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A series of dihydro-9,10-ethano-anthracene-11-carboxamides as novel glucocorticoid receptor modula-
tors is reported. SAR exploration identified compounds from this series displaying a promising dissocia-
tion profile in discriminating between transrepression and transactivation activities. 17a is a partial
agonist of GR-mediated transactivation which elicits potent and efficacious transrepression in reporter
gene assays. A hypothetical binding mode is provided which accounts for the induction of functional
activity by a bridgehead methyl group.
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Glucocorticoids, steroidal agonists of the glucocorticoid recep-
tor (GR), such as prednisolone and dexamethasone, have been used
for over 50 years to treat inflammatory diseases. However, their
systemic use is limited by side effects including diabetes, osteopo-
rosis and glaucoma. There is a strong medical need to develop
agents that maintain the desirable anti-inflammatory efficacy of
glucocorticoids while limiting side effects.! The anti-inflammatory
activity of glucocorticoids is largely due to their ability to reduce
the expression of pro-inflammatory genes via the inhibition of
the transcription factors NFkB and AP-1 by ligand-activated GR.
The primary mechanism of this inhibition, termed transrepression
(TR), is through a direct physical interaction that alters the tran-
scription factor complex and reduces the ability of NFkB and AP-
1 to stimulate transcription.> NFkB and AP-1 play key roles in
the initiation and perpetuation of inflammatory and immunologi-
cal disorders, as they are involved in regulating the expression of
a number of important inflammatory and immunomodulatory
genes including TNF-o, IL-1, IL-2, IL-5, adhesion molecules, chemo-
kines, Cox-2, and others. On the other hand, the interaction of a
glucocorticoid with GR also results in the induction of transcription
of certain genes. This process, termed transactivation (TA), requires
dimerization of GR and binding to its cognate glucocorticoid re-
sponse element (GRE) on DNA. Many of the side effects of glucocor-
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ticoid therapy are due to the ability of GR to induce transcription of
various genes involved in metabolism. Previous studies using a
transgenic GR dimerization-defective mouse have shown that the
transactivation (DNA binding) activities of GR could be separated
from the transrepressive effects (non-DNA binding) of GR.”> Recent
activities aimed at separating these different GR mechanisms have
led to the discovery of several new classes of nonsteroidal GR mod-
ulators.®"'? Characterization of such compounds indicates that it
may be possible to develop dissociated GR agonists which separate
TR and TA activities thereby maintaining an improved therapeutic
index (TI) relative to glucocorticoids.

F, R'= Me, dexamethasone (dex)
H, R'=H, prednisolone (pred)

In this Letter, we wish to report our initial efforts on a novel class of
dihydro-9,10-ethano-anthracene-based GR modulators.

Binding affinity of a compound to recombinant human GRo was
measured by competition with FITC-dexamethasone in a fluores-
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cence polarization assay.'® The transrepressive efficacy of a ligand
was determined by its ability to inhibit AP-1 driven reporter activ-
ity, and its ability to repress E-selectin promoted transcription in a
human A549 lung epithelial cell line.!® The transactivation activity
of a ligand (agonist activity) was evaluated by its ability to induce
GAL4-GR-LBD binding to a GAL4 responsive promoter attached to a
luciferase reporter gene in a human Hela cell line (NP-1).'

Virtual screening of our compound repository using a GR
homology model based on the progesterone receptor crystal struc-
ture!” identified compound 1 as a potential GR ligand (Fig. 1). Com-
pound 1 was found to have GR binding affinity of 158 nM but poor
functional activity in the AP-1 repression assay (Table 1). Further
structural exploration of 1 on amide functionalities identified N-
(thiazol-2-yl)amide 2 as a novel, nonsteroidal GR modulator, which
had high GR affinity (K; = 2.9 nM) combined with >100-fold bind-
ing selectivity over PR and >1000-fold binding selectivity over AR
and ERa. However, 2 had only weak AP-1 activity (ECso = 268 nM
with 43% dex efficacy).
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Figure 1.

Table 1
Modifications at the aminothiazole and o-position of the carboximides: GR binding,
transrepression and transactivation data®

FE S 28

9X CH, Y =NH
10X=N,Y=8

Compd Ry R> R3 GR AP-1 repression (A549 cell)
K; (nM) ECso, nM (efficacy, %dex)®

Dex 1.1 2.5 (100)

Pred 1.5 15.8 (97)

1 157.7 >5000

2 Me H H 29 268.0 (43)

3 Me Me H 12.7 609.8 (30)

4 Me H Me 8.7 >5000

5 Me Me Me 22.6 922.6 (42)

6 Et H H 3.9 >2500

7 C,H,OH H H 303.0 >5000

8 - = = 82.5 1236.0 (67)

9 — — — 92.6 >5000

10 = = = 5.4 294.9 (40)

2a (R) Me H H 1.3 114.9 (41)

2b (S) Me H H 26.2 543.5 (45)

3a (A)" Me Me H 4.1 345.0 (32)

3b (B) Me Me H 187.0 972.5 (31)

Dex = dexamethasone; pred = prednisolone.

@ Values are means of at least two experiments done in triplicate.

b Efficacy represented as a percentage of the maximal response of dexametha-
sone (100%).

¢ Where absolute stereochemistries are not defined, isomer A and isomer B
designations are employed.'®
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Scheme 1. Reagents and conditions: (i) 2-methyl acrylic acid, toluene or nitroben-
zene, 165 °C; or 2-methyl acrylic acid, neat 170 °C, 12-24 h, 40-60% (meta isomer);
(ii) 2-amino thiazole, HOBT, EDC, CH5CN, ‘Pr,NEt, 85 °C, 12 h, 50-70% With other
heteroaryl amines, the reaction times range from 12-24 h.

In order to improve the functional potency, we investigated
modifications by employing the chemistry shown in Scheme 1.'52
The 9,10-dihydro-9,10-ethano-anthracene carboxylic acids (Il or
III) were synthesized via the Diels-Alder reaction of 2-methyl ac-
rylic acid with anthracene or 9-substituted anthracenes following
modified literature procedures.'® When using nitrobenzene as a
solvent or in neat acrylic acid, at elevated temperatures of 165-
170 °C, the Diels-Alder reaction gave products in higher meta/ortho
ratio compared with those reported in the literature.'®® For 9-
chloro, 9-bromo and 9-methylanthracene, the ortho isomer prod-
ucts were minimal or undetectable under these reaction condi-
tions. The coupling reaction of the acids and 2-aminothiazole or
other heteroaryl amines yielded the corresponding carboxamides
(IV or V).

We began our investigation by exploring the aminothiazole side
chain. Initial SAR showed neither substitution at C-4 nor at C-5 of
the thiazole was favorable for GR binding affinity (compounds 3-
5). Replacing the methyl group adjacent to the carboxamide with
an ethyl group had minimal effect on GR binding (compound 6).
However, hydroxyethyl substitution (compound 7) proved detri-
mental to binding potency. Also, introducing a methyl group to
the amide nitrogen resulted in a considerable loss of binding affin-
ity (compound 8). To broaden the scope of our investigation, a sur-
vey of various heterocycles to replace the thiazole ring found the
1,3,4-thiadiazole to be a viable surrogate, with binding and func-
tional activities comparable to those of the thiazole congener
(compound 10). In all cases, no significant improvement of the
functional activity was observed in comparison to compound 2.

Resolution of compounds 2 and 3 revealed that the binding
activity resides mainly with one of the enantiomers 2a or 3a.!”

We have applied computational modeling as an aid in exploring
the SAR of the 9,10-ethano-anthracene series. Based on docking
and minimization studies of 2a with our GR homology model, we
found a binding pose for the ligand which allows the deep hydro-
phobic pocket to be filled by the ethano-anthracenyl core, while
the polar end consisting of the aminothiazole moiety engages in
several H-bonds with GIn642 and Asn564 (Fig. 2b).

The overall binding pose is essentially similar to that published
for the steroidal agonist, dexamethasone (Fig. 2a). Interestingly,
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Figure 2. (a) Published X-ray structure of dexamethasone in the GR-LBD.'® (b) Modeling of 2a using a homology model and adjusting several residues in possible H-bonding
contact with the ligand. Similar to their role in dexamethasone binding, Asn564 and GIn642 are thought to establish key interactions with the amidothiazole of 2a. Dotted

yellow lines represent potential H-bonds.

both dex and 2a engage Asn564, wherein two H-bonds to the li-
gand can be formed. In addition, it was found that Gln642 could
be repositioned to allow for a third H-bond to the amide carbonyl.
The model of 2a binding was consistent with the SAR findings de-
scribed above. A region of particular interest for synthetic elabora-
tion was the meta-bridgehead since the model suggested that the
pocket was hydrophobic and capable of accommodating small
functional groups.

The effect of substitution at the bridgehead positions was then
investigated (Table 2). The unsubstituted thiazole was first chosen
as a fixed fragment for further optimization. To our delight, small,
hydrophobic substituents at the meta position showed significant
improvement of AP-1 inhibitory activity. A methyl group was
found to be optimal at this position. Compound 17 had good po-
tency in the AP-1 (EC50 = 15 nM) and E-selectin (EC50 = 8.3

nM) transrepression assays, with agonist efficacy reaching 79%
of dex. Introducing polar or bulky groups at the meta position, such
as NH,, CO,CHs, CHO, CH,NHR, CONR; led to compounds with re-
duced AP-1 activity (ECs0>1 puM; data not shown). The ortho
regioisomers (12 and 14) appeared to have weaker activity than
their meta counterparts (11 and 13, respectively).

Selected meta isomers were resolved into their enantiomers
either directly or indirectly using chiral column chromatography
(Table 3).'"® Not surprisingly, the active enantiomer of 17, com-
pound 17a, was the most potent GR agonist identified in the cellu-
lar assays, AP-1 (EC50=5.3 nM with 73% dex efficacy) and E-
selectin (EC50=1.4nM with 64% dex efficacy). To determine
whether compounds demonstrated dissociated pharmacology, we
compared their efficacies in the NP-1 GRE activation (TA) and
AP-1 (TR) assays. Of particular interest was the TA activity of
17a, which displayed agonism efficacy 31% of dex in the GRE acti-
vation assay, significantly weaker than the observed TR agonism
efficacy (73% dex in the AP-1 assay). While exhibiting partial agon-
ism (64-73% dex in TR assays), 17a thereby demonstrated a good
degree of separation of TR/TA efficacy. This is in sharp contrast to
prednisolone which displayed equal maximal efficacy in the TR
and TA assays (97% dex in both AP-1 and GRE activation assays).
Lower TA agonism efficacy compared to TR agonism efficacy was
also observed with compound 18a, though its agonistic activity
(potency and efficacy) in transrepression assays is slightly weaker
than that of 17a.

Docking of 17a in the GR homology model illustrates a possible
functional effect of the bridgehead meta methyl group (Fig. 3). This

methyl group appears to form a tight van der Waals contact with
Met646 (on H7), displacing the thiomethyl portion towards
Leu732 (not shown) on H11. This subtle movement may have the
indirect effect of forming a tighter hydrophobic interaction be-
tween H7 and H11, essentially leading to stabilization of H11
and a corresponding increase in agonist functional activity, as
H11 stability may play a role in the equilibrium between open
and closed H12 forms of the protein. Such stabilizing interactions
are well precedented for steroid-binding nuclear hormone
receptors.?°

Table 2
Activities of bridgehead regioisomers?®

oNi} N/L\
RO Y

S\

S;\> HAN,N
O

meta ortho 18

11 R =NO, 12 R =NO,

13R=CN 14R=CN

15R =Br

16 R=Cl

17 R=Me
Compd GR AP-1 repression E-selectin GRE activation

repression

K; ECs0, nM ECs0, nM ECso, nM (Eff.%

(nM) (Eff.%dex)® (Eff. %dex)" dex)?
Dex 1.1 2.5 (100) 1.1 (100) 4.2 (100)
Pred 1.5 15.8 (97) 13.6 (97) 82.7 (97)
2 2.9 268.0 (43) 30.7 (31) >10,000
11 3.0 1067.3 (54) >5000 >10,000
12 369.6 1159.6 (48) >5000 >10,000
13 2.5 330.6 (52) 425.5 (32) >10,000
14 343.0 874.2(87) 678.1 (46) >10,000
15 1.7 118.8 (82) 9.9 (60) 174.9 (38)
16 1.7 229.4 (71) 12.3 (38) 321.9(9)
17 1.8 14.7 (79) 8.3 (56) 121.0 (30)
18 1.3 16.9 (59) 5.2 (51) >10,000

Dex = dexamethasone; pred = prednisolone.

2 Values are means of at least two experiments done in triplicate.

b Efficacy represented as a percentage of the maximal response of dexametha-
sone (100%).
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Table 3

Activities of enantiomeric compounds®'®

le) S

o

H
O %

\
0y
H
e

0 S

H/A\N,x
O

17a,17b X =CH

13a (R) 13b (S) 18a,18b X =N

Compd Enantiomer® GR AP-1 repression E-selectin repression GRE activation
K; (nM) ECso, nM (%dex )" ECso, nM (%dex )" ECso, nM (%dex)"

Dex 1.1 2.5 (100) 1.1 (100) 4.2 (100)

Pred 1.5 15.8 (97) 13.6 (97) 82.7 (97)

13a R 0.9 243.1 (53) 19.4 (33) >10,000

13b S 37.8 836.8 (66) >5000 >10,000

17a A 1.0 5.3 (73) 1.4 (64) 117.0 (31)

17b B 67.8 800.4 (61) >5000 >10,000

18a A 13 11.4 (69) 8.3 (55) 110.9 (20)

18b B 49.7 3835.0 (51) 151.8 (44) >2500

Dex = dexamethasone; pred = prednisolone.
2 Values are means of at least two experiments done in triplicate.

b Where absolute stereochemistries are not defined, isomer A and isomer B designations are employed.
¢ Efficacy represented as a percentage of the maximal response of dexamethasone (100%).

Figure 3. Modeling of 17a in the ligand binding site of GR. Contact between the
bridgehead methyl (gray sphere) and Met646 (yellow spheres) is illustrated. Dotted
yellow lines represent potential H-bonds.

To monitor steroid receptor cross-reactivity, counter screen
binding and activation assays were routinely performed on a sub-
set of compounds against a panel of nuclear hormone receptors
consisting of PR, AR, ER, and MR (activation in A549 cell). Com-

pounds 2a, 3a, 13a, 17a and 18a showed excellent selectivity be-
tween GR and AR or ER, (Table 4). A modest 31-150-fold
separation of binding affinity for GR over PR was observed with
most of the compounds, except 3a which had more than 2500-fold
separation. The bridgehead substitution appeared to have a delete-
rious impact on selectivity over PR (13a, 17a and 18a). In contrast,
the substitution on the thiazole dramatically decreased affinity to-
wards PR as manifested by 3a. Finally, all compounds exhibited no
agonistic activity at 5 uM in cellular MR activation assay. Con-
versely compounds bearing bridgehead substitution showed some
antagonist activity at 0.1 pM with ~50% inhibition of the response
of 1.25 nM aldosterone, an MR agonist.

In summary, we have described a novel class of dihydro-ethan-
oanthracene carboxamides as potent and selective non-steroidal li-
gands of the glucocorticoid receptor. Select compounds from this
series showed a promising dissociation profile. 17a elicits signifi-
cantly reduced transactivation relative to steroidal agonists, while
retaining good transrepression activities in reporter gene assays
pertinent to the anti-inflammatory effect. A model of a compound
from this class in the active site of the receptor is shown which can
also account for the induction of the functional activity demon-
strated by a bridgehead methyl group. Taken together, these find-
ings indicate the attractiveness of this series for further studies
which will be the subject of future reports.

Table 4
Cross-reactivity data for selected glucocorticoid receptor ligands®
Compd GR PR AR ERa MR activation (A549 cell)®
K; (nM) Ki (uM) K; (uLM) K; (uM) Agonist mode % Ctl Antagonist mode % inh.
2a 13 0.147 7.4 15.0 nd 3
3a 4.1 >10.0 >10.0 >5.0 nd 5
13a 0.9 0.034 >10.0 26.3 nd 47
17a 1.0 0.031 2.9 >5.0 nd 49
18a 13 0.035 9.3 >5.0 nd 53

Nd = not detectable; Ctl = control; inh. = inhibition.
2 Values are means of at least two experiments done in triplicate.

b The mineralocorticoid receptor (MR) agonist aldosterone was used as a control in the MR transactivation assay. Agonist efficacies (at the concentration of 5 1M)
represented as a percentage of the maximal response of 10 nM aldosterone (100%). Antagonist efficacies (at the concentration of 0.1 uM) represented as a percentage of

inhibition of the induction of 1.25 nM aldosterone (100%).
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