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Abstract

Biomedical applications of molecules that are able to modulate $-adrenergic signaling
have become increasingly attractive over the last decade, revealing that -adrenergic
receptors (B-ARs) are key targets for a plethora of therapeutic interventions, including
cancer. Despite successes in -AR drug discovery, identification of B-AR ligands that
are useful as selective chemical tools in pharmacological studies of the three B-AR
subtypes, or lead compounds for drug development is still a highly challenging task.
This is mainly due to the intrinsic plasticity of B-ARs as G protein-coupled receptors in
conjunction with the requirement for functional receptor subtype selectivity, tissue
specificity and minimal off-target effects. With the aim to provide insight into structure-
activity relationships for the three B-AR subtypes, we have synthesized and obtained
the pharmacological profile of a series of structurally diverse compounds (named MC)

that were designed based on the aryloxy-propanolamine scaffold of propranolol.
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Comparative analysis of their predicted binding mode within the active and inactive
states of the receptors in combination with their pharmacological profile revealed key
structural elements that control their activity as agonists or antagonists, in addition to
clues about substituents that mediate selectivity for one receptor subtype over the
others. We anticipate that these results will facilitate selective B-AR drug development

efforts.

1. Introduction

G-protein-coupled receptors (GPCRS) are a large and heterogeneous family (more
than 800 members) of integral membrane proteins expressed in almost all human
tissues[1,2] and they are involved in a plethora of human physiological processes.[3]
They have several drug-able sites that are readily accessible at the cell surface, hence,
it is not surprising that roughly 30% of drugs currently in the market target at least one
GPCR.[4,5] Amongst them are the B-adrenergic receptors (B-ARs). They are
comprised of three receptor subtypes (B1-AR, B2-AR and B3-AR) which share about
50% sequence homology within their transmembrane regions,[6] and are implicated in
diverse physiological functions (i.e. heart rate and contractility, blood pressure, smooth
muscle relaxation, lipolysis).[7,8] Recent advances in the structural characterization of
B-ARs[9-15] that rely on static crystal structures, molecular dynamic simulations (MD)
and advanced microscopy techniques (i.e. cryo-electron microscopy),[16,17] have
allowed investigation into key features associated with B-AR activation and reveal
details on the dynamic processes associated with G-protein stimulation (i.e. side-chain
switches, the plasticity of transmembrane helices, receptor active/inactive
states).[16,18—-20] Notably, the availability to this vast amount of information has
provided structural clues for ligand subtype selectivity, binding mode, and fingerprint
interactions,[15,21-23] further allowing researchers to perform comparative docking
calculations for structure-based drug design and virtual ligand screening.[13,24]
Additionally, the key role of the conformation and type of amino acid residues of the
extracellular loop 2 (ECL2) in the ligand binding and subtype selectivity has been
recently elucidated.[12,22,25]

Despite successes in B-AR drug discovery in terms of drug availability in the market
and promising results using different agents in clinical trials[4] the widespread
expression of different 3-ARs in the body still makes the elucidation of receptor
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subtype, functionality (agonist vs antagonist vs inverse agonist), and selectivity of B-
AR ligands a challenging issue in the identification of B-ARs targeted therapeutics with
reduced off-target effects.[4,20] In addition, differences between rodent and human -
ARs, in particular the B3 subtype, render the identification of selective ligands a far
more challenging task.[26,27] Notably, the biomedical applications for B-AR targeted
agents are continuously expanding from the most common area of therapeutic
intervention (i.e. asthma, cardiovascular diseases) into novel emerging areas (i.e.
overactive bladder,[28] multiple sclerosis,[29] neurodegenerative disorders,[30] and
cancer[31]). In particular, B2-AR and B3-AR have emerged as key players in cancer
progression as they are significantly overexpressed in multiple tumor types[32] and
their levels correlate with disease stage and prognosis.[33]

In the last decade, researchers have investigated the role of B-ARs in cancer by
exploiting the pharmacologic antagonism of B-adrenergic signaling.[25,34,35]. In
particular, the B2-AR is one of the best characterized GPCR and the availability of a
significant set of X-ray structures of B2-AR complexes with different ligands has
provided the template for in silico ligand docking and for the discovery of new B2-AR
ligands.[13,15,36—40] In this regard, propranolol, the nonselective B1-/B2-blocker
discovered in 1965[41] revolutionized the clinical management of angina pectoris,[42]
and provided relevant insights to translational researchers on the role of the B2-AR
signaling in various stages of cancer development.[33] On the other hand, B3-AR,[43—
45] defined as the odd sibling of B-ARs,[46] is the last discovered adrenoreceptor
subtype. Thus, information available for B3-ARs is far less when compared to f1- and
B2-ARs,[47-50] and only recently has the transmission electron cryo-microscopy
(cryo-TEM) structure of the B3-AR with the agonist Mirabegron complex [51] been
reported.[12] This receptor was first utilized as a target for the treatment of obesity
and/or diabetes owing to its ability to regulate lipolysis, and thermogenesis, and
selective B3-AR agonists (i.e. Mirabegron, Vibegron) have been approved for the
treatment for overactive bladder.[28,51] These are the only validated B3-AR ligand
therapeutics in use as drug discovery on B3-AR Dblockers is more
complicated.[34,48,52]

More recent reports indicate B3-AR as an attractive target for drug discovery in cancer

models.[34,48,52] In particular, some authors[53-55] claimed an effect on tumor cell



proliferation, metabolism (i.e. Warburg effect), and on immune escape in adult and
pediatric cancer models, which were linked to B3-AR blockade using the aryloxy-
propanol-aminotetralin derivative SR59230A (Figure 1).[56] However, the initial
assessment of SR59230A as selective B3-AR blocker on rat models [56] has been
revised, and several investigators claim that this compound does not fill the criteria for

a useful B3-AR selective antagonist in human cell models.[27,46—-48,57,58]

All these findings provide strong evidence for continued efforts in B-AR drug
development, with designs aimed at the identification of selective chemical tools either
for the study of pharmacology and the biological effect in disease models, or their use
as therapeutics. In this regard, functional and receptor subtype selectivity, tissue
specificity, drug toxicity, and short plasma half-life are some of the issues that need to
be addressed. Additionally, the main complication of limiting off-target effects due to
the plasticity of B-AR affecting receptor subtype selectivity and ligand-directed
signaling, namely the ability of B-AR ligands to direct the signaling toward one pathway
or another according to the activation state and the conformation of the B-AR they
bind.[20,59-61] Thus, selective stimulation of a single signaling pathway is a
challenging goal that could ensure the translation of the results into clinics while
mitigating undesirable side effects resulting from simultaneous activation of other
pathways. All these obstacles emphasize the need for focusing efforts on the
identification of further structural clues for B-AR activity/selectivity. In particular, the
identification of new molecular entities may enable the in-depth exploration of the
chemical space around the previously reported ligands, leading to insights into their
structure—activity relationship.[13,25,62—64] In line with this, some objectives have
been accomplished and have proven that the knowledge on structural diversity can
assist in addressing the goal of performing an atomic level correlation between

chemical structures and their activity toward B-ARs.

In an attempt to gain new insights into structure-activity/functional selectivity
relationships we prepared a series of new 3-AR ligands, MC1-34 (Figure 1), which
contain a common aryloxy propanolamine moiety. The design approach of these
compounds is outlined in Figure 1 and is based on the introduction of different
substitutions to either the R1or R2regions of the compound. On the left side of the MC
derivatives a combination of diverse aryl moiety substitutions, named R1 (Figure 1)

were introduced, whereas on the right side of the compound different amine groups
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are linked using a combination of various chemical entities, named Rz (Figure 1).
Therefore, we report here on the straightforward synthetic approach to prepare
compounds MC1-34 along with their pharmacological profile vs all the three B-ARs
with the aim of understanding how agonist vs antagonist potency and selectivity could
change by the presence of various chemical entities. To this end, comparative
molecular docking calculations were employed using the three receptor subtypes with

known agonists and antagonists.
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Figure 1. A schematic representation of the structure of SR59230A highlighting the common
functional moieties of B-AR ligands with respect to their interactions at the orthosteric site, and
the general structure of the MC derivatives prepared in this work.

2. Results and discussion
2.1 Structure-based design of the MC ligands

Our rational design of MC ligands encompasses all three B-ARs in both their active
and inactive states. For 3-AR we used homology models based on the X-ray
structures of B2-AR, whereas for 1-AR we employed the X-ray structures from the
homologous receptor of wild turkey (see Computational Methods for detail). Docking
was performed with FRED that employs the Chemgauss4 scoring function,[65,66] with
a dense set of conformations for the ligands that was generated using OMEGA.[67,68]
To obtain meaningful pose predictions, we applied H-bond restraints for residues D332
as acceptor and N7-*° as both donor and acceptor. In the aryloxy propanolamine series,
the oxymethylene bridge in combination with more hydrophobic R1 groups is a common
feature of many B-AR antagonists and inverse agonists, whereas agonists engage
more polar aryl groups directly linked to the ethanolamine moiety.[15,69] In particular,

most full or partial agonists contain H-bond donors that interact with S54? and S°4¢ in



transmembrane helix 5 (TM5), a feature that may be present in antagonists or inverse
agonists albeit not optimal for H-bonding interactions.[70-72] The emerging insights
on the role of SR59230A in cancer progression prompted us to investigate its
interactions with all the B-ARs subtypes, and thus provided relevant structural details
on its binding mode that supported our rationale. Docking results for SR59230A in both
states of the 3 receptors and in comparison, with the X-ray structure of 2-AR with
bound propranolol are illustrated in Figure 2. Our docking results with SR59230A
suggest that it can bind the inactive states of the three $-ARs in a similar manner and

with equal affinity (Figure 2C—E, and Supplementary Data, Table S1).
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Figure 2. (A) Cartoon representation of B2-AR in the inactive state with S-propranolol bound
(PDB ID: 6PS5).[73] The ligand is shown as spheres color-coded with yellow for C, red for O
and blue for N, whereas the orthosteric site is shown with a surface. (B) Close-up view of the
ligand-binding site illustrating all B2-AR residues that comprise the interaction fingerprint profile
as revealed from a series of experimentally determined B1- and B2-AR complexes with
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ligands.[69] S-propranolol is shown as sticks with yellow C atoms and hydrogen-bonding
interactions are indicated with green dashed lines. (C—E) Predicted bound poses of SR59230A
in the inactive states of f1-AR (residues in cyan C sticks), f2-AR (orange C) and 33-AR (grey
C). The orientation of the binding site is similar to panel B in all receptors. (F-H) Predicted
bound poses of SR59230A in the active states of B1-, B2- and B3-AR, respectively, illustrated
in the same way as in panels C-E.

This is also the case for the active states of the B-ARs, although a rather lower score
is estimated for B2- and B3-AR with respect to f1-AR (Figure 2F—H, Table S1). This
suggests that SR59230A could act as an equally potent antagonist of not only 3-AR,
but also B1- and B2-ARs. The central ethanolamine is docked properly to make polar
interactions with D332 and N’3°, whereas the ethylbenzene group (R1) is
accommodated via hydrophobic contacts with the conserved residues V333, /336 T337,
F45:52 Y538 F6.51 gnd exhibits an aromatic, T-shaped interaction with F®-°52, Notably, the
tetralin group of SR59230 (R2) is in contact with the ECL2[74] residues at position
45.50 (conserved C), 45.51 (D/D/A, for 1/32/B3, respectively) and 45.52 (conserved
F), the TM2 residue at 2.64 (L/H/L), and the TM7 residues at 7.35 (F/Y/F), 7.36 (V/I/L),
7.40 (W), in addition to a common T-shaped aromatic interaction with the conserved
Y743 It should be noted however that subtle conformational changes, even for
conserved B-AR residues, gives rise to a small shift in the position and orientation of
the central ethanolamine moiety. For SR59230A, the relative orientation of W23-28 and
Y743 affect the exact placement of the bulky Rz and as an effect, the orientation of
ethanolamine. Therefore, as observed for SR59230A in the inactive state of f3- and
B2-AR, the hydrogen bonding ability of the central amine with D332 is lost (N-H--O
angle < 120 deg, and/or N--O distance > 3.5 A) and interacts only with N7-3° (Figure
2C-D).

In our initial design, we employed structurally different substituted aryl groups in R1
(both comprising the oxymethylene bridge, Scheme 1) with the aim to investigate their
potential effect upon interaction with the conserved triad of polar serine residues at
positions 5.42, 5.43 and 5.46 in TM5. These groups were combined with a series of R2
residues (Scheme 1) bearing aryl groups that are linked via linear alkyl chains of 1-6
carbon atoms, which provide ligands with flexibility between (3-AR residues of TM3 and
TM7. Their pharmacological evaluation provided interesting results that will be

discussed in conjunction with their predicted binding modes.



2.2 Synthesis of the MC ligands

MC1-MC34 (Figure S1) have been prepared by following a synthetic strategy of only
a few steps that takes advantage of commercially available reagents and allows for a
wide range of chemical diversification in the R1 and Rz residues of the MC ligands.
Several studies demonstrated that the stereochemistry of the stereogenic center
bearing the hydroxyl group of the aryloxy propanolamine moiety affects the binding to
the receptors.[72,75] In particular, in the aryloxy propanolamine series, the activity of
the ligands is higher when the stereocenter has the (S) configuration. Accordingly,
optically active reagents have been employed in the synthetic strategy that consists of
two nucleophilic substitution reactions. At first, the epoxide derivatives 1-8 (Scheme
1) have been prepared by the reaction of the (S)-(+)-epichlorohydrin 9 with the
commercially available phenol derivatives 1p—-8p (Scheme 1). In turn, epoxide
derivatives 1-8 were bonded with the primary amine derivatives 10-19 (Scheme 1)

providing the final compounds MC1-34 by means of an epoxide ring opening route.
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Scheme 1. Synthetic strategy employed in this work. Reaction conditions a: K;COs, dry N,N-
dimethylformamide, 50°C; (83% vyield, 1), (94% vyield, 2), (51% vyield, 3), (8% vyield, 5), (57%
yield, 6), (70% yield, 8). b: see Table 1.

A general protocol for the synthesis of all the epoxide derivatives 1-8 studied in this
work (Scheme 1, Table S2) was set up in mild experimental conditions (DMF, 50°C,
K2COz3), creating the corresponding epoxides from good to high yields (Scheme 1)
according to the phenol reagents used in the reaction. Phenols 1p—8p were selected
to ensure the hydrophobic interactions of the R1 groups of the MC ligands with the TM5
and TM6 of B-ARs targeted at the development of antagonist, or inverse agonists. In
addition, polar functional groups were also included, aimed at investigating their

potential effects upon interaction with the conserved polar serine residues in TM5.

Indeed, as mentioned in the previous section, these types of interactions with TMs
significantly affect the functional activity of the ligands to the B-ARs. Thus,
commercially available phenol reagents can be placed onto the oxygen containing
bicyclic derivatives 1p—4p (i.e. chromanone, coumarin, sesamol and benzofuranone
derivatives respectively), which have a common aryl group fused with an additional
five- or six-member cycle and the nitrogen containing heterocyclic aromatic derivatives,
such as the isomeric hydroxyquinolines 5p—6p, respectively 5-hydroxyquinoline and 4-
hydroxyquinoline (Scheme 1). Further, the 2-ethyl phenol 7p provides the Rai-
basedanalogue of SR59230A. Finally, the phenol 8p is a protected derivative of the
amino acid (L)-tyrosine. It was included in our study as a case of oxygen containing
phenol derivatives where the oxygen atom is not included in an additional cycle. In 8p
the introduction of an amine group allows for further investigations of additional
interactions with the TM5 and TM6 of the receptors (i.e. aromatic residues Y®38, F651

and F®%2),

The selected primary amines employed in the epoxide ring opening (Scheme 1)
contain an aromatic hydrophobic group and diverse polar functionalities with the
potential to form hydrogen bonds with the orthosteric binding site. The size and the
conformation of the substituent at the nitrogen atom of the B-AR ligands significantly
affect binding and selectivity vs the three B-ARs subtypes. Hence, the use of a
combination of various chemical entities bearing at least one aromatic group (Scheme
1) was explored aiming to investigate the interactions between the R2 substituents and

the site of the B-ARs that is mainly involved in the activation of the intracellular
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signaling. On this basis, either commercially available amines (10-15, Scheme 1), and
synthetic amines (16—19, Scheme 1), easily obtainable in a few synthetic steps, were
selected. Among them, amines 13, 16 and 17 contain a benzyl group that is p-
substituted with different polar functional groups (i.e. sulfonyl group, amide, and
sulfonamide group). Amines 17, 18 and 19 contain a common aryl sulfonamide group
which is separated from the nitrogen atom by spacers of different length and
flexibility.[25] The presence of bulky substituents (i.e 10) and bicyclic derivatives (i.e.
1,4-benzodioxane, benzodioxole and phthalimide derivatives such as 11, 12 and 14)

were also investigated.

Consequently, the outcome of epoxide ring opening reactions (Scheme 1) between the
selected amino derivatives 10—19 and the epoxy derivatives 1-8 were strongly affected
(Table 1) by the type and related reactivity of the substrates used (either the epoxide
or the amine). A set of solvents were tested, and the use of 2-propanol allowed for
obtaining higher yields (entries e—j and I-r, Table 1). In some cases, dimethylsulfoxide
(entries o-r, Table 1) was used at different percentages (16—25%) according with the
solubility of the reagents, whereas the triethylamine (entries g—j and o—r, Table 1) was

employed as non-nucleophilic organic base.

Table 1. Reaction conditions: i: dry methanol; ii: dry dimethylformamide; iii: dry methanol, N-
methylmorpholine; iv: dry 2-propanol, N,N-diisopropylethylamine; v: dry 2-propanol; vi: dry 2-
propanol, triethylamine; vii: dry 2-propanol:dimethylsulfoxide 5:1, triethylamine; viii: dry 2-
propanol:dimethylsulfoxide 3:1, triethylamine; ix: a) dry 2-propanol:.dimethylsulfoxide 5:1,
triethylamine, b) trifluoroacetic acid, dichloromethane. * The structure of all the MC ligands is
reported in Figure S1.

Entry Epoxide | Amine Reaction conditions Yield MC”
a 1 10 [ 30% 2
b 1 11 [ 50% 3
c 1 12 ii 47% 4
d 1 13 iii 27% 7
e 1 14 iv 12% 10
f 1 15 Vv 94% 11
g 1 16 Vi 91% 26
h 1 17 Vi 64% 28
[ 1 18 Vi 25% 30
j 1 19 Vi 28% 32
k 2 11 [ 43% 08
I 2 12 Vv 78% 21
m 2 13 v 65% 09
n 2 14 v 37% 20
0 2 16 Vii 53% 27

10



p 2 17 Vii 69% 29
q 2 18 viii 13% 31
r 2 19 viii 18% 33
S 3 10 [ 50% 01
a 3 11 Vi 28% 22
b’ 4 11 Vi 68% 23
c 5 11 Vi 67% 24
d 6 11 Vi 45% 25
e 8 11 iX 26% 34

To further investigate the role of the stereochemistry of the hydroxyl group of the
aryloxypropanolamine moiety of the MC ligands in the interaction with the B-ARs, a
commercially available enantiomeric pure (R)-(—)-epichlorohydrin 9b (Scheme S1 and
Table S3) was employed in reactions with a selected set of amine derivatives (i.e. 10—
15, Scheme 1) affording the MC14-19 ligands (Scheme S1 and Figure S1).

2.3 Pharmacological evaluation

The pharmacological profiles of compounds MC1-34 was evaluated by monitoring the
CRE-SPAP production on CHO cells stably transfected with the human 3-ARs and a
CRE-SPAP reporter gene, as previously reported.[13,27,62,76]

2.3.1 Agonist responses

Fenoterol (Figure S2) stimulated a CRE-SPAP full agonist response (with respect to
isoprenaline) in the human CHO-B1, CHO-B2 and CHO-B3 cell lines (Table 2).

Table 2. Log ECso and % response compared to that stimulated by 10uM isoprenaline
determined in the same plate for agonist responses in the human CHO-B1, CHO-$2 and CHO-
B3 cell lines. Values are mean + SEM of n separate experiments. All ligands were assessed.
Thus, apart from MC1, MC2, MC22 and MC24 the remaining MC compounds, 1C1118551 and
CGP20712A all had no response (n=3 or more separate experiments in each case, each to a
maximum concentration of 10 uM). Where the top of the concentration curve was not reached
(e.g. MC1 at B3, Figure 3) it was not possible to obtain an ECso and thus the stimulation as a
% of isoprenaline at the highest concentration used is given. The chemical structures of all
compounds are shown in Figures S1-S2.

Human B1-AR Human B2-AR Human B3-AR
Log ECso % isop. n Log ECso % isop. n Log ECso % isop. n
fenoterol —7.96 + 96.2+3.0 | 12 -9.61 + 100.3+2.3 | 12 —7.66 = 100.2 * 11
0.07 0.07 0.06 2.8
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L748337 —-6.42 = 63.6 + 6 10 pM 3.7x21 4 -8.35% 61.2+49 5
0.11 11.9 0.13

SR59230A -7.32 =+ 60.8 + 6 —-8.06 = 27157 3 -6.72 £ 63.7 £4.7 6
0.10 11.3 0.13 0.03

MC ligands

MC1 -6.51 + 67741 | 5 —6.86 29129 5 3 uM 41.1+3.0 6
0.06 0.09

MC2 -6.52 = 48870 | 5 —6.95 265+1.7 6 3 uM 309+4.1 5
0.13 0.12

MC4 No response 4 10 pM 175+2.0 4 No response 4

MC22 -7.13 =+ 233+£81 | 5 10 uM 142+1.8 4 10 uM 147+ 3.4 5
0.15

MC24 —-6.50 £ 36.7+£55 | 4 No response 3 No response 4
0.19

L748337 and SR59230A (Figure 4) also stimulated agonist responses in CHO-31,
CHO-B2 and CHO-B3 cell lines although these were only partial responses (Table 2).
In relation to isoprenaline (Table 2), the B2-response for L748337 was too small to
determine an accurate ECso value. Among MC derivatives, MC1, MC2, MC22 and
MC24 (Table 2) also stimulated an agonist response, but no response was seen to any
other of the MC compounds.

2.3.2 Antagonist affinity

The antagonist affinity (log Kp) of each ligand was assessed based on the ability to
cause a rightward shift of the fenoterol concentration response curve (Table 3).

Table 3. Log Kp values obtained from a rightward shift of the fenoterol concentration response
determined in the human CHO-B1, CHO-B2 and CHO-3 cell lines. Values are mean + SEM
of n separate experiments. Where there was no shift in the fenoterol response curve, a Kp
value could not be calculated and is given as >10 pM. The chemical structures of all
compounds are shown in Figures S1-S2.

Human 1 Human B2 Human B3

Log Kb n Log Kb n Log Kb n
CGP 20712A -8.99+0.19 6 -5.70+£0.11 7 -5.13+0.10 8
ICl 118551 -6.92+0.11 7 -9.45 +0.04 7 —6.00 + 0.06 8
L748337 -6.47 +0.13 4 -7.13+0.17 7 -8.17+0.15 7
SR59230A —7.43+0.16 6 -8.42+0.14 7 -7.16+0.16 9
MC ligands
MC1 —-6.87+0.14 6 —7.73 £0.07 4 —6.37 +0.04 5
MC2 —-6.59 +0.15 4 —7.20+0.13 5 —6.16 + 0.15 5
MC3 -5.44 +0.12 5 -5.21+0.11 5 -5.10 + 0.03 5
MC4 >10 uM 5 >10 uM 4 >10 pM 4
MC7 >10 uM 3 >10 uM 3 >10 pM 3
MC8 -5.62+0.10 4 -5.18 +0.11 4 -5.59 + 0.09 4




MC9 > 10 uM 4 > 10 uM 3 > 10 uM 3
MC10 > 10 uM 3 >10 uM 3 > 10 uM 3
MC11 -5.41+0.10 4 -5.64 = 0.07 4 > 10 uM 4
MC14 -5.64 + 0.06 4 -5.92 +0.10 4 > 10 uM 4
MC15 -5.51+0.07 4 -5.30+0.14 4 > 10 uM 4
MC16 -5.50 £ 0.05 4 -5.44 +0.10 4 > 10 uM 5
MC17 -5.78 £ 0.05 4 —6.14 +0.12 5 -5.06 + 0.09 6
MC18 > 10 uM 3 > 10 uM 3 > 10 uM 3
MC19 > 10 uM 3 >10 uM 3 >10 uyM 3
MC20 > 10 uM 3 >10 uyM 3 >10 uyM 3
MC21 -5.25+0.10 4 -5.20+0.18 4 > 10 uM 4
MC22 —-6.99+0.12 6 —6.97 + 0.10 6 -5.87+£0.13 6
MC23 -5.22+0.13 5 > 10 uM 4 -5.11+£0.11 5
MC24 -5.80 £ 0.07 6 -5.81 +0.09 6 -5.47 £ 0.06 6
MC25 -5.44 +0.19 5 -5.44 +0.15 5 -5.85+0.13 5
MC26 -5.76 £ 0.09 5 >10 uM 4 >10 uM 4
MC27 -5.49 +0.17 5 > 10 uM 4 > 10 uM 4
MC28 > 10 uM 4 -5.51+0.04 5 -5.92 + 0.08 5
MC29 > 10 uM 4 -5.76 + 0.13 5 -5.93+0.03 5
MC30 > 10 uM 4 -5.85+0.14 5 > 10 uM 4
MC31 > 10 uM 4 —-5.80 + 0.05 5 > 10 uM 4
MC32 > 10 uM 4 —6.07 £0.10 5 > 10 uM 4
MC33 > 10 uM 4 -5.94 +0.13 5 > 10 uM 4
MC34 >10 uM 4 >10 uM 4 >10 uM 4

CGP20712A, a B1-selective antagonist and ICI118551 a (2-selective antagonist
inhibited fenoterol responses (Table 3), but CGP20712A had high affinity at 81 (log Ko
—-8.99), ICI1118551 had high affinity at f2 (log Ko —9.45), and both were low affinity at
B3 in keeping with previous studies[26,27] and therefore confirming the presence of
the three different B-ARs in of these cell line respectively (Table 3). SR59230A was not

a B3-selective ligand for the human [B-adrenoceptors in keeping with previously

reported data[26,58] (Figure 4). The Kp values obtained here are also similar to the

values obtained from radioligand binding studies (log Ko —7.54, —8.45 and —7.37 for
B1, B2 and B3, Table 3).[58] MC1 (Figure 3) had the highest affinity and retained the
partial agonist nature of its parent SR59230A (Figure 4).
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Figure 3. a—c) Concentration response curves for CRE-SPAP production by MC1 in a) CHO-
B1, b) CHO-B2 and c) CHO-B3 cells. Bars represent basal CRE-SPAP production and that in
response to 10 uM isoprenaline; d—f) CRE-SPAP production in response to fenoterol in the
absence and presence of 3uM MC1 in d) CHO-B1, e) CHO-B2 and f) CHO-B3 cells. Bars
represent basal CRE-SPAP production, that in response to 10 uM isoprenaline and that in
response to 3uM MC1 alone. Data are mean + SEM of triplicate values and are representative

ofa) 5, b) 5, ¢) 6, d) 6, €) 4 and f) 5 separate experiments.
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Figure 4. a—c) Concentration response curves for CRE-SPAP production by SR59230A in a)
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that in response to 10 uM isoprenaline; d—f) CRE-SPAP production in response to fenoterol in
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in response to 3uM SR59230A alone. Data are mean + SEM of triplicate values and are
representative of a) 6, b) 3, ¢) 6, d) 6, €) 7 and f) 9 separate experiments.

MC2 demonstrated a similar pharmacological profile, whereas its (R)-enantiomer
MC17 revealed a ten-fold lower affinity, and loss of agonist activity. Finally, MC30-33
are B2-selective antagonists (Tables 2—3), whereas MC28 (Figure 5) was the most 33-

selective compound, although none had any agonist activity.
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Figure 5. a—c) Concentration response curves for CRE-SPAP production by MC28 in a) CHO-
B1, b) CHO-B2 and c) CHO-B3 cells. Bars represent basal CRE-SPAP production and that in
response to 10 uM isoprenaline; d—f) CRE-SPAP production in response to fenoterol in the
absence and presence of 10 uM MC28 in d) CHO-B1, e) CHO-B2 and f) CHO-B3 cells. Bars
represent basal CRE-SPAP production, that in response to 10 uM isoprenaline and that in
response to 10 pM MC28 alone. Data are mean = SEM of triplicate values and are
representative of a) 3, b) 3, ¢) 3, d) 4, e) 5 and f) 5 separate experiments.

2.4 Structure-Activity Relationships

For most of the compounds described herein our docking results predicted higher
affinity scores for the inactive state of B-ARs, suggesting higher potential for inverse
agonistic or antagonistic activity (Table S1). Considering the limitations of empirical-
based scoring functions to reproduce the free energy of binding, especially in cases
where more complex receptor activation mechanisms take place, we focused our
attention in describing structure-activity observations that might aid the design of more

potent B-ARs ligands.

16



Inactive compounds

o o ( B1-, B2-, B3- partial agonists
oy e w
o H
o oY
(¢}
©
¢}

[¢]

H OH
PP o\)\/n\/\/w: §
v\@\ , ) oH O OH |, O
Fo ‘ o _J_N o o NN
MC9 MC20 ;(\C
o Mmc1 O o Mmc2 O
\/\©\ m B1- partial agonists

mcC18 mc19
OH o N\\ D \ji/“\/]o\/
OH
o o IR o NH, o A _N_L_o © N0 e © " ©
W V\@c? O mMc22 mc24
mMc4 o mc34 | @ leeeeeeeeeeessesselll i
"""""""""""""""""""" 1-, B 2'""[33'}iiiiéi'g'&hi's'(s'"""""""'""""' BZantagomsts
OH HQOD H v‘\/ W@ T \/
oA o A NA, \Tov/RvN j/ B1-, B3- antagonist
3 ‘ /T MC11 MC15 ‘
oo mc3 mc17

oH o VD/OWNWQ A['g:j \//'\/NJ ]@ %/OVLV
jod\/nﬂom OH /Q mMCc14 mc16 mc23
i/ Ly P |

0o o 0 _~_0 LN o>
£ Y e jeS R e:
L T met O
B2-, B3- antagonists B1- antagonists
‘ | H OH
oA P N H
Mg o oy e g e
J - AL
N \ N
(o] H (o]
mc28 Mc29 o— | Mc26 3 mc27
"""""""""""""""""""""""""""""""""""""""""""""""""""""""" B 2-antagomsts
OH o) OH 0
H H
M on Q0 OH o N~ 8 o N~ 8
o ‘/J/OM'\/N\/\/\/\N S, o. OVLVN\/\/\N H O Q
i D i
O o 9! i
° MC30 ° MC32 MC31 MC33

Figure 6. MC compounds grouped according to their pharmacological profile.

Pharmacological evaluations revealed MC1 and MC2 (Figure 6) as B-1/2/3 partial
agonists (Tables 2-3). In both compounds, the Rz group comprised a 3,3-
diphenylpropyl group. MC1 (Figure 6) was predicted to bind B-ARs in either active or
inactive states with comparable scores as SR59260A, suggesting a potential
antagonist to all B-ARs, a result that was in accordance with the experimental
evaluation. The diphenylpropyl group is bulkier and more flexible than the tetralin
moiety of SR59260, but was well accommodated within the orthosteric site of the
receptors in either state. In all selected bound poses of MC1, the ethanolamine moiety
was bound in a proper orientation and made hydrogen bonding interactions with D332
and N7 (Figure 7A-C).
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Figure 7. Predicted bound poses of MC1 (A-C) and MC2 (D-E) in the ligand-binding site of
the three B-AR subtypes in the inactive state. Atom colors for B1-(A, D), B2-(B, E) and 3-AR
(C, F) and the ligands are as in Figure 2.

MC2 (Figure 6) was found to display equally potent antagonist activity as MC1 and
SR59260A to the B-ARs, and with higher activity for f2- in comparison with $1- and
B3-ARs. Our docking results indicate that substitution of the ethylbenzene group of
SR59260A by 2,2-dimethylchroman-4-one (hereafter the chromanone Ri group)
resulted in potential hydrogen bonding interactions with S542/S546 and N5 (Figure
7D—-E). However, the exact rotameric state of these 3 residues and Y®>3® within each
receptor subtype can influence the exact conformation of the chromanone group
though van der Waals interactions with the geminal methyl groups, and thus explains
the difference for each receptor subtype. It should be noted that our docking
calculations using the active states of B-ARs suggested that MC2 cannot be
accommodated properly within the orthosteric site, in particular for 2-AR, for which no
docked pose was determined (Table S4). However, MC2 displayed activity as a partial
agonist of the B-ARs, suggesting that conformational changes of the receptors upon
ligand binding may mediate accommodation of MC2 in active states slightly different
from the X-ray structures used in our calculations. The R-stereoisomer of MC2,
compound MC17 (Figure 6, B1-/B2-/g3-antagonist), displayed a 6- to 12-fold drop in
affinity for all three B-ARs, however, this was only reflected in the binding scores of the
B1-AR (Table 3). In general, most poses of the (R)-enantiomers (MC14-MC19, Figure

6) assayed did not display the proper orientation of the ethanolamine moiety in the
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active state of the receptors (Table S1). The estimated scores of all the R-
stereoisomers were lower than the corresponding values of their S-stereoisomers,
indicating a lower affinity for 3-ARs. However, docking in the inactive states revealed
bound poses with a proper orientation of the ethanolamine moiety, except for MC15,
MC18in B1-/B2-ARs, and MC19 in B3-AR. Although of low affinity, MC14, MC15, MC16
and MC17 were shown to act as antagonists of B1- and B2-AR, with comparable affinity
to that of their S-stereoisomers. This suggests that the ethanolamine moiety in the R-
configuration can be accommodated in a way as to provide the key H-bonding
interactions with D332 and N7-*° as illustrated by the predicted poses of MC14 and the
(S)-enantiomer MC11 in complex with B2-AR (Figure S3).

MC3, MC8, MC25 (Figure 6, B1-/B2-/B3-antagonists) and MC24 (Figure 6, B1-/B2-/B3-
antagonist and B1-partial agonist) that have the same 1,4-benzodioxane R2 moiety and
different R1 groups (i.e. chromanone, coumarin, sesamol and benzofuranone) showed
affinity for all receptor subtypes, albeit medium to low potency (Ko = 1.4 — 7.9 uM).
Notably, the introduction of a (L)-tyrosine-like R1 group in MC34 (Figure 6, Inactive
compounds) provided an inactive compound. In the same series, the presence of an
8-substituted quinoline R1 group in MC22 positively affected the B1-/B2-AR selectivity
(Ko = 0.1 yM) compared to B3-AR (Kb = 1.3 pM). Whereas the introduction of a 5-
substituted quinoline R1 group in MC23 abolished B2-AR binding (Ko > 10 pM). For
this group of MC compounds one interesting observation was drawn from the docking
calculations regarding the dihedral angle between the ethanolamine hydroxyl group
and the oxymethylene bridge of R1 (OH-CH—-CH2-0O, indicated in Figure 8).

SerS 46

(B2, B3)

Figure 8. (A) Predicted bound pose of MC2 in B1-AR, with hydrogen-bonding interactions of
the chromenone ring indicated. The dihedral angle value between the planes of the oxymethyl
bridge and the ethanolamine moiety is indicated (B) The corresponding pose for MC3 (S,S)
showing the potential H-bonding interactions with all 3-ARs. (C) The corresponding
conformation of MC8 (S,S) in f1-AR.
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The crystallographic structures of the most potent inverse agonists and antagonists
comprising this moiety (e.g. carazolol) displayed an almost planar conformation with
values close to 180 deg. This was also the case for the docked pose of SR59260A,
MC1 and MC2 (Figure 8A), except only for SR59260A bound to 3-AR. In contrast,
compounds MC3 and MCS8 display an alternative conformation with a torsion around
60-80 deg (Table S4), an effect that can be ascribed to steric clashes due to the

combined size of the R1/R2 aryl groups.

As a representative example, the chromenone group of MC3 displayed a hydrogen
bond with S°>4¢ and a T-shaped aromatic interaction with F652, In B2 and B3-AR, the
existence of different rotameric states of S546, S542 and N®-°° may accommodate MC3
in a slightly different orientation to provide additional hydrogen-bonding interactions
(Figure 8B). For MC8 the coumarinic group is predicted to bind in a similar way as the
chromenone group of MC3, with their aromatic rings and the endocyclic oxygen almost
superimposed. However, these similar conformations give rise to different interactions
with either TM5 or TM6 residues in each receptor. For B1-AR hydrogen-bonding
interactions with S542 and S°#2 were predicted, whereas in $2- and B3-AR a hydrogen
bond with the side-chain of N®%° is favored (Figure 8C). In all cases, however, a
conserved T-shaped aromatic interaction with F®52 is displayed. Although these
observations cannot be regarded as a general rule, most of the least active compounds
displayed either no proper hydrogen bonding pattern to the ethanolamine moiety with
the conserved D332 and N’3°, or were accommodated with a dihedral angle (OH-CH-
CH2-0) of 60-80 deg, instead of 160—-180 deg. Similar observations have been drawn

in previous computational studies of -AR agonists and antagonists[77,78].

With regard to the conformation of the R2 substituent, subtle conformational differences
in the three receptors gave rise to different predicted poses, even if the R1 substituent
bound in a similar manner. For example, comparison of MC3 in the three B-ARs
revealed that the most favorable orientation of the 1,4-benzodioxane group in 2-AR
is different from the B1- and B3-AR bound poses (Figure S4), an effect that can be
attributed to the non-conserved residues at positions 7.35, 7.36 and 2.64. This
observation contrasts with the predicted poses of MC8, which display the same
orientation of the 1,4-benzodioxane group in all receptors and similar interactions with
residues 2.64, 2.65 and 7.36 in addition to an aromatic interaction with the conserved

W328, Considering that MC3 and MC8 displayed a similar pharmacological profile
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(Table 3), it can be assumed that the subtle differences in the conformation of the 1,4-

benzodioxane R2 group between receptor subtypes does not affect their response.

Comparison of the docking results of MC3 and MC22 (Figure 6), was used to
understand differences that might explain their diverse activity as partial agonists using
B1-AR in the inactive and the active states (Figure S5). In either state, the 1,4-
benzodioxane and ethanolamine moieties of both compounds exhibit similar
interactions with TM2 and TM7 residues of B1-AR. In contrast, the R1 substituent of
the two ligands adopted a different orientation, so that the chromanone group of MC3
accepted a hydrogen-bond from S°46, whereas the isoquinoline group of MC22
accepted a hydrogen bond from S%42. This observed difference may account for the
observed partial agonistic activity of MC22, considering that the interaction with S542
has been identified as a critical interaction for agonists.[69]

Our docking results demonstrate that the dioxole R1 group of MC24 (S, S) is oriented
properly between S°46 and S°42 and acts as hydrogen acceptor for both residues.
Although subtle differences between the three AR subtypes in the inactive state were
predicted to mediate different hydrogen bonding interactions (Figure S6),

pharmacological evaluation of MC24 revealed no remarkable selectivity.

In addition, compounds MC18, MC19, MC34, MC4, MC7, MC9, MC10, and MC20
(Figure 6, inactive compounds) were found to be inactive (Ko > 10 yM, Table 3), and
the combination of benzyl sulphonyl and phthalimide R2 moieties with both
chromanone Ri1 groups (MC7/MC18 and MC10/MC19 respectively) and coumarin R1
group (MC9 and MC20) were not efficient. Our docking calculations for inactive
compounds MC4, MC7, MC10 (Ri=chromanone) and MC9, MC20 (Ri=coumarin)
suggest that these compounds can bind the receptors with conformations similar to
those predicted for MC3 and MC8 (Figure 8B, C), with subtle shifts of the chromanone
substituent in B3-AR to allow for an additional interaction with S48, In contrast, their
pharmacological evaluation revealed that neither of these compounds exerts
antagonistic activity to any of the B-AR, which agrees with their binding mode that
imposes a OH-CH—-CH2-0 torsion of 60-80 deg (Table S4). It should be noted that
MC4 and its (R)-enantiomer MC15 (with the benzodioxole Rz and chromanone R1
groups, Figure 6) have different pharmacological profiles (Table 3). MC4 is inactive,
whereas MC15 is a poor antagonist vs 31- and 2-ARs. The analog derivative MC21
(Figure 6, Bl-/B2-antagonists), with the coumarin Ri1 group, and both (R)- and (S)-
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enantiomers MC11 and MC14 maintained similar poor antagonist activity vs 1- and
B2-ARs. In our docking calculation, compounds MC11 and MC21 (Figure 6, B1/B2-
antagonists) were predicted to bind in a similar fashion as MC8 and MC3 (Figure6,
B1/B2/B3-antagonists), respectively (Figure 8B,C), but in the case of MC11 and MC21
they displayed antagonistic activity at ~5 yM against B1- and 2-AR. Overall, these
observations suggest that the exact orientation of the Rz group is affected by subtle
changes in the orientation of residues at position 2.64, 7.35 and 7.36 (Figure S7).

The introduction of benzylacetamide (MC26-27, Figure 6), and p-methoxy-
benzenesulfonamide (MC28-33, Figure 6) moieties within both chromanone- and
coumarin-based series, abolished the poor antagonistic activity towards one or more
receptor subtypes providing MC compounds with some extent of selectivity. In
particular, MC26 and MC27 that contain a benzylacetamide Rz moiety displayed a
degree of selectivity for 31-AR (Ko = 1.7 and 3.2 yM) vs $2-/3-AR (Kp > 10 uM). Our
docking results for MC27 might provide a putative explanation for the observed activity
even though this was not reflected in the binding score for each receptor. The
acetamide group in Rz of MC27 was predicted to act as a H-bond acceptor for the
indole group of W74% in B1-AR, whereas the same group interacted with D51 of the
ECL2 in B2-AR (Figure S8). A different H-bonding interaction was also predicted for
the coumarin R1 group in MC27, which probably accounted for the different affinity to
B1- with respect to B2- and B3-AR, for which an improper hydrogen-bonding interaction
with the D332 and N7-2° was predicted. Still, it has to be emphasized that selectivity for
one of the receptors is probably determined by ligand kinetics and receptor activation,
rather than ligand binding modes.[27,58,79]

MC28 and MC29 (Figure 6) contain a p-methoxy-benzensulfonamide Rz group linked
via 2 carbon atoms prefer 2- and B3-ARs (Kp = 1.2 —=3.1 uM) vs B1-AR (Kp > 10 uM).
Whereas the presence of a 4 or 6 carbon chain in compounds MC30-MC33 provided
selectivity for f2-AR (Ko = 0.9 — 1.6 pM) vs B1- and B3-ARs (Kb > 10 pM). These
results indicate that a degree of selectivity can be obtained by fine-tuning the R2
substituent within both series of chromanone- and coumarin-based compounds. In
particular, the introduction of the p-methoxy-benzenesulfonamide group can direct
selectivity against B1-AR, and that the flexibility of the aliphatic chain (MC30-33)
instead of the benzene ring (MC28, MC29) mediates a higher degree of selectivity
towards B2-AR. Our docking results for MC28, MC29, MC32 and MC33 displayed
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poses with the ethanolamine moiety, while not optimally interacting with D332, This
suggests that the introduction of a bulky p-methoxy-benzenesulfonamide may affect
the orientation or position of the protonated amine resulting in the loss of hydrogen
bonding interactions with D332, However, docking of MC30 and MC31 revealed
conformations with a proper orientation of the ethanolamine moiety suggesting that the
introduction of a long hexyl chain allows for a better accommodation of the sulfonamide
group without affecting the proper orientation of the ethanolamine moiety (Figure 9).
The length of the alkyl chain allows the sulfonamide group to reach an exosite and
interact with residues of ECL2 (Figure 9A,B). However, this substituent is not optimal
for mediating hydrogen-bonding interactions with polar D*>5! and K’32, As an effect,
in order to accommodate properly in B1-AR and maintain proper hydrogen-bonding

interactions with D332 and N7-3°, potential clashes could be introduced (Figure 9C).
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Figure 9. (A) MC3L1 (yellow-C sticks) bound with the inactive state of f2-AR (orange cartoon).
Interacting ECL2 residues with the benzenesulfonamide group are highlighted as orange-C
sticks. (B) Close-up view of the inactive B2-AR binding pocket illustrating interacting residues
within 3.5 A of MC31. Key interactions with D332 and N”-% are marked with green dashed lines.
(C) Stick representation of inactive B1-AR binding pocket (cyan-C sticks) within 3.5 A of MC31,
illustrating the two residues that may provide van der Waals clashes with the ligand as cyan
spheres.

3. Conclusions

In summary, a panel of 30 new compounds with a wide structural diversity have been
designed and synthesized. The assessment of their pharmacological profile combined
with extensive and comparative docking calculations vs all the three B-AR subtypes
enabled us to identify the key molecular entities that ensured higher affinity and
selectivity. Indeed, our findings support the previously reported data showing that
SR59230A is clearly not a B3-AR selective ligand, and it shows a B1-/B2-/g3-partial

agonism. From the compounds presented here, MC28 is the most selective B3 blocker
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and MC30-33 are B2-selective antagonists. Notably, neither of these compounds
displayed any agonist activity. Therefore, we have identified new lead compounds
which can pave the ground for further development of selective and high-affinity B-AR
blockers. We anticipate that such compounds will be invaluable tools in

pharmacological studies of B-ARs within different cancer settings.
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Abbreviations

GPCRs: G-protein-coupled receptors

B-ARs: B-adrenergic receptors

ECL: extracellular loop

TM: transmembrane

CHO: Chinese hamster ovary

CGP20712A: 2-hydroxy-5-(2-[{hydroxy-3-(4-[1-methyl-4-trifluoromethyl-2-
imidazolyl]phenoxy)propyl}amino]ethoxy)benzamide

CRE-SPAP: cAMP response element - secreted placental alkaline phosphate

cAMP: Cyclic Adenosine Monophosphate

IC1118551: (-)-1-(2,3-[dihydro-7-methyl-1H-inden-4-ylloxy)-3-([1-methylethyl]-amino)-
2-butanol

SR59230A: 1-(2-ethylphenoxy)-3-[[(1S)-1,2,3,4-tetrahydro-1-naphthalenyl]lamino]-
(2S)-2-propanol

4. Experimental
4.1 Material and Methods

All reagents were purchased from Sigma-Aldrich and they have been used without any
further purification, unless specified otherwise. L748,337 was purchased from Tocris
Bioscience and used without any further purification. SR59230A was synthesized
starting from commercially available reagents (Scheme S7). NMR spectra were
recorded on Varian Inova 400, Mercury plus 400 and Gemini 200 instruments. ESI-MS

24



were recorded on LC-MS LCQ Fleet ThermoFisher Scientific. ESI-MS were recorded
on LC-MS LCQ Fleet ThermoFisher Scientific. [a]o values were measured using a
JASCO DIP-370 instrument. CGP20712A (1024) was from Tocris Cookson
(Avonmounth, Bristol, UK). IC1118551 (1127) and fenoterol (F1016) were from Sigma
Aldrich (Poole, UK). Foetal calf serum was from PAA laboratories (Teddington,
Middlesex, UK). All other reagents were from Sigma Aldrich (Poole, UK).

4.2 Computational Methods

Ensembles of conformers for each compound were generated from SMILES notations
using OMEGA v3.1.[67] We used a “dense” set of parameters for the generation of up
to 20,000 conformers within an energy window of 15 kcal/mol and a minimum cutoff
for duplicate conformer removal (rms) of 0.3 A. The mmff94smod_NoEstat force field
was used for model construction and the mmff94s_Sheff was selected for calculation
of the conformers energy.[68] Docking was performed using FRED v3.3[65] with high
resolution (1.0 A step for translation and rotation) and the Chemgauss4 scoring
function.[66] The 10 top-scored poses were evaluated for residue-specific interactions
using VIDA v4.4 (OpenEye Scientific, Inc) and figures were generated using PyMOL
v2.3 (open-source build, Schrodinger LLC).

4.3 CRE-SPAP production

CHO-K1 (RIDD: CVCL_0214) stably expressing human B1, B2 or f3-adrenoceptors
and a CRE-SPAP reporter gene were used (CHO-B1, CHO-32 and CHO-$3)[27] and
CRE-SPAP production measured as in ref[80]. Cells were grown to confluence in 100l
media (Dulbecco’s modified Eagle’s medium nutrient mix F12 (DMEM/F12) containing
10% fetal calf serum (FCS) and 2mM L-glutamine) in a 37°C humidified 5% COz2: 95%
air atmosphere in clear, sterile, tissue culture treated 96-well plates. 24-hours before
experimentation, the cells were then serum starved by removing the media and adding
100pl serum-free media (sfm) per well. The following day, the sfm was removed from
each well, and 100ul sfm or 100ul sfm containing an antagonist at the final required
concentration was added to each well, and the cells were incubated for 20 minutes at
37°C. Agonist in 10ul sfm was then added to each well and the plates incubated for 5
hours (37°C humidified 5% COz2: 95% air atmosphere). After 5 hours, all drugs and
media were removed from each well and 40ul sfm was added to each well. After 1
hour of further incubation at 37°C, the plates were transferred to an 65°C oven for 30
minutes to destroy endogenous phosphatases. SPAP production was then measured
by the addition of 100ul 5mM p-NPP per well (in diethanolamine buffer) and read on a
Dynatech MRX plate reader at 405nM.

4.4 Data analysis

A one-site sigmoidal concentration response curve was fitted to the data in Prism 7
using the following equation:

Emax X [A]

R = mex _ 2
esponse ECSO n [A]

where Emax is the maximum response, [A] is the agonist concentration and ECso is the
concentration of agonist that produces 50% of the maximal response.
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The affinity of antagonists (Ko values) were calculated from the rightward shift of the
agonist (fenoterol) concentration response curve in the presence of a fixed
concentration of antagonist using the following:

[B]

DR =1+—

Kp
where DR (dose ratio) is the ratio of the agonist concentration required to stimulate an
identical response in the presence and absence of a fixed concentration of antagonist
[BI.
For the compounds with partial agonist activity, the antagonist Kp value was calculated
as per the partial agonist method of Stephenson (1956):[81]
Y X [P] [A2] — [A4]

here,Y =
T—y |Where ]

Kppartial agonist =

where [P] in the concentration of the partial agonist, [A1] in the concentration of the
agonist at the point where the fixed partial agonist causes the same response, [A2] is
the concentration of agonist causing a given response above that achieved by the
partial agonist and [As] the concentration of the agonist, in the presence of the partial
agonist, causing the same stimulation as [Az].

Basal CRE-SPAP production and that in response to 10 [M isoprenaline were each
measured in 6 wells in each plate. All data are presented as mean £ s.e.m. of triplicate—
sextuplet determinations of n separate experiments.

4.5 Synthesis of MC derivatives: MC1-11 and MC20-34.

Synthesis of MC1. To a stirred solution of 3 (368 mg, 1.74 mmol) in dry MeOH (2
mL), 10 (104 mg, 0.58 mmol) was added. The reaction mixture was stirred at 50°C for
2 h and for additional 17 h at r.t., then, it was then concentrated under reduced
pressure. The crude was diluted in ethyl acetate (50 mL) and washed with H20 (2 x 5
mL). The organic phase was anhydrificated with Na2SQOa, filtered and concentrated.
The crude was filtered on silica gel (ethyl acetate:methanol 5:1, Rf = 0.3) to give MC1
(114 mg, 50%) as a white glassy solid. *H-NMR (400 MHz, CDCls) &: 7.28-7.12 (m,
12H, Ph and He and Hpb), 6.90 (at, Jc-8 = 7.4 Hz, 1H, Hc), 6.77 (d, Jas = 8.1 Hz, 1H,
Ha), 4.18-4.10 (m, 1H, H-2), 4.03 (t, Jés = 7.9 Hz, 1H, H-6), 3.98-3.86 (m, 2H, H-1),
2.94-2.90 (A part of an ABX system, Ja-s = 12.3 Hz, Jax = 3.6 Hz, 1H, H-3), 2.86-2.80
(B part of an ABX system, Js-a = 12.3 Hz, Js-x = 3.2 Hz, 1H, H-3), 2.74-2.68 (m, 2H,
H-4), 2.60 (g, J = 7.6 Hz, 2H, CH>), 2.38-2.33 (m, 2H, H-5), 1.16 (t, J = 7.5 Hz, 3H,
CHz). ¥*C-NMR (100 MHz, CDClIs) &: 156.09, 144.13, 132.59, 128.98, 128.58, 127.70,
127.69, 126.81, 126.37, 120.99, 111.21, 70.04, 67.63, 51.74, 48.83, 48.04, 34.73,
23.24, 14.16. ESI-MS m/z: for [M-H] calcd. for C26H30NO2 388.24, found 388.22. [a]p?°
=+ 7.3 (c =0.9, CHCl3).

Synthesis of MC2. To a stirred solution of 10 (80 mg, 0.38 mmol) in dry MeOH (1
mL), 1 (80 mg, 0.32 mmol) was added. The reaction mixture was stirred at r.t. for 8 h,
then it was concentrated under reduced pressure. The crude was diluted in ethyl
acetate (100 mL) and washed with H20 (2 x 5 mL). The organic phase was dried with
Na2S0s4, filtered and concentrated. The crude was filtered on silica gel (ethyl
acetate:methanol 5:1, Rf = 0.3) to give MC2 (43 mg, 30%) as a white glassy solid. *H-
NMR (400 MHz, CDCl3) &: 7.77 (d, Je-c = 8.8 Hz, 1H, Hg), 7.31-7.09 (m, 10H, Ph), 6.49

26



(dd, Jce = 8.8 Hz, Joa = 2.1 Hz, 1H, Hc), 6.33 (d, Jac = 2.2 Hz, 1H, Ha), 4.17-4.08 (m,
1H, H-2), 4.01 (t, Jos = 7.8 Hz, 1H, H-6), 3.98-3.84 (m, 2H, H-1), 2.91-2.86 (A part of
an ABX system ABX, Jas = 12.2 Hz, Jax = 3.4 Hz, 1H, H-3), 2.83-2.77 (m, 1H, H-3),
2.71-2.68 (m, 2H, H-4), 2.66 (s, 2H, Hx), 2.39-2.33 (m, 2H, H-5), 1.43 (s, 6H,CH?3). 13C-
NMR (100 MHz, CDCIs) &: 191.04, 164.92, 161.86, 143.91, 128.63, 128.30, 127.68,
127.66, 126.47, 114.44, 109.40, 101.88, 79.63, 70.17, 66.84, 51.34, 48.82, 48.56,
47.94, 34.27, 26.68. ESI-MS m/z: for [M-H] calcd. for C29H32NO4 458.24, found 458.26.
[a]p?° = - 3.0 (c = 1, CHCIa).

Synthesis of MC3. To a stirred solution of 11 (40 mg, 0.242 mmol) in dry MeOH (1
mL), 1 (50 mg, 0.201 mmol) was added. The reaction mixture was stirred at r.t. for 184
h, then it was concentrated under reduced pressure. The crude was filtered on silica
gel (ethyl acetate:methanol 5:1, Rf = 0.25) to give MC3 (39 mg, 50%) as a yellow solid.
'H-NMR (400 MHz, CDCIls:CDsOD 99:1) &: 7.79 (d, Js-c = 8.8 Hz, 1H, Hs), 6.89-6.82
(m, 4H, Ph), 6.55 (dd, Jc-8 = 8.8 Hz, Jc-a = 3.7 Hz, 1H, Hc), 6.39 (d, Jac = 2.3 Hz, 1H,
Ha), 4.31-4.27 (m, 2H, H-2), 4.26-4.23 (m, 1H, H-1), 4.09-3.99 (m, 4H, H-1, H-5 and
H-6), 2.97-2.88 (m, 3H, H-1 and H-3), 2.85-2.80 (B part of an ABX system, Js-a = 12.2
Hz, Js-x = 7.5 Hz, 1H, H-3), 2.66 (s, 2H, Hx), 1.44 (s, 6H, CH3). 3C-NMR (100 MHz,
CDCIs +1% CD30D) 6: 128.34, 121.55, 117.22, 109.47, 101.87, 72.38, 70.53, 68.14,
66.25, 51.66, 49.82, 48.45, 26.37. ESI-MS m/z: for [M-H] calcd. for C23H26NOs 412.18,
found 412.09. [a]p?° = + 25.7 (c = 0.9, CHCl3).

Synthesis of MC4. To a stirred solution of 12 (40 mg, 0.242 mmol) in dry
dimethylformamide (1 mL), 1 (50 mg, 0.201 mmol) was added. The reaction mixture
was stirred at 40°C for 92 h, and then concentrated under reduced pressure. The crude
was filtered on silica gel (ethyl acetate:methanol 5:1, Rf = 0.3) to give MC4 (39 mg,
47%) as a yellow solid. *H-NMR (400 MHz, CDClz) &: 7.78 (d, Js-c = 8.8 Hz, 1H, Hg),
6.76-6.62 (m, 3H, Ph), 6.51 (dd, Jcs = 8.8 Hz, Js-a = 2.4 Hz, 1H, Hg), 6.36 (d, Jac =
2.3 Hz, 1H, Ha), 5.92 (s, 2H, CH2), 4.11-4.02 (m, 1H, H-2), 3.99-3.97 (m, 2H, H-1),
2.96-2.84 (m, 3H, H-4 and H-3), 2.84-2.71 (m, 3H, H-5 and H-3), 2.66 (s, 2H, Hx), 1.44
(s, 6H, CHs). ¥3C-NMR (100 MHz, CDCIz) &: 191.05, 165.12, 161.87, 147.74, 146.04,
133.07,128.27,121.54,114.36, 109.46, 108.99, 108.30, 101.84, 100.85, 79.60, 70.60,
67.60, 51.32, 50.97, 48.55, 35.74, 26.67. ESI-MS m/z: for [M-H] calcd. for C23H26NOs
412.18, found 412.21. [a]p?° = + 22.4 (c = 1, CHCI3).

Synthesis of MC7. To a stirred solution of 13 (57 mg, 0.242 mmol) in dry MeOH (1
mL), NMM (25.4 mg, 28 uL, 0.251 mmol) was added. The reaction mixture was stirred
atr.t. for 10 min, then 1 (50 mg, 0.201 mmol) was added and the reaction mixture was
stirred at 40°C for 48 h. The reaction mixture was concentrated under reduced
pressure, then the crude was filtered on silica gel (ethyl acetate:methanol 5:1, Rf = 0.3)
to give MC7 (26 mg, 27%) as a white solid. *H-NMR (400 MHz, CDClIz) &: 7.86 (d, Je-
p=8.2 Hz, 2H, Hg), 7.77 (d, Js-c = 8.8 Hz, 1H, Hs), 7.41 (d, Jo-e = 8.2 Hz, 2H, Hpb), 6.52
(dd, Jc-8 = 8.8 Hz, Jc-a = 2.4 Hz, 1H, Hc), 6.36 (d, Ja-c = 2.3 Hz, 1H, Ha), 4.10-4.03 (m,
1H, H-2), 3.97 (d, J = 4.9 Hz, 2H, H-1), 3.04 (s, 3H, S-CHs3), 3.01-2.93 (m, 4H, H-4 and
H-5), 2.92-2.87 (A part of an ABX system, Ja-s = 12.3 Hz, Ja-x = 3.8 Hz, 1H, H-3), 2.82-
2.77 (B part of an ABX system, Js-a = 12.2 Hz, Js-x = 8.1 Hz, 1H, H-3), 2.66 (s, 2H,
Hx), 1.43 (s, 6H, CH3). 13C-NMR (100 MHz, CDCIs) &: 191.17, 165.00, 161.87, 129.70,
128.34, 127.69, 110.49, 109.42, 101.78, 79.71, 70.42, 67.70, 51.30, 50.35, 48.50,
4455, 36.11, 26.68. ESI-MS m/z: for [M-H]* calcd. for C23H290NOsS 446.17, found
446.15. [a]p?° = + 41.1 (c = 0.8, CHCIz3).

Synthesis of MC8. To a stirred solution of 11 (36 mg, 0.220 mmol) in dry MeOH (1
mL), 2 (40 mg, 0.183 mmol) was added. The reaction mixture was stirred at 40°C for
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72 h, and then concentrated. The crude was filtered on silica gel (ethyl
acetate:methanol 5:1, Rf = 0.35) to give MC8 (30 mg, 43%) as a white solid. *H-NMR
(400 MHz, CDCI3) &: 7.63 (d, Joe = 9.5 Hz, 1H, Hp), 7.37 (d, Jc-a = 8.5 Hz, 1H, Hc),
6.92-6.79 (m, 6H, Ha, Hs and Ph), 6.26 (d, Je-o = 9.5 Hz, 1H, He), 4.35-4.30 (m, 1H, H-
2), 4.29-4.25 (A part of an ABX system, Jas = 11.3 Hz, Ja-x = 2.2 Hz, 1H, H-6), 4.14-
4.08 (m, 1H, H-5), 4.07-4.05 (m, 2H, H-1), 4.04-4.01 (B part of an ABX system, Js-a =
11.3 Hz, Js-x = 2.3 Hz, 1H, H-6), 3.03-2.99 (A part of an ABX system, Jas = 11.1 Hz,
Ja-x = 5.2 Hz, 1H, H-3), 2.99-2.94 (m, 2H, H-4), 2.88-2.83 (B part of an ABX system,
Jsa=12.3 Hz, Js-x = 7.7 Hz, 1H, H-3). 13C-NMR (100 MHz, CDCls) &: 143.23, 128.71,
121.43,117.15,113.24,112.68,101.58, 72.28, 70.75, 68.00, 66.18, 51.56, 49.71. ESI-
MS m/z: for [M-H]* calcd. for C2:1H20NOe 384.14, found 384.10. [a]p?® = + 23.3 (c = 1,
CHCI3).

Synthesis of MC9. To a suspension of 13 (67 mg, 0.284 mmol) in 2-propanol (1 mL),
DIPEA (55 L, 0.312 mmol) was added. After 20 min at r.t., a solution of compound 2
(31 mg, 0.142 mmol) in a mixture 2-propanol: MeOH 2:1 (1.5 mL) was added and the
reaction mixture was stirred at 30°C for 48 h. Then, the reaction mixture was
concentrated under reduced pressure. The crude was filtered on silica gel
(dichloromethane:methanol 10:1, Rf = 0.2) to give MC9 (42 mg, 65%) as a yellow oil.
!H-NMR (400 MHz, DMSO-d®) &: 7.99 (d, Joe = 9.5 Hz, 1H, Hpb), 7.88 (d, Jo-F = 8.4 Hz,
2H, Hg), 7.64 (d, Jc-a = 8.7 Hz, 1H, Hc), 7.54 (d, Jrc = 8.3 Hz, 2H, Hf), 7.01 (d, JB-A =
2.4 Hz, 1H, Hs), 6.96 (dd, Ja-c = 8.6 Hz, Jas = 2.4 Hz, 1H, Ha), 6.29 (d, Jeo = 9.5 Hz,
1H, He), 5.94 (s, 1H, Hn), 4.24-4.21 (m, 1H, H-2), 4.16-4.03 (m, 2H, H-1), 3.23-3.19
(m, 2H, H-4), 3.18 (s, 3H, CH3), 3.16-3.15 (m, 1H, H-3), 3.12-3.05 (m, 2H, H-5), 3.02
(B part of an ABX system, Js-a = 12.6 Hz, Js-x = 9.5 Hz, 1H, H-3). 13C-NMR (100 MHz,
DMSO-d®) &: 144.48, 130.36, 130.28, 127.97, 113.39, 113.00, 101.51, 70.72, 65.12,
49.80, 47.94, 43.92, 31.75. ESI-MS m/z: for [M-H]* calcd. for C21H22NOeS 416.12,
found 416.09. [a]p?® = + 49.2 (c = 0.9, CHCI3).

Synthesis of MC10. To a strirred solution of 14 (97 mg, 0.40 mmol) in 2-propanol (1
mL), DIPEA (78 uL, 0.44 mmol) was added. The solution was stirred at r.t. for 30 min,
then 1 (50 mg, 0.2 mmol) was added. The reaction mixture was stirred at r.t. for 96 h,
then it was concentrated under reduced pressure. the crude was filtered on silica gel
(dichloromethane:methanol 10:1, Rf = 0.4) to give MC10 (11 mg, 12%) as a white solid.
!H-NMR (400 MHz, CDCls +5% CD30D) &: 7.81-7.67 (m, 4H, Phth), 7.52-7.49 (m, 1H,
Hs), 6.52 (dd, Jc8 = 8.7 Hz, Jc.a = 1.9 Hz, 1H, Hc), 6.38 (d, Jac = 1.6 Hz, 1H, Ha),
4.72-4.67 (m, 1H, H-2), 4.12-4.06 (m, 1H, H-1), 4.06-4.02 (m, 3H, H-1, H-6), 3.11-3.08
(m, 1H, H-3), 2.99-2.94 (m, 1H, H-3), 2.63 (s, 2H, Hx), 2.10-1.92 (m, 4H, H-5, H-4), 1.4
(s, 6H, CHz). *C-NMR (100 MHz, CDCIs +5% CDs0OD) &: 191.50, 168.83, 168.58,
164.49, 161.97, 134.31, 134.22, 131.70, 128.36, 123.45, 123.36, 109.30, 102.09,
79.71, 69.75, 37.22, 34.59, 26.70, 26.56. ESI-MS m/z: for [M-H]* calcd. for C2sH28N20s
451.19, found 451.15. [a]p?® = + 5.6 (c = 0.7, CHCls).

Synthesis of MC11. To a stirred solution of 15 (26 mg, 0.199 mmol) in dry 2-propanol
(2 mL), 1 (33 mg, 0.133 mmol) was added. The reaction mixture was stirred at r.t. for
48 h. After this, the reaction mixture was evaporated under reduced pressure. The
crude was filtered through silica gel (ethyl acetate:methanol 5:1, Rf = 0.3) to give MC11
(48 mg, 94%) as a white solid. H-NMR (400 MHz, CDCI3) &: 7.78 (d, Jsc = 8.8 Hz,
1H, Hs), 7.29-7.27 (m, 2H, Ph), 7.20-7.16 (m, 3H, Ph), 6.53 (dd, Jcs = 8.8 Hz, Jc-a =
1.9 Hz, 1H, Hc), 6.36 (d, Jac = 2.0 Hz, 1H, Ha), 4.19-4.10 (m, 1H, H-2), 4.04-4.01 (m,
2H, H-1), 2.99-2.88 (m, 1H, H-3), 2.84-2.77 (m, 3H, H-3 e H-4), 2.75-2.71 (m, 4H, Hx
e H-5), 2.01-1.89 (m, 2H, H-6), 1.50 (s, 6H, CHzs). **C-NMR (100 MHz, CDClIz3) &:
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161.96, 128.47, 128.35, 126.09, 109.5, 101.94, 70.61, 67.43, 51.59, 49.06, 48.58,
30.81, 26.70. ESI-MS m/z: for [M-H]* calcd. for C23H28NO4 382.21, found 382.16. [a]p?°
= +59.7 (¢ = 1, CHCla).

Synthesis of MC20. To a stirred solution of 14 (30 mg, 0.124 mmol) in 2-propanol (1
mL), DIPEA (24 uL, 0.136 mmol) was added. The solution was stirred at r.t. for 30 min,
then 2 (15 mg, 0.065 mmol) was added. The reaction mixture was stirred at r.t. for 144
h, and then was concentrated under reduced pressure. The crude was filtered on silica
gel (ethyl acetate:methanol 5:1, Rf = 0.2) to give MC20 (10 mg, 37%) as a white solid.
!H-NMR (400 MHz, DMSO-d®) &: 7.97 (d, Jo-e = 9.5 Hz, 1H, Hpb), 7.86-7.80 (m, 4H,
Phth), 7.61 (d, Js-a = 8.5 Hz, 1H, Hs), 6.96-6.92 (m, 2H, Ha, Hc), 6.27 (d, Je-o = 9.5 Hz,
1H, He), 4.09-4.04 (m, 1H, H-2), 3.99-3.93 (m, 2H, H-1), 3.68-3.60 (m, 2H, H-6), 3.23-
3.17 (m, 1H, H-3), 2.82-2.76 (m, 1H, H-3), 2.71-2.66 (m, 2H H-4), 1.86-1.65 (m, 4H, H-
4, H-5). 3C-NMR (50 MHz, DMSO-d®) &: 168.56, 168.52, 168.44, 162.21, 160.73,
155.78, 144.78, 136.82, 136.15, 134.80, 132.12, 129.93, 129.75, 128.03, 123.44,
113.20,112.94, 112.82, 101.71, 71.55, 37.57, 37.29, 37.08, 35.93, 29.44, 28.47. ESI-
MS m/z: for [M-H]* calcd. for C23H21N206 421.15, found 421.12. [a]p®° = + 14.3 (c = 1,
CHCI3).

Synthesis of MC21. To a stirred solution of 12 (61 pL, 0.443 mmol) in 2-propanol (1
mL), 2 (44 mg, 0.201 mmol) was added. The reaction mixture was stirred at r.t. for 93
h, then it was concentrated under reduced pressure. The crude was filtered on silica
gel (ethyl acetate:methanol 5:1, Rf =0.2) to give MC 21 (60 mg, 78%) as a white solid.
1H-NMR (400 MHz, CDCls +5% CDsOD) &: 7.61 (d, Jo-e = 9.5 Hz, 1H, Hp), 7.32 (d, J&-
A = 8.6 Hz, 1H, Hs), 6.78 (dd, Jas = 8.6 Hz, Jac = 2.3 Hz, 1H, Ha), 6.74 (d, Jca = 2.3
Hz, 1H, Hc), 6.67-6.57 (m, 3H, Ph), 6.18 (d, Je-o = 9.5 Hz, 1H, He), 5.84 (s, 2H, CHo),
4.13-4.05 (m, 1H, H-2), 3.95-3.90 (m, 2H, H-1), 2.92-2.81 (m, 3H, H-4 and H-3), 2.81-
2.70 (m, 3H, H-5 and H-3). 13C-NMR (100 MHz, CDCls +5% CD30D) &: 161.85, 161.65,
155.65, 147.80, 146.19, 143.72, 132.35, 128.89, 121.53, 113.00, 112.84, 108.91,
108.33, 101.68, 100.86, 70.85, 67.27, 51.40, 50.67, 34.78. ESI-MS m/z: for [M-H]*
calcd. for C21H20NOs 384.14, found 384.11. [a]p?® = + 39.9 (c = 0.8, CHCIl3).

Synthesis of MC22. To a stirred solution of 11 (51 mg, 0.31 mmol) in 2-propanol (0.7
mL), 5 (31 mg, 0.15 mmol) was added. The reaction mixture was stirred at r.t for 89 h,
then it was concentrated under reduced pressure. The crude was purified by filtration
on silica gel (ethyl acetate:methanol 12:1, Rf = 0.1) to give MC22 (15 mg, 28%) as a
red oil. *H-NMR (400 MHz, CD30D) &: 9.14 (s, 1H, Hp), 8.37 (d, Jr-e = 5.9 Hz, 1H, HF),
8.15 (d, Je-r = 5.9 Hz, 1H, Hg), 7.63-7.55 (m, 2H, Hs and Hc), 7.19 (d, Ja-s = 7.5 Hz,
1H, Ha), 6.81-6.75 (m, 4H, H-7 and H-8), 4.29-4.18 (m, 5H, H-1, H-2, H-5 and H-6),
3.98-3.93 (B part of an ABX system, Js-a = 11.6 Hz, Js-x = 7.6 Hz, 1H, H-1), 3.01-2.89
(m, 4H, H-3 and H-4). 13C-NMR (100 MHz, CD30D) &: 153.48, 151.06, 143.30, 142.96,
140.93, 129.53, 128.53, 127.91, 121.04, 120.96, 119.28, 116.83, 116.58, 115.48,
109.27, 72.51, 70.84, 68.36, 66.08, 51.98, 49.34. ESI-MS m/z: for [M-H]* calcd. for
C21H21N204 365.16, found 365.15. [a]p?® = + 1.5 (¢ = 1, CHCl3).

Synthesis of MC23. To a stirred solution of 11 (82 mg, 0.49 mmol) in 2-propanol (1
mL), 6 (50 mg, 0.24 mmol) was added. The reaction mixture was stirred at r.t for 89 h,
and concentrated under reduced pressure. The crude was purified by filtration on silica
gel (ethyl acetate:methanol 12:1, Rf = 0.2) to give MC23 (60 mg, 68%) as a white solid.
'H-NMR (400 MHz, CD30D) &: 8.34 (d, J = 6.9 Hz, 1H, Hs), 8.02 (dd, J = 7.6, 2.0 Hz,
1H, Hp), 7.85 (dd, J = 8.9, 3.4 Hz, 1H, Hc), 7.48-7.44 (m, 1H, Ha), 6.86-6.78 (m, 4H,
Ph), 6.31 (d, J =7.6 Hz, 1H, He), 4.64-4.58 (m, 1H, H-5), 4.31-4.26 (m, 1H, H-6), 4.14-
4.09 (m, 2H, H-6), 4.02-3.90 (m, 2H, H-1), 2.91-2.83 (m, 3H, H-3 and H-4), 2.78-2.72
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(m, 1H, H-4). 3C-NMR (100 MHz, CDsOD) &: 178.82, 146.19, 143.30, 140.20, 132.37,
125.73, 123.85, 121.05, 120.91, 116.84, 116.61, 116.55, 116.44, 108.12, 78.04, 74.02,
72.60, 67.88, 66.09, 65.73, 56.63, 52.60, 52.52, 49.37, 41.41. ESI-MS m/z: for [M-H]*
calcd. for C21H21N204 365.16, found 365.13. [a]o? = + 24.2 (¢ = 0.9, CHCl3).

Synthesis of MC24.To a stirred solution of 11 (289 mg, 1.75 mmol) in 2-propanol (3
mL), 3 (170 mg, 0.87 mmol) was added. The reaction mixture was stirred at r.t for 66
h, and concentrated under reduced pressure. The crude was purified by filtration on
silica gel (ethyl acetate, Rf = 0.4) to give MC24 (208 mg, 67%) as a white solid. 1H-
NMR (400 MHz, DMSO-d®) &: 6.84 — 6.75 (m, 5H, Ph and Hc), 6.59 (d, J = 2.5 Hz, 1H,
Ha), 6.34 (dd, Js-c = 8.4 Hz, Js-a = 2.3 Hz, 1H, Hg), 5.93 (s, 2H, Hp), 4.96-4.95 (m, 1H,
Hn), 4.32-4.28 (A part of an ABX system, Ja-s = 11.4 Hz, Ja-x = 2.3 Hz, 1H, H-1), 4.22-
4.17 (m, 1H, H-2), 3.98-3.93 (B part of an ABX system, Js-a = 11.4 Hz, Js-x = 7.4 Hz,
1H, H-1), 3.86-3.76 (m, 3H, H-5 and H-6), 2.84-2.74 (m, 2H, H-3), 2.74-2.71 (m, 1H,
H-4), 2.61-2.57 (B part of an ABX system, Js-a = 11.8 Hz, Jex = 5.4 Hz, 1H, H-4). 13C-
NMR (100 MHz, DMSO-d®) 3: 154.60, 148.31, 143.55, 143.51, 141.47,121.71, 121.47,
117.48, 117.28, 108.43, 106.19, 101.37, 98.28, 73.05, 71.93, 68.56, 66.51, 53.00,
49.81. ESI-MS m/z: for [M-H]* calcd. for C19H20NOs 358.14, found 358.15. [a]p?° = +
88.17 (c = 1, CHCls).

Synthesis of MC25.To a stirred solution of 11 (37 mg, 0.22 mmol) in 2-propanol (1
mL), 4 (24 mg, 0.11 mmol) was added. The reaction mixture was stirred at r.t for 66 h,
then concentrated under reduced pressure. The crude was purified by filtration on silica
gel (ethyl acetate, Rf = 0.35) to give MC25 (18 mg, 45%) as a white solid. *H-NMR
(400 MHz, CDCI3) &: 7.53 (d, Jc-8 = 8.5 Hz, 1H, Hc), 6.84-6.77 (m, 4H, Ph), 6.74-6.70
(m, 2H, Ha and Hs), 4.30-4.27 (m, 2H, H-5 and H-1), 4.12-4.05 (m, 5H, H-1, H-2 and
Hp), 3.99-3.93 (m, 1H, H-6), 2.96-2.87 (m, 3H, H-3 and H-4), 2.85-2.79 (m, 1H, H-3).
3C-NMR (100 MHz, CDCIz) &: 176.92, 171.56, 167.85, 143.27, 124.44, 121.08,
120.99, 116.86, 116.61, 111.81, 96.71, 72.40, 71.10, 68.19, 66.03, 60.12, 51.60,
49.15. ESI-MS m/z: for [M-H]* calcd. for C20H20NOs 370.14, found 370.11. [a]p?° = +
32.9 (c = 0.9, CHCIs).

Synthesis of MC26.To a stirred solution of 16 (47 mg, 0.16 mmol) in 2-propanol (1
mL), triethylamine (23 L, 0.16 mmol) was added. After 15 min, 1 (20 mg, 0.08 mmol)
was added and the reaction mixture was stirred at r.t. for 89 h. Then, it was
concentrated under reduced pressure. The crude was filtered on silica gel (ethyl
acetate:methanol 5:1, Rf = 0.1) to give MC26 (31 mg, 91%) as a yellow oil. *H-NMR
(400 MHz, CD30D) &: 7.73 (d, Jsc = 8.8 Hz, 1H, Hs), 7.50 (d, J = 8.5 Hz, 2H), 7.22 (d,
J =8.5 Hz, 2H), 6.59 (dd, Jc-8 = 8.8 Hz, Jc-a = 2.4 Hz, 1H, Hc), 6.47 (d, Jac = 2.3 Hz,
1H, Ha), 4.26-4.20 (m, 1H, H-2), 4.06-4.04 (m, 2H, H-1), 3.23-3.18 (m, 3H, Hp, H-3),
3.12-3.06 (B part of an ABX system, Js-a = 12.6 Hz, Js-x = 9.3 Hz, 1H, H-3), 2.98-2.94
(m, 2H, Hc), 2.69 (s, 2H, Hx), 2.11 (s, 3H, COCHs) 1.42 (s, 6H, CHs). **C-NMR (100
MHz, CD3OD) &: 192.16, 170.28, 165.44, 162.25, 137.41, 132.62, 128.68, 127.65,
120.24, 118.21, 115.30, 114.06, 109.16, 101.76, 79.41, 70.02, 65.57, 50.02, 49.14,
31.80, 25.31, 22.37. ESI-MS m/z: for [M-H]* calcd. for C24H20N20s5 425.22, found
425.19. [a]p?®® = + 78.8 (c = 1, CHCIs).

Synthesis of MC27.To a stirred solution of 16 (68 mg, 0.22 mmol) in 2-propanol (1
mL) and DMSO (200 pL), triethylamine (32 pL, 0.22 mmol) was added. After 15 min, 2
(25 mg, 0.11 mmol) was added. The reaction mixture was stirred at r.t. for 137 h, then
it was concentrated under reduced pressure. The crude was filtered on silica gel (ethyl
acetate:methanol 5:1, Rf = 0.1) to give MC27 (23 mg, 53%) as a yellow oil. *H-NMR
(400 MHz, CDs0D) &: 7.89 (d, Jo-e = 9.5 Hz, 1H, Hp), 7.55 (d, Jc-a = 8.6 Hz, 1H, Hc),
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7.51 (d, Jo-F = 8.5 Hz, 2H, Ha), 7.23 (d, Jr-c = 8.5 Hz, 2H, Hr), 6.97 (dd, Jac = 8.6 Hz,
Jas = 2.4 Hz, 1H, Ha), 6.93 (d, Js-a = 2.3 Hz, 1H, Hg), 6.26 (d, Je-o = 9.5 Hz, 1H, HE),
4.64 (bs, 1H, Hv), 4.30-4.24 (m, 1H, H-2), 4.10-4.09 (m, 2H, H-1), 3.27-3.23 (m, 3H,
H-4 and H-3), 3.18-3.13 (B part of an ABX system, Js-a = 12.6 Hz, Js-x = 9.5 Hz, 1H,
H-3"), 3.00-2.96 (m, 2H, H-5), 2.10 (s, 3H, CHs). 13C-NMR (100 MHz, CD30OD) &:
170.26, 161.83, 161.78, 155.57, 144.24, 137.53, 132.27, 129.16, 128.69, 120.26,
113.07,112.35, 101.16, 70.23, 65.32, 49.84, 48.94, 31.49, 22.35. ESI-MS m/z: for [M-
H]* calcd. for C22H23N205 395.17, found 395.13. [a]p?° = + 81.2 (c = 1.1, CHCla).

Synthesis of MC28.To a stirred solution of 17 (68 mg, 0.16 mmol), in 2-propanol (1
mL), triethylamine (23 pL, 0.16 mmol) was added. After 15 min 1 (20 mg, 0.08 mmol)
was added. The reaction mixture was stirred at r.t. for 138 h, and then concentrated
under reduced pressure. The crude was filtered on silica gel (ethyl acetate:methanol
5:1, Rf =0.1) to give MC28 (23 mg, 64%) as a white solid. tH-NMR (400 MHz, CD30D)
0:7.73 (d, Js-a=8.8 Hz, 1H, HB), 7.67 (d, Jrc = 9.0 Hz, 2H, HF), 7.13 (d, Je-o = 8.5 Hz,
2H, He), 7.05 (d, Jo-e = 8.5 Hz, 2H, Hp), 6.95 (d, Je-r = 8.9 Hz, 2H, Hg), 6.60 (dd, Jc-8
= 8.8 Hz, Jc.a = 2.3 Hz, 1H, Hc), 6.47 (d, Jac = 2.3 Hz, 1H, Ha), 4.29-4.19 (m, 1H, H-
2), 4.03-4.04 (m, 2H, H-1), 3.81 (s, 3H, -OCHz3), 3.22-3.05 (m, 4H, H-3, H-4), 2.92-2.88
(m, 2H, H-5), 2.69 (s, 2H, Hx), 1.42 (s, 6H, CHs). 33C-NMR (100 MHz, CDs0OD) 8&:
192.11, 165.39, 163.12, 162.23, 136.68, 133.15, 131.08, 129.04, 128.93, 127.68,
121.18, 113.70, 109.12, 101.77, 79.43, 69.98, 65.52, 54.74, 49.96, 48.96, 47.66,
31.63, 25.31. ESI-MS m/z: for [M-H]* calcd. for C29H33N207S 553.21, found 553.24.
[a]p?° =-10.7 (c = 1, CHCIs).

Synthesis of MC29.To a stirred solution of 17 (96 mg, 0.22 mmol) in 2-propanol (1
mL) and DMSO (200 pL), triethylamine (32 pL, 0.22 mmol) was added. After 15 min, 2
(25 mg, 0.11 mmol) was added. The reaction mixture was stirred at r.t. for 160 h, and
then it was concentrated under reduced pressure. The crude was purified by flash
chromatography on silica gel (ethyl acetate:methanol 6:1, Rf = 0.1) to give MC29 (40
mg, 69%). H-NMR (400 MHz, CDsOD) &: 7.88 (d, Jo-e = 9.5 Hz, 1H, Hp), 7.67-7.64
(m, 2H, Hw), 7.55 (d, J = 8.6 Hz, 1H, Hc), 7.13 (d, Je-r = 8.5 Hz, 2H, Hg), 7.05 (d, Jr-c
= 8.5 Hz, 2H, HF), 6.97-6.92 (m, 4H, Ha, Hs, Hi), 6.26 (d, Jeo = 9.5 Hz, 1H, He), 4.24
(m, 1H, H-2), 4.09-4.07 (m, 2H, H-1), 3.80 (s, 3H, -OCH3s), 3.19-3.03 (m, 4H, H-3, H-
4), 2.91-2.87 (m, 2H, H-5). 3C-NMR (100 MHz, CD30D) &: 163.11, 161.91, 155.58,
144.26, 136.60, 133.48, 131.10, 129.15, 129.02, 128.92, 121.19, 113.69, 113.02,
112.64, 101.11, 70.36, 65.84, 54.73, 50.14, 49.13, 31.99. ESI-MS m/z: for [M-H]*
calcd. for C27H27N207S 523.16, 523.11. [a]p?® = + 51.1 (c = 0.7, CHCI3).

Synthesis of MC30.To a stirred solution of 18 (97 mg, 0.24 mmol) in 2-propanol
(ImL), triethylamine (50 pL, 0.36 mmol) was added. After 30 min, 1 (30 mg, 0.12 mmol)
was added. The reaction mixture was stirred at r.t for 118 h, then it was concentrated
under reduced pressure. The crude was purified by flash chromatography on silica gel
(ethyl acetate:methanol 5:1, Rf = 0.3) to give MC30 (16 mg, 25%) as a white solid. 1H-
NMR (400 MHz, CDCls) &: 7.68-7.63 (m, 3H, Hs, Ha’), 6.89-6.85 (m, 2H, Hs’), 6.43 (dd,
Jcs = 8.8 Hz, Jc-a = 2.4 Hz, 1H, Hc), 6.28 (d, Ja-c = 2.4 Hz, 1H, Ha), 4.26-4.20 (m, 1H,
H-2), 3.95-3.91 (A part of an ABX system, Ja-s = 9.8 Hz, Jax = 4.9 Hz, 1H, H-1), 3.89-
3.85 (B part of an ABX system, Js-a = 9.8 Hz, Js-x = 5.4 Hz, 1H, H-1), 3.75 (s, 3H, -
OCHs3), 3.25-3.24 (m, 1H, Hn propanolamine), 3.06-3.02 (A part of an ABX system, Ja-
B = 12.5 Hz, Jax = 3.0 Hz, 1H, H-3), 2.94-2.88 (B part of an ABX system, Js-a = 12.5
Hz, Js-x = 9.9 Hz, 1H, H-3), 2.83 (td, J = 7.1 Hz, J = 2.1 Hz, 2H, H-9), 2.73 (t, J45 = 6.8
Hz, 2H, H-4), 2.55 (s, 2H, Hx), 1.62-1.56 (m, 2H, H-8), 1.38-1.35 (m, 2H, H-5), 1.33 (s,
6H, CHz), 1.25-.122 (m, 4H, H-6, H-7). 3C-NMR (100 MHz, CDCIs) &: 195.92, 168.97,
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166.65, 166.03, 135.42, 132.85, 132.16, 118.20, 118.08, 113.32, 105.83, 83.59, 73.80,
69.31, 59.41, 54.41, 52.24, 52.13, 46.51, 32.79, 30.35, 29.94, 29.71, 29.60. ESI-MS
m/z: for [M-H]* calcd. for C27H37N207S 533.24, found 533.22. [a]p?° = + 11.5 (¢ = 1,
CHCI3).

Synthesis of MC31.To a stirred solution of 18 (110 mg, 0.275 mmol) in 2-propanol
(2 mL) and dimethylsulfoxide (300 uL), triethylamine (58 pL, 0.41 mmol) was added.
After 30 min, 2 (30 mg, 0.137 mmol) was added. The reaction mixture was stirred at
r.t. for 142 h, and then concentrated under reduced pressure. The crude was purified
by flash chromatography on silica gel (ethyl acetate:methanol 5:1, Rf = 0.2) to give
MC31 (9 mg, 13%) as a white solid. H-NMR (400 MHz, CDCls) d: 7.71-7.68 (m, 2H,
Ha), 7.62 (d, Jo-e = 9.5 Hz, 1H, Hb), 7.34 (d, Jc-a = 8.6 Hz, 1H, Hc), 6.92-6.89 (m, 2H,
Hs), 6.81 (dd, Ja-c =8.6 Hz, Jas = 2.2 Hz, 1H, Ha), 6.77 (d, J8-o = 1.9 Hz, 1H, Hs), 6.19
(d, Je-o = 9.5 Hz, 1H, Hg), 4.33-4.30 (m, 1H, H-2), 4.04-3.95 (m, 2H, H-1), 3.79 (s, 3H,
-OCHg), 3.15-3.11 (m, 1H, H-3), 302-2.97 (m, 1H, H-3), 2.92-2.88 (m, 2H, H-9), 2.80-
2.76 (m, 2H, H-4), 1.65-1.63 (m, 2H, H-8), 1.42-1.39 (m, 2H, H-5), 1.33-1.26 (m, 4H,
H-6, H-7). 23C-NMR (100 MHz, CDCIs) d: 177.34, 162.69, 161.46, 155.49, 143.78,
128.99, 128.92, 114.14, 113.06, 112.97, 101.63, 70.07, 65.26, 55.49, 50.42, 48.22,
42.54, 28.76, 25.80, 25.65, 25.55. ESI-MS m/z: for [M-H]* calcd. for C2sH31N207S
503.19, found 503.15. [a]p?® = + 94.2 (¢ = 1.1, CHCI3).

Synthesis of MC32.To a stirred solution of 19 (90 mg, 0.24 mmol) in 2-propanol (1
mL), triethylamine (50 pL, 0.36 mmol) was added. After 30 min, 1 (30 mg, 0.12 mmol)
was added. The reaction mixture was stirred at r.t. for 118 h, then it was concentrated
under reduced pressure. The crude was purified by flash chromatography on silica gel
(ethyl acetate:methanol 5:1, Rf = 0.2) to give MC32 (17 mg, 28%) as a white solid. *H-
NMR (400 MHz, CDCls) &: 7.79 (ad, J = 8.9 Hz, 1H, Hp), 7.73 (d, Jsc = 8.8 Hz, 1H,
Hc), 6.94 (ad, J = 8.9 Hz, 1H, He), 6.50 (dd, Jc8 = 8.8 Hz, Jc.a = 2.3 Hz, 1H, Hc), 6.35
(d, J = 2.3 Hz, 1H, Ha), 4.54-4.49 (m, 1H, H-2), 4.09-4.00 (m, 2H, H-1), 3.82 (s, 3H, -
OCHs3), 3.21-3.12 (m, 2H, H-3), 3.04-3.00 (m, 2H, H-7), 2.93-2.90 (m, 2H, H-4), 2.64
(s, 2H, Hx), 1.97-1.88 (m ,2H, H-6), 1.66-1.60 (m, 2H, H-5), 1.41 (s, 6H, CHz). 3C-
NMR (100 MHz, CDCIs) &: 191.05, 164.77, 162.76, 161.84, 131.25, 129.16, 128.28,
114.48, 114.25, 109.32, 102.03, 69.94, 66.07, 55.57, 51.19, 48.52, 48.49, 42.23,
26.64, 26.52, 24.29. ESI-MS m/z: for [M-H]* calcd. for C2sH33N207S 505.21, found
505.19. [a]p?® =+ 7.3 (c = 0.9, CHCl3).

Synthesis of MC33.To a stirred solution of 19 (102 mg, 0.275 mmol) in 2-propanol
(1 mL) and dimethylsulfoxide (300 pL), triethylamine (58 pL, 0.41 mmol) was added.
After 30 min, 2 (30 mg, 0.137 mmol) was added. The reaction mixture was stirred at
r.t. for 142 h, then it was concentrated under reduced pressure. The crude was purified
by flash chromatography on silica gel (dichloromethane:methanol 5:1, Rf =0.1) to give
MC33 (12 mg, 18%) as a white solid. *H-NMR (400 MHz, CD30D) &: 7.85 (d, Jo-e = 9.5
Hz, 1H, Hp), 7.77-7.75 (m, 2H, Ha), 7.53 (d, Jc-Aa = 8.6 Hz, 1H, Hc), 7.05-7.02 (m, 2H,
Hs'), 6.96 (dd, Js-a = 8.6 Hz, Js-c = 2.4 Hz, 1H, Hg), 6.92 (d, Jac = 2.3 Hz, 1H, Ha), 6.25
(d, Je-o = 9.5 Hz, 1H, Hg), 4.31-4.25 (m, 1H, H-2), 4.13-4.07 (m, 2H, H-1), 3.86 (s, 3H,
-OCH3), 3.26-3.22 (A part of an ABX system, Ja-s = 12.7 Hz, Jax = 3.1 Hz, 1H, H-3),
3.12-3.09 (m, 1H, H-3), 3.04-3.00 (m, 2H, H-7), 2.88-2.85 (m, 2H, H-4), 1.81-1.73 (m,
2H, H-6), 1.60-1.52 (m, 2H, H-5). ¥3C-NMR (100 MHz, CDsOD) &: 162.96, 161.98,
161.79, 155.54, 144.35, 131.53, 129.20, 128.72, 114.02, 113.10, 112.72, 112.45,
101.31, 70.13, 65.20, 54.97, 49.74, 47.20, 41.82, 26.25, 22.91. ESI-MS m/z: for [M-H]*
calcd. for C23H27N207S 475.16, found 475.12. [a]p?® = + 40.1 (c = 1.1, CHCl3).
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Synthesis of MC34.To a stirred solution of 30 (22 mg, 0.042 mmol) in
dichloromethane (1 mL), trifluoroacetic acid (33 pL, 0.42 mmol) was added. The
reaction mixture was stirred at r.t. for 4h, then it was concentrated under reduced
pressure to give MC34 (21 mg, quantitative yield) as a white solid. *H-NMR (400 MHz,
CDCls) 6: 7.88 (s, 1H, Hna), 7.18 (d, Jas = 8.6 Hz, 2H, Ha), 6.97-6.94 (m, 3H, Hp and
Hg), 6.88-6.85 (m, 3H, Hs and Hc), 4.66-4.60 (m, 1H, H-2), 4.35-4.30 (m, 2H, H-1 and
H-5), 4.26-4.23 (m, 1H, H-8), 4.07-4.01 (m, 3H, H-6 and H-1’), 3.78 (s, 3H, CH3s), 3.50-
3.33 (m, 3H, H-4 and H-7), 3.28-3.09 (m, 3H, H-3 and H-7’). 13C-NMR (100 MHz,
CDCI3) &: 169.05, 158.18, 142.92, 141.65, 130.23, 126.44, 126.42, 121.83, 121.80,
117.16, 116.97, 114.78, 114.69, 69.71, 69.10, 65.10, 64.98, 53.88, 52.11, 50.14,
47.59, 35.19. ESI-MS m/z: for [M-H]* calcd. for C22H27N20s 415.19, found 415.15.
[a]p?° = + 37.3 (c = 0.9, CHCIs).
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