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Pyrrolizidine alkaloids (PAs), such as monocrotaline (1,
Scheme 1), are potent hepatotoxins and carcinogens isolated
from a wide variety of plants.[1, 2] Owing to their geographical
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Scheme 1. Pyrrolizidine alkaloid monocrotaline (1) and derivatives 2 ± 4.
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diversity and abundance, the PAs represent a serious health
threat to humans and live stock.[2, 3] The biologically active
metabolites of these natural products are the corresponding
dehydropyrrolizidines (for example, dehydromonocrotaline,
2), formed upon two-electron oxidation of the 4-azabi-
cyclo[3.3.0]octane ring system by liver cytochrome P450
mixed-function oxidases.[4, 5] These substances have been
shown to be potent agents for the interstrand cross-linking
of DNA (forming adduct 3), and it is this biochemical
reactivity that is largely responsible for the cytotoxicity that
this class of alkaloids displays.[6, 7] Detoxification of the PAs
occurs when an alternative N-oxidation reaction occurs (!4)
with either cytochrome P450 or flavin-containing monooxy-
genases.[4]

The oxidation of the pyrrolizidine alkaloid ring system
results in the electrophilic activation of the C7 and C9
positions, by conjugation with the pyrrole nitrogen lone pair,
which are prone to nucleophilic attack by the exocyclic amine
group of deoxyguanosine residues in the minor groove of
DNA at 5'-CpG-3' sites.[8, 9]

The potent interstrand DNA ± DNA and DNA ± protein[10]

cross-linking reactions mediated by the pyrrolic PAs have
made these compounds of interest as potential antitumor
agents. However, the acute hepatotoxicity of these agents has
obviated their clinical utility. The hepatotoxicity of these
agents is a manifestation of the initial production and release
of the reactive DNA-cross-linking species being generated in
the liver by the mixed-function cytochrome P450 oxidases.
Since the oxidative mode of activation is primarily responsible
for the undesirable characteristics of these compounds, it
seemed that it would be possible to improve their pharmaco-
logical profile by altering the chemical mode of activation.
Based on the success of a variety of clinically significant,
reductively activated DNA-cross-linking agents, such as
mitomycin C, and FR900482 and congeners we anticipated
that a reductive mode of activation of the PAs might not only
improve the pharmacological profile of these agents, but also
induce a similar tumor selectivity that many of the hypoxia-
directed agents display.[11, 12] As part of a program aimed at
diversifying the chemical and biochemical repertoire of
activation of a variety of clinically significant antitumor
agents,[13] we describe here the synthesis and DNA-cross-
linking reactivity of the first reductively activated pyrrolizi-
dine alkaloid, a progenitor of dehydromonocrotaline.

The synthesis of the reductively activated dehydromono-
crotaline derivative 7 is shown in Scheme 2. Commercially
available[14] monocrotaline (1) was condensed with 9-fluor-
enylmethyl chloroformate (FmocCl) in the presence of KI in
acetonitrile,[15] furnishing the ring-cleaved product 5. The
allylic iodide was oxidized with DMSO and AgBF4 to afford
the unsaturated aldehyde in 95 % yield. Protection of the
aldehyde as the corresponding ethylene glycol acetal 6
followed by removal of the Fmoc moiety with 50 % piperidine
in THF provide the corresponding free amine. Compound 7,
the hydroxyl amine hemiacetal progenitor of dehydromono-
crotaline, was prepared by oxidation of the free amine with m-
CPBA in a biphasic mixture of CH2Cl2 and aqueous saturated
NaHCO3 followed by removal of the acetal with 1 % HCl.

Similar to the well-studied mode of activation of FR900482

Scheme 2. Synthesis of 7. a) FmocCl, KI, room temperature, MeCN, 10h,
30%; b) 1. AgBF4, DMSO, Et3N, room temperature, 95 %; 2. TMSCl,
CH2Cl2, HOCH2CH2OH, 95 %; c) 1. 50% piperidine, CH2Cl2, 96%; 2. m-
CPBA, CH2Cl2, 61%; 3. 1% HCl (aq.), THF, room temperature, 70%;
d) FeII/EDTA, ÿ2 H2O; e) DNA. FmocCl� 9-fluorenylmethyl chlorofor-
mate, TMS� trimethylsilyl, m-CPBA� 3-chloroperoxybenzoic acid,
EDTA� ethylenediaminetetraacetic acid.

and congeners, 7 was reductively activated by FeII/EDTA
generated in situ.[8, 16] The HPLC analysis (reverse-phase,
C-18 YMC ODS-A, 30 % acetonitrile in water at
1.0 mL minÿ1) of 7 revealed that this substance (10 mL,
10 mm in DMSO, UV: lmax� 212 nm, retention time 3.8 min)
was converted into dehydromonocrotaline (2 ; UV: lmax�
232 nm, retention time 11.2 min) by the addition of FeII/
EDTA (20 mm, pH 8).

The results of DNA-cross-linking studies with 7 are
presented in Figure 1. The DNA interstrand cross-linking
ability of 7 was investigated using linear plasmid DNA by
denaturing alkaline agarose gel electrophoresis according to

Figure 1. DNA-cross-linking studies of 7 using linear plasmid DNA by
denaturing alkaline agarose gel electrophoresis. Conditions: lane 1: 0.5 mg
of Lambda Hind III (molecular weight standard); lane 2: 0.5 mg of pBR322
(control); lane 3: 0.5 mg of pBR322� 10 mm 2 (control); lane 4: 0.5 mg of
pBR322� 1.0 mm FR900482 (control); lane 5: 0.5 mg of pBR322� 1.0 mm
FR900482� 100 mm FeII/EDTA; lane 6: 0.5 mg of pBR322� 1.0 mm 7
(control); lane 7: 0.5 mg of pBR322� 1.0 mm 7� 100 mm FeII/EDTA;
lane 8: 0.5 mg of pBR322� 0.5 mm 7� 100 mm FeII/EDTA; lane 9: 0.5 mg
of pBR322� 100 mm 7� 100 mm FeII/EDTA; lane 10: 0.5 mg of pBR322�
10 mm 7� 100 mm FeII/EDTA. ss-DNA� single-strand DNA.

Cech.[17] The duplex DNA substrate employed in this study
was pBR322 plasmid DNA, which was linearized by restric-
tion endonuclease digestion with EcoR1. The amount of
linearized pBR322 was quantitated by UV analysis at 260 nm,
as described by Borer.[18] Compound 7 (solutions of various
concentrations were prepared from a 10 mm stock solution
made from 4.2 mg of 7 dissolved in 1.2 mL of DMSO) and
0.5 mg of DNA (EcoR1 linearized pBR322) were incubated at
37 8C for 12 h with the reagents described in the legend to
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Figure 1 (final volume 10 mL). The FeII/EDTA was prepared
by addition of an equimolar amount of FeSO4 to a solution of
EDTA (pH 8). The crude reaction mixture was loaded onto a
denaturing 1.2 % alkaline agarose gel,[17] and electrophoresis
was conducted at 50 V for 3 h (95 mA, 3 W). The gel was
stained by the addition of 200 mL of ethidium bromide
solution (10 mg mLÿ1, 100 mm tris(hydroxymethyl)aminome-
thane (Tris) at pH 7.5, 15 min) and visualized after destaining
(50 mm NH4OAc� 10 mm 2-sulfanylethanol, 1 h) on a UV
transilluminator. Lambda Hind III was employed as a molec-
ular weight standard (lane 1).

Control reactions were performed with 2 (10 mm, lane 3)
and the known reductively activated antitumor antibiotic
FR900482 (1.0 mm, lane 4; and additionally with FeII/EDTA
activation, lane 5).[8, 16] The data in Figure 1 reveal that 100 mm
FeII/EDTA strongly activates compound 7 to form the
interstrand-cross-linked DNA at drug concentrations of
100 mm or more (lanes 7 ± 9).

The mechanism of activation of 7 therefore most likely
follows the known mechanism of activation of the FR900482
family of compounds: two-electron reductive cleavage of the
NÿO bond of 7 to form the free amine (8, Scheme 3), which
cyclizes on the incipient aldehyde moiety and subsequently
deprotonates to the highly reactive pyrrolic intermediate
2.[19, 20]

Scheme 3. Mechanism of reductive formation of 2 from 7.

These preliminary studies suggest the viability of the
hydroxylamine hemiacetal moiety as a potential useful func-
tional group for applications to the reductive activation of
DNA-reactive alkaloid progenitors. Since it has been dem-
onstrated that the only other known hydroxylamine hemi-
ketal containing antitumor antibiotic, FR900482 and conge-
ners, can be reductively activated by FeII salts to cross-link
DNA in vitro, and because this reductive activation mecha-
nism has also been implicated for the in vivo activation of
these agents,[8, 19, 20] the present system lends support to the
notion that the reductively labile hydroxylamine hemiacetal
may find other uses in prodrug activation strategies. In
addition, these agents may also provide a conceptual frame-
work upon which the design and synthesis of a wide variety of
pyrrolic PA prodrugs with potential clinical applications may
be examined.
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