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ABSTRACT: A gold(III) complex with the hitherto most
electron poor mesoionic carbene ligand is presented. Aqua
regia was the oxidizing agent of choice for the synthesis of this
unusual organometallic compound. The Au™ complex is
redox-rich and also acts as a catalyst for oxazole formation,
delivering selectively a completely different isomer in
comparison to its Ad' congener.

he use of gold complexes in homogeneous catalysis has

been a dormant field of research for decades. However,
gold catalysis has emerged from a mere curiosity to one of the
most powerful means for the activation of C—C multiple bonds
toward a variety of complexity-oriented transformation
reactions.' ® Whereas the expertise in 2gold(l) catalysts has
attained a progressive level to date,”® comparatively less
information is available regarding gold(III) catalysts.”"’
However, gold(IIl) catalysts have an advantage over their
gold(I) congeners, as they are usually relatively cheap materials
and, more importantly, they are in general insensitive to air,
moisture, and light with the exclusion of AuCl;, AuBr;, and
HAuCl,-nH,0."”"" For this reason gold(III) catalysts have a
broad spectrum of applications in organic syntheses under mild
conditions. Square-planar gold(III) complexes are diamagnetic
16-electron systems frequently used in regio- and stereo-
selective intra- and intermolecular addition reactions as well as
in multicomponent reactions (MCRs), with their established
areas still expanding.'>'® A prerequisite to using well-defined
gold(III) complexes as catalysts is the development of facile
synthetic routes to gain access to these materials.

Au(I) complexes of mesoionic carbenes (MICs) of the 1,2,3-
triazol-4-ylidene type have been used in homogeneous catalysis
in the past few years, and a few examples of Au(IIl) complexes
with these ligands were reported as well."*~>* Within this
communication, we would like to address the question whether
the Au(III) complex of the hitherto electron poorest NHC
ligand, represented by 1,4-dicobaltoceniumyl-3-methyl-1,2,3-
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triazol-4-ylidene (MIC),” can be synthesized. Furthermore,
we wish to compare and contrast the catalytic activity of the
resulting Au(III) complex with that of its Au(I) congener,
which we reported recently. The preparation of the
corresponding tricationic triazolium salt (1) of its MIC**?®
gold(I) complex, and the catalytic activity thereof were
reported in our previous work.”> Taking these investigations
further toward the envisaged MIC gold(III) complex (3), a
straightforward approach would be deprotonation of the
triazolium precursor with AgZO26 followed by transmetalation
to K[AuCl,]. However, all our attempts via this synthetic route
led to the target compound persistently accompanied by its
homoleptic gold(III) congener, with the dimeric silver(I)
intermediate and the substrate as byproducts, each embodying
multicationic species that proved impossible to separate. For
this reason, an alternative oxidative route was pursued
(Scheme 1), starting from the readily accessible gold(I)
complex 2** as a precursor of the desired MIC gold(III)
complex (3). Interestingly, the use of various standard
oxidizing agents, e.g. Br,, CsBr;, etc,. failed””*® or, in the
case of iodobenzene dichloride,”” lead again to inseparable
mixtures. Finally and remarkably, aqua regia—a very
uncommon oxidant in organometallic chemistry—proved to
be the reagent of choice.
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Scheme 1. Synthetic Route toward MIC Gold(III)
Complexes 3a,b
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In detail, 2 was stirred in S mL of freshly prepared aqua regia
at room temperature overnight. After evaporation of excess of
aqua regia in vacuo, the product was washed with water to
remove the remaining amounts of acid, dissolved in acetone,
and precipitated by addition of Et,O, thereby affording air-
stable, yellow 3a in 68% isolated yield. The clean chemo-
selectivity of this reaction—no formation of undesired
homoleptic complexes—is most likely due to the very high
concentration of available chlorido ligands that form
intermediate chlorido—aurate complexes, which are less
prone to further substitution. Quite remarkably, the
carbene—gold bond remains intact under these harsh
conditions. Synthetically, from an organometallic chemist’s
point of view, aqua regia is a very convenient new oxidizing
agent in gold coordination chemistry, potentially simplifying
the synthesis of new trichlorido(NHC)gold(III) catalysts in
future work.

Complex 3a was fully characterized by 'H/"*C/"’F NMR,
IR, and HRMS (see the Supporting Information). The *C
NMR signal of the carbene carbon was observed at 137.5 ppm,
significantly shifted upfield in comparison to its Au(I)
precursor 2 (S ypene 162.2 ppm).”’ Interestingly, the weakly
coordinating triflates remain as the present counterions under
these harsh conditions, as could be corroborated by BC /g
NMR, IR, and PXRD (see the Supporting Information). A
single-crystal X-ray analysis of 3a provided a data set of poor
quality; therefore the counterions were changed to hexafluor-
idophosphates (compare the Supporting Information) and
good-quality single crystals of 3b suitable for X-ray analysis
(R1 = 3.64%, Supporting Information) were obtained. Figure 1
shows the molecular structure of 3b. Overall, the dication has a
regular square-planar gold center with a perpendicular
triazolylidene ligand containing regular, undistorted cobalto-
ceniumyl substituents that are positioned in an anti
conformation, clearly due to electrostatic repulsion. Further-
more, complex 3b shows a strong trans effect with a Au—Cl,,,
bond length of 2.307(2) A, slightly elongated in comparison to
its gold(I) congener, evincing a bond length of 2.284(1) A.*
This trans effect was also palpable in the HRMS (ESI positive)

P(1)

Figure 1. Molecular structure of 3b with key atoms labeled. Selected
bond lengths (A): Au(1)-C(12) = 2.019(5), Au(1)-CIl(1) =
2.307(2), Au(1)—CI(2) = 2.286(2), Au(1)—CI(3) = 2.267(2).
Selected angles (deg): C(12)—Au(1)—Cl(1) = 178.68(14), CI(3)—
Au(1)—CI(2) = 174.69(7).

spectrum of 3a, wherein one chlorido ligand was readily
replaced by a methoxide, formed by the solvent. When the
aforementioned elongated bond length is taken into account, it
is only reasonable to attribute this reactivity to the loss of the
trans-chlorido ligand.

As reported by us earlier, the triazolium salt 1 displays two
close-lying one-electron-reduction steps that can be assigned to
the successive reduction of the formally Co™ centers to Co'.
Those reduction steps are followed by two further close-lying
one-electron-reduction processes that are assigned to the
reduction of the Co" centers to Co.*> We have now
performed UV—vis—NIR spectroelectrochemistry on 1, and
the measurements prove that the four aforementioned
reduction steps are also reversible on the spectroelectrochem-
istry time scale (Figures S9 and S10 and Tables S7 and S8). A
further one-electron-reduction step assignable to the triazolium
ring was also observed for 1. This process is also reversible in
the spectroelectrochemical measurements. Similar redox events
were also observed for the Au' complex 2.”* The Au'™ complex
3a displays reduction steps at —0.24, —0.98, —1.08, —1.93,
—2.02, and —2.25 V in CH,CN/0.1 M Bu,NPF, (Figure 2).
Except for the redox wave at —0.24 V, all other redox events
observed for 3a are very similar to those observed for 1 and 2.
The position of the reduction peak at —0.24 V was found to be
dependent on the experimental conditions. Additionally, as can

1 0 -1 -2 -3
E/V vs. FcH/FcHt

Figure 2. Cyclic voltammogram of 3a in CH;CN and 0.1 M NBu,PF;
at 100 mV/s with a glassy-carbon working electrode.
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be seen from Figure 2, this wave is irreversible, and a
comparison of the current height of this wave with those of the
following waves indicates that this redox wave is likely a two-
electron-transfer event. We thus assign the redox wave at
—0.24 V to the reduction of the Au™ center to Au'. This step
will certainly be accompanied by the dissociation of two
chloride ions from the Au center, making this process
irreversible. It has been previously reported that the redox
potential of such Au-centered processes are very sensitive to
the experimental conditions.” The waves at higher negative
potentials are thus assigned to the reduction of both the Co™
centers first to Co"" and then to Co'. The peak at —2.25 V is
assigned to the reduction of the triazolylidene ring. The
oxidation wave observed at 0.73 V is a follow-up of the
reduction peak at —0.24 V. Even though the irreversible nature
of the redox events on the spectroelectrochemical time scale
prohibits a direct assignment of the redox events, the
comparison of the redox processes and their potentials with
1 and 2 does lend credibility to the assignments made above.

We recently reported that the Au' complex 2 selectively
catalyzes the conversion of substrate A to the corresponding
oxazoline B (Scheme 2) without the need of any additional

Scheme 2. Catalytic Activity of the Electron-Poor Gold(III)
Carbene Complex 3 in Comparison to the Reactivity of the
Previously Investigated Corresponding Gold(I) Complex
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additives.”> Unfortunately, under identical conditions no
conversion was observed with the Au™ complex 3. We then
decided to use AgSbF as an additional additive in the catalytic
reaction. The use of the additive delivered only about 5% B in
2 h when 1 mol % of 3 was used. During these experiments we
observed that the catalytic mixture was not well soluble in
CD,Cl,. We thus decided to change to CD;CN and increased
both the catalyst and the additive loading to 3 mol % each.
Under those conditions in CD;CN at room temperature we
observed a conversion of 4% after 3 h and 17% after 24 h.
Furthermore, during this reaction, we started observing the
formation of a different product, the other isomer, S-methyl-2-
phenyloxazole (C). To investigate whether the addition of the
additive was necessary for the conversion, we decided to
perform the catalytic reaction with 3 mol % of 3 in CD;CN at
70 °C without any additional silver salts. Gratifyingly, under
these conditions more than 90% conversion was observed after
24 h, and we also observed the exclusive formation of the
isomer C (Figures S11 and S12). Thus, it is seen that, through
optimization of the reaction conditions, it is possible to

selectively form the isomer B by using the Au' complex 2 as a
catalyst or the isomer C by using the Au™ complex 3 as a
catalyst. However, it should be borne in mind that the
mechanisms of action of Au(I) and Au(Ill) catalysts are
usually different. The formation of isomer C through Au™
catalysis has also been reported previously.”

Summarizing, we have presented here the first example of a
Au" complex with the hitherto most electron-poor carbene
ligand. This complex is redox-rich and displays gold-,
cobaltoceniumyl-, and triazolylidene-based reductions. The
Au™ complex is an active catalyst, delivering selectively a
different isomer as a product in comparison to its Au'
congener.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.9b00616.

Experimental procedures, analytical, electrochemical,
and catalytic data, and spectra (PDF)

Cartesian coordinates for the calculated structure (XYZ)

Accession Codes

CCDC 1938205 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail for B.B.: benno.bildstein@uibk.ac.at.
*E-mail for M.T.: mats.tilset@kjemi.uio.no.
*E-mail for B.S.: biprajit.sarkar@iacuni-stuttgart.de.

ORCID

Benno Bildstein: 0000-0003-1969-1334
Mats Tilset: 0000-0001-8766-6910
Biprajit Sarkar: 0000-0003-4887-7277

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge David Wragg and Sigurd Qien-@degaard
from the Department of Chemistry, University of Oslo, for
measuring and solving the initial crystal structure of compound
3a, albeit the crystal quality was not sufficient for publication.
This work was supported by the Austrian Science Fund
(FWF), grants J-4158 and P 30221, and by the Research
Council of Norway through grant no. 250795 “Confine”
(stipend to V.L.).

B REFERENCES

(1) Schmidbaur, H.; Gold: Progress in Chemistry and Technology;
Wiley: Chichester, U.K., 1999. ISBN: 0-471-97369-6.

(2) Hashmi, A. S. K.; Hutchings, G. J. Gold Catalysis. Angew. Chem,,
Int. Ed. 2006, 45, 7896—7936.

(3) Pflisterer, D.; Hashmi, A. S. K. Gold catalysis in total synthesis —
recent achievements. Chem. Soc. Rev. 2016, 45, 1331—-1367.

(4) Hashmi, A. S. K; Toste, F. D. Modern Catalyzed Synthesis; Wiley-
VCH: Weinheim, Germany, 2012. ISBN: 978-3-527-31952-7.

DOI: 10.1021/acs.organomet.9b00616
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00616/suppl_file/om9b00616_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.9b00616
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.9b00616
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00616/suppl_file/om9b00616_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00616/suppl_file/om9b00616_si_002.xyz
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1938205&id=doi:10.1021/acs.organomet.9b00616
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:benno.bildstein@uibk.ac.at
mailto:mats.tilset@kjemi.uio.no
mailto:biprajit.sarkar@iacuni-stuttgart.de
http://orcid.org/0000-0003-1969-1334
http://orcid.org/0000-0001-8766-6910
http://orcid.org/0000-0003-4887-7277
http://dx.doi.org/10.1021/acs.organomet.9b00616

Organometallics

Communication

(5) Slaughter, L. M. Homogeneous Gold Catalysis; Springer
International Publishing: Cham, Switzerland, 201S. ISBN: 978-3-
319-13722-3.

(6) Hashmi, A. S. K. Dual Gold Catalysis. Acc. Chem. Res. 2014, 47,
864—876.

(7) Hashmi, A. S. K; Biihrle, M. Gold-Catalyzed Addition of X-H
Bonds to C-C Multiple Bonds. Aldrichimica Acta 2010, 43 (2), 27—
33.

(8) Zi, W.; Toste, F. D. Recent advances in enantioselective gold
catalysis. Chem. Soc. Rev. 2016, 45, 4567—4589.

(9) Schmidbaur, H.; Schier, A. Gold(Ill) Compounds for
Homogeneous Catalysis: Preparation, Reaction Conditions, and
Scope of Application. Arab. J. Sci. Eng. 2012, 37, 1187—1225.

(10) Savjani, N.; Rosca, D.-A;; Schormann, M.; Bochmann, M.
Gold(III) Olefin Complexes. Angew. Chem., Int. Ed. 2013, 52, 874—
877.

(11) Hollemann, A. F.; Wiberg, E.; Wiberg, N. Lehrbuch der
Anorganischen Chemie; de Gruyter: Berlin, 2007; Chapter 12, pp
1466—1482. ISBN: 978-3-11-017770-1.

(12) Marion, N.; Nolan, S. P. N-Heterocyclic carbenes in gold
catalysis. Chem. Soc. Rev. 2008, 37, 1776—1782.

(13) Wu, C.-Y,; Horibe, T.; Jacobsen, C. B,; Toste, D. Stable
gold(III) catalysts by oxidative addition of a carbon—carbon bond.
Nature 2015, 517, 449—454.

(14) Hettmanczyk, L.; Suntrup, L.; Klenk, S.; Hoyer, C.; Sarkar, B.
Heteromultimetallic Complexes with Redox-Active Mesoionic
Carbenes: Control of Donor Properties and Redox-Induced Catalysis.
Chem. - Eur. J. 2017, 23, 576—58S.

(15) Kilpin, K. J; Paul, U. S. D.; Lee, A.; Crowley, J. D. Gold(I)
“Click” 1,2,3-triazolylidenes: Synthesis, Self-assembly and Catalysis.
Chem. Commun. 2011, 47, 328—330.

(16) Canseco-Gonzalez, D.; Petronilho, A.; Mueller-Bunz, H.;
Ohmatsu, K.; Ooi, T.; Albrecht, M. Carbene Transfer from
Triazolylidene Gold Complexes as a Potent Strategy for Inducing
High Catalytic Activity. J. Am. Chem. Soc. 2013, 135, 13193—13203.

(17) Mendoza-Espinosa, D.; Rendon-Nava, D.; Alvarez-Hernandez,
A,; Angeles-Beltran, D.; Negron-Silva, G. E.; Suarez-Castillo, O.
Visible-Light-Promoted Au' to Au™ Oxidation in Triazol-$-ylidene
Complexes. Chem. - Asian J. 2017, 12, 203—-207.

(18) Tolentino, D. R; Jin, L.; Melaimi, M.; Bertand, G. Mesoionic
Carbene-Gold(I) Catalyzed Bis-Hydrohydrazination of Alkynes with
Parent Hydrazine. Chem. - Asian J. 2015, 10, 2139—2142.

(19) Kleinhans, G.; Hansmann, M. M.; Guisado-Barrios, G.; Liles, D.
C.; Betrand, G.; Bezudenhout, D. I. Nucleophilic T-Shaped
(LXL)Au(I)-Pincer Complexes: Protonation and Alkylation. J. Am.
Chem. Soc. 2016, 138, 15873—15876.

(20) Flores-Jarillo, M.; Mendoza-Espinosa, D.; Salazar-Pereda, V.;
Gonzalez-Montiel, S. Synthesis and Catalytic Benefits of Tetranuclear
Gold(I) Complexes with a C,-Symmetric Tetratriazol-S-ylidene.
Organometallics 2017, 36, 4305—4312.

(21) Frutos, M.; Avello, M. G.; Viso, A.; de la Pradilla, R. F.; de la
Torre, M. C,; Sierra, M. A.; Gornitzka, H.; Hemmert, C. Gold Sulfinyl
Mesoionic Carbenes: Synthesis, Structure, and Catalytic Activity. Org.
Lett. 2016, 18, 3570—3573.

(22) Hettmanczyk, L.; Schulze, D.; Suntrup, L.; Sarkar, B. Mono-
and Digold(I) Complexes with Mesoionic Carbenes: Structural
Characterization and Use in Catalytic Silver-Free Oxazoline
Formation. Organometallics 2016, 35, 3828—3836.

(23) Vanicek, S.; Podewitz, M.; Stubbe, J.; Schulze, D.; Kopacka, H.;
Waurst, K;; Miiller, T.; Lippmann, P.; Haslinger, S.; Schottenberger,
H,; Lied], K. R;; Ott, L; Sarkar, B.; Bildstein, B. Highly Electrophilic,
Catalytically Active and Redox-Responsive Cobaltoceniumyl and
Ferrocenyl Triazolylidene Coinage Metal Complexes. Chem. - Eur. .
2018, 24, 3742—3753.

(24) Schweinfurth, D.; Hettmanczyk, L.; Suntrup, L.; Sarkar, B.
Metal Complexes of Click-Derived Triazoles and Mesoionic
Carbenes: Electron Transfer, Photochemistry, Magnetic Bistability,
and Catalysis. Z. Anorg. Allg. Chem. 2017, 643, 554—584.

(25) Vivancos, A.; Segarra, C.; Albrecht, M. Mesoionic and Related
Less Heteroatom-Stabilized N-Heterocyclic Carbene Complexes:
Synthesis, Catalysis, and Other Applications. Chem. Rev. 2018, 118,
9493—-9586.

(26) Lin, J. C. Y,; Huang, R. T. W,; Lee, C. S.; Bhattacharyya, A;
Hwang, W. S,; Lin, L J. B. Coinage Metal—N-Heterocyclic Carbene
Complexes. Chem. Rev. 2009, 109, 3561—3598.

(27) de Frémont, P.; Singh, R; Stevens, E. D.; Petersen, J. L.; Nolan,
S. P. Synthesis, Characterization and Reactivity of N-Heterocyclic
Carbene Gold(III) Complexes. Organometallics 2007, 26, 1376—138S.

(28) Kriechbaum, M.; Winterleitner, G.; Gerisch, A.; List, M,;
Monkowius, U. Synthesis, Characterization and Luminescence of
Gold Complexes Bearing an NHC Ligand Based on the Imazo[1,5-
a]quinolinol Scaffold. Eur. J. Inorg. Chem. 2013, 2013, 5567—5575.

(29) Gaillard, S.; Slawin, A. M. Z.; Bonura, A. T.; Stevens, E. D,;
Nolan, S. P. Synthetic and Structural Studies of [AuClL(NHC)]
Complexes. Organometallics 2010, 29, 394—402.

(30) Kawai, H; Wolf, W. J.; DiPasquale, A. G.; Winston, M. S.;
Toste, F. D. Phosphonium Formation by Facile Carbon-Phosphorus
Reductive Elimination from Gold(III). J. Am. Chem. Soc. 2016, 138,
587-593.

(31) Kiihlkamp, P.; Raubenheimer, H. G.; Field, J. S.; Desmet, M.
Cyclic Voltammetry of Heterocyclic Au(I) and Au(III) Carbene
Complexes. J. Organomet. Chem. 1998, 552, 69—74.

(32) Weyrauch, J. P.; Hashmi, A. S. K; Schuster, A.; Hengst, T.;
Schetter, S.; Littmann, A.; Rudolph, M.; Hamzic, M,; Visus, J;
Rominger, F.; et al. Chem. - Eur. J. 2010, 16, 956.

DOI: 10.1021/acs.organomet.9b00616
Organometallics XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.organomet.9b00616

