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Four manganese(ii)-Schiff base complexes (1-4) of formula [MnL"(H,0),],(Cl04),-mH,0O

(n = 1-4; m = 0, 1) have been prepared. The multidentate H,L" Schiff base ligands consist of
3R,5R-substituted N,N’-bis(salicylidene)-1,2-diimino-2,2-dimethylethane, where R = OEt, OMe,
Br or Cl. The complexes have been thoroughly characterized by elemental analysis, mass
spectrometry, magnetic susceptibility measurements, IR, UV, paramagnetic '"H NMR and EPR
spectroscopies. Other properties, including redox studies and molar conductivity measurements,
have also been assessed. The crystal structure of 1 was solved by X-ray diffraction, which revealed
the dimeric nature of the compound through p-aqua bridges. The ability of these complexes to
split water has been studied by water photolysis experiments, with the oxygen evolution measured
in aqueous media in the presence of a hydrogen acceptor (p-benzoquinone), the reduction of
which was followed by UV-spectroscopy. The discussion of the photolytic behaviour includes
advances in the knowledge of the structural motifs and the chemical activity of this type of
complex, as revealed by the development of several characterization techniques in the last decade.

Parallel-mode Mn'"

EPR shows that complexes 1-4 not only mimic reactivity but also share

some structural characteristics from partially assembled natural OEC clusters.

Introduction

The development of a catalyst for the production of oxygen
from water is crucial in order to achieve environmentally clean
fuel combustion.'* The Oxygen Evolving Complex (OEC) is
the native enzyme that catalyses this process in photosynthesis
and this is the most efficient system for splitting water
catalytically.*® Modelling the OEC with artificial inorganic
complexes is a powerful tool for testing different aspects and
scientific hypotheses concerning the nature and behaviour of
the OEC cluster,”'* but this research also represents a way to
develop a stable and highly active catalyst for electrochemical
and photochemical water oxidation.!>™!8

The vast amount of work that is now being carried out in
this field has been covered in the recent review articles listed
above. The growing world energy demand, along with the
need for control of gas emissions, explains the current
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relevance of this research, which has not always been supported
to the same extent in the last few decades. This idea can
be illustrated with an example: over the last decade a number
of publications have appeared that were inspired by the
[(bpy)>Mn"(1-0),Mn"Y(bpy),]>* model (see, for instance
ref. 19-22), but none of these papers refer back to the original
work by Calvin in the seventies, at the time of the first oil crisis,
when this model was first proposed for photosynthetic solar
energy conversion.”> However, Calvin’s model has inspired
scientists for decades; for example, in the eighties, Kaneko
et al** used this complex for water oxidation with Ce(1v) in a
heterogeneous phase by adsorbing it into kaolin clay, in a way
that seems to evoke more recent publications. Surprisingly, this
paper has barely been cited in the last decade either, probably
due to the lack of continuity in research into this area.

On the other hand, a significant part of the scientific
community has been fascinated for years by artificial models
with very complicated architectures. Simple models did not
appear to be valid. The first expiration date of the original
Calvin model seemed to be just several months after its
proposal®® but nearly four decades later it is still revisited
often. In fact, simple models have afforded some of the best
results for water oxidation.'!-!%:18-26:27

McAuliffe and co-workers proved the suitability of the
manganese complexes of tetradentate Schiff base ligands (with
an N,O, donor set) as catalysts for water photolysis.?**° Schiff
bases are well-known and economical organic ligands and
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Scheme 1 Representation of the Schiff bases (up) and p-benzoquinone
(BQ), 2,5-tert-butyl-p-benzoquinone (tbBQ) and hydroquinone (H,BQ).

some of them can reproduce the chemistry of the most expensive
porphyrins.>!" The energetics involved in the formation of the
azomethine group and its stability versus primary amines would
explain why Nature is likely to choose these organic residues
instead of other more unfavourable systems. Besides, this type of
ligand allows very versatile designs, which are able to modify its
basic character or steric properties depending on the nature of
the substituents on the aromatic rings.’*® The strong chelate
effect provided by these ligands confers an increased robustness
on their complexes in comparison to other systems.

Herein we report four novel manganese-Schiff base
complexes that are able to coordinate water molecules. The
Schiff bases employed are depicted in Scheme 1. The new
complexes were found to possess photolytic activity, as measured
through the oxygen evolution from these systems in aqueous
media. These complexes represent a model based on previous
findings in water photolysis® and they produce a similar activity.
However, in the present work, the discussion concerning the
photolytic behaviour encompasses the advances made in recent
years, particularly the new insights on the structural features
ascertained through the development of characterization tech-
niques, as well as our own experience in manganese-Schiff base
systems as catalysts for other manganese-redox-based catalytic

processes.3 1-33

Results

The multidentate Schiff bases, H,L" (n = 1-4), used in this study
readily react with manganese perchlorate, in the presence of
sodium hydroxide and air, to give compounds 1-4. Elemental
analysis of the complexes indicated that they have the general
stoichiometry [MnL"(H>0),],(ClOy),-mH,0, where L signifies
the ligand in its dianionic form and m = 0, 1. The analytical,
magnetic, spectroscopic and mass spectrometry data are given
in the Experimental section.

All of the complexes exhibit room temperature magnetic
moments close to the spin only value of 4.9 B.M. expected for
a high spin magnetically dilute d* manganese(in) ion. Such
behaviour is typical for this class of compounds. Previous
magnetic studies on related compounds between 300 and 5 K
indicated little or no antiferromagnetic interaction between
the metal centres.’®** The room temperature magnetic
moments observed in this study do not give cause to suppose
that any different magnetic behaviour should occur. All of the
FAB mass spectra show peaks relating to fragments of
the form [MnL]™, thus indicating ligand coordination to the
metal centre. Furthermore, some complexes exhibit peaks
due to the fragment [Mn,L,]", which can be tentatively
attributed to the presence of dimeric species in solution
(Fig. S1, ESIY).

All of the complexes show similar IR features, with a strong
band observed between 1626-1612 cm™' attributable to
C=Nimine), Which is 6-18 cm ™' lower than the correspond-
ing band in the free ligand. A shift in the (C-Oppenor) band to
a higher frequency (6-9 cm™") is also observed (Fig. S2, ESI}).
These data suggest the coordination of the Schiff base in its
dianionic form to the metal through the inner phenol oxygen
and the imine nitrogen atoms. The IR spectra also show broad
unsplit bands at ca. 1120 cm ™' along with bands at 630 cm ™',
which is indicative of the presence of the uncoordinated
perchlorate anion. The presence of a broad band at about
3400 cm ' is associated with coordinated and/or solvated
water molecules.

The electronic spectroscopic data are very similar for com-
pounds 1-4, indicating that the Mn(ii1) complexes behave as
high-spin octahedral d* systems that probably suffer a signifi-
cant Jahn-Teller distortion, which affects the spectra and
complicates their interpretation (Fig. 1). A broad shoulder at
around 540-600 nm (¢ = 120-500 M ' cm™') is attributable
to a d-d transition, while it is reasonable to assign the
broad band at 440-480 nm (¢ = 2400-3100 M~! cm™') to
the phenolate — Mn(i) charge-transfer. The peak at around
330 nm (¢ = 700010000 M~ cm™"') can be assigned to an
intraligand n—n* transition. The energy and intensity of the
LMCT and d-d transitions are consistent with those reported
for related Mn'! complexes.>>3¢
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Fig. 1 UV spectrum (in methanol) of 1 (2 x 10~* M).
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Paramagnetic '"H NMR studies of the complexes serve to
substantiate the formation of the manganese(ur) complexes.>'¥"
The spectra contain between two and three upfield proton reso-
nances, outside the diamagnetic region (6 = 0-14 ppm) and these
are due to the isotropically shifting ligand protons for high-spin
manganese(1ir) complexes in an octahedral field. The signals must
arise from the H4 and H5 protons of the aromatic phenoxy rings.
The signals between —20.73 and —30.52 ppm are due to the H4
protons, while the resonances from —15.70 to —21.50 ppm are due
to H5 protons. The signal corresponding to the H5 protons
appears to be split into a doublet owing to the asymmetric nature
of the Schiff base ligand in these complexes (Fig. S3, ESI}).*

The electrochemical behaviour of complexes 1-4 with both
reduction and oxidation waves can be defined as quasi-
reversible as their peak to peak separation varies with the
scan rate (a slower scan rate gives rise to more reversible
character). Normal pulse voltammetry can be applied to such
systems and provides an additional proof of the oxidation
state of the manganese in the former complexes. Anodic and
cathodic currents were observed when the initial potentials
were more negative than the wave range. However, when the
initial potentials were more positive than the wave voltage
range, only cathodic currents were observed (Fig. 2). These
data indicate that in solution only the oxidised forms of the
redox systems exist, i.e. manganese(III).
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Fig. 2 (a) Cyclic voltammogram for 4 at a scan rate of 0.05 V s™/;
(b) normal pulse voltammogram (NPV) for 4 using an anodic scan;
(c) NPV for 4 using a cathodic scan.

Crystal structure of 1

Recrystallisation of [MnL'(H,0),],(Cl04), (1) from methanol
by slow evaporation afforded reddish-brown crystals from
which we determined the molecular structure. A stick view of
1is shown in Fig. 3. The main bond lengths and angles are listed
in Table 1. Experimental details are given in Table S1 (ESI).

The crystallographic data show that the geometry around the
manganese ion is distorted octahedral. The coordination sphere
around each manganese centre comprises the planar Schiff base
ligand, which is tightly bound to the metal ion through the
inner N>O, compartment by the Nipine and Ophenor atoms. The
equatorial Mn—Njpine (1.976-1.986 A) and  Mn-Oppenol
(1.873-1.882 A) bond lengths are typical of such complexes®*3®
and corroborate the bisdeprotonation of the ligands.

The coordination sphere around each manganese centre is
completed by capping water molecules. The Mn—Oyater
distances of 2.254 and 2.271 A are considerably longer than
the equatorial Mn—O bond lengths quoted above, indicating
that the Jahn-Teller elongation expected for a high-spin d*
manganese(I11) ion is present in these complexes. The deviation
from an ideal octahedral geometry is also revealed by the
range of angles observed around the metal centre (from
82.8° to 93.54°), as well as by the interaxial OW-Mn-OW

Fig. 3 Stick diagram for 1 showing the hydrogen bonding between
adjacent [MnL'(H,0),],>" dimeric units through perchlorate anions
and water lattice molecules.

Table 1 Selected bond lengths (A) and angles (°) for 1

Mn1-N8 1.986(5) Mnl-027 2.254(5)
Mnl-N11 1.976(5) Mn1-028 2.271(5)
Mnl-0O19 1.882(4) C7-N8 1.300(7)
Mnl-021 1.873(4) CI2-N11 1.275(8)
021-Mn1-019 93.54(15) 019-Mn1-027 87.26(17)
021-Mnl-Nl11 92.96(17) N11-Mnl1-027 89.6(2)
019-Mn1-N11 172.82(18) N8-Mnl-027 89.8(2)
021-MnI1-N8 175.71(18) 021-Mn1-028 89.36(17)
019-Mn1-N8 90.75(18) 019-Mn1-028 91.23(18)
N11-Mn1-N§ 82.8(2) N11-Mn1-028 91.91(19)
021-Mn1-027 90.37(18) N8-Mnl1-028 90.61(19)
027-Mn1-028 178.45(16)
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angle of 178.45°. The perchlorate anion constitutes the second
coordination sphere.

The superstructure of the complexes involves associations
through a combination of m-aryl interactions and hydrogen
bonds between capping water and outer phenoxy and axial
water oxygen atoms of the neighbouring Schiff base ligand.
The distances and angles involving hydrogen bonding are
shown in Table S2 (ESI}). The oxygen atom of an axial water
molecule O(28) establishes a hydrogen bond with O(20) and
0O(22) of the ethoxy groups and with O(19) and O(21) of the
phenoxy group of the ligand of the neighbouring complex,
thus acting as p-aquo bridges. The dimeric units are also
stabilized through m-stacking interactions between the aromatic
rings. This results in Mn---Mn distances of about 4.917 A,
which are considerably shorter than 10 A for monomeric
compounds,* but they are longer than those in other complexes
with p-phenoxo bridges.>® These types of [MnL(H,O),],>"
systems have previously been reported®** as p-aqua dimers.
However, these Mn---Mn distances are too long to establish
intermetallic interactions between neighbouring manganese
ions, a situation in accordance with the non-antiferromagnetic
behaviour shown by the magnetic studies.

Moreover, the p-aqua dimers are interconnected by hydrogen
bonds involving the perchlorate counterions. In this way, pairs
of neighbouring p-aquo dimers are linked by two perchlorate
anions. This hydrogen bonding scheme arises from the inter-
actions of two perchlorate ions, which establish two pairs of
hydrogen bonds to two adjacent p-aquo dimers.

EPR spectroscopy

Parallel-mode EPR (microwave field H; is parallel to the
static field Hy) enables one-electron AMg = 0 transitions to
be detected that are hardly observable with a conventional
EPR method (H; L H,, perpendicular mode). Mn®* has an
integer electron spin, S = 2, and has been shown for powdered
samples to develop a characteristic sextet pattern in parallel-
mode EPR.*' The sextet is centred at around gor = 8 and
is split by a hyperfine interaction 4 = 44-55 G due to the
Mn nucleus (I = 5/2). A similar sextet is also detectable by
perpendicular-mode EPR but the signal intensity is signifi-
cantly weaker and the peak resolution is worse.

The parallel-mode EPR spectrum of 1 is shown in Fig. 4.
Only the low-field portion of the spectrum is shown, since
additional lines were not detected at higher fields. The centre
position of the sextet (g = 8.09) and hyperfine splitting
(A = 44 G) are identical for all of the complexes and are close
to those previously reported for similar compounds.***

Water photolysis experiments

The course of the water photolysis experiments was followed
in two ways: quantitative oxygen evolved and variation of the
electronic spectrum of the quinone during photolysis. The
experimental setup was improved with respect to the original
experiments by McAuliffe and co-workers®?° in order to
obtain better sealing of the system (Fig. S4, ESIi). The use
of a methacrylate bath allows magnetic stirring and avoids
the use of a mechanical stirrer, since this latter option has
a detrimental effect on the reproducibility of the dissolved
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Fig. 4 Parallel-mode EPR of 1 in toluene:dmf:EtOH (2 : 1:drop) solu-
tion. Conditions: frequency, 9.37 GHz; 7' = 9 K; 20 mW microwave power.

oxygen measurements. On the other hand, the use of a flow cell
enhances the airtight nature of the experimental setup for the
withdrawal of aliquots for UV monitoring.

The reduction of p-benzoquinone (BQ) to hydroquinone
(H>BQ) can be easily followed by UV spectroscopy (Fig. S5,
ESIf). BQ in water has a major absorption at 246 nm
(¢ = 22 x 10* M~ em™"), which decreased during the experi-
ments, whilst a characteristic hydroquinone peak at 290 nm
developed (Fig. S6, ESIi). Photolysis of an aqueous solution
containing only BQ leads to a slow decrease in the amount of
BQ and to the formation of a mixture of H,BQ and 2-hydroxy-
p-benzoquinone™ without the generation of molecular oxygen.

The time courses of oxygen evolution on irradiating solu-
tions of complexes 1-4 containing BQ are shown in Fig. 5.
Oxygen was not evolved in the absence of BQ in the present
studies. The use of 2,5-tert-butyl-p-benzoquinone (tbBQ) instead
of BQ did not generate dioxygen either.

The concentration of dioxygen in the solutions during the
experiments increased linearly during irradiation, but when
the light was switched off the evolution of dioxygen into the
solution fell sharply; on starting irradiation once more the
dioxygen evolution rate returned to the level originally observed
(Fig. S7, ESIY).
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Fig. 5 Plot of percentage O, dissolved in solution vs. time for
complexes 1 (#), 3 (M) and 4 (A).
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Discussion
Structural studies in solution

An initial discussion point for the catalytic behaviour of these
compounds concerns the original structure of 1-4 in solution.
Some authors proposed for similar compounds that the
dimeric structure found in the solid state by X-ray crystallo-
graphy is not preserved in solution.** This point could be
supported, for instance, by molar conductivity measurements
for the complexes (in the range 85-97 uS for the complexes
reported here), which are consistent with the presence of 1 : 1
t:lectrolytes.45 Nevertheless, these measurements were carried
out on samples in the coordinating solvent DMF, and this
solvent could interfere significantly in the structure of these
complexes since the lability (and solvent exchange) of the
axial positions is a well known phenomenon for this type of
compound.*® In fact, other techniques suggest that the p-aqua
dimeric structures are retained in solution, e.g. the dimeric
peaks found by FAB mass spectrometry using meta-nitro-
benzyl alcohol as a liquid matrix, or the band observed in the
electronic spectra in water at about 550-600 nm, which is
associated with the existence of these dimers in solution.*’

Moreover, a dimeric nature in solution is also suggested by
electrochemical studies. Logarithmic calculations above the
limit current of the quasi-reversible wave in the normal pulse
voltammogram have been reported for monomeric Mn(1)
complexes*® comparable to the compounds presented here.
The results show that a one-electron process is responsible for
this wave, which can be written as [Mn""] — [Mn"']. However,
the same treatment applied to the quasi-reversible processes of
1-4 provides a number of electrons close to two (as the rate of
reversibility decreases the result of the logarithmical treatment
should be interpreted with caution). A two electron oxidation
is not expected for monomeric complexes, but two one-electron
redox processes [Mn'", Mn'""] - [Mn", Mn"] from dimeric
species can explain these redox waves. The previously reported
monomeric compounds and the present complexes were all
measured under the same conditions with approximately equal
numbers of moles of manganese. However, the current intensity
of the peaks is different. This intensity obeys the Randles—Sevcik
equation®® and all factors in this equation are similar for all of
the complexes, except for the diffusion coefficient of each. We
found that complexes formulated as monomeric species exhibit
higher current intensities in their redox waves than 1-4. This
behaviour is attributed to the monomeric nature of the first type
of complex and this gives rise to a higher diffusion coefficient than
for 1-4, which probably have a dimeric structure in solution.

We also carried out peroxidase activity tests with 1-4 and
found significant activity using ABTS [2,2’-azinobis(3-ethyl-
benzothiazoline)-6-sulfonic acid diammonium salt] as a water-
soluble trap. The oxidation of the hydroperoxide to generate
dioxygen in the peroxidase experiments involves an intra-
molecular two-electron transfer reaction that is forbidden for
monomeric Mn(iir) complexes.®! We conclude that 1-4 should
preserve their dimeric structure in solution, either completely
or to a significant extent.

The coordination environment around the metal ion is also
a relevant feature for catalysis. Parallel-mode EPR has proven
to be a powerful tool to investigate integer-spin paramagnetic

species such as Mn®". The spectra of this metal ion are
interpreted taking into account that the zero-field splitting
(ZFS) dominates the spin Hamiltonian of Mn®". ZFS was
reported to be about D ~ 3.4-5.0 cm™' for Mn*" in tetra-
gonal complexes, while the electron Zeeman interaction in
X-band EPR magnetic fields is an order of magnitude smaller,
0.2-0.3 ecm™!, and the Mn hyperfine term is ~0.1 cm~'.%>2

The case where S = 2 in strong ZFS has been considered in
detail, and the expressions for the energy levels have been
derived to the second order in perturbation theory. Strong
ZFS splits the spin levels into two non-Kramer (NK) doublets,
nominally Mg = +1 and Mg = +2 states, and a singlet Mg = 0
state. The splitting between the doublets and the singlet is large
in comparison to the X-band EPR microwave quantum and,
therefore, inter-doublet and singlet-to-doublet transitions are
not allowed. The only transitions allowed are those between the
levels within each NK doublet. With the magnetic field oriented
along the principal axis of the ZFS tensor (D || Hy), these
transitions are centred at>®

17
Zerr(1) = 28| 1 +m (1)
(3£%/D)? 12
gerr(2) = 4g) |1 +W 2)

for the Mg = +1 and Mg = +2 NK doublets, respectively. The
transitions geg1) OF gem2) can only be observed using parallel-
mode EPR and even then only if the splitting between the levels
in the respective doublet at zero field, 6E or 3E2/D, does not
exceed the microwave quantum, /v,. In the case of negligible £
(hvg » 6E and 3E?/D), the transitions are centred exactly at
geiy = 2g ~ 4.0 and at geyy) = 4g) ~ 8.0. In frozen
solutions, Mn>* complexes are present with many different
orientations of the ZFS tensor relative to the magnetic field
direction. Each orientation resonates at different g.q, which
results in a field-extended “powder”” EPR spectrum. In practice,
however, only the resonances of eqn (1) for the complexes with
D||H, are sharp and observable in the powder spectrum.

The signal of 1-4 at g.g = 8.09 should be assigned to ge2).
Using eqn (1) and assuming typical values of D &~ 3.4-5.0cm ™'
and g, = 1.99,* a value of £ = 0.25-0.31 cm™' can be
estimated (hy, = 0.31 cm ™! corresponds to vy = 9.37 GHz in
our experiments). Thus, significant rhombic splitting within
the Mg = +1 NK doublet (6E = 1.5-1.8 cm ') explains the
absence of the second gemi) transition in the spectra. The
E/D = 0.05-0.09 is indicative of ZFS rhombicity in frozen
solutions. Slight rhombicity has also been observed for
substitutional Mn>" in a rutile single crystal (E/D = 0.04)>
and Mn®" (dibenzoylmethane); in polycrystalline powder
(E/D = 0.06).°* In the latter two cases, Mn> " has an approxi-
mately tetragonal coordination, with two axial O ligands that
are slightly more distant than the four equatorial O ligands.

On the other hand, the small®> Mn hyperfine coupling of
4344 G in 1-4 is also indicative of the electronic ground state
°By (the “hole” residing in the d,» » orbital), and thus these
compounds are either five-coordinated distorted square-
pyramidal complexes or six-coordinated distorted tetragonally

This journal is © the Owner Societies 2011

Phys. Chem. Chem. Phys., 2011, 13, 18069-18077 | 18073


http://dx.doi.org/10.1039/c1cp21154d

Downloaded by Massachusetts Institute of Technology on 11 July 2012
Published on 15 September 2011 on http://pubs.rsc.org | doi:10.1039/C1CP21154D

View Online

elongated complexes,*® with two axial O atoms from coordinated
water molecules and two O and two N atoms from a tetradentate
Schiff base ligand that is equatorially coordinated to the ion.

Photolytic studies

Light absorption at 425 nm in aqueous solution causes a T <« n
transition and this is responsible for the H abstraction from H,O
by optically excited BQ (BQ¥*). For BQ in the ground state, an
endothermic reaction, uphill by 1.6 eV, was found for the first H
abstraction. A stability gain of 1.5 eV occurred for this process
when BQ had an electron promoted from an oxygen lone-pair
orbital to a ring ©* orbital. The hole site has the ability to
abstract a hydrogen atom from water to form a semiquinone
without the energetic expense of promoting an electron to the
ring ©* orbital, as must occur for ground state BQ.¥’

Awad and Anderson carried out a quantum chemical study
on the photogeneration of O, from H,O coordinated to
Mn""-Schiff base complexes in the presence of BQ.*’ They
concluded that H,O bonded to Mn"" as bridges in the Mn'!
dimer (an identical model to the structure of 1 reported here;
I in Scheme 2) starts off the reaction sequence by transferring a
hydrogen atom to an O~ created by a n* <« n optical
excitation in BQ (see Fig. S8, ESIf). This process oxidizes
Mn"" to Mn" and creates tightly bound OH™~ groups that are
polarized sufficiently for easy deprotonation. It is the forma-
tion of the strong Mn—OH bond that prevents the formation
of 2-hydroxy-p-benzoquinone, as it occurs in aqueous solution
in the absence of the active Mn complexes. More recently,
catalytic studies on olefin epoxidation using this type of
complex also revealed the possibility of hydrogen abstraction
by Mn" complexes with terminal hydroxo ligands.®’

A precipitate was not observed during or after the irradia-
tion experiments catalysed by 1-4. McAuliffe et al. initially
suggested the formation of [Mn"L],O (where L is the Schiff
base) at the end of their experiments, although they subsequently
proposed a p-phenoxy-bridged manganese(in) dimer as the final
product (I in Scheme 2).%® This latter arrangement for Mn"-Schiff
base complexes was almost unknown when McAuliffe and
co-workers reported their first irradiation experiments but
p-phenoxy-bridged manganese(i) dimers subsequently became
quite common dispositions found by X-ray crystallography.*%4>%

On the basis of the different studies carried out on this type of
water photolysis experiment, we propose the overall reaction
depicted in Scheme 2 —as suggested previously by McAuliffe

OH,

o S
(N”""Mn“‘“\ K
o7 | No

\ 2BQ*

I II

Scheme 2

and us®® in a previous tentative mechanism— in an attempt to
explain our findings. There is strong evidence for successive
hydrogen abstractions from water molecules coordinated to the
metal ion by optically excited BQ (BQ¥*), but uncertainty
remains about the manganese complex intermediates formed
during this process. We have suggested that the activation
state would be a transient dioxygen-bridged manganese complex,
which would almost instantaneously decompose to produce
dioxygen and a p-phenoxy-bridged manganese(i) dimer.
Recently, p,-oxo-bridged manganese dimers have been crystallo-
graphically solved® and this supports the feasibility of our
proposal.

The fact that dioxygen is not evolved when tbBQ is used
instead of BQ indicates a steric requirement in the hydrogen
abstraction process. BQ is probably able to enter into the
coordination cleft of the p-aquo dimers, a situation that is not
possible for the sterically hindered quinone (Fig. 6). This
observation further supports the existence of aqua-bridged
dimers in solution.

Our studies with this type of model did not aim to reproduce
the structural features of the native OEC. However, it is
noteworthy that the EPR characteristics of complexes 1-4
(ger = 8.1 and 4, = 44 G) are almost identical to those
reported (gor = 8.2 and 4, = 44 G) for Mn"" bound at the
high-affinity Mn site in photosystem II (corresponding to
the first intermediate of the Mn, cluster photo-assembly in
PSII).>® This indicates that the complexes reported here have a
ligand coordination structure similar to Mn"" in PSII, parti-
cularly a six-coordinate distorted tetragonally elongated struc-
ture or a five-coordinate distorted square-pyramidal structure.

The rate of tetragonal elongation is also evidenced in
the solid state by X-ray crystallography. If we consider the
rhombicity factor as the ratio between the manganese-
axial oxygen distances and the manganese-equatorial oxygen
distances of two dozen or so reported complexes of this type,
we calculated values ranging from 1.159 to 1.27. The steric
hindrance of the Schiff base is decisive in modulating
this rhombicity. We also found a correlation between the
peroxidase activity and the rhombicity factor.*! The peroxi-
dase activity is favoured by a higher Mn—O,;, distance since
the latter is indicative of a labile ligand that can exchange with
the H,O, substrate. In the case of the photolytic activity the
H,O is already coordinated to the manganese ion, but the

kad

Fig. 6 Spacefilling diagrams of the manganese(i1) dimer, BQ and
tbBQ, showing the feasible approach of BQ to the coordination cleft.
The p-aqua-bridges are in a cleft with one hydrogen pointing outwards
from each side of the dimer.

thBQ

manganese(lll) dimer
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rhombicity should probably be taken into account for sub-
sequent steps in the reaction, such as the feasible Mn"Y-OH
intermediates and their subsequent reactions.

Another factor that can be modulated by the choice of a
suitable Schiff base is the rate of reversibility in the electro-
chemical processes of the complexes. The electron-donating
or -withdrawing character of the substituents in the phenyl
rings induces stabilization of a particular oxidation state for
manganese and/or a variation in the redox reversibility of the
complex.*

Control of all these variables in the design of new compounds
inspired by this type of complex is the key issue to achieve more
efficient water photolysis systems. The control of the recon-
stitution of the p-aqua dimers from the p-phenoxy-bridged
manganese dimers would also allow an increase in the number
of turnovers in the catalytic cycle. In turn, this would lead
to the development of suitable catalysts from a technological
perspective.

Experimental
Materials

All the starting materials (Aldrich) and solvents (Probus) used
for the synthesis were of commercially available reagent grade
and were used without further purification.

Physical measurements

Elemental analyses were performed on a Carlo Erba Model
1108 CHNS-O elemental analyser. The IR spectra were recorded
as KBr pellets on a Bio-Rad FTS 135 spectrophotometer in
the range 4000-400 cm~!. 'H spectra were recorded on a
Bruker AC-300 spectrometer using DMSO-dg (296 K) as a
solvent and SiMey as an internal reference. FAB mass spectra
were recorded on a Kratos MS50TC spectrometer connected
to a DS90 data system, using meta-nitrobenzyl alcohol as a
matrix. Room-temperature magnetic susceptibilities were
measured using a digital measurement system MSB-MKI,
calibrated using mercury tetrakis(isothiocyanato)cobaltate(r),
Hg[Co(NCS),], as a susceptibility standard. Electronic spectra
were recorded on a Cary 230 spectrometer. Conductivities
of 107 M solutions in DMF were measured on a Crison
microCM 2200 conductivimeter. EPR measurements were
carried out on a Bruker ESP300E X-band spectrometer equipped
with an ER4116 DM dual-mode cavity and an Oxford 900
continuous flow cryostat. The typical temperature for EPR
measurements was 9 K and other experimental conditions are
shown in figure captions.

Electrochemical experiments (cyclic voltammetry, CV; and
normal pulse voltammetry, NPV) were performed using an
EG&G PAR model 273 potentiostat, controlled by EG&G
PAR model 270 software. A Metrohm model 6.1204.000
graphite disc coupled to a Metrohm model 62810 rotating
electrolyte device was used as a working electrode. A saturated
calomel electrode was used as a reference and a platinum wire
used as an auxiliary electrode. All measurements were made
with ca. 1072 mol dm ™~ solutions of the complexes in dimethyl-
formamide using 0.2 mol dm~* NBu4PFs as a supporting
electrode. Cyclic voltammetry measurements were performed
with a static graphite electrode, whilst direct-current and pulse

voltammograms were recorded with the graphite disc rotating at
2000 revolutions per minute.

Preparation of the Schiff base ligands

The asymmetrical Schiff bases were prepared in an analogous
manner by the reaction of the appropriately substituted
salicylaldehyde with diamine, and are typified by the following
preparation.

To an ethanolic solution (100 mL) of 1,2-diamino-
2,2-dimethylethane (0.83 mL, 7.8 mmol) was added 3OEt-
salicylaldehyde (2.60 g, 15.60 mmol). The mixture was heated
under reflux in a round-bottomed flask fitted with a Dean—
Stark trap to remove the water produced during the reaction.
After heating for 3 h, the solution was concentrated to yield a
yellow solid. The product was collected by filtration, washed
with diethyl ether and dried in air.

Yields were almost quantitative.

H,L' (found: C, 68.8; H, 7.0; N, 7.1% calc. for C5,H»3N>O4
(384.47): C, 68.7; H, 7.3; N, 7.3%); 'H NMR (300 MHz,
[Dg]DMSO): 6 = 13.70 (s, 2H), 8.53 (s, 1H), 8.50 (s, 1H),
6.69-7.00 (d, d, t, 6H), 4.00 (q, 4H), 3.96 (s, 2H), 1.34 (s, 6H),
1.30 (t, 6H) ppm. ES-MS: m/z = 385.4. IR (O-H) 3433 (m),
(C=N) 1628 (vs.), (C-0O) 1248 cm~" (s); m. p. 88 °C.

H,L? (found: C, 46.5; H, 4.5; N, 57% calc. for
CoH2,BroN>O, (514.21): C, 46.7; H, 4.3; N, 5.4%); 'H
NMR 6 = 1.42 (s, 6H), 3.72 (d, 2H), 3.88 (s, 6H), 6.9-7.3
(m, 4H), 8.21 (s, 1H), 8.23 (s, 1H), 13.80 (s, 1H), 14.45 (s, 1H);
ES-MS: m/z = 515.1. IR »(O-H) 3069 (m), /(C—=N) 1632
(vs.), (C-0) 1254 cm ™' (s); m. p. 133 °C.

H,L* (found: C, 58.6; H, 52; N, 7.9% calc. for
C15H15CLNLO, (365.26): C, 59.1; H, 5.0; N, 7.7%); '"H NMR
0 = 1.39 (s, 6H), 3.71 (d, 2H), 6.8-7.2 (m, 6H), 8.28 (s, 1H), 8.30
(s, 1H), 13.23 (s, 1H), 13.78 (s, IH); ES-MS: m/z = 366.2. IR
{O-H) 3063 (m), {C=N) 1634 (vs.), LC-0) 1260 cm ' (s);
m. p. 137 °C.

H,L* (found: C, 49.2; H, 3.6; N, 64% calc. for
Ci5HcCILN,O, (434.15): C, 49.8; H, 3.7; N, 6.4%); '"H NMR
0 = 1.46 (s, 6H), 3.80 (d, 2H), 7.1-7.4 (m, 4H), 8.17 (s, 1H), 8.20
(s, 1H), 14.05 (s, 1H), 14.82 (s, 1H); ES-MS: m/z = 425.2. IR
O-H) 3078 (m), {C=N) 1631 (vs.), (C-0) 1259 cm™" (s);
m. p. 150 °C.

Complex preparation

All of the complexes were synthesised by air oxidation of
solutions of Mn(ClOy),-6H,O and the Schiff base.®® A typical
preparation is outlined below.

[MnL!(H,0),]»(ClOy),, 1: H,L! (1.56 mmol, 0.60 g) was dis-
solved in 1 : 1 methanol/ethanol (100 mL) and Mn(ClOy),-6H,O
(1.56 mmol, 0.57 g) was added to the initial yellow solution,
which changed to green (CAUTION: although problems were
not encountered in this work, perchlorates are potentially
explosive and should be handled in small quantities and
with care!). The mixture was stirred for 10 min and NaOH
(3.12 mmol, 0.13 g), dissolved in a small quantity of water, was
added. The mixture became dark. The progress of the reaction
was followed by TLC for 3 d and the mixture was then filtered.
The complex was obtained from the filtrate as a brown solid
after crystallisation. The solid was filtered off and washed with
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diethyl ether and dried in air. Yield: 0.66 g (75%). Anal. calc.
for Cy4HgoClLMnyN4O, (1145.7): C, 46.1; H, 5.2; N, 4.9%.
Found: C, 46.4; H, 5.1; N, 4.6%. MS FAB (m/z): 438 [MnL] ";
875 [Mn,L,]". IR (KBr, cm™'): {O-H) 3421 (m), (C=N)
1612 (vs.), (C-0) 1257 (s), LClO47) 1120 (vs.), 625 (m). u =
5.0 BM. '"H NMR (300 MHz, [D]DMSO): 6 = —28.01 (H4),
—17.16, —18.96 (H5) ppm. Conductivity (in DMF) Ay; = 88 uS.
on = —0.092 V, Ered = —0.534 \/7 El/Z = —0.313 V.

[MnL*(H,0),],(Cl04)>, 2, 1.94 mmol (1.00 g) of H,L%
1.94 mmol (0.70 g) of Mn(ClOy),-6H,O; 3.88 mmol
(0.16 g) of NaOH; yield: 1.07 g (80%). Anal. calc. for
C4oHysBryClbMn,yN4Oog (1405.22): C, 34.2; H, 3.4; N, 4.0%.
Found: C, 34.6; H, 3.2; N, 4.1%. MS FAB (m/z): 566 [MnL]";
1133 [Mn,L,] . IR (KBr, cm™'): {O-H) 3421 (m), (C=N)
1626 (vs.), (C-0) 1262 (s), UClO4 ™) 1120 (vs.), 625 (m). u =
4.7 BM. 'H NMR (300 MHz, [Dg]DMSO): & = —27.82 (H4),
—16.91, —18.70 (H5) ppm. Conductivity (in DMF) Ay = 78 uS.
Eox = 0011 V; Ereq = —0.414 V; E;p = —0.213 V.

[MnL3(H,0),l(ClOy),, 3, 2.74 mmol (1.00 g) of H,L?;
2.74 mmol (0.99 g) of Mn(ClO,),-6H,0; 5.48 mmol (0.22 g) of
NaOH; yield: 0.91 g (60%). Anal. calc. for C3gH40ClgMn,;N4Oq6
(1107.3): C, 39.0; H, 3.6; N, 5.1%. Found: C, 39.8; H, 3.4; N, 5.3%.
MS FAB (m/z): 419 [MnL]"; 876 [Mn,L,]". IR (KBr, cm™):
(O-H) 3421 (m), A/C=N) 1616 (vs.), L/C-O) 1268 (s), LClO4 ")
1121 (vs), 625 (m). ¢ = 47 BM. 'H NMR (300 MHz,
[Dg]DMSO): 6 = —28.30 (H4), —17.46, —18.85 (HS) ppm.
Conductivity (in DMF) Ay; = 93 puS. E,, = 0.060 V; Eq =
—0.325V; E;p = —0.133 V.

MnL*H,0),(ClO,), 4, 1.36 mmol (0.59 g) of H,L* 1.36 mmol
(0.49 g) of Mn(ClOy4),-6H,0; 2.72 mmol (0.11 g) of NaOH; yield:
0.61 g (75%) Anal. calc. for C36H40C110Mn2N4018 (12811) C,
33.7; H, 3.1; N, 4.4%. Found: C, 34.5; H, 3.1; N, 4.2%. MS FAB
(m/z): 487 [MnL]"; 974 [Mn,L,] ™. IR (KBr, cm ™ '): {O-H) 3421
(m), AC = N) 1622 (vs.), A{C-0O) 1268 (s), AClO4") 1118 (vs.),
625 (m). ¢ = 5.0 BM. '"H NMR (300 MHz, [Dg]DMSO): § =
—28.15 (H4), —17.16, —18.81 (H5) ppm. Conductivity (in DMF)
Am = 84S, Ejx = 0212V; Eg = —0.178 V; Ep = 0.017 V.

Crystallographic data collection and refinement of the structure

Single crystals of complex 1, suitable for X-ray diffraction
studies, were obtained by slow evaporation of the methanolic
solution at room temperature.

Detailed crystal data collection and refinement are summa-
rized in Table S1 (ESIf). Intensity data were collected on a
Bruker-Nonius KCCD2000 diffractometer using graphite-
monochromated Cu-Ko radiation (1 = 1.54184 A) for 1
at room temperature. The structure was solved by direct
methods®! and finally refined by a full-matrix least-squares
base on F°. An empirical absorption correction was applied
using sapaBs.%> All non-hydrogen atoms were included in the
model at geometrically calculated positions.

CCDC 821534 (for 1) contains the supplementary crystallo-
graphic data for this paper.

Irradiation experiments

The irradiation of aqueous solutions of the manganese com-
plexes was carried out in a colourless two-necked glass flask
(1 L) placed in a methacrylate thermostatted water bath.

A magnetically stirred solution of 1 (5 x 107® mol; 5.7 mg)
and p-benzoquinone (2 x 10~* mol; 21 mg) in deoxygenated
and deionised water was irradiated with light (in the 350-2500 nm
range) from a 200 W tungsten lamp for 24 h. The solution was
connected to a UV spectrophotometer through a peristaltic
pump and a flow cell. Quantitative measurements of the amount
of dioxygen formed during irradiation were performed using a
dissolved-oxygen probe-type electrode (Crison Oxi45P). The
setting up of the experiment is depicted in Fig. S4 (ESI}). In a
typical experiment deionised deoxygenated water was placed in
the two-necked glass flask: one neck contained the oxygen
electrode and the second a septum. The whole flask arrangement
was immersed in the thermostatted bath so that the water came
up the base of the necks. Stirring was begun, the complex and
quinone were added, and the septum fitted to make the system
airtight. Four needles were pushed through the septum, one
reaching into the liquid, and a stream of dinitrogen was
introduced into the solution until the reading of the oxygen
meter fell to <3%. Once this value was reached the N, needle
and the purge needle were removed and the system was left
stirring for 10 min to equilibrate. The light was switched on.
Only the two needles connected to the flow cell remained
through the septum. Oxygen readings were recorded as percen-
tage dissolved oxygen where 100% corresponds to a fully
saturated aqueous solution at 25 °C (6 cm® O, dm™) and 0%
corresponds to no dissolved oxygen. Reproducible results were
obtained with this method provided that the temperature of the
bath remained constant (25.0 + 0.1 °C) and a constant stirring
rate was maintained.

Conclusions

The results obtained demonstrate the photogeneration of
dioxygen from H,O coordinated to manganese(11)-Schiff base
p-aqua dimers in the presence of p-benzoquinone. On the basis
of a range of studies we propose that this reaction follows
a mechanism involving successive hydrogen abstractions
from water molecules coordinated to the metal ion by opti-
cally excited p-benzoquinone, and subsequent formation of a
p-phenoxy-bridged manganese(ir) dimer.

Manganese(111)-Schiff base complexes were found to be
active systems for water photolysis, although some questions
remain about how they act. Further studies are necessary to
address some of these questions in the search for more efficient
catalysts.

Today we know that the structure of a Schiff base with
essentially identical donor atoms can have a profound and
often intriguing effect on the solid state and reactivity of the
resultant complexes. Thus, novel synthetic systems should be
tested. In our laboratories we are currently investigating the
response to variations in the conductivity of the media, as well
as the effect of changing the quinone and the use of bandpass
filters through which the monitoring beam enters the sample
solution in irradiation experiments. The use of these types
of compounds as electrocatalysts for water oxidation is
another planned research line. However, it would be extremely
advantageous if scientists with diverse backgrounds set out
to investigate, from the different perspectives of their own
disciplines, the role and behaviour of these systems.
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