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Summary

In this report we describe the synthesis of the Z (cis) isomers of R-1-azabicyclo[2.2.2]oct-3-y] R- and
S-a-hydroxy-a-(1-iodo-1-propen-3-yl)-c-phenylacetate. We also report the results of the in vitro binding
assays of the E and Z isomers of the (R,R)-and (R,S)-isomers of IQNP. The Z isomers of IQNP were
prepared by thereaction of (R,R)- or (R.S)-1-azabicyclo[2.2.2]oct-3-yl-a-hydroxy-a-phenyl-a- 1 -propyn-3-
ylacetate with tributyltin hydride in HMPA followed by subsequent reaction of the cis tributylstannyl
substrate with iodine. In an attempt to increase the yield of the Z isomers, the preparation of the Z
isomers of the R-or S-ethyl a-hydroxy-a-phenyl-a-(1-propyn-3-yl)acetate was also investigated under a
variety of reaction conditions. Results of the in vitro binding assays demonstrated that although all the
isomers showed high affinity for the muscarinic receptor, the E-(R,R)-IQNP isomer had a 100 times

greater higher affinity for m; and mj receptor subtypes as compared to m, subtype.

In this report the evaluation of methods for the separation of carrier-free holmium-166 for reactor-
irradiated dysprosium-165 targets is also discussed. Holmium-166 decays with emission of high energy
3 particles (1855 and 1776 KeV) and a gamma photon suitable for imaging (80.5 KeV). Since the most
common oxidation state of holmium is as a trivalent cation, the chelation chemistry of holmium is similar
to yttrium and holmium-166 is of interest for various therapeutic applications. Reverse phase ion-
exchange chromatography using a-hydroxyisobutyric acid as the eluent and either Dowex AGS0Wx12 or
Aminex-AS5 cation exchangers have been developed for separation of carrier-free holmium-166 from

milligram quantities of 164Dy203.

During this period a Cooperative Research and Development Agreement (CRADA) was established
between the ORNL Nuclear Medicine Program and RhoMed, Inc., in Albuquerque, New Mexico, for the
evaluation of rhenium-186 and rhenium-188-labeled peptides and antibodies for cancer therapy, and a
tungsten-188/rhenium-188 generator was provided for this labeling studies. Large-scale (> 500 mCi)
levels of tin-117m were produced in the ORNL High Flux Isotope reactor (HFIR) and provided to the
BNL Medical Department for ongoing studies of the effectiveness of tin-117m-DTPA for the clinical

treatment of cancer bone pain.



Synthesis of Z-R-1-azabicyclo[2.2.2]oct-3-yl R- andS-a-hydroxy-a-1-iodo-1-propen-3-yl)-a-
phenylacetate.

We have previously reported on the synthesis and initial in vivo study in female rats of E-and Z-
R-1-azabicyclo[2.2.2]oct-3-yl R-and S-c-hydroxy-a-1-iodo-1-propen-3-yl)-a-phenylacetate (1)(ORNL/TM-
0000). The E isomers of 1 (trans configuration of the iodide on the double bond) were readily
synthesized by the treatment of the R-1-azabicyclelo[2.2.2]oct-3-yl R- and S-a-hydroxy-a-phenyl-a-(1-
propy-3-yl)acetate (2) with tributyltin in the presence of AIBN in toluene. Subsequent treatment of 2 with
iodine in chioroform afforded E-(R,R)- or (R,S)-1 (Scheme 1). The Z isomers that were utilized for the
initial in vivo study utilizing female rats were isolated as minor products from the stannylation reaction
of the corresponding E isomers of 1. The synthesis and characterization of Z-(R,R)- and Z-(R,S)-IQNP
have now been completed, along with the in virro binding assays of the E and Z isomers of (R,R) and
R,S)-IQNP in collaboration with) the George Washington University Medical Center (B. Zeeberg, Ph.D.
and V. Sood, Ph.D. et al.) and the University of Chicago (R. C. Reba, M.D.).

Since iododestannylation reactions normally proceed with retention of stereochemistry, the
orientation of the tributylstannyl group on a double bond can be influenced by the choice of solvent used
for the preparation of vinyl tributylstannyl intermediate. The use of a slight excess of tributyltin hydride
in toluene with a radical initiator affords primarily the E isomer while the use of an aprotic solvent such

as hexamethylphosphoric triamide (HMPA), affords mainly the Z isomer.
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When the reaction of 2 with tributyltin hydride was performed using HMPA as the solvent under
a variety of reaction conditions (Table 1), only minor amounts of the Z-(R,R)- or Z-(R,S)-3 isomers along
with the E isomers were isolated from the reaction mixture. It therefore appears that the E to Z ratio is
not only dependent on the reaction conditions, but may also be influenced by steric hinderance around the
acetate center, which favors formation of the less hindered E configuration. In addition, the levels of the
Z isomer isolated from the reaction mixture varied even under identical reaction conditions (see entries
2 and 6, Table 1). At temperatures greater than 30°C, it was also observed that compound 2 decomposed
and could not be recovered during the purification of the stannylated product. Surprisingly, when Z-
(R,R)} or Z-(R,S)-3 was treated with iodine in chloroform both the E- and Z-(R,R)- or (R,S)-1,
respectively, were isolated in an approximate 20:80 ratio as determined by HPLC and NMR analyses. As
observed with the racemic mixture, the E and Z isomers of IQNP could not be effectively separated by
flash column chromatography. Due to the low yield of Z-(R,S)- and Z-(R,R)-3 and 1, the specific rotation

of these compounds could not be measured.

C
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An alternate route was thus pursued for preparation of the Z isomers in an attempt to improve the
yield and avoid racemization of the vinyl iodide (Scheme 2). This route was chosen to simplify the
chemistry by addition of the quinuclidinyl moiety during the final step of the synthetic pathway. To
insure that this route would not cause racemization to occur at any of the chiral centers, E-(R,S)-IQNP
(E-(R,S)-1 was synthesized by this route and compared to the product isolated from previous preparations
of E<(R,S)-1. Forthisapproach, (S)-ethyl e-hydroxy-a-phenyl-a-1-propyn-3-yhacetate ((S)-4) wastreated
with tributyltin hydride in the presence of AIBN and the resulting tributyltin intermediate was treated with
iodine to afford E-(S)-6, as confirmed by NMR and TLC analysis. Transesterification with R-3-
quinuclidinol afforded E-(R,S)-1. The optical rotation of E-(R,S)-1 prepared by both routes was in

agreement, demonstrating that this reaction sequence does not cause racemization at the chiral centers.

However, as observed before, reaction of either (S)- or (R)-4, with tributyltin hydride in HMPA
under a variety of conditions still formed both the E and Z isomers (Table 1). Repeated purification by
flash column chromatography afforded the desired Z-(S)- or Z-(R)- isomer of 5 free of the E isomer, as
determined by NMR analysis. In contrast to the approach described above, treatment of the Z isomers
of 5 with iodide, afforded the desired Z-(S)- OR Z-(R)-6 as determined by NMR analysis. It was
observed that the specific rotations of the respective E- and Z- 5 along with the respective E-and Z-6
were similar. However, transesterification of either Z-(S)- or Z-(R)-6 with (R)-3-quinuclidinol under the
usual conditions afforded only a minor amount of IQNP in which the configuration of the vinylic iodide
had racemized and the major product isolated being the loss of the vinyl iodide to afford wither (R,S)-
or (R,R)-2. The conversion of Z-(S)-6 to the free acid followed by the activation of the acid with
carbodiimidazole and subsequent reaction with R-3-quinuclidinol was also investigated. = However,
treatment of E-(S)-6 with ethanolic sodium hydroxide caused both rapid loss of the vinylic iodide to afford

the propargyl-substituted acid as well as the saponification of the ethyl ester.

The results of in vitro binding assays of E and Z-(R,R)- and (R,S)-1 are shown in Table 2. All
the isomers demonstrated high binding affinity for the muscarinic receptor, although some differences were
also observed. While E-(R,S)-IQNP demonstrated the lowest affinity for the muscarinic receptor, it
demonstrated a moderate 6-fold selectively for the M; (m;, m;) over the M, (m,) receptor subtype. E-
(R,R)-IQNP demonstrated a high affinity for the muscarinic receptor, comparable to QNB, but in vitro,
exhibits a 100-fold selectively for the M, subtype over the M, subtype. E-(R,R)-IQNP therefore is one

of the most selective M; muscarinic ligands containing iodine which has been developed which readily
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passes the blood brain barrier. This ligand also has potential use in the development of M,-selective
muscarinic ligands because of its ability in vitro to selectively block the M; receptor subtype. Z-(R,R)-
and Z-(R,S)-IQNP both demonstrate high binding affinity for the muscarinic receptor but demonstrate no
selectively for the different receptor subtypes. We are currently evaluating the in vivo biodistribution
properties and pharmocokinetic and autoradiographic analyses of these promising new ligands in detail
for potential use of the iodine-123-labeled agents to study muscarinic receptors by Single Photon Emission

Computed Tomography (SPECT).
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Table 1.  Stannylation Products From the Preparation of the Z Isomers.

Substate TBTH/SUB HMPA/SUB Temp Time Yield
(mmol/mmol) (ml./mmol) (°C) (hours) %E %Z E/Z

R-3 2.6 3.1 70 36 21.8 18.1 1.2
29 1.5 50 72 3.1 11.8 03
2.9 1.6 50 96 356 39 9.1

S-3 2.5 1.6 80 65 36.2 18.0 2.0
2.5 1.8 80 44 53.5 10.5 5.1
2.9 1.5 50 72 13.7 19.7 0.7
2.9 1.5 50 24 614 45 13.6

R,S-6 42 1.5 40 22 18.7 31.0 0.6
3.0 1.5 40 27 11.1 11.1 1.0
3.5 1.9 50 45 ND 178 ND

R,R-6 2.8 1.3 55 45 18.8 232 08
1.5 1.2 55 45 107 10.7 1.0
2.9 1.6 55 45 20.0 8.2 2.4
2.7 4.8 70 50 7.8 34 2.3

ND= not determined

HMPA= hexamethylphorphorous

SUB= substrate

TBTH= tributyltin hydride

Table 2. Binding Affinity of the Various Isomers of IQNP (1).

Kp, nM (mean + standard error)

Subtype ONB E-(R.R)- E-(R.S) Z-(R.R)- Z-(R.S)-

m,; 0.32 0.383 6.83 0.13 0.23
(+0.05) (+0.102) (£1.48) (£0.04) (+0.12)

m, 0.20 29.6 41.2 0.43 0.62
(+0.03) (19.70) (+10.3) (+0.06) (+£0.16)

m; ND 0.356 2.39 ND ND

(+0.020) (+0.263)

ND= not determined
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Separation of Carrier-free Holmium-166 from Neutron-irradiated Dysprosium Targets

Holmium-166 (166H0) is utilized in medical radiotherapeutic applications (1-7) due to its physical
properties which include high-energy beta radiation [E;=1855 KeV (51%), Ej,=1776 KeV (48%), and
E V=666 KeV], a 26.4-h half-life and decay to a stable daughter. In addition, 16610 has chemical
characteristics suitable for protein labelling with bifunctional chelates. Holmium-166 also emits low
intensity and low energy y-rays (80.5 KeV, 6%) which are suitable for imaging. Due to the absence of
high energy 7-rays in its decay, 16610 may be used for outpatient therapy without significant external
radiation to other individuals. Although 166110 with moderate specific activity can be produced by the
165H0[n,'y]166Ho reaction, its radionuclidic parent, 19Dy (t;,=81.5 h ), can serve as a source of high
specific activity 166, Dysprosium-166 is produced by double neutron capture reaction on l64Dy [8].
In certain applications, such as protein labelling, the use of a high specific activity radioisotope is
essential. In addition, generator-produced 1640 is free from 1200-y 166my, which is unavoidably

coproduced with 16610 by the 165Ho[n,'y ] reaction.

The applicability of reverse phase ion-exchange chromatographic methods were demonstrated for
the separation of carrier-free 16616 from milligram quantities of 164Dy2()3 irradiated targets. An efficient
and quantitative separation was achieved utilizing a metal-free HPLC system with Dowex AG50Wx12
(Figure 1) or Aminex-AS (Figure 2) cation exchangers and a-hydroxy-isobutyric acid (a-HIBA) as the
eluent (0.085 M, pH=4.3 adjusted with NH,OH). The Aminex-AS column gave a separation factor of
~10? between Ho and Dy. Subsequent to the acidic destruction of the Ho-HIBA complex, Ho>" was
further purified on a small cation exchange column from acidic chloride solutions (Figure 3). The
separation was achieved within 2 hours, with a 95% overall radiochemical yield for carrier-free !°Ho

with a Dy breakthrough of <0.1 %.



RADIOACTIVITY (%)

Figure 1. Separation of 16615 from 1.5-2.5 mg of Dy on a metal-free HPLC using an AG 50WX12
column (200-400 mesh, 0.4x15 cm) via elution with 0.085 M o-HIBA at pH=4.27 and p=200 psi. Dy
load (mg) = (a) 1.5, (b) 2.0, (c) 2.5; Dy was stripped off the column with 0.132 M «-HIBA from (a) not
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Figure 2. Separation of 166H6 from 1.5-2.5 mg of Dy on a metal-free HPLC using an Aminex-A5 column
(0.4x25 cm) via elution with 0.085 M «-HIBA at pH=4.27. Dy load (mg) = (a) 1.5, (b) 2.0, (c) 2.5;
System pressure (psi) = (a) 750, (b) 1000, (c) 1400; Dy was stripped off the column with 0.132 M «-
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Figure 3. Elution profile of carrier-free !%Ho from an AG 50WXI2 column (200-400
mesh,1.3x2.1 cm) with HCI solutions
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OTHER NUCLEAR MEDICINE GROUP ACTIVITIES

Recent Publications

Kamioki, H., Mirzadeh, S., Lambrecht, R. M., Knapp, Jr., F. F., and Dadachova, E. "Tungsten-
188/Rhenium-188 Generator for Biomedical Applications," Radiochim. Acta, 65, 39-46 (1994).

Recent Meetings

Dr. Saed Mirzadeh, a staff member of the Nuclear Medicine Group, and Dr. Huimin Luo, a Alexander
Hollaender Postdoctoral Fellow, participated in the Biannual Meeting of the American Chemical Society,

held in Washington, D.C., on August 22-25, 1994,

F. F. (Russ) Knapp, Jr., Group Leader of the Nuclear Medicine Program, presented a lecture entitled,
"Curie-Scale Tungsten-188/Rhenium-188 Generators Can Cost Effectively Provide Carrier-Free Rhenium-
188 for Routine Clinical Applications", at the Fourth International Symposium on Technetium and
Rhenium, held in Bressenaro, Italy, on September 11-14, 1994. He also co-authored two other papers in
conjunction with collaborators describing the labeling of peptides and antibodies with rhenium-188 for
cancer therapy. Prior to the symposium, he participated in the European Nuclear Medicine Congress in
Dusseldorf on August 21-24, and met with collaborators and presented lectures at several Nuclear
Medicine Departments in Germany, including Dresden, Rossendorf, Bonn, Mainz and Frankfurt, describing

the development of new radiopharmaceuticals at ORNL.

ORNL License Established with Isotope Products Laboratories, Inc. for Tungsten-188/Rhenium-188

Generator

An exclusive license for marketing and sale of the tungsten-188/rhenium-188 generator system developed
in the ORNL Nuclear Medicine Group has been established with Isotope Product Laboratories, Inc. (IPL),
a company located in Burbank, California. The IPL parent company has established "IPL Imaging and
Therapeutics”, as a new medical products company. The ORNL generator provides highly-concentrated
solutions of the rhenium-188 radioisotope. High radioisotope concentrations are required for radiolabeling

radiopharmaceuticals used for nuclear medicine.
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Rhenium-188 is of widespread interest as a cost-effective agent for various therapeutic applications,
including treatment of tumors with various rhenium-188-labeled agents, including tumor-specific
monoclonal antibodies. Additional major areas of use are expected to include the palliative treatment of
bone pain from cancer using rhenium-188-labeled phosphonate agents and treatment of inflammatory
arthritis of the fluid-filled synovial joints using rhenium-188-labeled particles. The tungsten-188 parent
radioisotope in produced in the ORNL High Flux Isotope Reactor.

ORNL Nuclear Medicine Program Moves to New Renovated Laboratories

The ORNL Nuclear Medicine Program has initiated relocation of radiochemical laboratories from ORNL
Buildings 3047 and 3026C to Building 4501. Renovation of a suite of labortaories in Building 4501 was
initiated in 1993. These facilities include an animal experimentation laboratory and an animal housing
and handling room equipped with air handling and monitoring systems required to meet all federal

guidlines. Two other laboratories are dedicated to radiochemistry and radiopharmaceutical synthesis.

Visitors

August 11-12, 1994 Dr. Van Zy! DeVilliers, Reactor Research Center, Pretoria, South Africa
August 17, 1994 Mr. Len Hendrickson, Isotope Products Laboratories, Burbank, California
September 8, 1994 Herbert Moore, Diatech and Radioisotope Services Inc., Londonderry, NH

Medical Cooperative Program Shipments

During this period a tungsten-188/rhenium-188 generator was provided to RhoMed (B.A. Rhodes, Ph.D.),
Inc., in Albuquerque, New Mexico, as part of a DOE-funded CRADA arrangement to explore the
radiolabeling of tumor-specific antibodies and peptides for therapy. HFIR-prepared tungsten-188 was
provided through the ORNL Isotopes Distribution Office (IDO) on a cost-recovery basis to the Australian
Nuclear and Science Technology Organization (ANSTO). A large sample of tin-117m (>600mCi) was
provided through a inter-laboratory collaborative program to the Medical Department at the Brookhaven
National Laboratory (S. C. Srivastava, Ph.D. and L. Mausner, Ph.D.) where tin-117m-DTPA is being
prepared as a new agent for palliative treatment of bone pain from cancer. High specific activity rhenium-
186 from HFIR irradiation of rhenium-185 was provided to the Center for Molecular Medicine and

Immunology for therapeutic studies in tumor-bearing animals.
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