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The ReOX;(met) compounds (X = ClI, Br) adopt a distorted octahedral structure in which a carboxylato oxygen lies
trans to the Re=0 bond, whereas the equatorial plane is occupied by two cis halides, an NH,, and an SCH;
group. Coordination of the SCH3 unit creates an asymmetric center, leading to two diastereoisomers. X-ray diffraction
studies reveal that the crystals of ReOBr,(p,.-met)-1/2H,0 and ReOBr,(p,L.-met)-1/2CH3;OH contain only the syn
isomer (S—CHs bond on the side of the Re=0 bond), whereas ReOCl,(p-met) and ReOCl,(p,L.-met) consist of the
pure anti isomer. *H NMR spectroscopy shows that both isomers coexist in equilibrium in acetone (anti'syn ratio
= 1:1 for X = Br, 3:1 for X = Cl). Exchange between these two isomers is fast above room temperature, but it
slows down below 0 °C, and the sharp second-order spectra of both isomers at —20 °C were fully assigned. The
coupling constants are consistent with the solid-state conformations being retained in solution. Complexes of the
type [ReOX;(His-aa)]X (X = CI, Br) are isolated with the dipeptides His-aa (aa = Gly, Ala, Leu, and Phe). X-ray
diffraction work on [ReOBr,(His-Ala)|Br reveals the presence of distorted octahedral cations containing the Re=
03%* core and a dipeptide coordinated through the histidine residue via the imidazole nitrogen, the terminal amino
group, and the amide oxygen, the site trans to the Re=0 bond being occupied by the oxygen. The alanine residue
is ended by a protonated carboxylic group that does not participate in the coordination. The constant pattern of
the’H NMR signals for the protons in the histidine residue confirms that the various dipeptides adopt a similar
binding mode, consistent with the solid-state structure being retained in CD;OD solution.

Introduction For the past few years, our laboratories have been involved

Technetium and rhenium play a major role in nuclear N the development of new Re(V) and Te(V) complexes with
medicine. While the-emitting ®"Tc isotope is involved in ~ @Mino acids and small peptides. These ligands are most
the majority of the nuclear diagnostic scans run in hospitals, Promising as bifunctional coupling agents (BFCA) to link
the radioisotope&®18Re are gaining considerable interest. the_ rad_lonl_JcIeus with a blologlcally gctlve molecule (BAM), _
The radiopharmaceutical$®Re-HEDP (bone palliatior?, which is elther a small peptide acting as a receptor agonist
188Re(V)-DMSA (radiotherapeutic or prostatic treatment), and O @ntagonist, or a monoclonal antibotyamong the
188Re-RC-160 (breast cancémave been approved or are advantages of using amino acids or small peptides as BFCAs,
being tested clinically. These Re isotopes present valuable/®t US mention their easy attachment to the BAM by
characteristics, since they emit both and sufficiently derivatization or solid-phase synthesis and the tunability of
energetics radiations, enabling their simultaneous use for the metal chelate hydrophilicity by changing the peptide side
nuclear imaging and treatment. chains' Various BAMs have been labeled witPP™c
complexes by the “bifunctional” method: neurotensin ana-
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labeled with the S-protected Cys-Gly-Cys tripeptit&)Tc-
P483 (Cys-Gly-Cys), which can be used to visualize infection
sites® and %™ c-P587 (Gly-Gly-Cys) and®Tc-P829 (6-
Dap)-Lys-Cys)? which bind to the somatostatin receptor.

Tessier et al.

Thiacrown-ether complexes are known for both Tc and Re
in various oxidation staté$; 2% whereas oxe-Re(V) com-
plexes with S,S,0- or S,0,S-coordinated dithia-alcohols
or bidentate RSCH,CH,—SR ligands have been pre-

Amino acids and peptides are also useful ligands as part ofpared® 27 Tc(V)/Re(V)—monothioether compounds are less
other strategies: the most widely used renal imaging agentcommon. Complexes with various multidentate ligands

is the Tc-essential complex of th®"™TcO?** core with
mercaptoacetyltriglycin&, whereas direct®Re labeling with

containing a single central or terminal thioether group have
been describetf 35 but with methionine, the only known

either octreotide or RC-160, analogues of the tetradecapeptidelc/Re complex is Re(CGBr(met) 3

somatostatin, shows promises for breast cancer thérapy.

We are reporting here the preparation and structural

Most of the peptides used in these systems contain acharacterization of ReOXmet) compounds in the solid state
thiolate donor group.We are considering non-thiol-contain-  and in solution. These compounds were found to present the
ing amino acids or small peptides as potential BFCAs, since disadvantage that the prochiral SCHroup leads to two
they avoid the thiol protection step that reduces labeling diastereoisomeric forms of the complexes. For this reason,
efficiency and the specific activity of the labeled biomolecule. we returned to the histidine residue used in our previous
The literature on Re(V) complexes with amino acids other study and decided to introduce it into the coordination sphere
than the thiolate-containing cysteine or penicillamine is as part of a dipeptide. In the second part of this work, we

limited to the complex with the Ndonor system Gly-Ala-
Gly-Gly,** ionic compounds of the type [ReO(dien-H)(aa)]
where dien-H is deprotonated diethylenetriamine and aa is
glycine, alanine, valine, leucine, or prolitfthe ReOX(his)
complexes (%= Cl, Br) containing N,N,O-tridentate histidine
prepared by our research grodpsnd the recently reported
species with the tetradentatg®lligand 3-hydroxy-4-[2-(2
pyridinecarboxamido)acetylamino]benzoic a#id.

are showing that complexes containing the Re@dte can
be prepared with the series of N-terminal histidine dipeptides
shown in Scheme 1.

Experimental Section

Reactants and Methods. K[ReO,] (Aldrich), p- and b,L-
methionine (Aldrich), the dipeptides (Sigma-Aldrich), the solvents,
and all other chemicals were used as received. Deuterated solvents

In the first part of the present study, we are using were purchased from CDN Isotopes. RefflOPPh)(Me,S) (X =

methionine to introduce sulfur in the coordination sphere of

Cl, Br) were prepared following the procedure of Grove and

a ReOX core as a protected thioether group. A variety of Wilkinson37.38

complexes are known with ligands containing two or more
thioether groups. Pietzch and co-workers recently investi-
gated the reactivity of the Tc(C@and Re(CO) moieties
with a series of RSCH,CH,—SR ligands, and their use as
BFCAs was proposetf.Coordination was also found to take
place with dithioether units linked to sterotfi$” acting as
anchor groups for breast tumor imaging or to functionalized
tropanol moieties for labeling the dopamine transpditer.
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Binding of the Oxo—Rhenium(V) Core

Scheme 1
R Dipeptide
0 —CHs His-Ala
HzN——Lr\i Hio —H His-Gly
- H  CcH
H——H B
H; |68 \Rl/\COOH —‘—QH His-Leu
NN H CH,
WY H
H, —'—@ His-Phe
H

IH NMR spectra were recorded on Bruker ARX-400 or DMX-

[ReOCIy(His-Ala)]Cl o 5(ReOy)o5 (4). Yield: 42%. Anal. Calcd
for Re Clys06N4CoH14°1/2CGHs: C 21.16, H 2.52, N 8.22.
Found: C 21.54, H 2.57, N 8.46. IR (KBr, cf): 999 vs, 1017
vs ¥(Re=0). FAB*-MS: m/z = 499 (M").

[ReOBr,(His-Ala)]Br (5). Yield: 68%. Anal. Calcd for
ReBrO4N4CoH14-1/3CGHs: C 19.03, H 2.32, N 8.07. Found: C
19.31, H 2.34, N 8.17. IR (KBr, cr): 1000 vs, 1014 v¢(Re=
0). FAB*-MS: miz = 589 (M").

[ReOCIy(His-Gly)]Cl g 5(ReOy)o 5 (6). Yield: 51%. Anal. Calcd
for Re Cly s06N4CgH1221/6CGHs: C 16.86, H 2.04, N 8.74.
Found: C 16.46, H 2.03, N 8.75. IR (KBr, c): 1012 vsy(Re=

600 spectrometers in deuterated methanol or acetone. The solvenp), FAB*-MS: miz = 485 (M").

signals ¢ 2.05 ppm for (CR),CO; 3.31 ppm for CROD) were

[ReOBry(His-Gly)1Br (7). Yield: 49%. Anal. Calcd for

used as internal references. IR spectra were recorded as KBr pelletReBr0,N,CgH12/5CHs: C 18.23, H 2.12, N 8.17. Found: C

from 4000 to 450 cm! on Perkin-Elmer 1750 FTIR or Perkin-

18.26, H 2.07, N 8.36. IR (KBr, cm): 1010 vsy(Re=0). FAB"-

Elmer Spectrum One spectrometers. Elemental analyses wereys: nyz = 575 (M*).

performed at the Laboratoire d’Analyse Elentaire de I'Universite
de Montral. Mass spectra were recorded in the FABode as
nitrobenzylic alcohol solutions at the Centrédrmal de Spec-
tromérie de Masse de I'Universitde Montrel.

Preparative work. ReOCly(p,L.-met-S,N,0)1/2CH;OH (1).

[ReOCl,(His-Phe)]Clo(ReOs)o1 (8). Yield: 60%. Anal. Calcd
for Rej__1C|2_904_4N4C15H13‘1/4C6H6: C 3040, H 302, N 8.59.
Found: C 30.28, H 3.12, N 8.57. IR (KBr, cf): 1015 vsy(Re=
0). FAB*-MS: miz = 575 (M").

[ReOBry(His-Phe)]Br (9). Yield: 59%. Anal. Calcd for

ReOCK(OPPR)(Me,S) (0.1 mmol) is suspended in acetonitrile (15 ReBrO,N,C;5H15-5/12GHe 1/4CHCN: C 27.47, H 2.72, N 7.56.
mL), b,L.-methionine (15.8 mg, 0.1 mmol) is added, and the green Found: C 27.45, H 2.77, N 7.63. IR (KBr, cf): 1015 vsy(Re=
suspension is refluxed for 3 h. The light blue solution is filtered oy FAB*-MS: mvz = 665 (M*).

and evaporated to dryness. The oily residue is dissolved in a [ReOCI,(His-Leu)]CloAReOs)os(10). Yield: 48%. Anal. Calcd
minimum of acetonitrile and precipitated with benzene. The solid o Re, ,Cl, /05 N4CioH20'1/2CGHs: C 26.48, H 3.41, N 8.23.
is then dissolved in methanol and left overnight in the refrigerator. Foung: ¢ 26.53, H 3.24, N 8.24. IR (KB, ci¥): 1003 vs, 1014
Dark-blue crystals ol are obtained. Yield: 22%. Anal. Calcd for g y(Re=0). FAB*-MS: m/z = 541 (M").
ReCLOsNSGH11/2CHOH: C 15.11, H 2.77, N 3.20. Found: [ReOBr,(His-Leu)]Br (11). Yield: 43%. Anal. Calcd for

C 14.90, H2.62, N 3.19. IR (KBr, cm): 995 vsv(Re=0). FAB™-  ReBRO,N.CizHao1/2CsHs- 1/ACHCN: C 24.51, H 3.15, N 7.84,

MS: m/z = 422 (M + H"). Found: C 24.14, H 3.32, N 7.90. IR (KBr, ci¥): 1002 vsy(Re=
ReOCl(p-met-S,N,0) (2). Same procedure as above, from 0). FAB*-MS: miz = 631(M").

p-methionine. The product is not soluble in methanol and is simply Crystallographic Measurements and Structure Determina-

washed with methanol. Yield: 46%. Anal. Calcd for o Blue crystals of ReOG(o-met) @) and ReOBs(D,L-mety
ReCLONSCHio: C 14.25, H 2.39, N 3.32. Found: C 14.17, H 1/2H,0 (3a) were obtained by recrystallization in acetonitrile.
2.34, N 3.17. IR (KBr, cm?): 996 vsv(Re=0). FAB*-MS: m/z Crystals of solvent-free ReOgb,L-met) (La) formed upon cooling
=422 (M + HY). of the acetonitrile reaction mixture. Those of Re@BJL-mety1/

_ ReOBry(0,L.-met-S,N,0y1/2CH;OH (3). The above procedure  >cp,0H (3) precipitated from a methanol solution left overnight
is applied starting with ReOB{OPPR)(Me,S). Dark blue-green  in the refrigerator. The X-ray data dr, 3, and3awere collected

crystals are obtained. Yield: 42%. Anal. Calcd for REBNSGH,o at room temperature with an Enraf-Nonius CAD-4 diffractometer
1/2CHOH: C12.55, H 2.30, N 2.66. Found: C 12.36, H2.17, N qing graphite-monochromatized CaKadiation under the control
2.64. IR (KBr, cn): 993 vsv(Re=0). FAB™-MS: m/z = 512 of the CAD-4 softward? The data set fo2 was obtained from a
M + H+?‘ . Bruker P-4 diffractometer under the control of the XSCANS
Dipeptide Complexes.ReOX(OPPh)(Me,S) (0.1 mmol) is software?® using graphite-monochromatized Maxadiation. All

suspended in acetonitrile (15 mL), the dipeptide (0.1 mmol) is c4jcylations were carried out with the SHELXTL systéfThe
added, and the green suspension is refluxed for 3 h. The light blue yprep procedur€ was used to apply an absorption correction

(chloro) or light green (bromo) solution is filtered off and evaporated 5564 on crystal morphology and to determine the Laue symmetry,

to dryness. The oily residue is dissolved in a minimum of & qematic absences, and space group. The structures were solved
acetonitrile and precipitated with benzene. The solid is washed with by direct methods or the heavy-atom method with SHEXShe

benzene and dried in vacuo. _ heavy atoms were initially found, and the remaining atoms were
The bromo compounds crystallize as the pure bromide salts, butien jocated from structure-factor calculations afelmaps with

for the chloro compounds, the counterion consists of varying gyEeLXL 47 The structure was refined by least squaregarThe
proportions of Ct and [ReQ]~ ions, the latter resulting from air

oxidation of Re(V) species. Mixed halide/perrhenate counterions (42) CAD-4 Softwareyersion 5.0 Enraf-Nonius: Delft, The Netherlands,

are commonly found for oxerhenium complexes with nitrogen 1989.

ligands!23%-41 Some of the solids retain lattice benzene and (43) XSCANS, X-ray Single-Crystal ANalysis Software, PC Version 5

L . . Lo Bruker AXS Inc.: Madison, WI, 1995.

acetonitrile, which are not removed by extensive pumping in vacuo. (44) SHELXTL, The Complete Software Package for Single-Crystal Struc-
ture DeterminationRelease 5.1,0Bruker AXS Inc.: Madison, WI,
1997.

(45) XPREP, X-ray Data Preparation and Reciprocal Space Exploration
Program, Release 5.1®Bruker AXS Inc.: Madison, WI, 1997.

(46) Sheldrick, G. M.SHELXS-97, Program for the Solution of Crystal
Structures University of Gdtingen: Gitingen, Germany, 1997.

(47) Sheldrick, G. MSHELXL-96, Program for the Refinement of Crystal
Structures University of Gdtingen: Gitingen, Germany, 1996.

(38) Bryan, J. C.; Stenkamp, R. E.; Tulip, T. H.; Mayer, J.INbrg. Chem.
1987 26, 2283-2288.

(39) Lebuis, A. M.; Young, J. M. C.; Beauchamp, A. Can. J. Chem.
1993 71, 2070-2078.

(40) Bdanger, S.; Beauchamp, A. Inorg. Chem1996 35, 7836-7844.

(41) Bdanger, S.; Fortin, S.; Beauchamp, A. Can. J. Chem1997, 75,
37-45.
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Table 1. Crystal Data

Tessier et al.

la 2 3 3a 5a
name ReOCGIp,L-met) ReOCJ(p-met) ReOBs(p,L-met) ReOBg(D,L.-met) [ReOBr(His-Ala)]-
1/2CHOH 1/2H,0 Br-1/2H,0-2CH;CN
chemical formula GH10CloNOsReS GH10Cl,NOsReS G.sH12BroNOs sReS GH11BroNOs sReS G3H21BraNeOs.sRe
Mw 421.30 421.30 526.24 519.23 759.32
space group P2;/c (No. 14) P2,212; (No. 19) P2;/c (No. 14) P2;/c (No. 14) P2,212; (No. 19)
a(A) 7.665(2) 5.976(1) 10.650(3) 10.500(3) 11.0459(3)
b (A) 10.834(3) 7.127(1) 15.659(4) 15.629(6) 18.7300(6)
c(A) 38.87(2) 25.232(7) 15.021(5) 14.669(5) 22.9226(7)
S (deg) 94.77(3) 100.28(2) 98.94(3)
V (A3) 3217(2) 1074.7(4) 2465(1) 2378(1) 4742.4(2)
z 12 4 8 8 8
pealed (g Cn13) 2.610 2.604 2.836 2.901 2.127
u (mm1) 28.42 11.97 16.50 29.42 16.23
2 (A) 1.54178 0.71073 0.71073 1.54178 1.54178
cryst size (mrd) 0.50x 0.20x 0.06 0.60x 0.17x 0.06 0.16x 0.08x 0.04 0.48x 0.11x 0.08 0.52x 0.09x 0.06
measured reflns 23295 12422 18962 14695 29103
indep refins Riny) 6103 (0.057) 3129 (0.058) 4837 (0.094) 4494 (0.099) 8679 (0.0046)
obsd reflns (> 20(1)) 5747 3022 3308 3891 5202
ranges oh, k, | —-9<h=9 —-8=<h=<8 —13<h=<13 —12<h=<12 —10=<h=<12
—13=<k=13 —10=k=10 —19=<k=19 —19=<k=19 —22=<k=22
—47=<1 =47 —35=<1=<35 —18=<1=<18 -17=<1=17 —27=1=<23
RiA(I > 20(1)) 0.0364 0.0270 0.0562 0.0485 0.0541
WR2 0.0868 0.0710 0.1262 0.1498 0.0860
S 1.275 1.201 1.020 1.049 0.877
Flacké* 0.005(11) 0.033(11)
2Ry = 3(IFol = IFell)/EIFol, WRe = [SW(Fo? — F2/S(WFAINY S = [SIW(Fe? — FAZ/(Nretns ~ Noaramd] 1%
non-hydrogen atoms were generally refined anisotropically. The Scheme 2 M
hydrogens were first placed at idealized positions with the standard,,,, ¢ |C|> X H N__4° CH,CN/ HC o
(C,N,0)-H distances of SHELXL and allowed to ride on the z ;Re“\ + Al OH __reflux H,c—S g WX 4 ox
supporting atom. Their isotropic temperature factdgs were fixed X X H——H o wd AN X
at values related to the equivalent temperature fadigrof the OPPh, T ‘ \,C/\c/
supporting atom by, = k x Ueq (Wherek = 1.5 (methyl, CH, W g

hydroxyl) or 1.2 (others)). ORTEP diagrams were produced with

the XP routine of SHELXTL. Crystal data are given in Table 1.

Blue needles of [ReOBfHis-Ala)]Br-1/2H,0-2CH;CN (5a)

were obtained by recrystallization in acetonitrile. A crystal was
mounted on a Bruker SMART CCD 2K diffractometer operating
with graphite-monochromatized CuoKradiation and controlled
by the SMART softwaré® The intensity data were collected over

pically, while the occupancies were fixed to 0.50 and the geo-
metrical constraints were retained. For the hydrogens of the
carboxylic groups and water molecule, idealized positions were
calculated by considering the positions of the hydrogen-bond
acceptors (Br ions in the case of water). Crystal data are listed in
Table 1.

a period of 16 h at room temperature, and they showed a decay of

14.7%. The SAINT prografi was used for cell refinement and
data reduction, whereas an empirical absorption correction was
applied using SADABS? The asymmetric unit contained two

Results and Discussion

Reactions with Methionine. The ReOX(met) compounds
are formed in blue (X= CI) or blue-green solutions (X

independent molecules. The coordinates of the Re atoms wereBr) by refluxing 1 equiv of methionine with ReQ¥OPPh)

determined by direct method%and the positions of all other non-
hydrogen atoms were found by the standard Fourier techifque.
Abnormally large thermal ellipsoids indicated that the carboxylic
unit was disordered in both molecules. These carboxylic groups
were connected by a pair of complementary-l@®--O hydrogen

(Me2S) in acetonitrile (Scheme 2). The pure solids are
obtained by recrystallization in methanol. Elemental analyses
and mass spectranz and isotopic distribution of the parent
peak) are consistent with the RegfXet) formula. Crystal-

bonds of the type commonly found in carboxylic acids. Since these |0_9|'aphic work (see .be|0W) shows that methionine is
systems often show twofold orientation disorder corresponding to tridentate S,N,O-coordinated. Thus, the coordination sphere

a 180 rotation about the £-CO, bond, idealized rigid carboxylic
groups (G=0 = 1.207 A, C-OH = 1.306 A, O--O(H) = 2.223
A; Cy-0 = 2.397 A, G++-O(H) = 2.352 A) were defined, and
coplanarity was imposed by the FLAT option of SHELXL. Two
such units initially oriented 180apart were defined, so that each

is similar to that of the corresponding histidine complexes
ReOX(his) 3 with replacement of the imidazole ring by the
—SCH; group. However, the thioether is a prochiral group,
and its coordination generates two diastereoisomers that differ
by the methyl group pointing either on the same side as the

oxygen “region” is occupied by equal amounts of carbonyl and Re=0 pond 6yn or in the opposite directionafti). Both

hydroxyl oxygens. These atomic positions were refined anisotro-

(48) SMART, Bruker Molecular Analysis Research Tddtlease 5.059

Bruker AXS Inc.: Madison, WI, 1999.

(49) SAINT, Integration Software for Single Crystal DaRelease 6.06

Bruker AXS Inc.: Madison, WI, 1999.

(50) Sheldrick, G. M.SADABS, Bruker Area Detector Absorption Cor-

rections Bruker AXS Inc.: Madison, WI, 1996.
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isomers are formed, as evidenced from the NMR spectra and
crystal structures to be discussed below.

The IR data and tentative assignments are listed in Table
S-1 (Supporting Information). The strong RO stretching
mode is found at-995 cn?, a relatively high wavenumber,
which suggests that the Rearboxylate bondrans to the
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significant changes in the orientation of the carboxylate for
the different molecules. In agreement with thensinfluence
of the thioether group being greater than that of an amine,
the Re-Cl1 bonds (2.3522.378 A), trans to S, are
systematically longer than ReCI2 (2.333-2.341 A),trans
to N (A/o ratio between 3.7 and 15). Comparisons among
the structures found in the Cambridge Structural Dataébase
reveal that the ReS bond is also sensitive to ti@nsdonor
atom: the typical Re'S distance is 2.30 Ao(= 0.04 A,
176 entries) fotrans N or O donors, while it increases to
2.42 A (0 = 0.05 A, 26 entries) fotrans Cl or Br atoms.
Our compounds belong to the latter type, and ourRe
bonds (2.408-2.429 A) lie close to the expected value.
The angles listed in Table S-2 (Supporting Information)
Figure 1. ORTEP drawing of one of the three independent molecules in describe an octahedron showing d'_StortlonS similar to those
the asymmetric unit of ReOglb,L-met) (La). The other two molecules have  noted for complexes with other amino acid$?>* The Re
avehw Sim”%r StrUfC:ﬁreth Ithe Tumtfcjfi?ﬁ SChemr?& fg_e _ftifStgi?_i't Cgfreiréog?)s atom is displaced 0.240.30 A from the “equatorial” plane
:rcl)dticgtensuﬁee;r)oc;itior?. Elcl)isggigé iorres;foi?jctcz) 40°/I<;q|prs)obabil7ity.' 2 On_the oxo side, which reS_UItS in ails-_O=Re_—L angles
being generally>90°, especially those involving the Re
Table 2. Selected Bond Lengths (A) in the Methionine Complexes Cl bonds (95.9-106.5). This also leads to large departures
Re—-O1 Re-02 Re-Xl1 Re-X2 ReN Re-S from 180 for thetransangles: N-Re—CI2 = 162—-165’;
la 1665(5) 2059(4) 2352(2) 2334(2) 2.147(5) 2.4292) O Re~Cll = 167-172; O=Re-O = 164-167". The
1.665(4) 2.029(4) 2.377(2) 2.341(2) 2.147(5) 2.416(2) carboxylato oxygen and the amino group coordinate nor-
5 i-g?gg; g-giggg gg%‘g; ggggg; g-iggg; %-Z‘gggg mally, with Re-O—C1 and Re-N—C2 (mean) angles of
3 1:659(11) 2'.052(10) 2‘_502(2) o 490(2) 2'.167(11) 5 431(3) 7122.3" and 111:1, respectively, but the for_matlon of the
1.643(10) 2.069(9) 2.516(2) 2.481(2) 2.162(12) 2.420(4) five-membered ring reduces the+fRe—O bite angle to
3a 1.657(7) 2.068(7) 2.506(1) 2.489(1) 2.154(8) 2.432(2) ~75° Inthe pyramidal environment of the S atoms, theRe
1.667(8)  2.064(r)  2.508(1) 2481(1) 2.137(8) 24323) g ¢ angles (107.£114.0, mean= 109.8) are close to
oxo ligand is not very strong. Coordination of the carboxylate the pseudotetrahedral value, but the®-C angles are-10°
group is confirmed by the shift to higher energy of the smaller (98.7100.7, mean= 99.3).
v4(COz) mode 1620 cn1?) to ~1700 cnt?, indicating that The six-membered Re/S/C4/C3/C2/N ring exhibits an
the carbonyl bond of the coordinated molecule has a high approximate chair conformation. The data in Table S-3
double-bond character. Other variations of the ligand vibra- (Supporting Information) show that, for each of the three
tions upon coordination are discussed in the Supporting mean planes through opposite bonds (Re/S/C3/C2, S/C4/C2/
Information. N, and Re/N/C3/C4), the two remaining atoms show
Crystal Structures. ReOChL(p,L.-met) (1a) and ReOC)(p- displacements of 0.591.20 A on opposite sides of the plane.
met) (2). Both compounds consist of distorted octahedral For a perfect chair arrangement, the six torsion angles around
molecules in which methionine is S,N,O-tridentate (Figure the ring should be equal with a sign alternance: H#9°/
1). The thioether unit, the NHgroup, and two chlorine  62°/—79°/81°/—59°/42° pattern observed (Table S-4) shows
ligands occupy the equatorial plane, whereas a carboxylatothe expected alternance. Interestingly, this conformation leads
oxygen liestransto the Re=O bond in the axial direction.  to a relatively short H1B-H3B distance of 2.25 A, which
Compoundsdla and2 both contain only thenti isomer (S- is reflected in théH NMR data to be discussed below. The
methyl group away from the ReO bond), where the two  five-membered Re/N/C2/C1/0O2 ring exhibits an envelope
asymmetric centers (amino acid central carbon and coordi-conformation, in which the Re, N, C1, and O2 atoms define

nated S atom) exhibit the same chiralitysCg or SCr). an approximate plane and C2 is offset 9.52 A (Table
Figure 1 shows one of the three crystallographically inde- S-3).
pendent molecules dfa, which contains the-met form and The molecules are held in the unit cell by an extended

corresponds to the $Ss pattern. In this racemic crystal network of hydrogen bonds formed by the amine protons
prepared fromp,L.-met, the unit cell inversion centers with the carboxylate oxygens and the Cl ligands (Figures
generate an equal number ofCx enantiomers. Compound  S-1 and S-2). Details are provided in Table S-5. The fact
2 was prepared frorp>-met, and it contains only therSr that these interactions are different for the three independent

enantiomer. molecules in compound explains the small differences
Selected bond lengths are listed in Table 2. The=Re

(1.665-1.673 A) and Re-NH, (2.147-2.160 A) distances  (51) Cambridge Structural Databasb.24 ed.; Cambridge Crystallographic

; ; ; ioti Data Centre: Cambridge, England, 2002.
cpmpare well with thOie found in the correspondmg histi (52) Kirsch, S.; Noll, B.; Spies, H.; Leibnitz, P.; Scheller, D.; Krueger, T.;
dine—Re(V) complexes? The Re—O(carboxylato) distances Johannsen, BJ. Chem. Soc., Dalton Tran$998 455—460.

(2.029-2.088 A) are also similar, although they exhibit a (53) E-"?ﬂh' S, ankovgl% E.ageiggitz, P.; Spies, H.; Johannsed, B.

. HE . 10l. Inorg. em. y — 9.
greater Va”_ab"'ty’ probably because hqugen bopdlng to (54) Chatterjee, M.; Achari, B.; Das, S.; Banerjee, R.; Chakrabarti, C.;
the uncoordinated oxygen and other packing effects introduce  Dattagupta, J. K.; Banerjee, Blorg. Chem.1998 37, 5424-5430.
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Figure 2. ORTEP drawing of one of the two independent molecules in
the asymmetric unit of ReOB(p,L-met)y1/2H,0 (3a). The other molecule

has a very similar structure. In the numbering scheme, the first digit
corresponds to the number of the molecule, and the second digit (on H, O,
and CI) indicates the position. Ellipsoids correspond to 40% probability.

Tessier et al.

complexes found in the Cambridge Structural Datatase
(Table S-6), thesyn configuration was observed 14 times,
usually with a chair conformation. The only two examples
of a boat conformatidi*¢involve tridentate methionine, and
the crystals are disordered, tegnboat molecules sharing

a crystallographic site with more abundamtti molecules.

It could be argued that thgynisomer in these crystals is
forced into a boat conformation by the crystallographic
framework defined mainly by theanti isomer, but this
assumption could hardly hold in the present case, since the
synisomer was obtained for both of our bromo compounds,
whose crystal packing is totally different. Therefore, we will
assume that this is the most stable arrangement fosythe
isomer of our ReO¥met) compounds.

The complexes are held together by a network of hydrogen
bonds in which the lattice water or methanol molecules
participate. Details are provided in Figure S-3 and Table S-5.

H NMR Spectroscopy of the Methionine Complexes.
The crude product from acetonitrile was soluble inJOD,
and spectra taken in this solvent showed both broad and well-

observed in the bond lengths and other structural featuresresolved signals. The latter signals were identified as those

involving the acceptor atoms.

ReOBr,(b,L-met)-1/2CH;0OH (3) and ReOBr,(D,L-met)-
1/2H,0 (3a). These compounds are isostructural, the lattice
water molecule oBabeing replaced by methanol 81 The
coordination sphere of rhenium (Figure 2) is the same as in
the above chloro compounds, but in this case sthesomer
(5—CHs bond on the same side as the=Re@ bond) is
isolated. Since the compounds are racemic, their unit cells
contain an equal number 0&Ss and SCr enantiomers.

The bond lengths and angles are listed in Tables 2 and
S-2, respectively. The ReBr bonds are similar to those
found for the histidine comple® As noted above, the Re
Brl bonds (mean 2.508 A) are slightly longer than-+8e2
(mean 2.485 A) because of theans influence of the

of protonated methionine (meii| Table 3). After recrys-
tallization in methanol, the solids became insoluble in this
solvent, and the study was pursued in deuterated acetone.
The sharp peaks of protonated methionine were no longer
present, but the remaining signals remained broad at room
temperature, even at 600 MHz, indicating that an exchange
process was underway. At @ and 600 MHz, the broad
signals split into two sets of sharp peaks, with an approximate
intensity ratio of 3:1 for the chloro complexekd&nd2) and
1:1 for the bromo complexe8# and3). They were assigned
to thesynand theanti isomers.

The spectrum of the chloro complex-a20 °C is shown
in Figure 3, where the signals are assigned according to the
atom labeling scheme used for the crystal structures. The

thioether group. Replacing Cl by larger Br atoms does not gpectra are rather complex, sincgi€an asymmetric center,
greatly affect the remaining bond lengths and angles, exceptmaking the Ha/Hss and Hia/Has protons nonequivalent. All

for a small increase of the (mean) XRe—X2 angle from
88.4 (Cl) to 89.7 (Br). The orientation of the S-methyl

signals in each set could be assigned from 2D spectrd @t
°C, but the spectra were second-order and simulations were

groups introduces important changes around the S atom: thgequired. The strategy applied is described in detail in the

C5-S—C4, C5-S—Re, and C4S—Re angles of 993
111.8, and 107.7 (anti, Cl) become 1023 107.2, and
101.2 (syn, Br), respectively. The SRe—0O “bite angle”
in the seven-membered ring is reduced from 84Ql) to
78.9 (Br).

In this synarrangement, the five-membered ring (Re, O2,
C1, C2, N) exhibits a half-chair conformation. The six-
membered Re/S/C4/C3/C2/N ring adopts a distorted boat
conformation: the Re, S, C3, and C2 atoms are roughly
coplanar (deviations 0.£20.20 A), whereas N and C4 are

displaced by 0.71 and 0.86 A, respectively, on the same side

of the plane (Table S-3). The sequence of torsion angles
(starting with Re-S—C4—C3, S-C4—C3—-C2...) is—69°/
52°/33°/—84°/45°/20° (Table S-4), that is, in agreement with
the typical—1/t/t/—t/z/t pattern for a boat conformation. It
this arrangement, a relatively close contact of 2.26 A exists
between H1B and H4A. Methionine does not commonly
adopt such a boat conformation: for the sample of 25 S,N,O-
or S,N-coordinated methionines in the 18 transition-metal
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Supporting Information. The chemical shifts and coupling
constants listed in Tables—% for these protons were
obtained by simulation with the NUTS softwae.

These assignments were checked for overall consistency
by comparing the torsion angles predicted from the coupling
constants by the MULDER progra&fwith those found in
the crystal structures (Table 5). The ranges given in Table 5
are based on the assumption that the coupling constants are
known to within+£0.5 Hz. The agreement between experi-
mental and calculated torsion angles is very good, not only
for the commortrans (180°) or gauche(60°) interactions,
but also for nonstandard relative orientations. For instance,
the small couplings of 1:61.5 Hz observed betweenldnd

(55) Balakaeva, T. A.; Churakov, A. V.; Ezernitskaya, M. G.; Kuz'mina,
L. G.; Lokshin, B. V.; Efimenko, I. ARuss. J. Coord. Chem999
25, 579-583.

(56) Hambley, T. HActa Cyrstallogr., Sect. BL98§ 44, 601—-609.

(57) NUTS 5.084 ed.; Acorn NMR: Livermore, CA, 1995.

(58) Padrta, P.; Sklenar, \J. Biomol. NMR2002 24, 339-349.
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Table 3. Chemical Shifts (ppm) of Methionine and Its Complexes

molecule Ha® Hiyg® H» Haa Hag Haa Hag Hs
metH 3.669 2.190; 2.036 2.637;2.610 2.122
metH; 2 4.148 2.256; 2.151 2.692;2.678 2.145
metH, P 8.350 4.529 2.324 2.869; 2.769 2.104
anti-ReOCh(metp 11.05 7.42 4.507 2.708 2.676 4.185 2.340 2.717
anti-ReOBp(mety 11.03 7.54 4.405 2.732 2.748 4.086 2.448 2.808
synReOCh(metp 10.86 7.20 4.789 2.537 3.145 3.672 4.643 2.970
synReOBp(metp 10.86 7.26 4.740 2.534 3.174 3.652 4.692 2.993

a|n CD30OD, RT.?In acetoneds, —20 °C. ¢ Variations within+0.05 ppm were observed from one sample to another for the ditihals.

Sy
water
5z
IAY 1BY
v "
L B N AL T T T T T T
110 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0
*
3A,3B)y
4Ay 4BY
4A, )
Y ’ J%EJJ e M
i J
<,..,.|..,1T,.H].‘H],.‘.W“.Ir,..[H,._,..,u.w'...[”.w....
3.8 3.6 34 32 3.0 2.8 2.6 24
8(ppm)

Figure 3. 1H NMR spectrum of ReOG(p,L-met) (1) in acetone at-20 °C. The signals are identified according to the proton numbering scheme used for
X-ray work (Figures 1 and 2), ¥= anti isomer, Z= synisomer. Asterisks indicate traces of gbH.

Table 4. Geminal Coupling Constants (Hz) of Methionine and Its The dynamics of substituent inversion has been studied
Complexes for various coordinated thioethetsbut quantitative studies
molecule 2)(Haa—Hzg) 2)(Han—Hag) for methionine have been conducted only with Pd and Pt
MetHea 145 13.4 complexes, for whichAG* values of 56-75 kJ/mol were
MetH; "2 14.6 13.5 observed?® % The parameters for the exchange between our
Zﬂﬂiﬁiggémﬁ’; o1 oy synandanti molecules were determined for compoutal
synReOCh(metf 15.6 12.7 from a series of spectra recorded at 400 MHz betwedA
synReOBp(mety 155 12,5 and +27 °C in acetone. Data are provided in Table S-7
a|n CD,OD, RT.5 In acetoneds, —20 °C. (Supporting Information). Arrhenius and Eyring plots gave

the following estimated thermodynamic parametefs:=
Hss (anti and between Hand Ha (syn are in good : :
agreement with the near orthogonality of the corresponding % APel: B, W Bhargava, S. K. Orrell, K. @rog. Inorg. Chem1984

32, 1-118.
C—H bonds in the structure. Similarly, the values-687° (60) Ankersmit, H. A.; Veldman, N.; Spek, A. L.; Eriksen, K.; Goubitz,
O ; O K.; Vrieze, K.; Vankoten, Glnorg. Chim. Actal996 252 203-219.
for Haa—Ce—Co—Hy (an,tl) and 3 for Hap C_:3 Co—He (61) Ankersmit, H. A.; Witte, P. T.; Kooijman, H.; Lakin, M. T.; Spek, A.
(syn are correctly predicted from the coupling constants. L.; Goubitz, K.; Vrieze, K.; Vankoten, Glnorg. Chem.1996 35,
The only case where the difference is appreciable is the-H 6053-6063.
. . (62) Norman, R. E.; Ranford, J. D.; Sadler, Plnbrg. Chem.1992 31,
N—C,—H; angle, but it is not totally surprising that the 877-888.

parameters of the MULDER software, based on free peptides(63) Galbraith, J. A.; Menzel, K. A.; Ratilla, E. M. A.; Kostic, N. Nhorg.
and amino acids, do not reproduce perfectly the behavior of Cher.1987 26, 2073-2078.

(64) Gummin, D. D.; Ratilla, E. M. A.; Kostic, N. Mnorg. Chem1986
protons very close to the metal center. 25, 24292433,
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Scheme 3
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Table 5. Comparison of the Torsion Angles Derived from the Vicinal
Coupling Constants with Those Determined by X-ray Diffraction for the
Methionine Complexes

cmY), in agreement with the reduction of bond order.
However, a shift to lower energy could also take place upon
deprotonation of the amide nitrogen. For instance, Stocco

ReOCh(mety ReOBg(metp and co-worker® found this band in the 16641641 cnt?
angle (deg) *J(Hz) angle (ded) *J (Hz) angle (ded) region for diorganotin(IV) complexes with His-Gly and other
anti (v) dipeptides, in which the ligand is tridentate N,N,O-
Ha—Cs—Cp—H,  —37.1 6.0 —37/-45 6.7 —32/-40 . S
Hag—Ca—Co—Ha 790 1.4 65/97 16 63/100 coordmate_d (NH deprotonated amld_e nitrogen, carboxylate).
:3A_g3_g4_:4A 2‘21-2 g; 5‘:5/537 23%8 63‘)1/4/% However, in the latter case, the amide Il band (out-of-phase
Hor—Co—Ca—Har  —61.9 34 _89/67 41 —55-62 combination of N-H deformation and €N stretching)
H3pe—Cs—Cs—Haiz  176.6 141 170/180 130  171/180 disappeared. For our complexes, the amide Il band is
Hia—N—Cp—H, 35.9 51  35/42 5.0  35/43 b d at-1565 cntl. virtuall d with
Hio—N—Co—Hy 82 35 _5664 39 5967 observed at-1565 cn?, virtually unmoved with respect to
syn(2) the free dipeptides. The presence of both vibrations for all
Hsp—Cs—Co—H,  —84.2 11 -84/-101 1.2 -81/-103 compounds is consistent with the coordination of the oxygen
Hag—Ca—Cr—Ha 314 7.8 2231 7.8  22/31 f d tonated amid in all On the oth
Hor—Co—Cy—Han 1684 192 171180 125  171/180 of a nondeprotonated amide group in all cases. On the other
:3A_g3_(c:4_:48 gg.g g.g 2%8 g.g 2%(7) hand, the fact that the carboxylic group is nondeprotonated
3BT 37 47 FlaA . . . - . . .
Ho—Co—Cy—Han  —65.2 33 6068 27 6574 and L!ncoordlnated is evidenced fr_om the characteristic bands
Hia—N—C;—H, 34.9 55  32/39 5.0 35/42 for this group at their normal positions (cA). 1725-1741,
Hig—N—Cp—H, -83.8 41 -521-60 3.8 —54/-62

aFrom the crystal structuré.Calculated with the MULDER softwar®.

¢ Range of torsion angles, assuming that the coupling constants are known
to within +0.05 Hz.

297 K, Ea = 8.0 kJ/mol,AH* = 6.0 kJ/mol,ASf = —182
J/(K-mol), andAG¥»7 = 60.0 kJ/mol. TheAG* value agrees
with the results obtained for Pt/Pdnethionine complexes
(meanAG* = 62 kJ/mol,c = 7 kJ/mol, 19 dat&y % as
well as for thioether rhenium(l) complexeAG* = 61 kJ/
mol, o0 = 10 kJ/mol, 35 data)’
Reactions with the DipeptidesThe blue (chloro) or blue-
green (bromo) [ReOxHis-aa)]" cationic species are ob-
tained from ReOXOPPh)(Me,S) by reacting with 1 equiv

of the dipeptide in acetonitrile (Scheme 3). Elemental

analyses and mass spectnalZ and isotopic distribution of
the parent peak) are consistent with the [Re(®¥s-aa)]X

formula. For the chloro complexes, elemental analysis showstwo independent, but very similar, [ReOfis-Ala)]*"
that the CI counterion is replaced by ReO(produced by
air oxidation) in various proportions not exceeding 50%, as hijstidine residue, and it acts as a tridentate ligand via an
sometimes noted for oxerhenium complexes prepared from
halogen containing precursdis’® 4! Crystallographic work

v(C=0); ~1385,6(0H); ~1195,»(C—0); ~922,6(0OH).5"

The strongy(Re=0) band is observed in the 1000015
cm!range. This high frequency is indicative of a high bond
order and consistent with the low donor strength ofttaas
C=0 group. This vibration was also observed at high
frequencies for therans donors triphenylphosphine oxide
(1000 cn1t in [ReOCL(OPPh)(2,2-biimidazole)]CIf® or
carboxylate (1008 cnt in ReOX(his)® and 993 cm? in
ReOX(met) (vide infra)). As a comparison, mer andfac-
ReOCk(N,N-dimethylbiimidazolef? the v(Re=0O) modes
occurred at 985t(ans imidazole nitrogen) and 970 crh
(transCl). The band expected at912 cn? for the [ReQ] ™
counteriofi® present in the chloro compounds was not
identified, since moderately strong bands appear for all
ligands in this region.

Crystal Structure of 5a. The asymmetric unit contains
complex cations. The dipeptide is coordinated through the

imidazole nitrogen, the Nfgroup, and the carbonyl oxygen
of the peptide bond (Figure 4). The alanine residue does not

(see below) shows that the coordination of the dipeptide takesparticipate in the coordination, and its terminal carboxylic
place thrOUgh the histidine residue and involves the imidaZO|egr0up retains its proton_ ThUS, this cation includes an

ring, the amino group, and the amide oxygen.

The 'nfrare_d data for the dipeptides and_ the complgxes (65) Dollish, F. R.; Fateley, W. G.; Bentley, F. Eharacteristic Raman
are provided in Tables S-8 and S-9 (Supporting Information), Frequencies of Organic Compound¥iley Interscience: New York,
respectively. The amide | and Il bands provide clear 1974; pp 127133

L . . . 66) Guli, G.; Gennaro, G.; Pellerito, L.; Stocco, G. |. Organomet.
indications about the coordination mode of the amide group. (66) Chem.1993 7, 407-412. Appl. Org

(67) Wolfs, I.; Desseyn, H. QAppl. Spectrosc1996 50, 1000-1006.

The amide | ban@ which largely consists of €0 stretch-
ing, is observed at lower energy in the complexes (1632
1642 cm') compared with the free ligands (1660682
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(68) Fortin, S.; Beauchamp, A. llnorg. Chem.200Q 39, 4886-4893.
(69) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds]. Wiley: New York, 1997.
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Table 6. Selected Bond Lengths in Compoubéd

molecule 1 molecule 2 Iit.

Re=0O 1.654(8) 1.676(8) 1.67(2)
Re—0O 2.160(6) 2.176(6) 2.07(2)
Re—NH; 2.157(7) 2.150(7) 2.15(2)
Re—N(Im) 2.08(1) 2.11(1) 2.10()
Re—Brl 2.490(2) 2.495(2) 2.53(@)
Re—Br2 2.468(1) 2.466(2) 2.49(2)
Cc8—02 1.27(1) 1.25(1) 1.23(3)
c—0 1.3068 1.306 1.30(1¥

c=0 1.207 1.207 1.21(1p

C8—N4 1.28(2) 1.30(2) 1.33(%)
C10-N4 1.45(1) 1.45(1) 1.45(%)
c6—C7 1.49(1) 1.51(1) 1.54(3)
c7—C8 1.50(1) 1.48(1) 1.53(3)

aMean values (standard deviations, number of data between 4 and 12).
) ) ) ~ binthe structures of ReOxhis) 12 { OReBp(hisMe)} ;0,12 and ReOX(met)
Figure 4. ORTEP drawing of one of the two independent molecules in  (see above): In free His-aa dipeptides (11 dat&)Distances fixed during
the asymmetric unit of [ReOB{His-Ala)]Br-1/2H,0-2CH,CN (5a). The the refinement of the disordered carboxylic group.
other molecule has a very similar structure. In the numbering scheme, the
first digit corresponds to the number of the molecule, and the second digit

indicates the position. The lattice® and CHCN molecules are not shown.
Ellipsoids correspond to 40% probability.

equatoriakis-N,Br, arrangement like ReOxhis) !® whereas
the amide oxygen liesansto the Re=O bond, the position

distance (mean 1.29 A) has decreased compared to that of
the free dipeptides (1.236,= 0.008 A and 1.328; = 0.008
A, 11 data). This is consistent with a reduceg-@ and an
increased C8N4 bond order after coordination.

The octahedron shows a large departure from ideality,

occupied by a carboxylato oxygen in the histidine complex. mainly due to the Re atom being displaced by 0.36 A from

Cysteine, penicillamine, and methionine adopt a similar the N,Br, plane on the oxo side. This distortion is greater

binding pattern, the S-donor occupying the site filled here than that found in the histidine and methionine complexes

by the imidazole unitz-5470.71 (0.32 and 0.28 A, respectively), probably because the amide
Amide oxygen coordination to rhenium is not common, C=0 group is a weaker donor. As a result, theeRe—L ;s

but examples are known with ligands also containing a angles (95-106°, Table S-10, Supporting Information) are

phosphine or a sulfur dondt,” and with peptide-like ligand
analogues of mercaptoacetyltriglyciffdn the present case,

substantially greater than 90vhereas similar deviations in
the other direction are found on the-®e—L s angles (72

considering that the two N donor groups are the same as ing7°). Amide oxygen coordination takes place with a normal

the ReOX(his) complexe® and that thesynH; conforma-
tion positioning the carboxylate group opposite to the=Re

C8—02—Re angle of~117. A detailed description of the
geometry of the coordinated dipeptide is available in the

O bond was the only one observed, it is not surprising that Supporting Information (Table S-11).
the same overall arrangement of donors be retained for the The two crystallographically independent cationic com-

peptide complex. This further agrees with the well docu-

mented trend for an oxygen to occupy the sisto the
Re=0O bond.

Selected bond lengths are listed in Table 6. The=Re
distance (mean 1.66 A) is normal, but the-R2 bond (mean
2.168 A) is much longer than those of the Refi¥s):3 and
ReOXy(met) complexes (2.07 A), which reflects the lower
donor ability of the amide oxygen. As noted previouSly,
the Re-N(Im) distances (mean 2.10 A) areD.05 A shorter
than the Re-NH, bonds (2.15 A), whereas the RBr1 bond
(trans to Im, 2.492 A) is longer than the-RBr2 bond (trans
to NH,, 2.467 A). The C8-02 distance (mean 1.26 A) seems
to have increased in the complex, whereas the-K8

(70) Kirsch, S.; Noll, B.; Scheller, D.; Klostermann, K.; Leibnitz, P.; Spies,
H.; Johannsen, B-orschungszent. Rossenddf96 FZR-122 110-
114.

(71) Kirsch, S.; Noll, B.; Spies, H.; Leibnitz, P.; Scheller, D.; Johannsen,

B. Forschungszent. Rossendorf [Ber.] FAR97, FZR-165 50-55.

(72) Noll, B.; Noll, S.; Leibnitz, P.; Spies, H.; Schultze, P. E.; Semmler,
W.; Johannsen, Bnorg. Chim. Actal997 255 399-403.

(73) Correia, J. D. G.; Domingos, A.; SantostLr. J. Inorg. Chem200Q
1523-1529.

(74) Correia, J. D. G.; Domingos, A.; Paulo, A.; Santosl. IChem. Soc.,
Dalton Trans.200Q 2477-2482.

(75) Correia, J. D. G.; Domingos, A.; Santos, |.; Alberto, R.; Ortner, K.
Inorg. Chem.2001, 40, 5147-5151.

(76) Lipowska, M.; Hansen, L.; Xu, X. L.; Marzilli, P. A.; Taylor, A,;
Marzilli, L. G. Inorg. Chem.2002 41, 3032-3041.

plexes in the asymmetric unit are connected into a dimeric
unit by means of two complementary-®i--+O hydrogen
bonds between the carboxylic acid ends of the dipeptides
(Figure S-4 and Table S-12, Supporting Information).

IH NMR Spectroscopy of the Dipeptide ComplexesThe
NMR data for the dipeptides and the rhenium complexes in
CDs0OD are collected in Table 7. All spectra contained
second-order signals, whose chemical shifts and coupling
constants were determined with the NUTS softwidost
of the resonances were readily assigned by comparison with
the ReOX(his) complexe® and free peptides. The signals
of the inequivalent Kl protons were assigned individually
on the basis of multiplicity. As shown in Figure 5, both
signals showed couplings with;H3—4 Hz) and the other
Hg proton (1718 Hz), but the lower-field signal appeared
as a clear doublet of doublets of doublets, whose extra
splitting is due a long-rang® coupling of 1.7 Hz with the
imidazole H, proton. A similar*J(CHz;—Hs) allyl coupling
of 2 Hz was observed in 4-methylthiazdleThis type of
coupling is maximized when the angle between theHC
bond and the plane of the multiple bond (imidazole ring) is
90°. In the above crystal structure, the torsion angles are ca.
—78° for Hea—Cs—Cs—Cs and 39 for Heg—Cs—C5—C..

(77) Taurins, A.; Schneider, GCan. J. Chem196Q 38, 1237-1239.
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Table 7. 'H NMR Chemical Shifts (ppm) and Coupling Constants (in Brackets, Hz) for the Free Dipeptides and the Rhenium Cémplexes

Hz Ha Hea Hes H7 Hio Hr
His-Ala 7.885s 7.057s 3.230; 3.194m 4.034t 4.259q 1.4182H3)
[5.6; 5.8; 15.0] [5.6; 5.8] [7.2] [7.3]
4(Cl) 8.879s 7.424s 3.843ddd 3.767dd 5.072t 4.128q 1.336d
[3.0;17.6;1.7] [4.3;17.6] [3.0;4.3] [7.1] [7.3]
5(Br) 9.095s 7.425s 3.891ddd 3.814dd 5.025t 4.094q 1.327d
[3.3;17.7; 1.7] [4.1;17.7] [3.3; 4.1] 7.4] [7.3]
His-Gly 7.784s 7.010s 3.155; 3.125m 3.991t 3.796; 3.756Hl)
[6.1; 6.4; 15.1] [6.1; 6.4] [17.0]
6 (Cl) 8.892s 7.435s 3.845ddd 3.768dd 5.1009t 3.826; 3.802
[3.1;17.5;1.7] [4.3;17.5] [3.1; 4.3] [17.7]
7 (Br) 9.107s 7.442s 3.895ddd 3.821dd 5.059t 3.807; 3.787
[3.3;17.5; 1.8] [4.1;17.5] [3.3;4.1] [17.8]
His-Leu 7.774s 6.988s 3.208; 3.155m 3.947t 4.238dd 0.963d; 0.938H)
[5.6; 5.3; 15.0] [5.6; 5.3] [3.8; 10.5] [6.2;6.0]
1.60-1.75m (-CHy; —CH)
10(Cl) 8.879s 7.419s 3.852ddd 3.776dd 5.066t 4.090dd 0.911d; 0.836d
[3.3; 17.6; 2.0] [4.3; 17.6] [3.3;4.3] [2.4;12.3] [6.2;6.2]
1.50-1.58m
11(Br) 9.091s 7.429s 3.903ddd 3.822dd 5.018t 4.060dd 0.901d; 0.819d
[3.3;17.7; 1.8] [4.2;17.7] [3.3;4.2] [1.6; 13.1] [6.3; 6.2]
1.50-1.58m
His-Phe 7.762s 6.969s 3.185; 3.133m 3.901t 4.544dd 2.947dd; 3.166xdb)
[5.2; 6.2; 15.0] [5.2; 6.2] [4.1; 9.6] [4.1;9.6; 14.0]
7.257m (Ph)
8 (Cl) 8.884s 7.400s 3.814ddd 3.745dd 4,983t 4.413dd 2.932dd; 3.134dd
[3.1;17.6; 1.8] [4.1;17.6] [3.1;4.1] [4.9; 8.6] [4.9; 8.7; 14.5]
7.13-7.31m
9 (Br) 9.102s 7.406s 3.856ddd 3.771dd 4.907dd 4.391dd 2.930dd; 3.118dd
[3.5;17.7; 1.8] [4.0;17.7] [3.5; 4.0] [5.0;8.5] [4.8;8.5; 14.6]
7.11-7.31m
a2]n CDsOD.
H, *
HlO
H6A H6B
T | T T T T | T T T T | T T T T ‘ T T T T ‘ T T T T | T T T T | T T
5.00 4.80 4.60 4.40 4.20 4.00 3.80
8(ppm)

Figure 5. Region of the aliphatic protons in tHel NMR spectrum of [ReOB(His-Ala)]Br (5) in CDsOD. Asterisk indicates water signal.

Table 8. Averaged'H Chemical Shifts (ppm) for the Histidine Residue

Accordingly, the low-field signal at-3.87 ppm is assigned i, N-Terminal Histidine Dipeptides and Their Rhenium Complexes

to Hea. This assignment is further supported by the fact that

. . Hz Ha Hen  Hes  Adeass  H7
Hsa appears downfield from §d: protons lying on thendo -
; : . His-Xa (DMSO) 310 306 004  4.05
face (RFO S|d6) of the octahedron I|kEGk| (F|gure 4) are His-aa (CROD) 780 701 319 3.15 0.04 3.97

generally more deshielded than those on ¢ke side like
Hes, because of the anisotropy effects of thes/ebond’8 8!
By introducing the®J coupling constants of 3.3 and 4.1 Hz
(estimated accuracy af0.5 Hz) into the MULDER pro-
gram?®® the Hja—Ce—C7—H7 and Hg—Cs—C;—Hj5 torsion
angles were calculated to be °6¢+4°) and —56° (+4°),
respectively, in good agreement with the values-62° and

~ —b5° observed in the crystal structure 5

[ReOCh(His-aa)]Cl 8.88 7.42 384 3.76 0.08 5.06
[ReOBRp(His-aa)|Br 9.10 7.43 3.89 3.81 0.08 5.00

aX = Ala, Gly, Leu, Ser, Lys, Phe, Tyr. From ref 82.

The chemical shifts of K Hi, Hsaes, @and H in the
histidine unit are not very sensitive to the other residue
present in the dipeptide. These signals shift upon complex-
ation, but the variation from one complex to another is small,
thereby showing that the coordination mode remains the same
for the various peptides. The average values are listed in
Table 8 and compared with the results reported for the free
dipeptides. As noted with the histidine complexes, coordina-
tion induces downfield shifts on all histidine protons. The
deshielding is more pronounced-1 ppm) for H and H
than for H, and Haes (0.4 and 0.7 ppm, respectively), in
agreement with the respective distances of these protons from
the coordination center.

(78) Hansen, L.; Xu, X. L.; Lipowska, M.; Taylor, A.; Marzilli, L. Gnorg.
Chem.1999 38, 2890-2897.

(79) Oneil, J. P.; Wilson, S. R.; Katzenellenbogen, Jnarg. Chem1994
33, 319-323.

(80) Papadopoulos, M. S.; Pirmettis, I. C.; Pelecanou, M.; Raptopoulou,
C. P,; Terzis, A.; Stassinopoulou, C. I.; Chiotellis, [Borg. Chem.
1996 35, 7377-7383.

(81) Papadopoulos, M. S.; Pelecanou, M.; Pirmettis, I. C.; Spyriounis, D.
M.; Raptopoulou, C. P.; Terzis, A.; Stassinopoulou, C. I.; Chiotellis,
E. Inorg. Chem.1996 35, 4478-4483.
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Binding of the Oxo—Rhenium(V) Core

Table 9. Averaged Coupling Constants (Hz) for the Histidine Residue
in N-Terminal Histidine Dipeptides and Their Rhenium Complexes

3J(Hea—H7) 3J(Hez—H7) 3J(Hea—Hes) “I(Hs—Hea)

His-aa (CROD) 5.6 5.9 15.0 0
[ReOC)b-(His-aa)]Cl 3.1 4.3 17.6 1.8
[ReOBk-(His-aa)]Br 3.4 4.1 17.7 1.8

Scheme 4

Im Im Im
H2N>é€<l-|7 H, CONH HNOC>4;<NH2
H HGA HGB H6A HGB H6A

*® CONH NH, H,

1 1 m

The chemical shift difference\deaee (anisochrony?

Concluding Remarks

The S,N,0-coordinated ReQpnet) complexes reported
in the present study are structurally similar to the histidine
analogues ReOxhis) described earlié? the imidazole of
histidine being replaced by an Sgigroup in methionine.
However, the presence of the prochiral-GH; group
generates two diastereoiomers in solution, so that the product
can be regarded as a mixture of two components each with
its own characteristics. Furthermore, preliminary results
indicate that the ReSCH; bond is relatively labile, and this,
probably combined with a reduced stabilization of the six-
membered ReN—C—C—C-S chelate (compared with the

increases appreciably in the complexes (0.08 ppm, Table 8)five-membered ReN—C—C—N ring of histidine), makes
compared with the free ligands (0.04 ppm). A possible the present methionine complexes much more receptive to
contribution to this effect is the anisotropy of thesR@ bond ~ iNg opening and ligand substitution. For instance, traces of
mentioned above, which produces a deshielding of the protonWater seem to initiate a cascade of processes leading to
occupying the same side of the molecule. On the other hand,complete deligation of methionine. These peculiarities make
Fermandjian and co-workers have observed a relationshipmethionine less attractive than histidine as a component of
between the anisochrony value and the predominance of aa BFCA to carry hot Tc or Re nuclei. Therefore, our efforts
single rotamer in the histidine side chain of the dipeptfde. were redirected toward histidine as terminal residue and
From the values o8 (12.5 Hz) andly (3.25 Hz) used by  dipeptides containing N-terminal histidine were examined.
these authors and the standard equatiéesy data for the The four dipeptides studied react with Reg{3PPh)(Me,S)
His-aa peptides in CIDD (Table 9) led to rotamer popula-  fgjlowing the same pattern as histidine itself, leading to
tions 0f 0.25 (orll), 0.29 (I orl), and 0.46 I ) (Scheme  ghacies in which dacial O=ReX. core is retained. Coor-

4)_. This rough_ly uniform distrjbution of rotamers is consistent 4\ o+0n s largely controlled by strong binding of the
with the relatively sma!l amsqch_rony of 0.04 ppm. In_the terminal NH group and the available imidazole nitrogen in
cgmplexes, con_forr’_natlonll IS "T‘posed by the facial the equatorial plane perpendicular to thesRebond. Once
tridentate coordination and this is well reflected by the these donors are coordinated, the ligand adopts a conformas

](c:ooruﬁ):'nf?oﬁ)ﬁteaztosg;::;ecﬁnztzgﬁtlgnoc}ntﬁ; gégn?ngéidﬁﬁd tion that positions the amide oxygen at the sixth coordination
' site, trans to the Re=O bond. The marked preference for

clear predominance ¢ agrees with the greater anisochron . .
P 9 9 y the oxo-rhenium molecules to accept an oxygen lig&naths

of 0.08 ppm. .
For Hyo and the nearby protons in the side-chains of the to the Re=O bond seems to balance the fact that this oxygen

C-terminal amino acid, upfield shifts are observed upon IS Notideally positioned (&Re—O angle of 16€) and that
coordination (Table 7), except for His-Gly, where these the bond is rather weak. The repla(_:erngnt of an already weak
signals are virtually unmoved. Small shielding was also noted Re~O(carboxylate) bond of the histidine compounds by a
for protons of an uncoordinated residue similarly positioned Still weaker Re-O(amide) bond with the dipeptides does
with respect to the ReO3' core in a complex with ~ change the overall binding pattern. Since the C-terminal
dimethylglycyl+ -seryli-cysteinylglycinamidé&? This shield- residue does not interfere or contribute in the overall process

ing could be related to the anisotropy effects of the=Re
bond, since this part of the dipeptides is located onethe

and does not participate in particular intramolecular non-
bonded interactions, it is likely that longer peptide chains

side of the complex. As to the side chain in the C-terminal would behave similarly and that e=€ReX; core could also

unit of His-Phe and His-Leu, thé) coupling constants

be attached to a larger peptide bearing a N-terminal histidine

between Hy, and the methylene protons suggest that the residue.

conformation about the §—C;1 bond is little affected, since
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