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Abstract
Previous studies with aminothiazolomorphinans suggested that this class of opioid ligands may be
useful as a potential pharmacotherapeutic to decrease drug abuse. Novel aminothiazole derivatives
of cyclorphan were prepared in order to evaluate a series of aminothiazolomorphinans with
varying pharmacological properties at the MOR and KOR. This study was focused on exploring
the regioisomeric analogs with the aminothiazole on the C-ring of the morphinan skeleton.
Receptor binding and [35S]GTPγS binding assays were used to characterize the affinity and
pharmacological properties of the aminothiazolomorphinans. Intracranial self-stimulation (ICSS)
was used to compare effects of a representative aminothiazolomorphinan with the morphinan
mixed KOR/MOR agonist butorphan (MCL-101) on brain stimulation reward.

INTRODUCTION
Cocaine is a widely abused drug. Mechanistically, cocaine binds to and blocks dopamine
reuptake receptors, which results in an increase of dopamine in the central nervous
system.1–3 Rapid elevation in dopamine levels within brain regions necessary for reward
contribute to the behavioral effects of euphoria, mental alertness and increased energy.
Consequently, many attempts have been made to develop drugs that reduce the effects of
dopamine with the idea that this would decrease cocaine abuse. However, this strategy has
failed to provide an effective drug candidate due to the poor results associated with such
drugs.4–6

The opioid system is responsible for the modulation of several key physiological and
behavioral processes, such as pain perception, reward function, and stress response.7 Each of
the three opioid receptors [κ opioid receptor (KOR), μ opioid receptor (MOR), and δ opioid
receptor (DOR)] functions differently within the body. It has been shown that KOR
dysregulation can contribute to drug abuse and other psychiatric disorders.8,9 Therefore,
KOR agonists/antagonists have become a target for the development of pharmacotherapies
for the treatment of addiction; in particular cocaine abuse.10–13 Recent behavioral studies
have suggested that mixed MOR and KOR activity may be useful for the treatment of
addiction/dependence and cocaine abuse.14–16 We have reported that treatment of rhesus
monkeys with cyclorphan (an analog of levorphanol, Figure 1), which has mixed KOR and
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MOR activity, reduced cocaine self-administration and produced fewer side effects than κ-
selective agonists.17 Another analog, butorphan (Figure 1) in contrast to a partial effect with
cyclorphan, exhibited full antinociception in the warm-water tail flick test in rats,10b and
was shown to be 40 times more potent in suppressing abstinence in morphine dependent
monkeys.17 Further analogs were thus evaluated to increase the overall efficacy of these
compounds as agents for treating cocaine abuse.

While evaluating several biological isosteres of the phenol moiety to increase the duration of
activity of cyclorphan, aminothiazolomorphinans (1) were developed.19–23 These
compounds are potent agonists which are highly KOR selective. ATPM, 1a, has been shown
to attenuate morphine antinociceptive tolerance, and decreases self-administration of heroin
in mice.20 Furthermore, 1c, an N′-alkylated derivative, inhibited morphine sensitization in
mice.21 Recent studies of 1a in the 55°C mouse tail flick assay indicate that 1a does not
have a longer duration of action than cyclorphan21 and has been shown to inhibit morphine
sensitization in mice.22 The regioisomeric aminothiazolomorphinan 8 is also a potent kappa
agonist however, 8 is not as selective for the KOR as 1a.23 In fact, there is little selectivity
with 8 for either KOR, MOR, or DOR. We were interested in further exploring these
regioisomeric analogs with the aminothiazole on the C-ring of the morphinan skeleton (7–
12). Herein, we discuss our studies and comparison of 7–12 with the previously reported
(1a–d) series of compounds.

CHEMISTRY
Compound 8 (MCL-420)23 was previously prepared in 11 steps and 1.2% overall yield.23

For further in vivo studies we wished to carry out, a modified and scalable synthesis of 8. As
depicted in Scheme 1, ring opening/rearrangement proceeded smoothly with 2.5 equivalents
of nBuLi.24 Hydrogenation in methanol followed by crystallization as the hydrochloride salt
with pyridine-hydrochloride provided pure thebainone 3 in 65% yield. Triflation of 3, in
refluxing THF, provided pure 4 after crystallization with ethyl acetate. Reduction of the
triflate using a catalytic amount of palladium and 1,3-bis(diphenylphosphino)propane with
triethyamine/formic acid as the reductant, produced 5 quantitatively.25 Next, a three step
sequence to N-demethylate and alkylate with cyclopropylmethyl bromide resulted in a
separable mixture of N-cyclopropylmethyl-O-methyl dihydrothebainone 6a and
corresponding phenol 6b. The phenol, 6b, arises from heating the carbamate in acid during
the two step sequence to N-demethylate. Careful control of this step allows for a selective
formation of the desired compound 6a.

The synthesis of the aminothiazolomorphinan 8 was completed in two synthetic steps from
6a. The bromine-mediated aminothioazole-cyclocondensation proceeded smoothly under
acidic conditions providing 7 in good yield. Finally, O-demethylation using BBr3 provided
the aminothiazole 8 as the trihydrobromide salt. N′-methylation of 7 with paraformaldehyde
and NaBH4 to afford 11 in quantitative yields. O-Demethylation of 11 using BBr3 provided
12 as the trihydrobromide salt.

Additionally, 9 was prepared by treating 8 with acetic anhydride and triethylamine, which
afforded the O,N-bisacylated product. Removal of the O-acyl group with sodium acetate in
refluxing ethanol afforded 9.26 The O-methyl analog, 10, was prepared in the same manner
as 9; however, only a single step was necessary starting from 7.

RESULTS AND DISCUSSION
All new compounds were evaluated for their binding affinity at each of MOR, KOR, and
DOR. For comparison, the binding affinities of other highly active compounds in this series
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are also included. Aminothiazolomorphinan 8 was the parent compound for all analogs
prepared and demonstrated an excellent binding profile (sub-nanomolar affinity) at all three
receptors. The lead compound in this series, 8, was not highly selective for the KOR
displaying only 2-fold selectivity over MOR and 3-fold over DOR. The O-methyl analog, 7,
showed a marked reduction in the binding affinity across all three receptors (~10 fold vs. 8)
but was more selective for KOR vs. MOR (3.5-fold) and KOR vs. DOR (7-fold). The N′-
methyl analog, 12, was equipotent for KOR and MOR as 8. There was a considerable
difference in DOR binding affinities (0.43 nM vs. 0.23 nM) leading to a higher selectivity
for the KOR (7-fold). The O,N′-methyl compound, 11, had a significantly lower binding
affinity at each MOR, KOR, and DOR, although it is still a potent analog (Ki<10 nM).

The N′-acetyl compounds (9 and 10) were also very potent. The phenolic compound 9,
exhibited sub-nanomolar binding affinity at all three MOR, KOR, and DOR. However,
unlike the parent aminothiazole 8, compound 9 was not selective for the KOR. Following
along with the other compounds in this series, the O-methylated analog 10, had lower
affinity than the phenol 9. As seen with compound 11, the methoxy analog 10 was a DOR-
preferring ligand, albeit with modest selectivity.

The aminothiazole moiety is well-tolerated in the morphinan skeleton, as evidenced by the
binding affinities in Table 1. Both series of compounds, with the aminothiazole on the A
(1a–d) or C ring (7–12), similar to levorphanol and cyclorphan, have high affinities to the
MOR, KOR, and DOR.

The selectivity of the compounds with the aminothiazole on the C-ring (7–12) appears to be
lower than the analogous compounds with the aminothiazole on the A-ring (1a–d) but both
series demonstrate excellent binding profiles to the MOR, KOR, and DOR. Furthermore,
from the data in Table 1, we clearly see the importance of the phenol moiety in the A ring.
When comparing methoxy to phenoxy analogs (7, 10, 11, vs. 8, 9, 12 respectively), blockage
of the hydrogen bond donor leads to much lower selectivity in all cases. It is clear from the
data that the phenol moiety should be present to obtain a sub-nanomolar binding affinity.
However, the methoxy group will undoubtedly increase oral bioavailability and the
compound may be metabolized to the hydroxyl compound, as well as yield other
metabolites.

The N′-acetyl compounds, 9 and 10, are very different from the regioisomeric aminothiazole
1d. Compound 1d demonstrated significantly loweractivity for MOR, KOR, and DOR but
showed selectivity for the KOR. This is in stark contrast to compounds 9, which has potent
affinity at MOR, KOR, and DOR. The methyl ther 10 however shows less affinity at all
three opioid receptors.

The stimulation/inhibition of the [35S]GTPγS binding studies are shown in Table 2.
Aminothiazolomorphinan 8 displays both agonist and antagonist properties at both the MOR
and KOR as shown by the stimulation and inhibition data. Analogs 7, 10, and 11 were full
agonists at the KOR and they both demonstrated agonist and antagonist properties at the
MOR. This is in contrast to their phenoxy analogs 8, 9, and 12, which had both agonist and
antagonist activities at both μ and κ receptors. The N′-methyl analog, 12 is very similar to 8
and acts as both agonist and antagonist at both receptors with no significant differences in
EC50 or IC50 values.

Interestingly, 1a was a full agonist at both MOR and KOR and did not display any inhibition
at either receptor. Altering the position of the aminothiazole to the C-ring, as in 8 however,
demonstrates both agonist/antagonist properties and stimulates both receptors with a much
lower EC50 than 1a (MOR: 0.41 nM vs. 73 nM and KOR: 0.61 nM vs. 2.4 nM). This trend
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is also apparent between the N′-methylated compounds 12 and 1b further illustrating the
significant pharmacological differences by altering the position of the aminothiazole.

Of more interest, the acylated analog 1d, did not display high enough binding affinities to
determine the [35S]GTPγS assay. The regioisomeric analogs were analyzed due to their high
binding affinities. Aminothiazolomorphinan 9 demonstrated both agonist and antagonist
properties at each receptor. The O′-methylated analog 10 exhibited agonist and antagonist
properties at the MOR but was a full agonist at the KOR.

There was no significant effect of butorphan or 8 on ICSS thresholds at the doses tested
(Butorphan Treatment: F(4,96) = 0.524, not significant; 8 Treatment: F(4,80) = 1.091, not
significant Fig. 2A, D). However, there was a significant effect of butorphan treatment on
maximum rates of responding [F(5, 120) = 6.845, <0.001]: 8 (4.0 mg/kg) completely
suppressed responding from 15–60 min, making it impossible to determine stimulation
thresholds for this dose at these times. In experiments examining the effects of butorphan
and 8 on the reward-potentiating effect of cocaine on ICSS, there were significant effects of
treatment [butorphan, F(4,20) = 3.89, p<0.05; 8, F(5,20) = 4.51, p<0.01]. Cocaine decreased
ICSS thresholds (Fig. 2C, 2F), indicative of increased reward function. Butorphan, but not 8,
dose-dependently blocked the threshold-decreasing (reward-enhancing) effect of cocaine on
ICSS thresholds (Fig. 2C). There were no significant effects of treatment on maximum rates
of responding (data not shown). Previously it has been shown that selective KOR agonists
increase ICSS thresholds, have anxiogenic effects in the elevated plus maze, and produce
conditioned place aversions.27 These results are consistent with the neurochemical finding
that KOR agonists profoundly suppress dopamine release into reward-related brain regions28

and have anti-cocaine behavioral effects.29 In contrast, KOR antagonists have anxiolytic and
antidepressant-like effects,27 and the reward-related effects of cocaine are prolonged in rats
treated with the selective KOR antagonist norBNI.30 Thus, the ability of butorphan to block
the effects of cocaine in ICSS without having aversive effects on its own is likely due to its
KOR agonist activity combined with its MOR partial agonist activity. 8 May not have
sufficient KOR activity to decrease the effects of cocaine on ICSS, but it may turn out to
attenuate the aversive effects of cocaine withdrawal.

CONCLUSIONS
We have extended the SAR investigations of C-ring aminothiazolomorphinans. A surprising
finding was that the methoxy derivatives were full agonists at the κ receptor, while the
analogs with a hydroxyl group were partial agonists at the κ receptor. It has previously been
suggested that high-efficacy KOR agonists with MOR receptor activity may be promising as
candidates for treatment of cocaine intoxication.31 Results from the current study support
this suggestion since butorphan, which has full KOR agonist activity, decreases the
rewarding effects of cocaine in ICSS whereas 8, which has only partial KOR activity has no
effect. Recent studies have demonstrated that KOR activation contributes to cocaine
withdrawal-induced depressive-like states32 and can actually facilitate reinstatement of drug
seeking and relapse.33 Taken together, these findings suggest that compounds with high
KOR activity may be useful for blocking acute cocaine intoxication whereas partial agonists
or antagonists at the KOR may be useful for treating effects of cocaine dependence,
including withdrawal and relapse. Further in vivo studies of these aminothiazolomorphinan
compounds are necessary to test this hypothesis.
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EXPERIMENTAL SECTION
General information and materials

All reactions were magnetically stirred and monitored by analytical thin-layer
chromatography (TLC) Silica gel 60 F254 plates using UV light to visualize the compounds.
Column chromatography was carried out on SiliaFlash F60 (230–400 mesh, Silicycle). 1H
and 13C NMR spectra were recorded on a Varian 300 MHz spectrometer using
tetramethylsilane (TMS) as an internal reference. All target compounds were determined to
be >95% pure by HPLC analysis, using a Varian Prostar HPLC apparatus equipped with a
Varian Microsorb C18 100A analytical column and gradient solvent system of 0.1%
trifluoroacetic acid in water and acetonitrile, detected at a wavelength of 254nM. Melting
points were obtained using a Thomas-Hoover capillary melting point apparatus and are
uncorrected. Reagents and solvents were purchased from commercial suppliers and used
without further purification.

6,7-(2-N-Methyl)aminothiazolo-N-cyclopropylmethyl-morphin-3-ol (9)—To a
cooled solution (0 °C) of 8 (40 mg, 0.109 mmol) and triethylamine (150 μL, 1.09 mmol) in
CH2Cl2 (1 mL) was added acetic anhydride (51.5 μL, 0.545 mmol). The solution was stirred
and allowed to warm to room temperature and stirring was continued for 2 hours. At this
time, TLC analysis showed the starting material was consumed. The mixture was diluted
with 28% NH4OH aqueous solution (3 mL) and was extracted with CH2Cl2 (3 x 10 mL).
The organic extracts were combined, dried over Na2SO4, and concentrated. The crude
yellow oil was purified by filtration through a silica plug with EtOAc/MeOH/Et3N (50/3/1)
as eluent. To a stirred solution of this product (23 mg, 0.05mmol) in ethanol/H2O (400 μL,
2/1) was added solid sodium acetate (42.6 mg, 0.52 mmol) and the mixture was heated at 90
°C for 16 hours. The mixture was diluted with water (1 mL) and extracted with CH2Cl2 (3 x
5 mL). The organic layers were combined, dried over Na2SO4, and concentrated. The crude
product was purified by filtration through a silica plug eluting with EtOAc/MeOH/Et3N
(50/3/1) to provide the product 9 as a white solid in 39% yield (8 mg). mp (HCl salt)=
231°C (d) 1H NMR (300 MHz, CDCl3) δ 6.89 (d, J = 8.3 Hz, 1H), 6.79 (s, 1H), 6.60 (d, J =
8.2 Hz, 1H), 3.65 – 3.32 (m, 1H), 3.17 (d, J = 7.1 Hz, 0H), 3.04–2.70 (m, 2H), 2.71 – 2.27
(m, 6H), 2.12 (s, 4H), 1.96 (d, J = 6.0 Hz, 2H), 1.47 (d, J = 12.1 Hz, 1H), 1.34 – 1.06 (m,
2H), 1.01 – 0.81 (m, 1H), 0.53 (d, J = 5.9 Hz, 2H), 0.16 (d, J = 4.7 Hz, 2H). 13C NMR (75
MHz, CDCl3) δ 167.82, 158.27, 156.49, 142.07, 140.14, 129.22, 128.88, 121.84, 111.21,
110.90, 60.08, 55.22, 54.58, 45.14, 41.52, 41.42, 37.69, 37.30, 24.42, 23.74, 23.38, 9.55,
4.05.

6,7-(2-N-Acetyl)aminothiazolo-N-cyclopropylmethyl-3-methoxymorphinan (10)
—To a cooled solution (0 °C) of 7 (HCl salt, 40 mg, 0.0816 mmol) and triethylamine (114
μL, 0.82 mmol) in CH2Cl2 (0.5 mL) was added acetic anhydride (38.7 μL, 0.41 mmol). The
solution was stirred and allowed to warm to room temperature, and stirred for 3 hours. TLC
analysis showed the starting material was consumed. The mixture was diluted with 28%
aqueous NH4OH solution (3 mL) and was extracted with CH2Cl2 (3 x 10 mL). The organic
extracts were combined, dried over Na2SO4, and concentrated. The crude yellow oil was
purified by filtration through a silica plug with EtOAc/MeOH/Et3N (50/3/1) as eluent to
provide pure 10 as a white solid (30.9 mg) in 89% yield. mp (2HCl salt) = 231°C (d) 1H
NMR (300 MHz, CDCl3) δ 6.99 (d, J = 8.4 Hz, 1H), 6.76 (d, J = 2.2 Hz, 1H), 6.64 (dd, J =
8.4, 2.5 Hz, 1H), 3.67 (s, 3H), 3.45 (dd, J = 19.5, 11.3 Hz, 2H), 2.98 (d, J = 18.5 Hz, 1H),
2.88 – 2.53 (m, 4H), 2.43 (dd, J = 15.3, 9.1 Hz, 4H), 2.20 (s, 3H), 2.03 (ddd, J = 15.5, 10.4,
4.3 Hz, 3H), 1.58 (d, J = 12.4 Hz, 1H), 1.34 – 1.03 (m, 1H), 1.02 – 0.77 (m, 1H), 0.53 (d, J
= 8.0 Hz, 2H), 0.25 – 0.04 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 168.13, 156.50, 155.74,
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141.90, 139.56, 129.25, 127.36, 121.64, 114.53, 111.79, 59.65, 58.91, 54.53, 45.29, 40.66,
37.26, 36.90, 24.32, 23.69, 23.30, 8.84, 8.44, 4.29, 4.13.

6,7-(2-N-Methyl)aminothiazolo-N-cyclopropylmethyl-3-methoxymorphinan (11)
—To a stirred solution of 7 (161.3 mg, 0.423 mmol) and paraformaldehyde (63.6 mg, 2.12
mmol) in methanol (1.5 mL) was added sodium methoxide (114.5 mg, 2.12 mmol) at room
temperature. The resulting mixture was heated to 65°C for 2 hours. The solution was then
cooled to 0°C and sodium borohydride (80.5 mg, 2.12 mmol) was added slowly. The
resulting mixture was then heated to 65°C for 4 hours. The reaction mixture was then cooled
to room temperature and diluted with water (10 mL) and CH2Cl2 (10 mL). The aqueous
layer was extracted with CH2Cl2 (3 x 10 mL), the extracts were combined, dried over
Na2SO4, and concentrated to yield 11 in 84% yield (140 mg). The product was confirmed
pure by NMR and HPLC analysis and used without further purification. MP (HCl salt) =
228°C (d) 1H NMR (300 MHz, CDCl3) δ 7.00 – 6.92 (m, 1H), 6.85 (d, J = 2.6 Hz, 1H), 6.64
(dd, J = 8.4, 2.6 Hz, 1H), 3.70 (s, 3H), 3.40 (t, J = 12.0 Hz, 2H), 3.05 – 2.90 (m, 1H), 2.86
(s, 3H), 2.80 – 2.63 (m, 2H), 2.63 – 2.20 (m, 5H), 2.20 – 1.81 (m, 2H), 1.55 (d, J = 12.4 Hz,
1H), 1.00 – 0.77 (m, 1H), 0.52 (dd, J = 8.1, 1.6 Hz, 2H), 0.22 – 0.03 (m, 2H). 13C NMR (75
MHz, CDCl3) δ 163.66, 153.28, 139.15, 135.67, 124.27, 123.68, 109.87, 106.67, 105.49,
55.14, 50.30, 49.70, 40.21, 36.66, 36.52, 32.62, 32.54, 27.25, 19.80, 18.89, 4.61, −0.92,
−1.00.

6,7-(2-N-Acetyl)aminothiazolo-N-cyclopropylmethyl-morphin-3-ol (12)—To a
−78°C solution of 11 (100 mg, 0.253 mmol) in CH2Cl2 (5 mL) was added BBr3 (1M in
CH2Cl2, 1.27 mL, 1.27 mmol). The resulting mixture was stirred for 2.5 hours and allowed
to warm slowly to room temperature. The solvent was removed under reduced pressure.
Methanol (5 mL) was added carefully and the mixture was concentrated again. This process
was repeated two more times and the reaction mixture was dried in an Abderhalden drying
pistol to yield 12 as an orange solid in 86% yield (135.5 mg). mp=239°C (d) 1H NMR (300
MHz, CD3OD) δ 7.10 (s, 1H), 6.79 (d, J = 2.2 Hz, 1H), 6.76 – 6.64 (m, 1H), 4.28 (d, J = 3.3
Hz, 1H), 3.66 – 3.34 (m, 3H), 3.31 (s, 3H), 3.28 – 3.09 (m, 3H), 2.80 (ddd, J = 25.4, 12.5,
6.6 Hz, 5H), 2.45 – 2.20 (m, 2H), 2.03 – 1.79 (m, 1H), 1.23 (d, J = 5.1 Hz, 1H), 0.79 (dd, J
= 7.7, 3.4 Hz, 2H), 0.66 – 0.37 (m, 2H). 13C NMR (75 MHz, CD3OD) δ 169.41, 157.25,
136.51, 132.02, 130.06, 123.97, 115.18, 113.57, 110.86, 58.99, 56.60, 45.86, 38.47, 37.94,
35.67, 32.17, 31.47, 23.35, 22.97, 5.85, 4.08, 3.93.

PHARMACOLOGICAL ASSAYS

Opioid Binding to the Human KOR, DOR, and MOR—Chinese hamster ovary
(CHO) cells stably transfected with the human KOR (Dr. Lee-Yuan Liu-Chen; Temple
University, Philadelphia, PA), the human DOR (Dr. Larry Toll; Torrey Pines Institute for
Molecular Studies, Port St. Lucie, FL), and the human MOR (Dr. George Uhl; NIDA
Intramural Program, Baltimore, MD) were used in the experiments. The cells were grown in
100-mm dishes in Dulbecco’s modified Eagle’s media (DMEM) supplemented with 10%
fetal bovine serum (FBS) and penicillin–streptomycin (10,000 U/mL) at 37°C in a 5% CO2
atmosphere. The affinity and selectivity of the compounds for MOR, KOR, and DOR were
determined by incubating the membranes with radiolabeled ligands and 12 different
concentrations of the compounds at 25°C in a final volume of 1 mL of 50 mM Tris–HCl, pH
7.5. Incubation times of 60 min were used for the μ-selective peptide [3H]DAMGO at a final
concentration of 0.25 nM, and the κ-selective ligand [3H]U69,593 at a concentration of 0.4
nM. A 3-hr incubation was used with the δ-selective ligand [3H]naltrindole at a
concentration of 0.2 nM.
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[35S]GTPγS Binding Studies to Measure Receptor Coupling to G Proteins—
Membranes from CHO cells stably expressing either the human KOR or MOR were used in
the experiments. Cells were scraped from tissue culture plates and then centrifuged at 1000g
for 10 min at 4°C. The cells were resuspended in phosphate-buffered saline, pH 7.4,
containing 0.04% EDTA. After centrifugation at 1000g for 10 min at 4 °C, the cell pellet
was resuspended in membrane buffer, which consisted of 50 mM Tris–HCl, 3 mM MgCl2,
and 1 mM EGTA, pH 7.4. The membranes were homogenized with a Dounce homogenizer,
followed by centrifugation at 40,000g for 20 min at 4 °C. The membrane pellet was
resuspended in membrane buffer, and those transfected with the centrifugation step was
repeated. The membranes were then resuspended in assay buffer, which consisted of 50 mM
Tris–HCl, 3 mM MgCl2, 100 mM NaCl, and 0.2 mM EGTA, pH 7.4. The protein
concentration was determined by the Bradford assay using bovine serum albumin as the
standard. The membranes were frozen at −80°C until used.

CHO cell membranes expressing either the human KOR (15 μg of protein per tube) or MOR
(7.5 μg of protein per tube) were incubated with 12 different concentrations of the
compounds in assay buffer for 60 min at 30 °C in a final volume of 0.5 mL. The reaction
mixture contained 3 μM GDP and 80 pmol of [35S]GTPγS. Basal activity was determined in
the presence of 3 μM GDP and in the absence of an agonist, and nonspecific binding was
determined in the presence of 10 μM unlabeled GTPγS. Then, the membranes were filtered
onto glass fiber filters by vacuum filtration, followed by three washes with 3 mL of ice-cold
50 mM Tris–HCl, pH 7.5. Samples were counted in 2 mL of ScintiSafe 30% scintillation
fluid. Data represent the percent of agonist-stimulation [35S]GTPγS binding over the basal
activity, defined as [(specific binding/basal binding) x 100] − 100. All experiments were
repeated at least three times and were performed in triplicate. To determine antagonist
activity of a compound at the MOR, CHO membranes expressing the MOR were incubated
with the compound in the presence of 200 nM of the agonist DAMGO. To determine
antagonist activity of a compound at the KOR, CHO membranes expressing the KOR were
incubated with the compound in the presence of 30 nM of the κ agonist U50,488.

Intracranial self-stimulation (ICSS)
Male Sprague Dawley rats (n = 24) were implanted with stainless steel monopolar electrodes
(0.25 mm diameter; Plastics One, Roanoke, VA) aimed at the medial forebrain bundle at the
level of the lateral hypothalamus (2.8 mm posterior to bregma, 1.7 mm lateral to midline,
7.8 mm below dura). After one week of recovery from surgery, rats were trained to respond
for brain stimulation using a continuous reinforcement schedule (FR1) at 141 Hz, where
each lever press earned a 500 ms train of square wave cathodal pulses (100 ms per pulse).
Stimulation current was adjusted (final range: 140 – 240 XA) for each rat to the lowest value
that would sustain a reliable rate of responding (average of 40 responses per 50 s). After the
minimal effective current was found for each rat, it was kept constant throughout the
remainder of training and testing. Rats were trained using the rate-frequency method, which
allows for calculation of the threshold frequency (Hz) at which the stimulation first sustains
responding on the operant lever. These procedures have been described in detail.30,34 Rats
were trained until mean stimulation thresholds remained stable (± 10% for 4 consecutive
days).

Four experiments were conducted using separate cohorts of rats (N=6/cohort). (1) A dose-
effect function of butorphan (0.0, 0.25, 0.5, 1.0, 2.0, and 4.0 mg/kg, i.p. dissolved in 20%
DMSO in water) on baseline brain stimulation reward. (2) A dose-effect function of
butorphan (0.0, 0.5, 1.0, and 2.0 mg/kg, i.p.) on potentiation of brain stimulation reward by
cocaine (Mallinckrodt; 5.0 mg/kg, i.p.). (3) A dose-effect function of 8 (1.0, 3.0, 10.0, and
30.0 mg/kg, i.p. in 0.9% saline) on baseline brain stimulation reward. (4) A dose-effect
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function of 8 (0.0, 3.0, 10.0, and 30.0 mg/kg, i.p.) on potentiation of brain stimulation
reward by cocaine (5.0 mg/kg, i.p.). Drug doses were administered in increasing
concentrations. For all experiments, three rate-frequency functions (3 × 15 min) were
determined for each rat immediately before the initial drug injection. ICSS thresholds and
maximum rates of responding for the second and third functions were averaged and served
as baseline parameters. For experiments 1 and 3 (dose-effect function on baseline brain
stimulation reward), rats received an injection of drug and 4 more 15-min rate frequency
trials. For experiments 2 and 4 (effects of MCL compounds on cocaine reward), rats
received an injection of butorphan or 8 and were placed back in the ICSS chambers for one
15- min rate frequency trial. Rats were then injected with cocaine and placed back in the
ICSS chambers for 4 more 15-min rate frequency trials. Data are expressed as a percent of
pre-drug baseline threshold values. Drug treatment days were separated by 2–3 non-drug
days during which six 15-min rate frequency trials were performed to maintain baseline
ICSS thresholds. The time course of drug effects on ICSS thresholds and maximum rates
were analyzed using two-way (drug dose x time) ANOVAs with repeated measures on time.
The effects of butorphan and 8 on cocaine-induced decreases in ICSS thresholds were
measured with a one-way ANOVA. All significant effects and interactions were analyzed
further using Tukey’s multiple comparison tests.
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Figure 1.
Structure of highly active opioid ligands.
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FIGURE 2. Effects of Butorphan and 8 on basal and cocaine-potentiated reward function
Butorphan or 8 was injected intraperitoneally to adult male rats, and ICSS thresholds (A, D)
and maximum rates of responding (B, E) were measured for 1 hr. Neither compound altered
ICSS thresholds, but butorphan significantly decreased rates of responding at 4.0 mg/kg. In
separate groups of rats, butorphan or 8 was injected, followed 15-min later by vehicle or
cocaine (5.0 mg/kg, i.p.). ICSS thresholds were measured for 15-min post-dose and then for
1-hr post-cocaine (C, F). Cocaine significantly decreased ICSS thresholds on its own, and
butorphan (C) but not 8 (F) dose-dependently blocked the reward-potentiating effects of
cocaine. Data are expressed as 100 x post-treatment/pre-treatment thresholds or max rates of
responding +SEM. **p<0.01, *p<0.05 compared to Veh + Veh; #p<0.01 comparing groups
indicated with bracket. N=6 rats/treatment.
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Scheme 1.
Synthesis of the Aminothiazolomorphinans.a
aReagents and conditions: (i) nBuLi, THF, −78-0°C; (ii) Pd/c, H2, MeOH, RT 62% yield (2
steps); (iii) PhN(Tf)2, K2CO3, THF, 65°C, 85% yield; (iv) Pd(OAc)2, DPPP, Et3N, HCO2H,
DMF, 65°C, 99% yield; (v) ClCO2Et, K2CO3, CHCl3, 70°C; (vi) HCl/AcOH, 100°C; (vii)
Cyclopropylmethyl Bromide, NaHCO3, EtOH, 70°C 70% yield (3 steps); (viii) Br2,
HBr(48% aq.), AcOH, 60°C, then thiourea 100°C 52% yield (ix) BBr3, CH2Cl2, −78°C-RT,
84% yield; (x) Ac2O, Et3N, CH2Cl2, RT 89% yield; (xi) NaOAc, EtOH/H2O, 90°C, 39%
yield; (xii) paraformaldehyde, NaOMe, 65°C, then NaBH4, 99% yield; (xiii) BBr3, CH2Cl2,
−78 °C, 86% yield.
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