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The reaction of [RuCI,( PPh,),] with 1.4.7-trithiacyclononane ([SIaneS,) gives the neutral complex 
[RuCI,(PPh,) ( [9]aneS,)] while the same complex with 1.4.8.1 1 -tetrathiacyclotetradecane ([14]aneS,) 
followed by chloride-perchlorate metathesis provides the salt cis- [RuCI( PPh,) ( [ l  4]aneS,)] CIO,. The 
structures of both complexes have been determined by X-ray crystallography. 

The bulk of co-ordination chemistry investigated to date for 
thia crown ethers involves the simple 1 : 1 or 2 : 1 adducts with 
metal halides. Thus, for example, the sulfur macrocycle 1,4,7- 
trithiacyclononane ([9]aneS3, Scheme 1) has been shown to 
bind to a large number of metal centres in a variety of oxidation 
states; however very little is known about the chemical 
properties which such co-ordination confers upon the metal co- 
ordination sphere. This is despite the claim that these ligands 
may enjoy application as co-ligands in the design of robust 
organometallic catalysts. 

A rare, but inspiring indication that thia crown ethers are 
compatible with organometallic ligand systems is provided by 
the recent work of Schroder and co-workers dealing with the 
co-ordination of [9]aneS3 to low-valent rhodium centres 
wherein it was shown that a range of typical organometallic 
ligands (olefins, o-alkyls) could be supported by this ligand. We 
have also shown recently 43 that o-vinyl, thiocarbonyl and 
thioacyl ligands are also compatible with the [9]aneS3 ligand, 
by drawing upon the notional similarity between the co- 
ordinating properties of [9]aneS3, hydrotris(pyrazo1- 1 -yl)- 
borate, arene and cyclopentadienyl ligands (Scheme 2). 

As part of a programme to investigate the organometallic 
chemistry of sulfur macrocycles we have investigated the 
reactions of [RuCl,(PPh,),] with [9]aneS3 and 1,4,8,11- 
tetrathiacyclotetradecane ([14]aneS4) and find that the former 
provides a neutral complex [RuC1,(PPh3)([9]aneS3)] whilst 
the latter provides salts of the cationic complex cis-[RuCl- 
(PPh3)( [ I  4]aneS4)] + . Aspects of this work have provided the 
basis of a preliminary report.' 

Experimental 
General Procedures.-All manipulations were carried out 

under an atmosphere of pre-purified dinitrogen using con- 
ventional Schlenk-tube techniques. Solvents were purified by 
distillation from an appropriate drying agent (ethers and 
alkanes from sodium-potassium alloy with benzophenone as 
indicator; halogenocarbons from CaH, and alcohols from the 
corresponding alkoxide). 

t Supplementary data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1993, Issue 1 ,  pp. xxiii-xxviii. 
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Proton and 31P-(1H} NMR spectra were recorded on a 
Bruker WH-400 or Perkin Elmer R34 NMR spectrometer and 
calibrated against internal SiMe, ('H) or external H3PO4 
(31P). Infrared spectra were recorded using a Perkin Elmer 
1720-X Fourier-transform 1R spectrometer and FAB mass spec- 
trometry carried out using a Kratos MS80 mass spectrometer 
employing 3-nitrobenzyl alcohol as the matrix. The complex 
[RuC1,(PPh3),] has been described elsewhere. 1,4,7-Tri- 
thiacyclononane ([9]aneS,) and 1,4,8,11 -tetrathiacyclotetra- 
decane ([ 14]aneS4) were obtained commercially (Aldrich) and 
used as received. 

Synthesis of[RuCl,(PPh,)( [9]aneS3)].-A dark red solution 
of [9]aneS3 (0.100 g, 0.5 mmol) and [RuCl,(PPh,),] (0.531 g, 
0.55 mmol) in dichloromethane (20 cm3, degassed) was stirred 
for 90 min under an atmosphere of nitrogen. Addition of ethanol 
(50 an3) followed by concentration (rotary evaporator) of the 
solution to cu. 15 cm3 provided yellow crystals of the desired 
product. Yield 0.234 g (70%) as a dichloromethane monosolvate 
('H NMR) (Found: C, 42.0; H. 4.4. C,,H,7Cl,PRuS,-CH,C1, 
requires C, 42.9; H, 4.2%). IR (Nujol) 270,250 cm-' [v(RuCl,)]. 
NMR(CDC13,25"C):'H,61.80,2.15,2.42,3.10(m x 4, 12H, 
[9]aneS3) 7.30-7.65 (m x 6, 15 H, PPh,); 31P, 6 35.0. FAB MS: 
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Table 1 Selected bond lengths (A) and angles (") for [RuCl,(PPh,)- 
([9]aneS3)]*CDC1, with estimated standard deviations (e.s.d.s) in 
parentheses 

Ru-CI( 1) 2.456(2) RU-P 2.345(2) 
Ru-Cl(2) 2.449( 2) Ru-S(1) 2.3 56( 2) 
Ru-S(2) 2.270(2) Ru-S(3) 2.269(2) 

P-Ru-Cl( 1) 94.2(1) P-R u-Cl( 2) 90.3(1) 
Cl(l)-Ru-C1(2) 95.7(1) P-R u-S(2) 96.0( 1 ) 
C1( l)-Ru-S( 1) 84.0( 1) C1(2)--Ru-S( 1) 86.0( 1) 
C1( 1 )-Ru-S(2) 88.8( 1 ) S(l)-Ru-S(2) 87.9(1) 
P-Ru-S( 3) 93.7( 1) C1(2)-Ru-S(3) 85.4( 1) 
S( 1 )-Ru-S( 3) 88.2( 1) S(2)-Ru-S(3) 89.2( 1) 

m/z 613 (41) [M'], 395 (13%) [ M  - [9]aneS,-Cl]+, 307 
(100) [A4 - [9]aneS, - PPh,]', 262 (52) PPh3+. 

Synthesis of [RuCl(PPh,)( [ 14]aneS4)]AsF6.-A suspension 
of [RuCl,(PPh,),] (0.356 g, 0.37 mmol) and [14]aneS4 (0.100 
g, 0.37 mmol) in degassed dichloromethane (20 cm3) was 
stirred under an atmosphere of nitrogen for 1 h. Addition of a 
mixture of NaAsF, (100 mg) in water (1.0 cm3) and ethanol 
(20 cm3) to the resulting solution yielded a yellow-brown 
precipitate. The suspension was concentrated to ca. 10 cm3, 
filtered and ethanol (20 cm3) was added to the filtrate to give 
the desired product, which was isolated by filtration, and 
washed with ethanol (20 cm3) and diethyl ether (20 cm3). 
Yield 0.21 g (86%) as an ethanol monosolvate ('H NMR) 
(Found: C, 39.3; H, 4.2. C25H,SAsClF6RuS4~C2H~oH 
requires C, 38.8; H, 4.9%). IR (Nujol) 275 cm-' [v(RuCl)]. 
NMR (CDCl,, 25 "C): 'H, 6 2.30, 2.40, 2.75, 2.80, 3.02, 3.10, 
3.21, 3.75 (m x 8, 20 H, [14]aneS4), 7.25-7.58 (m x 5, 15 H, 
PPh,); ,lP, 6 33.0. FAB MS m/z 667 (19) [M'], 407 (9) [ M  
- [14]aneS,]+, 307 (12) [ M  - [14]aneS4 - Ru]', 262 
(1 OO%), PPh, + . 

The perchlorate salt, with similar spectroscopic data, was 
obtained in a completely analogous manner by employing 
LiClO, in place of NaAsF, and provided crystals more suitable 
for X-ray diffractometry. 

Structure Determination of [RuC1,(PPh,)([9]aneS3)]CD- 
C1,.-Yellow prisms were grown fortuitously by slow concen- 
tration of a solution of the crude material in deuteriochloro- 
form. That chosen for data collection (ca. 0.17 x 0.31 x 0.12 
mm) was mounted on a glass fibre. Diffracted intensities were 
collected ( e 2 0  scans) at 298 K on a Nicolet P3m four-circle 
diffractometer. Of 5755 unique reflections, 3577 had F 2 4o(F), 

Table 2 Atomic coordinates for [RuC1,(PPh3)([9]aneS,)]~CDC1, 
with e.s.d.s in parentheses 

X 

361 2.6(4) 
1630.3(12) 
4770.5( 14) 
35 19.1( 14) 
5627.9( 1 3) 
3826.9( 13) 
2806.7( 13) 
5348(6) 
4097(6) 
282 l(6) 
2835(5) 
5395( 5) 
6289(5) 
38 l(4) 
- 54( 5 )  
- 852(6) 
- 1265(6) 
- 876(6) 
- 40( 5) 
1138(5) 
- 1 14(6) 
- 439(8) 

447(9) 
1684(9) 
205 8( 6) 
1279(5) 

6 l(6) 

758(7) 
1988(6) 
2246(6) 
4 102( 6) 
3978.6(25) 
27 14.8( 19) 
4498.9(23) 

- 189(7) 

Y 
1 1 17.4(3) 
1756.6(9) 
2444.9(9) 
1661.7(11) 
563.1 (10) 
43449) 

- 206.9(9) 
- 606(4) 
-671(5) 
- 1037(4) 
- 582(4) 
- 95(4) 
358(4) 
358(4) 

1037(3) 
- 346( 5) 
-215(5) 

550(6) 
1 163(4) 
1 924( 3) 
1890(4) 
2008(5) 
2172(5) 
2228(5) 
21 16(4) 
2888(3) 
3206(4) 
4048(5) 
4581(4) 
4266(4) 
3426(4) 
8 17 l(5) 
928 1 .O( 16) 
7578.1( 15) 
8222.8( 15) 

Z 

1726.9(2) 
1901.9(7) 
22 14.0(9) 
504.0(7) 

1488.4(8) 
2801.0(7) 
1274.2(7) 
11 72(3) 
785(3) 

1999(3) 
27 14(3) 
2852(3) 
2368( 3) 
15 17(3) 
1875(3) 
1529(4) 
8 50( 5) 
493(4) 
818(3) 

2809( 3) 
2979(3) 
3667(4) 
4 1 94(4) 
4033(3) 
33 38( 3) 
1 509( 3) 
1439( 3) 
1 123(3) 
886(3) 
960(4) 

1267(3) 
4862(3) 
4512.3( 12) 
4698.8(13) 
5763.7( 1 1) 

and only these data were used in the solution and refinement 
of the structure. Corrections were applied for Lorentz, 
polarization and X-ray absorption effects, the latter by an 
analytical method based on complete definition of crystal 
morphology. 

Crystal data. C2,H,,Cl,DPS,Ru, M = 758.04, monoclinic, 
a = 10.652(4), b = 14.598(7), c = 18.956(7) A, j3 = 92.47(3)", 
U = 2945(2) A,, 2 = 4, D, = 1.71 g Cm-,, F(OO0) = 1480, 
spacegroup P2,/c(no. 14); Mo-Ka X-radiation ( h  = 0.710 73 A, 
graphite monochromator), p(Mo-Ka) = 1.25 mm-'. 

The structure was solved, and all non-hydrogen atoms 
located, by conventional heavy-atom and difference Fourier 
methods. Phenyl hydrogen atoms were included in calculated 
positions (C-H 0.96 A) with fixed isotropic thermal parameters 
( U  = 8 x lo4 A'). All non-hydrogen atoms were refined 
anisotropically, the refinement converging at R = 0.036 (R' = 
0.036) with a weighting scheme of the form w-' = [ 0 2 ( F )  + 
0.004 751FI2]. The only residual electron-density peaks on the 
final difference synthesis were between -0.51 and 0.40 e k3. 
Scattering factors and corrections for anomalous dispersion 
were taken from ref. 7. All calculations were carried out 
using a DEC micro-Vax I1 computer with the SHELXTL PLUS 
suite of programs.* Selected bond lengths and angles and 
atomic coordinates are given in Tables 1 and 2 respectively. 

Structure Determination of [RuCl(PPh,)( [ 1 4]aneS4)]C1O4. 
-Yellow prisms were grown as yellow hexagonal plates by 
diffusion of ethanol into a dichloromethane solution of the 
crude salt. That chosen for data collection (ca. 0.34 x 0.31 x 
0.26 mm) was mounted on a glass fibre. Diffracted intensities 
were collected (0-20 scans) at 301 K on an Enraf-Nonius CAD4 
four-circle diffractometer. Of 7303 unique reflections, 6206 had 
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I 2 30(I), and only these data were used in the solution and 
refinement of the structure. Corrections were applied for 
Lorentz, polarization and X-ray absorption effects, the latter by 
analysis of azimuthal v-scan data (transmission coefficients 
0.99984). 88 3 5). 

Crysralduta. C2,H,,CI2O4PRuS4, M = 735.82, monoclinic, 

0 = 3103.9(13)A3,D, = 1.575gcm-,,Z = 4,F(OOO) = 1568, 
space group P2,/n (no. 14, alternative setting), Mo-Ka X- 
radiation (h  = 0.710 69 A, graphite monochromator), p(Mo- 
Ka) = 0.957 mm-'. 

The structure was solved, and all non-hydrogen atoms 
located, by conventional direct and difference Fourier methods. 
All non-hydrogen atoms were refined anisotropically and 
hydrogen atoms were included in calculated positions. The 
refinement converged at R = 0.071 (R' = 0.078) with a weight- 
ing scheme of the form w-' = [ 0 2 ( F )  + 0.000 321F1']. Scatter- 
ing factors and corrections for anomalous dispersion were 
taken from ref. 7. All calculations were carried out as for 
[RuC1,(PPh3)([9]aneS3)]CDC13. Selected bond lengths and 
angles and atomic coordinates are given in Tables 3 and 4 
respectively. 

Additional material available from the Cambridge Crystal- 
lographic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

u = 9.245(2), b = 3.885(5), c = 24.305(13) A, p = 95.77(1)', 

Scheme 3 

Table 3 Selected bond lengths (A) and angles (") for [RuCl(PPh,)- 
([14]aneS,)]+ with e.s.d.s in parentheses 

Ru-CI 2.425( 1) Ru-P 2.356( 1) 
Ru-S( 1 ) 2.286(2) Ru-S(2) 2.344(2) 
Ru-S( 3) 2.383(2) Ru-S(4) 2.359( 2) 

P-Ru-CI 91 3 1 )  S( 1 )-Ru-P 90.0( 1) 
S(2)-Ru-CI 91.4( 1) S(2FRu-P 89.7(1) 
S(~)-RU-S( 1) 86.7(1) S(3)-Ru-C1 88.2( 1) 
S(3)-Ru-S( 1) 90.3(1) S(3)-Ru-S(2) 9 1 3  1) 
S(4)-Ru-€I 87.6( 1) S(4)-Ru-P 94.3(1) 
S(4)-Ru-S( 1) 94.2( 1) S(4)-Ru-S(3) 8 4 3  1) 

Results and Discussion 
The complex [RuCI,(PPh,),] reacts slowly with [9]aneS, in 
dichloromethane under ambient conditions to provide a yellow 
compound formulated as [RuCl,(PPh3)([9]aneS,)] on the 
basis of spectroscopic data (Scheme 3). 

The appearance of two absorptions in the far-IR spectrum 
suggests a cis-RuC1, unit and the appearance of one resonance 
at F 35.0 in the ,'P NMR spectrum indicates only one 
phosphine environment. Integration of the 'H NMR spectrum 
indicates that the phosphine and [9]aneS, are present in a 1 : 1 
ratio. Given the propensity of the [9]aneS3 ligand to act as a 
tridentate facial ligand and not withstanding the possibiIity of 
endodentate co-ordination ' with reduced denticity, a simple 
'piano-stool' arrangement appeared likely rather than a 
polynuclear species, despite the low solubility of the 
complex. 

During this study the reaction between [RuCl,(PPh,),] and 
[9]aneS, was referred to in a review,' which supported our 
formulation for [RuC1,(PPh3)([9]aneS3)]; however we wished 
to establish firmly the co-ordination geometry. The formulation 
was therefore confirmed by a single-crystal X-ray diffraction 
analysis and the pseudooctahedral mononuclear nature of 

&3 
Fig. 1 Molecular geometry of [RuC1,(PPh,)([9]aneS3)]CDC13 

Table 4 Atomic coordinates for [RuCI(PPh,)([ 14]aneS4)]C10, 

Atom X Y z 
0.101 19(4) 
0.151 25(19) 
0.908 9(2) 
0.059 3(3) 
0.331 43(17) 
0.000 4(3) 

-0.135 71(18) 
0.196 13(15) 
0.812 8(8) 

1.037 2(9) 
0.934 4( 14) 
0.180 4(11) 
0.326 O(10) 
0.356 9(8) 
0.239 3(10) 
0.111 O(13) 

0.850 7(8) - 

-0.158 8(18) 
- 0.208 7( 13) 
-0.251 3(12) 

0.207 84(3) 
0.130 15(12) 
0.079 80( 12) 
0.286 76( 15) 
0.280 lO(11) 
0.339 55(14) 
0.143 50(13) 
0.075 74(9) 
0.147 2(5) 
0.015 l(5) 
0.085 l(5) 
0.105 O(8) 
0.398 2(6) 
0.373 3(6) 
0.350 3(5) 
0.419 8(6) 
0.376 l(8) 
0.280 3(8) 
0.178 6(8) 
0.202 8( 13) 

0.098 86(2) 
0.01 3 46(6) 
0.383 09(8) 
0.178 26(7) 
0.108 21(7) 
0.045 Ol(8) 
0.084 46(9) 
0.15 1 60(5) 
0.400 2(3) 
0.382 7(4) 
0.416 7(5) 
0.329 2(4) 
0.175 7(5) 
0.162 3(3) 
0.047 8(3) 
0.025 l(4) 

-0.005 3(5) 
-0.003 l(5) 

0.015 l(5) 
0.125 9(7) 

X 

-0.219 l(12) 
-0.1129(13) 

0.320 3(6) 
0.41 6 2(6) 
0.519 2(7) 
0.521 4(8) 
0.426 8(8) 
0.328 6(7) 
0.053 7(6) 

-0.010 4(6) 
-0.121 3(7) 
- 0.179 5(7) 
-0.1 19 8(8) 
-0.004 6(7) 

0.308 7(6) 
0.458 3(7) 
0.546 2(8) 
0.484 l(9) 
0.338 O(9) 
0.251 5(8) 

Y 
0.260 2(8) 
0.342 3(8) 

0.022 8(4) 
-0.008 8(4) 

-0.041 2(5) 
-0.134 3(5) 
-0.166 9(5) 
-0.103 3(5) 
-0.005 3(4) 
-0.063 9(4) 
-0.126 O ( 5 )  
-0.127 5(5) 
- 0.068 6(6) 
-0.008 7(4) 

0.104 3(4) 
0.089 l(5) 
0.109 3(5) 
0.144 6(5) 
0.160 4(5) 
0.142 6(4) 

7 

0.1 70 4( 7) 
0.178 4(6) 
0.121 5(2) 
0.085 4(2) 
0.067 O(3) 
0.084 O(3) 
0.120 7(3) 
0.140 3(3) 
0.169 7(2) 
0.125 9(2) 
0.134 2(3) 
0.185 l(3) 
0.227 2(3) 
0.2 19 3(3) 
0.21 7 4(2) 
0.221 6(3) 
0.270 3(3) 
0.315 O(3) 
0.311 7(3) 
0.263 2(3) 
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[RuC12(PPh3)d + [14]aneS4 + LC104 

- LCI. 2 PPhj I 

W 
C(6) 

Fig. 2 
atoms are omitted for clarity 

Molecular geometry of [RuC1(PPh3)([14]aneS4)] +. Hydrogen 

the complex established (Fig. 1). The structural parameters 
associated with the ruthenium co-ordination sphere are close to 
octahedral despite the comparatively large cone angle of the 
phosphine ligand. The differential trans influence of the 
phosphine and chloride ligands may be inferred from the 
relative Ru-S bond lengths for S(1), S(2) and S(3) from which it 
is apparent that the longest Ru-S interaction occurs for the 
sulfur trans to the phosphine ligand even though the steric bulk 
of the PPh, ligand would be expected to favour a lengthening 
of the Ru-S(2) and Ru-S(3) bonds. Whilst this might be 
accommodated by a simple o-trans influence argument it is 
also interesting to consider the possibility that competitive IT 
acceptance plays a role in the destabilisation of the Ru-S(1) 
interaction. 

The compound has a surprisingly low solubility in common 
organic solvents and this may be due in part to an extensive 
hydrogen-bonding network which is built up in the crystal by 
interaction of the chlorine atoms of the solvent of crystallization 
(deuteriochloroform) and the protons bound to the metallo- 
cycle. The co-ordination of sulfur macrocycles to metals 
appears to enhance the acidity of C-H bonds a to sulfur and 
we anticipate this feature will become increasingly important 
as the reactivity of this class of compounds comes under 
study, although this property may ultimately compromise the 
anticipated application of thia crown ethers to catalyst 
design. 

Whilst a similar reaction ensued with [RuCl,(PPh,),] and 
[14]aneS4, a chloride salt was obtained rather than a neutral 
complex as observed with [9]aneS, (Scheme 4). More 
crystalline samples were obtained by metathesis of the chloride 
for either AsF,- or C104-, the latter providing single crystals 
suitable for X-ray diffractometry. 

The spectroscopic data suggested the formulation [RuCl- 
(PPh,)( [ 1 4]aneS4)] + . In addition to a molecular ion being 
observed in the FAB mass spectrum, 'H NMR integration 
indicated a macrocycle to phosphine ratio of 1 : 1 whilst the far- 
IR spectrum showed only one absorption attributable to 
v(RuC1) at 275 cm-'. The co-ordination geometry (cis or trans) 
could not be determined unequivocally by spectroscopic 
techniques, however a single-crystal X-ray diffraction analysis 
of the perchlorate salt indicated that a cis arrangement of 
chloride and phosphine ligands is adopted and that the co- 
ordination geometry at ruthenium is once again essentially 

Scheme 4 

octahedral (Fig. 2). As with the neutral complex [RuCl,(PPh,)- 
([9]aneS,)], a differential trans influence between the phosphine 
and chloride ligands is apparent such that the Ru-S interaction 
trans to the phosphine is the longest and that trans to the 
chloride the shortest. 

The adoption of a cis disposition for the chloride and 
phosphine ligands would appear to be consistent with a 
stepwise chelation of the four sulfur donor atoms following 
successive extrusion of ligands at the ruthenium centre. It is 
believed that the small size of the ring of [14]aneS, disfavours 
the adoption of the trans geometry in octahedral complexes ' 
and this has been clearly illustrated for the complexes cis- 
[RhCl,([ 14]aneS,)] + and trans-[RhCl,([ 1 6]aneS4)] + ([ 161- 
aneS, = 1,5,9,13-tetrathiacyclohexadecane).9 An example of 
the trans arrangement of co-ligands has however been obtained 
for a ruthenium complex of pennethylated [14]aneS4. Thus the 
conversion of cis-[RuCl,(Me,[ 14]aneS,)] + to trans-[RuClH- 
(Me,[14]aneS4)]+ (Me4[14]aneS, = 6,6,13,13-tetramethyl- 
1,4,8,11 -tetrathiacyclotetradecane) lo  is accompanied by a 
change in geometry which is counter-intuitive if only the steric 
requirements of the two co-ligands are considered. In this case 
the added steric congestion introduced by permethylation 
presumably disfavours the accumulation of sulfur donors on 
two mutually perpendicular meridional planes. The dinuclear 
pseudo-square-planar complex [(Rh(Me,[ 14]aneS,))J2 + also 
features a trans arrangement of the sulfur macrocycle; '' 
however this is presumably due to the requirement of a square- 
planar geometry for four-co-ordinate d* rhodium. 

The wide range of conveniently available labile poly- 
(triphenylphosphine) complexes of the platinum group metals 
suggests many precursors suitable for the introduction of thia 
crown ethers into co-ordination spheres with diverse ligand 
sets and reactivities, a possibility which we are currently 
investigating. 

Following the submission of this paper the reaction of 
[RuCl,(PPh,),] with 1,4,7,10,13-pentathiacyclopentadecane 
([ 1 SlaneS,) and sodium tetraphenylborate has been described 
and the product, [ Ru( PPh ,)( [ 1 51 aneS ,)I BPh,, crystallographi - 
cally characterized. ' 
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