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The epimeric 638- and 6a-iodo-3,14-dihydroxy-17-(cyclopropylmethyl)-4,5a-epoxymorphinans (1, ioxy) and (2, epioxy),
respectively, were each synthesized in five steps starting with naltrexone. The configuration of the 6-iodo group
of 1 was unequivocally determined to be 8-based on single crystal X-ray analysis of its precursor 3-acetoxy-64-
iodo-14-hydroxy-17-(cyclopropylmethyl)-4,5a-e poxymorphinan (10). Both 1 and 2 as well as their corresponding
3-O-acetates 10 and 11 were found to readily cross the blood-brain barrier and completely reverse the analgesic
effects of a 10 mg/kg intraperitoneal dose of morphine sulfate as determined by the paw withdrawal latency test.
Compounds 1 and 2 were found to bind with high affinity to g, 8, and « receptors in vitro. In general, 1 and 2 exhibited
higher affinity for u and « receptors than naltrexone while the 68-iodo epimer 1 (ioxy) was more potent than its
epimer 2. In a comparison of the 68-halogen substituent on binding affinity across opioid receptor subtypes, it was
generally found that I > Br > F. On the basis of the results of in vitro and in vivo testing, 1 was selected as a target
for radioiodination and evaluation as a potential single photon emission computed tomography imaging agent for
opioid receptors. Carrier-free ['%I]-1 was synthesized in near quantitative yield by the sequence of reaction of excess
3-acetoxy-6a-[[(trifluoromethyl)sulfonyl]oxy]-14-hydroxy-17-(cyclopropylmethyl)-4,5a-epoxymorphinan (8) with
anhydrous Na!#] in dry acetonitrile for 90 min at 76 °C followed by deacetylation of the product with 1:1 aqueous
ammonia/acetonitrile at 25 °C. The potential of ['*I]-1 as an in vivo imaging agent for opioid receptors is evaluated

and discussed.

Introduction

Single photon emission computed tomography (SPEC-
T)25 and positron emission tomography (PET)*™ are re-
lated, noninvasive imaging techniques which are applicable
to in vivo measurement of biochemical function in animals
and conscious humans. These techniques have been used
to measure nonspecific markers of local neuronal activity,
such as regional cerebral blood flow® and the local cerebral
metabolic rate for glucose.” During the last decade,
however, extension of the SPECT and PET techniques to
investigate central nervous system (CNS) active drugs has
provided a breakthrough in the study of neurotransmitter
systems.2® Among the many biochemical and pharma-
cological approaches utilized in the study of the CNS only
these two techniques are applicable to the visualization and
quantitation of drug-receptor distribution in the CNS of
living humans.? Herein, we report synthesis, pharmaco-
logical characterization, and radiolabeling of the narcotic
antagonist ioxy (1) as a potential SPECT imaging agent
for human opioid receptors.

The opioid receptor-endorphin system®® consists of
numerous endogenous opioid peptides which subserve
three well-defined u-, 8-, and «x-receptor subtypes. In ad-
dition, there is also strong evidence supporting the exist-
ence of a u—d-complex.’® This system is thought to be
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involved in the regulation of numerous physiological pro-
cesses®!! including immune function and the perception

1OXY (1)
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of pain, pleasure, and mood. Evidence has been presented
for heterogeneity of u-,'? 8-,>17 and «-receptor’® subtypes.
As one line of investigation aimed at gaining further insight
into the structure and function of the opioid receptor-en-
dorphin system, we introduced?® (-)-[!®F]cyclofoxy as a
PET ligand and presented the first definitive PET images
showing opioid receptor occupancy in the primate brain.
In this 1984 study, we found robust accumulation of cy-
clofoxy in opioid-receptor-rich brain regions such as cau-
date and thalamus which was rapidly displaced by phar-
macologically relevant doses of the narcotic antagonist
naloxone but not by saline or equal doses of the opioid
receptor inert (+)-enantiomer of naloxone,?® now availa-
ble?! by the NIH Opiate Total Synthesis.?> In later
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studies, we reported the synthesis of unlabeled (-)-
cyclofoxy, (-)-[*H]cyclofoxy, and detailed radiochemical
synthesis of (-)-[*®F]cyclofoxy.?> Other studies showed
that (-)-cyclofoxy was a potent narcotic antagonist? which
was suitable?’ for imaging human opioid receptors, and
that the opioid receptor inert?® (+)-cyclofoxy?®* when
appropriately tritiated®3* is a valuable adjunct in the
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study of (-)-cyclofoxy.?*~® Opioid receptor imaging has
also been reported with the non-subtype-selective antag-
onist ['C]diprenorphine®?® and the u opioid receptor
agonist ligand ['C]carfentanyl,®3 which was employed
to show increased u-opioid receptor binding in human
temporal lobe epilepsy.’ A similar study with (-)-[*¢F]-
cyclofoxy did not detect such changes in binding.#!

A number of other studies®*?*? have shown that the
opioid receptor-endorphin system may be altered in
drug-treated and pathological conditions as a result of
changes in the opioid receptor density and affinity. PET
and SPECT uniquely offer the ability to quantitate re-
ceptor density and affinity of human opioid receptors in
their native state, and thus offer considerable advantages
over tissue homogenization methods which can alter bio-
chemical properties of receptors and necessarily must rely
on human autopsy tissue. One goal of our PET and
SPECT program is to develop clinical correlates of receptor
function with human disease states involving abnormalities
in the opioid receptor-endorphin system. In addition, the
effects of drug treatment or abuse on the opioid receptor
system could be monitored. Such studies require quan-
titation of opioid receptor affinity and density in vivo in
normal and abnormal subjects. The recently reported*
in vivo Scatchard analysis of ['*F]cyclofoxy binding using
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Sc(lileme Le Synthesis of Epimeric 6-Iodo-6-deoxynaltrexones 1
and 2

O‘ 5 4 oﬁ‘
N
on ’V = N ’V
HO Ho™
\ I
AcO AcO
%

HO

AcO

O

CF,80,

AcO,

O

4
1(10XY): RyaH; Rpml M, ou"’ﬁ
Ry

¢ (a) formamidinesulfinic acid, aqueous NaOH, 80-85 °C; (b) (i)
KH, THF, (ii) K-Selectride, 5 — 25 °C; (c) Ac,0, aqueous NaH-
CO;; (d) (CF380,);0, N-methylmorpholine, CHClg; (e) Et,N*I-,
CH,CN, 80 °C; (f) Et,N*I-, CH,CN, -10 — 20 °C; (g) concentrated
aqueous NHj solution, room temperature, THF /MeOH.
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PET in the rhesus monkey brain constitutes a significant
advance in this direction. With PET, the short half-life
of commonly used positron-emitting radioisotopes such as
1C (tys = 20 min) and ¥F (¢y5 = 109 min) allows multiple
experiments to be performed with the same subject. A
number of positron-emitting radionuclides are available
for different PET applications and through such appli-
cations the study of receptors in normal and disease states
can provide a quantitative marker for certain psychiatric
disorders.? The development of PET and SPECT ligands
for drug-receptor quantitation is a major undertaking and
the considerations in the development of such ligands have
been perceptively reviewed.4

In SPECT studies, a '#I-labeled form of a drug or ligand
is usually employed. This differs from positron-emitting
ligands in that it emits single photons, has a longer half-life
(13.2 h), and does not require generation by an on-site

(45) Eckelman, W. C.; Gibson, R. E. The Path from In Vitro Au-
toradiography to Ex Vivo Autoradiography to “In Vivo
Autoradiography” by External Imaging. In Using Autoradi-
ography and Correlative Imaging In Vivo and In Vivo;
Stumpf, W., Soloman, H., Eds.; Academic Press: New York.
In press, 1992.
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cyclotron as do positron-emitting radionuclides. The
longer half-life of 1%] offers more time for observation of
the subjects, and often provides sufficient time for clear-
ance of nonspecific labeling where this is a problem. The
resolution (7-8 mm) offered by recent-generation SPECT
scanners is comparable to that offered by PET (56 mm).*
In general, SPECT studies have similar utility, are sub-
stantially less complex and costly, and are frequently
complementary to PET. Some examples of systems for
which SPECT has been successfully employed include the
use of 3-iodo-6-methoxybenzamide to image the dop-
amine-D, receptor,*’ L-3-iodo-a-methyltyrosine for protein
synthesis in brain tumors,*® Ro-16-0154 for benzodiazepine
receptors,*? and 3(R)-quinuclidinyl-4-(S)-iodobenzilate for
muscarinic receptors,? including the first human imaging
studies® with the latter ligand.

The results of our present study of the epimeric 65- and
6a-iodo-3,14-dihydroxy-17-(cyclopropylmethyl)-4,5a-ep-
oxymorphinan (1, ioxy and 2, epiioxy) render these ligands
potentially useful for SPECT imaging of opioid receptors.
SPECT studies with 1 and 2 should compliment our PET
program with [®F]cyclofoxy as these compounds have the
advantage of being chemically very similar to cyclofoxy and
like cyclofoxy show a narcotic-antagonist profile. We also
describe an efficient radiochemical synthesis of high spe-
cific activity [®T}ioxy (['**I]-1), a ligand that will serve to
further assess the utility of ['%I)-1 as a ligand suitable for
SPECT imaging of human opioid receptors. In addition,
the potential of 1 and 2 for such studies is heightened since
the unnatural opiate enantiomers of these compounds can
be readily prepared by the NIH Opiate Total Synthesis.?*
Appropriate radiolabeling will then provide tools for de-
termination and quantitation of specific binding as was
accomplished with cyclofoxy.

Chemistry

The synthetic route to 1 and 2 utilized naltrexone (3)52
as the starting material (Scheme I). A stereoselective
reduction of the carbonyl group of naltrexone was inves-
tigated utilizing K-Selectride as the reducing agent. In our
previously reported synthesis of 6a-naltrexol (4),2 we and
others5® used sodium borohydride as the reducing agent
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Scheme I1.° Synthesis of [!%I]Ioxy (['%1]1)
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(a) [*#¥I]Nal, 76 °C, 1.5 h, CH;CN; (b) concentrated aqueous
NH, solution/CH,CN (1:1), 25 °C.

and obtained both epimeric alcohols. Reduction of nal-
trexone (3) with K-Selectride at 5 °C stereospecifically
afforded 6a-naltrexol (4). This was isolated in 75% re-
crystallized yield as its (R)-(-)-mandelate salt. The 68-
naltrexol (5) was obtained in 89% recrystallized yield as
described previously® using formamidinesulfinic acid as
the reducing agent. Careful attention was paid to the
reaction temperature to avoid opening of the oxide bridge.
Treatment of 4 with acetic anhydride in the presence of
excess aqueous sodium hydrogen carbonate as described
previously® for the synthesis of 3-acetylmorphine® af-
forded the corresponding 3-O-acetyl-6a-naltrexol (6) in
quantitative yield. 3-O-acetyl-68-naltrexol (7) was also
obtained using this route. The corresponding 6«- and
6p-triflate esters 8 and 9 (Scheme I) were obtained in high
yield by a modification® of our previously reported me-
thod?® for synthesis of 6a-triflate ester 8. Thus, treatment
of 6 from -30 to 10 °C with trifluoromethanesulfonic acid
anhydride in chloroform in the presence of freshly redis-
tilled N-methylmorpholine®® afforded triflate ester 8 in
81% yield after purification by column chromatography
on silica gel. Attempts to crystallize purified 8 were un-
successful. The 68-triflate ester 9 was similarly obtained
in 92% yield. Interestingly, 9 was highly crystalline, unlike
its epimer 8. Treatment of 8 with tetraethylammonium
iodide from -10 to 23 °C during 4 h afforded a 90% yield
of 68-iodo-3-acetyl-6-desoxynaltrexone (10) as a crystalline
base. Single-crystal X-ray analysis of 10 base confirmed
the 68-configuration of the iodine atom. Additionally,
'H-NMR comparison of the C5-proton of 1 (derived from
10 by deacetylation) [4.97 (d, J5s6, = 8.1 Hz)] with the
same proton [4.61 (dd, Jys6, = 6 Hz, Jig6sr = 21 Hz)] in
our previously reported 68-fluoro derivative (cyclof-
oxy'®23.25) gupports the results obtained from X-ray crys-
tallography. Compound 10 was easily separated from its
starting triflate precursor 8. A combination of mass
spectral and 'H-NMR analysis of the crude reaction
mixture indicated the complete absence of any elimination
products or starting material 8. This is in contrast to the
result observed during the synthesis of cyclofoxy,®? where
significant quantities of side products were formed. The
lack of side products in this synthesis offers an advantage

(53) Brine, G. A.; Prakash, D.; Hart, C. K.; Kotchmar, D. J.;
Moreland, C. G.; Carroll, F. I. Ring C Conformation of 63-
Natrexol and 6a-Natrexol. Evidence from Proton and Car-
bon-13 Nuclear Magnetic Resonance. J. Org. Chem. 1976, 41,
3445-3448 and references cited therein.

(54) Chatterjie, N.; Inturrisi, C. E.; Dayton, H. B.; Blumberg, H.
Stereospecific Synthesis of the 6-Beta-hydroxy Metabolites of
Naltrexone and Naloxone. J. Med. Chem. 1975, 18, 490-492.

(55) Welsh, L. H. O*-Monoacetylmorphine. J. Org. Chem. 1954, 19,
1409-1415.
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over our previously reported? ['®F]cyclofoxy synthesis
since it translates to a shorter purification time and thus
a higher specific radioactivity in the product. Treatment
of triflate ester 9 under the same conditions as for the
synthesis of 10 resulted in no significant reaction at 25 °C;
however, heating of the reaction mixture to 80 °C for 4 h
resulted in a 97% yield of 11 with no observable elimi-
nation or other side reactions as determined by 'H-NMR
and mass spectral analysis. The lower reactivity of 9 to-
ward iodide compared with 8 was expected as a result of
greater steric hindrance to iodide approach. Surprisingly,
no scrambling of the stereochemistry of 11 in the 6-position
was observed in spite of the more energetic conditions
required for its formation. Both 10 and 11 were found to
be separable by TLC and distinguishable by a variety of
spectroscopic techniques. The final step in the synthesis
required cleavage of the 3-acetoxy ester group of 10 and
11. This was achieved by treatment with concentrated
aqueous ammonia in THF /MeOH at 25 °C to give ioxy
(1) and epiioxy (2) in quantitative yield. No elimination
or substitution reactions were observed during these ester
cleavages. On the basis of both considerations of ease of
formation as well as potency in vivo and in vitro (see
Biological Section later), we decided to synthesize ['%°I]-1
and evaluate it for potential to label opioid receptors in
vivo.?® A further consideration in the synthesis of [*%1]-1
as opposed to [1%1]-2 is the structural similarity of [1%1]-1
to the previously reported ['8F]cyclofoxy.

Radiochemical Synthesis

Treatment of excess 8 with [?’I]sodium iodide (no

carrier added) (Scheme II) in acetonitrile at 60 °C for 60
min resulted in a 34.5% radiochemical yield of [*?°I)-10
(no carrier added) together with unreacted 8. A different
set of reaction conditions using twice the concentration of
precursor, 8 (in 50-uL final volume) a higher reaction
temperature (76 °C) and a longer reaction time (90 min)
resulted in a quantitative incorporation of carrier-free
[*%1]-10. High-yield conversion of ['?°1]-10 to [1%]]-1 was
achieved by treatment with 1:1 aqueous ammonia solu-
tion/acetonitrile for 30 min at room temperature. As with
the unlabeled compounds, no elimination, substitution,
6-iodide atom scrambling, or other side reactions were
observed during these radioiodination reactions. The
HPLC elution profile (0.9 mL/min isocratic elution with
3:1 aqueous 0.1% trifluoroacetic acid—-CH3;CN on a 0.4 X
10 cm 3 uM particle size C18 reverse-phase cartridge
column) of the reaction between excess 8 and [?5]]sodium
iodide is shown in Figure 1. The profile clearly shows one
major radiochemical species ([*?*I]-10) (broken line) as well
as the excess of unreacted precursor 8 (solid line). Peaks
(solid lines) occurring between 0 and 10 min are col-
umn/solvent artifacts. The shorter retention time of
['%1]-10 compared with 8 (large excess) proved to be a
major advantage for separation of ['*I}-10 from 8. A small
amount (ca. 5%) of deacetylation of [1%1}-10 to [1%*I]-1 was
observed under the conditions of the reaction (76 °C, 1.5
h, acetonitrile), presumably due to traces of water in the
acetonitrile.
X-ray Crystallographic Analysis of
3-Acetoxy-68-iodo-14-hydroxy-17-(cyclopropyl-
methyl)-4,5a-epoxymorphinan (10)

Crystals of 10, C,H,cNOI, FW = 495.3 were grown by

(568) Seeger, T. S.; Sforzo, G. A.; Pert, C. B.; Pert, A. In Vivo Au-
toradiography: Visualization of Stress-induced Changes in
Opiate Receptor Occupancy in the Rat Brain. Brain Res. 1984,
305, 303-311. The results of in vivo labeling with [12°]]-1 will
be presented elsewhere.
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Figure 1. HPLC elution profile (0.9 mL/min isocratic elution
with 0.1% aqueous trifluoroacetic acid~-CH3CN 3:1 ona 0.4 X 10
cm, 3-um particle size C18 reverse-phase cartridge column) of the
reaction between excess 8 and ['*I]sodium iodide. Broken lines
indicate radiochemical profile while solid lines represent the UV
absorbance profile measured at 214 nM. Peaks (solid lines)
occurring between 0 and 10 min are column/solvent artifacts and
should be ignored. Reinjection of the HPLC purified ['2°1]-10
indicated one radiochemically pure (>99%) species comigrating
with unlabeled 10.

N

slow cooling of a solution of 10 in 3:7 ethyl acetate—n-
hexane. A clear 0.34 X 0.40 X 0.48 mm crystal was selected
for data collection. Data were collected on a computer
controlled diffractometer with an incident beam graphite
monochromator (Nicolet R3m/V with Mo Ka radiation,
A =0.71073 A, T = 295 K). A least-squares refinement
using 25 centered reflections within 50° < 26 < 80° gave
the triclinic P1 celle = 6.994 (2) A, b= 8513 (2) A, ¢ =
9.660 (2) A, a = 64.22 (2)°, 8 = 83.28 (2)°, and v = 89.06
(2)°, with V = 5139 (2) A%, Z = 1, and d,, = 1.60 g/cm?®.
A total of 2954 independent reflections were measured in
the 6/20 mode to 20,,,, = 55°. Corrections were applied
for Lorentz and polarization effects. A semiempirical
absorption correction based on the ¢ dependence of 12
reflections with x ~ 90° was applied, x4 = 1.57 mm™, and
maximum and minimum transmission was 0.92 and 0.75,
respectively. The structure was solved by direct methods
with the aid of the program SHELXTL? and refined with
a full matrix least-squares.’” The 273 parameters refined
include the coordinates and anisotropic thermal parame-
ters for all non-hydrogen atoms. Carbon hydrogens were
included using a riding model in which the coordinate
shifts of the carbon atoms were applied to the attached
hydrogen atoms, C-H = 0.96 A, H angles were idealized,
and U;,,(H) = 1.2U,(C), except for those on the cyclo-
propylmethyl group and the hydroxyl hydrogen, which
were refined isotropically. The final R value for the 2811
(includes ca. 200 Friedel pairs) observed reflections with
F, > 30(|F,|) were R = 0.027, and wR = 0.035, where w =
1/[c*(|F,)) + g(F.)?] and g = 0.00023. The goodness of fit
parameter was 1.71 and final difference Fourier excursions
were 0.30 and —0.97 eA™,

The absolute configuration determination was based on
the method suggested by D. Rogers.’® The parameter »

(57) Sheldrick, G. M. SHELXTL80. Minicomputer Programs for
Structure Determination, University of Gottingen, Sweden,
1980.
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Figure 2. Thermal ellipsoid plot drawn from experimental co-
ordinates of 3-acetoxy-68-iodo-14-hydroxy-17-(cyclopropyl-
methyl)-4,5a-epoxymorphinan (10). Thermal ellipsoids are drawn
at the 20% probability level.
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Figure 3. Reversal of morphine analgesia. (1) 0.1 mL normal
saline/100 g of body weight, subcutaneous; (2) 10 mg/kg morphine
sulfate in a volume of 0.1 mL normal saline/100 g of body weight,
subcutaneous; (3) naltrexone, 1, 2, 10, 11 (5 mg/kg each in 0.1
mL normal saline/100 g of body weight), intravenously, 40 min
after the morphine administration.

which multiplies all AF” values (imaginary component of
atomic scattering factor) refines to a value of = 1.03 (4).
A correct choice of enantiomer would give +1.0 and an
incorrect choice —1. In addition, the wR for the choice of
the other enantiomer is 0.049, significantly above that of
the correct hand.

In Figure 2, the asymmetric carbons are 5R, 6R, 9R, 13S,
and 14S. The 6R configuration in ring C, which is in a
chair conformation, results in the iodine substituent being
equatorial to the ring. Orientation of the acetoxy and
cyclopropylmethyl groups with respect to the fused ring
moiety may be described by the torsion angles C2-C3-
03-C21 = -80.7° and C9-N1-C17-C18 = -57.4°, respec-
tively. Bond distances and angles are within normal
ranges, and tables of coordinates, bond distances and an-
gles, and anisotropic thermal parameters are available as
supplementary material. The only intermolecular contact
shorter than 3.55 A for O--I van der Waals contact occurs
for O4-I1[x, 1.0 + y,z2] = 3.34 A,

Results and Discussion

Ioxy (1) and epiioxy (2) were evaluated in rat and guinea
pig brain membranes for their opiate receptor subtype
selectivity and potency (Table I). The antagonist prop-
erties of 1 and 2 and acetate esters 10 and 11 were evalu-
ated in vivo in rats (Figure 3). These in vivo studies used
the rat paw withdrawal latency test and indicated that all
of the compounds (1, 2, 10, and 11), like naltrexone, could
produce a complete reversal of the effects of morphine.
The results of this in vivo study also indicated that the

(58) Rogers, D. On the Application of Hamilton's Ratio Test to the
Assignment of Absolute Configuration and an Alternative
Test. Acta Crystallogr. 1981, A37, 734-741.
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Table I. Opiate Receptor Subtype Selectivity of Iodinated

Opiates®

ICs, (nM)

K; (nM)

u- and xy-Receptor Binding;

[*H]Cyclofoxy (K4 = 0.8 nM; ligand concentration = 1.3 nM)

ioxy 0.77 + 0.05 0.29
epiioxy 434 £ 0.19 1.65
cyclofoxy 8.98 £ 0.35 3.42
naltrexone 6.77 £ 0.18 2.57
cyclobroxy 3.14 £ 0.11 1.19

High-Affinity 6-Receptors;

[*H]DADLE (K, = 1.6 nM; ligand concentration = 1.9 nM)

ioxy 25.6 + 3.1 11.7
epiioxy 101 £ 8.4 46.2
cyclofoxy 268 + 33 122
naltrexone 221 + 31 101
cyclobroxy 4.30 £ 0.46 1.96

Low-Affinity 4-Receptors;

[*H]DADLE (K, = 12.2 nM; ligand concentration = 2.1 nM)

ioxy 2.64 + 0.21 2.25
epiioxy 8.06 £ 0.58 6.88
cyclofoxy 16.2 £ 0.8 13.8

naltrexone 5.57 % 0.31 4.75
cyclobroxy 5.77 £ 0.14 4,92

xo-Receptor Binding;

[*H]BRM (K, = 1.0 nM; ligand concentration = 1.8 nM)

ioxy 7.65 £ 0.23 2.73
epiioxy 23.7+£1.1 8.46
cyclofoxy 66.0 £ 3.9 23.5
naltrexone 472+ 19 16.8
cyclobroxy 202+ 1.2 7.21

x;-Receptor Binding;

[*H]U69,593 (K, = 1.6 nM; ligand concentration = 1.8 nM)

ioxy 0.89 £ 0.01 0.42
epiioxy 3.17 £ 0.06 1.49
cyclofoxy 7.88 £ 0.09 3.71
naltrexone 597 £ 0.24 2.81
cyclobroxy 0.70 + 0.02 0.32

u-Receptor Binding;

[*H]DAGO (K, = 0.7 nM; ligand concentration = 1.7 nM)

i0xy 2.74 £ 0.21 0.80
epiioxy 7.16 £ 0.72 2.09
cyclofoxy 114 £ 0.05 3.32
naltrexone 4.04 £ 0.15 1.18
cyclobroxy 421 £+ 0.14 1.23

¢Each [*H]ligand was displaced by eight concentrations of test
drug. The data of two experiments were combined and fit to the
two parameter logistic equation™ for the best-fit estimates of the
ICs; and the slope factor. The K values of the respective ligands
were as follows: [*H]DAGO (0.7 nM), [*H][p-Ala?D-Leu®]enke-
phalin (1.6 nM at the 6, site, 12.2 nM at the ., site), [FH]U69,593
(1.6 nM), [*H]bremazocine (1.0 nM), [*H]cyclofoxy (0.8 nM).

compounds were effective in penetration of the blood-
brain barrier, an important consideration in the develop-
ment of SPECT or PET scanning ligands for brain re-
ceptor imaging. The results also showed the 3-O-acetates
10 and 11 to be equiactive within the paw withdrawal test
(Figure 3), presumably due to enzymatic 3-O-acetoxyl
hydrolysis analogous to the rapid conversion of heroin to
6-0-acetylmorphine.®

In vitro in the rat (Table I) against [*H]cyclofoxy (a
ligand that generally labels u-%*%! and «,-receptor bind-

(59) Inturrisi, C. E.; Max, M. B.; Foley, K. M.; Schultz, M.; Shin,
S-U.; Houde, R. W. The Pharmacokinetics of Heroin in Pa-
tients with Chronic Pain. N. Engl. J. Med. 1984, 310,
1213-1217.

(60) Rothman, R. B.; Bykov, V.; Reid, A.; de Costa, B. R.; Hauck-
Newman, A.; Jacobson, A. E.; Rice, K. C. A Brief Study of the
Selectivity of Norbinaltorphimine, (-)-Cyclofoxy and (+)-
Cyclofoxy Among Opioid Receptors In Vitro. Neuropeptides
1988, 12, 181-187.
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ing!®), ioxy (1) exhibited a K; of 0.29 nM. However its
epimer (2) exhibited a K; of 1.65 nM or a 6-fold reduction
in affinity, indicating that the 68-configuration is more
favorable than the 6a-configuration in this assay. Cyclo-
foxy containing the smaller 68-fluorine atom exhibited a
12-fold lower affinity compared with 1, indicating that the
larger iodine atom is beneficial for its opioid receptor af-
finity. This is further exemplified with the 68-bromo
analog® of 1 (cyclobroxy), which shows an intermediate
receptor affinity (1.19 nM). Interestingly, ioxy was also
more potent than the opiate antagonist, naltrexone (K; =
2.57 nM) in this assay.

Similar relative in vitro potency as that seen with dis-
placement of [*H]cyclofoxy was observed for these com-
pounds (except cyclobroxy) at the high-affinity §-site
(I*H]DADLE)# in the rat (Table I). Thus, ioxy (1) ex-
hibited an affinity of 11.7 nM while epiioxy exhibited a
4-fold lowered affinity (K; = 46.2 nM). As in the dis-
placement of [*H]cyclofoxy, cyclofoxy was also approxi-
mately 10-fold less potent than ioxy for displacement of
[*H]DADLE from the high-affinity 6-site. Naltrexone
exhibited comparable affinity while cyclobroxy displaced
[*H]DADLE with a 6-fold higher affinity than ioxy.

For displacement of [P H]DADLE from the low-affinity
5-site,%? ioxy exhibited the highest affinity of all the com-
pounds reported in Table I. Epiioxy showed a 3-fold lower
affinity (K, = 6.88 nM) and cyclofoxy showed a 6-fold lower
affinity, again corroborating the beneficial effect of the
larger iodine atom and 68-configuration on opioid receptor
binding as seen above. Both naltrexone and cyclobroxy
were intermediate or roughly half as potent as ioxy at this
site.

In guinea pig membranes pretreated with the site-di-
rected affinity ligands!®6? 2-(4-ethoxybenzyl)-1-[2-(di-
ethylamino)ethyl]-5-isothiocyanatobenzimidazole (BIT)®
and N-phenyl-N-[1-[2-(4-isothiocyanato)phenethyl]-4-
piperidinyl]propanamide (FIT),* to irreversibly deplete
u- and -sites, respectively, the displacement of the non-
selective opioid [*H]bremazocine ([°H]BRM) is a measure
of ky-receptor binding.!86 Thus (Table I), ioxy displaced
[*H]BRM with a K; of 2.73 nM while epiioxy (2) was 3-fold
less potent in this respect. Cyclofoxy containing the
smaller F atom was less potent by a factor of 7-9-fold.
Naltrexone was 7-fold less potent than ioxy, and cyclobroxy
was 3-fold less potent.

[*H]U69,593 displacement from guinea pig membranes
pretreated with the site-directed affinity ligands BIT® and
FIT® (to deplete u- and 5-receptors, respectively) is a good
measure of ,-receptor binding affinity.!® Of the com-
pounds tested (Table I), ioxy (K; = 0.42 nM) and cyclo-
broxy (K; = 0.32 nM) were the most potent displacers of
[*H]U69,593 under these conditions. Epiioxy (2) was 4-fold
less potent while cyclofoxy was 9-fold less potent (as it was

(61) Rothman, R. B.; McLean, S. An Examination of the Opiate
Receptor Subtypes Labeled by [*H]cyclofoxy: An Opiate An-
tagonist Suitable for Positron Emission Tomography. Biol.
Psych. 1988, 23, 435-458.

(62) Rothman, R. B.; Bykov, V.; Ofri, D.; Rice, K. C. LY164929: A
Highly Selective Ligand for the Lower Affinity [*H][D-Ala%,D-
Leu®]enkephalin Binding Site. Neuropeptides 1988, 11, 13-16.

(63) Rothman, R. B.; Bykov, V.; Danks, J. A.; Jacobson, A. E.;
Burke, T. R, Jr.; Rice, K. C.; Herkenham, M. Preparation of
Rat Brain Membranes Highly Enriched with Opiate Kappa
Binding Sites Using Site-Directed Acylating Agents: Optimi-
zation of Assay Conditions. Neuropeptides 1988, 6, 503—-515.

(64) Rice, K. C.; Jacobson, A. E.; Burke, T. R., Jr.; Bajwa, B. S,;
Streaty, R. A.; Klee, W. A. Irreversible Ligands with High
Selectivity Toward Delta or Mu Opiate Receptor Subtypes.
Science 1983, 220, 314-316.
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for x,-receptors). Similarly, naltrexone was 7-fold less
potent.

Displacement of [PH]DAGO (Table I) from rat brain
membranes is a versatile measure of u-receptor binding
affinity.%5 Among all of the compounds tested at this
receptor, ioxy was the most potent. Its epimer (2) showed
a 2-fold lower affinity, and cyclofoxy was 4-fold less potent.
Naltrexone and cyclobroxy were both about 1.5-fold less
potent at this site.

On the basis of both in vivo (Figure 3) and in vitro
(Table I) opioid receptor potency, we selected ioxy instead
of epiioxy for radioiodination. In the radioiodination ex-
periments, the tetraethylammonium iodide that was used
in the unlabeled work was substituted with sodium 2.
iodide. The conditions employed utilized anhydrous
carrier-free Na'?l in dry acetonitrile. Optimization of the
conditions (76 °C for 1.5 h) resulted in a quantitative yield
of [**I]-10. As with unlabeled 10, deprotection of the
3-0-acetyl group occurred smoothly in the presence of
excess concentrated aqueous ammonia/acetonitrile to give
the desired ['?I]-1 in 88.5% radiochemical yield after
HPLC purification on an analytical-scale reverse-phase
(C18) cartridge column. During radiochemical synthesis,
it was found to be important to completely separate [125-
I}-10 from excess unreacted precursor 8 since failure to do
so resulted in contamination of the ['?°I]-1. Preliminary
binding experiments indicated that unlabeled 1 could
displace ['*I)-1 with a K, of 0.18 nM.%¥ Preliminary in vivo
labeling experiments using both [*?°I]-1 and [*%I]-10 in-
dicated that they could label opiate-rich areas of rat brain
as determined by autoradiography and in living rats by use
of a “y-camera”.®’

Conclusion

The in vivo experiments proved ioxy to be a potent
opioid receptor antagonist in the rat. The experiments
demonstrated that it readily passed the blood-brain bar-
rier. In general, ioxy was more potent in vitro than the
other compounds tested in Table I at all of the opioid
receptor subtypes. A qualitative examination of atom type
in the 6-position versus receptor potency indicated that
I> Br > F. Ioxy exhibited a greater degree of « selectivity
(x, (/)ul 4=) 1.9) (ky/u = 0.3) than cyclofoxy (x,/, = 0.89) (k;/u

A combination of both receptor binding data and in vivo
potency (after iv administration) of 1 and 10 together with
prelimi in vivo receptor localization experiments with
[1%1]-1 and [*®1)-10%" strongly indicate that the 1%I-labeled
versions of these compounds will be suitable for SPECT
labeling of opioid receptors in living subjects. This is
further supported by the close structural similarity of 1
and 10 to cyclofoxy, which our animall®2427.32-35 gnd hu-
man?23141 gtudies have shown to be an excellent imaging
agent for opioid receptors in vivo.

Experimental Section

Biological Materials and Methods. In Vivo Antagonist
Activity. Assessment of the ability of this series of drugs to croes
the blood-braim barrier was tested in male Sprague-Dawley rats
(300 g) acutely treated with morphine (see Figure 3). We expected

(65) (a) Rothman, R. B.; Long, J. B.; Bykov, V.; Jacobson, A. E,;
Rice, K. C.; Holaday, J. W. Beta-FNA Binds Irreversibly to the
Opiate Receptor Complex. In vivo and In vitro Evidence. oJ.
Pharmacol. Exp. Ther. 1988, 247, 405~416. (b) Kosterlitz, H.
W.; Patterson, S. J.; Tyr-D-ala®-gly-me-phe-NH(CH,),-OH is
a selective ligand for the mu opioid binding site. Br. J.
Pharmacol. 1981, 73, 299P.

(66) Rothman, R. B.; et al. Unpublished results.

(67) ladarola, M.; Berman, K.; et al. Unpublished results.
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that the drugs would have antagonist activity and determined
whether they could reverse morphine-induced analgesia. A
baseline paw withdrawal to a radiant thermal stimulus was ob-
tained for unrestramed animals as described previously;* the
stimulus was set to give a baseline withdrawal latency of ap-
proximately 10 s and the cutoff was at 18 8. After baseline testing,
morphine sulfate, 10 mg/kg, was injected subcutaneously in a
volume of 0.1 mL of saline/100 g of body weight. By 40 min, the
rats were fully analgesic; most reached the 18 s cutoff and showed
characteristic opioid-induced behavioral effects. Naltrexone and
the 3-O-acetylated (10 and 11) and deacetylated (1 and 2) ioxy
epimers were administered intravenously (5 mg/kg each, in 0.1
mL saline/100 g of body weight). The opioid effects were reversed
in a matter of seconds by all of the ioxy derivatives and naltrexone.
Withdrawal latency, tested within 5-10 min of the iv injection,
returned to near baseline values in all cases. While not shown
in the figure, the reversal lasted for at least 40 min.

Receptor Binding. u-Binding sites were labeled using 1.7 nM
[*HJDAGO (SA = 40.8 Ci/mmol) and rat lysed P2 membranes
as previously described.®® Briefly, incubations proceeded for 4-6
h at 25 °C in 50 mM Tris-HCl, pH 7.4, containing a protease
inhibitor cocktail [bacitracin (100 ug/mL), bestatin (10 ug/mL),
leupeptin (4 ug/mL), and chymostatin (2 ug/mL)]. Nonspecific
binding was determined using 20 uM levallorphan. Higher affinity
(04cx) and lower affinity (3,) 6-binding sites were labeled using
1.9 nM [3H][D-Ala2,D-Leu®]enkephalin (SA = 30 Ci/mmol) and
rat lysed P2 membranes as previously described.®? Briefly, in-
cubations proceeded for 46 h at 25 °C in 10 mM Tris-HC], pH
7.4, containing 100 mM choline chloride, 3 mM MnCl,, and the
protease inhibitor cocktail. 100 nM MeTyr-D-Ala-Gly-N(Et)-
CH(CH,Ph)CH,N(CHjy), (LY164929) was used to block binding
to the 6 binding site, and 100 nM [p-pen?L-pen®lenkephalin was
used to block binding to the 8, binding site. Nonspecific binding
was determined using 20 uM levallorphan. [*H]Cyclofoxy binding
sites (u plus k,) were labeled using 1.3 nM [*H]cyclofoxy (SA =
20.6 Ci/mmol) and rat brain lysed P2 membranes as previously
described.5! Nonspecific binding was determined using 20 uM
levallorphan. «;-Binding sites were labeled using 1.8 nM [*H]-
U69,593 (SA = 40 Ci/mmol) and guinea pig brain membranes
depleted of u- and &-binding sites by pretreatment with BIT and
FIT as previously described,'® except that the incubation tem-
perature was 25 °C. Briefly, incubations proceeded for 46 h at
25 °C in 50 mM Tris-HCI, pH 7.4, containing the protease in-
hibitor cocktail plus 1 ug/mL captopril. Nonspecific binding was
determined using 1 xM U69,593. x,-Binding sites were labeled
with 1.8 nM [*H]bremazocine using guinea pig brain membranes
depleted of u- and 8-binding sites by pretreatment with BIT and
FIT as previously described.® Briefly, incubations proceeded for
4-6 h at 0 °C in 50 mM potassium phosphate buffer, pH 7.4, with
the same protease inhibitor cocktail used for the [2H]U69,593
binding assay. Nonspecific binding was determined with 1 uM
(-)-bremazocine.

Synthesis. Melting points were determined on a Thomas-
Hoover capillary apparatus and are uncorrected. Specific rotation
determinations at the sodium D line were obtained in a 1 dm cell
using a Perkin-Elmer 241-MC polarimeter (automatic). Gas
chromatographic (GC) analysis was performed on a Hewlett-
Packard 5880A instrument fitted with a 30 M SE-30 capillary
column and a flame ionization detector. Elemental analyses were
performed at Atlantic Microlabs, Atlanta, GA. Where compounds
are indicated by molecular formulae followed by the symbols of
the elements (C, H, N), elemental compositions were determined
to be within £0.4% of the calculated values. Chemical-ionization
mass spectra (CIMS) were obtained using a Finnigan 1015 mass
spectrometer. Electron ionization mass spectra (EIMS) and

(68) Iadarola, M. J.; Douglass, J.; Civelli, O.; Naranjo, J. R. Dif-
ferential Activation of Spinal Cord Dynorphim and Enkephalin
Neurons During Hyperalgesia: Evidence Using cDNA Hy-
bridization. Brain Res. 1988, 455, 205-212.

(69) Hargreaves, K.; Dubner, R.; Brown, F.; Flores, C.; Joris, J. A
New and Sensitive Method for Measuring Thermal Nocicep-
tion in Cutaneous Hyperalgesia. Pain 1988, 32, 77-88.

(70) Rodbard, D.; Lenox, R. H.; Linton, Ramseth, D. Statistical
Characterization of the Random Errors in the Radioimmu-
noassay Dose-1esponse Variable. Clin. Chem. 1976, 22, 350-8.
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high-resolution mass measurements (HRMS) were obtained using
a VG-Micro Mass 7070F mass spectrometer. 'H-NMR spectra
were obtained in CDCl; solutions using a Varian XL-300 spec-
trometer. Infrared (IR) spectra were determined using a Bio-Rad
FTS-45 FTIR spectrometer. Thin-layer chromatography (TLC)
was performed on 250-um Analtech GHLF silica gel plates. TLC
system A corresponds to CHCl;-MeOH-concentrated aqueous
NH; (90:9:1). TLC system B corresponds to CHCl;-MeOH-
concentrated aqueous NH; (99:0.9:0.1). TLC system C corre-
sponds to CHCl;-MeOH-concentrated aqueous NH; (98:1.8:0.2).
All reaction steps involving the use of 125] were performed using
carrier-free iodine. The reaction conditions were determined using
unlabeled precursors and the products confirmed spectroscopically
prior to use of the %I, Radioactivity measurements were de-
termined using a radioisotope calibrator, Model CRC-10 (Capintec
Inc., Montvale, NJ).

6a-Naltrexol (3,6c,14-Trihydroxy-17-(cyclopropyl-
methyl)-4,5¢-epoxymorphinan) (4). To a stirred solution of
naltrexone base (21.6 g, 63.3 mmol) in dry THF (500 mL), at
ambient temperature under argon, was added 14.5 mL of a 35%
suspension of KH in mineral oil (126.6 mmol) and stirring was
continued until the vigorous effervescence had subsided. The
stirred solution was cooled to 5 °C, treated dropwise during 25
min with 95 mL (95 mmol) of a 1.0 M solution of K-Selectride
in THF, and stirred for 40 min at 5 °C and then for 12 h at 25
°C. The reaction was quenched by addition of 40 mL of water
and the solvent was evaporated in vacuo. To the residue was
added 400 mL of water and the aqueous mixture treated with
concentrated aqueous HCI to pH 3-4. The acidic solution was
extracted with ether (3 X 200 mL) and the ether extract discarded.
Treatment of the aqueous layer with excess aqueous ammonia
precipitated the free base. Extraction of the aqueous mixture
with CH,Cl; (3 X 100 mL), drying of the extract by passage
through a short column of Na,SO,, and evaporation of the solvent
in vacuo gave the crude product 21.7 g (quantitative) as a foam.
Analysis of the mixture by TLC (system A) and 'H NMR indi-
cated the absence of epimeric (65-) alcohol B in the reaction
product. A small portion of the crude product was crystallized
from acetonitrile to give base slightly contaminated with un-
reacted naltrexone: [a]p = -202° (¢ 0.735, CHCly). The total crude
product (base) was dissolved in 150 mL of 2-propanol at 60 °C
and treated with 9.63 g (63.3 mmol) of (R)-(-)-mandelic acid.
Crystallization occurred spontaneously on cooling to 25 °C. The
crystals were filtered and washed with 3 X 20 mL of cold (4 °C)
2-propanol followed by ether (20 mL) and dried in vacuo at 60
°C to afford 4-(R)-(-)-mandelate (23.6 g, 75%) which was free
of unreacted naltrexone (TLC, 'H NMR); mp 163-165 °C. Anal.
(CyH33NO,-0.75 H,0) C, H, N.

4 (base): To a mixture of 4-(R)-(-)-mandelate (22.58 g, 46.89
mmol), distilled water (200 mL), and CHC]l; (200 mL) was added
1.87 g (46.89 mmol) of NaOH pellets or standardized 1.0 M
aqueous NaOH solution, and the mixture stirred for 10 min at
ambient temperature. The organic layer was separated and the
aqueous layer was washed with 3 X 100 mL of CHCl;. The
combined organic layer was dried (Na,SO,) and evaporated to
give 4 (base) (quantitative) as a colorless foam. Crystallization
from cold (5 °C) acetonitrile (100 mL) afforded 10.62 g of pure
4. Evaporation of the acetonitrile filtrate to 50 mL afforded a
further 4.70 g of pure product: mp 208-209 °C; 'H NMR (CDCl,)
66.71(d,J =6.2 Hz,1 H),6.52 (d, J = 6.2 Hz, 1 H), 4.65 (d, J
= 4.3 Hz, 1 H), 4.24 (m, 1 H) (identical to that previously de-
scribed?); IR (CHCl,) 3581, 3364, 3008, 2938, 2832, 1508, 1460,
1391, 1336, 1148, 1084, 976 cm™; [a]p = -214° (¢ 0.96, CHCl,).
Anal. (CoHyNO,) C, H, N.

63-Naltrexol (3,68,14-Trihydroxy-17-(cyclopropyl-
methyl)-4,5a-epoxymorphinan) (5). To a suspension of nal-
trexone base (6.81 g, 20.0 mmol) under argon was added 100 mL
(enough to afford complete solution) of 0.533 M aqueous NaOH.
The alkaline solution of naltrexone was treated dropwise at am-
bient temperature during 20 min with 8.64 g (80 mmol) of form-
amidinesulfinic acid dissolved in 200 mL of 0.533 M aqueous
NaOH. After the addition was complete, the solution was heated
and stirred at 80-85 °C for 1.5 h when TLC (system A) indicated
the reaction to be complete. The reaction mixture was cooled
(ice bath) and then treated dropwise under argon with a solution
of ammonium chloride (10.27 g, 192 mmol) in distilled water (100
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mL). The aqueous mixture was extracted with 5 X 100 mL of
CHCI; and the combined organic extract was filtered through a
pad of Na,SO, and evaporated in vacuo to afford crude 5 (base)
as a foam which was dissolved in 20 mL of warm (50 °C) ethyl
acetate and diluted to 60 mL with warm n-hexanes. Crystallization
occurred spontaneously on cooling. The crystals were collected
by filtration, washed with 2 X 10 mL of cold ethyl acetate-n-
hexanes (1:3), and oven-dried in vacuo at 60 °C to give 5 (6.11
g, 89%) (free of any 6a-epimer as determined by 'H NMR and
TLC): mp 187-188 °C, (lit.** mp 188-190 °C); 'H NMR (CDCl,)
66.71(d,J=8.1Hz 1H),6.56(d,J=81Hz,1H),455(d,J
= 6.1 Hz, 1 H), 3.57 (m, 1 H) (identical to that previously de-
scribed®); IR (CHCl;) 3587, 3356, 3009, 2950, 2833, 1506, 1455,
1325, 1093, 1034, 978 cm™); [a]p = -156° (¢ 0.604, MeOH) [lit.>
[a]lp = -133.8° for 5-HCI (¢ 1, H,0)].

3-Acetoxy-65,14-dihydroxy-17-(cyclopropylmethyl)-4,5«-
epoxymorphinan (7). The method of Welsh® for acetylation
of morphine to morphine 3-acetate as applied earlier® was altered
as follows. Compound 5 (base) (5.50 g, 16.0 mmol) was suspended
in 180 mL of distilled water in a large beaker, and to this was
added 22.9 g (272.6 mmol) of NaHCO,. To the vigorously stirred
mixture was cautiously added dropwise 13.7 mL of acetic anhy-
dride. Voluminous effervescence and foaming occurred during
the addition, and after 20 min, the reaction had subsided and a
clear solution remained. The aqueous mixture was extracted with
CHCl; (5 X 100 mL) and the organic extract was dried through
a column of Na,SO,, and evaporated in vacuo to afford 7 (base)
(quantitative) as an oil (homogeneous on TLC, solvent system
A) which failed to crystallize as a number of different salts: 'H
NMR (CDCl,) 6 6.81 (d, J = 8.2 Hz, 1 H), 6.65 (d, J = 8.2 Hz,
1H), 452 (d, J = 5.7 Hz, 1 H), 3.58 (m, 1 H), 3.03-3.13 (m, 2 H),
2.67 (m, 2 H), 2.36 (d, J = 6.6 Hz, 2 H), 2.30 (s, 3 H), 2.12-2.29
(complex m, 3 H), 1.93 (td, J = 8.9, 1.7 Hz, 1 H), 1.49-1.69
(complex m, 3 H), 1.36 (m, 1 H), 0.84 (m, 1 H), 0.55 (m, 2 H), 0.12
(m, 2 H); IR (CHC],;) 3600, 3380, 3080, 3010, 2960, 2840, 1760,
1620, 1490, 1455, 1370, 1200, 1090, 1040, 980 cm™'; HRMS C,,-
Hy;NO; requires 385.1889, M* (found) 385.1877.

3-Acetoxy-6a,14-dihydroxy-17-(cyclopropylmethyl)-4,50-
epoxymorphinan (6). Compound 4 (base) (12.00 g, 35.2 mmol)
was treated with 50 g (595 mmol) of NaHCO, and 30 mL (317
mmol) of acetic anhydride?5® as above for 7 to afford 6 (base)
(13.5 g, quantitative) as a colorless oil. Compound 6 (13.09 g) was
treated with 3.09 g of oxalic acid in 100 mL of 1:1 acetone~2-
propanol. After addition of the oxalic acid, copious crystallization
occurred. The suspension of crystals was cooled to 4 °C and then
filtered and washed twice with acetone~2-propanol (1:1) to afford
12.97 g of 6-oxalate: mp 186-187 °C (lit.2? mp 184-187 °C); 'H
NMR (CDCly) & 4.62 (d, J = 5.1 Hz, 1 H) (identical to that
previously described®).

3-Acetoxy-6a-{[(trifluoromethyl)sulfonyl]oxy]-14-
hydroxy-17-(cyclopropylmethyl)-4,5¢-epoxymorphinan (8).
The following modification provided more satisfactory results than
that reported earlier.? To a solution of 6 (base) (11.65 g, 30.3
mmol) in 300 mL of alcohol-free dry chloroform under argon was
added 13.3 mL (121 mmol) of freshly redistilled N-methyl-
morpholine, and the solution was cooled to -30 °C. To the cooled
and stirred solution was added dropwise, at such a rate that the
temperature of the solution did not rise above -30 °C, tri-
fluoromethanesulfonic acid anhydride (10.2 mL, 60.5 mmol). The
solution was stirred from -30 to -10 °C during 1 h and then at
0 °C for 10 min when TLC (system B) indicated complete reaction.
The reaction mixture was diluted with 300 mL of CHCl; and
washed with 3 X 300 mL of saturated NaHCO; followed by 3 X
300 mL of water. Evaporation of the solvent afforded the crude
product as an oil which was purified by flash column chroma-
tography on silica gel eluting with solvent system B to afford 12.75
g (81%) of 8 as a colorless gum which was stored at -70 °C: 'H
NMR (CDCl;) é 6.88 (d, J = 8.2 Hz, 1 H), 6.67 (d, J = 8.2 Hz,
1 H), 5.42 (q, J,pp = 4.5 Hz, 1 H), 4.76 (d, J = 4.6 Hz, 1 H), 3.13
(m, 1 H), 3.10 (3, J = 18 Hz, 1 H), 2.59-2.69 (m, 2 H), 2.36 (m,
2 H), 2.30 (s, 3 H), 2.23 (m, 2 H), 2.02 (dd, J = 3.6, 9.3 Hz, 1 H),
1.46-1.76 (complex m, 4 H), 0.84 (m, 1 H), 0.55 (m, 2 H), 0.13 (m,
2 H) (identical to that reported previously?®); IR (CHCl;) 3377,
3028, 2929, 2833, 1762, 1619, 1493, 1452, 1412, 1372, 1196, 939
cm}; CIMS Cy3HF3NO,S requires 518 (MH*), MH* found 518;
[alp = -131° (c 1.405, CHCly).

de Costa et al.

3-Acetoxy-68-[[ (trifluoromethyl)sulfonyl]oxy]-14-
hydroxy-17-(cyclopropylmethyl)-4,5¢-epoxymorphinan (9).
To a stirred solution of 7 (base) (6.16 g, 16.0 mmol) and freshly
redistilled N-methylmorpholine (7 mL, 64 mmol) in dry, alcohol
free CHCI; at —30 °C was added trifluoromethanesulfonic acid
anhydride (5.4 mL, 32 mmol) at such a rate that the temperature
of the solution did not rise above -30 °C. The solution was stirred
from -30 to —20 °C for 10 min when TLC (system C) indicated
complete reaction. The reaction mixture was diluted with 100
mL of CHCl; and washed with 3 X 150 mL of saturated NaHCO,
and 3 X 150 mL of water, and the solvent evaporated in vacuo
to afford the crude product as a dark oil. The crude product was
purified by flash column chromatography on silica gel eluting with
solvent system C, to afford pure 9 (7.60 g, 92%) as a colorless gum.
This could be crystallized from a mixture of ethyl acetate (5 mL)
and hexanes (30 mL) at 4 °C: mp 151-152 °C; '"H NMR (CDCly)
66.88(d,J=82Hz 1H),6.72(d,J=82Hz,1H), 470, J
= 6.6 Hz, 1 H), 4.62 (q, J,pp, = 6.1 Hz, 1 H), 3.03-3.18 (m, 2 H),
2.56-2.72 (m, 2 H), 2.30-2.44 (m, 1 H), 2.38 (d, J = 6.5 Hz, 2 H),
2.28 (s, 3 H), 2.22-2.50 (m, 1 H), 2.01 (td, J = 12.1, 3.5 Hz, 1 H),
2.00 (m, 1 H), 1.72 (dt, J = 13.7, 3.3 Hz, 1 H), 1.53 (dd, J = 12.5,
2.3 Hz, 1 H), 1.42 (td, J = 13.6, 2.8 Hz, 1 H), 0.84 (m, 1 H), 0.55
(m, 2 H), 0.13 (m, 2 H); IR (CHCI;) 3023, 3007, 1763, 1412, 1144,
1039, 989, 520 cm™!; CIMS C,3Hy6F;NO,S requires 518 (MH*),
MH* found 518; [a]p = -128° (c 1.262, CHCly). Anal. (Cyy-
HzsF;NO,;S) C, H, N.
3-Acetoxy-63-iodo-14-hydroxy-17-(cyeclopropylmethyl)-
4,5a-epoxymorphinan (10). To a stirred solution of 8 (base)
(9.16 g, 17.7 mmol) in dry acetonitrile (300 mL) at -10 °C under
argon was added (in one portion), tetraethylammonium iodide
(9.11 g, 35.4 mmol) and the solution stirred at -10 °C for 1 h, and
then at 25 °C for 3 h when TLC (system C) indicated the reaction
to be complete. The solvent was evaporated at ambient tem-
perature in vacuo, and the colorless residue was dissolved in 500
mL of CHCl; and washed with water (4 X 100 mL). Evaporation
of the solvent afforded 10 (base) (7.90 g, 90%) as a crystalline
solid. The residue was dissolved in 25 mL of warm ethy] acetate
and the solution was diluted by the addition of 60 mL of warm
n-hexane. Crystallization occurred spontaneously as the solution
cooled. When the mixture had reached ambient temperature,
further crystallization was achieved by cooling at 4 °C for 2 h.
The crystals were filtered and washed with cold (0 °C) solvent
to yield 6.00 g (68%): mp 157.5-158 °C; 'H NMR (CDCl,) 6 6.83
(d,J =8.2 Hz,1H),6.68(d,J =82Hz,1H),497(d,J =8.2
Hz, 1 H), 3.87 (m, 1 H), 3.01-3.11 (m, 2 H), 2.60-2.70 (m, 2 H),
2.51-2.60 (m, 2 H), 2.36 (d, J = 6.6 Hz, 2 H), 2.32 (s, 3 H), 2.25
(dd, J = 4.8, 12.4 Hz, 1 H), 2.03-2.16 (m, 2 H), 1.56 (m, 1 H),
1.41-1.50 (m, 2 H), 1.35 (td, J = 3.05, 13 Hz, 1 H), 0.84 (m, 1 H),
0.54 (m, 2 H), 0.12 (m, 2 H); IR (CHCl;) 3379, 3020, 3008, 2928,
1762, 1492, 1446, 1371, 1192, 1168, 1112 cm™}; CIMS CyHy»INO,
requires 496 (MH*), MH* found 496; [a]p = -236° (¢ 1.126,
CHCl;). Anal. (Cp,HxINO,) C, H, N.
3-Acetoxy-6a-iodo-14-hydroxy-17-(cyclopropylmethyl)-
4,5a-epoxymorphinan (11). A mixture of 9 (base) (3.00 g, 5.80
mmol) and tetraethylammonium iodide (2.98 g, 11.6 mmol) in dry
acetonitrile (50 mL) was heated and stirred for 4 h at 80 °C under
an argon atmosphere when TLC (system B) and mass spectral
analysis indicated that the reaction was complete. The solvent
was evaporated in vacuo and the residue was dissolved in CHCly
(100 mL) and washed with 4 X 40 mL of water and evaporated
to give 11 (base) as an oil (2.89 g, 97%). Crystallization from 10
mL of warm 2-propanol afforded 2.22 g (77%) of pure 11: mp
156-157 °C; 'H NMR (CDCly) § 6.85 (d, J = 8.2 Hz, 1 H), 6.63
(d, J = 8.2 Hz, 1 H), 4.79 (dt, J = 13.5, 3.8 Hz, 1 H), 4.65 (d, J
= 3.8 Hz, 1 H), 3.10 (m, 1 H), 3.06 (d, J = 18.6 Hz, 1 H), 2.66 (m,
2 H), 2.61 (dd, J = 19, 6.7 Hz, 1 H), 2.19-2.42 (complex m, 3 H),
2.33 (s, 3 H), 2.04 (m, 1 H), 1.45-1.81 (complex m, 4 H), 1.38 (m,
1 H), 0.85 (m, 1 H), 0.55 (m, 2 H), 0.13 (m, 2 H); IR (CHCl;) 3390,
3027, 2028, 2831, 1767, 1494, 1453, 1371, 1227, 1194, 1158, 1115
cm™; CIMS Cy,HyINO, requires 496 (MH*), MH™* found 496;
[alp = -244° (c 0.625, CHCl;). Anal. (CyHyINO,) C, H, N.
68-Iodo-3,14-dihydroxy-17-(cyclopropylmethyl)-4,5«a-ep-
oxymorphinan (1, Ioxy). Compound 10 (base) (5.00 g, 10.1
mmol) was dissolved in a mixture of THF (70 mL) and MeOH
(70 mL) and the mixture was treated with concentrated aqueous
ammonia solution (35 mL) and stirred for 25 min under an argon
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atmosphere at ambient temperature when TLC (system A) in-
dicated the reaction to be complete. The solvent was evaporated
in vacuo and the residue was dried under high vacuum to afford
a quantitative yield of 1 as a white powder. Compound 1-oxalate
was crystallized from 150 mL of boiling 2-propanol and dried in
vacuo at 80 °C to afford 5.47 g (quantitative) yield of 1-oxalate:
mp 177 °C dec; 'H NMR (CDCl,) (base) 6 6.73 (d, J = 8.2 Hz,
1H),6.59(d,J=82Hz 1H), 497 (d, J = 8.1 Hz, 1 H), 3.87
(m, 1 H), 3.06 (m, 1 H), 2.84 (d, J = 18.3 Hz, 1 H), 2.51-2.70
(complex m, 3 H), 2.36 (d, J = 6.5 Hz, 2 H), 2.26 (td, J = 12.3,
4.9 Hz, 1 H), 2.10 (m, 2 H), 1.26-1.50 (complex m, 4 H), 0.84 (m,
1 H), 0.53 (m, 2 H), 0.12 (m, 2 H); IR (CHCI,) 3572, 3330, 3005,
2950, 2927, 2833, 1507, 1455, 1146, 1108, 1032, 909 cm™!; CIMS
CyxHINO; requires 454 (MH*), MH* found 454; [a]p = -149°
(c 1.179, MeOH). Anal. (C,Hy»INO,-C;HO) C, H, N.
6c-Iodo-3,14-dihydroxy-17-(cyclopropylmethyl)-4,5a-ep-
oxymorphinan (2, Epiioxy). Compound 11 (base) (1.90 g, 3.84
mmol) in a mixture of 40 mL of MeOH and 20 mL of THF was
treated with concentrated aqueous ammonia solution (10 mL)
as described above for 1. The reaction was found to be complete
within 30 min at ambient temperature (TLC system A). The
solvent was evaporated in vacuo and the residue was dried under
high vacuum to afford a quantitative yield (1.74 g) of 2 (base).
The oxalate salt was crystallized from 50 mL of a mixture of
MeOH and 2-propanol (1:1). The MeOH component was distilled
off while the volume was kept constant at 50 mL by addition of
2-propanol. The solution was cooled to 25 °C and the crystals
were filtered and washed with 2 X 10 mL of cold (0 °C) 2-propanol
followed by ether (10 mL) to yield (after drying overnight in vacuo
at 80 °C) 2.06 g (99%): mp 211-212 °C dec; 'H NMR (CDCl,)
(base) 6 6.75 (d, J = 8.5 Hz, 1 H), 6.55 (d, J = 8.5 Hz, 1 H), 4.83
(dt, J = 13.5, 3.9 Hz, 1 H), 4.64 (d, J = 3.6 Hz, 1 H), 3.04 (m, 2
H), 2.66 (m, 2 H), 2.57 (dd, J = 18, 6.4 Hz, 1 H), 2.14-2.42 (complex
m, 3 H), 2.06 (m, 2 H), 1.33-1.78 (complex m, 5 H), 0.85 (m, 1
H), 0.55 (m, 2 H), 0.13 (m, 2 H); IR (CHCl;) 3575, 3371, 3006,
2928, 2832, 1508, 1461, 1386, 1226, 1147, 1113, 1062, 1030 cm™!;
[a]lp = -153° (c 0.868, MeOH); CIMS CyH,,INO, requires 454
(MH"), MH* found 454. Anal. (C,;H5INO,-C3HgO) C, H, N.
[1251]-8-Acetoxy-68-iodo-14-hydroxy-17-(cyclopropyl-
methyl)-4,5a-epoxymorphinan (['?’I]-3-0 -Acetylioxy,
['#1]-10). Carrier-free aqueous ['#I]sodium iodide (5.0 mCi) was
dried by evaporation under a stream of nitrogen and reconstituted
with 40 uL of dry acetonitrile. To this solution was added triflate
ester 8 (100 ug) dissolved in 10 uL of dry acetonitrile and the
reaction mixture was heated to 76 °C for 1.5 h under a nitrogen
atmosphere. The reaction mixture was diluted to 5 mL with
distilled water and passed through a C,+-SepPak (prewetted with
acetonitrile and flushed with water) (Waters Associates). The
SepPak was washed with 3 X 10 mL of water to remove unreacted
[1%T]sodium iodide. The unreacted precursor 8 and ['%])ioxy were
eluted with 2 X 0.5 mL of acetonitrile containing 0.1% tri-
fluoroacetic acid (TFA). Counting of the product on a y-counter
(Capintec, Model CRC10 radioisotope calibrator) indicated a yield
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of 5.0 mCi (100% incorporation of carrier-free 126I), The aceto-
nitrile-TFA solvent was removed by careful evaporation under
a stream of nitrogen and the residue was redissolved in aceto-
nitrile-0.1% aqueous trifluoroacetic acid (1:3) and injected into
a HPLC machine (Waters Associates) fitted with a Perkin-Elmer
C,s reverse-phase cartridge column (0.4 X 10 cm; 3-um particle
size). Elution with acetonitrile—0.1% aqueous trifluoroacetic acid
(1:3) under isocratic conditions at a flow rate of 0.9 mL/min
resulted in a clear separation (see Figure 1) of [1%1]-10 (measured
using both a UV detector set at 214 nM as well as from cpm/
fraction) from the precursor 8. The radiolabeled peak displayed
the exact retention time and elution profile as unlabeled ioxy
3-0-acetyl ester 10. The radiochemical yield of purified [%1]-10
was found to be 5.0 mCi (100%).

The radiolabeled products were stored at —20 °C and used
within 1 week of purification. The material was dried down under
a gentle stream of nitrogen and redissolved in normal saline prior
to in vivo studies.

[1251]-68-Todo-3,14-dihydroxy-17-(cyclopropylmethyl)-
4,5a-epoxymorphinan (['*I}ioxy, ['?I]-1). Cleavage of the
3-O-acetyl group of [1%]]-3-0-acetylioxy ([1*I]-10) was performed
starting with 315 uCi of [1%]]-3-O-acetylioxy dissolved in 50 uL
of acetonitrile. To this solution at 25 °C was added 50 uL of
concentrated aqueous ammonia solution and the reaction mixture
was allowed to stand at 25 °C for 20 min. The reaction solvent
was removed by careful evaporation under a stream of nitrogen.
The residue was dissolved in 50 uL of 0.1% aqueous TFA-
acetonitrile and purified by HPLC as described above for
[125]]-3-0-acetylioxy to give [1%I]-1 (279 uCi, 88.5% yield). The
HPLC profile of the reaction product indicated that complete
cleavage of the 3-O-acetyl group had occurred within 20 min after
addition of the ammonia solution. The ['%]]ioxy eluted with the
exact elution profile of unlabeled ioxy. The product was stored
at —20 °C and used within 1 week of purification. The material
was dried down under a gentle stream of nitrogen and redissolved
in normal saline prior to in vivo studies. The results of these
biological studies with [12]]-3-O-acetylioxy (['%I]-10) and [**]]ioxy
(['#1]-1) will be presented elsewhere.
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