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Introduction

Catalysts have now been widely used in industrial production of fuels, fertilizers,
fibers, plastics, and pharmaceuticals.' The applicability of catalysts in many areas arises
from its ability of lowering activation energy and enabling reactivity. Although the
reactivity of these transition-metal catalysts is diverse, many of them consist of expensive
transition metals such platinum, iridium, and palladium and require high temperatures
and pressures.” Recently, research focus has been shifted to generate green catalysts that
consist of inexpensive and harmless reagents and react under mild conditions.’
Cooperativity of inexpensive transition-metal catalysts and alkali and alkaline earth
metals could enable or surpass the reactivity those expensive catalysts contain. In
addition, the integration of these metals to transition-metal catalysts could lower the
anionic transition state intermediate and enable unique methods of small molecule
activation.* ® For instance, the natural-occurring oxygen evolving complex (OEC) of
photosystem II is comprised of a core Mn4Ca structure.” Although the role of calcium in
promoting the oxidation of water to dioxygen remains an open topic of research, calcium
has shown to enhance the water oxidation cooperatively with manganese in OEC. The
cooperativity of transition metals and alkali and alkaline earth metals has also been
demonstrated in molecular systems, where alkali metals have shown to improve catalytic
performance in terms of both yield and reaction rate. For example, halide activation and
substraction were triggered by alkali metal ions in iridium(III) carbonyl complexes
supported by aminophosphinite pincer ligands containing crown ether.® These
coordination modes enable and accelerate many reactions and their rates. Combination of
crown-ether type ligand and alkali metal ions brings new perspective to switch between
ligand binding modes. Alkali and alkaline earth metal ions have been found to bind to
nucleophilic ligands and molecules to stabilize the reactive intermediate. During
methanol dehydrogenation reaction, the release of carbon dioxide from formate anion is
an essential step in the catalytic cycle, the transition-state energy was lowered
dramatically in the presence of sodium cation.” The cation stabilizes the anionic charge
and enables the successful release of carbon dioxide. Regioselectivity in coupling
reactions could also be controlled by the size of alkali metal ions. For instance, the
cation-pi interaction between potassium and aryl groups selectively generates one product
over the other using small-sized cation lithium in the absence of such interaction.'’ In the
report, the stabilization of alkali and alkaline earth metal ions on anionic transition-state
intermediates lowers the activation energy, which enhances reactivity kinetically by
accelerating reaction rates. In this review, reactions that make use of the cooperative
action of transition metals and alkali and alkaline earth metals are described, with a focus
on OEC and the modified complexes, structural, and reactivity modulation. The use of
alkali and alkaline earth metals in anionic transition state intermediates which lower
activation energies will also be demonstrated.

Studies towards OEC structure determination.

Oxygenic organisms such as plants and cyanobacteria convert water and carbon
dioxide to carbohydrates and oxygen in the presence of sunlight.'"'* (Scheme 1).
Photosynthesis occurs at two main enzymes: photosystem II and photosystem I.
Photosystem II oxidizes water and transfers electrons to photosystem I, which then
produces NADPH (nicotinamide adenine dinucleotide phosphate bonded to a hydrogen



ion).'* Both the structure of active site of photosystem II and its mechanism of action are
still under active investigation, despite decades of research that have gone into attempting
to understand these features of the OEC.

Scheme 1. The equation of photosynthesis.
hv
6C02+6H20 - C6H1206+602

The first great leap towards investigating the OEC was realized when OEC-
containing proteins were isolated from Thermosynechococcus elongatus and the active
center of OEC was visualized. A cubane structure of Mn;CaOs was found; however, the
low resolution of the structure and the presence of over 99 cofactors around photosystem
I limited the visualization of OEC."*' In 2011, the Umena group reported a structure
photosystem II with a resolution to 1.9 A, which allowed for greater resolution of
Mny4CaOs active site. The complex is comprised of four manganese, one calcium, and
five oxygens (Figure 1)."” Notably, the cubane core exhibits an oxygen-metal alternating
pattern and a calcium is linked to a fourth Mn by an oxo bridge (Figure 1).

Cca———0(1)

Mn(2)

0(4) Mn(3) 0(3)
Figure 1. Core structure of the OEC in photosystem II consisting of MnsCaOs in an
alternating metal-oxo pattern. Dashed line shows the interaction between calcium and

1
oxygen.'’

To gain insight into the oxidation states of the Mn ions, the Dau group used X-ray
absorption fine-structure (EXAFS) to determine the Mn oxidation states within OEC.
This study allowed for the analysis of four different stable intermediate stages (So, S1, Sa,
S3)."> From So to S;, Mn(3)™ is oxidized to Mn(3)", but Mn(1)"™, Mn(2)", and Mn(4)""
remain the same oxidation states (Figure 2). From S; to S,, Mn(2)" is oxidized to
Mn(2)", with the remaining Mn ions unchanged, then from S; to Ss, the last Mn'" is
oxidized to Mn(1)" (Figure 2). It should be noted, however, the X-ray photoreduction
may hamper identification of Mn oxidation states along the S cycle. With the core
structure of the OEC from X-ray crystallographic data and the oxidation states of
manganese ions from XAS determined, further studies into the mechanism and role of

each Mn and Ca are done.
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Figure 2. Proposed S cycle with assigned Mn oxidation states."

There are two competing theories at this time for the mechanism of the OEC. The
Dau group proposed that Mn(4) is the most likely site to bind water molecules and
promote dioxygen formation, due to the unsaturated coordination sphere Mn(4)." In
contrast, the Barber and Iwata groups proposed a more detailed water oxidation
mechanism detected by electron density map.'® Their ideas of Mn ion binding water
molecule were advocated by the Siegbahn, Brudvig, and Pecoraro groups.'® ' These
groups suggested that the binding of the dangling Mn(4) ion to a water molecule during
one of the S-states promotes the formation of a highly reactive electrophilic intermediate:
either a Mn(IV) oxyl radical or a Mn(V) oxo." Subsequently, the water molecule ligated
to Ca>" is used to generate an O—O bond via nucleophilic attack. The radical mechanism
could be tested using radical quench approach. The Mn(IV) oxyl radical could be
captured by TEMPO and result in reduction in yield. LCMS or GCMS confirms whether
the Mn(IV) oxyl TEMPO is produced. Although a comprehensive mechanism has not
been grasped, developing OEC-based biomimetic studies gives evidence to understand it.
The mechanism of water splitting could possibly be probed by the combination of
surface-enhanced Raman scattering (SERS), Density Functional Theory (DFT), and
isotope labeling.*> SERS monitors continuous water oxidation process and isotope
labeling traces the position of water molecule. The DFT calculation optimizes the
intermediate geometry.

Biomimetic synthesis (OEC)

As a better understanding of photosystem II and OEC has been obtained, an
increasing number of researchers have synthesized biomimetic molecules in an attempt to
understand the mechanisms of water oxidation and imitate OEC reactivity. In this area,
the Christou group reported the synthesis of a high oxidation state Mn''—Ca cluster



Mn,3Ca; cluster (Figure 3).° The core structure of the multinuclear complex is
centrosymmetric with mix-valent manganese (Mn", Mn"", and Mn'") and calcium
binding outside the metal-oxygen alternating MnsOy4 cube.’ Two MnyOy cubes reside on
each side of the compound linked by two calcium and five manganese and six oxygens
(Figure 3). The complex was synthesized successfully. However, water splitting
reactivity using their manganese complexes is limited. By comparing the core structure of
OEC 1 (Figure 1) with 2 (Figure 3), the calcium is embedded in the cube in OEC, while
calcium is linked by an oxygen outside the cube in Christou’s example. One of the
explanations could be the long distances of Mn—Ca restrict the electron-withdrawing
property of calcium, thus hindering reactivity. This is plausible because calcium
withdraws electron from the manganese to form highly oxidized manganese. In this way,
the complex could go through three continuous oxidation to complete the catalytic cycle
of water splitting. However, the electron withdrawing ability decreases with decrease;
therefore, having the calcium outside the cube structure could possibly restrict reactivity.
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Figure 3. (a) Molecular core structure of Mn,3Ca; cluster with phenyl groups on
carbonate, and hydrogen atoms omitted for clarity. Thermal ellipsoids are shown (red:
oxygen; green: calcium; violet: manganese). (b) Core cubane structure in Mn;3Ca,
cluster. The crystal structure was obtained in 3.5 A resolution.’

As stated earlier, determination of the different manganese oxidation states during
the S-state cycle are complicated by the possibility of X-ray-induced photoreduction
during spectroscopic interrogation.” Powell and his coworkers attempted to resolve the
complication and developed new models by synthesizing three MMn, (M = Na, Ca)
clusters ([CaMn‘H3 Mn"(is-O)L3Cl(0,CMe); 2(H20)1 5(MeOH) 3]Clo s+ 5MeOH,
[NaMn"'sMn"(u3-O)L3(N3)2.7(0.CMe); 3(MeOH)]*2MeOH+0.5H,0, and [ {NaMn""4(js-
0O)L’4(N3)3(MeOH) },]Cl=3MeOH) supported by Schiff-base ligands (L or L’) to
understand the OEC in photosystem II (Figure 4). The ligand binds to the metals through
deprotonated hydroxyl groups and nitrogen. The molecule coordinates to three ligands.
They compared 2.7 A Mn—Mn distance in OEC based off of the 1.9 A resolution
structure with those in their systems; however, Mn—Mn bond distances in the synthesized
complexes are longer than 3.0 A with the shortest one at 3.015 A. Therefore, they
suggested that manganese in OEC are at high oxidation states (Mn'") compared to the
manganese in three Mn/Ca or Mn/Na complexes. The Powell group hypothesized that the
low-oxidation Mn" and Mn"" complexes could possibly enter S state catalytic cycle at
stage Sp and S; in OEC because of almost identical oxidation states. The authors
successfully presented the mix-valent manganese sodium/calcium complexes and also
compared them with OEC to provide insight about synthesizing high-valent manganese



clusters. Their hypothesis is plausible because of low oxidation states of manganese (+2)
at Sy state in the catalytic cycle. Therefore, in the biomimetic studies, the manganese
should be able to be oxidized to Mn'" easily to oxidize water molecules.

Figure 4. Molecular structures of three synthesized molecules a, b, and ¢ ([CaMn'";

Mn"(j4-O)L3Cl(0,CMe), 2(H20)1 5-(MeOH)o 3]Clo.g*5MeOH, [NaMn'"sMn" (-
0)L3(N3)2.7(0,CMe) 3(MeOH)]*2MeOH+0.5H,0, and [ {NaMn""4(u3-
O)L’4(N3)3(MeOH) },]Cl=3MeOH) supported by Schiff-base ligands (L or L’). Thermal
ellipsoids are shown above with colors representing different atoms (grey: carbon; red:
oxygen; blue: nitrogen; green: chloride or calcium; violet: manganese; purple: sodium).
The crystal structure was obtained in 3.2-3.8 A resolution.”

In related research, the Milios group reported the synthesis of a MngCa, cluster
with exclusively Mn(III) ions.** Five of the manganese ions exhibit pseudo-octahedral



coordination geometry, while a fifth manganese resides in square pyramidal geometry.**
The core structure of manganese and calcium forms a tetrahedron with bridging oxygens
and nitrogens (Figure 5). The Mn—Mn distance (3.2 A) in the synthesized complex fits
well with the Mn—Mn distance range of 2.7-3.3 A in OEC, suggesting that the Mn ions in
both Milios cluster and OEC are in high oxidation states. X-ray crystallographic data
from a single-crystal shows that each calcium in the complex binds to a water molecule,
which might facilitate water oxidation due to direct coordination. The authors proposed
that the calcium acts as a Lewis acid, binding a water molecule and tuning the electron
density of the adduct. Compound 3 in the presence of Mn'" ions may be a good model of
OEC at the S4 ground state in the S state catalytic cycle. This is reasonable because at the
terminal water oxidation catalytic cycle, all the manganese would be reduced into low
oxidation states.

Figure 5. The core structure of Mn4Ca, cluster.**

To further probe the role of calcium in the OEC, the Kurz group synthesized
manganese oxides (Mn,03) and calcium-manganese oxides (CaMn,04°4H,0,
CaMn,04+H,0, CaMn,0,) materials.> A Clark-type polarographic oxygen electrode was
used to identify formation of oxygen when the oxides materials where added to solutions
of hydrogen peroxide.*>° It was found that the oxides have the catalytic activity for
hydrogen peroxide disproportionation with the CaMn,O4*H,O converting hydrogen
peroxide at 72% yield. The rate was determined in mmoloy*molyy, 'ss™ from Clark
electrode detector.” The manganese oxides produce oxygen at a rate of 0.03
mmol()z‘moan‘l-s'l, while the calcium-manganese moieties generates dioxygen at a rate
of 0.90 mmolpz*molyy, '+s™) using [Ce'"] as the oxidant. Notably, during the study of
light-induced disproportionation, it was found that the calcium-manganese oxide
materials also have a better oxygen generation performance than manganese oxides from
the same detector. From these studies, it was concluded that the amount of available
surface area (measured in a combination of a Quantachrome Autosorb-1 MP instrument
and BET theory analysis) did not change much of the catalytic performance; however, the
addition of Ca®" improves the catalytic rate significantly. In addition, water oxidation has
been shown to exhibit limited activity when calcium is removed from the OEC.

To explore the role of calcium ion in its proposed water binding and redox tuning
properties, there have been studies replacing calcium with different redox-inactive metals
in OEC and investigating their reactivity.”’ The Shen group substitutes Sr to Ca in OEC
extracted from spinach and compared the water oxidation performance.” The results
displayed that strontium is the only metal among other alkaline earth metals that could
retain the catalytic reactivity of water oxidation, albeit at 46 % of the activity of the
calcium-containing enzyme.””** ' When overlapping the crystal structure of Ca-



containing and Sr-containing OEC, the structures are very similar. A crystal structure of
Sr-containing protein shows short distances between Mn—Ca(Sr) at 3.4-3.5 A.*” The
similarity in Mn—Ca and Mn—Sr bond length might support the plausible catalytic activity,
while the mechanisms of using strontium or calcium to promote water oxidation are still
not clear.
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Figure 6. The core structures of
([Ca;Mn""Mn""'10Mn",0,4(OH),(OMe)yO,CPh),5(H20)4]*10MeCN 4 and
([StMn"';sMn" O,1(OMe)3(0,CPh),5(MeCN),]*12MeCN) 5 complexes. The methoxyl,
hydroxyl, water, acetonitrile and carboxylate groups were removed for clarity.”’

To investigate the effect of exchanging Ca for Sr, the Christou group synthesized
Mn—Ca ([CazMnIVMnHIlOMnHzO1o(OH)g(OMe)z(OZCPh)18(H20)4] 10MeCN and Mn—Sr
([StMn"';sMn" 0, 1(OMe)3(02CPh)1g(MeCN)2] 12MeCN) complexes using the Mn—Ca
core of OEC as a model (Figure 6).>’ It was found that the Mn—Ca and Mn—Sr complexes
were similar with both calcium and strontium being eight coordinates. The major
difference is that the Mn—Ca complex contains two calcium ions while Mn—Sr complex
has only one strontium ion. Notably, the shortest Mn—Ca and Mn—Sr distances are 3.51 A
and 3.29 A respectively, in line with the high end of the proposed OEC Mn—Ca bond
length. The single oxygen-atom bridges in synthesized complexes 4 and 5 allowing the
similarity of the Mn—Ca and Mn—Sr distances suggest that strontium is an alternative
alkaline earth metal that could substitute calcium. Studies substituting calcium with



strontium retain 40% catalytic performance in photosystem II indicate that other factors,
such as interactions with other atoms, hydrogen bonding, and tuning of the reduction
potential results in some structural changes and electronic changes of the complex. Those
factors could contribute to the low catalytic activity, but the exact reasons for the low
yield are still not clear. The comparison of Ca,Mn;3 and SrMn,4 clusters gives insight
into the factors needed for retaining catalytic activity in photosystem II.

The Dau and Kurz groups reported that the addition of calcium to manganese
oxides or hydroxides improves the catalytic efficiency of water oxidation by 10 to 20
fold.” The authors synthesized manganese-calcium oxides (CaMnIV146MnIHo_4O4_5(OH)o_5
and Caanl_6MnIHOA4O4_5(OH)0_5°3H20) to mimic the function and structure of OEC in
photosystem II. This result is especially promising upon further analysis of the geometric
structure and oxidation states of the synthesized cluster. Based on Mn—O bond distances
from EXAFS data, there are two Mn' Og in an octahedral geometry (Mn—O = 1.90 A)
and one Mn"" (Mn—O = 2.34 A). The oxidation states match observed in the OEC,
suggesting that this material and OEC may exhibit similar redox activity in water
oxidation from Mn"" to Mn'".

The bridging p,-O between manganese ions may facilitate dioxygen ligand
binding during water oxidation in photosystem II .” Furthermore, deprotonation of
bridging hydroxyl group has been proposed as an essential step, as it alleviates the
buildup of positive charge and promotes for proton-coupled electron transfers (PCET)
and redox potential change.” In contrast, experimental results show that the
calcium/manganese oxides promote the water oxidation without PCET. The Dau and
Kurz groups compared their complexes with the OEC and concluded with similar mean
oxidation states of Mn, unsaturated oxido bridging to Mn, and connection of redox-
inactive Ca with Mn.” The authors also observed that the synthesized complexes exhibit
catalytic activity of water oxidation but not as good as OEC.

Great strides have been made in generating biomimetic models of the OEC
especially in regards to understanding the role of water binding to calcium and
determining the oxidation states of manganese at various stages of the catalytic cycle.*
One of the major concerns left though was the fact that these models did not share a
Mn4Ca monomer core. The Reedijk group took a step forward in this regard when they
reported the syntheses of two trigonal propeller-shaped clusters [Mn;CaNa] and [MngNa]
incorporating alkali and alkaline earth metals supported by Schiff base ligands (Figure
7). The ligands coordinate to metals through nitrogen and deprotonated hydroxyl groups.
One molecule consists of three ligands and five metal ions. The group proposed that Mn—
Ca interaction in [Mn3CaNa] cluster resembles that in OEC. Thus, water oxidation
catalysis was performed in water-methanol solution in the presence of [Mn;CaNa] cluster
and oxidants such as sodium hypochloride, potassium peroxysulfate, or tertiary butyl
hydrogen peroxide. Immediate formation of dioxygen supports the catalytic ability of
[Mn3;CaNa] cluster and the important role of calcium in binding water oxidation because
[MnyNa] cluster was unable to perform similar catalysis.



(d) L L2
Figure 7. (a) Molecular structure of [Mn"Mn"sNa(L'H); (us-O)(N3)Cls]-MeOH (b)
Propeller-shaped view of (a). (c) Molecular structure of [CaMn"sNa(L*H)(j4-
O)(N3)3;(MeOH)]Cl)]. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown above with colors representing different atoms (grey: carbon; red: oxygen; green:
chloride in (a) and (b), calcium in (c); violet: manganese; purple: sodium). (d) Schiff-base
ligands. The crystal structure was obtained in 2.9 A resolution.”

In the same year as the Reedijk group, the Agapie group synthesized complexes
very similar in structure to the OEC (Figure 8).11 With these Mn;CaO4 and MnsO4
compounds, they were able to study the electronic effects of the alkaline earth metal,
something that had not been studied up to this point. The experimental data supports the
concept that the presence of calcium facilitates the formation of manganese at high
oxidation states because electron-poor calcium withdraws electron density from
manganese. The studies suggest that the calcium could modulate the reduction potential

10



of the complex, which allows formation of high-valent manganese, thus promoting water
oxidation and generation of dioxygen in OEC.

Figure 8. Molecular core structures of MnsO4 (a) and Mn3CaOy (b) complexes. Complete
structures of 6 and 7 include a 1,3,5-triarylbenzene spacer containing six pyridines and
three alcohol groups (c) on the bottom of cubes of 6 and 7."

To further probe the redox tuning effects of the redox-inactive metals in the OEC
the Agapie group expanded their research to synthesize complexes with both other redox
inactive metals and Fe in place of Mn 10 (Figure 9).” They found that the pKa of the
redox-inactive metal hydrates exhibits a positive correlation with the reduction potential
of the clusters (Figure 10) by plotting the pKa from references and experimental
reduction potentials. One theory to explain this correlation is that pKa is a direct measure
of Lewis acidity. The correlation between pKa of aqueous metal ions and reduction
potentials could be influenced by a few factors such as number of oxido ligands,
protonation states, metal identity, and oxidation states of the transition metals. The
dominant factor is still not clear at this point. However, Borovik also pointed out that the
electron-withdrawing ability is also implied by the charge of the redox-inactive metals,
which is encapsulated in Lewis acidity but is not necessarily directly correlated. By
Borovik’s analysis, highly charged metals such as Y>" and Sc’* opposed to Na* and Ca*"
withdraw more electron density from manganese ions and make them more likely to be
reduced.’* One befuddling set of data points is that the Sr- and Ca-containing complexes
have almost identical redox potentials, but the Zn analog has an almost +0.2 V difference
(Figure 10). All three species share a characteristic +2 charge at the redox inactive metal
ion, but Zn has a more acidic center with a lower pKa (Figure 10).°

Another structural feature the Agapie group probed was how the number of oxido
groups effects the redox activity. They found that as the number of the oxido bridges to
the redox-inactive metal is reduced to two, the slope of correlation of reduction potential
and pKa shifts positively. This is thought to occur because having fewer oxido groups
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causes the clusters to become more electron-deficient and destabilizes highly oxidized
manganese.”>

From these data, it can be surmised that redox-inactive metals facilitate electron
transfer during water oxidation.”” Calcium facilitates oxygen release, whereas almost all
other redox inactive metals cannot. Further, the strontium is the only metal that can
substitute for calcium and retain the function of OEC. The reasons behind the feasibility
of strontium ion in the catalytic reactivity is still under debate.
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Figure 9. Molecular structure of (a)Mn3;MO,, (b)Mn3;MOy, and (c)FesMO4 complexes (M
= Ca, Sr).33,35,36
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Figure 10. Plot of reduction potentials versus pKa of redox-inactive metal containing
OEC model complexes.*®

In order to investigate the influence of metal ion on the secondary coordination
sphere alkali and alkaline earth metal ions on transition metal-based reactivity, the
Borovik group used the interaction of Mn—O—Ca in OEC as a model and developed a new
ligand-metal system with Co-OH—Ca interactions.’® They reported the synthesis of four
heterobimetallic Co/Ca complexes 11, 12, 13, and 14 supported by tripodal ligands
(Figure 11). The crystallographic data show that the bridging pattern (Co—-OH—Ca) in
complexes 11 and 12 resembles the Mn—O—Ca component of OEC. A comparison of the
Co—O bond distances in [Co" (n-OH,)Ca"OH,]", [Co™ (n-OH)Ca""OH,]",
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[Co"™™MST(OH,)], and [Co™MST(OH,)] revealed divergence (Figure 11). The axial Co-
O distance in [Co™(u-OH)Ca"OH,] " is 0.080 A shorter than that in [Co"'MST(OH>)] and
0.367 A shorter than [Co"(u-OH,)Ca"OH,]". Complexes 11 and 12 have similar N—Co—
O(H) angles, but upon one electron oxidation at cobalt, the Ca—O distance in complex 12
is 0.265 A shorter than in complex 11 and the Ca—Co distance in complex 12 is 0.5 A
shorter than in complex 11. The oxidation state of cobalt is thought to change the
interaction mode of Co—-OH—Ca and their further catalytic behavior. The Borovik group
suggest that the oxygen attached to sulfur has hydrogen bonding with axial hydroxyl
group, thus preparing a spatial area for calcium coordination. In addition, upon
coordination of calcium ion, the redox potential of cobalt complexes changes by up to
200 mV positively.
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Figure 11. Structures of complexes 11 [Co"(u-OH,)Ca"OH,]", 12 [Co™(p-
OH)Ca"OH,]", 13 [Co"MST(OH,)], and 14 [Co™MST(OH,)]. Dashed line shows the
interaction between atoms.

In the presence of 10 equivalents of diphenylhydrazine, complex 14 is converted
to 11 and produces azobenzene at 70% yield. They proposed that the role of calcium ion
in their system promotes electron transfer and enables bond cleavage reactivity.

Reactivity and structural changes tuned by alkali and alkaline earth metals

Alkali and alkaline earth metals have been used to alter coordination modes or
promote reactivity of transition-metal catalysts. When these metal ions bind on the
secondary coordination sphere, they induce structural changes and alter reactivity. Alkali
and alkaline earth metal ions also changes the electronic density of transition metal
complexes and allow small molecule activation. In addition, reactivity of transition-metal
catalysts could be improved by addition of the metal ions due to alleviation of rich
electron density and stabilization of transition states.

Alkali and alkaline earth metals induced compound structural changes

Inspired by the idea that redox-active metal ions promote electron transfer and
activate water molecules, the Borovik group reported dioxygen reduction accelerated by a
monomeric Mn complex 11 supported by the sulfonamido-based tripodal ligand (MST"")
in the presence of alkaline earth metal ions (Scheme 2).*° The addition of
[NMe4][Mn"MST] to dioxygen displayed limited reactivity with initial rate at 6.2x10° s’
! however, the initial reaction rates increased to 5.8x10™* s and 1.8x10” s™ when treated
with Ca(OTY), or Ba(OTf), respectively and yield improved up to 60%. The Ca or Ba
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ions coordinate to oxygens on the sulfonamido ligands and form Mn—Ca/Ba complexes
12 (Scheme 2). The heterobimetallic clusters promote dioxygen to bind Mn through
electron transfer to form superoxido adducts. The alkaline earth metal ions stabilize the
complexes by withdrawing electron density from the nucleophilic oxido group.

Scheme 2. Calcium and barium ions facilitating dioxygen reduction.”
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Sparked by redox-inactive metal ions tuning the oxo-transfer of high-valent
manganese in OEC, the Fukuzumi and Nam groups reported Ca*" or Sc¢’* binding to a
non-haem oxoiron(IV) complex supported by TMC ligand (TMC = TMC 5 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane) (Figure 12). The binding of redox-
inactive metal ions to the oxoiron complex results in two-electron reduction by ferrocene
whereas one-electron reduction takes place in the absence of these ions. Also, the
interaction of these metal ions with oxo shortens Sc—O(oxo) distance (1.933(3) A)
compared to other Sc—OH distance (2.188(3) A). At the same time, the Fe-O(oxo0) bond
(1.754(3) A) is much longer than Fe—O(oxo0) in the absence of Ca*" or Sc¢’* ions (1.643(3)
A). This binding behavior promotes electron transfer. The electron-deficient Ca(OTf), or
Sc(OTf); withdraws electrons from nucleophilic oxoiron and facilitate further reduction.
The elongation of iron-oxo bond and shortening of Sc/Ca-oxo distance are also consistent
with that S¢’*/Cay. pulls electrons out of the non-haem complex. In this case, ten times
more Ca”" ions are required to perform similar reduction as Sc>* due to the Lewis
acidity.**"!
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Figure 12. Molecular structure of [(TMC)Fe'Y(0)-Sc(OTf)4(OH)].*!
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Small molecule activation

Carbon dioxide is a useful carbon resource in the atmosphere as a building block
for chemicals. One such prominent chemical that has been synthesized using CO, is
formic acid, which can be used as a fuel source.” Most of the catalysts to form formic
acid requires strong bases and expensive and rare metals such as ruthenium, rhodium, or
iridium as catalysts under high pressure up to 59 atm and temperature up to 220 °C.
Although the turnover numbers and turnover frequency reach up to 3.5x10° and 150,000
h™!, the reaction conditions are still harsh with high cost. Great strides have recently been
taken in using alkali metals to aid the transition-metal catalyzed transformation of carbon
dioxide to formic acid. Low cost of catalysts and co-catalysts with equivalent turnover
numbers and frequency are good alternatives to previous methods.

Scheme 3. Proposed mechanism of CO; hydrogenation using the catalyst
(*"PNMP)Fe(H)CO(BH,) and the cocatalyst Li".”
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The Bernskoetter group reported that addition of Lewis acids such as LiBF4,
LiOTf, NaOTf, and KOTf to CO, hydrogenation reactions catalyzed by iron carbonyl
hydride supported by a PNP pincer ligand 21 enhance the reaction rate (Scheme 3).” The
turnover number and turnover frequency of the reactions increased dramatically on
addition of Lewis acids. The iron complex and coordinated to borohydride 20 as a
precatalyst initiates the catalytic cycle in the presence of DBU. CO, insertion to an axial
hydride gives a formate adduct 22. The lithium ion is proposed to stabilize the formate
anion and assist the release of it. When lithium is excluded from the reaction conditions
then no free formate is observed, but addition of Li" to this mixture resulted in the
immediate formation of formate as determined by *>'P NMR. The experimental evidence
indicates that CO, hydrogenation was not able to be completed without the cation
stabilization effects of lithium, sodium, or potassium. The authors highlight the ability of
using generally cheap iron catalysts and alkali metal co-catalyst that can reduce the cost
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of CO;, hydrogenation reactions dramatically and removes extremely basic reaction
conditions under high pressure and temperatures.

Methanol dehydrogenation has been considered as an important process because it
produces hydrogen gas and carbon dioxide.” However, the catalysts to facilitate this
conversion are commonly expensive transition metals such as Ru and the reaction
conditions require high temperatures and pressures. In many cases, the dehydrogenation
produces not only the desired products but also carbon monoxide gas, which causes
further problems such as its ability to damage fuel cells during energy conversion. The
Bernskoetter group demonstrated that an iron complex supported by a pincer ligand and a
Lewis acid co-catalyst facilitates methanol dehydrogenation. The Lewis acids accelerated
the reaction significantly and enhanced turnover numbers to ca. 20,000. This is twice as
efficient as the previous state-of-the-art system by the Beller group that needed strong
base (8M KOH) to reach 10,000 TON. A maximum of turnover number of 51,000 was
reached when the Lewis acid LiBF, was added to the mixture.’

Scheme 4. Proposed methanol dehydrogenation mechanisms.’
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The Bernskoetter group ran a series of DFT calculations to investigate the

mechanisms of the dehydrogenation reactions (Scheme 4).” The alkali metal ion
stabilizing the formate anion is kinetically driven. In the calculations, the
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isopropyl/cyclohexyl groups attached to the phosphines were substituted by methyl
groups for simplicity. The iron complex 24 is the resting state in the catalytic cycle
(Scheme 4). The subsequent immediate 25 is generated by hydrogen atom transfer from
methanol, followed by hydrogen elimination to reform the resting state species 24. A
methanediol is formed by 1,2-addition of water to the formadehyde. The complex 26
forms as dehydrogenation occurs with methanediol, where the formate is stabilized
through hydrogen bonding. At this key step, the sodium cation is proposed to stabilize the
formate anion better than hydrogen bonding interaction. The Na cation in complex 28
lowers the energy by 19.1 kcal/mol more than solely hydrogen bonding computationally.
This DFT calculation overestimates the energy difference because this huge difference in
energy was not observed in NMR spectroscopy when adding sodium cation in. The cycle
completes with carbon dioxide release and hydrogen elimination. Although the reaction
could proceed in the absence of Lewis acids, the stabilization of anionic transition state
intermediate improves reaction rates and turnover numbers. Overall, Lewis acids
contributes to the enhanced reaction rates and turnover numbers, the extension of catalyst
life time, and the mild reaction conditions.

Bernskoetter’s Fe pincer catalyst is also competent for formic acid
dehydrogenation, and the catalyst exhibits dramatic increases to both turnover number
and turnover frequencies on addition of Lewis acids.” X-ray crystallographic data
supports that formic acid can add across a five coordinate amido iron-pincer complex 31
to produce complex a six-coordinate iron complex 32 supported by the pincer ligand,
carbon monoxide, and formate (Scheme 5). Lewis acids stabilize the formate anion by
change the coordination geometry from complex 30 to complex 33 and enable the release
of carbon dioxide. The addition of a second equivalent of formic acid to the reaction
mixture liberates dihydrogen and regenerates a six-coordinate iron-pincer supported by
formate (Scheme 5).> When 10 equivalents of LiBF, were usedwith the catalyst
containing ligands (E=PCy,), the highest reaction rates were observed.’ The negative
charge from the formate anion is stabilized by the Lewis acids, thus the activation energy
of decarboxylation is lowered. Evidently, the Lewis acid is essential to stabilize the
transition state and achieve high reaction rate and turnover numbers.

Scheme 5. Proposed mechanisms of formic acid decarboxylation.’
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Figure 13. Proposed comparative pincer-iron complexes with formate anion stabilization
in the presence of 33 or in the absence of 34 Lewis acid.’
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In early 1900s, Mittasch developed a new low-cost Haber Bosch dinitrogen
reduction catalyst using iron-f-diketiminate complexes 35 with potassium as promoters
(Scheme 6).** The Holland group reported a DFT computational study towards
understanding the mechanism of potassium/iron cooperativity upon nitrogen reduction.*
The complex 36 containing a K-N—Fe interaction occurs when two equivalents of iron-3-
diketiminate compounds react with potassium metal and nitrogen gas (Scheme 6).* The
reaction is not catalytic, but complete cleavage of the nitrogen-nitrogen triple bond
cleavage yields insight into understanding dinitrogen reduction in the solution phase. The
iron complexes donate electrons to pi* orbitals of N», therefore elongating the N-N bond
lengths and shortening Fe—N bond distances. The authors proposed that potassium could
change the steric profile of complex, stabilize the nitride, and/or enhance the diiron back-
donating ability. According to computational study (DFT, B3LYP/6-31+G(d)) into this
system, the N-N bond distance lengthens from 1.234 A to 1.268 A upon addition of
potassium cation. The strong interaction between potassium and nitride species stabilizes
the complex and enables N—N bond cleavage.

Scheme 6. Nitrogen fixation reactions promoted by iron-p-diketiminate complex and
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Catalytic reactivity modulation

In addition to the activation of small molecules, alkali and alkaline earth metals
are also known to work cooperatively with transition metals to change reactivity. For
example, the Collins group has done extensive studies on the development of oxygen
atom transfer (OAT) reagents.** The group had previously synthesized Mn porphyrin and
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salen complexes that failed to perform the desired OAT reactivity. They hypothesized
that the redox-inactive cations would weaken the donating ability of the amides and
increase the electrophilicity of the oxygen bound Mn. They tested oxygen-atom transfer
in electron-rich olefins by synthesizing a tetraamide macrocylic ligand with a manganese
oxo 41 in the presence of redox-inactive metals (Figure 14). Experimental results show
that oxygen atom transfer is more likely to occur between the electron-poor oxo ligand
and electron-rich olefins. The metal ions including Na', Ba2+, Mg2+, Li', Zn2+, and Sc**
increase the reaction rates; however, Sc accelerates the reaction (three folds) much more
than the rest ions.

o
Figure 14. Molecular structure of the Mn-oxo porphyrins complex.**

One area of chemistry that has received considerable attention in recent years is
the use of hemilabile catalysts.” The Miller group has contributed this area great by
attaching a crown ether moiety onto a pincer ligand. This crown ether can then bind alkali
metals and change the coordination of the complex. Initial studies found an iridium
hydride pincer-crown ether complex that had improved dihydrogen splitting reactivity on
addition of alkali metals, such as lithium and sodium. The complexes display unique
metal-ligand cooperativity such that the addition of acetonitrile to 38 can displace an
oxygen from the crown ether bound to iridium-NCOP pincer complex to form complex
39. Subsequently, a second acetonitrile can displace the other oxygen bound to Ir to form
a free crown ether (Scheme 7). Complex 40 can be further tuned by bonding alkali metals
such as Na in crown ether to form complex 41 (Scheme 7).

Scheme 7. The tuning of crown-ether/ acetonitrile binding of iridium.’
®
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The hemilability of the pincer-crown ether ligand or solvent acetonitrile indicate
the possibility of catalytic reactivity that makes use of the weak coordination of the ether
ligands.” Preliminary studies on H, activation revealed that a mixture of complex 38,
diethyl ether, and one atmosphere of D, gas in CD,Cl, results in the formation of slow
deuterium exchange with hydrogen in the axial of complex 38. However, the rate of H/D
exchange increased significantly (20-fold increase) in the presence of lithium and sodium
ions (Scheme 8). More specifically, the addition of lithium ions exhibits an even higher
rate than sodium ions. They proposed that the size of the crown ether favors the binding
of smaller sized cations. An enhancement in cation concentration showed a nonlinear
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exponential increase in reaction rate. This is caused by the cation coordination to diethyl
ether in the reaction mixture. The experimental data suggest that lithium preferably binds
to diethyl ether and therefore the reaction rate is slow when the concentration of cation is
low. After raising the concentration of the cation, the interference of diethyl ether
reduced, thus resulting in higher overall reaction rate.

Scheme 8. Iridium-NCOP pincer complex facilitated dihydrogen activation.’
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In an attempt to understand the transition metal-Lewis acidic metal cooperativity,
the Miller group reported that facilitates reactions such as protonation, cation-crown ether
interactions, halide abstraction, and halide exchange occurs at an iridium carbonyl pincer-
crown ether complex in the presence of Lewis acidic metal ions.” In the absence of Lewis
acidic cations, the protonation of complex 43 does not occur (Scheme 9). The yield of
protonation products improves with the increase of Lewis acidity of the metal cation. The
authors proposed that the water coordinates to redox-inactive metal ions and
subsequently the water-bound complexes act as Bronsted acids to promote proton
coordination.®

Scheme 9. Lewis acidic metal induced protonation on iridium-aminophosphinite
(NCOP) pincer from water.”
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The Miller group also reported that the alkali metals such as lithium, sodium, and
potassium are able to switch the coordination modes of nickel pincer-crown ether
complexes.* A large crown ether (18¢6) induces cation binding. In contrast, a smaller
crown ether (15¢5) results in a mixture of halide abstraction and cation binding. When
nickel complex 47 was supported by tetradentate pincer ligand, little cation interaction
occurred. Tridentate coordination 45 promotes a binding interaction between the alkali
metal ions and crown ether. The binding affinity of the crown ether and alkali metal
cation exhibits a positive relationship between the number of oxygen in crown ether and
the size of alkali metal ions. Polar solvents such as acetonitrile undermines the cation-
crown ether interaction. They proposed that cation switches the ligand binding modes
(Scheme 11).* The experimental results show that cation triggers tridentate coordination
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and nitrile ligand binding. Without the presence of cation, the tetradentate complex was
stable and no nitrile coordination was observed.

Scheme 10. Lewis acidic metal cation interaction with crown ether in nickel- NCOP
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Scheme 11. Cation triggered reversible ligand interaction.”
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In studies of cross coupling catalysis, the Nakamura group reported an aryl halide
bond activation promoted by a nickel phosphine/magnesium alkoxide complex.*® They
reported the coupling of aryl halides and aryl groups. Their previous studies of C—Br
bond cleavage were reached by using the cooperativity of Cu'® and Li". This time, they
designed a similar new catalyst using Ni'’ and Mg®" with a hydroxylphosphine ligand
(PO), which could bind both metals. The coupling reaction between unactivated aryl
halides and Grignard reagent occurs because electron-rich nickel and electrophilic
magnesium activate aryl halide synergistically (Scheme 12). A parallel experiment using
PP ligand in the absence of magnesium generating low-yield coupling products has been
compared with PO ligand. DFT studies shows 51 decomposed without activation barrier
to give the complex 52. Geometry optimization were performed for the C-X bond
cleavage. The energy drops as the length of C-X bond lengthens as the formation of 52 is
exothermic. This suggests a bimetallic synergy for nickel catalyst and magnesium. The
catalytic mechanism proposed upon density functional theory (DFT) in the presence of
magnesium is quite different from the one without. The complex incorporating
magnesium is proposed to form a five-membered ring transition state 51 with low
activation energy, while the complex in absence of magnesium established a three-
membered ring system 53 at high energy levels (Figure 15). The presence of magnesium
stabilizes negative charge from oxygen and halide X 51 and also promotes aryl coupling
reactions for synthesizing complex molecule.
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Scheme 12. The halide activation reaction promoted by Ni(acac),/PO and ArMgX in
diethyl ether.*
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Figure 15. Transition state intermediates with magnesium and without.*

The Walsh and Tomson groups have also studied the effects of alkali metals as
components of bimetallic catalysts for C—H functionalization.'’ The authors discovered
that using different alkali metal ions induces cation-pi interactions and selectively
produce different 2-benzylfurans (Scheme 13). Arylation reactions have been performed
using catalysts Pd(OAc); and cocatalysts Li, Na, or K ions based on the 4,6-
Bis(diphenylphosphino)phenoxazine (NIXANTPHOS) scaffolding. Regioselective
arylation was only observed by producing compounds 55 and 56 in the presence of alkali
metal ions. In order to understand the difference in regioselectivity, the group proposed
the mechanisms of the benzylic arylation and C-3 arylation. MN(SiMes), (M = Li, Na, K)
deprontonates benzylic furan to form a carbanion (Scheme 14). The carbanion associates
to the palladium to form 59 (Scheme 14). A subsequent reductive elimination generates
the benzylic arylation products (Scheme 14). When the oxidative added intermediate I1I
tautomerizes to a C3 adduct 60, the subsequent reductive elimination produces a different
C3 arylated compounds (Scheme 14). According to DFT studies, the authors proposed
that the selectivity C-3 arylation and benzylic arylation mechanisms that the potassium
bound benzylic area group promotes the palladium to bind at C-3, whereas palladium
could also bind furan 60 as potassium is captured by crown ether to produce benzylic aryl
product. This example highlights the ability of alkali metals to not only affect the rates of
reactions but also the selectivity of products that are formed.
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Scheme 13. Bimetallic catalysts induced regioselective arylation.10
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Modulating reactivity using redox-inactive metals, the Yang group developed a
Schiff base iron (II) and iron (III) complexes containing crown ether (18-crown-6)
(Scheme 15).*" In this case, introducing redox-inactive metals to these iron system
shifted the redox potentials positively compared to Fe(salen) and Fe(salen)Cl. The Yang
group studied the influence of the cation on redox potentials and C-H oxidation
chemistry. The cations (potassium and barium) shift the redox potential of iron salen
dimer complexes positively by up to 640 mV. Experimental results show that the addition
of redox-inactive metals salts to the iron catalyst in hexene in the presence of oxygen-
saturated acetonitrile generates oxidation products: alcohols, and ketones. Hydroperoxide
as an intermediate indicating a stop of oxidation process was mainly produced when
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using Fe(salen) as the catalyst. However, iron Schiff-base complexes 61 oxidize
hydroperoxide and complete oxidation (Scheme 15). The authors suggested enhanced
reactivity was caused by either ligand-cation binding or the interaction between cations
and lone electron pairs on hydroperoxide, which allows intramolecular electron transfer.
Overall, the redox-inactive metals, potassium and barium activate the catalysts for
successful oxidation.

Scheme 15. Schiff base supported Fe"" and Fe'"' complexes.*’
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Conclusions

The integration of alkali and alkaline earth metals extend the reactivity of
transition metal complexes and enables the reactions that could not be achieved by solely
transition metal catalysts. The reactivity could be improved kinetically by reducing the
transition-state energy and accelerating reaction rates. Studies have shown that alkali and
alkaline earth metals stabilize complexes by lowering transition-state energy or
withdrawing electrons from nucleophilic metal centers and ligands. Such binding
interactions between metal ions and heteroatoms could be applied to many other
peroxide-related or other anionic molecules or atoms to delocalize charge. In this way,
the metal ions stabilization may reduce activation energy barrier and enables new or
improves reaction activity. The cooperativity of these metal ions and ligand or reaction
intermediates also enhance reaction selectivity and rate by switching coordination modes.
The selective association between ligand-based crown ether or free crown ether and alkali
metal ions enables such binding modes. In addition, replacing noble metal catalysts and
harsh reaction condition by synergistic cheap transition metal and alkali and alkaline
earth metals reduces cost and keeps equivalent or better yield and reaction rate. In aryl
coupling reactions, using different-sized alkali metal ions in addition to transition metal
catalysts manage the regioselectivity of products. Such selectivity could also be applied
to reactions that potentially have cation-pi interaction. Although a number of research
projects highlight the influence of alkali and alkaline earth metals on transition metal
catalysts, many reaction mechanisms have not been well understood. In the future, more
studies should be taken on understanding calcium in OEC. Incorporation of alkali and
alkaline earth metal ions to the secondary coordination sphere to alleviate electron
density from electron-rich ligands and metal centers. Designing new cooperativity
between ligand and alkali and alkaline earth metal ions would bring in new reactivity and
selectivity.
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