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A technetium(V)oxo nitroimidazole complex that shows promise for imaging regional hypoxia in
vivo, [BMS-181321, TcO(PnAO-1-(2-nitroimidazole))] (1) was prepared from 3,3,9,9-tetramethyl-
1-(2-nitro-1H-imidazol-1-yl)-4,8-diazaundecane-2,10-dione dioxime, a 2-nitroimidazole-containing
derivative of propyleneamine oxime (PnAQ). The ®*T¢ complex [%T¢]Oxo0[[3,3,9,9-tetramethyl-
1-(2-nitro-1H-imidazol-1-yl)-4,8-diazaundecane-2,10-dione dioximato]l-(3-)-N,N’, N/, N’"']techne-
tium (V) was synthesized both from pertechnetate and [TcO(Eg):1- (Eg = ethylene glycol). A new
synthetic route to TcO(PnAQ) (2) is also described. #¥TcO(PnAO-1-(2-nitroimidazole)) was
characterized by 'H NMR, IR, and UV/vis spectroscopy, HPLC, FAB mass spectrometry, and
X-ray crystallography. Electrochemistry of 1 reveals that the nitro redox chemistry found in the
ligand is maintained upon coordination to technetium but shifts to a slightly more positive potential.
Using chiral HPLC (Chiracel OD), #=T¢ (1) was resolved into its two enantiomers. However, the
two isomers were found to racemize quickly (t,/; < 2 min) in the presence of water. Localization
of 1 is believed to be mediated by enzymatically catalyzed reduction of the nitroimidazole group,
80 the in vitro reaction of #T¢(l) with the nitroreductase enzyme xanthine oxidase (XOD) was
studied. XOD catalyzed the quantitative reduction of the nitroimidazole group on the molecule
under anaerobic conditions in the presence of hypoxanthine. No reaction was noted using a non-
nitro-containing complex (2). The rate of reduction of the Tc—nitroimidazole complex (1.5 %+ 0.16
nmol/min per unit XOD) was faster than that observed previously for the nitroimidazole BATOs
(BATO = boronic acid adduct of technetium dioxime) and was about two-thirds that of
fluoromisonidazole, a compound that has proven useful for imaging hypoxia in humans when
labeled with 18F. These data suggest that BMS-181321 (1) has the potential to be recognized by
nitroreductase enzymes in vivo, thus satisfying one of the criteriarequired for this potential hypoxia

imaging agent.

Introduction

We are currently developing a #¥mtechnetium-labeled
nitroimidazole complex [BMS-181321] that may allow
delineation of hypoxic tissue in vivo.!"5 Such an imaging
agent could be clinically useful in (for example) the
identification and management of tissue at risk in myo-
cardial ischemia, in the development of interventional
strategies for revival of jeopardised tissue in stroke, and
in early assessment of tumors that are potentially resistant
to radiotherapy and/or chemotherapy because of their
hypoxic status.

There has been considerable interest in imaging hypoxia
with radiolabeled derivatives of nitroimidazoles. Other
groups have reported the binding of 14-C- 69 3-H-,10-12
82-Br-,'*!* and 18-F-labeled!5-1? 2-nitroimidazole deriva-
tives to hypoxic cells or tissues in cerebral ischemia,!!
myocardial infarction,!21617 and in malignant tumors or
tumor spheroids.8-1%1819 Several iodine-labeled2®-23 ni-
troimidazole derivatives have also been reported, and the
uptake of 123I-labeled iodoazomycin arabinoside in some
human tumors has been demonstrated.®® Fluoromi-
sonidazole, labeled with 18-F,!1215-1% hag been used to image
hypozxia in humans!? in conjunction with positron emission
tomography (PET). However, the high cost and limited
availability of PET imaging equipment and radionuclides
make it desirable to develop a technetium-99m (®®mTc)-
labeled hypoxia imaging agent which can be used with
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widely-available single photon emission computed to-
mography (SPECT) imaging equipment.

We have previously reported studies on Tc-nitroimi-
dazoles from the BATO class of compounds24 T¢X-
(dioxime)3sBR (X = Cl, OH; R = a nitroimidazole deriv-
ative, BAT022 = boronic acid adduct of technetium
dioxime). However, we found that these nitro-BATO
compounds were more difficult to reduce (both electro-
chemically and enzymatically) than was misonidazole,®-!!
a widely studied 2-nitroimidazole compound known to
localize in hypozxic tissue. As reduction of the nitroimi-
dazole moiety is believed to be required?’-2? for trapping
in hypoxic tissue, this was considered a problem. On the
basis of this experience, we began to screen other tech-
netium cores and found that BMS-181321 [#¥2Tc¢cQO(PnAO-
1-(2-nitroimidazole)), 1, Figure 1], a 2-nitroimidazole
derivative of the well-known class of technetium(V)oxo
propyleneamine oxime (PnAQO) complexes3%-33 exhibited
preferential localization in hypoxic tissue, in both whole
animal3® and in vitro models.24 The synthesis and char-
acterization of the long-lived %T¢ analog of this complex
is described here, as is some of the #™Tc¢ chemistry.
Separation of the ¥mTc complex into its enantiomers is
also reported.

This report also describes an in vitro enzyme assay
performed to determine whether ®TcO(PnAO-1-(2-ni-
troimidazole)) can be enzymatically reduced. Nitroimi-
dazoles are known to form adducts with other molecules
when treated with high doses of radiation or when reduced
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Figure 1. Structure of PnAQO-1-(2-nitroimidazole) ligand and

the two enantiomersof TcO(PnAO-1-(2-nitroimidazole)) (BMS-
181321) (1).

either enzymatically or chemically in the absence of
oxygen.8:9103436-38  Enzymatically catalyzed in vivo re-
duction of the nitro group, followed by binding of the
reactive reduced species to cellular components, has been
proposed as a mechanism by which radiolabeled nitroim-
idazoles might be preferentially retained in hypoxic tissue.
The assay described here is based on methods previously
reported in the literature3®#4 and uses xanthine oxidase
(XOD) as a model nitroreductase, hypoxanthine as the
reducing substrate, and #*TcO(PnAO-1-(2-nitroimida-
zole)) as the electron acceptor. In vivo, XOD catalyzes
the oxidation of hypoxanthine to xanthine and of xanthine
to uric acid:

xanthine + O, + H,0 — urate + H,0,

In the absence of oxygen, these reactions will not
proceed, unless some other source of oxidant (such as a
nitroimidazole) is added as an electron source. Others
have reported that nitro compounds such as misonida-
zole, 4143 fluoromisonidazole,* niridazole,?® metronida-
zole,4042 benzonidazole, and the N-oxide SR-42334 are
suitable substrates for XOD. The results in this report
demonstrate that *®TcO(PnAO-1-(2-nitroimidazole)) is
also recognized by this enzyme. This is of note because
technetium is not a naturally occurring element, and
literature examples where technetium complexes are
recognized as substrates for enzymes are rare. It has been
proposed™ that the ease of in vivo reduction determines
the relative ability of technetium cations to localize in
myocardial tissue, and some groups appear to be using
redox potential as a guiding principle with some success
(see for example refs 70-73). However, definitive dem-
onstrations of enzymatically catalyzed metabolism are still
relatively rare. Exceptfor our previously reported studies
on the XOD-catalyzed reduction of nitroimidazole BA-
TOs,# documented examples of enzymatically catalyzed
metabolism of technetium complexes, namely TcO-
(ECD),*" an ester derivative of Tc(4-MeO-SAL;TAME)+ 48
and T¢(CNC(CHj3)3(COOCH3)g)*,4 have all involved de-
esterification reactions in serum or tissue homogenate.

Results and Discussion

Synthe'sis and Characterization of ¥TcO(PnAO-
1-(2-nitroimidazole)). The Tc complex ¥TcO(PnAO-
1-(2-nitroimidazole)) (1) was prepared both by stannous
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Figure 2. ORTEP* of (1), showing 50% probability ellipsoids.

tartrate reduction of T'cO4~ (a route that has been used to
prepare other Tc PnAO-type complexes)33%0 and by ligand
exchange from T'cO(ethylene glycol)z~. T'cO(Eg)s-wasalso
used to prepare TcO(PnAO); this starting material®! has
not been used previously for the synthesis of PnAO
compounds. Characterization of the #T¢ nitro complex
by elemental analysis, NMR, IR, mass spectrometry, and
X-ray crystal structure analysis indicates strong similarity
to the previously characterized ®TcO(PnAO) (2). The
Tc=0 stretch at 918 cm™! falls within the range observed
for other T¢=0 amine oxime compounds.3350 A gtrong
protonated molecular ion is seen under FAB (+) conditions,
as well as fragments corresponding to the loss of oxygen
and NO;. The NMR spectrum of #¥Tc-PnAO-1-(2-nitro)
is similar to that of ®*TcO(PnAO)33 but exhibits somewhat
more complicated splitting due to the inequivalence
introduced by the nitroimidazole moiety. The nitroim-
idazole ring protons appear as a pair of singlets at 7.1 and
7.5 ppm. The absence of splitting by adjacent nitroim-
idazole protons has been reported by others.’2 The
methylene protons on the carbon that links the nitroim-
idazole moiety to the PnAO core, which appear as a singlet
in the free ligand, become a pair of doublets centered at
5.7 ppminthe T'c complex. The two protons on the central
carbon of the propylene bridge are clearly inequivalent;
they appear as two multiplets at 6 1.75 and 2.4 (1H each).
A similar result is seen for TcO(PnAO).

Crystal Structure. The structure of 1 (Figure 2) is
similar to that reported for a number of other PnAO
derivatives.?3 Selected bond lengths and angles are
tabulated in Table 1. The complex has square-pyramidal
geometry about the five-coordinate T'c(V) center, with the
oxygen occupying an apical position. The plane of the
nitroimidazole group is approximately perpendicular to
the plane through the four coordinated nitrogen atoms;
the nitro group is trans with respect to the T¢-oxo core.
The six-membered chelate ring has a flattened boat
conformation in which the atoms T'¢, 019, and C6 lie +0.36,
1.99, and +0.71 A above the plane of its two C-N bonds.
The two amines and one oxime are deprotonated, giving
the complex an overall neutral charge. There is a strong
intramolecular hydrogen bond bridge between the two
oxime oxygens (01-+-011 2.440(4) A). Thereisnoevidence
of interaction between the nitroimidazole side chain and
the technetium core. Asthenitrogroup mustbeaccessible
to the enzymes that are required for in vivo hypoxia
trapping, this absence of interaction in the solid state is
an important finding. We have found that in solution
(vide infra), the nitro group of ®Tc 1 can be reduced using
the nitroreductase enzyme xanthine oxidase as a catalyst.
This result suggests that the nitroimidazole side chain
remains accessible to the enzyme in aqueous solution.

Electrochemistry. The electrochemistry observed for
1 and other’3-% nitroimidazole complexes is strongly
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Table 1. Bond Lengths and Bond Angles in
TcO(PnAO-1-(2-nitroimidazole)) (1)¢
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Table 2. Resolution of the Enantiomers of
9nTe0(PnAO-1-(2-nitroimidazole)) (1)

Selected Bond Distances in Angstroms

Te-N1 2.085(3) Ce-C7 1.511(6)
Te-N4 1.911(3) C9-C16 1.534(5)
Tec-N8 1.916(3) C9-C17 1.531(7)
Te-N11 2.080(3) C10-C18 1.483(6)
Te-019 1.678(3)  C20-N21 1.475(6)
Ni1-01 1.357(5) N21-C22 1.350(7)
N1-C2 1.279(4) N21-C25 1.373(6)
N4-C3 1.482(4) C22-N23 1.299(7)
N4-C5 1.471(6) C22-N26 1.429(7)
N8-C7 1.463(6) N23-C24 1.354(8)
N8-C9 1.479(5) C24-C25 1.342(10)
N11-011 1.375(5) N26-027 1.234(6)
C2-C3 1.497(7) N26-028 1.213(6)
Selected Bond Angles in Degrees

N1-Te-N4 77.4(1) C5-C6-C7 113.3(4)
N1-Te-N11 86.9(1) N11-C10-C18 122.5(4)
N1-Te¢-019 107.1(1) C2-C20-N21 111.8(3)
N4-Tc-N8 94.0(1) C20-N21-C22 130.4(4)
N4-Te-019 110.2(1) C20-N21-C25 125.2(5)
N8-Tec-N11 76.9(1) C22-N21-C25 104.0(4)
N8-Tc-019 108.8(1) N21-C22-N23 114.3(5)
N11-Te-019 110.5(1) N21-C22-N26 124.2(5)
01-N1-C2 120.0(3) N23-C22-N26 121.4(5)
C10-N11-011 117.3(3) C22-N23-C24 103.8(5)
N1-C2-C3 116.2(3) N23-C24-C25 111.0(5)
N1-C2-C20 120.6(4) N21-C25-C24 106.8(5)
N4-C3-C2 106.6(3) C22-N26-027 117.6(5)
N4-C3-C14 109.2(3) C22-N26-028 118.6(4)
C14-C3-C15 110.9(3) 027-N26-028 123.8(5)

¢ Numbers in parentheses are estimated standard deviations in
the least-significant digits.
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Figure 3. Electrochemistry of PnAO-1-(2-nitroimidazole) ligand,
#®TcO(PnAO) (2), and ®TcO(PnAO-1-(2-nitroimidazole)) (1).

influenced by solvent. In aprotic solvents such as DMF,
a quasireversible one-electron reduction occurs, forming
a nitro radical anion.53% However, in aqueous media, a
single, irreversible multielectron reduction isseen.?% This
process is very sensitive to the nature of supporting
electrolyte, pH, and concentration, making comparison of
Ej. values between compounds very difficult. For this
reason, we have chosen to focus primarily on nonaqueous
electrochemistry. Cyclicvoltammogramsof ®TcO(PnAO-
1-(2-nitroimidazole)) in DMF (Figure 3) show a reversible
reduction process at E,c = -1.48 V. On the basis of
electrochemical results with other nitroimidazole com-
pounds, this process can be assigned to reduction of the
nitro group. In addition, a totally irreversible reduction
process at Ep. = -1.99 V can be assigned to reduction of
the Te~PnAO core, by comparison to the cyclic voltam-
metry results for TcO(PnAQ). If this Tc-PnAO core
reduction is traversed, the nitro reduction in TcO(PnAO-
1-(2-nitroimidazole)) is made irreversible. Direct current
polarography electron counting experiments comparing

% hexane R (peakno.l) (min) R, (peakno.2)(min) R,
50 15.9 18.1 0.84
60 18.6 21.4 0.89
70 24.0 28.2 1.18

¢ Chiracel OD column (150 X 4.6 mm) eluted with hexane/isopropyl
alcohol (IPA) at 0.5 mL/min. :

nitro and core reduction limiting currents to that of the
one-electron Ru(III)/Ru(II) reduction of Ru(acac)zindicate
that 1.04 and 1.17 electrons are transferred for the nitro
and core reductions, respectively.

The E,. value for TcO(PnAO-1-(2-nitroimidazole))
(-1.48 V) is 0.01 V positive to that of misonidazole, a “gold
standard” of 2-nitroimidazole chemistry. Under similar
conditions, the uncomplexed PnAQ-1-(2-nitroimidazole)
ligand undergoes a one electron reduction at -1.52 V, This
result demonstrates that complexation to the metal shifts
the reduction potential of the pendant nitroimidazole
slightly positive. Asthe T'c(V)oxo(3+) coreisexpected to
be electron withdrawing, this shift is not unexpected.

¥mTe Complex (1). The #2TcO(PnAO-1-(2-nitromi-
dazole)) complex of 1 is readily prepared using methods
useful for the preparation of #¥mTcO(PnA0).3031 At pH
8.2, ¥mTcOy4 is easily reduced by stannous tartrate in the
presence of ligand to give ¥™T¢ 1 in greater than 90%
radiochemical purity, as determined by HPLC. Alter-
natively, the complex can be prepared using stannous
DTPA (Techneplex) as the reductant. Material prepared
by either route coelutes with samples of analytically pure
%T¢c 1 on two different HPLC systems. Retention times
for a 99/99mT¢c mixture on Nucleosil C-8 (60/40 ACN/0.1M
NH,OAc, pH 4.6, 1.0 mL/min) are identical at 3.60 min
(void volume = 1.73 mL). On a 10-um PRP-1 reversed-
phase column (Hamilton) eluted with 65/35 ACN/0.1 N
NH,OAc at 2.0 mL/min, the two compounds coeluted at
a retention time of 2.6 min (void volume = 2.06 mL).

Separation and Characterization of Enantiomers.
While the ligand used to prepare 1 is achiral, it forms two
Tec complexes which are an enantiomeric pair (Figure 1).
It is well-known that stereochemistry is an important
consideration in pharmaceuticals,5” and there are already
some examples of stereochemistry having an influence on
biodistribution of Tc complexes.?® Therefore, we needed
to separate and evaluate the individual enantiomers to
determine whether these enantiomers differed in their
imaging capabilities. Racemates of 1 coelute in conven-
tional HPLC, but chiral HPLC, which is well established
for the resolution of enantiomers, was useful for resolving
the enantiomers of 2 T¢ 1 (Chiracel OD column, hexane/
IPA eluent) (Table 2). At 50/50 hexane/IPA, HPLC
fractions containing relatively pure peak no. 1 or no. 2
could be obtained. Reanalysis of these samples on the chiral
column at several times after isolation revealed that the
purifed compounds underwent racemization. No other
degradation was noted. In Figure 4, the log of the
enantiomeric excess (% major (isolated) peak-% of the
other enantiomer) is plotted against time for two separate
runs for each enantiomer. The straight line relationship
indicates pseudo-first-order kinetics, with the t;/2 of ~25
min. As expected for a racemization process, the rate of
racemization is the same in both directions.

The stereochemical difference between the two enan-
tiomers of 1 results from the relative position of the oxygen
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Figure 4. Racemization of the isolated enantiomers of #=TcO-

(PnAO-1-(2-nitroimidazole)) as monitored by chiral HPLC
(Chiracel OD column (50:50 hexane/IPA, 0.5 mL/min).

Table 3. Effect of DMF on Initial Rate of Xanthine
Oxidase-Catalyzed Aerobic Oxidation of Xanthine

% DMF initial rate (AU/min) % of no DMF control
0 0.032 (£0.002) n =3 100
5 0.025 (£0.002) n = 3 78
10 0.0186 58

atom in the T¢==0 “core”. If the ligand portions of the
two enantiomers are rotated so that they overlap, this
oxygen atom in the two molecules will be found either
above or below the plane of the four ligating nitrogen atoms.
Therefore, racemization occurs by a process in which the
net result is oxo core inversion. The mechanism for this
process hasnot been determined. However, we have noted
previously that certain PnAO ligands can form two Tc
complexes which interconvert, with oxo core inversion
being one possible explanation for the observed results.¢
In that series, water played an important role in complex
interconversion; therefore, we examined the effect of added
water on the rate of racemization of TcO(PnAO-1-(2-
nitroimidazole)). Water was added to isolated peak no.
1 fractions to give solutions which contained 14% water.
The rate of racemization was markedly increased; it was
complete 2 min after water addition. With such rapid
racemization in the presence of water, we could not prepare
samples of individual enantiomers in a form suitable for
in vivo administration. This result suggests that the two
enantiomers in racemic 1 should rapidly interconvert in
vivo.

Enzyme Studies. Effect of DMF on Enzyme Ac-
tivity, The ®¥Tc complexes have very low solubility in
water but are quite soluble in DMF. Before studies on
the enzymatic reduction of Tc~PnAO complexes were
carried out, the effect of aqueous DMF on xanthine oxidase
was tested. Table 3 shows the effect of DMF on the rate
of XOD-catalyzed oxidation of xanthine under aerobic
conditions. Enzyme activity in this assay drops as the
concentration of DMF is increased. At5% DMF, activity
was 78% of that observed in the absence of DMF. DMF
also caused a decrease in activity when the XOD-catalyzed
anaerobic reduction of misonidazole was studied. In
enzyme solutions that were 5% in DMF, the rate of
misonidazole disappearance was 60% of that observed in
0% DMF (Table4). Theseresults were deemed significant
but tolerable, so all assays using the #*Tc complexes 1 and
2 contained 5% DMF.

Reduction of *TcO(PnAO-1-(2-nitroimidazole))
(1). The ability of ®TcO(PnAO-1-(2-nitroimidazole)) to
serve as a substrate for XOD is demonstrated by Figure
5, which shows a typical UV/vis trace of the reaction of
this PnAO-nitroimidazole complex with XOD and hy-
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Table 4. Effect of DMF on Rate of Xanthine Oxidase-Catalyzed
Anaerobic Reduction of Misonidazole

% DMF reaction half-life (min) % of no DMF control
0 37T (x2)n=4 100
0.2 44 (x4)n=3 84
5.0 60(£3)n=3 62
2.0

CONTOUR INTERVAL = 15 min
[XOD] = 0.2U/mi [Te] = 0.1 mM

05

mOZ>PWIOND>
5

WAVELENGTH (nm)

Figure 5. Loss of #®TcO(PnAO-1-(2-nitroimidazole)) in the
presence of xanthine oxidase and hypoxanthine in 5% DMF.

—— TePnAQ-1-2:nitro

14 —o— misonidazole

Log (% remaining)

—— metronidazole

0 20 o] 60 80 100 120 140 160
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Figure 6. Comparison of rate of reduction of ¥*TcO(PnAO-1-
(2-nitroimidazole)), misonidazole and metronidazole (0.2% in
DMF) under anaerobic conditions. (Initial concentrations = 0.2
units/mL in XOD, 100 uM in nitro compound, 4 mM in
hypoxanthine, and 5% in DMF,

poxanthine under anaerobic conditions. During this
reaction, hypoxanthine is first oxidized to xanthine and
thentouricacid, as determined by HPLC (datanot shown).
At the same time, the absorbance peak at 326 nm (which
is attributable to the nitroimidazole group) disappears.
Figure 6 compares the rate of loss of the nitro absorbances
of misonidazole and %T¢ 1 under identical assay conditions.
Data for metronidazole (a 5-nitroimidazole) in 0.2% DMF
are also shown; this compound was found to be much less
reactive in this assay. Half-life data for the complexes are
given in Table 5. In control experiments performed in
the absence of XOD or the absence of hypoxanthine, no
reaction was seen over 18 h, except a 2-4% decrease in
absorbance at all wavelengths. The non-nitro-containing
complex TcO(PnAOQ) (2) was also tested, to study the
reactivity of the PnAQ core, which is common to both 1
and 2. No reaction was observed. These results suggest
that it is the nitroimidazole group in TcO(PnAO-1-(2-
nitroimidazole)) that is affected in the presence of XOD,
and not the PnAO core.

Nature of the Products. The nature of the products
formed in the studies described above has not been
established. However, it is presumed that enzymatically
catalyzed reduction of the nitro group has occurred, for
the following reasons:
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Table 5. Half-Lives for Nitro Group Loss in Xanthine Oxidase Enzyme Assay

initial [Tc] or [nitro

complex compound] (mM) [DMF] (%) T2 for nitro loss (min)
TcO(PnAO-1-(2-nitro) 0.1 5 120 (213) (n=3)
TcO(PnAO-1-(2-nitro) 0.1 5 no reaction seen (n = 2)¢
no enzyme control
TcO(PnAO-1-(2-nitro) 0.1 5 no reaction seen (n = 2)
no hypoxzanthine control
TcO(PnAO) 0.1 5 no reaction seen®
non-nitro control
TcOH(DMG);BBNO, 0.077 5 240 (n = 2)
TcOH(DMG);3B-propene-NO, 0.077 5 185
NO,
misonidazole 0.1 5 60 (£3) (n=3)
metronidazole 0.1 0.2 >20h(n=2)

¢2-4% drop in absorbance observed in all wavelengths, suggestive of minor precipitation.

(1) During the reaction, hypoxanthine is oxidized to
xanthine and uric acid (as determined by HPLC analysis
of products). This oxidation must be coupled to a
reduction. Under anaerobic conditions, this reaction did
not occur unless a nitro compound was added. If the non-
nitro-containing TcO(PnAO) compound was substituted,
neither the PnAO compound nor the hypoxanthine
underwent any change. These results suggest that nitro
group reduction is coupled to the oxidation of hypoxan-
thine.

(2) In the absence of enzyme, no reaction occurs, so the
changes observed are not due to a nonenzymatic reaction
between hypoxanthine and test compound.

(3) In the absence of hypoxanthine (reductant), no
reaction is observed.

The nature of the reduced product(s) changes over time.
At time points immediately following complete reduction
of the nitro group of #T'cO(PnAO-1-(2-nitroimidazole)),
UV/vis absorbances due to the the PnAO core of the
molecule are still at least partially retained, because the
broad absorbances centered at 360 and 460 nm in TcO-
(PnAQ) are still present in solutions of enzymatically
reduced #TcO(PnAQO-1-(2-nitroimidazole)). However,
these solutions bleach over 24 h from orange to colorless,
a phenomenon that is not noted in corresponding T<cO-
(PnAO) reactions. The nature of the products formed
has not been studied. This result stands in contrast to
that obtained previously with another class of technetium
nitroimidazoles, namely the Tec¢ nitroimidazole-BATO
complexes.? Even after complete disappearance of the
nitroimidazole-based absorbance centered at 326 nm, all
other absorbances attributable to the BATO core re-
mained.

Correlation with Literature Results. Theratesthat
we observed for the XOD-catalyzed reduction of mis-
onidazole in phosphate buffer (initial rate of 6 nmol/min
per unit of XOD) are comparable to initial rates reported
by Josephy et al.#3 (6 nmol/min per unit), Clarke et al.4?
(8 = 2 nmol/min per unit) and Prekeges (5.7 = 0.7 nmol/
min per unit),* despite the fact that we used hypoxanthine,
rather than xanthine, as the electron donor in this system.
Our metronidazole results are also similar to literature
values; Clarke et al.42 have reported very slow reduction
of metronidazole in the presence of XOD; this is consistent
with our observed half-life of >>20 h. The rate observed
for nitrogroup loss with TcO(PnAQ-1-(2-nitroimidazole))
isabout two-thirds that reported for fluoromisonidazole,*
a compound that has proved useful for imaging hypoxia
inhumans when labeled with the positron emitting isotope
18F.1® The Tc complex is reduced at a rate that is 40%

Table 6. Reaction Rates for Nitro Complexes

reaction rate
reducing (nmol/min per
nitro substrate substrate unit XOD) N
TcOPnAO-1-(2-nitro) in  hypoxanthine 1.5 + 0.16¢ 3
5% DMF
misonidazole in 5% DMF hypoxanthine 3.7 + 0.2¢ 3
misonidazole in 0% DMF  hypoxanthine 6.0 £ 0.2¢ 4
misonidazole in 0% DMF  xanthine 6,05.7 £0.7¢ 2
fluoromisonidazole in xanthine 2.4 £ 0.27¢ 15

0% DMF
@ This work. ® Reference 62. ¢ Reference 44.

that of misonidazole in 5% DMF (Table 6). As addition
of DMF lowers the activity of XOD, it is reasonable to
presume that 1 would be reduced more rapidly in water.
The rate of nitro group loss from 1 was significantly faster
than that observed with the nitroimidazole-substituted
BATO complexes TcOH(DMG); BBNO;;, and TcOH-
(DMG)3B-propene-NO, (Table 5) previously studied in
these laboratories.?4

The enzyme assay described in this report is only amodel
for potential nitroreductase activity invivo. Therelevance
of XOD-catalyzed reduction of 1 to the hypoxialocalization
that we have noted in animal studies is not clear. For
example, despite the fact that XOD levels in rabbit heart
are reported to be very low,8! #¥nTcO(PnAO-1-(2-nitroim-
idazole)) has been shown to preferentially localize in
hypoxic myocardial tissue in the rabbit,? suggesting that
XOD is not specifically required for the localization of 1
in hypoxic tissue. It should also be noted that although
the t)/; value observed in this assay appears to be relatively
slow (~2 h under the conditions used), trapping of the
complex in hypoxic tissue of ischemic brain® and heart? in
vivo appears to be rapid. Several other enzymes besides
XOD have been reported to use nitro compounds as
electron acceptors; which enzyme system is responsible
for the trapping of #¥mTcO(PnAO-1-(2-nitroimidazole))
in vivo is not clear at this point.

Conclusion: In summary, we have isolated and fully
characterized the ®*Tcstandard of a potential new hypoxia
imaging agent, ¥=TcO(PnAO-1-(2-nitroimidazole)) [BMS-
181321]. The complex is a neutral oxo complex of
technetium(V) that is structurally similar to known
examples of propyleneamine oxime technetium complexes,
except for the presence of a nitroimidazole-containing side
chain. The nitroimidazole moiety in the complex was
found to maintain the electrochemistry required for
biological activity, and studies revealed that coordination
to the Tc=0 core shifted the redox potential slightly
positive to that of misonidazole. X-ray crystal structure
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analysis revealed that the nitroimidazole side chain is
oriented away from the complex core, an orientation which
(if maintained in solution) should assure accessibility to
nitroreductase enzymes. Under anaerobic conditions,
xanthine oxidase was found to catalyze reduction of
9T cO(PnAO-1-(2-nitroimidazole)) at a rate that is about
two-thirds of that reported previously for fluoromisonida-
zole (in phosphate buffer). Under identical conditions,
TcO(PnAO) was unaffected.

This work demonstrates that it is possible to design
technetium complexes that are recognized as biological
substrates for nitroreductases, despite the presence of a
chelated metal that is not native to in vivo systems. This
result is heartening, as in vivo metabolism of the nitroim-
idazole group of TcO(PnAO-1-(2-nitroimidazole)) must
occur for the compound to show any utility for imaging
of hypoxia. Inaddition, studies aimed at resolution of the
two enantiomers of #¥2TcO(PnAO-1-(2-nitroimidazole))
have demonstrated that, although the two isomers can be
resolved under nonaqueous conditions, rapid racemization
occurs in the presence of water. This result precludes
testing of the isolated enantiomers in vivo, as rapid
racemization is expected.

Experimental Section

The PnAQO-1-(2-nitroimidazole) ligand (BMS-181032, 4,8-
diaza-3,3,9,9-tetramethyl-1-(2-nitro-1H-imidazol- 1-yl)undecane-
2-10-dione dioxime, Figure 1) was prepared in house. The PnAQO
ligand was synthesized by the method of Vassian et al.®?
Misonidazole was obtained as a gift from Prof. K. Krohn,
University of Washington. Metronidazole was purchased from
Aldrich, ®Tc is a weak g-emitter (0.29 keV, half-life 2.12 x 10%
y); all reactions with technetium were carried out in laboratories
approved for the use of radioactivity. Ammonium pertechnetate
(NH,Tc¢O,) [Oak Ridge National Laboratories] was recrystallized
from aqueous H;0,. #2TcO, in saline was obtained from an
NEN/DuPont technetium generator. [NBu,JTcOCL® was re-
crystallized from CH,Cly/hexane. The complex TcO(ethylene
glycol)s~ (TcO(Eg):-)%! was generated “in situ” using the procedure
of Brenner et al.8 Ru(acac); was purchased from Strem. Bu,-
NBF, (Aldrich) was recrystallized twice from MeOH/H;0 or
acetone/ether; BuuNPFg (Aldrich) was recrystallized from ace-
tone/absolute ethanol. Both supporting electrolytes were dried
thoroughly and stored under vacuum. All other chemicals and
solvents were reagent grade and used as received.

Reversed-phase high-pressure liquid chromatography (HPLC)
measurements were made on 15-cm Hamilton PRP-1 or Nucleosil
C8 columns (10 um) using a mobile phase of acetonitrile (ACN)/
0.1 M NH,OAc, pH 4.6, a flow rate of 1-2 mL/min, and either
UV detection at 230 nm or radiation detection. Infrared spectra
(KBr) were obtained on a Sirius 100 FT-IR. Proton NMR data
(270 MHz) were obtained with a JEOL-GX-270 spectrometer.
UV/visible spectra were recorded using a Hewlett-Packard diode
array spectrophctometer (Model 8451A). Fast atom bombard-
ment (FAB) mass spectra were obtained on a VG-ZAB-2F
spectrometer from a nitrobenzyl alcohol matrix. Elemental
analyses were performed in-house by the Bristol-Myers Squibb
Microanalytical Department.

#TcO(PnAO-1-(2-nitroimidazole)) (1) from TcO,. This
compound was prepared in a manner similar to that described335
for the synthesis of several congeners of ®TcO(PnAO). Theligand
PnAO-1-(2-nitroimidazole)-2.5H,0 (86.4 mg, 0.225 mmol) was
dissolved in 10 mL of saline and 10 drops of 3 M HCI, adjusted
to pH 6.3 with NaOH and added to a stirred solution of NH,-
TcO, (26.6 mg, 0.148 mmol) in saline (4 mL). The pH of the
solution was adjusted to pH 8.5~9.0 with 0.1 M NaHCO; and 0.1
M KOH. Diethyl ether (60 mL) was added, and a suspension of
stannous tartrate (83.6 mg, 0.313 mmo)) in saline (56 mL) was
added dropwise, with stirring. After 10 min, the organic phase
was removed, and the aqueous layer was extracted into 2 X 50
mL of ether. The combined ether layers were dried over
anhydrous Na;SO,, reduced to ~2 mL, and purified on a silica
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gel column eluted with diethyl ether. The eluant was reduced
to ~1 mL by rotary evaporation and chilled to-18 °C. Medium
orange crystals (25.8 mg, 35%) precipitated overnight. The
resulting analytically pure product was filtered, washed with cold
ether, and vacuum dried for four hours. Anal. Caled C, H, N.
FAB MS: m/z (assignment) 496 (M + H)*, 494 (M - H)-, 480
M+ H-0)% 449 M~-NOy)*. IR (KBr): (Te==0) 918, (N==0)
1373, 15639 cm-1. 'H NMR (270 MHz, CD,Cl,): 4 1.39, 1.44, 1.46,
1.49 (s, 12H, C(CHj)q), 1.75 (m, 1H, CH,CHCHy), 2.4 (m, 1H,
CH,CHCHy,), 2.34 (s, 3H, N=CCHjy), 3.35 (m, 2H, NCH,CH,);
3.47 (m, 2H, NCH,CH,), 5.72, 5.65 (dd, Jxg = 14.3 H, 2H
N==CCHy)); 7.09 (s, 1H, imidazole), 7.47 (s, 1H, imidazole).
¥TcO(PnAO-1-(2-nitroimidazole)) (1) from TcO(ethyl-
ene glycol)s~. Ethylene glycol (50 uL, 0.84 mmol) was added to
a stirred solution of MeOH (1 mL) and TBA[TcOCL] (50.4 mg,
0.1 mmol). A methanolic solution of sodium acetate (0.75 M,
0.54 mL) was then added dropwise. The solution turned deep
purple, indicating the in situ formation® of TBA[TcO(Eg).]. A
solution of PnAO-1-(2-nitroimidazole)-2.5H;0 (42.2 mg, 0.1
mmol) in 10 mL of MeOH was then added. The reaction was
stirred for 15 min, concentrated under a stream of nitrogen until
yellow product began to precipitate, and then cooled at 4 °C for
1h. Product (28.3 mg, 57% ) was collected by filtration, washed
with 0.5 mL of cold methanol, recrystallized from CH,Cly/ether/
hexane, and dried in vacuo overnight. The product thus isolated
was 99% pure, as determined by HPLC. Crystals suitable for
X-ray crystallographic analysis were prepared by slow growth
from CH,Cly/ether at room temperature in the dark.
¥TcO(PnAO) (2) from TcO(Eg)s . To astirred solution of
[TBA]TcOCL (59 mg, 0.118 mmol) were added 1 mL of MeOH,
150 uL of neat ethylene glycol, and 1.6 mL of 0.75 M sodium
acetate solution in MeOH. Addition of PnAO-HCI (54 mg, 0.177
mmol) caused the resulting purple solution to turn deep orange.
The reaction mixture was treated with 10 mL of CH;Cly, stripped
to an orange oil by rotary evaporation, and purified on a 1.5- X
10-cm flash silica gel column eluted with CHyCl,. Hexanes (15
mL) were added to the first red fraction, and the solvent was
removed by rotary evaporation until precipitation of product
occurred. The resulting red crystals were washed well with
hexanes and dried in vacuo to yield 32 mg of pure 2 (71% yield
overall). The product thusisolated wasidentical to that prepared
by the method of Jurisson et al.,33 as determined by HPLC, TLC,
and UV/vis. Anal. Caled C, H, N. FAB MS m/z (assignment):
385 (M + H)*, 383 (M - H)~. IR (KBr): (Te==0) 924 cm-.. 'H
NMR (270 MHz, CD,Cl,): 4 1.39, 1.45 (s, 12H, C(CH3);), 1.83 (m,
IH, CHzCHCHz), 245 (m, IH, CHzCHCHz), 2.26 (s, GH,
N=CCHy), 8.37 (t, 2H, NCH;CHj,), 3.556 (m, 2H, NCH,CH,).

"mTcO(PnAO-1-(2-nitroimidazole)) (1). The #=T¢ com-
plex was prepared by reconstituting a freeze-dried kit containing
2.0 mg of PnAO-1-(2-nitro) ligand at pH 8.2 with 2.0 mL of a
normal saline/generator eluant mixture containing 30 mCi of
9mTcO. Thereaction wasinitiated by adding 50 uL of saturated
stannous tartrate solution in saline via Hamilton syringe. The
reaction was complete after 10 min at room temperature.
Alternatively, a 0.15-mL aliquot from a Squibb Techneplex (Tc-
DTPA) kit that had been reconstituted with 4.0 mL of saline was
used as the source of stannous ion. The radiochemical purity of
the complex was >94%, as determined by HPLC. The material
thus prepared coeluted from HPLC columns with®TcO(PnAO-
1-(2-nitroimidazole)).

Electrochemistry. Cyclic voltammetry (CV) experiments
were performed using a Princeton Applied Research (PAR) Model
174A polarographic analyzer at a Model 303 static mercury drop
electrode; data were recorded on a RE0Q74 X-Y recorder. The
reference electrode was Ag/AgNOQ; with an acetonitrile filling
solution saturated with LiCl. The counter electrode was a
platinum wire, All CV and DC polarography solutions were 0.1
M in tetrabutylammonium tetrafluoroborate (Bu/NBF, or
tetrabutylammonium hexafluorophosphate (BuJNPFg) support-
ing electrolyte, 0.2-0.7 mM in sample, and deoxygenated by
bubbling solvent-saturated nitrogen or argon through the solution
for 15 min. Variations in the reference potential were corrected
for by determining the CV of a Ru(acac)s standard on a daily
basis. All measured potentials were corrected according to an
absolute peak reduction potential for Ru(acac)s of =1.210 V vs
Ag/AgNO; at Hg (-0.790 V va SCE at Pt). DC polarography
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experiments were conducted on the same instrumentation and
electrodes as described for CV. Polarograms were measured at
1-, 2-, and 5-s drop times with scan rates of 10, 5, and 2 mV/s,
respectively.

Crystal Structure Analysis. Crystals of racemic 1 were
obtained from methylene chloride/diethyl ether. Unit cell
parameters were obtained through a least-squares analysis of
the expenmental diffractometer settings of 25 high angle
reflections using Mo Ko monochromatic radiation (A = 0.71069
A): a =12.393(3), b = 11.770(3), ¢ = 15.026(4) &; 8 = 113.07(2)
deg; V = 2016(2) A%, Space group P2)/c was assigned on the basis
of systematic absences on Weissenberg films and confirmed by
the full structure analysis. The crystal density, Dope = 1.63 g-cm=
was measured hy flotation in carbon tetrachloride/bromoform
mixtures (Deae = 1.629 for Z=4, TcCigHyN7O5). A total of 2795
reflections were measured on an Enraf-Nonius CAD4 diffrac-
tometer at 23 °C with the 6-26 variable scan technique and were
corrected for Lorentz polarization factors and for absorption by
the DIFABS® method. Background counts were collected at
the extremes of the scan for half the time of the scan. Two
standard reflections were monitored for decay; no decrease of
intensity was observed during the course of the measurements.
Calculations utilized the SDP program package with minor local
modifications.6” The structure was solved by direct methodsand
refined on the basis of 2299 “observed” reflections with I = 34(1).
Although all hydrogen positions were evident in difference maps,
only the hydroxyl proton was introduced inits observed position.
All other protons were introduced in idealized positions, and
their scattering was taken into account in the terminal stages of
refinement. Least-squares weights, w = o-2(F,) were calculated
with the assumption that o2 = ¢ + (pI)2 where ¢ is the statistical
counting error and p = 0.04. The function minimized in the least
squares refinements was Zw(|F | - [FJ)2. R is defined as Z||F,| -
|FJ/ ZIF | while Ry = [ Zw(|Fo|— [Fc)?/ Zw|Ff]V2. Refined variables
were the coordinates and anisotropic temperature factors of all
non-hydrogen atoms. The refinements converged at R = 0.031,
R, = 0.039. The final difference map contained no significant
features.

Chiral HPLC Separation of Enantiomers of 1. Enanti-
omers of ¥ Tc 1 were separated using a Chiracel OD (150 X 4.6
mm) column eluted with hexane/isopropyl alcohol (IPA) at 0.5
mL/min. Column performance was monitored using trans-
stilbene oxide as a standard. Samples of ®*™Tc 1 were labeled
as described above and purified on reversed-phase resin using
the procedures described in ref 68. After purification, the
radioactive concentration of ®2T¢c 1 in ethanol was typically 7-12
mCi/mL. For studies of the rate of racemization, 1 was eluted
from the column with a solvent ratio of 50:50 hexane/IPA; the
individual peaks were collected as 0.5-mL fractions. Aliquots
(25 uL) of isolated peaks were reinjected onto the column at
several times after isolation. The effect of water on enantiomer
racemization was studied by adding 2 drops of water (~0.07 g)
toanisolated peak in 50:50 hexane/IPA (0.5 mL), giving a solution
with ~14% water. In separate studies, samples were analyzed
0.33, 0.66, 2, and 23 min after water addition.

Enzyme Solutions. Xanthine oxidase (XOD, xanthine:
oxygen oxidoreductase, EC 1.1.3.22; isolated from cow milk) was
obtained from Boeringer Mannheim as a suspension in ammo-
nium sulfate solution (3.2 mol/L in (NH,),SO,, pH ca. 8, [EDTA]
= 10 mmol/L). The solution had a specific activity of about 1
unit/mg of protein, and contained ~20 units/mL. Xanthine (20
mg/L) and hypoxanthine (0.01 M) solutions were prepared by
stirring the purines (Sigma) in water or phosphate buffer at a
near boil until dissolved. All pH 7.4 phosphate buffer (0.025 or
0.1 M) contained 20 mg/L of Na,EDTA-2H20. Solutions were
freshly prepared for each assay. The specific activity (units/
mL) of the stock xanthine oxidase sugpension was assayed by
measuring the rate of XOD-catalyzed formation of uricacid from
xanthine, following the procedure of Bray.?® On the basis of
these assay results, 0.5 unit of enzyme was added per run. One
unit of activity was defined as that required to catalyze the aerobic
oxidation of 1 umol/min of xanthine to urate at 25 °C. The
molar absorbtivity of urate was taken as 1.22 X 10¢ cm-%.

Effect of DMF on XOD-Catalyzed Oxidation of Xanthine.
Xanthine oxidase suspension (10 uL) was diluted to 1 mL with
0.025 M phosphate/EDTA buffer (pH 7.4). To a quartz cuvette
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wasadded 1.0 mL of xanthine solution (20 mg/L of water) followed
by 1.75 mL of phosphate buffer and 150 xL of DMF, to give a
final DMF concentration of 5%. The reaction was initiated by
adding 100 uL of diluted enzyme solution. Absorbance at 292
nm was monitored for 10 min, and data converted to [change in
absorbance units/min]. Similar runs were performed with 0 and
10% DMF. Appropriate UV/vis blanks contained water in the
place of xanthine solution.

Effect of 0, 0.2, and 5% DMF on XOD-Catalyzed Reduc-
tion of Misonidazole and Metronidazole. To a 3-cm? quartz
cuvette was added 1 mL of hypoxanthine (0.01 M, 10 um) in pH
7.4 phosphate/ EDTA buffer (0.1 M) and misonidazole (0.25 um)
dissolved in either 5 or 125 uL of DMF or in PO buffer. The
volume was brought to 2 mL with PO, buffer, and the cuvette
was sealed with a rubber septum and purged of oxygen by passage
of a stream of ultra high purity argon through the solution.
Meanwhile, to a 5-mL siliconized vial was added 1.05 mL of PO,
buffer followed by about 150 uL of XOD suspension. The vial
was crimp sealed, and deoxygenated by passing a flow of argon
over the surface of the enzyme solution for exactly 15 min. The
final solution was either 0, 0.2, or 5% in DMF. The same
procedure was used for metronidazole, but only solutions that
were 0.2% DMF were tested. To initiate the reaction, 500 uL
of the deoxygenated enzyme solution (0.5 units) was added to
the degassed misonidazole solution via gas-tight noncoring
syringe. The final assay solution (2.5 mL) was 0.2 units/mL in
XOD, 100 uM in nitro compound and 4 mM in hypoxanthine.
The cuvette was inverted to mix, and then monitored by UV/vis
(vs phosphate buffer/DMF buffer blank) to follow the disap-
pearance of the nitro group absorbance. Both the spectrum of
the solution from 280 to 450 nm, and absorbance at 326 nm were
recorded every 5 min. Data were automatically stored to disk
for later retrieval and analysis. Absorbance at 326 nm was
converted to concentration, and plots of log[% remaining] vs
time were prepared using Excel software.

XOD-Catalyzed Reduction of #TcO(PnAO-1-(2-nitroim-
idazole)) (1) and ¥*TcO(PnAO) (2). The Tccomplex (0.2 um)
in DMF (125 uL) was added to a 3-cm? quartz cuvette containing
1.0 mL of 0.01 M hypoxanthine solution in 0.1 M phosphate/
EDTA buffer (pH 7.4) and 0.875 mL of 0.1 M phosphate/EDTA
buffer. The cuvette was sealed and deoxygenated as described
above. XOD suspension was diluted and deoxygenated as
described above. To initiate the reaction, 500 uL of this enzyme
solution (0.5 unit) was added to the degassed nitro solution via
a gas-tight noncoring syringe. The final assay solution (2.5 mL)
was 0.2 units/mL in XOD, 100 uM in nitro compound, 4 mM in
hypoxanthine, and 5% in DMF. The spectrum of the resulting
solution was recorded from 280 to 600 nm every 15 min for 10
h. Data were stored to disk for later retrieval and analysis as
above. Control reactions (in the absence of enzyme or in the
absence of hypoxanthine) were also carried out, substituting
phosphate buffer for reagents not added.
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