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ABSTRACT

A family of neutral cobalt complexes, [Cp?Co(Ropda)] 1-5, based on the redox-active o-
phenylenediamide ligand (Ropda) undergo reversible 2e~ oxidation revealed by cyclic voltammetry.
This multielectron behavior is observed for all complexes regardless of the substituents on the
phenylenediamide ligand, enabling redox tuning over more than 0.5 V. These diamagnetic neutral
complexes are best described as delocalized systems with covalent bonding across the cobalt-opda
metallocycle, consistent with the closed-shell singlet ground-state predicted by density functional
theory (DFT) calculations. Two-electron oxidation using chemical oxidants affords the dicationic
species, which are formulated as Co(Ill)-benzoquinonediimine systems with an additional
coordinated acetonitrile ligand. DFT calculations also predict an ECE pathway for the 2e-
oxidation, in which the first le~ step is primarily a ligand-based process with redistribution of
electron density to the metal. The associated distortion of the coordination geometry and disruption
of the metallocycle bonding enable acetonitrile coordination in the intermediate oxidation state,

which is critical for favoring the second electron transfer and accessing the potential inversion.

INTRODUCTION

The transfer of multiple electrons through redox processes is central to many chemical,
electrochemical, and biological transformations. While prevalent at late second- and third-row
transition metal complexes based on noble metal centers, 2e~ redox couples are rare at

mononuclear first-row transition metal systems, which instead favor sequential 1e- transfer events



at well-separated potentials due to the high electrostatic penalty associated with the second transfer.
This behavior often poses a fundamental challenge, resulting in le~ radical-based reactivity or
larger overpotentials for electrocatalytic reactions with the more earth-abundant 3d metals.! An
overall 2e- redox process can be accomplished when the second electron transfer is more
energetically favorable than the first, a situation known as potential inversion.? Structural
reorganization, solvation effects, or ion-pairing may play a large role in accessing this behavior.*
* Developing first-row transition metal complexes that can mediate multielectron processes and
thus mimic noble metal reactivity continues to be of great interest.>

Redox-active ligands have emerged as another strategy for accessing greater redox flexibility
and multielectron behavior at first-row metal complexes due to their ability to serve as electron
reservoirs.!®!* The design of many redox-active ligands is inspired by metalloenzymes, which
often facilitate multielectron transformations through the combination of transition metal cations
and redox cofactors. One of the best known examples is galactose oxidase, where cooperation
between Cu' and a tyrosyl-radical ligand enables the 2e- oxidation of alcohols.”” However,
introduction of a redox-active ligand into a transition metal complex does not guarantee that 2e-
processes will be favored over 1e- reactivity. In fact, only a handful of mononuclear first-row metal
complexes with redox-active ligands exhibit a 2e- redox couple, often accompanied by ligand
coordination or dissociation that promotes potential inversion.!®?* Among these reports, 2e-
reductions are more common; to our knowledge, only one reported system has shown a reversible
2e- oxidation.!®

A classic redox-active ligand is o-phenylenediamide (opda), which has three readily accessible
oxidation states when bound to a metal center: the dianionic opda, the monoanionic semi-
benzoquinonediimine (s-bqdi), and the neutral benzoquinonediimine (bqdi) (Scheme 1a). For opda
and analogous catechol (0,0) and amidophenolate (N,0), the ligand oxidation states are accessed
via sequential one-electron transfers.?’-?® Due to the possible non-innocence of these ligands,
investigations into the electronic structure and reactivity of numerous transition metal complexes
have been the subject of significant research efforts.!®2%3 In a remarkable example, a Co'!l-
bis(amidophenolate) complex undergoes oxidative addition of alkyl halides, where each redox-
active ligand supplies one electron to form the new Co™-R bond.*” A related Co"-(s-bqdi),
complex catalyzes the reductive homocoupling of benzyl bromide, mediated by ligand-centered

electron transfer.® Despite these transformations being overall 2e~ processes, both cobalt



complexes exhibit discrete le~ redox events, thus requiring greater overpotential to access this
reactivity.

The half-sandwich complex [CpCo(fopda)] (1; Cp = cyclopentadienyl) was first reported in
1967.% The electronic structure of this family of complexes may fall under one of three limiting
descriptions with localized bonding (Scheme 1b). For a mono-substituted opda example, Trogler
and co-workers proposed a delocalized 7-bonding classification across the five-membered ring
metallocycle,*® while other authors have preferred the Co(I)-bqdi description for 1 and closely
related [CpCo] or [Cp*Co] systems (Cp* = pentamethylcyclopentadienyl).*-*> Additionally, recent
electrochemical studies showed that 1 and a perfluoro analogue can be reversibly oxidized at mild
potentials, though minimal discussion on the nature of this redox process was provided and it
appears to be assigned as a le~ wave despite the peak current being significant greater than
expected for single electron transfer.*+* Thus, further investigations are needed to clarify the

electronic structure and electrochemical behavior of these cobalt complexes.

Scheme 1. (a) Ligand oxidation states for general metal-phenylenediamide complexes. (b)
Possible electronic structure representations of [CpCo(Ropda)] complexes. (c) Reversible 2e-

oxidation of [Cp? Co(Ropda)] complexes.
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Herein, we describe a series of neutral half-sandwich cobalt complexes bearing the Ropda
ligand. We unambiguously demonstrate that these complexes undergo reversible 2e- oxidation,
affording a significant new example of potential inversion and multielectron activity, in particular
multielectron oxidation, at first-row transition metal complexes. This redox behavior is maintained
for all complexes in this series, with the 2e~ oxidation potential shifting by more than 0.5 V
depending on the ligand electronic properties. Independent synthesis and characterization of the
doubly-oxidized dicationic complexes confirm that 2e- oxidation generates a Co™ center with a
neutral bqdi ligand (Scheme 1c). Experimental and computational analyses indicate covalent 7-
bonding interactions between the cobalt and redox-active ligand in the neutral complexes and shed
further light on the sites of electron transfer. The structural and geometry changes that accompany

2e- oxidation point to the active involvement of the redox-active ligand in this process.

RESULTS

Synthesis. In general, the substituted phenylenediamine ligands (RopdaH,) were prepared by
reaction of o-phenylenediamine with the appropriate isocyanate (for R = ureayl) or 2-iodopropane
(for R = isopropyl), following previously reported or modified procedures.***8 The synthesis of the
neutral cobalt complexes 1-5 was performed by initial deprotonation of RopdaH, with 2 equiv. base
in anhydrous THF, followed by salt metathesis with CpCo(CO)I, or Cp*Co(CO)IL, (Scheme 2).
Alternate syntheses of 1 and 2 have also been reported using aqueous sodium hydroxide.*-° All

neutral complexes were isolated as crystalline solids with very intense dark color.

Scheme 2. Synthetic procedures for preparing neutral and dicationic cobalt complexes.
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These neutral cobalt complexes are diamagnetic and display well-resolved, sharp signals by
'"H NMR, in agreement with previous reports on 1 and 2.#-%° Variable temperature NMR spectra
for 3a show no signal broadening or chemical shift changes (except the NH signal) up to 45 °C
(Figure S24), and magnetic susceptibility measurements using Evans method are consistent with
a singlet ground state. The Cp signal for 3-5 appears in the range of 4.9-5.2 ppm, similar to that of
1 at 5.01 ppm. The isopropyl C—H in S is a broad signal at 25 °C, which is attributed to rotation of
the isopropyl groups in solution. Different conformations of S with respect to the isopropyl group
orientations become distinguishable at lower temperatures (Figure S37).

Treatment of the neutral complexes with 2 equiv. chemical oxidant yields the doubly-oxidized,
dicationic complex [CpR®Co(®bqdi)(MeCN)]X, (R” = H or CH;, X = PF¢ or BF,") in 89-96%
isolated yield (Scheme 2). In general, while silver hexafluorophosphate (AgPF¢) may be used as
the chemical oxidant, we found that thianthrenium tetrafluoroborate ((Thi*)BF,, E;, = 0.86 V vs.
[Cp.Fe]*?)! resulted in cleaner reactivity with less decomposition. For example, layering of 1 with
2 equiv. AgPF in MeCN/Et,0O at —35 °C yields [CpCo(MopdaH,)(MeCN)][PFs], ([1-H,][PF¢],) as
red crystals, confirmed through independent synthesis of this complex (see Supporting
Information). However, following the same oxidation procedure using (Thi**)BF, generates 1°
with only minor amounts of [1-H,][BF,], (Figure S38). Chemical oxidation to generate 2°* and 5°
can be performed under ambient conditions, while 1°%, 3a°*-3d°*, and 4°* require low temperature
synthesis.

By '"H NMR, the 2e- oxidation of 3-5 is accompanied by a downfield shift of the Cp peak from
ca. 5.0 ppm to ca. 6.3 ppm. This chemical shift is comparable to that of other low-spin, dicationic
Co'" half-sandwich complexes.’?->* Surprisingly, the Cp* peak in 2 is shifted slightly upfield upon
oxidation. The '"H NMR spectrum of 2°* also shows a singlet at 11.80 ppm for the ligand NH
protons (Figure S42), consistent with a “C=NH" imine-type group in a bqdi ligand.>> Given that
the chemical shift of the NH signal in 2 is significantly more upfield (8.37 ppm), it appears
reasonable to discount the Co'-bqdi description of the neutral complexes (Scheme 1b).

The '"H NMR analysis also reveals that the solution-phase stability of the oxidized complexes
depends on the ligand. Complexes 3a°*-3d** and 4°* are stable in CD;CN at —20 °C, but slowly
decompose to [CpCo(MeCN);]** and unidentified species over 16 hours at 0 °C (Figure S47).
Solutions of 1°* and 2°* in CD;CN are stable for at least 5 hours at 4 °C (Figures S39 and S44). We

anticipated that the alkyl groups in 5§ would improve the stability of the oxidized complex, and



indeed, 5°* shows much better thermal and air-stability. No changes are observed by 'H NMR when

a solution of 5°* in CD;CN is exposed to air for 28 h under ambient conditions (Figure S61).

X-Ray Crystallography. Single crystals of the neutral complexes and ®tU=iopdaH, suitable
for X-ray diffraction were obtained from slow evaporation of a dilute Et,O/hexanes solution (for
3a and 5), slow evaporation of a saturated MeCN solution (for 3b-3d and 4), or vapor diffusion of
hexanes into a THF solution (for ®*U=iopdaH,) at room temperature. The crystal structure of 5 is
shown in Figure la; structures of the other neutral complexes are presented in the Supporting
Information. These complexes show a T-shaped, two-legged piano stool geometry, where the Cp
ligand plane is nearly perpendicular to the Co-phenylenediamide plane. The phenylene backbone
shows a small degree of alternation in the C—C bond lengths between 1.40-1.43 A and 1.35-1.38
A, indicating some loss of aromaticity compared to free o-phenylenediamine. These results are
consistent with the structures of 1 and 2, which have been previously reported.***

For the ureayl systems 3a-3d and 4, two cobalt complexes are associated in the unit cell with
intermolecular hydrogen bonding between the ureayl carbonyl and NH groups. The average Co—N
and N—Cenyiene bond lengths for 3a-3d are 1.86 + 0.01 A and 137 £0.01 A, respectively, which
are shorter than typical Co—N and N—-C single bonds and suggest the presence of s-conjugation
across the Co-opda metallocycle.'83-32 In contrast, the N—Cpenyiene bond lengths in B*UriopdaH, are
1.442(11) A, ca. 0.07 A longer than the corresponding bonds in 3a. Complex 4, which only has
one ureayl arm, shows two distinct Co—N bond distances: on the ureayl side, the Co—N bond length
(1.870(3) A) is similar to 3a, while the Co—N bond length is much shorter (1.834(3) A) on the
unsubstituted NH side. In fact, the latter is comparable to the Co—N bond length in 1.#

The crystal structure of S is similar to the other neutral complexes; however, as shown in Figure
la, the two isopropyl groups exhibit different orientations in the crystal lattice. One isopropyl
methine C—H is directed toward the Cp ligand, while the other methine C—H is directed toward
the phenylene backbone, resulting in a short intramolecular nonbonded H...H contact (1.84 A).In
this complex, steric repulsion can exist between the isopropyl CH; groups and the hydrogens on
the Cp ligand or phenylene ring. While the trans orientation was found in this crystal structure,
both the trans and syn geometries are accessible in solution by rotation of the isopropyl C—N bond,

as observed by 'H NMR (vide supra).



While we could not obtain crystals of 3a°*-3d°* and 4°* due to facile ligand loss and formation
of [CpCo(MeCN);J**, red single crystals of 2°¢ and 5°¢ were grown by vapor diffusion from
MeCN/Et,O at =35 °C, and red needles of 1°* were obtained via slow diffusion of an Et,O solution
of 1 into an MeCN solution of (Thi**)BF, at —35 °C. Selected bond lengths of § and 5° are given
in Figure 1; structural metrics of the other oxidized complexes are provided in the Supporting
Information. Compared to their neutral analogues, the dicationic complexes have a higher
coordination number with a bound acetonitrile ligand. While the distance between the cobalt center
and the cyclopentadienyl plane (Cp or Cp*) is not significantly affected by oxidation (Tables S27-
S29), there is clear elongation of the Co—N bond lengths (0.1 A longer). The N—Cenyiene bond
lengths in the oxidized complexes are shorter (by 0.03-0.06 A), consistent with typical C=N double
bonds. Also, the phenylene backbone shows alternating C—C bond distances between single bonds

(ca. 1.44 A) and double bonds (ca. 1.34 A).

(b)

1.305(3)
1.442(3)

Figure 1. Structure of (a) §, and (b) 5°¢ with selected bond lengths (A). Hydrogen atoms, co-

crystallized solvent, and BF,~ counterions omitted for clarity. Ellipsoids shown at 50% probability.

Electrochemistry. Cyclic voltammetry (CV) studies of 1-5 display one reversible oxidation
and one reversible reduction in 0.1 M ["Bu,N][PFs] in MeCN (Figure 2). Key details for these
redox couples are summarized in Table 1. Notably, the peak-to-peak separation (AE,) at 25 mV/s

for the oxidation of 1 and 2 is only 46 and 31 mV, respectively, while AE, is 75 mV for the



reduction of 1 at the same scan rate (Figures S64 and S65). The oxidation peak current is 2.4-2.7
times higher than that of the reduction for all complexes. These observations are consistent with a
2e- oxidation and le- reduction.’® The reversibility of the 2e~ wave is maintained over a range of
scan rates, and no evidence of discrete le~ events is observed (see Supporting Information). This
behavior is indicative of potential inversion, where the second electron loss occurs at a more
negative potential. Consistent with this assignment, 5°* shows a 2e~ reduction at the same potential
as the 2e~ oxidation of S (Figures S85 and S86). The 2e~ redox couple of these complexes is in
stark contrast to the electrochemistry of related square planar or tetrahedral cobalt complexes with
opda-type ligands, which exhibit separate le- processes.!®26323857 This novel but previously

overlooked multielectron behavior motivated our further investigation into these complexes.

Table 1. Cyclic Voltammetry Data of Complexes 1-5 and 5.4

Complex Evet AR i/i,d Evet AR i/i,?
V) (mV) V) (mV)
1 -0.11 62 0.96 -1.83 75 1.07
2 -0.33 69 0.93 -2.04 81 1.05
3a 0.11 75 1.03 -1.24 74 1.00
3be 0.20 80 0.89 -1.03 77 1.08
3ce 0.15 59 0.94 -1.18 69 1.14
3d¢ 0.18 61 0.86 -1.07 67 1.06
4 0.045 69 0.94 -1.35 72 1.10
5 -0.17 75 0.97 -1.87 77 1.24
5ox/ -0.17 55 1.08 -1.88 80 1.21

aConditions: 1 mM [Co] in 0.1 M ["BusN][PF¢] in MeCN, glassy carbon working electrode, Pt
counter electrode, Ag/AgNO; reference electrode, measured at 100 mV/s. °E,, = (E,, + E,)/2,
where E,, and E,. are anodic and cathodic peak potentials, respectively. Potentials versus
[Cp.Fe]™. ‘AE, = E,, — E,.. i,, = anodic peak current, i,. = cathodic peak current. Solvent =

MeCN/THF (4:1).70.5 mM [Co].

Complexes 3a-3d and 4 with electron-withdrawing ureayl groups exhibit the most positive

redox potentials in this series, with the potential of the le- feature being influenced more



significantly. Varying the substituents on the ureayl arms has limited effect on the 2e- oxidation,
but changing the number of ureayl groups shifts the oxidation by ca. 150 mV per substituent
(comparing 1, 3b, and 4; see Table 1). The introduction of electron-donating isopropyl groups in
5 shifts both redox couples more negative due to increased electron density at the metal and redox-
active ligand. The electron-rich Cp* ligand in 2 has an even more significant impact on redox
potentials, which are both shifted negative by ca. 200 mV compared to 1, the Cp analogue. It is
well-known that the redox potentials of metal complexes shift depending on the electron-donating
or withdrawing nature of the ligands. However, this series is a remarkable demonstration where

the oxidation potential can be tuned by more than 0.5 V while maintaining reversible 2e~ behavior.
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Figure 2. Cyclic voltammograms of cobalt complexes in MeCN (1,2, 3a, 4, and 5) or MeCN/THF
(4:1; 3b, 3c, and 3d) (1 mM [Co] and 0.1 M ["BuyN][PFs]; scan rate 100 mV/s).

The 2e- oxidation remains reversible in CH,Cl, or THF with 0.2 M ["BusN][PFs] (see
Supporting Information), demonstrating that the potential inversion is still favorable with weakly
coordinating solvents and/or supporting electrolyte ions. The oxidation of 3b in MeCN with 0.05

M ["Bus,N][BArF,;] (BArF,s~ = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) shows partial loss



of reversibility at slow scan rates (i, ./i,, = 0.60 at 100 mV/s), but gradual addition of ["BusN][PF¢]
increases reversibility (Table S20 and Figure S80). Surprisingly, the oxidation of 2 is reversible in
0.05 M ["Bu,N][BArF,] in MeCN or at faster scan rates in CH,Cl, (Figures S71 and S72), and
thus the reversibility of this feature appears to depend on the ligand identity and solution conditions.
The large, non-coordinating BArF,,~ anion may be unable to provide sufficient stabilization to the

sterically bulky oxidized complexes such as 3b°*.

Electronic Absorption Spectroscopy. The electronic absorption spectra of the neutral cobalt
complexes are provided in the Supporting Information (Figures S87-S95); the spectrum of S in
MeCN is highlighted in Figure 3a (orange trace). In line with the intense colors of these complexes,
the electronic spectra show a dominant transition in the visible region at ca. 520-580 nm with
molar absorption coefficients on the order of 20,000 M-!:cm™' (Table 2). The presence of ureayl
substituents causes a red-shift of this absorbance for 3a-3d and 4 compared to 1. A weak absorption

is also observed in the NIR region between 700-800 nm.

Table 2. Electronic Spectral Data for Complexes 1-5.

Complex Amax (NM) e (M-cm™)
1 525 21,100
2 577 24,500
3a 565 17,800
3b 583 17,800
3c 573 17,900
3d 582 16,300
4 556 17,900
5 524 16,600

Time-dependent DFT (TD-DFT) calculations and natural transition orbital (NTO) analysis
were used to clarify the main molecular orbital contributions to these electronic transitions (see
Supporting Information for details). The calculated transitions for 5 (Figures 3c) and the other
neutral complexes (Figures S112-S114) provide a reasonable match with the main features of the

experimental spectrum for each system. The intense visible absorption is mainly attributed to the
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HOMO-1 — LUMO transition, which has significant = — 7* character across the Co—N bonds

(Figure 3d). The weak NIR absorption corresponds to the approximate HOMO — LUMO

transition, where the HOMO has cobalt d,, and phenylenediamide st characters. Similar

assignments are obtained for the other neutral complexes (Tables S34-S36).
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Figure 3. (a) Electronic absorption spectrum of 5 and 5°¢ in MeCN. (b) UV-vis-SEC oxidation of

S5 in MeCN. See Supporting Information for experimental details. (c) Calculated electronic

spectrum of S based on the TD-DFT wavelengths and oscillator strengths using Gaussian functions

of hwhm = 2686 cm'!. (d) Representative natural transition orbitals of 5 for selected electronic

transitions. See Supporting Information for computational details.

Upon oxidation, the absorption profile of 5°* in the visible region is significantly decreased

with weak transitions at 518 nm (¢ = 1,800 M~!-cm™) and 391 nm (¢ =4,200 M-!-cm™), along with

a shoulder around 425 nm (Figure 3a, blue trace). Complex 5°* shows good stability in solution for

at least 28 hours under ambient conditions. Given the limited solution stability of the other oxidized
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complexes, electronic absorption studies of independently isolated samples were unreliable.
However, we found these species to be stable on the spectroelectrochemistry (SEC) timescale, and
thus UV-Vis-SEC studies were employed to probe changes in the electronic absorption profile in
situ upon 2e- oxidation. As shown in Figure 3b, monitoring the oxidation of 5 shows a decrease of
the characteristic bands at 524 and 793 nm, with the simultaneous appearance of new band at 391
nm, consistent with the absorption profile of independently prepared 5°*. Isosbestic points appear
at 335 and 442 nm. No evidence of an intermediate oxidation state was observed. UV-Vis-SEC
studies of 1, 2, 3a, and 4 show similar behavior as the electrode potential is scanned more positive
(Figures S97-100), with disappearance of the strong visible transition and appearance of a new

band at 380-420 nm for the oxidized species.

Computation Studies. Density-functional theory (DFT) calculations were performed to gain
a better understanding of the electronic structure of these complexes and the origins of the 2e-
oxidation. Complex 3a was selected for the initial evaluation of different functionals since the
bulky ureayl groups may affect the optimized geometry.>® Ground-state geometry optimizations of
3a as a closed-shell singlet using pure or hybrid functionals were able to reproduce the T-shaped
geometry and key structural metrics with negligible differences (within 0.04 A and 1.1°,
respectively) between the DFT-calculated and X-ray structures (Tables S25 and S26). From
comparing the calculated results with the full set of spectroscopic and electrochemical data for 3a,
we find that the BP86 and PBE functionals with TZVPP (for Co) and TZVP (for other atoms) basis
set show reliable results. Since the BP86 functional has shown success for predicting the structural
and redox properties of late-transition metal complexes,* this functional was selected for further
computational analysis of this family of complexes.

Additionally, we considered the antiferromagnetically coupled singlet biradical as a possible
electronic description of 3a, which would also be consistent with the diamagnetic nature of the
neutral complexes. Accessing the antiferromagnetically coupled Co'(low-spin)-(s-bqdi) using the
broken-symmetry (BS) approach failed with BP86 and other pure functionals, instead optimizing
to a closed-shell singlet with no unpaired spin density. Similar observations have been reported
for BS calculations with square planar nickel complexes bearing two s-bqdi ligands, which may
be attributed to the overestimation of the stability of spin-paired states by pure functionals.®® On

the other hand, the BS state of 3a using hybrid functionals was successfully computed, having
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unpaired spin density located on both the cobalt and the phenylenediamide ligand (Figure S103).
The antiferromagnetically coupled biradical is slightly lower in energy (-1.38 kcal/mol) than the
spin-paired singlet; however, the optimized geometry shows larger deviations from the crystal
structure. More significantly, the singlet biradical is not predicted to undergo a 2e- oxidation,
which contradicts our experimental data (Table S32). Thus, the closed shell singlet is taken as the
most reasonable electronic structure description for the neutral cobalt complexes.

Using our selected computational approach, we observe close agreement between the X-ray
structure and calculated geometry for all neutral cobalt complexes and the isolated oxidized species
(Tables S27-S29). Importantly, the increase in the Co—N bond lengths and decrease in the
N—Cphenyiene bond lengths upon 2e- oxidation are effectively reproduced in the calculated structures,
as is the loss of aromaticity in the phenylene ring. Additionally, our DFT calculations predict that
the frans geometry of 5 is slightly lower in energy (ca. 1 kcal/mol) compared to the two possible
syn geometries (Figure S102). The energetic accessibility of these conformations is consistent with
the fluxional behavior of the isopropyl groups in 5 observed by 'HNMR (vide supra).

The calculated potential for the first 1e- oxidation of 3a is E.; = 0.15 V vs. [Cp,Fe]*°, which
is in excellent agreement with the experimental value for the 2e~ CV feature (E,, = 0.11 V vs.
[Cp.Fe]*?). The calculated E,,; values for the other neutral complexes also show good agreement
with the CV data and largely reproduce the observed trends as a function of ligand substituents
(Table S32). With each system, loss of one electron results in a monocationic complex in which
the calculated spin density is mainly centered on cobalt (low-spin, S = %2, Figure 4a and Figures
S104-S106), though we note [2]* also has appreciable spin density on the ligand. The 1e~ oxidation
is accompanied by elongation of the Co—N bond lengths and shortening of the N—C,pcnyiene bond
lengths, along with systematic changes to the phenylene backbone (Tables S30 and S31). There is
also a noticeable change in the dihedral angle between the cyclopentadienyl and the N-Co—-N

planes (9~13°).

Figure 4. Spin density plots of the monocationic complexes (a) [3a]*, and (b) [3a-MeCN]*.
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Following le~ oxidation, coordination of acetonitrile is slightly uphill (Table S33). From here,
the calculated potential for the second electron loss is in excellent agreement with the
experimentally observed 2e- feature. For example, the calculated oxidation potential for [3a-
MeCN]J* is E,» =0.09 V vs. [Cp.Fe]*, 60 mV more negative than the predicted oxidation of 3a.
Thus, the oxidation pathway for these complexes is best described by an ECE mechanism. Indeed,
potential inversion by this route is predicted for all complexes except for 3b (where the difference
between E.; and E, is only 5 mV, see Table S32). The possibility of an EEC mechanism was
also considered, where two le~ transfer events are followed by acetonitrile coordination. However,
in the absence of MeCN coordination, the second le~ oxidation is ca. 21 kcal/mol more uphill

compared to the first oxidation (Scheme 3).

Scheme 3. Calculated square scheme for oxidative electron transfer and acetonitrile coordination.

Values are shown for 3a. Potentials are given in V vs. [Cp,Fe]*°. AG,, is given in kcal/mol.
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Interestingly, coordination of the acetonitrile ligand to [3a]* causes the unpaired spin density
to shift significantly from cobalt to the ligand backbone in [3a-MeCN]* (Figure 4b). At the same
time, the predicted Co—N bond lengths increase from ca. 1.89 A to 1.94 A and the predicted
N—Cppenyiene bond lengths increase from 1.34 A to 1.36 A, with small changes to the phenylene
backbone bond lengths as well (Table S30). Notably, the nature of these changes depends on the
ligand substituents. Focusing on the [CpCo] systems, the calculated spin density for [1-MeCN]*
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is located on the metal with some spin density on the ligand, while the more electron-rich isopropyl
complex [5-MeCN]* is predicted to have the spin density more centered on cobalt (Figures S104
and S106). This behavior is mirrored in the predicted bond length changes, where only slight
differences in bond metrics are seen upon MeCN coordination to [1]* and [S]* (see Table S31).
The frontier molecular orbitals in this series also show differing behavior based on the ligand
identity (Figure 5). The energy gap between the HOMO-1 and HOMO orbitals of the neutral
complexes is small (0.16-0.24 eV). The HOMO-1 has significant ligand character as well as 7
bonding across the N—Co—N bonds thanks to effective overlap between the cobalt d,, and opda 7r*
orbitals. There are obvious similarities between the HOMO-1 orbital of the neutral complexes and
the singly occupied molecular orbital (SOMO) of monocationic state [Co]*, suggesting removal
of the first electron is associated with the HOMO-1 rather than the HOMO. After coordination of
the acetonitrile ligand, the SOMO is mainly the ®'Uriopda s* orbital in [3a-MeCN]J*, has
significant contributions from the Popda sz* and cobalt d,, orbitals in [1-MeCN]*, and has greater
contributions from the cobalt d,, orbital in [S-MeCN]*. Additional frontier molecular orbitals of

the neutral complexes 1-3a, 5, and related oxidized species are provided in Figures S107-S111.
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Figure 5. Calculated frontier molecular orbitals for 3a, 5, and their 1e~ oxidized species.
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DISCUSSION

The phenylenediamide ligand and related O-, N-, and S-donor versions have been extensively
explored over the past four decades.?’”-* While many reports have focused on homoleptic systems,
the neutral [CpM(opda)]-type complexes have been shown to possess unique electrochemical
properties that depend on the metal identity and the nature of the ligand. For [Cp*Ir] complexes
containing an amidophenolate or diphenyl-opda ligand, two distinct le~ oxidation waves are
observed by CV, while the monophenyl-opda analogue exhibits a 2e~ oxidation at slower scan
rates.5% All three iridium complexes were formally assigned as Ir'! with a dianionic opda (or
related) ligand, and thus the oxidation processes are thought to be ligand-based. Related half-
sandwich complexes of rhodium are also assigned as coordinatively unsaturated species with
formal Rh™ centers based on structural analysis.®*% Recently, Sarkar and co-workers reported a
series of [Cp*Rh] complexes where the CV behavior varies with the opda substituents: electron-
poor sulfonyl derivatives showed le~ waves, while the electron-rich mono- and diphenyl versions
undergo a 2e- oxidation.* In contrast, previous discussions on [CpCo] or [Cp*Co] analogues have
been dominated by the Co'-bqdi assignment,**> despite the close similarities of the N—Chenylene
bond lengths to reported values for M-s-bqdi and M-opda complexes.!#3!-32 Furthermore, oxidation
of these cobalt complexes has only been reported in passing.*# This is surprising given that
comparisons of properties across the different oxidation states of a system can be a valuable tool
for revealing the nature of the electronic structure,*® and the doubly-oxidized complexes in this
series are reasonably expected to be Co™-bqdi, a formal Co™ center with a fully oxidized bqdi
ligand. The ambiguity associated with this oxidation process motivated our further study into this
family, with the aim to better illuminate the electronic structure of the neutral complexes through
direct comparison with their 2e~ oxidized counterparts.

In all cases, the neutral cobalt complexes can be readily oxidized with mild chemical oxidants.
Two equivalents of oxidant are required for complete conversion to the doubly-oxidized species;
however, treatment with fewer equivalents does not lead to a le~ oxidized intermediate. This
behavior is in agreement with our electrochemical results: the peak-to-peak separation for the
oxidation wave at slow scan rates is consistently smaller than the ideal value for a Nernstian le-
process, and in many cases approaches the ideal 2e~ value (29 mV). Such potential inversion is
observed when the intermediate oxidation state is unstable with respect to disproportionation. The

larger peak currents associated with the oxidation wave are also indicative of a 2e~ wave. Thus,
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we find that the previous assignment for the oxidation of 1 and the related perfluoro analogue as a
le~ process is inappropriate.*43

As expected, the structural metrics of the doubly-oxidized complexes 1°*-5°* are in line with a
[CpR Co™(Rbqdi)(MeCN)J** formulation.’’” In particular, the N—Chenyiene bond lengths are 1.30 +
0.01 A, which is typical of C=N bonds in metal-diimine systems. The phenylene backbone also
shows a non-aromatic quinone structure with alternating single and double bonds. The bqdi ligand
is a weaker o-donor than the reduced forms (s-bqdi or opda), which likely contributes to the facile
ligand loss observed in solution for the oxidized complexes under certain conditions. We found
this to be especially problematic for the electron-deficient ureayl derivatives 3a-3d and 4, though
this is likely partially compensated by greater si-backdonation to the oxidized ligand.** Complexes
1°x-5°¢ are also diamagnetic and show no evidence of paramagnetic broadening by NMR,
consistent with an 18e-, coordinatively saturated electronic description based on a low-spin Co™
center in a pseudo-octahedral geometry.

With the unambiguous characterization of the oxidized species, we turn our focus to the neutral
complexes 1-5. Although formal oxidation state assignments may be inappropriate due to the non-
innocent nature of the phenylenediamide ligand, our experimental and computational results can
rule out one possibility. A formal Co' center with a bqdi ligand is excluded based on the significant
structural differences between the neutral and oxidized complexes. Most notably, the substantial
decrease in N—Cpenyiene bond lengths and the clear decrease in phenylene aromaticity upon
oxidation indicate some degree of ligand-based oxidation. This conclusion is further supported by
the '"H NMR chemical shift of the NH resonance for 2, which is upfield compared to the diimine
NH signal of 2°¢ and again signifies a more reduced ligand in 2. Thus, we conclude that the
previous Co'-bqdi assignment for this family of complexes should be revised.

At the same time, the solid-state structures of 1-5 are not fully consistent with a formal Co™
description and dianionic opda ligand, in which the N=Cenyiene Single bond lengths are typically
closer to 1.40 A and the C—C bond lengths in the phenylene backbone are identical.!®3!33 Instead,
the intermediate N—Cpenyiene bond lengths in 1-5 may suggest a semiquinone-type radical anion (s-
bqdi). Given the diamagnetism of these complexes, a ligand radical must be strongly
antiferromagnetically coupled to a low-spin Co" center, i.e., a Co"-s-bqdi description (Si. = 0).
An alternative explanation is a closed-shell system with no radical character: covalent s7-bonding

or resonance delocalization across the metallocycle may instead give rise to the observed bond
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metrics. Our DFT calculations suggest the latter is more reasonable. While we were able to obtain
the calculated structure of the antiferromagnetically coupled biradical of 3a using hybrid
functionals, these calculations do not predict a 2e~ oxidation and thus were not explored further.
However, potential inversion is accurately reproduced for the closed-shell singlet using the BP86
functional, which also matched well with our other characterization data. Thus, we consider this
functional capable of modeling the electronic structure of these complexes. The calculated HOMO
of each neutral complex is the 7*-antibonding combination of the cobalt dy, and ligand 7 orbitals,
which is typical for coordinatively saturated late transition metal centers with s--donor ligands such
as amides (NR,"). The HOMO-1 is the m-bonding combination of the cobalt d,, and ligand 7*
orbitals, highlighting the covalent nature of this interaction. Overall, we describe these complexes
as having delocalized bonding with resonance stabilization across the metallocycle and effective
overlap between the metal d orbitals and the 7-system of the opda ligand.

The observation of a 2e~ process in a single CV wave is rare at first-row transition metal
complexes containing one metal center and one redox-active ligand.?!* For 1, 3a, and 5, the 2e-
oxidation is initiated by loss of one electron to yield a low-spin Co" species, based on DFT.
Complex [2]* is predicted to have spin density on both the metal and ligand, likely due to the
increased electron-donating character of the Cp* ligand. In each case, the calculated structural
changes concomitant with the first electron transfer indicate a decrease in electron density at the
ligand, resulting in structures that bear more resemblance to the diimine description. Thus, this
intermediate state may be approximately viewed as [CpR Co'(Rbqdi)]* systems, formed via ligand
oxidation and redox-induced electron transfer to cobalt.®®”° The first electron loss appears to
involve the HOMO-1 of the neutral complexes, which has significant ligand 7* contributions and
is consistent with our assignment of this process being ligand-based. Such behavior may occur
when conformational changes accompany a redox process, leading to an associated reordering of
the HOMO and HOMO-1."! Here, the close energies of the HOMO and HOMO-1 orbitals and the
predicted structural changes upon le~ oxidation may be responsible for this orbital reordering.

Loss of the second electron is facile after coordination of an acetonitrile ligand, leading to the
remarkable situation where E, < E, regardless of the ligand substituents in this series. While
acetonitrile coordination is calculated to be slightly uphill for each case, all values are energetically
accessible at ambient conditions. Similar equilibria have been proposed for other [CpCo!]

systems.”>”3 Importantly, solvent coordination only becomes accessible following the first electron
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loss. The accompanying increase in the ligand oxidation state results in weakened cobalt-ligand
bonding and decreased aromaticity of the metallocycle, as evidenced by the calculated DFT
structures. These factors lead to distortion of the T-shaped geometry and prime the cobalt center
for additional ligand coordination. Without the acetonitrile ligand, further oxidation of
[CpR* Co'(®Rbqdi)]* would occur at a significantly more positive potential (Scheme 3). The resulting
species, [Cp? Co™(Rbqdi)]**, would consist of a coordinatively unsaturated Co™ center and neutral
bqdi ligand. The acetonitrile ligand is predicted to provide significant stabilization to this high-
energy species (Table S33), offsetting the electrostatic penalty of 2e~ oxidation. Thus, the change
in geometry via an ECE pathway is crucial for accessing the second electron transfer at mild
potentials and enabling the potential inversion.

The location of the second electron transfer depends on the phenylenediamide substituents.
Looking at the Hopda, B'Urippda, and opda systems, there are clear differences in the calculated
spin density of the [Co-MeCN]* intermediate. The withdrawing nature of the ®B'Ur2opda ligand
pulls the unpaired spin density away from the metal and onto the ligand upon acetonitrile
coordination; consequently, [3a-MeCN]* may be described as a Co'-s-bqdi system and its le-
oxidation to 3a* is ligand-based. On the other hand, the donating Fropda ligand pushes the unpaired
spin density toward cobalt, maintaining the Co"-bqdi description in [5-MeCN]* and leading to the
second electron loss being metal-based. These trends are also seen in the orbital contributions to
the SOMO orbital for the [Co-MeCN)]J* species. Overall, greater electron-withdrawing character
at the ligand favors two ligand-based oxidations (from the st* orbital), while greater electron-
donating character favors one ligand (7*) and one metal (d,,) oxidation (Figure 6). We note that 2
does not directly align in this trend due to contributions from the electron-rich Cp* ligand — this
system shows significant ligand involvement in the frontier molecular orbitals and spin density for
[2]* and [2-MeCN]J*. Remarkably, despite these differences, all complexes in this study show
potential inversion. Our results suggest that further tuning of the ligand properties may be
employed to access a larger potential range for the 2e- oxidation through redistribution of electron
density across the metal d and ligand s7* orbitals. Efforts to establish the limits of this redox tuning

and consequences for reactivity are currently underway in our group.
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Figure 6. Changes in the sites of 2e~ oxidation for 1, 3a, and 5 as a function of electronic character

of the phenylenediamide ligand.

Reports demonstrating multielectron processes over a series of first-row transition metal
complexes with different ligand properties are extremely scarce.”*”> With 1-5, we are not only able
to tune the potential at which the 2e- oxidation occurs by more than 0.5 V, but also control the
formal sites of oxidation. The importance of structural reorganization for multielectron redox
behavior has been noted.** Here, the initial ligand-based oxidation and associated geometry
changes are critical to accessing the potential inversion, generating a coordinatively unsaturated
[CpRCo!(Rbqdi)]* intermediate that can interact with an incoming ligand (i.e., acetonitrile).
Remarkably, reversible CV behavior is maintained in THF and DCM - it is only with a non-
coordinating electrolyte anion (BArF,,) and non-coordinating solvent do we observe any
noteworthy loss of reversibility for select complexes. This behavior indicates that sufficient
stabilization of the dicationic state can be provided by species other than acetonitrile, pointing to

the possibility of forming other Co—X bonds through reactivity with different reagents.
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CONCLUSION

Despite several years of investigations into metal-phenylenediamide complexes, the electronic
structure and oxidation behavior of the half-sandwich complexes [Cp? Co(Ropda)] has yet to be
fully elucidated. In this report, we have investigated several examples in this family and shown
that all complexes undergo a 2e- oxidation regardless of the opda substituents. These complexes
have significant sr-delocalization across the cobalt-opda metallocycle thanks to effective energy
matching of the cobalt d and ligand 7z* orbitals. Following an ECE mechanism for oxidation, loss
of the first electron occurs from the ligand, which disrupts the resonance conjugation in the
metallocycle and destabilizes the T-shaped geometry, facilitating structural reorganization.
Coordination of an acetonitrile ligand in the chemical step preferentially stabilizes the dicationic
state, resulting in potential inversion and an overall 2e~ process. Notably, the electronic properties
of the phenylenediamide ligand not only affect the 2e~ oxidation potential but also control the site
of the second electron transfer step. This novel behavior offers the unique opportunity to tune the
phenylenediamide ligand to control the reactivity at cobalt, while promoting multielectron
transformations through cooperative metal-ligand electron storage. In this context, we are currently
exploring the reactivity of these cobalt complexes toward electrophilic addition promoted by the

phenylenediamide ligand.
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