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Xenon as a Complex Ligand:
The Tetra Xenono Gold(ll)
Cation in AuXe,**(Sb,F,,7),

Stefan Seidel and Konrad Seppélt*

The first metal-xenon compound with direct gold-xenon bonds is achieved by
reduction of AuF, with elemental xenon. The square planar AuXe,2* cation is
established by a single-crystal structure determination, with a gold-xenon bond
length of approximately 274 picometers. The bonding between gold and xenon
is of the o donor type, resulting in a charge of approximately 0.4 per xenon

atom.

Since the creation of the first noble gas com-
pound, XePtFy, in 1962 (), xenon com-
pounds with direct bonds to fluorine, oxygen,
nitrogen, carbon, xenon itself, and most re-
cently, chlorine, have been established, with
the list for krypton-bonded elements being
much shorter. All these bonded atoms are
electronegative main-group elements. Noble
gas chemistry would be greatly enhanced if
xenon (or other noble gases) could be bonded
directly to metal atoms or ions.

There have been indications that metal-
xenon bonds can be formed. In noble gas
matrices, the complexes (CO);Mo ... Xe,
(CO);W ... Kr, (CO)Mo ... Kr, and
(CO),Fe* ... Kr (2) have been detected. In
supercritical Xe and Kr solutions, short-lived
transients containing xenon or krypton metal
bonds have been observed many times (3).
The Au-Xe™ ion has also been detected by
mass spectroscopy, and has been calculated
with a best estimate for the bond distance of
257 pm and of 30 * 3 kcal mol~! for the
bond energy (4). Even Ar-AuCl and Kr-AuCl
have been observed by microwave spectrom-
etry (5). It is also possible that a similar
complex between platinum fluoride(s) and
xenon was an intermediate in the seminal
1962 preparation of the first xenon com-
pound, which was formed using elemental
xenon and PtF¢ (/). To this day, the exact
nature of the product of that reaction has not
been determined (6).
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The original goal of this study was the prep-
aration of the elusive gold(I) fluoride, AuF, via
the reduction of AuF, with a weakly coordinat-
ing agent. The reaction between AuF, and AsF,
in HF/SbF, solution afforded F;As-Au ... F
... SbFy, the first derivative of AuF (7). We
then replaced AsF, with xenon as a very mild
reducing and very weakly coordinating agent,
in order to reach AuF. The reaction, however,
stopped at the Au?* state and resulted in a
completely unexpected complex, the cation
AuXe2*, of which dark red crystals can be
grown at —78°C. Removal of gaseous xenon
under vacuum results in the crystallization of
Au(SbF,),, one of the few true Au®* salts that
are known (8). Addition of Xe to Au?* in
HF/SbF, gives a dark red solution at —40C°.
Because the reaction between Au?* and Xe is
reversible, a xenon pressure of about 10 bar
(1000 kPa) is necessary to stabilize AuXe,>* in
solution at room temperature.

A single-crystal structure determination
revealed the existence of AuXe,2*-
(Sb,F,,7), (9). The cation forms a regular
square, with Au-Xe bond lengths ranging
from 272.8(1) to 275.0(1) pm. Three weak
contacts between the cation and the anion
complete the coordination sphere around the
gold atom with Au ... F distances of 267.1
and 315.3 pm (Fig. 1). Shortest contacts be-
tween xenon and fluorine atoms are all about
310 pm long. The structure of the anion

"Sb,F,,~ appears quite normal. The com-

pound is stable to about —40°C. Warming
above this temperature results in liquidifica-
tion, loss of gaseous xenon, and a dramatic
color change from dark red to light orange.
The compound AuXe*(Sb,F,,7), has

28. W. B. Curry et al., J. Bioenerg. Biomembr. 27, 285
(1995).

29. C. C. Page, C. C. Moser, X. Chen, P. L. Dutton, Nature
402, 47 (1999).
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7497 (1998).
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also been characterized by Raman spectrosco-
py. In addition to bonds that are typical of the
Sb,F,,~ anion, a very strong band is observed
at 129 cm™!. This is assigned to the totally
symmetric stretching vibration of the AuXe,>*,
on the basis of the prediction of this band at
~100 cm™! by a number of ab initio and
density functional theory calculations (Table 1)
(10).

The calculations all predict Au-Xe bond
lengths a little longer than the experimental
value. The mean bond energy with respect to
Au?* and 4 Xe is calculated to be approxi-
mately 200 kcal mol~! (Table 1). This value
is reasonable considering the thermal behav-
jor of the compound AuXe,>*(Sb,F,,7),. In
the complex, xenon functions as a o donor
toward Au?*. This is reflected in the calcu-
lated charge distribution within the cation,
where the main part of the positive charge
resides on the xenon atoms. Gold is the most
electronegative transition element known, in
part due to the strong relativistic effect (/7).
This may explain the large charge transfer.

In principle, the bonding between xenon and

Fig. 1. Crystal structure of the cation AuXe 2*
in AuXe,**(Sb,F.,7),. Atoms are represented
by 50% probability ellipsoids. Shown is the
cation with the three closest contacts to the
anions. Distances (in pm): Au-Xe1, 273.30(6);
Au-Xe2, 274.98(5); Au-Xe3, 272.79(6); Au-Xed,

274.56(5); Au ... F12, 267.1(4); Au ..
295.0(4); Au ... F25, 315.3(4).

. F26,
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Table 1. Experimental and calculated values for AuXe,2*.

Experimental HF* Becke3LYPt MP$
Au-Xe bond length (pm) 272.8(1)-275.0(1) 289.1 287.1 2787
Mulliken charges
Au - +0.50 +0.13 +0.34
Xe - +0.37 +0.47 +0.41
AH (kcal mol™7)
Au?* + 4Xe — AuXe,2* - —144 —228 —199

*Hartree-Fock ab initio calculation with a core potential for the inner 60 electrons and a 6s5p3d basis set for Au, and

a 4s4p3d1f basis set and a core potential for the inner 46 electrons for Xe (70).

tDensity functional calculation with

the Becke3 method (74) and the correction by Lee, Yang, and Parr (75); same basis set as in the Hartree-Fock calculation.
1Maller-Plesset second-order calculation; same basis set as in the Hartree-Fock calculation.

gold may not be different from that between
xenon and any electronegative main-group ele-
ment, such as in XeF,. Here, a charge transfer
of about 0.5 electrons to the electronegative
fluorine atom is assumed (/2).

During the reduction of Au*>* to Au®>* and
the complexation of Au?*, the extreme Bron-
sted acidity of the HF/SbF solution is essential.
The Au** ion in fluoride systems is normally
present as AuF, ™, which when protonated, can
ultimately lead to Au(HF),>*, which has a
much higher oxidation potential than AuF,~. It
can almost be considered as a naked Au** ion
due to the weak basicity of HF. The complex-
ation reaction must be an equilibrium
Au?*(HF), + 4Xe = AuXe,** + nHF, which
again can only proceed if xenon remains the
strongest base in the system. The overall reac-
tion indicates yet again the role of the protons

AuF, + 6Xe + 3H"
— AuXe,’* + Xe," + 3HF

Green Xe,*Sb,F,,~ crystals, which have
been fully characterized previously (/3),
were also detected in the solid reaction mix-
ture at —60°C.

The isolation of the AuXe,>* cation
raises many questions that at present cannot
be answered satisfactorily. The main ques-
tion is, of course, whether this compound
remains unique or if this is the first of a
series of new complexes. Predictions are
difficult because this first compound is also
unique in another way: Stoichiometry and
structure for a Au?* complex are rare if not
entirely new.
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Resurrection of Crushed
Magnetization and Chaotic
Dynamics in Solution NMR

Spectroscopy

Yung-Ya Lin, Natalia Lisitza, Sangdoo Ahn, Warren S. Warren*

We show experimentally and theoretically that two readily observed effects in
solution nuclear magnetic resonance (NMR)—radiation damping and the di-
polar field—combine to generate bizarre spin dynamics (including chaotic
evolution) even with extraordinarily simple sequences. For example, seemingly
insignificant residual magnetization after a crusher gradient triggers exponen-
tial regrowth of the magnetization, followed by aperiodic turbulent spin motion.
The estimated Lyapunov exponent suggests the onset of spatial-temporal chaos
and the existence of chaotic attractors. This effect leads to highly irreproducible
experimental decays that amplify minor nonuniformities such as temperature
gradients. Imaging applications and consequences for other NMR studies are

discussed.

Modemn high-resolution liquid-state nuclear
magnetic resonance (NMR) and magnetic res-
onance imaging (MRI) experiments often in-
clude a complex sequence of radio frequency
(RF) pulses for creating and transferring spin
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coherence and pulsed-field gradients for coher-
ence pathway selection, rejection, and spatial
encoding. The full spin evolution under such
sequences is readily calculated even for mole-
cules as large as proteins within the density
matrix framework, and such calculations have
proven invaluable for pulse sequence optimiza-
tion and extraction of molecular parameters.
Recent work on dipolar field effects in water
and other solvents has explained previously
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