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Summary: The synthesis of 7 (CI-TMI) incorporating the
parent 1,2,7,7a-tetrahydrocycloprop{1,2-c}indol-4-one (CI)
alkylation subunit of duocarmycin is described. The re-
sults of its comparative evaluation (in vitro cytotoxic ac-
tivity, DNA covalent alkylation properties) illustrate that
7 (CI-TMI) constitutes an agent bearing the minimum
potent pharmacophore of the duocarmycin alkylation
subunit and the common pharmacophore of the duocar-
mycin/CC-1065 alkylation subunits.

Two independent efforts have disclosed the isolation,
structure determination, and preliminary evaluation of a
new class of antitumor antibiotics now including duocar-
mycin A%# (2), duocarmycin B, and B, (3-4),° duocarmycin
C,*?® (5, pyrindamycin B7), and duocarmycin C,? (6, py-
rindamycin A7).%2 The structural similarities between the

O Hg
{+)-CC-1065

Hs

3 duocarmycin B, X=Br 4 duocarmycin 8, X =Br
$ duocarmycinC; Xa Cl 8 duocarmycin C, X = Cl
(pyrindamycin B) (pyrindamycin A}

duocarmycins and (+)-CC-1065 (1)%'2? suggest that the

(1) On sabbatical leave from Kyorin Pharmaceutical Co., Ltd. Tochigi,
Japan, 1988-1990.

(2) Duocarmycin A: Takahashi, I.; Takahashi, K.; Ichimura, M;
Morimoto, M.; Asano, K.; Kawamoto, I.; Tomita, F.; Nakano, H. J. An-
tibiot. 1988, 41, 1915,

(3) Yasuzawa, T.; lida, T.; Muroi, K.; Ichimura, M.; Takahashi, K.;
Sano, H. Chem. Pharm. Bull. 1988, 36, 3728.

(4) DC89-A1 (duocarmycin C,) and DC88-A (duocarmycin A): Na-
kano, H.; Takahashi, L.; Ichimura, M.; Kawamoto, I.; Asano, K.; Tomita,
F.; Sano, H.; Yasuzawa, T.; Morimoto, M.; Fujimoto, K. PCT. Int. Appl.
WOB87 06265; Chem. Abstr. 1988, 108, 110858s.

(5) DC89-A1: Ichimura, M.; Muroi, K.; Asano, K.; Kawamoto, ;
Tomita, F.; Morimoto, M.; Nakano, H. J. Antibiot. 1988, 41, 1285.

(6) Duocarmycin B, and B;: Ogawa, T.; Ichimura, M.; Katsumata, S.;
Morimoto, M.; Takahashi, K. J. Antibiot. 1989, 42, 1299.

(7) (a) Pyrindamycin A and B: Ohba, K.; Watabe, H.; Sasaki, T.;
Takeuchi, Y.; Kodama, Y.; Nakazawa, T.; Yamamoto, H.; Shomura, T.;
Sezaki, M.; Kondo, S. J. Antibiot. 1988, 41, 1515. (b) Ishii, S.; Nagasawa,
M.; Kariya, Y.; Yamamoto, H.; Inouye, S.; Kondo, S. J. Antibiot. 1989,
42,1713, (c) Ohba, K.; Watabe, H.; Nagasawa, M.; Sakakibara, S.; Sho-
mura, T.; Sezaki, M.; Kondo, S. Eur. Pat. Appl. EP 318056; Chem. Abstr.
1990, 112, 117334;j.

(8) The absolute configuration of 2-6 represented herein is derived
from that unambiguously established for pyrindamycin A (6)7 by X-ray
analysis and assumed for 2-5 based on a presumed common biosynthetic
origin. The indistinguishable selectivity of the DNA covalent alkylation
profiles of 2, 56 (not shown) is consistent with this representation of the
absolute configuration of 2.
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% (a) 10 equiv of N3CH,CO,CH;, 8 equiv of NaOCH;, MeOH, 0
°C, 5 h, 98%; (b) 140 °C, xylenes, 4 h, 75%; (c) 3.4 equiv of LiOH,
THF-MeOH-DMSO-H,0 (3:1:1:1), 23 °C, 18 h, 100%; (d) 3 N
HCI/EtOAc, 24 °C, 30 min; 1 equiv of 14, 3 equiv of EDCI, DMF,
24 °C, 19 h, 77%; (e) 2 equiv of TBDMSC], 2.5 equiv of Et3N, 0.1
equiv of DMAP, CH,Cl,-DMF (5:1), 24 °C, 15 h, 89%; (f) For 17:
0.9 equiv of (nBu),NF, THF, 24 °C, 30 min, 61%. For 16: 1.5
equiv of NaH, THF-DMF (2:1), 0 °C, 2 h, 10-40%.

agents may be acting by a common or related mechanism
initiated with the irreversible covalent alkylation of DNA.
Herein, we report the preparation of 7 (CI-TMI) incor-
porating the parent 1,2,7,7a-tetrahydrocycloprop[1,2-c]-
indol-4-one (CI) left-hand subunit of the duocarmycins and
detail preliminary comparative DNA binding properties
for duocarmycin A (2), (+)-CC-1065 (1), and 7 that pro-
vides support for the potential that the agents may be
acting by a common mechanism derived from the irre-

(9) Warpehoski, M. A.; Hurley, L. H. Chem. Res. Toxicol. 1988, 1, 315.

(10) Hurley, L. H.; Needham-VanDevanter, D. R. Acc. Chem. Res.
1986, 19, 230.

(11) Reynolds, V. L.; McGovren, J. P.; Hurley, L. H. J. Antibiot. 1986,
39, 319.

(12) Coleman, R. S.; Boger, D. L. In Studies in Natural Products
Chemistry; Atta-ur-Rahman, Ed.; Elsevier, Amsterdam; 1989; Vol. 3, p
301.
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Figure 1. Thermally induced strand cleavage of double-stranded DNA (SV40 DNA fragment, 144 b.p.; nucleotide no. 5238-138, clone
w794) after 24 h incubation of agent-DNA at 4 °C followed by removal of unbound agent and 30 min incubation at 100 °C; 8% denaturin
poly(acrylamide) gel and autoradiography. Lanes 1-4, Sanger G, C, A, and T reactions; lanes 5-8, (£)-CI-TMI (7,1 X 1023 to 1 X 10
M); lane 9, control DNA; lanes 10-14, (£)-seco-CI-TMI (16, 1 X 107 to 1 x 1077 M); lanes 15-19, duocarmycin A (2, 1 X 103 to 1 X

1077 M).

versible covalent alkylation of DNA. The results of the
comparative studies suggest that 7 (CI-TMI) constitutes
an agent bearing the minimum potent pharmacophore of
the duocarmycin alkylation subunit and the common
duocarmycin/CC-1065 alkylation pharmacophore.

The prohibitive reactivity of CI derivatives such as 813
along with the recognition that CI itself would not be
expected to couple productively with activated derivatives
of carboxylic acids including those of 5,6,7-trimethoxy-
indole-2-carboxylic acid (14) suggested that the final step
in the preparation of 7 would optimally involve intro-
duction of the reactive cyclopropane. Consequently, the
approach employed in the preparation of 7 was based on
a final intramolecular Winstein Ar-3’ alkylation!? of an
appropriately C-3 functionalized 3-methyl-6-hydroxy-
indoline, e.g. 16, which in turn was anticipated to be de-
rived from pentultimate coupling of readily available 15!3
with 5,6,7-trimethoxyindole-2-carboxylic acid (14). Acid-
catalyzed deprotection of 15 (3 N HCI/EtOAc, 95-100%)
followed by immediate coupling of the unstable indoline
hydrochloride with 5,6,7-trimethoxyindole-2-carboxylic
acid (14)' provided 16 (77%) (Scheme IT). Initial at-
tempts to promote the Ar-3’ alkylation directly on mesylate
16 with closure to the cyclopropane employing a range of
reaction conditions (NaH, THF-DMF, 25 °C, 10-40%;
Et;N, THF; DBU, CH,CN; NaHCO,, THF-H,0) provided

(13) Boger, D. L.; Wysocki, R. J., Jr. J. Org. Chem. 1989, 54, 1238.
Boger, D. L.; Wysocki, R. J., Jr.; Ishizaki, T. J. Am. Chem. Soc., in press.
For 8: t;)p=52h (pH7), t;); = 35 s (pH 3). For 9: stable (pH 7), t,;5
= 36.7 h (pH 3).

(14) The preparation of 14 (supplementary material) was carried out
by the general experimental procedure detailed in Bolton, R. E.; Moody,
C. J.; Rees, C. W.; Tojo, G. J. Chem. Soc., Chem. Commun. 1985, 1775.

only modest conversions to 7. Optimal conversion of 16
to 7 was achieved by first conversion of 16 to the phenol
tert-butyldimethylsilyl ether 17 (tBuMe,SiCl, Et;N,
CH,Cl,-DMF, 89%) followed by fluoride-induced silyl
ether deprotection of 17 under dilute reaction conditions
(0.005 M) with clean phenoxide generation and subsequent
in situ closure to 7. By employing this procedure!® and
chromatographic purification on triethylamine-deactivated
silica gel, CI-TMI (7) was obtained routinely in yields
>60%.16

Having established in prior studies that derivatives of
CI display characteristics consistent with its assignment
as the pharmacophore of the CC-1065 alkylation subunit,'
we sought to establish whether CI may constitute the
pharmacophore of duocarmycin alkylation subunit and,
as such, constitute the common pharmacophore relating

(15) Saunders, D. G. Synthesis 1988, 377.

(16) For the initial disclosure of the use of the Winstein Ar-3’ alkyla-
tion (see: Baird, R.; Winstein, S. J. Am. Chem. Soc. 1957, 79, 4238. Baird,
R.; Winstein, S. J. Am. Chem. Soc. 1963, 85, 567) for the preparation of
N-sulfonyl derivatives of CPI, see: Wierenga, W. J. Am. Chem. Soc. 1981,
103, 5621. For additional studies on the synthesis of the CPI left-hand
subunit of CC-1065, see ref 12 and references cited therein. For studies
that include simplified or modified left-hand subunits, see: ref 13. (a)
Boger, D. L.; Ishizaki, T.; Wysocki, R. J., Jr.; Munk, S. A.; Kitos, P. A,;
Suntornwat, O. J. Am. Chem. Soc. 1989, 111, 6461. Boger, D. L.; Ishizaki,
T. Tetrahedron Lett. 1990, 31, 793. (b) Alternative CI synthesis: Drost,
K. J.; Jones, R. J.; Cava, M. P. J. Org. Chem. 1989, 54, 5985. (c) Sund-
berg, R. J.; Nishiguchi, T. Tetrahedron Lett. 1983, 24, 4773. Sundberg,
R. J.; Baxter, E. W. Tetrahedron Lett. 1986, 27, 2687. Sundberg, R. J,;
Baxter, E. W; Pitts, W. J.; Ahmed-Schofield, R.; Nishiguchi, T. J. Org.
Chem. 1988, 53, 5097. (d) Bryson, T. A.; Roth, G. A. Tetdrahedron Lett.
1988, 29, 2167. Bryson, T. A,; Roth, G. A,; Jing-hau, L. Tetrahedron Lett.
1986, 27, 3685.

(17) Boger, D. L.; Zarrinmayeh, H.; Munk, S. A.; Kitos, P. A.; Sun-
tornwat, 0., submitted.
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Figure 2. Thermally induced strand cleavage of double-strand DNA (SV40 DNA fragment, 144 b.p.; nucleotide no. 5238-138, clone
w1794) after 24 h incubation of agent-DNA at 4 °C followed by removal of unbound agent and 30 min incubation at 100 °C; 8% denaturin

poly(acrylamide) gel and autoradiography. Lanes 1-4, Sanger, G, C, A, and T reactions; lanes 5-11; (+)-seco-CI-TMI (16, 1 X 10~
to 1 X 10® M); lanes 12-15, (+)-seco-N-BOC-CI (15, 1 X 107 to 1 X 10" M), identical with (+)-N-BOC-CI (8, not shown):!? lanes 16-20,

(+)-CC-1065 (1,1 X 10 to 1 X 1078 M); lane 21, control DNA.

Table I. In Vitro Cytotoxic Activity IC;, (ug/mL)?

agent configuration L1210
1, (+)-CC-1065 natural 0.00001
2, duocarmycin A natural 0.00002
16, seco-CI-TMI - 0.0002
7, CI-TMI - 0.001
8, (£)-N-BOC-CI - 10
9, (+)-N-BOC-CPI natural 0.1
15, (£)-15 - 0.2

“The cell culture cytotoxicity assays were performed as de-
scribed: Boger, D. L.; Yasuda, M.; Mitscher, L. A.; Drake, S.; Ki-
tos, P. A;; Thompson, S. C. J. Med. Chem. 1987, 30, 1918. ICj,,
inhibitory concentration for 50% cell growth relative to untreated
controls. L1210, mouse lymphocytic leukemia cell culture.

the CC-1065 and duocarmyecin natural products. Table I
details the results of the in vitro cytotoxic evaluation of
(+)-CC-1065 (1), duocarmycin A (2), (£)-CI-TMI (7), 8-9,
and 15-16, and the cytotoxic potency of the agents proved
consistent with trends exhibited in the relative intensity
and selectivity of the agent DNA covalent alkylation.
The demonstration of the event, site, and relative se-
lectivity of the DNA covalent alkylation of the agents (1-2,
15-16) was obtained from the thermally induced strand
cleavage of double-stranded DNA after exposure to the
agents (covalent alkylation, autofootprinting).#1-2! The

(18) Hurley, L. H.; Lee, C.-S.; McGovren, J. P.; Warpehoski, M. A.;
Mitchell, M. A.; Kelly, R. C.; Aristoff, P. A. Biochemistry 1988, 27, 3886.

(19) Reynolds, V. L.; Molineux, 1. J.; Kaplan, D. J.; Swenson, D. H.;
Hurley, L. H. Biochemistry 1985, 24, 6228. Hurley, L. H.; Reynolds, V.
L.; Swenson, D. H,; Petzold, G. L.; Scahill, T. A. Science 1984, 226, 843.

(20) Boger, D. L.; Coleman, R. S.; Invergo, B. J.; Sakya, S. M.; Ishizaki,
T.; Munk, S. A.; Zarrinmayeh, H.; Kitos, P. A.; Thompson, S. C. J. Am.
Chem. Soc., in press.

DNA covalent alkylation of (+)-CC-1065 (1) and that
proposed for duocarmycin A (2) were examined within four
clones of M13mp10 harboring SV40 nucleosomal DNA.
Thus, employing the four singly 5’-32P-end-labeled SV40
double-stranded DNA fragments derived from clones w794,
w836, 988, and ¢820,% a range of concentrations of the
agents was incubated with the labeled DNA (24 h, 4 °C),
unbound agent was removed by ethanol precipitation of
the DNA, and a solution containing the agent—-DNA co-
valent complexes was warmed at 100 °C (30 min) to induce
strand cleavage at the sites of covalent alkylation.!819
Electrophoresis of the resulting DNA under denaturing
conditions alongside Sanger dideoxynucleotide sequencing
reactions followed by autoradiography permitted the
identification of the sites of DNA covalent alkylation.?

(21) Boger, D. L.; Munk, S. A.; Zarrinmayeh, H.; Haught, J.; Bina, M.,
submitted.

(22) Ambrose, C.; Rajadhyaksha, A.; Lowman, H.; Bina, M. J. Mol.
Biol. 1989, 210, 255.

(23) In these studies, we have shown that the sequence-selectivity of
the DNA covalent alkylation of duocarmycin A = duocarmycin C, =
duocarmycin C, [three base-pair binding selectivity = 5-(AAA)-3" >
5-(TTA)-3' > 5-(TAA)-3" > 5-(ATA)-3’; fourth base-pair sensitivity =
5-(A/TXXA)-3' » 5-(G/CXXA)-3'; preceding base-pair sensitivity =
5-(NXXAPu)-3' > 5-(NXXAPy)-3'; high affinity consensus sequences
=5"-(A/TAAA)-3" and 5-(A/TTTA)-3] and that the relative intensity
of DNA covalent alkylation (4 °C, 24 h) is duocarmycin A = duocarmycin
C, (ca. 1-10X) > duocarmycin C; (ca. 10-100X) and (37 °C, 24 h) C, =
Cy > A (5-10x). Moreover, in these studies we have demonstrated that
(£)-N-BOC-CI (8, as well as (+)- and (-)-N-BOC-CI) exhibit a DNA
covalent alkylation profile that is remarkably similar to that of (+)-N-
BOC-CPI (9, identical sites but less selectivity among the available sites,
see Figure 2) that is quite distinct from the DNA covalent alkylation
profile of (+)-CC-1065 (Figure 2).20 We attribute this increased covalent
alkylation selectivity of even the exceptionally reactive electrophile of 7
to a prominent noncovalent binding selectivity of the agents preferentially
within the narrower, sterically more accessible A-T rich minor groove
effectively restricting the number of available alkylation sites.1%17:20
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(£)-CI-TMI (7) and (+)-seco-CI-TMI (16) displayed a
DNA covalent alkylation profile strikingly similar to that
of duocarmycin A (Figure 1), substantially more selective
than racemic (+)-N-BOC-CI (Figure 2) or optically active
(+)- and (-)-N-BOC-CI'"® (not shown), and remarkably
similar to that of (+)-CC-1065 (Figure 2). The selectivity
of the covalent alkylation of 7 (CI-TMI) and 16 (seco-
CI-TMI) proved virtually indistinguishable, and the in-
tensity of the DNA alkylation exhibited by 16 proved
comparable to that of duocarmycin A but greater than that
of 7 (CI-TMI, ca. 10-100X). Presumably this may be
attributed to the relative instability of 7 to the conditions
of assay.’®

Selectivity: duocarmycin A = (£)-CI-TMI (7) = (£)-16
>» (£)-N-BOC-CI (8) = (£)-15. Intensity: (+)-CC-1065
(ca. 1-0.1X) = duocarmycin A = (+)-16 (ca. 1-10%) =

(£)-CI-TMI (7, ca. 10-100X) > (£)-15 (ca. 103-10%X) ~
(£)-N-BOC-CI (8, ca. 104X).
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Reaction of Bicyclo[6.3.0]Jundeca-2,4,6,8,11-pentaen-10-ylidene in Oxygen-Doped Matrices:
Characterization of the First Carbonyl Oxide with a =-Donating Ring System’
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Faculty of Science, Osaka University, Toyonaka, Osaka 560, Japan
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Summary: The first carbonyl oxide with a m-donating ring
system, which is generated by the reaction of the title
carbene with O, in an Ar matrix, exhibits a considerably
long wavelength UV absorption and remarkable photo-
chemical stability.

Carbonyl oxides are established as reactive intermediates
in many oxidation reactions. In recent years, carbonyl
oxides have been characterized spectroscopically by the
use of the matrix isolation technique!? and laser flash
photolysis.®  However, the studies have been limited to
carbonyl oxides with aryl groups or m-accepting ring sys-
tems, all of which have the UV-vis absorption maxima in
the range of 380-460 nm. Recent semiempirical calcula-
tions suggested that strong m—electron donors cause sig-
nificant perturbation to properties of the parent carbonyl
oxide: an increase of zwitterionic character, an increase
of nucleophilicity, and a considerable red shift of the =—=*
transition maximum.? In this paper we report the spec-
troscopic characterization of the carbonyl oxide formed
from the title carbene (1) in O,-doped Ar matrix. This is
the first direct observation of a carbonyl oxide with a
w-electron-donating ring system,’ revealing the validity of
theoretical predictions on this class of carbonyl oxides.

Photolysis (A > 350 nm, 1 h) of the 10-diazobicyclo-
[6.3.0]Jundeca-2,4,6,8,11-pentaene (2)% matrix isolated in
Ar at 12 K afforded the title carbene 1, which showed IR
absorptions at 800 and 687 cm™!. The matrix containing
1 had a light red color, the UV-vis spectrum of which
showed absorption with maxima at 546 and 506 nm. The
characterization of 1 was confirmed by the ESR mea-
surement. Irradiation of 2 in 2-methyltetrahydrofuran at
17 K gave intense signals characteristic of a triplet species,

*This work is respectfully dedicated to Professor W. Kirmse on
the occasion of his 60th birthday.
tOsaka University.

Table I. IR Data of Carbonyl Oxide 3 Matrix-Isolated in

Arat 12K
3 180,-3 A9
1463 (m) 1462 (m) 1
1417 (w) 1415 (w) 2
1406 (m) 1405 (m) 1
1369 (m) 1362 (w) 7
1326 (m) 1325 (w) 1
1132 (m) 1124 (m) 8
971 (s) 961 (m) 10
931 (s) 889 (s), 882 (s) 42, 49
905 (m) b -
849 (w) 845 (m) 4
842 (m) 838 (m) 4
700 (w) 699 (w) 1
692 (w) 680 (w) 12

@180 jsotopic shifts in cm™. ®This peak cannot be assigned,
probably due to overlapping with strong peaks.

the zero-field splitting parameters of which were evaluated
to be D = 0.2401 cm™ and E = 0.0044 cm™, The spec-

(1) (a) Bell, G. A.; Dunkin, I. R. J. Chem. Soc., Chem. Commun. 1983,
1213. (b) Dunkin, I. R.; Shields, C. J. J. Chem. Soc., Chem. Commun.
1986, 154. (c) Bell, G. A.; Dunkin, I. R.; Shields, C. J. Spectrochim. Acta
1985, 414, 1221.

(2) Ganzer, G. A.; Sheridan, R. S.; Liu, M. T. H. J. Am. Chem. Soc.
1986, 108, 1517. Sander, W. Angew. Chem., Int. Ed. Engl. 1986, 25, 255.
Sander, W. Spectrochim. Acta 1987, 434, 637. Sander, W. J. Org. Chem.
1988, 53, 121. Sander, W. J. Org. Chem. 1988, 53, 2091. Sander, W. J.
Org. Chem. 1989, 54, 333.

(3) Sugawara, T.; Iwamura, H.; Hayashi, H.; Sekiguchi, A.; Ando, W;
Liu, M. T. H. Chem. Lett. 1983, 1261. Werstiuk, N. H.; Casal, H. L.;
Scaiano, J. C. Can. J. Chem. 1984, 62, 2391. Casal, H. L.; Tanner, M.;
Werstiuk, N. H.; Scaiano, J. C. J. Am. Chem. Soc. 1985, 107, 4616.
Barcus, R. L.; Hadel, L. M.; Johnston, L. J.; Platz, M. S.; Savino, T. G.;
Scaiano, J. C. J. Am. Chem. Soc. 1986, 108, 3928. Fujiwara, Y.; Tanimoto,
Y.; Itoh, M.; Hirai, K.; Tomioka, H. J. Am. Chem. Soc. 1987, 109, 1942,
Scaiano, J. C.; McGimpsey, W. G.; Casal, H. L. J. Org. Chem. 1989, 54,
1612.

(4) Cremer, D.; Schmidt, T.; Sander W.; Bischof P. J. Org. Chem. 1989,
54, 2525,
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