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Lead optimisation of the imidazo[1,5-a][1,2,4]-triazolo[1,5-d][1,4]benzodiazepine class led to the identi-
fication of two clinical leads [RO4882224 (11) and RO4938581 (44)] functioning as novel potent and
selective GABAA a5 inverse agonists. The unique pharmacological profiles and optimal pharmacokinetic
profiles resulted in in vivo activity in selected cognition models.

� 2009 Elsevier Ltd. All rights reserved.
Table 1
Characteristics of efficacy at the GABAA subtypes3

Agonism GABAA axb3c2 Inverse agonism

Cognitive deficits a5 Cognitive enhancement
GABA is the major inhibitory neurotransmitter in the CNS and of
three existing receptor families (GABAA, GABAB and GABAC) the
GABAA receptor has attracted most interest as a therapeutic target
for treating central disorders. Many anxiolytic, sedative and hyp-
notic drugs that bind to the benzodiazepine site of the GABAA

receptor increase the affinity for GABA and thereby enhance the
chloride conductance. Ligands binding to the same site and pro-
ducing the opposite effect, that is, reduction of GABA affinity and
chloride conductance have been termed ‘inverse agonists’.1

In contrast, extensive pharmacological evidence exists in ani-
mals and humans that GABAA inverse agonists enhance cognitive
functions.2,3

There is a large unmet medical need for treatment of cognitive
deficits in ageing western societies with millions of patients suffer-
ing from Alzheimer’s disease and other types of dementias. Cur-
rently available therapies are based either on cholinesterase
inhibition (e.g., donepezil)4 or on NMDA receptor antagonism
(memantine).5 However, the effectiveness of current therapies is
modest and cholinesterase inhibitors suffer from mechanism-re-
lated side effects.3,4 There is a clear need for a novel therapy with
All rights reserved.

t).
improved efficacy and better tolerability. Therefore, inhibition of
GABAA receptor function remains an attractive alternative, pro-
vided compounds are selective for the receptor subtype mainly in-
volved in memory formation (Table 1).3

Screening of our in house corporate collection led to a ‘benzodi-
azepine-rich’ hit list from which we selected an imidazo[1,5-a]-
pyrimido[5,4-d]benzazepine class to follow up on.6 Preliminary
SAR generally displayed typical features of benzodiazepine struc-
tures in terms of binding affinity at the GABAA a5 receptor subtype
but missing the desired inverse agonism. However, SER (structure–
efficacy relationship) at the GABAA a5 receptor subtype led to the
identification of the imidazo[1,5-a][1,2,4]-triazolo[1,5-d][1,4]ben-
zo-diazepines II (Scheme 1) as potent and efficacious inverse ago-
nists with binding selectivity potential.7
Sedative a1 Proconvulsant
Anxiolytic a2 Anxiogenic
Anxiolytic a3 Anxiogenic

http://dx.doi.org/10.1016/j.bmcl.2009.08.053
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Scheme 1. From HTS to a promising lead series.
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Scheme 2. Reagents and conditions: (a) KBr, NaBO3, AcOH, 15 �C; (b) ethyl
chloroformate, reflux; (c) formylhydrazine, NMP, 160 �C; (d) NaOH, ethylenglycol,
100 �C; (e) chloroacetylchloride, AcOH, 15 �C; (f) NaOH, dioxane, 25 �C; (g) 1,2,4-
triazole, POCl3, Hünigs base, MeCN, 90 �C; (h) ethyl isocyanoacetate, KOtBu, DMF,
�50–0 �C.
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The compounds from the described imidazo[1,5-a][1,2,4]-triaz-
olo[1,5-d][1,4]benzodiazepine class carrying an ester functionality
in general display a very high affinity (nM levels) to the GABAA a5
subtype receptor, however, the subtype binding selectivity (vs a1,
Table 2
Binding and efficacy profile of analogues of II

N

N N

N

N

R1

Compd R1 R2 Affinity GABAA a5b3c2a Ki (nM)

1 H H 6.4c

2 F H 10c

3 F CO2Et 0.2c

4 F C(O)NHCH2CCH 68
5 Cl C(O)CH2CH3 2.6c

6 Cl SO2CH2CH3 215
7 F CF2CH2CH3 3.2
8 Cl nPr 1.6
9 Cl cPr 9.4

10 Cl Me 3.0
11 Cl Cl 2.0
12 Cl CN 6.4c

13 Cl 2-Methyl-pyridin-6-yl 31
14 F 5-Methyl-[1,2,4]-oxadiazol-3-yl 0.2
15 Br Thiophen-2-yl 4.0
16 Br 1-Methyl-1H-pyrazol-5-yl 9.7

a Cloned human receptor sub-units were expressed in HEK293 cells (transient transfec
mean values of duplicate determinations.

b Cloned rat receptor sub-units were expressed in HEK293 cells for electrophysiology
(EC10) response to GABA.

c Cloned human receptor sub-units were expressed in insect SF9 cells for 3H-flumaz
duplicate determinations.

d Cloned human receptor sub-units were expressed in Xenopus laevis oocyts for elect
submaximal (EC10) response to GABA.
a2 and a3) and inverse agonism efficacy was rather low (e.g., 3, Ta-
ble 2). In addition, the ester functionality with its inherent suscep-
tibility to esterases was not suitable for daily dosing due to a short
half-life.6

During our attempts to discover a suitable ester replacement
we explored a large diverse set of surrogates with a wide range
of substituents at the 4-position (R2) of the imidazo core spanning
from no substitution (R2 = H), to small alkyl-substituents through
to heteroaromatic moieties (Table 1 depicts a selection). Most of
these surrogates had low nM affinity towards the target with the
exception of the ethylsulfonyl derivative 6. Unfortunately, the effi-
cacy range was only between medium/weak inverse agonism to
antagonism, and in addition a low GABAA subtype selectivity was
observed. The unsubstituted, imidazo[1,5-a][1,2,4]-triazolo[1,5-
d][1,4]benzodiazepine 1 combines the desired target affinity and
full inverse agonism (Ki = 6.4 nM, �37%) but unfortunately dis-
played an inverted binding selectivity against the GABAA a2 and
GABAA a3 subtype receptors.

Compounds 10 and 11 bearing, as R2, a methyl-group or a chlo-
rine atom, respectively, have been selected for further investiga-
tion due to their high affinity (10: Ki = 3 nM, 11: Ki = 2 nM) to
the target receptor, a moderate to excellent subtype binding selec-
tivity (10: 88-fold against GABAA a3) as well as their full inverse
agonism efficacy (10: �41%, 11: �40%).

We have developed a flexible synthesis of tetracyclic imi-
dazo[1,5-a][1,2,4]-triazolo[1,5-d][1,4]benzodiazepines is based
on the sequential construction of the individual ring-systems
(Scheme 2). This begins with a selective bromination8 of the com-
mercially available 2-aminobenzonitrile S1 followed by carba-
mate formation, affording intermediate S2 ready for the first
cyclisation reaction by treatment with formylhydrazine at high
temperature. The putative carbamoyl-hydrazone intermediate
drives the reaction in an intramolecular manner obtaining the tri-
R2

II

Selectivity: K i ðnMÞ axb3c2a

K i ðnMÞ a5b3c2a Efficacy GABAA a5b3c2 receptorsb (%)

Versus a1 Versus a2 Versus a3

15c 0.05c 0.06c �37
12c 4c 3c �45

1c 1c 1c �16
4 1 1 �35

12c 11c 8c �38
4 >15 4 �23
5 3 2 �27
3 5 3 �35
6 7 5 �21
6 72 88 �41
7 12 7 �40

7c 11c 9c �31
11 11 8 �12

3 5 3 �12
27 22 16 �10d

26 35 22 �33d

ted) for 3H-flumazenil a1, a2, a3 and a5 binding and the Ki values are calculated as

measurements. Efficacy is determined as the percentage change of a submaximal

enil a1, a2, a3 and a5 binding and the Ki values are calculated as mean values of

rophysiology measurements. Efficacy is determined as the percentage change of a



Table 3
Binding and efficacy profile of analogues of III

N

N N

N

N
Me

R1

R3

R4

III

Compd R1 R3 R4 Affinity GABAA a5b3c2a Ki (nM) Selectivity: K i ðnMÞ axb3c2a

K i ðnMÞ a5b3c2a Efficacy GABAA a5b3c2 receptorsb (%)

Versus a1 Versus a2 Versus a3

10 Cl H H 3.0 6 72 88 �41
17 H H H 2.6 16 6 4 �44
18 F H H 3.0 6 3 4 �38
19 Br H H 6.2 22 30 21 �42
20 I H H 4.4 42 60 29 �57d

21 Me H H 9.2 11 34 23 �37d

22 CHF2 H H 2.2 29 62 30 �45d

23 CF3 H H 18 29 78 29 �32d

24 OMe H H 7.7 11 31 18 �45d

25 OCHF2 H H 1.8 58 53 33 �43d

26 OCF3 H H 50 10 29 24 �41
27 H H F 64 12 12 5 �50d

28 H F H 1.0 5 13 6 �42d

29 H Cl H 1.2 0.6 2 1 �45d

a,b,dSee Table 2.

Table 5
Binding and efficacy profile of analogues of II–IV (structure and R1, R2 see Tables 2–4)

Compd R1 R2 Affinity Ki (nM) GABA A axb3c2 receptorsa Efficacy GABA A axb3c2 receptorsb (%)

a5 a1 a2 a3 a5 a1 a2 a3

11 Cl Cl 2.0 15 24 14 �40 �3 �9 �11
10 Cl Me 3.0 18 219 265 �41 �11 �2 +4
43 Cl CHF2 5.6 53 81 48 �18 �20 +2 +21
32 Br Cl 1.4 33 24 8.8 �48 �13 �25 �14
19 Br Me 6.1 136 186 132 �42 �9 nt nt
44 Br CHF2 4.6 174 185 80 �35 �3 �4 +2

a,bSee Table 2.

Table 4
Binding and efficacy profile of analogues of IV

N

N N

N

N
Cl

R1
IV

Compd R1 Affinity GABAA a5b3c2a Ki (nM) Selectivity: K i ðnMÞ axb3c2a

K i ðnMÞ a5b3c2a Efficacy GABAA a5b3c2 receptorsb (%)

Versus a1 Versus a2 Versus a3

11 Cl 2.0 7 12 7 �40
30 H 0.3 13 5 2 �41
31 F 0.3c 3c 4c 3c �33
32 Br 1.4 24 18 7 �48
33 CN 2.4 15 16 5 �27
34 Me 1.8 11 23 12 �37
35 CHF2 1.1 19 36 15 �42
36 cPr 1.2 23 15 16 �47
37 Ph 6.3 4 5 8 +8
38 NHcPr 2.2 10 43 36 �37
39 NHAc 2.9 14 19 10 �34
40 NHC(O)cPr 16 2 6 5 �48d

41 NHSO2Me 54 7 5 5 �36d

42 1H-Imidazol-1-yl 13 1 2 1 �7

a–dSee Table 2.
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azole S3 in a yield of 75%. Hydrolysis of S3 followed by treatment
with chloroacetylchloride completes the diazepine-ring system
S4. Imidazole formation using standard procedures,9 was per-
formed after activation of S4 as an iminoyl-triazolide,10 giving
the desired product S5 (imidazo-triazolobenzodiazepine) in high
yield.



Table 6
Properties and pharmacokinetic parameters (in rat)

Compd Solubilitya (mg/L) Log db Pec Cld (rat/ human) Half life t1/2 (h) Cle Vss (l/kg) F (%) B/Pf

11 13 2.0 8.9 0/0 3.4 7.2 1.9 52 0.6
10 27 1.8 6.5 11/16 0.6 12.4 0.5 81 0.2
43 78 1.6 7.6 0/0 7.7 0.6 0.4 80 nt
32 9 2.2 7.0 1/2 1.6 9.7 1.3 56 0.0
19 58 2.0 6.3 3/13 0.9 3.8 0.3 87 nt
44 19 1.9 7.0 0/0 4.9 2.9 1.2 89 0.4

a Lyophilisation solubility assay (LYSA) (mg/L), for measurement details see Ref. 12.
b At pH 7.4.
c Permeation coefficient (parallel artificial membrane permeability assay, PAMPA) (10�6 cm s�1), for details see Ref. 13.
d Microsomal clearance (mL/min/mg protein).
e Clearance (mL/min/kg).
f Brain/plasma ratio.
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Figure 1. The effect of (a) RO4938581 at 0.1, 0.3, 1 mg/kg po and (b) RO4882224 at
1 mg/kg po alone and versus a scopolamine-induced working memory impairment
in the DMTP task Data are presented as mean percent correct responses ± SEM at
each delay interval(s). Statistics: **p <0.01, ***p <0.001 scopolamine-treated versus
vehicle group; #p <0.05, ##p <0.01 RO + scopolamine-treated versus scopolamine
group.
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The ester moiety of S5 was then transformed into a diverse set
of derivatives11 while the bromo substituent opens up comple-
mentary possibilities for further elaboration. Various substituted
starting materials (e.g., 5-fluoro-2-aminobenzonitrile, 5-methoxy-
2-aminobenzonitrile) could be transformed into the corresponding
products following the same procedures (Scheme 2, steps b–h).

As depicted in Tables 3 and 4, a detailed study of variations at
the R1 position revealed that rather small substituents such as hal-
ogen, small alkyl or alkoxy substituents (amino substituents were
of less interest) are preferred (see Tables 3 and 4) in order to com-
bine high target affinity with subtype binding selectivity (e.g., 20:
R1 = OCHF2, Table 2, or 36: R1 = cPr, Table 3) although subtle
changes (21: R1 = OCF3, Table 2) led to a sharp drop in affinity.
The substitution position R1 versus R3 and R4 clearly plays a crucial
role demonstrated by compound 27 (R4 = F, vs 17, Table 2) which
dropped 25-fold in GABAA a5 affinity and compound 24 (R3 = Cl,
vs 17, Table 2) completely loses subtype binding selectivity. Nota-
bly, both compounds 17 and 24 demonstrated full inverse agonism
with �50% (17) and �45% (24) efficacy at the GABAA a5 receptor
subtype.

The imidazo methyl- or chloro-substituted series III and IV al-
ways displays high efficacy pointing towards a separation of effi-
cacy (controlled by R2 in addition to the inherent efficacy of the
imidazo[1,5-a][1,2,4]-triazolo[1,5-d][1,4]benzodiazepine core)
and subtype binding selectivity (controlled by R1, R3 and R4) with
only few exceptions when R1 is of aromatic (37, Table 4) or hetero-
aromatic (42, Table 4) nature.

Taking into account the balanced profile of target binding affin-
ity and degree of inverse agonism as well as subtype binding and
functional selectivity achieved the most interesting compounds
turned out to be the corresponding (R1 = Cl, Br) chloro- (11, 32)
and methyl-substituted (10, 19) analogues and the full profiles of
binding and efficacy at all relevant GABAA a subtypes are depicted
in Table 5. Complimentary to the receptor parameters discussed
above, also molecular properties were regularly determined and
were found to be in a typical range for CNS compounds (Table 6),
except for microsomal clearance values for the R2 = Me compounds
10 and 19 that are at the higher end of the desired range. In order
to increase the metabolic stability fluorinated derivatives were
prepared and to our delight the corresponding –CHF2 analogues
(43, 44) were found to be similar in terms of potency and efficacy,
and maintained the corresponding binding and functional selectiv-
ity and also displayed a much higher degree of metabolic stability
in the microsomal clearance assay (Table 6) which was mirrored in
a lower clearance in in vivo rat PK studies.

Based on the overall pharmacokinetic profile (half life, bioavail-
ability and brain/plasma separation) compounds 11 and 44 have
been selected for an in depth profiling in behavioural pharmacol-
ogy and were found to be in vivo active in a wide range of tests.
Notably, compounds 11 and 44 were found to enhance hippocam-
pal long-term potentiation (LTP) in vitro (mouse) using a stimulus
paradigm found to be sensitive to allosteric modulators of GABA
receptors.14 Moreover, both compounds reversed a scopolamine-
induced working memory impairment in the delayed match to po-
sition (DMTP) task (44: 0.3–1 mg/kg po, 11: 1 mg/kg, Fig. 1) and a
diazepam-induced spatial learning impairment (44: 1–10 mg/kg
po) in rats. In addition, 44 improved executive function in an object
retrieval task in cynomolgus monkeys (3–10 mg/kg po).15 Most
importantly, 44 showed no anxiogenic potential in the elevated
plus maze and social approach avoidance tests in rats and no
pro-convulsive potential in an audiogenic seizure model in mice,
underlying the critical importance of subtype binding and func-
tional selectivity achieved.

DMTP is a test of spatial working memory, which is dependent
on hippocampal function.16 Two groups of 11 male Lister hooded
rats were pre-trained to asymptotic performance in the DMTP task
(1–24 s delay intervals) and were tested using a Latin squares de-
sign (statistics: two factor repeated measures analysis of variance
(ANOVA) followed in significant cases (p <0.05) by post-hoc New-
man Keuls test). Scopolamine (0.03 mg/kg sc) significantly reduced
percent correct responses in a delay-dependent manner (p <0.01 at
16 and 24 s; Fig. 1), indicating a selective impairment of working
memory. RO4938581 significantly (p <0.01) reversed the scopol-
amine impairment at 0.3 and 1 mg/kg at both delay intervals to
control (vehicle) levels, whereas at 0.1 mg/kg there was a partial
but significant (p <0.05) reversal at the 24 s delay only (Fig. 1a).
RO4882224 at 1 mg/kg po had no effect alone, but significantly
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(p <0.01) reversed the scopolamine-induced impairment at 16 and
24 s delay intervals (Fig. 1b).17

Supported by these results the imidazo[1,5-a][1,2,4]-triazol-
o[1,5-d][1,4]benzodiazepines 11 and 44 have been selected as clin-
ical candidates for further development (Scheme 3).

An ambitious lead optimisation programme delivered, by
extensive structure–activity- and structure–efficacy-relationship
work, within the imidazo[1,5-a][1,2,4]-triazolo[1,5-d][1,4]benzo-
diazepine chemical class, potent inverse agonists at the GABAA

a5 receptor sub type, which feature both binding and functional
selectivity in a unique pharmacological profile. This dual binding
and functional selectivity offers an ideal profile for cognition-
enhancing effects without the unwanted side effects associated
with activity at other GABAA receptor subtypes. Furthermore, the
in vivo DMTP data further support the potential of GABAA a5
receptors as a valuable target for cognition-enhancing therapies.

Acknowledgements

Special thanks to Anton Cueni, Béatrice David, Michel Enderlin,
Cécile Guiziani, Rachel Haab, Marie-Laurence Harle-Yge, Maria
Karg, Marie Claire Pflimlin, Pascal Pflimlim, Claudio Plozza, Regina
Wolf for technical excellence in their work and to Alex Alanine for
proofreading of this manuscript.

References and notes

1. Haefely, W. E. Eur. Arch. Psychiatry Neurol. Sci. 1989, 238, 294.
2. Dawson, G. R.; Maubach, K. A.; Collinson, N.; Cobain, M.; Everitt, B. J.; MacLeod,

A. M.; Choudhury, H. I.; McDonald, L. M.; Pillai, G.; Rycroft, W.; Smith, A. J.;
Sternfeld, F.; Tattersall, F. D.; Wafford, K. A.; Reynolds, D. S.; Seabrook, G. R.;
Atack, J. R. J. Pharmacol. Exp. Ther. 2006, 3163, 1335.

3. (a) Maubach, K. Curr. Drug Targets CNS Neurol. Disorders 2003, 2, 233; (b)
Maubach, K. A. Drugs Future 2006, 31, 151. and references cited within; (c)
Rissmann, R. A.; De Blas, A. L.; Armstrong, D. M. J. Neurochem. 2007, 103, 1285;
(d) Möhler, H.; Rudolph, U.; Boison, D.; Singer, P.; Feldon, J.; Yee, B. K.
Pharmacol., Biochem. Behav. 2008, 90, 58; (e) Möhler, H.; Rudolph, U. Drug Disc.
Today: Ther. Strategies 2004, 1, 117.

4. Birks, J.; Harvey, R. J. Cochrane Database Syst. Rev. 2006, CD001190.
5. McShane, R.; Areosa Sastre, A.; Minakaran, N. Cochrane Database Syst. Rev.

2006, CD003154.
6. Achermann, A.; Ballard, T.; Blasco, F.; Broutin, P.-E.; Büttelmann, B.; Fischer, H.;

Graf, M.; Hernandez, M.-C.; Hilty, P.; Knoflach, F.; Koblet, A.; Knust, H.; Kurt, A.;
Martin, J. R.; Masciadri, R.; Porter, R. H. P.; Stadler, H.; Thomas, A. W.; Trube, G.;
Wichmann, J. Bioorg. Med. Chem. Lett. 2009, 19, 5746.

7. (a) Knust, H.; Stadler, H.; Thomas, A. W. U.S. Patent 20060079507A1: Chem.
Abstr. 2006, 144, 370129; (b) Knust, H.; Thomas, A. W. U.S. Patent
20060084642A1: Chem. Abstr. 2006, 144, 390949; (c) Knust, H.; Thomas, A.
W. U.S. Patent 20060084801A1: Chem. Abstr. 2006, 144, 412549; (d)
Büttelmann, B.; Knust, H.; Thomas, A. W. U.S. Patent 2006128691A1: Chem.
Abstr. 2006, 145, 46099.

8. Roche, D.; Prasad, K.; Repic, O.; Blacklock, T. J. Tetrahedron Lett. 2000, 41,
2083.

9. Gerecke, M.; Kyburz, E.; Borer, R.; Gassner, W. Heterocycles 1994, 39, 693.
10. Standard activation as iminoyl-chloride resulted in low yield reactions due to

instability during the necessary aqueous work-up. The corresponding iminoyl-
triazolide was in contrast stable and convenient to handle.

11. Different reduction sequences led to the alkyl-substituted products (optionally
fluorinated) while a decarboxylation process afforded the unsubstituted
products which could further be derivatised, for example, by halogenation.

12. Gonzalez, R. C. B.; Huwyler, J.; Boess, F.; Walter, I.; Bittner, B. Biopharm. Drug
Dispos. 2004, 25, 37.

13. Kansy, M.; Fischer, H.; Kratzat, K.; Senner, F.; Wagner, B.; Parrilla, I. Helv. Chim.
Acta 2000, 447.

14. Seabrook, G. R.; Dawson, G. R.; Easter, A.; Bowery, B. J. Neuropharmacology
1997, 36, 823.

15. Ballard, T. M.; Knoflach, F.; Prinssen, E.; Borroni, E.; Vivian, J. A.; Basile, J.;
Gasser, R.; Moreau, J.-L.; Wettstein, J. G.; Büttelmann, B.; Knust, H.; Thomas, A.
W.; Trube, G.; Hernandez, M.-C. Psychopharmacology 2009, 202, 207.

16. Higgins, G. A.; Enderlin, M.; Fimbel, R.; Haman, M.; Grottick, A. J.; Soriano, M.;
Richards, J. G.; Kemp, J. A.; Gill, R. Eur. J. Neurosci. 2002, 15, 1827.

17. For the effect of the functionally selective compound a5IA-II (Collinson, N.;
Atack, J. R.; Laughton, P.; Dawson, G. R.; Stephens, D. N. Psychopharmacology,
2006, 188, 619 and Sternfeld, F.; Carling, R. W.; Jelley, R. A.; Ladduwahetty, T.;
Merchant, K. J.; Moore, K. W.; Reeve, A. J.; Street, L. J.; O’Connor, D.; Sohal, B.;
Atack, J. R.; Cook, S.; Seabrook, G.; Wafford, K.; Tattersall, F. D.; Collinson, N.;
Dawson, G. R.; Castro, J. L., MacLeod, A. M. J. Med. Chem. 2004, 47, 2176.) as a
control substance in this cognition task see: Buettelmann B.; Ballard T. M.;
Gasser R.; Fischer H.; Hernandez M.-C.; Knoflach F.; Knust H.; Stadler H.;
Thomas A. W.; Trube G. Bioorg. Med. Chem. Lett. 2009, 19, 5958.


	The discovery and unique pharmacological profile
	Acknowledgements
	References and notes


