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B. With Aqueous Dimethy! Sulfoxide. A solution of 16.5 mig
ol T in 4 ml of DMSO was diluted with 6 ml of H.0) aud then
kept at 25° for 2 dayvs. The resulting mixture was diluted with
60 1l of H.O and extracted with CH.CL.  This extraet was
washed twiee with H.O, dried, and coneentrated. The residne
was resolved ito two components by adsorption elironittography
ol a magnesia-siliea gel column.  The component eluted by
CH.CL was identical in ir speetrum with starting material,
and the component cluted by CH.Cls containing 25¢, of Me. ('O
was identical in ir speetrum with T
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The in vivo amibacterial structure-activity relationships of a considerable mmiber of indoloquinone analogs of

the mitomyein antibioties are reviewed.

The most active members of the series were certain J-ethyleniming

derivatives, of which 1-ethyl-2,6-dimethyvl-i-ethyleniminoindoloquinone N-{8-hydroxyethyljcarbamate (IV)
was the most exteusively investigated. This compound shows potent oral activity in mice infected with w
spectrum of representative gram-positive organisms, but apparently =till retains some of the eytotoxieity mani-
fested by the parent antibiotics and therefore is not of eliniceal iuterest,

In previous papers of this series we have deseribed
the syuthesis and in eitro antibacterial activity of a
series of indologuinone analogs of the mitomyein anti-
bioties.  Our interest in these antibioties derives from
their very potent broad-spectrum oral antibacterial
activity in mice, an activity which extends to tetra-
cveline- and  penicillin-resistant  strains.®  Moreover,
the mitomycius show an hmportant antitumor effect.
and. in fact, mitomyecin (' hax found clinieal use in this
connection, particularly in Japan.?  On the other hand,
these snbstances are powerful general evtotoxic agents,
which precindes themn from consideration as clinieal
antibacterial agents and presumably limits their utility
as antitiumor agents,  Thus, the mitomyeins represent
2 challenging strueture-activity problem, and in this
paper we review the relationships which we have found
for the indoloquinone series with regard to in rizo anti-
haecterial activity.

The struetures of the four mitomyein antibiotics were
determined by Webb and coworkers® and are ax shown
helow.

The conversion of mitomyecin B to the equally potent
pyrroloidoloquinone T was achieved by Patrick and
coworker<.>  And in a further simplification the dexaz-

¢y Paper XN1: W, A, Rewers and M., Weiss, /. Med. Chon., 11, 737
(1468).

(2) tay 1. Nata, Y. Sane, R. Sugawara, .\, Matsuinae, IN. Kanamori, 1.
Shima, aud T. Hoshi, J. Adutibiotics (Tokyo), A8, 141 (1956); (b) C. L.
Stevens, IX. G. Taylor, M. E. Munk, W. 3. Marshall, K. Noll, G. D. Shal,
L. G. Shali, and K. Uzu, J. Med. Chem., 8, 1 (1963); (c) A. C. Dornbush
and G. 8. Redin, unpublished data.

3) R. Jones, Jr., U. Jonsson, J. Colsky, H. E. Lessner, and A. Franzino
in “‘Fourth National Cancer Conference Proceedings, 1960,"" J. B. Lippin-
cott, Philadelphia, Pa., 1961, p 175; B. Jokoloff, et ., Growth, 28, 109
11959); L. H. Manheimer and 1. Vital, Cuncer, 19, 207 (1966); M. Kut-
sami, Wahapama Meild, Rept., 9, 153 (1963},

i1y 1. 8. Webb, D, B, Cosulich, JJ. H. Mowat, J. B. Patrick, R. W. Bros-
claard, W. 12, Meyer, R. P. Williams, C. I, Wolf, W, Fulinor, C. Pidacks, and
A, ¥, Lancaster, J. Am. Chkem. Soc., 84, 3185, 3187 (1962]; seealso A, Tulin-
sky, wid., 84, 3188 (1962).

(h 1 By Patriek, R P Williwwes, W, F, Mever, W. FPulmor, 1. B, Cosu-
liel, R, W, Broschurd, and J. 8. Webly, ibid,, 86, 188y (1u64).
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iridino analog ot 1, the pyrroloindoloquinone 7-methoxy-
mitosene (I}, was synthesized i our laboratory.®
Although this latter substance was considerably less
potent than the parent antibioties or I, it retained
enough antibacterial effect to be of significant interest.
Inoritro 1t was markedly aetive against a variety of
gram-positive organisms, including strains resistant to
tetracyeline and penieillin, but it was relatively in-
effective rs. gram-negative organisms. In the Staphy-
lococcus aurews, strain Smith, infection in miece, 11 was
about one-third ax active orally as tetracyeline hydro-

9]

HLO CH,OCONH.
H,C N—CH,
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0
H,CO CHOCONH,
HC N
0
]

&y G.R. Allen, Jr., . I, Poletto, and M. J. Welss, 1hud., 86, 3877 110G1),;
J. Org. Chkenc., 30, 2807 ¢1965).
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chloride. However, despite its marked in vitro activity
against the tetracycline-resistant S, gureus, strain Rose,
and Streptococcus pyogenes, B-hemolytic strain C203,
7-methoxymitosene (II) was not effective 7n wivo
against these organisms.®

The discovery of significant antibacterial activity for
II was then rationally followed by the synthesis of the
indoloquinone analog III, which had a spectrum and
level of activity about the same as that observed for
117

Encouraged by these results,® we undertook an ex-
tensive analog program in the indoloquinone series,
which was chosen in preference to the pyrroloindole
series (see II) for convenience of synthesis. A con-
siderable number of pertinent analogs were prepared
and the structure-activity relationships which can be
drawn from this study are discussed below. In this
discussion, activities, unless otherwise noted, were
obtained from an S. aureus, strain Smith, assay? in mice
(subcutaneous treatment). Those compounds active
by the subeutaneous route, which were also submitted
to the corresponding oral assay, were invariably active
in the latter assay as well.

Variations at N.—Optimum activity was recognized
at this position with either the methyl or ethyl sub-
stituent, the activity decreasing when these substituents
were replaced with propyl, isopropyl, or butyl groups
(see Table I).'® Substitution at this site with a series
of B-substituted ethyl groups (-CH.CH.X: X = F, (I,
N;, OH, SCH;)"! proved unrewarding, although the
members of this series were marked by in vitro activities
nearly as high as that of the corresponding ethyl com-
pound. !

Variations at C,,—Only the original methyl group at
C. appeared compatible with high potency. Modest
activity was noted for the -CH=NNHCONH; group?
(estd ED; = 128 mg/kg), but the replacement of the
methyl group by hvdrogen,'® ethyl,!9 or certain sub-
stituted methyl groups (-CH.X: X = OH, OAc,
OCONH,, OCH;, NH,, SAc, Cl, F)*2 did not give com-
pounds of interest. The poor ¢n rivo showing noted for
the substituted-methyl derivatives was disappointing
because a priori these analogs appeared to be especially
pertinent since a benzylie-type function at C, con-
ceivably affords an additional locus for biological
alkylation; furthermore, this site corresponds to that

(7) (a) G. R. Allen, Jr., 1. F. Poletto, and M. J, Weiss, J. Am. Chem. Soc.,
86, 3878 (1964); (b) G. R. Allen, Jr., and M. J. Weiss, J, Med. Chem., 10,
1 (1967).

(8) Also noteworthy was the observation that, in a bone-marrow depres-
sant assay in mice (see ref. 18) in which the parent antibiotics and I were
virulently active, 1T and III appeared to show, at most, border-line depres-
sant action.

(9) (a) In vivo antibacterial assays were carried out according to the pro-
cedure of G. S. Redin and M. E. McCoy, “Antibiotics Annual, 1959~1960,""
Antibiotica Inc., New York, N. Y., 1960, p 213. (b) In vitro antibacterial
assay data are included in the various synthetic papers of this series.

(10) G. R. Allen, Jr., L. J. Binovi. and M. J. Weiss, J. Med. Chem., 10,
7 (1967).

(11) G. R. Allen, Jr., and M. J. Weiss, ibid., 10, 23 (1967).
(12) G. R. Allen, Jr., J. F. Poletto, and M. J. Weiss, ibid., 10, 14 (1967).

MITOMYCINS.

XXII 743

TasLE I

Acriviry or Ny Variants 18 Aice INFECTED WITH
Staphylococcus aureus, SMITH

0

H,CO CH;OCONHCH,

H,C If CH,
0
Ry
Median effective dose range

N substituent (R1) (EDso), mg/kg sc

Methyl 16-32

Ethyl® 16-32 (16-32 po)
Ethyl 16-32

n-Propyl 32-128

Tsopropyl >128

n-Butyl >128

¢ NH, carbamate derivative.

in the parent antibiotics which is most prone to chemical
solvolysis? of the fused aziridine ring. This possibility
is of interest since biochemical evidence indicates that
biological alkylation may play an important role in the
mechanism by which the mitomyeins exert their effect.'?
However, these compounds were among the more active
analogs according to the in vitro assay.'?

Variations at C;,—Here, exchange of the carbamoyl-
oxymethyl side chain for hydrogen, methyl, hydroxy-
methyl,”™ chloromethyl, methoxymethyl, acetylthio-
methyl, formyl,”® or acetyl groups gave compounds'*
inactive at the 128-mg/kg dose level (subcutaneous),
nor were a variety of carboxylic acid esters's of the
hydroxymethyl group of any particular interest.
Moreover, in contrast to the C, series, these analogs,
with the exception of the carboxylates, were essentially
inactive in the in vitro as well as in the in vivo assays,
although in several instances the new functions also
provided good leaving groups, so that in principle a site
for biological alkylation was maintained.

Variations of the substituents on the carbamate nitro-
gen proved more fruitful and it was possible to obtain
analogs®® which showed a retention and even an en-
hancement of activity. In the N-monoalkyl series, the
methyl and propyl members were about as active as the
original unsubstituted carbamate III. Of the N,N-
dialkyl derivatives, the dimethyl analog was the most
interesting, affording substantial activity, which was
also observed for the piperazine derivative. Introduec-
tion of the phenyl or allyl group gave compounds of
relatively modest activity., Of considerable interest
was the activity observed following monosubstitution of
the carbamate nitrogen by various substituted alkyl
groups, particularly by the 8-hydroxyethyl group which
afforded the most active member of the 5-methoxy and
possibly also of the 5-ethylenimino series (see below).
Results with the more interesting of the carbamate
nitrogen-substituted derivatives are given in Table
II.

Variations at C,—DPeak activity at this position in
the quinone ring apparently was obtained with the

(13) (a) V. N. Iyer and W. Szybalski, Science, 148, 55 (1964): (b) A.
Weissbach and A. Lisio, Biochemistry, 4, 196 (1965); (c) for a recent review
see W, Szybalski and V. N, Iyer in "Antibioties, * Vol. 1, D. Gottlieb and
P. D. Shaw, Ed., Springer Verlag, New York, N. Y., 1967, p 211.

(14) Except as noted, for these compounds see J. F. Poletto, G. R. Allen,
Jr.,and M. J. Weiss, J. Med. Chem., 10, 95 (1967).

(15) J. F. Poletto, G. R. Allen, Jr.. and M. J, Weiss, 1bid., 11, 000 (1968).
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Tasue 11
Acriviry oF Carsavare Drewivarives Ix Mice INvECTED
WITH Staphylococcus quieids, SMITIL

H,CO CH.OCOR
H3C N CH3
O Cucn,
~m=f Dy range, g, kg
R Suljcutaneous Oral

Nl 1632 16-32
NI1ICI; N-32 64-128
NHCH,CH.CHj, 32-64 32-64
NI(CH,)CH, >32 Cu. 128
N(CH;). 1632 16-64
N(CILCLL), >128
NmNCH S.-39 : I8

o 832 32-128
Nf—\N CH, 3w

_/ (CH,):N(CHy), >a2
NHCILCH=CH, Ca. 128 04-128
NHCH.CH,0H 4-8 8-32
NHCH.CH,CH.0H >128
NHCH,CH,OCH.CII; 32128
NIUCH,CIL,CN 52128

original methyl group, sinee potency was diminished
when this group was replaced by hydrogen' (N-
propvlcarbamate, estd ED; = 32-128 mg/kg sc) or
ethyl®® (N-methylcarbamate, estd EDj > 128 mg/kg
se).

Variations at C;.—Homologation of the 5-methoxy
function to ethoxy! in one instance (N-unsubstituted
carbamate) resulted in at least a lowering of activity,
but in another instance (N-methylecarbamate) equiva-
lent activity was noted. The reverse of this situation
obtained in the 5-amino series' wherein substitution of
methoxy by the primary amino group afforded a
compound of equivalent activity for the N-unsubsti-
tuted carbamate and a compouund of little or no activity
for the N-methylcarbamate. Several substituted
amino derivatives were prepared,! but none of these,
with the exception of the benzylamino analog (N-
methylearbamate, estd ED;y = 32-128 mg/kg sc) was
of interest. Substitution of the 5-methoxy group by
hydrogein'’” gave a compound of lessened potency
(N-methylecarbamate, estd ED; ~ 128 mg/kg sc¢), and
substitution by methyl” or chiorine! (good leaving
group) gave compounds of no particular importance.

The 5-Ethylenimino Series.—M aximum activity was
observed when the methoxy group was replaced by the
ethylenimino group.! This exchange afforded several
compounds with oral activity ws. the tetracycline-
resistant S. aureus, strain Rose, and also 8. pyogenes
(203 (see Table III),% a significant forward step since
even the most potent members of the 5-methoxy series
(also 5-amino), according to the Staphylococcus Smith
assay, were ineffective in viwo against these two organ-
isms.  Introduction of the 2-methylethylenimino gronp

(16) W. A. Remers and M. J, Weiss, J. 4m. Ckem. Soc., 88, 804 (1966).
(17) R. H. Roth, W. A, Remers, and M. J. Weiss, J. Org, Chem., 31, 1012
(1966).
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(N-g-hydroxyethylearbumnate) gave a compownd ! which
was about equipotent aguinst Staphylpcoceus Roxe when
administered subcutaneonsly (estd 12Dy = 4-16 mg/
kg). but whiclu=nffered a mnch greater loss of its effee-
tiveness than did the correxponding ethyleninuno deriv-
ative I'V when administered ovally (estd 11D > 128y,

kg).

TanLe 1L

ACTIviTy OF 3=ETHYLENIMINO DELIVATIVES AGAINST

Baererial Invrerions ix Micw
0
DN CH,OCOR,
|
CH, T CH,
0 R,
11 b ranste, me ke =
--Subeutaneoins——=—--- Oval
Staph. Staph,  Strep.  Staph.

¢4 R Rose Sidth €203 Rose
Lithyl NIHCIH.CITLOL s 10 20 42
Lithyl NHCI, 45 3! 200 52-64
KEihyl NTICIHLCLE, 416 5264
Methyl NHCII, 1664 >04
Propyl NHCH;, 3204 >0
Lzopropyl  NIICH, Haet. 64
Ethyl N1, Inaet, 64 >332 >64
Ethyl NHCILCH.CH >64
. /——\ " ) ' .
Lithyl N\_/N( H, 16 -4 64

Of the 5-ethylenimino series, the N-methyl-; N-ethyl-,
and N-hydroxyethylearbamate derivatives were the
most potent members, and of these, the last compound
(IV) was chosen, more or less arbitrarily, for further
study. It was found to have substantial oral activity in
mice when tested against the representative gram-posi-
tive organisins, Diplococcus SV, Streplococcus C203, Sta-
phylococeus Smith, as well as the aforementioned Staphy-
lococcus Rose, but was cssentially inactive by the sub-
cutaneonus route rs. the gram-negative Escherichia coli
and Proteus muirabilis (see Table IV).,  This activity is
comparable to that found in onr laboratory for the
elinically useful antibiotic novobiocin, a comparison
with which iz provided i1 Tuble 1V,

Tavs 1V
CoMPARISON 01 H=-I¢TIY LENIMINO
N-g-1IypraxysErnyneannsasMate IV wirn
Novosrociy 18y Bactenrian Insrerions iy NMiew

Lstd B, mg ke

—Ryleatancons— - Oral
Novo- Novo-
Organisin 1v Lioein v hicein
S. aureus, strain Smith 10 10 40 201
S. aureus, strain Rose ) 1D 40 401
S. pyogenes, B-hemo-
lytie, strain C203 26) 320 50 <320
D. pneumoniae, type 1,
strain SVI 20) 200 60
E. coli 311 Inact. 123
P. mivabilis Inaet. 128 60 . 00

Trurther studies with IV indicate a baetericidal
action when tested @ vilro against S, awrcus ATCU
65381, After a 16-hr inenbation period, half-maximun
inhibition was achieved at a concentration of 0.65 pg/
ml. At the lowest concentration at which no growth
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TABLE V
INCREASE 1N REsisTaNcE TO IV anp Miromycin C
Fold increase in resistance
Initial MIC, No. of transfers:
Organisms ug/ml 1 2 3 4 5 7 9 11 13 15 17 19
Compound IV
S. aureus Smith 1.25 8 16 64 125 125 125 125 125 125 250 125
S. aureus Rose 2.9-5.0 2 16 64 64 32 64 64 64 64 125 125 125
S. pyogenes NY5 1.25-2.5 4 16 32 64
S. pyogenes C203 0.62-1.25 8 S 16 16 32 32 250 125 250 500 250
Mitomycin C
8. aureus Smith 0.16-0.31 2 2 4 4 4 4 16 32 250 125 500
S. aureus Rose 0.16-0.31 2 2 4 4 4 4 4 8 8 16 16 16
S. pyogenes NY5 0.04 0 0 2 2 16 32 32 64 125 250 500 500
S. pyogenes C203 0.02 2 2 0 2 2 4 8 4 32 32 500 2000
TapLr VI antibiotics, one of the most potent groups of orally

Toxicity or Compounp IV 1n Mice

Marrow nucleated

Acute toxicity, cell count,
——dead/total¢ —— —controls/treated®—
Dose, mg/kg Subcutaneous Oral Subcutaneous Oral
312 272 2/2 9.2 2.2
256 1/2 1/2 6.3 2.0
128 0/2 0/2 2.1 1.0
64 0/2 0/2 1.3 1.1

a Fourteen days after administration of IV. ? The count was
made on the third day after administration of IV; two mice per
grolip. The femoral marrow was used.

was apparent, 2.5 ug/ml, more than 979, of the micro-
organisms introduced with the inoculum were no longer
viable. At higher concentrations the bactericidal
activity was even more pronounced.

A study'™ of resistance development by selected
organisms to compound IV and mitomycin C was also
carried out (see Table V). Toward IV, resistance
developed more rapidly than toward mitomycin C, and
a plateau was reached at about the fourth or fifth trans-
fer for the staphylococei and at about the ninth transfer
for S. pyogenes C203. In contrast, the resistance de-
veloped to mitomyecin C began to increase in a stepwise
pattern for three of the organisms ranging from the
sixth to thirteenth transfer, whereas for 8. aureus Rose
there was only a 16-fold increase at the end of the
19th transfer. Note, too, that the initial minimal
inhibitory concentrations for IV were about ten to fifty
times as great as that observed for mitomyecin C,

A preliminary acute toxieity determination with IV
and a bone-marrow depression study'¢ gave the results
shown in Table VI.

Gross examination of the contents of the abdominal
cavity revealed gelatinous, toneless intestines in the
dead mice, However, all survivors appeared normal
and, upon sacrifice, gross examination of the abdominal
cavity contents revealed nothing unusual. According
to the data of Table VI, bone-marrow depression would
appear to be definitely established by the subeutaneous
route. However, the oral data, in view of the limited
number of animals, is of questionable significance.
In any case, these toxicity manifestations are sufficient
to preclude any interest in IV as a possible clinical
antibacterial agent. Thus, the development of a useful
antibacterial agent based upon the mitomyein class of

(18) For the assay procedure see E. J, Kirsch, A. C. Dornbush, and E. J,
Backus, ref 9a, p 205.
(19) For the assay procedure see A. W. Vogel, Cancer Res., 21, 636 (1961).

effective antibacterial substances known, remains an
achievement vet to be accomplished,

The antibacterial activity manifested by the various
indoloquinone carbamates leads to an observation of
some interest to the question of the biochemical
mechanism by which the mitomyecins exert their bio-
logical effect. There is accumulated evidence that
these antibiotics can cross-link DNA and that this abil-
ity to cross-link depends upon an initial biological re-
duction.’® In the mitomyeins the two alkylating sites
required for cross-linking can be conceived as provided
by the aziridine and the carbamoyloxymethyl func-
tions; a third possibility, the methoxy- or amino-sub-
stituted carbon in the quinone ring, is inactivated by
reduction to the hydroquinone state. It is, of course,
quite possible that the antibacterial activity, as well
as the toxicity manifestations, of these synthetic
analogs and the mitomycins does not result from a com-
mon mechanism, or, if it does, this mechanism does not
involve a cross-linking process. However, in the event
of a common cross-linking mechanism, the observed
activity of the desaziridino synthetic analogs requires
that, in the mitomycins, the aziridino function, usually
considered the biological alkylating group par excellence,
in fact does not participate in the cross-linking process.
Cross-linking still could be achieved by use of the
carbamate and quinone sites. However, inasmuch as
an initial biological reduction is required,'®*2 a sub-
sequent biological reoxidation, presumably after alky-
lation by the carbamate function, would then be
necessary in order to reestablish the quinone site,
Unfortunately, we can offer no biochemical evidence
concerning these speculations.

Finally, we would note that a broad selection of the
indoloquinone carbamates prepared in the course of
this study was submitted to an antitumor assay?' using
the 72] mammary adenocarcinoma in C;H mice. In
view of the important antitumor properties manifested
by mitomyecin C, it was disappointing that none of the
indoloquinones could be found active at a nontoxic
dose.
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(20) H. 8. Schwartz, J. E, Sodergren, and F. 8. Philips, Sctence, 142, 1181
(1963).

(21) A, W. Vogel and J, D. Haynes, Cancer Chemotherapy Rept.. No. 22, 23
(1962).



