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Abstract

Alkali metal (AM) cations are often taken for granted as counterions in coordination chemistry
and organometallic reactions. However, the AM cation can be more than a bystander in inorganic
transformations. This Account focuses on research that has elucidated several types of AM cation
effects and how these can be exploited to achieve novel structures and reactivity pathways. A
particular focus is on AM cation effects in low-coordinate iron (3-diketiminate complexes, though

we address general trends and potential applications in systems with other supporting ligands.

The Account is organized by several recurring motifs and trends in how AM cations interact with
transition-metal compounds: 1) the AM cations can stabilize and favor the formation of N»>-bridged
compounds, 2) the choice of AM cations can influence N—N bond cleavage, 3) the AM cations can
influence other bond forming and cleaving reactions, and 4) AM cations can affect ligand binding
modes and electronic structure at the metal center. Various methods including X-ray
crystallography, density functional theory (DFT) calculations, Mdossbauer spectroscopy,

vibrational spectroscopy, are leveraged to show how the AM cation affects a given system.

The results of these studies have more general lessons as well. They offer insights into how ligand
design can be leveraged to promote or discourage AM cation interactions. AM cations can be used

to activate challenging bonds and/or stabilize highly reactive species. The cooperative interactions



described in this Account may offer new paths to reactivity in organometallic chemistry and small

molecule activation.
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Introduction

Alkali metal (AM) cations are ubiquitous in chemical reactions, and they are usually viewed as
spectators used primarily for charge balancing purposes. In spite of this perception, AM cations
can play active roles in controlling chemical and biological transformations. For example,
organisms have evolved to use AM cations to regulate biological activities, such that enzymatic

processes can be promoted or blocked through the presence or absence of these cations. The



cation’s role in binding with the protein or substrate can be broadly described as either a cofactor
where the cation participates in the active site or as an allosteric promoter where the association
alters the protein tertiary structure (Figure 1).> Examples of these AM cation dependent proteins

are pyruvate kinase, ribokinase, and fructose-1,6-bisphosphate aldolase.5’
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Figure 1. Alkali metal (AM) cations in nature,® catalysis,” and synthetic chemistry.!°

Learning from nature, chemists have leveraged AM cations in applications ranging from the
regulation and treatment of bipolar disorder to catalysis in large scale industrial processes.”!!-1?

One example of the industrial applications of AM cations is as promoters in the Haber—Bosch (HB)

process. During the HB process, dinitrogen (N2) and dihydrogen (H») are converted to ammonia



over a heterogeneous iron (Fe3O4) catalyst containing calcium, magnesium, aluminum, and
potassium additives.”!*> The K* has a larger ionic radius than the other cationic additives, and
accordingly it remains localized on the surface and acts as an electronic promoter that localizes

electron density at the surface to aid with H, and N, adsorption and NH3 desorption. '3

Today’s chemists seek to understand how else AM cations can promote known reactions and access
novel transformations. For example, AM cation effects are being investigated in electrocatalytic
reactions for CO; reduction and CO reduction.!*!> Here, we focus on homogeneous complexes,
because they offer the opportunity to systematically identify, study, and quantify AM cation effects.
Indeed, AM cations have been shown to direct the formation of supramolecular complexes,

(de)activate homogeneous catalysts, and affect redox potentials.'®!8

This Account focuses on our group’s experience with understanding and leveraging AM cation
effects for organometallic transformations. Most of the reaction sequences revolve around iron
complexes bearing -diketiminate supporting ligands (Figure 2). We discovered that these bulky
bidentate ligands enable the isolation of a variety of low-coordinate iron complexes, defined as
having coordination numbers of three or four.!” In the quest to use these iron complexes for the
activation of strong bonds, we were interested in synthesizing low-valent iron complexes, and it
was natural to use AM? reductants. However, in many cases these are not simple reducing agents,
as the products often incorporate a variety of interactions with the resultant AM™ cations, which
have important influences on the structures, potentials, charge localization, and reactivity of
products. This Account describes the types of influences that we have observed from AM cations,

with occasional reference to relevant work by other groups.
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Figure 2. General structure of iron B-diketiminate complexes.'’
Alkali Metal Cation Effects on Dinitrogen Complexes

The first systems in which we observed AM* binding were diiron complexes with bridging N».
These arose from AMC reduction of B-diketiminate-supported iron(IT) halide complexes [LFeX]>
(L = B-diketiminate; X = CI or Br) to the formal iron(0) level (Scheme 1).! The expulsion of the
halides left highly unsaturated iron sites, which bound N; in an end-on/end-on mode to give a
dianionic LFeNNFeL unit. The use of the AM? reductant gave an AM cation that can fit in a pocket
between the arenes of two ligands. In this position, the cation forms cation—r interactions with the
aryl groups of the B-diketiminate and also interacts with the  system of the bound N,. Considering
the lengthened N=N bonds in the system (>1.2 A), it is most accurate to consider the bridging

dinitrogen as N»?~,% further explaining the affinity of the cationic AM" for the core.
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Scheme 1. Reduction of diiron(I) precursor 1 to generate N»-bridged diiron(0) complexes 2-AM.!

However, different AM" are different sizes (Table 1), so it is not obvious how they all could fit in
the same cavity. Interestingly, the LFeNNFeL core accommodates the different sizes by twisting
along the MNNM axis. With Na*, the B-diketiminates are coplanar, minimizing the distance
between the aryl rings. With the much larger Cs™, the B-diketiminate planes rotate to create a larger
pocket, and K" and Rb" are intermediate in both size and twisting (Figure 3). As the dihedral angle
increases, the FeNNFe core remains relatively unaffected, maintaining similar Fe-N and N-N

bond lengths, and the N—N stretching frequencies are also similar.

Cation | Ionic Radius (A) | z/r (e A™)
Li* 0.76 1.32
Na* 1.02 0.98
K* 1.38 0.72
Rb* 1.52 0.66
Cs* 1.67 0.60

Table 1. Ionic radii and charge-to-size (z/r) ratio of the alkali metal cations.?!



Figure 3. End-on views of 2-AM, illustrating the twisting of the FeNNFe core. Torsion angles
between Fe-(-diketiminate) planes are shown. Isopropyl groups and hydrogens have been omitted
for clarity. Thermal ellipsoids are drawn at 50% probability. Reproduced from ref 1. Copyright

2016 American Chemical Society.

A similar insensitivity to cation identity was observed by Limberg and co-workers for related
nickel B-diketiminate complexes incorporating Na" and K* (Scheme 2).2? The bond distances to
both arene centroid and the N; unit decrease from K* to Na*, which can be attributed to the decrease
in ionic radii of the respective cations. Throughout the changes to both AM" and coordination
environment, the N-N bond length and resonance Raman frequencies vary minimally (1.185—
1.195 A and 1685-1696 cm™! respectively). The cation identity has a small effect on the dihedral
angle between the ligand backbones, which is 32° and 36° for Na" and K* respectively. Overall,
these studies show that the aryl substituents on B-diketiminates offer the opportunity for AM* to
bind near the iron center and its ligands. The choice of AM" can induce geometric changes in the
secondary coordination sphere to create an optimal binding pocket, while leaving the TM center

relatively unaffected.
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Scheme 2. Synthesis of [NINNNi]AM: complexes, highlighting the distances from the AM to the

arene centroid.??

AM cations can also affect the extent of backbonding to bound N». From left to right across the
TM series, the d orbital energies of the metal center decrease, leading to less backdonation into
available nt* orbitals. This trend is well-documented in TM carbonyl complexes, and similarly, the
neutral dicobalt(I) LCONNCoL (4-Co) complex exhibits less lengthening/weakening of the N-N
bond than the corresponding neutral diiron system 4-Fe (Scheme 3).2> However, two-electron
reduction of LCoNNCoL with potassium graphite (KCsg) gave a dicobalt(0) species 5 with

lengthening of the N-N bond from 1.139(2) to 1.220(2) A, which is on par with the diiron complex.
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Scheme 3. Formation of MNNM complexes bearing bulky B-diketiminate ligands.?* A) The
neutral FeNNFe complex has a Y-shaped geometry at the transition metal and a lengthened N—N
bond. B) The neutral CONNCo analogue has a T-shaped geometry at the transition metal and a
short N-N bond. C) Reduction of the cobalt and incorporation of K* leads to N-N lengthening and

Y-shaped Co sites.

We attributed this to the incorporation of two potassium cations, each interacting with two Dipp
rings and the bound N like in the iron complexes described above. We further hypothesized that
the presence of the positive charge pulls electron density into the dinitrogen subunit. In order to
test if the AM"™ contributes to the bond weakening, DFT calculations were performed on a
simplified system (the B-diketiminate was modelled as C3sN,Hs~ for computational ease).?* NBO

analyses showed more electron transfer from Co to N2 when K* ions are included in the model.



Thus, AM cations can also work synergistically with poorly backbonding late TMs such as cobalt

to enhance their ability to donate electron density to m-accepting ligands like No.

In addition to stabilizing N»-bridged complexes through cation-m interactions, AM cations can also
pre-organize metal centers to facilitate reactivity with Na. This can take advantage of the preference
of AM™ to bind to Lewis basic donors, not just  systems but also lone pairs on hard Lewis bases.
For example, ethereal solvents commonly are found to complete the coordination sphere of the
AM". Further, chelates containing multiple Lewis basic sites such as crown ethers and cryptands
may chelate to the AM® ion, partially or completely sequestering it.>** In the case of
K>[LFeNNFeL] species described above, we found that the addition of 18-crown-6 under N>
chelated the K* ions and this led to complete disruption of the bridge to yield monomeric [K(18-
crown-6)][LFe(N2).].2° Thus, the chelates disrupt the pre-organization of the core, and when the

cations become outer-sphere, the core structure comes apart.

We later found a different type of pre-organization when studying the KCs reduction of an iron(II)
complex bearing a phenoxide ligand (6, Scheme 4). Reduction of the starting iron(II)—phenoxo
complex 6 with KCs furnished monomeric iron(I) products when the K* was bound by ethereal
solvent, crown ether, or cryptand (7-K, 7-crown, 7-crypt).?’” None of these compounds reacted

with Na.
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Scheme 4. Reactivity of iron—phenoxo complex 6 in the presence/absence of chelates and

coordinating solvent.?’

However, when 7-K was dissolved in benzene (or if it was synthesized under conditions where
there was no ether to complete the coordination sphere of K*), the iron(I) phenoxide existed as the
dimeric complex 8, in which the K™ forms bridges by binding to the phenoxide oxygen and to
arenes. This structure was more reactive: under an atmosphere of N2, 8 reacted at room temperature
to form a bridging N> species 9. Thus, N> binding required the bimetallic unit in 8, as the
monomeric analogues 7 did not bind N». Computational studies supported this idea, showing that
both 7 and 8 can weakly bind N> in a terminal fashion, but 8 has the flexibility to reach a geometry
in which N can bridge the metals and initiate KOPh loss. Mindiola and coworkers subsequently
reported another iron system, with pyridinedipyrrolyl ligands, in which pre-organization not only
enabled N, binding but also led to an unusual bent FeNNFe core.?® Thus, AM cations can be used

to pre-organize reactive metal centers and prime them for reactivity.



Alkali Metal Cation Effects on N-N Bond Cleavage

Not only can AM cations influence N> binding, they can play a crucial role in the cleavage of the
N-N bond of N». This can be likened to the beneficial roles of AM promoters such as K" in the HB
process.!? Furthermore, kinetic studies have shown that adsorbed N> dissociates to two nitrides in
the rate-limiting step in catalysis on single crystal Fe catalysts, and a similar mechanism is likely
operative on the Mittasch catalyst (porous Fe with Al and K oxides) that is used in industry.’
Aluminum is considered to be a structural promoter that increases the surface area of the catalyst
and provides more stability while potassium is regarded as an electronic promoter on the catalyst’s
surface. This effect is most often understood through Coulombic attraction of electrons in the solid
toward the K*. The desire to test this idea motivated us to explore the roles of AM* during N>

activation in well-characterized iron complexes.

The most relevant system utilized a 3-diketiminate ligand with smaller xylyl groups, which enables
the iron atoms to more closely approach one another. The reduction of an iron(Il) chloride dimer
(10) with 2 equiv of Na’, K, or Rb led to a spectacular reaction in which one molecule of N> was
reduced completely to nitrides by four Fe atoms.!® The tetrairon bis(nitride) complex 12 was
1solated, and Mossbauer studies showed that the oxidation states of the Fe sites were as shown in
Scheme 5. The N-N bond was completely cleaved, and addition of acid gave high yields of
ammonia (>80%). The N-N cleavage required the AM, and when 18-crown-6 was included,

cleavage did not occur.
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Scheme 5. Formation of bis-nitride product 12 from cleavage of N»>. Though analogues of 12 with
Na* and Rb* were synthesized (see Scheme 6), the intermediates were explored spectroscopically

only for K*.2%

To further understand the interplay between [-diketiminate—iron complexes and AM cations in N>
reduction, we systematically studied the behavior of complex 10 with AM reductants (Na’, KCs,
RbCs, CsCg).? Specifically, we treated 10 with 2 equivalents of RbCs. Indeed, we obtained a bis-
nitride product (12-Rb) with two Rb cations incorporated into the complex (Scheme 6). In the Rb
analogue, the metrical parameters for the Fe;N> core are indistinguishable from those of the K
compound; however, the Rb—N distances are shorter. The observed shorter Rb—N distances may

be due to rubidium’s larger ionic radius, which causes longer bonds between the Rb and the =-



system, forcing the cation closer to the nitride. Changing the reductant to Na° (2 equivalents)
yielded the tri-iron species (12-Na), which lacks the fourth, tetrahedral Fe site present in both the

K and Rb species and contains only one cation.
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Scheme 6. Reduction of 10 to cleave N> and form 12-Rb and 12-Na.2

Using two equivalents of CsCg per iron did not give the analogous Cs bis-nitride species but instead
furnished a trinuclear complex containing two bridging N2 and a bridging chloride (13). This led
us to treat 10 with 4 equiv of various AMCs (AM = K, Rb, or Cs), which in each case provided
isolable triiron complexes 14-AM, where the three iron sites are bridged by three N> bridges
(Scheme 7). Crucial to their cores are two AM", above and below the Fes(u-N2)3 plane, which
interact with the N bridges and also have cation-w interactions with the (3-diketiminate aryl groups.
It is interesting that the use of more reductant led to /ess tendency to cleave No. This was another
clear sign that the role of the AM was not just reduction: the number of AM cations in the products

steers the reaction pathway to produce differently-shaped molecules.
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Scheme 7. Formation of trinuclear dinitrogen bridged complexes. Top view of complexes 13 and
14-Cs with two cations occupying positions above and below the Fe-N belt. 14-K and 14-Rb are
isostructural to 14-Cs. -diketiminate ligands are omitted for clarity. Thermal ellipsoids are drawn

at 50% probability.>

Aspects of the mechanism through which the N-N cleavage occurs were elucidated using DFT
computations and high-level spectroscopy.?®3? Initial DFT investigations focused on
understanding how cooperative binding and K* affected the thermodynamics of N, cleavage. The
calculations implicated a trimetallic iron intermediate wherein three reduced iron centers are
necessary for cooperative binding of N, generating an FesN» core (Figure 4). The N, binding
mode with the iron centers is best described as end-on/end-on/side-on. When an electron was
added to the Fe3N> model, it resulted in a minimal geometric distortion. However, when an electron
and K" are included, the rearrangement to the N—N bond cleaved bis-nitride structure on the right
is favored. Importantly, the K* stabilized the bis-nitride, likely due to strong interactions with the

anionic core. In further studies, Mdssbauer, X-ray emission, X-ray absorption, and nuclear



resonance vibrational spectroscopies were used to gain experimental evidence for intermediates,
accompanied by DFT computations on full models. While the complexity of the system hindered
analysis (the precursor undergoes structural changes immediately upon dissolution), the evidence

strongly suggested that a diiron(0) core is present in a transient intermediate Int (Scheme 5).
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Figure 4. Depiction of multimetallic cooperativity involved in N2 reduction in the presence of K.

B-diketiminate ligands were modeled as C3N,Hs %0

Cooperative N-N bond cleavage is not limited to transition metal-dinitrogen complexes. For
example, Mazzanti and co-workers have reported the reduction of a uranium(IV)—oxo complex
with AMCg (AM = K, Rb, Cs) to furnish a series of uranium(IIT)-N> complexes.?! The cation size
affected the N> binding strength at room temperature and 1 atm: the K analog bound N> strongly,
binding was reversible with Rb*, and no measurable binding was observed for Cs*. Upon further
reduction, all three complexes cleaved N into two nitrides; however, only the Cs* analogue was

isolable.

We note that AM cations can also affect the reactivity of B-diketiminate complexes with other
small molecules as well. Driess and co-workers published a 3-diketiminate—Ni superoxo complex
that can be reduced to a peroxo species with K°32 The resulting peroxo moiety exhibits an n?
interaction with the K*. When the K* is exchanged for Zn?*, the O-O bond is cleaved. DFT

calculations revealed the reactivity difference arises from different spin states as K* stabilizes a



singlet ground-state, while Zn** favors the triplet. Overall, a theme emerges: both the identity of
the AM cation and the amount of reductant used impact the splitting of N-N and O—O bonds,

typically involving interactions with ligand backbones.

Alkali Metal Cation Effects on C—H and C—S Bond Cleavage

Beyond the effects on N> complexes, AM cations can be used for breaking other bonds as well.
For example, we found that treatment of a ([3-diketiminate)iron hydride dimer (15) with sodium
tert-butylthiolate or sodium dodecanethiolate yielded an iron sulfide complex (16-Na) from C—S
cleavage (Scheme 8).%* Using lithium dodecanethiolate provides the analogous complex with
lithium (16-Li); however, exposing the starting dimer to potassium dodecanethiolate does not
furnish the potassium analogue. Additionally, premixing 15 with [2.2.2]-cryptand before any AM

dodecanethiolate addition does not form any detectable amount of 16-AM.
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Scheme 8. Reaction of iron-hydride dimer 15 to form p-sulfide 16 via C-S bond cleavage .34

Mechanistic investigations implicated a radical pathway involving C—S homolysis. These results
suggest AM™ interactions as an enabling factor in the reaction, but do not specify the precise way
in which this occurs. We suggest two ways that the AM* could be affecting the reaction: pre-
organization through cation—r interactions with the ligand or a thermodynamic effect due to

stabilization of the incipient sulfide in the transition state.** In either case, the cation’s ionic radius



impacts the AM cation’s ability to fit between arenes of the B-diketiminate and interact with the
complex’s core. Perhaps Li"and Na* are small enough to form close contacts with the arenes and
the bridging ligands in the diiron core, while K™ may not be able to fit between the arenes to
stabilize intermediates; alternatively, the necessary stabilization might require the greater Lewis

acidity of the smaller AM cations.

Another influence on reactivity became apparent when the bis(nitride)tetrairon (12-K, discussed
above) was treated with 18-crown-6. Removal of K* results in the formation of a triiron species
(17) in which a benzylic proton has been transferred to give a p-imido and form a new Fe—C bond

(Scheme 9).}
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Scheme 9. Reactivity of 12-K with 18-crown-6 to form 17.?

This represented a surprising case of C—H activation induced by addition of a crown ether. To
understand whether this effect was more general, a set of closely related (p-imido)(p-nitrido)triiron
(18) and (p-amido)(p-nitrido)triiron (20) complexes was also reduced with KCg and subsequently
treated with crown ether (Scheme 10). This treatment again resulted in deprotonation of a benzylic
C-H and subsequent Fe—C bond formation to provide (p-amido)(p-nitrido)triiron and (p-

amido)(p-imido)triiron complexes respectively. A possible mechanism is that removal of K" in



such reduced compounds uncovers a very basic bridging nitride or imide that can deprotonate the
benzylic C—H bond of the supporting ligand. Overall, in the series of reactions, the K is added to
facilitate N-N cleavage and then removed to facilitate C—H cleavage, an intriguing example of

AM control over difficult reactions.
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Scheme 10. Reactions testing the generality of benzylic deprotonation and Fe—~C bond formation.?

A second example of AM influenced C—H activation was uncovered in more recent work from our
group (Scheme 11). This was in the context of C—N bond formation from benzene and N> with an
iron complex.* Reduction of 22 in the presence of benzene affords an iron(I) n°-benzene complex
(23). Upon further reduction, the iron activates the C—H bond of benzene (25). Interestingly, the
C-H activation step has a marked dependence on the use of Na* vs. K*. When the iron(I) n°-
benzene complex is treated with Na° a C—H bond of benzene undergoes oxidative addition to yield
the iron(Il) compound 25. In contrast, treating the same iron(I) compound with KCs or RbCs gave
an iron(0) benzene complex (24) without oxidative addition.’® Importantly, addition of THF to

either 24 or 25 gave a mixture of both iron(Il) phenyl hydride and iron(0) benzene complexes,



suggesting that the C—H activation reaction is reversible. However, since 24 and 25 are isomers,

the observation of interconversion implies that there is a thermodynamic bias induced by the

specific choice of AM.
v 8
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Scheme 11. Conversion of 22 to 25 through successive reductions and C-H activation.*

The sensitivity of these three compounds hindered attempts to experimentally determine
equilibrium constants or to further test the AM* dependence of the equilibrium (Scheme 12). Thus,
computational studies were used to interrogate the reasons for the AM* effect.®> The analysis
showed that electrostatic effects dominate in the case of Na*, while steric effects dominate with
the larger K™ and Rb". Since the product has a shorter distance from AM" to the core of the iron
complex, it is favored more by the use of Na'. Likewise, since the transition state has a close
approach of AM" to the core, the equilibrium is predicted to be more rapid for Na* than K* or Rb".
Overall, this is an interesting example of AM influence on C—H activation, and it has promise for

enabling selectivity when using anionic catalysts that attract AM" to the relevant species.
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Scheme 12. DFT-calculated free energy profile (in kcal/mol) of AM-tuned iron-mediated C—H
activation in comparison with the experimental equilibrium. Reproduced from ref 35. Copyright

2025 American Chemical Society.

The Effect of Non-Covalent Interactions on Structure

Bridging carbonyls are well-known among low-spin, strong-field complexes, and AM"
coordination to the bridging CO ligands is precedented.’®** However, the effect of AM cations on
bridging CO in high-spin, weak-field complexes remains underexplored. Our group recently
reported a high-spin -diketiminate diiron system wherein bridging carbonyls were reduced in
several steps.*’ This showed an important effect of AM" coordination on the m-accepting abilities
of bridging carbonyls. Upon one-electron reduction of dicarbonyl complex 26 with KCg and
[2.2.2]cryptand, a discrete cation-anion pair formed (27-K) (Scheme 13). The cation had no
interaction with either carbonyl, and the vco bands were observed at 1709 and 1619 cm™'. However,
when sodium naphthalenide (NaCioHsg) in THF was used, 27-Na was the product. This complex
has one IR-active C—O stretching band at 1564 cm™!, indicating higher symmetry in solution, likely

due to Na® bridging CO units of adjacent complexes. Crystallization of 27-Na from 2-



methyltetrahydrofuran (M*THF) produced 27-M¢THF, in which one CO coordinates to a
Na(M*THF);* cation while the other CO is "bare." The IR spectrum has bands at 1662 and 1588

cm™!, and the lowering of one frequency is attributed to the interaction with Na*.
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Scheme 13. Reduction of dicarbonyl compound 26 in the presence/absence of cryptand and

coordinating solvent.*

Thus, Na" without coordinated solvent is able to withdraw more electron density into the bridging
CO. The vco dependence on solvent coordination to AM™ is similar to Feo(u-CO-Li(THF)3)2(CO)s,
where THF-coordinated samples gave vco of 1650 cm™!, while removing THF shifted vco to 1557
cm'.3? Overall, the longer C—O bonds and lower energy IR bands that result when the carbonyls
can interact with Na® demonstrate that AM cation coordination enhances the ability of CO to

absorb electron density, though this effect is muffled somewhat when AM* has O-donors.

AM cation interactions with ligand backbones are not limited to the [(-diketiminate systems
described thus far. Indeed, any ligand containing a n-system has the possibility to form cation—n
interactions. One such ligand is a formazanate, which is shaped similarly to a 3-diketiminate ligand
but has a more accessible LUMO making it easier to reduce to have radical character.***> When

AM metal reductants are used, the byproduct again contains an AM", which may or may not



interact with the transition-metal-containing product. Thus, the choice of AM offers an opportunity

for modulating the properties. We began our investigations with the reduction of iron(Il)-

formazanate compound (28) with Na® with 12-crown-4, which resulted in 29 (Scheme 14).46
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Scheme 14. Divergent reactivity of 28 upon reduction and exposure to crown ethers or

coordinating solvent.*%47

In contrast to the B-diketiminate complexes described above, this product features a formazanate
radical dianion and the iron remains iron(Il) after reduction. In an interesting twist, reduction of
the starting iron(II) complex without crown ether afforded dimeric 30-Na, wherein the
formazanate radical dianion rearranged to coordinate through N1 and N3 to form a five-membered
chelate. The exocyclic nitrogen (N4) coordinates to the other Fe center in the dimer. As this
rearrangement only occurs in the presence of unchelated AM cations, it is a clear example of an

AM structural effect.

To further probe the change in binding mode, different AM sources (AMCsg, where AM = K, Rb,
or Cs) were used.*” Reduction of the starting iron(Il)—formazanate with AMCg yielded similar

dimeric compounds; however, the manner in which the AM cations are bound varied greatly



(Figure 5). Whereas each formazanate in the Na complex is bound to a single Na*, in the K, Rb,

and Cs analogues one AM cation bridges two formazanates.

Figure 5. Displacement ellipsoid plots (drawn at 50%) of 30-Na, 30-K, 30-Rb, and 30-Cs,
showing that the core structures change with different AM cations. Hydrogen atoms, selected
organic fragments, and solvent molecules omitted for clarity. Reproduced from ref 47. Copyright

2018 American Chemical Society.

The formazanate binding mode in the dimeric complexes is stabilized by cation—n interactions
with AM cations. As the ionic radius of the cation increases, the interplanar angle and distance
between the five-membered metallacycles significantly increases. Additionally, the dimers convert
to their corresponding monomers in THF solutions. Monitoring monomer formation by 'H NMR
shows the Cs analogue to be the fastest, followed by Rb and K. The periodic trend observed with
K < Rb < Cs correlates with the cation z/r ratio (Table 1 above), suggesting that smaller cations
form stronger cation—r interactions in the starting material, which increases the activation barrier
for isomerization and dimer splitting. However, the Na species was found to be faster than the K
species, so this is not the only factor at play. It is possible that the different binding mode of the

AM cations could play a role since each formazanate has an interaction with a separate cation in



the Na complex. Overall, these studies show how a ligand-centered reduction can act cooperatively
with AM" coordination to result in transformations that may not have been possible had the metal
center been reduced. The differences in ionic radii of AM cations lead to different stabilities of the

dimers in solution corresponding to stronger interactions with smaller ions.

Alkali Metal Cation Effects on Relative d Orbital Energies

Most of the above effects involve AM* influencing the energies of compounds and transition states
or of the positive charge on metal-ligand redox activity (such as backbonding into CO). In addition,
newer efforts have started to elucidate AM" effects on the relative energies of d-orbitals at
transition metal centers.*® In our work, we have documented an SCS pincer-ligated iron complex
where the specific location of a K* had a massive effect on the Mdssbauer spectrum without
changing the primary coordination geometry or the metal spin state. Figure 6A-C shows DFT-
optimized structures of (SCS)Fe(N(SiMes): with inner-sphere K*, with no cation, and with K(18-
crown-6)". The distance of the cation to the core is most important because the electrostatic
influence rearranges the d-orbital energies, causing the d,? orbital and the dy, orbital to change their

occupations (Figure 6D). This in turn changes the electronic structure, causing the spectral shift.
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Figure 6. A-C Left: Optimized structures viewed along pincer plane with predicted Mdssbauer
parameters given below. (A) Optimized structure with K*. (B) Optimized structure of anion
without K*. (C) Optimized structure with [K*(18-crown-6)(THF),]. D Right: Relative energies of
d-based orbitals along with plots of the quasi-restricted orbital plots at an isovalue of 0.03 au for
the species in A (left) and B (right). Reproduced from ref 48. Copyright 2022 American Chemical

Society.

This is not the only example of such an effect: Tomson and co-workers noted that phosphonium
residues placed in the secondary coordination sphere of copper provided electrostatic stabilization
of the d,? orbital.** Additionally, the Yang group has reported the effect of alkali and alkaline earth
metal cations on the orbital energies of iron and nickel salen complexes.>® Overall, the presence of
a cation can stabilize a nearby metal d-orbital, and the effect increases with greater positive charge.
The impact of a positive charge near a transition metal center can be viewed as the reverse of a
crystal-field model of negative charges around a metal, and it is natural that a nearby cation could

bring about such an effect. These results suggest that there may be further opportunities for AM



effects in modulating orbital energies and controlling spins and magnetism, a future area about

which chemists have only scratched the surface.

Summary

The use of AM cations to modulate reactivity represents a useful tool in a synthetic chemist’s
toolbox. The studies described above demonstrate how AM cations can interact with ancillary
ligands, how they can affect the reactivity of TM complexes, and how they can impact electronic
structures. One key parameter is the size of the AM cation. In several cases above (for example,
the torsion angles of 2 and the bridging modes of 30), varying the size of AM" caused significant
structural changes. However, more often the primary impact of the size of AM" relates to the charge
density, as the larger charge/size ratio of smaller AM" leads to stronger interactions. For example,
formazanate dimers that were held together by alkali metals (30—~AM) cleaved more slowly with
smaller, charge-dense AM™. In Schemes 5-7 it was shown that Na*, K*, and Rb" could cleave No,
whereas the larger Cs* could not. In Scheme 8 it was shown that Li* and Na* could cleave C—S
bonds, but the larger K* could not. In Scheme 12, Na* enhanced the rate and favorability of C—-H
activation, while K™ and Rb* could not. All of these effects are attributable to the greater Lewis
acidity of smaller AM cations. The charge effect can alter electronic structures, for example
promoting backbonding with m-accepting ligands (Scheme 13) and differentially stabilizing iron d

orbitals (Figure 6).

The Lewis acidity of a given AM" can be modulated through the use of Lewis basic donors, such
as crown ethers or cryptands. Chelates most often increase the steric hindrance around the AM*

cation and disrupt the interactions with mt-systems of supporting ligands. For example, the FeNNFe



core in 2-K is stable, but addition of 18-crown-6 disrupts the dimer, affording a more reactive

terminal—-N> complex.

An additional emergent theme is that AM" can play a structural role, holding supporting ligands in
a geometry that encourages specific reactions. An example is the studies on iron-phenolate
complexes (Scheme 4), in which N reactivity became feasible only when the K* ions held the two
metals in a specific orientation. Another example is the formation of unprecedented planar FesS;
clusters, which have cation-nt interactions to K, Rb", or Cs* that hold the cluster in its triangular
shape.! Tt is likely that the ability of the AM cations to hold the B-diketiminate ligands in the

correct relative orientation is important for formation and stabilization of the unusual cluster shape.

In the future, we envision further use of AM cations to accelerate reactions in which electron
density moves toward the ligand that interacts with AM*. Examples above show the feasibility of
this strategy for small-molecule activation reactions such as oxidative addition of C—H bonds,
reduction of N», and reduction of CO. Other creative uses of this power will certainly emerge in
the future. Additionally, AM" could be introduced externally rather than by use of a AM? reducing
agent; this may require that the complex is anionic to give sufficient interaction with the weakly
Lewis-acidic AM". However, Szymczak has shown that AM" can interact with a neutral Re—N;

complex strongly enough to effect the N-N stretching frequency.

We hope that the summary in this Account will inspire future chemistry, and we close by pointing
out some inspirational work on AM"-assisted small-molecule activation by other research groups.
Smith has shown AM effects on the reactivity of an iron(II)-imido complexes.*>® Young has shown
AM effects on C-halide activation in iron(0) complexes.>* Limberg has systematically studied the

effects of AM" on CO; activation by nickel complexes.>> Hevia has shown AM effects on C-H



activation.>® Overall, the study of AM effects is a vibrant area of current organometallic chemistry

which has great promise for improving reactivity and selectivity.
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