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Abstract: Three binuclear species [LCo",(u-Pz).](ClO)s (1),
[LNi"y(CH3OH),Cl,]CIO, (2), and [LZn",Cl,]PFs (3) supported by the
deprotonated form of the ligand 2,6-bis[bis(2-pyridylmethyl) amino-
methyl]-4-methylphenol were synthesized, structurally characterized
as solids and in solution, and had their electrochemical and
spectroscopic behavior established. Species 1-3 had their water
reduction ability studied aiming to interrogate the possible cooperative
catalytic activity between two neighboring metal centers. Species 1
and 2 reduced H,O to H, effectively at an applied potential of -1.6
Vagingan, Yielding turnover numbers of 2,820 and 2,290, respectively,
after 30 minutes. Species 3 lacked activity, and was used as a
negative control to eliminate the possibility of ligand-based catalysis.
Pre- and post-catalytic data gave evidence of the molecular nature of
the process within the timeframe of the experiments. Species 1
showed structural, rather than electronic cooperativity, while species
2 displayed no obvious cooperativity. DFT methods complemented
the experimental results determining plausible mechanisms.

Introduction

Proton and water reduction with 3d metal-based molecular
catalysts yield dihydrogen following a generally accepted™
sequence of electron/proton transfer steps. It begins with the
reduction of a trivalent or divalent 3d metal to reach a low-valent
state, e.g. [LM']*. This state becomes nucleophilic to react with a
proton and yield a [LM"-H]?* hydride. A second reduction usually
takes place to form a more labile [LM"-H]* hydride, but is not
universally observed. If the concentration of protons is low, a
homolytic H, formation takes place involving two [LM"-H]* and
yielding 2 [LM"]* + H,. However, heterolytic H, formation is
favored when enough protons are available; the hydride [LM"-H]*
reacts directly with the proton H* yielding [LM"-H,]?*. Dihydrogen
release and catalyst regeneration, [LM'] * + H, ensues. Depending
on factors like the nature of the 3d metal, the ligand framework,

the pH of the system, the pwa of [LM"-H]?*, competing proton-
coupled electron transfer steps take place, and each catalyst will
display specific mechanisms. Because the nominal monovalent
state [LM]* is particularly fragile and can promote undesired
ligand reductions leading to the formation of valence tautomer
species [LeM"] often associated to deactivation,? the design of
catalysts containing cooperative metal sites may yield more
robust catalysts. Metal coorperativity is pivotal in biological
systems Pl and prominent in several catalytic processes.”! Based
on available data, we propose that binuclear cooperativity
towards proton/water reduction can be electronic or structural.
Electronic cooperativity engages both metal centers on electron
transfer, thus shuffling charge and avoiding higher oxidation
states or ligand involvement. On the other hand, structural
cooperativity happens when the electronic processes are
centered on one active site, and no electron transfer takes place
among metals, but the second metal serves as a structural
reinforcer to avoid catalyst deactivation and decomposition. As
such, electronic cooperativity was proposed by Dinolfo et al ! for
a binuclear Co'" catalyst based on a [N¢O,] Robson-type
macrocycle 1 with a Co-Co distance of 3.22 A. They recently
offered a mechanism [ that involved the reduction and
protonation of the [Co"Ca"] core yielding a [Co"Co"-H] hydride,
which rearranges into a bridged [Co'(u-H)Co'"] hydride core with
a Co-Co distance of 3.08 A. Similarly Qu et al.l®! isolated and
characterized a binuclear species supported by benzene-1,2-
dithiolate with a [Co(u-H)Co] core and Co--Co distance of 2.41 A.
They recently investigated other thiolate-bridged [Co(u-H)Co]
species,'® however without proposing a detailed mechanism for
H, formation. We have recently reported on an amido-bridged
[SCo'(u-N)-SCo'"] system © with a short Co-Co distance of 2.84
A that catalyzes proton reduction in MeCN. This species displays
two aligned but magnetically uncoupled dy..y» orbitals in the [-SCo"
LSCo'] core that enables a consecutive 2e" reduction to yield a
[MSCo'"SCo'] species. Each of these centers then contributes with
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le to a single incoming H*, forming a [Co"Co"-H] hydride species
that precludes formation of an expected [Co'Co"-H] species.
Structural cooperativity seems prevalent in the work by Padhi et
al % pased on a di(quinolino)pyridine ligand that gave a bridged
[Co"(u-pyridine)Co"] core with CoCo = 3.13 A. The group
proposed a le  reduction to yield a [*SCo"Co'] core with a
tetrahedral Co' that forms a five-coordinate hydride in [*SCo"Co""-
H]. The neighboring "SCo center remains octahedral along the
mechanistic path. A similar system by Papanikolaou et al.l'!l
included ligand-based reduction with concomitant switch to low
spin in both Co" ions. The authors propose that the spin switch
modulates the reactivity of the catalytic Co" adding an electronic
component to the mostly structural cooperativity.

Studies involving other bimetallic water/proton reduction catalysts
are limited; Sakail*? recently suggested cooperativity on a [Ni"Ni"]
species based on the lack of activity of the mononuclear
counterpart. Not every binuclear catalyst display coorperativity.
Gray et al.l'® evaluated oxime-based Co'" catalysts with both
flexible hydrocarbon and rigid BO,4 bridges without significant
catalytic enhancement. The groups of Nam, Fukuzumi, and
Llobet™ investigated species with pyrazolate and pyridazinate

[LZn,Cl,]PF(3)

Figure 1: The binuclear complexes 1, 2, and 3.

bridges and attributed the lack of cooperativity to factors such as
ligand flexibility and Co--Co distances greater than 3.95 A.

WILEY-VCH

We postulate that (i) close proximity of the metal centers, (ii) the
relative coordination environments, and (iii) an appropriate orbital
topology are relevant, however, a better understanding of the
factors controlling metal cooperativity in H, generation remain
limited. Similarly, known examples of cooperativity encompass
proton reduction and information on the behavior of systems able
to reduce water are unknown. Continuing our interest in the
mechanisms of proton/water reduction by 3d metal-based
catalysts,*Slwe study three bimetallic species containing 3d¢, 3d®
and 3d° ions, namely, [LC0"»(u-Pz).](ClOs)s; (1),
[LNlllz(CH3OH)zC|2]C|O4 (2), and [LZI’]I|2C|Q]PF5 (3), (Figure 1) We
establish their solid, solution, and electronic structures, catalytic
activity towards water reduction, and ascertain the molecular
nature of the process by post-catalytic evaluation. In a concerted
experimental/DFT  effort we propose mechanisms for
cooperativity among two metals

Results and Discussion

Rationale for the catalyst framework

The bicompartmental ligand 2,6-bis[bis(2-pyridylmethyl) amino
methyl]-4-methylphenol, HL, is a classic Anderegg pending arm[t6l
species. It was first described by Suzuki et al 17 under the name
Hbpmp. HL contains a phenol group capable of binding two metal
centers at the close proximity of 3 to 4 A, which are further
stabilized by two coordination pockets containing amine and
pyridine groups. This [O(NN’;);] environment can bind to several
metals under different oxidation states associated with the water
reduction catalytic cycle.['818 The metal-metal distance can be
controlled by insertion of bridging ligands.

Syntheses and Characterization of 1, 2, and 3

The ligand, HL was synthesized as previously reported.}7
Complexes 1, 2, and 3 were synthesized by dropwise addition of
a methanolic solution of the appropriate metal salt to a methanolic
solution of the purified ligand. Compound 1 was treated with
excess of pyrazole, which acts both as base to assist phenol
deprotonation and bridging ligand, along with hexaaquacobalt((Il)
perchlorate. Compounds 2 and 3, were obtained by ligand
treatment with the appropriate hexaaquametal chloride salts. All
syntheses were performed under aerobic conditions and
compounds 2 and 3 were treated respectively with NaClO, and
NH4PFs to vyield crystals. These species were thoroughly
characterized by 1D and 2D 'H- and *C-NMR, FT-IR, and UV-
visible spectroscopy, HD-ESI mass spectrometry, cyclic
voltammetry. Species 1-3 yielded high-quality crystals and their
structures were in excellent agreement with the results of
combustion analyses. HD-ESI MS results show characteristic
peaks at m/z = 260.3981, 779.1319, and 727.0670, respectively
for [11**, [2]*, [3]', respectively. There are certain common
characteristics exhibited by all three complexes in the FTIR
spectra that corroborate with their identities, namely, a series of
strong and medium bands around the 1611-1360 cm region
attributed to the v(c=cy and vc-ny modes of the pyridyl groups.*8>
20l Compounds 1, and 2 exhibited a sharp peak at 1097 cm™
attributed to the v(c.o)mode of the perchlorate counterion, while 3
shows a strong peak at 843 cm™ characteristic of the v(prs) mode
for the PF¢ counterion.
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Molecular Structures in Solid State

[LCo2(u-Pz)2](ClO4)s (1)

X-ray quality crystals were obtained for 1 through slow
evaporation from 4:1 acetonitrile:isopropanol. The molecular
structure is shown in Figure 2a and confirms the identity of the
main ligand, and the cation being comprised of a binuclear
complex cation [LCoz(u-Pz),]*". The environment is completed
with three uncoordinated perchlorates. Compound 1 is triclinic
and belongs to the P-1 space group (Table S1). Each Co center
is in a pseudo-octahedral geometry and connected to each other
by a bridging O™ from the phenolato group. The two metal centers
are separated by 3.183 A, thus relatively shorter distance than as
observed in 2 and 3. This is due to the presence of two bridging
pyrazolates bound to the cobalt centers. This feature plays a
major role in the cooperativity studies of this compound. Three N-
donor atoms, two pyridines and one amine donor, from the 2,6-
bis[bis (2-pyridylmethyl) aminomethyl]-4-methylphenol ligand
complete the coordination sphere along with two N’s from the
bridging pyrazolato groups. All Co(1)-N(1,3,5,7, and 9) bond
lengths are in the range of 1.933-1.986 A. The Co(2)-N(2,4,6,8,
and 10) bond lengths are in the range of 1.920-1.994 A. These
bond lengths are comparable with the range of Co-N lengths
reported in literature.!>1 The Co(1)-O(1), Co(2)-O(1), and Co(1)-
O(1)-Co(2) parameters are 1.890 A, 1.889 A, and 114.74°
respectively. The pioneering work by Chin et al Y on
homobimetallic cobalt compounds shows Co-N bond lengths
ranging between 1.913 and 1.966 A. Chin et al also found that
Co(1)-0O bond lengths were in the range of 1.903 — 1.959 A with
Co(2)-0 bond lengths in the range of 1.885 — 1.968 A. The Co-Co
distance was 3.529 A, thus longer than what we found. The
differences in these bond lengths arise from the use of phosphate
monoesters.? The bond angles around each Co center are close
to 90° which is an indication of how low spin Co"' sites are close
to a pseudo-octahedral geometry.??

[LNi2(CH30H)2CI2]ClO4 (2).

X-ray quality crystals were obtained for 2 through slow
evaporation from methanol. The molecular structure of 2 is shown
in Figure 2b and it comprises a binuclear complex cation,
[LNi>(CH30H).Cl,]* balanced by a ClO4 counterion. Compound 2
is monoclinic and belongs to the P2, space group (Table T1).
Each nickel center is octahedral, bridged by the phenolate moiety,
with two Npyrigine and one Namine donor atoms, a methanol, and a
chloride completing the hexa-coordinate environment. The two
metal centers are separated by 3.953 A. The Ni(1)-N(1,3,5) bond
lengths are in the range of 2.045 - 2.120 A and Ni(2)-N(2,4,6)
bond lengths are in the range of 2.041 - 2.114 A. These bond
lengths are similar to the reported Ni-N lengths in literature. (151801
The Ni-N bond lengths of our [Ni"(N,Pys)]?* **d range from 2.024A
to 2.114 A. The Ni(1)-Cl(1), Ni(2)-CI(2), Ni(1)-O(1), Ni(2)-O(1),
and Ni(1)-O(1)-Ni(2) parameters are 2.384 A, 2.382 A, 2.148 A,
2.063 A, and 133.39° respectively. Massoud!*8"! observed Ni-N
bond distances ranging between 2.042A to 2.111A. Other bonds
are also comparable with Ni-Cl bond lengths ranging from 2.361A
to 2.3826A, Ni-O lengths ranging from 2.069A to 2.174A and
Ni(1)-O-Ni (2) bond angles ranging from 132.6° to 136.63°. These
results are comparable to ours. The Ni-Ni distance of 3.953 A in
2 is longer than the observed metal-metal distance in both 1 and
3. This is expected for the Pz-bridged 1, but not for the Zn-
containing 3 with a similar framework. This difference is explained

WILEY-VCH
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[LNi,(CH,0H),Cl,]ClO, (2)

i\

&

[LZnZCIz]P6 (3)

Figure 2: ORTEP representations of the binuclear complexes 1 (CSD
2112779), 2 (CSD 2112780), and 3 (CSD 2112778) at 50% ellipsoid
probability. Hydrogen atoms omitted for clarity.

by the five coordination of Zn that leads to a distinct orientation of
the ligand.

[LZNn2CI2]PFs (3)

X-ray quality crystals were obtained for 3 through slow
evaporation from methanol. The molecular structure of 3 is shown
in Figure 2c and comprises a binuclear complex cation, [LZn,Cl,]*
and a PFg counterion. Compound 3 is triclinic and belongs to the
P-1 space group (Table T2). Each zinc center is pentacoordinated
to three N-donor atoms of one bis(2-pyridylmethyl) aminomethyl
group, a terminal chloride in the basal site and a bridged
phenolate. Zn(1)-N(1,3,5) bond lengths are in the range of 2.064
- 2.277 A and Zn(2)-N(2,4,6) bond lengths are in the range of
2.069 - 2.276 A. These bond lengths are similar to the reported
Zn-N lengths in literature.8-231 The Zn(1)-Cl, Zn(2)-Cl, Zn(1)-O(1),
Zn(2)-0(1), and Zn(1)-O(1)-Zn(2) parameters are 2.303 A, 2.284
A,2.009A,2.014 A and 128.71° respectively. The Zn-Zn distance
is 3.584 A. Studying hydrogen-bond donors as structural and
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functional models for phosphatase Schenk et al ?® found the Zn-
N and Zn-O bond lengths ranging from 2.144-2.247 A, and 2.009-
2.183 A respectively. A Zn-O-Zn distance of 3.371A was found
along with a bond angle of 112.80°. The slight variations of these
values result from the presence of two acetate coligands bridging
the two zinc centers. Massoud et al 8 report a similar range for
Zn-N, Zn-O and Zn-Cl bond distances 2.076A-2.273A, 2.017A-
2.052A and 2.294A-2.299A respectively with Zn-Zn distance of
3.761A and Zn-O-zZn at 135.18°. The variation in Zn-Zn bond
distances and Zn-O-Zn angles can be explained by the orientation
of the coordinating chloride.

Molecular Structures in Solution

Proton nuclear magnetic spectra (*H-NMR) of compounds 1 and
3 were obtained in acetonitrile (CH3CN) and dichloromethane
(CH.CI,) respectively. Compound 2 is paramagnetic. To confirm
the identity of the catalysts in solution as comparable to that in the
solid state, multiple 2D-NMRP4 methods were used, including
correlation spectroscopy (COSY), rotating-frame Overhauser
effect spectroscopy (ROESY), and heteronuclear single-quantum
correlation spectroscopy (HSQC). COSY is a direct way to show
proton coupling. All the peaks on the diagonal correlate to the
peaks on the !HNMR whereas the cross peaks (not on the
diagonal) show the coupled protons. Absence of cross peaks
implies in lack of coupling. ROESY shows the interaction between
non-equivalent protons which are spatially close to each.?™ The
cross peaks indicate protons spatially close to each. HSQC
experiments determine the correlation between 'H and 3C, with
'H plotted along the X-axis, and 3C along the Y-axis.l8l
Correlation between two protons and one carbon provide
evidence of asymmetry. Figure 3a-c shows COSY, ROESY and
HSQC of 1 in CHsCN. Full scale 'H-NMR of 1 and details of
Figures 3a-c are provided in the Supporting Information as
Figures S3 to S6, along with a detailed list of peaks. From the
COSY spectrum of 1, the signals at 2.03 ppm (39) and 4.27ppm
(11, 15) show no correlation with other peaks, which confirms with
the methyl and the aliphatic protons in the *HNMR spectrum,
respectively. The peak at 3.47 ppm (7°,8’) on the other hand is
coupled to the peak at 3.64 ppm (7’, 8’), showing the correlation
between protons in the aliphatic region (*HNMR spectrum). This
correlation is also seen between the two doublet peaks at 4.50
ppm (13, 17”) and 5.17 ppm (13’, 17°). Peaks at 6.85 ppm (1, 5),
7.76 ppm (20, 26, 31, 37) and 8.01 ppm (24, 33) shows cross
peaks on the COSY spectrum which depicts correlation/coupling,
all these signals are seen on the *HNMR spectrum as pyridyl
protons. COSY also shows a correlation between peaks at 8.22
ppm (22, 35) and 8.32 ppm (25, 32) as well as peaks at 7.76 ppm
(20, 26, 31, 37) and 8.84 ppm (27, 30). These signals are shown
as pyridyl protons on the *HNMR spectrum. The protons on the
bridging pyrazoles show at 8.58 ppm (47, 50) which is a singlet
and shows on the diagonal of the COSY spectrum with no
coupling protons. In a nutshell, the *H NMR and 2D NMR data
confirms that the structure remain unchanged with the solid-state
structure of 1. Full scale *H-NMR Signals related to species 3 are
shown in Figure S7 along with a detailed list of peaks, whereas
Figures S8, S10 and S12 show COSY, ROESY and HSQC for 3
in CH,Cl,. Details of Figures S8, S10 and S12 are provided in
Figures S9, S11 and S13. In summary, the *H-NMR and 2D-
NMR data confirm the identity of these species is well preserved
as solids and in solution.
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Figure 3: NMR characterization of [LCo2(u-Pz)2](ClOa)3 (1): (a) COSY,
(b) ROESY, and (c) HSQC spectra in CHsCN

Redox and Electronic Behavior

The cyclic voltammograms of 1, 2, and 3 were assessed in MeCN
using tetrabutylammonium hexafluoro phosphate (TBAPF¢ )(0.1
M) as supporting electrolyte and ferrocene as the internal
standard.?l Figure S14 and Table T2 summarize the
electrochemical data. In compound 1, two quasi-reversible metal-
based processes are observed: the first process occurs at Ej;, =
0.28 Vagiagal (-0.12 Vegees; AE = 0.14 V, ligalip] = 0.90) and is
attributed to the Co"'Co"'>Co'"Co" reduction, while the second
process occurs at Ey, = -0.09 Vagiager (-0.49 Vegees; AE = 0.14 V;
lipafipc| = 0.93). This is attributed to the reduction Co"'Co"->Co''Co.
28] An irreversible ligand-based process, possibly associated
with phenoxyl formation, is seen around Epz = 1.00 Vagager (0.60
Veerer). Compound 2 shows an ill-defined reduction process at
Eiz = -0.13 Vagagar (-0.52 Vegrer; AE = 0.19 V) and a quasi-
reversible process at Eij» = -1.40 Vagiager (-1.79 Veeres; AE = 0.29
V), respectively attributed to Ni"Ni">Ni"Ni' and to a nominal Ni"Ni'
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>Ni'Ni'.?% Similar to 1, a ligand-based process is seen at Ey, =
1.03 Vagiager (0.64 Vegre; AE = 0.08 V. Compound 3 only shows
a process at 0.83 Vagiager (0.43 Veere:) also attributed to a
phenolate/phenoxyl couple, and similar to the process observed
in the unmetallated ligand.?®! It is unclear why these ligand-based
processes display distinct potentials. The limited response of
species 3 serves as strong evidence for the need of redox-active
metal centers to drive catalysis. For species 1, the above
described MeCN potentials shift ca. 0.20 V on the highly polar
phosphate buffer medium used for catalytic experiments (Figure
S15). The processes respectively move from 0.28 and -0.09
Vagiagel @s broad and ill-defined processes at E,c = 0.04 and -0.29
Vagiagel. A third broad peak is observed at -0.97 Vagagcl, thus
suggesting that at least one metal center may reach the
monovalent state Co'"Co"->Co''Co' at the catalytic potential. The
CVs for species 2 are poorly defined.

The electronic behavior of 1 was assessed in MeCN and showed
prominent ultraviolet (UV) bands at 261 nm (g = 24,000 M"*cm™)
assigned to a ligand-centered T—11* absorption, along with a
broad peak at ca. 370 nm (€ = 4,000 M~*cm™) assigned to a Co"
€& Npyrazole Charge transfer transition (LMCT).E% A less intense
absorption is seen at 520 nm (1,003 M~cm™) attributed to a Co"
< phenolate charge transfer.?8-31 McKenzie et al 2 studied a
bis-Co"' compound with similar electronic features as 1, however,
they assigned the absorption between 390 — 400 nm to Co'"' <
phenolate CT.?2The difference is attributed to distortions caused
by distinct phosphate coligands used in that study. The UV-visible
of 1 was also measured in phosphate buffer at pH 7. In this
spectrum, ligand-centered T—1r* absorption, Co'"" € Npyrazole, @and
Co"" « phenolate charge transfer bands occur at 230 nm (€ =
26,000 Mcm™), 260 nm (sh) (¢ = 1,200 M~*cm™), 380 nm (¢ =
3,500 M~*cm™), 430 nm (sh) (¢ = 2,200 M~'cm™), and 520 nm (¢
= 840 M*cm™) respectively. Compound 2 exhibits a prominent
UV band at 212 nm (e = 29,300 M~*cm™) and a shoulder at 257
nm (14,100 M~*cm™) assigned to ligand-centered m—*. A band
at 310 nm (4,100 M'cm™) is attributed to a phenolate ¢ Ni "
MLCT and two d-d bands at 585 and 954 nm (¢ > 50 M~'cm™).
This is characteristic of a H53d® Ni" center in an octahedral
geometry with spin-allowed 3Ay; — 3Tyq and 3Ay; — S5Tyg
transitions(®2-34 similar to the environment unveiled by X-ray and
NMR methods. This observation of 2 is very similar to the findings
by Que et al.B The UV-visible spectrum of 2 was also measured
in phosphate buffer at pH 7. Ligand-centered 17— absorption
and phenolate € Ni"MLCT charge transfer bands occur at 211
nm (€ = 24,100 M~*cm™?), 270 nm (sh) (¢ = 9,500 M~*cm™), and
310 nm (g = 4,530 M~ cm™) respectively. Compound 3 exhibits a
prominent UV band at 262 nm (¢ = 20,700 M~*cm™) and a
shoulder at 292 nm (6,500 M~'cm™) assigned to ligand-centered
TT—T* transitions.

Behavior as Water Reduction Catalysts

Prior to testing the catalytic activity of 1 and 2 towards water
reduction, compounds 1-3 were analyzed for proton reduction in
CHsCN in the presence of 0 to 10 equivalents of acetic acid as
the proton source. Observed catalytic currents of 174 and 120 pA
were respectively measured for 1 and 2 after addition of 10
equivalents of HOAc, with calculated overpotentials of -1.30 and
-0.93 V, considering the homoconjugation effect of the acid.¢!
(Figure S16). However, the zinc-containing 3 showed no
evidence of catalysis after the addition of 10 equivalents of acid.
This is a clear indication that 3 is catalytically inert and that

WILEY-VCH

catalysis requires the presence of redox-active metal sites such
as cobalt and nickel. While the lack of activity in 3 does not
preclude ligand involvement in the catalytic cycle, it is a strong
indicator that the ligand alone cannot carry catalysis. The
electrocatalytic activity of compounds 1 and 2 was then tested
towards water reduction in aqueous phosphate buffer at pH of 7,
using mercury pool as working electrode. Negligible amounts of
H. were produced in the absence of catalysts 1 or 2, and upon
addition of the bimetallic species, catalytic waves were seen at ca.
-1.25 VAg/AgCI (ca. -1.65 VFc/Fc+) for 1 and -1.35 VAg/AgCI (ca. -1.74
Veeres) for 2. (Figure S17) The onset overpotential was calculated
at 0.63 V, and 0.73 V for 1, and 2, respectively. The
thermodynamic potential for H* to H, was taken as -0.62 Vagiagc
in pH 7 aqueous solution.'® 3 Bulk electrolysis was used to
quantify the amount of H, generated in 1 (5 umolL?), and 2 (6
umolL?) at an applied potential of -1.60 V in phosphate buffer (1
M, pH 7) using mercury pool as working electrode, Ag/AgCI as
reference electrode and a platinum wire as auxiliary electrode.
Under these conditions, the cobalt-containing 1 yielded a turnover
number TON3zo min = 2,860 with Faradaic efficiency above 80 %.
The Ni-containing 2 yielded TONzp min = 2,290 with Faradaic
efficiency around 95%. The observed Faradaic -efficiency
suggests that concomitant reactions associated with a decrease
in catalytic activity may be operative. Bulk electrolysis
experiments in the absence of the catalysts led to an insignificant
increase in current. When compounds 1 and 2 were added to the
bulk electrolysis system, charge consumption increased
significantly. This validates the viability of 1 and 2 as catalysts
(Figure 4) within the timeframe of the experiment. Species 1
requires an induction period of about 5 minutes prior to its
optimized activity, whereas species 2 seems to consume less
charge as time progresses. We tentatively explain these two

100
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80
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=
s Blank
O 407 —— Co"'Co" Complex
5 Minutes
20
0 T T T T T T
0 5 10 15 20 25 30
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(b) 60
50
G 40+
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g 304 = Ni"Ni" Complex
F=4
(8}
20
104
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Figure 4: Plot of charge vs. time for electrocatalytic H> generation. (a)
1, (b) 2 (CVIBE): Hg-pool; Ag/AgCl; Pt wire/coil; phosphate buffer (pH
7); AP: =1.6 Vagagci (BE)
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behaviors as follows: In 1 this induction period coincides with the
rearrangement of the catalyst in order to generate at least one
five-coordinate catalytic center by means of breaking a Co-
Npyrazolate  OF  CO-Npyrigine; i 2 this is likely associated with
deleterious ligand involvement. These results supported our
hypothesis of homogeneous water reduction with 1, and 2 and
allowed us to optimize the catalytic conditions based on pH,
proceed to post-catalytic analysis, and compare DFT and
experimental results in order to propose catalytic pathways.

Dependence of catalytic activity on pH

Species 1 and 2 were probed in phosphate buffers under acidic
(pH 6), neutral (pH 7), and basic (pH 8) conditions aiming to
optimize their catalytic activity towards water reduction after 30
minutes of bulk electrolysis. Figure 5 shows a plot of TON vs pH
for both compounds revealing those acidic conditions lead to TON
=~ 2,000 for 1 and ~2,100 for 2. These values are significantly
higher than at basic conditions, where TON < 100 for both species
and slightly lower than at neutral pH where 1 and 2 have similar
TON values of 2,300.

Post-catalytic Analysis

The fate of catalysts 1 and 2 was analyzed by comparison of their
electronic spectra before and after 30-minute catalysis, as shown
in Figure 6. Both catalysts seem to retain most of their
characteristics, suggesting that the operative water reduction
catalysts are molecular in nature.

For catalyst 1 there is a slight but noticeable reduction of the
processes at 230 nm and 270 nm (sh). As these are Tm—1*
processes, this is indicative of stress or distortion of the ligand
framework, possibly associated with bond breaking. In fact, the
broad peak at ca. 380 nm and 435 nm (sh) flattens. In order to
assess experimentally the nature of this peak we acquired the
spectrum of an acetonitrile solution containing the salt cobalt (II)
perchlorate and pyrazole (Figure S21). The decrease in bands in
the post-catalytic product suggests that at least one of the
pyrazole units is either partially coordinated or completely
removed. If the latter, this is likely a mechanism of deactivation.
Figure S21 shows a decrease in the 217 nm and 248 nm bands,
which are associated with Co" € Npyaze Charge transfer
transition (LMCT) peak at 370 nm. For 2, the processes at 212

Blank [Co,] (1) [Ni,] (2)
g | (c) /
5 y
£
g y
a /
§ (e) A " Y,
3 = e
£ g
£
a
8
3
£
£
8

Figure 7: SEM images of grafoil electrodes for 1 and 2 after bulk
electrolysis in phosphate buffer (1M, pH 7) at -1.6 V
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and 257 (shoulder) nm assigned to T—m* transitions, are
decreased. The band at 212 nm decreases and shifts to ~207 nm,
while the one at 257 nm reduces ~50%. The band at 310 nm is
attributed to phenolate € Ni" charge transfer transition (MLCT)
and splits in two bands at 288 nm and 310nm.” The possibility
of the formation of nanoparticles was studied by bulk electrolysis
in phosphate buffer (1 M, pH 7) using grafoil® as the working
electrode comparatively in the presence and in the absence of
species 1 and 2 for 15, 30 and 60 minutes. Scanning electron
microscopy (SEM) images of the electrodes are shown in Figure
7 and consistently show the absence of any material deposited
onto the electrodes of the blank (Figures 7a, d, g).

The Coz-containing 1 shows comparably clean electrodes without
obvious material or nanoparticle depositions (Figures 7b, e, h).
This is indicative of molecular activity in 1. This species
withstands up to 1 h bulk electrolysis. However, deposition of solid
particles was observed for the Ni,-containing 2 after 30 and 60
minutes (Figures 7c, f, i). Energy dispersive spectroscopic (EDS)
analysis indicated that the metal content on that material was
below the detectable limits (Table T3 - Table T8) and that the
nanoparticulates are organic in nature. Because these
agglomerates cannot sustain catalysis, and H., generation
happens prior to the formation of solids, the catalytic activity of 2
is also ascribed as molecular in nature. However, catalyst 2 does
not seem to withstand the hardship of the process as well as 1.

Discussion of Proposed Catalytic Routes

The above-described experimental results support the
involvement of species 1 and 2 in molecular electrocatalytic water
reduction. These results prompted the use of DFT methodology
to make a concerted analysis and propose energetically favorable
mechanisms for the global process.

(a) 55000 - 230 nm, 26000 Mfcm™
- Before Catalysis
20000 A After 30 minCatalysis
o
£ 15000
\ni
= 270 nm, 12000 Mlcm™
@ 10000 -
5000 - nm, 3500 Mcm™
0 T T T T
200 300 400 500 600 700
Wavelength (nm)
25000
(b)
20000 1 Before catalysis
—— After 30 min catalysis
o
= 15000
s
=
@ 10000
5000 +
0 =—
200 300 400 500 600

Wavelength (nm)

Figure 6: Comparison of the UV-Visible before and after bulk-
electrolysis (BE) of a. 1, and b. 2 at -1.6 VAg/AgCI with water (Hg pool:
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Figure 8: Catalytic mechanism of Hz generation by 1 in phosphate
buffer at pH 7

The electrocatalytic pathways taken by compound 1 were
modelled as starting with a procatalyst A containing two six-
coordinated and low spin 3d® Co" centers each bound to two
pyridines and one amine and bridged by the phenolate of ligand
L and two pyrazolate co-ligands. The calculated geometry, redox
states and electronic configurations are in full agreement with
structural data in the solid and in solution. Figure 8 summarizes
the findings. Species A undergoes a one-electron reduction at a
calculated potential of -0.09 Vgyre+ to yield species B. The
calculated potential is in good agreement with the experimental
value -0.12 Vegres (0.28 Vagiage)). Species B contains a high-spin
3d” Co" and a low spin Co"' leading to local asymmetry imposed
by a longer Co'-pyrazole bond. Further reduction of B by one
electron at a calculated potential of -0.67 Vegrcs, Yielding species
C, in reasonable agreement (AE < 20 mV) with the experimental
value of -0.49 Vegrcer (-0.09 Vagiage))- Species C contains two high
spin 3d” Co" centers that are considerably more labile than their
initial “S3d® counterparts. As previously discussed, the distance of
the two Co centers in 1 was measured by X-ray crystallography
at 3.183 A, thus shorter than in other similar Co, species?! and
in the Ni-Ni and Zn-Zn distance observed for 2 and 3. In order to
release the tension of the core one Co'-pyrazole bond breaks off
with an energy of +9.1 kcal/mol and triggers an electronic
redistribution in_which the resulting five coordinate Co" remains
HS3d” with S = 3/2, while the other Co" responds to the stronger
six-coordination becoming a low-spin 3d” ion with S = 1/2. This
isolated step is slightly unfavorable and makes sense from a
global perspective of enabling other favorable steps towards H,
release. This ["SCo" -SCo''Pz] species D captures a H* resulting in
the protonation of the pyrazolate bound to the “SCo" and forming
species E. This protonation is favored by -24 kcal/mol and
enables a proton-coupled electron transfer (PCET) in which one
electron and one proton are transferred at -0.29V to the five-

WILEY-VCH

coordinate "SCo" vyielding species F. This species contains a
LSCo'"-H hydride species, considered indispensable for catalytic
activity, that is spatially and geometrically close to the protonated
pyrazole allowing for a relay mechanism similar to that recently
proposed for a copper catalyst.'>7 The combination of hydride
and proton yields H that is favorably released with an energy of -
38.3 kcal/mol, regenerating the initial species B.

This mechanism, although energetically favorable and effective,
differs from that proposed for another bimetallic Co" species
recently described by our group.®! In that case an amido-bridged
framework brought electronic cooperativity in which both cobalt
centers share the burden of catalysis by being in close distance,
with favorable topology and orientation/overlap of the redox-
active orbitals. The cooperativity observed for 1 is structural in
nature, in which one cobalt center adapts in order to favor the
activity by the neighboring center; however, the electronic
contribution of these centers to the catalytic process is not
equivalent. This structural cooperativity also differs from the
behavior reported for another pyrazolato-based system described
by Nam, Llobet, Fukuzumi et al.l}4"! in which the centers are 3.95
A apart and behave independently.

The proposed catalytic route for the Ni-containing 2 is complicated
by irreversible electrochemistry, and a fragile structure that
degrades over the catalytic cycle. The species was modelled with
two HS3d8 Ni' centers, starting with a pro-catalytic species G that
can undergo a series of competing PCET processes shown in
Figure 9. The first possible PCET requires -1.40 Vegre+ and
involves the reduction of one pyridine ring forming a reactive
pyridinium  radical in species K, likely associated with
demetallation and decomposition observed by SEM. The second
possible process involves a 2e:1H* PCET at -1.55 Vggre+ along
with chloride loss to form the 3d” Ni'-H hydride species | that
favorably reacts with H+ (-35 kcal/mol) to form species J with 5-
coordinate and 6-coordinate Ni" centers upon elimination of H,.
Upon PCET at -1.33 Veyre+ J Yields species H that contains a 3d®
Ni"-H hydride that can be converted to I, continuing the catalytic
cycle. Alternatively, the initial species G can form H via a 1le:1H*
PCET at -2.79 Vegee+. The involvement of multiple PCET
processes in the presence of acid requires potentials different
from those experimentally observed in acetonitrile at -0.52 Ve¢jre+
(-013 VAg/AgCI;) for Ni"Ni">Ni"Ni' and at -1.79 VEc/Fe+ ('140
Vaginge) for a nominal Ni'"Ni">Ni'Ni' that likely requires ligand
reduction and illustrates the complexity of catalyst deactivation
mechanisms. No obvious cooperative effect was observed.

Summary and Conclusions

In this paper we have investigated by means of experimental and
DFT methods the 3d® species [LC0"(u-Pz),](CIO4)z (1), the 3d®
species [LNi",(CH3;OH),Cl,]JCIO, (2), and the 3d® species
[LZn",CI,]PFs (3) supported by the deprotonated form of 2,6-bis
[bis (2-pyridylmethyl) aminomethyl] -4- methylphenol. This ligand
was a staple of bioinorganic modelling in the 1990s and was
selected because it imposes close proximity to two neighboring
3d metal centers in similar coordination environments. The
structures of 1, 2, and 3 were meticulously established by
crystallographic and 2D-NMR methods and these species were
probed as catalysts for water reduction. As expected, species 3
containing redox-inactive 3d'° zZn" ions is not active and allowed
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us to rule out ligand-based catalysis. The cobalt containing 1 and
the nickel-containing 2 are catalytic towards water reduction,
although they rely on distinct pathways to produce H,. The cobalt
catalyst 1 starts as a triply bridged 3d® [-SCo"'(u-PhO)(p-
Pz),-SCo"] procatalyst that is initially reduced to 3d8-3d” [-SCo"!
HSCo'] and then to [*SCo" HSCo']. The presence of two labile 3d”
ions leads to the rupture of one Co-Np, bond and further electronic
redistribution that results in a five-coordinate "SCo" and a six-
coordinate “SCao". This step is crucial for catalysis, as it opens the
coordination sphere of at least one metal center. This nucleophilic
[FSCo" SCo'"Pz] attacks a proton, but rather than hydride
formation, pyrazolate protonation is favored and takes place. A
favorable PCET step leads to the formation of a [-SCo'-H
-SCo''PzH] hydride. The hydride and the PzH are spatially and
geometrically close to each other to form H,. Post-catalytic
analysis supports the molecular nature of 1. This cooperativity is
predominantly structural, although as described by Papanikolaou
et al.lY the observed HS/LS spin switch may modulate the
reactivity of the catalytic Co" site and add an electronic
component to cooperativity. The nickel-containing 2, on the other
hand, presents several competing PCET pathways. These
processes can lead to the formation of a reactive pyridinium
radical prone to catalyst deactivation or to a 3d” Ni"-H hydride
species in a step that involves two electrons and one proton.
Another multielectronic PCET process at high potentials leads to
a 3d® Ni"-H. None of these pathways seems to display metal
cooperativity; however, the deposition of organic matter to the
electrode suggests that catalyst deactivation takes place. These
results, allied to our previous work, point out to the distinction
between electronic and structural cooperativity and - their
relationship to the coordination environment and the nature of the
metal centers. Future studies will interrogate cooperativity in both
homo- and hetero-nuclear systems.

Experimental Section
Experimental Details.
General:

Solvents and reagents were used as received from commercial sources.
'H-NMR spectroscopy was attained with an NMR MR 400MHz. MR
400MHz setup using CDCIlz and CD3:CN as solvents, and elemental
analysis was performed by Midwest Microlab, using an Exeter CHN
analyzer. Micromass ZQLC/MS equipment was used to obtain mass
spectra and Fourier transform infrared (FTIR) spectra of the ligand and
complexes were obtained as KBr pellets on a Brucker Tensor 27 FTIR
spectrometer scanning from 4,000 to 600 cm -1, A UV-3600 Shimadzu
spectrophotometer operating within a range of 190 to 1,600 nm with quartz
cells at room temperature was used to record UV-visible spectra of ligand
and complexes.

Electrochemistry

The electrochemical behavior of compounds 1-3 was studied with a BAS
50W potentiostat/galvanostat. Cyclic voltammograms of the compounds
were measured in acetonitrile using TBAPFs as a supporting electrolyte
and ferrocene/ferrocenium (Fc/Fc*) as an internal standard.?”? Cyclic
voltammograms were run at room temperature under inert conditions in an
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Figure 9: Catalytic mechanism of Hz generation by 2 in phosphate
buffer at pH 7

electrochemical cell containing a glassy carbon working electrode,
auxiliary platinum wire, and reference Ag*/AgCl electrode. To evaluate the
reversibility of the redox processes, the peak-peak potential separations,
(AEp = |Epc- Ep.al) and |ipalinc| were calculated.

Water Reduction Catalysis

To analyze the catalytic activity of 1 and 2, CV experiments were
performed in aqueous phosphate buffer at pH of 7, using a working
mercury pool electrode. Bulk electrolysis was used to quantify the amount
of Hz generated in phosphate buffer (1 M, pH 7) using Hg-pool as working
electrode, Ag/AgCl as reference electrode and a platinum wire as auxiliary
electrode. A custom-made H-type cell with two compartments of dissimilar
volume separated by a frit was used for the bulk electrolysis experiment.
The larger compartment houses the working and reference electrodes,
while the small compartment houses the auxiliary electrode.

Scanning Electron Microscope (SEM) Analysis and Energy
Dispersive Spectroscopy (EDS)

Confirmation of the molecular nature of catalysts 1 and 2 were assessed
by running a bulk electrolysis experiment with identical conditions as water
reduction except for the Hg-pool electrode which is changed to a
conducting grafoil electrode. After bulk electrolysis, SEM images were
obtained for the grafoil electrode and EDS was used to identify specific
elements in the SEM as well as determining their relative proportions.
Species 1 showed no visible particles on the SEM, whereas 2 showed solid
particles in the SEM even though the EDS analysis indicated that metal
content was below detectable limits.

X-ray Crystal Determination

Dark brown rod-like crystals of dimensions, 0.556mm x 0.558mm x
0.446mm were obtained for 1 through recrystallization in acetonitrile:
isopropanol (4:1). 2 gave light green plate-like crystals with dimensions,
0.350mm x 0.427mm x 0.457mm and 3 gave clear rod-like crystals with
dimensions, 0.570mm x 0.460mm x 0.230mm via slow evaporation in
methanol. These crystals were mounted on a mitogen loop with paratone
oil. Crystallographic data was collected with a Bruker APEX-Il Kappa
geometry diffractometer with Mo radiation and a graphite monochromator
using a Bruker charge coupled device (CCD) based diffractometer
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equipped with an Oxford Cryostream low temperature apparatus. All data
were collected at 100 K with omega and phi scans of 0.5° per frame for
30s. All the structures were solved by direct methods using SHELXS-97
program which is part of APEX Il and refined by least squares method on
F2 using SHELXL on OLEX 2. The structure of 1 and 3 were solved in
space group P-1 whereas 2 was solved in space group P21/n. Compounds
1 and 2 consist of one cationic molecule in the asymmetric unit cell with
three perchlorate counterions and one perchlorate counterions
respectively. 3 consists of two cationic molecules in the asymmetric unit
cell with one hexafluorophosphate counterion molecule per cationic
molecule. The crystallographic structures of 1, 2 and 3 have been
deposited at the Cambridge Crystallographic Data Center (CCDC) with the
numbers, CSD 2112779, CSD 2112780 and CSD 2112778 respectively.

DFT Calculations

Unrestricted Kohn-Sham density functional theory (UKS-DFT)
calculations were performed with the Gaussian 16 quantum chemical
program packagel®® using the hybrid exchange-correlation functional
B3LYP.BY Anlrich’'s def2-SVP basis set*? was utilized for geometry
optimizations and vibrational mode calculations. The SMD continuum
solvation method* was used to estimate the free energy of solvation in
MeCN (e = 35,688). Grimme’s D3 corrections were applied with Becke-
Johnson damping 2 to account for dispersion forces which are known to
be otherwise deficientin BSLYP. Accurate free energies were obtained by
performing single point calculations with the def2-TZVPP basis set*3]
using the def2-SVP optimized structures, zero-point energies and thermal
corrections (See Sl for details).

Synthetic Procedures

2,6-Bis[(bis(2-pyridylmethyl)amino)methyl]-4-methylphenol (HL): The
ligand HL was synthesized and characterized by reported procedures 9

[LCo2(u-Pz)2](ClO4)s (1): Synthesis of this complex was done by a
modification of a procedure reported in the literature (Figure S2). To a
solution of HL (0.226 g, 0.43 mmol) in methanol (10 mL), a solution of
Co(ClO4)26H20 (0.311 g, 0.85 mmol) in methanol (10 mL) was added
dropwise while stirring. This solution was then treated with a solution of
pyrazole in methanol (HPz) (0.014g, 0.20mmol) and the resulting solution
was heated on a steam-bath for 5-10 min. The resulting solution was
filtered while hot through celite and then allowed to crystallize by slow
evaporation at room temperature. Dark brown microcrystals were formed
after 2 days and recrystallized with acetonitrile and 2.5 mL of isopropanol
to yield x-ray quality crystals. The crystals were washed with diethyl ether
and isopropanol and dried at room temperature under vacuum. Yield =
68% 'H-NMR [500 MHz, CD3CN, 300 K] d/ppm =) 2.03 (s, 3 H, Methyl),
3.42 (d, 2H, CH2), 3.64 (d, 2H, CH) 4.27 (s, 4 H, CH2), 4.50 (d, 2 H, CH2),
5.17 (d, 2 H, CH2), 6.67 (s, 4 H, PyH), 6.85 (s, 2 H, PyH), 6.99 (d, 2H, ArH),
7.76 (m, 4H, pzH), 8.01 (m, 2 H, pyH), 8.20 (m, 2 H, pyH), 8.31 (m, 2 H,
pyH), 8.58 (s, 2 H, pyH), 8.81 (s, 2H, pyH); ESI/MS in CH3CN: m/z+ =
260.55; IR (KBr, cm): 3423(w), (O-H stretch); 1611(s), 1480(s), 1437(s),
1387(s), 1288(s) (C=C ring stretch); 1089(sh) (CI-O). Elemental Analysis
Calculated for C3gHa1Cl3C02N10014: C, 42.66; H, 3.76; N, 12.76. Found: C,
42.38; H, 3.65; N, 12.35.

[LNi2(CH3OH)2Cl2]ClO4 (2): This complex was synthesized by a slight
modification of a reported procedure in the literature’®! (Figure S2). To a
solution of HL (0.265 g, 0.50 mmol) in methanol (10 mL), a solution of
NiCl26H20 (0.238 g, 1.00 mmol) in methanol (10 mL) was added dropwise
while stirring. This solution was then treated with a solution of NaClOa4
(0.184g, 1.50 mmol) and the resulting solution was heated on a steam-
bath for 5-10 min. The resulting solution was filtered while hot through
celite and then allowed to crystallize by slow evaporation at room
temperature. Light bluish-green x-ray quality crystals were formed after 2
days. Crystals were washed with diethyl ether and isopropanol and dried
at room temperature. Yield = 70% ESI/MS in CH3CN: m/z+ = 716.98; IR
(KBr, cm): 3245(w), (O-H stretch); 1607(s), 1474(s), (C=C ring stretch);
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1096(sh) (CI-O). Elemental Analysis Calculated for C3sHa7CIzNeNi2O9: C,
46.42; H, 5.09; N, 9.05. Found: C, 46.28; H, 5.14; N, 9.16.

[LZn2Cl2]PFs (3): This complex was synthesized by a slight modification
of a reported procedure in the literaturel*®! (Figure S2 ).To a solution of
HL (0.141 g, 0.27 mmol) in methanol (10 mL), a solution of ZnCl2:6H20
(0.073 g, 0.53 mmol) in methanol (10 mL) was added dropwise while
stirring. This solution was then treated with a solution of NH4PFs (0.245 g,
1.50mmol) and the resulting solution was heated on a steam-bath for 5—
10 min. The resulting solution was filtered through celite and then allowed
to crystallize by slow evaporation at room temperature. Long colorless x-
ray quality crystals were formed after 2 days. Crystals were washed with
diethyl ether and isopropanol and dried at room temperature Yield = 75%;
H-NMR [500 MHz, CD2Cl2, 300 K] &/ppm =) 1.97 (s, 3 H, Methyl), 3.52
(d, 2H, CH2), 3.81 (d, 2H, CH2) 3.89 (d, 2H, CH2), 4.15 (d, 2 H, CH), 4.46
(M, 4 H, CHz), 6.60 (d, 2H, ArH), 7.15 (s, 2 H, PyH), 7.22 (s, 2H, PyH),
7.53(s, 2H, PyH), 7.64 (s, 2H, PyH), 7.72 (s, 2H, PyH), 8.06 (m, 2 H, pyH),
8.80 (s, 2 H, pyH), 9.33 (s, 2H, pyH); ESI/MS in CH3CN: m/z+ = 748.81;
IR (KBr, cm™): 3423(w), (O-H stretch); 1611(s), 1480(s), 1437(s), 1387(s),
1288(s) (C=C ring stretch); 1089(sh) (CI-O). Elemental Analysis
Calculated for CssHssCl2FsNeO2Zn2: C, 44.32; H, 3.94; N, 9.40. Found: C,
44.19; H, 3.78; N, 9.51.
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