); HRMS calcd for
C27H29NOg (MT) 463.1995, found 463.2202.
(£)-6-(Acetyloxy)-7-(butylthio)-4,5,12-trimethoxy-11-
[(trimethylacetyl)oxy]-7, 8,9,10-tetrahydronaphthacene
(24b). (N,N-Dimethylamino)pyridine (DMAP) (71.9 mg, 0.58
mmol) was added to a solution of 23b (25.6 mg, 0.049 mmol)
and CH.Cl; (250 xL) and the mixture cooled to 0 °C. Acetic
anhydride (46 uL, 0.49 mmol) was added and the reaction
monitored by TLC. After 5 min, the reaction mixture was
poured into equal volumes phosphate buffer (10 mL) and
CH.CI; (10 mL), and the aqueous layer was extracted with
CH_CI; (2 x 5 mL). The combined organic extracts were dried
(NazS0O,) and concentrated to afford 24.9 mg of 24b as an
orange glass. Flash chromatography (3:1 hexanes/ethyl ac-
etate on deactivated silica gel) afforded 16 mg of impure 24b.
HPLC purification (3:1 hexanes/ethyl acetate) afforded 8.2 mg
(30%) of 24b as a yellow amorphous powder: mp 153—154 °C;
1H NMR (300 MHz, toluene-dg, 100 °C) 6 7.82 (d, J = 8.7 Hz,
1 H), 7.08 (obscured t, 3 = 7.8, 1 H), 6.45 (d, J = 7.4, 1 H),
4.53 (brs, 1 H), 3.70 (s, 3 H), 3.58 (s, 3 H), 3.56 (s, 3 H), 3.20—
3.00 (br m, 1 H), 2.49 (t, 3 = 7.0 Hz, 2 H), 2.45—-2.25 (m, 1 H),
2.19 (br s, 3 H), 1.80—1.60 (m, 4 H), 1.60-1.47 (m, 2 H), 1.43
(s, 9 H), 1.40—1.20 (m, 2 H), 0.84 (t, J =7.3 Hz, 3 H); 3C NMR
(500 MHz, C¢Dg, 24 °C) 6 182.9, 157.0, 149.43, 129.0, 128.9,
128.8,126.9, 126.8, 126.6, 126.2, 125.7, 115.2, 104.8, 63.2, 63.1,
62.8, 55.6, 55.5, 39.4, 39.2, 32.0, 31.8,31.6, 27.6, 27.2, 23.6, 22.2,
20.5,16.7, 13.5; MS (FAB+, DCM/NBA) m/z 568 (M™, 43), 479
(18), 437 (100), 352 (22), 323 (20); HRMS calcd for C3;H4007S
(M™) 568.2495, found 568.2520.
(£)-6-(Acetyloxy)-7-cyano-4,5,12-trimethoxy-11-[(tri-
methylacetyl)oxy]-7,8,9,10-tetrahydronaphthacene (24c).
(Dimethylamino)pyridine (DMAP) (50.9 mg, 0.42 mmol) was
added to a solution of 23c (32.1 mg, 0.069 mmol) and CH.Cl,
(250 uL), and the solution was cooled to 0 °C. Acetic anhydride
(30 uL, 0.31 mmol) was added and the reaction monitored by
TLC. After 30 min, the reaction mixture was poured into equal
volumes of phosphate buffer (10 mL) and CH,Cl, (10 mL). The
aqueous layer was extracted with CH,Cl, (2 x 5 mL). The
combined organic extracts were dried (Na,SO,) and concen-
trated to afford crude 24c as an orange glass. Flash chroma-
tography (1.5:1 hexanes/ethyl acetate, deactivated silica gel)
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afforded 16.8 mg (48% from 23c) of 24c as a gold glass. An
analytical sample was prepared by recrystallization from
hexanes/ethyl acetate to afford 24c as a yellow amorphous
powder: mp 162—163 °C; *H NMR (500 MHz, toluene-dg, 100
°C)67.80 (d, 3 =8.8Hz, 1 H), 7.10 (t, J = 8.8 Hz, 1 H), 6.46
(d, 3 =7.4Hz,1H), 391 (brs, 1H),3.67(s,3H),3.60(s,3
H), 3.56 (s, 3 H), 2.24 (s, 3 H), 1.85—1.79 (m, 1 H), 1.76—1.70
(m, 1 H), 1.54-1.48 (m, 2 H), 1.43 (s, 9 H), 1.38 (m, 2 H); 13C
NMR (125 MHz, toluene-ds, 100 °C) 6 175.5, 157.9, 150.4,
149.8, 148.4, 144.2, 142.5, 130.2, 126.7, 126.3, 121.2, 121.1,
120.9, 120.2, 120.1, 116.3, 107.0, 63.9, 63.6, 56.9, 39.9, 28.2,
27.9, 27.4, 26.9, 24.2, 19.7; IR (CCly) 2957, 2938, 1787, 1774,
1755, 1483, 1460, 1187, 1115, 809, 788, 771, 759, 755, 751
cm~%; UV (CH3CN, 1.0 mg/50 mL) Amax NM 202 (4.349), 226
(4.267), 252 (4.367), 270 (4.654), 334 (3.14), 364 (3.448), 382
(3.707), 406 (3.626), 428 (3.497); MS (FAB+, DCM/NBA) m/z
505 (M*, 100), 463 (36), 437 (8), 391 (10), 378 (45), 364 (21),
348 (11); HRMS calcd for CyeH3NO7 (M) 505.2100, found
505.2085.
(£)-7-(Dicarbomethoxymethyl)-4,5,6,12-tetramethoxy-
11-[(trimethylacetyl)oxy]-9,10,11,12-tetrahydronaphtha-
cene (25). NaH (12 mg, 0.47 mmol) was added to a solution
of dimethyl malonate (0.57 mL, 0.57 mmol) and THF (5 mL)
at 0 °C. After 15 min, a solution of quinone methide 20
[prepared from phenol 16 (94.0 mg, 0.189 mmol) and Ag,O (437
mg, 1.89 mmol)] benzene-ds (3 mL), and THF (3 mL) were
added dropwise. The resulting red reaction mixture was
stirred for 30 min, poured into phosphate buffer (20 mL), and
extracted with ethyl acetate (3 x 20 mL). The combined
organic extracts were dried (MgSO,) and concentrated to afford
130 mg of crude 23d as a red oil. The unstable phenol, 23d,
was protected as the corresponding methyl ether to facilitate
handling and characterization. Potassium carbonate (260 mg,
1.9 mmol) and dimethyl sulfate (35 xL, 0.57 mmol) were added
to a deoxygenated solution of 23d (130 mg) and acetone (25
mL). The resulting suspension was refluxed overnight. After
cooling to rt, the resulting mixture was filtered to remove
inorganic material, and the filtrate was concentrated to afford
a brown oil. The oil was dissolved in ethyl acetate (100 mL)
and washed with phosphate buffer (100 mL), dried (MgSO,),
and concentrated to afford crude 25 as a red oil. Flash
chromatography (3:1 hexanes/ethyl acetate, deactivated silica
gel) afforded 63.0 mg (57% from 15) of 25 as an orange oil.
Malonate adduct 25 existed as a 1:1 mixture of conformers at
rt: 'H NMR (300 MHz, CDClg, 24 °C) 6 7.82 (m, 1 H), 7.32 (t,
J=82Hz,1H),6.75(d, J=7.4Hz, 1 H), 4.35(d, J =6.6 Hz,
1 H), 4.17-4.06 (m, 1 H), 4.04 (s, 3 H), 3.88 and 3.85 (s, 3 H),
3.85 (s, 3 H), 3.82 and 3.81 (s, 3 H), 3.69 (s, 3 H), 3.64 and
3.51 (s, 3 H), 3.05—2.95 (m, 1 H), 2.63—2.38 (m, 1 H), 2.09—
1.62 (m, 4 H), 1.48 and 1.48 (s, 9 H); 13C (75 MHz, CDCls, 24
°C) 176.4,176.4,169.4, 169.3, 169.1, 157.0, 156.9, 152.1, 151.8,
149.2, 147.0, 146.9, 138.8, 138.5, 130.9, 129.4, 128.8, 128.5,
128.4, 128.1, 127.0, 126.6, 125.6, 120.3, 120.1, 119.6, 119.2,
115.2, 115.0, 109.1, 104.4, 104.2, 63.9, 63.6, 63.5, 63.0, 62.2,
62.1, 56.5, 56.4, 55.5, 55.0, 52.3, 52.3, 52.1, 39.4, 33.5, 33.4,
27.9, 25.8, 25.4, 23.8, 23.2, 19.5, 18.4; IR (CHCI3) 3017, 1736,
1365 cm™%; MS (Cl, NH3) m/z 583 (MH*, 100), 451 (62), 365
(28); HRMS calcd for CsHz9010 (MH) 583.2543, found 583.2559.
(+)-Methyl 7-[(Dicarbomethoxymethyl)-6-hydroxy-
4,5,12-trimethoxy-11-[(trimethylacetyl)oxy]-7,8,9,10-tet-
rahydronaphthacene]-9-carboxylate (26a). NaH (15 mg,
0.6 mmol) was added to a solution of dimethyl malonate (80
ul, 0.7 mmol) and THF (5 mL) at 0 °C, and the resulting
mixture was stirred for 15 min. A solution of quinone methide
20 [prepared from phenol 16 (23.4 mg, 0.047 mmol) and Ag.O
(108.6 mg, 0.47 mmol)], benzene-ds (3 mL), and THF (3 mL)
was added dropwise. The resulting red reaction mixture was
stirred for 30 min, poured into phosphate buffer (20 mL), and
extracted with ether (3 x 20 mL). The combined organic
extracts were dried (MgSO,) and concentrated to afford crude
26a as a red oil. Flash chromatography (3:1 hexanes/ethyl
acetate followed by 1:1 hexanes/ethyl acetate, deactivated silica
gel) afforded 15.0 mg (52% from 16) of 26a as a red oil (3:1
mixture of diastereomers, *H NMR): 'H NMR (300 MHz,
CDCls, 24 °C, major diastereomer) 6 11.0 (s, 1 H), 7.83(d, J =
8.8 Hz, 1 H), 7.33 (t, J =8.2 Hz, 1 H), 6.76 (d, J = 7.5 Hz, 1
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H), 4.32—4.29 (m, 1 H), 4.17 (d, 3 = 7.0 Hz , 1H), 4.04 (s, 3 H),
3.95 (s, 3 H), 3.85 (s, 3 H), 3.70 (s, 3 H), 3.68 (s, 3 H), 3.66 (s,
3 H),333(dd, J =17.3,5.2,1H), 3.03-2.91 (m, 1 H), 2.72
(dd, 3 = 17.2, 10.9 Hz, 1 H), 2.40 (d, J = 13.9 Hz, 1 H), 2.02
(ddd, J = 19.7, 11.7, 5.8 Hz, 1 H), 1.50 and 1.48 (s, 9 H); 1*C
NMR (75 MHz, CDCls, 24 °C, mixture of diastereomers) o
176.6, 175.3, 169.5, 169.4, 169.4, 155.5, 149.3, 148.6, 147.7,
147.6, 134.6, 134.5, 130.9, 128.8, 128.4, 127.1, 125.7, 119.5,
116.9, 115.9, 115.6, 115.5, 115.4, 64.8, 64.8, 63.5, 63.2, 56.2,
54.3, 53.5, 52.4, 52.3, 52.2, 51.9, 39.4, 35.4, 35.3, 32.4, 32.1,
29.7, 29.6, 29.4, 29.4, 28.1, 27.8, 27.7, 27.7, 27.6, 27.4, 27.3,
27.3, 27.2, 26.1; IR (CHCI3) 2956, 1734, 1372 cm™%; MS (Cl,
NH3) 644 (M + NH,*, 19), 626 (13), 512 (21), 495 (100), 393
(24); HRMS calcd for C33H42012N (M + NH,™) 644.2707, found
644.2723.
(£)-9-Carbomethoxy-6-hydroxy-7-(phenylthio)-4,5,12-
trimethoxy-11-[(trimethylacetyl)oxy]-7,8,9,10-tetrahy-
dronaphthacene (26b). Thiophenol (10 mL, 0.093 mmol)
was added to a solution of quinone methide 20 [prepared from
phenol 16 (22.9 mg, 0.046 mmol) and Ag.O (106.3 mg, 0.46
mmol)] (0.0460 mmol) and benzene-ds at 0 °C. After 5 min
the reaction mixture was poured into phosphate buffer (10 mL)
and extracted with ethyl acetate (3 x 10 mL). The combined
organic extracts were dried (MgSO,4) and concentrated to afford
crude 26b as an orange oil. Flash chromatography (3:1
hexanes/ethyl acetate, deactivated silica gel) afforded 18.0 mg
(64% from 16) of thio-adduct 26b as an orange oil (3:1 mixture
of diastereomers, 'H NMR): *H NMR (300 MHz, CDCls, 24
°C, major diastereomer) 6 11.2 (s, 1 H), 7.84 (d, J = 8.7 Hz, 1
H), 7.65 (d, 3 = 7.0 Hz, 2 H), 7.37—-7.28 (m, 4 H), 6.78 (d, J =
7.3 Hz, 1 H), 5.19 (bs, 1 H), 4.05 (s, 3 H), 3.99 (s, 3 H), 3.85 (s,
3 H), 3.74 (s, 3 H), 3.67—3.56 (m, 1 H), 3.48 (dd, J = 16.4, 5.6
Hz, 1 H), 3.02 (d, J = 9.1 Hz, 1 H), 2.60 (dd, J = 17.5, 12.4 Hz,
1 H), 240 (d, J = 13.5 Hz, 1 H), 1.95 (apparent dt, J = 13.1,
3.3 Hz, 1H), 1.52 and 1.49 (s, 9 H); 3C NMR (75 MHz, CDCls,
24 °C, mixture of diastereomers) 6 176.7, 176.1, 175.8, 155.6,
149.9, 149.0, 147.6, 136.1, 135.9, 134.6, 132.6, 132.6, 128.9,
128.9, 128.5, 128.4, 127.2, 127.1, 126.5, 126.3, 125.9, 119.7,
116.9, 116.8, 115.7, 115.5, 114.5, 104.6, 104.5, 65.0, 64.9, 63.6,
63.2, 56.2, 51.9, 43.7, 43.4, 39.4, 34.6, 34.5, 30.2, 30.1 27.8,
27.7, 26.3, 26.2; IR (CHCI3) 3300 (br), 2959, 1734, 1373 cm™1;
MS (FAB, NBA) m/z 604 (M™, 14), 495 (100), 395 (24); HRMS
calcd for C34H3608S (M*) 604.2131, found 604.2099.
NB8-[2""-(Acetyloxy)-3",4",8"-trimethoxy-9"-[(trimethyl-
acetyl)oxy]-1",10",11",12"-tetrahydronaphthacenyl]-3',5'-
bis[(tert-butyldimethylsilyl)oxy]-2’-deoxyadenosine (29).
Protected adenosine 27 (106.5 mg, 0.23 mmol, 1.0 equiv) and
trifluoroacetic acid [10 xL of a 0.45 M solution of trifluoroacetic
acid in benzene-ds (0.0046 mmol, 2 mol %)] were added to a
solution of quinone methide [prepared from phenol 15 (99.4
mg, 0.23 mmol) and Ag.0 (523.6 mg, 2.23 mmol)] and benzene-
ds (500 uL) in a 10 mL round bottom flask. The reaction
mixture underwent an immediate color change from green to
red. After 12 h, the reaction mixture was sparged to dryness
to afford crude 28 as an orange glass. The phenolic group was
protected as the corresponding acetate to facilitate isolation
and characterization. (Dimethylamino)pyridine (DMAP) (169.9
mg, 1.39 mmol) was added to a solution of 28 and CH,ClI, (500
uL) and the reaction cooled to 0 °C. Acetic anhydride (98 uL,
1.04 mmol) was added and the reaction monitored by TLC.
After 30 min, the reaction mixture was poured into equal
volumes phosphate buffer (10 mL) and CH,CI, (10 mL). The
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aqueous layer was extracted with CH,Cl, (3 x 10 mL). The
combined organic extracts were dried (Na;SO,) and concen-
trated to afford 214.1 mg of crude 29. Flash chromatography
(1.5:1 hexanes/ethyl acetate, deactivated silica gel) afforded
50.6 mg of a 1:1.6 mixture of diastereomers (HPLC) of 29 (23%,
based on phenol 15) as a dark yellow glass. An analytical
sample was prepared and the diastereomers were separated
by HPLC (1:1.5 hexanes/ethyl acetate, 0.5 mL min~?) to afford
minor diastereomer 29D? (tz = 15.8 min) and major diastere-
omer 29D? (tr = 16.8 min). Faster eluting diastereomer
29D yellow-green brittle glass, mp 142—143 °C; 'H NMR
(300 MHz, toluene-ds, 24 °C) 6 8.74 and 8.68 (br s, 1 H), 7.92
(d, 3 =9.0 Hz, 1 H), 7.81 and 7.67 (br s, 1 H), 7.15 (obscured
by solvent, 1 H), 6.40—6.30 (br m, 1 H), 6.27 (m, 2H), 6.09 (br
m, 1 H), 4.60 (br s, 1 H), 4.00—3.90 (m, 1 H), 3.85—3.70 (br m,
1 H), 3.65 (s, 3 H), 3.60 (m, 1H), 3.50 (s, 3 H), 3.41 (br m, 1H),
3.32.and 3.30 (s, 3 H), 2.85 (br d, 3 = 16.4 Hz, 1 H), 2.61 (m,
1 H), 2.30—2.10 (m, 2 H), 2.10—1.90 (m, 2 H), 1.50—1.20 (m, 2
H), 1.64 (s, 3 H), 1.44 (s, 9 H), 0.89 (s, 9H), 0.86 (s, 9H), 0.00
(s, 3 H), —0.02 (s, 3 H), —0.06 (s, 3 H), —0.07 (s, 3 H); UV
(CH3CN, 0.4 mg/50 mL) Amax NM 204 (4.944), 220 (4.565), 252
(4.715), 272 (4.975), 346 (3.325), 364 (3.715), 382 (4.006), 406
(3.908), 430 (3.781); MS (FAB+, DCM/NBA/PPG) m/z 958
(MH™, 100), 958 (32), 898 (7), 614 (6), 470 (4), 437 (100); HRMS
calcd for C50H72N50105i2 (MH+) 9584818, found 958.4817.
Slower eluiting diastereomer 29D? yellow-green brittle glass,
mp 142—144 °C; 'H NMR (300 MHz, toluene-ds, 24 °C) 6 8.75
and 8.65 (br s, 1 H), 7.92 (d, J = 8.9 Hz, 1 H), 7.74 and 7.67
(br s, 1 H), 7.15 (obscured by solvent, 1 H), 6.37 (br m, 1 H),
6.27 (apparent d, J = 7.4 Hz, 1 H), 6.20—6.10 (m, 2 H), 4.65
(m, 1 H), 3.93 (m, 1 H), 3.81 (br m, 1 H), 3.65 (s, 3 H), 3.60 (m,
1 H), 3.51 (s, 3 H), 3.32 (s, 3 H), 2.95—-2.75 (m, 2 H), 2.30—
2.10 (m, 2 H), 2.10—1.90 (m, 2 H), 1.63 (s, 3 H), 1.44 (s, 9 H),
0.90 (s, 9 H), 0.85 (s, 9 H), 0.01 (s, 3 H), 0.00 (s, 3 H), —0.06 (s,
6 H); IR (CCl4) 2956, 2932, 2906, 2859, 1772, 1751, 1612, 1578,
1471, 1451, 1363, 1329, 1297, 1275, 1259, 1225, 1216, 1196,
1149, 1115, 1087, 1072, 1059, 1033, 839, 782, 776, 771, 765,
759 cm~%; MS (FAB+, DCM/NBA/PPG) m/z 958 (MH™, 100),
958 (28), 898 (5), 614 (5), 470 (4), 437 (100), 351 (36); HRMS
calcd for CsoH72N5010Si>, (MH™) 958.4818, found 958.4773.
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