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Abst.ra_ct. A quantitative Hammett study of the magnitude of the electronic effects of a C7 substituent on the functional
reactivity of N-BOC-CBI (5, R = H), its impact on biological properties, details of the mechanism of the acid-catalyzed
nucleophilic addition to the activated cyclopropane, and its implications on the origin of the DNA alkylation selectivity
of this class of agents is detailed.

CC-1065 (1),' duocarmycin A (2),> and duocarmycin SA (3)° constitute the parent members of a class of
exceptionally potent naturally occurring antitumor antibiotics that exert their biological effects through a sequence selective
DNA alkylation.* The stereoelectronically-controlled adenine N3 addition to the least substituted carbon of the activated
cyclopropane has been shown to occur within 5 or 3.5 base-pair AT rich sites of the minor groove, respectively,
corresponding nicely to the size of the agents. Since the disclosure of 1-3, extensive efforts have been devoted to define
the origin of the DNA alkylation selectivity, to establish the link between DNA alkylation and the ensuing biological

properties,® and to determine relationships between structure, chemical reactivity, and biological activity.
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Fundamental to the establishment of such relationships is the development of correlations between the structure
of the DNA alkylation subunits and their functional chemical reactivity and the impact this reactivity has on the biological
properties of the agents. Observations made in initial studies conducted with simple derivatives of the CC-1065 alkylation
subunit (CPI) led to the proposal of a qualitative direct relationship between chemical reactivity and in vitro cytotoxic
activity establishing the expectation that the DNA alkylation rate/efficiency and biological potency may be enhanced as
the electrophilic character of the agent is increased.” In a complementary series of studies conducted with agents containing
deep-seated modifications in the alkylation subunits including 4-9, the alternative direct relationship between chemical

stability and in vitro cytotoxic potency was observed and proved to be general with both simple and advanced analogs of
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the natural products.*® Quantitation of this effect with the simple CBI derivatives 10—13 established a predictable, linear
relationship between the electron-withdrawing capabilities of the N? substituent, the chemical stability of the agent, and
its biological potency and would seem to validate the generality of the observations.” However, the relevance of these latter

observations to the N?-acyl derivatives 4-9 and the accuracy of correlations with the series of agents 4-9 themselves which

contain structurai changes beyond those which impact reactivity remain to be established.
4, (+)-N-BOC-DSA 5, (+)-N-BOC-CBI 6, (+)-N-BOC-CPI

ks, pH3) t(PH3)  ICs(L1210) |

4 1.08 x 10°® 177 h 6 Nt
5 1.45x 10°® 133 h 80 M
6 526x10° 37 h 330 nM
7 175x10° 11 h 1000 nM

; 8  9.07x10° 21h 2000 nM

m 9 198x102  001h 18000 NM
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CO,tBu (IZOztBu CO,tBu
7, (+)-N-BOC-DA 8, (-)-N-BOC-CBQ 9, (+)-N-BOC-CI
R k(s' pH3) Hp ICg (L1210) ©

10 SO.Et  05x10° 383h 24nM 072
11 COEt 20x10% 96h 110nM  0.48
12 CO,Me 34x10% 57h 140nM 045
13 CONHMe 53x10€® 36h 200nM  0.36

As a consequence, we sought to quantitatively establish this relationship in a study which would define both the
magnitude of substituent electronic effects on the chemical reactivity of the typical N-acyl alkylation subunits as well as
the impact this has on the biological potency of the agents. This was addressed with the preparation and comparative
examination of 14 and 15," substituted derivatives of N-BOC-CBI (5), *'in which a strong electron-withdrawing or
electron-donating C7 substituent was placed para to the C4 carbonyl of the alkylation subunit providing a classical
Hammett series for quantitative analysis. Consistent with expectations, the agent 14 possessing the electron-donating
substituent proved to be the most reactive in the series while the agent 15 possessing the electron-withdrawing substituent
was the most stable. However, the magnitude of the electronic effect of the C7 substituent on the reactivity was remarkably
modest and 14 was only approximately 2x more reactive than 15 and nearly as stable as 5 itself as measured by acid-

catalyzed solvolysis at either pH 2 or pH 3 (Figure 1).° As illustrated by the relative aqueous solvolysis rates measured
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at pH 3 versus pH 2, the 10-fold rate increase at pH 2 for all three agents is indicative of a first order dependence on the
acid concentration for the rate of solvolysis.

In studies conducted with 15, the solvolysis reaction not only exhibited this first order rate dependence on acid
concentration but also exhibited a first order rate dependence on the concentration of the nucleophile when the acid-
catalyzed addition reaction of CH,;OH was conducted in THF (0.1-0.25 equiv CF,CO,H, 20-500 equiv CH,0H, 25 °C).
Together, these studies illustrate that the slow step for acid-catalyzed nucleophilic addition to the activated cyclopropane
under the conditions examined is not C-4 carbonyl protonation, but rather nucleophilic addition to the activated
cyclopropane following rapid and reversible C-4 protonation (Scheme 1).

Figure 1 R

5, R=H N-BOC-CBI
14, R = OMe N-BOC-MCBI
' 15, R=CN N-BOC-CCBI

0% N
Aqueous solvolysis BOC Methanol-THF solvolysis of 15
k pH3 tiz,PH 3 - <
’ ’ ICsp (L1210) © Equiv H*  Equiv CH3OH K tia
(kpH2) _ (fzpH2) 4
14 OMe 1.75x10%s? 110h 90nM  -0.28 41
7.4 26N
(1.62x 10557y (11.8h) 025 100 x107s” 026
-4 o1
5 H 1.45x10%s" 133h  80nM  0.00 0.1 100 21x10%s”  0.92h
(1.53x105s™y (12.5h) 0.1 500 56x10%s"  034h
15 CN  0.90x10%s" 213h 20nM  0.70 4
A 2 02x10%st 9.20h
(0.79x 105"y (24.2h) 0 0
nH 3: 50% CH3OH-buffer (4:1:20 0.1M citric acid, 0.2M Na,HPO,, H,0) Cat. CF;S04H, THF, 25 °C, 0.3 mM in 15

pH 2: 50% CH4OH-butfer (4:1:20 1.0M itric acid, 0.2M Na,HPO,, H,0)

This latter reaction with 5 and 1415 was quantitatively established to provide exclusively the stereoelectronically
controlled product of nucleophilic addition to the least substituted cyclopropane carbon in isolated yields of 295% with
little or no trace of the alternative ring expansion addition product (regioselectivity, >20:1, Scheme 2).
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Hammett plots of the aqueous solvolysis studies with 9 and 14~15 revealed unusually small p values of —0.30 (pH
3) or —0.34 (pH 2) for the acid-catalyzed solvolysis (Figure 2). This exceptionally small p value of —0.3 indicates little
differential positive charge buildup in the reaction transition state is further consistent with a strict Sy2 versus Syl
mechanism requiring the presence and assistance of the nucleophile for ring opening of the cyclopropane. This has
significant implications on the origin of the DNA alkylation selectivity of the agents and suggests that the positioning of
an accessible nucleophile* (adenine N3) and not C4 carbonyl protonation®* is the rate determining step controlling the

DNA alkylation sequence selectivity.
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Consistent with past observations, the agents were found to follow a direct relationship between functional chemical

stability (-log k solvolysis) and in vitro cytotoxic potency (L1210, log 1/ICy;) over the range of reactivity examined by the

series (Figure 3). For agents that possess sufficient reactivity to alkylate DNA, presumably this may be attributed to the

more effective delivery of the more stable agents to their intracellular target and the solvolysis rates may be taken to

accurately represent the relative functional reactivity/stability of the agents.

Figure 3
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Less obvious, but more fundamental, the observations were found to follow a predictable, direct relationship
between in vitro cytotoxic activity (L1210, log 1/ICs,) and the Hammett o, constant of the C7 substituent with the strongest
electron-withdrawing substituent providing the most potent agent (Figure 4). This fundamental relationship should prove

useful in the predictable design of new analogs of CC-1065 and the duocarmycins possessing further enhanced properties.
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While the latter two correlations defined in Figures 3 and 4 are limited comparisons made on the three presently

accessible agents, they do follow trends established in the examination of 4-13 and related agents further supporting their

potential generality.'> What is unmistakable from the comparisons is the surprisingly small C7 substituent electronic effect

on the functional reactivity of the agents (Figure 1). The agent 15 is the most stable and one of the simplest alkylation

subunits disclosed to date and a full study of the properties of its advanced analogs of 1-3 will be disclosed in due course.

Acknowledgments. We gratefully acknowledge the financial support of the National Institutes of Health (CA

41986, DLB; CA 62589, JAM).

References

Chidester, C. G.; Krueger, W. C.; Mizsak, S. A.; Duchamp, D. J.; Martin, D. G. J. Am. Chem. Soc. 1981, 103, 7629.
Takahashi, I.; Takahashi, K.; Ichimura, M.; Morimoto, M.; Asano, K.; Kawamoto, 1.; Tomita, F.; Nakano, H. J.
Antibiot. 1988, 41, 1915.

Ichimura, M.; Ogawa, T.; Takahashi, K.; Kobayashi, E.; Kawamoto, 1.; Yasuzawa, T.; Takahashi, I.; Nakano, H.
J. Antibior. 1990, 43, 1037. Ichimura, M.; Ogawa, T.; Katsumata, S.; Takahashi, K.; Takahashi, I.; Nakano, H. J.
Antibiot. 1991, 44, 1045.

Boger, D. L.; Johnson, D. A. Angew. Chem., Int. Ed. Engl. 1996, 35, in press. Boger, D. L.; Johnson, D. S. Proc.
Natl. Acad. Sci. U.S.A. 1995, 92,3642, Boger, D. L. Acc. Chem. Res. 1995, 28, 20. Boger, D. L. Chemtracts: Org.
Chem. 1991, 4, 329. Boger, D. L. In Adv. Heterocycl. Natural Products Synthesis; Pearson, W. H., Ed.; JAI Press:
Greenwich, CT, 1992; Vol. 2, pp 1-188.

Warpehoski, M. A. In Adv. in DNA Sequence Specific Agents; Hurley, L. H., Ed.; JAI Press: Greenwich, CT, 1992;
Vol. 1, 217. Warpehoski, M. A.; McGovren, J. P.; Mitchell, M. A_; Hurley, L. H. In Mol. Basis of Specificity
Nucleic in Acid-Drug Interactions; Pullman, B., Jortner, J., Eds.; Kluwer: Netherlands, 1990, 531. Warpehoski,
M. A.; Hurley, L. H. Chem. Res. Toxicol. 1988, I, 315. Hurley, L. H.; Needham-VanDevanter, D. R. 4cc. Chem.
Res. 1986, 19, 230.



664

10.

11.

12.

13.

D. L. BOGER et al.

Wrasidlo, W.; Johnson, D. S.; Boger, D. L. Bioorg. Med. Chem. Lett. 1994, 4, 631.

Warpehoski, M. A.; Gebhard, 1.; Kelly, R. C,; Krueger, W. C; Li, L. H.; McGovren, J. P.; Prairie, M. D.;
Wicnienski, N.; Wierenga, W. J. Med. Chem. 1988, 31, 590. Warpehoski, M. A. Drugs Future 1991, 16, 131,
Boger, D. L.; Ishizaki, T.; Kitos, P. A.; Suntornwat, O. J. Org. Chem. 1990, 55, 5823. Boger, D. L.; Ishizaki, T.
Tetrahedron Lett. 1990, 31, 793. Boger, D. L.; Machiya, K.; Hertzog, D. L.; Kitos, P. A.; Holmes, D. J Am. Chem.
Soc. 1993, 115, 9025. 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.; Yun, W. J. Am. Chem. Soc. 1994, 116, 5523.

Full details of the preparation of 14 and 15 and their extension to more advanced analogs of 1-3 will be disclosed
elsewhere. Boger, D. L.; McKie, J. A.; Cai, H.; Cacciari, B.; Baraldi, P. G. J. Org. Chem. 1996, 61, in press.
Boger, D. L.; Tarby, C. M.; Han, N.; Kitos, P. A. unpublished studies.

Boger, D. L.; McKie, J. A.J. Org. Chem. 1995, 60, 1271. Boger, D. L.; Yun, W.; Teegarden, B. R. J. Org. Chem.
1992, 57, 2873. Boger, D.L.; Yun, W.J. Am. Chem. Soc. 1994, 116, 7996.

Warpehoski, M. A.; Harper, D. E. J. Am. Chem. Soc. 1995, 117,2951. Warpehoski, M. A.; Harper, D. E. J. 4m.
Chem. Soc. 1994, 116, 7573.

Identical trends have been observed with the advanced analogs of 1-3 incorporating the MCBI and CCBI alkylation

subunits.

(Received in USA 8 February 1996)



