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ABSTRACT: C–F bond activation is a challenging reaction with increasing importance in synthesis. The strength of the C–
F bond and the shielding effect of the fluorine atom render its activation difficult. Rare-earth metals offer an exceptional 
opportunity for this process because the high dissociation energy of the M–F bond offsets the strength of the C–F bond. 
Herein we report a unique reaction for the C–F activation of aromatic bonds by rare-earth metal complexes. The strong C–
F bond of perfluorobenzene is cleaved under reducing conditions in the presence of a rare-earth metal iodide to form 
initially an equimolar mixture of a metal fluoride and a metal perfluorophenyl complex; the latter eventually undergoes β–
F elimination to a metal fluoride. A similar reactivity is observed when reacting inverse sandwich rare-earth metal arene 
complexes with perfluorobenzene. All compounds were characterized by X-ray crystallography, multi-nuclear NMR spec-
troscopy, and elemental analysis. 

Introduction 
When compared to hydrocarbons, fluorocarbons exhibit 

unique and advantageous chemical, physical, and physio-
logical properties.1-4 Notable examples include the use of 
perfluorocarbons as blood substitutes5 or as solvents for bi-
phasic reactions,6 both applications utilizing the chemical 
inertness and miscibility properties of perfluorocarbons. In 
order to exploit fluorocarbons, various methods have been 
developed to introduce C–F bonds in organic molecules.7-11 
However, the high volatility and devastating environmen-
tal impacts of fluorocarbons demand the concurrent ad-
vancement of methods to relieve their negative effects on 
the planet.12-13 Since simple burning of fluorocarbons would 
only release global warming gases, more sophisticated 
methods are required to remove fluorine. C–F bond activa-
tion has thus become a subject with increasing importance. 
While C–H bond activations already present a great chal-
lenge for chemists due to the high bond dissociation en-
ergy (104.9(0.1) kcal/mol for CH3–H)14 and chemical inert-
ness, C-F bond activation is arguably an even greater chal-
lenge since it is the strongest single bond between carbon 
and any element (115(4) kcal/mol for CH3–F),14 while the 
fluorine atom has a steric and electronic shielding effect.3 
Despite the difficulty associated with C–F bond activation, 
metal mediated C–F bond transformations have been 
demonstrated and reviewed in the literature, including ex-
amples for both early and late transition metals.15-22 Albeit 
in most cases C–F bond activation was achieved in a stoi-

chiometric fashion due to the high stability of the corre-
sponding metal fluoride, a common product of metal me-
diated C–F bond transformations, it is possible to make the 
reaction catalytic through the use of a fluorine trapper 
such as a silane or aluminum hydride by taking advantage 
of the strength of the Si–F and Al–F bonds.23-27 

 

 
Scheme 1. Representative examples of C-F bond activation 
by rare-earth metal complexes: (a) Reaction of Cp*2Yb(II) 
(Cp* = η5-C5Me5) with perfluorobenzene;36 (b) Activation 
of fluorocarbons by Cp'2CeH (Cp' = η5-C5H2(CMe3)3-
1,2,4);37-38 (c) F/I exchange between alkyl fluorides and 
YbI3.39 

Rare-earth metals present unique opportunities for C–F 
bond activation. First, they form strong bonds with the 
most electronegative fluorine atom since rare-earth metal 



 2 

ions are hard acids according to Pearson’s acid/base con-
cept.28 For example, the average Ce–F bond enthalpy of 
CeF3(g) is 153 kcal/mol,29 comparable to the bond enthalpy 
of the C6F5–F bond at 154 kcal/mol.30 Second, in spite of the 
fact that the fluorine atom is not a particularly good Lewis 
donor or hydrogen bond acceptor,3 lanthanides and acti-
nides form significant interactions with C–F bonds either 
intermolecularly31 or intramolecularly.32-35 While the for-
mer guarantees that the C–F bond transformation is ther-
modynamically favorable, the latter allows a relatively low 
activation barrier for C–F activation. 

Early reports of C–F bond activation mediated by lantha-
nides involved divalent complexes of Eu, Yb, and Sm. For 
example, Deacon et al. reported the ortho-fluorine atom 
abstraction from perfluorophenyl or its derivatives by 
Yb(II).40-41 Later, Andersen and Watson reported the 
defluorination of fluorocarbons, including perfluoroben-
zene and perfluoroolefins, by divalent lanthanide metallo-
cenes (Scheme 1a).36, 42 In these cases, a trivalent lanthanide 
fluoride was the product and the reaction rate was well cor-
related to the redox potential of the corresponding diva-
lent lanthanide reagent.42 Furthermore, Schwarz and co-
workers reported a gas phase reaction between lanthanide 
cations and fluorocarbons and found that the C-F bond ac-
tivation was applicable to all cationic lanthanide com-
plexes studied and, in most cases, resulted in the formation 
of a Ln–F bond and an organic radical species.43-44 Deacon 
and co-workers gradually expanded the synthesis of lan-
thanide fluorides with different ancillary ligands by means 
of C–F bond activation.45-49 Andersen, Eisenstein, and 
Maron conducted experimental and computational studies 
on the C–F activation reaction by Cp′

2CeH (Cp′ = η5-
C5H2(CMe3)3-1,2,4)36, 42 and showed that while the reaction 
outcome was hydrogen for fluorine exchange, it did not fol-
low a simple σ-bond metathesis mechanism (Scheme 1b).37-

38 Follow-up studies suggested a more complicated mech-
anism might be in play due to the large difference in charge 
distribution between starting materials and products.50-51 
Recently, Hilmersson et al. demonstrated an efficient hal-
ogen exchange reaction between LnI3 and unactivated al-
kyl fluorides (Scheme 1c).39 It was initially discovered when 
the same group studied the reductive defluorination of al-
kyl fluorides using iodide contaminated Sm[N(SiMe3)2]2.52 
Subsequent optimizations showed that the reactivity fol-
lowed a simple trend: the smaller the lanthanide ion, the 
higher the yield of halogen exchange. That rendered YbI3 
the best reagent tested (the reactivity of LuI3 or ScI3 was 
not reported). The same group also published a C–N cross 
coupling reaction using an alkyl fluoride, a secondary 
amine, and a stoichiometric amount of La[N(SiMe3)2]3.53 
Examples of C–F bond activation by actinides are rare. An-
dersen and Bergman reported that (η5-MeC5H4)3U(tBu) 
could activate the C–F bonds of both aromatic and ali-
phatic perfluorocarbons and proposed a radical cage 
mechanism.54 

 
Results and discussion 

As part of our group’s continuing efforts to explore the 
chemistry of rare-earth metals and actinides supported by 
ferrocene-derived ligands,55-62 especially redox reactions in 
the presence of arenes,63-71 we discovered a bimetallic cleav-
age of the C–H bond of benzene by (NNTBS)MI(THF)2 (1-M, 
H2(NNTBS) = fc(NHSitBuMe2)2, fc = 1,1'-ferrocenediyl; M = 
Sc, Y, and Lu) and potassium graphite (KC8) to form an 
equimolar mixture of [(NNTBS)M(μ-H)2(THF)x]2 (2-M2, M = 
Sc, x = 0 or 1; M = Y or Lu, x = 1) and (NNTBS)MPh(THF) (3-
M, Scheme 2a, b). In addition, the C–H bond activation of 
a naphthalene dianion sandwiched between two lutetium 
ions in the previously isolated [(NNTBS)Lu(THF)]2(μ-C10H8) 
(4-Lu2) was observed upon moderate heating (Scheme 
2c).69 Based on experimental and computational studies, 
we proposed that the reaction proceeds through an inverse 
sandwich metal benzene intermediate followed by an 
asymmetric bimetallic transition state for C–H bond cleav-
age that involves metal based orbitals, the π* orbital of ben-
zene, and the σ* orbital of the C–H bond. This mechanism 
is fundamentally different from previously established C–
H bond activation mechanisms, such as σ-bond metathesis 
and 1,2-addition.72-73 Inspired by this C–H bond activation 
reactivity, we turned to investigate whether the 1-M/KC8 
system is capable of C–F bond activation. Herein, we report 
the C–F bond activation of C6F6 by 1-M/KC8 to give metal 
fluoride and metal perfluorophenyl products. Moreover, 
the previously reported [(NNTBS)M(THF)x]2(μ-C10H8) (4-
M2, M = Sc, x = 0; M = Y or Lu, x = 1)63-64, 66 was able to 
activate C6F6 to give the same products. 

C6F6 is easier to reduce than C6H6 because of the substi-
tution of the less electronegative hydrogen atoms by fluo-
rine atoms (Pauling scale, H 2.20, F 3.98).74 In the case of 
C-H bond activation, benzene was used as a solvent ini-
tially. Subsequent experiments showed that the reaction 
could proceed in hexanes with excess benzene (ca. 50 
equivalents) but at a slower rate. Since KC8 is incompatible 
with neat C6F6 (a small scale test resulted in a flash fire in 
a dinitrogen filled glove-box and left behind a black solid), 
it is necessary to use C6F6 in a low concentration in a com-
patible solvent to minimize the nonproductive side reac-
tion between KC8 and C6F6. After optimization, we found 
that using 3 equivalents of KC8, 5 equivalents of C6F6, and 
diethyl ether (Et2O) as the solvent led to the best results. 
Addition of 3 equivalents of KC8 into a Et2O solution of pre-
dissolved 1 equivalent of 1-Sc and 5 equivalents of C6F6 at 
room temperature led to no immediate color change. After 
2.5 hours of stirring at room temperature (the reaction was 
monitored by 1H NMR spectra of aliquots taken at various 
intervals, Figures S13–S16), the reaction went to comple-
tion. The crude product contained [(NNTBS)Sc(μ-F)]2 (5-
Sc2) and (NNTBS)Sc(C6F5)(THF) (6-Sc) in a close to equimo-
lar ratio as determined by 1H NMR spectroscopy (Scheme 
2d). Compounds 5-Sc2 and 6-Sc were separated based on 
their solubility properties: 6-Sc could be extracted into 
hexanes, while 5-Sc2 was barely soluble in hexanes and, 
therefore, could be subsequently extracted into toluene. 
Analytically pure compounds were obtained after crystalli-
zation: 6-Sc could be isolated from hexanes in a 28% yield 
and 5-Sc2 from toluene/hexanes in a 27% yield (yields are 
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calculated based on 100% 1-M). Other rare-earth metal 
complexes, namely yttrium and lutetium, were also able to 
promote the C–F bond activation of C6F6. When 1-Y or 1-
Lu was used instead of 1-Sc, [(NNTBS)Y(μ-F)(THF)]2 (5-Y2) 
or [(NNTBS)Lu(μ-F)(THF)]2 (5-Lu2) was the only identified 
product with an isolated yield of 50% or 38%, respectively 
(Scheme 2e). The absence of (NNTBS)Y(C6F5)(THF) (6-Y) or 
(NNTBS)Lu(C6F5)(THF) (6-Lu) was attributed to a rapid β–
F abstraction reaction. In agreement, a set of two 19F NMR 
peaks with an AA'BB' pattern was observed in the crude re-
action mixture and assigned as the [2+4] cycloaddition 
product of perfluorobenzyne and cyclopentadiene (Figure 
S17). Similar products were observed in cases involving the 
decomposition of lanthanide perfluorophenyl complexes.37 

We repeated the reaction using C6D6 as a solvent instead 
of Et2O in order to monitor it directly by 1H and 19F NMR 
spectroscopy and to determine whether the C-F bond acti-
vation reaction is selective in the presence of C-D bonds. 
Despite the fact that 1-Sc/KC8 activates the C–D bond of 
C6D6, a C–D activation product was not observed in the 
presence of C6F6. Instead, 5-Sc2 and 6-Sc were the only ob-
served products (Figure S18); no reaction intermediate was 
identified by 1H and 19F NMR spectroscopy. 
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Scheme 2. Reductive cleavage of C–H/F bonds: (a, b) of benzene to form 2-M2 and 3-M using the 1-M/KC8 system; (c) of 
naphthalene from 4-M2; (d, e) of perfluorobenzene to form 5-M2 and 6-M using the 1-M/KC8 system; (f) of perfluoroben-
zene by 4-M2 (M = Sc, Y, Lu). 

The fact that C–F bond activation could proceed without 
the interference of C–D activation led us to explore 
whether 4-M2 could act as a sole reagent to facilitate the 
activation of C6F6 (Scheme 2f). Compounds 4-M2 are 
known to undergo intramolecular C-H bond activation of 
the naphthalene dianionic ligand;69 however, when heat-
ing a solution of 4-Sc2 in the presence of excess C6F6, we 
only observed the C–F bond activation products, 5-Sc2 and 
6-Sc (Figure S19). The absence of C–H bond activation 
products, 2-Sc2 and 3-Sc, is likely a consequence of the fol-
lowing: (1) C–H bond activation of naphthalene in 4-Sc2 re-
quires a higher temperature (85 °C) than C–F bond activa-
tion (50 °C); (2) C6F6 is more readily reducible than naph-
thalene,75 so the arene exchange reaction occurs before ei-
ther C–F or C–H bond activation. In the case of 4-Y2 or 4-
Lu2, 5-Y2 or 5-Lu2 was the single product identified (Figure 
S20, S21); an organic fluorine containing byproduct that is 
probably the cycloaddition product of perfluorobenzyne, 
since it had a similar AA'BB' pattern to the one observed in 
the reaction of 1-M/KC8 (M = Y or Lu) and C6F6, was also 
observed (Figure S17). It is noteworthy to mention that a 
set of three 19F NMR peaks in a 1:2:2 ratio, similar to the 
fluorine signals of 6-Sc, were initially observed in the reac-
tion of 4-Lu2 and C6F6 implying the formation of 6-Lu (Fig-
ure S22); however, those peaks quickly diminished as the 
reaction progressed. No 19F NMR signals attributed to 6-Y 
could be detected even in the beginning of the reaction of 
4-Y2 and C6F6 (Figure S23). 

All products, 5-M2 and 6-Sc were characterized by X-ray 
crystallography, elemental analysis, and 1H, 13C, and 19F 
NMR spectroscopy. For 5-M2, the 19F chemical shift was ob-
served as a broad singlet at -31.2, -32.8, and -49.0 ppm for 
the Sc, Y, and Lu complexes, respectively (Figure S3, S9, 
S12). The 19F chemical shift of fluoride in [Cp2Sc(μ-F)]3 was 
reported at -66.8 ppm as a singlet,76 while the 19F NMR sig-
nal for [LaF(DippForm)2(THF)] (DippForm is the anion of 
N,N'-bis(2,6-di-iso-propylphenyl)formamidine) was ob-
served at +150.2 ppm.47 The broad nature of the 19F signal is 
probably due to the fast exchange between two bridging 
fluorides as well as to coupling with the metal ions. Be-
cause of the line broadening, we were not able to deter-
mine the coupling constant between the 19F and 89Y nuclei. 
The 19F NMR spectrum of 6-Sc (Figure S6) showed three 
multiplets centered at -119.4, -155.5, and -160.7 ppm in a 
2:1:2 ratio, comparable to those of Cp*Yb(C6F5)(THF)3 at -
109.8, -162.4, and -162.9 in THF-d8.77 The sharp nature of 
the 19F NMR signals for 6-Sc suggested that no coalescence 
is present at room temperature, implying the absence of an 
ortho-C–F→Ln interaction in solution.35, 78 

Single crystals of 5-Sc2 were grown from a concentrated 
hexanes solution with a formula of [(NNTBS)Sc][ 
[(NNTBS)Sc(THF)](μ-F)2 (Figure 1). Compound 5-Sc2 crys-
tallized in an asymmetric dinuclear structure with only Sc1 
coordinated by a THF molecule. The average Sc–F distance 
of 2.064(5) Å is within error to that of 2.046(8) Å in 

[Cp2Sc(µ-F)]3.76 The absence of a coordinating THF mole-
cule in the other scandium fragment not only led to a 
shorter Sc2–F distance of 2.040(5) Å than the Sc1–F dis-
tance of 2.086(5) Å but also resulted in a significant differ-
ence between the two Sc–Fe distances. Furthermore, alt-
hough the Sc1–Fe1 distance of 3.377(1) Å is much longer 
than the sum of the iron and scandium covalent radii (3.02 
Å),79 the Sc2–Fe2 distance of 2.840(2) Å is about 0.18 Å 
shorter than the sum of metal covalent radii, indicating a 
donor-acceptor type interaction between the electron-rich 
ferrocene backbone and the electrophilic scandium ion.62, 

80-88 Different metal-iron distances in asymmetric dinu-
clear compounds were previously observed also in 4-Sc2.69 
The Sc–F–Sc angles are essentially the same, 106.7(2)° and 
106.6(2)°, and both are much sharper than the correspond-
ing angle in [Cp2Sc(μ-F)]3 at 153.4(5)°.76  

 

Figure 1. Molecular structure of 5-Sc2 with thermal ellipsoids 
drawn at the 50% probability level. Only one of the two crys-
tallographically independent molecules is shown. Hydrogen 
atoms are omitted for clarity. Selected distances [Å] and an-
gles [°]: Sc1–F1 2.090(4), Sc1–F2 2.083(5), Sc2–F1 2.036(5), Sc2–
F2 2.045(5), Sc1–N1 2.055(7), Sc1–N2 2.050(8), Sc1–O1 2.200(6), 
Sc2–N3 2.058(8), Sc2–N4 2.065(8), Sc1–Sc2 3.310(2), Sc1–Fe1 
3.377(1), Sc2–Fe2 2.840(2), Sc1–F1–Sc2 106.7(2), Sc1–F2–Sc2 
106.6(2), N1–Sc1–N2 127.7(3), N3–Sc2–N4 114.5(3).  

 Single crystals of 5-Y2 and 5-Lu2 were grown from tolu-
ene solutions layered with hexanes with a general formula 
of [(NNTBS)M(μ-F)(THF)]2 (M = Y and Lu). The Y–F and Lu–
F distance is 2.214(4) and 2.182(6) Å in 5-Y2 and 5-Lu2, re-
spectively, and is comparable to the average Sc–F distance 
in 5-Sc2 when taking into account the ionic radii of differ-
ent metal ions. However, the Y–F–Y and Lu–F–Lu angles 
are 68.8(2)° and 69.6(2)°, significantly sharper than that of 
Sc–F–Sc. Since the electrophilicity of metal ions is offset by 
the coordination of one THF molecule per metal ion, the 
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distances of Y–Fe and Lu–Fe are 3.333(1) and 3.363(2) Å, re-
spectively, comparable to the Sc1–Fe1 distance of 3.377(1) Å 
and longer than the sum of the covalent radii of 3.22 Å for 
Y and Fe and 3.19 Å for Lu and Fe.79 

 

 

Figure 2. Molecular structure of 6-Sc with thermal ellipsoids 
drawn at the 50% probability level. Hydrogen atoms are omit-
ted for clarity. Selected distances [Å] and angles [°]: Sc1–C27 
2.308(1), Sc1–N1 2.046(1), Sc1–N2 2.059(1), Sc1–O1 2.145(1), Sc1–
Fe1 3.027(1), Sc1–F1 3.429(1), Sc1–F5 3.335(1), F1–C28 1.366(2), 
F5–C32 1.370(2), C27–Sc1–O1 110.94(4), N1–Sc1–N2 148.08(4). 

Single crystals of 6-Sc were grown from a hexanes solu-
tion with a formula of (NNTBS)Sc(C6F5)(THF) (Figure 2). 
The Sc–C6F5 distance is 2.308(1) Å, slightly longer than the 
Sc–C6H4Me-p distance of 2.250(3) Å and Sc–C6H4Me-o dis-
tance of 2.247(5) Å, but much shorter than the Yb–C6F5 dis-
tance in Cp*Yb(C6F5)(THF)3 (2.597(5) Å) or in 
Yb(C6F5)2(THF)4 (2.649(3) Å).77 However, if accounting for 
the difference between the effective ionic radii of Sc(III) 
(0.745 Å) and Yb(II) (1.02 Å),89 the Sc–C6F5 distance in 6-Sc 
is comparable to the Yb–C6F5 distance in 
Cp*Yb(C6F5)(THF)3. The two Sc–Fortho distances are 3.429(1) 
and 3.335(1) Å, both being much longer than the Yb–Fortho 
distance of 3.162(4) Å in Cp*Yb(C6F5)(THF)3, precluding 
any possible agostic interaction between scandium and the 
ortho fluorine atom. The lack of such an interaction may 
contribute to the relative stability of 6-Sc. 6-Sc slowly de-
composed to 5-Sc2 and perfluorobenzyne [C6F4] upon heat-
ing (a 78:22 ratio of 5-Sc2 and 6-Sc was observed after 2 d 
at room temperature based on 1H NMR spectroscopy, Fig-
ure S24). It is known that the C–F→Ln distances do not fol-
low the trend of ionic radii of the lanthanides; for example, 
in the series of [(DME)3Ln(SC6F5)2]2[Hg2(µ-SC6F5)2(SC6F5)4] 
(DME = 1,2-dimethoxyethane, Ln = La, Ce, Pr, Nd, Sm, Gd), 
the C–F→Ln distances remain in the range of 2.80 to 2.82 
Å, except for the smaller Gd(III) (2.84 Å), in spite of the 
gradually decrease of the Ln(III) ionic radii from La to Gd.90 

In another case, while the C–F→Ln interaction exists in the 
solid state structure of (py)4Sm(SC6F5)3 (py = pyridine), no 
such interaction is present in (py)4Yb(SC6F5)3 despite the 
fact that Yb(III) is more Lewis acidic than Sm(III).91 This 
discrepancy in the lanthanide series suggests a compli-
cated nature of the C–F→Ln interaction that has been dis-
cussed in a recent perspective article.35 

Although we were unable to isolate 6-Y and 6-Lu from 
the reaction of 1-M, C6F6, and KC8, the observation of a 
small amount of 6-Lu at the beginning of the reaction be-
tween 4-Lu2 and C6F6 suggested that all three metals (Sc, Y 
and Lu) should follow a similar mechanism involving the 
initial formation of equimolar amounts of 5-M2 and 6-M. 
While 6-Sc is relatively stable under the reaction condi-
tions, 6-Y and 6-Lu immediately decomposed to 5-Y2 and 
5-Lu2 with the concomitant generation of perfluoroben-
zyne. The formation of both 5-M2 and 6-M resembles the 
reaction of Cp*2Yb and C6F6, in which both [Cp*2Yb(μ-F)]2 
and Cp*2Yb(C6F5) were identified as products (Scheme 
1a).36 However, in the latter, the product ratio was not 
quantified. Based on the product ratio and literature prec-
edence, we propose that the C–F bond activation described 
herein might proceed by the following mechanism: hex-
afluorobenzene was first reduced by KC8 or 4-M2 to form a 
bimetallic intermediate with a doubly reduced (C6F6)2- ring 
sandwiched between the two metal centers, followed by a 
cleavage of the C–F bond to form the observed products, 5-
M2 and 6-M (Scheme 3). This mechanism is analogous to 
that proposed for the C–H bond activation of benzene by 
the 1-M/KC8 system.69 Since C6F6 is easier to reduce than 
C6H6 or C10H8,75 the competition experiment between the 
C–F bond activation of C6F6 and the C–D bond activation 
of C6D6 by 1-Sc/KC8 system yielded only C–F bond activa-
tion products; the reaction between 4-M2 and C6F6 resulted 
in C–F bond activation products as well. 
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(NNTBS)M M(NNTBS)
THF

THF

C6F5

THF

F

F

1-M 5-M2

6-M

C6F6
KC8, - KI

(NNTBS)M
C6F6

- C10H8
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4-M2

(NNTBS)M M(NNTBS)

F6

 
Scheme 3. Proposed mechanism for the C–F bond activa-
tion of C6F6 by 1-M/KC8 or 4-M2.  

Conclusions 
Rare-earth metal iodides supported by a ferrocene dia-

mide ligand were capable to activate the strong aromatic 
C-F bond of hexafluorobenzene in the presence of the re-
ducing agent potassium graphite. Equimolar formation of 
scandium fluoride and scandium perfluorophenyl com-
plexes echoed our previous report on bimetallic cleavage 
of aromatic C-H bonds. Moreover, well-defined inverse 
sandwich rare-earth metal naphthalene complexes can 
also activate hexafluorobenzene to form the same prod-
ucts. The C-F bond activation described here complements 
previous literature reports of lanthanide facilitated C-F 
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bond activation and may shine light on future develop-
ments of stoichiometric and catalytic C-F bond transfor-
mations mediated by rare-earth metals. 

 
Experimental details 

General Considerations: All experiments were per-
formed under a dry nitrogen atmosphere using standard 
Schlenk techniques or an MBraun nitrogen glove box un-
less otherwise specified. Solvents, including toluene, hex-
anes, diethyl ether (Et2O), tetrahydrofuran (THF), and di-
chloromethane, were purified using a two-column solid-
state purification system by the method of Grubbs92 and 
transferred to the glove box without exposure to air. n-Pen-
tane was distilled over calcium hydride under dinitrogen 
atmosphere. Methanol was distilled over calcium oxide un-
der a dinitrogen atmosphere. All solvents were stored on 
activated molecular sieves for at least a day prior to use. 
NMR solvents, benzene-d6, were obtained from Cambridge 
Isotope Laboratories, degassed three times, and stored 
over activated molecular sieves for one week prior to use. 
Rare-earth metal oxides (scandium, yttrium, and lutetium) 
were purchased from Stanford Materials Corporation, 4 
Meadowpoint, Aliso Viejo, CA 92656, and used as received. 
Trimethylsilyl iodide (Me3SiI) was purchased from Alfa Ae-
sar, directly brought into a glove box, and stored over acti-
vated molecular sieves in a -35 °C freezer prior to use. Hex-
afluorobenzene was purchased from Sigma-Aldrich, de-
gassed three times, and stored over activated molecular 
sieves for one week prior to use. KOtBu was purchased 
from Strem Chemicals Inc. and directly brought into a 
glove box without exposure to air or moisture. Potassium 
graphite (KC8) was synthesized by Professor Richard B. 
Kaner’s group (UCLA) and received as a gift. Other solid 
chemicals were purified by crystallization; while liquid 
chemicals were degassed three times and stored over acti-
vated molecular sieves for one week prior to use. 
(NNTBS)MI(THF)2, 1-M (M = Sc, Y and Lu) and 
[(NNTBS)M(THF)x]2(μ-C10H8) (4-M2, M = Sc, x = 0; M = Y or 
Lu, x = 1) were synthesized according to published proto-
cols.63-64, 66, 93-94 Nuclear Magnetic Resonance (NMR) spec-
tra were recorded on Bruker AV300, Bruker DRX500, 
Bruker AV500, or Bruker AV600 spectrometers at 25 °C in 
C6D6 unless otherwise specified. Chemical shifts are re-
ported with respect to internal solvent (C6D6 at 7.16 ppm). 
CHN analyses were performed in house on a CE-440 Ele-
mental Analyzer manufactured by EXETER ANALYTICAL, 
INC. Note: The perfluorophenyl complex 6-Sc could be po-
tentially shock sensitive. However, we did not observe any 
instability for the preparative scale reported herein. 

 
 
C–F Bond Activation of Hexafluorobenzene (C6F6) 

by the 1-M/KC8 (M = Sc, Y and Lu) system and product 
characterization 

M = Sc: 1 equiv 1-Sc (0.203 g, 0.268 mmol) and 5 equiv 
C6F6 (0.248 g, 1.333 mmol) were weighed in a 20 mL scintil-
lation vial and dissolved in Et2O (6 mL). 3 equiv KC8 (0.107 
g, 0.788 mmol) was added to the solution and the reaction 

mixture was stirred at 25 °C. Aliquots were taken at 0.5, 1.0, 
2.0, and 2.5 h and the reaction was monitored by 1H NMR 
spectroscopy. The reaction went to completion after stir-
ring at 25 °C for 2.5 h. The solution was filtered through 
Celite to remove graphite and potassium iodide (KI). The 
volatiles were removed under reduced pressure. The re-
sulting yellow solid was dispersed in 10 mL hexanes, fol-
lowed by vacuum for removing the volatiles. This process 
was repeated one more time. Then the solid was extracted 
into hexanes and toluene. After removing the volatiles, the 
hexanes extraction weighed 0.0950 g and contained mostly 
6-Sc, while the toluene extraction weighed 0.0570 g and 
contained purely 5-Sc2. Analytically pure compounds were 
obtained after crystallization: 6-Sc from hexanes, yield: 
0.0535 g, 27.5%; 5-Sc2 from toluene/hexanes, yield: 0.0372 
g, 27.4%. Single crystals of 6-Sc were grown from a hexanes 
solution. Single crystals of 5-Sc2 were grown from a con-
centrated hexanes solution with an extra THF molecule co-
ordinating to one of the scandium centers. Characteriza-
tion for 6-Sc: 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 4.11, 
4.00, 3.56, and 2.90 (s, 2H each, all belong to CH on Cp), 
4.00 (m, 4H, OCH2CH2), 1.26 (m, 4H, OCH2CH2), 0.88 (s, 
18H, C(CH3)3), and 0.09 and 0.04 (s, 6H each, SiCH3); 13C 
NMR (126 MHz, C6D6, 25 °C) δ, ppm: multiplets from 147 to 
135 (CF on C6F5, the ipso-C is missing due to complicated 
13C–19F coupling), 103.2 (CN), 73.2, 70.5, 68.6, and 67.5 (CH 
on Cp and OCH2CH2), 27.4 (C(CH3)3), 24.9 (OCH2CH2), 
20.2 (C(CH3)3), and -2.8 (SiCH3); 19F NMR (282 MHz, C6D6, 
25 °C) δ, ppm: -119.4 (m, 2F, ortho-CF), -155.5 (t, 3JF-F = 19.7 
Hz, 1F, para-CF), and -160.7 (m, 2F, meta-CF). Anal. (%): 
Calcd. for C32H46N2F5FeOScSi2, Mw = 726.696: C, 52.89; H, 
6.38; N, 3.85. Found: C, 53.35; H, 6.60; N, 3.48. Characteri-
zation for 5-Sc2: 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 
4.18, 4.01, 3.98, and 3.74 (s, 2H each, all belong to CH on 
Cp), 1.07 (s, 18H, C(CH3)3), and 0.42 and 0.36 (s, 6H each, 
SiCH3); 13C NMR (126 MHz, C6D6, 25 °C) δ, ppm: 107.6 (CN), 
71.4, 70.2, 68.7, and 63.5 (CH on Cp), 27.6 (C(CH3)3), 19.8 
(C(CH3)3), and -1.3 and -3.1 (SiCH3); 19F NMR (470 MHz, 
C6D6, 25 °C) δ, ppm: -31.2 (br s, fluoride). Anal. (%): Calcd. 
for C44H76N4Fe2F2Sc2Si4, Mw = 1013.062: C, 52.17; H, 7.56; N, 
5.53. Found: C, 50.92; H, 7.08; N, 4.96. 

M = Y: Scale: 1-Y (0.305 g, 0.380 mmol), 5 equiv C6F6 
(0.357 g, 1.92 mmol), and 3.5 equiv KC8 (0.185 g, 1.37 mmol) 
in Et2O (10 mL). The reaction was monitored by taking ali-
quots (checked by 1H NMR spectroscopy) and went to 
completion after stirring at 25 °C for 1 h 40 min. The 1H 
NMR of all the aliquots and the crude product (after filter-
ing through Celite and removing volatiles) showed a single 
product, 5-Y2. The crude product was washed with hexanes 
to yield a yellow solid that was collected on a medium frit, 
yield: 0.118 g, 49.7%. Single crystals of 5-Y2 were grown 
from a toluene solution layered with hexanes. Characteri-
zation of 5-Y2: 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 4.02 
and 3.74 (br s, 4H each, both belong to CH on Cp), 4.02 (br 
s, 4H, OCH2CH2), 1.45 (m, 4H, OCH2CH2), 1.07 (s, 18H, 
C(CH3)3), and 0.32 (s, 12H each, SiCH3); 13C NMR (126 MHz, 
C6D6, 25 °C) δ, ppm: 106.7 (CN), 70.4 and 66.7 (CH on Cp), 
66.7 (OCH2CH2), 28.1 (C(CH3)3), 25.4 (OCH2CH2), 20.4 
(C(CH3)3), and -1.4 (SiCH3); 19F NMR (282 MHz, C6D6, 25 
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°C) δ, ppm: -32.8 (br s, fluoride). Anal. (%): Calcd. for 
C52H92N4Fe2F2O2Si4Y2, Mw = 1245.176: C, 50.16; H, 7.45; N, 
4.50. Found: C, 50.27; H, 7.55; N, 4.32. 

M = Lu: Scale: 1-Lu (0.304 g, 0.342 mmol), 5 equiv C6F6 
(0.344 g, 1.85 mmol), and 3.5 equiv KC8 (0.170 g, 1.26 mmol) 
in Et2O (10 mL). The reaction was monitored by taking ali-
quots (checked by 1H NMR spectroscopy) and went to 
completion after stirring at 25 °C for 1 h 40 min. The 1H 
NMR of all the aliquots and the crude product (after filter-
ing through Celite and removing volatiles) showed a single 
product, 5-Lu2. The crude product was washed with hex-
anes to yield a yellow solid that was collected on a medium 
frit, yield: 0.0920 g, 38.0%. Single crystals of 5-Lu2 were 
grown from a toluene solution layered with hexanes. Char-
acterization of 5-Lu2: 1H NMR (500 MHz, C6D6, 25 °C) δ, 
ppm: 3.99 and 3.84 (br s, 4H each, both belong to CH on 
Cp), 3.99 (br s, 4H, OCH2CH2), 1.43 (m, 4H, OCH2CH2), 1.07 
(s, 18H, C(CH3)3), and 0.34 (s, 12H each, SiCH3); 13C NMR 
(126 MHz, C6D6, 25 °C) δ, ppm: 105.9 (CN), 70.5 and 67.0 
(CH on Cp), 67.0 (OCH2CH2), 28.1 (C(CH3)3), 25.5 
(OCH2CH2), 20.5 (C(CH3)3), and -1.4 (SiCH3); 19F NMR (282 
MHz, C6D6, 25 °C) δ, ppm: -49.0 (br s, fluoride). Anal. (%): 
Calcd. for C52H92N4Fe2F2Lu2O2Si4, Mw = 1417.298: C, 44.07; 
H, 6.54; N, 3.95. Found: C, 43.81; H, 6.46; N, 3.77. 

C–F Bond Activation of Hexafluorobenzene (C6F6) 
by M2-naph (M = Sc, Y and Lu) 

Sc: 4-Sc2 (0.012 g, 0.011 mmol) and C6F6 (0.0020 g as a 
stock solution in C6D6, 0.011 mmol) were dissolved in C6D6 
(0.7 mL). The reaction was monitored by 1H and 19F NMR 
spectroscopy. The reaction went to completion (no 4-Sc2 
left) after heating at 50 °C (1 d), 70 °C (3 d), and 85 °C (10 
d). Upon the consumption of 4-Sc2, 5-Sc2 and 6-Sc were 
gradually formed in a 1:1 ratio initially; the ratio increased 
due to the decomposition of 6-Sc into 5-Sc2 and the ben-
zyne (C6F4) derived by-product as implied by 1H and 19F 
NMR spectroscopy. 

Y: 4-Y2 (0.009 g, 0.007 mmol) and C6F6 (0.0013 g as a 
stock solution in C6D6, 0.007 mmol) were dissolved in C6D6 
(0.7 mL). The reaction was monitored by 1H and 19F NMR 
spectroscopy. The reaction went to completion (no 4-Y2 
left) after room temperature (1 d) and then heating at 50 °C 
(2 d). Upon the consumption of 4-Y2, 5-Y2 and the benzyne 
(C6F4) derived by-product were formed gradually as im-
plied by 1H and 19F NMR spectroscopy.  

Lu: 4-Lu2 (0.010 g, 0.007 mmol) and C6F6 (0.0013 g as a 
stock solution in C6D6, 0.007 mmol) were dissolved in C6D6 
(0.7 mL). The reaction was monitored by 1H and 19F NMR 
spectroscopy. The reaction went to completion (no 4-Lu2 
left) after room temperature (1 h) and then heating at 50 °C 
(1 d). Upon the consumption of 4-Lu2, 5-Lu2 and 6-Lu were 
initially formed; however, 6-Lu quickly decomposed to 5-
Lu2 and the benzyne (C6F4) derived by-product as implied 
by 1H and 19F NMR spectroscopy.  

Competition Experiment between C–F Bond Activa-
tion of C6F6 and C–D Bond Activation of C6D6 by the 1-
Sc/KC8 system 

In a J-Young tube (NMR tube with a Teflon screw cap), 
1-Sc (0.021 g, 0.028 mmol) and 8 equiv C6F6 (0.040 g, 0.306 

mmol) were dissolved in C6D6 (0.5 mL, 5.611 mmol). 5 equiv 
KC8 (0.023 g, 0.170 mmol) was added to the solution. The 
reaction was monitored by 1H NMR spectroscopy. 5-Sc2 
and 6-Sc were observed as the products, while neither 2-
Sc2-d2 nor 3-Sc-d5 was observed as implied by 1H and 19F 
NMR spectra. 

X-ray Crystallography. X-ray quality crystals were ob-
tained from various concentrated solutions placed in a −40 
°C freezer in the glovebox unless otherwise specified. In-
side the glovebox, the crystals were coated with oil (STP 
Oil Treatment) on a microscope slide, which was brought 
outside the glovebox. The X-ray data collections were car-
ried out on a Bruker SMART 1000 single crystal X-ray dif-
fractometer using Mo Kα radiation and a SMART APEX 
CCD detector. The data was reduced by SAINTPLUS and 
an empirical absorption correction was applied using the 
package SADABS. The structure was solved and refined us-
ing SHELXTL (Bruker 1998, SMART, SAINT, XPREP AND 
SHELXTL, Bruker AXS Inc., Madison, Wiscosin, USA). Ta-
bles with atomic coordinates and equivalent isotropic dis-
placement parameters, with all the distances and angles 
and with anisotropic displacement parameters are listed in 
the cif. 
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