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A cyclopropy! quinone methide is formed by elimination of a leaving group from an appropriately
functionalized hydroquinone. The presence of a carbon spacer results in the formation of a fused ring
rather than the classic methide species. Discussed herein is cyclopropyl quinone methide formation from
a pyrido[1,2a]indole ring system. Both nucleophilic and electrophilic attack on the fused cyclopropane
ring results in pyrido[1,2]indole and azepino[1,2}indole products. The stereoelectronic effect plays
less a role in the relatively flexible pyrido[1,2-a]indole system compared to its role in the pyrrolo[1,2-a]-
indole system. AL%C label on the fused cyclopropane ring permitted the rapid identification of complex

rearrangement products observed in this study.

Introduction

Quinone methide chemistry is of general interest since many
naturally occurring and synthetic quinones can form this reactive

species upon two-electron reduction and leaving group elimi-
nation!~° Previously, we designed a system that could form a
cyclopropyl quinone methide from a pyrrolo[1gffused system
upon reduction of the quinort&.The inspiration for the cyclo-
propyl quinone methide design came from the mitosbnés

and the A-ring of CC-1065%* While the mitosene hydroquinone
affords the quinone methide by elimination of a leaving group,
the present hydroquinone systems can eliminate the leaving
group only by formation of a fused cyclopropane ring.
Presented herein are the synthesi4,adind the study of the
fate of its cyclopropyl quinone methid® Scheme 1. ASC
label at the starred center bfpermitted the rapid identification
of products resulting from the nucleophile-mediated opening
of the cyclopropane ring to afford ring retention and ring

*To whom correspondence should be addressed. Phone: 480-965-3581.expansion product8,and4, respectively, in the inset of Scheme

Fax: 480-965-2747.
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1. This study represents a continuation of our usé@flabeling

to elucidate methide chemisti¥/1516The stereoelectronic effect,
along with steric effects, controls the nucleophilic attack on the
fused cyclopropane ring resulting in different ring opening paths
for pyrido[1,2-d]-fused cyclopropyl quinone methid@)(com-
pared to the previously reported pyrrolo[lgRfused analogue
5,10 Scheme 2. The more flexible pyrido[1a2+ing of 2 permits
both nucleophilic attacks shown in the inset of Scheme 1
resulting in formation of both pyrido[1,d}lindole 3 and azepino-
[1,2-a]lindole 4, with the latter favored by large nucleophiles.
In contrast, the pyrrolo[1,2}-fused systenb affords only 6
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SCHEME 1 SCHEME 3
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upon nucleophilic attack regardless of the size of the nucleo-
phile1® The pyrido-fused produd eliminates the nucleophile
to afford, upon air oxidation, the aromatized prodécin con- was then methylated, followed by reductive cyclization to the
trast, the nucleophile trapping products of cyclopropyl quinone indole 9. The presence of the 3-methyl group prevented
methide2 do not eliminate readily because products are not substitution reactions at this position of the indole ring during
aromatic. the synthesis of. The annulation of the pyrido ring to afford
the pyrido[1,2a]indole 10 was accomplished by condensation
of 9 with y-butyrolactone followed by dehydrative cyclization
using hot polyphosphoric acid. This annulation procedure has
been employed for the preparation of other pyrido[d]iadole
analogued?

Nitration of 10 to afford 11 was carried out in dichloro-
methane with 67% nitric acid. Replacement of the ketone group
of 11 with a cyano group to afford2 was carried out by

8 =68.3 ppm

Results and Discussion

Synthesis.The synthesis ot was accomplished in 10 steps
from commercially available 2-methyl-4-nitroanisole as outlined
in Schemes 3 and 4. Introduction of the acetonitrile moiety into
this starting material was carried out through “vicarious nu-
cleophilic substitution” to afford@.”18The acetonitrile moiety

(17) Makosza, M.; Danikiewicz, W.; Wojciechowski, Kiebigs Ann.
Chem.1988 203—-208. (19) Hosseini, S. H.; Entezami, A. Al. Appl. Polym. Sci2003 90,
(18) Marino, J. P.; Hurt, C. RSynth. Commuril994 24, 839-848. 63—71.
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SCHEME 5
1.5 % Pton C, 50 Psi H,

2. Fremy Salt (pH=3 or 7)

15 (11-12 %)

14

16 (25%)

o X
3
\ OH
* Hie NN
o
)

17 (5%

pH=7.0

HaCO g
N\ OH
o}
imino-16 ( 44-50 %)
+ trace 16

HCI/ MeOH
44-50 %

16

treatment with tosylmethyl isocyanide anié#! The resulting
nitrile 12 was then exchanged with &N in DMSO at 80°C
to afford the'3C enriched nitrile analogu&2* in a 50% yield.
Dry HCl was added to pyrido[1,d}indole nitrile 12 in methanol
solution resulting in formation of the imino ester, which was
treated with 3N HCI for 24 h to afford3. The conversion of
13 to hydroxymethyl pyrido[1,23]indole 14 as illustrated in
Scheme 4 was uneventful. However, the conversiod4fo
15 by catalytic reduction/Fremy oxidation at pH 3 occurred
in low yield with noteworthy side reactions discussed below.
Finally, the hydroxymethyl indolequinorib was treated with
methanesulfonyl chloride/pyridine to give methanesulfonoxy-
methyl indolequionel.

Fremy oxidation of reduced4 (nitro to amino) afforded a
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SCHEME 6
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Cyclopropyl Quinone Methide Chemistry. The product
studies described below provided indirect evidence for the
formation of the cyclopropyl quinone methide spe@eshown
in Scheme 1. Product studies revealed thiaas three possible
fates: proton (electrophile) trapping resulting in alkane forma-
tion, nucleophile trapping, and dimerization (which is a com-
bination of electrophile and nucleophile trapping). Some of these
products are converted to other products by tautomerization
processes. Unlike the cyclopropyl quinone mettid€ shown
in Scheme 2, the stereoelectronic effect predicts no preferred
path for cyclopropane ring opening because of ring flexibility.

Reduction ofl and incubation in methanol followed by
aerobic workup afforded a complex mixture of products that
were initially analyzed by*C NMR, Figure 1. This spectrum
clearly shows the formation of four types of products based on
the chemical shifts of the label: oxygen-substituté@ (74
ppm), allylic or benzylict3C (45 ppm),13C with oxygen on a
neighboring carbon (29 ppm), and alk§C (21 ppm). Isolation
and identification studies confirmed the presence of each of these
types of products, Scheme 7. Nucleophilic attack on the
cyclopropyl quinone methid2 affords pyrido[1,2a]indole 21
and azepino[1,2jindole 22 upon oxidative workup as illustrated
in Scheme 7. Initially, nucleophilic attack on the cyclopropane
ring of 2 affords the hydroquinone derivatives that are oxidized
to the quinones upon aerobic workup. Inspection of the
minimized molecular model df in Figure 2 reveals that pyrido-
[1,2-a]indole and azepino[1,2a}indole formation upon nucleo-
philic attack are both favored by the stereoelectronic effect.
Ideally, the breaking bond is 4% 9C° to thexr system so that
there is maximal overlap with the developing p orbital. For

variety of products depending on the pH of the reaction, Scheme €Xample, nucleophilic attack of the CC-1065 A ring at the least

5. All reaction mixtures afford varying quantities of the diol
16, a reaction not seen with the pyrrolo[1apfused analogue¥.
It is proposed that indole quinoris readily tautomerizes to

substituted carbon of the cyclopropane ring, and subsequent
bond breaking, results in good overlap {4t of thes plane)
of the developing p orbital with ther system?® In contrast,

the quinone methide Species that either traps water or loses @.ttack at the more substituted carbon would result in P orbital

proton to afford16 and17, respectively (Scheme 6). The ease
of tautomerization of the pyrido[1,d} fused analogues is

attributed to less strain of the methide when present in a six-

membered ring. The high yield preparationld was carried
out by Fremy oxidation to the iminoquinone at pf % afford
imino-16 followed by acid-catalyzed imine hydrolysis.

(20) Oldenziel, O. H.; van Leusen, A. NMbynth. Commuril972 2 (5),
281-283.

(21) Oldenziel, O. H.; van Leusen, D.; van Leusen, AJMOrg. Chem.
1977, 42, 3114-3118.

development orthogonal to thesystem. Similarly, the stereo-
electronic effect correctly predicted that cyclopropyl quinéne
would undergo nucleophilic attack only at the more substituted
carbon!® In contrast to5 and the CC-1065 A ring, both
nucleophilic attack paths o will result in good overlap
between the developing p orbital and theystem. The greater
flexibility of the tetrahydropyrido ring o, compared to that

(22) Islam, I.; Skibo, E. BJ. Org. Chem199Q 55, 3195-3205.
(23) Boger, D. L.; Johnson, D. &ngew. Chem., Int. Ed. Endl996
35, 1438-1474.
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21 18 & 20 22 19
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FIGURE 1. Enriched'*C NMR of the methanolic solvolysis products of reduded
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of the pyrrolo ring of5, accounts for the lack of regioselectivity : C H
in nucleophilic attack. 2 19
The nucleophile trapping productl and 22 are stable H on
because these systems cannot aromatize. In both products the H,CO )ﬂ s H,CO FHs Hy
leaving group (formally the nucleophile) is either exocyclic or — g fa . ; {
part of a seven-membered ring. In contrast, nucleophile trapping H,C L, N H“ HC 4
by the cyclopropyl quinone methide affords a product that 18H,
readily aromatizes to the fused pyrido systdém;> 6 — 7 in Y
Scheme 2. Therefore adducts2vith biological nucleophiles H,C ? CHa
were found to be stable (see next section). — V\L\ —_—
In addition to nucleophile trapping, the cyclopropyl quinone Oxidation Hs @ o 70O
methide2 traps a proton to afford9 that is then converted to H H
® 18
; H
, Bond Breaking o) CH,
H3CO. M C
/ \ r‘S F Nu - b
U () H = 2
-—T_I—— Nu 3 ? OH / Oxidation
f
M 18 and 20 by a series of tautomerizations and oxidations,

Scheme 8. The process that convdi@go reducedl8 (18Hy)
is essentially an internal redox reaction wherein electrons flow
from the fused tetrahydropyrido ring to the quinone ring by two
tautomerizations. Aerobic oxidation GBH, followed by two

N a8 [ r‘J tautomerizations and aerobic oxidation again affords the aro-
. w matized fused pyrido ring a20, Scheme 9.
IS Nu Nu Hydrolysis studies of reduceldin pH 7.4 tris buffer afforded

Bond Breaking ~ a mixture that was initially analyzed bWC NMR, Figure 3.
The spectrum reveals the presence of trace starting material
and three products identified d$, 23, and 24, Scheme 10.
FIGURE 2. Minimized molecular models of the pyrido[1aindole The formation of15 and 23 provide evidence of nucleophile

cyclopropy! quinone methide reveal the absence of a stereoelectronicattack paths illustrated in Figure 2. The dinf& must have
effect on cyclopropane ring opening. resulted from the reaction between two molecule2 ofith

5858 J. Org. Chem.Vol. 71, No. 16, 2006
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ing 13C NMR and product isolations. Both nucleophilic and
electrophilic attack on the fused cyclopropane rin@ oésults
in pyrido[1,2-d)indole (ring retention) and azepino[ldindole
(ring expansion) products. The stereoelectronic effect plays no
discernible role in nucleophilic attack on the flexible pyrido-
[1,2-alindole system of cyclopropyl quinone methide In
contrast, the stereoelectronic effect dictates nucleophilic attack
in the more rigid pyrrolo[1,2]indole system of cyclopropyl
[ quinone methide5.1° However, steric effects resulting in
bl - : . : . . : nucleophilic attack occurs at the least hindered cyclopropane
70 65 60 55 50 45 40 35 30 25ppm carbon of2 in the case of a large nucleophile. Nucleophile
trapping products of are stable and do not undergo aromati-
zation, as was the case with nucleophile trapping products of
5. The latter products readily eliminate the nucleophile, and then
SCHEME 10 air oxidizes to afford a stable aromatic ritfy.Thus the
cyclopropyl quinone methid2 appears to be a stable alkylation

FIGURE 3. Enriched**C NMR of the hydrolysis products of reduced
1in pH 7.4 tris buffer.

o}
HCO. & OMS 1 H, 5% Pdon G product suitable for biological systems. Another conclusion is
\ R ) that the 9-position of the pyrido[1,&lindoledione ring system
H;C 2. Anaerobic pH 74 Ts- HCl is susceptible to tautomerization even under mild conditions.
o 3.. Aerobic Workup The tautomerization of the C(9) proton to afford a quinone
1 methide is favored by the six-membered pyrido ring. Water
0 o, addition to the quinone methide followed by air oxidation of
HsCO the resulting hydroquinone affords the 9-hydroxy derivative.
N OH . Similar tautomerization/oxidation reactions have been noted in
Ha 1 15 other pyrido[1,2a]indoledione derivative’ The pyrrolo[1,2-
o 2%  30% alindoledione does not readily undergo tautomerization/oxida-
23 tion reactions because of the strain of the methide in the five-
18% membered pyrrolo ring. Currently, we are using the C(9)

oxidation reaction to design novel dual alkylating agents based
on the pyrido[1,2a]indoledione ring system.

Experimental Section

All analytically pure compounds were dried under high vacuum
in a drying pistol heated with refluxing methanol. Fremy salt was
purchased from a commercial supplier, stored over calcium chloride
desiccant in a refrigerator, and used within a month. Some

5% compounds contained fractional amounts of water of crystallization
one reactant acting as a nucleophile and the other acting aghat were determined from the elemental analyses found. Some trace
electrophile. A series of reactions after the coupling, including byproducts were identified on the basis of spectral data without
tautomerizations, water trapping, water elimination, and oxida- €lémental analyses. Uncorrected melting points and decomposition
tions eventually affords the final produgé as illustrated in  Points were determined with a Mel-Temp apparatus. All TLC was

Scheme 11. The presence of a highly extended quinone methidd{Un with silica gel plates with fluorescent indicator, employing a

o ; . Variety of solvents. IR spectra were taken as KBr pellets or thin
that traps water by a 1,8-addition reaction (inset of Scheme 11) films;)t/he strongest IR at?sorbances are repoﬁldchndpl)% NMR

accounts for the allylic alcohol d4. spectra were obtained on a 300 MHz spectrometer, and chemical
Cyclopropyl Quinone Methide Trapping of 5—dGMP. To shifts are reported relative to TMS. The NMR peak assignments

assess the trapping of biological nucleophi2sjas generated  of some compounds were assigned on the basis of two-dimensional

in the presence of 5dGMP. Reductive alkylation of 5dGMP experiments and3C labeling, and these compounds have peak

at pH 7.4 afforded a mixture of phosphate addiisand 26 assignments.

that could not be separated by reverse phase chromatography, 3,6-Dimethyl-5-methoxyindole (9).Synthesis was carried out

Scheme 12. Thé3C NMR spectrum of the purified mixture  in two steps from the reported compou6® as follows: To a

shown in Figure 4 reveals that the pyrido[BRadole 25was ~ Solution of 5.0 g (24.2 mmol) 08 and 20 g (144.7 mmol) of

the major product with trace amounts of azepinofd)i2dole K2CO; in 100 mL of dry acetonitrile was added 100 mg of 18-

26 present. Since the stereoelectronic effect favors either crown-6 and 2.0 mL of CHl. The mixture was heated to reflux

. . it and stirred under nitrogen for 15 h. After completion of the reac-
product, steric effects must dictate nucleophilic attack at the (monitored by TLC), the mixture was cooled to room tem-

least hindered cyclopropane carbor2ab afford25. In contrast, perature, the salt was filtered off, and the solvent evaporated to a
the nucleophile trapping reactions of cyclopropyl quinone residue under vacuum. This residue was dissolved into 150 mL of
methide5 with 5—dGMP and DNA are controlled exclusively  dichloromethane and filtered again to remove salts. The solvent
by the stereoelectronic effett.

(24) Orlemans, E. O. M.; Verboom, M. W.; Scheltinga, M. W.;

Conclusions Reinhoudt, D. N.; Lelieveld, P.; Fiebig, H. H.; Winterhalter, B. R.; Double,
. . . . J. A,; Bibby, M. C.J. Med. Chem1989 32, 1612-1620.
Cyclopropyl quinone methid2 formation from the pyrido- (25) Macor, J. E.; Wehner, J. Mietrahedron Lett1991 32, 7195

[1,2-a)indoledione ring systerih has been documented employ- 7198.
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SCHEME 11
CH.
oo QO CHy ° O  CH, HeC O
3 A Hs  Coupling H3CO CHs
> —_— > A\ 4
HaC N Oxidative Workup HaC N I Hs
Con
Tautomerization H.CO e 3OH HOH3C Q CH Elimination of Water
- 3 3
Water Trapping 3 £ | | Tautomerization
Oxidation H3C N Hs Water Trapping
o o Oxidation
H3CO
HaC
1,8- addition toan Nu
extended quinone
methide
SCHEME 12 of saturated NaCl solution, dried over 0, and finally filtered
5.dGMP and evaporated to give a thick oily residue that solidified at room
1. Hy, Pd on Carbon temperature. Recrystallization from ethanol gave light orange
1 > Anaerobic o crystals: 4.9 g (92%) yield; mp 780 °C; TLC (chloroform)Rs
incubation 24 h =0.47. IR (KBr pellet): 3086, 2966, 2849, 2243 (CN), 1574, 1500
3. Aerobic Workup </: | NH cm L H NMR (CDCL): 6 7.97 (H, s), 7.10 (1H, s), 4.95 (1H,
o Hs o N/J\NH2 q), 3.99 (3H, s), 2.26 (3H, s), 1.71 (3H, d). Anal. Calcd for
HsCO o-P_o CuiH1:NoO3: C, 59.99; H, 5.49; N, 12.72. Found: C, 60.06; H,
\ S 0 5.52; N, 12.80.
HsC © S A solution of 5.0 g (22.7 mmol) of methylate&lin 200 mL of
o ethanol was degassed with nitrogen for 5 min. followed by the
25 0 addition of 7.15 g of ammonium formate and 1 mL of acetic acid.
o NH To the resulting solution was added 1.5 g of 5% Pd on carbon, and
GO Hs o <’: | I the reaction was stirred for 45 min at 80 and then filtered through
3 A\ i N~ “NH, Celite. The solvent was evaporated in vacuo, and the solid residue
H O-f-0 was extracted with dichloromethane. The organic layer was washed
e 3 % with saturated NaCl solution, dried over 30, filtered, and the
OH solvent was evaporated to afford the brown crystalline product: 3.1
26 g (78%) yield; mp 103104 °C; TLC (chloroform)Rs = 0.49. IR
(KBr pellet): 3383, 2927, 1472, 1207, 1062 cm'H NMR
23 + 1 (CDCl): 6 7.64 (1H, s), 7.10 and 6.94 (2H, s), 6.87 (1H,d), 3.90
+ + 15

was evaporated in vacuo and the residue dissolved in 200 mL of
ethyl acetate and extracted three times with 100 mL portions of

saturated KCOs. The organic layer was then washed with 100 mL

FIGURE 4. Enriched®*C NMR of the GMP trapping products of
reducedl.
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(3H,s), 2.33 (3H, s), 2.30 (3H, s). Anal. Calcd for;8,3NO: C,
75.40; H, 7.48; N, 7.99. Found: C, 75.17; H, 7.44; N, 7.99.
2-Methoxy-3,10-dimethyl-7,8,9a,10-tetrahydro-B-pyrido[1,2-
alindol-9-one (10). Synthesis was carried out in two steps from
compound as follows: A stirred mixture of 2.0 g (11.41 mmol)
of 9in 30 mL of dimethylacetamide, 4.73 g of anhydrougliO,,
and 2.0 mL ofy-butyrolactone was heated at reflux under fidr
48 h. The reaction mixture was diluted with®l, and the resulting
solution was washed with toluene. The aqueous layer was acidified
with concentrated HCI and then extracted with toluene. The extracts
were evaporated, and the residue was purified by flash chroma-
tography on silica gel using chloroform/ ethyl acetate (1:1) as the
eluent. The isolated product was recrystallized from dichlo-
romethane/hexane: 1.85 g (65%) yield; mp #1418 °C; TLC
(chloroform, 9:1)R: = 0.62. IR (KBr pellet): 2931 (br), 1706, 1478,
1242 cnrl. 1H NMR (CDCl): 6 7.04 (1H, s), 6.91 (1H, s), 6.74
(1H, s), 4.08 (2H,t), 3.88 (3H,s), 2.34 (3H,s), 2.30 (2H,t), 2.27
(3H,s), 2.11 (2H,q).

A mixture of 1.5 g (6.06 mmol) of the above productahg of
polyphosphoric acid was heated at 9D for 1 h and then poured
over ice. The resultant slurry was stirred for 4 h, diluted witloH
and extracted with E©. The combined extracts were washed with
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saturated aqueous NaHgOdried with NaSO,, filtered, and was warmed to 70C for 10 min and then allowed to sit at room
vacuum-dried. The residue was purified by flash chromatography temperature for 24 h. The product was extracted three times
on silica gel using dichloromethane as the eluent, and the isolatedwith 25 mL portions of chloroform, and the extracts were dried
product recrystallized from dichloromethane/hexane: 1.35 g (91%) (N&SOy) and concentrated to a residue. The product was purified

yield; mp 156-152 °C; TLC (chloroform/ethyl acetate, 90:1&
= 0.44. IR (KBr pellet): 2963, 2918, 1657, 1628, 1535, 1481, 1416,
1339, 1246, 1209 cnmt. H NMR (CDCk): ¢ 7.07 and 6.94 (2H,
2s), 4.12 (2H, tJ = 6 Hz), 3.89 (3H, s), 2.68 (2H, ] = 6 Hz),
2.65 (3H, s), 2.36 (3H, s), 2.32 (2H, = 6 Hz). MS (EI mode)
m/z. 243 (M") 228 (M™ — CHg), 214 (M" — CH,CHa), 200. Anal.
Calcd for GsH17NO,: C, 74.05; H, 7.04; N, 5.76. Found: C, 74.10;
H, 7.04; N, 5.7.
6,7,8,9-Tetrahydro-3,10-dimethyl-2-methoxy-1-nitro-9-oxo-
pyrido[1,2-a)indole (11). A mixture of 250 mg (1.03 mmol) of0
and 25 mL of dichloromethane was cooled &0 To this mixture
was added 0.20 mL of 69% nitric acid. After this mixture was stirred
for 20 min, the reaction was diluted with 10 mL of saturated
NaHCG;, and the CHCI, layer was separated and dried (8@y).
After removal of the solvent, the crude solid was purified by flash
chromatography on silica gel using chloroform as the eluent. The
isolated product was recrystallized from chloroform/hexane to afford
the product as a yellow crystalline solid: 150 mg (51%) yield; mp
192—-194°C; TLC (chloroform/ethyl acetate, 90:18) = 0.41. IR
(KBr pellet): 2957, 1751, 1667, 1531, 1329, 1224¢mH NMR
(CDCl): 6 7.25 (1H, s), 4.18 (2H, 1] = 6 Hz), 3.87 (3H, s), 2.72
(2H, t,J =6 Hz), 2.51 and 2.46 (6H, 2s), 2.35 (2H,X+ 6 Hz).
MS (ElI mode)m/z: 288 (M"), 271 (M" — OH), 255, 241, 227,
212. Anal. Calcd for GH1gN>Os: C, 62.49; H, 5.59; N, 9.72.
Found: C, 62.55; H, 5.53; N, 9.73.
9-Cyano-6,7,8,9-tetrahydro-3,10-dimethyl-2-methoxy-1-nitro-
pyrido[1,2-a]indole (12). A solution of 61 mg (0.21 mmol) of1
and 124 mg (0.64 mmol) of tosylmethyl isocyanide in 2 mL of dry
dimethoxyethane was cooled afQ. To this solution was added

by flash chromatography on silica gel using chloroform as the eluant
followed by recrystallization from chloroform/hexane: 120 mg
(72%) yield; mp 85-87 °C; TLC (chloroform)Rs = 0.37. IR (KBr
pellet): 2953, 2361, 1730, 1523, 1240, 1028 é¢m‘H NMR
(CDCly): 0 7.17 (1H, s), 4.20 and 3.78 (2H, 2m), 4.07 (1H, m),
3.86 (3H, s), 3.70 (3H, s), 2.43 and 2.03 (6H, 2s), 2.38 and 1.99
(2H, 2m), 2.25 and 2.04 (2H, 2m). MS (El mod®jz 315 (M*
—17), 273, 226, 198, 182. Anal. Calcd fof#8,0N,Os: C, 61.44;
H, 6.07; N, 8.43. Found C, 61.53; H, 6.01; N, 8.4%C NMR
(CDCl): 6 172.8 ppm.
6,7,8,9-Tetrahydro-9-(hydroxymethyl)-3,10-dimethyl-2-meth-
oxy-1-nitropyrido[1,2-ajindole(14). To 5 mL of dry THF, cooled
to —20 °C, was added 120 mg (2 mmol) of LAH followed by
addition of a solution of 150 mg df3in 5 mL of dry THF over
a 5 min period. The reaction was then stirred for 15 mir-460 to
—20 °C and then diluted with 5 mL of ethyl acetate. The mixture
was filtered through Celite, concentrated to a residue, and purified
by flash chromatography on silica gel using chloroform as the
eluant. The isolated product was recrystallized from chloroform/
hexane: 120 mg (91%) yield; mp 13341°C; TLC (chloroform/
methanol, 90:10R = 0.51. IR (KBr pellet): 3385, 2945, 2884,
2361, 1524, 1462, 1342, 1273, 1154, 1028 &m‘H NMR
(CDClg): 6 7.15 (1H, s, aromatic proton), 4.18 and 3.72 (2H, 2m),
3.86 (3H, s), 3.36 (1H, m), 2.43 (3H, s), 2.26 and 1.85 (2H, 2m),
2.11 and 2.02 (2H, 2m), 2.10 (3H, s). MS (El mode): 304
(M*), 287 (M" — OH), 273 (M" — CH,OH), 256, 241, 226, 198.
Anal. Calcd for GgHoN>O4: C, 63.14; H, 6.62; N, 9.20. Found:
C, 62.90; H, 6.53; N, 9.143C NMR (CDCk): 6 64.0 ppm.
6,7,8,9-Tetrahydro-9-hydroxymethyl-3,10-dimethyl-2-meth-

a sodium ethoxide solution freshly prepared by adding 23 mg (1.04 oxypyrido[1,2-a]indole-1,4-dione (15).This compound was pre-

mmol) of sodium to a mixture of 0.25 mL of dry ethanol and 0.35
mL of dry dimethoxyethane. The reaction mixture was stirred for
1 h at 0°C and then fo 1 h atroom temperature. The reaction
mixture was diluted with water and acidified with hydrochloric acid
and then extracted three times with 25 mL portions of chloroform.
The organic extracts were dried (M0, ) and concentrated to a
residue, which was purified by flash chromatography on silica gel

using chloroform as the eluent. The isolated product was recrystal-

lized from chloroform/hexane: 30 mg (48%) yield; mp 15466
°C; TLC (chloroform/ethyl acetate, 90:10% = 0.49. IR (KBr
pellet): 2953, 2924, 2236, 1526, 1462, 1041 ém'H NMR
(CDCl): 6 7.19 (1H, s), 4.26 (1H, m), 4.22 and 3.81 (2H, 2m),
3.87 (3H, s), 2.45 (3H, s), 2.38 and 2.08 (2H, 2m), 2.31 and 2.22
(2H, 2m), 2.15 (3H, s). MS (El modeWz 299 (M'), 282 (M —
OH), 266, 251, 237, 223. Anal. Calcd fordEl;;N3O3: C, 64.20;
H, 5.72; N, 14.04. Found: C, 64.13; H, 5.74; N, 13.97.
9-13C-9-cyano-6,7,8,9-tetrahydro-3,10-dimethyl-2-methoxy-1-
nitro-1 H-pyrido[1,2-ajindole, 12*. A solution of 30 mg (0.1 mmol)
of 12 and 20 mg (0.4 mmol) of N&CN in 1 mL of dry DMSO
was heated at 78C under N for 3 h and then cooled to room

pared in two steps: A mixture of 100 mg (0.328 mmol}ldf 160

mg of 5% pd on carbon, 50 mL of methanol, and 5 drops of acetic
acid was reduced f@ h under 50 psi Bl The catalyst was removed
by filtration through Celite, and the mixture was concentrated to a
residue. No attempt was made to purify the reactive amino alcohol
product.

This product was dissolved in 10 mL of water containing 200
mg of monobasic potassium phosphate. To this solution was added
a solution consisting of 500 mg of Fremy Salt in 30 mL of water
containing 300 mg of monobasic potassium phosphate. The reaction
mixture was stirred at room temperature for 18 h and then extracted
four times with 50 mL portions of chloroform. The extracts were
dried (Na&SQy), concentrated to a red solid, and subjected to silica
gel thin-layer chromatographic separation using (1:1) chloroform/
ethyl acetate as the eluent. The isolated prod&ot/as recrystal-
lized from (chloroform/hexane): 10 mg (10%) yield; TLC (chlo-
roform/methanol, 90:10R = 0.40. IR (KBr pellet): 3451, 2922,
2853, 1657, 1632 cnt. 13C NMR (CDClk) 179.95, 178.21, 156.16,
135.14,129.37, 127.84, 122.24, 118.81, 64.01, 60.89, 45.74, 34.33,
21.72,19.09, 10.10, 8.684dNMR (CDCl3): ¢ 4.59 and 4.03 (&,

temperature. To the reaction was added 10 mL of water, and the2m), 3.96 (3H, s), 3.74 (2H, m), 3.18 (1H, m), 2.29 (3H, s), 218

mixture was extracted three times with 25 mL portions of CHCI
The organic extracts were combined and dried with, 3G,

1.82 (4H, m), 1.94 (3H, S). MS (EI modey¥z 289 (M), 258,
243, 215, 195. Anal. Calcd for /6H1gNO4+0.1CHCE: C, 64.19;

concentrated to a residue, and then purified by flash chromatographyH, 6.39; N, 4.65. Found: C, 64.75; H, 6.58; N, 4.88C NMR

on silica gel using chloroform as the eluant. The isoldt2twas
recrystallized from chloroform/hexance: 15 mg (50%) yield.
Incorporation of13C in the cyanide group was 60% by mass
spectrometry’3C NMR (CDCk): 6 118.5 ppm.

Methyl 6,7,8,9-Tetrahydro-3,10-dimethyl-2-methoxy-1-nitro-
pyrido[1,2-a]indole-9-carboxylate (13).To a mixture of 151 mg
(0.51 mmol) of12in 8 mL of methanol cooled te-20 to —40 °C

was added hydrogen chloride gas until saturated. The resulting pyrido[1,2a]indole-1,4-dione 16):

(CDCl): 6 64.01 ppm.

6,7,8,9-Tetrahydro-9-hydroxymethyl-9-hydroxyl-3,10-dimeth-
yl-2-methoxypyrido[1,2-a]indole-1,4-dione (16) and 6,7,-Dihy-
dro-9-hydroxymethyl-3,10-dimethyl-2-methoxypyrido[1,2-a]-
indole-1,4-dione (17)In addition to15 the following compounds
were isolated from the reaction by preparative TLC. 6,7,8,9-
Tetrahydro-9-hydroxymethyl-9-hydroxyl-3,10-dimethyl-2-methoxy-
4 mg (20% vyield); TLC

mixture was stoppered and stored in the freezer for 12 h and then(chloroform/methanol, 90:10% = 0.19. IR (KBr pellet): 3430,

in a refrigerator for 10 h. The reaction mixture was concentrated
to a residue and combined with 10 mL of 3N HCI. This mixture

2928, 1640 cml. *H NMR (CDCl): ¢ 4.49 and 4.06 (2H, 2m,
6-diastereomeric methylene protons), 3.95 (3H, s, methoxy), 3.90

J. Org. ChemVol. 71, No. 16, 2006 5861



JOC Article

and 3.68 (2H, 2m, methylene protons), 2.46 and 1.92 (6H, 2s, 3,

10-dimethyl), 2.38~ 1.75 (4H, m, 7,8-diastereomeric methylene
protons). Anal. Calcd for gH1gNO4+0.1H,0: C, 62.57; H, 6.25;
N, 4.55. Found C, 62.61; H, 6.26; N, 4.56C NMR (CDCk) o
65.9 ppm.
6,7,-Dihydro-9-hydroxymethyl-3,10-dimethyl-2-methoxypyrido-
[1,2-a]indole-1,4-dione 17): 1 mg (5%) yield; TLC (chloroform/
methanol, 90:10R = 0.38. IR (KBr pellet): 3534, 2924, 1655,
1628 cntt; 1H NMR (CDCly): 6 6.06 (1H, t,J= 5.1 Hz, 8-alkene
proton), 4.53 (2H, s, methylene protons), 4.47 (2H, % 7.2 Hz,
8-methylene protons), 3.99 (3H, s, methoxy), 2.53 and 1.95 (6H,
2s, 3, 10-dimethyl), 2.47 (2H, d,= 5.1 Hz, 7-methylene protons).
MS (El mode)m/z. 287 (M"), 272, 195, 153, 137, 116.
6,7,8,9-Tetrahydro-9-hydroxymethyl-9-hydroxyl-3,10-dimeth-
yl-2-methoxypyrido[1,2-a]indol-1-imin,4-one(imino-16). This com-
pound was prepared in two steps: A mixture of 100 mg (0.328
mmol) of 14, 160 mg of 5% Pd on carbon, 50 mL of methanol
was reduced fo2 h under 50 psi HThe catalyst was removed by

Khdour et al.

of products are provided below,9,10-Trimethyl-2-methoxy-8,9-
dihydropyrido[1,2- a]indole-1,4-dione (18) A total of 0.3 mg (3%)
yield; TLC (chloroform), R = 0.42.'H NMR (CDClg): ¢ 5.71
(1H, m, alkene proton), 4.43 (2H,3,= 7.2 Hz, 6-diastereomeric
methylene protons), 3.99 (3H, s, methoxy), 2.52, 2.16, 1.95 (9H,
3s, 3, 9, 10-trimethyl), 2.39 (2H, m, 7-diastereomeric methylene
protons). MS (El modejwz 271 (M), 256 (M — CHa), 241,
228.3,9,10-Trimethyl-2-methoxy-6,7,8,9-tetrahydropyrido[1,2-
alindole-1,4-dione (19).A total of 0.8 mg (7%) yield; TLC
(chloroform), Rr = 0.51. 'H NMR (CDCl): ¢ 4.57 (2H, m,
6-diastereomeric methylene protons), 3.96 (3H, s, methoxy), 3.13
(3H, m, methine proton), 2.27, 1.94 (6H, 2s, 3, 10-dimethyl), 2.04,
1.90, and 1.71 (4H, 3m, 7, 8-diastereomeric methylene protons),
1.25 (3H, t,J = 7.2Hz). MS (El mode)m/z. 273 (M"), 258 (M*

— CHjg), 230, 215.3,9,10-Dimethyl-2-methoxypyrido[1,2a]in-
dole-1,4-dione (20).A total of 0.7 mg (6.5%) vyield; TLC
(chloroform),Rs = 0.40.1H NMR (CDCls): 4 9.40 (1H,dJ=6

Hz, aromatic proton from pyrido ring), 6.82 (1H, m, aromatic proton

filtration through Celite and concentrated to a residue. No attempt from pyrido ring), 3.98 (3H, s, methoxy), 2.85, 2.68 and 2.05 (9H,
was made to isolate the reactive amino alcohol product. This product3s, 3, 9, 10-trimethyl). MS (El modeyz 269 (M*), 254 (M* —
was dissolved in 3.0 mL acetone. To this a solution of phosphate CHs), 226.3,10-Dimethyl-2-methoxy-9-methoxymethyl-6,7,8,9-

buffer pH 7.2 with 700 mg of Fremy salt was added. The reaction
mixture was stirred at room temperature for 15 min and then
extracted four times with 50 mL of chloroform. The extracts were

tetrahydropyrido[1,2-a]indole-1,4-dione (21).A total of 2 mg
(16%) yield; TLC (chloroform)R: = 0.29. IR (KBr pellet): 2924,
1661, 1636, 1203, 1456 crh *H NMR (CDCly): 6 4.63 and 3.96

dried (NaSQy), concentrated to a yellow solid, and subjected to (2H, 2m, 6-diastereomeric methylene protons), 3.97 (3H, s, meth-
silica gel thin-layer chromatographic separation using (1:1) chlo- 0xy), 3.42 (2H, m, methylene protons), 3.37 (3H, s, methoxy), 3.26
roform/ ethyl acetate as the eluent. The isolated product irhBio-  (1H, s, methine proton), 2.29 and 1.94 (6H, 2s, 3, 10-dimethyl),
was recrystallized from (chloroform/hexane): 52 (52%) yield; mp 2.13, 2.02 and 1.76 (4H, 3m, 7, 8-diastereomeric methylene

179> (dec); TLC (ethyl acetatd} = 0.33. IR (KBr pellet): 3414,
3242, 2936, 2860, 1639, 1616, 1587 ¢m*C NMR (DMSO):

protons). MS (El modejwz 303 (M), 258 (M" — CH,OCHg),
243, 226.3,10-Dimethyl-2,9-dimethoxy-6,7,8,9-tetrahydroaze-

177.13, 159.08, 153.49, 138.51, 124.88, 124.79, 122.92, 117.33,pino[1,2-alindole-1,4-dione (22).A total of 2.5 mg (20%) yield;

70.65, 65.71, 61.31, 45.35, 31.64, 19.58, 11.76, 8BITNMR
(DMSO): ¢ 10.76 (1H, s), 5.16 (1H, s), 4.85 (1H, t), 4.29 and
4.14 (2H, 2m), 3.72 (3H, s), 3.62 and 3.53 (2H, 2m), 2.49 (3H, s),
2.21 (1H, m), 2.34 (2H, 2m), 1.88 (3H, s), 1.62 (1H, m). MS
(APCI™ mode)myz. 305.1503. MALDIm/z: calculated, 305.150
(M + 1); found, 305.152 (Mt 1). Anal. Calcd for GeH2oN204*
0.1CHCE: C, 61.14; H, 6.41; N, 8.86. Found: C, 60.78; H, 6.34;
N, 8.64.
6,7,8,9-Tetrahydro-3,10-dimethyl-9-[(methanesulfonoxy)-
methyl]-2-methoxypyrido[1,2-a]lindole-1,4-dione (1).To a stirred
of solution of 15 mg ofLt5in 0.3 mL of dry pyridine, cooled to O
°C, was added 0.06 mL of methanesulfonyl chloride. After the
reaction was stirred for 20 min at € and then 1.5 h at room
temperature, the reaction mixture was diluted with a mixture
consisting of 10 mL chloroform, and 10 mL of water was then

TLC (chloroform),R: = 0.28.1H NMR (CDCl): ¢ 4.86 and 4.49
(2H, 2m, 6-diastereomeric methylene protons), 3.98 (3H, s, meth-
oxy), 2.91 (2H, m, 10-diastereomeric methylene protons), 3.36 (3H,
s, methoxy), 2.29 and 1.94 (6H, 2s, 3, 10-dimethyl), 2.05, 1,88
and 1.67 (4H, 3m, 7, 8-diastereomeric methylene protons). MS
(El mode)m/zz 303 (M'), 288 (M" — CHg), 272, 258 (M —
CH,OCHg), 245.

Hydrolysis of 1H, in Anaerobic Aqueous Buffer. A solution
consisting of 0.5 mL DMSO and 5 mg (0.06 mmol) df(*3C
enriched) was added to 2 mL of 0.05 M pH 7.4 tris buffer containing
1 M KCI. To this solution was added 3 mg of 5% Pd on carbon,
and the mixture was then degassed with argon for 30 min, followed
by bubbling hydrogen gas for 15 min, and finally bubbling with
argon for 30 min to remove the excess hydrogen. The reaction
mixture was incubated at 30 for 24 h and then opened to the

added dropwise to decompose the excess methanesulfonyl chlorideair. The catalyst was filtered off, and the filtrate extracted three

The chloroform layer was washed consecutivelyhw2t N HCI,

5% sodium bicarbonate, and finally water. The chloroform layer
was dried over Ng5O, and then concentrated to an orange solid,
which was recrystallized from chloroform/ hexane): 16 mg (84%)
yield; mp 103-104 °C; TLC (chloroform/methanol, 90:10R =
0.69. IR (KBr pellet): 3634, 2942, 1655, 1636, 1611, 1346, 1171
cm™ 1. IH NMR (CDCk): 6 4.67 and 3.96 (2H, 2m), 4.31 and
4.18 (2H, 2m), 3.98 (3H, s), 3.46 (1H, m), 3.02 (3H, s), 2.30 (3H,
s), 2.17 and 1.79 (2H, 2m), 2.00 (2H, m), 1.94 (3H, s). MS (EI
mode)m'z. 367 (M*), 271 (M" — MsOH), 258 (M- — CH,OMs),
243, 228, 215. Anal. Calcd for,@H,;NOeS: C, 55.57; H, 5.76;

N, 3.81. Found C, 55.55; H, 5.76; H, 3.82C NMR (CDCk): o
68.4 ppm.

Hydrolysis of Reduced 1 in Anaerobic Methanol.To a mixture
consisting of 15 mg (0.04 mmol) dfand 6 mg of 5% Pd on carbon
was added 8 mL of methanol. The mixture was bubbled with argon
for 15 min, with hydrogen gas for 10 min, and finally with argon
for 15 min. The reaction mixture was incubated at°80for 24 h
and then combined with air and stirred for 1 h. The catalyst was

times with 20 mL portions of chloroform. The extracts were dried
(Na;SOy) and concentrated to a red solid, which was subjected to
preparative silica gel thin-layer chromatographic separation using
chloroform/methanol (95:5) as eluant. The physical properties of
hydrolysis products are provided below.
6,7,8,9-Tetrahydro-3,10-dimethyl-9-[(methanesulfonoxy)-
methyl]-2-methoxypyrido[1,2-a]indole-1,4-dione (1) A total of
0.1 mg (2%) yield13C NMR (CDCk): ¢ 68.4 ppm.
6,7,8,9-Tetrahydro-9-hydroxymethyl-3,10-dimethyl-2-meth-
oxypyrido[1,2-a]indole-1,4-dione (15)A total of 1.2 mg (30%)

yield. 13C NMR(CDCk): o 63.7 ppm.

3,10-Dimethyl-9-hydroxy-2-methoxy-6,7,8,9-tetrahydroazepino-
[1,2-a]indole-1,4-dione (23).A total of 0.7 mg (18%) yield3C
NMR (CDCl): 6 32.4 ppm.

Dimer (24). A total of 0.4 mg (5%) yield. MS (El modey/z:
572, 556, 512, 496:3C NMR (CDCk): ¢ 44.8 ppm.

Preparation of the 5-dGMP Adduct (25). To a solution of 35
mg (0.076 mmol) of the disodium salt of-8GMP-3H,0 in 5 mL
of 0.05 M pH 7.4 trisHCI, containing 5 mg of 5% Pd on carbon,

filtered off, and the filtrate was concentrated to a red solid, which was added a solution of 7 mg (0.14 mmol)ldgf 0.5 mL of DMSO.

was subjected to preparative silica gel thin-layer chromatographic The mixture was deaerated with argon for 30 min and then purged
separation using chloroform as the eluant. The physical propertieswith H, gas until the reaction mixture became colorless, about 10
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min. The excess pHwas then removed by purging with argon for  The 3-dGMP moved somewhat faster thahiand26 while eluting

10 min. The reduced reaction mixture was incubated &Gor with water. The orange band was collected and then concentrated
24 h and then opened to the air. The reaction mixture was to a dry residue and dissolved in 1 mL of water. The small amount
centrifuged at 12 000 g for 20 min, and the supernatant was of column residue was removed by centrifugation (12 000 g 10
extracted three times with chloroform to remove hydrolysis min), and the supernant lyophilized to a red soidMR (D,O):
products. TLC analysis of the hydrolysis products revealed the 6 8.14 (1H, bs, amide proton from guanine), 7.90 (1H, s, C(8)
presence of 6,7,8,9-tetrahydro-9-hydroxymethyl-3,10-dimethyl-2- proton from guanine), 6.56 (2H, bs, amine protons from guanine),
methoxypyrido[1,2-a]indole-1,4-dion&%) (:3C NMR (CDCk): o 6.10 (1H, t,J = 7 Hz, C-1 proton from deoxy-ribose), 4.43 (2H,
63.7 ppm) and 3,10-dimethyl-9-hydroxy-2-methoxy-6,7,8,9-tet- m), 4.00 and 3.70 (2H, 2m), 3.83 (3H, s, methoxy), 3.80 (1H, s),
rahydroazepino[1,2]indole-1,4-dione 23) (*3C NMR (CDCk): ¢ 2.16 and 1.81 (6H, 2s}3C NMR (D;O): 6 64.10 ppm

32.4 ppm).

The aqueous phase was orange in color and cont&iBexhd : . )
26 along with unreacted’®IGMP. Concentration of the aqueous tioﬁ(}lgrr](:\évéierdggee?gu\évglfgggﬁthe National Science Founda
phase to complete dryness (no DMSO remaining) under high )
vacuum was followed by dissolution i1 mL of H,O and then
placement on a 100 g reverse phase column prepared with waterJ0O0602423
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