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ABSTRACT: A tricoordinated gold(I) chloride complex,
tBuXantphosAuCl, supported by a sterically bulky 9,9-
dimethyl-4,5-bis(di-tert-butylphosphino)xanthene ligand
(tBuXantphos) was synthesized. This complex features a
remarkably longer Au−Cl bond length [2.632(1) Å] than
bicoordinated linear gold complexes (2.27−2.30 Å) and
tricoordinated XantphosAuCl [2.462(1) Å]. Single-crystal X-
ray diffraction analysis of a cocrystal of tBuXantphosAuCl and
pentafluoronitrobenzene (PFNB) and UV−vis spectroscopic
titration experiments revealed the existence of an anion−π
interaction between the Cl anion ligand and PFNB.
Stoichiometric reaction between PFNB and tBuXantphosAuOtBu, after replacement of Cl by a more nucleophilic tBuO
anion ligand, showed higher reactivity and para selectivity in the transformation of C−F to C−OtBu bond, distinctively different
from that when only KOtBu was used (ortho selectivity) under the identical condition. Mechanistic studies including density
functional theory calculations suggested a gold-mediated nucleophilic ligand attack of the C−F bond pathway via an SNAr
process. On the basis of these results, using trimethylsilyl derivatives TMS-X (X = OMe, SEt, NEt2) as the nucleophilic ligand
source and the fluorine acceptor, catalytic transformation of the C−F bond of aromatic substrates to the C−X (X = O, S, N)
bond was achieved with tBuXantphosAuCl as the catalyst (up to 20 turnover numbers).

■ INTRODUCTION

C−F bond activation attracts increasing attention not only for
the importance of fluorinated compounds in pharmaceuticals,
agrochemicals, and materials but also for utilization of C−F
bonds as organic synthons in organic synthesis.1 However, the
high bond dissociation energy (ca. 140 kcal/mol)2 renders C−
F bond activation challengeable. Although introducing an “F
sink” element such as H,3 B,4 Al,5 Si,6 etc., to form a more
stable element−F bond could circumvent the thermodynamic
issue,2 kinetic issues such as how to lower the activation barrier
as well as increase the selectivity still remain to be addressed.7

Thanks to the high electronegativity of the F atom, the
electrophilic C in the C−F bond is accessible to nucleophilic
attack, which had been well documented in organic synthesis.8

To enhance the reactivity, selectivity, and functional-group
tolerance as well as expand the scope of reactions, metal-
catalyzed C−F bond activation has emerged as an important
approach along with recent advances in organometallics.7,9

Prominently, oxidative addition of the C−F bond has been well
exemplified at low-valent transition-metal centers such as Co,10

Ni,11 Pd,12 Pt,13 or Cu,14 similar to the C−H bond activation
process.7,9a,15 Despite tremendous progress made in the last

decades, how to compromise the reactivity and regioselectivity
arising from competitive activation of the C−F versus C−H
bond (ca. 100 kcal/mol)2 became a critical issue.16

To address this issue, a complementary approach based on
the interaction between the ligand on the metal complexes and
the C−F bond had been proposed, which combines the
advantages of organic transformation and organometallics.
Generally, electrophilic or fluorophilic ligand has a tendency to
interact with the terminal F of the C−F bond, assisting C−F
bond activation, as exemplified by Milsten, Macgregor, Braun,
and others.4a,17 On the other hand, the nucleophilic ligand (a
hydride or an N-, O-, or S-nucleophile) could attack the
electrophilic C of the C−F bond, which had been reviewed by
Lledos and co-workers in 2011.18 This would circumvent the
problems such as regioselectivity and functional-group
tolerance arising from strong organic nucleophiles. However,
except for hydrodefluorination (HDF) reactions, most of them
were not catalytic but stoichiometric reactions to date. Thus,
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constructing a catalytic cycle is highly desirable to expand the
profile of metal-catalyzed C−F bond transformation.
Our interest in C−F bond activation has prompted us to

report the first examples of group 11 metal-catalyzed HDF
reactions (copper and gold), which show broad substrate scope,
good functional-group tolerance, and high reactivity.19 To
further functionalize the C−F bond, we investigated the
reactivity of a nucleophilic ligand besides hydride in gold
complexes toward fluoroaromatics. In this work, we found that
the ligand strain of the 9,9-dimethyl-4,5-bis(di-tert-
butylphosphino)xanthene (tBuXantphos) ligand results in an
unusually long Au−Cl bond [2.632(1) Å], in which the Cl
ligand interacts with a perfluorinated aromatic ring, as shown in
the X-ray structure of tBuXantphosAuCl and a pentafluoroni-
trobenzene (PFNB) cocrystal. Because the Cl ligand is not a
good nucleophile and could not react with PFNB, we then
replaced Cl− with a tBuO− ligand and observed the conversion
of the p-C−F bond to the C−O bond, which has higher
reactivity and different regioselectivity compared to those
where only KOtBu was used under the same conditions (ortho
selectivity). Further experimental and theoretical studies
supported a gold(I)-mediated nucleophilic ligand (O or N
donors) attack of the C−F bond mechanism. On the basis of
these results from stoichiometric reactions, we employed
silanes TMS-X (X = OMe, SEt, NEt2), which provide both
“F sink”and nucleophilic ligands, and realized catalytic trans-
formation of C−F to C−X (X = O, S, N) bonds (up to 20
turnover numbers) using tBuXantphosAuCl as the catalyst.
These results presented herein highlight the ligand strain of the
tBuXantphos ligand on the Au−X bonding and reactivity and
also provide an example to design catalytic cycles for C−F
transformation based on a gold-mediated SNAr pathway.

■ RESULTS AND DISCUSSION

Structure of tBuXantphosAuCl and the Interaction
between the Cl Ligand and PFNB. According to our
previous work,19a tBuXantphosAuCl exhibited much higher
reactivity in HDF reactions than similar tricoordinated
XantphosAuCl and bicoordinated gold(I) complexes with
either ancillary phosphine or N-heterocyclic carbene (NHC)
ligands. To shed light on the ligand effect, we obtained the
crystal structure of tBuXantphosAuCl by X-ray diffraction
(CCDC 1029200). As shown in Figure 1a, the tricoordination
nature of tBuXantphosAuCl is unambiguously shown in its
solid structure. Au, P, and Cl atoms lie in the same plane, as
indicated by the sum of the P−Au−P, P−Au−Cl, and Cl−Au−
P angles [359.7(1)°]. To accommodate this, the tricyclic ring
backbone of tBuXantphos is twisted to give a boat
conformation. Most strikingly, the Au−Cl bond length in
tBuXantphosAuCl is 2.632(1) Å, which is much longer than
those in other linear gold(I) complexes supported by PPh3,
NHC, etc., ligands (2.27−2.30 Å)20 and also even longer than
that of the similar structure XantphosAuCl [2.462(1) Å].21

Interestingly, a weak interaction between tBuXantphosAuCl
and PFNB was observed in their UV−vis spectra. Titration of
tBuXantphosAuCl to the solution of PFNB in toluene
displayed the appearance of a broad, low-energy band centered
at ca. 610 nm (Figure 2). This is similar to the charge-transfer
band in the solution of (NHC)AuH and PFNB, as we
previously reported.19b Upon titration with XantphosAuCl, no
low-energy absorption band appeared (Supporting Information,
Figure S1). This indicates that weak Au−Cl bonding arising

from a long bond distance is important in the interaction
between coordinated ligand and C−F bonds.
Slow evaporation of a toluene solution of tBuXantphosAuCl

with an excess of PFNB gave a 1:1 tBuXantphosAuCl/PFNB
cocrystal (CCDC 1430574). As shown in Figure 1b, the Cl
ligand resides above the PFNB ring centroid at a distance of
3.497(1) Å and a 72.6(1)° Cl−centroid axis−ring plane angle.
The shortest Cl−C (PFNB) distance [ranging from 3.364(5)
to 4.095(4) Å] is 0.09 Å shorter than the sum of their van der
Waals radii (3.45 Å). These features have been recognized as
indications of anion−π interaction.22 Meanwhile, a slight
elongation of the Au−Cl bond [2.632(1) to 2.649(1) Å] also
indicated the existence of a possible weak Cl−π interaction.
However, refluxing tBuXantphosAuCl and PFNB in toluene did

Figure 1. ORTEP diagram of (a) tBuXantphosAuCl and (b) cocrystal
of tBuXantphosAuCl/PFNB at the 50% probability. H atoms are
omitted for clarity. The nitro group and p-F in PFNB are
crystallographically disordered.

Figure 2. UV−vis absorption spectra of tBuXantphosAuCl (red line),
PFNB (black line), and 1:1 tBuXantphosAuCl/PFNB (red line) in a 2
mM toluene solution (the inset shows the charge-transfer band
centered at 610 nm).
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not afford a C−F bond-activated product, even in the presence
of trimethylsilyl chloride (TMS-Cl) as the “F sink”. This might
be due to the weak nucleophilicity of the Cl ligand.
Stoichiometric Reactions between LAu-X [X = OtBu

and N(iPr)2] and PFNB. Then we attempted to replace the Cl
ligand in tBuXantphosAuCl with a more nucleophilic ligand
such as alkoxide. Treatment of tBuXantphosAuCl with KOtBu
succeeded in generation of a new gold complex, which we
tentatively assigned as tBuXantphosAuOtBu (Scheme 1). The

new compound tBuXantphosAuOtBu shows a singlet at 29.7
ppm in its 31P NMR spectrum (Figure 3b), much upfield-
shifted compared to that of tBuXantphosAuCl (δP = 52.8 ppm;
Figure 3a). In the 1H NMR spectrum, the signal of OtBu
appears at 1.63 ppm (Figure S6) and is higher-frequency-
shifted than that of KOtBu at 1.09 ppm. Such a chemical shift
change was also observed in (IPr)AuOtBu [IPr = N,N′-1,3-
bis(isopropyl)imidazolin-2-ylidene], which displays a proton
signal at 1.23 ppm in toluene-d8.

23 However, this new species
was only stable for several hours at ambient temperature and
quickly decomposed to gold(0) (dark-purple solution and gold
mirror), making it difficult to be fully characterized. Yet the
equivalent phosphine nuclei and deshielding of OtBu protons
of the complex suggest the tricoordination mode of
tBuXantphosAuOtBu shown in Scheme 1.
Thereupon, the reactivity of tBuXantphosAuOtBu toward

the C−F bond was investigated. Adding 1 equiv of PFNB to in
situ prepared tBuXantphosAuOtBu gave p- and o-(OtBu)-
C6F4NO2 in 72% and 10% yield, respectively, after 5 min at
room temperature (Figure 3d). Meanwhile, 31P NMR spec-
troscopy evidenced the transformation of tBuXantphosAuOtBu
to a new complex showing a singlet at 54.5 ppm (Figure 3c),
close to that of tBuXantphosAuCl. The consequent addition of
TMS-Cl to the reaction mixture produced TMS-F and
tBuXantphosAuCl, which were confirmed by 31P and 19F
NMR spectroscopy, respectively (Figure S1). Thus, we

hypothesized that tBuXantphosAuOtBu might convert to a
gold fluoride complex, tBuXantphosAuF (Figure 3c), which is
the fate of the F atom after C−F bond cleavage. The absence of
P−F coupling and a fluorine signal of this “Au−F” compound
in the 31P and 19F NMR spectra suggested that the Au−F bond
might be of an ionic nature, considering the mismatch of Au+

and F− according to hard/soft acid−base theory.24 The control
experiment of the reaction between KOtBu and PFNB in
toluene-d8 gave p- and o-(OtBu)C6F4NO2 in 4% and 36% yield,
respectively. This distinctive reactivity and regioselectivity
between tBuXantphosAuOtBu and KOtBu imply that different
active intermediates were involved in their reaction with PFNB.
We also noted that a stable and well-characterized gold

complex with a nucleophilic ligand has precedence in the
literature, such as (IPr)AuOtBu23 and (IPr)AuN(iPr)2

25

reported by Sadighi and Toste, respectively. Thus, as a
comparison and expansion of the nucleophilic ligand, their
reactivity was studied as well (Scheme 2). The reaction
between (IPr)AuOtBu and PFNB gave p- and o-(OtBu)-
C6F4NO2 in yields of 41% and 22% in 12 h, respectively.
(IPr)AuN(iPr)2 displayed higher reactivity and gave p- and o-
(N(iPr)2)C6F4NO2 in 54% and 6% yield in 30 min at room
temperature, respectively. In both cases, the formation of
(IPr)AuF (δF = −243.2 ppm) was observed, which precipitated
from the reaction mixtures. Thus, the results from stoichio-
metric reactions unambiguously demonstrated the reactivity of
nucleophilic ligands [X = OtBu or N(iPr)2] of gold complexes
supported by either tBuXantphos or NHC ligands toward an
aromatic C−F bond.

Mechanistic Studies and DFT Calculations. Several
mechanisms for metal-catalyzed C−F bond activation, depend-
ing on the different metals, substrates, and reaction conditions,
had been proposed and extensively studied.7,8b,9a In this work,
to better understand the reactivity of LAu-X toward the C−F
bond, we carried out mechanistic studies focusing on three
pathways: (1) the oxidative addition of gold(I) to the C−F
bond; (2) a radical process; (3) a metal-mediated ligand
nucleophilic attack.
The oxidative addition of C−F bonds at low-valent transition

metals had been well established.3,5c,6−10 However, because of
the high redox potential of gold(III)/gold(I) [ca. 1.41 (v)],26

several examples had been recently reported upon the oxidative
addition of Si−Si and C−X (X = Br, I) bonds at gold(I).27 To
clarify whether gold(I) undergoes oxidative addition of C−F
bonds, the Cl-abstracted complex [tBuXantphosAu]+[GaCl4]

−

Scheme 1. Preparation of the tBuXantphosAuOtBu Complex

Figure 3. 31P NMR spectra: (a) tBuXantphosAuCl; (b) tBuXantphosAuOtBu; (c) upon the addition of 1 equiv of PFNB to tBuXantphosAuOtBu in
toluene-d8. (d)

19F NMR spectrum of the reaction mixture of tBuXantphosAuOtBu with 1 equiv of PFNB.
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was prepared following Bourissou’s work (Scheme 3)27b to
meet the tetracoordination mode of a possible gold(III)

intermediate after the oxidative addition of a C−F bond. The
crystal structure is shown in Figure 4, confirming removal of

the Cl ligand and formation of the noncoordinated [GaCl4]
−

anion (Figure S6). The notable structural changes from this
abstraction include (1) expansion of the P−Au−P bond angle
from 140.28(4)° to 155.18(6)° and (2) shortening of the Au−
O distance from 2.866(3) to 2.625(4) Å, suggesting that the O
atom weakly coordinates to the Au atom (Figure 4). However,
there is no C−F bond activation found in the reaction between
[tBuXantphosAu]+[GaCl4]

− and PFNB, even in refluxing
toluene, indicating that [tBuXantphosAu]+ could not activate
the C−F bond of PFNB. According to our previous
calculations,19a the activation energy barrier for C−F bond
oxidative addition is high (transition state TS = 30.4 kcal/mol),
which is not consistent with our experimental observations.
Thus, the oxidative addition−reductive elimination pathway
might not be a plausible mechanism.

On the other hand, we added TEMPO to the reaction
between tBuXantphosAuOtBu and PFNB and found almost no
effect on the reactivity and regioselectivity. Thus, we ruled out
one-electron reduction or a radical process mechanism, which
had been proposed for some low-valent metals in C−F bond
activation.28

A metal-mediated ligand nucleophilic attack of the C−F
bond, similar to that of aromatic nucleophilic substitution
(SNAr), had been extensively studied including possible
mechanisms.11c,e,13a,19,29 In this work, we found that either
tBuXantphos- or the NHC-ligand-supported gold(I) tert-butyl
oxide could activate the C−F bond of PFNB under mild
conditions. More importantly, the different nucleophilicities of
the coordinated ligand affect the reactivity of the gold
complexes [N(iPr)2 > OtBu > Cl]. In addition, the crystal
structures of tBuXantphosAuCl and PFNB clearly suggest the
interaction between the coordinated ligand and electrophilic π
ring. Thus, we hypothesized that a gold-mediated ligand
nucleophilic attack of the C−F bond is the possible mechanism.
To estimate the energy profile of the SNAr reaction pathway, we
carried out density functional theory (DFT) studies on the
model reaction between tBuXantphosAuOMe (LAu-OMe) and
PFNB.30 To make the computation efficient, two methyl
groups on the xanthene backbone were replaced by two H
atoms, while the bulky tBu groups on phosphine were retained
because they were critical for reactivity. Calculations were
performed at the DFT (B3LYP)31 level with the 6-31G** basis
set for the main-group atoms and the SDD32 pseudopotential
and associated basis set for the Au atom. The optimized
structures of LAu-OMe (Figure 5a) and the final LAu-F (Figure
5b) reserve the tricoordination mode on gold with the Au−O
bond as 2.29 Å and the Au−F bond as 2.23 Å.
We focused on the addition−elimination two-step SNAr

process, including the regioselectivity issue, and the calculated
reaction profile is depicted in Figure 6. The reaction is initiated
by nucleophilic attack at the C−F bond of PFNB with the OMe
moiety of LAu-OMe. The corresponding transition state (TS1)

Scheme 2. Reactions of (IPr)AuX with PFNB [X = OtBu, N(iPr)2]

Scheme 3. Preparation of [tBuXantphosAu]+[GaCl4]
−

Figure 4. ORTEP diagram of [tBuXantphosAu]+[GaCl4]
− (CCDC

1423270) with 50% ellipsoids. H atoms, solvent molecules, and
counterions are omitted for clarity.

Figure 5. Computed structures of (a) tBuXantphosAuOMe and (b)
tBuXantphosAuF with selected bond lengths (Å) and bond angle
(deg). H atoms and tBu groups on phosphine are omitted for clarity.
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is 10.4 kcal/mol for para attack (TS1-p) and 14.3 kcal/mol for
ortho attack (TS1-o), respectively. In TS1, the OMe group
approaches the C center from above the aromatic plane of
PFNB, which almost does not affect the corresponding C−F
bond length (1.33 Å in PFNB vs 1.34 Å in TS1-p and 1.35 Å in
TS1-o). The Au−O bond is elongated from 2.29 to 2.41 Å in
TS1-p (2.51 Å in TS1-o), and the C−O distance is 2.20 Å in
TS1-p (1.99 Å in TS1-o). The more advanced Au−O bond
cleavage and C−O bond formation in TS1-o is consistent with
its higher energy than that of TS1-p (vide infra). The resulting
ion-pair intermediates (IM), consisting of a cationic gold
complex and an anionic Meisenheimer adduct in short contact,
are 9.3 kcal/mol (IM-p) and 6.7 kcal/mol (IM-o) lower than
the starting material. The adducts IM-o and IM-p share similar
structures except for the relative orientation of the cationic gold
and the anionic fluorophenyl parts. The C−O bond is
substantially shortened to about 1.40 Å, close to 1.33 Å in
the final product. The C−F bond is stretched about 0.15−1.49
Å for IM-p and 1.46 Å for IM-o. The distance between the Au
atom and the leaving F atom becomes about 3.2 Å. Next
fluoride elimination occurs via TS2, which shows only a subtle
structural difference between TS2-p and TS2-o except for the
relative positions of the gold and fluorophenyl moieties, similar
to the case of IM2. In TS2-p, the C−F bond is further
shortened to 1.76 Å (1.72 Å in TS2-o) and the Au−O distance
is concomitantly reduced to 2.69 Å (2.68 Å in TS2-o). The
associated energy barrier is 1.4 and 0.4 kcal/mol for TS2-p and
TS2-o, respectively. Overall, the gold-mediated SNAr pathway
for activating either the p- or o-F atom of PFNB is a highly
exothermic process (ΔGp = −34.2 kcal/mol; ΔGo = −32.2
kcal/mol). The rate-limiting step is the first step of OMe
attacking PFNB, in accordance with the SNAr mechanism, and
has a quite low-energy barrier (<15 kcal/mol). Moreover,
attacking the p-F atom of PFNB is less energy-demanding than
the ortho reaction pathway, which might interpret the observed
p-F selectivity. In summary, the calculation results are
consistent with experimental observations of the reaction of
tBuXantphosAuOtBu with PFNB on the selectivity and
reactivity.

Constructing Catalytic Cycles Based on Stoichiomet-
ric Reactions. Encouraged by the results of stoichiometric
reactions, we attempted to construct a catalytic cycle based on
gold. It is well-known that hydrosilane, often used in HDF
reactions, serves as both the “F sink” (Si) and hydrogen source
(H) to form fluorosilane and a metal hydride intermediate to
activate the C−F bond.6b,c,19,33 We thus envisioned that using
silanes containing a nucleophile group (X = OR, SR, NR2, etc.)
instead of H might facilitate a catalytic cycle. As shown in
Scheme 4, the first step is transmetalation with silanes TMS-X

to generate a tBuXantphosAuX intermediate. The next step of
nucleophilic attack of the C−F bond by tBuXantphosAuX via
an SNAr process gives new C−X bond products and
tBuXantphosAuF. Consequent transmetalation of tBuXantpho-
sAuF with silane completes the catalytic cycle with
thermodynamically favored Si−F bond formation.

Optimizing Reaction Conditions. As a starting point, we
used trimethylmethoxysilane (TMS-OMe) to investigate the
transformation of C−F to C−O bond. As shown in Table 1 and
Figure 7, tBuXantphosAuCl catalyzed methoxydefluorination of
PFNB in good yield (75%) and high para selectivity (p:o:di =
90:5:5, entry 2). The control experiment showed that no
reaction occurred in the absence of a metal catalyst or CsF

Figure 6. Computed geometries (with selected key distances in angstroms and angles in degrees) and free energy surface for the SNAr reaction
pathway (blue line, para substitution; red line, ortho substitution). H atoms and tBu groups on phosphine are omitted for clarity.

Scheme 4. Proposed Mechanism of tBuXantphosAuCl-
Catalyzed C−F Bond Transformation
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(entry 1). XantphosAuCl exhibited moderate reactivity (15%)
and decreased selectivity (p:o:di = 67:27:6, entry 3). Other
bicoordinated complexes with either ancillary phosphine or
NHC ligands had no reactivity (entries 4−11). Increasing the
amount of TMS-OMe to 2 equiv and extending the reaction
time to 24 h led to full conversion of PFNB without affecting
the selectivity (entry 12), while lowering the catalyst loading
(2.5 mol %) dramatically reduced the conversion to 23% (entry
13). Solvent effects are shown in Table S1, and toluene is the
best solvent. Thus, the optimized conditions tabulated in entry
12 were used for the following investigations.
(IPr)AuCl is inert to catalytic C−F bond activation, whereas

(IPr)AuX [X = OtBu and N(iPr)2] could convert the C−F
bond of PFNB to C−O and C−N bonds, respectively. We
considered that Au−Cl bonding might be a critical factor of the
catalytic performance, which may determine transmetalation of
gold chloride to active LAu-X intermediates as we described

above. This inference is illustrated in Figure 8, where yields of
C6F5−x(OMe)xNO2 versus the Au−Cl bond length20,21,34 are

graphed. It is shown that increasing catalytic performance of the
precatalyst LAu-Cl is observed along with elongation of the
Au−Cl bond.

Silane Scope. Next, we chose silanes TMS-X containing
other nucleophile groups (X = NEt2, SEt, SiMe3, Cl) to extend
the scope of C−F bond transformation. As shown in Table 2,
when TMS-X (X = H, OMe, SEt, NEt2) was used, the C−F
bond of PFNB could be successfully converted to the
corresponding C−X bonds nearly quantitatively (entries 2−4
and 6). Notably, C−S bond formation reaction could be
achieved at room temperature without adding CsF (entry 3).
The reactivity of TMS-X was found to relate to the bond
energy (BE) of the Si−X bond.2 For example, activating a Si−X
bond with higher BE always needs higher CsF loadings and/or
higher temperature (entries 3, 4, and 6), following the order of
OMe > NEt2 > SEt. However, other factors, such as steric
hindrance of the X group, may also affect the reactivity of Si−X
bonds. For example, TMS-SiMe3 has the lowest BE but no
reactivity, which may be due to the steric effect on the
formation of an active gold−silyl intermediate (entry 1).

Table 1. Screening Gold(I) Catalystsa

entry catalyst yield (%)b p:o:di (%)b

1 no catalyst or CsF 0
2 tBuXantphosAuCl 75 90:5:5
3 XantphosAuCl 15 67:27:6
4 (R)-BINAP(AuCl)2 0
5 cis-dppe(AuCl)2 0
6 Xantphos(AuCl)2 0
7 JohnPhosAuCl 0
8 PCy3AuCl 0
9 PPh3AuCl 0
10 (IPr)AuCl 0
11 (IMes)AuCl 0
12c tBuXantphosAuCl 99 90:5:5
13d tBuXantphosAuCl 23 14:2:2

aThe reactions were carried out with the catalyst (0.005 mmol), TMS-
OMe (0.1 mmol), CsF (0.1 mmol), and PFNB (0.1 mmol) in toluene
(2 mL) at 100 °C for 15 h. bThe yields and regioselectivity were
determined by 19F NMR spectroscopy versus internal PhCF3.

cTMS-
OMe (0.2 mmol), 24 h. dCatalyst (0.0025 mmol).

Figure 7. Gold catalysts used in this work.

Figure 8. Correlation of the yields of C6F5−x(OMe)xNO2 versus the
Au−Cl bond length of the catalysts (x = 1, 2).
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Although TMS-Cl has lower BE than TMS-OMe, no Cl-
substituted product was detected because of the inert reactivity
of tBuXantphosAuCl toward PFNB.
It is worth noting that direct reactions between PFNB and

organic nucleophiles such as NaOMe, NaSiPr, and HNEt2/
NaHCO3 also afforded the new OMe-, SiPr-, and NEt2-
substituted products but in ortho regioselectivity and lower
yields (15−40%), as shown in Table S3. These results clearly
revealed the difference between gold-catalyzed C−F trans-
formation and traditional organic methods in reactivity and
regioselectivity.
As we proposed, transmetalation of tBuXantphosAuCl with

TMS-X (X = OMe, SEt, NEt2) to active tBuXantphosAuX
intermediates is a critical step, which is determined by both
Au−Cl and Si−X bonding strength. However, characterization
the active tBuXantphosAuX intermediates from transmetalation
in situ was not successful. No reaction occurred at room
temperature between tBuXantphosAuCl and TMS-X in the
presence of CsF, while at elevated temperature (100 °C),
decomposition of tBuXantphosAuCl arose (gold mirror and
dissociated ligand). This indicates that generated tBuXantpho-
sAuX intermediates are not stable, as we observed in
stoichiometric reactions, but could fast react with fluoroar-
omatics once they were generated.
Substrate Scope. We then extended this protocol to other

fluorinated compounds, and the results are shown in Table 3.
Generally, TMS-SEt exhibits the highest reactivity and the best
functional-group tolerance among the silanes TMS-X (X =
OMe, SEt, NEt2) used, and most transformations of the C−F
to C−S bond could be achieved in the absence of CsF at 25 °C.
For decreased reactivity of substrates other than PFNB, their
reactions with TMS-NEt2 were conducted at 100 °C.
First, the electronic effect of the substituent on pentafluor-

oarenes was investigated. Substrates 1 and 2 with strong
electron-withdrawing groups (NO2 and CN) gave products
1a−1c and 2a−2c in high yield (>90%), while 4−6 had no
reaction. For 3, the C−S bond formation product 3a could be
obtained nearly quantitatively with para selectivity, and no sp3

C−F bond activation was detected.
Functional-group tolerance was examined with pentafluor-

ophenyl derivatives 7−10 containing carboxylate, ester,
aldehyde, and ketone groups. The carboxylate moiety is not
compatible in this catalytic system, and no C−F activated
products were observed for 10. Reactions of 7−9 with TMS-
SEt gave the C−S bond formation products 7−9b in ca. 85%

yield, whereas TMS-OMe only exhibited good reactivity toward
7 (75% yield) and no F-substituted product was observed for 8
and 9. In the presence of TMS-NEt2, only 9 could be converted
to 9c in 23% yield, and enol ether CH2C(OTMS)(C6F5) was
produced as a major side product (45%). These results show
that the transformation of C−F to C−S bond using TMS-SEt
has good functional-group tolerance.
Next, the extent of fluorination of nitrobenzene derivatives

(1 and 11−19) was studied. From PFNB to monofluoroni-
trobenzene, the reactivity of the C−F bond decreases as the
fluorine number reduces. No C−F bond activated products
were obtained for fluoronitrobenzenes 18 and 19. Interestingly,
the extent of fluorination also affects the regioselectivity,
showing that less fluorinated substrates tend to undergo o-F
rather than p-F substitution (13, 15, and 17).
Finally, we examined some heterocyclic and polycyclic

compounds 20−22. Pentafluoropyridine 20 is reactive toward
all silanes, and the corresponding C−O, C−S, and C−N bond
formed products could be obtained in >90% yield with
exclusive para selectivity. Compounds 21 and 22 showed
moderate reactivity (50−80%) with TMS-OMe and TMS-SEt
at 100 °C, but no reactivity with TMS-NEt2.

■ CONCLUSIONS

In summary, we describe here the construction a catalytic cycle
of C−F to C−X bond (X = O, S, N) transformation based on
the gold-mediated ligand-nucleophilic-attack process. The
bulky bidentate phosphine ligand tBuXantphos-stabilized
tBuXantphosAuCl features an unusually long Au−Cl bond
[2.632(1) Å], of which the Cl ligand could interact with the
electron-deficient aromatic ring of PFNB but was not able to
break the C−F bond. Replacing Cl with the more nucleophilic
tert-buoxide (tBuO−) gave the gold alkoxide complex
tBuXantphosAuOtBu, which quickly and selectively converted
the p-C−F bond of PFNB to a C−O bond. Also, the reactivity
was different from that where only KOtBu was used as the
nucleophile (lower conversion and ortho selectivity). A similar
reactivity was also observed on NHC-supported gold
complexes [(IPr)AuOtBu and (IPr)Au(iPr)2]. Theoretical
calculations showed that the SNAr reaction pathway had a
low-energy barrier (<15 kcal/mol) and that p-F substitution
was less energy-demanding than o-F substitution, consistent
with our experimental observation. Taking advantage of silane
TMS-X (X = OMe, NEt2, SEt), serving as both a fluorine
acceptor and a nucleophilic ligand donor, catalytic C−F bond

Table 2. Screening of Silanesa

entry X equiv of CsF temp (°C) yield (%)b p:o:di BE of Si−X (kcal/mol)c

1 SiMe3 2.0 100 0 77.2
2d H 0 80 >99 73:12:15 95.0
3e SEt 0 25 >99 100:0:0 99.0
4 NEt2 0.5 60 98 92:8:0 108.7
5 Cl 2.0 100 0 115.0
6 OMe 2.0 100 >99 90:5:5 122.6

aReaction conditions: tBuXantphosAuCl (0.005 mmol), TMS-X (0.2 mmol), PFNB (0.1 mmol), and toluene (2 mL), 24 h unless noted.
bDetermined by 19F NMR spectroscopy versus internal PhCF3.

cReference 2. dReference 19a. eSilane 0.12 mmol.
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activation thus has been achieved (turnover number of up to
20). These results presented herein provide new access to
developing catalytic cycles for C−F bond transformation based
on nucleophilic ligand attack of the C−F bond in the
coordination sphere.

■ EXPERIMENTAL SECTION
General Experimental Information. All reactions were per-

formed under an inert atmosphere of argon in either a glovebox or
standard Schlenk techniques. 1,2-Dichloroethane was distilled over
CaH2 under nitrogen. Other solvents were purified by a MBraun SPS-
800 solvent purification system. Gas chromatography/mass spectrom-
etry (GC/MS) spectra were recorded on a 7890a GC system/5975c
mass spectrometer. Electrospray ionization MS spectra were recorded
on a Bruker Apex IV Fourier transform ion cyclotron resonance mass
spectrometer using electrospray ionization. The intensity data for a
crystal of tBuXantphosAuCl were collected on a Bruker Smart Apex II
CCD diffractometer with graphite-monochromated Mo Kα radiation
(0.71073 Å) at 296 K. Crystallographic data for structural analysis of
tBuXantphosAuCl, tBuXantphosAuCl/PFNB, and tBuXantphosAu-
GaCl4 are deposited at the Cambridge Crystallographic Data Center as
CCDC 1029200, 1430574, and 1423270, respectively. 1H and 19F, 13C,
and 31P NMR spectra were recorded on Bruker 400 MHz, Varian 300
MHz, and Bruker 500 MHz instruments at 298 K, respectively. All
chemical shifts are reported in ppm, and all coupling constants are in
Hz. 1H NMR spectra are referenced to residual protons (CHCl3, 7.26
ppm). 13C NMR spectra are referenced relative to solvent resonances
(CDCl3, 77.16 ppm).

31P{1H} NMR spectra are referenced to external
85% H3PO4 at 0 ppm. 19F NMR spectra are referenced to external
CF3COOH at −78.5 ppm (for the mechanism study) or 0 ppm (for
products).

Synthesis and Reactivity of tBuXantphosAuOtBu (in Situ
NMR). In a glovebox, tBuXantphosAuCl (7.3 mg, 0.01 mmol) was
dissolved in 0.4 mL of toluene-d8 in an NMR tube sealed with a rubber
cap. KOtBu (1.2 mg, 0.01 mmol) was dissolved in 0.3 mL of toluene-
d8 and then transferred to a syringe equipped with stainless steel
needles. The syringe was closed by blocking the needles with a
septum. Outside the glovebox, the tBuXantphosAuCl solution was
precooled to −78 °C, and then the KOtBu solution was added via
syringe slowly with shaking of the NMR tube to ensure mixing. After
the addition was complete, the NMR tube was allowed to warm to
room temperature freely, giving a light-yellow solution. Then PFNB
(1.3 μL, 0.01 mmol) was added via syringe to the above solution.
Upon shaking of the NMR tube to ensure mixing, the sample was
directly used for NMR analysis.

Reaction of (IPr)AuOtBu with PFNB. In a glovebox, (IPr)-
AuOtBu (10 mg, 0.015 mmol) was placed in a Wilmad low-pressure/
vacuum NMR tube, and then 0.6 mL of toluene-d8 was added. After
almost the entire complex was dissolved, PFNB (2 μL, 0.015 mmol)
was added into the solution. Then the NMR tube was sealed, taken
out, covered with aluminum foil, and placed into a 45 °C oil bath. The
reaction process was monitored by 19F NMR. As the reaction
proceeded, a white solid precipitated slowly. After the reaction was
complete, the white solid was collected, dried, and characterized by
NMR. Its characteristic 19F NMR signal at −257 ppm in CD2Cl2 and
its 1H NMR spectrum confirmed it to be the known (IPr)AuF.23 The
reaction of (IPr)AuN(iPr)2 with PFNB was carried out similarly.

Computational Method. All calculations were carried out with
the Gaussian 09 package.30 All molecular geometries were optimized at
the DFT (B3LYP)31 level with the 6-31G** basis set for the main-
group atoms and the SDD32 pseudopotential and associated basis set
for the Au atom. The frequency calculations at the same level were
carried out to confirm each stationary point to be either a minimum or
a transition state. Intrinsic reaction coordinate paths were calculated to
connect each TS to the corresponding reactant and product. The
solvent effect (toluene) was incorporated via a polarized continuum
model35 based on gas-phase-optimized geometries. To make
computations efficient, the two methyl groups on the xanthene
backbone were replaced by two H atoms.

Catalytic C−F Bond Transformation. In a glovebox, into a 25
mL Schlenk tube was placed tBuXantphosAuCl (3.7 mg, 0.005 mmol),
CsF (30.4 mg, 0.2 mmol), and 2 mL of toluene. Then TMS-OMe (28
μL, 0.2 mmol) and PFNB (13 μL, 0.1 mmol) was added to the tube,
and the tube was heated to 100 °C for 24 h. When the reaction was
complete, a small portion of the reaction mixture (∼0.2 mL) was taken

Table 3. Substrate Scopea

aReaction conditions: tBuXantphosAuCl (0.005 mmol), substrate (0.1
mmol), TMS-X (0.12−0.2 mmol), CsF (0−0.2 mmol), and toluene (2
mL), 24 h unless noted. For details, see the Supporting Information.
bCsF (0.05 mmol), 60 °C. cMixtures of products. dCH2C(OTMS)-
(C6F5) obtained in 45% yield. e60 °C. f100 °C.
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from the Schlenk tube and passed through a short column of silica gel
with DCM as the eluent to give the sample for GC/MS analysis.
Another 0.5 mL of the reaction mixture was directly added into a
NMR tube for NMR analysis, and the yields of the products were
determined by integration in the 19F NMR spectrum versus internal
PhCF3. For C−N bond formation, 0.2 mmol of TMS-NEt2 and 0.2
mmol of CsF were used and the reaction temperature was 100 °C
(except for that of PFNB). For C−S bond formation, 0.12 mmol of
TMS-SEt was used and the typical temperature was 25 °C.
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