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Reaction of [Ir,L,CI,] (L = C,H,, or 0.5C,H1,) or [IrL,CI] (L = C,H, or 0.5C,H6) with 1 molar equivalent of 
1.4.7-trithiacyclononane ([SIaneS,) and NH,PF, in acetone, tetrahydrofuran or CH,CI, under N, at  293 K 
afforded the complexes [Ir( [9]aneS3) LJ PF,. The single-crystal structures of [Ir( [9]aneS3) (C,H,),] PF, 
and [Ir( [9]aneS,)(C,Hl,)] PF, have been determined and show that the complex cations adopt 
distorted five-co-ordinate geometries. For [Ir( [9]aneS,)(C,H,),] PF,, Ir-S(l ) 2.31 7(2), lr-S(4) 
2.402(2), lr-S(7) 2.384(2), Ir-C(11) 2.173(9), lr-C(12) 2.194(10), lr-C(13) 2.146(8), lr-C(14) 
2.1 1 8(  7), C( 1 1 )=C( 1 2) 1.366( 1 3) and C( 1 3)=C( 1 4) 1.443( 1 1 ) A. For [ Ir ( [SIaneS,) (C,H,,)] PF,, 
Ir-S(l ) 2.31 9(5), lr-S(4) 2.343(4), lr-S(7) 2.41 9(4), Ir-C(11) 2.1 66(14), Ir-C(12) 2.1 99(14 , 

The single-crystal structure of [Ir( [9]aneS3) (C,H,)] PF6*0.5Et,O shows this complex to have a five-co- 
ordinate stereochemistry analogous to that adopted by [Fe(CO),(C,H,)] with Ir-S(l ) 2.321 (2), 
lr-S(4) 2.331 (2). lr-S(7) 2.325(2), Ir-C(11) 2.1 49(9), Ir-C(12) 2.141 (9). lr-C(13) 2.1 46(9), 
Ir-C(14) 2.115(10), C(ll)=C(12) 1.433(13), C(12)-C(13) 1.381(13) and C(13)=C(14) 1.461 (14) 
A. Variable-temperature 'H and 13C NMR spectroscopic data on [M( [9]aneS,)(C,H,),]+ and 
[M([S]aneS,)(C,H,)]+ (M = Rh or Ir) are consistent with the highly electrophilic character of the 
cationic fragments [M([S]aneS,)]+. On the basis of J(C-H) coupling data and of an analysis of 
bond-length distributions and observed dihedral angles in the complex, the butadiene ligand in 
[Ir( [SIaneS,) (C,H,)] + is assigned as q4 bonded but with a significant c2 component. 

Ir-C(15) 2.188(15), Ir-C(16) 2.141 (15), C(ll)=C(12) 1.411(19) and C(15)=C(16) 1.418(21) B . 

There is intense current interest in the organometallic 
chemistry of rhodium and iridium with the cyclopentadienyl 
and pentamethylcyclopentadienyl anions. Complexes of 
Rh and Ir with related six-electron donor ligands such as 
hydridotris(pyrazoly1)borate HB(pz), and its per methylated 
analogue HB(Me,C,N,),, [C{CH,P(O)Ph,} ,] - , P3Og3 - and 
MeC(CH,PPh,), (tdpme) have also been well studied, with 
each protecting group imposing a different reactivity on the 
metal For example, the complexes [Rh{HB(Me,C,- 
N2)3}L2] (L = CO or C2H4) have been shown to undergo 
oxidative-addition reactions across aryl, vinyl and alkyl C-H 
bonds under mild thermal  condition^,^ while [Ir{C[CH,- 
P(O)Ph,],}L,] (L = CO or C2H4) catalyses the stereoselective 
hydrosilylation of alkynes.8 The small-ring trithia macrocycle 
[9]aneS, (1,4,7-trithiacyclononane) is known to co-ordinate 
in a facial manner to a range of metal centres within the triads 
of Fe, Co, Ni, Cu and Zn.'-'' We argued that [9]aneS, could 
also act as a protecting group analogous to [C,H,]-, and 
were interested in what type of reactivity the half-sandwich 
complexes of Rh' and Ir' of this ligand might exhibit. This paper 
describes the synthesis and structures of a range of alkene 
iridium(1) complexes of [9]aneS3; the synthesis and characterisa- 
tion of the rhodium analogues [Rh([9]aneS3)L,]+ (L = 
alkene, CO or phosphine) will be reported separately. 

Very few iridium complexes of thioether ligands have been 
reported. Reaction of [1r2(C8Hl2),Cl2] (C8H12 = cycloocta- 
1,5-diene) with dth (dth = 2,Sdithiahexane) or S(C,H,SPh), 
affords the products [Ir(dth)(C,H, ,)C1] and [Ir{ S(C2H,- 

t Supplementary data auailable: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1994, Issue 1 ,  pp. xxiii-xxviii. 

SPh),}(C8H ,)]C1 respectively. We have structurally charac- 
terised the octahedral iridium(rI1) species [Ir([9]aneS3),l3 + , 
[Ir([9]aneS3),H]2' and cis-[Ir([ 14]aneS,)Cl,]+ ([14]aneS4 
= 1,4,8,11 -tetrathiacyclotetradecane). No iridium(1) com- 
plexes of crown thioether ligands have been published to date, 
however, and there was therefore additional interest in 
determining the manner in which [9]aneS3 might co-ordinate 
to this metal centre: [9]aneS3 complexes of the d8 metal ions 
Pd", Pt" and Au"' exhibit quasi-five- or -six-co-ordinate 
geometries, with lengthened M . S apical interactions of 
2.6-3.2 A.14 A preliminary communication of this work has 
appeared. ' 

Results and Discussion 
Reaction of [Ir,L,Cl,] [L = C8H14 (cyclooctene) or 
0.5C8H,,] l 6  or in situ generated solutions of [IT(C,H~)~- 
Cl] '',I8 with 1 molar equivalent of [9]aneS, and NH,PF6 in 
acetone or tetrahydrofuran (thf) under N, at 293 K afforded 
yellow solutions, from which pale yellow air-stable solid 
products could be isolated on addition of Et,O. Analytical data 
for these compounds are consistent with the formulation 
[Ir([9]aneS3)L2]PF, (L = C2H4, C8H14 or 0.5CsH12). *Fast 
atom bombardment (FAB) mass spectrometry shows positive- 
ion peaks with the correct isotopic distributions corresponding 
to the complexes [Ir([9]aneS3)L2] + . The complex [Ir([9]- 
aneS,)(C,H,,),]+ is stable indefinitely at 298 K in air in 
the solid state, and for about 2 d at 298 K under N, in MeNO, 
or MeCN solution. This contrasts with [Rh([9]aneS3)- 
(C8H141)52] + which decomposes rapidly in solution above 
250 K. 

The 'H NMR spectra of the complexes exhibited multiplets 
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Table 1 
selected ethene complexes 

Free energies of activation for alkene hydrogen exchange for 

64 
> 65 

43 
> 80 

54 
< 58 
> 84 

40 
51 
42 

Ref. 
20 
This 
work 

1 
21 
22 
23 

5 
8 

24 
25 
26 
27 

* acac = Acetylacetonate. 

Fig. 1 
adopted 

View of [Ir([9]aneS3)(C2H4)2]+ with the numbering scheme 

centred near 6 3.04 (L = C2H4) and 2.6 (L = C,H14 or 
0.5C,H,,) arising from the [9]aneS3 macrocycle, as well as 
peaks expected from the q2-co-ordinated alkenes in integral 
ratios consistent with the formulation [Ir([9]aneS,)L2] + . In 
addition to resonances for alkene ligands, 3C DEPT (distortion- 
less enhancements by polarisation transfer) NMR spectroscopy 
for all three complexes showed a single resonance in the range 
6 35.2-35.6 from the [9]aneS3 methylene centres, indicating 
that the macrocyclic C atoms are equivalent in solution. This 
type of equilibration has been noted previously for [9]aneS3 
complexes of non-d6 metal ions.lg No evidence in favour of 
structures involving o- or q 3-co-ordinated alkenes was 
observed, in contrast to the products obtained from similar 
reactions using hydrido(pyrazoly1)borate ligands. No reaction 
was observed between [Ir([9]aneS3)L,]+ (L = C2H4 or 
C,H14) and CO or C8H12 in thf or CH2Cl, solutions at 293 K 
or under reflux, consistent with a five-co-ordinate, 1 %electron 
configuration for these complexes in solution. ' 

The 'H NMR spectrum of [Ir([9]aneS,)(C2H4),]PF6 in 
(CD,),CO at 293 K exhibited a multiplet at 6 3.1 1-2.98 
corresponding to the SCH, protons of the co-ordinated 
macrocycle, and a singlet at 6 2.19 from the ethene H atoms. A 
variable-temperature 'H NMR study (360.13 MHz) in 2: 1 
CD2C12-[2H,]thf allowed the measurement of T, for exchange 
of the ethene H atoms as 177 k 1 K: below this temperature, 
two new resonances corresponding to the outer and inner 
ethene proton environments were observed at 6 2.57 and ca. 
1.89 (partially obscured by a solvent peak). These data 
correspond to a calculated activation energy of AGt = 

n 

Fig. 2 Two views of [Ir([9]aneS3)(CBHl2)]+ with the numbering 
scheme adopted 

33.3 k 0.2 kJ mol-' at this temperature. This compares with 
the value found for [Rh([9]aneS3)(C2H4),]+, where T, for 
ethene rotation was below 175 K.,' No decoalescence of the 
'H NMR resonance due to the [9]aneS3 ligand in 
[Ir([9]aneS3)(C,H4),]PF6 was observed down to 158 K. 

Given the observed inactivity of [M([9]aneS3)(C,H4),] + 

(M = Rh or Ir) towards nucleophilic substitution reactions, the 
most likely mechanism of ethene hydrogen exchange in these 
compounds is rotation of the co-ordinated ethene ligands about 
the metal-alkene o-bond axis. Activation energies for ethene 
rotation of G33.3 kJ mol-' are substantially lower than for 
related ethene complexes of Rh' or Ir' (Table 1): this implies that 
M+C,H4 n-back donation is relatively weak in [M([9]aneS3)- 
(C2H4),] +, and hence the fragments [M([9]aneS3)] + (M = Rh 
or Ir) contain unusually electrophilic rhodium(1) and iridium(1) 
centres. This is consistent with the potential n-acceptor ability 
of [9]aneS3,9*10.28 and the overall + 1 charge on these cationic 
complexes. 

In order to quantify further the iridium-alkene bonding in 
the complexes [Ir([9]aneS3)L2] + and to ascertain the co- 
ordination geometries adopted by these species, single-crystal 
X-ray analyses of [Ir( [9] anes 3)(c , H4) 2] PF6 and [Ir( [9] ane- 
S,)(C,H, 2)]PF, were undertaken. Single crystals were 
obtained by diffusion of E t20  vapour into acetone solutions of 
the complexes. Figs. 1 and 2 give views of the two complex 
cations, and bond lengths, angles and torsion angles are listed in 
Tables 2 and 3. 

The single-crystal structure of [Ir([9)aneS,)(C2H4),]PF6 
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Table 2 
deviations for [Ir([9]aneS,)(C2H,),] + 

Bond lengths (A), angles and torsion angles (“) with standard 

~~~~~~ 

Table 3 Bond lengths (A), angles and torsion angles (“) with standard 
deviations for [Ir([9JaneS,)(CsHl2)]+ 

Ir-S( 1 ) 
Ir-S(4) 
Ir-S(7) 
Ir-C( 1 1 ) 
Ir-C( 12) 
Ir-C( 13) 
Ir-C( 14) 
S( 1)-C(2) 
S( 1 )-C(9) 
S( 1 )-Ir-S( 4) 
S( 1 )-Ir-S( 7) 
S( 1 )-Ir-C( 1 1 ) 
S( 1 )-Ir-C( 12) 
S( 1 )-Ir-C( 13) 
S( 1 )-Ir-C( 14) 
S(4)-Ir-S(7) 
S(4)-Ir-C( 1 1 ) 
S(4)-Ir-C( 12) 
S(4)-Ir-C( 13) 
S(4)-Ir-C( 14) 
S(7)-Ir-C( 1 1 ) 
S( 7)-I r-C( 1 2) 
S(7)-Ir-C( 13) 
S(7)-Ir-C( 14) 
C( 1 1 )-Ir-C( 1 2) 
C( 1 1 )-Ir-C( 13) 
C( 1 1 )-Ir-C( 14) 
C( 12)-Ir-C( 13) 
C( 12)-1r-C( 14) 

2.317(2) 
2.402(2) 
2.384( 2) 
2.173(9) 
2.1 94( 10) 
2.146(8) 
2.1 18(7) 
1.8 18(8) 
1.820(8) 

87.32(6) 
87.52(6) 

156.8(2) 
165.8(3) 
83.56(21) 
86.30(20) 
86.30(6) 

113.5(2) 
83.9(3) 

148.9(2) 
1 10.4(2) 

102.9(3) 
122.7(2) 
1 6 1.9(2) 
36.4(3) 
83.1(3) 
95.3(3) 
98.4(3) 
86.4(3) 

83.86( 23) 

- 133.3(5) 
64.4( 6) 
48.0(7) 
65.5( 6) 

49.3(6) 
64.3(5) 

50.6(6) 

- 132.9(5) 

- 135.3(5) 

1.505( 10) 
1.822(8) 
1.842(7) 
1.529(10) 
1.8 12(7) 
1 .8 1 8( 7) 
1 .524( 1 0) 
1.366( 13) 
1.443( 1 1) 

106.7(2) 
39.q 3) 

102.2(2) 
101.4(3) 
112.6(5) 
114.6(5) 
100.7(2) 
105.5(2) 
10 1.2(3) 
11 1.9(5) 
114.2(5) 
103.1 (2) 
104.8(2) 
100.9(3) 
111.3(5) 
1 13.7(5) 
72.6(5) 
70.9( 5 )  
69.2(4) 
71.3(4) 

shows (Fig. 1) five-co-ordination at  Ir’ [Ir-S( 1) 2.3 17(2), Ir-S(4) 
2.402(2), Ir-S(7)2.384(2); Ir-C(l1)2.173(9), Ir-C(12)2.194(10), 
Ir-X(l) 2.073(9), Ir-C(13) 2.146(8), Ir-C(14) 2.1 18(7), Ir-X(2) 
2.007(8), C(11)-C(12) 1.336(13) and C(13)-C(14) 1.443(11) A], 
where X(l ) ,  X(2) are the midpoints of the C ( l l K ( l 2 )  and 
C( 13)=C( 14) ethene double bonds respectively. By considering 
the internal angles a t  Ir, the stereochemistry can be best 
described as distorted trigonal bipyramidal with S( 1) and 
C ( l l ) X ( 1 2 )  a t  apical sites. However, the constraints of the 
[9]aneS, macrocycle lead to  highly distorted angles within the 
equatorial S2(C2H4) plane of the complex: S( 1)-Ir-X( 1) 
173.9(2), S( l)-Ir-X(2) 84.6(2), S(4)-1r-X(1) 98.8(2), S(4)-1r- 
X(2) 129.9(2), S(7)-1r-X(1) 93.6(2), S(7)-Ir-X(2) 142.3(3), 
X( 1 )-1r-X(2) 90.9(3), S-Ir-S 86.30(6)-87.52(6)’. This geometry 
is very similar to  the trigonal-bipyramidal stereochemistries 
observed in the analogous rhodium(1) species [Rh([9]ane- 
s,)L,]+ (L = C,H4 or 0.5C8H12)15,20 and [Rh,(C,H,,),- 
([20]aneS,)]2 + ([20]aneS, = 1,4,7,11,14,17-hexathiacyclo- 
i c o ~ a n e ) . , ~  The Ir-C and intra-ethene C=C distances are similar 
t o  those observed in other iridium+thene complexes, for 
example the trigonal-bipyramidal cation [Ir(PMe,Ph),- 
(C2H4)J + contains two equatorial C,H, ligands, Ir-C 
2.140(16)-2.171(15), G=C 1.401(25), 1.427(24) while 
for trans-[Jr(PPh,),(C2H4)Cl], Ir-C 2.123(8), 2.1 12(8), C=C 
1.375(10) In [Ir([9]aneS,)(C,H4),]+ the axial Ir-S(1) 
bond is shorter than the equatorial Ir-S distances, as expected 
for a d8 trigonal-bipyramidal complex. 32 However, the axial 
ethene ligand [C(ll)=C(21)] is less closely bound to the metal 
centre than is the equatorial ethene [C(13)=C(14)] since the 
former is directly trans t o  the thioether S-donor S(1). The 

Ir-S(l) 
Ir-S(4) 
Ir-S(7) 
Ir-C( 1 1) 
Ir-C( 12) 
Ir-C( 15) 
Ir-C( 16) 
C(11 jC(12) 

S( 1 )-Ir-S(4) 
S( 1 )-Ir-S( 7) 
S( 1)-Ir-C( 1 1) 
S( 1 )-Ir-C( 12) 
S( 1 )-Ir-C( 15) 
S( l)-Ir-C( 16) 
S(4)-Ir-S( 7) 
S(4)-1r-C( 1 1) 
S(4)-Ir-C( 12) 
S(4)-Ir-C( 15) 
S(4)-Ir-C( 16) 
S(7)-Ir-C( 1 1) 
S(7)-Ir-C( 12) 
S(7)-Ir-C( 15) 
S(7)-Ir-C( 16) 
C( 1 1 )-Ir-C( 12) 
C( 1 1)-Ir-C( 1 5 )  
C(l I)-Ir-C(16) 
C( 12)-1r-C( 15) 
C( 12)--1r-C( 16) 
C( 15)-1r-C( 16) 
Ir-S( 1 )-C(2) 
Ir-S( 1 )-C(2‘) 
Ir-S( 1 )-C(9) 
Ir-S( 1 )-C(9’) 
C(2)-S(1 )-C(9) 
C(2’)-S( 1 )-C(9’) 
Ir-S(4)-C(3) 

2.319(5) 
2.343(4) 
2.41 9(4) 
2.166( 14) 
2.199( 14) 
2.188( 15) 
2.1 4 1 ( 1 5 )  
1.41 1( 19) 

86.35( 15) 
86.79( 15) 

174.2(4) 
147.5(4) 
84.3(4) 
95.3(4) 
8 5.99( 1 4) 
97.2(4) 
86.8(4) 

134.5(4) 
17 1.9(4) 
88.9(4) 

124.3(4) 
137.6(4) 
102.0(4) 
37.7(5) 
96.3(5) 
81.8(5) 
78.1(5) 
87.6( 5 )  
38.2(6) 

103.6( 5 )  
106.0(6) 
105.1(5) 
100.9( 5 )  
97.2( 7) 

101.9(7) 
105.2( 5 )  

C(ll)-C(18) 1.499(21) 
C(12)-C(13) 1.528(21) 
C(13)-C(14) 1.474(23) 
C( 14)-C( 15) 1.482(23) 

1.41 8(2 1) C( 15)-C( 16) 
C( 16)-C( 17) 1.566(21) 
C(17)-C(18) 1.528(21) 

Ir-S(4)-C( 3‘) 
Ir-S(4)-C(5) 
Ir-S(4)-C( 5‘) 
C(3)-S(4)-C(5) 
C( 3‘)-S(4)-C( 5’) 
Ir-S(7)-C(6) 
I r-S (7)-C( 6’) 
Ir-S(7)-C( 8) 
Ir-S(7)-C(8’) 
C(6)-S(7tC(8) 
C(6’H7)-C(8’) 
Ir-C( 1 1 )-C( 12) 
Ir-C( 1 1 )-C( 1 8) 
C( 12)-C( 1 1 )-C( 18) 
Ir-C( 12)-C( 1 1 ) 
Ir-C( 12)-C( 1 3) 
C( 1 1 )-C( 12)-C( 13) 
C( 12)-C( 13)-C( 14) 
C(13)-C(14)-C(15) 
Ir-C( 15)-C( 14) 
Ir-C( 15)-C( 16) 
C( 14)-C( 1 5)-C( 16) 
Ir-C( 16)-C( 1 5 )  
Ir-C( 16)-C( 17) 
C(15)-C(16)-C(17) 
C( 16)-C( 17)-C( 18) 
C( 1 1)-C(18)-C( 17) 

-59.8(11) 
142.8(10) 

142.1 ( 10) 
- 56.6( 1 1) 

- 52.7( 1 1) 
-60.8(11) 

- 54. I(  1 1) 
- 61.4( 12) 
- 140.4(11) 

137.3( 10) 

54.7( 12) 
56.7( 12) 
57.9(12) 

- 144.1(11) 
60.8( 1 2) 
55.0( 12) 

6 1.4( 1 2) 
3.6(22) 

47.7( 1 9) 

31.6(19) 
45.9(2 1) 

1.4(23) 

26.6( 17) 

- 139.3( 10) 

-96.3(17) 

- 88.9( 18) 

102.3( 5) 
100.6(4) 
1 05.2( 6) 
102.0(7) 
97.8(7) 

1 0 3 3  5 )  
100.6(5) 
98.8(5) 

102.6(5) 
105.8(7) 
101.0(7) 
72.4( 8) 

110.3(9) 
124.8( 13) 
69.9(8) 

114.3(9) 
1 23.3( 1 2) 
11  1.4(13) 
115.1(14) 

69.1(8) 
123.9(14) 
72.7( 8) 

111.5(10) 
125.0( 13) 
113.8(12) 
1 12.9( 12) 

112.1(10) 

equatorial S-donors S(4) and S(7) are not directly trans t o  the 
equatorial ethene [C( 13)=C( 14)] and so n o  trans lengthening of 
the Ir-C(13) and Ir-C(14) linkages is observed. This pattern of 
metal-alkene bonding has also been observed in the related 
rhodium thioether complexes mentioned above, and in other 
trigonal-bipyramidal complexes of Rh’ and Ir’ with chelating 
alkenes such as [Ir(PRJ)2(CIH1,)Me] (PR, = PMe,Ph, 
0.5Ph,PCH,CH,PPh2 o r  O.SPh,PCH,CH,CH,PPh,) 3 3  and 
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CRh((CF3CO),CH3L(C,H,N!1 [L = 2,3-bis(methoxycarb- 
ony 1)bic yclo[ 2.2.1 ] hepta-2,5-diene]. 34 Another possible ex- 
planation for the shortened Ir-C and lengthened C==C distances 
associated with C( 13)-C( 14) is the formation of a metallocyclo- 
propane moiety. However, the low barrier to ethene rotation 
observed for [Ir([9]aneS3)(C,H4),] + and the oxidation 
observed by cyclic voltammetry (see below) suggest more 
strongly that the complex may best be regarded as an iridium(1) 
bis(7c-ethene) complex. 

The single-crystal structure of [Ir([9]aneS3)(C,H,,)]PF6 
also shows (Fig. 2) a five-co-ordinate complex cation [Ir-S(l) 
2.319(5), Ir-S(4) 2.343(4), Ir-S(7) 2.419(4); Ir-C(l1) 2.166(14), 
Ir-C(l2) 2.199(14), Ir-X(1) 2.067(14), Ir-C(l5) 2.188(15), 
Ir-C( 16) 2.141 (1 5), Ir-X(2) 2.045( 15) A], where X( l), X(2) are 
the midpoints of the C(l l)=C( 12) and C( 15)=C( 16) vectors 
respectively. However, the angles about the iridium are 
more consistent with a geometry midway between trigonal bi- 
pyramidal and square pyramidal [S( 1)-Ir-X( 1) 166.1 (4), 
S( l)-Ir-X(2) 90.0(4), S(4)-Ir-X( 1) 92.1 (4), S(4)-Ir-X(2) 
153.3(5), S(7)--Ir-X(1) 107.2(4), S(7)--Ir-X(2) 120.2(4), 
X(l)-Ir-X(2) 85.5(6)O]. As a result of this the CZC bond lengths 
C(ll)-C(12) 1.411(19) and C(15)-C(16) 1.418(21) A are more 
similar to one another than in trigonal-bipyramidal [Ir([9]ane- 
S3)(C2H&]PF6. Conversion of the observed structure for 
[Ir([9]aneS3)(C8Hl,)]PF6 into a trigonal-bipyramidal geo- 
metry analogous to that observed for [Ir([9]aneS,)(C,H4),] + 

involves rotation of the [9]aneS3 macrocycle by some 1 lo about 
the central Ir([9]aneS3) C3 axis, whilst rotation by - 1 lo  would 
give a square-pyramidal stereochemistry. The occurrence of 
different geometries for these two complexes is consistent 
with the fluxionality observed for [Ir([9]aneS3)(C,H4),] + 

in solution (see above), and suggests that the detailed 
stereochemistries exhibited by [Ir([9]aneS3)L,] + (L = C2H4 
or 0.5C8Hl2) in the solid state may be influenced by crystal- 
packing forces. 

Reaction of a solution of [Ir(c4H6),Cl] generated in situ l 8  

with [9]aneS3 and NH4PF6 in CH2Cl, under identical 
conditions to those described above afforded a colourless 
microcrystalline product. Analytical data for this complex are 
consistent with the formulation [Ir([9]aneS3)(C4H6)]PF6, 
while FAB mass spectrometry shows positive-ion peaks with 
the correct isotopic distributions at m/z = 427, 399 and 372, 
corresponding to [Ir([9]aneS3)(C4H6)] + , [Ir([9]aneS3)(C2- 
H2)] + and [Ir([9]aneS3 - H)] + respectively. 

The 'H NMR spectrum of [Ir([9]aneS3)(C4H6)]PF6 in 
(CD3),C0 at 293 K shows multiplet resonances centred at 
6 5.29, 2.25 and 0.43 arising from the butadiene ligand and at 
6 3.08-2.72 from the [9]aneS3 macrocycle. The I3C NMR 
spectrum obtained under the same conditions exhibited peaks 
at 6 80.94 and 22.34 due to co-ordinated C4H6 and three peaks 
of equal intensity in the region expected for the [9]aneS3 ligand 
at 6 37.63, 36.46 and 35.04 (Fig. 3). This shows that 
[Ir([9]aneS3)(C4H6)] + has a static solution structure at 293 K 
with three distinct methylene environments for the [9]aneS3 
macrocycle, in contrast to the complexes [Ir([9]aneS3)L2] + 

(L = C2H4, C8HI4 or 0.5C8H12) described above where only 
one resonance is observed for the carbon centres of the co- 
ordinated [9]aneS3. It is well known that the activation barrier 
for scrambling of the CO ligands in [Fe(CO),( 1,3-diene)] 
complexes by rotation of the Fe(C0)3 fragment relative to 
the diene ligand is significantly higher than for analogous 
complexes of non-conjugated d i e n e ~ . ~  5*36 For a relatively 
non-substitution-labile third-row metal complex such as 
[Ir([9]aneS3)(C,H6)] + the barriers to rotation would be 
expected to be greater than those for first-row species. Indeed, 
the NMR data are consistent with [Ir([9]aneS,)(C,H6)]+ 
adopting a static, five-co-ordinate structure. In addition, 
significant [Ir'(q4-C4H6)] + f-----) [Ir"'(a,q2,0-C4H6)] + tauto- 
merism of the type observed for 1,3-diene complexes of Hf, 
Ta and Zr 37-40 (see below) might inhibit fluxionality about the 
Ir, which would possess significant d6 character. In order to 
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Fig. 3 The 13C NMR spectra of [Ir([9]aneS3)(C4H6)]+ C90.56 MHz. 
(CD,),CO, 293 K]: (a) DEPT, (b) broad-band 'H-coupled 

6 

Fig. 4 Two views of [Ir([9]aneS3)(C4H6)]+ with the numbering 
scheme adopted 

examine the Ir-C4H6 bonding in this complex a single-crystal 
X-ray analysis of [Ir([9]aneS3)(C4H6)]PF6 was undertaken. 

Diffusion of EtzO vapour into an acetone solution of the 
complex afforded colourless tablets of composition [Ir- 

cation are shown in Fig. 4, and selected bond lengths, angles and 
torsion angles are listed in Table 4. The structural analysis 
confirms a five-co-ordinate structure for [Ir([9]aneS3)(C4H,)] + 

with Ir-S( 1) 2.321 (2), Ir-S(4) 2.33 l(2) and Ir-S(7) 2.325(2) A. 

([9]aneS3)(C4H6)]PF6*o.5Et20. TWO Views Of the Complex 
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The stereochemistry adopted by the complex is analogous to 
that observed for other five-co-ordinate d8 butadiene complexes 
such as [Fe(Co),(C4H6)] 41 and [C0(PMe3),(C4H6)] +,42 with 
one Ir-S bond [Ir-S(7)] situated over the open edge of the C4H6 
ligand. Extended Huckel molecular-orbital (EHMO) calcul- 
ations have shown that this orientation of a d8 [ML,]"+ 
fragment relative to a C4H6 ligand is electronically favoured.36 
The butadiene ligand is bound to the Ir with Ir-C(l1) 2.149(9), 
Ir-C(12) 2.141(9), Ir-C(l3) 2.146(9), Ir-C(l4) 2.1 15(10) A, 
Ir-X( 1) 2.022(9), Ir-X(2) 2.029(9), Ir-X(3) 2.002(9) A, 
X(1)-Ir-S( 1) 148.62(6), X(2)-Ir-S(l) 114.94(6), X(3)-Ir-S(1) 
97.65(6), X(l)-Ir-S(4) 96.97(6), X(2)-Ir-S(4) 1 12.63(6), 
X(3)-Ir-S(4) 145.61(6), X( l)-Ir-S(7) 122.9(5), X(2)-Ir-S(7) 
147.69(5) and X(3)-Ir-S(7) 124.88(5)", where X(1), X(2) and 
X(3) are the midpoints of the C(1 l)-C(l2), C(12)-C(13) and 
C( 13)-C( 14) linkages respectively. Importantly, the CH-CH 
bond distance is shorter than the C H 2 S H  distance, 
C(ll)-C(12) 1.433(13), C(12)-C(13) 1.381(13) and C(13)-C(14) 
1.461( 14) A; for free butadiene C==C 1.343( 1) and C-C 1.467( 1) 
A.43 Whilst equalisation of the butadiene C-C bond lengths 
would be expected on co-ordination to a metal ion,44 the degree 
of distortion observed for [Ir([9]aneS3)(C4H6)] + is unusual for 
butadiene complexes of Groups VIII-X metals. This not- 
withstanding, the bond lengths are comparable with those 
found in [Ir(C4H6)2Cl], CH,=CH 1.41( 1) and CH-CH 1.47(1) 
A.45 The pattern of C4H6 C-C distances observed for 
[Ir([9]aneS3)(C4H6)] + is however more typical of those found 
in butadiene complexes of early transition metals such as Hf, Ta 
and Zr, which are generally formulated as metallacyclopent-3- 
ene species: 38 for example for P ~ ( I ~ - C S H ~ ) ( C & ) C ~ ~ ]  intra- 
C4H6 CH,-CH 1.458(16)and 1.453(16)andCH-CH 1.375(16) 
A.40 The metallacyclopent-3-ene form of these complexes is also 

Table 4 Bond lengths (A), angles and torsion angles (") with standard 
deviations for [Ir([9]aneS3)(C4H6)] + 

Ir-S( 1) 2.32 l(2) C ( 3 H 4 )  
Ir-S(4) 2.33 l(2) S(4)-C(5) 
Ir-S(7) 2.325(2) C(5)-C(6) 
Ir-C( 1 1 ) 2.149(9) C(6)-S(7) 
Ir-C( 12) 2.141 (9) S(7)-C@) 
Ir-C( 13) 2.146(9) C(8)-C(9) 
Ir-C( 14) 2.115(10) C(1 1)-C(12) 
S(l)-C(2) 1.843(9) C( 12tC( 13) 
CWC(3)  1.508( 13) C(13)-C(14) 

S( 1 )-Ir-S( 4) 88.06( 8) C ( 2 H  1 K ( 9 )  
S( 1 )-Ir-S( 7) 88.87(8) S( 1 )-C(2)-c(3) 
S( 1 )-Ir-C( 1 1 ) 103.4(2) C(2)-C(3kS(4) 
S(l)-Ir-C(12) 1 42.0( 2) Ir-S(4)-C(3) 
S( 1 )-Ir-C( 13) 144.3(2) Ir-S(4)-C( 5) 
S(l)-Ir-C(14) 105.0(3) C(3)-S(4tC(5) 
S(4)-Ir-S( 7) 89.07(8) S(4)-C(5kC(6) 
S(4)-Ir-C( 1 1 ) 1 68.0( 2) C(5tC(6tS(7) 
S(4)-Ir-C( 12) 129.1(2) Ir-S(7)-C(6) 
S(4)-Ir-C( 13) 99.65(25) Ir-S(7)-C(8) 
S(4)-Ir-C( 14) 94.7(3) C(6kS(7)-C(8) 
S(7)-Ir-C( 1 1 ) 94.86(25) S(7)-C(8YC(9) 
S(7)-Ir-C( 12) 98.29( 24) S( 1 )-C(9)-C(8) 
S(7)-Ir-C( 13) 125.7(2) CU1>-C(12)-C(13) 
S( 7)-Ir-C( 14) 165.8(3) C(12)-C(13)-C( 14) 
Ir-S( 1 )-C( 2) 106.1(3) 
Ir-S( 1 )-C(9) 102.2(3) 

S( 1 )-C(2)-C(3kS(4) - 46.9( 8) 
C(2tC(3tS(4tC(5) - 64.7(8) 

S(4)-C(5W(6FS(7) - 50.2(8) 
C(5)-C(6H7tC(8) - 65.4(7) 

S(7tC(8kC(9kS(1) - 46.9(7) 
C(8)-C(9FS( 1 )-Cm - 68.1(7) 

C(3)-S(4)-C(5FC(6) 136.1(7) 

C(6tS(7tC(8tC(9) 132.2(6) 

C(9l-V 1 )-c(2)-C(3) 132.9(6) 
C(I 1)-C(l2)-C(13)-C(14) 0.2(13) 

1.828(10) 
1.824(10) 
1.5 17( 13) 
1.838( 10) 
1.837(9) 
1.522( 12) 
1.433(13) 
1.381(13) 
1.46 1 (14) 
102.0(4) 
11 1.5(6) 
114.4(7) 
102.2(3) 
10433) 
100.7(4) 
112.2(7) 
1 13.4(7) 
10 1.5(3) 
105.4(3) 
100.0(4) 
1 1 1.9(6) 
114.4(6) 
119.1(8) 
11 5.5(8) 

reflected in their 'H and I3C NMR spectra. In particular, the 
'J(C-H) coupling constants for the butadiene CH2 groups are 
10-25 Hz lower for a2,q2-metallacyclopent-3-ene species 
compared to q4-butadiene complexes,4o reflecting the increased 
sp3 hybridisation at these carbon centres for the former 
complexes. 

In order to quantify the electronic character of [M([9]ane- 
S3)(C4H6)]+ (M = Rh or Ir), 'H-coupled "C NMR spectra of 
these complexes were obtained C90.56 MHz, (CD,),CO, 293 K; 
Table 5). Using the semiempirical expression (1) relating 

'J(C-H)/Hz = 5.70(% S) - 18.4 (1) 

'J(C-H) coupling constants to the degree of hybridisation at 
the C atom4' we obtain a figure of 30.9% s character at the CH, 
centres of C4H, in [M([9]aneS3)(C4H6)]+ (M = Rh or Ir). 
This corresponds to n = 2.2 for sp" hybridisation at these C 
atoms. In contrast, metallacyclopent-3-ene species generally 
give n = 2.6-2.7 for these atoms.40 Hence, the 'J(C-H) 
coupling constants derived for CM(C9 JaneS3)(C4H6)] + (M = 
Rh or Ir) are consistent with the M(q4-C4H6) structure 
generally observed for 1,3-diene complexes of the late transition 
metalssuch as [M(CO)3(C4H6)] (M = Fe, Ru or 0s; 46 Table 5). 

Other methods of analysing the bonding of diene fragments 
are based upon the distribution of bond lengths and dihedral 
angles in the diene fragment.50 This approach defines two 
parameters Ad and A1 for a diene ligand labelled C( l), C(2), C(3) 
and C(4) (Fig. 5) ,  equations (2) and (3). Using these guidelines, 

Ad = O.S{d[M-C(I)] + d[M-C(4)]} - 
0.5{d[M-C(2)] + d[M-C(3)]} (2) 

A1 = 0.5{dCC(l)-C(2)] + d[C(3)-C(4)]} - 
4 ~ ( 2 ) - ~ ( 3 ) 1  (3) 

it has been observed that for a2,q2-metallacyclopent-3-ene 
species Ad lies in the region -0.4 to 0 A with A1 M . 2  A. This 
compares with values of Ad = - 0.1 to 0.1 A and A1 - 0.1 to 0 %, 
for q4-butadiene complexes. In addition, the dihedral angle 8 
between the two planes defined by M-C(1)-C(4) and C(1)- 
C(2)-C(3)-C(4) is observed to fall in the region 75-90" for 
a q4-butadiene complex and is >90" for the corresponding 
02,q 2-metallacyclopent-3-ene species. Based on the single- 
crystal structure analysis, the complex [Ir([9]aneS,)(C4H6)] + 

has Ad = -0.012 A, A1 = 0.066 A and 8 = 86.5". Interest- 
ingly, Fryzuk et al. s ' have reported rather similar parameters 

(Ad = -0.01 A, A1 = 
the above criteria, the 

C(2) C(3) 

Fig. 5 
analysis 

Labelling of co-ordinated butadiene for bond length and angle 

Table 5 Carbon-13 NMR data for the butadiene ligand in metal- 
butadiene complexes 

6 ['J(C-H)/Hz] 

CH, groups CH groups 
35.4 (1  58, 158) 90.0 (1 70) 
20.9 (156, 160) 79.5 (171) 
40.5 (158, 162) 85.5 (169) 
32.7 (156, 160) 86.3 (168) 
24.2 (155, 160) 83.3 (170) 
33.5 ( I  54) 79.0 (163) 
48.4 (145, 145) 110.9 (154) 
62.4(146, 146) 126.1 (169) 

116.6 (158, 158) 137.2 (158) 

Ref. 
20 
This work 
46 
46 
46 
47 
39 
40 
48 
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complexes [Ir( [9] anes 3)( C4H 6)] + and [Ir( C4H 6 )  { N( SiMe, - 
CH,PPh,),)] therefore appear to be approaching the 
cross-over between q4-butadiene and c2,q2-metallacyclopent- 
3-ene assignments. We therefore propose a structure for 
[Ir( [9]aneS3)(C4H6)] + involving predominantly q4-butadiene 
co-ordination but with significant 02,q2-metallacyclopent-3- 
ene contribution. The highly distorted intra-C,H, C-C bond 
lengths observed in [Ir([9]aneS3)(C4H6)] -t probably arise from 
strong C4H6--tIr c donation consistent, as in [Ir([9]aneS3)- 
(C2H4),] + , with the highly electrophilic nature of the cationic 
[Ir([9]aneS3)] + fragment discussed above. 

Cyclic voltammetry of all the above complexes in MeCN 
containing 0.1 rnol dmP3 NBun4PF6 as base electrolyte shows 
irreversible oxidations at platinum electrodes at 298 K at a scan 
rate of 400 mV s-'. Importantly, no reductive behaviour was 
observed, suggesting that these complexes are genuine iridium(1) 
rather than iridium(m) species. Coulometric measurements 
confirm the oxidations to be one-electron processes to give 
unknown diamagnetic species, possibly involving binuclear 
diiridium(I1) species. 

Experimental 
Infrared spectra were run as KBr discs using a Perkin-Elmer 598 
spectrometer over the range 2004000 cm-' , electronic spectra 
in 1 cm quartz cells using a Perkin-Elmer Lambda-9 
spectrophotometer and FAB mass spectra on a Kratos MS 
50TC spectrometer using a 3-nitrobenzyl alcohol matrix. 
Microanalyses were performed by the Edinburgh University 
Chemistry Department Microanalytical Service. Proton and 
13C NMR spectra were recorded at 200.13 and 50.32 MHz 
respectively on a Bruker WP200 spectrometer, and at 360.13 
and 90.56 MHz on a Bruker WH360 spectrometer. 1,4,7- 
Trithiacyclononane was obtained from Aldrich Chemicals. The 
compounds [h,(C,H 4)4C12] and [Ir,(C,H ,),Cl,] were 
synthesised according to literature methods. ' 

Syntheses.-[Ir( [9]aneS 3)(C2H4) ,]PF,. Et hene was bubbled 
through a solution of [Ir2(C8H14)4C12] (0.075 g, 0.8 x lo4 
mol) in thf (6 cm3) at 298 K for 10 min. To the resultant 
colourless solution was added [9]aneS3 (0.030 g, 1.7 x lo4 
mol) and NH4PF6 (0.027 g, 1.7 x lo4 rnol), and the mixture 
was stirred at 293 K under N, for 15 min. The solution was 
filtered, and the solvent removed in vacuo. The crude product 
was recrystallised from CH,Cl,-hexane under N,, and isolated 
as a pale yellow solid. Yield 0.048 g, 50% (Found: C, 20.7; H, 3.4. 
Calc. for C~OH,,-,F&PS~: C, 20.9; H, 3.5%). IR spectrum: 3040, 
2990,2920,1470,1450,1435,1410,1300,1285,1265,1225,1190, 
1170,1130,1015,995,970,840,740,680,660,555,490,445 and 
390 cm-'. Electronic spectrum (MeCN): A,,, 229 (E,,, 8230), 
290 (2350) and 356 nm (750 dm3 mol-' cm-'). FAB mass 
spectrum: m/z 429 (calc. for ["31r([9]aneS3)(C,H4)2] + 429) 
401 (calc. for ['931r([9]aneS3)(C,H4)]+ 401) and 373 (calc. 
for ['931r([9]aneS3)] + 373). NMR [(CD,),CO, 293 K]: 
'H(360.13 MHz), 6 3.11-2.98 (m, [9]aneS3, SCH,, 12 H) and 

[9]aneS3, SCH,) and 34.35 (s, C2H4). 
[Ir([9]aneS3)(C8H 4)2]PF6. The compounds [Ir,(C,H 4)4- 

Cl,] (0.075 g, 0.8 x lo4 mol), [9]aneS3 (0.030 g, 1.7 x lo4 
mol) and NH4PF6 (0.027 g, 1.7 x lo4 mol) were stirred in 
acetone (6 cm3) under N, at 293 K for 15 min. The 
resultant pale yellow solution was filtered, reduced to ca. 1 cm3, 
and the product crystallised with Et,O. Recrystallisation from 
MeCN-Et,O under N, yielded pale yellow microcrystals. Yield 
0.081 g, 65% (Found: C, 35.6; H, 5.5. Calc. for C ~ ~ H ~ O F ~ I ~ P S ~ :  
C, 35.8; H, 5.5%). IR spectrum: 3000, 2970, 2910, 2860, 2670, 
1465, 1450, 1435, 1410, 1355, 1340, 1320, 1285, 1260, 1240, 
1225,1205,1190,1175,1145,1120,1090,1070,1040,1020,985, 
975,930, 905, 840, 740, 680, 660, 635, 605, 555, 540, 520, 485, 
435 and 420 cm-'. Electronic spectrum (MeCN): I,,, 245 (E,,, 

8370), 285 (2300 dm3 mol-' cm-') and 335 (sh) nm. FAB mass 

2.19 (s, C2H4, 8 H); 13C DEPT (50.32 MHz), 6 35.51 (s, 

spectrum: m/z 593 (calc. for ['931r([9]aneS3)(C,~14)2] + 593}, 
483 (calc. for ["31r([9]aneS3)(C8H,4)]+ 483) and 372 (calc. 
for ['931r([9]aneS, - H)]' 372). NMR (CD,NO,, 293 K): 
'H(200.13 MHz), 6 5.62 (m, C8H14 CH, 4 H) and 2.97-2.10 (m, 
[9]aneS3 SCH, + C8HI4 CH,, 36 H); 13C DEPT (50.32 
MHz), 6 61.44(s, C8HI4, CH), 35.19 (s, [9]aneS3, SCH,), 31 .OO, 
28.41 and 25.02 (s, C8H14, CH,). 

[Ir([9]aneS3)(C8H12)]PF6. Method as for [Ir([9]aneS3)- 

mol) in CH,Cl, (6 cm3). The product was a pale tan solid. Yield 

C, 26.9; H, 3.9%). IR spectrum: 2980, 2940, 2910, 2870, 2820, 
1470, 1445, 1410, 1370, 1330, 1300, 1260, 1245, 1210, 1170, 
1155,1140,1120,1075,1025,1010,995,965,940,920,905,875, 
840,780,740,705,680,660,555,525,480,450,400 and 380 cm-'. 
Electronic spectrum (MeCN): A,,, 249 (E,,, 15 300), 285 (2300 
dm3 mol-' cm-') and 335 (sh) nm. FAB mass spectrum: m/z 625 
(calc. for ['931r([9]aneS3 - H)(C,H,,)(PF,)] + 625}, 480 
(calc. for [1931r([9]aneS3 - H)(c,H,,)]+ 480) and 372 (calc. 
for ['931r([9]aneS3 - H)]+ 372). NMR (CD3CN, 293 K): 
'H(200.13 MHz), 6 3.64 (m, CSH12, CH, 4 H), 2.84-2.54 (m, 
[9]aneS3, SCH,, 12H), 2.32and2.12(m,C8H,,, CH2,4H); 13C 
DEPT (50.32 MHz), 6 63.03 (s, CgH12, CH), 35.53 (s, [9]aneS3 
SCH,)and 32.27(s,C8H,, CH,). 

[Ir([9]aneS3)(C4H6)]PF6. Butadiene was bubbled through a 
CH,Cl, (6 cm3) solution of [Ir2(C8H14)4C12] (0.075 g, 
0.8 x lo4 mol) for 5 min. The resultant colourless solution was 
then stirred with [9]aneS3 (0.030 g, 1.7 x lo4 mol) and 
NH4PF6 (0.027 g, 1.7 x lo4 mol) under N, at 293 K for 30 
min. The colourless solution was filtered, and the solvent 
removed in vacuo. The crude product was recrystallised from 
MeN0,-Et,O, giving a colourless microcrystalline solid. Yield 
0.030 g, 25% (Found: c ,  21.1; H, 3.1. Calc. for CloHl,F61rPS3: 
C, 21.0; H, 3.2%). IR spectrum: 3030, 2970, 2920, 1450, 1420, 
1405, 1385, 1360, 1295, 1260, 1240, 1170, 1120, 1050, 1030, 
1010,980,965,940,910,875,840,740,680,660,555,500,485, 
460 and 405 cm-'. Electronic spectrum (MeCN): h,,, 246 (E,,, 
3900) and 278 nm (2270 dm3 mol-' cm-'). FAB mass spectrum: 
m/z 427 (calc. for ['931r([9]aneS3)(C4H6)]+ 427}, 399 calc. for 

aneS, - H)]+ 372). NMR [(CD3),C0, 293K): 'H(360.13 
MHz), 6 5.29 (m, C4H6, CH, 2 H), 3.08-2.72 (m, [9]aneS3, 
SCH,, 12 H), 2.25 and 0.43 (m, C4H,, CH,, 2 H); 13C DEPT 

[9]aneS3, SCH,)and 22.34 (s, C4H6, SCH,). 

(C,H14),]PF6, Using [Ir2(c8H12)2cl2] (0.056 g, 0.8 X lo4 

0.035 g, 30% (Found: c, 26.7; H, 3.90. CdC. for C14H24F61rPS6: 

['931r([9]aneS3)(C,H,)]+ 399) and 372 (calc. for [' i 31r([9]- 

(90.56 MHz), 6 80.94 (s, C4H6, CH), 37.63, 36.46, 35.04 (s, 

Single-crystal Structure Determinations.-Single crystals of 
X-ray quality of [Ir([9]aneS3)(C,H4),]PF6, [Ir([9]aneS3)- 

obtained by diffusion of Et,O vapour into acetone solutions of 
the complexes. Details of the crystal data, data collection and 
processing and structure analysis and refinement are given in 
Table 6. Low-temperature structure determinations were 
carried out using an Oxford Cryosystems low-temperature 
device.53 All three structures were solved using a Patterson 
synthesis and developed by iterative cycles of least-squares 
refinement and Fourier difference syntheses. 54 Anisotropic 
thermal parameters were refined for all Ir, S, P and wholly 
occupied F and C atoms, and macrocyclic and {for [Ir([9]ane- 
S3)(C,Hl,)]PF6} C,H12 H atoms were included in fixed, 
calculated positions. Atomic coordinates appear in Tables 7- 
9. Illustrations were obtained using SHELXTL/PC,' and 
molecular geometry calculations utilised CALC. 56 Scattering- 
factor data were inlaid or taken from ref. 57. Individual details 
of structure refinement for each compound are now given. 

[Ir([9]anes3)(C,H4),]PF6. During refinement, the PF, - 
anion was found to be disordered over three equally occupied 
orientations by rotation about one F-P-F axis. The ethene H 
atoms could not be located, and were included in fixed positions 
so that C-H 1.08 A, C-C-H 120" and Ir-C-C-H 4 103°.54 

[Ir([9]aneS3)(C8Hl,)]PF6. The macrocyclic C atoms were 

(C,Hi,)]PF6 and [Ir([9]anes3)(C4H6)]PF6*O.5Et,0 were 
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Table 6 Experimental data for single-crystal X-ray structure determinations of [Ir([9]aneS3)L,]PF6 * 

L 
Formula 
Mr 
Crystal appearance 
Crystal dimensions/mm 
Space group 
4 
b /A  
C I A  
PI0 
u/A3 
Z 
DJg cm-3 
p( M 0- Ka)/mm-' 
F(OO0) 
TI K 
hkl ranges 
Data measured 
Data used [F > 4o(F)] 
Absorption corrections 

y scans 
Maximum and minimum corrections 
DIFABS " 
Maximum and minimum corrections 

Weighting scheme, w1 
Final R, R' 
Final S 
Maximum and minimum residues in final A F  

synthesisle k3 

C2H4 
1 OH20F61rPS3 

573.57 
Yellow tablets 
0.70 x 0.39 x 0.12 

11.461(3) 
9.52 1 (5) 
15.653(8) 
105.44(4) 
1646 
4 
2.315 
8.588 
1096 
I50 
- 12 to 11,0-10,O-16 
3574 
2094 

P21ln 

No 

Yes 
1.509,0.799 

0.0278,0.0360 
1.099 

- 

d ( F )  + 0.000 llF'  

0.88, -0.87 

0.5CsH12 
I 4H24F61rPS3 

625.65 
Yellow plates 
0.29 x 0.08 x 0.03 

9.64O4(8) 
1 1.9222( 14) 
17.2 174( 18) 
103.957(8) 
1921 
4 
2.164 
7.372 
1208 
29 3 

3709 
2372 

Yes 
0.4855,0.3312 
Yes 
1.144, 0.801 
oz(I;? + 0.000 35F2 
0.0407,0.0521 
1.162 

R l l C  

- 10 to 10, C12, &I8 

1.40, -0.78 

0.5C4H6 

608.62 
Colourless tablets 
0.47 x 0.35 x 0.23 
c2 /c  
18.397(6) 
8.593(4) 
23.57 1 (1 3) 

3692 
8 
2.190 
7.669 
2344 
150 
- 19 to 19,0-9,0-25 
2614 
2064 

CloHl ~F&PS, .O .~C~H~OO 

97.79( 3) 

Yes 
0.1585,0.0954 
Yes 
1.618,0.760 
o'(F) + 0.000 14F' 
0.0315,0.0405 
1.059 
0.95, -1.14 

* Details in common: monoclinic; Stoe STADI-4 four-circle diffractometer; graphite-monochromated Mo-Ka radiation (h = 0.71 0 73 A); scan mode 
0-28; 2e,,, 450. 

Table 7 Atomic coordinates with estimated standard deviations 
(e.s.d.s) for [Ir([9]aneS,)(C,H4),]PF6 

X 

- 0.067 720(20) 
0.092 60( 14) 
0.139 7(6) 
0.1 10 9(6) 

- 0.043 18( 15) 
-0.131 3(6) 
-0.237 6(5) 
-0.197 20(13) 
- 0.096 2(5) 

0.017 O(6) 
- 0.232 6(6) 
-0.188 2(9) 
- 0.002 7(7) 

0.051 l(6) 
0.395 88(14) 
0.341 4(4) 
0.448 7(4) 
0.294 O(14) 
0.505 5(1?) 
0.506 9( 1 1) 
0.286 6( 13) 
0.326 8( 16) 
0.467 O(21) 
0.375 7(19) 
0.403 9( 18) 
0.470 4(21) 
0.320 5(16) 
0.253 8( 13) 
0.519 4(16) 

Y 
0.253 420(20) 
0.286 07(20) 
0.468 l(7) 
0.527 8(7) 
0.494 96( 18) 
0.597 O(7) 
0.512 6(7) 
0.338 46(17) 
0.381 l(7) 
0.289 6(8) 
0.158 7(10) 
0.244 7(9) 
0.041 l(8) 
0.123 7(7) 
0.316 33(19) 
0.288 l(5) 
0.345 O(5) 
0.240 5(18) 
0.410 l(20) 
0.211 7(16) 
0.420 2( 19) 
0.469 7( 15) 
0.176 5(19) 
0.145 6(16) 
0.469 O( 13) 
0.449 3( 17) 
0.180 8(21) 
0.342 2(21) 
0.277(3) 

2 

0.140 390(20) 
0.264 94(12) 
0.263 l(5) 
0.170 8(5) 
0.104 29(12) 
0.165 4(5) 
0.180 5(5) 
0.225 42( 11) 
0.333 O(4) 
0.353 5(5) 
0.059 3(5) 
0.005 6(6) 
0.149 3(5) 
0.092 5(5) 
0.086 33( 12) 
0.168 4(3) 
0.004 4(3) 
0.019 6(11) 
0.146 6(9) 
0.128 l(10) 

0.067 6( 1 1) 
0.098 5(14) 
0.061 7(12) 
0.1 15 2(11) 
0.135 3(10) 
0.038 O( 1 1 ) 
0.029 9( 1 1) 
0.153 l(14) 

0.044 3(9) 

Table8 Atomiccoordinates withe.s.d.s for [Ir([9)aneS3)(C8H,,)]PF6 

X 

0.174 91(5) 
0.139 9(5) 
0.1 10 4(23) 
0.183(3) 
0.224 6(24) 
0.136(3) 
0.222 5 ( 5 )  
0.412 7(7) 
0.407 7( 10) 
0.492 8(7) 
0.496 O(6) 
0.425 6(4) 
0.409 6( 12) 
0.430 7(6) 
0.318 8(6) 
0.296 4( 12) 
0.222 2( 15) 
0.088 5( 14) 

-0.053 l(15) 
-0.120 4(15) 
-0.019 6(15) 

0.102 4(16) 
0.147 O( 15) 
0.243 O( 16) 
0.659 6(4) 
0.618 8(17) 
0.757 6( 15) 
0.787 l(13) 
0.555 8(15) 
0.528 l(11) 
0.691 4(15) 

Y 
0.148 61(4) 
0.132 4(4) 
0.277 l(4) 
0.269 9(7) 
0.352 3(7) 
0.361 2(4) 
0.338 5(3) 
0.344 4(5) 
0.342 8(6) 
0.258 3(4) 
0.259 4(4) 
0.1 17 8(3) 
0.045 8( 17) 
0.108 O(21) 
0.115 8(21) 
0.049 8(17) 
0.149 6(11) 

0.146 8(12) 
0.092 9( 16) 
0.047 8(13) 

0.202 O( 1 1) 

-0.017 l(11) 
- 0.052 9( 12) 

0.032 2(12) 
0.213 7(3) 
0.131 2(11) 
0.281 5( 11) 
0.135 4(9) 
0.148 2(11) 
0.289 2( 11) 
0.299 8( 13) 

z 
0.181 76(3) 
0.044 31(24) 
0.008 9(4) 
0.008 8(4) 
0.058 8(4) 
0.058 9(4) 
0.164 4(3) 
0.213 2(12) 
0.155 3(15) 
0.175 4(13) 
0.213 3(15) 
0.189 O(3) 
0.093 5(6) 
0.083 7(3) 
0.026 8(3) 
0.037 3(6) 
0.311 l(8) 
0.283 2(8) 
0.286 4(9) 
0.209 8(10) 
0.164 5(8) 
0.199 2(9) 
0.289 2(9) 
0.342 9(9) 
0.456 09(23) 
0.386 O(10) 
0.41 5 2( 10) 
0.494 6(10) 
0.496 2( 10) 
0.418 2(8) 
0.525 8(8) 

found to be disordered over two equally occupied orientations. 
This disorder was modelled using the fixed parameters C-C 
1.52, S-C 1.83 A, S-C-C 109". 
[Ir([9]aneS,)(C4H6)]PF6.0.5Et,0. The Et,O solvent 

molecule was located across a crystallographic two-fold axis, 

and was observed to be disordered over two distinct 
orientations. The C,H6 H atom positions were allowed to 
refine with fixed C-H 1.08 A and using free variables so that 
all C-C-H and H-C-H angles were constrained to be 
equal. 
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Table 9 Atomic coordinates with e.s.d.s for [Ir([9]aneS3)(C,H6)]- 

X 

0.405 360(20) 
0.408 15( 13) 
0.415 6(5) 
0.456 7(5) 
0.422 36(12) 
0.330 O(4) 
0.271 5(4) 
0.279 72( 1 1) 
0.257 6(5) 
0.3 12 2(6) 
0.424 8(5) 
0.490 6(4) 
0.488 7(5) 
0.417 5(6) 
0.320 06( 14) 
0.248 9(3) 
0.303 9(4) 
0.391 2(3) 
0.334 8(4) 
0.272 O(4) 
0.369 l(4) 
0.0000 
0.051 9(12) 
0.063 6( 16) 
0.129 8(11) 
0.1 11 5(12) 

Y 
0.231 65(3) 
0.194 l(3) 

-0.016 2(10) 
-0.092 l(10) 
-0.034 38(24) 
-0.119 7(9) 
-0.004 5(8) 

0.188 94(22) 
0.149 6(10) 
0.224 8(10) 
0.289 l(10) 
0.311 8(10) 
0.406 7(9) 
0.476 l(9) 
0.132 4(3) 
0.070 6(7) 
0.017 4(6) 
0.193 3(8) 
0.248 3(7) 
0.262 2(6) 
0.006 l(8) 
0.143 7(10) 
0.054 9(23) 
0.069( 3) 
0.1 19 2(22) 
0.147 3(22) 

Z 

0.074 380(10) 
0.172 59(11) 
0.182 l(4) 
0.137 8(5) 
0.063 93(11) 
0.056 9(4) 
0.031 7(4) 
0.064 42(9) 
0.137 O(4) 
0.182 2(4) 

0.028 2(4) 
0.075 3(4) 
0.080 6(5) 
0.359 80(11) 
0.384 5(3) 
0.306 16(25) 
0.334 9(3) 
0.412 8(3) 
0.324 7(3) 
0.395 O(3) 
0.250 0 
0.226 O(10) 
0.248 8(12) 
0.241 3(10) 
0.212 l(10) 

-0.01 1 O(4) 

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