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Structure of E(AuPH,)*, E = N, P, As: T, or C,,?
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Quasirelativistic pseudopotential methods at HF and MP2 levels are used for optimizing the geometry of the title
compounds. The naked clusters EM,* (M = H, Ag, Au) are also considered. In agreement with experiment,
N(AuPH,;).* is T; and the As(AuPH,),* ion is a C, square pyramid with an apical As atom. P(AuPH;).* is
predicted to favor C,,. The calculated MP2 Au--Au distance for E = As is 296 (experimental 290) pm, and the
Au-As-Auisangle 69.1 (70.7)°. The bondingis analyzed. The secondary Au--Au bond is attributed to correlation,

not 5d6s6p hybridization.

Introduction

Tetrahedral, sp? hybridization is one of the basic tenets of
tetravalent main groupchemistry. While the quaternaryarsonium
cations, AsR,*, fulfil this expectation, Schmidbaur et al.! found,
despite the chemical similarity of -H, —-R, and ~AuPRj;, that the
As(AuPPh;)4* in tetrafluoroborates crystallize in a square-
pyramidal, Cy, structure. Theshort, 290 pm intramolecular Au-
Au distances suggest that the “aurophilic” Au«-Au attraction?
plays a role in stabilizing the Cj, structure. We now carry out
an ab initio analysis of the bonding in this series, E(AuPHj3),4",
E = N, P, As (1a—c), respectively. The T, and C,, geometries
are shown in Figure 1. The “naked” clusters EAus*, E = N, P,
As (2a—¢), are also considered.

The 1a, first reported in ref 3, is approximately tetrahedral!+
while 1b is so far unknown. All these compounds are particular
cases of the centered clusters E(AuL),™*, first predicted for n =
6 by Mingos.® The cations C(AuPPh;)s*, C(AuPPh;)e2*,
N(AuPPh,)s2*, and P(AuPPh;)s2* have been made; see ref 6.
The bonding in these centered clusters has been studied by
relativistic discrete variational X5 and pseudopotential® meth-
ods. Pyykkd and Zhao® found the radial, X-Au, bonding to be
predominant, for ligand-free XAu,™* clusters at HF level. Rosch
et al.%7 found that the phosphines open the 5d shell and lead to
tangential, Au—Au, bonding, as well, at the experimental Au-Au
distance of 300.5 pm of C(AuL)¢2*.

Atthis, and larger distances (about 300-340 pm), even between
closed-shell Au(I) systems, an “aurophilic attraction” of some
6-8 kcal/mol or 30 kJ/mol is empirically found.? While
Hoffmann et al.® have attributed this attraction between d!¢
systems to spd hybridization, we!®!! found no attraction at HF
level and the correct attraction at MP2 and MP3 levels and
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Figure 1. (a) The T, and (b) the Cy, structures of E(AuPHj3),*,

attributed it to correlation, enhanced by relativistic effects. In
addition to the dimers (CIAuPH3),, this attraction was needed
to reproduce the Au--Au distance in the new A-frame molecule
Se(AuPR;);.12 The present As(AuPR;)4* system could be seen
as a pyramid, built of four such A-frames.

Computational Details

The calculations were performed using Gaussian 90 and Gaussian 92
packages.!® The 11 valence-electron (VE) quasirelativistic (QR) pseudo-
potential (PP) of Hay and Wadt!4 for Au, available under the
“LANLI1DZ" option, was employed. Asand P were treated by the same
set of pseudopotential. Two basis sets, “basis 1 and “basis 2", were
adopted for geometry optimization and relative energy calculation,
respectively. “Basis 1” corresponds to the minimal and double-{ basis
set associated with the pseudopotential,!4 that is, (3s3p3d)/[2s2p2d] for
Au, (3s3p)/[2s2p] for As and P, (10s5p)/[3s2p] for N, and (4s)/[2s]
for H. In “basis 27, the basis set of Au was augmented by a single f-type
polarization function (a = 0.20), and d-type polarization functions («a =
0.864, 0.340 and 0.293) were added to N, P, and As, respectively.

For naked clusters EAuy* (2) geometries were fully optimized at HF
and MP2 levels within the constraint of specified symmetries. Vibrational
frequencies were calculated at the optimized stationary points by numerical
evaluation of second derivatives of energy.

For E(AuPH;)4* (1) two optimizations were carried out. In the first
one only the E-Au distance and the Au—E—Au angle of the Cy, case were
optimized. For Au-P, P-H, and Au-P-H, the typical experiment values
0f227.2pm, 141.2 pm,and 122.7° were used, respectively. Inthesecond,
the latter three variables were optimized as well, within T4 or C4,.. The
changes were minimal, except for Au~P, which grew from 227.2 t0 253.7
pm for 1c (Cy) at the MP2 level. The increase is attributed to the
relatively small P basis in the optimization. This point is verified in
Table I for CIAuPH;. The “basis 1” gives too long Au-P and Au—Cl,

(12) Jones, P. G.; Thone, C. Chem. Ber. 1991, 124, 2725.
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J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P,; Pople, J. A. Gaussian 92, Revision A;, Gaussian Inc.:
Pittsburgh PA, 1992,
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Table I.  Effect of Basis on Calculated CIAuPH; Geometry with
Distances in pm and Angles in deg
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Table III.  Relative Energies, E(Cy,) — E(T4), (kJ/mol) of EH,*,
EAgst, EAug*, and E(AuPH;),* (E = N, P, As)

method Au-P Au-Cl P-H Au-P-H
basis 1 MP2 2443 2443 141.9 116.4
basis 2 HF 240.6 240.1 140.4 117.4
basis 2 MP2 235.6 238.7 141.7 118.5
basis 3 MP29 2278 229.3 141.6 118.3
expt? 225 229
expt® 224 229

919-VE-PP and (8s6p5dif)/[7s3p4d1f] basis for ‘Au, (5s5pl1d)/
[3s3p1d] basis for P and Cl. See ref 11. ® Reference 17. ¢ Reference 18.

Table II. Optimized Bond Lengths (pm) and Angles (degrees) with
Experimental Values in Parentheses

E-M (M-E-M M..M
system sym HF MP2 HF MP2 HF MP2
NAg* (3a) Ty 2149 2149 a a 3509 350.9

Co 2170 2271 900 829 3069 300.7
PAg.* (3b) Ty 2515 248.0 a a 410.8 405.0
Cwp 2577 2589 783 722 3253 305.1
AsAg* (3c) Ty 259.1 2555 a a 423.1 417.2
Ceo 2657 2655 757 69.9 3262 3043

NAug* (22) Ty 2162 2160 a a 353.0 3527
Co 2254 2282 814 791 2939 290.6
PAu* (2b) T; 2443 2408 a a 398.6 3933
Cep 2535 2555 725 69.1 2999 289.7
AsAu* (2¢) Ty 2511 2476 4100 404.3

a a

Cep 260.1 261.1 705 674 300.1 289.9

N(AuPH;),* (1a) T# 2147 213.2 a a 350.5 348.1

(201.6)% (109.3)* (328.6)*

Cot 2171 2210 898 860 306.5 301.5

P(AuPH;)* (1b) T# 2459 2427 a a 4015 396.3

Co 2514 2464 761 725 3099 2870

As(AuPH3),* (1c) T# 253.2 250.0 a a 413.5 4083

Cof 259.1 2573 736 692 3105 2920

Co? 2586 2609 726 69.1 3061 296.1

(250)¢ (70.7)¢ (290)¢

@ Thetetrahedralangle, 109.5°. & Averagein N(AuPPh;),+F-, ¢ Partial

geometry optimization. 4 Full geometry optimization. ¢ In As(AuPPh;),-
+BF4-.1

a problem encountered by Schwerdtfeger er al.!5 “Basis 3" gives results
close to experiment. Unfortunately, “basis 3” was too expensive for the
present Au, systems. Pacchioni and Bagus!é point out the importance
of d-type polarization functions at P on the Pd—PHj3; bonding.

Naked Clusters, EM,*

Symmetrical Structures. The optimized geometries of 2a—¢
and the corresponding Ag clusters, 3a—c, are given in Table II.

The difference between the HF and MP2 E-M bond lengths
for M = Ag and Au is a few picometers only, except for NAg,*
which is D4z in HF. Therefore the HF-level naked EAu,* bond
lengths in ref 8 are still credible. We note that N~Au > N-Ag
but P-Au < P-Ag and As—Au < As—Ag, for the softer P and As.
~ The Au--Au distances for 2 (Cy,) are all about 290 pm while the
Au-E-Au angles vary, suggesting aurophilic attraction already
for 2.

The relative energies of the two symmetries are given in Table
III. Data for EH,* are included; for them the optimized C,,
geometry is a saddle point. These hydrides strongly favor T,.

The correlation effects in MP2 level lower the C,, relative
energy, and more so for Au than Ag, suggesting the importance
of relativity. The difference between silver and gold is mainly
a relativistic effect.!® Only 3a prefers T;at MP2 level. Only 2¢
prefers Cy, at HF level.

(15) Schwerdtfeger, P.; Boyd, P. D. W,; Burrell, A. K.; Robinson, W. T,;
Taylor, M. J. Inorg. Chem. 1990, 29, 3593.

(16) Pacchioni, G.; Bagus, P. S. Inorg. Chem. 1992, 31, 4391.

(17) Schmidbaur, H.; Graf, W.; Mdller, G. Angew. Chem. 1988, 100, 439;
Angew. Chem., Int. Ed. Engl. 1988, 27, 417.

(18) Schmidbaur, H.; Weidenhiller, G.; Steigelmann, O.; Miller, G. Chem.
Ber. 1990, 123, 285.

(19) Pyykks, P.; Desclaux, J. P. Acc. Chem. Res. 1979, 12, 276.

HF MP2
basis basis basis basis  basis basis
system 19 16 28 1¢ 1 2
NH,* 5349 555.3 536.2¢  529.1¢
PH,* 508.7 443.0 453.6¢ 352,74
AsH4* 459.7 409.1 401.2¢  333.3¢
NAg* (3a) 813 75.7 40.14 38.3¢
PAg.* (3b) 540 440 -29.7¢  -39.8¢
AsAgs* (3¢) 38.1 314 -55.2¢ -66.0¢
NAus* (2a) 51.7  39.0 -3494 4984
PAus* (2b) 13.0 6.4 -113.94 -151.64

AsAugt (2¢) -8.0 -12.6 -143.5¢ -192.5¢
N(AuPH;).* (1a) 828 807 850 507 53.4 48.7¢
P(AuPH;)s* (1b) 53.6 482 51.6 -38.7 -49.3® -90.3¢
As(AuPH;),* (1c) 402 308 389 -71.8 7600 -132.3¢

¢ Energies are calculated at partially optimized HF level geometries.
b Energies are calculated at fully optimized HF level geometries. ¢ Energies
are calculated at partially optimized MP2 level geometries, 4 Energies
are calculated at fully optimized MP2 level geometries.

The possibility of a Cj, geometry (structure I) was checked

and found to lie 9.9, 24.2 and 29.4 kJ/mol (at MP2 level) above
the lowest—energy geometry for 2a—c, respectively.

Distortions. The C,, MP2 minimum of 2¢ is very shallow
while 2a and 2b distort along one negative-frequency mode into
C,, geometry. This negative-frequency mode corresponds to the
pseudorotation from C,, to Ty, as shown in Scheme I. The
frequencies are given in Table IV. Departing from Cy,, Scheme
Ia, the bonds to gold atoms 2 and 4 go in and down, while the
ones to atoms 1 and 3 go out and up. The diagonal Au2.-Au4
distance decreases while the peripheral Au,+Au,s; distances
change little, see footnote g in Table IV.

Thereaction path for Scheme I was approximated by the “linear
synchronous transit” method.20 The pseudorotation barriers in
Figure 2 are seen to be quite low, allowing for easy distortions.

Heats of Formation. Could these naked clusters be made?
The heats of formation were estimated (without zero-point-energy
corrections) from

AH°(EAu,") = E, (EAu,") - 2E_,(Au,) -
1 Eae(Ey) + 20H™(Au,) + /,AHFP(E,) (1)

The results are given in Table V. They are clearly below the E+
+ 2Au; dissociation limit. Hence these EAugt clusters could
exist in the gas phase. The X 14, ground state of Au, is a
rhombus,2! which could directly react with E*, E = N-As,

The E-Au bond strengths can be estimated from the exper-
imental E* + 2Au; and the calculated EAu,* energies. The
results are 261, 214, and 187 kJ/mol for E = N, P and As,
respectively. These numbers are comparable with the D, of Au;
of 221 kJ/mol.

Clusters with Phosphines, E(AuPH3)*

Geometries. The optimized geometries are given in Table 11
and the corresponding relative energies in Table III.

Asseen from Table 111, for N(AuPH,),* (1a) the T, geometry
is preferred, both at HF and MP2 levels, if the phosphine ligands

(20) Halgren, T. A; Lipscomb, W. N. Chem. Phys. Lett. 1977, 49, 225.
(21) Balasubramanian, K.; Feng, P. Y.; Liao, M. Z. J. Chem. Phys. 1989,
91, 3561.
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Scheme I

Table IV. MP2-Level Vibrational Frequencies for 2
geo-
species method metry

2a HF Ts
MP2 Cz

frequencies

31 (e), 35 (12), 141 (a1), 591 (1)

22 (al)v 60 (al)’ 76 (bl)’ 89 (al)y 101 (bZ)r
106 (ay), 404 (by), 474 (by), 551 (ay)

33 (e), 36 (£2), 113 (ay), 357 (13)

7 (a1), 70 (a1), 84 (b2), 93 (by), 95 (a2),
106 (ay), 251 (b,), 256 (b3), 318 (a;)

33 (e), 35 (1), 110 (az), 240 (13)

2b HF T;
MP2 Ca®

2c HF Ty

HF Cy 21 (b2), 58 (e), 66 (by), 81 (e), 186 (e),
212 (ay)
MP2 G 20 (bs), 73 (¢), 75 (b), 81 (by), 91 (ay),

181 (e), 220 (ay)

9 P-Aul = 257.1 pm, P-Au2 = 254.3 pm, Aul-P-Au2 = 69.15°,
Aul+Au2 = 290.2 pm, diagonal Aul-+Au3 = 423.7 pm, and diagonal
Au2.Aud4 = 395.6 pm. Total energies: Cg4, -140.132875; Cy,
-140,132895.

AE(kJ/mol)
L] +* +
NAu4 PAU , AsAu,
200
100 - MP2 MP2
MP2
HF HF
0-
HF
-100-
Cév Td Cav Td C4v Td

Figure 2. Pscudorotation barriers for 2.

Table V. Heats of Formation (kJ/mol)4

system method AHy
N* + 2Au,; expt? 2895
NAu,t HF¢ 1851
MP2¢4 1715

P* + 2Au, expt 2395
PAu,* HF* 1458
MP24 1406

As* + 2Au; expt 2270
AsAugt HF¢ 1462
MP24 1391

N(AuPH3)4* HF¢ 1371
MP2¢ 1051

P(AuPH,),* HF¢ 1061
MP24 868

As(AuPH,),* HFe¢ 1090
MP2¢ 878

4 The lower-energy conformations are chosen. The results show that
the naked EAu,* species are stable in the gas phase, even including the
differences in IP, between N, P, As, and Au, (1402.3,1011.7,946.5,and
888(20) kJ/mol, respectively.b ® References 24 and 25. ¢ T4 geometry.
4 Cy, geometry.

are included. The calculated MP2 N—Au distance is 213.2 pm.
The experimental, distorted T;values are 3 X 200.5(9) and 1 X
205(3) pm.! The corresponding calculated Au-Au distance is
348 pm, slightly above the typical “aurophilic” secondary bond
lengths.

The experimental structure of N(AuPR;),* tis a distorted T4
structure of C3, symmetry, suggesting a very small force constant
for this mode. The calculated, MP2 32E/da? (a = Au,,—N-Au)

Li and Pyykko

(b)

values are only 0.00025 and 0.0010 au for NAu,* and N(Au-
PH;)4*, respectively.

For As(AuPHj,)4* (1¢) at the MP2 level, the C,, geometry is
preferred by 71.8 or 132.3 kJ/mol without and with polarization
functions, respectively. The As—Au bond length is 260.9 pm
(experimental 250 pm), and the Au—-As-Auangleis 69.1 (70.7)°.
The corresponding Au-Au distance is only 296 (290) pm, at the
low end of the “aurophilic” bond range. At HF levela T;geometry
would be preferred by 40.2 kJ/mol, again corresponding to the
idea of dominant correlation effects. The total correlation
contribution to the C,,— T, energy difference of 71.8 — (—40.2) =
112 kJ/mol is about 4 times the typical aurophilic attraction
energy of 30 kJ/mol, due to the four (short) Au--Auinteractions.

If one d and f polarization function is added for As(AuPH,)*
atthe same HF and MP2 geometries, the correlation contribution
increases from 112 to 171 kJ/mol. For the (ClAuPH,), dimer,
counterpoise correction for the basis-set superposition error
(BSSE) diminished the Au-+Au interaction by roughly a factor
of 2.1 While the BSSE can be estimated in the intermolecular
case using a counterpoise correction, it is not obvious how to
handle an intramolecular case. An analogous, “internal BSSE”
has recently been considered for special conformations of C
molecules,22.23

For this C,, hybridization and geometry the Au~-As-Au angle
only decreases 4.4° from HF to MP2. In the C,, Se(AuPH3),
with two Au atoms and one Au-~Au bond, this correlation effect
was much larger, 16° with the present 11 valence-electron
pseudopotential and 22.4° with a 19 valence-electron pseudo-
potential, including a d and f polarization function.!!

As expected by Schmidbaur! for the so far unknown P(Au-
PH;)4* Cy, geometry is preferred, by 38.7 kJ /mol, half theamount
for E = As. The calculated P-Au distance is 246.4 pm and
corresponding Au-Au 287 pm.

For E(AuPH3),* systems, it is beyond our computer resources
to calculate the vibrational frequencies for the optimized Cy, and
T4 geometries. The Cg, to C,, distorsion, similar to EAu,* case,
was checked for As(AuPH,)4* (Cy) at MP2 level. None was
found,

Phosphines and Thermochemistry., The effect of the phosphine
ligands on the E-Au bond length is a slight shortening by 3-10
pm for each symmetry. The C,, Au—-E~Au angle is increased by
2-7°. The phosphines are however essential in keeping the E =
N case tetrahedral. For E = P and As, the C,, symmetry is
favored also without phosphines. For the three cases E = N-As
at MP2 level, the phosphines raise the C,, case with respect to
T, by 86, 75, and 72 kJ/mol, respectively. For E = P and As
it still remains the lower one.

The heats of formation

AH°(E(AuPH,),") = E_, (E(AuPH,),") - 2E(Au,) -
U Eeae(Ey) — 4E_, (PH,) + 2AH™(Au,) +
1/,AH™(E,) + 4AHF(PH;) (2)

are given in Table V. While the experimental AH{(PH;) is only
13.4kJ/mol, %, the four phosphines increase the stability of 2a—c

(22) Parasuk, V.; Almldf, J.; DeLeeuw, B. Chem. Phys. Lett. 1991, 176, 1.

(23) Lee, E. P. F,; Wright, T. G.; Dyke, J. M. Mol. Phys. 1992, 77, 501,

(24) Weast, R. C. CRC Handbook of Chemistry and Physics, 64th ed., CRC
Press: Boca Raton, FL, 1984,

(25) Bishea, G. A.; Morse, M. D. J. Chem. Phys. 1991, 95, 5646.
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Table VI. Mulliken Population of EAus* and E(AuPH;),* for
“Basis 1” and the “Partially Optimized” HF and MP2 Geometries

system sym method Aus Aup Aud Au E PH,

NAu* T; HF 0.52 0.12 987 +049 -095
MP2 0.65 0.14 983 +0.38 -0.52
Cw HF 0.56 0.16 9.89 +0.40 -0.59
MP2 067 019 9.84 +030 -0.21
PAus* T4+ HF 0.68 0.14 9.93 +0.25 +0.02
MP2 078 0.15 9.88 +0.19 +0.23
Cvw HF 0.69 021 9.94 +0.16 +0.37
MP2 078 0.24 986 +0.12 +0.53
AsAug*t Ts; HF 0.72 0.14 994 +0.19 +0.22
MP2 082 0.5 989 +0.15 +040
Cw HF 071 021 9.94 +0.14 +0.45
MP2 0.80 023 987 +0.10 +0.59
N(AuPH3)s* T; HF 075 033 9.76 +0.16 -1.03 +0.34
MP2 087 041 971 +0.01 -0.59 +0.39
Cw HF 070 037 9.79 +0.14 094 +0.34
MP2 083 047 974 -0.04 -0.40 +0.39
P(AuPH3)*+ T; HF 0.85 037 9.86 -0.08 +0.03 +0.32
MP2 095 043 9.80 -0.18 +0.25 +037
Cvw HF 082 046 986 -0.14 +025 +0.33
MP2 089 057 979 -024 +0.50 +0.37
As(AuPH3;)¢* T; HF 0.88 039 985 -0.12 +0.19 +0.32
MP2 097 044 980 -0.21 +0.37 +037
Cvw HF 083 046 986 -0.14 +026 +0.33
MP2 088 056 9.78 -0.22 +0.44 +0.36

Table VII. E-Au, Au-Au, and Au-P(PH;) Bond Orders for EAugt
and E(AuPH,),*

E-Au Au-Au Au-P

system sym HF MP2 HF MP2 HF MP2
NAu? T; 022 021 -0.04 -0.08
Cy 016 014 006 -0.02
PAu* T, 034 027 -0.05 -0.08
Cy 019 0.11 0.09 -0.01
AsAu,* T, 034 026 -0.05 -0.08

Cyp 020 0.4 009 0.00
N(AuPH3),* T, 023 020 -003 -009 029 0.18
Cy 021 016 001 -006 027 0.16
P(AuPH3).* T, 036 027 -0.03 -007 023 015
Cy 027 017 006 -0.04 021 0.1
T, 037 02 -003 -006 022 0.14
Csw 027 019 007 -0.03 021 O0.11

AS(AUPH;)["

by 664, 538, and 513 kJ/mol (at the MP2 level for the lowest
energy conformation). This can be compared with the MP2 level
strengthening of the single, covalent Au—-Au bond in HyP-Au-
Au-PHj; by 120.8 kJ/mol.26

As for the more ionic AuCl, using basis 3 at the MP2 level,
the Au~Cl bond length becomes 225.0 pm and Eris -594.75152
au. The free PH; P-H bond is 143.0 pm, z-P-H angle is 122.8°,
and E;is -8.17086 au. As the CIAuPH; Eris —-603.02110 au,
the phosphine lowers the total energy by 259 kJ/mol.

Bonding

Hybridization. The 6s valence orbital of gold can hybridize
with the filled 5d or the empty 6p one. In two-coordinated Au-
(1)L, complexes,?’ the 5d hole dominates for small electronegative
ligands while the 6p population dominates for large, electropositive
ligands. For the diphosphine, Au(PHj;);*, the populations 10 -
nsq and ngp are comparable.

The Mulliken populations of the present species are given in
Table VI. For the Cy, E(AuPHj;),* at MP2 level, the nqp values
are over 2 times larger than the 5d hole populations. At HF level
both quantities are slightly smaller. Correlation effects strongly
increase the 5d-to-(6s + 6p) population transfer. They also
transfer electrons from the central atom E to the Au atoms.

The bond orders are given in Table VII. There is evident
radial, E-Au, and Au-PH; bonding. The C4 Au-Aubondorders

(26) Schwerdtfeger, P.; Boyd, P. D. W. Inorg. Chem. 1992, 31, 327.
(27) See Ref 15, Table V.
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(:“u‘) Au  AuPH; As(AuPHy); AsAuf
(Td)  (Cav) (Td) (C4av)
0.2 a8
65 e
04} - ggz — LY <} P g:l

-0.6 ¢ le J— 5—: -"id 5d - p 5d
a ,1=H,___pH3 uz..._:;;f:‘
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Figure 3. HF Orbital energies of Au, AuPH3, As(AuPH,),* (T, and
Cy), and AsAu,* (T and Cy).

are small and become negative at MP2 level, suggesting lack of
covalent gold—gold bonding, even when the phosphines are added.

The phosphine ligand effects on the EAus* (T5) bond orders
aresmall. The phosphine increases the Au 6s and 6p populations
and increases the 5d hole, indicating stronger spd-mixing, as
suggested by Rdsch et al.67

The C4, E-Au bond orders for both naked and “dressed” clusters
are positive but smaller than in 7.

For E(AuPH,)4* (Cy) at HF level, the Au—Au bond order is
+0.063 and +0.067 for E = Pand As, respectively. At MP2 level
these numbers become —0.041 and —0.028, but at the same time
the “aurophilic” attraction appears. Possibly this could be
interpreted as covalent bonding at HF level and a correlation
interaction at MP2 level.

Orbital Energies. The QR HF orbital energies of Au, AuPHj3,
and the arsenic speciesare shown in Figure 3. Thesingly occupied
a; orbital (SOMO) of AuPH} is 659766 p01654000350.023 50.05] 5001,
It is oriented away from P. The four such lobe orbitals in As-
(AuPH;)* (T,) spanthe a; and t; orbitals in Figure 3, in analogy
with the expectations of Scherbaum et al.2® for the octahedral
C(AuL)s?*. The latter case was termed a “7-center—8-electron
bond” in ref 8. Most of the 5d character of Au remains in the
Au+PH; “box” in Figure 3. The C, orbital energies are
surprisingly similar to the T;ones. No Walsh-type behavior can
be discerned.

Without the phosphine ligands, in the right-hand part of Figure
3, the naked T cluster forms two bonding t, MOs, the lower to
Au 5d and the higher to Au 6s. The effect of the phosphine is
qualitatively to direct the 5d character toward P, leaving mainly
the 6s to bond to the central atom. For naked AsAu,* also the
Cy, orbital energies are quite similar; the 5d band broadens due
to the shorter Au—Au distance. The pictures for E = N and P
are qualitatively similar.

The Mulliken population analysis shows that the AsAus* 5a;
and 6e are bonding orbitals between As 4p and Au (37% Au 6s
character). The 2a, and 1e have about 90% Au 5d character and
only 6.5% As character. Therefore they should be seen as parts
of the Au 5d band. If phosphines are added, the highest, 10e and
7a; MOs get even more As 4p character while the Au character
has more 6s—6p hybridization and even less 5d. The 2a;, mainly
a As 4s—Au 5d bond, contributes about !/,th of the total As-Au
bond order.

Conclusion

Our calculations reproduce the experimental T, geometry for
E(AuPH;);*, E = N (1a), and the C,, geometry for E = As (1¢).
For E = P (1b), a C,, structure is predicted, as expected by
Schmidbaur.! Without the phosphines, for the unknown EAus*

(28) Scherbaum, F.; Grohmann, A.; Huber, B,; Kriiger, C.; Schmidbaur, H.
Angew. Chem. 1988, 100, 1602; Angew. Chem., Int. Ed. Engl. 1988, 27,
1544.
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clusters, the correlation contribution to the E(Cy) — E(Ta)
difference is even larger than with them. EAu,* would be
approximately pyramidal (Cy,) for E = N, P,and As. For E =
N and P, a slight C, distorsion occurs. The HF-level bond lengths?
are realistic, however. Correlation and probably relativity are
required to obtain the Cy, structures for 1band 1c. In this sense
the Au(I)~-Au(I) secondary bonds resemble the “correlation-
bound” van der Waals complexes, such as Ary, Mg,, Ar-HCl or
(C12)2.® Another bonding analogy is the halogen--halogen or
S-S contacts, as pointed out by Pathaneni and Desiraju® in
their database analysis of the 693 known Au--Au structures. The

Li and Pyykkd

present work thus supports our earlier suggestion!®!! that the
“aurophilic” attraction is due to correlation effects. The question
is whether the extended Hiickel method,® in an allegorical sense,
includes them.
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