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Abstract

99mTc-Sestamibi has been playing an important role in the cardiac imaging for the last decades. Previously, we reported that
[?™Tc(CO)s(MIBI);]" demonstrated a significant location in myocardium with a lower liver uptake as compared with **™Tc-Sestamibi.
In this work, we found that new [**™T¢(CO),(MIBI),]" could be prepared with high radiochemical purity. The inter-transformations
between [P Tc(CO)s(H,0)(MIBI),]", [P Tc¢(CO);(MIBI);]", and [**™Tc(CO)»(MIBI),]" were investigated and biodistribution was per-
formed to evaluate the [*™Tc¢(CO),(MIBI),]" as a myocardial perfusion imaging agent. The results showed that one more CO was
replaced by MIBI slowing down the pharmacokinetics. The structure characterization was performed on their corresponding rhenium
complexes, and the results indicated that there were differences between **™Tc-CO-MIBI and Re-CO-MIBI in preparation and hydro-

phobic characteristics.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Myocardial perfusion imaging with radiotracers plays a
very important role in the evaluation of patients with cor-
onary artery disease in clinical practice [1-10]. **™Tc(I)-
Sestamibi (shown in Fig. 1) and *™T¢(V)-Tetrofosmin
have been widely used in clinics for decades, but neither
of them meets the requirements of an ideal myocardial per-
fusion imaging agent. Their high liver uptake and slow
clearance from it make it very difficult to interpret the heart
activity in the inferior and left ventricular wall [1-8,10-13].
The complexes in lower oxidation state have been widely
studied for the development of new imaging agents. One-
step synthesis of [*”™T¢(CO);(H,0)s]" by direct reduction
of ?™TcO,~ with sodium borohydride in aqueous solution
was firstly developed by Alberto et al. [14]. The **™T¢(CO);
core possesses many excellent features, such as its small
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volume and kinetic inertness, and the three coordinated
water in this complex could be easily replaced by other
ligands. Some crown-ether-containing cationic **™Tc(I)-tri-
carbonyl radiotracers developed by Liu et al. showed sig-
nificant localization in myocardium [15,16]. Our previous
studies also showed that the water molecules in
[*™T¢(CO)5(H,0)5]" could be replaced by two or three
2-methoxy-isobutyl-isonitrile molecules (MIBI) under dif-
ferent reaction conditions. Biodistribution in mice showed
the proposed [**™Tc(CO)3(MIBI);]" could accumulate in
heart rapidly post injection (p.i.) with faster liver washout
than *™Tc-Sestamibi [17,18].

In this work, we studied the inter-transformation of
9mTe(1)-CO-MIBI complexes, and found that one CO
molecule in [**™Tc(CO);(MIBI);]" could be further substi-
tuted by one MIBI molecule forming [*™Tc¢(CO),
(MIBI),]". Previous works indicated that [*™Tc
(CO)3(MIBI);]" had a significant location in myocardium
and lower liver uptake as compared with [**™Tc(CO)s-
(H,O)(MIBI),]" [18]. To evaluate the newly prepared
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Fig. 1. The structure of **™Tc-Sestamibi, [**™Tc(CO);(MIBI);]", and
[ Te(CO)s(H;0)5] "

[*™Tc(CO),(MIBI),]" which possesses more MIBI mole-
cules, the biodistribution of [**™Tc¢(CO),(MIBI),]", and
[™T¢(CO)5(MIBI);]" in normal mice was performed
simultaneously.

The development of technetium complexes as potential
radiopharmaceuticals is facilitated by the use of rhenium,
the group VIIB congener of technetium. Rhenium gener-
ally produces complexes with similar physical and biodis-
tribution properties to those of technetium and is often
used as a non-radioactive alternative to technetium for
large-scale synthesis and structural characterization
[19,20]. In this work, the corresponding Re-CO-MIBI com-
plexes were also prepared and characterized.

2. Experimental
2.1. Materials and methods

All chemicals were purchased from Aldrich and Acros.
Pure CO gas was purchased from National Research
Center for CRM’S. K,[BH3;CO,] and [Re(CO)3(H,0)3]Br
were prepared according to the literature [21,22].
Na”’™TcO, was obtained from a commercial **Mo/**™Tc
generator, Beijing Atomic High-tech Co. MIBI kit vials
(containing 1.0mg of Cu(MIBI)4BF,, 0.15mg of
SnCl, - 2H,0, 1.0 mg of L-cysteine hydrochloride mono-
hydrate, 2.6 mg of sodium citrate and 20.0 mg of manni-
tol) and Cu(MIBI)4BF, were obtained as gifts from
Beijing Shihong Pharmaceutical Center. Cu(MIBI)4BF,
was synthesized according to the literature [23]. HPLC
analyses were performed on a Shimadzu SCL-10AVP
system which consisted of a binary pump with on-line
degasser, a model SPD-10 Avp UV detector operating
at a wavelength of 254 nm and a Packard 500 TR series
flow scintillation analyzer. The samples were analyzed on
a C-18 Alltech alltima column (5uM, 250 x 4.6 mm).
HPLC separation was performed on Alltech semiprepar-
ative HPLC system which consisted of a binary pump
with on-line degasser, a linear UVIS 201 detector operat-
ing at wavelength of 254 nm. The rhenium sample was
separated on a semi-preparative Kromasil RPC-18
(10 uM, 250 x 10 mm). HPLC eluting condition A: gradi-
ent mixtures of 0.1% trifluoroacetic acid in water (solvent
A) and 0.1% trifluoroacetic acid in CH3CN (solvent B)

(0-28 min, 10-90% solvent B, and 28-40 min, 90-90%
solvent B, 1 mL/min); HPLC eluting condition B: aque-
ous 0.05 M TEAP (triethylammonium phosphate) buffer,
pH 2.25 (solvent A), MeOH (solvent B) (0-3 min, 0%
solvent B, 3-6 min, 0-25% solvent B, 6-9 min, 25-34%
solvent B, and 9-20 min, 34-100% solvent B, 1 mL/
min). Infrared (IR) spectra were recorded on a Nicolet
AVATAR 360 IR spectrometer. Mass spectra were col-
lected on a Micromass QTOF mass spectrometer. Proton
nuclear magnetic resonance (NMR) spectrum was per-
formed on an Avance 500 MHz NMR apparatus
(Bruker).

2.2. Preparation of [*"Tc(CO)3(H>0)s]"

[?™Tc(CO)5(H,0);5]" intermediate was prepared as pre-
viously described [24]. Briefly, 2 mL of *™TcO,~ from a
commercial generator (10 mCi) was added to a 10 mL vial
containing potassium boranocarbonate (3 mg), sodium
potassium tartrate tetrahydrate (6.7 mg), and potassium
tetraborate pentahydrate (5.5 mg). The solution was heated
for 15 min in boiling water under N»,. After cooling down
to room temperature, the sample was analyzed on TLC
and HPLC.

2.3. Preparation of [**"Tc(CO);(H,0)(MIBI),]",
[’ Te(CO)s( MIBI);]*, and [*"Tc(CO)>( MIBI),]*

A MIBI kit was added to [*™Tc(CO)5(H,0);]" interme-
diate reaction vial and the pH value was adjusted to defi-
nite pH value 1.0 for [*™Tc(CO)5(H,O)(MIBI),]*, 10.0
for [P™Tc¢(CO)y(MIBI);]" and 13.0 for [P™Tc(CO),
(MIBI),]") using 0.1 N hydrochloride solution or sodium
hydroxide solution. Then the reaction mixtures were
heated in boiling water (15min for [*™Tc(CO);(H,0)-
(MIBI),]" and [*™Tc(CO)5(MIBI);]", and 60 min for
[P™Tc(CO)»(MIBI),]"). After cooling down to room tem-
perature, samples were filtered (2 um) and analyzed on
HPLC. The radiochemical purity was examined by HPLC
with gradient mixtures of 0.1% trifluoroacetic acid in water
(A) and 0.1% trifluoroacetic acid in CH3CN (B) (0-28 min,
10-90% B, and 28-40 min, 90-90% B, 1 mL/min).

2.4. Biodistribution of [*"Tc(CO);( MIBI);]" and
[**"Te(CO)5( MIBI) 4]*

The pH values of freshly prepared [*™Tc(CO);
(MIBI);]" and [®™Tc(CO),(MIBI),]" were adjusted to
7.4, and 0.1 mL of the resulting solution (20-25 uCi) was
injected into the tail vein of male ICR mice (18-22 g).
The mice were sacrificed by decapitation at specific time
points post injection. The organs of interest were excised
and weighed, and the radioactivity was measured using a
Wallac WIZARD 1470 automatic Gamma counter (Perk-
inElmer, USA). The biodistribution of radiotracer in each
tissue sample was expressed as a percentage of the injected
dose per gram of wet tissue weight.
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2.5. Synthesis of [Re(CO)3( MIBI);]* and
[Re(CO)>(MIBI),J*

[Re(CO)3(H,0)3]Br (51 mg, 130 umol) was dissolved in
water (6 mL). One equivalent of AgNO; was added and
the precipitate (AgBr) was filtered. Cu(MIBI)4BF,
(57 mg, 95 pmol) was added to the rhenium solution and
the pH value was adjusted to 1.0 for [Re(CO)5(MIBI);]"
and 10.0-13.0 for [Re(CO),(MIBI),]". The mixtures were
heated for 35 min in boiling water and neutralized. After
the samples were filtered (0.2 pm), they were analyzed on
HPLC and mass spectroscopy. [Re(CO);(MIBI);]" was
purified by HPLC and the collected fraction was evapo-
rated in vacuo. IR (KBr, cm™'): 2982 (m), 2242 (m), 2214
(s), 2059 (vs), 1995 (vs), 1198 (m). '"H NMR (500 MHz,
D,0): ¢ 1.18 (s, 18H), 3.19 (s, 9H), 3.83 (s, 6H). MS
(ESI) m/z: 610.

3. Results and discussion
3.1. Preparation of [*"Tc-CO-MIBI]*

The preparations of three cationic complexes are shown
in Scheme 1. First, [?*™Tc(CO)5(H,0);]" was prepared

with high labeling yield and radiochemical purity
(RCP > 95%) measured by TLC and HPLC. Only two

[Cu(MIBI)4]BF,

/
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water ligands were replaced by two MIBI ligands forming
[*™T¢(CO)5(H,0)(MIBI),]" at pH 1.0 as shown in
Fig. 2A. The third water ligand could not be replaced even
with longer heating time. [**™Tc(CO);(H,O)(MIBI),]" was
totally converted to [?™Tc(CO)5(MIBI);]" by adjusting the
pH value to 10.0 and heating for another 15 min.
[*™T¢(CO)5(MIBI);]" could also be directly prepared by
exchanging three water ligands with three MIBI ligands
when pH value was 10.0. Heating for 15 min in boiling
water was enough for all the three water ligands to be
exchanged and the RCP was higher than 98% as shown
in Fig. 2B. Some tetra-substituted product, [*>™Tc(CO),-
(MIBI)4]" (ca. 5-10%), was determined when extending
the heating time from 15min to 30min. Once
[*™T¢(CO)5(MIBI);]" was formed, it could not be changed
back to [*™Tc(CO);(H,O)(MIBI),]" by adjusting the pH
value to 1.0 and heating for 30 min at 100 °C.

[™T¢(CO)»(MIBI),]" was prepared under more basic
condition (pH 13.0) with extended heating time (60 min)
from [*™Tc¢(CO)3(H,0)s]" as shown in Fig. 2(C).
[*™T¢(CO)(MIBI)4]" could also be prepared from
[*’™Tc(CO)3(MIBI);]" with less heating time (30 min) at
the pH value of 13.0.

The pH value played an important role in the ligand-
exchange reactions. The first and second water molecules
could be easily exchanged by MIBI. However, the third

[ Tc(CO)g(H20)(MIBI),]*

pH=1.0
100 °C /15 min

[QQmTC(CO)S(H20)3]+< [CU(MIBI)4]BF4

[Cu(MIBI)4]BF,
pH=10.0
100 °C / 15 min

[®9MTc(CO)5(MIBI),]*

pH = 10.0
100 °C / 15 min

[Cu(MIBI)4]BF,4

[Cu(MIBI)4]BF,
pH = 13.0
100 °C / 30 min

o

pH=13.0

100 °C / 60 min

[Cu(MIBI),]BF,

[¥9MTc(CO),(MIBI) ]+

pH=1.0

[Re(CO)3(H20)3]" <

[Cu(MIBI)4]BF4

100 °C / 30 min

[Re(CO)3(MIBI)s]*

pH = 10.0
100 °C /30 min

[Re(CO)3(MIBI)3]* + [Re(CO)o(MIBI),J*

~

pH =10.0-13.0
100 °C / 30 min

Scheme 1. Preparations and inter-transformations of the *™Tc(I), Re (I).
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Fig. 2. The radioactivity chromatograms of °°™Tc-CO-MIBI complexes and Re-CO-MIBI complexes under the eluting condition A. (A)
[*™Te(CO)5(H,O)(MIBI),]" with retention time of 24.6 min; (B) [**™Tc(CO)5(MIBI);]" with retention time of 26.7 min; (C) [**™Tc¢(CO)o(MIBI),]"
with retention time of 27.6 min. HPLC conditions see Section 2; and (D) [Re(CO)3(MIBI);]" and [Re(CO),(MIBI),]" with retention times of 24.6 min and

26.0 min, respectively.

water molecule could not be fully replaced by MIBI until
pH value in reaction was higher than 9.0. One CO molecule
could even be replaced by one MIBI when the hydroxide
ion concentration was high enough. Dyszlewski et al. have
also observed that some tetra-substituted product,
[*™T¢(CO)»(MIBI)4]" or [Re(CO)(MIBI),]" (ca. 5-10%),
formed during the preparation of [*™Tc(CO)y(MIBI);]"
or [Re(CO)5(MIBI);]" [25]. Usually, the CO can not be
substituted by other ligand molecule owing to its strong
n-back-bonding interaction. MIBI ligand, also possessing
such strong m-back-bonding interaction with technetium,
labilized the bond between CO and rhenium or technetium
at the opposite site. So, one of the CO ligand in
[*™Tc(CO)5(MIBI);]" or [Re(CO)5(MIBI);]" was replaced
by one MIBI ligand. Till now, no further replacement of
CO molecule was observed under current reaction condi-
tions in this work.

3.2. Biodistribution of [**"Tc(CO);( MIBI);]" and
[*"Te(CO)>( MIBI),]*

The results of biodistribution studies of [**™Tc(CO);
(MIBI);]" and [*™Tc(CO)»(MIBI),]" in normal mice are
shown in Table 1 and Fig 3. [*™T¢(CO),(MIBI)4]" demon-

strated lower initial heart uptake than [**™Tc¢(CO)s
(MIBI);]" in the 0—60 min after injection and both of them
showed slow washout from heart. At 120 min after injec-
tion, there was almost the same heart uptake of radioactiv-
ity for [*™Tc¢(CO)»(MIBI),]" and [*™Tc(CO);(MIBI);]".
For [*™Tc(CO),(MIBI),]", the slower clearance from
blood and liver caused inferior heart to blood and heart
to liver ratios. However, [?™Tc(CO),(MIBI),]" washed
out quickly from the lungs and demonstrated less accumu-
lation in muscle and skeleton, which is in favor of heart
imaging. [*”™Tc(CO),(MIBI)4]" with one more MIBI mol-
ecule was more hydrophobic than [*™Tc¢(CO);(MIBI);]"
as could be seen from the longer retention time on the C-
18 column. But it did not accumulate in the heart quickly,
and its extra MIBI molecule slowed its pharmacokinetics.

3.3. Synthesis of [Re(CO)3( MIBI);]"* and
[Re(CO),(MIBI) "

Only [Re(CO);(MIBI);]" was obtained at pH 1.0. After
purification on HPLC, its structure was confirmed by IR,
'H NMR, and ESI-MS (Fig. 5). [Re(CO)3(MIBI);]"
showed a retention time of 21.4 min, and [*™T¢(CO)3(MI-
BI);]"showed a retention time of 22.3 min under the same
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Table 1
Biodistribution data of [*™Tc¢(CO)s(MIBI);]" and [**™Tc(CO)>(MIBI)4]" in IRC mice at 5, 15, 30, 60, 120 min p.i. (n = 3)
Time (min)  Heart Blood Lung Liver Kidney Muscle Spleen Bone Brain
[ Te(CO)5(MIBI);]"
5 1513+6.76 1.16+0.09 443+190 11.01+1.42 51.3+1293 4.80+0.70 4.73+086 3.95+1.08 0.16 £0.05
15 14.52 +£1.30 045+0.14 2.68 +0.83 9.86 +2.15 38.23 +£2.01 4.80 +0.38 3.69 +1.10 3.08 +0.48 0.16 +0.02
30 13.09 +£2.31 025+0.07 2.14+0.66 8.21+2.79  31.57+5.50 4274+0.58 337+1.19 2284+0.37 0.16+0.01
60 12.14 £2.08 0.15+0.02 1.65+0.52 795+ 1.71 16.55 +2.14 4.88 +£0.81 2.48 +0.80 2.07 +£0.96 0.16 +0.01
120 1240 +2.50  0.11 £0.01 1.46 +0.11 5474092  16.46 +3.02 4.65+043 1.2440.21 1.86 £0.61  0.09 £+0.02
[’ Te(CO), (MIBI),]"
5 9.084+2.70 1.95+094 351+0.56 1391+1.06 43.65+9.46 264+0.69 397+098 2.65+096 0.14+0.03
15 8.11+3.05 1.29+1.13 223+0.70 13.70+3.04 36.19+11.51 2.64+095 348+1.08 2.00+0.5 0.12+0.03
30 8274070 0.35+0.04 140+0.26 12.06+4.03 30.03+11.08 3.04+0.60 2.75+0.52 1.99+0.64 0.14+0.02
60 8.61+1.54 023+0.02 1.16+0.13 6.61 +£1.38  23.64 +£8.78 320+0.63 1.37+0.06 1.52+0.26 0.10+0.01
120 12.02 £ 1.66 0.24 +0.08 1.11 £0.45 433 +0.72 14.52 £2.98 3.854+0.28 0.68 +0.20 0.88 +0.31 0.06 +0.01
Organ uptake is expressed as the percentage of injected dose per gram (%ID/g) of wet tissue mass.
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Fig. 4. The chromatograms of [Re(CO)3(MIBI);]" (UV) and [*™Tc(CO)y(MIBI);]" (radioactivity) under the eluting condition B.

conditions as shown in Fig. 4. However, a mixture of
[Re(CO)3(MIBI);]" with some [Re(CO)>(MIBI),]" was
obtained even at the pH 14.0 as shown in Figs. 2D and
6. The mixture was analyzed by mass spectroscopy without
purification as shown in Fig. 7 and species with molecular

weights of 695 and 610, which were corresponding to
[Re(CO)»(MIBI),]" and [Re(CO);(MIBI);]", respectively,
were detected. [Re(CO)5(MIBI);]" was the primary prod-
uct, and [Re(CO),(MIBI),]" was only in percentage of 5—
10%. We tried different HPLC eluting conditions in this
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Fig. 7. ESI-MS of mixture of [Re(CO)(MIBI);]" and [Re(CO)»(MIBI),]".

work and neither [*™Tc(CO)y(MIBI);]" nor [**™T¢(CO)s,-
(MIBI),]" demonstrated matchable retention time with its
corresponding rhenium complex. Technetium complexes
were always washed out with longer retention times than
the corresponding rhenium complexes, which indicated
that technetium complexes were more hydrophobic that
the corresponding rhenium complexes. These differences

may be due to the different atomic radii of technetium
and rhenium. Similar unmatched retention times have also
been observed previously [26].

Also, unlike **™Tc-CO-MIBI, in the reaction between
[Re(CO)5(H,0);]" and MIBI, only [Re(CO)5(MIBI);]"
was obtained under acidic condition (pH 1.0), and no
[Re(CO)5(H,0)(MIBI),]" was detected. [Re(CO)5(MIBI);]"



1828 X. Chen et al. | Journal of Organometallic Chemistry 693 (2008) 1822—1828

could be partly converted into [Re(CO),(MIBI),]" when the
pH value was readjusted to ~10.0, heating for another
30 min. [Re(CO);(MIBI);]" and [Re(CO),(MIBI),]" were
both observed by heating [Re(CO);(H,0);]" with MIBI
for 35 min at the pH value of 10.0-14.0 in boiling water.
Re(CO); and Te(CO); demonstrated different characteristics
when they reacted with MIBI.

4. Conclusion

The preparations and inter-transformations between
[*°™Tc(CO)5(H,0)(MIBI),]", [*™Tc(CO)s(MIBI);]", and
[*™Tc(CO)(MIBI),]" were investigated. Biodistribution
studies indicated that [**™Tc¢(CO);(MIBI);]" had the most
favorable characteristics as a myocardial imaging agent
among them and one more CO was replaced by MIBI
slowing down the pharmacokinetics. **™Tc-CO-MIBI and
Re-CO-MIBI behaved differently in preparation and
hydrophobic characteristics.
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