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SYNTHESIS AND ANTICANCER ACTIVITY 
OF NEW ACTIN-TARGETING 
SMALL-MOLECULE AGENTS 

RELATED APPLICATIONS 5 

The present application claims priority to U.S. Provisional 
Patent Application No. 61/154,155, filed Feb. 20, 2009, the 
entirety of which is hereby incorporated by reference. 

BACKGROUND 
10 

2 
cell. This work enabled rational design and synthesis of a 
synthetic analog of the parent natural product, which was 
effective in inhibiting proliferation of cancer cells in vitro and 
lllVIVO. 

The present invention provides a novel bistramide analog 
useful for treating various types of cancer. 

DETAILED DESCRIPTION 

Design and Synthesis of a Series of Simplified Analogs of 
Bistramide A 

The X-ray structure of bistramide A-actin complex sug-
15 gested that the C(13)-C(18)-amide and the C(19)-C(38)­

spiroketal subunits of the natural product played a dominant 
role in stabilizing the protein-small molecule interaction via a 
network of hydrogen-bonding contacts, as well as a series of 
hydrophobic interactions. To test this prediction, we 

Small molecules that bind to monomeric or filamentous 
actin elicit their antiproliferative effects by impairing the 
ability of cells to progress through the cell cycle and undergo 
cytokinesis due to the defective actin cytoskeleton. Under­
standing the mode of action of such compounds expands our 
knowledge of actin biochemistry and provides opportunities 
for the development of new therapeutic agents. Traditionally, 
studies of the mechanism of action of small-molecule modu­
lators of actin polymerization entailed the investigations of 
changes in fluorescence intensity during polymerization or 
depolymerization of pyrene- or prodan-labeled actin in solu­
tion. However, the main limitation of this method arises from 
the fact that the changes in the fluorescence intensity may 25 

reflect the binding of a small molecule to the filaments, espe­
cially if the binding event occurs in the close proximity to the 
dye, resulting in quenching of fluorescence, which could be 
independent of the rates of actin depolymerization. Total 
internal reflection fluorescence (TIRF) microscopy has 30 

recently emerged as a powerful tool to investigate actin fila­
ment dynamics and its regulation by several actin-binding 
proteins, as well as latrunculinA, which is incapable of depo­
lymerizing filamentous actin in vitro. We used TIRF micros­
copy to directly observe actin filament severing by a series of 35 

small molecules, which are derived from bistramide A-a 
marine natural product that specifically and potently targets 
actin in the cell (Statsuk, et al. (2005) Nat Chem Biol 1:383-
388; incorporated by reference). In addition, we demon­
strated that the C(l)-C(4) enone-containing subunit of this 40 

natural product plays a pivotal role in covalent modification 

20 assembled a series of rationally designed analogs of bistra­
mide A using the same synthetic strategy, which was 
employed for our synthesis of the parent natural product. 

of cellular actin, which further enhances the cytotoxicity of 
the corresponding bistramide-based compounds. Our study 
provides comprehensive characterization of the unique mode 
of action of bistramide A and identifies structural require- 45 

ments of bistramides that are responsible for severing actin 
filaments and inhibiting growth of cancer cells in vitro and in 
vivo (Gouiffe's, et al. (1998) Tetrahedron 44:451-459; Biard, 
et al. (1994) J Nat Prod 57:1336-1345; Riou, et al. (1993) 
Anticancer Res 13:2331-2334; Rizvi et al. (2008) PNAS 105: 50 

4088-4092; the entireties of all of which are hereby incorpo­
rated by reference). 

BRIEF SUMMARY 
55 

This application describes a characterization of the mode 

Synthesis of Two Simplified Spiroketal Fragments 

Our studies began with the synthesis of two simplified 
spiroketals shown in Scheme 1. Spiroketal 31 is devoid of the 
C(23) and C(34) methyl groups and incorporates a truncated 
side chain following removal of the C(37)-C(40) segment. 
Spiroketal 32, incorporates both the C23 and C34 methyl 
group. However, the terminal allylic alcohol fragment is 
eliminated. 

Scheme 1 Simplified spimketals 31 and 32 

31 

NPht 

32 
H 

NPht 

of action of bistramide A in order to identify structural 
requirements of bistramide-based compounds that are 
responsible for severing actin filaments and inhibiting growth 

60 Synthesis of Simplified Spiroketal 31 of cancer cells in vitro and in vivo. We employed TIRF 
microscopy to directly observe actin filament severing by a 
series of bistramide analogs. In addition, we demonstrated 
that the enone subunit of bistramide A is responsible for 
covalent modification of the protein in vitro and inA54 9 cells. 
Our results revealed a dual biochemical mechanism of action 65 

of bistramide A, which entailed both severing of actin fila­
ments and covalent sequestration of monomeric actin in the 

We envisioned that alkene 31 could be assembled by 
desymmetrization of the C2 symmetric alcohol 33. Two 
sequential olefin metathesis reactions of cyclopropenone 
acetal 10 with two copies of homoallylic alcohol 34 would 
provide rapid and highly convergent access to this fragment 
(Scheme 2). The symmetric dial would be desymmetrized at 
a later stage of the synthesis. 
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-continued 
Scheme 2. Retrosynthetic anaylsis of simplified spiroketal 31. X 
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15 
Synthesis of31 began with the Keck allylation of aldehyde 

35 (Scheme 3). The resulting alcohol was subsequently pro­
tected as a benzyl ether to give alkene 34. Reaction of cyclo­
propenone acetal 10 with alkene 34 proceeded efficiently in 
the presence of the Grubbs Ru alkylidene. Removal of the 
acetal under acidic conditions delivered dienones 36 ( 44% 

20 yield) and 37 (26% yield), which corresponded to either a 
single or two consecutive olefin metathesis transformations. 
Interestingly, similar reaction sequence used for our synthesis 
bistramide A gave only the ring-opening metathesis product, 
i.e. 36. Presumably, decreased steric bulkofthe alkene 34 was 

25 responsible for the increased reactivity of this substrate in this 
reaction sequence. Dienone 36 was efficiently converted to 37 
via cross-metatheis with alkene 34. Hydrogenation of37 gave 
symmetric dial 33 in nearly quantitative yield. Desymmetri­
zation of33 under Mitsunobu's conditions using 0.9 equiva-

30 lents of phthalimide proceeded in 51 % yield. The resulting 
primarily alcohol was oxidized under Swem conditions and 
subjected to Wittig methylenation to give the desired 
spiroketal 31. 

Scheme 3 Synthesis afspimketal 31 
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Synthesis of Simplified Spiroketal 32 
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1. Phthalimide (0.84 eq.), PPh3 
DIAD, THF, 51% 

OH 2. Swern Oxidation 
3. CH3BrPPh3, KHMDS 

5 2% over 2 steps 

6 

NPht 

31 

Synthesis of simplified spiroketal 32 began with a similar 
sequence of transformations employed for the assembly of 
bistramide A (Scheme 4 ). Ring-opening metathesis of cyclo- 20 

propenone acetal 10 with alkene 38, followed by removal of 
the acetal with oxalic acid on silica gel gave dienone 39. 

Milder acidic conditions for acetal removal were required in 
order to prevent cleavage of the tert-butyl-di-methylsilyl 
(TBS) protecting group during this step. Cross-metathesis 
of dienone 39 with alkene 40 gave chain-extended dienone 
41, which upon hydrogenation delivered spiroketal 42. 
Swem 

OBn 

~OTBS 

Me 

38 

Scheme 4. Synthesis of spiroketal 32. 
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1. Grubbs Catalyst 
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oxidation, Wittig olefination, followed by removal of the TBS 
group and conversion of the resulting alcohol to phthalimide 
under Mitsunobu conditions gave the requisite spiroketal 3. 
Synthesis of a Simplified Pyran Fragment 

In order to probe the effect of the enone moiety in the pyran 5 
fragment ofbistramideA, we designed a simplified version of 
this subunit ( 44) shown in Scheme 5. Synthesis of this com­
pound entailed saponification of previously reported ester 43, 
which was prepared from Bhattacharjee, A., Soltani, 0. & De 
Brabander, J. K. (2002) Org. Lett. 4, 481-484, the entirety of 

10 
which is hereby incorporated by reference. 

Scheme 5 Synthesis aftbe simplified pyran 

LiOH,MeOH 

85% 

15 

8 
-continued 

HOD~ 
0 H 0 
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44 

Fragment Coupling 

Synthesis of analog 3 and analog 6 was carried as shown in 
Scheme 6. The amino group of spiroketal 31 was deprotected 
upon treatment withmethylamine and coupled with carboxy­
lic acid 7 to give amide 45. Removal of the Fmoc-protecting 

43 20 group and coupling of the resulting amine with activated 
esters 8 and 46 gave analogs 3 and 6, respectively. 

31 

Scheme 6. 

0 OH 
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Analogs 2, 4 and 5 were synthesized according to Scheme 
7. The amino group of spiroketal 32 was deprotected upon 
similar conditions and coupled to carboxylic acid 7 to give 
amide 47. Removal of the Fmoc-protecting group and cou-

piing of the resulting amine with succinimide esters 8 and 46 
gave analogs 2, 5 respectively. Alternatively, PyBOP-medi­
ated coupling of the same amine with carboxylic acid 44 gave 
analog 4. 

Scheme 7 Synthesis of Analogs 2 4 and 5 

H 

1. MeNH2, iPrOH 

NPhth 2. DIC, HOBt, DMF 

0 OH 

~NHFmoc 
HO , 

Me 
7 

43% for 2 steps 

32 
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0 

Analog 2 

Analog4 

Analog 5 

H 

2. 
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Me 
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Scheme 8 Synthesis of Analog 7 
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Syntheses of additional analogs (7 and 8) are shown 
Schemes 12 and 13. Analog 7 was designed to probe the effect 
of elimination of both the pyran subunit and the central amino 
acid fragment. This compound was prepared by deprotection 
ofphthalimide 32 withmethylamine, followed by coupling of 
the resulting amine with activated ester 48 (Scheme 8). 

12 
Analog 8 was designed to probe the effect of removal of 

both the pyran and the spiroketal subunits on the activity of 
the resulting compounds. This compound was prepared cou­
pling of amine 49 with carboxylic acid 7, followed by 

5 removal of the Fmoc-deprotection and coupling with ester 46 
(Scheme 9). 

Actin Binding and Cytotoxicity 

We evaluated each of the analogs, as well as the parent 
10 natural product, for its ability to bind monomeric actin by 

isothermal titration calorimetry (ITC) and to inhibit prolif­
eration of A549 cells. We found that neither the spiroketal 
(analog 7) nor the central amide subunit (analog 8) alone 

15 displayed any observable activity. However, when both frag­
ments were linked (analog 5), the in vitro actin binding effi­
ciency was restored to a significant extent (Kd=43 nM), indi­
cating that the combination of the spiroketal and the amide 
subunits represented the minimal structural requirement for 

20 G-actin-binding. These observations were consistent with 
conclusions made on the basis of the X-ray crystallographic 
data. Furthermore, elimination of the two methyl groups at 
C(23) and C(34), which participated in hydrophobic interac-

25 tions with Thr-351, Phe-352, Met-355, Ile-345, Tyr-143, Leu-
349 of actin, resulted in substantial loss of actin-binding 
efficiency (analog 6, Kd=680 nM). 

However, despite the potent actin-binding affinities of ana­
logs 5 (Kd=43 nM) and 6 (Kd=680 nM), the two compounds 

30 were significantly less potent in inhibiting cell proliferation 
compared with the parent natural product 1. The GI50 value 
for analog 5 was 15 .1 µM whereas analog 6 did not inhibit the 
growth of A549 cells by 50% at concentrations as high as 100 
µM. On the other hand, bistramideAhas a GI50 value of20.4 
nM. 

Scheme 9 Synthesis of Analog S 
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TABLE 1 

Binding constants and cytotoxicity ofbistrarnide analogs 

14 
the length of actin filaments was consistent with the kinetics 
of slow dilution-induced actin disassembly (Table 2, entries 
1-3). 

Compound Kd(nM) 

Bistramide A (1) 7 
Analog 2 70 
Analog 3 1500 

Glso(µM) 

0.020 
0.087 
0.323 

Analogs 2, 4 and 5 also severed actin filaments albeit with 
5 lesser efficiency as compared to bistramide A (1) (Table 2, 

entries 6-8). Their actin filament severing efficiency was 
determined at 15 µM. 

Analog4 319 
Analog 5 43 
Analog 6 680 
Analog 7 No actin binding 
Analog 8 No actin binding 

11.2 
15.1 

No cell -based activity 
No cell -based activity 
No cell -based activity 

10 

Analogs 3 and 6 severed actin filaments only at concentra­
tions as high as 200 µM (Table 2, entries 4-5). 

This study demonstrated for the first time that bistramide A 
was able to rapidly sever actin filaments. Furthermore, analy­
sis of the time-lapse TIRF microscopy images enabled esti­
mation of the relative efficiency of actin severing by bistra­
mide-based analogs, which can be measured by calculating 

15 the number of breaks that are observed per 100 µm of actin 
filaments. This analysis revealed that the combination of 
C(19)-C(38) spiroketal subunit and the C(13)-C(18) amide 
segment was sufficient to enable dissolution of actin filaments 
(Table 2, entries 4, 6 and 7). In addition, incorporation of the 

Introduction of the C( 4)-C(13) pyran subunit (analog 4, 
GI50=11.2 µM) did not have significant effects on actin-bind­
ing and cell-based activity. However, incorporation of the 
C(l)-C(4) enone moiety in analogs 2 (GI50=87.1 nM) and 3 
(GI50=323 nM) restored potent cell-based activity without 
any significant increase in G-actin binding. Interestingly, ana­
log 2 inhibited cell growth more effectively compared with 
analog 5, whereas the G actin-binding affinities of the two 
compounds were reversed. This observation suggested for the 
first time that the C(l)-C(4) enone subunit played a critical 
role in increasing cytotoxicity of the bistramide-based com­
pounds-a result which could not be rationalized using x-ray 25 

crystallographic characterization of the interaction ofbistra­
mide A with monomeric actin. It is important to remember 
that four C-terminal amino acid residues and three carbons 
and the oxygen of C(l )-C( 4) enone were disordered in the 
crystal structure. 

20 C(l)-C(4) enone appeared to increase actin-severing ability 
of analogs 2 and 3 (Table 2, entries 8 and 5) compared with 
analogs 4, 5 and 6 (Table 2, entries 7, 6, and 4). 

Severing of Filamentous Actin by Bistramide-Based Com­
pounds In Vitro. 

To gain further insight into the mode of action of bistra­
mide A, we next investigated the interaction of the natural 
product and its analogs with filamentous actin. Our group had 
previously demonstrated that bistramide A rapidly decreased 
the fluorescence of pyrene-labeled F-actin. Similar observa­
tions have been reported for several other actin-binding natu­
ral products. However, this effect could provide only limited 
mechanistic information and may primarily reflect the bind­
ing of a small molecule to the filaments in close proximity to 
the dye and quenching of pyrene fluorescence, which could 

30 

35 

40 

be independent of the rates of actin depolymerization. Some 
proteins like myosin and Actin Depolymerizing Factor 
(ADF)/Cofilin are known to do so. Total internal reflection 
fluorescence (TIRF) microscopy has recently emerged as a 45 

powerful tool to investigate actin filament dynamics and its 
regulation by several actin-binding proteins, as well as latrun­
culin A, which is incapable of depolymerizing filamentous 
actin in vitro. Thus, we decided to employ TIRF microscopy 

TABLE2 

Real-time observation of actin depolymerization by 
bistrarnide-based compounds using TIRF microscopy. 

Compound 
Entry (Concentration, 
no. µM) 

None 
2 Analog 8 (200) 
3 Analog 7 (200) 
4 Analog 6 (200) 
5 Analog 3 (200) 
6 Analog 5 (15) 
7 Analog 4 (15) 
8 Analog 2 (15) 
9 Bistramide A 

(0.75) 

No. of 
breaks per 

100 µm 

None 
None 

0.2 
3.4 

13.3 
13.0 
16.5 
41.8 
40.4 

§standard deviations are 0.4-0.6 subunits/s 

ilstandard deviations are 0.1-0.3 subunits/s 

Barbed-end 
depolymerization 
rate (subunits/s)§ 

2.07 
2.15 
1.87 
2.29 
1.84 
1.93 
1.92 
1.90 
1.88 

Pointed-end 
depolymerization 
rate (subunits/s)~ 

0.37 
0.21 
0.32 
0.41 
0.57 
0.55 
0.51 
0.48 
0.49 

To further examine the effect of an enone moiety on the 
efficiency of severing actin filaments in vitro, we measured 
the initial rate of severing over a range of concentrations of 
analogs 2 and 4 (1-15 µM). The number of severing events 
occurring before the actin on the slide is depleted by 50% was 
determined. This study unambiguously confirmed that analog 
2, which contained the enone moiety, was at least three times 
more potent at severing filamentous actin. 
Actin Depolymerization InA549 Cells. 

The presence of the enone increased the severing efficiency 
of the analogs three-fold. However, this still did not account 
for the more than 100-fold increase in toxicity of the com­
pounds containing the enone. We determined whether it was 
the depletion of actin filaments by analogs 2-5 which was 
responsible for the growth inhibition of A549 cells. Each of 

to observe in real time the effects ofbistramide-based com- 50 

pounds on actin polymerization in vitro. We believe this is the 
first instance where TIRF microscopy has been utilized to 
study the severing of actin filaments by a small molecule. We 
polymerized G-actin containing 25% of tetramethyl­
rhodamine-functionalized and 10% of biotin-functionalized 

55 
actin. The resulting actin filaments were immobilized onto 
the streptavidin-coated glass slides (in a flow cell). Analogs 
1-8 were flown through the flow cell and imaged by time­
lapse TIRF microscopy. Incubation of filamentous actin with 
750 nM bistramideA (1) resulted in rapid filament depletion 
(Table 2, entry 1 ). Analysis of the dynamics of this process 
revealed that each of the compounds induced multiple breaks 
in actin filaments and did not affect the rates of actin depoly­
merization at either the barbed or the pointed end (Table 2, 
entries 4-9). 

the compounds was incubated with A549 cells for 2 hat a 
concentration that exceeded the GI50 value by a factor of 5. 
The cells were then fixed, permeabilized and filamentous 
actin was visualized by fluorescence microscopy following 

60 Alexa Fluor 488 phalloidin staining. BistramideA (1 ), as well 
as analogs 2 and 3 containing the C(l)-C(4) enone, were 
found to be significantly more potent at inducing actin depo­
lymerization in A549 cells. They induced depolymerization 
at 150 nM for bistramideA (1 ), 500 nM for analog 2 and 2 µM 

As expected, analogs 7 and 8 had no effect on actin depo­
lymerization even at concentrations as high as 200 µM. In the 
presence of these compounds, the decrease in the number and 

65 for analog 3. Analogs 4 and 5 induced depolymerization of 
actin only at concentrations as high as 100 µM. No depoly­
merization was observed in cells treated with 100 µM analogs 
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6, 7 and 8. This observation was consistent with the enhanced 
cell-based activity of the compounds containing the C(l)-C 
( 4) enone moiety. 
Covalent Modification of Actin by Enone-Containing Bistra­
mides. 

We examined the possibility that the observed increase in 
cytotoxicity and actin-severing ability of analogs 1, 2, and 3 
could be due to the covalent modification of the protein target. 
We used MALDI-TOF to monitor the interaction of bistra­
mide-based compounds with actin in vitro and found that 
bistramide A (1) and enone-containing analogs 2 and 3 
covalently modified G-actin, resulting in the formation of 
higher molecular weight peaks. 

In contrast, no cross-linking was observed in the case of 
analogs 4, 5, and 6, which did not contain the enone moiety. 
Due to the unprecedented high reactivity of Cys-374 we 
believe that the covalent interaction ofbistramideA with actin 

16 
is a result of the Michael additionofthethiol ofCys-374 to the 
C(l)-C(4) enone portion of the natural product. This modifi­
cation could not be observed by x-ray crystallography 
because the enone portion ofbistramide, as well as the four 

5 C-terminal amino acids of actin, including Cys-374, was 
disordered in the crystal. 
Synthesis of the Bistramide-BODIPY Conjugate. 

Having observed covalent modification of the purified 
actin by bistramideA (1) and enone-containing analogs 2 and 

10 
3, we constructed BODIPY-conjugated bistramideA (analog 
9, Schemes 10 and 11) and tested whether the covalent modi­
fication of the protein could be detected in A549 cells. Bis­
tramideA (1) was treated with alkene 51 and Grubbs Catalyst 
to give the bistramideA-azide conjugate 52, which was then 
subjected to a [3+2] cycloaddition with alkyne-BODIPY con-

15 jugate 53 to give the fluorescent bistramide-BODIPY conju­
gate 9. 

Scheme 10. Synthesis ofbistramide A-azide conjugate 52 
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Scheme 11. Synthesis of analog 9 
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-continued 
[Cu(CH3CN)4]PF6, TBTA 

t-BuOH-H20 
52% 

53 

H 

Covalent Modification of Actin by the Bistramide-BODIPY 
Conjugate In Vivo. 

Initially, we treated purified actin with analog 9 and estab­
lished cross-linking of the protein by this chemical probe 
using MALDI-TOF and fluorescence imaging of the labeled 
protein on polyacrylamide gel. Next, we incubatedA549 cells 
with analog 9 (5 µM) for 3 h and observed efficient cross­
linking of cellular actin, which was detected by fluorescence 
imaging of the cell lysate on polyacrylamide gel and appeared 

OH 

0 OH Me 

~~ijyj: 
Me O H 0 

Analog9 

.--::::;N...._, _,,,,N 
B 
I\ 

F F 

HN 

do not react covalently with actin, may be able to target the 
40 actin cytoskeleton of cancer cells in vivo without significant 

toxic side effects. Indeed, bistramides D and K that lack the 
reactive enone subunit were shown to inhibit proliferation of 
non-small cell broncho-pulmonary carcinoma xenografts 
implanted in nude mice. Here, we describe structure-based 

45 design and synthesis of a simplified analog of bistramide A, 
which potently and reversibly binds monomeric actin, effi­
ciently depolymerizes filamentous actin, inhibits growth of 
cancer cell lines in vitro and suppresses proliferation of A549 to be identical to the purified protein. Importantly, no other 

covalently modified proteins were detected. A combination of 
MALDI-TOF and fluorescent imaging experiments using 50 

probe 9 unambiguously demonstrated that the C(l)-C(4) 
enone subunit of bistramide A is responsible for efficient 
cross-linking of actin both in vitro and in live cells 
Bistramide-Based Synthetic Analog Designed to Target Can­
cer Cell Growth in Vitro and In Vivo. 

(non-small cell lung cancer) cells in vivo. 
The structure of bistramide A can be dissected into three 

main fragments, including the C(19)-C(38) spiroketal-bear­
ing subunit A, the C(13)-C(18) bisamide subunit B, and the 
C(l )-C(l 3) enone-containing subunit C. Subunits A and Bare 
required for binding of the natural product to its target by 

55 forming extended networks of hydrogen-bonding and van der 
Waals interactions, respectively. The 1,3-enone moiety 
present in subunit C is responsible for covalent interaction of 
bistramide A with G-actin but not required for actin-severing 
activity. Thus, removal of the highly reactivity enone-con-

Cytoskeletal organization is strongly altered upon malig­
nant transformation and tumor invasion, which includes sig­
nificant changes in expression of actin and actin-binding pro­
teins. Small molecules that target the actin cytoskeleton could 
be potentially employed to study such alterations in vivo and 
ultimately combat cancer. Bistramides comprise a 
polyketide-based family of marine natural products with 
potent antiproliferative activities, which was isolated from 
tunicates L. bistratum and T. cyclops. We have established 
that actin-severing activity of Bistramide A was not depen­
dent on covalent protein modification. This observation sug­
gested that rationally designed bistramide derivatives, which 

60 taining subunit C was expected to provide access to a simpli­
fied congener that could reversibly interact with the actin 
cytoskeleton and inhibit tumor growth in vitro and in vivo but 
would not have the general toxicity observed in the case of 
bistramide A. While we previously demonstrated that struc-

65 tural simplifications of the bistramide framework were pos­
sible, such modifications typically decreased actin-binding 
and the actin-severing activity of the resulting analogs, in 
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some cases substantially. Retention of the fully elaborated 
spiroketal subunit A, as well as the intact central amide frag­
ment B was expected to preserve the majority of the hydro­
phobic and polar interactions with actin, which would in turn 
maximize the potency of this compound. 

20 
Based on this hypothesis, we designed and synthesized 

analog 10 (Scheme 12). The synthesis began with alcohol 42, 
which has been described previously. Swem oxidation of 42 
followed by Horner-Wadsworth-Emmons olefination of the 
resulting aldehyde with the phosphonate 54 gave 55. Itsuno-

Scheme 12. Synthesis of analog 10. 
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Corey reduction and removal of the TBS group gave alcohol 
58. Conversion of this alcohol into the corresponding tosy­
late, followed by displacement with phthalimide afforded 
fully functionalized spiroketal-containing fragment 6. Final 
three-step coupling protocol enabled efficient production of 5 

the desired target 10 on 100 mg scale. 

mals received three i.p. doses of analog 10 (20 mg/kg) on the 
3rd

, 5th and 7th day after the initial tumor challenge. Tumor 
growth was monitored over a period of five weeks. The tumor 
grew rapidly in the control mice population and reached an 
average size of731 mm3 at the end of 4 weeks. Tumor growth 
was substantially inhibited by analog 10. The average tumor 
size for this population was 308 mm3 after 4 weeks. The 
significance of this result is two-fold. First, administration of 
the drug only during the first week following initial tumor 
challenge had a long-lasting effect on growth of rapidly pro­
liferating tumors. Second, no significant drug-based cytotox-
icity was observed at this concentration. 

Our results demonstrate that the two factors that contribute 
to the highly potent cytotoxic activity ofbistramide A are the 

Isothermal titration calorimetry established the dissocia­
tion constant (Kd) value of 9.0 nM for binding of 10 to 
G-actin, which was comparable to that of the parent natural 
product (Kd=7 .0 nM) and proved superior to other synthetic 10 

bistramide derivatives. The high actin-binding affinity of 10 
was attributed to the van der Waals interactions between 
several lipohilic amino acid side chains of actin and a fully 
extended C(31)-C(38) terminus of the spiroketal-bearing 
subunit A. This result further confirmed that pyran-containing 
fragment C did not significantly contribute to the actin-bind­
ing affinity ofbistramide-based agents. 

15 severing of filamentous actin and the sequestration of mono­
meric actin. Without wishing to be bound by theory, we 
believe that covalent G-actin sequestration, which is expected 
to further promote F-actin depolymerization, plays a role in 
increasing the cytotoxicity ofbistramideA and the C(l )-C( 4) 

Encouraged by the initially observed potent G-actin bind­
ing affinity of 10, we next employed time-lapse total internal 
reflection fluorescence (TIRF) microscopy to examine the 
effects of this compound on depolymerization of filamentous 
actin in vitro. We initially assembled individual actin fila­
ments by elongating them from a pool of 1.0 µM Mg-ATP­
actin monomers supplemented with a trace of 0.5 µM Mg­
ATP-actin monomers labeled with Oregon green for 
visualization. The resulting filaments were incubated with 
either a solution of buffer or a 1.5 µM solution of 10 and 
imaged with TIRF microscopy. As expected, addition of 
buffer did not substantially impact the stability of actin fila­
ments. On the other hand, treatment of F-actin with 10 
resulted in rapid filament disassembly. Similar to our previ­
ous observations, the mechanism of actin depolymerization 
by 10 entailed formation of multiple filaments breaks, which 
in turn created subsequent points for actin disassembly. 

We also examined the ability of 10 to depolymerize F-actin 
in live cells. The actin cytoskeleton can be readily visualized 
by fluorescent microscopy following Alexa Fluor 488 phal­
loidin staining. This experiment revealed that 10 depolymer­
ized F-actin in A549 cells in a dose-dependent marmer. 
Importantly, noticeable actin disassembly was detected even 
at 250 nM of 10, which further verified potency of this agent 
now at the cellular level. A similar effect of 10 on F-actin 
depolymerization was also observed in a DU145 prostate 
cancer cell line. 

We examined the effect of 10 on growth in PC3 andA549 
cell lines 24, 48, 72 and 96 h after incubation of the cells with 
the drug. Analog 10 efficiently inhibited the growth of A549 
cells in a dose-dependent marmer. Complete growth inhibi­
tion was observed at concentrations as low as 5 µM. Interest­
ingly, PC3 cells were found to be substantially less sensitive 

20 enone containing analogs 2 and 3. Indeed, analog 3 is more 
cytotoxic and depolymerizes actin in cells much more effec­
tively than analog 4, whereas the in vitro filament-severing 
abilities and actin-binding affinities of the two compounds are 
the opposite. This result could be explained by covalent 

25 sequestration of monomeric actin by enone-containing ana­
log 3, which would lead to (i) depletion of the pool of mono­
meric actin in the cell and subsequent actin depolymerization; 
and (ii) more efficient delivery of analog 3 into the cell due to 
the irreversible shift in chemical equilibrium after formation 

30 of the covalent actin-small molecule complex. In the absence 
of the C(l)-C(4) enone, analogs 4 and 5 are expected to be 
much less effective at sequestering monomeric actin due to 
reversible G-actin binding and competition with a range of 
other actin-binding proteins in the cell. Our results explain the 

35 reported differences in the abilities ofbistramides A, D and K 
to inhibit tumor growth in the carcinoma mouse xenograft 
model. Bistramide A was ineffective at reducing tumor 
growth due to the high general toxicity of this compound. The 
toxicity ofbistramide A can now be explained by facile deliv-

40 ery of this compound into vital organs due to the covalent 
interaction with its protein target, which is abundant in 
healthy tissues. On the other hand, bistramides D and K, 
which are devoid of the C(l )-C(3) enone, were found to be 
effective at inhibiting tumor growth in vivo with no observed 

45 toxicity of bistramide K up to 200 mg/kg (20). Due to the 
inability to covalently modify actin in the absence of the 
enone moiety, bistramides D and Kare significantly less toxic 
to normal cells. The efficacy of these compounds can be 
explained by the severing of actin filaments, even in the 

50 absence of C(l)-C(3) enone moiety, which would result in 
inhibition of the proliferation of rapidly dividing tumor cells. 
Indeed, our initial in vitro and in vivo studies using a ratio­
nally designed bistramide analog 10, which was devoid of the 

to 10 under the same growth conditions. This study revealed 
highly efficient, dose-dependent growth inhibition. Indeed, 
the growth of this non-small cell lung cancer cell line was 
inhibited by 70% at 0.65 mM of 10 and by 85% at 2.5 mM of 
10. Similar growth inhibitory effects of 10 were observed on 55 

several other cancer cell lines. 

enone moiety, validated earlier in vivo observations. 
Throughout this description and in the appended claims, 

the following definitions are to be understood: 
Since analog 10 appeared to be significantly more effective The term "alkyl" refers to a substituted or unsubstituted, 

straight, branched or cyclic hydrocarbon chain containing, 
preferably, from 1 to 20 carbon atoms. Representative 

in inhibiting growth of A549 cells in vitro, we decided to 
examine the ability of this compound to inhibit growth of this 
non-small cell lung carcinoma in vivo. Initially, we estab­
lished that l0hadno observed toxicity in mice up to 50 mg/kg 

60 examples of unsubstituted alkyl groups for use in accordance 
with the present invention include but are not limited to 
methyl, ethyl, propyl, iso-propyl, cyclopropyl, butyl, iso-bu­
tyl, tert-butyl, sec-butyl, cyclobutyl, pentyl, cyclopentyl, 

a single dose administered i.p. Toxicity was assessed by daily 
weight measurements and mouse behavior compared to non­
injected mice. Next, we established tumor xenografts by 
injectingA549 cells subcutaneously into two groups of nude 65 

athymic mice ( 6 animals per group). The first group was 
injected only with DMSO control. The second group of ani-

hexyl, cyclohexyl, and the like. 
The term "alkenyl" refers to a substituted or unsubstituted, 

straight, branched or cyclic, unsaturated hydrocarbon chain 
that contains at least one double bond and, preferably, from 2 
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to 20 carbon atoms. Representative unsubstituted alkenyl 
groups for use in accordance with the present invention 
include but are not limited to ethenyl or vinyl (-CH=CH2), 

1-propenyl, 2-propenyl or ally! (-CH2-CH=CH2 ), 1,3-
butadienyl (----CH=CHCH=CH2), 1-butenyl(-CH= 5 

CHCH2 CH3 ), hexenyl, pentenyl, 1,3,5-hexatrienyl, and the 
like. Preferred cycloalkenyl groups are those having from five 
to eight carbon atoms and at least one double bond. Repre­
sentative cycloalkenyl groups for use in accordance with the 
present invention include but are not limited to cyclohexadi- 10 

enyl, cyclohexenyl, cyclopentenyl, cycloheptenyl, cycloocte­
nyl, cyclohexadienyl, cycloheptadienyl, cyclooctatrienyl, 
and the like. 

The term "alkoxy" refers to a substituted or unsubstituted 
-O-Alkyl group. Representative unsubstituted alkoxy 15 

groups for use in accordance with the present invention 
include but are not limited to methoxy, ethoxy, n-propoxy, 
iso-propoxy, n-butoxy, t-butoxy, and the like. 

The terms "siloxy" and "silyloxy" refer to silicon substi- 20 
tuted oxygen groups. The silicon-containing portion of the 
siloxy group may be substituted or unsubstituted. Represen­
tative siloxy groups for use in accordance with the present 
invention include but are not limited to trimethylsilyloxy 
(---0Si(CH3 ) 3 ), triethylsilyloxy (---OSi(CH2 CH3 ) 3 ), triiso- 25 

propylsiloxy (-OSi(i-Pr)3), t-butyldimethylsilyloxy (---OSi 
(t-Bu)(CH3 ) 2 ), and the like. 

The term "alkynyl" refers to a substituted or unsubstituted, 
straight, branched or cyclic unsaturated hydrocarbon chain 

30 
containing at least one triple bond and, preferably, from 2 to 
20 carbon atoms. 

The term "amino" refers to an unsubstituted or substituted 
amino (-NH2 ) group. The amine may be primary (-NH2), 

secondary (-NHRa) or tertiary (-NRaR6, wherein Ra and 35 

R6 are the same or different). Representative substituted 
amino groups for use in accordance with the present invention 
include but are not limited to methylamino, dimethylamino, 
ethylamino, diethylamino, 2-propylamino, 1-propylamino, 

40 
di(n-propyl)amino, di(iso-propyl)amino, methyl-n-propy­
lamino, t-butylamino, and the like. 

The term "halogen" refers to fluorine, chlorine, iodine or 
bromine. 

The term "heterocyclic" refers to a saturated, partially 45 

unsaturated, or aromatic ring system containing from 3 to 20, 
preferably 4 to 8, carbon atoms, and at least one, preferably 1 
to 3, heteroatoms. The ring may optionally be substituted with 
one or more substituents. Moreover, the ring may be mono-, 

50 
bi- or polycyclic. Preferred heteroatoms for inclusion in the 
ring include but are not limited to nitrogen, oxygen, and 
sulfur. Representative heterocyclic groups for use in accor­
dance with the present invention include but are not limited to 
acridine, benzathiazoline, benzimidazole, benzofuran, ben- 55 

zothiapene, benzthiazole, benzothiophenyl, carbazole, cin­
noline, furan, imidazole, lH-indazole, indole, isoindole, iso­
quinoline, isothiazole, morpholine, oxazole ( e.g., 1,2,3-
oxadiazole ), phenazine, phenothiazine, phenoxazine, 

60 phthalazine, piperazine, pteridine, purine, pyrazine, pyrazole, 

24 
alkyl group, an alkenyl group, etc.). Representative substitu­
ents for use in accordance with the present invention include 
but are not limited to hydroxyl, amino (-NH2 , -NHRa, 
-NRa,R6

), oxy (-0-), carbonyl (-CO-), thiol, alkyl, 

alkenyl, alkynyl, alkoxy, halo, nitrile, nitro, aryl and hetero­
cyclyl groups. These substituents can optionally be further 
substituted with 1 to 3 substituents. Examples of substituted 
substituents include carboxamide, alkylmercapto, alkylsul­
phonyl, alkylamino, dialkylamino, carboxylate, alkoxycar­
bonyl, alkylaryl, aralkyl, alkylheterocyclyl, heterocyclylaryl, 
haloalkyl, and the like. When necessary, protecting groups 
may used to protect functional substituents, as is well known 
in the art (see: Protective Groups in Organic Synthesis, 3rd 

Edition by Theodora W. Greene and Peter G. M. Wuts, John 
Wiley & Sons, Inc., New York, 1999). 

EXPERIMENTAL SECTION 

General 
Methanol (HPLC grade), toluene (HPLC grade), ethyl 

acetate (ACS grade, and HPLC grade), hexane (ACS grade 
and HPLC grade), acetonitrile (HPLC grade), chloroform 
(HPLC grade), diethyl ether (ACS grade), benzene (ACS 
grade) were purchased from Fisher Scientific and used with­
out further purification. D MSO ( anhydrous grade), D MF ( an­
hydrous grade) were purchased from ACROS. Alexa Fluor 
488 Phalloidin and BODIPY 650-665 SE was purchased 
from Invitrogen. Dichloromethane and tetrahydrofuran was 
purified by distillation. Commercially available reagents 
were used without further purification. Reactions were moni-
tored by thin layer chromatography (TLC) using Whatman 
precoated silica gel plates. Flash colunm chromatography 
was performed over ultra pure silica gel (230-400 mesh) from 
Silicycle. 1H NMR and 13C NMR spectra were recorded on 
Bruker D MX-500 and Bruker D MX-400 spectrometers using 
residual solvent peaks as an internal standard. Mass Spectra 
were recorded with Agilent 1100 LCMS; APCI or API-ES, 
POS, SCAN, 70. Actin was purified from rabbit muscle 
acetone powder (Pel-FreezBiologicals) by the method of 
reported by Pardee and Spudich and its purity ascertained by 
SDS-PAGE. It was stored by flash freezing in liquid nitrogen 
as a solution in G-buffer [2 mM TRIS-base (Fisher) pH 8.0, 
0.2 mM CaCl2 (Fisher), 0.2 mM ATP (Calbiochem), 0.01 % 
NaN3 (Sigma), 0.2 mM ~-mercaptoethanol (Sigma)]. TMR-
actin and biotin-actin were prepared by reported methods. 
Natural bistramide A was provided by Professor G. F. Biard 
(University of Nantes). Necessary x-ray crystallography 
equipment and TCEP was purchased from Hampton 
Research. PEG 1500 was purchased from Fluka. MES was 
purchased from Sigma. iProof polymerase was purchased 
from Bio-Rad Laboratories. BL21-Codon plus (DE3)-RP 
cells were purchased from Stratagene. Talon Metal Affinity 
resin was purchased from Clontech. The Hi-TRAP Q and 
Mono Q FPLC colunms were purchased from GE Healthcare. 
Antifoam 204 was purchased from Sigma. 
X-Ray Crystallography pyridazine, pyridine, pyrimidine, pyrrole, quinazoline, 

quinoline, quinoxaline, thiazole, 1,3,4-thiadiazole, 
thiophene, 1,3,5-triazines, triazole ( e.g., 1,2,3-triazole ), and 
the like. 

The term "substituted" refers to the optional attachment of 
one or more substituents onto a backbone structure (e.g., an 

Crystallization. Crystals of the bistramideA-actin complex 
were grown by the hanging drop method. Bistramide A was 

65 mixed with actin in a 1: 1 ratio, filtered and concentrated by 
ultrafiltration (Millipore Ultrafree-0.5) to ca. 10 mg/ml. The 
bistramide A-actin complex solution (2 µL) was mixed with 2 
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µL of crystallization buff er [ 100 mM MES pH 6. 0, 24 % ( w /v) 
PEG 1500, 70 mM CaC12 , 1 mM NaN 3, 1 mM TCEP and the 
hanging drop was equilibrated at 19° C. over 1 ml crystalli­
zation buffer. Rectangular crystals appeared in one week. For 
low temperature data collection, crystals were transferred to 5 

the cryoprotectant (crystallization buffer plus 20% (w/v) 
sucrose) for a few seconds and flash-frozen in liquid nitrogen. 

Data Collection. X-Ray data were collected at 100 K using 
1,0000 A wavelength at Southeast Regional Collaborative 
Access Team (SER-CAT) 22-ID beam line at the Advanced 10 

Photon Source, Argonne National Laboratory. Supporting 
institutions may be found at www.ser-cat.org/members.html. 
Total of 360 frames (0.5° oscillation width) were collected 
using the crystal-to-detector distance 175 mm. The exposure 
time was 3 sec per frame. 15 

Data Processing, Refinement And Analysis Of Data. X-ray 
data were processed and scaled in HKL2000. The structure 
was solved by molecular replacement using MOLREP and 
1J6Z structure containing uncomplexed actin as a starting 
model. The rigid body refinement, simulated annealing and 20 

the search for water molecules were carried out with CNS 1.1. 
The Sigma A-weighted 2Fobs-Fcalc and Fobs-Fcalc Fourier 
maps were calculated using CCP4. The Fourier maps were 
displayed and examined in TURBO-FRO DO. The bistramide 
A model was built and four ca+2 sites as well as ATP molecule 25 

were added in at this stage. The TLS (Translation/Libration/ 
Screw) and bulk solvent parameters, restrained temperature 
factor, and final positional refinement were completed with 
REFMAC5. R-free was monitored by setting aside 5% of the 
reflection as a test set. The hydrogen atoms were included in 30 

the refinement in the riding positions. A Ramachandran plot 
calculated with PROCHECK indicates that 100% of the non­
Gly and non-Pro residues in the final models lie in the most 
favored and additional allowed regions. 361 amino acids 
(residues 4-43, 51-371) are well defined in the electron den- 35 

sity maps. The bistramide A-actin contacts were identified 
using PYMO L. Figures showing the electron density map and 
three-dimensional structures were prepared using TURBO­
FRODO and PYMOL. 

26 
TABLE 3-continued 

Data collection and refinement statistics 

Ca2
+ ions/water 

Wilson B-value (A2
) 

B-factors (A2
) 

Actin 
Bistramide A 
ATP 
Ca2

+ ions/water 
R.m.s. deviation 

Bond length (A) 
Bond angles (0

) 

Bistrarnide A-actin complex 

4/416 
24.3 

21.7 
22.8 
16.6 

21.4/30.6 

0.016 
1.61 

aOne crystal was used for data collection 

Znata in parentheses correspond to two last resolution shells. 

Synthesis of Analogs 

0 

H~OBn 

35 

1. R-BINOL, Ti(OiPr)4, CH2Cl2 

Bu3Sn~ 

83% 

2. KH, BnBr, Bu4NI, THF, 94% 

OBn 

~ 
OBn 

34 

A solutionofR-BINOL (1.02 g, 3.58mmol) inCH2 Cl2 (30 
ml) was treated with 3 A molecular sieves (6.0 g) and Ti(O­
iPr)4 (1.06 ml, 3.58 mmol) and refluxed for 1 h. The resulting 
mixture was cooled to 20° C., treated with 4-benzyloxybu­
tyraldehyde 35 (3.19 g, 17.9 mmol) in 10 ml CH2 Cl2 , cooled 

TABLE3 

Data collection and refinement statistics 

Bistrarnide A-actin complex 

40 further to - 78° C. and treated with allyltributylstannane (6.66 
ml, 21.5 mmol). The reaction mixture was stirredfor3 days at 
-20° C., treated with saturated aqueous solution ofNa2 CO3 

(50 ml) and CH2 Cl2 (50 ml). The stirring continued for 2 h. 
The reaction mixture was filtered. The layers were separated. 

45 

Data Collectiona 

Space Group 
Unit cell dimensions 

a(A) 
b (A) 
c(A) 
a(") 
13(") 
y (") 
Resolution (A/ 
Average I/ab 
Completeness (% / 
Rmergeb 

Redundancyb 
Refinement 

Unique reflectionsb 

~or/(%) 
Rfre:(%) 
No. of atoms 

Actin 
Bistramide A 
ATP 

C2 

60.13 
56.51 

101.65 
90.0 
94.6 
90.0 

50-1.35 (1.45-140, 1.40-1.35) 
27.6 (4.2, 2.6) 
97.5 (95.3, 81.4) 

0.046 (0.296, 0.389) 
3.5 (2.9, 2.2) 

62867 (6845, 6061) 
17.4 (21.0, 25.8) 
20.1 (25.0, 28.1) 

2838 
50 (4 are disordered) 

31 

The aqueous layer was extracted with CH2Cl2 (2x50 ml). 
Combined organic layers were dried with MgSO4, filtered 
and concentrated. The product was purified by flash column 
chromatography on silica gel ( elution with 4: 1 hexane:E-

50 tOAc) followed by bulb-to-bulb distillation to give the 
expected alcohol (2.51 g, 83% yield) in 91 % ee (Mosher ester 
analysis). A portion of this compound (1.10 g, 5 mmol) was 
dissolved in THF (20 ml) at 0° C. and treated with KH (300 
mg, 7.5 mmol), benzyl bromide (1.03 g, 6 mmol) and Bu4NI 

55 (100 mg, 0.27 mmol). The reaction was quenched with satu­
rated aqueous solutionofNH4Cl (20 ml) and CH2 Cl2 (20 ml). 
The layers were separated. The aqueous layer was extracted 
with CH2Cl2 (3x20 ml). Combined organic layers were dried 
with MgSO4, filtered and concentrated. Purification by flash 

60 column chromatography on silica gel (elution with 5:1 hex­
ane:EtOAc) gave alkene 34 (1.47 g, 94% yield). 1H NMR 
(400 MHz, CDC13 ) Ii 1.68-1.97 (m, 4H), 2.46 (m, 2H), 3.54-
3.62 (m, 3H), 4.56-4.71 (m, 4H), 5.16-5.27 (m, 2H), 5.98 (m, 
lH), 7.33-7.49 (m, l0H); 13C NMR (125 MHz, CDC13 ) Ii 

65 25.7, 30.4, 38.3, 70.4, 70.9, 72.8, 78.2, 117.1, 127.5, 127.5, 
127.6, 127.8, 128.2, 128.3, 128.4, 134.9, 138.7, 138.9; MS 
calculatedforO21 H26O2 310.19 (Mt, found311.2 (M+Ht. 
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OBn 

~OBn 

34 

Grubbs Catalyst 

BnO 

44% for 2 steps 
cis:trans 1:4 

26% 
for 2 steps 

28 

0 OBn 

vv~OBn 

0 

37 

36 

!34, Grubbs Catalyst 
53% 

OBn 

OBn 

Dial 33. A sealed tube was charged with dienone 37 (1.02 Enone 37. Alkene 34 (1.0 g, 3.22 nnnol) was dissolved in 
benzene (25 ml) and treated with cyclopropenone acetal ( 452 
mg, 3.22 nnnol) and Grubbs catalyst II (274 mg, 0.32 nnnol). 
The reaction mixture was stirred at 60° C. for 1.5 h, concen­
trated and purified by colunm chromatography ( elution with 
10: 1-5: 1 hexane:EtOAc) to give a mixture of products, which 
was dissolved in CH3CN (25 ml) and treated with IM aque­
ous H2 SO4 (0.1 ml). Upon completion of the reaction, water 
(25 ml) was added and the product was extracted in ether 
(2x25 ml). Combined organic layers were dried with MgSO4 , 

filtered and concentrated. Column chromatography on silica 
gel (elution with 5:1 Hexane:EtOAc) gave dienone 36 (517 
mg, 44% yield for 2 steps, cis:trans 1:4) and dienone 37 (276 
mg, 26% for 2 steps, only trans isomer). 

25 g, 1.57 mmol), Pd(OH)2/C (1.1 g, 20 wt %, 1.57 nnnol), 
EtOAc (25 ml), MeOH (25 ml) and pressurized with H2 to 35 
psi. After 4.5 h, the reaction mixture was filtered, concen­
trated and purified by flash colunm chromatography over 
silica gel (elution with 1:10 MeOH:EtOAc) to give dial 33 

30 
(415 mg, 97% yield). 1H NMR (500 MHz, CDC13 ) ll 1.17-
1.27 (m, 2H), 1.38 (td, 2H, J=14, 5 Hz), 1.50-1.67 (m, 12H), 
1.77 (m, 2H), 1.83 (m, 2H), 2.37 (t, 2H, J=4 Hz), 3.57 (m, 2H), 
3.63 (t, 4H, 1=6 Hz); 13C NMR (125 MHz, CDC13 ) ll 18.8, 

35 29.1, 31.1, 32.8, 35.5, 63.1, 69.3, 96.4; MS calculated for 
C15H28O3 272.20 (Mf, found 307.17 (M+Clf. 

A solution of dienone 36 (517 mg, 1.42 nnnol) in CH2Cl2 

(20 ml) was treated with alkene 34 (616 mg, 1.98 nnnol) and 
Grubbs catalyst II (120 mg, 0.14 nnnol). The reaction mixture 40 

was heated to reflux for 6 h, concentrated and purified by flash 
colunm chromatography over silica gel ( elution with 3: 1 hex­
ane:EtOAc) to give more dienone 37 (490 mg, 53% yield, 
only trans isomer). 1H NMR (400 MHz, CDC13 ) Ii 1.60-1.82 
(m, SH), 2.49 (t, 4H, J=5 Hz), 3.46 (m, 4H), 3.56 (m, 2H, J=4 45 

Hz), 4.49 (s, 4H), 4.52 (q, 4H, J=9 Hz), 6.37 (d, 2H, J=13 Hz), 
6.91 (dt, 2H, J=12, 6 Hz), 7.25-7.36 (m, 20H); 13CNMR (125 
MHz, CDC13 ) ll 25.6, 30.3, 30.8, 37.2, 70.1, 71.1, 72.8, 77.5, 
127.5, 127.6, 127.7, 128.3, 128.3, 130.6, 138.3, 138.4, 143.9, 
188.8; MS calculatedforC43H50O5 647.37 (M)+, found647.3 50 

(M+Ht. 

OBn 0 OBn 

BnO 

37 

OBn 

OH 

33 

H2,Pd(OH)i 

EtOAc,MeOH 
97% 

1. Phtbalimide (0.84 eq.), PPh3 
DIAD, THF,51% 

2. Swem Oxidation 
3. CH3BrPPh3, KHMDS 

5 2% over 2 steps 

OH 

33 
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-continued 

NPht 

10 

15 

31 

20 

Alkene 31. A solution of dial 33 (423 mg, 1.55 mmol) in 
25 

THF (35 ml) was treated with phthalimide (192 mg, 1.3 

mmol), PPh3 (325 mg, 1.24 mmol) and DIAD (0.24 mL, 1.24 

mmol). The reaction mixture was stirred at 20° C. overnight, 

concentrated and purified by colunm chromatography on 
30 

silica gel ( elution with 2: 1 Et2O/Hexane) to give the expected 

N-alkyl phthalimide (0.315 g, 51% yield), which next sub­

jected to Swem oxidation by initial treatment of oxalyl chlo­

ride (0.59 mL of2.0 MinCH2 Cl2 , 1.18mmol) inCH2Cl2 (10 
35 

ml) at -78° C. with DMSO (0.17 mL, 2.35 mmol) in CH2Cl2 

(1 mL). After 5 min, the resulting Swem reagent was treated 

with alcohol prepared in the previous step (0.315 g, 0.785 

mmol).After45 min, triethylamine (0.66 mL, 4.7 mmol) was 
40 added. The reaction was allowed to reach 20° C. and treated 

with water (10 mL). The organic layer was washed sequen­

tially with saturated aqueous solution of NaCl (10 mL ), 1.2 M 

HCI (10 mL), saturated aqueous solution of NaHCO3 (10 
45 mL), andH2O (l0mL), dried withMgSO4 andconcentrated. 

The resulting aldehyde was next treated with the ylide, which 

was prepared from CH3 BrPPh3 (0.214 g, 0.60 mmol) in tolu­
ene (10 ml) and KHMDS (1.2 mL, 0.5 Min to!, 0.60 mmol). 

After 1 h, the reaction was quenched with aqueous solution of 50 

NH4 Cl. The layers were separated and the aqueous layer was 

extracted withEt2O (2x10 mL). The combined organic layers 

were dried with Na2 SO4 , concentrated and purified by flash 

colunm chromatography on silica gel ( elution with 1: 1 Et2O/ 55 

Hexane) to give alkene 31 (161 mg, 52% yield). 1H NMR 

(500 MHz, CDCl3 ) Ii 1.15-1.18 (m, 2H), 1.30-1.41 (m, 2H), 

1.41-1.60 (m, !OH), 1.63-1.72 (m, lH), 1.84-1.93 (m, 3H), 
2.06-2.11 (m, lH), 2.25-2.29 (m, lH), 3.54-3.57 (m, 2H), 60 

3.69-3.81 (m, 2H), 4.90 (m, lH), 5.01 (m, lH), 5.80-5.88 (m, 

lH), 7.71 (dd,2H,J=5,3Hz), 7.84(dd,2H,J=5,3); 13CNMR 

(125 MHz, CDCl3 ); ll 18.8, 25.3, 30.1, 31.4, 33.7, 35.6, 38.3, 

68.5, 68.6, 95.8, 114.3, 123.2, 132.2, 133.8, 139.0, 168.4; MS 
65 

calculated for C24H31NO4 397.23 (Mt, found 398.1 

(M+Ht. 

31 

30 

NHPht 1. MeNH2, iPrOH 

2. DIC, HOBt, DMF 
0 OH 

HOYNITTmoc 
Me 

74% for 2 steps 
Fragment B 

0 OH 

~NHFmoc 
N . 
H ~ 

Me 

45 

Amide 45. A solution of alkene 31 (161 mg, 0.405 mmol) 

in i-PrOH (5 ml) was treated with MeNH2 (2 ml, 40 wt% in 

H2O) at room temperature overnight. The resulting solution 

was concentrated. The residue was partitioned between 1.2 M 

HCI (5 ml) and Et2O (5 ml). The aqueous layer was neutral­

ized with 2 M NaOH to pH 7, extracted with EtOAc (5x20 

mL) and concentrated to give the primary amine. A portion of 

this compound (63 mg, 0.239 mmol) was treated with a solu­

tion of fragment B (87 mg, 0.245 mmol) in DMF (3 ml), DIC 

(0.041 mL, 0.263 mmol), and HOBt (34 mg, 0.252 mmol). 

After 12 h, the reaction mixture was concentrated and purified 

by flash column chromatography on silica gel ( elution with 

100% EtOAc) to give amide 45 (107 mg, 74% yield). 1H 

NMR (400 MHz, CDCl3 ) ll 1.14-1.19 (m, 2H), 1.27 (d, 3H, 

J=7 Hz), 1.35-1.58 (m, 13H), 1.62-1.92 (m, 3H), 2.02-2.11 

(m, lH), 2.27-2.29 (m, 2H), 3.15 (dq, lH, J=6, 5 Hz), 3.26 (t, 

lH, J=6 Hz), 3.28 (t, lH, J=6 Hz), 3.42 (ddd, lH, J=13, 7, 4 

Hz), 3.48-3.50 (m, 2H), 3.64-3.67 (m, lH), 4.21 (t, lH, J=6 

Hz), 4.37-4.43 (m, 2H), 4.96-5.03 (m, 2H), 5.30 (brt, lH, J=5 

Hz), 5.78-5.88 (m, lH), 6.25 (m, lH), 7.30 (t, 2H, J=7 Hz), 

7.40 (t, 2H, J=7 Hz), 7.59 (d, 2H, J=7 Hz), 7.76 (d, 2H, J=7 

Hz); 13C NMR (100 MHz, CDCl3 ) ll 15.7, 18.7, 18.9, 23.3, 

25.7, 30.1, 31.3, 33.5, 35.4, 35.5, 39.5, 42.7, 45.2, 47.2, 66.7, 

68.5, 68.8, 73.5, 95.9, 106.4, 114.4, 120.0, 125.0, 127.0, 

127.7, 138.9, 141.3, 143.8, 156.9, 175.5; MS calculated for 

C36H48N2 O6 (M+) 604.36, found 605.3 (M+Ht. 
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0 OH 

~NHFmoc 
N . 
H i 

Me 

45 

32 

1. Et2NH,DMF 

2. SuO H 

0 H 

DMF 
86% for 2 steps 

FragmentC 

0 OH Me 

~~~,Jyi 
Me O H 0 

Analog 3 

Analog 3. A solution of amide 45 (8 mg, 0.013 mmol) in 
DMF (1 ml) was treated with Et2NH (0.25 mL, 2.4 mmol). 30 

The reaction was stirred for 1 h and concentrated to give 
primary amine, which was dissolved in DMF (1 ml) and 
treated with fragment C (5 mg, 0.015 mmol). The reaction 
was stirred overnight, concentrated and purified by flash col­
unm chromatography on silica gel (elution with 9:1 EtOAc/ 
MeOH) to give analog 3 (8 mg, 86% yield). 1H NMR (400 35 

MHz, CDC13 ) Ii 0.85 (d, 3H, J=5 Hz), 1.26 (d, 3H, J=7 Hz), 
1.09-1.87 (m, 13H), 1.92 (d, 3H, J=5 Hz), 1.97-2.42 (m, 9H), 
2.52 (dt, lH, J=17, 2 Hz), 2.68-2.77 (m, 2H), 2.90 (dd, lH, 

Me 

J=l 7, 9 Hz), 3.21-3.29 (m, 4H), 3.49-3.53 (m, 4H), 3.63-3.66 
(m, lH), 3.72 (t, lH, J=5 Hz), 4.02-4.06 (m, lH), 4.21 (t, lH, 
J=l0 Hz), 4.60 (d, lH, J=4 Hz), 4.94-5.04 (m, 2H), 5.80-5.94 
(m, lH), 6.12 (dd, lH, J=15, 1 Hz), 6.85-6.99 (m, 2H), 7.31 
(brt, 1H,J=5Hz); 13CNMR(l00MHz,CDCl3 )/:l 15.5, 17.1, 
18.5, 18.8, 18.9, 26.0, 26.5, 29.7, 30.1, 30.8, 31.0, 31.3, 31.3, 
32.1, 33.3, 35.5, 39.5, 43.3, 44.7, 45.2, 64.7, 68.5, 68.9, 73.8, 
74.8, 95.8, 114.4, 132.06, 138.9, 144.6, 172.4, 175.5, 199.1; 
MS calculated for C34H56N2 0 7 (M+) 604.42, found 605.3 
(M+Ht. 

0 OH 

~NHFmoc 
N . 
H ~ 

Me 

45 

1. Et2NH,DMF 

2.SuO~OMe 

0 

DMF 
69% for 2 steps 

46 

Analog 6 
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Analog 6. The title compound was prepared in 69% yield 
according to the procedure, which was used for preparation of 
analog 3. 1H NMR (400 MHz, CDC13 ) Ii 1.11-1.18 (m, 2H), 
1.83 ( d, 3H, J=7 Hz), 1.26-1.57 (m, 12H), 1.68-1.92 (m, 3H), 
2.04-2.12 (m, lH), 2.22-2.36 (m, 2H), 2.47 (t, 2H, J=5 Hz), 5 

3.13-3.21 (m, lH), 3.27 (t, lH, J=6 Hz), 3.28 (t, lH, J=6 Hz), 
3.37 (s, 3H), 3.50-3.59 (m, 2H), 3.63 (t, 2H, J=6 Hz), 3.64-
3.67 (m, lH), 4.93-5.04 (m, 2H), 5.80-5.84 (m, lH), 6.42 (br 
s, lH), 6.74 (br s, lH); 13C NMR (100 MHz, CDC13 ) ll 15.6, 
18.7, 18.9, 25.7, 30.1, 31.2, 33.5, 35.4, 35.5, 35.6, 36.8, 39.6, 10 

43.0, 44.1, 58.8, 68.5, 68.5, 68.8, 72.5, 73.4, 95.9, 114.4, 
138.9, 172.5, 175.7; MS calculated for C25H44N2O6 (M+) 
468.3, found 503.1 (M+c1r. 

OBn 

~OTBS 

Me 

38 

OBn OBn 0 

Grubbs Catalyst II 

2. Oxalic acid, Silica gel 
38% over 2 steps 
cis:trans 1 :7 

OBn 

34 
6H), 0.89 (s, 9H), 0.91 (d, 3H, J=14 Hz), 1.11 (d, 3H, J=S Hz), 
1.46-1.81 (m, SH), 2.48 (t, 2H, J=7 Hz), 2.70 (sextet, lH, J=7 
Hz), 3.28 (m, 2H), 3.40, (q, lH, J=5 Hz), 3.52 (m, lH), 3.59 
(t, 2H, 1=6 Hz), 4.49 (s, 2H), 4.52 (d, 4H), 6.33 (d, lH, J=16 
Hz), 6.40 (d, lH, J=16 Hz), 6.92 (m, 2H), 7.26-7.4 (m, 15H); 
13C NMR (100 MHz, CDC13 ) 

Ii □4.9, 15.2, 15.2, 17.4, 17.4, 26.2, 27.6, 29.0, 29.4, 29.5, 
31.7, 31.8, 33.8, 37.5, 37.7, 40.4, 40.4, 63.3, 71.4, 71.5, 72.2, 
73.3, 75.9, 76.0, 78.4, 82.3, 127.7, 127.8, 127.9, 128.1, 128.8, 
128.8, 130.8, 138.7, 138.8, 139.0, 144.3, 150.2, 189.4; MS 
calculated for C45H64O5 Si (Mr=712.45, found 747.3 
(M+c1r. 

0 OBn 

oms 

39 

OBn OBn 

~ 
Me 

Grubbs Catalyst II 
62% 
40 

oms 

-
Me Me 

41 

Dienone 13. A solution of known alkene 38 (12.8 g, 36.8 
mmol) in benzene (280 ml) was trated with cyclopropenone 
acetal (7.72 g, 55.2mmol) and Grubbs catalystII (3.11 g, 3.68 
mmol). The reaction was stirred at 70° C. for 3 h. Solvents 
were evaporated and the mixture was subjected to purification 
by column chromatography on silica gel ( elution with 20: 1 
hexane:EtOAc) to give the product of ring-opening metathe­
sis as a mixture ofE/Z isomers, which was dissolved in 20 ml 
ofCH2 Cl2 and treated for 15 min with a slurry of silica gel (30 
g) in CH2 Cl2 (75 ml) containing a solution of 10% oxalic acid 

45 

50 

55 
in water (3 ml). The silica gel was removed by filtration. The 
filtrate was dried with MgSO4 . The solvents were evaporated. 
The product was purified by colunm chromatography on 
silica gel (elution with 15:1 hexane:EtOAc) to give the 
expected enone 39 (5.65 g, 38% yield, cis:trans 1:7), which 60 

was dissolved in CH2Cl2 and treated with known alkene 40 
(1.47 g, 4.35 mmol) and Grubbs catalyst II (371 mg, 0.435 
mmol) and refluxed for 5 h. The reaction was allowed to stir 
overnight at room temperature. Solvents were evaporated and 
the product was purified by colunm chromatography on silica 65 

gel (elution with 10: 1-7: 1 hexane:EtOAc) to give dienone 41 
(1.91 g, 62% yield). 1H NMR (400 MHz, CDC13 ) Ii 0.04 (s, 

OBn OBn 0 OBn 

~ # oms 

-
Me Me 

41 

H 

oms 

H2, 

Pd(OH)2, 

EtOAc 

66% 

42 

Alcohol 42. A solution of enone 41 (1.91 g, 2.68 mmol) in 
EtOAc (120 ml) was treated with Pd(OH)iC (20% wt, 1.90 
g). The resulting mixture was stirred under a 1 atm. H2 atmo-
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sphere for 2 h and filtered. The product was purified by 
column chromatography ( elution with 100% ethyl acetate) to 
give alcohol 42 (758 mg, 66% yield). 1H NMR (400 MHz, 
CDC13 ) Ii 0.05 (s, 6H), 0.81 ( d, 3H, J=5 Hz), 0.89 (s, 6H), 0.92 
(d, 3H, J=6 Hz), 1.10-1.90 (m, 22H), 3.13 (td, lH, J=2, 10 5 

Hz),3.42(dd, 1H,J=6, 10Hz),3.50(dd, 1H,J=6, l0Hz),3.47 
(m, lH), 3.63 (m, 2H); 13C NMR (100 MHz, CDC13 ) Ii -5.3, 
16.7, 17.9, 18.3, 18.9, 25.9, 27.9, 29.1, 29.2, 29.3, 31.2, 33.5, 
35.0, 35.4, 35.7, 35.9, 63.4, 68.0, 69.2, 74.3, 95.4; MS calcu-
lated for C28H44O4 Si (Mf 428.33, found 463.1 (M+Clf. 10 

H 

oms 

42 

1. Swem Oxidation 
2. CH3BrPPh3, KHMDS 

78% for 2 steps 

H 

15 

20 

25 

36 
H 

oms 

42a 

1. TBAF, THF, 72% 

2. Phthalimide, PPh3 
DIAD, THF, 94% 

H 

32 

NPhth 

Alkene 32. A solution of alkene 42a (397 mg, 0.95 mmol) 
was treated with TBAF (1.0 mL of 1.0 Min THF, 1.0 mmol) 

oms 
30 

in 10 mL of THF. The reaction was stirred for 12 h and 
concentrated. The crude product was purified by column 
chromatography ( elution with 1: 1 Et2 O/Hex) to give the alco­
hol (206 mg, 72% ), which was dissolved in THF (10 ml) and 
treated with phthalimide (111 mg, 0. 75 mmol), PPh3 (200 mg, 

42a 

Alkene 42a. A solution of oxalyl chloride (1.2 mL, 13.9 
mmol) in CH2Cl2 (100 ml) at-78° C. was treated withDMSO 
(2.0mL, 27.6mmol)inCH2Cl2 (10ml). The reaction mixture 
was stirred for 5 min and treated with alcohol 42 (738 mg, 9.3 
mmol).After45 min, triethylamine (7.7 mL, 55.6 mmol) was 
added. The reaction mixture was warmed to room tempera­
ture and treated with water (100 mL ). The organic layer was 
washed sequentially with brine, 1.2 M HCl, saturated 
NaHCO3 , and H2 O (100 mL of each solution). The organic 
layer was dried with MgSO4 and concentrated to give the 
expected aldehyde, which was treated with a solution of ylide, 
which was prepared at 0° C. from CH3BrPPh3 ( 4.06 g, 11.4 
mmol) in toluene (80 ml) and KHMDS (22 mL, 0.5 M in 
toluene, 11.2 mmol). The reaction was quenched with satu­
rated NH4 Cl and the aqueous layer was extracted with Et2O 
(2x100 mL). The combined organic layers were dried with 
Na2 SO4 and concentrated. The residue was purified by col­
umn chromatography ( elution with 1: 1 Et2 O/Hexane) to give 
alkene42a(605mg, 78%yield). 1HNMR(500MHz,CDCl3 ) 

35 
1.24 mmol) and DIAD (0.15 mL, 0.75 mmol). The reaction 
mixture was stirred at room temperature for 12 h and concen­
trated. The residue was purified by column chromatography 
(elution with 2:1 Et2 O/Hexane) to give alkene 32 (282 mg, 
94% yield). 1H NMR (500 MHz, CDC13 ) Ii 0.81 (d, 3H, J=6 
Hz), 0.99 (d, 3H, J=7 Hz), 1.12-1.19 (m, lH), 1.24-1.74 (m, 

40 16H), 1.84 (qt, lH, J=13, 4 Hz), 1.95-2.06 (m, lH), 2.08-2.11 
(m, lH), 3.17 (td, lH, J=l0, 2 Hz), 3.45-3.48 (m, lH), 3.71-
3.75 (m, 2H), 4.88-4.95 (m, 2H), 5.68 (ddd, lH, J=17, 10, 7 
Hz), 7.71 (dd, 2H, J=5, 3 Hz), 7.85 (dd, 2H, J=5, 3 Hz); 13C 
NMR (125 MHz, CDC13 ) ll 18.1, 19.1, 20.1, 25.3, 27.9, 30.7, 

45 31.4, 32.6, 34.0, 35.1, 35.5, 36.1, 37.7, 38.4, 69.1, 74.1, 95.4, 
112.4, 123.2, 132.3, 133.8, 144.8, 168.5; MS calculated for 
C27H37NO4 (Mt 439.28, found 440.2 (M+Ht. 

50 MeOYX~ LiOH,MeOH 

85% 

0 H 0 

~ 
55 43 

Ii 0.06 (s, 6H), 0.83 (d, 3H, J=6 Hz), 0.90 (s, 9H), 0.99 (d, 3H, 60 

J=7 Hz), 1.35-1.91 (m, 19H), 2.13 (apparent sept, lH, J=7 
Hz), 3.14 (td, lH, J=l0, 2 Hz), 3.38-3.44 (m, lH), 3.51-3.64 
(m, 2H), 4.82-4.91 (m, 2H), 5.63 (ddd, lH, J=l 7, 10, 7 Hz); 
13C NMR (100 MHz, CDC13 ) Ii -5.2, 18.0, 19.1, 20.1, 26.0, 
28.0, 29.3, 29.4, 31.4, 32.6, 34.0, 35.2, 35.5, 36.1, 37.7, 63.5, 65 

69.0, 74.4, 95.8, 112.5, 144.6; MS calculatedforC25H48O3 Si 
(Mt 424.35, found 425.2 (M+Ht. 

44 

Carboxylic Acid 44. A solution of known ester 43 (129 mg, 
0.65 mmol) in MeOH (5 ml) was cooled to 0° C. and treated 
with a solution ofLiOH (5 ml, 0.5 Min water) and stirred for 
3 h. The reaction was acidified to pH 2 and extracted in EtOAc 
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(5x10 ml) to give 44 (102 mg, 85% yield). 1H NMR (400 
MHz, CDC13 ) Ii 1.40 (m, 2H), 1.57-1.78 (m, 4H), 2.21 (m, 
lH), 2.38-2.50 (m, 2H), 2.68 (dd, lH, J=9, 15 Hz), 3.85 (m, 
lH), 4.21 (m, lH), 5.02-5.10 (m, 2H), 5.77 (m, lH); 13C 
NMR (100 MHz, CDC13 ) ll 18.1, 28.7, 29.7, 37.4, 39.0, 67.7, 5 
71.7, 117.0, 134.7, 176.2; MS calculated for C100 160 3 (Mt 
184.11, found 207.1 (M+Nat. 

Amide 47. A solution of alkene 32 (282 mg, 0.64 mmol) in 
i-PrOH (10 ml) was treated with MeNH2 (4 ml, 40 wt% in 
H20). The reaction was stirred at room temperature overnight 
and concentrated under reduced pressure. The residue was 
partitioned between 1.2 M HCl (10 ml) and Et20 (10 ml). The 
layers were separated, and the aqueous layer was neutralized 

H 

NPhth 

32 

H 

1. MeNH2, iPrOH 

2. DIC, HOBt, DMF 

0 OH 

~NHFmoc 
HO , 

Me 
Fragment B 

43% for 2 steps 

0 OH 

with 2 M NaOH to pH 7 and extracted with EtOAc (5x20 
mL). The solution was concentrated to give the expected 

10 amine (156 mg, 80% yield). A portion ofthis compound (25 
mg, 0.08 mmol) was treated with a solution of known frag­
ment B (36 mg, 0.10 mmol), DCC (21 mg, 0.10 mmol), HOBt 
(13 mg, 0.10 mmol) in DMF (3 ml). The reaction was stirred 

15 overnight and concentrated. The residue was purified by flash 

column chromatography ( elution with 100% EtOAc) to give 
amide 4 7 (28 mg, 53% yield). 1 H NMR ( 400 MHz, CDC13 ) Ii 
0.80 (d, 3H, J=6 Hz), 0.99 (d, 3H, J=7 Hz), 1.03-1.87 (m, 

~NHFmoc 
N . 

20 
14H), 1.28 (d, 3H, J=5 Hz), 1.93 (dd, lH, J=12, 3 Hz), 
2.16-2.19 (m, lH), 2.23-2.28 (m, lH), 3.12-3.17 (m, 2H), 

3.21-3.35 (m, 2H), 3.40-3.47 (m, 3H), 3.65-3.69 (m, lH), 

4.09-4.15 (m, lH), 4.19 (t, lH, J=7 Hz), 4.31-4.43 (m, 3H), 

4.87-4.96 (m, 2H), 5.29 (br t, lH, J=6 Hz), 5.70 (ddd, lH, 
H i 

Me 

47 

H 

25 
J=17, 10, 7 Hz), 6.17-6.21 (m, lH), 7.31 (t, 2H, J=7 Hz), 7.40 

(t, 2H, J=7 Hz), 7.58 (d, 2H, J=7 Hz), 7.76 (d, 2H, J=7 Hz); 
13C NMR (100 MHz, CDC13 ) ll 15.7, 17.9, 19.2, 20.0, 24.9, 

25.5, 27.8, 30.2, 31.3, 32.6, 33.9, 34.8, 36.1, 37.6, 39.6, 42.7, 
30 47.2, 49.1, 66.7, 69.1, 73.5, 74.3, 95.5, 112.5, 120.0, 125.0, 

127.0, 127.7, 141.3, 143.8, 144.7, 156.9, 175.5; MS calcu­

lated for C39H54N20 6 (Mt 646.41, found 647.3 (M+Ht. 

0 OH 

~NHFmoc 
N . 
H ~ 

Me 

47 

Fragment C 

DMF 
64% for 2 steps 

H 

0 OH M 

~~ H 
N . 
H ~ 

Me O H 0 

Analog 2 
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Analog 2. A solution of amide 47 (3.3 mg, 5.1 µmo!) in 

DMF (250 µ!) was treated with Et3N (70 µ!). The reaction 

mixture was stirred for 1 h at 20° C. and concentrated. The 

resulting amine was dissolved in DMF (400 µ!) and treated 
5 

with fragment C ( 4 mg, 11.8 µmo!) overnight. Solvent was 

removed under reduced pressure. The residue was purified by 

colunm chromatography (elution with 20:1 EtOAc:MeOH) 

to give analog 2 (2.1 mg, 64% yield). 1H NMR (400 MHz, 
10 

CDCl3 ) Ii 0.81 (Ii, 3H, J=6 Hz), 0.86 (d, 3H, J=7 Hz), 0.99 (d, 

3H, J=7 Hz), 1.15-2.05 (m), 1.26 (d, 3H, J=7 Hz), 1.92 (dd, 

3H, J=2, 7 Hz), 2.12 (m, 2H), 2.38 (m, lH), 2.52 (dd, lH, J=3, 

17Hz),2.76(dd, 1H,J=12, 15Hz),2.90(dd, 1H,J=9, 17Hz), 

3.13 (m, lH), 3.19-3.15 (m, 3H), 3.4-3.57 (m, 2H), 3.74 (m, 15 

lH), 4.06 (dd, lH, J=5, 12 Hz), 4.19 (t, lH, J=9 Hz), 4.80-4.99 

(m, 2H), 5.70 (ddd, lH, J=7, 10, 17 Hz), 6.12 (dd, lH, J=2, 16 

Hz), 6.90 (m, lH), 6.95 (br s, lH), 7.31 (br s, lH). 13C NMR 

(100 MHz, CDCl3 ) ll 15.5, 17.1, 17.9, 18.3, 19.1, 20.0, 25.7, 20 

26.4, 27.8, 29.6, 30.4, 30.7, 31.3, 32.1, 32.5, 33.2, 33.9, 34.7, 

35.4, 36.0, 37.6, 39.5, 43.1, 44.6, 45.2, 64.6, 69.0, 73.3, 74.2, 

74.7, 95.3, 112.4, 132.0, 144.5, 144.7, 175.1, 198.8; MS 

calculated for (Mt 646.46, found 647.3 (M+Ht. 

H 

0 OH 

~NHFmoc 
N . 
H ~ 

Me 

47 

H 

Analog4 

40 
Analog 4. A solution of amide 47 (26 mg, 0.04 mmol) in 

DMF (1 ml) was treated with Et2NH (0.04 mL, 0.4 mmol). 
The reaction mixture was stirred for 30 min and concentrated. 
The resulting amine was dissolved in 1 mL of DMF and 
treated with a solutionofacid44 (13 mg, 0.07 mmol), DIPEA 
(9 µL, 0.05 mmol) and pyBOP (33 mg, 0.06 mmol) in 0.5 mL 
of DMF. The reaction was stirred at 20° C. for 45 min and 
concentrated. The residue was purified by colunm chroma­
tography (elution with 95:5 CH2 Cl2/MeOH) to give analog 4 
(15 mg, 64% yield). 1H NMR (400 MHz, CDCl3 ) Ii 0.81 (d, 
3H, J=6 Hz), 0.99 (d, 3H, J=7 Hz), 1.09-1.85 (m, 25H), 1.26 
(d, 3H, J=7 Hz), 2.12 (quintet, lH, J=7 Hz), 2.15-2.24 (m, 
2H), 2.32 (qd, lH, J=4, 3 Hz), 2.55-2.62 (m, 2H), 3.08-3.18 
(m, 2H), 3.23-3.33 (m, 2H), 3.41-3.47 (m, lH), 3.47-3.56 
(ddd, lH, J=14, 7, 5 Hz), 3.59-3.64 (m, lH), 3.85-3.92 (m, 
lH), 4.01-4.06 (m, lH), 4.50 (br s, lH), 4.90-4.97 (m, 2H), 
5.07-5.11 (m, 2H), 5.68-5.84 (m, 2H), 6.53 (brt, lH, J=5 Hz), 
7.12 (brt, lH, J=5 Hz); 13C NMR (100 MHz, CDCl3 ) ll 15.6, 
18.0, 18.1, 19.1, 20.1, 25.7, 27.8, 28.8, 30.3, 31.3, 32.6, 33.9, 
34.8, 35.4, 36.1, 36.9, 37.7, 39.6, 41.0, 43.1, 44.1, 67.6, 69.1, 
71.6, 73.9, 74.3, 95.5, 112.5, 117.2, 135.2, 144.7, 172.5, 
175.3, 203.2; MS calculated for C34H58N2 0 6 (Mt 590.43, 
found 625.2 (M+Clt. 

44 

DMF, DIPEA, Py BOP, 
64% for 2 steps 
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H 

0 OH 

~NHFmoc 
N . 
H ~ 

Me 

47 

H 

Analog 5 

1. Et2NH,DMF 

2.SuO~OMe 

0 

46 

DMF 
50% for 2 steps 

42 

Analog 7. The title compound was prepared according to 
the procedures used for preparation of amide 22 and analog 2. 
1H NMR (400 MHz, CDC13 ) Ii 0.82 (d, 3H, 1=7 Hz), 0.99 (d, 
3H, 1=7 Hz), 1.15-1.87 (m, 26H), 1.98 (s, 3H), 2.12 (quintet, 
lH, 1=7 Hz), 3.16 (td, lH, 1=2, 10 Hz), 3.28 (m, 2H), 3.44 (br 
s, lH), 4.89-4.97 (m, 2H), 5.66 (br s, lH), 5.70 (m, lH). 13C 
NMR (100 MHz, CDC13 ) ll 18.1, 19.3, 20.2, 23.5, 25.8, 27.9, 
30.5, 31.4, 32.7, 34.1, 35.0, 35.6, 36.3, 37.8, 40.2, 69.3; 74.5, 
95.7, 112.6, 144.9, 170.2; MS calculated for C21H37NO3 

(Mt 351.28, found 352.3 (M+Ht 

Me 

Analog 5. The title compound was prepared in 50% yield 
for 2 steps according to the protocol described above for the 
preparation of analog 2. 1 H NMR ( 400 MHz, CDC13 ) Ii 0.82 30 

(d, 3H, 1=6 Hz), 0.99 (d, 3H, 1=7 Hz), 1.11-1.1.63 (m, 21H), 
1.27 (d, 3H, 1=7 Hz), 2.08-2.11 (m, lH), 2.29-2.34 (m, lH), 
2.47 (t, 2H, 1=6 Hz), 3.13-3.17 (m, 2H), 3.29-3.32 (m, 2H), 
3.37 (s, 3H), 3.40-3.46 (m, lH), 3.56 (ddd, lH, 1=13, 7, 4 Hz), 
3.63 (t, 2H, 1=6 Hz), 3.65-3.67 (m, lH), 4.90-4.97 (m, 2H), 

35 
5.68 (ddd, lH, 1=17, 10, 7 Hz), 6.34-6.37 (m, lH), 6.66-6.69 
(m, lH); 13C NMR (100 MHz, CDC13 ) Ii 15.6, 18.0, 19.2, 
20.1, 25.5, 27.8, 30.3, 31.3, 32.7, 33.9, 34.8, 35.4, 36.1, 36.8, 
37.7, 39.7, 42.9, 44.1, 58.9, 68.5, 69.1, 73.4, 74.3, 95.5, 112.5, 
144.7, 172.5, 175.7; MS calculated for C28H50N2O6 (Mt 
510.37, found 511.2 (M+Ht. 

H 
40~ 

Me NH2 

1. PyBOP, DIPEA, DMF 

0 OH 

~NHFmoc 

NPhth 

32 
H 

1. MeNH2, iPrOH 

0 
45 

)l 
Me OSu 

48 

2.DMF 50 

6% for 2 steps 

0 

49 
HO . 

Me 
FragmentB 

Me O 29%Y6'l1f 

~~NHFmoc 
Me N . 

H ~ 

Me 
50 

)l 55 

N Me 

Amide 50. A solution of fragment B (227 mg, 0.64 mmol) 
in DMF (6 ml) was treated sequentially with (i-Pr)2NEt (0.22 
mL, 1.28 mmol), pyBOP (0.338 g, 0.65 mmol) and amine 49 
(0.074 g, 0.64 mmol). The reaction was stirred at 20° C. for 2 
h, concentrated and purified by flash colunm chromatography 

H 

Analog 7 

60 on silica gel (elution with Et2O) to give 50 (85 mg, 29% 
yield). 1H NMR (500 MHz, CDC13 ) Ii 0.85 (d, 6H, 1=7 Hz), 
1.18 (m, 2H), 1.30 (m, 5H), 1.48 (m, 3H), 2.27 (m, lH), 3.18 
(m, lH), 3.24 (m, 2H), 3.41 (m, lH), 3.66 (m, lH), 4.20 (m, 
lH), 4.27 (d, lH, 1=6 Hz), 4.40 (m, 2H), 5.25 (br s, lH), 6.02 

65 (br s, lH), 7.32 (t, 2H, 1=7 Hz), 7.40 (t, 2H, 1=7 Hz), 7.59 (d, 
2H, 1=7 Hz), 7.76 (d, 2H, 1=7 Hz); 13C NMR (100 MHz, 
CDC13 ) ll 15.8, 22.5, 24.6, 27.8, 29.7, 38.5, 39.4, 42.6, 45.2, 
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47.2, 66.7, 73.6, 120.0, 125.0, 127.0, 127.7, 141.3, 143.8, 
157.0, 171.7; MS calculated for C27H36N20 4 (Mt 452.28, 
found 453.3 (M+Ht. 

Me O OH 

~~NHFmoc 
Me N . 

H ' 
-
Me 

50 

44 
6H, J=7 Hz), 1.19 (m, 2H), 1.27 (d, 3H, J=7 Hz), 1.28 (m, 2H), 
1.50 (m, 3H), 2.31 (qd, lH, J=7, 4 Hz), 2.47 (t, 2H, J=6 Hz), 
3.17 (ddd, lH, J=14, 7, 5 Hz), 3.37 (s, 3H), 3.55 (ddd, lH, 

2.SuO~OMe 

0 

46 

DMF 
57% for 2 steps 

Me O OH M,~~Yij~OM, 
Me 0 

Analog 8 

Analog 8. Amide 50 (0.045 g, 0.099 mmol) was dissolved 
in DMF (2 ml) and treated with Et2NH (1.6 mL, 16 mmol). 
The reaction mixture was stirred for 1 hand concentrated. The 
residue was dissolved in DMF (2 mL) and treated with suc­
cinimide46 (0.033 g, 0.16mmol).After 12h, the mixture was 
concentrated and purified by flash colunm chromatography 

H 

OH 

Bistramide A (1) 

~N3 

51 

Grubbs Catalyst II 
63% 

on silica gel (elution with 9:1 EtOAc:MeOH) to give analog 
8 (18mg, 57%yield). 1HNMR(500MHz, CDC13 ) Ii 0.86 (d, 

25 

J=14, 7, 5 Hz), 3.63 (t, 2H, J=6 Hz), 4.44 (d, lH, J=6 Hz), 6.20 

(br s, lH), 6.62 (br s, lH); 13C NMR (125 MHz, CDC13 ) Ii 

15.7, 22.5, 24.6, 29.7, 37.0, 38.5, 39.4, 43.0, 44.1, 58.9, 68.5, 

30 73.6, 172.5, 175.4; MS calculated for C16H32N20 4 (Mt 

316.24, found 317.2 (M+Ht. 

H 

65 

52 

Azide 52. A solution ofbistramideA (1) (8.3 mg, 11.7 µM) 
in CH2 Cl2 was treated with azide 51 (1.9 mg, 11.7 µM) and 
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Grubbs catalyst II (2 mg, 2.3 µM). The reaction mixture was 
heated at reflux for 1 h, concentrated and purified by flash 
colunm chromatography on silica gel ( elution with 30: 1-20: 1 
EtOAc:MeOH) to give azide 52 ( 4 mg, 63% based on recov­
ered starting material). 1 H NMR ( 500 MHz, CDCl3 ) Ii 0.80 ( d, 5 

3H, J=6 Hz), 0.86 (d, 3H, J=7 Hz), 0.94 (d, 3H, J=7 Hz), 

H 

[Cu(CH3CN)4]PF6, TBTA 
t-BuOH-H20 

52% 

N 
H 

\ 

~o 
HN 

53 

52 

H 

60 

46 
MHz, CDCl3 ) ll 11.7, 15.3, 17.1, 17.9, 19.1, 20.9, 21.6, 25.8, 
26.4, 26.5, 27.8, 28.7, 28.8, 29.0, 29.6, 30.3, 30.7, 31.2, 31.7, 
32.1, 32.5, 33.3, 33.4, 34.0, 34.8, 35.4, 36.0, 39.4, 43.2, 44.7, 
45.2, 51.3, 64.5, 69.0, 73.2, 73.9, 74.1, 74.8, 95.3, 130.4, 
131.3, 133.0 137.1, 149.1, 174.0, 175.0); MS calculated for 
C46H79N5 0 8 (Mr 829.59, found 864.3 (M+c1r. 

OH 

HN~O 

0 

Analog 9 

f 
~N...__ /N 

B 
/\ 

F F 

HN 

BODIPY-Bistramide Conjugate, Analog 9. The BODIPY­
alkyne conjugate 53 was prepared in 90% yield by treatment 
of l-amino-9-decyne (6.3 mg, 41 µmo!) with BODIPY 650-
665 (2 mg, 3 .1 µmo!, N-hydroxysuccinimide ester from Invit-

1.10-1.98 (m, 44H), 2.13 (d, lH, J=15 Hz), 2.22 (q, 2H, J=7 
Hz), 2.36 (m, 2H), 2.55 (dd, lH, J=3, 17 Hz), 2.76 (dd, lH, 
J=12, 15Hz),2.90(dd, 1H,J=9, 17Hz),3.14(t, 1H),3.26(m, 
4H), 3.44 (brt, lH), 3.50 (m, lH), 3.71 (quintet, lH, J=5 Hz), 
4.05 (dd, lH, J=5, 11 Hz), 4.19 (br m, 2H), 4.65 (d, lH, J=5 
Hz), 5.18 (d, lH, J=9 Hz), 6.08 (d, lH, J=16 Hz), 6.87 (dt, lH, 
J=7, 16 Hz), 6.98 (br t, lH), 7.38 (br t, lH); 13C NMR (125 

65 rogen) in DMF (0.5 ml), following removal of solvent in 
vacuo and purification by flash colunm chromatography on 
silica gel ( elution with 20: 1 ). Alkyne 53 (1.9 mg) was treated 
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withazide 52 (2.3 mg, 2.7 µmo!), [Cu(CH3CN)4 ]PF 6 (0.1 mg, 
0.26 µmo!) and TBTA (0.2 mg, 0.37 µmo!) in 2: 1 t-BuOH­
H2O (1.2 ml). The resulting mixture was stirred for 60 h, 
concentrated and purified by flash colunm chromatography 

48 

on silica gel (elution with 12:1-8:1 EtOAc:MeOH) to give 5 

BODIPY-bistramide conjugate analog 9 (2.2 mg, 52% yield). 

raphy ( elution with 15: 1-9: 1 hexane-EtOAc) gave enone 55 
(103.7 mg, 61%yield). 1HNMR (500MHz, CDCl3 ); Ii 0.45 
(s, 6H), 0.82 (d, 3H, J=6.5 Hz), 0.88 (s, 9H), 1.33 (d, 3H, J=7 
Hz), 1.20-1.58 (m, 19H), 1.75 (s, 3H), 1.72-1.90 (m, 3H), 
2.29 (s, 3H), 2.55 (m, lH), 3.11 (td, lH, J=2, 10 Hz), 3.47 (m, 
lH), 3.64 (ddt, 2H, J=6, 10, 17 Hz), 6.37 (d, lH, J=l0 Hz); 
13C NMR (100 MHz, CDCl3 ); Ii -5.0, 11.4, 18.5, 18.8, 19.5, 
20.5, 25.9, 26.4, 28.4, 29.7, 29.8, 31.8, 33.4, 34.1, 34.6, 35.5, 
35.9, 36.5, 63.8, 69.2, 74.9, 95.8, 136.7, 149.7, 200.6. 

1H NMR (500 MHz, CDCl3 ) selected peaks, Ii 0.80 (d, 3H, 
J=7 Hz), 0.86 (d, 3H, J=7 Hz), 0.94 (d, 3H, J=7 Hz), 2.12 (m, 
2H), 2.20 (m, 2H), 2.37 (m, 4H), 2.54 (dt, 2H, J=17, 2 Hz), 
2.64 (d, lH, J=l0 Hz), 2.69 (q, 2H, J=7 Hz), 2.75 (m, lH), 10 

2.90 (qd, lH, J=9, 3 Hz), 3.11-3.23 (m, 3H), 3.27 (m, 2H), 
3.35 (q, lH, J=7 Hz), 3.43 (m, lH), 3.50 (m, lH), 3.70 (br s, 
lH), 4.05 (dd, lH, J=7, 3 Hz), 4.19 (q, 2H, J=6 Hz), 4.30 (q, 
2H, J=7 Hz), 4.53 (s, lH), 4.67 (br s, lH), 5.18 (d, lH, 10 Hz), 
5.51 (br s, lH), 6.07 (d, lH, J=16 Hz), 6.39 (br m, lH), 6.60 15 

(br t, lH), 6.85 (m, lH), 6.87 (t, lH, J=5 Hz), 6.90-7.04 
(various peaks, 3H), 7.21 (d, lH, J=6 Hz), 7.38 (brt, 2H), 7.58 

H 

(d, lH, J=9 Hz), 8.16 (s, lH); MS calculated for 
C35H125BF2N10O11 (Mr 1510.96, found 1509.3 (M-Hr. 

H 

42 

1. Swern Oxidation 
86% 

OTBS 2. Ba(OH)2•8H2O, THF, H2O 

0 

MeylMe 

61% 

H 

PO(OEt)i 

54 

0 

55 

OTBS 

Me 

Enone 55. To a solution of oxalyl chloride (33.3 µ!, 0.38 
mmol) in CH2Cl2 (3 ml) at - 78° C. was added DMSO (29.2 
µ!, 0 .41 mmol ). The reaction mixture was stirred for 5 min and 
treated with alcohol 42 (135.8 mg, 0.32 mmol). After 45 min, 
triethylamine (158.6 µ!, 1.14 mmol) was added. The reaction 
was allowed to warm up to room temperature and Et2O (20 
ml) was added. Precipitate was filtered off and the solvent 
evaporated. Flash column chromatography ( elution with 9: 1-
6: 1 hexane-EtOAc) gave the aldehyde (116.2 mg, 86% yield). 
Ba(OH)2.8H2O (560.8 mg, 1.77 mmol) was heated at 125° C. 
under vacuum for 2 h and cooled to room temperature and 
suspended in THF (2.5 ml). The phosphonate 54 (221.8 mg, 
1.06 mmol) was added and stirred for 10 minutes followed by 
the addition of a solution of the aldehyde (151.7 mg, 0.35 
mmol) in THF (2.5 ml) and H2O (0.15 ml). The reaction was 
stirred for 1.5 h followed by addition of CH2Cl2 (5 ml) and 
saturated NaHCO3 (5 ml). The aqueous layer was extracted 
with CH2Cl2 (3x5 ml). The organic layers were combined, 
dried with MgSO4 , evaporated and flash colunm chromatog-

20 

25 

30 

35 

40 

45 

OTBS 

55 

Toluene, 100% 

2. HF-Pyridine, THF, 
Pyridine, 94% 

H 

OH 

56 

OH 

Dial 56. To a solution of the enone 55 (15.5 mg, 0.032 
mmol) and (R)-2-methyl-CBS-oxazoborolidine (1 Min tolu­
ene, 35 µ!, 0.035 mmol) in toluene (0.5 ml) was added cat­
echolborane and stirred overnight at - 78° C. The reaction was 

50 quenched with MeOH (100 µ!). EtOAc (5 ml) was added and 
the organic layers were washed with satd. NaHCO3 solution. 
The organic layers were dried with MgSO4 , evaporated and 
flash column chromatography over silica gel ( elution with 6: 1 
Hexane-EtOAc) gave the desired product (15.5 mg, 100% 

55 yield). 
The product obtained above (375.1 mg, 0.77 mmol) was 

dissolved in THF (25 ml) and treated with pyridine ( 4 ml) and 
HF-pyridine (1 ml). The reaction was stirred at room tem­
perature for 18 hand quenched by adding Et2O (50 ml) and 
satd. NaHCO3 (50 ml). The aqueous layer was further 

60 extracted with Et2O (30 mlx3). The organic layers were com­
bined, dried with MgSO4 , evaporated and flash colunm chro­
matography over silica gel (elution with 2:1-1:1 Hexane­
EtOAc) gave dial 56 (269.2 mg, 94% yield). 1H NMR (500 
MHz, CDCl3 ); Ii 0.81 (d, 3H, J=6.5 Hz), 0.92 (d, 3H, J=6.5 

65 Hz), 1.12 (m, lH), 1.22 (d, 3H, J=6 Hz), 1.25-1.82 (m, 20H), 
1.60 (s, 3H), 2.02 (s, lH), 2.32 (m, lH), 3.18 (td, lH, J=2.5, 
10 Hz), 3.44 (m, lH), 3.64 (m, 2H), 4.17 (q, lH, J=6.5 Hz), 
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primary alcohol (229 mg, 76% yield based on recovered 
starting material), which was used in the next step. 

To a solution of the tosylate (277.7 mg, 0.53 mmol) 
obtained above in DMF (10 ml) was added potassium phthal-

5.14 (d, lH, J=l0 Hz); 13C NMR (100 MHz, CDC13 ); Ii 11.6, 
18.0, 19.1, 21.1, 21.7, 27.8, 28.6, 29.6, 31.3, 31.9, 33.5, 34.1, 
34.5, 35.3, 36.2, 63.2, 69.2, 73.5, 74.6, 95.8, 131.5, 137.2. MS 
calculated for C22H40O4 (Mt 368.29, found 351.2 
(M-H2O+Ht. 5 imide (295 .6 mg, 1.60 mmol) and the reaction was stirred at 

50° C. for 90 minutes. The solvent was then removed by 
bulb-to-bulb distillation and flash colunm chromatography 
( elution with 3: 1-1: 1 hexane-EtOAc) afforded product 6 (265 
mg, 100% ). The 1 Hand 13C NMRs were found to be identical 

H 10 to previously reported data. 

OH 

OH 

56 

1. TsCl, Pyridine, CH2Cl2 
76% 

2. 0 

CC? 
0 

DMF, 50 C., 100% 

H 

Me 

OH 
Fragment A 

15 

20 

25 

NPht 
30 

35 

40 

FragmentA (6). To a solutionofthediol 56 (269.2 mg, 0.73 
mmol) in CH2 Cl2 , was added tosyl chloride (153.3 mg, 0.80 
mmol) and pyridine (178.7 µl, 0.22 mmol) and stirred over­
night. Reaction did not show complete consumption of the 45 

starting material and was subjected additional tosyl chloride 
(77 mg, 0.40 mmol) and stirred for 1 h. The solvents were then 
evaporated and flash colunm chromatography over silica gel 
(elution with 3: 1-1:1 hexane-EtOAc) gave the tosylate of the 

H 

0 OH 

H 

NPht 

OH 
Fragment A 

H 

OH 

1. MeNH2, MeOH 

2. DIC, HOBt, DMF 

0 OH 

~NHFmoc 
HO , 

Me 
Fragment B 

79% for 2 steps 

0 OH 

~NHFmoc 
N . 
H § 

Me 

29 

Amide 29 Amide 29 was synthesized by the method pre­
viously reported by our lab. The 1 H and 13C NMRs were 
found to be identical to previously reported data. 

~NHFmoc 
N . 

1. Et2NH, DMF 

2_SuO~OMe 

H ~ 
Me 

Me 

OH 

29 

0 

46 
DMF 
69% for 2 steps 



US 8,350,062 B2 
51 

-continued 
H 

Analog 10. The title compound was prepared in 69% yield 
for 2 steps according to the protocol described above for the 20 

preparation of analog 2. 1H NMR (500 MHz, CDCl3 ); Ii 0.81 
(d, 3H, J=7 Hz), 0.94 (d, 3H, J=6 Hz), 1.26 (d, 3H, J=6 Hz), 
1.27 (d, 3H, J=7 Hz), 1.09-1.87 (m, 18H), 1.61 (s, 3H), 2.31 
(m, 2H), 2.46 (t, 2H, 1=6 Hz), 3.16 (m, 2H), 3.29 (q, 2H, J=6 
Hz), 3.36 (s, 3H), 3.44 (m, lH), 3.54 (m, lH), 3.64 (t, 2H, J=5 25 

Hz), 3.67 (m, lH), 4.18 (q, lH, J=6 Hz), 5.18 (d, lH, J=9 Hz), 
6.35 (brt, lH), 6.69 (brt, lH); 13C NMR (100 MHz, CDCl3 ); 

Ii 11.8, 15.6, 17.9, 19.1, 20.8, 21.7, 25.5, 27.7, 30.1, 31.2, 
31.7, 33.4, 34.0, 34.7, 35.3, 36.0, 36.8, 39.4, 43.0, 44.0, 58.7, 
68.4, 69.1, 73.1, 73.3, 74.1, 95.4, 131.1, 137.1, 172.3, 175.5; 30 

MS calculated for C31H56N2 0 7 (Mt 568.41, found 603.3 
(M+Clt. 
Biochemical Characterization of Synthetic Analogs. 

Cell Viability Assays. All assays were performed using at 
least three replicate wells for each concentration tested. 35 
Original 10-25 mM DMSO stock solution ofbistramideA or 
its analogs was diluted to 100 µM for analogs 4-8, 10 µM for 
analog 3, 5 µM for analog 2 and 1 µM for bistramide A (1) 
with F-12K cell culture media supplemented with 10% fetal 
bovine serum, 100 I.U./ml penicillin, 100 µg/ml streptomycin 
and 2 mM L-glutamine. Two-fold serial dilutions were per- 40 

formed and used for cell-based assays. A549 cells were 
grown in 96-well white plates at the density ofl,000 cells per 
well in 100 µI F-12K cell culture media. Cells were allowed to 
attach over 24 hand treated with 30 µI of the drug solution and 
incubated further for 48 h. After incubation, cell viability was 45 

determined using luminescence-based commercial kit (Cell­
Titer-Glo, Promega) and luminescence measured using a 
Wallac Victor 3 plate reader. To measure cell growth inhibi­
tion, viability assays were performed twice: at initial time 
point T0 and after 48 h incubation (T48). Change in the num- 50 

ber of viable cells was measured, and GI50 was calculated 
from sigmoidal plots. For analog 10, growth ofA549 and PC3 
cells was monitored over 96 h following addition of the drug. 
100 µM was the highest concentration tested. At no point did 
the total DMSO cone. exceed 1 %. 

55 
Isothermal Titration Calorimetry. A solution of rabbit skel­

etal muscle actin (5-10 µM) was titrated with bistramideA or 
its analog (50-100 µM) at 25° C. in buffer containing 2 mM 
Tris HCI, pH 8.0, 0.2 mM CaCl2 , 0.01 % NaN 3, 0.2 mMATP, 
0.2 mM 2-mercaptoethanol. Dissociation constants were cal­
culated from the binding curve using Origin analytical soft- 60 

ware (OriginLab) with the binding model involving a single 
set of identical sites 

52 

0 OH 

~~~~OMe 
Me 0 

OH 

Analog 10 

(6 µI volume) was washed with 0.25 mg/ml neutravidin in 
F-buffer (50 mM KC!, 1 mM MgCl2 , 1 mM EGTA, 10 mM 
imidiazole, 2 mM ATP, 0.2 mM 2-mercaptoethanol, 2 min) 
and blocked with 1 mg/ml BSA in F-buffer (2 min). Ten 
microliters of200 nM Mg2+-F-actin (10% biotinylated, 25% 
labeled with maleimide-6-tetramethylrhodamine) in TIRF­
buffer (50 mM KC!, 1 mM MgCl2 , 1 mM EGTA, 10 mM 
imidiazole, 2 mM ATP, 4.5 mg/ml glucose, 0.5% 2-mercap-
toethanol, 4.3 mg/ml glucose oxidase, 0.7 mg/ml catalase) 
was added to the flowcell and incubated for 2 min. The cham­
ber was rinsed with TIRF-buffer and imaged. Compounds 
were freshly diluted from their DMSO stock solutions in 
TIRF-buffer and were added to the chamber immediately 
after the start of each experiment. Images were collected at 
0.2-s exposures every 3 s for 200 frames. For kinetics studies, 
movies of suitable length were obtained for each of the analog 
concentrations. Analysis was performed using ImageJ. 

Fluorescent Visualization Of F-Actin In Cells. A549 cells 
grown on coverslips were incubated with analogs 4-8 (100 
µM) analog 3 (2 µM) or analog 2 (500 nM) or bistramide A 
(150 nM) in F-12K cell culture medium for 2 h, fixed with 3% 
formaldehyde in PBS at 25° C. for 5 min and permeabilized 
with 0.1 % Triton X-100 at 25° C. for 10 min. After washing 
with PBS, coverslips were stained with Alexa Fluor 488 Phal-
loidin and visualized by fluorescence microscopy. 

Interaction Of Bistramide-Based Compounds With Actin 
By MALDI-TOF. A 1:1 actin-drug complex was incubated 
for 30 min in 2 mM Tris-HCI, pH 8.0, 0.2 mM CaCl2 , 0.01 % 
NaN 3, 0.2 mM ATP, 1 mM 2-mercaptoethanol, diluted with 
deionized water to 26 µMand mixed with an equal volume of 
a solution of 10 mg/ml sinapinic acid in 50% CH3CN-0.1 % 
TFA. MALDI spectra were obtained on a Voyager-DE PRO 
biospectrometry workstation. 

Fluorescence Visualization Of Covalent Modification Of 
Actin In Cells. A549 cells were incubated with 5 M BODIPY­
bistramide conjugate (9) in cell culture media (F-12K, 20 ml) 
for 3 h. Cells were trypsinised, counted (1.6xl07 cells), cen­
trifuged, washed with PBS (2x2 ml) and treated with 200 µI of 
lysis buffer (50 mM Pipes, pH 6.9, 50 mM NaCl, 5 mM 
MgCl2 , 5 mM EGTA, 5% glycerol, 10% protease inhibitor 
mixture, 0.1% Nonidet P-40, 0.1% Triton X-100, 0.1% 
Tween-20, 0.1 % 2-mercaptoethanol, 0.001 % Antifoam C). 
The cell suspension was sonicated for 30 sand incubated over 
ice for 1 h. Cellular debris were removed by centrifugation. 
Gel electrophoresis of the supernatant followed by imaging 
on a Bio-Rad Molecular Imager FX-PRO PLUS identified the 
fluorescently labeled protein bands ( excitation and emission 
wavelengths were 635 and 695 nm, respectively). 

Total Internal Reflection Fluorescence Microscopy. Actin 
filament severing was studied using a custom-built total inter­
nal reflection fluorescence microscope. Images were col­
lected with a 1 00x, 1.45 NA objective (Olympus) and an 
EMCCD camera (iXon, Andor Technologies). Glass flow cell 

65 Inhibition of Tumor Growth by Analog 10 
A population of 22 nude athymic mice was injected sub­

cutaneously withA549 cells (107 cells in 100 µI PBS each). A 
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odology is the same except that the assay is terminated by 
fixing settled cells at the bottom of the wells by gently adding 
50 µl of80% TCA (final concentration, 16% TCA). Using the 
absorbance measurements [time zero, (Tz), control growth, 

subpopulation of 12 mice was injected with analog 10 in 1 % 
DMSO at 20 mg/kg on the 3rd

, 5th and 7th day following 
treatment with A549 cells. A control population of 10 mice 
was injected with 1 % DMSO. Tumor growth was measured 
over 5 weeks. 5 (C), and test growth in the presence of drug (Ti)], the percent­

age growth is calculated. While the present disclosure has been described with ref­
erence to certain embodiments, other features may be 
included without departing from the spirit and scope of the 
present invention. It is therefore intended that the foregoing 
detailed description be regarded as illustrative rather than 10 

limiting, and that it be understood that it is the following 
claims, including all equivalents, that are intended to define 
the spirit and scope of this invention. 
In Vitro Cell Line Screening 

Analog 10 was screened utilizing 60 different human 15 
tumor cell lines, representing leukemia, melanoma and can­
cers of the lung, colon, brain, ovary, breast, prostate, and 
kidney in order to show selective growth inhibition or cell 
killing of particular tumor cell lines. This screen is unique in 
that the complexity of a 60 cell line dose response produced 

20 by a given compound results in a biological response pattern 
which can be utilized in pattern recognition algorithms 
(COMPARE program. See: http://dtp.nci.nih.gov/docs/com­
pare/compare.html). Using these algorithms, it is possible to 
assign a putative mechanism of action to a test compound, or 
to determine that the response pattern is unique and not simi- 25 

lar to that of any of the standard prototype compounds 
included in the NCI database. In addition, following charac­
terization of various cellular molecular targets in the 60 cell 
lines, it may be possible to select compounds most likely to 
interact with a specific molecular target. 30 

The screening is a two-stage process, beginning with the 
evaluation of the compound against the 60 cell lines at a single 
dose of 10 uM. The output from the single dose screen is 
reported in Table 4. Since this compound showed significant 
growth inhibition it will be evaluated against the 60 cell panel 35 
at five concentration levels. 

The human tumor cell lines of the cancer screening panel 
are grown in RPMI 1640 medium containing 5% fetal bovine 
seruni and 2 mM L-glutamine. For a typical screening experi­
ment, cells are inoculated into 96 well microtiter plates in 100 
µL at plating densities ranging from 5,000 to 40,000 cells/ 40 

well depending on the doubling time of individual cell lines. 
After cell inoculation, the microtiter plates are incubated at 
37° C., 5% CO2, 95% air and 100% relative humidity for 24 
h prior to addition of experimental drug. 

After 24 h, two plates of each cell line are fixed in situ with 45 

TCA, to represent a measurement of the cell population for 
each cell line at the time of drug addition (Tz). Experimental 
drugs are solubilized in dimethyl sulfoxide at 400-fold the 
desired final maximum test concentration and stored frozen 
prior to use. At the time of drug addition, an aliquot of frozen 50 

concentrate is thawed and diluted to twice the desired final 
maximum test concentration with complete medium contain­
ing 50 µg/ml gentamicin. 

Following drug addition, the plates are incubated for an 
additional 48 hat 37° C., 5% CO2, 95% air, and 100% relative 

55 
humidity. For adherent cells, the assay is terminated by the 
addition of cold TCA. Cells are fixed in situ by the gentle 
addition of 50 µA of cold 50% (w/v) TCA (final concentra­
tion, 10% TCA) and incubated for 60 minutes at 4° C. The 
supernatant is discarded, and the plates are washed five times 
with tap water and air dried. Sulforhodamine B (SRB) solu- 60 

tion (100 µl) at 0.4% (w/v) in 1 % acetic acid is added to each 
well, and plates are incubated for 10 minutes at room tem­
perature. After staining, unbound dye is removed by washing 
five times with 1 % acetic acid and the plates are air dried. 
Bound stain is subsequently solubilized with 10 mM trizma 65 

base, and the absorbance is read on an automated plate reader 
at a wavelength of 515 nm. For suspension cells, the meth-

TABLE4 

One Dose Mean Graph at a 10 micromolar 
concentration of analog 10. 

Panel/Cell Line Growth Percent 

Leukemia 

CCRF-CEM 24.00 
HL-60(TB) 51.51 
MOLT-4 57.48 
RPMI-8226 58.70 
SR 40.40 
Non-Small Cell Lung Cancer 

A549/ATCC 44.50 
EKVX 29.10 
HOP-62 40.92 
NCI-H226 58.32 
NCI-H23 56.78 
NCI-H322M 113.58 
NCI-H460 48.25 
NCI-H522 32.60 
Colon Cancer 

HCC-2998 66.34 
HCT-116 55.84 
HCT-15 58.89 
HT29 30.53 
KM12 73.09 
SW-620 45.90 
CNS Cancer 

SF-268 37.08 
SF-295 13.26 
SF-539 40.64 
SNB-19 75.95 
SNB-75 6.67 
U251 50.08 
Melanoma 

MALME-3M 72.36 
M14 71.74 
MDA-MB-435 72.88 
SK-MEL-2 53.99 
SK-MEL-28 71.16 
SK-MEL-5 75.27 
UACC-257 72.55 
UACC-62 48.46 
Ovarian Cancer 

IGROVl 17.52 
OVCAR-3 83.59 
OVCAR-4 45.16 
OVCAR-5 61.79 
OVCAR-8 90.22 
NCI/ADR-RES 88.16 
SK-OV-3 59.10 
Renal Cancer 

786-0 50.94 
A498 1.82 
ACHN 51.57 
CAKI-1 -37.52 
RXF 393 26.83 
SN12C 57.59 
TK-10 30.01 
UO-31 22.67 
Prostate Cancer 

PC-3 66.25 
DU-145 54.89 
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TABLE 4-continued 

One Dose Mean Graph at a 10 micromolar 
concentration of analog 10. 

Panel/Cell Line 

Breast Cancer 

MCF7 
MDA-MB-231/ATCC 
HS 578T 
BT-549 
T-47D 
MDA-MB-468 
Mean 
Delta 
Range 

The invention claimed is: 
1. A compound of the formula (I): 

H 

Growth Percent 

62.27 
43.18 
46.51 
29.35 
71.80 
29.03 
50.03 
87.55 

151.10 

(I) 

wherein R1 and R2 are independently selected from the 
group consisting of: hydrogen, halogen, substituted or 

10 

15 

20 

56 
unsubstituted C1 _s alkyl, substituted or unsubstituted 
C2 _s alkenyl, substituted or unsubstituted C2i alkynyl, 
---CN, =0, NO2 , ---OR8, OC(O)Rs, CO2 R O ---C(O) 
Rs, C(O)NR9 Rs, OC(O)NR9R8, NR10C(O)R", NR10C 
(O)NR9Rs, NR9Rs, NR10CO2Rs,-SRs, S(O)Rs, S(O)2 
Rs, S(O)2 NR9R8, NR10S(O)2R8, substituted or unsub­
stituted C6 _10 aryl, substituted or unsubstituted 5- to 
IO-membered heteroaryl, O(CH2CHRs)nOCH3 , and 
substituted or unsubstituted 3- to 10-membered hetero­
cyclyl, 

where, each occurrence ofR s, R9
, and R 10 is independently 

selected from the group consisting of hydrogen, C1 _s 
alkyl, C2 _s alkenyl, C2 _s alkynyl, aryl, (OCH2 CH2)n 
OCH3 , or heteroaryl; or R9 and Rs or R10 and R8, 
together with the atom(s) to which they are attached, 
form an substituted or unsubstituted 5-, 6-, or 7-mem­
bered ring, and 

where n is from Oto 15. 
2. A compound of the formula (II): 

(II) 

H 

OH 

* * * * * 


