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Gold Thioether Chemistry: Synthesis, Structure, and Redox Interconversion of 
[Au( [9]aneS&]+/*+/3+ ( [9]aneS3 = 1,4,7-trithiacyclononane) 
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Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 

The crystal structure of [ A ~ ( [ 9 ] a n e S ~ ) ~ l P F ~  shows distorted tetrahedral S4 co-ordination at Aul with one [9]aneS3 
bound in a unidentate manner [Au( l  ) -S( l I )  2.302(6) A], and the other bound asymmetrically through three S-donors 
[Au( l  )-S(21) 2.350(7), Au(1 )-S(24) 2.733(8), Au(1 )-S(27) 2.825(8) A]; oxidation of this complex affords the 
analogue [A~( [S]aneS~)~]3+ which has a distorted octahedral stereochemistry [Au( l )  . . - S( 1) 2.926(4), Au(1)-S(4) 
2.348(4), Au( 1)-S(7) 2.354(4) A]; the intermediate paramagnetic A d 1  species has been identified by e.s.r. 
spectroscopy. 

The trithia macrocyclic ligand [9]aneS3 ([9]aneS3 = 1,4,7- 
trithiacyclononane) has been shown to bind facially to a range 
of transition metal ions.1 We have been investigating the 
binding of this ligand to heavy metal ions, e.g. RhII,2.3 PdII,2-4 
and Pt11,5 whose co-ordinative properties are not fully 
compatible with facial binding of [9]aneS3. This has led to the 
synthesis of a range of complexes showing unusual stereo- 
chemical and redox properties.2--6 The chemistry of AuI is 
dominated by linear and oligomeric complexes,7 and a study 
of the binding of [9]aneS3 to AuI was therefore undertaken. 
Wieghardt and co-workers have reported recently a very 
interesting trimeric AgI complex [Ag3( [9]aneS3)3]3+ incorpor- 

ating bridging thioether ligands.8 The binding of thioether 
macrocycles to Au has not been reported previously, and we 
report herein the synthesis, structure and redox interconver- 
sion of [A~( [9 ]aneS~)~]+ /~+ /3+ .  

Reaction of KAuC14 with [9]aneS3 affords a yellow complex 
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of stoicheiometry AuC13([9]aneS3). Reaction with a second 
equivalent of [9]aneS3 under reducing conditions (water/ 
MeOH) gives the corresponding AuI species [Au( [9]aneS3),] + 

which can be isolated as a PF6- salt in low yield. The single 
crystal X-ray structure? of [Au([9]aneS3)2]PF6 (Figure 1) has 

t X-Ray structure determination of [A~( [9 ]aneS~)~]+  PF6-. A colour- 
less plate (0.39 x 0.19 x 0.038 mm) was obtained by recrystallisation 
from MeCN/diethyl ether (vapour diffusion). Crystal Data: 
C12H24S6A~+ PF6-, M = 702.56, monoclinic, space group P21, a = 
7.4119(5), b = 19.1391(18), c = 16.1197(13) A, p = 102.362(7)", V =  
2233.7 A3 [from 28 values of 50 reflections measured at +o (20 = 22 
+ 25", = 0.71073 A)], T = 298 K,  D, = 2.089 g ~ m - ~ ,  2 = 4; F(OO0) 
= 1360, p = 72.29 cm-1. Stoe STADI-4 four-circle diffractometer, 
Mo-K, X-radiation, 0-20 scans using the learnt-profile method,'l 
3024 unique reflections measured (20,,, = 45", h -7- 7, k 0 4  20,lO 
+ 17), initial correction for absorption by means of 180 I) scans, giving 
2548 data with F 3 6a(F). Linear isotropic decay (ca. 12%) corrected 
for. The Au atoms were located from a Patterson synthesis. 
Least-squares refinement and difference Fourier synthesis1* located 
all non-H atoms. At isotropic convergence, final corrections for 
absorption were made using DIFABS13 (max 1.707, min 0.510). 
Anisotropic thermal parameters were refined for Au, S,  P, and fully 
occupied F atoms. H atoms were included in fixed, calculated 
positions. 12 The structure contained elements of disorder which 
required to be modelled: for the one disordered PF6- anion, this was 
achieved using partially occupied F atoms. The more significant 
disorder, however, affected the two -CH*-CH2- moieties bonded to 
S(24): restrained refinement1* (S-C 1.83, C-C 1.52 A; /CC 108.5') 
converged satisfactorily, giving occupancies of 0.72(5) for C(22) , 
C(23) and 0.62(5) for C(25), C(26). No enantiomorph discrimination 
was detectable despite the application of a methodology, based on 
consideration of those reflections calculated to be most enantio- 
morph-sensitive. which had been successful previously. l4 We were, 
therefore, unable to determine the absolute structure in this case. The 
data quoted in the text refers to one of the two possible enantio- 
morphs. The weighting scheme w-l = a2(F) + 0.002103F' gave 
satisfactory agreement analyses. At final convergence R , R ,  = 0.0608, 
0.0839 respectively for 344 parameters, S = 1.124. The maximum and 
minimum residues in the final A F  syntheses were + 1.01 and - 1.47 e 
A-3 respectively. 

X-Ray structure determination of [Au([9]aneS3)#+ (H30+)  
(4C104-)-3H20. A red equant crystal (0.20 x 0.25 x 0.30 mm) was 
obtained by recrystallisation from HC104 solution. The crystal was 
sealed in a Lindemann capillary tube with a small amount of HC104 
mother liquor and cooled on the diffractometer using an Oxford 
Cryosystems low temperature device;" a temperature of 223 f 0.2 K 
was maintained during data collection. Crystal Data: C12H&Au3+ 
(H30+) (4C104-).3H20, = 1029.4, monoclinic, space group C2/c, 
a = 20.398(10), b = 9.425(10), c = 20.051(11) A, (3 = 124.93(3)", V = 
3160.2 A3 [from 28 values of 26 reflections measured at fo (28 = 24 
+ 25", = 0.7 1073 A)], T = 223 K, D, = 2.163 g cm-3,Z = 4, F(OO0) = 
2036, p = 54.45 cm-1. Stoe STADI-4 four-circle diffractometer, 
Mo-K,  X-radiation, 0-20 scans using the learnt-profile method,l' 
2546 reflections measured (20,,, = 45", h -20 -+ 21, k 0 + 10,lO -+ 
21), 2048 unique reflections (Rint = 0.057), giving 1561 data with F 2 
6a(F). The atomic co-ordinates for [Pd([9]aneS3),]3+-H30+-4ClO4- 
(ref. 2) were taken as starting values for least-squares refinement and 
difference Fourier synthesisI2 located all remaining non-H atoms. At 
isotropic convergence, corrections for absorption were made using 
DIFABSl-' (max 1.190, min 0.800). Anisotropic thermal parameters 
were refined for Au, S, C1, 0, and C atoms. Methylene H atoms were 
included in calculated positions, while H30+ and H 2 0  were refined as 
rigid groups." The weighting scheme w-1 = a*(F) + 0.005768P gave 
satisfactory agreement analyses. At final convergence R,R,  = 0.0584, 
0.0808 respectively €or 211 parameters, S = 1.035. The maximum and 
minimum residues in the final A F  syntheses were +3.56 and -2.67 e 
A-3 respectively. 

Illustrations were prepared using ORTEPl6, molecular geometry 
calculations utilised CALC,I7 and scattering factor data were taken 
from ref. 18. 

Atomic co-ordinates, bond lengths and angles, and thermal 
parameters have been deposited at the Cambridge Crystallographic 
Data Centre. See Notice to Authors, Issue 1. 

Figure 1. View of one [A~([9]aneS,)~]+ cation with numbering 
scheme. 

n 

Figure 2. View of the centrosymmetric [Au([9]aneS3)*I3+ cation with 
numbering scheme. 

two independent AuI ions per asymmetric unit. The structural 
determination shows the Aul centre bound asymmetrically to 
three S-donors of one ligand [Au(l)-S(21) 2.350(7), Au(1)- 
S(24) 2.733(8), Au(1)-S(27) 2.825(8) A for one cation, and 

2.807(8) 8, for the other cation] and to  one S-donor of the 
second [9 aneS3 [Au(l)-S(11) 2.302(6) and Au(2)-S(31) 

Au-S distances with the angles around the AuI centre highly 
distorted from tetrahedral, /( ll)-Au(l)-S(21) 153.98(23), 

Au( 2)-S(41) 2.341 (8), Au( 2)-S(44) 2.801 (8), Au( 2)-S( 47) 

2.289(7) pi 1. There are, therefore, two short and two long 

S( ll)-Au( 1)-S(24) 113.06(23), S( ll)-Au( 1)-S(27) 
118.35( 21), S(31)-Au(2)-S(41) 156.4(3), S( 31)-Au(2)-S(44) 
1 15.53(23), S( 3 l)-Au(2)-S(47) 1 10.78(24)". Importantly, 
[ A ~ ( [ 9 ] a n e S ~ ) ~ ] +  is not isostructural with the Ag* congener 
[Ag([9]a11eS,)~]+; the latter shows a centrosymmetric 
octahedral structure with the metal ion bound to six S-donors 
[Ag-S(l) 2.6665(12), Ag-S(4) 2.7813(10) A].8,9The structure 
of [ A ~ ( [ 9 ] a n e S ~ ) ~ ] +  can therefore be regarded as a compro- 
mise between the preferred facial co-ordination of [9]aneS3,1 
and the tendency of mononuclear Au' to form linear com- 
plexes.7 No example of terminally bound monodentate 
[9]aneS3 has been reported previously. 

[ A ~ ( [ 9 ] a n e S ~ ) ~ ] +  is air-sensitive in solution, and can be 
readily oxidised chemically or aerially to a yellow intermediate 
species (Amax. = 403 nm), the e.s.r. spectrum of which shows 
g,, = 2.019 with hyperfine coupling to 197Au ( I  = 3/2, loo%), 
A = 59 G (G = 10-4 T). These spectral data, and the relative 
inertness of [9]aneS3 under these reaction conditions, indicate 
the formation of a genuine paramagnetic d9 Au" species in 
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solution. The e.s.r. spectrum suggests a distorted octahedral 
stereochemistry for this intermediate. Very few examples of 
paramagnetic Au" complexes have been reported,lO the 
majority of such species being either mixed AuVAUIII com- 
plexes, or binuclear or cluster compounds.7 Further oxidation 
of the AuII species occurs readily in solution to afford the Au"' 
analogue [Au([9]aneS3)#+ (A,,, 460,340,254 nm), the single 
crystal X-ray structure of which shows? the Au111 on a 
crystallographic inversion centre. The centrosymmetric com- 
plex cation has a distorted octahedral stereochemistry at the 

centre (Figure 2). Four Au-S bonds define a square 
plane [Au( 1)-S(4) 2.348(4), Au(1)-S(7) 2.354(4) A], while 
the two remaining thia donors participate in long-range apical 
interactions with the metal centre, [Au(l) . - . S(l)  2.926(4) 
A]. Facial co-ordination of [9]aneS3 to the metal centre is 
inhibited by the preferred square planar geometry of d8 ALP. 

The facile interconversion of Au"II'111 species in the 
presence of [9]aneS3 reflects the ability of this minicycle to act 
as a formal 2-, 4-, or 6-electron donor. 
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