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Abstract. CpzLn (Ln = Ce, Nd, Sm, Er, Yb) are applied as precatalysts
in the presence of LiAlH, for the C—F bond activation of hexafluo-
ropropene, 1,1,3,3,3-pentafluoropropene, trifluoropropene, chlorotri-
fluoroethene, and octafluorotoluene. 100 % conversion and TONs up

to 155 could be observed for the hydrodefluorination reaction (HDF).
For chlorotrifluoroethene hydrodefluorination occurs with high chemo-
selectivity favoring the C—F bond activation versus C—Cl bond acti-

vation. /

Introduction

Complexes of the rare earth metals find widespread applica-
tion as catalysts in polymerization,'!! hydrogenation,'?! hydro-
silylation,®! hydroamination,?** and hydroboration!?*>! reac-
tions. Lanthanide compounds are hard Lewis acids and their
most stable oxidation state is +III. With fluorine they form
strong bonds (BDE approx. 500-670 kJ'mol™!; except Lu:
404 kJ-mol~"),!° making them suitable for C—F bond activation
reactions. Organofluorine compounds found a broad field of
application in the chemical industry (pharmaceuticals, poly-
mers, coatings, refrigerants).l’”? However, a drawback of the
high thermodynamic stability and kinetic inertness of the C-F
bond is the accumulation of fluorocarbons in the upper atmo-
sphere where they contribute to the global warming effect.!®!
Therefore, it is of great interest to selectively construct and
deconstruct C-F bonds.

Next to the well-investigated transition metal mediated C—F
bond activation,!”! the rare earth metals promise great opportu-
nities and novel reactivity. Lanthanides show significant intra-
molecular interactions with C—F bonds, which results in a rela-
tively low activation barrier for C-F activation.l!! In 1994
Deacon reported some evidence for catalytic C—F bond acti-
vation with an organoytterbium reagent by addition of a cyclo-
pentadiene source.['!! However, except of that, so far all re-
ported C-F bond activations mediated by lanthanide com-
plexes are stoichiometric reactions and no catalytic systems
are known.[!?! The first lanthanide mediated C-F bond acti-
vation was accomplished by Deacon with metallic samarium
and bis(pentafluorophenyl)mercury in a complex redox trans-
metallation reaction.!'3! Andersen and Watson showed that di-
valent lanthanide complexes abstract fluorine atoms from per-
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fluoroolefins and hexafluorobenzene.!'*! Brennan reported the
formation of SmF; by decomposition of a dimeric samari-
um(IIl) complex with fluorinated benzenethiolate ligands.!'”’
Experimental and computational studies on the C—F activation
with monomeric Cp’,CeH and Cp’,CeCH,Ph [Cp' = 1,2,4-
(MesC);CsH,] were conducted by Maron, Eisenstein, and An-
dersen.!'®! These studies showed that for the reactions with
Cp’,CeH intermolecular C-H activation proceeds with a lower
barrier than C-F activation, which is the rate-determining step.

In 2015 Deacon and Junk disclosed that a lanthanum for-
mamidinate complex undergoes C—F activation of all fluorine
atoms of one CF; group to produce LaF; and two different
poly(trifluorophenyl)amidines, which provides a new synthetic
method in the preparation of functionalized amidines.!'”]

Our aim was to find a catalytic system based on rare earth
metal complexes for the activation of the C-F bond. Among
the tested systems the divalent samarium complex
Cp*,Sm(THF), (Cp* = CsMes) turned out to be the most ef-
fective precatalyst for hydrodefluorination reactions with
Group 13 hydrides as hydride source (see Supporting Infor-
mation). However, in control experiments we found out that
for the HDF of several fluoroorganic compounds with alkyl-
aluminum hydrides as hydride sources in toluene no metal
complex is needed just catalytic amounts of donor solvents.!#!
In conclusion, the catalytic activity of Cp*,Sm(THF), may be
derive from the coordinated THF molecules and not from the
central metal atom. Therefore, we applied several tris(cyclop-
entadienyl) rare earth metal complexes Cp;Ln [Ln = Ce (1a),
Nd (1b), Sm (1¢), Er (1d), Yb (1e)], which we obtained from
a commercial supplier, who claimed that the elemental analysis
shows no THEF, to exclude interference of possible organocata-
lytic HDF. Nonetheless, to be sure that no THF is present, we
measured a 'H NMR spectrum of Cp;Yb (1e), which is consis-
tent with literature data!'®! for non-coordinated 1e and shows
no signals of THF. The rare earth metals qualify for reactivity
studies because their cations form a group with gradual con-
traction of the ionic radii but constant ionic charge. Therefore,
we choose five rare earth metals (Ce, Nd, Sm, Er, Yb) distrib-
uted over the whole group.
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Generating C—H bonds and regeneration of the catalyst re-
quires a hydride source (E-H). The driving force for catalyst
regeneration in HDF reactions can be the formation of strong
element fluorine bonds (E-F). Silicon, boron, aluminum, and
gallium show high bond dissociation energies (BDE) towards
fluorine and their E-F bonds are stronger than most metal
fluoride bonds.!®! Their hydrides are possible candidates as hy-
dride sources in catalytic HDF reactions. Several studies
demonstrated the hydrogen transfer capability of e.g. phenylsi-
lane!?°! and alkylalanes!?!! with alkyl and carboxylate com-
plexes of the rare earth metals. Furthermore, Rosenthal et al.
demonstrated that zirconium fluorido complexes were con-
verted into the corresponding hydrido complexes by diisobut-
ylaluminum hydride (DIBAL).[?2! C-F bond activation by
LiAIH, in ether is long known,?*! but catalytic systems are
rare and based on transition metal salts.**]

Results and Discussion

The system with diisobutylaluminum hydride (4a) as hy-
dride source and Cp;Yb (1e) as precatalyst showed no reactiv-
ity towards the HDF of hexafluoropropene (6) (see Supporting
Information). Therefore, we applied lithium aluminum hydride
(4b) as hydride source for the HDF of 6 (Table 1). Quantitative
conversion to the HDF products could be observed. In addition
to the main products 7a and 7b, 2nd generation HDF products
E- and Z-1,2,3,3-tetrafluoropropene (7d—7e) were obtained as
minor products (10-24%). The other constitutional isomer
1,1,2,3,3-pentafluoropropene (7¢), 2nd generation HDF prod-
uct 2,3,3,3-tetrafluoropropene (8a) and 3rd generation HDF
product 2,3,3-trifluoropropene (9b) could be obtained in small
amounts. Interestingly, the E/Z ratio is above 1 for all precata-
lysts; i.e. the thermodynamically less stable E-isomer is pre-
vailingly formed. The E/Z ratio of the 2nd generation HDF
products 7e and 7d is below 1; the Z isomer is favored. The
most reactive system for the HDF of 6 is the system using le
as precatalyst (entry 5); quantitative conversion to the HDF

products and a higher selectivity than for the reactions with
the other prectalysts was observed. When the amount of pre-
catalyst 1le was reduced to just 0.5 mol %, the conversion de-
creased to 73% (entry 5a). However, the TON increased to
155. The HDF reactions are rather slow: after 1 h reaction
time just 0.3-8.5 % conversion to the HDF products could be
observed (see Supporting Information).

To study the limitations and scope of the rare earth metal
catalyzed HDF, the best systems using la—1c¢, le as precatalyst
were applied to other olefinic and aromatic substrates as pre-
sented in Table 2. Whereas the reactivity of le was high for
the HDF of 6, the conversions for the other substrates are by
far lower for 1e in comparison to the other precatalysts 1la—1c,
i.e. the rare earth metals with larger ionic radii show now
higher reactivity.

The main product of the HDF of 1,1,3,3,3-pentafluoropro-
pene (7f) is the thermodynamically more stable E isomer of
1,3,3,3,-tetrafluoropropene (8b) with high E/Z ratios up to 9.8
and conversion up to 88 % for 1c (entry 2). The HDF of 11
gives in high selectivity the thermodynamically less stable E
isomer of 1,2-difluoroethene (12a) with E/Z ratios around 11.
The best system is LiAlH, with precatalyst 1b yielding 78 %
conversion to the HDF products (entry 6), closely followed by
the system with 1a (entry 5). The systems with LiAlH, and
precatalysts 1c¢ and 1e show low conversions around 28 % (en-
try 7, 8).

To study the competition between hydrodefluorination and
other hydrodehalogenation reactions chlorotrifluoroethene (13)
was used as substrate (entry 9-12). Surprisingly, the main
products are the E and Z isomer of the chlorinated difluoro
ethene. Hence, the C-F activation is preferred over the C—Cl
bond activation although the BDE of the C-Cl bond
(370 kJ'mol™!) is significantly smaller than for the C-F bond
(500 kJ*mol™").187 The same applies for the BDE of the Sm—X
and Al-X bonds (see Supporting Information). The reactions
show a relatively high chemoselectivity. However, the regio-

Table 1. HDF of 6 with precatalyst 1a—1e and LiAlH, as hydride source in toluene at 80 °C, overnight .

5 mol% 1a-e
CF
3 i 1.5 eq. LA, CF3 CF,H CF,H jJ\E, /(QH
F)\\\]/ FJ\% + F/R\I/F + F)\E * F * F
E toluene £ F E
80°C,20h
6 7a,b 7c 7d.e 8a 9b
main minor
products traces products traces
Entry Precat. 7a,7b /% E/Z 7a,7b 7d,7e /% E/IZ 7d,7e Conv. ® /% TON
1 la 71.1 1.6 21.6 0.29 96.9 24.2
2 1b 69.5 1.6 239 0.24 97.1 24.8
3 1c 74.8 1.7 10.4 0.33 88.4 20.2
4 1d 31.9 1.5 4.7 0.24 39.9 9.2
5 le 81.9 2.0 14.7 0.30 100 23.6
5a 9 le 64.7 1.6 6.2 0.27 72.5 155

a) Reaction conditions: 5 mol % precatalyst CpsLn [Ln = Ce (1a), Nd (1b), Sm (1¢), Er (1d), Yb (1e)], 1.5 equiv. LiAlH,, 1 mmol 6 in toluene
at 80 °C, overnight. b) Total conversion; Conversions were determined by '"F NMR spectra by integration of product resonances vs. the
internal standard (fluorobenzene); full Table in Supporting Information. c) 0.5 mol % 1le. d) Mixtures of fluorocarbons and alanes or LiAlH, are
thermodynamically unstable and can lead to explosions. CAUTION is required especially in regard to scale up.
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Table 2. Catalytic HDF of various substrates with precatalyst la-1c, 1e, and LiAlH, (4b) .

Entry  Substrate Precat. Mol % Time /A Main products /% ElZ Conv. /% TON
CF. CF CH
’ ¢ CF3 CF3 ¢
x F x s
k\/F &
F F F
7 8b 8c 9a 10b
1 la 5.7 17 66.9 9.3 1.7 1.4 72 79.9 154
2 1b 6.3 17 73.6 7.5 2.5 23 9.8 87.6 15.8
3 1c 5.6 18 73.5 8.2 3.0 1.2 9.0 86.7 17.0
4 le 5.8 17 22.1 2.8 0.1 29 79 279 4.8
F F F
i an 7y = =<
F F F F
11 12a 12b 12¢ 12d
5 la 4.7 67 67.3 5.7 1.3 0.2 11.9 74.5 16.3
6 1b 4.8 67 69.9 6.2 1.3 0.2 11.2 77.6 16.4
7 1c 4.7 69 224 2.3 1.3 2.7 9.9 28.6 6.3
8 le 45 67 24.0 2.1 0.4 0.1 11.6 26.7 6.0
Cl F Cl Cl F E
> — ( > ) —, 7 =/
F F F F F F
13 14a,14b 14c,14d 12a,12b 12¢
9 la 5.1 21 22.1 4.0 1.9 - 1.0° 280 6.6
10 1b 5.1 18 18.0 2.7 1.2 0.1 1.0® 220 5.0
11 1c 5.0 17 23.0 3.7 2.3 049 099 298 7.0
12 le 4.9 17 2.4 0.7 0.7 - 1.0 38 1.1
CF CF
F ' F CFs E ’
F. F
F F F F
F F
F F
15 16a 16b
13 la 4.7 17 11.1 1.1 12.2 2.6
14 1b 4.8 18 9.1 0.8 10.0 2.1
15 1c 4.8 17 11.0 1.3 12.3 2.5
16 le 4.8 17 2.6 0.6 32 0.7

a) Reaction conditions: 5-6 mol % precatalyst 1la-1c, 1e, 1.5 equiv. LiAlH, in toluene at 80 °C. b) Conversion to 1,1,3,3-tetrafluoropropene
(8d). c¢) Conversion to trifluoroethene (11). d) The amount of the conversion is the sum of all HDF products (major, minor and all traces) and
therefore may differ from the sum of the main products. [e] E/Z ratio of 14a,14b; full Tables see Supporting Information.

selectivity of the HDF of 13 is rather low and conversions of
max. 30% (entry 11) could be observed.

The conversions for the HDF of octafluorotoluene (15) are
low (up to 12%, entry 15). The main product is the para-
substituted HDF product heptafluorotoluene (16a).

The equimolar reaction of 1e with 6 (in toluene, 80 °C, over-
night, no color change of the reaction mixture) yields no de-
fluorinated products of 6 but just the recovery of 6, i.e. no
fluorine abstraction or exchange takes place. However, when
le is reacted with LiAlH, the reaction mixture changes from
green to yellow. Unfortunately, the solubility in toluene is very
poor and no product signals could be detected in the NMR
spectra of the supernatant solution. When the residue is taken
up in [D]THF the color changes to red-brown. The 'H NMR
spectrum shows four very broad signals (5.7, 2.9, —15.7,
—43.4 ppm), which could not be assigned to a product. No
crystal structure could be obtained yet, but we presume that
the tris(cyclopentadienyl)lanthanide complexes la—le react

with LiAlH, forming a hydrido complex either by abstraction
of a Cp ligand and hydride exchange or by coordination of the
hydroaluminate like it is described for several cyclopen-
tadienyl transition and rare earth metal complexes in litera-
ture.!?> This active hydrido species reacts with the fluoroor-
ganic compound yielding the HDF products and a fluoride lan-
thanide complex, which reacts with the hydride source re-
forming the active hydrido species.

The precatalysts show different reactivity trends depending
on the applied substrate. One reason for this must lie in the
gradual contraction of the ionic radii of the rare earth metals,
which leads to different steric effects between the active spe-
cies and the substrate depending on the applied lanthanide
complex. The approach of the substrate may be hindered. Elec-
tronic effects should play a role as well and contribute to the
stabilization or destabilization of transition states.

We could demonstrate that 1a—1e can catalyze the hydrode-
fluorination of various fluorinated substrates (olefinic and aro-
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matic), introducing the first reported rare earth metal catalyzed
C-F bond activation. LiAlH, was used as hydride source. The
precatalyst with the highest conversion for hexafluoropropene
(6) is precatalyst le, for the other substrates the precatalysts
with larger ionic radii show higher reactivity. For 6 complete
conversion to the hydrodefluorinated products and TONs up to
155 could be observed. HDF reactions of chlorotrifluoroethene
(13) demonstrate that the C—F bond activation is favored over
the C—ClI bond activation with a relatively high chemoselectiv-
ity, although regioselectvity and conversions were low.

Applying catalysts with different substitution patterns on the
Cp ligand and variation of the central metal atom influences
their steric and electronic properties and can lead to a lower
or even higher reactivity and selectivity. Further studies to op-
timize the rare earth metal-catalyzed C-F bond activation and
to clarify the mechanism are currently in progress.

Experimental Section

All preparations and reactions were performed using standard Schlenk-
type and vacuum line techniques, or by working in an argon-filled
glove box. The amount of gaseous compounds was determined by
using pVT techniques or by condensing the gas into a weighted J.
Young flask. Toluene was distilled from potassium. la-le (abcr,
Strem), 4a (Sigma Aldrich), 7f (Syn-Quest Labs), 11 (SCM Specialty
Chemicals), and 13 (J. T. Baker Chemical Co.) were obtained from
commercial sources and used as received. 15 was purchased from abcr
and distilled from calcium hydride. 4b was obtained from Sigma Ald-
rich, recrystallized from diethyl ether, and thoroughly dried under high
vacuum for one day and night. 6 (Solvay) was obtained free of charge.
All NMR spectra were recorded at 293 K with a JEOL JNM-ECS400
('H, 'F NMR; 399.65, 376.0 MHz).

Catalytic Hydrodefluorination: Reaction conditions and substrates
are listed in Tables S1-S6 (Supporting Information). A single-necked
flask equipped with a J. Young valve was charged with one of the
precatalysts, the hydride source 4a—4b or 5§ and solvent (2 mL). The
solubility of 1a—le and 4b is poor in toluene. The substrate (1 mmol,
1 equiv.) was added with a syringe and the mixture was degassed.
Gaseous substrates (1 mmol, 1 equiv.) were condensed into the flask
to the prior degassed mixture. The corresponding reaction conditions
were applied. The crude reaction mixture was purified by fractional
condensation under vacuum to a trap kept at —80 °C (for liquid sub-
strates) or through two subsequent traps kept at —80 and —196 °C,
respectively, for gaseous substrates. Fluorobenzene was added to the
contents of the trap (liquid substrates) and a defined amount of that
mixture was added to an NMR tube containing C¢Dg. The contents of
the second trap (gaseous substrates) were condensed into a NMR tube
containing a standard C¢Dg solution of fluorobenzene.

The conversion of the substrates was determined by NMR spectra by
integration of product resonances vs. the internal standard (fluorobenz-
ene). The products were identified by '"F NMR spectroscopy
([Dg]benzene), using available literature data for 7a—7b,1?%! 7¢,1271 7d—
7e,281 8a-8c,2°1 8d,127! 9b,3% 10a-10c,>!T 12a-12¢,3? 14a-14d,3!
16a,*4 16b,3%! or by comparison with an authentic sample (11, 9a,
12d).

CAUTION: Mixtures of fluorocarbons and alanes or LiAlH, are ther-
modynamically unstable and can lead to explosions. DIBAL is pyro-
phoric and the LiAlH, residue, if it still contains any ether, is also
extremely pyrophoric.

Supporting Information (see footnote on the first page of this article):
Experimental Section, Tables, Formulas, NMR spectrum of 1e, BDEs.
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