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Electrocatalytic hydrogen production by dinuclear
cobalt(i) compounds containing redox-active
diamidate ligands: a combined experimental and
theoretical study+
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The chiral dicobalt(i) complex [Co"»(pz-L),] (1) (HoL = N2 N®-di(quinolin-8-yl)pyridine-2,6-dicarboxamide)
and its tert-butyl analogue [Co'",(p>-LB"),] (2) were synthesized and structurally characterized. Addition of
one equivalent of AgSbFg to the dichloromethane solution of 1 and 2 resulted in the isolation of the
mixed-valent dicobalt(i,i) species [Co"Co"(i,-L),1SbFs (3) and [Co"'Co'(p,-LBY),ISbFs (4). Homovalent 1
and 2 exhibited catalytic activity towards proton reduction in the presence of acetic acid (AcOH) as the
substrate. The complexes are stable in solution while their catalytic turnover frequency is estimated at 10
and 34.6 h™* molcat‘1 for 1 and 2, respectively. Calculations reveal one-electron reduction of 1 is ligand-
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based, preserving the dicobalt(i) core and activating the ligand toward protonation at the quinoline group.
This creates a vacant coordination site that is subsequently protonated to generate the catalytically ubi-
quitous Colin) hydride. The dinuclear structure persists throughout where the distal Co(i) ion modulates
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Introduction

With the increasing importance of anthropogenic climate
change, the utilization of renewable energy sources is key to
solving the upcoming energy crisis. In recent years, the conver-
sion of solar energy into electrical power, with the use of
photovoltaics appears to be one of the most promising energy
technologies. However, the availability of sunlight does not
correlate with the worldwide energy demand. To overcome this
obstacle, the storage of excess energy generated via chemical
bonds has been proposed.” The hydrogen evolution reaction
(HER) stores energy within the H, molecule. Its subsequent
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the reactivity of the adjacent metal site by promoting ligand redox activity through spin state switching.

oxidation releases energy, with water as the only by-product,
making hydrogen an important candidate as an environmen-
tally friendly fuel.

One strategy for the capture of solar energy as dihydrogen is
the use of electrocatalysts driven by photovoltaics. The most
efficient hydrogen evolution catalyst to date is platinum, which
exhibits fast kinetics at low overpotential.” However, the scar-
city and prohibitive cost of platinum limits its use at a larger
scale.® Hence, a number of catalysts made from earth-abun-
dant elements have been synthesized in order to improve the
economic viability of such an electrocatalytic system.* A wide
variety of cobalt complexes has been reported as dihydrogen
evolution catalysts, typically based on monomeric cobalt co-
ordinated in a square-planar fashion by multidentate
ligands.>” In particular, species inspired by the cobalt-con-
taining vitamin B,;,, known as cobaloximes, have been
thoroughly investigated.*® Cobaloximes appear to be one of
the most active electrocatalysts with high turnover frequency
and low overpotential requirements according to recent bench-
marking experiments.'"

Although not unheard of, dinuclear cobalt complexes are
comparatively rare.'>"* The presence of multiple metal centers
can aid a homolytic reaction pathway in which adjacent Co™-
H units dissociate to give hydrogen radicals H* which sub-
sequently combine to produce H,.'* This reaction pathway

This journal is © The Royal Society of Chemistry 2020
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requires two metal centers in close proximity, which is poss-
ible for monomeric units in homogenous solution, but in a
fully realized device in which the catalyst is grafted onto a
solid substrate this reaction pathway would be available only
in dinuclear catalysts. Although the full catalytic cycle varies
for different systems, nearly all involve formation of a Co™-H
via protonation of a low-valent Co center.>® However, recent
studies have shown that ligand-assisted and ligand-centered
mechanistic pathways significantly improve the kinetics and
lower the overpotential of the HER by obviating the need the
generate an electron rich Co ion.">"” In such mechanisms, the
protonation occurs at the ligand,'®>' and the protons sub-
sequently interact with a metal-hydride to release H,.
Furthermore, it has been shown that redox non-innocent
ligands participate in the H, evolution pathways of various
metal complexes, by contributing both protons and elec-
trons.>* As a result, it is evident that the fine-tuning of the
ligand can further enhance the catalytic activity of metal
complexes.

Herein, we describe the synthesis, physicochemical and
structural characterization, and electrocatalytic H, production
of two dicobalt(n) complexes with the redox-active ligands N?,
N®-di(quinolin-8-yl)pyridine-2,6-dicarboxamide (H,L),>**' and
its tert-butyl analogue (H,L"") shown in Scheme 1. The elec-
tron-releasing tert-butyl group has been incorporated into the
4-position of the pyridine moiety in the multidentate ligand in
order to investigate the structure-function relationship. Such
ligand modifications have been shown to have significant
effect on the catalytic performance.”® The ligands (L)*>~ and
(LPYY~ form dinuclear complexes with cobalt that show
effective catalytic behavior in dihydrogen production using
acetic acid (AcOH) in N,N-dimethylformamide (DMF) contain-
ing 5% (v/v) water. The relevant mechanistic details of H, evol-
ution reactions and the role of the redox-active ligand are also
explored by means of a computational approach based on
density functional theory (DFT). The dinuclear structure of 1 is
preserved through each step of the proposed mechanism,
where proton reduction is hosted by one cobalt center with the
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Scheme 1 Ligands used in this study.
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reactivity modulating by spin transition at the adjacent cobalt
ion that serves to stabilize and promote ligand-based redox
chemistry.

Experimental section
General methods

Synthesis of all complexes was performed under an inert atmo-
sphere using standard Schlenk techniques. The ligand N*,N°-
di(quinolin-8-yl)pyridine-2,6-dicarboxamide (H,L), and
complex [Zn,(p,-L),] (5) were synthesized following published
procedures.** All other chemicals were obtained commercially
and used without further purification. Dichloromethane and
n-heptane were dried over calcium hydride and sodium,
respectively, and distilled prior to use. '"H NMR spectra of the
organic molecules were recorded on a Bruker Avance 300
spectrometer at 300 MHz. Solid state magnetic susceptibilities
were measured using a magnetic balance based on the Gouy
method. Data were corrected for the intrinsic underlying dia-
magnetism of the sample using Pascal’s constants.>®> Merck
silica gel 60 F,5, TLC plates were used for thin layer chromato-
graphy. Elemental analyses were determined by the microana-
lysis services of the School of Chemistry in Glasgow, using an
EA 1110 CHNS, CE-440 Elemental Analyzer.

Synthesis of 4-tert-butylpyridine-2,6-dicarboxylic acid

A 250 mL Schlenk flask charged with 2,6-dimethylpyridine
(2.00 mL, 17.3 mmol) dissolved in n-heptane (50 mL) was
cooled to —80 °C using an ethyl acetate/liquid nitrogen bath.
The chilled solution was treated dropwise with tert-butyl-
lithium (1.6 M in hexanes, 27.0 mL, 43.2 mmol) with vigorous
stirring. The volatiles were distilled off under vacuum and the
mixture was refluxed for 3 h, before the reaction mixture was
cooled to 0 °C and quenched by carefully adding 20 mL of
2-propanol followed by 40 mL of water. The aqueous layer was
extracted with hexanes (3 x 30 mL), and the combined organic
layers were dried over MgSO, and evaporated to dryness. The
residue was reconstituted in water (100 mL), treated with
KMnO, (11.1 g, 70.2 mmol) and refluxed for 24 h, after which
the mixture was filtered hot to remove the insoluble brown
MnO,. The filtrate was concentrated to 10 mL and its pH was
adjusted to 4 by the addition of aqueous HCI (4 M). The color-
less precipitate that evolved was collected by filtration, washed
with ice-cold water (5 mL) and dried under vacuum (2.12 g,
55%). Anal. caled for C;1H;3NOy: C, 59.19; H, 5.87; N, 6.27.
Found: C, 59.23; H, 5.80; N, 6.32. Mp = 290 °C. R; = 0.22 (4:1
CHCl,/hexanes)."H NMR (D,0, 300 MHz): & = 8.45 (s, 2H), 1.43
(s, 9H).

4-(tert-Butyl)-N*,N®-di(quinolin-8-yl)pyridine-2,6-dicarboxa-
mide (H,L*")

To a stirred solution of 4-tert-butylpyridine-2,6-dicaboxylic acid
(1.00 g, 4.48 mmol) in pyridine (20 mL) was added 8-amino-
quinoline (1.29 g, 8.96 mmol) and triphenylphosphite
(2.36 mL, 8.96 mmol), and the mixture was refluxed overnight.

Dalton Trans., 2020, 49,15718-15730 | 15719
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The resultant yellow solution was cooled to room temperature
and the solvent removed under reduced pressure. The color-
less residue was triturated with cold ethanol (10 mL), and the
solid was collected by filtration, washed with cold ethanol (2 x
5 mL) and diethyl ether (2 x 5 mL), and dried under vacuum
(1.70 g, 80%).

Anal. caled for C,oH,5N50,: C, 73.25; H, 5.30; N, 14.73.
Found: C, 73.32; H, 5.28; N, 14.84. Mp = 272 °C. R;=0.20 (4: 1
CHCly/hexanes). "H NMR (D,0, 300 MHz): § = 12.38 (s, 2H),
9.04-9.01 (dd, 2H), 8.59 (s, 2H), 8.28 (dd, 2H), 8.20 (dd, 2H),
7.67-7.70 (m, 4H), 7.35-7.31 (m, 2H), 1.47 (s, 9H) (Fig. S37).
ESI(+) HRMS: caled for [M + H]: m/z 476.2081. Found:
476.2065 (100%).

Synthesis of bis[p,-N?,N°-di(quinolin-8-yl)pyridine-2,6-dicar-
boxamido]dicobalt(u), [Co,(p,-L),] (1)

To an ethanol (20 mL) solution of Co(OAc),-4H,0 (0.149 g,
0.60 mmol) was added H,L (0.250 g, 0.6 mmol) and the
mixture was refluxed overnight. The pink color of the solution
changed slowly to brown and a brown precipitate was formed.
The resulting mixture was first cooled to room temperature
and then to 2 °C. The precipitate was collected by filtration,
washed with cold ethanol (2 x 3 mL) and diethyl ether (2 x
5 mL), and dried under vacuum. Yield = 0.225 g (79%).

Anal. caled for Co,Cs50H;30N100,: C, 61.86; H, 3.32; N, 14.43.
Found: C, 61.42; H, 3.47; N, 14.24. ESI(+) HRMS: caled for
[M]": m/z 952.1110. Found: 952.1104 (100%). UV-vis (DMF): A/
nm (/10> M~ em™"): 305 (sh, 19.3), 388 (18.5), 498 (sh, 4.88).

Synthesis of bis[,-4-(tert-butyl)-N>,N°®-di(quinolin-8-yl)pyri-
dine-2,6-dicarboxamido]di-cobalt (i), [Co,(p,-L""),] (2)

This compound was synthesized following the procedure for 1
using H,L®" (0.173 g, 62%). Yield = 0.173 g (62%).

Anal. caled for Co,CsgH,6N1004: C, 65.42; H, 4.35; N, 13.15.
Found: C, 65.45; H, 4.47; N, 13.21. ESI(+) HRMS: caled for
[M]": m/z 1064.2396. Found: 1064.2345 (100%). UV-vis (DMF):
Anm (/10> M~' em™): 308 (sh, 16.6), 381 (17.2), 494 (sh,
2.54).

Synthesis of bis[p,-N?,N°-di(quinolin-8-yl)pyridine-2,6-dicar-
boxamido]dicobalt(m/u) hexafluoroantimonate, [Co™ Co"(j1,-
L)]Sb¥Fs (3)

A CH,Cl, (15 mL) solution of 1 (100 mg, 0.11 mmol) was
treated with AgSbF, (36 mg, 0.11 mmol) and the mixture was
stirred at ambient temperature overnight whereupon the color
became dark brown. The solution was filtered and then con-
centrated to ca. 3 mL under reduced pressure. Dropwise
addition of diethyl ether (15 mL) afforded a dark brown pre-
cipitate, which was collected by filtration, washed with diethyl
ether (2 x 5 mL) and dried under vacuum. Yield = 62 mg
(50%).

Anal. caled for Co,Cs50H30N1904SbFg: C, 50.53; H, 2.54; N,
11.79. Found: C, 50.43; H, 2.89; N, 11.21. ESI(+) HRMS: caled
for [M]': m/z 952.1110. Found: 952.1111 (100%). UV-vis (DMF):
Anm (e/10°> M~ em™): 322 (15.3), 387 (17.9), 493 (sh, 2.11),
608 (sh, 0.66).

15720 | Dalton Trans., 2020, 49, 15718-15730
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Synthesis of bis[p,-4-(tert-butyl)-N>,N°-di(quinolin-8-yl)pyri-
dine-2,6-dicarboxamido]-dicobalt(u/u) hexafluoroantimonate,
[Co™Co"(p,-L""),]SbF, (4)

This compound was synthesized following the procedure for 3
starting from 2. Yield = 64 mg (52%).

Anal. caled for Co,CsgH46N;1904SbFs (M, = 1300.69) C,
53.56; H, 3.56; N, 10.77. Found: C, 53.15; H, 3.73; N, 10.02. ESI
(+) HRMS: caled for [M]": m/z 1064.2396. Found: 1064.2345
(100%). UV-vis (DMF): //nm ((¢/10°> M™" em™): 317 (12.7), 384
(17.4), 515 (sh, 1.29), 610 (sh, 0.87).

X-ray crystallographic data collection and structure refinement

Suitable single crystal was selected and mounted onto a
rubber loop using Fomblin oil. Single-crystal X-ray diffraction
data of 1-4 were recorded on a Bruker Apex CCD diffract-
ometer (A (MoK,) = 0.71073 A) at 150 K equipped with a graph-
ite monochromator. Structure solution and refinement were
carried out with SHELXS-97*° and SHELXL-97*" using the
WinGX software package.”® Data collection and reduction were
performed using the Apex2 software package. Corrections for
incident and diffracted beam absorption effects were applied
using empirical absorption corrections.”® All the non-H atoms
were refined anisotropically. The positions of hydrogen atoms
were calculated based on stereochemical considerations using
the riding model. Final unit cell data and refinement statistics
are collated in Table 1.

Electrochemistry

Electrochemical measurements were performed under Ar
atmosphere, at room temperature, in DMF with 5% (v/v) H,O
containing 0.1 M [N(n-Bu),|ClO, as a supporting electrolyte,
and 1 mM of the complex. The scan rate was 100 mV s
unless otherwise stated. The working electrode was a glassy
carbon electrode, platinum wire counter electrode and satu-
rated calomel electrode (SCE) as reference (E = +0.244 V) and
under these conditions, the Cp,Fe’/Cp,Fe couple consistently
occurred at +0.470 V. The potential values are reported against
NHE throughout the manuscript.*® The cell was filled with
25 mL of the catalytic mixture and degassed with Ar for
10 min. A blank was prepared containing only 0.1 M support-
ing electrolyte in degassed solvent. Table 2 presents the
control experiments along with the catalytic runs in the pres-
ence of the utilized concentrations of AcOH. The calculated
electrocatalytic performance parameters are determined based
on established definition and methodology.'™*" Simulations
were performed using the open source program CVsim.*

Gas chromatography (GC)

GC was used to confirm that the measured currents corres-
pond to the reduction of protons to hydrogen using an Agilent
GC 7890 A with a thermal conductivity detector. The GC
system was calibrated using certified standards of hydrogen at
various concentrations (vol %) in Ar (CK Gas Limited, UK)
before use. The faradaic efficiency measurements were
recorded using a single airtight cell after degassing with Ar.
Bulk electrolysis was performed at —1.8 V vs. SCE was applied

This journal is © The Royal Society of Chemistry 2020
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1-2CHCl, 2 3-3CH,Cl, 4-1.75CH,Cl,
Formula C55H3,ClgC0,N190,4 Cs58H46C0,N 1004 Cs53H36ClgC0,FsN1904Sb C127.61H117.06Cl7.06C04F12N20011Sb,
M,/g mol™* 1191.44 1064.91 1443.24 3063.85
T/K 150(2) 150(2) 150(2) 150(2)
Symmetry Hexagonal Monoclinic Monoclinic Triclinic
Space group P64 P21/c P21/c P1
alA 18.412(3) 21.807(7) 14.5650(5) 14.7291(3)
blA 18.412(3) 12.592(4) 13.4841(5) 17.3069(5)
/A 13.362(3) 18.006(5) 27.7621(9) 28.5952(5)
al° 90 90 90 94.357(2)
Bl° 90 103.952(4) 103.074(3) 98.039(2)
y/° 120 90 90 115.043(2)
Pealea/lig M 1.513 1.474 1.805 1.574
VIA® 3923(2) 4799(3) 5311.0(3) 6464.5(3)
zZ 3 4 4 2
u/mm™ 0.997 0.754 1.504 1.144
F (000) 1806.0 2200 2868.0 3093.0
R 0.043 0.056 0.036 0.082
WRZb 0.076 0.1642 0.090 0.208
GOF, §° 0.804 1.052 1.059 1.115

“Ry = ;| |Fs| = |Fell/Z|Fo|. 2 WRy = {X[W(Fs> — F 22 X [w(F,2)* 112, where w = 1/[6*(F,?) + (aP)* + bP], P = (F,> + 2F.%)/3. © GoF = {Y[w(F.2 — F.2)*)/(n
— p)}'"?, where n = number of reflections and p is the total number of parameters refined.

Table 2 Experimental runs and components of the catalytic reaction
mixtures

Experiment [1)/mM AcOH/pL AcOH equiv.
Blank 1 0 0 0
Blank 2 0 57.3 30
1 0.1 1.91 1

2 0.1 4.78 2.5
3 0.1 9.55 5

4 0.1 14.3 7.5
5 0.1 19.1 10
6 0.1 23.9 12.5
7 0.1 28.7 15
8 0.1 38.2 20
9 0.1 47.8 25
10 0.1 57.3 30

to the system. The headspace was sampled (25 pL) and
injected directly into the GC at appropriate time intervals. The
faradaic efficiency was calculated by the ratio of expected H,
(%) in the headspace (as calculated from the charged passed)
to H, (%) detected using GC.

Results and discussion
Synthesis of the ligands and complexes

The ligands used in this study are depicted in Scheme 1. The
ligand, H,L, was synthesized by condensing 8-aminoquinoline
with 2,6-pyridinedicarboxylic acid in the presence of pyridine
and triphenylphosphite as previously described.>® This pro-
cedure was applied to the preparation of the tert-butyl ana-
logue, H,LP", following the two-step process beginning with
alkylation of 2,6-dimethylpyridine with tert-butyllithium,** and
then subsequent oxidation to give 4-tert-butylpyridine-2,6-
dicarboxylic acid (Scheme 2).

This journal is © The Royal Society of Chemistry 2020

The dicobalt compounds 1 and 2 were synthesized in high
yield by refluxing the diamidate ligands with an equimolar
amount of cobalt(u) acetate in ethanol. The dicobalt species
are readily oxidized with an equivalent of a silver salt to give
dark brown, mixed-valent Co"™Co" complexes, 3 and 4. The
composition of compound 1-4 was confirmed by microanaly-
sis, high-resolution mass spectrometry (HRMS) and single-
crystal X-ray diffractometry.

Crystal structures

Diffraction quality single crystals of 1-4 were grown by slow
diffusion of diethyl ether into a saturated dichloromethane or
chloroform solution of the complex. Selected bond lengths
and angles are listed in Tables S1 and S2.f The molecular
structure of the binuclear cobalt(i) complex 1-2CHCl; is
depicted in Fig. 1. The Co(u) ions in the binuclear complex 1
are coordinated to two amide N atoms at 2.021(8) and 2.009(1)
A, two quinoline N atoms at 2.110(8) and 2.012(1) A and two
pyridine N atoms at 2.401(8) and 2.42(1) A from two 1>~
ligands (Scheme 1). Each Co center adopts a distorted octa-
hedral configuration; the deviation of the constituent atoms
from the mean equatorial plane defined by atoms being 0.015
(1) A. The overall topology is that of an edge-sharing bioctahe-
dron in 1, linked through the bridging pyridine atoms N1 and
N1’ (Fig. 1). The Co ions are separated by 3.183(1) with the two
mutually orthogonal CoN, planes are slightly offset (dihedral
angle 26.3(2)°). This arrangement gives rise to the double
helical structure illustrated in Fig. 2. The axial positions at Col
are occupied by the atoms N1,, and N3, and the Col atom
deviates from the equatorial plane by 0.154(8) A towards the
axial atom N3. The axial bonds of the two octahedra are
directed along the axis of the helix.

It is worth noting that all the dimetallic complexes,
[M",(h,-L),] (M = Ni, Cu, Zn) have a similar double helicate

Dalton Trans., 2020, 49, 15718-15730 | 15721
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B

Fig. 1 Molecular structures of (A) the neutral complex in crystals of 1.2CHClz, and (B) cation in crystals of 3-:3CH,Cl, with the atom numbering
scheme. Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms have been omitted for clarity. Color code: Co, cyan; C, black;

N, blue; O, red.

structure as 1.>* A comparison of the M-N bonds across this
series reveals that the Ni(i) compound has the shortest set of
coordinate bonds, and concomitantly the shortest intermetal-
lic separation of 3.058(1) A (Table 2). Even though there is an
increasing trend as a function of the atomic number, the high-
spin configuration for the Co ions in 1 could further increase
the M---M distance. The Co---Co separation of 3.183(2) A in 1
is the next shortest in the series providing a compact structure

which presumably plays an important role in its solution stabi-

15722 | Dalton Trans., 2020, 49, 15718-15730

lity as it was evidenced by mass spectrometry, and an absence
of change in the UV-vis spectrum even with 100 equiv. of
AcOH (vide infra).

The structure of the cation [Co™Co"(u-L),]" (Fig. 1), shows
that the coordination environments of the two cobalt atoms
are different, with one four-coordinate highly distorted tetra-
hedron (75 = 0.681; 75 = 1 and 75 = 0 for an ideal tetrahedral
and square planar geometries, respectively) and one six-coordi-
nate distorted octahedron.?® Bond valence sum (BVS) calcu-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Space filling model showing the helical topology of 1.

lations reveal that the tetrahedral cobalt atom is a +II ion and
the octahedral cobalt is a +III ion. There are only a few structu-
rally characterized mixed-valent Co™Co™ complexes reported,*®
with just two characterized examples of with a four-coordinate
and a six-coordinate center as observed for 3 and 4 (Table 3).

Table 3 Comparison of structural metrics in the [M",(u»-L),] series

Co* Ni” cu? Cu’ zn?
M-N,m  2.010(9)  1.976(2)  1.953(2)  1.929(3)  1.987(3)
2.021(8)  1.979(2)  1.956(2)  1.941(3)  2.003(3)
M-Ng,  2.110(8)  2.049(2)  2.081(3)  2.075(3)  2.097(3)
2.130(2)  2.049(2)  2.121(2)  2.161(5)  2.134(4)
M-N,,y 2.402(8)  2.284(2)  2.460(2)  2.307(3)  2.449(3)
2.430(1)  2.285(2)  2.522(2)  2.611(4)  2.560(3)
M---M 3.183(2)  3.058(1)  3.432(1)  3.364(8)  3.445(2)
“This work; am = amide, qn = qumohne, py = pyridine. ? Data taken

from ref. 34. ¢ Data taken from ref. 20. ¢ Data taken from ref. 24.

A
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The molecular structures of the compounds 2 and its oxi-
dized analogue 4 are shown in Fig. 3. In contrast to 1, each Co
ion in 2 is five-coordinate with the pyridine group shifted
~0.12 A closer to their respective Co centers and therein the
distance from the other Co ion at ca. 2.6 A lies outside the
range for a Co-N bond. This difference is likely caused by the
proximity of the tert-butyl to the adjacent quinoline group of
the other ligand, and also underscores the flexibility of these
ligands. The metrical parameters and coordination environ-
ment around the cobalt atoms in 4 are essentially identical to
those in 3, and will not be elaborated on further.

NMR spectroscopy

The "H NMR spectra of 1 and 2 exhibited broad peaks in the
range of —20 to 110 ppm (Fig. S4 and S57). The diamagnetic
'"H NMR peaks of the free ligand ranged from 7 up to
12.5 ppm, as expected for a paramagnetic high spin cobalt(u)
complex. In marked contrast to the dicobalt(u) complexes 1
and 2, mixed-valent Co™Co™ complexes 3 and 4 are NMR
silent (Fig. S6 and S71). It is possible that the magnetic coup-
ling between the two Co(u) nuclei in 1 and 2, results in longer
relaxation times for the protons of the ligated to metals
ligands. On the other hand, the unpaired electrons of Co(u) in
3 and 4 result in a very short relaxation time and collapse of
the proton peaks at the baseline. Room temperature magnetic
moments were recorded on powder samples of 1-4 via the
Gouy method. For isoelectronic 1 and 2, the value of 4.80 and
4.85u5, respectively, reflect partial decoupling of spins on the
adjacent Co(m) S = 3/2 d” ions. For 3 and 4, magnetic moments
of 3.90 and 3.85up, respectively, confirm the S = 3/2 ground
state that stems from the tetrahedral Co(u) center.

Electronic spectroscopy

The UV-vis spectra of compounds 1-4 are characterized by a
broad transition envelope at 400 nm characteristic of intrali-
gand and ligand-to-metal charge transfer (LMCT) transitions.
These bands possess large extinction coefficients commensu-

Fig. 3 Molecular structures of (A) the neutral complex in crystals of 2, and (B) cation in crystals of 4-1.75CH,Cl, with the atom numbering scheme.
Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms have been omitted for clarity. Color code: Co, cyan; C, black; N, blue; O, red.

This journal is © The Royal Society of Chemistry 2020
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rate with this assignment (Fig. S13f). In neutral 1 and 2, a
shoulder feature at ca. 500 nm is ascribed as a ligand field (LF)
transition for the high-spin Co(u) ions. The mixed-valent
Co™Co™ cations in 3 and 4 show two low intensity peaks at
~500 and ~600 nm, where the lower energy feature likely
arises from a LF transition originating with the Co(ur) ion.

Electrochemistry

Compounds 1 and 2 revealed three redox events as evidenced
by the cyclic voltammograms (Fig. 4). Compound 1 displays a
single quasi-reversible oxidation wave at +0.18 V (vs. NHE) with
AE, = 130 mV that was assigned to Co(i)/Co(u) redox couple
on the basis of the isolation and structural characterization of
mixed-valent [Co™Co"(u-L),]SbF, (3). The crystal structure of 3
reveals the change in the coordination number of the Co(u)
atom from six in 1 to four (Fig. 1), rendering the oxidation
process at 0.18 V quasi-reversible. In addition, 1 exhibited two
reversible (AE, = 70 mV and i,/ip, = 1.03 at 100 mV s™') and
—1.66 V (AE, = 80 mV) one-electron (the current of the anodic

10 pA 1

10M1ﬂ’_/%

,’f"j

10 pA]

r—r+ T r 1+ T r T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5

E/V (vs NHE)

Fig. 4 Comparison of the voltammograms of 1, 2, [Zn,(u-L),] (5) and
H,L in 95:5 (v/v) DMF/H,0 solution containing 0.1 M [N(n-Bu)4IClO, as

supporting electrolyte at scan rate of 100 mV s,
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and cathodic peaks of each of the two reduction processes is
almost the same with the current of the quasi-reversible oxi-
dation wave) reduction events at —1.28 V. The CVs of the ligand
H,L and the dizinc analogue [Zn,(p-L),] (5) exhibited reduction
waves at similar potential, thus the reduction processes of 1
were assigned to reduction of the organic ligand (Fig. 4). The
assignment is supported by DFT calculations that show the elec-
tron to added to the ligand-based n orbital (vide infra). The
milder potential for 1 by ca. 300 mV compared to H,L and 5, as
well as the aforementioned quasi-reversibility, stems from
greater metal-ligand covalency in 1 from a closer energetic
matching of Co d and ligand = orbitals. The redox activity of
pyridyl-based ligands has been well documented in coordination
complexes with a variety of first-row transition metals.>”*®

The cyclic voltammograms of 3 and 4 are nearly identical to
their charge-neutral parent species (Fig. S1871). The ligand-cen-
tered reduction events are located at indentical potential to 1
and 2. The salient difference is the profile of the quasi-revers-
ible one-electron oxidation that converts 1 and 2 into 3 and 4,
respectively. For each, the AE, varies: 140 mV in 1, 387 mV in
2, 313 in 3, and 409 mV in 4, and the reduction potential is
similarly fluctuating. The non-Nernstian profile of this process
arise from the significant change in geometry about one of the
Co ions, transitioning from six- to four-coordinate, and the
AE,, is largest for 2 and 4 which possess the more sterically
encumbered (L®")*~ ligand.

Electrocatalytic studies of the dinuclear complexes

Compounds 1 and 2 were initially evaluated by CV as possible
electrocatalysts for proton reduction. Acetic acid was selected
because it has a large cathodic reduction potential (Eppr =
—2.00 V) ensuring the CVs are unperturbed by any background
processes at the electrode.® An increase of the cathodic current
upon addition of various amounts of AcOH was observed for
both 1 and 2, as compared to the bare glassy carbon electrode
under the same conditions. This is indicative of significant
catalytic turnover on the timescale of the electrocatalytic
experiment. The catalytic current response to addition of ali-
quots of AcOH is shown in Fig. 5.

In order to verify that AcOH, the proton source used in the
catalytic hydrogen evolution studies, was not able to induce
dimer cleavage, the stability of 1 upon addition of AcOH was
tracked using electronic spectroscopy. In the presence of AcOH
(pKa. = 13.5),*° the spectrum is unchanged, up to an excess of
the acid (Fig. 6). This is in contrast to the effect of the more
potent p-toluenesulfonic acid (TsOH), which cleaves the dimer
after 4 equiv. of the acid are added (pK, = 2.3).>° This process
is reversible as the dicobalt species is reconstituted upon
addition of base (Fig. S16t). The same effect was reported for
[Cu,(p-L),] although this only necessitated 2 equiv. of TSOH to
give a monocopper species that catalyzed proton reduction.*®
The dicobalt unit in 1 is more robust than its copper counter-
part, indicating the structure is likely retained throughout the
catalytic process. In it notable that 4 equiv. of TSOH are
needed to convert all dicobalt 1 to a monocobalt species which
is prompted by protonation of the ligand quinoline groups

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Electrochemical response of 1 mM 1 (left) and 2 (right) to addition of AcOH (0-25 equiv.) in 95:5 (v/v) DMF/H,O solution containing 0.1 M

[N(n-Bu)41ClO, as supporting electrolyte at a scan rate of 100 mV s~
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Fig. 6 Overlay of electronic spectra of 1 in DMF solution after sequential addition of (A) AcOH (pK, = 13.5) and (B) TsOH (pK, = 2.3).

such that the quinolinium is present in the monocobalt
complex.

As AcOH is added into the solution an irreversible peak
grows with the peak maximum moving to more negative poten-
tials as more AcOH is added. This peak is attributed to proton
reduction and is therefore indicative of effective hydrogen evol-
ution catalysis from 1 and 2 (Fig. 5). From these plots, it is
evident that the greatest catalytic activity is observed for 2 con-
taining the tert-butyl analogue of the ligand H,L. The catalytic
current enhancement parameter i./7, is defined as the ratio of
the peak catalytic current to the reductive current observed in
the absence of any protons (the current due to the reduction of
1 to [1]7). This parameter can therefore be used as a measure
of the number of times each metal center is reduced, and
therefore it is a good estimate for the rate of catalysis.

A plot of catalytic current-enhancement against the equiva-
lents of AcOH added should be linear for catalysis limited by
the rate of diffusion of protons such that the reaction appears
to be linear with respect to proton concentration (Fig. 7). This is
the case for both 1 and 2, indicating that under the conditions
studied the concentration of protons is the rate limiting factor.

This journal is © The Royal Society of Chemistry 2020

Catalytic activity can also be quantified in terms of the turn-
over frequency (TOF). TOFs represent the number of reactant
molecules converted into the desired product per unit time
per moles of catalyst. Direct comparisons of the catalytic
activity can be made provided that the estimations of TOF are
carried out in a similar manner. TOF was calculated based on
the amount of H, evolved over the duration of the measure-
ment (1 h).""*' The values of TOFy,,, for 1 and 2 found to be
10 and 34.6 h™" mol., ", respectively. The produced H, was
determned by gas chromatographic analysis (Fig. 9).

Determination of catalytic potentials

The catalytic potentials of 1, after the addition of 25 equiv. of
AcOH, at maximum, half maximum, and catalytic onset are:
-1.72 (=1.70), —1.47 (=1.60), and —1.09 (—1.23) V vs. NHE,
respectively (values in parenthesis for 2). The value of the
current at 0 V was used as the baseline current for the pur-
poses of determination of the potential at half maximum. This
point was chosen based on inspection of the cyclic voltammo-
grams indicating that at 0 V the current was consistently at its
baseline value.

Dalton Trans., 2020, 49, 15718-15730 | 15725
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Fig. 7 Plot of the catalytic current enhancement for 1 and 2. The value of Pearson'’s correlation coefficient (R) is given for each plot. It is noted that
the values presented have not received a baseline correction, and therefore the numerical values of the current enhancement should not be

compared.

The magnitude of the potential shift from the onset poten-
tial was monitored for 1 by calculating the maximum potential
and half maximum potential for all amounts of AcOH added.
The values are shown in Fig. 8. It is clear that the total poten-
tial shift is much smaller for the half maximum potential (0.52
V vs. 0.33 V) as expected, with the gap between the maximum
and half maximum potentials expanding. Since the potential
shift of the half maximum should be a fraction of the potential
shift of the maximum extrapolating the linear portions of the
trends should give a point at which the potential shifts equal
each other, and thus, it should be equal to 0 V. In the case of 1
this occurs at —1.11 V (vs. NHE), which is in good agreement

]l %
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-1.2 X X . .
X Potential of half maximum
1.3 X
iy
2 4
g 144 R =-0.9973
> i
T -1.5
c i
§C)
O 16
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'18 T 4 T r T % T % T ¥ T
0 5 10 15 20 25
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Fig. 8 Potentials of the peak maximum and half maximum (vs. NHE) of
the complex 1 with increasing amounts of AcOH. A linear trendline is
shown for the linear portion of the graph. The value of Pearson’s R is
given alongside the trendline.
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with the catalytic onset value of —1.09 V. An overpotential of
630 mV is required for 1, based on onset where the catalytic
cathodic current increases gradually as a function of the
proton concentration (Fig. 7). This value is similar to the
ostensible overpotentials of 440 and 560 mV for [Cu"(HL)]"
and [Ni"(HL)], respectively, both monometallic complexes
with one quinoline-protonated ligand that operate with 92%
faradaic efficiency.”®>" The overpotential is comparable to
related Co-based electrocatalysts, such as [Co",(bpy),(L")]"
(n = 660 mV; L' is a pentadenate diarylamide-bridged Schiff
base),"® [Co"(Rstpy),]*" (n = 690 mV; Rstpy are chelating tris-
para-substituted-terpyridine ligands),"® [Co™CI(L'°~ )] and
[Co"CI(L?)] (n = 690 and 700 mV, respectively; L'~ ° and L* are
pentadenate [N,N,] polypyridyl ligands),*® [Co",(Lneso2)]" (0 =
600 mV; Lyeoo is @ bis(phenolate) tetrakis-Schiff base macro-
cyle),*" and well below the performance of archetypal cobal-
oximes at 90 mV.’

Theoretical calculations

Density functional theoretical (DFT) calculations were under-
taken to explore a possible mechanism by which 1 catalyzes
the production of H,. Full details of the computational ana-
lysis of the molecular and electronic structures starting from 1
through the proposed mechanism are presented in the ESLf
The structure of 1 was optimized using the BP86 pure func-
tional giving a similar helical topology. In the absence of
lattice forces the flexibility of the system sees a slight shorten-
ing of the average Co-N,, bond to 2.37 A, with the pyridine
groups bridging both cobalt ions. The intermetal distance is
2.770 A is noticeably shorter than in the solid-state structure at
3.183(3) A (Table 1 and S25%). The ground state electronic
structure was calculated using the broken-symmetry BS(3,3)
formalism at the B3LYP level of theory, which accounts for two
high-spin Co(u) ions in 1. The S = 0 spin ground state results
from an antiferromagnetically coupling between the Co(u) S =

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 A representative trace of the gas chromatographic analysis of the single-cell headspace during the electrolysis of 1 and 2. The H, measured

experimentally was determined using gas chromatography.

3/2 ions (Fig. S197). The exchange coupling constant is esti-
mated by the Yamaguchi method is small, at J = —5.5 cm™,*?
and consistent with the experimentally determined magnetic
moment that equates to two unpaired spins on each Co(u) ion
at room temperature. This solution is 11 kcal mol™" more
stable than the corresponding BS(1,1) calculation for two low-
spin § = 1/2 d” ions, attesting to the weak field strength of the
L*>” ligand.*® This in part due to its structure and high flexi-
bility compared with more rigid, stronger field bis(imino)pyri-
dine and terpyridine ligands.?”*®"**

A plausible mechanism for the electrocatalytic production
of H, is explored using DFT calculations starting from 1. The
proposed mechanism is formulated based on two criteria: (i)
the quinoline group of the pentadentate N-donor ligand L>~
can be protonated and participate in a proton relay,'®>%*"*>
and (ii) the dicobalt unit remains intact throughout the cycle,
with one site hosting the acid/base chemistry (the proximal Co
ion), as established in many HER catalysts,”® and the other
engaging in redox processes and spin transitions that modu-
late the activity at the first site (the distal Co ion). Both criteria
are operative in native hydrogenases with a bimetallic active
site,*® which have inspired similar design features found in
some of the best catalytic systems.*"'**”

Catalytic H, production begins with reduction of 1 to a
monoanionic species at the cathode. The optimized structure
of [1]” ruptures the Co,N, core as the Co---Co distance
increases to 2.944 A (Table S291). Each cobalt center is square
pyramidal, with an equatorial ligation from one pyridine, one
quinoline and two amide nitrogen atoms at distances ranging
1.904-1.995 A. The apical site is occupied by the second quino-
line group at 2.117 A. The square base of the two pyramids are
rotated ~15° with respect to each other. The electronic struc-
ture was obtained from a BS(2,1) calculation to probe the
mixed-valent species with a Co(n) ion adjacent a Co() ion. The
Mulliken spin population analysis reveals the ligands, specifi-
cally the bridging pyridine rings, as the locus of the reduction
with each cobalt center holding +0.88 spins (Fig. S22t). The
spin state at each Co(u) ion has switched from high-spin in 1
to low-spin in [1]” which is driven by the increased field
strength for the reduced ligands. The additional electron is
equally divided over both ligands with —0.38 on each (i.e. L*~

This journal is © The Royal Society of Chemistry 2020

— L>°7). As a result, there is only a slight lengthening of the
bonds about the amide moiety as the structural changes
brought about by the reduction of the ligand to its zn-radical
form are averaged over both ligands.*®™** Hence, the elec-
tronic structure is best represented by the limiting resonance
forms [Co,"(p-L>")(p-L27)]” < [Co,™(u-L*)(p-L*~")]", consist-
ent with Class III mixed valency.*®

The key feature observed with [1]” is switch to low-spin
causes a lengthening of one of the Co-Ng, bonds facilitating
its cleavage at low pH through protonation of the quinoline
nitrogen. This is the process by which the mononuclear com-
plexes Ni(i) and Cu(u) with the L>~ ligand produce a vacant
coordination site to become catalytically active,”>*' and is a
frequently encountered phenomenon for pyridyl-based
ligands."®*> The optimized structure of the protonated monoa-
nion, [1-H], sees the protonated quinoline nitrogen atom
rotated away from the proximal Co(u) center and stabilized by
an intraligand hydrogen bond to the amide carbonyl group.
This orientation is 6.6 kcal mol™" more favorable than having
the protonated quinoline nitrogen atom perched above the Co
(1) ion. The addition of the proton breaks the equivalence of
the metal ions and ligands, with the pyridine group of the
unprotonated ligand returning to a bridging mode ensuring
both Co(u) centers remain five-coordinate. Broken-symmetry
calculations highlight the inequivalence of the ligands, with
the unpaired spin now exclusively residing on the protonated
ligand including a quotient deposited to the pendant quinoli-
nium (Fig. S231). The cobalt ions retain their +II oxidation
state with each carrying +0.9 spins, and compound formulated
as [Co,"(u-L>7)(p-HL>™")]. Interestingly, there is no energetic
preference for either a low- or high-spin configuration for the
distal Co(u) ion (Table S327).

The first two steps of the mechanism presented in
Scheme 3 describe a proton-coupled electron transfer (PCET)
that is initiated by electron transfer (ET) to 1 which is sub-
sequently protonated by AcOH. The PCET is a stepwise process
on account that AcOH cannot directly protonate 1. The intrali-
gand hydrogen-bond in [1-H] stabilizes this species 6.3 kcal
mol ™" compared to 1 (Scheme 3). The subsequent steps toward
H, generation involve addition of the second proton to the
vacant site of the proximal Co(u) ion leading to the formation
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of a Co(m)-hydride species; where the second electron is pro-
vided by the reduced ligand."® The mechanism presented here
is analogous to those proposed for H, production in other
molecular cobalt species.>”*** The optimized geometry of
[H-1 — H]' has the pyridine group of both ligands in a bridging
mode and each cobalt center six-coordinate. The Co™-H dis-
tance of 1.437 A is in the range expected for Co™ monohydride
species,”®" with the distal Co(u) ion in a high-spin configur-
ation, though this is only 2.3 kcal mol™" more stable than the
low-spin configuration (Table S35t). The Mulliken spin distri-
bution supports this oxidation state assignment with +2.64
spins on the Co(u) center and none on the Co(m) ion
(Fig. S241). The electronic structure is formulated [Co™(p-L*")
Co™(H)(p-HL )] to distinguish that the Co(ur) center has the
hydride and the quinolinium group in its vicinity. The final
step of the mechanism is the heterolytic formation of the H-H
bond as proposed for the Ni(n) and Cu(u) systems.>*>' This
requires reorientation of the pendant protonated quinoline
ring such that its proton is positioned above the Co(ui) hydride
and represents a very small 3 kcal mol™" energy barrier to give
the [1-H---H]" intermediate (Scheme 3). With the system under
an applied potential, 1 is regenerated by the addition of a
second electron after expulsion of the H, molecule. Alternatively,
reduction of the Co(m)-hydride species [H-1 — H]" could precede
formation of the H---H intermediate as the exact sequence of
these events can only be speculated at present. Reduction of the
ligand is a means to modulate the pK, of the metal-hydride and
facilitate its protonation to produce H,.>”****?° Here, the proxi-
mal Co ion remains +III, and the ligand accommodates the
additional electron, which is able to provide a reducing equi-
valent to the Co(m) ion after the release of H,.

Conclusions

The molecular and electronic structures of two neutral dicobalt(u)
complexes 1 and 2, and their one-electron oxidation to mixed-

15728 | Dalton Trans., 2020, 49, 15718-15730

valent Co™Co" monocationic 3 and 4 are described. The cat-
ionic compounds 3 and 4 constitute rare examples of mixed-
valent species with topologically adjacent octahedral (Ng) and
tetrahedral (N,) coordination environments for the Co(m) and
Co(u) ions.”® Both neutral complexes were then investigated for
electrocatalytic proton reduction activity in DMF with AcOH as a
proton source. Compound 2, in which the electron donating
tert-butyl group has been incorporated into the 4-position of the
pyridine moiety, exhibited higher activity than its unsubstituted
analogue 1 and thus, the electron donating substituent has a
positive impact on the turnover frequency. The electron
donation tert-butyl group conversely raised the catalytic onset
potential of 2. The amount of H, produced was limited only by
the availability of protons while the molecular catalysts appear
to retain their integrity during the course of the catalytic study.
Based on DFT results and experimental data (electrochemistry)
the first step of the mechanism involves a ligand-based
reduction to generate [1]” and the concomitant switch to low-
spin in both Co(u) ions. This reduced complex is protonated by
AcOH and to first create the vacant coordination site at the prox-
imal Co(u) center which is followed by formation of the catalyti-
cally ubiquitous Co(ur) hydride. The spin state switching of the
distal Co(u) ion serves to modulate the reactivity of the proximal
Co center as well as promote redox interplay with the ligands.

This work marks the importance of development of
modular molecular species for the catalytic evolution of hydro-
gen which can be used further as sustainable source of energy.
Additionally, the study opens the door for further exploration
allowing the design of new modular molecular catalysts and
understanding of system specific mechanistic aspects which
are crucial for the development of highly efficient catalysts for
large scale applications.
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