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Abstract
A unique alternative to the p-spirocyclization for activation of compounds containing the
duocarmycin SA alkylation subunit was established involving indole NH deprotonation and
subsequent cyclopropane formation. The structural characterization of an alternative spirocyclization
product, and the establishment of its relative reactivity, intrinsic reaction regioselectivity, biological
activity, and DNA alkylation properties (selectivity, rate, and efficiency) including the isolation,
characterization, and quantitation of its adenine N3 adduct, are disclosed.

Duocarmycin SA (1)1 and yatakemycin (2)2 are the most potent members of a small class of
naturally occurring antitumor agents that also include CC-1065 and duocarmycin A (Figure
1A).3 Each derives its biological properties from a characteristic sequence-selective DNA
alkylation reaction3–7 entailing a stereoelectronically-controlled adenine N3 addition to the
least substituted carbon of the activated cyclopropane. Embedded in their structures is the key
cross-conjugated vinylogous amide stabilization of an otherwise reactive
cyclopropacyclohexadienone that masks the electrophilic reactivity.8 We have suggested that
its disruption by way of a DNA binding induced conformational change in the molecule that
twists the linking amide provides the catalysis for the DNA alkylation reaction and accounts
for their intrinsic selectivity for their biological target (DNA) alkylation.9 That is, the
compounds are unreactive until reaching their biological target and are activated for DNA
alkylation by a binding-induced conformational change.

Herein, we report an alternative spirocyclization for activation of compounds bearing the
duocarmycin SA alkylation subunit and discuss the ramifications of its observation. Thus, it
is possible that spirocyclization by way of indole NH deprotonation and subsequent
cyclopropane formation10 would provide analogous, albeit less stabilized electrophiles (Figure
1B). Deliberate efforts to promote this type of ring closure were undertaken enlisting phenol
protected substrates that preclude the conventional p-spirocyclization. Benzyl ether 311 was
treated with phosphazene base P4-t-Bu (1-tert-butyl-4,4,4-tris(dimethylamino)-2,2- bis[tris
(dimethylamino)-phosphoran-ylidenamino]-2Λ5,4Λ5- catenadi(phosphazene)) in DMF (2 h)
to afford the alternatively spirocyclized product 4 (ca. 20%). Upon disappearance of starting
material (LC/MS), the products of the reaction were subjected to chromatography, and
provided the sensitive product 4. This product proved surprisingly stable to chromatography,
extended times in solution, and prolonged storage at room temperature. Nonetheless, this
material is much more reactive than duocarmycin SA and the yield of purified 4 reflects this
intrinsic reactivity. The use of more conventional strong bases including NaH and DBU in both
DMF and CH2Cl2 failed to provide 4 (TLC, LC/MS), whereas substituting MeCN for DMF
and increasing the amount of P4-base afforded higher yields of 4. With these adjustments,
careful exclusion of water, and an increasing experience with the isolation and
chromatographic purification of 4, the spirocyclization was optimized (2 equiv P4-t- Bu,
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MeCN, 3.5 h) to provide 4 in yields as high as 56% (eq 1). Not surprisingly, P4-base treatment
of the free phenol of 3 under similar conditions (1.2 equiv P4-t-Bu, MeCN, 1 h) cleanly provides
only duocarmycin SA (1).

(1)

The 1H NMR of 4 displayed three well-defined cyclopropane CH signals at δ 0.72, 1.70, and
1.82, and diastereotopic signals for C1-H2 exhibiting a large geminal coupling constant of 12
Hz (δ 3.45 and δ 3.96) analogous to those observed with duocarmycin SA (Supporting
Information Figure S1). The most diagnostic 1H NMR signals proved to be the disappearance
of the indole NH (δ 10.30 in acetone-d6) and a marked shift in the C3-H from δ 8.19 (br s, 1H)
in the precursor 3 to δ 4.82 (s, 1H) in 4. This latter remarkable shift in C3-H is indicative of
an aromatic CH in 3 and its conversion to a β-CH of an electron-rich olefin (enamide) in 4.

The 13C NMR of 4 also exhibited characteristic distinctions between 4 and the natural product.
Although the chemical shift of C-8 in 4 (δ 13.7) is indicative of a cyclopropane, the same carbon
in duocarmycin SA is shifted significantly downfield (δ 27.4), reflecting the different electronic
environments of the two ring systems. Aside from the C-4 carbonyl carbon of 1 (δ 179.0) that
is now an olefinic carbon in the extended π -system of 4 (δ 138.2), the greatest difference in
chemical shift is seen with C-2a. This carbon in 1 (δ 163.0) displays the characteristic chemical
shift of a β-carbon of an α,β-unsaturated enone system, whereas the same carbon in 4 shifts
dramatically upfield to δ92.2, reflecting the conversion to an electron-rich olefin.12

The duocarmycin SA alkylation subunit exhibits no solvolysis reactivity at pH 7 (stable) and
its reactivity only becomes measurable at pH 3 (k = 1.09 × 10−6 s−1, t1/2 = 177 h).13 Consistent
with observations made during its preparation, 4 proved to be much more reactive (420-fold),
exhibiting a short solvolysis half-life at pH 3 (50% MeOH–buffer, buffer = 4:1:20 v/v/v 0.1
M citric acid, 0.2 M Na2HPO4, H2O; k = 4.57 × 10−4 s−1, t1/2 = 25.3 min). Unlike duocarmycin
SA for which no solvolysis is observed at pH 7, 4 also underwent rapid solvolysis at pH 7 (50%
MeOH–universal buffer, k = 2.66 × 10−4 s−1, t1/2 = 43.4 min). Since 4 exhibited little difference
in reactivity at pH 3 and 7, albeit in different buffers, its solvolysis pH rate profile was
established under more comparable conditions using a universal buffer (pH 2–7, 0.2 M B
(OH)3, 0.05 M citric acid, 0.1 M Na3PO4).14 As the initial observations suggested, the rate of
solvolysis proved independent of pH in the range of 3–7 indicating that it constitutes an
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uncatalyzed (vs acid-catalyzed) reaction in this range (Figure 2). Only at pH 2 did the solvolysis
of 4 begin to exhibit an acid dependence. Most importantly, this established 4 as a viable
spirocyclization, but one that is less productive than the conventional p-spirocyclization.

Members of this class participate in a characteristic, stereoelectronically-controlled ring
opening reaction with predominate nucleophilic addition to the least substituted cyclopropane
carbon where both the compound reactivity and the cyclopropane stereoelectronic alignment
influence the reaction regioselectivity.3 Addition of MeOH to 4, which did not require added
acid catalyst, provided a 1.7:1 mixture of two products of which the major product is derived
from attack at the more substituted cyclopropane carbon (eq 2).

(2)

Like observations made with 1, chiral phase HPLC analysis of the ring expansion product
derived from enantiomerically pure 4 alongside racemic material indicated the generation of
a single enantiomer for 6, suggesting a SN2 ring expansion with no loss of stereochemical
integrity at the reacting center. Thus, 4 exhibits both a reversed and reduced reaction
regioselectivity (1:1.7 vs 6.5:1 for 1) and a greatly diminished stability relative to duocarmycin
SA.

Consistent with this increased reactivity, the cytotoxic activity of (−)-4 (natural enantiomer
configuration; L1210, IC50 = 5 nM) was 500-fold less potent than (+)-1 (IC50 = 10 pM). This
corresponds remarkably well with the observation that it is 420- fold less stable than 1,
qualitatively and quantitatively following the direct relationship between chemical stability
and biological potency established for this class of agents.15 Interestingly, the unnatural
enantiomer of 4 (IC50 = 7 nM) is essentially equipotent with the natural enantiomer. Thus,
unlike previous trends seen with the enantiomer pairs of duocarmycin SA analogues,9 there is
not a significant difference in the cytotoxic potency of (−)- and (+)-4, albeit at this reduced and
yet substantial level.

Even more interesting and despite the increased reactivity, the individual enantiomers of 4 still
exhibited the same, but distinguishable, DNA alkylation selectivity as their duocarmycin SA
counterparts (Supporting Information Figure 3).4 That is, the major alkylation sites for the two
enantiomers of 4 proved to be the same sites observed with the respective duocarmycin SA
enantiomers. However, and reflective of their reactivity, additional minor adenine alkylation
sites not observed with 1 were detected with 4. Under the cell-free conditions of the DNA
alkylation studies, the efficiencies of alkylation for the natural enantiomers were not
significantly different despite the enhanced reactivity of 4 versus 1, and even their relative rates
of alkylation were comparable (4 > 1 by 4-fold). Unlike duocarmycin SA (1) where the
unnatural enantiomer alkylates DNA with a considerably slower rate and lower efficiency,4
the unnatural enantiomer of 4 alkylated DNA with an efficiency and rate not readily
distinguishable from those of the natural enantiomer (0.5 to 1-fold). Since the conformational
changes responsible for catalysis (activation) of the DNA alkylation reaction that lead to the
enantiomeric distinctions for 1 are no longer required and are not operative with 4, it is not
surprising that the two enantiomers of 4 display comparable biological properties (cytotoxic
activity, DNA alkylation relative rates and efficiencies). Finally, unlike the corresponding seco
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precursor to (+)-duocarmycin SA that exhibits cytotoxic activity and DNA alkylation
properties (rel. rate, efficiency, and selectivity) indistinguishable from 1 because of its facile
spirocyclization, 3 was found to only provide trace DNA alkylation even with prolonged
reaction times (25 °C, 96 h, ca 1% that of 4 at 1 h, 25 °C). The results of these studies reaffirm
important features contributing to the DNA alkylation selectivity of 1. The most prominent of
these is that the source of catalysis for the DNA alkylation reaction, which is presumably
different for 1 versus 4, is not what determines the selectivity, but rather that it is derived from
the intrinsic AT-rich noncovalent binding selectivity of 1 (and 4).4,9 Significantly, the
comparable behavior of 1 and 4 indicate that a sequence-dependent DNA backbone phosphate
protonation6,16 of the C4 carbonyl of 1 (not present with 4) cannot be contributing to its DNA
alkylation selectivity.

Completing the characterization of its properties, the thermally released adenine adduct
resulting from the DNA alkylation of 4 was isolated, quantitated (70% yield), and structurally
characterized (Supporting Information). These studies revealed that the adenine alkylation
accounts for 70% of the consumed agent, indicating that it constitutes the major reaction under
the conditions of its examination (1:55 agent:base-pair ratio; calf-thymus DNA), and that it
occurs with adenine addition to the least substituted cyclopropane carbon indicative of a SN2
alkylation mechanism, eq 3. The remainder of 4 (30%) provided multiple products derived
from nucleophilic attack by phosphate, water, EtOH and NaOAc and were isolated (extracted)
and quantitated prior to thermal depurination and release of 7. Significantly, no adenine
addition product resulting from attack at the more substituted cyclopropane carbon was
detected, nor was any minor groove guanine alkylation and depurination detected (LC/MS)
under the conditions examined.4 Consequently and like duocarmycin SA itself, the adenine
N3 addition accounts for the near exclusive consumption of 4 by DNA in spite of its reactivity.
Finally, these studies confirm that it is 4 itself, and not its debenzylation product, that is
responsible for the DNA alkylation and the resulting biological activity.

(3)

Since 8 (C4-OH vs C4-OBn) represents a tautomer of 1, it is possible that it is the reactive
tautomer suggesting an internal protonation17 may serve to assist activation of the natural
product for DNA alkylation, eq 4.
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(4)

However, given that the pyrrole ring may be replaced with aryl rings that cannot support this
alternative spirocyclization and yet they exhibit comparable or even enhanced DNA alkylation
properties (e.g. benzene, thiophene),11,18 it is not yet clear what significance this alternative
spirocyclization (or tautomer) may hold. Rather than being either incidental to the structure of
1 or integral to the properties of 1 today, it is even possible that the most significant role such
a spirocyclization may have played is in Nature’s evolution of this class of DNA alkylating
agents. Given the ease of p-spirocyclization and the assumption that it is the last step in the
biosynthesis following activation of a primary alcohol for displacement, it is tempting to
suggest that such compounds first emerged without the ability to undergo the p-spirocyclization
(precursors lacking the phenol), eq 5. Given their activity (L1210 IC50 = 5 nM) and the growth
advantage such an ancestor might have provided the producing bacteria, evolutionary pressures
may have improved on this by aryl hydroxylation to afford the present day phenol precursors
to the p-spirocyclization providing the exceptionally potent derivatives (e.g. 1, IC50 = 10 pM).
This would suggest that such compounds may not only be ancestral precursors to 1, but that
they may constitute natural products yet to be identified.

(5)

A provocative indication that there is perhaps merit to this proposal emerges from the
examination of the correlation between biological potency (cytotoxic activity, −log IC50) and
chemical stability (log ksolv) where 9, like 4, would be projected to lie at an early stage of
Nature’s steps in the optimization of this class of DNA alkylating agents, Figure 3.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Natural products. B) Alternate spirocyclization pathway.
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Figure 2.
Rates of solvolysis and solvolysis pH rate profile for 4.
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Figure 3.
Plot of −log IC50 (L1210, cytotoxic activity) versus log ksolv (pH 3) that includes the natural
products and a representative related compound illustrating the direct correlation between
stability and biological potency and highlighting Nature’s potential steps in the optimization
of this class of DNA alkylating agents.
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