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A series of 10 cationic gallium(III) complexes with hexadentate bis(salicylaldimine) ligands
were synthesized, characterized, radiolabeled with 7Ga, and screened in a rat model to assess
their potential as %Ga radiopharmaceuticals for imaging the heart with positron emission
tomography. The tris(salicylaldimine) ligand precursors were synthesized by condensation of
either bis(3-aminopropyl)ethylenediamine (BAPEN) or bis(2,2-dimethyl-3-aminopropyl)ethyl-
enediamine (DM-BAPEN) with 3 equiv of a salicylaldehyde derivative containing alkyl, alkoxy,
or alkylamino substituents in the 4, 5, or 6 position of the aromatic ring. The cationic six-
coordinate gallium(III) bis(salicylaldimine) complexes were obtained by reaction of these tris-
(salicylaldimines) with tris(acetylacetonato)gallium(III). X-ray crystallographic confirmation
of the molecular structure of Ga[(4,6-(MeQ)zsal)sDM-BAPEN]*I~ shows the Ga cation to adopt
a pseudo-octahedral N4O; coordination sphere with a trans configuration. All of the Ga
complexes are lipophilic with measured octanol/water partition coefficients (P) varying from
log P=0.84 to 3.00. These 5Ga-labeled complexes are all found to exhibit significant myocardial
uptake following intravenous administration to rats (ranging from 0.34 to 1.08% of the injected
dose in myocardium at 1 min postinjection) combined with the desired myocardial retention of

tracer.

Introduction

Positron emission tomography (PET) is a powerful
medical imaging technique that allows quantitative
evaluation of regional tissue physiology and biochem-
istry using radiopharmaceuticals labeled with radionu-
clides that decay by positron emission.! However,
widespread clinical use of PET has been hampered by
the expense associated with purchase and operation of
the hospital-based cyclotron that is needed to produce
the most commonly used positron-emitting nuclides
(150, 13N, 11C, and 18F). This financial obstacle to the
use of PET could be avoided by the development of
radiopharmaceuticals labeled with gallium-68, which is
available from a long-lived parent/daughter generator
system (%8Ge/%8Ga).2 The 271 day half-life of the 58Ge
parent gives this generator a long shelf life, while the
68 min half-life of the 88Ga daughter is sufficiently long
to allow the synthesis of a wide variety of radiophar-
maceuticals.?4 In addition, if the tracer kinetics of a
68Ga radiopharmaceutical are such that the tracer is
retained in target tissues, this 68 min half-life would
allow the use of “long” image acquisition periods for
reconstruction of high-resolution tomographic images
with excellent counting statistics.

The determination of regional myocardial perfusion
is an important clinical application of PET. Several
68Ga compounds have been described in the literature
for use as myocardial imaging agents. The neutral
68Gal(5-MeQsal)stame] and 88Gal(sal)stame-O-i-Bu] com-
plexes and the cationic $8Ga[BAT-TECHI* complex all
exhibit significant myocardial uptake following intra-
venous administration to animals, with the latter two
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rapidly providing excellent heart-to-blood ratios.5~7
Unfortunately, none of these compounds provide the
myocardial retention of %8Ga radioactivity that is needed
to allow exploitation of the 88Ga half-life through slow
acquisition of high-count images.

Previous studies describing cationic and neutral
99mTe radiopharmaceuticals have demonstrated that,
while lipophilic uncharged complexes often exhibit high
myocardial uptake shortly after iv injection, they also
are fairly rapidly cleared from myocardium when blood
concentrations of tracer drop.® However, lipophilic
monocationic complexes are frequently retained in the
heart as long as they maintain their positive charge
within the myocardium.8-10

We have recently reported a cationic ¥Ga complex
with an N4O22~ Schiff base ligand that in animal models
shows significant myocardial uptake and indefinite
tracer retention in myocardium.!! While this compound
exhibits desirable properties, the net myocardial uptake
of this particular derivative remains less than ideal.
Consequently, we are investigating derivatization of the
Gal[(4,6-(MeO)qsal):BAPEN]" lead compound in an at-
tempt to identify related compounds capable of provid-
ing improved myocardial uptake while maintaining the
desired tracer retention in myocardium along with rapid
clearance from background tissues (e.g., blood and liver).
We report here the results obtained with a series of 10
new lipophilic monocationic gallium(III) complexes pre-
pared from N4O32~ Schiff base ligands (Figure 1 and
Table 1) containing alkoxy, alkyl, and/or alkylamino
substituents on the aromatic rings of the ligand.

Results and Discussion

Cold Chemistry. The 10 new §’Ga-labeled gallium-
(I1I) bis(salicylaldimine) complexes (Table 1) were syn-
thesized using previously described methods.!! The
tris(salicylaldimine) ligand precursors were prepared
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Table 1. Gallium(III) Bis(salicylaldimine) Complexes Studied
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compd ligand R Ry Rs Re §7GaL* log Pe
1 (sal):BAPEN H H H H 0.84 + 0.02
2 (5-MeOsal);BAPEN H H OCHs H 0.75+£0.01
3 (4-MeOsal):BAPEN H OCH3 H H 1.10 £ 0.03
4 (4-MeQ-6-Mesal);BAPEN H OCH3 H CH3 1.60 £ 0.03
5 (4,6-(MeO)gsal);:BAPEN H OCH3 H OCHs 1.96 + 0.05%
6 (4-MeO-5-Mesal);BAPEN H OCH3 CH; H 2.12 + 0.06°
7 (4-EtO-6-Mesal):BAPEN H OCH,CH3 H CHs 2.01 £ 0.07
8 (5-i-Prsal);BAPEN H H i-Pr H 2.96 £+ 0.04
9 (4-deasal);BAPEN H NEt: H H 2.59 + 0.13%
10 (4,6-(MeO)zsal)eMesBAPEN CHs OCH3 H OCH; 2.88 £ 0.05
11 (4-deasal)yMe,BAPEN _ CHs NEt; H H 3.00 + 0.07
a P ig the octanol/water partition coefficient determined for the 87Ga-labeled complex (n = 4).°n =6
Scheme 1 R _R R_R
rC—~ —~ ~C—~
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Figure 1. General structural formula for the hexadentate bis-
3H,0 (salicylaldimine) ligands.
shows that all six potential donor atoms of the ligand
coordinate to provide a complex with a distorted octa-
hedral N;O.2~ geometry around the gallium(III) center
,N/\/\N/_\N/\/\N\ (Figure 2 and Table 2). The gallium(III) center is
R OH R OH coordinated by two amine and two imine nitrogen lone
® Rs OH 76 pairs and two deprotonated phenolic oxygens, resulting
RS . RS in a complex with an overall +1 charge. The Ga—O
R, 5 R bond distances (1.937 and 1.932 A) and Ga—N bond
Ry distances (2.011, 2.101, 2.084, and 2.039 A) are within
the range of values reported for six-coordinate gallium
Schiff base complexes previously described.+%1¢ The
Ga'l(acac), phenc_)lic oxygens in this complgx are show_n to _be
H,0 coordinated in a trans configuration, contrasting with

1+
o\ CHO
| Rg OH

N, N +
Gall M)
ij Rs
0 Rq

and isolated by condensation of the appropriate linear
tetraamine (either bis(3-aminopropylethylenediamine,
BAPEN, or bis(2,2-dimethyl-3-aminopropyl)ethylenedi-
amine, DM-BAPEN) with the corresponding salicylal-
dehyde derivative (Scheme 1). Reactions of these
tris(salicylaldimines) with tris(acetylacetonato)gallium-
(III), Ga(acac)s, in ethanol results in hydrolytic cleavage
of the bridging imino group and formation of the desired
cationic gallium(III) bis(salicylaldimine) complexes
(Scheme 1). The general structure of the bis(salicyl-
aldimine) ligand is shown in Figure 1. Similar chem-
istry has been reported in the literature where the tris-
(salicylaldimine) of triethylenetetraamine reacts with
metal ions, including gallium(III), in aqueous solution
to give the corresponding bis(salicylaldimino) com-
plexes.1213 Proton NMR and mass spectra of the 10 new
complexes prepared with stable Ga confirm loss of the
bridging imino group.

X-ray crystallographic characterization of one of these
complexes, Galbis[(4,6-dimethoxysalicyl)aldimino]-N,N'-
bis(2,2-dimethyl-3-aminopropyl)ethylenediamine]* I~ (10),

the cis arrangement found in the iron(III) complex of
the similar bis(salicylaldimino)triethylenetetraamine
ligand.15

Radiochemistry and Animal Studies. The no-
carrier-added $’Ga complexes of the bis(salicylaldimine)
ligands were prepared analogous to the method of cold
complex formation in which Ga(acac)s is reacted with
the tris(salicylaldimine) ligand precursor in ethanol. The
radiochemical purity of the radiotracers was always
found to exceed 98% by thin layer chromatography.
Although these complexes are cationic, they are also
lipophilic (Table 1) with log P values ranging from 0.8
to 3.0 (where P is the measured octanol/water partition
coefficient). As expected, the lipophilicity of these
compounds increases with increasing alkyl substitution
of either the tetraamine backbone or the aromatic rings.
Complex lipophilicity was found to depend somewhat
on the position of the alkyl or alkoxy group on the
aromatic rings. For example, a methoxy group in
position 5 of the two aromatic rings has virtually no
effect on log P, while 4-methoxy substitution of both
rings increases log P by 0.26 (compare compounds 1—3).
Similarly, a methyl group in position 5 of the two
aromatic rings increases log P by 0.50, while 6-methyl
substitution of these rings increases log P by 1.02
(compare the log P values for compounds 3, 4, and 6,
Table 1).

The biodistribution of each 8’Ga bis(salicylaldimine)
complex was determined in Sprague—Dawley rats at
time points ranging from 1 min to 2 h following femoral
vein injection of the radiotracer. To insure that the
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Figure 2. ORTEP drawing of the molecular structure of Ga[(4,6-(MeO)zsal):Me,BAPEN]" illustrating the trans configuration of
the phenolic oxygens around Ga®*. Selected bond distances and angles are given in Table 2.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Compound 10

Bond Lengths
Ga—01 1.937(6) Ga—N19 2.039(8)
Ga—026 1.932(6) N8—C7 1.29(1)
Ga—N8 2.011(8) N19—C20 1.28(1)
Ga—N12 2.101(8) C1—01 1.32(1)
Ga—N15 2.084(8) C26—026 1.32(1)

Bond Angles

01—Ga—026 179.4(3) 026—Ga—N19 87.4(3)
01—Ga—N8 87.6(3) N8—Ga—N12 89.5(3)
01—Ga—N12 92.7(3) N8—Ga—N15 172.3(3)
01—-Ga—N15 89.5(3) N8—Ga—N19 98.3(3)
01—Ga—N19 92.7(3) N12—Ga—N15 83.5(3)
026—Ga—N8 93.0(3) N12—Ga—N19  170.6(3)
026—Ga—N12 87.1(3) N15—Ga—N19 88.9(3)
026—Ga—N15 89.9(3)

Table 3. Myocardial Levels of Tracer Gallium after
Intravenous Administration of Gallium-67 Bis(salicylaldimine)
Complexes to Rats

percent of injected
dose in heart
ligand 1 min 120 min
1 (sal);BAPEN 0.45+0.01 0.41+0.03
2 (5-MeOsal);BAPEN 0.34 £ 0.03 0.23 +£0.03
3 (4-MeOsal):BAPEN 0.67 £0.08 0.65+0.05
4  (4-MeO-6-Mesal):BAPEN 1.08 £0.09 1.03+0.05
5 (4,6-(MeO)zsal)2BAPEN 1.04+012 0.86+0.11
6 (4-MeO-5-Mesal)xBAPEN 0.88+0.06 0.89 +£0.03
7 (4-EtO-6-Mesal xBAPEN 091+0.04 0.87+0.02
8  (5-i-Prsal)»2BAPEN 0.67+0.08 0.55+0.04
9  (4-deasal)sBAPEN 0.69+0.05 0.65+0.05
10  (4,6-(MeO)gsal)sMesBAPEN 1.03 £0.17 1.01+0.06
11  (4-deasal)sMesBAPEN 0.66 +£0.06 0.40 £+ 0.04

complexes and excess ligand present in the aqueous
solution remained solubilized, propylene glycol was
added as 5—10% of the total volume for the most
lipophilic derivatives.1® The biodistribution data for
these compounds are reported as percentage of the
injected dosage per organ in Tables 3—7. All of the
complexes show myocardial uptake (ranging from 0.3
to 1% of the injected dose) and myocardial retention of

Table 4. Liver Levels of Tracer Gallium after Intravenous
Administration of Gallium-67 Bis(salicylaldimine) Complexes to
Rats

percent of injected
dose in liver
ligand 1 min 120 min
1  (sal);BAPEN 26.7 + 3.2 53+0.6
2  (5-MeOsal);BAPEN 26.5 + 4.7 6.8+04
8  (4-MeOsal);BAPEN 252+ 1.3 51414
4  (4-MeO-6-Mesal);:BAPEN 28.8 +2.0 3.4+05
5 (4,6-(MeO)qgsal).BAPEN 43.0+ 3.6 3.1+£0.2
6  (4-MeO-5-Mesal)eBAPEN 39.5+22 53+0.3
7  (4-EtO0-6-Mesal);BAPEN 295+ 2.6 3.0+£03
8  (5-i-Prsal):BAPEN 49.24+0.8 85+1.0
9  (4-deasalBAPEN 38.1+30 9.7+1.6
10 (4,6-(MeO)gsal)2MesBAPEN  50.6 + 5.7 3.9+02
11 (4-deasal);Me BAPEN 47.0 £ 6.5 111+ 2.5

the radiolabel over the 2 h of the study (Table 3). Thus,
it seems that myocardial retention of tracer is observed
as a general characteristic of monocationic gallium
complexes of this type.

Myocardial uptake was found to increase with lipo-
philicity up to a log P value of ~1. For compounds with
log P values greater than 1, myocardial uptake appears
sensitive to the presence of an alkoxy group on the ring.
Compounds 4—7 and 10 have alkoxy groups in position
4 on the ring, as well as other groups to insure that the
compound maintains a log P value above 1. These five
derivatives all provide the same myocardial uptake of
tracer at ~1% of the injected dose, despite a wide log P
range from 1.6 to 2.9. By contrast, the similarly
lipophilic compounds lacking an alkoxy group on the
ring, but having either an alkyl group in position 5 or
an alkylamino group in position 4 (compounds 8, 9, and
11), have a lower heart uptake at ~0.7% of the injected
dose.

In addition to high myocardial uptake, to be useful
in imaging the heart a radiotracer must also clear
rapidly from tissues surrounding the heart. All of these
radiotracers exhibit relatively low uptake in the lungs
and are observed to clear relatively rapidly from blood,
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Table 5. Blood Levels of Tracer Gallium after Intravenous
Administration of Gallium-67 Bis(salicylaldimine) Complexes to
Rats

percent of injected
dose in blood
ligand 1 min 120 min
1 (sal);BAPEN 421 £0.06 0.64 £0.10
2 (5-MeOsal);BAPEN 7.55+145 1.11+0.04
3 (4-MeOsal);BAPEN 444 + 033 042 +0.03
4 (4-MeO-6-Mesal);BAPEN 594+1.23 043+0.04
5 (4,6-(Me0O)gsal):BAPEN 849+ 141 0.33 +£0.02
6 (4-MeO-5-Mesal);BAPEN 7.794+0.09 0.61+0.01
7 (4-EtO-6-Mesal);BAPEN 7.793+£1.05 0.42+0.03
8 (5-i-Prsal);BAPEN 234 +£09 1.21 +0.04
9 (4-deasal);BAPEN 11.1 +£0.30 1.27 £0.14
10 (4,6-(MeO)zsal)pMe,BAPEN 188+ 6.9 0.45 +0.03
11 (4-deasal);MesBAPEN 30.6 £ 3.5 1.06 £ 0.20

Table 6. Lung Levels of Tracer Gallium after Intravenous
Administration of Gallium-67 Bis(salicylaldimine) Complexes to
Rats

percent of injected
dose in lungs
ligand 1 min 120 min
1 (sal):BAPEN 1.00+£0.09 0.28 +0.04
2  (5-MeOsal),BAPEN 079 £0.16 0.18+0.01
3 (4-MeOsal);:BAPEN 1.05 £0.13 0.38 £ 0.03
4 (4-Me0-6-Mesal):BAPEN 0.88 £0.13 0.55 +0.03
5 (4,6-(Me0O)sal):BAPEN 092+0.21 0.52+0.08
6  (4-MeO-5-Mesal);BAPEN 079 £0.01 042+0.04
7 (4-EtO-6-Mesal);BAPEN 0.80+0.12 0.49+0.01
8  (5-i-Prsal):BAPEN 1.06 £0.04 0.36 £0.05
9 (4-deasal);BAPEN 1.26 £0.14 0.67 £ 0.04
10 (4,6-(MeO)gsal)eMesBAPEN  1.63+047 0.64 +0.06
11  (4-deasal);Me,BAPEN 530+0.23 1.31+0.07

Table 7. Kidney Levels of Tracer Gallium after Intravenous
Administration of Gallium-67 Bis(salicylaldimine) Complexes to
Rats

percent of injected dose
in each kidney

ligand 1 min 120 min
1 (sal);BAPEN 9.84 +£065 140+0.25
2 (5-MeOsal);BAPEN 7.64+0.16 1.19+0.05
3  (4-MeOsal);BAPEN 842+0.81 1.69+0.08
4 (4-MeO-6-Mesal);BAPEN 539+025 194+0.18
5 (4,6-(MeO)ssal):BAPEN 526 +£0.69 2.17+0.17
6 (4-MeO-5-Mesal);BAPEN 514 +0.37 274+0.21
7  (4-Et0O-6-Mesal);BAPEN 5.24 £0.31 242+0.17
8 (5-i-Prsal);BAPEN 6.02+0.35 3.95+0.14
9 (4-deasal);BAPEN 633 +£0.20 4.67+0.19
10 (4,6-(MeO)zsal):MesBAPEN 8.33+0.80 5.40+0.24
11 (4-deasal):MeBAPEN 425+052 5.17+£0.19

liver, and kidneys (Tables 4—7). While the initial liver
uptake of these compounds is very high due to their
lipophilicity, by 2 h postinjection heart-to-liver ratios
generally exceed 1 due to further tracer clearance into
the bile (Table 8). Since all of these compounds are
retained in myocardium but are cleared from the liver,
the heart-to-liver ratios always increase with time
postinjection. The best results were again consistently
obtained with tracers containing alkoxy substituents
(Table 8).

Fast tracer clearance from the blood was observed for
all of these compounds. As with clearance from the
liver, an alkyl or alkoxy substituent at the 5 position or
an alkylamino substitutent at the 4 position of the
aromatic rings significantly reduces the rate of clearance
from the blood (Tables 5 and 9). Unfortunately, none
of these new tracers provide better heart-to-blood ratios
(Table 9) than the lead compound (5, Table 1).
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Conclusion

The biodistribution data for this series of compounds
suggest that myocardial uptake and retention are
general characteristics for this class of gallium radio-
pharmaceuticals. While the modifications made to the
ligand structure resulted in compounds that match the
favorable characteristics of lead compound § in rat
biodistribution studies, none of the modifications re-
sulted in an improvement on the biological properties
of that lead compound. Further studies remain under-
way to synthesize and evaluate related Ga complexes
functionalized at other sites in the ligand backbone and
containing a more diverse selection of peripheral sub-
stituents.

Experimental Section

Salicylaldehyde, triethylenetetraaminexH,0, 4-methoxysal-
icylaldehyde, 4,6-dimethoxysalicylaldehyde, 5-methoxysalicy-
laldehyde, N,N’-bis(3-aminopropyl)ethylenediamine, and 4-(di-
ethylamino)salicylaldehyde were obtained from Aldrich
Chemical Co. Gallium(III) acetylacetonate was purchased
from Strem Chemicals, Inc. N,N’-Bis(2,2-dimethyl-3-amino-
propyl)ethylenediamine was synthesized by haloalkylation of
2,2-dimethylpropanediamine with 1,2-dibromoethane using a
general literature method for synthesis of linear tetraamines.?
New aldehydes were synthesized by formylation of the sub-
stituted phenol or alkylation of hydroxyl groups on the
aromatic ring: 5-isopropylsalicylaldehyde was synthesized by
formylation of 4-isopropylphenol as reported in the literature.?
4-Methoxy-6-methylsalicylaldehyde and 4-methoxy-5-methyl-
salicylaldehyde were synthesized as described in the litera-
ture;?! 4-ethoxy-6-methylsalicylaldehyde was synthesized simi-
larly, using diethyl sulfate. Gallium-67 chloride in 0.1 N HCl
solution was obtained from Nordion International, Inc., Ka-
nata, Ontario, and Mallinckrodt Medical, Inc., St. Louis, MO.
Gallium-68 chloride was obtained in 1 N HCI from an ionic
6Ge/%Ga SnOz-based generator? purchased from DuPont/New
England Nuclear, N. Billerica, MA.

Proton NMR spectra were obtained on a Varian VXR-5008
spectrometer in CDCl; or MeSO-dg containing tetramethyl-
silane as reference. FTIR spectra were obtained on a Perkin
Elmer FTIR spectrometer in KBr pellets. Melting points were
determined in open capillary tubes using a Gallenkamp
melting point apparatus. Radiochromatograms were analyzed
with a Berthold Tracemaster 20 automatic TLC linear ana-
lyzer. All animal studies were carried out in accordance with
procedures approved by the Purdue Animal Care and Use
Committee.

The tris(salicylaldimine) ligand precursors were synthesized
by condensation of 3 equiv of the appropriate salicylaldehyde
with one of the tetraamines in ethanol. The corresponding
cationic gallium(III) bis(salicylaldimine) complexes were syn-
thesized by one of two methods: the ligand exchange reaction
between Ga(acac)s; and the tris(salicylaldimine) ligand precur-
sor as described in the literature, in which the bridging imino
is hydrolyzed upon coordination to the gallium; or an in-situ
reaction in which 2 equiv of the aldehyde are condensed with
an equivalent of the appropriate tetraamine.121® The free bis-
(salicylaldimine) ligands were never isolated. A more detailed
description of the synthesis of one tris(salicylaldimine) and its
gallium bis(salicylaldimine) complex is given below.

Synthesis of Hs[(4,6-MeQ:sal)sDM-BAPEN]. To a solu-
tion of 1.00 g of 4,6-dimethoxysalicylaldehyde (5.49 mmol) in
15 mL of dry methanol was added 0.42 g of N,N’-bis(2,2-
dimethyl-3-aminopropyl)ethylenediamine (1.84 mmol) in 15
mL of dry methanol. The mixture was refluxed for 20 min
and then allowed to stir until cooled to 25 °C. The solvent
was removed by rotary evaporation and the resulting yellow
oil dissolved in diethyl ether. Unreacted aldehyde immediately
precipitated and was removed by filtration. The filtrate was
cooled to 0 °C for approximately 24 h, and the bright yellow
product that precipitated was filtered and washed with cold
diethyl ether; 40% yield. 'H-NMR at 500 MHz in deuterated
chloroform with TMS as reference: 6 0.82 (s, 6H), 0.85 (s, 6H,
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Table 8, Heart-to-Liver Ratios of Tracer Gallium after Intravenous Administration of Gallium-67 Bis(salicylaldimine) Complexes to

Rats

heart-to-liver ratios®

1 min 15 min 120 min

1 (sal):BAPEN 0.20 + 0.02 0.51 £ 0.06 09+02

2 (5-MeOsal);BAPEN 0.15 + 0.03 0.19 £ 0.05 0.42 +0.03

3 (4-MeOsal);BAPEN 0.32 £ 0.05 0.62+0.15 1.6 +0.7

4 (4-MeO-6-Mesal);BAPEN 0.45 + 0.08 - 3.6+0.6

5 (4,6-(MeO)qsal).BAPEN 0.32 +£0.03 0.56 +0.10 41+04

6 (4-Me0Q-5-Mesal);:BAPEN 0.14 £ 0.01 - 1.92 +£0.13

7 (4-EtO-6-Mesal);BAPEN 0.29 +0.02 0.73+0.03 2.7+£02

8 (5-i-Prsal);BAPEN 0.16 +0.02 - 0.75 + 0.03

9 (4-deasal):BAPEN 0.24 +£0.03 0.28 + 0.04 0.86+0.18
10 (4,6-(MeO)gsal);DM-BAPEN 0.23 £ 0.06 0.32 £ 0.02 3.24 £ 0.07
11 (4-deasal);DM-BAPEN 0.17 £ 0.03 0.13 £ 0.04 0.50 £ 0.07

@ Calculated from the percent of injected dose per gram of tissue values.

Table 9. Heart-to-Blood Ratios of Tracer Gallium after Intravenous Administration of Gallium-67 Bis(salicylaldimine) Complexes to

Rats
heart-to-blood ratios®
1 min 15 min 120 min
1 (sal);BAPEN 2.15 +£0.05 8.3 £0.7 122+04
2 (5-MeOsal);BAPEN 0.89 £0.12 26 £0.6 43+0.3
3 (4-MeOsal);:BAPEN 2.99 +£0.15 176 £ 0.3 30.6 +2.2
4 (4-Me0O-6-Mesal);BAPEN 34 +£0.6 - 45.1 +£3.3
5 (4,6-(MeO)qysal);BAPEN 23+04 18.1 £ 0.9 45.6 £ 4.0
6 (4-MeQ-5-Mesal);BAPEN 21+02 - 300+1.3
7 (4-EtO-6-Mesal):BAPEN 22+02 20.9£0.6 405+ 1.5
8 (5-i-Prsal);BAPEN 0.54 £ 0.07 - 86 £0.6
9 (4-deasal)2BAPEN 1.22 +0.08 45+0.3 92+11
10 (4,6-(MeO);zsal);DM-BAPEN 1.14+04 9.6 £0.5 445+16
11 (4-deasal);DM-BAPEN 0.45 +0.04 1.9+0.3 81+16

@ Calculated from the percent of injected dose per gram of tissue values.

CHs), 2.25 (m, 2H), 2.52 (m, 6H), 2.65 (m, 2H), 2.92 (m, 2H),
3.30 (m, 6H, CH:C), 3.71 (m, 6H), 3.76 (s, 12H, OCHj3), 4.43
(s, 1H, NCHN), 5.72 (m, 6H, CgHy), 8.14 (m, 2H, CH=N). IR
(KBr disk): »(C=N) 1624 cm™1. The fast-atom bombardment
mass spectrum in positive ion mode (DTT/DTE matrix) showed
[M + H]+ at m/z =721 for M = C39H52N409.

Tris(salicylaldimine)BAPEN,222 trig[(5-methoxysalicyl)al-
dimine]BAPEN 2% tris[(4-methoxysalicyl)aldimine] BAPEN, 2%
tris[(4-methoxy-6-methylsalicyl)aldimine]BAPEN,? tris[(4,6-
dimethoxysalicyl)aldimine]BAPEN,!! tris[(4-methoxy-5-meth-
ylsalicyl)aldimine] BAPEN, 22 tris[{4-ethoxy-6-methylsalicyl)-
aldimine]BAPEN, ¥ tris[(5-isopropylsalicyl)aldimine] BAPEN, 2%
tris[[4-(diethylamino)salicyl]aldimine]BAPEN,2?! and tris[[4-
(diethylamino)salicyllaldimine]DM-BAPEN?* were synthe-
sized similarly.

Synthesis of Ga[(4,6-(MeO)zsal):DM-BAPEN]*I-. A so-
lution of 110 mg of Ga(acac); (0.3 mmol) in 10 mL of warm
ethanol was added to 216 mg of Hy[(4,6-MeOgsal)sDM-BAPEN]
(0.3 mmol) in 10 mL of warm ethanol. The mixture was heated
to reflux for 30 min, and 50 mg of KI in 1 mL of water was
then added to the hot ethanol solution. The solution was
slowly cooled to room temperature. The product precipitated
out of solution as a white microcrystalline solid upon cooling;
86% yield, decomposes without melting at 298 °C. H-NMR
at 500 MHz in dimethylsulfoxide-ds with TMS as reference:
4 0.77, 0.91 (s, 12H, CCHs), 2.75 (m, 4H), 3.27 (m, 4H), 3.68
(m, 4H, CHy), 3.75 (s, 6H), 3.78 (s, 6H, OCH3), 4.70 (br s, 2H,
NH), 5.90 (m, 4H, C¢H,), 8.10 (m, 2H, CH=N). IR (KBr disk):
¥ C=N) 1603 cm™1. The positive ion fast-atom bombardment
mass spectrum (DTT/DTE matrix) showed [M]* at m/z = 625
for [C30H44N4O6Gal*.

[Gallium(III) bis(salicylaldimino)BAPEN]*I-, %2 [gallium(III)
bis[(5-methoxysalicyl)aldimino)BAPEN]*I~,2% [gallium(III)
bis[(4-methoxysalicyl)aldimino]JBAPEN]*I",2% [gallium(III)
bis[(4-methoxy-6-methylsalicyl)aldimino]BAPEN]+I-,234
[gallium(III) bis[(4,6-dimethoxysalicyl)aldimino]BAPEN+I- 11
[gallium(III) bis[(4-methoxy-5-methylsalicyl)aldimino]-
BAPEN]*1-,2% [gallium(III) bis[(4-ethoxy-6-methylsalicyl)-
aldimino]BAPEN]*I-,2% [gallium(III) bis[(5-isopropylsalicyl)-
aldimino]BAPENI*I,2%¢ [gallium(III) bis[[4-(diethylamino)-

salicyl]aldimino]BAPEN]*I-,2h and [gallium(III) bis[[4-(di-
ethylamino)salicyl]aldimino]DM-BAPEN]*I- 2% were prepared
similarly.

X-ray Crystallography. Crystals of Ga[(4,6-(MeO;)sal);-
DM-BAPEN1*I-xel‘H;0O were grown by evaporation of CHs-
CN from a solution of the complex in 1:1 CH;CN/H;0. The
complex crystallizes in the monoclinic P2)/n (no. 14) space
group established by the systematic absences: ROl A + 1 =
2n, 0k0 k = 2n. The monoclinic cell parameters are a = 8.515-
(2) A, b =24.2434) A, c = 16.382(3) A, f = 102.34(1)°, V =
3303.7(2) A3, Z = 4. fw is 771.35 for C3HeeN4O;Gal, and the
calculated density is 1.55 g/cm® A colorless plate of ap-
proximate dimensions 0.45 x 0.39 x 0.25 mm® was mounted
on a glass fiber in a random orientation. Preliminary exami-
nation and data collection were both performed on an Enraf
Nonius CAD4 diffractometer equipped with a graphite crystal,
incident beam monochromator with Mo K, radiation (1 =
0.71073 A) at 293 K. The cell constants and an orientation
matrix for data collection were obtained from least-squares
refinement using the setting angles of 25 reflections in the
range 17° < ¢ < 20°.

Data was collected at 298 K using variable speed w — 29
scans with the scan rate varying from 2° to 16° per minute.
29 max = 45°. A total of 4425 reflections were collected, of
which 4425 were unique. Lorentz and polarization corrections
were applied. An empirical absorption correction was also
applied.#* Relative transmission coefficients ranged from 0.580
to 1.000 with an average value of 0.747.

The structure was solved using SHELX-86.25 The atoms
were located in succeeding difference Fourier syntheses.
Locations of hydrogen atoms were added to the structure factor
but not refined. The overall structure was refined in full-
matrix least-squares where the function minimized was (| Fy|
— |F¢))? and the weight w is defined by the Killean and
Lawrence method with terms of 0.020 and 1.0.% Scattering
factors were taken from ref 27. Anomalous dispersion effects?®
were included in F., and the values for f and f” were also taken
from ref 27. The 3167 reflections having intensities greater
than 3 times their standard deviations were used in refine-
ments. The final refinement cycle included 383 variable
parameters and converged with unweighted and weighted
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agreement factors of Ry = Z|F, — F|/ZF; = 0.069 and R; =
SQRT(Zw(Fo — F)¥ZwF?) = 0.087, respectively. Refinement
was done using MolEN. The highest peak in the final
difference Fourier map had a height of 1.26 e/A3? with an
estimated eror based on oF of 0.17. No unusual trends were

seen. Important bond lengths and angles are listed in Table
2.

Synthesis and Characterization of Radiolabeled Com-
plexes. Gallium-67 chloride in HCI solution was evaporated
by heating under a stream of N; in a borosilicate test tube.
While still under N3, the residue was redissolved in 50—100
L of an ethanol solution contairing 0.002% by weight ace-
tylacetone. The no-carrier-added ['Galgallium(III) tris(ace-
tylacetonate) solution was then transferred to a clean test tube,
and 0.5—1.0 mg of the tris(salicylaldimine) ligand (5—10 mg/
mL of ethanol) was added. The ethanol solution was mixed
and then heated for 10—20 min in a 65 °C water bath to assure
reaction completion. The reaction solution was then diluted
to 5% ethanol with a saline solution (0.16 M NaCl) and from
5 to 10% propylene glycol, depending on the lipophilicity of
the complex. The diluted solutions were filtered through a
sterile 0.2 um sterile poly(tetrafluoroethylene) filter (Millipore
Corp., Bedford, MA) to deliver a product suitable for intrave-
nous injection. The 6Ga-labeled complexes were similarly
prepared.

The radiochemical purity of the §’GaL* and GaL* com-
plexes were always found to exceed 98% using thin layer
chromatography on C,s reversed phase plates eluted with
either methanol or methanol containing 10% by volume saline
(0.16 M NaCl). R; values ranged from 0.05 to 0.2 with
methanol eluant and from 0.4 to 0.7 with 90% methanol/10%
saline eluant. The uncomplexed Ga3* ion and unreacted Ga-
(acac); remained at the origin (R;=0.0) under both chromato-
graphic conditions. Specifically, using 90% methanol/10%
saline eluant, Ry values of 0.72, 0.69, 0.71, 0.65, 0.61, 0.59,
0.56, 0.52, 0.51, 0.53, and 0.45 were obtained for the 87Ga/
68Ga compounds of ligands 1—11, respectively.

Partition coefficients of the ¢/68GaL* radiotracers were
measured following 1 min of vigorous vortex mixing of 1 mL
of 1-octanol and 1 mL of isotonic Tris-buffered saline (pH =
7) with approximately 0.1 4Ci of the radiolabeled gallium
complex. Following centrifugation at >1200g for 5 min, the
octanol and aqueous phases were sampled and counted in an
automatic well counter; 500 4L of the octanol phase from this
partitioning was repartitioned two to three times with fresh
buffer to insure that trace hydrophilic $’Ga impurities did not
alter the calculated P values. The reported log P values are
the average of the second and third (or third and fourth)
extractions from two to three independent measurements, so
that the log P values in Table 1 represent the mean (+
standard deviation) of four to six measurements.

Rat Biodistribution Studies. The no-carrier-added §Ga
bis(salicylaldimine) complex (1—-38 u«Ci, 0.1—-0.2 mL) was
administered by bolus injection with a 27 gauge needle into
the femoral vein of male Sprague-Dawley rats under surgical
anesthesia with diethyl ether. The dose administered to each
animal was quantitated by weighing the injection syringe on
an analytical balance before and after injection. The ether-
anesthetized rats were sacrificed by decapitation at 1, 15, or
120 min postinjection. The organs of interest were excised,
blotted to remove surface blood, and weighed, and the tissue
radioactivity was measured in an automatic y counter. A
standard, composed of a measured aliquot of a known mass of
the injectate, was counted along with the tissue samples for
quantitation of the injected dose for each animal. Radiophar-
maceutical biodistribution was then calculated as a percentage
of the injected dose per gram of tissue and as a percentage of
the injected dose per organ for each tissue sample. Blood was
assumed to account for 7% of total body mass. The biodistri-
bution data reported in Tables 3—9 represent the mean (+
standard deviation) of three to four measurements.
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Supplementary Material Available: Tables of positional
parameters, bond lengths, bond angles, and anisotropic dis-
placement coefficients for compound 10; complete tables of
biodistribution data for each Ga compound in rats calculated
as the percentage of the injected dose per gram of tissue; and
rat biodistribution data for [’Cu]PTSM in the presence and
absence of propylene glycol excipient (25 pages). Ordering
information is given on any current masthead page.
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(CDCl;, TMS) 6 1.15 (m, 18H, CHj), 1.75 (m, 4H), 2.24 (m, 2H),
2.45 (m, 2H), 2.68 (m, 2H), 3.52 (m, 6H, CHy), 2.75 (m, 3H, OCH),
3.39 (s,1H, NCHN), 6.00—6.19 (m, 6H), 6.70—7.20 (m, 9H, @H),
8.32 (s, 2H, CH=N). (h) Physical data for (4-deasal)s;BAPEN:
oil; FAB-MS for C41Hg N7O; shows [M + HI* peak at 700 m/z;
FTIR (KBr pellet): »(C=N) 1621 cm~1; IH-NMR (CDCl;, TMS)
6 1.22 (m, 18H, CHj), 1.75 (m, 4H), 2.24 (m, 2H), 2.45 (m, 2H),
2.68 (m, 2H), 3.52 (m, 6H, CHjy), 3.40 (m, 12H, @NCH,), 3.49 (s,
1H, NCHN), 6.00—6.19 (m, 6H), 6.70—6.90 (m, 3H, OH), 7.67
(m, 2H, CH=N). (i) Physical data for (4-deasal)sMe,BAPEN: oil;
FAB-MS for Cy4sHggN7O3 shows [M + H]* peak at 756 m/z; FTIR
(KBr pellet): ¥(C=N) 1624 cm~1; 'H-NMR (CDCl3, TMS) 6 0.93
(s, 12H, CHjy), 1.16 (m, 18H, CHj), 2.18 - 2.93 (m, 8H, CHj), 3.26—
3.43 (m, 17H, CHy, NCHN), 5.99-6.96 (m, 9H, CgHj), 7.80 (m,
2H, CH=N).

(23) Physical data for GaL* complexes. (a) Physical data for
Ga(sal);BAPEN+I-: FAB-MS for CyHysN4O2Ga shows M* peak
at 449 m/z; FTIR (KBr pellet): »(C=N) 1630 ¢cm-1; 'H-NMR
(DMSO-dg, TMS) 6 1.62 (m, 4H), 2.00 (m, 2H), 2.68 (m, 4H), 3.05
(m, 4H), 3.29, 3.45, 3.76 (m, 2H, CHy), 5.15 (br s, 2H, NH), 7.28,
6.78 (m, 8H, C¢Hy), 8.31 (s, 2H, CH=N). (b) Physical data for
Ga(5-MeO-sal):BAPEN*I": FAB-MS for Co4H32N404Ga shows
M* peak at 509 m/z; FTIR (KBr pellet): #(C=N) 1631cm™!; 1H-
NMR (DMSO-ds, TMS) 6 1.58, 2.00, 2.66, 3.00, 3.28, 3.43, 3.75
(m, 16H, CH2), 3.67 (s, 6H, OCHjy), 5.10 (br s, 2H, NH), 7.05,
6.82 (m, 6H, @H), 8.27 (s, 2H, CH=N). (¢) Physical data for
Ga(4-MeOsal);BAPEN*I—: FAB-MS for Cy4H3:N404Ga shows
M+ peak at 509 m/z; FTIR (KBr pellet): ¥(C=N) 1625 cm™!; 1H-
NMR (DMSO-ds, TMS) 6 1.58, 1.99, 2.66, 2.99, 3.20, 3.46, 3.79
(m, 14H, CHy), 3.78 (s, 6H, OCHj), 5.08 (br s, 2H, NH), 6.32 (m,
4H), 7.18 (m, 2H, @H), 8.15 (m, 2H, CH=N). (d) Physical data
for Ga(4-MeO-6-Mesal);BAPEN*I-: mp >298 °C dec; FAB-MS
for CogH3eN404Ga shows M+ peak at 537 m/z; TH-NMR (DMSO-
de, TMS) 6 1.58 (m, 2H), 1.98 (m, 2H, CH,), 2.22 (s, 6H, §CH,),
2.66 (m, 2H), 2.97 (m, 4H), 3.32 (m, 2H), 3.41 (m, 2H), 3.70 (m,
2H, CHy), 3.75 (s, 6H, @0OCHj), 4.96 (br, 2H, NH), 6.16 (m, 4H,
@H), 8.28 (s, 2H, CH=N). (e) Physical data for Ga(4-MeO-5-
Mesal)sBAPEN~I-: FAB-MS for C2¢H3N404Ga shows M* peak
at 537 m/z; 1H-NMR (DMSO-dgs, TMS) 6 1.55 (m, 2H), 1.96 (m,
2H, CHy); 2.00 (s, 6H, @CHg), 2.66 (m, 2H), 2.98 (m, 4H), 3.19
(m, 2H), 3.47 (m, 2H), 3.77 (m, 2H, CHy), 3.81 (s, 6H, @OCHj),
5.03 (br, 2H, NH), 6.33 (s, 2H), 6.96 (s, 2H, @H), 8.07 (s, 2H,
CH=N). (f) Physical data for Ga(4-EtO-6-Mesal);BAPEN*I-;
FAB-MS for CggHN404Ga shows M* peak at 565 m/z; \H-NMR
(DMSO-dg, TMS) d 1.31 (t, 6H, CCHj), 1.58 (m, 2H), 1.96 (m,
2H, CHy), 2.21 (s, 6H, @CHj), 2.65 (m, 2H), 2.97 (m, 4H), 3.40
(m, 4H), 3.70 (m, 2H, CHy), 4.05 (m, 4H, @OCHy), 4.96 (br, 2H,
NH), 6.16 (m, 4H, @H), 8.28 (s, 2H, CH=N). (g) Physical data
for Ga(5-i-Prsal);BAPEN*I: FAB-MS for CysH4N4O2Ga shows
M+ peak at 533 m/z; 'H-NMR (DMSO-dg, TMS) 6 1.14 (m, 12H,
CHj), 1.58 (m, 2H), 1.97 (m, 2H), 2.65 (m, 2H), 2.76 (quin, 2H,
@CH), 2.98 (m, 4H), 3.24 (m, 2H), 3.43 (m, 2H), 3.75 (m, 2H,
CHy), 5.02 (br, 2H, NH), 7.27 (m, 2H), 7.10 (m, 2H), 6.77 (m,
2H, @H), 8.28 (s, 2H, CH=N). (h) Physical data for Ga(4-
deasal);BAPEN"I": 64% yield; >285 °C dec; FAB-MS for
[C30HyeNgO2Ga 1* shows M+ peak at 591 m/z; FTIR (KBr
pellet): ®C=N) 1596 cm™!; !H-NMR (500 MHz, DMSO-dg, TMS)
6 1,53 (m, 2H), 1.92 (m, 2H), 2.63 (m, 2H), 2.92 (m, 4H), 3.11
(m, 2H), 3.40 (m, 2H), 3.83 (m, 2H, CHy), 3.22 (m, 8H, ONCH,),
4.86 (br s, 2H, NH), 5.87 (m, 2H), 6.11 (m, 2H), 6.96 (m, 2H,
@H), 7.89 (s, 2H, CH=N). (i) Physical data for Ga(4-
deasal);)DM-BAPEN*I~: FAB-MS for [C3;H54N¢O2Ga 1* shows
M+ peak at 647 m/z; YTH-NMR (DMSO-d¢, TMS) 6 0.79, 0.91 (s,
12H, CHj), 1.12 (m, 12H, BNCCH3y), 3.37 (m, 8H, NCH,C), 2.74,
3.31, 3.89 (m, 12H, CHy), 4.56 (br s, 2H, NH), 5.87, 6.12, 6.98
(m, 6H, @H), 7.77 (m, 2H, CH=N).
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