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growth.

A novel series of macrocyclic ortho-aminobenzamide Hsp90 inhibitors is reported. In continuation of our
research, heterocycle-containing tethers were explored with the intent to further improve potency and
minimize hERG liabilities. This effort culminated in the discovery of compound 10, which efficiently sup-
pressed proliferation of HCT116 and U87 cells. This compound showed prolonged Hsp90-inhibitory activ-
ity at least 24 h post-administration consistent with elevated and prolonged exposure in the tumor.
When studied in a xenograft model, the compound demonstrated significant suppression of tumor

© 2011 Elsevier Ltd. All rights reserved.

Modern cancer chemotherapy generally suffers from the emer-
gence of drug resistance.!? The selective silencing of a specific cell
signaling pathway by a chemotherapeutic is arguably at the origin
of this problem. By up-regulating alternative pathways, tumors are
able to adapt to the drug treatment and continue their growth. Tar-
geting chaperone proteins offers a promising solution to this tradi-
tional chemotherapy dilemma, since it allows the simultaneous
inhibition of multiple pathways with a single agent.>*

The ATP-dependent 90 kDa molecular chaperone Hsp90 has be-
come an attractive target for cancer therapy.’~'° It plays a critical
role in maintaining the function of a wide range of client proteins,
many of which are intimately involved in cancer pathology.!! Inhi-
bition of Hsp90 leads to the destabilization, and ultimately degra-
dation of the clients, which results in the inhibition of cell growth
and apoptosis.'?

Different ATP-competitive chemotypes have evolved as potent
N-terminal Hsp90 inhibitors, several of which have transitioned
into clinical trials.!>'> While many of these clinical trials focus
on Hsp90 inhibitors as single agents for cancer therapy, combina-
tion studies with established chemotherapeutics have been de-
signed and were reported recently as well.!®
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The first Hsp90 inhibitor reported in the literature was the mac-
rocyclic natural product Geldanamycin 1 (Fig. 1), which belongs to
the class of the ansamycins.!” Clinical studies established this com-
pound’s unacceptable toxicology profile, preventing it from further
development.'® Optimization studies led to the discovery of
17-AAG 2 and 17-DMAG 3'° which are currently in clinical trials,
but which are characterized by poor solubility and a narrow ther-
apeutic window, respectively.

Vernalis recently disclosed resorcinol 42° which entered clinical
trials in 2007. Isoxazole 4 is one of many small molecules which
have been described in the literature as potential novel Hsp90
inhibitors with clinical application and is part of a recent summary
on this topic.?!

Serenex recently disclosed their own efforts to discover potent
small-molecule Hsp90 inhibitors that would be devoid of the
drawbacks associated with Geldanamycin and its analogs.?? Their
studies culminated in a series of 2-aminobenzamides which exhib-
ited low-nanomolar potencies in a proliferation assay. Among the
reported compounds, glycine pro-drug SNX-5422 (5) was ad-
vanced to clinical trials.??

Using structure-based drug design, a series of potent benzisox-
azoles as Hsp90 inhibitors was recently discovered.?* Continuing
the search for potent small molecule inhibitors of Hsp90, and
guided by X-ray crystallography using a structural analog of 5,
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Figure 1. Structure of Geldanamycin 1, clinically relevant ansamycins 17-AAG 2, 17-DMAG 3, Vernalis’ clinical candidate NVP-AUY922 4, Serenex’ clinical candidate SNX-

5422 5 as well as previously reported macrocyclic amine 6 and lactam 7.

we were inspired to design structurally unique macrocycles?>%

derived from o-aminobenzamides (such as amine 6). These com-
pounds were shown to be potent inhibitors of Hsp90 in an enzyme
and cell-proliferation assay (HCT116) while retaining excellent sol-
ubility and microsomal stability.?” Even more recently, we dis-
closed a series of macrocyclic amides (such as lactam 7), which
demonstrated excellent tumor exposure and biomarker activity
even at 24 h post dosing while being devoid of activity at the hERG
ionchannel.”® We continued to seek compounds in this structure
class that would demonstrate efficacy in a xenograft model and
wish to disclose a design that involved the incorporation of small
amine-based heterocyclic structures into the macrocyclic tether.

This effort culminated in the discovery of macrocycle 10, which
showed in vivo efficacy in a glioma xenograft model.

Asillustrated in Scheme 1, aldehyde 827 was converted to amines
9 by reductive amination with either readily available or easily
accessible optically pure building blocks, followed by removal of
the Boc-protecting group. Cyclization using Buchwald-Hartwig
conditions preceded hydrolysis of the aryl nitrile to the carboxam-
ides 10-21.

Analogs 22-27 (Fig. 2), with the exception of lactam 24, were
prepared using the same methodology as depicted in Scheme 1.
Lactam 24 was prepared from the corresponding carboxylic acid
utilizing identical chemistry as previously reported.?

H,N___ O
) Br BocHN’?'_)(()) ™ NH, H 3
N Br (/~x N
©/ a,b C Ay e 2 )
—_— NY/n N /n
§ CHO N N
° 4 ° © 10-21
# pos. chirality X n # pos. chirality X n
10 2 R CH, 1 16 3 R CH, 1
11 2 S CH, 1 17 3 S CH, 1
12 2 R CH, 2 18 2 R (R)-CHOH 1
13 2 S (6] 2 19 2 R (S)-CHF 1
14 2 S NH 2 20 2 R (S)-CHNHAc 1
15 2 S NAc 2 21 2 R (S)-CH-N(CH,), 1

Scheme 1. Reagents: (a) NaBH(OAc);, Boc-protected amine, DCE; (b) 10% TFA, DCM; (c) Pd,dbas, BINAP, NaOtBu, dioxane, toluene, 110 °C; (d) 90% H,SO4, 60 °C or 5 M NaOH,

30% H,0,, DMSO, EtOH.
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Figure 2. Analogs of macrocycle 10, prepared in the attempt to improve stability and hERG activity.

One of the first macrocycles prepared in this series was pyrrol-
idine derivative 10. It was designed as an analog to macrocycle 6
with the intent to improve its potency by incorporating a rigidify-
ing structural element. Several heterocycle-containing 1,2-ethy-
lenediamine derivatives are commercially available and were
thus attractive building blocks for incorporation into the linker

design. As expected, analog 10 showed an increase in potency com-
pared to amine 6, whereas its enantiomer 11 showed a substantial
reduction in binding activity (Table 1). This finding underscores the
critical nature of the stereochemical properties of the macrocyclic
tether. Ring-size is another critical parameter that has a profound
effect on potency. Compared to 10, analogs 22 and 23 differ only by

Table 1
Biological activities, profiling data, and selected calculated properties for Geldanamycin and macrocycles 10-27
# Hsp90®  vSrc®  HCT116° U87¢  2¢9¢ 2D6Y 3A4% Sol®  Human' Mouse! Ratf MWe# TPSA™ clogP' hERG  LEX LipE'
1 0.040 0.050 0.030 0.089 NT NT NT NT NT NT NT 561 163 21 NT 0.26 53
6 0.110 0.116 0.093 0.366 25 0 63 >100 10 NT >30 409 89 41 NT 0.32 29
7 0.082 0.079 0.056 0.080 23 -5 6 >100 4 >30 >30 423 106 3.5 NT 0.32 3.6
10 0.096 0.040 0.032 0.087 6 34 73 2324 12 16 6 435 80 4.3 2.6 0.31 2.7
11 1.037 0.897 1.141 NT NT NT NT 66 NT NT NT 435 80 43 NT 0.26 1.7
12 0.126 0.044 0.032 0.029 0 16 77 52 8 27 3 449 80 4.8 0.9 0.29 21
13 0.096 0.037 0.034 0.030 39 0 71 29 3 7 3 451 90 3.7 12,5 030 33
14 3.324 2.072 1.852 NT -12 -3 1 >100 >30 >30 >30 450 92 3.7 NT 0.23 1.8
15 0.106 0.055 0.140 NT 15 4 34 >100 14 5 3 492 101 33 244 0.27 3.7
16 0.201 0.090 0.100 0.421 2 0 53 >100 23 >30 21 435 80 4.1 0.44 0.29 2.6
17 >5 3.607 2973 NT NT NT NT NT NT NT NT 435 80 4.1 NT NT NT
18 0.153 0.117 0.192 0.679 9 33 64 67 3 7 10 451 101 3.1 NT 0.29 3.7
19 0.061 0.036 0.060 0.095 46 9 77 3 4 5 2 453 80 4.3 16.4 0.31 2.9
20 0.634 1.491 2.564 3.628 NT NT NT NT NT NT NT 492 109 3.0 NT 0.24 3.2
21 0.496 1.836 2428 >5 -3 69 34 71 NT NT 5 504 84 4.4 NT 0.24 1.9
22 0.883 0.398 0.460 NT 0 6 32 6 NT NT 6 421 80 3.9 NT 0.27 2.2
23 0.301 0.193 0.232 1.559 0 2 67 >100 5 11 8 449 80 4.8 NT 0.28 1.7
24 0.188 0.126 0.310 1.083 NT NT NT NT NT NT NT 449 97 3.2 NT 0.29 3.6
25 0.170 0.060 0.067 0.564 4 -4 55 35 3 6 7 463 80 54 1.5 0.28 14
26 0.982 0.582 0.671 NT 25 23 70 49 NT NT 5 421 80 3.7 NT 0.27 23
27 0.078 0.081  0.039 0.067 74 12 76 16 2 3 8 435 80 4.3 34 031 28

For experimental details regarding assay conditions see Ref. 24.
Enzyme ICsq (UM).

Cell-based functional assay ICsq (UM).
Cell-proliferation ECso (LM).

% Cyp-inhibition at 3 pM.

Solubility (pg/mL).

t1/2 in microsomes (min).

Molecular weight.

Total polar surface area.

Calculated partition ratio.

Ion channel ICso (UM).

Ligand efficiency.

Lipophilic efficiency.

In-house data.
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Figure 3. Macrocycle 10 bound to the N-terminal ATP-binding site of Hsp90.
Hydrogen bonds (black dotted lines) are labeled with distances in A. A portion of the
peptide has been omitted for clarity.

one carbon atom, but exhibit a substantial reduction in activity.
Likewise, removal of the basicity of the tether by conversion to
an amide (24)—a strategy that had been productive previ-
ously?®—leads to a significant loss in potency in this case.

Parallel to these efforts, the ring size and nature of the hetero-
cyclic moiety within the tether was varied as well. Thus, stereo-
chemically defined analogs 12-14 were prepared with a
piperidine, morpholine and piperazine, in the linker, respectively
(priority rules lead to a formal switch in stereochemical designa-
tion, Scheme 1). While 12 and 13 showed essentially identical
activity compared to 10, the drop in activity for 14 can be ex-
plained by the proximity of Lys58 (Fig. 3). Indeed, X-ray analysis
of 14 reveals a water mediated interaction of the distal piperazine
nitrogen with Lys58 (structure not shown). As expected, installa-
tion of the acetamide in analog 15 restores enzyme potency, pro-
viding a clear SAR trend for this series.

We had previously demonstrated that the potency of these
macrocycles depends significantly on the overall conformational
flexibility in the tether.2”?® Extension of this concept to macrocycle
12 led to the design of analog 25 (Fig. 2), which was derived from
an aminomethyl piperidine building block?® incorporating the
stereochemically defined additional methyl group. Based on
molecular modeling, analog 25 was the only diastereomer consid-
ered for this effort that did not yield the anticipated increase in
activity. Based on this result, it was concluded that the heterocyclic
tether itself appears to provide maximum productive rigidity com-
pared to the acyclic tethers as in 6.

An unexpected result was obtained when the connectivity of
the pyrrolidine moiety in 10 was altered by moving the methylene
group from position 2 to 3, de facto increasing the ring-size from
12 to 13. While again a clear stereochemical preference was ob-
served for the two analogs 16 and 17, the former was quite potent
when considering that other 13-membered macrocycles had been
substantially less active. By removing the methylene unit adjacent
to the aniline nitrogen in 10 or 12 while maintaining connectivity
to the 3-position of the heterocycle, 12-membered macrocycles 26
and 27 were obtained. In this instance, piperidine 27 was superior
to pyrrolidine analog 26 and showed comparable potency to pyr-
rolidine 10, without improving microsomal stability.

This latter group of analogs led to the conclusion that this con-
nectivity pattern did not provide any of the required improve-
ments. Thus, attention was directed toward the substitution of

the pyrrolidine ring, with the goal of enhancing the properties
associated with 10. A high clog P was presumably predictive of
its low stability in microsomes of the three indicated species
(Table 1). Incorporation of a hydroxyl group (18) led to a reduction
in lipophilicity but did not improve stability. Addition of a fluorine
substituent (19) lowered the pK, of the compound, which led to an
improvement of the compound’s potency at the hERG ion channel
without affecting potency. However, no improvement of micro-
somal stability was observed, possibly due to the unchanged
clog P. Addition of an acetamide (20) or pyrrolidine substituent
(21) led to analogs with substantially reduced activity in the en-
zyme and cell-assays.

An X-ray crystal structure for macrocycle 10 bound to the
N-terminal ATP-binding site of Hsp90 was obtained.>° As can be
seen in Figure 3, the carbonyl of the tetrahydroindolone engages
in a hydrogen bond with Tyr139, while the benzamide interacts
with Asp93 in a direct and a water-mediated hydrogen bond. The
nitrogen of the tether forms an additional water-mediated interac-
tion with the main chain carbonyl of Asn51. Figure 3 shows a sec-
ond water molecule proximal to the benzamide interacting with
Leud8 and Ser52, representing the dense network of conserved
water molecules characteristic for the N-terminal ATP-binding site
of Hsp90.

Figure 3 also highlights the proximity of Lys58 to the heterocy-
clic portion of the tether. This provides a structural explanation for
the lack of potency of analogs bearing basic functionality
approaching this side-chain.

The o-aminobenzamide-derived macrocyclic compounds bind
to the N-terminal ATP binding pocket of ATP (Fig. 3) and are as such
competitive ATP inhibitors. However, a substantial conformational
difference can be noted when comparing the binding conformation
of ATP in the active site of Hsp90 with its conformation in kinases.
When 10 was submitted to the Invitrogen panel of 59 kinases, it
was found that this compound displays only modest inhibitory
activity for FYN (ICso =22 pM), a SRC-related membrane-associ-
ated tyrosine kinase, and inhibits the other kinases with an
IC59 >50 MM

Compound 10 was evaluated in a biomarker study in a xeno-
graft model using U87 tumors (Fig. 4). When administered at
100 mg/kg iv, the compound clearly elicits a heat-shock response,
characterized by an up-regulation of Hsp70, which is detectable
even 24 h post dosing. Another characteristic response to effective
Hsp90 inhibition, which was detected in the biomarker study, is

Control 24h
[ 11 1
HSP 90
HSP 72
PAKT
— I e— - — pS6

— — R "S— — W Actin

Figure 4. Biomarker results for compound 10 when dosed at 100 mg/kg iv in U87
bearing nude mice.

Table 2
Exposure levels of 10 in U87 xenograft tumors

Dose (mg/kg) Route Plasma (ng/mL) 24 h Tumor (ng/g) 24 h
25 PO 18 109

50 PO 34 303

75 PO 67 476

100 PO 103 198

100 iv 90 1463
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Figure 5. In vivo efficacy of analog 10 in U87 glioma bearing nude mice.

Table 3
PK parameters for 10 in male CD-1 mice following a single 2 mg/kg IV or 10 mg/kg
oral dose

ti2 (h)  AUCq_inf (h ng/mL) Clp (mL/min/kg) Vss (1/kg) %F
iv 4.6 1738 19 53 74%
PO 5.2 6455

the down-regulation of pS6 and pAKT, two known substrates for
this chaperone.

Tissue and blood levels of 10 were also measured following iv
and oral dosing. As can be seen in Table 2, clearance of the com-
pound was observed from the blood 24 h post dosing. Compound
levels in the tumor remained elevated throughout the 24 h exper-
iment, generally in a dose-dependent manner consistent with the
biomarker results. However, tumor exposure was substantially
higher after iv compared to oral dosing.

Finally, compound 10 was characterized in a xenograft model
using U87 bearing nude mice (Fig. 5). Compared to the control
group, the macrocycle significantly suppressed tumor growth
when dosed iv once at 100 mg/kg on day 0. The compound was
even more effective when dosed twice per week at 100 mg/kg on
days 0 and 4.

In conclusion, compound 10 was demonstrated to be a potent
Hsp90 inhibitor in enzyme and cell-based assays. It showed excel-
lent biomarker activity and a significant effect on tumor growth
suppression. Furthermore, it demonstrated good tumor exposure

24 h after dosing and its pharmacokinetic parameters (Table 3)
showed a good half-life (t;2) and exposure (AUCq_inf), low plasma
clearance (Clp), high volume of distribution at steady-state (V)
and high bioavailability (%F).
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