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@ Trifluoromethylation of [AuF;(SIMes)]: Preparation and

Characterization of [Au(CF;),F;_,(SIMes)] (x=1-3) Complexes

Marlon Winter,® Niklas Limberg,® Mathias A. Ellwanger,” Alberto Pérez-Bitrian,®
Karsten Sonnenberg,” Simon Steinhauer,” and Sebastian Riedel*™

/Abstract: Trifluoromethylation of [AuF;(SIMes)] with the
Ruppert-Prakash reagent TMSCF; in the presence of CsF
yields the product series [Au(CF;),F;_,(SIMes)] (x=1-3). The
degree of trifluoromethylation is solvent dependent and the
ratio of the species can be controlled by varying the stoichi-
ometry of the reaction, as evidenced from the F NMR spec-
tra of the corresponding reaction mixtures. The molecular
structures in the solid state of trans-[Au(CF,)F,(SIMes)] and
[Au(CF,);(SIMes)] are presented, together with a selective

route for the synthesis of the latter complex. Correlation of\
the calculated SIMes affinity with the carbene carbon chemi-
cal shift in the "CNMR spectrum reveals that trans-
[Au(CF;)F,(SIMes)] and [Au(CF,);(SIMes)] nicely follow the
trend in Lewis acidities of related organo gold(lll) complexes.
Furthermore, a new correlation between the Au—C_pene
bond length of the molecular structure in the solid state and
the chemical shift of the carbene carbon in the C NMR
spectrum is presented.

p p )

Introduction

Fluorido organo gold complexes are highly reactive species
which take part in a large variety of gold-catalyzed or -mediat-
ed reactions."? Their reactivity derives from the relatively low
Au—F bond dissociation energy compared to many other
known E—F (E=element) bonds.” Due to the lack of synthetic
routes, their study and application in catalysis was scarce until
recent years,""? when it was shown that the corresponding flu-
orido organo gold species can be synthesized in situ. Typical
synthetic routes are the oxidation of organo gold(l) complexes
with XeF,™ or Selectfluor’,””’ but fluorination of organo gold(l)
complexes with Et;N-3HF® has also been used. Despite their
utility in organometallic reactions, the high reactivity of fluori-
do gold complexes limits their isolation and characteriza-
tion.>” However, isolation of some derivatives has been re-
ported, either from more accessible halido gold complexes
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through X/F exchange reactions (X=Cl, Br, )®°' or by oxida-
tion with XeF,.l""1?

N-Heterocyclic carbene (NHC) ligands have attracted increas-
ing attention for the stabilization of highly reactive com-
pounds, for example, complexes that contain transition metals
in high oxidation states, due to their steric demand and strong
o-donating properties."” Recently, our group reported on the
stabilization of AuF; using the SIMes (1,3-bis(2,4,6-trimethyl-
phenyl)-4,5-dihydroimidazol-2-ylidene) ligand."¥ The resulting
complex [AuF;(SIMes)] contains the highly Lewis acidic AuF;
unit in monomeric form and is stable in common organic sol-
vents such as dichloromethane. This is contrary to AuF;, which
is a fluorine-bridged polymer in the solid state and reacts un-
selectively and sometimes violently with most organic sol-
vents "™

The small size and high electronegativity of fluorine leads to
significantly changed properties of a compound when fluorine
atoms are introduced."®"® The increased lipophilicity and sta-
bility of fluorinated organic compounds compared to non-fluo-
rinated ones make them useful in a wide range of applications
in pharmaceutical™ and agrochemical® industries. The small-
est perfluorinated organic moiety is the trifluoromethyl group,
which exhibits an increased electron withdrawing property
based on its high group electronegativity, which is similar to
that of chlorine.”” However, the selective introduction of CF,
groups into organic molecules is still challenging.!'”'®

An interesting synthetic approach is the metal-mediated C—
CF; bond formation, a field where gold complexes have played
an increasing role since the last decade.”?*?” Since the prepa-
ration of the first trifluoromethyl gold complex,
[Au(CF;)Me,(PMe,)] in 1973, a limited number of such com-
plexes with gold in oxidation states +1, +I1l and +Ill have
been synthesized.”” Several synthetic strategies have been es-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://orcid.org/0000-0003-2260-676X
http://orcid.org/0000-0003-2260-676X
http://orcid.org/0000-0003-4552-5719
http://orcid.org/0000-0003-4552-5719
https://doi.org/10.1002/chem.202002940
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202002940&domain=pdf&date_stamp=2020-10-27

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002940

tablished for their preparation (see Scheme 1). They include
the oxidative addition of CF;l to organo gold(l) com-
plexes, 19222428311 and  transmetallation reactions of halido
organo gold compounds with Cd(CF;),,DME (DME = 1,2-dime-
thoxyethane)®*"*4 or of halido or alkoxido organo gold com-
plexes with the Ruppert-Prakash reagent trimethyl(trifluorome-
thyl)silane (TMSCF,) in the presence of a nucleophilic fluoride
source when required.?>?¢33-¢ Reactions of [Au(CN),]~ with
CIF in CH,CLP" and [Au(CN),]~ with [CIF,]~ in CHFCLP® were
not selective and yielded several products that could not be
isolated. Reactions of gold vapors with “CF; radicals®® or CF,;X
(X=Br, )" were also reported, but are of little synthetic use.
The increasing interest in trifluoromethyl gold complexes led
to studies on their usage in gold-mediated C—E (E=C, N, Hal.)
bond formations and on further functionalizations of these
complexes over the last decade®'0122427.2933364142) Degpite
the variety of known trifluoromethyl gold complexes, only four
complexes containing trifluoromethyl and fluorido ligands at
the same gold center have been isolated, namely [Au(CF,)(4-
CH;—C4H,)F(PPh;)1,” [Au(CF;)(4-F—C¢H,)F(PCy;)1,” [PPh,]-
[AU(CF,);F1"? and [PPh,][trans-Au(CF;),F,]"? (see Scheme 2). In
addition, the series of [Au(CF;),F,_,]~ anions (x=1-3) and other
chlorido fluorido trifluoromethyl gold anions,*” as well as the
[cis-Au(CF5)(CN)F,]~ anion® were detected by 'F NMR spec-
troscopy. Those complexes can be of interest for further stud-
ies on gold-mediated or -catalyzed coupling reactions.

Herein, we report on the synthesis and characterization of
the hitherto unknown series [Au(CF;),F;_,(SIMes)] (x=1-3) by
the trifluoromethylation of [AuF;(SIMes)]. [Au(CF;);(SIMes)] was
isolated and the molecular structures in the solid state of
trans-[Au(CF;)F,(SIMes)] and [Au(CF;);(SIMes)] will be discussed.
These complexes represent the first fluorido trifluoromethyl
gold complexes which are prepared by the trifluoromethyla-
tion of fluorido gold complexes and not vice versa (cf.
Scheme 2).

Sanner et al., 1989

PhsP-Au-Cl + Cd(CF3); DME Ph3P-Au-CF3
- CdCl, -DME
Usui et al., 2000
Cy;P-Au-OPh + TMSCF; Cy3P-Au-CF3
- TMSOPh

Winston et al., 2014
|

CFjl —m8M8M8¥ Cy3P>A:u-CF3
Ar

Cy;P-Au-Ar +
Ar = 4-F-CgH,

Scheme 1. Overview of the different literature-known pathways for the prep-
aration of trifluoromethyl gold complexes. 2224
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Winston et al., 2015

PRs PRs
Ar-Alu—I + AgF ——— Ar-Alu-F
CFs3 - Adgl CFs3
R = Ph; Ar = 4-CH3-CgH,
R = Cy; Ar = 4-F-CgH,
Peréz-Bitrian et al., 2017
GFs [ CR
PPh, F3C-Alu—l + AgF PPh, F3C-Alu-F
CF3 - Agl L CF3
Peréz-Bitrian et al., 2018
eréz-Bitrian (?Fs
PPh4 F3C'AU'CF3 + XeF2 —_— PPh4 F‘A\IU'F
-Xe | CFs

Scheme 2. Overview of the preparation of the four literature-known, isolated
fluorido trifluoromethyl gold complexes.* %'

Results and Discussion

The molecular structure of [AuF;(SIMes)] in the solid state re-
veals that the Au—F bond with the fluorido ligand in trans po-
sition to the SIMes ligand is about 5 pm longer than those to
the cis-fluorido ligands." In accordance with this finding, a se-
lective substitution of the trans-fluorido ligand by a chlorido or
a pentafluoridoorthotellurato (OTeF;) ligand was recently re-
ported by us™ Hence, the trifluoromethylation of
[AuF;(SIMes)] is expected to yield trans-[Au(CF;)F,(SIMes)] (1).
Indeed, when TMSCF; is condensed into a DCM solution of
[AuF;(SIMes)] at —80°C in the presence of the nucleophilic
fluoride source CsF, compound 1 is formed. '°F NMR spectros-
copy investigations show that first only compound 1 is
formed, but during the consumption of [AuF;(SIMes)], a
second substitution reaction of a fluorido ligand by a trifluoro-
methyl group is observed, forming cis-[Au(CF;),F(SIMes)] (2) in
solution (cf. Scheme 3). After a few hours, no [AuF;(SIMes)] is
left and the ratio of the products stays constant for several
days, even though unreacted TMSCF; is left in the reaction
mixture (see Supporting Information, Figures S9-S15). There-
fore, the reaction proceeds rather fast and the reaction time
does not have a relevant influence on the product ratio. In-
stead, the stoichiometry of the reactants has a decisive impact
on the ratio between 1 and 2. As expected, the formation of
trans-[Au(CF;)F,(SIMes)] (1) is favored by ~0.5 equivalents of
TMSCF;, while an excess of TMSCF; increases the amount of
cis-[Au(CF;),F(SIMes)] (2), as shown in Table 1. HCF; and trans-
[AUCIF,(SIMes)] are formed as by-products, the presence of the
former being probably due to side reactions of the highly
basic transient CF;~ anion with any proton sources, for exam-
ple, from the solvent,”*** while the latter is formed by a
chlorine/fluorine exchange reaction between [AuF;(SIMes)] and
DCM, possibly promoted by the fluoride anions of CsF.'¥ The
amount of by-products depends on the stoichiometry. The
more TMSCF; is used, the more HCF; is formed, while less

© 2020 The Authors. Published by Wiley-VCH GmbH
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TMSCF;, CsF salhdes Sihics
F-Au-F  + F-Au-CF,
DCM, -80 °C CF, CF,
SIMes ~TMSF 1 2
F-Au-F
F
TMSCF, CsF FiMes § e
F-Au-CF3 + F3C-Au-CFs
THF, -80 °C CF, CF,
~TMSF 2 3
NCCH, SIMes SIMes
F3C'AIU'CF3 F3C'AIU‘CF3
CFs EGO;n CFs
~CH3CN 3
SIMes = N._N

Scheme 3. Reaction scheme for the preparation of the target compounds
trans-[Au(CF;)F,(SIMes)] (1), cis-[Au(CF),F(SIMes)] (2) and [Au(CF;);(SIMes)]
(3). They can be prepared by trifluoromethylation of [AuF;(SIMes)] in DCM
(top) and THF (middle), and compound 3 can also be prepared by ligand
substitution of [Au(CF;);(NCCH,)] (bottom). In case of the trifluoromethyla-
tion, the outcome of the reaction depends on the solvent. In either case,
the product ratio can be controlled by the stoichiometry of the reactants,
see Table 1 and Table 2 for DCM and THF, respectively.

Table 1. Product ratio dependence of the stoichiometric factors in the re-
action between [AuF;(SIMes)] and TMSCF; in DCM determined by the in-
tegral ratios of the signals in the '°F NMR spectra (see Supporting Infor-
mation, Figures S9-S15). Note that the amount of TMSCF; can slightly de-
viate from the values listed in the table, due to the inherent uncertainty
of the used manometer for determining the pressure of TMSCF,.

eq. ([AuF;(SIMes)])

eq. (TMSCF;) trans-[Au(CF;) : cis-[Au(CF;),
(

F,(SIMes)] (1) : F(SIMes)] (2

1 0.5 7:1
1 1 2:1
1 5 1:1

[AuCIF,(SIMes)] is present (see Supporting Information, Figur-
es S10, S13 and S15). Compounds 1 and 2 partially decompose
in solution at room temperature within a few days, leading to
the formation of elemental gold. However, the '°F NMR spectra
still show signals of the products after several weeks.

If the trifluoromethylation of [AuF;(SIMes)] is performed in
THF, compound 1 is not observed in the "F NMR spectrum of
the reaction mixture. Instead, compound 2 and the three times
substituted complex [Au(CF;);(SIMes)] (3) are formed (cf.
Scheme 3). The reason for the formation of higher substituted
products in THF is most likely the better solubility of CsF in
THF compared to DCM. This leads to an enhanced activation
of the TMSCF; forming a pentacoordinated silicon(lV) anion,
which acts as a highly potent CF; transfer reagent, as shown
by Naumann et al” In contrast to the reaction in DCM, no
TMSCF; is left in the reaction mixture after a few hours (see

Chem. Eur. J. 2020, 26, 16089 — 16097 www.chemeurj.org

Supporting Information, Figures S16 and S17). The stoichiome-
try of the reactants has a significant influence on the product
ratio. When [AuF;(SIMes)] and TMSCF; are used in roughly a
1:1 ratio, compounds 2 and 3 are formed in almost equal
amounts. If only about half an equivalent of TMSCF, is used,
five times more 2 than 3 is formed (cf. Table 2). The transfer of
two or three CF; groups, even though not more than one
equivalent of TMSCF; is used, can most likely be explained by
the lower solubility of [AuF;(SIMes)] in THF. Furthermore, the
formation of HCF; and the [Au(CF;),]~ anion as by-products is
observed, which increases with the amounts of TMSCF; (see
Supporting Information, Figures S16 and S17). The existence of
the former is probably due to a reaction of the highly basic
CF;™ anion, which is abstracted from the pentacoordinated sili-
con(IV) anion, with proton sources in the reaction mixture,***
while the latter is possibly formed by the trifluoromethylation
of traces of the [AuF,]™ anion.

[Au(CF,);(SIMes)] can be isolated via a different route, start-
ing from the literature-known complex [Au(CF;);(NCCH,)I"? by
substitution of the acetonitrile ligand with SIMes. A room tem-
perature solution of 3 in DCM or THF is stable for several
weeks. In pure form, compound 3 can be stored under an
argon atmosphere at room temperature for months and it is
stable under air for several days without decomposition. The
synthetic routes for the preparation of the target compounds
trans-[Au(CF;)F,(SIMes)] (1), cis-[Au(CF;),F(SIMes)] (2) and
[Au(CF;);(SIMes)] (3) are summarized in Scheme 3 and an over-
view on the chemical shifts in the '°F NMR spectra, which will
be discussed below, is given in Table 3.

Table 2. Product ratio dependence of the stoichiometric factors in the re-
action between [AuF;(SIMes)] and TMSCF; in THF determined by the inte-
gral ratios of the signals in the ’F NMR spectra (see Supporting Informa-
tion, Figures S16 and S17). Note that the amount of TMSCF; can slightly
deviate from the values listed in the table, due to the inherent uncertain-
ty of the used manometer for determining the pressure of TMSCF,.

eqg. ([AuF;(SIMes)])

eq. (TMSCF;) cis-[Au(CF;), : [Au(CF;);

F(SIMes)] (2) : (SIMes)] (3)

1 0.5
1 1

01
01

- U

Table 3. F NMR spectroscopic data of the target compounds trans-
[Au(CF;)F,(SIMes) (1), cis-[Au(CF;),F(SIMes)] (2) and [Au(CF;);(SIMes)] (3).
The subscripts ¢ and t stand for CF; groups in cis or trans position to the
SIMes ligand, respectively.”!

Compound O(CF50) O(CF5) O(F)  J(°RF), °JC°F'F), “J(°F'°F)
cis trans

trans- —46.5 —329.7 18

[Au(CF;)F,(SIMes)]

Q)]

cis- —239 —41.2 —-2540 14 57 7

[Au(CF5),F(SIMes)]

(2

[Au(CF;);(SIMes)]  —31.5 —34.3 7

(3)

[a] Chemical shifts are given in ppm and coupling constants in Hz.
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The "F NMR spectrum of trans-[Au(CF;)F,(SIMes)] (1) shows
a triplet at —46.5 ppm and a quartet at —329.7 ppm with a
*J("°F,"F) coupling constant of 18 Hz, which correspond to the
trifluoromethyl and the two fluorido ligands, respectively (see
Figure 1). The former resonance is in the upfield range of
chemical shifts of the corresponding trifluoromethyl groups in
literature-known  fluorido  trifluoromethyl  gold(lll) com-
plexes® 1237 3nd almost identical to the one in the [trans-
Au(CF;),F,]~ anion (0=-—46.2 ppm)."™? The latter is 4 ppm
—19 ppm upfield shifted compared to the cis-fluorido ligands
in the literature-known trans-[AuF,X(SIMes)] (X=Cl, F, OTeFs)
complexes."™* An interesting feature of metal complexes with
NHC ligands is the chemical shift of the carbene carbon atom
in the *C NMR spectra, which was proven to be a measure of
the Lewis acidity of the metal center!™**! |n the 'H,C
HMBC NMR spectrum of 1, the resonance of the carbene
carbon atom was detected at 192.3 ppm, which is 26 ppm
—45 ppm downfield shifted compared to the literature-known
trans-[AuF,X(SIMes)]  (X=Cl, F, OTeFs)"™*! complexes (cf.
Table 4) due to the weaker Lewis acidity of the gold center in
compound 1. This is in good agreement with the correspond-
ing Au—C_,,ene boNd lengths in the solid state and the calculat-
ed dissociation energy of the Au—C, ... bond, as discussed in
detail below.

Single crystals of compound 1 suitable for X-ray diffraction
were obtained by slow vapor diffusion of n-pentane at 5°C

§IMes §IMes
F-Au-F F-Au-F
CF3 CF3
3J(19F 19F) = 18 Hz —-| |~—
-46.2 -46.4 -46.6 -46.8 -3294 -329.6 -329.8 -330.0
3 [ppm]

Figure 1. "°F NMR spectrum (377 MHz, CD,Cl,, 20°C) of trans-
[AU(CF)F,(SIMes)] (1).

Table 4. Comparison of the calculated SIMes affinities (—A,Gg), gold
carbon distances in the molecular structures in the solid state (r(Au—
Ceamene) and chemical shifts of the carbene carbon atoms in the *C NMR
spectra (0("*C ypene) Of trans-[Au(CF;)F,(SIMes)] (1) and similar, literature-
known compounds.

Compound —A Gyiss MAU—Cempene)  O(*Cearbene)
(kimol™] (pm] [ppm]

trans-[Au(CF;)F,(SIMes)] 251 203.5(9) 192

(1)

trans-[AuCIF,(SIMes)] 342 200.8(3) 166

[AuF;(SIMes)] 405 197.3(1) 152

trans-[Au- 432 196.9(5) 149

F,(OTeFs)(SIMes)]

Chem. Eur. J. 2020, 26, 16089 — 16097 www.chemeurj.org
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into a DCM solution of the reaction between [AuF;(SIMes)] and
TMSCF;. Compound 1 crystallizes in the orthorhombic space
group Pnma with a square planar coordination around the
gold center (see Figure2). The Au—F bond Ilengths
(193.2(5) pm, 193.2(10) pm) are comparable to the correspond-
ing Au—F bond lengths in the starting compound [AuF;(SIMes)]
(191.6(1) pm, 192.1(1) pm).!" The Au—CF; bond length
(203.6(10) pm) is similar to those in the literature-known anion
trans-[Au(CFs),F,]~ (205.5(5) pm, 205.3(5) pm)"? and of the cor-
responding Au—CF; bond in the neutral isocyanide complex
[Au(CF3);(CNC(CH,)3)]  (205.8(5) pm).“*? The Au—C_pene bond
length (203.5(9) pm) is slightly elongated compared to trans-
[AUCIF,(SIMes)] (200.8(3) pm),“® [AuF;(SIMes)] (197.3(1) pm)™¥
and trans-[AuF,(OTeFs)(SIMes)] (196.9(5) pm).** This trend can
be explained by the strong trans-influence of the CF; group,
which is discussed in detail below (cf. Table 4 and Figure 7).
The "FNMR spectrum of cis-[Au(CF;),F(SIMes)] (2) (see
Figure 3) consists of two doublets of quartets at —23.9 ppm
and —41.2 ppm, where the latter appears to be a sextet due to
the coupling constants of 7 Hz and 14 Hz, and a quartet of
quartets at —254.0 ppm in an integral ratio of 3:3:1. The latter
resonance belongs to the remaining fluorido ligand, while the
two other signals are due to the two chemically inequivalent

Figure 2. Molecular structure of trans-[Au(CF;)F,(SIMes)] in the solid state.
Disorders of the SIMes ligand and the CF; group are omitted for clarity (cf.
Supporting Information, Figure S1). Thermal ellipsoids are set at 50% proba-
bility. Bond lengths [pm] to the central gold atom: 193.2(5) (F1—Au1),
193.2(10) (F2—Au1), 203.6(10) (C1—Au1), 203.5(9) (C2—AuT).

§1Mes SIIMes §IMes
F-Alu»CF;, F-Alu-CF3 F-Alu-CF3
CF3 CF3 CF3

4| F 4J(19F,19F) = 7 Hz
4-| }-— 3J(19F,19F) = 57 Hz

| o= e

411 413
5 [ppm]

-23.8 -24.0 -24.2 -263.8 -254.0 -254.2

Figure 3. "’F NMR spectrum (377 MHz, CD,Cl,, 20°C) of cis-[Au(CF;),F(SIMes)]
(2).

© 2020 The Authors. Published by Wiley-VCH GmbH
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CF; groups. The chemical shifts are all similar to the literature-
known [Au(CF,);F1~ anion." The *J("°F'°F) coupling constants
between the fluorine nuclei of the trifluoromethyl groups and
the fluorido ligand are 57 Hz and 14 Hz for the signals at
—23.9 ppm and —41.2 ppm, respectively. It is known that trans
coupling constants are usually larger than cis coupling con-
stants,”” for example, in the [Au(CF;);F]~ anion, the coupling
constants are 55.8 Hz (trans) and 12.3 Hz (cis)."” Furthermore,
the coupling constant of 14 Hz is in good agreement with the
*J('°F°F) cis coupling in 1 (18 Hz) and the literature-known
trans-[Au(CF),F,]~ anion (16.5 Hz).'? Therefore, the signals at
—23.9 ppm and —41.2 ppm can be assigned to the CF; groups
cis and trans to the carbene ligand, respectively (cf. Figure 3
and Table 3).

Figure 4 shows the 'F NMR spectrum of [Au(CF,);(SIMes)]
(3), which consists of a quartet at —31.5 ppm and a septet at
—34.3 ppm with an integral ratio of 2:1. The quartet belongs
to the two trans-positioned CF; groups and the septet to the
CF; group in trans-position to the SIMes ligand. The coupling
constant of 7 Hz is identical to the *J("°F,'°F) coupling constant
of the two CF; groups in compound 2 and fits nicely within
the range of neutral complexes containing the Au(CF,); frag-
ment prepared by Menjén et al. (6.0-7.5 Hz).*?’ Compared to
the acetonitrile complex [Au(CF;);(NCCH,)], which was used as
a starting material for the selective synthesis of compound 3,
the relative position of the two resonances are interchanged.”?
In the 'H,”*C HMBC NMR spectrum, the resonance of the car-
bene carbon atom in compound 3 is observed at 191.4 ppm,
which is only 1 ppm upfield shifted compared to compound 1,
and thus points towards a similar Lewis acidity (cf. discussion
below).

In order to obtain single crystals of compound 3 suitable for
X-ray diffraction, a pure sample of 3 prepared by the reaction
between [Au(CF;);(NCCH;)] and SIMes was dissolved in di-
chloromethane, chloroform, acetone or tetrahydrofuran, and
each of the solutions was layered by n-hexane at 5°C. From all
four solvents, compound 3 crystallizes in the monoclinic space
group P2,/c with a square planar coordination around the gold
center and contains half a co-crystallized, disordered solvent
molecule. Since the four structures are homeotypic (see Sup-
porting Information, Figures S3-S6), the following discussion is

§IMes §|Mes
F3C-Au-CF3 F3C-Au-CF3
CF3 CF3

4J(19F JF) = 7 Hz —-| |»

_JL

-31.3 -31.5

-31.7 -31.9

S [ppm]

-34.0 -34.2 -34.4 -34.6

Figure 4. ">F NMR spectrum (377 MHz, CD,Cl,, 21°C) of [Au(CF);(SIMes)] (3).
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based on the structural data of [Au(CF;);(SIMes)]-0.5 CH.Cl,
(Figure 5). The Au—CF; bond lengths to the two CF; groups in
cis position to the SIMes ligand (208.3(3) pm, 208.6(3) pm) are
in the typical range for neutral [Au(CF;);L] complexes
(207.4(9)-209.8(2) pm)*? and similar to those in [NBu,l-
[Au(CF;),] (207.5(6) pm, 208.5(7) pm).2“ The Au—CF; bond
length of the CF; group trans to the SIMes ligand (207.8(3) pm)
is comparable to the other two Au—CF; bonds and in the
upper range of neutral [Au(CF;);L] complexes (200.1(3)-
209.03) pm).*? The Au—C bond to the SIMes ligand
(208.1(2) pm) is slightly longer than in compound 1
(203.5(9) pm; cf. Figure 2) and 3-11 pm longer than in other lit-
erature-known [AuX;(SIMes)] complexes (X=F, Cl, Br).'"** The
elongation of this Au—C bond is due to the strong trans-influ-
ence of the CF; group compared to the halides,*" which
also explains why the Au—CF; bond lengths of the two trans-
standing CF; groups are usually longer than that of the CF,
group trans to the donor ligand in similar complexes.*?
Recently, our group reported on the calculation and experi-
mental access to the “SIMes affinity” of gold(lll) moieties.
Therein, the Gibbs free energy A,Gg, of the dissociation of the
SIMes ligand from [AuF,X(SIMes)] and [AuX;(SIMes)] complexes
(X=Cl, F, OTeF;) forming SIMes and the corresponding [AuF,X]
or [AuX;] fragment on the RI-B3LYP-D3/def2-TZVPP level of
theory at 0°C were calculated.”® This SIMes affinity can be cor-
related with the chemical shift of the carbene carbon atom in
the ®*C NMR spectrum. We found a nearly linear relationship
between an increase of the SIMes affinity and an upfield shift
in the CNMR spectrum.”? We have now determined the
SIMes  affinities of  trans-[Au(CF;)F,(SIMes)] (1) and
[Au(CF;)5(SIMes)] (3) to be 251 kimol™ and 240 kJmol™', re-
spectively. The corresponding complexes with Cl, F and/or
OTeF; ligands exhibit significantly higher SIMes affinities, rang-
ing from 300 kJmol™" to 430 kJmol™'. This trend is in accord-
ance with the chemical shifts of the carbene carbon atom in
the ®C NMR spectra, as depicted in Figure 6. Theoretical stud-
ies show that a downfield shift of the carbene carbon atom in
gold complexes results from a deshielding of the carbene

Figure 5. Molecular structure of [Au(CF;);(SIMes)]-0.5 CH,Cl, in the solid
state. The disordered CH,Cl, molecule is omitted for clarity. Thermal ellip-
soids are set at 50% probability. Bond lengths [pm] to the central gold
atom: 208.6(3) (C1—Au1), 207.8(3) (C2—Au1), 208.3(3) (C3—Au1), 208.1(2) (C4—
Aul).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Correlation between the calculated SIMes affinity (—A,Gg,) with
the chemical shifts of the carbene carbon atoms in the '*C NMR spectra
(O("3Carpene)) Of trans-[Au(CF;)F,(SIMes)] (1), [Au(CF;);(SIMes)] (3) (both high-
lighted in bold) and similar, literature-known compounds.”®’ The *C chemi-
cal shift of uncoordinated SIMes, which has by definition a SIMes affinity of
0 kJmol ', is also included.”

carbon atom by ligands with a strong trans-influence.”® Our
results are in good agreement with the literature, where the
trifluoromethyl group was determined to have a trans-influ-
ence in the order of the methyl group, which is one of the
strongest trans-influencing ligands, and a much stronger trans-
influence than the halides.***"*¥ A recent study on hydrido
gold(lll) complexes showed that also the cis-influence can
change the chemical shift.* However, this is not the case in
our trifluoromethyl gold complexes, since compounds 1 and 3
have similar SIMes affinities and ">C_,pene chemical shifts.

Regarding the series of [AuF,X(SIMes)] complexes (X=CF;,
Cl, F, OTeFs), the theoretically determined SIMes affinity is a
good measure for the strength of the Au—C_, e bond, which
is inversely proportional to the experimentally determined Au—
Ceaene bond length in the molecular structures in the solid
state. Table 4 lists the SIMes affinities, gold carbon distances
and C chemical shifts of the carbene carbon atom in these
complexes. Figure 7 shows the nearly linear relationship be-
tween the Au—C,,ene bond length and the chemical shift of
the carbene carbon atom, which underlines the use of the cal-
culated Gibbs free energies as a measure of the strength of
the Au—C_ene bond. The trans-influence rises in the order
OTeFs < F < ClI <CF;. In summary, the higher trans-influence of
the CF; ligand in 1 leads to a lower Lewis acidity of the gold(lll)
center, resulting in a longer Au—C_,,ene bond length and a de-
shielding of the carbene carbon atom.

Conclusions

In summary, the trifluoromethylation of [AuF,(SIMes)] with
TMSCF; to result in unprecedented products of the series
[Au(CF;),F;_,(SIMes)] (x=1-3) in different solvents has been de-
scribed, being the first synthetic route for those kind of com-
plexes starting from fluorido gold complexes. When the reac-
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Figure 7. Correlation between the gold carbon distances (fAU—C,pene)) iN
the molecular structures in the solid state with the chemical shifts of the car-
bene carbon atoms in the *C NMR spectra (6("*C,pene)) Of trans-
[Au(CF;)F,(SIMes)] (1) (red) and similar, literature-known compounds. The
error bars of the y-axis equal three times the estimated standard deviation
(the error in the last digit written in brackets in Table 4).

tion is performed in DCM, trans-[Au(CF;)F,(SIMes)] (1) and cis-
[Au(CF;);F(SIMes)] (2) are formed, while the reaction in THF
yields a mixture of cis-[Au(CF;),F(SIMes)] (2) and
[Au(CF;);(SIMes)] (3). In both cases, the product ratio does not
change significantly with longer reaction times, but it can be
controlled by the stoichiometry of the reaction, as evidenced
by the '°F NMR spectra. More TMSCF; leads to a larger amount
of the higher-substituted product. Furthermore, for the selec-
tive preparation of compound 3, an alternative synthetic route
starting from [Au(CF;);(NCCH,)] is described. The *C NMR shifts
of the carbene carbon atoms in compounds 1 and 3 can be
correlated with the calculated dissociation energies of the Au—
Ceaene bONd, revealing a significantly lower Lewis acidity com-
pared to literature-known [AuF,X(SIMes)] or [AuX;(SIMes)] com-
plexes (X=Cl, F, OTeF;). These dissociation energies are in ac-
cordance with the trend in the Au—C,,... bond lengths in the
[AuF,X(SIMes)] series. This article offers a new synthetic route
to the rare group of fluorido trifluoromethyl gold(lll) com-
plexes which could find interesting properties for gold-mediat-
ed coupling reactions.

Experimental Section

CAUTION! Strong Okxidizers! All reactions should be performed
under strictly anhydrous conditions. The combination of AuF; with
organic materials can lead to violent reactions. On contact with
only small amounts of moisture, all used fluoride-containing com-
pounds decompose under the formation of HF. Therefore, appro-
priate treatment procedures should be available in case of a con-
tamination with HF-containing solutions.

Materials, chemicals and procedures: All experiments were per-
formed under rigorous exclusion of air and moisture using stan-
dard Schlenk techniques. All solids were handled in an MBRAUN
UNllab plus glovebox with an argon atmosphere (O,<0.5 ppm,

© 2020 The Authors. Published by Wiley-VCH GmbH
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H,O0 < 0.5 ppm). Solvents were dried using freshly ground CaH, in
case of CH,Cl,, CHCl;, CD,Cl, and ortho-difluorobenzene, SICA-
PENT® in case of CH;CN, potassium in case of Et,0 and sodium in
case of THF, n-pentane and n-hexane. Acetone was distilled prior
to use. All solvents were stored over 4 A molecular sieves, except
for CH,CN, which was stored over 3 A molecular sieves. AuF,,"®
1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene
(SIMes)®” and [Au(CF);(NCCH-)]1*? were prepared using literature-
known methods. Raman spectra were recorded at room tempera-
ture using a Bruker MultiRAM FT-Raman spectrometer with a
1064 nm wavelength ND:YAG laser. The spectra were measured di-
rectly inside the reaction flask with a laser power of 30 mW and 64
scans with a resolution of 2cm™". IR spectra were measured at
room temperature inside a glovebox under argon atmosphere
using a Bruker ALPHA FTIR spectrometer with a diamond ATR at-
tachment with 32 scans and a resolution of 4 cm™'. Raman and IR
spectra were processed using OPUS 7.5 and Origin 9.1%% was used
for their graphical representation. NMR spectra were recorded
using a JEOL 400 MHz ECZ or ECS spectrometer and all chemical
shifts are referenced as defined in the IUPAC recommendations of
2001.5% MestReNova 14.0 was used to process the spectra and for
their graphical representation. X-ray diffraction measurements
were performed on a Bruker D8 Venture with MoK, (A=
0.71073 nm) radiation at 100 K. Single crystals were picked in per-
fluoroether oil at 0°C under nitrogen atmosphere and mounted on
a 0.15mm Mitegen micromount. They were solved using the
ShelXT®” structure solution program with intrinsic phasing and
were refined with the refinement package ShelXL®" using least
squares minimizations by using the program OLEX2.°? Diamond 3
and POV-Ray 3.7 were used for their graphical representation.
Quantum chemical calculations were performed using the func-
tional B3LYP®® with RI*? and Grimme-D3®" and the basis set def2-
TZVPP® as incorporated in TURBOMOLE."”

Preparation of [AuF;(SIMes)]: The synthesis of [AuF,(SIMes)] was
based on a literature-known procedure™ with slight deviations
and upscaling of the synthesis. In a typical experiment, AuF,
(400 mg, 1.58 mmol, 1equiv.) and SIMes (483 mg, 1.58 mmol,
1 equiv.) were dissolved in dichloromethane (20 mL) and stirred for
30 minutes at —80°C. Ortho-difluorobenzene (20 mL) was added
and the mixture was stirred for 30 minutes at —80°C. Volatiles
were removed under reduced pressure at —40 °C until a dark grey
precipitate was formed. The resulting yellowish solution was fil-
tered off. ortho-Difluorobenzene (20 mL) was added to the solid
residue, the mixture was stirred for 30 minutes at —40°C and the
solution was filtered off. This washing process was repeated until
the filtrated solution was colorless (usually, three times were suffi-
cient). Dichloromethane (20 mL) was added and the mixture was
stirred for 30 minutes at —80°C, yielding a dark solution. The mix-
ture was filtered through a hydrophobic PTFE filter (0.2 um). ortho-
Difluorobenzene (20 mL) was added to the colorless solution, the
mixture was stirred for 30 minutes at —80°C and volatiles were re-
moved at —40°C until a colorless precipitate was formed. The col-
orless solution was filtered off and residual solvent was removed
under reduced pressure. The product (206 mg, 0.368 mmol, 23 %)
was obtained as a colorless powder. 'H NMR (400 MHz, CD,Cl,,
21°C): 6=7.05 (s, 4H, meta-CH), 4.28 (s, 4H, NCH,CH,N), 2.34 (s,
6H, para-CH,), 2.33 (s, 12H, ortho-CH,) ppm. F NMR (377 MHz,
CD,Cl,, 21°C): 0=-216.9 (t, 1F, trans-F, 2J('°F'°F) =49 Hz), —315.7
(d, 2F, cis-F) ppm.

Trifluoromethylation of [AuF;(SIMes)] in dichloromethane: In a
typical experiment, [AuF;(SIMes)] (10 mg, 17.8 umol, 1 equiv.) and
CsF (2.7 mg, 17.8 umol, 1 equiv.) were dissolved in dichlorome-
thane (1mL) and at —196°C, trimethyl(trifluoromethyl)silane
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(2.5 mg, 17.5 umol, 1 equiv.) was condensed onto this mixture. The
mixture was allowed to warm up to —80°C, the resulting solution
was stirred for 1 hour, warmed to room temperature and left stir-
ring overnight. Main reaction products identified by '°F NMR spec-
troscopy are trans-[Au(CF;)F,(SIMes)] (1) and cis-[Au(CF;),F(SIMes)]
(2), HCF; and trans-[AuCIF,(SIMes)] are formed as by-products (see
Figures S9-515). Single crystals of 1 suitable for X-ray diffraction
were obtained by slow vapor diffusion of n-pentane into a di-
chloromethane solution at 5°C.

trans-[Au(CF3)F,(SIMes)] (1): 'TH NMR (400 MHz, CD,Cl,, 20°C): 6=
7.04 (s, 4H, meta-CH), 4.12 (s, 4H, NCH,CH,N), 2.33 (s, 18H, ortho-
CH; + para-CH,) ppm. *C NMR (101 MHz, CD,Cl,, 20°C): 6=192.3
(s, NCN carbene), 139.7 (s, C,), 136.3 (s, C,), 132.5 (s, C,), 1296 (s,
Ca), 514 (s, NCH,CH,N), 20.6 (s, CH,), 16.8 (s, CHs) ppm. '°F NMR
(377 MHz, CD,Cl,, 20°C): 6=-46.5 (t, 3F trans-CF, *J(°F'F)=
18 Hz), —329.7 (q, 2F, cis-F) ppm.

cis-[Au(CF,),F(SIMes)] (2): "F NMR (377 MHz, CD,Cl,, 20°C): 0=
—23.9 (dq, 3F, cis-CF5, J(°F,'"°F) =57 Hz, “J(°F,'°F) =7 Hz), —41.2 (dq,
3F, trans-CF, *J("°F'°F) =14 Hz), —254.0 (qq, 1F, cis-F) ppm.
Trifluoromethylation of [AuF;(SIMes)] in tetrahydrofuran: In a
typical experiment, CsF (2.7 mg, 17.8 umol, 1 equiv.) was dissolved
in tetrahydrofuran (1 mL) and at —196°C, trimethyl(trifluorome-
thyl)silane (2.5 mg, 17.5 umol, 1 equiv.) was added. The mixture
was allowed to warm up to —80°C and the resulting solution was
stirred for 30 minutes. Thereafter, a solution of [AuF;(SIMes)]
(10 mg, 17.8 umol, 1 equiv.) in tetrahydrofuran (1 mL) was added
and the resulting mixture was stirred for 1 hour at —80°C, warmed
to room temperature and left stirring overnight. Main reaction
products identified by '"FNMR spectroscopy are cis-
[Au(CF;),F(SIMes)]  (2) and [Au(CF;);(SIMes)] (3), HCF; and
[Au(CF,),]™ are formed as by-products (Supporting Information, Fig-
ures S16 and S17).

cis-[Au(CF;),F(SIMes)] (2): F NMR (377 MHz, ext. (CD,),CO, 20°C):
0=—24.1 (dq, 3F, cis-CF;, *J("°F,"*F) =57 Hz, “J(°F,°F) =7 Hz), —41.2
(dg, 3F, trans-CF,, *J("°F'°F)=14 Hz), —253.6 (qq, 1F, cis-F) ppm.
[Au(CF;);(SIMes)] (3): "F NMR (377 MHz, ext. (CD,),CO, 20°C): 6=
—31.3 (q, 6F cis-CF;, “J(°F'F)=7Hz), —34.1 (sep, 3F trans-
CF;) ppm.

Selective preparation of [Au(CF;);(SIMes)] (3): [Au(CF;);(NCMe)]
(45 mg, 0.101 mmol, 1equiv.) and SIMes (31 mg, 0.101 mmol,
1 equiv.) were dissolved in diethyl ether (1 mL) and stirred for
30 minutes at room temperature. The resulting suspension was fil-
tered off, the colorless residue was washed with n-hexane (2 mL)
and residual solvent was removed under reduced pressure. The
product was obtained as a colorless powder. Single crystals suita-
ble for X-ray diffraction were obtained from solutions of 3 in ace-
tone, chloroform, dichloromethane or tetrahydrofuran, by layering
them with n-hexane. '"H NMR (400 MHz, CD,Cl,, 21°C): 6=6.99 (s,
4H, meta-CH), 4.13 (s, 4H, NCH,CH,N), 2.33 (s, 12H, ortho-CH,), 2.30
(s, 6H, para-CH;) ppm. *C NMR (101 MHz, CD,Cl,, 21°C): 6=191.4
(s, NCN carbene), 139.2 (s, C,), 135.4 (s, C,), 132.4 (s, C,), 1296 (s,
Ca), 52.6 (s, NCH,CH,H), 20.4 (s, CH,), 17.5 (s, CH,) ppm. "F NMR
(377 MHz, CD,Cl,, 21°C): 6=-31.5 (q, 6F, cis-CF5, “J("°F'*F)=7 Hz),
—34.3 (sep, 3F, trans-CF,) ppm. IR (ATR, 25°C, 4 cm™"): #=23007 (w),
2960 (w), 2925 (w), 2869 (w), 1609 (m), 1495 (s), 1447 (m), 1380
(m), 1316 (W), 1272 (s), 1221 (w), 1159 (s, v,,(CF5)), 1109 (s, v,(CF,)),
1069 (Vs., V,o(CFs)uans) 1018 (5, v,(CF3).0), 949 (M), 916 (m), 886 (m),
862 (m), 740 (m), 631 (m), 579 (m), 565 (w), 532 (w), 502 (w), 434
(w) cm™". FT-Raman (25°C, 30 mW, 2 cm™'): #=3004 (m), 2927 (m),
2741 (w), 1823 (w), 1610 (m), 1494 (m), 1454 (m), 1387 (m), 1316
(m), 1225 (w), 1158 (w), 1089 (w), 1020 (w), 951 (w), 723 (m,
v4(CF3)), 581 (m), 566 (m), 517 (w), 475 (w), 340 (w), 260 (m,
v(AuQ)), 233 (m, v(AuC)), 86 (s) cm™ .
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Crystallographic data: Deposition numbers 2001090, 2000997,
2000994, 2000995, and 2000996 (1, 3a, 3b, 3¢, and 3d) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallograph-
ic Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.

Acknowledgements

The authors would like to thank the HPC Service of ZEDAT,
Freie Universitat Berlin, for computing time. M.W. thanks the
Dahlem Research School for financial support, Dr. Babil Menjén
and Dr. Julia Bader for help revising the manuscript and Dr.
Gunther Thiele for help solving the solid state structures. A.P.B.
thanks the Spanish Ministerio de Ciencia, Innovacién y Univer-
sidades for financial support (FPU15/03940 and EST18/00114),
as well as Campus Iberus for the management of an Erasmus +
scholarship in international mobility activities for PhD students,
financed by the European Commission through the Erasmus+
program. Funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)-Project-ID 387284271-SFB

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[
1349". Open access funding enabled and organized by Projekt gi}
DEAL. [25]
[26]
Conflict of interest
[27]
The authors declare no conflict of interest. gg}
[30]
Keywords: fluorides - N-heterocyclic carbenes - organo gold E;}
chemistry - solvent effects - trifluoromethyl ligand
[1] J. Mirg, C. del Pozo, Chem. Rev. 2016, 116, 11924.
[2] W.J. Wolf, F. D. Toste, Patai’s chemistry of functional groups, Eds.: Z. Rap- 33]
poport, J. F. Liebman, I. Marek, Wiley, Chichester, 2014, pp. 391-408.
[3]1 CRC Handbook of Chemistry and Physics (Ed.: D. R. Lide), Taylor & Francis, 34]
Boca Raton, FL., 2006.
[4] N.P. Mankad, F. D. Toste, Chem. Sci. 2012, 3, 72. (35]
[5] a) G. Zhang, Y. Peng, L. Cui, L. Zhang, Angew. Chem. Int. Ed. 2009, 48,
3112; Angew. Chem. 2009, 121, 3158; b)Y. Peng, L. Cui, G. Zhang, L. 136!
Zhang, J. Am. Chem. Soc. 2009, 131, 5062; c) G. Zhang, L. Cui, Y. Wang,
L. Zhang, J. Am. Chem. Soc. 2010, 132, 1474; d) W. E. Brenzovich, Jr., D.  [37]
Benitez, A.D. Lackner, H. P. Shunatona, E. Tkatchouk, W. A. Goddard lll, [38]
F.D. Toste, Angew. Chem. Int. Ed. 2010, 49, 5519-5522; Angew. Chem.
2010, 122, 5651-5654; e) A. D. Melhado, W. E. Brenzovich Jr., A. D. Lack-
ner, F. D. Toste, J. Am. Chem. Soc. 2010, 132, 8885; f) L. T. Ball, M. Green,  [39]
G. C. Lloyd-Jones, C. A. Russell, Org. Lett. 2010, 12, 4724; g) W. E. Brenzo-
vich Jr., J.-F. Brazeau, F. D. Toste, Org. Lett. 2010, 12, 4728. [40]
[6] J. A. Akana, K. X. Bhattacharyya, P. Mller, J. P. Sadighi, J. Am. Chem. Soc.
2007, 129, 7736. [41]
[7]1 F. Mohr, Gold Bull. 2004, 37, 164.
[8] a)D.S. Laitar, P. Muller, T. G. Gray, J. P. Sadighi, Organometallics 2005, 24,
4503; b) R. Kumar, A. Linden, C. Nevado, Angew. Chem. Int. Ed. 2015, 54,
14287; Angew. Chem. 2015, 127, 14495; c)R. Kumar, A. Linden, C.
Nevado, J. Am. Chem. Soc. 2016, 138, 13790.
[9] M.S. Winston, W. J. Wolf, F. D. Toste, J. Am. Chem. Soc. 2015, 137, 7921.
[10] A. Pérez-Bitrian, S. Martinez-Salvador, M. Baya, J. M. Casas, A. Martin, B.
Menjén, J. Orduna, Chem. Eur. J. 2017, 23, 6919.
[11] a) N. P. Mankad, F. D. Toste, J. Am. Chem. Soc. 2010, 132, 12859; b) M. Al-
bayer, R. Corbo, J. L. Dutton, Chem. Commun. 2018, 54, 6832.
[12] A. Pérez-Bitrian, M. Baya, J. M. Casas, A. Martin, B. Menjén, J. Orduna, [42]
Angew. Chem. Int. Ed. 2018, 57, 6517; Angew. Chem. 2018, 130, 6627.
Chem. Eur. J. 2020, 26, 16089 - 16097 www.chemeurj.org 16096

a)J. Cheng, L. Wang, P. Wang, L. Deng, Chem. Rev. 2018, 118, 9930;
b) W. Levason, F. M. Monzittu, G. Reid, Coord. Chem. Rev. 2019, 391, 90.
M. A. Ellwanger, S. Steinhauer, P. Golz, T. Braun, S. Riedel, Angew. Chem.
Int. Ed. 2018, 57, 7210; Angew. Chem. 2018, 130, 7328.

F. W. B. Einstein, P.R. Rao, J. Trotter, N. Bartlett, J. Chem. Soc. A 1967,
478.

M. Shimizu, T. Hiyama, Angew. Chem. Int. Ed. 2004, 43, 214; Angew.
Chem. 2004, 117, 218.

T. Furuya, A.S. Kamlet, T. Ritter, Nature 2011, 473, 470.

T. Liang, C. N. Neumann, T. Ritter, Angew. Chem. Int. Ed. 2013, 52, 8214;
Angew. Chem. 2013, 125, 8372.

a)S. Purser, P.R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. Rev.
2008, 37, 320; b) J. Wang, M. Sanchez-Roselld, J. L. Acefa, C. del Pozo,
A. E. Sorochinsky, S. Fustero, V. A. Soloshonok, H. Liu, Chem. Rev. 2014,
114, 2432; c) H.-J. Bohm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K.
Muller, U. Obst-Sander, M. Stahl, ChemBioChem 2004, 5, 637; d)K.
Muiller, C. Faeh, F. Diederich, Science 2007, 317, 1881; e) E. P. Gillis, K. J.
Eastman, M. D. Hill, D. J. Donnelly, N. A. Meanwell, J. Med. Chem. 2015,
58, 8315; f) H. Mei, J. Han, S. Fustero, M. Medio-Simon, D. M. Sedgwick,
C. Santi, R. Ruzziconi, V. A. Soloshonok, Chem. Eur. J. 2019, 25, 11797.
a) T. Fujiwara, D. O'Hagan, J. Fluorine Chem. 2014, 167, 16; b) P. Jeschke,
ChemBioChem 2004, 5, 570.

a) J. E. Huheey, E. A. Keiter, R. L. Keiter, R. Steudel, Anorganische Chemie.
Prinzipien von Struktur und Reaktivitdt, de Gruyter, Berlin, 2012; b) J. E.
True, T. D. Thomas, R. W. Winter, G. L. Gard, Inorg. Chem. 2003, 42, 4437.
R. D. Sanner, J. H. Satcher, M. W. Droege, Organometallics 1989, 8, 1498.
Y. Usui, J. Noma, M. Hirano, S. Komiya, Inorg. Chim. Acta 2000, 309, 151.
M. S. Winston, W. J. Wolf, F. D. Toste, J. Am. Chem. Soc. 2014, 136, 7777.
M. D. Levin, T. Q. Chen, M. E. Neubig, C. M. Hong, C. A. Theulier, I. J. Ko-
bylianskii, M. Janabi, J. P. O'Neil, F. D. Toste, Science 2017, 356, 1272.

S. Liu, K. Kang, S. Liu, D. Wang, P. Wei, Y. Lan, Q. Shen, Organometallics
2018, 37, 3901.

S. Kim, F. D. Toste, J. Am. Chem. Soc. 2019, 141, 4308.

A. Johnson, R. J. Puddephatt, Inorg. Nucl. Chem. Lett. 1973, 9, 1175.

J. Gil-Rubio, J. Vicente, Dalton Trans. 2015, 44, 19432.

A. Johnson, R. J. Puddephatt, J. Chem. Soc. Dalton Trans. 1976, 1360.

H. K. Nair, J. A. Morrison, J. Organomet. Chem. 1989, 376, 149.

a) H. H. Murray, J. P. Fackler, L. C. Porter, D. A. Briggs, M. A. Guerra, R.J.
Lagow, Inorg. Chem. 1987, 26, 357; b) N. H. Dryden, J. G. Shapter, L. L.
Coatsworth, P.R. Norton, R.J. Puddephatt, Chem. Mater. 1992, 4, 979;
c) A. Gréfe, T. Kruck, J. Organomet. Chem. 1996, 506, 31.

D. Zopes, S. Kremer, H. Scherer, L. Belkoura, I. Pantenburg, W. Tyrra, S.
Mathur, Eur. J. Inorg. Chem. 2011, 273.

S. Martinez-Salvador, L.R. Falvello, A. Martin, B. Menjon, Chem. Eur. J.
2013, 19, 14540.

M. Blaya, D. Bautista, J. Gil-Rubio, J. Vicente, Organometallics 2014, 33,
6358.

A. G. Tskhovrebov, J. B. Lingnau, A. Furstner, Angew. Chem. Int. Ed. 2019,
58, 8834; Angew. Chem. 2019, 131, 8926.

E. Bernhardt, M. Finze, H. Willner, J. Fluorine Chem. 2004, 125, 967.

P. Prohm, J. R. Schmid, K. Sonnenberg, S. Steinhauer, C. J. Schattenberg,
R. Muller, M. Kaupp, P. VoRBnacker, S. Riedel, Angew. Chem. Int. Ed. 2020,
59, 16002; Angew. Chem. 2020, 732, 16136.

M. A. Guerra, T.R. Bierschenk, R.J. Lagow, J. Organomet. Chem. 1986,
307, C58-C62.

J. L. Margrave, K. H. Whitmire, R.H. Hauge, N.T. Norem, Inorg. Chem.
1990, 29, 3252.

a) S. Martinez-Salvador, J. Fornies, A. Martin, B. Menjon, Angew. Chem.
Int. Ed. 2011, 50, 6571; Angew. Chem. 2011, 123, 6701; b) D. Zopes, C.
Hegemann, W. Tyrra, S. Mathur, Chem. Commun. 2012, 48, 8805; c)S.
Martinez-Salvador, L. R. Falvello, A. Martin, B. Menjén, Chem. Sci. 2015,
6, 5506; d) M. Baya, A. Pérez-Bitrian, S. Martinez-Salvador, J. M. Casas, B.
Menjén, J. Orduna, Chem. Eur. J. 2017, 23, 1512; e) M. Baya, A. Pérez-
Bitridn, S. Martinez-Salvador, A. Martin, J. M. Casas, B. Menjon, J.
Orduna, Chem. Eur. J. 2018, 24, 1514; f) J. A. Schluter, J. M. Williams, U.
Geiser, J. D. Dudek, S. A. Sirchio, M. E. Kelly, J. S. Gregar, W. H. Kwok, J. A.
Fendrich, J. E. Schirber, W. R. Bayless, D. Naumann, T. Roy, J. Chem. Soc.
Chem. Commun. 1995, 1311.

A. Pérez-Bitridn, M. Baya, J. M. Casas, L. R. Falvello, A. Martin, B. Menjén,
Chem. Eur. J. 2017, 23, 14918.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202002940
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202002940
 http://www.ccdc.cam.ac.uk/structures 
 http://www.ccdc.cam.ac.uk/structures 
https://doi.org/10.1021/acs.chemrev.6b00203
https://doi.org/10.1039/C1SC00515D
https://doi.org/10.1002/anie.200900585
https://doi.org/10.1002/anie.200900585
https://doi.org/10.1002/ange.200900585
https://doi.org/10.1021/ja901048w
https://doi.org/10.1021/ja909555d
https://doi.org/10.1002/anie.201002739
https://doi.org/10.1002/anie.201002739
https://doi.org/10.1002/anie.201002739
https://doi.org/10.1002/ange.201002739
https://doi.org/10.1002/ange.201002739
https://doi.org/10.1002/ange.201002739
https://doi.org/10.1002/ange.201002739
https://doi.org/10.1021/ja1034123
https://doi.org/10.1021/ol1019162
https://doi.org/10.1021/ol102194c
https://doi.org/10.1021/ja0723784
https://doi.org/10.1021/ja0723784
https://doi.org/10.1007/BF03215208
https://doi.org/10.1021/om050619f
https://doi.org/10.1021/om050619f
https://doi.org/10.1002/anie.201505533
https://doi.org/10.1002/anie.201505533
https://doi.org/10.1002/ange.201505533
https://doi.org/10.1021/jacs.6b07763
https://doi.org/10.1021/jacs.5b04613
https://doi.org/10.1002/chem.201700927
https://doi.org/10.1021/ja106257n
https://doi.org/10.1039/C8CC02535E
https://doi.org/10.1021/acs.chemrev.8b00096
https://doi.org/10.1016/j.ccr.2019.04.005
https://doi.org/10.1002/anie.201802952
https://doi.org/10.1002/anie.201802952
https://doi.org/10.1002/ange.201802952
https://doi.org/10.1039/j19670000478
https://doi.org/10.1039/j19670000478
https://doi.org/10.1038/nature10108
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/ange.201206566
https://doi.org/10.1039/B610213C
https://doi.org/10.1039/B610213C
https://doi.org/10.1021/cr4002879
https://doi.org/10.1021/cr4002879
https://doi.org/10.1002/cbic.200301023
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1002/chem.201901840
https://doi.org/10.1016/j.jfluchem.2014.06.014
https://doi.org/10.1002/cbic.200300833
https://doi.org/10.1021/ic0343298
https://doi.org/10.1021/om00108a021
https://doi.org/10.1016/S0020-1693(00)00248-6
https://doi.org/10.1021/ja503974x
https://doi.org/10.1126/science.aan1411
https://doi.org/10.1021/acs.organomet.8b00579
https://doi.org/10.1021/acs.organomet.8b00579
https://doi.org/10.1021/jacs.8b11273
https://doi.org/10.1016/0020-1650(73)80027-3
https://doi.org/10.1039/C5DT02023A
https://doi.org/10.1039/dt9760001360
https://doi.org/10.1016/0022-328X(89)88083-0
https://doi.org/10.1021/ic00250a004
https://doi.org/10.1021/cm00023a009
https://doi.org/10.1016/0022-328X(95)05637-5
https://doi.org/10.1002/ejic.201000863
https://doi.org/10.1002/chem.201302142
https://doi.org/10.1002/chem.201302142
https://doi.org/10.1021/om500669j
https://doi.org/10.1021/om500669j
https://doi.org/10.1002/anie.201903957
https://doi.org/10.1002/anie.201903957
https://doi.org/10.1002/ange.201903957
https://doi.org/10.1016/j.jfluchem.2004.01.029
https://doi.org/10.1002/ange.202006268
https://doi.org/10.1016/S0022-328X(00)98966-6
https://doi.org/10.1016/S0022-328X(00)98966-6
https://doi.org/10.1016/S0022-328X(00)98966-6
https://doi.org/10.1016/S0022-328X(00)98966-6
https://doi.org/10.1021/ic00342a043
https://doi.org/10.1021/ic00342a043
https://doi.org/10.1002/anie.201101231
https://doi.org/10.1002/anie.201101231
https://doi.org/10.1002/ange.201101231
https://doi.org/10.1039/c2cc33735e
https://doi.org/10.1039/C5SC01578B
https://doi.org/10.1039/C5SC01578B
https://doi.org/10.1002/chem.201605655
https://doi.org/10.1002/chem.201705509
https://doi.org/10.1002/chem.201703352
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202002940

Chemistry

Europe

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Chem. Eur. J. 2020, 26, 16089 - 16097

M. A. Ellwanger, C. von Randow, S. Steinhauer, Y. Zhou, A. Wiesner, H.
Beckers, T. Braun, S. Riedel, Chem. Commun. 2018, 54, 9301.

G. K. Surya Prakash, A. K. Yudin, Chem. Rev. 1997, 97, 757.

a) D. J. Adams, J. H. Clark, L. B. Hansen, V. C. Sanders, S. J. Tavener, J. Flu-
orine Chem. 1998, 92, 123; b) J.-B. Behr, D. Chavaria, R. Plantier-Royon, J.
Org. Chem. 2013, 78, 11477.

N. Maggiarosa, W. Tyrra, D. Naumann, N. V. Kirij, Y. L. Yagupolskii, Angew.
Chem. Int. Ed. 1999, 38, 2252; Angew. Chem. 1999, 111, 2392.

a) W. A. Herrmann, O. Runte, G. Artus, J. Organomet. Chem. 1995, 501,
C1-C4; b) M. V. Baker, P.J. Barnard, S.K. Brayshaw, J.L. Hickey, B. W.
Skelton, A. H. White, Dalton Trans. 2005, 37.

a) S. Gaillard, A. M. Z. Slawin, A.T. Bonura, E. D. Stevens, S. P. Nolan, Or-
ganometallics 2010, 29, 394; b) P. de Frémont, R. Singh, E.D. Stevens,
J. L. Petersen, S. P. Nolan, Organometallics 2007, 26, 1376.

T. G. Appleton, M. H. Chisholm, H. C. Clark, L. E. Manzer, Inorg. Chem.
1972, 11, 1786.

V. V. Grushin, W. J. Marshall, J. Am. Chem. Soc. 2006, 128, 4632.

P. Sgarbossa, A. Scarso, G. Strukul, R. A. Michelin, Organometallics 2012,
31, 1257.

a) J. Vicha, C. Foroutan-Nejad, T. Pawlak, M. L. Munzarova, M. Straka, R.
Marek, J. Chem. Theory Comput. 2015, 11, 1509; b) A. H. Greif, P. Hro-
barik, M. Kaupp, Chem. Eur. J. 2017, 23, 9790.

a) M. A. Bennett, H-K. Chee, G.B. Robertson, Inorg. Chem. 1979, 18,
1061; b) M. A. Bennett, H.-K. Chee, J. C. Jeffery, G. B. Robertson, Inorg.
Chem. 1979, 18, 1071; c) A. G. Algarra, V. V. Grushin, S. A. Macgregor, Or-
ganometallics 2012, 31, 1467.

L. Rocchigiani, J. Fernandez-Cestau, I. Chambrier, P. Hrobdrik, M. Boch-
mann, J. Am. Chem. Soc. 2018, 140, 8287.

[55]

[56]
[57]

[58]
[59]

[60]
[61]
[62]
[63]
[64]
[65]

[66]

[67]

A.J. Arduengo lll, R. Krafczyk, R. Schmutzler, H. A. Craig, J. R. Goerlich,
W. J. Marshall, M. Unverzagt, Tetrahedron 1999, 55, 14523.

A. G. Sharpe, J. Chem. Soc. 1949, 2901.

a) M. lglesias, D. J. Beetstra, J. C. Knight, L-L. Ooi, A. Stasch, S. Coles, L.
Male, M. B. Hursthouse, K. J. Cavell, A. Dervisi, I. A. Fallis, Organometallics
2008, 27, 3279; b) E. L. Kolychev, I. A. Portnyagin, V.V. Shuntikov, V. N.
Khrustalev, M. S. Nechaev, J. Organomet. Chem. 2009, 694, 2454.
OriginLab Corporation, OriginPro, Version 9.1, Northampton, MA, USA.
R.K. Harris, E.D. Becker, S. M. Cabral de Menezes, R. Goodfellow, P.
Granger, Pure Appl. Chem. 2001, 73, 1795.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2015, 71, 3.

G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3.

0. V. Dolomanov, L.J. Bourhis, R.J. Gildea, J. A. K. Howard, H. Pusch-
mann, J. Appl. Crystallogr. 2009, 42, 339.

A. D. Becke, J. Chem. Phys. 1993, 98, 5648.

M. Sierka, A. Hogekamp, R. Ahlrichs, J. Chem. Phys. 2003, 118, 9136.

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132,
154104.

a) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297; b) F.
Weigend, M. Haser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett. 1998, 294,
143.

TURBOMOLE GmbH, TURBOMOLE V7.0.1, 2015.

Manuscript received: June 18, 2020

Accepted manuscript online: July 15, 2020

Version of record online: October 27, 2020

www.chemeurj.org

16097

© 2020 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1039/C8CC05233F
https://doi.org/10.1021/cr9408991
https://doi.org/10.1016/S0022-1139(98)00273-5
https://doi.org/10.1016/S0022-1139(98)00273-5
https://doi.org/10.1021/jo402028r
https://doi.org/10.1021/jo402028r
https://doi.org/10.1002/(SICI)1521-3773(19990802)38:15%3C2252::AID-ANIE2252%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1521-3773(19990802)38:15%3C2252::AID-ANIE2252%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1521-3757(19990802)111:15%3C2392::AID-ANGE2392%3E3.0.CO;2-1
https://doi.org/10.1016/0022-328X(95)05615-V
https://doi.org/10.1016/0022-328X(95)05615-V
https://doi.org/10.1016/0022-328X(95)05615-V
https://doi.org/10.1016/0022-328X(95)05615-V
https://doi.org/10.1039/b412540a
https://doi.org/10.1021/om900814e
https://doi.org/10.1021/om900814e
https://doi.org/10.1021/om060887t
https://doi.org/10.1021/ic50114a010
https://doi.org/10.1021/ic50114a010
https://doi.org/10.1021/ja0602389
https://doi.org/10.1021/om200953z
https://doi.org/10.1021/om200953z
https://doi.org/10.1021/ct501089z
https://doi.org/10.1002/chem.201700844
https://doi.org/10.1021/ic50194a036
https://doi.org/10.1021/ic50194a036
https://doi.org/10.1021/ic50194a037
https://doi.org/10.1021/ic50194a037
https://doi.org/10.1021/om2011003
https://doi.org/10.1021/om2011003
https://doi.org/10.1021/jacs.8b04478
https://doi.org/10.1016/S0040-4020(99)00927-8
https://doi.org/10.1039/jr9490002901
https://doi.org/10.1021/om800179t
https://doi.org/10.1021/om800179t
https://doi.org/10.1016/j.jorganchem.2009.03.014
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.1567253
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/S0009-2614(98)00862-8
https://doi.org/10.1016/S0009-2614(98)00862-8
http://www.chemeurj.org

