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Abstract: We recently reported the use of an exhaustively
stereodiversified library based on endomorphin-2 (1) to dis-
cover µ opioid receptor (MOR) ligands of type 2-4. Here, we
report the synthesis and evaluation of 2,6-dimethyltyrosine
analogues 5-10. These analogues showed improved affinity
for MOR relative to 2-4. In the cases of 5 and 6, we
synthesized and evaluated five stereoisomers of each, thereby
discovering stereoisomers with unexpected potency, selectivity,
and efficacy. These results illustrate the utility of acyclic,
stereodiverse libraries.

Introduction. Screening of libraries of diverse com-
pounds is a powerful approach to the discovery of small
molecules with desired biologic properties.1 Currently,
many libraries are synthesized by attaching varied side
chains to a rigid, cyclic scaffold.2 Although these librar-
ies incorporate a large amount of structural diversity,
the single fixed scaffold may limit the functional diver-
sity of the library. To complement this approach, we are
investigating the use of acyclic, highly stereodiverse
libraries.3 We believe that acyclic stereocontrol will
confer on each stereoisomer a unique conformational
profile, thereby modulating its interaction with the
biologic target.

In recently reported results,4 we prepared an exhaus-
tively stereodiversified library of potential µ opioid
receptor (MOR) ligands 2, based on biasing elements
from endomorphin 2 (1),5 a highly selective MOR
peptide agonist. 2 contained a non-peptidic backbone
with a dense array of stereocenters and a rigidifying
olefin that may generate geometric diversity within the
library. Screening of the 16 stereoisomers of 2 for MOR
activity identified several active configurations. Ad-
ditional analogues 3 and 4 were synthesized that also
had high affinity for MOR. The most potent of these
compounds, (S,S,S,R)-2, (S,S,S,R)-3, and (S,S,S,R)-4,6
had Ki of 8.8-21 nM for MOR, 57- to 170-fold selectivity
for MOR over the δ opioid receptor (DOR), and 86- to
600-fold selectivity for MOR over the κ opioid receptor
(KOR). The five most active stereoisomers of 2 exhibited
an 18-fold range in affinity for MOR and a 17- and 9-fold
range in selectivity for MOR versus DOR and KOR,
respectively. In functional assays, these compounds
were partial agonists for MOR.7

For many peptide-based MOR ligands with N-termi-
nal tyrosine residues, 2,6-dimethyltyrosine analogues
show improved affinity for MOR.8 In addition, these
analogues are often highly potent agonists for MOR.
However, efforts to convert these peptides to non-
peptide ligands have met with only partial success. In
one example, replacement of the amide bond C terminal
to 2,6-dimethyltyrosine with peptide isosteres abolished
activity in vitro and in vivo.9 In an effort to discover
compounds with improved affinity, selectivity, and
efficacy at MOR, we synthesized the 2,6-dimethyltyro-
sine analogues (S,S,S,R)-5 through -10. Additionally, to
investigate the impact of stereochemical diversity of
differing backbone structures, we prepared five stereo-
isomers each of 5 and 6.

Chemistry. 5-10 were synthesized using our previ-
ously reported olefin cross-metathesis methodology.4
Commercially available Fmoc-L-2,6-dimethyltyrosine
was converted to (S)-11 in 69% yield by protecting group
manipulations involving methyl ester protection of the
carboxylic acid, tert-butyl ether protection of the phe-
nol,10 and exchange of the Fmoc for a Boc protecting
group (Scheme 1). (S)-11 was reduced to the aldehyde
with DIBAL-H and allylated with allylmagnesium
bromide to give (S,S)-12 and (S,R)-12 in 65% yield in a
1:1.4 ratio, separable by flash chromatography.

(S,S)-12 was coupled with excess (S,R)-13, (R,R)-13,
and (R,S)-134 in three parallel olefin cross-metathesis
reactions using the second-generation Grubbs olefin
metathesis catalyst in refluxing CH2Cl2 (Scheme 2).11

The crossed metathesis products were hydrolyzed to the
free acids with LiOH and H2O2 to give three stereoiso-
mers of 14. Comound (S,R)-12 was coupled with excess
(S,R)-13 and (R,R)-13 by the same reaction sequence
to give two more stereoisomers of 14. The yields for the
five stereoisomers of 14 ranged from 50% to 59% from
12.

Target compounds 5-9 were synthesized from 14 by
coupling with the desired amine or alcohol, followed by
deprotection. Compounds 5 were prepared in parallel
in 48-63% yield by HBTU/HOBT promoted coupling
of the five stereoisomers of 14 with solid-supported
phenylalanine, followed by TFA deprotection and HPLC
purification. Compounds 6 were prepared in parallel in
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up to 87% optimized yield by solution-phase EDCI/
HOBT mediated coupling of the five stereoisomers of
14 with phenehtylamine, followed by TFA deprotection
and HPLC purification. By use of a similar procedure,
(S,S,S,R)-7 was synthesized in 51% yield from (S,S,S,R)-
14 and phenylalanol.

Ester compounds 8-10 posed a more difficult chal-
lenge in that the hydroxyls in 14 would compete with
other alcohols for coupling to the activated acid. Nev-
ertheless, by use of an excess of the desired alcohol,
(S,S,S,R)-14 was coupled with phenethyl alcohol and
(S)-PhCH2(CHOH)CONH2 using EDCI and DMAP to
give a mixture of products. The mixture was deprotected
with TFA, and the desired product was isolated by
HPLC to give (S,S,S,R)-8 and (S,S,S,R)-9 in 21% and
20% yield, respectively. However, this approach was not

successful for the synthesis of (S,S,S,R)-10 presumably
because of increased steric hindrance of the coupling.
Consequenlty, (S,S,S,R)-10 was prepared in 23% yield
by coupling of TBS-protected (S,S,S,R)-15 with (S)-
PhCH2(CHOH)CH2OTBS using EDCI and DMAP, fol-
lowed by HF and TFA deprotection and HPLC purifi-
cation (Scheme 3).

Results and Discussion. 5-10 were assayed for
their binding affinity to MOR using a competitive
binding assay with 3H-DAMGO (Table 1).12 In this
assay, the 2,6-dimethyltyrosine analogues exhibited
increased affinity for MOR relative to 2-4. Compounds
(S,S,S,R)-5 through -7 bound MOR with Ki values of
0.16-0.29 nM. Replacing the central amide in these
structures with an ester resulted in less than a 3-fold
loss of affinity for (S,S,S,R)-8 and (S,S,S,R)-10 and no
loss of affinity for (S,S,S,R)-9. (S,S,S,R)-5, -6, -7, and
-9 all bound MOR with significantly higher affinity (p
< 0.05)13 than 1 (Ki ) 0.69 nM).

The five stereoisomers of 5 showed a 9-fold range in
affinity (0.17-1.6 nM) with the same configuration
(S,S,S,R) favored as in 2. This stereoisomer showed
significantly higher affinity (p < 0.001) than (S,R,S,R)-,
(S,R,R,R)-, and (S,S,R,S)-5. However, the five stereo-
isomers of 6 showed only a 3-fold range in affinity
(0.24-0.72 nM) with no clearly favored configuration
(p > 0.05 for comparisons among (S,S,S,R)-, (S,R,S,R)-,
and (S,S,R,R)-5). The reduced impact of stereochemical
variation in 6 compared to 5 may be derived from the
increased flexibility of the phenethylamine moiety in 6
that may allow improved access of the aryl ring to a

Scheme 1. Synthesis of 12a

a Reagents and conditions: (a) SOCl2, MeOH; (b) isobutylene
(5 psi), H2SO4, CH2Cl2, 71%, two steps; (c) NHMe2, THF; (d) Boc2O,
NEt3, THF, 97%, two steps; (e) DIBAL-H, toluene, -78 °C; (f)
allylMgBr, THF, Et2O, 0 °C, 27% (S,S)-12, 38% (S,R)-12, two steps.

Scheme 2. Synthesis of 5-9a

a Reagents and conditions: (a) Cl2(PCy3)(IMesH2)RuCHPh,
CH2Cl2, 40 °C; (b) LiOH, H2O2, THF, H2O, 54%, two steps; (c) for
5, HBTU, HOBT, DIPEA, NMP, Phe-NH-Rink amide AM resin,
then 95% TFA, 63%; (d) for 6 and 7, EDCI, HOBT, NEt3,
(S)-H2N(CHR)CH2Ph, CH2Cl2, then 95% TFA, 52% for 6, 51% for
7; (e) EDCI, DMAP, (S)-HO(CHR)CH2Ph (10-20 equiv), CH2Cl2,
then 95% TFA, 21% for 8, 20% for 9.

Scheme 3. Synthesis of 10a

a Reagents and conditions: (a) Cl2(PCy3)(IMesH2)RuCHPh,
CH2Cl2, 40 °C; (b) TBSCl, imidazole, DMF; (c) LiOH, H2O2, THF,
H2O, MeOH, 52%, three steps; (d) (S)-PhCH2(CHOH)CH2OTBS,
EDCI, DMAP, CH2Cl2; (e) 48% HF (aq), MeCN; (f) 95% TFA, 23%,
three steps.

Table 1. Binding Affinity for MOR

compd Ki(MOR)a (nM)

1 0.69 ( 0.09

Ki(MOR)a (nM) for different configurations

compd S,S,S,R S,R,S,R S,S,R,R S,R,R,R S,S,R,S

5 0.17 ( 0.04 1.2 ( 0.2 0.42 ( 0.05 1.6 ( 0.5 1.2 ( 0.2
6 0.29 ( 0.03 0.24 ( 0.02 0.37 ( 0.07 0.72 ( 0.13 0.64 ( 0.04
7 0.16 ( 0.03
8 0.45 ( 0.03
9 0.24 ( 0.02

10 0.44 ( 0.01

a Competitive binding assay with 3H-DAMGO for hMOR-1
stably transfected into CHO cells. Shown are the mean values (
standard deviation of triplicate measurements.
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binding pocket for certain stereoisomers. Most notably,
(S,R,S,R)-6 showed a 5-fold improvement in affinity
relative to (S,R,S,R)-5. Interestingly, (S,S,S,R)-6 did not
show this improvement and had an affinity very close
to that of (S,R,S,R)-6. These two stereoisomers differ
only in the configuration of the C-3 hydroxyl, suggesting
perhaps that the configuration of this hydroxyl influ-
ences the conformation of the C-terminal aryl moiety
in 5 more so than in 6.

5-10 also were assayed for affinity for DOR and KOR
to determine their selectivity for MOR. Although these
compounds did not achieve the level of selectivity of 1,
they did demonstrate good levels of selectivity for MOR
over DOR and KOR (Tables 2 and 3). (S,S,S,R)-5
through -7 had 230- to 340-fold selectivity for MOR over
DOR and 130- to 430-fold selectivity for MOR over KOR.
Relative to (S,S,S,R)-5 through -7, the ester series
(S,S,S,R)-8 through -10 generally exhibited decreased
selectivity for MOR over DOR but increased selectivity
for MOR over KOR. (S,S,S,R)-9 showed the significantly
(p < 0.05) highest selectivity for MOR over KOR (1100-
fold) of any of the compounds 5-10.

The five stereoisomers of 5 had a 6-fold and 10-fold
range in selectivity for MOR over DOR and KOR,
respectively. MOR affinity largely determined the se-
lectivity because the affinity for DOR and KOR varied
little among the stereoisomers with the exception of
(S,S,R,S)-5, which showed significantly reduced affinity
for DOR (p < 0.001) and reduced affinity for KOR. The
five stereoisomers of 6 showed a 7-fold range in selectiv-
ity for MOR over DOR, and (S,R,S,R)-6 exhibited the
significantly (p < 0.01) the highest selectivity for MOR
over DOR (510-fold) of any of the compounds 5-10.
However, the stereoisomers of 6 had only a 2-fold range

in selectivity for MOR over KOR. Once again, the
flexibility of the phenethylamine moiety may result in
similar affinity for the KOR for the stereoisomers.

Finally, 5-10 were tested at 10 µM for the ability to
induce MOR-mediated binding of GTP-γ-35S to G
proteins in CHO membrane preparations (Table 4). At
this concentration, the compounds should fully saturate
the receptors, allowing comparison of the maximal
ability of the compounds to activate the receptor, a
measure of its efficacy. Compounds (S,S,S,R)-5 through
-8 showed reduced ability to induce GTP-γ-35S binding
(35-47%) compared to (S,S,S,R)-2 through -4 (49-75%);
however, analogues (S,S,S,R)-9 and (S,S,S,R)-10 main-
tained good levels of induction (62-79%). Among the
stereoisomers of 5, (S,S,R,R)-5 demonstrated the sig-
nificantly (p < 0.001) highest efficacy (75%). Similar to
the trend in affinities, the stereoisomers of 6 all showed
similar, moderate activities in the GTP-γ-35S assay.

We selected several of the most interesting com-
pounds, 1, (S,S,R,R)-5, (S,R,S,R)-6, and (S,S,S,R)-9, to
obtain concentration-dependent activity curves for MOR-
mediated GTP-γ-35S binding (Figure 1). In these experi-
ments, (S,S,R,R)-5, (S,R,S,R)-6, and (S,S,S,R)-9 exhib-
ited maximal binding of 70 ( 1%, 49.1 ( 0.1%, and
87 ( 1%, respectively, compared to 96 ( 2% for 1.
Moreover, the curves revealed that the EC50 values for
(S,S,R,R)-5, (S,R,S,R)-6, and (S,S,S,R)-9 (4.2-7.9 nM)

Table 2. Binding Affinity for DOR

compd Ki(DOR)a (nM) (Ki(DOR/Ki(MOR))

1 25000 ( 1000 (36000)

Ki(DOR)a (nM) ((Ki(DOR)/Ki(MOR)) for different configurations

compd S,S,S,R S,R,S,R S,S,R,R S,R,R,R S,S,R,S

5 40 ( 1 (230) 46 ( 8 (38) 36 ( 3 (86) 85 ( 6 (53) 230 ( 10 (190)
6 99 ( 6 (340) 123 ( 4 (510) 26 ( 1 (70) 66 ( 1 (91) 119 ( 16 (190)
7 54 ( 4 (340)
8 21 ( 2 (46)
9 56 ( 2 (230)

10 17 ( 3 (39)

a Competitive binding assay with 3H-diprenorphine for hDOR-1
stably transfected into HEK-293 cells. Shown are the mean values
( standard deviation of duplicate measurements.

Table 3. Binding Affinity for KOR

compd Ki(KOR)a (nM) ((Ki(KOR)/Ki(MOR)

1 10400 ( 4300 (15000)

Ki(KOR)a (nM) ((Ki(KOR)/Ki(MOR)) for different configurations

compd S,S,S,R S,R,S,R S,S,R,R S,R,R,R S,S,R,S

5 22 ( 5 (130) 15 ( 4 (13) 21 ( 2 (49) 25 ( 7 (16) 50 ( 8 (41)
6 42 ( 14 (140) 51 ( 1 (210) 64 ( 7 (170) 69 ( 10 (96) 60 ( 16 (94)
7 69 ( 7 (430)
8 126 ( 33 (280)
9 260 ( 110 (1100)

10 85 ( 1 (190)

a Competitive binding assay with 3H-U-69,593 for KOR in
guinea pig cerebellum preparation. Shown are the mean values
( standard deviation of two or more replicates.

Table 4. MOR Activation

compd % GTP-γ-35S bounda (EC50 (nM))

1 100 ( 3
(31 ( 3)

% GTP-γ-35S bounda (EC50 (nM)) for different configurations

compd S,S,S,R S,R,S,R S,S,R,R S,R,R,R S,S,R,S

5 35 ( 2 14 ( 2 75 ( 5 43 ( 4 32 ( 3
(7.9 ( 0.5)

6 40 ( 1 49 ( 2 48 ( 5 27 ( 4 52 ( 3
(5.8 ( 0.3)

7 44 ( 3
8 47 ( 2
9 79 ( 3

(4.2 ( 0.4)
10 62 ( 2

a Specific binding of GTP-γ-35S by G proteins in CHO membrane
preparations stably transfected with hMOR-1 in the presence of
GDP and 1 or 5-10 (10 µM), expressed as a percentage of
DAMGO-induced GTP-γ-35S specific binding. Shown are the mean
values ( standard deviation of quadruplicate measurements.

Figure 1. Specific binding of GTP-γ-35S by G proteins in CHO
membrane preps stably transfected with hMOR-1, in the
presence of GDP and 1, (S,S,R,R)-5, (S,R,S,R)-6, or (S,S,S,R)-9
at various concentrations, expressed as a percentage of
DAMGO-induced GTP-γ-35S specific binding. Shown are the
mean values ( standard deviation of triplicate measurements.
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were considerably lower than the EC50 value of 1
(31 ( 3 nM). These assays indicated that, like 2-4,
2,6-dimethyltyrosine analogues 5-10 are partial ago-
nists for MOR.

Conclusions. Starting from structure 1 and using
both stereochemical and structural variation, we
have developed a new class of highly potent MOR
agonists. The 2,6-dimethyltyrosine analogues 5-10
showed improved affinity for MOR relative to the
tyrosine analogues 2-4. Stereochemical variation of
5 and 6 impacted the properties of these ligands less
than in 2; nevertheless, it enabled the discovery of
(S,R,S,R)-6, with unexpectedly high affinity and selec-
tivity, and (S,S,R,R)-5, with unexpectedly high efficacy.
While previous research has shown that isosteric re-
placements of amide bonds in 2,6-dimethyltyrosine
peptide ligands may eliminate MOR activity,9 our
diversity-based approach has discovered completely non-
peptidic, polyketide-like MOR partial agonists such as
(S,S,S,R)-9, with improved potency relative to 1 and
good selectivity and efficacy. These results suggest that
stereodiverse acyclic libraries will be useful for discover-
ing non-peptide ligands for multiple receptor types.
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