
Re(CO)3 Complexes Synthesized via an Improved Preparation of
Aqueous fac-[Re(CO)3(H2O)3]+ as an Aid in Assessing 99mTc Imaging
Agents. Structural Characterization and Solution Behavior of Complexes
with Thioether-Bearing Amino Acids as Tridentate Ligands

Haiyang He, † Malgorzata Lipowska, † Xiaolong Xu, † Andrew T. Taylor, † Maria Carlone, ‡ and
Luigi G. Marzilli* ,‡

Department of Radiology, Emory UniVersity, Atlanta, Georgia 30322, and Department of
Chemistry, Louisiana State UniVersity, Baton Rouge, Louisiana 70803

Received February 3, 2005

Parallel studies of the preparation of Re and 99mTc agents aid in interpreting the nature of tracer 99mTc
radiopharmaceuticals. Aqueous solutions of the fac-[99mTc(CO)3(H2O)3]+ cation are gaining wide use and are readily
prepared, but such solutions of the fac-[Re(CO)3(H2O)3]+ cation (1) are not so easily accessible. Herein we describe
a new, reliable, and straightforward preparation of aqueous solutions of 1, characterized by HPLC and ESI-MS.
Treatment of solutions of 1 with thioether-bearing amino acids, AAH ) S-methyl-L-cysteine (MECYSH), S-propyl-
L-cysteine (PRCYSH), and methionine (METH), gave high yields of fac-Re(CO)3AA complexes. X-ray crystallographic
and NMR analyses indicated that MECYS-, PRCYS-, and MET- were bound in fac-Re(CO)3AA complexes as
tridentate monoanionic ligands through amino, thioether, and R-carboxyl groups. In CD3OD, 1H NMR spectra have
broad signals but have two sets of signals at −10 °C, consistent with two isomers with different configurations at
the pyramidal sulfur; these interconvert slowly on the NMR time scale at low temperatures. Indeed, the crystal
structure of the fac-Re(CO)3(PRCYS) reveals a mixture of the two possible diastereoisomers. S-(Carboxymethyl)-
L-cysteine (CCMH2) and 1 gave two products, 5A (kinetically favored) and 5B (thermodynamically favored). X-ray
crystallographic analyses of a crystal of 5B and of a 1:1 cocrystal of 5A and 5B showed that 5A and 5B are
diastereoisomers with the CCMH- R-carboxyl group dangling. In addition to the amino and thioether groups, the
S-(carboxymethyl) carboxyl group is coordinated, a feature that slows interconversion of diastereoisomers relative
to the other fac-Re(CO)3AA complexes because interconversion can now occur only after the rupture of Re−ligand
bonds. These N, O, and S tridentate adducts are quite stable, and the grouping has promise in 99mTc(CO)3 tracer
development.

Introduction

Technetium-99m (99mTc), the most prevalent diagnostic
radionuclide in nuclear medicine,1-8 has ideal nuclear
properties that make it the radionuclide of choice for

diagnostic imaging. Radiopharmaceutical synthesis utilizing
a {99mTcVO}3+ core has received the most attention.2,9-12
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For example, the{99mTcVO}3+ core is used in renal
imaging agents such as99mTcO(MAG3) (MAG3 is mer-
captoacetylglycylglycylglycine)13-16 and99mTcO(EC) (EC is
ethylenedicysteine).17 Recently, the numerous synthetic
advantages of the99mTcI precursor [99mTc(CO)3(H2O)3]+ have
shifted the focus of99mTc radiopharmaceutical development
to agents with a{99mTc(CO)3}+ core.18-22

Nonradioactive Re analogues are useful for understanding
the chemistry of the radioactive99mTc species and for ligand
design. This analogue approach has been used widely to
develop and to evaluate agents with the{99mTcVO}3+

core.11,23,24The preparations of TcVO and ReVO species are
analogous; however, the method of preparation of
[99mTc(CO)3(H2O)3]+, reduction of99mTcO4

- in the presence
of CO in water,25,26 is inefficient for preparing the precursor
of the ReI congener. [Re(CO)3(H2O)3]+ has been obtained
mainly by the hydrolysis of (NEt4)2[Re(CO)3Br3],27,28 pre-
pared by a tedious reaction of Re(CO)5Br with NEt4Br that
may lead to other products such as (NEt4)[cis-Re(CO)4Br2],29

(NEt4)2[Re2(CO)6Br4],28 and (NEt4)[Re2(CO)7Br3].29 Obtain-
ing reasonable yields of (NEt4)2[Re(CO)3Br3] requires the
use of a large volume of dry diglyme under N2, strict control
of the reaction temperature, and removal of the excess of
NEt4Br. The need for these demanding experimental condi-
tions prompted us to seek a better preparation of aqueous
solutions of the [Re(CO)3(H2O)3]+ precursor, bypassing the
(NEt4)2[Re(CO)3Br3] step by solvating a rhenium pentacar-
bonyl synthon. Our initial studies showed that solvation of
Re(CO)5Br in water was slow. Indeed, a report published
after this phase of our work was completed indicates that
[Re(CO)3(H2O)3]Br is formed from Re(CO)5Br directly in
boiling water only after 24 h.30 At a 2003 ACS meeting31

we presented a simple, straightforward method for preparing
solutions of [Re(CO)3(H2O)3]+ from Re(CO)5OTf32 (OTf )
trifluoromethanesulfonate), and here we report all details of
this preparation as well as the use of the solution in synthetic
studies.

We have been interested in developing radiopharmaceu-
ticals possessing high renal clearance.22,24,33-40 99mTc-labeling
of peptides and ligands designed to target the organic anion
tubular transporter has generally led to agents with high
clearance.13,14,16,17Small peptides are easy to synthesize and
modify, are less likely than typical ligands to be im-
munogenic, and are more likely to exhibit rapid blood
clearance. In most cases, the primary sites of interactions of
the peptides are specific receptors on the outer surface of
the cell membrane (extracellular). All these factors make
small peptides excellent candidates for the development of
target-specific radiopharmaceuticals.41

As a relatively soft receptor, the{99mTc(CO)3}+ core
prefers ligands with soft sp2 aromatic nitrogen and thioether
donors.42-45 A bifunctional approach that incorporates ligat-
ing groups such as pyridyl groups into amino acids or
peptides has proved successful in labeling the{99mTc(CO)3}+

core.21 However, designing pyridine rings into ligands to
enhance labeling also raises the overall lipophilicity, which
usually leads to labeled agents with undesirably high
hepatobiliary uptake.46 We chose to explore the direct
{99mTc(CO)3}+ labeling of amino acids. Obviously, to form
stable99mTc(CO)3 complexes, the best choices in ligands are
chelates that bind as tridentates. Past studies have shown
that99mTc(CO)3 agents with tridentately coordinated ligands
exhibit better clearance characteristics in vivo than agents

(12) Han, Y.; Harlan, C. J.; Stoessel, P.; Frost B. J.; Norton, J. R.; Miller,
S.; Bridgewater, B.; Xu, Q.Inorg. Chem.2001, 40, 2942-2952.

(13) Fritzberg, A. R.; Kasina, S.; Eshima, D.; Johnson, D. L.J. Nucl. Med.
1986, 27, 111-116.

(14) Taylor, A.; Eshima, D.; Fritzberg, A. R.; Christian, P. E.J. Nucl. Med.
1986, 27, 795-803.

(15) Itoh, K. Ann. Nucl. Med.2001, 15, 179-190.
(16) Shikano, S.; Kanai, Y.; Kawai, K.; Ishikawa, N.; Endou, H.J. Nucl.

Med.2004, 45, 80-85.
(17) Taylor, A.; Hansen, L.; Eshima, D.; Malveaux, E.; Folks, R.; Shattuck,

L.; Lipowska, M.; Marzilli, L. G. J. Nucl. Med.1997, 38, 821-826.
(18) Alberto, R.; Pak, J. K.; van Staveren, D.; Mundwiler, S.; Benny, P.

Biopolymers2004, 76, 324-333.
(19) Mundwiler, S.; Candreia, L.; Hafliger, P.; Ortner, K.; Alberto, R.

Bioconjugate Chem.2004, 15, 195-202.
(20) Kramer, D.; Davison, A.; Davis, W. M.; Jones, A. G.Inorg. Chem.

2002, 41, 6181-6183.
(21) Banerjee, S. R.; Levadala, M. K.; Lazarova, N.; Wei, L.; Valliant, J.

F.; Stephenson, K. A.; Babich, J. W.; Maresca, K. P.; Zubieta, J.Inorg.
Chem.2002, 41, 6417-6425.

(22) Lipowska, M.; Hansen, L.; Marzilli, L. G.; Taylor, A.J. Nucl. Med.
2001, 42, 259P.

(23) DiZio, J. P.; Fiaschi, R.; Davison, A.; Jones A, G.; Katzenellenbogen,
J. A. Bioconjugate Chem.1991, 2, 353-366.

(24) Hansen, L.; Marzilli, L. G.; Taylor, A.J. Nucl. Med.1998, 42, 280-
293.

(25) Alberto, R.; Schibli, R.; Egli, A.; Schubiger, A. P.J. Am. Chem. Soc.
1998, 120, 7987-7988.

(26) Alberto, R.; Ortner, K.; Wheatley, N.; Schibli, R.; Schubiger, A. P.J.
Am. Chem. Soc.2001, 123, 3135-3136.

(27) Alberto, R.; Egli, A.; Abram, U.; Hegetschweiler, K.; Gramlich, V.;
Schubiger, P. A.J. Chem. Soc., Dalton Trans.1994, 2815-2820.

(28) Hawkins, M. L.; Ginsberg, A. P.Inorg. Chem.1969, 8, 2189-2195.
(29) Abel, E. W.; Butler, I. S.; Ganorkar, M. C.; Jenkins, C. R.; Stiddard,

M. H. B. Inorg. Chem.1966, 5, 25-27.

(30) Lazarova, N.; James, S.; Babich, J.; Zubieta, J.Inorg. Chem. Commun.
2004, 7, 1023-1026.

(31) He, H.; Lipowska, M.; Xu, X.; Taylor, A.; Marzilli, L. G. InAbstracts
of Papers, 55th Southeast Regional Meeting of the American Chemical
Society, Atlanta, GA, Nov 16-19, 2003; American Chemical Soci-
ety: Washington, DC, 2003.

(32) Schmidt, S. P.; Nitschke, J.; Trogler, W. C.; Huckett, S. I.; Angelici,
R. J. Inorg. Synth.1989, 26, 113-116.

(33) Lipowska, M.; Hansen, L.; Cini, R.; Xu, X.; Choi, H.; Taylor, A. T.;
Marzilli, L. G. Inorg. Chim. Acta2002, 339, 327-340.

(34) Hansen, L.; Hirota, S.; Xu, X.; Taylor, A.; Marzilli, L. G.Inorg. Chem.
2000, 39, 5731-5740.

(35) Hansen, L.; Lipowska, M.; Melendez, E.; Xu, X.; Hirota, S.; Taylor,
A.; Marzilli, L. G. Inorg. Chem.1999, 38, 5351-5358.

(36) Hansen, L.; Yue, K. T.; Xu, X.; Lipowska, M.; Taylor, A., Jr.; Marzilli,
L. G. J. Am. Chem. Soc.1997, 38, 88965-8972.

(37) Hansen, L.; Xu, X.; Yue, K. T.; Kuklenyik, Z.; Taylor, A.; Marzilli,
L. G. Inorg. Chem.1996, 35, 1958-1966.

(38) Hansen, L.; Lipowska, M.; Taylor, A.; Marzilli, L. G.Inorg. Chem.
1995, 34, 3579-3580.

(39) Marzilli, L. G.; Banaszczyk, M. G.; Hansen, L.; Kuklenyik, Z.; Cini,
R.; Taylor, A., Jr.Inorg. Chem.1994, 33, 4850-4860.

(40) Hansen, L.; Cini, R.; Taylor, A.; Marzilli, L. G.Inorg. Chem.1992,
31, 2801-2808.

(41) Liu, S.; Edwards, D. S.Chem. ReV. 1999, 99, 2235-2268.
(42) Pietzsch, H.-J.; Gupta, A.; Reisgys, M.; Drews, A.; Seifert, S.; Syhre,

R.; Spies, H.; Alberto, R.; Abram, U.; Schubiger, P. A.; Johannsen,
B. Bioconjugate Chem.2000, 11, 414-424.

(43) Wust, F.; Skaddan, M. B.; Leibnitz, P.; Spies, H.; Katzenellenbogen,
J.; Johannsen, B.Bioorg. Med. Chem.1999, 7, 1827-1835.

(44) Santos, I. G.; Abram, U.; Alberto, R.; Lopez, E. V.; Sanchez, A.Inorg.
Chem.2004, 43, 1834-1836.

(45) Alves, S.; Paulo, A.; Correia, J. D. G.; Domingos, A.; Santos, I.J.
Chem. Soc., Dalton Trans.2002, 4714-4719.

(46) Vanbilloen, H. P.; Bormans, G. M.; Deroo, M. J.; Verbruggen, A. M.
Nucl. Med. Biol.1995, 22, 325-338.

He et al.

5438 Inorganic Chemistry, Vol. 44, No. 15, 2005



with mono- or bidentate ligands.47 Derivatives of cysteine
with a thioether function and providing a set of N, S, and O
chelating rings for the{99mTc(CO)3}+ core are ideal candi-
dates. Amino acids (AAH) with a thioether group, such as
S-methyl-L-cysteine (MECYSH) and methionine (METH),
are good model compounds for this approach. However, only
a few examples showing methionine orS-methylcysteine
tridentate coordination in metal complexes have been
reported;48-51 moreover, reports of investigations into the
coordination chemistry of metal carbonyl compounds made
from MECYSH and METH are quite rare.52

We describe here the complexes formed by [Re(CO)3-
(H2O)3]+ with MECYSH, METH, S-propyl-L-cysteine
(PRCYSH), andS-(carboxymethyl)-L-cysteine (CCMH2)
(Chart 1); all contain the monoanionic deprotonated amino
acid bound in a tridentate fashion. The last ligand has a
second carboxylic acid group, offering the potential of a
dangling carboxyl group for interaction with the renal
receptor, a desirable feature often present in promising renal
diagnostic agents with rapid clearance.16 A dangling carboxyl
group could also be used for bioconjugation of the agent to
a peptide or protein, a nucleic acid, etc.;53 this design would
allow the radionuclide to clear when the bioconjugate is
enzymatically hydrolyzed.

Experimental Section

General Methods. All reagents and organic solvents used
were reagent grade and were used without further purification.
Re(CO)5OTf32 andS-propyl-L-cysteine54 were prepared by known
methods. 1D NMR spectra were recorded on a Varian 600 MHz
spectrometer. COSY experiments were performed on a Bruker 500
MHz spectrometer, and chemical shifts were referenced with the
residual solvent signal. FTIR spectra were obtained (KBr pellets)
with a Nicolet 510M instrument. HPLC analyses were performed
on a Waters Breeze system equipped with a Waters 2487 dual
wavelength absorbance detector, Waters 1525 binary pump, and
XTerra MS C18 column (5µm; 4.6× 250 mm). HPLC solvents
consisted of the buffer [0.05 M TEAP (aqueous triethylammonium
phosphate) at pH 2.5, solvent A] and methanol (solvent B). The

HPLC system started with 100% of A from 0 to 3 min. The eluent
switched at 3 min to 75% A/25% B, at 6 min to 66% A/34% B,
and remained for 3 more min, followed by linear gradients: 66%
A/34% B to 34% A/66% B from 9 to 20 min; 34% A/66% B to
100% A from 20 to 30 min. The flow rate was 1 mL/min. The
electrospray ionization MS experiments were performed by using
the first two sectors of a JEOL SX102/SX102/E five-sector mass
spectrometer (configuration BEBEE). The ion source was a JEOL
Generation 2 ESI source operated at 5 kV. Water was introduced
through a needle at flow rates of approximately 10µL/min. Care
was taken to ensure that all other solvents were flushed from the
system by rinsing pure water through the system several times. The
needle was maintained at ground potential, while the front entrance
to the capillary in the source was used to apply the electrospray
potential (2-4 kV). A pneumatic nebulizer helped with the
electrospray process. A heated capillary at approximately 100°C
was used for desolvation. All of the skimmer and capillary voltages
were optimized for the signal. Elemental analyses were performed
by Atlantic Microlabs, Atlanta, GA.

[Re(CO)3(H2O)3]OTf (1). A suspension of Re(CO)5OTf (2.38
g, 5 mmol) in water (50 mL) was maintained at reflux. Upon
boiling, the mixture became a clear solution, which was cooled to
room temperature after 1 h. HPLC analysis showed only one sharp
peak (retention time (RT)) 3.6 min) and no change upon further
heating. This 0.1 M solution was analyzed directly by ESI-MS:
m/z325 ([Re(CO)3(H2O)3]+, 70%), 307 ([Re(CO)3(H2O)2]+, 71%),
289 ([Re(CO)3(H2O)]+, 100%), and 271 ([Re(CO)3]+, 62%). This
0.1 M solution was used as a stock solution for the following
reactions.

Re(CO)3(MECYS) (2). An aqueous solution (total 20 mL) of
S-methyl-L-cysteine (0.040 g, 0.30 mmol) and1 (2.5 mL, 0.1 M)
at pH 5 (adjusted with aqueous 2 M NaOH) was heated at 70-80
°C for 1 h. HPLC analysis of the solution showed only one sharp
peak (RT) 14.4 min). The solution was concentrated to 2-3 mL
by rotary evaporation and passed down a column of Sephadex G-15
(eluting with deionized water) to remove salt. The fractions collected
were evaporated to dryness and dried under vacuum to give pure
2. Yield: 0.090 g (89%). Anal. Calcd for C7H8NO5SRe: C, 20.79;
H, 1.99; N, 3.46; S, 7.93. Found: C, 20.94; H, 2.17; N, 3.58; S,
7.96. IR (KBr, ν/cm-1): 2026, 1920, and 1878.

Re(CO)3(PRCYS) (3).S-Propyl-L-cysteine (0.09 g, 0.55 mmol)
was dissolved in dilute aqueous NaOH (25 mL). The solution was
adjusted to pH 8 with 1 M HCl and added to1 (5 mL, 0.1 M). The
solution (pH 5-6) was heated at 70°C for 90 min; HPLC analysis
showed that the precursor was consumed and one sharp peak (RT
) 20.7 min) was observed (precipitate which started to form during
the reaction was dissolved by adding methanol before the HPLC
analysis). The solution was concentrated to 3-5 mL by rotary
evaporation. The precipitate formed was collected by filtration,
washed with a small amount of water, and dried under vacuum.
Yield: 0.14 g (65%). Anal. Calcd for C9H14NO5SRe: C, 25.00;
H, 2.79; N, 3.24; S, 7.41. Found: C, 25.15; H, 2.98; N, 3.40; S,
7.54. IR (KBr, ν/cm-1): 2029 and 1898. Crystals suitable for
X-ray crystallography were obtained by slow evaporation of the
CH3OH-H2O solution of 3. To test the stability of3, crystals
of 3 (17 mg) were dissolved in 5 mL of a methanol/water mixture
(2:3) and this solution was heated at 70°C for 90 min. HPLC
analysis showed only one peak (RT) 20.7) corresponding to the
original 3.

Re(CO)3(MET) (4). An aqueous solution (total 20 mL) of
L-methionine (0.16 g, 1.1 mmol) and1 (10 mL, 0.1 M) was adjusted
to pH 5.7 with aqueous 2 M NaOH and heated under reflux for 1
h. The solution was concentrated to 3-5 mL by rotary evaporation.
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The white solid formed was collected, washed with water, and
dried under vacuum. Yield: 0.31 g (74%). Anal. Calcd for
C8H10NO5SRe: C, 22.96; H, 2.41; N, 3.35; S, 7.66. Found: C,
23.33; H, 2.56; N, 3.45; S, 7.66. IR (KBr,ν/cm-1): 2028, 1914,
and 1888. Attempts to obtain crystals suitable for X-ray crystal-
lography failed. However, by usingD,L-methionine instead of
L-methionine, crystals suitable for X-ray crystallography were
obtained directly from the reaction solution as it was allowed to
cool slowly to room temperature.

Re(CO)3(CCMH) (5). An aqueous solution (total 10 mL) of
S-(carboxymethyl)-L-cysteine (0.093 g, 0.54 mmol) and1 (5 mL,
0.1 M) adjusted to pH 5 with 2 M NaOH was heated at reflux for
1 h. After the solution was allowed to cool to room temperature,
white crystals formed; these were collected (0.095 g) by filtration.
HPLC analysis for the crystals showed only one peak (RT) 13.1
min) (isomer5B). The crystals were suitable for X-ray crystal-
lography. The filtrate [two HPLC peaks, RT) 13.1 min (isomer
5B) and 13.6 min (isomer5A)] was evaporated to dryness, and the
solid (0.09 g) was washed with a small amount of water. Total
yield (5A + 5B): 82%. Anal. Calcd for5B (C8H8NO7SRe): C,
21.43; H, 1.80; N, 3.12; S, 7.15. Found: C, 21.11; H, 1.96; N,
2.99; S, 7.00.1H NMR [δ (ppm), DMSO-d6]: 13.49 (b, 1H), 5.71
(dd, 1H), 5.08 (t, 1H), 3.60 (d, 1H), 3.43 (d, 1H), 3.35 (dd, 1H),
3.23 (m, 1H), 2.72 (t, 1H). IR (KBr,ν/cm-1): 2029 (s), 1923 (s),
1875 (vs).

Attempts to isolate pure5A failed. An aqueous solution of
S-(carboxymethyl)-L-cysteine and1 at pH 5 kept overnight in the
refrigerator (5°C) yielded white crystals. HPLC and X-ray analysis
showed the crystals consisted of5A and5B in a 1:1 ratio.1H NMR
spectra of the crystals dissolved in DMSO-d6 exhibited two sets of
signals with a similar pattern; one set is attributed to5B, and the
other set, to5A (see below).

To examine the conversion of5A into 5B, a separate experiment
was carried out. A mixture ofS-(carboxymethyl)-L-cysteine (0.093
g, 0.54 mmol) and1 (5 mL, 0.1 M) in H2O (total 20 mL) at pH 5
was heated at 50°C (under mild conditions) and analyzed over
time by HPLC. With exclusion of a small impurity, the following
relative distributions of5B and5A were found: 30 min,5B, 40%,
and5A, 60%; 70 min,5B, 67%, and5A, 33%; 130 min,5B, 80%,
and5A, 20%. The temperature was then raised to 70°C, and the

sample was heated for an additional 210 min; subsequent analysis
showed that the distribution of the two isomers was virtually
unchanged:5B, 81%;5A, 19%.

Crystal Structure Analysis. Suitable crystals of3, 4, 5B, and
the 1:1 cocrystal of5A and5B were coated with Paratone N oil,
suspended in a small fiber loop, and placed in a cooled nitrogen
gas stream on a Bruker D8 SMART APEX CCD sealed tube
diffractometer with graphite-monochromated Mo KR radiation for
3 and Cu KR radiation for4, 5B, and the 1:1 cocrystal of5A and
5B. Crystals of4 were thin plates, limiting the completeness of
the data set. Data were obtained by using a series of combinations
of φ andω scans with 10-s (30 s for5B) frame exposures and 0.3°
frame widths. Data collection, indexing, and initial cell refinements
were all carried out by using SMART software (version 5.55 for
the 1:1 cocrystal of5A and5B; version 5.625 for4 and5B; version
5.628 for3).55 SAINT software was used for frame integration and
final cell refinements (version 6.02 for the 1:1 cocrystal of5A and
5B; version 6.36A for3, 4, and 5B).56 SADABS was used for
absorption corrections (1996 version for the 1:1 cocrystal of5A
and5B; version 2.08 for3, 4, and5B).57

The structures were solved by direct methods and difference
Fourier techniques (SHELXTL: version 5.10 for the 1:1 cocrystal
of 5A and5B; version 6.12 for3, 4, and5B).58 All the hydrogen
atoms were located in a difference Fourier map and were included
in the final cycles of least squares with isotropicUij ’s or as riding
atoms. All non-hydrogen atoms were refined anisotropically only
in 3 and4. All non-hydrogen atoms for structures in the cocrystal
of 5A and 5B were refined isotropically. Scattering factors and
anomalous dispersion corrections were taken from ref 59. Structure
solution, refinement, graphics, and generation of publication
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(59) Wilson, A. J. C., Ed.International Tables for X-ray Crystallography;
Kynoch, Academic Publishers: Dordrecht, The Netherlands, 1992;
Vol. C, Tables 6.1.1.4 (pp 500-502) and 4.2.6.8 (pp 219-222).

Table 1. Crystal and Structure Refinement Data for3, 4, 5B, and Cocrystals of5A and5B

parameter 3 4 5B‚0.5H2O 5A + 5B‚H2O

formula C9H12NO5ReS C8H10NO5ReS C16H18N2O15Re2S2 C16H18N2O15Re2S2

fw 432.46 418.43 914.86 914.86
space group C2 P21/c C2 P21

a (Å) 31.371(2) 14.1703(2) 12.6341(12) 7.3324(1)
b (Å) 6.1718(4) 7.9202(1) 8.0536(7) 21.4514(3)
c (Å) 29.357(2) 10.9282(2) 23.669(2) 7.4827(1)
R (deg) 90 90 90 90
â (deg) 117.122(3) 106.9530(10) 100.343(6) 100.619(1)
γ (deg) 90 90 90 90
V (Å3) 5058.9(6) 1173.19(3) 2369.1(4) 1156.80(3)
Z 16 4 4 4
T (K) 173(2) 173(2) 100(2) 173(2)
λ (Å) 0.710 73 1.541 78 1.541 78 1.541 78
dcalcd(g cm-3) 2.271 2.369 2.565 2.626
µ (mm-1) 9.781 22.022 22.066 22.596
F(000) 3264 784 1720 860
R [I > 2σ(I)]

R1
a 0.0484 0.0439 0.0502 0.0396

wR2
b 0.0909 0.1121 0.1261 0.1011

R (all data)
R1

a 0.0551 0.0456 0.0523 0.0397
wR2

b 0.0930 0.1139 0.1273 0.1011

a R1 ) Σ||Fo| - |Fc||/Σ|Fo|. b wR2 ) [Σ(w(Fo
2 - Fc

2)2)/[Σ(w(Fo
2)2)]1/2.
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materials were performed by using SHELXTL software as described
above.58 Crystal data of all complexes are presented in Table 1;
selected bond distances appear in Table 2.

Results and Discussion

Crystal Structures of 3, 4, 5A, and 5B.Interesting details
of the crystal structures and molecular parameters are
presented below after the synthetic and solution studies are
discussed. All complexes show a molecular structure consist-
ing of a distorted octahedron with three carbonyl ligands
occupying one face. The other three remaining coordination
sites are occupied by one N, one S, and one O of the chelate
ligands. The Re-C, Re-O, Re-N, and Re-S bond dis-
tances of all complexes are normal (Table 2), compared with
those found in previously reported Re tricarbonyl com-
plexes.60,61

R-Amino acids can commonly act as bidentate ligands,
including a number of metal complexes with the bidentate
methionine or S-methylcysteine coordinated through N,
O62-64 or N, S65-67 donor atoms. In particular, the product
in a report on the reaction of Re(CO)5Br with METH was
Re(CO)3Br(METH), in which METH acts as a bidentate
ligand, leaving an uncoordinated carboxylic acid.68 However,
our methods lead to complexes with the amino acids acting
as capping tridentate ligands with amino, carboxylate, and
thioether groups occupying the three available sites on the
{Re(CO)3}+ core.

Synthesis and Characterization of 1.[Re(CO)3(H2O)3]+

(1) is a useful precursor for the preparation of Re(CO)3

complexes because the three water molecules are readily sub-
stituted by a variety of ligands. Traditionally, this precursor
was obtained by the hydrolysis of (NEt4)2[Re(CO)3Br3].27,28

The disadvantages of preparing (NEt4)2[Re(CO)3Br3] by
using Re(CO)5Br and an excess of NEt4Br have been outlined
in the Introduction. A much easier procedure would be to
solvate the rhenium pentacarbonyl synthon, bypassing the
(NEt4)2[Re(CO)3Br3] step. Because Mn(CO)5OTf can be
converted to [Mn(CO)3(acetone)3]+,69 and because OTf- is
a weakly coordinating hydrophilic anion,70 we explored a
one-pot reaction to prepare [Re(CO)3(H2O)3]+ (1) from
Re(CO)5OTf in water. A clear solution of1 was formed when
an aqueous suspension of Re(CO)5OTf was boiled for 1 h.
HPLC analysis showed a sharp peak and no change upon
further heating. ESI-MS analysis of this solution confirms
that the reaction forming1 goes to completion: The
predominant fragments in the MS spectra are [Re(CO)3-
(H2O)3]+ (70%), [Re(CO)3(H2O)2]+ (71%), [Re(CO)3(H2O)]+

(100%), and [Re(CO)3]+ (62%); no fragments containing
[Re(CO)5]+ or [Re(CO)4]+ are present. This preparative
method (1) leads readily to formation of the desired rhenium
tricarbonyl precursor1 in water in 1 h, (2) requires no further
purification steps, and (3) provides a stock solution of1
suitable for the synthesis of the rhenium tricarbonyl com-
plexes reflective of the procedures used to prepare99mTc
radiopharmaceuticals.

Synthesis and Characterization of 2-4. Reactions of1
with MECYSH, PRCYSH, or METH gave high yields of
the neutral complexes, Re(CO)3(MECYS) (2), Re(CO)3-
(PRCYS) (3), and Re(CO)3(MET) (4), respectively. HPLC
analysis showed the presence of only one product for each
reaction mixture. All of these pure complexes are only
slightly soluble in water but are easily soluble in polar
organic solvents such as methanol and DMSO. The IR
spectra of these complexes contain two or three strong bands
in the 2029-1878 cm-1 region, typical of rhenium tricar-
bonyl complexes.71-73

Solution Behavior of 2-4. Treatment of solutions of1
with thioether-bearing amino acids gave high yields offac-
Re(CO)3AA complexes. Although HPLC analyses of all
products showed a single sharp peak, the1H NMR spectra
of all these complexes in D2O or CD3OD recorded at room
temperature have broad signals. However, at low temperature
(-10 °C) in CD3OD sharp spectra (Table 3) showing two
sets of signals indicated the presence of two interconverting
species. Because sulfur has two lone pairs of electrons and
because each ligand has a chiral carbon, the formation of
diastereoisomers upon coordination is clearly possible. Two
isomers can equilibrate by inversion of the sulfur configu-

(60) Egli, A.; Hegetschweiler, H.; Alberto, R.; Abram, U.; Schibli, R.;
Hedinger, R.; Gramlich, V.; Kissner, R.; Schubiger, P. A.Organo-
metallics1997, 16, 1833-1840.

(61) Nuber, B.; Oberdorfer, F.; Ziegler, M. L.Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem.1981, B37, 2062-2064.

(62) Brand, U.; Rombach, M.; Seebacher, J.; Vahrenkamp, H.Inorg. Chem.
2001, 40, 6151-6157.

(63) Yamanari, K.; Fuyuhiro, A.Bull. Chem. Soc. Jpn.1995, 68, 2543-
2550.

(64) de Meester, P.; Hodgson, D. J.J. Am. Chem. Soc.1977, 99, 6884-
6889.

(65) Theodorou, V.; Photaki, I.; Hadjiliadis, N.; Gellert, R. W.; Bau, R.
Inorg. Chim. Acta1982, 60, 1-7.

(66) Gainsford, G. J.; Jackson, W. G.; Sargeson, A. M.J. Chem. Soc., Chem.
Commun.1979, 802-803.

(67) Caubet, A.; Moreno, V.; Molins, E.; Miravitlles, C.J. Inorg. Biochem.
1992, 48, 135-152.

(68) Kovalev, V.; Ioganson, A. A.Zh. Obshch. Khim.1987, 57, 1939-
1943.

(69) Prinz, U.; Koelle, U.; Ulrich, S.; Merbach, A. E.; Maas, O.;
Hegetschweiler, K.Inorg. Chem.2004, 43, 2387-2397.

(70) Shaver, R.; Rillema, D. P.Inorg. Chem.1992, 31, 4101-4107.
(71) Gibson, D. H.; He, H. Y.; Mashuta, M. S.Organometallics2001, 20,

1456-1461.
(72) Zobi, F.; Blacque, O.; Schmalle, H. W.; Spingler, B.; Alberto, R.Inorg.

Chem.2004, 43, 2087-2096.
(73) Correia, J. D. G.; Domingos, A.; Santos, I.; Alberto, R.; Ortner, K.

Inorg. Chem.2001, 40, 5147-5151.

Table 2. Selected Bond Distances of3, 4, and5A and5B

3 4 5A 5B

Re-O(carboxyl) 3A, 2.159(5) 2.166(6) 2.171(8)a 2.148(9)
3B, 2.180(5) 2.158(10)
3C, 2.182(5) 2.160(9)a

3D, 2.170(5)
Re-S 3A, 2.5005(18) 2.499(2) 2.455(3)a 2.469(4)

3B, 2.4956(18) 2.459(4)
3C, 2.500(2) 2.454(3)a

3D, 2.504(2)
Re-N 3A, 2.215(6) 2.194(11) 2.228(10)a 2.244(12)

3B, 2.201(6) 2.265(12)
3C, 2.194(6) 2.247(10)a

3D, 2.215(6)
Re-C 1.88-1.92 1.91-1.94 1.90-1.94a 1.92-1.93

1.89-1.92
1.89-1.94a

a Data from the5A and5B cocrystal.
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ration. The X-ray crystal structure of3 reveals the presence
of both diastereoisomers (see X-ray structure discussion
below).

A COSY experiment performed on Re(CO)3(PRCYS) (3)
in CD3OD at -8 °C (Figure 1) revealed an intense set and
a weak set of signals. The relative intensity of the two sets
is 2.5:1. NH NMR signals are not present due to exchange
with solvent deuterium atoms (occurring within 30 min). For
the intense set, the propyl triplet at 1.05 ppm (methyl)
correlates with the multiplet at 1.75 ppm (central methylene),
which in turn correlates with the signal at 2.76 ppm

(S-methylene). Because the NH’s had exchanged, we as-
signed HR by analogy to compound2 (see below). Both the
Ηâ signals correlate with the broad signal at 4.31 ppm, which
is therefore assigned to the HR for the major diastereoisomer.
The signal at 2.90 ppm is assigned to theΗâ trans to HR
from the doublet of doublets [Ηâ coupling with the geminal
Ηâ (J ) 14 Hz) and to the HR itself (J ) 4 Hz)]. The signal
at 2.77 ppm (almost overlapped with theS-methylene signal)
is assigned to theΗâ cis to HR.

Assignment of the propyl signals of the minor diastereo-
isomer was performed in an analogous fashion by analyzing
the correlations between signals at 1.09 ppm (methyl), 1.77
ppm (central methylene), and 3.08 ppm (S-methylene). The
doublet at 3.22 ppm is assigned toΗâ cis to HR, because
of the cross-peak with the broad HR signal at 4.20 ppm and
with the poorly resolved doublet of doublets at 2.54 ppm,
which is assigned to theΗâ trans to HR.

Re(CO)3(MECYS) (2) has1H NMR characteristics similar
to those of3: broad peaks at room temperature; sharp peaks
at low temperature; and the presence of two sets of signals
(in a 4:1 ratio). In a COSY experiment performed on2 in
CD3OD at -10 °C (Figure 2), the more intense singlet at
2.45 ppm (S-methyl group) correlates with the doublet at
2.69 ppm (assigned to the Hâ cis to HR, Jgem ) 12 Hz) and
with the doublet of doublets at 2.94 ppm (assigned to the
Ηâ trans to HR, Jgem ) 12 Hz;Jvic ) 3 Hz). The singlet at
2.45 ppm also shows a long-range correlation with the broad
signal at 4.31 ppm, assigned to the HR of the major species.
The same HR signal also correlates with the two doublets at
4.95 and 6.18 ppm, assigned to the two nonequivalent NH
protons (Jgem) 9 Hz), the first cross-peak being smaller than
the second. Finally, we observed a cross-peak between the
two NH proton signals and a long-range correlation between
the most downfield NH signal (6.18 ppm) and the doublet
at 2.69 ppm for the Hâ cis to HR.

By analogy with these assignments for the major diaste-
reoisomer, the signals of the minor diastereoisomer were

Table 3. Important Chemical Shifts of All Complexes with Coupling Constant for Comparisona

complex N-H (cis to HR) N-H (trans to HR) HR Hâ (trans to HR) Hâ (cis toΗR) S-Rb

2 (major) 6.18 4.95 4.31 (b) 2.94 2.69 2.45 (s)
CD3OD,
-10 °C

Jgem) 9 Jgem) 9 Jvic ) 3; Jgem) 12 Jgem) 12

2 (minor) 6.26 5.15 4.20 (b) 2.52 3.26c 2.78 (s)
CD3OD,
-10 °C

Jgem) 9 Jgem) 9 Jvic ) 5; Jgem) 14

3 (major) 4.31 2.90 2.77d

CD3OD,
-10 °C

Jvic ) 4 Jvic ) 4; Jgem) 14

3 (minor) 4.20 2.54 3.22
CD3OD,
-10 °C

Jvic ) 3 Jvic ) 3; Jgem) 13 Jgem) 13

PRCYSH
ligand

3.66 3.14 2.87

CD3OD Jvic ) 3.6;Jvic ) 9 Jvic ) 3.6;Jgem) 15 Jvic ) 9; Jgem) 15
5A 6.21 3.98 3.49e (m) 2.34 3.49e(m) 3.65, 3.40

DMSO-d6 Jgem) 9.6 Jvic ) 12.0;Jgem) 9.6 Jvic ) 13.8;Jgem) 13.8 Jgem) 17.4
5B 5.71 5.08 3.23 (m) 2.72 3.35 3.60, 3.43

DMSO-d6 Jvic ) 3.6;Jgem) 10.8 Jvic ) 11.1;Jgem) 10.8 Jvic ) 12.9;Jgem) 13.8 Jvic ) 4.2;Jgem) 13.8 Jgem) 18
5B 5.58 5.05 3.50 (m) 2.88 3.37 3.68, 3.51

CD3OD Jvic ) 3.6;Jgem) 10.8 Jvic ) 11.1;Jgem) 10.8 Jvic ) 11.4;Jgem) 13.8 Jvic ) 4.2;Jgem) 13.8 Jgem) 17.4

a Chemical shifts (ppm), coupling constants (Hz).b R ) CH3 for 2 and R) CH2CO2 for 5A and 5B. c Signal overlaps with the signal of methanol.
d Signal overlaps with the signals of S-CH2 protons.e Signals overlap with each other.

Figure 1. COSY spectrum of Re(CO)3(PRCYS) (3) recorded at-8 °C in
CD3OD (M ) major species; m) minor species). Cis and trans are referred
to HR.
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assigned. Because of the relatively low intensity of the minor
diastereoisomer, we observed a correlation of theS-methyl
singlet (2.78 ppm) only to theΗâ trans to HR signal (doublet
of doublets at 2.52 ppm;Jgem ) 14 Hz;Jvic ) 5 Hz) and not
to the Hâ cis to HR doublet (3.26 ppm). On the other hand,
the twoΗâ signals both correlate with the broad signal at
4.20 ppm, assigned to the HR. We also observed a very weak
cross-peak between the two NH signals (doublets at 5.15
and 6.26 ppm,Jgem ) 9 Hz). Only the most downfield of
the two NH signals correlates with the HR signal. Finally,
we observed a long-range correlation between the most
downfield-shifted NH signal and the Hâ cis to HR) doublet.

The 1H NMR spectrum of compound4 is not very
informative because the signals are quite broad. Even at-10
°C, the signals of4 are still relatively broad and broader
than those of compounds2 and3 (-10 °C). However, the
broad peak for S-CH3 (2.70 ppm) observed at room
temperature is clearly split into two singlets at-10 °C (2.77
and 2.68 ppm) in an approximate 1:1 ratio. Six broad
aliphatic signals integrating to five protons vs the three
methyl protons are also present. Two broad, poorly resolved
signals (3.78, 3.82 ppm) integrating for a total of one proton
are assigned to HR.

The molecular structure of Re(CO)3(PRCYS) (3) shows
little difference in the chelate ring conformation between the
diastereoisomers; on the other hand, the inversion at the
sulfur atom causes a deshielding/shielding magnetic effect,
more evident in the cysteine Hâ (CH2) 1H NMR signals.
The different chemical shifts can be attributed to differential
van der Waals interactions with the lone pair of electrons
on the S.74 Moreover, it is interesting to note that the NH2

signals of2 (both species) are sharp, show geminal coupling,

and do not exchange with deuterium atoms. In contrast, the
NH2 group of3, freshly prepared in CD3OD, gave initially
only a low intensity peak, which completely exchanged in
30 min. When dissolved in CD3OD containing DCl,3 has a
1H NMR spectrum with one NH signal (6.10 ppm, integrating
for one proton), while, in dry DMSO-d6, three broad NH
signals (6.12 ppm, integrating for one proton, and 5.03
(minor) and 4.87 ppm (major), together integrating for one
proton) are observed, consistent with the presence of two
isomers.

Reaction, Synthesis, and Characterization of Isomers
of Re(CO)3(CCMH). Superior renal agents require the
presence of a dangling carboxyl group.16 S-(carboxymethyl)-
L-cysteine (CCMH2) provides a set of donors for effective
coordination to the{Re(CO)3}+ moiety and an extra car-
boxylate acid group for the renal receptor. A solution of1
and CCMH2 at pH 5-6 was heated at reflux for 1 h, and
crystals formed upon cooling.

HPLC analysis showed one peak (5B) for the crystals and
two peaks (5A and5B) for the mother liquor. HPLC analysis
of the product (dissolving crystals of5B in MeOH and
combining with the mother liquor) indicates that the synthetic
procedure gives a5B:5A ratio of roughly 4:1. The1H NMR
spectrum of5B in DMSO-d6 exhibits resonances assignable
to the cysteine NH and CH protons (Table 3), as well as to
the S-CH2CO2 group (3.60 and 3.43 ppm; the presence of
these two signals (doublets) confirms the diastereotopic
character of the methylene protons, consistent with this group
being within the chelate ring). The S-CH2CO2 methylene
signals of5B in D2O disappeared immediately after a small
drop of NaOD was added, revealing the acidic nature of these
protons. Three strong bands between 1875 and 2029 cm-1

in the IR spectrum of5B are consistent with the presence of
the fac-{Re(CO)3}+ moiety.

When attempts to isolate pure5A from the mother liquor
failed, we suspected that5A converted to5B. We repeated
the reaction under mild conditions and monitored the reaction
by HPLC. Indeed, at relatively short times and before the
reaction was completed, we observed the formation of5A
as a major product and5B as a minor product. With time
the amount of5A decreased while that of5B increased.
Another experiment, at 5°C, yielded cocrystals of5A and
5B. NMR (see below) and HPLC analysis of the crystals
showed essentially equal amounts of5A and 5B. X-crys-
tallography revealed that5A and5B are diastereoisomers,
with CCMH coordinated through the thioether group, the
amino group, and the carboxymethyl carboxylate group
instead of theR-carboxylate group (see below).

5B is slightly soluble in water, and HPLC analysis revealed
that it remained unchanged in solution for up to 6 h atroom
temperature. However, after the solution was heated at reflux
for 1 h, 5A was present, and the ratio of5B and 5A was
4:1, as observed for the synthetic reaction.5B is thermody-
namically preferred, whereas5A is kinetically preferred.

The 1H NMR spectrum in DMSO-d6 of 5A (from the
cocrystals of5A and 5B) reveals a similar set of cysteine

(74) Schaefer, T.; Kunkel, J. P.; Schurko, R. W.; Bernard, G. M.Can. J.
Chem.1994, 72, 1722-1727.

Figure 2. COSY spectrum of Re(CO)3(MECYS) (2) recorded at-10 °C
in CD3OD (M ) major species; m) minor species). Cis and trans are
referred to HR.
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NH, CH, and S-CH2CO2 methylene signals as found for
5B (see Table 3). The differences in chemical shifts for the
two NH signals and the two Hâ signals are greater for5A
compared to these differences in5B. This is particularly true
for the NH signals (6.21 and 3.98 ppm for5A; 5.71 and
5.08 ppm for5B). We attribute this behavior to the fact that
the relationship of the protons to the remainder of the
complex interchanges between the isomers. The NH cis to
HR (downfield NH signal of each isomer) experiences a
deshielding environment in5A but a shielding environment
in 5B. The opposite holds true for the NH trans to HR
(upfield signal).

It is important to note that the amino acid HR signals of
complexes2-4 are significantly downfield shifted with
respect to the free amino acid. On the other hand, the HR
signals in complexes5A or 5B are shifted little from the
free ligand value. Because the amino acid utilizes only the
amine N and the thioether S (but not anR carboxyl O) to
bind in complexes5A or 5B, whereas all three amino acid
donor groups participate in complexes2-4, the relative shift
of the HR signal may possibly be a useful indication of the
presence or absence ofR-carboxyl group coordination.

Crystallographic Studies of 3, 4, 5A, and 5B. Structure
of Re(CO)3(PRCYS) (3).Remarkably, the asymmetric unit

of complex3 contains four molecules with four independent
structures (Figure 3). Structural differences lie mainly in the
configuration of the sulfur center and in the orientation of
the propyl group.3A, 3B, and3D have the same chirality at
sulfur, where the lone pair of electrons isendoto the carbonyl
(trans to Re-OCO). In3A the propyl plane defined by three
carbon atoms is approximately equatorial to the octahedral
plane defined by Re-S, Re-OCO, and two Re-C bonds,
while it has axial orientation in3B or 3D. 3B and3D are
almost identical.3C has different chirality at sulfur, where
the lone pair isexoto the carbonyl (trans to Re-OCO). The
molecules with theendoconfiguration are most abundant, a
result consistent with previous experiments as well as
theoretical calculations for related Re(CO)3 complexes with
a substituent on a nitrogen center.75

All four molecules have very similar Re-S bond distances
of ∼2.50 Å, a value within the range for reported rhenium
thioether tricarbonyl complexes (2.45-2.52 Å).42,45,76-79 All
four molecules have very similar bond angles: cis and trans

(75) Lipowska, M.; Cini, R.; Tamasi, G.; Xu, X.; Taylor, T. A.; Marzilli,
L. G. Inorg. Chem.2004, 43, 7774-7783.

(76) Hoffmann, P.; Steinhoff, A.; Mattes, R.Z. Naturforsch., B: Chem.
Sci.1987, 42, 867-873.

(77) Heard, P. J.; Tocher, D. A.J. Organomet. Chem.1997, 549, 295-
304.

Figure 3. Perspective drawings of four independent molecules of Re(CO)3(PRCYS) (3) with 50% probability for the atomic displacement parameters
(ADP’s). 3A, 3B, and3D have the same chirality at sulfur, and3C has different chirality at sulfur.
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bond angles are in the ranges 73.8-102.4 and 172.4-174.6°,
respectively. The cis bond angle values indicate a higher
distortion from the idealized octahedral geometry in3 than
in 5A or 5B (see below).

Of particular interest is the fact that intermolecular
hydrogen bonds formed between the nonbonded carboxyl
oxygen and an amino proton occur between the same kind
of molecules (3A-3A, 3B-3B, 3C-3C, 3D-3D; not e.g.
3A-3B). This hydrogen bonding creates four well-organized
one-dimensional infinite strands.

Structure of Re(CO)3(MET) (4). Attempts to obtain
X-ray-quality Re(CO)3(L-MET) crystals failed, but theD,L-
methionine product formed suitable crystals and Figure 4
shows the geometry of the enantiomer of4 with D-meth-
ionine. Although the thioether is prochiral, only one chirality
is found in the crystal [S lone pairendo to the carbonyl
(trans to Re-OCO)]. The MET- coordinates tridentately,
forming five-membered, six-membered, and seven-membered
chelate rings. Reported structures show methionine acting
chiefly as a bidentate ligand, through N, S (e.g. Pt) or N,
O (e.g. Cu).62-67 To our knowledge, this is the first crystal
structure of a metal carbonyl complex with methionine
acting as a tridentate ligand. The Re-S bond distance of
4 is the same as that of3, at the longer end of the
Re-S(thioether) bond distance range for rhenium tricarbonyl
complexes.42,45,76-79

Intermolecular hydrogen bonds are formed between the
nonbonded carboxyl oxygen and the amino proton. Again,
it is interesting to note that the hydrogen bonds occur
between the identical types of molecules, i.e., only between
Re(CO)3(D-MET) or between Re(CO)3(L-MET). Hydrogen
bonds make two infinite strands and a six-membered cavity
between them, as shown in the Supporting Information.

Structures of Re(CO)3(CCMH) (5A and 5B). The
asymmetric unit of the cocrystals contains5A and5B and
one water of crystallization. The molecular structures of the
5B and 5A diastereomers are shown in Figure 5. The
molecular structure of5B from the cocrystal is chemically
identical with that of5B obtained from the crystal of pure
5B, for which HPLC shows only one peak. The latter crystals
formed as extremely small needles, and long exposure times
were required for each frame to achieve the intensity
necessary to obtain a satisfactory structure of5B.

The formation of diastereomers is a consequence of the
prochiral sulfur and the asymmetric carbon of the CCMH2

ligand. Because the chelate rings define coordination sphere
chirality and because they are linked by a sulfur with opposite
chiralities,5A and5B have different chiralities around the
metal. Exchanging the position of the dangling carboxyl and
the hydrogen in theR- position (L-cysteine becomesD-
cysteine) in5A would give the enantiomer of5B. Likewise,

(78) Adams, R. D.; Queisser, J. A.; Yamamoto, J. H.Organometallics1996,
15, 2489-2495.

(79) Adams, R. D.; Falloon, S. B.Organometallics1995, 14, 1748-1755.

Figure 4. Perspective drawing of Re(CO)3(D-MET) (4) with the MET-

ligand having aD absolute configuration with 50% probability for the
ADP’s.

Figure 5. Perspective drawing of Re(CO)3(CCMH) (5A) and Re(CO)3-
(CCMH) (5B) from the cocrystals of5A and5B with 50% probability for
the ADP’s. The water molecule is omitted for clarity.
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this L to D conversion in5B would give the enantiomer of
5A. In both 5A and 5B, the dangling carboxylic group is
axial (perpendicular) to the coordination plane defined by
Re-S, Re-OCO, and two Re-C bonds. This position of
the uncoordinated carboxyl group defines the orientation of
the HR proton to beexoto the carbonyl (trans to Re-OCO)
in 5B andendoin 5A. This is the major difference between
the two hypothetical pairs of enantiomers.

In 5A and 5B, the Re-S (thioether) bond distances of
∼2.45 Å are within the previously reported range (2.45-
2.52 Å) for rhenium tricarbonyl complexes.42,45,76-79 The
Re-S bonds in5A and 5B are 2.455(3) and 2.454(3) Å,
shorter than those in3 (e.g., 2.500(2) Å) and4 (2.499(2)
Å), consistent with the involvement of S in two chelate rings
in 5A and5B but only one ring in3 and4. The cis and trans
bond angles within the octahedron are in the ranges 80.9-
97.3 and 171.9-176.2° for 5B and 79.8-98.7 and 172.4-
175.5° for 5A, respectively. The values of the cis bond angles
are considerably closer to the octahedral values than these
values for3 and4.

We attribute this lower distortion of the Re bond angles
in 5A and 5B to the presence in5A and 5B of only two
(five-membered) chelate rings, producing less coordination
strain than produced by the three chelate rings in3 and4.
Likewise, the bond angles in4 are closer to those for an
octahedron because one of the three chelate rings formed
by the bound MET- ligand is six membered.

It should be pointed out that MET- ligand displays similar
coordinating and solution behavior in the ReOX2(MET)
complex,51 as we discussed above. In this complex, MET-

is a tridentate S, N, and O ligand. Two isomers coexist in
equilibrium in acetone. Exchange between these two isomers
is fast above room temperature, but the rate is slower below
0 °C.

Summary. The new, reliable, and straightforward syn-
thesis offac-[Re(CO)3(H2O)3]+ aqueous solutions described
here should permit convenient and more widespread synthesis
and characterization of water-soluble Re tricarbonyl com-
plexes. The resulting information should facilitate design and
development of99mTc tricarbonyl radiopharmaceuticals con-
taining the radionuclide which is widely used throughout the
world and which is utilized in the large majority of diagnostic

nuclear medicine procedures. Not only will parallel studies
of Re and99mTc agents facilitate99mTc tracer design but the
chemistry will spur the development of therapeuticâ-emitting
186Re- and188Re-based radiopharmaceuticals.80,81 Most of
the current99mTc agents utilize th e{99mTcVO}3+ core, but
the numerous synthetic advantages of the99mTcI precursor
[99mTc(CO)3(H2O)3]+ have shifted the focus of radiophar-
maceutical development to tricarbonyl agents;6,18,19,21a desire
to apply this approach to renal imaging agents has led us to
evaluate in animal models new99mTc tricarbonyl agents
containing ethylenediamine-N,N′-diacetic acid and thioether-
bearing amino acids.22,82 Our early work preparing Re
analogues was hindered by the lack of a reliable source of
fac-[Re(CO)3(H2O)3]+, but the methods described herein
eliminate this impediment.
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