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Abstract

A new redox-active, diarylamido-based ligand (LN*"2) capable of k>-N,N,N,P,P chelation has been used to prepare
a series of complexes with the general formula [M"(L"3"2)]X, where M = Fe (1; X = OTf), Co (2; X = ClO4), or Ni (3;
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X = ClOy). The diarylamido core of monoanionic L"3"? is derived from bis(2-amino-4-methylphenyl)amine, which
undergoes condensation with two equivalents of 2-(diphenylphosphanyl)benzaldehyde to provide chelating
arms with both arylphosphine and imine donors. X-ray structural, magnetic, and spectroscopic studies indicate
that the NsP; coordination environment generally promotes low-spin configurations. Three quasi-reversible
redox couples between +1.0 and —1.5 V (vs. Fc*/Fc) were observed in voltammetric studies of each complex,
corresponding to M"/M"oxidation, LN3*2-based oxidation, and M"/M' reduction (in order of highest to lowest
potential). Spectroscopic and computational analyses of 3°* — generated via chemical one-electron oxidation
of 3 — revealed that a stable diarylaminyl radical (L\*"?) is formed upon oxidation. The ability of the Co" complex
(2) to function as an electrocatalyst for Hogeneration was evaluated in the presence of weak acids. Moderate
activity was observed using 4-tert-butylphenol as the proton source at potentials below —2.0 V. The insights
gained here will assist in the future design of pentadentate mixed N/P-based chelates for catalytic processes.

1. Introduction

Recent studies have highlighted the ability of cobalt and nickel complexes to function as efficient
electrocatalysts for environmentally significant reactions, such as CO, reduction® and H, generation.? Continued
advances in this field depend upon the rational design of new and sophisticated ligand frameworks to enhance
catalytic performance. By adjusting the ligand coordination environment, it is possible to tune the redox
properties of the transition metal center, control the binding of substrates, and improve the overall stability of
the catalyst. Moreover, these multielectron reactions can be facilitated by redox-active (i.e., “noninnocent”)
ligands that actively participate in the catalytic mechanism by donating or accepting one or more electrons.?

Starting with the well-studied cobaloxime-based systems,* the large majority of cobalt catalysts for the hydrogen
evolution reaction (HER) have employed ligands with only N-donors.® Examples include catalysts with tetra- or
pentadentate polypyridyl ligands® and those featuring tetradentate Schiff-base macrocycles.” ® While the
development of HER catalysts with CoN, and CoNs structures has proven fruitful, there are potential advantages
in using ligand scaffolds that also incorporate non-nitrogenous donors. To this end, the Verani and Fiedler labs
have generated mono- and dinuclear cobalt HER catalysts, respectively, that feature multiple phenolate
donors.? Of greatest relevance to the current study is the synthesis and catalytic characterization of the dicobalt
complex shown in Scheme 1, which is supported by the pentadentate ligand LNs02, The trianionic L\s02 chelate
consists of a central diarylamido unit with two salicyaldimine arms, and reaction with M"ions yields
homobimetallic complexes in which the diarylamido donor adopts a bridging position (Scheme 1).1° In 2017, we
demonstrated that [Co2+,(L¥302)(bpy),]ClIO, (bpy = 2,2'-bipyridine) serves as an efficient HER electrocatalyst in the
presence of weak acids, employing a novel catalytic mechanism that involves cooperativity between the two
cobalt centers.® Significantly, the LMz ligand is redox-active due to the presence of the diarylamido unit, which
undergoes reversible oxidation near 100 mV (vs. Fc+°).
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Scheme 1. (a) Dicobalt(ll) complex with LN3*92 [igand. (b) LN**?-based complexes 1-3.

Building upon these efforts, we reckoned that replacement of the “hard” anionic phenolates of LN302 with “soft”
neutral of phosphines would lower the redox potentials of the metal ion(s), making it possible to access the low
oxidation and spin states required for the activation of electrophilic substrates (e.g., CO,, H*). We therefore
prepared the monoanionic ligand L¥3P2shown in Scheme 2. LMz can be considered the pentadentate analog of
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the well-known PNP pincer ligands, which have been widely employed in both organometallic and inorganic
chemistry.!* Examples of pentadentate N3P2-ligands in the literature are relatively rare, but those reported by
the Trovitch group exhibit interesting catalytic properties.'> Moreover, a handful of complexes with mixed N/P
ligation have proven to be effective catalysts for H,production.®?

This manuscript describes an initial survey of the coordination chemistry, electrochemical properties, and
catalytic utility of the LNvs*2 framework. Interestingly, reaction of LNz with divalent transition-metal ions (M = Fe,
Co, Ni) yields mononuclear complexes with the general formula [M2+(LN3*2)]+, in contrast to the dinuclear
complexes obtained with LMoz, Despite this difference, the LvrP2-based complexes are promising candidates for
HER catalysts for several reasons. Firstly, the coordination environment provided by L™?2 is consistent with the
design principles recently formulated by Brooker and co-workers for cobalt HER catalysts with Schiff-based
ligands.® This study noted the improved performance of five-coordinate complexes (relative to 4C analogs) and
the advantage of five-membered chelate rings, which is fully consistent with our previous findings.'! We also
hypothesized that the noninnocent nature of the diarylamido unit could reveal a mechanistic alternative to the
Co'/Co" cycle employed by most HER catalysts. Therefore, we have explored the electrocatalytic activity of

the LVsP2-based cobalt complex (2) in the presence of weak acids. The results of these investigations are
presented below.

2. Results and Discussion

Synthesis and Molecular Structures

The red pro-ligand HL¥?2 was prepared by the condensation of bis(2-amino-4-methylphenyl)amine®® with two
equivalents of 2-(diphenylphosphanyl)benzaldehyde in toluene.' Treatment of HLN3*2 with the appropriate
MiX, salt (X = CIOs~ or TfO-) in a 1:1 mixture of CH,Cl, and MeCN, followed by addition of base, generated the
dark brown complexes 1-3. Crystals suitable for crystallographic studies were obtained by slow evaporation of
1:1 CH,Cl,/MeCN solutions. The solid-state structures of 1-3 were determined using X-ray crystallography, and
details regarding the diffraction experiments and structure refinements are provided in Table S1. The unit cell
of 1 contains two symmetry-independent complexes, in addition to unresolved solvent molecules (likely CH,Cl,).
One of the two complexes is totally disordered due to superposition of enantiomers along a common (non-
crystallographic) twofold axis. In addition, the presence of 2.6 triflate counteranions in the unit cell (1.3 per Fe)
suggests that the Fe complex has been partially oxidized to the corresponding dication. While these factors
limited the resolution of the structure of 1, the Fe—N/P bond lengths are accurate to within 0.01 A for the non-
disordered complex.

Figure 1 (a) displays the [Co(L™r2)]+ unit found within the structure of 2, which is representative of the 1-3 series.
In all three structures, the five-coordinate M center exists in a distorted trigonal-bipyramidal (TBP) coordination
environment with the imine N-donors (N2 and N3) occupying the axial positions. The equatorial plane is
constituted by the diarylamido (N1) and phosphine (P1/P2) donors, and the sum of the resulting angles around
the M centers is almost exactly 360°. The overlay of solid-state geometries shown in Figure 1(b) highlights the
large degree of structural similarity between the three complexes. The axial M1-N2/N3 distances vary only
slightly across the series (average value of 1.92 + 0.03 A), while the M1-N1 bond lengths are confined between
1.83 and 1.91 A (Table 1). Larger deviations are observed with respect to the positions of the phosphine donors:
the M1-P1/P2 bond lengths range between 2.155 and 2.252 A, following the order Fe(1) < Co(2) < Ni(3). The
corresponding P1-M1-P2 angles vary from 97 to 110° in the same order.
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Figure 1. (a) Thermal ellipsoid plot (50 % probability) obtained from the X-ray crystal structure of complex 2. The
ClO4™ counteranion is not shown. (b) Overlays of the crystallographic structures of complexes 1 (orange), 2 (grey),
and 3(blue). The phenyl and methyl substituents of the LN**2 ligand have been omitted for clarity.

Table 1. Selected bond lengths [A] and bond angles [°] for complexes 1-3 as determined by X-ray crystallography

M1-N1
M1-N2
M1-N3
M1-P1
M1-P2
M1-L (ave)
N1-M1-N2
N1-M1-N3
N1-M1-P1
N1-M1-P2
N2-M1-N3
N2-M1-P1
N2-M1-P2
N3-M1-P1
N3-M1-P2
P1-M1-P2
tau-value

?The unit cell of complex 1 contains two symmetry-independent iron complexes, one of which is highly disordered. The
metric parameters shown here correspond to the non-disordered complex.

A survey of related TBP complexes with mixed N/P ligation*3'** reveals that the short axial M1-N2/N3 bond
lengths (1.92 +0.03 A) of 1-3 are characteristic of low-spin ground states. This conclusion is supported by solid-

M1

1a

[M = Fe]
1.834(3)
1.945(3)
1.949(3)
2.1546(13)
2.1578(11)
2.008
83.71(15)
83.71(15)
131.60(11)
130.97(11)
167.36(14)
91.12(10)
96.64(11)
98.11(9)
90.73(11)
97.43(5)
0.60

2

[M = Co]
1.8652(15)
1.9258(15)
1.9169(15)
2.2121(5)
2.2169(5)
2.027
83.72(6)
83.75(6)
125.24(5)
131.54(5)
167.24(6)
89.42(5)
98.00(5)
95.85(5)
92.12(5)
103.22(2)
0.60

pz Orange =[1]* (Fe)
Grey = [2]* (Co)
“p1 Blue = [3]" (Ni)

3

[M = Ni]
1.9086(16)
1.8961(16)
1.9074(16)
2.2522(5)
2.2471(5)
2.042
83.50(7)
83.81(7)
126.13(5)
123.37(5)
167.07(7)
92.43(5)
95.26(5)
97.06(5)
89.64(5)
110.49(2)
0.68
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state magnetic susceptibility measurements. Complex 2 was found to possess a magnetic moment of 1.7 s —
typical of a S = 1/2 paramagnet — while complexes 1 and 3 yielded effective magnetic moments near zero. The
slight paramagnetism observed for 1 (0.30 ps) is likely due to small amounts of the one-electron oxidized
complex (1°x), as apparent in the crystal structure.

Spectroscopic Features

Complexes 1-3 are a dark brown color due to a series intense (¢ > 5000 M-1cm-t) bands across the visible region
arising from L™sP2-based and charge transfer transitions (Figure S1). The *H NMR spectrum of 1 in CD,Cl, consists
of a series of sharp peaks in the region between 0 and 10 ppm (Figure S2), indicative of a diamagnetic electronic
structure. Similarly, the Co" center of 2 remains low-spin in solution, as evident by the magnetic moment of 1.7
us measured using the Evans method'® in CH,Cl, at room temperature. The X-band EPR spectrum of 2 in frozen
CH,Cl, at 10 K (Figure 2) revealed a nearly axial S = 1/2 signal (g, = 2.054, g, = 2.063, g, = 2.131), featuring
hyperfine splitting from multiple nuclei. A satisfactory simulation of this complex spectrum was obtained with
the aid DFT calculations, which provided initial sets of A-values and Euler angles for the hyperfine tensors of the
Co and P nuclei. The spin-Hamiltonian parameters used in the final simulation are given in the caption of

Figure 2. Contributions from both 5¢Co and 31P nuclei are necessary to account for the abundance of observed
hyperfine features. Consistent with DFT calculations of 2, the A-tensor of the 5°Co nucleus (/ = 7/2) is highly
anisotropic with the largest component (A, = 85 G) aligned in the g,-direction. The A-tensors of the two quasi-
equivalent 31P nuclei (/ = 1/2) are more isotropic (AP = 60 G). The EPR spectrum of 2 follows the pattern

of g1 > g. >2.00 and A;« >> A, observed for other Co'complexes with trigonal-bipyramidal geometry.!” This
pattern indicates that the unpaired electron of 2 resides in a Co(d,-,:)-based orbital lying in the equatorial plane,
as supported by DFT calculations (Figure 2, inset).

[C02+ {LN3P2 )]C 104

exper.

1 I L I 1 l L]
260 280 300 320 320 360 380

Field (mT)
Figure 2. X-band EPR spectrum (black line) of complex 2 in frozen CH2Cl.. Parameters: frequency = 9.631 GHz; power = 2.0
mW; modulation amplitude = 1.0 G; T = 10 K. The simulated spectrum (red line) was obtained with the following spin-
Hamiltonian parameters: gxy,. = 2.054, 2.063, 2.131; (*°Co): A = [3.6, 18, 89] G; Euler angles = [0°, 0°, 60°]. (3'P1): A = [71, 64,
64] G; Euler angles = [0°, 0°, 20°]. (3'P2): A = [43, 43, 64] G; Euler angles = [0°, 80°, —=50°]. Inset: Isosurface plots of the Co(dx-
»2)-based MOs of complex 2 (S = 1/2) generated from DFT calculations. The phenyl substituents of the phosphine donors
were replaced by methyl groups.
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Interestingly, the tH NMR spectrum of 3 measured at room temp. in CD,Cl, exhibits broad, paramagnetically-
shifted peaks at 91, 57, 33 and =77 ppm (Figure S3). Using the Evans method, the magnetic moment was found
to be 2.80 s in solution, near the theoretical spin-only value of 2.83 s for a S = 1 paramagnet. Thus, the spin-
state of Ni'-containing 3 changes from low-spin to high-spin upon dissolving in CH,Cl,. To determine whether the
solvated complex exhibits spin-crossover behavior, 1H NMR spectra were measured at multiple temperatures
(25, —40, and —90 °C). As the temperature decreases, the peaks shift linearly away from the diamagnetic region
(Figure S3), exhibiting the Curie behavior (6 o T-1) characteristic of paramagnetic complexes. Thus,

complex 3 remains in the high-spin state across the temperature range studied here. Crystal packing effects
likely account for the prevalence of more compact low-spin structure in the crystalline phase.

Electrochemical Properties

Voltammetric methods were used to probe the electron-transfer abilities of complexes 1-3 in CH,Cl, solutions
with 100 mm (NBu,)PFs as the supporting electrolyte. Multiple redox events are evident in each case (Figure 3;
Table 2), and all redox potentials are reported relative to an external ferrocenium/ferrocene (Fc*/Fc) standard.
The cobalt(ll) complex 2 provides a convenient starting point for interpretation of the voltammetric data. The
cyclic and square-wave voltammograms (CV and SWV) of 2 exhibit quasireversible features at +0.84 and -1.34 V
that are attributed to the Co3+/Co?* and Co?*/Co couples, respectively; these potentials are comparable values
reported for Co' complexes with similar mixed N/P ligand sets.[*3/*8 Furthermore, the closely-related dicobalt(ll)
complex, [Co2+,(LNs02)(bpy),]+, displays cobalt-based oxidation and reduction events at +0.87 and —-1.42 V,
respectively.®’*® The third quasi-reversible feature at —0.31 V is then ascribed to one-electron oxidation of the p-
NAr, unit of the L™?2 ligand. This assignment is consistent with literature reports of diarylamido-based pincer
complexes, which generally exhibit a ligand-based oxidation between 0.32 and —0.34 V.*®
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Figure 3. Cyclic voltammograms (solid lines) of complexes 1-3 (conc. = 2.0 mm) measured in CH2Cl> with 0.1 m (NBua)PFs as
the supporting electrolyte. Square-wave voltammograms measured under the same conditions are indicated by dashed
lines. All scans rates were 100 mV/s.

Table 2. Summary of electrochemical data for complexes 1-3 in CH,Cl,.aPotentials reported in volts [V]

Complex M3/ (AE) [LVP2]/° (AE) M?*/** (AE)

1 +0.53(0.20) = +0.01(0.14) -1.42 (0.14)
2 +0.84(0.13) —0.31(0.12) -1.34(0.14)
3 +0.71(0.18)  —0.03 (0.14) -1.14 (0.16)

@ All potentials are reported vs. the ferrocene/ferrocenium couple. AE = Epa — Ep,c.

The voltammetric data collected for [Fe2+(LN3*2)]OTf (1) exhibits a similar three event pattern (Figure 4). On
scanning to negative potentials a quasi-reversible cathodic process occurs at Ei,=—-1.42 V, corresponding to the
Fe2*/Fel couple. The wave near 0.0 V arises from oxidation of the LN2 ligand, while the feature at +0.53 V is
attributed to the Fe3*/Fe?* couple. Similarly, the CV measured for [Niz+(LN2)|OTf (3) exhibits anodic peaks at —
0.07 and +0.68 V that are assigned to L¥s*>- and Ni'-based oxidations, respectively. The Ni2/Ni+ couple is
observed at —1.14 V. For the sake of comparison, a similar high-spin Ni" complex with mixed N/P ligation
generated by Holm and co-workers features Ni3+/Ni2* and Ni2*/Nit* couples at +0.55 and —0.85 V — comparable to
the values observed for 3 (Table 2).2%22 Complex 3 also exhibits an irreversible cathodic peak at —=1.81 V that is
tentatively assigned to reduction of the L¥s*2ligand (vide infra).

The redox-active nature of the LNs*2 ligand was further confirmed through spectroscopic and computational
studies of 3>« — the one-electron oxidized derivative of 3. Treatment of complex 3 with one equivalent of
acetylferrocenium (E;, = +0.27)?% in CH,Cl, yields the new chromophore 3°x. The oxidized species is stable at
room temperature, consistent with the quasireversibility of the redox couple observed at —0.03 V (Table 2). The
absorption spectrum of 3exis dominated by a sharp, intense peak at 588 nm (& = 12000 M-tcm-2; Figure 4) in
addition to two broad bands with Ay.x = 740 and > 1100 nm. The corresponding X-band EPR spectrum, measured
at 77 K in frozen CH,Cl,, reveals an axial S = 1/2 signal with g-values of 2.04 and 2.01 (Figure 4, inset). It is
significant that the spectral features of 3o closely resemble those observed upon one-electron oxidation of
[Ni2+ClI(LP~e)] (4), where LPVr is a PNP-type pincer monanionic ligand featuring two —P(iPr), substituents. As
reported by Mindiola and co-workers, the absorption spectrum of [NiCI(LP~?)]+ (4<x) features a sharp peak at 589
nm and a broader feature at 872 nm, similar to the pattern found for 32«2 Furthermore, the solid-state EPR
spectrum of 4ox revealed a S = 1/2 species with three resonances at g = 2.040, 2.016, and 2.005. Detailed
experimental and computational analysis determined that 4ox consists of a low-spin Ni'" center bound to a LPp-
based radical.
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Figure 4 UV/Vis absorption spectra of 3 (black dashed line) and 3°* (red solid line) measured in CH2Cl, at room
temperature. Inset: EPR spectrum of 3°*collected at 77 K in frozen CH2Cl>. Frequency = 9.497 GHz.

Given its S = 1/2 ground state, there are three possible electronic configurations for 3« (i) low-spin Ni" bound to
a closed-shell LN,z anion, (ii) high-spin Ni' antiferromagnetically coupled to a L™P2-based radical, or (iii) low-spin
Ni" bound to a LP2-based radical. The presence of a Nil center is not consistent with the small g-anisotropy

(Ag =g1— g5) of = 0.04 observed in the EPR spectrum, as true Ni" complexes generally exhibit Ag-values greater
than 0.20.2% In addition, DFT calculations of 3> determined that the lowest-energy model (3°x-LS) consists of a
low-spin Ni' center bound to a LP2-based radical. The g-values computed for 3ex-LS (2.031, 2.015, and 2.009)
nicely match the experimental data.

The singly-occupied MO (SOMO) of 3ox-LS is primarily localized on the LN3*2 scaffold, as indicated by the orbital
plot provided in Figure 5. The largest portion of Mulliken spin density (50 %) is found on the diarylamido portion
of the ligand in N1- and C-based p-orbitals oriented perpendicular to the aromatic rings. The amido N1

2p, orbital engages in a r-interaction with the Ni(d,_,:) orbital, which allows a small amount (20 %) of unpaired
spin to delocalize onto the metal center. The presence of partial metal character accounts for the modest shifts
in the [LMsP2]-/0 couple across the 1-3 series, as observed experimentally (Table 2). The remainder of the unpaired
spin density in the SOMO resides on the imino (13 %) and phosphine (10 %) moieties.

3% SOMO

Figure 5 Isosurface plots of the singly-occupied MO of 3°* generated from DFT calculations (BP86 functional). Hydrogen
atoms are omitted for clarity.

Insights into the absorption features of 3>x were gained through time-dependent DFT (TD-DFT) computations
that employed the range-separated cam-B3LYP hybrid functional. As shown in Figure S4, the TD-DFT
methodology adequately reproduces the energies and intensities of the experimental absorption features. The
calculations predict three intense transitions at 735, 610, and 465 nm. The identities of the computed transitions
are revealed by electron density different maps (EDDMs), as provided in Figure S5. The lower-energy bands at
730 and 610 nm (& = 5000 M-1cm-?) arise from Ni'-=>LN*2-radical charge transfer (CT) transitions in which the
acceptor orbital is the SOMO of 3°x. The more intense higher-energy feature at 465 nm (¢ = 15000 M-cm-1) has
contributions from two overlapping L\sP2-based m-radical transitions, which also possess a small degree of metal-
to-ligand CT (MLCT) character. Based on the TD-DFT results, we assign the strong experimental absorption peak
at 588 nm (g = 12000 M-cm-) to a m-radical transition, while the two weaker bands with A,.x > 700 nm are
attributed to MLCT transitions.
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Electrocatalytic Proton Reduction

To probe the catalytic ability of complex 2, we evaluated its electrochemical behavior in anhydrous MeCN and in
the presence of acetic acid. This acid seemingly leads to deactivation of the catalyst, as evidenced by UV/Visible
spectroscopy. However, mild catalytic activity was observed in the presence of multiple equivalents of 4-tert-
butylphenol as the proton source. This substrate exhibits a pK, of 27.5 in MeCN, thus being a weaker proton
source than acetic acid (pK, = 22.3 in MeCN). The CV data shown in Figure 6(a) revealed catalytic peaks
appearing at fairly negative potentials below —2.0 V vs. Fc/Fc*. The peaks increase with an increasing amount of
acid, thus associating this process with catalytic dihydrogen generation. Control experiments were carried out in
the absence of 2 and no catalytic peak was observed, therefore confirming that the presence of the complex is
required for catalysis (Figure S6).
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Figure 6 (a) Cyclic voltammograms (CVs) of 2 (1 mm) measured vs. Ag/AgCl and plotted vs. Fc/Fc* in presence of increasing
concentrations of 4-tert-butylphenol (0-30 equiv.) in 5 mL of MeCN and 0.1 M TBAPF¢ as supporting electrolyte. Glassy
carbon and Pt wire are respectively the working and auxiliary electrodes. (b) Charge consumption vs. time during bulk
electrolysis. Conditions: TBAPFs (1.56 g); 4-tert-butylphenol (0.07 g, 0.5 mmol); catalyst (4.64 mg, 0.005 mmol) and MeCN
(20 mL) at an applied potential of —2000 mV (vs. Ag/AgCl).

A bulk electrolysis experiment was performed to quantify the amount of dihydrogen generated. A three-
electrode set up was used with mercury pool as the working electrode and an applied potential of —2000

MV ag/nea in MeCN with 100 equivalents of acid. The charge vs. time plot is shown in Figure 7(b). The non-linear
behavior indicates the instability of the catalyst under these conditions. After 3 h of catalysis a turnover number
(TON) of 6 was detected with a Faradaic efficiency (FE) of 77 %. These results are the average of at least three
measurements and suggest that complex 2 is moderately catalytic for proton reduction with an approximate
proton consumption of circa 10 %. Other cobalt catalysts in planar oxime platforms have shown TONs of 10-18
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under similar conditions?® while a phenolate-rich catalyst has shown TON of 10.8.! Considerably higher TONs
have been observed for pyridine-rich platforms with cobalt (15.4).2¢

UV/Visible spectral changes were analyzed before and after catalysis in order to shed light on catalyst
deactivation, and the resulting spectra are provided in Figure S7. The intense peak at 493 nm experiences a red-
shift to ca. 540 nm during catalysis and its intensity decreases. The band at 800 nm is also diminished. The loss
of absorption intensity for these charge-transfer and ligand-based bands (vide supra) suggests that

the Lv#P2 framework is degraded at the low-potentials used in the electrocatalytic experiments.

Based on the electrochemical data presented in Figure 7, it is evident that the cobalt complex (2) requires
reduction by two electrons in order to initiate electrocatalysis with weakly acidic proton sources like 4-tert-
butylphenol. The doubly-reduced species formally possesses a Co°center, although the possibility of LN*2-based
reduction must also be considered. We therefore employed DFT geometry optimizations to generate
computational models of the singly- and doubly-reduced derivatives of the cobalt complex (2rest and 2red2,
respectively). The electronic structure of neutral 2rdt is consistent with a low-spin Co' center possessing a

{d\? di2 d,.2 de2?2 .0} configuration. The high-spin (S = 1) 2redt model is higher in energy by 6.4 kcal/mol. Thus,
DFT predicts that the initial reduction of 2 is metal-based, consistent with our prior analysis of the CV data (vide
supra).

For the second reduction, the electron could be added either to the empty Co(d,:)-based MO or the LUMO of
the LNv#*2 [igand. DFT calculations favor the latter possibility, as the lowest-energy 2rei2 model features a low-spin
Co' center bound to a L¥?2 dianion radical. The corresponding S = 3/2 model, which also contains a L¥?2-based
radical, is higher in energy by 2.1 kcal/mol. The unpaired spin density in low-spin 22 is largely concentrated on
the two iminyl moieties (64 %) with partial delocalization onto the aryl phosphine rings (Figure S8). Reduction of
the L2 |igand is futher reflected in the elongation of the imine N—C bonds by 0.026 A upon conversion of low-
spin 2redt to 2rei2 combined with a 0.021 A contraction in the adjacent C—C bond (Table S2). In addition, there is
little difference in axial Co—-N2/N3 bond lengths between 2redt and 2re#2, indicating that the Co(d)-based MO
remains unoccupied. These computational results suggest that the LNs*2 ligand exists as a dianion radical in the
catalytically-active species (2r¢2). The reduction of the LN3*2 ligand may contribute to the instability of 2 under
catalytic conditions, as described above.

3. Conclusions

In this manuscript we have investigated the coordination chemistry and non-innocent redox behavior of a novel
pentadentate diarylamido-based ligand. Whereas the related LN302 ligand (Scheme 2) was previously shown to
support bimetallic structures,’ the greater length of aryl C—P bonds allows all five donors of the L'z chelate to
bind to the same metal ion without excessive strain. X-ray crystal structures of the resulting Fe (1), Co (2), and Ni
(3) complexes revealed nearly identical trigonal-bipyramidal geometries (Figure 7). Structural, magnetic, and
computational results indicate that all three complexes are low-spin in the solid state. The Fe and Co complexes
remain low-spin in solution, while :H NMR studies found that the Ni complex converts to the high-spin state.

The L¥*2-based complexes exhibit three quasi-reversible redox couples between +1.0 and —1.5 V vs. Fc+/Fc in
CH,CI, (Table 2; Figure 7). The events at high and low potentials correspond to oxidation and reduction,
respectively, of the M centers, while the intermediate event is due to oxidation of the L™r2 ligand. Consistent
with prior electrochemical studies of diarylamido pincer complexes, the L¥sf2-based oxidations are observed at
potentials near 0.0 V.*® Further insights into the redox activity of the LV2 ligand were gained through chemical
oxidation of the nickel complex (3), which afforded the relatively stable species 3°x. The EPR and UV/Vis
absorption features of 3o« are typical of complexes with diarylaminyl radicals.?® By interpreting the spectroscopic
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data with the aid of DFT calculations, we concluded that 3exconsists of a low-spin Ni" center bound a LVs*2-based
radical.

The electrocatalytic properties of 2 were surveyed in the presence of weak acids. Initial experiments with acetic
acid resulted in catalyst decomposition, necessitating the use of 4-tert-butylphenol as the proton source.
Modest catalytic activity at potentials below —2.0 V in MeCN was observed with a Faradaic efficiency (FE) of

77 %. Electronic structure calculations indicate that the catalytically-competent cobalt species (2re¢2) features a
reduced L™®2 ligand and Co'center. The loci of the ligand-based reduction are the two iminyl groups that link the
diarylamide to the aryl phosphine donors. In this way, the mechanism employed by 2 resembles those found for
HER and CO, reduction electrocatalysts with redox-active bpy,?” a-diimine,* and 2,6-bis(imino)pyridine
ligands.[*3) 131, 29

Even though the catalytic performance of 2 is limited by its instability under the rugged conditions employed in
the bulk electrolysis experiments, our results suggest possible modifications to the LNs?2 framework that are
likely to improve catalyst performance and stability. For instance, replacement of the central diarylamido unit
with a 4,5-disubstituted acridine (or phenazine) donor would yield a neutral N3P2-chelate, making it easier to
reduce both the Co" center and ligand. This arrangement would have the added advantage of facilitating charge
delocalization from the imine moieties to the central N1-donor, thereby stabilizing the ligand-reduced complex.
Attaching methyl substituents to the imine donors, as found in the redox-active 2,6-bis(imino)pyridine ligands,
may also slow degradation of the catalyst at low potentials. Efforts are currently underway to determine
whether these ligand changes yield more robust electrocatalysts for multielectron transformations.

Experimental Section

Materials and Physical Methods: Reagents and solvents were purchased from commercial sources and used as
received, unless otherwise noted. Dichloromethane (CH,Cl,) was purified and dried using a Vacuum
Atmospheres solvent purification system and stored under N,. The synthesis and handling of complexes 1-

3 were carried out in a Vacuum Atmospheres Omni-Lab glovebox under inert atmosphere. The compound 2-
(diphenylphosphanyl)benzaldehyde was prepared according to published procedures.!*#" 3

UV/Vis absorption spectra were collected with an Agilent 8453 diode array spectrometer, and infrared (IR)
spectra were measured using a Nicolet Magna-IR 560 spectrometer. X-band EPR spectra were obtained with a
Bruker EMXplus instrument equipped with an ER4416DM cavity, an Oxford Instruments ESR900 helium flow
cryostat, and Oxford Instruments ITC503 temperature controller. Simulations of the experimental EPR spectra
were performed using the program EasySpin (version 5).3! Solid-state magnetic measurements were performed
at room temperature using an AUTO balance manufactured by Sherwood Scientific. :H NMR spectra were
recorded on a Varian 400 MHz spectrometer. Elemental analyses were performed at Midwest Microlab, LLC in
Indianapolis, IN. Cyclic and square-wave voltammograms were measured under inert atmosphere with an
epsilon EC potentiostat (iBAS) at a scan rate of 100 mV/s with 0.1 M [NBu,]PFs electrolyte. The three-electrode
cell consisted of a Ag/AgCl reference electrode, a platinum auxiliary electrode, and a glassy carbon working
electrode. Under these conditions, the ferrocene/ferrocenium (Fc+°) couple has an Ej, value of +0.51 V in CH,Cl..

Synthesis of Pro-Ligand HL"2: Bis(2-amino-4-methylphenyl)amine®® (227 mg, 1.0 mmol, 1 equiv.), 2-
(diphenylphosphanyl)benzaldehyde (580 mg, 2.0 mmol, 2 equiv.), molecular sieves (4 A), and toluene (30 mL)
were added to a 100 mL round-bottom flask equipped with a stir bar. The mixture was stirred overnight at 90 °C
under nitrogen atmosphere, during which time the solution turned to a deep red color. Once the reaction had
reached completion (as determined by TLC), the solution was cooled to room temperature and filtered to
remove the molecular sieves. Evaporation of the solvent under vacuum provided a deep red residue. The crude
solid was then dissolved in diethyl ether (5 mL), filtered, and dried en vacuo to yield the desired product as a
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dark red powder (632 mg, 0.83 mmol, 83 % yield). This material was used for metalation reactions without
further purification. UV/Vis (CH,CL): Amax (€, M-t cm-t) = 322 (sh), 431 nm (4600). IR (solid): ¥ = 3048 (w), 2903 (w),
2854 (w), 1695 (m), 1599 (m), 1507 (s), 1431 (s), 1309 (m), 1256 (m), 1197 (m) cm-L. tH NMR (CD,Cl,): 6§ = 2.23 (s,
6 H), 6.40 (s, 2 H), 6.95 (d, 4 H), 7.11-7.17 (m, 4 H), 7.30-7.43 (m, 22 H), 7.80 (s, 1 H), 8.30 (s, 2 H), 9.16 (d, 2 H)
ppm. 3C NMR (CD,Cl,): 6 =20.9, 115.2, 118.8, 128.2, 128.3, 128.4, 129.2, 129.3, 129.4, 129.6, 129.7, 131.2,
133.9, 134.6, 134.8, 136.0, 136.9, 137.0, 139.1, 139.4, 139.7, 139.8, 140.0, 156.7, 157.0 ppm. 3:P NMR

(CD,Cly): 6 =—13.45 ppm.

General Procedure for Synthesis of Complexes 1-3: In a 25 mL round-bottom flask, the pro-ligand HLsr2 (154
mg, 0.20 mmol) was dissolved in a 1:1 mixture of MeCN/CH,Cl, (10 mL), followed by addition of an equimolar
amount of the appropriate M" salt: Fe(OTf), (1), Co(ClO,),*6H,0 (2), or Ni(ClO,),-6H,0 (3). The mixture was stirred
for 5 min. Subsequent addition of one equivalent of base (either NEt; or NaOMe) caused the solution to turn to
a deep brown color. The mixture was stirred overnight, filtered through Celite, and the solvent removed under
vacuum. The resulting powder was washed with pentane (5 mL) and dried under vacuum to yield analytically-
pure material. Crystals suitable for crystallographic experiments were obtained in the manner described below
for each complex.

[Fe(LNsr2)]OTF (1): Yield: 152 mg, 78 %. Crystals suitable for crystallographic analysis were grown by vapor
diffusion of diethyl ether into a concentrated 1,2-dichloroethane solution. The resulting X-ray structure revealed
1.3 equiv. of triflate anion per Fe center (Table S1). Cs33HayF39FeN3059P,S: 3 (MW = 975.77 g mol2): caled. C 62.73,
H 4.15, N 4.12; found C 63.13, H 4.57, N, 4.21. UV/Vis (CH,Cl,): Ama (€, M- cm-1) = 446 (17200), 570 (10570), 793
nm (8340). IR (solid): ¥ = 3052 (w), 2916 (w), 2854 (w), 1696 (w), 1672 (w), 1599 (w), 1583 (w), 1513 (m), 1490
(m), 1432 (s), 1394 (m), 1350 (w), 1309 (m), 1258 (s), 1236 (s), 1220 (s), 1147 (s) cm-L. *H NMR (CD,Cl,): 6 = 2.32
(s, 6 H), 6.56 (t, 4 H), 6.89-6.98 (m, 4 H), 7.03 (t, 4 H), 7.10-7.20 (m, 6 H), 7.24-7.33 (m, 6 H), 7.50-7.56 (m, 4 H),
7.68-7.80 (m, 6 H), 9.56 (s, 2 H) ppm. 3:P NMR (CD,Cl,): 6 = 84.85 ppm.

[Co(L=r2)]ClO, (2): Yield: 136 mg, 73 %. Slow evaporation of a concentrated CH,Cl, solution of the crude product
provided deep red-brown crystals that were collected by filtration. Single crystals of 2 suitable for X-ray
diffraction experiments were grown from a concentrated 1:1 CH,Cl,/MeCN solution. Cs,H4,CICoN;O,P, (MW =
929.24 g mol-1): calcd. C67.21, H 4.56, N 4.52; found C 66.98, H 4.48, N 4.39. UV/Vis (CH,Cl,): Amax (€, M cm-2) =
362 (sh), 493 (21600), 798 nm (5900). IR (solid): ¥ = 3050 (w), 2913 (w), 2856 (w), 1694 (w), 1670 (w), 1604 (w),
1583 (w), 1521 (w), 1488 (m), 1433 (m), 1358 (m), 1286 (m), 1239 (m), 1161 (m) cm-*. e = 1.71 ps (Evans
method).

[Ni(L~=P2)]CIO, (3): Yield: 115 mg, 62 %. Slow evaporation of a concentrated CH,Cl, solution of the crude product
provided deep brown crystals that were collected by filtration. Single crystals of 3 suitable for X-ray diffraction
experiments were grown from a concentrated 1:1 CH,Cl,/MeCN solution. Cs;H4,CINiN;O,P, (MW = 929.00 g mol-
1): calcd. C67.23, H 4.56, N 4.52; found C 66.89, H 4.40, N 4.26. UV/Vis (CH,Cl,): Anex (€, M~ cm-t) = 444 (11330),
572 (4880), 801 nm (2160). IR (solid): ¥ = 3051 (w), 2908 (w), 2852 (w), 1693 (m), 1671 (w), 1601 (w), 1583 (w),
1515 (w), 1493 (s), 1433 (s), 1363 (m), 1285 (m), 1237 (s), 1157 (m) cm-. tH NMR (CD,Cl,): 6 =-76.6 (2 H), -8.2 (4
H),-=5.1 (4 H), 7.3 (12 H), 12.0 (2 H), 15.0 (4 H), 18.1 (4 H), 32.6 (2 H), 56.8 (2 H), 90.5 (6 H) ppm. 3P NMR
(CD,Cl,): 6 =35.27. Hest = 2.80 Ws (Evans method).

X-ray Crystallography: X-ray crystal structures were obtained with an Oxford Diffraction SuperNova kappa-
diffractometer (Rigaku Corp.) equipped with dual Cu/Mo X-ray sources, X-ray mirror optics, an Atlas CCD
detector, and a low-temperature Cryojet device. The data were processed with the CrysAlis Pro program
package, followed by numerical absorption correction based on Gaussian integration over a multifaceted crystal
model. The empirical absorption correction, using spherical harmonics, was implemented in the SCALE3
ABSPACK scaling algorithm. Structures were solved using the SHELXS program and refined with the SHELXL



program?? as part of the Olex2 crystallographic package.*® X-ray diffraction parameters are summarized in Table
S1. The crystallographic data (CIF) obtained from the Cambridge Crystallographic Data Centre
(www.ccdc.cam.ac.uk/data_request/cif) using the deposition numbers 1819809 (1), 1819810 (2), and 1819811
(3). To examine the possibility that the Ni' center of 3 undergoes a spin transition in the solid state at elevated
temperatures, crystallographic data were also collected at 240 K (CCDC 1819812). As shown in Table S3, the axial
Ni—N2/N3 bonds in the 240 K structure are slightly elongated by 0.039(3) A relative to the 100 K structure,
whereas the equatorial Ni-N1 and Ni—P1/P2 bonds are virtually unchanged. Such minor changes in metric
parameters between the 100 and 240 K structures indicate that the Ni' center in 3 is predominantly low-spin
throughout this temperature range.

CCDC 1819809 (for 1), 1819810 (for 2), 1819811 (for 3), and 1819812 (for 3 at 240 K) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

Computational Methods: Density functional theory (DFT) calculations were performed using the ORCA 3.0
software package developed by Dr. F. Neese (MPI for Chemical Energy Conversion).3* Using the X-ray crystal
structures as starting points, computational models of complexes 1-3 were generated via unrestrained
geometry optimizations. The L™?2 ligand was truncated by replacing the phenyl substituents of the phosphine
donors with methyl groups. The presence of only real vibrational frequencies in the numerical frequency
calculations confirmed that all structures corresponded to a local energy minima. Zero-point energies, thermal
corrections, and entropy terms were obtained from these frequency calculations. Geometry optimizations of
complexes 1-3 employed either the non-hybrid Becke—Perdew (BP86) functional®® or Becke's three-parameter
hybrid functional for exchange along with the Lee~Yang—Parr correlation functional (B3LYP).3¢ The BP86 method
offered better agreement with the crystallographic data (Tables S4-S6); therefore, calculations of oxidized and
reduced species (e.g., 3o, 2redt 2red2) were carried out using this functional. All calculations employed the spin-
unrestricted formalism and utilized Ahlrichs' valence triple-Z basis set (TZV) and TZV/J auxiliary basis set, in
addition to polarization functions on main-group and transition-metal elements (default-basis 3 in ORCA).*” The
presence of solvent was simulated with the conductor-like screening model (COSMO; dielectric constant of 9.08
for CH,Cl,).38 Cartesian coordinates for selected computational models are provided in the Supplementary
Information (Tables S7-S9).

EPR parameters (g- and A-tensors) were computed by solving the coupled-perturbed self-consistent field (CP-
SCF) equations® to determine spin-orbit coupling contributions. EPR calculations utilized the “core properties”
with extended polarization [CP(PPP)] basis set*® for transition metal atoms and Kutzelnigg's NMR/EPR (IGLO-III)
basis set*! for first-sphere atoms (N and P). A high resolution grid with an integration accuracy of 7.0 was applied
to the metal center, phosphorus, and nitrogen atoms. Time-dependent DFT (TD-DFT) calculations employed the
cam-B3LYP range-separated hybrid functional,*? which has proven reliable in previous studies.*® Absorption
energies and intensities were computed for 40 excited states with the Tamm-Dancoff

approximation.* Isosurface plots of molecular orbitals were prepared using the ChemCraft program.

Electrochemistry and Bulk Electrolysis: The electrochemical behavior of complex 2 was investigated with a BAS
50W potentiostat/galvanostat. Cyclic voltammograms were obtained at room temperature in CHsCN solutions
containing 0.1 M of nBu;NPFs as the supporting electrolyte under an argon atmosphere. The electrochemical cell
was comprised of three electrodes: glassy-carbon (working), platinum wire (auxiliary) and Ag/AgCl (reference).
The ferrocene/ferrocenium redox couple Fc/Fc* (E° = 400 mV vs. NHE)* was used as the internal standard. Peak
to peak potential separation (AE, = |E,c— Eo|) and |ix/i.c| values were measured to evaluate the reversibility of
the redox processes. Bulk electrolysis was performed in a custom-made air-tight H-type cell with vitreous carbon
as the working electrode, Ag/AgCl as the reference electrode placed in the same compartment and a Pt-coil
used as the auxiliary electrode placed in another compartment separated by a frit. Controlled potential
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http://www.ccdc.cam.ac.uk/
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0034
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0035
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0036
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0037
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0038
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0039
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0040
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0041
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0042
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0043
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0044
https://onlinelibrary.wiley.com/doi/full/10.1002/ejic.201800843#ejic201800843-bib-0045

electrolysis of the complex has been done in 20 mL of CH;CN with tetrabutyl ammonium hexafluorophosphate
(TBAPF;) as supporting electrolyte until the calculated final charge is attained. Potentials were applied to the cell
by a BAS 50W potentiostat/galvanostat and measured against the Ag/AgCl reference electrode.

Catalytic Activity: Proton reduction electrocatalysis was evaluated for by cyclic voltammetry in presence of 4-
tertbutyl phenol using glassy carbon as working electrode, platinum wire as auxillary and Ag/AgCl as reference
electrodes with tetra-butyl ammonium hexafluorophosphate(TBAPF) as supporting electrolyte. To determine
the amount of dihydrogen release, bulk electrolysis has been performed in a custom-made air-tight H-type cell
in the presence of mercury-pool as working electrode, Ag/AgCl as reference electrode placed in the same
compartment whereas Pt-coil used as the auxiliary electrode placed in the other compartment separated by a
frit. TBABF, was used as the supporting electrolyte. The main chamber was filled with an electrolyte solution and
proton source (TBAPFg: 1.56 g; 4-tertbutyl phenol 0.075 g [4 mmol], 20 mL of CH;CN) and the glass-fitted
chamber was filled with another electrolyte solution (TBAPFs: 0.39 g; 5 mL of CHs;CN). In a standard experiment,
the cell was purged with N, gas for 20 min followed by sample head space gas (100 pL) to ensure O,-free
environment in the gas chromatograph (GC). The head space gas was again injected into the GC and the amount
of dihydrogen was recorded. Faradaic efficiency was calculated from the gas chromatography measurements
using the equation %FE = [(n+,)/(Q/2)] x 100, where Q is in Faraday unit. The GC is a Gow-Mac 400 instrument
equipped with a thermal conductivity detector. An 8’ X 1/8" long 5 A molecular sieves column operating at 60 °C
was used with the carrier gas N,. The calibration was carried out with dihydrogen gas (Dihydrogen GC grade
99.99 %, Scotty analyzed gases, Sigma Aldrich).
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