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Relativistic Effects in Gold Chemistry. 4. Gold(II1) and Gold(V) Compounds 
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Hartree-Fock (HF) calculations of the electronic structure and bonding in gold(I11) and gold(V) compounds (AuH3, 
AuF3, AuC13, AuH4-, AuF4-, AuC14-, AuBr4-, AuI4-, AuFs-, Au&, Au2F6, Au2C16) have been carried out. Non- 
relativistic and relativistic pseudopotentials were applied using a [Xe4f14]-core definition for the gold atom, however, 
including the 5s and 5p electrons in the valence space. All bond distances and angles were optimized. M~ller- 
Plesset (MP2-4) calculations on the stability of gold(II1) halide complexes were carried out to study the effects of 
electron correlation at the nonrelativistic and relativistic level of the theory. The relativistic effects in the Au-L 
bond are analyzed. Relativistic changes in Au(II1)-ligand bond distances are calculated to be small compared to 
those in Au(1) compounds. However, relativistic changes in Au(II1)-ligand stretching force constants are very large 
and of comparable magnitude to that in Au(1) compounds. The preference of the oxidation state I11 in gold is found 
to be influenced considerably by relativistic effects and is dependent on the electronegativity of the ligand. The 
conclusions drawn from previously published HF results ( J .  Am. Chem. Soc. 1989, I 1  I, 7261) on the stability of 
AuL4- (L = F, C1, Br, I) are confirmed by MP2-4 calculations; Le., the decomposition AuL4- - AuL2- + L2 occurs 
less easily relativistically than nonrelativistically. Relativistic effects also contribute to the facile decomposition of 
AuF into Au and AuF3. All calculated AuL3 compounds (L = H, F, Cl) show T-shaped structures as a result of 
a first-order Jahn-Teller symmetry breaking of the D3h trigonal planar structure into the C, arrangement. A 
rationalization for the polymeric helix structure of AuF3 is provided. The stability and structure of gold(II1) hydride 
is examined in detail. Multiple scattering Xa calculations were carried out on AuF4-, AuCld-, AuBr4-, and AuI4- 
to determine relativistic effects in the nuclear quadrupole coupling constant for I9'Au. Au2C16 was prepared, and 
a single-crystal X-ray analysis was carried out to compare with data obtained by the MP2 method (monoclinic, space 
group P2'/c with a = 6.5906 (9) A, b = 11.007 (2) A, c = 6.442 (3) A, 2 = 4,873 reflections, and R = 0.0561). 

1. Introduction 
The stability of the oxidation state 111 in gold is unique in the 

group 11 series. Grimm and Sommerfeld pointed out as early 
as 1926 that the copper and gold atomic core seem to be less 
stable than that of silver.' It is well-known, for example, that 
Au(1) and Cu(1) compounds disproportionate in aqueous solution 
according to the equations 

2cu+ - c u  + cu2+ 

3Au+ - 2Au + Au3' 

unless the oxidation state + 1 is stabilized by complexation.2 This 
fact is often explained by the series of ionization energies: M - 
M+ - M2+ - M3+.2 Figure 1 shows that the first ionization 
energy is smallest in silver, the second ionization energy is smallest 
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in copper, and the third ionization energy is smallest in gold. 
Simply, this reflects the preferred oxidation states in the inorganic 
group 11 compounds. One may then argue that, as a result of 
this behavior, AuF and AuF2- are not known but AuF3 and AuF4- 
have been isolated.2.6 The oxidation state +2 in gold is very rare, 
and only recently a few, mainly dinuclear, gold(I1) compounds 
have been isolated.' These differences in stability of oxidation 
states within the group 1 1 elements play a crucial role, for example, 
in superconductivity. La2-&,Cu04 is well-known to be a high- 
temperature superconductor.* Although, the mechanism of this 
phenomenon is still not clear, copper atoms in the oxidation state 
+2 may play a key role? High-temperature superconductors of 
silver and gold areunknown so far! which may be the consequence 
of the instability of the oxidation state +2 for these elements. 

We point out that the differences in oxidation states interpreted 
by the sequence in ionization potentials is influenced by relativistic 
effects as shown in Figure 1. The trend in the ionization potentials 
from gold to copper is better described at the Dirac-Fock (DF) 
level, but relativistic effects do not change the overall behavior. 
For example, the ionization M2+ -.* M3+ is lowest for gold at both 
the nonrelativistic and the relativistic level of the theory (Figure 
IC). Because oxidation numbers in chemical compounds do not 
correspond to measurable quantities (even if they are useful), the 
stability of compounds in these oxidation states should be explained 
better by use of quantum chemical concepts such as the relativistic 
Hartree-Fock (HF) method. The sequence in ionization energies 
cannot explain why AuI2- is stable at room temperature but AuI4- 
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or in octahedral geometry. The neutral monomers AuL3 (L any 
ligand) have never been detected in the gas phase, indicating that 
the coordination number 3 is not favored (with some exceptions 
like [Au(PPh&]+). Hence, such compounds have a tendency to 
add a fourth ligand to form the stable AuL4-complex or to bridge 
with other AuL3 compounds. For example, AuCl3 has a dimeric 
chlorine-bridged structure in the solid as well as in the gas phase 
and compounds like AuF3*SeF4 have to be heated to 350 'C to 
release AuF3, which in the solid state is a fluorine-bridged helical 
chain polymer.2 The reason for the polymerization of AuL3 
compounds is not understood, and we analyze this in detail for 
the two compounds AuF3 and AuCl3. We have redetermined the 
single-crystal X-ray structure for Au2C16 because the geometry 
of this compound was determined more than 30 years ago10 using 
film data. 

Nuclear quadrupole resonance and Mhsbauer spectroscopy 
have been very useful in the analysis of bonding in several gold 
compounds.2Jl Electric field gradients (EFG) for Au(1) com- 
pounds have been studied in detail by the multiple scattering X a  
(MSXa) method,I2 but Au(II1) compounds have not been treated 
theoretically so far. An unusually high NQCC has been found 
for lg7Au in AuC1,I3 and other gold compounds show electric 
field gradients at the metal center which are unexpectedly larger 
than those in corresponding copper species." This has been 
interpreted in terms of Au(6p) participation in the gold-ligand 
bond.ll-l3 However, it has been shown recently that relativistic 
effects in EFGs play an important role even in copper compounds14 
and very large relativistic effects have been calculated in the 35Cl 
NQCC of AuC12-.'5 One may therefore expect similar large 
relativistic effects in AuC14-, which will be analyzed at the Har- 
tree-Fock (HF) level. 

In our previous three papers of this seriesI5-l8 we presented H F  
and configuration interaction (CI) calculations using multielec- 
tron-adjusted nonrelativistic and relativistic pseudopotentials for 
gold. We showed that relativistic effects strongly influence 
physical and chemical properties of gold and its  compound^.'^-^^ 
Only very few theoretical studies on Au(II1) compounds are 
available,20-23 because ab-initio calculations on such compounds 
with adequate basis sets require a lot of computer time. The 
halide complexes of Au(II1) have been calculated by a semiem- 
pirical charge and configuration (SCCC) method.20 Hoffmann 
and co-worker$' studied organogold(II1) compounds by means 
of the extended Hackel method. Recently, Miyoshi and SakaiZ2 
carried out HF  and CI calculations on hexafluoroaurates, AuF6" 
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Figure 1. HF ionization potentials for copper, silver, and gold (in eV): 
I, M(2Si/z) - M+('So); 11, M+('So) - M2+('D5/2); 111, M2+('Ds/z) + 

M3+('F4). Experimental data are from ref 3. The HF values have been 
calculated by using the program MCHF;~ the DFvalues have been calculated 
by using the program MCDF/BENA including major QED effects.5 

has never been isolated. The stability of higher oxidation states 
seems to be dependent on the nature of the ligand. 

Au(II1) is regarded as a harder Lewis acid than Au(I),* and 
the chemistry of Au(II1) is more extensive than that of Au(1). 
The most common coordination numbers of gold compounds in 
the higher oxidation states are 4 and 6, either in square planar 
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Table I. Molecular Properties for the AuL4- Complexes (L = H, F, 
C1, Br, I) and for AuF6-' 

mole- 

AuH4- NR HF 1.746 368.6 1.79 274.2 71.1 
cult method re De ke De' De2 

R H F  1.652 581.8 (581.8) 2.51 256.9 223.7 (223.7) 
AuF4- N R H F  1.980 329.4 3.76 455.0 -81.3 

NR MP2 2.034 982.6 2.05 371.3 
R HF 1.930 523.5 (519.1) 4.23 502.0 116.6 (113.7) 
RMP2 1.974 1144.1 (1139.3) 3.24 488.9 (485.7) 

NR MP2 2.445 744.6 1.52 225.2 
R HF 2.344 496.4 (485.9) 2.96 342.1 80.3 (73.3) 
R MP2 2.349 896.0 (885.5) 2.17 340.8 (333.8) 

NRMP2 2.579 700.2 1.28 190.7 

R MP2 2.486 824.3 (780.2) 2.00 302.9 (273.5) 

NRMP2 2.803 614.1 1.10 148.0 

R MP2 2.708 731.2 (640.3) 1.53 236.1 (175.5) 
AuF6- NRHF 1.948 -102.2 4.10 4 3  1.6 

NR MP2 2.068 1185.8 1.64 203.2 

R MP2 1.984 1409.2 (1401.2) 2.72 265.1 (261.9) 

AuC14- NR HF 2.424 327.9 1.86 280.1 -100.1 

AuBr4- NR HF 2.580 292.4 1.45 -1 10.6 

R H F  2.492 396.0 (352.9) 2.00 -13.3 (-42.1) 

Ad4- NR HF 2.830 220.3 1.07 -151.5 

R H F  2.716 308.2 (217.2) 1.52 -38.9 (-99.6) 

R HF 1.903 262.4 (253.6) 4.48 -261.1 (-265.5) 

Au-L bond distance re in A, dissociation energy De (AuL4- - Au + 3L + L-) in kJ mol-', and force constants k, in mdyn A-I. Del: AuL4- - AuL3 + L-. De2: AuL4- - AuL2- + 2L (for AuFs-: AuF6- - AuF4- + 2F). The data for AuL2- and AuL3 are collected in Tables I1 and 111, 
respcctively. The spin-orbit-corrected De and De2 values are given in 
parentheses (from atomic zP1/2/zP3/2 spin-orbit splittings of the halides: 
corrections for H F  values from Dirac-Fock calculations using the program 
MCDF/BENA~ and corrections for MP2 values from experiment'). 
(n = 0-3), employing relativistic pseudopotentials for gold with 
very small basis sets. No other ab-initio calculations have been 
reported on Au(II1) compounds so far. In this paper we study 
in detail the relativistic effects in square planar AuL4- complexes 
(L = H, F, C1, Br, I), in T-shaped AuL3 compounds (L = H, F, 
Cl), in theAu(V) complexAuF6-, and in the binuclear gold species 

pr~edures .2~  We also calculate the l9'Au nuclear quadrupole 
coupling constants (NQCC) in AuL4- complexes (L = F, C1, Br, 
I), AuClz-, and AuCl using the multiple-scattering Xa (MSXcr) 
method.25 The methods are described in section 3. The results 
are presented and discussed in the next section (Tables I-XI1 and 
Figures 1-7). A summary is given in section 4. 

2. Results and Discussion 
A. Molecular Structures. Cold(III) Halide Complexes and 

AuF6-. The calculated bond distances are collected in Table I. 

AU&, Au2F6, and AU~Cl6 using H F  and Maller-Plesset (MP) 
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Table 11. MP2 Molecular Properties for the AuL2- Complexes (L = 
F, Cl. Br, I).' . .  

molecule method re DC ke De3 
AuF2- N R  2.212 611.3 1.32 280.2 

R 2.035 655.2 (653.6) 2.42 382.8 
AuC12- N R  2.584 519.4 0.96 231.3 

R 2.332 555.2 (551.7) 1.70 303.1 
AuBrz- N R  2.659 509.5 0.90 232.3 

R 2.472 521.4 (506.7) 1.64 270.4 
AuI2- N R  2.842 466.1 0.79 220.3 

R 2.651 495.1 (464.8) 1.42 268.3 
AuF N R  2.162 331.1 1.91 

R 2.006 272.4 (270.8) 2.53 
AuCl N R  2.489 288.1 1.39 

R 2.287 252.1 (248.6) 2.12 
AuBr N R  2.597 277.2 1.28 

R 2.395 251.0 (236.3) 1.99 
AuI N R  2.773 245.8 1.10 

R 2.572 226.8 (196.5) 1.77 

Au-L bond distance re in A, dissociation energy De (AuL2- - Au 
+ L + L-) in kJ mol-I, and force constants k, in mdyn A-I. De3: AuL2- - AuL + L-. The spin-orbit-corrected Devalues are given in parentheses 
(see Table I). 

Table III. Molecular Properties for the AuL3 Complexes (L = H, 
F, Cl)' 

L method rea rec a D.' 02 L4 

H NR 1.604 1.753 81.5 94.4 2.1 1.74 
NRMP2 1.604 1.732 82.3 385.0 209.0 1.64 
R 1.492 1.652 86.9 324.9 172.2 0.85 
RMP2 1.485 1.641 86.4 619.6 349.7 0.72 

F NR 1.945 1.939 93.1 -125.6 -288.3 3.97 
R 1.873 1.899 93.3 21.5 (17.1) -67.1 (-70.0) 3.36 

CI NR 2.364 2.379 91.8 47.8 -170.1 1.42 
R 2.255 2.289 94.4 154.3 (143.8) -6.4 (-13.4) 0.88 

(I Au-L bond distance re in A, dissociation energies Del (AuL3 - Au 
+ 3L) and De2 (AuL3 - AuL + 2L) in kJ mol-I, and dipole moments 
p ,  in D. Spin-orbit-corrected values are given in parentheses (see Table 
1). 

Table IV. Relativistic Contributions in Au(II1) and Au(V) 
Compounds per Au-L bond" 

molecule k c  A R D P  A R ~  
A u H ~  H F  0.099 -76.7 

MP2 0.091 -77.9 
AuH4- H F  0.094 -53.3 -0.73 
A u F ~  H F  0.046 -47.6 
A u z h  HF 0.040 
AUF6- H F  0.045 -21.1 -0.46 

AuF4- H F  0.050 -47.4 -0.46 
MP2 0.069 -39.2 -1.19 

AuF2- MP2 0.177 -21.2 -1.11 
AuF MP2 0.156 +60.3 -0.63 
AuC13 H F  0.090 -32.0 
AUzCl6 HF 0.087 
AuC14- H F  0.080 -39.5 -1.10 

MP2 0.095 -35.2 -0.64 
AuC12- MP2 0.252 -8.1 -0.74 
AuCl MP2 0.202 +39.5 -0-72 
AuBr4- H F  0.088 -15.1 -0.55 

MP2 0.093 -20.0 -0.73 
AuBr2- MP2 0.187 +1.4 -0.74 
AuBr MP2 0.202 +40.9 -0.71 

H F  0.114 +0.8 -0.45 
MP2 0.095 -6.6 -0.44 

AuIz- MP2 0.191 +0.3 -0.74 
AuI MP2 0.201 +49.3 -0.67 

'Distances re in A, dissociation energies De in kJ mol-I per ligand L 
(corrected for atomic spin-orbit coupling; see Table I), and force constant 
k, in mdyn A-I. For &re ligand Le has been chosen for AuL3 and AuzL6 
(L = H, F, Cl). 

Structural data for Au(II1) compounds have been collected by 
Melnik and Parish.34 In all cases Au(II1) complexes of the form 
AuL4- show square planar coordination, which is confirmed by 

MP2 0.084 -35.9 -1.08 
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Table V. H F  Mulliken Population Analysis for the Au(II1) and Au(V) Compounds with Gross Atomic Populations and Total Charges q for the 
Au Atoms 

NR R 
molecule 6s 5d 6~ 4 6s 5d 6~ 4 

0.40 
0.30 

0.31 
0.31 
0.39 
0.32 
0.29 
0.25 
0.38 
0.32 
0.42 

9.52 
9.48 

9.03 
8.96 
8.55 
8.98 
9.45 
9.27 
9.58 
9.42 
9.62 

0.24 
0.28 

0.16 
0.20 
0.37 
0.15 
0.35 
0.43 
0.12 
0.53 
0.65 

a For NR calculations on A u ~ H ~  see the text. 

our HF geometry optimization. AuF6- was calculated to possess 
an exact octahedral structure with no distortions, as expected. 
Our calculated MP2 bond distances for the gold(II1) halide 
complexes are in reasonable agreement with results from crystal 
structure measurements. For example, the Au-F bond distances 
in MAuF4 vary between 1.85 and 1.95 A35 depending on the 
counterion M+ (calculated MP2 value 1.97 A), the Au-F bond 
distance in KAuF6 is 1.9 A36 (HF value 1.92 A), the Au-Cl bond 
distance in AuC14- is 2.27-2.30 8L34 depending on the choice of 
M+ (MP2 value 2.35 A), and the Au-Br bond distance in AuBr4- 
is about 2.43 A2 (MP2 value 2.49 A). Comparable Au-I bond 
distances for Au14- are not available, but this moiety is contained 
in RbzAgAu31~, which has a Au(II1)-I bond distance of 2.64 8L3' 
(MP2 value 2.71 A). In all cases, the calculated bond distances 
exceed the experimental ones by about 0.02-0.07 A. These 
differences are due to solid-state effects, the effect of the coun- 
terion M+, and thevarious approximations used in our calculations. 

The nonrelativistic and relativistic MP2 bond distances for the 
gold(II1) halide complexes AuL4- are shown in Figure 2 and are 
compared with those of the Au(1) complexes AuL2- and of the 
diatomic AuL compounds (L = F, C1, Br, I). We first note that 
the relativistic bond contraction ARre (=reNR - reR) decreases 
from the Au(1) to the Au(II1) complexes, ARr,(AuL) - 
relativistic bond contractions in Au(II1) compounds are about 
three times smaller than those in the corresponding Au(1) 
compounds (Table IV). This leads to the conclusion that the 
anomalous trend in bond lengths pointed out for the diatomic 
gold compoundsI6 should not be observed for group 1 1 complexes 
in theoxidation states +3 and +5 (theintra-lanthanidecontraction 
is normally between 0.1 and 0.2 A depending on the nature of 
the ligands; see refs 17 and 38). However, only the anions CuF4- 
and AgF4- have been synthesized and accurate structural data 
are not available.35-36 Hoppe and Hoffman1136 concluded from 
powder diffraction studies that re(AgF4-) < re(AuF4-), the 
difference being -0.1 A, which agrees with our calculated low 
relativistic bond contraction. Even AuH4- shows a very small 
relativistic bond contraction of about 0.09 A at the HF level 
(ARre(AuH) is 0.25 A at the HF level and 0.29 A at the CI 
level16). A possible rationalization of the relatively small A R ~ ~  
values calculated for all Au(II1) compounds is that thevery large 
Au(5d) and Au(6p) participation in the Au-L bond relative to 
that in the Au(1) species (cf. Table V and ref 15) dilutes the 6s 

ARre(AUL2-) > A R ~ ~ ( A u L ~ - )  (-AR~,(AUL~-) for L = F); i.e., the 

(34) Melnik, M.; Parish, R. V. Coord. Chem. Reu. 1986, 70, 157. 
(35) (a) Edwards, A. J.; Jones, G. R. J .  Chem. Soc. A 1969, 1936. (b) 

Engelmann, U.; Muller, B. G. 2. Anorg. Allg. Chem. 1990, 589, 51. 
(36) (a) Hoppe, R.; Hoffmann, R. 2. Anorg. Allg. Chem. 1970, 379, 193. 

(b) Hoppe, R.; Klemm, W. Z. 2. Anorg. Allg. Chem. 1952,268,364. 
(c) Hoppe, R. 2. Anorg. Allg. Chem. 1957,292, 28. (d) Fleischer, T.; 
Hoppe, R. 2. Anorg. Allg. Chem. 1982,492,76. (e) Engelmann, U.; 
Muller, B. G. 2. Anorg. Allg. Chem. 1990, 589, 51. 

(37) Werner, W.; StrPhle, J. 2. Nururforsch. 1979, 834, 952. 
(38) PyykkB, P. Personal communication, 1990. 
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participation and therefore quenches the bond contraction caused 
by the relativistic Au(6s) contraction. The relativistic 5d 
expansion19 may also contribute (see however ref 39). The very 
small relativistic bond contraction in Au(II1) complexes compared 
to that in Au(1) compoundslsJ6 results in a change in the trend 
of bond lengths along the series AuL, AuL2-, and AuL4- (Figure 
2). For example, at the nonrelativistic level we find re(AuC1z-) 
> re(AuC14-), as expected. However, at the relativistic level we 
have the reverse trend; Le., re(AuClz-) is smaller by about 0.02 
A (MP2) than re(AuC14-) (Tables I and 11). Indeed, this order 
has been found in the crystal structure of the mixed complex 

(AuF3)* and (AuCl3).. The following definition of the ligands 
of AuL3 and AuzL6 (L = H, F, C1) is used in the tables and text: 

Csz[AuClz] [ A u C ~ ~ ] . ~  

/ Le Le\ /"9 P 
La-AU\ Le 

(A) (B) 

The structural data for the dinuclear gold compounds AuzH6, 
AuzF~,  and AuzCla are given in Table VI. Crystal data details 
of the AuzCl6 structure determination, final observed and 
calculated structure factors, the final refined atomic coordinates 
and thermal parameters of the gold and chlorineatoms, and bond 
lengths and angles in the dimeric unit are given in Table VI1 and 
in the supplementary material. Figure 3 shows the dimeric unit 
present in the crystal structure. The structure and unit cell of 
Au2C16 shown in these tables do not differ much from those 
reported by Clark et a1.,I0 although the accuracy of the structure 
refined from diffractometer data is improved; the final values are 
R = 0.0561 and R, = 0.0602. The H F  geometry is not in very 
good agreement with our experimentally measured crystal 
structure with deviations of more than 0.15 A for the Au-Clb 
distance. This leads to an error in the Au-Au distance of more 
than 0.25 A. We therefore performed an MP2 optimization for 
this compound, which slightly improves the agreement between 
calculation and experiment. In these calculations polarization 
functions for the chlorine atoms were left out since even the HF 
calculations have been very time consuming in CPU.41 Cl(d) 
functions are expected to shorten the Au-CI distance significantly, 
and their inclusion would improve the agreement even further. 
This can be seen by comparison of the AuC13 calculations with 

(39) (a)Snijders,J.G.;Pyy~B,P.Chem.Phys.Lerr. 1980,75,5. (b)Schwarz, 

(40) Eijnhoven, J. C. M. T.; Verschoor, G. C. Muter. Res. Bull. 1974, 9, 
W. H. E. Phys. Scr. 1987, 36, 403. 

1667. 
(41) Fo; Au2C16 we took a (8s,Sp,4d)/[7~,2p,3d] for Au and a 6-621G basis 

set for Cl (a totalof338 basisfunctionscontracted to 134). Thisproduced 
about 11 million 2-electron integrals. A total geometry optimization 
required about 100-h CPU on an IBM3081 computer. 



Relativistic Effects in Gold Chemistry 

Table VI. Molecular Properties for the 
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Compounds (L = H, F, Cl). 

aeWG Q e L d u L b  De Avo molecule method reAU-L. reAU--4 ,.,Au-Au 

AuzHad NR 2.09 2.09 2.91 21 92 <-700 
R 1.559 1.857 2.772 71.4 83.4 206.8 -10.3 

A u z h  N R  1.941 2.115 3.377 89.1 74.0 283.1 147.5 
R 1.894 2.071 3.289 90.0 74.8 337.4 2.7 

A u F ~  NR 1.957 1.970 172.4 
R 1.901 1.918 174.0 

AUzC16 NR 2.414 2.592 3.868 82.9 83.5 158.3 165.4 
R 2.327 2.490 3.682 88.4 84.6 189.2 55.4 
RMP2 2.367 2.483 3.617 88.7 86.5 
exptlb 2.23 2.33 3.41 90 86 
exptlc 2.243 2.334 3.422 89.9 85.9 

AuCl3 N R  2.428 2.429 179.1 
R 2.322 2.343 174.1 

a Reduced basis sets are used for F and C1; e.g., compare with Table 111 for the AuL3 compounds. Au-L bond distance re in A, bond angles ae in 
deg, and dissociation energy De (AuzL6 -. 2AuL3) in kJ mol-'. See text for the ligand definitions. AVO given for the reaction 6AuL - Au2L6 + 2Au2 
(in kJ (mol of Ad)- ' ) .  Reference 10. Our work. NR geometry not fully optimized for Au&; see text. 
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Figure 2. Nonrelativistic and relativistic MP2 bond distances (in A) for 
the gold halidcs AuL, AuL2-, and AuL4- (L = F, CI, Br, I). 

Figure 3. ORTEP representation of the X-ray crystal structure of the 
molecule AuzC16. 

and without d-polarization functions (cf. Tables I11 and VI). 
Inclusion of a Cl(d)-polarization function shortens the Au-Cl 
bond distances by -0.06 A. If we correct our MP2 results for 
AuzCld by this value, we obtain a satisfactory agreement with the 
experimental Au-CI bond lengths. The MP2 bond angles are in 
very good agreement with these obtained from the X-ray 
measurement. Relativistic changes in bond lengths are small in 
this compound (-0.1 A) and comparable to that of AuC14-. A 
large relativisticchange (5.6O) is calculated for the LAuL,angle, 
whereas the LbAULb angle only changes by 1.1 O due to relativistic 
effects. 

The structure of AuF3 in the gas phase is unknown. In the 
solid state, AuF3 adopts a helical structure, in which each gold 
atom is surrounded by six fluoride ligands in a distorted 
octahedron.2.42 We may, however, compare to the two bond 
lengths given in the (AuF~), crystal structure, 1.91 A for the 

Table VII. Bond lengths (A) and Angles (deg) for AuzCl6 

Distances 
Au-C11 2.334 (10) Au-CI2 2.249 (10) 

3.422 (2) Au-Cl3 2.243 (10) 

Angles 
C12-Au-Cll 92.1 (4) C13-Au-CIl 177.8 (4) 
C13-Au-CI2 89.9 (4) Au-CI 1-Au 93.6 (1) 

nonbridged Au-F bond distance and 2.04 A for the bridged one. 
Our RHF values of 1.89 and 2.07 A compare quite well with 
these numbers. The Au-Fb-Au angle in (AUFS),, (1 16O) differs 
from our calculated one (97O) due to the different arrangement 
of the AuF3 units. This also explains the different measured 
(3.46A) andcalculated (3.29A) Au-Aubond lengthsin (AuF,),, 
and AuzF~,  respectively. Relativistic changes in the structure 
are relatively small as expected from the results obtained for 
AuF4- and the one for AuF published previously.2 The relative 
small differences in metal-fluorine bond distances between 
(AuF3), and (AgF3),42b may therefore be a mixture of both 
relativistic and lanthanide-contraction effects. 

Inorganic AuL3 compounds have been postulated to possess a 
trigonal planar (D3h) arrangement due to gold sp2 or d2s 
hybridization.2 However, all AuL3 species calculated show T- 
shaped structures (C,) with an L,AuL, angle near 90°, 164 kJ/ 
mol below the trigonal planar arrangement (at the RHF level). 
This could be explained through mixed Au(5d) and Au(6p) 
admixture in the u-Au-L bond ('dsp-hybridization").43 Indeed, 
the population analyses for all calculated AuL3 (L = H, F, Cl) 
compounds show both large Au(5d) and Au(6p) participation in 
the Au-L bond (Table V). However, hybridization models often 
fail to predict molecular structures. We therefore studied the 
importance of d- and p-participation in AuH3 in more detail. We 
first excluded Au(5d) participation in the Au-H bond by using 
a relativistic one-electron pseudopotential for gold with a [Ptl- 
core definition (the pseudopotential parameters and the exponents 
for the gold (7s/3p/ld) basis set used are given in ref 44). We 
optimized the HaAuH, angle at the H F  level, keeping the Au-H 
bond lengths constant by use of the RHF values listed in Table 
111. The result is a H,AuH, angle of -76' (compare with 87' 
obtained with the more accurate [Xe4f14]-coredefinition for gold; 
Table 111). Using equal bond lengths (mean value of 1.57 A) for 
all Au-H bondsincreases theH,AuH,angleonlyslightly ( ~ 0 . 6 ~ ) .  
If we do not include Au(6p) functions in our AuH3 geometry 
optimization, a slightly increased HaAuH, angle of -76' is 
obtained. In all cases, the trigonal planar AuH3 arrangement 

Au-AU 

~ ~~ 

(42) (a) Einstein, F. W. B.; Rao, P. R.; Trotter, P. R.; Bartlett, N. J. Chem. 
Soc. A 1967,478. (b) Zemva, B.; Lutar, K.; Jeshi, A.; Casteel, W. J.; 
Wilkinson, A. P.; Cox, D. E.; VonDreele, R. B.; Borrmann, H.; Bartlett, 
N. J. Am. Chem. Soc. 1991,113,4192. 

(43) Syrkin, Y. K.;Dyatkina,M. E.StructureofMoleculesandthe Chemical 
B o d  Butterworths Scientific Publ.: London, 1950. 

(44) Schwerdtfeger, P. Thesis, Stuttgart, 1986. 
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did not r e p m n t  a local minimum or a transition state; i.e.. the 
energygradientoftheH.AuH.bendingmcdeisnonzeroat 120°. 
Wethereforeconcludethat theT-shaped structureofAuH,(and 
presumably of AuF, and AuCI,) is not simply due to Au(5d) and 
Au(6p) admixtures in the u-Au-L bond. Hence. structures of 
AuL, compounds cannot be predicted with use of hybridization 
models. Electrostatic arguments would predict a trigonal planar 
arrangement for all AuL, compounds due to the electrostatic 
repulsion of the equally charged ligands. One can, however, 
rationalize the T-shaped structures by examining the frontier 
orbitals of AuH,. As seen from Figure 4, AuH, in the D3h('E') 
structure has two electrons in a doubly degenerate e' orbital, 
which splits by H.AuH. bending into a doubly occupied b2 
(HOMO) and an empty a l  (LUMO) orbital in the distorted 
C2(IAI) symmetry. This is a first-order Jahn-Teller distortion, 
which causes a decrease in total electronic energy and a change 
in a(H.AuH.) of -34O at the RMP2 level. Hence, AuH, is 
similar in electronic structure to Au(CH,),, which has bccn 
predicted to undergo a Jahn-Teller distortion.2' It is easy to 
verify that a first-order Jahn-Teller distortion is also the reason 
for the T-shaped structures of AuF, and AuCI,. 

The dimerization of AuL, can easily be visualized as the 
bridging of the equatorial ligands in the T-shaped AuL3 units: 

Schwcrdtfeger et al. 

Differences in the gross atomic charges in q(CI.) and q(C&) are 
small and almost zero in AuCl, at the relativistic level, -0.06 
(Cl.) and +0.07 (CI,). The gross atomic charge at the Au atom 
in Au2C16 is also relatively small (q(Au) = 0.14; Table V). We 
therefore assume that the Au-CI, bond between different AuCl, 
units is highly covalent and is not primarily an electrostatic 
interaction. Dipolbdipole interactions (p(AuF3) = 3.36 D and 
p(AuC1,) = 0.88 D at the RHF level; Table Ill) between AuL, 
units would result in a polymeric chain structure. AuF, shows 
very large charge separations betwecn the gold center and the 
fluorine ligands; Le., at the relativistic level we calculate for the 
gross fluorine charges -0.34 (Fa) and -0.46 (F.). The largest 
negative charge is calculated for the equatorial fluorine ligand. 
Electrostatic interactions thereforesuggest a polymeric structure 
with an Au-F. bridging between different AuF, units, resulting 
in a cis corner-linked polymer of [AuFd] squares (the fluorine 
ligands have been labeled to underline the original equatorial (e) 
and axial (a) positions of the AuF, units; compare to Figure 1 
of ref 42): 

This arrangement can lead to a cyclic geometry &ween AuF, 
unitsandmayrationalirethehelicalsrmcturein(AuF,).(bridging 
via Au-F. units would result in trans corner-linked squares of 
[AuF,] units in which a helical S ~ N ~ ~ U I C  would be difficult to 
adopt). The large positivechargeat the Auatomof Au2F6 (q(Au) 
= 1.47; Table V) and the large negative charge at the fluorine 
atoms allow cross-linked electrostatic interactions between F and 
Au atoms in different AuF, chains. RHF results on the AuF, 
dimenrationenergy suggest that the interaction betweendifferent 

4 

a' ft- .............. I n  
Figure 4. Schematic diagram of the fint-order Jahn-Teller distortion 
in the four fmntim orbitals of AuH,. The Au(6s)-H(ls) linear 
combinations for the different irreducible reoresentations in the Ca point 
group are shown on the right-hand side, 

3.41 ? 

0.6 I 
F M Br I 

Fiye 5. MPZ symmetric Au-L bond stretching fora constants for 
AuL. AuLi. and AuLi in mdyn/A (L - F. CI, Br. I). 

AuF, units is quite large (Table VI). In the nonrelativistic case 
AuCl, also shows larger charge separations, i.e. -0.10 (Cl.) and 
-0.41 (C&). and it is doubtful if the dimeric S~IUC~UIC would be 
mom stable than possible polymeric arrangements at the non- 
relativistic level. Hence, electrostatic interactions between CI 
and Au atoms in different AuCl, units arc expected to be small, 
which may explain why this compound does not polymerize. 
B. Force Comtaota The A u 4 -  force constants are plotted 

in Figure 5. The optimization of the Au-L bond distances has 
been camed out simultaneously for all four Au-L bonds." 
Relativistic effects in the symmetric Au-L stretching force 
constants arc rather large (ARkc = -0.4 10-1.2 mdyn/A at the 
MP2 level; Table IV) and of the same magnitude as those in the 
previously discussed Au(1) compounds. The change in the in- 
temuclearrepulsion term per Awlbondcaused bytherelativistic 

(45) The Au(ll1) halide complexcr are ntbcr unstableat the HF lcvsl (Table 
I). We therefore varied twoofthe four Au-L bond distancts in the tram 
pi t ionafAul ikccpin8  theothertwoAu-1 bonds lircd.vhich resulted 
also in a minimum. 
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Table VIII. ExperimentaP-31 and Calculated Frequencies (Lower Column) from a Simple Harmonic Valence Force Field for AuL4- 
Compounds (L = F, C1, Br, I) in D4h Symmetry (in cm-I) Using Program VIB32 a 
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L method YI(AI& Y ~ B I ~ )  ~ 0 2 ~ )  Y6(Eu) ~ 7 ( E u )  fi f r (Alg)  frr fr< fa f a d  

F exptl 588 233 561 
calc 588 233 56 1 592 210 3.49 3.88 (3.24) 0.09 0.21 0.18 (-0.03)* 

CI exptl 347 171 324 350 179 
calc 345 171 324 350 160 2.10 2.48 (2.17) 0.07 0.24 0.18 -0.03 
exptl 349 172 325 361 166 
calc 349 172 325 361 160 2.18 2.54 (2.17) 0.08 0.20 0.18 -0.03 

calc 212 102 196 252 110 1.78 2.12 (2.00) 0.08 0.18 0.16 -0.02 
exptl 214 106 196 252 106 
calc 214 106 196 252 106 1.80 2.17 (2.00) 0.09 0.19 0.15 -0.02 

I exptl 148 75 110 192 113 
calc 150 75 110 192 110 1.19 1.61 (1.53) 0.20 0.11 0.24 -0.02 

Br exptl 212 102 196 252 110 

LI Calculated Au-L stretching force constantsf, and LAuL bending force constants fo and corresponding nondiagonal elements frrr frf andf#& in 
mdyn/A. fi(Alg) denotes the symmetric stretching mode Cfr(Ale) = f, + 2f,, + fd). Symmetric MP2 Au-L stretching force constants are set in 
parentheses (from Table I). The notation is according to Nakam~to.~~ Assumed. 
bond contraction is smaller than that in the Au(1) compounds 
(see eq 6 in ref 1 3 ,  and therefore, one may expect smaller changes 
in ARkc for Au(II1) than for Au(1) compounds. This leads to the 
conclusion that electronic effects play a major role in the increase 
of k,; i.e., relativistic effects may increase the covalency in the 
Au-Lbond. This is plausible since the ioniccontribution togold- 
halogen bonds is diminished through the relativistic increase in 
the gold electronegativity.16 The origin of relativistic effects in 
forceconstants is theoretically not fully understood at themoment. 
A detailed analysis of the different electronic contributions to 
ARke for a series of compounds would bevery useful to understand 
this behavior in more detail. Experimental studies on the 
vibrational spectra of CuF4- and AgF4- are not available; the 
metal-ligand stretching force constants should show the expected 
trend k,(AuF4-) > kc(CuF4-) > kc(AgF4-). However, vibrational 
data have been reported for several Au(II1) complexes; some of 
them are collected in Table VIII. From a normal coordinate 
analysis the symmetric stretching force constantsJ(Al,) are found 
to be in satisfying agreement with our calculated MP2 values. 
The off-diagonal force constants for the stretching modes are 
quite large and cannot be neglected. The deviation of the MP2 
k,(AuL4-) from experiment is largest in the halide series for L 
= F. As pointed out previou~ly,~~ accurate force constants for 
Au-Fbonds are rather difficult to calculate and more sophisticated 
methods for taking electron correlation into account are necessary. 
This, however, was not feasible because even a single point MP2 
calculation for AuF4- was extremely CPU time consuming. The 
stretching force constant for Ad4-  is rather small compared to 
the other halides. However, the calculated value is in very good 
agreement with the adjusted force constant derived from exper- 
iment. Au14- has also the lowest bond stability of all Au(II1) 
halide complexes (it is well-known that gold(II1) iodide complexes 
are rather unstable and decompose easily into AuIz- and 12;46 see 
the next section). The decreasing trend in Au-L stretching force 
constants from AuF4- to Ad4- can be seen at both levels (NR 
and R). The explanation may lie in a decreasing covalency in 
the Au-L bond with increasing nuclear charge of the halogen 
ligand, as is the case for the AuL4- series.2 

CsAuF6 has been analyzed by IR vibrational spectroscopy by 
Leavy and Bartlett.Z* The IR alg symmetric Au-F stretching 
frequency in AuF4- is almost identical to that of AuF6- (CsAuF6, 
595 cm-l; CsAuF4, 588 cm-I). Leavy and Bartlett concluded 
that the activation of the nonbonding dzz orbital in CsAuF4 by 
addition of two more fluorine ligands does not change the Au-F 
bond strength.3 This is supported by our results; Le., the HF or 
MP2 force constants of AuF4- and AuFs- are not substantially 
different (note that off-diagonal force constants have been 
neglected). 

We should note that the relativistic change in the Au-L 
stretching force constants in AuL3 and Au& compounds are 

(46) Ryan, J. L. Inorg. Chem. 1969,8, 2058. 

also quite large and cannot be neglected; e.g., at the HF level we 
calculate for k,(Au-Cl,) of Au2Cl6 1.97 mdyn/A (NR) and 2.54 
mdyn/A (R), respectively. There are, however, no vibrational 
data available for this compound to compare with. 

C. Bond Stabilities. The dissociation energies of all calculated 
molecules are collected in Tables I-IV, VI, IX, and X. These 
values are not corrected for zero point vibration contributions 
(ZPVC), which can be quite significant. For example, we 
calculate 18 kJ/mol ZPVC for the dissociation AuF4- - Au + 
3F + F- using the seven calculated frequencies listed in Table 
VI11 (the ZPVC for theother halides are smaller due to increasing 
mass of the halide ligand as well as decreasing Au-L stretching 
force constants in the series from F to I; Table VIII). The halides 
follow the stability sequence AuF4- > AuCl4- > AuBr4- > AuI4- 
in agreement with experimental findings2 and in agreement with 
the overall decrease in the Au-L stretching force constant along 
this series. Note that AuF4-shows a large relativistic stabilization 
in the Au-F bond (Table IV) in contrast to the molecule AuF;16 
the latter molecule has not been synthesized so far. The relativistic 
increase in the dissociation energy decreases from AuF4- to Ad4--. 
This agrees with the fact that Ad4-  is very unstable and 
decomposes easily into AuIz-and 12.46 Figure 6 shows the changes 
in internal energy A& for the decomposition 

AuL4- - AuL,- + L, (1) 
at  various levels of electron correlation. Electron correlation as 
well as relativistic effects play a very important role in the 
decomposition reaction 1; e.g., at the RMP2 level electron 
correlation increases AUo by about 120 kJ/mol for Au14-, while 
relativistic effects also increase A& by about 105 kJ/mol in this 
compound. MP3 and MP4 results are quite similar, indicating 
that the MP series is converging relatively fast for this reaction 
(compare to Raghavachari and Trucks4’ for results on other 
transition elements). The most important result from Figure 6 
is that the oxidation state +3 in gold is clearly supported by 
relativistic effects. At the RMP4 level all AUovalues are positive. 
This is not the case for the NRMP4 results. This suggests that 
the high stability of gold compounds in the oxidation state +3 
relative to copper or silver is a relativistic effect, as stated before 
by using simple HF calculations (in fact, HF describes the trend 
correctly along the series AuF4-, AuC14-, AuBr4-, and AuI4-).I8 
Avo for reaction 1 follows the sequence AuF4- > AuCl4- > AuBr4- 
> Ad4-  (Table IX), suggesting that the preference for oxidation 
state +3 should be most evident in the gold(II1) fluorides and 
least in the gold(II1) iodides, as observed experimentally.2 It is 
interesting to note that the addition of an F- anion to AuF3 releases 
a large amount of bonding energy, -500 kJ/mol at the RHF 
level. If we compare to the smaller value for the AuF3 dimer- 
ization energy, it becomes evident why reactions like AuF3 + RF - R+[AuF4-] are exothermk2 
(47) Raghavachari, K.; Trucks, G. W. J .  Chem. Phys. 1989, 91, 1062. 
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Table IX. MP Reaction Energies for the Dissociations AuL4- - AuL2- + 2L (Spinarbit-Corrected De Values in Parentheses) and AuL4- - 
AuL7- + L, (AUd in kJ mol-' (L = F. C1. Br. I)" 

Schwerdtfeger et al. 

~~ 

De A ~ Q  
L method HF MP2 MP3 MP4 H F  MP2 MP3 MP4 
F NR -8 1.3 37 1.3 238.2 240.3 70.6 219.4 148.0 147.8 

R 116.6 488.9 393.8 396.0 268.5 337.0 303.6 303.5 
(113.7) (485.7) (390.6) (392.8) 

AR -197.9 -1 17.6 -155.6 -155.7 -197.9 -1 17.6 -155.6 -155.7 

CI NR -100.1 225.2 162.2 141.7 -158.8 24.2 -20.5 -19.6 
(-195.0) (-1 14.4) (-1 5 2.4) (-152.5) 

R 80.3 340.8 284.4 274.3 21.6 139.8 101.7 113.0 
(73.3) (333.8) (277.4) (267.3) 

AR -1 80.4 -115.6 -122.2 -132.6 -180.4 -115.6 -122.2 -132.6 

Br NR -1 10.6 190.7 134.3 119.0 -197.7 5.3 -38.8 -47.3 
R -13.3 302.9 244.1 239.2 4 1 . 0  121.1 76.8 77.9 

AR -97.3 -1 12.2 -109.8 -120.2 -156.7 -1 15.8 -1 15.6 -125.2 

I NR -151.5 148.0 90.3 78.2 -216.8 -20.7 -65.5 -72.4 

(-173.4) (-108.6) (-1 15.2) (-125.6) 

(-42.1) (273.5) (214.7) (209.8) 

(-152.7) (-82.2) (-80.4) (-90.8) 

R -38.9 236.1 165.0 171.3 -87.7 81.1 21.7 32.8 
(-99.6) (175.5) (-104.4) (1 10.7) 

AR -1 12.6 -88.1 -74.7 -93.1 -129.1 -101.8 -87.2 -105.2 
(-5 1.9) (-27.5) (-14.1) (-32.5) 

(1 The MP3 and MP4 energies have been calculated at the MP2 bond distances of AuL4- and AuLz-, respectively (see Tables I and 11). The L2 
dissociation energies have been taken from Table X. 

Table X. MP2-4 Molecular Properties for the Halogen Dimers L2 
(L = F, C1, Br, I)" 

ligand H F  MP2 MP3 MP4 exptl 
re F 1.332 1.416 1.404 1.408 1.412 

C1 2.015 2.040 2.051 2.050 1.988 
Br 2.286 2.313 2.328 2.327 2.281 
I 2.699 2.723 2.742 2.741 2.666 

De F -151.9 133.4 90.2 92.5 160.1 
C1 58.7 201.0 182.7 176.1 242.6 
Br 57.2 181.8 167.3 161.3 192.1 

(66.4) (185.4) (173.1) (166.3) 
I 48.8 155.0 143.3 138.5 150.1 

(65.3) (168.7) (155.8) (150.6) 
ke F 8.72 5.11 5.36 5.27 4.70 

CI 3.78 3.25 3.07 3.09 3.23 
Br 2.90 2.50 2.32 2.33 2.46 
I 1.97 1.74 1.60 1.60 1.72 

0 Bond distance re in A, dissociation energy De in kJ mol-', and force 
cunstants k, in mdyn A-'. Experimental values are from ref 26. For Br2 
and 12, relativistic and nonrelativistic pseudopotentials have been used 
(not spin-orbit correctedb) and the nonrelativistic De values are set in 
parentheses. * To compare with experimentally obtained dissociation 
energies, the atomic spin-orbit contributions should be subtracted, which 
are Go = 3 kJ/mol for F2, Go = 7 kJ/mol for CI2 (from ref 3), Go 
= 35 kJ/mol for Br2, and eo = 61 kJ/mol for I2 (from ref 27). 

We point out that the dissociation energies for the diatomic 
halides considerably underestimate the experimental values. This, 
however, does not mean that the reaction energies of (1) will be 
influenced greatly by this effect; e.g., see the discussion in ref 48. 
To achieve higher accuracies, large basis sets, spin-orbit coupling 
at the molecular level?' and high-level configuration interaction 
are necessary, as done previously for a series of brominccompounds 
by McGrath and Radom using G1 theory.49 Such a procedure 
is not yet feasible for AuL4- compounds. 

The preference of oxidation state +3 caused by relativistic 
effects can also be seen in the dissociation energies of the 
compounds AuLl and Au2L6 (L = H, F, C1; Tables I11 and VI). 
For example, the reaction energy in the disproportionation 

changes by about 1 10 kJ/(mol of AuC1) due to relativistic effects 
in favor of the production of AuzCl6. This, however, is partly due 

6AuCI - Au2C16 + 2Au, (2) 

(48) Schwerdtfeger,P.; Heath,G. A.;Dolg, M.; Bennett, M. A. J .  Am. Chem. 

(49) McGrath, M.; Radom, L. J .  Chem. Phys. 1990, 94, 511. 
Soc., in press. 
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Figure 6. Decomposition energy AVO (in kJ/mol) of AuL4- compounds: 
AuL4- - AuL2- + L2 at various levels of approximation. 

to the relativistically increased dissociation energy of Au2 (see 
ref 16). We assume that correlation energy will result in an 
exothermic reaction 2, even if we take the production of solid 
gold into account (the cohesive energy of gold is also relativis- 
tically increased'6,50). This is observed experimentally; Le., AuCl 
slowly disproportionates to gold and A~2C16.~ The fluorination 
of gold also yields directly (AuF~), and not the species AuF, in 
accordance with the relatively low relativistic AUo value for the 
AuF disproportionation to (AuFl), (Table VI). 

With the MP2 dissociation energies listed in Tables I and I1 
we can discuss the stability of Au(1) complexes due to the dis- 
proportionation reaction 3. We define the change of internal 
energy of the first reaction as AUo and A&' when the gold dimer- 
ization energy is included (last reaction in (3)). We obtain the 
following RMP2 results for AUo in kJ/mol (AVO' values are set 

(50) Takeuchi, N.; Chan, C. T.; Ho, K. M. Phys. Rev. B 1989, 40, 1565. 
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if a gold(II1) hydride can be isolated.54 However, AuH4-, iso- 
electronic with the known complex PtH42-,55 seems to be quite 
stable (Table I) and may be prepared. 

AuF6- is prepared by direct fluorination of C S A U F ~ . ~ ~  At the 
RMP2 level we obtain the reaction energy for this fluorination 
(AuF4- + F2 - AuF6-) of about -132 kJ/mol (-70 kJ/mol at 
the NRMP2 level), which is exothermic, thus explaining why 
AuF6- is more stable than AuFd-. As in the case for the AuF4- 
decomposition, electron correlation plays a very important role 
in this reaction and HF would result in an endothermic reaction 
energy of 109 kJ/mol at the relativistic level (280 kJ/mol at the 
NRHF level). 
D. Orbital Energies and Populations. The sequence of H F  

orbital energies (Figure 7) in Au(II1) complexes is significantly 
different from those previously obtained by ligand field theory 
or semiempirical methods.5G59 Except for the fluoride AuF4- 
the ordering for the Au(5d) orbitals is bl, > e8 - 81, > bz,. 
However, HForbital energies are most useful for the interpretation 
of photoelectron spectra, since H F  orbital energies are related to 
ionization potentials via Koopmans theorem (note, however, that 
spin-orbit coupling is important in the lower 5d part of Figure 
7). For example, someof the gold(1V) halides, AuLJ, are predicted 
to undergo Jahn-Teller distortions from D4h to D2h (rhombus), 
since ionization out of the HOMO in the gold(II1) halide 
complexes AuL4- may result in a hole in an eg or e, orbital (see 
supplementary material). Similar effects are expected in the 
gold(V1) fluoride AuF6. 

There is only little work on photoelectron spectroscopy of 
Au(II1) compounds. Mason and Gray assigned AI, - X 
transitions in AuL4- complexes for various excited states X.56 
There have been some arguments in the past whether the electronic 
spectra of AuL4- complexes contain Au(d)-to-Au(d) transitions 
in the lower energy band~~6.56 We calculated strong Au(5d) 
admixture in the orbitals lying in the upper part of the energies 
shown in Figure 7. This supports at least part of the d-d band 
assignments.46~56 However, there is large ligand p admixture in 
the first few HOMOS, which leads to an overall increase in orbital 
energies from F to I. This increase can be observed experimentally 
in the decrease in wavenumbers of the charge-transfer bands in 
AuL4- from L = F to L = I.2*56 

The relativistic 6s stabilization as well as the relativistic 5d 
destabilization in gold can be nicely seen in Figure 7. Due to 
relativistic effects, the alg orbital, which contains mostly Au(6s), 
decreases energetically, while the lower Au( 5d) part increases. 
The other orbitals, which contain less 6s and 5d, are almost 
unchanged when changing from NR to R. Therefore, relativistic 
effects lower the 5 d - 6 ~  gap in AuL4-, as is also the case for AuL2- 
discussed re~ent1y.I~ This leads to an increase in the Au(5d) 
participation in the Au-L bond, which shows up in the population 
analysis (Table V). Also Au(6p) admixtures in the Au-L bond 
of Au(II1) compounds are remarkably high, as shown in Table 
V. A comparison with previous results15J6 gives the sequence in 
Au(5d) and Au(6p) contributions in the Au-L bond, AuL4- > 
AuL2- > AuL. The magnitude of Au(5d) and Au(6p) partic- 
ipation in the Au-L bond is strongly dependent on the nature of 

(54) For a proper discussion one should consider transition states for the H2 
abstraction of Au2H6. We cannot give a nonrelativistic value for A&'- 
(HF), because we did not find a minimum for A u ~ H ~ .  A very CPU 
time-consuming geometry optimization led to a AuH dimer with two 
loosely bound hydrogen molecules. This also predicts another interesting 
effect, namely that AuH may dimerize in the gas phase (Cu2H2 has been 
measured in the gas phase: Hauge, R.; Kafafi, 2. H.; Margrave, J.  L. 
In Physics and Chemistry of Small Clusters; Jena, P., Rao, B. K., 
Khanna, S. N., Eds.; Plenum: New York, 1987; p 787. 

(55) Bronger, W. Angew. Chem., Inr. Ed. Engl. 1991,30,159; Angew. Chem. 
1991, 103, 776. 

(56) (a) Mason, W. R.; Gray, H. B. J .  Am. Chem. Soc. 1968.90, 5721. (b) 
Mason, W. R.; Gray, H. B. Inorg. Chem. 1968, 7 ,  5 5 .  

(57) Brown, D. H.; Smith, W. E. J.  Chem. Soc., Dalron Trans. 1976, 848. 
( 5 8 )  Basch,.H.; Gray, H. B. Inorg. Chem. 1967,6, 365. 
(59) Zwanziger, H.; Reinhold, J.; Hoyer, E. Z .  Chem. 1975, 15, 69. 

3AuX2- - AuX4- + 2X- + 2Au - AuX; + 2X- + Au, 

(3) 

in parentheses): X = F, 822 (639); X = C1,770 (587); X = Br, 
740 (557); X = I, 754 (57 1). These values all show large positive 
AUd values; hence, the Au(1) complexes should be stable due to 
disproportionation. However, these values represent gas-phase 
data and high solvation energies for the X- anions may shift 
reaction 3 to the right-hand side. We therefore conclude that 
AuF2- may be prepared in nonpolar solvents at low temperatures 
(to avoid entropy effects), e.g. using organic cations instead of 
Na+ or K+ and organic solvents.51 

To compare the stabilities of the different halides in their 
different oxidation states, we consider the halide-exchange reaction 

AuF4- + 2AuX; --* AuX4- + 2AuF2- (4) 

which should be less dependent on solvent, solid-state, and electron 
correlation effects. The data listed in Tables I and I1 yield the 
following results (in kJ/mol at the RMP2 level): X = C1,48; X 
= Br, 52; X = I, 93. This is what we expect from the chemistry 
of the gold halide complexes; e.g., both AuF4- and AuI2- are 
favored species and the reaction energy of (4) is positive. 

There have been unsuccessful attempts by Wiberg and Neu- 
maier in 1965 to prepare AuH3.52 The T-shaped structure of 
AuH3 (Table 111) suggests that this compound would dimerize 
or form a polymeric structure, (AuH3),,, like (AuF~),, or Au2C16. 
Todiscuss thestability ofAuH3, we thereforeexamine thechanges 
in internal energy AUoI, Avo2, and Avo3 for reactions 5-7 

Au2H6 - 2AuH3 ( 5 )  

2AuH, - 2AuH + 2H2 ( 6 )  

2AuH - Au, + H2 (7) 

(neglecting zero-point vibrational contributions). The last re- 
action can be calculated from experimental values,26 AUo3(exptl) 
= -33 kJ/mol (zero-point vibrational energy correction ZVEC 
is only -0.1 kJ/mol and can be neglectedz6). This compares 
reasonably well with the calculated MP2 values (ZVEC ne- 
glected), AUo3(RMP2) = -71 kJ/mol and AUo3(NRMP2) = 
-182 kJ/mo153 (MP2 values in kJ/mol: for AuH, De = 270 (R), 
De = 176 (NR), experimentalvalue = 324;26 for A u ~ , ~ ~  De = 183 
(R), De = 106 (NR), experimental value = 223;26 for Hz, De = 
428, experimental value = 45826). Reaction 6 has also been 
investigated at the MP2 level; i.e., from Table I11 we obtain 
AUo2(RMP2) = -156 kJ/mol and AUo2(NRMP2) = -438 kJ/ 
mol. The HF  values for these reactions are much lower than the 
MP2 results, AUo2(RHF) = -357 kJ/mol, AUo2(NRHF) = -705 
kJ/mol, AUo3(RHF) = -1 10 kJ/mol, and AUo3(NRHF) = -189 
kJ/mol. This shows the importance of correlation effects for 
d-group elements in such reactions, in contrast to similar main- 
group chemistry investigated recently.48 Reaction 3 is quite 
consuming in computer time, so we can give only the HF value, 
AUol(RHF) = 207 kJ/mol. If we consider the overall stability 
of Au&, Le. if we chose AVO = AUol(HF) + AUo2(MP2) i- 
AU$(MP2), we obtain -20 kJ/mol for the relativistic case. This 
is still exothermic but could change if a higher level of correlation 
were used. Thus, it is not clear from thermodynamic arguments 

(51) Bennett, M. A. Personal communication. 
(52) Wibert, E.; Neumaier, H. Inorg. Nucl. Chem. Leu. 1965, 1, 35. 
(53) (a) Schwerdtfeger, P. Unpublished results. (b) Schwerdtfeger, P. Chem. 

Phys. t e r r .  1991, 183, 457. 



3420 Inorganic Chemistry, Vol. 31, No. 16, 1992 Schwerdtfeger et al. 

1 1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 ! I 
F CI Br I F CI Br I 

-0.6 

Figure 7. Valence orbital energies for the halide AuL4- complexes (L = F, CI, Br, I). For comparison, orbital energies of the gold atom in the same 
basis set (in au) are as follows: NR, -0.522 (5d), -0.223 (6s); R, -0.463 (Sd), -0.290 (6s). 

the ligand, e.g., within the halide series AuL4- (L = F, C1, Br, 
I) we calculate the magnitude of Au(5d) contributions AuF4- > 
AuC14- > AuBr4- > Au14- consistent with the decreasing elec- 
tronegativity of the ligand L. However, Au(6p) contributions 
follow the opposite trend compared to Au(Sd), as pointed out and 
discussed before for the gold( I) halide c~mplexes.’~ Relativistic 
effects significantly increase the magnitude of Au(5d) as well as 
Au(6p) participation in almost all calculated compounds. The 
increased relativistic Au(6p) population is difficult to rationalize 
since relativistic effects increase the gold 6 s - 6 ~  orbital gap. 
However, our calculations are qualitatively consistent with earlier 
SCCC calculations,20 which also show large Au(6p) populations 
in Au(II1) compounds. This may also be seen as consistent with 
earlier assumptions of dsp2 hybridization in square planar Au( 111) 
compounds.2 

The ‘E’ state in a D3h molecule is Jahn-Teller active.60 Figure 
4 shows a schematic orbital diagram of a first-order Jahn-Teller 
distortion in trigonal planar AuH3. The doubly degenerate e’ 
orbital splits into a bz and an al  level; the major Au(6s) and 
H( 1s) linear combinations are given in Figure 4. The LCAO 
drawings show that the lowest occupied al  level can be stabilized 
by Au(Sd,z) contributions, while the b2 HOMO can be stabilized 
byAu(6py) contributions (themoleculeisdefinedin thezy plane). 
A detailed discussion of orbital contributions can be found in the 
papers of Hoffmann and co-workers21 on R3Au compounds (R 
any organic group), which are very similar to AuH3. Note, 
however, that Au(5d) and Au(6p) involvement in the Au-L bond2’ 
is not necessary to rationalize this Jahn-Teller distortion, as 
discussed above. The Jahn-Teller effect stabilizesAuH3 by -204 
kJ/mol at the RMPZ level, which corresponds to the difference 
inenergy between the ‘E’(&) state and the Jahn-Teller distorted 
IA’(C2”) state. There have been discussions about the diamag- 
netism of Au#6 despite a d8 configuration at the square planar 
gold atom.2 The Jahn-Teller distortion nicely explains this fact. 
In fact, if we fix the symmetry of AuH3 to the trigonal planar 
form (D3h), the 3A’ state is -37 kJ/mol (re = 1.630 A) below 
the \E’ state ( r  = 1.629 A) at the RMPZ level. Note that the IE’ 
state is not a transition state; relaxing the bond distances at a = 
120’ leads to a Cb(1A’) structure (RMP2) with r(Au-Ha) = 
3.924 A and r(Au-He) = 1.587 A, only 36 kJ/mol below the 
IE’(D3h) state. This suggests that AuH3 at a = 120’ may not 
be far away from the dissociation limit into the two radicals AuH2 

(60) Jotham, R. W.; Kettle, S. F. A. Inorg. Chim. Acta 1971, 5, 183. 

and H. In fact, Hoffmann and co-workers21 showed that the 
Y-shaped structures of R3Au compounds correspond to transition 
states of the channel for the R2 abstraction. We expect a similar 
hypersurface for AuH3. 

We should point out that there are some gold compounds known 
with coordination number 3,34 such as [Au(PP~J)~]+ .~I  One phos- 
phine ligand, however, “donates” two electrons to the gold atom 
in contrast to the anionic halide or hydride ligands. Hence, 
considering the positive charge of the complex, two more electrons 
are added to the simple orbital picture shown in Figure 4. The 
e’ orbitals are filled resulting in a ‘A’ state for [Au(PH3)3]+, 
which is not Jahn-Teller active. We expect therefore a P-Au-P 
angle of 1 20°. Beside small distortions, this is indeed the case 
for all [Au(PRs)J+ complexes measured so far.34 

AuF3 and AuCl3 also undergo Jahn-Teller distortions. The 
orbital pictures are more complex than those of AuH3, but use 
of ligand s and p orbitals for the linear combination with Au(6s) 
again gives a Jahn-Teller-active doubly degenerate e’ orbital. 
The tendency of Jahn-Teller distorted AuL3 units to dimerize to 
Au2L6 (L = F, C1) is also seen in the frontier orbitals of these 
fragments. AuL3 has a very low-lying Au(5d) acceptor LUMO 
with some La(p) admixture and two nearly degenerate L,(p) donor 
HOMOS. AuH3 is very similar, but the acceptor LUMO consists 
mainly of Au(6s) and the donor HOMO of H,(s) contributions 
(Figure 4). This is seen in the population analysis if we compare 
AuH3 with Au&; e.g., the negative charge at the gold atom 
increases as a consequence of dimerization of AuH3. The 
population analyses show no significant Au-Au interactions in 
Au2L6 compounds (L = H, F, Cl). Even for the very short 
calculated relativistic Au-Au bond distance of 2.77 A in Au& 
a negative overlap population was obtained. In general, Au-Au 
interactions have not been observed when the gold atoms have 
bridging ligands. As in the case of AuF3, the fluorine atoms in 
Au2F6 have relatively large negative gross charges (R, q(F,) = 

-0.64). This is not the case for AUzCla at the relativistic level 
(R, q(C1,) = -0.01, q(clb) = -0.12; compare to NR, q(C1,) = 

E. Nuclear Quadrupole Coupling. The calculated HF chlorine 
and gold electric field gradients q (EFG) for several gold halides 
are listed in Tables XI and XII. As pointed out earlier,I5 we may 

(61)  Guggenberger, L. Y. J .  Orgummet. Chem. 1974, 81, 271. 
(62)  Nair, K. P. R.; Hoeft, J.;Ticmann, E. J.  Mo/.Spectrosc. 1979, 78,506. 

-0.47, q(Fb) -0.53; compare to NR, q(Fc) = -0.46, q(Fb) = 

-0.20, q(C1b) = -0.52). 
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molecule method qR q N R  qR(reNR) &I AQ2 ARq exptl llR llNR 

AuCl H F  -2.360 -1.153 -2.345 +1.192 -0.015 +1.207 
Xab -3.798 -2.132 + 1.666 

X a  -2.374 -1.566 -2.488 +0.922 +0.114 +0.808 

X a  -3.356 -3.165 -3.511 +0.346 +0.155 +0.191 

Xu -6.385 

AuC12- H F  -1.496 4 . 8 0 8  -1.479 +0.671 4 . 0 1 7  +0.688 (-)1.827' 

AuC14- H F  -2.980 -2.935 -3.106 +0.161 +0.116 +0.045 0.147 0.131 
0.102 0.085 

c12 H F  -5.826 (-)6.0 (est) 

0 For comparison we added the EFG of chlorine for Cl2 within the same basis set at the experimental bond distance of 1.988 A. The asymmetry 
parameter 7 is defined as 7 = )q;'(qx - qv)l. X a  calculations are carried out at the calculated MP2 bond lengths (Tables I and 11). The experimental 
electric field gradient for C12 is an estimated value given in ref 62. bMSXa calculation did not converge for qR(reNR). 'Reference 63. 

Table XU. Gold Electric Field Gradients (EFG) q (Eq 8) for AuL4- 
Compounds (L = F, CI, Br, I), AuClz-, and AuCl in au Using the 
MSXa Method and the MP2 Bond Distances Listed in Table I 
mole- 
cule qR qNR @(reNR) Aql Aq2 ARq exptl 

AuF4- -1.190 +0.988 +0.247 +0.741 -1.437 +2.178 (-)0.15" 
AuC14- -2.567 -0.608 -1.070 +0.462 -1.497 +1.959 (-)1.26" 
AuBr4- -2.967 -1.155 -1.690 +0.535 -1.277 +1.812 

-3.256 -1.695 -2.152 +0.457 -1.104 +1.561 
AuC12- +6.636 +5.431 +3.213 +2.218 +3.423 -1.205 (+)5.79b 
AuCIC +1.161 +2.325 +1.164 

calculation did not converge for qR(r,NR). 
For K[AuC14].H20, see ref. 34, p 235. Reference 64. MSXa 

separate the relativistic change in q, ARq, into two different 
relativistic contributions 

NR NR R NR R R  R N R  ARq = {q (re ) - 4 (re - {q (re - 4 (re )) = 
A41 -&* (8) 

namely a relativistic electronic part A41 and a relativistic bond 
contraction part A42. 

For the chlorine EFG the relativistic contribution resulting 
from the relativistic bond contraction A42 is small in all three 
cases, AuCl, AuC12-, and AuC14-, and may be neglected compared 
to the total magnitude of 4.  The relativistic electronic contribution 
A41 decreases along the series AuCl > AuC12- > AuCld-. AuC1,- 
has the largest chlorine EFG, but the smallest ARq value. The 
relativistic change in the asymmetry parameter 7 is very small. 
This agrees with the trend in relativistic changes of bond distances 
or dissociation energies (but not force constants) discussed before. 
Obviously, large Au(6p) and Au(5d) participation in the Au-Cl 
bond (Table V) also quenches relativistic changes in the C1 EFG. 
The Xa results are in quite good agreement with the H F  values; 
however, the Xa method probably overestimates relativistic 
changes ARq in the chlorine EFG. 

The gold Xa EFG for the gold(II1) halide complexes as well 
as for AuC12- and AuCl are listed in Table XII. A42 is not small, 
and therefore, the Au EFG is very sensitive to small changes in 
the gold-ligand bond length. The total relativistic effects ARq 
are very large; Le., for AuCl the Au EFG changes by ca. 10096, 
which explains the unusually large measured lg7Au NQCC. There 
is a remarkable difference in the gold EFGs of the chlorides of 
Au(1) compared with all the Au(II1) compounds (Table XII). 
Such differences have also been observed in Mbsbauer spectra 
of gold complexes.34 Further is should be noted that in the series 
AuF4- through Au14- the calculated EFG at the gold nucleus is 
negative leading to positive values for the nuclear quadrupole 
coupling constant, whereas in Au(1) complexes the opposite is 
generally true.65 

We should point out as in the case for the C1 EFG's the 
relativistic changes ARq for the Xa gold EFG's are probably 

(63) Boyd, P. D. W.; Schwerdtfeger, P. Unpublished results. 
(64) Bowmaker, A.; Whiting, R. Aust. J .  Chem. 1976, 26, 29. 
(65) Viegers, T. P. A.; Trooster, J. M.; Bouten, P.; Rit, T. P. J .  Chem. SOC. 

1971, 2074. 

overestimated, whilst HF may underestimate such effects. It is 
well-known that reasonably large basis sets have to be used for 
obtaining accurate H F  field gradients (see the discussion in ref 
14). It is thereforedifficult toobtain EFGvalues at therelativistic 
level for heavy elements like gold. However, Jansen and Hessu 
recently applied relatively large basis sets within a relativistic 
spin-free no-pair Hamiltonian for calculations on the gold atom, 
which would be a suitable method for calculating relativistic effects 
in EFG's for compounds containing heavy elements. 

3. Computational and Experimental Details 
Computational Details. The pseudopotentials and basis sets used in 

this work are described in refs 15 and 16. The pseudopotentials for gold, 
bromine, and iodine have been adjusted by a multielectron-fit procc- 
dure,16~6~ which reproducesvery accurately theimportantvalencespectrum 
of the atoms.I6 The basis sets chosen have been rather large to avoid 
basis set superposition errors.16 Only for the molecules AuzF6 and Au2- 

we slightly reduced our basis, neglecting d-polarization functions for 
the F and C1 atoms, because the geometry optimization became rather 
time-consuming .4 l  The geometries are fully optimized using a Fletcher- 
Powell procedure within the GAUSSIANS~ program system.24 The com- 
putational details are given in ref 16. M~ller-Plesset calculations of the 
second order (MP2) were carried out for the complexes AuL4- (L = F, 
C1, Br, I) and AuF6- to compare with previously published H F  and CI  
results.l*." This method has the advantage of being size consistent, which 
becomes very important for calculating dissociation energies of poly- 
atomic molecules like AuL4--- Au + 3L + L-. For this reaction we also 
carried out MP3 and MP4DQ calculations, but only at the optimized 
MP2 bond distances. This was necessary since a geometry optimization 
at the full MP4 level would have been too CPU time-consuming. To 
determine the nuclear quadrupole coupling constant for Ig7Au, multiple 
scattering X a  calculations (MSXa) on AuFd-, AuC4-, AuBr4-, and AuI4- 
were carried out using the program XASW of Case and CookszS For the 
gold halide complexes we used the calculated MP2 bond distances given 
in Table I. For the Xu calculations on CI2 we used the experimental bond 
length of 1.988 A given in ref 26. 

The performance of the MP method for transition metal compounds 
has been criticized recently by Raghavachari and Trucks.47 In contrast, 
the MP2 method shows reasonable results for most molecules containing 
main-group elements (see for example ref 48). Gold is a borderline case 
where d-participation becomes more important in the higher oxidation 
states of gold. However, CI  calculations on AuL4- compounds including 
Au(5d) correlation using accurate basis sets are not yet feasible. On the 
other hand, MP2 results on Au(1) compounds presented in this paper 
(Table 11) compare quite well with earlier published CI rCsults.lSJ6 
Moreover, the MP2 values for the AuL4- decomposition (Figure 6)  are 
not significantly different from the MP4 results and do not changes the 
overall trend in the reaction energies, suggesting that the MP2 approx- 
imation is quite reliable for Au(II1) compounds. 

Experimeotd Details. AuCI, was synthesized by a modification of 
the procedure reported for the preparation of AuCl(CO)." HAuCbaxH20 
(1 g) was stirred in neat thionyl chloride for 3 days. After this time the 
color of the solid had changed from yellow to orange. The thionyl chloride 
was removed and the solid AuCl3 dried under vacuum at  room temper- 
ature. 
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Crystals suitable for single-crystal X-ray diffraction were grown by 
vacuum sublimation at 100 OC as dark red rods. The moisture-sensitive 
crystals were mounted in a Lindemann capillary under the atmosphere 
of dry nitrogen and positioned on a Nonius CAD-4 diffractometer. Unit 
cell dimensions werederived from least-squares fits to the observed setting 
angles of 25 reflections. Monochromatic MoKa (A = 0.710 69 A) 
radiation was used. Crystal alignment and decomposition were monitored 
throughout the data collection by measurement of three standard 
reflections every 100 measurements. No nonstatistical variation in 
intensity was observed. The data were corrected for Lorentz and 
polarization effects and equivalent reflections averaged. Absorption 
corrections were applied by the empirical azimuthal scan method.69 
Structuresolution by Patterson methods and refinement werecarrid out 
using the SHELX-86 and SHELX-76 programs.’O Neutral-atom scattering 
factors were used.71 The final electron density map contains peaks at  less 
than 1 A from the gold atoms of height 2 e/A3. No other peaks were 
observed in the final difference Fourier map. 

4. Summary 
We summarize the important results of our calculations: (1) 

Relativistic bond contractions are much smaller in Au(II1) 
compounds than in Au(1) species, probably due to the dilution 
of Au(6s) density by Au(5d) and Au(6p) participation in the 
Au-L bond. (2) Relativistic changes in the force constants are 
large in Au(II1) compounds and cannot be neglected. (3) The 
oxidationstate +3 in gold is stabilized byrelativisticeffectsrelative 
to the oxidation state +1, a fact which cannot be explained by 
relativistic changes in atomic ionization potentials. (4) Mono- 
meric AuL3 compounds show T-shaped structures which cannot 
be explained by simple hybridization or electrostatic models. The 
reason for the Djh - C, symmetry breaking is a first-order Jahn- 
Teller distortion which splits the doubly degenerate e’ HOMO 
intoan a1 and a bl orbital; thedoublympied bl orbital undergoes 
a stabilization resulting in a relatively small L,AuL, angle of ca. 
90° The T-shaped AuL3 units can either dimerize (as this is the 

(69) North, A. C.; Philips, D. C.; Mathews, F. S. Acra Crystallogr., Secr. 
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case for Au2ClS) or polymerize (as is the case for (AuF~).). ( 5 )  
Relativistic effects in the 1 9 7 A ~  EFG are very large at the MSXa 
level. In contrast, changes in the ligand EFG due to relativistic 
changes at  the Au(II1) center are relatively small. Relativistic 
effects in the 1g7Au EFG should perhaps be studied in detail on 
diatomic gold compounds by more sophisticated methods, Le. by 
all-electron relativistic HF  calculations including electron cor- 
relation, to support our findings. (6) (AuH~), may be stable, 
despite the unsuccessful attempts by Wiberg and NeumaierSo to 
prepare this species. AuH4- is quite stable, and the synthesis of 
this compound may be feasible. (7) Au(II1) compounds show 
large Au(5d) and Au(6p) participation in the Au-L bond, the 
relative magnitude of these admixtures being dependent on the 
nature of the ligand. 

Most of the relativistic effects have been discussed at the HF 
level. Correlation effects have only been included at the MP 
level, since configuration interaction (CI) or perturbation pro- 
cedures higher than second order would have been extremely 
time-consuming given the present standard of computer tech- 
n01ogy.~~ However, most of the effects and trends discussed in 
this paper are very significant even at the HF  level, so we expect 
qualitatively no change in trends by introducing CI. This has 
been shown, for example, for several diatomic gold compounds.16 
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