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The design of bivalent ligands targeting G protein-coupled receptors (GPCRs) often leads to the develop-
ment of new, highly selective and potent compounds. To date, no bivalent ligands for the human cannab-
inoid receptor type 2 (hCB,R) of the endocannabinoid system (ECS) are described. Therefore, two sets of
homobivalent ligands containing as parent structure the hCB,R selective agonist 13a and coupled at
different attachment positions were synthesized. Changes of the parent structure at these positions have
a crucial effect on the potency and efficacy of the ligands. However, we discovered that bivalency has an
influence on the effect at both cannabinoid receptors. Moreover, we found out that the spacer length and
the attachment position altered the efficacy of the bivalent ligands at the receptors by turning agonists

CB, into antagonists and inverse agonists.

Benzimidazole

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the identification of (—)-trans-A°-tetrahydrocannabinol
as the major bioactive component in Cannabis sativa L. by Gaoni
and Mechoulam in 1964,'? the biological system behind these
physiological effects of natural cannabinoids was intensively stud-
ied. Moreover, the endocannabinoid system (ECS) was discovered,
which consists of the endogenous ligands (endocannabinoids like
anandamide or 2-arachidonoyl glycerol), the synthesis and deacti-
vation of these ligands, the cannabinoid receptors and the intracel-
lular signaling pathways activated by the endogenous ligands at
the receptors. Till now, many ligands targeting the ECS were syn-
thesized and two subtypes of cannabinoid receptors in humans
were identified and characterized as G protein-coupled receptors

Abbreviations: Ag, measuring in agonism mode; Ant, measuring in antagonism
mode; atm., atmosphere; CDI, 1,1’-carbonyldiimidazole; DMF, N,N-dimethylform-
amide; DMSO, dimethyl sulfoxide; ECso, half maximal effective concentration
(potency); ECS, endocannabinoid system; E,,x, maximal response (efficacy); GPCR,
G protein-coupled receptor; GTPase, hydrolase for guanosine-5'-triphosphate;
hCB¢R, human cannabinoid receptor type 1; hCB,R, human cannabinoid receptor
type 2; K;, binding affinity; THF, tetrahydrofuran.
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(GPCRs), the human cannabinoid receptor type 1 (hCB;R) and
human cannabinoid receptor type 2 (hCB,R).>~®

In the past decades, for many GPCRs bivalent ligands were
designed, which consist of two ligands connected by a spacer. If
both parent ligands (pharmacophores) are identical, then the
bivalent ligand is called homobivalent, otherwise heterobivalent.
For parent ligands, which are potent and selective to one GPCR
subtype, and linked at a preferred position by an appropriate
spacer with regards to chemical structure and length, it can be pos-
sible to achieve bivalent ligands with a high affinity for their recep-
tor subtypes.”® If these bivalent ligands bridge two neighboring,
orthosteric binding sites (i.e., the main binding site of the endoge-
nous ligands) of two interacting GPCRs (homo- or heterodimers) or
bind at orthosteric and allosteric binding sites (i.e., sites distinct
from the orthosteric one, but able to influence binding of orthoster-
ic ligands) of one GPCR, depends on the spacer structure and
length, and this is often not clearly distinguishable.”~'°

However, so far it is possible to get bivalent ligands, which bind
to a receptor subtype with a higher potency and selectivity than
the original parent ligand or the corresponding univalent com-
pound, which only consists of the pharmacophore connected with
a spacer, for example, for the p-opioid receptor'!~'* or dopamine
D, receptor.'>"'° This suggests that bivalency can have a positive
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effect on the binding properties and furthermore can lead to new
options in the research and study of receptor subtypes, but also
in the development of new drugs, for example, hexoprenaline (a
bivalent norepinephrine coupled with a hexane spacer) as a selec-
tive B, adrenergic receptor agonist applied in the treatment of
asthma (Fig. 1).29%!

For the cannabinoid receptors the first ‘bivalent’ cannabinoids
were synthesized by connecting cannabinoids with an ethane
bridge in 1981.%? Afterwards, the next bivalent ligands were selec-
tive for the hCB;R by linking of the known, selective hCB;R inverse
agonist drug rimonabant at the carboxamide with different spacers
instead of piperidine (Fig. 1).2>** Hereby, a suitable spacer struc-
ture consisted of two hydrophobic alkylene chains at a secondary
or tertiary amine. Their optimal spacer length for the highest
receptor affinity was 15 atoms.?> Moreover, heterobivalent ligands
targeting the CB4R and p-opioid receptor were developed by cou-
pling of modified rimonabant with the known, selective p-opioid
receptor agonist o-oxymorphamine.?® But, no bivalent ligands for
the CB,R have been reported to date.

Therefore, we designed bivalent ligands for the hCBR. An
appropriate hCB, ligand may be the highly selective and potent
hCB;R agonist 13a, which was developed by AstraZeneca and
published in 2008 (Fig. 2).?° Assumed attachment positions were
the para-ethoxy group of the benzyl substituent in position 2, the
N-alkyl substituent in position 1 and the amide at the carboxyl
group in position 5 of the benzimidazole (shown in Fig. 2). At these
positions, it is feasible to introduce a spacer by the synthetic way
without significant changes at the ligand’s chemical structure.

The para-ethoxy group is a determining factor for the efficacy of
the pharmacophore as an agonist?’ and therefore this position is
not a suitable connection position to evaluate the effect of biva-
lency on ligand binding. At the nitrogen of the imidazole branched,
cyclic or aromatic substituents were introduced. Beside these
hydrophobic side chains, ligands with basic substituents had also
been synthesized.’® In order to prove that a linear substituent
can be tolerated there and consequently this position is suited
for linear spacers, a modified ligand 13b with a linear alkyl chain
at the imidazole was synthesized and tested. Then the parent
structure was coupled at the imidazole with different spacers to
achieve a set of bivalent and univalent ligands (17a-b, 21a-c).
On position 5 of the benzimidazole, different carboxamides with
linear and large hydrophobic amines have been synthesized
already.”® In addition, other functional groups like amido, ido, sul-
fonamido or sulfonyl had been introduced.?®?®=3! Therefore, we
presumed that the amide is also an appropriate position to link
the parent ligand. It was connected with different spacers at the
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Figure 1. Examples of bivalent ligands: hexoprenaline (bivalent norepinephrine) as
a B, adrenergic receptor agonist>>! and bivalent, potent hCB;R inverse agonists**
constructed from rimonabant.
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Figure 2. Structure of the selective hCB,R agonist 13a*®

positions (ellipses, italic).

and possible connecting

amide to achieve a second set of bivalent and univalent ligands
(26a-b, 31a-b). We presumed that these bivalent compounds for
both attachment positions can selectively target the hCB,R and
may be new pharmacological probes to investigate this receptor
subtype. Additionally, the methyl ester at position 5 of the benz-
imidazole (13c) was synthesized to find out, whether the ester
function is tolerated, and thus bivalent ligands with an ester cou-
pling might be promising.'?

Short (7-9 atoms) and long (21 atoms) spacers were utilized to
investigate the influence of spacer length on potency and efficacy.
These spacers had the same structure as the suitable spacers for
bivalent, hCB;R selective inverse agonists with a tertiary amine.*
The symmetric, bivalent spacers consists of two alkylene chains
combined through methylamine. For the univalent spacers we
used the ‘half bivalent spacers, the alkylene chain is linked to
dimethylamine. We consider these univalent ligands were neces-
sary to study the influence of bivalency on the effect of the ligands
at the receptors and to distinguish this effect of bivalent from the
univalent ones, which we assumed to differ from the parent ligand.

The potency and efficacy of all compounds at the hCB;R and
hCB;R were determined in a functional steady-state GTPase assay
as previously described.>?>>4

2. Results and discussion
2.1. Chemistry

The spacers were synthesized via two strategies (Scheme 1):
The first possibility is the substitution of the bromide from an
w-bromoalkylnitrile with methylamine to get the corresponding

tertiary amine 1. The cyano groups were then reduced by tetrahy-
drofuran-borane to the primary amines of the bivalent spacer 5c.
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Scheme 1. Synthesis of spacer structures. Reagents and conditions: (a) H,NCH3
-HCl, K,COs, KI, CH3CN, 18 h, reflux, N, atm.; (b) BH3-THF, THF, 2 h, reflux; (c)
potassium phthalimide, DMF, 7 d, rt; (d) H,NCH3-HCI, K,CO3, CH5CN, 18 h, 50 °C, N,
atm.; (e) HN(CHs3),-HCl, K,COs, CH3CN, 18 h, 50°C, N, atm.; (f) H,NNH,-H,0,
C,Hs0H, 18 h, 50 °C, N, atm.



3940 M. Nimczick et al./Bioorg. Med. Chem. 22 (2014) 3938-3946

For longer spacers, the w-bromoalkylnitrile has to be synthesized
by a reaction of o,-dibromoalkane with sodium cyanide. For spac-
ers with ten carbon atoms on each side, however, the following
coupling with methylamine did not yield the desired product.
Therefore, these longer spacers were synthesized through a second
strategy: At first, an o,-dibromoalkane and potassium phthali-
mide formed the corresponding N-w-bromoalkylphthalimide 2. It
was reacted with dimethylamine or methylamine to the corre-
sponding bivalent (3) and univalent (4) spacers ‘protected’ by
phthalimide, respectively. In this Gabriel synthesis, the bivalent
spacer 5a and the univalent spacer 6a were finally obtained by
hydrazinolysis.

All ligands were synthesized following a general procedure. The
synthesis of the parent structures without a spacer, including the
reference ligand 13a,%° is shown in Scheme 2.

Firstly, the carboxyl group of 4-fluoro-3-nitrobenzoic acid 7 was
activated by oxalyl dichloride and connected with diethyl amine to
get the corresponding amide 8. The formation of the methyl ester 9
was achieved under reflux conditions in methanol with a catalytic
amount of sulfuric acid. Secondly, compounds 10a-c were pre-
pared by substitution of the fluoride with the corresponding pri-
mary amines. Then the nitro group was reduced by stannous
chloride dihydrate or under acidic conditions using iron powder
to the corresponding 3,4-diaminophenyl compounds 11a-c. The
color of all 3,4-diaminophenyl compounds becomes darker over
time. This suggests that these structures are susceptible to oxida-
tion or in another way instable. Due to the instability of the inter-
mediates, the reduction and also the following amidation were
carried out under argon or nitrogen atmosphere, and the 3,4-diam-
inophenyl compounds were immediately used in the next step.
They were coupled with 4-ethoxyphenylacetic acid, which was
first activated by CDI, to get the corresponding amides 12a-c.
Finally, the benzimidazoles 13a-c were obtained by condensation
and ring-closure in glacial acetic acid.

For preparation of uni- and bivalent ligands, this general proce-
dure was slightly modified. To form univalent ligands 17a-b
(Scheme 3) and bivalent ligands 21a-c (Scheme 4), the connection
at the imidazole was achieved by substitution of the fluoride in the
second step with the primary amines of the spacers.

To obtain univalent ligands 26a-b (Scheme 5) and bivalent
ligands 31a-b (Scheme 6), the connection at the amide was
achieved by amidation of the carboxyl group in the first step of
the general procedure with the primary amines of the spacers.

a: R' = NEt,, R? = jso-pentyl
b:R" = NEtp, R? = n-butyl

OY\©\
cR'= OCHjz, R? = jso- pentyl
)K@ HRJK@[ 4L9_
NHR?2

a( 7:R' = 10a-c:R = NOZ)dore
8 R'= NEt2 )b
9: R'= OCH,4

11a-c: R = NH,
OEt
o
h N
S e
NHR? N
R2

12a-c
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Scheme 2. Synthesis of parent structures 13a-c. Reagents and conditions: (a) i.
(COCl),;, DMF, CHyCly, 2 h, rt, ii. HN(C;Hs),, N(CoHs)s, CHoCly, 18 h, rt; (b) CH30H,
H,S04, 2 d, reflux; (c) HoNR?, N(C,Hs)s, C;HsOH, 18 h, 50-75 °C; (d) for 11a-b:
SnCl,-2H,0, C,Hs0H, 18 h, 75 °C, Ar atm.; (e) for 11c: Fe powder, HCI, C,HsOH/H,0
4:1, 2 h, reflux, Ar atm.; (f) CDI, dry THF, 2 h, rt; (g) dry THF, 18 h, 50 °C, Ar atm.; (h)
glacial CH3;COOH, 1.5-3 h, reflux.
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Scheme 3. Synthesis of univalent ligands 17a-b. Reagents and conditions: (a) 6a-b,
N(CzHs)s, C;H50H, 18 h, 50-75 °C; (b) Fe powder, HCl, C,HsOH/H,0 4:1, 2 h, reflux,
Ar/N, atm.; (c) CDI, dry THF, 2 h, rt; (d) dry THF, 18 h, 50 °C, Ar/N, atm.; (e) glacial
CH5COOH, 1.5-3 h, reflux.
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Scheme 4. Synthesis of bivalent ligands 21a-c. Reagents and conditions: (a) 5a-c,
N(C,Hs)s, CoHsOH, 18 h, 50-75 °C; (b) SnCl,-2H,0, C;HsOH, 18 h, 75 °C, Ar atm.; (c)
CDI, dry THF, 2 h, rt; (d) dry THF, 18 h, 50 °C, Ar atm.; (e) glacial CH3COOH, 1.5-3 h,
reflux.

2.2. Functional steady-state GTPase assay

For the functional steady-state GTPase assay, the membrane of
Sf9 cells expressing hCB,R-Goy, or hCB{R-Goy, fusion protein
together with Gy, and RGS4 was used. Activation of the recep-
tors by an agonist leads to an exchange of GDP against GTP at
the Go-subunit of the heterotrimeric G protein. Once GTP is bound,
the ternary G protein complex dissociates into the Go-GTP- and
the GBy-subunit. The Go-subunit itself functions as a GTPase and
catalyzes the hydrolysis of bound GTP to bound GDP and free inor-
ganic phosphate (P;). This deactivates the G protein by forming the
Go-GDP-subunit and subsequent reorganizing the G protein. Using
[Y->3P]GTP, the GTPase activity of the Ga-subunit can be calculated
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Scheme 5. Synthesis of univalent ligands 26a-b. Reagents and conditions: (a) i.
(COCl),, DMF, CH,Cly, 2 h, rt, ii. 6a-b, N(C;Hs)3, CH,Cly, 18 h, rt; (b) isopentylamine,
N(C,Hs)s, CoHs0H, 18 h, 50-75 °C; (c) Fe powder, HCl, C;HsOH/H,0 4:1, 2 h, reflux,

Ar/N, atm.; (d) CDI, dry THF, 2 h, rt; (e) dry THF, 18 h, 50 °C, Ar/N, atm.; (f) glacial
CH5COOH, 1.5-3 h, reflux.
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Scheme 6. Synthesis of bivalent ligands 31a-b. Reagents and conditions: (a) i.
(COCl),, DMF, CH,Cly, 2 h, rt, ii. 5a-b, N(C;Hs)3, CH,Cly, 18 h, rt; (b) isopentylamine,
N(C,Hs)s, CoHs0H, 18 h, 50-75 °C; (c) SnCl,-2H,0, C;Hs0H, 18 h, 75 °C, Ar atm.; (d)
CDI, dry THF, 2 h, rt; (e) dry THF, 18 h, 50 °C, Ar atm.; (f) glacial CH;COOH, 1.5-3 h,
reflux.

by determining the amount of free >*P; and be used as a functional
parameter for hCB,R or hCB;R activation.>*>°

In the steady-state GTPase assay the efficacy of all compounds
was determined by screening a high concentration in agonism
mode (Ag, without additional CP 55,940) and in antagonism mode
(Ant, in presence of 30 nM CP 55,940) at the hCB,R and hCB4R. The
agonistic or inverse agonistic effect of a ligand can be determined
directly in Ag. After a prestimulation of the receptors by a low con-
centration of the agonist CP 55,940, the inhibition of their response
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Figure 3. Functional steady-state GTPase assay results (mean + SD) at the hCB,R in
agonism mode (applying a 30 p{M concentration) and antagonism mode (applying a
30 uM concentration in presence of 30 nM CP 55,940), respectively. Significant
differences: ** (p <0.01), ** (p <0.001), B: compared to basal GTPase activity
(3% DMSO), C: compared to CP 55,940.

by antagonists (or inverse agonists) can be measured. The results
are represented for hCB;R in Figure 3, for hCB4R in Figure 4.

According to these results, the potency of the compounds to
each receptor was determined as a dose-response curve of differ-
ent concentrations in the appropriate mode. Thus, the ECsq values
of agonists were measured in Ag and refer to their agonistic effect
of increasing concentrations. In Ant the ECsg values of antagonists
and inverse agonists (* in Table 1) were determined after a presti-
mulation of the receptors by CP 55,940 and refer to the inhibition
of the agonistic effect with increasing concentrations. The results
are summarized in Table 1.

The reference compound and parent ligand 13a shows a signif-
icantly higher agonistic effect at the hCB,R as CP 55,940, and also a
similar submicromolar potency like this standard agonist. There-
fore, compound 13a is as described a high efficient and potent ago-
nist at the hCB,R. In our functional assay conditions the ligand 13a
showed a 49-fold lower potency in the submicromolar range than
the reference value in GTPYS and radioligand binding assays.?® The
difference in potency of ligands had already been observed in pre-
vious studies for the standard compounds CP 55,940, AM 630 and
AM 251 as the functional steady-state GTPase assay determined
lower affinities than the literature values.?? This can be explained
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Figure 4. Functional steady-state GTPase assay results (mean + SD) at the hCB4R in
agonism mode (applying a 30 uM concentration) and antagonism mode (only
standard compounds and inactive compounds according to the results in agonism
mode; applying a 30 uM concentration in presence of 30 nM CP 55,940), respec-
tively. Significant differences: *** (p <0.001), A: compared to AM 251, B: compared
to basal GTPase activity (3% DMSO), C: compared to CP 55,940.

by the different assay conditions (human cells, radioligand versus
Sf9 cells, GTPase measurements), but also by the concept of ligand
specific receptor conformation as in the functional assay a hCBR-
Goy, fusion system co-expressing GB,y, and RGS4 was used.’
Therefore, for the results obtained for uni- and bivalent com-
pounds in this assay it is reasonable to assume higher affinities
in radioligand binding studies.

The modified ligand 13b with a linear n-butyl side chain at the
imidazole instead of the branched isopentyl substituent has a sim-
ilar agonistic effect and potency at the hCB,R like the parent ligand
13a. Therefore, branched, cyclic or aromatic side chains at the
imidazole are not essential for high efficient and potent hCB,R ago-
nists. Moreover, compound 13b shows similar properties at the
hCB4R like the known hCB,R-selective agonist 13a. These higher
ECso values of both ligands at the hCBR (23-fold for 13a, 8-fold
for 13b) exhibit selectivity to the hCB;R.

The methyl ester 13¢ shows agonism at the hCB,R in the submi-
cromolar range, too. In contrast to the ligands 13a and 13b, it is
totally inactive at the hCB4R. This demonstrates that compound
13c has a higher selectivity to the hCB,R than the parent structure
13a. Thus, the ester function at position 5 of the benzimidazole is
tolerated and bivalent ligands with an ester coupling might theo-
retically be possible. The development of ester-based bivalent
ligands can be possible despite metabolic lability of ester bonds,
for example, when suitable sterically hindered dicarboxylic acids
are applied as spacers, as shown for bivalent opioid-ligands.'?

For univalent ligands 17a-b and bivalent ligands 21a-c, which
are coupled with the spacer at the imidazole of the parent

structure, the effect at the hCB,R changes dramatically. Only the
univalent compound 17b with a short spacer activates the recep-
tor, as well as it reduces the effect of the agonist CP 55,940 and
therefore constitutes a partial agonist. The potency decreases to
the micromolar range at the hCB,R and exhibits total inactivity
at the hCB4R. This shows that ligand 17b still has selectivity to
the hCB,R. The corresponding bivalent ligand 21b shows antago-
nism at the hCB,R with a similar micromolar potency like com-
pound 17b. Therefore, for this short spacer at the imidazole,
bivalency changes the efficacy from partial agonism to antagonism,
but not their potency. Also the bivalent compound 21c with a
slightly longer spacer is a micromolar antagonist like ligand 21b.
At the hCB4R, bivalency shifts the effect from agonism of the parent
structures 13a-b to a significant inverse agonism of the bivalent
ligands 21b-c (the univalent compound 17b was inactive). Their
inverse agonism is only moderate compared to the standard
inverse agonist AM 251. Moreover, the potency of both bivalent
compounds decreases to the micromolar or higher range at the
hCB4R. Thus, selectivity over the hCB,R is lost due to bivalency.

For univalent ligand 17a and bivalent ligand 21a with a long
spacer at the imidazole, the effects at the receptors also change
drastically. The univalent compound 17a is an antagonist at the
hCB,R. For the corresponding bivalent compound 21a it changes
to a significant, inverse agonism at the hCB,R, which is larger than
the slightly negative effect of the standard inverse agonist SR
144,528. At the hCB¢R, both compounds are inverse agonists. Uni-
valent ligand 17a shows a less pronounced inverse agonism than
corresponding bivalent ligand 21a, which is a similar full inverse
agonist like AM 251. The potency of both compounds with long
spacer decreases to the micromolar range at both receptors and
thus they lose selectivity, too. However, bivalency has also an
effect by changing the efficacy from antagonism to inverse agon-
ism at the hCB,R or an increase of the inverse agonism at the
hCB;R.

For univalent ligands 26a-b and bivalent ligands 31a-b, which
are connected at the amide with the spacer, the effects at the
receptors also change dramatically, but in a different way. Com-
pared to the parent ligand 13a, the efficacy is changed, the potency
decreases to the micromolar or higher range at both receptors and
thus they are no more selective to the hCB,R. The univalent com-
pound 26b with a short spacer is less potent at both receptors.
The corresponding bivalent compound 31b still shows an unselec-
tive, micromolar activity. Thus, in this case the bivalency is able to
increase the potency at both receptors. The univalent ligand 26b
has a weak agonism at the hCB,R and reduces the effect of CP
55,940. So, compared to the univalent ligand 17b with this short
spacer at the imidazole, this compound 26b is a partial agonist,
too. The corresponding bivalent ligand 31b shows a significant,
inverse agonism at the hCB,R, which is higher than the slightly
negative effect of SR 144,528. Instead of antagonism like for biva-
lent ligand 21b with the short spacer at the imidazole, the bivalent
ligand 31b with this spacer at the amide is now an inverse agonist.
Therefore, the connecting position has also an influence on efficacy
beside the bivalency. At the hCB¢R, compound 26b is an antagonist
with a slight decrease of the effect of CP 55,940. The corresponding
bivalent compound 31b shows full inverse agonism at the hCB;R
on the same level as AM 251. Altogether, for this short spacer at
the amide the bivalency changes the efficacy to inverse agonism
and increases the potency at both receptors.

Univalent ligand 26a and corresponding bivalent ligand 31a
with a long spacer are antagonists at the hCB,R and moderate
inverse agonists at the hCBR. Therefore, for this long spacer at
the amide, bivalency has no influence on potency or efficacy at
both receptors. However, the connecting position of the bivalent
compounds has an influence on efficacy at the hCB,R. Instead of
inverse agonism like the bivalent compound 21a with the long



Table 1 )
Results of the functional steady-state GTPase assay'

Structures Compound hCB,R hCBR
Emax’ (%) Ag  Emax” (%) Ant LogECso° ECso°  Emax' (%)Ag  Emax’ (%) Ant LogECs" ECso"
3% DMSO" 01 0+5 0+3 0+3
CP 55,940%" 100+ 4 1009 —-7.39+0.12 40.7 nM 100+ 12 1004 —-7.89+0.15 12.9 nM
OEt
AM 630° 5+4 153 —6.22 £ 0.20* 603 nM*
SR 144,528° —3+3 9+6 —6.13 £0.53* 741 nM*
R3=3-CH, AM 251" —84+22 -819 -724+0.15*  57.5n0M*
o} R = NEG: R < i | 192 +49 167 + 42 ~6.85+0.38 141 nM 48+ 11 —5.49 +0.44 3.24 uM
» N =NEG; R™=1so-pentyl 132 Lit.: 2.9 nM; K; = 4.5 nM® Lit.: K; >5000 nM®
\%R:’ R' = NEt,; R2 = n-butyl 13b 198 £42 162 £41 —6.76 £ 0.40 174 nM 67+9 —5.87£0.36 1.35 uM
Nz R' = OCH3; R? = iso-pentyl 13c 37+8 121+7 —6.53£0.09 295 nM -3+6 98 +15 NT
R
o R'=NEty; n=8 17a 1+1 60+7 —4.50 £ 0.34" 31.6 pM* —55+12 —4.60 £0.18* 25.1 pM*
4 N R'=NEty; n=1 17b 106 £ 30 69+4 —4.90+0.25 12.6 uM -3+4 95+5 NT
R S g
N
N/CH3
" CHs
o] ] R'=NEty; n=8 21a —-11+2 —-33+4 —5.18 £0.18* 6.61 pM* —-97+£17 —-5.20+0.17* 6.31 pM*
R N N R R'=NEty; n=1 21b —2+2 5+6 —-4.92 +0.11* 12.0 uM* —43+8 —4.46 + 0.64* 34.7 uM*
\>7R3 R3{/ R' = NEty; n=2 21c 5+6 147 —4.24+0.18" 57.5 pM* —40+8 ND* >100 pM*
N N
NAﬁ)
n CHjy n
o R? =iso-pentyl; n=8 26a 0+9 20+16 —4.71 £0.29" 19.5 uM* —58+13 —4.62 £0.15" 24.0 uM*
HN N R? = iso-pentyl; n=1 26b 115 65+9 ND* >100 pM* -5+4 7110 ND* >100 uM*
A\ 3
HsCx N% R
N )
CHy " R?
o] o R? = iso-pentyl; n=8 31a 3+3 28+9 —4.78 £0.11* 16.6 uM* —42+9 —4.59 + 0.49* 25.7 uM*
N N R? = iso-pentyl; n=1 31b -11+2 -32+5 —5.54 £0.24" 2.88 uM* -83+16 —4.76 £0.30* 17.4 uM*
R3( NH HN P
: gy N
R2 noCHy n R?
¢ Screening in Ag (without additional CP 55,940).
b

Screening in Ant (in presence of 30 nM CP 55,940).

¢ Values with * in Ant; CP 55,940, 13a-c and 17b in Ag.

4 Values with * in Ant; CP 55,940 and 13a-b in Ag.

¢ Reference values: ECsq value from a functional GTPYS assay, K; values from a radioligand binding assay.”®

Basal GTPase activity.

& Standard compounds for hCB,R: agonist CP 55,940, antagonist AM 630, inverse agonist SR 144,528,638

" Standard compounds for hCB;R: agonist CP 55,940, inverse agonist AM 251,289

I Steady-state GTPase assay with membranes of Sf9 cells expressing hCBR-Ga; fusion protein together with GB,7Y, and RGS4, Ep.x and logECs, are presented as mean + SD, ND: not determined (theoretical value is higher than the
highest measured concentration of 100 M), NT: not tested (compounds are inactive in the screening in Ag and Ant).
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spacer at the imidazole, the bivalent compound 31a with this
spacer at the amide is now an antagonist.

Altogether, the potency of all bivalent ligands decreases to the
micromolar range at the hCB,R compared to parent ligand 13a.
But also the standard ligands had shown lower affinities in the
functional steady-state GTPase assay’> and for the parent ligand
13a a 49-fold lower potency than the literature value?® was deter-
mined. Therefore, it is reasonable to expect higher affinities for the
uni- and bivalent ligands in radioligand binding studies. Neverthe-
less, at the hCB;R they are potent in the micromolar or higher
range. Thus, they largely lose selectivity to the hCB,R, but still
show affinity. Due to the coupling with a spacer, the efficacies
change and the compounds are no agonists any more. However,
the influences of bivalency, spacer length and connecting position
are observable. For bivalent ligands with the spacer at the imidaz-
ole, bivalency only changes the efficacy at both receptors and has
no effect on the potency compared to the corresponding univalent
compounds. For the short spacer at the amide, the efficacy at both
receptors is changed and the potency is increased due bivalency. In
contrast, for the long spacer at the amide, the bivalency has no
influence either on potency or on efficacy. The spacer length leads
to a change in the efficacy at both receptors. In addition, also the
connecting position has an influence on the efficacy. The bivalent
ligands with a short spacer at the imidazole act as antagonists
(at the hCByR) or moderate inverse agonists (at the hCB;R), and
with a long spacer as inverse agonist or full inverse agonist,
respectively. For bivalent ligands connected at the amide, the short
spacer results in inverse agonism (at the hCB,R) or full inverse
agonism (at the hCB¢R), and the long spacer results in antagonism
or moderate inverse agonism, respectively. In the end, a connection
of the parent structure with a spacer at the imidazole or at
the amide always causes a decrease of potency and a change of
efficacy at the hCB,R and hCB¢R. This suggests that the receptor-
ligand-interactions at both receptors are highly sensitive for
changes of the parent structure at both assumed ‘preferred’ attach-
ment positions.

3. Conclusion

In summary, two series of homobivalent ligands with different
attachment points containing the parent ligand (hCB,R selective
agonist 13a) and their corresponding univalent ligands were
designed and synthesized to target the hCB,R. Biological evaluation
of these compounds in a functional steady-state GTPase assay
demonstrates that changes of the parent structure at the imidazole
or amide have a crucial effect on the potency and efficacy at the
hCB3R and hCBR. They still showed a micromolar activity at both
receptors, but no selectivity to the hCB,R and no agonistic behav-
ior. Thus, the receptor-ligand-interaction is very sensitive for
changes of the parent structure at these positions. However, it
was shown that bivalency had a pronounced influence on the effect
of the ligands at the receptors. For bivalent ligands coupled at the
imidazole and the bivalent ligand with a short spacer at the amide,
bivalency changed the efficacy compared to the univalent com-
pounds. Additionally, for the short bivalent compound 31b the
bivalency was able to increase the potency compared to 26b. In
contrast, for the long spacer at the amide, bivalency did not change
potency or efficacy. Furthermore, it was shown that the spacer
length and the attachment position also altered the efficacy of
these bivalent ligands at the receptors. In addition, the methyl
ester 13c indicates that the ester function at position 5 of the benz-
imidazole is tolerated with a higher selectivity to the hCB,R, and
thus bivalent ligands with an ester coupling might be possible.
Further research of bivalent ligands targeting the hCB,R, maybe
applying other parent structures, modifying the spacer structure

or linking groups, are needed and may serve as the basis for contin-
uative investigation of the hCB,R. According to these results, very
careful design of bivalent ligands for the hCB,R is necessary, espe-
cially when agonist properties are planned to be maintained. The
results obtained in this study might be of general relevance and
interest for the design of bivalent GPCR agonists.

4. Experimental section
4.1. Chemistry

4.1.1. General methods

Unless indicated otherwise, all chemicals and solvents were
purchased from commercial suppliers and used without further
purification. THF was dried by reflux over sodium overnight and
freshly distilled before use. For reactions with dry, freshly distilled
THF oven-dried glassware was used. Reactions over argon or nitro-
gen atmosphere were carried out by filling the reaction appara-
tuses by a gas flow of the corresponding, commercially available
gas and afterwards closing the filled reaction system with a gas-
filled balloon. Thin layer chromatography (TLC) was performed
on silica gel 60 on aluminum foils with fluorescent indicator
254 nm. For detection iodine vapor and UV light (254 nm and
366 nm) were used. Preparative TLC was performed with silica
gel 60 GF,s4 for preparative thin layer chromatography (Merck
KGaA). For column chromatography silica gel 60 (particle size:
0.063-0.200 mm or 0.035-0.070 mm) was used. The purity of the
target compounds was confirmed by HPLC (degassing unit:
DGU20A3g, gradient solvent delivery unit: LC-20AB with two LC-
20AD pumps, column: Synergi 4u Fusion-RP 80A 150 x 4.6 mm
from Phenomenex Incorporation, UV/vis detector: SPD-20A, analy-
sis software: LabSolutions version 5, everything except the column
from Shimadzu Corporation; method parameters: A: H,O with 0.1%
CF3COOH, B: CH30H with 0.1% CF;COOH, B 10% to 80% 10 min, B
80% 5 min, B 80% to 10% 3 min, flow rate: 1.0 mL min~', UV detec-
tion: 254 nm). The compounds were characterized by a combina-
tion of 'H NMR, '3C NMR, mass spectrometry (MS), high
resolution MS (HRMS) and elemental analysis. '"H NMR and '3C
NMR spectra were recorded on a Bruker AVANCE 300 MHz spec-
trometer (Bruker BioSpin GmbH) with 300 MHz and 75.5 MHz,
respectively or a Bruker AVANCE 400 MHz spectrometer (Bruker
BioSpin GmbH) with 400 MHz and 100 MHz, respectively. NMRs
were determined in CDCl; and chemical shifts are expressed in
ppm relative to the solvent peak ('H NMR: 6 7.26 ppm; *C NMR:
6 77.16 ppm). For MS and HRMS different ionization techniques
like ESI, EI or CI were used. MS were performed for ESI with TSQ
7000 (ThermoQuest Finnigan) or Agilent 1100 series LC/MSD ion
trap mass spectrometer (Agilent Technologies), for EI and CI with
MAT SSQ 710 A (Finnigan). HRMS were measured with Q-TOF
6540 UHD (Agilent Technologies). Elemental analysis for carbon,
hydrogen and nitrogen were undertaken using a Vario micro cube
(Elementar Analysensysteme GmbH).

4.1.2. General procedure A for amide formation to prepare 8,
22a-b, 27a-b

To a solution of 4-fluoro-3-nitrobenzoic acid (7) and a catalytic
amount of DMF in CH,Cl, was slowly added a solution of oxalyl
dichloride in CH,Cl; at 0 °C. The mixture was stirred at room tem-
perature for 2 h. Then, the solvent was removed in vacuo, some
CH,Cl, was added and the solvent was removed again. The brown,
oily residue was immediately dissolved in CH,Cl,. This solution
was slowly added to a solution of the corresponding amine and
triethylamine in CH,Cl, at 0 °C. The mixture was stirred overnight
at room temperature. After removal of solvent in vacuo the crude
product was dispersed in concentrated Na,COs solution, and
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extracted with CH,Cl,. The combined organic phases were dried
over anhydrous Na,SO,. After filtration and removal of solvent in
vacuo the product was purified by column chromatography to
yield the corresponding amide.

4.1.3. General procedure B for the substitution of fluoride to
prepare 10a-c, 14a-b, 18a-c, 23a-b, 28a-b

The corresponding amine and triethylamine were dissolved in
ethanol and stirred at room temperature for 0.5-1 h. Then, a solu-
tion of the corresponding 4-fluoro-3-nitrophenyl compound in
ethanol was slowly added. The mixture was stirred overnight at
50-75 °C. After removal of solvent in vacuo the product was
purified by column chromatography to give the corresponding
4-amino-3-nitrophenyl compound.

4.1.4. General procedure C for the reduction of the nitro group
by stannous chloride to prepare 11a-b, 19a-c, 29a-b

The corresponding 4-amino-3-nitrophenyl compound was
dissolved in ethanol and SnCl,-2H,0 was added. The mixture was
stirred overnight at 75 °C under argon atmosphere. After cooling
at 0 °C the mixture was basified with concentrated NaOH solution
(pH >10) and filtered by suction. Then, the solution was concen-
trated in vacuo. The residue was dispersed in water and extracted
with CH,Cl,. The combined organic phases were dried over anhy-
drous Na,SO,4. After filtration the solvent was removed in vacuo
to give the corresponding crude 3,4-diaminophenyl compound,
which was immediately used in the next step.

4.1.5. General procedure D for the reduction of the nitro group
by iron powder to prepare 11c, 15a-b, 24a-b

The corresponding 4-amino-3-nitrophenyl compound was
dissolved in ethanol and water. Iron powder and 37% (w/w) HCl
solution was added. The mixture was stirred at reflux for 2 h under
argon or nitrogen atmosphere. After cooling the mixture was
basified with 25% (w/w) NHs solution (pH ~ 9-10) and filtrated
by suction. Then, the solution was concentrated in vacuo. The res-
idue was dispersed in water, once more basified with 25% (w/w)
NHs solution (pH ~9-10) and extracted with ethyl acetate or
CH,Cl,. The combined organic phases were dried over anhydrous
Na,SO,4. After filtration the solvent was removed in vacuo to give
the corresponding crude 3,4-diaminophenyl compound, which
was immediately used in the next step.

o) O OCH3
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\L CHs &3
HaC CH
OH ° ® S

OH

CP 55,940 AM 630
H3C/é %
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(o) 3
NH CHs
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cl \\Q\CHS cl
SR 144,528 AM 251

Figure 5. Structures of hCB,R and hCB{R unselective agonist CP 55,940, hCB,R
selective antagonist AM 630, hCB;R selective inverse agonist SR 144,528 and hCBR
selective inverse agonist AM 251.>36-39

4.1.6. General procedure E for amide formation to prepare 12a-
¢, 16a-b, 20a-c, 25a-b, 30a-b

2-(4-Ethoxyphenyl)acetic acid and CDI were dissolved in dry,
freshly distilled THF and stirred at room temperature for 2 h. Then,
a solution of the corresponding 3,4-diaminophenyl compound in
dry, freshly distilled THF was added. The mixture was stirred over-
night at 50 °C under argon or nitrogen atmosphere. After removal
of solvent in vacuo the residue was dispersed in water and
extracted with ethyl acetate or CH,Cl,. The combined organic
phases were dried over anhydrous Na,SO,4. After filtration and
removal of solvent in vacuo the product was purified by column
chromatography to yield the corresponding amide.

4.1.7. General procedure F for the ring-closure to prepare 13a-c,
17a-b, 21a-c, 26a-b, 31a-b

The corresponding amide was dissolved in glacial acetic acid
and stirred at reflux for 1.5-3 h. After concentrating in vacuo the
residue was slowly dispersed in 1M NHj solution (pH ~ 9-10)
and extracted with ethyl acetate or CH,Cl,. The combined organic
phases were dried over anhydrous Na,SO,4. After filtration and
removal of solvent in vacuo the product was purified by column
chromatography or preparative TLC to yield the corresponding
benzimidazole. For elemental analysis the hydrochlorides of
13a-b, 21b-c, 31b were prepared by dissolving of the compounds
in a diethyl ether/CH,Cl, mixture, and precipitation of the salts
with 2 M HCl in diethyl ether. After filtration by suction and drying
in vacuo the corresponding hydrochlorides were obtained.

4.2. Pharmacology

4.2.1. Functional steady-state GTPase assay

4.2.1.1. Materials. The standard ligands (Fig. 5) CP 55,940, AM
251, AM 630 and SR 144,528 were purchased either from Tocris
Cookson (Bristol, UK) or Santa Cruz Biotechnology (Dallas, TX,
USA). DMSO was from Merck (Darmstadt, Germany). Tris(hydroxy-
methyl)aminomethane (Tris) was bought from USB (Cleveland, OH,
USA). Adenosine 5’-triphosphate (ATP), guanosine 5'-triphosphate
(GTP), adenosine 5'-(B,y-imido)triphosphate (AppNHp), creatine
kinase (CK), creatine phosphate (CP), bovine serum albumin
(BSA), ethylenediaminetetraacetic acid (EDTA), activated charcoal
and salts were purchased either from Roche Diagnostics (Mann-
heim, Germany) or Sigma-Aldrich (St. Louis, MO, USA). The scintil-
lation cocktail OptiPhase Supermix was acquired from PerkinElmer
(Waltham, MA, USA). The [y->*P]GTP was bought from Hartmann
Analytic (Braunschweig, Germany). Radioactive samples were
counted in a Tricarb-TR liquid scintillation analyzer from PerkinEl-
mer (Waltham, MA, USA).

4.2.1.2. Assay. Stock solutions of all compounds were pre-
pared in DMSO and stored at —20 °C. Dilutions were prepared with
30% (v/v) DMSO and also stored at —20 °C. Final DMSO concentra-
tions in assay tubes were always 3% (v/v) and did not affect the
assay.

Steady-state GTPase assay was performed as previously
described:** Reaction tubes contained 100 pL of membrane
(5 pg protein/tube) of Sf9 cells expressing either hCB,R-Goy, or
hCB,R-Goy, fusion protein together with Gp;y, and RGS4,**
0.1 mM ATP, 0.1 uM GTP, 0.1 mM AppNHp, 1 pug CK, 30 ug CP,
0.2% (w/v) BSA, 0.1 mM EDTA, 1 mM MgCl,, various concentrations
of test compounds and 0.05 uCi/mL [y->3*P]GTP in 50 mM Tris/HCl
pH 7.4. Reactions were conducted at 25 °C for 20 min, stopped by
addition of 900 pL of 50 mM sodium phosphate buffer pH 2.0 con-
taining 5% (w/v) activated charcoal and centrifuged at 12.000 rpm
to remove not degraded [y->>P]GTP. 600 pL of supernatant fluid
was used and radioactivity in counts per minute was determined
in 3mL of scintillation cocktail. Spontaneous degradation of
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[y->3P]GTP was determined by adding 1 mM unlabeled GTP and
enzyme activity was corrected for spontaneous degradation.

Basal GTPase activities were determined only with a final con-
centration of 3% (v/v) DMSO instead of ligand dilutions and set
as 0% value for screening. GTPase activity increase of 30 pM of CP
55,940 was set as 100% in agonism mode (Ag) and 30 nM of CP
55,940 was set as 100% in antagonism mode (Ant). Screening of
ligands was performed with compound concentrations of 30 uM,
without additional CP 55,940 in Ag and in presence of 30 nM CP
55,940 in Ant.

Dose-response curves were conducted with at least 5 different
concentrations from 0.1 nM to 100 uM in the appropriate mode
determined in the previous screening.

4.2.1.3. Statistical analysis. Statistical evaluations and sigmoidal
dose-response curve fittings were performed with GraphPad Prism
5 software for Windows (La Jolla, CA, USA). Data are expressed as
mean values + standard deviations (SD) of three independent
experiments with three different batches of membranes each per-
formed in duplicates or triplicates. Statistical significance was
determined by one-way ANOVA followed by Dunnett’s post test.
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