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Synthesis and biological evaluation of novobiocin core analogs

as Hsp90 inhibitors

Katherine M. Byrd™, Chitra Subramanian®?, Jacqueline Sanchez'?, Hashim F. Motiwala®, Weiya Liu®,
Mark S. Cohen?, Jeffrey Holzbeierlein®®), and Brian S. J. Blagg*™

Dedication ((optional))

Abstract: Development of Heat shock protein 90 (Hsp90) C-terminal
inhibitors has emerged as an exciting strategy for the treatment of
cancer. Previous efforts have focused on modifications to the
natural products novobiocin and coumermycin. Moreover, variations
in both the sugar and amide moieties have been extensively studied,
whereas replacements for the coumarin core have received less
attention. Herein, 24 cores were synthesized with varying distances
and angles between the sugar and amide moieties. Compounds
that exhibited good anti-proliferative activity against multiple cancer
cell lines and Hsp90 inhibitory activity, were those that placed the
sugar and amide moieties between 7.7 to 12.1 A apart along with
angles of 180°.

Introduction

Heat shock protein 90 (Hsp90) is a molecular chaperone that
is responsible for folding nascent polypeptides into their
biologically active conformation. More than 200 client proteins
depend upon Hsp90 for their maturation/activation, and many
are essential to cancer cell survival and proliferation.”*! Unlike
drugs that target these individual client proteins, inhibition of
Hsp90 results in the degradation of more than 30 anti-cancer
targets simultaneously. Furthermore, Hsp90 is overexpressed
and can be selectively targeted in cancer, thus its inhibition can
diminish potential side effects.®”

17 Hsp90 inhibitors have entered clinical trials for the
treatment of cancer. All of these inhibitors bind the N-terminal
ATP binding site.®*? The major problem associated with these
inhibitors is induction of the heat shock response (pro survival)
at the same concentration that leads to protein degradation.
Due to increased Hsp90 levels observed upon administration of
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N-terminal inhibitors, the scheduling and dosing of patients is
often difficult.** Presently, no Hsp90 inhibitor is FDA-approved
for the treatment for cancer.

In contrast to N-terminal inhibitors, C-terminal inhibitors can
be prepared that do not induce the pro-survival heat shock
response that is responsible for these dosing difficulties.™ In
fact, Hsp90 C-terminal inhibitors have proven to exhibit distinct
properties when compared to N-terminal inhibitors.*3%
Therefore, the development of Hsp90 C-terminal inhibitors could
provide a clinically useful alternative for the treatment of
cancer. >

Studies have shown that natural product C-terminal
inhibitors,’??4 such as novobiocin and coumermycin Al, do not
induce the heat shock response. Unfortunately, these
compounds manifest ICso values of 700 uM and 70 uM,
respectively.?>?! Although no crystal structure of the Hsp90 C-
terminus bound to inhibitors exists, homology models have been
developed to aid the design of new inhibitors.?”? Using these
models, structure-activity-relationship studies on novobiocin and
coumermycin have led to compounds that manifest activity in the
mid to low nanomolar range against a variety of cancers,
which supports the potential use of these compounds as anti-
cancer therapeutics.

To date, SAR studies on novobiocin have primarily
focused on finding replacements for the noviose sugar and the
prenylated aryl side chain. (Figure 1) In fact, more potent Hsp90
inhibitors can be accessed by replacement of the noviose sugar
with N-methylpiperidine (2) or by substitution of the prenylated
aryl side chain with a biaryl side chain (3).° Both of these
modifications not only lead to more efficacious analogs, but also
a simplified synthesis, as the noviose sugar requires more than
10 synthetic transformations. In addition to the coumarin core,
biaryl cores (4 and 5) have been discovered that manifest
superior anti-cancer activity.® Since compounds containing a
biaryl core exhibit improved inhibitory activity over the coumarin-
based compounds, it suggests that some flexibility within the C-
terminal binding pocket may exist. Additionally, orientation of
the N-methylpiperidine and the biaryl side chain may also be
important for the increased efficacy. In fact, compounds
prepared to date project the sugar and amide side chains
linearly at ~180°. Therefore, the focus of this study was to
determine the optimal distance and angle between the N-
methylpiperidine and the biaryl side chain.
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Figure 1: Novobiocin and analogs previously evaluated

Results and Discussion

Design and synthesis of novel scaffolds

In order to determine the optimal distance and angle between
the N-methylpiperidine and the biaryl side chain, cores were
designed to place these groups between 6.2 and 14.3 A apart as
presented in Table 1.

Table 1: List of cores with varying distance and angles
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[a] Distance measured between the oxygen bound to N-methylpiperidine and amide nitrogen of the biaryl side chain [b] Both distance and angles were measured
in PyMOL after the 3D structures had been minimized through molecular dynamic simulations.

From a design perspective, initial efforts were focused on
modification of the bicyclic core represented by the coumarin
ring in novobiocin. First, the biaryl side chain was placed at the
1-position of both the tetrahydronaphthalene and naphthalene
cores. (6 and 7). Second, the biaryl side chain was placed at
the 2-position of the tetrahydronaphthalene core. Compounds
6-8 would provide insight into both the position and planarity of
the biaryl side chain on the bicyclic ring system.

Next, a series of compounds with a three-ring core was
designed. The first set of compounds contained a phenyl-
naphthalene core, wherein the biaryl side chain or the N-
methylpiperidine was placed at all three positions on the
benzene ring. (Figure 2) A variety of distances and angles could
be quickly accessed with this scaffold, as advanced
intermediates could be used for the preparation of additional
compounds.
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Figure 2: Analogs with phenyl-naphthalene core

The second set of compounds investigated were the 1-phenyl-
di(tetra)hydronaphthalene analogs. (15-18) Initially, the 1-
phenyl-dihydronaphthalene scaffold was designed to compare
placement of the phenyl ring on the 1- versus 2-position of the
naphthalene ring. Later, 1-phenyl-tetrahydronaphthalene
analogs could also be accessed by use of an intermediate. The
1-phenyl-tetrahydronaphthalene scaffold would provide data on
planarity of the three-ring system and its effect on anti-
proliferative activity. The third set of compounds contained two
fused three-ring cores. (19 and 20). Unlike the previous sets of
compounds, where one of the rings was able to rotate freely, the
fused ring system provides ridged counterparts for investigation.
A comparison of anti-proliferative activities between these
compounds would help establish the role played by the core.

Compounds 21 and 22 contain 4-ring analogs that were
designed for this investigation. Additionally, compound 23
represents a derivative of 5, where an alkyne was placed
between the phenyl rings to increase distance between the N-
methylpiperidine and the biaryl side chain by two carbons, while
maintaining linearity. The alkyne in 23 could be reduced to both
the alkene (24 and 25) and alkane (26) to provide insights into
the flexibility and geometry of the two-carbon linker. Finally, an
additional series of alkyne-containing compounds was
envisioned (27-29) that extend from an aromatic core.

Various angles between the N-methylpiperidine and the
biaryl side chain were accessed by placement of these groups at
different positions within the same core structure. Compounds 9,
11 and 13 are representative examples wherein this strategy
was utilized. Alternatively, different angles were observed when
the biaryl side chain was placed out of plane with regards to the

core (Figure 3).
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Figure 3 Graphic representation of the biaryl side chain that rests either in or
out-of-plane

Synthesis of select analogs
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Scheme 1: Synthesis of 1 and 2-amido novobiocin analogs

Scheme 1 illustrates the synthetic protocol used to prepare 1-
amido and 2-amido analogs. Amines 30a/b, which were
synthesized from the corresponding 6-methoxy-tetralones (See
supporting information), were subjected to an EDCI coupling
with carboxylic acid A. After removal of the benzyl group via
hydrogenolysis, phenol 32a/b was coupled with N-methyl-4-
piperidinol (B) through Mitsunobu etherification.*

A representative synthesis of the phenyl-naphthalene
analogs is shown in scheme 2. Synthesis began by the coupling
of commercially available 2-amino-6-bromonaphthalene (33)
with C to form amide 34 in good yield. Amide 34 was the
common intermediate used to prepare analogs wherein the N-
methylpiperidine was placed at all three positions on the phenyl
substituent. A Suzuki coupling between amide 34 and boronic
acids 35a-c produced the phenyl-naphthalenes, 36a-c, in
moderate yield. Finally phenols 36a-c were coupled with B via a
Mitsunobu reaction to generate the final products (10, 12, 14) in

QH 35a = 0-OH

53-60% yield.
i B ‘OH 35b = m-OH
Ho@ 35¢c = ﬂou

Pd(dppf)Cl,-DCM
B O
—_—
DMF/H,0 (4:1)
130 °C MW, 30 min T 36a-c
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O
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o O
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a=53%, b =53%,

c=63%
c=60% 0,12, 14
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Scheme 2: Synthesis of 2-Phenyl-Naphthalene Analog

Synthesis of 1-phenyl-di(tetra)hydronaphthalene analogs
commenced via a Suzuki coupling between commercially
available boronic acids, 38a/b, and vinyl triflate 374 to yield the
corresponding nitro aromatics, 39a/b (Scheme 3). Following
demethylation of 39a/b, N-methyl-4-piperidinol was coupled with
phenols 40a/b under Mitsunobu conditions. At this point, the
synthesis diverged and the nitro group in 4la/b selectively
reduced to the corresponding aniline using iron-catalyzed
conditions (42a/b); or both the nitro group and the alkene were
reduced via a palladium-catalyzed hydrogenation (43a/b). The
resulting anilines were then coupled with acid chloride C to form
amide 15/18 or 16/17, respectively.
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Scheme 3: Synthesis of 1-phenyl-di(tetra)hydronaphthalene analogs

Preparation of the dibenzo[b,d]furan cores is shown in
scheme 4.5 Synthesis of the dibenzofuran-containing analogs
began by a Suzuki coupling between boronic acid 44 and aryl
bromides 45a/b to yield 46a/b in moderate yield. Pyridine-HCI
was used to cleave the methyl ethers of 46a/b and provide
resorcinols 47a/b. An intramolecular nucleophilic substitution of
the resorcinol moiety (47a/b) generated dibenzofuranols 48a/b
in good yield. N-methyl-4-piperidinol was added to 48a/b
through a Mitsunobu reaction, which produced 49a/b in good
yield. Following reduction of the nitro group present in 49a/b,
the resulting aniline was coupled with acid chloride C to furnish
19 and 20.

DCM, rt.
H,O/EtOH (1:1), 120 °C fj 42alb 4= 34%, b=21% ﬁj 150r18
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Scheme 4: Synthesis of dibenzo[b,d]furan analogs
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The synthesis of an alkyne-containing compound is outlined in
Scheme 5. Commercially available 4-ethynylanisole (51) was
coupled with 1-bromo-4-nitrobezene (52) under Sonogashira
conditions to yield alkyne 53 in 82% yield. Following cleavage of
the methyl ether present in 53, phenol 54 was treated with N-
methyl-4-piperidinol under Mitsunobu conditions to furnish 55 in
moderate yield. The nitro group on 55 was subsequently
reduced,® and the resulting aniline was coupled with C to
produce the final product, 23.
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Scheme 5: Synthesis of 1,2-Diphenyl-Ethyne Analog

Evaluation of anti-proliferation activity of analogs

Upon preparation of the compounds listed table 1, the anti-
proliferation activity manifested by these compounds was
evaluated against MCF-7 (estrogen receptor positive breast
cancer cells), SKBr3 (estrogen receptor negative, HER2
overexpressing breast cancer cells), PC3-MM2 (androgen-
independent prostate cancer cells) and MDA-MB-468Ln (human
breast cancer triple negative) cell lines (Table 2). In the bicyclic
core series, the position of the amide was important for anti-
proliferation activity. When the amide was attached at the 1-
position, no anti-proliferative activity observed for the aromatic
core (in-plane) (7), whereas moderate activity was observed
when the amide was placed out-of plane (6). In contrast, when
the amide was placed at the 2-position, an increase in anti-
proliferation activity was observed when the amide was in-plane
(57) vs. out-of-plane (8).

The anti-proliferative activity manifested by the 2-phenyl-
napthalene cores were slightly worse than the 1-phenyl-
di(tetra)hydronaphthalene cores and better than the

WILEY-VCH

dibenzo[b,d]furan cores in the three-ring series. Compounds
containing the amide side chain on the phenyl ring (9, 11 and
13) were more active than compounds containing the N-
methylpiperidine on the phenyl ring (Entries 10, 12 and 14), with
the para substituted amide analog being most efficacious for the
2-phenyl-naphthalene series (13). When the amide was
attached to the  para-position of the 1-phenyl-
di(tetra)hydronaphthalene core, a marginal difference in activity
for the di- versus tetrahydronaphthalene core was observed (17
and 18). On the other hand, when the amide was placed at the
ortho-position, a slight increase in activity against SKBr3 cells
and a 2-fold increase in activity against PC3-MM2 cells was
observed (15 and 16). Finally, there was a 2-fold increase in
activity when the N-methylpiperidine was located at the 6-
position (19) versus the 7-position (20) of the dibenzo[b,d]furan
core. The trends observed for these three-analogs indicate that
compounds are less potent when the rings are fused, versus
compounds that can rotate freely.

The incorporation of alkynes into the structure did not
produce more potent compounds than their counterparts. For
example, 5 exhibits mid-nanomolar activity against all of the cell
lines, whereas 23 (which contains an alkyne between the two
phenyl rings) manifested a 6-fold decrease in activity. A similar
trend was also observed between 13 and 29. Interestingly,
when the alkyne of 23 was reduced to the E-alkene (25), an
increase in activity was observed. In contrast, the Z-alkene (24)
exhibited a slight decrease in activity when compared to 23.
However, when 23 was fully saturated, a 3-fold decrease in
activity was observed against the MCF-7 cell line, whereas a 2-
fold increase in activity was observed against SKBr3 cells.
These observations highlight the importance of identifying the
optimal distance and angle between the N-methylpiperidine and
the biaryl side chain.
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Table 2: Anti-proliferative activity manifested by novobiocin analogs
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Compd | Structure Dist. | Angle | MCF-7® | skBr3™ PC3-MM2 | MDA-MB-
[ 468Ln™Y
6 Ny 6.2A |73.4° |5.4+0.80 5.4+0.00 8.7+0.37 7.0
% : i
X
7 Y 6.3A |120° >50 >50 >50 221
OO
X
8 H 78A 1160.9° |[6.7£0.00 |7.6£0.00 | 10.7+0.10 12.83
Y
570 H 78A [180° [15+030 |13+022 |3.1:0.67 NT
A %
9 O 77A | 115° 3.9+0.016 | 2.0+0.016 | 2.2+0.03 3.0
Heoors
10 H 79A |115° 2.6+0.738 | 3.3+0.05 7.2+1.1 4.3
o
L,
X
11 O 10.4 | 139.3° | 2.9+0.639 | 2.3+0.06 7.5+0.26 3.0
Y A
N
DO
o
X
12 H 105 |141.6° |23+0.13 3.5+0.02 5.7+0.12 33
co A
X,O
13 N, |11.8 [168.9° [15+0.139 [14£009 |[7.9£12 2.2
|
SO
14 H 11.8 | 172.1° | 3.4+0.09 2.4+0.17 7.49+0.17 4.2
SO
JC
15 H 78A [79.4° [21+003 |[1.8+064 |5.2+1.0 3.8
DR
A
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16 H 9.1A |118.8° | 1.8+0.43 1.7+0.70 3.3+0.25 2.6
Y
17 on-Y 9.2 A |108.3° | 2.6+0.63 3.2+0.90 5.4+1.1 1.9
Hee
18 - Y 90.8A |104.3° | 2.5+0.40 2.2+0.06 5.6+0.27 35
SO
19 o 0 9.1A | 124.6° | 2.9+0.58 3.3+0.35 10.3+0.35 5.5
<
N‘Y
H
20 o o H 94 A | 1545° | 4.2+0.80 6.4+0.21 12.0+0.21 >10
21 HN-Y 9.2 A | 168.3° | 3.3+0.37 4.9+0.43 7.940.76 5.2
22 Hl141 | 180° 20.9+2.54 | 11.840.94 | >50 >10
A
o S
23 H 12.1 | 180° 2.7+0.79 4.3+0.01 5.8+0.32 4.9
A
=
oo
24 = 9.1A | 120° 5.9+0.00 7.5+0.00 7.8+1.1 6.0
X-0 HN-Y
25 H 11.8 | 170.7° | 1.3+0.59 0.68+0.10 | 1.3+0.26 0.50
v |a
g
¥
26 H 119 | 166.6° | 9.8+3.4 2.9+1.108 | 5.3 4.6
A
X‘O
50 H 96A [180° [0.71x0.02 [0.47+0.06 |[0.98 NT
S
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27 P N Y 8.7A 163° 8.7+£1.9 14.3+1.20 >50 26.8
ZZ
(0]
28 N-Y 10.9 172.2° 8.8 2.2+0.14 2.1+0.41 1.9
SO
X\O
29 H 14.3 160.5° 4.3+0.42 3.5+0.63 5.4+0.07 2.2
T 1A
=7
SO

[a]Values are in uM, where represent mean * standard deviation for at least two separate experiments performed in triplicate. [b] Ref. 31b [c] Ref. 32a [d] NT= not

tested

Based on the data outlined in table 2, three-dimensional
graphst? were generated to compare the anti-proliferative
activity versus the angle and distance between the N-
methylpiperidine and the biaryl side chain for MCF-7. SKBr3 and
PC3-MM2 cell lines. (Figure 4) As the angle approaches 180°,
the anti-proliferation activity increased in all cell lines. The
optimal distance for good anti-proliferation activity (<2uM) was
variable in these cell lines. In the MCF-7 cell line, the optimal
distance for activity was 7.5 to 10.5A, although a small pocket
was located from 11.5 to 12 A. In the SKBr3 cell line, the
optimal distance was 7.5 to 14A. In the PC3-MM2 cell line, the
optimal distance for good activity was 7.5 to 10A. In general, the
most potent compounds (<1uM) were those that placed the N-
methylpiperidine and the biaryl side chain at a 180° angle and
between 7.7 to 9.6A apart from one another.
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Figure 4: 3D graphs for the anti-proliferation vs. distance vs. angles for MCF-7,
SKBr3 and PC3-MM2 cell lines.
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Evaluation of Hsp90 inhibitory activity of analogs

After measuring the anti-proliferation activity manifested by
these compounds, the molecules were further investigated in the
Hsp90-dependent luciferase-refolding assay to correlate Hsp90
inhibitory activity with cell viability.®® Table 3 lists the
compounds that exhibited Hsp90 inhibitory activity. The data in
table 3 was then displayed in a three-dimensional graph, which
compares Hsp90 inhibitory activity versus the distance and
angle between the N-methylpiperidine and the biaryl side chain.
(Figure 5)

A distance of 6.2 and 12.1A between the N-methylpiperidine

and the biaryl side chain was optimal for Hsp90 inhibitory activity.

In general, the distance observed for the compounds in table 3
fit within the optimal distance identified for the manifestation of
good anti-proliferative activity, though there were some
exceptions (6, 23). Similar to the anti-proliferation data, the
Hsp90 inhibitory activity increased as the angle approached
180°, although exceptions were noted for compounds with a
distance of less than 8 A. There were several compounds that
fit within the parameters for distance and angle but did not
exhibit Hsp90 inhibitory activity. This information suggests that
identification of Hsp90 inhibitors cannot be limited simply to
distance and angle. Interestingly, the fused 3- and 4-ring
systems (19-21) were generally more potent Hsp90 inhibitors as
compared to the 3-ring systems (14, 15, 16, 18) that contained a
freely rotatable ring, which was opposite to the observations in
the anti-proliferation studies. Similarly, 23 was the most potent
Hsp90 inhibitor, even though its counterpart, 5, was the most
potent anti-proliferative agent. This data suggests that the
Hsp90 inhibitory activity is best for compounds that are flat and
exhibit a distance greater than 8 A.

Table 3: Hsp90 inhibitory activity of analogs

Entry | Distance | Angle Hsp90 1Csg
(uv) @
6 6.2 A 73.4° 54.7
8 78A 160.9° 118
9 77A 115° 102
14 11.8 A 172.1° 391
63 78 A 180° 61.7
15 78A 79.4° 967
16 9.1A 118.8° 491
18 9.8 A 104.3° 292
19 9.1A 124.6° 61.2
20 9.4 A 154.5° 149
21 9.2 A 168.3° 115
5 9.6 A 180° 15.8
23 12.1 A 180° 40.9
24 9.1A 120° 179
25 11.8 A 170.7° 64.9
26 119 A 166.6° 85.1
27 8.7A 163° 266
28 109 A 172.2° 821

[a]Values represent mean + standard deviation for at least two separate

experiments performed in triplicate.
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Figure 5: 3D graph for the Hsp90 inhibitory activity vs. distance vs. angles

In order to provide further evidence that the anti-proliferation
activity was due to Hsp90 inhibition, Western blot analysis was
performed on 25, which exhibited the most potent anti-
proliferation activity and good Hsp90 inhibitory activity. As
shown in figure 6, 25 induced degradation of Hsp90-dependant
clients Her2, Raf-1 and CDK6. Actin was used as a control,
since this protein is not an Hsp90-dependent substrate.

S
Qé(ﬁo\/%

Her2 %% .
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Hspo0 M S s

Actin 5 & @Hes

Figure 6: Western blot analyses of Hsp90 client protein degradation in PC3-
MM2 cells treated with 25. L represents a concentration 12 [1IC5q value while
H represents a concentration of 5 x ICgq value. GDA (500 nM) represents a
positive control, while DMSO, represents the negative control.
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Figure 7: Summary of optimal distance and angle between the N-
methylpiperidine and the biaryl side chain

Conclusions

In this study, the distance and angle between the N-
methylpiperidine and the biaryl side chain was analyzed in an
effort to develop more potent Hsp90 C-terminal inhibitors. The
best anti-proliferative and Hsp90 inhibitory activities were
obtained when the distance was between 7.7 to 12.1 A and the
angle was close to 180°. (Figure 7) As a result of this
investigation, a compound (25) was developed, which exhibited
mid-nanomolar activity against SKBr3 cells. This study also
revealed other structural aspects such as planarity and flexibility
are important to achieve good anti-proliferative and Hsp90
inhibitory activities. Based on the information gathered in this
study, the compounds that exhibited good anti-proliferative and
Hsp90 inhibitory activities can be used as a template to develop
more novel and useful Hsp90 inhibitors.

Experimental Section

'H NMR were recorded at 400 or 500 MHz (Bruker DRX- 400 Bruker with
a HIC/IP/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 CDCls-d (CDCI3, 7.27 ppm). FAB (HRMS) spectra
were recorded with a LCT Premier (Waters Corp., Milford, MA)
spectrometer. 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 reagent grade and, when
necessary, were purified and dried by standard methods. Concentration
of solutions after reactions and extractions involved the use of a rotary
evaporator operating at reduced pressure.
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