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Trlﬂuoromethylatlon of a well- defined square planar aryl—Nl complex involving
Ni""/CF;e 3¢ and Ni' -CF3 intermediate species

Mireia Rovira,”!" Steven Roldan-Gémez, "' Vlad Martin-Diaconescu, Chrlstopher J. Whiteoak,
(%] Anna Company, ! Josep M. Luis*,"™ Xavi Ribas*"!

Abstract: Ni-mediated
trifluoromethylation of an aryl-Br bond
in model macrocyclic ligands, L,-Br,
has been thoroughly studied, starting
with an oxidative addition at Ni0 to
obtain well-defined aryl-Ni"-Br
complexes ([L,-Ni"|Br). Abstraction of
the halide with AgX (X = OTf or ClO4
) thereafter provides [L,-Ni"](OTf).
The nitrate analogue has been obtained
through a direct C-H activation of an
aryl-H bond using Ni" salts, and this
route has been studied by XAS.
Crystallographic (XRD) and XAS
characterization has shown a tight

complex, which may hamper their direct
reaction with nucleophiles. On the
contrary, enhanced reactivity is
observed with oxidants, and the reaction
of [L,-Ni"](OTf) with CF;" sources
afforded L,-CF; products in
quantitative  yield. @A  combined
experimental and theoretical
mechanistic study provides new insights
into the operative mechanism for this
transformation. Computational analysis
indicate the occurrence of an initial
Single Electron Transfer (SET) to 5-
(trifluoromethyl)dibenzothiophenium

triflate (TDTT) furnishing a transient

recombines to form a [L;-Ni""-CF3](X)2
intermediate species. A final facile
reductive elimination affords L;-CFj.
The well-defined square-planar model
system here studied permits
development of the fundamental
knowledge on the rich redox chemistry
of nickel, which is sought to facilitate
the development of new Ni-based
trifluoromethylation methodologies.
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Introduction

Tremendous efforts have been directed towards the develop-
ment of new trifluoromethylating methodologies,!"! since the
CF; group can dramatically influence the solubility and stability
properties of many pharmaceuticals and agrochemicals. Whilst
the vast majority of these transformations use Pd-based
catalysts,'™ 2l interest is now being directed towards the devel-
opment of new catalytic protocols using cheaper first-row
transition metals such as nickel. The vast majority of C-C and
C-Heteroatom coupling reactions catalyzed by nickel typically
involve Ni%/Ni"/Ni"/Ni™ species in their proposed catalytic
pathways,’) involving le” and 2¢” redox steps.®™ 4 More
recently, Ni'¥ intermediate species have been proposed in
transformations involving the Ni'"/Ni" redox couple,™ although
well-characterized species have only been reported using model
substrates designed for octahedral environments.[! Such recent
studies, in parallel with the development of Pd"/Pd" catalytic
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adduct,

which rapidly

cycles,”™ 7 have sparked interest in high-valent Ni'V

organometallic species in new catalytic protocols.

High-valent organometallic Ni complexes have been
persistently proposed as putative intermediate species in
catalysis, but it was not until 2014 and 2016 that Mirica and co-
workers reported the isolation of an octahedral Ni''-dialkyl
complex that provided an opportunity to directly probe the
involvement of organometallic Ni'" and Ni'V species in C—C
bond formation cross coupling reactions.”™ ® In 2015, Sanford
and co-workers pioneered the isolation of octahedral Ni'V
complexes utilizing  tris-(2-pyridyl)methane and  tris-
(pyrazolyl)borate ligand scaffolds, capable of effecting reduc-
tive elimination to form C-X bonds (X = O, S, N) and of
particular interest, aryl-CF5 (Scheme 1).°*°) Sanford’s group
previously investigated the reactivity of square-planar aryl-Ni'"
complexes with two electron oxidants, and aryl—Nim—Br species
were proposed as intermediate towards the formation of the aryl-
Br final products.!'”’

The extremely rich redox chemistry of Ni complexes demands a
deep mechanistic understanding of these processes in order to
gain predictability in the development of new Ni-based
trifluoromethylation methodologies. Moreover, it is of general
interest to gain more mechanistic knowledge about the ability of
this metal to form reactive high-valent Ni intermediates in
atypical non-octahedral environments. With this idea in mind,
we have designed and synthesized an organometallic square-
planar aryl-Ni" model system that would enable the stabiliza-
tion of high valent nickel species. Furthermore, a thorough
experimental and theoretical mechanistic study on electrophilic
trifluoromethylation of square planar aryl-Ni' species has been
performed.
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Scheme 1. (a) Ni"' and Ni'"-dialkyl compounds reported by Mirica and co-
workers, (b) Ni' species reported by Sanford and co-workers and (c) the system
studied in this work.

Results and Discussion

Organometallic aryl-NiIl complexes [Ln—NiH](X) (n=1or5 X=0Tf,

ClO4 or NO3) (1ots, 1cio4> 1no3 and Sopp) were obtained following
two distinct procedures: (a) oxidative addition of L;-Br to Ni’(COD),
in THF at room temperature (RT), followed by treatment with AgX
(X =ClOy4, OTY), or (b) through direct C-H activation of L;-H with
Ni"(NOs), (Scheme 2).1"! The synthesis of complex [L;-Ni"'|(X) (1x)
through Cg,-H activation of L;-H was optimized by using
N1H(NO3)2 6H,0 as Ni source in MeCN at RT, affording the desired
organometallic compound in 55% yield. The addition of soft bases
such as acetate did not improve yields (Table S1). All these
compounds present diamagnetic NMR spectra as expected for square-
planar Ni"" complexes.
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Scheme 2. Synthesis of the organometallic aryl-Ni” complexes (1otr, Inos and Sotr)
via (a) oxidative addition at Ni’ and (b) direct C-H activation by Ni" (DFT
optimized structure of the proposed intermediate, [L;-H---Ni"-MeCN]*, is shown).

Upon reaction of Ly-H and Ni" salt at low T (248 K) a paramagnetic
[L;-H---Ni")*" species was obtained. The geometry at the Ni" center
and the interaction with the C-H bond was further studied by XAS
(Figure 1). XANES and EXAFS analysis point to a most probable
trigonal bipyramidal geometry at the metal having 4 N/O scatters at
an average distance of 2.09 A (~ 2.09 A from DFT) and a Cyy
scattering atom at 2.29 A (~2.39 A from DFT, see Scheme 2b and
Supporting Information). This is in agreement with the complex
bearing a coordinated acetonitrile, and consistent with a previously
published DFT structure of an analogue complex.!'"!
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Figure 1. XANES spectra of [L;-H---Ni"]"? (blue) and 1xo; in solution (black); Inset:
expansion of the pre-edge region.

No Cgp-H activation was observed for Ls-H (macrocyclic model
arene substrate bearing N-Me tertiary amines), even in the presence
of several bases, or changing the Ni" source, solvent or temperature
(Table S2). The corresponding organometallic aryl-Ni" complex [Ls-



Ni"JOTf (5o1s) could only be prepared by the oxidative addition
using Ni%(COD), and Ls-Br (Scheme 2a). The latter results point
towards a key participation of the macrocyclic secondary amines for
the Cgyp-H activation process.

On the other hand, compounds 14, Inoz and Sors have been
crystallographically characterized (Figure 2 and Figure S1-S3), all
three displaying a square planar geometry around the Ni' center,
which is coordinated to three amines and an aryl moiety. Ni'-C bond
distances are found in the range of 1.83-1.84 A, and Ni'-N in the
range of 1.95-2.06 A. The Ni'-C bond is significantly shorter than
analogous macrocyclic aryl-Ni" species using
azacalix[1]arene[3]pyridine ligand scaffolds (1.88 A).l'* Indeed, the
aryl-Ni" bond distances of 1y are amongst the shortest reported!' " '*!
in the Cambridge Crystallographic Database (typically larger than
1.89 A).% I The larger Ni"-N bonds for the trans coordinated
tertiary amine for all three structures arises from the stronger trans
effect of the aryl moiety. To further explore the coordination
environment of the metal center in 1x03, XAS at the Ni K-edge was
applied as a direct probe of the electronic structure for a solution
sample of 1no3. EXAFS analysis is consistent with the crystal
structure and show the presence of four coordinate complexes having
a short Ni-C bond of ~1.83 A with 3 nitrogen scattering atoms in the
~1.97 A range (Figure S8 and Table S6). XANES spectra of a solution
sample of 1no; (Figure S7) exhibits a well-resolved and intense pre-
edge at 8332.3 eV from 1s>3d pre-edge transitions, indicative of a
Ni" center with a rising shoulder having two well resolved features at
8334.8 eV and 8336.7 eV. Interestingly, square planar complexes
having a centrosymmetric coordination environment are expected to
have weak pre-edge intensities of below 0.02 normalized intensity
units as exemplified by the spectra of [Ni(cyclam)](C10,),.!*) This is
due to the dipole forbidden nature of the 1s>3d pre-edge transitions
which can only gain intensity through p-d mixing, a process not
favored in square planar geometry.!') However, the pre-edge of 1yos
having an intensity of ~0.3 units is similar to the well resolved pre-
edge of a previously reported square planar Ni" complex,
[(bpy)Ni(Mes)Cl], having a Ni-C,yy, bond of 1.94 A.'"”) This can be
explained by the highly covalent nature of the Ni-C bond, which
facilitates p-d mixing through a configuration interaction model, as
previously described.!"® Furthermore, the strength of the Ni-Cryi
interaction in 1nos is further highlighted by the lower energy of the
features due to 1s>4p + shake-down contributions which occur ~2
eV lower in energy than in either the previously reported
[(bpy)Ni(Mes)Cl] complex having a Ni-C, bond of 1.94 A or the
[Ni(cyclam)](ClOy), analogue having no Ni-C bond.!”?

Figure 2. X-Ray crystal structures of 1¢io4 (left) and Sor¢ (right) at 50% probability
level. H atoms and counter anions omitted for clarity. Selected bond distances [A]
and angles [°] for 1cios: Ni(1)-C(1) 1.840(4), Ni(1)-N(3) 1.953(3), Ni(1)-N(1)
1.955(3), Ni(1)-N(2) 2.032(4); C(1)-Ni(1)-N(3) 83.33(18), C(1)-Ni(1)-N(1)
83.68(18), N(3)-Ni(1)-N(1) 164.53(16), C(1)-Ni(1)-N(2) 176.15(16), N(3)-Ni(1)-
N(2) 96.68(15), N(1)-Ni(1)-N(2) 95.71(16). Selected bond distances [A] and
angles [°] for 5or¢ Ni(1)-C(1) 1.838(7), Ni(1)-N(3) 1.98(3), Ni(1)-N(1) 1.94(3),
Ni(1)-N(2) 2.062(6); C(1)-Ni(1)-N(3) 80.6(11), C(1)-Ni(1)-N(1) 84.2(8), N(3)-
Ni(1)-N(1) 163.0(13), C(1)-Ni(1)-N(2) 178.3(10), N(3)-Ni(1)-N(2) 98.9(10),
N(1)-Ni(1)-N(2) 96.5(8).

Once the organometallic aryl-Ni" complexes had been fully charac-
terized, we turned our attention towards their reactivity with a range
of nucleophiles, such as phenols, boronic acids, and activated
methylene compounds amongst others. Unfortunately, no reactivity

was observed using these compounds as coupling partners, indicating
the high stability of the aryl-Ni" species. This is in contrast to the
analogous macrocyclic aryl-Ni" species using
azacalix[1]arene[3]pyridine ligand scaffolds, which readily react with
nucleophiles such as phenols, sodium azide and KBr.!'? The
significantly shorter Ni"-C bond of 1y (1.83-1.84 A compared to 1.88
A) suggests a stronger bond due to the tighter macrocyclic
coordination compared to the complexes reported by Wang and
coworkers, precluding reductive elimination.

The lack of reactivity towards nucleophiles suggested that the rigidity
imposed by the macrocyclic environment enforces the superior
stability of 1x. At this point we hypothesized that the system may only
undergo reactivity provided the Ni" center is further oxidized, and the
highly donating macrocyclic ligand platform might allow the access
to a high-valent nickel species.[zo] Interestingly, the accessibility to
the Ni'! oxidation state within the square-planar platforms is clearly
visible in the CV spectrum of 1g1¢ and So1¢ showing quasi-reversible
le  redox couples centered at E1, =0.066 V and 0.227 V, respectively
(vs Ag/AgNOs) (Figure 3). However, all attempts to react 1gs with
MeOH as nucleophile (and solvent) in the presence of different 1e
oxidants (Fc', nitrosonium cation (NOSbFy)), yielded very complex
mixtures of side products involving the oxidation of the amine-based
ligands to imines, as well as hydrogenation of the aryl moiety to the
arene. Similarly, complex mixtures were obtained when
malononitrile (active methylene), p-methoxyphenol and sodium
cyanide were used as nucleophiles. Therefore, albeit generating a
much more reactive species when le” oxidants are present, we have
not been able to control this enhanced reactivity to provide a clean
Ni"™" reductive eclimination with the nucleophile. The uncontrolled
side reactions of in sifu generated Ni' species has been discussed very
recently by Sanford and coworkers.”!! Since Ni'V species were
reported to undergo reductive elimination with nucleophiles,” *! we
tested 2e- oxidants such as F' reagents (N-fluoro-2,4,6-
trimethylpyridinium triflate (NFTPT), Selectfluor®),*?! but again
multiple decomposition pathways occurred.
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Figure 3. Cyclic Voltammograms of complexes a) 1orr (0.5 mM) and b) 5or (1 mM).
Conditions: [n-BusNPF]=0.1 M, CH;CN, 298 K, scan rate = 0.1 V/s, using non-aqueous
Ag/AgNO; reference electrode.



Strikingly, reaction of 1ot and 5o complexes with CF;" sources (5-
(trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate
(TDTT), 3,3-Dimethyl-1-(trifluoromethyl)-1,2-benziodoxole (Togni
reagent)) afforded the quantitative formation of L-CF; and Ls-CF;
products. Reaction of 1oy with 2.0 equiv. of TDTT in CD3;CN at

room temperature afforded a 99% yield of L;-CF; in less than 4 hours.

When the Togni reagent was used, quantitative trifluoromethylation
was also observed, albeit in 12 hours. On the other hand, the reaction
of 5orr with both trifluoromethylating agents required higher
temperatures (70°C) and longer reaction times (48 hours) to attain
high yields (> 95%, Scheme 3).

“+©Ty
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\ N
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5¢(R = CHa) L5-CF3 (R = CHj)

(up to 99%)

Scheme 3. Reactivity of 1orr and Sory in the presence of widely used CF;™ oxidants.

The trifluoromethylated product is likely generated via reductive
elimination from a Ni'¥ intermediate species, similarly to the work
reported by Sanford and co-workers.”? The slower reactivity
observed with 5o1¢ suggests a lower stability of the high oxidation
state on the metal when tertiary amines are used./*”

However, the putative aryl-Ni'" intermediated species could not be
detected by 'H NMR spectroscopy even at -40°C, suggesting that this
putative intermediate is highly reactive (Figure S6). Therefore, DFT
calculations at B3LYP-GD3BJ/cc-pVTZ//B3LYP-GD3BJ/TZPV
level (see Experimental section below for more computational
details) were employed to further elucidate the reaction mechanism.
Based on recent literature concerning Ni complexes and their
reactivity, we initially suggested two different pathways (Scheme 4,
mechanism A and B). The first proposal (A) was an oxidative-
addition step followed by a reductive-elimination step (Figure S10).
The second proposal (B) involved an initial Single Electron Transfer
(SET) followed by a direct radical CF;- addition to the aryl group.
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Scheme 4. The three proposed mechanisms, A, B and C. Mechanism A implies the
transfer or flow of two electrons during the reaction (oxidative-addition-like step
followed by a reductive-elimination step); B can be described as Single Electron Transfer
(SET) followed by a direct radical CF; addition on the aryl group. C contains the first
step of B and the last step of A, and then can be considered a combination of A and B.
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Mechanism A involved an energetically demanding transition state
for the S-CF; bond breaking and formal CF;" oxidative addition at the
aryl-Ni" cation 1" (34.0 kcal/mol) (Figure S10). Different approaches
of the CF; moiety (Sn2-like and lateral) were explored but in all cases
the oxidative addition barrier was too high (34.0 kcal/mol for the
former and 43.7 kcal/mol for the latter). Therefore, we directed our
attention towards an initial SET step to form an aryl-NiIII species and
a CF5- radical (mechanism B). The value of the SET barrier calculated
using the Marcus theory™®! (See section 6.1 of the Supporting
Information) was low enough (18.0 kcal/mol) to allow the formation
of the transient aryl-Ni"//CF;- adduct (6). Strikingly, the IRC
calculations used to explore the potential energy surface on the
vicinities of the aryl-CF; bond distance, show no direct recombination
between the radical and the aryl moiety, even if the CF;- radical was
placed on top of the aryl moiety. On the contrary, the system
systematically evolved to a barrierless reaction of the CF3- radical and
the Ni'"" center (Scheme 5 and Figure S11) to form the aryl-Ni'V-CF;
intermediate (-0.7 kcal/mol), which then underwent facile reductive
elimination to form L;-CF3, with a free energy barrier of only 7.8
kcal/mol. Thus, we have found a more-favorable third possibility
(mechanism C) that can be seen as a combination of mechanisms A
and B (Scheme 4c and Figure 4). Indeed, mechanism C explains why
the experimental stabilization of highly oxidized intermediates is
hampered. The feasibility of the SET step is in line with the Cyclic
Voltammetry experiments, easily accessing to Ni'lt (Eip = 0.066 V
for 1o7s and -0.63 V for TDTT (vs Ag/AgN03)).! In fact, the AG®
obtained (16.0 kcal mol'l) from the standard cell potential (E° = -
0.70 V) closely matches the DFT thermodynamic energy difference
between 1" and the aryl-Ni"" species obtained by SET (15.2 kcal mol
1). The ground spin state of all the compounds involved in the three
studied mechanisms are either closed-shell or open-shell singlet.
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The lifetime of the CF;- radical generated was evaluated by
conducting the trifluoromethylation reaction of 1oyt and 5¢r¢ in the
presence of the spin trap N-tert-butyl-a-phenylnitrone (PBN). The
yield of the desired product was maintained and no decomposition of
the radical trap was observed. This is in line with the DFT study, i.e.
the transient aryl-Ni"/CF- adduct (6) has a very short lifetime since
the CF5- radical attack to the Ni™ complex is barrierless (Figure 4).
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Figure 4. Free Energy profile for the Mechanism C. Free energy values were calculated at (B3LYP-GD3BJ/cc-pVTZ//B3LYP-GD3BJ /TZPV). The blue profiles
correspond to most stable open or close shell singlet states, while the triplet states are represented by the fuchsia lines. The determining-step barrier free energy of the
mechanism A (TS1, magenta color) is depicted to contrast with the value of the single electron transfer Marcus barrier. The zero Gibbs free energy value of the profile
correspond to the free energies of reactants at infinite distance. Color code: N blue, F orange, S yellow, Ni" green, Ni' dark red, Ni' light blue.



Conclusions

In conclusion, we have described the synthesis and full charac-
terization of well-defined organometallic aryl-Ni" complexes using
macrocyclic model systems (1x and 5or¢), which can be obtained by
either oxidative addition at Ni® or Ni"' C-H activation. These
macrocyclic aryl-Ni" complexes show very short Ni-C bond lengths
(1.82 A) and under the conditions trialed in this study do not react
with nucleophiles. However, we have demonstrated their reactivity in
the presence of electrophilic CF;' sources, obtaining quantitative
yields of the trifluoromethylated products L;-CF; and Ls-CF3 under
mild conditions. Furthermore, experimental and theoretical
mechanistic investigations supported a feasible SET step followed by
CF;- radical and aryl-Ni" recombination to form an aryl-Ni'V-CF;
intermediate, which rapidly reductively eliminates to afford the
trifluoromethylated products. These well-defined square-planar
model platforms allow stepwise information through the redox
chemistry of nickel, thus gaining insight into the geometry-dependent
reactivity of multiple oxidation states. These results are sought to
facilitate the development of new Ni-based trifluoromethylation
methodologies.

Experimental Section

Synthesis of complexes 1x (X = OTf or ClO4) and 5ot The
synthesis of aryl-Ni(Il) complex 1orf was achieved by reacting the
model aryl-halide ligand L;-Br with 1 equiv. of Ni(COD), in dry THF
under a N, atmosphere overnight, affording [Ni'(L;)]Br (1g,, >98%
yield). A counter anion exchange was performed in order to improve
the solubility of the complex using 1.0 eq. of AgOTf or AgClO,. This
complex is benchtop stable and has been fully characterized both
spectroscopically and crystallographically. Full characterization of
the complexes can be found in the Supporting Information.
Synthesis of L;-CF; and Ls-CF;. A screw cap NMR tube was
charged with [Ni'(L;)](OTf) (1o1¢) complex (8 mg, 0.0176 mmol, 1.0
equiv) in 03 ml CD3;CN, a solution of 5-
(Trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate
(TDTT) (14.6 mg, 0.035 mmol, 2.0 eq.) in 0.3 ml CD;CN was
subsequently added at room temperature, and the reaction remained
light yellow. In a separate experiment, the hypervalent iodine reagent,
3,3-Dimethyl-1-(trifluoromethyl)-1,2-benziodoxole (12.2 mg, 0.035
mmol, 2.0 eq.) was added to [NiH(Ll)](OTf) complexes in CD3CN at
room temperature for 12 hours. Under these conditions, the yellow
solution turned orange. "H NMR spectroscopic analyses of the crude
reaction mixtures were consistent with the formation of the
trifluoromethylated product in more than 99% of yield. Full
characterization of the compounds can be found in the Supporting
Information.

Preparation of samples for XAS analysis: A 10 mM solution
sample of [L;-H--Ni"](C104), was prepared in butyronitrile by
mixing 1.0 eq. of nickel(I) perchlorate with L;-H and immediately
freezing the mixture upon loading into a sample cell. Similarly, a
10mM solution of the 1x03 was formed by reacting two eq. of the L;-
H with 1 eq. of Ni(NOs), in acetonitrile. The reaction was stirred
overnight and then filtered.

Computational details: Gaussian 09 program[26] was use to perform
all DFT calculations. All Structures were optimized using the
functional B3LYP™" and the Ahlrichs basis set TZVP,”® including
the Grimme’s empirical dispersion model GD3BJ8"" and the solvent
effect of acetonitrile with the PCM-SMDP” model. Also, under the
same conditions, frequency calculations were carried out to assign the
stationary points as transition states (only with one imaginary
vibrational frequency) or intermediates (minima with vibrational
frequencies real). The frequency calculations were also used to
compute thermal and entropic contributions to the Gibbs free energy
of each species. All optimized structures were connected by IRC

calculations. Single point energy calculations with a more flexible
basis set (cc-pVTZ)PY including also the GD3BJ dispersion
correction and PCM-SMD solvent correction were performed to
obtain better energy estimates. Finally, the correction due to change
of conventional 1 atm standard state for gas-phase calculations to a
standard-state gas-phase concentration of 1M (except for acetonitrile
which is considered at its liquid concentration) was included in all the
computed free energies.

XAS experiments details: Solution samples of [L;-H--Ni"|"? and
1no3 Were run on the XAS beamline at Elettra Sincrotrone Trieste
equipped with a Si(111) double crystal monochromator. Solution data
was collected in fluorescence mode and samples were kept at ~90 K
using a liquid nitrogen finger dewar. Solid samples of 1x03 and 1¢j04
were diluted in boron nitride and were run at the ALBA synchrotron,
CLAESS beamline, equipped with a Si(111) double crystal
monochromator. A liquid nitrogen flow cryostat was again used to
maintain samples at liquid nitrogen temperatures and data was
collected in transmission mode.

More details of the XAS spectroscopy experiments and DFT
calculations can be found in the Supporting Information.

Crystallographic data for compounds 1¢j04 (CCDC-1526515), 1no3
(CCDC-1526514) and 5¢1¢ (CCDC-1526516) can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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