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A new series of [Co"'~CFs]™ complexes supported by a bidentate redox-active ligand is presented. The
cationic [Co-CF3]* complex was first obtained by reacting [CpCo(®“Y"0opdal)] (Cp = cyclopentadienyl,
opda = o-phenylenediamide) with an electrophilic trifluoromethyl source, for which the redox-active
phenylenediamide ligand serves as a 2e~ reservoir to generate [CpCp(BU“2bqdi)(CF3)]* (bqdi = benzo-
quinonediimine). Electrochemical studies of [Co—-CF3]* revealed two reversible 1e~ reductions. Chemical
reduction with 1 or 2 equiv. reducing agent enabled isolation of the neutral and anionic complexes,
. +1, 0, -1).
Structural analysis shows systematic changes to the redox-active ligand backbone upon reduction, con-

respectively, where the [Co"-CF3z] bond remains intact in all three oxidation states (n =

Received 6th June 2024, sistent with sequential ligand-centered electron transfer in the series [bqdil° to [s-bqdil*~ to [opdal®~. In
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Introduction

The installation of trifluoromethyl substituents in organic
molecules is widely prevalent in pharmaceuticals and
agrochemicals."® The trifluoromethyl (CF;) group substan-
tially enhances various molecular properties, including lipo-
philicity, metabolic stability, and bioavailability. While a host
of trifluoromethylation reagents have been developed by Tyrra
(AgCF;),” Ruppert and Prakash (TMS-CF;),*"® Togni,"
Umemoto,"" and Ritter,"* organic trifluoromethylation is
often achieved via transition metal catalysis (e.g;, Cu) to
promote C-CF; bond formation.">' However, metal-CFj
bonds, particularly with low-valent late transition metals, are
considerably more robust and less reactive compared to the
corresponding metal-alkyl analogues.”?>** Thus, forcing con-
ditions (e.g., high temperatures) are generally required to acti-
vate and cleave the M-CF; bond and regenerate the active cata-
lyst, which limits the scope of compatible substrates.
Alternatively, two other successful strategies to activate M—CF;
bonds have been demonstrated: (a) oxidation at the metal to
favor C-CF; reductive elimination at ambient
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(tBuUrea

opda)] with alkyl triflates resulted in ligand-centered alkylation at

the ureayl groups instead of the targeted Co-alkyl bond formation, suggesting less favorable bond for-
mation at cobalt and greater nucleophilic accessibility of the ligand compared to the metal center.

temperatures,>*>°

CF; bond to afford a reactive CF;" radical species.

By the latter approach, Soper and co-workers reported the
reaction of a Co"-redox-active ligand complex with a trifluoro-
methyl electrophile, generating a Co™-CF; bond with conco-
mitant 1e” oxidation of the ligand.”® The redox activity of the
ligand was also proposed to facilitate Co-CF; bond homolysis
by enabling access to a Co" redox isomer upon visible light
irradiation. In a related copper system, formation of a Cu"-CF;
complex is enabled by the redox-active ligands, where 1e™
transfer from two redox-active ligands occurs without changing
the oxidation state of the metal.>® These examples highlight
the utility of redox-active ligands. Since high formal oxidation
states are not always stable nor accessible at first-row late tran-
sition metal centers, the installation of redox-active ligands
can provide greater flexibility to the electronic structure of the
complex by serving as an electron reservoir during redox
events,*>*! and their redox potentials can be tuned to match
the driving force required for specific transformations.*

Our studies with redox-active ligands have focused on
cobalt complexes bearing the phenylenediamide ligand, which
has three accessible oxidation states: phenylenediamide
(opda®”), semi-benzoquinonediimine (s-bqdi’”), and benzo-
quinonediimine (bqdi®) (Scheme 1a).>*** In the [CpCo(Ropda)]
architecture (Cp = cyclopentadienyl), the opda ligand substitu-
ents have a significant effect on the redox potentials of the
complex, but in all cases, a reversible 2e™ oxidation featured is
observed.®® Recently, we showed that the isopropyl derivative

and (b) photo-induced homolysis of the M-
27,28
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Scheme 1 (a) Sequential 1e™ redox activity of metal-phenylenediamide

complexes. Reductive stability of [Co"'—CFs]* complexes determined by
the (b) isopropyl®* or (c) t-butyl ureayl substituents (this work) on the
redox-active ligand. R = (C=0)NH'Bu. (d) Electrophile addition to 1 at
the metal or ligand.

(R = Pr) reacts with electrophilic trifluoromethyl sources,
leading to Co"-CF; bond formation via opda ligand-to-sub-
strate 2e” transfer.>* This Co-CF; bond is robust and does not
participate in radical trifluoromethylation, although electro-
chemical studies suggested that Co-CF; bond activation may
occur under reducing conditions. While the first 1e~ reduction
of [**Co-CF;]" is reversible and yielded an isolable paramag-
netic species [*"Co-CF;]°, the second 1e~ reduction is chemi-
cally irreversible (Scheme 1b).

Herein, we expand our investigations to establish how the
presence of electron-withdrawing ureayl substituents on the
opda ligand affects the reactivity of [Co-CF;]*" complexes. In
contrast to the isopropyl derivative, the cationic [®"""**Co-
CF;]" complex exhibits two reversible 1e~ reduction features,
which allows the neutral and anionic complexes to be isolated
(Scheme 1c). Structural characterization of both reduced com-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

plexes demonstrates that the Co-CF; bond is fully maintained
upon reduction and confirms that both electron transfers are
localized to the redox-active ligand core. In contrast, the analo-
gous Co™-alkyl bond formation is not observed between 1 and
alkyl triflate reagents, instead resulting in O-alkylation at the
carbonyl groups of the ureayl substituents (Scheme 1d).

Results and discussion
Synthesis and characterization of [Co-CF;] complex 2

The synthesis and characterization of the neutral Co-
phenylenediamine complex 1 was previously reported.* In
brief, the ®"Y"?opdaH, ligand precursor was deprotonated
with 2 equiv. potassium hydride, followed by salt metathesis
with CpCo(CO)I, in THF. Complex 1 is diamagnetic and exhi-
bits a two-legged piano-stool coordination geometry with the
electron-rich ®*“*?opda ligand and #°-Cp ligand. Treatment of
1 with Umemoto’s reagent ([DBT-CF;]") in anhydrous MeCN
at 25 °C results in a gradual color change from deep purple to
dark red (Scheme 2). After 2 days, the red product was col-
lected and purified by column chromatography and recrystalli-
zation. Complex 2 was isolated in excellent yield (92%) and
was characterized by NMR spectroscopy, mass spectrometry,
and single crystal X-ray crystallography. The "H NMR spectrum
shows the signal for the Cp ring protons at dy 5.81 ppm,
which is more downfield than the Cp signal for the neutral
complex 1 (8 5.01 ppm in CD;CN; Fig. S81).>* The "H NMR
resonances appear sharper with higher resolution in C¢Dg,
and the urea NH signal for 2 is clearly observed in this solvent
(6u 8.25 ppm; Fig. S9t). The trifluoromethyl ligand appears at
8p —11.45 ppm by "°F NMR (Fig. S117), which falls within the
typical range observed for other Co™-CF; systems.>”**° The
high-resolution mass analysis of 1 shows the signal corres-
ponding to the [CpCo(®""™*bqdi)(CF;)]" cation (Fig. S297),
further confirming the successful installation of the trifluoro-
methyl ligand into this complex.

Dark red block single crystals of 2 suitable for X-ray diffrac-
tion were obtained by layering hexanes upon a saturated cobalt
solution in THF at —35 °C. As shown in Fig. 1, the structure of
2 exhibits a clear change in the coordination geometry at the
metal, transitioning from the two-legged piano stool geometry
in 1 to the three-legged piano stool geometry in 2 due to for-
mation of the new Co-trifluoromethyl bond. The Co-CF; bond
lengths are 1.953(3) and 1.964(3) A for the two molecules in
the unit cell, which lie within the typical bond lengths

< <y ot
! BuNH
O\>—N/CO\N—H(\NtBu + O : O - A cloﬁ"'cF3
BUNH Y $ MeCN l ,N\n,N‘Bu
@ CF; 2d [ j H
Umemoto’s ©
1 reagent 2

Scheme 2 Synthesis of complex 2.
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Fig. 1 Structure of 2. Hydrogen atoms and OTf~ counterions omitted
for clarity. tert-Butyl groups shown as capped sticks for clarity. Ellipsoids
shown at 30% probability.

observed for other Co™-CF; complexes in the CCDC database
(1.88-1.98 A). In this structure, the ureayl substituents are
oriented such that the NH groups are directed on the same
side of the Co-metallocycle plane, with both NH bonds
forming a hydrogen bonding interaction with one triflate
anion (Fig. S1}). Looking at the phenylene ligand backbone,
the C-C bond lengths alternate between short (ca. 1.34 A) and
long (ca. 1.44 A), consistent with the fully-oxidized bqdi state
of the redox-active ligand.?” This assignment is further sup-
ported by the N-Cphenyiene bond lengths (1.306-1.313 A), which
are consistent with nitrogen-carbon double bonds and indi-
cate an increase in the oxidation state of the ligand compared
to 1. Thus, complex 2 is formulated as a coordinatively satu-
rated complex with a low-spin Co™ center with neutral bqdi
ligand. This result mirrors the reactivity seen for [CpCo
(*ropda)] with [DBT-CF;]", where the redox-active ligand pro-
vides two electrons for Co-CF; bond formation via ligand-to
substrate 2e” transfer.**

In our previous work with [CpCo(*opda)], we found that
the rate of trifluoromethyl addition to the metal correlated
with the difference in the redox potentials of the metal
complex and the electrophilic CF; source.>® Here, we note that
the more positive reduction potential for 1, due to the electron
withdrawing properties of the ureayl substituents, results in a
larger potential difference with Umemoto’s reagent (AE =
Eip(1) — E,([DBT-CF;]") = 0.76 V). Consequently, the
trifluoromethylation reaction with 1 is slow: it takes 24 h to
reach 93% conversion in the presence of 2 equiv. [DBT-CF;]",
or 98 h to reach the same conversion with 1.1 equiv. [DBT-
CF;]" (Fig. S12-S157). Nonetheless, this reaction proceeds with
high yield, resulting in a stable [Co™-CF;]" product that has
been isolated and fully characterized.

The redox properties of 2 were studied by cyclic voltamme-
try (CV) in MeCN with 0.1 M [*BuyN][PF¢] (Fig. 2). This
complex exhibits two reversible reductions at E;,, = -0.18 and
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Fig. 2 CV of 2 in MeCN (1 mM [2] and 0.1 M ["BuyN][PF¢]; scan rate
100 mV s™).

—0.68 V vs. Fc"°, both of which are 1e” processes. A further
chemically-irreversible reduction is observed when the
working electrode potential is scanned further negative - the
peak potential for this feature is E,. = —1.99 V vs. Fc'® at
100 mV s (Fig. S427). For the reversible redox features, the
oxidative and reductive peak currents show a linear depen-
dence on the square root of the scan rate (v'%), confirming
freely diffusing species in solution (Fig. S437t). Several previous
reports have demonstrated the electrochemical properties of
half-sandwich [CpCo] complexes, which typically show revers-
ible or quasi-reversible features associated with the Co™/Co"
and Co"/Co' redox couples.>**” However, the redox potentials
for 2 are more positive by comparison, despite the presence of
the formally anionic CF; ligand; for example, [CpCo(bpy)
(MeCN)]** (bpy = 2,2"-bipyridine) undergoes reduction at —0.40
and —1.15 V vs. Fc"® in MeCN.**** This deviation suggests
that one or both reduction processes for 2 may not be localized
to the metal center. We recently reported that the isopropyl
analogue [CpCo(*"bqdi)(CF;)]" undergoes 1e™ reduction at the
redox-active bqdi ligand, but the second 1le™ reduction is not
reversible.* The high reversibility of both reduction processes
for 2 suggests that [Co-CF;]"" may be isolable in three
different oxidation states as the cationic, neutral, and anionic
complexes (n = +1, 0, —1). This consideration prompted our
further studies to explore the behavior of this complex under
reducing conditions (vide infra).

Synthesis and characterization of [Co-CF;] complexes 3 and 4

To probe the structure and stability of 2 upon reduction by one
or two electrons, we selected suitable reducing agents based
on the observed redox potentials to isolate the singly- and
doubled-reduced complexes. Chemical reduction of 2 with 1
equiv. decamethylferrocene (Cp*,Fe, E;;, = —0.51 V vs. F¢™° in
MeCN)*® results in a rapid reaction, generating the neutral
complex 3 in high yield within 10 min at 25 °C (Scheme 3, step
B). Complex 3 is easily purified by extraction into pentane and
filtration to remove the decamethylferrocenium triflate salt,

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Synthesis of 3 and 4 via CF3z* addition to 1 and chemical
reduction of 2.

which is insoluble in nonpolar solvents. High-resolution mass
spectrometry analysis confirms that the Co-CF; bond remains
intact in this product (Fig. S307). As expected, the 1le”
reduction of 2 results in a paramagnetic species that could not
be characterized by NMR spectroscopy. Evans NMR method
was employed to determine the magnetic moment of 3 in solu-
tion, which was found to be 1.75 puB (Fig. S167). This value is
consistent with an § =1 system.

The slow evaporation of a saturated cobalt solution of 3 in
pentane at —25 °C yielded dark plate single crystals suitable
for X-ray diffraction. The structure of 3 is shown in Fig. 3a and
selected structural metrics are presented in Table 1, which
highlights the key differences between 3 and 2. It is evident
that the 3-legged piano stool geometry is maintained in 3,
indicating that 1e™ reduction of 2 does not change the coordi-
nation number at the metal. The Co-CF; bond length exhibits

View Article Online
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Table 1 Selected bond lengths (A) and angles (°) for 2, 3, and 4

2¢ 3 4

Co1-N1 1.907(2) 1.916(2) 1.964(2)
Co1-N2 1.893(2) 1.931(2) 1.932(2)
Co1-CF3 1.953(3) 1.924(3) 1.940(3)
C01-CPeentroid 1.686 1.716 1.721
N1-C1 1.309(4) 1.352(3) 1.409(4)
N2-C6 1.313(4) 1.357(3) 1.405(4)
N1-Co1-N2 82.15(10) 82.60(9) 83.83(10)

“The bond lengths and angle of 2 are listed for one molecule in the
crystal lattice, and the second molecule showed similar parameters.

a small contraction from 1.953(3) to 1.924(3) A for 2 and 3,
respectively, suggesting increased covalency upon reduction.
There are minor lengthenings of the Co-N bonds (< 0.03 A).
The most significant structural changes are observed in the
redox-active ligand. The N-Cppenyiene bond lengths are much
longer (1.352(3) and 1.357(3) A) for 3, indicating an increase in
the ligand oxidation state and suggesting that 1e™ reduction of
2 occurs at the bqdi ligand to generate the semi-benzoquino-
nediimine radical anion (s-bqdi*™).>” Furthermore, the pheny-
lene ring backbone shows a smaller degree of alternation in
the C-C bond lengths compared to 2, which is also consistent
with an intermediate s-bqdi’™ oxidation state assignment.
Overall, this structural analysis indicates that 3 is best
described as a low-spin Co™ with the s-bqdi*~ ligand radical
anion. This formulation is also supported by the EPR analysis
of 3, which shows characteristic features for a ligand-centered
radical and closely resembles the EPR metrics for the pre-
viously reported isopropyl analogue [CpCo(*"s-bqdi)(CF;)]°
(Fig. 4).>*

This electronic structure assignment was further corrobo-
rated using DFT calculations (see ESI} for details). The calcu-
lations were performed using the BP86 functional with the
def2-TZVP basis set (and def2-TZVPP for Co), which we have
previously utilized to probe the electronic structure of this
family of complexes.*>** We find that these methods are able

(b)

Fig. 3 Structures of (a) 3 and (b) 4. Hydrogen atoms and counterion omitted for clarity. tert-Butyl groups shown as capped sticks for clarity.

Ellipsoids shown at 50% and 30% probability, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 EPR spectrum of 3 in toluene at room temperature. gisc =
1.9926. A(*N) = 17.3 MHz, A(*N") = 16.9 MHz, A(**Co) = 56.2 MHz.
Linewidth = 0.71 mT.

to accurately capture the structural metrics of complex 3.
Using this approach, the doublet ground state of this complex
was confirmed, with the spin density being localized on the
redox-active ligand (80%), primarily on the nitrogen atoms
(46% total). As shown in Fig. 5, only 10% of the spin density is
localized on the cobalt center.

Chemical reduction of 2 with 2 equiv. cobaltocene (Cp,Co,
Ey» = —1.33 V vs. F¢™® in CH,CL,)* yields the anionic complex
4, which can also be obtained via chemical reduction of 3 with
1 equiv. cobaltocene (Scheme 3, steps C and D). The red-brown
complex 4 is diamagnetic and displays well-resolved NMR
data. This analysis was performed in C¢Ds, which is surpris-
ingly able to solubilize this product despite it being a metal
complex salt. The Cp signal appears at dy 4.59 ppm, which is
the most upfield chemical shift in this series of [CpCo] com-

Fig. 5 Mulliken spin density plot (isovalue = 0.005) of [CpCo(tBuUre3s-
bqdi)(CF3)] 3 using BP86/def2TZVP(C,H,N,O,F)/def2TZVPP(Co).
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plexes. This trend is consistent with the highly electron-rich,
anionic character of 4 compared to the neutral (1 and 3) and
cationic (2) complexes. Notably, the '°F NMR spectrum still
shows a signal at 6 —2.52 ppm consistent with the presence of
the trifluoromethyl ligand coordinated to cobalt. This is
further supported by the high-resolution mass spectrum that
shows the signal corresponding to 4 (detected as 4*; Fig. S311).
Complex 4 exhibits reasonable stability in solution, with no
decomposition observed after 24 h (Fig. S207). This behavior
contrasts with [*"Co~CF;]"*, which could only be isolated in
the cationic (n = 1) and neutral (n = 0) states as stable
species.*® Thus, complexes 2-4 provide a remarkable demon-
stration of three isolable oxidation states where the [Co-CFs;]
bond remain intact.

Single crystals of 4 were obtained by vapor diffusion of
pentane into a saturated cobalt solution in THF. For 4, the
metal complex is anionic and thus the crystal structure shows
the presence of the cobaltocenium cation in the lattice
(Fig. S37). The structure of the anion is highlighted in Fig. 3b.
Clearly, the Co-CF; bond is still present in this complex, with
the length of this bond being 1.940(3) A. The C-Npjpenylene
bond lengths, 1.405(4) and 1.409(4) A, are typical of carbon-
nitrogen single bonds in the dianionic opda®~ ligand.?” The
C-C bonds in the phenylene backbone have distances between
1.39-1.40 A, consistent with the aromatic benzene ring in the
fully reduced ligand. Given these structural metrics, we assign
4 as a low-spin Co™ center with three anionic ligands: Cp~,
CF;7, and the dianionic opda®~ ligand. There is an increase in
the Co-N bond lengths upon each 1e™ reduction (ie., 2 < 3 <
4), suggesting a decrease in the Co-redox-active ligand bond
strength as the ligand gets reduced but the coordination
number at cobalt remains unchanged. This trend is consistent
with the frontier molecular orbitals for this series (vide infra):
the SOMO of 3 and HOMO of 4 show n*-antibonding character
between the cobalt d and ligand n* orbitals, correlating with a
decrease in metal-ligand bonding interactions upon
reduction. In addition, we note that the ureayl substituents in
4 are approaching coplanarity with the phenylenediamide core
- the angles between the urea groups and the central N-C-C-N
plane are only 14-25°, whereas the corresponding angles in 2
and 3 are significantly larger (47-60° and 66-82°, respectively).
This suggests some degree of delocalization of electron density
from the electron rich opda®~ onto the electron-withdrawing
ureayl arms. We also see that the Co-N bond lengths are
noticeably different, with one bond showing significant
lengthening (1.932(2) vs. 1.964(2) A), causing a slight twisting
distortion in the phenylenediamide backbone. These struc-
tural changes may contribute to the small increase in Co-
CPeentroia bond distance upon each 1e™ reduction due to differ-
ences in the steric profile of the coordinated ligand.

In principle, complex 4 could be obtained via the direct
nucleophilic addition of the trifluoromethyl anion at the
cobalt center in 1 (Scheme 3, step E). To probe this possible
route to 4, complex 1 was treated with 2 equiv. TMS-CF; and 2
equiv. CsF in THF. No reaction was observed after 18 h. We
note that 1 and the other neutral cobalt complexes in this

This journal is © The Royal Society of Chemistry 2024
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family do not exhibit reactivity with other common anionic
ligands (e.g:, chloride, iodide, etc.). Thus, the direct addition of
nucleophile sources to 1 is not accessible, but we are still able
to generate 4 vig our alternative stepwise procedure. In this novel
route, we take advantage of the nucleophilic nature of 1 to
achieve Co-CF; bond formation via ligand-to-substrate 2e™ trans-
fer, followed by the stepwise addition of 2e~ electrons via electro-
chemical or chemical reduction (Scheme 3, steps A-D). Overall,
this process is equivalent to the net addition of CF;™ to 1, and
thus may be considered formal umpolung of the original electro-
philic CF;" source to the anionic CF;~ ligand. Despite 4 being a
very electron-rich anionic complex, the Co-CF; bond is robust.
Desage-El Murr, Fensterbank, and co-workers reported a Cu"-
CF; complex that, upon heating, underwent intramolecular
nucleophilic transfer to the ligand, demonstrating the formal
umpolung of the starting CF;" reagent.*® Similarly, we examined
the stability of 4 by heating a solution in CD;CN at 50 °C for
several hours. After one day, no significant changes were
observed in the '"H and ""F NMR spectra, indicating that the
transfer of CF;~ from this complex is not readily accessible under
thermal conditions (Scheme 3, step F).

Absorption spectra comparison

The UV-vis-NIR absorption behavior of complexes 2-4 was
investigated in MeCN solution (Fig. S34-S367). The electronic
absorption spectrum of 2 displays two dominant absorbances
at 440 and 536 nm in the visible range, with extinction coeffi-
cients of 6000 and 4100 M~" cm ™", respectively. These features
are assigned as metal-ligand and intra-ligand charge transfer
transitions observed for diiminoquinone-type complexes.’*"
The neutral complex 3 shows significantly different absor-
bance features, with strong UV-vis absorbances between
300-400 and 500-600 nm and the appearance of near-IR
bands between 800-1000 nm, typical of metal complexes con-
taining ligand-radical species.’> The electronic absorption
spectrum of 4 exhibits a strong band at 290 nm (extinction
coefficient = 17 000 M~ em™"), but otherwise shows only weak
transitions in the visible region.

The frontier molecular orbitals for 2-4 are presented in
Fig. 6. For each complex, there is clearly little contribution
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from the trifluoromethyl ligand to either the HOMO or LUMO.
The HOMO of 2 is n*-antibonding with contributions from
both the cobalt d,, and ligand = orbitals, in agreement with
the DFT calculations for the related acetonitrile complex
[CpCo("®"bqdi)(MeCN)J**.** The LUMO of 2 is n*-antibonding
with respect to the cobalt d,, and ligand =n* orbitals, but this
orbital has much more pronounced ligand character. The
SOMO of 3 is very similar to the LUMO of 2 and shows major
ligand =* contributions, as does the HOMO for the fully
reduced complex 4. This trend is consistent with both
reduction processes being centered on the redox-active ligand
without any change in the cobalt oxidation state: for each 1e”
reaction, the electron addition primarily occurs to the n* orbi-
tals of bqdi and s-bqdi for 2 and 3, respectively. The HOMO of
4 shows some n delocalization onto the ureayl arms thanks to
the electron-withdrawing properties of these substituents and
the extreme electron richness of this anionic complex. The
ability of the ureayl groups to accept electron density in this
fashion likely contributes to its stability. The LUMO of 4 shows
no contributions from the phenylenediamide ligand, as
expected for the fully reduced opda®~ dianionic ligand.

The electrochemical reduction of 2 was also followed in situ
by UV-vis-NIR spectroelectrochemistry (SEC). Initial electro-
chemical reduction of 2 by SEC results in clear isosbestic
points at 400 and 565 nm, accompanied with absorbance
changes in the visible range and the appearance of weak tran-
sitions in the near-IR range that are assigned to 3 (Fig. 7a).
Scanning the working electrode potential further negative
causes the reduction of 3 to in situ generate 4, which is evi-
denced by the growth of the absorbance bands at 292 nm and
decay of the absorbances at 382, 498, and 575 nm (Fig. 7b).
Remarkably, following the production of 4 in the SEC cell, the
application of an oxidative potential to the working electrode
results in the full recovery of the electronic transitions associ-
ated with 3 and then 2 (Fig. S377), consistent with the high
reversibility of these redox processes observed in our CV
studies.

Mid-IR spectroscopy was also employed to probe the C=0
and N-H stretching vibrations of the ureayl substituents in 1-4
(Fig. S38-S41 and Table S47). The C=O stretching frequencies

Fig. 6 Calculated frontier molecular orbitals (isovalue = 0.04) for (a) 2, (b) 3, and (c) 4.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 UV-vis SEC reductions in MeCN in 0.2 M ["BusN][PF¢]. (a) One-
electron reduction of 2 (orange trace) to 3 (blue trace). (b) One-electron
reduction of 3 (blue trace) to 4 (cyan trace).

in 1 and 3 are very similar, suggesting comparable carbonyl
bond strengths despite their different geometries and oxi-
dation state assignments. Complex 2 shows the highest C=0
stretching frequency, consistent with the least electron density
on the electron-withdrawing ureayl arms in this cationic
complex. The carbonyl stretching frequency decreases with
each 1e” reduction process (i.e., 2 > 3 > 4) as the electron
density in the redox-active ligand backbone and delocalization
onto the ureayl groups increases. The N-H stretching frequen-
cies in 2-4 show the opposite trend, with this frequency
increasing as the electron richness of the complex increases.

Reactivity of complex 1 with alkyl triflates

Given the great success of electrophilic trifluoromethyl
addition at 1, we were inspired to explore the analogous reac-
tion with electrophilic alkyl sources. We note that M-CF; and
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M-CH; (or M-alkyl) bonds are generally considered to have
very different properties, and M-alkyl complexes are typically
more reactive than the analogous perfluorinated derivatives.*?
As an initial NMR scale investigation, 1 was treated with excess
methyl triflate in CDCl;, resulting in a gradual color change
from dark purple to dark blue. This reaction was repeated in
diethyl ether with stirring overnight at 25 °C. The blue product
was successfully isolated, but its structure was wholly incon-
sistent with the anticipated alkyl addition product [CpCo
(BUUr¥hqdi)(CH;)]". Instead, characterization of this product
by NMR spectroscopy, mass spectrometry, and structural ana-
lysis confirms its formulation as complex 5, where electrophi-
lic methyl addition has occurred at both carbonyl groups in
the ligand scaffold (Scheme 4a). We note that the use of
methyl triflate is critical here, as no reaction is observed when
1 is treated with methyl iodide.

The 'H NMR of 5 shows the Cp signal at §y 5.59 ppm,
which is shifted downfield by 0.57 ppm compared to the start-
ing complex 1 (Fig. S21t). This trend is consistent with the
increased charge of the dicationic complex 5, but this signal is
more upfield that that of other dicationic [CpCo] half-sand-
wich complexes with neutral nitrogen-based ligands,** likely
due to the lack of through-bond communication between the
[CpCo] fragment and the ureayl substituents (vide infra). The
'H and "*C NMR spectra of 5 also reveal the presence of two
structural isomers in solution that differ with respect to the
relative position of the two methoxy groups with respect to the
Co-phenylenediamide plane. These species are assigned as the
trans and syn isomers, which are related via rotation of the C-
N single bond on the ureayl arms (Scheme 4b). The isomers
exhibit distinct chemical shifts for their respective ligand NH
and methoxy signals, as well as a small difference in the
chemical shift of the Cp signal. Lowering the temperature of
the NMR solution from 25 °C to —25 °C increases the sharp-
ness of the signals, but overall, the ratio of the two isomers
remains roughly unchanged at 82 : 18 (Fig. S26t). We have pre-
viously observed similar behavior in solution for [CpCo
(*"opda)] where two conformations that differ with respect to
the orientation of the isopropyl substituents are resolved at
lower temperatures.®® DFT calculations for 5 predict that the
trans isomer is slightly more stable by —0.24 kcal mol™, but
this energy difference between the trans and syn isomers
should be considered negligible within the expected accuracy
of these methods (Table S61). Thus, we are not able to confi-
dently assign which isomer of 5 is favored in solution.

Complex 5 is not stable in solution at room temperature
over several hours, and recrystallization attempts at low temp-
erature largely resulted in high-defect crystals as both isomers
compete for crystallization. Luckily, a high-quality single
crystal of the trans isomer was obtained by vapor diffusion of
pentane into a saturated THF solution at —35 °C. The structure
of 5 and select structural metrics are provided in the ESI.T The
C-Nphenylene bond lengths have increased to 1.377(6) and 1.391
(5) A, indicating a slight decrease in bond order compared to
1. The bond lengths in the phenylene ring are very similar for
1 and 5, suggesting this complex is best described as a Co™

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 (a) Reactivity of 1 with alkyl triflates and observed reductive decomposition pathways. (b) trans and syn isomers of O-alkylated
complexes.

center and an electron-rich opda-type ligand with some degree
of delocalization across the metallocycle. The C-O urea bond
lengths are significantly longer in 5 (1.298(6) and 1.304(6) A)
compared to 1 (1.219(3) and 1.227(2) A), while the C-Ng,
bond lengths are noticeably shorter (1.288(6) and 1.295(5) A)
compared to 1.341(3) and 1.343(3) A for 5 and 1, respectively.
These bond lengths changes indicate that methylation of the
carbonyl groups in 1 results in delocalization of the positive
charge and partial double-bond character across the O-C-N;g,
fragment in 5. In this structure, the ureayl substituents are
nearly perpendicular to the phenylenediamide backbone: the
angles between the planes defined by the urea groups and the
plane defined by the Co-phenylenediamide fragment are 78°
and 81°. Thus, no substantial delocalization or electronic com-
munication is expected between the inner coordination sphere
of the complex and the ureayl substituents, likely accounting
for the two-legged piano stool geometry of 5. Typically, cationic
[CpCo™] complexes prefer a coordinatively-saturated, three-
legged piano stool geometry, and the two-legged geometry is
reserved for [CpCo'(L),]° complexes (L = neutral) or
[CpCo™(X),]° systems with formally anionic X~ ligands. To the
best of our knowledge, no examples of [CpCo™(L),** have
been reported to date. In our case, the bidentate ligand in 5 is
formally neutral and the three-legged geometry may be
expected. However, a zwitterionic description for the ligand is
more reasonable - methylation at the carbonyl groups installs
the positive charge on the ligand periphery, and the lack of
extended conjugation means the electron-rich phenylenedia-
mide core remains largely unaffected. Thus, the ligand-cen-
tered reactivity at 1 increases the charge of the complex, while
the unique structure of the resulting methylated ligand in 5
enables the two-legged geometry to be maintained.

This ligand-centered reactivity is also observed from the
reaction of ethyl triflate with 1, yielding complex 6 following
the same procedure described above (Scheme 4a). High-resolu-

This journal is © The Royal Society of Chemistry 2024

tion mass spectrometry confirms the incorporation of two
ethyl groups in this product. The "H and *C NMR analysis for
6 shows similar diagnostic signals as 5. Again, two species are
clearly observed in this data, which are analogously assigned
as the trans and syn isomers of 6. The ratio of the isomers in
solution is identical within error for 5 and 6. As shown in
Fig. S27,1 the "H NMR resonances for 6 are sharper and the
J-coupling patterns for ethyl substituents are readily resolved.
This contrasts with the broader signals observed for 5, which
is reasonably attributed to the increased steric bulk of the
ethoxy substituents causing greater restriction to the rotation
of the C-N bonds and less facile interconversion between
isomers. Complex 6 is unstable in solution and decomposes at
ambient conditions; however, we were able to confirm the
structure of the trans isomer by single-crystal X-ray diffraction
(Fig. S51). The urea C-O and C-N;, bond lengths are within
0.01 A of the corresponding values for 5. The phenylenedia-
mide structural metrics are also very similar to 5, leading us to
assign 6 as a Co™ complex with a zwitterionic bidentate
ligand.

The reaction of 1 with R-OTf (R = Me, Et) stands in stark
contrast to the anticipated Co-R bond formation, in which
ligand-to-substrate 2e” transfer would be promoted by bond
formation at the cobalt center. As discussed above, we have
observed a correlation between the accessibility of Co-CF;
bond formation and the redox potential difference between
the metal complex and the electrophilic reagent.*?
Considering the very negative reduction potentials of electro-
philic alkylation reagents®® and the rather positive potential
for oxidation of 1, the potential difference between 1 and the
alkyl triflate may be too large to be effectively compensated for
by Co-R bond formation. This effect is compounded by the
anticipated weaker strength of Co-alkyl vs. Co-perfluoroalkyl
bonds, providing less driving force for cobalt-carbon bond for-
mation with methyl or ethyl triflate.* Furthermore, the diver-
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gent ligand-centered reactivity with alkyl triflates also suggests
that in the absence of accessible electrophile addition at the
metal, the ureayl groups have sufficient nucleophilicity to
undergo facile and rapid alkylation at the oxygen centers.
Thus, the redox-active ligand substituents have a significant
impact on directing substrate reactivity and selectivity, and the
design of future systems should carefully consider these
factors to achieve selective bond formation at the metal as
opposed to ligand functionalization.

As briefly mentioned above, complexes 5 and 6 slowly
decompose in solution at room temperature. It is not always
feasible to determine the product(s) of decomposition;
however, we obtained single crystals for one decomposition
product (complex 7, Fig. S6T) while attempting to recrystallize
complex 6 from a THF/pentane solution at —35 °C. The X-ray
structure of 7 shows a distorted tetrahedral geometry with two
opda-type ligands at the cobalt center. The C-N;, and C-
Nphenylene bond lengths are both ca. 1.32 A, indicating delocali-
zation across these bonds and intermediate carbon-nitrogen
double bond character. In addition, two triflate counterions
were found in the crystal lattice. Thus, complex 7 is best for-
mulated as [Co"(*'L°),](OTf),. In a related experiment, chemi-
cal reduction of 1 with decamethylcobaltocene (Cp*,Co, E;/, =
—1.91 V vs. F¢'’® in MeCN)* also resulted in Cp ligand loss to
afford complex 8, [Co"("®"""?opda),]*~, where both redox-
active ligands are in the dianionic opda®>~ form (Fig. S71). The
mechanism by which these reductive decomposition reactions
occur has not been elucidated and may warrant further investi-
gation in the future.

Conclusions

We have demonstrated that the reactivity of [CpCo(Ropda)]
complexes with electrophilic reagents can be directed to occur
either at the cobalt center accompanied with two-electron
transfer from the redox-active ligand or entirely at the ligand
scaffold where the cobalt center merely serves as the support-
ing core. The well-defined [Co-CF;]" complex 2 was obtained
through the reaction of the neutral Co-phenylenediamide
complex 1 with an electrophilic CF; source, achieved via
ligand-to-substrate two-electron transfer. Detailed studies
showed that 1 can be reversibly reduced to the corresponding
neutral and anionic species, enabling isolation of [Co-CF;]""
in three different oxidation states, where the oxidation state of
cobalt is unchanged. This reactivity scheme provides a novel
stepwise route to achieve the net addition of CF;~ to cobalt,
which is not accessible via direct addition. In contrast, we have
shown that complex 2 undergoes selective reaction at the
ligand ureayl groups in the presence of alkyl electrophiles.
Comparing this divergent reactivity, we arrive at two general
requirements to achieve Co-R bond formation through redox-
active ligand promoted reactivity: (1) The difference between
the redox potentials for the neutral cobalt complex and electro-
philic substrate (R") should be sufficiently small to maintain
the requisite thermodynamic driving force for the overall

13182 | Dalton Trans., 2024, 53, 13174-13183

View Article Online

Dalton Transactions

ligand-to-substrate 2e” transfer and Co-R bond formation.
This requirement is more limiting for alkyl electrophiles that
generally form weaker Co-C bonds compared to the trifluoro-
methyl ligand. (2) The redox-active ligand substituents must
be carefully selected to tune the redox properties of the
complex while also not introducing possible sites for off-
target, ligand-centered electrophile addition. This study thus
provides insights for the design of redox-active ligand scaffolds
to promote selective bond forming reactions.
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