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Abstract: Fluoroalkylations have received increasing attention in the academic and industrial environment due
to the particular properties of the active ingredients that are strongly influenced by fluoroalkyl substituents. The
inherent difficulties of introducing a fluoroalkyl substituent into advanced intermediates has triggered the devel-
opment of an enormous number of specialized reagents, which, however, are often not suitable for large scale
applications. In contrast to this reagent based fluoroalkylation approach, the direct activation of industrially read-
ily available fluoroalkyl halides could be more suitable for a large-scale process. In this way the dithionite initiated
fluoroalkylation as well as newly developed catalytically activated fluoroalkylation protocols were considered for

industrial large-scale applications.
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1. Introduction

Numerous active ingredients in the pharmaceutical and agro-
chemical industries as well as material sciences!!! contain fluorine
as a crucial part, determining the desired properties of the ingredi-
ent to a large extent. In this way, 16% of the top 200 drugs,[2! 45%
of the 201881 and 41% of the 201941 FDA approved drugs are
fluorine containing. Similarly, nearly 60% of the active ingredi-
ents for the agrochemical industry contain fluorine. Most of these
products contain fluorine in form of a fluoroalkyl group. Thus,
the introduction of such fluoroalkyl groups has been subject to an
enormous amount of academic activity with an ever-increasing
number of publications appearing in all major chemistry journals
(Science Finder, Fig. 1).

A clear overall understanding from these investigations shows
the high complexity of introducing such fluoroalkyl groups with a
strongly dependence on the substrate and the fluoroalkyl reagent.
Therefore, numerous academic synthetic protocols have been
developed involving the use of specialized reagentsl®! (reagent-
based approach). However, many of these specialized reagents
have more than 5 times the weight of the fluoroalkyl group being
transferred. The preparation of these reagents themselves pose
many challenging steps and recycling of the reagent is rarely fea-

Fluoroalkylation
(https://scifinder.cas.org/)
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Fig. 1. Number of publications published in every year according to
Science Finder (https://scifinder.cas.org/) over the last few decades.

sible. Therefore, the use of these reagents is generally not suit-
able for industrial large-scale applications due to the significant
amounts of waste generated (low atom efficiency) and due to the
prohibitively high costs. Hence, the reagent-based approach of
fluoroalkylation remains reserved for very specialized applica-
tions in academic or medicinal environments!® as illustrated in
Scheme 1.

The currently available industrial products containing fluo-
roalkyl groups are almost exclusively produced by a so-called
‘downstream’ approach. This approach makes use of fluorinated
starting materials with the desired fluorine substituents in place
at a very early stage. Since many products in question require a
lengthy synthesis, the loss of the fluorinated part in the molecule
often becomes the main cost driver.

Focusing on large-scale production of fluoroalkylated prod-
ucts, we identified the need for industrially viable fluoroalkyl-
ation methods that allow the introduction of fluoroalkylation
substituents at a late stage, making use of industrially available
starting materials and avoiding the use of expensive and waste
intensive reagents.

The development of a fluoroalkylation reaction for an industri-
al large-scale process requires the consideration of numerous as-
pects such as toxicity-, waste- and environmental-, corrosion-, and
energetic- (thermodynamics and kinetics) issues and of course the
cost arising from the selection of starting materials. With these
requirements in mind, we focused on two general methods for the
industrial fluoroalkylation:

1. Dithionite initiated fluoroalkylation (also referred to as

sulfinatodehalogenation)

2. Catalytic initiated fluoroalkylation

Since the consideration of all industrially relevant aspects
would be far beyond the scope of this publication, focus is devoted
to reactivity and energetic aspects.

Scheme 1. Selected examples CF y \ BF,
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2. Results and Discussion

2.1 Reactivity Considerations

The selection of industrially adequate starting materials is
a crucial part at the beginning of every process development.
Regarding fluoroalkylation reactions, an obvious starting mate-
rial selection concerns fluoroalkyl halides. Despite the environ-
mentally hazardous ozone-depleting properties, these compounds
are used as early fluorinated intermediates in a number of large
volume (>100°000 to/a) applications.[”! The ready availability for
attractive costs provides valuable possibilities when a strict emis-
sion control can be assured.

Considering several fluoroalkyl halides as starting material for
fluoroalkylation reactions, specific knowledge of their reactivities
and some mechanistic understanding of the respective reaction in
question is of great importance for process development. In most
cases, it is notoriously difficult to gain detailed knowledge on
the reaction mechanism with good evidence. It is not surprising

that little is known on most reaction mechanisms when industrial
processes are being developed. Nevertheless, it is useful to have
a proposal of a reaction mechanism, which helps to direct the
development efforts where it is most needed.

The two industrially promising fluoroalkylation reactions in
focus involve most likely fluoroalkyl radicals as reactive inter-
mediates.[8! The activation of the fluoroalkyl starting material to
form corresponding fluoroalkyl radicals is a crucial step, which
determines the course of the fluoroalkyl reaction to a large extent.
The bond dissociation energies of fluoroalkyl halides can be used
to estimate the ease of the fluoroalkyl radical formation as listed
in Table 1.

Several experimental dissociation energies are available for
a few perfluoroalkyl halides.[?! The combination of experimental
values and some DFT calculations were used to select the cheap-
est yet adequately accurate level of theory. Interestingly, the much
faster and straightforward BP86 DFT functional performs better
than the hybrid functionals B3LYP and wB97XD and even the

Table 1. Dissociation energies of selected fluoroalkyl halides. Selected experimental values were taken from ref. [9]. Calculated values were obtained
through DFT calculations using the BP86//def3TZVP, B3LYPD3//def2TZVP, wB97XD//def2TZVP and B2PLYD3//def2TZVPP level of theory. All values

given are in kd/mol.

Ri—X

R+ X

B
Name Fluoroalkyl halide Rf-X Dissociation energies in kJ/mol
expt. BP86// B3LYPD3// wB97XD// B2LPYPD//
def2TZVPP def2TZVP def2TZVP def2TZVP
CF3Cl CI—CF, 360.2-372.8 357 337.5 354.9 308.3
F2 326.4-346.0 (+/-
C2F5C1 Cl/C\CF3 8.4) 328.4 327.6 342.8 299.2
R CI
C3F7C1 X - 319.3 310 323.5 279.8
FsC~ “CFj
CF3Br 2l 301.4 282 292.4 253.9
Br—CF; (+/-12.6)
F2 283.3-287.9
C2F5Br Br/C\CF3 (+/- 6.3) 272.7 255.4 263.6 221.6
iC3F7Br F><Br R 265.6 257.6 264.7 229.5
FsC~ “CFj (+/- 4.6) : : : :
CF3I I—CF3 22((_);/1__4223'6 246.3 227.6 235.2 188.7
F2 214.2-219.2
C2F51 O CF, (+-4.2) 217 200.7 206.2 168.8
R |
iC3F71 X 215.1 212.3 205.6 211.0 180.9
F,C~ CF,4
MAE (calculated -experimental values) 10.6 18.1 10.9 46.7
RMSD (to experimental values) -1.9 -15.3 -5.7 -45.7
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significantly more expensive B2PLYP double hybrid functional.
We believe the reason for this behavior is the higher sensitivity of
the wavefunction components in B3LYP, wB97XD and even more
so in the B2PLYP functional toward spin contamination and the
multireference character treating radical species.[1%]

A comparison of the electrostatic charge distribution of methyl
bromide and trifluoromethyl bromide (see Fig. 2) illustrates the
distinct difference in the charge density at the bromide. The reduc-
tion of the negative charge explains the need for an electron-rich
radical initiator for an efficient activation of perfluoroalkyl halides.

Methyl bromide

Trifluoromethyl bromide

Fig. 2. Electrostatic potential surface of methyl bromide and trifluoro-
methyl bromide calculated at BP86/TZVP using the SMD solvation
model with acetonitrile parameters. Blue color is positively charged, red
color is negatively charged.

With an increasing fluoroalkyl substitution on the halide bond
carbon, a decrease of the negative charge on the halide as well as
an increasing lower LUMO energy level is observed (see Table
2). This behavior agrees well with the experimentally observed
increased reactivity of fluoroalkyl halides with higher fluoroalkyl
substitution pattern.[8a.cl

2.2 The Dithionite Method
A well-suited initiator reagent for fluoroalkyl halides is sodium
dithionite, first discovered by Huang and co-workers in 1981.[11]

Table 2. Mulliken charges of the halide (where not otherwise stated) and
the energy level of the frontier orbitals calculated at the BP86 /TZVP
level of theory using the SMD solvation model with acetonitrile parame-
ters.

Mulliken HOMO LUMO

Charges energy level energy level

at the halide in eV in eV
CH3Br —0.128 —0.24806 —0.042526
CF3Br —0.050 -0.29007 -0.08606
C2F5Br —-0.044 —0.28988 —0.09168
C3F7Br —0.029 —-0.29278 —0.09952
C4F9Br 0.003 -0.29494 -0.11197
CF3Cl1 —0.054 —-0.31587 —0.05557
CF3I —0.024 —0.26273 —0.11207
SO2-ar ?)_—%157;7/ +0.08984 +0.12819

Sodium dithionite is known to be in equilibrium with the sulfur
dioxide radical anion (Scheme 2).[12]

) O 0 Scheme 2. Homolytic cleavage
/S—S\\ e 2 S of the dithionite dianion to sulfur-
o © O dioxide anion radical.

The high electron density of the sulfur dioxide anion radical
and the rather electrophilic character of the halides in the fluoro-
alkyl halides explain the high reactivity of the dithionite system
to activate many perfluoroalkyl iodides and bromides (Fig. 3).
Perfluoroalkyl chlorides are significantly less reactive. Polar sol-
vents such as DMSO and DMF at elevated temperature are neces-
sary for their activation.!3!

Fig. 3. Electrostatic potential sur-
face of the sulfur dioxide anion
radical calculated at BP86/TZVP
using the SMD solvation model
with acetonitrile parameters.

According to multiple mechanistic investigations of the dithi-
onite method, the involvement of perfluoroalkyl radicals is widely
accepted.82¢el Using DFT calculations on the trifluoromethyl bro-
mide, the formation of an intermediate adduct (SO2-CF3-Br-ar) is
suggested, which separates into the bromosulfite anion (SO2Br-a)
and the trifluoromethyl radical (CF3-r) (Fig. 4). A SET process
from the intermediate adduct (SO2-CF3Br-ar) with subsequent
fragmentation into sulfur dioxide and trifluoromethyl bromide an-
ion radical (CF3Br-ar) or bromide and the trifluoromethyl radical
(CF3-r) was found to be energetically less favorable.

The perfluoroalkyl radical reacts with several substrates to
form fluoroalkylated products.[82.c-¢141 Despite several investiga-
tions on the dithionite method, a conclusive reaction mechanism
has not been published to the best of our knowledge. Within our
work we considered the following proposed reaction pathways
(Scheme 3).

The reaction of the fluoroalkyl radical with aniline is proposed
to react to an intermediate radical (CF3Ar), which could further
react in four different ways to the desired fluoroalkylated prod-
uct. One possibility would be the recombination with a fluoroal-
kyl halide (CF3Br) to enter a radical chain mechanism. Usually,
the yields of the reaction drop significantly if sub-stoichiometric
amounts of sodium dithionite are used, indicating that the propa-
gation cycle is not efficient. The intermediate radical (CF3Ar)
could also be converted to the product in three different termina-
tion reactions:

— Reaction with the solvent to transfer a hydride

— Combination with the sulphur dioxide radical anion

— Recombination with an addition fluoroalkyl radical to form

the reduced fluoroalkane.

The reduction of the fluoroalkyl halide to the fluoroalkane is a
well-known side reaction of the radical fluoroalkylation. Several
investigations have been conducted to find the source of the hy-
drogen for the reduction of the fluoroalkane.[8d.14al Réglier and
co-workers have conducted deuterium-labelled studies on the ad-
dition of the difluoroacetyl radical to phenylacetylene or bromo-
styrene.[!5] Within their studies the solvent DMSO, the starting
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Fig. 4. Relative free energies of the activation process of trifluoromethyl bromide by dithionite. The calculated energies were obtained by DFT calcu-
lations at a BP86/TZVP level of theory using the SMD solvation model with acetonitrile parameters.

Scheme 3. Possible mechanistic
pathways considered within the
dithionite development work.
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Propagation R
/©/ + solvent-
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CF3Ar
RN R F
| + H-Br Br4<,,
Pz F
FsC F
CF3Ar HBr CF3Br

material phenylacetylene or the water used in the workup could
be ruled out as the source of the hydrogen for the reduction of the
fluoroalkyl reagent. Their conclusion was that the hydrogen is sup-
plied by the base NaHCO, used in this reaction. Within our work,
many examples have been studied in acetonitrile, without the addi-
tion of NaHCO, as a base. Even though the commercially available

sodium dithionite contains about 15% of Na,CO,, no corresponding
hydrogen could be supplied directly from any NaHCO,.

The reduction of the fluoroalkyl halide to the fluoroalkane is
inherently associated with a loss on yield. The extent of this side
reaction depends mostly on the nature of the substrate, but also on
the perfluoroalkyl reagent and the conditions. In general, the use of
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more electron-rich aromatic substrates results in higher yields and
less formation of the reduced fluoroalkane as illustrated in Table 3.

This effect could be explained by a faster reaction rate of
the electrophilic fluoroalkyl radical with an electron-rich sub-
strate compared to an electron-deficient substrate. In this way,
the steady state concentration of the fluoroalkyl radical would be
reduced and the competitive reaction pathway to form the reduced
fluoroalkane through a corresponding termination reaction would
be smaller. The reduction of fluoroalkyl halides to fluoroalkanes
in the absence of a substrate has been investigated by Howell,
Wakselman and Zhang,[8b-14216]1 ipndicating that a radical mecha-
nism should be involved.

The high yield of electron-rich substrates and the straightfor-
ward method of the dithionite initiator system for fluoroalkyl-
ations makes this protocol a valuable possibility.[3dl In at least a

Table 3. Fluoroalkylation of

few cases, this possibility was used to develop an industrial pro-
cess such as shown in Scheme 4.[17]

2.3 Catalytic Fluoroalkylation Methods

Limitations of the dithionite method arise for less electron-
rich substrates such as pyridines, acetophenones or fluoroalkyl-
ated substrates. In these reactions, the reduction of the fluoroalkyl
halide becomes dominant at the cost of the product yield (Table 3).
This provided motivation to search for improved fluoroalkylation
methods. In this respect, we found that promising approaches
could be the catalytically initiated fluoroalkylation methods. In
the search for appropriate catalysts, we developed two proto-
cols utilizing noble metal catalysts that showed good activities
for a number of substrates with different fluoroalkyl iodides and
bromides!3f.&.18 as illustrated in Table 4.

selected substrates using the R R C.F
dithionite initiation protocol. +  BrC.F NEREHC), ST +  H-C.F +  HBF
Conditions: Ethyl acetate/H,0 g ) &y
as solvent, 20 °C, 5 h, tetrabutyl )12 1-2
ammonium bromide as phase Substrate Fluoroalkyl Fluoroalkylated Fluoroalkane
transfer catalyst.< halide products
conversion fluoroalkylated
Substrate fluoroalkyl halide products Fluoroalkane
y (sum of isomers)
0
Methyl pyrrole N 99.2% 95.2% 1.3%
|
NH,
Aniline ©/ 100.0% 91.7% 5.9%
=
Pyridine | N 100.0% 1.8% 93.6%
4-Methyl B 99.5% 0.7% 95.2%
pyridine N
Scheme 4. Fluoroalkylation in cl
industrial processes for the
production of Nicofluprole and
Broflanilide.['? FsC
F
/ CF3
FsC
Nicofluprole
NH, F—7—X NH,
g 7 FRC g
= — > F;C Z
F
CF;
x CF3

Broflanilide
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Substrate fluoroalkyl halide Protocol
© I-CF . Pt/C
O Br-C[F Pt/C
© Br-CF, Pt/C
7\

N I-C F, Pt/C

I

X

| I-C F,, PU/C
N

N

N
[ /j I-C F, Pt/C

N
© Br-CF, Pd-BuPAd,
7\

N Br-CF, Pd-BuPAd,
I

F

Br-CF, Pd-BuPAd,

The Pt/C protocol makes use of the commercially avail-
able platinum on charcoal (e.g. 5 wt% Pt/C from Sigma Aldrich
330159). The homogeneous catalyst in the Pd-BuPAd, protocol
was prepared in situ by adding palladium acetate and the phos-
phine ligand di(1-adamantyl)-n-butylphosphine (BuPAd,) in a
stoichiometric ratio of 1:2 to the reaction mixture (Fig. 5). The
formation of the Pd(BuPAd,), catalyst is proposed to form in situ
by an initial ligation of the palladium acetate by two BuPAd, li-
gands, which then reduce palladium (11) to palladium (0) in accor-
dance with the investigations of Amatore and Jutand.[1%]

In analogy to the dithionite initiation method, electron-rich
substrates react in higher yields to the desired fluoroalkylated
products for both protocols. However, electron-neutral or even
electron-deficient substrates such as pyridine or pyrazine could
be converted to the fluoroalkyl products in reasonable yields.
Notably, longer chain fluoroalkyl halides react faster as well as io-
dides, which are more reactive than the corresponding bromides.

EPR measurements during the reaction with both noble metal-
based protocols showed distinct signals of the fluoroalkyl radicals
indicating the involvement of fluoroalkyl radicals/®:¢22] as also
suggested for the dithionite initiation.[8a-c¢l Interestingly, the two
catalytic protocols showed a distinctly different reactivity with the
addition of the radical scavenger TEMPO ((2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl). While the reactivity of the Pt/C-protocol is
completely suppressed, the Pd-BuPAd, -protocol experienced a

Table 4. Selected examples of the
noble metal-catalysed fluoroalky-
lation using Pt/C®1 or Pd-BuPAd,
catalysts.®¥ Conditions: a) Pt/C
(Pt 5 mol%), 1 eq. Cs,CO,, neat,
100 °C, 15 h, b) Pt/C (Pt 5 mol%),
1 eq. Cs,CO,, neat, 100 °C,

40 h, c) Pt/C (Pt 5 mol%), 1 eq.
Cs,CO,, neat, 100 °C, 20 h d)
Pt/C (Pt 5 mol%), 1 eq. Cs,CO,,
neat, 50 °C, 20 h, e) 10 mol%
Pd(OAc),, 20 mol% BuPAd,,
acetone, 2 eq. Cs,CO,, 1 eq.
TEMPO, 130 °C, 40 h.

yield

79%*

54%>"

21%*

94%
(2-isomer)?

65%
(2,3,4-isomers)®

69%*

72%*

80%°

47%
(3-isomer)®

significant activation with the addition of TEMPO. To learn more
about the nature of this behavior, mechanistic investigations were
conducted on the homogeneous Pd-BuPAd, protocol.3¢! Using
DMPO (5,5-dimethyl-pyrroline N-oxide) as spin trapping re-
agent, the short-living CF, radical could be detected using EPR
measurements confirming a radical mechanism of the reaction as
proposed in Scheme 5. The electrophilic CF, radical is believed to
react directly with the aromatic substrate to form the conjugated
radical (C). After the abstraction of a hydrogen by (B), the cata-
Iytic intermediate (D) and fluoroalkylated product is formed. The
accelerating effect of TEMPO for this reaction is explained by
supporting the regeneration of the catalytic intermediate (B) from
(C). Supporting EPR results for this proposal could be acquired
by subsequently adding HBr and Cs,CO, to TEMPO and detect-
ing a reduction and increase of the EPR signal. The intermediate
(D) could be detected by NMR measurements providing addi-
tional support of the proposed mechanism in Scheme 5.

In general, the two noble metal-catalyzed fluoroalkylation
protocols provide a valuable possibility to overcome problems
with the dithionite method predominantly with electron-deficient
substrates. The high costs of the catalysts, however, as well as the
rather sluggish reaction progress in the case of the heterogeneous
platinum catalyst for fluoroalkyl bromides and the industrially
rather limited availability of the homogeneous palladium-BuPAd,
catalyst motivated us to develop more practical protocols. In this
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Fig. 5. In situ formation of the
Pd-BuPAd, catalyst with a
geometry optimized structure

of the proposed pre-catalyst
Pd(BuPAd,),(OAc), at the BP86//
defTZVP level of theory using the
COSMO-RS solvation model?” as
well as a crystal structure of the
proposed catalyst Pd(BuPAd,),.?"

Pd(BuPAd;).(OAc),

way, first row transition metal catalysts were investigated for
their applicability in fluoroalkylation reactions using readily and
industrially available fluoroalkylating reagents. These include
fluoroalkyl bromides rather than iodides due to cost and waste
considerations.

Following this approach two additional catalytic fluoroalkyl-
ation protocols could be discovered employing a heterogeneous
cobalt (Co@N/C)[231 or a homogeneous nickel catalyst (Ni-dppf)
system (Table 5).18h.i.23,24]

The usability of cobalt nanoparticles on N-doped carbon
((Co@N/Q)) for fluoroalkylation reactions was discovered with-
in a broad screening involving more than 100 catalysts.[23] The
preparation of the catalyst was conducted by the complexation of
cobalt salts with 1,10-phenanthroline, absorbing the complex on
activated charcoal (Vulcan XC72R from Cabot) and pyrolysis at
600 to 1000 °CI231 i]lustrated in Scheme 6.

The remarkable reactivity of the heterogeneous Co@N/C sys-
tem towards rather electron-deficient systems showed the great
potential of this protocol (Table 5), which motivated us to inves-
tigate and optimize the reaction with an industrial focus. In this
way, the following parameters were screened with 4-picoline and
acetophenone as substrates:

— Catalyst modifications (metal type, metal loading, metal pre-

cursor, catalyst support, pyrolysis condition)

— Reaction temperature

— Bases

— Solvents

— Additives

— Catalyst recycling

Pd(OAc); + 2 ~——pP —»

BuPAd,
AcO-Pd-OAc Pd
-BuPAd,-(OAC),
in situ P
Pd-BuPAd,
Pd(BuPAd;),
Pd(OAC),
+
BuPAd,
-BuPAd,-(OAC)2
AdzBuP, q Br—CF;
CsHCO, (A) PBuAd,
CsBr
N
oH Ad,BuP. Br
Pd., +-CF,
Ad,BuP
(BH3) SN
| =R
AL _
Cs,CO; 0 H@R (Substrate)
FsC
Ad,BuP, Br = (©
Pd_
Ad,BuP H

(D)

&)
FsC X

(FA-product)

Scheme 5. Proposed mechanism for the homogeneous catalyzed fluoro-
alkylation using Pd-BuPAd, catalyst
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Table 5. Selected examples of
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(0]
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Scheme 6. Preparation of the
Co@N/C catalyst according to

ref. [25].
COOACZHzo
4 N
—N N= EtOH, RT
Fig. 6. Parameter variations
with the reaction of 4-picoline
with perfluorohexyl bromide 100%

using the Co@C/N protocol.
Optimized conditions: Co@N/C 0%
from Co(OAc),.4H,0, pyrolysis
at 800 °C, 1 eq. Cs,CO,, neat,
130 °C, 24 h.

0%

Using 4-picoline as substrate, the fluoroalkylation reaction
was tested by altering one parameter at a time. The results are
illustrated in Fig. 6 showing groups at the horizontal axes with
the variations of each parameter.

In contrast to prior applications(23:261 of the Co@N/C showing
high sensitivity to the pyrolysis conditions, the use in fluoroal-
kylation reactions was strongly influenced by the anion of the
starting metal salt. The use of Co(OAc),-4H,0O yielded the most
active catalyst. Reaction temperatures of 130 °C were found to
be optimal for the 4-picoline reaction giving complete conversion
and the highest yield. While the use of Cs,CO, gave the best re-
sults, its industrial use is significantly more expensive compared
to corresponding potassium bases. The result of this base screen-
ing is of special industrial interest as only a small reduction of
the yield needs to be expected when switching from Cs,CO, to
K,CO, or K,PO,. Surprisingly, the addition of any solvent to this
system decreased the product yield and increased the reduction
of fluoroalkyl halide significantly. This indicates that the solvent
could supply the hydrogen for the reduction of the fluoroalkyl
halide in this reaction regime as earlier discussed for the dithi-
onite-initiated protocol. Further support of the solvent acting as
hydrogen donor for the reduction of the fluoroalkyl halide was
observed in control experiments with fluoroalkylating benzene,
toluene and mesitylene, where the amount of the reduced fluoro-
alkyl halide was measured at 0%, 9% and 45%, respectively.3]

The addition of additives was investigated by different
means. For example, the addition of radical scavengers often
reveals some important details on the reaction mechanism. In
this protocol, the addition of TEMPO or hydroquinone did not
stop the reaction. Only a slight increase of the reduced fluoro-
alkyl halide and a slight decrease of the yield was measured.
This is in strong contrast to the Ni-based protocol, in which the
addition of TEMPO completely stopped the reaction.3™il EPR
measurements and the addition of the spin-trapping reagent
DMPO did not yield any information of a short-living radical
being involved.[23]

2+

=

, ]

AN Vulcan XC72R

Coly —_—

SN — 600 - 100 °C
<

2 OAc

== Conversion

=]

—g—FA-product —&—Rf-H

Having found reaction conditions of the Co@N/C protocol
for electron-deficient aromatic systems, we were interested in the
possibility of recycling the catalyst. We tested the fluoroalkylation
for the difficult examples of 4-picoline with perfluorohexyl bro-
mide and acetophenone with trifluoromethyl bromide by multiple
use of the same catalyst as shown in Fig. 7.

The catalyst recycling experiments of acetophenone with tri-
fluoromethyl bromide showed no reactivity change over six re-
action cycles. Some bistrifluoromethylation was detected with
3—7%. In the case of the 4-picoline, the activity of the catalyst
remained at the initial level for four cycles. Only the 5" and 6™ cy-
cles showed a deactivation of the catalyst. Analysis of the catalyst
after each cycle showed continuous decrease of the cobalt content
from 3.1% to 0.5%. The fluorine content increased already after
the first usage cycle to approximately 15%, indicating a fluoroal-
kylation of the surface of the catalyst. This change did not have

N\
N\

100%

/ yield
%))
o
®

@—er"a\ i
i

I
o
ES

conversions
B
(=]
&

2

T 2 8 4: 5 6 1 2 3 M4 5 ®
Acetonphenone 4-Picoline

Number of Catalyst Recycings

Fig. 7. Catalyst recycling for the Co@N/C catalyzed fluoroalkylation.
Conditions: Acetophenone, 10 ml% Co@N/C, CF,-Br, 1.5 eq. Cs,CO,,
acetone, 130 °C, 48 h. 4-Picoline: 10 mI% Co@N/C, perfluorohexyl bro-
mide, 1 eq Cs,CO,, neat, 130 °C, 24 h.
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an influence on the reactivity of the catalyst as it remained active
for another three cycles.

Even though a cobalt leaching was recognized for the fluo-
roalkylation of 4-picoline, the re-use of the catalyst for four to
five cycles is impressive. The possibility of reusing the catalyst
for a catalytic fluoroalkylation protocol for four and more times
provides a realistic industrial potential.

The nickel-catalyst (Ni-dppf) showed some interesting ac-
tivities towards electron-rich substrates as well as rather elec-
tron-deficient substrates. The sensitivity towards the type of the
fluoroalkyl halide and the nature of the substrate seems to affect
the course of the reaction to a smaller extent compared to the
dithionite initiation (see Table 3). The preparation of the catalyst
requires some effort, however provides an air-stable system[2”] as
shown in Scheme 7.

The required conditions for this catalytic system are crucial to
obtain good yields. For example, the use of Cs,CO, as a base is
required to obtain any conversion and the use of several solvents
increased the reduction of the fluoroalkyl halide to the fluoroalkane
to a large extent. The compliance to these reaction conditions bears
significant drawbacks to an industrial application, which motivated
us to search for solutions to extend the condition tolerance of this
protocol. A hint for further improvement provided the experiments
with added ammonium or sodium formate, which shortened the
reaction time to full conversion from 10 h to 2 h with an increase
in yield.

Further optimization efforts were directed towards simplifying
the phosphine ligand replacing the Cs,CO, base and finding the best
reaction conditions. To our delight, the in situ generation of the cata-
lyst by adding Ni(NO,),2H,O and 2 equivalents of triphenylphos-
phine (PPh,) to the reaction mixture proved to be remarkably active
with the addition of a reducing agent. This catalytic system was
further optimized by varying following parameters:

— Reducing agent: Zn-powder, formic acid, Na-formate, hydro-

quinone

- Base: Cs,CO,, K,CO,, K,PO,, triethylamine,

— Solvent: butyl acetate, butyl acetate/HZO, acetonitrile, neat

— Temperature: 50-90 °C

— Reaction time: 4-24 h

In Fig. 8, the variation of these parameters is shown in groups,
in which only one parameter at a time was changed.

Industrially most interesting are the conditions with K,CO, as a
base and hydroquinone or Na-formate reducing agent as additive.
Indicated by the results of the various screening experiments and
from a rational understanding of the fluoroalkylation reaction, the
reaction temperature and time are most likely dependent on each
other, hence their optimization was conducted within experimental
design as shown in Fig. 9.

Within these experiments, the best temperature—time range of
70-80 °C as well as 15-20 h could be identified, providing a yield
of more than 95% with less than 0.6% of the reduced fluoroalkane
as side product. These results provide a very attractive outlook for
this protocol regarding industrially applicable fluoroalkylations
outperforming the extensively optimized dithionite method. In this
way, the nickel-catalyzed protocol appears to be particularly in-
teresting for the preparation of fluoroalkylated anilines, which are
valuable precursors for active ingredients such as broflanilide28] or
nicoflupyrole.[17e-¢l

3. Conclusions

The immense amount of work over several decades in the realm
of fluoroalkylations reflect the inherent difficulty of this type of
reaction. The huge selection of sophisticated reagents for the in-
troduction of fluoroalkylation substituents at a late stage are most
useful for medicinal or specialized small-scale and high-priced
applications. Industrially viable protocols for larger scale applica-

! Ph ph MgCl Ph ph Scheme 7. Preparation of the air
- —P_ P @ P stable Ni-dppf catalyst according
' Ph NiClp,H20 N\ ¢ Q/ N ¢ to Jamison et al.?"
; — ; /Ni'CI —_— Fe /Ni
.Ph EtOH, 80 °C CH,CI,/THF, 0 °C -
S p Oy (SN
Ph PH Ph PH Ph
dppf (dppf)NiCI2 (dppf)Ni(o-Tol)CI
Ni-dppf
Parameter variation Ni protocol Fig. 8. Parameter variation of the
120 Ni protocol in the reaction of ani-
line with perfluoropropyl bromide.
100 8
80
60
40
20
0 ©
. &
"
ro? &

~—S=Conversion ==&=FA-product

—6—Rf-H
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tions are rare and two principal approaches in this respect were
considered and developed. Within this work the dithionite method
was useful for electron-rich substrates. The four catalytic proto-
cols in question were applicable for a broad range of substrates
and showed reasonable to good yield even for electron deficient
substrates. Especially interesting are the first-row metal-catalyzed
systems. These provide efficient possibilities for fluoroalkylations
for a broad range of substrates with cost-effective non-noble metal
catalysts. We are convinced that these new systems have a great
potential, opening new ways for industrially applicable fluoroal-
kylation processes.
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