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Abstract—The new enantiomerically pure 3-substituted-AZ-isoxazolin-5-yl-ethanolamines (+)-6a/(—)-6b, (—)-6a/(+)-6b, and (+)-7a/
(—)-7b, prepared via a 1,3-dipolar cycloaddition-based approach, were tested for their affinity at human B,-, B,-, and Bz-adrenergic
receptor (B-AR) subtypes stably expressed in CHO cells. The corresponding 3-isopropenyl derivatives (+)-5a/(—)-5b, (—)-5a/(+)-5b,
and some isoxazole analogs were also tested. The binding affinities at the -ARs of the isoxazolinyl amino alcohols were significantly
lower than those of the corresponding isoxazole derivatives. A stereochemical effect was observed, since the process of molecular
recognition is predominantly controlled by the (S)-configuration of the stereogenic center located at the 5 position of the heterocycle
rather than by that of the stereocenter carrying the secondary alcohol group. On the contrary, the stereochemical features margin-
ally affected the efficacy response; as a matter of fact, functional tests carried out on A-isoxazoline derivatives provided with a
detectable binding affinity showed the overall profile of neutral antagonists at all three f-AR subtypes.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

B-Adrenergic receptors (B-ARs) belong to the
superfamily of rhodopsin-like G protein-coupled
receptors (GPCRs) mediating the physiological
responses to noradrenaline (NA) and adrenaline (A).
At present, three B-AR subtypes, classified as -,
B>-, and Ps-adrenergic receptors, have been identified
by means of pharmacological investigations as well
as through cloning of the receptors. Functionally sig-
nificant levels of B;-ARs are found in the heart, kid-
ney, and brain,! B,-ARs are predominant on
vascular, uterine, and airway smooth muscle,> and
Bs-ARs are mainly expressed in adipose tissue.®> All
of them couple primarily to Gog to stimulate adenylyl
cyclase, even though they can also couple to Go; in
some cells under certain conditions.*
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A number of agonists and antagonists for f-ARs have
found application for the clinical treatment of cardio-
vascular diseases and asthma. In particular, B-antago-
nists (‘beta blockers’) are routinely prescribed in
hypertension, coronary heart disease (CHD), and heart
failure, whereas B,-AR agonists are commonly used in
the treatment of asthma owing to their regulatory effect
on bronchial tone. Moreover, research programs have
been addressing the development of selective B3-AR
agonists or partial agonists as potential drugs for the
treatment of obesity and diabetes.’> However, the struc-
tural requirements for a subtype-selective receptor inter-
action of both agonists and antagonists have not been
completely elucidated yet. This is in part due to the lim-
ited comparability of pharmacological data from quite
different biological model systems resulting in a poor
correlation between the pharmacology of various com-
pounds and their therapeutic effectiveness in animal
models.

In the past, we synthesized and tested a set of 3-substi-
tuted A’-isoxazolin-5-yl- and isoxazol-5-yl-ethanolam-
ines as hybrid compounds containing structural
elements common to the nonselective B,/B, antagonist
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Figure 1. Structure of the model and designed compounds.

Falintolol (*)-1,%7 an aliphatic oxime ether, and to
Broxaterol (*)-2, a [B,-selective agonist initially devel-
oped as a potential bronchodilatory agent in the therapy
of asthma,®!! which was later on discontinued (Fig. 1).

Among the investigated compounds, isoxazoles (%+)-3
and (*)-4 behaved as partial agonists at B;-AR and as
antagonists at B,-AR when tested in isolated guinea
pig atria and trachea tissue preparations, respectively.'?
In a parallel study, isoxazoline (£)-5a (Fig. 1) displayed
an affinity profile comparable to those of both (+)-1 and
(+)-2 when assayed at rat C6 glioma cells (B;-receptors)
and at Chinese hamster ovary (CHO) cells transfected
with human B,-AR.!’ In addition, derivative (*)-5a
showed the pharmacological profile of an antagonist at
both B;- and B,-ARs, and, consequently, appeared to
resemble Falintolol or related linear oxime ethers rather
than Broxaterol.!?

Since some of us recently generated CHO cells stably
expressing the three human B-ARs at comparable lev-
els,'* we planned to 1nvest1gate the affinity/efficacy pro-
file at the three receptors of A*-isoxazolines 5-7 (Fig. 1).
In this paper, we report the synthesis of the new stereo-
isomeric pairs of 3-cyclopropyl (+)-6a/(—)-6b, (—)-6a/
(+)-6b and 3-vinyl (+)-7a/(—)-7b derivatives together
with their binding affinity; the binding affinity of the
related analogs reported in Figure 1 has also been eval-
uated. Derivatives with significant binding affinity were
also tested in functional assays at the human Bi-, B,-,
and Bs-receptor subtypes.

2. Chemistry

The novel target 3-cyclopropyl-A*-isoxazolin-5-yl-etha-
nolamines were prepared following a strategy similar
to that applied to the synthesis of aminoalcohols
(+)-5a/(—)-5a and (—)-5b/(+)-5b."> The key step of this
approach is represented by the 1,3-dipolar cycloaddition
of cyclopropancarbonitrile oxide, generated in situ by

treating cyclopropancarbohydroximoyl chloride 9 with
a base, to alkenes (S)-(+)-10'®!7 and (R)-(—)-10'7-'8
(Scheme 1). The stable precursor of the 1,3-dipole was
obtained by chlorination of cyclopropanecarboxalde-
hyde oxime 8'? with benzyltrimethylammonium tetra-
chloroiodate (BTMA ICly), according to a published

protocol.'®

As previously reported, cycloaddition of various nitrile
oxides to 10 is characterized by a pronounced anti dia-
stereoselectivity.? 2> Indeed, the reaction of (S)-(+)-10
[(R)-(—)-10] with cyclopropancarbonitrile oxide pro-
duced anti (+)-11a [(—)-11a] and syn (—)-11b [(+)-11b]
cycloadducts in a 79:21 ratio. After a column chroma-
tography separation, the two diastereomers were sub-
mitted to a series of transformations involving
substituents at positions 3 and 5 of the heterocylic ring.
Thus, the Amberlite IR-120 promoted acetonide cleav-
age provided the related diols (+)-12a [(—)-12a] and
(—)-12b [(+)-12b], which smoothly underwent a Sharp-
less” ‘one-pot’ procedure?® affording epoxides (+)-13a
[(—)-13a] and (—)-13b [(+)-13b] with retention of config-
uration at C-a. Treatment of (+)-13a [(—)-13a] and (—)-
13b [(+)-13b] with an excess of tfert-butylamine in reflux-
ing methanol gave the desired anti (5S,0R)-(+)-6a
[(5R,a.8)-(—)-6a] and syn (SR,aR)-(—)-6b [(5S,a05)-(+)-
6b] ethanolamines (Scheme 1).

Quite similarly, cycloaddition of ethoxycarbonylformo-
nitrile oxide, liberated in situ from ethyl 2-chloro-2-
(hzydroxylmmo) -acetate 14, to (S)- (+) 10 produced

A--isoxazolines (+)-15a and (—)-15b in a 72:28 ratio
(Scheme 2).2%22 The two stereoisomeric esters were sep-
arately functionalized at position 3 through a reduction
with sodium borohydride? to give primary alcohols (+)-
16a and (—)-16b, followed by oxidation to the related
aldehydes (+)-17a and (—)-17b, and then by a Wittig
olefination which afforded 3-vinyl-A’-isoxazolines (+)-
18a and (—)-18b. According to the previously discussed
transformations of the side chain located at position 5,
acetonides (+)-18a and (—)-18b were converted into
diols (+)-19a and (—)-19b, then into epoxides (+)-20a
and (—)-20b, which were subsequently transformed into
final aminoalcohols (5S,0R)-(+)-7a and (5R,aR)-(—)-7b,
respectively (Scheme 2). Absolute configurations to indi-
vidual stereoisomeric aminoalcohols 6a-b and 7a—b were
assigned following the methodology previously applied
to their analogs 5a-b.!>

3. Results and discussion

The 1:1 oxalates of A%isoxazolinyl-ethanolamines (+)-
5a/(—)-5a, (—)-5b/(+)-5b, (+)-6a/(—)-6a, (—)-6b/(+)-6b,
and (+)-7a/(—)-7b were tested for binding affinity at hu-
man f;-, B»-, and B3-ARs in membranes from CHO cells
stably transfected with the respective receptor sub-
types.'* Table 1 reports the dissociation constants (K;
values) of the 1nvest1§ated compounds from competition
experiments with ['*IJcyanopindolol (['*I]CYP) as the
radioligand. The corresponding K; values for (*)-Falin-
tolol oxalate 1,° (+)-Broxaterol 2'!, and the two isoxaz-
oles (#)-3'2 and (#)-4'> have been included for
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comparison. Since binding experiments were carried exhibited the highest affinity for B;-ARs (K; = 433 nM)
out in the presence of 100 uM GTP, all K; values for and B>ARs (K; = 190 nM), but bound with lower affinity

agonists reflect low affinity binding. to B3-ARs (K; = 5350 nM). However, at the Bs-subtype
(+)-5a represented the only isoxazolinyl ethanolamine
Within the group of A-isoxazoline derivatives under derivative with a detectable affinity, since all the related

study, the anti 3-isopropenyl (5S,0R)-(+)-5a isomer analogs 5-7 had K; values higher than 100,000 nM.
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Table 1. Binding affinities from competition experiments for the ligands under study at human B-adrenergic receptor subtypes

Compound By-receptors B,-receptors Bs-receptors

K; (nM) 95% confidence limits K; (nM) 95% confidence limits K; (nM) 95% confidence limits
(+)-5a 433 300-625 190 130-270 5350 5100-5610
(—)-5a 16,500 11,400-24,000 2260 1760-2910 >10° —
(+)-5b 5370 3690-7820 1620 1180-2220 >10° —
(-)-5b >10° — >10° — >10° —
(+)-6a 15,300 10,900-21,600 1,290 840-2000 >10° —
(—)-6a >10° — 33,200 18,500-59,600 >10° —
(+)-6b >10° — 32,300 21,300-50,400 >10° —
(—)-6b >10° — >10° — >10° —
(+)-7a 10,800 9000-13,000 1910 1660-2200 >10° —
(-)-Tb >10° — >10° >10° —
()-1 53.5 39.1-73.2 27.9 20.6-37.7 5120 3530-7420
()2 1310 930-1860 1290 916-1810 3990 3470-4590
(¥)-3 54.1 35.7-82.2 18.0 11.3-28.5 1965 1590-2430
()4 1000 682-1470 418 375-466 24,630 10,400-58,800

50-80 pM ['*’I]CYP were used as radioligand. Experiments were done in the presence of 100 uM GTP. K; values were calculated with the program
SCTFIT and represent geometric mean values of at least three different experiments done in triplicate.

The 3-isopropenyl-isoxazole (%)-3, whose K; values are
quite comparable with those of Falintolol (*)-1, showed
pharmacological characteristics which paralleled those
of the structural analog (+)-5a. However, the affinity
values of (£)-3 at all B-AR subtypes (B;: K; = 54.1 nM;
B,: K;=18.0 nM; Bs3: K; = 1.965 nM) were roughly one
order of magnitude higher than those of (+)-5a. There-
fore, replacement of the isoxazole nucleus with the A%
isoxazoline ring brings about a reduction in the binding
affinity. A parallel behavior in the affinity profile was re-
vealed by comparing the K; values of the 3-cyclopropyl-
isoxazole (+)-4 with those of its related anti isoxazoline
aminoalcohol (5S,0R)-(+)-6a. Although the most potent
isoxazolinyl ethanolamines under investigation show
only moderate affinities mainly at the ;- and B,-ARs,
these compounds provide a valuable tool for further
studies on the process of molecular recognition of the
ligands by the three receptor subtypes, since the binding
affinity of the stereoisomers varies dramatically. The ef-
fect of the stereochemistry on affinity is particularly vis-
ible at the B;- and B,-subtypes, and shows that ligand
recognition appears to be mainly dictated by the stereo-
genic center at C-5. This conclusion is supported by
considering the binding data of the three anti/syn stereo-
isomeric  pairs  (5S,aR)-5a/(5R,0.R)-5b, (5S,0R)-6a/
(5R,aR)-6b, and (5S,aR)-7a/(5R,aR)-7b, and those of
the syn/anti stereoisomers (5S,a.5)-5b/(5R,aS)-5a. Thus,
the ligand-receptor interaction is predominantly con-
trolled by the (S)-configuration at the stereocenter on
the heterocycle, that is (5S,0.R)-5a and (55,0.5)-5b versus
(5R,aR)-5b and (5R,a.S)-5a, rather than by the configu-
ration of the stereocenter bearing the secondary alcohol
moiety, which usually plays a crucial role in the recogni-
tion process by the B-AR subtypes. As a matter of fact,
the absolute configuration of the eutomer is (R)- for the
B-stimulating arylethanolamines and, due to a change in
the priority rules, is (S)- for the aryloxypropanolamines
provided with B-blocking properties.

The isoxazolinyl aminoalcohols (+)-5a, (—)-5a, (+)-5b,
(+)-6a, and (+)-7a showed reasonable binding affinity
for at least one B-AR subtype and were, therefore,

submitted to a functional assay along with reference
compounds (+)-1-(%)-4. Stimulation of adenylyl cyclase
(AC) was tested in membranes from stably transfected
CHO cells with similar receptor expression for each
B-AR subtype.!* All compounds were tested for activity
at a concentration of 100 pM. The maximal stimulation
obtained with isoproterenol (100%) and the basal activ-
ity (0%) were used as reference points to evaluate the
efficacy of the test compounds. From our previous char-
acterization of the transfected CHO cell clones used in
this study we know that ECs, values for agonists tend
to be lower than the corresponding K; values from bind-
ing experiments.'* Therefore, if ligands were used at K;
concentrations a more than 50% signal is expected from
a compound with agonistic activity. The values for
isoxazolinyl derivatives in Table 2 showing low or no
efficacy indicate, therefore, that the compounds with
detectable binding affinity are indeed antagonists at all
three B-AR subtypes. The data in Table 2 confirm that
Broxaterol (+)-2 is a partial agonist at ,- and B5- recep-
tors, whereas it is an antagonist at B;-receptors.'>!*

Table 2. Adenylyl cyclase responses of human B-adrenergic receptor
subtypes to selected ligands

Compound Efficacy % (isoproterenol = 100%)
By-rec. SEM  Bo-rec. SEM  Bs-rec. SEM

(+)-5a 39 40 1.2 41 1.1 5.4
(—)-5a 60 7.3 120 2.6 —* -2
(+)-5b 08 3.5 57 49 —=2 -2
(+)-6a 14 46 —-119 53 — -2
(+)-7a 46 1.8 13.7 4.0 —*° -2
(¥)-1 29 62 -350 6.7 -1.0 5.1
()2 84 25 875 6.7 41.8 32
(-3 -25 72 36.1 7.6 20.3 2.3
()4 —13.0 9.7 470 7.0 14.5 0.5

Membranes were prepared from cells with comparable receptor

expression level. Adenylyl cyclase stimulation represents the percent-

age of maximal stimulation achieved by 100 uM isoproterenol (positive

values) or percent inhibition of basal activity (negative values).

4 Efficacy cannot be determined for compounds showing no binding
affinity within detection limit.
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The same holds true for the isoxazoles (£)-3 and (*)-4,
although the partial agonistic activity at Bs-receptors is
marginal. As a consequence, the functional B;-selectivity
which characterizes the 3-bromo isoxazole (*)-2 is a
property shared, to a lesser extent, by the 3-isopropenyl
[(£)-3] and the 3-cyclopropyl [(¥)-4] analogs demon-
strating that the presence of the heteroaromatic moiety
is a prerequisite for agonistic activity at 3,- and, to some
degree, at B3-ARs. Such a property is not shared by the
corresponding isoxazoline analogs. Interestinglg, Falin-
tolol (*)-1, which is structurally related to the A“-isoxaz-
oline derivatives 5-7, shows inverse agonism at B,-AR
subtypes.

4. Conclusions

The present results put in evidence that, in a group of
structurally related ligands for the B-ARs, the replace-
ment of the isoxazole ring with the A*isoxazoline moi-
ety produced some reduction of the binding affinity at
B-adrenergic receptors and, at the same time, turned
the mixed B;-antagonists and [,/Bs;-agonists into neu-
tral antagonists at all three B-ARs. The novel enantio-
pure isoxazolinyl aminoalcohols showed dramatically
different binding characteristics in particular at -
and B,-receptors, depending on the stereochemistry of
the compounds. Binding affinity was controlled by
the (S)-configuration at the sterecocenter located on
the heterocycle rather than by the configuration of
the stereocenter bearing the secondary alcohol group.
This observation makes these compounds interesting
tools for studies devoted to ligand recognition and
activation of B-ARs.

5. Experimental
5.1. Materials and methods

Cyclopropancarbaldehyde oxime,'> BTMA ICl,,"
(S)-(+)-10'%17 and (R)-(—)-10,'®!8 2-chloro-2-(hydroxy-
imino)-acetate 14,%° (*)-Falintolol oxalate (%)-1,° (¥)-
Broxaterol 2 (free base),!' isoxazoles (+)-3 and (*)-4
(free bases),'> and the 1:1 oxalates of A*-isoxazolines
(+)-5a/(—)-5a and (—)-5b/(+)-5b'> were all prepared
according to published procedures. '"H NMR and '*C
NMR spectra were recorded with a Varian Mercury
300 ("H, 300.063; '*C, 75.451 MHz) in CDCl; solutions:;
chemical shifts (§) are expressed in ppm and coupling
constants (J) in hertz. The NMR data of final com-
pounds refer to the corresponding free bases. Melting
points were determined on a Mod. B 540 Biichi appara-
tus and are uncorrected. Liquid compounds were char-
acterized by the oven temperature for bulb to bulb
distillations. Rotary power determinations were carried
out with a Perkin-Elmer 241 polarimeter coupled with
a Haake N3-B thermostat. TLC analyses were per-
formed on commercial silica gel 60 F254 aluminum
sheets: spots were further evidenced by spraying with a
dilute alkaline potassium permanganate solution.
Microanalyses (C, H, and N) of new compounds agreed
with the theoretical value +0.4%.

The radioligand (—)-3-["**T]Iodocyanopindolol
(['"**1]CYP) was purchased from Amersham Biosciences
(specific activity, 2200 Ci/mmol). [a-**PJATP was from
Perkin-Elmer LifeScience. Cell culture media and
fetal calf serum were from PanSystems, penicillin
(100 U/mL), streptomycin (100 ug/mL), L-glutamine,
and G-418 were purchased from Gibco-Life Technolo-
gies. All other materials were from sources as described
earlier.'*

5.2. Chemical experimental section

5.2.1. 2-tert-Butylamino-1-(3-cyclopropyl-4,5-dihydroiso-
xazol-5-yl)-ethanols (+)-6a/(—)-6a and (+)-6b/(—)-6b. (A)
To a solution of cyclopropancarbaldehyde oxime 8'2
(4.50 g, 52.88 mmol) in dichloromethane (100 mL) was
added BTMA ICl,'° (22.15 g, 52.88 mmol). The suspen-
sion disappeared in about 15 min upon vigorous stirring
at rt. The resulting yellow solution was further stirred at
rt for an additional 45 min and then diethyl ecther
(400 mL) was added. The precipitate was filtered off
and evaporation of the filtrate afforded 5.30 g (84%
yield) of crude cyclopropancarbohydroximoyl chloride
9 as a yellowish oil, which was used without further
purification.

(B) To an ethyl acetate solution (250 mL) of crude
hydroximoyl chloride 9 (5.30 g, 44.33 mmol) and (S)-
(+)-10'¢ (6.0 g, 46.81 mmol) was added solid sodium
bicarbonate (18.50 g, 0.22 mol). After stirring at rt for
about 3 d, the slurry was poured into water, the organic
layer separated and the aqueous phase was extracted
with ethyl acetate (3x 50 mL). The pooled organic
extracts were dried over anhydrous sodium sulfate and
the solvent was removed under reduced pressure. A
silica gel column chromatography of the residue (eluant:
10% ethyl acetate/petroleum ether) gave 3.32 g of the
anti isomer (+)-11a and 0.900 g of the syn isomer
(—)-11b (45% overall yield).

Compound (+)-11a (5S,aR): colorless prisms (from

petroleum ether/ethyl acetate), mp 70.5-72.5°C. Ry

0.40 (eluant: 30% ethyl acetate/cyclohexane); [o]p)

+91.8 (¢ 1.0, CHCly); 'H NMR: 0.76 (m, 2H), 0.90
(m, 2H), 1.34 (s, 3H), 1.41 (s, 3H), 1.80 (m, 1H),
2.76 (dd, 1H, J=6.3 and 16.9), 2.88 (dd, 1H, J=9.9
and 16.9), 3.90 (dd, 1H, J=4.4 and 8.0), 3.98 (m,
1H), 4.09 (dd, 1H, J=6.1 and 8.0), 4.42 (ddd, 1H,
J=6.3, 6.6 and 9.9). Anal. Calcd for C;;H7;NO;5: C,
62.54; H, 8.11; N, 6.63. Found: C, 62.22; H, 8.38; N,
6.29.

Compound (—)-11b (5R,aR): colorless prisms (from
petroleum ether/ethyl acetate), mp 73-74.5 °C. R; 0.29
(eluant: 30% ethyl acetate/cyclohexane); [a]g) —120.9 (c
0.98, CHCl;); 'H NMR: 0.77 (m, 2H), 0.89 (m, 2H),
1.35 (s, 3H), 1.43 (s, 3H), 1.77 (m, 1H), 2.67 (dd, 1H,
J=8.0 and 16.9), 2.81 (dd, 1H, J=10.6 and 16.9),
3.79 (dd, 1H, J=6.7 and 8.0), 4.04 (dd, 1H, J=28.0
and 8.0), 4.24 (m, 1H), 4.60 (ddd, 1H, J =4.8, 8.0 and
10.6). Anal. Calcd for C;;HsNOs: C, 62.54; H, 8.11;
N, 6.63. Found: C, 62.30; H, 7.98; N, 6.41.
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Cycloaddition to (R)-(—)-10 along with the above-de-
scribed protocol allowed isolation of stereoisomers
(—)-11a and (+)-11b in comparable yields.

Compound (—)-11a (5R,aS): mp 70-72 °C; [oc]f)o -90.3 (¢
0.99, CHCls). Anal. Calcd for C;;H7NOx5: C, 62.54; H,
8.11; N, 6.63. Found: C, 62.25; H, 7.90; N, 6.55.

Compound (+)-11b (5S,aS): mp 73-74.5 °C; [oc]]z)o +118.9
(¢ 1.0, CHCI3). Anal. Caled for C1H;NOs: C, 62.54; H,
8.11; N, 6.63. Found: C, 62.65; H, 8.07; N, 6.38.

(C) A mixture of (+)-11a (1.40 g, 6.63 mmol) and 1.0 g
of Amberlite IR-120 (plus) in 150 mL methanol was stir-
red and heated at reflux for 2 h. The reaction mixture
was filtered and concentrated at reduced pressure.
Column chromatography of the residue on silica gel
afforded 1.03 g (91% yield) of the desired diol (+)-12a.

Compound (+)-12a (5S,aR): colorless leaflets (from
diisopropyl ether), mp 84-85 °C. R¢ 0.30 (eluant: ethyl
acetate); [oc]]z)o +113.1 (¢ 1.0, CHCI,); '"H NMR: 0.77
(m, 2H), 0.90 (m, 2H), 1.77 (m, 1H), 2.08 (br s, 1H),
2.58 (br s, 1H), 2.76 (dd, 1H, J=10.3 and 17.0), 2.89
(dd, 1H, J=8.4 and 17.0), 3.59 (dd, 1H, J=5.9 and
11.4), 3.67-3.85 (m, 2H), 4.51 (ddd, 1H, J=15.0, 8.4
and 10.3). Anal. Calcd for CgH;3NO3: C, 56.13; H,
7.65; N, 8.18. Found: C, 56.40; H, 7.70; N, 7.92.

The same procedure carried out on 3-cyclopropyl-A*-
isoxazolines (—)-11a, (—)-11b, and (+)-11b produced
diols (—)-12a, (—)-12b, and (+)-12b in similar yields.

Compound (—)-12a (5R,a.S): mp 84-85 °C; [oc]f)() -110.9
(¢ 0.99, CHCIs). Anal. Calcd for CgH;3NO5: C, 56.13;
H, 7.65; N, 8.18. Found: C, 55.88; H, 7.47; N, 8.39.

Compound (—)-12b (5R,aR): colorless prisms (from
diisopropyl ether), mp 92.5-93.5 °C. R;0.23 (eluant: eth-
yl acetate); [o]5y —166.7 (¢ 1.0, CHCl3); 'H NMR: 0.78
(m, 2H), 0.91 (m, 2H), 1.78 (m, 1H), 2.50 (br s, 2H),
2.77 (dd, 1H, J = 8.0 and 16.7), 2.86 (dd, 1H, J=10.0
and 16.7), 3.59 (m, 1H), 3.71 (m, 2H), 4.60 (ddd, 1H,
J=4.6, 8.0 and 10.0). Anal. Calcd for CgH{3NO;3: C,
56.13; H, 7.65; N, 8.18. Found: C, 56.27; H, 7.90; N,
8.37.

Compound (+)-12b (5S,a.S): mp 92-93 °C; [oc]g) +165.2
(¢ 1.0, CHCI). Anal. Caled for CgH{3NO5: C, 56.13;
H, 7.65; N, 8.18. Found: C, 56.25; H, 7.35; N, 8.03.

(D) To a solution of 0.500 g (2.92 mmol) of (+)-12a in
dichloromethane (7.5 mL) were added toluene-4-sulfon-
ic acid monohydrate (7.5 mg) and trimethyl orthoace-
tate (445 pL, 3.53 mmol). After stirring at rt for 0.5 h,
the volatiles were evaporated at reduced pressure and
the residue was dissolved in dichloromethane (7.5 mL).
Trimethylchlorosilane (525 pL, 4.14 mmol) was then
added and the reaction mixture was stirred for 4 h at
rt. After removal of the solvent, the residue was taken
up with MeOH (15 mL) and treated with potassium car-
bonate (0.810 g). The suspension was vigorously stirred
for 1 h and then 30 mL of a saturated aqueous solution

of ammonium chloride was added. The reaction mixture
was extracted with dichloromethane (3x 15mL) and,
after the usual work-up, the residue was purified by col-
umn chromatography (eluant: 20% ethyl acetate/petro-
leum ether), affording 0.295g (66% yield) of the
desired epoxide (+)-13a.

Compound (+)-13a (5S,aR): colorless oil, bp 140-
145 °C/1.5 mm Hg. R; 0.67 (eluant: 30% eth?ll acetate/
cyclohexane); [« +121.2 (¢ 1.0, CHCl;); 'H NMR:
0.77 (m, 2H), 0.87 (m, 2H), 1.79 (m, 1H), 2.58 (m,
1H), 2.65 (dd, 1H, J=6.9 and 16.7), 2.83 (m, 1H),
2.86 (dd, 1H, J=10.2 and 16.7), 3.07 (m, 1H), 4.46
(ddd, 1H, J=4.7, 6.9, and 10.2). Anal. Calcd for
CgH [ NO,: C, 62.73; H, 7.24; N, 9.14. Found: C,
62.39; H, 6.91; N, 9.39.

Epoxides (—)-13a, (—)-13b, and (+)-13b were prepared
from diols (—)-12a, (—)-12b, and (+)-12b in comparable
yields through the same sequence of steps.

Compound (—)-13a gSR,ch): colorless oil, bp 140-
145 °C/1.5 mm Hg. [oc]DO —120.2 (¢ 1.01, CHCl3). Anal.
Calcd for CgH1NO,: C, 62.73; H, 7.24; N, 9.14. Found:
C, 62.59; H, 7.50; N, 8.92.

Compound (—)-13b (5R,aR): colorless oil, bp 140-
145 °C/1.5 mm Hg. Ry 0.25 (eluant: 40% eth}/l acetate/
cyclohexane); [o], —132.5 (¢ 0.98, CHCl;); 'H NMR:
0.78 (m, 2H), 0.89 (m, 2H), 1.77 (m, 1H), 2.71 (dd,
IH, J=17.5 and 16.7), 2.78 (m, 2H), 2.92 (dd, 1H,
J=10.5 and 16.7), 3.11 (m, 1H), 4.55 (ddd, 1H,
J=4.6, 7.5 and 10.5). Anal. Calcd for CgH{{NO,: C,
62.73; H, 7.24; N, 9.14. Found: C, 63.0; H, 7.15; N, 8.88.

Compound (+)-13b (ZSS,ch): colorless oil, bp 140-
145 °C/1.5 mm Hg. [oc]DO +135.0 (¢ 1.0, CHCl3). Anal.
Calcd for CgH [ NO,: C, 62.73; H, 7.24; N, 9.14. Found:
C, 62.60; H, 7.41; N, 9.35.

(E) A stirred solution of (+)-13a (250 mg, 1.63 mmol)
and tert-butylamine (1 mL, 9.5 mmol) in methanol
(10 mL) was refluxed until TLC evidenced the disap-
pearance of the starting material (about 2 h). The sol-
vent and excess reagent were removed under vacuum,
then the residue was dissolved in 3 N HCI (15 mL) and
washed with diethyl ether (3x 10 mL). The aqueous
layer was alkalinized with solid sodium carbonate and
extracted with dichloromethane (3x 10 mL). After the
usual work-up, the colorless oily residue of the pooled
organic extracts (314 mg, 85% yield) was dissolved in
ethanol and treated with a threefold excess of anhydrous
oxalic. The corresponding oxalate, which precipitated
immediately, was recovered by suction filtration.

Compound (+)-6a (5S,aR): thick colorless oil. Ry 0.23
(eluant: 40% methanol/chloroform); 'H NMR: 0.71
(m, 2H), 0.82 (m, 2H), 1.03 (s, 9H), 1.71 (m, 1H), 2.18
(br s, 2H), 2.46 (dd, 1H, J=7.7 and 12.0), 2.73 (dd,
1H, J=3.8 and 9.1), 2.75-2.84 (m, 2H), 3.45 (m, 1H),
430 (ddd, 1H, J=6.7, 7.9 and 9.7); 3C NMR: 6.9
(CH,, cyclopropyl), 9.9 (CH, cyclopropyl), 30.0
(CMe;), 38.1 (C-4), 45.4 (CH,N), 51.3 (NHC), 71.4



C. Dallanoce et al. | Bioorg. Med. Chem. 14 (2006) 43934401 4399

(CHOH), 823 (C-5), 1624 (C-3). (+)-6a
(5S,aR) x C,;H,04: colorless prisms (from 2-propanol),
mp 158.5-160 °C; [a]3y +112.3 (¢ 1.0, MeOH). Anal.
Calcd for C;4HouN,O4: C, 53.15; H, 7.65; N, 8.86.
Found: C, 53.39; H, 7.54; N, 8.97.

Isomeric aminoalcohols (—)-6a, (—)-6b, and (+)-6b were
obtained in comparable yields from epoxides (—)-13a,
(—)-13b, and (+)-13b, respectively.

Compound (—)-6a (SR,aS) x CoH,04: Colorless prisms
(from 2-propanol), mp 158.5-160 °C; [oc] —111.6 (c
1.0, MeOH). Anal. Calcd for Ci4H-4N>Oq: C, 53.15;
H, 7.65; N, 8.86. Found: C, 52.95; H, 7.38; N, 8.69.

Compound (—)-6b (5R,aR): thick colorless oil. R 0.15
(eluant: 40% methanol/chloroform); 'H NMR: 0.76
(m, 2H), 0.87 (m, 2H), 1.08 (s, 9H), 1.76 (m, 1H), 2.16
(br s, 2H), 2.69 (m, 2H), 2.81 (m, 2H), 3.53 (m, 1H),
4.50 (ddd, 1H, J=3.5, 8.3 and 8.3); 13C NMR: 6.9
(CH,, cyclopropyl), 9.9 (CH, cyclopropyl), 29.9
(CMes), 38.0 (C-4), 45.6 (CH,N), 51.3 (NHC), 71.8
(CHOH), 82.5 (C-5), 1624 (C-3). (—)-6b
(5R,aR) x C,H,0O4: colorless prlsms gfrom 2-propanol/
diethyl ether), mp 122-123.5°C; ]D —100.1 (¢ 1.0,
MeOH). Anal. Caled for Ci4H»4N>Oq: C, 53.15; H,
7.65; N, 8.86. Found: C, 52.89; H, 7.44; N, 9.08.

Compound (+)-6b (5S,0S) x C;H,04: colorless prisms
(from 2-propanol/diethyl ether), mp 122-123.5 °C; [« ]20
+102.9 (¢ 1.0, MeOH). Anal. Calcd for C;4H,4N,Og:
C, 53.15; H, 7.65; N, 8.86. Found: C, 53.21; H, 7.82;
N, 8.75.

5.2.2. 2-tert-Butylamino-1-(3-vinyl-4,5-dihydroisoxazol-
5-yl)-ethanols (+)-7a and (—)-7b. (A) To an ethyl acetate
solution (400 mL) of ethyl 2-chloro-2-(hydroxyimino)-
acetate 14?° (7.5 g, 49.49 mmol) and (S)-(+)-10'¢ (6.0 g,
46.81 mmol) was added solid sodium bicarbonate
(20.17 g, 0.24 mol). After stirring at rt for about 1d,
the slurry was poured into water and treated as de-
scribed for the previous cycloaddition. A silica gel
column chromatography of the residue (eluant: 10%
ethyl acetate/petroleum ether) gave 4.94 g of the anti
isomer (+)-15a and 1.92 g of the syn isomer (—)-15b
(57% overall yield).

Compound (+)-15a (58,2R): [o 15 +93.8 (¢ 1.0, CHCls)
{1it.20 [o]% +95.1 (c 1.88, CHCl3)}. Analytical and spec-
troscopic data matched those known from the
literature.°

Compound (—)-15b (5R,aR): [o]3y —99.7 (¢ 0.98, CHCls)
{1it.20 [a]5y —93.6 (¢ 0.69, CHCl3)}. Analytical and spec-
troscopic data matched those known from the
literature.2°

(B) To an ice-cooled solution of (+)-15a (3.0g,
12.33 mmol) in absolute EtOH (150 mL) was slowly
added sodium borohydride (875 mg, 23.13 mmol). After
stirring at rt for about 5 h, the crude reaction mixture
was concentrated at reduced pressure, filtered on a
short Celite pad, and submitted to a silica gel column

chromatography (eluant: 40% petroleum ether/ethyl
acetate), affording 2.33 g (94% yield) of the primary
alcohol (+)-16a.

Compound (+)-16a (5S,aR): colorless leaflets (from
diisopropyl ether) mp 47-49 °C. R; 0.53 (eluant: ethyl
acetate); [o)5 +96.4 (¢ 0.98, CHCls); '"H NMR: 1.32 (s,
3H), 1.41 (s, 3H), 2.58 (br s, 1H), 3.03 (dd, 1H, J=7.5
and 17.6), 3.16 (dd, 1H, J= 10.2 and 17.6), 3.84 (m,
1H), 4.08 (m, 2H), 4.38 (s, 2H), 4.55 (ddd, 1H, J =64,
7.5 and 10.2). Anal. Calcd for CoH{5NOy4: C, 53.72; H,
7.51; N, 6.96. Found: C, 53.95; H, 7.25; N, 6.71.

The same procedure applied to ester (—)-15b gave
alcohol (—)-16b with a comparable yield.

Compound (—)-16b (5R,aR): colorless leaflets (from
diisopropyl ether) mp 43-45°C. R 0.41 (eluant: ethyl
acetate); [o]y —120.8 (¢ 1.0, CHCLy); 'H NMR: 1.33
(s, 3H), 1.41 (s, 3H), 2.30 (br s, 1H), 2.94 (dd, 1H,
J=8.0 and 17.7), 3.12 (dd, lH, J=10.7 and 17.7),
3.80 (dd, 1H, J=7.1 and 8.6), 4.05 (dd, 1H, J=7.1
and 7.1), 4.23 (m, 1H), 4.40 (s, 2H), 4.69 (ddd, 1H,
J=15.0, 8.0 and 10.7). Anal. Calcd for CoH5NO4: C,
53.72; H, 7.51; N, 6.96. Found: C, 53.88; H, 7.30; N
7.18.

(C) A suspension of (+)-16a (2.0 g, 9.94 mmol), pyridin-
ium chlorochromate (10.71 g, 49.70 mmol), and sodium
acetate (3.26 g, 39.76 mmol) in dichloromethane
(120 mL) was stirred at rt until disappearance of the
starting material (about 1 h). Celite was added followed
by diethyl ether (100 mL), the resulting slurry was fil-
tered under vacuum under a short silica pad and washed
with diethyl ether. The filtrate was treated with a satu-
rated solution of copper sulfate, and the organic phase
was dried and evaporated. The crude intermediate alde-
hyde (+)-17a was submitted to the following step with-
out further purification.

To an ice-cooled stirred suspension of potassium tert-
butoxide (2.17 g, 19.31 mmol) in anhydrous toluene
(200 mL) was added portionwise methyltriphenylphos-
phonium bromide (7.38 g, 20.66 mmol). After heating
at reflux for 1 h, the suspension was cooled at rt. A solu-
tion of crude (+)-17a (1.65 g, 8.28 mmol) in toluene
(10 mL) was then added dropwise. The mixture was stir-
red at rt for about 30 min until disappearance of the
starting material; the progress of the reaction was
monitored by TLC (eluant: 20% ethyl acetate/petroleum
ether). Acetone (15 mL) and water (50 mL) were then
added, the organic phase was separated and the aqueous
phase was extracted with ether (3x 50 mL). After the
usual work-up, the residue was submitted to column
chromatography (eluant: 10% ethyl acetate/petroleum
ether) affordmg 1.10 g (56% overall yield) of the desired
anti 3-vinyl-A*-isoxazoline (+)-18a.

Compound (+)-18a (5S,aR): colorless oil, bp 115-
120 °C/1.5 mm Hg. R; 0.38 (eluant: 20% ethyl acetate/
petroleum ether); [o]y +137.5 (¢ 1.10, CHCls);

NMR: 1.32 (s, 3H), 1.40 (s, 3H), 3.08 (dd 1H, J= 71
and 16.8), 3.17 (dd, 1H, J=10.0 and 16.8), 3.91 (dd,
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1H, J=4.3 and 7.9), 4.02 (m, 1H), 4.09 (dd, 1H, J=6.1
and 7.9), 4.54 (ddd, 1H, J=6.1, 7.1 and 10.0), 5.48 (d,
1H, J=17.9), 5.53 (d, 1H, J=10.7), 6.64 (dd, 1H,
J=10.7 and 17.9). Anal. Caled for C,oH;sNOs: C,
60.90; H, 7.67; N, 7.10. Found: C, 60.57; H, 7.98; N,
6.95.

Alkene (—)-18b was obtained quite similarly by applying
the above-described protocol to alcohol (—)-16b.

Compound (—)-18b (5R,aR): colorless oil, mp 110-
115°C/1.5 mm Hg. R;0.31 (eluant: 20% ethyl acetate/pe-
troleum ether); [o]7) —212.3 (¢ 1.0, CHCl3); "H NMR: 1.30
(s, 3H), 1.39 (s, 3H), 2.92 (dd, 1H, J = 8.2 and 16.8), 3.08
(dd, 1H,J = 10.7and 16.8),3.77 (dd, 1H, J = 6.9 and 8.0),
4.01(dd, 1H, J = 8.0and 8.0),4.20 (m, 1H), 4.64 (ddd, 1H,
J=438,82and 10.7),542 (d, 1H, J=17.9), 5.52 (d, 1H,
J=10.7), 6.60 (dd, 1H, J=10.7 and 17.9). Anal. Calcd
for C,oH;5sNOs: C, 60.90; H, 7.67; N, 7.10. Found: C,
61.15; H, 7.40; N, 6.88.

(D) Acetonide (+)-18a (850 mg, 4.31 mmol) was con-
verted into diol (+)-19a (596 mg, 88% yield) through
the procedure above described for (+)-11a. Isomeric diol
(—)-19b was prepared in a similar yield from (—)-18b.

Compound (+)-19a (5S,aR): colorless leaflets (from
diisopropyl ether), mp 61.5-63 °C. R; 0.42 (eluant: ethyl
acetate); [a]g) +181.0 (¢ 1.05, CHCl3); '"H NMR: 2.08 (br
s, 2H), 3.08 (dd, 1H, J=10.7 and 16.7), 3.21 (dd, 1H,
J=8.3 and 16.7), 3.68 (dd, 1H, J=5.9 and 11.3),
3.73-3.90 (m, 2H), 4.64 (ddd, 1H, J=5.4, 83 and
10.7), 5.52 (d, 1H, J=17.7), 5.60 (d, 1H, J=10.8),
6.66 (dd, 1H, J=10.8 and 17.7). Anal. Calcd for
C;H;1NOs3: C, 53.49; H, 7.05; N, 8.91. Found: C,
53.61; H, 7.22; N, 8.84.

Compound (—)-19b (5R,aR): colorless leaflets (from
diisopropyl ether), mp 91.5-93.5 °C. R;0.30 (eluant: eth-
yl acetate); [a]?y —212.2 (¢ 1, CHCI3); "H NMR: 1.60 (br
s, 2H), 3.08 (dd, 1H, J=8.6 and 16.9), 3.19 (dd, 1H,
J=12.1 and 16.9), 3.67 (m, 1H), 3.78 (m, 2H), 4.75
(ddd, 1H, J =4.1, 8.6 and 12.1), 5.52 (d, 1H, J=17.7),
5.60 (d, 1H, J=10.8), 6.67 (dd, 1H, J=10.8 and
17.7). Anal. Caled for C;H;1NO;5: C, 53.49; H, 7.05;
N, 8.91. Found: C, 53.27; H, 6.85; N, 9.12.

(E) The sequence previously illustrated for the synthesis
of (+)-13a and (—)-13b was applied to diols (+)-19a and
(—)-19b, affording isomeric epoxides (+)-20a and (—)-
20b in 54% and 72% yield, respectively.

Compound (+)-20a (5S,R): colorless needles (from
cyclohexane/ethyl acetate), mp 97.5-100°C. Ry 0.42
(eluant: 30% ethyl acetate/petroleum ether); [o]})
+198.0 (¢ 1.10, CHCly); 'H NMR: 2.63 (dd, 1H,
J=2.8 and 4.7), 2.84 (dd, 1H, J=4.7 and 4.7), 2.96
(dd, 1H, J=7.8 and 17.2), 3.12 (m, 1H), 3.14 (dd, 1H,
J=10.9 and 17.2), 4.60 (ddd, 1H, J=4.8, 7.8 and
10.9), 547 (d, 1H, J=17.8), 558 (d, 1H, J=10.8),
6.66 (dd, 1H, J=10.8 and 17.8). Anal. Calcd for
C,HgNO,: C, 60.42; H, 6.52; N, 10.07. Found: C,
60.38; H, 6.27; N, 9.92.

Compound (—)-20b (5R,aR): colorless prisms (from
diisopropyl ether), mp 78-80 °C. R¢0.31 (eluant: 30% eth-
yl acetate/petroleum ether); [oc}zDO —235.0(c 1, CHCly); 'H
NMR: 2.80 (m, 2H), 3.04 (dd, 1H, J = 7.5 and 16.5), 3.15
(m, 1H), 3.22 (dd, 1H, J = 11.3 and 16.5), 4.64 (ddd, 1H,
J=438,7.5and 11.3),5.49 (d, 1H, J =17.9), 5.57 (d, 1H,
J=10.8), 6.66 (dd, 1H, J=10.8 and 17.9). Anal. Calcd
for C;HoNO,: C, 60.42; H, 6.52; N, 10.07. Found: C,
60.63; H, 6.38; N, 9.98.

(F) Epoxides (+)-20a and (—)-20b were reacted with terz-
butylamine as described above yielding amino alcohols
(+)-7a and (—)-7b in 92% and 87% yield, respectively.

Compound (+)-7a (5S,aR): thick colorless oil. R 0.35
(eluant: 40% methanol/chloroform); '"H NMR: 1.02 (s,
9H), 2.25 (br s, 2H), 2.49 (dd, 1H, J=7.9 and 12.0),
2.76 (dd, 1H, J=3.8 and 12.0), 3.03 (dd, 1H, J=10.6
and 16.7), 3.10 (dd, 1H, J=7.9 and 16.7), 3.50 (m,
1H), 4.44 (ddd, 1H, J=6.7, 7.9 and 10.6), 5.44 (d, 1H,
J=17.6), 5.50 (d, 1H, J=10.8), 6.60 (dd, 1H, J=10.8
and 17.6); *C NMR: 29.5 (CMe;), 35.5 (C-4), 44.7
(CH,N), 50.7 (NHC), 70.8 (CHOH), 83.0 (C-5), 122.5
(CH=CH,), 127.0 (CH=CH,), 158.1 (C-3). (+)-7a
(5S,0.R) x C,H,04: colorless prisms (from 2-propanol),
mp 157.5-159 °C; [oc}g) +176.9 (¢ 1.0, MeOH). Anal.
Calcd for C;3H,N,Oq: C, 51.65; H, 7.33; N, 9.27.
Found: C, 51.59; H, 7.40; N, 9.22.

Compound (—)-7b (5R,aR): thick colorless oil (crystalline
on standing). R;0.22 (eluant: 40% methanol/chloroform);
"H NMR: 1.07 (s, 9H), 2.20 (br s, 2H), 2.71 (dd, 1H,
J=6.7 and 12.0), 2.77 (dd, 1H, J=5.0 and 12.0), 3.12
(m, 2H), 3.60 (m, 1H), 4.64 (ddd, 1H, J=3.5, 8.4 and
8.4), 549 (d, 1H, J =17.6), 5.56 (d, 1H, J = 10.8), 6.66
(dd, 1H, J=10.8 and 17.6); °C NMR: 29.4 (CMe3),
354 (C-4), 44.8 (CH;,N), 50.5 (NHC), 71.2 (CHOH),
83.2 (C-5), 122.4 (CH=CH,), 126.9 (CH=CH,), 158.2
(C-3). (—)-7b (5R,a.R) x C,H,0y: colorless needles (from
2-propanol), mp 212-215.5°C; [oc]lz)o —242.7 (¢ 1.0,
MeOH). Anal. Caled for C;3H»N,Oq: C, 51.65; H,
7.33; N, 9.27. Found: C, 51.80; H, 7.25; N, 9.09.

5.3. Pharmacological experimental section

5.3.1. Cell culture and membrane preparation. CHO cells
expressing the stably transfected human B-adrenergic
receptor subtypes were grown adherently and main-
tained in Dulbecco’s modified Eagle’s medium with
nutrient mixture F12 (DMEM/F12), containing 10% fe-
tal calf serum, penicillin (100 U/mL), streptomycin
(100 pg/mL), L-glutamine (2 mM), and Geneticin (G-
418, 0.2 mg/mL) at 37 °C in 5% CO,/95% air. Details
are described by Hoffmann et al.!* Membranes for radi-
oligand binding were prepared from frozen cells in a
two-step procedure as described previously.?® For the
measurement of adenylyl cyclase a one-step procedure
from fresh cells was used.!#2¢

5.3.2. Radioligand binding studies and adenylyl cyclase
activity. Radioligand binding experiments were carried
out as described recently.'* In brief, membranes from
CHO cells stably transfected with human B-adrenergic
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receptor subtypes (B, B, about 5 pg, B3 about 25 pg of
protein) were incubated with the antagonist ['>’IJCYP
in a concentration of about 50 pM in the case of Bi-
and B,-receptors or about 80 pM ['2’TJCYP for Bs-recep-
tors. Assays were carried out in 50 mM Tris/HCI, pH 7.4
(assay buffer), containing 100 uM GTP, in a total vol-
ume of 200 pL. GTP was added to achieve monophasic
binding curves for agonists. Membranes were incubated
for 90 min at 30 °C. Bound ligand was separated from
free ligand by filtration through Whatman GF/C filters,
which were then washed three times with ice-cold assay
buffer. Non-specific binding was determined in the pres-
ence of 10 uM alprenolol. K; values were calculated by
nonlinear curve fitting with the program SCTFIT.?’

The activity of adenylyl cyclase in cell membranes was
determined as described recently.'* Briefly, the conver-
sion of [o-**P]ATP to [**P]cAMP was measured in an as-
say mixture containing membranes from CHO cells
expressing human B-adrenergic receptor subtypes (about
50 pg of protein), 100 uM cAMP, 0.2% BSA, 10 uM
GTP, 100 uM ATP, 1 mM MgCl,, 100 pM isobutylm-
ethylxantine, and an ATP-regenerating system consist-
ing of 15mM phosphocreatine and 300 U/mL of
creatine kinase in 50 mM Tris/HCI, pH 7.4. The reaction
was allowed to proceed for 20 min at 37 °C. The reac-
tion was stopped by precipitation with ZnAc and
Na,CO5. After centrifugation, [**PJcAMP and remain-
ing [0-**PJATP in the supernatant were separated by
chromatographg over alumina (neutral) columns and
the amount of [**PlcAMP was determined in a p-count-
er. The efficacy of compounds under investigation was
tested at a concentration of 100 uM and compared to
the stimulation by 100 uM isoproterenol (100%) over
basal adenylyl cyclase activity (0%). Inverse agonistic
activity is expressed as percent inhibition of basal
activity.
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