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p-Quinonemethide Analog of the CC-1065 and Duocarmycin
Alkylation Subunits
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The synthesis and preliminary evaluation of 10 and 11, stable precursors to the inherently reactive
but isolable p-quinonemethide analog 9 of the CC-1065 and duocarmycin alkylation subunits, are
detailed. The p-quinonemethide 9, while reactive (¢1» < 1 min, CH;OH), represents one of the few
unsubstituted quinonemethides sufficiently stable for isolation and characterization. The structural
origin of this stability and the ramifications of the observations on the origin of the stability of the
CC-1065 and duocarmycin alkylation subunits are discussed.

(+)-CC-1065 (1),! duocarmycin SA (2),2 and duocarmy-
cin A (8)® constitute the parent agents of a class!~¢ of
exceptionally potent antitumor antibiotics that derive
their biological properties through a sequence selective
alkylation of duplex DNA.”-1® The now characteristic
DNA alkylation reaction has been shown to proceed by
a reversible, stereoelectronically-controlled adenine N3
addition to the least substituted carbon of the activated
cyclopropane within selected AT-rich sites of the minor
groove.ll"16  Although the intracellular target for the
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agents has been shown to be duplex DNA, the mechanism
by which DNA alkylation may translate into productive
antitumor activity has remained elusive until the recent
disclosure that apoptotic cell death is initiated by DNA
alkylation in sensitive cell lines.!”

(+)-1
€ (+)-CC-1086

(+)3
{+)-duccarmycin A

In recent efforts, the preparation of analogs of the
naturally occurring agents possessing deep-seated changes
in the alkylation subunit (¢f. 4—8) have been detailed
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with the intent of defining the structural features of 1—-3
contributing to polynucleotide recognition and functional
reactivity.18-2! In these studies, the electrophilic cyclo-
propane proved not to be obligatory to observation of the
characteristic alkylation selectivity, and additional elec-
trophiles incorporated into structurally related agents
proved to act similarly.1® Moreover, the AT-rich nonco-
valent binding selectivity?2 of the agents has been shown
to exert a pronounced effect on the DNA alkylation
selectivity independent of the nature of the electro-
phile.12141% Several additional fundamental structural
features contributing to the biological properties have
been detailed including a direct, near-linear relationship
between chemical solvolysis stability and eytotoxic po-
tency,!4?° the structural origin of the distinguishing
behavior of the natural and unnatural enantiomers,1214
and the inherent reversibility of the DNA alkylation
reaction which is stabilized by noncovalent binding!314
and led to the development of alkylation site models that
accommodate the reversed binding orientation and offset
AT-rich selectivity of the natural and unnatural enanti-
omer alkylations.1%14

In the course of these studies, the examination of
agents incorporating the simplified and chemically stable
CBI alkylation subunit (¢f. 7) have proven especially
interesting.?® Such agents have displayed more potent
cytotoxic activity than the corresponding CPI-based
agents (cf. 4) and selected agents within the series
examined have displayed efficacious in vivo antitumor
activity. Herein, we report the extension of these studies
to the preparation, isolation, and examination of the
inherently reactive p-quinonemethide analog 9 of the CC-
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1065 and duocarmycin alkylation subunits and its more
stable precursors 10 and 11.%
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N-Methylation of 18%° provided 14 (94—99%, Scheme
1). Treatment of 14 with n-BulLi (2.2 equiv, THF —Et,O
1:2, —78 °C, 20 min) followed by reaction of the resulting
aryllithium intermediate with methyl chloroformate (10
equiv, —78 °C, 30 min, 75—79%) provided 15 in excellent
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Analog of the CC-1065 and Duocarmycin Subunits

Table 1. Solvelysis of 4-8 and 11

agent tie (pH 3)° ti (pH 7Tyt ICs0 (uM, L1210)

5 177h stable 0.006
7 133h stable 0.08
4 37h stable 0.3
6 il1h nt 2.0
8 001lh 52h 18
9 nt <1 min nt

11 nt <1 min >100

@ Taken from refs 14, 19, 20. ¢ Followed spectrophotometrically
in 1:1 H,O0—CH30H (for 4—8) or by TLC in CH3OH or 1:2 THF-
CH;30H (for 9 and 11, respectively). ¢ Inhibitory concentration
(ICs0) for 50% L1210 cell growth relative to untreated controls.

conversions. Lower conversions to 15 were experienced
when shorter metalation times or stoichiometric (1.1
equiv) and smaller excesses (1.6 equiv) of n-BuLi were
employed or when dimethyl carbonate (25—40%) was
used as the electrophile. Subjection of 15 to catalytic
hydrogenolysis provided the phenol 16 (95-100%). Al-
though attempts to reduce 16 to the primary alcohol 10
directly with conventional reagents including LiAlH,,
LiBH,, or NaBH, were not especially successful, treat-
ment of 168 with Dibal-H (3.2 equiv, CHCl,, —78 to 0 °C,
2 h, 83%, typically 70—80%) provided a clean conversion
to 10. Alcohol 10 proved stable even in CH;OH (>3 d)
but slowly reacted with CH;OH—-H;0. Conversion of the
stable alcohol 10 to the exceptionally reactive chloride
11 (97%) was accomplished best with treatment with
NCS—PhgP. Use of larger excesses of reagent than
reported provided lower conversions and the use of PhyP—
CCl, led to isolation of the corresponding triphenylphos-
phonium salt (>90%).

The chloride 11 proved unstable to storage even at —10
°C and was found to undergo clean methanolysis under
exceptionally mild conditions (1:2 THF—CH;0H, 25 °C,
t12 < 1 min) to provide 17 (90—100%) (eq 1). In addition

C
3]

NBOC THF-CHzOH
) =
1 min

> 90%

OH

" 17

Is;o2 . ]CHSOH
25-30% _ x;oc 80% | 1 min
o '

to providing indirect evidence of the mild, rapid genera-
tion of the p-quinonemethide 9, the studies served to
establish the relative solvolytic reactivity of 11 versus
that of 4-8, Table 1. The chloride 11 proved to be much
more reactive than even the exceptionally reactive N-
BOC-CI analog 8 of the CC-1065 and duocarmycin
alkylation subunits. When the generation of 11 was
followed by a standard or slow versus rapid chromatog-
raphy (SiO;, 20—30% EtOAc-hexane) the yield of 11
diminished or it was found to be completely consumed
during the purification. In such instances, conversions
to the putative p-quinonemethide 9 was directly ob-
served. The exceptionally reactive p-quinonemethide 9
could be isolated albeit in modest conversions (25—30%)
and partially characterized. The structure of 9 was clear
from its 'H NMR (CDCl;, 400 MHz) spectra. Although
clean samples of 9 rapidly decomposed upon isolation and
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Scheme 2
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the samples of 9 were always contaminated with a little
of the resulting polymeric material, its characteristic
signals in the 'H NMR spectrum were clear. The
p-quinonemethide 9 exhibited characteristic signals at
6 6.48 (br d, J = 1.6 Hz, 1H) and 6.42 (br s, 1H) for the
diagnostic exocyclic methylene protons and at § 5.96 (s,
1H, C2-H) for the quinone methine proton in addition to
sharp signals for each of the remaining aromatic protons
and the N-methyl group (5 3.24, s, 3H). Not surprisingly,
the isolated agent 9 proved even more reactive than 11
toward methanolysis (Table 1; #15 < 1 min, CH;0H, 25
°C). The surprising ease of generation of 9 and its
unusual stability relative to most p-quinonemethides?
contributes to the unusual degree of instability found for
11 and may be attributed to the vinylogous amide
stabilization that 9 enjoys. No doubt, this same vinylo-
gous amide stabilization in 9 contributes to the unusual
degree of stability observed with 1—3 and related struc-
tures.

In the conduct of efforts to prepare 10, several alterna-
tives to the optimized synthesis detailed in Scheme 1
were explored. Trap of the aryllithium intermediate
generated by reaction of 14 with n-BuLi with paraform-
aldehyde failed to provide a product incorporating the
corresponding hydroxymethyl group, but its reaction with
DMF (-78 to 25 °C, 2—4 h, 45—72%) provided the
aldehyde 18% albeit in variable conversions, Scheme 2.
Transmetalation with n-Buli (2—2.5 equiv) generally
proved more effective than ¢-BuLi (2.5—3 equiv), and a
major byproduct generated in the reaction or upon
workup proved to be 19%* derived from inadvertent
deprotection of the especially labile carbamate. Hydro-
genolysis of 18 or 19 (Hz, 10% Pd—C, EtOH or THF, 4—12
h, 96%) provided 20?® which, in the case of substrate 18,
is derived from both benzyl ether cleavage and ethanoly-
sis or hydrolysis of the labile carbamate. Reintroduction
of the N-BOC protecting group (4 equiv of BOC20, 3 equiv
of DMAP, dioxane, 100 °C, 1 h, 91%) followed by reduc-
tion of the aldehyde 2125 (3.5 equiv of NaBH,, EtOH, 25
°C, 30 min, 76%) also provided 10. Attempts to acylate

(24) For 18: 'H NMR (CDCl;, 250 MHz) 6 10.29 (s, 1H). For 19: 'H
NMR (CDCl;, 400 MHz) é 10.58 (s, 1H), 10.26 (br s, 1H), 8.19 (4, 1H,
J = 9.1 Hz), 8.16 (4, 1H, J = 8.4 Hz), 7.4—-7.5 (m, 6H), 7.22 (t, 1H, J
= 7.1 Hz), 6.26 (s, 1H), 5.26 (s, 2H), 3.00 (d, 3H, J = 5.1 Hz); 1*C NMR
(CDCl;, 100 MHz) 6 186.8, 161.2, 155.5, 136.5, 135.8, 129.4, 128.7,
128.4, 127.5, 123.6, 122.0, 119.3, 117.9, 103.0, 91.4, 70.3, 29.2.

(25) For 20: 'H NMR (acetone-ds, 250 MHz) ¢ 10.61 (s, 1H), 8.33
(d, 1H, J = 6.5 Hz), 8.12 (d, 1H, J = 5.0 Hz), 7.47 (t, 1H, J = 5.3 Hz),
7.23 (t, 1H, J = 5.0 Hz), 6.49 (s, 1H), 2.99 (d, 3H, J = 3.0 Hz). For 21:
1H NMR (CDCl;, 250 MHz) & 10.42 (s, 1H), 9.25 (d, 1H, JJ = 10.4 Hz),
8.08 (d, 1H, J = 7.6 Hz), 7.70 (t, 1H, J = 8.5 Hz), 7.60 (t, 1H, J = 8.2
Hz), 7.31 (s, 1H), 3.38 (s, 3H), 1.61 (s, 9H).
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Scheme 3
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20 with BOC.0 in the absence of DMAP led to recovered
starting material.

Several derivatives of 10 and 11 were prepared for
direct comparison (Scheme 3). Treatment of 10 with
excess AcyO provided the diacetate 22 (95%) while
selective phenol acetylation was observed upon treatment
of 10 with 1.2 equiv of Ac;O (46%). Conversion of the
primary alcohol 23 to the corresponding chloride 24 (88%)
provided an agent that proved substantially more stable
than 11 by virtue of its inability to directly generate the
p-quinonemethide 9. This substantially enhanced stabil-
ity of 24 versus 11 provided the initial, albeit indirect,
evidence that the unusually high solvolytic reactivity of
11 may be attributed to its intermediate generation of
9. However, even 24 was found to slowly provide 17
(CH;0H, 25 °C, 7 days) in a reaction that first proceeds
by methanolysis of the phenolic acetate and subsequent
solvolysis of 11.

The linkage of 10 or 11 with the natural or modified
DNA binding subunits of 1—8 through amide bond
formation was viewed as being potentially successful only
with the free alcohol 10 rather than with the reactive
chloride present in 11. Concurrent with the successful
efforts to directly deprotect 10 described below, we
investigated the potential direct reductions of the free
amines 20 and 25,26 derived from N-BOC deprotection
of 21 and 16 (3N HCI-EtOAc, 30 min, 25 °C, 97-100%),
respectively. Attempted reduction of 25, which was the
most readily available precursor, with a range of reagents
including LiBH,, L- and K-Selectride, LiAl(OBu®);H,
LiAlH,, or Dibal-H under a variety of mild reaction
conditions failed to provide 26 (eq 2). When 25 was

HQ
R
NHMe NHMe
JOARCHYO A
OH OH
20 R = CHO %
25 R = COMe

subjected to more forcing reaction conditions, overreduc-
tion to the hydrocarbon was observed. Similarly, the
attempted reduction of 20 with NaBH, (6 equiv, EtOH,
25 °C, 6 h) provided only recovered starting material
while the use of more powerful reducing agents including
LiBH, (10—35%) and LiAlH, (10—24%) failed to provide
26.

Acid-catalyzed deprotection of 10 under a wide variety
of conditions (8 equiv of TFA—CH.Cl,, 25 °C, 30 min,
98%; 4.5 equiv of TFA, EtOH, 25 °C, 15 min, 98%; concd
HCIl, CH,Cl;, 25 °C, 15 min, 66%) cleanly provided the
cyclic carbamate 27 (Scheme 4). Formation of the bis

(26) For 25: 'H NMR (acetone-d¢, 400 MHz) 6 8.53 (d, 1H, J = 8.0
Hz), 8.11(d, 1H, J = 8.3 Hz), 7.40 (t, 1H, J = 7.8 Hz), 7.15 (t, 1H,J =
7.5 Hz), 6.54 (s, 1H), 3.89 (s, 3H), 2.94 (d, 3H, J = 5.0 Hz); 3C NMR
(CDCly, 100 MHz) 6 159.2, 155.0, 136.3, 129.0, 125.8, 123.2, 121.4,
119.9, 95.6, 51.0, 30.0.
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Scheme 4

98%
10 OH 27 OH
'BuPh,SiCl LIOH
43% 95-100%

28 OSiPh,Bu!

tert-butyldiphenylsilyl ether 28%7 (2.5 equiv of t-BuPhy-
SiCl, 5 equiv of imidazole, DMF, 100 °C, 1 h, 43%)
followed by acid-catalyzed (20% TFA—CH.Cl,, 25 °C, 30
min, 75%) or Lewis acid-catalyzed (2 equiv of 9-BBN-OTY,
CH,Cl,, —78 °C, 15 min, 90%) deprotection cleanly
provided 29%7 where closure to the cyclic carbamate
accompanies removal of the N-BOC group. Mild base
hydrolysis of 29 (LiOH, CH;0H, 25 °C, 10 min, 95—-100%)
provided 27. Attempts to hydrolyze 27 (LiOH, THF—
H20 or CH3CN-H;0, 25 °C, 0.5—2 h) may have cleanly
provided 26 but under the basic reaction conditions was
rapidly converted to 302 (eq 3).

i)

—
94%

Consequently, removal of the N-BOC protecting group
was found to be best conducted under conditions where
the free phenol was first protected with a group readily
removed under acidic conditions. Treatment of 10 with
NaH-CH;OCH:Cl (96%) cleanly provided 31 resulting
from phenol protection and base-catalyzed closure to the
cyclic carbamate (Scheme 5). Mild hydrolysis of 31 (95—
100%) provided 32 which proved unstable to storage and
consequently was immediately acylated to provide 33%8
(74%). Notably, this latter approach to 32 and its
subsequent but immediate acylation potentially may be
utilized for the preparation of more advanced analogs of
CC-1065 and the duocarmycins.

(27) For 28: 'H NMR (CDCl;, 400 MHz) 4 8.53 (d, 1H, J = 8.0 Hz),
8.18 (4, 1H, J = 8.3 Hz), 7.3~7.8 (m), 6.09 (s, 1H), 492 (d, 1H, J =
11.7 Hz), 4.85 (d, 1H, J = 11.7 Hz), 2.56 (s, 3H), 1.21 (s, 9H), 1.04 (s,
9H), 1.02 (s, 9H). For 29: 'H NMR (CDCl;, 400 MHz) 6 8.48 (d, 1H, J
= 7.8 Hz), 7.75 (d, 4H, J = 8.0 Hz), 7.4—7.6 (m, 9H), 6.13 (s, 1H), 5.53
(s, 2H), 2.70 (s, 3H), 1.22 (s, 9H).

(28) For 30: 'H NMR (CDCl3, 400 MHz) 6 8.11 (dd, 1H,J=1.3,7.6
Hz), 8.05 (dd, 1H, J = 1.3, 7.6 Hz), 7.74 (ddd, 1H, J = 1.3, 7.6, 7.6 Hz),
7.62 (dad, 1H, J = 1.8, 7.6, 7.6 Hz), 5.93 (br s, 1H), 5.73 (s, 1H), 2.94
(dd, 3H, J = 0.3, 5.4 Hz); IR (KBr) vm.x 3369, 1674, 1605, 1565, 1500,
1420, 1359, 1338, 1306, 1256, 1161, 1123, 1072 cm™}; FABHRMS (NBA-
Nal) m/z 188.0707 (M+ + H, C1;HpNO, requires 188.0712). Hydrolysis
of 83 provided 34: 'H NMR (CDCl;, 400 MHz) (major rotomer) & 8.33
(d, 1H, J = 8.3 Hz), 8.23 (d, 1H, J = 8.4 Hz), 7.65 (dd, 1H, J = 7.0, 8.4
Hz), 7.67 (dd, 1H, J = 7.0, 8.3 Hz), 6.87 (s, 1H), 5.39 (s, 2H), 5.02 (s,
2H), 3.53 (s, 3H), 3.30 (s, 3H), 1.85 (s, 3H).
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Scheme 5
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Discussion

Preceding studies of simple derivatives of the CC-1065
and duocarmyecin alkylation subunits and their analogs
(4-8) have documented a near-linear relationship be-
tween chemical solvolytic stability and cytotoxic po-
tency.142029 The chloride 11, which serves as a precursor
to the inherently unstable p-quinonemethide 9, proved
to be an exceptionally reactive agent which was found to
undergo solvolysis much faster than even N-BOC-CI (8).
Consistent with this exceptional level of reactivity, 11
failed to exhibit cytotoxic activity (Table 1).3° Relative
to almost all p-quinonemethides, 9 proved to be remark-
ably stable and even isolable. This unusual degree of
stability may be attributed to the vinylogous amide
stabilization enjoyed by 9 and its naphtho- versus benzo-
p-quinonemethide structure. These structural features,
which serve to stabilize 9, no doubt contribute similarly
to the unusual stability of 1—8. In spite of this remark-
able degree of stability, 9 proved to be a very reactive
agent (¢ < 1 min, CH30H, 25 °C) relative to 4—8.
Moreover, this stability of 9 no doubt contributes to its
ease of generation from 11 and the unusual degree of
instability of such precursors.

Efforts on the incorporation of 10 and 11 into struc-
tural analogs of 1-3 and the examination of their
properties are in progress as are the continued explora-
tion of structural modifications of the CC-1065 and
duocarmycin alkylation subunits, and the results of these
studies will be reported in due course.

Experimental Section

N-(tert-Butyloxycarbonyl)-4-(benzyloxy)-1-bromo-2-
naphthylamine (13). A solution of 12%° (2.33 g, 6.7 mmol)
in 50 mL of THF under N; was cooled to ~78 °C and treated
with 4 drops of concentrated HoSO4 in 10 mL of THF. After
the solution was stirred for 5 min (—78 °C), NBS (1.67 g, 9.4
mmol, 1.4 equiv) was added to the reaction mixture. The
mixture was stirred for 5 h (~78 °C) and diluted with EtOAc
(60 mL). The solution was washed with saturated aqueous
NaHCO; (2 x 60 mL) and saturated aqueous NaCl (60 mL),
dried (MgSO0,), and concentrated in vacuo. Flash chromatog-
raphy (2.5 x 15 ¢cm SiO;, 5—-10% EtOAc—hexane) afforded 132
(2.77 g, 2.85 g theoretical, 97%) as a pale yellow solid: mp
111 °C (sharp, EtOAc—hexane, pale yellow plates, lit.2° mp
111 °C (EtOAc—hexane); 'H NMR (CDCl;, 200 MHz) 6 8.28
(4, 1H, J = 8.5 Hz), 8.11 (dd, 1H, J = 1.8, 8.3 Hz), 8.10 (s,
1H), 7.4—7.6 (m, 8H), 5.29 (s, 2H), 1.58 (s, 9H); IR (KBr) ¥max

(29) Boger, D. L.; Yun, W. J. Am. Chem. Soc. 1994, 116, 5523.

(30) In addition, 11 as well as 10, 17, 22, and 27 failed to provide
evidence of DNA alkylation when examined under protocols employed
successfully for 4-8. ICs, values (1.1210) for the less reactive agents
are as follows: 10 (10 ug/mL), 17 (50 ug/mL), 22 (50 ug/mL), 24 (0.6
ug/mL), 27 (50 ug/mL), and O-acetyl 27 (5 ug/mL).
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3407, 2979, 1735, 1625, 1601 cm™'; ETHRMS m/z 427.0781
(M*, CyoH22BrNOj3 requires 427.0783).

Anal. Caled for CooHg2BrNOgs: C, 61.69; H, 5.18; N, 3.27.
Found: C, 61.68; H, 5.47; N, 3.65.

2-[N-(tert-Butyloxycarbonyl)-N-methylamino]-4-(ben-
zyloxy)-1-bromonaphthalene (14). A solution of 13 (2.05
g, 4.79 mmol) in 50 mL of anhydrous DMF under N; was
treated with NaH (172 mg, 7.18 mmol, 1.5 equiv washed with
hexanes, 3 x 5 mL). The mixture was stirred at 25 °C for 30
min with the evolution of Hy. The resulting slurry was treated
with CHal (0:60 mL, 9.6 mmol, 2.0 equiv), and the mixture
was stirred for 2 h at 25 °C. The reaction mixture was
quenchied with the addition of CH3OH and concentrated under
reduced pressure. The residue was suspended in saturated
aqueous NH,Cl (80 mL) and extracted with EtOAc (8 x 25
mL). The combined organic layers were dried (MgSO,),
filtered, and concentrated in vacuo. Flash chromatography
(2.5 x 10 em Si0O,, 0—10% EtOAc—hexane gradient elution)
provided pure 14 (2.00 g, 2.12 g theoretical, 94%; typically 94—
99%) as a pale yellow powder: mp 110 °C (sharp, hexane, pale
vellow plates); 'H NMR (CDCls, 400 MHz) (major rotomer) o
8.34 (d; 1H, J = 8.5 Hz), 8.26 (d, 1H, J = 8.5 Hz), 7.3~7.6 (m,
7H), 6.75 (s, 1H), 5.22 (s, 2H), 3.20 (s, 3H), 1.31 (s, 9H); 13C
NMR (CDCl;, 100 MHz) 6 154.3, 140.0, 136.2, 132.7, 128.5,
128.3, 128.1, 127.7, 127.5, 126.0, 125.7, 122.3, 113.7, 1086.5,
70.3, 36.0, 28.2, 28.1; IR (film) vmax 3067, 3033, 2976, 2929,
1703, 1620, 1593, 1504, 1403, 1367, 1342, 1252, 1231, 1153,
1100 cm™!; FABHRMS (NBA-CsI) m/z 573.9980 (M* + Cs,
CasH4BrNO; requires 573.9994).

Anal. Caled for CosHoyBrNOg: C, 62.45; H, 5.46; N, 3.17.
Found: C, 62.18; H, 5.61; N, 2.94.

Methyl 2-[N-(tert-Butyloxycarbonyl)-N-methylamino]-
4-(benzyloxy)-1-naphthalenecarboxylate (15). A stirred
solution of n-BuLi (2.66 mL, 5.98 mmol, 2.2 equiv) in anhy-
drous Etz0O (20 mL) at ~78 °C under Ar was treated with a
solution of 14 (1.20 g, 2.72 mmol) in anhydrous THF (10 mL).
After 15 min at —78 °C, methyl chloroformate (2.1 mL, 27.2
mmol, 10 equiv) was added and the mixture was stirred for
an additional 30 min at —78 °C. The mixture was allowed to
warm to 25 °C (2 h) and was quenched with the addition of
saturated aqueous NaHCO; (15 mL). The mixture was
extracted with EtOAc (8 x 15 mL), and the combined organic
layers were dried (MgSO,), filtered, and concentrated in vacuo.
Flash chromatography (2.5 x 10 cm SiOs, 20% EtOAc—hexane)
provided pure 15 (905 mg, 1.15 g theoretical, 79%) as a
colorless powder: mp 147 °C (sharp, EtOAc—hexane, colorless
needles): 'H NMR (CDCls, 400 MHz) (major rotomer) § 8.35
(4, 1H, J = 8.0 Hz), 8.10 (d, 1H, J = 8.5 Hz), 7.3—7.6 (m, 7H),
6.66 (s, 1H), 5.25 (s, 2H), 3.95 (s, 3H), 3.21 (s, 3H), 1.31 (s,
9H); 13C NMR (CDCl;, 100 MHz) 6 167.6, 156.3, 154.4, 140.8,
136.1, 131.5, 128.6, 128.2, 127.8, 127.4, 125.7, 125.1, 124.4,
122.1, 121.4, 105.3, 80.2, 70.3, 52.1, 37.2, 28.0; IR (film) vmax
2978, 2950, 1732, 1708, 1621, 1591, 1511, 1387, 1343, 1230,
1152, 1101, 1036, 1008, 983, 888, 771, 735, 698 cm™!; FAB-
HRMS (NBA-CslI) m/z 554.0964 (M* + Cs, CosHa7NOs requires
554.0944).

Anal. Calcd for C25H27N052 C, 71.24; H, 6.46; N, 3.32.
Found: C, 71.42; H, 6.64; N, 3.18.

Methyl 2-[N-(tert-Butyloxycarbonyl)-N-methylamino]}-
4-hydroxy-1-naphthalenecarboxylate (16). A solution of
16 (2.11 g, 5.01 mmol) and 10% Pd—C (200 mg) in EtOAc (50
mL) under H; was stirred for 16 h at 25 °C. The mixture was
filtered through Celite (20 g), and the solvent was removed in
vacuo. ‘Flash chromatography (2.5 x 5 cm SiOy, 30% EtOAc—
hexane) provided pure 16 (1.66 g, 1.66 g theoretical, 100%) as
a colorless powder: mp 203 °C (dec, EtOAc—hexane, colorless
plates); tH NMR (CDCl;, 400 MHz) (major rotomer) é 8.75 (s,
1H), 8.31(d, 1H, J = 8.2 Hz), 8.13 (d, 1H, J = 8.5 Hz), 7.58 (t,
1H, J = 7.2 Hz), 7.51 (t, 1H, J = 7.3 Hz), 6.52 (s, 1H), 3.99 (s,
3H), 3.24 (s, 3H), 1.38 (s, 9H); 3C NMR (CDCl;, 100 MHz)
156.0, 140.2, 132.1, 128.2, 127.6, 125.6, 125.3, 125.0, 124.7,
122.5, 108.6, 106.8, 52.3, 37.5, 28.1; IR (film) viax 3268, 2978,
1721, 1687, 1582, 1435, 1393, 1368, 1243, 1154, 774 cm™;
FABHRMS (NBA-Csl) m/z 464.0479 (M* + Cs, C1sHa1NOs
requires 464.0474).



4948 J. Org. Chem., Vol. 59, No. 17, 1994

Anal. Caled for CisH21NOs: C, 65.24; H, 6.39; N, 4.23.
Found: C, 65.56; H, 6.39; N, 4.44.

3-[N-(tert-Butyloxycarbonyl)-N-methylamino]-4-(hy-
droxymethyl)-1-naphthol (10). A solution of 16 (189 mg,
0.57 mmol) in anhydrous CH:Cl; (15 mL) was treated at —78
°C with Dibal-H (1.92 mL, 3.2 equiv, 1.0 M in toluene) under
Ar. The mixture was stirred for 1.5 h at —78 °C, warmed to
0 °C, and stirred for an additional 1 h. The reaction mixture
was quenched at 0 °C with the addition of saturated aqueous
NH,Cl (20 mL), and the aqueous slurry was extracted with
EtOAc (8 x 10 mL). The combined organic phases were dried
(NazS0,) and filtered, and the solvent was removed in vacuo.
Flash chromatography (2.5 x 5 ¢cm SiOs, 10—-40% EtOAc—
hexane gradient elution) provided pure 10 (144 mg, 173 mg
theoretical, 83%) as a colorless powder: mp 168 °C (sharp,
EtOAc—hexane, needles); *H NMR (acetone-ds, 400 MHz)
(major rotomer) 6 8.29 (4, 1H, J = 8.2 Hz), 8.26 (dd, 1H, J =
1.0, 8.3 Hz), 7.55 (dd, 1H, J = 7.3, 7.8 Hz), 7.48 (ddd, 1H, J =
1.2, 8.9, 8.2 Hz), 6.73 (s, 1H), 4.85 (m, 2H), 3.88 (t, 1H, J =
5.4 Hz), 3.21 (s, 3H), 1.30 (s, 9H); 13C NMR (acetone-ds, 100
MHz) 6 154.3, 141.0, 134.8, 127.7, 127.4, 126.2, 125.9, 125.4,
108.3, 107.6, 79.9, 60.5, 38.2, 14.4; IR (film) vnax 3276, 2977,
1668, 1587, 1403, 1368, 1153, 1085, 767 em™!; FABHRMS
(NBA-CsI) m/z 436.0525 (M* + Cs, Ci7HxNO4 requires
436.0525).

Anal. Caled for C17Ha:NO4: C, 67.31; H, 6.98; N, 4.62.
Found: C, 67.52; H, 7.10; N, 4.41.

3-[N-(tert-Butyloxycarbonyl)-N-methylamino]-4-(chlo-
romethyl)-1-naphthol (11). A solution of 10 (5.0 mg, 0.017
mmol) in anhydrous THF (1 mL) at 25 °C under N; was treated
with PhsP (6.1 mg, 0.023 mmol, 1.4 equiv) and NCS (2.9 mg,
0.022 mmol, 1.3 equiv), and the resulting reaction mixture was
stirred for 35 min (25 °C). Removal of the solvent under
reduced pressure (0 °C) followed by rapid chromatography
(Si0,, 20—30% Et:0—hexane gradient elution) provided pure
11 (5.2 mg, 5.4 mg theoretical, 97%) as a colorless oil: *H NMR
(CDCls, 400 MHz) 6 8.12 (d, 1H, J = 8.4 Hz), 7.97(d, 1H, J =
8.1 Hz), 7.59 (t, 1H, J = 7.5 Hz), 7.52 (t, 1H, J = 7.4 Hz), 7.09
(s, 1H), 4.95 (s, 2H), 3.23 (s, 3H), 1.26 (s, 9H).

p-Quinonemethide 9. A solution of 10 (16.5 mg, 0.054
mmol) in anhydrous THF (1.5 mL) at 25 °C under N; was
treated with PhsP (20.0 mg, 0.076 mmol) and NCS (9.4 mg,
0.071 mmol), and the resulting reaction mixture was stirred
for 30 min (25 °C). Removal of the solvent under reduced
pressure followed by standard chromatography (SiOz, 20—30%
EtOAc—hexane) provided 9 (4.0 mg, 15.5 mg theoretical, 26%)
as an unstable, amorphous solid: *H NMR (CDCls, 400 MHz)
4 8.21 (dd, 1H, J = 1.3, 7.8 Hz, C8-H), 7.95 (d, 1H, J = 7.8,
C5-H), 7.65 (ddd, 1H, J = 1.3, 7.8, 7.8 Hz), 7.54 (dd, 1H, J =
7.8, 7.8 Hz), 6.48 (br d, 1H, J = 1.6 Hz, C=CHy), 6.42 (br s,
1H, C=CHy), 5.96 (s, 1H, C2-H), 3.24 (s, 3H, NCHs), 1.40 (s,
9H, OC(CHy)s); 'H NMR (DMSO-dg, 400 MHz) 6 8.22 (d, 1H,
J =7.9Hz),803(dd, 1H,J =14, 7.9 Hz), 7.74 (ddd, 1H,J =
1.4,7.9,7.9 Hz), 7.60(dd, 1H, J = 7.9, 7.9 Hz), 6.81 (d, 1H, J
= 1.6 Hz), 6.49 (s, 1H), 5.97 (s, 1H), 3.17 (s, 3H), 1.33 (s, 9H);
1H NMR (CsDs, 400 MHz) 6 8.42 (dd, 1H, J = 2.4, 7.0 Hz),
7.37 (dd, 1H, J = 2.4, 7.0 Hz), 7.04—7.11 (m, 2H), 6.33 (d, 1H,
J = 1.6 Hz), 5.80 (d, 1H, J = 1.8 Hz), 5.52 (s, 1H), 2.79 (s,
3H), 1.26 (s, 9H).

8-[N-(tert-Butyloxycarbonyl)-N-methylamino]-4-(meth-
oxymethyl)-1-naphthol (17). From 11. A solution of 11(2.3
mg, 0,007 mmol) in anhydrous THF (1 mL) was treated at 25
°C with a saturated solution of NaHCO; in CHsOH (1 mL).
The reaction mixture was stirred for 30 s and quickly filtered
and the solvent removed in vacuo to provide authentic 17 (1.9
mg, 2.1 mg theoretical, 90%) as an amporphous solid: *H NMR
(CDCls, 400 MHz) 6 8.24 (d, 1H, J = 8.4 Hz),8.14 (d, 1H, J =
8.4 Hz), 7.54 (t, 1H, J = 8.2 Hz), 7.47 (t, 1H, J = 7.0 Hz), 6.79
(s, 1H), 4.5—4.7 (m, 2H), 2.84 (s, 3H), 2.81 (s, 3H), 1.29 (s, 9H);
1H NMR (acetone-ds, 400 MHz) & 8.23 (dd, 1H, J = 0.8, 8.0
Hz), 8.14 (dd, 1H, J = 0.8, 8.0 Hz), 7.54 (ddd, 1H,J = 0.8, 8.0,
8.0 Hz), 7.47 (ddd, 1H, J = 0.8, 8.0, 8.0 Hz), 6.73 (s, 1H), 4.74
(d, 1H, J = 10.9 Hz), 4.64 (d, 2H, J = 10.9 Hz), 3.34 (s, 3H),
3.15 (s, 3H), 1.29 (s, 9H); IR (film) vmax 3290, 2971, 2931, 1664,
1624, 1585, 1400, 1366, 1151, 1092 cm™!; FABHRMS (NBA-
Csl) m/z 450.0681 (M* + Cs, C15H33NO, requires 450.0681).

Boger et al.

A solution of 11 (1.9 mg, 0.006 mmo}) in dry THF (0.5 mL)
was treated at 25 °C under Ar with CH;OH (1 mL). TLC assay
of the mixture after 1 min revealed complete conversion to 17.
The solvent was removed under reduced pressure to provide
17 (1.8 mg, 1.8 mg theoretical, 100%) identical to that detailed
above as the only detectable material in the solvolysis reaction
mixture.

From 9. A solution of p-quinonemethide 9 (4.0 mg, 0.014
mmol) in CH;0H (1 mL) was stirred for 1 min at 25 °C. The
solvent was removed in vacuo, and the residue was purified
by chromatography (Si0;, 20% EtOAc—hexane) to provide pure
17 (3.5 mg, 4.4 mg theoretical, 80%) as an amorphous solid
identical to that detailed above as the only characterizable
material in the reaction mixture.

4-Acetoxy-1-(acetoxymethyl)-2-[N-(tert-butyloxycarbo-
nyl)-N-methylamino]lnaphthalene (22). A solution of 10
(11 mg, 0.036 mmol) in pyridine (200 uL) under N; was treated
with Acz0 (200 L) and warmed at 50 °C for 1 h. Removal of
the solvent in vacuo and chromatography (8SiOs, 50% EtOAc—
hexane) provided pure 22 (13 mg, 14 mg theoretical, 95%) as
an amorphous solid: 'H NMR (CDCl;, 400 MHz) ¢ 8.04 (d,
1H, J = 8.2 Hz), 7.91 (4, 1H, J = 8.4 Hz), 7.5-7.6 (m, 2H),
7.03 (s, 1H), 5.55 (d, 1H, J = 12.4 Hz), 5.45 (d, 1H, J = 12.2
Hz), 3.30 (s, 8H), 2.47 (s, 3H), 2.07 (s, 3H), 1.28 (s, 9H); IR
(film) vmax 2974, 1769, 1739, 1703, 1600, 1364, 1195, 1149 cm™;
FABHRMS (NBA-Nal) m/z 410.1565 (M™ + Na, C5H2sNOg
requires 410.1580).

4-Acetoxy-2-[N-(tert-butyloxycarbonyl)-N-methylami-
nol-1-(hydroxymethyl)naphthalene (23). A solution of 10
(15 mg, 0.050 mmol) in CH;Cl; (1 mL) under N; was treated
with Et;N (8.3 4L, 0.060 mmol, 1.2 equiv) and AcO (5.6 uL,,

. 0.059 mmol, 1.2 equiv) at 25 °C and stirred for 1 h (25 °C).

Removal of the solvent in vacuo and chromatography (SiOs,
0—30% EtOAc—hexane gradient elution) provided pure 23 (7.9
mg, 17 mg theoretical, 46%) as a colorless solid and a small
amount of 22 (3.3 mg, 17%). For 28: mp 153—155 °C, 'H NMR
(CDCl3, 400 MHz) 6 8.33 (d, 1H, J = 8.0 Hz), 7.88 (d, 1H, J =
7.9 Hz), 7.5-7.6 (m, 2H), 7.14 (s, 1H), 501 (d, 1H, J = 11.9
Hz), 4.81 (4, 1H, J = 11.9 Hz), 3.29 (s, 3H), 2.46 (s, 3H), 1.55
(s, 9H); IR (film) vmax 3436, 1764, 1692, 1677, 1364, 1195, 1154
cm~; FABHRMS (NBA-Nal) m/z 368.1485 (M* + Na, C19Hoas-
NOjs requires 368.1474).

Anal. Caled for CisHsNOs: C, 66.07; H, 6.71; N, 4.06.
Found: C, 65.86; H, 6.67; N, 3.71.

4-Acetoxy-2-[N-(tert-butyloxycarbonyl)-N-methylami-
no}-1-(chloromethyl)naphthalene (24). A solution of 23
(4.1 mg, 0.012 mmol) in anhydrous THF (1 mL) at 25 °C under
N was treated with PhsP (12.5 mg, 0.048 mmol, 4 equiv) and
NCS (6.3 mg, 0.048 mmol, 4 equiv), and the reaction mixture
was stirred for 35 min (25 °C). Removal of the solvent under
reduced pressure followed by rapid chromatography (8iO., 10—
25% Et;O0—hexane gradient elution) provided pure 24 (3.8 mg,
4.3 mg theoretical, 88%) as a colorless oil: 'H NMR (CDCl;,
400 MHz) 6 8.20 (d, 1H, J = 8.3 Hz), 7.93 (d, 1H, J = 8.2 Hz),
7.5—1.7 (m, 2H), 7.07 (s, 1H), 5.00 (s, 2H), 3.29 (s, 3H), 2.47
(s, 3H), 1.26 (s, 9H); IR (film) vmax 2964, 1769, 1703, 1369, 1200,
1154 cm™!; FABHRMS (NBA-Csl) m/z 496.0292 (M* + Cs,
C1H22CINO, requires 496.0292).

6-Hydroxy-4-methyl-1H-naphth{2.1-d](1.3]loxazin-3(3H)-
one (27). A solution of 10 (10 mg, 0.066 mmol) in anhydrous
CH,Cl; (1 mL) was treated at 25 °C with TFA (0.015 mL, 0.20
mmol, 3 equiv) and stirred under Ar for 30 min. Removal of
the solvent under reduced pressure followed by recrystalliza-
tion of the residue from isopropy! ether (2 mL) provided 27
(14.8 mg, 15.1 mg theoretical, 98%) as a colorless solid: mp
209—-211 °C (dec, isopropyl ether, colorless plates); ‘H NMR
(acetone-ds, 400 MHz) 6 9.44 (br s, 1H), 8.23(d, 1H, J = 8.5
Hz), 7.79 (d, 1H, J = 8.6 Hz), 7.55 (dd, 1H, J = 8.5, 8.5 Hz),
7.39 (dd, 1H, J = 8.6, 8.5 Hz), 6.84 (s, 1H), 5.59 (s, 2H), 3.36
(s, 3HD; IR (film) vmax 3295, 3064, 2924, 1698, 1594, 1552, 1372,
1272, 1157, 1093 cm™!; FABHRMS (NBA) m/z 230.0810 (M*
+ H, C13H;;NOj3 requires 230.0817).

Anal. Caled for C13H;:NOs: C, 68.11; H, 4.84; N, 6.11.
Found: C, 67.83; H, 5.22; N, 5.79.

6-(Methoxymethoxy)-4-methyl-1H-naphth([2.1-d]{1.3]-
oxazin-3(3H)-one (31). A solution of 10 (22 mg, 0.073 mmol)
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in anhydrous THF (1 mL) was treated at 25 °C under Ar with
NaH (7.3 mg, 0.18 mmol, 2.5 equiv) and stirred for 5 min. The
resulting bright orange solution was treated with CH;OCH,-
Cl1 (MOMCI, 11 uL, 0.15 mmol, 2 equiv), and the mixture was
stirred for 30 min. The reaction mixture was extracted with
saturated aqueous NaHCQO; and the aqueous phase reex-
tracted with EtOAc (8 x 5 mL). The combined organic layers
were dried (NaxSO,), filtered, and concentrated in vacuo.
Chromatography (SiOz, 0-50% EtOAc—hexane gradient elu-
tion) provided pure 81 (19 mg, 19.8 mg theoretical, 96%) as a
pale yellow powder: mp 126 °C (sharp, EtOAc—hexane,
colorless plates); 'H NMR (acetone-dg, 400 MHz)  8.25 (d, 1H,
J =8.4Hz)7.59(d, 1H, J = 8.2 Hz), 7.54 (dt, 1H,J = 1.3, 7.5
Hz), 7.41 (ddd, 1H, J = 1.5, 6.7, 8.3 Hz), 6.90 (s, 1H), 5.57 (s,
2H), 5.41 (s, 2H), 3.55 (s, 3H), 3.46 (s, 3H); 1°C NMR (acetone-
ds, 100 MHz) 6 154.3, 136.1, 129.3, 128.1, 124.1, 122.8, 122.1,
121.1, 106.0, 96.9, 95.0, 64.8, 56.4, 31.9, 28.2; IR (film) vy
3500, 3063, 2929, 2828, 1717, 1630, 1587, 1362, 1304, 1151,
1108, 958, 757 em~t; FABHRMS (NBA) m /z 274.1090 (M* +
H, C15H1sNO, requires 274.1079).

Anal. Caled for C;sHisNO4s: C, 65.93; H, 5.53; N, 5.13.
Found: C, 65.93; H, 5.55; N, 5.26.

1-(Hydroxymethyl)-4-(methoxymethoxy)-2-(methylami-
no)naphthalene (82). A solution of 831 (6.4 mg, 0.023 mmol)
in THF (500 xL) and H,0 (500 L) was treated under Ar with
LiOH (9.8 mg, 0.23 mmol, 10 equiv) and stirred at 25 °C for
36 h. The mixture was diluted with HyO (500 uL) and
extracted with EtOAc (3 x 5 mL). The combined organic
layers were dried (NaySQy), filtered, and concentrated in vacuo
to provide 32 (5.5 mg, 5.8 mg theoretical, 95%) as a pale oil:
H NMR (CDCl,, 400 MHz) 6 8.15 (dd, 1H, J = 1.0, 8.4 Hz),
7.86 (d, 1H, J = 8.7 Hz), 7.43 (ddd, 1H, J = 1.0, 6.8, 8.7 Hz),
7.18 (ddd, 1H, J = 1.0, 6.8, 8.4 Hz), 6.78 (s, 1H), 5.40 (s, 2H),
5.01 (s, 2H), 3.54 (s, 3H), 2.98 (4, 3H, J = 5.2 Hz); 1*C NMR
(acetone-ds, 100 MHz) 6 1274, 124.1, 122.8,122.5,121.1, 120.8,
120.7, 96.5, 94.8, 68.0, 57.2, 56.2, 30.8, 25.6; IR (film) vmay 3423,
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2936, 2895, 2822, 1614, 1598, 1147, 1059, 759 cm™!; FAB-
HRMS (NBA) m/z 247.1196 (M*, C14H1sNO; requires 247.1208).
1-(Acetoxymethyl)-2-(N-acetyl-N-methylamino)-4-(meth-
oxymethoxy)naphthalene (338). A solution of 31 (7.8 mg,
0.029 mmol) in THF (500 L) and Hz0 (500 uL) was treated
under Ar with LiOH (6.0 mg, 0.14 mmol, 4.8 equiv) and stirred
at 25 °C _for 36 h. The solvent was then removed under
reduced pressure, and the solid residue containing crude 32
was treated with AcpO (200 L) and pyridine (300 xL). The
reaction mixture was warmed to 50 °C for 10 min, and the
solvent was removed in vacuo. Chromatography (SiO;, 50—
100% EtOAc—hexane gradient elution) provided pure 33 (7.0
mg, 9.5 mg theoretical, 74%) as a colorless oil: 'H NMR
(acetone-dg, 400 MHz) 6 8.35 (dd, 1H, J = 1.6, 8.2 Hz), 8.11
(dd, 1H, J = 1.6, 8.2 Hz), 7.68 (dt, 1H, J = 1.6, 8.4 Hz), 7.62
(dt, 1H, J = 1.6, 8.3 Hz), 7.07 (s, 1H), 5.54 (d, 1H, J = 6.6 Hz),
5.52 (d, 1H, J = 6.6 Hz), 5.48 (d, 1H, J = 12.2 Hz), 5.39 (d,
1H, J = 12.2 Hz), 3.53 (5, 3H), 3.20 (s, 3H), 2.01 (s, 3H), 1.74
(s, 3H); IR (film) vmax 3457, 2934, 1742, 1661, 1593, 1418, 1377,
1229, 1152, 1063, 957 c¢cm~!; FABHRMS (NBA-Nal) m/z
354.1310 M+ + Na, CyzsH3NOs requires 354.1317).
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