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Bioactivation as a Model for Drug
Design Bioreductive Alkylation

The concept of bioactivation as a
mechanism of drug action is one that is
especially appealing to the medicinal and
synthetic organic chemist. The challenge
of designing compounds in a biologically
inactive form which become activated
only subsequent to an in vivo transfor-
mation allows the synthesis chemist to
take advantage of his arsenal of method-
ology and mechanistic probes and to di-
rectly apply them to potentially impor-
tant problems of drug action. Most sig-
nificantly, it permits the making of pre-
dictions of the biologically important
structural features of a molecule so that
they serve as critical guideposts for a
synthetic program whose objectives are
the construction of biologically active
compounds.

A particularly fascinating area within
the field of bioactivation is the idea that
certain compounds can function as biore-
ductive alkylating agents (/), that is,
compounds which become potent alky-
lating agents after they undergo a reduc-
tion in vivo. Such compounds would be
expected and several have been shown
to possess significant antineoplastic ac-
tivity (2-4). The objectives of this article
are to briefly review the field of biore-
ductive alkylating agents, to point out
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structural features in a number of natural
products which suggest their capability
to function as such alkylating agents, and
to suggest some specific, but still un-
known, compounds that could be pre-
dicted to be of potential importance as
bioactivated alkylating agents.

Bioreductive Alkylation

Four simple models can be used to for-
mally catalog potential bioreductive al-
kylating agents.

Model [—activated eneamines. One
can envisage a drug of the general for-
mula 1 where X is a leaving group. Such
an eneamine, 1, would undergo facile io-
nization unless the nonbonding electron
pair on nitrogen was sufficiently deloca-
lized into the group G. If this group G (an
electron sink) could be converted in vivo
to G’, an electron releasing substituent,
the drug would become activated and
could then function as a potent alkylating
agent. This obviously places a severe
structural requirement on G. It must be a
substituent whose polarity is reversed by
an in vivo transformation. Of all the sub-
stituents that one can envisage, the elec-
tron deficient quinone nucleus is among
the more obvious since its reduction in
vivo would give an electron rich hydro-
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quinone. Facile ionization would then re-
sult in the carbocation 3 which could
covalently bond to a biomolecule (such
as nucleic acid or protein) resulting in

4.
X
] J/\
i

I

o (YO X
~§
|

1 12

/u/\\'u Nu~ f

T e
|

4 3

X, leaving group (Cl, OCOCHj;, tosylate, and
the like); Nu, nucleophilic center on a bio-
molecule (DNA, reductase, or the like); G,
electron sink (quinone); and G’, electron re-
leasing group (hydroquinone).

Scheme 1

Model 2—vinylogous quinone meth-
ides. Another model that may be impor-
tant in predicting biological activity is
represented in scheme 2. Here it is sug-
gested that alkenyl-substituted quinones,
such as 5, which are functionalized with
a leaving group X at the 3 position on the
side chain could be reduced in vivo to
the hydroquinone 6. Subsequent loss of
HX would give the vinylogous quinone
methide 7, which would then function as
a potent alkylating agent via a Michael
addition reaction.
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Model 3—simple quinone methides. A
third model suggested by Sartorelli, Lin,
and co-workers (/-4) should be men-
tioned. They have shown that certain
simple quinones which are substituted
with one or more —CH,-X substituents
show marked antineoplastic activity. On
the basis of their results, they have, in
fact, proposed that simple quinones such
as 9 may function as alkylating agents
and suggested that their mode of action
is as illustrated in scheme 3, that is, the
simple quinone methides 11 are the key

alkylating agents in vivo.
H
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Sartorelli and his co-workers have
pointed out that appropriately substi-
tuted quinones that are precursors to the
quinone methides may allow a therapeu-
tic attack to be effectively directed
against the more anaerobic cells of solid
tumors (3). It has further been observed
that the reduced nicotinamide adenine
dinucleotide phosphate (NADPH)-de-
pendent enzyme system which reduces
naturally occurring quinones such as
coenzyme Q and the mitomycins is rela-
tively nonspecific, and thus various
structural modifications of the quinone
alkylating agents may be accommo-
dated. Finally, the ratio of reduced to
oxidized pyridine nucleotide coenzymes
may be higher in solid tumors than in
normal cells, since in neoplastic cells of
solid tumors distal to blood vessels the
oxygen tension is decreased. Thus, in
such an environment the reduction of
substrates by NADPH-dependent en-
zymes may be enhanced. In fact, Cater
and Phillips (5) reported a significantly
lower oxidation-reduction potential for
tumor tissue relative to most normal tis-
sue.

Model 4—a-methylene lactones or
lactams. Finally, a fourth model can be
envisaged in which the reducible group is
a heterocyclic ring, such as a pyridine or
quinoline nucleus rather than a quinone
(scheme 4). If such compounds are ap-
propriately substituted with CH,X (X,
leaving group) on, for example, a pyrone
or o-pyridone nucleus reduction and
subsequent eliminations of HX would re-
sult in potent alkylating agents. The gen-
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eralized model represented below illus-
trates the formation of the potential
dialkylating agent 16, where the alkylat-
ing sites are the «-methylene lactam
moiety and the double bond in con-
jugation with the pyridine nucleus. An
interesting example of an antineoplastic
agent whose mode of action may be cata-
loged by this model is camptothecin,
which will be discussed below.

X<
16 15

Scheme 4

The following are examples of possible
bioreductive alkylating agents.

Mitomycin C. An antineoplastic anti-
biotic, mitomycin C (17), has been
shown to be an inhibitor of the synthesis
of nucleic acids. It is believed to be a
dialkylating agent which cross-links
DNA, and has been shown to require an
initial reduction in order to activate the
drug (6). Various mechanisms have been
proposed (7), but the one outlined in
scheme 5 is particularly appealing. The
salient features of the proposed mecha-
nism of action of this drug are as follows.
(i) Mitomycin C is reduced in vivo to the
hydroquinone, which then eliminates
CH,OH to give the indole 18. (ii) The in-
dole could function as an alkylating
agent according to model 1 or undergo an
elimination process according to model
2. (iii) The driving force for the elimina-
tion process would be the release of the
steric strain energy of the aziridine ring
during the formation of 19. (iv) Sub-
sequent to the formation of 19, elimina-

tion of HO—-CONH, would give 20, the
proposed biologically active form of mi-
tomycin C. This last step can take place
only from 19 and not from the indole 18;
that is, the triggering of this process to
give the bis-alkylating agent 20 involves
the aziridine cleavage step.

As was mentioned, one of the key
steps in the mechanism proposed above
is the conversion of 18 to 19, and this is
expected to be facilitated by the release
of strain energy of the aziridine ring.
Such a process suggests that a series of
simple aziridine-substituted quinones (or
epoxide-substituted quinones), might be
exceedingly powerful bioreductive alky-
lating agents. Specifically, 2-quino-
nylaziridines, 23, should be easily re-
duced and subsequently undergo ring
opening to form simple quinone meth-
ides such as 25 (model 3). Depending on
the number of aziridine rings substituted
onto the quinone nucleus, mono- or
polyfunctional alkylating agents could be
designed.

To our knowledge, 2-quinonyl-
aziridines such as 23 have not been de-
scribed. However, Sartorelli and his co-
workers (2-4) have prepared a number
of simple benzo- and naphthoquinones
having the general structures 26 and
27 and found that many members of
their series function as bioreductive al-
kylating agents and do show marked an-
tineoplastic activity.

It is also interesting that 1-quino-
nylaziridines having the general struc-
ture 28 have been extensively studied.
These compounds were found to be one

i
e
23 24 25
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X = OCOCH;, OCONH,, halogen, and so
forth.
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of the most active families of quinones in
the L1210 system and show additional
activity in solid tumor and tissue culture
tests (8). In fact, one example, 29, was
shown to be highly cytotoxic, and 30
showed the greatest activity of a large
number of quinones tested in the L1210
mouse leukemia system as recently re-
ported by the National Cancer Institute
8). Compounds in this series are not
bioreductive alkylating agents, but rath-
er they function as simple alkylating
agents (9) that are activated toward nu-
cleophilic attack on the aziridine ring by
the presence of the electron-withdrawing
quinone nucleus on nitrogen. It is pos-
sible that analogous activity and perhaps
more selectivity would be observed for
the as yet unknown 2-quinoylaziridine
series 23 or the corresponding epoxides
(or both). Certainly, on the basis of Sar-
torelli’s work, such activity would be an-
ticipated.

\EH;(N:} /&(Nj
- fo DN (jj Nﬂ
28 29

1 ‘/\OCONHZ

30

Kinamycin C. Kinamycin C (31) has
recently been described (/0) and shown
to have marked antibiotic activity. How-
ever, it does not yet appear to have been
tested for anticancer activity. Such a
study would be of interest since there are
close structural relationships between
this natural product and mitomycin C.
Specifically, kinamycin C also is an indole
quinone having potential leaving groups
(OCOCHy) at positions analogous to po-
sitions 1 and 10 of mitomycin C. Thus, it
may also function as a bioreductive alky-
lating agent as outlined in scheme 6
(model 2).

The proposed active forms of kinamy-
cin C and mitomycin C, respectively 34
and 20, further suggests that simple alke-
nyl- and dienyl-substituted quinones
may function directly as alkylating
agents (Michael acceptors) and thus
show biological activity.

COCH3
C OCH
Hé

N OCOCH HO
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Anthracyclines and related com-
pounds. Another major class of natural
products that show marked anticancer
activity are the anthracyclines, adriamy-
cin (35) and daunorubicin (36). In fact,
adriamycin has the widest spectrum of
clinical activity of any known compound
(11). Clinical evaluations have shown it
to have significant activity against vari-
ous tumors including leukemia, lung can-
cer, breast cancer, sarcoma, lymphoma,
and neuroblastoma (/2). As isolated,
adriamycin is a hydroquinone, 35, which
in terms of the bioreductive alkylation
concept is the penultimate precursor to
the quinone methide. That is, direct
elimination of the sugar moiety would
give 37 which would function as a reac-

40

tive Michael acceptor (model 3). A mech-
anism that is even more in accord with
the bioreductive alkylation concept
would involve the in vivo reduction of
the quinone nucleus in adriamycin to
give 38. Elimination of the sugar group
could then proceed as indicated to give
the quinone methide 39. Consistent with
this postulate is the fact that reduction of
daunorubicin under mild conditions
(Na,S,0,) results in its quantitative con-

i b

32

< coca

Scheme 6

version to 7-deoxydaunomycinone 40
(13), a tautomer of the quinone methide,
39. Such a transformation demonstrates
that the sugar group at C-7 is exception-
ally prone to elimination from the fully
reduced natural product. The above
views are not intended to imply that adri-
amycin functions only as an alkylating
agent. Indeed, this drug has been shown
to intercalate into nucleic acids (I4).
However, conceivably both modes of ac-
tion may be in operation. Clearly, addi-
tional studies of the synthesis and biolog-
ical activity of adriamycin derivatives
having various leaving groups at posi-
tions 7 and 10 are warranted.
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Adriamycin has structural similarities
to a number of naturally occurring and
biologically active naphthazirins whose
mode of action could also be one of
bioreductive quinone methide formation.
Some selected examples are bostrycin
(41) (15) (antibiotic), lomazarin (42) (16),
lomastilone (43) (16), erythrostominone
(44) (I7) (antibiotic), marticin and iso-
marticin (45) (18) (wilting agents found in
the plant pathogen, Fusarium martii), fu-
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sarubin (46) (19), and a series of anthra-
cyclinone aglycones related to the bio-
logically significant rhodomycinone (20,
pp. 536-575) series of antibiotics, for ex-
ample, 47 and 48. In addition, the antibi-
otics actinorhodin (27), nogalorol (22)
(the aglycone of the antibiotic, noga-
lamycin), erythrostominone (23), and
erythrostominol (23) are other ex-
amples.

Finally, mention is made of still four
additional naphthazirins. Alkannin (49)
(S isomer) and shikonin (49) (R isomer)
have been isolated from boraginaceous
roots (20, pp. 248-251). From a structur-
al point of view these compounds are
suitable to function as bioreductive alky-
lating agents and thus show cytotoxic

properties. In fact, some of the arnebins
(50), which are alkannin derivatives,
have been reported to be active against
Walker carcinosarcoma in rats (24). A
potential problem comes to light here
since alkannin is reported to be used for
the artificial coloring of certain foods
(25), and thus, the possible cytotoxic
properties of this dye certainly warrant
investigation. An analogous situation ex-
ists for carminic acid (51) (26), the color-
ing principal in cochineal, a dyestuff still
employed for coloring certain foods.
Cochineal is obtained from the insect
Nopalea coccinellifera by heat Kkilling
the female insects and grinding the bod-
ies to a powder, which contains 10 per-
cent of the pigment carminic acid (51).
Significantly, the dyestuff, cochineal,
has been reported to show anticancer
properties (27). Intratumoral administra-
tion of a cochineal solution containing
lactic acid to Jensen rats inhibited the tu-
mor growth in 68 percent of the rats. Al-
so0, after intraperitoneal treatment of rats
with ascites tumors, 70 percent recover-
ed. However, with Walker tumors no
success was observed.

Finally, a number of anthraquinones
having a structural similarity to carminic
acid should be mentioned, and are de-
scribed by Thomson (20, pp. 536-575).
These include tritisporin, asperthecin,
isoquinocycline A, avermutin, questinol,
fallacinol, carviolin, (§)-rhodoptilomet-
rin, averufin, (+)-oxyskyrin, (+)-sky-
rinol, citreorosein, lucidin, damna-
canthol, aloe-emodin, jazunol, and coel-
ulatin. All of these have the 5,10-anthra-
cenedione (anthraquinone) nucleus and a
potential leaving group attached to a
methylene or methine carbon at position
2. Thus, reductive elimination would
again give a reactive Michael acceptor
and ultimate alkylation.

Nanaomycin D and related com-
pounds. A number of naturally occurring
quinones contain the fused pyrano-y-lac-
tone moiety such as that found in the an-
tibiotic nanaomycin D (52) (28). Such a
moiety fused to a quinone nucleus re-
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Scheme 7

530

sults in compounds that would be ideally
suited to function as dialkylating agents
by the bioreductive mechanism outlined
in scheme 7.

Other quinones that contain this
heterocyclic moiety and also show anti-
biotic properties are griseusin A (57) (29)
and +y-naphthocyclinone (58) (30). Still
others are kalafungin (31), granaticin
(32), vy-actinorhodin (33), and pheno-
cyclinone (34).

A program directed toward the con-
struction of quinones fused to the py-
rano-y-lactone ring system is called for,
and does indeed present a challenge to
synthesis chemists. A particularly ap-
pealing proposed partial synthesis is out-
lined below for the construction of na-
naomycin (52). Specifically, reductive
elimination of the epoxide 59 should re-
sult in the hydroquinone 53 which would
give nanaomycin on oxidation. A special
feature of this synthesis is that the penul-
timate precursor to the hydroquinone 53
is the proposed biologically active bis-
quinone methide 55. Thus, the epoxide
59 itself may be biologically active, and
structural modifications of this simpler
compound are easier to envisage.

Hﬁ

H? ?H FH3

on 0 H,
/\0\\\\H = HC\’\J{
) A
HO H Qk:—————— H \O
53 55
Other quinones of potential impor-
tance as bioreductive alkylating agents.

An in-depth survey of naturally occur-
ring quinones that are structurally acces-
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sible to quinone methide formation via a
bioreductive mechanism has not been
made. However, it does indeed appear
that nature has provided a large number
of such compounds. Included in such a
list are the eleutherins (61) (35), stem-
phone (62) (fungal pathogen) (36),
pleurotine (63) (antibiotic) (37), dehydro-
a-lapachone (64) (antineoplastic) (38),
tauranin (65) (39), altersolanol A (66)
(plant pathogen) (¢0), hydnuferrugin (67)
1), cordiachrome G (68) (42), griseusin
B (69) (29), and conacyton (70) 43). Oth-
er examples are the protoaphins (20, pp.
597-628), remerin (44), nanaomycin A
(28), nanaomycin C (28), gentisylquinone
45), B-methylpyrano-1,4-naphthoqui-

none (46), shanorellin (47), a-caryopte-
rone (48), and cordiachrome C (¢2).
Camptothecin and related com-
pounds. Up to this point, the discussion
has focused on various quinones as
bioreductive alkylating agents. How-
ever, this concept need not be limited to
this class of compounds. For example,
certain alkaloids having the structural
features outlined in model 4 may also op-
erate by such a process. The most inter-
esting example is camptothecin (71).
This alkaloid shows a high activity
against several mouse lymphocytic leu-
kemias and also inhibits the growth of
certain solid tumors (¢9). Also, 10-hy-
droxy- and 10-methoxycamptothecin
show significant activity against leuke-
mia, L.1210. Several attempts have been
made to identify the portion of the camp-
tothecin molecule that is responsible for
its oncolytic activity. Not only is the a-
hydroxylactone portion necessary for
antitumor activity, but also the A and B
rings appear to be crucial since frag-
ments 74 and 75 have no useful activity
(50). A mechanism that accounts for this
is one of bioreductive alkylation and is
outlined in scheme 7. The key features of
the mechanism are the initial in vivo re-
duction of the quinoline nucleus to the
dihydro form 76. Subsequent eliminative
ring opening of the lactone nucleus
would give 77. This compound can now
lose water to give 78 which has two re-
active sites for alkylation, a-methylene
lactam and the extended w-system in
conjugation with the quinoline ring.
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Scheme 8

The proposed mechanism of action of
camptothecin as outlined in scheme 8 not
only accounts for the reported studies on
structure and activity, but it also sug-
gests a large number of related but un-
known compounds that may function
analogously. For example, replacing the
quinoline nucleus by a quinone to give 79
may result in a most potent bioreductive
alkylating agent. Also compounds such
as 80 and 81 may show activity. In gener-
al, compounds of the structural type 82
where G is a reducible group such as a
quinone or pyridine derivative and X is a
leaving group are the proposed desirable
structural features for biological activity.

X o
see

* 82

81 X

Still another alkaloid having structural
features suitable to allow it to function as
a bioreductive alkylating agent is the an-
tibiotic naphthyridinomycin (51) (83).
Like camptothecin, this compound could
also function as a dialkylating agent as
outlined in scheme 9.
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A systematic survey of the literature
on alkaloids is called for to see whether
other compounds are known which are
structurally amenable to mechanistic
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processes analogous to those outlined in
schemes 8 and 9. There are, in fact, an
exceedingly large number of alkaloids
known which could give quinone meth-
ides via an elimination process involving
a phenolic hydrogen and the nitrogen of
a heterocyclic ring (52), that is, analo-
gous to the proposed conversion of 84 to
85.

Correlation of Bioreductive

Alkylation with Biological Data

The National Cancer Institute has re-
cently reported the cancer screening
data for 1599 quinones (8). Approximate-
ly 15 percent of the compounds show ac-
tivity in one or more of the screens em-
ployed, that is, with 1.1210 leukemia, W-
256 system cells, CA-755, S-180, and KB
cells. The criteria for minimum activity
are normally = 25 percent for L1210
cells; = 58 percent for W-256, CA-755,
and S-180 cells; and = 4 ug/ml for KB
cells. However, since a large number of
compounds in the NCI study were tested
at only one dose, the above minimum ac-
tivity levels were reduced to = 15 per-
cent for L.1210; = 45 percent for W-256,
CA-755, and S-180; and = 8 wg/ml for
the KB test. It is these latter standards
that correspond to the 15 percent figure
of active compounds mentioned above.
If we survey the list of 1599 quinones, we
find 97 examples that can be cataloged
according to the models for bioreductive
alkylation as outlined here. Of these, 48
percent show activity.

Of the 97 compounds cataloged ac-
cording to the models presented here, 32
are members or derivatives of the mi-
tomycin family (model 1 or 2). Of these,
20 (63 percent) show activity. Another
major series which shows marked activi-
ty are the anthracyclinones, daunorubi-
cin, adriamycin, and related compounds.
Such compounds are cataloged accord-
ing to model 3, where X, the leaving
group, is the sugar moiety. The NCI re-
port includes 20 examples in this series
and 12 (60 percent) show activity. The
remaining 45 examples are cataloged ac-
cording to the various model systems,
and 15 (33 percent) show significant ac-
tivity. Finally, it should be mentioned
again that Sartorelli and his co-workers
(2—4) have prepared a large number of
benzoquinones, naphthoquinones, quin-
olinequinones, and naphthazarins that
are mono- and disubstituted with CH,-X
(X, leaving group) substituents and have
observed that many of these do show an-
tineoplastic activity. That these function
as bioreductive alkylating agents and
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generate reactive quinone methides is fur-
ther indicated by the fact that no signifi-
cant activity was observed for these qui-
nones which were not substituted with a
leaving group X at the appropriate site.

Summary

The concept of bioreductive alkylation
as put forth by Lin, Cosby, Shansky, and
Sartorelli (2) and further elaborated here
is of potential major significance as a
mechanism of action of many naturally
occurring and synthetic antineoplastic
compounds as well as antibiotics. It al-
lows the synthesis chemist to envisage a
plethora of compounds that possibly
show such activity. In addition, it per-
mits examination of known compounds
for the key structural features that may
be responsible for their biological activi-
ty. Clearly, many possible modes of ac-
tion other than that of bioreductive alky-
lation can be envisaged for a number of
the compounds discussed in this article.
Some of these, in fact, may be more rea-
sonable than the concepts which were
outlined. However, it does appear the
structural features that are necessary for
quinone methide formation, either di-
rectly or subsequent to an in vivo reduc-
tive process, are ubiquitous. Thus, the
possibility of appropriately substituted
compounds functioning as bioreductive
alkylating agents provides a logical mod-
el that has a great deal of predictive pow-
er. Finally, although the reactions out-
lined are not definitive, they suggest the
promise of further research in an exceed-
ingly important area of medicinal chem-
1stry.
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