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Abstract: The Kyowa Hakko Kogyo and Bristol-Myers Squibb companies reported that select mitomycin
C(7) aminoethylene disulfides displayed improved pharmacological profiles compared with mitomycin C
(1). Mechanisms have been advanced for these mitomycins that differ from 1. Central to many of these
hypotheses is the intermediate generation of 7-N-(2-mercaptoethyl)mitomycin C (5). Thiol 5 has been neither
isolated nor characterized. Two efficient methods were developed for mitomycin (porfiromycin) C(7)-
substituted thiols. In the first method, the thiol was produced by a thiol-mediated disulfide exchange process
using an activated mixed mitomycin disulfide. In the second route, the thiol was generated by base-mediated
cleavage of a porfiromycin C(7)-substituted thiol ester. We selected four thiols, 7-N-(2-mercaptoethyl)-
mitomycin C (5), 7-N-(2-mercaptoethyl)porfiromycin (12), 7-N-(2-mercapto-2-methylpropyl)mitomycin C (13),
and 7-N-(3-mercaptopropyl)porfiromycin (14), for study. Thiols 5 and 12—14 differed in the composition of
the alkyl linker that bridged the thiol with the mitomycin (porfiromycin) C(7) amino substituent. Thiol generation
was documented by HPLC and spectroscopic studies and by thiol-trapping experiments. The linker affected
the structure of the thiol species and the stability of the thiol. We observed that thiols 5 and 12 existed
largely as their cyclic isomers. Evidence is presented that cyclization predominantly occurred at the mitomycin
C(7) position. Correspondingly, alkyl linker substitution (13) or extension of the linker to three carbons (14)
led to enhanced thiol stability and the predominant formation of the free thiol species. The dominant reaction
of thiols 5 and 12—14 or their isomers was dimerization, and we found no evidence that thiol formation led
to mitosene production and aziridine ring-opening. These findings indicated that thiol generation was not
sufficient for mitomycin ring activation. The potential pharmacological advantages of mitomycin C(7)
aminoethylene disulfides compared with 1 is discussed in light of the observed thiol cyclization pathway.

The discovery of mitomycin C1) and mitomycin A ) in O CH,OC(ONH,
the late 1950s heralded a new era in cancer chemothéfapy. X OCH;
Findings documenting that the mitomycinsrgeted oxygen- 7
deficient cells provided new opportunities for cancer treatment
through the use of bioreductive alkylating agehthe clinical
success ofl led to intense efforts by medicinal chemists to 1 X=NH; R=H
prepare new mitomycins with improved pharmacokinetic and 2 X=0OCHs R=H
therapeutic properties. Over 1000 compounds have been syn-
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improved pharmacological profiles compared with° Signifi-
cantly, 3 was active in bott-resistant P388 andon-hypoxic
cells1® Both 3 and 4 were entered into clinical trials, ar@l
advanced to phase Il testing.

Suggestions were made that the therapeutic advantage of
and 4 stemmed from the mitomycin C(7) disulfide unit, the
disulfide-cleaved produdi, or botH1~16 and that the mode of
action of3 and4 differed from the accepted enzymatic reductive
activation mechanism fddb.¢17.18(Scheme 1). Studies showed
that administering3 to tumor-bearing mice led to the serum
albumin conjugatd 1 (R'S = serum albumin) (Scheme 2, route
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Proposed Mechanism for the Mode of Action of Mitomycin C
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A) and that11 resided for longer periods in the plasma than
3.1 In addition, mechanistic investigations suggested that
glutathione (GSH)-induced cleavage3x#nd4 led to5 (Scheme
2, route B), and thab can initiate drug—DNA adduction
processe&>16

Central to many theories concerniB@nd4 function is thiol
5. 7-N-(2-Mercaptoethyl)mitomycin C5) has been neither
isolated nor characterizéd.In this paper, we provide details
on the formation ob and related thiol42—14 and document
the reactivity of mitomycin C(7)-substituted thiols. Our findings
permit us to speculate on the importance of the C(7) amino-
ethylene disulfide unit in mitomycin® and4 for drug function.

(17) (a) lyer, V. N.; Szybalski, WSciencel964 145 45-58. (b) Szybalski,
W.; lyer, V. N. In Antibiotics. Mechanism of ActigiGottlieb, D., Shaw,
P. D., Eds.; Springer-Verlag: New York, 1967; Vol. 1, pp 2245.
(18) Moore, H. W.; Czerniak, RMed. Res. Re 1981 1, 249-280.
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Scheme 3. Synthetic Approaches to Mitomycin (Porfiromycin) o} CH,OC(O)NH,
Thiols X
Route A: Thiol-Mediated Disulfide Cleavage Reaction OCH,
CH; N NR
?SR ?H o
(CRy") CR,' 19 X=NH,, R=CH
S" O CH,0C(ONH, ¢ 3 "0 CHoCONH, 2 *
N OCH; N OCH; 47 X = OCHs, R = CHs
H Q R"SH H Q
CHy N NR" — oy N NR"

limitations. The DTT-mediated cleavage 16 to give thiol 16

© © proceeded at near-neutral “pH” values in MeOH with the con-
15 16 comitant release of a substituted thiopyridone readily detected
+ by HPLC. In these reactions, however, complex product profiles
RVSSR were sometimes observed due to the presence of thiols (DTT,
substituted thiopyridines) that reacted with the generated mi-
Route B: Base-Mediated Thiol Ester Cleavage Reaction tomycin thiol 16. Correspondingly, NaOMe cleavage of thiol
esterl7 gave 18 at low temperatures without production of
SC(O)CH3 ?H competing thiols, but these reactions proceeded only under basic
(CRa (CRon conditions®* .
O CH,0C(O)NH;, 9 CH,0C(O)NH;, Mitomycins (porfiromycinsR0—27 were prepared to provide
OCH, information concerning the structure and reactivity of mitomycin
N NCH, (porfiromycin) C(7)-substituted thiols. These eight mitomycins
0
H O cHoCONH, _ 7 @ CHOCONH,
17 18 R-N.Z OCH; N OCH;
' CHs N NR' CHj N NCH;,
CH3C(0)OCH3 o o
Results 20R= CH,CHSS— N 26 R = CH,CH,SC(0)CH;
1. Experimental Design and Choice of SubstratesWe R'=H /
design_ed mitomycir_ls that upon chemical activation gave mi- 21R = GH,CH,SS _@ NO, 27 R = CH,CH,CH,SC(O)CH,
tomycin C(7)-substituted thiols. Two general pathways were R =H N /

developed (Scheme 3, routes A and B). In one route, mitomycins
(porfiromycins)15 containing an activated C(7) disulfide unit
were prepared and treated with an external thidl'@Ri) to
initiate disulfide exchandéto provide thiol16 (Scheme 3, route 23R = CH,C(CH3),85— NO,
A). This pathway is similar to the drug activation st&ps? R=H
proposed for KW-21493) and BMS-1811744) (see Scheme 24R = CHCH,CHpSS—\ N

N

7
N

22 R = CH,C(CH;),SS
R=H

Ny

2, route B).p,L-Dithiothreitol (o,L.-DTT) was the external thiol R'=CH, —
of choice b_ecause of its reducing power and because most 25R = CH20H20H235‘<_‘—/>'N02
DTT reactions proceed to completiBhWe also employed R'=CHs N

L-DTT, GSH, and N,N-dimethylN,N-bis(mercaptoacetyl)-

hydrazin@! (DMH) (data not shown) in the disulfide cleavage (porfiromycins) can be classified by the C(7) terminal substituent
experiments. In the second pathway, porfiromytircontaining (disulfide, thiol ester) and the structural composition of the linker
a thiol ester moiety within the C(7) unit were prepared and then that bridged the C(7) terminal group with the mitomycin
the thiol ester bond cleaved with bd3éNaOMe) to yield the ~ (porfiromycin) C(7) amino substituent. Compours-25 each
porfiromycin C(7)-substituted thiol8 (Scheme 3, route B).  contained a terminal disulfide unit whil@6 and 27 each
Porfiromycirt® (19) is the N(1a)-methyl derivative ofl. We possessed a terminal thiol ester moiety2) 21, and 26, we
introduced a methyl group at N(la) i7 to prevent base-  maintained the ethylene bridge found ®and4, and in22—
mediated rearrangement to the isomeric albomitomycin ana- 25 and 27, we either modified the ethylene bridge by methyl
logue?? The thiol-generating sted — 16, 17 — 18) for the substitution 22, 23) or by extension of the ethylene linker to a

two protocols distinguished and defined their utility and Propylene groupZ4, 25, 27). Alterations in the ethylene linker
were made to enhance the stability of the generated free thiol.

(19) (a) Singh, R.; Whitesides, G. M. [Fhe Chemistry of Sulphur-containing i
Functional Groups, Supplementfatai, S., Rappoport, Z., Eds.; John Wiley 2. SynthesesCompoundQO—ZSwere prepared frord using
and Sons: Chichester, 1993; Chapter 13, pp-6&8. (b) Rabenstein, D. a modified procedure reported by Vyas and co-workefisr

L.; Weaver, K. H.J. Org. Chem1996 61, 7391-7397. H i _ ' H ; H
(20) Cleland. W. WBiochemistryl964 3, 480-482. mltom_ycm C(7) substm_Jted dlsulf|_des. Thls_ route (S_chemt_a 4)
(21) Singh, R.; Whitesides, G. M. Org. Chem1991, 56, 2332-2337. benefited from the rapid synthesis of the intermediate mixed
(22) (a) Patai, SThe Chemistry of the Thiol GroujViley: New York, 1974; i ] i 0 i
b 677, (b) Maskill, H The Physical Basis of Organic Chemist®xford disulfides and proceeded in two steps to a82% overall yield.
University Press: Oxford, 1985; p 159.
(23) (a) Kono, M.; Saitoh, Y.; Kasai, M.; Shirahata, K. Antibiot. 1995 48, (24) Use of lower levels of NaOMe (e.g., “pH” 9) led to either no or low levels
179-181. (b) Kono, M.; Saitoh, Y.; Shirahata, B. Am. Chem. S04.987, of reaction. Similarly, use of NiNH, or NH,OH in place of NaOMe was
109 7224-7225. unsuccessful.
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Scheme 4. Preparative Pathways for Mitomycin Disulfides 20—25
20r47

—_

TEA/MeOH

R'SC(R;)CH,NHy HCI 20-25

28R=H,R'=H
29 R=CHg, R'=

/N *HCI

32R=H,
33R=H, R'= SQNOZ -HCI

R=S \

/N *HCI

s—(t/}No2 -HCI

Disulfides 32—35 were prepared by treating the aminoal-
kanethiol hydrochloride28 and29 with either 4,4-dithiodipy-
ridine (30) or 2,2-dithiobis(5-nitropyridine) 81). Use of excess

N@‘SS@N OzNQ‘SS‘Q’NOz
30 31

34R=CHy R'= S

35R=CHg, R =

RSCH,CH,CH,NH, HCI HO(CHg),NH;
36 R=H 39n=3
37R= S—@N (HCI) 50n=2

N

30and31and the incremental addition of the aminoalkanethiol
hydrochloride 28, 29) to a dilute alcoholic solution of the
symmetrical disulfide30, 31) under Ar ensured the quantitative
formation of the mixed disulfides3g—35) and the prevention
of the disulfide from the aminoalkanethiol hydrochloride. The
reaction mixture was not purified but was immediately treated
with either2 or 47. Since 3-aminopropanethiol hydrochloride
(36) was not commercially available, we prepared mixed
disulfides 37 and 38 by an alternative route beginning with
3-aminopropanol39) (Scheme 5). Treatment of mitomycii®F
(47) with 37 and 38 gave porfiromycin C(7)-substituted disul-
fides 24 and 25, respectively.

Porfiromycins26 and 27 were prepared using the four-step
procedure outlined in Scheme 6. Mitomyci?#47) was con-
verted to the porfiromycin derivatives3?° and49%° with etha-
nolamine B0) and 3-aminopropanol3@), respectively. Treat-
ment of48 and49 in THF with methanesulfonyl chloride and
triethylamine yielded mesylatésl and52, respectively. Com-

(25) (a) Vyas, D. M.; Chiang, Y.; Doyle, T. W. Amino Disulfide Thiol Exchange
Products. U.S. Patent 4,866,180, September 12, 1988m. Abstr1998
108 150167x. (b) Vyas, D. M.; Chiang, Y.; Doyle, T. W. Amino Disulfides.
U.S. Patent 4,803,212, February 7, 1988pm. Abstr1985 102 131829z.

(26) (a) Kiellor, J. W.; Brown, R. SI. Am. Chem. S0d992 114, 7983-7989.
(b) Negro, A.; Garzn, M. J.; Martin, J. F.; El Marini, A.; Roumestant, M.
L.; Lazaro, R.Synth. Commuril991, 21, 359-369.

(27) For related references, see: (a) Kitano, M.; Kojima, A.; Nakano, K.;
Miyagashi, A.; Noguchi, T.; Ohashi, NChem. Pharm. Bull1999 47,
1538-1548. (b) Lemaire-Audoire, S.; Savignac, M.; Genet, JSyhlett.
1996 1, 75-78.

(28) Kasai, M.; Kono, M.Synlett.1992 778-790.

Scheme 5. Synthesis of Unsymmetrical Disulfides 37 and 38
MsCI

—_
TEA

RN(H)(CH,)5OH

(Boc),0 [

#BooN(H)(CH,)s-R

39R=H

- 27
cHac(oysk [ 41 R=0Ms
40 R = t-Boc?® [

EtOH 42 R = SC(O)CH;3

30
or
31
RN(H)CHpESSR == +BOcN(H)(CHz)sSH
43
+
asR=~ N (BOCN(H)(CH,)sS),
HCI R' = t-Boc 44
46R -O—Noz
R=t.Boc.
HCI ITR=A N
R’ H(2 HCY)

B8R=~ N0,

il

R'= H(HCI)

Scheme 6. Preparative Pathway for Porfiromycin Thiol Esters 26
and 27

R
(CI?Hz)n
50
CH
%% 12 O CH,OC(ONH,
_— - IN QCH3
47 H o
CH3 N NCH3
o}
48n=1,R=0H
49n=2,R=0H -

51n=1,R=08(0),CH; =

]

52n=2,R= OS(O)2CH3

26 n =1, R=SC(O)CH;

27 n =2, R=S8C(O)CH;

poundss1and52 proved too unstable to permit chromatographic
purification. Accordingly, crudé&1 and 52 were treated with
thiolacetic acid and triethylamine to gi&&?° and27. The over-

all yield of 26 and 27 from 2 (the precursor o#7) was 406~
57%.

3. Mitomycin (Porfiromycin) C(7) —Substituted Thiols
That Cyclize. 3.1. Thiol-Mediated Disulfide Cleavage of 20
and 21: Attempts To Prepare Thiol 5. 3.1.1. The HPLC
Profile. We first prepared thidb. Accordingly,20and21 were
treated withp,L.-DTT. We varied the temperature (0 to78

(29) Kasai, M.; Saito, Y.; Kono, M.; Sato, A.; Sano, H.; Shirahata, K.; Morimoto,
M.; Ashizawa, T. Pharmacologically Active Mitomycin Derivatives. Eur.
Pat. Appl. EP0197,799, October 15, 198%iem. Abstr1987 106, 49881j.

(30) lyengar, B. S.; Lin, H.-J.; Cheng, L.; Remers, W. A.; Bradner, WJ.T.
Med. Chem1981, 24, 975-981.
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Scheme 7. Origin of Multiple HPLC Peaks
SH

[ O CH,OC(ONH,
H/N OCH;

CH3 N NR

5 R=H

12R = CH,

I
H T 3 (SO
& ] Y

ﬁs OH

H
EN - HN _
) - H %‘

= CHy™ CH3
CH30 o] o]
53R=H 54R=H 55R=H
66 R=CHj 67 R=CH; 68 R=CHj

°C), the ratio ofp,L.-DTT to mitomycins20 and21 (1—11:1),

the sequence of addition of mitomycin C(7)-substituted disulfide
(20, 21) andp,L-DTT, the solvent (methanol, buffered methanol,
acetone), the “pH” of the methanolic solution (5.5, 6.5), and
the concentration of the mitomycin in solution (6:100 mM).
The experiments were monitored by HPLC (280 nm,

photodiode array detection), and select products were verified

R" R H O

H,N(O)COCH, © H X F : CH,OC(O)NH,
CHa0, 7 N{CH2)nCSSC (CHz)N OCH;
. R R S
RNV N CH, CHy NR
ol o]
56n=1,R=H, R'=H

69n=1,R=CHs R = H
73n=1,R=H, R'=CH,
74n=2,R=CHs R =H

(HS-SCHZCH(OH)CH(OH)CHZSH
n (o}

57L-DTT,n=1,R=H
58 0-DTT,n=1,R=H
77 LDTT, n=2, R = CHs

complished by reacting@ with cysteamine hydrochloride28)
or cystamine dihydrochloridesg).3* We characterized thid

by comparison with authentic samples. Treatment of a deaerated

(Ar) methanolic (78 °C) solution containin@1 andp,L.-DTT
(10 equiv) led to the complete consumptior2df(tg 32.1 min)

o
(SCH,CH,NH,), - 2HC QNCHZCH;,
59 o
60

and/or cyclized adduct3—55 using the derivatization reagents

and the appearance of three peaks in the HPLC profile (36530, 31 andN-ethyimaleimide (NEM) 0).

nm) betweentgr 22.1-23.9 min (designated and 53—55,

3.1.3. Thiol 5 Derivatization Studies Using 30, 31, and 60.

Scheme 7; see figure in Supporting Information and ref 13). Addition of either30 or 31 to thep,L.-DTT-treated20 and 21

These peaks accounted for-480% of the mitomycin profile,
and the reaction profile remained essentially unchanged’at
°C for ~3 days. The same peaks betwdgr22.1-23.9 min

were observed when we used DMH in place of DTT, acetone

for methanol, and20 in place of 21 (data not shown). All

reactions gave detectable amounts of the mitomycin C(7)

symmetrical disulfide56®! (tr 28.4 min). In thep,.-DTT-
mediated reactions, additional peaks were observeg 26.1
(57), 26.6 68), 28.0322and 30.32> min. The relative amounts

of these adducts in the product profile depended on the reaction
conditions. Use of more concentrated solutions and high molar

equivalents ob,L.-DTT led to increased yields of thig 26.1

reactions at room temperature and below led to the loss of the
tr 22.1-23.9 6, 53-55), 26.1 67), and 26.6 $8) (when
observed) min HPLC peaks and the generation of ei@@ssr
21 as the major mitomycin product (HPLC analyses; see figure
in Supporting Information and ref 13). These findings indicated
that thetg 22.1-23.9, 26.1, and 26.6 min HPLC peaks can be
converted to thiob and then trapped as thiol addu@8 and
21 under the derivatization conditions. Since tae26.1 and
26.6 min peaks were not observed when we used DMH in place
of b,L.-DTT these compounds are likely to be-DTT adducts®
that undergo further change prior to derivatization.

We attempted without success to isolatetth26.1 67) and

and 26.6 min compounds, which approached 30% of the total 26-6 68 min HPLC compounds by treating eith2o or 21

mitomycin HPLC profile. Interestingly, the relative amounts of
thetr 26.1 min 67) peak was consistently higher than the 26.6
min (58) peak, an observation that may reflect the relative
stabilities of these two products.

3.1.2. Analysis of the HPLC Profile: Thetg 22.1-23.9,
26.1, and 26.6 min PeaksThe identities of thégr 22.1—23.9,

26.1, and 26.6 min HPLC peaks were puzzling. We expected a

single peak for thiob. We tentatively assigned thg 22.1—
23.9 min HPLC peaks to thidl and/or the corresponding C(6)
(53), C(7) B4), and C(8) b5) cyclic isomeric adducts (Scheme
7).

We sought additional evidence that the22.1-23.9 min
HPLC peaks were associated with isomeric formS. dttempts
to isolate these peaks gaw®. Verification of 56 was ac-
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with b,L.-DTT on a semipreparative scale. Additional information
concerning the structure of these compounds was obtained by
carrying out a parallel experiment withDTT in place ofp,L-

(31) (a) Kono, M.; Saito, Y.; Goto, J.; Shirahata, K.; Morimoto, M.; Ashizawa,
T. Mitomycin Analogs (Kyowa Hakko Kogyo Co., Ltd.) Eur. Pat. Appl.
EPO 116,208A1, August 22, 198&hem. Abstr.1985 102, 6059. (b)
Senter, P. D.; Langley, D. R.; Manger, W. E.; Vyas, D. 3.Antibiot.
198§ 41, 199-201.

(32) (a) We have tentative information concerning the structure of the 28.0 min
HPLC peak. Repetition of this reaction under semipreparative conditions
led to the isolation of two compounds corresponding to this signal whose
HPLC retention times (instrument B) corresponding to 27.6 and 27.7 min.
Mass spectroscopic studies indicated that these adducts were the diaster-
eomeric DTT-bridged mitomycin disulfides. For the 27.6 min HPLC adduct,
MS (+ES) m/e 939.0 [M + H]* (23%), 470.1 [M+ 2H]?>" (100%); for
the 27.7 min HPLC adduct, MSHES)m/e 938.8 [M+ H*]* (8%), 469.9
[M + 2H]?" (100%). (b) We have not identified this adduct.

(33) For structurally related adducts, see: Li, Y.-J.; Rothwarf, D. M.; Scheraga,
H. A. J. Am. Chem. S0d.998 120, 2668-2669.
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DTT. L-DTT gave an HPLC profile nearly identical to that of Use of GSH (10 equiv) for mitomycin disulfid20 and 21
D,L-DTT except that only thi 26.1 min peak7) was detected. cleavage in MeOH (22C) led to the formation of a new HPLC
Co-injection of theo,L.-DTT andL-DTT reactions suggested that  product atigr 18.0 min 65) (>85%). It was significant that we
the tg 26.1 min adductt7 was derived from.-DTT. These

cumulative results indicate that the26.1 and 26.6 min peaks N(H)C(O)CH,CH,C(H)(NH2)C(O)OH
are theL- and p-diastereomeric mixed disulfides7 and 58, SSCH, —C(H)C(O)N(H)CH,C(O)YOH
respectively, and that both compounds can be converted to thiol [ CH,0C(O)NH,
5 and then trapped with disulfided0 and 31. HIN OCH,

We also tested wheth@0 or 21 produced in the thiol deriva- CHg N NH
tization experiments originated froB6 present in the product o

mixture. Treatment 066 with p,.-DTT (1—2 equiv) followed

by either30 (1.4 equiv) or31 (3 equiv) at room temperature
yielded20and21, respectively. However, the rate of conversion gpserved only low amounts of dim&6 (~8%). By repeating
of 56 to either 20 or 21 was measurably slower (room  the reaction on the preparative scale usfigollowed by chro-

65

temperature, +3 days) than the corresponding rate26fand matographic purification, we isolated and characterizedhe
21 production after eitheB0O or 31 was added to the,L.-DTT- 18.0 min compound as the mitomycin-GSH mixed disulfde
treated20 and 21 reactions (room temperature2 min). This 3.3. NaOMe-Mediated Cleavage of 26: Attempts to

demonstrated thei6 was not the precursor to these adducts. prepare Thiol 12. Our assignment of théz 22.1-23.9 min

We obtained similar findings when we usé@ in place of  Hp|C peaks in the DTT-mediated cleavage reactiorZ0afnd
either30or 31in the thiol derivatization experiments. Addition 21 tg thiol 5 and isomeric cyclized adducB3—55 required
of 60to b,L-DTT-treated methanolic solutions 20 and21 led further support. We sought an independent route to a comparable
to the disappearance of the22.1-23.9 6, 53-55), 26.1, 67), species and determined whether base cleavage of thiol2&ter
and 26.6 $8) min HPLC peaks and the concomitant generation provided12. This method would generate in the absence of
of two HPLC peaks atz 25.4 and 26.0 min corresponding to  competing thiols, such as DTT and thiopyridone byproducts.

NEM-substituted adduct81 and 62, respectively. Cleavage of the thiol ester bond26 was accomplished using
o NaOMe at—78 °C under dilute conditions. The HPLC product
" profile (see figure in Supporting Information and ref 13) was
HQNCHzCHa cleaner than those recorded for the-DTT-cleavage reactions
g3 of 20 and 21. We observed three peaks betwdgr23.9 and
2’( 0 26.6 min; these HPLC signals have been assigned to 1ol
N o CHé‘gS(O)NHz and/or the corresponding isomeric fori86—68 (Scheme 7).
H Sk We attributed the longer retention times+2 min) of 12 and
CHB%NH 66—68 compared with5 and 53—55 to the increased hydro-
0 phobicity of the porfiromycin caused ky(1a)-methylatior#*
613'Sor "R Low levels (~10%) of the dimeric porfiromycin disulfidé9
62 3'Ror 3°S (tr 31.2 min) were observed along with an unidentified peak

(tr 29.1 min, 7-18%)3° Noticeably absent from the HPLC
3.2. GSH-Mediated Disulfide Cleavage of 20 and 21. profile for the base-mediated reactions were the corresponding

Compound$7 and58 are the expected initial products foj- later retention time peaks$g(>26 min) assigned to thiob,L-
DTT-mediated cleavage &f0 and?21 along with the released  DTT adducts %7, 58). We monitored (HPLC) the base cleavage
thiopyridinone. Few DTT-based disulfide adducts have been re- of 26 against time. The reaction occurred rapidly under these
ported? since subsequent intramolecular cyclization and disul- conditions (1 h), and the product profile remained largely
fide cleavage to give oxidized DTB8) is energetically favor- unaltered for 3 days. We verifie@ld in the HPLC profile by

preparing an authentic sample by treatdigwith cystamine

HO . . a1 . .
JC§ N(HIC(O)CH,CH,C(HYNH,)C(O)OH dihydrochloride $9).312 The major product isolated wa®.
HO s HSCH,-C(H)C(O)N(H)CH,C(O)OH
0O CH,OC(ONH,
63 64 RS(CHy)oN OCH;
able. Our evidence that thg 26.1 and 26.6 min HPLC peaks CHj N NCH;
are57 and 58 is circumstantial and is based on the apparent o

conversion of these products26, 21, 61, and62 upon addition

of the thiol derivatization agent and the detection of a single 70 R = S(CHo)2NH,

DTT-bound adducb7 with L-DTT. Accordingly, we obtained — SCN
additional support for mixed disulfid67 and 58 formation. \_s
Mitomycin C(7) aminoethylene disulfide80 and 21 were 72R= 34<?No2
treated with a thiol that would generate a mixed disulfide product N

capable of isolation and characterization. We chose B ( (34) A similar difference in HPLC retention times was observed for mitomycin

This cellular thiol has special significance in light of the C (16.7 min) and porfiromycin (18.1 min).

ioti ; it ] (35) The 29.1 min HPLC peak has not been identified and may correspond to
mechanistic proposals, suggesting GSH initigtead4 function a cyclic adduct. Addition of trapping reagents led to the disappearance of
(Scheme 2, route Bf:16 this adduct.
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Evidence supporting that thg 23.9-26.6 min HPLC peaks
corresponded to thidl2 and/or66—68 was provided by thiot

4.3.1. L-DTT-Mediated Disulfide Cleavage Reactions:
Preparation of Thiol 14. When we added a methanolieDTT

disulfide exchange reactions. Successive treatment of a metha{2 equiv) solution to a deaerated (Ar) methanolic solution of

nolic solution of 26 with NaOMe followed by30 led to the
loss of the three peaks betwegn23.9-26.6 min and thdg
29.1 min signal and gavegl (tg 30.2 min) as the sole
porfiromycin product (HPLC analysis, see figure in Supporting
Information). Similarly, 26 furnished72 (tr 34.4 min) after
treatment with base anBll. The identities of71 and 72 were
confirmed by co-injection with authentic samples prepared by
treatment o# 728 with mixed disulfides32 and33, respectively.

3.4. Correlation of the DTT- and NaOMe-Mediated
Routes to Mitomycin (Porfiromycin) Thiols 5 and 12.
Multiple HPLC peaks associated with thidis(tgr 22.1-23.9
min) and12 (tr 23.9-26.6 min) were observed after DTT and
NaOMe treatment of mitomycin0 and21 and porfiromycin
26, respectively. We confirmed that these HPLC peaks were
comparable by treating methanolic solutions of porfiromycin
mixed disulfidesr1and72with b,.-DTT (—78°C). Under these
conditions, we observed the same peaks2@.9-26.6 min)
obtained with thiol este?26 and NaOMe. Furthermore, addition
of either30 or 31to thesep,L.-DTT cleaved products led to the
disappearance of the multiple HPLC peaks23.9-26.6 min)
and the production of1 and 72, respectively.

4. Mitomycin (Porfiromycin) C(7)-Substituted Thiols That
Do Not Cyclize. 4.1. Introduction. The DTT- and NaOMe-
generated HPLC products for mitomycin (porfiromycin) C(7)
aminoethanethiolS and12 were assigned as a mixture of free
thiol and cyclic adducts. Attempts to isold&@nd12 gave only
symmetrical disulfide$6 and 69, respectively. We sought to
prepare thiols that do not cyclize and so target8éndl14. In
13, we placed gemdimethyl unit adjacent to the thiol moiety,
and in14, we incorporated a propylene bridge between the thiol
unit and the porfiromycin C(7) amino substituent. We reasoned
in 13 that the gemdimethyl unit would sterically impede
quinone cyclization processes (C{6}(8)) and diminish the rate
of free thiol dimerization to symmetrical disulfid&, while in
14 the propyl side chain would entropically diminish intramo-
lecular cyclization processes.

4.2. Mitomycin Thiol 13: Effect of the GemDimethyl
Unit. We generated .3 in acetone at room temperature using
22 andp,L-DTT. Mixed disulfide cleavage proceeded at a rate
considerably slower than that observedZ0rand21. Moreover,
the22 HPLC product profile for this transformation (see figure
in Supporting Information) was considerably cleaner than
previously observed for mitomycin disulfide?0 and 21. A
single major mitomycin peak was observedrg25.1 min along
with two minor peaks atg 23.2 and 27.0 min. We have
tentatively assigned thék 25.1 min peak to thioll3. No
mitomycin dimer73was produced, and little differences in the
HPLC profile were observed after 1 day of storage at room
temperature. Attempts to isolate thib8 by preparative TLC
were unsuccessful. We found evidence that the three HPLC
peaks atr 23.2, 25.1 and 27.0 min were associated with free
thiol 13when we sequentially treat@2 with b,L.-DTT (acetone,
room temperature) and then with exc84<o give quantitatively
23 (HPLC analysis). We were unable to cleave the mixed
disulfide bond i23with p,L.-DTT (acetone, room temperature)
(HPLC and TLC analyses).

4.3. Porfiromycin Thiol 14: Effect of the Propylene Unit.

We sought to prepare free thi@¥ using the same strategies
implemented fo5 and 12.

4672 J. AM. CHEM. SOC. = VOL. 124, NO. 17, 2002

25, we saw a simple HPLC profile consisting of three principal
porfiromycin products: one correspondinglté (tg 27.2 min),
one to the porfiromycin dimev4 (tr 33.1 min), and a third
compound whose HPLC retention time w@s31.7 min {75)

HQ
(e}

oH
HAN(©O)COCH, @ X _)—;\' i CHyOC(O)NH,
CH3O, = N(CH)3SS 4 SS(CHN PCH3
CHoNITL_ N CH, CHy N__LsNCH,
o) o

75

(see figure in Supporting Information) along with an unidentified
minor adduct. We confirmed formation @# by co-injection
(HPLC) and cospot (TLC) of the reaction mixture with an
authentic sample. Repetition of the reaction vdthin place of

25 provided similar results. We prepared an authentic sample
of symmetrical disulfide74 by treating47 with 3-amino-1-
propyl disulfide2HCI (76) in methanolic TEA solution that was

(SCH,CH,CH,NH,), - 2HCI
76

not deaerated. Compouryd was prepared frord4 by t-Boc
deprotection with HCI.

Repeating the reaction @b with L-DTT on a semipreparative
scale followed by chromatographic purification of the reaction
mixture permitted isolation of thig 31.7 min compound’s.
We have assigned this compound as tHBTT-bridged bis-
disulfide 75 on the basis ofH NMR, 13C NMR, UV—visible,
and mass spectral data. This compound is a structural analogue
of the suspected DTT-bridged addiféidr 28.0 min) observed
in DTT-mediated cleavage reactions beginning with eit@r
or 21

We determined the effect of solution “pH” (buffered metha-
nolic solutions) on the-DTT-mediated cleavage process for
25. The reaction proceeded faster at “pH” 7.4 than at “pH” 5.5.
Furthermore, we observed that at “pH” 5.5 (70 min), the relative
yield of theL-DTT-bridged bisporfiromycin disulfid&5 (61%)
increased and the yield of porfiromycin thidl4 (19%)
decreased, compared with the “pH” 7.4 transformation (5 min)
(75, 35%;14, 61%). These results are consistent with the notion
thatL-DTT cleavage oR5first generated-DTT-porfiromycin
disulfide 77, which is similar to57. We suspect that7 is more

HO, OH
9 CH,OC(O)NH,

D :
U
RS SS(CHy)eN OCH,
CH3 N NCH3

o
77R=H

78R = S@N
79R= S—Q‘NOZ
N

stable at “pH” 5.5 than at “pH” 7.4, leading to higher levels of
the coupled product5. Correspondingly, at “pH” value 7.4,
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77 undergoes accelerated intramolecular cyclization to give
and oxidized DTT §3).

4.3.2. Thiol 14 Derivatization Studies Using 30 and 31.
Chemical derivatization experiments provided support for the
assignment of thig; 27.2 min HPLC peak as free thibé. HPLC
analysis of a methanolic solution (IC) of 25 sequentially
treated with.-DTT and then30 showed two major peaks &t
30.5 and 32.2 min. The latter peak has been assign2d asd
was confirmed by co-injection (HPLC) of the reaction solution
with an authentic sample. We identified tte30.5 min adduct

by repeating the reaction on a semipreparative scale. Spectro-

scopic analysis of the isolated product was consistent with the
mixed bisdisulfide78.

These findings indicated that7 generated after-DTT
cleavage oR5is, in part, converted t@4 and then trapped by
30 to give 24 and, in part, reacts witl30 to afford 78. We
repeated the thiol disulfide exchange experiment @4t place
of 25 and31 in place of30. We observed similar results and
the appearance of a new peak 83.9 min) that has been
tentatively assigned a89, on the basis of its retention time.
This peak eluted-3.4 min later than th&8 peak {z 30.5 min).
The HPLC retention time difference betwegand79is nearly
the same found fo24 (tgr 32.2 min) and25 (tg 35.2 min). We
did not further characterize thg 33.9 min HPLC peak.

4.3.3. NaOMe-Mediated Cleavage of 27: Preparation of
Thiol 14. Porfiromycin thiol14 was generated from methanolic
solutions of27 with NaOMe at—78 °C. The HPLC product
profile for this reaction (see figure in Supporting Information)
differed from the corresponding reaction 6. For 26, we
observed multiple peaks whi7 gave two major peaks &g
28.1 and 33.8 min in an approximate 7:3 ratio, respectively,
along with a minor signal atr 35.6 min. We assigned thg
28.1 min peak to thiotl4 and thetg 33.8 min signal to the
symmetrical disulfide74. Thiol ester bond cleavage 27
occurred rapidly at-78 °C, and the product profile remained
largely unchanged after 1 day. Elevation of the reaction
temperature from-78 °C to room temperature converted thiol
14 to disulfide 74.

4.3.4. Thiol Derivatization Studies Using 30 and 31Thiol
derivatization reactions provided support that th&8.1 min
peak corresponded to free thiol. First, treatment of methanolic
solution of27 with NaOMe followed by30 at —78 °C gave24
and 74. The identities of24 and 74 were confirmed by
co-injection of authentic samples with the reaction mixture.
HPLC analysis of the reaction both before and aB6rwas
added indicated that the relative amount of diriérwas not
affected by30 addition. An analogous reaction was conducted
using31in place of30to provide25and74 (see HPLC profile
(figure) in Supporting Information).

4.3.5. Structural Characterization of Thiol 14. The sim-
plicity of the HPLC product profile for the NaOMe-mediated
cleavage of27 permitted us to characterize thid4 by UV—
visible and'H NMR spectroscopy. The UVvisible spectrum
obtained by HPLC photodiode array detection showed two major
absorptions at~220 and~370 nm in a near 1:1 ratio. This
spectrum is similar to that observed for porfiromyci9),

We modified our experimental procedure to permit charac-
terization of 14 by 'H NMR spectroscopy. A NaOCH-
CDsOD solution was added to a concentratedsOD solution
containing27 at —78 °C and then the solution temperature raised

(@)

r T T T T T T

5.0 40 30 20 (ppm)
(b)
74

50 40 30 20 (ppm)

Figure 1. (a)'H NMR spectrum of ™N-(3'-mercaptopropyl)porfiromycin

(14) in CDsOD. (b) 'H NMR spectrum of 7N,7'-N-dithiobis(3,1-pro-
panediyl)bisporfiromycin 74) in CDs;OD.

to —4 °C and monitored byH NMR spectroscopy. The initial

IH NMR spectrum after 0.5 h showed the consumption df 7-
(3-acetylthiopropyl)porfiromycinZ7) and the production a4
(Figure 1a). In particular, we observed the disappearance of the
characteristic thioacetyl signal £.28) in27 and the appearance

of the C(2) and the C(3 methylene protons at 1.85 and 2.56

as multiplet and triplet signals, respectively. These valdes (
1.85, 2.56) are upfield from comparable resonances for the
symmetrical porfiromycin disulfider4 (6 1.99, 2.75). This
difference in chemical shift values is diagnostic of thiol and
disulfide structured® Maintenance of the basic NMR solution
for 9 h led to the gradual loss of the signals associated ¥¥th
and the quantitative production of disulfid@d (Figure 1b). The
conversion ofl4 to 74 prevented us from acquiring théC
NMR spectrum ofl4.

Discussion

Synthesis of Mitomycin (Porfiromycin) C(7)-Substituted
Thiols. We utilized two methods that enabled us to generate
mitomycin (porfiromycin) C(7)-substituted thiols, isomers, or
both. The first method was a thiol-mediated disulfide exchange
proces¥ using an activated mixed mitomycin (porfiromycin)
disulfide (Scheme 3, route A). Incorporation of either the
4-thiopyridine @0, 22, 24, 71) or the 5-nitro-2-thiopyridineZ1l,

23, 25, 72) unit in the mitomycin (porfiromycin) disulfide
permitted selective and rapid disulfide cleavage with external
thiols (e.g., DTT). The second route was the base-mediated
cleavage of thiol este¥$(Scheme 3, route B). Accordingly, we
incorporated a thiol acetyl unit at the C(7) terminal en®é

and 27, which permitted efficient NaOMe cleavage.

(36) Pretsch, E.; Clerc, T.; Seibl, J.; Simon, Wables of Spectral Data for
Structure Determination of Organic Compoundsd ed. Springer-Verlag
Berlin, 1989.
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In total, four different thiols were selected for preparation ~ We have assigned the multiple HPLC peaks obtained from
and evaluation. The first wasN-(2-mercaptoethyl)mitomycin ~ mitomycins 20 and 21 to the mitomycin free thiob and/or
C (5), which corresponded to the putative intermediate generatedisomers53—55. A similar assignment has been given to the
in the KW-2149 8) and BMS-1811744) activation process-  products {2, 66—68) from porfiromycins26, 71, and72. The
ed!13 (Scheme 2, path B). For this thiol, we used a thiol- observation of multiple products for both and 12 was

mediated disulfide exchange reaction using eit@or 21. The surprising. The corresponding alcohols, (2-hydroxyethyl)mito-
second was the porfiromycin analogue5pf7-N-(2-mercapto- ~ Mmycin C (s 18.4 min, data not shown) and porfiromycin alcohol
ethyl)porfiromycin (2). To produce this thiol, we employed 48 (tr 19.8 min) showed only a single peak in the HPLC.
both a thiol-mediated disulfide exchange reaction ugibgnd A qualitatively different HPLC profile was observed for

72 and the base-mediated thiol ester cleavage route &éng reactions that generated thidl8 and14. For 13, we observed
The final two compounds were tigeméimethyl analogue of & Major peaktg 25.1 min) flanked by two minor peakt(23.2,

5, 7-N-(2-mercapto-2-methylpropyl)mitomycin @3) and the 27.0 min) \_Nhile forl4 we de_tected only a single major peak
12 homologue 7N-(3-mercaptopropyl)porfiromycini@). Syn- (tr 28.2 min). We have assigned the 25.1 min and thez
thesis ofl3was accomplished using a thiol-mediated disulfide 28-2 Min peaks to free thiolk3 and 14, respectively. Addition
exchange process froB® while both synthetic strategies (thiol-  ©f thiol-trapping reagents30, 31, 60) led to the disappearance

mediated disulfide cleavage @# and 25, base-mediated thiol of these major and minor HPLC peaks and the production of a
ester cleavage 7) were employed to generate. new signal associated with the thiol-modified derivative.

. . . The UV—visible absorption spectra (photodiode array detec-
Each thiol preparative method had advantages and OIIS"jldv"’m’[ion) for the multiple peaks assigned3@nd12 and/or isomers

tages. The thiol-mediated digulfidg exchange process (SChemQNere of interest. All of the adducts exhibited absorptions at225
3, rqute A) proceeded rapidly °|n methanolic and acetone 245 and 365376 nm in an approximate 1:1 ratio. This pattern
solutions at low temperatures( °C) for 20, 21, 24, 25, 71, was comparable with, 19, and 48 (UV —Vismax 1 222—225
and72. Elevated temperatures (22) were needed fogem (~1), 360-366 nm (~1)). We asked whether disruption of the
dlmgthyl . derlvat|ve.22. Moregver, .When We. replacgd the quinone unit by C(6¥C(8) cyclization would alter the UV
4-thiopyridone-leaving group i@2 with the S-nitro-2-thiopy-  yjsjple absorption spectrum associated with mitomycin C and
ridone to give23, we observed no reaction upon DTT addition  porfiromycin derivatives. Only a few reports have appeared on
at room temperature. DTT-mediated thiol cleavage occurred atthe Uv-—visible spectrum of quinone-modified mitomycin
“pH" 5.5, 6.5, and 7.4 in MeOH. These reaction parameters (porfiromycin) analogues. Kanda and Kasai showed that the

allowed us to monitor mitomycin (porfiromycin) thiol generation  C(6), C(7)-modified mitomycifB0 exhibited major absorptions
and subsequent processes under mild conditions. Important
CH,OC(O)NH;

limitations of this protocol, however, were the need to use excess (o Son N O h CHéchi(O)NHz
external thiol (3-11 equiv) at low temperatures to generate the o S z S8
mitomycin (porfiromycin) thiol and the introduction into the CHy ™| N NC(O)CHs  cpy,

N

0
reaction solution of multiple external thiols (e.g., DTT, 4-thio- o 0
pyridine, 5-nitro-2-thiopyridine) that could react with the newly
generated mitomycin (porfiromycin) thiol. The NaOMe cleavage )
route of porfiromycin thiol esterg6 and27 (Scheme 3, route &t 237 and 359 nmiin a1 ratiKono and co-workers reported
B) eliminated the need for external thiols. This reaction thatalbomitomycin C&1), a C(4a), C(8a)-modified isomer of
proceeded rapidly at both room temperature and low temper- 1, displayed absorptions at 242 and 344 nm in a 1:1 fdtio.

atures (0 to—78 °C). Despite this advantage, the method Rgcently, we determingd the'UV/isibIe spectra of porfiro-
required our using basic solutions (“pH” £01)2* mycins82 and83% and mitomycing4.3° The spectra 082 and

80 81

HPLC and Spectroscopic Characterization of the DTT- 0f  CHOC(O)NH,
and NaOMe-Generated Mitomycin (Porfiromycin) Products. N-Z OCH;
DTT activation of methanolic and acetone solutions containing CHs Q N NCH,
either20 or 21 generated distinctive chromatograms containing Ho

three peakstg 22.1-23.9 min) that correlated with mitomycin
C(7)-substituted thiob formation. We expected a single peak.
The same set of peaks was observed regardless of the starting Q

82

,CH3
material @0, 21), method of activation o,L-DTT, L-DTT,

M. @ CHOC(ONH, (\N OH CH,OC(O)NH,
DMH), solvent (acetone, methanol), “pH” of the methanol ‘ OCH; pN OCH;
solution (5.5, 6.5), or temperature (room temperature-7® CH?H N NCH, CH N NH

°C). A comparable patterrntg 23.9-26.6 min) was observed o 0
upon base cleavage of porfiromycin thiol est& The same
profile was obtained using,L.-DTT and either disulfide’1 or 83 84

72 This finding demonstrated that both thiol synthetic strategies 83 consisted of major absorptions at 23538 and 353362
(Scheme 3) generated the same intermediates. Addition of thiol-nm in a 1.2:1 ratio while34 exhibited absorptions at 240 and
trapping reagents3(Q, 31, 60) led to the rapid disappearance of 410 nm in a 0.9:1 ratio.

these three peaks and the concomitant appearance of peaks for
the mitomycin (porfiromycin) C(7)-substituted thiol-modified ~ (37) Kanda, ¥.; Kasai, MJ. Org. Chem199Q 55, 2515-2518.

(38) Na, Y.; Kohn, H.Heterocycle2001, 55, 1347-1363.
prOdUCtS. (39) Wang, S.; Kohn, HJ. Org. Chem1996 61, 9202-9206.
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The UV-visible absorption maximums observed for the
multiple peaks associated with thi@snd12 indicate that these
adducts are likely to be C(7) or C(6) cyclized adducts. Since

of the disulfide bond at low temperatures( °C). Similarly,
treatment of26 and27 with NaOMe in MeOH at—78 °C led
to rapid cleavage of the thiol ester bond. Correspondingly, we

no C(6) cyclized adducts have been reported, we suggest thesebserved that incorporation ofgemdimethyl unit within the

are the free thiol® and12 and the corresponding isomeric C(7)
adductss4 and 67, respectively. In principle, C(7) cyclization
can produce four isomers that differ in their C(7) and C(6)
stereochemistry.

The UV—uvisible spectra (photodiode array detection) I8r
and 14 were comparable with and 19. For 13, we observed
major absorptions between 24043 and 364377 nm in an
approximate 1:1 ratio for both the major (25.1 min) and the
minor (23.2, 27.0 min) HPLC peaks. Correspondingly, porfiro-
mycin thiol 14 exhibited absorptions at 220 and 370 nm in an
approximate 1:1 ratio.

Efforts to obtain structural information concerning thiéls
and 12—14 (or isomers) by NMR spectroscopy were only
partially successful. Use of a concentrated sampl@0&and
D,L-DTT led to a mixture of disulfidess6—58 along with
suspected thiob. Similarly, when we attempted to prepare a
concentrated sample (NaOgBCD3;0D) of 12 from thiol ester
26 suitable for NMR spectroscopy, HPLC analysis indicated
that the predominant species in solution wé& (data not
shown). We found that disulfid22 was not a suitable candidate
to generate a NMR sample of the free thi® sincep,L.-DTT-
mediated disulfide cleavage occurred slowly and required our
using a large excess af,L.-DTT. We were successful in
obtaining a'lH NMR spectrum for thioll4. Preparation of a
concentrated solution of thiol est@7 in NaOCD;—CDs;OD
provided a spectrum (Figure 1a) consistent with free thibl
Key to our assignment was the detection of a multipled at
1.85 and a triplet ab 2.56 for the C(2 and C(3) methylene
protons, respectively. It is significant that we observed no signals
associated with C(6)C(8) cyclic adducts. Attempts to obtain
the corresponding®C NMR spectrum were unsuccessful since
14 converted to disulfid&4 during the NMR acquisition time
(NMR and HPLC analysis).

Our finding that thiols5 and 12 existed predominantly as
cyclized adducts whild4 existed as the uncyclized, free thiol
species can be rationalized on the basis of the linker size.
Cyclization of5 (12) at C(7) led to a five-membered-ring adduct
while the corresponding cyclization f&4 gave a six-membered-
ring adduct. A comparable difference in ring size existsSor
(12) and 14 if cyclization proceeds at either C(6) or C(8). This
difference provides an entropic advantage for cyclization for
thiols 5 and12 compared witHL4. Similar entropic factors likely
contributed to the facile formation &2 and 83.38

Generation and Stability of Thiols: Insight into Structure.

Our inventory of mitomycins (porfiromycins) consisted of 10
compoundsZ0—27, 71, 72) the substitution patterns (GBH,,
CH,C(CHg),) and linker sizes (C2, C3) of which varied.

linker noticeably reduced the ease with which these mitomycins
(22, 23) underwent disulfide cleavage with-DTT in com-
parison with20 and21. For example, foR2, b,L.-DTT (DMH)-
mediated cleavage only occurred at room temperature (acetone),
and no reaction was observed 8 under these conditions
(HPLC, TLC analyses). We suspect that the bugkyrdimethyl
group adjacent to the disulfide unit hampered bond breakage.

Different methods (disulfide exchange, thiol ester cleavage)
and conditions (solvents, temperatures, concentrations) were
used to generate thiols or isomé&and12—14 and/or isomers.
This variation does not permit us to gain definitive conclusions
concerning the relative solution stabilities of the generated thiol
intermediates. However, several observations appear valid. The
dominant reaction product f&; 12—14, and/or isomers in either
basic or near-neutral methanolic solutions was dimerizaion.
evidence was obtained for mitomycin ring activation. We
observed neither miseneproduction (loss of MeOH at C(9)
and C(9a)) nor ring-opening of the aziridine unit. The ease with
which thiols 5, 12—14, and/or cyclized isomers underwent
dimerization depended on the size and the substitution pattern
of the C(7) amino substituent. We found that when the linker
was C2, dimerization to the symmetrical disulfidés—¢ 56,

12— 69) proceeded more rapidly at°C than when the bridge
unit was C3 (4 — 74). For example, under basic conditions
(NaOMe—MeOH), the approximate half-life for thiol (thiolate)
14 was 4.5 h, but fod 2, dimerization occurred within minutes

at 0 °C. We also observed that tlgemdimethyl unit in 13
substantially decreased the ease in which this thiol dimerized
to the symmetrical disulfidg3.

The absence of mitosene adducts in the reaction profiles was
striking. A similar finding was observed by Kono and co-
workers?*® Mitomycin (porfiromycin) reduction to the hydro-
quinone perturbs the delocalization of the N(4a) electrons with
the C(5a)-C(8a)-C(8)—0O(8) a,5-unsaturated carbonyl bond
system and promotes expulsion of the C(9a) methoxy group
and mitosene production leading to aziridine ring-opened
adducts. This reaction proceeds rapidly at neutral “pH” in
watef! and alcoholic solvents at 8C#2 Similarly, we have
demonstrated that conversion of the C(8) quinone ring in C(7)
amino-substituted mitomycins to the corresponding C(8) (i.e.,
85) imine accelerates mitosene formation and aziridine ring-

Together these compounds permit us to determine whether the

linker affects the chemical reactivity of mixed mitomycin
(porfiromycin) disulfides and porfiromycin thiol esters and the
stability of the generated thiol. In KW-214®B)(and BMS-
181174 &), an unsubstituted C2 (GBH,) bridge separates the
terminal disulfide unit and the mitomycin C(7) amino substitu-
ent. We found that the ease with which the mixed mitomycin
disulfides and porfiromycin thiol esters underwent thiol forma-
tion was independent of the length of the linker. Treatment of
20, 21, 24, 25, 71, and72with DTT led to the selective cleavage

N(CH3),
(\ |N CH,OC(O)NH, [ O CH,O0C(O)NH,
yN 0 OCH; H,N OCH,
CH3 P NH CH; N NH
o] o]
85 86

opening processes presumably by diminishing N(4a) delocal-
ization with the adjacert,8-unsaturated imine systeth®3For

(40) Kono, M.; Saitoh, Y.; Kasai, M.; Shirahata, K.; Morimoto, M.; Ashizawa,
T. J. Antibiot. 1993 46, 1428-1438.

(41) Boruah, R. C.; Skibo, E. Bl. Org. Chem1995 60, 2232-2243.

(42) (a) Kohn, H.; Li, V.-S.; Tang, M.-sl. Am. Chem. S0d.992 114, 5501~
5509. (b) Li, V.-S.; Choi, D.; Tang, M.-s.; Kohn, HBiochemistry1995
34, 7120-7126.

(43) Wang, S.; Kohn, HJ. Org. Chem1997, 62, 5404-5412.
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example, the half-life for conversion &b to the ring-opened  Scheme 8. Proposed Pathway for KW-2149 (3) and BMS-181174
C(1)-substituted methoxymitosene adducts in buffered metha- (4) Function

nolic solutions (Tris-HCI, “pH” 7.4, 25C) was 40 h while no A. Extracellular Processes

reaction was observed f@6 after 10 dayd? These findings ( s—-s-[B]
indigate that the structure of tf&yclizgdmitomycin (porfiro- N 0 Cch)gg(O)NHz CH,OC(O)NH,
mycin) thiol (63—55, 66—68) has a significant impact on the H N OCHg
ease with which the mitomycin (porfiromycin) is converted to CHB%NH %

the mitsene For 55 (68), C(8) cyclization leads to a hybridiza- o]

tion change at C(8) from 3po s and the loss of delocalization 87
of the N(4a) electron pair with the adjacemjs-unsaturated

carbonyl system in the starting material. Fs8 (66) and 54

(67), cyclization does not significantly perturb N(4a) delocal-

ization. These observations predict t5&t(68) would rapidly

be converted to miteneadducts at neutral “pH” values under B, Intracellular Processes
our reaction conditions, b3 (66) and54 (67) would not. To ’

date, only C(7"-%8and C(8§° cyclized mitomycin (porfiromy- $-8-C]
cin) intermediates have been characterized. No C(6) adducts (
have been reported, a fact that may reflect the effect of the C(6)

O CH,OC(O)NH, CH,0C(O)NH,

N OCHg OCH,
methyl group on substitution reactions at this site. We concluded, cH N NH
therefore, that the HPLC peaks observed for thibland 12 5
likely corresponded t®&4 and67 and the free thiol. 89

Pathway of Thiol-Mediated Cleavage Reactions of Mito- Enz Redn
mycin (Porfiromycin) C(7)-Substituted Disulfides. A major + \ jE"Z Redn
preparative route employed in our studies for mitomycin (porfi- SH SH(R)
romycin) C(7)-substituted thiols was thiol (e.g., DTT)-mediated ( O CH,0C(0)NH; CH,OC(O)NH,
cleavage of unsymmetrical mitomycin (porfiromycin) disulfides H,N OCH;, OCH;
20—25, 71, and72. Our studies documented that these reactions %NH Enz Redn %
proceeded along a thiedisulfide exchange pathway.First, CHs &
we detected (HPLC) intermediat&F and 58 when either20
or 21 was treated witp,L.-DTT. Second, substitution of GSH > Aducts
for p,L.-DTT gave65 in high yields &85%). Compounds5, 1 (Scheme 1)
unlike 57 and58, cannot undergintramolecular disulfide ex- \
change to giveb, thus explaining the stability of this adduct
and the yield of this transformation. Third, HPLC analysis of 3 s¢]
thep,L.-DTT- and GSH-mediated cleavage reaction@®fnd (\So CHOC(O)NH, OH  CH,O0C(0)NH,
21 showed thab7, 58, and65 appeared rapidly with time (data N OCHs H/N OCH,
! .. H [c]-sH

not shown), suggesting that these compounds represented initial  cp, N NH = oy N NH
reaction products. Finally, we isolated the DTT-bound adducts OH OH
75 and 78 after treatment o5 with L-DTT followed by 30. 54a Y
Compounds75 and 78 likely originated fromL-DTT adduct
7. for unsymmetrical mitomycin C(7) disulfidé$,symmetrical

Reflections on the Mechanism of Action of KW-2149 and ~ mitomycin C(7) disulfideg?44and mitomycin C(7) thiol estet%
BMS-181174.0ur results allowed conclusions concerning the containing C2 bridging elements?

proposed thiob generation step for KW-214%8) and BMS- The absence of mitomycin ring activation upon thiol genera-
181174 @) (Scheme 2, route B) and the reactivity of thil tion 5 asks whether other factors are responsible for the different
We observed that thiol generation readily occurredor 22, pharmacological properties observed3@and4 compared with

24, 25, 71, and72 under mild conditions, indicating that this is 1. Recall that bott8 and4 exhibit significant activity inl-resis-
a plausible event foB and4. We further showed that thiol (thiol  tant tumor cell line$-1° Furthermore, cells that are resistant to
intermediates) stability increased with alkyl substitution of the 1 and express low levels of the reductase DT-diaphdtase
mitomycin C(7) thiol linker (3 vs 5) and with the length of not cross-resistant @8> ¢Despite these pharmacological differ-
the linker (14 vs 5 and 12). When the linker was held to an  ences, DNA adduction studies indicate that the sequence speci-
ethylene (C2) unitg, 12), isomeric intermediates predominated ficity for DT-diaphorase-activated and glutathione-treate8
and spectroscopic analysis suggested the formation of C(7)are nearly identical® suggesting that both transformations pro-
spiro-adducts 44, 67). Finally, thiol 5 and 12—14 generation ceeded by comparable molecular mechanisms. How can these
in MeOH did not lead to mitomycin ring activation and nseme findings be explained? Several possibilities exist. We have dia-
production, indicating that simple thiol formation, in and of grammed one in Scheme 8, which focuses on the unique chemi-
itself, is not sufficient to initiate eitheB or 4 activationt*~13 : : : : .

44) Shirahata, K.; Kasai, M.; Kono, M.; Morimoto, M.; Ashizawa, T.; Saito,

. . . (
What are the causative factors for the improved preclinical Y. Disulfide Compounds and Antineoplastic Agents. Japan Pat. Appl. JP86/

B ; 0085, February 21, 1986.
pharmacological properties of KW-2149 and BMS-181174 over (45) Prakash, A. Sry Beall, H.; Ross, D.; Gibson, N.Bibchemistry1993 32,

conventional mitomycins, and why is maximal activity achieved 5518-5525.
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cal properties of the disulfide unitin KW-2149 and BMS-181174
and the properties and reactivities of the C(7) spiro-ad84ct
We divide our discussion into the extracellular and intracel-
lular processes that may occur ®and4, which are represented
by 87 in Scheme 8. In the first stage (Scheme 8A), the mito-
mycin C(7) amino-substituted disulfid&7 undergoes thiot
disulfide exchange with biological thiol B-SH (e.g., serum
albumin, glutathione) in the plasma to gene@&gé*~ ¢ Support
for this step comes from the metabolic studies of Kobayashi
and co-workers, who showed that iv administratior ¢d mice
led to the rapid production &6, 92, and93in the plasma and

92 R = CHj

93 R = S-albumin

that the plasma half-lives fd@6, 92, and93 were 12, 13, and
40 min, respectively? Further evidence for this process comes
from Masters, McAdam, and Hartley, who showed tBas
activated extracellularly by seru#16 They further suggested
that an unidentified species that passively enters the cells mor
rapidly than3 and can efficiently modify DNA is produced upon
activation. The recent investigation by Yasuzawa and Tomer
documented that a human serum albumin (HSKy-2149
adduct ©3)*¢is produced upon incubating HSA wigh Finally,

we observed tha0, 21, 24, 25, 71, and72 all underwent rapid
thiol-mediated disulfide exchange under mild conditions. For-
mation of small mixed disulfide88 by extracellular processes
then permits passage across the cell membrane.

In the second stage of our hypothesis (Scheme 8B), passage-

of 88 into the cell permits drug activation by one of two
pathways. The first is enzymatic reduction. We envision that
88 reacts, in part, with intracellular thiols-€SH (e.g., GSH)

by a thiol-disulfide exchange process to gi8® and5. All

of the drug by reductases bound to cellular membranes and
present in the cytosol, thereby preventing the drug from reaching
its nuclear DNA target.

There is support for key features in Scheme 8B. First,
generation of5 (12) under a variety of conditions provided
HPLC profiles consistent with the formation of isomeric adducts.
Second, both the U¥visible properties of the cyclic adducts
and the absence of aziridine ring-opened mitosene production
suggested thd (12) cyclization occurred predominantly at C(7).
Third, we found thab (12) and/or isomers underwent dimer-
ization more rapidly than eithé3 or 14. This finding suggested
that dimerization may have incurred, in part, by the heterolytic
pathway outlined in Scheme 8B4a— 91) where C-SH isb.
Fourth, Tomasz and co-workers demonstrated addition of large
excesses of GSH to bothand4 led to mitosene production
(UV analysis) and DNA interstrand cross-link formatirkifth,

a heterolyticintramolecular thiol-initiated cleavage pathway
comparable tob4a — 91 has been postulated for the facile
reduction of mitomcyin A 2) by p,L-DTT.48-50

Conclusions

A series of mitomycin C(7)-substituted thiols were prepared
that examine the effect of structural composition of the unit
that bridges the thiol with the mitomycin core on thiol reactivity.

eWe learned that the linker affects thiol structure and thiol

stability. Special emphasis was given to mitomycins where the
linker is two carbons in light of the pharmacological properties
reported for KW-21493) and BMS-1811744). Our studies
indicated that the thiob generated from these drugs exist as
the C(7) cyclic species. C(7)-Spiromitomycins, suctb4anay
provide special advantages for drug function that include
alternative pathways for ring activation and the generation of
intermediates not prone to unwanted activation by reductases.
inally, previous investigations indicate that the pharmacological
properties ob—conjugates (e.g88) contribute to drug efficacy.
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