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Neutral oxorhenium(V) complexes with dithioether ligands 
of the general formula [ReOX3(RS[CHz]2SR)], X = C1, Br, R 
= nBu, Et, Bzl were synthesized. Ammonium perrhenate re- 
acts in concentrated hydrochloric acid with dithiaalkanes 
(RS[CH2I2SR, R = nBu, Et,  Bzl) dissolved in glacial acetic acid 
to give octahedral complexes of the type [Re- 
OCl,(RS[ CH,],SR)] ( la  - c) . In concentrated hydrobromic 
acid, nBu-S(CH2jzS-nBu leads to the corresponding tri- 
bromo complex (2). The X-ray structure of 2 shows a dis- 
torted octahedron with facial coordination oi the bromide li- 
gands. The sulfur atoms are cis coordinated to the terminal 
oxygen. Dissolution of l a  (R = nBu) in methanol leads to the 
substitution of the chloride trans to the 0x0 ligand by a meth- 

oxy group. The resultant complex [ReOC12(MeO)(n- 
Bu-S[CH212S-nBu)] (3) is stable and can be isolated from 
methanolic solution, but changes to the p-0x0-bridged dirhe- 
nium complex p-oxobis[ dichloro(5,6-dithiadodecane)oxorhe- 
nium(V)] (4) when dissolved in other organic solvents. la re- 
acts with an excess of benzenethiol by substitution of two 
chlorides to give the mixed-ligand complex bis(benzenethi0- 
lato) chloro (5,8 -dithiadodecane) oxorhenium(V j (5a j . The re- 
lated 4-methylbenzenethiolato complex 5b was synthesized 
starting from the p-0x0 complex 4. X-ray crystal structure de- 
termination of 5b shows the equatorial arrangement of the 
sulfur atoms. The trans position to the oxygen atom is occup- 
ied by a chloride ion. 

lntroduction 

Knowledge of the coordination chemistry of rhenium 
and technetium is of great importance for Lhc design of 
radiopharmaceuticals based on 18611 88-Re and 99m-Tc. 
Taking rhenium as a substitute for radioactive technetium, 
we particularly explored the coordination ability of thio- 
ether ligands at the metal oxidation state +5, +3, and 
+ 1L2-51. 

Thioethcr compounds offer access to iiew small neutral 
complexes of rhenium and technetium. which are of interest 
in the design of radiopharmaceuticals. 

Here we report on the reaction of dithioether ligands of 
the type RS[CH2],SR (R = nBu, Et. Bzl) with ammonium 
perrhenate(VI1) or tetrachlorooxorhenate(V) to give a series 
of mononuclear [RcOX3(RS[CH2I2SR)] and binuclear [Re- 
OCII(RS[CH2]2SR)]20 complexes. One representative of 
this class of complexes, [ReCl,0(EtS[CH2]2SEt)] (lb), was 
already described by Kotegov who suggested for it a struc- 
ture in accordance with TR data16]. The mononuclear species 
are related to the oxobridged complex 4 that was recently 
described by and can be converted into it in a solvent- 
dependent reaction. 

The chloro ligands in thc complexes gave rise to exchange 
reactions with thiols such as benzenethiol. 

Results and Discussion 

In acetonehiethanol solution, tetrachlorooxorheiiate(V) 
salts react with bidentate dithioether ligands, such as 5,X- 
dithiadodecane, to oxobridged binuclear complexes [Re- 
C120RS(CH2)2SR]20, as described elsewhere['] for R = 

nBu, 4. With glacial acetic acid as the solvent, the reaction 
produces the niononuclear complexes [ Rc- 
Cl30(RS[CH2I2SR)] (la-c). These compounds can also be 
synthesized in a one-pot reaction starting from a mixture 
of ammonium perrhenate and conc. HCl and the ligand 
dissolvcd in glacial acetic acid. The reaction can be coii- 
sidered as reduction of [ReOJ by conc. HCI LO give inlcr- 
mediate tetrachlorooxorhenate(V) in the formation of 
la-c.  In this i-cspect thc reaction is comparable to those 
starting from [ReCl,O]-. All complexes obtained arc tur- 
quoise microcrystals, which are stable to air and moisture. 
Using hydrobromic acid instead of HCI the related tribro- 
mooxorhcnium complex 2 could be synthesized. Slow evap- 
oration of the reaction mixture yields yellowish green crys- 
tals suitable for X-ray analysis. Infrared spectra, elemental 
analysis, and NMR spectra of the trihalogenooxorhenium 
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complexes la-c and 2 vcrifj the structure that was deduced 
for l b  from inrrared data by Kotegov[61. 

The presence of halogen atoms in both the trum and the 
cis position may give rise to subsequent substitution by nu- 
cleophilic agents. 

Alcoholate ligands are able to substitute the less nucleo- 
philic chloride in the t r m s  to the double bonded 
oxygen. One example is known from Lock and co-workers, 
who reported the formation of the pyridyl complex [Re- 
OC12(OEt)py2] starting from [ReOC13py3][S]. We observed 
halogen exchange when trichlorooxorhenium complexes 
la-c  were dissolved in methanol. l a  is only slightly soluble 
in methanol, but within ten minutes the colour of the het- 
erogeneous mixture changcd from green to violet. The vi- 
olet trurzs methoxy complex 3 can be separated from the 
solution, while the undissolved solid undergoes a further 
change in colour to dark green due to the conversion to 4. 
The same conversion to 4 occurs by dissolution of solid 3 
in organic solvents other than methanol. A similar phenom- 
enon in reverse direction was described by Lock et al. for 
another type of oxobridged dinuclear rhenium complex. 
The bipyridine complex [ReOCl2bipyl20 was converted by 
ethanol to the mononuclear species. 

The infrared spectrum of 3 shows a Re-0 vibration 
band at 936 cm-' characteristic of the Re=03+ moiety with 
a trans-coordinated alkoxy ligand[',']. An 'H-NMR spec- 
trum of the fresh CDC1, solution of 3 shows a broad singlet 
at 6 = 3.31. Both the IR and the 'H-NMR spectra support 
the assumption that the tmns-chloro ligand was substituted 
by the more nucleophilic inethoxy group. In the 'H-NMR 

spectrum of the same solution taken 24 h later the peak at 
6 = 3.31 has dissappeared, which indicates the cleavage of 
the Re--0Me bond to form the dinuclcar complex 4. A di- 
rect conversion of la-c to the p-0x0-bridged dirheniurn 
complex 4 was achieved in other organic solvents. Traces of 
water may be the origin of thc bridging oxygen. 

Further cxperinients referred to substitution reactions of 
the equatorial sulfur and chlorine ligands with thiolato li- 
gands. Reaction of la with benzenethiol in tetrahydrofuran 
leads to the brown complex 5a. The same products have 
been obtaincd by reaction of 4 with benzenethiol. X-ray 
structure analysis of 5b shows that two benzenethiolate 
molecules occupy the equatorial positions of the chlorines. 
One of the halogen ligands displaces the bridging oxygen 
truns to the Re=O core. The band at ca. 940 cm-' in the 
infrared spectrum and elemental analysis support the struc- 
ture of 5a as well as those of 5b. Thc 'H-NMR spectra for 
5a and 5b exhibit all resonances associated with the ben- 
zenethiol and dithioether ligands. There is no indication of 
a substitution of the thioether ligands undcr moderate reac- 
tion conditions, which demonstrates the stability of  the rhe- 
nium sulfur bond of cool-dinatcd thioether ligands. 

The molecular structures of 2 and 5b have becn deter- 
mined by X-ray crystal analysis and are depicted in Figures 
1-4. Selected bond lengths and angles are listed in Table 1. 

In the crystal of 2 a statistical disorder of the butyl 
groups is observable. This affects various positions of the 
carbons C(4), C(5), C(6), and C( 10) of structure A (Figure 
1) and C(4'), C(5'), C(6'), and C(10') of structure B (Figure 
2). The mean probability of structure A and B is 49 and 

Schenic I ,  i: According ii: RS[CH&SR, acetone/methanol[21; iii: HCI (for la-c).  HBr (for 2); RS [CH2],SRIAcOH; iv: RS[CH,]$lU 
AcOH: v: Methanol; vi: PhSH, acetone: vii: 4-Me-C,H4SH, chloroforidmethanol: viii: Aprotic organic solvents 
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5 1%. The distorted octahedral coordination sphere of the 
rhenium is formed by the terminal oxygen, the dithioether 
ligand and the three bromides. S(1). S(2), Br(1). Rr(2) are 
positioned in the equatorial plane CIS coordinated to the 
oxygen and Br(3). 

The angle of the 0-Re-Br(3) axis is 163.8(2)". With 
2.421(2) and 2.453(3) ,6 the Re-S bonds are in the expected 
range["'."'. While the equatorial distances Re-Br( 1) and 
Ke-Br(2) are 2.4860(14) and 2.490(3) A, the bond length 
of Re - Br( 3) is elongated by 2.5969( 13) A. This fact is attri- 
buted to the trans influence of the 0x0 ligand. 

Figure 1. Molecular structure of tribromooxorhenium(V) 2, struc- 
ture A 

Figure 2. Molecular structure of tribromooxorhcniumiV) 2, struc- 
ture B 

Figure 3 shows the crystal structure of complex Sb. As 
illustrated by the perspective view of the molecule, 5b con- 
sists of a discrete monomolecular unit of the rhenium atom 
in an octahedral environment. 

Figure 4 represents the structure arter a rotation around 
the Re-0 bond by 90". All atoms of both the benzenethiol 
ligands are in one conimoii plane, i.e. the rings are not 
stacked. The n-butyl groups are positioned parallel to this 
plane. 

In the complex Sb the 0-Re-CI angle of 158.4(3)" is 
reduced, the opening faces the thioether ligand (Figure 4). 
The Re-S bonds of 2.291(4) /I and 2.318(4) A of the ben- 
zenethiols are in the reported Likewise in com- 

plex 2 the elongation of the Re-halogen bond by 2.453(4) 
A is attributed to the trans effect of the oxygen. 

Figure 3. Molecular structure of Sb 

m 

Figure 4. View of the molecular structure of Sb turned around the 
R e - 0  bond by 90" 

CI 

Table I .  Selected bond lengths and angles of complexes 2 and 5b 

2 

Re-O(1) 1.667(5) ReS(2) 2.453(3) Re-Br(2) 2.490(3) 
Re-S(I) 2.421(2) Re-Bx(1) 2.4860(14) Re-Br(3) 2.5969(13) 
O(l)-Re-S(l) 90.2(2) S(I)-Re-S(Z) 86.09(9) S(2)-R*Br(2) 167.61(7) 
O(1)-Re-Br(1) 1M1.8(2) S(I)-Re-Br(l) 168.Rq7) S(2)-Re-Er(3) 76.94(8) 
O( l)-Re-S(Zj 89.0(2) S( l)-Re-Br(3) 80.97(7) Br( 1 )-Re-Br(2) 89.10(6) 
O(l)-Re-Br(Z) 102.8(2) S(l)-ReBr(2) 90.11(7) Br( l)-ReBr(3j 87.93(5) 
O(l)-R*Br(3) 163.8(2) S(2)-Ke-Br(l) 92.35(7) Br(2)-ReBr(3j 90.83(6) 

5b 

Re-O(l) 1.680(10) Re-S(1) 2.534(4) Re-S(3) 
R e x 1  
O(I)-ReS(l) 86.5(3) S(ltRe-CI 75.71(14) S(l)-Re-S(3) 168.83(14) 
O(lpReS(2) 87.6(3) S(2)-Re-C1 78.51(14) S(2)-ReS(4) 169.53(14) 
O( l tReS(3 )  104.6(3) S(3)-ReCI 93.5(2) S(l)-Re-S(4) 98.51(14) 
O(l)-Re-S(4) 102.7(3) S(4)-Re-C1 92.1(2) S(2)-ReS(3) 96.97(14) 
O(ltRe-Cl 158.4(3) S(l)-ReS(Z) 83.88(14) S(3)-Re-S(4) 78.73(14) 

2.29 l(4) 
2.453(4) ReS(2) 2.483(4) Re-S(4) 2.318(4) 

We found that the product formed in the reaction of am- 
monium perrhenate and tetrachlorooxorhenate(V) with thi- 
oether ligands depends on the solvent used. In strong acids 
the trihalogenooxorhenium(V) complexes [ReX?O(RS- 
[CH2I2SR)] la-c and 2 were obtained, while in neutral pro- 
tic organic solvents the oxobridged dirhenium complexes 
[ReC120(RS[CH,],SR)]20 (4) %ere formed. During the re- 
action of l a  with methanol the halogen in trum position 
to the Re-0 core i s  substituted and the intermediate 3 is 
obtained. The complex is stable in solid and in methanolic 
solution, but in other organic solvents immediately converts 
to the oxobridged dinuclear complex. 
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Further, substitution reactions of the trichlorooxorheni- 
um(V) complex l a  and the dinuclear complex 4 with ben- 
zenethiol lead to the same mixed-ligand complexes 5a, b. A 
replacement of the dithioether ligand does not occur under 
these reaction conditions. 

Financial support of the Deutsche ~orscltunfiJ,~e~Meirzschnft is 
gratefully acknowledged. 

Experimental Section 
Ger7ernl: All solvents and commercially available substances like 

(NH4)[Re0,] were of analytical grade. (AsPh,)[ReOCI,] was pre- 
pared according to a literature procedure['?]. All thioether ligands 
were synthesized by a common reaction described by FehCr and 
Vog~lbruch['~1. - IR spectra wcre mcasured in KBr discs on a Spe- 
cord M 80 spectrometer from Carl Zeiss Jena. 

X-rcry Crystallographic Stud$'? The X-ray data were collected 
at room temperature (296 K) on an BNRAF-NONIUS CAD 4 
diffractometer, using graphite monochromatized Mo-K, radiation 
(1. = 0.71073 A). A summary of the crystallographic data is given 
in Table 2. Thc positions of the non-hydrogen atoms were deter- 
mined by the heavy atom technique. After anisotropic refinement 
of the positions of these. the hydrogen positions were calculated 
according to ideal geometries. Empirical absorption corrections 
with the program DIFABS["] were made at two stages during the 
structure refinement. Most of the calculations were carried out in 
the ENR AF-NONIUS SDP system with some local modifications. 
Selected bond lengths and angles are contained in Table 1. Atomic 
positional and thermal parameters, full lists of bond lengths and 
angles, and FJF,  values have been deposited as supplementary ma- 
terial. 

Tablc 2. Crystal structure parameters of complexes 2 and Sb 

2 5b 

Empirical formula CioH22BqOReS2 C?4H&10R& 
Formular weight 648.33 690.42 
Crystal system monoclinic tsiclinic 

a [-+I 24.167(9) 7.866(2) 
b [A1 12.257(4) 11.037(3) 

a ["I 90.00 88.380(10) 
P ["I 119.50(5) 78.020( 10) 
Y ["I 90.00 8S.390( 10) 
volume [A31 3619(4) 1?65.9(6j 
z 8 2 
Temperature [K] 293C2) 293(2) 
6 [g/cm31 2.380 1.679 
Absorption coefficient [m?] 13.556 4.867 
F(W0) 2416 688 
CL ( M O W  [A1 0.71069 0.71070 
Crystal size [mm3] 
0 range 1.92 - 24.98 1.85 -21.98 
Index ranges 0 5  h 5 2 8  O 5 h 5 6  

0 5 k 5 1 4  -11 5 k 5  11 
-1651514 -16 5 I S  16 

Space group C12 linl P -1 

c [A1 14.04(2) 16.137(3) 

0.72 x 0.14 x 0.14 0.45 x 0.22 x 0.04 

Reflections collected 3264 3059 
Independent reflections 3180 3044 
GOF on F~ 0.696 1.219 
Final R indices [ b 2 0  (T)] K1 z 0.0349 R1= 0.0576 

wR2 = 0.1516 
R indices (all data) RI  = 0.0689 

wR2 = 0.1 558 
Largest diff. peak 1.216 1.244 

wR2 = 0.0997 
R I = 0.0456 
wR2 = 0.1099 

Largest diff. hole 4 .521  -1.147 

Pueparation of la: 41.3 mg (200 pmol) of 5,8-dithiadodecane, 
dissolved in 1 ml of glacial acetic acid, was added to 40.2 mg ( 1  50 
pmol) of (NH,)[ReO,], dissolved in 1.5 ml of concentrated HCI. 
After 20 min the precipitate was filtered off and washed three times 
with glacial acetic acid and then three times with diethylether. yield- 
ing 65 mg (850/,) of la,  turquoise microcrystals. m.p. 117- 118°C. 
- IR (KBr): 3 = 2960 (C-H). 2936 (C-H), 2872 (C-H), 976 

CH3CH2CH2CH2S). 1.56 (sext. J = 7.3 Hz, 4H. 
CH3CH2CH2CH2S). 1.94 (br. 4H, CH3CH2CH2CH2Sj, 2.9-3.7 
(m, 8H, CH2SCH7CH2SCH2). - CloH&I,0ReS2 (51 5j: calcd. C 
23.32. H 4.31, S 12.45; found C 23.25, I3 4.39, S 12.31. 

(Rc=O). - 'H NMR (CDC13): 6 = 0.99 (t, J = 7.2 Hz, 6H, 

Prepuratioiz oflb: The preparation is similar to that of l a  except 
for the ligand 3,h-dithiaoctane. Yield: 54 mg (79%) turquoise-green 
powder, m.p. 163°C. ~ IR (KBr): 3 7 2952 (C-H). 2928 (C-H), 
984 (Re=O). - 'H NMR (CDC13): F = 1.63 (br, 6H, CI13CH2S), 
3.35 and 3.47 (bt  4H, CH3CH2S). 3.60 and 3.75 (4H, SC€12CH2S). 
- CtiHIICl30ReS2 (459): calcd. C 15.71, H 3.08. S 13.98, CI 23.18: 
found C 15.74; H 3.14, S 13.75, C1 23.61. 

Pveprrmfion o j l c :  The preparation ia similar to that of la.  The 
ligand is 1,6-diphenyl-2.5-dithiahexane. Yield: 50  mg (57%) tur- 
quoise-green powder. m.p. 120-121°C. - IR (KBr): V = 2928 
(C-N), 976 (Re=O), 768 (Ph). - 'H NMK ([D&cetone): 6 = 3.50 
and 3.62 (br, 4H, SCH2CH2S). 4.39 and 4.81 (d, J = 13.0 Hz, 4H, 
C,HS-CHz), 7.48 (dd, J = 7.1 Hz, 2H. p-H). 7.52 (dd, J = 7.1 
Hz, J = 7.3 Hz, 4H, MI-H), 7.63 (d, J = 7.3 Hz, 4H, 0-H). - 
CI,Hl8Cl30KeS2 (583): calcd. C 32.96, H 3.11. S 11.00, C1 18.24; 
found C 32.65, 2.94, S 11.17, CI 18.52. 

Preprution q f 2 :  The preparation is similar to that of la.  Instead 
of hydrochloric acid hydrobroinic acid was used. Slow evaporation 
of the reaction solution led to 29 mg (30%) of 2, ycllowish green 
needles, m.p. 145'C. - IR (KBr): 3 = 2960 (C-H), 2928 (C-H), 
2872 (C-H), 976 (Re=O). - ' H  NMll (CDC13): 6 = 1.00 (t, J 
= 7.2 Hz, 6 H ,  CH,CH2CH2CH,S), 1.59 (sext. J = 7.3 Hz, 4H, 
CH3CH2CH2CH2S), 1.88 (br, 4H, CH3CH2CH2CH2S), 2.6-3.6 
(m, 8H, CH2SCH2CH2SCH2). - CIoH22Br30ReS2 (648): calcd. C 
18.53, H 3.39, S 9.89, Br 36.97; found C 18.40, H 3.25, S 9.83, 
Br 37.18. 

Prepumtion qf3  and 4: The preparation of 4, starting from tetra- 
chlorooxorhenatc. was published elsewhere"]. 

3: 50 mg (100 p o l )  of l a  were suspended in methanol. After a 
few minutes the colour of the precipitate and the solution turned 
from green to violet. The violet solution was filtered and kept in 
the refrigerator to separate a violet precipitate (3). It was possible 
to dissolve the complex in chloroform or acetone, but this 
changed the colour again to green. Removing of the solvent led to 
complex 4. Yield of 3: 6.1 mg (12%)) violet microcrystals, m.p. 
137°C. - IR (KBr): 0 = 2960 (C-H), 2936 (C-H), 2872 (C-H), 
1116 (0-Me), 936 (Re=O). - 'H NMR (CDC13): F = 0.99 (t, J 
= 7.4 Hz, 6H, CH3CH2CH,CH2S), 1.54 (sext, J = 7.4 Hz, 4H, 
CH1CH2CH2CH2S), 1.92 (quint, J = 7.4 Hz. 4H, 
CH3CH2CH2CH2S). 3.31 (br. 3H, OCH3), 2.7-3.5 (in, SH, 
CH2SCH2CH2SCH2j. - CllH25CIz02ReS2 (51 1): calcd. C 25.88, 
H 4.94, S 12.56, CI 13.89; found C 25.64, H 4.67, S 12.73, C1 15.2. 
4: Yield: 44.2 mg (8h%,), m.p. 209°C. - IR (KBr): P = 2960 

(C-H), 2928 (C-H). 2872 (C-H), 688 (Re=O). - '11 NMR 

(sext, J = 7.2 Hz, 4H, CH3CH2CH2CH2S), 1.87 (quint, J = 7.2 
Hr, 4H, CH3CH2CH2CH2S), 3.48 (s. 2H), 2.7-3.6 (in, 8H, 
CH2SCH2CH,SCH2). - C2,,H4,CI4O3Re2S4 (51 1): calcd. C 25.88, 
4.94, S 12.56, C1 13.89; found C 25.64, H 4.67, S 12.73, C1 15.2. 

(CDC13): 6 = 0.97 (t, J 1 7.2 Hz, 6H. CH3CH2CH2CH2S). 1.52 
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Preparation oJ'Sa: A solution of 45 mg (88 pmol) of la  in 1 nil 

of acetone was cooled to 5°C. 22 mg (200 pmol) or benzenethiol 
were added and the mixture was stirred while the reaction tempera- 
ture rose to room temperature. The colour of the solution imniedi- 
ately turned to dark brown. After an hour the solvents were re- 
moved in vacuo, thc residue was washed three times with a small 
amount of diethylether to remove the excessi\fe benzenethiol and 
then dissolved in 1 in1 of acetone. Slow evaporation gave 49.5 mg 
(85%) of 5a. brown crystals, m.p. 144°C. - IR (KBr): 3 = 2960 
(C-H), 2928 (C-H), 2872 (C-H). 940 (Re=O), 744 (Ph). - 'H 

1.1 -1.5 (br. 8H, CI-13CH2CH2CH2S), 2.39 (br, 4H. 
CH3CH2CH2CH2S), 2.9-3.4 (br, SH, SCH2CI-T2S). 7.16 (dd, J = 

= 8.0 Hz. o-H). - C22H32C10ReS4 (662): calcd. C 39.89, H 4.78, 
S 19.36, C1 5.35; found C 39.41. H 4.74, S 19.15, C1 6.20. 

Prepururion of5b: A solution of 56 ing (450 pmol) of 4-methyl- 
benzenethiol in 2 mi orchlorolorm was added to 98 mg (100 pmol) 
of 4, dissolved in 3 ml of chlorororm. The mixture was stirred for 
30 min. During this time the colour changed from turquoise to 
reddish brown. Addition of 2 ml of methanol to the mixture and 
slow evaporation of most of the solvent gave 96 mg (70%) of 5h, 
dark brown needles, m.p. 142-143°C. - IK (KBr): 3 = 2960 
(C-H), 2928 (C-H), 2872 (C-H). 936 (Re=O), 808 (Pli). - 'H 

1.1-1.5 (m, XH, CH,CII,CH2CH,S), 2.39 (br. 4H, 

NMR (CDC13): S = 0.81 (I, J = 7.3 Hz. 611, CII?CH2CH>CH?S), 

7.6 Hz, p-H), 7.39 (dd, J = 7.6 WZ, J = 8.0 HZ. w-H). 7.63 (d, J 

NMR (CDClI): S = 0.81 (t, J = 7.2 Hz. 6H: CH3CHzCH2CH2S), 

CHICH~CHZCH~S), 2.43 (s, 6H, C,H,-CH,), 2.8-3.4 (br, 8H,  
SCHzCH?S), 7.21 (d, J = 7.8 Hz, WI-H), 7.63 (d. J = 7.8 Hz, o-H). 
- C24H36C10ReS4 (690): calcd. C 41.77, H 5.22, S 18.56; CI 5.15; 
found C 41.56, H 5.24. S 18.61, C1 5.50. 
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