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A multivalent approach focused on amine-based secondary binding groups was applied to the discovery
of long-acting inhaled b2-agonists. Addition of amine moieties to the neutral secondary binding group of
an existing b2-agonist series was found to provide improved in vivo efficacy, but also led to the formation
of biologically active aldehyde metabolites which were viewed as a risk for the development of these
compounds. Structural simplification of the scaffold and blocking the site of metabolism to prevent
aldehyde formation afforded a potent series of dibasic b2-agonists with improved duration of action
relative to their monobasic analogs. Additional optimization led to the discovery of 29 (TD-4306), a
potent and selective b2-agonist with potential for once-daily dosing.

� 2014 Elsevier Ltd. All rights reserved.
The b2-adrenoreceptor belongs to the superfamily of seven
transmembrane G protein-coupled receptors (GPCRs) and is widely
expressed in the respiratory tract. b2-agonists exert a bronchodila-
tory effect through relaxation of airway smooth muscle, and as
such play a central role in the treatment of respiratory disorders
such as asthma and chronic obstructive pulmonary disease
(COPD).1 First generation b2-agonists such as albuterol have a short
duration of action (4–6 h) and are normally used as-needed to
relieve acute exacerbations (rescue therapy). Second generation,
long-acting b2-agonists (LABAs) such as salmeterol and formoterol
(Fig. 1) are typically used as maintenance therapy due to their
longer duration of action (approximately 12 h) and are dosed
twice-daily, usually in combination with an inhaled corticosteroid.
In an effort to further improve patient compliance and disease con-
trol, significant drug development activity has recently focused on
third generation b2-agonists with a duration of action suitable for
once-daily dosing.2,3 Olodaterol (3), indacaterol (4) and vilanterol
(5) (in combination with the glucocorticoid fluticasone furoate)
have been approved or are in late stage development for the treat-
ment of COPD.

In previous publications we described the application of a mul-
tivalent approach towards the discovery of novel, selective, b2-ago-
nists with improved duration of action, leading to the identification
of milveterol4 (6, phase 2) and TD-54715 (7, phase 1). Two distinct
hypotheses concerning the mechanism of increased duration have
been proposed. The exosite theory postulates that the duration of
action is driven by the LABA molecule binding to an exosite adja-
cent to the agonist binding site, leading to prolonged and repeated
stimulation of the receptor.6 The diffusion microkinetic theory pos-
tulates that the duration of action is driven by partitioning of
highly lipophilic b2-agonists into the lipid bilayer membranes of
bronchial smooth muscle cells, which in turn act as a depot provid-
ing effective concentrations of the agonist over an extended time-
frame.7 Irrespective of the precise mechanism by which duration is
achieved, the optimized linkers and secondary binding groups
(Fig. 2) of 6 and 7 are the key to their enhanced duration of action
relative to first generation agonists such as salmeterol. In the case
of 7, the linker consists of a 4-phenethylamine moiety whilst the
secondary binding group consists of a highly lipophilic biarylamine
fragment, which was shown to be particularly beneficial in terms
of receptor potency and duration of action in the guinea pig model
of bronchoprotection. Herein, we describe an extension of this
work in which we explored the introduction of amines to the sec-
ondary binding group as a strategy to provide LABAs with differen-
tiated structural and physicochemical properties relative to
milveterol and TD-5471. Amines are known to have a high affinity
for lung tissue (possibly through lysosomal partitioning), and it
was postulated that introduction of a second basic group (to form
a dibasic LABA) might enhance this effect and have a beneficial
impact on efficacy and duration of action.8,9 Furthermore, it was
envisaged that introduction of an amine to this region of the
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Figure 1. Structures of the b2-agonists salmeterol (1), formoterol (2), olodaterol (3), indacaterol (4) and vilanterol (5).
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molecule would enhance solubility and therefore facilitate formu-
lation development.

To explore the impact of amine-substituted secondary binding
groups on b2 activity, we initially prepared a series of derivatives
of 7 in which a primary aminomethyl moiety was appended to
the ortho-, meta- and para-positions of the distal phenyl ring of
the secondary binding group (Scheme 1). Synthesis of these sec-
ondary binding groups was accomplished by Suzuki coupling of
bromide 8 with the appropriate benzonitrile boronic acids. Reduc-
tion of the nitrile substituent using borane in THF followed by
hydrogenation of the nitro group furnished intermediates 9–11.
The headgroup-linker fragment 13 was constructed by alkylation
of 4-bromophenethylamine with protected headgroup 12.10 Buch-
wald coupling of intermediates 9–11 to bromide 13 followed by
deprotection of the headgroup afforded the desired compounds
14–16.

These compounds were profiled in our in vitro screens and
compared to standards (Table 1). Binding affinities for the b1-
and b2-adrenoceptors and b2/b1 selectivity were measured using
competition binding assays with [3H]dihydroalprenolol as tracer
and plasma membranes from cells expressing the human recombi-
nant b1- and b2-adrenoceptors. Agonist potencies were measured
in cAMP accumulation assays using recombinant cell lines heterol-
ogously expressing the human b1-, b2-, and b3-adrenoceptors, and
the BEAS-2B lung epithelial cell line with endogenous expression
of the b2-adrenoceptor. BEAS-2B cells were also used to measure
intrinsic agonist activity (IA) relative to isoproterenol. Compounds
14–16 illustrate that, relative to 7, the addition of a basic moiety
was well tolerated in terms of b2-receptor affinity and functional
potency. However, b2/b1 selectivity of 14 was too low for progres-
sion, since selectivity similar to or greater than that of formoterol
(2) was targeted. Based on their attractive in vitro profile,
compounds 15 and 16 were advanced to the guinea pig in vivo
bronchoprotection model.11

At this stage of our b2-agonist program, our criteria for advanc-
ing compounds required significant bronchoprotective efficacy at
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Figure 2. Structure of milveterol (6) and TD-5471 (7) indicating the b2- agonist ‘headgr
group’.
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the 72 h time point in the guinea pig model. Following nebulized
dosing, both 15 and 16 were shown to possess excellent broncho-
protective activity over this extended time frame. Although neither
compound showed a statistically significant improvement over 7, a
promising trend towards improved efficacy was apparent (Fig. 3).
All three compounds were superior to salmeterol in this model.

During additional preclinical evaluation of compounds 15–16,
we observed significant oxidation (potentially catalyzed by mono-
amine oxidase12) of the primary amine functionality to the respec-
tive aldehyde in the plasma and/or hepatocytes of various species
(Scheme 2). These aldehyde metabolites were subsequently found
to have in vitro activity similar to parent molecules at the b2-
receptor (data not shown). The presence of circulating active
metabolites bearing a potentially reactive functional group was
seen as a risk for the development of these compounds, and further
evaluation was suspended.

Based on the encouraging efficacy of compounds 15–16, we
sought an alternative strategy by which to incorporate metaboli-
cally stable amines into this series. The large number of synthetic
steps required to produce 15–16 also led us to consider structural
simplification of the scaffold. The terminal alkyl ether group of 7
was identified as a convenient synthetic handle with which to rap-
idly explore a variety of basic amines in the same general region of
the molecule. In order to simplify the synthesis and reduce
structural similarity to 7, the distal phenyl ring of 7 was excised.
Synthesis of the parent compound 19 was accomplished by cou-
pling BOC-protected 4-bromophenethylamine with 4-ethoxyani-
line followed by deprotection to provided intermediate 17.
Treatment of 17 with epoxide 1813 followed by debenzylation
afforded 19 (Scheme 3). Synthesis of the amine-based compounds
was accomplished by nucleophilic aromatic substitution of p-fluo-
ronitrobenzene with the alkoxide of the requisite aminoalcohol.
Hydrogenation of the nitro group afforded aniline intermediates
which were then coupled to intermediate 13 using Buchwald
chemistry. Deprotection of the headgroup afforded compounds
20–30 (Scheme 4).
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Scheme 1. Reagents and conditions: (a) PdCl2(dppf).CH2Cl2, Cs2CO3, DME; (b) BH3.THF, THF; (c) H2, 10% Pd/C, MeOH; (d) 4-bromophenethylamine, DMSO; (e) 9–11,
Pd2(dba)3, rac-BINAP, NaOt-Bu, toluene; (f) Et3N.3HF, THF; (g) H2, 10% Pd/C, MeOH, CH2Cl2.

Table 1
In vitro activity of compounds 1, 2, 7, 14–16

Compound cLogD7.4 Competition binding assay Recombinant cell lines Endogenous cell line (BEAS-2B)

b2 pKi b2/b1 Selectivity b1 pEC50 b2 pEC50 b3 pEC50 b2 pEC50 IA (%)

1 3.0 8.6 1940 6.6 9.5 6.0 9.3 34
2 0.4 7.5 114 7.9 9.7 7.6 8.6 93
7 3.8 8.2 115 8.1 9.9 7.9 9.4 83

14 1.9 8.5 20 8.6 9.9 8.2 9.1 87
15 2.8 8.8 146 8.4 10.1 7.6 9.5 87
16 2.7 8.9 101 8.6 10.0 8.0 9.3 74
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Figure 3. Activity of compounds 1, 7, 15 and 16 at 72 h in the guinea pig
bronchoprotection model.
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The initial series of analogs is shown in Table 2 and are com-
pared to salmeterol (1), formoterol (2), milveterol (6) and TD-
5471 (7). The parent molecule 19 had moderate binding affinity
for the b2-receptor, but was equipotent with salmeterol in the
recombinant functional assay, and was a full agonist. Addition of
a primary amine to this secondary binding group (compound 20)
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was beneficial in terms of both b2 binding affinity and functional
potency, without detriment to selectivity. Introduction of the
amine group results in a two log unit reduction in c logD, suggest-
ing that reducing the lipophilicity had a positive influence on the
in vitro agonist potency of this series. Having demonstrated that
the desired in vitro profile could be obtained with this novel series
of amine-substituted, linear secondary binding groups, we then
began a systematic exploration of the preferred position and nat-
ure of the amine group.

Extension of the alkylamine chain by 1–3 atoms (compounds
21–23) had no significant impact on the measured in vitro proper-
ties, suggesting general tolerance for a cationic moiety in this
region of the binding site. Masking the amine as a bulky t-butyl
carbamate (24) or benzamide (25) reduced the b2/b1-selectivity
to unacceptably low levels and was also deleterious to functional
potency and intrinsic activity in the endogenous cell line, relative
to the free amine analog 20. This data suggests that the amine
moiety is not simply a spectator fragment but makes a beneficial
contribution to the in vitro profile of this series. In order to under-
stand the role of the pKa of the amine moiety, morpholine (26) and
piperazine-sulfonamide (27) analogs were synthesized. The calcu-
lated pKa of these compounds were 6.6 and 5.9 compared to 8.2 for
20.14 This resulted in a significant drop in b2 binding affinity, b2/b1
lasma
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Table 2
In vitro potency and binding selectivity of standards and compounds 19–31

Compound R1 R2 cLogD7.4 b2 pKi b2/b1 Selectivity b1 pEC50 b2 pEC50 b3 pEC50 BEAS pEC50 BEAS IA (%)

1 n/a n/a 3 8.6 1940 6.6 9.5 6 9.3 34
2 n/a n/a 0.4 7.5 114 7.9 9.7 7.6 8.6 93
6 n/a n/a 0.9 8.5 2910 7.6 10.2 7.4 9.3 87
7 n/a n/a 3.8 8.2 115 8.1 9.9 7.9 9.4 83

19 n/a n/a 2.6 7.9 72 ND 9.6 ND 8.7 104

20 H NH2
0.4 8.2 64 8.1 10 7.4 9.3 82

21 H NH2 0.5 8.3 95 8.1 9.8 7.4 9.2 80

22 H NH2
1.1 8.3 85 8.1 9.9 7.4 9.2 74

23 H O
NH2 0.3 8.2 95 8.1 9.8 7.4 9.2 80

24 H N
H

O

O
3 7.7 26 7.9 9.3 7.9 8.6 67

25 H N
H

O

3.1 8 13 8.7 9.3 7.9 8.8 67

26 H N
O

2 7.7 41 7.9 9.5 7.3 8.5 49

27 H N
NSO2Me

�0.2 7.5 30 8.1 9.2 7.5 8.2 53

28 H N
NH

0.2 8 116 8 9.9 7.4 8.8 71

29 H NH2
1 8.2 64 8.2 10.1 7.2 9 70

30 Ph NH2
2.5 9 140 8.8 10.2 8.1 9.2 77

31 n/a n/a 0.3 7.6 94 8.2 9.6 7.4 8.5 68

b2/b1 Selectivity is expressed as the ratio of Ki’s (b1 Ki/b2 Ki).
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selectivity, agonist intrinsic activity, and functional potency in
both recombinant and endogenous b2 cell lines. The piperizine
analog 28, sterically similar to the morpholine but with greater
basicity (pKa = 9.1) restored these in vitro properties to levels
Please cite this article in press as: McKinnell, R. M.; et al. Bioorg. Med.
similar to 20. Thus, the pKa of the amine was important for optimal
potency.

As previously noted for compounds 15 and 16, the inclusion of a
primary amine in these agonists was associated with formation of
Chem. Lett. (2014), http://dx.doi.org/10.1016/j.bmcl.2014.04.095
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biologically active aldehyde metabolites in plasma of various
species. This liability was also found to present to varying degrees
in compounds 20–23 (12–100% aldehyde formation in dog
plasma). In order to block this metabolic process, gem-dimethyl
analog 29 was synthesized using commercially available b-amino-
isobutanol. Introduction of the two methyl groups did not have a
detrimental impact on the in vitro profile and negated the possibil-
ity of aldehyde formation. Reintroduction of the phenyl ring
ortho- to the alkoxy amine chain (30) was explored. Whilst this
structural change boosted the b2 binding affinity and selectivity,
it had no impact on the functional potency and also introduced
greater structural similarity to the previous clinical candidate 7.
Finally, the carbostyril headgroup was replaced with the formani-
lide headgroup (31). The increased chemical sensitivity of this
headgroup necessitated an alternative synthesis, in which the
complete tail section was synthesized first, followed by alkylation
with the protected headgroup15 and deprotection (Scheme 5). b2

binding affinity and agonist potency of this compound were
inferior to 29.

Compound 29 was prioritized for evaluation in the guinea pig
model of in vivo bronchoprotection. Bronchoprotection at 72 h
was dose-dependent and was significantly greater than salmeterol
at nebulizer concentrations of P30 lg/mL (Fig. 4). The beneficial
impact of basic versus neutral secondary binding groups with
respect to prolonged duration of action is readily apparent from
comparing the efficacy of 29 relative to the neutral analog 19,
which did not show evidence of bronchoprotection at the 72 h time
point.

Based on its long duration in this model, compound 29 was
selected for further evaluation. Since a significant fraction of an
inhaled therapeutic is swallowed, it is important for novel b2 ago-
nists to have low oral bioavailability and therefore minimize the
potential for toxicity mediated by systemic exposure. In rats 29
Please cite this article in press as: McKinnell, R. M.; et al. Bioorg. Med.
exhibited low clearance (0.4 L/h/kg), but its oral bioavailability
was only 1% presumably due to poor absorption from the GI tract.
In dogs, 29 exhibited high clearance (2.4 L/h/kg) as well as low oral
bioavailability (5%). This compound also had negligible inhibition
of the hERG potassium ion channel at physiologically relevant con-
centrations (7% at a concentration of 40 nM). In a broad panel off-
target screen (CEREP), compound 29 tested at 1 lM showed
binding activity only at muscarinic receptors. Follow-up studies
demonstrated low binding affinity towards the five human musca-
rinic acetylcholine receptor subtypes, with highest binding affinity
observed for the M2 subtype (pKi = 6.2).

In an effort to discover novel and selective b2 agonists with
extended duration of action relative to salmeterol, we explored
the introduction of basic secondary binding groups to the LABA
scaffold. The dibasic nature of the resultant compounds was also
expected to provide differentiated solid form, ADME and toxicolog-
ical profiles relative to monobasic compounds 6 and 7. Compared
to their neutral analogs, basic secondary binding groups appear
to extend the duration of bronchoprotective activity in the guinea
pig model. The origin of this extended duration may be higher
affinity for lung tissue commonly associated with basic molecules.
These basic secondary binding groups also maintained suitable
in vitro selectivity over closely related b-adrenoceptor subtypes.
Optimization of the linker and secondary binding groups afforded
TD-4306 (29), a b2-agonist with superior duration of action relative
to salmeterol. The second basic center is also conducive to crystal-
line salt form identification, as crystalline napadisylate, sulfate, and
4-methyl cinnamate salts were readily identified. Compound 29
was subsequently selected for progression into toxicology studies.
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