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Gold(I) Complexes with Amine Ligands, 4[°]

The Role of N–H···Cl Hydrogen Bonds in Gold(I) Complexes with
Aliphatic Amine Ligands

Birte Ahrens,[a] Peter G. Jones,*[a] and Axel K. Fischer[b]
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Various gold(I) complexes of aliphatic amines have been hydrogen bonds involving the N–H functions, and partly to
aurophilic interactions. Analysis of these secondary contactsprepared by the reaction of chloro(tetrahydrothiophene)-

gold(I) with the respective amines. The stability of these suggests an inverse correlation between lengths of aurophilic
interactions and hydrogen bonds.complexes can be attributed partly to the formation of

Introduction

Amine complexes of gold(I) have been little studied and
are generally regarded as relatively unstable; this has been
rationalized in terms of incompatibility of the soft metal
centre with the hard nitrogen donor. Exceptions are fur-
nished by complexes also involving a phosphane or similar
ligand as a stabilising influence. [1] From previous studies of
systems with solely amine or halide ligands only three struc-
ture types are known: (i) [L2Au1][AuCl2

2] (e.g. L 5 pyri-
dine, 3-methylpyridine), [2] [3] (ii) [L2Au1]Cl2 (e.g. L 5 4-
hydroxymethyl-1,5-dimethylimidazole), [4] (iii) [LAuCl] (e.g.
L 5 2-methylpyridine, piperidine). [3] [5] For the imine L 5

Figure 1. Chloro(piperidine)gold(I), [5] monomeric units related bydiphenylmethanimine, structures of type (i) and (iii) are
a 4̄ axis; only the asymmetric unit is numbered; atom radii are

known.[6] Type (ii) is also represented by the ammine com- arbitrary; dashed lines represent hydrogen bonds (thin) and auro-
philic interactions (thick); carbon-bound hydrogen atoms are omit-plex [(NH3)2Au1]Br2. [7]

ted for clarityWe have begun a more systematic study of gold(I) com-
plexes with aliphatic amine ligands, generally bearing an
N2H function, and have recently reported the structure of bifurcated three-centre hydrogen bonds (Figure 1; N···Cl
[(pyrrolidine)4Au3Cl3], [8] where structure types (ii) and (iii) 3.346, 3.358 Å).
were present in the same crystal. Here we report the synthesis of gold(I) complexes with

Stabilising influences in gold(I) complexes tend to be pro- the amine ligands piperidine {the complexes [(piperi-
vided by formally non-bonding Au···Au contacts (auro- dine)AuCl], [(piperidine)2Au1]Cl2, and [(piperidine)2Au1]-
philic interactions); [9] the role of hydrogen bonds is of PF6

2 had been previously synthesised by us}, [5] 2,2,6,6-
course limited to those systems where suitable functional tetramethylpiperidine, 4-methylpiperidine, morpholine, pip-
groups are available, but they have been shown to stabilise erazine, pyrrolidine, diethylamine, dicyclohexylamine, cyclo-
e.g. iminegold(I) complexes. [10] In [(pyrrolidine)4Au3Cl3] the hexylamine, benzylamine, 1-phenylethylamine, and 3-iodo-
Au···Au contacts were long and thus presumably weak benzylamine; all complexes were obtained from (tht)AuCl
[3.2041(7), 3.5834(4) Å], [8] whereas hydrogen bonds were (tht 5 tetrahydrothiophene) and the corresponding amine.
more significant [N···Cl 3.179(6), 3.284(6) Å]. In [(piperi- With pyrrolidine, morpholine, cyclohexylamine, and ben-
dine)AuCl] [5] similar Au···Au contacts were observed zylamine, complexes of empirical formula L2AuCl were ob-
[Au···Au 3.301(5) Å], but hydrogen bonding was not com- tained; with the other ligands complexes of empirical for-
mented upon, although it is in fact present in the form of mula LAuCl. For L 5 piperidine formerly only crystals of

the loosely associated tetramer (LAuCl)4 were obtained; [5]

in contrast, we have only been able to obtain crystals of the
[°] Part 3: Ref. [11]

ionic type [L2Au1]Cl2. For L 5 pyrrolidine, we have now[a] Institut für Anorganische und Analytische Chemie, Technische
shown that the previously reported L4Au3Cl3[8] is a by-Universität Braunschweig,

Postfach 3329, D-38023 Braunschweig, Germany product; the main product is [L2Au1]Cl2.
E-mail: jones@xray36.anchem.nat.tu-bs.de No evidence was found for an ionic nature of the com-[b] Chemisches Institut, Otto von Guericke Universität Magdeburg,
Universitätsplatz 2, D-39106 Magdeburg, Germany plexes in solution: all complexes behave as non-conductors
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in acetone solution (Λc < 25 cm2 Ω21 mol21; c.f. Λc 5
140 cm2 Ω21 mol21 in the case of 1:1 electrolytes such as
PPN1Cl2), implying that for all aminegold(I) complexes
the molecular structure LAuCl is the more stable in solu-
tion. Even complexes L2AuCl were essentially non-con-
ducting, implying some equilibrium involving the un-
charged species [LAuCl] in solution.

We have crystallographically characterised complexes of
empirical formula LAuCl (L 5 2,2,6,6-tetramethylpiperi-
dine: 1; dicyclohexylamine: 2), both molecular in nature,

Figure 2. Chloro(2,2,6,6-tetramethylpiperidine)gold(I), 1, monome-and L2AuCl (L 5 piperidine: 3; pyrrolidine: 4; and cyclo- ric units related by inversion symmetry; only the asymmetric unit
hexylamine: 5). For the latter complexes the ionic structure is numbered; thermal ellipsoids are shown with 50% probability;

hydrogen radii are arbitrary; dashed lines represent hydrogen bondstype (i), [L2Au1]Cl2, was found for all three structures. Be-
(thin) and aurophilic interactions (thick); carbon-bound hydrogencause no structure is known of a molecular aminegold(I) atoms are omitted for clarity

complex with empirical formula L2AuX (i.e. where gold
would be three-coordinate, with two amine ligands L), we
assume an ionic composition for all aminegold(I) com-
plexes of this empirical formula.

Because both types of structure, [LAuCl] and
[L2Au1]Cl2, have been observed for L 5 piperidine, it
might be concluded that the energetic difference between
both types cannot be large. Similar conclusions were drawn
from the reactions of (tht)AuCl with methylpyridines, [3] and
from ab initio calculations for various spatial associations
of complexes with formula [L2Au1][AuCl2

2]. [11]

Treatment of the new gold(I) complexes [LAuCl] (L 5
dicyclohexylamine) or [L2Au1]Cl2 (L 5 piperidine or
cyclohexylamine) with AgSbF6 and excess L led in all cases
to ionic complexes [L2Au1]SbF6

2 (13, 14, and 15). Com-
plex 13 was crystallographically characterised.

In all the new complexes hydrogen bonding is important
Figure 3. Chloro(dicyclohexylamine)gold(I), 2, monomeric units

in the solid state (Table 1), and for the ionic compounds related by inversion symmetry; only the asymmetric unit is numbe-
red; thermal ellipsoids are shown with 50% probability; hydrogenappears more important than aurophilic interactions (see
radii are arbitrary; dashed lines represent hydrogen bonds (thin)below). All complexes are less stable in solution than in the and aurophilic interactions (thick); carbon-bound hydrogen atoms

solid state. This could be attributed to a change in hydrogen are omitted for clarity
bonding in solution, where the N2H protons are involved
in hydrogen bonds to solvent molecules (in 1H-NMR longer than those in (piperidine)AuCl [2.068(18), 2.256(8)
experiments broad signals for the N2H protons were ob- Å] [5] but similar to those in 2 [2.077(7), 2.266(2) Å]. The
served, but no variation for the chemical shift). The low dimers of 1 display aurophilic interaction and hydrogen
solubility of complexes with NH2 functional groups could bonding [Table 1; Au···Au 3.2792(4), N···Cl 3.417(3) Å],
also be attributed to hydrogen bonding. comparable to those in 2 [3.2676(14), 3.391(8) Å] and (pi-

peridine)AuCl [3.301(5), 3.346 and 3.580 Å]. [5]

Molecular Structures
Ionic Structures

We have reported the structure of 2 in a preliminary com-
munication. [12] The structure of 1 (Figure 2) is similar to We have reported the structure of 3 in a preliminary com-

munication.[12] In 3 two crystallographically independentthat of 2 (Figure 3). Both complexes crystallise as loose
molecular dimers (LAuCl)2 and display ring motifs. In 1 hydrogen bonds are involved in the ring motif (Table 1, Fig-

ure 4), which can be described by the graph set N2 5and 2 only one crystallographically independent hydrogen
bond is present, and therefore the ring motifs can be de- R2

4(12) at binary level. In 3 the gold atom is linearly coordi-
nated [N12Au2N2 179.0(3)°]. The N2Au bond lengths ofscribed by the graph set [13] N1 5 R2

2(8) at unitary level.
The dimers in 1 and 2 have inversion symmetry, making 2.050(6) and 2.055(6) Å are similar to those of 2.068(18) in

(piperidine)AuCl. [5] Thus it can be assumed that the transthe N2Au2Cl axes antiparallel. Additionally, the molecule
of 1 has crystallographic mirror symmetry, with N, Au, Cl, influence of amine and chloro groups is similar.

The hydrogen bonds (Table 1) in the ionic compound 3and C3 in the mirror plane. The gold atom in 1 is linearly
coordinated [N2Au2Cl 177.21(9)°]. The Au2N and are shorter [N···Cl 3.108(6), 3.122(7) Å] and the Au···Au

distance in 3 of 4.085(2) Å is remarkably longer than inAu2Cl bond lengths of 2.088(3) and 2.2693(10) Å are
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Figure 5. Bis(pyrrolidine)gold(I) chloride (dichloromethane sol-
vate), 4; only the asymmetric unit is numbered; thermal ellipsoids
are shown with 50% probability; hydrogen radii are arbitrary;
dashed lines represent hydrogen bonds (thin) and aurophilic inte-
ractions (thick), dotted lines Au···Cl interactions; carbon-bound
hydrogen atoms are omitted for clarity

Figure 4. Bis(piperidine)gold(I) chloride, 3, monomeric units re-
lated by a twofold axis; only the asymmetric unit is numbered; ther-
mal ellipsoids are shown with 50% probability; hydrogen radii are respectively). The hydrogen atom at N3 is involved in a hy-arbitrary; dashed lines represent hydrogen bonds and aurophilic
interactions; carbon-bound hydrogen atoms are omitted for clarity drogen bond to Cl1 [N3···Cl1 3.311(5) Å; Table 1]. This

hydrogen bond connects the trimers to form chains parallel
to (0 0 1) [descriptor C1

2(6); Figure 6], which are addition-(piperidine)AuCl, [5] 1 and 2. Gold2gold distances within
the range of 2.50 to 4.00 Å have been considered as auro- ally stabilised by short Au···Cl contacts [Au1···Cl1 3.176(1)

Å]. The hydrogen atoms at N1 and N2 are involved in hy-philic interactions. [14] Thus the gold-gold interaction in 3
must be extremely weak. drogen bonds to Cl2 [N1···Cl2 3.149(7), N2···Cl29 3186(7)

Å; Table 1]. These hydrogen bonds connect the chains toCompounds 4 and 5 both crystallise as dichloromethane
solvates [(L2AuCl)3 · (CH2Cl2)2] with chain and layer struc- form layers perpendicular to (0 0 1), with descriptor C1

2(6)
at binary level (Figure 7). The dichloromethane moleculestures. In 4 the L2Au1 cations (with L 5 pyrrolidine) form

trimers about a twofold axis, with Au2 on this axis and Cl1 lie within these layers. They show non-conventional hydro-
gen bonding to the chloride anion Cl2 [C···Cl 3.625 Åon an inversion centre (Figure 5). Both gold atoms of the

asymmetric unit are linearly coordinated [N2Au2N (mean)]. One of the chlorine atoms of the dichloromethane
molecules is involved in a weak contact to one of the gold175.0(3), 179.6(4)°]. The Au2N bond lengths Au12N1 of

2.055(7), Au12N2 of 2.052(6), and Au22N3 of 2.052(5) atoms [Au1···Cl3 3.635(3) Å], the other chlorine atom dis-
plays a Cl···Cl contact to the symmetry-equivalent atom ofÅ are slightly longer than those in (pyrrolidine)4Au3Cl3 of

2.042(6) and 2.048(6) Å. [8] The gold atoms of the trimers the next dichloromethane moiety [Cl4···Cl49 3.547(5) Å; op-
erator 1 2 x, 1 2 y, 2z]. The secondary contacts of the di-in 4 display aurophilic interactions [Au1···Au2 3.2790(7) Å].

The N2Au2N axes within these dimers are nearly perpen- chloromethane molecules result in a honeycomb-like pat-
tern within the layers perpendicular to (0 0 1) (Figure 7).dicular to each other, with torsion angles of 87.3(3) and

293.2(3)° (N12Au1···Au22N3, N22Au1···Au22N3, These contacts presumably have a stabilising influence on

Figure 6. Bis(pyrrolidine)gold(I) chloride (dichloromethane solvate), 4, chain structure parallel to (0 0 1); atom radii are arbitrary; dashed
lines represent hydrogen bonds (thin) and aurophilic interactions (thick), dotted lines Au···Cl interactions; carbon-bound hydrogen atoms,
except for CH2Cl2, are omitted for clarity
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Figure 7. Bis(pyrrolidine)gold(I) chloride (dichloromethane sol-
vate), 4, layer structure perpendicular to (0 0 1); atom radii are
arbitrary; dashed lines represent hydrogen bonds (thin) and auro-
philic interactions (thick), dotted lines Au···Cl2 interactions; Figure 8. Bis(cyclohexylamine)gold(I) chloride (dichloromethaneAu···dichloromethane interactions are not shown; double dashed solvate), 5, asymmetric unit with numbering scheme; thermal ellip-lines represent secondary interactions of the dichloromethane mo- soids are shown with 50% probability; hydrogen radii are arbitrary;lecules; carbon-bound hydrogen atoms, except for CH2Cl2, are dashed lines represent N2H hydrogen bonds, dotted lines C2Homitted for clarity. hydrogen bonds; carbon-bound hydrogen atoms, except for

CH2Cl2, are omitted for clarity

the structure, in addition to that of the N2H···Cl hydrogen
bonds discussed above.

In 5 the L2Au1 cations (with L 5 cyclohexylamine) also
form trimeric units (Figure 8), here with inversion sym-
metry (Au2 and Cl2 lie on inversion centres). The gold
atoms are linearly coordinated [N12Au12N2 177.6(4),
N32Au22N39 180° (by symmetry)]. The Au2N bond
lengths Au12N1 of 2.036(9), Au12N2 of 2.047(9) and
Au22N3 of 2.051(8) Å are similar to those in (pyrroli-
dine)4Au3Cl3 or 2 [2.042(6)22.055(7) Å]. [8] No aurophilic
interactions are observed, the shortest Au···Au distance be-
ing 4.740(1) Å. The cations are connected to form layers
parallel to the xy plane via N2H···Cl hydrogen bonds (Fig-
ure 9, Table 1), with N···Cl contacts between 3.230(9) and
3.343(9) Å, resulting in a pattern of ring motifs. These rings
are associated with descriptors from graph sets at higher
levels: R2

4(8) (binary and ternary), R2
4(12) (ternary). Every

dichloromethane molecule is involved in two non-conven-
tional hydrogen bonds [C99···Cl1 3.576(15), C99···Cl2

Figure 9. Bis(cyclohexylamine)gold(I) chloride (dichloromethane3.641(13) Å]. Cl1 is the acceptor atom for one, Cl2 (because
solvate), 5, layer structure; atom radii are arbitrary; dashed lines

of the inversion centre) for two of these hydrogen bonds. represent hydrogen bonds (Table 1); dichloromethane molecules
and carbon-bound hydrogen atoms are omitted for clarityThe dichloromethane molecules are thus positioned alter-

nately above and below the layer (Figure 8).
with our previous observation on trans influences (see
above). The hydrogen atoms of the amine groups are in-

Anion Exchange volved in long hydrogen bonds to fluorine atoms of two
hexafluoroantimonate anions [N···F 2.975(8), 3.268(9) Å;

By preparing the compound bis(dicyclohexylamine)- Table 1], thereby forming chains [graph set N2 5 C2
2(8)].

gold(I) hexafluoroantimonate, 13 (Figure 10), it was shown
that it is possible to obtain L2Au1 cations even with this
bulky ligand. Conclusions

The gold atom in 13 is linearly coordinated [N12Au2N2
179.1(2)°]. The Au2N bond lengths of 2.085(6) and Many complexes of gold(I) with aliphatic amines are

stable, in contrast to the generally held view based on the2.069(6) Å are similar to those in 2 [2.077(7) Å], consistent
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Figure 11. Plot of hydrogen bonding against aurophilic interactionsFigure 10. Bis(cyclohexylamine)gold(I) hexafluoroantimonate, 13,
for aminegold(I) complexes; the correlation coefficient is 20.842;asymmetric unit with numbering scheme; thermal ellipsoids are
a: [(Ph2C5NH)2Au1][AuCl2

2]; [6] b: [(piperidine)AuCl]; [5] c:shown with 50% probability; hydrogen radii are arbitrary; dashed
[(Ph2C5NH)AuCl]; [6] d: [(pyrrolidine)4Au3Cl3] [8]

lines represent hydrogen bonds

incompatibility of hard ligands with soft metal centres. The appear to be necessary to stabilise the complexes, which,
surprisingly for complexes with charged gold moieties, dis-stability results in part from the formation of hydrogen

bonds involving the N2H functions. In ionic complexes of play short aurophilic interactions.
Previous difficulties in preparing aminegold(I) complexesempirical formula L2AuCl, hydrogen bonds appear to be

more important than in complexes of empirical formula may have been caused by (i) the insolubility of many prod-
ucts, (ii) the tendency to form mixtures of complexes (e.g.LAuCl; this may be attributable to the positive charge of

the gold moiety in the former. Aurophilic interactions ap- for pyrrolidine) and/or by-products such as amine hydro-
chlorides or hemihydrochlorides[16] or (iii) the use of unsuit-pear to have greater influence in complexes of empirical for-

mula LAuCl. By combining data for similar structures (ob- able amines (e.g. tertiary amines, where we could not obtain
stable complexes, presumably because of the lack of hydro-tained from a search in the CSD database) [15] with our re-

sults, we found a tendency that shorter hydrogen bonds are gen bonding).
Anions with more functional groups for hydrogen bond-accompanied by longer aurophilic interactions and vice

versa (Figure 11). In the complexes with L 5 pyrrolidine ing (e.g. disulfonylamine anions) are expected to render a
stabilising contribution to aminegold(I) complexes. It may(L4Au3Cl3, [8] 4) hydrogen bonds and aurophilic interactions

Table 1. Hydrogen bonds and unitary graph sets (N1)

Compound Bond H···A [Å][a] H···A [Å][b] D···A [Å][c] D-H···A [°] N1

1 N2H···Clii 2.45(5) 2.40 3.417(3) 174(4) R2
2(8)

2 N2H···Clvi 2.46(4) 2.39 3.391(8) 167(8) R2
2(8)

3 N12H1···Cl1 2.26(4) 2.16 3.122(7) 158(7) D
3 N22H2···Cl1i 2.21(3) 2.10 3.108(6) 172(9) D
4 N12H1···Cl2 2.35(7) 2.24 3.149(7) 149(9) D
4 N22H2···Cl2iii 2.32(5) 2.18 3.186(7) 171(7) D
4 N32H3···Cl1 2.44(4) 2.29 3.311(5) 175(5) C1

2(6)
4 C992H99A···Cl2iv 2.63 2.55 3.625(9) 179 D
4 C992H99B···Cl2v 2.64 2.55 3.625(8) 174 D
5 N12H1A···Cl1vii (a) 2.36 2.26 3.256(9) 166 D
5 N12H1B···Cl1 (b) 2.35 2.25 3.264(10) 171 D
5 N22H2A···Cl1viii (c) 2.45 2.36 3.297(9) 154 D
5 N22H2B···Cl2viii (d) 2.47 2.37 3.343(9) 159 D1

2(3)
5 N32H3A···Cl2 (e) 2.34 2.25 3.230(9) 161 C1

2(6)
5 N32H3B···Cl1 (f) 2.34 2.25 3.241(9) 165 D2

2(7)
5 C992H99A···Cl1 2.73 2.66 3.576(15) 144 D
5 C992H99B···Cl2 2.69 2.60 3.641(13) 162 D1

2(3)
13 N12H1···F1 2.37 2.28 3.268(9) 163 D
13 N22H2···F4ix 2.06 1.97 2.975(8) 168 D

[a] Hydrogen bonds without standard deviation were included using a riding model. 2 [b] Distances were normalised with C2H 1.08,
N2H 1.02 Å. [18] 2 [c] Cf. van der Waals radii: N 1.55, Cl 1.75, H 1.20, C 1.70, F 1.47 Å. [19] 2 Operators: i: 2 2 x, y, 1.5 2 z; ii: 1 2 x,
1 2 y, 1 2 z; iii: 1.5 2 x, 0.51y, 0.5 2 z; iv: x 2 0.5, y 2 0.5, z; v: 1 2 x, y, 0.5 2 z; vi: 2x, 1 2 y, 1 2 z; vii: 1 2 x, y, 1 2 z; viii:
11x, y, z; ix: x 2 0.5, 1.5 2 y, z 2 0.5.
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Table 2. Crystallographic data

Compound 1 2 3 4 5 13

Formula C9H19AuClN C12H23AuClN C10H22AuClN2 C8.67H19.33AuCl2.33N2 C12.67H27.33AuCl2.33N2 C24H46AuF6N2Sb
Mr 373.67 413.73 402.71 431.28 487.38 795.34
Crystal habit Colourless tablet Colourless prism Colourless prism Colourless prism Colourless plate Colourless prism
Crystal size [mm] 0.30 3 0.10 3 0.08 0.36 3 0.19 3 0.11 0.20 3 0.15 3 0.11 0.20 3 0.20 3 0.10 0.70 3 0.10 3 0.02 0.54 3 0.27 3 0.19
Crystal system Orthorhombic Triclinic Monoclinic Monoclinic Triclinic Monoclinic
Space group Pnnm P1̄ C2/c C2/c P1̄ P21/n
Cell dimensions
a [Å] 10.6298(10) 8.306(3) 21.346(5) 18.859(3) 9.2497(12) 9.880(2)
b [Å] 10.2047(10) 8.978(2) 6.480(2) 11.963(2) 12.0358(15) 19.208(4)
c [Å] 10.5774(10) 10.132(3) 19.630(5) 17.890(2) 12.2298(16) 15.402(4)
α [°] 90 68.24(2) 90 90 100.042(9) 90
β [°] 90 85.17(3) 111.54(3) 95.45(2) 108.767(11) 98.40(2)
γ [°] 90 77.71(3) 90 90 95.455(13) 90
V [Å3] 1147.37(19) 685.7(3) 2525.8(13) 4018.0(10) 1355.0(3) 2891.6(11)
Z 4 2 8 12 3 4
Dx [Mg m23] 2.163 2.004 2.118 2.139 1.792 1.827
µ [mm21] 13.008 10.894 11.829 11.418 8.476 6.055
F(000) 2448 396 1536 704 708 1552
T [°C] 2100 2100 2130 2100 2100 2130
2θmax [°] 50 50 50 56.6 50 50
Transmission 0.3420.99 0.6520.94 0.5320.68 0.5421.00 0.5920.98 0.6120.97
No. of reflections
Measured 3720 2402 3568 7330 4604 5837
Independent 3532 2336 2228 1506 4566 5076
Rint 0.045 0.039 0.036 0.030 0.023 0.028
Parameters 203 139 135 67 247 307
Restraints 33 1 2 0 45 263
WR2(F2, all refl.) 0.051 0.088 0.067 0.034 0.110 0.108
R1[F>2σ(F)] 0.031 0.036 0.030 0.017 0.046 0.044
S 0.834 0.989 1.053 1.105 0.895 1.016
Max. ∆.σ 0.002 , 0.001 , 0.001 0.002 0.001 , 0.001
Max. ∆ρ [eÅ23] 1.143 3.322 1.178 0.762 1.903 2.172

Table 3. Selected bond lengths and angles [Å,°] for 1 Table 5. Selected bond lengths and angles [Å,°] for 3

Au2N 2.088(3) Au2Cl 2.2693(10) Au2N(1) 2.050(6) Au2N(2) 2.055(6)

Au2Auii 3.2792(4) N2C(1) 1.528(3) N(1)2C(11) 1.493(10) N(1)2C(15) 1.521(10)
N(2)2C(21) 1.483(10) N(2)2C(25) 1.502(10)N2Au2Cl 177.21(9) N2Au2Auii 82.30(9)

Cl2Au2Auii 100.49(3) C(1)x2N2C(1) 118.9(3) N(1)2Au2N(2) 179.0(3) C(11)2N(1)2C(15) 109.9(6)
C(1)2N2Au 112.25(16) C(11)2N(1)2Au 116.0(5) C(15)2N(1)2Au 111.4(5)

C(21)2N(2)2C(25) 110.3(6) C(21)2N(2)2Au 114.2(5)
C(25)2N(2)2Au 113.5(5)Operators: ii: 1 2 x, 1 2 y, 1 2 z; x: x, y, 1 2 z.

Table 6. Selected bond lengths and angles [Å,°] for 4Table 4. Selected bond lengths and angles [Å,°] for 2

Au(1)2N(2) 2.052(6) Au(1)2N(1) 2.055(7)Au2N 2.077(7) Au2Cl 2.266(2)
Au(1)2Au(2) 3.2790(7) N(1)2C(14) 1.492(10)
N(1)2C(11) 1.516(9) N(2)2C(21) 1.466(10)

Au2Auvi 3.2676(14) N2C(11) 1.505(11) N(2)2C(24) 1.485(9) Au(2)2N(3) 2.052(5)
N2C(21) 1.505(11) Au(2)2Au(1)v 3.2790(7) N(3)2C(31) 1.485(9)

N(3)2C(34) 1.508(9) C(99)2Cl(3) 1.755(7)N2Au2Cl 177.7(2) N2Au2Auvi 80.8(2)
C(99)2Cl(4) 1.761(8)Cl2Au2Auvi 101.50(7) C(11)2N2C(21) 115.1(6)

C(11)2N2Au 113.4(5) C(21)2N2Au 111.1(5) N(2)2Au(1)2N(1) 175.0(3) N(2)2Au(1)2Au(2) 93.49(19)
N(1)2Au(1)2Au(2) 91.49(17) C(14)2N(1)2C(11) 104.4(6)
C(14)2N(1)2Au(1) 116.9(5) C(11)2N(1)2Au(1) 112.6(5)Operator: vi: 2x, 12y, 12z.
C(21)2N(2)2C(24) 102.8(6) C(21)2N(2)2Au(1) 117.7(5)
C(24)2N(2)2Au(1) 115.3(5) N(3)2Au(2)2N(3)v 179.6(4)
N(3)2Au(2)2Au(1)v 91.29(14) N(3)2Au(2)2Au(1) 88.65(14)
Au(1)v2Au(2)2Au(1) 164.762(17) C(31)2N(3)2C(34) 104.9(5)be possible to stabilise the less robust amine complexes such
C(31)2N(3)2Au(2) 115.4(4) C(34)2N(3)2Au(2) 116.3(4)

as 7 and [(RNH2)2Au1] (R 5 Me, Et, tBu)[7] with such Cl(3)2C(99)2Cl(4) 110.6(4)
counter-ions. This influence will be discussed in a forth-
coming paper of this series. Operator: v: 1 2 x, y, 0.5 2 z.
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CH2 (eq.)], 2.99 (m, 2 H, CH). 2 13C NMR: δ 5 25.05 (3-C), 35.50Table 7. Selected bond lengths and angles [Å,°] for 5
(4-C), 34.82 (2-C), 58.73 (1-C). 2 EI MS; m/z (%): 181 (16) [M 2

Au 2 Cl]. 2 C12H23AuClN (413.74): calcd. C 34.84, H 5.60, NAu(1)2N(1) 2.036(9) Au(1)2N(2) 2.048(9)
Au(2)2N(3) 2.051(8) N(1)2C(11) 1.492(14) 3.39; found C 34.86, H 5.55, N 3.34.
N(2)2C(21) 1.470(14) N(3)2C(31) 1.459(15)

Bis(piperidine)gold(I) Chloride (3): Yield 91%, dec. > 86°C. 2 1HC(99)2Cl(3) 1.742(15) C(99)2Cl(4) 1.746(14)
NMR: δ 5 1.73 (m, 4 H, β-CH2), 3.25 (m, 4 H, α-CH2). 2 13C

N(1)2Au(1)2N(2) 177.6(4) N(3)ii2Au(2)2N(3) 180.0 NMR: δ 5 23.41 (β-CH2), 26.52 (γ-CH2), 53.50 (α-CH2). 2 EIC(11)2N(1)2Au(1) 117.2(7) C(21)2N(2)2Au(1) 117.3(7)
MS; m/z (%): 84 (100) [M 2 Au 2 Cl 2 H]. 2 Conductivity: Λc 5C(31)2N(3)2Au(2) 119.9(7) Cl(3)2C(99)2Cl(4) 112.3(8)
24 cm2 Ω21 mol21. 2 C10H22AuClN2 (402.72): calcd. C 29.82, H
5.51, N 6.96; found C 29.34, H 5.35, N 7.06.Operator ii: 1 2 x, 1 2 y, 1 2 z.

Bis(pyrrolidine)gold(I) Chloride (4): Yield 85%, dec. at room tem-
perature. 2 1H NMR: δ 5 1.90 (br., 4 H, β-CH2); 3.00 (br., 2 H),Table 8. Selected bond lengths and angles [Å,°] for 13
3.54 (br., 2 H) (α-CH2). 2 13C NMR: δ 5 23.62 (β-CH2); 52.54
(α-CH2). 2 FAB MS (pos.); m/z (%): 72 (100) [K 2 C4H8NAu]1.Au2N(2) 2.070(6) Au2N(1) 2.085(6)
2 C8H18AuClN2 · 0.67 CH2Cl2 (431.20): calcd. C 24.15, H 4.52, NAu2F(3) 3.460(9) Au2F(4)ix 3.981(7)

N(1)2C(21) 1.501(10) N(1)2C(11) 1.502(9) 6.50; found C 23.95, H 4.67, N 7.05; the elemental analysis is af-
N(2)2C(31) 1.505(9) N(2)2C(41) 1.526(9) fected by co-crystallised dichloromethane, which could not be re-

moved even after prolonged pumping. 2 (Pyrrolidine)4Au3Cl3[8]
N(2)2Au2N(1) 179.1(2) N(2)2Au2F(3) 111.7(2)

was obtained as a by-product of this reaction.N(1)2Au2F(3) 68.6(2) N(2)2Au2F(4)ix 46.8(2)
N(1)2Au2F(4)ix 132.5(2) F(3)2Au2F(4)ix 96.46(18)

Bis(cyclohexylamine)gold(I) Chloride (5): Crystals were obtained byC(21)2N(1)2C(11) 115.9(6) C(21)2N(1)2Au 111.4(5)
C(11)2N(1)2Au 112.0(4) C(31)2N(2)2C(41) 114.1(6) diffusion of cyclohexylamine into a solution of (tht)AuCl in di-
C(31)2N(2)2Au 113.5(4) C(41)2N(2)2Au 111.6(4) chloromethane. Yield 75%, dec. > 114°C. 2 1H NMR: δ 5 1.16
Sb2F(3)2Au 129.6(5) (m, 12 H, CH2, ax.); 1.77 (m, 10 H, CH2, eq.); 2.62 (m, 2 H, CH);

4.5 (br., NH2). 2 13C NMR: δ 5 26.95 (3-C); 31.06 (4-C); 35.54
Operator: ix: x 2 0.5, 1.5 2 y, z 2 0.5. (2-C); 55.69 (1-C). 2 EI MS; m/z (%): 99 (19) [M 2 C6H13NAuCl].

2 C12H26AuClN2 (430.77): calcd. C 33.46, H 6.08, N 6.50; found
C 33.57, H 6.07, N 6.52.Experimental Section
Chloro(4-methylpiperidine)gold(I) (6): Yield 55%, dec. > 67°C. 2General: NMR spectra were measured with a Bruker AC 200 spec-
1H NMR: δ 5 0.87 (d, 3 H, CH3), 0.93 (d, 3 H, CH3), 1.28 (m, 1trometer in CDCl3 solution with TMS as internal standard (if not
H, β-CH2), 1.45 (br., 1 H, γ-CH), 1.63 (m, 1 H, γ-CH), 1.67 (m, 3otherwise stated). Frequencies: 200.1 MHz (1H), 50.3 MHz (13C).
H, β-CH2), 3.01 (m, 2 H, α-CH2), 3.36 (m, 1 H, α-CH2), 3.52 (m,2 Mass spectra were recorded with a Finnigan MAT 8430. 2 Con-
1 H, α-CH2), 5.5 (br., NH) (classified by C-H correlation). 2 13Cductivities were measured with a WTW LF 530 (LTA 1 electrode)
NMR: δ 5 21.60, 21.65 (CH3); 29.93, 30.14 (γ-CH); 34.17, 35.26conductometer. 2 All reactions were carried out with exclusion of
(β-CH2); 52.28, 53.72 (α-CH2) [doubling of signals is due to twolight at room temperature. 2 All aminegold(I) complexes with
conformers (cis and trans)]. 2 EI MS; m/z (%): 98 (100) [M 2liquid amines were prepared as follows: (tht)AuCl (tht 5 tetra-
AuCl 2 H]. 2 Conductivity: Λc 5 21 cm2 Ω21 mol21. 2hydrothiophene) (160 mg, 0.5 mmol) was dissolved in neat amine
C6H13AuClN (331.60): calcd. C 21.73, H 3.95, N 4.22; found C(5 mL). The solution was stirred for 1 h with exclusion of light at
23.99, H 4.27, N 4.34.room temperature; a white precipitate formed. Light petroleum

ether was added and after cooling for 1 h at 218°C the precipitate Bis(morpholine)gold(I) Chloride (7): Yield 76%, dec. > 72°C. This
was filtered off and recrystallised from dichloromethane/light compound was not stable enough to obtain NMR spectra. 2 EI
petroleum ether. Except for 5 (see below) crystals were obtained by MS; m/z (%): 87 (100) [M 2 C4H9NOAuCl]. 2 Conductivity: Λc 5
diffusion of light petroleum ether into dichloromethane solution. 22 cm2 Ω21 mol21. 2 C8H18AuClN2O2 (406.66): calcd. C 23.63, H
2 All complexes with SbF6

2 anions were prepared as follows: 4.46, N 6.89; found C 23.41, H 4.42, N 7.49.
[LAuCl] or [L2Au1]Cl2 (0.5 mmol) was dissolved in a solution of

Chloro(piperazine)gold(I) (8): (tht)AuCl (160 mg, 0.5 mmol) was5 mL of dichloromethane and 1 mL of amine (L) and AgSbF6
dissolved in a solution of piperazine in ethanol (10 mL, 50% excess(344 mg, 1 mmol) was added. The suspension was stirred for 1 h
of piperazine). The suspension was stirred for 1 h with exclusion ofwith exclusion of light at room temperature. The AgCl precipitate
light at room temperature. Diethyl ether was added and after cool-was filtered off through a layer of MgSO4. Light petroleum ether
ing for 1 h at 218°C the white precipitate was filtered off andwas added to the solution and after cooling overnight at 218°C
recrystallised from dichloromethane/light petroleum ether. Yieldcolourless, light-sensitive crystals were obtained.
75%, dec. > 109°C. 2 1H NMR: δ 5 2.94 (m, 8 H, CH2). 2 EI

Chloro(2,2,6,6-tetramethypiperidine)gold(I) (1): Yield 53%, dec. MS; m/z (%): 86 (66) [M 2 AuCl]. 2 C4H10AuClN2 (318.56): calcd.
>122°C. 2 1H NMR: δ 5 1.44 (s, 6 H, CH3), 1.48 (m, 2 H, β- C 15.08, H 3.16, N 8.79; found C 15.54, H 3.28, N 8.94. 2 This
CH2), 1.57 (s, 6 H, CH3), 1.65 (m, 2 H, γ-CH2), 1.76 (m, 2 H, β- compound was not soluble enough to obtain crystals.
CH2), 4.6 (br., NH). 2 13C NMR: δ 5 17.12, (γ-CH2), 28.14,

Chloro(diethylamine)gold(I) (9): Yield 95%, dec. at room tempera-(CH3), 37.26, (β-CH2), 59.27 (α-CH2) (classified by C-H corre-
ture. 2 1H NMR: δ 5 1.39 (br., 6 H, CH3), 3.02 (br., 4 H, CH2), 4.9lation). 2 EI MS; m/z (%): 126 (100) [M 2 CH3 2 AuCl], 141 (2)
(br., NH). 2 EI MS; m/z (%): 73 (34) [M 2 AuCl]. 2 C4H11AuClN[M 2 AuCl]. 2 Conductivity: Λc 5 8 cm2 Ω 21 mol21. 2
(305.56): calcd. C 15.72, H 3.63, N 4.58; found C 15.68, H 3.69, NC9H19AuClN (373.68): calcd. C 28.93, H 5.12, N 3.75; found C
4.63. 2 This compound was not stable enough to obtain crystals.28.85, H 5.08, N 3.51.

Chloro(dicyclohexylamine)gold(I) (2): Yield 75%, dec. > 114°C. 2 Bis(benzylamine)gold(I) Chloride (10): Yield 82%, dec. > 149°C.
This compound was not soluble enough for NMR measurements.1H NMR: δ 5 1.2621.84 (16 H, CH2), 2.12, 2.40 [m, 4 H, 2-, 29-
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2 EI MS; m/z (%): 107 (65) [M 2 C7H9NAuCl]. 2 C14H18AuClN2 least-squares refinement on F2 (program SHELXL-97). [17] All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were(446.73): calcd. C 37.64, H 4.06, N 6.27; found C 37.91, H 4.05, N
6.33. 2 This compound was not soluble enough to obtain crystals. included using a riding model except for those bonded to nitrogen

atoms in 1, 2, 3 and 4, which were refined “freely”, in 1, 2 and 4
Chloro(1-phenylethylamine)gold(I) (11): Yield 46%, dec. > 123°C.

with restrained N2H bond lengths. 2 Crystallographic data (ex-
2 1H NMR: δ 5 1.38, 1.41 (s, 3 H, CH3), 4.12 (dd, 1 H, CH), 7.35

cluding structure factors) have been deposited with the Cambridge
(m, 2 H, Ph). 2 EI MS; m/z (%): 106 (100) [M 2 CH3 2 AuCl],

Crystallographic Data Centre under the numbers CCDC-440/051
121 (2) [M 2 AuCl]). 2 C8H11AuClN (353.60): calcd. C 27.17, H

(2, 3),[12] CCDC-113728 (1), CCDC-113729 (4), CCDC-113730 (5)
3.14, N 3.96; found C 27.36, H 3.09, N 3.77. 2 This compound

and CCDC-113731 (13). Copies may be obtained without charge
was not soluble enough to obtain crystals.

from: CCDC, Union Road, Cambridge CB2 1EZ, UK [Fax: in-
Chloro(3-iodobenzylamine)gold(I) (12): Yield 49%, dec. > 119°C. 2 ternat. 1 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
1H NMR ([D6]DMSO): δ 5 3.96 (m, 2 H, CH2), 7.18 (m, 1 H, m-
Ph), 7.44 (m, 1 H, p-Ph), 7.67 (m, 1 H, o6-Ph), 7.84 (m, 1 H, o2-

AcknoledgmentsPh), 5.8 (br., NH2). 2 EI MS; m/z (%): 106 (100) [M 2 I 2 AuCl]),
233 (32) [M 2 AuCl]). 2 C7H8AuClNI (465.47): calcd. C 18.06, H

We thank the Fonds der Chemischen Industrie (Frankfurt) for fin-1.73, N 3.01, Cl 7.62; found C 17.74, H 1.68, N 2.87, Cl 7.64. 2
ancial support and Mr. A. Weinkauf for technical assistance.This compound was not soluble enough to obtain crystals.

Bis(dicyclohexylamine)gold(I) Hexafluoroantimonate (13): Yield [1] W. Schneider, A. Bauer, A. Schier, H. Schmidbaur, Chem. Ber.
59%, dec. > 112°C. 2 1H NMR ([D6]acetone): δ 5 1.0722.98 (40 1997, 130, 141721422.
H, CH2); 3.25 (m, 4 H, CH); 5.3 (br., NH). 2 FAB MS (pos.); m/z [2] H. N. Adams, W. Hiller, J. Strähle, Z. Anorg. Allg. Chem. 1982,

485, 81291.(%): 559 (100) [K]1. 2 C24H46AuF6N2Sb (795.35): calcd. C 36.24,
[3] P. G. Jones, B. Ahrens, Z. Naturforsch. 1998, 53b, 6532662.H 5.83, N 3.52; found C 36.12, H 5.82, N 3.44. [4] C. J. L. Lock, Z. Wang, Acta Crystallogr. 1993, C49,

133021333.Bis(piperidine)gold(I) Hexafluoroantimonate (14): Yield 30%, dec. [5] J. J. Guy, P. G. Jones, M. J. Mays, G. M. Sheldrick, J. Chem.> 173°C. 2 1H NMR: δ 5 1.75 (m, 6 H, β-, γ-CH2), 3.24 (m, 4 Soc., Dalton Trans. 1977, 8210.
H, α-CH2), 4.4 (br., NH). 2 FAB MS (pos.); m/z (%): 86 (18) [K [6] W. Schneider, A. Bauer, H. Schmidbaur, J. Chem. Soc., Dalton

Trans. 1997, 4152420.2 C5H10NAu]1, 282 (2) [K 2 C5H11N]1, 367 (100) [K]1. 2
[7] D. M. P. Mingos, J. Yau, S. Menzer, D. J. Williams, J. Chem.C10H22AuF6N2Sb (603.01): calcd. C 19.92, H 3.68, N 4.65; found

Soc., Dalton Trans. 1995, 3192320.C 19.81, H 3.70, N 4.59. [8] P. G. Jones, B. Ahrens, Chem. Ber. 1997, 130, 181321814.
[9] [9a] H. Schmidbaur, Gold Bull. 1990, 23, 11221. 2 [9b] H.Bis(cyclohexylamine)gold(I) Hexafluoroantimonate (15): Yield 23%,

Schmidbaur, Chem. Soc. Rev. 1995, 3912400.
dec. > 74°C. 2 1H NMR ([D6]acetone): δ 5 1.1622.28 (20 H, [10] J. Vicente, M.-T. Chicote, M.-D. Abrisqueta, R. Guerrero, P. G.
CH2), 3.81 (m, 2 H, CH), 5.5 (br., NH). 2 FAB MS (pos.); m/z (%): Jones, Angew. Chem. 1997, 109, 125221254; Angew. Chem. Int.

Ed. Engl. 1997, 36, 120321205.100 (100) [K 2 C6H12NAu]1, 395 (42) [K]1. 2 C12H26AuF6N2Sb ·
[11] P. Pyykkö, W. Schneider, A. Bauer, A. Bayler, H. Schmidbaur,0.5 C6H13N (680.65): calcd. C 26.47, H 4.81, N 5.14; found C

Chem. Commun. 1997, 111121112.
27.72, H 5.39, N 5.10; the elemental analysis is affected by co- [12] P. G. Jones, B. Ahrens, New J. Chem. 1998, 104121042.
crystallised excess cyclohexylamine, which could not be removed [13] J. Bernstein, R. E. Davis, L. Shimoni, N.-L. Chang, Angew.

Chem. 1995, 107, 168921708; Angew. Chem. Int. Ed. Engl.even after prolonged pumping.
1995, 34, 154521554.

[14] S. S. Pathaneni, G. R. Desiraju, J. Chem. Soc., Dalton Trans.X-ray Structure Determinations: Crystal data: Table 2. 2 Data col-
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[15] F. H. Allen, O. Kennard, Chem. Des. Autom. News 1993, 8,glass fibre. Data were measured using Mo-Kα radiation (λ 5 31237.
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