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Abstract

Development of SAR in an N-acyl-N-arylpiperazine series of negative allosteric modulators of
mGlu; using a functional cell-based assay is described in this Letter. Characterization of selected
compounds in protein binding assays was used to aid in selecting VU0469650 for further profiling
in ancillary pharmacology assays and pharmacokinetic studies. VU0469650 demonstrated an
excellent selectivity profile and good exposure in both plasma and brain samples following
intraperitoneal dosing in rats.
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-Glutamic acid (glutamate) is the major excitatory neurotransmitter in the mammalian
central nervous system (CNS). Glutamate produces its effects through binding to both
ionotropic and metabotropic glutamate receptors. The metabotropic glutamate receptors
(mGlus) belong to family C of the G protein-coupled receptors (GPCRs). Further
classification of the mGlus discovered to date has been according to their structure,
preferred signal transduction mechanisms, and pharmacology (Group I: mGlu; and mGlus;
Group II: mGluy and mGlug; Group 111 mGlug, mGlug, mGlu7, and mGlug).! Many of these
receptors have attracted significant attention as promising targets for the treatment of a
variety of CNS related disorders. The design of drug-like compounds that selectively target
a specific mGlu has been complicated by the fact that the orthosteric binding site of the
mGlus is highly conserved. An alternative strategy that has proven successful for
overcoming such selectivity hurdles has been the optimization of compounds that modulate
the function of the receptor through interaction with an allosteric binding site.2

An area within the mGlu allosteric modulator field that has garnered substantial interest has
been the design and application of selective small molecule negative allosteric modulators
(NAMs) of mGlu,.3 Several tool compounds have been discovered during recent years
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further establishing the link between mGlu; antagonism and the potential treatment of CNS
related disorders such as addiction,* anxiety," epilepsy,® pain,®®7 and psychotic

disorders. 538 Compounds 1-6 (Fig. 1) are representative of the mGlu; NAM chemotypes
that have been discovered to date and examples of molecules with demonstrated efficacy in
vivo. For example, JNJ16259685 (1) was efficacious in a rat model of anxiety? as well as
rat'0 and squirrel monkey!! models of addiction. A-841720 (2) was established as an
analgesic in rat models of neuropathic painl2 and post-operative pain.13 Inhibition of
nociceptive pain was observed with 3 in rats1* and with YM298198 (4) in mice.15
Antipsychotic activity as measured by acoustic prepulse inhibition models was noted with
516 and 617 in rats and with 18 and 48 in mice. Also of interest, recent research has identified
a potential role for mGluy inhibition in the treatment melanomal8 and certain types of breast
cancer.19

We have recently become interested in the discovery and development of structurally novel
mGlu; NAMs with properties suitable for evaluation in rodent models of a variety of CNS
disorders. A potential starting point for a hit to lead optimization program focused on mGlu,
NAMs was identified through cross screening during the course of our recent work in the
mGlus NAM field (Fig. 2).2° The adamantyl carboxamides 7 and 8 were mGlus NAMs that
were also found to behave as mGlu; NAMs in a functional cell based assay.?! Our mGlu;
assay measures the ability of the compound to block the mobilization of calcium by an ECgg
concentration of glutamate in cells expressing human mGlu;.

One attractive feature of this scaffold was the fact that robust chemistry would allow to us to
rapidly vary three distinct portions of the chemotype and evaluate considerable synthetic
diversity (Scheme 1). For instance, commercially available and enantiopure piperazines 9
(RY = CHj3) were useful for evaluating substitution of the piperazine core. For the purpose of
evaluating SAR about the aryl portion of the chemotype (R?), substituted piperazines 9 were
reacted with adamantoyl chloride to afford amide intermediates 10. Removal of the
carbamate protecting group under acidic conditions gave amine intermediates 11. Target
compounds were accessible from amines 11 through nucleophilic aromatic substitution
reactions with aryl fluorides or Buchwald—Hartwig?2 amination reactions with suitable aryl
halides.23 For evaluation of SAR around the amide portion of the scaffold, a simple
reorganization of the synthetic transformations was required. Reaction of amines 9 with
either 2-fluoropyridine or 2-bromopyridine under appropriate conditions provided
intermediate 12. Following cleavage of the protecting group, amines 13 were readily
converted to the target amide compounds using well established methods.24

Evaluation of methyl substituted piperazines was one of our first areas of investigation
(Table 1). New compounds were prepared with the 2-pyridyl group found in hit 7 (14-17).
Evaluation of these enantiopure analogs yielded some interesting results. A preference with
regard to the mGlu; NAM activity was observed for one enantiomer versus the other in the
case of both the 2-methyl and 3-methyl analogs. With the 2-methyl analogs a 15- fold
preference was observed for the R-enantiomer (15 vs 14), while with the 3-methyl analogs a
sixfold preference was observed for the R-enantiomer (17 vs 16). Furthermore, both 15 and
17 were approximately fourfold more potent than the unsubstituted comparator 7. Moreover,
an equally substantial discovery was noted upon testing of 15 and 17 in our functional
mGlus assay.2® Both compounds were only weak antagonists in this assay (ICsp >10
YaM***), In short order, we had moved from a hit compound with little to no group | mGlu
selectivity to two compounds with more than 60-fold selectivity for mGlu; versus mGlus.

We next chose to evaluate SAR around the amide portion of the chemotype in the context of

both the (R)-2-methyl piperazine (series 1) and the (R)-3-methyl piperazine (series Il) cores
(Table 2). A number of analogs (18-35) were prepared in an attempt to identify
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replacements for the 1-adamantyl group. This was not generally successful; however, there
were some notable exceptions. In the context of the (R)-2-methyl piperazine but not the
(R)-3-methyl piperazine, the cyclooctyl (26) and the trans-(tert-butyl)cyclohexyl (30)
groups demonstrated weak to moderate NAM activity against mGlu;. Additionally, the
bicyclo[3.3.1]nonan-3-yl (32) group was essentially equipotent to 15, though this was again
not effective in the case of the (R)-3-methyl piperazine (33 vs 17). It has been reported that
the cubyl group can function as an effective and less lipophilic isosteric replacement for the
adamanty! group.2® Unfortunately, such a modification was not effective in our chemotype
(34 and 35).

Our attention next moved from the amide to the aryl portion of the template (Table 3). Using
an approach similar to that previously described, we again observed only weak antagonists
(37, 41, 43, 45) and a compound (39) with no activity at the top concentration tested (30
uM) in the context of the (R)-3-methyl piperazine. Fortunately, the same was not observed
with the (R)-2- methyl piperazine analogs. Though 4-pyridyl analog 38 demonstrated only
weak mGlu; NAM activity, 3-pyridyl analog 36 exhibited good potency. Good to moderate
potency was also noted with pyrimidines 40 and 44 and pyrazine 42. Finally, the 2-
cyanophenyl analog 46 had potency within twofold of that observed with 15 and represented
an improvement over the unsubstituted comparator piperazine 8 (Fig. 2).

Having seen little progress in identifying improved analogs with the (R)-3-methyl piperazine
core, we chose to focus our remaining efforts on attempting to improve upon the results
observed with (R)-2-methyl piperazine analogs 15 and 46 (Table 4). Knowing that very
subtle structural modifications can dramatically affect activity with allosteric modulators, we
prepared fluorinated analogs of 15 (48-50). Though all three compounds exhibited good
potency, 6-fluoropyridine 48 was the most potent and only slightly less potent than 15.We
also prepared heteroaryl analogs (51-54) of 46 as a means to reduce lipophilicity. Most of
these derivatives demonstrated good (51 and 53) to moderate (52) potency; however, analog
54 represented a nearly threefold improvement relative to 46 and the most potent compound
from within the chemotype identified to date.

Calculation of the ligand-lipophilicity efficiency (LLE) values for our most potent analogs
identified analog 54 as the compound with the best balance of potency and lipophilicity, two
factors linked to drug-likeness (Table 5).27 We also decided to examine these same
compounds for their propensity to non-specifically bind to rat plasma proteins.28 Binding to
proteins can limit the amount of drug available to interact with the target, and thus impact
efficacy in an in vivo setting. Since we are primarily interested in CNS applications of an
mGlu; NAM, we also chose to further profile interesting compounds by measuring their
binding to rat brain homogenates. Not surprisingly, the measured fraction unbound tracked
well with the calculated logP values. In the instances where brain homogenate binding was
measured, there was reduced fraction unbound in brain homogenates relative to plasma. Our
experience is that such a relationship between the unbound fraction in brain homogenates
versus plasma is often but not always the case. Gratifyingly, the most potent analog 54 also
demonstrated an increased fraction unbound compared to most of the other compounds
tested.

Compound 54 (VU0469650) was also examined in cell based functional assays for its
selectivity against the other members of the mGlu family and was determined to be inactive
against mGlu,_g at 10 pM.22 Additionally, we tested the compound in a functional cell
based assay against rat mGlu, and found little difference across species.3? With over 100-
fold selectivity against the other mGlus, we also wanted to assess the selectivity of the
compound against a wider variety of targets. As such, we submitted the compound to a
commercially available radioligand binding assay panel of 68 clinically relevant GPCRs, ion
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channels, kinases, and transporters,3! and no significant responses were found at a
concentration of 10 pM.32

Given the results summarized herein, we chose to evaluate VU0469650 in a rat
pharmacokinetic study (Table 6).33 In order to understand the rate of metabolism in vivo, a
study was conducted using intravenous (IV) dosing. VU0469650 exhibited moderate to high
clearance, a moderate volume of distribution, and a half-life of approximately 1 hour. We
reasoned that such a clearance profile was supportive of further studies and proceeded to
evaluate the compound in a plasma-brain level experiment using intraperitoneal (IP) dosing.
Given the moderate to high clearance observed in the IV experiment, the IP dosing route
was chosen in an attempt to maximize exposure. The 30 min post-dose time point was
selected as it would be a relevant time point for many behavioral experiments of interest.
We were pleased to see that the CNS penetration for VU0469650 was excellent and that the
absolute levels in the brain were quite good. Taking into account the aforementioned brain
homogenate binding data, we estimate the unbound fraction in the brain to be 32 nM. If that
is indeed the case, a threefold increase in dose (30 mg/kg) should provide unbound drug
levels near the functional 1Cgq for mGluy.

In conclusion, we have identified a new mGlu; NAM tool compound from within a series of
N-acyl-N-arylpiperazines using a hit to lead optimization plan initiated from a cross
screening hit. VU0469650 can be prepared using a simple three step procedure and readily
available starting materials. The compound is also potent and selective with excellent CNS
penetration in rats. Future plans include evaluation of the compound in rodent behavioral
assays associated with CNS disorders linked to mGlu; signaling. Results and observations
from such studies will be the subject of future communications.
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taken for an additional 40 s. Allosteric modulation by the compounds was measured by comparing
the amplitude of the responses at the time of glutamate addition plus and minus test compound.
For a more detailed description of the assay, see Sharma S, Rodriguez AL, Conn PJ, Lindsley CW.
Bioorg. Med. Chem. Lett. 2008; 18:4098. [PubMed: 18550372]
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Binding to rat plasma proteins and brain homogenates were measured using equilibrium dialysis
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Analogous to the method described in Ref.21 with the exception that HEK 293A TREX cells stably
expressing rat mGluy were used.

LeadProfiIingScreen®, Eurofins Panlabs, Inc. http://www.eurofinspanlabs.com.

Significant responses are defined as those that inhibited more than 50% of radioligand binding. In
the case of VU0469650, no inhibition greater than 41% (adenosine A1 and sigma o1) was
observed.

Male Sprague—Dawley rats weighing between 250 and 300 g were purchased from Harlan
Laboratories (Indianapolis, IN). VU0469650 was used as its mono-HCI salt for these studies. For
the 1V study, cannulated animals with catheters surgically implanted in the carotid artery and
jugular vein were used. Blood collections via the carotid artery were performed at 0.033, 0.117,
0.25,0.5, 1, 2, 4,7, and 24 h after administration via the jugular vein catheter. For the IP study,
rats were euthanized and decapitated 30 min after compound administration, and both blood and
brain samples were collected. Following protein precipitation, the supernatants of all plasma and
brain homogenate samples were analyzed by means of LC-MS/MS. All animal studies were
approved by the Vanderbilt University Medical Center Institutional Animal Care and Use
Committee.
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mGlu; NAM compounds with in vivo efficacy.
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Figure 2.

mGlu; NAM starting points for hit to lead optimization.
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Reagents and conditions: (a) 1-adamantoyl chloride, DIEA, CH5Cly; (b) HCI, MeOH,
dioxanes; (c) R2F, NMP, p wave, 250 °C, 10 min; (d) R2X (X = Cl, Br, or 1), Pd,(dba); or
Pd(OAc),, Xantphos, NaO'Bu or Cs,CO3, dioxanes, p1 wave, 120 °C, 10 min or 100 °C, 18
h; (e) R3COCI, DIEA, CH,Cly; (f) R3CO,H, HATU, DIEA, CH,Cl,.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



Page 11

Lovell et al.

NIH-PA Author Manuscript

"€2U Jo abeiane :(areweln|b N 0OT) asuodsal [ewixew Jo abejuadiad e se punodwod 1sal N Og Jo 8duasaid ay3 ul asuodsal Jo apnijdwy

q

"€2U Jo abeiane ale sanfen ‘Aesse Tnjow uoinezijiqow Es_o_mom

70F02 99T YT'0F8L9 EHO-() H LT
0T+8T 886 ET0FT09 EHO-6) H 91
§0¥GT 19T STOF6L9 H fHO-() ST
SZFVI- 0zve 8T°0F29'G H fHO-G) T
80FTT 0€9 120F029 H H L
(N3SF) geXeW NID %  (\u) %55 Tnjow (INTSF) ¢201d oW 2 o pdwo)d

T alqel

NIH-PA Author Manuscript

R=

O

sBojeue auizesadid [eliyd

NIH-PA Author Manuscript

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



Page 12

Lovell et al.

NIH-PA Author Manuscript

.

YOFED 0T9€¢ 80°0 T ¥¥'S 0¢
— 000'0€< Sp> I 62
TEFTZE 000'0T< o0's> TO _ 8z
e F6CS 000'0T< 0% TQ 1 12
28700 0899 900 T 8T'S _ 9z
£EF979 000'0T< o0'6> TO I 5z
TZF662 000'0T< 206> I ve
— 000'0€< Sp> I €z
€€ F 8IS 000°0T< 00's> TO [ 144
— 000'0€< Sp> I 12
— 000'0€< G _ _ 0z
— 000'0€< G I 6T
— 000'0€< Sp> _ A_ _ 81
7'0F0¢ 99T YT'0F8L°9 T@ 1l PA
0TS 19T ST0F 6.9 _ ST
(WN3STF) qXBWNID % (yu) %) Tnjow (N3SF) g%01d TniDW o seuss  pdwod
TEEIEL | salIeg
NS o~
N N \J N N \J
b= | f\ N d

¢?olqel

NIH-PA Author Manuscript

L
o~

NIH-PA Author Manuscript

qVvS spluy

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



Page 13

Lovell et al.

‘neaje|d jou ssop 0¥0,

"€2u Jo abeiane :(sreweln|b N 0OT) asuodsal Jewixew Jo abejuadiad e se punodwod 1s8) N Og Jo 8oussald ay) ul asuodsal Jo apnijdwy

q

"£2U Jo abeJane aJe sanfen ‘Aesse Tnjow uonezijigow wnofes,,

- 000°0E< Sv> 1 Ge

96F .29 000'0T< 20'6> T@ I Ve
90T F2ZT 000'0T< 20'6> TAHMV Il €
Z0FET 19T TT0F8L9 I e

LEFTYY 000'0T< 20'6> I 1€
(N3SF) gX®WNID % (yu) %% Tnpow (INTSF) ™01d TNDW o saues  pdwod
TEEIEL | salIeg
2 2

\F\zqﬁ_u\m f\zqh_u\m

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



Page 14

Lovell et al.

NIH-PA Author Manuscript

"€2U Jo abelane aJe sanfen ‘Aesse Tnjow uolezijigow wniofes,,

ON
LTFES 0972 60°0 ¥ 19 I Ly
£0FTT 9z 90'0 ¥ 859 [ oy
TLFLVE 000'0T< 0s> z@ . //x _ I S
ZZF0T- 0€eT L00F88S =N [ 4
o= . . N
TSFOVE 0000T< 0% g f I v
80F€0- 06TT B00FE6S =N [ a2
.o . _ N
LSFOLT 000'0T< 0s> A\ 3 # I v
0¥ 60 vTL L00FST9 =N _ ov
— 000'08< 5> I 6¢
o NN
SYFZ6v 000'0T< o0's> — _ 8e
z75FETE 000'0T< 208> 7 N I 13
Z0¥8T 965 9007229 N= _ 9
70¥0C 991 vT0F8L9 4 N I 1T
S0FST 191 ST0F6L9 =N _ s1
(n3s¥) qeXeW N9 %  (\u) 059 Tniw (N3SF) %01d Tniow o  sees  pdwod
TIPS | Salas

m,z\/_ m,z\/_

AN f\z

€9lgel

NIH-PA Author Manuscript

o]

HVS [AJe uoneiauab 1si14

NIH-PA Author Manuscript

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



Page 15

Lovell et al.

‘neaje|d jou seop JHo,

"€2U Jo abelane !(arewrin|Bb AT 0OT) asuodsal jewixew Jo abeluadiad e se punodwod 1533 N O J0 daussald ayy ul asuodsal Jo apnijdwy

q
NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 July 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Lovell etal. Page 16

Table 4
Second generation aryl SAR

O

o |

N.
R

Compd R MGlu; pICs? (2SEM)  MGlu1 1Cs0 (M) 04 Glu max@b (+SEM)
15 N= 6.79+0.15 161 2505
\ 7
48 F o 659+011 255 2004
N=
\_/
49 N= 6.38+0.07 414 13£09
\ /F
50 N= 6.15+0.05 712 24407
N/
F
46 ‘_Q 6.58 + 0.06 264 21+03
NC
51 N= 6.46+0.14 344 33+10
\_/
NC
52 =N 5.86 + 0.04 1400 -0.8+33
N\ /
NC
53 =\,  640£006 308 0322
N
NC
54 = 7.01+0.03 99 28403
Y/
PN
NC
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a. . . T
Calcium mobilization mGlu1 assay; values are average of n=3.

bAmplitude of response in the presence of 30 UM test compound as a percentage of maximal response (100 pM glutamate); average of n=3.
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Rat PK results for 54 (VU0469650)

O

Table 6

IV PKac IP PKDC

Dose 0.2 mg/kg Dose 10 mg/kg
Half-life 55 min Time point 30 min
MRT 43 min Plasma concd 509 ng/mL
CL 52 mL/min/kg Brain concd 727 ng/mL
Vss 2.2 L/kg B/P ratio 14

8Formulation = 10% EtOH, 40% PEGA400, 50% DMSO.

bFormulaltion =10% Tween80 in water.

CMale Sprague-Dawley rats (n = 2).
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