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Synthesis and biological evaluation of stilbene analogs as Hsp90
C-terminal inhibitors
Katherine M. Byrd, Caitlin N. Kent and Brian S. J. Blagg*

Anuj Khandewal and the life he lived

Abstract: The design, synthesis and biological evaluation of stilbene-  activation/maturation
based novobiocin analogs is reported. Replacement of the biaryl ~ which are associate,
amide side chain with a triazole side chain produced compounds  Hsp90 inhibition T
that exhibited good anti-proliferative activities. Hsp90 inhibition was ~ multiple oncogenic]
observed when N-methyl piperidine was replaced with acyclic  to development of

proteins, many of
arks of cancer.®® Since
aneous degradation of
ed as a novel target for
dditionally, studies have

tertiary amines on the stilbene analogs that also contain a triazole-  shown that H i cancer, which provides

derived side chain. These studies revealed that ~24 A is the optimal  an additional ely target Hsp90 in cancer

length for compounds that exhibit good anti-proliferative activity as a cells versus norm

result of Hsp90 inhibition. Initial efforts to op Hsp90 inhibitors for the treatment of
cancer nds that bind the Hsp90 N-terminus
These effo fication of twenty Hsp90 N-terminal

inhibitors that have now begn investigated in a clinical setting.['*

Introduction "l To date, ni Hsp90 inhibitor has been approved by the FDA

) ) the treatp@ht of cancer. Unfortunately, these studies were
Heat shock protein 90 kDa (Hsp90) is a molecular ued bfdosing difficulties and some toxicity issues

chaperone that folds polypeptides and denatured proteins into Miated with induction of the pro-survival heat shock
their bioactive conformation.”" In humans, Hsp90 exists as four
isoforms: Hsp90a, Hsp90p, glucose-regulated protein 94 kDa
(Grp94), and tumor necrosis receptor-associated protei
(Trap1). Hsp90a and Hsp90p are localized to the cyto
whereas Grp94 resides in the endoplasmic reticulum, and Trap1
is localized within the mitochondria.??
isoforms are homodimers, whose monomeric unit co
N-terminal ATP-binding motif, a middle domain
terminal dimerization motif.*® Hsp90 is respo

se at the same concentration that inhibits client protein
'°l |n order to address these issues, Hsp90 isoform-
ibjtors have been sought to limit and identify
rget toxicities."! Recently, it was demonstrated
that selecti¥e inhibition of Hsp90f can inhibit a number of
cancers without concomitant induction of Hsp90.!"®!
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Figure 2. Initial analogs of 2

Hsp90 C-terminal inhibitors have been shown to induce  Synthesis of ri
Hsp90 client protein degradation without concomitant induction
of the heat shock response.'®  Therefore, this approach Synthesis of 3 enced via a Suzuki coupling between
represents an attractive alternative to Hsp90 N-terminal  vinyl trj roxyphenylboronic acid to produce 9
inhibition. Although there is no co-crystal structure of the Hsp90  in 45% yie methyl-4-piperidinol (10) was then
C-terminus bound to inhibitors,?® drug discovery efforts have led  coupled with 9 via a unobu etherification.”®  Following
to the identification of Hsp90 C-terminal inhibitors that exhibit  removal of the Boc-protecting group, the resulting aniline was
excellent anti-proliferative activity against a variety of cancers.”" upled wﬂtid chloride 12 to yield 3 in 39% over both steps.
Those Hsp90 C-terminal inhibitors have been developed by pound was subsequently subjected to hydrogenation
elucidation and evaluation of structure-activity relationship (SAR) itions to yield the saturated derivative, 13.
studies on novobiocin (1), which was the first Hsp90 C-terminal paration of 4 was initiated by installation of a
inhibitor identified.”***! Previous studies also determined methyl (MOM) protecting group onto 6-hydroxy-2-
optimal distance and angle between the N-methyl piperiding,

biaryl amide side chain® which revealed that the “most ort oepCly KGO, ’O NHBoo
. . . . . . ) g a&d
efficacious anti-proliferative and Hsp90 inhibitory activitigs were /“/

obtained when the distance was between 7.7 to 11.8 j,Déwf,}F"/gzg"("‘":’z "W ho O ’
angle was ~180° (Figure 1). In fact, stilbene 2 was i ifi NHBoc
the most efficacious inhibitor that exhibited bothgotent a ‘O
proliferative and Hsp90 inhibitory activity. Therejflfe, the f HTO‘WQ”;UCT () & vemoon
of this work was to optimize 2, identify i —— 212_o_

o)
. . . . X Benzene, 0 to 70 °C 2.12 O
relationships, and obtain more efficacious compoun 25% c ‘
N
CH,

o}

2. Et3N, DCM, t.
39% over two steps

Y(‘Y(‘

H2 (g), Pd/C

EtOH .
58%

Results and Discussion

N N
(Figure 2): The first approac] i Chy CHy
phenyl rings within t i

entropic penalty obs uch compounds Scheme 1. Synthesis of 3

upon binding Hsp90. Th ing- iBd analogs were tetralone (Scheme 2). Tetralone 14 was first converted to the
comprised of a 6-phenyl-7,5% vinyl triflate and then immediately coupled with 4-
allowed rotatio The second approach pjtrophenylboronic acid, to form 16. Upon removal of the
sought to investi ects by enlisting a Topliss  protecting group present in 16, the resulting phenol was coupled
{ modification. The final  \yith N-methyl-4-piperidinol through a Mitsunobu etherification
approach was to mo¥gy orientation of the N-methyl piperidine  reaction. Following reduction of the nitro group in 17 to the
and bia ide si ain through the incorporation of a  corresponding aniline, the aniline was treated with acid chloride
cyclop : of a saturated pheny! ring. 12 to form 4 in 50% vyield. Hydrogenation of 4 led to saturated
derivative 18, in 58% yield.
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Jo) o 1.NaHMDS, PhNTf,
MOMCI, DIPEA THF, -78°C, 1.5 h . H H i
Hom — oomn MOMOm 2 PaldpaTOL, KaCOr Stilbenes 20a/b were synthesized via a Heck coupling between
12 60% 157 gnmronenybotanc s styrene 19%% and the corresponging nitrobenzenes. Upon
,0 (4:1),
130 °C, 30 min, MW reduction of the nitro groups in 20 resulting anilines were

43% over two steps

O NO, coupled with carboxylic acid 21 to form
NO. RﬂeachHHrceLmX removal of the MOM group, the corr
~/‘ o coupled with N-methyl-4-pipgridinol.
MOMO

22a/b. Following
enols were

2.10, TMAD, BuaP
Benzene, 0 to 70 °C
23% over two steps 17

H20/EIOH (1:1), reflux. 2 h Pd/C H2

2 12, B, DOVt 5;2? . the resulting phen i s coupled®™ with amide
50% over two steps 27 via Hartwig idati orm 28. After removal of

.;*v

CHg

Synthesis of { (o] began via

cyclopropanation i . (Scheme 4) Following

1. Fe (reduced by Ho), NH,CI demethylation of group was placed onto

1. BBra, DCM,

E 4 _o0%2h
4 O 2 MOMCI, DIPEA

O O DCM, rt., 3h
N | | | 48% over two steps

N~
&, NH2
) HZN
Scheme 2. Synthesis of 4 27 <l
Cul K,CO3 MOMO

Synthesis of analogs to study electronic effects 1,4-Dioxane, 100 °C

80%
The first stilbene derivatives synthesized containeg

chloride group in the ortho- or meta-position of the ¢ 3 O .

substituted phenyl ring (See supporting informatj e 0

synthesis). Since the chloro-containing derivatives

active than the parent compound, methoxy-substitut

were synthesized according to the Topliss approac

o me 4. Synthesis of cyclopropane analog
2

z
| a= m-OCH;

1N OCH b =0-OCHj;

Pd(OAc), I

Y
—_— AN
/©/\ Triethanolamine OCH3
MOMO! 100 °C

19
MOMO 20a = 39%
20b = 38%

Preparation of the saturated analog of 2 commenced via a
Horner-Wadsworth-Emmons reaction between phosphonate 29
and aldehyde 30,2 to form 31 (Scheme 5). After removal of the
ketal on 31, the resulting ketone 32 was subjected to a

1. Fe, NH4CI,

2&':@%0 R deprotection-protection protocol to produce 33. Syn alcohol 34

2 EDCI, DIPEA was obtained via the treatment of 33 with L-Selectride.
8 22a = 46%

Following activation of the alcohol with methanesulfonyl chloride,
the resulting mesylate was displaced to form azide 35. Amide
36 was then formed by reduction of azide 35 to form the
corresponding amine, which was subsequently coupled with
carboxylic acid 21 to give 36. Removal of the toluenesulfonate
ester and coupling of the resulting phenol with N-methyl-4-
piperidinol completed the preparation of 7.

22ja = 36%

1. 3M HCI,
MeOH, reflux

2.10, TMAD, BusP,
Benzene, 0t0 70°C O

Scheme 3. Synth
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Scheme 5. Synthesis of saturated analog of 2

Table 1. Evaluation of anti-proliferative activity

33% yleld over two steps

o’>
o}
p- ’> o 3M HCl
Q/\F.’ OBt __ NaHwDs S
o OFt THE O TTHFo%Cn a1 EIOH,90°C, 1h
| 29 o 98%
|
0 OH 1. MsCl, Pyr.
N L-Selectride DCM, 0 °C to rt.
oo N ——

3 THF,0°Cto rt. 2. "BuNN;3

TsO 62% 750 34 DMF, 100 °C TsO

30% over two steps

1.Zn, HCO,NH,4 1.3 M NaOH

teonr Y‘/\‘/ . EtOH, 80°C, 1h
2. 21 EDCI DIPEA 2.10, TMAD, Bu3P
DCI Benzene, 0 to 70 °C
TsO 17% over two steps
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Compound SKBr3 ™ HCT-116
2 0.68+0.10 3.68+0.41
X
3 >50 >50
X
13 >50 >50
X
4 2.61+0.98 3.54+0.43 3.57+0.19
7.36+0.82 10.59+1.61 6.43+0.18
3.59+0.068 3.64+0.20 4.50+0.99
>50 >50 >50
>50 >50 >50
>50 27.46+0.057 >50

This article is protected by copyright. All rights reserved.
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Y
6 2.64+1.04 1.3120.251 2.90£0.69
JO
Y
7 @f 0.81410.126 0.894:0.004 801£0.091

gog

-

[a] = Values are in uM, which represent mean standard deviation for at least two separate experiments performed in N

These initial analogs were evaluated against three cancer
cell lines: MCF-7 (estrogen receptor positive breast cancer cells),
SKBr3 (estrogen receptor negative, HER2 overexpressing
breast cancer cells) and HCT-116 (human colon cancer cells).
(Table 1) Restriction of rotation of either phenyl ring resulted in
a significant or complete loss of anti-proliferative activity across
all three cancer cell lines. These results suggest that the
addition of two carbons at the center of the stilbene core may
cause a steric clash with Hsp90. The addition of a chloro or
methoxy group also caused a significant loss in anti-proliferative
activity, as compared to the parent compound. The saturated
analogs manifested the most efficacious anti-proliferative
activities, and the activity of 7 was comparable to parent
compound 2. In order to determine whether the anti-proliferative
activities manifested by the saturated analogs were the result of
Hsp90 inhibition, western blot analyses were performed on
MCF-7 cell lysates treated with 6 and 7 for 24 hours (Figure 1S).
Neither compound was able to induce Hsp90 dependent client
protein degradation at concentrations that mirror the ICs, valu
Overall, the results from these compounds show that stilbe
remains the optimal core for the design of future analogs.

Second-generation stilbene analogs

It was important to change either the N-methy,
or biaryl amide side chain based on the informatio
the first generation of compounds. Since
piperidine and biaryl amide side chain were
coumarin and biphenyl scaffold, appendages on b
the stilbene core were investigated.

1.MOMCI, DIPEA
DCM, rt., 45 min

1. 3M HCI,
eOH, reflux

|, DMF, 100 °C,

Scheme 6 Genera

Investigation of replacements for ethyl piperidine and
biaryl amide side chai

Previous opti
prenylated amide
towards the inclusi

he noviose sugar and
cin (1) provided insight
ine and the biaryl amide
s revealed that the best

the Hsp90 C-terminal domain.®®
Therefore, va tiary amines were investigated with
this stilbene core. In terms’of the biaryl amide side chain, work
has been d?to probe the utility of each aromatic ring on the

In and alternative aromatic systems have been
can replace the biaryl amide side chain. Of the
side chain was shown to manifest the most efficacious
ainst multiple cancer cell lines.”* Therefore, triazole-

Scheme¥ 6 illustrates the general synthetic route used to
construct the triazole-based stilbene analogs.  4-Nitro-4'-
hydroxystilbene was protected with a methoxymethyl group to
9. Next, the nitro group was reduced to the corresponding
, which was then coupled with the requisite carboxylic
to form the resulting amide. The protecting group on the
ide was removed before the appropriate tertiary amine was
hen coupled with the phenol via a Mitsunobu etherification or
Sn2 reaction.

N.
W Nn
R
HO

0 Ri=H (41) or CHy (40)
NO2 21, 40, or 41 H
EDCI, DIPEA,

DCM, 1t.

r the preparation of second-generation stilbene analogs
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Table 2. Evaluation of biological activities of second-generation stilbene analogs

10.1002/cmdc.201700630

WILEY-VCH

Compound R4 R, MCF-7 # SKBr3 ¥ CT-116"
2 X A 1.3£0.59 0.68:0.18 .
44 X B 0.32640.081 0.23120.03 0.30120.043
45 X c 0.092+0.005 OM 0.186£0.035
46 Y B 0.32540.034 ﬁztonm 0.350£0.064
47 Y c 0.49420.053 ‘184t0.071 0.740£0.164
48 z B 0.23420.052 A : 0.350£0.064
49 z c 0.150£0.008 \1 m 0.179£0.050
50 Y A 5.8641.23 \).209 5.51£0.225

e

[a] = Values are in uM, which represent mean standard deviation for at least two separate eNIicate.

Replacement of the biaryl amide side chain with the triazole
moiety caused a significant increase in anti-proliferative activity
against all of the investigated cell lines (Table 2). Regardless of
R, compounds containing the triazole and 4-methylbenzyl group
(C) were more potent than the benzyl (B) substituted derivatives.
When N-methyl-piperidine (X) was replaced with
(dimethylamino)propane (Y), the activity decreased as i
while the activity of 46 was similar to 44. Interestingly, whén the
shorter 2-(dimethylamino)ethane
stilbene core, an improvement in anti-proliferative a
observed for both triazole-containing compounds (
This data suggests that a limited amount of space,
the binding pocket. Once a compound excee
space, then the anti-proliferative activities
example, the activities manifested by 49 are bet
activities exhibited by 47, suggesting that 47 is too larg
within the Hsp90 C-terminal binding pocket. In order
independently probe the effect of the acyclic amine on
proliferative activity, 50 was tested agggnst all of the cancer,
lines. Since 50 is significantly less a

, whereas no
degradation of Hsp90 clie ed for 45. The
western blot analysis of 46
induced client
western blot ana
induce Hsp90 clien

there is an overall op

vealed that 49 was able to
. This data supports that
| length for occupancy of the Hsp90 C-

terminal bindi

(Z) was added oglo the A.

To—

pocket. As shown in Figure 5, the best
7iand 49) are ~ 24 A in length. If the compound is
(47Wor too short (48), then the compound is unable to
it Hsp90 and induce client protein degradation. The
ement in Hsp90 inhibition by 46 and 49 reveals that the
tion of a flexible 3-(dimethylamino)alkyl group can
interactions with Hsp90 for this particular scaffold.

= =
o € £
» o o s s
= 5 2 3 E €
a O] o o -~ T)
yelin D1 - -
CDK4
Raf-1
Hsp90
Actin
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Figure 3 Western blot analysis of Hsp90 client protein degradation in MCF-7
cells. Geldanamycin (GDA 500 nm) represents a positive control, while DMSO,
represents the negative control. A. Analysis of cells treated with 44. B.
Analysis of cells treated with 45.

A.
2 <
- I I
= a
a o g 4 S 5
Cyclin D1 aaiin -
CDK4 - - rem . .
Raf-1 -~ - % e
Hsp90 * SRR e e
Actin D > GED D GOED GFED
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2 <
- -] I
2 8 @ g 2
Cyclin D1 - S 5
CDK4 WLy G dave
Raf-1 — sy AP A
Hsp9 G — —— o— —r—
Actin D e

stern blot analysis of Hsp90 client protein degradation in MCF-7
A) 37 and 38 or (B) 39 and 40. Geldanamycin (GDA 500
nm) repre a positive control, while DMSO, represents the negative
control. L regfesents a concentration 1/2XICs0 value while H represents a
concentration of 5XIC5( value.

In an effort to optimize 2, structure-activity relationships were
lucidated for 17 analogs, which revealed the stilbene core to be
optimal for these compounds. Replacement of the biaryl amide
side chain with a triazole-containing group improved anti-
proliferative activity. In addition, replacement of the N-methyl
piperidine with a (dimethylamino)alkyl group led to Hsp90
inhibition. The overall length of the best Hsp90 inhibitors was 24
A.

Experimental Section

'H NMR were recorded at 400 or 500 MHz (Bruker DRX- 400 Bruker with
a H/C/P/F QNP gradient probe) spectrometer and 'C NMR spectra were
recorded at 125 MHz (Bruker DRX 500 with broadband, inverse triple
resonance, and high resolution magic angle spinning HR-MA probe
spectrometer); chemical shifts are reported in & (ppm) relative to the
internal reference CDCl; (CDCI3, 7.26 ppm). FAB (HRMS) spectra were
recorded with a LCT Premier (Waters Corp., Milford, MA) spectrometer
and IR spectra were recorded on a Magna FT-IR spectrometer (Nicolet
Instrument Corporation, Madison, WI). The purity of all compounds was
determined to be >95% as determined by '"H NMR and "*C NMR spectra,
unless otherwise noted. TLC was performed on glass- backed silica gel
plates (Uniplate) with spots visualized by UV light. All solvents were

This article is protected by copyright. All rights reserved.
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