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Dinuclear manganese complexes for water
oxidation: evaluation of electronic effects and
catalytic activity

Wael A. A. Arafa,†a Markus D. Kärkäs,a Bao-Lin Lee,a Torbjörn Åkermark,a

Rong-Zhen Liao,a Hans-Martin Berends,b Johannes Messinger,b Per E. M. Siegbahna

and Björn Åkermark*a

During recent years significant progress has been made towards the realization of a sustainable and carbon-

neutral energy economy. One promising approach is photochemical splitting of H2O into O2 and solar fuels,

such as H2. However, the bottleneck in such artificial photosynthetic schemes is the H2O oxidation half

reaction where more efficient catalysts are required that lower the kinetic barrier for this process. In

particular catalysts based on earth-abundant metals are highly attractive compared to catalysts comprised of

noble metals. We have now synthesized a library of dinuclear Mn2
II,III catalysts for H2O oxidation and studied

how the incorporation of different substituents affected the electronics and catalytic efficiency. It was found

that the incorporation of a distal carboxyl group into the ligand scaffold resulted in a catalyst with increased

catalytic activity, most likely because of the fact that the distal group is able to promote proton-coupled

electron transfer (PCET) from the high-valent Mn species, thus facilitating O–O bond formation.

1. Introduction

The world’s global energy consumption is primarily based on fossil
fuels. However, the rapidly increasing global energy demand
coupled to diminishing fossil fuel supplies call for the development
of sustainable and carbon-neutral alternatives, with feedstock(s)
that are environmentally friendly and abundant. There are already
efficient solar cells for generation of electricity but in order for this
to become truly useful, it is necessary that part of the energy can be
stored. One attractive alternative would therefore be to store the
energy in sunlight by the splitting of H2O into O2, protons and
electrons (eqn (1)). The generated electrons can then be used to
produce H2 or other solar fuels, thus allowing the energy to be
stored in the form of chemical bonds. The production of solar fuels
constitutes an attractive solution for a future sustainable energy
economy.1–5

Nature has since a long time figured out how the process of
splitting of H2O can be realized and the natural photosynthetic
machinery involves the synchronization of several complicated
features, such as light-harvesting, charge separation and electron

transfer. Both in natural and artificial photosynthesis, catalytic
H2O oxidation is an essential part of the intricate photochemical
process of solar to chemical energy conversion. Although
deceptively simple, H2O oxidation (eqn (1)) is associated with
a high thermodynamic potential (eqn (2)), a high kinetic barrier
and requires a multitude of bond breaking and bond making
events. This makes the H2O oxidation half reaction the pitfall
for the construction of artificial devices for the production of
solar fuels.6–8

2H2O - O2 + 4H+ + 4e� (1)

E = 1.229 � (0.059�pH) V vs. NHE (2)

In the natural system, H2O oxidation is mediated by the
oxygen-evolving complex (OEC) comprised of a Mn4Ca oxo-
bridged cluster.9–12 This has been a source of inspiration for
scientists and has resulted in a plethora of structural and
functional model systems of the OEC.13 Although substantial
progress has been made during the latest years in producing
highly active and rugged water oxidation catalysts (WOCs), the
essential question still remains: how to construct WOCs that
are capable of operating under the harsh reaction conditions
required to oxidize H2O and how to reproduce the high activity
and stability displayed by the natural system. The majority of
the developed artificial molecular WOCs are based on the
scarce transition metals Ru14–27 and Ir.28–32 However, for large
scale applications it is most likely necessary that the WOCs are
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based on earth-abundant elements. This prompts the examination
and development of molecular WOCs based on low-cost first-row
transition metals. Although there have been a couple of reports on
WOCs comprised of Mn,33–42 Co,43–50 Fe51–54 and Cu,55–57 this
research has not been as successful as with the rare metals Ru and Ir.

The incorporation of negatively charged groups into ligand
frameworks has been shown to drastically reduce the redox
potentials of the corresponding metal complexes.58,59 The
electron-rich ligand environment helps to stabilize the metal
center(s) in high oxidation states. We have previously reported
the synthesis of Mn complexes housing ligands with benzylic
amines.60,61 However, due to the labile benzylic positions, these
complexes failed to mediate H2O oxidation.

Our group recently reported on the synthesis and development
of the bio-inspired ligand 1 containing carboxylate, phenol and
imidazole functionalities,33 which are all important elements in the
natural system.62 Complexation of ligand 1 with Mn(OAc)2 yielded
the dinuclear Mn2

II,III complex 2, which in the solid state crystal-
lized as the tetranuclear complex 20 with loss of the bridging acetate
ligand, thus resembling the Mn4Ca cluster in the OEC (Fig. 1).33

Maintaining a high redox flexibility of the active metal center(s) in
the artificial WOCs constitutes a key parameter when designing
synthetic WOCs, since the oxidation of H2O requires the collective
transfer of four electrons. It was therefore vital that the negatively
charged functional groups in the dinuclear Mn2

II,III complex were
shown to dramatically lower the redox potentials of the complex.
By replacing the sensitive benzylic groups by imidazoles, along with
the introduction of carboxylate moieties, it became possible for the
dinuclear Mn2

II,III complex 2 to promote catalytic H2O oxidation
by use of the mild one-electron oxidant [Ru(bpy)3]3+ (bpy = 2,20-
bipyridine). In addition to being capable of mediating chemical
H2O oxidation, photochemical H2O oxidation was also realized
when using [Ru(bpy)3]2+-type complexes as photosensitizers. This
has similarities to the natural photosynthetic system where light is
employed to induce charge separation with subsequent H2O
oxidation.

Compared to heterogeneous WOCs, homogeneous molecular
catalysts offer great advantages both in terms of kinetic studies

and easy steric and electronic tuning of the catalysts. Thanks to
the straightforward synthetic protocol associated with ligand 1
and complex 2, it was decided to study how the introduction of
different functional groups into the ligand framework of 1
affected the catalytic activity and electronic properties of the
corresponding dinuclear Mn complexes.

Here we report the synthesis and characterization of eight
ligand scaffolds for dinuclear metal complexes, together with their
corresponding dinuclear Mn2

II,III counterparts. The developed Mn
complexes contained a wide variety of different substituents
and their electronic and catalytic features were systematically
examined. Moreover, this study has established the impact of
having a non-innocent distal group in these complexes to promote
proton transfer processes during H2O oxidation catalysis. Within
the library of the developed dinuclear Mn2

II,III complexes, complex
6f possessing the distal carboxyl group was found to evolve O2

more efficiently than the other Mn complexes.
This effect could be due to both pre-orientation of the incoming

H2O nucleophile and to hydrogen bonding to the aqua and
hydroxide coordinated to the Mn center(s). Hydrogen bonding
could facilitate proton-coupled electron transfer (PCET) and
pre-orientation of H2O could facilitate nucleophilic attack on a
high-valent Mn species, similar to the previously reported Co
‘‘Hangman’’ complexes.37,45 The incorporation of non-innocent
distal groups into metal-based WOCs could thus be a general
strategy for promoting catalytic H2O oxidation activity. In addition,
the constructed dinuclear Mn2

II,III WOCs have the advantage of
being comprised of earth-abundant elements, which renders them
especially attractive compared to noble metal-based WOCs.

2. Experimental section
2.1. Materials and methods

[Ru(bpy)3](PF6)3,63 5-((1,3-dioxoisoindolin-2-yl)methyl)-2-hydroxy-
isophthalaldehyde64 and 40-methyl-2,20-bipyridine-4-carboxylic
acid65 were prepared according to a previously reported proce-
dure. All other reagents including solvents were obtained from

Fig. 1 (a) Molecular structure of the dinuclear Mn2
II,III complex 2, (b) crystal structure of the tetranuclear Mn complex 20 generated from complex 2, and

(c) representation of the CaMn4O5 active site in the OEC.
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commercial suppliers and used directly without further purifi-
cation. All solvents were dried by standard methods when
needed. 1H and 13C NMR spectra were recorded at 400 MHz
and at 100 MHz, respectively. Chemical shifts (d) are reported
in ppm, using the residual solvent peak ([D6]acetone d(H) = 2.05
and d(C) = 206.26; CDCl3 d(H) = 7.26 and d(C) = 77.16; [D6]DMSO
d(H) = 2.50 and d(C) = 39.52) as internal standard. Splitting patterns
are denoted as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), and br (broad). High resolution mass spectra
measurements were recorded on a Bruker Daltonics microTOF
spectrometer with an electrospray ionizer. Elemental analyses were
carried out at MEDAC Ltd, Chobham, Surrey, United Kingdom.
IR spectra were recorded on a Perkin-Elmer Spectrum One spectro-
meter, using samples prepared as KBr discs.

2.2. Electrochemistry

Electrochemical measurements were carried out using an Autolab
potentiostat with a GPES electrochemical interface (Eco Chemie),
using a glassy carbon disk (diameter 3 mm) as the working electrode,
and a platinum spiral as a counter-electrode. The reference electrode
was an Ag/AgCl electrode (3 M KCl aqueous solution) and the
electrolyte used was a 0.1 M phosphate buffer (pH 7.2). All potentials
are reported vs. NHE, using the [Ru(bpy)3]3+/[Ru(bpy)3]2+ couple
(E1/2 = 1.26 V vs. NHE66) as a reference.

2.3. Oxygen evolution measurements

Oxygen evolution was measured by mass spectrometry (MS).67

Aqueous stock solutions were made of each catalyst (1 mM),
containing K3PO4 (3 mM). The catalyst solutions used in the
experiments were then made by diluting the stock solutions
with phosphate buffer (0.1 M, pH 7.2) to the desired concentrations.
The solutions were then deoxygenated by bubbling with N2 for at
least 15 min before being used in the experiments.

2.4. Chemical H2O oxidation with [Ru(bpy)3]3+

In a typical run [Ru(bpy)3](PF6)3 (3.4 mg, 3.4 mmol) was placed in
the reaction chamber and the reaction chamber was evacuated
using a rough pump. B35 mbar He was then introduced into the
system. After a couple of minutes the catalyst solution (0.50 mL,
4.0 mM) was injected into the reaction chamber. The generated
oxygen gas was then measured and recorded versus time by MS.

2.5. Computational details

The geometry optimizations were performed at the B3LYP
level68 of density functional theory as implemented in the
Gaussian 09 package.69 The SDD70 pseudopotential was used
to describe Mn, and the 6-31G(d,p) basis set was used for the C,
N, O, H elements. Analytical frequency calculations were carried
out at the same level of theory as the geometry optimization to
obtain the Gibbs free energy corrections and to confirm the
characteristics of the optimized structures. On the basis of these
optimized geometries, single-point calculations were performed
employing a larger basis set, where all elements, except Mn,
were described by 6-311+G(2df,2p) at the B3LYP* (15% exact
exchange) level.71 Solvation effects from the water solvent were
calculated using the SMD72 continuum solvation model with the

larger basis set at the B3LYP* level. The B3LYP*-D2 energies are
reported, including dispersion corrections proposed by Grimme73

and Gibbs free energy corrections from B3LYP.

2.6. EPR measurements

X-band (9 GHz) electron paramagnetic resonance (EPR) measure-
ments were performed at temperatures between 5 and 30 K with a
Bruker E500 ELEXYS spectrometer using a 4122SHQE or a 4116DM
resonator. For cooling with liquid helium an Oxford Instruments
ESR 900 cryostat was installed. Frozen solutions of the complexes
were prepared in 0.2 M phosphate buffer (pH 7) and for solid state
spectra the complex and potassium bromide were ground together.
All samples were frozen in liquid nitrogen prior to EPR measure-
ments. The modulation amplitude was 5 G and the microwave
power was varied between 200 mW and 6 mW.

2.7. Synthesis

Synthesis of 3,5-diformyl-4-hydroxybenzoic acid (4a). 4-Hydroxy-
benzoic acid (3a, 0.550 g, 4.00 mmol) and hexamethylenetetramine
(4.50 g, 32.0 mmol) were dissolved in anhydrous CF3COOH (10 mL)
and the reaction mixture was heated at 110 1C for 48 h. The
reaction was cooled to room temperature before 4 M HCl (25 mL)
was added to the reaction mixture. The precipitate was filtered,
washed with H2O (3� 10 mL) to afford the title compound (0.710 g,
86.2%). 1H NMR (400 MHz, [D6]acetone): d = 12.21 ppm (br, 1H),
10.36 (s, 2H), 8.69 (s, 2H); 13C NMR (100 MHz, [D6]acetone): d =
188.8, 160.0, 149.3, 122.0, 115.8, 113.1; HRMS (ESI) calcd for
C9H5O5 [M–H+]�: 193.0142; found: 193.0145.

Synthesis of 2,20-(5-carboxy-2-hydroxy-1,3-phenylene)bis(1H-
benzo[d]imidazole-4-carboxylic acid) (5a). Compound 4a (1.10 g,
5.50 mmol) and 2-amino-3-nitrobenzoic acid (2.00 g, 11.0 mmol)
were suspended in EtOH (50 mL). The suspension was heated until
complete dissolution and then cooled to room temperature. A
freshly prepared aqueous solution of Na2S2O4 (5.70 g, 32.8 mmol,
25 mL) was added and the reaction mixture was heated at 70 1C for
5 h. After the mixture had been allowed to cool to room tempera-
ture, a yellow precipitate was formed, which was filtered, washed
with H2O (4� 10 mL), acetone (4� 10 mL) to afford the product
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(2.10 g, 83.9%). 1H NMR (400 MHz, [D6]DMSO): d = 14.01 (br, 3H),
8.91 (s, 2H), 7.88 (d, J = 7.91 Hz, 2H), 7.76 (d, J = 7.47 Hz, 2H), 7.28
(t, J = 7.93 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): d = 173.3, 167.7,
167.1, 154.7, 132.3, 123.0, 121.9, 121.0, 116.9, 114.3, 111.9; HRMS
(ESI) calcd for C23H13N4O7 [M–H+]�: 457.0779; found: 457.0795.

Synthesis of dinuclear Mn2
II,III complex 6a. Mn(OAc)2�4H2O (0.153 g,

0.625 mmol) and NaOAc (0.209 g, 25.0 mmol) were added to a
suspension of ligand 5a (0.114 g, 0.250 mmol) in MeOH (4 mL).
The mixture was heated at 70 1C for 20 h and then centrifuged and
washed with MeOH (3� 5 mL), and dried under vacuum to afford the
complex (0.140 g, 76.6%). HRMS (ESI) calcd for C26H17Mn2N4NaO10

[M+H+]+: 677.9598; found: 677.9593; anal. calcd for C26H22Mn2-
N4NaO13 [6a�3H2O]: C 42.70, H 3.03, N 7.66, Mn 15.02%; found: C
42.54, H 2.93, N 7.58, Mn 15.08%; IR (KBr): n = 3428, 2926, 1563, 1497,
1474, 1403, 1385, 1320, 1260, 1020, 765, 676, 655, 619 cm�1.

Synthesis of 5-bromo-2-hydroxyisophthalaldehyde (4b). 4-Bromo-
phenol (3b, 1.47 g, 8.49 mmol) and hexamethylenetetramine
(9.52 g, 67.9 mmol) were dissolved in anhydrous CF3COOH
(25 mL) and the yellow solution was heated at 110 1C for 48 h. After
cooling to room temperature, the mixture was added to aqueous HCl
(4 M, 50 mL) and stirred for 5 h. Filtration and washing with H2O
(3 � 15 mL) afforded the product as a yellow solid (1.80 g, 92.3%).
1H NMR (400 MHz, [D6]acetone): d = 11.71 (s, 1H), 10.28 (s, 2H), 8.19
(s, 2H); 13C NMR (100 MHz, [D6]acetone): d = 192.5, 140.5, 126.0,
112.5; HRMS (ESI) calcd for C8H5BrNaO3 [M+Na+]+: 250.9314; found:
250.9310.

Synthesis of 2,20-(5-bromo-2-hydroxy-1,3-phenylene)bis(1H-
benzo[d]imidazole-4-carboxylic acid) (5b). An aqueous solution

of Na2S2O4 (6.09 g, 35.0 mmol, 6 mL) was added to an ethanolic
solution containing 5-bromo-2-hydroxyisophthalaldehyde 4b
(1.15 g, 5.00 mmol) and 2-amino-3-nitrobenzoic acid (1.82 g,
10.0 mmol). The resulting mixture was heated at 70 1C for 5 h
and the resulting yellow precipitate was filtered and washed
with H2O, acetone and finally dried under vacuum to give the
product (2.00 g, 80.9%). 1H NMR (400 MHz, [D6]DMSO): d =
13.64 (br, 2H), 8.58 (s, 2H), 7.97 (d, J = 7.56 Hz, 2H), 7.85 (d, J =
7.56 Hz, 2H), 7.33 (t, J = 7.56 Hz, 2H); 13C NMR (100 MHz,
[D6]DMSO): d = 166.8, 151.5, 141.1, 135.3, 133.9, 132.1, 124.6,
122.6, 122.1, 117.5, 115.4, 106.7; HRMS (ESI) calcd for
C22H13BrN4NaO5 [M+Na+]+: 514.9962; found: 514.9967.

Synthesis of dinuclear Mn2
II,III complex 6b. Ligand 5b (0.100 g,

0.203 mmol) was added to a solution of NaOAc (0.166 g,
2.03 mmol) and Mn(OAc)2�4H2O (0.124 g, 0.506 mmol) in
MeOH (3 mL). The resulting mixture was then refluxed for
20 h. The precipitate formed was isolated by centrifugation,
washed with MeOH (5 � 5 mL) and dried under vacuum to give
the desired product (0.120 g, 79.4%). HRMS (ESI) calcd for
C25H16BrMn2N4NaO8 [M+Na+]+: 711.8805; found: 711.8810;
anal. calcd for C25H22Mn2N4O11 [6b�3H2O]: C 40.35, H 2.98, N
7.53, Mn 14.76%; found: C 40.43, H 3.05, N 7.49, Mn 14.71%; IR
(KBr): n = 3435, 2926, 1631, 1555, 1493, 1470, 1400, 1385, 1319,
1247, 1003, 765, 619 cm�1.

Synthesis of 4-hydroxybiphenyl-3,5-dicarbaldehyde (4c).
Biphenyl-4-ol (3c, 1.36 g, 8.00 mmol) and hexamethylenetetr-
amine (22.4 g, 160 mmol) were placed in a round-bottomed
flask which was purged with nitrogen. After addition of tri-
fluoroacetic acid (48 mL), the mixture was refluxed at 110 1C for
72 h. The reaction mixture was combined with 4 M HCl
(240 mL) in a 500 mL round-bottomed flask and stirred for
3 h. The yellow precipitate was collected by filtration, washed
with H2O (35 mL) and dried under vacuum to yield the title
compound as a yellow powder (1.67 g, 92.4%). 1H NMR
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(500 MHz, CDCl3): d = 11.62 (s, 1H), 10.32 (s, 2H), 8.20 (s, 2H),
7.61–7.57 (m, 2H), 7.51–7.45 (m, 2H), 7.43–7.37 (m, 1H); 13C
NMR (100 MHz, [D6]DMSO): d = 192.2, 163.0, 138.2, 136.0,
133.7, 130.7, 129.3, 128.2, 126.8, 123.5; HRMS (ESI) calcd for
C14H10NaO3 [M+Na+]+: 249.0522; found: 249.0532.

Synthesis of 2,20-(4-hydroxybiphenyl-3,5-diyl)bis(1H-benzo[d]-
imidazole-4-carboxylic acid) (5c). A solution of 4-hydroxybiphenyl-
3,5-dicarbaldehyde 4c (1.50 g, 6.63 mmol) and 2-amino-3-
nitrobenzoic acid (2.42 g, 13.3 mmol) in EtOH (53 mL) was
prepared by heating the mixture to 70 1C. This orange solution
was brought to r.t. before the addition of a freshly prepared
solution of Na2S2O4 (85 wt%, 8.15 g, 39.8 mmol) in H2O (40 mL)
after which the resulting red solution was heated for 5 h. Filtration
and washing with EtOH (40 mL), H2O (75 mL) and Et2O, (100 mL)
with subsequent drying in a vacuum yielded the desired ligand as a
red powder (2.58 g, 79.1%). 1H NMR (500 MHz, [D6]DMSO): d = 8.73
(s, 2H), 7.95 (d, J = 7.92 Hz, 2H), 7.81 (d, J = 7.58 Hz, 2H), 7.79 (d, J =
7.55 Hz, 2H), 7.51 (t, J = 7.55 Hz, 2H), 7.33 (t, J = 7.67 Hz, 3H); 13C
NMR (100 MHz, [D6]DMSO): d = 166.9, 157.1, 153.0, 141.5, 139.5,
134.3, 128.9, 128.7, 128.4, 126.6, 126.0, 124.2, 121.8, 116.1, 115.3;
HRMS (ESI) calcd for C28H19N4O5 [M+H+]+: 491.1350; found:
491.1369.

Synthesis of dinuclear Mn2
II,III complex 6c. Ligand 5c (1.00 g,

2.04 mmol), NaOAc (1.67 g, 20.4 mmol) and Mn(OAc)2�4H2O
(1.25 g, 5.10 mmol) were suspended in MeOH (40 mL) and
refluxed for 24 h. The product was retrieved by centrifugation,
washed with MeOH (4 � 45 mL) and dried under vacuum to
give the complex as a yellow powder (1.20 g, 77.5%). HRMS
(ESI) calcd for C30H18Mn2N4O8 [M–CH3OH+�OH]�: 671.9891;
found: 671.9892; anal. calcd for C31H29Mn2N4O12 [6c�4H2O]: C
49.03, H 3.85, N 7.38, Mn 14.47%; found: C 48.51, H 3.42, N

7.22, Mn 14.63%; IR (KBr): n = 3412, 3174, 2955, 2925, 2854,
1602, 1555, 1506, 1491, 1468, 1384, 1315, 1252, 1211, 1155,
1023, 1003, 892, 803, 763, 700, 662, 602, 496 cm�1.

Synthesis of 5-benzyl-2-hydroxyisophthalaldehyde (4d). 4-Benzyl-
phenol 3d (1.47 g, 8.00 mmol) and hexamethylenetetramine
(22.4 g, 160 mmol) were placed in a round-bottomed flask which
was purged with nitrogen. After the addition of trifluoroacetic
acid (48 mL), the mixture was refluxed at 110 1C for 72 h. The
reaction mixture was then combined with 4 M HCl (240 mL) in a
500 mL round-bottomed flask and stirred for 3 h. The yellow
precipitate was collected by filtration, washed with H2O (500 mL)
and dried under vacuum to yield the product as a yellow powder
(1.49 g, 77.4%). 1H NMR (500 MHz, CDCl3): d = 11.50 (s, 1H),
10.20 (s, 2H), 7.78 (s, 2H), 7.36–7.12 (m, 5H), 4.00 (s, 2H); 13C
NMR (100 MHz, [D6]DMSO): d = 192.2, 162.4, 139.7, 137.9, 133.4,
129.0, 128.9, 126.9, 123.3, 40.7; HRMS (ESI) calcd for C15H12NaO3

[M+Na+]+: 263.0679; found: 263.0681.

Synthesis of 2,20-(5-benzyl-2-hydroxy-1,3-phenylene)bis(1H-
benzo[d]imidazole-4-carboxylic acid) (5d). A solution of 5-
benzyl-2-hydroxyisophthalaldehyde 4d (1.20 g, 5.00 mmol) and
2-amino-3-nitrobenzoic acid (1.82 g, 9.99 mmol) in EtOH (40 mL)
was prepared by heating the mixture to 70 1C. This orange
solution was brought to r.t. before addition of a freshly prepared
solution of Na2S2O4 (85 wt%, 6.14 g, 30.0 mmol) in H2O (30 mL)
and the resulting red solution was heated for 5 h. Filtration, and
washing with EtOH (16 mL), H2O (25 mL) and Et2O (150 mL)
with subsequent drying in a vacuum yielded the desired ligand
as a red powder (2.05 g, 82.0%). 1H NMR (500 MHz, [D6]DMSO):
d = 8.38 (s, 2H), 7.95 (d, J = 7.89 Hz, 2H), 7.83 (d, J = 7.68 Hz, 2H),
7.43–7.29 (m, 6H), 7.25–7.18 (m, 1H), 4.05 (s, 2H); 13C NMR
(100 MHz, [D6]DMSO): d = 166.9, 152.5, 141.5, 134.5, 130.8, 128.7,
124.5, 122.0, 115.6, 115.2, 40.4; HRMS (ESI) calcd for C29H21N4O5

[M+H+]+: 505.1506; found: 505.1501.
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Synthesis of dinuclear Mn2
II,III complex 6d. Ligand 5d (1.00 g,

1.98 mmol), NaOAc (1.62 g, 19.8 mmol) and Mn(OAc)2�4H2O
(1.21 g, 4.94 mmol) were suspended in MeOH (40 mL) and refluxed
for 24 h. The product was retrieved by centrifugation, washed with
MeOH (4 � 45 mL) and dried under vacuum to yield a yellow
powder (1.19 g, 77.7%). HRMS (ESI) calcd for C30H18Mn2N4O6

[M–CH3COOH–H+]�: 639.9993; found: 639.9999; anal. calcd for
C32H31Mn2N4O12 [6d�4H2O]: C 49.69, H 4.04, N 7.24, Mn 14.21%;
found: C 49.25, H 3.92, N 7.02, Mn 14.45%; IR (KBr): n = 3426, 3190,
2924, 2854, 1603, 1556, 1495, 1473, 1385, 1319, 1251, 1211, 1155,
1052, 1015, 892, 765, 700, 662, 620, 536, 491 cm�1.

Synthesis of 2,20-(5-((1,3-dioxoisoindolin-2-yl)methyl)-2-hydroxy-
1,3-phenylene)bis(1H-benzo[d]imidazole-4-carboxylic acid) (5e0).
2-Amino-3-nitrobenzoic acid (0.360 g, 2.00 mmol) and
5-((1,3-dioxoisoindolin-2-yl)methyl)-2-hydroxyisophthalaldehyde64 (4e,
0.310 g, 1.00 mmol) were suspended in EtOH (30 mL). After addition
of a freshly prepared aqueous solution of Na2S2O4 (1.23 g, 6.00 mmol,
6.0 mL), the reaction mixture was heated at 70 1C for 5 h. The
resulting yellow precipitate was filtered and washed with H2O,
acetone and finally dried under vacuum to afford the title compound
(0.450 g, 78.5%). 1H NMR (400 MHz, [D6]DMSO): d = 14.03 (bs, 2H),
8.37 (s, 2H), 7.95–7.84 (m, 6H), 7.80–7.75 (d, J = 7.47 Hz, 2H), 7.31
(t, J = 7.52 Hz, 2H), 4.82 (s, 2H); HRMS (ESI) calcd for C31H19N5NaO7

[M+Na+]+: 596.1177; found: 596.1170.

Synthesis of 2,20-(5-(aminomethyl)-2-hydroxy-1,3-phenylene)-
bis(1H-benzo[d]imidazole-4-carboxylic acid) (5e). Hydrazine
hydrate (98%, 1.00 g, 19.6 mmol) was added to a suspension
of compound 5e0 (2.85 g, 4.98 mmol) in EtOH (20 mL). The
mixture was gently heated at reflux for 24 h. The yellow pre-
cipitate was filtered, washed with EtOH (3 � 5 mL) and dried to
afford the title compound (2.10 g, 95.3%). 1H NMR (400 MHz,
[D6]DMSO): d = 8.39 (s, 2H), 7.72–7.67 (m, 4H), 7.18 (t, J =
7.66 Hz, 2H), 4.01 (s, 2H); 13C NMR (100 MHz, [D6]DMSO): d =
167.9, 154.9, 142.5, 141.0, 139.4, 131.2, 127.8, 125.1, 122.5, 120.4,
117.3, 112.9, 42.9; HRMS (ESI) calcd for C23H18N5O5 [M+H+]+:
444.1302; found: 444.1313.

Synthesis of dinuclear Mn2
II,III complex 6e. Ligand 5e (0.100 g,

0.226 mmol) was added to a solution of NaOAc (0.185 g,
2.26 mmol) in MeOH (3 mL). The resulting suspension was
sonicated for 8 h to give a yellow gel. Mn(OAc)2�4H2O (0.138 g,
0.563 mmol) was added and the reaction mixture was refluxed
for 20 h. The yellow precipitate formed was isolated by cen-
trifugation, washed with MeOH (5 � 5 mL) and dried under
vacuum to give the complex as a yellow solid (0.130 g, 83.3%).
HRMS (ESI) calcd for C23H17N5NaO5 [M+Na+]+: 466.1122; found:
466.1125; anal. calcd for C27H26Mn2N5O10 [6e�CH3OH�H2O]: C
46.97, H 3.80, N 10.14, Mn 15.91%; found: C 46.89, H 3.85, N
10.02, Mn 15.83%; IR (KBr): n = 3426, 3233, 1600, 1563, 1497,
1475, 1385, 1320, 1258, 1208, 1128, 1052, 1019, 893, 811, 764,
619 cm�1.

Synthesis of 2,20-(5-((5-carboxypentanamido)methyl)-2-hydroxy-
1,3-phenylene)bis(1H-benzo[d]imidazole-4-carboxylic acid) (5f).
Compound 5e (0.770 g, 1.73 mmol) was dissolved in pyridine
(20 mL) and the resulting solution was cooled to 0 1C. Adipoyl
chloride (0.330 g, 1.81 mmol) was added dropwise to this cold
solution and the reaction mixture was then stirred overnight at
room temperature. Evaporation of the solvent under reduced
pressure gave a crude product that was washed with aqueous
2 M HCl (2 � 10 mL) and Et2O (3 � 10 mL) to give the product
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(0.700 g, 85.9%). 1H NMR (400 MHz, [D6]DMSO): d = 13.78 (br,
3H), 8.37 (s, 2H), 8.10–7.67 (m, 4H), 7.44 (s, 2H), 4.33 (s, 2H),
2.23 (s, 2H), 2.07 (s, 2H), 1.71–1.35 (m, 4H); 13C NMR (100 MHz,
[D6]DMSO): d = 174.4, 172.1, 166.3, 150.8, 150.3, 132.3, 131.6,
125.7, 123.7, 120.0, 116.2, 112.4, 41.7, 35.2, 33.5, 24.8, 24.3;
HRMS (ESI) calcd for C29H25N5NaO8 [M+Na+]+: 594.1595; found:
594.1590.

Synthesis of dinuclear Mn2
II,III complex 6f. NaOAc (0.110 g,

1.32 mmol) and Mn(OAc)2�4H2O (0.080 g, 0.330 mmol) were
added to a suspension of ligand 5f (0.080 g, 0.140 mmol) in
MeOH (3 mL). The reaction mixture was then heated at 70 1C
for 20 h. The yellow precipitate was filtered, washed with MeOH
(3� 10 mL), and dried under vacuum to afford the complex as a
yellow powder (0.105 g, 90.7%). HRMS (ESI) calcd for
C32H27Mn2N5O11 [M�Na+]�: 767.0474; found: 767.0470; anal.
calcd for C32H31Mn2N5NaO13 [6f�2H2O]: C 46.50, H 3.78, N 8.47,
Mn 13.29%; found: C 46.25, H 3.59, N 8.40, Mn 13.38%; IR
(KBr): n = 3426, 3191, 1603, 1564, 1502, 1400, 1383, 1263, 1003,
791, 751, 672, 658, 618, 495 cm�1.

Synthesis of 2,20-(2-hydroxy-5-(pivalamidomethyl)-1,3-phenylene)-
bis(1H-benzo[d]imidazole-4-carboxylic acid) (5g). Pivaloyl chloride
(1.22 mL, 10.0 mmol) was carefully added to a nitrogen purged
solution of compound 5e (0.443 g, 10.0 mmol) in pyridine (15 mL)
at 0 1C. The resulting solution was stirred at room temperature
overnight. Upon pouring the reaction mixture into crushed ice
and acidification with conc. HCl, a yellow precipitate was formed,
which was filtered, washed with H2O (2 � 10 mL), Et2O (3 �
10 mL), and dried under vacuum to yield the title compound
(0.41 g, 77.8%). 1H NMR (400 MHz, [D6]DMSO): d = 14.50 (br, 2H),
8.41 (s, 2H), 8.00 (d, J = 8.10 Hz, 2H), 7.93 (d, J = 7.62 Hz, 2H), 7.53
(t, J = 7.86 Hz, 2H), 4.34 (d, J = 5.29 Hz, 2H), 1.18 (s, 9H); 13C NMR
(100 MHz, [D6]DMSO): d = 177.6, 166.0, 150.5, 150.2, 134.3, 132.7,
131.2, 126.3, 126.1, 124.5, 118.9, 116.5, 111.2, 42.1, 39.2, 27.5;

HRMS (ESI) calcd for C28H25N5NaO6 [M+Na+]+: 550.1697; found:
550.1703.

Synthesis of dinuclear Mn2
II,III complex 6g. Ligand 5g (0.100 g,

0.190 mmol) was added to a solution containing Mn(OAc)2�
4H2O (0.116 g, 0.474 mmol) and NaOAc (0.155 g, 1.90 mmol)
in MeOH (4 mL). The reaction mixture was refluxed for 20 h and
then centrifuged. The precipitate was washed with MeOH
(5 � 5 mL) and dried under vacuum to afford complex 6g
(0.123 g, 81.3%). HRMS (ESI) calcd for C31H28Mn2N5NaO9

[M+Na+]+: 747.0540; found: 747.0576; anal. calcd for
C31H36Mn2N5O13 [6g�4H2O]: C 46.74, H 4.56, N 8.79, Mn
13.79%; found: C 46.77, H 4.50, N 8.74, Mn 13.83%; IR
(KBr): n = 3435, 1564, 1498, 1474, 1400, 1385, 1316, 1263,
1003, 765, 662 cm�1.

Synthesis of 2,20-(2-hydroxy-5-((4 0-methyl-2,20-bipyridine-4-
carboxamido)methyl)-1,3-phenylene)bis(1H-benzo[d]imidazole-
4-carboxylic acid) (5h). 40-Methyl-2,20-bipyridine-4-carboxylic
acid65 (0.150 g, 0.700 mmol) was refluxed in 10 mL of SOCl2

for 4 h. The excess of SOCl2 was removed under reduced
pressure. The remaining residue (acid chloride) was dissolved
in 2.0 mL of dry DMF. The solution was added dropwise to a
solution of amine 5e (0.320 g, 0.720 mmol) and Et3N (0.40 mL)
in dry DMF (10.0 mL). The resulting reaction mixture was
heated at 100 1C for 24 h. After evaporation to dryness, the
yellow precipitate was washed with H2O (3 � 10 mL), acetone
(2� 10 mL) and dried under vacuum to give the title compound
(0.410 g, 89.1%). 1H NMR (400 MHz, [D6]DMSO): d = 13.29 (br,
2H), 8.84 (s, 2H), 8.56 (s, 2H), 8.40 (s, 1H), 8.25 (s, 1H), 8.00–
7.89 (m, 5H), 7.61–7.40 (m, 3H), 4.45 (s, 2H), 2.41 (s, 3H); 13C
NMR (100 MHz, [D6]DMSO): d = 166.8, 166.2, 156.4, 154.2,
151.6, 150.3, 150.0, 149.2, 148.3, 139.3, 131.1, 125.4, 125.0,
122.9, 122.4, 121.7, 121.3, 119.6, 118.2, 115.8, 42.5, 20.7; HRMS
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(ESI) calcd for C35H25N7NaO6 [M+Na+]+: 662.1759; found:
662.1760.

Synthesis of dinuclear Mn2
II,III complex 6h. NaOAc (0.143 g,

1.75 mmol) and Mn(OAc)2�4H2O (0.107 g, 0.438 mmol) were
added to a suspension of ligand 5h (0.112 g, 0.175 mmol) in
MeOH (4 mL) and the reaction mixture was heated at 70 1C for
20 h. The resulting precipitate was centrifuged, washed with
MeOH (3 � 5 mL) and dried under vacuum to afford the
complex (0.125 g, 79.0%). HRMS (ESI) calcd for C38H28Mn2-
N7NaO9 [M+Na+]+: 859.0602; found: 859.0608; anal. calcd for
C39H36Mn2N7O12 [6h�CH3OH�2H2O]: C 51.78, H 4.01, N 10.84,
Mn 12.15%; found: C 51.69, H 4.05, N 10.80, Mn 12.11%; IR
(KBr): n = 3426, 1556, 1497, 1475, 1402, 1385, 1320, 1260, 1211,
1016, 765, 674, 660, 619, 562, 492 cm�1.

3. Results and discussion
3.1. Synthesis

To investigate how the electronics affected the Mn centers in
WOC 2, eight different dinuclear Mn complexes 6a–h, depicted
in Scheme 1, were synthesized, where a variety of substituents
were introduced. These alterations would hence result in
tuning of the corresponding Mn complexes and thereby affect
the properties and reactivities. The synthesis of the functiona-
lized ligand scaffolds involved the reductive cyclization reaction
between the appropriate phenolic dialdehyde 4 and 2-amino-3-
nitrobenzoic acid, with Na2S2O4 as the reducing agent.74 This
allowed for easy access to a wide variety of ligands in good to
excellent yields. The Mn complexes 6a–h were subsequently
obtained by refluxing the ligands in the presence of Mn(OAc)2

and NaOAc. It is believed that all of the synthesized complexes
were isolated in their Mn2

II,III state, in conformity with complex
2. This is based on elemental analyses and high-resolution
mass spectrometry (HRMS). However, extensive attempts to
prove this by EPR have failed so far since we have been unable
to observe the characteristic EPR signal for Mn2

II,III com-
plexes.75 Instead, a broad signal at around g = 2 was observed
both in solution and in the solid state, which is typical for
uncoupled MnII and reminiscent of the signal recently observed
for an octahedral MnII complex.76 This signal decreased in
intensity upon the addition of the one-electron oxidant
[Ru(bpy)3]3+. It therefore seems possible that the complexes
are in fact polymeric or at least tetranuclear, as indicated by the

generated crystal structure of 20 from complex 2. The formation
of the tetranuclear complex 20 indicates that the acetate ligand
in complex 2, and probably also in complexes 6, is somewhat
labile and we assume that on dissolution in phosphate buffer,
the acetate ligand is rapidly replaced by phosphate to yield the
active catalyst. On dissolution of the dinuclear Mn complexes
in aqueous solutions containing PO4

3�, in the presence of air,
new signals appeared, as detected by HRMS. These signals
corresponded to the formation of Mn2

III,III complexes, which
are expected to be EPR silent. However, this will be studied in
more detail in future work.

3.2. Catalytic H2O oxidation by use of the mild one-electron
oxidant [Ru(bpy)3]3+

A majority of the previously developed artificial WOCs require
the use of the strong one-electron oxidant CeIV to drive H2O
oxidation. However, this approach is not useful in solar fuel
devices since the oxidant cannot be regenerated photochemically,
using sunlight as the terminal energy source. For this to be realized,
CeIV and related oxidants have to be substituted by photosensitizer-
based oxidants, such as the well-studied [Ru(bpy)3]2+-type com-
plexes (bpy = 2,20-bipyridine).66,77 For this more preferable
approach to be thermodynamically possible, the redox potential
of the WOC has to be matched with that of the photosensitizer.

Since the previously developed Mn WOC 2 could promote
catalytic H2O oxidation with the mild one-electron oxidant
[Ru(bpy)3]3+ (E (RuIII/RuII) = 1.26 vs. NHE66), either pre-
generated or photochemically generated, the catalytic experiments
for the newly developed complexes 6 were conducted as previously
established; the [Ru(bpy)3]3+ oxidant was employed as the chemical
oxidant in a buffered aqueous solution, under neutral conditions
(0.1 M phosphate buffer, pH 7.2). The evolution of gaseous
products was monitored and quantified by real-time mass spectro-
metry, a technique which we have previously used.67 In a typical
reaction, [Ru(bpy)3]3+ was added to an aqueous solution containing
the Mn complex, triggering immediate O2 evolution.

Several control experiments were conducted in order to
verify that the observed O2 evolution was mediated by the
investigated Mn complexes; (1) no O2 was generated when the
Mn complex was omitted. The result was only degradation of
the [Ru(bpy)3]3+ oxidant, without any evolution of O2. (2) To
ensure that free Ru, possibly originating from the decomposi-
tion of the [Ru(bpy)3]3+ oxidant, did not react with the free
ligand to generate an active catalyst, an aqueous solution
containing the free ligand was added to [Ru(bpy)3]3+. However,
this resulted in no observable O2 evolution. Collectively, this
supports that the detected O2 formation was caused by the Mn
complexes and not by any other unexpected catalytic process.

Fig. 2 and Table 1 show the O2 evolution activity of Mn
complexes 6. It is evident that Mn complexes 6a–e all have
similar O2 evolution activity, which highlights that the intro-
duced substituents in 6a–e did not affect the catalytic activity to
a large extent. The previously reported Mn complex 2 was also
evaluated under these reaction conditions and was found to
display comparable activity as catalysts 6a–e (not shown).
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Scheme 1 Synthetic routes to ligands 5a–h and dinuclear Mn2
II,III complexes 6a–h.
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However, Mn complex 6f, housing the long aliphatic chain
with a terminal carboxylate group, displayed higher catalytic
activity than the other complexes. This effect could not be
ascribed to significantly decreased redox potentials in complex
6f (vide infra), which would improve the O–O bond formation
and subsequent O2 formation. To additionally probe how big

influence the substituent in complex 6f had on the electronics,
it was decided to synthesize the related Mn complex 6g.
Although the two complexes 6f and 6g have electronic resem-
blance, they do not at all display the same catalytic activity
towards oxidizing H2O. This highlights that there is a different
reason as to why Mn complex 6f displays a higher catalytic
activity and thus facilitates the oxidation of H2O. To further
establish the catalytic importance of the substituent in complex
6f, we turned our attention to electrochemistry in the hope that
this would reveal the intrinsic reason for the better efficiency of
this complex.

It should also be noted that the bpy functionalized Mn
complex 6h was found to be catalytically active. This complex
is a precursor of fundamental importance and could potentially
be used for the construction of coupled photosensitizer-WOC
systems for incorporation into devices for solar to chemical
energy conversion (Fig. 3).

3.3. Electrochemical measurements

In order to assess the effect of the different substituents on the
electronic properties of Mn complexes 6, it was decided to

Fig. 2 O2 evolution kinetics by Mn complexes 6 as a function of time. Reaction conditions: an aqueous phosphate buffer solution (0.1 M, pH 7.2, 0.50
mL) containing the Mn complex (20 mM) was added to the oxidant [Ru(bpy)3](PF6)3 (3.4 mg, 3.4 mmol) and the evolved O2 was measured in real-time. 6a
( ), 6b ( ), 6c ( ), 6d ( ), 6e ( ), 6f ( ), 6g ( ), 6h (—).

Fig. 3 Schematic pathway from the dinuclear Mn2
II,III complex 6h to a coupled Ru-Mn2 assembly for use in a solar fuel device.

Table 1 Catalytic data for dinuclear Mn2
II,III complexes 6a–ha

Complex
Initial rate of O2 evolutionb

(nmol O2 s�1)
Turnover number
(mol O2 per mol catalyst)

6a 0.42 4.4
6b 0.30 5
6c 0.30 5
6d 0.83 6.6
6e 0.30 4.6
6f 0.50 12
6g 0.30 5
6h 0.42 7

a Reactions were carried out in aqueous buffered solutions (phosphate
buffer; 0.1 M, pH 7.2, 0.50 mL) containing the catalyst (20 mM, 10 nmol)
and the oxidant [Ru(bpy)3](PF6)3 (6.8 mM, 3.4 mmol). b Initial rates were
obtained by linear fitting of the initial reaction (10–60 s).
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examine the electrochemical properties of the synthesized Mn
complexes 6a,b and 6e–h. Electrochemical measurements were
carried out at neutral conditions (pH 7.2), under similar
conditions to the catalytic H2O oxidation experiments in order
to obtain a deeper understanding of how the different sub-
stituents influenced the properties of the dinuclear Mn2

II,III

complexes. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were used to analyze the redox properties.
Cyclic voltammograms revealed catalytic currents, assigned to
electrochemical oxidation of H2O, for all of the studied Mn
complexes 6 (Fig. 4). However, it was difficult to clearly assign
the onset potentials due to overlapping redox processes in the
onset potential region.

Therefore, to gain further insight into the redox chemistry of
the newly synthesized Mn complexes 6, DPV was carried out on
the complexes. The differential pulse voltammograms of the
dinuclear Mn complexes 6 are depicted in Fig. 5 and displayed
several peaks. Within the developed library, the differential
pulse voltammograms of complexes 6f and 6h displayed five
discernible peaks in the region 0.50 o E o 1.30 V vs. NHE
(Table 2). These peaks were subsequently assigned to
the formal oxidations of Mn2

II,III - Mn2
III,III - Mn2

III,IV -

Mn2
IV,IV - Mn2

IV,V - Mn2
V,V, in conformity with the pre-

viously reported result for a related dinuclear Mn complex.61

However, the other complexes displayed less than five redox
peaks. This is probably related to the close potential gap, i.e.

the narrow potential range for some of the redox couples,
resulting in single observable two-electron redox peaks instead
of two single-electron waves.

As is evident from these voltammograms and Table 2, the
substituents in Mn complexes 6 did not cause any dramatic
shift of the different redox processes in the complexes. This
highlights that there must be another explanation for the
increased efficiency of Mn complex 6f, containing the distal
carboxyl group. Previous studies of so-called ‘‘Hangman’’ porphyrin
and corrole complexes housing distal hydrogen bonding groups,
such as carboxyl groups, have established the possibility of
accessing metal complexes with increased affinity for promoting

Fig. 4 Cyclic voltammograms of Mn complexes 6a–b,e and 6f–h in an
aqueous phosphate buffer solution (pH 7.2). Conditions: voltammograms
were recorded in an aqueous phosphate buffer solution (0.1 M, pH 7.2)
containing the Mn complex (25 mM) with a scan rate of 0.1 V s�1. 6a ( ),
6b ( ), 6e ( ), 6f ( ), 6g ( ), 6h (—).

Fig. 5 Differential pulse voltammograms of Mn complexes 6a–b, 6e–f
and 6g–h in an aqueous phosphate buffer solution (pH 7.2). Conditions:
voltammograms were recorded in an aqueous phosphate buffer solution
(0.1 M, pH 7.2) containing the Mn complex (25 mM) with a scan rate of
0.1 V s�1. 6a ( ), 6b ( ), 6e ( ), 6f ( ), 6g ( ), 6h (—).
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PCET reactions.37,45,78–81 There even exists an example of an Fe
complex comprising a Hangman platform, which in the solid
state exhibits a hydrogen bonded H2O molecule bound between
a distal xanthene carboxylic acid and an Fe porphyrin hydroxide
by two hydrogen bonds (Fig. 6).78 This suggested that the
carboxyl group in 6f could perhaps also interact with the Mn
centers. To confirm this hypothesis, quantum chemical calcula-
tions were performed on complex 6f.

3.4. Quantum chemical insight

DFT calculations were performed on the dinuclear complex 6f
in the relevant formal Mn2

IV,V state. The Mn2
IV,V stage is

believed to be capable of promoting O–O bond formation, as
shown in the previous calculations on the dinuclear Mn complex
[(H2O)(tpy)Mn(m-O)2Mn(tpy)(OH2)]3+ (tpy = 2,20;60,200-terpyridine).82

The presence of one high-valent MnV (or MnIV–O�) is also suggested
in the OEC in the formation of O2.83–85 The optimized structures of
the two low-energy isomers of complex 6f in its high-valent Mn2

IV,V

state (A and B) are depicted in Fig. 7.
Both structures have a total charge of +0 and exist in the

high spin octet state according to the calculations. The two Mn
centers are bridged by an oxo group, an acetate, and the
phenolate of the ligand. In addition, each Mn center also has
a coordinated hydroxide ligand. Spin density analysis suggests

Table 2 Electrochemical data for the dinuclear Mn complexes 6a

Complex
Mn2

III,III/Mn2
II,III

(V vs. NHE)
Mn2

III,IV/Mn2
III,III

(V vs. NHE)
Mn2

IV,IV/Mn2
III,IV

(V vs. NHE)
Mn2

IV,V/Mn2
IV,IV

(V vs. NHE)
Mn2

V,V/Mn2
IV,V

(V vs. NHE)

6a 0.55 0.78b — 1.22b —
6b 0.51 0.86b — 1.16 1.20
6e — 0.79b — 1.14 1.21
6f 0.53 0.79 0.88 1.17 1.22
6g 0.51 0.85b — 1.19b —
6h 0.52 0.78 0.89 1.18 1.27

a Potentials were obtained from differential pulse voltammetry. Conditions: measured in an aqueous phosphate buffer solution (0.1 M, pH 7.2).
Scan rate 0.1 V s�1, glassy carbon disk as a working electrode, a platinum spiral as a counter electrode and an Ag/AgCl electrode as a reference
electrode. Potentials were converted to NHE by using the [Ru(bpy)3]3+/[Ru(bpy)3]2+ couple as a standard (E1/2 = 1.26 V vs. NHE). b Possible two-
electron redox process.

Fig. 6 (a) Structure of a metal ‘‘Hangman’’ porphyrin housing a distal carboxyl group and (b) representation of the hydrogen bonded H2O molecule
bound between a distal xanthene carboxylic acid and a Fe porphyrin hydroxide by two hydrogen bonds.

Fig. 7 Optimized structures of the dinuclear Mn complex 6f in its formal Mn2
IV,V state, showing the hydrogen bonding interaction between the distal

carboxyl group and (a) the Mn bounded hydroxide(s), and (b) the imidazole moiety. Distances are given in Ångstrom, spin densities on Mn are given in
italics, and relative energies are given in kcal mol�1.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 1

2:
25

:1
6 

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/c3cp54800g


11962 | Phys. Chem. Chem. Phys., 2014, 16, 11950--11964 This journal is© the Owner Societies 2014

that both metals are in fact in their MnIV state, with a coordinated
ligand radical cation. This suggests that the ligand framework is
redox-active, non-innocent, and highlights the intriguing properties
of ligand scaffolds of this type.86 Redox-active ligands might thus
be of importance in alleviating the metal centers from being heavily
oxidized by storing redox equivalents at the ligand scaffolds during
the oxidation of H2O.

In structure A of the oxidized complex 6f, the distal carboxyl
group generates two hydrogen bonds to the two Mn coordinated
hydroxide ligands. These two hydrogen bonds might thus influence
the subsequent O–O bond forming step(s). This supports that the
distal carboxylate group in the ligand framework of Mn complex 6f
can accommodate a bridging hydroxide/aqua molecule to yield a
unique hydrogen-bonded scaffold that might facilitate H2O oxida-
tion and thus promote the crucial O–O bond formation through
PCET. Multi-electron catalysis is at the heart of H2O oxidation and
the ability of synchronizing proton and electron transfer events via
PCET is fundamental in a plethora of biological and chemical
reactions.87,88 PCET allows the charge of a system to remain
unchanged, whereas non-proton coupled single electron transfer
processes result in charge accumulation and high-energy inter-
mediates. Detailed studies and a fundamental understanding of
how to couple proton and electron transfer are at the frontier and
might be the key to realizing more efficient WOCs.

An additional interesting feature of the ligand platforms in
Mn complexes 6 is the presence of the imidazole motifs, which
have the ability to function as proton transfer mediators. In
structure B, the carboxyl group has abstracted a proton from
the imidazole unit. Structure B was found to be 2.0 kcal mol�1

higher in energy than structure A. This hydrogen bonding
capability of the distal carboxylate group renders it possible
to also promote proton transfer reactions between the distal
group and the protonated imidazole moiety. The alternative
scenario for the enhanced activity of complex 6f is that the
carboxyl group serves as a ligand to bridge the two metal
centers. However, calculations revealed that the chain is not
sufficient to accommodate this sort of coordination.

The possibility of including a non-innocent distal group within
the ligand scaffolds in Mn complexes 6 is an interesting feature in
these developed WOCs that has perhaps not received sufficient
attention in H2O oxidation schemes. The key feature of incorporating
a distal group that acts as a general base to stimulate a H2O molecule
in undergoing nucleophilic attack on a high-valent metal-oxo
species could be a general strategy for promoting catalytic H2O
oxidation activity. This idea of hydrogen bonding as a means to
increase the nucleophilicity of H2O is utilized in hydrolytic
enzymes such as chymotrypsin. It has also been used by
Nocera45,78,81 and ourselves37 to promote H2O oxidation and
also recently in two theoretical papers.79,80 In those previous
studies, rather elaborate rigid systems have been used. However,
our present results suggest that even a carboxyl attached to a
highly flexible chain will participate efficiently. Using this con-
cept we will therefore try to prepare analogues to complex 6f, and
also analogues with a different central ligand, using the syn-
thetic versatility available for modifying the ligand frameworks
of the complexes 6.

4. Conclusions

In the present work we have synthesized eight new dinuclear
Mn2

II,III complexes and examined the H2O oxidation process for
these complexes. It was demonstrated that all of the developed
Mn complexes were catalytically active in H2O oxidation. The
complexes had sufficiently low redox potentials to allow for the
use of the mild one-electron oxidant [Ru(bpy)3]3+ to drive H2O
oxidation at neutral pH conditions.

These studies have identified a potential general factor for
obtaining WOCs that display increased catalytic efficiencies.
Within the library of the synthesized Mn complexes, complex 6f
containing the long aliphatic chain with a terminal carboxylate
group as a distal group was found to exhibit a higher O2

evolution rate than the other catalysts. This observation did
not originate from decreased redox potentials, which would
result in more favourable thermodynamics for carrying out H2O
oxidation.

Instead, the improved catalytic effect seems to result from
pre-orientation of the incoming H2O nucleophile and hydrogen
bonding between the distal carboxyl group and a high-valent
Mn-hydroxy group. This hydrogen bonding interaction can
subsequently promote PCET processes, which decrease the
energy of the catalytic H2O oxidation process.

These findings highlight the importance of controlling both
proton and electron transfer processes to promote O–O bond
formation during H2O oxidation. In the natural photosynthetic
system, PCET is prevalent and provides the key to efficient H2O
oxidation catalysis. The present study provides a guide that
might be helpful for designing more efficient WOCs in the
future, which have the possibility of being incorporated into
large scale systems for solar to chemical energy conversion.

Acknowledgements

Financial support from the Swedish Energy Agency (BÅ and
JM), the Knut and Alice Wallenberg Foundation (Center of
Molecular Catalysis at Stockholm University, Artificial Leaf
Project Umeå), the Swedish Research Council (BÅ) and the
Strong Research Environment Solar Fuels (Umeå University)
is gratefully acknowledged. W. A. A. A would also like to thank
the Egyptian Government for a PAROWN research fellowship.

References

1 T. Faunce, S. Styring, M. R. Wasielewski, G. W. Brudvig,
A. W. Rutherford, J. Messinger, A. F. Lee, C. L. Hill,
H. deGroot, M. Fontecave, D. R. MacFarlane, B. Hankamer,
D. G. Nocera, D. M. Tiede, H. Dau, W. Hillier, L. Wang and
R. Amal, Energy Environ. Sci., 2013, 6, 1074–1076.

2 R. F. Service, Science, 2011, 334, 925–927.
3 M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher,

Q. Mi, E. A. Santori and N. S. Lewis, Chem. Rev., 2010, 110,
6446–6473.

4 M. D. Kärkäs, E. V. Johnston, O. Verho and B. Åkermark, Acc.
Chem. Res., 2014, 47, 100–111.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 1

2:
25

:1
6 

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/c3cp54800g


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 11950--11964 | 11963

5 S. Dasgupta, B. S. Brunschwig, J. R. Winkler and H. B. Gray,
Chem. Soc. Rev., 2013, 42, 2213–2214.

6 J. R. Swierk and T. E. Mallouk, Chem. Soc. Rev., 2013, 42,
2357–2387.

7 L. Sun, L. Hammarström, B. Åkermark and S. Styring, Chem.
Soc. Rev., 2001, 30, 36–49.

8 H. Inoue, T. Shimada, Y. Kou, Y. Nabetani, D. Masui,
S. Takagi and H. Tachibana, ChemSusChem, 2011, 4, 173–179.

9 K. N. Ferreira, T. M. Iverson, K. Maghlaoui, J. Barber and
S. Iwata, Science, 2004, 303, 1831–1838.

10 B. Loll, J. Kern, W. Saenger, A. Zouni and J. Biesiadka,
Nature, 2005, 438, 1040–1044.

11 J. Yano, J. Kern, K. Sauer, M. J. Latimer, Y. Pushkar,
J. Biesiadka, B. Loll, W. Saenger, J. Messinger, A. Zouni
and V. K. Yachandra, Science, 2006, 314, 821–825.

12 Y. Umena, K. Kawakami, J.-R. Shen and N. Kamiya, Nature,
2011, 473, 55–60.

13 C. S. Mullins and V. L. Pecoraro, Coord. Chem. Rev., 2008,
252, 416–443.

14 S. W. Gersten, G. J. Samuels and T. J. Meyer, J. Am. Chem.
Soc., 1982, 104, 4029–4030.

15 F. Bozoglian, S. Romain, M. Z. Ertem, T. K. Todorova,
C. Sens, J. Mola, M. Rodrı́guez, I. Romero, J. Benet-
Buchholz, X. Fontrodona, C. J. Cramer, L. Gagliardi and
A. Llobet, J. Am. Chem. Soc., 2009, 131, 15176–15187.

16 T. Wada, K. Tsuge and K. Tanaka, Angew. Chem., Int. Ed.,
2000, 39, 1479–1482.

17 A. Lewandowska-Andralojc, D. E. Polyansky, R. Zong,
R. P. Thummel and E. Fujita, Phys. Chem. Chem. Phys.,
2013, 15, 14058–14068.

18 Y. V. Geletii, B. Botar, P. Kögerler, D. A. Hillesheim,
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29 Z. Codolà, J. M. S. Cardoso, B. Royo, M. Costas and J. Lloret-
Fillol, Chem.–Eur. J., 2013, 19, 7203–7213.

30 A. Petronilho, M. Rahman, J. A. Woods, H. Al-Sayyed,
H. Müller-Bunz, J. M. D. MacElroy, S. Bernhard and
M. Albrecht, Dalton Trans., 2012, 41, 13074–13080.

31 K. S. Joya, N. E. Subbaiyan, F. D’Souza and H. J. M. de Groot,
Angew. Chem., Int. Ed., 2012, 51, 9601–9605.

32 U. Hintermair, S. A. Hashmi, M. Elimelech and
R. H. Crabtree, J. Am. Chem. Soc., 2012, 134, 9785–9795.

33 E. A. Karlsson, B.-L. Lee, T. Åkermark, E. V. Johnston,
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