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N-Phenyl-N-(piperidin-2-ylmethyl)propionamide based bivalent ligands are unexplored for the design of
opioid based ligands. Two series of hybrid molecules bearing N-phenyl-N-(piperidin-2-ylmethyl)propi-
onamide derived small molecules conjugated with an enkephalin analogues with and without a linker
(b-alanine) were designed and synthesized. Both bivalent ligand series exhibited remarkable binding
affinities from nanomolar to subnanomolar range at both l and d opioid receptors and displayed potent
agonist activities as well. The replacement of Tyr with Dmt and introduction of a linker between the small
molecule and enkephalin analogue resulted in highly potent ligands. Both series of ligands showed excel-
lent binding affinities at both l (0.6–0.9 nM) and d (0.2–1.2 nM) opioid receptors respectively. Similarly,
these bivalent ligands exhibited potent agonist activities in both MVD and GPI assays. Ligand 17 was
evaluated for in vivo antinociceptive activity in non-injured rats following spinal administration.
Ligand 17 was not significantly effective in alleviating acute pain. The most likely explanations for this
low intrinsic efficacy in vivo despite high in vitro binding affinity, moderate in vitro activity are (i) low
potency suggesting that higher doses are needed; (ii) differences in experimental design (i.e. non-neu-
ronal, high receptor density for in vitro preparations versus CNS site of action in vitro); (iii) pharmacody-
namics (i.e. engaging signalling pathways); (iv) pharmacokinetics (i.e. metabolic stability). In summary,
our data suggest that further optimisation of this compound 17 is required to enhance intrinsic antinoci-
ceptive efficacy.

� 2015 Elsevier Ltd. All rights reserved.
The opioid receptors belong to the superfamily of G-protein
coupled receptors (GPCRs) and play important roles in pain percep-
tion and regulation. They are classified into three different sub-
type’s l, d and j opioid receptors. Opioids have been used for
the treatment of moderate to severe pain and for their psy-
chotropic effects since ancient times. Indeed, exogenous agonists
of opioid receptors elicit marked analgesic effects, along with serious
side effects such as respiratory depression, sedation, constipation,
nausea, tolerance and dependence. Most of the present opioid
analgesics exert their analgesic and adverse effects primarily
through the l opioid receptors. For the past two decades there
has been considerable interest in the synthesis of nonselective
l/d ligands with different combinations of agonist and (or)
antagonist activities at each of the opioid receptors, which have
been shown to exhibit valuable analgesic properties.1–8 The new
promising approach in the opioid drug development is ligand
designed with mixed l agonist/d agonist profile or l agonist/d
antagonist profile.9–11 Several reports indicate that the dimeriza-
tion or oligomerization of GPCRs,12 and the existence of dimers
for opioid receptors particularly between l and d opioid receptors
have been reported.13 Recent pharmacological studies have
demonstrated that the development of tolerance to l-opioids can
be suppressed by co-administration of d opioid receptor agonists
or antagonists, and that d agonists can increase the potency and
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Figure 1. Design principle of bivalent ligands.
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efficacy of l agonists.14–17 It appears that this is based on the ben-
eficial modulatory interactions existing between l and d opioid
receptors.

The endogenous neuropeptides enkephalins, b-endorphins,
endomorphins and dynorphins which interact with the d, l and
j opioid receptors respectively.18 These endogenous peptides acts
as both neuromodulators and hormones, and are responsible for a
broad spectrum of physiological effects. The subsequent elongation
or truncation modifications of these endogenous peptides led to
highly promising opioid agonists.6,19 Many interesting and useful
selective peptide ligands for the opioid receptors have been devel-
oped and used extensively. The peptide fragments for our bivalent
ligands (Tyr-DAla-Gly-Phe and Dmt-DAla-Gly-Phe) are potent well
established opioid ligands. Portoghese et al.20 reported a conjuga-
tion of Tyr-(Gly)n peptide analogues to the N-phenyl-N-piperidin-
4-yl)propionamide moiety and the resulting conjugate compounds
showed very weak or no opioid activity. During the last decade our
group has shown promising progress in synthesis of bivalent l/d
ligands based on enkephalin analogues conjugated to the different
positions of the 4-anilidopiperidine core and fentanyl mole-
cule.4,21–23 Our group reported a Dmt-substituted enkephalin-like
tetrapeptide with a N-phenyl-N-piperidin-4-yl)propionamide moi-
ety. These ligands exhibited good biological activities in vitro and
demonstrated potent in vivo antihyperalgesic and antiallodynic
effects in the tail-flick assay.4 Based on these results recently we
reported a series of hybrid molecules containing the C-terminal
of enkephalin analogues attached to the amino group of 4-anili-
dopiperidine core small molecules which were synthesized and
pharmacologically evaluated.24 All these bivalent ligands showed
good binding affinity as well as potent agonist activities in MVD
and GPI assays at both l and d opioid receptors. The scientists at
Neurosearch25 and Sepracor Inc.26 explored the N-phenyl-N-
(piperidin-4-ylmethyl) propionamide, N-phenyl-N-(piperidin-3-
ylmethyl)propionamide derivatives with substituted phenethyl
groups as potent opioid agonists. They substituted a variety of
heterocyclic compounds in place of the phenyl group on the ‘N’
piperidine. The above literature precedence and earlier promising
results on opioid bivalent ligands from our group inspired us to
explore the bivalent ligands based on the conjugation of enkepha-
lin analogues to 5-amino substituted tetrahydronaphthalen-2-yl)
methyl moiety with N-phenyl-N-(piperidin-2-ylmethyl)propi-
onamide based small molecules. Similarly, the second series of
molecules explored by enkephalin analogues directly conjugated
to the N-phenyl-N-(piperidin-2-ylmethyl)propionamide moiety.
The small molecules 1 and 2 are structurally relevant to the 4-anili-
dopiperidine small molecules, the advantages of these molecules
having additional hydrophobic cyclohexyl group and amine substi-
tution on 5th position of tetrahydronaphthalen-2yl-methyl moi-
ety. We expected the lipophilic nature of the molecules 1 and 2
will increase cell permeability of attached peptides, and conse-
quently their bioavailability.27 Another interesting feature of these
molecules amino group on tetrahydronaphthalen-2yl-methyl moi-
ety was easily accessible to attach to the C-terminus enkephalin
analogues with and without a linker. N-phenyl-N-(piperidin-2-
ylmethyl) propionamide 11 analogues remain unexplored in the
literature as potential opioid ligands for their structure activity
relationship and represent a promising new approach in the design
of hybrid nonpeptide-peptide analgesics. The rationale behind the
design of second series of bivalent ligands (16–18), Lee et al.4

reported a Dmt-substituted enkephalin-like tetrapeptide with a
N-phenyl-N-piperidin-4-yl)propionamide moiety. The resulted
ligands exhibited good biological activities in vitro and demon-
strated potent in vivo antihyperalgesic and antiallodynic effects.
In our designs we replaced the N-phenyl-N-piperidin-4-yl)propi-
onamide moiety with N-phenyl-N-(piperidin-2-ylmethyl)propi-
onamide (11) and attached the enkephalin peptide analogues in
similar fashion. The structural difference between N-phenyl-N-
piperidin-4-yl)propionamide moiety and N-phenyl-N-(piperidin-
2-ylmethyl)propionamide (11) is connectivity of piperidine ring
to N-phenylpropionamide group, one is at 4th position and the
other one is 2nd position. Our interest here is to study the effect
of piperdine ring connectivity to N-phenylpropionamide group
on opioid receptors (l and d) binding affinity and activity. The pre-
sent study constitutes ongoing developments in our laboratory
towards the design and synthesis of novel bivalent ligands based
on enkephalin analogues and 4-anilidopiperidine small molecules.

We take the N-phenyl-N-(piperidin-2-ylmethyl)propionamide
11 as the core template, which can be expanded towards designing
novel ligands. The first series of bivalent ligands were designed
based on the small molecule 1 (N-((1-(((R)-5-amino-5,6,7,8-
tetrahydronaphthalen-2-yl)methyl)piperidin-2-yl)methyl)-N-
phenylpropionamide) and fluoro analogue 2 conjugated to the
C-terminal of the enkephalin peptide derivatives with and without
a linker (Fig. 1). The rationale for choosing fluoro analogue 2 into
bivalent ligands, the fluorine imparts a variety of properties to
the molecules, including enhanced binding interactions, metabolic
stability, changes in physical properties, and selective reactivi-
ties.28 The Dmt-substituted enkephalin-like tetrapeptide with a
N-phenyl-N-(piperidin-4-yl)propionamide moiety gave a promis-
ing results (in vitro and in vivo) at the l and d opioid receptors,4

and similar approach we followed here in the design of second ser-
ies ligands. The C-terminal enkephalin peptide derivatives conju-
gated to the N-phenyl-N-(piperidin-2-ylmethyl)propionamide 11
with and without a linker (Fig. 1).

The synthetic procedures for small molecules 1 and 2, and their
structure activity relationship studies are going to communicate as
a different account. The enkephalin analogues 3 (Boc-Tyr-DAla-
Gly-Phe-OH), 4 (Boc-Dmt-DAla-Gly-Phe-bAla-OH) and 12 (Boc-
Dmt-DAla-Gly-Phe-OH) were prepared by solution phase peptide
synthesis following the Na-Boc strategy by previously reported.21

The hybrid molecules 8–10 were prepared starting from the small
molecules 1 and 2 according to Scheme 1. The enkephalin peptides
3 and 4 are conjugated to the small molecules 1 and 2 in presence
of HATU/DIPEA in acetonitrile to afford the Boc-protected bivalent
ligands 5, 6 and 7. Surprisingly, during the coupling of enkephalin
peptide 4 to the small molecule 2, we obtained two products
wherein the major product 6 has a single peptide unit attached
to the small molecule, and the other minor product 7 has two pep-
tide units conjugated to the small molecule. Without further purifi-
cation the Boc-protected analogues 5 (mixture of 6 and 7) were
treated with 50% trifluoroacetic acid in dichloromethane to yield
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the crude final bivalent ligands 8, 9 and 10. The second series of
bivalent ligands were prepared according to Scheme 2. The enke-
phalin peptides 3, 4 and 12 were conjugated to the N-phenyl-N-
(piperidin-2-ylmethyl)propionamide moiety 11 in the presence of
HATU/DIPEA in acetonitrile to afford the Boc-protected analogues
13, 14 and 15 which were followed by removal of the Boc group
with 50% trifluoroacetic acid in dichloromethane thus obtaining
the crude bivalent ligands 16, 17 and 18. The Boc-protected ana-
logues 5-7 and 13–15 were triturated with ether, filtered and
washed with excess ether, and without further purification the
Boc group was deprotected to obtain the final bivalent ligands.
The final crude ligands were purified by RP-HPLC to give pure
ligands as white powders in overall yields of 35–40%. The purity
of the final ligands was determined as >95% by analytical HPLC.
The final bivalent ligands were characterised and their purity con-
firmed by analytical HPLC, 1H NMR, HRMS. For all the data, see
Supporting information.

The opioid receptor binding affinities of the synthesized biva-
lent ligands were evaluated using human d opioid receptors
(hDOR) and rat l-opioid receptors (rMOR) with cells that stably
express these receptors as previously described.29 [3H]DPDPE and
[3H]DAMGO were used as competitive radio ligands, respectively.
The tissue bioassays (mouse vas deferens: MVD, guinea pig iso-
lated ileum: GPI) also were performed to characterise the agonist
function at d and l opioid receptors as described previously.30

The affinities of the two series of bivalent ligands were evaluated
at the l and d opioid receptor. In addition, the functional activity
of these hybrid molecules was also investigated through MVD
and GPI assay (Tables 2 and 3). The two series of new opioid biva-
lent ligands showed very promising binding affinities and func-
tional bioactivities at the d and l opioid receptors.

The small molecules 1 and 2 are showed very good binding
affinity (69 nM and 33 nM) at l opioid receptors respectively, with
high selectivity towards the l opioid receptor. When the C-terminus
of the enkephalin analogue was attached to the amino group of the
small molecule 1 the resultant bivalent ligand 8 exhibited 1 nM a
33 fold increase in binding affinity for the l receptor, and a 56 fold
increases for a d receptor biding affinity of 160 nM comparative to
the small molecule 1. The introduction of a linker (b-alanine) in
between the enkephalin analogues and the small molecules, and
the replacement of Tyr1 with Dmt1 attached to the fluoro analogue
of small molecule 2 the bivalent ligand 9 which exhibited
l receptor binding affinity retained (0.7 nM) and almost 400 fold
increase in the d receptor binding affinity to 0.4 nM compared to
8. The bivalent ligand 10 contains two enkephalin peptide units
with small molecule exhibited almost similar binding affinities
(0.6 nM) at both receptors as does ligand 9 which contains one
enkephalin unit. In second series of bivalent ligands 16, 17 and
18 enkephalin analogues directly attached to the N-phenyl-
N-(piperidin-2-ylmethyl)propionamide moiety with and without
a linker. The second series of bivalent ligands 16, 17 and 18 showed
excellent binding affinities towards l and d opioid receptors
(Table 3). The enkephalin peptide 3 directly attached to the small
molecule 11 resulting in the bivalent ligand 16 showed good and
balanced binding affinities (2 nM) at l and d opioid receptors.
Ligand 17 retained similar binding affinities like ligand 16 with
0.8 nM affinity at the l opioid receptor, with a 10 fold increased
binding affinity of 0.2 nM at the d opioid receptor. In ligand 18
the introduction of a linker between enkephalin analogue and
small molecule showed almost the same binding affinities as
ligand 17. Thus replacement of Tyr with Dmt and introducing a
b-alanine as the linker in this series of ligands not significant
influence the binding affinities towards the receptors as were
observed profoundly in the earlier series.

All analogues showed good opioid agonist activities in the GPI
and MVD assays and were observed to correlate to their in vitro



Table 1
Binding affinities of bivalent ligands at l/d opioid receptors

N

N-R1

N
O

R
R

R2

Compd R R1 R2 Binding Ki (nM) Ki

l/dblog IC50
a MOR (l) blog IC50

aDOR (d)

1 H H H �6.83 ± 0.09 69 �4.92 ± 0.09 5200 1/79
2 F H H �7.25 ± 0.09 33 �4.72 ± 0.70 9000 1/270
8 H Tyr-DAla-Gly-Phe– H �8.69 ± 0.17 1 �6.47 ± 0.08 160 1/160
9 F Dmt-DAla-Gly-Phe-bAla– H �9.10 ± 0.23 0.7 �8.79 ± 0.06 0.4 1.75/1
10 F Dmt-DAla-Gly-Phe-bAla– Dmt-DAla-Gly-Phe-bAla– �8.89 ± 0.21 0.6 �8.85 ± 0.04 0.6 1

a Competition analyses against radiolabeled ligand ([3H]DPDPE for DOR d [3H]DAMGO for l were carried out using rat brain membranes.
b Logarithmic values determined from the nonlinear regression analysis of data collected from at least two independent experiments.
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binding affinities at l and d opioid receptors respectively (Tables
1–3). Among these novel bivalent ligands 17 and 18 are found to
have very potent agonist activities at both in MVD (0.47 and
0.45 nM) and GPI (0.73 and 4.1 nM) assays respectively. The biva-
lent ligands 17 and 18 showed very balanced activities at l and d
opioid receptors. The lead compound 17 was evaluated in vivo
(Fig. 2).

Three doses of Ligand 17 or vehicle (0.1, 1.0, and 10 lg in 5 ll;
n = 5/treatment) were evaluated in non-injured rats using a radiant
heat assay. At no time were paw withdrawal latencies (PWLs) of
rats treated with Ligand 17 significantly longer than those
Table 2
Functional assay result for bivalent ligands at MOR and DOR

Compd aMVD (d) aGPI (l)

IC50 (nM)

1 18% 1 lM 1005 ± 58
2 22% 1 lM 10% 1 lM
8 540 ± 230 95 ± 16
9 57 ± 9.4 5.7 ± 2.5
10 6.1 ± 1.5 2.1 ± 0.45

a Concentration at 50% inhibition of muscle contraction at electrically stimulated
isolated tissues.

Table 3
Receptor affinity and functional bioactivity of bivalent ligands

N

N
O
R3

Compd R3 Binding Ki (

blogIC50
aMOR (l)

16 Tyr-DAla-Gly-Phe– �8.49 ± 0.06 2
17 Dmt-DAla-Gly-Phe– �8.76 ± 0.30 0.8
18 Dmt-DAla-Gly-Phe-bAla �9.56 ± 0.30 0.9

a Competition analyses against radiolabeled ligand ([3H]DPDPE for DOR d [3H]DAMGO
b Logarithmic values determined from the nonlinear regression analysis of data collec
c Concentration at 50% inhibition of muscle contraction at electrically stimulated isol
vehicle-treated rats and baseline values (p >0.05; Fig. 2a). The area
under the curve (AUC) was calculated to determine if the duration
of effect depended on dose; no significantly differences in the AUC
were observed (Fig. 2c). The % antinociception was calculated and
reached a maximal level of 63 ± 19 % (10 lg/5lL) 5 minutes after
intrathecal administration; this was not significantly higher than
vehicle treatment (p = 0.65; Fig. 2b). Ligand 17 did not significantly
alleviate acute thermal pain in non-injured rats despite high affin-
ity and in vitro functional activity at l and d opioid receptors.
Detailed in vivo experimental procedures are given in the notes
section.

The enkephalin analogues conjugated with N-phenyl-N-(piper-
idin-2-ylmethyl)propionamide derivatives represent an new fam-
ily of l and d hybrid ligands and exhibit very good and balanced
binding affinities with good agonist properties at l and d opioid
receptors. From the structure activity relationship studies the
small molecule 2 exhibited excellent binding affinities and selec-
tivity towards the l opioid receptor. The conjugation of enkephalin
analogues to the small molecules, and the resultant bivalent
ligands exhibited good binding affinities and agonistic activities
as well. The introduction of a linker between the small molecule
and peptide, and the replacement of Tyr with Dmt afforded highly
potent ligands at both receptors. In the second series of bivalent
ligands (16–18) introduction of a linker in between small molecule
and peptide does not have a much effect on the bioactivity. Ligand
nM) Ki

l/d

cMVD
d

cGPI
lblogIC50

aDOR (d)

�8.31 ± 0.08 2 1 7.1 ± 1.5 21 ± 7.1
�9.28 ± 0.03 0.2 4/1 0.47 ± 0.06 0.73 ± 0.06
�8.92 ± 0.04 1.2 1 0.45 ± 0.26 4.1 ± 2.1

for l were carried out using rat brain membranes.
ted from at least two independent experiments.
ated tissues.



Figure 2. (A) Ligand 17was evaluated in SD rats using a radiant heat assay (B) Ligand 17 antinociceptive dose-response curve (C) Ligand 17 dose-dependency was assessed by
constructing a dose response curve.
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17was evaluated for in vivo antinociceptive activity in non-injured
rats following spinal administration. This local administration at
the site of the first synapse was chosen to optimise delivery to
the site of action and thus evaluate maximal intrinsic efficacy. At
the doses tested, Ligand 17 was not significantly effective in allevi-
ating acute pain. The most likely explanations for this low intrinsic
efficacy in vivo despite high in vitro binding affinity, moderate
in vitro activity are (i) low potency suggesting that higher doses
are needed; (ii) differences in experimental design (i.e. non-neu-
ronal, high receptor density for in vitro preparations versus CNS
site of action in vitro); (iii) pharmacodynamics (i.e. engaging sig-
nalling pathways); (iv) pharmacokinetics (i.e. metabolic stability).
In summary, our data suggest that further optimisation of this
compound 17 is required to enhance intrinsic antinociceptive
efficacy.
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strategy by utilizing HBTU as the coupling reagent with DIPEA as base and
acetonitrile. All reactions were performed under N2 unless otherwise noted.
The final ligands 8, 9, 10, 16, 17 and 18 used for the biological assay were
purified by RP-HPLC using a semi preparative Vydac (C4-bonded, 300 Å)
column and a gradient elution at a flow rate of 3 mL/min. The gradient used
was 10�90% acetonitrile in 0.1% aqueous TFA over 40 min. Approximately
10 mg of crude peptide was injected each time, and the fractions containing
the purified peptide were collected and lyophilized to dryness. The purity of
the final products, determined by NMR analysis, HRMS and by analytical RP-
HPLC (Vydac 218 TP C18 10 micron length 250 mm) at a flow rate of 1 mL/min.
1H NMR spectra were performed in DMSO-d6 solution on Bruker DRX 500
chemical shifts were referred residual proton signal of DMSO at 2.5 ppm in the
case of DMSO-d6 solution.
In vivo assay: Adult male Sprague-Dawley rats (225–300 g; Harlan,
Indianapolis, IN) were kept in a temperature-controlled environment with
lights on 07:00–19:00 with food and water available ad libitum. All animal
procedures were performed in accordance with the policies and
recommendations of the International Association for the Study of Pain, the
National Institutes of Health, and with approval from the Animal Care and Use
Committee of the University of Arizona for the handling and use of laboratory
animals.
Surgical methods: Rats were anesthetized (ketamine/xylazine anesthesia, 80/
12 mg/kg ip; Sigma–Aldrich) and placed in a stereotaxic head holder. The
cisterna magna was exposed and incised, and an 8-cm catheter (PE-10;
Stoelting) was implanted as previously reported, terminating in the lumbar
region of the spinal cord.31 Catheters were sutured (3-0 silk suture) into the
deep muscle and externalized at the back of the neck. After a recovery period
(P7 days) after implantation of the indwelling cannula, vehicle (10% DMSO:
90% MPH2O, n = 7) or Ligand 17 (0.1, 1, 10 lg; n = 5/dose) were injected in a
5 lL volume followed by a 9 ll saline flush. Catheter placement was verified at
completion of experiments.
Behavioral assay: Paw-flick latency32 was determined as follows. Rats were
allowed to acclimate to the testing room for 30 minutes prior to testing. Basal
paw withdrawal latencies (PWLs) to an infrared radiant heat source were
measured (Intensity = 40) and ranged between 16.0 and 20.0 s. A cutoff time of
33.0 seconds was used to prevent tissue damage. After a single, intrathecal
injection (i.t.) of ligand 17 or vehicle, PWLs were re-assessed 7 times up to 2 h
or until they returned to baseline values. Maximal percent efficacy was
calculated and expressed as: % Antinociception = 100*(test latency after drug
treatment � baseline latency)/(cutoff � baseline latency).
Statistics: All data were analyzed by non-parametric two-way analysis of
variance (anova; post hoc: Neuman–Kuels) in FlashCalc (Dr Michael H.
Ossipov, University of Arizona, Tucson, AZ, USA); areas under the curve were
compared by one-way ANOVA. Differences were considered to be significant if
P 6 0.05. All data were plotted in GraphPad Prism 6.
Preparation of compound 5: To an ice-cold stirred solution of the Boc-protected
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enkephalin peptide 4 (Boc-Tyr-DAla-Gly-Phe-OH) (137 mg, 0.21 mmol,
1 equiv) in dry acetonitrile (6 mL) was added DIPEA (0.16 mL, 0.91 mmol,
4 equiv) and HATU (0.16 g, 0.43 mmol, 2 equiv) followed by N-((1-(((R)-5-
amino-5,6,7,8-tetrahydronaphthalen-2-yl)methyl)piperidin-2-yl)methyl)-N-
phenylpropionamide 1 (95 mg, 0.18 mmol, 1 equiv). The resulting reaction
mixture was stirred for 4–6 h at room temperature. The solvent was stripped of
under reduced pressure, and the resultant residue was diluted with
dichloromethane (60 mL) and washed with 5% potassium hydrogen sulfate
solution twice and followed by diluted sodium bicarbonate solution two times.
The organic layer was washed with water followed by brine and dried over
sodium sulfate. The organic phase was evaporated to dryness in vacuo. The
resultant residue was washed with diethyl ether a couple of times and dried.
This produced the enkephalin conjugated small molecule 5 (0.12 g, 64% of
yield) as a brown colored solid and used for the further reaction without
purification.
Preparation of compound 6: Prepared as described for compound 5 from 2
(0.1 g, 0.20 mmol, 1 equiv) N-((1-(((R)-5-amino-5,6,7,8-tetrahydronaphthalen-
2-yl)methyl)piperidin-2-yl)methyl)-N-(3,4-difluorophenyl)propionamide and
enkephalin peptide 4 (0.15 g, 0.23 mmol, 1 equiv) (Boc-Dmt-DAla-Gly-Phe-
bAla-OH) afforded the compound 6 (0.14 g, 60% of yield) as a brown coloured
solid and used for the further reaction without purification.
Preparation of compound 7: Compound 7was formed as a minor product during
the preparation of compound 6 and we did not isolate the compound 7 and
continued for the next reaction without further purification.
Preparation of compound 8: To an ice-cold stirred solution of the enkephalin
conjugated small molecule 5 (0.12 g) in dry dichloromethane (3 mL) was added
3 mL of trifluoroacetic acid. The resulting mixture was stirred for 2 h, and the
solvent was stripped of under reduced pressure. The resultant residue was
washed with diethyl ether a couple of times and dried afforded the final ligand
8 as a light brown colored solid. The crude final compound was purified by
preparative RP-HPLC to give pure ligand 8 (50 mg, 41% of yield) as a white
powder. ESI MS m/z 844 (MH)+. HRMS [M+H]+ 844.47534 (theoretical
844.4756); NMR (499 MHz, DMSO-d6) d 8.61 (d, J = 7.5 Hz, 1H), 8.48–8.35
(m, 1H), 8.28 (t, J = 5.9 Hz, 1H), 8.20–8.07 (m, 2H), 8.03 (t, J = 6.9 Hz, 1H), 7.47
(t, J = 7.6 Hz, 2H), 7.43–7.33 (m, 3H), 7.29–7.09 (m, 8H), 7.04 (dd, J = 8.8, 6.9 Hz,
2H), 6.74–6.66 (m, 2H), 4.90–4.82 (m, 1H), 4.67–4.58 (m, 1H), 4.58–4.42 (m,
1H), 4.42–4.26 (m, 2H), 4.16-4.05 (m, 3H), 4.06–3.82 (m, 4H), 3.82–3.72 (m,
1H), 3.66 (dd, J = 16.8, 5.3 Hz, 1H), 3.24–3.13 (m, 1H), 2.99–2.80 (m, 4H), 2.73–
2.57 (m, 2H), 2.06–1.94 (m, 4H), 1.80–1.59 (m, 5H), 1.60–1.43 (m, 2H), 1.43–
1.29 (m, 1H), 1.24 (dd, J = 7.0, 2.9 Hz, 1H), 1.08 (dd, J = 7.1, 1.7 Hz, 2H), 0.95–
0.88 (m, 3H).
Preparation of compound 9: Prepared as described for compound 8 from 6
(0.1 g) afforded the crude product 9. The final ligand 9 was isolated by
preparative RP-HPLC (10-90% of acetonitrile containing 0.1% TFA in water
within 40 min) to give pure ligand 9 (39 mg, 38% of yield) as a white powder.
ESI MS m/z 1001 (MNa)+. HRMS [M+H]+ 979.52441 (theoretical 979.5252); 1H
NMR (499 MHz, DMSO-d6) d 9.73–9.39 (m, 1H), 8.36–8.28 (m, 3H), 8.24 (t,
J = 8.0 Hz, 1H), 8.17 (q, J = 5.9 Hz, 1H), 8.08 (dd, J = 7.1, 2.6 Hz, 2H), 8.00 (dd,
J = 8.4, 2.6 Hz, 1H), 7.69–7.60 (m, 1H), 7.60–7.50 (m, 1H), 7.35–7.13 (m, 10H),
6.40 (s, 2H), 5.01–4.93 (m, 1H), 4.60 (t, J = 9.4 Hz, 1H), 4.54–4.40 (m, 2H), 4.33–
4.21 (m, 2H), 4.19–4.04 (m, 2H), 3.89–3.80 (m, 1H), 3.68 (dd, J = 16.8, 5.7 Hz,
1H), 3.59 (dd, J = 16.8, 5.9 Hz, 1H), 3.37–3.29 (m, 1H), 3.26 -3.20 (m, 1H), 3.04–
2.90 (m, 3H), 2.90–2.79 (m, 2H), 2.78–2.60 (m, 3H), 2.28 (t, J = 7.2 Hz, 2H), 2.17
(s, 6H), 2.11–1.98 (m, 2H), 1.93–1.81 (m, 2H), 1.78–1.61 (m, 4H), 1.52 (q,
J = 10.7, 7.9 Hz, 2H), 0.99–0.88 (m, 3H), 0.86 (d, J = 7.0 Hz, 3H).
Preparation of compound 10: Compound 10 was formed as a minor product
during the preparation of compound 9. The final ligand 10 was isolated by
preparative RP-HPLC (10-90% of acetonitrile containing 0.1% TFA in water
within 40 min) to give pure ligand 10 (10 mg) as a white powder. ESI MS m/ z
1516 (MH)+. HRMS [M+H]+2 758.89549 (theoretical 1515.78).
-((N-phenylpropionamido)methyl)piperidin-1-ium (Compound 11) MS (ESI) m/z
(M+H)+: 247. 1H NMR (499 MHz, DMSO-d6) d 8.70–8.61 (m, 1H), 8.59–8.47 (m,
1H), 7.52–7.41 (m, 4H), 7.41–7.36 (m, 1H), 4.10 (dd, J = 14.4, 8.5 Hz, 1H), 3.54
(dd, J = 14.4, 4.8 Hz, 1H), 3.34–3.23 (m, 1H), 3.14–3.01 (m, 1H), 2.85 (m, 1H),
2.11–1.89 (m, 2H), 1.77–1.64 (m, 3H), 1.64–1.49 (m, 1H), 1.44–1.33 (m, 2H).
0.90 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) d 174.51, 159.61, 159.32,
159.04, 158.75, 142.82, 130.31, 128.90, 128.55, 119.90, 117.57, 115.25, 112.92,
55.39, 51.66, 44.82, 40.50, 40.42, 40.33, 40.26, 40.17, 40.09, 40.00, 39.92, 39.83,
39.67, 39.50, 27.70, 26.56, 22.11, 21.82, 9.54.
Preparation of compound 13: Prepared as described for compound 5 from 11
(0.1 g, 0.27 mmol, 1 equiv) (N-phenyl-N-(piperidin-2-ylmethyl)propionamide)
and enkephalin peptide 3 (0.17 g, 0.27 mmol, 1 equiv) (Boc-Tyr-DAla-Gly-Phe-
OH) afforded the compound 13 (0.15 g, 63% of yield) as a brown coloured solid
and used for the further reaction without purification.
Preparation of compound 14: Prepared as described for compound 5 from 11
(0.12 g, 0.34 mmol, 1 equiv) (N-phenyl-N-(piperidin-2-ylmethyl)propi-
onamide) and enkephalin peptide 12 (0.2 g, mg, 0.34 mmol, 1 equiv) (Boc-
Dmt-DAla-Gly-Phe-OH) afforded the compound 14 (0.16 g, 57% of yield) as a
brown coloured solid and used for the further reaction without purification.
Preparation of compound 15: Prepared as described for compound 5 from 11
(0.15 g, 0.41 mmol, 1 equiv) (N-phenyl-N-(piperidin-2-ylmethyl)propi-
onamide) and enkephalin peptide 4 (0.27 g, 0.41 mmol, 1 equiv) (Boc-Dmt-
DAla-Gly-Phe-bAla-OH) afforded the compound 15 (0.2 g, 55% of yield) as a
brown coloured solid and used for the further reaction without purification.
Preparation of compound 16: Prepared as described for compound 8 from 13
(0.1 g) afforded the crude product 16. The final ligand 16 was isolated by
preparative RP-HPLC (10-90% of acetonitrile containing 0.1% TFA in water
within 40 min) to give pure ligand 16 as a white powder. ESI MS m/z 685
(MH)+. HRMS [M+H]+ 685.37063 (theoretical 685.37081); 1H NMR (499 MHz,
DMSO-d6) d 9.41–9.27 (m, 1H), 8.60-8.45 (m, 1H), 8.39–8.20 (m, 1H), 8.18–7.93
(m, 3H), 7.46–7.30 (m, 3H), 7.30–7.13 (m, 6H), 7.09–6.93 (m, 3H), 6.70 (m, 2H),
4.91-4.80 (m, 1H), 4.75–4.61 (m, 1H), 4.45–4.28 (m, 1H), 4.28–4.09 (m, 1H),
4.09–3.45 (m, 6H), 3.40–3.25 (m, 1H), 2.95–2.79 (m, 3H), 2.79–2.56 (m, 1H),
1.95–1.80 (m, 1H), 1.65–1.30 (m, 5H), 1.31–1.11 (m, 2H), 1.13–0.99 (m, 3H),
0.92–0.75 (m, 3H).
Preparation of compound 17: Prepared as described for compound 8 from 14
(0.12 g) afforded the crude product 17. The crude final ligand 17 was isolated
by preparative RP-HPLC (10-90% of acetonitrile containing 0.1% TFA in water
within 40 min) to give pure ligand 17 as a white powder. ESI MS m/z 713
(MH)+. HRMS [M+H]+ 713.40194 (theoretical 713.40211); 1H NMR (499 MHz,
DMSO-d6) d 8.39–8.28 (m, 3H), 8.16–8.00 (m, 2H), 7.45 -7.30 (m, 3H), 7.29–
7.12 (m, 6H), 7.08–7.02 (m, 1H), 6.41 (t, J = 2.5 Hz, 2H), 4.91–4.78 (m, 1H), 4.75-
4.62 (m, 1H), 4.35–4.09 (m, 3H), 3.85–3.80 (m, 1H), 3.75–3.42 (m, 4H), 3.43–
3.23 (m, 1H), 3.05-2.96 (m, 1H), 2.95-2.80 (m, 2H), 2.75-2.65 (m, 1H), 2.17 (d,
J = 3.7 Hz, 6H), 1.95-1.80 (m, 1H), 1.65-1.45 (m, 3H), 1.45–1.30 (m, 2H), 1.29–
1.07 (m, 1H), 0.92–0.77 (m, 6H).
Preparation of compound 18: Prepared as described for compound 8 from 15
(0.1 g, 0.10 mmol, 1 equiv) afforded the crude product 18. The final ligand 18
was isolated by preparative RP-HPLC (10-90% of acetonitrile containing 0.1%
TFA in water within 40 min) to give pure ligand 18 as a white powder. ESI MS
m/z 784 (MH)+. HRMS [M+H]+ 784.4391 (theoretical 784.4392); 1H NMR
(499 MHz, DMSO-d6) d 8.31 (d, J = 5.8 Hz, 3H), 8.12–7.96 (m, 4H), 7.46-7.40 (m,
2H), 7.36-7.28 (m, 2H), 7.26–7.13 (m, 6H), 6.41 (s, 2H), 4.73 (d, J = 8.2 Hz, 1H),
4.46–4.40 (m, 1H), 4.29–4.18 (m, 1H), 4.18–4.07 (m, 1H), 4.05-3.96 (m, 1H),
3.89–3.52 (m, 7H), 3.45 (d, J = 13.9 Hz, 1H), 3.30–3.18 (m, 1H), 3.17–3.05 (m,
2H), 3.00 (dd, J = 13.8, 11.3 Hz, 1H), 2.95–2.82 (m, 2H), 2.79-2.70 (m, 1H), 2.17
(s, 6H), 1.70–1.46 (m, 4H), 1.41–1.21 (m, 2H), 0.95–0.80 (m, 6H).
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