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Abstract—A series of compounds related to the macrocyclic portion of the DNA-damaging antitumor agent leinamycin were
prepared as tools to characterize noncovalent DNA binding by this natural product. Acyclic (Z,E)-dienes were assembled via a
Sonogashira coupling followed by partial hydrogenation. A Stille coupling was used in the cyclization step leading to a macrocyclic
thiazole–diene analogue. Results obtained using the synthetic analogues reported here indicate that the extended p-system on the
‘left-hand side’ of leinamycin is required for noncovalent association of the natural product with duplex DNA.
� 2004 Elsevier Ltd. All rights reserved.
Leinamycin (1) is a DNA-damaging natural product
with potent antitumor activity (IC50 of 27 nM against
HeLa S3 tumor cells).1–6 This Streptomyces metabolite
possesses several unique structural features including an
1,2-dithiolan-3-one 1-oxide heterocycle connected by a
spiro linkage to an 18-membered macrocycle that con-
tains a novel Z,E-5-(thiazol-4-yl)-penta-2,4-dienone
assembly.6 Recent studies indicate that efficient DNA
alkylation by leinamycin is driven by noncovalent
association of the natural product with the DNA double
helix.3;5;7 This observation is especially interesting be-
cause leinamycin does not contain any classical DNA-
binding functional groups8 such as a polycyclic aromatic
intercalator, a positively charged functional group, or a
polyamide-type groove binder. Thus, it appears that
leinamycin may represent a novel type of noncovalent
DNA-binding structure (Fig. 1).

Structural elements on the ‘upper rim’ (the C6–C7
alkene) and ‘right-hand side’ of leinamycin (the 1,2-di-
thiolan-3-one 1-oxide heterocycle) constitute the DNA-
damaging ‘core’ of the natural product.3;9 In a process
that is initiated by attack of cellular thiols, these func-
tional groups participate in a rearrangement reaction
that generates an episulfonium ion alkylating agent
along with a hydrodisulfide residue that causes oxidative
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stress.6 On the other hand, we suspected that structural
elements on the ‘left-hand side’ of leinamycin’s macro-
cycle might represent the noncovalent DNA-binding
domain of the natural product.10 To test this hypothesis
we prepared a series of compounds (3–9) containing
various portions of leinamycin’s Z,E-5-(thiazol-4-yl)-
penta-2,4-dienone fragment and characterized their
ability to associate noncovalently with duplex DNA.

Our syntheses started from (R)-N-Boc alanine, which
was converted to the aldehyde 1011;12 over five steps in
28% overall yield. This aldehyde was transformed to a
dibromo olefin using the Corey–Fuchs procedure (CBr4,
Ph3P),13 followed by regiospecific reduction to the Z-
bromide 11 with Bu3SnH in the presence of Pd(PPh3)4.

14

Heck reaction of 11 and methyl acrylate yielded a poorly
separable �1:1 mixture of (Z,E)- and (E,E)-dienes 14
and 21 in 40% yield. This result was unsatisfactory, so
we examined the possibility of using a Sonogashira
coupling,15 followed by partial hydrogenation of the
resulting enyne to prepare the desired thiazole-(Z,E)-
dienone system (Scheme 1).

Accordingly, aldehyde 10 was converted to the alkyne
12 using Gilbert’s reagent16;17 in 72% yield. For synthesis
of dienes 3 and 4, this alkyne (12) was coupled to methyl
iodoacrylate under Sonogashira conditions15 to yield the
enyne 13 (84%), which was hydrogenated using Lind-
lar’s catalyst to give the >95% pure (Z,E)-diene 14 in
80% yield.18 Observed coupling constants of the
alkene protons in 14 are consistent with a (Z,E)-diene
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Scheme 1. Reagents and conditions: (a) CBr4 (1.4 equiv), Ph3P

(3 equiv), Et3N (3 equiv), 0 �C, 15 min, 56%; (b) Bu3SnH (2 equiv),

Pd(Ph3P)4 (0.01 equiv), 24 �C, benzene, 3 h, 61%; (c) Gilbert’s reagent

(1.6 equiv), K2CO3 (2.7 equiv), MeOH, 24 �C, 6 h, 72%; (d) methyl

iodoacrylate (1.5 equiv), CuI (0.03 equiv), Pd(Ph3P)4 (0.01 equiv), Et3N

(3 equiv), 24 �C, 6 h, 84%; (e) H2 (1 atm), Lindlar catalyst, quinoline

(1 equiv), EtOAc/MeOH/Et3N (6:1:1), 48 h, 80%; (f) AcCl, MeOH,

0 �C, 5 min, 91%; (g) Ac2O (20 equiv), DMAP (2 equiv), 12 _h, 24 �C,

45%.
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Figure 1. Leinamycin (1) and its analogues.
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stereochemistry. In addition, the NOE spectrum of 14
shows crosspeaks between the proton at C13 and those
on C12 (strong), and C15 (weak), as expected for the
(Z,E)-diene. In contrast, a crosspeak between the pro-
tons on C13 and C11 would be expected for the (E,E)-
analogue. Deprotection of 14 (AcCl, MeOH, 91%)
provided 3 and subsequent acetylation (Ac2O, DMAP,
45%) gave 4.19

In a similar sequence, alkyne 12 was converted to 15 by
removal of the Boc group followed by acetylation
(Scheme 2, 71%). This alkyne was coupled to the iodo-
acrylate 1620 (Pd(Ph3P)4, CuI, 84%) to afford enyne 17.
This enyne was partially hydrogenated to the desired
diene 5, again using Lindlar conditions (30%).

For synthesis of the alcohol 6, alkyne 15 was coupled to
the methyl iodoacrylate to yield enyne 18. Reduction of
the ester group in 18 with LiBH4 in THF (54%) and
subsequent hydrogenation under Lindlar conditions
(19%) gave 6. Alkene 7 was prepared by partial hydro-
genation of the alkyne 12 (79%) followed by removal of
the Boc group and acetylation (Scheme 3, 68%).

The (E,E)-diene 8 was prepared from the aldehyde 10
via a Wittig reaction with trimethyl 4-phosphocrotonate
in the presence of NaN(TMS)2 in THF at �78 �C, fol-
lowed by removal of the Boc group and acetylation
(Scheme 4). A crystal structure of 2110 confirmed that
(E,E)-diene was obtained.

Synthesis of the macrocyclic thiazol-5-yl-penta-2,4-di-
enone 9 proved somewhat challenging. Initially, we
sought to employ a macrolactamization reaction for
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15 min; (b) Ac2O (9 equiv), DMAP (0.3 equiv), CH2Cl2, 24 �C, 10 h,

71%; (c) 16 (1.5 equiv), CuI (0.03 equiv), Pd(Ph3P)4 (0.01 equiv), Et3N

(3 equiv), 24 �C, 6 h, 84%; (d) H2 (1 atm), Lindlar catalyst, quinoline

(1 equiv), EtOAc/MeOH/Et3N (6:1:1), 48 h, 24 �C, 30%.

h

O

MeO

S

N NHAc

OH

19

S

N NHBoc

S

Na

12 20

S

N NHAc

15

f

d, e

Scheme 3. Reagents and conditions: (a) H2 (1 atm), Lindlar catalyst, quinolin

Ac2O (excess), DMAP (1.6 equiv), CH2Cl2, 24 �C, 10 h, 68%; (d) AcCl (excess

24 �C, 10 h, 71%; (f) methyl iodoacrylate (1.1 equiv), CuI (0.025 equiv), P

(1.1 equiv), 1:1 THF/ether, 24 �C, 10 h, 54%; (h) H2 (1 atm), Lindlar catalyst

OHC

S

N NHBoc

S

N

MeO2C

10 21

a

Scheme 4. Reagents and conditions: (a) Trimethyl 4-phosphocrotonate (2 eq

(excess), MeOH, 0 �C, 2 h; (c) Ac2O (excess), DMAP (2.5 equiv), CH2Cl2, 24

L. Breydo et al. / Tetrahedron Letters 45 (2004) 5711–5716 5713
cyclization of this 15-membered ring, as reported pre-
viously for this type of system.21;22 An appropriate pre-
cursor was prepared but our attempts to cyclize the ring
under a variety of conditions were met with failure. We
suspect that the cyclization reaction was unable to
compete with isomerization of the (Z,E)-dienone to the
(E,E)-isomer via reversible Michael addition of the
amine substituent to the dienone moiety. Thus, to avoid
the presence of a free amino group in the cyclization
precursor, we opted to follow a macrolactonization
approach to compound 9, forming the ester bond in the
final step. This reaction did provide some product (<5%
yield), but it appeared that the cyclization reaction still
could not compete favorably against isomerization of
the (Z,E)-diene to (E,E)-isomer (which cannot cyclize).
To avoid this problem we adopted a strategy analogous
to that of Pattenden and Thom,11 where the diene
moiety is assembled in the cyclization step using a Stille
coupling (Scheme 5, 24! 9).

The synthesis of 9 via a Stille coupling started from the
Z-vinyl bromide 11. The Boc group was removed
OH
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�BnNMe3

þ (1.5 equiv), Pd2dba3 (0.12 equiv), (PhO)3P (0.5 equiv), i-Pr2NEt (excess), THF, 50–24 �C,

24 h, 52%.

Table 1. Noncovalent DNA binding by leinamycin and its analogues

C50 (lM)a KB (M�1)b

Leinamycin (1) 125 1000

2 85 1500

5 125 1000

6 –– <100

7 –– <100

9 140 900

a In a typical assay, to a solution of ethidium bromide (0.5 lM) in

buffer (10 mM Tris, 0.5 mM EDTA, pH 7.0, 10% CH3CN) at 24 �C
was added herring sperm DNA (1 lM bp). To the resulting ethidium–

DNA complex small, concentrated (5–50 mM in CH3CN) aliquots of

the putative DNA-binding agents were added as the fluorescence of

the solution (kex ¼ 545 nm, kem ¼ 596 nm) was measured before and

after each addition. C50 is the concentration of the compound re-

quired to decrease the fluorescence of a DNA–ethidium solution by

50% via displacement of the ethidium bromide from the DNA duplex.

(––) Indicates that addition of the compound did not significantly

diminish fluorescence in the assay mixture.
b Binding constants were calculated as described previously.27 The

standard error in these values is approximately �10%.
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(MeOH, AcCl) and the resulting amine coupled with
TBS-protected 4-hydroxybutanoic acid to yield the
amide 22 in 76% yield. The TBS group was removed
with triethylamine/HF to afford the alcohol 23 in 85%
yield. This alcohol was coupled with (E)-tributyltin-
acrylic acid23 in the presence of EDCI and DMAP to
yield the ester 24 in 41% yield. Initially, we attempted
the intramolecular Stille coupling of 24 using conditions
reported for a similar cyclization11 (toluene, Pd(PPh3)4,
Hunig’s base, 70 �C, 20 h) but no product was obtained.
When less nucleophilic triphenylarsine was substituted
for triphenylphosphine (toluene, Pd2dba3, Ph3As, Hu-
nig’s base, 110 �C, 20 h), the desired product 9 was ob-
tained, albeit in low yield (�10%). Changes in the
reaction solvent, temperature (from 24 to 110 �C) and
ratios of Pd2dba3 and Ph3As did not improve the yield
of 9. However, the reaction was more successful in the
presence of Pd2dba3, triphenylphosphite, and 1.5 equiv
of the ‘tin scavenger’, Ph2PO2

�BnNMe3
þ,24;25 and gave

926 in 52% yield. X-ray crystallography confirmed the
identity of this product.10

We compared the noncovalent DNA-binding properties
of analogues 5, 6, 7, and 9 to that of leinamycin and the
leinamycin metabolite 2 (Table 1). Association constants
of these compounds with mixed-sequence, double-
stranded DNA were determined employing a widely-
used ethidium displacement assay.27 The association
constant of leinamycin with DNA is modest (1000 M�1).
Nonetheless, it is important to point out that leinamycin
is a very efficient DNA-alkylating agent and depends
absolutely on noncovalent association to drive the
alkylation reaction.3;6;7 Along these lines, it is useful to
note that DNA-binding constants of this magnitude are
sufficient to confer efficient DNA-alkylating properties
on other biologically-active agents.28;29 The DNA-
binding constant measured for the macrocyclic leina-
mycin analogue 9 is similar to that seen for the natural
product. Interestingly, the acyclic analogue 5 retains
DNA affinity comparable to the natural product (1) and
the macrocyclic analogue 9. On the other hand, dis-
ruption of the carbonyl moiety in leinamycin’s extended
p-system, as seen in analogue 6, completely abolishes
noncovalent DNA binding. Similarly, smaller sections
of leinamycin’s macrocycle, such as the thiazole–alkene
construct (7), do not show significant affinity for duplex
DNA.

Little is known regarding the detailed structural nature
of leinamycin’s noncovalent interactions with duplex
DNA; however it is clear that the natural product must
localize in the major groove because it exclusively al-
kylates the N7-position of guanine residues.3 Therefore,
it is relevant to ask whether the compounds of the type
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Figure 2. DNA-alkylation of a 32P-labeled restriction fragment by 26

and glycidol. Reactions were conducted using a 377 bp, 50-end labeled

EcoR I–BamH I restriction fragment from pBR322 in 10 mM sodium

phosphate buffer, pH 7.0 at 37 �C for 20 h, followed by Maxam–Gilbert

workup, and separation of the resulting fragments by denaturing

polyacrylamide gel electrophoresis as described in our previous work.7

Lanes 1–4: 26 (0.75, 7.5, 75, 750 lM); lanes 5–6 glycidol (1, 10 mM);

lane 7: AþG sequencing reaction; lane 8: G sequencing reaction.
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examined here (Table 1) are able to associate (at least
partially) in the major groove of DNA, as seen for the
natural product leinamycin. To address this issue we
employed the affinity–cleaving approach pioneered by
Dervan’s group.30–32 Thus, we prepared compound 26,
with an eye toward determining whether an acyclic
version of the 5-(thiazol-4-yl)-penta-2,4-dienone unit
found in leinamycin can facilitate reaction of a tethered
epoxide residue with nucleophilic sites in the major
groove of duplex DNA (specifically with the N7-posi-
tion of guanine residues).

Compound 26 was prepared by the route described for
analogue 5, except using iodoacrylate derivative 25 in
the Sonogashira coupling reaction (Scheme 6).33 The
ability of 26 to alkylate a 32P-labeled restriction frag-
ment was compared to the simple epoxide glycidol (Fig.
2). First, the observed base-labile strand cleavage at
guanine residues suggests that 26, like glycidol,34 alky-
lates the N7-position of guanine residues. Second, we
find that 26 is a more potent DNA-alkylating agent than
glycidol, as indicated by the fact that significantly higher
concentrations of glycidol are required to achieve a
given level of DNA alkylation. Overall, the results
indicate that the 5-(thiazol-4-yl)-penta-2,4-dienone
assembly does, in fact, associate in the major groove of
DNA in a manner that can facilitate reaction of an
appended electrophile with the N7-position of guanine
residues.

The results presented here represent an important step
toward identifying the functional groups that are
responsible for noncovalent DNA association by the
structurally unique natural product leinamycin. Overall,
the results suggest that the 5-(thiazol-4-yl)-penta-2,
4-dienone fragment found on the left-hand side of
leinamycin may be responsible for the bulk of the non-
covalent DNA-binding affinity displayed by this natural
product. Studies are currently underway to further
characterize noncovalent DNA binding by leinamycin
and the synthetic analogues described here.
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