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ABSTRACT: We present monometallic H> production electrocatalysts containing electron rich triamine-cyclopentadienyl (Cp)
ligands coordinated to iron. After selective CO extrusion from the iron tricarbonyl precursors, electrocatalysis is observed via cyclic
voltammetry in the presence of exogenous acid. Contrary to the fact that amines in the secondary coordination sphere are often
protonated during electrocatalysis, comprehensive quantum chemical calculations indicate that the amines likely do not function as
proton relays; instead, endo-Cp ring protonation is most favorable after 1e” reduction. This unusual mechanistic pathway emphasizes
the need to consider a broad domain of H/e” addition products by synergistically combining experimental and theoretical resources.

INTRODUCTION

Earth-abundant metals (EAMs) are essential to life,
catalyzing complex redox reactions involving multiple protons
and electrons. In Nature, [Fe-Fe] and [Ni-Fe] hydrogenases use
azadithiolate and arginine moieties, respectively, to shuttle
protons between the metal’s primary coordination sphere and
these nitrogen bases.! Consequently, this behavior has inspired
the development of synthetically tractable electrocatalyst
biomimics containing amine moieties capable of facilitating
proton movement for H> production and/or oxidation using
EAMs.? As ligand designs for fuel-forming electrocatalysis are
refined to incorporate secondary coordination sphere
interactions,® mechanistic scenarios become increasingly
complicated due to multiple donor/acceptor moieties mediating
the movement of protons and electrons. Thus, synergistic
cooperation between experimentalists and theoreticians is
essential to identify plausible mechanistic pathways and avoid
energy pitfalls that could stifle catalytic activity.>**

While 1°-CsHs (Cp) and electron-rich n>-CsMes (Cp*) often
function as ancillary ligands, they can also participate in C-H
bond activation reactions.’ Mechanistic studies have proposed
the existence of n*-CpH or n*-Cp*H intermediates using Co,®
Rh,’, Re®, and f-block’ complexes, and there is synthetic
precedent for n*Cp ligation at Fe,'® Co,!' and Rh.''®!2
Experimental and computational analyses have demonstrated
that active participation of the Cp/Cp* ligand can be essential
in the context of proton-coupled electron transfer (PCET),%!?
driving the need to evaluate new Cp derivatives for small
molecule activation and catalysis.

In contrast, amine-functionalized Cp ligands remain
underexplored for applications in catalysis."* Notably, the
electron rich triamine-cyclopentadienylium ligand "Cp™iFrt
(1, Scheme 1; en = N, N’-dimethylethylenediamine) was used to

synthesize a piano-stool iron carbonyl complex which catalyzes
the reductive amination of secondary amines.'* Computational
studies suggested that a pendant amine on ligand 1 facilitates
proton transfer during substrate reduction, inspiring us to
synthesize a library of “"CpR®* ligands for applications in H:
production electrocatalysis (Scheme 1). Due to the multitude of
potential protonation sites, we rationalized that comprehensive
multi-level modeling methods!® considering conformational
flexibility, tautomers, and solvent/solute interactions should be
utilized to understand the experimental results.

We describe the synthesis, electrochemistry, H> production
electrocatalysis, and quantum chemical modeling of Fe
complexes with the electron rich triamine-cyclopentadienyl
ligand *"Cp® (R = NH'Pr, pyrrlolidinyl , NHBn). Surprisingly,
thermochemical landscape analysis reveals that direct
protonation of the Cp ring is most favorable, generating a key
endo-Fe(n*-CpH) intermediate. Therefore, the experimental

Scheme 1. Synthesis of Fe complexes.
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and computational data collectively suggest that the pendant
amines behave as ancillary electron-rich functional groups,
providing evidence that amines may not always function as
proton relays due to pKa mismatches between the exogenous
proton source and amine functionalities.

RESULTS AND DISCUSSION

The amine-functionalized cyclopentadienylium salts 1 and 2
(°"Cp®*; R =NH'Pr, Pyr) were prepared as previously reported'®
while ligand 3 (R = NHBn) was prepared using a similar
protocol (Scheme 1). Reaction of these salts in refluxing
toluene with Fex(CO)y yields air stable Fe(Il) tricarbonyl
complexes 1-Fe(CO)s*,'“ 2-Fe(CO)s*, and 3-Fe(CO)s* which
were isolated as PFs salts after workup. X-ray crystallography
reveals isostructural motifs for all three complexes, with nearly
equidistant C-C bond lengths connecting the carbon atoms
within the Cp ring (Fig S11). When compared to the CO
stretching frequencies of Cp*Fe(CO)3* (vco = 2130, 2078 cm;
Nujol),!” solid-state IR data for 1-Fe(CO)s* exemplifies the
potent electron donor ability of these ®"CpR® ligands (vco = 2048,
1969 cm’'; KBr).

[3-(cO)3]+ «
—[2-(co)3]+
-
[1-(cO)3]+
{_
1A {
-2.25 -1.75 -1.25 -0.75

Potential (V vs, Fc*/?)

Fig 1. CVs of 1-Fe(CO);", 2-Fe(CO):*, and 3-Fe(CO)s™.
Conditions: CH3CN, 0.1 M [BusN][PFs], 1.0 mM analyte, 100

Cyclic voltammograms (CVs) for complexes 1-Fe(CO)s*, 2-
Fe(CO)s*, and 3-Fe(CO)s* are shown in Fig 1 and data are
summarized in Table 1. All three complexes exhibit partially
reversible or irreversible redox features, whose currents and
potentials remain constant with repeated linear potential
sweeps. Although the pendant amines vary with respect to
sterics and electronics, there is a reduction peak around Epe = -
1.6 V in all three cases, attributed to a diffusion-controlled le
reduction event which becomes more reversible with faster scan

Table 1. Electrochemical Data for Fe(CO)s* complexes.

Complex Ein (V) Epa (V)? kco (s7)
1-Fe(CO)s * | -1.59 (-1.25) | 0.62 (-0.61) 20+ 1.1
2-Fe(CO)s* | -1.57(-122) | -0.72(-0.59) | 6.0= 1.4
3-Fe(CO)s* | -1.55(-1.23) | -0.60 (-0.60) 119£36

aDFT-calculated redox potentials (£1/2) in parentheses.

rates (Fig S16). In all three cases, this behavior is generally
described by an EC reaction mechanism where the rapid,
reversible reduction of [Fe](CO)s* is followed by irreversible
CO loss to generate the neutral Fe dicarbonyl intermediate
[Fe](CO)2 (Scheme 2, top). The rate of CO dissociation (kco)
was calculated by plotting the change in cathodic peak potential
(Epc) versus the natural logarithm of inverse scan rate (In(1/v)),
(Eqn S1).'* Complexes 1-Fe(CO)s;" and 2-Fe(CO)s* have
similar CO dissociation rate constants (kco= 2.0 = 1.1 and 6.0

Scheme 2. Elementary steps showing irreversible CO loss by an
EC mechanism followed by solvent uptake after re-oxidation (left)
with computed n2-(*"CpR) intermediate 1-Fe(CO)s (right) ?
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+ 1.4 s respectively) while 3-Fe(CO)s" is significantly faster
(kco = 11.9 £ 3.6 s™). Since the redox potentials for all three
complexes are extremely similar, the bulkier benzyl group on
3-Fe(CO)s* suggests that ligand sterics may enhance the rate of
CO dissociation. These kco values are all much lower than
observed for the rate of CO loss from tricarbonyl complex
CpFe(CO)s (kco = 10° sT), which undergoes a strictly
dissociative mechanism upon reduction (i.e., no n°=n’ ring
slippage).'” For these new Fe complexes, computational data
suggest that a formally 19¢” intermediate is avoided by a ring
slip (haptotropic shift) upon reduction, generating an unusual
Fe(n?-"Cp®) intermediate (Scheme 2, right and Fig S24).
However, the DFT-calculated potentials for le” reduction of 1-

Fig 2. X-ray crystallographic structure of 2-Fe(NCMe)* with 50%
probability ellipsoids. Hydrogen atoms and PFe¢ are omitted for
clarity.

Fe(CO)3*, 2-Fe(CO)s*, and 3-Fe(CO)s* are anodically shifted
by ca. +0.3 V compared to experiment. If rapid ring slippage
were to occur upon le” reduction, the decrease in coordination
number would anodically shift the observed redox potential as
predicted by the DFT calculations (see SI for discussion).
Therefore, the experimental data suggests that electron transfer
is rapid and subsequent ring slippage is slow, leading to more
negative observed redox potentials and retention of the m’-
*sCpR coordination mode on the electrochemical timescale.?
Finally, an irreversible oxidation observed at Ep. = -0.6 to -0.7
V is postulated to be re-oxidation of the neutral Fe' dicarbonyl
intermediate [Fe](CO): followed by irreversible coordination
of MeCN, which is in excellent agreement with experiment
(Table 1).

Based on previous electrochemical studies using
[CpFeL(CO)2]" and CpFeX(CO)2 complexes,?! loss of L or X
from these coordinatively saturated piano stool complexes is a
prerequisite for Ha production. Thus, a CO ligand is extruded
by treatment with 1 equiv MesNO to generate the 18¢” adducts
1-Fe(NCMe) ¥, 2-Fe(NCMe) *, and 3-Fe(NCMe)* (Scheme 1).
The structural assignment of 2-Fe(NCMe)" was confirmed by



single crystal X-ray diffraction (Fig 2). CVs of these three
complexes in acetonitrile show broadened and partially
reversible redox waves, attribute to an EC mechanism with
reversible solvent binding at iron (Fig S18 (black trace)).'$® This
behavior has  been  studied in  depth  using
[CpCo(diphosphine)(NCMe)]" salts, where the NCMe
dissociation rate constant is on the order of 10*-10” 5! in non-
coordinating solvents.>!% CVs of 1-Fe(NCMe)*, 2-
Fe(NCMe)*, and 3-Fe(NCMe)" in fluorobenzene at 100 mV/s
reveal loss of the anodic feature, qualitatively indicating that
solvent loss is facile upon electrochemical reduction (Fig S22).
In addition, the observed redox potentials in acetonitrile are in
good agreement with theory (Table 2).

Next, these dicarbonyl solvento adducts were tested for Ha
production electrocatalysis with the exogenous acid 4-methyl-
N-tosylbenzenesulfonamide (Tos:NH, pKMN = 11.97).22
Initial screening with 20 mM acid reveals an S-shaped current
response at cathodic potentials, whose plateau current (ica)
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Fig 3. CVs of 1-Fe(NCMe)* with increasing concentrations of
Tos2NH. Conditions: CH3CN, 0.1 M [BusN][PF¢], 1.0 mM
analyte, 800 mV/s. Inset: dependence of kobs on acid concentration.

becomes independent of scan rate at = 800 mV/s (Fig S17).!%
The relatively shallow slopes may be due to slow electron
transfer from the electrode to the metal complex (Fig S18).%
For 1-Fe(NCMe)*, successive additions of acid trigger the
appearance of increased peak currents, attributed to Ho»
production at a half-wave catalytic potential (Eca2) of —1.72 V
(Fig 3). When TosoNH < 70 mM, there is a linear dependence
between kobs and [acid], indicating a first-order dependence on
[acid]. When [Tos2NH] > 70 mM, the observed rate constant
kos becomes independent of [acid], with the maximum
observed turnover frequency for Ha production calculated to be
29 s,

The reaction is first order in catalyst, displaying a linear
dependence on [Fe] with constant [acid] (Fig S19).
Importantly, CV control experiments comparing 20 mM
Tos:NH solutions in the absence and presence of 1-Fe(NCMe)*

Table 2. Electrocatalysis Data for Fe(NCMe)* complexes.

Complex Ein (V) b;c\%z (]Zuit) ({}) (1::/1;:)
1-Fe(NCMe)* (:}:% 172 | 29 | 098 | 65+3
2-Fe(NCMe)* (:}:2;) 176 | 35 | 1.02 | 65+3
3-Fe(NCMe)* (:i :;i) 172 | 45 | 098 | 64=1

aCalculated redox potentials (£12) in parentheses (vide infra).

clearly indicate that the Fe catalyst is responsible for the
observed current enhancement (Fig S20). Using a weaker acid
such as HNEt:* (pK.MN = 18.82)% results in no current
enhancement in CV traces, indicating that stronger acids are
essential for H> production to occur in the applied potential
window (Fig S21).

Table 2 summarizes the electrocatalysis data. Similar
turnover frequencies, modest Faradaic efficiencies,’* and
similar overpotentials (n)* are found for this triad, suggesting
that the amine variation has a minimal effect on catalytic
activity. “Rinse test” electrolysis following a typical controlled
potential electrolysis trial indicates that the Fe complexes are
mainly responsible for Ha production (Fig S24 and Table S2).*

For the DFT calculations a multi-level protocol was
employed, where different levels of theory were used at
different steps to obtain reliable free energy estimates with best
efficiency (Fig 4). Structure ensembles were generated by
CREST? with the semi empirical quantum mechanical (SQM)
GFN2-xTB® method. The low computational costs of GFN2-
xTB allow extensive exploration of the chemical space on a
quantum mechanical level. The structures lowest in energy
were picked and optimized with the efficient composite
2 SCAN-3¢? DFT method in combination with the implicit
solvation model DCOSMO-RS* to account for solvation
effects in the geometry. Employing these optimized structures,
higher level single point energy calculations were performed
with r’SCAN-D4?! and the extensive def2-QZVPP3? basis set.
Secondly, the recently developed single-point Hessian
approach® was applied in combination with GFN2-xTB to
calculate vibrational frequencies and obtain modified rigid-
rotor-harmonic-oscillator (mRRHO) thermostatistical
contributions at an accurate and cost-efficient level. Adding the

Molecular structure
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thermostatistical +
DFT energy contributions 1 explicit MeCN

Fig 4. Computational multi-level protocol employed to generate
accurate free energies.

solvation contribution calculated with the implicit COSMO-
RS* solvation model results in the total free energy calculated
with excellent efficiency™ (see SI for details).

To assess the range of possible reaction pathways, a ground-
state free energy landscape was surveyed. Complex 1-
Fe(NCMe)* is used as a test case to rationalize the observed
electrocatalytic behavior under the assumption that the
thermochemically preferred protonation sites are also
kinetically facile (Fig 5, top).* The 3D graphical representation
of the ground state thermochemical data plots the overall



charge, number of hydrogen atoms, and ground state free
energies for selected H/e™ addition products, with a total of 44
possible intermediates considered in this study. The SI contains
a more detailed 3D graph along with free energy data for all
intermediates (Fig S28-S31).% Inspecting structures with a +2
charge (yellow bars) indicates that protonation prior to
reduction is unfavorable (+20.2 to +64.9 kcal/mol), with the
first step instead being le” reduction to generate the solvento
adduct 1-Fe(NCMe) (+23.7 kcal/mol) as denoted by a red
arrow. By interrogating the lowest energy pathway for addition
of H'/e prior to releasing Ha, the catalyst likely operates by an
ECEC mechanism (E = electrochemical step, C = chemical (H
addition) step) and is distilled into a 2D energy profile at the
bottom of Fig 5. After initial reduction, solvent loss to produce
1-Fe is exergonic (+15.4 kcal/mol; AG = -8.3 kcal/mol),
consistent with the irreversible dissociation of acetonitrile from
1-Fe(NCMe) when non-coordinating solvents are used (vide
infra).

A structural summary of the proposed ECEC mechanism is
shown in Scheme 3, where redox potentials and pK. values are
calculated from the computed free energies (Fig S28-S30).
Reduction of 1-Fe(NCMe)* generates a mixture of 1-Fe and 1-

23.7
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&
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+
Ph
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1-Fe(NCMe)* —35
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Fig 5. Top: Partial ground state 3D free energy landscape (kcal
mol!) for electrocatalytic Hz production with arrows representing
most favorable reduction and protonation steps. Free energies are
all referenced to complex 1-Fe(NCMe)* (0.0 kcal/mol), where the
acid source is incorporated by adding the electrochemical free
energy term AG = -nFE where n = number of electrons, F' =
Faraday constant, and E is the standard state thermodynamic
potential in acetonitrile for the reaction 2Tos:NH + 2e” = Ho +
2Tos:N™ (E°u+m2 = -0.736 V vs. Fc'?; i.e., zero overpotential).
Bottom: 2D ground state free energy plot of ECEC mechanism
based on arrows derived from the 3D plot.

Fe(NCMe), the former of which is thermodynamically
favorable; however both are considered plausible intermediates
since these thermochemical landscape analyses do not consider
reaction kinetics.>® Next, direct protonation of the metal center

is disfavored because it is endergonic by +3.3 kcal/mol in the
presence of TosaNH (pKa = 9.6; Fig S28). Instead, endo-CH
protonation of the Cp carbon atoms containing the phenyl
moieties is exergonic by 5.1 kcal/mol, generating 1-
Fe(NCMe)(endo-CpH)" (pK. = 15.7), which is significantly
more favorable than protonation at any of the amines or
protonation at any other Cp ring position (Fig S29). Next,
reduction and ligand-to-metal tautomerization is exergonic by
9.5 kcal/mol, generating the neutral hydride complex 1-FeH
(pKa = 33.4) with subsequent loss of acetonitrile (Scheme 3,
bottom). This computed acidity is significantly lower than the
experimentally derived acidity of FeHCp*(CO)s (pKMN =
25.7), reflecting the markedly stronger donor character of
enCpMHiPr v, the Cp* ligand. Importantly, protonation of the
metal center to generate an Fe'¥ dihydride intermediate can also
be excluded based on its high acidity (pK. = -0.8). Direct
protonation of the hydride produces 1-Fe(Hz) * (pKa. = 9.6),
more favorable than protonation of the amine to yield 1-
FeH(NH) * by three orders of magnitude (pK. = 6.3).
Consequently, this disfavors a classic bifunctional/heterolytic
H: evolution pathway?” on thermochemical grounds due to a
pKa. mismatch between the proton source and pendant amine.
Replacing H» for NCMe is exergonic by 4.0 kcal/mol,

Scheme 3. Proposed ECEC Mechanism for H2 production using 1-
Fe(NCMe)" and Tos2NH in MeCN.?
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a Associated pKaMeCN values (red, purple) reduction potentials
(black, V relative to Fc*/0) are also shown. Ground state free
energies are shown in black relative to 1-Fe(NCMe)+ (0.0
kcal/mol) at zero overpotential for the reaction 2Tos:NH +
2e- = Hz + 2Tos2N- (E°u+/u2 = -0.736 V vs. Fc+/9). See Fig S28-
S30 for tabulated free energies and pKaMeCN values of all other
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regenerating 1-Fe(NCMe)* (Fig 5).

CONCLUSION

In summary, we present a series of novel amine-rich
monometallic iron electrocatalysts. Due to slow CO
dissociation from the coordinatively saturated iron tricarbonyl
precursors, one CO ligand is selectively extruded to afford
electrocatalysts with Hz production rates of up to 45 s™' at room
temperature. High-level computational investigation reveals
that the commonly accepted paradigm of amine-assisted proton
delivery and removal is likely not operative, underpinning the
need to use comprehensive thermochemical landscape analyses
for this mechanistically divergent electrocatalyst family.
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