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Sophia Lipstman,? Israel Goldberg,” and Zeev Gross'->*

SUMMARY

Stable complexes with terminal triply bound metal-oxygen bonds are usually not
considered as valuable catalysts for the hydrogen evolution reaction (HER). We
now report the preparation of three conceptually different (oxo)molybdenum(V)
corroles for testing if proton-assisted 2-electron reduction will lead to hyper-reac-
tive molybdenum(lll) capable of converting protons to hydrogen gas. The upto
670 mV differences in the [(oxo)Mo(IV)]/[(oxo)Mo(lll)] ? redox potentials of the
dissolved complexes came into effect by the catalytic onset potential for proton
reduction thereby, significantly earlier than their reduction process in the
absence of acids, but the two more promising complexes were not stable at prac-
tical conditions. Under heterogeneous conditions, the smallest and most
electron-withdrawing catalyst did excel by all relevant criteria, including a 97%
Faradaic efficiency for catalyzing HER from acidic water. This suggests complexes
based on molybdenum, the only sustainable heavy transition metal, as catalysts
for other yet unexplored green-energy-relevant processes.

INTRODUCTION

The non-sustainability of platinum, by far the best catalyst for reduction of protons to hydrogen (the hydrogen
evolution reaction [HER]), and also inspiration from biology (e.g., Fe-hydrogenases) continues to drive focus
on developing catalysts based on cheap, non-toxic, and earth-abundant metal complexes (Abbas and Bang,
2015; Bullock et al., 2014; Fukuzumi et al., 2018; Guo et al., 2020; Mondal et al., 2013; Roger et al., 2017; Xie
etal., 2020). Molybdenum may safely be considered the only non-precious heavy transition metal, and itis also
essential for human life due to its presence and roles in more than 30 enzymes (e.g., DMSO reductase, sulfite
oxidase, xanthine oxidase) (Schwarz et al., 2009). These participate in both oxidation (of sulfur containing com-
pounds) and reduction processes (e.g., nitrogen to ammonia by nitrogenases) (Spence, 1980); and there are
also human diseases that are related to this essential metal (molybdenum cofactor deficiency) (Chatzistathis,
2014). The shortlist of efforts devoted to using synthetic molybdenum complexes as catalysts is not limited to
enzyme-mimicking studies such as oxidation of sulfides and sulfoxides by H,O, (Carrasco et al., 2018; Thiru-
vengetam and Chand, 2018) and the reduction of nitrogen to ammonia (Weare et al., 2006; Wickramasinghe
etal., 2017) but also processes like the electrocatalytic HER that is of prime importance for hydrogen economy
(Benck et al., 2014; Hua et al., 2020; Xiao et al., 2014). 1Schulich Faculty of
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(tpfc)MoV(0): X =H (tfic)MoY(0)
(tpfc-Brg)MoVY(0): X = Br
(tpfc-Clg)MoY(0): X = CI

Chart 1. Chemical structures of the investigated (oxo)molybdenum(V) corroles

metallocorroles, which disclosed meso-CF; to be more effective than meso-C,Fs substituents for shifting
the redox potentials in the desired direction (Chen et al., 2018; Sudhakar et al., 2017), we have also pre-
pared and studied (tf)MoY(O) [tfc = the trianion of 5,10,15-tris(trifluoromethyl)corrole] (Chart 1). All new
complexes were fully characterized, and their spectroscopic, electrochemical, and HER catalyzing proper-
ties are compared relative to the previously reported (tpfc)MoV(O) complex (Luobeznova et al., 2006).

RESULTS AND DISCUSSION
Synthesis and characterization of (oxo)molybdenum(V) corroles

Envisioning that halogenation of the macrocyclic CH bonds could provide more reducible complexes,
direct chlorination of (tpfc)MoV(O) was carried out by treating it with excess chlorine in benzene solution,
following a previously reported procedure on different metallocorroles (Mahammed et al., 2012). The iso-
lated complex was crystallized and subjected to X-ray diffraction analysis, which revealed that chlorination
did not proceed to completion. In the refined structural model, the Cl atoms were found to be partitioned
between the eight B-sites, accounting altogether for nearly six Cl atoms per corrole (Figure 1A). This is true
for both crystallographically independent molecules of the asymmetric unit. Further support was obtained
from mass spectroscopy analysis which also revealed only six chlorine atoms on the corrole ligand for the
most intense cluster of signals (Figure S5). Similar results were obtained from bromination of (tpfc)Mo"(O)
with either bromine or NBS, which for other metal complexes of the same corrole induce clean octa-bromi-
nation (Mahammed et al., 2011). Although only an approximate structural model could be obtained from
the severely twinned crystals obtained in this case, crystallographic refinement of the bromine substituents
suggested partitioning of seven Br atoms between the eight B-carbons of the corrole ring.

Since direct halogenation on the molybdenum corrole was not fully effective, a different method was im-
plemented as to achieve better results: insertion of an acid-labile metal (only manganese and copper
are relevant in the case of corroles), bromination, demetalation, and molybdenum insertion. The adopted
starting point was the preparation of (tpfc)l\/ln”| (Gross et al., 2000), followed by the bromination of all its
B-pyrrole positions (Golubkov et al., 2001), and subsequent demetalation by sulfuric acid (Mandoj et al.,
2008). Molybdenum was inserted to the such formed free base Hs(tpfc-Brg) ligand by the use of (cyclopen-
tadienyl)Mo" tetrachloride and refluxing the reaction mixture for 40 min under N in decalin solution. The
successfully crystallized molybdenum complex was proven to be the fully brominated (tpfc-Brg)Mo"(O)
indeed (Figure 1B). The characteristics of the halogenated macrocycles are significantly red-shifted absorp-
tion maxima (Figures Sé6 and S7): (tpfc)l\/IoV(O) is characterized with a Soretband at 430 nm, while the Aax of
the chlorinated and brominated complexes is 440 nm and 450 nm, respectively (Figures S7).

For the earlier outlined reasons, the (oxo)molybdenum complex (tfo)Mo¥(O) with CF5 rather than
CsFs groups on the three meso-C atoms of the macrocycle was prepared by heating 5,10, 15-tris(trifluoro-
methyl)corrole Hs(tfc) (Yadav et al., 2020) and Mo(CO), in decalin at 170°C. Examination of (tf)Mo¥(O) by
X-ray crystallography revealed that the central metal ion protrudes from the mean plane by 0.914 A and also
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Figure 1. Single crystal X-ray structures of (oxo)molybdenum(V) corroles

(A) View of the two crystallographically independent molecules in the crystal structure of (tpfe-Clg)Mo¥(O), showing the
approximate partitioning of the Cl-substituents among the eight B-positions of the corrole rings.

(B) Projection of the molecular structure in the crystal of (tpfc-Brg)MoY(O). All Br-atoms are in full occupancy.

(C and D) (C) Front and (D) side view of (tfc)Mo"(O) single crystal X-ray structure.

an M-O bond length of 1.676 A (Figures 1C and 1D). Both values are larger than for (tpfc—Brg)MoV(O) and
(tpfc—Clé)MoV(O), wherein the Mo(O) centers are 0.708 and 0.839 A above the 23-atom mean plane and the
Mo-O bond lengths are 1.647 and 1.666 A, respectively.

Cyclic voltammetry

Cyclic voltammograms were recorded for (tpf)Mo¥(0), (tfc)Mo"(0), and (tpfe-Brg)Mo¥(O), in N,N-dimethylfor-
mamide (DMF) under N, atmosphere (Figure 2), for elucidating the electronic effect of the meso-C and B-pyr-
role substituents. All three (oxo) Mo complexes exhibit two reversible redox processes located in the range of
—1.5t0 0.5 V. The redox processes of (tpfc)Mo"(O) with half-wave potentials (Eq2) of —0.17 V and —1.45 V
correspond to Mo(IV)/Mo(V) and Mo(lll)/Mo(lV) couples, respectively. For (tfc)Mo(O), these processes are
positively shifted by 210 mV and 250 mV: Eq,5(1) = 0.04 and E;/»(2) = —1.20 V. These anodic shifts testify for
a stronger electron withdrawing effect by meso-CFj relative to meso-CFs groups. Bromination of the B-pyr-
role C atoms had an even stronger impact, with the E;/»(1) = 0.32V and E;»(2) = —0.78 V for (tpfc—Brg)MoV(O)
reflecting positive shifts of 490 mV for the Mo(IV)/Mo(V) and 670 mV for the Mo(lll)/Mo(IV) processes relative to
(tpfc)Mo(O). These values may also be presented as 60-82 mV/Br atom positive shifts in redox potentials,
much higher than what is achievable for analogous porphyrin complexes. This adds confidence to the analysis
reported in previous work (Bhyrappa et al., 2003; Mahammed et al., 2011), where the different responses to
Br-substitution on the macrocyclic periphery of corroles and porphyrins were noticed and analyzed. The X-ray
structures of B-pyrrole-brominated corroles/porphyrins revealed that bromine-induced distortions of the
macrocycle are much more pronounced for porphyrins than for corroles. This is one main factor that leads
to a significant attenuation of the expected effect of bromination on redox potentials of metal ions chelated
by porphyrins relative to corroles (Mahammed et al., 2011). The last aspect of emphasis is that only (tfc)MoY(0)
exhibits another clear reduction process at —1.69 V that may be tentatively assigned to a Mo(ll)/Mo(lll) couple
(Figures S15). Despite of expectation of obtaining this for (tpfc-Brg)MoV(O) as well and at even less negative
potentials, it was much less well behaved than for (tfo)MoV(O). This testifies for some irreversible decompo-
sitions, likely due to the instability of C-Br bonds at very negative potentials.

Homogeneous HER electrocatalysis

Having demonstrated the facile access to low valent molybdenum metallocorroles, it attracts the interest to
explore their interactions with small molecules and possible catalytic activation thereof. Effective hydrogen
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Figure 2. Cyclic voltammograms of (oxo)molybdenum(V) corroles

Cyclic voltammograms of (tpfc)Mo¥(O), (tfc)Mo¥(O), and (tpfe-Brg)Mo¥(O) (red, black, and blue traces, respectively; 1T mM)
recorded in Np-purged DMF solution of TBAP (0.1 M) on a glassy carbon electrode at 80 mV/s. The reference electrode
was Ag/AgCl.

evaluation reaction (HER) from trifluoroacetic acid, acetic acid, acetonitrile/water, and neutral buffer solution
solutions were recently reported by employing Fe', Co", and Cu" corroles as electrocatalysts (Chen et al.,
2020; Lei et al., 2014, 2015; Lin et al., 2020; Mahammed et al., 2014; Sudhakar et al., 2020; Sun et al., 2017;
Zhong et al., 2019). On the other hand, there are no reports regarding HER catalysis by any (oxo)metal por-
phyrins or corroles despite of their rich redox chemistry. We have hence first tested the electrocatalytic pro-
ton reduction using protonated DMF (DMF-H™) as the proton source in the presence of 1 mM (tpfc)MoV(O)
as the electrocatalyst (Figure 3). Incremental increase in current and formation of irreversible reduction
waves as more acid is added serve as indications for proton reduction; and the involvement of the catalyst
is clearly evident by comparison with results obtained in its absence (the dashed lines), as well as by the
maximal current obtained close to the Mo(IV)/Mo(lll) redox process. Another interesting aspect is that the
catalytic current (ic) precedes the cathodic maximum (ip) which suggests it be due to a proton-assisted elec-
tron transfer process. Most important is to note that the intensity of the Mo"/Mo" couple remains
completely unaffected under all conditions as this testifies for the return of the metal center to its original
MoV state after proton reduction and accordingly for the stability of the catalyst.

The comparison between the three complexes was highly rewarding regarding analysis of the
reaction mechanism(s). Both new complexes also catalyzed the HER but with more complex phenomena (Fig-
ures S12 and S13). As expected, based on the reduction potentials in the absence of acid, the onset potentials
for (tfc)Mo¥(O) and (tpfc-Brg)MoY(O) are shifted positively compared to (tpfc)Mo"(O). However, two catalytic
waves are apparent for both complexes, which is best demonstrated for (tfc)Mo(O): they appear at about
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Figure 3. The influence of DMF-H* on cyclic voltammograms of (tpfc)MoV(O)

The above cyclic voltammograms were recorded in a DMF solution of TBAP (tertbutylammonium perchlorate, 0.1 M), on a
glassy carbon electrode at 80 mVs ™. Catalyst concentration = 1 mM. Potentials are listed versus Ag/AgCl. Dashed lines
represent the influence of DMF-H" without catalyst.

equal catalytic current at E, . = —0.94 and —1.38 V at low (6 equivalents) DMF-H™ concentration, while higher
acid concentration (29 equivalents) affects mostly the latter process (Figure 4, the blue dashed and full traces,
respectively). Common to both (tf)MoV¥(O) and (tpfc—Brg)l\/IoV(O) is that the less and more effective catalytic
waves appear earlier and later, respectively, than the Mo(lll)/Mo(IV) redox couple in the absence of acid, as
demonstrated by the perpendicular lines in Figure 4. Taken together with the results summarized in
Table S1, for proton reduction using the three molybdenum complexes at a single DMF-H" concentration,
it clearly shows that (a) replacing C4Fs by CF3 as meso-C substituents or bromination of the B-pyrrole carbon
atoms leads to earlier onset potentials; (b) but (tpfc)MoV(O) is more active (higher kops and ica/i,, values)
toward proton reduction compared to (tpfc—Brg)MoV(O) and (tfc)MoV(O); and (c) the differences in catalytic ef-
ficacy may further be appreciated by comparing the maximal currents obtained in the presence of 6 equiva-
lents acid at voltages that are identical to the Mo"/Mo!Y redox potential of each complex: 156 pA at —1.46 V
for (tpfc)MoV(O), 85 pA at —1.22 V for (tf)Mo¥(O), and 2 pA at —0.82 V for (tpfc—Brg)MoV(O) (Table S2).

Chronoamperometric experiments accompanied with gas chromatographic analysis for quantification of
hydrogen gas generation were performed for providing confidence regarding the catalytic process, as
well as for confirming the above conclusions and possibly gaining additional information about the oper-
ating mechanisms. Bulk electrolysis was carried out in a 0.1M TBAP/DMF solution containing 0.04 mM cata-
lyst and large excess of acid (4 mM), under a constant potential of —2.1V for 1 hr. Bubbles started to appear
on the working glassy carbon electrode surface after about 20 min (Figure S16); and the formation of H, dur-
ing electrolysis was quantified by gas chromatography (GC) analysis of a known volume from the head space
of the electrolysis cell. The calculation of Faradaic efficiency (FE) was done by subtraction of hydrogen for-
mation in blank experiments (under the same electrochemical condition but without catalyst) (Figure S16).
An excellent FE of 96% was determined in the case of (tpfc)l\/IoV(O), much larger than for (tfc)MoY(O) (56%)
and (tpfc—Brg)MoV(O) (26%). Besides being the most active catalyst toward proton reduction, (tpfc)MoV(O)
appeared also to be the most stable complex according to UV-vis measurements after bulk electrolysis (Fig-
ures S17-519). The UV-vis spectra of both (tpfc-Brg)MoV(O) and (tfo)MoV(O) displayed signs indicative of
decomposition: decrease in the Soret band and considerable increase in the base line, respectively.

The results obtained within this series of (oxo)molybdenum corroles served well for deducing some limited
mechanism of action information regarding HER catalysis thereby. All complexes display two reversible
processes in the absence of acid (Figure 2), thus testifying that the (oxo)molybdenum moiety remains intact
upon reduction (Scheme 1). This statement is true for the 1-electron reduced complexes even in the pres-
ence of acid (Figures 3 and 4), i.e., the negatively charged (oxo)Mo(lV) corroles are evidently inert to
acid. This is consistent with the molecular orbital description of the terminal Mo-O bond therein: while
reduction of the complex changes it from neutral to anionic, the bond order (one sigma and two p bonds,
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Figure 4. The influence of DMF-H" on cyclic voltammograms of (oxo)molybdenum(V) corroles
Comparison of the cyclic voltammograms obtained in the presence of DMF-H" (29 equiv., dashed line with 6 equiv.) for
(tpfc)Mo¥(O), (red trace), (tpfc-Brg)Mo¥(O), (black trace), and (tfc)MOY(O) (solid and dashed blue traces). The vertical lines
show the [Mo(0)]*/[Mo(O)] redox potential in the absence of acid. Catalyst concentration = 1 mM.

all 2 center-2 electrons) and the oxygen to metal 7 back donations are not and hardly affected, respectively.
On the other hand, further reduction to d° molybdenum(lll) reduces the bond order from 3 to 2 and turns
the oxygen atom to be much more basic because 7 back donation to the metal becomes much less effec-
tive. The electrocatalytic process may start at less negative voltages than the redox potentials in the
absence of acid when (even partial) protonation occurs either before or during reduction (the well-known
PCET process) (Weinberg et al., 2012). The catalytic current for catalysis by (tpfc)Mo(O) (Figure 3) increases
linearly with acid concentration, thus pointing toward a 1e7/2H" process that leads to neutral molybdenu-
m(lll) (Scheme 1, left); and the same holds true for the more prominent catalytic waves of (tfc)Mo(O)

6 iScience 24, 102924, August 20, 2021
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Scheme 1. The redox processes of the (oxo)molybdenum(V) corrole complexes in the absence and presence of acid
Note that the doubly reduced complexes are not only more basic but also of reduced (double rather than triple) metal-
oxygen bond order. (cor = tranionic corrolato).

(Figures 4 and 512). In the latter case, this takes place later than the (oxo)Mo'/(oxo)Mo"' redox couple, thus
suggesting that the charged molybdenum(ll) is formed (Scheme 1, right).

Heterogeneous HER electrocatalysis

Keeping in mind that the ultimate goal is HER catalysis in aqueous environment, (tfc)Mo¥(O) and (tpfc)
Mo"(O) were adsorbed on Vulcan XC72R carbon by adding the latter to isopropanol solutions of the former
(Figure S20). The adsorbed amounts of the catalysts were calculated by comparing the UV-Vis spectra of
their original solutions before and after the addition of the carbon, revealing it to be 72% for (tfco)MoV(O)
and 68% for (tpfc)l\/IoV(O). But considering the molecular weight differences between the two complexes,
the (moles of catalyst)/carbon ratio is actually about 60% larger for (tfc)Mo"(O) than for (tpfc)MoY(O). The
modified carbons were adsorbed on the surface of glassy carbon electrodes for testing their performance
for electrocatalytic proton reduction of acidic water. The recorded cyclic voltammograms (Figure 5A) un-
covered (a) more than 2 orders of magnitude larger currents than under homogeneous conditions; (b)
larger current and earlier catalytic onset for the electrode modified by (tfc)Mo(O); (c) an electric charge
curve (during 10 hr of bulk electrolysis!) that is more ideal (almost no curvature) for the latter, thus testifying
for its larger durability; and (d) an only 280 mV difference in onset potential relative to 20% Pt on carbon,
which ranks (tfc)Mo(O) among the best non-precious-metal HER catalysts (Zeng and Li, 2015). Upon the
application of negative potentials on the modified electrodes immersed in 0.5 M sulfuric acid solutions,
hydrogen bubbles generated on the electrode’s surface were clearly visible (Figure 5B). Quantification
of the thus generated hydrogen gas was performed by headspace gas chromatographic analysis. At
—0.8 V (vs. Ag/AgCl), (tfc)Mo"(O) and (tpfc)Mo¥(O) were found to be very effective catalysts for proton
reduction with a FE of 97% and 80%, respectively.

Conclusions

We provide fresh insight into the chemistry of molybdenum corroles, achieved via the introduction of new
and fully characterized complexes wherein the (oxo)molybdenum(V) moiety is chelated by derivatives with
electron withdrawing substituents. Although substituents on the corrole periphery affect mainly its 7 sys-
tem, the metal-centered reductions still differ by more than 0.67 V within this series. The basicity of the ter-
minal metal-oxo bond toward the very strong DMF-H" acid is extremely low and comes into play only for
the doubly reduced complexes and mostly so for the one chelated by the least electron withdrawing cor-
role. That complex completes a catalytic cycle for the reduction of protons to hydrogen gas, via coinciding
proton- and electron-transfer processes, at a voltage that is lower than its Mo(l1)/Mo(IV) reduction potential

iScience 24, 102924, August 20, 2021 7
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Figure 5. The performance of (oxo)molybdenum(V) corroles for H, generation under heterogeneous conditions
(A) Comparison between the cyclic voltammograms of (tfc)Mo(O) and (tpfc)Mo(O) adsorbed onto Vulcan XC72R carbon as
the solid support, in Np-saturated 0.5 M H,SO, solution, in comparison with 20% Pt adsorbed onto Vulcan XC72R carbon
under the same conditions. Scan rate: 50 mV/s, reference electrode: Ag/AgCl. Inset: electric charge curves during 10 hr of
bulk electrolysis at applied potential of —0.8 V.

(B) View of H;, generation in the form of bubbles on the surface of a glassy carbon electrode that was modified by (tfc)
Mo(O), after 10 min of bulk electrolysis; applied potential —0.8 V vs. Ag/AgCl.

in the absence of acid. That pathway is less effective for the complexes wherein the corrole substituents
reduce the basicity of the N4 coordination core and consequentially that of the molybdenum-bound oxy-
gen atom as well. (tpfc)Mo¥(O) is the most active homogeneous electrocatalyst for HER in organic solvent,
but the (tfc)Mo"(O)-modified electrode performs best for hydrogen gas generation from acidic water in
terms of early onset potential, FE, and durability. We anticipate that disclosure of the utility of stable
oxo-metal complexes as electrocatalyst for hydrogen production from protons will raise the interest in us-
ing them for even more demanding reduction processes.

Limitations of the study

Isolation of the proposed molybdenum(lll) corrole reaction intermediate was not yet achieved; and future
research that will focus on the catalyst-modified electrodes is required.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCES AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o METHOD DETAILS
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals
Mo(CO)s MERCK Cat# 8003960010 CAS: 13939-06-5
Nafion MERCK Cat# 274704
CAS: 31175-20-9
20% Pt on Vulcan XC72 Premetek.com Item # P10A200
RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Zeev Gross (chr10zg@technion.ac.il).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.

e This paper dose not report original code.

e Any additional information required to analyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

'H and "’F NMR spectra were recorded on Bruker Avance 200 spectrometer (200 MHz for "H and 188 MHz
for 'F). Chemical shifts are reported in ppm relative to the residual proton resonances in deuterated sol-
vents, and relative to CFCls in the '"F NMR spectra. Mass spectra were recorded on Brucker maXis impact
using APCI positive method. Absorption spectra were recorded using an Agilent Cary 8454 UV-visible
spectrophotometer.

The electrochemical measurements were recorded using a conventional three electrode system consisting
of a glassy carbon working electrode (diameter of the active zone: 2.8 mm; Metrohm), a platinum wire as
counter electrode and Ag/AgCl reference electrode in DMF using 1 mM catalyst and 0.1 M TBAP electro-
lyte. Electrochemical measurements were recorded with an EmStat3+ electrochemical system (Fc/Fc*
couple =0.529 V vs. Ag/AgCl). Bulk electrolysis was carried out in 100 mL cell with a glassy carbon working
electrode and a Pt wire counter electrode. H, gas was collected by gas-tight syringes from the head space
after electrolysis and quantified by a Sion GC-TCD detector using HP-mole sieve column and N as a carrier
gas. The volume of H; produced by Mo¥(O) corroles was calculated by using a calibration curve vs. known
volumes of H, gas. The catalysis was run from the same batch which the crystals for XRD were obtained.

The single-crystal material was immersed in Paratone—N oil and mounted on APEX Il Bruker diffractometer
at low temperature. Data collection was performed using monochromated Mo Ka radiation, A = 0.71073 A,
using ¢ and w scans to cover the Ewald sphere (Hooft, 1999). Accurate cell parameters were obtained with
the amount of indicated reflections (Otwinowski and Minor, 1997). Using Olex2, the structure was solved
with the olex2.solve structure solution program using Charge Flipping and refined with the ShelXL refine-
ment package using Least Squares minimization (Bourhis et al., 2015; Dolomanov et al., 2009). Software
used for molecular graphics was Mercury 3.5. Crystallographic data for (tpfc-Clg)MoV(O), (tpfc-Brg)
MoV(0) and (tfc)Mo¥(O) have been deposited in the Cambridge Crystallographic Data Center (CCDC)
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under accession numbers CCDC 2038755, 2038745 and 2036935, respectively. These data can be obtained
free of charge from the CCDC at http://www.ccdc.cam.ac.uk/data_request/cif.

(tpfc)MoV(O) was prepared as reported earlier (Luobeznova et al., 2006).

A solution of Hs(tpfc)Brg (Mahammed et al., 2011) (50 mg, 0.03 mmol) in decalin (50 mL) was heated to 170-
180°C, followed by the addition of [(cyclopentadienyl)l\/lov tetrachloride], (50 mg, 0.17 mmol). TLC exam-
inations (silica gel, n-hexane/ethyl-acetate) 2:1) revealed that the starting material was fully consumed
within 40 minutes of reaction, after which the solvents were evaporated. Column chromatography on silica
gel 60 (eluent: starting with hexane/ethyl-acetate 2:1 and gradually changing to ethyl acetate only) was
applied for cleaning the polar product. Crystallization from a THF/n-heptane mixture afforded (tpfc)
Mo¥(O) Brg as green-red solid in 87% yield (40 mg, 0.026 mmol,)."’F-NMR (THF-dg): &, ppm -138.3 (br d,
4F), -153.2 (br s, 2F), -164.5 (or s, 4F). UV-vis (CH2Cly, Amax (e, M'em™): 450 (69,000), 556 (3,600), 598
(10,600) nm. HRMS (ACPI, positive mode) for C37BrgF1sNsMoO (M*): m/z = 1530.2354 (calculated)
1530.2232 (observed).

A solution of Hs(tfc) (Yadav et al., 2020) (20 mg, 0.04 mmol) in decalin (10 mL) was heated to 170-180 °C,
followed by the addition of Mo(CO), (105 mg, 0.40 mmol). TLC examinations (silica gel, n-hexane/
CH,Cl, 3:1) revealed that the starting material was fully consumed within 1 h of reaction. The reaction
mixture was directly loaded over silica gel, 100 % n-hexane was used as eluent to remove decalin, after
which MoTFC was eluted as a red fraction by using 3:1 n-hexane/CH,Cl, mixtures. Solvent evaporation
and crystallization from a CHCls/n-hexane mixture yielded 10 mg (0.016 mmol, 40% yield) of (tfc)Mo(O).
UV-vis (CH2Cly, Amax (6, M 'em™): 429 (65,500), 546 (6,500), 582 (10,800) nm. HRMS (ACP!, positive mode)
for CooHgFoN4sMoO (M™): m/z = 612.9608 (calculated) 612.9608 (observed).

The corroles (0.8 mg) (tfc)Mo(O) and (tpfc)Mo(O) were dissolved in isopropanol (1 mL) and Vulcan XC72R
carbon (10 mg of) was added. The suspension was sonicated for 20 min and stirred overnight at room tem-
perature, after which the corrole-adsorbed carbon nanoparticles were separated by centrifugation. Elec-
tronic spectra examinations of the isopropanol solutions before and after that treatment were used for
calculating the amount of corrole that was adsorbed on the carbon (Figure 518). The modified carbons
were dried overnight 45 °C, 1 mL isopropanol was added and after another overnight stirring followed
by centrifugation, they were dried again overnight at 45 °C. Inks of corrole-containing carbon were pre-
pared by mixing 1 mg amounts with 0.2 mL isopropanol, 0.8 mL H,O, and 10 pL of Nafion, followed by
20 min sonication. Fresh amounts of such prepared inks were adsorbed on the surface of glassy carbon
electrodes (diameter of the carbon surface: 2.8 mm; Metrohm), by dropping 5 pl on the GC electrode
and drying for 40 min at 45°C. This procedure was repeated twice.
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