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Abstract. Direct template macrobicyclization of three aliphatic, aromatic and dichlorine-
containing a-dioxime molecules with 4-pyridinylboronic acid on a Fe?* ion as a matrix afforded the
first macrobicyclic tris-dioximates with 4-pyridinyl apical substituents. Pyridinyl-functionilized
iron (I1) clathrochelates emerge as first homogeneous electrocatalysts of hydrogen evolution at low
pH; varying their ribbed substituents allows designing electrocatalysts with better performance and
stability in harsh near-industrial conditions.
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COJIZATOBA B. U., IOPOBA B. 10., HYT'AEBA E. ®.,3ABOJJAEBA A. C., JOJI'AHOB A. B.
KIIATPOXEJIATHBIE KOMILIEKCBI KEJIE3A (11) - BBICOKO®®EKTUBHbBIE
IJIEKTPOKATAJIM3ATOPHI HOJIYYEHUSA BOAOPOJA ITPU HU3KUX 3BHAYEHUSAX PH

AHHoTanus. TeMmiatHoi KoHIeHcanuen amudaTHIecKuX 1 apOMaTHYECKHX Ol-THOKCUMOB,
a TaKkXkKe JUXJIOPOTIIHOKCUMA ¢ 4-TIMPUIMHWIOOPHOW KHUCIOTOH Ha marpuie — uoHe xenesa (1) —
CHHTE3UPOBaHbl HOBBIE 4-MUPUAMIOOpATHBIE MaKpOOUIMKINYECKUue Komiuiekehl xeneza (l1),
sBIsttorrecs 3GpGEKTUBHBIME dIIEKTpOKaTanu3aTtopamu peakiun 2H /Hz B BoIHBIX pacTBOpax mpu
pH 1 — 4. TlomyyeHsl TpHUC-AMOKCUMaTHBIC KiaTpoxenatel skene3a (II) ¢ pasaudyHBIME
QJICKTPOHOAOHOPHBIMU U JSJICKTPOHOAKICIITOPHBIMU pe6epHBIMI/I 3aMECTUTCIIIMU, B TOM 4YHCJIE C
TECPMHUHAJIIbHBIMHU peaKHI/IOHHOCHOCO6HBIMI/I IrpynmnamMm JJJisa I/IMMO6I/IJ'H/I3aIII/II/I Ha TIOBCPXHOCTHU
pabouero AIEKTPOAa, M3yueHa MUX AKTHBHOCTh B PEAKIUHU 3JICKTPOKATATMTHYCCKOTO MOTYyYCHUSI
MOJICKYJISIPHOTO BOIOPOa M MPEIUIOKESH MEXaHH3M JTOH PeaKIyu.

KiioueBbie ci10Ba: 00pa3oBaHHE BOAOPOA, IJIEKTPOKATATMTHYSCKOE BOCCTAHOBIICHHUE,

komruiekcnl xeresa (11).

Introduction. Sustainable and clean energy resources are strongly needed to deal with
global energy and environmental issues [1]. Extensive efforts have been earlier made to develop the

artificial analogs of natural hydrogenases for the hydrogen evolution reaction (HER) from acidic
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solutions, as the molecular hydrogen has merited increasing attention as clean, inexhaustible,
efficient and cost-attractive energy carrier for the future [2]. Therefore, a search for the inexpensive
non-precious metal complexes that are able to catalyze the reduction of H* ions at low or even
without overpotential similar to the natural [FeFe] and [FeNi] hydrogenazes seems to be a real
challenge for the synthetic chemists [3]. Among many coordination compounds, only limited
number of metal complexes may efficiently catalyze the 2H*/H» process due to many requirements
on an electrocatalyst for this reaction [4]. For this purpose, we suggest to use iron (Il) clathrochelate
complexes with functionalizing pyridinyl substituents, which emerged as effective homogeneous
electrocatalysts for hydrogen evolution at low pH; we expected the protonation of these complexes

to increase their solubility in water due to the formation of salts (Scheme 1).

R = CHg, CgHs, Cl
(RR) = (CHp)g

Scheme 1.

Results and discussion. Electrochemical characteristics of these iron(ll) clathrochelates are
summarized in Table 1. All peaks observed in their cyclic voltammograms are characteristic of
diffusion-controlled current processes. In the cathodic range of these cyclic voltammograms, only
one one-electron quasi-reversible wave is observed, which was assigned to redox-processes Fe?*’*, a
typical CV curve is shown in Figure 1.
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Fig.1. Cyclic voltammogram for 0,5 mM acetonitrile solutions of FeNxs(B4-Py)

on a glassy carbon electrode (200 mV/s, GC).



Table 1

Oxidation and reduction potentials (mV) and characteristics
of electrochemical processes for the iron(l1) clathrochelates

Oxidation, Eox Reduction, Ered
Complexes kobs
Ea Ec AE Ec Ea AE
FeNxs(B-4-Py)2 1370 1280 90 —1080 -870 210 953
FeDmg3(B-4-Py)2 1450 1360 90 —1030 -900 130 874
FeBds(B-4-Py)2 1480 1400 80 -1050 - 800 250 658
Fe(Cl.Gm)s(B-4-Py)2| 1910 1800 110 — 450 —380 70 1900

The anodic ranges of these CVs contain quasi-reversible oneelectron waves assigned to the
Fe?*®* oxidations. The aliphatic and aromatic substituents in ribbed chelate a-dioximate fragments
of these 4-pyridinylboron-capped iron(ll) clathrochelates have significant no effect on this redox
process except that of six strong electron-withdrawing chlorine substituents in Fe(Cl.Gm)s(B-4-
Py)2 which oxidizes at a much higher oxidation potential value (Tab. 1). The differences AE
between the peaks of direct and backward waves for these complexes are from 90 to 110 mV and
are characteristic of quasi-reversible redox processes. The cathodic range of CVs for all the
clathrochelate studied contain thewaves of themetal-centered quasi-reversible Fe?** reductions; so,
the anionic clathrochelate species formed undergo only slight structural changes during this
reduction and are stable in the CV time scale. The reduction potential value is substantially shifted
to the anodic range in the case of the hexachloroclathrochelate Fe(Cl.Gm)z(B-4-Py).. Note that the
variation of a scan rate in a wide range from 50 to 1000 mV s does not affect the current peak
ratio that is equal to 1. In this case, the reduced anionic 19-electron cage iron(l) complex is rather
thermodynamically stable and undergoes no substantial chemical and structural transformations in
the CV time scale. Therefore, this iron hexachloroclathrochelate seems to be an efficient

electrocatalyst for hydrogen production from H* ions
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Fig. 2. CVA for 0,5 mM acetonitrile solutions of FeNxz(B-4-Py), on a glassy carbon electrode in the absence

and (top-bottom) in the presence of 5, 10, 15 and 25 mM of CF;COOH.



We studied the electrocatalytic properties of the clathrochelates obtained in HER using
CF3COOH as a source of H* ions. The addition of CF3COOH to their acetonitrile solutions caused a
formation of the catalytic waves at the potentials of the redox M?** couples (Fig. 2). An increase in
the concentration of H* ions leads to slight catodic shifts of the catalytic waves accompanying the
increase in their intensities caused by the electrocatalytic H™ reduction (as follows from GC data).
The complexes obtained efficiently electrocatalyze hydrogen evolution (Fig. 1) from an acid
solution in acetonitrile as well as from aqueous buffers with low pH (1 — 4). NMR spectroscopy
data confirmed that protonation of both the pyridine moieties occurred, thus giving protonated
species that were stable in these conditions. Titration of an acetonitrile solution of a clathrochelate
with an acid resulted in a significant increase of the current assigned to the Fe?*’* pair, while the
peak of the reverse process vanished. Kinetic parameters and overall efficiency of the catalytic
process depended greatly on the nature of ribbed substituents in chelate fragments of these
clathrochelates. Based on the dependence of the rate of the electrocatalytic process 2H*/H> on the
pH value of the aqueous solution, a limiting step was identified and a catalytic mechanism
elucidated experimentally. All proton reduction reactions were first order in the catalyst’s
concentration and second order in the acid’s concentration; for all of them, rate constants and
activation energies have been obtained.

Conclusions. Pyridinyl-functionilized iron (I1) clathrochelates emerge as first homogeneous
electrocatalysts of hydrogen evolution at low pH; varying their ribbed substituents allows designing

electrocatalysts with better performance and stability in harsh near-industrial conditions.
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