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complex potentially useful as bone-seeking agent:
synthesis and biological evaluation
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Abstract Aiming to develop new bone-seeking radio-

tracers based on the organometallic core fac-[99mTc(CO)3]+

with improved radiochemical and biological properties, we

have prepared new conjugates with phosphonate pendant

groups. The conjugates comprise a chelating unit for metal

coordination, which corresponds to a pyrazolyl-containing

backbone (pz) with a N,N,N donor-atom set, and a pendant

diethyl phosphonate (pz-MPOEt), phosphonic acid (pz-

MPOH) or a bisphosphonic acid (pz-BPOH) group for

bone targeting. Reactions of the conjugates with the pre-

cursor [99mTc(H2O)3(CO)3]+ yielded (mote than 95%) the

single and well-defined radioactive species [99mTc(CO)3

(j3-pz-MPOEt)]+ (1a), [99mTc(CO)3(j3-pz-MPOH]+ (2a)

and [99mTc(CO)3(j3-pz-BPOH)]+ (3a), which were charac-

terized by reversed-phase high-performance liquid

chromatography . The corresponding Re surrogates (1–3),

characterized by the usual analytical techniques, including

X-ray diffraction analysis in the case of 1, allowed for

macroscopic identification of the radioactive conjugates.

These radioactive complexes revealed high stability both

in vitro (phosphate-buffered saline solution and human

plasma) and in vivo, without any measurable decomposi-

tion. Biodistribution studies of the complexes in mice

indicated a fast rate of blood clearance and high rate of

total radioactivity excretion, occurring primarily through

the renal–urinary pathway in the case of complex 3a. De-

spite presenting moderate bone uptake (3.04 ± 0.47% in-

jected dose per gram of organ, 4 h after injection), the high

stability presented by 3a and its adequate in vivo phar-

macokinetics encourages the search for new ligands with

the same chelating unit and different bisphosphonic acid

pendant arms.
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Abbreviations

Boc tert-Butoxycarbonyl

BP Bisphosphonate

COSY Correlation spectroscopy

DCC N,N¢-Dicyclohexylcarbodiimide

HMDP Hydroxymethylenediphosphonate

HOBt 1-Hydroxybenzotriazole

HPLC High-performance liquid chromatography

HSQC Heteronuclear single quantum coherence

ID Injected dose

MDP Methylenediphosphonate

MP Monophosphonate

pz Pyrazolyl-containing backbone

RP Reversed phase

Introduction

One of the most important clinical procedures for assessing

bone damage (e.g., arthritis, osteoporosis or skeletal

metastases), infection or injury (e.g., fractures) in the

whole body is radionuclide bone imaging with specific

radiotracers [1]. Besides skeletal imaging, certain bone-

seeking radiotracers are widely used for radionuclide

therapy of bone malignancies. In fact, breast and prostate

carcinomas often produce metastatic bone lesions which, in
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most cases, lead to intractable and debilitating pain [2, 3].

In the case of widespread bone metastases, systemic

radionuclide therapy with b-emitting radiopharmaceuticals

(e.g., 89Sr, 186Re and 153Sm) is a well-established proce-

dure for the management of painful bone metastases and

palliative treatment, and is a subject of intense research [4–

11].

Simple bisphosphonate (BP) compounds, which contain

the P–C–P backbone, have been developed as stable ana-

logues of inorganic polyphosphates/pyrophosphates, and

have been used in the preparation of 99mTc radiopharma-

ceuticals for bone imaging since the mid-1970s [1, 12].

Nowadays, the most used BP-containing radiopharma-

ceuticals for bone imaging are 99mTc-MDP (MDP is

methylenediphosphonate) and 99mTc-HMDP (HMDP is

hydroxymethylenediphosphonate) analogues (Structure 1).

These 99mTc-BP radiopharmaceuticals do not present

single, well-defined chemical species, but mixtures of

short-chain and long-chain polymers, which may reduce

the efficacy of the radiopharmaceutical. The biological

behavior of this type of tracer is also affected by the dif-

ferent degrees of ionization presented by the different

polymers, and by the variation of the relative amounts of

the polymers over time, after preparation. Another disad-

vantage associated with the 99mTc-BPs is related to their

in vivo instability, which may lead to the oxidation of the

metal to pertechnetate ([99mTcO4]–). Moreover, the 99mTc-

BPs present a relatively slow blood and soft-tissue clear-

ance, delaying the start of the bone-scanning procedure in

nuclear medicine centers [13].

The drawbacks associated with the 99mTc-BPs in clinical

use show that there is space for the development of new

bone-seeking radiotracers based on 99mTc with better

chemical and biological properties. The attempts made in

the past few years to achieve that goal comprise both the

direct labeling of new BPs with 99mTc, leading, still, to

noncharacterized mixtures of polymers [14–16], and the

use of a 99mTc(V) mono-oxo complex stabilized by a

bifunctional tetradentate ligand with a pendent amin-

omethylenediphosphonate unit, which has promising bio-

logical properties [13].

Despite the fact that the organometallic core fac-

[99mTc(CO)3]+ has been successfully used for the labeling

of biologically relevant molecules with a large variety of

ligands and/or donor-atom sets, this unit has not yet been

explored for the labeling of BPs [17–22]. The formation of

well-defined single species, and the remarkable stability

in vivo and vitro shown by the 99mTc tricarbonyl bio-

complexes anchored by pyrazolyl-containing ligands [21–

24], prompted us to explore the possibility of labeling

phosphonates with that system, and to assess the biological

properties of the resulting radioactive complexes. Herein

we describe the synthesis and characterization of a new

family of bifunctional ligands with a pyrazolyl-containing

backbone (pz), for stabilization of the metallic center, and a

monophosphonate (MP)/BP pendant unit, for bone target-

ing (pz-MPOEt, pzMPOH and pz-BPOH). The preparation,

characterization and biological evaluation of the resulting

organometallic complexes fac-[M(CO)3(j3-pz-MPOEt)]

[M is Re (1), 99mTc (1a)], fac-[M(CO)3(j3-pz-MPOH)] [M

is Re (2), 99mTc (2a)] and fac-[M(CO)3(j3-pz-BPOH)] [M

is Re (3), 99mTc (3a)] are also described.

Materials and methods

All chemicals and solvents were of reagent grade and were

used without purification unless stated otherwise. Diethyl

(2-bromoethyl)phosphonate was obtained in high yield

(more than 85%) using the classic Michaelis–Arbuzov

reaction by refluxing dry triethyl phosphite in a 30-fold

excess of dry dibromoethane overnight, followed by vac-

uum distillation [25]. 1-Aminomethylenediphosphonic acid

tetraethyl ester was prepared in two sequential steps as

described elsewhere [26, 27]. The organic compounds 3,5-

Me2pz(CH2)2NH(CH2)2NH–Boc (Boc is tert-butoxycar-

bonyl), 3,5-Me2pz(CH2)2N((CH2)3COOH)(CH2)2–NH–Boc,

3,5-Me2pz(CH2)2N((CH2)3COOH)(CH2)2–NH2 (pz–COOH),

and the organometallic precursors (NEt4)2[Re(CO)3Br3],

[Re(CO)5Br] and [Re(CO)3(H2O)3]Br were prepared accord-

ing to published methods [21–23, 28, 29]. Na[99mTcO4]

was eluted from a 99Mo/99mTc generator, using 0.9% sal-

ine. The radioactive precursor fac-[99mTc(OH2)3(CO)3]+

was prepared using a IsoLink� kit (Malinckrodt). 99mTc-

MDP (better than 98% yield by instant thin-layer chroma-

tography) was prepared by reconstitution of a conventional

MDP labeling kit (Nordion) with Na[99mTcO4]. 1H, 11C

and 31P NMR spectra were recorded at room temperature

using a Varian Unity 300 MHz spectrometer. 1H and 11C

chemical shifts were referenced with the residual solvent

resonances relative to tetramethylsilane, and the 31P

chemical shifts with external 85% H3PO4 solution. NMR

spectra were obtained in CDCl3, CD3OD and D2O. IR

spectra were recorded as KBr pellets with a PerkinElmer

577 spectrometer C, H and N analyses were performed

using an EA 110 CE Instruments automatic analyser. High-

performance liquid chromatography (HPLC) analyses of

the Re and 99mTc complexes were performed both with a

PerkinElmer LC pump 200 coupled to an LC 290 tunable
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UV–vis detector and to a Berthold LB-507A radiometric

detector. Separations were achieved on a Nucleosil column

(10 lm, 250 mm · 4 mm), using a flow rate of 1 mL min–1;

UV detection, 254 nm; eluent A aqueous 0.1% (pz-MPO-

Et, pz-MPOH, 1/1a, 2/2a)/0.5% (I, II, 3/3a) CF3COOH

solution, eluent B acetonitrile (pz-MPOEt, pz-MPOH, 1/1a,

2/2a) or 0.5% CF3COOH solution in acetonitrile (I, II,

3/3a); method, t = 0–3 min, 0% eluent B; 3–3.1 min, 0–25%

eluent B; 3.1–9 min, 25% eluent B; 9–9.1 min, 25–34%

eluent B; 9.1–20 min, 34–100% eluent B; 20–24 min,

100% eluent B; 24–26 min, 100–0% eluent B; 26–30 min,

0% eluent B.

Synthesis of pz(Boc)-MPOEt

To a solution of 3,5-Me2pz(CH2)2NH(CH2)2–NH–Boc

(1.76 g, 6.23 mmol) and diethyl (2-bromoethyl)phospho-

nate (5.00 g, 20.40 mmol) in CH3CN (40 mL) were added

K2CO3 (1.37 g, 9.91 mmol) and a catalytic amount of KI

in solid. After 10 days under reflux, the solution was fil-

tered through a pad of Celite, and H2O and dichlorome-

thane were added to the filtrate. The organic phase was

separated, and the aqueous phase was further extracted

with dichloromethane (twice). The organic phases were

then collected, dried over anhydrous MgSO4 and filtered,

and the solvents were evaporated until a viscous residue

was obtained. This residue was chromatographed on an

appropriate column of silica gel with 8–50% methanol/

ethyl acetate (gradient) to afford a pale yellow viscous oil.

Yield: 0.96 g, 35%. 1H NMR (CD3OD, d): 5.82 [s, H(4)pz,

1H], 4.12–3.98 (m, CH2, 6H), 3.03 (t, CH2, 2H), 2.81 (t,

CH2, 2H), 2.73 (q, CH2, 2H), 2.54 (t, CH2, 2H), 2.27 (s,

CH3, 3H), 2.16 (s, CH3, 3H), 1.92–1.82 (m, CH2, 2H), 1.42

(s, CH3, 9H), 1.31 (t, CH3, 6H). 31P NMR (CD3OD, d):

32.8.

Synthesis of pz-MPOEt

The Boc protecting group was removed by dissolving

pz(Boc)-MPOEt (0.41 g, 0.92 mmol) in CF3COOH

(3 mL), and by stirring for 1 h at room temperature. After

evaporation of the solvent, the residue was dissolved in

30% NaOH, and the solution was extracted with dichlo-

romethane (three times). The organic fractions were col-

lected, dried over anhydrous MgSO4 and filtered, and the

filtrate was evaporated to dryness. The compound was

obtained as a pale yellow oil. Yield: 0.28 g, 88%. 1H–NMR

(CD3OD, d): 5.82 [s, H(4)pz, 1H], 4.13–4.00 (m, CH2, 6H),

2.83–2.73 (m, CH2, 4H), 2.61–2.58 (m, CH2, 2H), 2.54–

2.50 (m, CH2, 2H), 2.26 (s, CH3, 3H), 2.16 (s, CH3, 3H),

1.99–1.86 (m, CH2, 2H), 1.32 (t, CH3, 6H). 31P NMR

(CD3OD, d): 32.8. IR (KBr, m/cm–1): 1,553, 1,464, 1,206

(P=O), 1,027, 969, 796. Retention time (reversed-phase

HPLC, RP-HPLC): 9.5 min.

Synthesis of pz-MPOH

To a solution of pz-MPOEt (0.21 g, 0.48 mmol) in dry di-

chloromethane (3 mL) at 0 �C was added trimethylsilyl

bromide (0.5 mL, 3.6 mmol). After stirring at room tem-

perature for 72 h, the reaction mixture was evaporated, and

methanol and water were added to the residue. After stirring

during 1.5 h, the solvents were removed by evaporation.

The oil obtained gave a white solid after thorough washing

with dichloromethane. Yield: 0.11 g, 50%.1H NMR (D2O,

d): 6.03 [s, H(4)pz, 1H], 4.35 (s br, CH2, 2H), 3.37 (s br,

CH2, 2H), 3.24–3.15 (m, CH2, 6H), 2.19 (s, CH3, 3H), 2.12

(s, CH3, 3H), 1.89–1.83 (m, CH2, 2H). 13C NMR (D2O, d):

150.9 [C(3/5)pz], 146.1 [C(3/5)pz], 109.5 [C(4)pz], 55.5

(CH2), 52.3 (CH2), 45.9 (CH2), 37.7 (CH2), 26.8 (CH2),

25.1 (CH2), 14.2 (CH3), 12.7 (CH3). 31P NMR (D2O, d):

20.3. Anal. Calcd for C11H23N4O3P�2HBr: C, 29.22; H,

5.57; N, 12.39. Found: C, 29.42; H, 5.40; N, 12.28.

Retention time (RP-HPLC): 8.0 min.

Synthesis of pz(Boc)-BPOEt

To a solution of 3,5-Me2pz(CH2)2N((CH2)3COOH) (CH2)2

NH-Boc (0.100 g, 0.27 mmol) and 1-hydroxybenzotriazole

(HOBt; 0.036 g, 0.27 mmol) in acetonitrile (20 mL) at

0–5 �C was added N,N¢-dicyclohexylcarbodiimidae (DCC;

0.055 g, 0.27 mmol), and the mixture was stirred for

30 min. After addition of 1-aminomethylenediphosphonic

acid tetraethyl ester (0.082 g, 0.27 mmol) dissolved in

acetonitrile (approximately 1 mL), stirring was continued

overnight at room temperature. The DCC–urea precipitate

was then removed by filtration through a pad of Celite, and

the filtrate was evaporated. The residue obtained was

purified using an appropriate column of silica gel with 2.5–

15% methanol/CH2Cl2 (gradient) affording a yellowish oil.

Yield: 0.10 g, 58%. 1H NMR (CDCl3, d): 8.73 (d br, NH,

1H, 3JHH = 9.0), 5.82 [s, H(4)pz, 1H], 5.18 (td, P–CH–P,

1H, 2JPH = 22.2, 3JHH = 10.2), 4.69 (s br, NH, 1H), 4.24–

4.00 (m, CH2, 10H), 2.86 (q br, CH2, 2H), 2.64 (t br, CH2,

2H), 2.45 (t br, CH2, 2H), 2.38 (m, CH2, 4H), 2.23 (s, CH3,

3H), 2.21 (s, CH3, 3H), 1,71 (m, CH2, 2H), 1,38 (s, CH3,

9H), 1,26 (m, CH2, 12H). 31P NMR (CDCl3, d): 17.5.

Synthesis of pz-BPOH

To a solution of pz(Boc)-BPOEt (0.068 g, 0,104 mmol) in

dry dichloromethane (5 mL) at 0 �C was added dropwise

trimethylsilyl bromide (1.5 mL, 11 mmol). The mixture

was allowed to warm up to room temperature and was

stirred for 72 h. The solvent was evaporated, and methanol
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was added to the residue (15 mL). After stirring for 1.5 h,

the methanol was removed by evaporation and the crude

product was purified by precipitation from MeOH using

diethyl ether. The precipitate was collected by centrifuga-

tion, washed with diethyl ether and dried in a vacuum,

yielding pz-BPOH as a white solid. Yield: 0.046 g, 73%.
1H NMR (D2O, d): 6.07 [s, H(4)pz, 1H], 4.38 (t, CH, 1H),

3.68–3.07 (m br, CH2, 10H), 2.38 (s br, CH2, 2H), 2.20 (s,

CH3, 3H), 2.15 (s, CH3, 3H), 1.94 (s br, CH2, 2H).
13C NMR (D2O, d): 175.9 (COOH), 150.1 [C(3/5)pz],

147.6 [C(3/5)pz], 109.8 [C(4)pz], 55.5 (CH2), 53.5 (CH2),

49.7 (CH2), 47.9 (CH), 44.4 (CH2), 37.6 (CH2), 34.6

(CH2), 21.6 (CH2), 13.1 (CH3), 12.4 (CH3). 31P NMR

(D2O, d): 13.7. Anal. Calcd for C14H29N5O7P2�2HBr: C,

27.88; H, 5.18; N, 11.61. Found: C, 28.25; H, 5.13; N,

11.25. IR (KBr, m/cm–1): 1,647 (C=O), 1,527, 1,154 (P=O),

1,064, 915.

Synthesis of 1

To a stirred suspension of [Re(CO)5Br] (0.036 g,

0.089 mmol) in MeOH was added pz-MPOEt dissolved in

the same solvent (0.029 g, 0.13 mmol), and the resulting

mixture was refluxed overnight. The residue obtained after

evaporation of the solvent was washed (three times) with n-

hexane, giving a white solid, which was dried under vac-

uum. Yield: 0.053 g, 96%. 1H NMR (CD3OD, d): 6.21 [s,

H(4)pz, 1H], 5.57 (q br, NH, 1H), 4.54 (dd, CH, 1H), 4.25–

4.13 (m, CH2, 6H), 3.95–3.88 (m, CH, 1H), 3.80–3.68 (m,

NH, 1H), 3.43 (dd, CH, 1H), 3.23–3.19 (m, CH, 1H), 2.96

(d br, CH, 1H), 2.85–2.70 (m, CH2, 2H), 2.59–2.49 (m,

CH2, 2H), 2.45 (s, CH3, 3H), 2.38 (s, CH3, 3H), 2.31–2.28

(m, CH, 1H), 1.37 (t, CH3, 6H). 13C NMR (CD3OD, d):

195.0 (C”O), 194.7 (C”O), 193.6 (C”O), 155.3 [C(3/5)pz],

145.6 [C(3/5)pz], 109.3 [C(4)pz], 64.0 (CH2), 63.9 (CH2),

62.1 (CH2), 61.3 (CH2), 53.4 (CH2), 43.5 (CH2), 23.0

(CH2), 21.2 (CH2), 16.8 (CH3), 16.7 (CH3), 16.1 (CH3),

11.6 (CH3). 31P NMR: d 29.4. IR (KBr, m/cm–1): 2,098,

2,027, 1,901 (C”O), 1,263, 1,023 (P=O), 798, 739. Anal.

Calcd for C18H31N4O6PBrRe: C, 31.04; H, 4.49; N, 8.04.

Found: C, 31.30; H, 4.40; N, 7.89. Retention time (RP-

HPLC): 15.8 min.

Synthesis of 2

To a stirred suspension of [Re(CO)5Br] (0.018 g,

0.044 mmol) in H2O was added a solution of pz-MPOH

(0.020 g, 0.044 mmol) in the same solvent, and the

resulting mixture was refluxed overnight. After evaporation

of the solvent, the residue obtained was dried under

vacuum and analyzed by RP-HPLC and NMR spectros-

copy. The crude product revealed a mixture of free

pz-MPOH and complex 2. Yield (2, calculated from the

1H NMR spectrum): 36%. 1H NMR (D2O, d): 6.01

[s, H(4)pz, 1H], 5.07 (q br, NH, 1H), 4.30 (dd, H, 1H),

4.12–4.03 (m, CH, 1H), 3.74–3.55 (m, CH, NH, 3H), 3.08

(m, CH, 1H), 2.69 (m, CH, 1H), 2.60–2.52 (m, CH, 1H),

2.42–2.32 (m, CH, 1H), 2.25 (s, CH3, 3H), 2.14 (s, CH3,

3H). 31P NMR: d 25.3 (CD3OD), 23.4 (D2O). Retention

time (RP-HPLC): 10.8 min.

Synthesis of 3

Direct method

A solution of [Re(H2O)3(CO)3]Br (0.011 g, 0.029 mmol)

and pz-BPOH (0.010 g, 0.023 mmol) in H2O was refluxed

overnight. The water was removed under vacuum, and the

residue obtained was dissolved again in a H2O/acetonitrile

mixture (90:10). The precipitate formed was eliminated by

centrifugation. The resulting supernatant was purified by

semipreparative RP-HPLC on a Macherey–Nagel C18

column (Nucleosil 100–7, 250 mm · 8 mm) at a flow rate

of 2 mL min–1 with a gradient mobile phase of 100% water

with 0.5% CF3COOH to 100% acetonitrile with 0.5%

CF3COOH for 30 min. Chromotograms were obtained by

monitoring the UV absorption at a wavelength of 254 nm.

Evaporation of the solvent in a vacuum gave 3 as a pale

yellow clear oil. Yield: 8.8 mg, 54%.

Indirect method

1. Synthesis of the precursor [Re(CO)3(j3-pz-COOH)]+

(I) [23]. (NEt4)2[ReBr3(CO)3] (0.100 g, 0.131 mmol)

was reacted with an equimolar amount of pz–COOH)

(0.050 mg, 0.131 mmol) in refluxing H2O for 18 h.

After this time, the solvent was removed under vac-

uum, and the resulting residue was washed with CHCl3
to remove excess [NEt4]Br+. The residue was dis-

solved in water, and the crude product was purified by

preparative RP-HPLC on a Waters l Bondapak C18

(19 mm · 150 mm) column at a flow rate of

5 mL min–1 using a gradient of aqueous 0.1%

CF3COOH/MeOH as the eluent. Gradient: t = 0–

5 min: 10% MeOH; 5–30 min: 10 fi 100% MeOH;

30–34 min: 100% MeOH; 34–35 min: 100 fi 10%

MeOH; 35–40 min: 10% MeOH. Evaporation of the

solvent in vacuum gave I as a colorless clear oil. Yield:

50 mg, 71%. 1H NMR (D2O, d): 6.01 [s, 1H, H(4)pz],

5.07 (q br, 1H, NH), 4.33 (dd, 1H, CHa), 4.07 (m, 1H,

CHá), 3.62 (s br, 1H, NH), 3.50 (m, 1H, CHg), 3.37 (m,

2H, CHg¢ + CHb), 3.05 (s br, 1H, CHd), 2.72 (d, 2H,

CHc + CHc¢), 2.54 (t br, 1H, CHb¢), 2.37 (m br, 1H,

CHd¢), 2.33 (t, 2H, CHe + CHe¢), 2.24 (s, 3H, CH3pz),

2.14 (s, 3H, CH3pz), 2.04 (m, 1H, CHf), 1.88 (m, 1H,
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CHf¢). 13C NMR (D2O, d): 196.6, 196.2, 196.1 (C”O),

179.8 (CO), 155.7 [C(3/5)pz], 146.3 [C(3/5)pz], 109.8

[C(4)pz], 67.8 (Cg), 63.2 (Cc), 54.5 (Cb), 49.1 (Ca),

44.2 (Cd), 33.1 (Ce), 21.5 (Cf), 17.3 (CH3pz), 12.9

(CH3pz). The spectra were assigned with the help of

2D experiments (1H–1H correlation spectroscopy,

COSY, and 1H–13C heteronuclear single quantum

coherence, HSQC). IR (KBr, m/cm–1): 2031, 1974,

1901 (C”O), 1686, 1432, 1205, 1143, 848, 800, 728,

588. ESI-MS (+) (referenced to the species with 187Re;

relative abundance in parentheses): m/z 539 (100%)

[M+H]+. Retention time: 18.6 min.

2. Synthesis of the intermediate [Re(CO)3(j3-pz-BPO-

Et)]+ (II). To a solution of I (0.020 g, 0.037 mmol)

and HOBt (8 mg, 0.056 mmol) in dry acetonitrile

(5 mL) at 0–5 �C was added DCC (12 mg,

0.056 mmol), and the mixture was stirred for 30 min.

After addition of 1-aminomethylenediphosphonic acid

tetraethyl ester (17 mg, 0.056 mmol) dissolved in

acetonitrile (approximately 1 mL), stirring was con-

tinued at room temperature. The RP-HPLC chro-

matogram revealed that the reaction was complete

after 20 h. The DCC–urea precipitate was removed by

centrifugation and the resulting solution evaporated.

The crude residue was dissolved in a H2O/CH3CN

(90:10) mixture, filtered to discard the remaining

DCC–urea and purified by preparative RP-HPLC on a

Waters l Bondapak C18 (19 mm · 150 mm) column

at a flow rate of 5 mL min–1. UV detection, 254 nm;

eluent A 0.5% CF3COOH solution, eluent B 0.5%

CF3COOH solution in acetonitrile; method, t = 0–

3 min, 0% eluent B; 3–3.1 min, 0–25% eluent B; 3.1–

9 min, 25% eluent B; 9–9.1 min, 25–34% eluent B;

9.1–20 min, 34–100% eluent B; 20–24 min, 100%

eluent B; 24–26 min, 100–0% eluent B; 26–30 min,

0% eluent B. Evaporation of the solvent in vacuum

gave intermediate II as a colorless clear oil. Yield:

20 mg, 66%. 1H NMR (D2O, d): 6.01 [s, 1H, H(4)pz],

5.04 (s br, 1H, NH), 4.51 (m, 1H, CHh), 4.28 (d br, 1H,

CHa), 4.08 (m, 8H, P–OCH2CH3), 3.94 (m, 1H, CHa¢),

3.64 (m br, 1H, NH), 3.54 (m br, 1H, CHg), 3.29 (m br,

2H, CHg¢ + CHb), 3.00 (m br, 1H, CHd), 2.71 (s br, 2H,

CHc + CHc¢), 2.54 (t br, 1H, CHb¢), 2.35 (m br, 1H,

CHd¢), 2.33 (t, 2H, CHe + CHe¢), 2.25 (s, 3H, CH3pz),

2.13 (s, 3H, CH3pz), 2.04 (m br, 1H, CHf), 1.83 (m br,

1H, CHf¢), 1.15 (m, 12H, P–OCH2CH3). 13C NMR

(D2O, d): 3· ~196.1 (C”O), 179.5 (CO), 155.6 [C(3/

5)pz], 146.2 [C(3/5)pz], 109.7 [C(4)Pz], 67.7 (Cg),

67.5 (P–OCH2CH3), 63.1 (Cc), 54.5 (Cb), 50.1 (Ch, P–

CH–P), 49.0 (Ca), 44.1 (Cd), 32.7 (Ce), 21.3 (Cf), 17.7

(P–OCH2CH3), 17.3 (CH3pz), 12.8 (CH3pz). The

spectra were assigned with the help of 2D experiments

(1H–1H COSY and 1H–13C HSQC). 31P NMR (D2O,

d): 17.9 (s). Retention time: 16.1 min.

3. Synthesis of 3. To a suspension of II (20 mg,

0.024 mmol) in dry dichloromethane (5 mL) at 0 �C

was added dropwise trimethylsilyl bromide (0.5 mL,

3.7 mmol). The mixture was allowed to warm up to

room temperature and stirred overnight. The solvent

was evaporated, and the residue was treated with

methanol (5 mL) for 1.5 h with stirring. The methanol

was removed by evaporation and the crude product

was washed with chloroform. Complex 3 was obtained

as a pale yellow oil. Yield: quantitative, based on the
1H NMR spectrum. 1H-NMR (D2O, d): 6.01 [s, 1H,

H(4)pz], 5.04 (s br, 1H, NH), 4.53 (m, 1H, CHh), 4.29

(d br, 1H, CHa), 4.07 (m br, 1H, CHa¢), 3.64 (s br, 1H,

NH), 3.50 (m br, 1H, CHg), 3.26 (m br, 2H,

CHg¢ + CHb), 3.01 (m br, 1H, CHd), 2.71 (s br, 2H,

CHc + CHc¢), 2.55 (t br, 1H, CHb¢), 2.34 (m br, 1H,

CHd¢), 2.24 (s, 3H, CH3pz), 2.20 (s br, 2H,

CHe + CHe¢), 2.13 (s, 3H, CH3pz), 2.03 (m, 1H, CHf),

1.88 (m br, 1H, CHf¢). 13C NMR (D2O, d): 196.5,

196.1, 194.9 (C”O), 180.4 (CO), 155.6 [C(3/5)pz],

146.2 [C(3/5)pz], 109.7 [C(4)Pz], 67.7 (Cg), 63.2 (Cc),

54.6 (Cb), 50.9 (Ch, P-CH-P), 49.0 (Ca), 44.2 (Cd), 33.9

(Ce), 22.1 (Cf), 17.3 (CH3pz), 12.9 (CH3pz). The

spectra were assigned with the help of 2D experiments

(1H–1H COSY and 1H–13C HSQC). 31P NMR (D2O,

d): 11.1 (broad signal). Retention time: 13.9 min.

X-ray crystallographic analysis

A colorless crystal of 1, suitable for X-ray diffraction

analysis, was obtained from a mixture of CHCl3/n-hexane

and fixed inside a thin-walled glass capillary. Crystal-

lography cell constants were determined by a least-

squares fit to the setting parameters of 25 independent

reflections, measured at room temperature using an En-

raf–Nonius CAD4 diffractometer using graphite mono-

chromated Mo Ka radiation (0.71073 Å) and operating in

the x – 2h mode. Empirical absorption correction (w
scans) and data reduction were performed with the

WINGX [30] suite of programs. The structures were

solved by direct methods with SIR97 [31] and refined by

full-matrix least-squares analysis with SHELXL97 [32].

Non-hydrogen atoms were refined with anisotropic ther-

mal parameters, whereas hydrogen atoms were placed in

idealized positions and allowed to be refined riding on

the parent carbon atom. One remaining residual peak was

assigned as an oxygen atom of one water molecule. The

solvent oxygen was refined anisotropically and the cor-

responding hydrogen atoms were ignored. Molecular

graphics were prepared using ORTEP3 [33]. A summary
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of the crystal data, structure solution and refinement

parameters is given in Table 1, and selected bond lengths

and angles appear in Table 2.

Synthesis of the 99mTc-complexes (1a–3a)

A volume of 950 ll of the organometallic precursor fac-

[99mTc(OH2)3(CO)3]+ in phosphate buffer pH 7.4 (1a and

2a) or in saline pH 7.4 (3a), and 50 lL of a 10–3 M

solution of pz-MPOEt, in ethanol, or aqueous solutions of

pz-MPOH or pz-BPOH were placed in a 10-mL glass vial

under nitrogen. The vial was then heated to 100 �C for

30 min, cooled on an ice bath and the final solution was

analyzed by RP-HPLC. Retention times: 16.3 min (1a),

11.4 min (2a) and 13.2 min (3a).

Plasma stability in vitro

3a (100 lL) was added to 500 lL of human plasma and

incubated at 37 �C. After incubation (0, 1, 2 and 4 h),

aliquots (100 lL) were taken and the plasma proteins

precipitated with ethanol (200 lL). The plasma was cen-

trifuged at 3,000 rpm for 15 min at 4 �C and the super-

natant (protein-free plasma) filtered trough a Millipore

filter (0.22 lm), and was analyzed by RP-HPLC.

Biodistribution studies

The in vivo behavior of complexes 1a–3a was evaluated in

groups of four to five female CD-1 mice (randomly bred,

Charles River) weighing approximately 20–25 g each. The

animals were injected intravenously with 100 lL (7.0–

18.5 MBq) of each preparation via the tail vein and were

maintained on normal diet ad libitum. All animal studies

were conducted in accordance with the highest standards of

care, as outlined in European law. Mice were killed by

cervical dislocation at 1 and 4 h after injection. The in-

jected radioactive dose and the radioactivity remaining in

the animal it being killed were measured with a dose cal-

ibrator (Aloka, Curiemeter IGC-3, Tokyo, Japan). The

difference between the radioactivity in the injected and the

killed animal was assumed to be due to total excretion from

whole animal body. Blood samples were taken by cardiac

puncture when the animals were killed. Tissue samples of

the main organs were then removed, weighed and counted

using a c counter (Berthold). Biodistribution results were

expressed as the percentage of the injected dose (ID) per

gram of tissue. For blood, bone and muscle, total activity

was calculated assuming that these organs constitute 6, 10

and 40% of the total weight, respectively. The remaining

activity in the carcass was also measured with a dose

calibrator. Blood samples, collected when the animals were

killed, were centrifuged, the serum separated and treated

with ethanol to precipitate the proteins and the supernatant

was analyzed by HPLC, as described already for the in vi-

tro plasma stability evaluation. The urine samples were

filtered trough a Millipore filter (0.22 lm) and were also

analyzed by RP-HPLC.

Table 1 Crystallographic data for complex 1

Formula C18H31ClN4O7PRe

M (g mol–1) 668.09

Crystal system Monoclinic

Space group P21/n

a (Å) 13.5880(17)

b (Å) 13.7897(10)

c (Å) 14.870(3)

a (�) 90

b (�) 106.929(9)

c (�) 90

V (Å3) 2665.4(7)

Z 4

T (�C) 21(2)

q (calculated) (g cm–3) 1.665

l (Mo Ka) (mm–1) 4.760

Reflections collected 5,989

Independent reflections 5,745 (Rint = 0.0355)

Parameters 293

Ra 0.0551(0.1073)b

wR2
a 0.0867(0.1014)b

a The values were calculated for data with I > 2r(I)
b Based on all data

Table 2 Selected bond lengths (angstroms) and angles (degrees) for

the cation of complex 1

Re(1)–C(3) 1.876(11) Re(1)–C(2) 1.895(10)

Re(1)–C(1) 1.895(9) Re(1)–N(4) 2.176(6)

Re(1)–N(1) 2.201(6) Re(1)–N(3) 2.258(6)

C(1)–O(1) 1.159(9) C(2)–O(2) 1.155(10)

C(3)–O(3) 1.159(11)

C(3)–Re(1)–C(2) 87.3(4) C(3)–Re(1)–C(1) 88.5(4)

C(2)–Re(1)–C(1) 86.6(4) C(3)–Re(1)–N(4) 174.2(3)

C(2)–Re(1)–N(4) 98.4(4) C(1)–Re(1)–N(4) 93.0(3)

C(3)–Re(1)–N(1) 92.4(3) C(2)–Re(1)–N(1) 95.1(3)

C(1)–Re(1)–N(1) 178.1(3) N(4)–Re(1)–N(1) 86.0(2)

C(3)–Re(1)–N(3) 95.8(3) C(2)–Re(1)–N(3) 176.1(4)

C(1)–Re(1)–N(3) 91.2(3) N(4)–Re(1)–N(3) 78.5(2)

N(1)–Re(1)–N(3) 87.1(2)
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Results and discussion

Synthesis and characterization of the phosphonate-

containing conjugates pz-MPOH and pzBPOH

As mentioned already, the 99mTc-labeled phosphonates in

clinical use consist of a mixture of species, most likely with

polymeric structure, which have not yet been fully char-

acterized. The metal is believed to be in a higher oxidation

state, most presumably +IV [34] and, in vivo, the phos-

phonate groups are not exclusively used to bind to the bone

but are also used to coordinate to the metal in such

chemical species. In the case of the lower oxidation states,

namely, in the case of the fac-[99mTc(CO3)]+ core, P–O–Tc

coordination has also been observed [35]. In order to label

BPs with the fac-[99mTc(CO3)]+ core and to discharge the

possibility of unspecific coordination of the phosphonic

acid groups to the metal, we have taken advantage of both

the coordination properties of the pyrazolyl-containing

chelators and of the remarkable stability (in vitro and

in vivo) shown by the 99mTc tricarbonyl complexes an-

chored by such ligands [21, 23, 24]. Thus, on the basis of

the concept of a bifunctional chelating approach, we de-

signed and synthesized the pz-MPOEt and pz-MPOH

model ligands, which contain, simultaneously, a MP moiety

and the N,N,N donor-atom set of the pyrazolyl-containing

backbone (Scheme 1). These compounds were prepared

from the same common precursor, the pz(Boc)-MPOEt

intermediate, which was obtained by direct alkylation of the

secondary amine in 3,5-Me2–pz(CH2)2NH(CH2)2 NH–Boc

with diethyl (2-bromoethyl)phosphonate (Scheme 1). Selec-

tive deprotection of the Boc group in pz(Boc)-MPOEt with

CF3COOH afforded, in high yield (approximately 90%), the

pz-MPOEt molecule as a pale yellow viscous oil, which is

soluble in most organic solvents and almost completely

insoluble in water. Treatment of the intermediate pz(Boc)-

MPOEt with trimethylsilyl bromide, followed by hydrolysis

with MeOH/H2O yielded pz-MPOH as a highly water soluble

white solid. Both MP-containing ligands were thoroughly

characterized by the usual analytical techniques in chemistry,

as described in ‘‘Materials and methods.’’

Synthesis and characterization of the Re tricarbonyl

complexes with the pz-MPOEt and pz-MPOH

conjugates

Considering that the presence of a MP moiety could modify

the coordination mode of the N,N,N donor-atom set of

the pyrazolyl-containing backbone towards the core fac-

[M(CO3)]+ (M is 99mTc, Re), we decided to study reactions of

the organometallic precursor [ReBr(CO)5] with pz-MPOEt

and pz-MPOH. We found that these two compounds

react with the precursor affording the cationic complexes

[Re(CO)3(j
3-pz-MPOEt)]+ (1) and [Re(CO)3(j

3-pz-MPOH)]+

(2) (Scheme 2).

Complex 1, obtained as an air-stable hygroscopic white

solid, was characterized by the usual analytical techniques,

including X-ray diffraction analysis. The pz-MPOEt ligand

coordinates as neutral and tridentate through the nitrogen

atoms of the pyrazolyl–diamine ligand backbone. The fa-

cial arrangement of the carbonyl groups in 1 is evidenced

by the CO-stretching absorptions in the IR spectra [18, 22].

The m(CO) stretching bands appear at 2,098, 2,027 and

1,901 cm–1. These values are within the range normally

found for other complexes with the moiety ‘‘fac-

Re(CO)3.’’ As expected, the 31P NMR spectrum in CD3OD

shows only one singlet at d 29.4, which is slightly shifted to

higher field relative to the chemical shift of the free ligand

pz-MPOEt (d 32.8). The most important feature of the
1H NMR spectrum of complex 1 is related to the diaste-

reotopic character of the protons of the primary amine (d
5.57, 1H; d 3.80–3.68, 1H), and of most of the methylenic

protons of the ligand backbone upon coordination to the

metallic center (d 4.54, 1H; d 3.95–3.88, 1H; d 3.43, 1H; d
3.23–3.19, 1H; d 2.96, 1H and d 2.31–2.28, 1H). This

behavior is typical for asymmetric pyrazolyl–diamine li-

gands with the N,X,N donor-atom set (X is S, N), and had

already been observed in other tricarbonyl complexes,

being strong evidence of ligand coordination [21–23].

The structure of the cationic complex [Re(CO)3(j3-pz-

MPOEt)]+ (1) consists of ion-pair units in which the Re

atom in the cation is in a distorted octahedral environment.

An ORTEP view of the cation of complex 1 is shown in

Fig. 1. Selected bond distances and angles are listed in

Table 2.

The carbonyl groups occupy one triangular face of the

coordination polyhedra, with the other three remaining

coordination sites being defined by the tridentate pz-

MPOEt ligand. In compound 1, the chloride ion, which

appears as a consequence of the replacement of the bro-

mine atom during recrystallization from chloroform/

n-hexane, forms hydrogen bonds with the primary amine.

The N4...Cl distance and N–H–Cl angles are 3.153(6) Å

and 158.1(4)�. Deviations from the ideal octahedral

geometry can be seen on the bond angles around the Re

atom (Table 1). The cis and trans bond angles range be-

tween 86.0(2) and 98.4(4)� and between 174.2(3) and

178.1(3)�, respectively. The Re–C distances are almost

identical, spanning from 1.876(11) to 1.895(9) Å, being

comparable with the values found for other Re(I) tricar-

bonyl complexes anchored by pyrazolyl-based ligands that

we have previously reported [21–23]. The Re–N4 bond

distance in 1 [2.176(6) Å] is, as expected, slightly shorter

than the distance between the metal and the nitrogen atom

of the secondary amine in 1 [Re–N(3), 2.258(6) Å]. The

Re–N1 bond distance in 1 is comparable with the values
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reported for Re–Npz* of other Re(I) complexes containing

pyrazolyl-based ligands [21–23].

Owing to unfavorable kinetics, even after several at-

tempts, we were not able to isolate the organometallic

complex [Re(CO)3(j3-pz-MPOH)]+ (2) in a pure form. In

fact, after refluxing stoichiometric amounts of pz-MPOH

with [Re(CO)5Br] in water, for 18 h, two chemical species

could be identified by RP-HPLC and 1H/31P NMR spec-

troscopy. One of the species was the free ligand (pz-

MPOH), as indicated by its RP-HPLC chromatogram and

multinuclear NMR spectra, which were in excellent

agreement with those of an authentic sample. The other

species formed was formulated as [Re(CO)3(j3-pz-

MPOH)]+ (2), mainly on the basis of the 1H/31P NMR

spectra (see ‘‘Materials and methods’’). In the 1H NMR

spectrum of 2, the presence of the azolyl ring resonances

and the characteristic diastereotopic splitting pattern for the

methylenic and amine protons of the coordinated pz-

MPOH could be easily assigned. Such a pattern, compa-

rable with that of complex 1, is consistent with a tridentate

coordination mode for the ligand. The 31P NMR spectrum

of complex 2 in D2O shows only one singlet at d 23.4 ppm,

which is shifted downfield (D = 3.1 ppm) relative to the

shift of the free pz-MPOH. This shift is of the same order

of magnitude as that observed for the structurally charac-

terized complex 1 (D = 3.4 ppm) in CD3OD. These results

also confirm that the phosphonic acid group is not involved

in the coordination to the metal. In fact, the D values found

for 1 and 2 are far below the range previously found for

organometallic Re(I) complexes directly stabilized by

phosphonic acids (D = 16–30 ppm) [35]. These data al-

lowed us to conclude that, under the conditions studied, the

pz-MPOH ligand coordinates to the metal center most

likely through the N,N,N donor-atom set, and no unspecific
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interactions occur between the phosphonic acid group and

the metallic center. Thus, on the basis of these results, we

designed the bifunctional chelating agent pz-BPOH. The

conjugate was prepared according to the general procedure

outlined in Scheme 3.

The first step involves the preparation of the pz(Boc)-

BPOEt intermediate by conjugation of aminomethylen-

ediphosphonic acid tetraethyl ester with the bifunctional

pyrazolyl-containing chelator 3,5-Me2pz(CH2)2–N((CH2)3

COOH)(CH2)2–NH–Boc using HOBt and DCC as coupling

reagents. Simultaneous removal of the Boc and ethyl ester

protective groups was achieved in one-pot reaction using

trimethylsilyl bromide under appropriate experimental

conditions. The final BP-containing ligand pz-BPOH was

obtained in the form of a white solid soluble in water and

alcohols, and insoluble in most organic solvents. The

structures of both the intermediate ligand pz(Boc)-BPOEt

and the final product pz-BPOH were confirmed after

thorough characterization by IR and 1H/13C/31P NMR

spectroscopy, and elemental analysis. The characteristic

splitting pattern of the peak at d 5.19 (triplet of doublets),

assigned to the CH proton of the phosphonate unit in

pz(Boc)-BPOEt, and the corresponding coupling constants

(2JPH = 22.2, 3JHH = 10.2) observed in the 1H NMR

spectrum are obvious evidence for amide bond formation

during the coupling reaction. In the case of the pz-BPOH

conjugate, the 1H NMR spectrum in D2O presents the

typical sharp singlet peaks for the H(4) proton (d 6.07) and

the methyl groups of the pyrazolyl ring (d 2.20 and d 2.14).

Broad resonances for the methylenic protons of the back-

bone are also observed. The 13C spectrum shows 14 peaks,

which correspond to all the carbon nuclei of the ligand. A

single peak (d 13.7) for the two phosphorus nuclei present

in the molecule can be found in the 31P NMR spectrum.

The IR spectrum of pz-BPOH presents two strong bands at

about 1,647 and 1,154 cm–1 assigned to the m(C=O) and

m(P=O) stretching bands of the amide and phosphonic acid

groups, respectively.

In order to establish unambiguously the coordination

mode of the ligand pz-BPOH towards the metallic core fac-

[M(CO)3]+ (M is Re, 99mTc), and to concomitantly prove

that the BP pendant moiety is not complexing the metal, we

developed two different synthetic approaches to isolate the

rhenium organometallic complex 3 in a pure form

(Scheme 4). In the so-called direct method, we reacted a

stoichiometric amount of pz-BPOH with the recently de-

scribed organometallic precursor [Re(CO)3(H2O)3]Br in

refluxing water overnight [29]. After full evaporation of the

solvent, the crude product obtained was dissolved in a

H2O/acetonitrile mixture (90:10) and purified by semipre-

parative RP-HPLC, giving complex 3 in approximately

50% yield. The same complex has also been obtained in

high yield via an indirect method, using the well-charac-

terized organometallic complex I as starting material [23].

The coupling of the BP moiety to the pendant carboxylic

acid group was accomplished by reacting I with 1-ami-

nomethylenediphosphonic acid tetraethyl ester in the

presence of the activating agent HOBt to give the inter-

mediate complex II. Complex 3 was then obtained by di-

rect hydrolysis of the tetraethyl esters in II with

trimethylsilyl bromide. It is worth noting the high stability

exhibited by the rhenium tricarbonyl complexes II and 3

in the presence of trimethylsilyl bromide, a strong Lewis

acid.

Complex 3 was obtained in both cases as an air-stable,

pale yellow clear oil, and was thoroughly characterized by
1H/13C/31P NMR spectroscopy. The purity (above 92%) of

the isolated compound in both synthetic methods was

ascertained by analytical RP-HPLC (retention time

13.9 min). The use of 2D NMR experiments (1H–1H

COSY and 1H–13C HSQC) was crucial for the assignments

of the NMR spectra, and for full characterization of the

compound. The 31P NMR spectrum shows only one very

broad singlet at approximately d 11.1 (D2O), which is

slightly shifted to higher field relative to the chemical shift

of the free ligand pz-BPOH (d 13.7). The 1H NMR spec-

trum of the product in D2O presents the typical singlet peak

at d 6.01 assigned to the H(4) of the azole ring and the two

characteristic singlet peaks at d 2.24 and d 2.13 assigned to

the methyl groups of the pyrazolyl ring. The diastereotopic

splitting pattern of the amine and of the methylenic protons

could also be observed, and all signals were properly

attributed (see ‘‘Materials and methods’’). The NMR data

obtained for complex 3 are consistent with the tridentate

coordination mode of the pyrazole–diamine ligand back-

bone, and no unspecific interactions between the pendant

bisphosphonic acid group and the metal could be detected.

N2
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O2

C2

C3

O3

P1

O5

O4

O6

C1 O1

Fig. 1 ORTEP view of complex 1 with selected atoms numbered;

thermal ellipsoids are drawn at the 30% probability level
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Synthesis and characterization of the 99mTc building

blocks

In phosphate-buffered aqueous solutions (pH 7.4), or in

saline pH 7.4 or pz-MPOEt, pz-MPOH and pz-BPOH react

at 100 �C with the precursor fac-[99mTc(CO)3(OH2)3]+

giving in high yields 1a, 2a and 3a as single well-defined

species (Table 3).

The chemical identity of the complexes 1a–3a was

confirmed by comparison of their HPLC profiles with those

of the corresponding rhenium complexes (1–3), previously

synthesized and characterized (Table 3).

Evaluation in vitro and in vivo of the 99mTc complexes

1a–3a

The stability of the organometallic radioactive model

complexes 1a and 2a, obtained in high radiochemical yield,

was evaluated in vitro. As expected for complexes an-

chored on pyrazolyl–diamine chelators, the model com-

plexes 1a and 2a show great stability in vitro under

physiologic conditions. No decomposition products or

reoxidation to pertechnetate was observed by RP-HPLC

analysis, even after incubation of the radioactive com-

plexes in phosphate-buffered saline (pH 7.4, 37 �C, 24 h)

or in human plasma (37 �C, 4 h). These data, together with

the high in vivo stability shown by other bioorganometallic

complexes stabilized by pyrazolyl-containing ligands [15–

18], prompted us to pursue the in vivo biological studies,

and to evaluate tissue distribution of complexes 1a–3a in

view of the bone affinity and the uptake and clearance from

major organs. Biodistribution studies of 1a–3a were per-

formed in groups of four to five mice, in order to assess

the effect of the MP/BP pendant arm on their ability to bind

to bone. For comparative purposes, the biodistribution of

the bone-imaging radiopharmaceutical 99mTc-MDP was

also studied in the same animal model. The organ distri-

bution (percentage of the ID per gram) of 1a–3a and

of 99mTc-MDP as a function of time is summarized in

Table 4.

Rapid blood clearance and rapid washout from main

organs, except those related to excretion, were found for

the complexes 1a–3a. Additionally, none of them pre-

sented a high level of stomach radioactivity indicating

good in vivo stability. The main differences are related to

the main excretory route and the whole-body total excre-

tion. Complexes 1a and 2a have a significantly higher

hepatobiliar uptake than complex 3a. The liver radioac-

tivity rapidly clears into the intestines, suggesting the

hepatobiliar tract is the main excretory pathway for those

complexes, while complex 3a seems to be eliminated via

the urinary pathway. Furthermore, complex 3a showed the

fastest total excretion (72.0 ± 1.8 and 74.1 ± 1.3% at 1 and

4 h after injection, respectively). Complex 3a showed a

rapid accumulation and long residence in the bone, and its

uptake by this organ was significantly higher than those of

1a and 2a, certainly owing to the presence of the BP

pendant arm in the molecular structure of the ligand. This

high accumulation of radioactivity in bone, as well as the

high bone-to-blood (18) and bone-to-muscle (38) ratios,

suggests the potential of 3a as a bone-seeking agent.
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Scheme 3 Synthesis of the bisphosphonate-containing conjugate pz-
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However, the comparative analysis of the biodistribution

data and those obtained with 99mTc-MDP, in the same

animal model, indicated a similar biokinetics profile, but a

significantly lower bone uptake.

To verify the in vivo stability of complexes 1a–3a,

samples of murine serum and urine collected when the

mice were killed were also analyzed by radiometric RP-

HPLC. The murine serum, isolated from blood collected

60 min after intravenous administration, did not show any

traces of pertechnetate, and more than 95% of the radio-

activity could be assigned to the complexes. Analysis of

urine collected when the mice were killed (60 min) dem-

onstrated again high in vivo stability of the complexes,

because no metabolites could be detected. As an example,

the HPLC chromatograms of urine samples collected from

mice injected with 2a and 3a are shown in Fig. 2. The

resistance to metabolic degradation in blood and the

excretion of the 99mTc tricarbonyl complexes intact into

the urine demonstrate their high in vivo robustness.

Conclusions

We have developed a promising organometallic radio-

complex (3a), which comprises a pyrazolyl-containing

backbone with a N,N,N donor-atom set for metal stabil-

ization and a pendant bisphosphonic acid group for bone

binding (pz-BPOH). The complex is a single, well-defined

chemical species, which was been identified by comparison

of its chromatographic behavior with that of the rhenium

analogue 3. Complex 3a is stable in vivo, without any

measurable decomposition or reoxidation. Biodistribution

studies of the radiocomplex in mice indicated a fast rate of

blood clearance and high rate of total radioactivity excre-

tion, occurring primarily through the renal–urinary path-

way. Despite the moderate bone uptake (3.04 ± 0.47%

ID g–1 organ, 4 h after injection), the high stability pre-

sented by the radioactive probe 3a and its adequate in vivo

pharmacokinetics, namely, its favorable bone-to-blood and

bone-to-muscle ratios, encourages the search for new li-

gands with the same chelating unit (pyrazolyl-containing

backbone), but bearing other bisphosphonic acid pendant

arms, with higher bone affinity, namely, 1-hydroxy-1,1-

bisphosphonates.
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Scheme 4 Synthesis of the

rhenium tricarbonyl complex 3.

The identification system for

NMR assignments is displayed

Table 3 Experimental conditions for the synthesis of complexes 1a–

3a and retention times of the complexes in the reversed-phase high-

performance liquid chromatography (RP-HPLC) chromatograms

Complex Labeling conditions Yield

(%)

RP-HPLC

retention

times (min)Time

(min)

Temperature

(�C)

[L] (M)

1a 30 100 5 · 10–5 >96 16.3 (15.8)a

2a >98 11.4 (10.8)a

3a >96 13.2 (13.9)a

a Re complexes
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Supplementary material

Crystallgraphic data (without structure factors) for the

structure reported in this paper have been deposited with

the Cambridge Crystallographic Data Centre as supple-

mentary publication no. CCDC-622301. Copies of the data

can be obtained free of charge from the CDCC (12 Union

Road, Cambridge CB2 1EZ, UK; tel.: (+44) 1223-336-408;

fax: (+44) 1223-336-003; e-mail: deposit@ccdc.cam.ac.uk;

website see link below http://www.ccdc.cam.ac.uk).
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