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Recent studies have shown that the DNA gyrase inhibitor, novobiocin, binds to a previously unrecognized
ATP-binding site located at the C-terminus of Hsp90 and induces degradation of Hsp90-dependent client
proteins at~700uM. As a result of these studies, several analogues of the coumarin family of antibiotics
have been reported and shown to exhibit increased Hsp90 inhibitory activity; however, the monomeric
species lacked the ability to manifest anti-proliferative activity against cancer cell lines at concentrations
tested. In an effort to develop more efficacious compounds that produce growth inhibitory activity against
cancer cell lines, structureactivity relationships were investigated surrounding the prenylated benzamide
side chain of the natural product. Results obtained from these studies have produced the first novobiocin
analogues that manifest anti-proliferative activity against several cancer cell lines.

Introduction molecular chaperone is responsible for the conformational
maturation of nascent polypeptides associated with cell signal-
ing, steroid hormone receptors, and telomefaseerestingly,

it is these proteins/pathways that are most commonly mutated
or hijacked in transformed cells to produce immortafityot

only does Hsp90 fold these wild-type proteins, but also many
of the corresponding mutants that contribute to oncogenic
phenotypes$:® In fact, proteins represented in all six hallmarks
of cancer have been shown to be dependent upon Hsp90 for

Although transcription and translation are vital processes, the
overall transformation of linear genetic information into three-
dimensional proteins that manifest biological activity represents
the most remarkable feature of the genetic cbd&roteins
responsible for the conformational maturation of linear polypep-
tides into biologically active, three-dimensional enzymes are
molecular chaperones. Many chaperones are relatively promis-

cuous and bind to partially or completely unfolded peptides like conformational maturatiofr.? Consequently, Hsp90 has emerged

those excreted by the ribosome upon translation. HOWeVer, g 5 hromising target for the development of cancer chemothera-
higher order chaperones appear to be much more selective an%euticslo‘%

fold proteins associated with specific processes, an example of

which is the 90 kDa heat shock proteins, Hsg9the Hsp90 (3) Blagg, B. S. J.; Kerr, T. DMed. Res. Re 2006 26, 310-338.
4) Zhang, H.; Burrows, FJ. Mol. Med.2004 82, 488—-499.
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2288. Fax: (785) 864-5326. (6) Whitesell, L.; Lindquist, S. LNat. Re. Cancer2005 5, 761—
T The University of Kansas. 772.
*The University of Kansas Medical Center. (7) Bishop, S. C.; Burlison, J. A.; Blagg, B. S. Gurr. Cancer Drug
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(2) Wegele, H.; Mueller, L.; Buchner, JRev. Physiol. Biochem. (8) McCarty, M. F.Integr. Cancer Ther2004 3, 349-380.
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The Hsp90-mediated protein folding process is dependent chemotherapeuticd-3” Upon completion of such an experi-
upon the hydrolysis of ATP by the N-terminal ATP-binding ment, Neckers and colleagues determined that the DNA gyrase
pocket to provide the requisite source of enetfy® This inhibitor, novobiocin®® was indeed an Hsp90 inhibitor, but
nucleotide-binding domain is unique when compared to typical instead of binding to the well-documented N-terminal nucleotide
ATP-binding proteins because the nucleotide is bound in a bentbinding site, it bound to a previously unrecognized C-terminal
conformation as opposed to the extended conformation utilized ATP-binding motif3®-41 Although small molecule inhibitors of

by most proteing?-32 In fact, only four proteins are known to

bind ATP in this manner and they include DNA Gyrase, Hsp90,

histidine Kinase, and MutL, all of whom compose the GHKL
superfamily2® Due to similarities between the ATP-binding sites
of DNA gyrase, a well-validated target for bacterial infection

the N-terminus (geldanamycin and radicicol) manifesgylC
values in the low nanomolar rané&novobiocin exhibited an
ICso value of~700uM, which is significantly less potent than
N-terminal inhibitors. However, novobiocin remained the only
known inhibitor of the Hsp90 C-terminal nucleotide binding

and Hsp90, Neckers proposed that a small molecule inhibitor pocket for several years.

of DNA gyrase may also inhibit Hsp90 function and serve as a
lead compound for the development of more efficacious

(10) Drysdale, M. J.; Brough, P. A.; Massey, A.; Jensen, M. R.;
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2006 1, 1331-1340.
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FIGURE 1. Previously reported inhibitors of the Hsp90 C-terminal
ATP-binding pocket.

In 2005, the first attempt to improve the inhibitory activity
of novobiocin against Hsp90 was reportéd4 was identified
as an Hsp90 C-terminal inhibitor that induced degradation of
Hsp90-dependent client proteins-at0-fold lower concentration
than novobiocin, Figure 1. In contrast to N-terminal inhibitors
that induce Hsp70 and 90 levels at the same concentration that
leads to degradation of client proteins, the C-terminal inhibitor,
A4, induced Hsp90 levels at concentrations 1:600000-fold
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lower than that required for client protein degradation. On the
basis of this observatiorA4 was evaluated for its neuropro-
tective activity in an experiment in which neurons were exposed
to lethal levels of 4, the precursor to amyloid formation in
Alzheimer’s diseas#! In these studiesA4 manifested neuro-
protective activity at the same concentration {§E& 6 nM)
required to induce heat shock proteins, indicating that increased
chaperone levels were required to refold and clear protein
aggregates that typically lead to neuronal cell death. In addition
to these outstanding neuroprotective propertfes,exhibited

no toxicity, which is in sharp contrast to Hsp90 N-terminal
inhibitors. To determine whether the structural featured\f
correlated directly with novobiocin, modifications to the natural
product were undertaken as representedbWN2, which was
found to be more effective thafsd at inducing client protein
degradation and also remained nontdkic.

Since Hsp90 exists as a homodimer and the putative C-
terminal ATP binding pocket on each monomeric species is
proximal to the dimerization domain, dimersAd, the nontoxic
inhibitor, were preparetf.In contrast to the monomeric species,
the dimeric moleculeA4-Dimer) was found to manifest anti-
proliferative activity. The conversion of a nontoxic molecule
(A4) into a potent anti-proliferative agem4-Dimer) occurred
through modification of the amide side chain, suggesting that
further modification ofA4 in a similar manner may produce
monomeric species that also exhibit antitumor activity. The
identification of such a compound would clearly demonstrate
that C-terminal inhibitors function via a mechanism distinct from
that of N-terminal inhibitors and thus provide a unique op-
portunity to produce molecules that can be developed specifi-
cally for antitumor or neuroprotective activity via modulation
of the same biological target.

On the basis of these previous studies we proposed to
determine whether monomeric compounds based onAthe
scaffold and the natural product novobiocin could exhibit anti-
proliferative activity against various cancer cell lines. In this
article we report the rationale utilized toward the successful

development of novobiocin analogues that possess potentHo

antitumor activity.

Results and Discussion

Synthesis and Biological Evaluation of Monosubstituted
Benzamide Novobiocin Derivatives.For determination of
structure-activity relationships for the benzamide side chain
of novobiocin, we envisioned the construction of novobiocin
analogues with highly substituted benzamides. As shown in
Scheme 1, the derivatives were assembled from three compo-
nents: noviose carbonaté8-methylcoumari® and a series
of substituted benzoic acids. Previously, we demonstrated that
the trichloroacetimidate of noviose carbonate couples directly
to the coumarin phenol to afford the-anomer in excellent
yield.*” Since no cocrystal structure of Hsp90 bound to
C-terminal inhibitors exists, commercially available benzoic

(44) Ansar, S.; Burlison, J. A.; Hadden, M. K.; Yu, X. M.; Desino, K.
E.; Bean, J.; Neckers, L.; Audus, K. L.; Michaelis, M. L.; Blagg, B. S. J.
Bioorg. Med. Chem. LetR007, 17, 1984-1990.

(45) Burlison, J. A.; Neckers, L.; Smith, A. B.; Maxwell, A.; Blagg, B.
S. J.J. Am. Chem. So006 128 15529-15536.

(46) Burlison, J. A.; Blagg, B. S. Drg. Lett 2006 8, 4855-4858.

(47) Shen, G.; Yu, X. M.; Blagg, B. S. Bioorg. Med. Chem. Let2004

Burlison et al.

acids were chosen that contained various functionalities in an
effort to probe for steric and electronic interactions with the
putative hydrophobic pocket that is believed to bind to this
region of novobiocin. Structureactivity relationships elucidated
from this first library could then be utilized to develop more
effective inhibitors.

SCHEME 1. Retrosynthesis of Novobiocin Analogues

amide
coupling R
region probed
to reintroduce
noviose anti-proliferative
coupling activity
\W 0" °
OH
R
OH \\
MeO + HO. | =
OYO o
[e]

Novobiocin analogues were prepared by the condensation of
N,N-dimethylformamide dimethyl aceta®) with Cbz-protected
glycine (1) to produce the vinylagous carbmasgScheme 23°

SCHEME 2. Synthesis of Novobiocin Analogues with
Monosubstituted Benzamides

NMe,
2 NMe, | 3 HO’ ; "OH
MeOOC” “NHCbz ~—MeQ OMe 4
; A 1an  Me0OC” “NHCbz oo
24d,29%
”e"ﬁ%
1. o CCI3
~~NHCbz 0o
o o BF3OEt 81% MeO
5 2. Hy, 10% Pd/C
EtOAc, 83%
13,R = mPh
| N 14, R = p-Ph
R 15, R = 0-NO,
1-H°7(© ,':16 R =m-NO,
© O h,, P C) 7.R=pNO
o 2 18, R = o-NH
EDCI, 30% pyr., 77-99% 2
CH,Cly, (58-63%) |, §§ ZOMe o 19 R = m-NH,
10, R = m-OMe 20.R=p-NH,
2.10% Et;N/MeOH OH 1R moMe
(79-87%) 12/R = 0-Ph

The 8-methylcoumarid was prepared by a modified Pechmann
condensation of 2-methylresorcindl) (with 3.4 The resulting
phenol was noviosylated with the trichloroacetimidate of noviose
carbonate )°° in the presence of catalytic boron trifluoride
etherate to giveZ in good yield?” The benzyl carbonate was
removed via hydrogenolysis to produce aminocoumgnmhich
proved to be a versatile intermediate throughout this project.
The amine was readily coupled to a preselected library of
benzoic acids in the presenceM{(3-(dimethylamino)propyl)-
N'-ethylcarbodiimide hydrochloride (EDCI) and 4-DMAP. Dur-
ing the course of our investigation, it was determined that
utilization of 4-DMAP led to bisacylation, which proved difficult

14, 5903-5906.
(48) Toplak, R.; Svete, J.; Stanovnik, B.; Grdadolnik, SJGHeterocycl.
Chem.1999 36, 225-235.
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(49) Robinson, A. J.; Lim, C. Y.; He, L.; Ma, P.; Li, H.-Y.. Org. Chem
2001, 66, 4141-4147.
(50) Yu, X. M.; Shen, G.; Blagg, B. S. J. Org. Chem2004 69, 7375.
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TABLE 1. Anti-proliferation Activities of Novobiocin Analogues (in M) (n = 3)

entry (IGso) SkBr3 MCF-7 HCT-116 PL45 LNCaP PC-3
8 215+1.4 20.6+0.4 13.0+£ 2.1 3.4+ 0.6 72.0£4.0 67.6+ 9.7
9 >100 53+ 1.3 >100 35.8+3.4 N/T 9.1+ 05
10 >100 5.6+ 2.5 1.9+ 0.6 2.8+0.8 21.7+2.0 N/T
11 15.6+4.2 10.3+ 0.9 159+ 1.9 59+21 7.3£0.9 171+ 4.3
12 39.1+4.1 18.9+£ 7.0 32.7+1.6 14.4+ 2.4 17.3£5.2 65.3+ 5.6
13 13.0+14 18.0+3.8 12.8+2.3 1.6+0.2 1.6+0.5 116+ 1.4
14 16.3+1.6 8.1+ 6.0 3.6+ 2.0 1.6+0.2 44.9+ 31.6 19.3+5.1
15 21.8+0.8 28.7+4.8 44.3+ 4.8 20.1+:4.7 16.8£ 0.8 N/T
16 >100 >100 >100 >100 N/T >100
17 >100 >100 >100 >100 69.3+ 4.1 >100
18 17.7+1.4 17.2+3.3 14.4+0.8 6.2+ 1.3 12.7+£0.8 57.9+ 10.1
19 61.4+4.7 30.1+3.4 21.2+2.2 12.5+£ 0.9 24.8+9.7 14.7+£ 2.6
20 33.1+1.1 14.0+:0.5 244+ 58 8.4+ 0.3 26.4+15.8 65.2+ 2.8

TABLE 2. Anti-proliferation Activities of Novobiocin Analogues (in M) (n = 3)

entry (IGso) SkBr3 MCF-7 HCT-116 PL45 LNCaP PC-3
21 >100 >100 >100 >100 >100 >100
22 214422 16.4+-0.4 13.2+:0.6 8.5+ 1.7 10.4+0.2 43.3+£13.4
23 10.2+2.3 6.9+ 0.3 5.4+ 0.6 9.8+ 0.2 92.8+ 0.9 22.0+5.8
24 178+ 2.4 12.1+0.1 13.0+£ 0.2 11.4+ 0.6 N/T N/T
25 26+0.6 4.0+ 0.3 3.2+ 05 3.0+ 1.0 4.5+ 0.7 3.9+ 0.05

to separate from the monoacylated product. Therefore pyridine positive breast cancer cells), HCT-116 (colon cancer cells
was employed as the base and provided exclusively monoacy-characterized by wild-type p53), PL45 (pancreatic cancer cells),
lated products. With the desired benzamides in hand, the cyclicLNCaP (androgen sensitive prostate cancer cells), and PC-3
carbonates underwent solvolysis with triethylamine in methanol (androgen independent prostate cancer cells) cell lines. As shown
to give the diol in excellent yield. To complete our small library in Table 1, the simplified benzamid€ manifested anti-
of inhibitors, aryl nitro compoundsl6—17) were subjected to  proliferative activity. This is in stark contrast &4 (Figure 1),
hydrogenation to afford the corresponding anilines. which does not* The monosubstituted benzamide variants
Simultaneous with the investigation of aryl substitutes, improved activity. In fact, the most potent anti-proliferative
modification of the amide and tether functionalities was also agents identified were the methox9—11) and phenyl {2—
explored (Scheme 3). Sulfonamid&l was assembled by  14) derivatives that produced activities against most cell lines.
Thus, our data suggest thapdnydrogen bond acceptor and an

SCHEME 3.  Preparation of Novobiocin Derivatives with m-aryl side chain on the benzamide were most effective. In the
Various Linkers nitro (15—17) and aniline {8—20) series, the ortho-derivatives
@ in each respective series were more active than the correspond-
1. Clg " /@ ing regioisomers, which indicates hydrogen bond interactions
_%o LN may be important in this region of the molecule. To our surprise,
, 1"(3’;'29,{;’ o o activity was abolished upon replacement of the amide with a
: Me(")Hf"7§% o ° sulfopamide 21,. Table 2). This suggests that. key hydrogen-.
MeO4Z+L 21 bonding interactions also exist between the amide and the protein
HO oy target that are critical for manifesting anti-proliferative activity.
1. HO,CR H Concerning the spatial requirements of the hydrophobic.pocket,
o N R we found that a two-carbon spacer between the amide and
EDCI, 30% pyr., T . .
CHyCl, (58 - 63%) o phenyl ring £3) r_esults in compou_nds that are more potent than
2. 10% EtsN/MeOH, o ° those that contain a methylene link@2), a benzyl carbamate
79-87%) 10 ZQ (24), or a simplified benzamides). Furthermore, as seen with

HO oy trans-cinnamide25, increasing the rigidity in the ethyl linker
provided an additionat-3-fold increase in inhibitory activity
R= g@ Ev@ %Oﬁ “f»\/© versus the saturated derivativa3). These results suggest that
22 23 24 25 the hydrophobic pocket into which the benzamide projects may
accommodate larger aromatic systems that exhibit increased
sulfonylation of amine7 with benzenesulfonyl chloride, the  affinity.
carbonate of which was subjected to solvolysis to provide the Overall, we were pleased to have identified novobiocin
resulting diol. The Cbz-containing produz4 was obtained by analogues that manifest anti-proliferative activity against mul-
direct solvolysis ob. Amides22, 23, and25 were prepared by tiple transformed cells, in particular, the drug resistant pancreatic
coupling the appropriate acid with amiien the presence of  ductal adenocarcinoma (PL45), a very aggressive cancer that
EDCI and pyridine, followed by solvolysis of the cyclic is associated with high mortality rates in patietits.
carbonate. 1 lee, R. T.; Hill-H M. B.; M T Th
Upon completion of this initial library, compounds were Ca(nSce)r(?]Teglri]n?ze(‘JOl' o1 1arermon, M. B Muray, T Thun, Ma
evaluated for anti-proliferative activity against SkBr3 (Her2 ~(53) Greenfield, A. A.; Butera, J. A.; Caufield, C. Eetrahedron Lett.
overexpressing breast cancer cells), MCF-7 (estrogen receptor003 44, 2729-2732.
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TABLE 3. Anti-proliferation Activities of Novobiocin Biaryl Analogues (in gM) (n = 3)
entry (IGso) SkBr3 MCF-7 HCT-116 PL45 LNCaP PC-3
28 16.54 4.7 19.5+2.3 11.4+ 0.0 28+04 1.9+0.2 25.44 5.2
29 324+51 18.9+ 2.7 37.5+ 3.4 6.8+ 1.5 22.6+3.3 64.7+ 17.1
30 20.4+ 3.5 20.4+ 0.8 26.4+ 0.6 42+1.0 42412 50.7+ 4.3
31 25.44+ 1.7 16.74+ 6.3 24+10 1.4+0.1 3.7+ 0.9 31.9+10.3
32 71406 15.6+ 6.3 5.2+2.1 3.8+1.7 6.0+ 1.0 52.3+ 34.7
33 75+ 1.0 18.7+ 1.8 51+1.1 2.0+ 0.6 21403 53.3+ 4.5
34 78405 37.9+2.3 24.0+ 0.3 2.6+05 3.3+ 0.6 44.0+20.3
35 15+0.1 15+ 0.1 4.7+ 1.4 1.4+0.2 2.6+0.6 16.6+ 4.4
36 29+12 53+15 45+12 1.1+ 0.0 25+1.2 14.7+ 2.4
37 1.6+0.2 2.3+08 1.4+0.1 1.9+ 0.8 2.6+£05 22.3+ 3.6
38 >100 >100 >100 >100 8.8+ 0.6 1.0+ 0.1
In an effort to incorporate the initial structuractivity SCHEME 5.  Preparation of the Biaryl Novobiocin
relationships into more efficacious inhibitors, two small libraries Perivatives
of novobiocin derivatives were prepared. The first library
explored optimization of the benzamide that contained a HO N
p-methoxy and an-phenyl substituent. It was proposed that such 7
a compound may exhibit synergistic or additive activity and EDC' 30% pyridine, 0 Yo °
) i CHCly, 96%
lead to more effective compounds. The second library focused ﬁ;
on the incorporation of heterocycles into the benzamide region o
in order to investigate hydrogen bond donor/acceptor interactions
and the effects of rigidity as suggested by our initial findings. HOgOH 0
It was believed that this set of compounds could be expeditiously 4. Ej_ R
prepared by the coupling of a 3-iodo-4-methoxy benzoic acid Z
; ; i ; j;o;
wlth 7, to produce_ an mtermedlatez_l) upon which the ;’%d}gsé)glz, MeO e 28 R=H 33, R = m-OMe
incorporation of additional phenyl substituents could be pursued 50 2= OH 29,R=o0-Me gg R = p-OMe
. . . . . S 30 = R =0-OH
for elucidation of structureactivity relationships (Scheme 4). 2. 10% Et,N/MeOH, 3 §= ;*&": 36 R = ;OH
(29-66%, 2 steps) 32,R=0-OMe 37,R=p-OH
SCHEME 4. Retrosynthetic Analysis of Biaryl Novobiocin %S -4
Analogues 38, R= g j@ 39, R= .
\S \o

amide

coupling \
Suzuki

H@@
coupling
O ,B
HO , e
(@)

Synthesis and Biological Evaluation of the Biaryl Novo-
biocin Library. The Suzuki precursoR7 was prepared by
coupling aminocoumarii with benzoic acid®6in the presence
of EDCI and pyridine (Scheme 5). The biaryl substituents also
included various hydrogen bond acceptors and donors to further
probe key binding interactions with Hsp90. After an extensive
survey of experimental conditions, it was found that dichloro-
[1,1'-bis(diphenylphosphino)ferrocene]palladium(ll) dichlo-
romethane [Pd(dppf)@llin the presence of substituted phenyl
boronic acids ath 2 M potassium carbonate in dioxane at 50
°C provided the most reproducible cross-coupling conditf8ns.

Modify to

probe depth
and interactions
with binding
pocket

e

To complete the synthesis, the carbonates were removed upon

solvolysis with methanolic triethylamine.

Upon completion of the biaryl derivatives, the compounds
were evaluated for anti-proliferative activity against the same
cell lines described above. Unfortunately, as presented in Table
3, combinations of the-methoxy andm-phenyl substituents
on the benzamide2@) did not produce compounds that inhibit
cell growth more effectively as originally propose2iB(com-
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pared toll and 13). Likewise, the tolyl derivatives20—31)
also manifested lower growth inhibition than biai38, and
complete activity was lost against most cell lines upon incor-
poration of dihydrothianthrene38. Dihydrodibenzofurar39
lacked reasonable solubility in DMSO and was therefore not
evaluated in our studies. However, as seen in the methoxy series
(32—34) and the phenol serie8%—37), activity increased as
polarity and hydrogen bond donor/acceptor properties of the
inhibitor increased. For example, introduction of@®Me (32)
improved inhibition~2-fold when compared t@8, but the
corresponding phenol36) was ~8 times more effective.
Key structure-function relationships observed for the
biaryl benzamide novobiocin derivatives are summarized in
Figure 2.

Synthesis and Biological Evaluation of Heterocyclic No-

vobiocin Derivatives. With the initial structure-function

relationships for novobiocin in hand, we wished to introduce

H-bond
amideis  acceptor
critical for '
activity ¥

removal of ' O
4-hydroxy “~. H '*
N | X
—7OH
(0] ¥
o O
0 polar substituents
MeO increase activity.
HO OH phenols are most
- active
2',3'diol

FIGURE 2. SAR for the biaryl novobiocin derivatives and Hsp90.
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TABLE 4. Anti-proliferation Activities of Novobiocin Heterocyclic Analogues (in M) (n = 3)

entry (IGso) SkBr3 MCF-7 HCT-116 PL45 LNCaP PC-3
40 28.4+2.0 20.3+4.1 23.3£5.9 7.9+ 0.7 44,9+ 31.1 151+ 2.1
41 65.9+ 15.8 47.8+ 4.2 373+ 1.0 13.2+1.0 50.1+ 3.3 67.0+ 20.2
42 >100 >100 >100 19.2+ 2.5 34.8+ 16.0 N/T
43 N/T 28.6+4.1 9.6+ 0.3 3.8+ 04 79+11 18.8+ 4.4
44 N/T 96.3+ 3.7 78.9+ 3.5 33.2+0.7 >100 7.4+ 2.1
45 >100 >100 >100 52+ 1.1 9.3+ 0.6 109+ 2.3
46 0.37+ 0.06 0.57+ 0.07 0.17+0.01 0.47+0.34 12.2+ 0.0 22.3+10.1
a7 12.2+15 5.3+ 0.3 3.5+ 0.5 1.8+0.3 2.3+ 0.1 4.8+ 2.4

heterocycles into the benzamide region of novobiocin to further effective than compound6. A summary of the observed trends
increase both solubility and polarity. We proposed that hetero- for 46 is provided in Figure 3.
cycles may increase desired pharmacological properties and

provide additional opportunities for hydrogen-bonding interac- rigid 2 carbon
. s L . . linker increases
tions within the binding pocket, as was observed in the nitro activity «_
(15—17) and aniline {8—20) series reported in Table 1. To removal of
R R .. . . -hydroxy ~~. H
this end, heterocyclic novobiocin derivatives were prepared as S N
described above by coupling commercially available carboxylic N
acids with aminocoumariry via treatment with EDCI and o) 0 Yo © \\
pyridine, and the carbonates of the resulting molecules were ﬁO# H-bond donor
then solvolyzed with methanolic triethylamine to afford the MeO HO increases activity
requisite diols40—47 (Scheme 6). __ oA
2' 3"diol
SCHEME 6. Preparation of Heterocyclic Novobiocin o ) ]
Derivatives FIGURE 3. Structure-activity relationships observed fot6 and
novobiocin.
H
SNy R . . o .
1 HO.CR I Finally, to provide additional evidence that the growth
7 s o) 0" 7o inhibitory activity manifested by46 resulted from Hsp90
EDCI, 30% pyr., e e . - . .
CH,Cl, Meoﬁi inhibition, 46 was evaluated by its ability to mo!ucg degradation
2.10% Et;N/MeOH, HO O, of Hsp90-dependent client proteins. As seen in Figure 4, Hsp90
(19-63%, 2 steps) client proteins such as Her2, Raf, and Akt were degraded in a
concentration-dependent manner while Hsp90 was induced in
S O .
Jl\/j G O C[ ) the presence 6f6. Since non-Hsp90-dependent substrates such
a5 as actin remained unchanged, the inhibition of cell growth was

R directly correlated to the degradation of Hsp90-dependent client

- 40 4 42
H proteins.
I [ | »
%0 %8s AN :J\@
H
44 46 47

43

0.75 1 2.5 5 10 25 GDA  DMSO

Hsp90 "--“--—""‘-
The inhibitory values were obtained by evaluation against

our panel of cancer cell lines. In the nicotin#0(-42) series, Her2 == an G ese e
the ortho-analogue was found to represent the most active
regioisomer, consistent with the trend observed for the nitro gaf --
(15—-17) and aniline 18—20) derivatives (Table 4). Likewise, -
we examined benzofurad3 and benzothiophend4. We p—————.
postulated that because these structures contain a hydrogen bon’z\kt S G S e
acceptor in the same proximity as the other ortho derivatives
they would therefore introduce a rigid two-carbon spacer Acin  EEE— . G gy aEny P GEER S
between the amide and the phenyl ring. Unfortunately, benzo-
furan @3) was less active than theOMe variant @), and the FIGURE 4. Western blot analyses of Hsp90 client protein degradation
bioisoelectronic benzothiophend4j was even worse. The  assays against MCF-7 breast cancer cells. Concentratié(of M)
2-indole was included for its potential to provide a hydrogen IS denoted above each lane. GDA (geldanamycin) and DMSO were
bond donor as was observed foanilines. Anti-proliferation- ~ US€d S positive and negative controls, respectively.
activity was significantly increased against the majority of our
cell lines indicating that the indole does indeed properly account
for the activities observed fortaanstwo-carbon tether and an In conclusion, we have identified key structuta@ctivity
o-aniline. Substitution of the benzamide with a 2-indoleamide relationships for novobiocin analogues. Two small molecule
increased the activity>500-fold against SkBr3 cells when libraries were prepared and evaluated for anti-proliferative
compared to the natural product, novobiocin. Interestingly, the activity against several cancer cell lines. The 2-indolean#ég (
position of the nitrogen on the indole is critical for activity, as was identified as the most potent inhibitor resulting from these
the 3-indoleamide 47) was approximately 310 times less studies, which resulted from rational development through

- - .

Conclusions

J. Org. ChemVol. 73, No. 6, 2008 2135



JOC Article

observed structureactivity trends. Studies are currently un-
derway with this and other novobiocin analogues to confirm
their Hsp90 inhibitory activity and to identify the location of
the C-terminal nucleotide-binding region. The results from such
studies will be reported in due course along with optimized
derivatives of46.

Experimental Section

Benzyl 7-((3R,4R,7R,7aR)-7-Methoxy-6,6-dimethyl-2-oxotet-
rahydrdo-3aH-[1.3]dioxolo[4,5¢]pyran-4-yloxy)-8-methyl-2-oxo-
2H-chromen-3-ylcarbamate (7a).Boron trifluoride etherate (61
uL, 69 mg, 0.49 mmol, 30 mol %) was added dropwise to a solution
of (3aR4S 7R, 7aR)-7-methoxy-6,6-dimethyl-2-oxo-tetrahydra3-
[1.3]dioxolo[4,5€]pyran-4-yl 2,2,2-trichloroacetimidaté,(588 mg,
1.62 mmol) and benzyl 7-hydroxy-8-methyl-2-oxb-Zhromen-
3-yl carbamate§, 527 mg, 1.62 mmol) in CkCl, (16 mL) at rt.
The mixture was stirred for 14 h, before;Nt(150uL) was added
and the mixture concentrated. The residue was purified by chro-
matography (SiQg DCM—100:1 CHCl,:acetone) to afforda (670
mg, 81%) as a yellow foam:of|?% —19.7 € 1.54, 20% MeOH in
CHCly); *H NMR (CDCls, 400 MHz)6 8.27 (s, 1H), 7.85 (s, 1H),
7.55-7.35 (m, 5H), 7.29 (d) = 2.9 Hz, 1H), 7.11 (dJ = 8.7 Hz,
1H), 5.77 (d,J = 1.9 Hz, 1H), 5.23 (s, 2H), 5.05 (d,= 1.9 Hz,
1H), 4.95 (t,J = 7.7 Hz, 1H), 3.59 (s, 3H), 3.30 (d,= 7.6 Hz,
1H), 2.27 (s, 3H), 1.34 (s, 3H), 1.19 (s, 3H¥C NMR (CDCE,

100 MHz) 6 159.0, 155.2, 153.6, 153.6, 149.2, 136.0, 129.1 (2C),

129.0, 128.7 (2C), 125.8, 122.6, 122.1, 115.2, 115.1, 111.6, 94.8,

83.3, 78.4, 77.6, 77.0, 67.9, 61.0, 27.9, 22.6, 8.8; IR (film)x

Burlison et al.

159.6, 158.1, 155.3, 153.6, 149.5, 134.3, 132.6, 126.4, 124.4, 123.5,
121.9, 121.3, 115.5, 115.1, 112.0, 111.5, 94.8, 83.3, 78.4, 77.4,
77.1, 61.0, 56.6, 27.9, 22.6, 8.8; IR (film),ax 3308, 3055, 2986,
2939, 2930, 1817, 1807, 1707, 1655, 1603, 1533, 1481, 1466, 1367,
1263, 1232 cm!; HRMS (ESH) m/z526.1691 (M+ H*, Cy/Hog
NO;o requiresm/z 526.1713).
N-(7-((2R,3R,4S,5R)-3,4-Dihydroxy-5-methoxy-6,6-dimeth-
yltetrahydro-2 H-pyran-2-yloxy)-8-methyl-2-oxo-24-chromen-3-
yl)-2-methoxybenzamide (9). General procedure for solvolysis
of the cyclic carbonate: Et;N (10% total volume) was added
dropwise to a solution of cyclic carbonate in methanol. The resulting
mixture was stirred for 14 h, and then concentrated. The residue
was purified via preparative TLC or column chromtography ¢SiO
4:1 CHCl,:acetone) to yield a colorless, amorphous solid (74%):
[0]?% —16.1 € 0.16, 20% MeOH in ChCly); *H NMR (400 MHz,
20% CD;OD in CD,Cl,) 6 8.79 (s, 1H), 8.15 (dJ = 7.9 Hz, 1H),
7.57 (t,J= 7.8 Hz, 1H), 7.38 (dJ = 8.7 Hz, 1H), 7.20 (dJ = 8.7
Hz, 1H), 7.16— 7.10 (m, 2H), 5.55 (s, 1H), 4.204.14 (m, 2H),
4.11 (s, 3H), 3.58 (s, 3H), 3.35 (d,= 8.0 Hz, 1H), 2.28 (s, 3H),
1.34 (s, 3H), 1.11 (s, 3H)}:*C NMR (100 MHz, 20% CROD in
CD,Cl,) 6 164.9, 160.2, 158.4, 156.7, 149.8, 134.6, 132.4, 126.3,
125.3,123.0, 122.9, 121.9, 121.2, 114.7, 112.5, 111.7, 99.1, 84.8,
79.2, 71.9, 69.0, 62.1, 56.8, 29.1, 22.9, 8.5; IR (filmpx 3373,
2947, 2835, 2525, 1641, 1630, 1610, 1448, 1412, 13981 cm
HRMS (ESH) m/z 500.1893 (M+ H™T, CysH3oNOg requiresmz
500.1921).
N-(7-((2R,3R,4S,5R)-3,4-Dihydroxy-5-methoxy-6,6-dimeth-
yltetrahydro-2 H-pyran-2-yloxy)-8-methyl-2-oxo-H-chromen-3-
yl)-6-methoxybiphenyl-3-carboxamide (28). General procedure

3402, 3319, 3063, 3034, 2984, 2939, 2839, 1817, 1709, 1634, 1609 for Suzuki coupling and solvolysis of the cyclic carbonateAryl
1587, 1522, 1456, 1383, 1366, 1331, 1296, 1263, 1229, 1205, 1175/0dide 27 (1.0 equiv) 2 M KxCOsqq) (3.0 equiv), and the aryl

cm 1 HRMS (ESH) m/z526.1688 (M+ H*, C,7H2gNO4g requires
m/z 526.1713).
3-Amino-7-((3aR,4R,7R,7aR)-7-methoxy-6,6-dimethyl-2-oxo-
oxotetrahydrdo-3aH-[1.3]dioxolo[4,5<]pyran-4-yloxy)-8-methyl-
2H-chromen-2-one (7).Palladium on carbon (10%, 67 mg) was
added to a solution of carbamate (670 mg, 1.31 mmol) in
THF (13 mL). The suspension was stirred oh under a hydrogen
atmosphere before it was filtered through a plug of Si@d eluted
with THF (20 mL). The eluent was concentrated and the residue
purified by chromatography (S¥k)100:1>50:1 CHCl,:acetone)
to afford7 (425 mg, 83%) as a yellow foamo?%, —26.4 € 0.780,
20% MeOH in CHCI,); *H NMR (CDCl;, 400 MHz)6 7.10 (d,J
= 8.6 Hz, 1H), 7.05 (dJ = 8.6 Hz, 1H), 6.68 (s, 1H), 5.73 (d,
= 2.0 Hz, 1H), 5.04 (ddJ = 2.0, 7.9 Hz, 1H), 4.95 () = 7.7 Hz,
1H), 4.11 (s, 2H), 3.54 (s, 3H), 3.29 (d~= 7.6 Hz, 1H), 2.28 (s,
3H), 1.34 (s, 3H), 1.21 (s, 3H}3C NMR (CDCk, 200 MHz) 6

boronic acid were dissolved in dioxane before R@@ipf)CHCI;

(3 mol %) was added to the solution at rt. The resulting solution
was stirred at rt for 30 min and then warmed to°&5for 3—16 h,
after which the mixture was concentrated, filtered through a pad
of silica gel (eluted with 40:1 CkCly:acetone), and purified via
preparative TLC (Sig 40:1 CHCl,:acetone). The resulting product
was dissolved in methanol containing 10%NE&nd stirred for 14

h before being concentrated. The residue was purified by preparative
TLC (4:1 CHCl,:acetone) to afford the corresponding diol as a
colorless, amorphous solid (46%, 2 steps]?f> —8.7 (€ 0.23,
CH.Cl,); *H NMR (800 MHz, CB,Cl,) 6 8.78 (s, 1H), 8.69 (s,
1H), 7.93 (ddJ = 4.4, 8.0 Hz, 1H), 7.87 (d] = 2.4 Hz, 1H), 7.55

(d, J = 8.0 Hz, 2H), 7.45 (tJ = 8.0 Hz, 2H), 7.93 (ddJ = 4.4,

8.0 Hz, 2H), 7.21 (dJ = 8.8 Hz, 1H), 7.10 (dJ = 8.8 Hz, 2H),
5.60 (s, 1H), 4.274.20 (m, 2H), 3.90 (s, 3H), 3.59 (s, 3H), 3.36
(d,J=9.6 Hz, 1H), 2.73 (s, 2H), 2.28 (s, 3H), 1.36 (s, 3H), 1.13

159.6, 153.3, 153.0, 148.1, 130.2, 122.7, 116.1, 114.8, 111.9, 111.0(S, 3H);*C NMR (200 MHz, CDCl,) 6 167.2,161.7, 161.2, 157.9,

94.5, 83.0, 78.0, 77.3, 76.4, 60.6, 27.5, 22.2, 8.6; IR (film)«

151.0, 139.4, 133.0, 131.8, 131.5 (3C), 130.0 (2C), 129.4, 128.1,

3462, 3362, 2984, 2937, 2839, 1807, 1707, 1636, 1595, 1497, 1387,127.6, 125.8,124.0, 116.1, 116.0, 113.0 (2C), 99.7, 86.1,80.4, 73.1,

1371, 1331, 1263, 1169, 1109, 1078, 1036 &ntHRMS (ESH)
m/z 392.1357 (M+ H*, CigH2,NOg requiresm/z 392.1346).
2-Methoxy-N-(7-((3aR 4R, 7R, 7aR)-7-methoxy-6,6-dimethyl-2-
oxotetrahydro-3aH-[1.3]dioxolo[4,5C]pyran-4-yloxy)-8-methyl-
2-0x0-2H-chromen-3-yl)benzamide (9a). General EDCI coupling
procedure A: N-(3-(Dimethylamino)propylN'-ethylcarbodiimide
hydrochloride (3 equiv) was added to a solution of aminocoumarin
7 (1 equiv), benzoic acid (3 equiv), and 4-DMAP (2.0 equiv) in
CH,CI, at rt. The solution was stirred for 14 h then concentrated,
and the residue was purified via preparative TLC or column
chromatography (Si§ 40:1 CHCl,:acetone) to afford the benza-
mide as a colorless, amorphous solid (66%6)]%4> —29.6 € 0.61,
20% MeOH in CHCl,); H NMR (400 MHz, CDC}) 6 8.77 (s,
1H), 8.18 (d,J = 7.8 Hz, 1H), 7.46 (tJ = 7.8 Hz, 1H), 7.27 (d,
J = 8.3 Hz, 1H), 7.09-7.02 (m, 2H), 6.99 (dJ = 8.3 Hz, 1H),
5.71 (s, 1H), 4.99 (d) = 7.9 Hz, 1H), 4.91 (tJ = 7.9 Hz, 1H),
4.05 (s, 3H), 3.53 (s, 3H), 3.24 (d,= 7.9 Hz, 1H), 2.23 (s, 3H),
1.29 (s, 3H), 1.14 (s, 3H}3C NMR (100 MHz, CDC}) 6 164.5,
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70.5, 63.7, 57.8, 30.8, 24.2, 10.1; IR (film},ax 3402, 3086, 3055,
3028, 2974, 2934, 2849, 2837, 1709, 1670, 1607, 1526, 1504, 1489,
1367, 1265, 1231, 1095 crf HRMS (ESH) m/z576.2231 (M+
H*, CsoH34NOg requiresm/z 576.2234).
N-(7-((2R,3R,4S,5R)-3,4-Dihydroxy-5-methoxy-6,6-dimeth-
yltetrahydro-2 H-pyran-2-yloxy)-8-methyl-2-oxo-24-chromen-3-
yl)-1H-indole-3-carboxamide (47) General EDCI Coupling
Procedure B: N-(3-(Dimethylamino)propy!N'-ethylcarbodiimide
hydrochloride (2.5 equiv) was added to a solution of aminocoumatrin
7 (1.0 equiv) and carboxylic acid (2.0 equiv) in @&, containing
30% pyridine at rt. The solution was stirred for 14 h, then
concentrated, and the residue was purified via preparative TLC
(Si0,, 40:1 CHCl,:acetone) to afford the amide. The resulting
product was dissolved in methanol containing 10%NEnd stirred
for 14 h at rt. The mixture was concentrated and the residue was
purified by preparative TLC (10:1 Ci€l,:methanol or 4:1 Cht
Cly:actone) to afford the corresponding diol as a colorless,
amorphous solid (19%, 2 stepsy]fé% —11.4 € 0.18, 20% MeOH



Development of Neobiocin Analogues ]OCArticle

in CH,Cl,); TH NMR (500 MHz, 20% CROD in CD,Cl,) ¢ 8.75 (ESH) m/z 509.1924 (M+ H*, Cp7H2eN,O5 requiresmiz 509.
(s, 1H), 8.12 (ddJ = 2.0, 6.5 Hz, 1H), 7.97 (s, 1H), 7.49 (ddi= 1924).

2.0, 6.5 Hz, 1H), 7.38 = 8.5 Hz, 1H), 7.3+7.24 (m, 2H),
) (@ ) ( ) Acknowledgment. The authors gratefully acknowledge

7.20 (d,J = 8.5 Hz, 1H), 5.55 (dJ = 2.5 Hz, 1H), 4.16 (ddJ = : ,
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(125MHz, 20% CROD in CD.Cl,) 6 165.7, 161.3, 157.6, 150.6, Su : . - . .
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