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The reaction of [Ni(Mes,Im)] (1) (Mes,Im = 1,3-dimesityl-imidazolin-2-ylidene) with polyfluorinated arenes
as well as mechanistic investigations concerning the insertion of 1 and INi(Prolm),l (1P (Prolm = 1,3-
diisopropyl-imidazolin-2-ylidene) into the C—F bond of CgFg is reported. The reaction of 1 with different
fluoroaromatics leads to formation of the nickel fluoroaryl fluoride complexes trans-[Ni(Mes,Im)(F)(ArF)]
(ArF = 4-CF3-CgF4 2, CgFs 3, 2,3,5,6-CgF4N 4, 2,3,56-CoF4H 5, 2,3,5-CgFsH, 6, 3,5-CgFoHs 7) in fair to
good yields with the exception of the formation of the pentafluorophenyl complex 3 (less than 20%).
Radical species and other diamagnetic side products were detected for the reaction of 1 with CgFg, in
line with a radical pathway for the C—F bond activation step using 1. The difluoride complex trans-
[Ni(Mes,Im)x(F),] (9), the bis(aryl) complex trans-[Ni(Mes,Im),(CeFs),] (15), the structurally characterized
nickel() complex trans-[Ni'(Mes,Im),(CgFs)] (11) and the metal radical trans-[Ni'(Mes,Im),(F)] (12) were
identified. Complex 11, and related [Ni'(Mes,Im),(2,3,5,6-CgF4H)] (13) and [Ni'(Mes,Im),(2,3,5-CeFsHo)]
(14), were synthesized independently by reaction of trans-[Ni(Mes,Im),(F)(Arf)] with PhSiHsz. Simple
electron transfer from 1 to CgFg was excluded, as the redox potentials of the reaction partners do not
match and [Ni(Mes,Im),]*, which was prepared independently, was not detected. DFT calculations were
performed on the insertion of [Ni(Pralm),] (1P and [Ni(Mes,Im),] (1) into the C—F bond of CgFe. For 17",
concerted and NHC-assisted pathways were identified as having the lowest kinetic barriers, whereas for
1, a radical mechanism with fluoride abstraction and an NHC-assisted pathway are both associated with
almost the same kinetic barrier.
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functionalization of C-F bonds of readily available fluo-
roorganic compounds such as fluoroaromatics. The challenge

Introduction

Fluorinated organic compounds have exceptional properties
that are being exploited in many applications including mate-
rials, pharmaceuticals and agrochemicals. The development of
methods to introduce fluorinated aromatic building blocks
selectively into organic molecules is thus of fundamental
interest in many areas of chemical research.' One strategy for
such transformations is the selective activation and subsequent
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here is the selective cleavage of very stable C-F bonds.> We have
recently established a protocol for the transformation of
commercially available fluoroaromatics via a selective C-F
defluoroborylation process to obtain polyfluorinated arylbor-
onic esters,® which may be further used in late stage function-
alization, for example in Suzuki-Miyaura cross-coupling
reactions.” Defluoroborylation of polyfluoroaromatics can be
achieved by a thermal [Ni(Mes,Im),]-catalyzed (Mes,Im = 1,3-
dimesityl-imidazolin-2-ylidene)  transformation of poly-
fluoroarenes into fluoroaryl boronic acid pinacol esters via C-F
bond activation and transmetalation with bis(pinacolato)
diboron (B,pin,) as the boron source (see Scheme 1).>* Various
arenes with different degrees of fluorination were converted
into their corresponding boronate esters in this way. One
particularly interesting finding of our study was that activation
of the C-F bond by the nickel(0) complex is fast at ambient
temperature. This step yields the oxidative addition product
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Scheme 1 Thermal borylation of fluoroarenes with Bopin, mediated
by [Ni(Mes,lm),] via the oxidative addition product trans-[Ni(Mes,-
Im),(F)(Ar7)] as the resting state of the catalysis.

trans-[Ni(Mes,Im),(F)(Ar")] (Ar" = fluoroaryl), which represents
the resting state in the catalytic cycle. The subsequent defluor-
oborylation step with B,pin, is the rate determining step and
requires elevated temperatures. A boryl complex trans-
[Ni(Mes,Im),(Bpin)(Ar*)], a likely intermediate, was never
observed and stoichiometric reactions of trans-[Ni(Mes,Im),(-
F)(Ar")] with B,pin, led directly to the formation of Ar*-Bpin.
This finding implied that reductive elimination is very fast and
that [Ni(Mes,Im),(Bpin)(Ar")], once formed, will eliminate Ar*-
Bpin immediately (Scheme 1).>*

As an alternative to the thermally-induced C-F bond activa-
tion and subsequent borylation of fluoroarenes, we have
recently developed a process that employs visible-light photo-
catalysis, which has emerged as a powerful tool in organic
synthesis.® Our highly selective and general photocatalytic C-F
borylation protocol*” employs a rhodium biphenyl complex” as
triplet sensitizer combined with the nickel catalyst [Ni(Mes,-
Im),] (1) for the C-F bond activation step and the defluorobor-
ylation process. This Rh/Ni tandem catalyst system operates
with visible light (400 nm) and achieves the highly selective
borylation of a wide range of polyfluoroarenes with B,pin, at
room temperature in excellent yields. Both procedures, the
thermal and photochemical defluoroborylation, work well for
partially fluorinated aromatics but fail, or afford only low yields,
for perfluoroaromatics such as hexafluorobenzene or
octafluorotoluene.

Utilizing the dinuclear complex [Ni,(‘ProIm),(p-(n*mn?)-
CoD)] (‘Pr,Im = 1,3-diisopropyl-imidazolin-2-ylidene) or the
ethylene complex [Ni(*Pr,Im),(n>-C,H,)]* as sources of [Ni('Pr,-
Im),] (1%7), we previously found that both readily undergo C-F
bond insertion with a wide variety of per- and poly-
fluoroaromatics on a time scale suitable for catalysis (exem-
plarily shown for CgFs in Scheme 2).*°*° Mechanistic
investigations® of the insertion process were performed using
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Scheme 2 Stoichiometric C-F bond activation of CeFe using sources
of [Ni(Pralm),] 17",
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the ethylene complex [Ni(‘Pr,Im),(n*-C,H,)] as nickel precursor.
Ethylene exchange at the [Ni(‘Pr,Im),(n*C,H,)] complex with
hexafluorobenzene and octafluoronaphthalene occurs at low
temperatures (—80 °C and —30 °C, respectively; Scheme 2).
Subsequent insertion reactions occur at higher temperatures
(0 °C and 20 °C, respectively) to form the trans-[Ni('Pr,Im),(-
F)(CeFs)] and trans[Ni(‘Pr,Im),(F)(CyoF-)] fluoroaryl fluoride
complexes.” We studied the C-F bond activation kinetics and,
based on the decay rates of the octafluoronaphthalene complex
[Ni(*Pr,Im),(n*CyoFs)] determined by variable-temperature
NMR spectroscopy, we derived an activation enthalpy of
AH* = 27.7 4+ 1.9 keal mol ™! (AS* = 8.8 + 6.0 cal K * mol ™ ?).
We report herein on the reactivity of 1 with polyfluorinated
arenes. We compare the results with those of earlier studies on
C-F bond activation processes using nickel complexes with
sterically less demanding NHCs, employing 'Pr instead of Mes
substituents, i.e., using [Ni(‘*Pr,Im),] (1°°") as the nickel source.
We demonstrate that the complex of the small NHC ligand
iPr,iIm favors a concerted oxidative addition proceeding
through an n*(C,C) intermediate in reactions with fluoroarenes
to yield trans|Ni"(NHC),(F)(Ar")] complexes, whereas the
complex of the larger Mes,Im ligand leads to fluorine atom
abstraction to yield [Ni'(NHC),(F)] and a phenyl radical. For
both mechanisms, competitive NHC-assisted pathways are
found which account for the formation of diamagnetic products
by a C-F bond activation step across the Ni-Cypc bond. These
NHC-assisted pathways play an important role for complexes of
both sterically demanding and less bulky NHC ligands, and
should thus be of general importance and widely applicable for
the reactivity of NHC-stabilized transition metal complexes.

Results and discussion
C-F bond activation of fluoroaromatics

To gain insight into the C-F bond activation process using
[Ni(Mes,Im),] (1), we first investigated stoichiometric reactions
of perfluorotoluene, perfluorobenzene, perfluoropyridine and
the partially fluorinated arenes pentafluorobenzene, 1,2,3,5-
tetrafluorobenzene and 1,3,5-trifluorobenzene with 1 (see
Scheme 3). We monitored the reactions by "H and “F{"H} NMR
spectroscopy and observed a significant effect of the degree of
fluorination on both reaction rate and yield. Reactions of 1 with
hexafluorobenzene and octafluorotoluene proceed within
seconds at room temperature, whereas the reactions with tetra-
and pentafluorobenzene take minutes to complete. With 1,3,5-
trifluorobenzene, full conversion of 1 takes weeks at room
temperature (see ESI, Fig. S17), but can be accelerated at 80 °C
in thf to reach completion after 5 days.

These reactions can be performed in thf, toluene or hexane
at room temperature and lead, in each case, to the insertion of
the nickel complex into the C-F bond of the fluoroarene to form
the nickel fluoroaryl fluoride complexes trans-[Ni(Mes,Im),(-
F)(Ar")] (ArF = 4-CF;-C¢F,4 2, C¢Fs 3, 2,3,5,6-CsFuN 4, 2,3,5,6-
CeF4H 5, 2,3,5-C¢F;H, 6, 3,5-C¢F,H; 7) in fair to good isolated
yields. Notably, however, the reaction with C¢F, yields less than
20% of the pentafluorophenyl complex 3. Higher temperature,
different solvents (thf, toluene, hexane) or added [NMe,]F does

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 The reactions of [Ni(Mes,im),] (1) with (a) octa-
fluorotoluene, (b) hexafluorobenzene, (c) perfluoropyridine, (d) pen-
tafluorobenzene, (e) 1,2,3,5-tetrafluorobenzene and (f) 1,3,5-
trifluorobenzene to give the complexes trans-[Ni(Mes,Im),(F)(4-CF3-
CeF4)l  (2), trans-INi(Mes,Im),(F)(CeFs)l  (3), trans-[Ni(Mes,lm),(-
F)(2,3,5,6-CsF4N)] (4), trans-[Ni(Mes,Im),(F)(2,3,5,6-CgF4H)] (5), trans-
[Ni(Mes,Im),(F)(2,3,5-CgFzHo)l  (6) and  trans-[Ni(Mes,lm)»(F)(3,5-
CeF2H3)] (7), respectively. Isolated yields are given.

not seem to affect the yield of the insertion product 3.
Complexes 2-7 were characterized by elemental analysis, 'H, '°F
{"H} and "*C{'H} NMR spectroscopy (see ESI{). In the "*F{'H}
NMR spectra of these complexes, the resonances of the nickel-
bound fluoride ligand were observed in the typical range
between —361.9 and —333.1 ppm. Within the series presented
(see ESI, Table S11), the NMR shift of this resonance depends on
the degree of fluorination of the fluoroaryl ligands, ie., an
increase of the degree of fluorination of the aryl ligand leads to
an upfield shift of the Ni-F resonance.

Crystals of 3, 4, and 5 suitable for X-ray diffraction were
obtained from saturated solutions of these compounds either in
pentane or hexane at —30 °C (Fig. 1, Table 1; see also ESI
Fig. S34-S36 and Table S2t). The crystal structure of 6 was
published previously.*® All complexes of the type trans-
[Ni(Mes,Im),(F)(Ar")] (Ar" = CgFs 3, 2,3,5,6-CsF4N 4, 2,3,5,6-
CeF4H 5, 2,3,5-C¢F3;H, 6) adopt a square planar structure with
a trans arrangement of the NHC ligands. An increasing degree
of fluorination of the fluoroaryl ligand leads to a slight short-
ening of the Ni-F bond lengths (Ni-F: 6: 1.874(2) A, 5: 1.856(2) A,
4: 1.859(2) A, 3: 1.844(2) A), while the distances of the nickel
center to the fluoroaryl ligand become gradually longer (Ni-C3:
6: 1.854(5) A, 5: 1.896(3) A, 4: 1.883(3) A, 3: 1.944(5) A). We
assume that both the upfield shift of the Ni-F '°F NMR reso-
nance and the shortening of the Ni-F bond lengths with
increasing degree of aryl fluorination are indications of stronger
Ni-F bonding.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Molecular structures of trans-[Ni(Mes,Im),(F)(CgFs)l (3) (top
left), trans-[Ni(Mes,Im),(F)(2,3,5,6-CsF4N)] (4) (top right) and trans-
[Ni(Mes,Im),(F)(2,3,5,6-CgF4H)] (5) (bottom) in the solid state (ellip-
soids drawn at the 50% probability level). Hydrogens atoms, with
exception of the proton at the fluoroaromatic of 5, are omitted for
clarity.

As the low yield of ¢rans-[Ni(Mes,Im),(F)(C¢Fs)] (3) is in sharp
contrast with the results we obtained previously for the reaction
of [Ni,(*PryIm),(1-(n*n?)-COD)] or [Ni(‘ProIm),(n>C,H,)] with
CeFs,” we decided to take a closer look at the corresponding
reaction using [Ni(Mes,Im),] (1). Performing the stoichiometric
reaction of 1 with C¢F¢ in an NMR tube in Cg¢Dg led to an
immediate color change from dark-violet, the color of concen-
trated complex 1, to orange after addition of C¢F¢ at room
temperature. A quantitative conversion of 1 was achieved after
5 min as monitored by "H NMR spectroscopy (see ESI, Fig. S27).
However, the spectroscopic yield determined by F{"H} NMR
spectroscopy after 5 min at room temperature, vs. a Ph-F con-
taining capillary as internal standard, revealed the formation of
3 in approximately 17% yield and, in addition, the formation of
small amounts of fluoride-containing side products (see ESI,
Fig. S31). Even after 72 h at room temperature, no increase in
the spectroscopic yield of 3 was observed. In further control
experiments, neither the use of an excess of 1 (2.85 equiv.) nor
CeFs (2.5 equiv.) increased the yield of 3 substantially. These
experiments demonstrate that the low isolated yield of 3 is not
a problem of the isolation process for this complex, but rather
an intrinsic problem associated with its formation and the C-F
bond activation step. Low temperature NMR experiments
(—50 °C to +20 °C) revealed that a nickel fluoride resonance at
—358 ppm appeared for this reaction in the F{'H} NMR
spectrum already at —50 °C (see ESI, Fig. S47), but also that, at
these temperatures, all resonances are significantly broadened
in the "H NMR spectrum of the reaction mixture (see ESI,
Fig. S5t). Although we previously observed some line

Chem. Sci., 2020, 11, MO09-11023 | 110N
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Table 1 Crystallographic data for compounds 1, 3, 4, 5, 6, 8, 9, 11, 13, 14, [Ni'(6-Mes),][Br*= and [Ni'(P'Prs)»(CgFs)1??

d Ni-C1/C2 d Ni-C3(arx) d Ni-F / C1-Ni-C2 /NHC(C1) : NHC(C2)

[Ni(Mes,Im),] 1 1.827(6) — — 176.4 53.0
1.830(6)

3 1.923(3) C3: 1.882(7) 1.844(2) 175.6(1) 37.07(2)
1.922(3) C3': 1.944(5)

4 1.923(3) 1.883(3) 1.859(2) 174.3(1) 36.01(2)
1.920(3)

5 1.921(2) 1.896(3) 1.856(2) 176.4(1) 33.81(1)
1.924(2)

6 1.912(3) 1.854(5) 1.874(2) 176.7(1) 31.65(2)
1.912(3)

8 1.894(3) — — 174.5(1) 57.99(1)
1.894(3)

9 1.903(3) — F1: 1.845(2) 178.5(1) 53.34(1)
1.902(3) F2: 1.823(2)

11 1.923(2) 1.984(3) — 159.8(8) 82.37(1)
1.923(2)

13 1.930(2) 1.987(3) — 157.3(8) 82.11(1)
1.930(2)

14 1.918(1) C3:1.869(1) — 159.5(5) 82.46(8)
1.917(1) C3': 2.046(1)

[Ni'(6-Mes),][Br] 1.939(3) — — 179.3(1) 57.99(1)
1.941(3)

[Ni'(P'Pr;),(C6F5)] P1: 2.243(5) 1.973(2) — P1-Ni-P2 —
P2: 2.233(5) 145.2(2)

broadening for the N-alkyl groups of the related complex trans-
[Ni(*Pr,Im),(F)(C¢Fs)],* which arose due to hindered rotation of
the NHC ligand about the Ni-C axis, all resonances observed for
the reaction of 1 with C¢F¢ are involved in the broadening. This
led to the assumption that radical species are involved in the
process. Subsequent EPR experiments were performed at
—203 °C for the reaction of 1 with C¢Fs which confirmed the
presence of metal-centered radicals in the mixture.

ca40 %1 : g, =193,9,,=246,g,, =264
ca50% Il:g,, =2.04,9,=217,¢,,=2.32

ca10% ll: g, =2.01, 9, = 2.02,9,,=2.11
. . 5 . .
n
11
i sim.
"INM
m 1 eXp.
2
=
T | 1 |
o . | s N
200 250 300 350 400

magnetic field / mT

Fig.2 EPR spectrum (—203 °C) of the reaction mixture of 1 with CgFg
after 5sat —78 °C in thf.

1012 | Chem. Sci., 2020, 11, NO09-1023

For EPR spectroscopic investigations, 1 and CgFs were
combined in an EPR tube with thf at —78 °C and the sample was
frozen immediately in liquid nitrogen. The EPR tube containing
the frozen reaction mixture was transferred to the cooled EPR
cavity at —203 °C and a spectrum was recorded.'® The resulting
EPR spectrum displays a superposition of resonances of three
different products, of which I and I represent the two dominant
species (Fig. 2, I: 40%, II: 50%, III: 10%).

Cyclic voltammetry results exclude a simple electron transfer
from 1 to C4Fg as the origin of radical generation in the reaction
mixture (see ESI, Fig. S6%), as 1 shows a reversible oxidation/
reduction associated with a redox potential of —2.03 V for the
redox-couple Ni’/Ni', and an irreversible oxidation at 0.14 V for
the redox-couple Ni'/Ni". Although the reduction of C¢Fg at
—2.87 V is irreversible, we exclude simple one electron transfer
because of the large separation of 0.84 V.

For further scrutiny, complex 1 was oxidized by adding fer-
rocenium tetrafluoroborate in thf at room temperature to
a suspension of 1 in thf. A few min after addition of the ferro-
cenium salt the metal-centered radical [Ni(Mes,Im),][BF,] (8)
precipitated as an off-white solid (83% isolated yield, Scheme 4),
which is only sparingly soluble in common organic solvents.
The Ni' complex 8 was characterized by "'B{'H} and '°F{'H}
NMR spectroscopy in acetonitrile (decomposition occurs after

;\/Ies ® Mes ®-

N e | N s Y

o N7 v © THF, NN o, =+

) c—Ni—C] :]+ Fo |BFI™—0m O/C—NH—C‘OD BF~ + Fe
N <> N <>

,\{ Mes ’\{ Mes

Mes Mes

1

Scheme 4 Synthesis of [Ni(Mes,Im),][BF4] (8).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Molecular structure of [Ni(Mes,Im),][BF4] (8) in the solid state
(ellipsoids drawn at the 50% probability level). Hydrogens atoms are
omitted for clarity.

some time) and IR spectroscopy, elemental analysis and high-
resolution mass spectroscopy. The "'B{'H} and '’F{"H} NMR
spectra revealed an intact counter anion [BF,|” (see ESI,
Fig. S647). Crystals of 8 suitable for X-ray diffraction (Fig. 3,
Table 1; see also ESI, Table S2 and Fig. S371) were obtained by
slow evaporation of a saturated solution of 8 in a 1 : 1 toluene/
ethanol mixture under an argon atmosphere at room tempera-
ture. The X-ray crystal structure reveals a nearly linear align-
ment of the NHC ligands with slightly elongated Ni-C distances
compared to those of the starting material 1.

8a :g,,=202,9,=247,9,,=262
8b: g,,=1.98,g,=206,g,=213

dy"/dB

200 250 300 350 400
magnetic field / mT
Fig. 4 EPR spectrum of 8 in the solid state at —203 °C with NBu4Br.

This journal is © The Royal Society of Chemistry 2020
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The results of the EPR spectroscopic investigations'® per-
formed on solid-state samples of [Ni(Mes,Im),][BF,] (8) are
shown in Fig. 4. The general insolubility of 8 precluded deter-
mination of its magnetic moment by the Evans method. The
spectrum reveals two sets of signals, ie., 8a (g = 2.02, gy =
2.47, g, = 2.62; 70%) and 8b (g, = 1.98, g, = 2.06, g, = 2.13;
30%), both in line with nickel-centered radicals. Note that in
previous studies of two other homoleptic two-coordinate
cationic d’-nickel() complexes, [Ni(6-Mes),][Br] (6-Mes = 1,3-
bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-2-
ylidene) and [Ni(P‘Bu;),][Al(OC(CF;);),], no EPR signals were
observed.” To obtain further insight, we performed density
functional theory (DFT) calculations on the molecular geome-
tries, electronic structures and EPR parameters (g tensors) of
a variety of potential candidates for 8 (PBE0O-D/pcSseg-2, see the
ESI for detailst)."

The DFT-optimized, D,-symmetric geometry of the
[Ni(Mes,Im),]" radical cation of 8 agrees very well with the X-ray
structure (Fig. 5; e.g., dni-c = 1.89 A, exp: 1.894(3) A). In the %A
electronic ground state, the spin density is localized at the metal
center, with the unpaired electron residing in an s/d.-type
orbital (Fig. 5a).

The calculated g values for the radical cation [Ni(Mes,Im),]"
(gex = 2.01, gy, = 2.65, gz, = 2.98), computed under gas-phase
conditions, strongly differ from the experimental data with
a maximum deviation of 0.36 (8a) and 0.85 (8b; see Table 2 and
ESI, Table S3t). However, computations in the presence of the
counter ion result in further structural motifs with impact on

a)
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& QAT
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O—J
b) €
¢ K A 4 Q;.,»
0,, €© 20 ©
4 2.10
o). —%
b 7

o—@
Fig. 5 (a) Spin density plot for [Ni(Mes,Im),]*; (b) molecular structure
of 8pprt showing Ni—FEF“~ contacts (isovalue 4 0.0075 ag~>; lengths of
Ni—F contacts in A; hydrogen atoms not shown).
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Table 2 Experimental and DFT calculated g tensors for species 8

g tensor components

Compound &xx &y &z
8a Exp. (solid state) 2.02 2.47 2.62
8b Exp. (solid state) 1.98 2.06 2.13
[Ni(Mes,Im),]" DFT 2.01 2.65 2.98
(gas phase)

8prr” DFT 2.03 2.50 2.59

¢ DFT-optimized structure with Ni-F®** contacts.

the computed g tensors (see ESI, Fig. S71). A Ni-F contact with
the counter ion in 8ppr' (Table 2, entry 4, Fig. 5b) results in g
tensor components closely corresponding to those of 8a
(maximum deviation: 0.03), while no species matching the EPR
parameters of 8b were identified in our computational explo-
ration. However, none of the EPR signatures detected for the
electrochemically-formed complex 8 appeared during the reac-
tion of 1 with C¢F, (Fig. 2) and, in light of our CV results, it is
unlikely that the [Ni(Mes,Im),]" cation is involved here.

We then focused on identifying the byproducts of the reac-
tion of 1 with C¢F,. Stoichiometric reaction of 1 with CgFg in thf
overnight at room temperature led to a very small amount of
a dark-green precipitate which was removed by filtration. After
removal of all volatiles from the filtrate, the residue was washed
with a large amount of hexane to extract the C-F bond activation
product. The yellow residue, which remained after washing, was
identified as the difluoride complex trans-[Ni(Mes,Im),(F),] (9)
by elemental analysis, X-ray diffraction and 'H, "’F{'H} and "*C
{'"H} NMR spectroscopy (see ESIt). Most significantly, the fluo-
ride resonance, detected as a singlet at —560 ppm in the "*F{"H}
NMR spectrum, is shifted ca. 200 ppm to higher field compared
to those of the mono-fluoride complexes 2-7 (—333 ppm to
—362 ppm, vide supra). A similar high-field shifted fluoride
resonance was also observed for the phosphine-stabilized
platinum complex [Pt(P'Pr;),(F),] (—455.9 ppm) compared to

9

Fig. 6 Molecular structure of trans-[Ni(Mes,Im),(F),] (9) in the solid
state (ellipsoids drawn at the 50% probability level). Hydrogens atoms
are omitted for clarity.
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Scheme 5 Synthesis of [Ni(Mes,Im),(1),] (10) and [Ni(Mes,lm)(F),] (9).

[Pt(PPhs;),(F)(CeHs)] (—107.6 ppm).* Crystals of 9 suitable for X-
ray diffraction (Fig. 6, Table 1; see also ESI, Table S2 and
Fig. $381) were obtained after storing a saturated solution of the
complex at room temperature in C¢Dg. Crystallographic analysis
revealed a square planar coordination environment about the
Ni"" center with a trans-arrangement of NHC and fluoride
ligands.

An independent sample of complex 9 was synthesized in
38% yield by fluorination of [Ni(Mes,Im),(I),] (10) using
an excess (2.5 equiv.) of silver(i) fluoride in CH,Cl, at 0 °C
(Scheme 5). Complex 10 was synthesized by reaction of 1 with I,
isolated in 80% yield and characterized by elemental analysis,
and "H and "*C{*H} NMR spectroscopy (see ESIT). Interestingly,
the resonance of the carbene carbon atoms is almost unaffected
by substitution of the fluoride by the more electropositive

g = 2.04,g,,=2.16, g,, = 2.31

/\

dy"/dB

220 240 260 280 300 320 340 360 380 400

magnetic field / mT

Fig. 7 Molecular structure of trans-[Ni'(Meszlm)z(C6F5)] (11) (top) in
the solid state (ellipsoids drawn at the 50% probability level) and EPR
spectrum at —203 °C of the isolated compound 11 (bottom). Hydrogen
atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04237d

Open Access Atrticle. Published on 06 oktéber 2020. Downloaded on 2025. 10. 02. 7:34:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

iodide ligand, and was detected at 176.5 ppm (cf [Ni(Mes,-
m),(F),] (9): 174.6 ppm).

Thus, [Ni(Mes,Im),(F),] (9) was clearly identified as one of
the side products of the reaction of 1 with C¢F¢. This complex is
formed in low yield (17%) but in an amount similar to that of
the insertion product trans-[Ni(Mes,Im),(F)(C¢Fs)] (3). The
amounts of complexes 9 and 3 total ca. 40% when the reaction
of 1 with C¢F is performed at room temperature, and thus the
majority of the products formed in this reaction is still unac-
counted for.

Storing the concentrated hexane mother liquor of the extract
from the isolation of 9 (vide supra) for 3 days at —30 °C led to
crystallization of the remaining C-F bond insertion product
trans-[Ni(Mes,Im),(F)(CeF5)] (3) and a novel nickel(r) complex
trans-[Ni'(Mes,Im),(CqF5)] (11) as yellow (3) and orange (11)
crystals, respectively, which were manually separated in a glo-
vebox (see ESI, Fig. S8t). The paramagnetic compound 11 was
characterized by elemental analysis, EPR spectroscopy and X-
ray diffraction. Determination of the room-temperature
magnetic moment of 11 in solution (Evans method) gave a u.g
value of 1.80 ug, which is consistent with the presence of one
unpaired electron. The molecular structure (Fig. 7, top, Table 1;
see also ESI, Table S2 and Fig. S391) and the EPR spectrum
(Fig. 7, bottom) of 11 confirm that this complex is a three-
coordinate nickel(r) radical. Simulation of the EPR spectrum
of 11 gave a g tensor of g, = 2.04, g,, = 2.16 and g, = 2.31,
which was also observed in the EPR spectrum of the crude
reaction mixture of 1 and C¢F (Fig. 2). With the experimentally
obtained g tensors and the molecular structure of the radical

/) SIS e £J)
@ s =
) o G
g ) -
s .
‘ =P ) | R
= + ¢ \ )
9 9 )
12

Fig. 8 Spin density plots for trans-INi'(Mes,Im),(CgFs)] (11) (top) and
trans-[Ni'(Mes,lm),(F)] (12) (bottom) (isovalue 0.0075 ap~>; hydrogen
atoms are omitted for clarity).
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Scheme 6 One-electron oxidative addition of CgFg to [Ni(Mes,lm),]
(1) to yield the metal radicals trans-[Ni'(Mes,Im),(CgFs)] (11) and trans-
INi'(Mes,Im),(F)] (12).

species 11 in hand, we carried out computational studies of the
electronic properties of complex 11 and a likely radical coun-
terpart from the reaction of 1 and CgFs, [Ni'(Mes,Im),(F)] (12)
(Fig. 8). Both complexes 11 and 12 would be the result of a one-
electron oxidative addition reaction of two equiv. of 1 with one
equiv. C¢F¢ (Scheme 6).

Molecular geometries,
parameters (g tensors) were thus calculated for the metal radi-
cals trans-[Ni'(Mes,Im),(CeFs)] (11) and trans-[Ni'(Mes,Im),(F)]
(12) (Fig. 8) in order to connect the experimentally observed EPR
spectra from the reaction mixture of 1 and C¢F (Fig. 2), the EPR
spectra of the isolated compound 11, and the corresponding
isotropic g tensor components with the assigned structure of 11
(Fig. 7).

According to DFT calculations, complexes 11 and 12 are C,-
symmetric doublet ground state species. The spin density is
located at the metal center and the unpaired electron resides in
an s/d,type orbital, yielding *A electronic ground states (Fig. 8).
Calculated and experimental g tensor components are in good
agreement for species 11, with a maximum difference of 0.03 in
g».- With the largest deviation being 0.08 for 12, the agreement
is still reasonable (Table 3).

To provide further evidence for the existence of trans-
[Ni'(Mes,Im),(CgFs)] (11) and trans-[Ni'(Mes,Im),(F)] (12), we
attempted to synthesize these complexes independently. The

electronic structures and EPR

Table 3 Comparison of experimental and calculated g tensors for
species 11 and 12

g tensor components”

Compound DFT/Exp” Lux Sy Loz

11 Exp. (isol.)* 2.04 2.16 2.31
Exp. (react. mix.)? 2.04 2.17 2.32
DFT 2.06 2.17 2.29

12 Exp. (react. mix.)? 1.93 2.46 2.64
DFT 2.01 2.42 2.57

¢ The experimental gtensor components are reorganized in ascendlng
order from g to g.. ” EPR parameter have been calculated using
DFT. The calculated values are rounded to match the number of
dlglts of the experimental values. ¢ Exp. (isol.): see Fig. 7 (bottom).

4 Exp. (react. mix.): see Fig. 2 I and 1I (I corresponds to compound 12;
II corresponds to compound 11).

Chem. Sci., 2020, 11, NO09-11023 | 11015
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Scheme 7 Synthesis of the metal radicals INi'(Mes,Im)»(CeFs)l (11),
INi'(Mes,Im)»(2,3,5,6-CF4H)]  (13) and  [Ni'(Mes,lm),(2,3,5-CgFzH3)]
(14).

reaction of [Ni(Mes,Im),][BF,] (8) with CsF led to a mixture of
two complexes, which we were not able to separate. One of them
was identified via '’F{'H} NMR spectroscopy as trans-
[Ni(Mes,Im),(F),] (9) (**F{"H} NMR resonance at —560 ppm),
and the resulting mixture reveals an EPR resonance with g
tensors (g, = 2.05, g, = 2.42, g;; = 2.61) which are close to the
g-tensors calculated for trans-[Ni'(Mes,Im),(F)] (12). We are thus
confident that the second metal radical obtained in the reaction
mixture is the monofluoride complex trans-[Ni'(Mes,Im),(F)]
(12).

The complex trans-[Ni'(Mes,Im),(CeF5)] (11) as well as
related trans-[Ni'(Mes,Im),(2,3,5,6-C¢F,H)] (13) and trans-
[Ni'(Mes,Im),(2,3,5-CsF5H,)] (14) can be synthesized from the
reaction of trans-[Ni(Mes,Im),(F)(ArF)] (Ar* = C¢Fs 3, 2,3,5,6-
CeF4H 5, 2,3,5-CcF3H, 6) with PhSiH; (Scheme 7, see also ESI
Fig. S9 and S10%).**

The metal radicals were characterized by elemental analysis,
IR and EPR spectroscopy as well as single-crystal X-ray diffrac-
tion. All compounds are stable in the solid state as well as in
solution for several days. If the reactions are performed in an
NMR tube and followed by "H and '"’F{"H} NMR spectroscopy
(see ESI; Fig. S9 and S10%), the resonances for the Mes,Im,
pentafluorophenyl and fluoride ligands vanish, indicating the
formation of a paramagnetic species. For complexes of the type
trans-[Ni(NHC),(H)(Ar")], we expect hydride resonances in the
region of ca. —13 ppm in the 'H NMR spectrum,®®? and a strong
absorption in the IR spectrum in the region between 1600 and
2200 cm " ** (we expect the Ni-H stretch to be at ca. 1850 cm ™"
based on DFT calculations). However, such signals were absent
for 11, 13 and 14. Thus, although complexes of the type trans-
[Ni'(Mes,Im),(Ar")] cannot easily be distinguished from the
corresponding hydride complexes trans-[Ni'(Mes,Im),(H)(Ar")]
by X-ray diffraction (see below), we are confident that 11, 13 and
14 are the metal radicals. Crystals of trans-[Ni'(Mes,Im),(CcFs)]
(11), trans|Ni'(Mes,Im),(2,3,5,6-CcF,H)] (13) and trans-
[Ni'(Mes,Im),(2,3,5-C¢F5H,)] (14) suitable for X-ray diffraction
(Fig. 9, Table 1; see also ESI Table S2 and Fig. S39-S417) were
obtained by storing saturated solutions of these compounds
either in pentane or hexane at —30 °C. Complexes 11-13 adopt
a distorted T-shaped structure, in which the NHC ligands
occupy mutually ¢trans positions. Due to the absence of the
fluoride ligand, 11, 13 and 14 exhibit shortened Ni-C distances
to the fluoroaryl ligand and reduced C1-Ni-C2 angles compared
to nickel(u) complexes 3, 4, 5 and 6, which is also a further

1016 | Chem. Sci, 2020, 11, TO09-11023
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Fig.9 Molecular structures of trans-[Ni'(Mes,Im),(CgsFs)] (11) (top left),
trans-INi'(Mes,Im)»(2,3,5,6-CgF4H)]  (13) (top right) and trans-
INi'(Mes,Im)»(2,3,5-CeFsHa)] (14) (bottom) in the solid state (ellipsoids
drawn at the 50% probability level). Hydrogens atoms (with exception
of the protons at fluoroarene rings) are omitted for clarity. Because of
disorder of the fluoroaryl ligand of 14, the ligand is represented by
a ball and stick model in two different colors for clarity.

indication of the absence of a metal hydride. The data is in line
with the data observed for [Ni'(P'Pr;),(C4Fs)] reported by John-
son and co-workers previously (Table 1, see also ESI Table
S2+).'® EPR spectra of compounds 11, 13 and 14 were recorded
in frozen thf solutions and 