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Abstract: We report the discovery of chroma28, a potent and
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A major drawback for the preclinical assessment of human
B1 (hB1) antagonists is the cross-species divergence in phar-
macology and, in particular, between human and rodent.
Transgenic rafsexpressing the human receptor have been used
to address interspecies differences in B1 pharmacology. While
useful, in vivo results derived from humanized rat studies are
potentiallycomplicated by the physiologically regulated rodent
B1 (rB1) receptor expressed in the background. A preferred
approach to drug development is to conduct target validation
studies with an agent that is active across species. Indeed, there
are reports of B1 antagonists with comparable potencies against
rB1 and hB1 receptors. For example, researchers at Sanofi
published a series of dipeptoid sulfonamides suct’#Bigure
1, hB1 K; = 0.48 nM; rat ileum g, = 9.4). Additionally,
scientists at Merck disclosed two seffeS that are essentially
equipotent at both hB1 and rB1 receptors. Ultimately, the need
for potency at nonprimate receptors is required to establish
preclinical in vivo efficacy. Accordingly, our goal was to
identify novel, selective, and potent hB1 antagonists with
sufficient rB1 potency and pharmacokinetic properties to
demonstrate anti-inflammatory efficacy in a rodent model of
inflammation.

The majority of small molecule B1 antagonists have a basic
amine and a lipophilic sulfonamide as exemplified bydRd
R: (1, Figure 1), an observation also noted by MarcEdlhe
requirement for a basic residue probably stems from a favorable

selective antagonist of human, nonhuman primate, rat, and rabbitinteraction with either of the two acidic residues within

bradykinin B1 receptors (0-417 nM). At 90 mg/kg s.c.28 decreased
plasma extravasation in two rodent models of inflammation. A novel
method to calculate entropy is introduced and ascrib88% of the
gained affinity between “flexible? (K; = 132 nM) and “rigid” 28 (K
= 0.77 nM) to decreased conformational entropy.

Kinins (bradykinin-related peptides) are potent vasoactive
molecules implicated in inflammation and pain that mediate their

extracellular domain 4 (Ef, namely, GId73 or Asp?®L In
addition, EG has been shown to be important for species-
specific pharmacologh? Initial lead identification efforts sought
to optimize the spatial placement between a basic amige (R
and the 2-naphthylsulfonamide {Rof S-phenylalanine. From
these investigations, compoufdvas identified as a moderately
potent antagonist of the hB1 receptor {4G= 359 nM) as

acute and chronic actions via bradykinin receptors, which are getermined by a B1l-mediated calcium mobilization assay.

either constitutively expressed (B2) or inducible (B%)The

Furthermore, compour2ihad excellent selectivity over the B2

B2-antagonist icatibant (HOE-140) is being developed as an gyptype (hB1K; = 382 nM vs hB2K; = 56 000 nM).

anti-inflammatory agent for osteoarthrifisihile rodent hy-

Subsequent studies showed tHafR) contained the activity

pertension following systemic HOE-140 administration has been gpsarved with2 (hB1K; = 132 nM (SEM= 16 nM, n = 4);

observed, it is unclear whether this effect would limit human
use. A phase Il clinical trial looking at the effects of HOE-140
following intra-articular injection (into the knee) was initiated.
The route of administratiomayhave been chosen, among other
factors, to mitigate potential B2-related hypertensive effects.
Reports of B1 antagonists in the clinic, however, are not
available. The preclinical role of B1 signaling in inflammatfeh,
pain® edema, and loss of functibrhas been described. Of
relevance to our in vivo models (vide infra), B1-knockout mice

lacked the Bl-agonist-induced plasma extravasation (edema)

response observed in their wild-type litter mates. Based on thes

results, a B1l-selective antagonist would be useful as an anti-

inflammatory agent.
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hB1 1G5 = 447 nM); 3-(S) was devoid of functional potency
up to 4000 nM. A second lead, compouBdCso = 520 nM),

was obtained by extending the distance from the sulfonamide
to the basic amine by one methylene unit. With these leads in
hand, efforts to improve potency were initiated.

One strategy that has been successfully used by medicinal
chemists to increase potency for a given receptor involves
decreasing the flexibility of a lead compouhtin doing so,
the entropic penalty associated with adopting a preferred binding
conformation is minimized. Accordingly, the benzylic position
of 4 was “fixed” to the arene ring via a six-membered
carbocycle. The resulting tetralliwas ~75-fold more potent
(hB1 IG5 = 6 nM) than the acycliet. Interestingly, when a
similar cyclization was applied to phenethylamidéo afford
bicycle 7), a modest increase in potency was observedg(IC
570 nM— 380 nM). This communication reports the synthesis
and biological evaluation of a series of constrained analogs such
as tetralinb.

Compounds2—4 were prepared as shown in Scheme 1.
Monoprotected diaming was alkylated with 1,5-dibromo-
pentane to give piperidin®. The Boc protecting group was
removed and the resulting amiri), was coupled with+£)-11
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Figure 1. hB1 antagonists and their associated potencieg #fGSEM).

Scheme I-b

E\n/ — 2 (RS)
\- 3(5)

9, R= Boc 11-(C5-RS)
10, R=H 12-(C5-R) 4(R)

aReagents and conditions: (a) Br(gkBr, K,COs;, CHsCN; (b) HCI,
MeOH; (c)11, HOBt, EDC, DMF; (d)12, HOBt, EDC, DMF; (e) Chiralcel
OJH, ee> 99.5%."R; and R, are defined in Figure 1.

Scheme z’b
NH,

MeO,C MeO,C Y HO Y
13, X-Y = CHZ 18,Rs = 20
14, X-Y = -CH,CH,- 19, R:
15, X-Y = -OCH,- "
16, X-Y = -N(CH3)SO,- N3 R2
17, X-Y = -H, H- 1'

21, Rg= CH7OH

22, Re=CHO

aReagents and conditions: (d}){CBS, toluene;—10 °C; (b) NaBH,,
MeOH; (c) (§-CBS, toluene;—~10 °C; (d) DPPA, toluene, 6C — room
temperature; (e) LiAld, THF, —15°C; (f) 110r 12, Si—DCC, NHS, THF
CHyCly; (9) MnO,, CH:Cly; (h) piperidine, NaB(OAgH, HOAc, DCE; (i)
Chiralcel OJH,de andee > 99.5%.°R3 and R, are defined in Figure 1.

to afford amide2 as a racemic mixture. This mixture was
separated using chiral supercritical fluid chromatography (c-
SFC) to afford analog8 and4 with >99%ee Comparison of

Letters
Table 1
bindingKi, mean (SEM) 51 1Gs0, NM

cmpd XY C) Cs hB1 hB2 mean (SEM)

24 —CHy— R R 1.6(0.7F 49200 (600H 5.6 (0.7¥

25 —CHy— S R 241, 327 13 300 (1000) 183 (2p

26 —CHCHo— R R 0.24(0.03 57 000 (1600) 5.5 (0.7Y

27 —CHCHo— S R 31,39 15000 (1300) 86 (67

28 —OCH,— R R 0.77(0.06) >50 000 3.4(0.1)

29 —OCH,— S R 17 (4f >20 000 418 (89¥%

30 —OCH,— R S 144,143 ND 519 (85)

31 —OCH,— S S 1900,2900 ND 1700 (308)

32 —N(CH3)SQ— S R 15.80, 15.87 16 000 (1000) 14 (0.4}

33 —N(CH3)SO,— R R 13,15 35000 (3500) 10.7 (0.2}

34 —H,H- R R 17 (4p ND 302 (45Y

2 Number of measurements (NM): BNM: 7. ¢NM: 12.9NM: 16.
eNM: 24.fNM: 31.9NM: 48."NM: 248.NM: 1118.I NM: 9188.

—CH,CH,—) were obtained from THFMTBE, which afforded
high quality diffraction data. Using the method of Fla€ki
was possible to the assign th@){configuration to the single
stereocenter. This conclusion verified that tReCBS reduction
produced the expected)ftetralin alcohol and that a single
inversion was realized in th#8 — 19 sequence. Amine20
were coupled with either acitll or 12 using silica-supported
carbodiimide (S+DCC) andN-hydroxysuccinimide (NHS) to
afford amides21. Manganese dioxide oxidation of benzylic
alcohols21 afforded aldehydeg2 in good yield, which when
treated with piperidine/NaB(OAg)/HOAc, afforded amines
23. Diastereomeric mixtures &3 were separated at this point
using preparative c-SFC. Without exception, the tested com-
pounds shown in Table 1 were obtained witl®9% de ee
and purity.

The binding affinities for the hB1 and hB2 receptor subtypes
were next determined for the new analogs (Table 1). Tetralin
26 and chromar28 showed the highest affinity for hBK( =
0.24 and 0.77 nM, respectively) and selectively bound this
subtype with>10° orders of magnitude over the hB2 receptor.
These cyclic analogs had affinities that were significarply<(
0.01) lower than the acyclid (Ki = 132 nM), as determined
by Student’s t-test at the 95% confidence level. Subsequent
studies attribute this 170- to 550-fold affinity gain primarily to
enthalpic factors and secondarily to decreased conformational
entropy (vide infra). Because a high degree of selectivity over
hB2 was uniformly achieved, subsequent biological discussions
will focus on hB1 functional potency using the calcium flux

the retention times (from c-SFC) of the separated enantiomersassay.

with that of 4 (from chiral acid12) proved that theR-form
contained the hB1 potency in racemic amile

The synthesis of the constrained analogs, sud) eequired

In this SAR study, the structural variables examined were
the polarity and conformational flexibility of the analogs and
the configuration present at,;Cand G. The most potent

the preparation of a series of novel bicyclic amines (Scheme compounds were tetral@6, chromar28, indane24, and sultams

2). Known ketoned.3—17 were reduced either with NaBHo
afford racemic alcohol48 or with Corey-Bakshi-Shibata*
(CBS) conditions to give the corresponding chiral alcolids
The ©-alcohols were synthesized usirig){leucine as the chiral
auxiliary in the CBS reduction R)-CBS), whereas theR}-
alcohols were synthesized with)fleucine as the chiral control-
ler ((9-CBS). The enantiomeric purities were -9838%, as
determined by c-SFC analysis. Conversion of the hydroxyl
groups into azidesl9 with stereochemical inversion was
accomplished using diphenylphosphoryl azide (DPPA)jlo

32and33 (hB1 IC5o = 3 — 14 nM). The polarity within these
five analogs varied between sult&82and tetralin26 (AcLogP

= 1.4), which when plotted against their associated potencies,
hinted at a correlation between lipophilicity and potency.
Development of this SAR was ended, because the potencies of
sultam32 and tetralin26 were statistically equivalent (Student’s
t-test at 95% confidence). A significant differenge< 0.0001),
however, was observed between the acyd@jc( and34) and
cyclic compoundsZ4, 26, 28, 32, and33); Chroman28 was
125-fold more potent than the initial lead, compouhdThe

detectable loss of enantiomeric purity (via c-SFC) was observed strategy to increase activity relative to compouhdherefore,

in the conversion 018 — 19. Both the azido- and ester- groups
were reduced with LiAlH to afford the corresponding amino
alcohols20. To confirm the stereochemical outcome of the

was successful as five potent analogs were identifiegy(fC
14 nM).
One consequence of the conformational-restriction strategy

sequence, an X-ray study was conducted on a representativavas the generation of an additional stereocenter,a(d3 in

example. Specifically, crystals of aminotetralirf) (X—Y =

23, Scheme 2), which when coupled to the centerzaftorded
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four possible diastereomers. The'(R) and G-(R) isomers Ac a

proved to be the optimal configuration for potency in each of 8_— Y v
the ring systems (i.e24, 26, 28, and33). However, there was 6 bD? X
no preference for £(R) in the sultam series; the ;G(S g

diastereomer32, was equipotent t@3. This finding contrasts T 4

the trend observed in the indane, tetralin, and chroman analogs; 3 -

activity decreased by 16- to 100-fold when' @as changed 24 ‘
from (R) to (9. The statistically significant rank order of potency E X
as a function of both £ and G wasRR> SR> RS> SS(i.e., Ol (N
28 > 29 > 30 > 31). The ©-configuration, whether at Lor 222T T A
Cs, resulted in decreased potency. torsion angle, ¢ 1

Studies in Bl-transfected CHO cells showed that chroman Figure 2. Energy profiles and Newman projection (I) about torsion
28 had comparable potency @€+ SEM (n)) at the human  “a” for 35—39.
(3.44+ 0.1 nM (1118)), rabbit (1 4 nM (10)) rat- (4+ 1 nM
(8)), and African green monkey B1 receptors (0:40.02 nM
(17)). Additionally, the compound prevented a B1 agonis
induced (LysdesArg®-BK) contraction of isolated human
umbilical vein with a g\, = 7.4 (40 nM; Supporting Informa-
tion, section 3e). Having obtained rB1 potency, the rodent
pharmacokinetic properties of chrom&8 were measured
(Supporting Information, section 4a). Compou8 had an
apparent clearance (Cl/F) ®L when dosed intravenously (i.v.)
or subcutaneously (s.c.), a plasma fraction unbo§ppaf 0.032 - )
and a s.c. bioavailability of 100%. Taken together, plasma levels N-acetyl-2-aminochromarig). The calculations showed the
in excess of the presumed pharmacologically relevant drug rotational freedom about bond “a” (Figure 2) was restricted in

concentration (16, = 125 nM) could be obtained for5 h the bicyclic ring system87—39 and, to a lesser extent, in the
following a 90 mg/kg s.c. dose. methyl-substituted benzylamird®. Specifically, cyclic analogs

Chroman28 was studied in the rat pleurisy and the reverse 37-39had two gas-phase minima separated by 3.5 kcaf mol

passive Arthus (RPA) models of inflammation. Both models energy located at 105 (Figure 2, ) and—60". The acyclic

: . 36 likewise contained two minima, but with a diminishede
afford the same endpoint, namely, plasma extravasation (edema{1 5 kcal mot%). The two minima observed i86—39 became
within the pleural cavity, but differ in the way the inflammation i .

is initiated. Carrageenan was used in the pleurisy model anddegenerate in compourd® (minima at—150" and 30) due to

. ) . . U symmetry 6).
rabbit 19G complexation to goat anti-rabbit I9G was used in f tional ent fB5— t calculat
the RPA model. The latter model is thought to mimic an b e conformational entropy fc85 -39 was next calculated

. - - . . ting thei ti fil Fi 2) int
immune-based inflammatory condition but without engaging the y converting their respective energy profiles (Figure 2) into

o probability functions (eq 1). The entropy termAS was
host’'s immune system. Chrom&8 (90 mg/kg, s.c.) reduced . lvina the Sh lationshi 2 h
the collected exudate by 22% relative to control (Dunnett's obtained by applying the Shannon refationship (eq 2) to the

derived probability functions.
method,p = 0.0003, Supporting Information, section 4b,-vii erived probabiiity functions

ligand—receptor binding event. Herein, we describe a method
t. that uses Shannon entropyan equation that has been used to
characterize protelfiand polymer conformatiori$.The affini-
ties for two acyclic analoggl and 34, along with those of the
cyclic analogs24, 26, and 28 formed the basis set for an ab
initio study. To simplify the calculations, the following structural
approximations were usedt ~ N-acetylbenzylamine3p), 34
~ N-acetylo--methylbenzylamine3p), 24 ~ N-acetyl-2-amino-
indane 87), 26 ~ N-acetyl-2-aminotetralin 38), and 28 ~

viii). The unbound-drug concentration for the 90 mg/kg cohort p = e(—E(;i/kT)/z‘ o ~EgilkT) 1)
was 169+ 15 nM (SEM,n = 8, Supporting Information, section i :

4b, ix). As a control, the Cox-1/2 inhibitor indomethacin (Indo) TAS=RT(-5. p, In[p,]) )
was administered at the highest dose not associated with gastric ' i

bleeding (3 mg/kgper oral, p.o.). As observed for chroman BFE = RT(Ln(hB1K))) (3)

28, Indo reduced edema formation by 28% € 0.0001). In
the RPA model, reduction in exudate volume was observed atyherep,, is the probability that a molecule lies with a dihedral
30 (14%,p = 0.0002), 60 (10%p = 0.005), and 90 mg/kg  angleq, E,, is the energy for that stat® is the universal gas
(26%,p < 0.0001) relative to saline treated animals (Supporting ¢onstant (1.987 cal mol K1), T is temperature in Kelvink;
Information, section 4c, vivii). The responses observed at the g the affinity in moles L, and BFE is the binding free energy.
30 and 60 mg/kg doses were not statistically different from each This method calculates the total number of conformations a
other. Indo at 3 mg/kg p.o., however, was without effect in the molecule can exist in by integrating the probability that a
RPA model. Apparently, the two models afford distinct inflam- - molecule will exist in a conformation with angie, within the
matory states, one that is Indo-sensitive (pleurisy) and one that|imits @ = 0 to 360. Using this approach on otherwise
is Indo-insensitive (RPA). Unlike Indo, chroma®8 was  equivalent compounds, it can be shown that a molecule with a
efficacious in both models. single, narrow energy well would have a lower calculafe®

To better understand the reasons for the 550-fold increase inthan one with several accessible minima or one that has a single,
Ki (4 — 26), and to aid the development of a pharmacophore wide energy well.
model, a computational study was performed. Entropy is often  The calculatedAS (kcal mol?) for 35—39 as a function of
used to rationalize the increased affinity associated with the the “a” bond were (in decreasing orderfASss@ = 1.82;
receptor binding of more- versus less-rigid ligands; flexible TASgera) = 1.52; TASg7r@ = 1.38; TASsorm) = 1.29; and
molecules can exist in more distinct conformations and, TASsgra = 1.22. These data correlated well with the increased
therefore, the probability of existing in any one (i.e., the affinity observed for their corresponding full structures
receptor-preferred conformer) is lower than that of a rigid 34 > 24 > 28 > 26, r?2 = 0.97, for plots see Supporting
molecule. Surprisingly, the literature provided no examples that Information 2c). The exceptional linearity is hard to ignore
have quantitatvely measured the entropic component in a because it is statistically significanp & 0.0025). However,
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because the hB1 binding assay did not differentiate between (4)
analog24, 26, and28, the danger of overinterpretation exists.
There was a significant difference between the cyclic and the
acylic analogs (i.e.26 and 4, vide supra), and therefore, the
change in BFE for tetralin26 relative to 4 is significant
(ABFEzer@a) = BFEy — BFE, = 3.7 kcal mot?). The entropy
term of ABFEzer() Was—0.6 kcal mot? (TASsgr(a) — TASssr()

or about 20% of the 550-fold gain in affinity. While relevant
to SAR pertaining to bond “a”, the value foTASssra)
underestimates the total entropic effect because it does not
include the contributions due to bond “b” (Figure 2). Taking
into account both bonds afforddd\Sssr(ap)= 2.3 kcal mot?,
which decreased the change in entropy 36r— 38 to —1.1

kcal mol? (A(TASsgr(ap) = TASssr@a) — TASssr(ab). TO put

the numbers into perspective, a 1.1 kcal motlecrease in
entropy corresponds to an7-fold increase in affinity; it is not

the major factor behind the 550-fold gain. Enthalpy\Haerw)),

on the other hand, accounted for 2.6 kcal mMalf the 3.7 kcal
mol~! increase INABFEzerw) (AAH26ry = ABFEzery +
A(TASser(a,0)). The presence of favorable enthalpic interactions
(e.g., Van der Waals) between the atoms required to make the
cycle (X=Y, Figure 2) and the receptor are the primary factor
underlying the affinity gain between acychc(K; = 132 nM)

and cyclic 26 (K; = 0.24 nM). Decreased conformational
flexibility, while significant, contributed~30% of the BFE
difference between the two molecules.

In summary, chromar28 was identified as a potent B1-
selective antagonist with in vitro activity across multiple species
and anti-inflammatory activity in vivo. A computational study
suggested that while decreased conformational entropy cor-
related with increased affinity, favorable enthalpic interactions
between the atoms required to make the molecule more rigid
and the receptor accounted for the 550-fold affinity enhancement
(4— 26). Finally, it should be noted that potent hB1 antagonists
occupied conformation | (Figure 3 = —105 + 25°) >90%
of the time. It seems likely that this orientation lies close to the
receptor-preferred binding conformation.
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