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Abstract

This Article describes the development of a stable Ni'V complex that mediates C(sp?)-H
trifluoromethylation reactions. This reactivity is first demonstrated stoichiometrically and then
successfully translated to a Ni'V-catalyzed C-H trifluoromethylation of electron-rich arene and
heteroarene substrates. Both experimental and computational mechanistic studies support a radical
chain pathway involving Ni'V, Ni'!!, and Ni'l intermediates.
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INTRODUCTION

Over the past three decades, nickel has emerged as an economical base-metal catalyst for a
wide array of important chemical transformations.! The vast majority of these Ni-catalyzed
processes are proposed to proceed via Ni%!!, Nit/!l! or Nil/!'!! catalytic cycles.? In many
cases, these mechanisms are supported by the isolation of organonickel intermediates and
studies of their catalytic competence.2 While organonickel(l), (1), and (I11) complexes are
well-precedented, until 5 years ago there were very few examples of isolable Ni complexes
in the +4 oxidation state.* As a result, Ni'V intermediates have rarely been proposed in
catalysis. However, recent progress by our group and others has shown that
organonickel (1) complexes can be synthesized at room temperature using mild oxidants.
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4b-¢ Gijven the accessibility and unique reactivity of Ni'V, we sought to investigate its
relevance in catalysis.

Ni'V—CF3 complexes have been shown to exhibit superior stability when compared to other
Ni'V-alkyls.? They are also easily prepared via the net two-electron oxidation of Ni'!
precursors with CF3* oxidants (for example, see A in Figure 1A).45 Additionally, a recent
report by Nebra and coworkers demonstrated a Ni'V—CF3 complex that effects the
stoichiometric C-H trifluoromethylation of 1,2-dichlorobenzene under mild conditions
(Figure 1B).5 Inspired by these results, we hypothesized that we could develop a Ni'V-
catalyzed method for the C-H trifluoromethylation of arenes by identifying the optimal
combination of ligand, substrate, and CF3* oxidant (Figure 1C).

We demonstrate herein the design and synthesis of a Ni'V—CF5 complex that participates in a
net transfer of CF3™ to electron-rich arenes. Furthermore, in the presence of an electrophilic
trifluoromethylating reagent, this Ni'V complex serves as an effective catalyst for the C-H
trifluoromethylation of arene and heteroarene substrates. Mechanistic studies suggest that
this reaction proceeds through a Ni'!"/1V cycle involving CFj radicals as key intermediates.

RESULTS AND DISCUSSION

Design and synthesis of Ni'V-CF3 complex.

Our initial efforts focused on identifying a ligand scaffold that would enable both steps of
the proposed catalytic cycle: (1) the net 2e™ oxidation of a Ni'! precursor with a “CFg+”
oxidant to afford a Ni'V—CF3 complex and (2) the subsequent reaction of this Ni'V-CF3 with
arenes to afford C(sp?)-H trifluoromethylation products. Based on previous work from our
group,¢:52 we hypothesized that the tris(pyrazolyl)borate (Tp) ligand would be effective in
this context. Furthermore, based on Nebra’s results,® we reasoned that the incorporation of
multiple CF3 ligands would render the resulting complex reactive towards CF3 transfer
reactions. With these considerations in mind, we initially targeted TpNi'V(CF3)3 (I1) (eq. 1).
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Complex 11 was synthesized via the oxidation of Ni'l complex I with 2,8-difluoro-5-
(trifluoromethyl)-5H-dibenzo[ 4, dlthiophen-5-ium trifluoromethanesulfonate (B). The Ni'V
product was isolated in 47% yield as a yellow solid and was characterized by 1H, 19F, 13C,
and 1B NMR spectroscopy. X-ray quality crystals were obtained by recrystallization from
MeCN, and an ORTEP diagram is shown in Figure 2.
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In the solid state, complex 11 is extremely stable to ambient conditions, showing no signs of
decomposition after more than a year of storage on the benchtop. However, under analogous
conditions as a 0.01 M solution in MeCN, Il begins to decompose within 72 h at room
temperature. Over this time, the NMR resonances associated with complex 11 gradually
disappear, along with concomitant formation of CF3H.

We next explored the reactivity of 11 in stoichiometric C(sp?)—H trifluoromethylation. Initial
studies focused on 1,2-dichlorobenzene (1), the substrate originally employed by Nebra
(Figure 1B).5 As shown in Table 1, entry 1, the reaction of 11 with 1 equiv of 1 afforded
traces (<5%) of the C—H trifluoromethylation product 1-CF3 after 24 h at room temperature.
This yield increased to 9% when 1 was used as the reaction solvent under otherwise
analogous conditions (Table 1, entry 2). We next examined the more electron rich substrate
1,3,5-trimethoxybenzene (2). As shown in Table 1, entry 3, complex Il reacted with 1 equiv
of 2 to afford 2-CF3 in 47% yield as determined by 1°F NMR spectroscopic analysis of the
crude reaction mixture. The Ni'l product I-H* was also formed in 56% yield.” These yields
increased to 72% and 74%, respectively, upon the use of 5 equiv of 1,3,5-trimethoxybenzene
relative to I1.

Finally, we evaluated the feasibility of regenerating Ni'V complex 11 via the oxidation of 1-H
* with B. As shown in eq. 2, the treatment of a solution of I-H* (generated /7 situfrom the
reaction of 11 with 2) with 1.5 equiv of B afforded 11 in 63% yield after 30 s. Overall, thees
studies demonstrate each individual step in the I1-catalyzed trifluoromethylation of 2.
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Complex ll-catalyzed C—H trifluoromethylation.

We next explored the use of 11 as a catalyst for the C-H trifluoromethylation of arenes using
B as the “CF3™ source.8? Initial studies employed 5 mol % of 11 in combination with 1
equiv of 1,3,5-trimethoxybenzene and 1 equiv of B in DMSO. After 24 h at room
temperature in the dark, this reaction afforded 37% yield of the C-H trifluoromethylation
product 2-CF3 (Table 2, entry 1). Importantly, no reaction was observed in the absence of
complex 11 under these conditions (Table 2, entry 2). The presence/absence of ambient light
did not impact the yield, ruling out a photoredox-type pathway (Table 2, entries 1 and 3).
Employing complex | as the catalyst resulted in slightly diminished yield (25%, entry 4).
The use of A as an oxidant also afforded a lower yield (25%, entry 5). Employing an excess
of 2 (2 or 5 equiv relative to B) led to an increase in the yield of product 2-CF3 (to 62% and
93%, respectively, entries 6 and 7). Optimization of the reaction time, concentration,
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temperature, and solvent revealed that the highest yield of 2-CF3 (93%) is obtained under
the conditions in entry 7 (see Sl for complete optimization details).

We next evaluated the scope of this I1-catalyzed C-H trifluoromethylation. As shown in
Scheme 1, this reaction proved applicable to a variety of electron-rich arene and heteroarene
substrates (Scheme 1). In addition to trimethoxybenzene, electron rich pyridines as well as
indole and thiophene derivatives showed good reactivity. A variety of biologically active
molecules, including melatonin, Boc-L-tryptophan, resorcinol, and tadalafil, also served as
effective substrates for this transformation. Notably, trifluoromethylation of tadalafil occurs
at the 7-position of the indole backbone (rather than on the 1,3-dioxole-substituted ring), a
site that has been functionalized in several other reported radical trifluoromethylation
reactions.19 Overall, this transformation works best with highly electron-rich (hetero)arenes,
while less electron rich substrates afforded moderate to low yields (see Sl for details of other
substrates examined). This relatively narrow substrate scope as well as the use of 5 equiv of
(hetero)arene substrate relative to oxidant represent limitations of this method compared to
state-of-the-art radical C-H trifluoromethylation protocols.11:12

Mechanistic studies of CF3 transfer.

We next focused on interrogating the mechanism of the CF3 transfer step. We originally
envisioned two possible pathways for this transformation (Scheme 2). The first (pathway /)
involves a direct transfer of CF3* from complex 11 to the organic substrate to form the
cationic organic intermediate 13 along with the Ni'' product TpNi'/(CF3),™ (1). Intermediate
13 could then undergo deprotonation to form the trifluoromethylated product 2-CF3 along
with I-H*. An alternative pathway (/7in Scheme 2) would proceed via release of
trifluoromethyl radical from Ni'V and subsequent addition of CF3e to 2 to afford the organic
intermediate 14 along with the Ni''! complex TpNi'''(CF5), (111). Compound 14 could then
undergo oxidation and deprotonation to generate 2-CF3 along with along with I-H*.

To gain further insights into this transformation, we first conducted a time study, monitoring
the consumption of 11 and appearance of 2-CF3 via 1°F NMR spectroscopy. As shown in
Figure 3, an induction period of approximately 25 min is observed, followed by rapid
consumption of starting material and concomitant appearance of 2-CF3. This reaction
profile provides initial evidence against a direct transfer of CF3* from I1 (Scheme 2, i), as no
induction period would be expected for this pathway.

Reaction profiles like that in Figure 3 are characteristic of radical chain processes.13 To trap
putative radical intermediates, we next carried out the reaction between Il and 2 in the
presence of TEMPO. As shown in eg. 3, the addition of 1 equiv of TEMPO inhibited
productive C—H trifluoromethylation, decreasing the yield of 2-CF3 from 72% to just 4%
under otherwise analogous conditions. Furthermore, TEMPO-CF3 (15, 8%) was detected by
19F NMR spectroscopy.14
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The diminished yield of 2-CF3 and observation of 15 in the presence of TEMPO both
implicate the intermediacy of CFze in this transformation. Based on the mechanism in
Scheme 2, ii, this could be accompanied by the formation of the Ni'!! intermediate 111, a
species that we have independently synthesized and characterized by EPR spectroscopy in a
3:1 mixture of PrCN:MeCN.15 To test for the formation of I11, we conducted the reaction
between 11 and 2 and removed aliquots at several time points before, during, and after the
induction period (0.5, 35, 45, and 85 min). The samples were then diluted in PrCN, and EPR
spectra were acquired for each time point. As shown in Figure S45, signals consistent with a
Tp-ligated Ni''! intermediate are observed; however, the EPR data for the major species
present in these samples do not match those for I11. This suggests that the major Ni'!!
species formed under these conditions is not complex I11. Furthermore, as shown in eq. 3,
the addition of 1 equiv of 111 to the reaction between Il and 2 inhibited the formation of 2-
CF3, with none of the product observed after 45 min.16 Overall, these data suggest that
complex 111 is not the major Ni'!! intermediate formed under these conditions.
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Based on these studies, we propose a radical chain mechanism for the //-mediated C-H
trifluoromethylation of 2. As shown in Scheme 3, i, the radical chain initiates via slow NilV—-
CF3 bond homolysis. This liberates CFze, which then enters the chain propagation sequence
(Scheme 3, ii). Propagation is proposed to involve: (1) reaction of CF3ze with 2 to afford
intermediate 14; (2) oxidation and deprotonation of 14 by Ni'V complex 11 to generate a
protonated Ni'!! intermediate 1V; and (3) Ni!''-CF3 homolysis from IV to release I-H* and
regenerate CFge. Importantly, the 17-electron Ni'!' complex 1V is expected to be more
reactive towards Ni-CF3 bond homolysis than the neutral, 18-electron Ni!V starting material
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11.17 This should render chain propagation faster than initiation, resulting in a reaction
profile like that in Figure 3.

If the mechanism in Scheme 3 is operative, then the induction period should be eliminated if
the protonated (tris)trifluoromethyl Ni'!' complex 1V is generated independently. Based on
the cyclic voltammogram of 4 (Figure S52), CpoCo (E1/2 = —1.33 V vs SCE) should effect
the single electron reduction of 11 (Eq» =-0.395 V vs SCE). In the presence of 1 equiv of

TsOHe<H,0, this is expected to afford 1V, thus chemically initiating the reaction (Scheme 4).
18

As predicted, the addition of 0.1 equiv of Cp,Co and 0, 0.1, or 1.0 equiv of TsOH*H,O to
the reaction between Il and 2 under otherwise identical conditions eliminated the induction
period and resulted in the steady formation of the trifluoromethylated product 2-CF3 (Figure
4).19 These experiments also show that the yield and rate of this reaction increases with
increasing equiv of TsSOH. This observation is consistent with the proposed intermediacy of
the protonated Ni''' complex 1V.

It was recently reported that the generation of Ni'V complexes through the net 2-electron
oxidation of Ni!! precursors can proceed via two sequential one-electron oxidations
involving the formation of transient Ni'!l intermediates.20 If complex I1 were generated from
I under acidic conditions via this type of pathway, Ni'!! species IV would be a likely
intermediate (Scheme 5). We explored this possibility by examining the time course of 2-
CF3 formation, using a combination of 1 equiv of Ni!' complex I, 1 equiv of B, and 1 equiv
TsOHeH,0 to mediate the C—H trifluoromethylation of 2. As shown in Figure 5, using 1/B/
TsOH, the reaction showed no induction period, and 2-CF3 was formed in 70% yield within
1 h at room temperature.

The results in Figure 5 can be rationalized based on the formation of the protonated Ni'!l
intermediate 1V during oxidation of I. We propose that IV then rapidly expels CFze to
initiate the reaction and enter the propagative cycle. However, notably, our proposed
mechanism also implicates the intermediacy of Ni'V complex 11, which serves as an oxidant
during propagation. Consistent with this proposal, 1°F NMR spectroscopic monitoring of the
trifluoromethylation of 2 with 1/B showed that the Ni largely rests as Ni'V complex 11 during
this transformation (Figure S48). This Ni'V complex persists throughout the product-forming
stage, decaying at a rate that is similar to the rate of 2-CF3 formation. These results are
mirrored in the catalytic variant of this reaction (see Sl for details).

DFT studies of CF3 transfer from complex Il.

We next examined the feasibility of the proposed pathway using DFT calculations.?!
Gaussian 09 was used at the B3LYP22 level of density functional theory (DFT) for geometry
optimization (see Sl for complete details). Figure 6 illustrates the energy profile for
propagation obtained following the initiation step that forms CF3 radical.

The addition of CF3e to 2 to afford 14 is downhill by —6.6 kcal/mol (with AGT = 7.7 kcal/
mol). The organic radical 14 exhibits a distorted tetrahedral geometry at the “C(H)(CF3)C,”
center. As anticipated for p-delocalization, the C—C 5,4, bonds are ~0.1 A longer than those
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between the other carbon atoms, and the SOMO exhibits p-character located on these carbon
and adjacent oxygen atoms. Compound 14 can undergo a highly favorable [DG (AH) =
-30.5 (-36.8) kcal/mol] electron transfer with Ni'V complex 11 to afford the arenium/Ni'!!
pair V in a barrierless process. Structure V exhibits a weak interaction between the organic
fragment and a nitrogen atom coordinated to Ni (N----H = 2.796 A). Spin density for V is
located primarily at Ni (0.82 e/A3), and the SOMO s an antibonding orbital located in the
Ni coordination sphere (Figure 7). This is consistent with electron transfer from 14 to nickel
to give Ni''l and an arenium fragment.

The sequence V — IV was obtained by initially locating transition state TS-VI/1V, followed
by potential energy scans and optimizations from this structure. Notably, barriers within this
sequence are very low: AGT = 3.2 and 7.3 kcal/mol). Dissociation of the axial pyrazole
occurs via transition state TS-V/VI to give VI, followed by proton transfer via transition
state TS-VI/IV to afford a weak adduct that dissociates to form organic product 2-CF3 and
square-pyramidal Ni''' (1V). Consistent with the formulation of 1V as a Ni'!' complex, spin-
density is located primarily at Ni (Ni 0.68 e/A3, C,yia 0.28 e/A3) and a LUMO can be
readily assigned as Ni—C s* (Figure 7). Computation for loss of CF3e from IV to give the
diamagnetic Ni'' product 1-H* led to detection of transition state TS-1V/I-H+ for CF3e
dissociation.

Overall, these calculations show that the proposed steps of the propagative sequence have
low barriers (<14.4 kcal/mol for IV — 1-H*) and are thus expected to be fast at 25 °C. We
next turned our focus on the initiation step. A transition state for the formation of
TpNi'''(CF3), and CFge from 11 could not be detected computationally. Thus, in accord with
the protocol presented by Hartwig and Hall,23 the Gibbs initiation barrier is estimated as
~AH, i.e. AG* ~ 17.9 kcal/mol. This barrier is significantly higher than that for IV ® 1-H*
(14.4 kcal/mol), consistent with the proposed mechanism. In addition to experimental
evidence for a higher barrier for initiation versus propagation, the initiation step computes as
endergonic (AG = 3.4 kcal/mol) and only slightly favorable after solvation to form 111
ligated by DMSO (AG* = -0.5 kcal/mol).

These studies support the challenging release of CFze from complex I1. This is consistent
with the induction period observed in both stoichiometric and catalytic reactions that start
with Ni'V complex I1. Subsequent entrance into the proposed propagative regime through
the addition of CF3e to trimethoxybenzene represents a transition into a much lower energy
phase of the reaction profile. In summary, these computations provide additional support for
the proposed radical chain mechanism involving an energy-intensive initiation event that
then provides access to a more favorable propagative regime. The Ni'V-catalyzed C-H
trifluoromethylation reaction is expected to have analogous initiation and propagation as the
stoichiometric variant. The reaction then turns over via the oxidation and deprotonation of I-
H* with the CF3* reagent B.

SUMMARY AND CONCLUSIONS

In conclusion, this study represents the first example where Ni'V intermediates are
implicated spectroscopically in catalysis. Detailed experimental and computational studies
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of the trifluoromethylation of trimethoxybenzene mediated by complex Il support a radical
chain pathway in which this Ni'V intermediate plays a role in both the initiation and
propagation regimes. Future work will investigate the use of Ni'V as a mild source of other
carbon-centered radicals. Ultimately, we anticipate that the insights acquired in this study
will inform the development of novel reactions involving Ni'V intermediates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Sanford 2015: Stoichiometric synthesis of Ni'V—CF; complexes
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Figure 1.

(A) Synthesis of Ni'V—CF3 complexes. (B) Stoichiometric C(sp?)-H trifluoromethylation
mediated by Ni'V. (C) Overall cycle for Ni'V-catalyzed trifluoromethylation.

JAm Chem Soc. Author manuscript; available in PMC 2020 October 08.

HF



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Meucci et al.

Page 12

4.

- -—

Figure 2.
ORTEP diagram for complex I1. Hydrogen atoms have been omitted for clarity, thermal

ellipsoids drawn at 50% probability. Bond lengths (A): Ni;—N; = 2.013, Ni;-N, = 1.974,
Ni;—C7 = 2.011, Ni;—Cg = 1.983 and bond angles (deg): C7-Ni;—C7 = 99.81, C7—Ni;—Cg =
88.05.
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Figure 3.
Reaction profile for the trifluoromethylation of trimethoxybenzene with complex I1.

Reaction conducted with 1.0 equiv 11 and 5.0 equiv 2.
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Figure 4.

Reaction profile for the trifluoromethylation of trimethoxybenzene with complex Il in the
presence of Cp,Co and TsOH. Reaction conducted with 1.0 equiv 11, 5.0 equiv 2, 0.1 equiv
Cp,Co, and varied equiv of TsSOH+*H,0. Cp,Co was added to Il and 2 immediately before
the addition of TsOHeH,0.
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Figure 5.

Reaction profile for the trifluoromethylation of trimethoxybenzene meditated by complex |
in the presence of B and TsOH. Reaction conducted with 1.0 equiv I, 5.0 equiv 2, 1.0 equiv
B, and 1.0 equiv TsOH*H,0. B was added to | and 2 immediately before the addition of
TsOHe<H,0.

JAm Chem Soc. Author manuscript; available in PMC 2020 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Meucci et al.

2 (-1.6)
K - ‘\‘
0(0) N

'

Fad ; )
(TS-2/14) 1 © “UH.. %
i \ N, 2 FsC NZ
-os 5 HBC—Ny - v

+ (-17.4) N. ® Ne Fi;C 3 O N
N T - S P HBZ
\ 7 SNV N 2.221 ™
O R | N N,
U (IJF o NS w-CF3 \EM?N“N"“'GFS
¢ 7 "Ni > i
H FsC H \ (")3 “N"T| CFy i IN/| TTCFy
@ a8 ( U CFs Q\,J CFy
(Me(_) groups \ (TS-V/VI) (TS-VINV)
omitted for b —28.6 (-47.8)
clarity) L _2?'8 (4?;%) o it
e —31.8 (—48.3) g
-37.1 (-54.2) y.2.088 _)
=\ B/ FsC '\5? A
[©] 3 @) \
HB— N 2. _H e N A\
FN T 2.79 HB\N CF3 !
M| e ™ (2-CFy
g Sppll 3 N ~CF. 3
’*‘H::f\;/'i"“‘“‘cF3 Ny SN
u " N~ | TCFg
3 M CF3
v) (v
\
Figure 6.

Page 16

(TS-IV/I-H*)
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H N

Energy profile for the propagation steps in the reaction of TpNi'V(CF3)3 (11) with 1,3,5-
trimethoxybenzene (2). Methoxy groups are omitted for clarity. Details for additional

species: adduct after TS-VI/1V (-48.8 (-67.3)), conformer after 1V formed by pyrazole
rotation (-46.9 (-55.0), and adduct after V11 (-36.1 (—40.7)) are provided in Supporting
Information. Distances for selected interatomic interactions are given in A. Energies AG
(AH) in kcal/mol are relative to (CFze + 2).
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(V) (IV)

Figure 7.
Nickel-centered SOMOs for V and 1V, illustrating nickel-centered antibonding character in

both structures.
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Scheme 1.
Scope of Ni'V-catalyzed trifluoromethylation?

@ General conditions: 1.0 equiv B, 5.0 equiv arene, 5 mol % of 11 in DMSO for 24 h at 25
°C. 19F NMR vyields are in parentheses and were determined using trifluorotoluene as an
internal standard. In cases where multiple isomers were formed, NMR yield is given as a
combined yield. *Signifies the site of a minor isomer.
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Scheme 2.
Two possible mechanisms for CF3 transfer from 11
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Scheme 3.

Proposed radical chain pathway for 11-mediated C-H trifluoromethylation
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Scheme 5.
Proposed sequential single electron oxidation step to convert I to 11 in the presence of TSOH
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Table 1.

Reactions of 11 with Ar-H substrates.

Sy o
HB—N. 2 e Nz
\ N s~ Ne

N H

\ﬁN‘N@[ _CF3 N,
~7 SNilY + A-H ——— Ar-CFg + [ N _CFy

Mgy~
N CF DMSO I~ -°N
U <|:|= ? 25°C, 24 h NN—"""~CF,
3 \ |
(") (l_H+)
al OMe
Ar-H = Ij > /@\
@]
(1) MeO OMe
(2)
entry Ar-H equiv Ar-H yield (%)a
1 1 1 equiv trace
2 1 neat 9b
3 2 1 equiv 47
4 2 5 equiv 72

Page 23

a,. . A . . .
Yields determined by 19 NMR spectroscopy using trifluorotoluene as an internal standard and are based on 11. All reactions conducted using 1.0

equiv 11

bl : 1.2 ratio of 1-CF3 isomers.
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Table 2.
Optimizing Ni'V-catalyzed trifluoromethylation
Fa o CFs
@S TfO 5mol%ll " MeO OMe
O O “DMSO
25°C, 24 h
OMe
(2-CF3)
entry modification yield (%)@
1 dark 37
2 no Il 0
3 ambient light 35
4 | as catalyst 25
5 A used as oxidant 25
6 2 equiv substrate 62
7 5 equiv substrate 93

Page 24

a,. . . . . i
Yields determined by 19 NMR spectroscopy using trifluorotoluene as an internal standard and are based on B as the limiting reagent. Standard

conditions: 1.0 equiv 2, 1.0 equiv B, 5 mol% Il in DMSO at room temperature for 24 h.
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