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The Synthesis and in Vitro Evaluation of a ®*"Technetium—Nitroimidazole
Complex Based on a Bis(amine—phenol) Ligand: Comparison to BMS-181321
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We have developed a ®™Technetium complex for imaging of hypoxic tissue (BMS-181321).
Recently, another nitroimidazole derivative, based upon a bis(amine—phenol) ligand, was
described in the patent literature. To compare this compound to BMS-181321, we have
synthesized the ligand, prepared its ®*™Tc¢ complex, and evaluated its performance in two in
vitro assays of biocefficacy: membrane permeability and uptake in normoxic and anoxic
cardiocytes. In attempting to reproduce the synthesis of the ligand described in the patent
application, we found that one intermediate could not be made by the method described, and
alternative routes were investigated. Complexation of the bis(amine—phenol) nitroimidazole
with 99mT¢ gave an apparent single complex; this appeared as a broad peak on HPLC analysis.
Purification by a solid-phase method gave a complex with 95% radiochemical purity. This
complex was not permeable to cultured bovine brain endothelial cells nor did it show preferential

uptake in anoxic myocytes.

Introduction

The development of imaging agents which aid in the
identification of tissue at risk as a result of ischemia is
an important clinical goal. Much of the recent research
in this area has focused on the development of new
radiopharmaceuticals which are derivatives of nitroimi-
dazoles. Preliminary studies with 14C-1"*4 and 3H-
labeled5# nitroimidazoles demonstrated that these com-
pounds display preferential binding to hypoxic cells.
$2By,7.8 18F 9-12 and 1-125/123-labeled!3-17 2-nitroimida-
zole derivatives have been evaluated for the identifica-
tion of hypoxic tissue, primarily in brain, heart, and
tumors.

As the preferred radionuclide for use in nuclear
medicine is #mTc, the development of a technetium
nitroimidazole derivative for the identification of hy-
poxic tissue would be a useful contribution to this field.
Our initial studies involved the preparation and evalu-
ation of nitroimidazole—~BATO complexes [BATO =
boronic acid adduct of technetium dioxime, TcX(di-
oxime)sBR (X = Cl, OH). BR = a nitroimidazole boronic
acid derivativel®], Results of in vitro studies with these
BATOs were promising,!® but they did not provide
adequate discrimination between normoxic and hypoxic
tissue in vivo (unpublished results). One factor which
might contribute to the poor in vivo performance of the
nitroimidazole BATOs is inadequate permeability to
lipophilic membranes. As the reductive enzymes, which
are thought to be responsible for the entrapment of
nitroimidazoles in hypoxic cells?® are located within
cells, compounds must cross the plasma membrane to
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reach these enzymes. BATO complexes have displayed
poor permeability to membranes in an in vitro model of
the blood—brain barrier.2!

As the ligand propyleneamine oxime (PnAO) forms a
technetium complex which is able to cross cell mem-
branes,?! we prepared a nitroimidazole derivative of
PnAO. The technetium complex of this compound,
termed BMS-181321 (Figure 1), displays preferential
localization in both in vitro and in vivo models of
hypoxia.?2-2¢ During the course of our studies with this
complex, we became aware of a patent application®s
which describes a technetium—nitroimidazole derivative
based upon a bis(amine~—phenol) tetradentate chelating
moiety (Figure 2). We have prepared the bis(amine—
phenol)—nitroimidazole (BAPN, Figure 2) and evaluated
its potential for imaging hypoxic tissue. We found that
we could not reproduce the synthesis as described in
the patent application, and we now describe an alter-
nate method for the preparation of this ligand. We
evaluated the #*™Tc complex of this ligand in our in vitro
model for membrane permeability and by using uptake
studies in isolated cardiac myocytes. The results are
compared to those obtained with BMS-181321.

Results and Discussion

Synthesis of the Bis(amine—phenol)—Nitroimi-
dazole (BAPN). Literature Procedure. The pub-
lished procedure?s for the synthesis of BAPN is shown
in Scheme 1. We could not reproduce the reduction of
the diamide to diamine (step iii). The lithium aluminum
hydride reduction of 2-allylmalonamide using THF as
a solvent afforded a complex mixture of products. The
NMR spectrum of the crude reaction mixture indicated
the presence of the diamide as the major component.
Table 1 lists the alternate reaction conditions that we
investigated to produce the diamine from the diamide.
None were successful. We believe that the problem is
related to the poor solubility of the starting material.
Either unreacted starting material was recovered or,
when more forcing conditions were used, degraded
diamine. As will be described below, we were able,
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Figure 1. The structure of BMS-181321.
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Figure 2. The structure of BAPN.

under considerably modified conditions, to isolate the
diamine by reduction of the diamide. This involved in
situ protection of the amine groups as soon as they were
formed. This intermediate could (in principle) be depro-
tected, and the route described in the published proce-
dure continued to completion. However, we opted to use
an alternative route which we felt was superior to the
literature method for the synthesis of BAPN from this
N-protected intermediate.

A number of alternative routes for the synthesis of
BAPN were explored. These involved the intermediate
o-hydroxybenzylamine and are described in the next
section.

Possible Routes of Synthesis of BAPN via o-
Hydroxybenzylamine. The reaction pathways of the
two routes discussed in this section are shown in
Schemes 2 and 3. In both cases, the strategy involves
the condensation of o-hydroxybenzylamine with a ma-
lonic ester derivative to give a diamide, which is reduced
to the tetradentate diamine diphenol ligand. The plan
for attachment of the nitroimidazole in these two
schemes is the same as in the published procedure;
alkylation of 2-nitroimidazole by an epoxide. The major
difference between the two schemes involves the point
in the scheme when the nitroimidazole is attached; in
Scheme 2, the nitroimidazole is attached at an early
stage in the synthesis, whereas in Scheme 3, the
nitroimidazole is linked to the bis(amine—phenol) in the
penultimate step (the final step being N/O deprotection).
The route shown in Scheme 3 was taken to completion,
although the BAPN obtained by this method was not
fully purified and characterized.

The route, part of which is shown in Scheme 2,
represents an attempt to bypass the problematic syn-
thesis of 2-allyl-1,3-diaminopropane, by preparing the
diamine after attachment of the nitroimidazole group.
The intention was to react the nitroimidazole-substi-
tuted diethyl malonate (11) with o-hydroxybenzylamine,
which could then be reduced to give BAPN. At the
outset, diethyl 2-allylmalonate was oxidized with m-
chloroperoxybenzoic acid (mCPBA) to afford epoxide 10,
which was reacted with 2-nitroimidazole in DMF at 80
°C in the presence of Proton Sponge to give the diester
11 and the lactone 12. These products were separated
on a silica gel column in yields 25% and 50%, respec-
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tively. Diethyl 2-(3-(2-nitro-1H-imidazol-1-y1)-2-hydrox-
ypropyl)malonate (11) on treatment with o-hydroxyben-
zylamine in refluxing methanol gave a complex mixture
of products. As other synthetic strategies were proving
to be more successful, the condensation reaction be-
tween 11 and o-hydroxybenzylamine was not investi-
gated further.

In Scheme 3, o-hydroxybenzylamine (14) was pre-
pared by the catalytic reduction (Pd—C, 10%) of com-
mercially-available salicylaldoxime. Coupling the ben-
zylamine with diethyl allylmalonate afforded the required
diamide (15) in 50% yield. Reduction of the diamide
with LiAlH, in THF provided the diamine (16) in 28%
yield after column chromatography. Purification of the
diamine proved to be difficult, so the impure diamine
was converted to its tetra-z-Boc derivative. Repeated
purification yielded the product which appeared as a
single spot on TLC analysis. The tetra-t-Boc olefin (16)
was converted to the epoxide (17) with mCPBA, and the
epoxide (17) was purified using flash column chroma-
tography. The epoxide was reacted with 2-nitroimida-
zole, and the ¢-Boc groups were removed with metha-
nolic HC1. After neutralization, BAPN was isolated as
a yellow solid in <10% yield following purification by
flash silica gel column chromatography. The 'H NMR
spectrum and HPLC retention time of this compound
were identical to BAPN prepared by the method de-
scribed below.

The Synthesis of BAPN via the Protected Di-
amine. The route of synthesis which eventually pro-
vided us with fully characterized BAPN is shown in
Scheme 4. The first part of the scheme is similar to
the published method. An essential improvement was
in the reduction of the allyl diamide to the allyldiamine.
We were able to make this work successfully by in situ
conversion of the diamine as its bis-¢-Boc derivative,
which inhibited degradation of the diamine and made
it possible to isolate the diamine from other reaction
components.

DME was found to be a good solvent for the reduction
of the diamide (4) with LiAlH,. The solubility of the
diamide in DME at room temperature was poor, so a
solution of the diamide was obtained at reflux tempera-
ture, and this was added to a slurry of lithium alumi-
num hydride. The amine from the reaction mixture was
isolated as a bis-t-Boc derivative (18) using di-terz-butyl
dicarbonate. t-Boc-protection of the amine was also
useful in subsequent steps, which differ from the
published method. Reaction of the bis-N-protected
allyldiamine (18) with m-chloroperoxybenzoic acid gave
the epoxide (19) in 92% yield, avoiding the need to make
the bromohydrin intermediate (7) in the published
procedure. Also, in the literature procedure, the ni-
troimidazole group was attached to the “propanedi-
amine” fragment after the two phenol groups. In our
method, the nitroimidazole group was attached to the
“propanediamine” fragment prior to the attachment of
two phenol groups. The choice of reaction conditions
was crucial in this step. Epoxide (19) was first reacted
with the sodium salt of 2-nitroimidazole in DMF.
Workup afforded only a water-soluble product which
was found (by HPLC analysis) to be unreacted 2-ni-
troimidazole. Attempted opening of the epoxide with
2-nitroimidazole using potassium carbonate in DMF
also failed. However, nucleophilic ring opening of the
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Scheme 1. Reaction Scheme Described in the Literature?s
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Reagents/conditions Published
vield
i NHg/catalytic amt. Na/MeOH/RT/1 94%
week
ii | LiAlH4/anhydrous @ THF/RT and 65%
reflux.
iii | Salicylaldehyde/RT/3 h. 83%
iv | NBS/THF/water - RT/2 days. 32%
v | KoCOq/MeOH/water - RT. 76%
vi | Nitroimidazole/DMSQ/80°C. 28%
vii | NaBH4/EtOH/0°C/2 h. 63%

Table 1. Reaction Conditions Used in Attempts To Prepare 2-Allyl-1,3-propanediamine from 2-Allylmalonamide

diamide solvent LiAlH, reaction reaction
(mmol) (mL) (mmol) temperature  time (h) observations
22 THF/100 40 reflux 8 complex products with diamide as the major component
(diamide was recovered as a white solid)
22 THF/150 93 reflux 24 complex products with diamide as the major components
(diamide was recovered as a white solid)
22 THF/50 50 mL,1M reflux 60 complex products with diamide as the major component
in THF (diamide was recovered as a white solid)
22 DME/100 40 reflux 8 crude NMR of the diamine, some diamide was recovered;
no pure diamine was obtained
22 DME/100 40 (pellet) reflux 60 crude NMR of the diamine, some diamide was recovered;
no pure diamine was obtained
22 DME/50 100 mL, 0.5 M reflux 60 crude NMR of the diamine, some diamide was recovered;
in DME no pure diamine was obtained
22 diglyme/100 40 reflux 8 MS and crude NMR of the diamine, no diamide was recovered;
vacuum distillation of the product failed to give pure
diamine (probably due the instability of the amine)
22 diglyme/50 100 mL, 0.5 M reflux 24 crude product was use to react with salicylaldehyde and a
in diglyme complex mixture resulted; no pure imine was obtained

epoxide (19) with nitroimidazole was achieved, provid-
ing 20 in 35% yield, when the epoxide was reacted with
2-nitroimidazole in ethanol using catalytic amount of
potassium carbonate. Removal of the £-Boc groups was
followed by the condensation with salicylaldehyde. The

resultant imine (9) was reduced with NaBH, in metha-
nol to give BAPN (2).

Synthesis and Analysis of the ?2T¢ Complex of
BAPN. 9%mTc¢ complexes of the bis(amine—phenol)
ligand systems are not novel. Pillai and co-workers
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Scheme 2. Alternate Reaction Pathways: (a) Addition of the Nitroimidazole at an Early Stage®
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mixture of products
a (i) m-CPBA, CHoCly; (ii) 2-nitroimidazole, Proton Sponge, DMF; (iii) o-hydroxybenzylamine, CH3;OH.

Scheme 3. Alternate Reaction Pathways: (b) Addition of the Nitroimidazole at the Final Stage®
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e (i) LiAlH¢,THF or Pd—C, Hy; (ii) diethyl allylmalonate, MeOH, reflux, 48 h; (iii) (a) LiAlH4, THF, reflux, 24 h, (b), di-tert-butyl
dicarbonate, EtsN, THF, reflux; (iv) mCPBA, NaHCO;, CHoCle, 6 h, room temperature; (v) (a) 2-nitroimidazole, NaHCO3;, DMF, 100 °C,

2 h, (b) methanolic HCl, NH,OH.
Scheme 4. The Synthesis of Fully Characterized BAPN¢

3 _— 4 —"'——>
O,N
ix vi, vii, viii
2 4— 9 +——

HO

iv
/
N
19

NH-t-Boc

NH-t-Boc

NH-t-Boc

NH-t-Boc

NH-t-Boc

NH-t-Boc

a (i) NHs, CH30H,; (ii) LiAlH4, DME; (iii) (2-Boc)20, Na2COs, dioxane—water; (iv) mCPBA, CH;Cly; (v) 2-nitroimidazole, KoCOs, CoH50H,;
(vi) CH30H, HCI; (vii) CH3OH, NHg; (viii) salicylaldehyde, CoHsOH; (ix) NaBH,, CH3OH.

have published details of the synthesis of several bis-
(amine—phenol) and bis(imine—phenol) ligands and
their 9°mT¢c complex.26-30 The structures of some of the
reported bis(amine—phenol) ligands are shown in Figure
3. The ligands with a propylene bridge between the

amines have the same ligand structure as BAPN. All
four ligands form %™T¢ complexes with an initial high
(>85%) radiochemical purity (RCP), when formed by
standard stannous reduction (using stannous tartrate)
of pertechnetate in the presence of 1.4 x 107* M solution
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Figure 3. Structures of the bis(amine—phenol) ligands de-
scribed by Corlija et al.?’

Table 2, The Loss of Radioactivity from an Aqueous Solution
of #mT¢ BAPN over Time

reaction total counts eluted from % recovery
time (min)  HPLC with 2 yL, injection  (relative to T = 0)
0 459403 100
3 331011 72
15 283062 62
81 164265 36

¢ Analyzed before Sn tartrate added.

of ligand at pH 9.0.2" The complexes with a propylene
bridge between the amines (PNSA and DMSA) are
reasonably stable up to 2 h after reconstitution, whereas
the complexes from ligands with ethylene and butylene
bridges degrade quickly.?® Reversed-phase HPLC traces
of products of ¥™T¢ complexation of PNSA indicate that
several complexes may be formed; the proportion of each
complex appears pH dependent, with one complex
predominating at pH 10.5.27 The structure of the %Tc
complex of PNSA was reported as a O=TcOTc¢=0
dimer 3t

We prepared the ?*=Tc¢ complex of the BAPN using
conditions similar to those of Corlija et al.2” (stannous
reduction of pertechnetate under slightly alkaline condi-
tions). The product eluted as a broad tailing band from
a PRP-1 reversed-phase HPLC system (80/20 MeOH/
0.1 M NH,OAc pH 4.6, 2 mL/min, void volume = 1.06
min) with a retention time of 2.5 min. The complex was
purified on PRP-1 resin and eluted with the free ligand
in 95% EtOH. Ethanol fractions appeared to be stable.
However, in aqueous solution, the complex gradually
came out of solution, with radioactivity being deposited
on the vial wall. The loss of radioactivity from solution
was followed over time, as shown in Table 2.

The deposited radioactivity could be removed by an
ethanol wash; HPLC analysis of this ethanol wash
indicated that it was unchanged complex. These data
indicate that the %™Tc complex of BAPN is lipophilic,
with poor water solubility. Without further study,
we do not know whether BAPN forms a single techne-
tium complex or a mixture of complexes. Although the
99mTe complex of BAPN was observed as a single peak
in our preliminary HPLC analysis (suggesting a single
complex), the breadth of the peak may be the result of
a mixture of complexes (possibly isomers) or chemial
modification during elution from the column.

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 24 4159

Table 3, Comparison of the Retention of BMS-181321 and
99mTe BAPN in Isolated Cardiac Myocytes under Anoxic and
Normoxic Conditions

retention (% of total) of #T¢ complexes
in isolated cardiac myocytes (n = 1)

normoxia anoxia anoxic/oxic
99mTe BMS 181321 17.6 53.4 3.03
99mTec—BAPN 38.2 414 1.08

In Vitro Evaluation of Efficacy of the 99mT¢
Complex of BAPN. While the exact mechanism by
which nitroimidazoles are selectively trapped in hypoxic
tissue is not known, one hypothesis is generally ac-
cepted.?2 This proposed mechanism involves an enzy-
matic one-electron reduction of the nitroimidazole to a
radical anion in both normoxic and hypoxic cells.
Within the normoxic cell, oxidation of this reduced
compound (back to the nitroimidazole) should occur
readily, whereas in the oxygen-deficient environment
within hypoxic cells, re-oxidation is relatively slow. As
a result, further reduction of the radical anion can take
place in hypoxic cells, leading to the production of
reactive species, which bind to cellular components.
Although not well-documented in the literature, it was
apparent to us that it is also necessary that the
nitroimidazole can readily traverse the cell membrane
so that it can participate in these processes within cells.
We have previously described two in vitro assays of
efficacy for putative hypoxia localization agents; these
are an endothelial monolayer system for the assessment
of membrane permeability?! and an isolated cardiac
myocyte system, which examines trapping of compounds
under anoxic and normoxic conditions.?? We have
examined the %mTc complex of the BAPN in both of
these assays.

In the cultured bovine brain endothelial cell mono-
layer system,2! the permeability index (P;) of the 9™T¢
complex of BAPN was —0.25. The P; for BMS-181321
is 63.2. The negative P; value found for the %mT¢
complex of BAPN indicates that it is much less perme-
able than the “nonpermeable” standard, sucrose. An
appreciable amount of the %™T¢ complex of BAPN was
found to stick to the cell monolayers., These data
indicate that the %m™T¢ complex of BAPN does not
efficiently cross the intact cell membrane and therefore
fails one of the criteria we believe to be essential for a
successful hypoxia imaging agent.

The 9mT¢ complex of BAPN was compared to BMS-
181321 in the assay based on isolated cardiac myocytes.
The results, shown in Table 3, demonstrate that the
9mTe complex of BAPN was not selectively retained
under anoxic conditions, whereas BMS-181321 had a
3:1 anoxic/normoxic ratio (results of BMS-181321 in this
assay were reported previously?®). These data provide
further evidence that the %»Tc¢ complex of BAPN is
likely to be inferior to BMS-181321 as an imaging agent
of hypoxic tissue.

Conclusions

We found that the published synthesis of BAPN is
irreproducible. In the crucial step (reduction of a bis-
amide to a bis-amine), the method given (and several
variations on the conditions described) failed to yield
the desired product. Instead, this reduction was carried
out successfully by a modification which involved in situ
protection of the product.
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BAPN reacted with 9mT¢ to give an apparent single
complex. This complex was evaluated in two in vitro
assays which we have developed to assess the efficacy
of putative hypoxic cell imaging agents. Unlike BMS-
181321, the 9™Tc complex of BAPN did not cross
cultured endothelial monolayers, nor did it display
selective retention in anoxic isolated cardiac myocytes,
indicating that BMS-181321 has greater potential than
does the #°™T¢ complex of BAPN as a radiopharmaceu-
tical for imaging of hypoxic tissue.

Experimental Procedures

Materials and Reagents. All reagents were purchased
from Aldrich, and all solvents were obtained from J. T. Baker.
9%mPertechnetate was obtained from a NEN/Dupont %Mo/
9mTe generator. Stannous tartrate was obtained from Sigma,
while a Techneplex (Squibb Diagnostics) lyophilized kit was
used as the source of stannous DTPA, for the preparation of
BMS-181321. Water was purified using a Millipore MilliQ
system. All HPLC solvents were filtered and degassed prior
to use. Anocell aluminum oxide anapore inserts were pur-
chased from Whatman, Inc.

HPLC analysis of the nonradioactive compounds reported
herein was performed using a two-pump Rainin HPX solvent
delivery system controlled by Gilson 712 software. The
detector was a Gilson Dynamax UV-D set at 230 nm. The
Microsorb C18 column (3 um, 100 x 0.46 mm) was eluted with
acetonitrile/water containing 0.1% trifluoroacetic acid. Each
analysis consisted of a linear gradient of 0—50% acetonitrile
in water for 50 min. Proton NMR data (270 MHz) were
obtained with a JEOL-GX-270 spectrometer. Fast atom
bombardment (FAB) mass spectra were obtained on a VG-
ZAB-2F spectrometer from a glycerol/thioglycerol matrix.
Positive-ion FAB high-resolution mass spectra were obtained
on a JEOL-SX spectrometer from a glycerol/thioglycerol ma-
trix. Elemental analyses were performed in-house by the
Bristol-Myers Squibb Microanalytical Department.

Synthesis of BAPN Shown in Schemes 2 and 3. Syn-
thesis of Diethyl 2-(2,3-epoxypropyl)malonate (10). m-
Chloroperoxybenzoic acid (13.0 g, ca. 80%, 59.93 mmol) was
added to a solution of diethyl 2-allylmalonate (10.0 g, 49.94
mmol) in dry CH>Cl, (50 mL), and the resultant solution was
stirred at room temperature for 15 h under a nitrogen
atmosphere. A white precipitate was formed, and this was
removed by filtration. The epoxide 10 was obtained as a
colorless oil on evaporation of the filtrate on a rotary evapora-
tor. The yield of the epoxide was near quantitative (10.2 g)
and purity, as determined by HPLC, was 95%: 'H NMR
(CDCl3) 6 1.28 (m, 6H, CH;CHj3), 2.02 and 2.25 (2m, 2H,
CHCH,CH), 2.51, 2.78, 3.03, and 3.52 (4m, 4H, C(=0)CH and
epoxide ring H), and 4.21 (m, 4H, CH,CHs).

Synthesis of Diethyl 2-(3-(2-Nitro-1H-imidazol-1-yl)-2-
hydroxypropyl)malonate (11). A solution of the epoxide
10 (10.0 g, 46.24 mmol) in dry DMF (30 mL) was treated with
2-nitroimidazole (7.85 g, 69.47 mmol) in the presence of Proton
Sponge (15.0 g, 70.09 mmol). The reaction mixture was heated
at 80 °C under a nitrogen atmosphere for 15 h. After cooling
to room temperature, the reaction mixture was poured into
water and extracted with ethyl acetate (3 x 50 mL). The
combined organic layer was then washed with water (2 x 50
mL), dried, and evaporated under vacuum to provide a thick
paste which was treated with silica gel (5 g) and CHxCl; (5
ml). After evaporation of the solvent, the silica gel impreg-
nated with the compound was loaded onto a silica gel column
and eluted with CHCl::CH3;OH (98:2). The fractions with a
compound showing Ry 0.58 [silica gel, CH2Cl;:CH30H (95:5)]
were collected and evaporated to afford the lactone 12 in 50%
vield (6.5 g) as a colorless thick oil: 'H NMR (CDCly) 6 1.32
(m, 3H, CH,CHj3), 2.18, 2.45, and 2.82 (3m, 2H, CHCH.CH),
3.72 (2m, 1H, NCH;CHO), 4.21 (m, 2H, CH,CH3), 4.59 [m, 1H,
C(=0)CH], and 7.14 and 7.28 (2s, 2H, nitroimi.-H); MS m/e
284 (M + H)*. The fractions with compound showing Ry 0.50
[silica gel, CH2Cly:CH3;0H (95:5)] were collected and evapo-
rated to afford 11 as a cream-colored solid in 25% (3.81 g)
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yield: mp 75—77 °C; 'H NMR (DMSO-d¢) 6 1.22 (m, 6H,
CH,CH3), 1.78 and 1.99 (2m, 2H, CHCH,CH), 3.74 [m, 1H,
C(=0)CH}, 4.18 (m, 4H, CH,CH3), 4.48 (m, 1H, CHOH), 5.20
(m, 2H, NCH,), and 7.05 and 7.49 (2s, 2H, imidazoleH); MS
mfe 330 (M + H)*.

Synthesis of o-Hydroxybenzylamine (14). A solution of
salicylaldoxime (13, 13.7 g, 0.1 mol) in ethanol (40 mL) was
treated with concentrated HC1 (10 N, 30 mL, 0.3 mol) followed
by Pd/C (10%, 1.5 g). The mixture was hydrogenated under
55 psi of hydrogen in a Parr hydrogenator until the absorption
of hydrogen ceased (about 2 h). The reaction mixture was
filtered, and the filtrate was concentrated under reduced
pressure to a volume of 20 mL. This solution was washed with
dichloromethane, and the aqueous solution was diluted with
water (20 mL) and cooled in an ice bath. Concentrated
ammonium hydroxide solution was slowly added until the pH
was raised to about 9.0. The precipitate which formed was
collected and washed with ice-cold water, dried, and recrystal-
lized from isopropyl ether to yield colorless crystals: yield 10.5
g (85%); mp 128-129 °C (1it.*® mp 129.0—129.5 °C); 'H NMR
(DMSO-ds) 6 4.3 (s, 2H, CH3N), 7.1 and 7.6 (m, 4H, ArH);
HPLC tg 12.91 min.

Synthesis of 2-Allyl-N,N'-bis(2-hydroxybenzyl)malon-
diamide (15). A solution of 14 (9.84 g, 80 mmol) and 3 (8.0
g, 40 mmol) in dry methanol (40 mL) was refluxed for 48 h.
The cooled reaction mixture was concentrated to a paste, which
was chromatographed on a flash silica gel column. Elution
with 98:2 dichloromethane—methanol furnished the diamide
as a colorless solid. The product was recrystallized from
isopropyl ether/methanol: yield 7.76 g (50%); mp 155—156 °C;
'H NMR (DMSO-ds) 6 2.8 (m, 2H, CH,CH=CH)), 3.8 (m, 1H,
0=CCHC=0), 4.59 (d, 4H, ArCH;N), 5.4 (m, 2H, CH=CH),
6.1 (m, 1H, CH=CH,), 7.0—7.6 (m, 8H, ArH), 8.9 (m, t, 2H,
O=CNHCHj,), and 10.04, (s, 2H, ArOH); HPLC ¢g 43.53 min.

Synthesis of 2-Allyl-N,N'-bis(2-hydroxybenzyl)-1,3-pro-
panediamine (16). A solution of 15 (7.12 g, 20 mmol) in dry
THF (100 mL) was added dropwise to a suspension of LiAlH,
(3.8 g, 100 mmol) in dry THF (100 mL). Following addition,
the reaction mixture was stirred under reflux for 24 h. The
solution was cooled in an ice—salt bath and was treated
carefully with a saturated solution of potassium sodium
tartrate until the precipitate which formed had begun to settle.
The THF layer was separated and filtered, and the residue
was washed thoroughly with hot THF (6 x 100 mL). The
combined organic layer was washed with saturated sodium
chloride solution and then dried with anhydrous sodium
sulfate. Evaporation of the solvent yielded a brown oil (5.8g).
The oil (5.0 g) was dissolved in THF (50 mL) and was treated
with di-tert-butyl dicarbonate (22.0 g, 100 mmol) followed by
triethylamine (7.2 g, 100 mmol). The mixture was refluxed
for 20 h and then concentrated to a paste. The brown paste
was chromatographed on a flash silica gel column. Elution
with 95:5 hexanes/ethyl acetate yielded a colorless gum which
was homogeneous on TLC (9:1 hexane/EtOAc; R, 0.72): yield
4.0 g (28%); MS (M + H)* 727 (tetra-t-Boc derivative).
Deprotection by standard methods yielded the diamine: 'H
NMR (D20 as HCI salt) é 2.1 (m, 2H, CH,CH=CHy), 2.3 (m,
1H, NCH,CHCH;N), 3.0 (d, 4H, NCHy), 4.2 (s, 4H, ArCHy),
5.1 (m, 2H, CH=CH,), 5.5 (m, 1H, CH=CHy;), 6.9 and 7.2 (m,
8H, ArH); 'H NMR (free amine, CDCl;) é 1.8 (m, 1H,
NCH,CHCH;N), 2.1 (m, 2H, CH,CH=CHy), 4.0 (s, 4H, ArCHy),
5.1 (m, 2H, CH=CHs), 5.7 (bs merging with a multiplet, 5H,
NH, OH and CH=CHj,), and 6.8—7.2 (m, 8H, ArH); HPLC tr
27.32 min.

Synthesis of 2-(2,3-Epoxypropyl)-N,N'-bis(2-hydroxy-
benzyl)-1,3-propanediamine (17). A solution of 16 (4.0 g,
5.5 mmol) in dichloromethane (20 mL) was treated with a
solution of NaHCO; (1.7 g, 20 mmol) in water (10 mL).
m-Chloroperoxybenzoic acid (1.9 g, 11 mmol) was added to this
stirred mixture, and stirring was continued at room tempera-
ture until the starting material disappeared on TLC analysis
(6 h). The organic layer was separated, and the aqueous layer
was extracted with dichloromethane (5 x 10 mL). The
combined organic layer was washed with saturated sodium
bicarbonate (2 x 20 mL) and then dried (sodium sulfate).
Evaporation of solvent yielded an oil which was purified on a
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flash silica gel column to yield an oily product which was
homogeneous on TLC (90:10 hexane/EtOAc): yield 2.17g
(54%); MS (M + H)* 743.

Synthesis of N,V'-Bis(2-hydroxybenzyl)-2-(2-hydroxy-
3-(2-nitro-1H-imidazol-1-yl)propyl)-1,3-propanedi-
amine (BAPN, 2). A solution of 17 (2.17 g, 2.9 mmol) in dry
DMF (10 mL) was treated with solid sodium bicarbonate (0.84
g, 10 mmol) and 2-nitroimidazole (0.68 g, 6 mmol). The
reaction mixture was heated with stirring under nitrogen for
2 h at 100 °C by which time all the epoxide starting material
was consumed, as demonstrated by TLC. DMF was removed
under reduced pressure, and the residue was poured into ice-
cold water and extracted with dichloromethane (§ x 20 mL).
The combined organic extracts was washed with water and
dried (anhydrous sodium sulfate). Evaporation of the solvent
vielded a brownish gum which was treated with saturated
methanolic HC1 (10 mL). The solution was concentrated and
coevaporated with chloroform (5 x 10 mL). The residue was
dissolved in water (10 mL) and then extracted with dichlo-
romethane (5 x 20 mL). The combined organic extracts were
dried and chromatographed on a flash silica gel column.
Elution with 9:1 dichloromethane/methanol yielded the prod-
uct as a yellow solid: yield 0.14 g (10%); mp >70 °C dec; 'H
NMR (CDCls) é 1.45 (m, 2H, CH.CHOH), 2.0 (m, 1H,
NCH;CHCH;N), 2.7 (m, 4H, NCHy), 3.8 (s and m, 5H, ArCH,
and CHOH), 4.1 (m, 1H, imid-CH,), 4.4 (m, 1H, imid-CHy),
5.0 (bs, 4H, OH and NH), and 6.8—7.2 (m, 10H, Ar-H and imid-
H), 'H NMR (DMSO-d¢) 6 1.4 (m, 2H), 2.0 (m, 1H), 2.7 (m,
4H), 3.9 (s merging with a m, 5H), 4.2 (m, 1H), 4.4 (m, 1H),
6.7 (m, 4H), 7.1 (m, 5H), and 7.7 (s, 1H); MS (M + NH, — H:O)*
455; HPLC ¢g 26.61 min.

Synthesis of BAPN Shown in Scheme 4. Synthesis of
2-Allylmalondiamide (4). Diethyl 2-allylmalonate (100 g,
650 mmol) was dissolved in methanol (500 mL), and the
solution was cooled to 0 °C in an ice bath. Ammonia was
bubbled into the ice-cold solution. The reaction mixture was
sealed and stirred at room temperature for 20 h. Solvent and
ammonia were removed by rotary evaporation, and the residue
was washed with ether to give 4 as a white solid. This was
used for the next stage without further purification: yield 76.5
g (92%); mp 168—169 °C (lit.?> mp 168.5~169 °C); *H NMR
(DMSO) 6 2.4 (m, 2H, CH,CH=CHy), 3.0 (t, 1H, COCHCO),
5.0 (m, 2H, CH,CH=CH), 5.7 (m, 1H, CH;CH=CH3), 7.0 (bs,
2H, CONH,), 7.3 (bs, 2H, CONH).

Synthesis of 2-Allyl-N,N'-bis(fert-butyloxycarbonyl)-
1,3-propanediamine (18). A warm solution of 4 (14.2 g, 100
mmol) in dimethoxyethane (800 mL) was added over a period
of 1 h to a slurry of LiAlH, (11.8 g, 300 mmol) in dimethoxy-
ethane (300 mL). The reaction mixture was stirred at 50 °C
for 48 h. Excess LiAlH, was destroyed by the addition of 10%
NaOH and water, and the mixture was allowed to stir for 2 h.
Di-tert-butyl dicarbonate (50.0 g, 230 mmol) was added, and
the reaction mixture was stirred for 24 h. The reaction
mixture was filtered, and the filtercake was washed with CH,-
Cl; (250 mL). The filtrate and the washings were collected
and evaporated on a rotary evaporator to afford a thick viscous
oil, which was purified by column chromatography (silica gel,
hexane:ethyl acetate, 9:1). Fractions containing the product
were collected and evaporated to give a thick oil which solified
on standing. Trituration with pentane gave 18 as a white
solid, which was crystallized from hexane: yield 11.9 g (38%);
mp 84—87.5 °C; MS (M + H)* 315; *H NMR (CDCls) & 1.4 (s,
18H, t-Boc), 1.7 (m, 1H, CH), 2.85 and 3.22 (m, 4H, CH(CH,-
NH)), 5.0 (m, 2H, CH,=C), 5.75 (m, 1H, CH=CH,). Anal.
Calced for C16H3N202: C, 61.12; H, 9.62; N; 8.91. Found: C,
60.95; H, 9.17; N, 8.90.

Synthesis of 2-(2,3-Epoxypropyl)-N,N'-bis(tert-buty-
loxycarbonyl)-1,3-propanediamine (19). m-Chloroperoxy-
benzoic acid (5.0 g, 22 mmol) was added in portions to a cooled
(0 °C) solution of 18 (5.0 g, 16 mmol) in CHCl; (30 mL), and
the reaction mixture was stirred for 24 h. The precipitated
m-chlorobenzoic acid was removed by filtration, and the filtrate
was diluted with diethyl ether (200 mL). Excess m-chloro-
peroxybenzoic acid was decomposed by the addition of sodium
sulfite solution (20%, 10 mL), and the organic layer was
washed with a saturated solution of sodium bicarbonate and
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water and dried (Na;S0,). Evaporation of ether gave 19 as a
viscous oil which was used in the next step without further
purification: yield 5.2 g (98%); MS (M + H)* 330; 'H NMR
(CDCl3) 6 1.5 (m, 3H, CH and CH,CH), 2.45 and 2.80 (m, 2H,
epoxide), 3.0—3.4 (m, 5H, 1H epoxide and (CH,NH-¢-Boc)s),
5.0 and 5.5 (m, 2H, NH-¢-Boc).

Synthesis of 2-(2-Hydroxy-3-(2-nitro-1H-imidazol-1-yl)-
propyl)-N,N'-bis(tert-butyloxycarbonyl)-1,3-propanedi-
amine (20). 19 (1 g, 3 mmol) was added to a mixture of
2-nitroimidazole (500 mg, 4.5 mmol) and potassium carbonate
(70 mg, 0.5 mmol) in ethanol (50 mL), and the mixture was
refluxed under nitrogen for 12 h. The reaction mixture was
cooled and filtered. The precipitate was washed with water,
and the resultant off-white solid was air-dried. The crude
product was chromatographed over silica gel (CHCl:CH3;0H,
95:5). The UV—visible fractions were collected and evaporated
to give 20 as a white solid: yield 0.42 g (28%); mp 185—186
°C; MS (M + H)* 443; "H NMR (DMSO) 6 1.2 (m, 2H, CHCHo,-
CHOH), 1.75 (m, 1H, CHCH;CHOH), 2.9 (m, 4H, CH(CH,-
NHtBoc),), 3.9 (m, 1H, CHOH), 4.1-4.4 (m, 2H, CHOHCH;N),
5.0 (m, 1H, OH), 6.65 (m, 2H, NH), 7.1 and 7.52 (s, 2H, ArH).

Synthesis of 2-(2-Hydroxy-3-(2-nitro-1H-imidazol-1-yl)-
propyl)-N,N’-propylenebis(salicylidinimine) (9). To gen-
erate the free diamine, the bis-£-Boc derivative 20 (0.9 g, 2
mmol) was treated with methanolic HCl (5 mL), and the
mixture was stirred for 30 min. Methanol was removed on a
rotary evaporator, and the residue was neutralized with
methanolic ammonia. The methanolic solution was concen-
trated on a rotary evaporator, and the residue was dried under
vacuum to yield a light yellow solid. This solid was used in
the next step without further purification: yield 0.38 g (80.0%).
Salicylaldehyde (0.5 g, 4 mmol) was added to a solution of the
diamine (0.38 g, 1.6 mmol) in absolute ethanol (5 mL), and
the reaction mixture was maintained at 45 °C for 3 h. Ethanol
was removed on a rotary evaporator, and the residue was
purified by flash silica gel chromatography (hexane—ethyl
acetate, 8:2). UV—visible fractions were collected, and the bis-
imine (9) thus obtained was used in the next step without
further purification: yield 0.38 g (53%); MS (M + H)* 452; 'H
NMR (CDCls) 6 1.7 (m, 2H, CHCH,CHOH), 2.5 (m, 1H,
CHCH;CHOH), 3.7 (m, 4H, (CH(CH2);N=CH), 4.1 (m, 2H,
CHOHCH:N), 6.8—7.4 (m, 8H, ArH), 8.4 (s, 2H, N=CH).

Synthesis of NV,N'-Bis(2-hydroxybenzyl)-2-(2-hydroxy-
3-(2-nitro-1H-imidazol-1-yl)propyl)-1,3-propanedi-
amine (BAPN, 2). The bisimine 9 (0.38 g, 0.8 mmol) was
dissolved in methanol (10 mL), and the solution was cooled to
0 °C. Sodium borohydride (100 mg, 3 mmol) was added in
portions to the stirred solution. The reaction mixture was
stirred for 2 h, and then methanol was removed on a rotary
evaporator. The residue was purified by column chromatog-
raphy (silica gel, eluted with 200 mL of CH;Cly/ethyl acetate,
9:1 and then 8:2). The compound was further purified by
preparative HPLC using acetonitrile and water with 0.1%
TFA: yield 0.2 g (87%); HRMS (M + H)* found 456.2238, calcd
456.4700.

TFA salt: 'HNMR (D:0) 6 1.7 (m, 2H, CHCH,CHOH), 2.42
(m, 1H, CHCH;CHOH), 3.1 (m, 4H, CH(CH,):NH), 4.2—4.4 (m,
2H, CHOHCH:N), 4.72 (s, ArCH,), 6.8—~7.4 (m, 10H, ArH and
imidazoleH); 13C NMR (D20) 6 31.26 (CH(CH;NH),), 33.69
(CH,CHOH), 47.67 and 47.78 (CHyPh), 48.35 and 48.72 (CH-
(CH;NH),), 55.16 (CHOHCHy), 67.58 (CHOH), 115.73, 1186.93,
117.01, 120.78, 131.87, and 132.03 (ArC), 127.96 and 128.92
(imidazole C=C), 144.50 (imidazole NO,C).

Free base: 'H NMR (CDCl) 6 1.52 (m, 2H, CHCH,CHOH),
2.65 (m, 1H, CHCH,CHOH), 2.62 (m, 4H, CH(CH,),NH), 3.9
(s overlapped with m, 5H, CH,Ar and CHOH), 4.10 and 4.55
(m, 2H, CHOHCH;N), 6.7—7.18 (m, 10H, ArH and imida-
zoleH).

Preparation of the *®"Tc¢ Complex of BAPN. BAPN
(bis-CF3sCOOH salt) (2 mg) was dissolved in saline (1 mL), and
0.1 M NaHCO; (0.5 mL) and **Mo/?*™T¢ generator eluant (0.5
mL, 17—30 mCi) were added. The pH of the resultant solution
was 9.0. A 50 L aliquot of a saturated solution of stannous
tartrate in saline was added. Two minutes after the addition
of the stannous salt, the reduction of pertechnetate was
essentially complete, as determined by HPLC analysis. The
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product eluted as a broad tailing band from a PRP-1 reversed-
phase column (80/20 MeOH/0.1 M NH.OAc pH 4.6, 2 mL/min,
void volume = 1.06 min) at a ¢g of 2.5 min (BMS-181321 has
an tg of 7.5 min on same system). The complex was purified
on PRP-1 resin® and eluted with the free ligand in 95% EtOH.
A small aliquot of the ethanol fraction was blown to dryness
with a nitrogen stream and redissolved in 100 uL of DMF,
followed by 900 uL of normal saline. After dilution with
normal saline, the radiochemical purity was approximately
90% (by HPLC analysis).

Preparation of the ¥=Tc BMS-181321. This complex was
prepared by the method described previously.?? In summary,
eluate from a **Mo/**™T¢ generator is reduced at pH 8.2 with
a suitable stannous salt (for example, tartrate or DTPA) in
the presence of 2 mg of the ligand 4,8-diaza-1-(2-nitro-1H-
imidazol-1-yl)undecane-2,10-dione dioxime.®® The radiochemi-
cal purity (RCP), as determined by HPLC analysis,?? was
routinely >90%.

Permeability to Endothelial Monolayers. Details of
this procedure are described elsewhere.?! In summary, the
measurement of bovine brain microvessel endothelial perme-
ability in vitro was adapted from models by Audus and
Borchardt?:57 and Pardridge et al.®® except that anocell inserts
were used in place of transwells containing polycarbonate
filters. A study of the permeability of a single test compound
utilized 12 anocell inserts; four wells containing monolayers,
0.4 mL of media with 10% plasma-derived horse serum, 5 #Ci
of [*Hlwater, 2 uCi of [“Clsucrose, and 20 uCi of the *™Tc
complex; four wells containing the same as above, but without
the monolayers; and four wells containing the same but
without monolayers or the 10% plasma-derived horse serum.
The fraction of radioactivity transported from the donor to the
acceptor well at each time point over the first 10 min of the
study was calculated. This procedure?! provides a perme-
ability index (P;) for test substrates, which ranks the perme-
ability of a compound based on a scale in which water (a highly
permeable compound) = 100 and sucrose (a nonpermeable
compound) = 0.

Studies with Isolated Cardiac Myocyte. Calcium-
tolerant ventricular myocytes were isolated from hearts of
male Sprague—Dawley rats (200 g) according to the procedure
of Wittenberg and Robinson® with modifications described
previously.*® Cells were used immediately following morpho-
logical analysis (using a hemocytometer) of viability and were
maintained at 37 °C during the experiments. The number of
quiescent, rod-shaped cells ranged from 70 to 90% within a
total population of (5—9) x 10° cells.

The isolated myocytes were maintained in either a normoxic
or anoxic state. Glucose oxidase (Glu. Ox.) plus catalase (5/5
mg) was added to argon-treated cells to provide anoxia. Cells
were suspended [(6.5—7.5) x 10* cells/mL] in isolation media
and aliquots were added to incubation vials maintained at 37
°C.

After incubation with a test compound for 1 h, triplicate
aliquots of the myocytes were obtained and separated from
the suspending media by passing the cells through 99% dibutyl
phthalate by centrifugation at 12 000 rpm for 30 s. The three
phases were separated and assayed for radioactivity. The
results are expressed as a percentage of the radioactivity
retained in the sampled aliquot.

References

(1) Varghese, A. J.; Gulyas, S.; Mohindra, J. K. Hypoxia-dependent
reduction of 1-(2-nitro-1-imidazoyl)-3-methoxy-2-propanol by
Chinese hamster ovary cells and KHT tumor cells in-vitro and
in-vivo. Cancer Res. 19786, 36, 3761—3765.

(2) Garrecht, B. M.; Chapman, J. D. The labeling of EMT-6 tumors

in BALB/C mice with {C-14]-misonidazole. Br.J. Radiol. 1983,

26, 745—753.

Horowitz, M.; Blasberg, R.; Molnar, P.; Strong, J.; Kornblith,

P.; Pleasants, R.; Fenstermacher, J. Regional [1*CImisonidazole

distribution in experimental RT-9 brain tumors. Cancer Res.

1983, 43, 3800—3807.

(4) Koch, C. J.; Stobbe, C. C.; Baer, K. A. Metabolism induced
binding of *#C-misonidazole to hypoxic cells: Kinetic dependence
on oxygen concentration and misonidazole concentration. Int.
J. Radiat. Oncol. Biol. Phys. 1984, 10, 1327—-1331.

3

feg

Ramalingam et al.

(5) Urtasun, R. C.; Chapman, J. D.; Raleigh, J. A,; Franko, A. J.;
Koch, C. J. Binding of 3H-misonidazole to solid human tumors
as a measure of tumor hypoxia. Int.J. Radiat. Oncol. Biol. Phys.
1986, 12, 1263—12617.

(6) Martin, G. V.; Caldwell, J. H.; Rasey, J. S.; Grunbaum, Z;
Cerqueira, M.; Krohn, K. A. Enhanced binding of the hypoxic
cell marker [*H]fluoromisonidazole in ischaemic myocardium.
J. Nucl. Med. 1989, 30, 194—201.

(7) Olive, P. L.; Rasey, J. S.; Durand, R. E. Comparison between
the binding of [*H]misonidazole and AF-2 in Chinese hamster
V79 spheroids. Radiat. Res. 1986, 105, 105—114.

(8) Jette, D. C.; Weibe, L. I.; Chapman, J. D. Synthesis and in vivo
studies of the radiosensitizer 4-[82Br]bromomisonidazole. Nucl.
Med. Biol. 1983, 10, 205—210.

(9) Jerabek, P. A.; Patrick, T. B.; Kilbourn, M. R.; Dischino, D. D.;
Welch, M. J. Synthesis and biodistribution of !#F-labeled
fluoronitroimidazoles: Potential in vivo markers of hypoxic
tissue. Int. J. Appl. Radiat. Isotop. 1986, 37, 599—605.

(10) Martin, G. V.; Rasey, J. S.; Caldwell, J. C.; Grunbaum, Z.; Krohn,
K. A. Fluoromisonidazole uptake in ischemic canine myocar-
dium. J. Nucl. Med. 1987, 28, 668.

(11) Shelton, M. E.; Dence, C. S.; Hwang, D.-R.; Welch, M. J;
Bergmann, S. R. Myocardial kinetics of fluorine-18 misonida-
zole: A marker of hypoxic myocardium. J. Nucl. Med. 1989,
30, 351—-358.

(12) Rasey, J. S.; Nelson, N. J.; Chin, L.; Evans, M. L.; Grunbaum,
Z. Characteristics of the binding of labeled fluoromisonidazole
in cells in vitro. Radiat. Res. 1990, 122, 301—308.

(13) Jette, D. C.; Wiebe, L. I.; Flanagan, R. J.; et al. Iodoazomycin
riboside, a hypoxic cell marker. Synthesis and in vivo charac-
terization. Radiat. Res. 1986, 105, 169—179.

(14) Martin, G. V.; Biskupiak, J. H.; Caldwell, J. H.; Grierson, J. R.;
Krohn, K. A. Iodovinylmisonidazole: A metabolic marker for
myocardial ischemia. J. Nucl. Med. 1980, 31, 833.

(15) Biskupiak, J. E.; Grierson, J. R.; Rasey, J. S.; Martin, G. V;
Krohn, K. A. Synthesis of an (Iodovinyl)misonidazole Derivative
for Hypoxia Imaging. J. Med. Chem. 1991, 34, 2165—-2168.

(16) Mannan, R. H.; Somayaji, V. V.; Lee, J.; Mercer, J. R.; Chapman,
J. D.; Wiebe, L. I. Radioiodinated 1-(5-iodo-5-deoxy-3-D-arabino-
furanosyl)-2-nitroimidazole (Iodoazomycin arabinoside: IAZA):
A novel marker of tissue hypoxia. J. Nucl. Med. 1991, 32, 1764~
1770.

(17) Moore, R. B.; Chapman, J. D.; Mercer, J. R.; Mannan, R. H,;
Wiebe, L. I.; McEwan, A. J.; McPhee, M. S. Measurement of
PDT-Induced Hypoxia in Dunning Prostate Tumors by Iodine-
123-Iodoazomycin Arabinoside, J. Nucl. Med. 1993, 34, 405—
411,

(18) Raju, N.; Ramalingam, K.; Nowotnik, D. P. Syntheses of Some
Nitroimidazole Substituted Boronic Acids — Precursors to Tech-
netium-99m Complexes with Potential for Imaging Hypoxic
Tissue. Tetrahedron 1992, 48, 10233-10238.

(19) Linder, K,; Chan, Y.-W.; Cyr, J. E.; Nowotnik, D. P.; Eckelman,
W. C.; Nunn, A. D. Synthesis, characterization, and in vitro
evaluation of nitroimidazole-BATO complexes: new technetium
compounds designed for imaging hypoxic tissue. Bioconj. Chem.
1993, 4, 326—-333.

(20) Kedderis, G. L.; Miwa, G. T. The metabolic activation of
nitroheterocyclic therapeutic agents. Drug Metab. Rev. 1988,
19, 33—-62.

(21) Pirro, J. P.; Di Rocco, R. J.; Narra, R. K.; Nunn, A. D. The
relationship between in-vitro membrane permeability and in-
vivo single-pass brain extraction of several SPECT imaging
agents. J. Nucl. Med. 1994, 35, 15141519,

(22) Linder, K. E.; Chan, Y.-W,; Cyr, J. E.; Malley, M. F.; Nowotnik,
D. P.; Nunn, A. D. TcO(PnAO-1-2-nitroimidazole) [BMS 181321},
a new technetium-containing nitroimidazole complex for imaging
hypoxia: Synthesis, characterization and xanthine oxidase-
catalyzed reduction. J. Med. Chem. 1994, 37, 9—17.

(23) Rumsey, W. L,; Cyr, J. E,; Raju, N.; Narra, R. K. A Novel [99m]-
Technetium-Labeled Nitroheterocycle Capable of Identification
of Hypoxia in Heart. Biochem. Biophys. Res. Commun. 1998,
193, 1239—12486.

(24) DiRocco, R. J.; Kuezynski, B. L.; Pirro, J. P.; Bauer, A.; Linder,
K. E.; Ramalingam, K,; Cyr, J. E.; Chan, Y. W,; Raju, N.; Narra,
R. K.; Nowotnik, D. P.; Nunn, A. D. Imaging Ischemic Tissue at
Risk of Infarction During Stroke. J. Cereb. Blood Flow Metab.
1993, 13, 755-762.

(25) Neumeier, R.; Kramp, W.; Maecke, H. R. Eur. Pat. Appl. EP 417,-
870, 1991.

(26) Pillai, M. R. A,; John, C. S.; Lo, J. M.; Troutner, D. E.
Radiochemical studies of technetium complexes of tetradentate
amine-phenols. Int.J. Appl. Radiat. Isotop. 1990, 41, 557—-561.

(27) Corlija, M.; Volkert, W. A,; John, C. S.; Pillai, M. R. A;; Lo, J.
M.; Troutner, D. E.; Holmes, R. A. Biolocalization and cell
labeling properties of neutral-lipophilic %™Tc-amine-phenol che-
lates. Nucl. Med. Biol. 1991, 18, 167-172,



99mTe—Nitroimidazole Complex

(28) Pillai, M. R. A,; John, C. S,; Lo, J. M.; Troutner, D. E.; Corlija,
M.; Volkert, W. A,; Holmes, R. A. Technetium Complexes of
Pentadentate Amine-Phenol Ligands. Nuecl. Med. Biol. 1993,
20, 211-2186.

(29) Kothari, K.; Pillai, M. R. A. Labeling of Amine Phenol Ligands
with 99mTc by the Ligand Exchange Method. Appl. Radiat.
Isotopes 1998, 44, 911-915.

(30) Pillai, M. R. A,; Kothari, K.; Schlemper, E. O.; Corlija, M,;
Holmes, R. A.; Volkert, W. A, Technetium Complexes of Tet-
radentate Chiral Amine-Phenol Ligands. Appl. Radiat. Isotopes
1993, 44, 1113-1118.

(31) Pillai, M.R. A.; John, C. S,; Lo, J. M.; Schlemper, E. O.; Troutner,
D. E. u-Oxo-bis(oxo) dinuclear complexes of technetium(V) with
amine phenol ligands: syntheses, characterization and x-ray
crystal structures. Inorg. Chem. 19980, 29, 1850—1856.

(32) Varghese, A. J.; Whitmore, G. F. Binding to cellular macromol-
ecules as a possible mechanism for the cytotoxicity of misonida-
zole. Cancer Res. 1980, 40, 2165—2169.

(33) Sorensen, H. o-(alpha-L-Rhamnopyranosyloxy)benzylamine and
o-hydroxybenzylamine in Reseda odorata. Phytochemistry 1970,
9, 865—870.

(34) Jurisson, S.; Hirth, W.; Linder, K.; Di Rocco, R. J.; Narra, R. K;;
Nowotnik, D. P.; Nunn, A. D. Chloro-->hydroxy substitution on
technetium BATO (TcCl(dioxime)3sBR) complexes. Nucl. Med.
Biol. 1991, 18, 735—744.

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 24 4163

(35) Ramalingam, K.; Raju, N.; Nanjappan, P.; Nowotnik, D. P.
Syntheses of nitroimidazole derivatives of PropyleneAmine
Oxime (PnAO): New ligands for technetium-99m with potential
for scintigraphic imaging of hypoxic tissue. Tetrahedron Sub-
mitted.

(36) Audus, K. L.; Bochardt, R. T. Characteristics of the large neutral
amino acid transport system of bovine brain microvessel endot-
helial cell monolayers. J. Neurochem. 1986, 47, 484—488.

(87) Shah, M. V.; Audus, K. L.; Borchardt, R. T. The application of
bovine brain microvessel endothelial cell monolayers grown onto
polycarbonate membranes in vitro to estimate the potential
permeability of solutes through the blood-brain barrier. Pharm.
Res. 1989, 6, 624—627.

(38) Pardridge, W. M.; Triguero, D.; Yang, J.; Cancilla, P. A.
Comparison of in vitro and in vivo models of drug transcytosis
through the blood-brain barrier. J. Pharmacol. Exp. Ther. 1990,
253, 884—891.

(39) Wittenberg, B. A.; Robinson, T. F. Oxygen requirements, mor-
phology, cell coat and membrane permeability of calcium-
tolerant myocytes from hearts of adult rats. Cell Tissue Res.
1981, 216, 231—-251.

(40) Rumsey, W.; Schlosser, C.; Nutinen, E. M.; Robiolio, M.; Wilson,
D. F. Cellular energetics and the organ dependence of respiration
in myocytes isolated from adult rat heart. J. Biol. Chem. 1990,
265, 15392—-15402.



