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Abstract: For some time, the presence of high oxidation state Mn ions and Ca(Il) in the active center of
Photosystem II has been known. However, coordination complexes that combine both Mn(III) and Ca(lI)
have been difficult to obtain, with only a handful of examples reported. In this paper we report the syn-
thesis of two new Mn(III)-Ca(Il) complexes, 1 [Pr2NHz]s[MnsCaO2(OH)(OMe)s(SALO)s (SALOH)3] and 2
[MnisCasO12(OH)s(MeO)12(PhCOO)1s(MeOH)s]. The complexes have been characterized by single-crystal
X-ray diffraction to establish the oxidation state of manganese. The use of salicylato ligands with tert-
butyl substituents leads to effective encapsulation of a Ca(Il) ion in a cavity that has both hydrophobic
and hydrophilic regions, mimicking the enzyme environment.
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1. Introduction

Photosystem II (PSII) is the membrane protein in plants and cyanobacteria that is
responsible for aerobic life on Earth. The PSII active center is known as the water oxidation
center (WOC) or oxygen-evolving complex (OEC), and it oxidizes water to Oz, releasing
this oxygen to the atmosphere. The oxidation of water involves proton-coupled multi-
electron transfers (PCET) in a very complex active site the structure of which has remained
elusive for a long time. Various techniques showed that the active site contained manga-
nese ions, but it was not until 2011 that a 1.9 A resolution crystal structure showed without
ambiguity that the active site was formed by a Mn4«CaOs active center [1]. The WOC is
thus formed by a MnsCa +Mn or cubane + monomer structure, that cycles in several oxi-
dation or S states (Kok’s cycle) to produce O2. In 2014 authors showed by XFEL experi-
ments a “radiation damage free” structure, confirming the observed Mn«CaOs active cen-
ter and the oxidation states of the Mn ions tentatively assigned to two Mn(IlI) and two
Mn(IV) [2,3]. Bond distance and Jahn-Teller distortions on the Mn centers were used to
assign the tentative oxidation states, which had been previously considered to be Mn(III).

In 2014, a review on manganese/calcium complexes [4] revealed only twenty exam-
ples of complexes and four coordination polymers that combined manganese and cal-
cium. In many of the reported cases manganese was in an oxidation state (II), and only a
few contained Mn(III). The motif MnsCa cubane was found in some of the examples, even
though the water oxidation function of PSII was never demonstrated. Few examples have
been reported after, including an Mn(IlI)2Ca2 complex reported in 2017 with single-mole-
cule magnets (SMM) properties [5]. The seminal work on Mn(IIl)/Ca complexes was com-
pleted by Agapie who reported Mn(IlI)sCa complexes from 2011, with the MnsCa cubane
structural motif [6-8]. In 2012, Christou and coworkers reported an Mn(IV)sCa cubane
complex, with pivalate ligands [9]. In 2015, a Mn«Ca complex was reported with the cub-
ane monomer structure [10]. Despite the successes in synthetically reproducing the
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structure of WOC and showing how the monomer Mn ion affects the redox potential of
the other three Mn in the MnsCa unit, reproducing the water oxidation function to photo-
catallitically generate oxygen from water has not been possible. It has been clear for a time
that the secondary coordination sphere of the WOC plays an important role in maintain-
ing the complex structure through Kok’s cycle, and that it also has an important role to
promote PCET reactions. Mimicking the protein envelope of WOC in PSII is an amazing
challenge for coordination chemists. The environment of the metal oxide core must have
both polar and non-polar sites. This can be completed by ligand design. In particular, sub-
stituted salicylato ligands have an OH group in ortho to a carboxylic acid group in a phe-
nyl ring. Substitutions of the 3,5-H of the phenyl ring are easily obtained. Thus, substituted
salicylato ligands are amenable to producing such a combination of polar and non-polar
sites if the substituents of the phenyl group are carefully chosen.

We had worked in the past with salicylato ligands with a variety of groups in the 3,5-
C of the phenyl ring. When the substituents are tert-butyl groups, we reported an Mn~
complex [11], and later a family of Mn(III)-Ln(III) complexes [12]. The MnsM’ species re-
ported share the same core, with different central ions, which can be Mn(II) for Mn or a
lanthanoid ion for MnsLn. Given the low number of high-oxidation manganese/calcium
complexes reported in the literature, we found it interesting to attempt to modify our pre-
viously reported MnsLn complexes [12] to obtain Mn(III)-Ca complexes. The ionic radii
for the lanthanoid ions are between 117 pm for La(III) to 105 pm for Dy(IIl), very similar
to 114 pm for Ca(II). The Mns moiety encapsulates an Ln(IIl) ion in these complexes, so it
should be able to also encapsulate a Ca(Il) ion. We followed our reported synthetic proce-
dure to synthesize Mn(IIl) complexes with Ca(Il), the results are reported herein.

2. Materials and Methods

All chemicals and solvents were obtained from commercial sources (metal salts from
Sigma-Aldrich, organic ligands from Sigma-Aldrich and TCI Europe; all solvents were
obtained from Sigma-Aldrich) and used as received, without further purification. All
chemicals used in the syntheses are reagent grade.

[Pr:NH2]s[MnsCaO2(OH)(OMe)s(SALO)s(SALOH)3] (complex 1):

Dipropylamine (0.278 mL; 1.0107 mmol) is added to a mixture of MnCl2-4H-O (0.100
g, 0.505 mmol), Ca(NOs)24H20 (0.0199 g, 0.08422 mmol and 3,5- di-tertbutylsalicylic acid
(0.253 g; 1.0107 mmol) in MeCN (8 mL) and MeOH (2 mL). The resulting dark green solu-
tion is stirred for 10 min until the total dissolution of all reagents. After 3 days brown
crystals appear. The crystals are dissolved in MeOH:MeCN (1:4 ratio) and one equivalent
of TBAMnNO: is added with excess dipropylamine. Brown—green crystals grow from slow
evaporation of the solvent, in 2% yield.

Theoretical elemental analysis (experimental) of 1-2H20: C 60.57 (60.13), H7.99 (7.81),
N 1.33 (1.41) %. Selected IR data (cm~1): 3416.99 (w), 2903.17 (w), 2867.34 (w), 1611.54 (w),
1550.98 (m-s), 1439.88 (m-s).

[Mn1sCasO12( OH)s(MeO)12(PhCOO)18(MeOH)s] (complex 2):

Dipropylamine (0.416 mL; 3.032 mmol) is added to a mixture of MnCl>-4H-O (0.100
g, 0.505 mmol), Ca(NOs)2-4H20 (0.00312 g, 0.126 mmol), benzoic acid (0.128 g; 1.011 mmol)
in MeCN (8 mL) and MeOH (2 mL). The resulting dark brown solution is stirred for 10
min until the total dissolution of all reagents. After 15 days brown crystals appear which
are suitable for X-ray diffraction. Yield < 5%.

Selected IR data (cm™): 3415.63 (m), 3057.76 (w), 2962.32 (w), 2925.36 (w), 1600.82 (s),
1553.33 (s), 1401.96 (s).
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[Pr2NH2]3s[Mn(CL.SALO)s] (complex 3):

Dipropylamine (0.278 mL; 1.0107 mmol) is added to a mixture of MnCl2-4H-O (0.100
g, 0.505 mmol), Ca(NOs)2-4H20 (0.0199 g, 0.08422 mmol and 3,5- dichlorosalicylic acid
(0.253 g; 1.0107 mmol) in MeCN (8 mL) and MeOH (2 mL). The resulting dark green solu-
tion is stirred for 10 min until the total dissolution of all reagents. After 3 days, brown
crystals appear that are identified as complex 3 by single-crystal X-ray crystallography.
Yield 10%.

Characterization

Infrared spectra have been collected on KBr pellets on a Thermo Nicolet AVATAR 330
FT-IR at Departament de Quimica Inorganica, Universitat de Barcelona. X-ray diffractions
have been collected on a Bruker APEXII SMART diffractometer using molybdenum Ko
microfocus (A = 0.71073 A). Magnetic measurements were performed at the Unitat de
Mesures Magnetiques of the Universitat de Barcelona on a Quantum Design SQUID
MPMS-XL magnetometer equipped with a 5 T magnet. Diamagnetic corrections for the
sample holder and for the sample using Pascal’s constants were applied. XPS spectra were
collected at CCiTUB.

3. Results
3.1. Synthesis and Crystal Structures

For a time, we have exploited the coordination chemistry of substituted salicylato ligands
as those shown in Scheme 1. The R1 and R2 groups that we have used for this work and the
tert-butyl groups. These aliphatic substituents provide the compounds with greater solubility
in a common organic solvent, at the same time that they provide an aliphatic, non-polar hy-
drophobic envelope to the Mn oxide core. This is nicely combined with the phenol group of
the salicylato ligand, which provides a possible H-bonding unit and a hydrophilic site in an
otherwise very hydrophobic molecule. Combining these properties, we have been able to
achieve a series of new structural types in Mn oxide chemistry [11,13]. In particular, we were
able to obtain a series of MnsLn complexes with a central Ln(Ill) ion of formula
[Pra2NH:]s[MnsLnO3(OMe)s(SALO)«(SALOH)s] (Ln = La, Tb, Gd, Dy) [12]. The ionic radii sim-
ilarity between the lanthanoid ions and Ca(II) should facilitate the placement of a Ca(II) ion in
the coordination pocket occupied by the lanthanoid ions. At the same time, the compounds
produced should be able to mimic the combination of polar and non-polar environments
found in enzymes. We used calcium nitrate and manganese(II) chloride in a 1:4 ratio expecting
to obtain a similar complex with four Mn(lll) and one Ca(ll), however, we obtained a com-
pound with a similar core to our reported MnsLn. The crystals of these species diffracted al-
ways too poorly, and we were not able to obtain a good quality crystal structure. Rint values
were always of the order of 15-25%, thus no meaningful chemical formula or bond distances
could be extracted from these results. However, we were able to establish a MnsCa core for
these species, this encouraged us to further explore this reaction system. We decided to oxidize
this material with TBAMnOs. From the reaction with TBAMnO: we were able to obtain a crys-
tal that could be analyzed by single-crystal X-ray crystallography as complex 1,
[Pr2NH:]s[MnsCaO2(OH)(OMe)3(SALO)s(SALOH)s].
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Scheme 1. Salicylato ligands used in this work with their binding modes.

It is clear that the OH group of SALOH: ligand is not innocent, since it plays a major
role in bridging the metal ions in complex 1, and it serves to provide a hydrophilic binding
site in the complex. This is in line with the observations of the role of the secondary coor-
dination sphere in WOC reactivity. In our last attempt to modify the chemical reaction
that leads to complex 1, we tackled carboxylic acid. In one set of reactions, we replaced
the tert-butyl and OH groups with protons, using benzoic acid. In the second set of reac-
tions, we replaced the tert-butyl groups with chlorine atoms, using CI.SALOHo.

When benzoic acid was used instead of SALOH:, we isolated complex 2. Complex 2
contains eighteen manganese ions and six calcium(Il) ions. A similar complex had been
reported in the literature, with Cu(Il) ions instead of Ca(Il) [14].

The results indicated that the OH group of the salicylate ligand along with the sub-
stituents is necessary, so we decided to change the nature of the other substituents. When
Cl.SALOH?: is used instead of SALOH>, we isolated complex 3. Complex 3 is a simple
monomer with three C,SALO ligands and three dipropylammonium counterions.

The reactions are shown in reaction Scheme 2.

MnC|2 + Ca(NO3)2 + ProNH + RCOOH

Cl Cl
R= R jCEOH
HO T
Complex 3
\
crystals [ProNH,]5[Mn(CI,SALO))
Complex 2
KMnO,
ProNH [Mn1gCagO+2(0OH)s(MeO)2(PhCOO)1g(MeOH)g]
Complex 1

[ProNH,]5[MngCaO,(OH)(OMe)4(SALO)s(SALOH)]

Scheme 2. Reaction scheme for the complexes 1, 2 and 3 presented here.

XPS analyses were performed for both 1 and 2 to confirm the presence of Ca(Il) and
Mn. Quantification of the Mn and the Ca 2p regions gives approximate atomic ratios of
Mn:Ca of 6:1 for 1 and 3:1 for 2, in agreement with the expected formulae. XPS spectra are
found in ESI Figures S1 and S2.

The crystal structure and data collection parameters for 1-3 are listed in ESI Table S1.
Complex 1 crystallizes in the trigonal space group R3-. Figure 1 shows the crystal structure
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and the core of complex 1. The asymmetric unit contains two Mn ions, 1/3 of the Ca(II)
ion, and the relevant ligands. The core of the complex is formed by three dinuclear Mn:
units, generated by the symmetry operations of the trigonal space group. In each Mn2 unit,
the two Mn ions are bridged by a MeO-, one oxygen, and a SALOH ligand using its COO-
group in the typical syn—syn bridging mode (coordination type I in Scheme 1). The bridg-
ing oxygen is bridging the two Mn ions in the dimer to the central Ca(II). The six SALO
ligands link one Mn of each dimer to the central Ca(Il), using the deprotonated phenol to
bind to the Mn and the carboxylato group in a syn-syn, anti-bridging mode to coordinate
the Ca(Il) to two Mn ions of two Mn2 units (coordination type II in Scheme 1). The Mn2
unit is formed by Mn1 and Mn2. The oxidation state of the Mn ions and the protonation
state of the ligands were established by bond valence sum calculations [15-17]. Full BVS
tables can be found in ESI Table S2. Mn1 has a clear Jahn-Teller elongation, with two trans
distances of 2.353 A and 2.087 A, while the average of the other four Mn-O distances is
1.91 A. BVS calculations give BVS values of Mn(II): 3.33; Mn(III): 3.05; Mn(IV): 3.20, so the
oxidation state of Mn1 can be unambiguously assigned as Mn(III). Mn2 does not show a
clear Jahn-Teller distortion, with three distances above 2 A and three around 1.9 A. Fur-
thermore, one of the SALO ligands coordinated to Mn2 is crystallographically disordered
in two positions. Thus, there are two sets of Mn2-O distances, one for disorder part A and
one for disorder part B. The average BVS values for both parts are Mn(II): 3.38; Mn(III):
3.10; Mn(1V): 3.25. Mn2 generates the symmetry-related Mn2” and Mn2”. The BVS values
indicate that the oxidation states for Mn2, Mn2’, and Mn2"" is Mn(III). The BVs of O1 and
02 give values of 1.28 for O2, a typical value for a deprotonated MeO- ligand bridging
two Mn ions. However, the BVS value for O1, the mononuclear p-oxygen is 1.75. This
value should be 2 for an oxido ligand, but as in this structure O2 generates the symmetry-
related O2” and O2”, it is necessary for charge balance that one oxygen is a pus-OH- ligand.
This yields the formula [Pr2NH2]3s[MnsCaO2(OH)(OMe)s(SALO)s(SALOH)s] for complex
1. The three ammonium counterions are hydrogen bonding to two oxygen atoms from
two Mn2 units, with d(N-O1) = 2.760 A and d(N-O2) =2.644 A.

Figure 1. Crystal structure of complex 1, the MnsCa-oxido core is shown as capped sticks, while the
carbon atoms on ligands are shown in wireframe style for clarity. The three dipropylammonium
counterions are shown in blue and H-bonding interactions are in cyan. H atoms omitted for clarity
in the stick representation of complex 1. C: grey; O: red; N: blue; Mn: purple; Ca: green. The right
view shows a space-fill view of the cavities where the dipropylammonium cations (in blue-capped
sticks) sit.

Complex 2 crystallizes in trigonal space group P3-. Figure 2 shows the crystal struc-
ture of 2. Complex 2 has a [Mn(III)12012] core with twelve Mn(IIl) cations and the twelve
O? anions forming a hollow cube, as shown in Figure 3. There are six Mn(II) ions around
the [Mn(II)12012] core, and six Ca(Il) surround the Mn/O core. All Mn(II) and Mn(IIl) are
hexacoordinated, with a clear Jahn-Teller effect on the Mn(IIl) ions. BVS calculations
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confirm the assigned oxidation states. Full BVS tables can be found in ESI Table S2. The
calcium ions are heptacoordinated.

Figure 2. Crystal structure of complex 2, the MnCa-oxido core is shown as capped sticks, while the
carbon atoms on ligands are shown in wireframe style for clarity. H atoms omitted for clarity. C:
grey; O: red; N: blue; Mn(III): purple; Mn(II): cyan; Ca: green.

The crystal structure of complex 3 is shown in Figure 3. Complex 3 crystallizes in the
orthorhombic space group Pbca. It is a mononuclear Mn(III) complex, with three CLSALO
ligands. The Mn ion is in oxidation state Mn(IlI) and it shows a clear Jahn-Teller elonga-
tion. Two trans Mn-O distances are 2.167 A and 2.217 A, while the average Mn-O distance
in the equatorial plane of the octahedral coordination sphere is 1.917 A. The three
CLSALO ligands are completely deprotonated and coordinate the Mn(III) ion in the unu-
sual binding mode IIl in Scheme 1. For charge balance, there are three dipropylammonium
cations in the asymmetric unit.

Figure 3. Crystal structure of the anion of compound 3. C: grey; H: light grey; O: red; N: blue;
Mn(I1I): purple; Cl: green.
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3.2. Magnetic Properties

Dc magnetic susceptibility was collected for complexes 1 and 2 in a commercial
SQUID with an applied DC field of 5000 Oe in the 2 to 300 K temperature range.

Magnetization vs. field data were collected at 2 K in the 0 to 5 T magnetic field range.

The XT vs. T plot for complex 1 shows a XT product value at 300 K of 18.45 emu
K/mo], slightly above the expected value of 18 emu K/mol for six independent Mn(III) ions
with S =2 and g = 2.0. As temperature decreases, the xT product increases to a value of
21.34 emu K/mol at 45 K, and then it gradually decreases to a value of 6 emu K/mol at 2
K. The magnetic behavior of 1 is analogous to the magnetic properties of MnsLa, as ex-
pected since the oxidation state of the Mn(IIl) ions is the same and the coordination envi-
ronment and geometries are very similar [12]. The susceptibility data were fitted using
PHI [18] to a model of three independent Mn(III)2 units. This is a very simple model that
includes the coupling between the Mn(Ill)2 units as z]’ term. The dinuclear units are
bridged by syn,anti-carboxylato groups and magnetic exchange could be mediated by the
diamagnetic Ca(II) central ion. The values used to model the experimental data were ] =
+5.0 cm™, and the single-ion anisotropy was reflected in a second-rank Stevens operator
of 111.01 cm™, with g =1.97; this is shown in Figure 4 as a solid line.

254

204

T/ emu mol'K
=) o

[é)]
1

0 50 100 150 200 250 300
TIK

Figure 4. Magnetic data for complex 1, showing a XT vs. T plot collected at 5000 G and the best
fitting of the experimental data as a solid line (see text for fitting parameters).

Magnetic data for complex 2 are shown in Figure 5. The xT vs. T plot for complex 2
shows a continuous decrease in the XT product from a value of 61.78 emu K/mol at 300 K
to a value of 8.5 emu K /mol at 2 K due to antiferromagnetic coupling. The xT value at
room temperature is slightly below the expected value of 62.25 emu K/mol for 12 Mn(III)
and 6 Mn(Il) independent ions. The magnetization vs. field plot at 2K shows a monoto-
nous increase in the M/Nus value from zero to a value of 17 at 5 T. This indicates the
population of a manifold of excited states that are easily accessible at 2 K.
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Figure 5. Magnetic data for complex 2, showing a xT vs. T plot collected at 5000 G and magnetization
vs. field plot at 2 K.

Ac magnetic susceptibility data were collected at various fields and ac frequencies,
in the absence of a dc magnetic field, and at various dc magnetic fields. There was no
evidence of slow relaxation of the magnetization for either 1 or 2.

4. Discussion

We report here two new Mn(ll)-Ca(l) complexes of formulae 1
[Pra2NH:]s[MnsCaO2(OH)(OMe)s(SALO)s(SALOH)s] and 2
[MnusCasO12(OH)s(MeO)12(PhCOO)1s(MeOH)s]. XPS data confirms that Ca(Il) is present in
both 1 and 2. This is particularly relevant for complex 1 since a similar compound with Mn in
the central position is known [11]. The Mn oxidation states in both complexes (Mn(IlI) in 1 and
a mixture of Mn(Il) and Mn(II) in 2) are established by BVS using the single crystal data, and
they are confirmed by the magnetic data.

The tert-butyl groups in the SALO ligands present in complex 1 provide a mock-
protein environment, where OH- groups coexist with very hydrophobic residues. This
does not happen in complex 2, with benzoato ligands, or when the tert-butyl groups are
substituted by chlorine atoms, like in complex 3.

The tert-butyl substituted SALO ligands provide an external hydrophobic surface to
complex 1, while hydrophilic cavities are defined by O1 and O2, the OH groups of SALOH
ligands also contribute to this combination of hydrophilic parts and a hydrophobic sur-
face. The three dipropylammonium counterions sit in these cavities, with the polar NH2*
group close to the MnsCa oxide core and the aliphatic tails pointing outwards, towards
the tert-butyl substituents, as shown in Figure 1. The more polar cavity of complex 1 en-
capsulates Ca(Il). Although further work should still be completed in order to obtain bet-
ter models of WOC in PSII, the structure of complex 1 is promising and it opens up syn-
thetic possibilities. The calcium atom in complex 1 is located in an interesting position
because, with three of the manganese that surrounds it, it can be a precursor of the dis-
torted cubane of the cluster of WOC. Distances between calcium and manganese atoms
that are inside the cubane in WOC are 3.3-3.5 A [2,3], which is a similar value to the 3.404
and 3.407 A Mn-Ca distances in complex 1. The other Ca-Mn distance in the cluster of
WOC (distance between calcium and “dangler” manganese) is 3.8 A, a similar value is not
found in complex 1. Post-synthetic modifications to complex 1 might in the future yield
better models for WOC in PSII.

The use of ligands without tert-butyl groups, or the ortho OH- group of SALO results
in different species obtained. Complex 2, with benzoato ligands, contains both Mn(III) and
Ca(II), but it also contains Mn(II). Complex 3, however, is a monomeric species and does
not contain Ca(Il). This shows the importance of ligand design for biomimetic complexes.
The protein environment found in enzymes such as PSII provides a unique envelope that
has hydrophobic and polar pockets. In order to prepare synthetic analogs to the active
sites of enzymes, this is a crucial feature that a ligand set must possess. However, as evi-
denced in complexes 1, 2, and 3, this is not all that is needed. A systematic approach to
ligand design and to heteroleptic systems is necessary to achieve synthetic analogs of the
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active sites of enzymes. In particular, in the system presented here, the SALO ligand pro-
vides access to complex 1.

5. Conclusions

In this work, we have shown how a tert-butyl substituted salicylato ligand can be
used to mimic nature and create coordination complexes with polar and non-polar sites.
In this paper we report the new Mn(Ill)-Ca(ll) complexes of formulae 1
[Pr2NH:]s[MnsCaO2(OH)(OMe)3(SALO)s(SALOH)s3] and 2 [MnisCasO12(OH)s(MeO)12
(PhCOO)18(MeOH)s]. The complexes have been characterized by single-crystal X-ray dif-
fraction, XPS, IR, and magnetic measurements. The combination of the data obtained has
served to ascertain the oxidation state Mn(III) for all Mn ions in 1 and for 12 of the 18 Mn
ions in 2. We thus report a viable reaction system to obtain Mn(III)-Ca(II) complexes. Such
species are relevant as synthetic models to the active site of the enzyme Photosystem II, in
the literature only a handful of complexes that contain both Mn(IIl) and Ca(II) have been
reported. From the species we report here, we want to emphasize that the use of suitable
ligands such as the tert-butyl substituted SALO are of utmost importance in the challenge
to obtain synthetic analogs to the WOC of PSII. As we show, the use of simple ligands
such as benzoato or ligands that lack the duality polar/apolar sites of SALOH such as the
dichloro analog used here to obtain complex 3 do not achieve coordination complexes that
can be useful for the preparation of synthetic analogs to active sites in enzymes. Further-
more, we believe that the study of heteroleptic Mn/Ca systems that combine ligands such
as SALO and others will be key to attaining suitable synthetic models for WOC in PSII. To
model the environment of the enzyme, it is necessary to have ligands that mimic the pro-
tein environment so that they can provide apolar pockets combined with polar sites. As
we show here, highly symmetric complexes are obtained from homoleptic reaction sys-
tems, thus heteroleptic systems must be explored. Complex 1 can be a great synthetic plat-
form, as it can be used as a MnsCa starting material for heteroleptic complexes that could
provide synthetic analogs to WOC in PSIIL.
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