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Abstract 

The electronic structure and bonding of inorganic complexes has always been of interest to the 

chemical community, especially in more complicated systems, such as in systems with metal-

metal interactions. Recently, density functional theory (DFT) methods have been utilized to help 

better understand these complicated inorganic systems. In this work, I will showcase the 

versatility of these approaches to better understand the magnetic and spectroscopic behavior of 

inorganic complexes, to explain the bonding in these complexes, and to predict desirable 

complexes exhibiting new features in their electronic structure. In Chapter, 1 DFT calculations 

for Ru2M(dpa)4Cl2 (dpa = dipyridylamine) (M = Mn, Fe, Co, Mo, Tc, Re, W, Os) were used to 

determine the ground spin states of these complexes, and for the subset of (M = Mo, Tc, Re, W, 

Os), we show the formation of new Ru-M bonds, surpassing the strength of the starting 

material’s Ru-Ru bond. In Chapter 2, the synthesis of dicolbalt paddlewheel complexes using 

acetate equatorial ligands and ether axial ligands is shown. These complexes were investigated 

using SQUID magnetometry, giving a J value of -31.7 cm-1. Broken symmetry (BS)-DFT 

calculations show that the magnetic exchange pathway is a function of both Co-Co distance and 

of Co-Co-L ( L = axial ligand) angle. It is also shown that these complexes are competent for 

carbene reactivity. In Chapter 3 we show the synthesis of a novel hexa-iron complex. This 

complex was analyzed using bond valence sum (BVS) analysis , DFT calculations, Mössbauer 

spectroscopy and electrochemical data to give the formulation of [Fe6O2(OH)(H3L)L], with 

nominally four Fe(II) ions and two Fe(III) ions. In Chapter 4, the synthesis of complexes of the 

form Mo2M(dedpa)4Cl2 (dedpa = diethyl-dipyridylamine) (M = Cr, Mn, Fe, Co, Ni) is explored. 

These complexes are shown to be more electron rich, easier to oxidize, and, interestingly, the 

impact of the ethyl substituents is not applied equally to all three metal. Additionally, the 
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mechanism of ligand rearrangement is explored by DFT, showing that combating forces of 

ligand rearrangement energy and the interaction energy between the metals and the equatorial 

ligands drives the energetic barrier for ligand rearrangement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of Contents 

1. Computational Investigation of a New Class of Heterometallic Ru-M Bonded Cores  

2. Magnetic Exchange in a Dicobalt Paddlewheel Complex  

3. Investigating Metal-Metal Bonding in Hexa-Iron Cluster Complex 

4. Asymmetric Ligand Field Effects in Electron-Rich Heterometallic Extended Metal 

Atom Chain Compounds  

 

 

 

 

 

 

 

 



1 
 

Chapter 1: Computational Investigation of a New Class of 

Heterometallic Ru-M Bonded Cores 

Trey C Pankratz, Thomas Hsu, John Berry 

TCP and HS contributed equally to this work. 

Abstract: In this work, we showcase computational results exploring HEMACs derived from 

the Ru2dpa4Cl (dpa = N,N’-diphenylamine) metalloligand and two series of metal salts, 

namely Ru2Mdpa4Cl2 (M = Mn, Fe, Co, Mo, Tc, W, Re, Os; compounds 1 – 8 and their 

monocations 1+-8+). The spin states and structures of these compounds are of interest, in 

particular, we predict compounds 1-3 and 1+-3+ to exist in high-spin states derived from 

ferromagnetic interaction of the Ru2- and M-based unpaired electrons. The early transition 

metal complexes 4-7 and the cations 4+-8+ are predicted to either partially or completely 

cleave the Ru-Ru bond in favor of a new, heterometallic Ru-M multiple bond.  

Section 1.1: Introduction Metal-metal bonded complexes have garnered much attention 

over the past forty years, due to their various applications, but mainly because of what they 

have taught us about fundamental aspects of chemical bonding.1, 2 Heterometallic 

extended atom chain (HEMAC) complexes are a class of metal-metal bonded compounds 

at the forefront of the field of metal-metal bonds, having possible applications as 

molecular-scale circuitry components, but also having unusual bonding features that 

provide challenges to theory and computational modeling. We focus on trimetallic 

HEMACs, in which the metal core composition can be either MAMAMB, MAMBMA,  or MAMBMC.1, 
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3 The polar MAMAMB compounds are of particular interest due to their possible use as 

molecule-scale rectifiers,4, 5 and the fact that the compounds present a single 

heterometallic interaction that can be probed.  

Unsymmetric MAMAMB compounds have been examined by the groups of Berry and Peng; 

the inventory of known compounds is shared in Table 1.1.1. The Berry lab has focused on 

compounds containing a quadruply-bonded MAMA pair, either CrCr, MoMo, or WW. They 

have developed a synthetic strategy involving deliberate synthesis of a MAMA metalloligand 

(e.g., Cr2(dpa)4 where dpa = 2,2′-dipyridylamide, the ligand shown in Table 1), followed by 

metalation of a MBX2 salt to form the HEMAC structure.6 Similar approaches have been 

developed by the Peng lab.7, 8 
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Table 1.1.1. Known asymmetric MAMAMB HEMACs 

 

MA MB Ref. 

Cr Cr, Mn, Fe, Co, Ni, Zn 9 

Mo Cr, Mn, Fe, Co, Ni, Ru 10 

W Cr, Mn, Fe, Co, Ni, Ru 11 

Ru Mn, Fe, Co, Ni, Cu, Zn 

Ru, Rh, Pd, Cd 

8 

Rh Mn, Fe, Co, Ni, Cu 

Ru, Rh, Pd, Cd 

Ir 

7 

   

 

One thing that the systems in which MA = Cr, Mo, W, or Rh have in common is that the 

metal-metal bonded metalloligand has a diamagnetic ground state. Thus, magnetic 

properties of MAMAMB compounds with paramagnetic MB ions typically are similar to those 

of an isolated MB complex, though there tends to be some delocalization of spin due to 

overlap of 𝑑𝑧2  orbitals of the two MA atoms and MB.10 The question of what happens to the 
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electronic structure and magnetism when the MAMA group contains unpaired electrons has 

not been fully investigated.  

We have recently reported an example of a cationic [Mo2Ni(dpa)4Cl2]+ species, formed upon 

one electron oxidation of Mo2Ni(dpa)4Cl2.12 In this case, it is the Mo2 unit that becomes 

oxidized rather than the Ni, such that the cation contains both a paramagnetic Mo2
5+ group 

having a σ2π4δ1 electron configuration (𝑆Mo2
= 1 2⁄ ), and a paramagnetic, high-spin Ni(II) 

ion (SNi = 1). The two spin centers, 𝑆Mo2
 and SNi, could interact either antiferromagnetically, 

yielding a total spin state, ST, of ½; alternatively, 𝑆Mo2
 and SNi could have a ferromagnetic 

interaction to give ST = 3/2. Ultimately, the ST = 3/2 state wins out, and this state is 

magnetically isolated up to room temperature. The reason for this is that 𝑆Mo2
 and SNi are 

not isolated spin centers, but are bonded, having an unpaired electron delocalized in a 

three-center non-bonding orbital, σnb. The other two unpaired electrons, one housed in a 

Mo2 δ bonding orbital, and the other housed in a Ni-centered δ-symmetry orbital, are both 

orthogonal to the delocalized σnb spin, and thus all three spins align parallel in agreement 

with the Goodenough-Kanamori rules.13-16The mechanism of exchange within this system is 

related to the concept of double exchange, in which the spin of an itinerant (delocalized) 

electron causes the alignment of other (localized) unpaired electrons within the system.13 

MAMAMB compounds in which MA = Ru are predicted to share the complexity of the Mo2Ni 

cation because the Ru2 group is also paramagnetic.1 A further complexity of Ru2MB 

compounds is the distribution of charge. Metal-metal bonded Ru2 compounds are 

remarkably stable in the mixed-valent Ru2
5+ oxidation state, and the homovalent Ru2

4+ 
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species tend to be quite reducing, especially when supported with strongly basic ligands. 

Thus, there are two limiting charge distributions for Ru2MB HEMACs, as outlined in Figure 

1.1.1. Distribution A has both Ru atoms and MB in the same, 2+ oxidation state, while 

distribution B involves a mixed-valent Ru2
5+ group appended to a MB

+ ion. 

 

Figure 1.1.1. Possible distributions of charge within Ru2MB HEMAC compounds. 

Simple dimers in the Ru2
4+ redox state have the electron configuration [Q]δ*2π*2, where [Q] 

denotes the σ2π4δ2 core of the quadruple bond. The occupation of orthogonal π* orbitals 

with one electron each leads to a triplet (𝑆Ru2
 = 1) ground state, similar to the ground triplet 

state of O2. In the Ru2
5+ oxidation state, the configuration is [Q]δ*1π*2, where the near-

degeneracy of the δ* and π* orbitals gives rise to a parallel alignment of spins and a quartet 

(𝑆Ru2
= 3/2) ground state, and an analogy may be made to the quartet state of octahedral 

Cr3+ compounds. 
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By combining our understanding of the Ru2 dimers with our observations of the 

[Mo2Ni(dpa)4Cl2]+ cation, we may expect that Ru2MB HEMACs may have interesting 

magnetic properties. Specifically, when MB is a paramagnetic metal, the itinerant σ-

symmetry electrons, being orthogonal both to any π or δ symmetry unpaired electrons on 

the Ru2 unit and on MB, will enforce parallel alignment of all of these spins. Thus, we may 

expect the highest possible spin states to be favored in these cases, i.e., ferromagnetic 

coupling between the Ru2 group and MB. As an example of this, the compound 

Ru2Ni(dpa)4Cl2 has been shown experimentally to have an ST = 2 ground spin state.17 

Computations indicate that the compound shows electron distribution A, with an Ru2
5+–Ni+ 

electronic structure. The 𝑆𝑅𝑢2
 = 3/2 and 𝑆𝑁𝑖+  = 1/2 spins couple ferromagnetically to yield 

the ST = 2 ground state. Interestingly, Raman studies of Ru2Ni(dpa)4Cl2 indicate that there 

are two low-lying excited states available that are proposed to have electron distribution 

B.18-20 

Even though crystal structures of other Ru2MB compounds have been reported in which MB 

is a paramagnetic metal (Mn, Fe, or Co), magnetic properties of these compounds have not 

been determined, and no electronic structure calculations have been reported. In this 

work, we report an analysis of the spin state energetics of the Ru2MB series with MB = Mn, 

Fe, and Co (compounds 1, 2, and 3, respectively) in order to test the hypothesis outlined 

above predicting these compounds to prefer a ferromagnetic, high-spin ground state. 

Additionally, we examine a second series of Ru2MB compounds in which MB are second- or 

third-row transition metals. As shown in Table 1.1.1, such compounds are known with MB = 

Rh, Pd, Cd, or Ir. Magnetic measurements of [Ru2Rh(dpa)4Cl2]+ and [Ru2Ir(dpa)4Cl2]+ cationic 
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complexes have been made, and electronic structure calculations on these two HEMACs 

have been performed8, indicating a strongly delocalized three-center bonding interaction 

with both σ and π character, as is also the case for the homotrimetallic Ru3(dpa)4Cl2. The 

second series of compounds examined here explores new Ru2MB combinations in which MB 

is an early second or third row transition metal. In contrast to the cases of known Ru2MB 

compounds in which either the Ru–Ru bond is stronger than the Ru–MB bond, or where 

there is delocalcization across all three metals, we predict complexes with early metals 

that display greatly weakened Ru–Ru bonding and strong Ru–MB heterometallic bonding 

(Figure 1.1.2). The new Ru2MB(dpa)4Cl2 compounds have MB = Mo, Tc, W, Re, or Os 

(compounds 4, 5, 6, 7, or 8, respectively). These new metal-metal bonded compounds are 

worth synthetically targeting in order to test the predicted change in bonding properties, 

and also due to possible synthetic utility as an entry to explore new polar metal-metal 

bonds. These compounds could also be used as precursors to other, truly heterotrimetallic 

systems of the form M′RuMB(dpa)4Cl2 by replacement of the weakly bonded Ru atom with a 

new metal M′. 

 

Figure1.1. 2. Changes in bonding trends across the series of Ru2MB compounds. 
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It is not unheard of for a heteronuclear bond to be stronger than the corresponding 

homonuclear bonds; perhaps the best known example is CO (bond dissociation energy, 

BDE, of 1075 kJ mol–1)21 vs the gas phase C2 (BDE = 605 kJ mol–1) and O2 dimers (BDE = 498 

kJ mol–1). More common is when one homonuclear bond is significantly weaker than the 

other, for example the interhalogen compound ICl (BDE = 213 kJ mol–1) vs I2 (BDE = 153 kJ 

mol–1) and Cl2 (BDE = 243 kJ mol–1). For transition metal complexes, it is not possible to 

determine BDEs since one can’t simply break one bond in a complex molecule. But 

examples of stable heterometallic bonds are known, as in Eq. 1 and 2, which proceed to 

form heterometallic products when heated.22 

Rh2(TFA)4  +  Bi2(TFA)4  →  2 RhBi(TFA)4 Eq. 1.1.1 

Ru2(TFA)4  +  Bi2(TFA)4  →  2 RuBi(TFA)4 Eq. 1.1.2 

Here, TFA = the anion of trifluoroacetic acid. We describe the degree of heterometallic 

bonding in the series of compounds 1 – 8 here. 

Section 2: Computational Details.  

 Calculations were performed using the ORCA program, version 5.0.0.23 The B3LYP 

functional was used with the Def2-TZVP basis set on all atoms.24-27 The D3 dispersion 

correction, as well as the resolution of identity and chain-of-spheres approximations were 

employed, using the D3 and RIJCOSX keywords respectively. The ZORA keyword was used 

to account for relativistic effects.28, 29 The orbital interactions were analysed using the 

natural bonding orbital (NBO) package.30, 31  Molecular orbitals were visualized using 

Chemcraft version 1.8.32 To determine the correct spin state of each of these compounds, 
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geometry optimization was done on a range of possible spin states. Frequencies were 

calculated to ensure that the optimized structures correspond to energetic minima, and so 

that thermodynamic corrections to the electronic energy such that the tabulated energy 

differences correspond to Gibbs free energies. 

 

Section 3: Results and Discussion 

Geometries and Spin State Energetics. 

Table 1.3.1 contains geometric information about the optimized structures of 1-3 and the 

cations 1+-3+ as well as how they compare to experimental crystal structures. Notably, 

crystal structures have been obtained for 1+, 2+, 3, and 3+. From the crystallographic data, it 

is clear that the cations prefer longer Ru2–MB distances. For example, while 2+ and 3 are 

isoelectronic, the Ru–Fe distance in 2+ is longer than the Ru–Co distance in 3 by 0.16 Å, 

consistent with a greater overall degree of electrostatic repulsion within the [RuRuCo]7+ 

unit. Also, from the experimental data, oxidation of 3 to 3+ appears to involve oxidation of 

the Co center, based on the drastic shortening of the Co–Cl bond length by 0.24 Å upon 

oxidation. However, the Co–N bond lengths get slightly longer (~0.04 Å) upon oxidation, 

which is not expected for a Co-centered oxidation. It is important to note that there is little 

change in the Ru–Ru distance upon oxidation of 3 to 3+ (~0.02 Å), though Ru2
4+ and Ru2

5+ 

species often have similar Ru–Ru bond lengths, so this lack of change does not provide 

salient information about the site of oxidation.  
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The DFT geometry optimizations for 1-3 (see Appendix for .xyz coordinates) and their 

cations showcase qualitative agreement with the above trends, showing for all six 

compounds longer Ru2–MB distances than the Ru–Ru distances indicating that the Ru2 unit 

persists in all of these compounds. In the 4 compounds that have an experimental 

comparison, the Ru–Ru distances show very good agreement between the lowest energy 

spin state and the crystallographically determined distance. For 1+, 2+, 3, and 3+, the Ru–MB 

distances are also in quite good agreement, within ~0.02 Å. This highlights two aspects of 

this approach, one of which is a failing and one of which is useful. First it highlights the 

need for experimental conformation of DFT findings, due to DFT’s difficulties in determining 

spin state energetics. However, the preservation of the Ru–Ru distances in these cases 

shows that this approach gives qualitatively correct geometries and may used as a 

predictive tool for complexes that exhibit different behaviors (see discussion of 4-8 below) 

No magnetic susceptibility data for 1+, 2+, 3, or 3+ have been recorded, so we must rely on 

comparison of the DFT optimized geometries with experimental geometries, and the 

calculated spin state energies to deduce the nature of the ground states. From the results 

in Table 1.3.1, we can see these complexes prefer high spin states between S = 5/2 in  3 to S 

= 4 in 1+. This indicates to us that these complexes are predicted to have ferromagnetic 

interactions between the Ru2 core and the heterometal, leading to these elevated spin 

states. This ferromagnetic interaction requires strong bonding interactions, via an itinerant 

α-spin electron in the delocalized σnb orbital. Additionally, in these compounds where it is 

predicted that a primarily Ru-Ru core is maintained, the * and * orbital occupations of 

this core can be used diagnostically to help differentiate between electron distribution A or 
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B. In A, you predict both * orbitals to be singly occupied with a doubly occupied * orbital, 

and in electron configuration B, the * orbital will also be singly occupied. For the lowest 

energy structures for 1, 2, 3 and 3+ electron configuration A is predicted, however for the 

earlier metals in 1+ and 2+ electron configuration B is predicted (See Appendix for frontier 

orbitals)
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The results of geometry optimizations for 4-8 and the cations 4+-8+ are given in Table 1.3.2 

(see Appendix for full comparisons of all investigated spin states). Analysis of the spin state 

energetics for 1-3 was important for calibrating our DFT method to experimental data, 

which is important because DFT often does not provide accurate spin state energies. With 

compounds 4-8, we now apply these methods to unknown compounds for which there are 

no experimental data. Both 4 and 5 did not have unambiguously assignable ground spin 

states. For 4, the S = 1 state was determined to be only 0.01 kcal/mol higher in energy than 

S = 0. Similarly for 5, the S = ½ state was found to only be 0.49 kcal/mol higher in energy 

than S = 3/2. Otherwise, each heterometallic complex was calculated to have a well-

isolated ground spin state, as listed in Table 2. Thus, our analysis will report on only the 

lowest-energy spin states, except for 4 and 5, in which both these possible spin state 

options will be included, since, without experimental comparison, they are equally valid 

computational predictions at this level of theory. 

In analyzing the geometries, it is useful to start with compound 8. Os lies just below Ru on 

the periodic table, so we may expect 8 to have similar properties to the homometallic 

Ru3(dpa)4Cl2. Indeed, this is the case. In 8, the Ru–Ru and Ru–Os distances are practically 

equivalent at 2.29 and 2.28 Å, respectively. Oxidation of 8 to 8+ elongates both bonds, but 

to different extents. While the Ru–Os distance elongates by ~0.03 Å, the Ru–Ru distance 

elongates by 0.09 Å such that in 8+, the homometallic Ru–Ru distance is 0.06 Å longer than 

the heterometallic Ru–Os distance. This result was surprising, and has important 

implications for bonding. 
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All of the remaining compounds 4-7 and cations 4+-7+ display the common feature that the 

Ru–Ru distances are longer than the heterometallic Ru–MB distances. There is no 

straightforward trend of the difference, Δd, with simple properties of MB, such as 

electronegativity. We must therefore look into the bonding in these compounds to explain 

the surprising distance trends. 

As a first step towards a bonding assessment, we have collected the calculated Mayer 

bond orders (MBO) for 4-8 and 4+-8+ in Table 3. Remarkably, the Ru–MB contact always has 

a greater MBO than the Ru–Ru contact, irrespective of metal, charge state, or spin state in 

the case of Mo and Tc. This is true even in the case of 8, where the two metal-metal 

distances are practically identical. This indicates stronger bonding between Ru-MB than Ru-

Ru across the entire series. This is much different behavior than has previously been 

reported for any type of MAMAMB chain complex, contrasting distinctly with compounds 1-3 

and 1+-3+ described above.  
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Bonding in 4-8. 

With the unusual structural features and Mayer bond orders for the optimized geometries 

of 4-8 and 4+-8+ analyzed indicating strong Ru-M bonds, we sought to further understand 

the nature of these interactions. To study this, we employed natural bonding orbital (NBO) 

analysis,31, 33 a method that has been used before to analyze metal-metal multiple 

bonding,34 but has never before been applied to the more difficult delocalized bonding 

situations found in HEMACs. In this method, both the alpha space and the beta space are 

assigned Lewis structure configurations. We can use these Lewis structure configurations 

to determine not only the bonding in the metal core, but also the oxidation states of the 

metals involved. We will start with the oxidation states of the metals, shown in table 1.3.3. 

These are determined by assigning which electrons are associated with the metal core 

through either being metal centered lone pairs, or metal-metal bonding pairs. From these 

assignments, we can assign oxidation states to each metal center in both the α and β 

spaces with lone pairs contributing all of their electrons to the metal center on which they 

reside, and by homolytically splitting the metal-metal bonding pairs, assigning one electron 

to each metal center involved. Then once the oxidation states of the α and β spaces are 

both computed, we take the sum of these electron counts to produce the oxidation states 

shown in table 1.3.3.  
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Table 1.3.3. Analysis of metal oxidation states in 4-9 and 4+-9+. 

       Metal Oxidation State 

Compound 
Metal 

Overall 

Charge 
S= Ru1 Ru2 M 

4 Mo 0 0 2 4 2 

   0 1 1.5 3.5 2 

5 Tc 0 1/2 1.5 3.5 2 

   0 3/2 2 2 2 

6 W 0 0 2 4 4 

7 Re 0 1/2 1.5 3.5 2 

8 Os 0 0 2 3 1 

9 Zn 0 1 2 2 2 

             

4+ Mo 1 1/2 2 4 3 

5+ Tc 1 1 2.5 3.5 2 

6+ W 1 1/2 0 4 3 

7+ Re 1 0 2 4 3 

8+ Os 1 3/2 2 3 3 

9+ Zn 1 3/2 2 3 2 

       

 

Importantly, the Ru2MB(dpa)4Cl2 formula implies a [RuRuMB]6+ core charge for the metal 

atoms to account for the four dpa– and two Cl– anions. A glaring issue in Table 4 is that, with 

a few well-behaved exceptions, the oxidation states determined via this method do not 
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align with our preconceived notions of a total +6 charge for the metals in the neutral 

compounds, or a +7 charge in the cationic compounds. Excess oxidation of the core must 

therefore be accompanied by reduction of the dpa ligands. Many nitrogen donor ligands 

studied in the field of coordination chemistry are well-known to be redox active35, 36 (or non-

innocent), but this is previously unknown behavior of the dpa ligand. Surprised by this 

result, we undertook two sets of calculations to see if this effect was simply an artifact of 

the Lewis-like constraints of the NBO method. First, we examined Ru2Zn(dpa)4Cl2 (9,9+), 

which is a useful control because it should conform simply to the [Ru2]4+/5+–Zn2+ oxidation 

states with unpaired electrons only localized on the Ru2 unit. Furthermore, Ru2Zn(dpa)4Cl2 

does not exhibit strong Ru–Zn bonding. Thus, the bonding in the Ru2Zn system should be 

well-described by Lewis-like bonding depictions. We therefore can test the NBO method to 

determine if this approach can correctly describe the nature of M–M interactions in this 

simple system. 

Indeed, we find that Ru2Zn(dpa)4Cl2 is correctly described in this analysis, giving a d10 

configuration around the Zn center in both the neutral and cationic species and as 

expected a Ru2
4+ and Ru2

5+
  core, indicating that NBO analysis can correctly assess the 

diruthenium systems that have the expected Ru–Ru multiple bond and weak Ru–MB 

interaction. As a second test, modeling of Mo2MB(dpa)4Cl2 complexes shows that the ligand 

reduction effect is not observed, (see Appendix for full details) suggesting that this ligand 

reduction may be not simply a computational artifact for the Ru system. It is likely a feature 

of the HEMAC systems that contain heavy, easily oxidized, early 2nd or 3rd row transition 

metals. Accessing these compounds experimentally will probably necessitate targeting 
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more highly oxidized [Ru2MB]8+ or [Ru2MB]9+ cores, or using ligands that are more difficult to 

reduce than the dpa ligand. 

The other information that can be determined from the NBO analysis is the nature of the 

bonding in the metal core within a Lewis structure formalism. As described by Landis and 

Weinhold, bonding to transition metals makes use of the metal nd and (n+1)s orbitals to 

house 12 electrons (duodecet rule), which can be expanded to 18 electrons by the 

inclusion of three 3-center/4-electron bonding interactions.37, 38 For paramagnetic species, 

the bonding interactions using these orbitals are by necessity different for the α and β 

electron sets. Thus, there will be different one-electron Lewis structures associated with 

the α and the β electron sets. The limiting Lewis-like structures involving metal-metal 

bonding for 4-9 and 4+-9+ are shown in Figure 1.3.1. Though we have determined that each 

metal atom follows the duodecet rule, electrons involved in metal-ligand bonding are not 

shown in these diagrams.  

The general trends observed in Figure 1.3.1 align with the evidence presented thus far, with 

the interaction between Ru and the heterometal showing at least a double bond, as 

opposed to the either fully non-bonding or singly-bonded Ru–Ru unit. The exception to this 

trend is the neutral Os compound 8, with a double bond between the Ru atoms, though this 

bonding situation reverses upon oxidation to 8+. Previous studies on the triruthenium 

system have highlighted the unusual and partial multi-reference nature of this system. For 

completeness we also include the Ru2Zn(dpa)4Cl2 results here as well, showing the 

expected behavior of an S = 1 Ru2
4+ group having a Ru=Ru double bond, and the Zn2+ ion 

being surrounded by 5 lone pairs (the d10 configuration). Worth noting here is that in many 
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of these “Lewis-like” structures of the metal core, the Ru atom distal to the heterometal is 

best described as Ru2+ and is not bonded to the other metals in the core, suggesting the 

possibility that given the correct reaction conditions this metal atom could be removed 

from the core using a relatively strong-field ligand (e.g. CN-) to produce new Ru–MB 

heterometallic metalloligands. 
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Figure 1.3.1. Limiting Lewis-like structures for the α and β sets of Ru2MB(dpa)4Cl2 

compounds. For α or β diagrams, we draw pairs of dots and lines to conform to Lewis 

structure convention — however, since these are one-electron Lewis diagrams, each pair of 

dots indicates a single unshared electron, and each line indicates a single shared electron. 

Conclusions  

In this work, we have examined the structures and bonding in Ru2MB(dpa)4Cl2 HEMAC 

complexes, predicting high-spin ground states for cases in which MB is a first-row transition 
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metal, and 5 complexes that create a stronger Ru–MB bond (M = Mo, Tc, W, Re, Os) than the 

Ru–Ru bond in the Ru2dpa4Cl starting material. This conclusion is supported by the shorter 

Ru–M bond lengths compared to the Ru–Ru bond lengths, by the increase in Mayer bond 

order between the Ru–M interaction compared to the Ru–Ru interaction, and finally a NBO 

analysis of the compounds indicates Ru–M multiple bonding in the limiting Lewis-like 

structures. It is worth noting that the metal core in these complexes appears to be oxidized 

in this NBO analysis, with concurrent ligand reduction, but this behavior is not reproduced 

in systems of the form Mo2M(dpa)4Cl, suggesting such behavior is not a computational 

artifact. In conclusion, we believe that we have computationally predicted 4 reasonable 

synthetic targets (5 if you have a license to handle Tc) for precursors to new HEMAC 

compounds of the form Ru2M(dpa)4Cl2 (M = Mo, Tc, W, Re, Os) which will certainly have 

application in molecular electronics due to their different predicted electronic structure 

from extant complexes, and may have further usefulness as precursors to HEMAC 

complexes of the form MARuMB (dpa)4Cl2. 
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Chapter 2: Magnetic Exchange in a Dicobalt Paddlewheel 

Complex 
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Abstract: Dirhodium tetracarboxylate complexes catalyze a number of useful carbenoid 

transformations including cyclopropanation and C–H functionalization. However, 

complementary reactivity involving dicobalt tetracarboxylate complexes is significantly 

less developed; only cyclopropanation has been previously reported. The vast majority of 

dicobalt paddlewheel complexes reported to date have strongly coordinating N-donor axial 

ligands that are poisons known to arrest the catalytic activity of dirhodium complexes. We 

therefore sought a synthetic route to form dicobalt paddlewheel complexes that bear 

labile, O-donor axial ligands and report herein the synthesis of Co2(TPA)4(L)2, where TPA = 

triphenylacetate and L = Et2O (2) or THF (3), via two different synthetic routes. Magnetic 

susceptibility measurements of 3 have been performed and the data were fitted to a model 

incorporating isotropic exchange and zero-field splitting of the Co(II) centers. We 

reinvestigate the mechanism of magnetic exchange in paddlewheel-type Co(II) dimers 

finding that there are two direct exchange pathways of σ and π symmetry in addition to the 
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well-known δ symmetry superexchange pathway that is established for Cu(II) dimers. 

Complex 3 was successfully employed as a catalyst for carbenoid-type transformations 

using a diazo starting material, demonstrating utility in facilitating both cyclopropanation 

reactions and, for the first time, C–H functionalization. 

 

Section 1:Introduction 

Dirhodium tetracarboxylate complexes are well-known catalysts that facilitate a 

wide variety of bond-forming reactions. For example, carbenoid transformations that 

proceed via the intermediacy of a dirhodium carbene complex have been reported to 

yield cyclopropanation products, and even spectacularly selective insertions of 

carbenes into the C–H bond of alkanes.1-15 A major goal in catalysis is to explore 

whether similar reactivity can be developed using metals that are cheaper and more 

Earth abundant than rhodium. In particular, cobalt attracted our attention because 

(1) cobalt and rhodium are both Group 9 metals, (2) mono-cobalt complexes have 

been explored as catalysts for a number of carbenoid transformations,16-33 (3) a 

number of dicobalt tetracarboxylate structures have been reported,34-68 (See Tables 

S1 and S2 in Appendix for a more detailed breakdown of these references) and (4) we 

recently reported that the dicobalt carboxylate compound Co2(esp)2(EtOH)2 (esp = 

α,α,α’,α’-tetramethyl-1,3-benzenedipropionate) can promote carbenoid styrene 

cyclopropanation,55 though this catalyst was unable to perform C–H functionalization 

reactions.  
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With regard to the third point, of the known structures of paddlewheel-type Co2 

carboxylate dimers reported, ~85% of them contain nitrogen donor axial ligands such 

as pyridine or pyridine derivatives that are effective poisons for carbene transfer 

catalysts. Even the EtOH axial ligands in our reported Co2(esp)2(EtOH)2 catalyst are 

carbene traps, as the carbene can insert into O–H bonds.  

Another problem in the literature on Co2 carboxylate dimers is that the lack of a 

strong Co–Co bond as a defining structural feature disfavors formation of dimers. 

Thus, while there are > 3,500 structures of Co carboxylate compounds in the 

Cambridge Database, < 40 are discrete dimeric structures. The propensity for mono-

cobalt complexes was pointed out by Mehrotra and Bohra in their monograph on 

metal carboxylates69, and it has been assumed that steric crowding is necessary to 

favor paddlewheel dimers. Compounding this issue is the fact that Co(II) is well 

known to display fast ligand exchange kinetics70. Thus, Co(II) carboxylates have been 

found to adopt a myriad of geometries other than the paddlewheel-type dimer 

structure.55 For example, Kwon, Do, and co-workers have recently reported a Co(II) 

carboxylate coordination polymer in which the carboxylates display a combination of 

O,O’-bridging, O,O-bridging, O,O’-chelating, O,O,O’-triply-bridging, and 

monodentate coordination modes.71 Furthermore, in previous work, we used the 

chelating dicarboxylate esp ligand, which we expected to circumvent this synthetic 

problem via the chelate effect, but we still found that other structure types were 

formed preferentially under certain reaction conditions.55 Nevertheless, under the 

right synthetic conditions, we found that the paddlewheel-type dicobalt esp complex 



31 
 

could be formed, and, to our surprise, that it accommodated axial ligands such as 

ethanol and water,54, 55 in contrast to the nitrogen donor ligands that have largely been 

used to support dicobalt paddlewheel structures in the past. carboxylic acid (pivalic 

acid) are initially combined to form an uncharacterized “polymeric material”. This 

material is then treated with an excess of pyridine to form a dicobalt bridging aquo 

complex, which may then be dehydrated to yield the corresponding dicobalt 

paddlewheel dimer. Considering that there are numerous carboxylate-supported 

dicobalt bridging aquo complexes known,55, 73-114 including some that do not contain 

N-donor supporting ligands, we wondered if this two-step synthetic sequence could 

be broadened to allow us to access a dicobalt paddlewheel-type structure with O-

donor axial ligands. We report here preparation of the new complex Co2(TPA)4(Et2O)2 

(2) via this route, where TPA = triphenylacetate, as well as synthesis of 

Co2(TPA)4(THF)2 (3) using a single-step synthetic route directly from CoCl2 using air 

free techniques. To our knowledge, 2 is the first Co2 tetracarboxylate yet reported to 

contain diethyl ether axial ligands. Also, regarding compound 3: the only other 

example of a Co2 tetracarboxylate paddlewheel structure containing THF ligands is 

the complex Co2(O2CCCo3(CO)9)4(THF)2, in which the central Co atoms are derived 

from degradation of one of the carboxylate metalloligands. The new complexes 

reported here have been characterized crystallographically, and we report magnetic 

characterization on one of them as a representative example. In contrast to the well-

studied Cu2 tetracarboxylates, there are few reported magnetic measurements on 

paddlewheel-type Co2 species.115 Single-crystal magnetic susceptibility 
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measurements on Co2(benzoate)4(4-methyl-quinoline)2 have suggested a dominating 

superexchange pathway involving interaction of δ-symmetry dxy magnetic orbitals 

with the delocalized π system of the benzoate ligands.116, 117 We reinvestigate the 

mechanism of magnetic exchange here, and present evidence for a strong direct 

exchange pathway involving overlap of the σ-symmetry Co(II) 𝑑𝑧2  orbitals. Electronic 

structure calculations support this proposal. Additionally, we report on carbene 

transfer reactivity of 3. In addition to cyclopropanation, as has been reported for the 

Co2(esp)2(EtOH)2 catalyst, 3 is capable of insertion of a carbene group into a C–H 

bond of cyclohexane. But, critically for catalytic applications, EtOH and water are 

both carbene traps. We have therefore continued to seek out straightforward 

synthetic methods to prepare dicobalt compounds with simple carboxylate ligands 

bearing labile, O-donor ligands that do not contain O–H groups in the axial sites. No 

such compounds have previously been reported. 

 

 

   We were therefore intrigued by a report from Golubnachaya and co-workers72 

outlining a stepwise synthetic procedure to form pyridine adducts of Co2 

tetracarboxylate paddlewheel compounds (Scheme 2.1.1). This method is a three-

step process in which Co(OAc)2 ∙ 4H2O and a carboxylic acid (pivalic acid) are initially 

combined to form an uncharacterized “polymeric material”. This material is then 

treated with an excess of pyridine to form a dicobalt bridging aquo complex, which 

may then be dehydrated to yield the corresponding dicobalt paddlewheel dimer. 
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Considering that there are numerous carboxylate-supported dicobalt bridging aquo 

complexes known,55, 73-114 including some that do not contain N-donor supporting 

ligands, we wondered if this two-step synthetic sequence could be broadened to 

allow us to access a dicobalt paddlewheel-type structure with O-donor axial ligands. 

We report here preparation of the new complex Co2(TPA)4(Et2O)2 (2) via this route, 

where TPA = triphenylacetate, as well as synthesis of Co2(TPA)4(THF)2 (3) using a 

single-step synthetic route directly from CoCl2 using air free techniques. To our 

knowledge, 2 is the first Co2 tetracarboxylate yet reported to contain diethyl ether 

axial ligands. Also, regarding compound 3: the only other example of a Co2 

tetracarboxylate paddlewheel structure containing THF ligands is the complex 

Co2(O2CCCo3(CO)9)4(THF)2, in which the central Co atoms are derived from 

degradation of one of the carboxylate metalloligands. The new complexes reported 

here have been characterized crystallographically, and we report magnetic 

characterization on one of them as a representative example. In contrast to the well-

studied Cu2 tetracarboxylates, there are few reported magnetic measurements on 

paddlewheel-type Co2 species.115 Single-crystal magnetic susceptibility 

measurements on Co2(benzoate)4(4-methyl-quinoline)2 have suggested a dominating 

superexchange pathway involving interaction of δ-symmetry dxy magnetic orbitals 

with the delocalized π system of the benzoate ligands.116, 117 We reinvestigate the 

mechanism of magnetic exchange here, and present evidence for a strong direct 

exchange pathway involving overlap of the σ-symmetry Co(II) 𝑑𝑧2  orbitals. Electronic 

structure calculations support this proposal. Additionally, we report on carbene 
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transfer reactivity of 3. In addition to cyclopropanation, as has been reported for the 

Co2(esp)2(EtOH)2 catalyst, 3 is capable of insertion of a carbene group into a C–H 

bond of cyclohexane. 

 

 

Scheme 2.1.1. Preparation of dicobalt paddlewheel complexes. Top: Precedent from 

Golubnachaya and coworkers for the stepwise preparation of Co2(pivalate)4(py)2 (py = 

pyridine). Middle: Modification of the Golubnachaya method for the preparation of 

Co2(triphenylacetate)4(Et2O)2 (2). Bottom: Direct synthesis of Co2(triphenylacetate)4(thf)2 (3) 

using anhydrous, air-free conditions. 
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Section 2: Results and discussion 

Synthesis and structural characterization. The bridging aquo complex [Co₂(µ-

OH₂)(TPA)₄(THF)₄], 1, was synthesized in air by treating a THF solution of 

Co(NO3)2·6H2O with two equivalents of the salt K(TPA).  Subsequent crystallization 

from THF/hexanes provided 1 in 62% yield. The bridging water molecule of 1 was 

removed via azeotropic distillation in toluene and the resulting material was 

crystalized from Et2O to afford X-ray quality crystals of [Co2(TPA)4(Et2O)2], 2, with 

quantitative conversion. Attempts to crystalize 2 from hot MeOH led to the formation 

of the monomeric species Co(TPA)2(MeOH)4  (Figure S2 in Appendix). 

 

Intrigued by the possibility of bypassing the bridging aquo intermediate by using 

strictly anhydrous conditions, we found that complex [Co2(TPA)4(THF)2], 3, could be 

synthesized in a single step by treating a suspension of K(TPA) in THF with 0.5 

equivalent of anhydrous CoCl2. The dark violet mixture was concentrated and filtered 

and pentane was added to precipitate a dichroic microcrystalline material that 

appeared both pink and blue under various lighting environments. The material was 

crystalized from vapor diffusion of benzene/pentane to provide X-ray quality crystals 

of 3 in 88% yield.   
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The two Co centers of 1 (Fig 2.2.1), with a non-bonded Co∙∙∙Co distance of 

3.489(2) Å, are linked through two anionic TPA ligands (Co–O, 2.0399(18)-2.0859(17) 

Å) and a bridging water molecule (Co–O, 2.0676(17), 2.0892(17) Å). The distorted 

octahedral environment around each Co(II) center is completed by coordination of 

two THF molecules (Co–O 2.116(5)-2.166(1) Å) and a terminal TPA anion (Co–O, 

2.0640(17), 2.1096(17) Å). The uncoordinated O atoms of the two monodentate TPA 
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ligands form short intramolecular hydrogen bonds with the hydrogen atoms of the 

bridging water molecule.  

The binuclear paddlewheel complexes 2, Figure 2.2.2, and 3, Figure S3 in 

Appendix, are dimers with four bidentate and bridging TPA ligands between two Co II 

centers. The two Co atoms possess non-bonding distances of 2.6175(10) and 

2.6455(14) Å for 2 and 3, respectively, in agreement with other reported 

tetracarboxylate Co paddlewheel structures,34-68 which do not contain a Co–Co bond. 

The coordination geometry about each Co atom is distorted square pyramidal, with 

four O atoms from four different carboxylate ligands (Co–O, 2.0099(13) – 2.0331(11) 

Å) forming the basal plane and an O atom from a coordinated solvent molecule 

occupying the axial positions. In 2, there are two axially coordinated Et2O molecules 

Figure 3.2.2 Molecular structure of 2 with hydrogen atoms removed and thermal 
displacement ellipsoids drawn at the 50% level.
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(Co–O, 2.0412(15), 2.0429(15) Å) and in 3 there are THF ligands (Co–O, 2.052(5), 

2.054(5) Å). The Co–O axial bond lengths are notable in that they are slightly shorter 

than the average Co–O bond lengths for THF complexes, (2.11 Å, ranging from 1.97 – 

2.45 Å), and Et2O complexes, (2.08 Å, range from 1.99 – 2.12 Å), in all Co complexes 

found in the CSD. In contrast, Rh2 tetracarboxylates bearing axial THF ligands have an 

average Rh–O distance of 2.29 Å, slightly longer than the average, 2.26 Å, of all Rh–

THF complexes in the CSD. These comparisons indicate that the slight trans 

influence of the Rh–Rh bond in Rh2 tetracarboxylates is absent in Co2 tetracarboxylate 

structures. The UV-Vis spectra for complexes 2 and 3 are shown in Figure S4. These 

spectra are identical, displaying a multiplet of ligand field transitions centered at 

~17,000 cm-1. The similarity of the spectra indicate that the identity of the axial ligand 

does not affect the ligand field splitting in a meaningful way.  
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 Section 3:Magnetometry. Another significant difference between Co2 and Rh2 

tetracarboxylates is that the former are paramagnetic while the latter complexes are 

diamagnetic. The electronic ground state configuration of the Rh2 dimers is well 

described as σ2π4 δ2δ*2π*4; Rh2 compounds are diamagnetic containing a (𝑑𝑧2 − 𝑑𝑧2) 

σ bond. In contrast, the Co atoms in 2 and 3 are too spatially separated to consider 

strong metal-metal interactions. Each Co(II) ion can therefore be considered as a 

five-coordinate, high-spin ion having a local spin of SCo = 3/2. The spins of the two 

Figure 2.3.1. Plot of χ·T vs T for 3: the red line is a best fit to the data (black 
circles) using the model described in the text.
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Co(II) ions may couple ferromagnetically or antiferromagnetically. Previous literature 

examples indicate a preference for an antiferromagnetic spin-spin interaction.118 A 

superexchange mechanism for spin coupling was proposed for Co2(benzoate)4(4-

methylquinoline)2 on the basis of single-crystal magnetic susceptibility 

measurements. The dominant mechanism of exchange was proposed to be via 

interaction of the δ-symmetry dxy orbitals on the Co(II) ions with the delocalized π 

system of the benzoate ligands, resulting in a strong antiferromagnetic interaction. In 

order to test whether such a mechanism is applicable here, we probed the nature of 

the magnetic interaction in 3 using magnetic susceptibility measurements 

Magnetic susceptibility data were measured for complex 3 from 1.8 – 300 K and a 

plot of χ·T vs. T is given in Figure 2.3.1. The room temperature χ·T value of ∼5.3 emu K 

mol−1 is larger than expected for two non-interacting high-spin Co(II) centers (spin 

only χ·T = 3.75 emu K mol−1), suggesting average g values greater than 2, as expected 

for d⁷ Co(II) centers. The value of χ·T decreases monotonically with decreasing 

temperature and approaches a value of 0 emu K mol-1 at 1.8 K. 

As shown in Fig. 2.3.1, the data were fitted to a model taking into account both axial 

zero-field splitting (D) of the two Co(II) ions and the antiferromagnetic exchange 

interaction (J) between them. This model provides gavg = 3.69, D = −101 cm−1, and J = 

−31.7 cm−1, indicating a large zero-field splitting and antiferromagnetic coupling. 

Inclusion of an approximate 5% high spin impurity and a temperature independent 

paramagnetic (TIP) component improved the fit further. Notably, we do not find an 

acceptable fit of the data with D >0, suggesting that D is negative, similar to the 
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previously reported Co2(esp)2(EtOH)2 (D = -55 cm-1).54 For comparison, we find the 

intramolecular exchange coupling (J) is over twice as large as that of Co2(esp)2(EtOH)2 

(-31.7 cm -1 vs -13.2 cm-1). It is possible the exchange constant is higher in 3 than in 

the esp analog due to a shorter Co∙∙∙Co distance (by 0.08 – 0.12 Å), suggestive of a 

direct orbital overlap exchange mechanism, rather than superexchange. This 

possibility was investigated computationally. 

 

Section 4: Computational Studies.  Broken symmetry density functional theory 

(BS-DFT) calculations were performed on two sets of structures to determine the 

nature of the orbitals involved in the magnetic exchange: a set of single point (SP) 

calculations for 2 and Co2(esp)2(EtOH)2 frozen at the geometry of their crystal 

structures (crystallographic disorder precluded the use of such a geometry for 3), and 

a set of geometry optimized structures for 2, 3, and Co2(esp)2(EtOH)2 (Opt). The Opt 

structures are substantially displaced from the crystallographic (and therefore the SP 

structures) with the most notable changes being the Co-Co distances elongating 

from 2.7245(6) Å and 2.646(1) Å to 2.819 Å and 2.852 Å for Co2(esp)2(EtOH)2 and 3, 

respectively.  

Despite differences in the J values computed for the SP and Opt structures (Table 

2.4.1), all (other than Co2(esp)2opt, which becomes ferromagnetically coupled) are 

best described as containing a pair of antiferromagnetically-coupled high spin Co(II) 

ions.  

 



42 
 

Table 2.4.1 Selected experimental and computational bond lengths and coupling 

constants 

 

 

To probe the nature of these antiferromagnetic interactions, we examined the 

magnetic orbitals for 2, displayed in Figure 2.4.1.  

 

 

 

 

 

 

 

 

 

J  (cm-1) Co-Co (Å) Avg. L-Co-Co (°)
Co2(esp)2(EtOH)2 Exp. -13.2 (±0.1) 2.7245(6) 162(3)

3 Exp. -31.7 (±0.2) 2.646(1) 176.9(3)

Co2(esp)2(EtOH)2 SP -22 2.725 162
Co2(esp)2(EtOH)2 Opt 4.75 2.819 145

2 SP -112.18 2.618 180
2 Opt. -36.45 2.819 172
3 Opt. -33.87 2.852 169
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Figure 2.4.1. Calculated  magnetic orbitals from the single point calculations of 
2 of both α (left) and β (right) spin. In between the pairs of orbitals are both the 
overlap integral S, and the orbital’s position relative to the highest occupied 
molecular orbital (HOMO). Hydrogen atoms omitted for clarity. Grey = carbon, 
Red = oxygen, Salmon = Cobalt. 
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There are show three distinct orbital interactions. The dxz orbitals on each Co 

engage in a π symmetry interaction that contributes to a direct exchange interaction 

between the metal atoms. The δ symmetry dx
2-y

2 orbitals show antibonding (out of 

phase) interactions with the carboxylate σ-symmetry orbitals, pointing to a 

superexchange mechanism, as seen for dicopper carboxylates.119 There is also a third 

orbital interaction between 𝑑𝑧2  orbitals of σ symmetry, which is yet another direct 

exchange interaction. The nature of the magnetic orbitals in 2 are representative of 

the magnetic orbitals in 3, and in Co2(esp)2(EtOH)2. Notably, we do not find δ-

symmetry dxy magnetic orbitals, as postulated by Gerloch and coworkers.120 The 

identity of the magnetic orbitals is invariant to whether we use SP or Opt geometries. 

However, the substantial structural changes that occur upon optimization, as can be 

see in Table 2.4.1, do have an impact on the predicted J values. The quantitative 

results of the BS-DFT on both Opt and SP structures are shown in Table 2.4.1.121  

In contrast to the earlier proposed superexchange mechanism for Co2 paddlewheel-

type compounds, we find a combination of direct exchange and superexchange 

pathways for magnetic coupling between the two Co2+ ions.54 In support of this idea, 

the exchange coupling parameter, J, shows two weak, but distinct, magneto-

structural relationships in both the experimental and calculated structures. As Co-
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Co distance decreases, the strength of the exchange coupling increases (see 

Appendix S5), and as the Co-Co-L angle (where L is the oxygen of the axial ligand) 

approaches 180°, the strength of the exchange coupling increases. (see Appendix 

S6).  

This second effect has been previously observed in paddlewheel-type Ni2 carboxylate 

systems as well, but not for Cu2 carboxylates. Notably, paddlewheel-type Ni2 

carboxylates should also have the σ-𝑑𝑧2  direct exchange and δ-𝑑𝑥2−𝑦2  

superexchange pathways available to them, whereas Cu2 complexes only display δ-

𝑑𝑥2−𝑦2  superexchange.45 We attribute both structural relationships seen here in the 

Co2 system to the same underlying cause: changing either Co–Co distance or the Co–

Co–L angle modify the overlap between the σ symmetry Co 𝑑𝑧2  orbitals and thereby 

increase the strength of the σ direct exchange component of the total magnetic 

exchange. This hypothesis is corroborated in our DFT model by the fact that the 

calculated orbital overlap of the 𝑑𝑧2  orbitals is heavily correlated (R2 = 0.97) with the 

magnitude of the calculated total exchange coupling. (Fig. 2.4.2.) 

 



46 
 

 

Figure 2.4.2. – Plot of exchange coupling values for calculated dicobalt complexes against 

the overlap integral for the HOMO-2, the t2g-derived orbitals. A line of best fit, with the R2 for 

the fit is shown in green. 

 

 

Section 5: Catalytic Studies. We further investigated 3 as a catalyst for diazo 

decomposition reactions, and were particularly keen to test the ability to 

functionalize C–H bonds, since this type of reactivity has not been previously 

reported for Co2 tetracarboxylates. Figure 2.5.1 displays the results of experiments 

aimed to assess the feasibility of catalytic cyclopropanation and C–H 

functionalization reactions. We chose the diazo ester trichloroethyl p-

bromophenyldiazoacetate as a diazo substrate due to its ability to favor 

intermolecular reactions with exogenous substrates. In reactions with substrates 

R² = 0.9677
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styrene (5) and 1-hexene (4), the cyclopropane products were observed in yields > 

65% in the presence of 10 mol% 3. These yields are comparable to the yield for 

styrene cyclopropanation by Co2(esp)2(EtOH)2 and by “Co2(S-TPPTTL)4”, which is 

presumed to have a paddlewheel type structure but was not crystallographically 

characterized.55, 122 C–H functionalization reactions have not previously been 

reported for Co2 tetracarboxylate catalysts. Nevertheless, cyclohexane (6) is 

functionalized by 3, albeit in only 28% yield. Yields of reactions with substituted 

toluenes (7,8) indicate that benzylic C–H functionalization is favored with more 

electron-rich substrates, indicating an electrophilic Co-carbene intermediate. 

However, p-dimethylaminotoluene (9) showed no reactivity, likely due to poisoning of 

the catalyst by the amine groups. Reactions with competition substrates, 1-

isopropyl-4-methylbenzene (11) and 1-ethyl-4-methylbenzene (10) yielded mixtures 

of products, indicating a lack of inherent selectivity for specific C–H bonds. This lack 

of selectivity is not surprising, considering that Rh2 C–H functionalization catalysts 

require very bulky supporting ligands to affect differentiation between primary, 

secondary, and tertiary C–H bonds.120, 123-125 Even though it is promising that the 

dicobalt catalysts are capable of catalyzing C-H functionalization reactions with 

aryldiazoacetates, they are still far less reactive than the corresponding  dirhodium 

catalysts, which have been shown to be capable of achieving high yields of C-H 

functionalization at catalyst loading as low as 0.001 mol%.126 
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Figure 2.5.1. Results of diazo decomposition in the presence of 3 
(10% mol) and substrates 4 – 11 (10 eq.). Yields reported are that of 
isolated products.
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Conclusions 

We have reported the synthesis and characterization of new dinuclear Co 

carboxylate complexes containing labile O-donor axial ligands. Importantly, we have 

been able to use this method to prepare Co2 complexes with labile THF and diethyl 

ether axial ligands, which are important for catalytic studies because they are not 

carbene traps. The magnetic properties and their temperature dependence 

demonstrate an antiferromagnetic interaction between the two Co atoms in the 

paddlewheel structures, which is distinct from Rh2 analogues that contain a formal 

Rh–Rh bond. We have analyzed the magnetic properties in terms of three magnetic 

exchange interactions, two that involve direct exchange (σ and π symmetry), and the 

δ-symmetry superexchange pathway that is well known from Cu2 carboxylates. In 

contrast to early studies on Co2(benzoate)4(4-methylquinoline)2 in which a dxy 

superexchange mechanism for spin coupling was postulated, we find the 𝑑𝑧2  direct 

exchange mechanism to be more dominant. The Co2 complex 3 was studied with 

respect to catalytic applications involving C–H functionalization and 

cyclopropanation reactions with diazo starting materials. These catalysts were 

poisoned by the presence of strongly coordinating N-donating groups such as 

pyridine or acetonitrile, demonstrating the importance of labile axial ligands for 

catalyst efficacy. Further work to determine the generalizability of this synthetic 

approach is underway toward the development of other catalysts for C–H 

functionalization that employ Earth abundant metals. 
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Experimental 

Materials and Methods  

All reagents were obtained from commercial sources and used as received, except 

as noted. All work was performed with oven-dried glassware under a dry, nitrogen 

atmosphere using standard Schlenk technique, except as noted. Anhydrous THF was 

distilled under nitrogen and stored over 4 Å molecular sieves for at least 48 h prior to 

use. 

 

Synthetic Procedures 

K[(TPA)]. In air, triphenylacetic acid (2.88 g; 10.0 mmol) was dissolved in THF (35 

mL) at ambient temperature. To this solution, a separately prepared solution of 

KOtBu (1.12 g; 10.0 mmol) in THF (50 mL) was added over 5 mins. Slight heat was 

sometimes necessary to completely dissolve all base before transferring. Once 

completely transferred, a thick white precipitate formed, and the stirring was 

increased to ensure thorough mixing. The mixture was allowed to stir for 15 mins at 

ambient temperature and then filtered. The white solid was washed with Et2O (2 x 30 

mL), air dried, then placed under vacuum at r.t. for 16 h before using in the next step 

without further purification (3.06 g; 9.36 mmol; 94% yield).  

 

[Co₂(µ-OH₂)(TPA)₄(THF)₄], (1). In air, K(TPA) (653 mg; 2.00 mmol) was suspended 

in THF (20mL).  To this mixture, a solution of Co(NO3)2 ∙ 6H2O (183 mg; 1.00 mmol) in 

THF (20 mL) was added dropwise over ~5 mins. The suspension was allowed to stir 
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for 16h at ambient temperature before being filtered. The solid was washed with THF 

until the washings ran colorless and then the filtrate was concentrated to dryness. 

The residue was reconstituted in a minimal amount of THF and layered with hexanes, 

providing X-ray quality crystals after 2 days (489 mg; 62% yield). Analysis calc’d for 

C96H94Co2O13: C, 73.27%; H, 6.02%. Found: C, 73.05%; H, 6.11%.  

 

[Co2(TPA)4(Et2O)2], (2). In air, 1 (393 mg; 0.250 mmol) was dissolved in toluene (10 

mL) and then heated to reflux for 0.5 h resulting in a slight color change from dark 

burgundy to violet. The solution was then cooled and concentrated to dryness. Upon 

addition of Et2O (~5-10 mL), spontaneous crystallization occurred providing a nearly 

quantitative conversion of 1 to 2. Analysis calc’d for C88H80Co2O10: C, 74.67%; H, 

5.70%. Found: C, 74.79%; H, 5.61%. MS (MALDI-TOF) m/z calc’d for C80H60Co2O8 [M – 

2(Et2O)]+: 1266.3; found 1266.6.  

 

[Co2(TPA)4(THF)2], (3). CoCl2 (130 mg; 1.00 mmol) was partially dissolved in 

anhydrous THF (12 mL). This suspension was transferred via pipette into a 

suspension of K(TPA) (653 mg; 2.00 mmol) in THF (10 mL) resulting in a dark violet-

blue colored mixture that was allowed to stir at ambient temperature for 16 h. The 

reaction mixture was then filtered, and washed with THF until the washings ran 

colorless. The filtrate was concentrated to ~3 mL and then pentane (~15 mL) was 

added to while stirring to precipitate a dichroic microcrystalline solid. The material 

was collected by filtration and crystalized from vapor diffusion of benzene/pentane 
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to provide X-ray quality crystals (621 mg; 88% yield).  Analysis calc’d for C88H76Co2O10: 

C, 74.89%; H, 5.43%. Found: C, 74.72%; H, 5.49%. MS (MALDI-TOF) m/z calc’d for 

C80H60Co2O8 [M – 2(THF)]+: 1266.3; found 1266.7.  

 

Catalytic Reactions 

General Procedure 1. To a flame dried vial equipped with a stir bar and 4Å MS (100 

weight%) under inert atmosphere was added trap (10 equiv). Then, 3 (25.2 mg, 10 mol%) was 

dissolved in DCE (2 mL) and added to the vial. The solution was heated to 55 °C. Finally, 

trichloroethyl p-bromophenyldiazoacetate (78.4 mg, 0.200 mmol) was dissolved in DCE (2 

mL) and was added via syringe pump over a period of 2 h. The reaction was left for 18 h after 

the addition of the diazo compound. After the allotted time, the reaction was passed over a 

small silica plug, concentrated, and purified via column chromatography to yield the desired 

product.  

2,2,2-trichloroethyl (1S,2S)-1-(4-bromophenyl)-2-butylcyclopropane-1-carboxylate, 

(4a). General procedure 1 was employed for the cyclopropanation of 1-hexene (250 µL, 2.0 

mmol) with trichloroethyl p-bromophenyldiazoacetate (78.4 mg, 0.200 mmol) and 3 (25.2 

mg, 10 mol%) as catalyst. Purification by column chromatography (0-18% diethyl 

ether/hexane) affording the product as a colorless oil (55.5 mg, 65%). Spectra matched 

reported literature precedent.127 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.4 Hz, 2H), δ 7.21 

(d, J = 8.5 Hz, 2H), δ 4.82 (1H, J = 11.9 Hz, 1H), δ 4.58 (d, J = 11.9 Hz, 1H), δ 1.97 (tdd, J = 8.8, 

6.6, 4.4 Hz, 1H), δ 1.89 (dd, J = 9.0, 4.1 Hz), δ 1.39 (tdd, J = 10.4, 7.8, 5.3 Hz, 3H), δ 1.28 (m, 

2H), δ 1.21 (dd, J = 6.8, 4.2 Hz, 1H), δ 0.86 (t, J = 7.3 Hz, 3H), δ 0.61 (m, 1H).  
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2,2,2-trichloroethyl (1S,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-

carboxylate, (5a). General procedure 1 was employed for the cyclopropanation of styrene 

(230 µL, 2.0 mmol) with trichloroethyl p-bromophenyldiazoacetate (78.4 mg, 0.200 mmol) 

and 3 (25.2 mg, 10 mol%) as catalyst. Purification by column chromatography (0-18% diethyl 

ether/hexane) affording the product as a colorless oil (59.3 mg, 66%). Spectra matched 

reported literature precedent.128 1H NMR (400 MHz, CDCl3) δ 7.29 (m, 2H), δ 7.14 (m, 2H), δ 

6.97 (d, J = 8.5 Hz,  2H), δ 6.83 (m, 2H), δ 4.86 (d, J = 11.9 Hz, 1H), δ 4.67 (d, J = 11.9 Hz, 1H), 

δ 3.25 (dd, J = 9.4, 7.5 Hz, 1H), δ 2.31 (dd, J = 9.4, 5.2 Hz, 1H), δ 2.00 (dd, J = 7.5, 5.2 Hz, 1H). 

2,2,2-trichloroethyl 2-(4-bromophenyl)-2-cyclohexylacetate (6a). General procedure 1 

was employed for the C–H insertion of cyclohexane (220 µL, 2.0 mmol) with trichloroethyl p-

bromophenyldiazoacetate (78.4 mg, 0.200 mmol) and 3 (25.2 mg, 10 mol%) as catalyst. 

Purification by column chromatography (0-3% diethyl ether/hexane) affording the product 

was a colorless oil (24.1 mg, 28%). Spectra matched reported literature precedent.126 1H 

NMR (600 MHz, CDCl3) δ 7.47 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 4.78 (d, J = 12.0 Hz, 

1H), 4.65 (d, J = 12.0 Hz, 1H), 3.37 (d, J = 10.7 Hz, 1H), 2.08 (qt, J = 11.1, 3.4 Hz, 1H), 1.89 (dtd, 

J = 10.5, 3.7, 1.7 Hz, 1H), 1.78 (dtd, J = 13.3, 3.6, 1.8 Hz, 1H), 1.66 (m, 2H), 1.35(m, 2H), 1.15 

(m, 3H), 0.79 (m, 1H). 

2,2,2-trichloroethyl 2,3-bis(4-bromophenyl)propanoate, (7a). General procedure 1 

was employed for the C–H insertion of 1-bromo-4-methylbenzene (342 mg, 2.0 mmol) with 

trichloroethyl p-bromophenyldiazoacetate (78.4 mg, 0.200 mmol) and 3 (25.2 mg, 10 mol%) 

as catalyst. Purification by column chromatography (0-3% diethyl ether/hexane) affording 

the product was a colorless oil (24.1 mg, 23%). Spectra matched reported literature 
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precedent.129 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 7.04 

(d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 4.82 (d, J = 11.9 Hz, 1H), 4.69 (d, J = 12.0 Hz, 1H), 

3.93 (dd, J = 8.6, 7.0 Hz, 1H), 3.76 (s, 3H), 3.40 (dd, J = 13.6, 5.0 Hz, 1H), 3.03 (dd, J = 13.9, 

7.0 Hz, 1H). 

2,2,2-trichloroethyl 2-(4-bromophenyl)-3-(4-methoxyphenyl)propanoate, (8a). 

General procedure 1 was employed for the C–H insertion of 1-methoxy-4-methylbenzene 

(250 µL, 2.0 mmol) with trichloroethyl p-bromophenyldiazoacetate (78.4 mg, 0.200 mmol) 

and 3 (25.2 mg, 10 mol%) as catalyst. Purification by column chromatography (0-3% diethyl 

ether/hexane) affording the product was a colorless oil (46.8 mg, 50%). Spectra matched 

reported literature precedent.130 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.4 Hz, 1H), 7.36 (d, 

J = 8.4 Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 4.68 (d, J = 12.0 Hz, 1H), 4.64 

(d, J = 12.0 Hz, 1H), 3.92 (dd, J = 8.5, 7.2 Hz, 1H), 3.39 (dd, J = 13.9, 8.5 Hz, 1H), 3.03 (dd, J = 

13.9, 7.2 Hz, 1H). 

Electronic Structure Calculations 

 Calculations were performed using the ORCA program, version 5.0.0.131 The B3LYP 

functional was used with the Def2-TZVP basis set on all atoms.132-135 The D3 dispersion 

correction, as well as the resolution of identity and chain-of-spheres approximations were 

employed, using the D3 and RIJCOSX keywords respectively.136, 137 For both 2 and 

Co2esp2(EtOH)2 the crystallographic coordinates were used for the single point geometries, 

the .xyz coordinates used can be found in the SI. These crystallographic coordinates were 

also employed in the geometry optimizations conducted on these structures. 3 used the 
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geometry of the equatorial ligands and metal core, with the THF ligands being added to the 

axial positions. The broken symmetry formalism was used to model the electronic structure 

of 2 and Co2esp2(EtOH)2 with 3 α and 3 β weakly interacting electrons. These interactions 

were analysed using the corresponding orbital transformation.138 The Yamaguchi method 

was used for the prediction of J in both complexes, with the results given in Table 1.139, 140 

Molecular orbitals were visualized using Chemcraft version 1.8.141 

Instrumentation 

Mass spectral data were collected using a Bruker ULTRAFLEX 

III MALDI-TOF mass spectrometer equipped with a SmartBeam laser. IR spectra were 

collected on a Bruker Tensor 27 FTIR spectrometer using the ATR technique. 

Elemental analyses were measured at Midwest Microlab, LLC in Indianapolis, 

Indiana, USA. 

 

 

 

X-ray Crystallography 

Crystallographic data were measured at the Molecular Structure Laboratory of the 

Chemistry Department of the University of Wisconsin-Madison. Crystals were 

selected under oil under ambient conditions and attached to the tip of a MiTeGen 

MicroMount. Each crystal was mounted in a stream of cold nitrogen at 100(1) K and 

centered in the X-ray beam using a video camera. The crystal evaluation and data 
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collection were performed on a Bruker Quazar SMART APEX-II diffractometer with Cu 

Kα (λ = 1.54178 Å) or Mo Kα (λ = 0.71073 Å) radiation. The data were collected using a 

routine to survey an entire sphere of reciprocal space and indexed by the SMART 

program. The structures were solved using the Olex2 program via direct methods or 

charge flipping and refined by iterative cycles of least-squares refinement on F2 

followed by difference Fourier synthesis. All H atoms were included in the final 

structure factor calculation at idealized positions and allowed to ride on the 

neighboring atoms with relative isotropic displacement coefficients, except as noted. 

Crystallographic data have been deposited with the Cambridge Crystallographic 

Data Center under CCDC 2370354-2370357. 

 

Magnetic Susceptibility Measurements 

Samples were handled with glass and plastic tools to avoid contamination from 

metallic materials. Crystalline samples were placed in a glass vial with a glass ball 

bearing and ground into powders using a vortex mixer. The powdered samples were 

weighed and placed inside of plastic capsules mounted in plastic drinking straws. 

Variable-temperature DC magnetization was measured using a Quantum Design 

MPMS 3 SQUID magnetometer over a temperature range of 2–300 K at an applied 

magnetic field of 1000 G (0.1 T). Magnetization data were converted to magnetic 

susceptibility via χ ≈ M/H. The data were fitted using the PHI software program.142 

Diamagnetic corrections143 for each sample were calculated using the equation: 
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𝜒𝑑𝑖𝑎 ≈ −
MW

2
 x 10−6 emu mol−1 

 

and were applied to the experimental data along with a correction for the intrinsic 

diamagnetism of the sample holder. Magnetic susceptibility data were additionally 

corrected for temperature independent paramagnetism. 
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Chapter 3: Investigating Metal-Metal Bonding in Hexa-Iron 

Cluster Complex 

Reprinted with permission of Alessio Nicolini, Trey C. Pankratz, Marco Borsari, Rodolphe 

Clérac, Antonio Ranieri, Mathieu Rouzières, John F. Berry, and Andrea Cornia, Inorganic 

Chemistry 2023 62 (26), 10171-10184 

TCP contributed the Mössbauer spectroscopy, subsequent analysis and the DFT studies on 

the complex. 

Abstract: Oligo-α-pyridylamides offer an appealing route to polyiron complexes with short 

Fe–Fe separations and large room-temperature magnetic moments. A derivative of tris(2-

aminoethyl)amine (H6tren) containing three oligo-α-pyridylamine branches and 13 nitrogen 

donors (H6L) reacts with [Fe2(Mes)4] to yield an organic nanocage built up by two tripodal 

ligands with interdigitated branches (HMes = mesitylene). The nanocage has 

crystallographic D3 symmetry but hosts a remarkably unsymmetric hexairon–oxo core, with 

a central Fe5(μ5-O) square pyramid, two oxygen donors bridging basal sites, and an 

additional Fe center residing in one of the two tren-like pockets. Bond valence sum (BVS) 

analysis, density functional theory (DFT) calculations, and electrochemical data were then 

used to establish the protonation state of oxygen atoms and the formal oxidation states of 

the metals. For this purpose, a specialized set of BVS parameters was devised for Fe2+–

N3– bonds with nitrogen donors of oligo-α-pyridylamides. This allowed us to formulate the 

compound as [Fe6O2(OH)(H3L)L], with nominally four FeII ions and two FeIII ions. Mössbauer 
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spectra indicate that the compound contains two unique FeII sites, identified as a pair of 

closely spaced hydroxo-bridged metal ions in the central Fe5(μ5-O) pyramid, and a 

substantially valence-delocalized FeII
2FeIII

2 unit. Broken-symmetry DFT calculations predict 

strong ferromagnetic coupling between the two iron(II) ions, leading to a local S = 4 state 

that persists to room temperature and explaining the large magnetic moment measured at 

300 K. The compound behaves as a single-molecule magnet, with magnetization dynamics 

detectable in zero static field and dominated by an Orbach-like mechanism with activation 

parameters Ueff/kB = 49(2) K and τ0 = 4(2) × 10–10 s. 

 

Section 1: Introduction: A frontier in the chemistry of metal-metal bonds is the deliberate 

construction of compounds containing extended metal atom chains (EMACs).1–9 Oligo-α-

pyridylamido ligands have been foundational to this area of research. The simplest 

example is the anion of di(pyridin-2-yl)amine (Hdpa, Scheme 3.1.1),10 which is known to 

support over 300 EMAC entries in the Cambridge Structural Database (CSD).11 Also shown 

in Scheme 3.1.1 is H2tpda, an extended proligand whose dianionic form can afford 

pentametallic EMACs.12  

Although extremely rare, iron-based EMACs are of special significance, because short 

Fe−Fe separations can stabilize high-spin states that persist to room temperature.13–15 In 

2018, we discovered that tpda2– can support linear, tetrairon(II) chains of the type 

[Fe4(tpda)3X2] with X = Cl (1) or Br (2).16,17 In these EMACs, the three tpda2– ligands wrap 

around the metal atom chain to give a helical structure with threefold symmetry.# This type 
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of symmetry is comparatively rare in EMAC structures and was previously encountered only 

in copper(I) chemistry.18,19 It is also rare among metal−metal bonded dimers supported by 

N-donor ligands, with [Fe2(form)3] and [Co2(form)3] representing early examples (Hform = 

N,N-diphenylformamidine),20–22 which have been followed by a spectacular Cr2 compound 

having a Cr−Cr quintuple bond.23–26 However, the incorporation of only four out of five 

possible metals in 1 and 2 results in large Fe−Fe separations (2.94−2.99 Å) and weak 

magnetic interactions. More recently, Guillet and co-workers used a sterically-hindered 

derivative of 2,6-diaminopyridine to enforce much shorter Fe−Fe distances (2.44 Å) in a 

trigonally symmetrical triiron(II) EMAC, which in fact exhibits a well-isolated S = 6 state.13 

In 2014, Bill, Gagliardi, Lu, and coworkers utilized H3py3tren, a triply arylated derivative of 

tris(2‐aminoethyl)amine (H6tren), to promote short M−M distances (2.29−2.53 Å) in 

complexes [M1M2Cl(py3tren)] with Mi = Fe2+, Co2+ or Mn2+ (Scheme 1).27 Building off of this 

precedent, we imagined that an extended version of the H3py3tren proligand could be used 

to support trigonally symmetrical EMACs. Therefore, we designed, synthesized, and 

isolated in good yield (~60%) the new polynucleating tripod H6L (Scheme 1), which 

contains thirteen nitrogen donors of four different types, and one more -pyridylamino unit 

per branch than H3py3tren.28 

In this work, we report our first attempt to use H6L to form iron(II)-based EMACs. To our 

surprise, we failed to isolate the expected neutral complex [Fe3L] or longer species. 

Instead, we reproducibly obtained a remarkably low-symmetry hexairon-oxo core hosted in 

a threefold-symmetrical organic nanocage provided by two tripodal ligands with 
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interpenetrating branches. Combining compositional analysis, Electrospray Ionization 

Mass Spectrometry (ESI-MS), X-ray crystallography, electrochemistry, and Mössbauer 

spectroscopy with Density Functional Theory (DFT) and Bond Valence Sum (BVS) 

calculations, we reached at the formula [Fe6O2(OH)(H3L)L] (3) for this compound. Based on 

our current understanding, in 3 a central pyramidal Fe5(5-O) core is embraced by two 

organic ligands (H3L3− and L6−) and coordinated by two additional oxo groups, one of which 

is protonated. The fully deprotonated L6− ligand hosts a sixth Fe center in its tren-like 

pocket, while the same coordination site in H3L3− remains unmetalated. The compound 

nominally contains four Fe2+ and two Fe3+ ions with extensive valence delocalization. It has 

a large room-temperature magnetic moment (14.8 B) and exhibits slow relaxation of its 

magnetization at low temperature, detectable even in zero static field. 

 

Scheme 3.1.1. Structures of Hdpa, H2tpda, H3py3tren, H6L, and complexes 

[M1M2Cl(py3tren)] (Mi = Fe2+, Co2+, Mn2+).27 
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Section 2: Synthesis and solution studies. H6L (Scheme 3.1.1) was designed with the 

idea of preparing stable arrays of three or more metal ions, wrapped by its fully 

deprotonated Hdpa-like branches and perhaps arranged linearly to form new EMACs. In an 

attempt to access neutral triiron(II) species [Fe3L], we followed a synthetic procedure that 

is similar to that leading to halide-terminated iron(II) EMACs 1 and 2 (Eq. 3.2.1),16,17 but 

omitting the metal halide FeX2 precursor (Eq. 3.2.2). 

2FeX2 + 3[Fe2(Mes)4] + 6H2tpda → 2[Fe4(tpda)3X2] (1, 2) + 12HMes  (3.2.1) 

3[Fe2(Mes)4] + 2H6L → 2[Fe3L] + 12HMes      (3.2.2) 

Therefore, H6L was admixed with a slight excess of [Fe2(Mes)4] (1:1.6 molar ratio) in toluene, 

and the mixture was heated to reflux for 3 hours in a glovebox (HMes = mesitylene). This 

reaction, in which the organoiron compound serves both as a metal source and as a strong 

base, yielded an orange solid that was separated by filtration and extensively extracted with 

thf. Evaporation of the solvent led to a red, powdery solid that was characterized by 

elemental analysis (EA), ESI-MS, and UV-Vis-NIR spectroscopy (see below). Obtaining X-ray 

quality crystals of this material proved extremely challenging. Many recrystallization 

attempts were conducted based on slow liquid or gas diffusion of Et2O, n-hexane or 

toluene into thf, 1,4-dioxane or CH3CN solutions, which mostly gave only spherulites of a 

very dark microcrystalline material. However, slow liquid diffusion of Et2O into a thf 

solution afforded dark red plates, which are exceedingly air-sensitive but sufficiently stable 

to be handled in immersion oil. The compound was structurally validated by X-ray 

crystallography (see below) and the main species was identified as the hexairon complex 
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[Fe6O2(OH)(H3L)L] (3), containing unexpected oxygen atoms from adventitious sources. In a 

similar attempt to prepare triiron(II) EMACs supported by dpa− ligands, Cotton et al. 

reacted FeCl2 with Lidpa but failed to obtain the sought-for linear compound. Instead, they 

isolated complex [Fe4(4-O)(dpa)6] (4) with a tetrahedral [Fe4(4-O)]6+ unit (the 

corresponding tetramanganese(II) complex was also obtained starting from MnCl2). The 

authors attributed the central oxygen atom to a partial hydrolysis of the LiMe reactant used 

to prepare Lidpa.29 McKenzie and co-workers reported the occasional low-yield isolation of 

4 co-crystallized with the diiron(II) species [Fe2(dpa)3Cl] upon reacting [Fe2(Mes)4]·Et2O with 

Hdpa in toluene, both the O2− and the Cl− ligands being in this case adventitious.30 In 

contrast with this, compound 3 was reproducibly obtained in two different labs (Modena 

and Madison) and with significant yields. 

The ESI-MS and UV-Vis-NIR spectra in thf suggest that the powder and the crystals are the 

same compound (Figure S1 and S2 in the published SI), though samples in solution are 

NMR silent (Figure S3). The ESI-MS peaks with m/z > 1500 in the positive-ion spectra (Figure 

S1) can be attributed to species containing two tripodal ligands, three oxygen atoms, a 

penta- to heptairon core, and a variable degree of protonation ([FenO3HmL2]+ with n = 5, 6, 7 

and m = 1−5). Both spectra are dominated by a strong peak around m/z = 1680, whose 

isotopic pattern can be well simulated as a linear combination of contributions from 

[Fe6O3H2L2]+, [Fe6O3H3L2]+, [Fe6O3H4L2]+, and [Fe6O3H5L2]+ (though with different combination 

coefficients for the powder and the crystals). Minority signals at m/z = 1626 and 1735 are 

well simulated by penta- and heptanuclear species, respectively ([Fe5O3H4L2]+ + 

[Fe5O3H5L2]+; [Fe7O3HL2]+). Below m/z = 1500 the strongest peaks are from [Fe3ClL]+ (850 
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and [Fe3L]+ (815), with the former presumably reflecting chloride traces from the synthesis 

of [Fe2(Mes)4] or adventitious chloride ions in the mass spectrometer. 

The UV-Vis-NIR spectrum of crystalline 3 dissolved in thf (Figure S2 in the published SI) 

presents two intense absorptions with maxima at λmax = 242 and 341 nm, along with three 

shoulders around 268, ~380, and ~500 nm. The powder sample exhibits remarkably similar 

spectral features. As long as contact with air is rigorously excluded, these spectra do not 

change over long time periods, suggesting high stability of the complex in thf solution. 

Section 3: X-ray Crystallography. Although crystals of 3 are very weak diffractors, a single-

crystal X-ray investigation was successfully completed at 115(2) K (Table S1 in the 

published SI). The final structural model is depicted in Figures 3.3.1 and S5 in the published 

SI while selected interatomic distances and angles are presented in Table 3.3.1. The 

complex is located on a crystallographic site with D3 symmetry in space group P3̅1𝑐 (Z = 2) 

and contains two tripodal ligands with imposed threefold symmetry and interpenetrating 

branches (Figure 3.3.1). All branches are helically wrapped around the threefold axis, with 

25° angles between the mean planes of adjacent pyridine rings. Since the two ligands are 

symmetry-related by the three dyads orthogonal to the threefold axis, they have the same 

handedness. However, the space group is centrosymmetric and the crystal thus contains 

both enantiomers in 1:1 proportion. The distance of the tertiary N atoms (N1 and N1III) from 

the center of the structure is 6.738(9) Å and the molecular size exceeds 1.6 nm. 

The most difficult part of the crystallographic analysis was modelling the inner core of 3 

(details are provided in the Experimental Section). The two tripodal ligands in fact 
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encapsulate a hexairon-oxo core that is massively disordered around the D3 symmetry site, 

meaning that the actual molecular symmetry is lower than D3. The final model 

encompasses a central Fe5(5-O) cluster with a distorted square-pyramidal geometry (τ = 

0.36 for the central O atom), orientationally disordered around the threefold axis (Figure 

3.3.2). The Fe1 and Fe2 sites thus show partial occupancies of 2/3 and 1/3, respectively, 

while O1 has full occupancy and lies on the D3 symmetry site. On either side of the central 

core, two additional full-occupancy O atoms (O2 and O2III) are located on the threefold axis 

at 2.796(7) Å from O1 (Figure 3.3.1.). 
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Figure 3.3.1. Molecular structure of 3. The organic ligands are represented with the 

wireframe model, while Fe and O atoms are drawn using a ball-and-stick model (an 

ellipsoid representation can be found in Figure S5 in the published SI). The dotted lines 

connecting O2 and O2III with a Npy donor represent possible OH···Npy hydrogen bonds. 

Color code: orange, Fe; red, O; blue, N; dark gray, C; light gray, H. Only the hydrogen atoms 

bonded to N2III, N2IV, and N2V are displayed in the figure. Symmetry codes: I = 1−x+y, 1−x, z; 

II = 1−y, x−y, z; III = 1−x+y, y, 0.5−z; IV = x, x−y, 0.5−z; V = 1−y, 1−x, 0.5−z. 

 

The base of the pyramid is nonplanar, with internal angles Fe1−Fe1II−Fe1III = 84.85(4)° and 

Fe1II−Fe1−Fe1IV = 93.065(13)°. The length of the minor edge is 2.629(2) Å, suggesting a 
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possible M−M bond within the Fe1,Fe1II and Fe1III,Fe1IV pairs. This distance is in fact 

comparable with the mean Fe−Fe separation (2.64 Å) in a variety of carbonyl-containing 

polyiron complexes,31 and shorter than the partial Fe–Fe bonds (2.70 Å) in iron-sulfur 

clusters such as Roussin’s black salt.32 On the other hand, the Fe1···Fe1IV and Fe1II···Fe1III 

distances are much longer (3.028(3) Å) and indicate no M−M bond. Each Fe1 atom is five-

coordinate with two pyridine-type nitrogen atoms (Npy) and one amido-type nitrogen atom 

(Nam), plus O1 and O2 as ligands (Fe1−N = 2.129−2.151 Å, Fe1−O = 1.997−2.133 Å). The 

apical site of the Fe5(5-O) pyramid is occupied by Fe2, whose distances to the basal metal 

sites are in the range 3.232−3.451 Å. Fe2 is also five-coordinate with two pairs of 

symmetry-equivalent Nam and Npy atoms, and O1 as donors (Fe2−Nam = 2.019(5) Å, Fe2−Npy 

= 2.331(5) Å, Fe2−O1 = 1.931(3) Å). The rough square pyramidal geometry has Fe2 lying 

~0.86 Å from the mean plane defined by its four basal N donors. 
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Figure 3.3.2. Orientational disorder of the metal core of 3 around the crystallographic 

threefold axis (ball-and-stick model, SOF = site occupancy factor). O1 and O2 have full 

occupancy (SOF = 1) and lie on the D3 symmetry site and on the threefold axis, respectively. 

Atom color code is the same as in Figure 1. The three disordered components are drawn 

with different colors (violet, green, and blue).  
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Table 3.3.1. Selected interatomic distances (Å) and angles (°) in 3.a 

Distances (Å)  Angles (°)  

Fe1−Fe1II 2.629(2) Fe1−Fe1II−Fe1III 84.85(4) 

Fe1···Fe1IV 3.028(3) Fe1II−Fe1−Fe1IV 93.065(13) 

Fe1···Fe2 3.451(3) Fe1−O1−Fe1II 76.10(5) 

Fe1II···Fe2 3.232(3) Fe1−O1−Fe1IV 90.47(7) 

Fe1−O1 2.1327(13) Fe1−O1−Fe2 116.18(4) 

Fe1−O2 1.997(4) Fe1II−O1−Fe2 105.25(4) 

Fe1−N3II 2.151(5) Fe1−O2−Fe1II 82.3(2) 

Fe1−N4II 2.129(5) Fe1−O2−N1 130.53(15) 

Fe1−N5V 2.149(5) N3II−Fe1−N4II 63.2(2) 

Fe2−O1 1.931(3) N3II−Fe1−N5V 97.1(2) 

Fe2−N4 2.019(5) N4II−Fe1−N5V 101.5(2) 

Fe2−N5 2.331(5) N4−Fe2−N5 62.3(2) 

Fe3−O2 1.851(8) N4−Fe2−N5III 98.9(2) 

Fe3−N1 2.162(10) N1−Fe3−O2 158.4(3) 

Fe3−N2 2.679(8) N1−Fe3−N2 70.45(18) 

Fe3−N2I 2.180(12) N1−Fe3−N2I 81.1(3) 

Fe3−N2II 2.129(11) N1−Fe3−N2II 82.3(3) 

O1···O2 2.796(7)   

O1···N1 6.738(9)   

O2···N3 2.979(5)   

aSymmetry codes: I = 1−x+y, 1−x, z; II = 1−y, x−y, z; III = 1−x+y, y, 0.5−z; IV = x, x−y, 0.5−z; V = 
1−y, 1−x, 0.5−z. 
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The central O2− ion (O1) is found at 0.75 Å from the mean plane defined by the four Fe1 ions. 

As mentioned above it forms short contacts with the four Fe1 atoms (2.1327(13) Å), and an 

even shorter one with Fe2 (1.931(3) Å). Similar square-pyramidal Fe5(5-O) units were 

previously observed in compounds [Fe5(µ5-O)(µ-OEt)8(OEt)5]33 (5) and [Fe5(µ5-O)(µ-

OiPr)8Cl5]34 (6). The cores of 5 and 6 are almost identical to each other, with square-like 

basal planes (internal Fe···Fe···Fe angles = 89.7−90.3°) and Fe···Fe separations > 3 Å, 

indicating no Fe−Fe bonds. Therefore, to the best of our knowledge, 3 is the first example of 

a complex with a distorted-square-pyramidal Fe5(5-O) core and potential M−M bonds. 

Fe3 is located in the coordination pocket of the tren-like moiety, ~0.37 Å off the threefold 

axis, and is consequently disordered over three positions. Additionally, it is only half 

occupied, affording an average number of six Fe centers per molecule. This is in 

accordance with EA and with the clear observation of a residual electron density peak 

attributable to H(N2) hydrogen atom in F maps (see Experimental Section). Most likely, 

then, a single tren-like pocket per molecule (N1,N2,N2I,N2II in Figure 1) undergoes 

deprotonation and hosts a metal ion, while the remaining one (N1III,N2III,N2IV,N2V in Figure 

3.3.1) retains its secondary NH groups and is unmetalated. Alternative scenarios cannot be 

excluded, like the occurrence of penta- and heptairon species mixed together in 1:1 

proportion in the crystal lattice. Clearly, X-ray diffraction and EA cannot distinguish 

between these limiting situations and all the intermediate possibilities. Ionic species 

containing from five to seven metal centers were indeed detected by ESI-MS (see above), 

but signals from hexairon species were by far the most intense, suggesting that Fe6 
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complexes are dominant, under the assumption that Fe5, Fe6, and Fe7 species are equally 

as easily ionized and fly equally well in the ESI-MS spectrometer. 

The tren-like portion of the structure is different from that found in complexes of triply-

deprotonated H3py3tren, the shorter congener of H6L.27 In these complexes, the three 

secondary N atoms (Nam) and the tertiary N donor of py3tren3− simultaneously coordinate to 

a metal ion lying on the idealized threefold axis of the ligand. In 3, the bulky iron-oxo core 

increases the divergence between the ligand’s three branches, affording larger distances 

between Nam atoms (3.93 vs. 3.2−3.4 Å) and precluding their simultaneous coordination to 

Fe3. As a result, Fe3 has four short coordination bonds with O2, N1, and two Nam donors 

(1.851(8), 2.162(10), 2.180(12) and 2.129(11) Å, respectively), and a much longer contact 

with a third Nam atom (2.679(8) Å). Considering that the ligand’s geometry is averaged over 

metalated and empty tren-like pockets, these bond distances may not accurately reflect 

the actual coordination geometry, as confirmed by the distinctly prolate displacement 

ellipsoid of N2 (Figure S5 in the published SI). 

An intriguing structural feature is that, in spite of the severely disordered core, O2 is found 

exactly on the threefold axis within experimental resolution and has no abnormal 

displacement ellipsoid. Its protonation state could not be directly determined by 

inspection of F maps, but was inferred using BVS calculations and DFT studies (see 

below). Worth noting is also the acute Fe1−O2−Fe1II angle of 82.3(2)°, which can be 

explained by the short Fe−Fe separation. A similar coordination geometry was recently 

observed in hydroxo-bridged triosmium complex [Os3(CO)8(μ-OH)(μ-H)(μ-dppm)] (7, where 
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dppm is bis(diphenylphosphino)methane).35 In complex 7, an OH− ion coordinates two Os 

atoms engaged in a M−M bond (Os−Os = 2.7896(17) Å) and the Os−O−Os angle is as small 

as 81.1(2)°.  

Section 4: Bond Valence Sum Calculations. The massive disorder effects described in 

the previous Section may easily lead to inaccurate bond lengths. Nevertheless, we 

attempted to validate the proposed structural model using BVS calculations (Table S2 in 

the published SI).36 The observed bond lengths support the assignment of the central 

oxygen (O1) as a 5-O2− ligand (BVS = 1.95/2.08 for Fe2+/Fe3+ parameters). The two identical 

Fe1−O2 distances instead afford BVSs of 0.98/1.05 for O2 and are thus suggestive of a -

OH− group when the neighboring tren-like pocket is unmetalated. What makes this 

hypothesis more realistic is the fact that O2 is surrounded by three Npy atoms almost 

exactly coplanar with it. The arrangement of these Npy atoms and the Npy−O2 distance of 

2.979(5) Å would favour an OH···Npy hydrogen bond of moderate strength (according to the 

classification of Jeffrey), as shown by the dashed lines in Figure 1.37,38 Addition of the 

Fe3−O2 contribution leads to BVS = 1.71/1.83, for O2, which is suggestive of a 3-O2− group 

when the neighboring tren-like pocket is metalated. These protonation states were 

confirmed by DFT calculations (see below). Since no counterions were detected in the X-

ray diffraction analysis, and conductivity measurements indicate nonelectrolyte behaviour 

(see next Section), we formulate the compound as [Fe6O2(OH)(H3L)L] (3), which requires 

mixed valency with nominally four Fe2+ and two Fe3+ ions (average oxidation state = +2.33). 



84 
 

Calculations on Fe1, Fe2, and Fe3 with standard BVS parameters yield BVS = 1.90/2.14, 

2.01/2.30, and 1.84/2.09, respectively (Table S2). As a possible refinement, high-quality 

CSD data for high-spin (HS) Fe2+ complexes with dpa− or tpda2− ligands were also used to 

determine a specialized R0 parameter for Fe2+−N3− bonds with Npy and Nam donors (Table S2 

and Figure S6). The calculated BVS values are ca. 0.1 valence units higher than the previous 

set based on standard Fe2+ parameters (Table S2). We conclude that the oxidation state of 

the metal ions in 3 is close to +2 and that any mixed valence must be heavily delocalized. 

Section 5: Electrochemistry. The cyclic voltammetry (CV) curve for 3 in thf is shown in 

Figure 3.5.1. It presents five consecutive major reduction peaks with the corresponding 

oxidation counterparts (hereafter indicated as signals I, II, III, IV, V+VI at decreasing 

potential values). The strictly similar total currents of these groups suggest that signals I, II, 

III, IV and V+VI are due to the same species containing several redox centers (Fe3+/Fe2+) and 

undergoing successive reduction/oxidation processes. The signals marked with an asterisk 

in Figure 3 have much lower peak currents and may arise from trace amounts of additional 

species. The overall CV response thus supports our proposal that hexairon complexes are 

largely dominant in 3, with penta- and heptairon complexes as possible minority 

components (see ESI-MS results). The major signals seem to be paired into three groups of 

redox couples, partially or completely overlapped. The first group consists of two distinct 

redox couples (signals I and II) that partially overlap. Also, the second group comprises two 

redox couples that, however, are better resolved. Signal III features an intense anodic 

current, which is about the sum of the cathodic currents of signals III and IV. The anodic 

peak of signal IV is rather low, but it grows at the detriment of anodic signal III with 
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increasing scan rate (v). This suggests that the corresponding iron center changes its 

coordination environment upon reduction and that the reduced species re-oxidizes at a 

potential very similar to that of signal III. The more negative signal (signal V+VI) is very 

intense and characterized by a cathodic peak current remarkably higher than those of the 

other cathodic signals, while the anodic current is similar to that of signal III and to the sum 

of the anodic currents of signals I and II. The peak-to-peak separation varies for the 

different signal couples, but in all cases, it increases with v. The cathodic peak currents are 

proportional to the square root of v. This means that the electrochemistry of 3 consists of 

five quasi-reversible, diffusion-controlled redox processes. The formal potential values E° 

and the standard heterogeneous electron transfer (ET) rate constants kET associated with 

the redox processes are reported in Table 3.5.1. 

 

Complex 3 shows an unusual redox behaviour since its ET processes span a very large 

potential window, about 2.2 V. The occurrence in the CV of reversible processes that 

appear to be coupled in pairs suggests the presence of electronic interactions between the 

iron ions and minor structural reorganization upon changing the redox state, except for 

signal IV whose reduced form is unstable.39 The separations between E° values of 

consecutive ET processes (E°) are mostly large, and only signal I and II are partially 

overlapped (Table 3.5.1). This possibly reflects the stabilization energy imparted to the 

complex by electron delocalization.40,41 The E° values mostly correspond to very large 

comproportionation constants (Kc = exp[nF(E°1–E°2)/(RT)])42,43 ranging between 108 and 1016, 
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and only the Kc value related to signals I and II is quite small (Kc = 9.01∙102). Large values of 

Kc indicate high thermodynamic stability of the redox-active forms of the complex toward 

disproportionation (Table 3.5.1).44 The negative E° values, although distributed over a wide 

range, are comparable to those found for other related iron-complexes.45,46 The kET values 

for the observed ET processes are low and rather similar (Table 3.5.1). This could be related 

to a high reorganization energy λ, already observed for other mixed valence complexes.47 

 

 

Figure 3.5.1. CV of 3 (0.025 mM in thf) at −10 °C. Glassy carbon (GC) working electrode, 

base electrolyte 0.05 M tetra-n-butylammonium tetrafluoborate (TBATFB), scan rate 0.05 V 

s−1, ferrocenium/ferrocene reference. 
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Table 3.5.1. Electrochemical data from CV for the consecutive ET processes of 3 (0.25 mM 

in thf) at −10 °C, using a GC working electrode and TBATFB 0.05 M as base electrolyte.a  

 E°/ V E°/ V Kc kET / cm s–1 

E(I) –0.314   0.0028 

  0.157 9.01∙102  

E(II) –0.471   0.0033 

  0.706 
1.93∙101

3 
 

E(III) –1.177   0.0027 

  0.457 3.98∙108  

E(IV) –1.634   0.0046 

  0.871 
2.45∙101

6 
 

E(V+VI) –2.505   0.0026 

a E° = formal reduction potential (referenced to the ferrocenium/ferrocene redox couple), 

E° = separation between E° values of consecutive ET processes, Kc = comproportionation 

constant, kET = heterogeneous ET rate constant. The average errors on E°, E°, Kc, and kET 

are ±0.002 V, ±0.004 V, ±16%, and ±8%, respectively. 
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The molar conductivity measured between −23 and 2 °C on a 0.25 mM solution in thf is of 

the order of 0.1 ohm−1 cm2 mol−1 and depends only slightly on temperature (Table S3 in the 

published SI). Being much lower than found for ionic complexes in the same solvent48 or in 

other organic solvents,49 it suggests that 3 is a nonelectrolyte in thf. 

Section 6: Mössbauer Spectroscopy. To assist in assigning oxidation states and spin 

states to the Fe ions in 3, Mössbauer spectra were recorded on a polycrystalline sample at 

77 (Figure 4) and 10 K (Figure S7 in the published SI). The 10 K spectrum appears to be 

broadened by magnetic relaxation effects and will not be discussed further. Thus, we focus 

our discussion on the spectrum recorded at 77 K, which contains three major features at 

0.07, 1.27, and 2.27 mm s−1. These features are much broader than the typical Mössbauer 

linewidth for a single Fe site (ΓFWHM ~ 0.3 mm s−1), indicating that multiple Fe sites contribute 

to each of them. This is not surprising, since crystallographic symmetry already requires 

three different Fe centers in a 4:1:1 ratio, namely the set of basal sites (Fe1, Fe1II, Fe1III, 

Fe1IV), the apical site Fe2 and the peripheral site Fe3 located in the tren-like pocket (Figure 

3.1.1). Several models for the 77 K spectrum were investigated using three unique 

quadrupole doublets with adjustable relative areas. Here, we focus on fits in which the 

spectral peak at 2.27 mm s−1 was modelled with two overlapping subspectra (Fit1 and Fit2 

in Figure 3.6.1), though models with a single quadrupole doublet (FitS1 and FitS2 in Figure 

S8 in the published SI) were considered. In either case, there are two nearly identical 

overall fits depending on whether the two quadrupole doublets that more extensively 

overlap are offset (Fit1 and FitS1) or nested (Fit2 and FitS2). Unfortunately, it is not 

possible to determine whether the offset or the nested models are more correct.  
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Figure 3.6.1. Mössbauer spectrum of 3 at 77 K (solid dots) with accompanying Fit1 (a), Fit2 

(b), Fit3 (c), and Fit4 (d) as red lines. The red traces are additionally divided into three 

quadrupole doublets (purple, yellow, and blue lines). The areas of sites 1, 2, and 3 in (c) and 

(d) are constrained to 66.7%, 16.7%, and 16.7%, respectively. 

 

In Fit1 and Fit2 (Figure 3.6.1.) the two dominant lines are reproduced by a single, broad 

quadrupole doublet that accounts for 69% of the total iron content. The best-fit parameters 

(isomer shift δ = 0.70 mm s−1 and quadrupole splitting ΔEQ = 1.11−1.12 mm s−1) are 

consistent with mixed HS iron(II)/iron(III) character.50 However, the large linewidth of this 

signal (ΓFWHM ~ 0.63 mm s−1) suggests contributions from multiple Fe sites. Efforts to use 

more than one quadrupole doublet afforded multiple equally stable solutions and no new 
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information was gained from such overparameterized fits. Two unique quadrupole 

doublets with larger δ and ΔEQ and a more normal linewidth (~ 0.3 mm s−1) are needed to fit 

the remaining features of the spectrum, namely, the low velocity edge of the main signal 

and the smaller high velocity feature. An offset model (Fit1) yields different isomer shifts for 

these doublets (0.88 and 1.10 mm s−1), but the same quadrupole splitting (2.60 mm s−1). 

Fit2 has nested doublets with the same isomer shift (1.00 mm s−1), and different 

quadrupole splittings (2.78 and 2.34 mm s−1). In both cases, the Mössbauer parameters are 

typical for HS iron(II) ions.50 The integrated intensity of each of these doublets corresponds 

to 11−19% of the total area of the spectrum. Overall, the relative areas of the three 

subspectra in Fit1 and Fit2 deviate only slightly from the 4:1:1 pattern (66.7 : 16.7 : 16.7%) 

of Fe sites in the crystal structure. As a consequence, two additional models (Fit3 and Fit4 

in Figure 3.6.1.) were considered with a fixed 4:1:1 population. The best-fit parameters so 

obtained are fairly similar to those in the unconstrained models. As in Fit1 and Fit2, the two 

major features may be fitted to a broad quadrupole doublet with δ = 0.71 mm s−1 and ΔEQ = 

1.09 mm s−1, accounting for 2/3 of the total iron content. The remainder of the spectrum is 

fitted to two quadrupole doublets with populations fixed at 1/6 that are either offset or 

nested. The offset model (Fit3) has different isomer shifts (0.89 and 1.11 mm s−1) and 

similar quadrupole splittings (2.56−2.57 mm s−1). The nested model (Fit4) has similar 

isomer shifts (1.00−1.01 mm s−1) and distinct quadrupole splittings (2.79 and 2.34 mm s−1).  

Comparing the extracted Mössbauer parameters, which are gathered in Table S4 in the 

published SI, to those of known, structurally related compounds is difficult. Most of the Fe 

site geometries in 3 are highly unique and have little direct structural precedent. The Fe site 
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located within the tren-like pocket (Fe3) is reminiscent of similar sites in dinuclear 

compounds [Fe2(py3tren)Cl] (8) and [FeMn(py3tren)Cl] (9).27 However, the Mössbauer 

parameters in these complexes may be heavily affected by metal−metal bonding. For 

instance, the isomer shifts in 8 and 9 (0.46−0.48 mm s−1) are unusually low and fall outside 

the expected range for HS iron(II), while the quadrupole splittings (1.31−1.69 mm s−1) lie at 

the lower edge of the range typical for HS iron(II) ions.50 

In summary, the Mössbauer spectrum of 3 is complex, as expected for the large number of 

independent Fe sites. We have attempted to find a physically meaningful fit with the least 

number of independent parameters. Stable fits with an approximate 4:1:1 ratio of Fe 

signals indicate the presence of two unique Fe sites with large quadrupole splitting values 

and predominant HS iron(II) character. The Mössbauer parameters for the remainder of the 

Fe sites are instead suggestive of a mixed HS iron(II)/iron(III) character. These results are 

thus consistent with the proposed occurrence of four HS iron(II) ions and two HS iron(III) 

ions in the structure. This assignment is reasonable considering that strong delocalization 

of a mixed valent system causes both isomer shifts and quadrupole splittings to be 

observed in the range between what is expected for HS iron(II) and iron(III). 

Section 7: Magnetic Susceptibility Measurements. The variable-temperature molar 

magnetic susceptibility (χM) of 3 is shown in the main panel of Figure 3.7.1 as a χMT vs. T 

plot, while the isothermal molar magnetization (MM) measured at low temperature is 

plotted in the inset as a function of H/T. A χMT value of 27.4 cm3 K mol−1 is found at room 

temperature. With lowering temperature, the χMT product at 1000 Oe gradually increases 
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reaching a maximum of 29.7 cm3 K mol−1 at 22 K before dropping precipitously to 11.6 cm3 

K mol−1 at 1.8 K. The magnetization data at 1.86 K increase to 18.3 NAB at the highest 

applied field without saturating, pointing to a ground electronic state with at least 18 

unpaired electrons. The overall shape of the χMT vs. T curve at low temperature suggests 

that both ferromagnetic and antiferromagnetic interactions are operative in the compound. 

Using the proposed oxidation state assignment of four HS iron(II) ions (S = 2) plus two HS 

iron(III) ions (S = 5/2), the high-temperature value expected for χMT is 20.8 cm3 K mol−1 with 

g = 2.00 for all metal ions, or 22.6 cm3 K mol−1 with g = 2.15/2.00 for Fe2+/Fe3+ ions (Figure 

3.7.1., black dashed line). These values are significantly lower than observed at room 

temperature (27.4 cm3 K mol−1) and suggest the presence of a strong ferromagnetic 

interaction influencing the room temperature χMT value. 
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Figure 3.7.1. χMT vs. T data for 3 recorded at 1000 and 10000 Oe. The dashed lines are the 

expected magnetic responses for one S = 4, two S = 2, and two S = 5/2 uncorrelated spins 

(red), and for four S = 2 and two S = 5/2 uncorrelated spins (black), taking g = 2.15 for S = 4 

and S = 2, and g = 2.00 for S = 5/2. Inset: Reduced magnetization curves at 1.86 (blue), 3.00 

(green), 5.00 (orange), and 8.00 K (red). 

Considering the relatively short Fe1···Fe1II distance of 2.63 Å (equivalent to the Fe1III···Fe1IV 

distance), the room temperature χMT value could be explained by the presence of a 

ferromagnetically coupled iron(II)–iron(II) partially bonded dimer. A full bond between two 

HS iron(II) ions at a distance of 2.46 Å was indeed described to afford a thermally persistent 

S = 4 ground state.51,52 If 3 is considered to contain such an S = 4 contribution, along with 

two isolated HS iron(II) and two isolated HS iron(III) centers, then the expected room 
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temperature χMT value is 24.8 cm3 K mol−1 with g = 2.00 for all metal ions, or 27.3 cm3 K 

mol−1 with g = 2.15/2.00 for Fe2+/Fe3+ ions (Figure 3.7.1., red dashed line). These calculated 

data provide a much better match for the experimental value of 27.4 cm3 K mol−1 (Figure 

3.7.1). The existence of such a strongly ferromagnetically coupled iron(II) pair within the 

hexairon-oxo core of 3 was corroborated by DFT calculations described in the next Section. 

To probe any slow magnetic relaxation, the alternating current (ac) magnetic susceptibility 

of 3 was measured at low temperature. Both in-phase () and out-of-phase () 

components depend on frequency (v) in zero dc field indicating that the compound is a 

single-molecule magnet (Figure S9 in the published SI). The fitting of the  vs. v and  vs.  

plot leads to a relaxation time () that follows an activated behaviour between 1.9 and 2.8 K 

with an energy barrier (Ueff/kB) of 49(2) K and a pre-exponential factor (0) of 4(2)·10−10 s 

(Figures S9-S13 in the published SI). Considering the very small temperature domain that is 

available to study the relaxation, it is difficult to be absolutely sure that the relaxation 

follows an Orbach process. Nevertheless, the small field dependence of the relaxation 

time at 2 K up to 2 T supports this interpretation (Figures S11-S13 in the published SI). 

Section 8: Density Functional Theory Calculations. To interrogate the protonation state 

of oxygen atoms inferred from crystallographic data and BVS values, DFT calculations were 

employed. The crystallographic coordinates of 3 were used as a starting point for the 

construction of a pair of computational models containing two HS iron(III) and four HS 

iron(II) ions, but different proton distributions on the three O atoms (O2, O1, and O2III): (oxo, 

oxo, hydroxo) in model DFT1, and (hydroxo, oxo, oxo) in model DFT2 (see Table 3.8.1 and 

Figure 3.8.1). Notice that the Fe site labelling in Figure 3.8.1 does not follow the 
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crystallographic scheme of Figure 3.1.1: 1 is the metal site within the tren-like pocket, while 

2 and 3−6 are the apical and basal metal sites in the pentairon core, respectively. The HS 

states for each structure were used to avoid convergence problems anticipated for spin-

coupled states, and all of the hydrogen atom positions were optimized. The electronic 

energy of DFT2 calculated using B3LYP functional is 15 kcal mol−1 higher than that of DFT1, 

showing that the (oxo, oxo, hydroxo) isomer is energetically more stable than the (hydroxo, 

oxo, oxo) isomer. Owing to its higher electronic energy, DFT2 was not considered in any of 

the following analyses, nor did we consider this proton distribution in our full geometry 

optimizations.  

Table 3.8.1. Computational details for models DFT1 to DFT5. 

Model 

Metal content and 

formal oxidation 

states 

S 

Oxygen ligands 

(O2, O1, O2III) 
(i, j); Ji,j (cm−1)a Functional 

DFT1 FeII
4FeIII

2 13 oxo, oxo, hydroxo - B3LYP 

DFT2 FeII
4FeIII

2 13 hydroxo, oxo, oxo - B3LYP 

DFT3 FeII
4FeIII

2 13 oxo, oxo, hydroxo - BP86 

DFT4 FeII
2GaIII

2ZnII
2

 b 4 oxo, oxo, hydroxo (5, 6); 930 BP86 

aThe Heisenberg Hamiltonian is defined as in PHI program,53 i.e. −2Ji,jŜi·Ŝj. bThe model 

encompasses Fe at sites 5 and 6, Ga at sites 1 and 2, and Zn at the remaining metal sites. 
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Figure 3.8.1. (A,C) Models DFT1 and DFT2 with hydrogen atom positions optimized. (B) 

Labeling scheme for metal ion sites. (D) Model DFT3 with optimized positions for all atoms. 

In these diagrams, all hydrogen atoms bound to carbon have been omitted for clarity. See 

Supporting Information for full structural descriptions of DFT1 to DFT3. 

 

All atomic positions of DFT1 were successfully optimized at the BP86 level of theory to give 

model DFT3. To evaluate the structural match of DFT3 with X-ray diffraction data, we 

calculated the root mean square deviation (RMSD) of atomic positions from the 

crystallographic coordinates. This structural overlay considered the Fe, O, and N atoms 

only and gave RMSD = 0.26 Å. Despite the low RMSD, DFT3 does exhibit some distortion 

from the crystallographic coordinates, most notably in the contraction of the Fe3–N2 
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distance (see Figure 3.8.1 and Table S5 in the published SI). The shortest Fe−Fe separation 

(2.71 Å) is found between sites 5 and 6, i.e. along the OH-bridged base edge of the Fe5(5-O) 

square pyramid, whereas the distance between sites 3 and 4 along the opposite base edge 

is 2.84 Å and the length of two remaining base edges is 2.95−3.07 Å. 

The valence distribution in DFT3 was checked by BVS calculations36,54 and spin-population 

analysis. BVS values (Table 3.8.2) indicate clearly that sites 5 and 6 have the largest iron(II) 

character among the six metal sites. Spin-population analyses supports this assignment, 

indicating that sites 5 and 6 have the lowest spin population of the Fe atoms, consistent 

with HS iron(II) vs. HS iron(III) (see Table S6 in the published SI for full analysis). This 

optimized structure was subsequently used in a single-point calculation to predict 

Mössbauer parameters from the calculated wavefunction, specifically isomer shifts (δ), 

which are highly diagnostic of oxidation state, and quadrupole splittings (ΔEQ), which report 

on the electric field gradient at each Fe site. It has been noted that quadrupole splittings for 

HS iron(II) and iron(III) are generally underestimated by GGA functionals such as BP86.55 

Indeed, the calculated ΔEQ values (Table S7 in the published SI) do not help us to 

discriminate between the possible Mössbauer models. Mössbauer isomer shifts for DFT3, 

calculated using the methods outlined by Neese and coworkers,56 are shown in Table 3.8.2. 

The calculated isomer shift for site 1 (0.58 mm s−1) is at the high end of the HS iron(III) 

range, but at the low end for the HS iron(II) range.50 This intermediate  value may indicate 

some delocalization of the mixed valency. Notably, the average of the four lowest 

calculated isomer shifts is 0.71 mm s−1, while the other two calculated δ values are 0.86 

and 0.97 mm s−1. Considering the expected error associated with the prediction of 
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Mössbauer isomer shifts using BP86 (~0.1 mm s−1), these three values are in satisfactory 

agreement with the experimental values from Fit3 and Fit4 (0.71 mm s−1, 0.89–1.00 mm s−1, 

and 1.01–1.11 mm s−1). From these results, we can establish that Mössbauer parameters 

from model DFT3 with four HS iron(II) ions and two HS iron(III) ions are consistent with the 

available experimental data. Furthermore, in combination with BVS and spin-population 

analyses, they help assigning a prevalent HS iron(II) character to metal sites 5 and 6, while 

the remaining four metal sites (Fe2
IIFe2

III) display substantial valence delocalization. 

An extensive network of weak Fe–Fe bonding interactions is indeed found in DFT3, as 

evidenced by Mayer bond order (MBO) values less than one, but greater than 0.1 (Table 

S8).57 There are interactions (MBO = 0.14−0.45) between site 2 and two of the four Fe atoms 

that make up the roughly square basal plane of the pentairon core (sites 3, 4, 5, and 6). 

Several relatively strong interactions (MBO = 0.16−0.35) also occur between adjacent Fe 

atoms in the square base. 
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Table 3.8.2. BVS and isomer shift values (mm s−1) for the six metal sites in 3 as obtained 

from model DFT3. Experimental isomer shifts from Fit3 and Fit4 are also reported for 

comparison. 

Metal sitea BVS(Fe2+)b BVS(Fe3+)b BVS(Fe2+)c  from DFT3  from Fit3 and Fit4d 

1 2.165 2.471 2.276 0.58 

0.71 (4) 

2 2.014 2.318 2.153 0.75 

3 2.141 2.417 2.249 0.76 

4 2.110 2.388 2.221 0.76 

5 1.932 2.190 2.037 0.86 0.89−1.00 (1) 

6 1.785 2.021 1.880 0.97 1.01−1.11 (1) 

aFor the labelling of metal sites, see Figure 3.8.1. bUsing the standard set of Fe2+ or Fe3+ BVS 

parameters from file bvparm2020.cif available at 

https://www.iucr.org/resources/data/datasets/bond-valence-parameters and including 

only bond distances within 3.0 Å. See Table S2 in the published SI for details. cUsing the 

specialized R0 value for HS Fe2+ complexes with Npy and Nam donors and including only bond 

distances within 3.0 Å. See Table S2 and Figure S6 in the published SI for details. dNumbers 

in parentheses are the relative areas of the three subspectra. 

 

We have further utilized DFT methods to probe magnetic interactions in 3. Specifically, we 

decided to test the hypothesis, suggested by the magnetic susceptibility data, that the 

https://www.iucr.org/resources/data/datasets/bond-valence-parameters
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compound contains a ferromagnetically coupled diiron(II,II) unit with a local S = 4 state that 

persists to room temperature. A full analysis of the spin ladder is impractical and would 

also be inaccurate. As an alternative, starting from optimized structure DFT3, we assigned 

sites 5 and 6 as iron(II) ions and magnetically isolated this metal pair by replacing all other 

metal ions with diamagnetic substitutes of similar ionic radius, namely gallium(III) for sites 

1 and 2 and zinc(II) for the remaining metal sites (Figure 3.8.1). We do not expect this 

method to be quantitatively accurate, but we are confident it can be used to highlight any 

strong ferromagnetic within the given metal pair. We then performed broken symmetry 

single-point calculations on the resulting model (DFT4) to predict the exchange-coupling 

parameter J between these two Fe sites under the Heisenberg Hamiltonian (Table 3). The 

results indeed indicate very strong ferromagnetic exchange coupling, with a J value of 

several hundreds of wavenumbers. This diiron(II) unit is thus expected to remain 

ferromagnetically coupled to give an S = 4 state thermally persistent up to room 

temperature, consistent with the magnetic susceptibility data.  

 

CONCLUSIONS 

With their arrays of spatially organized N donors, oligo--pyridylamides and related ligands 

offer a viable route to polymetallic complexes showing a linear structure and, in many 

cases, metal−metal bonding (EMACs). Among first-row metals, iron is of special interest 

since short Fe−Fe separations often produce strong ferromagnetic couplings and large 

room temperature magnetic moments.13,14 However, nuclearity is often lower (and Fe−Fe 
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distances are often longer) than expected from the ligand’s structure.14,16,17,30,58 Moreover, 

the high oxophilicity of Fe leads to the easy incorporation of adventitious oxygen atoms to 

yield iron-oxo cores.29,30  

Our findings indicate that these tendencies can be further accompanied by partial 

oxidation of Fe. Attempts to access iron(II)-based EMACs were made by reacting the 

organometallic precursor [Fe2(Mes)4] with a tridecadentate proligand containing a tren-like 

aliphatic pocket and three Hdpa-like arms (H6L). The ligand’s structure was designed to 

favor the assembling of Fe2+ ions into closely spaced linear arrays with metal−metal bond 

distances. The reaction instead resulted in the build up of an organic nanocage containing 

two tripodal ligands with interpenetrating branches and hosting a mixed-valence hexairon-

oxo core. The formula and structure of the compound, [Fe6O2(OH)(H3L)L] (3), were inferred 

by combined use of EA, ESI-MS, electrochemical studies, X-ray crystallography, BVS 

analysis, and DFT calculations. In spite of the trigonal symmetry of the organic envelope, 3 

displays a remarkably unsymmetric iron-oxo core orientationally disordered around a 

crystallographic D3 position. The core was modelled as [Fe(3-O)Fe5(5-O)(-OH)]9+, with a 

central Fe5(5-O) square pyramid supported by two additional oxygen bridges and a sixth Fe 

center located in the tren-like pocket of L6−. Mössbauer spectra confirmed that 3 is a 

mixed-valence Fe4
IIFe2

III species, containing two predominantly HS FeII sites and an 

extensively valence-delocalized Fe2
IIFe2

III unit. Using BVS analysis and DFT calculations, the 

two unique metal sites were identified as a pair of closely spaced OH-bridged metals in the 

central Fe5(5-O) pyramid. Significantly, broken-symmetry DFT calculations anticipate 

strong ferromagnetic coupling within this pair to give a thermally persistent S = 4 state, 
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which explains the large magnetic moment of 3 at room temperature. As a final point of 

interest, slow magnetic relaxation was detected in the compound even in zero static field, 

with Orbach activation parameters Ueff/kB= 49(2) K and τ0 = 4(2)·10−10 s.  

 

EXPERIMENTAL 

General procedures. All synthetic operations involving iron complexes were carried out 

inside an MBraun UNIlab glovebox under an inert and controlled dinitrogen atmosphere, 

continuously purified over activated charcoal, molecular sieves, and a copper oxygen 

scavenger (H2O and O2 < 1 ppm). All chemicals were of reagent grade and used as received, 

unless otherwise noted. Anhydrous toluene and 1,4-dioxane were purchased and used 

exclusively for operation inside the glovebox. Thf and Et2O were pre-dried over KOH59 and 

CaCl2,60 respectively, and subsequently distilled from their sodium diphenylketyl solutions 

before use. All the solvents (including thf-d8) used inside the glovebox were deoxygenated 

through three freeze-pump-thaw cycles and stored over 4A molecular sieves (except for 

EtOH, which was simply stored over 3A molecular sieves). H6L was prepared heating 

together N-(6-fluoropyridin-2-yl)pyridin-2-amine, H6tren, and Cs2CO3 at 130 °C for 3 days in 

solvent-free conditions, as described elsewhere.28 The purified material was isolated as 

H6L·0.44EtOH. [Fe2(Mes)4] was synthesized from Fe4Cl8(thf)6 61 and MesMgBr in thf/1,4-

dioxane.62 TBATFB used as base electrolyte for electrochemical studies was recrystallized 

twice from EtOH/Et2O (1:1 v/v) at −50 °C. The crystalline solid was filtered, washed with 

Et2O, and dried under vacuum.60 
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Unless otherwise noted, all characterization data were collected with strict exclusion of air 

under a dinitrogen atmosphere. CHN content was determined using a ThermoFisher 

Scientific Flash 2000 analyzer, and implied the unavoidable exposure of the sample to the 

air for 30−60 s, whereupon it immediately turned from dark-red to black. The Fe content 

was determined by complexometric titration on a sample of 3 accurately weighted inside 

the glovebox and digested with HNO3 and H2O2 in aerobic conditions (titrant: 

Na2EDTA·2H2O, standardized using Pb(NO3)2 as a primary standard; indicator: xylenol 

orange).63 ESI-MS measurements were conducted on a 6310A Ion Trap LC-MS(n) 

instrument (Agilent Technologies) by direct infusion of thf solutions, in positive ion mode. 

The electronic spectra in thf solution were recorded up to 2000 nm on a double beam UV-

Vis-NIR Jasco V-570 spectrometer, using a quartz cuvette sealed with an air-tight Teflon® 

cap (optical path length l = 0.1 cm). The 1H NMR spectrum was recorded at 298 K in thf-d8 

using a Bruker Avance400 FT-NMR spectrometer (400.13 MHz) and an air-tight Young-

valved NMR tube. The chemical shifts are expressed in ppm downfield from Me4Si as 

external standard, by setting the residual CH2(3,4) signal of thf-d8 at 1.72 ppm.64 

Abbreviation used: br = broad. Spectrum analysis was carried out with TopSpin 4.0.6 

software.65 

Synthesis. Inside a glovebox, [Fe2(Mes)4] (265.6 mg, 0.4514 mmol) and H6L·0.44EtOH 

(184.8 mg, 0.2742 mmol) were refluxed together in toluene (7 mL) for 3 h. During the reflux 

the suspension progressively turned from orange to dark red/brown. The reaction mixture 

was allowed to cool to room temperature, and the solution was then eliminated by filtration 

through a fritted glass filter (G4 porosity). The dark red solid was washed with fresh toluene 



104 
 

(1 mL) and extracted with thf (4 × 10 mL). One additional overnight extraction was 

performed with 20 mL of thf. The combined red extracts were evaporated under vacuum, to 

give the product as a red solid (134.0 mg, 0.07964 mmol, 58.1%). Anal. Calcd for 3: C, 

51.40; H, 4.19; N, 21.64; Fe, 19.91%. Calcd for 3·0.4C7H8: C, 52.25; H, 4.29; N, 21.18; Fe, 

19.49%. Found: C, 52.44; H, 4.18; N, 21.42; Fe, 19.70%. This red solid can be recrystallized 

from thf/Et2O by slow liquid diffusion to afford small, dark red, trapezoidal plates of 3 

(recrystallization yield ~50%). For all the following characterizations, except X-ray 

crystallography, crystals of 3 were removed from the mother solution, washed with a few 

drops of Et2O, and well dried under vacuum. 

Calcd for 3·0.3Et2O: C, 51.57; H, 4.32; N, 21.36; Fe, 19.65%. Found: C, 51.86; H, 4.12; N, 

21.43%. 1H NMR (thf-d8, 298 K, 400.13 MHz): δH (ppm) = 3.38 (4H, br, Et2O, CH2), 1.11 (6H, 

br, Et2O, CH3). ESI-MS (thf, positive ion mode), m/z: 1680.2−1681.2 ([Fe6O3H2L2]+ and 

[Fe6O3H3L2]+, 0.8:0.2 ratio, 100); 1626.3−1627.3 ([Fe5O3H4L2]+ and [Fe5O3H5L2]+, 0.9:0.1 ratio, 

10); 850.1 ([Fe3ClL]+, 3). UV-Vis-NIR (thf, 1.43∙10−4 M): λmax (ε) = 242 nm (1.03∙105 M–1 cm–1), 

268 nm (sh), 341 nm (6.83∙104 M–1 cm–1), ~380 nm (sh), ~500 nm (sh). 

X-ray Crystallography. A plate-like crystal of 3 was covered with NVH immersion oil (Jena 

Bioscience), which efficiently protects the compound against degradation. Subsequently it 

was mounted on a MiTeGen MicroloopTM and transferred to a Bruker-Nonius X8APEX 

diffractometer equipped with Mo-K generator, area detector and Kryoflex liquid dinitrogen 

cryostat for data collection at 115(2) K. Acquisition of matrix frames and data collection 

were carried out using APEX2 v1.0-22 software.66 Data reduction used SAINT v7.06A 

program66 and was followed by multi-scan absorption correction applied with SADABS 
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v2.10.66 Programs SUPERFLIP67,68 and SHELXL-2014/7,69 implemented in the WINGX 

v2020.1 suite,70 were used for structure solution and refinement on Fo
2, respectively. The 

measured crystal, and likewise all tested samples, was weakly diffracting and data 

collection was extended to a resolution of 0.84 Å (2max = 50.0°) to give <I/(I)> = 6.74. The 

unit cell metrics and the symmetry of the diffraction pattern were consistent with trigonal 

crystal system, with R(merge) = 0.078, 0.073 and 0.048 in Laue classes 3̅1𝑚 (hex), 3̅ (hex) 

and 1̅, respectively. Systematic absences were found to affect hhl reflections, which had 

<I/(I)> = −0.16 for odd l (320 reflections) and 10.29 for even l (311 reflections), strongly 

suggesting extinction symbol P- - c and space groups P31c (noncentric) or P3̅1𝑐 (centric). 

Structure solution in the centric space group followed by a Fourier synthesis gave the 

positions of all non-hydrogen atoms. All non-hydrogen atoms in the model were treated 

anisotropically, except for Fe3. Hydrogen atoms were added in calculated positions with 

U(H) = 1.2Ueq(C,N), including the half-occupancy secondary NH hydrogen of the 50-% 

unmetalated tren-like pocket, which was directly located in F maps.  

The structure of the central core was best revealed by a Fourier synthesis with phases 

based on the organic ligands alone (Figure S4). The most intense peak (Q1 = 8.11 eÅ−3) and 

its symmetry equivalents define a slightly distorted trigonal prism, with the shortest 

separations of 2.67 and 3.12 Å. Each longer edge of the prism is capped by an additional 

peak (Q2 = 5.56 eÅ−3) lying exactly on a twofold axis at 1.61 Å from the vertices. Other 

significant electron density residuals were found on the threefold axis, namely in the tren-

like pockets of the ligands (Q3 = 4.57 eÅ−3), at the center of the prism (Q4 = 4.52 eÅ−3), and 

in triangular-face capping positions (Q5 = 3.93 eÅ−3). Q1 and Q2 are at coordination-bond 
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distance from N atoms (2.02−2.33 Å) as well as from Q4 and Q5 (1.92−2.18 Å), suggesting 

that the former are partially-occupied metal sites, while the latter are O atoms. The Q1−Q2 

distance is indeed unphysically short for a metal−metal contact and requires the central 

core to be severely disordered. Full anisotropic refinement with the above-suggested 

assignments (Q1 = Fe1, Q2 = Fe2, Q3 = Fe3, Q4 = O1, Q5 = O2) and free site occupancy 

factors (SOFs) gave SOF/Uiso(Å2) = 0.634(6)/0.0424(6), 0.310(6)/0.0303(15), and 

0.440(10)/0.096(3) for Fe1, Fe2, and Fe3, respectively; SOF/Uiso(Å2) = 0.92(4)/0.030(4) and 

1.09(3)/ 0.047(3) for O1 and O2, respectively. These results suggest 2:1 occupancies for 

Fe1 and Fe2, approximately half occupancy for Fe3 and full occupancies for O1 and O2. 

Anisotropic displacement parameters (ADPs) had physically reasonable values except for 

Fe3, which displayed a very oblate ellipsoid. The ADPs for the secondary N donors of the 

tren-like pocket were also distinctly elongated towards the metal, suggesting an off-axis 

position for Fe3. Slant plane F maps normal to the trigonal axis indeed confirmed a 

pronounced threefold modulation of electron density around Fe3, but not around O1 and 

O2. Fe3 was then allowed to move off the threefold axis and treated isotropically, affording 

SOF/Uiso(Å2) = 0.141(3)/0.034(2) for Fe3 and virtually unvaried parameters for the remaining 

core atoms. This result indicates clearly that, independent of how Fe3 is modelled, the 

tren-like pocket of the ligand is only ca. 40−50% occupied. Since both EA and ESI-MS 

consistently indicate six metal centers per molecule, fixed occupancies of 2/3, 1/3, and 1/6 

were assigned to Fe1, Fe2, and Fe3, respectively, thereby imposing half occupancy of the 

tren-like pocket. Unit occupancies were instead used for O1 and O2. The 2:1 occupancies 

of Fe1 and Fe2 suggest a distorted square-pyramidal Fe5(5-O) core orientationally 
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disordered around the trigonal axis, with Fe2 as the apical site. BVS calculations (Table S2) 

support the assignment of central oxygen O1 as a 5-O2− ligand. Furthermore, they are 

consistent with O2 being a 3-O2− group when the neighboring tren-like pocket is 

metalated, and a -OH− group otherwise. The severely disordered core requires the 

electron density of hydroxide hydrogen to be spread over six positions, thus explaining why 

it could not be located in F maps. For this reason, the OH− hydrogen atom was not 

included in the refinement. The rather high final R-indices at least partially reflect 

unaccounted for electron density located in the solvent-accessible voids of the structure. 

In fact, 1H NMR spectroscopy (Figure S3) indicate that crystals of 3 retain traces of Et2O 

even after prolonged treatment in vacuum, in accordance with EA. The solvent-accessible 

voids in the structure were calculated using the SQUEEZE command71 implemented in 

PLATON.72 This calculation showed that four solvent-accessible voids exist per unit cell, 

namely two 216-Å3 voids (each containing 40 electrons) and two 126-Å3 voids (each 

containing 43 electrons). The latter host the highest electron density residuals (2.0 eÅ−3) in 

the final F map. Therefore, each of these voids can in principle host one Et2O molecule, 

which contains 42 electrons and has a van der Waals volume of ~86.6 Å3 (calculated using 

the method proposed by Abraham et al.).73 We found that use of solvent-corrected hkl data 

lowers the R1 factor for reflections with I ≥ 2σ(I) from 8.5 to 5.6%. However, differences in 

molecular geometry are insignificant and we decided to stick to the results of refinement 

on pristine, uncorrected data. Graphics utilized ORTEP-3 for Windows v2014.1,70 POV-Ray 

for Windows v3.7,74 and Olex2-1.5.75 
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CCDC XXXXXXX contains the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures (accessed on XX XXXX 2022), or by emailing 

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

Mössbauer Spectroscopy. Solid state Mössbauer spectra of 3 were collected at 77 K and 

10 K with a SEE Co model W304 resonant gamma-ray 1024 channel spectrometer with a 

57Co on Rh foil source. The velocity range used was ±4 mm s−1 and the experimental spectra 

were referenced to α-Fe foil at room temperature. The data collection was conducted with 

the sample under vacuum. Mössbauer data were fitted using an adaptive nonlinear least-

squares algorithm developed by Dennis et al. and available within the WMOSS4F 

software.76 Three quadrupole doublets were used to fit the experimental data. The 

parameters fitted were the isomer shift (δ), the quadrupole splitting (ΔEQ), and the 

linewidths (i.e. the full widths at half maximum, ΓFWHM). The relative areas of the subspectra 

were either allowed to vary or fixed to 4:1:1, as initially suggested by crystallographic 

symmetry with four basal sites and two additional independent sites (apical and pocket 

sites). However, we note that the DFT-optimized model deviates from this simplistic 

assignment and suggests that it is two of the basal sites that have the unique Mössbauer 

parameters. 

Magnetic measurements. The magnetic measurements were obtained with a Quantum 

Design MPMS-XL SQUID magnetometer and a PPMS-9 susceptometer. The MPMS-XL 

instrument works between 1.86 and 400 K with applied static fields (H) ranging from –7 to 7 
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T. The sample for magnetic measurements was prepared with strict exclusion of dioxygen 

and moisture in a glovebox under argon. A polycrystalline sample of 3 (7.1 mg) was covered 

with Paratone® oil (10.2 mg) to avoid magnetic torqueing and introduced in a sealed 

polypropylene bag (3 × 0.5 × 0.02 cm; 20.9 mg). Prior to the experiments, the field-

dependent magnetization was measured at 100 K to exclude the presence of bulk 

ferromagnetic impurities. All magnetic data were corrected for the sample holder and the 

intrinsic diamagnetism. The dc magnetic susceptibility () was obtained as M/H from 

magnetization (M) measurements at 0.1 and 1 T in the temperature range 1.86−300 K. 

Isothermal magnetization data were also recorded between 1.86 and 8 K in fields up to 7 T. 

Above 1.86 K, no hysteresis effects were observed in the field dependence of the 

magnetization for field sweep rates between about 50 and 600 Oe min−1. The ac 

susceptibility measurements down to 1.9 K were performed using an oscillating field of 1−6 

Oe for frequencies from 10 Hz to 10 kHz and applied static fields of zero to 2 T (PPMS-9). In 

the available temperature and frequency ranges, the sample displayed slow relaxation of 

the magnetization observable in zero and in finite applied dc fields. All ac measurements 

were fitted to the generalized Debye model (using ' and '' vs.  data) in order to extract the 

characteristic relaxation time (), the  parameter describing the width of the distribution of 

relaxation times, as well as the values of 0 and ∞. 

Electrochemistry. CV curves were recorded in thf using a PARSTAT 2273 

Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, USA). Experiments at 

different scan rates (v = 0.02−1 V s–1) were carried out using a cell for small volume samples 

(~3 mL). A Pt ring, an Ag wire, and a 1 mm-diameter GC disk (Princeton Applied Research) 
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were used as counter, quasi-reference and working electrode, respectively. The GC 

electrode was cleaned as previously reported.77 For all experiments, the potential of the 

quasi-reference electrode was calibrated against the ferrocenium/ferrocene redox 

couple.78 All the reported potential values are referred to ferrocenium/ferrocene redox 

couple. To avoid degradation of the complex, all the measurements were performed in a 

MBraun UniLAB glovebox under dinitrogen at –10 °C. The concentration of 3 and of the base 

electrolyte (TBATFB) were 0.25 mM and 0.05 M, respectively. To minimize the ohmic drop 

between the working and the reference electrodes, careful feedback correction was 

applied. All the formal potential values (E°) were calculated as the semi-sum of the 

cathodic and anodic peak potentials, i.e. E°= (Epc+Epa)/2. The dependence of ΔEp = Epa − Epc 

on v allowed to obtain the standard heterogeneous ET rate constant kET,79 which is the ET 

rate constant measured at the formal potential E°. The experiments were repeated at least 

four times and the kET values obtained were found to be reproducible within 6%. When 

necessary, deconvolution of voltammetry signals was performed using EG&G Condecon 

Software Package. 

Conductivity measurements. Conductivity measurements were carried out in thf with a 

CRISON (mod. microCM2201) conductivity meter using a cell of constant 1.14 cm−1 with a 

precision of 0.5%. They were made in a thermostatic bath at different temperatures (from 

−23 to 2 °C) maintained constant within ±0.1 °C; the concentration of 3 was 0.25 mM. The 

nature of the complex (neutral or ionic) was determined by comparing its molar 

conductivity values with those of ionic complexes measured in the same solvent and 

conditions. 
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DFT calculations. The initial atomic coordinates used in DFT studies were obtained from 

X-ray diffraction data, omitting crystallographic disorder and adding a hydrogen atom to O2 

or O2III. All hydrogen atom positions were then optimized in DFT1 and DFT2 while fixing the 

positions of all heavier atoms, whereas in DFT3 all atomic positions were fully optimized. 

All calculations were performed using the ORCA 4.2.1 software package using unrestricted 

Kohn-Sham (UKS) DFT.80 The def2-SVP basis set was used on all atoms except Fe, where 

the def2-TZVP basis set was used.81 The numerical grid was increased to “Grid 4” in ORCA 

notation. Calculations on DFT1 and DFT2 were performed using the B3LYP functional with 

the dispersion correction D3.82,83 Calculations on DFT3, including the evaluation of 

Mössbauer parameters, were performed using the BP86 functional.82,83 In addition, the 

NBO package was employed in DFT3 to obtain the natural population values.84 The broken-

symmetry single point calculations done on DFT4 were also performed using BP86. 

Additionally, the resolution of identity (RI) approximation was applied to all the 

calculations.85 
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Chapter 4: Asymmetric Ligand Field Effects in Electron-Rich 

Heterometallic Extended Metal Atom Chain Compounds  

Rebecca K. Walde, Trey C. Pankratz, Amelia M. Wheaton, Milton Acosta, and John F. Berry 

TCP conducted the DFT reaction mechanism studies of ligand rearrangement. 

This work has been submitted and is under review to Chemistry – A European Journal. 

Abstract: In heterometallic systems, electron donation from the ligands may influence the 

metal atoms in either a symmetric or asymmetric way, with the expected case being that 

the more electronegative metal is favored. Here, we describe a systematic study of 

heterometallic compounds here where this expectation is not observed. In this study, we 

use a modification of the symmetric 2,2′-dipyridylamine (dpa) ligand with electron donating 

ethyl groups, 4,4′-diethyl-2,2′-dipyridylamine ligand (dedpa), to prepare heterometallic 

extended metal atom chain (HEMAC) complexes with formula Mo2M′(dedpa)4Cl2 (M′ = Cr, 

Mn, Fe, Co, Ni). The effects of the electron donating substituents were studied through 

techniques including magnetometry, cyclic voltammetry, EPR, Mössbauer, electronic 

absorption spectroscopy, and DFT calculations. We find that the new HEMACs are indeed 

more electron rich, easier to oxidize, and, most interestingly, the impact of the ethyl 

substituents is not applied equally to all the metals in the chain. The ligand field is stronger 

at the Mo2 site, but is surprisingly weaker at the M′ center when compared to 

Mo2M′(dpa)4Cl2 complexes. We also find that changing the ligand field allows for previously 
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unassigned electronic transitions to become visible, including excitations tentatively 

assigned to a triplet δ-δ* state within the Mo2 unit.  

Section 1: Introduction  

Metal-metal bonded complexes have long been of interest for their unique properties and 

reactivity.[1-2] The simplest of these systems, homo-bimetallic complexes, have been well 

studied for many of the transition metals.[3-5] While many studies focus on metal identity as 

the primary driver of reactivity and electronic properties (a factor whose importance 

certainly cannot be denied), attention must also be given to the ligands that support the 

metal-metal bonds. Many bimetallic and larger clusters rely on easily modifiable ligands 

such as carboxylates,[6-13] NHCs,[14] pincer ligands,[15] nitrogen containing heterocycles,[4, 14] 

and many more.[16-19] As should be expected, these supporting ligands can have a large 

impact on the electronics of the resulting compound. However, studies on the impact of 

ligands with electron donating/withdrawing substituents have focused primarily on 

homometallic metal-metal bonded systems instead of heterometallic ones.[4, 14]   

Consider, as a hypothetical example, a heterobimetallic system with a set of symmetric 

bridging ligands holding the core together. There are three possible scenarios for what can 

happen if a bridging ligand is modified to include an electron withdrawing or, as described 

in this work, electron donating substituent (Figure 4.1.1). In the first case, the impact of the 

ligand substituent on the two metals is symmetric, as would be expected if the complex 

were symmetric and homobimetallic. Several explicit studies of linear free energy 

relationships on metal-metal bonded homobimetallic complexes of this type have been 
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examined by Ren and coworkers.[20] For heterobimetallic complexes, a second possibility 

arises in which a ligand substituent effect is distributed unequally among the two metals, 

with the distribution being mainly based on the differing electronegativities of the metals 

themselves. Examples of this case appear mainly in theoretical works,[21] as most of the 

studies on substituent effects in heterobimetallic systems use asymmetric ligands that 

make assessing the impact on both metals difficult.[22-25] It is also possible that a ligand 

substituent effect could be distributed among two metals in such a way that is counter to 

what is expected from the electronegativities of the metals. It is this unusual third case that 

we describe in this work.  

 

Figure 4.1.1: Possible outcomes for ligand substituent effects on an idealized 

heterometallic pair.  

To interrogate the ligand substituent effects in a systematic series of well-defined 

heterometallic compounds, we examine here a class of heterotrimetallic complexes that 

we have found to be highly tuneable and robust to electronic modification: 

Heterotrimetallic metal atom chain complexes (HEMACs) with a general formula 

Mo2M′(dpa)4Cl2, where M′ is varied systematically across the first row transition series (Cr, 

Mn, Fe, Co, or Ni), and dpa is the anion of the 2,2′-dipyridylamine ligand (Figure 4.1.2). 
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HEMACs of this type feature a 3-center-3-electron (3c/3e) sigma bonding manifold that 

allows for communication and electron delocalization through the metal atom core.[26-27] 

Recently, we have found that the polarity of the Mo–M′ bonds in these compounds is 

opposite of that expected from the metal atoms’ electronegativities.[27] This happens 

because the strong Mo Mo quadruple bond gives rise to a low energy Mo2 bonding 

combination of σ-symmetry orbitals that effectively acts as an electron donor to M′. By 

adding electron donating substituents to the dpa ligand and then varying the identity of the 

metal atom, we can determine to what extent the umpolung of the metal-metal bond 

polarity influences how the substituent effect is distributed on the heterometallic core.   

For this investigation, we utilize the modified 4,4′-diethyl-2,2′-dipyridylamine (dedpa) 

ligand, which adds electron donating ethyl substituents to the dpa ligand (Figure 4.1.2). 

This ligand has been used previously in the synthesis of homometallic EMAC (extended 

metal atom chain) complexes with Cr3, Co3, and Ni3 cores and has been shown to increase 

their solubility in nonpolar solvents and make them more electron-rich relative to dpa 

compounds.[28-29] We anticipated that the solubility and electron donating features would 

be useful for HEMACs as well. For example, the rigorous insolubility of the Mo2(dpa)4 

metalloligand has prompted us to use demanding reaction conditions for HEMAC 

synthesis: reaction with M′Cl2 in molten naphthalene as solvent. Our hope is that a more 

soluble metalloligand will allow us to find lower temperature synthetic routes. To probe the 

electron donating effects on the individual metals, we are able to use electrochemical 

measurements and magnetic measurements as probes of the relative HOMO energies of 

the HEMACs and ligand field splitting of M′.  
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Figure 4.1.2: Diagram of Mo Mo–M compounds and structure of the dpa and dedpa 

ligands.  

 

In this work we present a modernized synthesis method for the Hdedpa ligand using 

Buckwald-Hartwig cross coupling techniques[30-31] that has allowed us to synthesize the 

novel metalloligand Mo2(dedpa)4 (1). Metalloligand 1, as expected, is vastly more soluble in 

common organic solvents than Mo2(dpa)4 (7), as well as being more electron rich. We have 

used 1 to synthesize a novel series of Mo2M′(dedpa)4Cl2 HEMAC complexes with M′ = Cr (2), 

Mn (3), Fe (4), Co (5), and Ni (6) using a solution state synthesis method with 1,4-dioxane as 

a solvent that we demonstrate works well for both the dpa and dedpa HEMACs. Finally, we 

use computational methods to explore how the ethyl substituents on dedpa impact ligand 

“shuffling” (Scheme 4.1.1.) of 1 and 7 (a process that appears to be facile for 1, and is a 

necessary step to form HEMAC complexes from either metalloligand).  

 

Scheme 4.1.1.: Isomerism of the ligands of 1 and 7 from the crystallographically 

characterized trans-(2,2) geometry to the (4,0) geometry found in HEMACs.  
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Results and Discussion  

Section 1: Synthesis   

The synthesis of the 4,4′-diethyl-2,2′-dipyridylamine (Hdedpa) ligand was achieved here 

through a modified Buchwald-Hartwig reaction (Scheme 4.2.1).[31] This method is higher 

yielding (60% vs 25% reported) than previously reported syntheses[29] and compatible with 

column-free workup. Deprotonation of Hdedpa with potassium bis(trimethylsilyl)amide 

yields the salt (Kdedpa), which was combined without further purification with Mo2(OAc)4 in 

THF to produce Mo2(dedpa)4 (1) in excellent yield (>85%).   

  

Scheme 4.2.1: Synthesis of the Hdedpa ligand used in this work. Pd2(dba)3 refers to 

tris(dibenzylideneacetone)dipalladium(0), and dppp refers to 1,3-

bis(diphenylphosphino)propane.  

 

Examination of 1 by NMR spectroscopy at room temperature and –20°C in CD2Cl2 reveals a 

complex, temperature dependent equilibrium in the solution state. Further investigation 

with 2D NMR methods shows multiple sets of pyridine rings that appear to interchange with 

each other. We observe that there are three major groups of peaks and four minor groups. 

Multiple conformations of the ligands around the Mo2 core of 1 are possible (Figure 4.2.1), 
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leading us to believe that the speciation observed in the NMR spectra is the result of a slow 

equilibrium (slow relative to the NMR timescale) between ligand conformations in the 

solution state. A workup of this data is given in the Appendix (Figures S7-S21), though 

definitive assignment of the species observed in solution is not possible. While the dpa 

analog Mo2(dpa)4, 7, is rigorously insoluble in most solvents, 1, by contrast, is soluble in a 

wide range of solvents spanning in polarity from hexanes to MeOH.   

  

Figure 4.2.1: Possible conformations of the ligands around 1 in solution.   

To produce Mo2M′(depa)4Cl2 HEMACs with M′ = Cr (2), Mn (3), Fe (4), Co (5), and Ni (6), two 

methods of synthesis were explored, as outlined in Scheme 4.2.2. First, we attempted the 

same method employed for the synthesis of Mo2M′(dpa)4Cl2 compounds previously, using 

molten naphthalene as solvent.[32-36] Yields from these reactions ranged from fair (~30%) to 

excellent (~85%) depending on the metal used (Table 4.2.1).   
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Scheme 4.2.2: General reaction schemes for producing dpa (top) and dedpa (bottom) 

HEMAC complexes from either naphthalene or dioxane as solvents.  

The second method that we used to generate HEMAC complexes was prompted by the 

increased solubility of 1 as compared to 7. First, we investigated the solution state method 

used to synthesize HEMACs with formula Cr2M′dpa4Cl2: using THF as a solvent.[34, 36-37] This 

method failed to produce the desired product, so a higher boiling solvent was chosen: 1,4-

dioxane. This ether proved to facilitate solution state synthesis for HEMACs using both the 

dpa and dedpa ligands. Yields for 2-6 and the dpa HEMACs are given in Table 4.2.1. For the 

dpa HEMACs, yields in 1,4-dioxane for M′ = Cr, Mn, and Co are comparable to the 

previously reported syntheses, while the yields for M′ = Fe and Ni are improved. The results 

are similar for the dedpa HEMACs. Yields for 5 and 6 are improved using 1,4-dioxane while 

the yield for 3 is comparable. Yields for 2 and 4 are significantly lower. The CrCl2 salt used in 

the synthesis of 2 is not very soluble in 1,4-dioxane, likely accounting for its low yield in the 

solution state synthesis. For 4, the yield can be improved from 50% to 87% by adding 10 eq 

of LiCl. We have not yet tested this additive in other HEMAC syntheses to determine if this 

effect is particular to 4 or globally applicable.   
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Despite the varying yields, synthesis in the solution state has a number of advantages 

when compared to using naphthalene as a solvent. For the dedpa HEMACs, the primary 

benefit is the ability to recover unreacted 1 from the reaction mixture by extraction with 

hexanes. We have also found workup using method 2 to be faster than method 1, though 

the reaction times are longer.   

Table 4.2.1: Yields for HEMAC complexes from naphthalene or dioxane synthesis.  

Complex  
Naphthalene 

Yield %  

Dioxane   

Yield %  

Mo2Cr(dpa)4Cl2  45  28  

Mo2Mn(dpa)4Cl2  32  25  

Mo2Fe(dpa)4Cl2  43  74  

Mo2Co(dpa)4Cl2  67  63  

Mo2Ni(dpa)4Cl2  39  93  

Mo2Cr(dedpa)4Cl2 (2)  60  17  

Mo2Mn(dedpa)4Cl2 

(3)  
46  45  

Mo2Fe(dedpa)4Cl2 (4)  85  50a  

Mo2Co(dedpa)4Cl2 (5)  30  65  

Mo2Ni(dedpa)4Cl2 (6)  56  75  

aThe yield improves to 87% when 10 eq LiCl is included in the reaction mixture.  
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Section 3: X-Ray Crystallography  

Compounds 1-6 have been structurally characterized, and a full description of each 

structure can be found in the SI. Compound 1, (Figure 4 left) was modelled in the I41/a 

space group and adopts the tetragonal paddlewheel geometry expected for quadruply-

bonded Mo2
4+ compounds. The molecule lies on the site of a crystallographic inversion 

center, which is located at the midpoint of the Mo–Mo vector; thus, half of the molecule is 

symmetry independent. Compound 1 was found to have a Mo Mo bond length of 2.09 Å, 

typical of a Mo Mo quadruple bond.[5] The Mo Mo bond length of 1 is shorter than that of 7 

by 0.03 Å. Compound 1 also has a slightly smaller N–Mo–Mo–N torsion angle than 7 (~2° vs 

~4°), indicating a somewhat stronger δ bonding interaction between the Mo atoms in 1.   
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Figure 4.3.1: Left: molecular structure of 1. Right: Molecular structure of 2. Ellipsoids are 

drawn at 50% probability and hydrogen atoms are omitted for clarity. Where disorder is 

present, only the major component is shown.  

The structure for compound 2 is shown in Figure 4.3.1 (right), and the structures of 3-6 are 

qualitatively similar (Figures S33-40 in the Appendix). Compounds 2, 4, 5, and 6 are 

isomorphous in the P4nc space group whereas 3 adopts the cubic space group P432. 

Aside from 3, the compounds crystallize without solvent; the crystal packing is instead 

dominated by interactions between the peripheral ethyl substituents fitting together like 

puzzle pieces (Figure S53 in the Appendix).   

For the structures in the P4nc space group, the metal atoms in the molecule are colinear 

with a crystallographic 4-fold axis. The structures are complicated by two types of 

positional disorder. First, there is disorder of the metal atom positions such that molecules 
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pointing in opposite directions both occupy the same crystallographic site. The metal atom 

positions show a ~55:45 split over the two sites in all structures. The second type of 

positional disorder is caused by the dedpa ligands wrapping around the metal atom chains 

in a helical fashion, making the trimetallic compounds chiral. Both enantiomers of the 

helical structures co-crystallize at the same site, leading to positional disorder in the ligand 

manifold. For the enantiomers of the helix, the Λ isomer is favored with occupancy of 

~80%. These instances of positional disorder result in four distinct crystallographic 

orientations of the molecule can be more simply described as pairs of enantiomers that 

face in opposite directions. The four disordered orientations are illustrated in Figure 5. 

Bond lengths for the major disorder components are provided in Table 2, with a full 

description of each compound found in the SI.  
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Figure 4.3.2: Positional disorder within the crystal structure of 4, also present in 2, 5, and 6, 

modeled as four distinct molecular orientations of two enantiomers. The top row shows the 

Λ enantiomer with both metal orientations (major left, minor right). The bottom row 

shows  the Δ enantiomer with both orientations. The right most images show a side-on view 

of the asymmetric unit to illustrate the different helical twist of the two enantiomers. Only 

one ligand out of 4 is shown around the metal axis for clarity. Hydrogen atoms are omitted 

for clarity. Ellipsoids are shown at 50% probability.  

Due to the high crystallographic symmetry for 3, the central Mo atom of the structure is 

fixed at a site of 422 symmetry and does not refine to an atomic position off of this site. 

However, it is clear from comparing metal-metal bond distances in the structures of 2, 4, 5, 

and 6, that this Mo atom in 3 should be at a position slightly off of the 422 site, further 

toward the terminal Mo atom along the 4-fold axis. Since it is not possible to refine the Mo 
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atom at a more appropriate site, bond lengths involving this Mo atom are inconsistent with 

those seen in the other crystal structures and are thus deemed not to be chemically 

reasonable. These distances, marked with * in Table 2, are excluded from further analysis 

and are replaced, where necessary, with the bond lengths from the computationally 

optimized structure.  

Table 4.3.1: Crystallographic and computational bond lengths of interest for the major 

components of 2-6.  

M’  Mo-Mo (Å)  Mo-M' (Å)  M’-N (Å)  Moin-N (Å)  Moout-N (Å)  Mo-Cl (Å)  M'-Cl (Å)  

2  2.11(2)  2.77(2)  2.181(8)  2.123(5)  2.165(7)  2.736(17)  2.48(2)  

2-DFT  2.108  2.653  2.110  2.139  2.230  2.721  2.501  

3  2.1954(19)*  2.765(4)*  2.267(4)  2.133(5)  2.211(3)  2.808(3)  2.238(4)  

3-DFT  2.109  2.773  2.236  2.150  2.232  2.709  2.366  

4  2.100(9)  2.721(14)  2.206(8)  2.131(4)  2.171(3)  2.773(8)  2.369(13)  

4-DFT  2.114  2.689  2.169  2.133  2.213  2.620  2.318  

5  2.122(9)  2.620(16)  2.190(8)  2.121(5)  2.183(7)  2.688(8)  2.470(13)  

5-DFT  2.115  2.574  2.137  2.133  2.213  2.622  2.370  

6  2.118(9)  2.589(18)  2.151(9)  2.119(5)  2.174(8)  2.645(8)  2.435(15)  

6-DFT  2.112  2.511  2.096  2.129  2.214  2.601  2.408  
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In Table 4.3.1, we see a decrease in Mo–M′ bond lengths of ~ 0.2 Å going from 2 to 6. A 

similar trend was observed with the analogous dpa compounds (Table S2), which is 

attributed to the decrease in M′ radius and increase in Mo–M′ covalency with increasing 

electronegativity of M′.[27] In addition, the M′–N bond lengths give insight into the spin state 

of M′. For 2-6, the M′–N bond lengths > 2.15 Å indicate that each compound contains a high 

spin M′2+ ion. These results are consistent with the spin states found in the Mo2M′(dpa)4Cl2 

series, despite the fact that dedpa is more electron rich than dpa and is, presumably, a 

stronger field ligand.[27, 34, 38] In fact, the M′–N bond lengths are uniformly longer in 2-6 than 

in the analogous dpa compounds, suggesting that the dedpa ligand is actually a poorer σ-

donor to M′ in this series. A possible reason for this seeming paradox is that dedpa forms 

shorter bonds to the more electron poor outer Mo atom than dpa does, by ~0.07 – 0.1 Å. 

Since the inner Mo–N distances are very similar for both series of compounds, there is a 

lever effect whereby a shorter outer Mo–N distance requires a longer M′–N distance. 

Overall, this leads to a weaker ligand field around the less tightly bound M′ atom and a 

stronger field around the more tightly bound outer Mo atom. Thus, the electron donating 

effect of the dedpa ligand is not distributed equally among all metal atoms in the HEMACs.  
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Section 4: Magnetic Properties  

The high spin states of M′ in 2-6 were confirmed through SQUID magnetometry. Magnetic 

susceptibility data in the form of χ·T vs T plots for each compound are shown in Figure 6. 

For each compound except 5 the χ·T vs T curve is characterized by a sharp rise starting at 

very low temperatures, then a linear increase with increasing temperature. The 

susceptibility for 5 shows a gradual incline at low temperatures that levels off at higher 

temperatures. Each compound reaches the expected spin only values for a high-spin M′2+ 

ion in the high temperature limit, as indicated in Figure 4.4.1, confirming that the M′2+ ions 

in 2-6 are all high spin.   

  

Figure 4.4.1: SQUID Magnetometry data for 2-6. Data are shown as markers with the fits 

indicated with solid lines. The spin-only expected values are given with dotted lines. For 

each compound, the saturation value approximates the spin only expectation value.  
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The magnetic susceptibility and reduced magnetization data for compounds 2-6 were 

modeled using spin systems with S = 2, 5/2, 2, 3/2, and 1, respectively, using the 

parameters given in Table 4.4.1. These models consider each compound to contain an 

isolated M′ center coordinated to a diamagnetic, quadruply-bonded, Mo2 unit. The sharper 

rise at low temperatures seen in 2-6 indicates magnetic anisotropy that can be attributed to 

either an effect of zero-field splitting (ZFS), an effect of intermolecular coupling (zJ), or a 

combination of the two. Compounds 2 and 3 are well modelled only considering axial ZFS, 

but 4-6 required the additional inclusion of an intermolecular term. The modelled ZFS 

terms for 2 and 4 have values of D < 0 cm-1, while those for 3, 5, and 6 have D > 0 cm-1, with 

the sign of D being determined via modeling of the reduced magnetization curves. The 

intermolecular terms included for 4-6 are negative in all cases, indicating 

antiferromagnetic coupling between molecules in the lattice. The gentle, linear rise in the 

higher temperature regime for all compounds was modelled as temperature independent 

paramagnetism (TIP), which is large, but within a narrow range of 2,032 to 3,697 × 10–6 cm3 

mol–1. It is possible that the relatively low-lying triplet δ-δ* state of the Mo2 unit contributes 

to the large TIP.  
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Table 4.4.1: Fitting parameters for SQUID magnetometry data of 2-6; EPR simulation 

parameters for 3 and 5 are given in brackets.  

M′  g⊥ [EPR]  g∥ [EPR]  D (cm-1) [EPR]  TIP  zJ  

2  1.826(3)  1.729(3)  -1.526(7)  0.00331(3)  N/A  

3  1.953(2) [1.95, 2.1]  1.953(2) [2]  
0.5-0.75[a] 

[0.3]  
0.00358(6)  N/A  

4  2.607(4)  2.313(5)  -6.36(4)  0.00354(6)  -0.0063(9)  

5  
2.2362(9) [2.37, 

2.89]  
2.858(5) [2.3]  79.5(2) [79.5]  0.002032(9)  -0.0024(3)  

6  2.2196(9)  2.092(2)  7.864(5)  0.003697(5)  -0.015(1)  

[a] Value is given as a range because the reduced magnetization and susceptibility data 

were modelled independently.  

Compounds 2 and 4 have easy axis magnetic anisotropy (D < 0), presumably oriented along 

the Mo-Mo-M′ axis. The small value of D for 3 is consistent with the d5 configuration for 

Mn(II). The resulting g-factors of these models are consistent with the respective valence 

electron count of each M′ metal. For 2 the gave < 2.00 is consistent with the d4 electron 

configuration of Cr(II). The average g for 3 is also less than 2; while the d5 Mn(II) ion is 

expected to have isotropic g = 2.00, the lower value for 3 likely reflects some electron 

delocalization to the Mo(II) ions. The gave of 4-6 are greater than 2.00, consistent with M′ 

systems with greater than five valence electrons.   
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Compounds 3 and 5 were further investigated using X-band EPR spectroscopy in frozen 

DCM solution at 5 and 10 K, respectively (Figure 7, A and C). Spectra for both compounds 

show one major, nearly axial feature (E/D = 0.03 (3) and 0.07 (5)) with intrinsic gavg = 2.01 (3) 

and 2.52 (5) consistent with high-spin Mn2+ and Co2+ respectively. Parameters used in the 

simulation of both spectra are given in brackets in Table 3. The EPR spectrum for 3 is 

complex, with features at effective g values of g⊥g⊥~ 6 and g∥g∥~ 2 with several other 

observable features suggesting S = 5/2 with a small D value (0.3 cm-1) that is similar to the 

energy of the microwave quantum (9.4 GHz = 0.31 cm-1). Mo2Mn(dpa)4Cl2 was studied by 

high-field EPR spectroscopy and found to have an essentially identical D value to 3.[36] 

Further analysis of 3 using simulated Zeeman splitting diagrams with applied fields in the x, 

y, and z directions helps to confirm the assignment of the D value of 3 as positive and very 

close to the microwave quantum with a slight rhombicity contributing to the number of 

visible transitions including inter-doublet transitions (Figure 4.4.1B).  

The spectrum of 5 is more clearly in the S = 3/2, D > hν regime with effective g values of 

g⊥g⊥~ 4 and g∥g∥~ 2. This spectrum was modeled using a value of D fixed to that 

determined from the magnetic susceptibility measurement and E/D of 0.07. The features 

are broadened, likely due to unresolved hyperfine coupling to the I = 7/2 59Co nucleus. 

Mo2Co(dpa)4Br2 has similar EPR features to 5 in its high-spin form: D > hν and E/D = 0.1[39].   
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Figure 4.4.1.: A: An EPR spectrum of 3 taken in frozen DCM solution at 5 K. The spectrum is 

simulated in red with g values of [1.95, 2.1, 2], an E/D of 0.03, some unresolved hyperfine 

from the Mn nucleus of A = [150, 50, 0] MHz, with broadening from D-strain of [1500, 100] 

MHz. B: A Zeeman analysis of the transitions visible in the X-band EPR spectrum of 3. The 

experimental spectrum is shown at the top, with the simulated Zeeman diagrams for an 

applied field along the z, x, and y directions from top to bottom. The mS states are given in 

pairs of complimentary colors, with mS ± ½ at the bottom in blue, mS ± 3/2 in the middle in 

orange, and mS ± 5/2 in pink at the top. C: An EPR spectrum of 5 taken in frozen DCM 

solution at 10 K. The spectrum is simulated in red with g-values of [2.37, 2.89, 2.30]. The D-

value used here is fixed to that from the fitted SQUID magnetometry data, at 79.5 cm-1. The 

E/D is 0.07. A = [80, 80, 0] MHz, H strain = [500, 1000, 1500] MHz, D strain = [0, 200000] 

MHz.   
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Section 5: Mössbauer Spectrum of 4  

The Mössbauer spectrum of 4 displays one quadrupole doublet (Figure 4.5.1) with an 

isomer shift (𝛿) of 1.04 mm s-1 and a quadrupole splitting (∆EQ) of 0.78 mm s-1. The ∆EQ and 

δ for this feature are consistent with a single pseudo-octahedral high-spin Fe2+ site. Given 

the metal-atom disorder in the crystal structure of 4, two Fe sites would be expected to be 

visible in the Mössbauer spectrum, however, as only one quadrupole doublet is observed, 

it can be assumed that the two sites have very similar Mössbauer parameters. Attempts to 

model the doublet as a pair of overlapping doublets were unproductive. The similarity of 

the Mössbauer parameters for the different Fe sites in 4 is in contrast with the Mössbauer 

data for Cr2Fe(dpa)4Cl2, for which we found two distinct quadrupole doublets 

corresponding to two crystallographically independent Fe sites, with identical δ values 

(1.01 mm s-1) and very different ΔEQ values (1.63 vs 2.39 mm s-1).[36-37]   
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Figure 4.5.1: A Mössbauer spectrum of 4 taken at 77 K that shows one site of high spin Fe2+ 

with the fit shown in red. The doublet has a δ of 1.04 mm s-1 and ΔEQ of 0.78 mm s-1.  

Mössbauer parameters for 4 and related compounds are given in Table 4.5.1. In 

comparison to the other known CrCrFe and MoMoFe compounds, 4 has a smaller 

quadrupole splitting by up to 2.2 mm s-1. This smaller quadrupole splitting indicates a 

smaller electric field gradient at the Fe nucleus for 4, which is consistent with the structural 

analysis above indicating longer Fe–N bonds and a weaker ligand field for the Fe atom in 4 

as compared to other M2Fe(dpa)4X2 compounds. The isomer shift of 4 is very similar to 

other compounds in this family, and lies in the expected range for a high spin Fe2+ complex.  

Mössbauer parameters were calculated using DFT methods for a computationally 

optimized structure of 4 as well as the two crystallographically distinct sites in frozen 

geometry single point calculations. The experimental values of δ and ΔEQ were not well 

reproduced using these computational methods, which is likely attributable to the partial 

sharing of valence electrons with the Mo atoms. Nevertheless, the predicted differences in 

δ and ΔEQ between the two crystallographic sites are sufficiently small as to be functionally 

indistinguishable (Δδ, ΔΔEQ ~ 0.06 mm s-1), validating the theory that the two sites are too 

similar to appear separately in the experimental spectrum.   
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Table 4.5.1.: Collected Mössbauer parameters for 4 and related compounds.  

Compound  δ, mm s-1  ΔEQ, mm s-1  

Cr2Fe(dpa)4Cl2 (site 

1)[36]  
1.01  1.63  

Cr2Fe(dpa)4Cl2 (site 2) 

[36]  
1.01  2.39  

Mo2Fe(dpa)4Cl2
 [40]  1.02  2.02  

Mo2Fe(dpa)4(OTf)2
 [27]  1.05  2.48  

4  1.04  0.78  

4 (site 1, DFT)  0.88  2.96  

4 (site 2, DFT)  0.88  2.9  

4 (DFT optimized 

structure)  
0.82  2.92  

  

Section 6: Electrochemical Properties  

The cyclic voltammograms (CVs) of 1-6 taken in CH2Cl2 solution are shown in Figure 4.6.1. 

Each compound displays one major quasi-reversible feature; that for 1 at –966 mV vs 

Fc/Fc+ may be straightforwardly assigned to the Mo2
4+/5+ redox couple of the quadruple-

bonded Mo2 unit. This redox couple has a very low voltage as compared to other Mo2 



151 
 

complexes supported by N,N′-donor ligands. For example, Mo2(formamidine)4 complexes 

have Mo2
4+/5+ couples ranging from –381 mV to +170 mV vs Fc/Fc+,[41] and the first redox 

event for Mo2(2-anilino-pyridinate)4 appears at 0.00 V vs Ag/AgCl (~ –400 mV vs Fc/Fc+).[42] 

The parent dpa compound, 7, is insoluble and thus could not be interrogated by cyclic 

voltammetry. However, salts of the 7+ cation are isolable and have been studied.[35] The 

Mo2
4+/5+ couple for 7 is reported at –832 mV vs Fc/Fc+. Compound 1 is thus easier to oxidize 

than its dpa congener by ~ 130 mV, which is a significant change indicating that 1 is more 

electron rich than 7. This change mirrors the lowering of the M3
6+/7+ couples by ~ 130 mV in 

M3(dedpa)4Cl2 vs M3(dpa)4Cl2 compounds with M = Cr, Co, and Ni.[28-29]    
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Figure 4.6.1.: Cyclic voltammetry data of 1-6 taken in CH2Cl2 vs Fc/Fc+ with a scan rate of 

100 mV/s. The scans of 3-5 show a second peak at approximately the same V as 1, 

indicating a slow equilibrium relative to scan rate in solution of 3-6 with 1. The scans of 3-6 

show a trend in which the potential of the major signal (theorized to be the Mo2
4+/5+ couple) 

shifts more positive with an increasingly electronegative heterometal.   

We report here, for the first time, electrochemical measurements on a complete series of 

Mo2M′ HEMAC compounds with M′ = Cr – Ni. Compound 2 has a low Mo2M′6+/7+ couple, –969 

mV vs Fc/Fc+, whereas the corresponding redox events for 3 – 6 are more invariant, within 

the relatively small range of –635 to –556 mV vs Fc/Fc+. These data suggest that there is a 

fundamental difference in the nature of the redox process for 2 vs 3 – 6. We may consider 

whether the redox processes in these compounds may be attributed to the Mo2
4+/5+ couple 

or the M′2+/3+ couple. One may expect from first principles that the addition of a positively 
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charged Lewis acid to a redox active Mo2 unit would cause the Mo2 unit to be more difficult 

to oxidize. Thus, oxidation of the Mo2 unit in 3 – 6 is less accessible than in 1 by at least 330 

mV. This assignment of the quadruply-bonded Mo2 group as the redox active unit in 3 – 6 

also agrees with our recent report of the [Mo2Ni(dpa)4Cl2]+ cationic species, which clearly 

displayed evidence of an oxidized Mo2
5+ unit within the compound.[33] But what of the Mo2Cr 

compound 2? It is oxidized at only 30 mV above the parent compound 1. It’s most likely that 

this redox event corresponds to the oxidation of Cr2+ to Cr3+. Support for this conclusion 

comes from reports of the oxidation of Cr3(dpa)4X2 compounds, which yield unsymmetric 

species in which a Cr3+ ion is appended to an intact CrCr quadruply bonded group.[43-44]   

In addition to the Mo2
4+/5+ signals described above, 3 – 5 display a second, smaller peak that 

has an E1/2 matching that of 1. We suspect that these signals indicate an equilibrium in 

solution between the trimetallic HEMAC complex and the bimetallic metalloligand 

precursor, Eq. 4.6.1. The peak corresponding to 1 does not grow with successive scans, 

further supporting that the extra peak is due to an equilibrium between two species and is 

not due to degradation of the HEMAC upon oxidation. The peak magnitude is also not 

dependent on the scan rate of the measurement down to 50 mV/s, indicating that the 

equilibrium is slow relative to the scan rate.  

Mo2M′(dedpa)4Cl2  ⇌  Mo2(dedpa)4  +  M′Cl2  Eq. 4.6.1: M′ = Mn, Fe, Co  

Although the Mo2
4+/5+ redox couples for 3 – 6 lie within a narrow range, a clear trend emerges 

wherein the potential becomes more positive with increasing electronegativity of the 

heterometal (Table 4.6.1). Electronic structure studies on the Mo2(dpa)4(OTf)2 series 
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indicated that the heterometallic bonds become more covalent across the series from Mn 

to Ni.[27] Thus, we can conclude that the increasing covalency of the Mo2-M′ bond is 

modifying the oxidation potential of the Mo2 core to make it more difficult to oxidize. From 

previously reported data on similar compounds with a Cr2, Mo2, and W2 core (Table 4.6.1) 

we can draw more conclusions about the redox properties of 1-6. We note that redox 

potentials for all [M2(L)4]0/+ metalloligands are known as well as for [M2Fe(L)4Cl2]0/+ 

compounds. These potentials are depicted in Figure 4.6.2, where we see that the Fe 

complexes lie uniformly higher in potential than the metalloligands. In the Cr2Fe case, 

oxidation is attributed to the Fe2+/3+ couple,[37] but for the other compounds, the M2Fe 

oxidation is centered at the multiply bonded M2
4+/5+ core. Addition of Fe to Mo2 species 1 or 

7 causes large increases in the Mo2
4+/5+ couple, ~340 mV, compared to ~260 mV for the W2 

case. It’s therefore likely that heterometallic covalency is maximal for the Mo2–Fe bonds. 

Another important takeaway from Figure 4.6.1 is that the impact of the electron donating 

ethyl substituents of the depa ligand is clearly seen in the redox potentials of both 1 and 4: 

both complexes show a ~130 mV negative shift of their Mo2
4+/5+ couples.   
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Figure 10: A comparison of redox potentials of metalloligand M2(L)4 species compared to 

their Fe-containing HEMAC complexes. The potentials of the HEMACs are universally 

higher than the metalloligands, with the difference being largest in Mo2 containing 

HEMACs, indicating that the Mo2-Fe interaction is the most covalent of the three.   
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Table 4.6.1: Oxidation potentials for some HEMAC compounds taken in DCM and 

referenced against Fc/Fc+  

Compound  
M2

4+/5+ E1/2 

(mV)  

1  -966  

2  -969  

3  -635  

4  -630  

5  -610  

6  -556  

Cr2dpa4
[37]  -287[a]  

Cr2Fedpa4Cl2
[37]  -236  

Mo2dpa4BPh4
[35]  -832  

Mo2Crdpa4Cl2
[32]  -860  

Mo2Fedpa4Cl2
[40]  -495  

Mo2Nidpa4Cl2
[33]  -418  

W2dpa4BPh4
[35]  -1193  

W2Crdpa4Cl2
[32]  -1010  

W2Fedpa4Cl2
[40]  -935  

[a] this feature is irreversible.  
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Section 7: Electronic Structure Analysis  

Density functional theory (DFT) calculations were used to analyze the structures and 

bonding of 2-6 further. We utilized the BP86 functional for these calculations, which has 

been found in our previous research efforts to be a good choice for the Mo2M′(dpa)4X2 

compounds.[27] Furthermore, bond lengths from the optimized structures are generally in 

good agreement with the crystallographic models, with the exception of the Mo-M′ bond 

lengths, which have errors as high as ± 0.15 Å (Table 4.3.1 and Table S3 in the Appendix). 

The Mo-M′ bond lengths were not improved with the use of the B3LYP or PBE functionals, 

so BP86 was used for models of 2-6. As seen for the series of Mo2M′(dpa)4(OTf)2 

compounds, the Mo–M′ Mayer bond orders increase from 2 to 6. Bonding is understood in 

reference to the molecular orbital model in Figure 4.7.1.[27] In this diagram, Mo2-centered 

electrons occupy red orbitals and M′-centered electrons occupy black orbitals. The blue 

orbitals, of σ symmetry, are mixed such that the three metal dz2dz2orbitals form three-

center bonding, non-bonding, and antibonding orbital combinations. Since all M′2+ ions are 

high-spin, compounds 2 – 6 have electron configurations of σ2σnb
1, with a 3-center, 3-

electron σ bond. The change in Mo–M′ Mayer bond order stems from the change in M′ 

effective nuclear charge (Z*) from 2 to 6, with the Mo–M′ bonds becoming more covalent 

from Cr to Ni.   
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Figure 4.7.1: Idealized molecular orbital diagram for 1, left, and its interaction with a 

tetragonally symmetric M′X2 unit to produce an Mo2M′(dedpa)4X2 compound (center).  

 

Electronic spectra for 1-6 are best understood with reference to the molecular orbital 

model in Figure 4.7.1. The Mo2 unit has its valence d orbitals split into bonding and 

antibonding orbitals of σ, π, and δ symmetry with a relatively large energy gap between the 

highest-occupied δ and lowest unoccupied δ*. The valence 3d orbitals of the first-row 

metal atom generally fall between this gap, though the energies are uniformly lowered from 

Cr to Ni with increasing Z*. For M′ = Cr, the σnb orbital lies energetically between the Mo2 δ 

and δ* orbitals as shown in Figure 4.7.1, but the increase in Z* from Cr to Ni causes the α M′ 

orbitals for the later M′ metals to fall below the Mo2 δ orbital.  
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Electronic absorption spectra of 1-6 were taken in DCM solution (Figure 4.7.2). The 

spectrum for 1 features two main absorption features at 20,408 and 17,540 cm-1 assigned 

(with the aid of TD-DFT) as the Mo2 δ→δ* transition (17,540 cm-1) and a Mo2 δ→π* transition 

(20,408 cm-1). Compounds 2-6 have absorption features at 24,200-24,700 cm-1 (transition 

A), 20,325-20,900 cm-1 (transition B), 14,000-14,800 cm-1 (transition D), and ~12,500 cm-1 

(transition E). An additional peak is visible in 3-6 at 17,000 cm-1 (3-5) and 18,500 cm-1 (6) 

(transition C).  Transitions A and B are of an intensity that suggests metal to ligand charge 

transfer (MLCT), while transitions C-E are significantly weaker, ~ 1,000 to 2,000 L mol-1 cm-1, 

suggesting that they are ligand field transitions. Based on its position, intensity, similarity to 

the absorption feature in 1, and assignments in Mo2M’(dpa)4Cl2 compounds, transition D 

should be assigned to the Mo2 δ-δ* transition for each compound. Transitions C and E, 

however, are not assigned in the analogous Mo2M’dpa4Cl2 complexes or in the 

Mo2M’dpa4OTf2 complexes.[27, 45] We therefore have employed TD-DFT methods at the cam-

B3LYP level to explore the electronic transitions further on models of 2 – 6 whose 

geometries were optimized as described in the DFT section above. The experimental and 

calculated absorption features are collected together in Table 4.7.1.   
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Figure 4.7.2: UV-vis spectra for 1-6 with an inset of the 10,000-14,000 cm-1 region. There are 

five distinct transitions that are present in 2-6: two metal to ligand charge transfer bands 

(~24,000 and 20500 cm-1), a transition assigned as δ to π* (17000-18500 cm-1), a δ to δ* 

transition (~14,500 cm-1), and a low energy transition assigned as a transition involving the 

Mo2 3δδ* state (12500 cm-1).  

These results confirm the MLCT character of bands A and B, as well as that D results from a 

Mo2-based δ-δ* transition. Interestingly, transition C is assigned to a δ-π* transition on the 

Mo2 unit that has not been independently visible in other Mo2M’dpa4X2 complexes.   
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Table 4.7.1: Electronic absorption transition peaks (cm-1) and molar absorptivity values, ε 

(L mol-1 cm-1)  

Transition  1  2  3  4  5  6  Assignment  

A  

(ε)  

-  

24631  

(9930)  

23641  

(6530)  

24510  

(10300)  

24752  

(3790)  

24272  

(11700)  

MLCT  

B  

(ε)  

20408  

(3790)  

20325  

(6150)  

20877  

(6180)  

20833  

(6970)  

20534  

(2230)  

20325  

(7890)  

MLCT  

C  

(ε)  

17544  

(1610)  

-  

17007  

(1790)  

17182  

(1880)  

-  

18450  

(4030)  

δ à π*  

D  

(ε)  

-  

14641  

(1840)  

14641  

(823)  

14025  

(1290)  

14728  

(540)  

14771  

(1870)  

δ à δ*  

E  

(ε)  

-  

12500  

(393)  

12500  

(275)  

12500  

(718)  

12500  

(274)  

12500  

(849)  

3δδ*  

  

Upon inspection, the δ-δ* transitions of 2-6 do not have the same energies, suggesting a 

perturbation of the Mo2 δ-bond by the neighboring M′ atom. The breakdown of TD-DFT 

orbital contributions for this transition indicates that the transition has Mo2→M′ charge 

transfer character in addition to δ-δ* character and that the degree of charge transfer 
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character increases as the Mo–M′ bonds become more covalent from M′ = Cr to Ni (Figure 

4.7.3). Transition D has overwhelming (~ 80%) δ-δ* character for 2, but the δ-δ* character 

decreases to only 56% in 6, in which the transition has additional δ-σnb character 

(25%).  Thus, as the electronegativity of M′ increases and the Mo–M′ bonds become more 

covalent, the sigma MMCT character of band D increases. The same trends can be seen in 

transition C, though the trends in orbital contribution are less clear.  

  

Figure 4.7.3: Electron density difference maps (EDDMs) for transition D in 2 (left) and 6 

(right) where the electron density is being transferred from a δ symmetry orbital (blue) to a 

δ* or combined δ* and charge transfer orbital (red). The charge transfer character 

increases going from 2 to 6.   

Compounds 2-6 also display low-intensity bands at around 12,500 cm-1 (Band E) that may 

involve a formally spin-forbidden excited state of the Mo2 unit. Because the position of 
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band E is independent of M′, it is tempting to assign this to a Mo2-centered transition. 

Specifically, a triplet Mo2 δ-δ* excited state may be antiferromagnetically coupled to the 

high-spin M′2+ ion such that this excited state becomes accessible. For diamagnetic 

quadruply-bonded Mo2 compounds, the transition from the singlet δ2δ*0 to the triplet δ1δ*1 

state (a.k.a., the 3δ-δ* transition) has eluded detection, being a rigorously spin-forbidden 

transition. This energy splitting has been determined experimentally for some phosphine-

supported Mo2 complexes to be in the range of 1,300 to 3,000 cm–1, being strongly 

influenced by the P–Mo–Mo–P torsion angle around the quadruple bond.[46] Further 

estimates of the 3δ-δ* energy in the range of 2,400 to 10,400 cm–1 have been made for a 

range of quadruply bonded compounds and their cations with halide, carboxylate, and 

phosphine supporting ligands.[5] The observed energy here, 12,500 cm–1, is notably larger 

than in these previous reports, but we anticipate that this is due to the fact that the dedpa 

ligand is a strong π-donor, raising the energy of the δ* orbitals and leading to a large one-

electron δ-δ* splitting (ΔW). The observed spin-allowed (“singlet”) δ-δ* transitions for 2-6 

lie in an expected energy range for Mo2 quadruple bonds because the energies of these 

transitions are more influenced by two-electron interactions (quantum mechanical 

exchange, K), whereas the spin-forbidden (“triplet”) δ-δ* energy is affected more by ΔW.[5, 

47] Presumably, these 3δ-δ* transitions also occur in the corresponding Mo2M’(dpa)4X2 

compounds, but would be lower in energy than in 2-6 because the dpa ligand is less π-

donating than the dedpa ligand.   

The assignment of Band E to a 3δ-δ* state is supported by spin unrestricted TD-DFT 

calculations on 6, which predict a pair of transitions at 23,393 and 23,564 cm–1 with non-
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zero intensity that is mostly Mo2 δ-δ* with some δ-π* character. It is notable that the 

addition of a paramagnetic metal to the diamagnetic Mo2 unit provides a mechanism for 

increasing intensity of the spin-forbidden Mo2 transitions.  

With both singlet δ-δ* energies (average: 14,561 cm–1) and triplet δ-δ* energies (12,500 cm–

1) available, we may estimate both K and ΔW (ignoring the effects of configuration 

interaction). We find an average value of K = 2061 cm–1, which is smaller than the range of 

values determined for chloro, phosphino, and carboxylato complexes (4,900 – 8,400 cm–

1).[5] The smaller value determined here is consistent with a higher degree of Mo–N 

covalency than is seen with the other types of ligands. The one-electron δ-δ* splitting ΔW, 

estimated here to be ~12,300 cm–1 on average, is within the anticipated range for quadruply 

bonded complexes. Due to the stronger electron donation of the dedpa ligand, ΔW is larger 

than the lowest energy observed electronic transition for the [Mo2(dpa)4]+ cation (~11,000 

cm–1),[35] which is a direct measure of ΔW.    

Section 8: DFT Reaction Mechanism Studies  

To gain insight into the fluxional behavior of 1 as compared to Mo2(dpa)4 (7), DFT studies 

were conducted on both compounds. Crystal structures of both 1 and 7 adopt the trans-

(2,2) configuration of ligands (Figure S32 in the Appendix), though there is evidence from 

NMR spectroscopy that other conformations of 1 exist in solution. Importantly, 

rearrangement of the equatorial ligands is required in order to form the trimetallic HEMACs. 

The metalloligand precursor compounds must undergo a rearrangement to the (4,0) 
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configuration in which there is a “pocket” to allow for the binding of a third metal atom 

(Scheme 4.1.1).  

Geometries of both 1 and 7 were optimized to produce 1a and 7a. These optimized 

geometries were found to be in good agreement with experimentally observed bond 

distances. The trans-(2,2) structures 1a and 7a were used as a starting point to optimize 

new structures in the (3,1) configuration, 1b, 7b, and in the (4,0) configuration, 1c, and 7c. 

Using these optimized structures, the nudged elastic band (NEB) method[48-49] was 

employed to locate the transition states along the stepwise pathway shown in Scheme 

4.8.1 going from the trans-(2,2) to (3,1) geometry (1TS1, 7TS1), and from the (3,1) to (4,0) 

geometry (1TS2, 7TS2). Structural data and thermodynamic info for these intermediate 

species are given in Table 4.8.1.  

  

Scheme 4.8.1: Optimized structures for the species involved in ligand shuffling.  

The concept of ligand “shuffling” to achieve a (4,0) conformation from a trans-(2,2) starting 

point was proposed as early as 2001 for pyridylamine and pyridylformamidine complexes 

based on the observation of several isomers in solution by 1H NMR spectroscopy.[50-51] We 

studied fluxionality of Cr2(dpa)4 by 1H NMR spectroscopy in the presence and absence of 
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ZnCl2 and proposed the symmetric coordination mode I seen in Scheme 4.8.1. as 

accounting for intermediate or transition state geometries.[40] The suggestion of 

coordination mode I was based on the fact that this coordination mode has been 

crystallographically established in several other coordination compounds.[35, 52-56]   

The NEB calculations reported here provide us with the first structural picture of this ligand 

shuffling process. Upon moving from the trans-(2,2) to the (3,1) conformation, and also 

from the (3,1) to the (4,0) conformation, the potential energy landscape consists of a single 

transition state, TS1 or TS2, respectively, and no metastable intermediate species. 

Interestingly, the ligand undergoing the longitudinal shuffle does not adopt coordination 

mode I along its pathway, rather we optimize to a new coordination mode, II, which sees 

each pyridine ring bonded to a different metal but the amido group essentially 

uncoordinated. To our knowledge, there are no existing precedents for this coordination 

mode of the dpa ligand.  
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Scheme 4.8.2: Proposed coordination modes along the ligand shuffling pathway. 

Coordination mode I has all three N atoms interacting with the metals of the core whereas 

coordination mode II has only the N atoms in the pyridine rings bound to the core while the 

amido N is essentially unbound.  

The potential energy landscape for equatorial ligand shuffling in 1 and 7 is shown in Figure 

4.8.1. Notably, for 1 we find the trans-(2,2) and the (3,1) isomer to be nearly isoenergetic, 

whereas the trans-(2,2) isomer is clearly the lowest energy stationary point for 7. 

Additionally, we calculate the ∆G‡ at 298 K for both TS1 and TS2 to be lower for 1 than it is 

for 7. This ∆G can further be broken down into its enthalpy and entropy components with 

values of ∆H of 21.9 and 19.0 kcal/mol for 1 and 7 respectively and values of ∆S of 5.7 and 

1.2 cal/mol*T for 1 and 7. These calculations agree with the fact that there are multiple 

isomers of 1 that are observable in solution. Although the stronger Mo–N bonds in 1 

contribute to a higher transition state enthalpy, the additional degrees of freedom from the 

ethyl substituents likely make TS1 for 1 more favorable from an entropy standpoint.  
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To gain further insight into the cause of the differences in transition state energies, an 

energy decomposition analysis was performed on 1a,b,c, 7a,b,c, and their associated 

transition states. Here, we include further calculations to determine the energies of just the 

Mo2 core (EMo) and of just the four ligands (EL), frozen in the geometries optimized for the 

associated compounds. The total energy ETotal of the system must be the sum of these two 

energetic terms and an interaction energy, EInt, indicating the favorability of the metal-ligand 

bonds. The term EInt is thus determined by Eq. 4.8.1.   

ETotal= EM-M+ELig+EInt                                                                                                                             Eqn 4.8.1.  

The results of this analysis are showcased in Table 8, with all values relative to the 

structures of either 1a or 7a. Uniformly, EMo values are relatively small indicating that 

reorganization of the MoMo bond does not play a substantial role in the energetics of the 

reaction. Ligand rearrangement energies and the interaction energies, however, are both 

large meaning that they play substantial roles. When comparing the dpa and dedpa 

ligands, the ligand reorganization energy along the shuffling pathway is higher for dedpa, 

but the interaction energy is less destabilizing in the transition states and is actually 

stabilizing for intermediates 1b and 1c. These effects lead to lower barriers in electronic 

energy for both TS1 and TS2, and greater overall favorability of the shuffling reaction for 1 vs 

7. We attribute this energetic benefit to greater electron donation into the Mo2 core (or 

stronger Mo-ligand bonding) from the four relatively electron-rich dedpa ligands.   

Table 4.8.1: Energy decomposition breakdown for 1 and 7 given in kcal mol-1  



169 
 

  ETotal  EM-M  ELig.  EInt.     ETotal  EM-M  ELig.  EInt.  

1a  0  0  0  0  7a  0  0  0  0  

1TS1  17.21  -0.07  11.18  6.1  7TS1  18.84  -0.81  6.16  13.50  

1b  0.19  0.25  12.79  -12.85  7b  4.12  -0.85  3.24  1.74  

1TS2  19.67  0.14  20.02  -0.49  7TS2  22.53  0.03  11.96  10.55  

1c  5.17  0.69  17.6  -13.12  7c  7.90  0.21  9.59  -1.90  
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Figure 4.8.1: Relative Gibbs’ free energies for the ligand shuffling of 1 and 7 for a stepwise 

ligand shuffling mechanism. The energies for all transition states and intermediates are 

relative to the (2,2)-trans configuration of both metalloligands. For each intermediate and 

transition state after the (2,2)-trans starting point, the energies are higher for 7 than 1, but 

by only ~5 kcal mol-1 for each point. Calculations were performed with the BP86 functional.  

These two conflicting effects of higher reorganization energy due to a larger ligand and 

more stabilized transition states due to electron donating groups suggest that other 

substituted dpa ligands are likely to show behavior that cannot be boiled down to a simple, 

single Hammett substituent effect.  
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Conclusions  

In this work, we have presented the novel syntheses of Mo2(dedpa)4 (1) and five new 

trimetallic compounds of the form Mo2M′(dedpa)4Cl2 with M′ = Cr, Mn, Fe, Co, and Ni (2-6). 

We synthesize these compounds using a novel solution-state synthetic method that we 

show also works for dpa HEMACs of the same form. We find that the effects of the electron 

donating ethyl sunstituents in the depa ligand are not felt uniformly by the Mo2 and M′ 

groups. Contrary to our expectations, the more electron-rich dedpa ligand provides a 

weaker ligand field at the M′ site with a concomitantly stronger field at the Mo2 core, which 

also allows for low energy triplet δ-δ* states to be visible in the absorption spectra of 2-6. 

Cyclic voltammetry confirms that the dedpa ligand creates a more electron-rich, and thus 

easier to oxidize Mo2 unit with the series of compounds as compared to dpa compounds 

with similar structures. Computational analysis of the isomerism of 1 in comparison to an 

unsubstituted version showed that, while reorganization energy is larger for the more bulky 

dedpa ligand, the stronger metal-ligand bonding leads to lower energy transition states 

along the ligand shuffling reaction pathway. Overall, these results suggest that the 

influence of substituents on the dpa ligand is not distributed evenly between the metals of 

2-6, with a stronger effect present on the Mo atoms, and a weakening of the ligand field at 

the M′ heterometal. The fact that these effects occur counter to expectation based on 

metal atom electronegativities highlights the importance of the heterometallic bond 

polarity umpolung in these compounds.  
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