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The reactivity of an electron-rich cobalt complex bearing an o-
phenylenediamide ligand with electrophilic CF;* and F* sources is
reported. These reactions lead to generation of the Co(lll)-CF; or
Co(lll)-F complex, promoted by redox-active ligand-to-substrate
two-electron transfer. The rate of trifluoromethyl addition at cobalt
correlates with the potential difference between the cobalt
complex and the CF;* source. We present initial demonstrations of
radical trifluoromethylation and nucleophilic fluorination of
organic substrates, setting the stage for the development of
electrocatalytic pathways for these bond-forming reactions.

Achieving control over multielectron redox processes is key
to the development of selective catalytic methods using
transition metal complexes for many organic transformations.
While traditional ligands typically serve as spectators during
possess
accessible redox states and can store and release electrons to

electron transfer, redox-active ligands multiple
facilitate bond-breaking or bond-forming reactions, particularly
at first-row metal complexes.! Indeed, several studies have
demonstrated the unique roles of redox-active ligands for
promoting multielectron reactivity with organic substrates at
first-row metal centres through ligand-mediated electron
transfer.2 However, these examples largely feature complexes
that exhibit distinct 1e~ electrochemical processes, in contrast
to the 2e” behaviour associated with the noble metals.? The
ability to access 2e™ processes at first-row metal complexes may
provide new opportunities for catalysis.

A limited number of first-row metal complexes bearing
redox-active ligands exhibit a 2e~ redox couple,** for which a
change in coordination geometry is often required to favour

potential inversion® and access the multielectron pathway.
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Scheme 1 Reaction of 1 with chemical oxidants® and electrophilic reagents

promoted by ligand-based redox activity.

Among these examples, we recently reported a series of cobalt
complexes based on the redox-active o-phenylenediamide
ligand (opda).® By cyclic voltammetry (CV), the isopropyl
derivative, complex 1, was shown to undergo a reversible 2e-
oxidation at —0.17 V vs. Fc*/% in MeCN, yielding the dicationic
complex [1-MeCN]?* in which the opda ligand has been fully
oxidized to the benzoquinonediimine form (bqgdi; Scheme 1).
This 2e~ oxidation can be achieved electrochemically or by
treatment of 1 with a chemical oxidant. Seeking to harness this
multi-electron behaviour for bond forming reactions, we
demonstrate here that 1 reacts with select electrophiles to
generate the monocationic species [1-E]*, where the electrons
for Co-E bond formation are derived from oxidation of the opda
ligand.

The reaction of 1 with the Umemoto’s reagent’ [DBT—CF;]*
in MeCN proceeds at 25 °C to yield 2 as a deep red solid in
guantitative yield (Fig. 1a). The incorporation of a CF; group in
the product is supported by high-resolution mass spectrometry,
which shows a signal corresponding to the monocation 2 (Fig.
S30a). Similar to [1-MeCN]?, 2 is diamagnetic. 'H NMR analysis
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Fig. 1 (a) Synthesis of 2 via reaction of 1 with the Umemoto’s reagent. (b) X-ray

structure of 2 at 50% probability ellipsoids. Hydrogen atoms, co-crystallized solvent, and
triflate counterion (OTf") are omitted for clarity.

reveals that the cyclopentadienyl (Cp) signal in 2 (§ 5.78 ppm) is
shifted downfield compared to 1 (6 4.98 ppm), consistent with
an increased charge of the complex. The °F NMR spectrum
shows a singlet at § -7.03 ppm (Fig. S6), which is assigned to the
trifluoromethyl ligand coordinated to cobalt.® The crystal
structure of 2 confirms the Co—CF; bond formation (Fig. 1b). The
N—Cphenylene bond length in 2 is 1.311(5) A, comparable to the
ligand backbone in [1-MeCN]?*.> Overall, 2 is formulated as a
coordinatively saturated Co(lll) centre with a fully oxidized bqdi
ligand and anionic trifluoromethyl ligand; thus, the formation of
2 involves formal ligand-to-substrate redox transfer.

CV studies of 2 in 0.1 M ["BusN][PFg] in MeCN show a
reversible 1e~reduction at—0.62 V vs. Fc*/? (Fig. S27), suggesting
that the reduction product may be isolable. Indeed, chemical
reduction of 2 with 1 eq cobaltocene yields the neutral complex
3in 91% vyield (Fig. 2a). The magnetic moment of 3, obtained by
Evans method in CDsCN at 25 °C, is 1.86 uB, consistent with the
presence of one unpaired electron (S = 7). In the crystal
structure (Fig. S2), there is slight shortening of the Co—CF3 bond
and elongation (ca. 0.03 A) of the N—Cphenylene bONds compared
to 2 —the latter suggests a ligand-based reduction. This proposal
is further supported by EPR analysis of 3 recorded in toluene at
room temperature and 77 K (Fig. 2b and S31). The EPR
parameters are characteristic of a ligand-centred radical with
relatively small magnitude hyperfine couplings to >°Co. Density
functional theory (DFT) calculations also support this
assignment, where the Mulliken spin density is primarily
localized on the ligand (Fig. S34). Thus, the electronic structure
of 3 is best described as a Co(lll) centre with a semi-
benzoquinonediimine (s-bqdi) radical anion ligand. This result is
in stark contrast to [1-MeCN]* in which the radical spin density
was calculated by DFT to be mainly centred on cobalt.>

The le™ reduction of 2 can also be monitored by UV-vis
spectroelectrochemistry (Fig. S26b). The electronic spectrum of
2 shows two absorptions in the visible range at 409 and 518 nm,
with no absorption features beyond 700 nm. Upon reduction,
new bands appear in the near-IR region at 753, 844, and 961
nm. Similar features have been reported for related complexes
with ligand-centred radical(s).*> ® A second 1e™ reduction for 2
is observed by CV at —1.55 V vs. Fc*/° (Fig. S28). This process is
chemically irreversible and leads to new oxidative features on
the reverse scan, indicating that the anionic species undergoes
further reaction that may involve the CF3 ligand. Studies to
probe this reactivity are currently ongoing in our group.

Notably, 2 can also be generated via treatment of 1 with
other electrophilic trifluoromethylation reagents (Fig. 3). The
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Fig. 2
simulated (dashed red) EPR spectra of 3 in toluene at room temperature. gi, = 1.9906.
A(**N) = 20.7 MHz, A(**N’) = 18.7 MHz, A(**Co) = 66.7 MHz. Linewidth = 0.85 mT.

(a) Synthesis of 3 via chemical reduction of 2. (b) Experimental (solid trace) and
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Fig. 3 Reactivity of 1 with electrophilic CF3* reagents. Reaction time correlates
with AE, the difference between Ej/(1) and the reduction peak potential of the
CF5* reagent, E, ((CF5*).

rate of this reaction trends with the reduction peak potential
(Ep,c) of the electrophile, where reagents with more positive E
values exhibit faster reactivity. For example, the reaction of 1
and [Thi—CFs]* takes 24 h to reach 85% conversion, while the
same reaction with [Ph,S—CF3]* requires 7 days.

The E,. value of [DBT—CFs]* is —0.87 V vs Fc*/° in MeCN,
which is the most positive reduction potential among the CF3*
reagents examined here (Fig. S29). However, this value is still
0.48 V more negative than the reversible 2e~ oxidation potential
of 1. Thus, the trifluoromethylation reaction at cobalt is likely
driven by formation of the Co—CF5 bond, which compensates for
the unfavourable potential difference for outer-sphere 2e-
transfer.

Further insights into the mechanism of this reaction were
explored using TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl
radical). No reaction is observed when TEMPO is added to a
solution of either 2 or [DBT—CF3]*. However, when a solution of
1 in CDsCN is treated with 1 eq [DBT—CF3]* and 1 eq TEMPO at
25 °C, TEMPO-CF; is obtained in 73% vyield within 10 min
(Scheme 2a), based on its diagnostic °F NMR signal at —55.04
ppm (Fig. S13).10 The formation of TEMPO-CF; implicates the
involvement of a short-lived trifluoromethyl radical (CFs*) in the
reaction of 1 and [DBT—CFs]*, which may form by an initial single
electron transfer between the opda ligand and the CFs* source.
In the absence of TEMPO, the resulting CF3* radical is likely
rapidly reduced with concomitant Co-CF; bond formation to
yield 2. However, even in the presence of TEMPO, NMR signals
for 2 are also observed (Figure S12-S13), indicating that the
pathway leading to 2 is competitive with TEMPO—CF; formation.
The proposed CF;* radical mechanism is also supported by the
observation of [1-MeCN]?* in the reaction mixture when 1 is
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Scheme 2 Stoichiometric CF; radical addition to (a) TEMPO, and (b) 3-methyl-1H-
indole. Scheme 3 Reaction of 1 with NFSI to generate 4. The fluoride ligand is gradually

treated with 2 eq TEMPO and 2 eq [DBT—CFs3]*, where
[1-MeCN]?* may be generated from the disproportionation of
[1]+.5

To probe the possibility of radical trifluoromethylation of
other organic substrates, we tested the reactivity of 1 in the
presence of [DBT—CFs3]* and 3-methyl-1H-indole at 25 °C.
Indeed, the formation of 3-methyl-2-(trifluoromethyl)-1H-
indole was observed by 'H and 1°F NMR within 20 min (Fig. S14-
S15), confirming trifluoromethyl radical addition (Scheme 2b).
With this successful initial demonstration of trifluoro-
methylation, further studies to optimize this reactivity and
explore a larger substrate scope are underway.

We note that our cobalt system resembles the reactivity of
a Cu(ll) bis(o-iminosemiquinonate) complex [Cu(L*sq).] with
[DBT—CF;]*.1! In this case, the trifluoromethylation reaction at
copper proceeds overnight with 1e™ oxidation of each ligand to
the iminobenzoquinone form. These ligand oxidations occur at
well-separated, sequential 1e~ redox potentials (E; =-0.26 V, E,
=+0.37 V vs. Fc*/% in CH,Cl,),%* compared to the 2e~ oxidation of
1 at —0.17 V. While E; for [Cu(L*sq).] is more negative than the
oxidation potential of 1, the potential difference between E,
and E, (([DBT-CF;]*) is greater (AE = 1.02 V, compared to only
0.48 V for 1). Thus, the multi-electron behaviour of 1 may
promote more rapid reactivity at cobalt, thanks to the overall
more favourable ligand-to-substrate 2e™ transfer.

We have also expanded the scope of the reactivity of 1 with
other electrophilic reagents, including NFSI (N-fluorodibenzene-
sulfonimide, £, =—1.16 V vs. Fc*/% in MeCN, Fig. $29),%2 NIS (N-
iodosuccinimide), and iodine. Treatment of 1 with 1 eq NFSl in
CD3CN at room temperature results in a rapid reaction, yielding
[1-CDsCN]?* as the only cobalt species by NMR analysis.
Repeating this experiment at —25 °C reveals a broad 1°F NMR
signal at =654 ppm, which is assigned as the fluoride ligand in 4
by comparison with other reported [Co-F] complexes (Scheme
3).8 Complex 4 is stable at —25 °C in CD3CN for at least 3 h, but
the fluoride ligand is gradually displaced by solvent to generate
[1-CDsCN]?* (Fig. S18). While we have been unable to
characterize 4 further, we propose that Co-F bond formation
likewise proceeds with formal oxidation of the opda ligand. This
reactivity is mirrored by the reaction of 1 with N-
iodosuccinimide or iodine, yielding 5 which can be isolated due
to its greater stability. The crystal structure of 5 shows similar
structural metrics as 2 (Fig. S3), with N—Cppenyiene bond lengths
of 1.303(5) and 1.316(5) A. Complex 5 is stable in THF solution,
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displaced by CD3CN solvent, or the fluoride can be trapped by addition of [Ph3C][BF,].

but an equilibrium mixture of 5 and [1-MeCN]?* is established
in MeCN within ca. 1 h (Fig. S22).

The facile release of fluoride from 4 prompted us to explore
new avenues for delivering nucleophilic fluoride to electrophilic
substrates, starting with an electrophilic F* source. For an initial
demonstration, we selected the trityl cation as the substate
partner. Treatment of freshly prepared 4 in cold CDsCN with
trityl tetrafluoroborate leads to formation of trityl fluoride, as
evidenced by its °F NMR signal at —=125.32 ppm (Fig. $25).13 At
the same time, 'H NMR signals for [1-CD;CN]?* are also
observed. Thus, this reaction demonstrates the umpolung of
the initial F* source and the stoichiometric delivery of F~ to an
electrophile. In principle, the subsequent reduction of [1—
CD;CN]?* would regenerate 1, thus establishing a cycle for the
electrocatalytic fluorination of organic substrates. We are
currently working to identify electrophile partners that are
compatible with this scheme.

In summary, we have shown that complex 1 undergoes
facile reactivity with electrophiles to yield a new Co-E bond,
where the electron source originates from the redox-active
ligand while bond formation is centred at the cobalt. The
reaction rate between 1 and CF3* sources trends with the
reduction potential of the electrophile, where reagents with
more positive reduction potentials exhibit faster reactivity.
Initial mechanistic studies into this reactivity suggest a CFs*
radical pathway, which can be intercepted with TEMPO or 3-
methyl-1H-indole. The reaction of 1 with a F* electrophile
results in formal umpolung of the fluorine, delivering
nucleophilic fluoride. These proof-of-principle studies show the
potential of 1 for promoting radical trifluoromethylation* and
nucleophilic fluorination’> of organic substrates. The
development of electrocatalytic protocols for these reactions is
currently underway.
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