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Abstract 

 The employment of the chelating/bridging ligands salicylhydroxime (shiH3), quinoline-2-

aldoxime (qaoH) and 2,6-diacetylpyridine dioxime (dapdoH2) in heterometallic Mn‒Ca 

chemistry has afforded various compounds with diverse topologies, metal stoichiometries and 

Mn oxidation state descriptions.  

 Chapter 1 provides a general introduction to the oxygen-evolving complex (OEC) of 

Photosystem II (PSII) including discussions of fundamental aspects such as composition, 

structural proposals, mechanism of O‒O bond formation and synthetic approaches. My research 

results are reported in Chapter 2, 3 and 4. In the first project (Chapter 2), one-pot reactions 

between Mn(ClO4)2∙6H2O, Ca(ClO4)2∙4H2O and the potentially tetradentate chelating/bridging 

ligand salicylhydroxime (shiH3), resulting from the in situ metal ion-assisted amide-iminol 

tautomerism of salicylhydroxamic acid (shaH2), in the presence of various fluorescence 

carboxylate groups (2-naphthoic acid = L1-H; 9-anthracenecarboxylic acid = L2-H; 1-

pyrenecarboxylic acid = L3-H) and base NEt3 has led to a family of structurally similar 

{Mn
III

4Ca} clusters (1‒4) with distorted square pyramidal topologies. The combined results 

demonstrate the ability of shiH3 and fluorescence carboxylates to yield new heterometallic 

Mn‒Ca clusters with (i) the same Mn‒Ca ratio as the OEC of PSII, (ii) structural stability in 

solution, (iii) a pronounced redox and optical activity and (iv) predominant antiferromagnetic 

exchange interactions with S = 0 spin ground states. These complexes may be relevant to lower 

oxidation level species of the catalytic cycle of the OEC. 

 The second project of this thesis, discussed in Chapter 3, involved one-pot reactions 

between the [Mn3O(O2CPh)6(py)x]
+/0

 triangular precursors and either CaBr2∙xH2O or CaCl2∙6H2O 

in the presence of shaH2. This afforded the heterometallic complexes 
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[Mn
III

4Ca2(O2CPh)4(shi)4(H2O)3(Me2CO)] (5) and (pyH)[Mn
II

2Mn
III

4Ca2Cl2(O2CPh)7(shi)4(py)4] 

(6), respectively, in good yields. Further reactions but using a more flexible synthetic scheme 

comprising the Mn(NO3)2∙4H2O/Ca(NO3)2∙4H2O and Mn(O2CPh)2∙2H2O/Ca(ClO4)2∙4H2O 

“metal blends” and shaH2 in the presence of external base NEt3, led to the new complexes 

(NHEt3)[Mn
III

4Mn
IV

4Ca2(OEt)2(shi)10(EtOH)2] (7) and (NHEt3)4[Mn
III

8Ca2(CO3)4(shi)8] (8), 

respectively. Solid-state dc magnetic susceptibility studies of 5‒8 revealed the presence of 

predominant antiferromagnetic exchange interactions between the Mn centers, leading to S = 0 

spin ground state values. From a bioinorganic chemistry perspective, these compounds may 

demonstrate some relevance to both the high-valent scheme (7) and lower oxidation level species 

(5, 6 and 8) of the catalytic cycle of the OEC. 

 In the last chapter of this thesis (Chapter 4), the ligands quinoline-2-aldoxime (qaoH) and 

2,6-diacetylpyridine dioxime (dapdoH2) were introduced for a first time in heterometallic Mn‒Ca 

chemistry. This afforded a mixed-valence {Mn
II/III

22Ca2} (9) cluster containing several 

{Mn4CaOx} subunits and a butterfly-like {Mn
IV

2Ca2} (10) complex, respectively. These 

compounds demonstrate structural and magnetic relevance to both the low- and high-valent 

states of the OEC. 

 All research-based Chapters (Chapter 2‒4) are divided into subsections in order to 

facilitate the understanding of the research concepts by the familiar and non-familiar readers and 

contextualize the messages, goals and conclusions of each individual project. I felt it was 

appropriate to begin each Chapter with a short preface of the work that summarizes the most 

important aspects of the specific project, followed by the complete experimental work and 

discussion of the results, and end with conclusions and some future perspectives.  
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Chapter 1 

Introduction 

 

1.1 Photosynthesis and Photosystem II 

 

 Photosynthesis is the process by which plants, some bacteria and some protistans use the 

energy from sunlight to convert it into chemical or photochemical energy.
1
 In this conversion 

process, the solar energy is transformed into the reducing equivalents necessary to power carbon 

dioxide fixation as well as other processes of life,1a,d
 producing molecular dioxygen as a 

byproduct. This process can be described simply as follows: 

 

where [CH2O] represents an organic material (i.e., sugar). The Oxygen-Evolving Complex 

(OEC) of Photosystem II (PSII) is responsible for catalyzing this thermodynamically demanding 

and important reaction. PSII has been studied in great detail and has been a topic of research 

interest for more than 50 years, by which progress has been made in understanding the catalytic 

center, the OEC. This area of research is multidisciplinary and has depended on the advances in 

several fields, including coordination chemistry, inorganic chemistry, biochemistry, 

spectroscopy, biophysics and computational chemistry. There are, however, many aspects of the 

OEC that remain up for debate with researchers still trying to produce conclusive results. 

 Photosystem II is a membrane-protein complex embedded in the thylakoid membrane of 

plants, algae and cyanobacteria that uses light energy to oxidize water and reduce plastoquinone. 

PSII is composed of 20 subunits and several cofactors with a total molecular weight of 350 kDa 

CO2 + H2O                        O2 + [CH2O] 
light 

chloroplasts 
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(Figure 1.1).
2
 This biological catalyst has a pseudo-symmetric dimeric structure with two 

homologous proteins, D1 and D2, being the core of the reaction center. The structure of PSII has 

been solved at resolutions from 3.8 to 1.9 Å in two closely related thermophilic cyanobacteria, 

Thermosynechococcus elongatus
3
 and Thermosynechococcus vulcanus.

2,4
  

 

 

Figure 1.1. Overall structure of PSII dimer from T. vulcanus at a resolution of 1.9 Å. The central 

broken line is the non-crystallographic two-fold axis relating the two monomers. The protein 

subunits are coloured individually in the right-hand monomer and the cofactors are coloured in 

the left-hand monomer. The orange spheres represent the water molecules. Reproduced from 

Ref. 2.   

 

PSII absorbs photons through the many associated chlorophylls and other pigment 

molecules. The energy absorbed is then transferred to the reaction center composed of the D1 

CP47 D1 D2 
CP43 

PsbV 

PsbU 
PsbO 

OEC 
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and D2 proteins with the majority of the electron transfer pathways occurring in D1. Together 

these reaction center proteins bind and are transferred through all the redox active cofactors in 

the following sequence: (1) absorption of light by peripheral antennae (CP43 and CP47); (2) 

trapping of excitation energy in the antenna by chlorophyll a (P680); (3) ejection and transfer of 

an electron to a pheophytin a molecule (Phe); and (4) stabilization of the separation of charge 

through the reducing side, where the electron proceeds to plastoquinone molecules, quinone A 

(QA) and quinone B (QB). Alternatively, the separation of charge could be stabilized through the 

oxidizing side, in this case an electron is supplied to P680 from a water molecule via a tyrosine 

residue (YZ) from the function of the active site (OEC) (Figure 1.2).
5
 The preeminent electron 

donor is water as four electrons and four protons are extracted from two molecules to form one 

molecule of dioxygen. This process can be described by the following equation: 

 

There are also extrinsic subunits, PsbV (Cyt c550), PsbU (12 kDa), and PsbO (33 kDa), involved 

in the retention of Ca
II
 and Cl

‒
 at the active site essential for the reconstitution and regulation of 

oxygen evolution.
6
  

 

2 H2O
OEC

O2 + 4 H+ + 4 e-
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Figure 1.2. Schematic diagram of the PSII antenna system and reaction center in the thylakoid 

membrane of plants, algae and cyanobacteria. Yz, Phe and QB, and the OEC are all located on the 

D1 protein, QA is located on the D2 protein and P680 is shared between the two proteins. The 

arrows represent the electron transport in PSII. Reproduced from Ref. 5.  

 

1.2 Oxygen-Evolving Complex (OEC): Composition and Kok Cycle 

 

 The OEC is located on the lumenal side of PSII
 
and its composition has been determined 

through the collective efforts and results of decades of intense research. Manganese, calcium and 

chloride have been rendered essential for the oxygen-evolving process of PSII. X-ray absorption 

spectroscopy,3a, 7
including extended X-ray absorption fine structure (EXAFS) and X-ray 

absorption near edge structure (XANES), quantitative electron paramagnetic resonance (EPR)
8
 

and atomic absorption spectroscopy (AAS)
9
 have all been valuable tools in assessing the metal 

OEC 

YZ 

Phe 

P680 

QA 

QB PQ pool 

CP43 CP47 

Light 

2 H2O O2 + 4 H+ + 4 e- 

Cytoplasm 

Lumen 
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stoichiometry and topology of the OEC. Experiments have established that nature’s catalyst for 

biological photosynthesis consists of four Mn and one Ca
II
 atoms. The OEC has been known to 

contain Mn since the 1950s and this metal is unique in that it directly influences oxygenic 

photosynthesis.
10,11

 Studies have shown that the inhibition of oxygenic photosynthesis is a direct 

result of a manganese deficiency, resembling the similar effects of hydroxylamine, hydrazine and 

nitric oxide, which are known to be inhibitors of oxygen evolution and reducing agents.
12

 The 

presence of the Ca
II
 is also of specific importance for the activity of the OEC; without its 

presence the catalytic activity is stopped at intermediate states and electron transfer is affected.
13

 

Other metal ions have been substituted into synthetic models for Ca
II
 to see whether oxygen-

evolution could be activated; apart from Sr
II
, which partially recovers the catalytic activity, the 

others have no effect or are competitive inhibitors.
2,14

 Despite this, the role of Ca
II
 in the OEC 

remains under debate. The first atomic-resolution (1.9 Å) model of the OEC revealed two Cl
‒ 

atoms in the vicinity of the {Mn4Ca} cluster (Figure 1.3).
2
 Cl‒1 and Cl‒2 are the chloride 

binding sites found in PSII. They are located on opposite sides of the OEC and have a distance of 

6‒7 Å away from the {Mn4Ca} cluster.
15

 Cl‒1 is surrounded by D2‒K317, D1‒E333 and two 

water molecules, whereas Cl‒2 is surrounded by CP43‒E354, D1‒N338 and two water 

molecules. These Cl
‒ 

anions have mainly a structural role and are found to lie at the entrance of 

hydrogen-bonded networks. These networks involve a number of bound water molecules and 

hydrophilic amino acid residues, allowing the Cl
‒ 

anions to potentially function as either proton 

exit or water inlet channels.  
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Figure 1.3. Location of Cl‒1 and Cl‒2 confirmed by the anomalous difference Fourier map 

calculated with data collected at a wavelength of 1.75 Å. The four Mn atoms found in the OEC 

are represented numerically. The segmented red lines indicate the distances between the Cl
‒
 ions 

and their closest neighbouring molecules. The distances are expressed in Å. Abbreviations: K = 

Lys; E = Glu; N = Asn. The orange spheres represent the water molecules. Reproduced from 

Ref. 2.  

 

 The OEC must be regenerated frequently due to photo-oxidative damage.
16

 The process 

by which the OEC is assembled is called photoactivation and requires Mn
II
, Ca

II
, Cl

‒
, 

bicarbonate, H2O and oxidizing equivalents resulted from light absorption.
11,17

 A mechanism for 

this process has been proposed based on spectroscopic and kinetic data. First Mn
II
 binds at the 

high affinity Mn-binding site of PSII, which is believed to contain D1‒Asp170, and is 

photoxidized to form Mn
III

 and the first light-induced intermediate (IM1).
18

 This initial oxidation 

Cl-1 

Cl-2 
3.5 

3.4 

3.3 

3.0 

3.3 

3.2 

3.2 
2.9 

D2-K317 

D1-E333 

CP43-E354 

D1-N338 
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is dependent on Ca
II
, which can bind either before or after the Mn

II
.
19

 Data have revealed that a 

single proton is released upon this photoxidation in the presence of Ca
II
. If the proton is assumed 

to originate from the ionization of a H2O ligand, then IM1 can be formulated as {Mn
III

(O
2‒

)Ca
II
} 

or {Mn
III

(OH
‒
)2Ca

II
}.

20
 Before the next photolytic step, one Ca

II
 must be bound at its effector site 

so that a photoxidation of a second Mn
II
 atom can occur, resulting in the second light-induced 

intermediate (IM2). IM2 is quickly transformed into the OEC in the presence of additional 

equivalents of Mn
II
 through kinetically unresolved steps.

21
 Bicarbonate has been shown to 

stimulate the rate of formation and yield of IM1,
3c

 as well as control the ligand field strength and 

symmetry around the initial high affinity Mn
III

.
22

 The role of the Cl
‒
 in photoactivation is not as 

clear as its influence only occurs following the rate-limiting step and affects the O2 activity of the 

entirely assembled cluster. However, Cl
‒
 is an essential cofactor for both O2 activity and 

photoactivation yield. The substitution of Cl
‒
 with other anions, such as nitrate, inhibits the 

recovery of O2 activity of the native enzyme.
20 

 

Based on a widely accepted theory originated by Bessel Kok and coworkers
23

 in 1970, 

during catalysis the dependence of O2 production relies on the period-four oscillation of short 

flashes of light on the chloroplasts, upon which four oxidizing equivalents are accumulated from 

the oxidation of H2O to O2. In regards to the mechanism of catalysis, the {Mn4Ca} cluster passes 

through five oxidation states of an Sn state (Sn, where n = 0‒4) cycle, where the subscript 

indicates the number of stored oxidizing equivalents (Scheme 1.1, top).
23c

 The S2 and S3 states 

are metastable and eventually decay to the dark and stable S1 state, whereas the S4 state is the 

transient state that releases O2 and decays to the S0 state. Although the catalytic cycle rationalizes 

the process of oxygen evolution, it does not place restrictions on the Mn oxidation states or the 

protonation states of the oxygen ligands of the inorganic cluster.
24

 After decades of intense 
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research, these states have remained contentious. Two possible schemes have been developed in 

order to describe the sequence of Mn oxidation events: the high-valent and low-valent (Scheme 

1.1, bottom). The low-valent scheme has the Mn atoms in lower oxidation states (i.e., Mn
II
 and 

Mn
III

) than that of the desirable, high-valent scheme. The lower oxidation species do not require 

the presence of oxido groups in the inorganic core,
18,20

 resulting in the Sn (n = 0, ‒1, ‒2, ‒3) 

states, known as the reduced OEC states. During the catalytic turnover, lower oxidation state 

species with lower oxygen-atom content must be generated upon loss of O2.
25

 The high oxidation 

state pathway has been supported by EPR,
26

 
55

Mn electron nuclear double resonance 

(ENDOR),
27

 XAS,
28

 and Kβ X-ray emission spectroscopy (XES).
29

 However, biochemical, 

spectroscopic and computational data have also been interpreted to support the existence of the 

lower oxidation state cycle.
24,30
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Scheme 1.1. The Kok cycle of the photoinduced Sn states for oxygen evolution. The oxidation 

and proton release events are indicated between each step of the cycle as well as the rate of each 

transition (top). The proposed formal oxidation states of the four Mn atoms of the OEC in the 

S0‒S3 states based on the high-valent and low-valent schemes (bottom). Reproduced from Refs. 

1d and 24.  

II III III III 
II III IV IV 

HIGH LOW 

S0 

S1 

S2 

S3 

III III III IV 

III III IV IV 
III III III III 

II III III IV 

III III III IV III IV IV IV 

IV IV IV IV III III IV IV 
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The first evidence for direct water ligation to the {Mn4Ca} cluster came from kinetic 

studies.
31,32,33 

By using time-resolved mass spectrometry to study the kinetics of substrate water 

binding to the OEC throughout the Sn state cycle, it became evident that water is exchangeable 

through the S3 state.
32

 For every Sn state there are distinct fast (Wf) and slow (Ws) exchanging 

substrate water molecules, consistent with the water binding sites to the OEC.
32, 34

 A Sr
II
 

substitution gave an increase in the rate for the slow exchange process suggesting the water is 

bound to Ca
II
.
35

 The protonation states of the oxygen atoms, the Mn and Ca coordination and 

terminal or bridging ligation can explain the rate of exchanging water molecules; therefore, these 

studies are important to consider in terms of mechanistic proposals for O‒O bond formation (see 

Section 1.4).  

 

1.3 Structural Proposals for the OEC: A Historical Background 

 

 The elemental composition and the fact that the Mn ions should be close enough to one 

another to interact magnetically was the only available information about the structure of the 

OEC until the early 2000s. The topology of the complex and number of oxygen and/or 

carboxylate bridges was uncertain. Due to the absence of a specific targeted structural motif, 

hypotheses regarding the structure of the OEC were prompted by molecules that were 

synthesized and spectroscopically characterized through XAS and EPR techniques. A survey of 

the literature from the 1980s and 1990s affirms that any molecule possessing more than one Mn 

atom was considered a potential mimic of the OEC. The results of this serendipitous chemistry 

have yielded a vast library of Mn complexes possessing novel and aesthetically-pleasing 
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structures with interesting physical and spectroscopic properties. Early synthetic endeavours 

encompassed various mixed-valent Mn-oxo complexes of varying nuclearity, composition and 

arrangement.
36,37,38,39

 Specifically, tetranuclear Mn complexes have been historically significant 

in biomimetic synthetic chemistry, as it is a tetramanganese cluster that resides at the active site 

of PSII, albeit most of these complexes would not be identified today as direct mimics of the 

OEC. Various tetranuclear systems with metal oxidation states ranging from {Mn
II

4} to {Mn
IV

4} 

are present throughout the literature.
36,37,39

 The most frequently observed and structurally distinct 

patterns of the tetranuclear Mn-oxo clusters are shown in Scheme 1.2.
36,37,39,40

   

 

 

Scheme 1.2. Schematic diagram of the most frequently observed and structurally distinct 

topologies of oxo-bridged tetramanganese clusters. Reproduced from Ref. 39. 

   

 One of the earliest models comprising a tetramanganese motif was the [Mn
IV

4(µ-O)6]
4+

 

adamantane-like complex stabilized by four chelating 1,4,7-triazacyclononane ligands (Figure 
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1.4).
41

 This adamantane-shaped core has been suggested as a reaction intermediate in 

photosynthetic water oxidation, proposed by Brudvig and Crabtree.
42

 This complex exhibits 

weak ferromagnetic interactions between the Mn
IV

 centers that changes to weak 

antiferromagnetic upon protonation of the bridging oxides. This is analogous to what is observed 

for the S1→S2 transition in PSII.
43

  

 

 

Figure 1.4. Molecular structure of the [Mn
IV

4(µ-O6)]
4+ 

adamantane-like structural model with 

four chelating 1,4,7-triazacyclononane ligands synthesized by Wieghardt and coworkers. H 

atoms are omitted for clarity. Colour scheme: Mn
IV

, olive green; O, red; N, green; C, gray. 

Reproduced from Ref. 41. 

 

 The [Mn4(µ3-O)4]
n+

 cubane core is another example of an early model for the structure of 

the OEC at different Sn states of the catalytic cycle.
42,44

 This cubane core was achieved by 
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Christou and coworkers
45

 in the mixed-valent [Mn
III

3Mn
IV

(µ3-O)3X]
6+

 (X
‒
 = Cl or Br) compound 

bearing additional bridging carboxylate groups (Figure 1.5, top left). In terms of biological 

relevance, this complex shows two sets of signals in the EPR spectra, a 16-line hyperfine-

structured signal at g ~ 2 and a broad peak at g ~ 6.
46 

Although this is not identical with the EPR 

spectrum of the S2 state (i.e, signals at g = 2 and g ≥ 4.1),
47

 this complex reproduces some of the 

defining features. This complex also contains a µ3-bridging Cl
‒
 atom. Remembering the Cl

‒
 

requirement for oxygen evolution, it can be theorized that a µ3-Cl
‒
 within a Mn aggregate may be 

needed to stabilize the S2 oxidation level.
44,48

 Slightly different from the cubane core of Christou 

and coworkers, a [Mn
III

2Mn
IV

2(µ3-O)4]
6+

 cubane complex with exclusively µ3-O
2‒

 bridges was 

synthesized by Dismukes and coworkers (Figure 1.5, top right).
49

 Despite being a mixed-valent 

species, no large JT (Jahn-Teller) distortions were observed for the Mn
III

-O bond lengths, 

attributed to valence delocalization. This complex is a rare example of a class-III delocalized, 

mixed-valence Mn(III/IV) compound. This conclusion has been further supported by 
1
H NMR 

data.
49

 Another exciting characteristic of this cubane is that it can undergo photo-rearrangement 

to yield O2 and a diarylphosphinate ligand and consequently decay to a butterfly-shaped complex 

(Figure 1.5, bottom). A reversible cubane/butterfly transformation has also been proposed as a 

mechanism for photosynthetic water oxidation and the butterfly-shaped complex has been 

suggested as a structural model for the lower Sn states of the catalytic cycle.
44,50
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Figure 1.5. Molecular structure of the [Mn
III

3Mn
IV

(µ3-O)3X]
6+

 (X
‒
 = Cl or Br) cubane core 

reported by Christou and coworkers (top, left) and the molecular structure of the 

[Mn
III

2Mn
IV

2(µ3-O)4]
6+

 cubane core with exclusively µ3-O
2‒

 bridges synthesized by Dismukes 

and coworkers (top, right). Schematic diagram of the photo-rearrangement of the Dismukes 

cubane to a butterfly-shaped core (bottom). H atoms are omitted for clarity. The Mn atoms of the 

Dismukes cubane have all been identified as the same colour, as the exact oxidation states could 

not be assigned. Colour scheme: Mn
III

, blue; Mn
IV

, olive green (Christou cubane); Mn, blue 

(Dismukes cubane); O, red; N, green; Cl, cyan; P, purple; C, gray. Reproduced from Refs. 39, 46 

and 49. 
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 Several butterfly-type complexes have been reported in the literature;
51,52,53,54 

however, 

none of these contain at least one Mn
IV

. Therefore, these complexes do not correspond to any of 

the physiological states of the OEC but they may be relevant to the low-valent scheme of the 

catalytic cycle.
24

  

 The “dimer of dimers” topology was another possible model proposed for the structure of 

the Mn atoms in the OEC. Several complexes of this type have been reported with a variety of 

symmetric and asymmetric bridging ligands between the two [Mn2(µ-O)2]
n+

 units, with the Mn 

ions in various oxidation states.
55,56,57,58,59

 An example of this type of inorganic core is depicted 

in Figure 1.6, left.
59

 This complex reported by Brudvig, Crabtree and coworkers features two 

[Mn
IV

2(µ-O)2]
4+

 units with a terpyridine ligand coordinating to each Mn atom. Similar to this 

topology is the bis-µ-oxo chain reported by Girerd and coworkers (Figure 1.6, right).
60

 This 

{Mn
IV

4} complex comprises a chain of bis-µ-oxo units with terminal-chelating bipyridine 

ligands. In relevance to the native OEC, under γ-ray irradiation this complex is reduced to a 

{Mn
III

Mn
IV

3} form and exhibits an 18-line hyperfine-structured EPR signal similar to the 

multiline signal of the S2 state,
57 

making it a spectroscopic mimic for understanding the EPR 

signal at this state of the OEC.
61
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Figure 1.6. Molecular structure of the “dimer of dimers” complex synthesized by Brudvig, 

Crabtree and coworkers (left) and the bis-µ-oxo chain by Girerd and coworkers (right). H atoms 

are omitted for clarity. Colour scheme: Mn
IV

, olive green; O, red; N, green; C, gray. Reproduced 

from Refs. 59 and 60. 

  

The aforementioned Mn4 complexes, in the absence of sufficient crystallographic data 

from the native OEC, have provided great insight into understanding the properties of the OEC. 

However more recently, X-ray diffraction (XRD) models have confirmed that none of these 

models have the exact structural and/or all of the spectroscopic features as the native enzyme. 

In 2001, through protein crystallography, the first XRD model of PSII was established.
3a 

Although this low-resolution model (3.8 Å) did not confirm the exact composition of the 

inorganic core, the structure was within reach. An imperative milestone was reached in 2004 by 

Ferreira and coworkers,
3b

 establishing the “London model” of the OEC at a resolution of 3.5 Å. 

This model offered the first, yet incomplete suggestion of the topology of the inorganic core, 

indicating the presence of a {Mn3CaO4} cubane with a fourth Mn ion attached through one of the 
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four O-bridges of the cubane (Scheme 1.3, left). The “London model” provided a defined target 

towards synthetic models of the OEC. This model was redefined by the “Berlin model” at a 

lower resolution of 3.0 Å,
62

 that offered an improved view of the immediate environment of the 

cluster. This model was able to show the location of and the interactions between the protein 

subunits and cofactors, uncovering near-atomic details of the cluster. As mentioned in the 

previous section of this thesis, the first atomic-resolution (1.9 Å) model of the OEC was reported 

by Umena and coworkers in 2011.
2
 This model of the inorganic core exhibits a similar view to 

that of the “London model” but with an altered connectivity (Scheme 1.3, right). This high-

resolution model is the basis for all structural models to be compared to in order to confirm its 

structural efficiency as the precise location of the atoms and geometric arrangement of the 

{Mn4CaO5} cluster has been determined through this structure. 

 

 

Scheme 1.3. Schematic diagram of the “London model” for the OEC core (left) and the current 

model for the {Mn4CaO5} cluster (right). Reproduced from Ref. 39.  

 

The structural understanding of the OEC has been determined through detailed XRD 

studies; however, changes in the structure due to reductive X-ray damage is a concern.
63,64,65 
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Therefore, EPR and XAS
36,66,67

 along with X-ray free-electron laser (XFEL)
68

 techniques have 

been implemented in conjunction with XRD to afford more complete structural data of the OEC 

with the hopes of reducing radiation damage. It was not until 2015 that a 1.95 Å resolution 

model by Suga and coworkers
63

 was established that was free from radiation damage. This 

structure was elucidated as relevant to the S1 state of the OEC catalytic cycle. 

Although there is still some debate about the exact structural data of OEC, even with the 

achievement of the 1.9 Å resolution model, the current literature is consistent with describing the 

complex as a heterometallic Mn‒Ca cluster bridged exclusively by oxido groups and possessing 

a {Mn3CaO4} distorted cubane conformation with an external Mn atom linked to the cubane 

through two bridging O
2‒

 ions. 

 

1.4 Mechanisms of O‒O Bond Formation 

 

 Due to the structural uncertainties of the Sn states of the OEC, the mechanism of O‒O 

bond formation during the water oxidation process remains debatable. Based on data from XAS, 

EPR, XRD and kinetic substrate water exchange studies several mechanisms for O‒O bond 

formation have been proposed.
1f,13a,13b, 69 , 70 , 71

 These mechanistic proposals differ from one 

another in nature and location of the substrate oxido (O
2‒

) moieties that undergo O‒O bond 

formation to yield O2.   

 Since the 1.9 Å crystal structure of the OEC was reported, early proposals of water 

oxidation such as the manganese-only admantane
42

 and the double-pivot
50

 mechanisms (Scheme 

1.4) proved to be incorrect on a structural basis. The crystal structure exhibits four terminal 

water-derived ligands suitable for O‒O bond formation (Scheme 1.3), but does not clearly 



19 
 

identify the two substrate water molecules involved in the mechanism. The situation is further 

complicated by the fact that oxido bridges may also be associated in O‒O bond formation. 

However, with this crystal structure it has become possible to interpret the extensive 

experimental data and narrow down the potential mechanistic proposals and the probable site of 

O‒O bond formation on the {Mn4CaO5} cluster.
72

 The current mechanisms
67

 for O‒O bond 

formation are shown in Scheme 1.5 and these include: (a) nucleophilic attack (high-valent Mn
V
-

oxido or Mn
IV

-oxido);
1f,73,74,75,76,77

 (b) interaction between two oxido-bridges within a diamond-

like subcore;
1e

 (c) interaction between a terminal oxo-radical and a bridging oxygen;
71,78,79

 and 

(d) the interaction of two terminal oxygen-based ligands in close proximity.
80

 

 

 

Scheme 1.4. Proposed water oxidation mechanism between a {Mn4O6} adamantane-type 

structure and a {Mn4O4} cubane (top) and from a {Mn4O4} cubane to a {Mn4O2} butterfly-like 

structure (bottom). Each mechanism shows the transition from the S4 to S0 state, O‒O bond 

formation and release of O2. Reproduced from Refs. 42 and 50. 

S
4

 S
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Scheme 1.5. Current mechanistic schemes for O‒O bond formation by the {Mn4CaO5} cluster, 

minimally depicted with metal-oxido species. Reproduced from Ref. 67. 

 

 Isotopic-labeling studies using mass spectrometry and magnetic resonance techniques 

have been used to study substrate water exchange.
32,34a, 81  

These results have indicated that 

mechanism (c), the oxido/oxyl radical coupling mechanism, is most likely to occur. In regards to 

identifying the possible substrate binding sites for this mechanism, there is strong evidence in the 

literature for the direct ligation of the Ws to Ca
II
 and Mn.

32,34,82,83
 Therefore, from the crystal 

structure of the OEC, three candidates exist for Ws: O1, O2 and O5 as they are all bridges 

between the Ca
II
 and Mn ions. From electron nuclear double resonance detected NMR 

(EDNMR) spectroscopy experiments
81

 only one exchangeable bridge was identified as either O4 
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or O5. Thus, O1, O2 and O3 could be barred as substrates, in conjunction with O4 as it is not 

coordinated to Ca
II
. This EDNMR analysis thereby identifies O5 as Ws. Assuming no major 

structural rearrangements of the OEC as it passes through the Sn cycle, then of the two Ca-bound 

water molecules, only W3 is in a suitable position for O‒O bond formation with O5 (Scheme 

1.3). This assignment is unlikely though based on the substrate water exchange rates,
32,34,82

 

which does not favour Ca
II
 as a binding site of Wf. Therefore, Wf must be either W1 or W2, and 

based on its geometric position W2 appears to be more likely for O‒O bond formation (Scheme 

1.3).
84

 This deduction is relatively consistent with what Siegbahn and coworkers
71

 have 

suggested based on theoretical calculations.  

 A new, significant milestone was reached by Suga and coworkers
85

 in 2017, where they 

reported the structure of an intermediate state of the OEC using time-resolved serial femtosecond 

X-ray crystallography with an XFEL at a resolution of 2.35 Å. For a first time, this structure was 

able to identify the formation of an O‒O bond between the well-known µ4-O5 and a newly 

inserted oxygen atom (O6; Figure 1.7). The O6 atom is very close to O5 (distance of 1.5 Å), 

strongly suggesting this is the site for O‒O bond formation, consistent with Siegbahn’s 

oxido/oxyl radical mechanism,
71

 EPR measurements
86 , 87

 and quantum mechanics/molecular 

mechanics (QM/MM) calculations.
88

 This achievement can really contribute to enhancing the 

knowledge on oxygen evolution and promoting the development of the new generation of 

synthetic models of the OEC. 
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Figure 1.7. Molecular structure of the OEC at an intermediate state (left) with the position of the 

newly inserted O6 relative to its nearby atoms (right). Distances are in Å. The gray atoms labeled 

as 1D‒4A represent the four Mn ions and the red and cyan atoms labeled 1‒6 represent the 

oxygen atoms. Reproduced from Ref. 85 with permission from Nature Publishing Group.  

 

1.5 Synthetic Approaches and Structural Models for Mimicking the OEC 

 

 Synthetic biomimetic complexes have been targeted to enhance our knowledge on the 

structural, spectroscopic and mechanistic studies of biological systems together with 

investigating the possibilities of catalysis. A structural analogue is a compound that allows 

inference of structural characteristics common to the native site by possessing very close 

similarities to the targeted features. Structural analogues can differ in terms of atoms, functional 

groups or substructures. A functional analogue is a compound that possesses similar physical, 

chemical, spectroscopic or catalytic properties to the native site (Scheme 1.6). A successful 

analogue achieves the combination of both structural and functional modeling.
89
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Scheme 1.6. Methanol and silanol are structural analogues as they display similar structures to 

one another (top). Morphine and fentanyl are functional analogues as they have the same 

mechanism of action, but are structurally quite different from one another (bottom). 

 

 Currently, there are two main approaches when it comes to the synthesis of biomimetic 

complexes. The first and most common approach towards models of the OEC is called 

“serendipitous assembly” or “self-assembly”.
90

 The distinctive feature of this approach is its 

complete flexibility. Simple metal salts or low-in-nuclearity metal clusters in the presence of 

multitopic ligands are combined in a variety of reaction solvents and conditions. Many 

mononuclear, dinuclear, trinuclear and tetranuclear Mn complexes have been prepared as models 

this way.
1f,36,37,38,40,74, 91

 The second approach follows routes similar to those employed by 

synthetic organic chemists, where atoms and molecules are treated as building blocks to target a 
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specific product. This approach is known as the “design approach” or “ligand-directed 

approach”.
92

 This method uses ligands with specific binding modes as well as metals with well-

defined coordination sites and geometries. By using this method, a high level of design is 

introduced into the synthetic model with some predictability to what the final product may be.  

 Synthetic Mn coordination clusters have played an important role in understanding the 

OEC, inspiring both structural and mechanistic proposals. Early model complexes, detailed in 

Section 1.3 and reviewed in the literature,
39,41,45,49,51-60,91

 have been instrumental for XAS, EPR, 

water exchange and computational studies, providing pivotal information for understanding the 

OEC. However, with the elucidation of the composition and arrangement of the atoms in the 

OEC, synthetic models have moved from strictly homometallic Mn complexes to heterometallic 

Mn‒Ca models in order to mimic the native enzyme more accurately. Based on Ca K-edge XAS 

data,
7
 the Ca

II
 ion was proposed to be closely associated with the tetramanganese motif of the 

OEC, with a Mn‒Ca separation of 3.4 Å, which was later confirmed and in agreement with the 

“London model” crystal structure revealing a {Mn3CaO4} cubane motif.
3b

 Synthetic Mn‒Ca 

complexes were targeted not only as analogues of the OEC but also to understand and explain 

the effect of the redox inactive metal on the chemistry of Mn cluster compounds. 

 The first high oxidation state Mn‒Ca cluster was synthesized by Christou and coworkers 

in 2005.
93

This high nuclearity cluster compound with a formula of 

[Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4] contained two {Mn4CaO4} subunits within it, with 

one being very similar in structure to the “London model” (Figure 1.8). A Ca K-edge XAS study 

on this cluster revealed a Mn‒Ca separation of ~3.5 Å akin to the one in the OEC. From a 

bioinorganic perspective, the pentadecanuclearity of this complex is too large to model the OEC. 

This complex, however, has provided a foundation on how to approach the synthesis of the 
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native {Mn4Ca} unit responsible for oxygen evolution, specifically by modifying the reaction 

system to foster the formation of lower nuclearity products. 

 

 

Figure 1.8. Molecular structure of the {Mn13Ca2} complex reported by Christou and coworkers 

(top) and the two cubane subunits within the complex (bottom). On the left is the {Mn4CaO4} 

unit resembling the “London model” of the OEC; the dashed line indicates the weak Mn‒O 

bond. On the right is the {Mn4O4} cubane with an external Ca
II
 attached to it. H atoms are 

omitted for clarity. Colour scheme: Mn
II
, magenta; Mn

III
, blue; Mn

IV
, olive green; Ca

II
, yellow; 

O, red; C, gray. Reproduced from Ref. 93. 
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 Two heterometallic Mn‒Ca complexes have been reported in the literature with the 

correct 4Mn:Ca metal stoichiometry, although both complexes have low oxidation states and 

oxido content, making them more relevant to the low-valent scheme of the OEC. The first 

complex reported by Powell and coworkers
94

 contains a trigonal bipyramidal arrangement of 

metals with three Mn
III

 atoms forming the triangular plane with Mn
II
 and Ca

II
 atoms in the apical 

positions (Figure 1.9, top). The three Mn
III

 metal centers are chelated by a tridentate Schiff base 

ligand (condensed from o-vanillin and 2-hydroxypropylamine) through the deprotonated phenol 

and propanol O atoms and the imino N atom. The Mn
III

 atoms are linked through an oxido 

ligand, two µ-Cl atoms and a bidentate acetate group. Two deprotonated phenol and one 

deprotonated propanol O atoms bridge the triangular arrangement to the Mn
II
 with a terminal Cl

‒
 

completing its coordination sphere. Conversely, two deprotonated propanol and one 

deprotonated phenol O atoms serve to bridge the Ca
II
 to the triangular arrangement. Peripheral 

ligation of the Ca
II
 is provided by the central oxido ligand and terminally bound water and 

methanol molecules. Similar {Mn
III

3M
II
Na} (M = Mn, Ca) complexes were isolated by the same 

group that showed O2 evolution in the presence of O-atom transfer agents and water.
95

 The 

second complex produced by Stamatatos and coworkers
96

 displayed a square pyramidal topology 

with the four Mn
III

 atoms forming the near-planar square base with the Ca
II
 atom in the apical 

position (Figure 1.9, bottom). The edges of the {Mn4} square unit are composed of diatomic 

oximate groups and the ideal planarity of the {Mn4} square unit is due to the large Mn‒N‒O‒Mn 

torsion angles, close to linearity. The Mn
III

 atoms are linked to the Ca
II
 through the oximate O 

atoms and four bidentate bridging benzoate groups. This cluster contains no bridging oxido 

ligands and is relevant to the lower oxidation S1 state of the OEC. 
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Figure 1.9. Molecular structures of the {Mn4Ca} compounds relevant to the lower oxidation 

species of the OEC. The overall molecular structures are shown on the left with the metal 

topologies of these complexes on the right. The complex synthesized by Powell and coworkers 

exhibits a trigonal bipyramidal metal topology (top), while the complex by Stamatatos and 

coworkers displays a square pyramidal metal topology (bottom). The orange dashed lines 

represent the virtual Mn∙∙∙Mn and Mn∙∙∙Ca bonds. H atoms are omitted for clarity. Colour 

scheme: Mn
II
, magenta; Mn

III
, blue; Ca

II
, yellow; O, red; N, green; Cl, cyan; C, gray. 

Reproduced from Refs. 94 and 96. 
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 Considering the fast development of the field of heterometallic Mn‒Ca chemistry, all the 

structurally characterized Mn‒Ca cluster compounds, apart from the ones that will be discussed 

in this thesis, reported to date are listed in Table 1.1, together with some of the most significant 

features from a bioinorganic perspective (i.e., metal stoichiometry and Mn oxidation states). 

From Table 1.1, it is apparent that there is a variety of Mn‒Ca complexes in the literature, unique 

in their metal stoichiometry, topology, Mn oxidation states and nature of their ancillary ligands. 

The most successful synthetic models will be highlighted and discussed here. 

 

Table 1.1. Chemical Formulae and Structural Details for the Mn‒Ca Cluster Compounds 

Reported to Date.  

Formula
a,b

 Metal 

Stoichiometry 

Mn Oxidation States Ref. 

[Mn3CaO3(OH)(L1)(ON4O)(O2CMe)]
+ 

3Mn:1Ca 3 Mn
IV 

109 

[Mn3CaO4(L1)(ON4O)(O2CMe)] 3Mn:1Ca 3 Mn
IV 

109 

[Mn3CaAgO4(L1)(ON4O)(O2CMe)(OTf)]
 

3Mn:1Ca 3 Mn
IV 

109 

[Mn3CaO4(L1)(O2CMe)3(THF)] 3Mn:1Ca 3 Mn
IV

 107 

[Mn6CaO2(L1)2(O2CMe)6]
2+

 6Mn:1Ca 2 Mn
II
, 4 Mn

III
 107 

[Mn3CaO2(L1)(O2CMe)2(DME)(OTf)]
2+ 

3Mn:1Ca 2 Mn
III

, 1 Mn
IV 

97 

[Mn3CaO2(L1)(O2CMe)2(DME)(OTf)]
+ 

3Mn:1Ca 3 Mn
III

 97 

[Mn3CaO2(L1)(O2CMe)2(H2O)3]
3+

 3Mn:1Ca 2 Mn
III

, 1 Mn
IV

 97 

[Mn3CaNaO(L2)3(N3)3(MeOH)]
+ 

3Mn:1Ca 3 Mn
III 

95 

[Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4]
 

13Mn:2Ca 2 Mn
II
, 10 Mn

III
, 1 Mn

IV
 93 

[Mn4CaO4(O2CBu
t
)8(Bu

t
CO2H)2(py)] 4Mn:1Ca 2 Mn

III
, 2 Mn

IV 
111 

[Mn4CaO4(O2CBu
t
)8(Bu

t
CO2H)(py)2]

 
4Mn:1Ca 2 Mn

III
, 2 Mn

IV
 111 
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[Mn4CaO4(O2CBu
t
)8(Bu

t
CO2H)2(qn)]

 
4Mn:1Ca 2 Mn

III
, 2 Mn

IV 
111 

[Mn6Ca2O2(Me-sao)6(O2CEt)6(H2O)2]n
 

6Mn:2Ca 6 Mn
III

 98 

[Mn4CaOCl3(L3)3(O2CMe)(H2O)1.5(MeOH)0.3]
+
 4Mn:1Ca 1 Mn

II
, 3 Mn

III
 94 

[Mn2Ca2(L4)2(DMF)4] 2Mn:2Ca 2 Mn
II
 99 

[MnCa2(L4H)2(DMF)4] 1Mn:2Ca 1 Mn
II
 99 

[Mn3CaNa(sal)6(H2O)6]n 3Mn:1Ca 3 Mn
III

 100 

[Mn2Ca2(tpaa)2(H2O)12][Mn(tpaa)]2
 

2Mn:2Ca 2 Mn
II
 101 

[MnCa2(Hcit)2(H2O)4]n
 

1Mn:2Ca 1 Mn
II
 102 

[Mn6Ca2O9(O2CBu
t
)10(H2O)4]

 
6Mn:2Ca 6 Mn

IV
 103 

[Mn6Ca2O9(O2CBu
t
)10(H2O)3(CH3CO2C2H5)]

 
6Mn:2Ca 6 Mn

IV
 103 

[Mn6Ca2O9(O2CBu
t
)11][Mn3O(O2CBu

t
)6(py)3]

 
6Mn:2Ca 6 Mn

IV
 103 

[Mn4Ca2Cl4(OEtOMe)8] 4Mn:2Ca 4 Mn
II 

104 

[MnCa2(O2CCCl2)6(bipy)2(H2O)(MeOH)] 1Mn:2Ca 1 Mn
II 

105 

[Mn3Ca2O4(O2CBu
t
)8(Bu

t
CO2H)4]

 
3Mn:2Ca 3 Mn

IV
 110 

[Mn6Ca2O9(O2CPhBu
t
)10(Bu

t
PhCO2H)5] 6Mn:2Ca 6 Mn

IV
 106 

[Mn4Ca(O2CPh)4(shi)4]
2-

 4Mn:1Ca 4 Mn
III 

96 

a 
Excluding all lattice solvate molecules and counterions.  

b
Abbreviations: n.r. = not reported; L1H3 = 1,3,5-tris(2-di(2’-

pyridyl)hydroxymethylphenyl)benzene; THF = tetrahydrofuran; HON4OH = N,N’-dimethyl-

N,N’-diacetylethylenediamine dioxime; OTf
−
 = trifluoromethanesulfonate; L2H3 = 2-(2,3-

dihydroxypropyliminomethyl)-6-methoxyphenol; L3H2 = 2-[[(2-hydroxypropyl)imino]methyl]-

6-methoxyphenol; L4H4 = p-t-butylthiacalix[4]arene; DME = 1,2-dimethoxyethane; qn = 

isoquinoline; Me-saoH2 = 2-hydroxyphenylethanone oxime; L5H = 2-naphthoic acid; L6H = 9-

anthracenecarboxylic acid; L7H = 1-pyrenecarboxylic acid; DMF = dimethylformamide; H2sal 

= salicylic acid; H3tpaa = 6,6’,6”-nitrilotris(methylene)tripicolinic acid; H4cit = citric acid; 
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MeOEtOH = 2-methoxyethanol; bipy = 2,2’-bipyridine; Bu
t
PhCO2H = p-tert-butylbenzoic 

acid; shiH3 = salicyclhydroxime. 

c
From magnetic susceptibility data. 

 

 Taking a designed approach, Agapie and coworkers
107

 synthesized the desired 

{Mn3CaO4} inorganic core that structurally models the trimanganese-calcium cubane found 

within the native OEC (Figure 1.10). To access this structure, a trinucleating ligand framework 

was employed, designed to bind three metals within close proximity to one another, 

accommodate multiple coordination modes and be oxidatively robust. The three Mn atoms are all 

in the 4+ oxidation state supporting this complex as a feasible structure found in the latter stages 

of the Sn cycle. 
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Figure 1.10. Molecular structure, inorganic core and trinucleating ligand reported by Agapie and 

coworkers. This complex structurally models the desired {Mn3CaO4} cubane of the native OEC. 

H atoms are omitted for clarity. Colour scheme: Mn
IV

, olive green; Ca
II
, yellow; O, red; N, 

green; C, gray. Reproduced from Ref. 107. 

 

Another highlight of this ligand is that it promotes site-differentiated functionalization,
108

 

binding three metals of the {M4X4} biomimetic core and leaving the fourth metal center open to 

ligand substitution or replacement by a heterometal. This methodology would allow the dangler 

Mn atom to be inserted. The same group was able to coordinate a fifth metal ion, Ag
+
, resulting 

in a {Mn3CaAgO4} cluster that models the topology of the OEC displaying both the cubane 

motif with the dangler transition metal (Figure 1.11).
109

 This complex provided a more rational 

way of accessing more accurate models of the OEC. 
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Figure 1.11. Molecular structure of the {Mn3CaAgO4} cluster displaying the cubane motif with 

a dangler transition metal. H atoms are omitted for clarity. Colour scheme: Mn
IV

, olive green; 

Ag
I
, silver; Ca

II
, yellow; O, red; N, green; F, cyan; S, orange; C, gray. Reproduced from Ref.109. 

 

 Foregoing the rational design approach, Christou and coworkers
110

 reported the synthesis 

of an asymmetric {Mn3CaO4} cubane with an external Ca atom attached to it (Figure 1.12). This 

model has the Mn atoms all in the 4+ oxidation state, the overall topology very close to that of 

the native enzyme and the nature of the metals relevant to the biological catalyst. Magnetic 

susceptibility studies have established this complex to have an S = 9/2 ground state, which was 

also confirmed by EPR spectroscopy. The Davies ENDOR data revealed similar hyperfine 

couplings to the OEC S2 state.
47,61

 The isolation of this complex is an important feat for the 

foundation of future work with the hope of replacing the external Ca with Mn. 

 



33 
 

 

Figure 1.12. Molecular structure of the {Mn3Ca2} cluster consisting of an asymmetric 

{Mn3CaO4} cubane with an external Ca
II
 atom. H atoms are omitted for clarity. Colour scheme: 

Mn
IV

, olive green; Ca
II
, yellow; O, red; C, gray. Reproduced from Ref.110. 

 

 More recently, Zhang and coworkers
111

 were able to isolate a {Mn3CaO4} inorganic 

cubane with an external Mn atom, mimicking for the first time the correct metal stoichiometry 

and topology of the native enzyme (Figure 1.13). This complex is mixed-valent with two of the 

Mn atoms in the 3+ oxidation state and two in the 4+ oxidation state, in complete analogy to the 

OEC in its S1 state. Like the native OEC, this complex can undergo four redox transitions
67,69,112 

and exhibits two magnetic resonance signals at g = 2 and g = 4.9, similar to the well-known 

signals observed for the S2 state of the native OEC.
47,61

 Although this model is the most relevant 

to the native enzyme to date, it still deviates in several functionally crucial aspects. It is worthy 

to note that this complex was made under the exact same conditions as the {Mn3Ca2} cluster of 

Christou and coworkers (Figure 1.12), with the only difference being the nature of the reaction 

solvent (MeCN versus MeCN/pyridine/ethyl acetate); this further emphasizes the structural 
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sensitivity of cluster compounds upon exposure to different synthetic conditions (i.e., solvents, 

temperature, pH, etc.).    

 

 

 

Figure 1.13. Molecular structure of the most successful synthetic model of the OEC to date 

(top). Schematic diagram of the {Mn4CaO5} core of the native OEC (bottom, left) and the 

{Mn4CaO4} inorganic core of Zhang and coworkers (bottom, right). Distances are in Å. H atoms 

are omitted for clarity. Colour scheme: Mn
III

, blue; Mn
IV

, olive green; Ca
II
, yellow; O, red; N, 

green; C, gray. Reproduced from Ref.111. 

Ca

Mn3

Mn2

Mn1

O1

O2

O3

O5

O4

Mn4

Ca

Mn3

Mn2

Mn1

O1

O2

O3

O5Mn4

Natural Catalyst Artificial Complex 

2.6 1.8 

1.8 

1.8 

2.7 

2.0 

1.9 

2.1 

2.7 

1.9 

2.2 2.5 

2.3 

2.0 

1.9 

2.50 
1.78 

1.87 

1.88 

2.41 

1.86 

2.01 

1.86 

2.28 

1.85 

2.70 

1.85 

1.84 



35 
 

 

 These complexes have provided valuable insight into the structural, spectroscopic and 

physicochemical properties of the OEC. The future of this research field is oriented towards the 

development of more accurate functional models of the OEC, thus providing new directions to 

the understanding and designing improved catalysts for artificial photosynthesis. 

 

1.6 The Choice of the Organic Chelating/Bridging Ligands 

 

 An important factor in the synthesis of biomimetic metal complexes is the choice of the 

primary organic chelating/bridging ligands or “ligand blends” to stabilize crystalline products. 

The ligands coordinated to the native {Mn4CaO5} cluster have been identified as exclusively 

oxido bridges, amino acid residues and water molecules (Table 1.2).
2
 This gives rise to a 

saturated ligand environment of the OEC, in which each Mn atom is six-coordinate and the Ca
II
 

atom is seven-coordinate. The ligands employed for synthetic models have important 

implications for the symmetry, topology and nuclearity of the cluster, as well as its 

spectroscopic, physicochemical and catalytic properties. 

 

Table 1.2. Ligands of the {Mn4CaO5} Cluster Compound within the Native OEC. 

Atom Ligands
a 

Mn1
 

O1; O3; O5; E189; H332; D342 

Mn2 O1; O2; O3; D342; A344; E354 

Mn3
 

O2; O3; O4; O5; E333; E354 

Mn4 O4; O5; D170; E333; W1; W2 
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Ca O1; O2; O5; D170; A344; W3; W4 

a
Abbreviations: E189 = D1-Glu 189; D170 = D1-Asp 170; E333 = D1-Glu 333; D342 = D1-Asp 

342; A344 = D1-Ala 344; E354 = CP43-Glu 354; H332 = D1-His 332; O = oxygen from oxido 

groups; W = water. 

 

 The family of organic ligands that I decided to explore towards the synthesis of new 

structural models of the OEC was based on the oxime functionality. There is currently a renewed 

interest of oximes and research efforts are driven by a number of considerations, including the 

desire to make useful bioinorganic models. Oximes are considered reasonable models for the 

biologically important imidazole group of the histidine amino acid. The oximate group 

(>C=N‒O
‒ 

) has also proven to be extremely versatile for binding to Mn atoms in high oxidation 

states (Mn
III

 and Mn
IV

),
113

 which is a targeted structural feature of the OEC.
39

 The oximate group 

can coordinate to a metal ion(s) in a variety of different modes (Scheme 1.7),
113a, 114

 

accommodating one to three metal centers. 
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Scheme 1.7. The crystallographically established coordination modes of the oxime and oximate 

groups (R = various; M = metal). Symbols “η” and “µ” denote the “hapticity” of the donor atoms 

and the “bridging” fashion of the entire group, respectively.  

 

The type of isomerism about a C=C double bond is also possible with the C=N double 

bond, although in this case only three groups are connected to the double-bonded atoms. The 

method that can be applied is based on the Cahn-Ingold-Prelog (CIP) system.
115

 The two 

functional groups at the carbon atom are ranked by the CIP sequence rules (atomic number). The 

isomer with the higher ranking group and the ‒OH group on the same side of the double bond is 

the Z (for the German word zusammen meaning together) or syn isomer; the other is the E (for 

entgegen meaning opposite) or anti isomer (Scheme 1.8). If there is more than one oxime group 

in a molecule, the number of isomers increase (i.e., Z, Z; Z, E; and E, E). The employment of 
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oximes in the synthesis of models of the OEC can lead to the isolation of new molecular species 

with interesting properties that can further enrich our knowledge of the OEC.  

 

 

Scheme 1.8. The Z‒E isomerism of the oxime group, assuming that R1 takes precedence over R2 

according to the CIP sequence rules.  

 

 The first organic ligand that I decided to explore was salicylhydroxamic acid (shaH2, 

Scheme 1.9). Literature has shown that hydroxamic acids are excellent ligands in the area of 

coordination chemistry
116 , 117

 and are photosynthetically effective groups.
118

 Pecoraro and 

coworkers
119

 have elegantly shown that shaH2 could potentially undergo a metal-assisted amide-

iminol tautomerism, and thus transform to salicylhydroxime (shiH3, Scheme 1.9). The latter is an 

oximate-based ligand with four coordination sites available for binding to both Mn and Ca metal 

centers. 
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Scheme 1.9. Metal-assisted amide-iminol tautomerism of salicylhydroxamic acid (shaH2) to 

salicylhydroxime (shiH3).  

 

Previous use of this ligand in homometallic Mn chemistry
120

 has revealed that the 

oximate group of the shi
3‒

 ligand afforded, in every instance, a metallacrown motif of either a 

[12‒MCMn(III)N(shi)‒4] or [15‒MCMn(III)N(shi)‒5] arrangement, surrounding a central or slightly 

displaced Mn
II
 atom (Figure 1.14). Although these complexes in the literature have not been 

synthesized as models of the OEC, but for magnetism applications and other biological 

functions, one highlight to take away is that there is a potential of replacing the central Mn
II
 with 

a Ca
II
 metal center to make the complexes more biologically relevant. The Mn‒Ca complexes 

that I have synthesized with shi
3‒

 will be discussed in Chapters 2 and 3 of this thesis. 
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Figure 1.14. Two representative examples of the [12-MCMn(III)N(shi)-4] and [15-MCMn(III)N(shi)-5] 

metallacrown motifs with central Mn
II
 atoms. Schematic representations of the metallacrown 

arrangements (above), the molecular diagrams of the entire molecules (middle) and inorganic 

cores (bottom) are illustrated. H atoms are omitted for clarity. Colour scheme: Mn
II
, magenta; 

Mn
III

, blue; O, red; N, green; Cl, cyan; C, gray. Reproduced from Refs. 120b and 120d. 
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 Simple pyridyl oximes have the general structures depicted in Scheme 1.10 and consist of 

a pyridyl group, at positions 2-, 3- or 4-, attached to the oxime carbon atom. The R group can be 

a donor or a non-donor group. Pyridyl oximes can also contain multiple pyridyl and/or oxime 

functionalities within the same molecule. 

 

 

Scheme 1.10. General structures of pyridyl oximes (R = various). 

 

Pyridyl oximes consisting of one oxime group, one pyridyl group and no other donor 

atoms are the most common in the literature and most of these ligands contain a 2-pyridyl group. 

Examples of simple 2-pyridyl mono- and di-oximes found in homometallic Mn chemistry are 

illustrated in Scheme 1.11. The applications of these complexes is strictly towards producing 

single-molecule magnets (SMMs), as oximes are known to promote strong magnetic exchange 

interactions between the Mn metal centers. A recent search on the structural database 

(Cambridge Structural Database; CSD) revealed the absence of any crystallographically 

characterized Mn‒Ca heterometallic compound bearing a pyridyl oxime or pyridyl dioxime 

ligand. 
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Scheme 1.11. Examples of 2-pyridyl mono- and di-oximes employed in homometallic Mn 

chemistry.  

 

The pyridyl-containing mono- and di-oxime ligands employed in my research projects 

were quinoline-2-aldoxime (qaoH; Scheme 1.12), a relative to paoH, and dapdoH2 (Scheme 

1.11) respectively. Both qaoH and dapdoH2 ligands are not commercially available but their 

synthesis is straightforward, involving the general reaction between the corresponding carbonyl-

based precursor and hydroxylamine. Surprisingly, given its structural similarity with the ligand 

paoH, qaoH ligand has never been previously utilized in Mn chemistry; in fact, this ligand has 

only been previously reported once in the literature. In 2013, Dawood and coworkers
121
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synthesized a [Pd
II
(qaoH)Cl2] complex that was found to be an extremely active precatalyst for 

Suzuki cross-coupling reactions, important for industrial applications. In contrast, the dapdoH2 

ligand has been previously employed in homometallic Mn chemistry for the synthesis of high-

spin molecules and single-molecule magnets.
122

 For a first time these ligands will be reported in 

Mn‒Ca chemistry, with bioinorganic implications, as a part of Chapter 4 of this thesis. 

 

 

Scheme 1.12. Structural formulae and abbreviation of quinoline-2-aldoxime (qaoH).  

 

 It is evident from the literature that carboxylates (RCO2
‒ 

; R = various) have been widely 

used in coordination chemistry as ancillary ligands, as they are bidentate bridging ligands and 

can foster the formation of polynuclear metal compounds (metal clusters). They often occupy 

peripheral sites, offering additional thermodynamic and kinetic stability to the resulting products. 

They are flexible and versatile, adopting a variety of different ligation modes (Scheme 1.13).
123

 

Carboxylates can also act as bases in solution, facilitating the further deprotonation of OH-

containing groups resulting in oxido species, which can potentially aid in forming the desired 
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cubane core of the OEC. In relation to the native enzyme, carboxylates can mimic the 

coordination ability of the amino acid residues. 

 

 

Scheme 1.13. The crystallographically established coordination modes of carboxylate ligands (R 

= various; M = metal). Symbols “η” and “µ” denote the “hapticity” of the donor atoms and the 

“bridging” fashion of the entire group, respectively. 
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1.7 Long- and Short-Term Research Objectives  

 

 The long-term research objective of the present thesis is the synthesis of new structural 

models of the OEC in PSII with the correct metal stoichiometry and topology, the 

physiologically relevant oxidation states of the Mn ions (exclusively III and IV) and a ligand 

framework that would support access to multiple oxidation states. In an attempt to reach this 

research goal, my research endeavours were divided into the following short-term research 

objectives: (i) the synthesis of Mn‒Ca clusters bearing different oximate-based ligands; (ii) the 

growth of single-crystals suitable for X-ray diffraction studies in order to elucidate the crystal 

structures of the targeted compounds; (iii) the complete spectroscopic and physicochemical 

characterization of all compounds in solution and/or solid-state, utilizing but not limited to IR, 

UV-vis, ESI-MS and elemental analyses techniques; and (iv) the performance of magnetic 

susceptibility studies in order to assess the bulk magnetic properties of the paramagnetic 

complexes.  

 For the synthesis of new Mn‒Ca clusters, three different oximate-based groups were used 

in the present thesis as primary organic chelating/bridging ligands. Specifically, the ligands 

salicylhydroxamic acid (shaH2), quinoline-2-aldoxime (qaoH) and 2,6-diacetylpyridine dioxime 

(dapdoH2) have been explored for their ability to form heterometallic Mn‒Ca clusters as 

potential models of the OEC. 
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Chapter 2 

Emissive {Mn
III

4Ca} Clusters with Square Pyramidal Topologies: Syntheses 

and Structural, Spectroscopic and Physicochemical Characterization 

 

2.1 Preface 

 

 Kinetically distinct species in the photoactivation process have been established,
18,20

 and 

reduction of the Sn intermediates in the Kok cycle has led to species in oxidation states lower 

than S0. These lower oxidation state species are generated upon loss of molecular O2 during the 

catalytic turnover. The ligand set environment is then responsible for the reorganization, 

reoxidation and reoxygenation of the {Mn4CaOx} cluster.
124

 Thus, the synthesis and detailed 

study of synthetic analogues (molecular models) of such lower oxidation species would greatly 

enhance our understanding of the spectroscopic, physical and catalytic properties of the water-

oxidizing complex (WOC), as well as its reactivity and functional characteristics. In addition, the 

incorporation of optically active organic groups in an inorganic {Mn4Ca} core could provide 

access to additional physical properties such as luminescence and photocatalysis.  

 Towards the search for new molecular materials with implications in both bioinorganic 

chemistry and materials science, and specifically in the synthesis of structural models of the 

OEC with optical properties, some of the most crucial synthetic challenges to confront are: (i) the 

Mn4Ca metal stoichiometry, (ii) the extended, distorted cubane conformation, (iii) the stability of 

the preferred Mn oxidation states, (iv) the choice of the ancillary bridging ligands and (v) the 

optical response to an external stimulus. With this in mind, a program aiming at the synthesis of 

new heterometallic Mn‒Ca clusters that would possess as many of the above-mentioned 
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structural and physiochemical features as possible was initiated.
96

 The synthetic route employed 

was based on self-assembly, which included one-pot reactions between various Mn and Ca 

sources in the presence of carefully selected chelating/bridging ligands. With regard to the choice 

of organic ligands, shaH2 can transform to shiH3 (Scheme 1.9), an oximate-based ligand.
119

 

Oximate-based ligands (>C=N‒O
‒
) are known to stabilize Mn atoms with moderate-to-high 

oxidation states and can also foster the formation of polynuclear metal complexes.
113,125

 In 

addition, carboxylate groups with fluorescence substituents, such as naphthalene, anthracene and 

pyrene (Scheme 2.1),
164

 can potentially provide ancillary ligation to an inorganic metal core and 

simultaneously introduce optical efficiency and stability in solution into the corresponding 

cluster compounds. Our group has recently shown that the employment of 2-naphthoic acid (L1-

H), 9-anthracenecarboxylic acid (L2-H) and 1-pyrenecarboxylic acid (L3-H) in Mn
III

 cluster 

chemistry can lead to a new family of [Mn
III

3O(LX)3(mpko)3](ClO4) triangular clusters (X = 1, 2 

or 3; mpko
‒
 is the anion of methyl 2-pyridyl ketone oxime) with dual single-molecule magnetic 

and emissive properties.
126

 

 

 

Scheme 2.1. Structural formulae and abbreviations of the fluorescence carboxylate ligands used 

in this thesis. 
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In this Chapter, it is shown that the use of shaH2 and fluorescence carboxylate ligands 

(LX; X = 1, 2 or 3) in Mn‒Ca chemistry can lead to a new family of oxido-free {Mn
III

4Ca} 

clusters with some relevance to low oxidation states of the OEC, featuring a distorted square 

pyramidal topology, an inherent structural stability in solution, and redox and optical activities 

arising from the metal ions and fluorescence ligands.  

 

2.2 Experimental Section 

 

2.2.1 Physical Measurements 

 

 Elemental analysis: Elemental analyses (C, H and N) were performed on a PerkinElmer 

2400 Series II Analyzer. 

 FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker 

FT-IR spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 cm
‒1

 range.  

 UV-visible spectroscopy: UV-visible (UV-vis) spectra were recorded in MeCN solution 

at concentrations ~10
‒5

 M on a Beckman Coulter DU Series 700 dual beam spectrophotometer. 

 Mass spectroscopy: Electrospray ionization (ESI) mass spectra (MS) were taken on a 

Bruker HCT Ultra mass spectrometer in MeCN solutions.  

 Photoluminescence studies: Excitation and emission spectra were recorded in MeCN 

solutions (~10
‒5

 M) using a PTI FeliX32 spectrofluorometer.  

 Electrochemical studies: Electrochemical studies were performed under argon using a 

BASi EC-epsilon Autoanalyzer and a standard three-electrode assembly (glassy carbon working, 

Pt wire auxiliary and Ag/AgNO3 reference) with 0.1 M NBu
n

4PF6 as supporting electrolyte. 
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Quoted potentials are versus the ferrocene/ferrocenium couple, used as an internal standard. The 

scan rates for the cyclic voltammetry were 100 mV/s. Distilled solvents were employed and the 

concentrations of the complexes were approximately 1 mM.  

 Magnetic susceptibility measurements: Variable-temperature direct current (dc) 

magnetic susceptibility studies were performed at the Chemistry Department of the University of 

Florida on a Quantum Design MPMS-XL SQUID susceptometer equipped with a 7 T magnet 

and operating in the 1.8‒400 K range. The Superconducting Quantum Interference Device 

(SQUID) allow for the complete study of the magnetic properties of bulk and molecule-based 

materials at various temperatures and magnetic fields. The dc scan mode provides continual 

plotting and capture of raw magnetic data points at static or sweeping fields and temperatures. 

Samples were embedded in solid eicosane to prevent torquing. Pascal’s constants were used to 

estimate the diamagnetic correction, which was subtracted from the experimental susceptibility 

to give the molar paramagnetic susceptibility (χM).
127

 

 

2.2.2 Synthesis 

 

 General considerations: All manipulation were performed under aerobic conditions using 

chemicals and solvents as received without any further purification. All chemicals were 

purchased from Sigma-Aldrich, TCI and Alfa Aesar. Perchlorate salts are potentially explosive; 

such compounds should be synthesized and used in small quantities, and treated with utmost 

care at all times. 

 (NHEt3)2[Mn4Ca(L1)4(shi)4] (1): To a stirred, colourless solution of shaH2 (0.15 g, 1.0 

mmol) and NEt3 (0.42 mL, 3.0 mmol) in CH2Cl2 (30 mL), solid 2-naphthoic acid (L1-H; 0.17 g, 
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1.0 mmol) was added. The resulting pale yellow suspension was kept under magnetic stirring at 

room temperature for about 10 min, followed by the consecutive addition of solids 

Mn(ClO4)2∙6H2O (0.16 g, 0.5 mmol) and Ca(ClO4)2∙4H2O (0.16 g, 0.5 mmol). The resulting ecru 

suspension was stirred for 2 h, during which time all the solids dissolved and the colour of the 

solution changed to dark brown. The solution was filtered, and a mixture of Et2O/C6H14 (60 mL, 

1:1 v/v) diffused into the filtrate. After five days, brown plate-like crystals of 1 had appeared and 

were collected by filtration, washed with CH2Cl2 (2 x 5 mL) and Et2O (2 x 5 mL), and dried 

under vacuum; the yield was 30%. The crystalline solid was analyzed as 1: C, 57.67; H, 4.38; N, 

4.80 %. Found: C, 57.43; H, 4.25; N, 4.99 %. Selected ATR data (cm
‒1

): 3050 (wb), 2985 (m), 

1595 (vs), 1565 (s), 1509 (m), 1467 (m), 1432 (s), 1388 (m), 1315 (m), 1244 (m), 1153 (m), 

1097 (m), 1033 (s), 937 (m), 863 (m), 792 (m), 753 (mb), 681 (s), 648 (mb), 480 (m). UV-vis: 

λ/nm in MeCN: 243, 270, 331.  

 (NHEt3)2[Mn4Ca(L2)4(shi)4] (2): To a stirred, colourless solution of shaH2 (0.15 g, 1.0 

mmol) and NEt3 (0.56 mL, 4.0 mmol) in CH2Cl2 (30 mL), solid 9-anthracenecarboxylic acid 

(L2-H; 0.18 g, 0.8 mmol) was added. The resulting pale yellow suspension was kept under 

magnetic stirring at room temperature for about 15 min, followed by the consecutive addition of 

solids Mn(ClO4)2∙6H2O (0.29 g, 0.8 mmol) and Ca(ClO4)2∙4H2O (0.06 g, 0.2 mmol). The 

resulting ecru suspension was stirred for 2 h, during which time all the solids dissolved and the 

colour of the solution changed to dark brown. The solution was filtered, and Et2O (60 mL) 

diffused into the filtrate. After three days, X-ray quality dark-brown plate-like crystals of 

2∙4CH2Cl2 had appeared and were collected by filtration, washed with CH2Cl2 (2 x 5 mL) and 

Et2O (2 x 5 mL), and dried under vacuum; the yield was 60%. The crystalline solid was analyzed 

as 2: C, 61.61; H, 4.34; N, 4.31 %. Found: C, 61.39; H, 4.25; N, 4.34 %. Selected ATR data 
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(cm
‒1

): 3041 (m), 2983 (m), 1589 (vs), 1565 (s), 1513 (m), 1486 (m), 1468 (m), 1429 (s), 1384 

(m), 1313 (vs), 1274 (m), 1254 (m), 1154 (m), 1096 (m), 1031 (m), 937 (s), 884 (m), 861 (s), 

797 (m), 733 (vs), 681 (s), 646 (s), 615 (vs), 524 (m), 481 (m), 457 (m). UV-vis: λ/nm in MeCN: 

250, 288, 347, 356, 382. 

 (NHEt3)5[Mn4Ca(L2)4(shi)4(shiH2)2](ClO4) (3): To a stirred, colourless solution of 

shaH2 (0.05 g, 0.3 mmol) and NEt3 (0.13 mL, 0.9 mmol) in CH2Cl2 (30 mL), solid 9-

anthracenecarboxylic acid (L2-H; 0.07 g, 0.3 mmol) was added. The resulting pale yellow 

suspension was kept under magnetic stirring at room temperature for about 15 min, followed by 

the consecutive addition of solids Mn(ClO4)2∙6H2O (0.11 g, 0.3 mmol) and Ca(ClO4)2∙4H2O 

(0.06 g, 0.2 mmol). The resulting ecru suspension was stirred for 2 h, during which time all the 

solids dissolved and the colour of the solution changed to dark brown. The solution was filtered, 

and a mixture of Et2O/C6H14 (60 mL, 1:1 v/v) diffused into the filtrate. After four weeks, dark-

red plate-like crystals of 3∙2CH2Cl2 had appeared and were collected by filtration, washed with 

CH2Cl2 (2 x 5 mL) and Et2O (2 x 5 mL), and dried under vacuum; the yield was 20%. The 

crystalline solid was analyzed as solvent-free 3: C, 60.28; H, 5.75; N, 6.92 %. Found: C, 60.10; 

H, 5.52; N, 7.12 %. Selected ATR data (cm
‒1

): 3040 (s), 2981 (mb), 1593 (vs), 1567 (s), 1515 

(m), 1431(s), 1383 (m), 1311 (vs), 1256 (m), 1155 (m), 1093 (m), 1032 (m), 1024 (s), 936 (m), 

898 (m), 861 (s), 756 (s), 734 (s), 679 (s), 647 (s), 619 (vs), 524 (m), 478 (m), 456 (m). UV-vis: 

λ/nm in MeCN: 252, 284, 350, 358, 381. 

 (NHEt3)2[Mn4Ca(L3)4(shi)4] (4): To a stirred, colourless solution of shaH2 (0.15 g, 1.0 

mmol) and NEt3 (0.56 mL, 4.0 mmol) in CH2Cl2 (30 mL) solid 1-pyrenecarboxylic acid (L3-H; 

0.20 g, 0.8 mmol) was added. The resulting pale yellow suspension was kept under magnetic 

stirring at room temperature for about 15 min, followed by the consecutive addition of solids 
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Mn(ClO4)2∙6H2O (0.29 g, 0.8 mmol) and Ca(ClO4)2∙4H2O (0.06 g, 0.2 mmol). The resulting ecru 

suspension was stirred for 2 h, during which time all the solids dissolved and the colour of the 

solution changed to dark brown. The solution was filtered and left to evaporate slowly at room 

temperature. After five days, X-ray quality dark-brown plate-like crystals of 4∙5CH2Cl2 had 

appeared and were collected by filtration, washed with CH2Cl2 (2 x 5 mL) and Et2O (2 x 5 mL), 

and dried under vacuum; the yield was 50%. The crystalline solid was analyzed as solvent-free 4: 

C, 63.41; H, 4.14; N, 4.11 %. Found: C, 63.76; H, 4.42; N, 3.98 %. Selected ATR data (cm
‒1

): 

3035 (m), 2984 (m), 1591 (vs), 1567 (s), 1510 (m), 1469 (m), 1432 (s), 1386 (m), 1353 (s), 1311 

(m), 1255 (m), 1178 (m), 1152 (m), 1095 (m), 1033 (s), 936 (s), 839 (s), 787 (m), 753 (m), 712 

(vs), 678 (vs), 645 (m), 612 (vs), 533 (m), 479 (s). UV-vis: λ/nm in MeCN: 250, 288, 342, 360, 

382. 

 

2.2.3 Single-crystal X-ray Crystallography 

 

 Selected crystals of 1, 2∙4CH2Cl2, and 3∙2CH2Cl2 were manually harvested and mounted 

on cryoloops using adequate oil.
128

 Diffraction data were collected at 150.0(2) K on a Bruker X8 

Kappa APEX II Charge-Coupled Device (CCD) area-detector diffractometer controlled by the 

APEX2 software package
129

 (Mo Kα graphite-monochromated radiation, λ = 0.71073 Å), and 

equipped with an Oxford Cryosystems Series 700 cryostream monitored remotely with the 

software interface Cryopad.
130

 Images were processed with the software SAINT+.
131

 The 

majority of single-crystals chosen for data collection showed very weak X-ray diffractions 

patterns under Mo Kα radiation; it was not feasible to obtain any better data for complexes 1‒3 

than the ones reported herein. Attempts to work with larger in size crystals failed to give 
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acceptable data due to crystal twinning problems. To confirm that the intensity of conventional 

X-rays hinders the acquisition of high quality crystal data, access to synchrotron radiation was 

necessary. Selectively for complex 4∙5CH2Cl2, good quality X-ray diffraction data from a small, 

but single, crystal were collected under the synchrotron radiation beam at the Swiss-Norwegian 

BM01a beamline (European Synchrotron Radiation Facilities - ESRF, Grenoble, France), at 

100(2) K, on the multipurpose PILATUS@SNBL diffractometer equipped with a PILATUS2m 

detector, using a highly monochromatic synchrotron radiation with wavelength (λ) fixed at 

0.68239 Å. Images were processed using the software CrysAlis
Pro

.
132

 All the data were corrected 

for absorption by the multi-scan semi-empirical method implemented in SADABS.
133

 The 

structures were solved by direct methods implemented in SHELXS-97,
134,135 

and refined from 

successive full-matrix least-squares cycles on F
2
 using SHELXL-97.

135,136
 

The non-hydrogen atoms were successfully refined using anisotropic displacement 

parameters, except from one Et3NH
+
 cation in the structures of 1 and 2∙4CH2Cl2 which were 

refined with isotropic parameters. Hydrogen atoms bonded to carbon, nitrogen or oxygen atoms 

were located at their idealized positions using appropriate HFIX instructions in SHELXL; 43 for 

the aromatic carbons, 23 for the ‒CH2 group, 137 for the terminal ‒CH3 methyl groups, 13 for 

the ‒NH group and 147 for the ‒OH group. All these atoms were included in subsequent 

refinement cycles in riding-motion approximation with isotropic thermal displacements 

parameters (Uiso) fixed at 1.2 or 1.5 × Ueq of the relative atom.  

Substantial electron density was found on the data of 1, 2∙4CH2Cl2 and 3∙2CH2Cl2, most 

likely as a consequence of additional disordered solvent molecules. Several attempts to locate 

and model remaining solvent molecules revealed to be ineffective, and the investigation for the 

total potential solvent area using the software package PLATON
137

 confirmed unequivocally the 



54 
 

occurrence of cavities with potential solvent accessible void volume. Therefore, the original data 

sets were treated with the SQUEEZE
137b 

subroutines to eliminate the contribution of these highly 

disordered molecules in the solvent-accessible volume. The programs used for molecular 

graphics were MERCURY and DIAMOND.
138

 Unit cell parameters and structure solution and 

refinement data for all complexes are listed in Table 2.1. 

 

Table 2.1. Crystallographic Data for Complexes 1‒4.  

Parameter 1 2∙4CH2Cl2 3∙2CH2Cl2 4∙5CH2Cl2 

Formula
a
 C84H76Mn4CaN6O20 C104H92Mn4CaN6O20Cl8 C134H148Mn4CaN11O30Cl5 C113H94Mn4CaN6O20Cl10 

FW
a
/g mol

‒1
 1749.35 2289.28 2829.72 2470.28 

Crystal type brown plate brown plate brown plate red plate 

Crystal size/mm 0.350.180.05 0.38×0.21×0.11 0.25×0.14×0.03 0.08×0.05×0.03 

Crystal system Orthorhombic Monoclinic Monoclinic Triclinic 

Space group Pbcn P21/n P21/n P   

a / Å 17.774(2) 21.872(2) 14.7076(12) 16.5865(2) 

b / Å 26.125(4) 19.242(2) 29.524(2) 17.4560(2) 

c / Å 17.139(2) 26.024(2) 31.846(2) 19.3789(3) 

α / º 90 90 90 110.620(1) 

β / º 90 91.153(4) 101.206(3) 94.871(1) 

γ / º 90 90 90 94.214(1) 

V / Å
3
 7958.4(2) 10950.2(16) 13564.8(2) 5200.2(1) 
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Z 4 4 4 1 

T / K 150.0(2) 150.0(2) 150.0(2) 100(2) 

ρcalc / g cm
‒3

 1.460 1.389 1.386 1.578 

μ / mm
‒1

 0.762 0.760 0.577 0.771 

θ range / ° 3.65 - 25.03 3.65 - 25.03 3.66 - 25.03 3.52 - 23.97 

Index ranges 0  h  21 

0  k  31 

0  l  20 

−25  h  26 

−22  k  22 

−30  l  30 

−17  h  17 

−35  k  35 

−37  l  37 

−19  h  19 

−20  k  20 

−22  l  20 

Collected reflections 6968 139672 168834 54493 

Independent reflections 4534 (Rint = 0.1645) 19125 (Rint = 0.0476) 23889 (Rint = 0.0765) 15587 (Rint = 0.0307) 

Final R
b,c

 indices 

[I>2(I)] 

R1 = 0.1554 

wR2 = 0.4217 

R1 = 0.0925 

wR2 = 0.2370 

R1 = 0.0969 

wR2 = 0.1991 

R1 = 0.0784 

wR2 = 0.2322 

(Δρ)max,min / e Å
‒3

 4.111, ‒0.713 3.599, ‒1.200 1.799, ‒1.188 1.897, −1.613 

a
Including solvate molecules.

  b
R1 = (||Fo| – |Fc||)/|Fo|.  

c
wR2 = [[w(Fo

2
 - Fc

2
)
2
]/[w(Fo

2
)
2
]]

1/2
, 

w = 1/[σ
 2

(Fo
2
) + (ap)

2 
+ bp], where p = [max(Fo

2
, 0) + 2Fc

2
]/3. 

 

2.3 Results and Discussion 

 

2.3.1 Synthetic Comments and IR Spectra 
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 The majority of synthetic procedures for heterometallic Mn‒Ca complexes rely on the 

reactions of readily available MnX2 and CaX2 starting materials (X
‒ 

= various) with a potentially 

chelating/bridging organic ligand. This route has led to numerous, mixed Mn‒Ca complexes with 

different metal stoichiometries, Mn oxidation level descriptions and structural 

topologies.
93,94,95,103,104,107,110, 139 , 140

 An alternative route refers to the comproportionation 

reactions between Mn(II) and Mn(VII) reagents, in the presence of CaX2 salts, under acidic 

conditions. This flexible and unpredictable strategy does not require the co-presence of an 

organic chelate and has provided access to the complex [Mn
IV

3Ca2O4(O2CBu
t
)8(Bu

t
CO2H)4],

110
 

one of the closest structural models of the asymmetric-cubane OEC unit. In the present study, the 

first route was followed and thus reactions involving salicylhydroxamic acid (shaH2) chelate and 

Mn/Ca inorganic salts were explored, in the presence of various fluorescence carboxylate groups. 

The simultaneous presence of ‘competing’ carboxylate groups (i.e., MeCO2
‒
, Bu

t
CO2

‒
, etc) on 

the metal starting materials would likely complicate the reaction mixtures, and their use has thus 

been avoided.  

A variety of reactions differing in the Mn/Ca/shaH2 ratio, the fluorescence carboxylic 

acids, the inorganic ions present, the organic base and/or the reaction solvent(s) were explored in 

identifying the following successful systems. The one-pot reaction of Mn(ClO4)2∙6H2O and 

Ca(ClO4)2∙4H2O with shaH2 in a 1:1:2 molar ratio in CH2Cl2 in the presence of 2 and 6 

equivalents of each 2-naphthoic acid (L1-H) and NEt3 gave a dark brown solution that, upon 

filtration and slow diffusion with Et2O/hexanes, afforded brown crystals of the mixed-metal 

complex (NHEt3)2[Mn
III

4Ca(L1)4(shi)4] (1) in 30% yield (based on the total available Ca). The 

formation of representative 1 is summarized by the balanced Eqn. 2.1.  
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4 Mn(ClO4)2∙6H2O + Ca(ClO4)2∙4H2O + 4 shiH3 + 4 L1-H + O2 + 12 NEt3 → 

(NHEt3)2[Mn
III

4Ca(L1)4(shi)4] + 10 (NHEt3)(ClO4) + 30 H2O              Eqn. 2.1 

 

 The coordinated anion of shi
3‒

 was resulted from the metal ion-assisted transformation of 

shaH2 under basic conditions. The reaction is an oxidation, undoubtedly by O2 under the 

prevailing basic conditions. The NEt3 has the role of proton acceptor to facilitate the 

deprotonation of the shaH2 and L1-H molecules. Employment of different organic bases, such as 

NMe3, Bu
n

3N and Me4NOH, did not afford crystalline materials but only oily products that I was 

not able to further characterize. The reaction solvent was found to be of critical importance for 

the crystallization of all reported compounds 1‒4; various reactions in polar solvents gave 

amorphous precipitates that were probably mixtures of different products. Once the identity of 1 

was established by single-crystal X-ray diffraction studies (vide infra), I managed to optimize the 

synthesis and increase the yield (~70%) of the crystalline compound by adjusting the 

Mn/Ca/shaH2/L1-H/NEt3 ratio to 4:1:5:4:20. The latter ratio was also adopted for the synthesis of 

isostructural compounds (NHEt3)2[Mn4Ca(L2)4(shi)4] (2) and (NHEt3)2[Mn4Ca(L3)4(shi)4] (4) in 

yields of 60 and 50%, respectively, under different crystallization methods (slow diffusion with 

Et2O for 2 and slow evaporation at room temperature for 4). Interestingly, and only in case of 9-

anthracenecarboxylic acid (L2-H), the metals-to-ligands ratio proved to slightly affect the 

chemical identity of (NHEt3)2[Mn4Ca(L-X)4(shi)4] (X = 1 (1), 2 (2), 3 (4)). Hence, the reaction 

of Mn(ClO4)2∙6H2O and Ca(ClO4)2∙4H2O with shaH2 in a 3:2:3 molar ratio in CH2Cl2 in the 

presence of 3 and 9 equivalents of each L2-H and NEt3 gave a dark brown solution that, upon 

filtration and slow diffusion with Et2O/hexanes, afforded brown crystals of 
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(NHEt3)5[Mn4Ca(L2)4(shi)4(shiH2)2](ClO4) (3) in 20% yield. The formation of 3 is summarized 

by the balanced Eqn. 2.2. 

 

4 Mn(ClO4)2∙6H2O + Ca(ClO4)2∙4H2O + 6 shiH3 + 4 L2-H + O2 + 14 NEt3 → 

(NHEt3)5[Mn4Ca(L2)4(shi)4(shiH2)2](ClO4) + 9 (NHEt3)(ClO4) + 30 H2O              Eqn. 2.2 

 

 Complex 3 is again a {Mn4Ca} species albeit with two additional shiH2
‒
 ions acting as 

terminal ligands (vide infra). It is clear that these reaction systems are very complicated, 

undoubtedly with many species in equilibrium, and thus are sensitive to small changes in 

reaction conditions. Finally, the substitution of ClO4
‒
 ions in the MnX2 and CaX2 precursors by 

other inorganic ions, such as Cl
‒
 or NO3

‒
, did not lead to any crystalline material under various 

crystallization techniques and workup conditions. Compounds 1‒4 are all stable and crystalline 

solids at room temperature, and nonsensitive toward air and moisture. They are all soluble in 

MeCN, MeOH, DMF and DMSO, and partially soluble in almost all other organic solvents such 

as benzene, THF and toluene. Given the pronounced ability of polar and protic solvents to reduce 

high-oxidation state Mn species,
141

 it was avoided to dissolve the reported compounds in MeOH 

and I have instead focused on the spectroscopic and physicochemical characterization of 1‒4 in 

MeCN solutions.  

 All complexes 1‒4 have very similar IR spectra (see Appendix). Several bands appear in 

the ~1595‒1380 cm
‒1

 range, assigned to contributions from the stretching vibrations of the 

aromatic rings of shi
3‒

 and fluorescence ligands, which overlap with stretches of the carboxylate 

bands;
142

 they, thus, do not represent pure vibrations and render exact assignments difficult. 

Contributions from the ν(C=N)oximate modes of shi
3‒

 would be also expected in this region. It is 
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very likely that the strong bands at 1595 and 1432 cm
‒1 

(1), 1589 and 1429 cm
‒1 

(2), 1593 and 

1431 cm
‒1

 (3) and 1591 and 1432 cm
‒1

 (4)
 
in the spectra of 1‒4 are attributed to the νas(CO2) and 

νs(CO2) modes, respectively; the former should also involve a ring stretching character. The 

difference Δ [Δ = νas(CO2) ‒ νs(CO2)] is small (<163 cm
‒1

) in all cases, as expected for the 

predominant bidentate bridging mode of carboxylate ligation (vide infra).
143

 The bands at ~3050 

and ~2980 cm
‒1

 can be assigned to the stretching vibrations of ν(N-H) modes from the presence 

of Et3NH
+
 countercations.

144
 

 

2.3.2 Description of Structures 

 

Complexes 1, 2, and 4 are isostructural and differ only in the nature of the fluorescence 

carboxylate ligand and lattice solvate molecules; the latter will not be further discussed. Given 

the superior quality of X-ray diffraction data for compound 4 obtained through synchrotron 

radiation, and consequently its more precise metric parameters (bond distances and angles), only 

the structure of representative complex 4 will be described in detail. The crystal structure of 4 

consists of a [Mn4Ca(L3)4(shi)4]
2‒

 dianion (Figure 2.1, top), two Et3NH
+
 cations, and five lattice 

CH2Cl2 molecules. Complex 4∙5CH2Cl2 crystallizes in the triclinic space group P   with the 

{Mn4Ca} dianion in a general position. In contrast, complexes 1 (Figure 2.1, middle) and 

2∙4CH2Cl2 (Figure 2.1, bottom) crystallize in the orthorhombic Pbcn and monoclinic P21/n space 

groups, respectively. Selected interatomic distances and angles for complexes 1, 2 and 4 are 

listed in Table 2.2.  
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Figure 2.1. Partially labeled representation of the structures of the anions present in complexes 4 

(top), 1 (middle) and 2 (bottom), with the gold thick bonds emphasizing the different carboxylate 

moieties. H atoms are omitted for clarity. Colour scheme: Mn
III

, blue; Ca
II
, yellow; O, red; N, 

green; C, gray. Symmetry operation for the primed atoms in 1: ‒x, y, 1/2‒z.  

 

The core of 4 consists of four Mn
III

 and one Ca
II
 atoms arranged in a slightly distorted 

square pyramidal topology (Figure 2.2, top left), with the Ca
II
 atom occupying the apical position 

and the Mn
III

 atoms forming the square base. The Mn∙∙∙Mn∙∙∙Mn angles are spanning the range 

88.1‒91.8°, deviating only slightly from the ideal 90°, and the Mn∙∙∙Ca∙∙∙Mn angles of the four 

triangular faces lie within the 75.3‒76.1° range. The Mn
III

 atoms form a near-planar square, with 

each of the edges bridged by a diatomic oximate group from a shi
3‒

 ligand, thus giving Mn∙∙∙Mn 

separations of 4.589(1)‒4.645(1) Å. The almost perfectly planar Mn4 unit is clearly due to the 

large Mn‒O‒N‒Mn torsion angles of 171.5
o
 (Mn1‒O1‒N4‒Mn2), 165.3

o
 (Mn2‒O2‒N3‒Mn3), 
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171.3
o
 (Mn3‒O9‒N2‒Mn4) and 169.2

o
 (Mn4‒O4‒N1‒Mn1), very close to the ideal linearity of 

180
o
. The linkage between the basal Mn

III
 atoms and the apical Ca

II
 atom is provided by the 

oximate O atoms of shi
3‒

 ligands and the four η
1
:η

1
:μ bidentate bridging pyrene carboxylate 

(L3
‒
) groups. The Mn∙∙∙Ca separations [3.773(1), 3.804(1), 3.729(1) and 3.721(1) Å] in the 

square pyramid of 4 are in close proximity with conclusions from Ca EXAFS studies on the 

{Mn4Ca} extended cubane of the OEC (approximately 3.4 Å).7 Differences between the Mn∙∙∙Ca 

separations of 4 and those of OEC are to be expected given the different core topologies, greater 

distance uncertainties in the crystal structure of a large PSII multicomponent assembly, structural 

perturbations caused by the polypeptide environment, and the fact that some of the Mn atoms of 

OEC in the PSII crystal structure will be at a higher oxidation state (i.e., Mn
IV

), leading to shorter 

bond distances on average.
110,145

 Ligation around each Mn
III

 atom is completed by the alkoxido 

and phenoxido O atoms from shi
3‒ 

groups; the latter are thus η
1
:η

1
:η

1
:η

2
:μ3 (Figure 2.2, top right). 

The complex therefore contains an overall [Mn4Ca(μ-NO)4]
10+

 core (Figure 2.2, bottom left) 

which can also be described as a [12-MCMn(III)N(shi)-4] metallacrown
146

 surrounding a Ca
II
 atom. 

The latter lies 1.873 Å out of the Mn4 plane. 
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Figure 2.2. Representation of the {Mn4Ca} square pyramidal topology (top left) and the 

coordination mode of the shi
3‒

 groups (top right). Labeled representation of the complete 

[Mn4Ca(µ3-NO)4]
10+

 core of the representative complex 4 (bottom left) and the square 

antiprismatic geometry of the Ca
II
 atom in 4; the points connected by the black lines define the 

ideal polyhedron. Colour scheme: Mn
III

, blue; Ca
II
, yellow; O, red; N, green.  

 

Table 2.2. Selected Interatomic Distances (Å) and Angles (°) for Complexes 1,
a
 2∙4CH2Cl2, 

3∙2CH2Cl2 and 4∙5CH2Cl2. 

1 

Mn(1)∙∙∙Mn(2) 4.610(2) Mn(2)∙∙∙Mn(2ʹ) 6.550(2) 

Mn(1)∙∙∙Mn(2′) 4.621(2) Mn(1)∙∙∙Ca(1) 3.678(2) 

Mn(1)∙∙∙Mn(1′) 6.495(2) Mn(2)∙∙∙Ca(1) 3.628(2) 

Mn(1)-O(4) 2.122(7) Mn(2)-O(1) 1.896(6) 

Mn(1)-O(2′) 1.894(5) Mn(2)-O(6) 2.050(7) 

Mn(1)-O(7′) 1.974(7) Mn(2)-O(8) 1.831(7) 
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Mn(1)-O(10) 1.839(6) Mn(2)-O(9) 1.976(6) 

Mn(1)-N(2)   1.933(6) Mn(2)-N(1) 1.935(6) 

Ca(1)-O(1)   2.376(6) Ca(1)-O(3) 2.385(9) 

Ca(1)-O(2) 2.353(5) Ca(1)-O(5) 2.384(9) 

    

Mn(1)-O(2′)-N(1′)-Mn(2′) 170.6 Mn(1′)-O(2)-Ca(1) 119.6(3) 

Mn(2)-O(1)-N(2)-Mn(1) 174.1 Mn(2)-O(1)-Ca(1) 115.8(3) 

    

2∙4CH2Cl2 

Mn(1)∙∙∙Mn(2) 4.612(1) Mn(2)∙∙∙Mn(4) 6.543(1) 

Mn(2)∙∙∙Mn(3) 4.630(1) Mn(1)∙∙∙Ca(1) 3.731(1) 

Mn(3)∙∙∙Mn(4) 4.636(1) Mn(2)∙∙∙Ca(1) 3.726(1) 

Mn(4)∙∙∙Mn(1) 4.615(1) Mn(3)∙∙∙Ca(1) 3.696(1) 

Mn(1)∙∙∙Mn(3) 6.533(1) Mn(4)∙∙∙Ca(1) 3.760(2) 

Mn(1)-O(5) 1.880(4) Mn(3)-O(2) 1.885(4) 

Mn(1)-O(12) 1.944(4) Mn(3)-O(3) 2.146(5) 

Mn(1)-O(14) 2.069(5) Mn(3)-O(8) 1.859(4) 

Mn(1)-O(20) 1.860(4) Mn(3)-O(17) 1.945(4) 

Mn(1)-N(4) 1.963(5) Mn(3)-N(1) 1.976(5) 

Mn(2)-O(1) 1.868(4) Mn(4)-O(6) 1.881(4) 

Mn(2)-O(16) 2.115(4) Mn(4)-O(7) 1.944(4) 

Mn(2)-O(18) 1.862(4) Mn(4)-O(9) 2.140(5) 

Mn(2)-O(19) 1.947(4) Mn(4)-O(11) 1.867(4) 

Mn(2)-N(3) 1.974(5) Mn(4)-N(2) 1.968(5) 

Ca(1)-O(1) 2.466(4) Ca(1)-O(6) 2.476(4) 

Ca(1)-O(2) 2.428(4) Ca(1)-O(10) 2.365(4) 

Ca(1)-O(4) 2.405(4) Ca(1)-O(13) 2.350(5) 

Ca(1)-O(5) 2.503(4) Ca(1)-O(15) 2.389(4) 

    

Mn(1)-O(5)-N(2)-Mn(4) 179.2 Mn(1)-O(5)-Ca(1) 115.9(2) 

Mn(2)-O(1)-N(4)-Mn(1) 177.0 Mn(2)-O(1)-Ca(1) 117.9(2) 

Mn(3)-O(2)-N(3)-Mn(2) 175.0 Mn(3)-O(2)-Ca(1) 117.4(2) 

Mn(4)-O(6)-N(1)-Mn(3) 175.6 Mn(4)-O(6)-Ca(1) 118.7(2) 

    

3·2CH2Cl2 

Mn(1)∙∙∙Mn(2) 4.617(3) Mn(2)∙∙∙Mn(4) 6.407(3) 

Mn(2)∙∙∙Mn(3) 4.569(2) Mn(1)∙∙∙Ca(1) 3.749(1) 

Mn(3)∙∙∙Mn(4) 4.641(3) Mn(2)∙∙∙Ca(1) 3.790(1) 

Mn(4)∙∙∙Mn(1) 4.535(2) Mn(3)∙∙∙Ca(1) 3.744(1) 

Mn(1)∙∙∙Mn(3) 6.566(5) Mn(4)∙∙∙Ca(1) 3.752(1) 
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Mn(1)-O(5)   1.875(4) Mn(3)-O(2)   1.870(4) 

Mn(1)-O(15)   1.951(4) Mn(3)-O(3) 2.088(4) 

Mn(1)-O(17)   2.158(4) Mn(3)-O(8)   1.861(4) 

Mn(1)-O(23)   1.851(4) Mn(3)-O(20)   1.942(4) 

Mn(1)-N(5)   1.970(5) Mn(3)-N(1) 1.989(5) 

Mn(2)-O(1) 1.893(4) Mn(4)-O(6) 1.890(4) 

Mn(2)-O(19)   2.283(4) Mn(4)-O(7) 1.941(4) 

Mn(2)-O(21)   1.873(4) Mn(4)-O(9) 2.309(4) 

Mn(2)-O(22)   1.961(4) Mn(4)-O(11) 2.270(4) 

Mn(2)-O(24)   2.244(4) Mn(4)-O(14) 1.869(4) 

Mn(2)-N(4)   1.976(5) Mn(4)-N(3) 1.980(5) 

Ca(1)-O(1)   2.468(4) Ca(1)-O(6) 2.452(4) 

Ca(1)-O(2)   2.440(4) Ca(1)-O(10) 2.354(4) 

Ca(1)-O(4)   2.397(4) Ca(1)-O(16) 2.427(4) 

Ca(1)-O(5)   2.399(4) Ca(1)-O(18) 2.331(4) 

    

Mn(1)-O(5)-N(3)-Mn(4) 154.4 Mn(1)-O(5)-Ca(1) 122.1(2) 

Mn(2)-O(22)-N(5)-Mn(1) 164.9 Mn(2)-O(1)-Ca(1) 120.2(2) 

Mn(3)-O(2)-N(4)-Mn(2) 163.5 Mn(3)-O(2)-Ca(1) 120.1(2) 

Mn(4)-O(6)-N(1)-Mn(3) 173.5 Mn(4)-O(6)-Ca(1) 119.0(2) 

    

4·5CH2Cl2 

Mn(1)∙∙∙Mn(2) 4.589(2) Mn(2)∙∙∙Mn(4) 6.593(4) 

Mn(2)∙∙∙Mn(3) 4.599(2) Mn(1)∙∙∙Ca(1) 3.729(1) 

Mn(3)∙∙∙Mn(4) 4.645(3) Mn(2)∙∙∙Ca(1) 3.721(1) 

Mn(4)∙∙∙Mn(1) 4.595(2) Mn(3)∙∙∙Ca(1) 3.804(1) 

Mn(1)∙∙∙Mn(3) 6.426(3) Mn(4)∙∙∙Ca(1) 3.773(1) 

Mn(1)-O(1) 1.872(3) Mn(3)-O(9) 1.889(3) 

Mn(1)-O(6) 1.846(3) Mn(3)-O(11) 2.165(3) 

Mn(1)-O(13) 2.070(3) Mn(3)-O(16) 1.975(3) 

Mn(1)-O(20) 1.931(3) Mn(3)-O(17) 1.865(3) 

Mn(1)-N(1) 1.956(3) Mn(3)-N(3) 1.975(3) 

Mn(2)-O(2) 1.881(3) Mn(4)-O(3) 1.890(3) 

Mn(2)-O(15) 2.073(3) Mn(4)-O(4) 1.871(3) 

Mn(2)-O(18) 1.931(3) Mn(4)-O(5) 1.950(3) 

Mn(2)-O(19) 1.863(3) Mn(4)-O(7) 2.118(3) 

Mn(2)-N(4) 1.959(4) Mn(4)-N(2) 1.975(4) 

Ca(1)-O(1) 2.422(3) Ca(1)-O(9) 2.495(3) 

Ca(1)-O(2) 2.423(3) Ca(1)-O(10) 2.335(3) 

Ca(1)-O(4) 2.448(3) Ca(1)-O(12) 2.389(4) 
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Ca(1)-O(8) 2.421(3) Ca(1)-O(14) 2.375(3) 

    

Mn(1)-O(1)-N(4)-Mn(2) 171.5 Mn(1)-O(1)-Ca(1) 120.0(1) 

Mn(2)-O(2)-N(3)-Mn(3) 165.3 Mn(2)-O(2)-Ca(1) 119.1(2) 

Mn(3)-O(9)-N(2)-Mn(4) 171.4 Mn(3)-O(9)-Ca(1) 119.7(1) 

Mn(4)-O(4)-N(1)-Mn(1) 169.2 Mn(4)-O(4)-Ca(1) 121.2(1) 

 
a
Symmetry code: ʹ = 1‒x, ‒y, ‒z. 

 

All Ca‒O bonds are in the range 2.335(3)‒2.495(3) Å. All Mn
III

 atoms in 1, 2 and 4 are 

five-coordinate with almost perfect square pyramidal geometries. This is confirmed by analysis 

of the shape-determining bond angles using the approach of Reedijk and Addison,
147

 which 

yields an average value for the trigonality index, τ, of 0.04 for the four metal ions, where τ is 0 

and 1 for perfect square pyramidal and trigonal bipyramidal geometries, respectively. The Mn 

oxidation states were established by charge balance considerations, metric parameters and bond 

valence sum calculations (BVS, Table 2.3).
148

 In all the compounds, the Ca
II
 atom is eight-

coordinate in a CaO8 environment possessing square antiprismatic geometry. That was 

confirmed by the Continuous Shape Measure (CShM) approach which essentially allows one to 

numerically evaluate by how much a particular structure deviates from an ideal shape.
149

 The 

best fit was obtained for the square antiprism (Figure 2.2, bottom right) with a CShM value of 

0.77. Values of CShM between 0.1 and 3 usually correspond to a not negligible but still small 

distortion from ideal geometry.
150

 

 

Table 2.3. BVS Calculations
a 

for Mn atoms in 1‒4. 

Complex Atom Mn
II
 Mn

III
 Mn

IV
 

1 Mn1 3.27 3.04 3.12 

 Mn2 3.35 3.11 3.20 

2 Mn1 3.30 3.05 3.14 

 Mn2 3.24 3.00 3.09 
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 Mn3 3.18 2.95 3.03 

 Mn4 3.20 2.96 3.05 

3 Mn1 3.21 2.97 3.06 

 Mn2 3.27 3.03 2.86 

 Mn3 3.25 3.01 3.10 

 Mn4 3.28 3.03 3.13 

4 Mn1 3.38 3.13 3.22 

 Mn2 3.31 3.07 3.16 

 Mn3 3.10 2.87 2.95 

 Mn4 3.17 2.94 3.02 
a
The underlined value is one closest to the charge for which it was calculated. The oxidation 

state is the nearest whole number to the underlined value. 

 

Complex (NHEt3)5[Mn4Ca(L2)4(shi)4(shiH2)2](ClO4) (3) has a very similar structure 

(Figure 2.3) with that of 2, the only significant difference being the terminal (η
1
) coordination of 

two singly-deprotonated shiH2
‒
 ligands on two Mn

III
 atoms (Mn2 and Mn4). As a result, Mn2 

and Mn4 exhibit a near-octahedral geometry which takes the form of an axially elongated Jahn-

Teller (JT) distortion, as expected for a high-spin d
4
 ion in this geometry. The JT axes in both 

Mn sites involve the anthracene carboxylate and shiH2
‒
 phenoxido O atoms. The non-

coordinated N, and oximato and alkoxido O atoms of shiH2
‒
 are strongly H-bonded to two 

Et3NH
+
 countercations. 
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Figure 2.3. Partially labeled representation of the structure of the anion present in complex 3, 

with the cyan thick bonds emphasizing the JT axes of the six-coordinate Mn
III

 atoms. H atoms 

are omitted for clarity. Colour scheme: Mn
III

, blue; Ca
II
, yellow; O, red; N, green; C, gray. 

 

From a supramolecular viewpoint, all reported compounds 1‒4 show similar 

intramolecular H-bonding interactions which include the Et3NH
+
 cations as donors and the O 

atoms of carboxylate ligands as acceptors. The pyrene-analogue 4 shows two sets of 

intramolecular π‒π stacking interactions between adjacent centroids, as defined by C9‒C24 

(centroid A) / C30‒C45 (centroid B) and C47‒C62 (centroid C) / C64‒C79 (centroid D); their 

distances are: centroid A∙∙∙ centroid B = 3.807 Å and centroid C∙∙∙ centroid D = 3.835 Å (Figure 

2.4). Finally, the crystal structures of all complexes exhibit intermolecular interactions which 

involve the aromatic rings of the ligands and H-bonding interactions between the countercations, 

Mn1

Mn2

Mn3 Mn4

Ca1

O24

O19

O11

O9
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lattice solvate molecules and coordinated ligands. The shortest, intermolecular Mn∙∙∙Mn 

distances between neighboring cluster compounds are 6.461 (for 1), 8.445 (for 2), 8.789 (for 3) 

and 6.881 Å (for 4). 

 

 

Figure 2.4. The intramolecular π‒π stacking interactions between adjacent centroids of the 

pyrene groups observed in the structure of complex 4. 

 

It is quite intriguing that Mn‒Ca heterometallic chemistry has not been so extensively 

developed as Mn-3d′ and Mn-4f mixed-metal chemistry although it has attracted the interest of 

many inorganic synthetic chemists the last three decades or so. Complexes 1‒4 join only a 

handful of previous Mn‒Ca compounds,
93,94,95,103,104,107,110,139

 and together with 

(NHEt3)2[Mn
III

4Ca(O2CPh)4(shi)4]
96

 are the only structurally characterized species with a 

4Mn:1Ca ratio and all Mn atoms in 3+ oxidation state. 

 

C

D

A

B
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2.3.3 Electronic Spectra and Electrospray Ionization Mass Spectrometry (ESI-MS) 

 

 UV-vis and ESI-MS studies have been performed in order to probe the structural integrity 

of 1‒4 in solution and elucidate any possible photophysical properties. The electronic absorption 

spectra of isostructural complexes 1, 2 and 4 were recorded in MeCN solutions of concentrations 

~10
‒5

 M (Figure 2.5). All three compounds show the characteristic bands (shoulders and/or sharp 

peaks) of naphthalene, anthracene, and pyrene functional groups slightly shifted to higher 

wavenumbers, consistent with coordination of the fluorescence carboxylate ligands to the metal 

centers.
151

 The high intensity absorption bands in the 240‒350 nm region are assigned to π‒π* 

transitions within the aromatic organic ligands while the less intense bands at ~380 nm are 

possibly due to LMCT effects.
152

 Note that the absorption bands of neutral salicylhydroxamic 

acid (218, 236 and 300 nm) appear to overlap with the bands of polyaromatic carboxylate ligands 

upon coordination with the metal centers. Hence, the conclusions from the UV-vis studies were 

very promising that compounds 1, 2 and 4 retain their solid-state {Mn4Ca} structures in solution, 

and confirmation was sought by electrospray ionization (ESI) mass spectrometry (MS).  
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Figure 2.5. Absorption spectra of complexes 1, 2 and 4 in MeCN (~10
‒5

 M). 

 

 Negative (‒) ion ES-MS studies were conducted to investigate the stability of complexes 

1, 2 and 4 in the aprotic MeCN solvent. Unfortunately, due to the paramagnetic nature of 1‒4, 

solution NMR spectroscopy could not provide any useful structural information. In contrast, ESI-

MS is a soft technique that (i) allows the detection of multiply charged ions, (ii) does not alter 

the connectivity of the compounds (through disassembly and reassembly processes) and (iii) 

causes very little fragmentation.
153

 Although very rare in volatile transition metal cluster 

chemistry, all three described compounds proved to preserve their core structures in solution 

with high intensity ion signals corresponding to the sole presence of {Mn4Ca} cores without 

major fragment ions. For complexes 1, 2 and 4, the strong intensity peaks at 772, 872 and 920 

m/z nicely reproduce the doubly charged [Mn4Ca(L1)4(shi)4]
2‒

, [Mn4Ca(L2)4(shi)4]
2‒

 and 
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[Mn4Ca(L3)4(shi)4]
2‒ 

species, respectively (Figure 2.6). In support of these assignments is the 

excellent match observed between the acquired isotopic patterns of [Mn4Ca(LX)4(shi)4]
2‒

 ions (X 

= 1‒3) and the theoretically calculated distributions (Figure 2.6, insets), allowing me to confirm 

the structural integrity of 1, 2 and 4 in MeCN. The very low intensity peaks at 1373, 1523 and 

1595 m/z can be assigned to the least abundant, singly anionic fragments [Mn4Ca(L1)3(shi)4]
‒
, 

[Mn4Ca(L2)3(shi)4]
‒
 and [Mn4Ca(L3)3(shi)4]

‒
, respectively, which correspond to the reported 

{Mn4Ca} core structures with the dissociation of one carboxylate ligand. 
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Figure 2.6. Negative ion ES mass spectra of 1 (top left), 2 (top right) and 4 (bottom) in MeCN. 

Insets illustrate the zoomed region around the predominant [Mn4Ca(LX)4(shi)4]
2‒

 dianions (X = 

1‒3) and the corresponding, theoretically calculated, isotopic distributions. 
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2.3.4 Electrochemistry 

  

 The redox activity of electrochemically prominent metal complexes can be assessed by 

cyclic voltammetry. This technique is of significant importance in both molecular magnetism 

and bioinorganic chemistry. For example, in molecular magnetism arena, electrochemical studies 

on various [Mn
III

8Mn
IV

4O12(O2CR)16(H2O)4] compounds have revealed a rich redox chemistry 

involving several quasi-reversible oxidation and reduction processes.
154

 Four different oxidation 

levels of this family of clusters have been isolated and the corresponding 1-, 2-, 3- and 4-electron 

reduced species were characterized in the solid-state and demonstrated their distinct single-

molecule magnetism properties compared to the parent {Mn12} complex.
155

 In the bioinorganic 

and biomimetic fields related to PSII, it is now well-documented that Mn ions within OEC show 

a high degree of redox and chemical versatility, while the protein residues and coordination 

environment are both critical for modulating the redox potentials and providing pathways for 

electron- and proton-transfer effects.
156

 For example, in the S0 state of OEC cycle, EPR, XANES 

and ENDOR studies have proposed two different formal oxidation states, II/III/IV/IV and 

III/III/III/IV, for the Mn atoms that correspond to the low- and high-valent schemes, 

respectively.
27,157

    

 Toward that end, the electrochemical properties of complexes 1, 2 and 4 were studied in 

MeCN and all showed that they exhibit very similar redox processes. The cyclic voltammogram 

(CV) of complex 1 is shown in Figure 2.7, top. It displays a well-defined reversible oxidation at 

~0.43 V and an irreversible reduction that corresponds to the broad peak at ‒0.47 V. The CV 

spectra of the anthracene-analogue 2 (Figure 2.7, middle) and pyrene-substituted 4 (Figure 2.7, 
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bottom) show very similar patterns comprising well-defined reversible oxidations at ~0.44 and 

~0.42 V, and irreversible reductions associated with the appearance of weak and broad peaks at 

‒0.78 and ‒0.79 V, respectively. For the reversible oxidation couple of all three studied 

compounds, the forward and reverse waves are well formed with a peak separation of 70 (1), 190 

(2) and 100 (4) mV comparable to that of ferrocene under the same conditions; this is indicative 

of a one-electron process.
158
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Figure 2.7. Cyclic voltammograms at 100 mV s
‒1

 for complexes 1 (top), 2 (middle) and 4 

(bottom) in MeCN containing 0.1 M NBu
n

4PF6 as supporting electrolyte. The indicated 

potentials are versus Fc/Fc
+
. 
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In summary, all complexes exhibited a similar oxidation but the reduction waves seemed 

to be slightly different. Such small discrepancies most likely result from the different nature of 

the carboxylate ligand. It is known that in isostructural, high oxidation state Mn complexes the 

identity, basicity and steric and electronic properties of the carboxylate ligands affect the 

sensitivity of metal ions’ redox potentials.
159

 The electrochemical results may be illustrated as: 

[Mn4Ca]
+
 ↔ [Mn4Ca] → [Mn4Ca]

‒
. Synthetic efforts to isolate and structurally characterize the 

monocation are objectives for the future to address and accomplish. 

 

2.3.5 Photophysical Studies 

 

 The pronounced ability of complexes 1‒4 to retain their structures in solution prompted 

me to further investigate their optical activity at room temperature conditions. It was thus 

decided to perform excitation/emission studies in MeCN solutions of 1, 2 and 4 at concentrations 

~10
‒5

 M. Very recently, Chia and Tay overviewed the difficulties in obtaining emissions from 

transition metal complexes, usually produced from triplet excited states, as a result of the fast 

intersystem crossing facilitated by the strong spin-orbit coupling.
160

 It is also known that 

quenching of the emission intensity due to paramagnetic effects is a common feature in 3d-metal 

complexes.
161

 In order to tackle this problem, the use of organic bridging groups with emission 

dyes seems to be a promising route. 

 The fluorescence behaviours of the free, uncoordinated shaH2 and LX-H (X = 1‒3) 

ligands are well-known in both solid-state and solution. For instance, and with relevance to our 

studies, shaH2 in MeCN shows a maximum emission at 450 nm upon maximum excitation at 346 
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nm.
162

 Complex 1 shows an intense emission at 396 nm upon excitation at the maximum 

observed at 300 nm (Figure 2.8, top); the location of the emission peak is at the same area where 

naphthalene emits but slightly shifted, indicative of charge transfer from the ligands to the cluster 

core.
151,163 

A light-brown solution of complex 2 in MeCN also shows a very strong “blue”-shifted 

emission upon excitation at the UV-region, with the three emission peaks at 391, 410, and 433 

nm attributed to the characteristic peaks of anthracene chromophore (Figure 2.8, middle).
164

 

Interestingly, complex 4 displays two sharp emission peaks at 392 and 408 nm, upon UV 

excitation at 380 nm, which are characteristic of the corresponding monomer and excimer 

emissions of the pyrene unit (Figure 2.8, bottom).
126,165

 The formation of a pyrene excimer 

requires an excited molecule to come in contact with another molecule in its ground state within 

the excited state lifetime. In order for this to occur, the pyrene units must be well isolated from 

each other such that excitation is localized on one of the molecules and then diffusion of the 

molecule will allow for an encounter between an excited pyrene and a ground state one. In such 

ideal case, the fluorescence emission of pyrene excimers appears as a broad, structureless band 

located at 470‒500 nm.
166

 In complex 4 the excimer peak has been “blue”-shifted, and this is 

likely due to its coordination with the metal centers and the presence of significant 

intramolecular π‒π* interactions which bring the pyrene units into close contacts. 
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Figure 2.8. Excitation (1) and emission (2) spectra of complexes 1 (top), 2 (middle) and 4 

(bottom) in MeCN. The inset highlights a photograph of complex 2 under a UV lamp. 
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2.3.6 Solid-State Magnetic Susceptibility Studies 

 

 Variable-temperature direct current (dc) magnetic susceptibility measurements were 

performed on powdered polycrystalline samples of complexes 1, 3 and 4, restrained in eicosane 

to prevent torquing, in a 1 kG (0.1 T) field and in the 5.0-300 K range. The data are shown as 

χΜT versus T plots in Figure 2.9. The isostructural complexes 1 and 4 exhibited similar magnetic 

behaviour (vide infra), and it was thus decided to perform magnetic studies on the slightly 

different complex 3 instead of 2; however, the magnetic response was again similar to that of 1 

and 4. The χMT product for all three compounds steadily decreases from 12.09 (1), 12.19 (3) and 

9.53 (4) cm
3
Kmol

‒1
 at 300 K to 1.32 (1), 1.35 (3) and 0.62 (4) cm

3
Kmol

‒1
 at 5.0 K. The 300 K 

values are close to or less than (in case of the pyrene-analogue 4) the spin-only (g = 2) value of 

12 cm
3
Kmol

‒1
 for four non-interacting Mn

III
 ions, similar to the χMT value of the previously 

reported [Mn4Ca(O2CPh)4(shi)4]
2‒

.
96

 The shape of the χΜT versus T curves clearly indicate the 

presence of predominant antiferromagnetic exchange interactions between the four Mn
III

 atoms, 

and a resulting S = 0 ground state for each of the reported compounds. 

 To determine the individual pairwise exchange parameters Jij between MniMnj pairs 

within the magnetic cores, the χΜT versus T data for complexes 1, 3 and 4 were fit to the 

theoretical expression for a {Mn
III

4} square (inset of Figure 2.9, top) using the isotropic 

Heisenberg spin Hamiltonian given by Eqn. 2.3. 

 

             H = –2J(Ŝ1·Ŝ2 + Ŝ2·Ŝ3 + Ŝ3·Ŝ4 + Ŝ1·Ŝ4)                              Eqn. 2.3 
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In light of the very similar Mn‒O‒N‒Mn torsion angles and Mn∙∙∙Mn separations within the 

{Mn4} square, all interactions between neighbouring Mn
III

 atoms were considered as equivalent 

(1-J model). The fit parameters were thus J and g. A temperature-independent paramagnetism 

(TIP) term was also included in all cases. Data below 30 K were omitted in order to avoid effects 

from Zeeman interactions, magnetic anisotropy (zero-field splitting, D) and crystal structure 

disorders; these are all factors that are not included in the above model.
126

 Good fits were 

obtained for all three complexes, and these are shown as solid lines in Figure 2.9. The best-fit 

parameters were: J = ‒3.17(4) cm
‒1

, g = 1.97(1) and TIP = 6 × 10
‒3

 cm
3 

mol
‒1

 for 1; J = ‒2.73(2) 

cm
‒1

, g = 2.10(4) and TIP = 10
‒3

 cm
3 
mol

‒1
 for 3; and J = ‒2.98(2) cm

-1
, g = 1.86(2) and TIP = 8 

× 10
‒4

 cm
3 

mol
‒1

 for 4. The fits of the data indicate S = 0 ground states and S = 1 first excited 

states lying 6.34, 5.46 and 5.96 cm
‒1

 higher in energy, respectively. Attempts to include a D term 

into the fitting process, using the program PHI,
167

 failed to give a better low-temperature fit. Fits 

of the data to a 2-J model, assuming that the next-nearest neighbour interactions across the 

diagonal Mn sites are not zero, gave results of comparable quality. These, however, could lead to 

overparameterization problems, and therefore the long Mn
III
∙∙∙Mn

III
 exchange interactions can be 

ignored. Finally, none of the magnetically studied complexes showed peak maxima in the χΜ 

versus T plots. The antiferromagnetic interactions in all compounds are as expected for systems 

coupled solely through oximate bridges with very large M‒O‒N‒M (M = 3d-metal ion) torsion 

angles (>160°).
168
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Figure 2.9. MT versus T plots for 1 (top), 3 (middle) and 4 (bottom) at 0.1 T dc field. The red 

solid line is the fit of the corresponding data; see the text for the fit parameters. Inset: 1-J 

coupling scheme used for all complexes. 
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2.3.7 Relevance of Complexes 1‒4 to Low-Oxidation States of the OEC: A Qualitative 

Approach 

 

 In the absence of advanced XAS, EXAFS and ENDOR studies, which would shine more 

light into the similarities of 1‒4 with OEC, I provide instead a qualitative and brief discussion of 

the relevance of reported compounds to some species of the native enzyme. Complexes 1‒4 have 

the same Mn4Ca content and carboxylate ligation as the OEC. I recognize that within the 

structures of all complexes the average Mn
…

Mn (between closest neighbours) and Mn∙∙∙Ca 

separations are ~4.6 and ~3.7 Å, respectively, significantly longer than the corresponding values 

of 2.7‒3.3 and ~3.4 Å for the OEC in PSII. However, the structures of the reported compounds 

may be relevant to the OEC in other ways. On the basis of the S1 Kok state of the OEC being at 

the 2Mn
III

,2Mn
IV

 oxidation level, then the 4Mn
III

 level of 1‒4 would place them at the S‒1 state. 

Hydrazine (N2H4), hydroxylamine (NH2OH) and nitric oxide are known to be able to reduce the 

OEC to S‒1, S‒2 and even S‒3 states.
12,169

 These are not involved in the water oxidation catalytic 

cycle, but may be related to intermediates during the in vivo assembly of the OEC. Assuming 

these involve Mn-based reductions, then they would be at the 4Mn
III

, Mn
II
,3Mn

III 
and 

2Mn
II
,2Mn

III
 levels, respectively; an EPR signal assignable to a Mn

II
Mn

III
 subunit has been 

detected for S‒2.
170

 It is thus possible that the structures of complexes 1‒4 may be of more 

relevance to these lower oxidation state forms of the OEC that will have a lower preference for 

oxido bridges than to the higher oxidation states that have a cubane structure and are involved in 

the catalytic cycle. Along these lines, the similarity between the oximato N‒O bridging unit of 

shi
3‒

 within 1‒4 and the M‒N‒O‒M unit seen in hydroxylamine-bridged metal complexes
171

 is 
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intriguing and suggests that 1‒4 may be providing insights into the kind of subunits that might be 

generated on reduction of the OEC with NH2OH. 

 

2.4 Conclusions and Perspectives 

 

 To summarize, I have shown that salicylhydroxime scaffold can provide the means of 

obtaining new heterometallic Mn‒Ca clusters with the same Mn4Ca stoichiometry as the OEC 

and the four Mn ions in a moderate 3+ oxidation level. In addition, the incorporation of 

fluorescent carboxylate groups as supporting ligands about the paramagnetic {Mn4Ca} core has 

also enabled me to gain access into some interesting photophysical properties such as “blue”-

shifted emissions at room temperature. The reported compounds are also very rare examples of 

metal clusters that retain their solid-state structures in solution, as accurately confirmed by 

electrospray ionization mass spectrometry. This is most likely due to the pronounced stability of 

the {Mn4Ca} metallacrown core induced by the four donor atoms of the salicylhydroximate 

ligand. 

 It must be admitted that the core of 1‒4 is different from the distorted-cubane core found 

in the native OEC, but may be relevant to lower oxidation level species that are intermediates 

during assembly of the OEC in vivo, or those generated by treatment of the OEC with strong 

reducing agents. By taking into account the well-defined reversible oxidation observed in all 

studied {Mn
III

4Ca} compounds, methods to isolate the one-electron oxidized species are 

currently in progress. This could in principle facilitate the stabilization of O
2‒

 groups and 

consequently the formation of an oxido-bridged metal core, structurally closer to that seen in the 

OEC and more susceptible in resembling the S0 state of the Kok cycle. 
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Chapter 3 

Structural Diversities in Heterometallic Mn‒Ca Cluster Chemistry from the 

Use of Salicylhydroxamic Acid: {Mn
III

4Ca2}, {Mn
II/III

6Ca2}, {Mn
III/IV

8Ca} and 

{Mn
III

8Ca2} Complexes with Relevance to Both High- and Low-Valent States 

of the Oxygen-Evolving Complex 

 

3.1 Preface 

 

 Several multinuclear, homometallic Mn clusters at various oxidation state levels and 

descriptions have been extensively reported over the last two decades or so,
172

 but heterometallic 

Mn‒Ca molecular cluster chemistry has been only sparingly developed.
173

 The research groups 

of Agapie,
107

 Zhang,
111

 Christou and Stamatatos
110

 have reported some of the closest structural 

models to the native OEC core, all containing the desired {Mn3CaO4} cubane core and Mn 

atoms in high oxidation states (i.e., Mn
IV

). In all cases, different chelating and bridging ligands 

have been utilized, including carboxylates and pyridyl polyalcohols, among others. These 

molecular compounds nicely resemble some of the latter S states (S2 and S3) of the catalytic Kok 

cycle within the native OEC.  

My interest, similar as in Chapter 2, is in the exploration of lower oxidation species (Sn 

states; n = ‒1, ‒2, ‒3) of the catalytic cycle through the synthesis of heterometallic Mn‒Ca 

complexes with unique structural motifs, diverse topologies and different Mn oxidation state 

descriptions that would not require for their stabilization and crystallization to occur in the 

presence of bridging oxido groups. The employment of salicylhydroxime (shiH3, Scheme 1.9) in 

Mn‒Ca chemistry has previously led me to the synthesis of the first family of oxido-free 



86 
 

{Mn
III

4Ca} complexes with a square pyramidal topology and the exact metal stoichiometry as 

that found in the native OEC, discussed in Chapter 2. In this chapter, I will discuss the new 

synthetic conditions I have discovered, unveiling four different heterometallic Mn‒Ca/shi
3‒

 

complexes with diverse nuclearities, metal stoichiometries and oxidation state descriptions of 

relevance to both high- and low-oxidation states of the OEC. The synthesis, structures and 

magnetic properties of the heterometallic {Mn
III

4Ca2}, {Mn
II/III

6Ca2}, {Mn
III/IV

8Ca} and 

{Mn
III

8Ca2} complexes are reported herein. 

 

3.2 Experimental Section 

 

3.2.1 Physical Measurements 

 

 Elemental analysis: Elemental analyses (C, H and N) were performed on a PerkinElmer 

2400 Series II Analyzer. 

 FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker 

FT-IR spectrometer (ALPHA Platinum ATR single reflection) in the 4000‒400 cm
‒1

 range.  

 Magnetic susceptibility measurements: Variable-temperature direct current (dc) 

magnetic susceptibility studies were performed at the University of Florida Chemistry 

Department on a Quantum Design MPMS-XL SQUID susceptometer equipped with a 7 T 

magnet and operating in the 1.8‒400 K range. The Superconducting Quantum Interference 

Device (SQUID) allows for the complete study of the magnetic properties of bulk and molecule-

based materials at various temperatures and magnetic fields. The dc scan mode provides 

continual plotting and capture of raw magnetic data points at static or sweeping fields and 
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temperatures. Samples were embedded in solid eicosane to prevent torquing. Pascal’s constants 

were used to estimate the diamagnetic correction, which was subtracted from the experimental 

susceptibility to give the molar paramagnetic susceptibility (χM).
127

  

 

3.2.2 Synthesis 

 

 General considerations: All manipulations were performed under aerobic conditions 

using chemicals and solvents as received, unless otherwise stated. The starting materials 

Mn(O2CPh)2∙2H2O, [Mn3O(O2CPh)6(py)3](ClO4) and [Mn3O(O2CPh)6(py)2(H2O)] (py = 

pyridine) were prepared as described elsewhere.
174

 Perchlorate salts are potentially explosive; 

such compounds should be synthesized and used in small quantities, and treated with utmost 

care at all times. 

[Mn4Ca2(O2CPh)4(shi)4(H2O)3(Me2CO)] (5). To a stirred, colourless solution of shaH2 

(0.31 g, 2.0 mmol) in Me2CO (30 mL) the solids [Mn3O(O2CPh)6(py)3](ClO4) (0.87 g, 0.7 mmol) 

and CaBr2∙xH2O (0.20 g, 1.0 mmol) were added together. The resulting brown suspension was 

stirred for 1 h, during which time all the solids dissolved and the colour of the solution changed 

to dark brown. The solution was filtered and left to evaporate slowly at room temperature. After 

five days, brown plate-like crystals of 5∙3Me2CO∙2.8H2O appeared and were collected by 

filtration, washed with Me2CO (2 × 5 mL) and Et2O (2 × 5 mL), and dried in air; the yield was 

60%. The crystalline solid was analyzed as 5∙2H2O: C, 46.23; H, 3.42; N, 3.65 %. Found: C, 

46.43; H, 3.58; N, 3.54 %. Selected ATR data (cm
‒1

): 3058 (wb), 1595 (s), 1567 (s), 1543 (m), 

1509 (s), 1432 (m), 1389 (vs), 1316 (s), 1244 (m), 1157 (m), 1100 (m), 1068 (w), 1023 (m), 929 

(s), 864 (w), 838 (w), 749 (w), 721 (vs), 678 (vs), 648 (s), 602 (vs), 531 (w), 477 (s), 408 (m). 
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(pyH)[Mn6Ca2Cl2(O2CPh)7(shi)4(py)4] (6). To a stirred, colourless suspension of shaH2 

(0.08 g, 0.5 mmol) in CH2Cl2 (30 mL) the solids [Mn3O(O2CPh)6(py)2(H2O)] (0.54 g, 0.5 mmol) 

and CaCl2∙6H2O (0.11 g, 0.5 mmol) were added together. The resulting red suspension was 

stirred for 2 h, during which time all the solids dissolved and the colour of the solution changed 

to brown. The solution was filtered, and Et2O (60 mL) diffused into the filtrate. After ten days, 

red rod-like crystals of 6∙2Et2O∙CH2Cl2 appeared and were collected by filtration, washed with 

CH2Cl2 (2 × 5 mL) and Et2O (2 × 5 mL), and dried in air; the yield was 45%. The crystalline 

solid was analyzed as solvent-free 6: C, 52.68; H, 3.34; N, 5.42 %. Found: C, 52.59; H, 3.25; N, 

5.64 %. Selected ATR data (cm
-1

): 3041 (m), 1597 (s), 1569 (s), 1512 (m), 1487 (m), 1468 (m), 

1445 (m), 1432 (m), 1393 (vs), 1359 (s), 1319 (s), 1250 (m), 1218 (m), 1176 (m), 1099 (m), 

1067 (m), 1037 (s), 927 (s), 865 (s), 838 (m), 754 (m), 719 (vs), 672 (vs), 647 (s), 475 (vs), 434 

(m). 

(NHEt3)2[Mn8Ca(OEt)2(shi)10(EtOH)2] (7). To a stirred, colourless solution of shaH2 

(0.08 g, 0.5 mmol) and NEt3 (0.21 mL, 1.5 mmol) in EtOH (30 mL) the solids Mn(NO3)2∙4H2O 

(0.13 g, 0.5 mmol) and Ca(NO3)2∙4H2O (0.12 g, 0.5 mmol) were added together. The resulting 

dark red suspension was stirred for 1 h, during which time all the solids dissolved and the colour 

of the solution changed to very dark brown. The solution was filtered and left to evaporate 

slowly at room temperature. After two weeks, dark-brown plate-like crystals of 7∙3EtOH∙H2O 

appeared and were collected by filtration, washed with cold EtOH (2 × 5 mL) and Et2O (2 × 5 

mL), and dried in air; the yield was 30%. The crystalline solid was analyzed as 7∙2H2O: C, 

43.86; H, 4.19; N, 7.14 %. Found: C, 43.71; H, 4.12; N, 7.22 %. Selected ATR data (cm
-1

): 3375 

(mb), 3062 (m), 2966 (mb), 1595 (s), 1564 (s), 1471 (vs), 1384 (vs), 1314 (vs), 1257 (s), 1153 

(m), 1098 (m), 1034 (s), 950 (s), 860 (s), 752 (s), 672 (vs), 641 (s), 591 (sb), 461 (m). 
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(NHEt3)4[Mn8Ca2(CO3)4(shi)8] (8). To a stirred, colourless solution of shaH2 (0.08 g, 

0.5 mmol) and NEt3 (0.21 mL, 1.5 mmol) in CHCl3 (30 mL) the solids Mn(O2CPh)2∙2H2O (0.17 

g, 0.5 mmol) and Ca(ClO4)2∙4H2O (0.16 g, 0.5 mmol) were added together. The resulting dark 

red suspension was stirred for 3 h, during which time all the solids dissolved and the colour of 

the solution changed to dark brown. The solution was filtered and left to evaporate slowly at 

room temperature. After one month, brown plate-like crystals of 8∙9CHCl3 appeared and were 

collected by filtration, washed with CHCl3 (2 × 5 mL) and Et2O (2 × 5 mL), and dried under 

vacuum; the yield was 20%. The crystalline solid was analyzed as 8∙2CHCl3: C, 40.22; H, 3.85; 

N, 6.54 %. Found: C, 40.36; H, 3.99; N, 6.48 %. Selected ATR data (cm
-1

): 2993 (mb), 1595 (s), 

1566 (s), 1508 (s), 1468 (m), 1448 (m), 1432 (s), 1375 (vs), 1316 (s), 1255 (s), 1155 (m), 1098 

(m), 1066 (m), 1027 (s), 935 (s), 863 (s), 749 (vs), 720 (vs), 673 (vs), 645 (vs), 609 (vs), 532 

(m), 443 (s), 415 (m). 

 

3.2.3 Single-crystal X-ray Crystallography 

 

 A brown single-crystal of complex 5∙3Me2CO∙2.8H2O was mounted in capillary with 

drops of mother liquid because they were destroyed immediately when immersed into the 

crystallographic oil; this was confirmed by the presence of many partially occupied solvate 

molecules. Diffraction measurements were made at room temperature on a Rigaku R-AXIS 

SPIDER Image Plate diffractometer using graphite-monochromated Cu Kα radiation. Data 

collection (ω-scans) and processing (cell refinement, data reduction and empirical absorption 

correction) were performed using the CrystalClear program package.
175

 The structure was solved 

by direct methods using SHELXS-97,
134,135

 and refined by full-matrix least-squares techniques 
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on F
2
 with SHELXL, version 2014/6.

176
 All non-H atoms were refined anisotropically, except 

from those belonging to partially occupied solvate molecules which were refined isotropically. 

All H atoms were introduced at calculated positions as riding on their respective atoms. No H 

atoms for the partially occupied solvate molecules were included in the refinement. The O2W 

and O41 atoms that belong to the coordinated H2O and acetone molecules are disordered with 

site occupancies of 0.5. 

 Data for complexes 6∙2Et2O∙CH2Cl2 and 7∙3EtOH∙H2O were collected on beamline 11.3.1 

at the Advanced Light Source, Lawrence Berkeley National Lab. Samples were mounted on 

MiTeGen kapton loops and placed in a 100(2) K nitrogen cold stream provided by an Oxford 

Cryostream 700 Plus low temperature apparatus on the goniometer head of a Bruker D8 

diffractometer equipped with a PHOTON100 CMOS detector operating in shutterless mode. 

Diffraction data were collected using monochromated synchrotron radiation [silicon(111) to a 

wavelength of 0.8856(1) Å and 0.7749(1) Å for 6 and 7, respectively)]. An approximate full 

sphere of data was collected using a combination of φ and ω scans with scan speeds of 1 s/4° for 

the φ scans, and 1 and 3 s/° for the ω scans at 2θ = 0 and ‒45°, respectively. The structures were 

solved by intrinsic phasing (SHELXT) and refined by full-matrix least squares on F
2
 (SHELXL-

2014). All non-H atoms were refined anisotropically. H atoms were geometrically calculated and 

refined as riding atoms. For complex 6, the coordinated pyridine molecules were found to be 

disordered and the carbon atoms have been modeled over two sites with complementary 

occupancies. Some minor rotational disorder was also found for the aromatic rings of the shi
3‒

 

and PhCO2
‒
 groups. The free pyridinium cation is rotationally disordered over two sites, such 

that the ‒NH group can occupy one of the two symmetry-related sites. The C and N atoms that 

occupy this site have been refined with occupancies of 0.5, with the same xyz coordinates and 
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isotropic displacement parameters as each other. The partial occupancy of the CH2Cl2 molecule 

was found to be disordered over two symmetry-related sites, and the atoms were refined 

isotropically with site occupancies of 0.5. The C3E‒C4E ethyl chain of the Et2O molecule was 

found to be disordered; however, only the major orientation of this chain could be modelled 

satisfactorily (occupancy 0.81). For complex 7, all non-H atoms belonging to the cluster were 

located. The aromatic ring of one shi
3‒

 ligand was found to be disordered and has been modeled 

over two sites with complementary site occupancies. In addition to the cluster compound, there 

are two triethylammonium (NHEt3
+
) cations, three guest EtOH molecules and a H2O molecule. 

The two NHEt3
+ 

cations were found to be disordered and have been modeled over two locations. 

Similarly, the EtOH molecules were each found to be disordered and have been modeled over 

two or three different positions. Equivalent atoms have been constrained to have equal Uij values. 

Different orientations of the same molecule have been restrained to have equal bond lengths and 

angles by use of the RESI and SAME commands. The ammonium H atom belonging to the 

minor orientation of the N1a cation has been held in place by use of SDAI commands keeping an 

equal distance between the H atom and the three C atoms bound to the central N atom. All 

ammonium and hydroxido H atoms were located at the difference map, fixed at distances of 0.88 

and 0.84 Å from the N or O atoms, respectively, to which they are bound, and given a thermal 

displacement parameter of 1.2 or 1.5 times that of the corresponding N or O atom to which they 

are bound. Not all hydroxido or water H atoms could be located during the refinement. These 

“missing” hydrogen atoms have been included in the molecular formula but not in the final 

model. 

 A selected crystal of complex 8∙9CHCl3 was manually harvested and mounted on a 

cryoloop using adequate oil.
128

 All the single-crystals chosen for data collection showed very 
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weak X-ray diffraction patterns under the accessible Mo Kα radiation. It was not feasible to 

obtain any better diffraction for this complex, but the reported data are of enough quality to 

adequately confirm the metals’ connectivity and most of the molecules in the crystal lattice. 

Diffraction data were collected at 150.0(2) K on a Bruker X8 Kappa APEX II Charge-Coupled 

Device (CCD) area-detector diffractometer controlled by the APEX2 software package
129 

(Mo Kα graphite-monochromated radiation, λ = 0.71073 Å), and equipped with an Oxford 

Cryosystems Series 700 cryostream monitored remotely with the software interface Cryopad.
130 

Images were processed with the software SAINT+,
131

 and absorption effects corrected with the 

multiscan method implemented in SADABS.
177

 The structure was solved using the algorithm 

implemented in SHELXT-2014,
135,178

 and refined by successive full-matrix least-squares cycles 

on F
2
 using the latest SHELXL-v.2014.

135,179
 The non-H atoms were successfully refined using 

anisotropic displacement parameters. H atoms bonded to carbon were placed at their idealized 

positions using the appropriate HFIX instructions in SHELXL and included in subsequent 

refinement cycles in riding-motion approximation with isotropic thermal displacements 

parameters (Uiso) fixed at 1.2 or 1.5 × Ueq of the relative atom. Considerable electron density was 

found on the data of the crystal structure, probably due to additional disordered solvate 

molecules occupying the spaces created by the packing arrangement of the complexes. Efforts to 

accurately locate, model and refine these residues turned to be ineffective, and the investigation 

for the total potential solvent area using the software package PLATON
137a,180 

confirmed the 

existence of cavities with potential solvent accessible void volume. Thus, the original data sets 

were treated with the program SQUEEZE,
137b

 which calculates the contribution of the smeared 

electron density in the lattice voids and adds this to the calculated structure factors from the 

structural model when refining against the hkl file. 
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 The programs used for molecular graphics were MERCURY
138a

 and DIAMOND.
138b

 

Unit cell parameters and structure solution and refinement data for all complexes are listed in 

Table 3.1. 

 

Table 3.1. Crystallographic Data for Complexes 5‒8.  

Parameter 5∙3Me2CO∙2.8H2O 6∙2Et2O∙CH2Cl2  7∙3EtOH∙H2O 8∙9CHCl3 

Formula
a 

C68H71.6Mn4Ca2N4O29.8 C111H100Mn6Ca2N9O28.5Cl4 C93.88H107.62Mn8CaN12O36.94 C93H105Mn8Ca2N12O36Cl27 

FW
a
 / g mol

‒1
 1721.61 2567.59 2474.64 3443.71 

Crystal type brown plate red rod dark-brown plate brown plate 

Crystal size / mm 0.28×0.49×0.80 0.20×0.04×0.04 0.08×0.07×0.06 0.16×0.16×0.08 

Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic 

Space group C2/c Pnna Pbca P21/c 

a / Å 26.9129(5) 20.4296(8) 19.897(2) 17.0486(7) 

b / Å 14.1766(3) 24.9250(10) 21.418(2) 20.8611(8) 

c / Å 24.1414(4) 21.6928(8) 47.738(5) 21.1323(8) 

α / º 90 90 90 90 

β / º 92.403(1) 90 90 111.309(2) 

γ / º 90 90 90 90 

V / Å
3
 9202.7(3) 11046.1(7) 20344(4) 7001.9(5) 
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Z 4 4 8 2 

T / K 293 100.0(2) 100.0(2) 150(2) 

ρcalc / g cm
‒3

 1.243 1.544 1.616 1.633 

μ / mm
‒1

 5.951 1.705 1.388 1.359 

θ range / ° 6.60‒64.99 2.34‒39.33 2.63–29.42 3.65–25.03 

Index ranges ‒31  h  31 

‒13  k  16 

‒28  l  28 

−29  h  29 

−35  k  35 

−31  l  31 

−25  h  25 

−26  k  27 

−60  l  60 

−20  h  20 

−24  k  24 

−25  l  25 

Collected reflections 44128 245372 171165 88540 

Independent 

reflections 

7680 (Rint = 0.0732) 16916 (Rint = 0.0507) 21624 (Rint = 0.0928) 7805 (Rint = 0.0831) 

Final R
b,c

 indices 

[I>2(I)] 

R1 = 0.0711
d 

wR2 = 0.2008
d 

R1 = 0.0735 

wR2 = 0.1932 

R1 = 0.0547 

wR2 = 0.1321 

R1 = 0.1351 

wR2 = 0.3940 

(Δρ)max,min / e Å
‒3

 0.668, ‒0.513 1.427, ‒1.363 0.977, ‒0.562 5.790, ‒1.591 

a
Including solvate molecules.

  b
R1 = (||Fo| – |Fc||)/|Fo|.  

c
wR2 = [[w(Fo

2
 - Fc

2
)
2
]/[w(Fo

2
)
2
]]

1/2
, 

w = 1/[σ
 2

(Fo
2
) + (ap)

2 
+ bp], where p = [max(Fo

2
, 0) + 2Fc

2
]/3. 

d
 For 5879 reflections with 

I>2(I). 

 

3.3 Results and Discussion 

 

3.3.1 Synthetic Comments and IR Spectra 
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 Two different synthetic strategies were employed for the synthesis and crystallization of 

the reported heterometallic Mn‒Ca cluster compounds. The first utilizes either the charged 

[Mn3O(O2CPh)6(py)3]
+
 triangle as starting material, which comprises 3 Mn

III
 atoms, or the 

mixed-valence, neutral [Mn3O(O2CPh)6(py)2(H2O)] triangle (2Mn
III

 and 1Mn
II
), in the presence 

of CaX2 sources [X
‒
 = halides; Br (for 5) and Cl (for 6)] and shaH2. In this first route, no external 

organic base was used because the role of proton acceptor could be undertaken by the 

carboxylate groups, pyridine molecules and/or oxido ions of the {Mn3} starting materials. The 

oxide-centered and carboxylate-bridged {Mn3} triangles have been proven to be invaluable 

sources for the synthesis of high-nuclearity, homometallic {Mnx} clusters of various large 

nuclearities and high oxidation states for the metal atoms.
181

 The second route that was followed 

includes the reactions between simpler, monomeric Mn
II
- and Ca

II
-containing starting materials 

in the presence of the chelating/bridging organic ligand shaH2 and base NEt3. The latter was used 

to facilitate the deprotonation of the shaH2/shiH3 ligands and subsequently generate NHEt3
+
 

cations in solution, which can potentially counterbalance the anionic charge of a cluster 

compound in solution and help with the crystallization of the resulting salt in the solid state. 

Finally, various solvents and metal/shaH2 ratios were explored to target for the crystallization of 

the reported molecular compounds. 

 Therefore, the one-pot reaction of [Mn3O(O2CPh)6(py)3](ClO4) and CaBr2∙xH2O with 

shaH2 in a 1:1.5:3 molar ratio in Me2CO gave a dark brown solution that, upon filtration and 

slow evaporation at room temperature, afforded brown crystals of the complex 

[Mn
III

4Ca2(O2CPh)4(shi)4(H2O)3(Me2CO)] (5) in 60% yield (based on the total available Ca). A 

similar reaction with that of 5, albeit with [Mn3O(O2CPh)6(py)2(H2O)] and CaCl2∙6H2O in the 
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presence of shaH2, in a molar ratio of 1:1:1 and in the solvent CH2Cl2, led to a brown solution 

that, upon filtration and slow diffusion with Et2O, afforded red crystals of a new, mixed-valence 

complex (pyH)[Mn
II

2Mn
III

4Ca2Cl2(O2CPh)7(shi)4(py)4] (6) in 45% yield (based on the total 

available Ca). The formation of complexes 5 and 6 is summarized in the balanced Eqns. 3.1 and 

3.2, respectively. 

 

4 [Mn3O(O2CPh)6(py)3](ClO4) + 6 CaBr2 + 12 shiH3 + 5 H2O + 3 Me2CO → 

3 [Mn4Ca2(O2CPh)4(shi)4(H2O)3(Me2CO)] + 12 PhCO2H + 12 (pyH)Br + 4 HClO4        Eqn. 3.1 

 

2 [Mn3O(O2CPh)6(py)2(H2O)] + 2 CaCl2∙6H2O + 4 shiH3 + py → 

(pyH)[Mn6Ca2Cl2(O2CPh)7(shi)4(py)4] + 5 PhCO2H + 2 HCl + 16 H2O                Eqn. 3.2 

 

 Analogous reactions with different carboxylate-based {Mn3} triangles as starting 

materials (i.e., acetates, propionates, pivalates, etc.), all failed to yield single-crystals suitable for 

X-ray diffraction studies. I had thus turned my synthetic endeavors towards one-pot reactions 

between Mn(NO3)2∙4H2O, Ca(NO3)2∙4H2O, shaH2 and NEt3 in various molar ratios and solvents. 

Only from the 1:1:1:3 reaction of the aforementioned precursors in solvent EtOH that I was able 

to grow dark-brown crystals of a nonanuclear, mixed-valence complex 

(NHEt3)2[Mn
III

4Mn
IV

4Ca(OEt)2(shi)10(EtOH)2] (7) in 30% yield (based on the total available Ca). 

It becomes apparent that the reaction solvent has an important role in the synthesis and 

crystallization of 7; both bridging EtO
‒
 groups and terminally-bound EtOH molecules were 

found in the structure of 7 (vide infra). Reactions in different alcohols did not yield any 

crystalline materials but only amorphous precipitates that I was unable to redissolve and 
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crystallize. Expanding this synthetic protocol further, I decided to perform the 1:1:1:3 reaction 

between Mn(O2CPh)2∙2H2O, Ca(ClO4)2∙4H2O, shaH2 and NEt3 in solvent CHCl3. The resulting 

brown solution was left to evaporate slowly at room temperature and, over a period of 

approximately 1 month, brown crystals formed in yields as high as 20%, which turned out to be a 

new decanuclear complex (NHEt3)4[Mn
III

8Ca2(CO3)4(shi)8] (8). The coordinated CO3
2‒

 ions (vide 

infra) were presumably derived from the hydrolysis of atmospheric CO2 during aerobic 

reactions.
153c,182 

This could also explain the prolonged crystallization period of 8 when compared 

to the other compounds 5‒7. The formation of complexes 7 and 8 is summarized in the balanced 

Eqns. 3.3 and 3.4, respectively.         

 

8 Mn(NO3)2∙4H2O + Ca(NO3)2∙4H2O + 10 shiH3 + 3 O2 + 20 NEt3 + 4 EtOH → 

(NHEt3)2[Mn8Ca(OEt)2(shi)10(EtOH)2] + 18 (NHEt3)(NO3) + 42 H2O                  Eqn. 3.3 

 

8 Mn(O2CPh)2∙2H2O + 2 Ca(ClO4)2∙4H2O + 8 shiH3 + 2 O2 + 24 NEt3 + 4 CO2 → 

(NHEt3)4[Mn8Ca2(CO3)4(shi)8] + 16 (NHEt3)(O2CPh) + 4 (NHEt3)(ClO4) + 24 H2O        Eqn. 3.4 

 

 The reactions that gave 7 and 8 are both oxidations, undoubtedly by O2 under the 

prevailing basic conditions. None of the anions accompanying the metal ions’ starting materials 

appear to participate in the molecular structures of 7 and 8. NEt3 has the role of proton acceptor 

to facilitate the deprotonation of the shiH3 groups and solvate molecules (i.e., EtOH to EtO
‒
). In 

addition, both anionic clusters 7 and 8 are stabilized by NHEt3
+
 countercations. Employment of 

different organic bases, such as NMe3, Bu
n

3N and Me4NOH, did not afford crystalline materials 

but only oily products that I was not able to further characterize. In all complexes 5‒8, the 
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coordinated shi
3‒

 groups resulted from the metal ion-assisted transformation of shaH2 under the 

reported synthetic conditions (vide infra). Finally, by adjusting the experimental molar ratios of 

the precursors to the stoichiometric equivalents, in an attempt to optimize the isolated yields, I 

failed to reproduce the crystals of all reported complexes. 

 Unfortunately, complexes 5‒8 do not appear to retain their solid-state structures in 

solutions of various solvent media (i.e., MeCN, CH2Cl2 and THF), as it was confirmed by 

electrospray ionization mass spectrometry (ESI-MS). It is very possible that this diversity of 

species in solution is one of the main reasons for crystallizing and structurally characterizing in 

the solid-state four different compounds from the Mn‒Ca/shaH2 reaction system. I have thus 

concentrated on the solid-state characterization of these species, which includes IR spectroscopy 

and magnetic susceptibility studies. All complexes 5‒8 have similar IR spectra (see Appendix), 

which are dominated by the stretching vibrations of the aromatic rings of shi
3‒

 in the 

~1595‒1380 cm
‒1

 range; these bands in complexes 5 and 6 overlap with stretches from the 

carboxylate groups, thus rendering their exact assignments very difficult.
142

 Contributions from 

the ν(C=N)oximate modes of shi
3‒

 would be also expected in this region. It is very likely that the 

strong bands at 1595/1432 cm
‒1

 and 1597/1432 cm
‒1 

in the spectra of 5 and 6 are attributed to the 

νas(CO2) and νs(CO2) modes, respectively; the former should also involve a ring stretching 

character. The difference Δ [Δ = νas(CO2) ‒ νs(CO2)] is small (<165 cm
‒1

) in both cases, as 

expected for the predominant bidentate bridging mode of carboxylate ligation (vide infra).
96,143a

 

The bands at ~3060, ~2990 and ~2970 cm
‒1

 in complexes 5, 7 and 8 can be assigned to the 

stretching vibrations of ν(N‒H) modes from the presence of NHEt3
+ 

countercations.
96,144

 Finally, 

the carbonate-related IR bands in 8 could be tentatively assigned to the bands located at ~1448 

and 863 cm
‒1

, as previously observed in other carbonate-bridged metal complexes.
183
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3.3.2 Description of Structures 

 

 The Mn oxidation states in all complexes 5‒8 were established by charge balance 

considerations, metric parameters and BVS calculations (Table 3.2).
148

 Selected interatomic 

distances and angles for complexes 5‒8 are listed in Table 3.3. 

 The crystal structure of 5 consists of [Mn4Ca2(O2CPh)4(shi)4(H2O)3(Me2CO)] molecules 

(Figure 3.1, top) and lattice Me2CO and H2O solvate molecules; the latter two will not be further 

discussed. The centrosymmetric core of 5 comprises four Mn
III

 and two Ca
II
 atoms arranged in a 

slightly distorted octahedral topology (Figure 3.1, bottom right), with the Ca
II
 atoms occupying 

the apical positions and the Mn
III

 atoms forming the square base. The Mn∙∙∙Mn∙∙∙Mn angles are 

89.7 and 90.3°, deviating only slightly from the ideal 90°, and the Mn∙∙∙Ca∙∙∙Mn angles of the 

eight triangular faces lie within the 75.6‒77.5° range. The Mn
III

 atoms form a near-planar square, 

with each of the edges bridged by a diatomic oximate group from a shi
3‒

 ligand, thus giving 

Mn∙∙∙Mn separations of 4.623(1) and 4.652(1) Å. The almost perfectly planar Mn4 unit is clearly 

due to the large Mn‒O‒N‒Mn torsion angles of 176.7 and 177.6
o
 for the Mn1‒O2‒N1‒Mn2 and 

Mn2‒O12′‒N11′‒Mn1′ units (and their symmetry-related counterparts), respectively, very close 

to the ideal linearity of 180°. The Ca
II
 atoms are displaced by 1.784 Å out of the Mn4 best mean 

plane. The linkage between the basal Mn
III

 atoms and the apical Ca
II
 atoms is provided by the 

oximate O atoms (O2, O2′, O12 and O12′) of shi
3‒

 ligands and the four η
1
:η

1
:μ bidentate 

bridging benzoate groups; the latter are in pairs of two above and below the Mn4 basal plane. 
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Figure 3.1. Partially labeled representations of the structure of 5 (top), its complete [Mn4Ca2(µ3-

NO)4]
12+

 core (bottom left) and the {Mn4Ca2} octahedral topology (bottom right). The green and 

purple dashed lines represent virtual Mn∙∙∙Ca and Mn∙∙∙Mn bonds. H atoms are omitted for 

clarity. Colour scheme: Mn
III

, blue; Ca
II
, yellow; O, red; N, green; C, gray. Symmetry operation 

for the primed atoms in 5: 0.5‒x, 0.5‒y, ‒z.  
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 Ligation around each Mn
III

 atom is completed by the alkoxido and phenoxido O atoms 

from the shi
3‒ 

groups; the latter are thus η
1
:η

1
:η

1
:η

3
:μ4 (Scheme 3.1). The complex therefore 

contains an overall [Mn4Ca2(μ3-NO)4]
12+

 core (Figure 3.1, bottom left) which can also be 

described as a [12-MCMn(III)N(shi)-4] metallacrown
146

 with two Ca
II
 atoms displaced out of the 

arrangement. All Ca‒O bonds are in the range 2.264(3)‒2.595(3) Å. All Mn
III

 atoms in 5 are 

five-coordinate with almost perfect square pyramidal geometries. This was confirmed by 

analysis of the shape-determining bond angles using the approach of Reedijk and Addison,
147

 

which yields an average value for the trigonality index, τ, of 0.05 for the four metal ions. The 

Ca
II
 atoms are eight-coordinate in a CaO8 environment possessing square antiprismatic 

geometries that was confirmed by the CShM approach. The best fit was obtained for the square 

antiprism (Figure 3.2) with a CShM value of 2.21. 

 

 

Scheme 3.1. Coordination modes of all bridging ligands in complexes 5‒8.  
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Figure 3.2. Square antiprismatic coordination geometry of the Ca
II
 atoms in 5; the points 

connected by the black lines define the vertices of the ideal polyhedron. Colour scheme: Ca
II
, 

yellow; O, red. 

 

 The coordination spheres of the Ca
II
 atoms in 5 are completed by three and one 

terminally bound H2O and Me2CO molecules, respectively. Recall that four coordinated H2O 

molecules were found in the active site of the native OEC, two of which are bound to the Ca
II
 

atom. These H2O molecules could serve as substrates for the overall catalytic reaction to 

proceed, including subsequent deprotonations with metal-centered oxidations preceding O‒O 

bond formation.
84

 To that end, complex 5 may be of some interest to the catalytic cycle of the 

OEC. 

 

Table 3.2. BVS Calculations
a
 for Mn Atoms in 5‒8. 

Complex Atom Mn
II
 Mn

III
 Mn

IV
 

5 Mn1 3.230 3.05 3.14 

 Mn2 3.21 2.97 3.06 

6 Mn1 2.01 1.65 1.68 
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 Mn2 3.21 2.98 3.06 

 Mn3 3.20 2.97 3.05 

7 Mn1 3.36 3.11 3.21 

 Mn2 3.37 3.12 3.22 

 Mn3 4.44 4.14 4.22 

 Mn4 4.30 3.98 4.10 

 Mn5 4.41 4.11 4.19 

 Mn6 3.13 2.90 2.98 

 Mn7 3.33 3.09 3.18 

 Mn8 4.39 4.06 4.19 

8 Mn1 3.37 3.12 3.21 

 Mn2 3.36 3.11 3.20 

 Mn3 3.34 3.09 3.18 

 Mn4 3.36 3.11 3.20 
a
The underlined value is one closest to the charge for which it was calculated. The oxidation 

state is the nearest whole number to the underlined value. 

 

Table 3.3. Selected Interatomic Distances (Å) and Angles (°) for Complexes 

5∙3Me2CO∙2.8H2O,
a
 6∙2Et2O∙H2O,

b
 7∙3EtOH∙H2O and 8∙9CHCl3

 c
. 

5∙3Me2CO∙2.8H2O 

Mn(1)-O(11) 1.828(3) Mn(2)-O(1) 1.848(3) 

Mn(1)-O(2) 1.922(3) Mn(2)-O(12ʹ) 1.904(3) 

Mn(1)-O(3) 1.942(3) Mn(2)-O(13ʹ) 1.957(3) 

Mn(1)-O(31) 2.095(3) Mn(2)-O(21) 2.109(3) 

Mn(1)-N(11)   1.950(3) Mn(2)-N(1) 1.964(3) 

Ca(1)-O(22)   2.264(3) Ca(1)-O(2) 2.514(3) 

Ca(1)-O(32ʹ) 2.272(4) Ca(1)-O(2ʹ) 2.531(3) 

Ca(1)-O(1W) 2.447(4) Ca(1)-O(12ʹ) 2.538(3) 

Ca(1)-O(2W/41) 2.46(2)/ Ca(1)-O(12) 2.595(3) 

 2.48(3)   

    

Mn(1)-O(2)-N(1)-Mn(2′) 176.7(1) Mn(2)-O(12ʹ)-N(11ʹ)-Mn(1ʹ) 177.6(1) 

    

6∙2Et2O∙H2O 

Mn(1)-O(12) 2.241(3) Ca(1)-O(1) 2.522(2) 

Mn(1)-O(13) 2.125(3) Ca(1)-O(4) 2.564(2) 

Mn(1)-O(12ʹ) 2.213(3) Ca(1)-O(8) 2.331(3) 
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Mn(1)-Cl(1) 2.486(1) Ca(1)-O(9) 2.315(2) 

Mn(1)-N(1P) 2.255(3) Ca(1)-O(9ʹ) 2.315(2) 

Mn(1)-N(2P) 2.250(4) Ca(1)-O(8ʹ) 2.331(3) 

Mn(2)-O(3) 1.847(3) Ca(1)-O(1ʹ) 2.522(2) 

Mn(2)-O(4) 1.904(2) Ca(1)-O(4ʹ) 2.564(2) 

Mn(2)-O(5) 1.945(3) Ca(2)-O(1) 2.608(2) 

Mn(2)-O(7) 2.137(3) Ca(2)-O(4) 2.552(2) 

Mn(2)-N(1) 1.959(3) Ca(2)-O(11) 2.444(3) 

Mn(2)-O(11) 2.662(3) Ca(2)-Cl(1) 2.750(9) 

Mn(3)-O(1) 1.914(2) Ca(2)-O(11ʹ) 2.444(3) 

Mn(3)-O(2) 1.939(3) Ca(2)-O(4ʹ) 2.552(2) 

Mn(3)-O(6) 1.853(2) Ca(2)-O(1ʹ) 2.608(2) 

Mn(3)-O(10) 2.113(3) Ca(2)-Cl(1ʹ) 2.750(9) 

Mn(3)-N(2) 1.962(3)   

Mn(3)-Cl(1) 2.870(3)   

    

Mn(2)-O(4)-N(2ʹ)-Mn(3ʹ) 176.2(1) Mn(1)-O(12)-Mn(1ʹ) 99.5(1) 

Mn(3)-O(1)-N(1)-Mn(2) 174.1(1) Mn(1)-Cl(1)-Mn(3ʹ) 169.8(1) 

    

7∙3EtOH∙H2O 

Mn(1)-O(2)   1.921(3) Mn(5)-O(16) 1.855(3) 

Mn(1)-O(3)   1.922(3) Mn(5)-O(19) 1.866(3) 

Mn(1)-O(13)   1.852(3) Mn(5)-O(29) 1.925(3) 

Mn(1)-O(1E)   2.186(3) Mn(5)-O(30) 1.886(2) 

Mn(1)-O(2S)   2.399(3) Mn(5)-N(6) 1.991(3) 

Mn(1)-N(5) 1.950(3) Mn(5)-N(7) 1.924(3) 

Mn(2)-O(1)   1.880(3) Mn(6)-O(20) 2.112(3) 

Mn(2)-O(5)   2.124(3) Mn(6)-O(21) 1.924(3) 

Mn(2)-O(6)   1.918(3) Mn(6)-O(22) 1.870(3) 

Mn(2)-O(24)   2.407(3) Mn(6)-O(1E) 1.924(3) 

Mn(2)-O(2E)   1.897(3) Mn(6)-N(8) 1.992(3) 

Mn(2)-N(1)   1.971(3) Mn(6)-O(3) 2.533(3) 

Mn(3)-O(4)   1.866(3) Mn(7)-O(23) 1.921(3) 

Mn(3)-O(7) 1.854(3) Mn(7)-O(24) 1.931(3) 

Mn(3)-O(11) 1.909(3) Mn(7)-O(25) 1.854(3) 

Mn(3)-O(12) 1.889(2) Mn(7)-O(1S) 2.415(3) 

Mn(3)-N(2) 1.914(3) Mn(7)-O(2E) 2.169(3) 

Mn(3)-N(3) 1.998(3) Mn(7)-N(9) 1.958(3) 

Mn(4)-O(10) 1.853(3) Mn(8)-O(8) 1.902(2) 

Mn(4)-O(14) 1.934(3) Mn(8)-O(9) 1.889(3) 
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Mn(4)-O(15) 1.866(3) Mn(8)-O(26) 1.919(3) 

Mn(4)-O(17) 1.910(3) Mn(8)-O(27) 1.865(3) 

Mn(4)-O(18) 1.917(3) Mn(8)-O(28) 1.855(3) 

Mn(4)-N(4) 1.941(3) Mn(8)-N(10) 1.942(3) 

Ca(1)-O(3) 2.495(3) Ca(1)-O(18) 2.744(3) 

Ca(1)-O(6) 2.415(3) Ca(1)-O(21) 2.418(2) 

Ca(1)-O(9) 2.731(3) Ca(1)-O(24) 2.557(3) 

Ca(1)-O(12) 2.510(2) Ca(1)-O(27) 2.543(3) 

Ca(1)-O(15) 2.562(3) Ca(1)-O(30) 2.493(3) 

    

Mn(1)-O(3)-N(1)-Mn(2) 164.9(1) Mn(7)-O(24)-N(8)-Mn(6) 162.3(1) 

Mn(2)-O(6)-N(2)-Mn(3) 171.8(1) Mn(8)-O(9)-N(3)-Mn(3) 161.5(1) 

Mn(2)-O(24)-N(8)-Mn(6) 99.4(2) Mn(8)-O(27)-N(9)-Mn(7) 168.3(1) 

Mn(3)-O(12)-N(4)-Mn(4) 173.9(1) Mn(1)-O(3)-Mn(6) 93.9(1) 

Mn(4)-O(15)-N(5)-Mn(1) 165.0(1) Mn(1)-O(1E)-Mn(6) 105.9(1) 

Mn(4)-O(18)-N(6)-Mn(5) 162.7(1) Mn(2)-O(24)-Mn(7) 93.6(1) 

Mn(5)-O(30)-N(10)-Mn(8) 174.2(1) Mn(2)-O(2E)-Mn(7) 102.7(1) 

Mn(6)-O(21)-N(7)-Mn(5) 174.7(1)   

    

8∙9CHCl3 

Mn(1)-O(16) 1.806(8) Mn(3)-O(3) 1.814(9) 

Mn(1)-O(1) 1.884(7) Mn(3)-O(7) 1.884(7) 

Mn(1)-O(2) 2.000(9) Mn(3)-O(11) 1.987(8) 

Mn(1)-O(4) 2.048(8) Mn(3)-O(8ʹ) 2.045(8) 

Mn(1)-N(4) 1.953(9) Mn(3)-N(1) 1.969(8) 

Mn(2)-O(12) 1.838(9) Mn(4)-O(14) 1.847(8) 

Mn(2)-O(6) 1.889(7) Mn(4)-O(18) 1.869(7) 

Mn(2)-O(15) 1.992(7) Mn(4)-O(17) 1.949(8) 

Mn(2)-O(5ʹ) 2.021(8) Mn(4)-O(9) 2.058(9) 

Mn(2)-N(2) 1.940(8) Mn(4)-N(3) 1.960(8) 

Ca(1)-O(6) 2.347(7) Ca(1)-O(10ʹ) 2.435(7) 

Ca(1)-O(1) 2.352(8) Ca(1)-O(13) 2.440(8) 

Ca(1)-O(7) 2.354(7) Ca(1)-O(10) 2.441(7) 

Ca(1)-O(18) 2.359(7) Ca(1)-O(13ʹ) 2.461(7) 

    

Mn(1)-O(1)-N(1)-Mn(3) 178.2(4) Mn(3)-O(7)-N(2)-Mn(2) 179.1(4) 

Mn(2)-O(6)-N(3)-Mn(4) 179.5(4) Mn(4)-O(18)-N(4)-Mn(1) 178.4(4) 

a
Symmetry code: ʹ = ‒x+

 

 
, ‒y+

 

 
, ‒z; 

b
Symmetry code: ʹ = x, ‒y+

 

 
, ‒z+

 

 
; 

c
Symmetry code: ʹ = 

‒x, ‒y, ‒z. 
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 The crystal structure of 6 consists of [Mn6Ca2Cl2(O2CPh)7(shi)4(py)4]
‒
 anions (Figure 3.3, 

top) counterbalanced by pyH
+
 cations. In addition, there are CH2Cl2 and Et2O solvate molecules 

in the crystal lattice, which will not be further discussed. The structure of the anion of 6 

comprises a {Mn
III

4Ca2} octahedron, reminiscent to the discrete structure of complex 5, linked to 

an additional {Mn
II

2} dimer through two bridging Cl
‒
 ions and two η

2
:η

2
:μ4 PhCO2

‒
 groups 

(Scheme 3.1). The Mn∙∙∙Mn∙∙∙Mn angles within the {Mn
III

4Ca2} octahedron are 89.6 and 90.4°, 

again deviating only slightly from the ideal 90°, and the Mn∙∙∙Ca∙∙∙Mn angles of the eight 

triangular faces lie within the 74.5‒79.0° range. The two Ca
II
 atoms lie 1.990 Å (Ca1) and 1.582 

Å (Ca2) out of the Mn4 square plane. Similar to complex 5, the linkage between the basal Mn
III

 

atoms and the apical Ca
II
 atoms is provided by the oximate O atoms (O1, O1′, O4 and O4′) of 

shi
3‒

 ligands and four η
1
:η

1
:μ bidentate bridging benzoate groups, which are all pointed towards 

Ca1. The two Mn
II
 atoms, which are located below Ca2, are further bridged to each other 

through an η
1
:η

1
:μ PhCO2

‒
 group, while their coordination spheres are completed by four 

terminally bound pyridine molecules. The Mn
II
∙∙∙Mn

II
 distance is 3.400(1) Å. The overall metal 

topology of 6 (Figure 3.3, bottom right) and its [Mn
II

2Mn
III

4Ca2(μ3-Cl)2(μ4-O2CPh)2(μ4-NO)4]
12+

 

core (Figure 3.3, bottom left) are finally stabilized by the coordinated alkoxido and phenoxido O 

atoms from the η
1
:η

1
:η

1
:η

3
:μ4 shi3

‒ 
groups. 
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Figure 3.3. Partially labeled representations of the anion of complex 6 (top), its complete 

[Mn
II

2Mn
III

4Ca2(µ3-Cl)2(µ4-O2CPh)2(µ3-NO)4]
12+

 core (bottom left) and the {Mn6Ca2} topology 

(bottom right). The yellow dashed lines represent the virtual Mn∙∙∙Ca and Mn∙∙∙Mn bonds. H 

atoms are omitted for clarity. Colour scheme: Mn
II
, magenta; Mn

III
, blue; Ca

II
, yellow; O, red; N, 

green; Cl, cyan; C, gray. Symmetry operation for the primed atoms in 6: x, 0.5‒y, 1.5‒z.  
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 All Mn atoms in 6 are six-coordinate with distorted octahedral geometries. In the case of 

the Mn
III

 atoms (Mn2, Mn2′, Mn3 and Mn3′), the octahedra take the form of axially elongated 

Jahn-Teller (JT) distortions, as expected for high-spin d
4
 ions in this geometry. The JT axes in all 

Mn
III

 sites involve the carboxylate O atoms and the Cl
‒
 groups. In addition, both Ca

II
 atoms in 6 

are eight-coordinate albeit with different coordination geometries, as established by CShM. The 

best fit was obtained for the square antiprism (Ca1) and biaugmented trigonal prism (Ca2) with 

CShM values of 1.19 and 3.98, respectively (Figure 3.4). Given the presence of Cl
‒
 groups in the 

vicinity of the active site of the native OEC and their structural role in both maintaining the 

coordination environment of the {Mn4Ca} cluster and functioning as either proton exit channels 

or water inlet channels,
2
 complex 6 could be structurally interesting as it is only, to the best of 

our knowledge, the second Cl-bridged Mn‒Ca cluster reported to date (Table 1.1). 

 

              

Figure 3.4. Square antiprismatic (left) and biaugmented trigonal prismatic (right) coordination 

geometries of Ca1 and Ca2 atoms in 6, respectively; the points connected by the black lines 

define the vertices of the ideal polyhedra. Color scheme: Ca
II
, yellow; O, red; Cl, cyan. 
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 The crystal structure of 7 consists of [Mn8Ca(OEt)2(shi)10(EtOH)2]
2‒

 dianions (Figure 3.5, 

top), each of which is counterbalanced by two NHEt3
+
 cations. In addition, there are EtOH and 

H2O solvate molecules in the crystal lattice, which will not be further discussed. The asymmetric 

dianion of 7 comprises four Mn
III

 (Mn1, Mn2, Mn6 and Mn7) and four Mn
IV

 (Mn3, Mn4, Mn5 

and Mn8) atoms (Table 3.2), bridged together through the oximate groups of eight η
1
:η

1
:η

1
:η

2
:μ3 

and two η
1
:η

1
:η

1
:η

3
:μ4 shi

3‒ 
groups (Scheme 3.1). Furthermore, there are also two EtO

‒
 groups 

bridging two different pairs of Mn
III

 atoms (Mn1/Mn6 and Mn2/Mn7). The eight Mn atoms are 

arranged in a very distorted ring-like topology with the four Mn
III

 and Mn
IV

 atoms being on 

opposite sides and the oximate O atoms serving to link the Mn8 “ring” with the central Ca
II
 atom. 

As a result, the Ca
II
 atom is surrounded by ten O atoms and possesses a coordination geometry 

that can be described as sphenocorona (CShM = 2.84; Figure 3.6). All Mn atoms are six-

coordinate with near-octahedral geometries, while the axially elongated Mn
III

 octahedra are JT-

distorted with oximate and alkoxido O atoms occupying the four JT axes. 
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Figure 3.5. Partially labeled representations of dianion of complex 7 (top) and its complete 

[Mn
III

4Mn
IV

4Ca(µ-OEt)2(µ4-NO)2(µ3-NO)8]
18+

 core (bottom). H atoms are omitted for clarity. 

Colour scheme: Mn
III

, blue; Mn
IV

, olive green; Ca
II
, yellow; O, red; N, green; C, gray.  
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Figure 3.6. Sphenocorona coordination geometry of the Ca
II
 atom in 7; the points connected by 

the black lines define the vertices of the ideal polyhedron. Colour scheme: Ca
II
, yellow; O, red. 

 

 Complex 7 has an overall [Mn
III

4Mn
IV

4Ca(μ-OEt)2(μ4-NO)2(μ3-NO)8]
18+

 core (Figure 3.5, 

bottom). The Mn∙∙∙Mn and Mn∙∙∙Ca distances span the range 3.283(1)‒7.599(1) Å and 

3.545(1)‒4.048(1) Å, respectively, whereas the Mn‒O‒N‒Mn torsion angles lie within the 

96.9‒174.7° range. The smallest torsion angles (~97‒99°) are between the Mn
III

∙∙∙Mn
III

 pairs and 

they deviate significantly from linearity. This is most likely the main reason for the stabilization 

of the asymmetric structure of 7, and consequently for a first time in Mn‒Ca/shi
3‒

 chemistry I 

observed a structural motif that does not contain any discrete or repeating {Mn4Ca} square 

pyramidal units. Finally, complex 7 is a rare example of a heterometallic Mn‒Ca cluster 

containing both Mn
III

 and Mn
IV

 atoms, and the first non-oxido bridged complex with an 

unprecedented 8:1 Mn-to-Ca metal ratio (Table 1.1).  



112 
 

 The crystal structure of 8 consists of [Mn8Ca2(CO3)4(shi)8]
4‒

 tetraanions (Figure 3.7, top), 

each of which is counterbalanced by four NHEt3
+
 cations. The latter cations are H-bonded with 

the coordinated carbonato O atoms. In addition, there are CHCl3 solvate molecules in the crystal 

lattice, which will not be further discussed. The centrosymmetric complex 

[Mn8Ca2(CO3)4(shi)8]
4‒

 is arranged as two parallel {Mn4Ca} square pyramids that are linked to 

each other through four η
1
:η

1
:η

2
:μ4 CO3

2‒
 groups (Scheme 3.1). The two Ca

II
 atoms are both 

pointed towards the center of a cavity that is formed by the rectangular cuboidal (or rectangular 

parallelepiped) arrangement of the eight external Mn
III

 atoms (Figure 3.7, bottom right). As a 

result, the {Mn8Ca2} compound possesses a virtual D2h point group. The opposite faces of the 

rectangular cuboid comprise the atoms Mn(1,2,3,4)/Mn(1′,2′,3′,4′) and 

Mn(1,3,2′,4′)/Mn(1′,3′,2,4) with Mn∙∙∙Mn distances spanning the range 4.612(3)‒4.638(1) Å and 

4.623(2)‒6.122(3) Å, respectively. The Mn∙∙∙Mn∙∙∙Mn angles lie within the 89.7‒90.1° range, 

very close to the ideal 90° for a perfect rectangular cuboid. The linkage between the basal Mn
III

 

atoms and the apical Ca
II
 atoms within each {Mn4Ca} square pyramid is provided by the oximate 

O atoms (O1, O7, O6, O18 and their symmetry-related partners) of eight shi
3‒

 ligands; the latter 

are thus η
1
:η

1
:η

1
:η

2
:μ3 (Scheme 3.1). The four basal Mn

III
 atoms form a near-planar square, with 

each of the edges bridged by a diatomic oximate group from a shi
3‒

 ligand. The almost perfectly 

planar Mn4 units are clearly due to the large Mn‒O‒N‒Mn torsion angles of ~179°, very close to 

the ideal linearity of 180°. The linkage between the Mn atoms of the two {Mn4Ca} square 

pyramids is provided by the anti-anti O atoms of the four bridging CO3
2‒

 groups (Scheme 3.1). 

Ca1 and Ca1′ lie 1.556 Å below and above the corresponding Mn4 best mean planes, 

respectively. 
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Figure 3.7. Partially labeled representations of the tetranion of complex 8 (top), its complete 

[Mn
III

8Ca2(µ4-CO3)4(µ3-NO)8]
12+

 core (bottom left) and the {Mn8Ca2} rectangular cuboidal 

topology (bottom right). The green, purple and red dashed lines represent the virtual Mn∙∙∙Ca, 

Mn∙∙∙Mn and Ca∙∙∙Ca bonds. H atoms are omitted for clarity. Colour scheme: Mn
III

, blue; Ca
II
, 

yellow; O, red; N, green; C, gray. Symmetry operation for the primed atoms in 8: ‒x, ‒y, ‒z. 
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 The complex therefore contains an overall [Mn8Ca2(μ4-CO3)4(μ3-NO)8]
12+

 core (Figure 

3.7, bottom left) which can also be described as two carbonato-bridged [12-MCMn(III)N(shi)-4] 

metallacrown units surrounding two Ca
II
 atoms. Alternatively, complex 8 can be also seen as a 

{Mn8} molecular “capsule” that accommodates two Ca
II
 atoms in its cavity (Figure 3.8). To the 

current degree of knowledge, a more possible scenario is that two solution-stable {Mn4Ca} units 

were assembled and linked together through the CO3
2‒

 groups rather than the two Ca
II
 atoms 

templating the formation of the outer {Mn8} unit. All Mn
III

 atoms in 8 are five-coordinate with 

almost perfect square pyramidal geometries (τ = 0.07‒0.09). Both Ca
II
 atoms are eight-coordinate 

in CaO8 environments possessing square antiprismatic geometries with a CShM value of 1.86 

(Figure 3.9). Finally, complex 8 is the first heterometallic Mn‒Ca complex bearing coordinated 

carbonato groups and the first Mn‒Ca complex with an 8:2 metal stoichiometry (Table 1.1). 

 

 

Figure 3.8. Space-filling representations of the “vacant” {Mn8} molecular capsule of 8 (left) and 

its complete {Mn8Ca2} structure (right) resulting from the filling of the cavity by two Ca
II
 atoms. 

Colour scheme: Mn
III

, blue; Ca
II
, yellow; O, red; N, green; C, gray.  

{Mn8} {Mn8Ca2}

CaII
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Figure 3.9. Square antiprismatic coordination geometry of the Ca
II
 atoms in 8; the points 

connected by the black lines define the vertices of the ideal polyhedron. Colour scheme: Ca
II
, 

yellow; O, red. 

 

 Considering the fast-development of the field of heterometallic Mn‒Ca chemistry, it 

becomes apparent, from Table 1.1, that complexes 5‒8 are quite unique in their metal ions 

stoichiometries, topological arrangements, oxidation state descriptions and the nature of the 

ligands bound to the metal ions. 

 

3.3.3 Solid-State Magnetic Susceptibility Studies 

 

Variable-temperature direct current (dc) magnetic susceptibility measurements were 

performed on powdered polycrystalline samples of analytically pure complexes 5∙2H2O, 6, 

7∙2H2O, and 8∙2CHCl3, restrained in eicosane to prevent torquing, in a 1 kG (0.1 T) field and in 

the 5.0‒300 K range. The data are shown as χΜT versus T plots in Figure 3.10. All complexes 
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show very similar magnetic responses in terms of exhibiting a continuous decrease of their χΜT 

products from 300 to 5 K. This is clearly due to the antiferromagnetic exchange interactions 

between the paramagnetic metal centers, undoubtedly propagated by the oximate bridges with 

very large (close to linearity) Mn‒O‒N‒Mn torsion angles. This behaviour is consistent with all 

previously characterized Mn-oximate complexes with large torsion angles.
96,168

 More 

specifically, the χMT product for all four complexes steadily decreases from 9.28 (5), 17.53 (6), 

15.03 (7), and 20.16 (8) cm
3
Kmol

‒1
 at 300 K to 0.74 (5), 0.87 (6), 0.88 (7), and 0.91 (8) 

cm
3
Kmol

‒1
 at 5.0 K. The 300 K values are less than the spin-only (g = 2) values of 12.00 (5), 

20.75 (6), 19.50 (7), and 24.00 (8) cm
3
Kmol

‒1
 for the corresponding number of non-interacting 

Mn
III

 (5 and 8), Mn
II/III

 (6), and Mn
III/IV

 (7) ions. Given the very small χMT values for all 

complexes at low temperatures and the topological arrangement of the Mn atoms, it is very likely 

that compounds 5‒8 all possess S = 0 spin ground state values. This was confirmed quantitively 

by determining the individual pairwise exchange parameters Jij between MniMnj pairs within the 

magnetic cores, when the overall topology and symmetry of the compound allowed me to do so. 
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Figure 3.10. χΜT versus T plots for complexes 5‒8 at 0.1 T dc field. The red and blue solid lines 

are the fits of the corresponding data; see the text for the fit parameters.  

 

To this end, the χΜT versus T data for complex 5 were fit to the theoretical expression for 

a {Mn
III

4} square using the isotropic Heisenberg spin Hamiltonian given by Eqn 3.5. 

 

             H = –2J(Ŝ1·Ŝ2 + Ŝ2·Ŝ3 + Ŝ3·Ŝ4 + Ŝ1·Ŝ4)                              Eqn. 3.5 

 

 Considering the very similar Mn‒O‒N‒Mn torsion angles and Mn∙∙∙Mn separations 

within the Mn4 square, all interactions between neighboring Mn
III

 atoms were considered as 

equivalent (1-J model). The fit parameters were thus J and g. A good fit of the experimental data 

(red solid line in Figure 3.10) in the temperature range 300‒15 K was obtained using the 

program PHI (H = ‒2JijŜi·Ŝj convention).
167

 The best-fit parameters were: J = ‒2.94(1) cm
‒1

 and 
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g = 1.96(1), in very good agreement with the previously reported {Mn
III

4Ca} complexes 

possessing square pyramidal topologies. Data below 15 K were omitted to avoid effects from 

Zeeman interactions, magnetic anisotropy and crystal structure disorders; these are all factors 

that are not included in the above model.
96

 The fit of the data indicates an S = 0 ground state with 

an S = 1 first excited state lying 5.88 cm
‒1

 higher in energy. Attempts to include a D term in the 

fitting process and/or a second J-coupling constant, to account for any non-zero next-nearest 

neighbour interactions across the diagonal Mn sites, failed to give me any better low-temperature 

fits. 

 For the {Mn
II

2Mn
III

4Ca2} complex 6, I employed a similar Heisenberg spin Hamiltonian 

(Eqn. 3.6), but this time two coupling constants were included to account for the interactions 

between the Mn
III

 atoms within the {Mn4} square (J1), as promoted by the oximate bridges, and 

the interaction between the two carboxylate-bridged Mn
II
 atoms (J2). The best-fit parameters 

were: J1 = ‒2.88(1) cm
‒1

, J2 = ‒4.13(1) cm
‒1

, and g = 1.95(1), and these were derived from the 

program PHI for the entire temperature range (blue solid line in Figure 3.10), thus confirming the 

overall antiferromagnetic response of the compound and the stabilization of an S = 0 spin ground 

state. 

 

  H = –2J1(Ŝ2·Ŝ3 + Ŝ3·Ŝ2′ + Ŝ2′·Ŝ3′ + Ŝ3′·Ŝ2) – 2J2(Ŝ1·Ŝ1′)                       Eqn. 3.6 

 

 The employment of a third J-coupling constant to consider any possible interaction 

between the Mn
II
 and Mn

III
 atoms gave a negligible value (~0 cm

‒1
). This is reasonable since the 

Mn
II
 and Mn

III
 atoms in 6 are solely bridged by the Cl

‒
 groups, which are expected to provide a 

very weak to negligible superexchange magnetic pathway when forming an almost linear angle 
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between the metal centers [Mn(1)‒Cl(1)‒Mn(3′) = 169.8(1)°], and the bonding is weak as well 

[Mn(1)‒Cl(1) = 2.486(1) Å and Mn(3)‒Cl(1) = 2.870(3) Å]. 

 The larger nuclearities and low symmetries of complexes 7 and 8 rendered the fitting of 

the magnetic data impossible. A powerful complement to dc studies for determining the ground 

state of a system is alternating current (ac) magnetic susceptibility measurements, which 

preclude any complications arising from the presence of a dc field. These were performed for 

both 7 and 8 in a 3.5 G ac field oscillating at different frequencies. The in-phase susceptibility 

(χΜ′) is shown as χΜ′T versus T plots in Figure 3.11 and reveals some pertinent and common 

features for both complexes 7 and 8: (i) χΜ′T decreases linearly with decreasing temperature in 

the 1.8‒14 K range, indicating the depopulation of a high density of excited states with spin S 

greater than that of the ground state; and (ii) linear extrapolation of the χΜ′T data down to 0 K 

gives a value of ~0 cm
3
Kmol

‒1
 for both 7 and 8, indicative of S = 0 ground states. 
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Figure 3.11. The in-phase (as χΜ′T) versus T ac susceptibility signals for 7
 
and 8, under a 3.5 G 

oscillating field operating at the indicated frequencies. 

 

3.3.4 Relevance of Complexes 5‒8 to Different Oxidation States of the OEC: A Qualitative 

Approach 

 

 In addition to the bridging/chelating shi
3‒

 ligand, most of the reported compounds contain 

carboxylate, chloride, water, and/or carbonate groups akin to the coordination environment of the 

metal ions in the native enzyme. I recognize that within the structures of 5‒8, the Mn∙∙∙Mn 

(between closest neighbours) and Mn∙∙∙Ca separations span the range 4.623‒4.652 and 

3.680‒3.773 (5), 4.624‒6.283 and 3.620‒3.856 Å (6), 3.180‒6.639 and 3.545‒4.048 Å (7), and 

4.612‒6.122 and 3.601‒3.635 Å (8), respectively; these values are significantly larger than the 

corresponding values of 2.7‒3.3 and ~3.4 Å for the OEC in PSII. This is clearly due to the 
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absence of bridging oxido groups and the presence of Mn
II
/Mn

III
 atoms within 5‒8. However, the 

structures of the reported compounds may be of some relevance to the OEC in other ways. Since 

the S1 Kok state of the OEC occurs at the 2Mn
III

,2Mn
IV

 oxidation level with a ground state spin 

of S = 0, then the Mn
III

4Mn
IV

4 level of 7 could be related to this S1 state. In contrast, the lower 

Mn
III

4, Mn
II

2Mn
III

4 and Mn
III

8 levels of 5, 6 and 8, respectively, would place them at the S‒1 or 

other reduced states of the catalytic cycle. Furthermore, the similarity between the oximate N‒O 

bridging unit of shi
3‒

 within 5‒8 and the M‒O‒N‒M unit found in hydroxylamine-bridged metal 

complexes
171

 is interesting and suggests that 5‒8, similar to 1‒4, may provide insights into the 

type of subunits that might be generated upon reduction of the OEC with NH2OH. 

 

3.4 Conclusions and Perspectives 

 

 In conclusion, it was shown in this chapter that salicylhydroxime (shiH3) is a versatile 

chelating/bridging ligand that can support the formation of heterometallic Mn‒Ca clusters with 

unprecedented topologies, metal stoichiometries and oxidation state descriptions. The reaction 

schemes employed in this work were quite diverse, ranging from the use of {Mn
III

3} and 

{Mn
II/III

3} oxido/carboxylate-based triangles to simple Mn
II
 and Ca

II
 starting materials, and the 

resulting crystalline products were proved to exhibit different structural motifs and ancillary 

bridging ligands, such as PhCO2
‒
, EtO

‒
, Cl

‒
 and CO3

2‒
. The combined results also demonstrate 

the ability of shi
3‒

 to stabilize Mn ions in high oxidation states (i.e., Mn
IV

) without requiring the 

support of oxido groups. It must be admitted that the inorganic cores and metal stoichiometries 

of 5‒8 are different from the extended {Mn4Ca} cubane core of the native OEC. This, however, 

does not preclude some relevance of the reported compounds to both the high-valent scheme 
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(Mn
III

4Mn
IV

4; 7) and lower oxidation level species (5, 6, and 8) that are intermediates during 

assembly of the OEC in vivo, or those generated by treatment of the OEC with strong reducing 

agents. 

 I am still seeking ways and new synthetic conditions to stabilize Mn‒Ca/shi
3‒

 complexes 

with coordinated and bridging O
2‒

 groups, as a means of obtaining heterometallic cluster 

compounds with more relevance to the S0‒S3 states within the high-valent scheme of the catalytic 

Kok cycle. In addition, future perspectives of this work include the synthesis and systematic 

investigation of various new hydroxamic acids and oxime-based ligands in Mn‒Ca coordination 

chemistry. Finally, the {Mn4Ca2} octahedral arrangement of 5 is very similar to the one seen 

before in Mn‒Ce chemistry albeit with different bridging and ancillary ligands.
184

 This is 

important when targeting for the deliberate replacement of Ca
II
 atoms by paramagnetic and 

anisotropic 4f-metal ions in an attempt to synthesize molecule-based magnets. 
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Chapter 4 

New Insights in Mn‒Ca Chemistry from the Use of Oximate-Based Ligands: 

{Mn
II/III

22Ca2} and {Mn
IV

2Ca2} Complexes with Relevance to Both Low- and 

High-Valent States of the Oxygen-Evolving Complex 

 

4.1 Preface  

 

 The burgeoning development of polynuclear metal cluster chemistry in recent years was 

spearheaded by the intense investigation of novel organic and/or inorganic bridging and 

chelating ligands.
90,172b,172c,185

 Ligands with N- and/or O-donor atoms have also contributed to 

the emergence of many diverse physicochemical properties of cluster compounds. In the 

molecular magnetism arena, for instance, ligands were proved to affect the nature of the 

magnetic exchange interactions between the metal ions,
186

 the orientation of magnetic anisotropy 

axes
187

 and subsequently the magnetization dynamics of the molecular compounds.
188

 

Furthermore, different classes of organic chelating/bridging ligands have been employed as: (i) 

“antennas” for energy transfer purposes in the field of optics,
189

 (ii) spectators and actors in 

catalysis
190

 and (iii) contrast agents for magnetic reasonance imaging.
191

  

Bioinorganic chemistry is a thriving field of research and the impact of the ligands on the 

biocatalytic and biomimetic properties of polynuclear metal complexes has been manifested by 

the specific arrangement of the metal ions within the active site of PSII.1
f
 Thus, the quest for 

new organic chelating/bridging ligands for heterometallic Mn‒Ca chemistry is ongoing, with 

efforts focused on the incorporation of ligand moieties satisfying the requirements of the OEC. 

Simple carboxylates, hydroxamic acids and polyalcohol-based ligands have been used in the 
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synthesis of Mn‒Ca complexes, leading to species with diverse topologies, oxidation state 

descriptions and spectroscopic/physicochemical properties.
96,107,110,111,173

 Oximes and dioximes 

have been extensively used in homometallic Mn cluster chemistry geared toward magnetism 

applications;
192

 however, this class of ligands has no precedent in the Mn‒Ca literature of 

biomimetic species. These ligands exhibit some interesting structural and electronic properties, 

among of which are their ability to (i) stabilize Mn ions in high oxidation states,
113

 (ii) support 

the formation and crystallization of Mn‒O
2‒

 inorganic cores
122f,193

 and (iii) potentially coordinate 

to oxophilic metal ions, such as Ca
II
, due to the strong α-nucleophile character of the oximate 

functionality. In addition, oximes are photosynthetically effective ligands and, in conjunction 

with hydrazine and nitric oxide, can reduce the OEC to S‒1, S‒2 and S‒3 states.
12b,169

  

In this chapter, the initial employment of quinoline-2-aldoxime (qaoH; Scheme 1.12) and 

2,6-diacetylpyridine dioxime (dapdoH2; Scheme 1.11) in heterometallic Mn‒Ca chemistry, 

which has afforded a mixed-valence {Mn
II/III

22Ca2} cluster and a butterfly-like {Mn
IV

2Ca2} 

complex, respectively, is reported. The synthesis, structures and magnetic properties of the 

heterometallic {Mn
II/III

22Ca2} and {Mn
IV

2Ca2} complexes are reported herein.  

 

4.2 Experimental Section 

 

4.2.1 Physical Measurements 

 

 Elemental analysis: Elemental analyses (C, H and N) were performed on a PerkinElmer 

2400 Series II Analyzer. 
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 FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker 

FT-IR spectrometer (ALPHA Platinum ATR single reflection) in the 4000‒400 cm
‒1

 range. 

 Magnetic susceptibility measurements: Variable-temperature direct current (dc) 

magnetic susceptibility studies were performed on a Quantum Design MPMS-XL SQUID 

susceptometer equipped with a 7 T magnet and operating in the 1.8‒400 K range. Samples were 

embedded in solid eicosane to prevent torquing. Pascal’s constants were used to estimate the 

diamagnetic correction, which was subtracted from the experimental susceptibility to give the 

molar paramagnetic susceptibility (χM).
127

  

 

4.2.2 Synthesis 

 

 General considerations: All manipulations were performed under aerobic conditions 

using chemicals and solvents as received, unless otherwise stated. The organic ligands qaoH and 

dapdoH2 were prepared as described elsewhere.
122a,194

 The starting materials Mn(O2CPh)2∙2H2O 

and Ca(O2CPh)2∙H2O were synthesized in quantitative yields (>95%) from the 1:2 reaction of 

MnCl2∙4H2O or CaCl2∙2H2O and NaO2CPh in H2O.  

[Mn22Ca2O14(OH)4(OMe)6(O2CPh)22(qao)2(MeCN)2(H2O)4](OH)2 (9): To a stirred, 

yellow solution of qaoH (0.03 g, 0.2 mmol) and NEt3 (28 μL, 0.2 mmol) in MeCN/MeOH (15:3 

mL) the solids Mn(O2CPh)2∙2H2O (0.07 g, 0.2 mmol) and Ca(O2CPh)2∙H2O (0.06 g, 0.2 mmol) 

were added together. The resulting dark orange suspension was stirred for 30 mins, during which 

time all the solids dissolved, and the colour of the solution changed to brown. The solution was 

filtered, and a mixture of Et2O/C6H14 (5/5 mL) diffused into the filtrate. After a month, brown 

needle-like crystals of 9 appeared and were collected by filtration, washed with cold MeCN (2 × 
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3 mL) and Et2O (2 × 3 mL), and dried in air; the yield was 20% (based on the total available Ca). 

The crystalline solid was analyzed as 9∙4H2O: C, 43.90; H, 3.40; N, 1.67 %. Found: C, 43.75; H, 

3.27; N, 1.81%. Selected ATR data (cm
‒1

): 1594 (m), 1567 (m), 1534 (m), 1491 (w), 1447 (w), 

1386 (vs), 1303 (w), 1173 (w), 1143 (w), 1067 (w), 1020 (m), 984 (w), 936 (w), 829 (w), 710 

(vs), 686 (m), 675 (m), 634 (w), 600 (m), 568 (m), 476 (w), 450 (w).  

[Mn2Ca2(OMe)2(NO3)2(dapdo)4] (10): To a stirred, colourless solution of dapdoH2 

(0.08 g, 0.4 mmol) and NEt3 (56 μL, 0.4 mmol) in MeCN/MeOH (15:5 mL) the solids 

Mn(O2CPh)2∙2H2O (0.07 g, 0.2 mmol) and Ca(NO3)2∙4H2O (0.05 g, 0.2 mmol) were added 

together. The resulting ecru suspension was stirred for 2 h, during which time all the solids 

dissolved, and the colour of the solution changed to dark brown. The solution was filtered and 

left to evaporate slowly at room temperature. After one week, dark brown rod-like crystals of 

10∙2MeCN appeared and were collected by filtration, washed with cold MeCN (2 × 3 mL) and 

Et2O (2 × 3 mL), and dried in air; the yield was 40% (based on the total available Ca). The 

crystalline solid was analyzed as lattice solvent-free 10: C, 40.01; H, 3.71; N, 17.19 %. Found: 

C, 40.22; H, 3.78; N, 17.12 %. Selected ATR data (cm
‒1

): 2808 (w), 1591 (m), 1533 (m), 1409 

(m), 1365 (w), 1316 (m), 1278 (w), 1190 (w), 1167 (m), 1149 (m), 1118 (w), 1087 (m), 1065 

(m), 1015 (s), 947 (m), 822 (w), 805 (s), 792 (m), 760 (m), 684 (m), 663 (s), 553 (vs), 478 (m), 

440 (m). 

 

4.2.3 Single-crystal X-ray Crystallography 

 

 Crystals of the complexes 9 and 10 were selected and mounted on MiteGen dual 

thickness micromounts TM using inert oil. Diffraction data were collected at 100(2) K on a 
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Bruker D8 VENTURE diffractometer equipped with a multilayer mirror monochromator and a 

Mo Kα microfocus sealed tube (λ = 0.71073 Å). Images were processed with the software 

SAINT+,
131

 and absorption effects were corrected with the multi-scan method implemented in 

SADABS.
177

 The structures were solved using the Bruker SHELXTL inside the APEX-III 

software package, and refined using the SHELXLE and PLATON programs.
137a, 195 , 196

 The 

programs used for molecular graphics were MERCURY
138a

 and DIAMOND.
138b

 Additional 

information on the crystallographic data collection and structure refinement details is 

summarized in Table 4.1. 

 

Table 4.1. Crystallographic Data for Complexes 9 and 10.  

Parameter 9 10∙2MeCN  

Formula
a 

C184H162Mn22Ca2N6O76 C38H42Mn2Ca2N14O16 

FW
a
 / g mol

‒1
 4962.13 1140.88 

Crystal type brown needle dark brown rod 

Crystal size / mm 0.20×0.20×0.20 0.10×0.20×0.40 

Crystal system Triclinic Monoclinic 

Space group P-1 P21/n 

a / Å 17.226(5) 13.5003(12) 

b / Å 18.581(4) 12.9259(12) 

c / Å 19.604(3) 15.2726(13) 

α / º 68.823(3) 90 
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β / º 68.416(8) 104.320(3) 

γ / º 68.981(8) 90 

V / Å
3
 5253.1(2) 2582.3(4) 

Z 1 2 

T / K 100(2) 100(2) 

ρcalc / g cm
‒3

 1.587 1.520 

μ / mm
‒1

 1.407 0.768 

θ range / ° 2.24‒25.99 2.21‒26.02 

Index ranges ‒21  h  21 

‒22  k  22 

‒24  l  24 

−16  h  16 

−15  k  15 

−18  l  18 

Collected reflections 221412 39911 

Independent reflections 20527 (Rint = 0.0644) 5072 (Rint = 0.0773) 

Final R
b,c

 indices [I>2(I)] R1 = 0.0533
 

wR2 = 0.1473
 

R1 = 0.0479 

wR2 = 0.1382 

(Δρ)max,min / e Å
‒3

 2.100, ‒2.507 1.108, ‒0.481 

a
Including solvate molecules.

  b
R1 = (||Fo| – |Fc||)/|Fo|.  

c
wR2 = [[w(Fo

2
 - Fc

2
)
2
]/[w(Fo

2
)
2
]]

1/2
, 

w = 1/[σ
 2

(Fo
2
) + (ap)

2 
+ bp], where p = [max(Fo

2
, 0) + 2Fc

2
]/3. 

 

4.3 Results and Discussion 
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4.3.1 Synthetic Comments and IR Spectra 

 

 Various synthetic strategies have been employed for the synthesis and crystallization of 

heterometallic Mn‒Ca cluster compounds, including self-assembly and comproportionation 

reactions, as discussed in Chapters 2 and 3 of this thesis. These synthetic routes have afforded 

numerous Mn‒Ca complexes with different metal stoichiometries, Mn oxidation state 

descriptions and structural topologies.
93,94,95,97,100,101,103,104,110,137,138

 In this present chapter the 

self-assembly synthetic route was followed and I have thus explored reactions involving the 

quinoline-2-aldoxime (qaoH) and 2,6-diacetylpyridine dioxime (dapdoH2) chelates, respectively, 

various Mn
II
- and Ca

II
-containing starting materials and base NEt3. The latter was used to 

facilitate the deprotonation of the qaoH/dapdoH2 ligands and subsequently generate NHEt3
+
 

cations in solution, which can potentially counterbalance the anionic charge of a cluster 

compound in solution and aid in the crystallization of the resulting product in the solid state. 

Finally, various solvents or solvent mixtures and metal-to-ligand ratios were explored to yield 

crystalline products of the reported molecular compounds. 

 Therefore, the one-pot reaction of Mn(O2CPh)2∙2H2O and Ca(O2CPh)2∙H2O with qaoH in 

a 1:1:1 molar ratio in MeCN/MeOH in the presence of 1 equivalent of NEt3 gave a brown 

solution that, upon filtration and slow diffusion with Et2O/C6H14, afforded dark red needle-like 

crystals of the complex [Mn22Ca2O14(OH)4(OMe)6(O2CPh)22(qao)2(MeCN)2(H2O)4](OH)2 (9) in 

20% yield (based on the total available Ca). The formation of complex 9 is summarized in the 

balanced Eqn. 4.1. 
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22 Mn(O2CPh)2∙2H2O + 2 Ca(O2CPh)2∙H2O + 2 qaoH + 4 O2 + 26 NEt3 + 2 MeCN + 6 MeOH→ 

[Mn22Ca2O14(OH)4(OMe)6(O2CPh)22(qao)2(MeCN)2(H2O)4](OH)2 + 26 (NHEt3)(O2CPh)  

       + 30 H2O        Eqn. 4.1 

 

 The reaction is an oxidation, undoubtedly by O2 under the prevailing basic conditions. 

The NEt3 has the role of proton acceptor to facilitate the deprotonation of qaoH and H2O 

molecules. The employment of various other organic bases, such as NMe3, NBu
n

3 and Me4NOH 

did not afford crystalline materials but only oily products that I was not able to further 

characterize. Analogous reactions with different Mn
II
- and Ca

II
-carboxylate starting materials 

(i.e., acetates, propionates, pivalates, etc.), all failed to yield single-crystals suitable for X-ray 

diffraction studies. The reaction solvent mixture was found to be of critical importance for the 

crystallization of 9 as both solvents were found in the molecular structure of the compound; 

bridging MeO
‒
 groups and terminally-bound MeCN molecules (vide infra). Reactions in other 

solvent mixtures either failed to give single-crystals suitable for X-ray diffraction studies or 

yielded amorphous precipitates that I was unable to redissolve and crystallize. Finally, by 

adjusting the experimental molar ratios of the precursors to the stoichiometric equivalents, in an 

attempt to optimize the isolated yields, I failed to reproduce the crystals of 9. 

 Regarding the dapdoH2 ligand system, the one-pot reaction of Mn(O2CPh)2∙2H2O and 

Ca(NO3)2∙4H2O with the corresponding ligand in a 1:1:2 molar ratio in MeCN/MeOH in the 

presence of 2 equivalents of NEt3 gave a dark brown solution that, upon filtration and slow 

evaporation at room temperature, afforded dark brown rod-like crystals of the complex 

[Mn2Ca2(OMe)2(NO3)2(dapdo)4] (10) in 40% yield (based on the total available Ca). The 

formation of complex 10 is summarized in the balanced Eqn. 4.2. 



131 
 

 

  2 Mn(O2CPh)2∙2H2O + 2 Ca(NO3)2∙4H2O + 4 dapdoH2 + O2 + 6 NEt3 + 2 MeOH → 

[Mn2Ca2(OMe)2(NO3)2(dapdo)4] + 4 (NHEt3)(O2CPh) + 2 (NHEt3)(NO3) + 14 H2O      Eqn. 4.2 

 

 Similar to complex 9 this reaction is an oxidation, undoubtedly by O2 under the 

prevailing basic conditions. The NEt3 has the role of proton acceptor to facilitate the complete, 

double deprotonation of the dapdoH2 molecules. The employment of various other organic bases, 

Mn
II
-carboxylate starting materials and Ca

II
 inorganic salts yielded oily products or failed to give 

single-crystals suitable for X-ray diffraction studies. Reactions in different solvents or solvent 

mixtures resulted in amorphous precipitates that I was unable to redissolve and crystallize, 

making it apparent that both MeOH and MeCN molecules are important in crystallizing complex 

10.  

 Unfortunately, complexes 9 and 10 do not appear to retain their solid-state structures in 

solutions of various solvent media (i.e., MeCN, CH2Cl2 and THF), as it was confirmed by 

electrospray ionization mass spectrometry (ESI-MS). I have thus concentrated on the solid-state 

characterization of these species, which includes IR spectroscopy and magnetic susceptibility 

studies. The IR spectra for complexes 9 and 10 can be found in the Appendix of this thesis. For 

both complexes several bands appear in the ~1595‒1380 cm
‒1

 range, assigned to contributions 

from the stretching vibrations of the aromatic rings of qao
‒
 and dapdo

2‒
, which overlap with 

stretches of the carboxylate bands in 9,
142

 as well as contributions from the ν(C=N)oximate modes 

of qao
‒
 and dapdo

2‒
; they, thus, do not represent pure vibrations and render exact assignments 

difficult. It is very likely that the strong bands at 1594 and 1447 cm
‒1

 in the spectrum of 9 are 

attributed to the νas(CO2) and νs(CO2) modes, respectively; the former should also involve a ring 
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stretching character. The difference Δ[Δ = νas(CO2) ‒ νs(CO2)] is small (147 cm
‒1

), as expected 

for the predominant bidentate bridging mode of carboxylate ligation (vide infra).
96,143a

 Low 

frequency bands (600‒400 cm
‒1

) found in the IR spectrum of 9 are attributed to the ν(Mn‒O
2‒

) 

vibration modes.
197

 Lastly, the ν(NO3
‒
) band in 10 could be tentatively assigned to the strong 

band located at 1382 cm
‒1

, as found in other metal complexes.
198

 

 

4.3.2 Description of Structures 

 

 The Mn oxidation states in complexes 9 and 10 as well as the protonation states of the 

oxygen atoms in complex 9 were established by charge balance considerations, metric 

parameters and BVS calculations (Table 4.2 and Table 4.3).
148

 Selected interatomic distances 

and angles for complexes 9 and 10 are listed in Table 4.4.  

 The crystal structure of 9 consists of a 

[Mn22Ca2O14(OH)4(OMe)6(O2CPh)22(qao)2(MeCN)2(H2O)4]
2+

 dication (Figure 4.1, top) and two 

OH
‒
 counterions; the latter will not be further discussed. The presence of OH

‒ 
counterions in 9 is 

not unusual in high-nuclearity metal cluster chemistry.
122

 The molecular structure of the 

centrosymmetric dication of 9 consists of 6 Mn
II
, 16 Mn

III
,
 
and 2 Ca

II
 ions held together by 12 µ4-

O
2‒

, 2 µ3-O
2‒

, 4 µ3-OH
‒
, 4 µ3-OMe

‒
, 2 µ-OMe

‒
 and 2 µ4-oximate

 
groups from two η

1
:η

1
:η

3
:µ4 

qao
‒
 ligands (Scheme 4.1). Peripheral ligation about the [Mn

II
6Mn

III
16Ca

II
2(μ4-O)12(μ3-O)4(μ3-

OH)2(μ3-OMe)4(μ-OMe)2(μ4-NO)2]
22+

 inorganic core (Figure 4.1, bottom) is provided by 22 

PhCO2
‒
 groups that are either µ- or µ3-bridging and terminally bound (Scheme 4.1), as well as 

two terminally bound MeCN and four terminally bound H2O molecules located on the Ca1/Ca1′, 

Mn7/Mn7′ and Mn10/Mn10′ pairs, respectively. Four coordinated H2O molecules are also 
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present in the active site of the native OEC, two which are bound to a Mn atom. These H2O 

molecules could serve as substrates for the overall catalytic reaction to proceed, including 

subsequent deprotonations with metal-centered oxidations preceding O‒O bond formation.  

  

 

 

Figure 4.1. The structure of the dication in complex 9 (top) and a labeled representation of its 

complete core (bottom). H atoms are omitted for clarity. Colour scheme: Mn
II
, magenta; Mn

III
, 

blue; Ca
II
, yellow; O, red; N, green, C, gray. Symmetry operation for the primed atoms in 9: 1‒x, 

1‒y, 1‒z.  
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Scheme 4.1. Coordination modes of all organic ligands present in complexes 9 and 10.  

 

The unique topology of 9 can be described as four {Mn
II
Mn

III
3O4} cubanes that are 

connected to each other through a central {Mn2O4} unit comprising the atoms Mn8, Mn8′, O7 

and O7′. Each of the external cubane subunits is further linked to a {Mn
II
Mn

III
Ca(µ3-NO)} unit 

through the bridging oxido, methoxido and oximate groups. As a result, within 9, there are four 

symmetry-related {Mn4O4} distorted cubanes attached to two “dangling” Ca
II
 atoms. The 

structures of these {Mn4CaO5} and {Mn4CaO6} subunits (Figure 4.2) are intriguing, especially 

when compared to the OEC. In particular, they possess a similar extended cubane topology to 

that of the native site, with Mn∙∙∙Mn and Mn∙∙∙Ca closest separations of 2.876‒3.686 Å and 

3.376‒3.756 Å, respectively, comparable to the corresponding values of 2.7‒3.3 Å and ~3.4 Å 

for the OEC in PSII. All Mn atoms in 9 are six-coordinate with distorted octahedral geometries. 
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In the case of the Mn
III

 atoms [Mn(2-9) and their symmetry-related partners], the octahedra are 

axially elongated due to the Jahn-Teller (JT) distortions, as expected for high-spin d
4
 ions in this 

geometry. In addition, both Ca
II
 atoms in 9 are five-coordinate with an almost perfect square 

pyramidal geometry (τ = 0.05).
147 

Finally, the space-filling representation (Figure 4.3) shows that 

9 adopts a nano-sized ellipsoidal conformation with dimensions of ~26 and ~20 Å, defined by 

the longest C∙∙∙C distance, excluding the H-atoms. 

 

 

Figure 4.2. Two types of {Mn4Ca} extended cubane subunits found within complex 9. Colour 

scheme as in Figure 4.1. 
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Figure 4.3. Space-filling representation of 9 showing its nearly ellipsoidal conformation with 

dimensions of ~26 and ~20 Å, defined by the longest C∙∙∙C distances. Colour scheme: Mn
II
, 

magenta; Mn
III

, blue; Ca
II
, yellow; O, red; N, green; C, gray. 

 

Table 4.2. BVS Calculations
a 

for Mn Atoms in 9 and 10.  

Complex Atom Mn
II
 Mn

III
 Mn

IV
 

9 Mn1 2.07 1.93 1.97 

 Mn2 3.19 2.92 3.07 

 Mn3 3.17 2.90 3.04 

 Mn4 2.96 2.71 2.84 

 Mn5 3.02 2.76 2.90 

 Mn6 3.18 2.90 3.05 

 Mn7 3.16 2.85 2.99 

 Mn8 3.01 2.75 2.89 

 Mn9 3.05 2.79 2.93 

 Mn10 1.92 1.76 1.85 

 Mn11 1.85 1.69 1.78 

10 Mn1 4.28 3.99 4.07 
a
The underlined value is one closest to the charge for which it was calculated. The oxidation 

state is the nearest whole number to the underlined value. 
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Table 4.3. BVS Calculations
a
 for Inorganic Oxygen Atoms in 9.  

Atom BVS Group 

O1 1.87 O
2‒ 

O2 1.86 O
2‒

 

O3 1.83 O
2‒

 

O4 1.83 O
2‒

 

O5 1.14 OH
‒
 

O6 1.75 O
2‒

 

O7 1.76 O
2‒

 

O8 1.04 OH
‒
 

O11 1.82 O
2‒

 

O12 0.32 H2O 

O38 0.22 H2O 
a
An O BVS in the ∼1.7‒2.0, ~1.0–1.2, and ∼0.2–0.4 ranges is indicative of non-, single- and 

double-protonation, respectively. 

 

Table 4.4. Selected Interatomic Distances (Å) and Angles (°) for Complexes 9
a
 and 10∙2MeCN

b
. 

9 

Mn(1)-O(1) 2.085(3) Mn(7)-O(4) 1.903(3) 

Mn(1)-O(16) 2.204(3) Mn(7)-O(6) 1.876(3) 

Mn(1)-O(17) 2.162(4) Mn(7)-O(8ʹ) 2.261(3) 

Mn(1)-O(41) 2.126(3) Mn(7)-O(13ʹ) 1.991(3) 

Mn(1)-N(1)   2.264(4) Mn(7)-O(29) 1.938(3) 

Mn(1)-N(3)   2.296(4) Mn(7)-O(38) 2.273(3) 

Mn(2)-O(1) 1.856(3) Mn(8)-O(4) 1.914(3) 

Mn(2)-O(2) 1.898(3) Mn(8)-O(6) 1.931(3) 

Mn(2)-O(14) 2.277(3) Mn(8)-O(7) 1.911(3) 

Mn(2)-O(18) 1.983(3) Mn(8)-O(7ʹ) 2.387(3) 

Mn(2)-O(19) 1.972(3) Mn(8)-O(11) 1.940(3) 

Mn(2)-O(20) 2.167(4) Mn(8)-O(25) 2.322(3) 

Mn(3)-O(1) 2.343(3) Mn(9)-O(5) 1.962(3) 

Mn(3)-O(3) 1.894(3) Mn(9)-(O6ʹ) 2.398(3) 

Mn(3)-O(10) 1.922(3) Mn(9)-O(7) 1.890(3) 

Mn(3)-O(14) 1.953(3) Mn(9)-O(8) 1.968(3) 

Mn(3)-O(15) 1.942(3) Mn(9)-O(11) 1.911(3) 
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Mn(3)-O(32) 2.126(3) Mn(9)-O(24) 2.180(3) 

Mn(4)-O(2) 1.881(3) Mn(10)-O(5) 2.231(3) 

Mn(4)-O(5) 2.083(3) Mn(10)-O(8) 2.173(3) 

Mn(4)-O(6ʹ) 2.064(3) Mn(10)-O(12) 2.160(4) 

Mn(4)-O(13) 1.984(3) Mn(10)-O(13) 2.543(15) 

Mn(4)-O(21) 2.181(4) Mn(10)-O(23) 2.105(4) 

Mn(4)-O(22) 2.037(3) Mn(10)-O(34) 2.067(3) 

Mn(5)-O(1) 1.898(3) Mn(11)-O(2ʹ) 2.860(3) 

Mn(5)-O(2) 1.930(3) Mn(11)-O(3ʹ) 2.122(3) 

Mn(5)-O(3) 2.247(3) Mn(11)-O(7) 2.093(3) 

Mn(5)-O(9) 1.996(3) Mn(11)-O(14) 2.289(3) 

Mn(5)-O(11) 1.950(3) Mn(11)-O(26) 2.070(3) 

Mn(5)-O(40) 2.258(3) Mn(11)-O(31ʹ) 2.182(3) 

Mn(6)-O(3) 1.885(3) Ca(1)-O(9) 2.381(3) 

Mn(6)-O(4) 1.873(3) Ca(1)-O(11) 2.495(3) 

Mn(6)-O(9) 2.452(3) Ca(1)-O(25) 2.328(4) 

Mn(6)-O(10) 1.938(3) Ca(1)-O(27) 2.358(4) 

Mn(6)-O(28) 1.945(3) Ca(1)-N(2) 2.374(6) 

Mn(6)-O(30) 2.198(3)   

    

Mn(5)-O(9)-N(3)-Mn(1) 1.0(3) Mn(6)-O(9)-N(3)-Mn(1) 100.5(2) 

    

Mn(1)-O(1)-Mn(2) 123.3(2) Mn(5)-O(2)-Mn(11ʹ) 89.3(1) 

Mn(1)-O(1)-Mn(3) 114.6(1) Mn(5)-O(3)-Mn(6) 101.5(1) 

Mn(1)-O(1)-Mn(5) 117.5(2) Mn(5)-O(3)-Mn(11ʹ) 103.4(1) 

Mn(2)-O(1)-Mn(3) 99.5(1) Mn(5)-O(9)-Mn(6) 91.8(1) 

Mn(2)-O(1)-Mn(5) 100.0(1) Mn(5)-O(11)-Mn(8) 130.1(2) 

Mn(2)-O(2)-Mn(4) 116.6(2) Mn(5)-O(11)-Mn(9) 123.7(2) 

Mn(2)-O(2)-Mn(5) 97.4(1) Mn(6)-O(3)-Mn(11ʹ) 144.1(2) 

Mn(2)-O(2)-Mn(11ʹ) 99.6(1) Mn(6)-O(4)-Mn(7) 122.1(2) 

Mn(2)-O(14)-Mn(3) 98.9(1) Mn(6)-O(4)-Mn(8) 132.8(2) 

Mn(2)-O(14)-Mn(11ʹ) 107.7(1) Mn(7)-O(4)-Mn(8) 96.6(1) 

Mn(3)-O(1)-Mn(5) 97.6(1) Mn(7)-O(6)-Mn(8) 97.0(1) 

Mn(3)-O(3)-Mn(5) 101.0(1) Mn(7)-O(8ʹ)-Mn(10ʹ) 101.6(1) 

Mn(3)-O(3)-Mn(6) 100.5(1) Mn(7)-O(13ʹ)-Mn(10ʹ) 97.8(1) 

Mn(3)-O(3)-Mn(11ʹ) 99.7(1) Mn(8)-O(6)-Mn(9ʹ) 95.7(1) 

Mn(3)-O(10)-Mn(6) 97.7(1) Mn(8)-O(7)-Mn(8ʹ) 98.0(1) 

Mn(3)-O(14)-Mn(11ʹ) 92.5(1) Mn(8)-O(7)-Mn(9) 97.2(1) 

Mn(4)-O(2)-Mn(5) 126.5(2) Mn(8)-O(7)-Mn(11) 122.2(1) 

Mn(4)-O(2)-Mn(11ʹ) 121.2(1) Mn(8)-O(7ʹ)-Mn(11ʹ) 116.3(1) 
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Mn(4)-O(5)-Mn(9) 102.3(2) Mn(8)-O(11)-Mn(9) 94.1(1) 

Mn(4)-O(5)-Mn(10) 108.0(1) Mn(9)-O(5)-Mn(10) 96.2(1) 

Mn(4)-O(6ʹ)-Mn(7ʹ) 98.5(1) Mn(9)-O(6ʹ)-Mn(7ʹ) 100.1(1) 

Mn(4)-O(6ʹ)-Mn(8ʹ) 162.6(2) Mn(9)-O(7)-Mn(8ʹ) 95.8(1) 

Mn(4)-O(6ʹ)-Mn(9) 89.6(1) Mn(9)-O(7)-Mn(11) 122.0(1) 

Mn(4)-O(13)-Mn(7ʹ) 97.4(1) Mn(9)-O(8)-Mn(7ʹ) 102.1(1) 

Mn(4)-O(13)-Mn(10) 100.2(1) Mn(9)-O(8)-Mn(10) 97.9(1) 

    

Mn(5)-O(9)-Ca(1) 100.6(12) Mn(8)-O(11)-Ca(1) 91.0(1) 

Mn(5)-O(11)-Ca(1) 98.1(12) Mn(8)-O(25)-Ca(1) 86.5(11) 

Mn(6)-O(9)-Ca(1) 99.1(1) Mn(9)-O(11)-Ca(1) 116.3(14) 

    

10∙2MeCN 

Mn(1)-O(1) 1.837(2) Ca(1)-O(2) 2.417(2) 

Mn(1)-O(3) 1.895(3) Ca(1)-O(2ʹ) 2.397(2) 

Mn(1)-O(4) 1.862(3) Ca(1)-O(5) 2.525(3) 

Mn(1)-O(7ʹ) 1.906(2) Ca(1)-O(6) 2.480(3) 

Mn(1)-N(1) 2.011(3) Ca(1)-N(4ʹ) 2.607(3) 

Mn(1)-N(2) 2.003(3) Ca(1)-N(5ʹ) 2.474(3) 

Ca(1)-O(1) 2.382(3) Ca(1)-N(6ʹ) 2.509(3) 

    

Mn(1)-O(7ʹ)-N(6ʹ)-Ca(1) 21.5(3) Mn(1)-O(1)-Ca(1) 114.5(1) 

Mn(1)-O(3)-N(4)-Ca(1) 30.6(3) Ca(1)-O(2)-Ca(1ʹ) 98.6(9) 

Ca(1)-O(2)-N(1)-Mn(1) 35.4(3)   
a
Symmetry code: ʹ = 1‒x, 1‒y, 1‒z; 

b
Symmetry code: ʹ = 1‒x, 1‒y, 1‒z. 

 

 The structure of 10 (Figure 4.4) contains an unusual ‘butterfly’-like core where the high-

valence Mn
IV

 ions are located at the wing-tip positions and the two Ca
II
 ions occupying the 

‘body’ sites. The metal ions are bridged by two μ-OMe
‒
 (O1, O1′) and the oximate arms of two 

η
1
:η

1
:η

1
:η

1
:η

1
:µ3 and two η

1
:η

1
:η

1
:η

2
:µ3 dapdo

2‒
 ligands (Scheme 4.1). The dioximate ligands 

appear to both chelate and bridge the Mn
IV

 and Ca
II
 ions by employing all four of their donor 

atoms albeit under different configurations. This emphasizes the versatility, flexibility and ability 

of dapdo
2‒

 to stabilize metal ions in various oxidation states, diverse sizes and different intrinsic 

characteristics (hardness, acidity and oxophilicity). The six-coordinate Mn
IV

 ions possess 
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distorted octadedral geometries, whereas two bidentate chelating NO3
‒
 groups complete eight-

coordination around each Ca
II
 ion. The coordination geometry of both Ca

II
 ions is very distorted; 

the program SHAPE
150

 was used to determine the CShM values of 3.71 and 3.88 for square 

antiprismatic and triangular dodecahedral geometries, respectively (Figure 4.5). The Mn∙∙∙Mn 

and Mn∙∙∙Ca distances are 6.717 Å and 3.561/4.067 Å, respectively. Complex 10 is the first non-

oxido bridged Mn-Ca complex that contains exclusively Mn
IV

 ions; this is clearly supported by 

the oximate arms of dapdo
2‒

 ligands. 

 

 

Figure 4.4. Labeled structure of 10. H atoms are omitted for clarity. Colour scheme: Mn
IV

, olive 

green; Ca
II
, yellow; O, red; N, green; C, gray. Symmetry operation for the primed atoms in 10: 

1‒x, 1‒y, 1‒z.  
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Figure 4.5. Distorted square antiprismatic (left) and triangular dodecahedral (right) coordination 

geometries of the eight-coordinate Ca
II
 ions in 10. The points connected by the black thin lines 

define the vertices of the ideal polyhedron. Values of CShM between 0.1 and 3 usually 

correspond to a not negligible but still small distortion from ideal geometry, while values larger 

than 3 refer to very distorted coordination environments. Colour scheme: Ca
II
, yellow; O, red; N, 

green.  

 

4.3.3 Solid-State Magnetic Susceptibility Studies  

 

 Variable-temperature direct-current (dc) magnetic susceptibility measurements were 

performed on freshly-prepared and analytically-pure microcrystalline samples of 9 and 10 in the 

temperature range 2-300 K in an applied field of 0.1 T. The data are shown as χΜT versus T plots 

in Figure 4.6. The value of the χΜT product for 9 at 300 K is 41.74 cm
3
mol

‒1
K, significantly 

lower than the value of 74.25 cm
3
mol

‒1
K (calculated with g = 2) expected for 6 Mn

II
 and 16 

Mn
III

 non-interacting ions. The χΜT of 9 steadily decreases with decreasing T, reaching a value of 

1.56 cm
3
mol

‒1
K at 2 K. The overall magnetic response of 9 is indicative of predominant 
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antiferromagnetic exchange interactions between the metal centers, and the low χΜT value at 2 K 

suggests a very small spin ground state value. The latter was confirmed to be S = 0 by 

extrapolation of the χ′ΜT ac data down to 0 K (Figure 4.7). The χ′ΜT is heading to a value of ~0 

cm
3
mol

‒1
K, in agreement with an S = 0 ground state. The structure of 9 is too complicated to 

allow for any accurate and precise rationalization of the S = 0. Although discrete {Mn4O4} 

cubanes at various oxidation state descriptions are generally known to be ferromagnetically 

coupled for a wide range of Mn‒O‒Mn angles,
199

 such cubane subunits in 9 are linked to each 

other via oxido groups, one of the strongest antiferromagnetic couplers in molecular magnetism. 

The Mn
IV

 ions in complex 10 are well separated from each other and there is a very weak to 

negligible magnetic interaction between them, as indicated by the temperature independence of 

the χΜT product from 300‒5 K. The χΜT of 10 remains essentially constant to a value of ~3.7 

cm
3
mol

‒1
K, very close to the theoretical value of 3.75 cm

3
mol

-1
K (calculated with g = 2) for 

two non-interacting Mn
IV

 (d
3
; S = 3/2) ions. The low-T decrease (< 5 K) of the χΜT could be 

tentatively ascribed to the onset of some weak magnetic coupling between the metal centres, of 

either intra- or intermolecular origin, zero-field splitting and/or Zeeman effects from the applied 

dc field.  
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Figure 4.6. χMT versus T plots for complexes 9 and 10 in a 0.1 T dc field. 

 

 

Figure 4.7. Temperature dependence of the in-phase (as χ′ΜT) ac magnetic susceptibility in zero 

dc field for 9, measured in a 3.5 G ac field oscillating at the indicated frequencies. The blue 

arrow indicates the extrapolation of the χ′ΜT data down to 0 K. 
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4.3.4 Relevance of Complexes 9 and 10 to the Structure and Different Oxidation States of 

the OEC: A Qualitative Approach 

 

Complex 9 is the highest in nuclearity Mn‒Ca cluster reported to date
93,200 

and, although 

too high in nuclearity to model the exact structure of the native OEC, the presence of cubane-

containing subunits within its structure render it a promising foundation for the low-valent 

species of OEC. These {Mn4CaO6} and {Mn4CaO5} subunits are intriguing with respect to the 

OEC, in that they possess a similar extended cubane topology to that of the native OEC and have 

Mn∙∙∙Mn and Mn∙∙∙Ca closest separations of 2.876‒3.686 Å and 3.376‒3.756 Å, respectively, 

which are in close proximity to the corresponding values of 2.7‒3.3 Å and ~3.4 Å for the OEC in 

PSII. Both extended cubane subunits are mixed-valent with Mn
II
 (Mn11′; Mn10) and Mn

III
 

(Mn2, Mn3, Mn5; Mn4, Mn7′, Mn9) ions, making these subunits structurally relevant to the low-

valent S0 state of the OEC. The suggested S = 0 spin ground state of this complex, however, 

proposes that this complex is magnetically equivalent to what is found at the high-valent S1 state 

of the catalytic cycle.
24

 The occurrence of these {Mn4Ca} subunits is encouraging and provides a 

foundation for isolating the {Mn4Ca} unit responsible for oxygen evolution.  

 Complex 10 is the first heterometallic Mn‒Ca cluster of its stoichiometry (Mn:Ca = 2:2) 

to have the Mn atoms stabilized in such a high oxidation state (Mn
IV

). Although the metal 

stoichiometry of this complex is not the same as the OEC, due to the oxidation state descriptions 

of the Mn ions, it can be related to one of the high-valent S3 or S4 states of the Kok 

cycle.
23c,39,67,201
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4.4 Conclusions and Perspectives 

 

 In conclusion, I have shown that oximate and dioximate chelating/bridging ligands can 

support the formation and crystallization of structurally new Mn‒Ca complexes with diverse 

nuclearities, topologies, metal stoichiometries and oxidation state descriptions. The first use of 

the ligands qaoH and dapdoH2 in heterometallic Mn‒Ca chemistry has afforded new 

{Mn
II/III

22Ca2} (9) and {Mn
IV

2Ca2} (10) clusters, respectively. Although the overall structures of 

the reported compounds are strictly not similar to that of the native OEC, I nevertheless believe 

that this work provides a foundation from which to tackle the synthesis of the discrete {Mn4Ca} 

unit responsible for the O2 gas evolution. This could be accomplished by modifying the reaction 

conditions that yielded 9 to foster lower nuclearity products, hopefully with the correct topology 

and metal stroichiometry as those of the OEC. The incorporation of bridging oxido groups in 10 

could also facilitate the formation of Mn
IV

‒Ca/O
2‒

 complexes with dioximate ligands. Both the 

described strategies, and others, are currently under investigation. 
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Appendix 

 IR spectra of the organic ligands and complexes 1‒10. 
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