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Abstract - Mitomyein C (l) undergoes a stereoselective aziridine ring-

opening reaction upon treatment with trifluorcacetic acid in aprotic media to

give 18-hydroxy-2B-trifluorcacetamido~7-aminomitosene (3). Tts formation is

postulated to involve acid-catalyzed degradation of MC teo the intermediate

carbocation 7, which captures trifluoroacetate ion predominantly from the

B-face at the l-position to yield trifluoroacetate ester 8. Internal trans—

acylation yields the observed product 3. A high yield synthesis of 3 is

presented as well as the implications of this reaction for the occurrence

of acidic activation of MC in wvive. The synthetic utility of 3 is also

mentionad,

Intrcduction

The antibiotic mitomycin C (MC, 1) is a prominent member of the class of organic molecules

which alkylate deoxyribonucleic acid (DNA) in vivo and in vitro. Exposure of celis to MC causes

profound inhibition of DNA replication and cell growth; MC has therefore found extensive usage in

the chemotherapeutic treatment of solid tumors, particularly those of the brain,
gastrointestinal tract. MC is known to require activation by chemical/enzymatic
acid pH3+* for alkylating activity to be manifest. Thus, in the presence of the
activating agents, MC undergoes a sequence of metabolic reaction steps invelving
methanol from the 9/9a positions and stereorandom capture of nucleophiles at the

give rise to "mitosene” derivatives 2 (Scheme 1).%*? While reductive and acidic

breast, and
reduction!*? or
appropriate
expulsion of

l-position to

activation follow

mechanistically divergent pathways, isolated MC reacticn products in both cases bear the common

structure 2.
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Scheme I. Formaticn of Mitosenes
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Recent work conducted in cur laboratories has led to a unified view of the DNA-binding
reactions of MC in vitro under both reductive and acidic activation. Under reductive catalysis,
MC binds to the N?-position of guanine {G) residues with overwhelming 1,2-trans stereoselectivity
(> 95% of total adduct pool};® under acidic conditions, MC shows almost equal affinity for the N°-
and N7-positions of G;’ in the latter case, >95% 1,2-trans stereoselectivity is also observed. We
have recently elucidated the full structure of a MC-DNA bis-adduct,® the characterization of which
unequivocally demonstrates for the first time the existence of a bifunctional mode of DNA-alkyl-
atien by MC; this previously putative crosslinking activity has long been believed to be the most
biologically significant lesion produced in cellular genome by the action of MC.l Owing to the
inherent difficulty of in vivo studies on DNA-alkylating agents, the biologically operative MC
activation mechanism (acidic and/or reductive} continues to elude definition.

During the course of our studies on the acidic activation mechanism of MC*+7 we observed an
interesting degradation reacticn of l which occurs under acidic conditicns in apretic media. In
view of the importance of the activation chemistry of MC, cur results on this reaction are
reported. The interest In such acidic aprotic reactions stemmed from efforts to synthesize
mitosenes bearing chromophoric esters at C-1 (Scheme 1; 23) by treatment of MC with p-substituted

benzoic acids in the presence of trifluorocacetic acid (TFA). The usage of an aprotic solvent such
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as dioxane or acetonitrile was intended to prevent formation of the MC-aziridine hydrolysis
products 2b and 2c commonly observed in acqueous media. Under all reaction conditions attempted,
it was not possible to obtain the desired benzoates ZE; instead, a single non~polar mitosene of
previously unknown structure was isolated in low yield (ca. 33%)} from these reactions. The
structure of this new mitosene (TFA mitosene) has been determined as 3; its spectrescopic proper-
ties and proposed mechanism of formation are reported here. TFutrther studies of the reaction of 1
with TFA showed that: (i) removal of the chromophoric acid from the reaction mixture had no effect
on the yield of 3; (ii) addition of 1.l equivalents of ethyl carbamate dramatically increased the
yvield of 3 to 90-95%. A minor product isolated from this reaction was identified as the known
mitosene EE.

The TFA mitcsene arises from a highly stereoselective aziridine ring-opening reaction of MC
which involves initial capture of trifluorocacetate icn at the l-position, followed by 1,2-acyl
migration. In contrast to the l!szEE[EEERE product ratio of ~3:1 {i.,e,, EQ{EE} which is generally

vbserved upon zqueous acidic activation,®»*®

the current aprotic acidie activatien exhibits a
sterecchemical selectivity of 19:]1 (i.e., ratio 2/23). A high-yield preparation of 3 is described
here because of the possible usage of 3 as a versatile synthetic precursor to more highly function-

alized mitosenes. The mechanistic implications of the reaction reported here have potential

relevance to the putative in vive acidic activation of MC.

Structural studies of 3

H-NMR:1?! The overlapping sigrals of 10-Hy and 1-H in (CD9)280 could be separated by addition
of 50% CgDg. Presence of the exchangeable two-proton signals at 6.87 and 6.78 ppm due to 10a-NH,
and 7—NH2 indicates that the reactien does not invelwve C-10 or {-7. Two additienal exchangeable
one-proton signals are evident at 9.89 and 6.04 ppm; the former is coupled to 2-H (4.94 ppm) while
the latter is coupled to 1-H (5.35 ppm); the observed intensities, chemical shifts, and coupling
patterns’! are consistent with the attachment of an amide-type N~H group at C-2 and a hydroxyl
group at C-1, Severzl other features of the spectrum warrant further comment: (i) The 2-H and 3-H2
signals are shifted downfield relative to values generally observed in mitosenes bearing an

ammonium functional group at €-2; (ii) the 10-H, signal is a singlet'?! suggesting free rotaticn

2
about the carbamate single-bonds; whereas in most mitosenes, free rcotation is restricted,
13£_HME: Full Y3c-mNMm assignments for the mitcsene skeleton have not previously been
published to our knowledge. Peak assignments'® for TFA mitosene 3 are based on comparisons with
other mitosenes and long-range C-H couplings. The chemical shifts (&, ppm), in (CDB)ZSO’ are as

follows: 6-methyl C, 7.7 ppm; C-3, 47.7; C-1, 54.8; C-10, 56.6; C-2, 63.4; C-6, 105.0; trifluoro-

methyl C, 108.8, 113.4, 118.0, 122.5 (Jg v = 287.0 Hz); C-8a, 112.9; C-%, 120.8; C-3a, 128.0;, C-%a,
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140.4; C-7, 146.7; trifluoromethyl acetamide carbonyl C, 155.3, 155.9, 156.5, 157.1 {JC,F = 37.7
Hz); C-10Ca, 156.4; C-5, 176.2; C-8, 178.1,

FTIR (Fig. 1): The FTIR solution spectrum, 1800-14090 cm™ ! region, of 3 is shown. Absorp-
tions of 3 at 1672, 1619, 1605, L1573, and 14589 em™t (Fig. 1) are in agreement with values

13,14

cbtained for similar mitosenes. However, intensity of the 1718 cw ! band is much greater in

1 earbamate and 1718

3 than in simple mitosenes {e.g- 2b and Zc) owing to overlap of the 1722 cm™
em~! trifluorcacetamide carbonyl absorptions.
U¥: The UV of 3 in 0.1 M potassium phosphate buffer {pH 7.0) shows peaks at 206, 249, 310,

352, and 535 nm; all are characteristic of 7-aminomitosene derivatives.
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Figure 1. FTIR spectrum of TFA Mitosene 3, 1800-1400 em~? region, (CD3}280 solution, internal

reflectance microcell.
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Figure 2. CD spectrum of TFA Mitosene 3 in MeCN,

CD (Circular dichroism) (Fig. 2): The CD spectrum of 3 is quite similar to that of 1,2-cis-

mitosene 2¢.'°
=

The characteristic feature of Fig. 2 is the presence of a 520 nm Cotton effect
(CE), Ae = 40,102, It has previously been shown that the sign of the mitosene ~520 nm CE is
dependent on the cenfiguration at C-1: a positive ~520 nm CE denotes lR-stereochemistry (1,2-cis)

P25 The positive 520 nm CE

while a negative ~520 nm CE denotes lo-stereochemistry (1,2-trans).?!
of 3 leads to a lB-configuration. Since the C-2 configuration is retained in all mitosenes upon

aziridine cleavage, the 1,2-vicinal sterecochemistry in 3 is thus cis.

Fast Atom Bombardment Mass Spectrometry: The molecular weight of 3 is 416 (molecular

N,0.), agreeing well with the observed lons at: mfe 417 [M+HJ+, 439 [M+Na]+, and

formula C16H15F3 %%

356 (major fragment jon; [M—carbamate]+).

Deacylation of 3 to 2¢: The trifluorcacetamide moiety of 3 was removed by treatment with
NaOMe in 60/40 dry MeOH/benzene,'® thus affording the known mitosene 2317’18 in 80% yield.
Acetylation of 2¢ (excess ACZO/pyr/DMAP) yielded known diacetate %g.lv

Acetylation of 3: Attempts to protect the I-OH fumetion of 3 by conversion to the tert-

butyldimethylsilyl (TBDMS) ether (TBDMS-C1/DMF/imidazole, rt, 24h) were unsuccessful. The mono-

acetate derivative 4% was, however, readily formed upon treatment with AczOfpyr/DMAP.

Structure of the minor product 2b and its diacetate 2d: The minor preduct arising during the
synthesis of 3 was identified as Zb by conversion to the corresponding diacetate ggzu and
comparison with ‘a sample of authentic 2d obtalned by acetylation (vide suprs of known 22.17’13

The full lH-NMR spectrum of diacetate Zgzo has, to our knowledge, not been reported previously.
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Synthetdc utility of 3: Treatment of 1 with TFA typically yields 3 in >90% yield. Owing to the fact

that 3 possesses a Z-amino functien which is protected by a readily removable trifluorocacetamide
group, it provides a rapid entry into mitosenes which carry various leaving groups at C-1, All
known monofunctional DNA-zlkylation reactions of MG proceed through mitosene intermediates bearing
a potent electrophile at C-1; thus, mitosenes which possess good leaving groups at -1 are very
attractive candidates for design of new antitumor agents. The high-yield conversion of 1l to 2
reported here is carried out in organic solvents, thus allowing one to avoid the tedious lyophil-
ization/HPLC isolation and purification procedures which are required by the previously employed

aqueocus acidic activation reactions of MC.

Mechanism of formaticn of 3: As mentioned above, treatment of MC with TFA in the presence of p-

substituted benzoic acids afforded 3. Omission of the p~substituted benzoic acids from the
reaction mixture had no effect on the yield of 2; neither had changing the solvent from dioxane to
MeCN. These reacticns, however, gave significant amounts (>60%) of polar mitosene products; while
these products were nct subjected to further analysis, it seemed.possible that they could have
been formed by acid-catalyzed cleavage of the l0-carbamate function to yield mixtures of 10-decar-
bamoylmitosenes. This postulate was checked by running experiments in which 1.1 equivalents of
ethyl carbamate was added to the solution of ] prior te the addition of TFA; in these cases the
yield of 3 increased dramatically to ~95%, While the role of ethyl carbamate is not entirely
clear, likely functions are: (i} buffering of the acidity of the reaction; {ii) providing an
external source of isocyanide (i.e., carbamate to replace the lost lD—CONH2 group) .

The formation of 3 (Scheme II) is presumed to take the following course. Acid-catalyzed
expulsion of methancl from 55 gives rise to the aziridinomitosene 2, which undergoes rapid proteon-
ation at the aziridine nitrogen by TFA to generate intermediate salt 6. Heterolytic cleavage of
the C-1/N bend in § yields the ring-opened carbocation 1, which immediately captures trifluoro-
acetate ion from the B-face to give TFA ester §. Intramolecular 0 to N acyl migration leads to the
observed product 3.

In addition to ~95% 3, ~5% of a minor preduct gb is obtained in the reacticn. Presumably, EE
is formed by a reacticn In which carbocation l traps TFA anion from the a-face, gilving rise to the
lo—epimer of TFA ester i. Apparently, 1,2-acyl migraticn of the TFA ester in lo-8 does not occur

owing to its 1,2-trans stereochemistry; rather, the TFA ester moiety is presumably cleaved to yield

2k during the workup procedure. The overall stereochemical outecome of the 1-TFA reaction, then, is

95% 1,2-cis (3)/5% 1,2-trans (2b); this corresponds to a 19:1 cis/trans ratio. The MC aziridine
=== R = M ==l

ring opening reported here is thus overwhelmingly cis-stereospecific; the present result is in

stark contrast with the poor (~3:1) cis/trans sterecchemical selectivity which is observed upon MC
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Scheme TII. Formation of TFA mitosene 3
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aziridine hydrolysis in aquecus solutien under acidic activation.
The likely origin of the high eis stereochemical preference demonstrated in this reaction
lies in the kinetically-contrclied capture of trifluorcacetate ion by intermediare mitosene
carbocation 7. Apparently, 7 is very unstable in organic solvents, thus reacting with trifluoro-
acetate ion befere the anion can underge appreciable diffusion to the o-face of the molecule.
Thus, protonation of the aziridine nitrogen in 2 triggers a sequence in which C-1/N bond fission

occurs with rapid nucleophilic substitution at C-1.

Discussion

Historically, the potent antitumor activity of MC has been actributed to its ability teo bind
covalently to DNA under the activating influence of biclegical reducing agents.® It has been
known for over ten years, however, that MC alsc undergoes activation in the presence of acid
catalysis; furthermore, it has been proposed that MC is capable of forming covalent crosslinks

21,22 fhus, the passiblity exists that bloreductive alkylation

with DNA in acidic media in vitro.
may not be the exclusive motif of MC activation employed in vive. This speculation is lent furtter
support by the recent finding that the toxicity and DNA-crosslinking activity of MC in anaerobic
cultures EMT tumor cells increased dramatically upon controlled acidification of the extra- and
intracellular growth medium.2®

Recent studies conducted in our laboratories have demonstrated conclusively that MC binds

covalently to both a model dinucleoside phosphate® and DNA7 upon lowering the pH of the medium to
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a value of ~4 or below, The relevance of such in vitro studies teithe biolegical activity of MC
rests in the assertion that the weakly acidic conditions used for acidic activation may mimic the

low pH found inside gastric and solid tumors, for which MC is an effective treatment.’™

However,
the actual intracellular pH of solid tumors is speculated to be ~5.2°" and kinetic data shows
that the binding {activation®) of MC to DNA in vitro at pH >5 is probably too slow to account for
the in vivo activity of MC.” Thus, it is probable that acidic activation must require more than
just a proton-rich ambient milieu in order for it to be a viable MC-activation motif in vivo.
For these reasons, we have speculated that biclegically-operative acidic activation may be
accomplished by the assistance of enzymatic factors within the cell.’ It is of relevance to
note that recent work has demonstrated the efficient activation of MC in vitro by Lewis acidic
metal complexes;25 enzymes which possess active-site Lewis acidic (i.e., Zn) centers are well-
known.?® Such an MC-activating enzyme would presumably exclude water from its active site both in
order to bind MC and in order te increase the acidity of its catalytically active residue(s).
Thus the current aprotic acidic activation may actually have more biological relevance than simple
aquecus MC solvelysis studies by virtue of allowing the activation cascade to proceed in a hydro-
phobic environment, in amalogy to the hydrophobic active site of an enzyme.

As shown in Scheme IT, acidic activation conmsists of two steps® which involve a protonation:
(i) methanol elimination; and {ii) aziridine-opening with nucleophile-trapping. As discussed
earlier, it appears on the basis of this study thar step (ii1) is kinetically controlled and rapid
when proceeding in aprotic solvents. Step (i) is che one which requires a relatively strong acid,
while step {11) presumably requires only a weak acid. It is relevant to note that aziridinomito-
sene 5 has never been obtained from MC tc date. Such a rapid nucleophile-trapping reaction
suggests that upon enzymatic activation of MC, unstable intermediate 2 might undergo aziridine-
substitution invelving an acidic residue in the active site before it could diffuse out of the
binding pocket. This scenario casts MC into the role of & potential enzyme suicide inactivator,
a putative function which has not previously been considered, S5Such an activity, if existent, may
have profound implications for the observed biological effects of the drug, inciuding those
which are undesirable, We are currently in the process of experimentally evaluating the validity

of the foregoing speculations.

EXPERIMENTAL

Synthesis of 3 from mitomycin C and ethyl carbamate (urethane): 10 mg l was suspended 1n 2.0

ml dry MeCN at room temperature in a round-bottom flask equipped with a rubber septum and a
magnetic stirrer, under argon. Ethyl carbamate (3.1 mg, 1.1 equivalent} was added as a solid to

the MC suspension (MeCN solvent) prior to the additien of 1.1 equivalents of TFA (2.4 pi). Upon
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addition of the TFA, an immediate color change from bluish-purple to pink ensued. After 1lh, all

starting 1 had been consumed, as judged by TLC analysis (10% MeOH/CHCl,; MC elutes as a blue spot,

3§
re 0.48). The reaction mixture was applied directly to two 20 X 20 cm preparative silica gel TLC
plates (Analtech pre-adsorbent, 500 um) and eluted with 100% EtDAc. In this system, 3 elotes as

a pink band at r_ 0.91 while 2b (or la-8; vide infra) elutes as a pink band at r_ 0.10. Virtual-

f f

ly no material was observed at the origin of the TLC plate after the reaction; the isolated
products account for >397% of the starting material l. This reaction can be carried out on a 100
mg (MC)} scale with similar results. C(Changing the solvent from dioxane tco dry MeCN did not affect
the yield of 3 or 2b.

Spectroscopic measurements: NMR spectra were obtained on a Bruker WM 250 instrument (250 MHz)

using 100 atom % d (CD,),80 and C D, as indicated in text. Chemical shifts are reported in ppm

3)2 )

downfield from external TMS. FTIR spectra were recorded on an IBM TR85 instrument (MCT detector,
2.0 em? resclution) operating in the single beam mode. Samples (~500 yug) were dissolved in 50ulL

(CD,), 50 (160 atom ¥ d)} and charged into the cylindrical internal reflectance {(CIRCLE) microcell

372
(Znse rod, 25 YL capacity). The 2500 transient interferograms were Fourier transformed, converted

tc absorbance spectra by 1:;1 subtraction of the single beam gpectrum of the uncharged cell, and

corrected for ambient H,0 vapor and €O, by absorbance-mode subtraction using the IBM SAM option.

2 2

UV spectra were measured on a Perkin Elmer model 320 spectrophotometer in 0.1 M aqueous potassium
phosphate buffer (pH 7.0) and are corrected for baseline absorbance. CD spectra were obtained on
a Jasco J-40 instrument operating in the single beam mode and corrected for baseline errors.

Fast Atom Bombardment mass spectra were obtained on a VG 70EQ instrument, 6kV ionization energy,

Xenon ionization gas, glycerol matrix; and corrected for glycercl ioms.
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