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A tetradentate benzannulated P^N^N^P ligand
and its Fe(II) complex: synthesis, characterization,
and electrocatalytic hydrogen evolution
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David E. Herbert *

Iron complexes supported by phosphine and pyridine-based ligands are widely seen as efficient mole-

cular catalysts for catalytic transformations, but examples of these complexes as molecular electrocata-

lysts for the hydrogen evolution reaction (HER) are limited. In this work, we present a ligand design based

on a 6,6’-fused dimer of a 2,4-substituted (phosphino)phenanthridine (benzo[c]quinoline). Starting from

the monomeric P^N precursor, we show how the P^N^N^P dimer can be selectively formed and report

the synthesis and characterization of an Fe(II) complex of this unique scaffold. We demonstrate the poten-

tial of such frameworks in the electrocatalytic reduction of Brønsted acids in acetonitrile solution.

Introduction

Hybrid P^N ligands containing both soft phosphorus and
hard nitrogen donors are widespread in organometallic chem-
istry, finding utility in catalytic hydrogenation,1,2 asymmetric
transformations,3 cross-coupling reactions,4,5 and more.
Higher denticity analogs are also gaining in popularity.
Examples include tridentate P^N^P ‘pincer’ ligands6 and tetra-
dentate P2N2 ligands based on salen7 or more flexible8–10

scaffolds (Fig. 1). The latter category is dominated by 1,5-diaza-
3,7-diphosphacyclooctanes (Fig. 1a), first popularized for their
use in bio-inspired electrocatalysis10 and now expanding into
areas including acceptorless dehydrogenation11 and cross-
coupling.12 Coordination complexes of 1,5-diaza-3,7-dipho-
sphacyclooctanes largely present κ2-diphosphine coordination,
with the P2N2 ligand binding solely through the phosphine
donor sites. This allows for the uncoordinated tertiary amino
groups to act as biomimetic proton relays in electrochemical
hydrogen evolution reactivity (HER), similar to the proposed
role of the bridgehead nitrogen present in the bridging dithio-
late of [FeFe]-hydrogenase.13 Pendant bases are not, however,
required for efficient electrocatalysis. Monometallic 3d metal
complexes with polypyridine and/or phosphine ligands also
efficiently catalyze the reduction of protons to H2.

14

Porphyrins,15 amine-bis(phenolates),16 fluorinated diglyoxime
ligands,17 and multidentate polypyridyl frameworks18–20 are all
capable of supporting HER-active Fe centres.

Our longstanding interest in ligands bearing benzannu-
lated N-heterocylic donors based on phenanthridine (benzo[c]
quinoline) moieties21 has recently extended to bipyridine
analogs such as 6,6′-biphenanthridine (biphe)22 and its
planar, doubly-fused congener 6,6′,7,7′-biphenanthridine
(p-biphe).23 These motifs combine the benzannulation seen in
2,2′-biquinoline with that of 1,1′-biisoquinoline. In this work, we
present a strategy for the synthesis of a substituted phosphine-
decorated 6,6′-biphenanthridine, starting from its monomeric
precursor.24 We strategized that the large π-extended biphenan-

Fig. 1 Selected examples of P2N2 ligands: (a) flexible, macrocyclic P^P
chelating diphosphine ligands with pendant amines;10 (b) rigid salen-
type P^N^N^P chelates;7 (c) flexible P^N^N^P scaffolds;8,9 (d) the ben-
zannulated tetradentate P^N^N^P framework reported in this work.
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thridine core might stabilize a reduced state and lower the over-
potential for HER.25 We use this tetradentate P^N^N^P ligand,
with two phosphine donor arms and two phenanthridine donor
arms, to form a six-coordinate Fe(II) coordination complex
bearing two axial acetonitrile units. The utility of this species in
electrocatalytic HER activity is described.

Results and discussion

We previously described the synthesis of biphe via nickel(0)-
mediated homocoupling of (6-trifluoromethanesulfonato)phe-
nanthridine.22 Biphe can chelate transition metal ions via κ2-
N^N coordination. To augment the binding ability of biphe we
envisioned accessing a phosphine-substituted derivative
capable of tetradentate P^N^N^P coordination via reductive
dimerization of (4-diphenylphosphino-2-methyl)phenanthri-
dine (L, Fig. 2). We have reported the preparation of the parent
(4-diphenylphosphino)phenanthridine24 but find in general
installing a substituent at the 2-position smooths the prepa-
ration of the (4-bromo)phenanthridine precursor needed for
preparation of the phosphine.26 (4-Diphenylphosphino-2-
methyl)phenanthridine has been used to support orange emis-
sive halide-bridged Cu(I) dimers,27,28 tetrahedral and trigonal
bipyramidal Fe(II) as well as pseudo-octahedral Fe(II) and Ru(II)
complexes,29 along with a Ru(II)-based catalyst useful for accep-
torless dehydrogenative couplings30–32 and a unique tandem
hydrogen-borrowing dehydrogenative coupling/hydrodefluori-
nation system.33

Phenanthridine can be electrochemically hydrogenated to
dihydrophenanthridine using an applied potential in the pres-
ence of weak Brønsted acids.34,35 Accordingly, we reasoned
that with a strong enough reductant, we might be able to form

a radical at the 6-position of L (see Fig. 2a for the IUPAC num-
bering scheme for phenanthridines) and facilitate reductive
dimerization. The LUMOs of phenanthridines, in general, are
localized at the π*(CvN) sub-unit.21 Should dimerization
occur, addition of water to the reaction mixture was antici-
pated to lead to the formation of 5,5′,6,6′-tetrahydro-6,6′-bis((4-
diphenylphosphino-2-methyl)phenanthridinyl) ([L^L]-2H2)
which might then be oxidized to L^L. In our first successful
attempt, L was reacted with an excess of sodium-mercury
amalgam (5% Na in Hg) at 110 °C in toluene for 48 h. The
reaction mixture initially turned from yellow to dark brown,
then gradually to dark blue, and finally to olive-green. These
vibrant colours are consistent with the expected radical mecha-
nism. Quenching the reaction mixture with excess water,
however, largely produced L^L with no evidence of [L^L]-2H2.
31P{1H} NMR spectroscopic analysis showed 44% conversion
to L^L, minor amounts of the hydrogenated monomer 5,6-
dihydro(4-diphenylphosphino-2-methyl)phenanthridine
(L-H2), 5,6-dihydro-bis((4-diphenylphosphino-2-methyl)phe-
nanthridyl) ([L^L]-H2), and some unreacted starting material
(Fig. S1). In searching for optimal conditions for the formation
of L^L, we varied the nature and equivalents of the reductant,
reaction duration, and amount of water added to quench the
reaction (Table S1). In the end, heating L in the presence of
two equivalents of elemental sodium in refluxing toluene over
4 d yielded appreciable amounts of the target compound
(Fig. 2a). The results of these trials led us to propose an alter-
nate mechanism wherein direct elimination of sodium
hydride from the dimerized disodium salt intermediate at
high temperature directly forms L^L (Fig. 2b).36

The formation of the hydrogenated monomer L-H2 and par-
tially hydrogenated [L^L]-H2 likely arises from the presence of
NaH in the reaction mixture, which can react with water to

Fig. 2 (a) Optimized synthetic route to L^L (IUPAC numbering scheme for phenanthridines is shown in italics) and (b) the proposed mechanism for
formation of L^L and [L^L]-2H2 through addition of water to the crude reaction mixture.

Paper Dalton Transactions

17212 | Dalton Trans., 2025, 54, 17211–17220 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 6
:0

2:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02202a


produce H2 gas or directly with L in the presence of water as a
proton source.37 Indeed, higher amounts of L-H2 and [L^L]-H2

were observed when excess water was used to quench the
unreacted sodium. Elimination of sodium hydride to make L^L
is more favourable than formation of [L^L]-2H2 as NaH elimin-
ation restores aromaticity, which provides a driving force for the
elimination. Accordingly, we hypothesized that filtering the reac-
tion mixture before adding water would separate insoluble, solid
NaH and prevent hydrogenation of the unreacted monomer or
the dimer (Run 8, Table S1). Gratifyingly, adding a filtration step
avoided all formation of hydrogenated side products. Our
optimal workup excludes the water addition step altogether: the
precipitate formed in the reaction mixture (presumed to be NaH)
and any unreacted Na are separated by filtration and quenched
with water separately, with no water added to the filtrate. In this
way, L^L can be isolated in 70% yield as a light yellow solid fol-
lowing washing with minimal amounts of toluene to remove
unreacted starting material.

1H NMR analysis showed the two phenanthridine units to
be chemically equivalent, with loss of the diagnostic imine
proton at the 6-position which typically appears up as a down-
field singlet at δ > 9 ppm. Compared with the monomer L,
signals of the two aromatic hydrogen nuclei at the 7- and
8-positions are significantly shifted upfield. Single crystals of

Fig. 3 Solid state structure of L^L obtained via single crystal XRD, with
thermal ellipsoids shown at 50% probability level and hydrogen atoms
omitted for clarity. Selected bond distances (Å) and angles (°): C(1)–N(1)
1.303(4), C(1)–C(2) 1.452(4), C(2)–C(7) 1.409(4), C(7)–C(8) 1.448(4),
C(8)–C(9) 1.406(4), C(9)–N(1) 1.381(4), C(10)–P(1) 1.836(3), C(1)–C(27)
1.500(4), C(27)–N(2) 1.306(4), C(27)–C(28) 1.447(4), C(28)–C(33) 1.409
(4), C(33)–C(34) 1.443(4), C(34)–C(35) 1.407(4), C(35)–N(2) 1.385(4),
C(36)–P(2) 1.831(3), N(1)–C(1)–C(27) 115.9(2), C(1)–N(1)–C(9) 119.4(2),
N(1)–C(1)–C(2) 123.1(3), C(1)–C(27)–N(2) 115.9(2), C(27)–N(2)–C(35)
118.9(2), N(2)–C(27)–C(28) 123.7(3), N(1)–C(1)–C(27)–N(2) 122.23.

Fig. 4 (a) Synthesis of 1 and (b) its solid-state structure with thermal ellipsoids shown at 50% probability levels. Hydrogen atoms, counterion mole-
cules, and solvent molecules have been omitted, and phenyl substituents drawn as a wireframe for clarity. Selected bond distances (Å) and angles
(°): Fe(1)–N(1) 1.946(8), Fe(1)–N(2) 1.963(8), Fe(1)–N(3) 1.911(8), Fe(1)–N(4) 1.920(8), Fe(1)–P(1) 2.249(3), Fe(1)–P(2) 2.241(3), C(1)–N(1) 1.34(1), C(1)–C
(27) 1.48(1), C(27)–N(2) 1.32(1), N(1)–Fe(1)–N(2) 80.6(3), N(1)–Fe(1)–N(3) 91.1(3), N(1)–Fe(1)–N(4) 86.5(3), N(1)–Fe(1)–P(1) 85.5(2), N(1)–Fe(1)–P(2)
164.9(2), N(2)–Fe(1)–N(3) 88.5(3), N(2)–Fe(1)–N(4) 91.7(3), N(1)–C(1)–C(27) 111.0(7), C(1)–N(1)–C(9) 120.3(8), N(1)–C(1)–C(2) 120.9(8), C(1)–C(27)–N
(2) 113.5(7), C(27)–N(2)–C(35) 122.4(8), N(2)–C(27)–C(28) 120.2(8), N(1)–C(1)–C(27)–N(2) 111.0(7).
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quality suitable for X-ray diffraction experiments could be
obtained by layering pentane over a concentrated dichloro-
methane solution of L^L (Fig. 3). The bond distances and
bond angles in the dimer are generally similar to the P^N pre-
cursor itself.24 The newly formed C1–C27 bond has a bond dis-
tance of 1.500(4) Å, typical of a NvC–CvN sub-unit. The
C1–N1 [1.303(4) Å] and C27–N2 [1.306(4) Å] distances are
consistent with the CvN character, in line with the ‘imine-
bridged biphenyl’ character of phenanthridines in general.21

These distances, and the C9–N1–C1 [119.4(3)°] and C27–N2–
C35 [118.9(2)°] bond angles, further confirm the L^L
structural assignment and help rule out the formation of a
hydrogenated variant. The N1–C1–C27–N2 (122.23°) torsion
angle indicates a break in conjugation between the two
phenanthridine units.

Mixing a CH2Cl2 solution of L^L with an acetonitrile solu-
tion of Fe(OTf)2 produced a deep green product (Fig. 4a). Note:
it is important to keep the reaction mixture in the dark to
avoid premature product decomposition. Multinuclear NMR
spectroscopy and single crystal X-ray diffraction analysis of
crystals grown via slow mixing of a layer of diethyl ether with a
concentrated acetonitrile solution at −25 °C revealed the for-
mation of a pseudo-octahedral Fe(II) complex with the imine
and phosphine arms of L^L occupying equatorial positions,
two acetonitrile units bound axially, and two outer-sphere tri-
fluoromethanesulfonate (triflate) counterions (Fig. 4b). To

relieve the steric clashing between C3–H and C29–H, the co-
ordinated ligand bends such that the phenanthridinyl units lie
at a 35° angle. This steric clashing is the likely origin of the
limited photostability of this compound (vide infra).

To gain insight into the electronic structure of the complex,
a UV-vis absorption spectrum in acetonitrile was collected and
TD-DFT calculations were performed on the optimized solu-
tion-state geometry. An overlay of the experimental and
TD-DFT simulated spectra is shown in Fig. 5, with the absorp-
tion spectrum in units of molar extinction coefficients shown
in Fig. S2. The absorption spectrum shows multiple overlap-
ping bands in the UV region, a strong absorption feature at
420 nm with a broad tail extending up to 500 nm, and a broad
absorption centered at 600 nm. TD-DFT computed vertical
excitations reveal that the broad lowest energy absorption
band at 600 nm (ε = 1600 M−1 cm−1) has metal-to-ligand
charge transfer (MLCT) character, with electron density transit-
ing from an Fe localized t2g-type orbital to the vacant, localized
CvN π* orbitals of both phenanthridinyl units of the ligand,
consistent with general acceptor character of phenanthridine-
based ligands.21 The higher energy transitions at 420–460 nm
(ε ∼7000 M−1 cm−1) present partial MLCT character with sig-
nificant contributions from L^L localized, intra-ligand charge-
transfer (ILCT) character. As we progress into the UV region,
metal contribution to the vertical excitations decreases and the
transitions are predominantly ILCT. Compound 1 is light sen-

Fig. 5 Experimental UV-vis absorption spectrum (solid black trace) of 1 compared with its TD-DFT simulated spectrum (dashed black trace) and
computed vertical energy transitions (solid red lines) in acetonitrile (M06L-RIJCOSX-ZORA-SMD-SARC/J//ZORA-def2-TZVP; FWHM = 0.37 eV), with
the inset showing the green colour of the solution. Only the transitions with oscillator strengths >0.001 are shown. Electron–hole density maps are
shown for major transitions with relatively high oscillator strengths (isosurface value = 0.002, green = electron density distribution, blue = hole
density distribution).
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sitive and slowly degrades over days when consistently exposed
to visible light but is stable when stored in the dark, even in
air-saturated solutions (see Fig. S3 for details).

Cyclic voltammograms of 1 show two reversible reduction
events at −1.04 V and −1.33 V, as well as an irreversible
reduction at −2.15 V vs. ferrocene/ferrocenium (FcH0/+). We
attribute the first reduction event to the FeII/FeI redox couple.
The second reduction likely corresponds to the FeI/Fe0 redox
couple, with the possibility of ligand participation. Reduced
metal complexes of electron-deficient bipyridine-based ligands
have been seen to present ligand-reduced character.38 Based on
previously studied complexes of the monomeric ligand L29 and
related phenanthridine-containing ligands,39,40 we assign the
irreversible reduction at much more negative potentials to a
wholly ligand-centered reduction. On the oxidative side, the FeIII/
FeII redox couple at −0.35 V and another quasi-reversible oxi-
dation at 0.99 V are also observed. Cyclic voltammograms in the
presence of trifluoroacetic acid (TFA) show a current enhance-
ment at the second reduction event (−1.33 V). Both the irreversi-
bility of the anodic wave and the cathodic current response grow
with increasing concentration of acid, typical of a catalytic wave.
In comparison, there are no changes to the first reduction event
(Fig. S4). The direct reduction of trifluoroacetic acid on glassy

carbon electrodes is known to occur at −1.81 V vs. FcH0/+.41 The
current enhancement observed here can therefore be attributed
to catalytic hydrogen evolution by 1.

Since the axial ligand positions in 1 are occupied by what
we assume to be labile acetonitrile solvent molecules, these
coordination sites can likely be made available for the binding
of substrates such as H+. The mechanism of catalytic HER by
transition metal complexes generally involves formation of
metal-hydride intermediates.14 M–H formation can occur via
one-electron reduction of the catalyst followed by protonation,
or via two-electron reduction and protonation. H2 evolution
can then either occur homolytically, involving two [M–H]
equivalents, or a two-electron reduced M–H complex could be
protonated to yield dihydrogen via a heterolytic mechanism.
In the case of 1, since HER-associated current enhancement is
only observed at the second reduction event, we assign the
one-electron reduced species (labelled as [Fe]+ in Scheme 1) as
the catalytically active species. Return anodic scans following
the electrocatalytic wave show that, in the presence of acid, the
second reduction is irreversible. As the anodic wave for the
first reduction (FeII/I couple) is still observable in the presence
of acid (Fig. S4), the first reduction is not accompanied by pro-
tonation. The [Fe]+ species may not be nucleophilic enough to
be protonated. We therefore propose that, under electro-
catalytic conditions, the dicationic Fe(II) complex undergoes
sequential one-electron reductions followed by protonation to
form an [Fe–H]+ species, with a hydride occupying the place
of an axial acetonitrile molecule (Scheme 1). Subsequent pro-
tonation then yields H2 and regenerates the dicationic Fe(II)
species, likely stabilized by recoordination of solvent unit to
saturate the metal’s coordination sphere.

Considering the observed HER might originate from depo-
sition of a catalytically active species on the surface of the elec-
trode rather than from homogeneous 1, we subjected a solu-
tion of 1 to 50 cycles of electrocatalysis scanning from −0.1 to

Scheme 1 Proposed heterolytic pathway for the reduction of protons
from 1 via in situ generated [Fe]+.

Fig. 6 (a) Cyclic voltammogram (solid blue trace) and differential pulse voltammogram (DPV, dashed black trace) of a 1 mM solution of 1 in aceto-
nitrile containing 0.1 M nBu4NPF6 as the supporting electrolyte, collected using a glassy carbon working electrode, Pt wire reference electrode, and
Ag/Ag+ pseudo-reference electrode. (b) Reductive side of the cyclic voltammogram of a 1 mM solution of 1 collected in the presence of varying con-
centrations of trifluoroacetic acid. Concentrations of TFA were varied in increments of 4 mM, with the blue trace corresponding to 0 M and the red
trace corresponding to 60 mM TFA.
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−1.7 V vs. FcH0/+. Removing the electrode to a fresh solution of
electrolyte and acid which did not contain added 1, we do not
see features in subsequent CV cycles consistent with electroca-
talysis (Fig. S5). This confirmed that no electrocatalytically
active material deposits on the electrode after at least 50 cycles
of electrocatalysis, indicating that compound 1 behaves as the
true homogeneous catalyst.

Using the half-wave potential of the catalytic wave observed
under HER conditions (−1.37 V) and taking −0.779 V as the
thermodynamic potential for the reduction of TFA in aceto-
nitrile,41 we estimate an overpotential of 591 mV (see SI for the
calculation). To determine the order of the reaction with
respect to acid, ic/ip was plotted versus the concentration of
acid with ic corresponding to the peak current of the catalytic
wave and ip the current of the wave in the absence of substrate.
Fig. 6b shows that the peak current increases with increasing
concentration of acid. Fig. 7a reveals a linear relationship
between ic/ip and the concentration of acid, with an R2 value of
0.96. The catalytic reaction is thus second-order with respect
to acid, with a maximum ic/ip observed of 13.6. The order of
the reaction with respect to the catalyst concentration can also
be determined by plotting peak current vs. catalyst concen-
tration (Fig. 7b). The linear relationship observed between
peak current and concentration of the electrocatalyst shows a
first-order reaction respect to 1. This is consistent with the pro-
posed heterolytic pathway for H2 generation.

From Fig. 6b, it is evident that even at high substrate con-
centrations, a catalytic plateau current is not achieved and the
S-shaped curve that is expected for a catalytic reaction that is
not limited by the diffusion of the substrate is not obtained.
This is indicative of competing side phenomenon such as sub-
strate consumption, catalyst deactivation, or product inhi-
bition.42 In such cases, foot-of-the-wave analysis (FOWA) can
be used to gain insights on the turnover frequency (TOF) and
kobs of the reaction by focusing our analysis on the foot of the

catalytic wave; i.e., the initial portion of the wave where the CV
response is linear and it can be assumed that competing side
phenomenon are not occurring.43,44 The following equation
can then be used to estimate the observed rate constant:

ic
ip

¼
2:24

ffiffiffiffiffiffiffiffi
RT
nFv

r ffiffiffiffiffiffiffiffiffiffiffiffi
n′kobs

p

1þ exp
nF
RT

ðE � EredoxÞ
� �

where ic is the current of the catalytic wave, ip is the current of
that wave in the absence of an added substrate, R is the gas
constant in J mol−1 K−1, T is the temperature in K, F is the

Fig. 7 (a) Plot of ic/ip vs. the concentration of TFA, obtained from CVs of a 1 mM solution of 1 in CH3CN with 0.1 M nBu4NPF6 as supporting electro-
lyte and varying amounts of acid. (b) Plot of peak current vs. the concentration of 1, obtained from cyclic voltammograms of a 2 mM solution of TFA
in CH3CN, with 0.1 M nBu4NPF6 as supporting electrolyte and varying amounts of 1. All CVs were collected at a scan rate of 0.1 V s−1.

Fig. 8 Linear fit obtained for FOWA analysis for 1 between −1.25 V and
−1.33 V vs. FcH0/+.
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Table 1 Comparison of the electrocatalytic activity of 1 with related Fe complexes

Compound Structure Overpotential (η)/mV kobs/s
−1 Ref.

A 838 0.175 45

B 830 0.224 46

C 487 29 47

D 800 3000 18

E 800 3300 48

F 300 550 49

1 591 602 This work
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Faraday constant in C mol−1, ν is the scan rate in V s−1, E is
the potential in V, Eredox is the potential where catalysis occurs
in V, n is the number of electrons transferred at the electrode
in the catalytic process, and n′ is the number of equivalents of
catalyst required for turnover. In our case, catalysis involves
sequential two-electron reductions of the Fe(II) species 1.
Accordingly, we determine the number of electrons transferred
from the electrode that are involved in generating the catalytic
current to be n = 2. Since HER seems to be occurring through
a heterolytic pathway with one equivalent of complex necessary
for turnover, n′ = 1. Eredox, the potential at which catalysis takes
place, is taken as the half-wave potential of the catalytic wave,
at the point where the current is half of the maximum peak
current (−1.37 V vs. FcH0/+). Using the CV obtained in the pres-
ence of 60 mM TFA and incorporating these values in the

above equation, FOWA was performed and
ic
ip

was plotted

versus
1

1þ exp
nF
RT

ðE � EredoxÞ
� � for the linear region near the

foot of the catalytic wave. That is, at potentials ranging
between −1.25 V and −1.33 V. Assuming no competing side
phenomenon occurring at the foot of the wave, this plot
should yield a straight line with a slope equal to

2:24

ffiffiffiffiffiffiffiffi
RT
nFv

r ffiffiffiffiffiffiffiffiffiffiffiffi
n′kobs

p
. It is worth highlighting that in our case, we

still expect there to be slight deviations from the ideal scenario
for FOWA because we have a redox event (the FeII/I couple)
occurring near the foot of the catalytic wave, which could give
some diffusional contributions to the current observed at the
foot of the wave. Nevertheless, FOWA should still give us an esti-
mate of the rate constant with which catalytic HER occurs.
Fig. 8 shows the plot obtained, with a slope of 19.698. Using the

relationship m ¼ 2:24

ffiffiffiffiffiffiffiffi
RT
nFv

r ffiffiffiffiffiffiffiffiffiffiffiffi
n′kobs

p
, kobs is calculated at 602 s−1.

Comparing this to related Fe(II) and Fe(III) complexes shown
in Table 1, complex 1 operates at a lower overpotential than a
recently reported Fe(II) complex of phenanthroline (A)45 and an
Fe(III) complex of a tetradentate Schiff base ligand (B),46 but has a
slightly higher overpotential than the closely related Fe(II) complex
C with a tetradentate N2P2 ligand.47 Complex 1 does however
show a significantly improved kobs compared with all three of A–
C. Some of the most active Fe(III)NNOCl2 HER catalysts (complexes
D–F) have overpotentials ranging between 300–800 mV and kobs of
550–3300 s−1.18,48,49 Complex 1 seems to be approaching the
activity of these species. This showcases the potential of
π-extended tetradentate P^N-based ligands for boosting the
electrocatalytic activity of Fe(II) for homogeneous HER and opens
up the possibility of deploying benzannulated multidentate
ligands in homogeneous HER electrocatalysis more widely.

Conclusions

In summary, we have shown how a substituted 6,6′-biphenanthri-
dine (biphe) can be selectively formed from its monomer via

reductive dimerization using sodium as the reducing agent. This
protocol gives access to a tetradentate benzannulated P^N^N^P
ligand L^L with two phosphine donor arms, extending the
binding ability of biphe.22,23 This ligand can bind to Fe(II),
forming a pseudo-octahedral Fe(II) complex (1) that presents two
accessible, reversible reduction events, highlighting the mole-
cule’s ability to store electrons. The two-electron reduced
complex can efficiently catalyze the reduction of protons in an
acetonitrile solution at a low overpotential of 591 mV and with
moderately high kobs of 602 s−1. This corresponds to a high
electrocatalytic activity, approaching the efficiency of some of the
most active Fe(III) homogeneous HER electrocatalysts. Analysis of
the electrochemical behavior shows the HER process to be first-
order with respect to the catalyst and second-order with respect
to the acid, indicating a heterolytic pathway. We ascribe the high
activity of this electrocatalyst to the stabilization of the reduced
complex by increased π-extension of the ligand. Given the low
photostability of this complex, efforts to planarize the substituted
biphe are currently underway, with the goal of eliminating ligand
photodissociation and catalyst degradation.
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