Open Access Article. Published on 24 April 2024. Downloaded on 12/5/2025 12:00:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2024,
60, 5403

Received 25th March 2024,

Accepted 23rd April 2024 Manuel Schmitt,

DOI: 10.1039/d4cc01374c

rsc.li/chemcomm

Oxidation of Au® with the synergistic Ag*/0.5 I, system in the
commercial organic solvent 1,2,3,4-tetrafluorobenzene led to the
perfluoroalkoxyaluminate salt of the [Au(CO),]* cation known from
superacid chemistry. This [Au(CO),]* salt proved to be an excellent
‘naked’ Au*-synthon yielding complex salts with [Au(n?-P,).l%,
[Au(n-P4S3),1* and half-sandwich [Au(n?-CgHe)(CO)I* cation.

The chemistry of gold is dominated by relativistic effects, which
cause a stabilization of the 6s orbital and an expansion of the
5d orbitals.>? As a result, relativistic effects increase the ioniza-
tion energy, electronegativity and atomization energy of gold
compared to the lighter coinage metals copper and silver.”™
Hence, gold compounds mainly exhibit the oxidation states +I
and +III with linear or square-planar coordination." A simple
Au(i) prototype is the linear gold dicarbonyl cation [Au(CO),]",
first isolated by Aubke and Wilner during the attempted pro-
tonation of CO in the superacid HSO;F-Au(SO;F);.” In general,
such transition metal carbonyl cations (TMCCs) are suitable M"
precursors, since the M-CO bonds in TMCCs are rather
weak compared to neutral or anionic carbonyl complexes.
These weakened M-CO bonds are caused by reduced n-back
donation.®® This synthetic value of TMCCs was already demon-
strated with the synthesis of [M(arene)(CO),]" (M = Nb, Ta; arene =
CeHzMe;, CoHe, 0-dfb = 1,2-F,CsH,)>"* and [Ni(arene),(CO)s_5,]"
(arene = CgHg, o-dfb, n = 1, 2)"** from [M(CO),]JJA(OR"),] (M = Nb,
Ta) and [Ni(CO),|[F{Al(OR")3},] (R¥ = C(CFs);), respectively.
Hitherto, the [Au(CO),]" cation was investigated in the gas
phase by mass spectrometry'® and isolated as mixed [SbFg]”/
[SbyFy4]” "' or [UFe]™ " salt, yielding vibrational, NMR, and
scXRD data. All these reactions were performed in superacidic
media. This hampers the general synthetic access to such salts

“ Albert-Ludwigs University Freiburg, Albertstr. 21, Freiburg 79104, Germany.
E-mail: krossing@uni-freiburg.de

b Universitiit Heidelberg, Im Neuenheimer Feld 270, 69120 Heidelberg, Germany

i Electronic supplementary information (ESI) available. CCDC 2270712-2270715.

For ESI and crystallographic data in CIF or other electronic format see DOI:

https://doi.org/10.1039/d4cc01374c

This journal is © The Royal Society of Chemistry 2024

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Gold carbonyl cations and beyond: homoleptic
gold(1) complexes with P4 and P4Ss and the
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and also the investigation of their follow-up chemistry. An
earlier attempt to obtain [Au(CO),]" in organic media from
AuCl and Ag[AI(ORF),] in CO atmosphere only yielded the
chloride-bridged A-frame salt [Cl{Au(CO)},]"."®

Here, we present a simple synthesis in the commercial organic
solvent 1,2,3 4-tetrafluorobenzene (4FB) that is very weakly coordi-
nating, yet polar (e, = 12.6)."° [Au(CO),][F{AI(OR);},] 1 was synthe-
sized by oxidation of gold powder with the synergistic Ag'/0.5 I,
system (eqn (1)). Colorless crystals of 1 were obtained by vapor
diffusion of n-pentane into a 4FB solution in 70% crystalline yield.

Au+Ag[F{AI(OR"),} |

cobay  [AU(CO),] [F{AI(ORF)3}J +Agl 1)

+0.51,
4FB,RT

1

The molecular structure of 1 displays two crystallographically
independent, linear [Au(CO),]" cations (Fig. 1). The average
Au-C and C-O distances in 1 amount to 1.980(2) and 1.102(9) A.
These values agree well with those in [Au(CO),],[SbF][Sb.F14]**
at 1.972(6) A and 1.124(15) A. The asymmetric CO stretching
mode of the [Au(CO),]" cation was observed in the IR spectrum

®c 7207 @co—e—@
: 0 d(Au—C) = 1.980(2) A
Au -

2219 d(C-0) = 1.102(9) A

calc. IR of [Au(CO),]*

J [Au(CO),][F{AI(OR");},] 1
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Fig. 1 Molecular structure of one [Au(CO),]" cation in the crystal struc-
ture of 1 (P1, Ry = 2.9%, wR, = 8.1%, thermal ellipsoids shown at the 50%
probability level), together with the carbonyl region of the experimental
and DFT-simulated IR spectrum of 1 (@B3LYP(D3BJ)/def2-TZVPP level,
without scaling factor).
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of 1 at 2219 cm™ ", which is slightly higher than the reported
values of 2200 cm ' ([UFg]™ salt),"”” 2208 cm™" (in H,S0,),°
2211 em ™" (in HSO;F),® and 2217 cm™" ([Sb,Fy4] salt)."® This
increased stretching frequency may be caused by a reduced
interaction of the [Au(CO),]" cation with the environment, due
to the large [F{Al(OR");},]- WCA compared to the smaller
anions or the acid solutions. A Raman spectrum of 1 could
not be obtained due to a very intense fluorescence background.

To prove the synthetic value of 1, we investigated the
reaction with the inorganic cages P, and P,S; (Scheme 1). In
both cases, a complete consumption of the normally insoluble
P, and P,S; was observed within 1 to 2 h. By vapor diffusion
of n-pentane into a 4FB solution of the products, colorless
crystals of [Au(P,),][F{Al(OR");},] 2 (crystalline yield: 68%)
and [Au(P,S;),][F{Al(ORF);},] 3 (crystalline yield: 61%) were
obtained. Compounds 1, 2 and 3 are stable at RT and were
fully characterized by means of vibrational and NMR spectro-
scopy, as well as single-crystal XRD. Bulk purity was proven with
powder XRD (see ESIT, Section S8).

Hence, 1 suites to synthesize the known [Au(P,),]" cation,
earlier obtained as [GaCl,]~ salt by reaction of AuCl with GaCl,
and P,.*' The molecular structure of the [Au(P,),]" cation in 2 is
displayed in Fig. 2a. Similar to earlier M(P,)-complexes, the P,
molecule coordinates in an n” fashion®>'* to M = Cu, Ag, Au.
The average Au-P distance amounts to 2.4478(8) A in 2,
compared to 2.4430(8) A in [Au(P,),][GaCl,].>" 1t is noteworthy
that the P1-P2-P2/-P1’ torsion angle between the two P, mole-
cules is highly sensitive towards the environment. In gas phase
calculations (@B3LYP(D3BJ)/def2-TZVPP and r2scan-3c) and in
the [Au(P,),][GaCl,] salt, this torsion angle is close to 0°,
resulting in an almost D,, symmetric [Au(P,),]" molecule. In
[Ag(P.),][AI(ORF),] and [Cu(P4),][Al(ORF),] salts, this torsion
angle ranges between 4.16(11)° and 13.84(10)°.>>** In con-
trast, this torsion angle amounts to 43.76(5)° in [Ag(P4).]
[F{Al(ORF);},]** and 37.36(3)° in 2, which reduces the symmetry
of the [Au(P,),]" cation to D,. The differences in the torsion
angles are likely caused by crystal-packing effects and the
interactions with the different anions [GaCl,]”, [AI(OR"),]™,
and [F{Al(OR");},] . In the gas phase, the energy difference
AE between two conformers of the [Au(P,),]" cation with a
torsion angle of 0° and 90° amounts to only 0.8 kJ mol " at the
CCSD(T)/def2-QZVPP//r2scan-3c¢ level of theory (ESI,T Fig. S37).

The Raman spectrum of 2 agrees very well with the calcu-
lated spectrum at the B3LYP(D3BJ)/def2-TZVPP level of theory
(Fig. S22, ESIt). The symmetric breathing mode of the P, cages
in 2 at 593 cm ™" is red-shifted compared to free P, in the gas

[Au(P,),][WCA] <— [AU(CO)2][WCA] —» [Au(P4S3)]IWCA]

2 3
+ CH
ik 632 °C

d iti Au(CgHg)(CO)I[WCA
lecomposition [WCAJ = [F{A( ORF Yabo [Au(Cgl 6)‘(‘ N ]
Scheme 1 Investigated reactions of 1 in 4FB with the inorganic cages P4

and PsSs and the organic molecules acetylene and benzene.
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d(Au-P2_2) =2.14(2) A

Fig. 2 (a) Top and side view of the [Au(P,),]* cation of the crystal structure of
2 (C2/c, Ry = 1.9%, WR, = 4.4%). (b) Top and side view of the majority part
(86%) of the [Au(P4S3),1" cation in 3 (P1, Ry = 4.4%, wR» = 10.9%). (c) Top and
side view of the minority part (14%) of the [Au(P4S3),]" cation in 3. Thermal
ellipsoids are shown at the 50% probability level.

phase at 600 cm™*.>® In contrast, the same vibrational modes
in [Cu(P,).JJAI(ORF),] (599 ecm ")** and [Ag(P.).]J[Al(ORF),]
(601 cm™*)** remain almost unchanged. The increased red-
shift illustrates the stronger metal ligand interaction in
[Au(P,),]" compared to the lighter coinage metals. For a com-
plete assignment of all vibrational modes see ESI,{ Section S5.
The *'P NMR of 2 shows one singlet resonance at —458.1 ppm,
which agrees with the value of [Au(P,4),][GaCl,] at —452 ppm,**
downfield from free P, at —525 ppm.>!

The cyclic voltammograms (CV) of 1 and 2 are shown in the
ESI,T Section S7. In both cases, the oxidative and reductive
process are coupled and the oxidation is only observed, if a
reduction occurred first. However, in both CVs, the anodic and
cathodic peak potentials are separated by 0.39 V (1) or 0.80 V
(2). This large separation indicates that either the electron
transfer reaction is quite slow, or more likely, that the electron
transfer is coupled with a chemical reaction. In this case, the
neutral [Au(L),]° (L = Co, P,) complexes are likely not stable
under these conditions at RT and (partial) ligand dissociation
occurs. This conclusion is supported by the significantly smal-
ler anodic peak current compared to the corresponding
cathodic peak current in the CV of 2 and the considerably
reduced bond dissociation Gibbs free energies of neutral
[Au(L),]° (L = CO: 20 k] mol ", L = P,: 108 kJ mol ") compared
o [Au(L),]" (L = CO: 325 k] mol ', L = P;:428 k] mol '; @DL
PNO-CCSD(T)/def2-QZVPP//r2scan-3¢, ESI,# Table S14). This
coupled mechanism hinders the determination of a half-wave
potential. Therefore, we only report the cathodic peak poten-
tials as the lower limit of the thermodynamic formal potential
of the [Au(L),]"/[Au(L),]° couples. The cathodic peak poten-
tials of the compounds amount to 1.40 V (1) and 0.48 V
(2), respectively. In accordance with earlier observations,’ the
Au'/Au® potential is very dependent on the environment and is
reduced by 0.92 V when exchanging CO for P,.

Next, 1 was used for the generation of the novel Au' complex
with the inorganic cage P,S; (Scheme 1). The [Au(P,S;),]" salt 3

This journal is © The Royal Society of Chemistry 2024
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was directly accessible. In the molecular structure of 3, the
[Au(P,4S;),]" cation is disordered, and two different coordina-
tion isomers were observed. The P,S; cage coordinates mainly
with the apical phosphorus atom to the gold atom (86%,
Fig. 2b) and only to a minor extent with one of the basal
phosphorus atoms (14%, Fig. 2c). The difference in the Gibbs
free energy for the different coordination modes in the gas
phase amounts to AG = 9.9 k] mol~' (@ DLPNO-CCSD(T)/def2-
QZVPP//r2scan-3c, ESL{ Fig. S38). This coordinative vari-
ability of the P,S; cage was already observed earlier, i.e. for
[RuCp(PMe;),]",*® [{MeC(CH,PPh,);}Re(CO),]"*" or Ag".>®?°
Especially for the coordination of P,S; to Ag" with different
alkoxyaluminate anions, all three possible n'-binding modes
(Papicals Prasal and S) were observed, but no n%-coordination like
in P, complexes.”®*® The bonding of the P,S; cage in these
complexes is best described as a o-donation of the P,S; cage to
the metal.>” The frontier orbitals of the P,S; molecule involved
in this interaction are mainly of lone pair character (2 x 3
sulfur and 4 x 1 phosphorus lone pair orbitals).>” Therefore,
the bond lengths within the P,S; cage remain largely
unchanged upon coordination to Au' in 3 (ESIL, Table S8).

The IR and Raman spectra of crystalline 3 agree well with the
simulated spectra of the [Au(P,S;),]" cation with coordination
of the apical phosphorus atom (ESI,t Fig. S25 and S26). How-
ever, upon detailed analysis of the spectra, a small band at
427 cm™ ! can neither be assigned to the anion nor the [Au(P,S;-
apical),]" cation and may be caused by the partial coordination
of P,S; with one of the basal phosphorus atoms. In solution,
the system is dynamic and the *'P NMR of 3 in 4FB (Fig. S14,
ESI{) displays only two signals at +80.7 ppm (Papical) and
—122.8 ppm (Ppasa) compared to free P,S; with signals at
+62.6 and —128.7 ppm.*° A similarly dynamic system was
reported for solution NMR spectra of [Ag(P4S3),]" salts.”®*°

Finally, we investigated the reaction of 1 with small organic
molecules containing n-bonds (Scheme 1). Hitherto, only few
compounds with an unsupported gold arene m-contacts were
structurally characterized,®'*> including phosphine,* NHC*
or CAACs? as ancillary ligands.

Similarly, Au" acetylene complexes were hitherto only inves-
tigated in the gas phase by mass spectrometry and theoretical
methods.?® Only [Ag(C,H,);.4]"” are known examples of struc-
turally characterized homoleptic transition metal acetylene
complexes to date. However, some examples with substituted
alkynes like the coinage metal complexes [M(cyclooctyne);]
(M = Cu, Ag) and [Au(cyclooctyne), ;]" are known in the con-
densed phase.*® Therefore, we focused on the reaction of 1 with
the prototypical molecules benzene and acetylene.

The reactions of 1 in 4FB with an excess of acetylene always
resulted in the rapid decomposition of the sample and the
precipitation of large amounts of an insoluble black solid of
unknown composition, even at low temperatures (ESL Fig. 520).
Possibly, the electrophilic gold cation in 1 catalyzed the polymer-
ization/functionalization of acetylene, since the activation of
alkynes by Au' complexes was reported previously.*’

However, addition of benzene to a solution of 1 in 4FB at
—35 °C resulted in an immediate gas evolution. By precipitation

This journal is © The Royal Society of Chemistry 2024
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with hexanes, [Au(C¢Hg)(CO)][F{AI(OR");},] 4 was obtained as
an off-white solid in low yield of 23%. Colorless crystals of 4
were obtained by layering of a 4FB solution with hexanes at
—30 °C. Formation of an homoleptic [Au(C¢Hg),]" complex was
never observed, even using a large excess of benzene and the
application of two freeze-pump-thaw cycles to remove the CO
from the equilibrium. DFT calculations revealed that the first
CO-arene exchange is favored by AgG = —51 k] mol ', whereas
the second exchange is calculated to be only slightly exergonic
by AxG = —4 k] mol " (@B3LYP(D3BJ)/def2-TZVPP, Table S16,
ESIT) and may explain why we only observed a [Au(CsH,)(CO)]"
complex. 4 is very sensitive to temperature and air and was
characterized by IR and NMR spectroscopy as well as single-
crystal XRD. At room temperature, 4 decomposes within min-
utes, as evident from the color change from white to purple,
likely caused by the formation of elemental ‘nano-gold’. Ele-
mental gold was also detected by powder XRD (Fig. S36, ESIT),
since sample preparation was only possible at RT. However, all
signals in the IR and low temperature NMR spectra could be
assigned to the target compound 4, indicating the generation of
a pure sample at —35 °C.

The [Au(CeHe)(CO)]" cation in the molecular structure of 4 is
disordered over two positions and displays either a n’*-coordinating
(70%, Fig. 3) or n'-coordinating benzene ring (30%, Fig. S31, ESI}).
Gas phase DFT calculations at the B3LYP(D3BJ)/def2-TZVPP level of
theory predict the n'-coordination as the minimum structure and
the n’coordination as a transition state (ESL{ Fig. S39). However,
both structures are only separated by AE = 2.4 k] mol . A similar
structural flexibility was observed for [Au(arene)(PR5)]"** cations and
the Ni' sandwich complexes [Ni(arene),] (arene = C¢H,, 0-dfb).""*?
The Au-CO bond lengths of 1.911(9) A (n?) and 1.884(17) A (n") in 4
are shorter than the Au-CO bond in 1 with 1.980(2) A. This trend is
consistent with the stronger electron donating ability of benzene vs.
CO and thus, the enhanced Au-CO m-back donation in 4.
The stronger Au-CO m-back donation in 4 is also visible in the
red-shifted CO stretching frequency of 2200 cm ' compared to
2219 cm™ ' in 1 (Fig. 3, full assignment in ESLt Section S5). Low
temperature NMR spectra at —40 °C revealed only one singlet in the

2265 d(Au—C1) = 2.228(8) A
d(Au-C2) = 2.312(7) A
d(Au—C7) = 1.911(9) A

d(C-0) = 1.102(9) A

2200

OQc
O
Qo
.Au

calc. IR of [Au(C4Hg)(CO)]*

[Au(CgHg)(CO)I[F{AI(ORF),},] 4

22|50 zoloo 17|50 15I00
wavenumber / cm™
Fig. 3 Majority part (70%) of the [Au(n?-CgHe)(CO)I™ cation in the struc-
ture of 4 (P2,, Ry = 3.3%, wWR, = 6.7%, thermal ellipsoids shown at 50%
probability level), together with experimental and simulated IR spectra of 4
in the carbonyl region. The spectrum was simulated from B3LYP(D3BJ)/
def2-TZVPP calculations without a scaling factor.
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'"H NMR spectrum of 4 in 4FB at 8.00 ppm (ESL} Fig. S15),
downfield of free benzene in 4FB at 7.29 ppm. In the "*C NMR
spectrum, the singlet at 127.6 ppm was assigned to the benzene
ligand of 4. The observation of only one signal in each NMR
spectrum is consistent with the structural flexibility and
dynamics of the [Au(C¢H,)(CO)]" cation. Since the experimental
efforts to generate a homoleptic [Au(C¢Hs),]" cation were not
successful, we analyzed the thermodynamics of essential reac-
tions with several arenes (ESI,} Tables S16 and S17). The Gibbs
free energies AgxG for the formation of [Au(arene)(CO)]" or
[Au(arene),]" (arene = C¢Meg, Mes, C¢H,, 0-dfb, 4FB) cation
from [Au(CO),]" and the corresponding arene were calculated at
the B3LYP(D3B])/def2-TZVPP level of theory (ESL, T Fig. S40a). As
expected, the reaction becomes more exergonic with increasing
electron-donating ability of the arene. However, in all cases, the
exchange of the first arene is more favored than the second.
Since 4 is not stable at RT, we also investigated the potential
decomposition reaction, i.e. oxidation of one arene ligand to
the corresponding arene radical cation by Au” (ESI, T Fig. S40b).
Interestingly, only the complexes with benzene are predicted to
be stable in the series of [Au(arene)(CO)]" or [Au(arene),]’
cations. For electron-richer arenes like CsMeg, the stability
of the resulting radical cation increases, while for o-dfb and
4FB, the intrinsic Au-arene bond is rather weak. Both trends
favor the decomposition of the Au' complexes to Aufy).

To conclude, our investigation of weakly bound Au' com-
plexes led to a new synthetic route for the [Au(CO),]" cation as
perfluoroalkoxyaluminate salt. This room temperature stable
compound is accessible in the commercially available, organic
solvent 4FB and was used as an excellent synthon for a ‘naked’
Au’ salt, allowing the extension of the coordination chemistry
of Au' with weak ligands. With this approach, the homoleptic
cations [Au(P4),]" and [Au(P,S;),]" were obtained. Furthermore,
at low temperatures, the half-sandwich complex [Au(CsHp)
(CO)]" was accessible from [Au(CO),]" and benzene. This half-
sandwich cation represents the first structurally characterized,
unsupported gold arene m-contact.
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