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Various tris(azolyl)phosphines R3P (R = 1-methylimidazol-2-yl, thiazol-2-yl, 4-methylthiazol-2-yl

or 4,5-dimethylthiazol-2-yl) (1a–d) were utilised to prepare complexes of the type R3PAuCl

(2a–d). The donor strength of the nitrogen atoms was assessed with natural-abundance
15N{1H} NMR of 1a–c and 2a–c. The chloride of 2c could be successfully substituted by the

anions BzS� and NCS�. Further utilisation of the imine nitrogens of the tris(azole)phosphines

to coordinate additional AuI centres was successful only for 2a where treatment with 3 mole

equivalents of C6F5Au(tht) (tht = tetrahydrothiophene) afforded bis(pentafluorophenyl)-m-
[tris(1-methylimidazol-2-yl)phosphine-k2P,N]digold(I) (4). A hydrolysis product consisting of two

bis(1-methylimidazol-2-yl)phosphinite ligands bridging a Au2
4+ centre and further coordination

to two AuC6F5 moieties (5) was formed during this reaction. The crystal and molecular structures

were determined of compounds 1d, 2a–d and 3b. Intriguingly, 2b and 2c crystallise in a total of

seven polymorphs and solvates exhibiting different modes of intermolecular association.

Compound 2b crystallises in three polymorphs; two of them and the solvate 2b � 0.5CH2Cl2 exhibit

aurophilic interaction while the third one is stabilised by a short Au� � �Cl interaction of 3.2660(9)

Å. In 2c, one polymorph exhibits a strong aurophilic interaction of 3.0393(4) Å, but the other, as

well as the solvate 2c � thf, lack such contacts. Product 2b is the first simple gold compound

known to have both Au� � �Au or Au� � �Cl contacts in different crystals. Calculations at the

B3LYP and MP2 levels of theory using quasi-relativistic basis sets show that for 2b2 the Au� � �Cl
interaction is between 2.6 and 12.2 kJ mol�1 greater than the Au� � �Au interaction, depending on

the level of theory and basis set. This contrasts with a model (PH3AuCl)2 dimer, where the

Au� � �Au interaction is found to be stronger.

Introduction

Alkyl- and arylphosphines count amongst the most useful

ligands in coordination chemistry. However, complexes of

phosphines with one or more azolyl residues have received

much less attention. The literature available deals mainly with

complexes of (1-alkylimidazol-2-yl)diphenylphosphines where

cationic, bridged, dinuclear coinage metal complexes with

P,N-coordination of the metals are a popular motif.1 A mixed

AgI/AuI complex has been reported in which the gold centre is

selectively coordinated by the phosphorus atoms and the silver

centre solely by the imidazole nitrogen atoms.2

Metal complexes of tris(imidazolyl)phosphine ligands are

mainly used as molecular models for carbonic anhydrase.3 In

these instances only the imine nitrogen atoms are utilised as

coordination centres resembling the k3N-coordination mode

found in similar complexes of the hydridotris(pyrazol-2-yl)-

borate scorpionate ligands, the phosphorus serving mainly as

a probe for convenient 31P NMR analysis. Employment of

tris(imidazolyl)phosphines as P-coordinating ligands has only

been reported in two instances for AuI and PtII complexes,4

the former being the only P-coordinated tris(azolyl)phosphine

complex so far characterised by X-ray diffraction.

Examples of complexes of phosphines with thiazolyl moi-

eties are even less common and for the AuI centre only

diphenyl(thiazol-2-yl)phosphine5 and, recently, a fluorinated

(benzothiazol-2-yl)diphenylphosphine6 have been employed.

Other examples that were found to exhibit N-coordination

of one (benzo)thiazole moiety in addition to phosphine co-

ordination, include complexes of RhI and RhII,7 and Fe0/CdII

and Fe0/HgII,8 which have been characterised by X-ray crystal

structure determinations. Tris(thiazolyl)phosphine, in turn,

has only found applications in two reports of RhI and PtII

complexes,4a,9 albeit no crystal and molecular structures of

complexes with this ligand have been determined.

Prompted by the scarcity of tris(azolyl)phosphine com-

plexes, we set out to explore the coordination chemistry of

these ligands towards the AuI centre and obtain structural

information for the new complexes formed. The chemical

reactivity of these compounds as well as their ability to act

as ligands themselves was probed. Unexpectedly, AuI com-

plexes of tris(azolyl)phosphines were susceptible to hydrolysis
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of one azolyl moiety, a reaction only observed before for OsII

complexes—and there in an intramolecular manner with

simultaneous migration of one phenyl group.10 Some ligands

and complexes were now also examined by natural abundance
15N{1H} NMR spectroscopy constituting, to our knowledge,

the first such study of heterocyclic phosphines.

Results and discussion

The ligands were prepared according to literature protocol,4a

except for the preparation of the very hydrophilic 1a, where

the workup required repeated extraction of the aqueous layer

with dichloromethane instead of the reported diethyl ether,

and for 1d, requiring a reaction temperature of �78 1C.

Synthesis of the gold complexes 2a–d (Scheme 1) was

effected by substitution of tht in (tht)AuCl in dichloromethane

solution. The resulting compounds are generally soluble in

polar aprotic solvents such as thf and dichloromethane but 2a

is somewhat less soluble in these solvents although well soluble

in methanol. The products are thermally stable and can be

stored at room temperature for prolonged periods of time

without noticeable decomposition.

Attempts to substitute the chloride in 2c by using aqueous

NaNCS in a biphasic reaction11 or by treatment with RSLi

(R = CH2C6H5, C6H5 or C6H5CO) in anhydrous thf pro-

duced only the two complexes 3a and 3b that contain electron-

withdrawing residues attached to the sulfur (Scheme 2). With

phenylmethanethiolate and benzenethiolate precipitation of

(AuSR)n and liberation of the free phosphine was observed.

The electronic nature of tris(thiazol-2-yl)phosphinegold(I)

chlorides thus differs greatly from triphenylphosphinegold(I)

chloride (Ph3PAuSPh is readily available)12 and is comparable

to that of chlorotris[3,5-bis(trifluoromethyl)phenyl]phosphine-

gold(I). Employment of this compound and substitution of the

chloride with benzenethiolate, gave the product in only 6%

yield due to fast decomposition in solution.13

Reaction of 2c with NaCH(CN)2 in anhydrous thf yielded a

mixture; a reaction occurred according to the 31P{1H} NMR

spectrum but again attempts to isolate a pure product failed.

Compounds 3a and 3b are somewhat less stable than 2a–d at

room temperature and slow decomposition with deposition of

metallic gold occurs.

Subsequently, the possibility of the imine nitrogens acting as

additional coordination centres towards gold was explored. In

reactions between the new phosphine complexes and

C6F5Au(tht) a clear discrimination was found in that only

2a, that contains an imidazolylphosphine ligand, coordinated

to another gold centre. Addition of an excess of C6F5Au(tht)

to 2a afforded a mixture of products of which two could be

isolated. In the major reaction, AuCl was substituted for

AuC6F5 and only one imidazole nitrogen atom was further

coordinated to another AuC6F5 group, stabilised by an in-

tramolecular aurophilic interaction (Scheme 3). In an unpre-

cedented fashion, a multinuclear complex with an Au2
4+

centre coordinated by two bridging bis(1-methylimidazol-2-

yl)phosphinite ligands in which each methylimidazolyl moiety

further coordinates to another AuC6F5 group, was formed.

However, a crystal structure determination which yielded the

precise connectivity of the atoms in the compound is not of

publishable quality.

Following these results, complex 4 was independently

synthesised by reacting ligand 1a with two mole quantities of

C6F5Au(tht) to obtain an analytically pure compound

(Scheme 3). In the solid form, both the acetone solvate crystals

and the solvent-free powder are stable at �16 1C but decom-

pose slowly when dissolved and stored at room temperature.

Investigation of the hydrolytic behaviour of the oxides and

alkylphosphonium salts of tris(2-furyl)- and tris(2-thienyl)-

phosphine have been shown to effect the corresponding phos-

phinic acids.14 The hydrolysis of complex 2a can thus be

rationalised as a special case in which an alkyl cation is

formally replaced by (azolyl)3PAu+. Severance of P–C bonds

in tris(imidazolyl)phosphines has been observed previously by

other authors in attempts to prepare chloro[tris(4,5-dimethyl-

imidazol-2-yl)phosphine]gold(I) leading to the formation of a

bis(carbene)gold(I) derivative,15 and tris(imidazol-2-yl)phos-

phine which converts into bis(imidazol-2-yl)phosphinic acid.16

As hydrolysis was not observed during the preparation of 3a

the hydrolysis of tris(thiazolyl)phosphines was further inves-

tigated. For this purpose 2c was dissolved in DMSO-d6 and

one equivalent of aqueous NaOH added. The solution in-

stantly became hot and a colourless precipitate was observed.

A 31P{1H} NMR spectrum of the product proved the complete

consumation of 2c but again none of the products could be

isolated.

As we always observed initial P-coordination of the ligands

it is apparent that the coordination chemistry of AuI to

tris(imidazolyl)phosphines is markedly different when com-

pared to the isoelectronic HgII. A cationic tris(1-isopropyl-4-

tert-butylimidazol-2-yl)phosphine HgII complex has been

shown to exhibit k3N-coordination by the imidazole nitrogens

Scheme 1

Scheme 2 Reagents and conditions: (i) aqueous NaNCS/dichloro-
methane; (ii) BzSLi in anhydrous thf.
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but no coordination to the phosphorus took place.17 Conse-

quently it appears that with tris(imidazolyl)phosphines, phos-

phorus is the superior donor atom for AuI and PtII but not for

other metals examined so far. On the other hand, in the few

instances examined, tris(thiazol-2-yl)phosphines have only

been found to coordinate through the phosphorus atom and

no involvement of the nitrogen atoms was detected.4a,9 It is

anticipated that coordination of tris(thiazol-2-yl)phosphines

to hard metal centres could lead to interesting coordination

modes.

NMR spectroscopy

All complexes have been investigated by multinuclear NMR

spectroscopy including natural-abundance 15N{1H} NMR for

compounds 1a–c and 2a–c. The tris(thiazol-2-yl)phosphine

ligands and complexes all furnish expected 1H, 13C and 31P

NMR spectra. In the 1H NMR spectrum the methyl reso-

nances of 1d are isochronous, their different nature was only

revealed in the 13C NMR spectrum where they are well

separated. In complex 2d the two inequivalent methyl reso-

nances in the 1H NMR spectrum are just resolved. However,

1a and 2a furnish three signals for the C4 carbon atom

indicating a rotation barrier for the imidazolyl moieties

around the P–C bond which can be attributed to the bulky

1-methyl substituent. However, a similar signal splitting was

not observed in the NMR spectra of the even bulkier tris(1-

ethenylimidazol-2-yl)phosphine and tris[1-methyl-4-(4-

methylphenyl)imidazol-2-yl]phosphine.18 In the tris(thiazolyl)-

phosphine ligands, coupling of the different hydrogens to each

other and sometimes to the phosphorus can be resolved and

the coupling constants identified by selective irradiation ex-

periments on the respective protons in 2b and 2c. JHH and JPH
are enhanced by coordination to the AuI centre; in some

instances coordination rendered an additional JPH coupling

which was not resolved in the spectrum of the free ligand.

Similar observations have been made with other heterocyclic

phosphines.18a,19

Enhancement of the JPC couplings of the ligand were also

noted, especially for the ipso-carbon atom; this is in agreement

with similar trends in simple arylphosphines but the effect is

now more pronounced. The ipso-JPC for 2a–d are seen in the

range 90–120 Hz compared to 62.4 Hz in Ph3PAuCl.20

The 31P NMR spectra of 2a–d show a substantial downfield

shift of ca. 30 to 40 ppm compared to the free ligands which is

generally observed on complexation of tertiary phosphines to

AuI. Possible Z1-kN-coordination of AuI should give only a

slight upfield shift as chelating k3N-scorpionate coordination

results in strong shielding of the 31P nucleus by 50 ppm for a

variety of metals.19b,21 Still, the phosphorus atom is the softer

coordination site and thus is preferred by the soft AuI centre to

the imine nitrogen lone pairs; however tetrahedral coordina-

tion of AuI has been observed with the hydridotris(pyrazo-

lyl)borate ligand class.22

15N NMR spectroscopy

The reluctance of the azole nitrogen atoms in tris(azolyl)phos-

phines to coordinate to AuI, which contrasts previous results

with azoles,23 motivated us to determine their chemical shifts

and thus natural abundance 1H detected 1H,15N gHMQC

spectra of compounds 1a–c and 2a–c in order to estimate their

donor strength were measured. The 15N NMR spectrum of 4-

methylthiazole was determined for comparison by direct de-

tection of the 15N nucleus as an gHMQC experiment failed to

yield a signal even at low temperature. The nitrogen nuclei

become less shielded in the order free azolec tris(azolyl)phos-

phine 4 chloro[tris(azolyl)phosphine]gold(I). As expected,

nitrogen atoms in the thiazole rings were less shielded than

N3 in the imidazole rings. As no N-coordination could be

achieved in the instance of the tris(thiazolyl)phosphines, it is

estimated that tht coordinated to AuI is only substituted by the

azole nitrogen if the 15N chemical shift occurs upfield from

ca. d �60.
As the JPC and JPH coupling constants become larger upon

coordination of the ligand, the question arose whether this

trend would be reflected also for JPN coupling constants.

While complexes 2a–c all show P–N coupling, this coupling

was only clearly resolved in free ligand 1a. It seems that the

coupling is again enhanced by coordination of the phos-

phorus, yet further examples would be necessary to confirm

the trend. Table 1 shows 15N chemical shifts of the free azoles,

1a–c and 2a–c and 3JPN coupling constants.

The limited literature available on P–N coupling constants

mainly deals with 1JPN values of phosphoramidite and phos-

phinous amide derivatives and their oxidation products with

Scheme 3 Reagents and conditions: (i) 3 mole equivalents of C6F5Au(tht); (ii) 2 mole equivalents C6F5Au(tht).
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oxygen, sulfur or selenium. In these instances either minor

changes or a substantial decrease in the coupling constants is

associated with the increase in coordination from tri- to

tetracoordinate phosphorus.21,24

Crystallography

Most polymorphic crystal and molecular structures of 2b and

2c exhibit aurophilic interactions in the solid state while no

Au� � �Au contacts are observed in the structures of 2a, 2d and

3b. This may be due to the steric demand of the phosphine

ligands or the thiobenzoate, respectively. The molecular struc-

tures of 4 exhibit short aurophilic interactions facilitated by

the bridging ligand. Selected bond lengths and angles are

summarised in Table 2.

Polymorphs and solvates of 2b and 2c

Three polymorphs, (i) (ii) and (iii), and a hemi-dichloro-

methane solvate were obtained for 2b. Two polymorphs of

2c and a thf solvate were found but only 2c(i) exhibits a rather

short aurophilic interaction, the other crystal structures con-

tain only discrete molecules. Polymorphism in gold com-

pounds focussing on luminescence has been studied

previously and was summarised in a review.27

Aurophilic interactions in both monoclinic 2b(i) (space

group P21/c) and triclinic 2b(ii) (P�1; see Fig. 1) are weak

resulting in nearly linear Cl–Au–P angles. The Cl–Au� � �Au–Cl

torsion angle is close to 1801 for 2b(i) and 1801 for 2b(ii) also

maximising the dipole interaction between the molecules.28

Compared to the molecular structure of 2c(i) these results are

surprising considering that the aurophilic interaction is con-

siderably stronger in this structure (vide infra) while the ligand

is bulkier. Furthermore, in 2b(i) a close Cl� � �S contact of

3.373(1) Å between Cl(1) and S(110) (0 = x � 1, y, z) linking

the molecules along the a axis can be observed; the related

distance between Cl(2) and S(4100) (00 = 1 + x, y, z) in the

other crystallographically independent molecule is much long-

er [3.389(1) Å].

We attempted to utilise the comparatively weak aurophilic

interactions (but with less steric hindrance) of 2b(i) and 2b(ii)

with the strong interaction of 2c(i) to crystallise a dimer

consisting of both molecules. Needles of a new habit were

indeed observed in the Schlenk tube. The molecular structure,

however, was that of 2b � 0.5CH2Cl2. It consists of two crystal-

lographically independent molecules associated by an auro-

philic interaction and a close contact of 3.334(3) Å between

Cl(2) and S(610) (0=1/2+ x, 1/2� y, 1/2 + z). While in every

complex of ligands 1b and 1c at least one sulfur of the thiazole

rings points towards the AuI centre with typical distances of

Table 1 15N NMR data for azoles and compounds 1a–c and 2a–c

Compound Solvent dN (ppm) and [JPN]/Hz

1-Methylimidazole25 (CD3)2SO –119.1 (N3), –219.2 (N1)
CDCl3 –124.1 (N3), –221.7 (N1)

Thiazole Neat26 �57.2
CDCl3

25 �62.0
4-Methylthiazole 80% v/v in CDCl3

a �52.9
1a (CD3)2SO �97.5 [50 � 5] (N3), –208.1 (N1)
1b CD2Cl2 �41.3
1c CD2Cl2 �35.4
2a (CD3)2SO �90.6 [89.3] (N3), �206.31 (N1)
2b CD2Cl2 �33.9 [27.8]
2c CD2Cl2 �29.5 [89.4]

a Direct detection.

Table 2 Selected bond lengths (Å), bond angles (1) and torsion angles (1)

Compound Au–Cl Au–P Au� � �Au Au–N (P)Au–C (N)Au–C Cl–Au–P P–Au–C N–Au–C Cl–Au� � �Au–Cl P–Au� � �Au–N

2a 2.276(2) 2.218(1) — — — — 178.59(5) — — — —
2b(i) 2.2774(9) 2.2184(9) 3.4563(2) — — — 174.06(4) — — 162.52(4) —

2.276(1) 2.217(1) 178.03(4)
2b(ii) 2.2900(9) 2.2260(9) 3.3459(3) — — — 174.30(3) — — 180a —
2b(iii) 2.2921(8) 2.2096(8) — — — — 176.36(3) — — 180a —
2b � 0.5CH2Cl2 2.285(2) 2.214(2) 3.2044(5) — — — 168.97(9) — — 161.21(9) —

2.275(2) 2.212(2) 174.00(9)
2c(i) 2.2901(8) 2.2169(8) 3.0394(4) — — — 167.83(3) — — 74.65(4) —
2c(ii) 2.283(1) 2.214(1) — — — — 178.49(4) — — — —

2.277(1) 2.211(1) 176.59(4)
2c � thf 2.271(1) 2.211(1) — — — — 178.92(6) — — — —
2d 2.281(1) 2.218(1) — — — — 179.34(5) — — — —
3b � 0.5C6H14 2.298(2)b 2.250(2) — — — — 174.53(6)b — — — —
4 �Me2CO — 2.263(2) 2.9620(5) 2.074(7) 2.029(8) 2.019(8) — 175.9(2) 178.5(3) — 20.9(2)
4 � 0.83CDCl3 — 2.265(2) 3.0240(4) 2.060(5) 2.047(6) 2.004(6) — 172.2(2) 178.5(2) — 23.5(1)

2.275(2) 3.0170(4) 2.062(5) 2.046(6) 2.003(6) 174.5(2) 173.0(2) 27.1(1)
2.266(2) 2.9903(4) 2.060(5) 2.045(6) 2.008(6) 170.1(2) 179.0(2) 20.1(1)

a Imposed by centre of inversion. b Au–S distance and S–Au–P angle.
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3.57–3.89 Å in what could amount to a weak Au� � �S interac-

tion, 2b � 0.5CH2Cl2 is the only structure where a nitrogen

atom is positioned in such a manner. Intriguingly, blocks of

the already known triclinic 2b(ii) were found alongside the

needles in the same crystallisation vessel.

Later a crystal of the third polymorph 2b(iii) in the space

group P�1 was discovered, originating from the same vessel as

2b � 0.5CH2Cl2. The molecular structure of 2b(iii) (Fig. 2) does

not exhibit Au� � �Au interactions like all other structures of 2b

but is instead stabilised by very short intermolecular Au� � �Cl
contacts of 3.2660(9) Å between molecules ordered into dimers

(symmetry operator 1 � x, 2 � y, �z). This mode of stabilisa-

tion is observed for other tris-heterocyclic phosphines like

chloro[tris(2-furyl)phosphine]gold(I),29 chloro[tris(2-thienyl)-

arsine]gold(I)30 and fluorinated derivatives of chloro(triphe-

nylphosphine)gold(I).31 Furthermore a contact of Cl(1) and

S(210) (0 = 1 + x, 1 + y, z) of 3.472(1) Å is observed. To our

knowledge 2b is the first example of a compound exhibiting

both kinds of aggregation in different polymorphs, with 2b(iii)

showing one of the closest intermolecular Au� � �Cl contact

distances known for a neutral AuI compound. The similar

structures of 2b(ii) and 2b(iii) allow for direct comparison of

the effects of the different associations. Especially the Au–P

bond is significantly shortened by the Au� � �Cl interaction

while the Au–Cl bonds are of comparable length. While

association via halogen bridges is common for CuI and AgI,

ab initio calculations suggest that AuI should prefer metallo-

philic interaction to other means of aggregation.28 However,

replacement of PH3 with tris-heterocyclic phosphines might

influence this affinity towards the bridging instance.

Several compounds are known where solvate formation is

accompanied by changes in the type or strength of aurophilic

interaction.32 Yet, to our knowledge, only one example is

known of a compound crystallised unsolvated and solvated

with and without aurophilic interactions.33 These authors

crystallised the [(MeNH)(MeO)C]2Au+ cation with the anion

of 2,3-dichloro-5-cyano-6-hydroxy-p-benzoquinone. The

molecular structure of the solvent-free salt crystal consists of

dimers of the cation held together by an aurophilic interaction

of 3.196 Å while crystals of the trichloromethane solvate

consist of single cations sandwiched between two anions.

The presence of hydrogen bonds in both structures indicates

that such bonds play an important role in governing the

packing of these structures given that the strength of auro-

philic interactions was found to be of similar magnitude.34

In the course of our work, three crystal and molecular

structures containing 2c were determined, the first one [2c(i)]

in the monoclinic space group C2/c obtained by crystallisation

of the compound from dichloromethane/diethyl ether wherein

the molecules form dimers held together by a strong aurophilic

interaction, the strength being reflected in the distortion of the

P–Au–Cl angle (Fig. 3). The second one, 2c � thf, shown in

Fig. 4, was obtained by crystallisation of 2c from thf/pentane.

They crystallise in the orthorhombic space group P212121 and

Fig. 1 Molecular structure of compound 2b(ii). Thermal ellipsoids

are shown at the 50% probability level.

Fig. 2 Molecular structure of compound 2b(iii). Thermal ellipsoids

are shown at the 50% probability level.

Fig. 3 Molecular structure of compound 2c(i). Thermal ellipsoids are

shown at the 50% probability level.

Fig. 4 Molecular structure of compound 2c � thf. Thermal ellipsoids

are shown at the 50% probability level.
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consist of discrete molecules packed around channels running

parallel to the b axis incorporating the thf. The P–Au–Cl angle

approaches linearity as is expected for an undisturbed coordi-

nation sphere around a AuI centre. Cooperative interaction of

2c with the thf molecule is sufficiently strong to override the

attraction between the Au centres. A contact between Cl(1)

and S(210) [0 = x, y � 1, z; 3.534(2) Å], roughly equal to the

sum of the van der Waals radii, is also observed, but longer

and weaker than in the structures of 2b. Without the influence

of the aurophilic interaction, the Au–P and especially the

Au–Cl bond in 2c � thf are significantly strengthened as is

reflected in their shorter bond lengths than those found in

2c(i). A second polymorph, 2c(ii), was found alongside crystals

of 2c(i) in another crystallisation from dichloromethane/hex-

ane and was later also isolated amongst 2c � thf in a repeated

crystallisation from thf–pentane. Monoclinic 2c(ii) crystallises

in the space group P21/c with two crystallographically inde-

pendent molecules with similar arrangement of the thiazole

moieties. The molecules form crystallographically independent

alternating layers parallel to the ac plane. To our great

surprise, the molecular structure of this polymorph did not

exhibit any aurophilic interactions or sub-van der Waals

contacts. There are only two other examples of compounds

crystallising in polymorphs with and without aurophilic inter-

actions, chlorotris(4-methylphenyl)phosphinegold(I)35 and m-
(dppm)(AuCl)2 [dppm = bis(diphenylphosphino)methane].36

The length of the Au–Cl and Au–P bonds is intermediate

between those in structure 2b(i) and the thf solvate. While we

believe that crystallisation from dichloromethane will give

polymorph 2c(i) as the major product, the crystals of 2c(ii)

may in fact be quite similar in energy. The structures of 2b(ii)

and 2b(iii) as well as 2c(i) and 2c(ii) constitute concomitant

polymorphs37 by virtue of their simultaneous isolation from

the same crystallisation vessels. This raises the question to

which extent concentration, temperature and solvent compo-

sition influence the crystallisation process, and hence interac-

tion modes, of these compounds.

Crystal and molecular structures of 1d, 2a, 2d, 3b and 4

The molecular structure of 2d shown in Fig. 5 exhibits a

thiazole ring that occupies two different positions that are

flipped by 1801. The lack of discrimination between the S- and

N-orientations is most likely due to the two methyl substitu-

ents at the thiazole given that no disorder was found in

structures of ligand 1b. The lone pair of the thiazole nitrogen

atoms may have some directing influence on the conformation

of the ring as disorder was observed in complexes of the

sterically similar tris(2-thienyl)phosphine.30 The absolute

structure of 2d in the polar space group Pna21 could not be

established due to the disorder yielding an ambiguous Flack x

parameter. The packing in the crystals of 1d in turn allows for

such a discrimination and no disorder is observed. The steric

bulk of the ligand is just enough to render aurophilic interac-

tions unfavourable and complex 2d crystallises as discrete

molecules. The Au–Cl and Au–P bond lengths are roughly

comparable to the values in 2c(ii) but longer than in 2c � thf.
The molecular structure of 2a displayed in Fig. 6 consists of

discrete molecules, the absence of Au� � �Au contacts is prob-

ably caused by the steric demand of the ligand. Tris(2-methyl-

phenyl)phosphine has a similar steric requirement to ligand 1a

and greatly inhibits Au� � �Au contacts even in bridged bi-

nuclear complexes.38 Structures where such contacts are pre-

sent are all polyaurated onium species.39 One of the imidazole

rings in 2a is disordered and occupies two positions within the

plane of the ring. This disorder may also be present in the

structure of 3b � 0.5C6H14 where the direction of the thermal

displacement ellipsoids suggest a minute mobility of one

thiazole ring in its respective plane, but this could not be

resolved.

The complex 3b � 0.5C6H14 shown in Fig. 7 crystallises in

discrete molecules without any Au� � �Au interactions as a

result of the bulky thiobenzoate group. The porous structure

consists of alternating layers of the phosphinegold and sol-

vent/thiobenzoate domains along the c axis, whereas the

Fig. 5 Molecular structure of compound 2d. The minor orientation

of the thiazole ring containing C(11) is shown as spheres of arbitrary

radius. Thermal ellipsoids are shown at the 50% probability level.

Fig. 6 Molecular structure of compound 2a. The minor orientation

of the imidazole ring containing C(31) is shown as spheres of arbitrary

radius. Thermal ellipsoids are shown at the 50% probability level.
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hexane molecules and the thiobenzoate residues are themselves

ordered into channels running along the a axis. The phenyl

ring of the thiobenzoate is disordered into two positions,

probably influenced by the highly disordered crystal solvent

which could not be modelled.

The structure of the binuclear complex 4 �Me2CO shown in

Fig. 8 is propagated by p-stacking of the C6F5 moieties in the

ab plane. A strong intramolecular aurophilic bond, facilitated

by the bridging ligand, is formed between the two gold atoms.

The bond lengths are in the range as observed for other imine-

coordinated AuC6F5 moieties;23 the Au–P bond however is

longer than in 2a which might result from the strong auro-

philic interaction, a similar trend was found in

dppm(AuCl)2
36b and dppm(AuC6F5)2 (Au� � �Au 3.163 Å).40

The opposite is true for the isolated gold complexes

Ph3PAuCl41 and Ph3PAuC6F5,
42 with the latter compound

having the longer Au–P bond. The cocrystallised acetone

molecules form channels running along the a axis and are

readily removed by applying a vacuum to the crystals, result-

ing in the collapse of the structure. The structure of

4 � 0.83CDCl3 shown in Fig. 9 is remarkable in that it consists

of three crystallographically independent molecules all show-

ing a comparable arrangement as in the acetone solvate. A

notable exception is the N(31)–Au(4) bond vector which is

bent out of the plane of the imidazole ring by ca. 191. The

molecules group around channels of deuteriotrichloro-

methane, one solvent molecule is disordered around a centre

of inversion located between two of its chlorine atoms, thus

giving rise to the 5:6 stoichiometry. A hydrogen bond is

observed from D(1) to N(13) with C(1)–N(13 0) 3.181(9) Å

and C(1)–D(1)–N(130) 156.01 (0 = 2 � x, 1 � y, 1 � z).

Quantum chemical calculations

In order to compare the strength of the Au� � �Au and Au� � �Cl
interactions in the two crystal structures, calculations were

performed on model PH3AuCl complexes in addition to 2b.

Individual molecules of the complexes were optimised at the

B3LYP and MP2 levels of theory. The optimised geometries

were then placed in the same relative conformations as those

found in the two crystal structures. Single point calculations at

the B3LYP and MP2 levels of theory with two different basis

Fig. 7 Molecular structure of compound 3b � 0.5C6H14. The minor

orientation of the phenyl ring is shown as spheres of arbitrary radius.

Disordered hexane solvent is not shown. Thermal ellipsoids are shown

at the 50% probability level.

Fig. 8 Molecular structure of compound 4 �Me2CO. The acetone

solvent is omitted for clarity. Thermal ellipsoids are shown at the 50%

probability level.

Fig. 9 Molecular structure of compound 4 � 0.83CDCl3. Only the deuteriotrichloromethane involved in the hydrogen bond is shown. Thermal

ellipsoids are shown at the 50% probability level.
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sets yielded the interaction energies of the Au� � �Au and

Au� � �Cl interactions (Table 3). The result for the Au� � �Au

PH3AuCl interaction energy agrees with that of Pyykkö

et al.,43 who found an interaction energy of �24.7 kJ mol�1

(�0.009407 Hartree) at the MP2 level, but with a slightly

different basis set (see computational details). Table 3 shows

that Au� � �Au interactions between the model PH3AuCl

molecules stabilise the dimers between 14.7 and 22.9 kJ mol�1

more than Au� � �Cl interactions, depending on the level of

theory and basis set. This would mean that for a mixture

containing (PH3AuCl)2 dimers, less than 1% would be under-

going Au� � �Cl interactions.
However, in the case of 2b the Au� � �Au interaction is

weaker than that of the Au� � �Cl interaction, resulting in a

greater stabilisation of the dimer containing Au� � �Cl interac-
tions. The differences in interaction energies would mean that

a significant portion (470%) of 2b2 dimers would be stabilised

through Au� � �Cl interactions. Nevertheless, although the

Au� � �Au and Au� � �Cl interactions play a significant role in

stabilising the crystal structures other intermolecular interac-

tions are also involved in the crystal packing, and the influence

of these interactions cannot be ruled out as a cause for the

relative conformations in the crystal structures.

Conclusions

Several AuI complexes were structurally characterised and it

was shown that the tris(thiazolyl)phosphine ligands are reluc-

tant to coordinate additional AuI moieties. However, a bi-

nuclear complex was obtained with ligand 1a. The complexes

of ligands 1b and 1c exhibit markedly different association

modes by forming Au� � �Au or Au� � �Cl interactions in the

solid state, or showing no close interaction with neighbouring

molecules depending on the polymorph or cocrystallised sol-

vent. Tris(azolyl)phosphines were shown to be prone to hy-

drolysis of one azolyl moiety, a property that is currently

under investigation in our laboratory.

Experimental

General procedures and instruments

Solvents were dried according to standard procedures and

freshly distilled under an atmosphere of dinitrogen.44 Lithium

phenylmethanethiolate, lithium benzenethiolate and lithium

thiobenzoate were prepared by treatment of the respective free

thiol with butyllithium solution in thf or ether and isolated as

solids. Sodium dicyanomethanide was prepared from propa-

nedinitrile and sodium methoxide in methanol. Tris(1-methyl-

imidazol-2-yl)phosphine, tris(thiazol-2-yl)phosphine,4a (tht)-

AuCl45 and C6F5Au(tht)45b were prepared according to de-

scribed procedures; 13C NMR data of the ligands were not

determined previously and are thus reported here. Melting

points were determined with a Stuart Scientific SMP3 appa-

ratus and are uncorrected. Elemental analyses and FAB mass

spectra (nitrobenzyl alcohol matrices) were performed by the

University of the Witwatersrand. NMR spectra were recorded

at the indicated frequency on a Varian VXR 300, Varian Unity

INOVA 400 or Varian Unity INOVA 600 instrument at 25 1C.
1H and 13C NMR spectra were referenced with residual

solvent peaks, 15N NMR spectra were referenced externally

to neat MeNO2 and 31P NMR spectra were referenced ex-

ternally to 85% H3PO4. EI mass spectra were recorded on an

AMD 604 instrument at 70 eV.

Tris(1-methylimidazol-2-yl)phosphine (1a)

dH (300 MHz, CD2Cl2) 7.11 (6 H, m, H4+H5) and 3.53 (9 H,

s, Me). dC (75 MHz, CD2Cl2) 141.4 (d,
1JPC 12.0, C2), 130.9 (d,

3JPC 12.0, C4), 130.9 (d, 3JPC 9.1, C4), 130.8 (d, 3JPC 8.9, C4),

125.6–125.5 (3 s, C5) and 34.3 (m, Me). dN [61 MHz,

(CD3)2SO] �97.5 (d, 2JPN 50 � 5, N3) and �208.1 (s, N1).

dP (121 MHz, CD2Cl2) �58.6 (s).

Tris(thiazol-2-yl)phosphine (1b)

dH (300 MHz, CDCl3) 8.12 (3 H, d, 3JHH 3.22, H4) and 7.64 (3

H, d, 3JHH 3.22, H5). dC (75 MHz, CDCl3) 165.4 (d,
1JPC 14.9,

C2), 145.6 (d, 3JPC 11.1, C4) and 124.9 (s, C5). dN (61 MHz,

CD2Cl2) �41.3 (s). dP (121 MHz, CDCl3) �31.3 (s).

Tris(4-methylthiazol-2-yl)phosphine (1c)

The ligand was prepared following literature protocol from 4-

methylthiazole (3.3 g, 33 mmol) yielding colourless crystals

(0.75 g, 28%). In a repeated preparation employing 1.5 g (15

mmol) of 4-methylthiazole, extraction of the aqueous phase

with dichloromethane instead of diethyl ether and two crystal-

lisations afforded the product in higher yield (1.27 g, 77%); mp

151 1C. Found: C, 44.15; H, 3.4; N, 12.7. C12H12N3PS3
requires C, 44.3; H, 3.7; N, 12.9%. dH (300 MHz, CDCl3)

7.20 (3 H, qd, 4JHH 0.93, 4JPH 0.49, H5) and 2.48 (9 H, d, 4JHH

0.93, Me). dC (75 MHz, CDCl3) 165.4 (d, 1JPC 11.8 Hz, C2),

156.9 (d, 3JPC 13.2, C4), 120.0 (s, C5) and 16.9 (s, Me). dN (61

MHz, CD2Cl2) �35.4 (s). dP (121 MHz, CDCl3) �31.0 (s). m/z

(EI) 325 (24%, M+) and 227 [100, (M � C4H4NS)+].

Tris(4,5-dimethylthiazol-2-yl)phosphine (1d)

In a preparation similar to 1b, an ethereal solution of 4,5-

dimethylthiazole (1.60 cm3, 15.1 mmol) was added to an

ethereal solution of butyllithium (10.0 cm3 1.51 M in hexanes)

cooled to �78 1C. Addition of PCl3 (0.40 cm3, 4.6 mmol)

dissolved in ether and workup afforded a yellow powder which

was triturated with hexane to remove excess dimethylthiazole.

Precipitation of the product with hexane from a dichloro-

methane solution and storage of the suspension overnight

yielded well defined crystals amongst the amorphous precipi-

tate (0.30 g, 18%); mp 99 1C. Found: C, 49.2; H, 4.7; N, 11.3.

C15H18N3PS3 requires C, 49.0; H, 4.9; N, 11.4%. dH

Table 3 Interaction energiesa of the (PH3AuCl)2 and 2b2 dimers with
Au� � �Au and Au� � �Cl interactions, respectively, in kJ mol�1

PH3AuCl 2b2

B3LYP/I B3LYP/II MP2/II B3LYP/I B3LYP/II MP2/II

Au� � �Au �58.1 �45.5 �44.6 �20 �1.6 �0.8
Au� � �Cl �36.3 �22.6 �29.9 �22.7 �10.3 �13.1
Db 21.8 22.9 14.7 �2.6 �8.7 �12.2
a Calculated as Edimer � 2Emonomer.

b Calculated as EAu� � �Cl �
EAu� � �Au.
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(300 MHz, CD2Cl2) 2.35 (s). dC (75 MHz, CD2Cl2) 161.3 (d,
3JPC 9.7, C2), 152.7 (d, 1JPC 12.9, C4), 133.7 (s, C5), 14.7 (s,

Me) and 11.4 (s, Me). dP (121 MHz, CD2Cl2) �33.2 (s). m/z

(EI) 383 [15%, ([M + O)+], 367 (30, M+), 255 [100,

(M � C5H6NS)+] and 224 [25, (C5H6NS)2
+].

Chloro[tris(1-methylimidazol-2-yl)phosphine]gold(I) (2a)

A solution of (tht)AuCl (0.20 g, 0.63 mmol) in dichloro-

methane (15 cm3) was reacted with a solution of 1a (0.17 g,

0.63 mmol) in dichloromethane (10 cm3). The mixture was

stirred overnight and reduced to dryness. The residue was

extracted with dichloromethane, filtered through MgSO4

yielding a white solid upon removal of the solvent. Crystal-

lisation from MeOH/thf (5 : 1) layered with diethyl ether at

�20 1C afforded a colourless microcrystalline product (0.28 g,

89%). Crystals suitable for X-ray diffraction were grown from

a dichloromethane solution layered with diethyl ether; mp

155 (decomp.). Found: C, 28.1; H, 2.9; N, 15.7.

C12H15AuClN6P � 0.2CH2Cl2 requires C, 28.0; H, 3.0; N,

16.05. dH [300 MHz, (CD3)2SO] 7.71 (3 H, m, H5), 7.26 (3

H, m, H4) and 3.67 (9 H, s, Me). dC [75 MHz, (CD3)2SO] 132.4

(d, 1JPC 121.1, C2), 131.2 (d, 3JPC 17.8, C4), 131.1 (d, 3JPC
17.6, C4), 131.1 (d, 3JPC 17.9, C4), 129.0 (m, C5) and 34.5 (m,

Me). dN [61 MHz, (CD3)2SO] �90.6 (d, 2JPN 89.3, N3) and

�206.31 (s, N1). dP [121 MHz, (CD3)2SO] �18.4 (s). m/z

(EI) 506 (9%, M+), 274 [100, (M � AuCl)+], 259 [7,

(M � AuCl � Me)+], 193 [44, (M � AuCl � C4H5N2)
+]

and 112 [30, (M � AuCl � 2C4H5N2)
+].

Chloro[tris(thiazol-2-yl)phosphine]gold(I) (2b)

A solution of 1b (0.12 g, 0.43 mmol) in dichloromethane

(5 cm3) was added to a solution of (tht)AuCl (0.12 g, 0.39

mmol) in dichloromethane (5 cm3). After stirring for 1 h,

MgSO4 was added, the solution was filtered through Celite

and the filtrate was concentrated in vacuo yielding a white

solid. Layering a dichloromethane solution with diethyl ether

and storage at �20 1C furnished the compound as colourless

crystals (0.18 g, 90%); mp 131 1C (decomp.). Found: C, 21.2;

H, 1.2; N, 8.3. C9H6AuClN3PS3 requires C, 21.0; H, 1.2; N,

8.15%. dH (300 MHz, CD2Cl2) 8.28 (3 H, d, 3JHH 3.03, H4)

and 7.91 (3 H, dd, 3JHH 3.03, 4JPH 2.43, H5). dC (75 MHz,

CD2Cl2) 156.8 (d, 1JPC 97.6, C2), 147.6 (d, 3JPC 22.8, C4) and

128.3 (s, C5). dN (61 MHz, CD2Cl2) �33.9 (d, 2JPN 27.8). dP
(121 MHz, CD2Cl2) 0.9 (s). m/z (EI) 515 (9%, M+), 283 [13,

(M � AuCl)+] and 199 [100, (M � AuCl � C3H2NS)].

Chloro[tris(4-methylthiazol-2-yl)phosphine]gold(I) (2c)

In a preparation analogous to 2b, a solution of (tht)AuCl (0.11

g, 0.35 mmol) in dichloromethane (7.5 cm3) was added to a

solution of 1c (0.13 g, 0.40 mmol) in dichloromethane (10

cm3). Recrystallisation afforded colourless crystals (0.18 g,

93%); mp 121 1C (decomp.). Found C, 25.8; H, 2.3; N, 7.7.

C12H12AuClN3PS3 requires C 25.8, H 2.2, N 7.5%. dH (300

MHz, CD2Cl2) 7.43 (3 H, dq, 4JPH 2.30, 4JHH 0.90, H5) and

2.55 (9 H, dd, 4JHH 0.90, 5JPH 0.50, Me). dC (75 MHz, CD2Cl2)

155.6 (d, 1JPC 97.5, C2), 158.5 (d, 3JPC 22.1, C4), 123.0 (s, C5)

and 17.1 (s, Me). dN (61 MHz, CD2Cl2) �29.5 (d, 2JPN 89.4).

dP (121 MHz, CD2Cl2) 0.9 (s).m/z (EI) 557 (3%, M+), 325 [30,

(M � AuCl)+] and 227 [100, (M � AuCl � C4H4NS)+].

Chloro[tris(4,5-dimethylthiazol-2-yl)phosphine]gold(I) (2d)

Solid (tht)AuCl (0.30 g, 0.94 mmol) was added to a solution of

1d (0.35 g, 0.95 mmol) in dichloromethane (20 cm3). After 1 h

the clear solution was filtered through Celite, the filter was

washed with dichloromethane (20 cm3) and the filtrate reduced

to dryness. The residue was dissolved in dichloromethane,

layered with hexane and stored at �16 1C for 2 days. The

mother-liquor was removed and the greenish solid was again

dissolved in dichloromethane, the solution was filtered over

Celite and the filtrate reduced to dryness yielding yellowish

crystals suitable for X-ray diffraction (0.39 g, 67%); mp 86 1C

(decomp.). Found: C, 30.2; H, 2.8; N, 6.8. C15H18AuClN3PS3
requires C, 30.0; H, 3.0; N, 7.0%. dH (300 MHz, CD2Cl2) 2.42

(9 H, s, 4-Me) and 2.40 (9 H, s, 5-Me). dC (75 MHz, CD2Cl2)

155.42 (d, 3JPC 21.0, C4), 151.7 (d, 1JPC 99.0, C2), 137.6 (s,

C5), 14.9 (s, 4-Me) and 11.6 (s, 5-Me). dP (121 MHz, CD2Cl2)

�0.2 (s). m/z (FAB) 600 (16, M+) and 564 [27, (M � Cl)+].

(Thiocyanato)[tris(4-methylthiazolyl)phosphine]gold(I) (3a)

A solution of 2c (247 mg, 0.44 mmol) in dichloromethane (10

cm3) was added via a Teflon cannula to a degassed aqueous

solution of NaNCS (55 mg, 0.68 mmol, 8 cm3) containing 58

mg K2SO4 and the biphasic mixture was stirred vigorously for

3.5 h. The phases were separated with help of a separating

funnel and the aqueous phase was extracted with dichloro-

methane (3 � 3 cm3). The combined organic phases were dried

with Na2SO4, filtered and the filter washed with dichloro-

methane (3 � 5 cm3). Removal of the solvent in vacuo gave a

colourless solid (0.24 g, 92%); mp 105 1C (decomp.). Found:

C, 26.7; H, 2.0; N, 9.4. C13H12AuN4PS4 requires C, 26.9; H,

2.1; N, 9.65%. nmax/cm
�1 3067s, 2961w, 2918w, 2130s, 2122vs,

2114vs, 2075w, 1497m, 1437m, 1387s, 1360s, 1287m, 1261w,

1055m, 953s, 859s, 765s, 709m. dH (300 MHz, CD2Cl2) 7.48

(3 H, s, H5) and 2.54 (9 H, s, Me). dC (75 MHz, CD2Cl2) 159.0

(d, 3JPC 22.3, C4), 155.6 (d, 1JPC 94.9, C2), 123.6 (s, C5), 117.1

(m, SCN) and 17.0 (m, Me). dP (121 MHz, CD2Cl2) 5.7 (s).

m/z (FAB) 675 [1%, (M � SCN + C7H7NO3)
+], 581

[5, (M + H)+] and 522 [7, (M � SCN)+].

(Thiobenzoato)[tris(4-methylthiazol-2-yl)phosphine]gold(I) (3b)

Lithium thiobenzoate (71 mg, 0.49 mmol) was dissolved in thf

(25 cm3). The mixture was stirred for 1.5 h after the addition of

2c (245 mg, 0.44 mmol). After removal of the solvent the

foamy residue was triturated with pentane and dissolved in

dichloromethane (15 cm3), filtered through Celite and the filter

washed with dichloromethane. The solution was concentrated

in vacuo, layered with pentane and stored at �16 1C yielding a

yellowish microcrystalline solid (0.25 g, 86%). Crystals of

3b � 0.5C6H14 suitable for X-ray diffraction were grown from

a small sample dissolved in dichloromethane and layered with

hexane; mp 72 1C. Found: C, 34.4; H, 2.6; N, 6.6. C19H17Au-

N3OPS4 requires C, 34.6; H, 2.6; N, 6.4%. nmax/cm
�1 3070s,

2953m, 2918m, 2856m, 1622/1616s, 1594w, 1577m, 1495s,

1439s, 1388s, 1362s, 1288m, 1199vs, 1167s, 1063m, 1045m,

953s, 906vs, 860m, 773s, 757s, 714s, 688vs. dH (400 MHz,
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CD2Cl2) 8.05 (2 H, m, o-C6H5), 7.48 (1 H, m, p-C6H5), 7.43 (3

H, d, 4JPH 1.05, H5), 7.37 (2 H, m, m-C6H5) and 2.56 (9 H, s,

Me). dC (101 MHz, CD2Cl2) 158.4 (d, 3JPC 20.7, C4), 156.5 (d,
1JPC 85.5, C2), 141.5 (s, i-C6H5), 132.3 (s, p-C6H5), 128.5

(s, o/m-C6H5), 128.2 (s, m/o-C6H5), 122.8 (s, C5) and 17.2

(s, Me). dP (162 MHz, CD2Cl2) 4.0 (br s). m/z (FAB) 660 [7%,

(M + H)+] and 522 [4, (M � C7H5OS)+].

Reaction of chloro[tris(1-methylimidazol-2-yl)phosphine]gold(I)

with (pentafluorophenyl)(tetrahydrothiophene)gold(I)

A solution of 1a (60 mg, 0.1 mmol) in methanol (10 cm3) was

reacted with a solution of C6F5Au(tht) (0.16 g, 0.34 mmol) in

diethyl ether (10 cm3). The solution was stirred for 4 h, filtered

through Celite and reduced to dryness affording a yellow

luminescent product. Recrystallisation by layering an acetone

solution with hexane afforded a mixture of colourless crystals

of 4 �Me2CO and yellow needles of 5. Crystals of both habits

were mounted for X-ray diffraction, yet the structure of 5

could not be refined satisfactorily due to crystal twinning and

further analyses were hampered by the presence of the com-

pounds as a mixture, only 4 could be obtained in reasonable

purity (see below). 5: mp 136 1C, dP [121 MHz, (CD3)2CO]

126.4 (s).

Bis(pentafluorophenyl)-l-[tris(1-methylimidazol-2-

yl)phosphine-j2-P,N]digold(I) (4)

C6F5Au(tht) (261 mg, 0.58 mmol) and 1a (79 mg, 0.29 mmol)

were dissolved in thf (15 cm3) and the purplish suspension was

stirred for 30 min. All volatiles were removed in vacuo and the

remaining solids were extracted with thf (25 cm3) and Schlenk-

filtered through Celite. Some decomposition occurred during

evaporation thus the solid was redissolved in dichloromethane

and filtered through Celite. The raw product was recrystallised

from acetone layered with pentane and dried in vacuo. Yield

0.17 g (29%) of a colourless powder; mp 174 1C. Found: C,

28.9; H, 1.4; N, 8.2. C24H15Au2F10N6P requires C, 28.8; H,

1.5; N, 8.4%. dH [400 MHz, (CD3)2CO] 8.00 (1 H, br s, coord.

H5), 7.78 (1 H, br s, coord. H4), 7.65 (2H, br s, H5), 7.27 (2H,

br s, H4), 4.09 (6 H, s, NMe) and 3.68 (3 H, s, coord. NMe). dC
[101 MHz, (CD3)2CO] 149.5 (dm, 1JFC 228, o-C6F5), 148.4

(dm, 1JFC 227, o-C6F5), 138 (m, m- and p-C6F5), 132.9 (d,
3JPC

15.0, coord. C4), 132.6 (d, 3JPC 14.2, C4), 132.5 (d, 1JPC 109.5,

C2), 131.5 (s, coord. C5), 129.6 (d, 3JPC 1.7, C5), 37.5 (br s,

coord. NMe) and 35.6 (d, 3JPC 3.4, NMe). dF [376 MHz,

(CD3)2CO] �115.2 (2 F, m, o-C6F5), �115.3 (2 F, m, o-C6F5),

�164.0 (2 F, m, m-C6F5), �164.7 (2 F, m, m-C6F5), �160.4 (1

F, t, 3JFF 19.3, p-C6F5) and �162.1 (1 F, t, 3JFF 19.6, p-C6F5)

dP [162 MHz, (CD3)2CO] �2.7 (s). m/z (FAB) 1003 [15%,

(M + H)+], 1002 (7, M+), 835 [12, (M � C6F5)
+],

639 [18, (M � AuC6F5 + H)+], 471 (8, LAu+), 275

[30, (L + H)+] and 193 [18, (L � C4H5N2)
+].

Crystal structure determinations

Data associated with the crystal structures are summarised in

Table 4. Intensity data were collected at T = 100 K with a

Bruker SMART Apex diffractometer46 with graphite mono-

chromated Mo-Ka radiation (l= 0.71073 Å). Intensities were

measured using the o-scan mode and were corrected for

Lorentz and polarisation effects. Intensity data for 2b(i) were

collected at T = 203 K with a Nonius Kappa CCD diffract-

ometer with graphite monochromated Mo-Ka radiation using

j- and o-scans.47 The structures were solved by direct meth-

ods or the heavy atom(s) were located by a Patterson synthesis

and refined by full-matrix least-squares on F2 using the

SHELXL-97 software package within the X-SEED environ-

ment.48 All non-hydrogen atoms were refined with anisotropic

displacement parameters except if noted below and all hydro-

gens were placed in calculated positions. Figures were created

using POV-Ray 3.5, hydrogen atoms were omitted for clarity

throughout.

While solving the structure of 2d, the thiazole ring contain-

ing C(11) was found to be disordered in two positions related

by a 1801 rotation and populated 3 : 1; satisfactory modelling

of the rings could only be achieved by splitting S(11) and

N(11), thus giving average positions of the two orientations

for the carbons in the thiazole ring, and constraining the rings

to be flat. The anisotropic displacement parameters of S(11)

and N(11), respectively, were constrained to be equal. It is also

possible to solve the crystal structure of 2b in space group

Pnma but this imposes the same disorder on the other thiazole

rings which have a defined orientation in space group Pna21.

After establishing the connectivity of 3b, additional diffuse

electron density which belongs to cocrystallised hexane solvent

was located on the difference map, but could not be modelled.

It was removed using the Squeeze routine in the Platon

programme package.49 The phenyl ring of the thiobenzoate

was found to be disordered populating two different orienta-

tions in a 3 : 2 ratio which were constrained as flat regular

hexagons and only the major orientation refined anisotropi-

cally constraining C(42A) and C(43A) to have similar aniso-

tropic displacement parameters. An acetone molecule was

located in the difference map of compound 4 but could not

be refined anisotropically, the C–C bonds were restrained to

1.48 Å and the CQO bond to 1.22 Å. Due to large Uiso values

its occupancy factor was allowed to refine freely and found to

be 0.77 resulting from loss of solvent during setup of the

crystal.

CCDC reference numbers 659052–659064.

For crystallographic data in CIF or other electronic format

see DOI: 10.1039/b709896k

Computational methods

The geometry of PH3AuCl was optimised at the gradient-

corrected DFT level using the three parameter fit of the

exchange–correlation potential suggested by Becke50 in con-

junction with the LYP51 exchange potential (B3LYP).52 A

quasi-relativistic small-core ECP with a (341/321/21)53 valence

basis set for the gold atom and the 6-311+G(d) all-electron

basis set54 (basis set I) for the other atoms were employed in

the geometry optimisation. The nature of the stationary point

was examined by calculating the Hessian matrix at this level:

the structure is an energy minima on the potential energy

surface. The optimised structure was placed in the same

relative conformations as the experimental crystal structures.

Single point calculations were performed using B3LYP, and

by including electron correlation at the second-order
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/Å

9
.7
8
8
5
(9
)

1
8
.8
6
7
(5
)

1
6
.2
9
3
5
(1
)

8
.6
0
7
7
(4
)

8
.7
0
1
(2
)

2
0
.2
6
1
(2
)

1
0
.7
6
6
0
(9
)

1
0
.3
3
3
(1
)

9
.6
5
3
(1
)

1
1
.2
9
4
(1
)

1
7
.6
6
4
(1
)

1
2
.7
0
7
(2
)

1
9
.1
2
3
(2
)

c/
Å
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Møller–Plesset (MP2) level. The calculations were repeated

using the 19 valence-electron (VE) quasi-relativistic (QR)

pseudopotentials of Andrae et al.55 for Au, with the addition

of two f-type polarisation functions for a more accurate

description of the interaction energy,43 and the 6-311+G(d)

all-electron basis set54 (basis set II) for the other atoms. The

calculations were performed with a parallel version of the

programme package Gaussian 03.56
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