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Quantum-chemical calculations at the DFT (BP86, PBE, TPSS, B3LYP, PBEQ), MP2, CCSD, and CCSD(T) levels
have been carried out to characterize the putative AuF; reported in 1986 by Timakov et al. Our calculations indicate
clearly that the species claimed to be AuF; had not been synthesized. Instead, a new gold fluoride complex
AuFs-F, was prepared. This complex is 205 kJ mol~* more stable than the proposed AuF; species, and the elimination
of F, is calculated to be endothermic. This is consistent with the reported stability of the product. A reported
experimental vibrational frequency at 734 cm~t was verified computationally to be the F—F stretching mode of the
end-on coordinated F, molecule. This result is in line with the recently published trends in the highest attainable
oxidation states of the 5d transition metals where Au(V) remains the highest oxidation state of gold.

Introduction calculated vibrational frequencies were always well below

Twenty years ago a Russian group claimed the preparation?he experimgntal one. The highest calculated-Austretch-
ing frequencies of Aufare 634, 592, and 589 crhat the

of AuF.! Gold heptafluoride was synthesized as the product X .
B3LYP level. Until now, the nature of the species that had

of the reaction of Aukand atomic fluorine, when the latter . ) ) -
been synthesized under the aforementioned electrical dis-

was produced by an electric discharge in gasequd e > e e
product was instantly frozen at196°C and described as a charge conditions was unknown and our prior investigations
and had only shown that AuRwvas unlikely to exist.

yellow crystalline material, which rapidly decomposed above ! >

100°C. The initial product was characterized by gas-phase [N the present study, we identify the real product of the

IR spectroscopy and showed a band at 38 cnr! that mentioned experiment and report a new class of gold fluorine

support “Auf”. have been used to describe the structures, stabilities, transition
Recently, we have shown by quantum-chemical calcula- States, and frequencies of the Atf, complex.

tions that this experimental report of AuRvas highly ) )

improbable? Our investigations have shown that concerted COMPputational Details

F elimination from AuF; would be strongly exothermic by Molecular structures were optimized using density-functional
—145.2 kJ mot* at the CCSD(T) level and that the theory (BP86:4 PBES TPSSS7 B3LYP 81t PBEC219, with the
corresponding barrier lies only 10 kJ mélabove theDsy, Gaussian0Band Turbomole 58 programs. Optimizations were

minimum. The second decomposition channel, homolytic followed by single-point energy calculations at the DFT, MP2, and
bond breaking, also shows a decomposition that is exothermichigh-level coupled-cluster (CCSD and CCSD(T)) levels. Quasire-
by —84.5 kJ mot! at the CCSD(T) level. Furthermore, it lativistic, energy-adjusted, small-core “Stuttgart-type” pseudopo-

was not possible, by use of quantum-chemical calculations,te““a's (effgctive-core potentials, ECPs) were u.sed for ¢oldhe
to confirm the experimental IR band at 7343 cnr . Our corresponding (8s6p5d)[7s3p4d] valence basis set for Au was
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augmented by two f-type polarization functions,( Au 0.2 and
ap, 1.19). The diffuse functionpy 0.2, maximizes the static
polarizability, and the compact f-functiony, 1.19, improves the
description of the primary covalent bonding to the métdfor
comparison, we have also used the def2-TZVP basis set féf Au,
implemented in the Turbomole B%program, to optimize the Auf

F, complex (Table S1). In the optimizations, a fluorine B all-
electron basis set by Dunning was usgd.

Stationary points on the potential energy surface were character-
ized by harmonic vibrational frequency analyses at the DFT level
(providing also zero-point energy corrections to the thermochem-
istry). Subsequent single-point energy calculations using the B3LYP
optimized structures had the fluorine basis replaced by a larger aug-
cc-pVTZ basis se¥ The post-HF calculations were carried out with
the MOLPRO 2006.1 program packa¥jeBasis-set superposition
errors (BSSE) were not estimated. They were found to be small
(5—10 kJ mot?) in previous studieg?t23

Thus, all gold fluoride species calculated have singlet ground
state configurations as shown in ref 2. In addition, the newsAuF
F, complex is calculated to have a singlet ground state electronic
configuration as the preferred minimum, i.e., the optimized triplet
structure lies 34.7 kJ mot above the singlet one.

Note that the methodology used here, in particular the B3LYP
optimizations followed by B3LYP or CCSD(T) single-point energy
calculations with larger basis sets, is well established as a reliable
tool for redox thermochemistry in the 5d transition metal series, c d

e.g., previous studies of Hg Au,2 Pt2425and 122 systems. Spin Figure 1. B3LYP-optimized structures (singlets) of gold fluoride com-
plexes: (a) minimum structure of Agf, (Cs), (b) transition state of Auf

F2 (Cs), (c) minimum structure of AufF(Dsp), and (d) minimum structure
of AuFs (C41,).
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orbit corrections are not considered in this work. Our previous
studies indicated that spirorbit effects have only a minor influence

on the relevant thermochemical data and activation barriers, even
when open-shell 5d species were involvéd.

Results and Discussion

The singlet Auk-F, complex can be described as a
monomeric Auk molecule showing a distorted square
pyramidal structure with a end-on coordinatednolecule
in the axial position Cs symmetry, Figure 1a, Table 1). The
structural influence of the coordinated fmolecule on the
Cs, symmetry of the Auk moiety is marginal (Figure 1).
The equatorial fluorine atoms are slightly longer in the AuF
F, complex and the axial fluorine bond distance is slightly
shortened when compared with the Awfructure. This may
be due to the fcoordination in the axial position because
the NPA charge of the axial fluorine atom ,{F of the
complex is larger when compared with that of the AuF
moiety (Table 2). Furthermore, the NPA charges show a
charge separation for the coordinatediolecule where the
positive charge is located on thg &om (Figure 1).

The F, bond distance of 140.5 pm in the complex is almost
equal to that of the free,folecule, 140.1 pm (experimental
141.7 pmy® This is also the case for the second A
complex where the Fmolecule is coordinated between the
two equatorial fluorine atoms, forming a dihedral angle
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Table 1. Optimized Molecular Structures (Singlet Minima) of Gold Fluorides (&&k) with Bond Distances in pm and Angles in deg
MP2 BP86 PBE TPSS PBEO B3LYP B3LYP  AuF7 (Dsp) B3LYP AuFs (Ca,) B3LYP

F—FP 142.3 141.9 141.7 141.9 138.2 140.1 Atk 193.3 Au-Fax 188.0
Fa—Fp 142.7 145.3 145.2 144.9 138.4 140.5 140.5 —dq 194.7 Au-Feq 192.0
Fa—Au 221.6 222.0 222.3 220.5 223.2 227.0 2275 axTAU—Feq 93.8
Au—Fg 188.6 189.8 189.7 189.0 185.3 187.4 187.3 eq TAU—Feq 89.7
Au—Feq1 1934 193.6 193.6 193.0 190.5 192.4 192.4

Au—Feq2 193.4 194.4 194.3 193.7 190.6 192.5 192.4

Au—Feqs 193.6 195.7 195.8 194.8 190.5 192.6 192.4

Fo—Fa—Au 107.0 118.5 118.3 118.1 1135 113.5 112.6

Feqr—AU—Feq3 176.9 172.2 172.0 172.5 175.4 175.0 175.4

Feqz— Au—Feq2 176.9 175.5 175.5 175.7 176.0 175.8 175.4

Fax—Au—Fy 177.2 170.2 170.2 170.7 175.9 175.8 177.3

Feqr—Au—Feq2 90.1 90.0 90.0 90.0 90.0 90.0 89.7

Fax—Au—F.—Fy 45.3 0.0 0.0 0.0 1.2 0.2 44.9

aB3LYP-optimized transition staté.For comparison, the optimized bond distances of the freemBlecule. Experimental bond distance is
141.193pnt8

Table 2. Computed NPA Charges for Agf, and Auks Table 4. Computed Single-Point Reaction Energies (in kJ TH8l
NPA AuRsF, NPA AuFs reactions B3LYP ZPE MP2 CCSD CCSD(D
Au 2.221 Au 2.245 AuFsF,— AuFs + F 27.1 222 520 46.6 48.8
Fax —0.317 Fax —0.281 AuF;— AuFs + —160.5 —166.5 —58.2 —235.7 —152.0
Feq1 —0.501 Rq —0.491 AuFsF, —[AuFg]” +F" 997.7 993.9 976.9 950.4 976.3
Feq2 —0.505 Rq —0.491 . ) ) o
Feqo —0.505 Rq —0.491 aReaction energies for (singlet) AuI_ZZ and AuF. P Ze_ro-pomt V|brat!on
Feqa —0.505 Rq —0.491 corre(_:ted energies (B3LYP level) using the BZ basis set for fluorine.
F. 0.017 ¢ Ti-diagnostics: Aub-F, (0.020), AuF; (0.020), [Aukg]~(0.021), Auks
Fo 0.095 (0.024).
Table 3. Optimized Transition-State Structures for Rotation of the Ea S T T d T T T T T
End-On Coordinated AMolecule for Auk-F, =
B3LYP MP2 £ 4
—
Bond Distances (pm) =
Fa—Fp 140.5 140.5 5 3
Fa—Au 2275 227.3 E
Au—Fax 187.3 187.4 =
Au—Feq1 192.4 192.3 = 2
Au—Feq2 192.4 192.4 g
Au—Feq3 192.4 192.6 "‘3
Bond Angles (deg) = !
Fo—Fa—Au 112.6 113.6 [
Feqi—Au—Feq3 175.4 174.9 0
Feqz—Au—Feq2 175.4 175.8 . ) , ) , ) , . ,
Fax—Au—Fp 177.3 175.8
Feqr—Au—Feg2 89.7 89.9 0 90 180 270 360
FacAU—Fa—Fy 450 0.0 Dihedral angle F, ,-Au-F -F, (degree)

(Fe —Au—Fa—Fb) of 45° (Cs symmetry Figure 1b). This Figure 2. Rotational barrier of the Jcoordinated molecule in the Agf

4 . ! F> complex at the B3LYP level. The Agkinit was kept fixed by rotation
AUF5'_F2 complex is _Calcmated at the B3LYP level to be a around the E1—Au—F.—Fy, dihedral angle; the angle was incremental in
transition state that is only 0.2 kJ mélabove the complex  5° steps.
(Figure 1a), showing one imaginary frequency at i11 €m
(Table 3). This vanishingly small barrier, together with the
very low imaginary frequency, indicates a very shallow
potential energy surface. Indeed, scanning the potential
energy surface by rotating the folecule around the-axis
(Fax—Au—F,) while keeping the Augstructure fixed gives

a barrier of only 4.6 kJ mol (Figure 2). Optimizations of ) .
both AuR+F, complexes at the MP2 level reverses the To establish the stability of the Agf~, complex, we have

energetics. The complex shown in Figure 1a is a transition c@lculated the concerted Elimination energies of AufF,
state at the MP2 level that is 3.5 kJ mblabove the and AuF. Our calculations show endothermic reaction paths

calculated minimum for the complex shown in Figure 1p for all computational levels used in this study up to and
(Table 3). Again, these level dependencies indicate a shallowincluding CC_SD(T) for the reaction ’A_‘MEFZ - AUFs + F>
potential energy surface for the rotatingrfolecule. Because (Table 4). This contrasts W'th_ thez-léllmlnatloq energy of

of our prior positive experiences with the use of the B3LYP AuF7, where all calculated elimination energies were exo-
functional, for optimized structures and single-point calcula- (27) Riedel, S.. Straka, M.. Kaupp, Nchem—Eur. J. 2005 11, 2743
tions of the thermochemistAgt 232527they have again been 2755.

used in the ensuing discussion. Gold heptafluoride is 205.5
kJ mol* higher in energy than the Agf, complex (Figure
1la). The enormous stability of the AstF, complex when
compared with that of Aufs the first strong indication that
the former species was actually produced in the original
experiment.
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40 —T — — T Table 5. Harmonic Vibrational Frequency Analysis at DFT and MP2
e Levels
g MP2 BP86 PBE TPSS B3LYP PBEO
= 0 T fref int® freq® int® fref int°® freq® int® freq® int® freqt int®
)
%‘D 27 0 60 3 60 9 63 0 48 0 57 0
g 96 0 61 1 63 2 65 2 83 0 98 0
= 20 | E 110 0 124 2 127 3 125 0 121 0 126 0
-2 154 0 127 0 129 0 129 3 142 1 150 1
2 179 0 148 0 148 1 152 1 174 1 184 1
é 186 0 159 0 161 0 165 0 178 0 189 0
',_I—: 10 | . 189 1 168 0 169 1 168 0 188 0 197 0
_I'_ [ 204 0 184 0 185 0 189 0 196 0 208 0
i 1 244 8 224 9 227 7 228 10 241 17 252 11
z , ) . ) . ) \ ) . ) 246 0 230 1 229 3 231 3 249 2 258 6
5 3 4 5 6 7 8 249 5 231 4 232 4 232 4 249 4 263 2
312 20 272 1 275 1 284 1 275 11 296 16
AuF.~F, bond distance (A) 543 1 537 4 534 2 553 3 571 0 595 O
. . . 554 0 543 0 541 1 557 1 575 0 598 0
Figure 3. B3LYP-scan of the potential energy surface by stepwise goq 6 591 53 589 53 607 60 632 96 655 106
elongation (10 pm per step) of the-FAuFs bond distance, starting from 642 64 601 78 600 76 617 78 632 94 656 107
the AuFs-F, minimum bond distance of 227.3 pm. 643 63 611 22 610 20 628 21 648 11 680 13
96 1 779 104 775 105 809 75 1016 1 1065 1
thermic (Table 4 and ref 2). Scanning the potential energy 969 100% 1002 1012 1052 1108
surface by stepwise elongation of the-AuFs bond distance ” 22z 22F 203 4z 3¢
leads to a barrier of 35.2 kJ mélat the B3LYP level (Figure 2 Frequencies in cnt. IR intensities in km mot®. ¢ F—F stretching

3)_ This endothermic felimination, together with the barrier, mode of the coordinated,fnolecule in cmt. ¢ F—F stretching mode of

. . the free B molecule in cml. Experimental value is 916.64 crh?®
accounts for the explanation of the experimentally observed e pifference between the-F stretching modeAfrequency) of the AuEFs

stability of the product (note that the stability will be complex and the freesfmolecule in cr,
generally somewhat more positive in the condensed phase

as a result of electrostatic stabilization of the complexes)

which was stable up to 100C in the gas phase and

decomposed rapidly into Agkand F, at higher temperatures.

As we have already reportédhe identification of the F,
AuF; species was based, in particular, on vibrational
spectroscopy. In our prior study, we calculated the spectra
of all higher gold fluorides, i.e., Aufr AuFs, AuF;, [AuFs]>,
[AuFs)s, and [Auks]~, but none of them showed a frequency
higher than 647 crt in the [AuRs], dimer. The latter
frequency is appreciably lower than the experimental value
of 734 £ 3 cm1.1? Instead, the AukF, complex has a
calculated frequency at 1012 cirat the B3LYP level. This
frequency is slightly lower than that of the fregRolecule
at 1052 cm?® (B3LYP). However, the B3LYP functional
overestimates the-FF stretching mode by 135 crhwhen
compared with the experimental value of 916.64 & This
effect is known and is mainly due to the strongly interacting
lone pairs of the Fmolecule?®3° As was shown by Scott
and Radond! the vibrational frequencies of the Folecule
are difficult to describe at the DFT level and GGA func- Figure 4. BP86-optimized minimum structure of the AgF, complex.

. . . . he F-F stretching mode at 779 crhis indicated by displacement
tionals tend to give slightly better results than the hybrid ectors.
ones. This is not only true for,Fbut has been verified in
other studies of main-group compounds and transition-metal Because of these observations, we have also used several
complexes that the GGA functionals better reproduce GGA functionals (BP86, PBE, and TPSS) to calculate the
vibrational frequencie® 35 vibrational spectra of the Ay, complex (Table 5). Indeed,

N . N - oo the BP86 and PBE functionals resulted in much lower
(20) Huber € P Herther, Wolculr Specia and Voeeuar SIS frequencies when compared with the hybrid funciionals

York, 1979. (Table 5). The BP86 and PBE functionals give the stretching
(29) Koch, W.; Holthausen, M. @\ Chemist’s Guide to Density Functional i

Theory,2nd ed.; Wiley-VCH: Weinheim, Germany, 2001. mode of the Em0|eCUIe. at779 anq 775 CTh respectlvely.
(30) Forslund, L. E.; Kaltsoyannis, NNew J. Chem2003 27, 1108 We may therefore confidently assign the expgrlmental band
- 13114;- A P.: Radom. L1, Phys. Chemi996 100, 1650216513 of 7344 3 cnT ! to be the F-F stretching mode in the AgF

cott, A. P.; Radom, LJ. Phys. Che . .

(32) Holthausen. M. CJ. Comput. Chen2005 26, 1505-1518. F, complex (Figure 4).
(33) Florian, J.; Johnson, B. @. Phys. Chem1994 98, 3681-3687.
(34) Hertwig, R. H.; Koch, WJ. Comput. Cheml995 16, 576-585. (35) Jonas, V.; Thiel, WJ. Chem. Phys1995 102, 8474-8484.
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Conclusions ports our recently published trend of the highest attainable
In summary, we have shown that all experimental obser- oxidation states of the 5d transition metals, where it is shown

vations of Timakov et al. done in 1986 can be rigfthe Fhat the high_est _oxidation state that can be expected for gold

AuFs-F, complex fits well to the molecular weight deter- IS the+V oxidation state?2%:25

mination because AuFF, has the same stoichiometry as ~ Because the AufF, complex is a stable crystalline solid,

AuF;. The complex is calculated to be thermochemically it should be possible to verify its structure by, for example,

stable and is far more stable than the Aofinima. Scanning ~ @n X-ray crystal structure determination or by electron

the potential energy surface leads to an activation barrier of diffraction.

35.2 kJ mott. Last but not least, the experimentally

measured IR frequency at 734 3 cm ! is in accord with

the F-F stretching mode of the AyH-, complex. We

therefore conclude that the experimentally assigned product,

AuF;, was in reality Auk-F,. This complex would not only

be a new gold complex but also be, up to the present, the

first complex in which Aukis a coordinating unit®*¢Thus

far, gold pentafluorides have only been observed assAuF

species or as hexafluoroaurate anions [fuFcontaining Supporting Information Available: Optimized Auk:F. struc-

several other specié€$.The compound would also be the tures using the def2-TZVP basis set for Au (Table S1) and B3LYP-

first example of difluorine acting as a Lewis-base in a optimized structures of the triplet states of Ati, (Table S2).

condensed phase. Furthermore, the ABfFcomplex sup- This material is available free of charge via the Internet at
http://pubs.acs.org.
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