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Abstract 

Polydentate templating ligands enable the synthesis of transition metal clusters that can be 

used to systematically probe open questions in the chemistry of cooperative small molecule 

activation. Changes in ligand design, metal identity, or oxidation state, for instance, can have 

significant impacts on metal-metal interactions, reactivity with small molecule substrates, and even 

delocalization of redox within the metal cluster core. Our lab has previously demonstrated that the 

hexadentate ligand tbsLH6 (1,3,5-(tBuMe2SiNH-o-C6H4NH)3C6H9) allows for the synthesis of 

open-shell, trinuclear first-row transition metal clusters capable of multi-electron reactivity. We 

sought to expand our understanding of the interplay between cluster structure, redox distribution, 

and multi-electron reactivity by further exploration of the chemistry and spectroscopy of trinuclear 

complexes traversing the periodic table from (tbsL)Cr3(thf) to (tbsL)Ni3. 

We found that one-electron reduction of clusters of the type (tbsL)M3(solv) (M: Mn, THF; 

Fe, THF, py; Co, py; Ni) resulted in dramatic reorganization to form a pseudo C3-symmetric series 

of anionic clusters: [(tbsL)M3]
– (M: Mn, Fe, Co, Ni). The members of the anionic series were largely 

found to adopt well-isolated, high-spin grounds states, while the homovalent starting materials 

displayed a range of low, intermediate, and high-spin states depending on the metal identity. The 

convergence of the electronic structure of the clusters upon the introduction of mixed-valency was 

found to arise from extensive delocalization.  
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Moving to an earlier transition metal complex, the trichromium cluster (tbsL)Cr3(thf) was 

found to exhibits steric- and solvation-controlled reactivity with organic azides to form three 

distinct products: a symmetrized bridging imido complex (tbsL)Cr3(µ
3–NBn), a terminally-bound 

imido complex (tbsL)Cr3(µ
1–NMes), and a nitride complex (tbsL)Cr3(µ

3–N). The nitride complex 

was formed via terminal N-atom excision from the mesityl azide – the same substrate which gives 

rise to the terminal imido complex when the reaction with (tbsL)Cr3(thf) in benzene solution. The 

reactivity of this complex demonstrates the ability of the templating ligand to produce a cluster 

that can access distinct single-site and cooperative reactivity controlled by either substrate steric 

demands or reaction media. 

In order to probe the redox distribution of symmetric and asymmetric polynuclear 

complexes such as those described above, we turned to an advanced X-ray technique known as 

multiwavelength anomalous diffraction (MAD), which combines the structural resolution of 

single-crystal X-ray diffraction with the oxidation state resolution of X-ray absorption 

spectroscopy (XAS). We first benchmarked a method for the application of this technique to small 

molecule transition metal clusters by the systematic comparison of a series of trinuclear iron 

complexes, for which the resulting MAD data could be compared to 57Fe Mössbauer spectra. We 

then applied MAD to the study of local chromium oxidation states in (tbsL)Cr3(
1–NDipp), 

(tbsL)Cr3(
3–NBn), and (tbsL)Cr3(

3–NPh)(1–NPh). Evidence of asymmetric redox load 

distribution was found for both terminal and bridging imido architectures. 

 

 

  



v 

Table of Contents 

Abstract................................................................................................................................. iii 

Acknowledgements .............................................................................................................. ix 

List of Schemes ..................................................................................................................... x 

List of Figures....................................................................................................................... xi 

List of Tables ..................................................................................................................... xxii 

List of Chemical Abbreviations......................................................................................... xxv 

List of Acronyms, Symbols, and Units ............................................................................ xxvi 

Chapter 1: Developments Towards Understanding Structure-Function Relationships in 

Polynuclear Clusters ..................................................................................................................... 1 

1.1 Introduction ................................................................................................................. 1 

1.2 Nitrogenase as a case study of bond activation by polynuclear metalloenzymes....... 2 

1.3 Bond activation by transition metal carbonyl clusters ................................................ 6 

1.4 Ligand-templated clusters ........................................................................................... 9 

1.5 Specialized spectroscopy for polynuclear systems: multiwavelength anomalous 

diffraction 13 

1.6 Probing the relationships between structure, reactivity, and redox distribution in 

trinuclear transition metal complexes ......................................................................................... 18 

Chapter 2: Maximizing Electron Exchange in Trigonal [M3]0/– Clusters .............................. 23 

2.1 Abstract ..................................................................................................................... 24 

2.2 Introduction ............................................................................................................... 25 

2.3 Results ....................................................................................................................... 27 



vi 

2.4 Discussion ................................................................................................................. 43 

2.5 Conclusions ............................................................................................................... 45 

2.6 Experimental Methods .............................................................................................. 46 

2.7 References Cited ....................................................................................................... 53 

Chapter 3: Ligand-based Control of Single-Site vs Multi-Site Reactivity by a Trichromium 

Cluster .......................................................................................................................................... 56 

3.1 Abstract ..................................................................................................................... 57 

3.2 Introduction ............................................................................................................... 58 

3.3 Results and Discussion ............................................................................................. 60 

3.4 Conclusions ............................................................................................................... 72 

3.5 Experimental Methods .............................................................................................. 73 

3.6 References Cited ..................................................................................................... 116 

Chapter 4: Multiple-wavelength anomalous diffraction studies of trinuclear iron clusters: 

effects of coordination environment, M–M bonding, and mixed valency. .......................... 119 

4.1 Abstract ................................................................................................................... 120 

4.2 Introduction ............................................................................................................. 121 

4.3 Results ..................................................................................................................... 124 

4.4 Discussion ............................................................................................................... 133 

4.5 Conclusions ............................................................................................................. 137 

4.6 Experimental Methods ............................................................................................ 138 

4.7 References Cited ..................................................................................................... 167 



vii 

Chapter 5: Redox Load Determination via Multiwavelength Anomalous Diffraction 

Applied to Trichromium Clusters [Cr3]0→4+ ........................................................................... 169 

5.1 Abstract ................................................................................................................... 170 

5.2 Introduction ............................................................................................................. 171 

5.3 Results ..................................................................................................................... 173 

5.4 Discussion ............................................................................................................... 189 

5.5 Conclusions ............................................................................................................. 193 

5.6 Experimental Methods ............................................................................................ 194 

5.7 References Cited ..................................................................................................... 214 

 

  



viii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to Mom, Dad, Nana, and Mischa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

Acknowledgements 

The completion of a thesis requires the contributions of many scientists, friends, colleagues, 

and family members, and I believe I have been extremely lucky in the people who have helped me 

to reach this point. I am so grateful to Ted for his generosity and enthusiasm as an advisor – he has 

not only personally helped me to grow as a scientist in many ways but has also fostered a lab 

environment where hard work, mutual respect, and a good amount of fun make for an amazing 

Ph.D. experience.  

I would like to thank my committee members, Professors Cynthia Friend and Dan Nocera 

for their feedback over the years as well as for their example as accomplished scientists who still 

take genuine interest in the development of the Ph.D. students in their department. 

Many of my labmates have become my good friends, and the lab as a whole has always felt 

like a second home filled with a warm and caring second family. A second family that helps you 

mount your SQUID samples and sometimes needs to borrow a chemical from your glovebox, that 

is, but nevertheless one that I would not trade for the world. Thank you, all.  I would also like to 

thank my friends in the department for helping me get through grad school by giving me the goal 

of beating them in various board games as a short, achievable task to work towards when my work 

did not always seem achievable.  

Finally, it is hardly possible to quantify the importance of my family and Andrew in my time 

at Harvard. I have always known that I am loved and valued by them for who I am rather than 

what I achieve, and that has in many ways freed me to hope, dream, and work towards my goals 

without fear. I am forever grateful.  

  



x 

List of Schemes 

Chapter 1. 

Scheme 1.1. Multielectron reactivity of (tbsL)Fe3(thf) with azobenzene and phenyl azide. 12 

Chapter 2. 

Scheme 2.1. Synthesis of 2.5-8. .......................................................................................... 28 

Chapter 3. 

Scheme 3.1. Reactivity of (tbsL)Cr3(thf) with organic azides and synthesis of (tbsL)Cr3. ... 63 

Chapter 4. 

Scheme 4.1. Synthesis of 4.2 and 4.4. ............................................................................... 125 

Chapter 5. 

Scheme 5.1. Synthesis of  (tbsL)Cr3(
1–NDipp) (5.2), (tbsL)Cr3(

3–NBn) (5.3), 

(tbsL)Cr3(CNBn) (5.4), and (tbsL)Cr3(
3–NPh)(1–NPh) (5.5) from (tbsL)Cr3(thf) (5.1). .. 174 



xi 

List of Figures 

Chapter 1. 

Figure 1.1. Structure of selected polynuclear metallocofactors a) OEC of photosystem II,1c 

b) C-cluster of CODH.1d c) Cuz site of N2O reductase,5 d) FeMoco of nitrogenase.1b ......... 3 

Figure 1.2. a) overall stoichiometry of dinitrogen reduction to ammonia by nitrogenase, b) 

Simplified Lowe-Thorneley kinetic nitrogenase cycle illustrating possible decay pathways 

via H2 release. ........................................................................................................................ 4 

Figure 1.3. Visualization of the effect of anomalous diffraction on single crystal X-ray 

diffraction. The same diffraction frame for a triiron complex is shown a) below the Fe K-

edge, b) at the beginning of the rising edge, c) near the white-line energy, and d) in the 

EXAFS region beyond the edge. ......................................................................................... 15 

Chapter 2. 

Figure 2.1. (a) Molecular structure of (a) (tbsL)Mn3(thf) (2.1); (b) (tbsL)Fe3(thf) (2.2.1); (c) 

(tbsL)Co3(py) (2.3); (d) (tbsL)Ni3 (2.4); (e) [K(C222)][(
tbsL)Mn3] (2.5); (f) [K(C222)][(

tbsL)Fe3] 

(2.6); (g) [K(C222)][(
tbsL)Co3] (2.7); and (h) [K(C222)][(

tbsL)Ni3] (2.8)  viewed along the 

anion’s C3 axis. The hydrogen atoms, solvent molecules, and counter cations [K(C222)] 

have been omitted for clarity. Thermal ellipsoids are set at 50% probability level. ........... 31 

Figure 2.2. (a) Cyclic voltammograms of [K(C222)][(
tbsL)Mn3] (2.5, black) [E1/2 = –2.35 

V]; [K(C222)][(
tbsL)Fe3] (2.6, red) [E1/2 = –1.62, –3.01 V)]; [K(C222)][(

tbsL)Co3] (2.7, blue) 

[E1/2 = –0.52, –1.30, –2.75 V)]; and [K(C222)][(
tbsL)Ni3] (2.8, green) [E1/2 = –0.33, –1.59, –

2.53 V)] vs. [Cp2Fe]+/0 (glassy C, Ag/[Ag][NO3], 0.1 M [Bu4N][PF6], scan rate: 50mV/s). 

(b) Frozen THF EPR spectrum for [K(C222)][(
tbsL)Ni3] (2.8, green) at 43 K ...................... 33 



xii 

Figure 2.3. Magnetic characterization of 2.1–8. (a) VT dc magnetic susceptibility collected 

at 1 T for (a) (tbsL)Mn3(thf) (2.1) () and [K(C222)][(
tbsL)Mn3] (2.5) (●); (b) (tbsL)Fe3(py) 

(2.2.2) () and [K(C222)][(
tbsL)Fe3] (2.6) (●); (c) (tbsL)Co3(py) (2.3) () and 

[K(C222)][(
tbsL)Co3] (2.7) (●); and (d) [K(C222)][(

tbsL)Ni3] (2.8) (●). Fits (solid black line) 

are described in the text. ...................................................................................................... 37 

Figure 2.4. VTVH magnetization data collected on increasing temperature from 1.8 to 10 

K at increasing field from 1 to 7 T for (a) (tbsL)Mn3(thf) (2.1) (triangles) and 

[K(C222)][(
tbsL)Mn3] (2.5) (circles); (b) (tbsL)Fe3(py) (2.2.2) (triangles) and 

[K(C222)][(
tbsL)Fe3] (2.6) (circles); (c) (tbsL)Co3(py) (2.3) (triangles) and 

[K(C222)][(
tbsL)Co3] (2.7) (circles); and (d) [K(C222)][(

tbsL)Ni3] (2.8) (circles). Fits (solid 

black line) are described in the text. .................................................................................... 38 

Figure 2.5. Density functional analysis of frontier molecular orbitals for S = 11/2 

[(tbsL)Fe3]− (2.6) (DFT, Gaussian 09, BP86/def2-TZVP (Co, N, Si)/def2-SVP(C, H)/W06).

 ............................................................................................................................................. 42 

Chapter 3. 

Figure 3.1. a) Synthesis of (tbsL)Cr3(thf) (3.1) b) Solid-state structure of 1 c) Structural 

metrics of the [Cr3] core of 1. Color Scheme: Cr, green; N, blue; O, red; Si, pink. Solid-

state structure at 100 K with thermal ellipsoids at 50% probability level. Solvent molecules 

and hydrogen atoms omitted for clarity. .............................................................................. 61 

Figure 3.2. Solid-state structures of a) (tbsL)Cr3(µ
3-NBn) (3.2) b) (tbsL)Cr3(NMes) (3.4) and 

c) (tbsL)Cr3(µ
3-N) (3.5) Color Scheme: Cr, green; N, blue; H, white; Si, pink. Solid-state 

structures at 100 K with thermal ellipsoids at 50% probability level. Solvent molecules and 

most hydrogen atoms omitted for clarity. ............................................................................ 65 



xiii 

Figure 3.3. Solid-state structures of a) (tbsL)Cr3(thf) (3.1) and b) (tbsL)Cr3 (3.6) Space-

filling models of c) top-down view of 1 d) 4-coordinate site of 1 e) 3-coordinate site of 1 f) 

THF-bound site of 1 g) open coordination site of 6. Color Scheme: Cr, green; N, blue; O, 

red; Si, pink. Solid-state structures at 100 K with thermal ellipsoids at 50% probability 

level. Solvent molecules and most hydrogen atoms omitted for clarity. ............................. 67 

Figure 3.4. Proposed mechanisms of formation of a) 3.2 and b) 3.4. c) Solid-state structure 

of  3.10. Color Scheme: Cr, green; N, blue; O, red; Si, pink. Solid-state structure at 100 K 

with thermal ellipsoids at 30% probability level. Solvent molecules and most hydrogen 

atoms omitted for clarity...................................................................................................... 70 

Figure 3.5. Solid state molecular structure of (tbsL)Cr3(thf) (3.1) with thermal ellipsoids at 

50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink. Hydrogen atoms 

have been omitted for clarity. .............................................................................................. 91 

Figure 3.6. Solid state molecular structure of (tbsL)Cr3(3–NBn) (3.2) with thermal 

ellipsoids at 50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink; H, 

white. Most hydrogen atoms have been omitted for clarity. ............................................... 92 

Figure 3.7. Solid state molecular structure of (tbsL)Cr3(3–NBn)(1–NBn) (3.3) with 

thermal ellipsoids at 50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, 

pink; H, white. Most hydrogen atoms have been omitted for clarity. ................................. 93 

Figure 3.8. Solid state molecular structure of (tbsL)Cr3(1–NMes) (3.4) showing one 

representative molecule from the asymmetric unit, which contains two molecules of 3.4. 

Thermal ellipsoids are displayed at 50% probability level. Color scheme: Cr, green; N, 

blue; O, red; Si, pink. Hydrogen atoms have been omitted for clarity. ............................... 94 



xiv 

Figure 3.9. Solid state molecular structure of (tbsL)Cr3(3–N) (3.5) showing one 

representative molecule from the asymmetric unit, which contains two molecules of 5. 

Thermal ellipsoids are displayed at 50% probability level.  Color scheme: Cr, green; N, 

blue; O, red; Si, pink. Solvent and hydrogen atoms have been omitted for clarity. ............ 95 

Figure 3.10. Solid state molecular structure of (tbsL)Cr3 (3.6) with thermal ellipsoids at 

50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink; H, white. Solvent 

and most hydrogen atoms have been omitted for clarity. .................................................... 96 

Figure 3.11. Solid state molecular structure of (tbsL)Cr3(3–NDipp) (3.7) with thermal 

ellipsoids at 50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink. 

Solvent and hydrogen atoms have been omitted for clarity. ............................................... 97 

Figure 3.12. Solid state molecular structure of (tbsL)Cr3(3–NMes)(1–CNBn) (3.8) with 

thermal ellipsoids at 50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, 

pink. Solvent, benzyl group positional disorder, and most hydrogen atoms have been 

omitted for clarity. ............................................................................................................... 98 

Figure 3.13. Solid state molecular structure of (tbsL)Cr3(3–NPh)(1–NMes) (3.9) with 

thermal ellipsoids at 50% probability level. Color scheme: Cr, green; N, blue; O, red; Si, 

pink. Solvent and hydrogen atoms have been omitted for clarity. ...................................... 99 

Figure 3.14. Solid state molecular structure of (tbsL)Cr3(HCCPh) (3.10) with thermal 

ellipsoids at 35% probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink; H, 

white. Most hydrogen atoms have been omitted for clarity. ............................................. 100 

Figure 3.15. Solid state molecular structure of [(Na)(thf)2][(
tbsL)Cr3(3–N)(CHOO)] (3.11) 

with thermal ellipsoids at 50% probability level. Color scheme: Cr, green; Na, yellow; N, 



xv 

blue; O, red; Si, pink. Solvent, disorder in one of the molecules of THF bound to sodium, 

and hydrogen atoms have been omitted for clarity............................................................ 101 

Figure 3.16. 1H NMR study of THF binding to (tbsL)Cr3 (3.6). NMR collected in C6D6 and 

referenced to the residual solvent peak. The bottom spectrum represents 6 with no added 

THF. Up to 135 equivalents of THF with respect to 6 were added (top spectrum). The 

position of the peak at 16.55ppm in the top spectrum (marked with *) was used to 

determine the equilibrium constant of THF binding in benzene solution. ........................ 110 

Figure 3.17. Fit of the equilibrium constant of THF binding to 3.6 in benzene solution. 111 

Figure 3.18. Stability assessment of (tbsL)Cr3(3–NMes) (3.4) in THF solution. The 

topmost spectrum indicates that no conversion from 4 to (tbsL)Cr3(3–N) (3.5) (bottom 

spectrum) has occurred after 4 has been heated to 80 °C for 12 h. ................................... 112 

Figure 3.19. 1H NMR of the 1:0.387 mixture of MesNN15N:mesitylene obtained upon 

synthesis of MesNN15N. The NMR was taken in C6D6 and referenced to the residual 

solvent peak. ...................................................................................................................... 113 

Figure 3.20. 1H NMR spectra of samples in DMSO-d6 of ammonium chloride obtained 

from the decomposition of (tbsL)Cr3(3–N) (3.5) (bottom) and (tbsL)Cr3(3–
15N) (3.5-15N) 

(top). The bottom spectrum shows the presence of 14NH4Cl (7.13 ppm triplet, J = 51.0 Hz) 

arising from the coupling of 1H to 14N (I = 1).  The top spectrum shows the presence of 

15NH4Cl (7.11 ppm doublet, J = 71.5 Hz) arising from the coupling of 1H to 15N (I = ½).

 ........................................................................................................................................... 114 

Figure 3.21. Frozen toluene EPR spectrum of (tbsL)Cr3(3–N) (3.5) at 77 K (red) with 

9.652983 GHz, power = 0.6325 mW. The black line represents a simulation with 



xvi 

EasySpin[18] for an S = 1/2 spin state with the following parameters: g1 = 1.9582, g2 = 

1.9798, g3 = 2.0057. .......................................................................................................... 115 

Chapter 4. 

Figure 4.1. X-ray single crystal structures obtained at 30.5 keV (100 K) for (a) 

(tbsL)Fe3(py) (4.1),  (b)  [nBu4N][(tbsL)Fe3(μ
3–Cl)] (4.2), (c) (tbsL)Fe3(μ

3–NPh) (4.3), and (d) 

[K(C222)]2[(
tbsL)Fe3(μ

3–NPh)] (4.4). Disorder ratio of the phenyl group on the μ3–NPh 

fragment in 4.3 is 48:52. Hydrogen atoms, cations, and cocrystallized solvent molecules 

have been omitted for clarity. Thermal ellipsoids set at 50% probability level. Atom color-

coding: Fe orange, C grey, Si pink, and N blue................................................................. 125 

Figure 4.2. Crystal structure cores with bond metrics indicated of the all-ferrous materials 

(a) [(tbsL)Fe3(μ
3–Cl)]– of 4.2, (b) (tbsL)Fe3(py) (1), and (c) [(tbsL)Fe3(μ

3–NPh)]2– of 4.4. (d–

f): Single-crystal X-ray fluorescence scan collected around the Fe K-edge in steps of 1 eV 

at 100 K. (g–i): Anomalous scattering factor 𝑓′ for each iron center determined from 

refinement of the diffraction data collected at 100 K and using a full structure solution 

collected at 30.5 keV as a reference for (g) [(tbsL)Fe3(μ
3–Cl)]– (4.2), (h) (tbsL)Fe3(py) (4.1), 

and (i) [(tbsL)Fe3(μ
3–NPh)]2– (4.4). .................................................................................... 130 

Figure 4.3. (Top) Single-crystal X-ray fluorescence scan overlay collected around the Fe 

K-edge in steps of 1 eV at 100 K for (tbsL)Fe3(μ
3–NPh) (3, red) and [(tbsL)Fe3(μ

3–NPh)]2– 

(4.4, blue). (Bottom) Anomalous scattering factor 𝑓′ in steps of 1 eV for each iron center 

determined from refinement of the diffraction data collected at 100 K and using a full 

structure solution collected at 30.5 keV as a reference for (tbsL)Fe3(μ
3–NPh) (4.3, red) and 

[(tbsL)Fe3(μ
3–NPh)]2– (4.4, blue). ...................................................................................... 132 



xvii 

Figure 4.4. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓′ plots 

(bottom) for (tbsL)Fe3(py) (4.1). Fluorescence scan error bars are smaller than the circular 

blue symbols. ..................................................................................................................... 151 

Figure 4.5. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓′ plots 

(bottom) for [nBu4N][(tbsL)Fe3(μ
3–Cl)] (4.2). Fluorescence scan error bars are smaller than 

the circular blue symbols. .................................................................................................. 152 

Figure 4.6. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓′ plots 

(bottom) for (tbsL)Fe3(μ
3–NPh) (4.3). Fluorescence scan error bars are smaller than the 

circular blue symbols. ........................................................................................................ 153 

Figure 4.7. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓′ plots 

(bottom) for [K(C222)]2[(
tbsL)Fe3(μ

3–NPh)] (4.4). Fluorescence scan error bars are smaller 

than the circular blue symbols. .......................................................................................... 154 

Figure 4.8. Anomalous scattering 𝑓′′ plots for 4.1 (top) and 4.2 (bottom). ...................... 155 

Figure 4.9. Anomalous scattering 𝑓′′ plots for 4.3 (top) and 4.4 (bottom). ...................... 156 

Figure 4.10. Solid state molecular structure of (tbsL)Fe3(py) (4.1). The solvent molecules 

(Et2O) and all hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set at 

50% probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. ....... 157 

Figure 4.11. Solid state molecular structure of [NBu4][(
tbsL)Fe3(3–Cl)] (4.2) seen (a) 

parallel to the triiron plane; and (b) from the top. The solvent molecules (THF), all 

hydrogen atoms, and disorder in the countercation have been omitted for clarity. Thermal 

ellipsoids are set at 50% probability level. Atom color-coding: Fe orange, Si pink, N blue, 

and C grey. ......................................................................................................................... 158 



xviii 

Figure 4.12. Solid state molecular structure of (tbsL)Fe3(3–NPh) (4.3) seen (a) down the 

normal axis to the triiron plane; and (b) from the side. The solvent molecules (Et2O) and all 

hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set at 50% 

probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey................. 159 

Figure 4.13. Solid state molecular structure of (tbsL)Fe3(3–NPh) (4.3) showing the 

disordered 3–NPh fragment with (a) 52 and (b) 48 % occupancy. The solvent molecules 

(Et2O) and all hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set at 

50% probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. ....... 160 

Figure 4.14.  Solid state molecular structure of [K222C][(tbsL)Fe3(3–NPh)] (4.4). The 

solvent molecules (THF) and all hydrogen atoms have been omitted for clarity. Thermal 

ellipsoids are set at 50% probability level. Atom color-coding: Fe orange, Si pink, N blue, 

and C grey. ......................................................................................................................... 161 

Figure 4.15. Variable-temperature zero-field 57Fe Mössabuer spectra of (tbsL)Fe3(3–NPh) 

(4.3). Data collected on a polycrystalline sample at 90 (top), 150 (middle), and 210 K 

(bottom). The data was fit to three components: 1 blue, 2 yellow, and 3 green. The red 

trace corresponds to the overall fit. Fit parameters are tabulated in Table 4.8. ................. 162 

Figure 4.16. Zero-field 57Fe Mössabuer spectrum of (tbsL)Fe3(3–NPh) (4.3) collected at 

90 K as a frozen toluene sample. The data was fit to three components: 1 blue, 2 yellow, 

and 3 green. The red trace corresponds to the overall fit. Fit parameters are tabulated in 

Table 4.8. ........................................................................................................................... 163 

Figure 4.17. Variable-temperature zero-field 57Fe Mössabuer spectra of 

[K(C222)]2[(
tbsL)Fe3(3–NPh)] (4.4). Data collected on a polycrystalline sample at 90 (top), 

150 (middle), and 210 K (bottom). The data was fit to one 35% component, blue, and one 



xix 

65% component, green. The red trace corresponds to the overall fit. Fit parameters are 

tabulated in Table 4.8. ....................................................................................................... 165 

Figure 4.18. UV-Vis/Near-IR spectra of (tbsL)Fe3(3–NPh) (4.3) (red) and 

[K(C222)]2[(
tbsL)Fe3(3–NPh)] (4.4) (blue) at 298 K in THF. ............................................ 166 

Chapter 5. 

Figure 5.1. Solid-state structures of a) (tbsL)Cr3(CNBn) (5.4) b) (tbsL)Cr3(NDiPP) (5.2), c) 

(tbsL)Cr3(µ
3–NBn) (5.3), and d) (tbsL)Cr3(µ

1–NPh)(µ1–NPh) (5.5). Color Scheme: Cr, 

green; N, blue; H, white; Si, pink. Solid-state structures at 100 K with thermal ellipsoids at 

50% probability level for (a), (b), and (d), and 35% probability level for (c). Solvent 

molecules and most hydrogen atoms omitted for clarity. .................................................. 178 

Figure 5.2. a) Reference molecules Cr(NTMS2)2(thf)2, (
AdLF5)Cr(NMes)(thf) (5.6), and 

(AdLF5)Cr(NMes)(Cl) (5.7), b) fluorescence K-edge scans and c) predicted 𝑓’ spectra of the 

reference compounds shown in (a). ................................................................................... 182 

Figure 5.3. Crystal structure cores with bond metrics indicated of (a) (tbsL)Cr3(CNBn) 

(5.4) and (b) (tbsL)Cr3(NDiPP) (5.2). Anomalous scattering factor 𝑓′ for each chromium 

center determined from refinement of the diffraction data collected at 100 K and using a 

full structure solution collected at 30.5 keV as a reference for (c) (tbsL)Cr3(CNBn) (5.4) and 

(d) (tbsL)Cr3(NDiPP) (5.2). e) Single-crystal X-ray fluorescence scans of 5.4 and 5.2 

collected around the Cr K-edge in steps of 1 eV at 100 K. (f–h): Direct comparison of the 

anomalous scattering factor 𝑓′ for (f) Cr1, (g) Cr2, and (h), Cr3 sites of 5.4 and 5.2. ...... 185 

Figure 5.4. Crystal structure cores with bond metrics indicated of (a) (tbsL)Cr3(µ
3–NBn) 

(5.3), and (b) (tbsL)Cr3(µ
1–NPh)(µ1–NPh) (5.5). Anomalous scattering factor 𝑓′ for each 

chromium center determined from refinement of the diffraction data collected at 100 K and 



xx 

using a full structure solution collected at 30.5 keV as a reference for (c) (tbsL)Cr3(µ
3–NBn) 

(5.3) and (d) (tbsL)Cr3(µ
1–NPh)(µ1–NPh) (5.5). e) Single-crystal X-ray fluorescence scans 

of 5.3 and 5.5 collected around the Cr K-edge in steps of 1 eV at 100 K. (f–h): Direct 

comparison of the anomalous scattering factor 𝑓′ for (f) Cr1, (g) Cr2, and (h), Cr3 sites of 

5.3 and 5.5. ........................................................................................................................ 186 

Figure 5.5. Anomalous scattering 𝑓′′ plots for 5.4 (top) and 5.2 (bottom). ...................... 206 

Figure 5.6. Anomalous scattering 𝑓′′ plots for 5.3 (top) and 5.5 (bottom). ...................... 207 

Figure 5.7. Cyclic voltammograms of 5.3 and 5.5 in 0.1 M [NBu4][PF6] in THF at a 0.05 

V/s scan rate, referenced to ferrocene0/+. ........................................................................... 208 

Figure 5.8. Variable-temperature magnetic susceptibility of 5.1. Data collected on heating 

from 5 to 300 K. Note that the expected spin-only value of the magnetic susceptibility for a 

triplet ground state is 1. ..................................................................................................... 209 

Figure 5.9. Variable-temperature magnetic susceptibility of 5.4. Data collected on heating 

from 5 to 300 K. Note that the expected spin-only value of the magnetic susceptibility for a 

triplet ground state is 1. ..................................................................................................... 210 

Figure 5.10. Variable-temperature magnetic susceptibility of 5.2. Data collected on heating 

from 5 to 300 K. Note that the expected spin-only value of the magnetic susceptibility for a 

triplet ground state is 1. ..................................................................................................... 211 

Figure 5.11. Variable-temperature magnetic susceptibility of 5.3. Data collected on heating 

from 5 to 300 K. Note that the expected spin-only value of the magnetic susceptibility for a 

triplet ground state is 1 while the expected value for a singlet ground state is 0. The missing 

points have highly negative values (-5 to -7) due to instrument error. .............................. 212 



xxi 

Figure 5.12. Variable-temperature magnetic susceptibility of 5.5. Data collected on heating 

from 5 to 300 K. Note that the expected spin-only value of the magnetic susceptibility for a 

triplet ground state is 1. ..................................................................................................... 213 

 

  



xxii 

List of Tables 

Chapter 2. 

Table 2.1. Crystallographic data for [K(C222)][(
tbsL)Mn3] (2.5), [K(C222)][(

tbsL)Co3] (2.7),

 ............................................................................................................................................. 51 

Table 2.2. Comparison of relevant structural metrics. All bond metrics are reported in Å.52 

Chapter 3. 

Table 3.1. Crystallographic data for (tbsL)Cr3(thf) (3.1) and (tbsL)Cr3(3–NBn) (3.2). ...... 86 

Table 3.2. Crystallographic data for (tbsL)Cr3(3–NBn)(1–NBn) (3.3) and (tbsL)Cr3(1–

NMes) (3.4). ........................................................................................................................ 87 

Table 3.3. Crystallographic data for (tbsL)Cr3(3–N) (3.5) and (tbsL)Cr3 (3.6). .................. 88 

Table 3.4. Crystallographic data for (tbsL)Cr3(1–NDipp) (3.7) and (tbsL)Cr3(3–NMes)(1–

CNBn) (3.8). ........................................................................................................................ 89 

Table 3.5. Crystallographic data for (tbsL)Cr3(3–NPh)(1–NMes) (3.9), (tbsL)Cr3(HCCPh) 

(3.10), and [(Na)(thf)2][(
tbsL)Cr3(3–N)(CHOO)] (3.11). ................................................... 90 

Table 3.6. Selected bond metrics for 3.1 (Å). ................................................................... 102 

Table 3.7. Selected bond metrics for 3.2 (Å). ................................................................... 102 

Table 3.8. Selected bond metrics for 3.3 (Å). ................................................................... 102 

Table 3.9. Selected bond metrics for 3.4 (Å). ................................................................... 103 

Table 3.10. Selected bond metrics for 3.5 (Å). ................................................................. 104 

Table 3.11. Selected bond metrics for 3.6 (Å). ................................................................. 104 

Table 3.12. Selected bond metrics for 3.7 (Å). ................................................................. 105 

Table 3.13. Selected bond metrics for 3.8 (Å). ................................................................. 105 

Table 3.14. Selected bond metrics for 3.9 (Å). ................................................................. 106 

Table 3.15. Selected bond metrics for 3.10 (Å). ............................................................... 106 



xxiii 

Table 3.16. Selected bond metrics for 3.11 (Å). ............................................................... 107 

Chapter 4. 

Table 4.1. Crystallographic data for (tbsL)Fe3(py) (4.1) and [NBu4][(
tbsL)Fe3(3–Cl)] (4.2).

 ........................................................................................................................................... 144 

Table 4.2. Crystallographic data for (tbsL)Fe3(3–NPh) (4.3) and [K(C222)]2[(
tbsL)Fe3(3–

NPh)] (4.4). ........................................................................................................................ 145 

Table 4.3. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(py) (4.1).

 ........................................................................................................................................... 146 

Table 4.4. Statistics of the anomalous diffraction data refinement for [nBu4N][(tbsL)Fe3(μ
3–

Cl)] (4.2). ........................................................................................................................... 147 

Table 4.5. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(μ
3–NPh) 

(4.3). .................................................................................................................................. 148 

Table 4.6. Statistics of the anomalous diffraction data refinement for 

[K(C222)]2[(
tbsL)Fe3(μ

3–NPh)] (4.4). .................................................................................. 149 

Table 4.7. Comparison of relevant structural metrics. All bond metrics are reported in Å.

 ........................................................................................................................................... 150 

Table 4.8. Mössbauer parameters for 4.3 and 4.4. ............................................................ 164 

Chapter 5. 

Table 5.1. Crystallographic data for (tbsL)Cr3(
1–CNBn) (5.4) and (tbsL)Cr3(

3–NPh)(1–

NPh) (5.5). ......................................................................................................................... 200 

Table 5.2. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(
1–CNBn) 

(5.4). .................................................................................................................................. 201 



xxiv 

Table 5.3. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(
1–NDipp) 

(5.2). .................................................................................................................................. 202 

Table 5.4. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(
3–NBn) 

(5.3). .................................................................................................................................. 203 

Table 5.5. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(
3–

NPh)(1–NPh) (5.5). .......................................................................................................... 204 

Table 5.6. Comparison of relevant structural metrics. All bond metrics are reported in Å.

 ........................................................................................................................................... 205 

  



xxv 

List of Chemical Abbreviations 

Bn benzyl 

C222 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane,  

Kryptofix, 222-Cryptand 

C8 graphite 

CO carbon monoxide 

Cp cyclopentadienyl 

Dipp 2,6-diisopropylphenyl 

Et2O diethyl ether 

Fc ferrocene 

Fc+ ferrocenium 

L Ligand 

Me methyl 

Mes mesityl or 2,4,6-trimethylphenyl 
nBu n-butyl 

NH3 ammonia 

OTf trifluoromethylsulfonate or triflate 

Ph phenyl 

py pyridine 
tBu  tert-butyl 

thf or THF tetrahydrofuran 

TBA tetrabutylammonium 

TBS tert-butyldimethylsilyl 

(tbsL)H6 1,3,5-C6H9(NHC6H4-o-NHSitBuMe2)3 

TMS trimethylsilyl 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



xxvi 

List of Acronyms, Symbols, and Units 

• radical 
15N Nitrogen-15 
13C carbon-13 
1H proton 
19F fluorine-19 

Å angstrom, 10−10 meters 

a.u. arbitrary units 

avg average 

br or b broad 

CHN% combustion or elemental analysis percentages for carbon, hydrogen, and nitrogen 

cm centimeters, 10-2 meters 

cm−1 wavenumbers or inverse centimeters 

CODH carbon monoxide dehydrogenase 

dn deuterated (n is the number of positions where 2H replaces 1H) 

e− electron 

EPR electron paramagnetic resonance 

eV electron volt 

EXAFS extended X-ray absorption fine structure 

f’ imaginary component of the anomalous scattering correction factor 

f’’ real component of the anomalous scattering correction factor 

G gauss 

g Landé g-factor (but may also refer to the anomalous gyromagnetic ratio, 2.0023) 

H Hamiltonian operator 

H magnetic field 

IR infrared spectroscopy  

K kelvin 

keV kiloelectron volt, 103 electron volts 

M molar, moles per liter 

m multiplet in NMR 

MAD Multiwavelength anomalous diffraction 

MHz megahertz, 106 Hertz or 106 s−1 

mmol millimole, 10−3 moles 

MO molecular orbital 

mol mole 

mV millivolt, 10−3 volts 

nm nanometer, 10−9 meters 

NMR nuclear magnetic resonance 

o- ortho position on an aryl ring, indicating a 1,2 relationship 

OEC oxygen-evolving complex 

ppm parts per million 

RNR ribonucleotide reductase 

s singlet in NMR or second 

S spin 

SC-XRD single crystal X-ray diffraction 

t triplet in NMR 



xxvii 

T Tesla 

T or T temperature 

V potential in mV or V 

V volt 

XANES X-ray absorption near edge structure 

XAS X-ray absorption spectroscopy 

XRD X-ray diffraction 

δ delta, chemical shift in ppm, isomer shift for 57Fe Mössbauer in mm/s 

ΔEQ quadrupole splitting for 57Fe Mössbauer in mm/s 

ηn eta, hapticity or the number, n, of contiguous atoms in a ligand bound to a metal 

κn kappa, denticity or the number, n, of atoms in a polydentate ligand bound to the 

metal 

λ lambda, wavelength in nm 

μB Bohr magneton, 9.274 x 10-21 erg/G 

μeff Mu effective, effective magnetic moment in Bohr magnetons 

μn mu, n the number of metal atoms bound to a bridging ligand 

ν frequency 

𝜒M molar magnetic susceptibility in cm3/mol 

𝜒MT molar magnetic susceptibility temperature product in cm3K/mol 

  

  

  

  

  



 

1 

Chapter 1: Developments Towards Understanding Structure-

Function Relationships in Polynuclear Clusters 

1.1 Introduction 

Nature relies on polynuclear clusters of earth-abundant transition metals to carry out such 

essential processes as electron transfer, dinitrogen activation, and carbon fixation.
1
 Iron-sulfur 

clusters, for instance, represent the largest class of metalloproteins and have been described as 

likely “the oldest and most versatile inorganic cofactors.”
2
 In an abiological setting, metal-metal 

interactions have been fundamental to human history via the electronic exchange coupling that 

gives rise to magnetism in lodestone (magnetite), enabling human exploration.
3
 Scientists have 

devoted significant time and resources towards studying how the structure of polynuclear 

transition metal complexes relates to their reactivity and physical properties. Understanding the 

small molecule activation chemistry achieved by transition metal clusters in biology and by self-

assembled clusters in synthetic inorganic chemistry is of particular interest as employing N2, CO, 

and CO2 as chemical feedstocks is desirable but challenging due to the strong nature of their 

multiple bonds.
4
 The reactivity of these systems raises several fundamental questions about 

transition metal clusters: to what extent and how are the metal orbitals in communication, how 

                                                                                                                                                                                                               

1. a) P. Venkateswara Rao, R. H. Holm, Chem. Rev. 2004, 104, 527-560. b) O. Einsle, F. A. Tezcan, S. L. Andrade, 

B. Schmid, M. Yoshida, J. B. Howard, D. C. Rees, Science 2002, 297, 1696-1700. c) K. N. Ferreira, T. M. 

Iverson, K. Maghlaoui, J. Barber, S. Iwata, ibid.2004, 303, 1831-1838. d) H. Dobbek, V. Svetlitchnyi, L. 

Gremer, R. Huber, O. Meyer, ibid.2001, 293, 1281-1285. 

2. a) C. Wachnowsky, J. A. Cowan, Methods Enzymol. 2017, 595, 55-82. b) R. Lill, Nature 2009, 460, 831-838. 

3. A. A. Mills, Ann. Sci. 2004, 61, 273-319. 

4. F. Meyer, W. B. Tolman, Inorg. Chem. 2015, 54, 5039-5039. 
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does the polynuclear assembly facilitate challenging bond activation steps, and how are the clusters 

physically and electronically altered following reactivity. Both biological metallocofactors and 

self-assembled clusters are difficult to systematically modify in order to address these questions. 

In order to address outstanding questions in the field of reactive cluster chemistry, our group and 

others have developed ligand-templated synthetic metal clusters which through their structural 

analogy to biological clusters or through their reactivity enable directed inquiry into the role of 

multiple metal sites in achieving small molecule activation. 

1.2 Nitrogenase as a case study of bond activation by polynuclear 

metalloenzymes 

Much of our inspiration for the study of reactive transition metal clusters comes from 

polynuclear metallocofactors such as the oxygen evolving complex in photosystem II, the Cuz site 

of nitrous oxide reductase, the C-cluster of anaerobic carbon monoxide dehydrogenase (CODH), 

and the active site of nitrogenase (Figure 1.1).
1b-d,5

 The chemistry of nitrogenase is presented in 

more detail below along with some recent advances in mechanistic and structure-function 

understanding for this system. The discussion of nitrogenase is intended to serve as a representative 

case study of both the lasting scientific interest in small molecule activation at polynuclear active 

sites and of the challenges associated with the study of complex biological reaction centers. 

                                                                                                                                                                                                               

5. a) K. Brown, M. Tegoni, M. Prudêncio, A. S. Pereira, S. Besson, J. J. Moura, I. Moura, C. Cambillau, Nat. 

Struct. Biol. 2000, 7, 191. b) S. Ghosh, S. I. Gorelsky, P. Chen, I. Cabrito, Moura, I. MouraMoura, E. I. Solomon, 

J. Am. Chem. Soc. 2003, 125, 15708-15709. 
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Figure 1.1. Structure of selected polynuclear metallocofactors a) OEC of photosystem II,1c b) C-cluster of CODH.1d 

c) Cuz site of N2O reductase,5 d) FeMoco of nitrogenase.1b  

Nitrogen-fixing bacteria were first isolated at the beginning of the 20th century, initiating a 

nearly century-long investigation into the structure of the active site at which dinitrogen is reduced 

to ammonia. The first crystallographic characterization of the FeMoco active site within the MoFe-

protein was published by the Rees group in 1992,
6
 but the low resolution of this structure prevented 

the identification of a central light atom.
7
 The central atom was not crystallographically identified 

until ten years later in 2002, after which X-ray emission spectroscopy was used to finally identify 

this central element as a carbide in 2011.
7,8 

Nitrogenase also has Fe-only and FeV forms that, while 

less efficient than FeMoco, are active for nitrogen reduction. While the all-iron form has yet to be 

                                                                                                                                                                                                               

6. J. Kim, D. Rees, Science 1992, 257, 1677-1682. 

7. O. Einsle, F. A. Tezcan, S. L. Andrade, B. Schmid, M. Yoshida, J. B. Howard, D. C. Rees, ibid.2002, 297, 1696-

1700. 

8. a) K. M. Lancaster, M. Roemelt, P. Ettenhuber, Y. Hu, M. W. Ribbe, F. Neese, U. Bergmann, S. DeBeer, 

ibid.2011, 334, 974-977. b) T. Spatzal, M. Aksoyoglu, L. Zhang, S. L. A. Andrade, E. Schleicher, S. Weber, D. 

C. Rees, O. Einsle, ibid., 940-940. 
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crystallized, the structure of FeVco was recently solved and found to be largely analogous to 

FeMoco, as anticipated.
9
  

After the initial crystal structure of FeMoco was solved, the primary structure-function 

debate revolved around the location of dinitrogen binding, which was proposed to occur either at 

the molybdenum site or on the polyiron cluster itself.
10

 From kinetic studies using stopped-flow, 

freeze-quench, and steady state measurements the Lowe-Thorneley (LT) model of nitrogenase 

function was developed (Figure 1.2).
11

 

 

Figure 1.2. a) overall stoichiometry of dinitrogen reduction to ammonia by nitrogenase,
12

 b) Simplified Lowe-

Thorneley kinetic nitrogenase cycle illustrating possible decay pathways via H2 release.
11,12

  

Under the LT model, there are eight catalytic intermediates (E0-8 including the resting state, E0), 

where each E state differs from the previous by the addition of one proton and one electron. The 

                                                                                                                                                                                                               

9. D. Sippel, O. Einsle, Nat. Chem. Biol. 2017, 13, 956. 

10. C. J. Pickett, J. Biol. Inorg. Chem. 1996, 1, 601-606. 

11. R. N. F. Thorneley, D. J. Lowe, in Molybdenum Enzymes (Ed.: T. G. Spiro), Wiley, New York, 1985, pp. 221-

284. 

12. B. M. Hoffman, D. Lukoyanov, Z.-Y. Yang, D. R. Dean, L. C. Seefeldt, Chem. Rev. 2014, 114, 4041-4062. 
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fact that nitrogen binds only under turnover conditions has complicated efforts to distinguish 

between the possible Mo-binding and polynuclear binding hypothesis, as well as efforts to 

understand the iron and molybdenum oxidation states under N2-binding conditions.
12

 However, a 

growing body of evidence including side-chain mutagenesis studies,
13

 synthetic iron-only nitrogen 

reduction catalysts,
14

 and crystal structures of FeMoco and FeVco with bound inhibitors supports 

the hypothesis that dinitrogen binds to a polyiron face of the active site.
15

 

Side-chain mutagenesis studies demonstrated that increasing or decreasing the size of a 

protein residue above one polyiron face shut down reactivity or allowed for reactivity with larger 

substrates, respectively.13 A diiron site near the investigated amino acid side chains was later 

shown to be the location of CO-binding to FeMoco in a remarkable crystal structure which also 

revealed the reversible loss of one belt sulfur atom from the cluster. The molecule of nitrogenase 

inhibitor CO was then found to be bridging the two iron sites formerly bound to that sulfur.
15a

 

While this structure clearly supports the now nearly certain conclusion that nitrogen activation 

occurs at a polynuclear iron site of nitrogenase, the evidence it presents of dramatic structural 

flexibility in many ways raises more mechanistic questions than it answers. 

                                                                                                                                                                                                               

13. a) D. J. Scott, H. D. May, W. E. Newton, K. E. Brigle, D. R. Dean, Nature 1990, 343, 188. b) J. Christiansen, 

V. L. Cash, L. C. Seefeldt, D. R. Dean, J. Biol. Chem. 2000, 275, 11459-11464. c) S. M. Mayer, W. G. Niehaus, 

D. R. Dean, J. Chem. Soc., Dalton Trans. 2002, 802-807. d) P. C. Dos Santos, S. M. Mayer, B. M. Barney, L. 

C. Seefeldt, D. R. Dean, J. Inorg. Biochem. 2007, 101, 1642-1648. 

14. a) J. S. Anderson, J. Rittle, J. C. Peters, Nature 2013, 501, 84. b) S. E. Creutz, J. C. Peters, J. Am. Chem. Soc. 

2014, 136, 1105-1115. c) S. Kuriyama, K. Arashiba, K. Nakajima, Y. Matsuo, H. Tanaka, K. Ishii, K. 

Yoshizawa, Y. Nishibayashi, Nat. Commun. 2016, 7, 12181. 

15. a) T. Spatzal, K. A. Perez, O. Einsle, J. B. Howard, D. C. Rees, Science 2014, 345, 1620-1623. b) D. Sippel, M. 

Rohde, J. Netzer, C. Trncik, J. Gies, K. Grunau, I. Djurdjevic, L. Decamps, S. L. A. Andrade, O. Einsle, 

ibid.2018, 359, 1484-1489. 
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Elucidating the precise mechanism by which nitrogenase reduces dinitrogen to ammonia 

remains an important yet far-off goal, albeit one towards which important and significant progress 

has been made in the one hundred years since its discovery. The complexities of even obtaining a 

crystal structure of any species other than the resting state or an inhibitor-bound, deactivated state 

highlights the extent to which FeMoco itself is not an ideal system through which to study how 

polynuclear clusters receive electron equivalents and deliver these electrons to small molecules 

substrates. Even the use of 57Fe Mössbauer to study the relative oxidation states of Fe sites within 

the active site is complicated by the presence of 30 iron atoms in the MoFe-protein, more than half 

of which are part of the two P-clusters responsible for electron transfer rather than part of FeMoco 

itself.
12

   

1.3 Bond activation by transition metal carbonyl clusters 

For much of the 20th century, work on the reactivity and properties of polynuclear 

complexes was dominated by the synthesis and study of self-assembled clusters. Generally, these 

are systems in which otherwise low-coordinate metal atoms form polynuclear assemblies via 

unconnected bridging ligands or unsupported metal-metal bonds. As low-valent transition metals 

have a greater tendency to form such clusters,
16

 much of the chemistry performed by self-

assembled complexes is reductive. The most extensively synthesized and studied sub-class of self-

assembled metal clusters in the last century was metal carbonyl clusters, which can be formed for 

a wide variety of transition metals including Mn, Fe, Co, Ni, Rh, Ru, Pt, Pd, and Os.
17

 

Heterometallic carbonyl clusters featuring various combinations of transition metals can also be 

                                                                                                                                                                                                               

16. R. B. King, in Prog. Inorg. Chem., Vol. 15 (Ed.: S. J. Lippard), Wiley, New York, 1972. 

17. a) R. D. Adams, I. T. Horváth, ibid., Vol. 33, 1985, pp. 127-181. b) H. Curtis, Sci. Prog. 1986, 70, 209-224. 
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synthesized.
18

 Most transition metal carbonyl clusters (TMCCs) fall in the nuclearity range of 3-

10, though dimers and clusters with much higher nuclearities are also known.
16-18

 Within the vast 

field of TMCCs, significant efforts were made to study the bond activation chemistry that these 

clusters could achieve due to possible analogy between the cluster surfaces and heterogeneous 

catalysts used in industry.
17

 We present herein several examples of small molecule activation by 

TMCCs to highlight sustained interest in the potential advantages of polynuclear metal clusters 

towards challenging bond activations as well as to reveal some disadvantages of self-assembled 

clusters for systematic studies of structure-function relationships in metallocluster chemistry. 

1.3.1 Reactions with carbon monoxide 

Remarkably, transition metal carbonyl compounds are capable of complete bond scission 

of carbon monoxide to form interstitial carbides.
19

 In one example, cluster formation occurred 

alongside CO bond cleavage, rather than starting from an assembled transition metal cluster: when 

Fe(CO)5 monomer was reacted with reducing carbonyl cluster anions such as Mn(CO)5
– the 

product was hexanuclear interstitial carbide complex [Fe6(CO)13(μ–CO)3(μ
6C)]2–.

20
 Upon outer 

sphere oxidation with tropylium salts, the cluster underwent a change in nuclearity to form a 

neutral, pentanuclear complex, but the bridging carbide ligand was conserved.
21

 

More relevant to the study of cluster chemistry is the progressive C–O triple bond cleavage 

achieved by sequential addition of three equivalents of triflic acid to [Fe4(CO)12(μ
3–CO)]2–. 

                                                                                                                                                                                                               

18. P. J. Dyson, J. S. McIndoe, Transition Metal Carbonyl Cluster Chemistry, 1 ed. CRC Press, 2000. 

19. J. S. Bradley, in Adv. Organomet. Chem., Vol. 22 (Eds.: F. G. A. Stone, R. West), Academic Press, 1983, pp. 1-

58. 

20. M. R. Churchill, J. Wormald, J. Chem. Soc., Dalton Trans. 1974, 2410-2415. 

21. J. S. Bradley, E. W. Hill, G. B. Ansell, M. Modrick, Organometallics 1982, 1, 1634-1639. 
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Several intermediate stages of C–O bond activation were observed on route to the methylidyne 

product, HFe4(CO)12(μ
4–CH), which was also synthesized through a series of transformations to 

the hexanuclear carbide from above.
22

 A similar trinuclear osmium methylidyne complex was also 

formed, where again the carbon of the methylidyne was demonstrated to originate from a bound 

carbonyl ligand of the Os3 starting material.
23

 

1.3.2 Reactions with nitrosonium salts 

Similar to the C–O bond cleavage reactions described above, TMCCs cleave the N–O bond 

of nitrosonium to form bridging nitrides.
17a

 The first examples of nitrides bound to a carbonyl 

cluster were formed by the reaction of hexanuclear cobalt and rhodium clusters, K2[M6(CO)15] (M 

= Co, Rh) with nitrosonium tetrafluoroborate. This generated the interstitial nitride complexes 

K[M6(CO)15(μ
6–N)].

24
 The transformation requires the loss of one oxygen atom, which is not 

accounted for in the product, but given the generally low yields for reactions of TMCCs the most 

likely oxygen byproduct is simply the oxidative decomposition of other molecules of the electron-

rich starting material. Tetranuclear iron clusters bearing an interstitial nitride were also observed, 

though these were formed under various conditions by reaction of lower-nuclearity iron TMCC 

starting materials with nitrosonium salts.
25

 

                                                                                                                                                                                                               

22. a) K. Whitmire, J. Ross, C. B. Cooper, D. F. Shriver, J. S. Bradley, W. J. Cote, P. J. Krusic, 2007, 66-69. b) M. 

Manassero, M. Sansoni, G. Longoni, J. Chem. Soc., Chem. Commun. 1976, 919-920. c) K. H. Whitmire, D. F. 

Shriver, J. Am. Chem. Soc. 1981, 103, 6754-6755. 

23. J. R. Shapley, M. E. Cree-Uchiyama, G. M. St. George, ibid.1983, 105, 140-142. 

24. S. Martinengo, G. Ciani, A. Sironi, B. T. Heaton, J. Mason, ibid.1979, 101, 7095-7097. 

25. a) D. E. Fjare, W. L. Gladfelter, ibid.1981, 103, 1572-1574. b) D. E. Fjare, W. L. Gladfelter, Inorg. Chem. 1981, 

20, 3533-3539. c) M. Tachikawa, J. Stein, E. L. Muetterties, R. G. Teller, M. A. Beno, E. Gebert, J. M. Williams, 

J. Am. Chem. Soc. 1980, 102, 6648-6649. 
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TMCCs have also been shown to cleave the carbon-carbon bonds of alkynes and the C–N 

bonds of nitriles.
17a

 In each case of reductive bond-cleavage by carbonyl complexes, low yields 

and significant changes in nuclearity make mechanistic arguments essentially impossible, as any 

number of possible clusters could be involved in the actual bond-breaking steps. Though the 

reactions of TMCCs largely cannot be used to gain insight into how these fundamental bond-

breaking reactions are accomplished by multiple metal sites, it does not undermine the impressive 

nature of forming, amongst other examples, interstitial carbide ligands from carbon monoxide.  

1.4 Ligand-templated clusters 

By introducing a pre-structured polydentate ligand that organizes the component atoms in 

a metal cluster into a certain geometry, it is possible to more systematically probe structure-

function relationships in polynuclear transition metal chemistry than can be achieved using 

biological systems or self-assembled clusters. The approach of geometrically pre-organizing the 

ligand donors using an organic scaffold to afford a certain cluster geometry is directly related to 

the structure of polynuclear metallocofactors, where amino-acid ligands arranged within a protein 

scaffold similarly favor certain cluster morphologies. Structural pre-organization provides an 

advantage over self-assembled clusters whose geometry can be highly fluctional and which cannot 

be used to intentionally study the substrate interactions of clusters with a fixed nuclearity across a 

range of transition metals or oxidation states, since these parameters themselves dictate cluster 

nuclearity.
17a

 Most templating ligands are modular in design, allowing not only for chemical 

synthesis of the clusters, but also for programmatic alterations of ligand donor strength or steric 

bulk, and the resulting clusters can be studied using a wide variety of spectroscopic techniques 

including 1H and heteronuclear NMR, EPR, SQUID magnetometry, and 57Fe Mössbauer. Perhaps 

the most important difference between small molecule synthetic transition metal clusters and their 
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biological counterparts is the ease of crystallization of the synthetic systems - structure-function 

understanding relies on knowledge of structure, which is most easily achieved via routine, in-house 

SC-XRD.  

Two complementary approaches to the design of ligand-enforced cluster architecture can 

be seen in the literature – the design of systems which aim to geometrically mimic the active sites 

of metallocofactors (structural analogs), and the design of systems which aim to mimic properties 

of metallocofactors such as reactivity or spin state (functional analogs). In discussing some of the 

insights gained from these two approaches below we will exclude dimer systems as higher 

nuclearity clusters are more relevant to the work presented in this thesis, but it is worth noting that 

excellent work has been done on the systematic modification of M-M bonding and reactivity in 

dinuclear systems by Cotton, Lu, Thomas, Nocera, and others.
26

 

1.4.1 Structural analogs of metalloenzyme active sites 

After extensively exploring the synthesis of self-assembled iron-sulfur clusters, the Holm 

group designed a polynucleating ligand that limited cluster nuclearity and allowed site-specific 

ligand and metal substitution at one site of the resulting tetranuclear complex while holding the 

remaining three Fe atoms constant.
27

 This represented an important advancement in the 

construction of structural analogs to metalloenzymes as the Holm group was able to use this 

scaffold to synthesize modified cubanes with a single Ni atom substituted for the fourth Fe, similar 

                                                                                                                                                                                                               

26. a) R. B. Siedschlag, V. Bernales, K. D. Vogiatzis, N. Planas, L. J. Clouston, E. Bill, L. Gagliardi, C. C. Lu, J. 

Am. Chem. Soc. 2015, 137, 4638-4641. b) B. Wu, K. M. Gramigna, M. W. Bezpalko, B. M. Foxman, C. M. 

Thomas, Inorg. Chem. 2015, 54, 10909-10917. c) J. Rosenthal, D. G. Nocera, in Prog. Inorg. Chem., Vol. 55 

(Ed.: K. D. Karlin), Wiley, New York, 2008, pp. 483-544.  

27. T. D. P. Stack, R. H. Holm, J. Am. Chem. Soc. 1987, 109, 2546-2547. 
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to the distorted cubane found in the C-cluster of CODH (Figure 1.1.d).
28

  This allowed them in 

turn to study the changes in physical properties and spectroscopic signals caused by changes in the 

coordination geometry of the fourth metal as well by changes in the metal identity at this site.
28,29

 

The Agapie group has used templating ligands to synthesize structural mimics of the OEC 

of photosystem II.
30

 As for the Holm group, this has largely allowed for the investigation of 

changes in redox potentials and spectroscopic signatures as structural elements of the cluster were 

varied. One particularly important finding was that substitution of other redox inactive metals at 

the calcium site significantly altered the redox potential of the model OEC.
31

 Recently, an 

extensive study of the EPR, magnetometry, electrochemistry, and XAS of forms of this model 

OEC cluster in the same spin state as the S2 state of the OEC has been conducted to provide 

evidence of how subtle structural changes within the cluster affect these signals.
32

  

1.4.2 Functional mimics of metalloenzyme active sites 

While geometry-enforcing ligand templates are also key to the synthesis of small molecule 

transition metal clusters that achieve multi-electron reactions with substrates, the design principles 

for these ligand systems differ from those used to design structural mimics. Our group has targeted 

the synthesis of open-shell trinuclear complexes inspired by the open-shell nature of many of the 

                                                                                                                                                                                                               

28. J. Sun, C. Tessier, R. H. Holm, Inorg. Chem. 2007, 46, 2691-2699. 

29. a) J. Zhou, J. W. Raebiger, C. A. Crawford, R. H. Holm, J. Am. Chem. Soc. 1997, 119, 6242-6250. b) S. Ciurli, 

M. Carrie, J. A. Weigel, M. J. Carney, T. D. P. Stack, G. C. Papaefthymiou, R. H. Holm, ibid.1990, 112, 2654-

2664. 

30. H. B. Lee, E. Y. Tsui, T. Agapie, Chem. Commun. 2017, 53, 6832-6835. 

31. E. Y. Tsui, T. Agapie, Proc. Natl. Acad. Sci. 2013, 110, 10084. 

32. H. B. Lee, A. A. Shiau, P. H. Oyala, D. A. Marchiori, S. Gul, R. Chatterjee, J. Yano, R. D. Britt, T. Agapie, J. 

Am. Chem. Soc. 2018. 
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active sites in polynuclear metallocofactors.
33

 In studying the spin states and substrate reactivities 

of trinuclear complexes on a series of related ligand platforms we have determined that by 

increasing the steric bulk of the ligand it is possible to attenuate metal-metal bonding and enforce 

low coordination numbers which bring about an increase in multi-electron reactivity.
34

 

Specifically, a triiron complex synthesized on the weakly donating, bulky ligand (tbsL)H6 ((
tbsL)H6 

= [1,3,5-C6H9(NHC6H4-o-NHSitBuMe2)3) was found to have a maximally high S = 6 ground spin 

state and was capable of the four-electron reduction of azobenzene to form a bimisido complex 

(Scheme 1.1).
34b

 

 

Scheme 1.1. Multielectron reactivity of (tbsL)Fe3(thf) with azobenzene and phenyl azide.
 34b

  

 Other examples of multi-electron transformations carried out by ligand-templated 

trinuclear clusters can be seen in the work of the Murray group using a cyclophane ligand 

platform.
35

 Triiron clusters on this platform can achieve catalytic silylation of dinitrogen, and the 

                                                                                                                                                                                                               

33. a) Q. L. Zhao, T. A. Betley, Angew. Chem. Int. Ed. 2011, 50, 709-712. b) A. R. Fout, D. J. Xiao, Q. Zhao, T. D. 

Harris, E. R. King, E. V. Eames, S.-L. Zheng, T. A. Betley, Inorg. Chem. 2012, 51, 10290-10299. 

34. a) E. V. Eames, T. D. Harris, T. A. Betley, Chem. Sci. 2012, 3, 407-415. b) T. M. Powers, T. A. Betley, J. Am. 

Chem. Soc. 2013, 135, 12289-12296. c) R. Hernandez Sanchez, A. K. Bartholomew, T. M. Powers, G. Menard, 

T. A. Betley, ibid.2016, 138, 2235-2243. 

35. a) G. L. Guillet, F. T. Sloane, D. M. Ermert, M. W. Calkins, M. K. Peprah, E. S. Knowles, E. Cizmar, K. A. 

Abboud, M. W. Meisel, L. J. Murray, Chem. Commun. (Camb.) 2013, 49, 6635-6637. b) Y. Lee, F. T. Sloane, 

G. Blondin, K. A. Abboud, R. García-Serres, L. J. Murray, Angew. Chem. Int. Ed. 2014, 54, 1499-1503. c) B. J. 

Cook, G. N. Di Francesco, R. B. Ferreira, J. T. Lukens, K. E. Silberstein, B. C. Keegan, V. J. Catalano, K. M. 

Lancaster, J. Shearer, L. J. Murray, Inorg. Chem. 2018, 57, 11382-11392. 
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copper complexes have been shown to bind dinitrogen and reductively couple carbon dioxide to 

form oxalate.
36

 The cyclophane architecture directs the frontier metal orbitals into the central space 

between the three metal sites, encouraging cooperative interactions with substrates. Additionally, 

the metal-metal distances are held constant by the rigid ligand structure and although weak 

antiferromagnetic coupling between metal sites gives rise to intermediate ground states for these 

clusters, the room temperature magnetic moments are quite high, supporting the theory that the 

attenuation of metal-metal bonding can be used to construct open-shell, reactive trinuclear 

complexes.
35a

 

1.5 Specialized spectroscopy for polynuclear systems: multiwavelength 

anomalous diffraction 

Ligand-templated transition metal clusters allow for systematic alteration of ligand field, 

metal identity, and geometry, thereby enabling the study of structure-function relationships in 

polynuclear systems. However, synthetic tunability is not the only requirement for developing a 

nuanced understanding of the interplay between metal-metal bonding, reactivity, and redox 

distribution. Spectroscopic tools must also be developed to provide insight into the properties of 

individual metal sites within the cluster ensemble. Multiwavelength Anomalous Diffraction 

(MAD) is a powerful technique for the assessment of individual oxidation states in polynuclear 

complexes which combines the spatial resolution of single crystal X-ray diffraction (SC-XRD) 

with the oxidation state resolution of X-ray absorption spectroscopy (XAS).  

                                                                                                                                                                                                               

36. a) R. B. Ferreira, B. J. Cook, B. J. Knight, V. J. Catalano, R. García-Serres, L. J. Murray, ACS Catal. 2018, 8, 

7208-7212. b) B. J. Cook, G. N. Di Francesco, M. T. Kieber-Emmons, L. J. Murray, Inorg. Chem. 2018, 57, 

11361-11368. c) B. J. Cook, G. N. Di Francesco, K. A. Abboud, L. J. Murray, J. Am. Chem. Soc. 2018, 140, 

5696-5700. 
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1.5.1 Theory of multiwavelength anomalous diffraction 

MAD is based on the anomalous scattering of x-rays that occurs near an element’s K-edge. 

For the remainder of this section, we will be specifically referring to the properties of first-row 

transitional metal K-edges, though the general principles are true for all elements. At a metal’s K-

edge, the energy of the incident X-rays is sufficient to excite a core (1s) electron to discrete valence 

orbitals - 3d, 4p, etc. – and then to the continuum.
37

 Excitation to 3d orbitals produces pre-edge 

features that occur at lower energies than the rising-edge and are of lower intensity due to being 

quadrupole allowed but dipole disallowed, unlike the dipole allowed transitions to the 4p orbitals 

of the rising edge.
38

 The pre-edge features increase in intensity as metal 3d-ligand p-orbital 

covalency increases, and the energy of the pre-edge of a related series of compounds can be used 

to determine metal oxidation state (higher energy denotes higher oxidation state).
39

 The rising edge 

also varies with metal oxidation state, but its analysis is more complicated.37  

The ability of X-rays at the K-edge to be absorbed by the metal atoms in a single crystal or 

powder sample rather than simply diffracted as expected at off-edge energies results in anomalous 

diffraction.
40

 The anomalous diffraction is manifest in both an intensity change and a phase change 

in the diffraction. Qualitatively, this phenomenon can be readily visualized by the comparison of 

the diffraction of a single crystal at fixed incident X-ray angle and detector angle while the X-ray 

energy is varied through the K-edge of the metal(s) contained in the complex (Figure 1.3). 

                                                                                                                                                                                                               

37. R. Sarangi, Coord. Chem. Rev. 2013, 257, 459-472. 

38. M. L. Baker, M. W. Mara, J. J. Yan, K. O. Hodgson, B. Hedman, E. I. Solomon, ibid.2017, 345, 182-208. 

39. R. R. Kapre, E. Bothe, T. Weyhermuller, S. D. George, N. Muresan, K. Wieghardt, Inorg. Chem. 2007, 46, 

7827-7839. 

40. M. Cianci, J. R. Helliwell, M. Helliwell, V. Kaucic, N. Z. Logar, G. Mali, N. N. Tusar, Crystallogr. Rev. 2005, 

11, 245-335. 
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Figure 1.3. Visualization of the effect of anomalous diffraction on single crystal X-ray diffraction. The same 

diffraction frame for a triiron complex is shown a) below the Fe K-edge, b) at the beginning of the rising edge, c) near 

the white-line energy, and d) in the EXAFS region beyond the edge. 

The effect of the K-edge X-ray energy on the diffraction is quantified by the addition of 

two anomalous dispersion corrections to the atomic scattering factor, 𝑓, as shown in Eq. 1.2, where 

𝑓0 is the wavelength-independent normal scattering factor, 𝑓′ is the real component of the 

anomalous dispersion correction,  𝑓′′ is the imaginary component, and λ is the X-ray wavelength. 

  𝑓(𝜆) = 𝑓0 + 𝑓′(𝜆) + 𝑖𝑓′′(𝜆)     Eq. 1.2 

 The imaginary component 𝑓′′ is linearly related to the K-edge (i.e. the XAS spectrum), 

while the real component 𝑓′ is related to 𝑓′′ by a Kramers-Kronig transformation. This allows for 

the prediction of 𝑓′ and 𝑓′′ from an XAS measurement, a technique frequently employed in protein 

crystallography, where anomalous diffraction is routinely used to solve the phase problem in 

crystal structure solution.
40,41

 

1.5.2 Development of multiwavelength anomalous diffraction as a spectroscopic 

technique for oxidation state assessment  

The first application of anomalous diffraction was the determination of the absolute 

configuration of tartaric acid crystals by Bijvoet in 1951.
42

 Since then, several important 

                                                                                                                                                                                                               

41. W. Hendrickson, Science 1991, 254, 51-58. 

42. J. M. Bijvoet, A. F. Peerdeman, A. J. van Bommel, Nature 1951, 168, 271. 
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applications of anomalous diffraction have been developed including metal-atom identification in 

mixed metal materials, complexes, and biological macromolecules, phase determination in protein 

crystallography, and the identification of relative oxidation states in metal clusters.
40

 This last 

application is our focus here as it has the greatest relevance to understanding redox dynamics in 

molecular clusters. As with other applications, the use of MAD to study metal site oxidation states 

is tied to the development of X-ray technology - particularly improvements in detector resolution  

and the invention of tunable synchrotron radiation sources which allow for facile X-ray data 

collection at a wide range of energies.
40

  

The first study using MAD for “valence contrast,” was published in 1990 by Kwei et al., 

and determined 𝑓′ values for two Cu sites of a high-temperature superconductor with varying 

oxygen stoichiometry, YBa2Cu3O6+x, using diffraction data taken at four wavelengths at the Cu K-

edge (~8970 eV).
43

 Using just these four data points, the authors were able to track changes in the 

oxidation state of the two distinct structural Cu sites as the oxygen content of the sample was 

increased. Many subsequent examples of oxidation state analysis by MAD also employed powder 

diffraction data and a small number of energy data points.
40

 The Coppens group was the first to 

apply MAD to the study of relative oxidation states in a single crystal when they studied the nature 

of the mixed-valency in a di-μ-oxo bridged dimanganese complex.
44

 The study included eight data 

points spanning the Mn K-edge. Further work by the Coppens group on mixed-valency in an oxo-

bridged triiron complex incorporated both temperature-dependent MAD and additional data points 

                                                                                                                                                                                                               

43. G. H. Kwei, R. B. Von Dreele, A. Williams, J. A. Goldstone, A. C. Lawson, W. K. Warburton, J. Mol. Struct. 

1990, 223, 383-406. 

44. Y. Gao, A. Frost-Jensen, M. R. Pressprich, P. Coppens, A. Marquez, M. Dupuis, J. Am. Chem. Soc. 1992, 114, 

9214-9215. 
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(up to 14 per edge), which revealed the role of finer edge structure in complicating oxidation state 

assignment via MAD. In particular, the absolute minimum in 𝑓′ was not always clearly related to 

the oxidation state, as this point was highly sensitive to strong in-edge transitions.
45

 More recently,  

higher-resolution MAD (17 points/edge) referred to as Spatially Resolved Anomalous Dispersion 

(SpReAD) has been used to examine the relative oxidation states of the iron sites in FeMoco.
46

 

However, the data quality and space group non-centrosymmetry allowed for the use of 𝑓′′ rather 

than 𝑓′ in the protein crystallography example, which is not feasible for most small molecule 

systems of interest.
40

  Work by the Nuckolls group has demonstrated a similarly high-resolution 

MAD study of Co6Se8 clusters which are asymmetrized by the binding of CO at one site, proving 

that a high-resolution data set can also be obtained for small molecule samples.
47

 Now that 

synchrotron X-ray sources have sufficient energy certainty to collect such high resolution data, it 

is important to better characterize the effects of local coordination environment on the behavior of 

𝑓′ as well as to expand its applications to other metals for which alternative oxidation state 

assessment techniques such as 57Fe Mössbauer are not available.  

                                                                                                                                                                                                               

45. G. Wu, Y. Zhang, L. Ribaud, P. Coppens, C. Wilson, B. B. Iversen, F. K. Larsen, Inorg. Chem. 1998, 37, 6078-

6083. 

46. T. Spatzal, J. Schlesier, E. M. Burger, D. Sippel, L. Zhang, S. L. Andrade, D. C. Rees, O. Einsle, Nat. Commun. 

2016, 7, 10902. 

47. R. Hernández Sánchez, A. M. Champsaur, B. Choi, S. G. Wang, W. Bu, X. Roy, Y.-S. Chen, M. L. Steigerwald, 

C. Nuckolls, D. W. Paley, Angew. Chem. Int. Ed. 2018, 57, 13815-13820. 
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1.6 Probing the relationships between structure, reactivity, and redox 

distribution in trinuclear transition metal complexes 

 

The hexadentate (tbsL) platform allows for the synthesis of structurally analogous trinuclear 

complexes of chromium, manganese, iron, cobalt, and nickel. In Chapter 2 we begin by 

comparing the electronic structure of the neutral, homovalent complexes from manganese to 

nickel. Within the same ligand field, the metal identity has a strong influence on the spin state and 

extent of ferromagnetic or antiferromagnetic coupling between the metal sites in the all-M(II) 

neutral complexes. While the complex with the shortest metal-metal distances, (tbsL)Fe3(thf), 

possesses a maximally high, fully coupled S = 6 ground state, (tbsL)Co3(py), and (tbsL)Ni3 display 

low-spin ground states as a doublet and singlet, respectively. (tbsL)Mn3(thf) was found to possess 

a quartet intermediate ground spin state, but the behavior of the magnetic moment with increasing 

temperature was best characterized as arising from antiferromagnetic coupling between two of the 

three Mn sites at S = 5/2 and S = 5/2, leaving the S = 3/2 signal of the third, more remote Mn site 

as the spin ground state. Remarkably, all four neutral complexes were found to undergo significant 

structural rearrangement and symmetrization upon one-electron reduction to the anionic, mixed-

valence complexes. In these mixed-valence [(tbsL)M3]
-, delocalization of the mixed valency 

dominates the electronic structure, resulting in generally higher, more thoroughly coupled spin 
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states each best described as an overall molecule spin state rather than as the result of moderate 

coupling between discrete metal centers with independent spin states. 

 

Chapter 3 addresses the reactivity of the earliest transition metal complex synthesized on 

the (tbsL) ligand, the trichromium complex (tbsL)Cr3(thf). As anticipated, the less electronegative 

Cr sites rendered the complex highly reactive towards oxidative group transfer reagents such as 

organic azides. (tbsL)Cr3(thf) was found to not only react readily with multiple equivalents of azide 

to form overall four-electron oxidized products such as (tbsL)Cr3(µ
3-NBn)(µ1-NBn), but also to 

have a distinct mode of reactivity with sterically bulky azides. While reactions with sterically 

unencumbered benzyl azide produced the expected µ3-bridged pseudo C3-symmetric product 

(tbsL)Cr3(µ
3-NBn), (tbsL)Cr3(thf) reacted with mesityl azide in benzene to produce the terminal 

imido complex (tbsL)Cr3(µ
1-NMes). Switching the reaction solvent to THF instead produced the 

bridging nitride (tbsL)Cr3(µ
3-N) from the same substrate. This unusual solvent-controlled reactivity 

was explained by the discovery of equilibrium binding of THF to (tbsL)Cr3(thf) in benzene. 

Contraction of one Cr–Cr bond stabilizes the THF-free complex (tbsL)Cr3(thf). The steric bulk of 

the tbs protecting groups slows down the rate of reaction of bulky azides with the [Cr3] face, 

leading to azide binding and activation at the formerly THF-bound site, unless that site is 

kinetically blocked, as in THF solution. It was confirmed via the use of terminally 15N-labeled 



 

20 

MesN3 that the formation of the nitride occurs via ɣ N-atom extrusion from the azide, an unusual 

transformation which has only been observed in one other case.  

 

As transition metal cluster chemistry continues to develop, spectroscopic techniques are 

needed which provide site-specific oxidation state information. Chapter 4 benchmarks a 

multiwavelength anomalous diffraction (MAD) data collection strategy for small molecule crystals 

using a series of (tbsL)Fe3 complexes. The impact of local coordination geometry on 𝑓′ was 

investigated using a series of three homovalent all-Fe(II) reference complexes, 

[Bu4N][(tbsL)Fe3(
3–Cl)], (tbsL)Fe3(py), and [K(C222)]2[(

tbsL)Fe3(
3–NPh)]. The effect of cluster 

oxidation was then probed by comparison to the two-electron oxidized mixed-valent (tbsL)Fe3(
3–

NPh). Per sample, 21 data points were collected throughout the iron K-edge, with 500-1000 

independent reflections collected at each energy. This data collection strategy proved sufficient to 

provide site resolution comparable to 57Fe Mössbauer. This conclusion was based on the ability to 

resolve one, two, and three distinct 𝑓′ curves for [Bu4N][(tbsL)Fe3(
3–Cl)], [K(C222)]2[(

tbsL)Fe3(
3–

NPh)], and (tbsL)Fe3(py), respectively, which represents the number of quadrupole doublets 

observed for each sample by 57Fe Mössbauer. Differences in local coordination geometry were 
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found to significantly impact the shape of the high-resolution 𝑓′ spectra, particularly the location 

of the absolute minimum in 𝑓′. The location of the right-hand rising edge of the 𝑓′ curve, roughly 

equivalent to the white line energy in XAS spectra, was found to have the greatest dependence on 

oxidation state and to be least affected by changes in local coordination geometry. 

 

Having established a reliable protocol for the collection and processing of MAD data, in 

Chapter 5 we applied MAD to the imido complexes whose synthesis was described in Chapter 

3. In particular, we were curious if MAD could be used to unambiguously locate the sites of 

oxidation in asymmetric (tbsL)Cr3(µ
1-NDipp), symmetric (tbsL)Cr3(µ

3-NBn), and the four-electron 

oxidized bisimide (tbsL)Cr3(µ
3-NPh)(µ1-NPh), which combines the two imide binding motifs found 

in the aforementioned complexes. Anomalous scattering factors 𝑓′ and 𝑓′′ were determined for all 

three Cr sites of terminal imido (tbsL)Cr3(µ
1-NDipp), structurally analogous isocyanide adduct 

(tbsL)Cr3(µ
1-CNBn), bridging imide (tbsL)Cr3(µ

3-NBn) and bisimide (tbsL)Cr3(µ
3-NPh)(µ1-NPh). 

From this data, we determined that oxidation is shared between two sites in (tbsL)Cr3(µ
1-NDipp) 

as well as in (tbsL)Cr3(µ
3-NBn), and distributed as Cr(III), Cr(III), and Cr(IV) in (tbsL)Cr3(µ

3-



 

22 

NPh)(µ1-NPh). SQUID magnetometry of all four complexes revealed spin systems which are 

nevertheless well-coupled, producing three triplet ground states and one singlet ground state across 

the series, demonstrating that delocalization is not required for significant metal-metal electronic 

coupling in trinuclear complexes on the (tbsL) platform. 
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Chapter 2: Maximizing Electron Exchange in Trigonal [M3]0/– 

Clusters   
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2.1 Abstract 

The one-electron reduction of clusters of the type (tbsL)M3(solv) [M: Mn, THF (2.1); Fe, 

THF (2.2.1), py (2.2.2); Co, py (2.3); Ni (2.4)] with potassium graphite furnishes anionic clusters 

of the type [K(C222)][(
tbsL)M3] [M: Mn (2.5); Fe (2.6); Co (2.7); Ni (2.8)]. Upon reduction, the 

tbsL6– ligand rearranges around the trinuclear core to adopt an almost ideal C3-symmetry. 

Accompanying the (tbsL) ligand rearrangement, the solvents bound to the neutral starting materials 

are expelled for 2.1–3; whereas the Cipso–Ni interactions in 2.4 fully dissociate. For all anions 2.5–

8, the cluster reduction is accompanied by a contraction within the trinuclear core (ΔdM–M: 0.277, 

Mn; 0.125, Fe; 0.135, Co; 0.228, Ni). Variable temperature magnetic susceptibility data for the 

neutral [S = 1/2, (Mn, 2.1); 6, (Fe, 2.1); 1/2, (Co, 2.3); 0, (Ni, 2.4)] and anion series reveal adoptions 

of well-isolated, high-spin ground states for 2.5–7 [S = 6, (Mn, 2.5); 11/2, (Fe, 2.6); 4, (Co, 2.7)] 

upon reduction, whereas 2.8 exhibits thermal population of the S = 1/2 ground state to the 5/2 excited 

states. While [Fe3]
– exhibits single molecule magnetic behavior, the Mn, Co, and Ni analogues are 

simple paramagnets. The spin ground states and ligand rearrangements observed are discussed 

within the framework of a fully delocalized cluster exhibiting strong double and direct exchange 

interactions.  
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2.2 Introduction 

In our investigations on M–M bonding within clusters, we have explored different methods 

of enforcing the electronic coupling between metal centers. Our general strategy utilizes a pre-

organizing template[1] within which a transition metal cluster will assemble. We have assembled 

tri-,[1a-c, 1e, 2] hexa-,[1d, 3] and octanuclear[4] clusters by this protocol, where the aggregate electronic 

structure could be altered by cluster ligation,[1a, 1d, 3b, 3c] redox-chemistry,[1d, 3a, 3c, 5] or by atom- and 

group-capture[1e, 3f, 6] by the clusters. The transition metal composition of the cluster, ancillary 

ligands, and light element incorporation into the cluster dramatically impact the M–M 

communication pathways that can exist. Altering the cluster composition by metal atom 

substitution has been observed to dramatically change the observed spin ground states observed.[1b, 

2a, 2b] The purpose of this study is to examine a series of isostructural clusters where only the metal 

ion composition is changed to examine the impact on the electronic structures obtaining traversing 

the transition metal series.  

We have observed that reduction of two clusters gave rise to incredibly strong intracluster 

M–M coupling. Reduction of the high spin (tbsL)Fe3(thf) (S = 6)[1e] complex to its corresponding 

anion [(tbsL)Fe3] 
– yielded a high spin (S = 11/2) complex that exhibited slow magnetic relaxation.[5] 

While the magnetometry of the all-ferrous precursor indicated that excited spin states could be 

thermally populated above 250 K, the ground state of the anion was well isolated above room 

temperature. Similarly, reduction of the S = 6 all ferrous (HL)2Fe6 cluster yielded an S = 19/2 anion 

[(HL)2Fe6] 
– and an S = 11 dianion [(HL)2Fe6]

2–.[3a, 3c] The electronic structures of the cluster anions 

arise from maximizing the intracluster M–M orbital alignment, reinforcing the direct exchange 

pathway with double exchange.  For the trinuclear cluster (tbsL)Fe3(thf) this requires a geometric 

rearrangement of the cluster (i.e., expulsion of the solvent, adopting a pseudo C3–geometry).[5] The 

hexanuclear clusters did not manifest similar geometric reorganization, rather the added electrons 
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facilitated population of higher-lying Fe–ligand antibonding orbitals (i.e., σ*
Fe–N) to maximize the 

aggregate spin state.[3a, 3c] Thus, the ligand field for the [(HL)2Fe6] shrinks, allowing for maximal 

high spin configurations to be achieved. Adopting the high spin configurations maximizes the 

electronic exchange stabilizing within the cluster, offsetting the penalty of populating nominally 

antibonding orbitals. The electronic structure changes observed following the reduction of the tri- 

and hexanuclear iron complexes are akin to the M–M bonding enhancement commonly observed 

for cluster oxidations.          

The previous reports from our lab detail the ability of open shell clusters to accommodate 

maximally high spin configurations. However, the all ferrous trinuclear precursor (tbsL)Fe3(thf) 

already featured a high spin ground state (S = 6).[5] Furthermore, the all-ferrous hexanuclear 

precursor (HL)2Fe6 also featured a large open-shell configuration (S = 6).[1d] The direct exchange 

pathway leading to the well-isolated ground state of (HL)2Fe6 is maintained upon reduction, though 

reduction facilitates population of the maximally high spin configurations. What was unclear is 

whether the high spin configurations could arise from clusters that do not already feature 

significant direct exchange behavior. Thus, we sought to explore how the electronic structures for 

an isostructural series change as we change the cluster composition. In this report we describe 

electronic structure series for trinuclear clusters of the type (tbsL)M3 (M = Mn→Ni) and their 

anions, whereupon reduction to the corresponding mixed valent anions induces maximally high 

spin configurations to be observed. 

  



 

27 

2.3 Results 

2.3.1 Synthesis and characterization 

The divalent clusters (tbsL)M3(solv) were synthesized as previously reported [M: Mn, thf 

(2.1);[2a] Fe, thf (2.2.1),[1e] py (2.2.2);[7] Co, py (2.3);[8] and Ni (2.4)[9]]. Complexes 2.1–3 were 

afforded by metallation of the hexadentate amine ligand tbsLH6 (1,3,5-(tBuMe2SiNH-o-

C6H4NH)3C6H9) with 1.5 equivalents of a dibasic metalating agent (i.e., Mn2(N(SiMe3)2)4,
[10] 

Fe2Mes4 (Mes = 2,4,6-Me3C6H2),
[11] ((Me3Si)2N)2Co2(py)2)

[12] in ethereal solution. The trinickel 

complex was synthesized by transmetallation of (tbsL)Mg3(thf)3 with NiCl2(py)2.
[9] The solid state 

molecular structures for 2.1–4 are provided in Figure 2.1 and are discussed in the following section. 

Reduction of clusters 2.1–4 was accomplished by adding a THF solution of the 

corresponding [MII
3] cluster (2.1–4) to a frozen suspension of KC8 in THF. The reaction mixture 

was stirred vigorously while thawing to room temperature over the course of 2 h after which 

[2.2.2]cryptand (C222) was added (Scheme 2.1). The compositions of the reduced clusters 

[K(C222)][(
tbsL)Mn3] (2.5), [K(C222)][(

tbsL)Fe3] (2.6),  [K(C222)][(
tbsL)Co3] (2.7), and 

[K(C222)][(
tbsL)Ni3] (2.8) were determined crystallographically.  
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Scheme 2.1. Synthesis of 2.5-8. 
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2.3.2 Molecular crystal structures 

As reported earlier, the solid state molecular structures for complexes of the type 

(tbsL)M3(solv) (2.1–2.3) feature an asymmetric core where each of the three iron sites is 

geometrically distinct.[1e, 2a, 7-9] The three secondary anilido ligand units directly attached to the 

ligand cyclohexane base bridge adjacent metal centers, creating a chair-like conformation for the 

[M3N3] base of the cluster (illustrated in Scheme 2.1). The large tert-butyldimethylsilyl (tbs) 

groups sterically restrict two of the three peripheral anilido groups to bind terminally to two of the 

metal sites, allowing only one peripheral anilido group to bridge between two metal sites. One of 

the two four-coordinate metal sites features an all–N coordination sphere derived exclusively from 

the (tbsL6–) platform; whereas the adjacent four coordinate site binds one solvent molecule (2.1, 

thf; 2.2.1, thf; 2.2.2, py; 2.3, py) to complete its coordination sphere. The remaining metal site 

within the cluster remains three-coordinate in a nominally T–shaped geometry, bound to two basal 

anilido units and one terminal anilido group.  

Single crystals suitable for single crystal X-ray diffraction studies were afforded by storing 

concentrated solutions of 2.1–4 in a mixture of THF:Et2O. The crystal structure of the anions of 

2.5–8 are presented in Figure 2.1e–h. Each of the anions undergo a structural reorganization 

observed previously with the triiron 2.6:  the solvent molecule from the neutral precursors for 2.1 

(Mn) and 2.3 (Co) is expelled, and the trinuclear cluster reconfigures its overall conformation to 

accommodate a helical disposition of the ligand (tbsL6–), leaving each of the (tbsL) peripheral anilido 

groups terminally bound to a unique metal site. While the nearly C3-symmetric [Ni3]
[9] complex 

2.4 is structurally distinct from the solvated complexes 2.1–3, a similar structural reorganization 

is observed upon reduction. All three of the short Ni–Cipso (2.223(2) Å) interactions arising from 

close contacts to the flanking ortho-phenylenedianilide ligand arms are expelled in the anion. 
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All the [K(C222)][(
tbsL)M3] 2.5–8 crystallize in the orthorhombic space group (P212121) and 

the anions reside in an almost idealized C3 symmetric geometry (Figure 2.1e–h). The anions’ C3 

axes are normal to and pass through the geometric mean of the trimetal plane. Each of the metal 

coordination sites in 2.5–8 resides in a three-coordinate, distorted T-shaped geometry [N–M–

Navg (): 2.5, 84.8(1), 97.2(1), 178.0(1); 2.6, 86.5(1), 99.4(1), 174.1(1); 2.7, 86.9(1), 99.3(1), 

173.9(1); 2.8, 87.8(1), 99.3(1), 172.9(1)]. Each of the [N3M] planes is canted with respect to the 

[M3] plane yielding dihedral angles [N3M]–M3 () of: 2.5, 46.4 (1), 46.7(1), 46.6(1); 2.6, 52.6(1), 

50.7(1), 51.3(1); 7, 49.2(1), 49.8(1), 53.0(1); 2.8, 48.5(1), 54.0(1), 53.8(1)]). The M–M distances 

are significantly affected upon chemical reduction of from the neutral precursors [dM–M (Å): 2.1, 

3.073(1), 2.2.1, 2.577(2); 2.3, 2.577(1); 2.4, 2.744(2)]. The average M–M separation in the anions 

[dM–M (Å): 2.5, 2.796(2), 2.6, 2.446(1); 2.7, 2.442(2); 2.8, 2.516(1)] contracts across the series: 

[ΔdM–M (Å): 2.5, 0.28(1), 2.6, 0.13(1); 2.7, 0.13(1); 2.8, 0.23(1)].
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Figure 2.1. (a) Molecular structure of (a) (tbsL)Mn3(thf) (2.1); (b) (tbsL)Fe3(thf) (2.2.1); (c) (tbsL)Co3(py) (2.3); (d) (tbsL)Ni3 (2.4); (e) [K(C222)][(tbsL)Mn3] (2.5); (f) 

[K(C222)][(tbsL)Fe3] (2.6); (g) [K(C222)][(tbsL)Co3] (2.7); and (h) [K(C222)][(tbsL)Ni3] (2.8)  viewed along the anion’s C3 axis. The hydrogen atoms, solvent molecules, 

and counter cations [K(C222)] have been omitted for clarity. Thermal ellipsoids are set at 50% probability level. 



 

32 

2.3.3 Electrochemical investigation of [(tbsL)M3]
 – (M: Mn→Ni) 

The electrochemical behavior of the anion series 2.5–8 was investigated in THF (Figure 

2.2). Scanning anodically from the open circuit potential of 2.5 at –2.36 V only one largely 

irreversible oxidation event is found at –2.35 V vs. [Cp2Fe]0/+ (Figure 2.2a). A similar cyclic 

voltammogram for 6 was obtained scanning anodically from the open circuit potential at –2.09 V 

reveals one quasi-reversible oxidation event centered at –1.62 V and one fully reversible reduction 

([Fe3]
2–/1–) at –3.01 V. For both 2.5 and 2.6, oxidation to the neutral cluster is largely reversibly, 

presumably due to the instability of the cluster with respect to solvent ligation, and concomitant 

reorganization of the tbsL6– ligand about the core, upon oxidation. In contrast to the electrochemical 

behavior of 2.5 and 2.6, the cyclic voltammograms of 2.7 and 2.8 reveal three, fully reversible 

electrochemical events (E1/2 (V): 2.7, –2.75, –1.30, –0.52; 2.8, –2.53, –1.59, –0.33) where the 

redox processes correspond to the [M3]
2–/1–, [M3]

1–/0, and [M3]
0/1+ processes, respectively. 

Remarkably, the dianionic clusters [M3]
2– for Fe→Ni appear electrochemically accessible, though 

at quite extreme redox potentials. Moreover, both the [Co3]
+ and [Ni3]

+ cationic clusters appear 

electrochemically accessible, though no effort has been made to chemically generate these species. 

The comproportionation constant (Kc) measured electrochemically is an indicator of the 

extent of electron sharing or delocalization, and thus a strong indicator of the stability of the mixed 

valence species.[13] Worth noting, the experimental conditions used in the voltammetric 

determination may change the overall magnitude of Kc considerably.[14] From the data in Figure 

2.2 bottom we obtain the following comproportionation constants Kc: 3.23 x 1023 (2.6), 3.34 x 1024 

(2.7), 7.91 x 1017 (2.8).
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Figure 2.2. (a) Cyclic voltammograms of [K(C222)][(tbsL)Mn3] (2.5, black) [E1/2 = –2.35 V]; [K(C222)][(tbsL)Fe3] (2.6, red) [E1/2 = –1.62, –3.01 V)]; 

[K(C222)][(tbsL)Co3] (2.7, blue) [E1/2 = –0.52, –1.30, –2.75 V)]; and [K(C222)][(tbsL)Ni3] (2.8, green) [E1/2 = –0.33, –1.59, –2.53 V)] vs. [Cp2Fe]+/0 (glassy C, 

Ag/[Ag][NO3], 0.1 M [Bu4N][PF6], scan rate: 50mV/s). (b) Frozen THF EPR spectrum for [K(C222)][(tbsL)Ni3] (2.8, green) at 43 K 
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2.3.4 Magnetometry 

Variable-temperature dc magnetic susceptibility was collected from 5 to 300 K at a static 

applied field of 1 T (Figure 2.3a–d) for the neutral (2.1, 2.2.2, and 2.3) and anionic (2.5–8) 

complexes. Trinickel 2.4 is diamagnetic.[9] The susceptibility (𝜒MT) for 2.1 displays a monotonic 

rise from 1.12 cm3K/mol at 5 K to 2.72 cm3K/mol at 300 K (Figure 2.3a). The low temperature 

susceptibility and reduced magnetization data which reveals a series of superimposable isofield 

curves (S = 1/2, g: 1.95, D: –55 cm–1, E: –9.6 cm–1; Figure 2.4a) is best modeled as a ground state 

S = 1/2 configuration. While the susceptibility date for (tbsL)Fe3(thf) (2.2.1) has been previously 

reported, the data for the pyridine adduct 2.2.2 were recorded and reveal 2.2.2 to have a different 

ground state spin configuration. The susceptibility data increases from 12.80 cm3K/mol at 300 K 

to 13.96 cm3K/mol at 120 K before precipitously decreasing to 11.01 cm3K/mol at 5 K (Figure 

2.3b). The susceptibility data and reduced magnetization data for 2.2.2 are best modeled as a 

ground state S = 5 configuration (S = 5, g: 1.92, D: 7.1 cm–1, E: 0.6 cm–1; Figure 2.4b). The 

susceptibility for (tbsL)Co3(py) (2.3) features a plateau near 0.50 cm3K/mol until 120 where the 

data feature an upturn, steadily increasing to 2.43 cm3K/mol at 300 K without fully saturating 

(Figure 2.3c). The low temperature susceptibility and reduced magnetization data, like 2.1, are best 

modeled as a ground state S = 1/2 configuration (S = 1/2, g: 1.95, D: –55 cm–1, E: –9.6 cm–1; Figure 

2.4a).  

The susceptibility for the anions 2.5–8 are presented in Figure 2.3a–d. The susceptibility 

for 2.5 steadily increases from 17.52 cm3K/mol to a maximum of 19.74 at 50 K before undergoing 

a sharp downturn to 18.00 cm3K/mol at 5 K, likely the result of zero-field splitting. The value of 

𝜒MT over the temperature range surveyed is intermediate between an S = 6 (21 cm3K/mol) and S 

= 5 (21 cm3K/mol) configurations. The reduced magnetization (Figure 2.4a) shows a series of 
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superimposable isofield curves and is best modeled as a S = 6 configuration (S = 5, g: 1.92, D: 7.1 

cm-1, E: 0.6 cm-1; Figure 2.4b). Similar to 2.5, the tricobalt anion 2.7 also undergoes a substantial 

change to higher spin configurations. The susceptibility for 2.7 features a plateau at 12.3 cm3K/mol 

before undergoing a sharp downturn below 20 K to 9.71 cm3K/mol at 5 K. The value of 𝜒MT 

exceeds the spin only value for an S = 4 configuration (10 cm3K/mol). The reduced magnetization 

of 2.7 shows a series of non-superimposable isofield curves and is best modeled as an S = 4 

configuration (S = 4, g: 2.21, D: 4.72 cm–1, E: 0.45 cm–1; Figure 2.4c). Lastly, the susceptibility 

for [(tbsL)Ni3]
 – 2.8 increases from a 5 K value of 0.39 cm3K/mol to a plateau of 0.5 cm3K/mol 

until 100 K before undergoing a steady increase to the 0.97 cm3K/mol at the temperature limit of 

300 K. The low temperature susceptibility and reduced magnetization are well modeled with and 

S = 1/2 ground state (spin only 0.375 cm3K/mol) using the following parameters (S = 1/2, g: 1.91; 

Figure 2.4d).  

We modeled the magnetic susceptibility data given in Figures 2–3 as a single spin manifold 

comprised of the three metal sites in 2.5–8. The susceptibility data was then fit using the following 

spin Hamiltonian �̂� = 𝐷�̂�𝑧
2 + 𝑔𝑖𝑠𝑜𝜇𝐵𝐒 ∙ 𝐇 considering using the spin ground states given for each 

anion. Both the 𝜒MT and VTVH magnetization data was fit using the software PHI.[15]  

Worth noting, only the triiron anion 2.6 displays any ac magnetic susceptibility response.[5] 

Cluster 2.6 displays classic single molecule magnetism. Slow magnetic relaxation is observed at 

low temperature as evidenced by the out-of-phase ( 𝜒M
′′ ) component of the AC magnetic 

susceptibility data and by the appearance of hyperfine splitting in the zero-field 57Fe Mössbauer 

spectra at 4.2 K. Analysis of the AC magnetic susceptibility yields an effective spin reversal barrier 

(𝑈eff) of 22.6(2) cm–1, nearly matching the theoretical barrier of 38.7 cm–1 calculated from the axial 

zero-field splitting parameter (D = –1.29 cm–1) extracted from the reduced magnetization data. 
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Polycrystalline samples of 6 displays three sextets in the Mössbauer spectrum at 4.2 K (Hext = 0) 

which converge to a single six-line pattern in a frozen 2-MeTHF glass sample, indicating a unique 

iron environment and thus strong electron delocalization. 
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Figure 2.3. Magnetic characterization of 2.1–8. (a) VT dc magnetic susceptibility collected at 1 T for (a) (tbsL)Mn3(thf) 

(2.1) () and [K(C222)][(tbsL)Mn3] (2.5) (●); (b) (tbsL)Fe3(py) (2.2.2) () and [K(C222)][(tbsL)Fe3] (2.6) (●); (c) 

(tbsL)Co3(py) (2.3) () and [K(C222)][(tbsL)Co3] (2.7) (●); and (d) [K(C222)][(tbsL)Ni3] (2.8) (●). Fits (solid black line) 

are described in the text. 
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Figure 2.4. VTVH magnetization data collected on increasing temperature from 1.8 to 10 K at increasing field from 

1 to 7 T for (a) (tbsL)Mn3(thf) (2.1) (triangles) and [K(C222)][(tbsL)Mn3] (2.5) (circles); (b) (tbsL)Fe3(py) (2.2.2) 

(triangles) and [K(C222)][(tbsL)Fe3] (2.6) (circles); (c) (tbsL)Co3(py) (2.3) (triangles) and [K(C222)][(tbsL)Co3] (2.7) 

(circles); and (d) [K(C222)][(tbsL)Ni3] (2.8) (circles). Fits (solid black line) are described in the text. 
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2.3.5 Computational analysis of electronic structure 

Each of the trinuclear clusters 2.1–4 undergo substantial geometric rearrangement upon 

reduction. For the Mn, Fe, and Co variants (2.1–3), the solvent from the neutral cluster precursor 

is expunged, adopting a pseudo-C3 symmetric geometry, and the M–M internuclear separation 

decreases from the neutral analogues. The same core contraction is observed for 2.4 where three 

Ni–Cipso dative interactions are expelled concomitant with a Ni3 core contraction. Thus, in each 

instance the trinuclear anions achieve a geometric configuration that maximizes M–M orbital 

overlap within the [M3]
 – core at the expense of exogenous donors. Furthermore, the symmetrizing 

the anions brings each metal primary coordination sphere into near equivalence, thereby 

maximizing the electronic delocalization of the mixed valent state within each anion.  

When discussing the electronic structure of [(tbsL)Fe3]
 – previously, we proposed a simple 

delocalized molecule orbital approach would account for the M–M frontier orbital interactions 

within the core.[5] While the frontier molecular orbital treatment has accounted for structural, spin 

state changes, and ligation distortions which occur within both the trinuclear and hexanuclear 

cluster chemistry, the molecular orbital manifold derived for the anion of 2.6 did not provide a 

rationale for the emergent single molecule magnetism observed. To account for this discrepancy 

and examine if the spin state configurations for each of the anions 2.5–8 could be accounted for 

by a similar molecular orbital treatment, we sought to produce the valence orbital projection using 

computation. 

Although each of the anions in 2.5–8 are do not display rigorous C3-symmetry (potentially 

arising from crystal packing with the K(C222) countercation), our computational model forces the 

geometry into C3 symmetry. The crystal structure coordinates for the anion of 2.6 were geometry-

optimized to adopt C3-symmetry, truncating the peripheral anilide tert-butyldimethylsilyl (tbs) 

groups to SiMe3. 
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The calculated structure for the truncated model for the anion of 2.6 is provided in Figure 

2.5a. The frontier, non-orthogonalized molecular orbitals and their respective energies (orbitals 

193–210) and their respective population for the anion of 2.6 are illustrated in Figure 2.5b. In 

accordance with optimizing the geometry of [(tbsL)Fe3]
 – to exhibit C3-symmetry, the resultant 

frontier orbitals are split into a and e-symmetry. The orbitals numbered 197 and below constitute 

bonding interactions (highlighted by the σM–M orbitals illustrated in Figure 2.5c), whereas orbitals 

199–201 appear nominally net non-bonding, and orbitals 202 and higher constitute antibonding 

interactions (σ*
M–M, σ*

M–N).  

Of significance, the calculated orbital populated with the valence electrons for the anion of 

2.6 lead to an asymmetrically populated degenerate orbital set (MO199, MO200)
3. The asymmetric 

population of this e-set could represent the unquenched angular momentum that provides 

[(tbsL)Fe3]
 – the origin of its magnetic anisotropy, leading to its observe single molecule magnetic 

behavior. While the [Mn3]
 – (2.5), [Co3]

 – (7), and [Ni3]
 – (2.8) analogues to 2.6 are not rigorously 

isostructural [variations within dM–M distances are evident (Å): 2.5, 2.796(2), 2.6, 2.446(1); 2.7, 

2.442(2); 2.8, 2.516(1)], the orbital diagram in Figure 2.5b does provide a crude orbital 

configuration that can account for the spin states of each of the anions. The S = 6 configuration of 

2.5 arises from incomplete population of the valence shell, likely resulting from MO210 exceeding 

the spin-pairing energy for Mn. The [Co3]
– 2.7 is nearly isostructural with 2.6, thus a maximally 

high-spin configuration of S = 4 is observed, consistent with the addition of three valence electrons 

to the molecular orbital diagram in Figure 2.5b. Lastly, the [Ni3]
 – 2.8 is the anomalous anion 

within the series that does not achieve a maximally high-spin electronic configuration. 

Nevertheless, the doublet configuration can be achieved, leading to the asymmetric configuration 

(MO206, MO207)
1. However, the barrier towards achieving the high spin configuration is low, 
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accounting for the thermal population of higher spin excited state configurations evident in the 

magnetometry of 2.8 (Figure 2.5d).



 

 

4
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Figure 2.5. Density functional analysis of frontier molecular orbitals for S = 11/2 [(tbsL)Fe3]− (2.6) (DFT, Gaussian 09, BP86/def2-TZVP (Co, N, Si)/def2-SVP(C, 

H)/W06). 
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2.4 Discussion 

One-electron reduction of the neutral clusters (tbsL)M3(solv) [M: Mn, thf (2.1); Fe, thf 

(2.2.1), py (2.2.2); Co, py (2.3); Ni (2.4)] affords [K(C222)][(
tbsL)M3] [M: Mn (2.5); Fe (2.6); Co 

(2.7); Ni (2.8)]. Consistently across the series, the crystal structures of the anions of 2.5–8 

displaysthe tbsL6– ligand rearranged around the [M3]-core with solvent or intraligand M–Cipso 

interactions expelled to produce an almost idealized C3-symmetric geometry.  

As we surmised for 2.6, the geometric rearrangements observed must energetically 

compensate for the loss of the two-electron donation from solvent binding in 2.1–3. The 

reorganization observed for 2.4 is even more pronounced as three intraligand Ni–Cipso interactions 

are broken in the anion of 2.8. The cluster reorganization each occur with concomitant contraction 

in the mean M–M distances within the trinuclear core [ΔdM-M (Å): 2.5, 0.28(1), 2.6, 0.13(1); 2.7, 

0.13(1); 2.8, 0.23(1)]. We surmise the M–M intracore contact contraction maximizes the direct 

M–M valence orbital overlap, and therefore intracore M–M bonding, with respect to its 

asymmetric precursor. A similar geometric reconfiguration and shortening of M–M separation was 

observed upon oxidation of a diiron tetracarboxylate complex.[16] Thus M–M bonding is 

maximized when the metal sites are geometrically equivalent (maximizing double exchange) while 

residing in a high spin configuration where all M–M antibonding interactions are populated. 

Strong electron delocalization was ascertained by the large comproportionation constants 

found for 2.6–8 [Kc: 3.23 x 1023 (2.6), 3.34 x 1024 (2.7), 7.91 x 1017 (2.8)], each well beyond the 

threshold defined for a fully delocalized Class III species (Kc = 108 for the classic Creutz-Taube 

ion).[17]  

Unlike the reports of for [(tbsL)Fe3]
 –,[5] [(HL)Fe6(py)2]

 –,[3c] and [(HL)2Fe6]
2–/1– which show 

the mixed valent clusters achieving high spin configurations beginning with neutral structures that 
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already exhibit high spin formulations,[3a] the data herein indicate that is not a prerequisite. Indeed, 

the VT magnetic susceptibility for 2.1 and 2.3 are low-spin clusters, likely arising from 

superexchange across the bridging anilide ligands in 2.1 being the dominant exchange interaction, 

whereas 2.3 likely adopts a low spin configuration from a combination of superexchange and direct 

exchange interactions. Neither ground state is well isolated, and the susceptibility increases 

towards room temperature without achieving saturation. The trinickel complex represents the 

extreme low spin configuration as it maintains a diamagnetic ground state at room temperature. 

Indeed, even the high spin formulation of (tbsL)Fe3(thf) (S = 6) is sensitive to ancillary ligand 

exchange as substitution of the stronger ligand field pyridine for THF in manifests in a lower 

observed spin ground state for 2.2.2. Similar effects have been observed in related (PhL)Fe3(solv)3 

complexes. Yet each of the corresponding anionic complexes adopts a similar high spin 

configuration to the [Fe3] – [Mn (2.5), S = 6; Fe (2.6), S = 11/2; Co (2.7), S = 4; Ni (2.8), S = 1/2→
5/2].  

The structural reorganization upon one-electron reduction of the neutral (tbsL)M3(solv) 

complexes, the large comproportionation constants observed, and lack of an observable IVCT all 

strongly suggest a strongly delocalized mixed-valent electronic structure for the anionic series 

[(tbsL)M3]
–. The foregoing observations are accounted for describing a single spin electronic 

configuration where the intracore M–M bonding can be rationalized by a delocalized molecular 

orbital approach. 
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2.5 Conclusions 

The effect of electron delocalization has been documented in biological[18] and synthetic[19] 

polynuclear clusters where double exchange has been invoked as the mechanism through which 

high spin states are achieved. In the foregoing work we document the behavior for the synthetic 

clusters of the type [K(C222)][(
tbsL)M3] (M: Mn, Fe, Co, Ni) that are best described as fully 

delocalized, mixed-valent clusters that adopts a high spin electronic configuration. We propose the 

cluster geometric reorganization directs the metal valence orbitals to maximize intracore M–M 

bonding. In contrast to previous reports from our lab where high spin, mixed valent clusters result 

from nominally high spin neutral precursors, we observe this is not the case for the Mn, Co, and 

Ni neutral clusters which each possess low spin ground states in their neutral configurations. 

Nevertheless, the strong M–M valence orbital overlap engendered upon geometry reorganization 

following reduction provides the orbital pathway for both the strong direct and intervalence 

electron delocalization (i.e., double exchange) mechanisms occur. Maximizing the electron 

exchange within the mixed-valent cluster compensates for the loss of the exogenous 2e–-donor 

solvent or intracluster M–Cipso dative interactions, affording the cluster its electronic stability 

(large Kc). 
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2.6 Experimental Methods 

2.6.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen-free N2 by means 

of standard Schlenk or glovebox techniques (MBraun glovebox equipped with a –35 °C freezer). 

Hexane, benzene, and tetrahydrofuran (THF) were dried and deoxygenated on a Glass Contour 

System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. 

THF-d8 was purchased from Cambridge Isotope Labs, degassed and stored over 4 Å molecular 

sieves prior to use. 18–crown–6 (18–C–6) and [2.2.2]cryptand (C222) was purchased from Sigma 

Aldrich and dried by dissolving in diethyl ether and storing over sieves for several days, followed 

by removal of the sieves and solvent. tbsLH6,
[1c] (tbsL)Mn3(thf),[2a] (tbsL)Fe3(thf),[1e] (tbsL)Co3(py),[8] 

(tbsL)Ni3,
[9] and potassium graphite (KC8)

[20] were prepared according to literature procedure. All 

other reagents were purchased from commercial vendors and used without further purification. 

2.6.2 Electrochemical measurements 

Cyclic voltammetry was performed with a CHI660d potentiostat using a three-electrode 

cell with a glassy carbon working electrode and a platinum wire as the counter electrode. All 

measurements were conducted using a Ag/AgCl pseudoreference consisting of a silver wire 

immersed in 0.1 M [nBu4N][PF6] electrolyte and separated from the working compartment by a 

porous CoralPor (BASi) frit. All potentials are referenced to the ferrocene/ferrocenium (Fc/Fc+) 

couple, which was measured at the end of every experiment by adding a small amount of ferrocene 

to the electrolyte solution. 
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2.6.3 Magnetic susceptibility measurements 

Magnetic data for 2.1, 2.2.2, 2.3, 2.5, 2.7, and 2.8 were collected using a Quantum Design 

MPMS-XL Evercool SQUID Magnetometer. A general procedure for sample preparation is as 

follows: microcrystalline material was dried thoroughly in vacuo overnight and then crushed to a 

fine powder in an agate mortar and pestle. This crushed powder was then immobilized within a 

gelatin capsule size #4 by adding melted eicosane at 50 – 60 °C. The gelatin capsule was then 

inserted into a plastic straw. Samples were prepared under a dinitrogen atmosphere. Magnetization 

data at 100 K from 0 to 7 T was used as a ferromagnetic-free purity test. Direct current (dc) variable 

temperature magnetic susceptibility measurements were collected in the temperature range 5–300 

K under applied fields of 0.5 and 1 T. Magnetization data were acquired at 2 – 10 K at fields 1, 4, 

and 7 T. Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated 

using Pascal’s constants, in addition to contributions from the sample holder and eicosane. The 

magnetic susceptibility data was collected multiple times until at least three different batches 

reproduced the data; these three registered a linear response of the magnetization to increasing 

field, indicating that absence of ferromagnetic impurities. The 𝜒MT and reduced magnetization 

data were modeled in PHI[15] according to the spin Hamiltonian described in the main text, above. 

2.6.4 Other physical measurements 

1H NMR spectra were recorded on Agilent DD2 600 MHz or Varian Unity/Inova 500 MHz 

spectrometers. Chemical shifts for 1H are reported relative to SiMe4 using the chemical shift of 

residual solvent peaks as reference. Elemental analyses (%CHN) were obtained using a 

PerkinElmer 2400 Series II CHNS/O Analyzer. 
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2.6.5 Synthesis 

[K(C222)][(tbsL)Mn3] (2.5). A scintillation vial equipped with a magnetic stir bar was 

charged with KC8 (25.9 mg, 0.19 mmol) and THF (1 mL). The mixture was frozen in the liquid 

N2-cooled cold well. To the frozen solution was added a solution of (tbsL)Mn3(thf) (170 mg, 0.17 

mmol) dissolved in THF (2.5 mL). The frozen solution was thawed and stirred rapidly at r.t. for 

1.5 h and then filtered through Celite, after which [2.2.2]cryptand (72.12 mg, 0.19 mmol) was 

added. The solution was stirred for 1 h at r.t. at which point a fine brown precipitate began to form. 

The solution was then cooled to –35 °C. After cooling, the precipitate was collected on a frit and 

washed thoroughly with hexanes (30 mL) and diethyl ether (30 mL), until the filtrate solution was 

colorless. The solid was then dried in vacuo to yield the product as a fine dark brown powder 

(127mg, 0.10 mmol, 52%). Crystals suitable for X-ray diffraction were grown from a 1:1 

THF:ether solution at -35 °C. 1H NMR (600 MHz, THF-h8): δ 101.92 (b), 30.93 (b), 25.09 (b), -

66.97. Anal. Calc. for C60H102KMn3N8O6Si3: C, 54.61; H, 7.79; N, 8.49. Found: C, 54.59; H, 7.68; 

N, 8.09. 

[K(C222)][(tbsL)Co3] (2.7). A scintillation vial equipped with a magnetic stir bar was 

charged with KC8 (22.7 mg, 0.168 mmol) and THF (1.5 mL). The mixture was frozen in the liquid 

N2-cooled cold well. To the frozen solution was added a solution of (tbsL)Co3(py) (152.2mg, 0.153 

mmol) dissolved in THF (4 mL). The frozen solution was thawed and stirred rapidly at r.t. for 1.5 

h and then filtered through Celite, after which [2.2.2]cryptand (63.3 mg, 0.168 mmol) was added. 

The solution was stirred for 1 h at r.t., filtered through celite, and dried in vacuo. The resulting 

dark red solid was washed thoroughly with hexanes (5 mL) and diethyl ether (10 mL). The solid 

was then dried in vacuo to yield the product as a fine red-black powder (170.5 mg, 0.128 mmol, 

84%). Crystals suitable for X-ray diffraction were grown from a 1:1 THF:ether solution at -35 °C. 

1H NMR (500 MHz, THF-h8): δ 116.75, 42.01, 39.90, 18.40, -86.59, -95.01, -115.70, -167.02. 
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Anal. Calc. for C60H102Co3KN8O6Si3: C, 54.12; H, 7.72; N, 8.41. Found: C, 54.16; H, 7.75; N, 

8.42. 

[K(222crypt)][(tbsL)Ni3] (2.8). A scintillation vial equipped with a magnetic stir bar was 

charged with KC8 (14.6mg, 0.11 mmol) and THF (1 mL).  The mixture was then frozen in the 

liquid N2-cooled cold well. To the frozen solution was added a solution of (tbsL)Ni3 (2.4) (90.1 mg, 

0.098 mmol) in THF (2.5 mL). The frozen solution was thawed and stirred rapidly at r.t. for 1 h, 

during which time a color change from purple to dark blue was observed. The solution was filtered 

over celite into a scintillation vial containing [2.2.2]cryptand (40.8 mg, 0.11 mmol) and the 

resulting solution was stirred for 1 h at r.t. The solution was yet again filtered over celite and then 

the solvent was removed from the filtrate in vacuo. The resulting dark blue solid was washed 

thoroughly with hexanes (5 mL) and diethyl ether (10 mL). The solid was then dried in vacuo to 

yield [K(222crypt)][(tbsL)Ni3] (2.8) (89.4 mg, 0.067 mmol, 68% yield) as a dark blue solid. 

Crystals suitable for X-ray diffraction were grown from a 1:1 THF:ether solution at -35 °C. 1H 

NMR (500 MHz, THF-h8): δ 179.47, 40.17, 25.13, -22.59, -26.36, -27.92, -31.34. Anal. Calc. for 

C60H102KN8Ni3O6Si3: C, 54.15; H, 7.72; N, 8.42. Found: C, 54.13; H, 7.77; N, 8.07. 

2.6.6 X-ray structure determinations.  

Single crystals suitable for X-ray structure analysis were coated with deoxygenated 

Paratone N-oil and mounted in MiTeGen Kapton loops (polyimide). Data for 2.5, 2.7 and 2.8 were 

collected at 100 K on an APEX II CCD or APEX II DUO single-crystal diffractometer. None of 

the crystals showed significant decay during data collection. Raw data was integrated and 

corrected for Lorentz and polarization effects using Bruker APEX2 v.2009.1.[21] Absorption 

corrections were applied using SADABS.[22] Space group assignments were determined by 

examination of systematic absences, E-statistics, and successive refinement of the structures. The 
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program PLATON[23] was employed to confirm the absence of higher symmetry. The positions of 

the heavy atoms were determined using direct methods using the program SHELXTL.[24] 

Successive cycles of least-square refinement followed by difference Fourier syntheses revealed 

the positions of the remaining non-hydrogen atoms. Non-hydrogen atoms were refined with 

anisotropic displacement parameters, and hydrogen atoms were added in idealized positions. 

Crystallographic data for 2.5, 2.7, and 2.8 are given in Table 2.1.  
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Table 2.1. Crystallographic data for [K(C222)][(tbsL)Mn3] (2.5), [K(C222)][(tbsL)Co3] (2.7), 

 and [K(C222)][(tbsL)Ni3] (2.8). 

 [K(C222)][(
tbsL)Mn3] 

(2.5) 

[K(C222)][(
tbsL)Co3] 

(2.7) 

[K(C222)][(
tbsL)Ni3] 

(2.8) 

Chemical formula C60H102KMn3N8O6Si3 C60H102KCo3N8O6Si3 C60H102KNi3N8O6Si3 

Formula weight 1319.68 1331.66 1327.97 

Space group P212121 P212121 P212121 

a (Å) 13.7461(7) 13.4216(9) 13.3887(17) 

b (Å) 19.0038(9) 19.2877(12) 19.379(3) 

c (Å) 25.8764(13) 25.4024(16) 25.340(3) 

 (deg) 90 90 90 

 (deg) 90 90 90 

 (deg) 90 90 90 

V (Å3) 6759.6(6) 6576.0(7) 6574.7(15) 

Z 4 4 4 

 (mm-1) 0.719 0.919 1.022 

T (K) 100 100 100 

GOF (S) 

[all data] 

1.026 1.012 1.030 

R1a (wR2b) 

[I>2(I)] 

[a 

0.0573 (0.1120) 0.0713 (0.1148) 0.0456 (0.0980) 

R1a (wR2b) 

[all data] 

[a 

0.0937 (0.1250) 0.1644 (0.1392) 0.0639 (0.1055) 

Reflections 11958 11664 15035 

Radiation type Mo Kα Mo Kα Mo Kα 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P 

= [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 2.2. Comparison of relevant structural metrics. All bond metrics are reported in Å. 

[K(C222)][(tbsL)Mn3] (2.5) [K(C222)][(tbsL)Co3] (2.7) [K(C222)][(tbsL)Ni3] (2.8) 

Mn1-Mn2 2.8121(15) Co1-Co2 2.5153(14) Ni1-Ni2 2.6961(10) 

Mn2-Mn3 2.8728(15) Co2-Co3 2.4012(14) Ni2-Ni3 2.6029(10) 

Mn3-Mn1 2.8751(16) Co3-Co1 2.4723(13) Ni3-Ni1 2.4931(10) 

Mn1-N3 2.128(6) Co1-N1 2.049(5) Ni1-N5 1.937(4) 

Mn1-N4 2.042(13) Co1-N2 1.917(6) Ni1-N6 1.918(4) 

Mn1-N4A 1.93(4) Co1-N5 1.966(6) Ni1-N3 1.905(4) 

Mn1-N1 2.072(6) Co2-N5 2.066(5) Ni1-C19 2.381(5) 

Mn2-N2 2.127(6) Co2-N6 1.907(6) Ni2-N3 1.947(4) 

Mn2-N5 2.015(5) Co2-N3 1.945(5) Ni2-N4 1.925(4) 

Mn2-N3 2.078(5) Co3-N3 2.058(6) Ni2-N1 1.935(4) 

Mn3-N1 2.100(5) Co3-N4 1.885(5) Ni3-N1 1.998(4) 

Mn3-N6 2.015(6) Co3-N1 1.940(5) Ni3-N2 1.911(4) 

Mn3-N2 2.086(6)   Ni3-N5 1.945(4) 
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Chapter 3: Ligand-based Control of Single-Site vs Multi-Site 

Reactivity by a Trichromium Cluster 
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3.1 Abstract 

The trichromium cluster (tbsL)Cr3(thf) ([tbsL]6– = [1,3,5–C6H9(NC6H4-o-NSitBuMe2)3]
6–) 

exhibits steric- and solvation-controlled reactivity with organic azides to form three distinct 

products: reaction of (tbsL)Cr3(thf) with benzyl azide forms a symmetrized bridging imido complex 

(tbsL)Cr3(µ
3–NBn); reaction with mesityl azide in benzene affords a terminally-bound imido 

complex (tbsL)Cr3(µ
1–NMes); whereas the reaction with mesityl azide in THF leads to terminal N-

atom excision from the azide to yield the nitride complex (tbsL)Cr3(µ
3–N). The reactivity of this 

complex demonstrates the ability of the cluster-templating ligand to produce a well-defined 

polynuclear transition metal cluster that can access distinct single-site and cooperative reactivity 

controlled by either substrate steric demands or reaction media. 
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3.2 Introduction 

Nature harnesses polynuclear reaction sites to achieve challenging small molecule 

activation transformations (e.g., nitrogenase, carbon monoxide dehydrogenase, N2O reductase).[1] 

While mechanistic details regarding the function of these active sites are scarce, protein side-chain 

mutagenesis studies have shown that the protein environment surrounding FeMoco in nitrogenase 

alters substrate access to the cofactor.[2] Recent crystallographic data has demonstrated that 

reversibly inactivated forms of the C-cluster of CODH and FeMoco as well as a catalytically active 

form of FeVco feature significant structural changes to the metallocluster active sites.[3] Synthetic 

chemists have begun to construct reactive polynuclear clusters aimed at recapitulating the 

chemistry achieved by these metallocofactors as well as potentially promoting new reactivity with 

small molecule substrates.[4] However, designing cluster systems which emulate both the steric 

control and structural flexibility observed in biological systems is difficult, as it is challenging to 

control the mechanism by which transition metal clusters react with substrates. Self-assembled 

clusters can undergo facile changes in nuclearity under reaction conditions, while ligand-templated 

clusters are often sterically precluded from reactivity except at a single site.[4a, 4c, 5] Thus, clusters 

exhibiting multiple controllable modes of substrate activation (e.g., site-isolated versus 

cooperative activation) are exceedingly rare.[6] 

Previous work in our lab has achieved cooperative binding and reactivity on triiron clusters 

synthesized using an ortho-phenylenediamine-based hexadentate templating ligand, (tbsL)H6 (
tbsL 

H6 = [1,3,5-C6H9(NHC6H4-o-NHSitBuMe2)3).
[7] In this work we demonstrate that using this same 

sterically demanding ligand to construct a trichromium cluster generates a complex whose 

reactivity with organic azides leads to multiple products arising from distinct mechanistic 

pathways. The tert-butyldimethylsilyl (tbs) protecting groups appended to the tbsL peripheral 

anilides modulate how the azides engage the [Cr3] core based on the azide steric bulk, leading to 
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distinct products for small and large azide substituents reacting at the [Cr3] face. Furthermore, 

THF-dissociation from (tbsL)Cr3(thf) in benzene allows for an additional mode of reactivity with 

large azides not observed in THF. 
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3.3 Results and Discussion 

Metallation of tbsLH6 with 3 equivalents of Cr(NTMS2)2(thf)2 (TMS = trimethylsilyl) at 

elevated temperatures yielded the expected trinuclear product, (tbsL)Cr3(thf) (3.1) (Figure 3.1). 

Crystals suitable for single-crystal X-ray diffraction were grown from a concentrated diethyl ether 

solution of 3.1 at -35 °C. The overall structure of 3.1 is similar to that observed for the previously 

reported manganese and iron analogues, (tbsL)M3(thf) (M = Mn, Fe).[7a, 8] The structure of 3.1 

(Figure 3.1a) reveals three distinct metal primary coordination environments: Cr1 is bound to one 

molecule of THF, and three anilides: two basal and one peripheral, and possesses an agostic 

interaction with a C-H bond from a tbs group; Cr2 is bound to two basal and two peripheral ligand 

anilides; and Cr3 resides in a three-coordinate site (neglecting any Cr–Cr interactions). The 

trinuclear core of 3.1 is asymmetric, as the two four-coordinate Cr sites in 3.1 have a Cr1–Cr2 

distance of 2.439(1) Å, while the three-coordinate Cr site is greater than 2.73 Å away from each 

of these Cr sites. 

Addition of one equivalent of benzyl azide (BnN3) in benzene or THF at room temperature 

generates a mixture of (tbsL)Cr3(µ
3–NBn) (3.2), the bisimido product (tbsL)Cr3(µ

3–NBn)(µ1–NBn) 

(3.3) and unreacted 3.1. Cooling the reaction to -108 °C by performing the addition of azide to 3.1 

in thawing THF cleanly produces 3.2, while addition of two equivalents of benzyl azide cleanly 

generates 3.3, both of which were characterized by single crystal X-ray diffraction (SC-XRD) 

(Figure 3.2, Figure 3.7). The facile oxidation of 3.1 by azide to form bisimido 3.3 contrasts with 

the more limited reactivity of (tbsL)Fe3(thf), which can only access a bisimido upon treatment with 

azobenzene at elevated temperatures.[7b] Access to 3.3 is, however, consistent with the room-

temperature formation of a dichromium bisimido observed by the Theopold group.[9]
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Figure 3.1. a) Synthesis of (tbsL)Cr3(thf) (3.1) b) Solid-state structure of 1 c) Structural metrics of the [Cr3] core 

of 1. Color Scheme: Cr, green; N, blue; O, red; Si, pink. Solid-state structure at 100 K with thermal ellipsoids at 

50% probability level. Solvent molecules and hydrogen atoms omitted for clarity. 
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Addition of the larger mesityl azide (MesN3) to 3.1 in benzene at room temperature yielded 

a single asymmetric product as revealed by 1H NMR. Single crystals of the product were grown 

by storing a solution of the product at –35 C in diethyl ether. SC-XRD revealed the C1 symmetric 

product to contain a terminally bound imido (tbsL)Cr3(µ
1–NMes) (3.4), rather than the expected 

mesityl analogue of 3.2. The terminal imido linkage in 3.4 features a Cr–N bond length of 

1.6858(1) Å, consistent with a double bond,[10] representing the first example of site-isolated redox 

reactivity on a tbsL-ligated cluster. When the reaction of MesN3 with 3.1 is performed in THF, the 

main product appears pseudo-C3 symmetric by 1H NMR alongside a trace amount of 3.4. Crystals 

of the new material were formed by slow recrystallization from a concentrated hexanes solution at 

–35 C. SC-XRD revealed the new pseudo-C3 symmetric product to be the bridging nitrido 

(tbsL)Cr3(µ
3–N) (3.5) (Scheme 3.1, Figure 3.2). 
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Scheme 3.1. Reactivity of (tbsL)Cr3(thf) with organic azides and synthesis of (tbsL)Cr3. 
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Substituting BnN3 with MesN3 had a two-fold effect on reactivity with 3.1: while the 

smaller BnN3 cleanly access the [Cr3] face leading to a bridging imido product, the more sterically 

encumbered MesN3 forms not one but two distinct products (i.e., terminal imido or bridging 

nitride) as dictated by the reaction solvent. Further investigation of the mechanism of formation of 

terminal imido 3.4 and bridging nitride 3.5 was undertaken to determine whether this change in 

reactivity could be traced to the secondary coordination sphere of the tbsL. 

 



 

 

6
5
 Figure 3.2. Solid-state structures of a) (tbsL)Cr3(µ3-NBn) (3.2) b) (tbsL)Cr3(NMes) (3.4) and c) (tbsL)Cr3(µ3-N) (3.5) Color Scheme: Cr, green; N, blue; H, white; Si, 

pink. Solid-state structures at 100 K with thermal ellipsoids at 50% probability level. Solvent molecules and most hydrogen atoms omitted for clarity. 



 

66 

A comparison of the molecular structures of 3.4 and 3.1 shows that the mesityl imido in 

3.4 (Figure 2b) occupies the THF-bound site in 3.1 (Figure 3.1a). Close inspection of a space-

filling model of 3.1 provides insight into the possible modes of substrate association to the cluster: 

the bulky tbs groups significantly block access to the three-coordinate and four-coordinate sites, 

with the exogenous THF occupying the only sterically accessible site remaining on the cluster. 

The tbs groups also appear to restrict access to the trinuclear face of 3.1 (Figure 3.3). Given that 

3.4 is formed cleanly in benzene solution, but suppressed in favor of 3.5 in THF solution, we 

examined the lability of THF from 1 in benzene. Although it is not possible to synthesize 3.1 in 

the absence of coordinating solvent, THF was abstracted from 3.1 by reaction with 

tris(pentafluorophenyl)borane (BCF) in benzene, producing (tbsL)Cr3 (3.6). The BCF THF 

complex and 3.6 share the same solubility properties, but crystallize independently from a 

concentrated hexanes solution at –35 C. The molecular structure of 3.6 determined by SC-XRD 

confirms the removal of THF from 3.1, which is replaced by strengthening of the agostic C–H 

interaction to Cr1 as well as a contraction of the Cr1–Cr2 distance to 2.3638(6) Å from 2.469(1) 

Å. The space-filling model for 3.6 (Figure 3.3g) reveals unrestricted access to Cr1, thereby 

allowing access of sterically encumbered substrates. 
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Figure 3.3. Solid-state structures of a) (tbsL)Cr3(thf) (3.1) and b) (tbsL)Cr3 (3.6) Space-filling models of c) top-down 

view of 1 d) 4-coordinate site of 1 e) 3-coordinate site of 1 f) THF-bound site of 1 g) open coordination site of 6. Color 

Scheme: Cr, green; N, blue; O, red; Si, pink. Solid-state structures at 100 K with thermal ellipsoids at 50% probability 

level. Solvent molecules and most hydrogen atoms omitted for clarity. 
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Examination of the 1H NMR of 3.1 and 3.6 in C6D6 revealed that 1 exists in an equilibrium 

between the THF-bound and naked cluster in benzene solution (Figure 3.16). The THF equilibrium 

binding constant (Keq = 0.0028 M) was determined by an 1H NMR titration of 3.6 with THF (Figure 

3.17).[11] We therefore conclude that unlike BnN3, which is small enough to react quickly with the 

trinuclear face of 3.1 to form 3.2 even in benzene solution where THF is labile, MesN3 reacts more 

slowly with the face of 3.1 due to steric clash with the ligand tbs unit and instead reacts at the Cr1 

site to form 3.4. In THF solution, however, this pathway is inhibited by the excess of THF, leading 

instead to kinetically competitive reaction with MesN3 at the [Cr3] face of 3.1 to form 3.5. 

Consistent with this conclusion, increasing the relative concentration of THF to MesN3 further 

disfavored the formation of 3.4 in THF solution. Treatment of 3.1 with MesN3 in dilute THF 

solution formed 5 as the sole product (Scheme 3.2). 

In order to further test the hypothesis that the kinetics of single-site vs cooperative substrate 

reactivity are determined by the size of the azide substrate, 3.1 was reacted with (2,6-

diisopropyl)phenyl azide (DippN3) in both benzene and THF solution. Pure (tbsL)Cr3(µ
1–NDipp) 

(7) (Figure 3.11) was formed from the reaction in benzene, while the reaction in THF generated a 

mixture of nitrido 3.5 and 3.7. Imido 3.7 is the major product of the THF reaction, whereas for 

MesN3 3.5 is the major product. These results indicate that the rate of reactivity of a sterically 

demanding substrates with the [Cr3] face of the cluster is slower, making reactivity at the solvation 

site competitive even in THF solution for the more demanding DippN3. 

The formation of 3.5 could indicate that the secondary coordination sphere of tbsL also 

causes divergent azide breakdown pathways to exist for facially-bound, sterically demanding 

azides compared to facially-bound benzyl azide. Though it was not possible to generate the µ3-

mesityl imido to ensure that 3.5 did not result from decomposition of this species in THF solution, 
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3.4 can be heated in THF solution at 80 °C for 12 h without any decomposition or rearrangement 

and is stable indefinitely in THF solution at RT. Addition of a strongly donating ligand such as 

benzyl isocyanide (BnNC) induces a rearrangement of the imide to a bridging conformation, 

producing (tbsL)Cr3(µ
3–NMes)(µ1–CNBn) (3.8) (Figure 3.12). This demonstrates that the mesityl 

imido is not sterically incompatible with the ligand conformation surrounding a µ3-capping unit. 

Addition of phenyl azide to 3.4 in THF solution at RT also induces rearrangement of the ligand 

platform, but retains the terminal binding mode of the mesityl imido, forming the mixed bisimido 

(tbsL)Cr3(µ
3–NPh)(µ1–NMes) (3.9) (Figure 3.13). 

Complex 3.1 reacts immediately with azide substrates even in thawing THF (-108 °C), 

complicating our efforts to follow the reaction progress by 1H NMR. However, the coordination 

of phenylacetylene (HCCPh) to 3.1 forms (tbsL)Cr3(HCCPh) (3.10) at room temperature in 

benzene, which can provide insight into the possible interactions of azide substrates with the 

trinuclear face of the trichromium complex. To generate 3.2, facially-bound BnN3 would have to 

achieve either side-on or α-N binding to trichromium in order to release N2. A four-membered 

Bergman-like transition state would not be sterically feasible as even a benzyl group would clash 

with the ligand platform as the α-N approached a Cr-site for nucleophilic attack from a facially ɣ-

N bound geometry.[12] If side-on binding occurs, the resulting geometry would be similar to that 

observed for the phenylacetylene in 3.10. The phenyl group of HCCPh fits into the trinuclear 

pocket formed by the surrounding ortho-phenylenediimines and tbs groups, but the proton at the 

ortho position is only 2.391(5) Å from the N–C–C plane and 2.5438(1) Å from the nearest proton 

on a tbs methyl group, indicating that the addition of a methyl group at this position as in MesN3 

would create a steric clash, disfavoring the side-on bound azide structure (Figure 3.4). 
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We hypothesized that in the case of facial binding of MesN3 to the [Cr3] core where a side-

on, α-bound, or ɣ-bound four-membered transition state cannot be achieved for steric reasons the 

strongly reducing nature of three Cr(II) sites leads to homolytic bond cleavage of the terminal N–

N bond, generating mesityl diazenyl radical and 3.5 (Figure 3.4). Mesitylene is observed as a 

byproduct of this reaction by 1H NMR, which is the expected product of decomposition of the 

released MesNN∙ into dinitrogen and a mesityl radical.[13] To test our hypothesis that 3.5 is formed 

by ɣ-N abstraction from MesN3 we reacted 3.1 with terminally 15N–labeled mesityl azide, 

MesNN15N, which was synthesized following a procedure analogous to that used by Lešetický to 

synthesize PhNN15N.[14] To determine whether the reaction of 3.1 with MesNN15N in THF 

produced (tbsL)Cr3(µ
3-15N) (3.5–15N) the product of the reaction was first decomposed using HCl 

in diethyl ether to produce ammonium chloride, then treated with base to liberate ammonia which 

was vacuum transferred away from the other decomposition products into an HCl in diethyl ether 

Figure 3.4. Proposed mechanisms of formation of a) 3.2 and b) 3.4. c) Solid-state structure of  3.10. Color Scheme: 

Cr, green; N, blue; O, red; Si, pink. Solid-state structure at 100 K with thermal ellipsoids at 30% probability level. 

Solvent molecules and most hydrogen atoms omitted for clarity. 
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solution. 1H NMR of the re-formed ammonium chloride in DMSO-d6 showed the characteristic 

splitting pattern of 15NH4Cl (Figure S16). This confirmed that 3.5 is formed from the ɣ-N of 

MesN3. To our knowledge, the only previously reported transition metal complex to undergo this 

transformation is Mo(NAr)3 (R=C(CD3)2CH3, Ar = 3,5–C6H3Me2) as reported by the Cummins 

group.[15] It is remarkable that the steric protection afforded by the ligand results in a change from 

typical azide decomposition to this unusual mode of azide reactivity for larger azide substrates. 
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3.4 Conclusions 

The foregoing results highlight the divergent reactivity resulting from both templating 

ligand and azide substrate steric control. The secondary coordination sphere control imposed by 

the tert-butyl dimethylsilyl groups of the tbsL6– template gates how azides can approach the reactive 

[Cr3] core. While the small azide substrate BnN3 reacts rapidly with the trinuclear face of 3.1 to 

form a µ3 imido, larger azides such as MesN3 and DippN3 do not afford the corresponding bridging 

imido products. Rather, the sterically hindered azides react faster at the THF-bound site, aided by 

THF dissociation in benzene solution, to form terminal imido products. When the reaction media 

is switched to THF and THF lability from the cluster is minimized, mesityl azide reacts with the 

[Cr3] face leading to N-atom extrusion from the azide to form the neutral bridging nitride 3.5. 

Reactivity of organic azides with 3.1 allows controlled access to two, three, and four-electron 

oxidation of the [Cr3] core. An investigation of whether these divergent reaction pathways lead to 

genuine site-isolated oxidation of the cluster is presented in Chapter 5.  
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3.5 Experimental Methods 

3.5.1 General Considerations 

All manipulations involving metal complexes were carried out using standard Schlenk or 

glovebox techniques under a dinitrogen atmosphere, unless otherwise noted. All glassware was 

oven-dried for a minimum of 10 h and cooled in an evacuated chamber prior to use in the drybox. 

Diethyl ether, hexanes, benzene, toluene, and tetrahydrofuran (THF) were dried and deoxygenated 

on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves 

(Strem) prior to use. C6D6 was purchased from Cambridge Isotope laboratories and stored over 4 

Å molecular sieves prior to use. Nonhalogented solvents were frequently tested, by a solution of 

sodium benzophenone ketyl in THF, for effective water and dioxygen removal. Celite 545 (J. T. 

Baker) was dried in a Schlenk flask for at least 20 h under dynamic vacuum while heating to 200 

– 220 °C prior to glovebox use. tbsLH6,
[7a] Cr(NTMS2)2(thf)2,

[16] and Tos15NH2
[17] were synthesized 

according to literature procedure. MesN3, PhN3, and DippN3,
 were prepared by diazotization of 

the corresponding aniline and subsequent treatment with NaN3. and MesNN15N was synthesized 

by modification of a literature procedure for the synthesis of PhNN15N,[14] as described below. All 

organic azides were dissolved in hexanes and stored over 4 Å molecular sieves prior to use, at 

which point the solution was decanted and the hexanes was evaporated. All other reagents were 

purchased from commercial vendors and used without further purification. 

3.5.2 Characterization and Physical Measurements 

1H NMR spectra were recorded on Agilent DD2 600 MHz or Varian Unity/Inova 500 MHz 

spectrometers. 15N spectra were recorded on a JEOL ECZ400S 400 MHz spectrometer. Chemical 

shifts for 1H are reported relative to SiMe4 using the chemical shift of residual solvent peaks as 

reference. Elemental analyses (%CHN) were obtained using a PerkinElmer 2400 Series II 
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CHNS/O Analyzer. EPR spectra were obtained on a Bruker EleXsys E-500 CW-EPR 

spectrometer. Spectra were measured as frozen toluene glasses at a microwave power of 0.6325 

mW. Spectral simulations and fitting were performed using the EasySpin 5.2.11[18] Toolbox for 

MATLAB® R2017b.[19] 

3.5.3 Synthesis 

(tbsL)Cr3(thf) (3.1). A 100 mL thick-walled Schlenk flask equipped with a Teflon screw cap 

and a magnetic stir bar was charged with (tbsLH6) (523.4, 0.702 mmol), Cr(NTMS2)2(thf)2 (1.089g, 

2.106 mmol), and THF (50 mL). The flask was sealed and heated to 120 °C for 72 h with rapid 

stirring. The dark green solution was then allowed to cool to r.t. and the solvent was thoroughly 

removed in vacuo. The solids were washed with hexanes (10 mL) and filtered on Celite. The filter 

was then washed with THF in a separate flask until the eluent was colorless (ca. 10-15 mL). The 

THF was removed in vacuo to yield (tbsL)Cr3(thf) (3.1) as a dark green-brown solid (574.4 mg, 

0.594 mmol, 85%). Crystals suitable for X-ray diffraction were grown from a concentrated diethyl 

ether solution at -35 °C. 1H NMR (500 MHz, C6D6, δ, ppm): 67.30 (b), 30.99 (b), 22.76, 14.34, 

3.08, 1.75, 0.64, -2.78, -6.00. Anal. Calc. for C46H74Cr3N6OSi3: C, 57.11; H, 7.71; N, 8.69. Found: 

C, 56.96; H, 7.76; N, 8.93. 

(tbsL)Cr3(3–NBn) (3.2). A scintillation vial equipped with a magnetic stir bar was charged 

with a 5% weight solution of benzyl azide (BnN3) in benzene (280.5 mg, 0.105 mmol) and 1 mL 

of THF. The solution was frozen in the liquid N2-cooled cold well. To the frozen solution was 

added a solution of (tbsL)Cr3(thf) (3.1) (101.6 mg, 0.105 mmol) in 1.5 mL of THF. The frozen 

solution was thawed and stirred rapidly at r.t. for 1 h, during which time a color change from green-

brown to brown was observed. The solvent was removed in vacuo and the resulting solid was 

washed with benzene (4 mL) to yield (tbsL)Cr3(3–NBn) (2) as a brown solid (59 mg, 0.059 mmol, 
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56% yield). Crystals suitable for X-ray diffraction were grown from a concentrated diethyl ether 

solution at -35 °C. 1H NMR (500 MHz, C6D6, δ, ppm): 18.72, 9.11, 8.47, 8.02, 6.90, 6.21, 5.06, 

3.73, 1.70, 1.45, 0.62, 0.30, 0.10, -13.78, -46.18, -81.70. Anal. Calc. for C49H73Cr3N7Si3: C, 58.77; 

H, 7.45; N, 9.79. Found: C, 58.32; H, 7.60; N, 9.38. 

(tbsL)Cr3(3–NBn)(1–NBn) (3.3). A scintillation vial equipped with a magnetic stir bar was 

charged with a 5% weight solution of benzyl azide (BnN3) in benzene (353.3 mg, 0.132 mmol) 

and 1 mL of THF. The solution was frozen in the liquid N2-cooled cold well. To the frozen solution 

was added a solution of (tbsL)Cr3(thf) (3.1) (64 mg, 0.66 mmol) in 1.5 mL of THF. The frozen 

solution was thawed and stirred rapidly at r.t. for 1 h, during which time a color change from green-

brown to red-brown was observed. The solvent was removed in vacuo and the resulting product 

was dissolved in minimal diethyl ether and allowed to crash out as a microcrystalline powder 

overnight at -35 °C. After decanting the mother liquor, this powder was dried to yield (tbsL)Cr3(3–

NBn)(1–NBn) (3.3) as a brown solid (45.0 mg, 0.041 mmol, 62% yield). Crystals suitable for X-

ray diffraction were grown from a concentrated diethyl ether solution at -35 °C. 1H NMR (500 

MHz, C6D6, δ, ppm): 23.26(b), 21.13(b), 16.21, 13.38, 10.30, 8.77, 6.15, 1.12, 0.87, 0.63, -0.52, -

7.89, -11.73. Anal. Calc. for C56H80Cr3N8Si3: C, 60.84; H, 7.29; N, 10.14. Found: C, 60.89; H, 

7.62; N, 10.04. 

(tbsL)Cr3(1–NMes) (3.4). A 5% weight solution of mesityl azide (MesN3) (317 mg, 0.098 

mmol) in benzene was further diluted by the addition of 1 mL of benzene. This dilute solution was 

then added dropwise at r.t. to a stirred solution of (tbsL)Cr3(thf) (1) (100.4 mg, 0.104 mmol) in 

benzene (3 mL). After stirring for 1 h at room temperature the magnetic stir bar was removed and 

the solution was frozen and removed in vacuo. This yielded (tbsL)Cr3(1–NMes) (3.4) (98.8 mg, 

0.096 mmol, 98% yield) as a dark brown powder. Although low-quality crystals were easy to 
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obtain from a concentrated diethyl ether solution at -35 °C, crystals suitable for X-ray diffraction 

were only obtained from a concentrated diethyl ether solution (ca. 1 mL) with added THF (ca. 0.05 

mL) after 2 weeks at -35 °C. 1H NMR (500 MHz, C6D6, δ, ppm): 40.17, 34.63, 31.35, 20.03, 17.52, 

15.04, 11.45, 8.43, 7.66, 4.59, 3.61, 2.69, 2.11, 1.43, 0.43, -0.44, -5.68, -10.43, -26.75, -31.13, -

44.08, -53.73, -62.14, -90.49. Anal. Calc. for C51H77Cr3N7Si3: C, 59.56; H, 7.55; N, 9.53. Found: 

C, 59.2; H, 7.69; N, 9.92. 

(tbsL)Cr3(3–N) (3.5). A 6% weight solution of MesN3 (280.51 mg, 0.104 mmol) in THF 

was diluted by the addition of 3 mL of THF. This dilute solution was then added dropwise at r.t. 

to a dilute stirred solution of (tbsL)Cr3(thf) (3.1) (101 mg, 0.104 mmol) in THF (50 mL) in a 100 

mL round-bottom flask. An immediate color change from green-brown to red-brown was observed 

upon addition of azide. The reaction was stirred for 1 h at r.t. and then the solvent was removed in 

vacuo. The resulting red-brown solid was re-dissolved in benzene (ca. 3 mL), transferred to a 

scintillation vial, frozen, and dried in vacuo. The powder was then washed with bis-trimethylsilyl 

ether (TMS2O, 5 mL) to remove the mesitylene byproduct. This yielded (tbsL)Cr3(3–N) (3.5) (27.5 

mg, 0.028 mmol, 27% yield) as a brown powder. The low yield is due to the moderate solubility 

of the product in TMS2O. Crystals suitable for X-ray diffraction were grown from a concentrated 

hexanes solution at -35 °C after 1 week. 1H NMR (500 MHz, C6D6, δ, ppm): 44.09, 24.07(b), 

16.49, 15.61, 9.10, 6.56, 2.39, 1.05, -2.14, -7.49, -13.34, -26.07. Due to the extremely soluble 

nature of 3.5, it was not possible to fully separate it from residual mesitylene and/or solvent in 

order to obtain CHN analysis. In order to achieve satisfactory CHN analysis, sodium formate was 

added to form [Na(thf)][(tbsL)Cr3(3–N)(CHOO)] (3.11). Sodium formate adduct 3.11 is less 

soluble in hexanes, allowing for isolation from residual mesitylene and solvent. See below for 

satisfactory CHN results obtained for 3.11. 
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(tbsL)Cr3 (3.6). A solution of tris-pentafluorophenyl borane (BCF, 31.6 mg, 0.062 mmol) 

in benzene (1 mL) was added dropwise at r.t. to a stirred solution of (tbsL)Cr3(thf) (3.1) (54.3 mg, 

0.056 mmol) in benzene (2 mL). After stirring for 1 h at r.t. the magnetic stir bar was removed and 

the solution was frozen and removed in vacuo. The resulting brown-green solid was then dissolved 

in minimal cold hexanes (ca. 3 mL) and allowed to recrystallized overnight at -35 °C. The mother 

liquor was then decanted and the crystals washed with ca. 5 mL of hexanes cooled to -35 °C to 

removed the BCF-THF byproduct, which also crystallizes from cold hexanes but is more hexanes-

soluble than 3.6. The crystals were then dried in vacuo to afford (tbsL)Cr3 (3.6) as a green-brown 

powder (36.2 mg, 0.036 mmol, 65% yield). The crystals obtained were suitable for X-ray 

diffraction. 1H NMR (500 MHz, C6D6, δ, ppm): 60.14, 28.94(b), 17.42, 11.59, 2.85, 0.09, -1.66, -

4.82. Anal. Calc. for C42H66Cr3N6Si3: C, 56.35; H, 7.43; N, 9.39. Found: C, 55.86; H, 7.13; N, 

9.06. Note: measured CHN is slightly low due to a ~5% impurity of BCF-THF (Predicted C, 45.24; 

H:1.38, N:0) which could not be separated from the product due to extremely similar solubility 

properties. 

(tbsL)Cr3(1–NDipp) (3.7). A 5% weight solution of 2,6-diisopropylphenyl azide (DippN3) 

(504.5 mg, 0.124 mmol) in benzene was further diluted by the addition of 1 mL of benzene. This 

dilute solution was then added dropwise at r.t. to a stirred solution of (tbsL)Cr3(thf) (1) (120 mg, 

0.124 mmol) in benzene (3 mL). After stirring for 1 h at room temperature the magnetic stir bar 

was removed and the solution was frozen and removed in vacuo. This yielded (tbsL)Cr3(1–NDipp) 

(3.7) (113.7 mg, 0.106 mmol, 86% yield) as a dark brown powder. Crystals suitable for X-ray 

diffraction were grown from a concentrated diethyl ether solution at -35 °C. 1H NMR (500 MHz, 

C6D6, δ, ppm): 90.26, 39.03, 34.23, 29.51, 21.02, 14.40, 11.12, 8.20, 5.80, 4.69, 4.20, 3.26, 3.15, 

1.61, 1.35, 1.12, 0.85, 0.62, 0.49, -0.32, -1.70, -3.40, -4.73, -7.11, -11.92, -16.59, -20.75, -29.61, -
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44.65, -74.86(b). Anal. Calc. for C54H83Cr3N7Si3: C, 60.53; H, 7.90; N, 9.15. Found: C, 60.91; H, 

8.11; N, 9.41. 

(tbsL)Cr3(3–NMes)(1–CNBn) (3.8). A 5% weight solution of benzyl isocyanide (CNBn) 

(174.4 mg, 0.074 mmol) in benzene was further diluted by the addition of 1 mL of benzene. This 

dilute solution was then added dropwise at r.t. to a stirred solution of (tbsL)Cr3(NMes) (3.4) (85.1 

mg, 0.083mmol) in benzene (3 mL). After stirring for 1 h at room temperature the magnetic stir 

bar was removed and the solution was frozen and removed in vacuo. This yielded (tbsL)Cr3(3–

NMes)(1–CNBn) (3.8) (71.6 mg, 0.063 mmol, 84 %yield) as a brown powder. Crystals suitable 

for X-ray diffraction were obtained from a concentrated diethyl ether solution at -35 °C. 1H NMR 

(500 MHz, C6D6, δ, ppm): 61.22, 57.62, 39.05, 18.70, 16.67, 13.01, 11.26, 10.82, 9.82, 9.30, 7.36, 

6.94, 6.42, 6.32, 5.71, 5.53, 3.96, 2.25, 1.99, 1.56, 1.48, 1.19, 0.67, 0.61, 0.48, -0.44, -0.79, -1.99, 

-2.74, -4.53, -10.28, -11.07, -45.33, -59.80, -89.55. Anal. Calc. for C59H84Cr3N8Si3: C, 61.86; H, 

7.39; N, 9.78. Found: C, 61.44; H, 7.36; N, 9.95. 

(tbsL)Cr3(3–NPh)(1–NMes) (3.9). A 5% weight solution of phenyl azide (PhN3) (214.3 

mg, 0.090 mmol) in benzene was further diluted by the addition of 1 mL of benzene. This dilute 

solution was then added dropwise at r.t. to a stirred solution of (tbsL)Cr3(1–NMes) (3.4) (92.5 mg, 

0.090 mmol) in benzene (3 mL). After stirring for 1 h at room temperature the magnetic stir bar 

was removed and the solution was frozen and removed in vacuo. This yielded (tbsL)Cr3(3–

NPh)(1–NMes) (3.9)  (91 mg, 0.081 mmol, 90% yield) as a red-brown powder. Crystals suitable 

for X-ray diffraction were obtained from a concentrated diethyl ether solution at -35 °C. 1H NMR 

(500 MHz, C6D6): δ 35.94, 29.58, 19.29, 16.82, 13.48, 12.00, 8.89, 2.69, 2.00, 1.1.5, 0.80, -1.37, -

6.01, -8.98, -32.65, -33.82, -56.93, -58.41, -63.34, -90.89. Anal. Calc. for C57H82Cr3N8Si3: C, 

61.15; H, 7.38; N, 10.01. Found: C, 61.28; H, 7.48; N, 9.63. 
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(tbsL)Cr3(HCCPh) (3.10). A 10% weight solution of phenylacetylene in benzene (62.9 mg, 

0.062 mmol) was diluted by the addition of 1 mL of benzene and then added dropwise at r.t. to a 

stirred solution of (tbsL)Cr3(thf) (1) (54.2 mg, 0.056 mmol) in benzene (2 mL). After stirring for 1 

h at r.t. the magnetic stir bar was removed and the solution was frozen and removed in vacuo. This 

yielded (tbsL)Cr3(HCCPh) (3.10) as a brown powder (38.5 mg, 0.039 mmol, 70% yield). Crystals 

suitable for X-ray diffraction were grown from a concentrated hexanes solution at -35 °C. 1H NMR 

(500 MHz, C6D6, δ, ppm): 17.69, 10.31, 8.76, 7.67, 6.34, 2.98, 1.82, 1.21, -12.73(b). Anal. Calc. 

for C50H72Cr3N6Si3: C, 60.21; H, 7.28; N, 8.43. Found: C, 59.89; H, 7.43; N, 8.71. 

[Na(thf)][(tbsL)Cr3(3–N)(CHOO)] (3.11). Solid sodium formate (10 mg, 0.147 mmol) was 

added to a solution of (tbsL)Cr3(3–N) (3.5) (49.16 mg, 0.054 mmol) in 10mL THF at RT. The 

reaction was stirred for 5 h at r.t. and then filtered over celite to remove unreacted sodium formate. 

The solvent was removed in vacuo, and the resulting brown solid was washed with hexanes (10 

mL). This yielded [Na(thf)][(tbsL)Cr3(3–N)(CHOO)] (3.11) (35.6 mg, 0.034 mmol, 63% yield) as 

a dark brown powder. Crystals suitable for X-ray diffraction were grown from a concentrated 

hexanes solution with minimal added THF (~0.01mL) at -35 °C. The solid-state structure has two 

molecules of THF bound to the sodium counterion due to the addition of THF to the 

recrystallization. 1H NMR (500 MHz, THF-d8, δ, ppm): 6.61, 2.07, 1.29, 0.89, 0.03, -19.28. Anal. 

Calc. for C47H75Cr3N7NaO3Si3: C, 53.79; H, 7.20; N, 9.34. Found: C, 53.72; H, 6.77; N, 9.21. 

2-(azido-3-15N)-1,3,5-trimethylbenzene (MesNN15N) was synthesized by adapting a 

literature procedure for the synthesis of PhNN15N.[14] 2,4,6-trimethylaniline (659.94 mg, 4.88 

mmol) was stirred in 8ml of 15% HCL at 0 °C for 15 min. A solution of sodium nitrite (376.35 

mg, 5.45 mmol) in 4.5 mL of water was then added carefully to this stirring solution, still at 0 °C. 

The stirring diazonium salt solution was then cooled to -10 °C, at which point a solution containing 
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p-toluenesulfonamide-15N (830.9 mg 4.82 mmol) and sodium hydroxide (800 mg, 20.0 mmol) in 

4mL of water was added. Diethyl ether (20 mL) was added to the reaction mixture and stirring was 

continued overnight at room temperature. The layers were then separated, and the water layer was 

extracted twice with 10 mL of diethyl ether. The combined diethyl ether layers were dried over 

magnesium sulfate, filtered over celite, and concentrated in vacuo. The resulting yellow oil was 

purified by silica column chromatography (eluent: hexanes). MesNN15N was obtained as a very 

light yellow oil with a 28% impurity of mesitylene (Figure S15) (149.6 mg of mixture, 107.86 mg 

MesNN15N, 0.664 mmol, 14%). Given that (tbsL)Cr3(thf) (3.1) is fully inert to mesitylene and that 

mesitylene contains no nitrogen and therefore would not interfere with the identification of NH4Cl 

or 15NH4Cl in the desired labelling experiment (below), small-scale bulb-to-bulb distillation was 

not attempted to separate MesNN15N from the mesitylene impurity. The analytical data are in 

agreement with that reported in the literature for MesN3.
[20] 15N NMR (400 MHz, C6D6, δ, ppm, 

referenced to nitromethane) -166.8. 

3.5.4 Reaction of (tbsL)Cr3(thf) (3.1) with MesN3 and subsequent decomposition to 

form NH4Cl 

A 6.5% weight solution of MesN3 (112.8 mg, 0.45 mmol) in benzene was diluted by the 

addition of 1 mL of THF. This dilute solution was then added dropwise at r.t. to a dilute stirred 

solution of (tbsL)Cr3(thf) (3.1) (44 mg, 0.045 mmol) in THF (15 mL) in a scintillation vial. The 

reaction was stirred for 1 h at r.t. and then the solvent was removed in vacuo. This left crude 

(tbsL)Cr3(3–N) (3.5) as a red-brown solid, which was re-dissolved in minimal THF (0.75 mL) and 

carefully transferred to a J. Young NMR tube. This solution was then frozen in a liquid nitrogen-

cool cold well. 2M HCl in diethyl ether (0.58 mL, 1.16 mmol) was added to this solution and the 

J. Young NMR tube was sealed before the THF layer thawed. The NMR tube was removed from 
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the glovebox and the solution was heated to 60 °C for 3 h. Over these 3 h the color changed from 

brown to light pink, indicating decomposition of the complex into chromium salts, ammonium 

chloride, and the ammonium salt of the ligand, which is light pink. The J. Young NMR tube was 

moved back into the glovebox and the solution was re-frozen in the liquid nitrogen-cooled cold 

well. Lithium tert-butoxide (135 mg, 1.68 mmol) was added directly to the J. Young as a solid 

after which minimal THF (~0.3 mL) was used to wash any base that had gotten stuck at the top of 

J. Young into the body of the NMR tube. The J. Young NMR tube was sealed before the THF 

solution thawed and was removed from the glovebox and heated to 60 °C for 12 h. The solution 

was then frozen in liquid nitrogen and the headspace was vacuum transferred directly into a 25 mL 

Schlenk flask containing 3 mL of 2M HCl in diethyl ether. This process was repeated over 3 freeze-

pump-thaw cycles, after which the contents of the Schlenk flask were dried in vacuo to yield a 

barely visible white residue of NH4Cl. This residue was dissolved in DMSO-d6 and analyzed by 

1H NMR (Figure S16). The 1H NMR showed the presence of NH4Cl (δ 7.13, triplet with J = 51.0 

Hz).[21] 

3.5.5 Reaction of (tbsL)Cr3(thf) (3.1) with MesNN15N and subsequent decomposition 

to form 15NH4Cl 

A solution containing 3.6% MesNN15N and 2.4% mesitylene by weight in benzene (218.87 

mg, 0.049 mmol) was diluted by the addition of 1 mL of THF. This dilute solution was then added 

dropwise at r.t. to a dilute stirred solution of (tbsL)Cr3(thf) (3.1) (44 mg, 0.045 mmol) in THF (15 

mL) in a scintillation vial. This left crude (tbsL)Cr3(3–
15N) (3.5-15N) as a red-brown solid, which 

was re-dissolved in minimal THF (0.75 mL) and carefully transferred to a J. Young NMR tube. 

The decomposition of 3.5-15N was carried out exactly as described above for 5, after which the 
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white ammonium chloride residue was dissolved in DMSO-d6 and analyzed by 1H NMR (Figure 

S16). The 1H NMR showed the presence of 15NH4Cl (δ 7.11, doublet with J = 71.5 Hz).[21] 

3.5.6 Stability Check for (tbsL)Cr3(1–NMes) (3.4) 

A J. Young NMR tube was charged with a solution of (tbsL)Cr3(NMes) (3.4) in THF and 

sealed under N2. The solution was heated to 80 °C and showed no decomposition of starting 

material nor formation of (tbsL)Cr3(3–N) (3.5) as assessed by solvent-suppressed paramagnetic 

1H NMR.  

3.5.7 X-ray Diffraction Techniques 

All structures were collected on a Bruker three-circle platform goniometer equipped with 

an Apex II CCD and an Oxford cryostream cooling device. Radiation was from a graphite fine 

focus sealed Mo Kα (0.71073 Å) source or synchrotron radiation as specified. Crystals were 

mounted on a cryoloop or glass fiber pin using Paratone N oil. Structures were collected at 100 K. 

Data was collected as a series of φ and/or ω scans. Data was integrated using SAINT[22] and scaled 

with either a numerical or multi-scan absorption correction using SADABS[22]. Space group 

assignments were determined by examination of systematic absences, E-statistics, and successful 

refinement of the structures.  The structures were solved by intrinsic phasing or direct methods 

using SHELXS-97[23] and refined against F2 on all data by full matrix least squares with SHELXL-

97 with the OLEX 2[24] interface. All non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed at idealized positions and refined using a riding model. The isotropic 

displacement parameters of all hydrogen atoms were fixed to 1.2 times the atoms they are linked 

to (1.5 times for methyl groups). Further details for individual structures are noted below. 
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(tbsL)Cr3(thf) (3.1). The structure was solved in the triclinic space group P1̅ with two 

molecules of 3.1 per unit cell. The asymmetric unit was found to contain one molecule of 3.1. Data 

was collected using sealed-tube Mo radiation. 

(tbsL)Cr3(3–NBn) (3.2). The structure was solved in the triclinic space group P1̅ with two 

molecules of 3.2 per unit cell. The asymmetric unit was found to contain one molecule of 3.2. Data 

was collected at APS using 0.41328 Å radiation. 

(tbsL)Cr3(3–NBn)(1–NBn) (3.3). The structure was solved in the triclinic space group 

P21/c with four molecules of 3.3 per unit cell. The asymmetric unit was found to contain one 

molecule of 3.3. Data was collected using sealed-tube Mo radiation. 

(tbsL)Cr3(1–NMes) (3.4). The structure was solved in the triclinic space group P1̅ with 

four molecules of 3.4 per unit cell. The asymmetric unit was found to contain two molecules of 

3.4. Data was collected using sealed-tube Mo radiation. A solvent mask was applied used the Olex2 

user interface to remove residual electron density resulting from highly disordered solvent. The 

methyl group at the 4-position of one of the mesityl groups was modeled with positional disorder, 

as was one tert-butyl group on the same molecule of 3.4 in the asymmetric unit. Due to low data 

quality resulting from small crystal size many carbon and nitrogen atoms in the structure were 

fixed to have the same anisotropic displacement parameters as their neighboring atoms.  

(tbsL)Cr3(3–N) (3.5). The structure was solved in the triclinic space group P1̅ with four 

molecules of 3.5 per unit cell. The asymmetric unit was found to contain two molecules of 3.5 and 

one half of one molecule of hexanes. Data was collected using sealed-tube Mo radiation. One tert-

butyl dimethylsilyl group was modeled with positional disorder. 
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(tbsL)Cr3 (3.6). The structure was solved in the triclinic space group P1̅ with two molecules 

of 3.6 per unit cell. The asymmetric unit was found to contain one molecules of 3.6 and one half 

of one molecule of hexanes. Data was collected using sealed-tube Mo radiation. 

(tbsL)Cr3(1–NDipp) (3.7). The structure was solved in the triclinic space group Pbca with 

eight molecules of 3.7 per unit cell. The asymmetric unit was found to contain one molecule of 3.7 

and one molecule of diethyl ether. Data was collected at APS using 0.41328 Å radiation. One tert-

butyl group was modeled with positional disorder. 

(tbsL)Cr3(3–NMes)(1–CNBn) (3.8). The structure was solved in the triclinic space group 

P1̅ with two molecules of 3.8 per unit cell. The asymmetric unit was found to contain one molecule 

of 3.8 and one molecule of diethyl ether. Data was collected using sealed-tube Mo radiation. One 

tert-butyl dimethylsilyl group, its associated anilido nitrogen atom, and one additional tert-butyl 

group were modeled with positional disorder. The diethyl ether and benzyl group, which were 

more extensively disordered, were also modeled with positional disorder. 

(tbsL)Cr3(3–NPh)(1–NMes) (3.9). The structure was solved in the triclinic space group 

P1̅ with two molecules of 3.9 per unit cell. The asymmetric unit was found to contain one molecule 

of 3. 9 and two molecules of diethyl ether. Data was collected using sealed-tube Mo radiation. One 

of the diethyl ether molecules was modeled with positional disorder. 

(tbsL)Cr3(HCCPh) (3.10). The structure was solved in the triclinic space group P1̅ with two 

molecules of 3.10 per unit cell. The asymmetric unit was found to contain one molecule of 3.10. 

Data was collected using sealed-tube Mo radiation. One tert-butyl group was modeled with 

positional disorder.  

[(Na)(thf)2][(
tbsL)Cr3(3–N)(CHOO)] (3.11). The structure was solved in the triclinic space 

group P1̅ with two molecules of 3.11 per unit cell. The asymmetric unit was found to contain one 
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molecule of 3.11 and one molecule of hexanes. Data was collected using sealed-tube Mo radiation. 

The molecule of hexanes and one of the molecules of THF bound to the sodium counterion were 

modeled with positional disorder. Note: crystallization conditions result in difference in solvation 

at the sodium counterion from powder material, this has been observed for other systems with 

sodium counterions on this ligand platform. 
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Table 3.1. Crystallographic data for (tbsL)Cr3(thf) (3.1) and (tbsL)Cr3(3–NBn) (3.2). 

 (tbsL)Cr3(thf) (3.1) (tbsL)Cr3(3–NBn) (3.2) 

Chemical formula C46H74Cr3N6OSi3 C49H73Cr3N7Si3 

Formula weight 967.38 1000.41 

Space group P1̅ P1̅ 

a (Å) 10.618(2) 12.3420(5) 

b (Å) 11.144(2) 14.6967(6) 

c (Å) 21.354(5) 15.3145(6) 

 (deg) 102.074(3) 82.6150(10) 

 (deg) 98.269(3) 75.1020(10) 

 (deg) 97.222(3) 68.5690(10) 

V (Å3) 2413.4(9) 2497.01(17) 

Z 2 2 

 (mm-1) 0.779 0.396 

T (K) 100 100 

GOF (S) 

[all data] 
0.953 1.023 

R1a (wR2b) 

[I>2(I)] 
0.0481 (0.0976) 0.0451 (0.1043) 

R1a (wR2b) 

[all data] 
0.1024 (0.1037) 0.0701 (0.1163) 

Reflections 9902 11173 

Radiation type Mo Kα Synchrotron 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P 

= [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 3.2. Crystallographic data for (tbsL)Cr3(3–NBn)(1–NBn) (3.3) and (tbsL)Cr3(1–NMes) (3.4). 

 (tbsL)Cr3(3–NBn)(1–NBn) (3.3) (tbsL)Cr3(1–NMes) (3.4) 

Chemical formula C56H80Cr3N8Si3 C51H77Cr3N7Si3 

Formula weight 1105.55 1028.46 

Space group P21/c P1̅ 

a (Å) 11.726 13.8738(10) 

b (Å) 12.287 18.6302(13) 

c (Å) 39.289 25.2885(16) 

 (deg) 90 82.077(2) 

 (deg) 96.93 74.411(2) 

 (deg) 90 69.981(2) 

V (Å3) 5619.0 5907.9(7) 

Z 4 4 

 (mm-1) 0.678 0.639 

T (K) 100 100 

GOF (S) 

[all data] 

1.030 1.030 

R1a (wR2b) 

[I>2(I)] 

[a 

0.0434 (0.0958) 0.1186 (0.2165) 

R1a (wR2b) 

[all data] 

[a 

0.0902 (0.1174) 0.2373 (0.2604) 

Reflections 11523 20996 

Radiation type Mo Kα Mo Kα 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + 

bP], where P = [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 3.3. Crystallographic data for (tbsL)Cr3(3–N) (3.5) and (tbsL)Cr3 (3.6). 

 (tbsL)Cr3(3–N) (3.5) (tbsL)Cr3 (3.6) 

Chemical formula C43.5H69.5Cr3N7Si3 C45H73Cr3N6Si3 

Formula weight 930.83 938.36 

Space group P1̅ P1̅ 

a (Å) 13.8736(5) 10.8419(16) 

b (Å) 18.7051(7) 14.483(2) 

c (Å) 19.9706(7) 16.071(2) 

 (deg) 104.2520(10) 106.738(3) 

 (deg) 103.6900(10) 95.216(3) 

 (deg) 101.8590(10) 100.642(3) 

V (Å3) 4684.9(3) 2347.1(6) 

Z 4 2 

 (mm-1) 0.798 0.797 

T (K) 100 100 

GOF (S) 

[all data] 
1.034 0.982 

R1a (wR2b) 

[I>2(I)] 
0.0571 (0.1306) 0.0744 (0.1511) 

R1a (wR2b) 

[all data] 
0.1228 (0.1592) 0.1762 (0.1881) 

Reflections 16595 8328 

Radiation type Mo Kα Mo Kα 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P 

= [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 3.4. Crystallographic data for (tbsL)Cr3(1–NDipp) (3.7) and (tbsL)Cr3(3–NMes)(1–CNBn) (3.8). 

 (tbsL)Cr3(1–NDipp) (3.7) (tbsL)Cr3(3–NMes)( 1–CNBn) (3.8) 

Chemical formula C58H93Cr3N7OSi3 C63H92.84Cr3N8OSi3 

Formula weight 1144.66 1218.55 

Space group Pbca P1̅ 

a (Å) 16.6022(14) 12.9290(12) 

b (Å) 23.527(2) 15.7254(19) 

c (Å) 30.899(3) 18.2012(17) 

 (deg) 90 103.754(3) 

 (deg) 90 96.333(2) 

 (deg) 90 114.209(2) 

V (Å3) 12069.2(18) 3186.9(6) 

Z 8 2 

 (mm-1) 0.335 0.605 

T (K) 100 100 

GOF (S) 

[all data] 

1.096 0.977 

R1a (wR2b) 

[I>2(I)] 

[a 

0.0388 (0.0937) 0.0631 (0.1296) 

R1a (wR2b) 

[all data] 

[a 

0.0644 (0.1102) 0.1517 (0.1596) 

Reflections 12358 11542 

Radiation type Synchrotron Mo Kα 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P 

= [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 3.5. Crystallographic data for (tbsL)Cr3(3–NPh)(1–NMes) (3.9), (tbsL)Cr3(HCCPh) (3.10), and 

[(Na)(thf)2][(tbsL)Cr3(3–N)(CHOO)] (3.11). 

 (tbsL)Cr3(3–NPh)(1–

NMes) (3.9) 

(tbsL)Cr3(HCCPh) 

(3.10) 

[(Na)(thf)2][(tbsL)Cr3(3–

N)(CHOO)] (3.11). 

Chemical formula C65H102Cr3N8O2Si3 C50H72Cr3N6Si3 C57H97Cr3N7NaO4Si3 

Formula weight 1267.81 997.41 1207.67 

Space group P1̅ P1̅ P1̅ 

a (Å) 13.8342(12) 11.9920(11) 12.421(3) 

b (Å) 14.6500(13) 14.9538(13) 13.927(3) 

c (Å) 17.9447(16) 15.1759(14) 19.252(4) 

 (deg) 95.124(2) 85.630(2) 80.738(3) 

 (deg) 93.478(2) 77.536(2) 74.978(3) 

 (deg) 112.5830(10) 68.122(2) 81.217(3) 

V (Å3) 3326.7(5) 2465.9(4) 3153.0(11) 

Z 2 2 2 

 (mm-1) 0.583 0.763 0.620 

T (K) 100 100 100 

GOF (S) 

[all data] 

1.047 0.934 1.050 

R1a (wR2b) 

[I>2(I)] 

[a 

0.0395 (0.0966) 0.0847 (0.1160) 0.0710 (0.1908) 

R1a (wR2b) 

[all data] 

[a 

0.0511 (0.1043) 0.2717 (0.1625) 0.1108 (0.2179) 

Reflections 11818 8683 10615 

Radiation type Mo Kα Mo Kα Mo Kα 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P 

= [max(Fo
2,0) + 2(Fc

2)]/3 
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Figure 3.5. Solid state molecular structure of (tbsL)Cr3(thf) (3.1) with thermal ellipsoids at 50% probability level. 

Color scheme: Cr, green; N, blue; O, red; Si, pink. Hydrogen atoms have been omitted for clarity. 
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Figure 3.6. Solid state molecular structure of (tbsL)Cr3(3–NBn) (3.2) with thermal ellipsoids at 50% probability level. 

Color scheme: Cr, green; N, blue; O, red; Si, pink; H, white. Most hydrogen atoms have been omitted for clarity. 
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Figure 3.7. Solid state molecular structure of (tbsL)Cr3(3–NBn)(1–NBn) (3.3) with thermal ellipsoids at 50% 

probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink; H, white. Most hydrogen atoms have been omitted 

for clarity. 
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Figure 3.8. Solid state molecular structure of (tbsL)Cr3(1–NMes) (3.4) showing one representative molecule from the 

asymmetric unit, which contains two molecules of 3.4. Thermal ellipsoids are displayed at 50% probability level. 

Color scheme: Cr, green; N, blue; O, red; Si, pink. Hydrogen atoms have been omitted for clarity. 
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Figure 3.9. Solid state molecular structure of (tbsL)Cr3(3–N) (3.5) showing one representative molecule from the 

asymmetric unit, which contains two molecules of 5. Thermal ellipsoids are displayed at 50% probability level.  Color 

scheme: Cr, green; N, blue; O, red; Si, pink. Solvent and hydrogen atoms have been omitted for clarity. 
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Figure 3.10. Solid state molecular structure of (tbsL)Cr3 (3.6) with thermal ellipsoids at 50% probability level. Color 

scheme: Cr, green; N, blue; O, red; Si, pink; H, white. Solvent and most hydrogen atoms have been omitted for clarity. 
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Figure 3.11. Solid state molecular structure of (tbsL)Cr3(3–NDipp) (3.7) with thermal ellipsoids at 50% probability 

level. Color scheme: Cr, green; N, blue; O, red; Si, pink. Solvent and hydrogen atoms have been omitted for clarity. 
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Figure 3.12. Solid state molecular structure of (tbsL)Cr3(3–NMes)(1–CNBn) (3.8) with thermal ellipsoids at 50% 

probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink. Solvent, benzyl group positional disorder, and 

most hydrogen atoms have been omitted for clarity. 
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Figure 3.13. Solid state molecular structure of (tbsL)Cr3(3–NPh)(1–NMes) (3.9) with thermal ellipsoids at 50% 

probability level. Color scheme: Cr, green; N, blue; O, red; Si, pink. Solvent and hydrogen atoms have been omitted 

for clarity. 
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Figure 3.14. Solid state molecular structure of (tbsL)Cr3(HCCPh) (3.10) with thermal ellipsoids at 35% probability 

level. Color scheme: Cr, green; N, blue; O, red; Si, pink; H, white. Most hydrogen atoms have been omitted for clarity.  
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Figure 3.15. Solid state molecular structure of [(Na)(thf)2][(tbsL)Cr3(3–N)(CHOO)] (3.11) with thermal ellipsoids at 

50% probability level. Color scheme: Cr, green; Na, yellow; N, blue; O, red; Si, pink. Solvent, disorder in one of the 

molecules of THF bound to sodium, and hydrogen atoms have been omitted for clarity. 
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Table 3.6. Selected bond metrics for 3.1 (Å). 

 

Cr1–Cr2 2.4399(10) Cr2–N3 2.020(3) 

Cr2–Cr3 2.7380(9) Cr2–N4 2.021(3) 

Cr3–Cr1 2.8935(8) Cr2–N5 2.097(3) 

Cr1–O1 2.302(3) Cr2–N6 2.258(3) 

Cr1–N5 2.007(2) Cr3–N1 2.020(3) 

Cr1–N6 2.102(2) Cr3–N2 2.009(2) 

Cr1–N1 2.105(2) Cr3–N3 2.077(3) 

Cr1–H41C 1.9832(6) Cr3–C13 2.378(4) 

 

Table 3.7. Selected bond metrics for 3.2 (Å). 

 

Cr1–Cr2 2.7547(7) Cr1–N3 2.057(2) 

Cr2–Cr3 2.5977(6) Cr2–N3 1.955(3) 

Cr3–Cr1 2.6847(8) Cr2–N4 1.990(2) 

Cr1–N7 1.927(3) Cr2–N5 2.034(2) 

Cr2–N7 1.954(2) Cr2–C19 2.488(3) 

Cr3–N7 2.005(2) Cr3–N5 2.024(2) 

Cr1–N1 1.961(2) Cr3–N6 1.993(3) 

Cr1–N2 1.943(2) Cr3–N1 2.049(3) 

 

Table 3.8. Selected bond metrics for 3.3 (Å). 

 

Cr1–Cr2 2.8104(9) Cr1–N3 2.013(3) 

Cr2–Cr3 2.7752(9) Cr2–N1 2.161(2) 

Cr3–Cr1 2.4867(7) Cr2–N2 1.986(2) 

Cr1–N7 1.655(3) Cr2–N5 1.967(3) 

Cr1–N8 1.875(2) Cr2–N6 2.036(2) 

Cr2–N8 2.048(3) Cr3–N3 1.971(2) 

Cr3–N8 1.931(3) Cr3–N4 1.919(2) 

Cr1–N1 1.963(3) Cr3–N5 2.028(3) 
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Table 3.9. Selected bond metrics for 3.4 (Å). 

 

First molecule in asymmetric unit Second molecule in asymmetric unit 

Cr1–Cr2 2.719(3) Cr4–Cr5 2.694(2) 

Cr2–Cr3 2.519(3) Cr5–Cr6 2.490(3) 

Cr3–Cr1 2.961(2) Cr6–Cr4 2.923(2) 

Cr1–N7 1.681(9) Cr4–N14 1.690(8) 

Cr1–N1 1.979(7) Cr4–N8 1.968(7) 

Cr1–N2 2.044(9) Cr4–N9 2.037(9) 

Cr1–N5 2.058(9) Cr4–N12 2.056(8) 

Cr2–N3 1.988(9) Cr5–N10 2.009(8) 

Cr2–N4 2.009(7) Cr5–N11 2.001(8) 

Cr2–N1 2.115(7) Cr5–N8 2.135(7) 

Cr2–N2 2.229(7) Cr5–N9 2.226(7) 

Cr3–N5 2.035(7) Cr6–N12 2.001(8) 

Cr3–N6 1.986(8) Cr6–N13 2.003(7) 

Cr3–N3 2.037(8) Cr6–N10 2.043(8) 

Cr3–C13 2.362(11) Cr6–C64 2.365(10) 
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Table 3.10. Selected bond metrics for 3.5 (Å). 

 

First molecule in asymmetric unit Second molecule in asymmetric unit 

Cr1–Cr2 2.5774(12) Cr4–Cr5 2.7403(15) 

Cr2–Cr3 2.6743(12) Cr5–Cr6 2.6545(14) 

Cr3–Cr1 2.8079(12) Cr6–Cr4 2.6659(10) 

Cr1–N13 1.845(4) Cr4–N14 1.859(4) 

Cr2–N13 1.880(5) Cr5–N14 1.886(5) 

Cr3–N13 1.909(4) Cr6–N14 1.882(5) 

Cr1–N5 1.955(4) Cr4–N7 1.974(4) 

Cr1–N6 1.950(4) Cr4–N8 1.913(5) 

Cr1–N1 2.098(4) Cr4–N11 2.084(5) 

Cr2–N3 1.980(4) Cr5–N11 1.987(4) 

Cr2–N4 1.923(4) Cr5–N12 1.922(4) 

Cr2–N5 2.055(4) Cr5–N9 2.081(4) 

Cr3–N1 1.994(4) Cr6–N9 1.973(5) 

Cr3–N2 1.963(5) Cr6–N10 1.920(3) 

Cr3–N3 2.138(5) Cr6–N7 2.069(4) 

Table 3.11. Selected bond metrics for 3.6 (Å). 

 

Cr1–Cr2 2.3714(14) Cr2–N3 2.016(5) 

Cr2–Cr3 2.9679(15) Cr2–N4 2.008(4) 

Cr3–Cr1 2.8418(12) Cr2–N5 2.090(4) 

Cr1–N5 2.012(5) Cr2–N6 2.238(4) 

Cr1–N6 2.096(5) Cr3–N1 2.033(4) 

Cr1–N1 2.060(5) Cr3–N2 1.997(5) 

Cr1–H41C 1.9699(9) Cr3–N3 2.085(5) 

Cr1–(C41–H41C) 1.723(5) Cr3–C13 2.373(5) 
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Table 3.12. Selected bond metrics for 3.7 (Å). 

 

Cr1–Cr2 2.7034(7) Cr2–N4 2.002(2) 

Cr2–Cr3 2.5567(6) Cr2–N1 2.0987(19) 

Cr3–Cr1 2.8937(6) Cr2–N2 2.199(2) 

Cr1–N7 1.681(2) Cr3–N5 2.0137(19) 

Cr1–N1 1.9828(19) Cr3–N6 1.9788(19) 

Cr1–N2 2.0504(19) Cr3–N3 2.0318(19) 

Cr1–N5 2.0561(19) Cr3–C13 2.410(3) 

Cr2–N3 1.9930(19)   

 

Table 3.13. Selected bond metrics for 3.8 (Å). 

 

Cr1–Cr2 2.7487(14) Cr1–N1 2.083(5) 

Cr2–Cr3 2.7034(14) Cr2–N1 2.008(4) 

Cr3–Cr1 2.7086(12) Cr2–N2 2.022(5) 

Cr1–N7 1.975(4) Cr2–N5 2.212(4) 

Cr2–N7 2.039(5) Cr3–N5 1.963(5) 

Cr3–N7 1.919(3) Cr3–N6 1.90(7) 

Cr1–C51 2.072(6) Cr3–N6A 1.96(6) 

Cr1–N3 2.023(3) Cr3–N3 2.022(4) 

Cr1–N4 1.979(5)   
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Table 3.14. Selected bond metrics for 3.9 (Å). 

 

Cr1–Cr2 2.8988(7) Cr1–N1 2.2235(18) 

Cr2–Cr3 2.7073(5) Cr2–N3 1.9663(18) 

Cr3–Cr1 2.9869(7) Cr2–N4 1.984(3) 

Cr1–N8 2.085(3) Cr2–N5 2.020(3) 

Cr2–N8 1.929(2) Cr2–C19 2.352(3) 

Cr3–N8 1.9489(18) Cr3–N1 1.987(3) 

Cr1–N7 1.704(3) Cr3–N2 1.922(2) 

Cr1–N5 2.058(2) Cr3–N3 2.032(2) 

Cr1–N6 2.0524(18)   

 

Table 3.15. Selected bond metrics for 3.10 (Å). 

 

Cr1–Cr2 3.012(2) Cr1–N6 1.976(8) 

Cr2–Cr3 2.6964(19) Cr1–N1 2.013(8) 

Cr3–Cr1 2.615(2) Cr2–N3 1.950(8) 

Cr1–C44 2.004(7) Cr2–N4 1.929(8) 

Cr2–C43 1.966(8) Cr2–N5 2.087(7) 

Cr3–C44 2.241(11) Cr3–N1 1.997(7) 

Cr3–C43 2.239(9) Cr3–N2 1.985(6) 

Cr1–N5 1.981(7) Cr3–N3 2.049(7) 
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Table 3.16. Selected bond metrics for 3.11 (Å). 

 

Cr1–Cr2 2.6987(11) Cr2–N1 1.970(4) 

Cr2–Cr3 2.5698(13) Cr2–N2 1.964(4) 

Cr3–Cr1 2.8684(12) Cr2–N3 2.035(3) 

Cr1–N7 1.947(3) Cr3–N5 1.980(3) 

Cr2–N7 1.884(4) Cr3–N6 1.965(5) 

Cr3–N7 1.875(4) Cr3–N1 2.063(4) 

Cr3–O1 2.195(3) Na1–O2 2.356(4) 

Cr1–O2 2.101(4) Na1–O3 2.341(5) 

Cr1–N3 2.020(4) Na1–O4 2.376(4) 

Cr1–N4 2.053(4) Na1–N7 2.530(5) 

Cr1–N5 2.308(4) Na1–N6 2.635(4) 
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3.5.8 Derivation of the equation used to fit Keq for the binding of THF to (tbsL)Cr3 

(3.6). 

For the equilibrium    

the equilibrium constant can be written  

𝐾𝑒𝑞_𝑏𝑖𝑛𝑑 =  
[1]

[6][𝑇𝐻𝐹]
 

and, in turn, for a known total concentration of (tbsL)Cr3-containing species, [Cr3
TOT] = [6] 

+ [1] and THF, [THFTOT] = [THF] + [1], the equilibrium constant can be defined as 

𝐾𝑒𝑞_𝑏𝑖𝑛𝑑 =  
[1]

([𝐶𝑟3
𝑇𝑂𝑇] − [1])([𝑇𝐻𝐹𝑇𝑂𝑇] − [1])

 

and rearranged to solve for [1] as a function of Keq, [Cr3
TOT], and [THFTOT] by employing 

the quadratic formula 

[1] =  
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
 

𝑎 =  𝐾𝑒𝑞_𝑏𝑖𝑛𝑑, 𝑏 =  −𝐾𝑒𝑞_𝑏𝑖𝑛𝑑[𝐶𝑟3
𝑇𝑂𝑇] − 𝐾𝑒𝑞_𝑏𝑖𝑛𝑑[𝑇𝐻𝐹𝑇𝑂𝑇] − 1, 𝑐 = [𝐶𝑟3

𝑇𝑂𝑇][𝑇𝐻𝐹𝑇𝑂𝑇] 

It is then possible to fit the equilibrium constant to the 1H NMR data obtained by treating 

6 with increasing amounts of THF. This utilizes the ability to treat the chemical shift, δ, of a peak 

from these spectra as a weighted average of the chemical shift of that peak in the absence of THF, 

δ0, and in the presence of an infinite excess of THF, δmax
[11] such that 

𝛿 =
[6]𝛿0 + [1]𝛿𝑚𝑎𝑥

[6] + [1]
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Where [1] is described in terms of the known quantities [Cr3
TOT] and [THFTOT], and the 

parameter to be fit, Keq_bind as described above. In practice, it is also necessary to fit δmax, as it is 

not possible to achieve an infinite excess of THF.  

3.5.9 Determination of Keq for the dissociation of THF from (tbsL)Cr3(thf) (3.1) in 

benzene. 

Using the Solver package for Microsoft Excel, a nonlinear least squares regression was 

carried out to fit Keq_bind and δmax using a set of δ values from 9 data points for values of [THFTOT]: 

[Cr3
TOT] ranging from 0 (δ0, 11.641 ppm) to 135 (16.155 ppm) (Figure S#). This fit gave Keq_bind 

= 385.59 M-1 and δmax = 16.16 ppm. Given that the process of interest was the dissociation of THF 

from 3.1 in benzene solution rather than the binding of THF by 3.6, the reciprocal of Keq_bind was 

taken, giving a Keq of 0.0028 M for the dissociation process. 
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Figure 3.16. 1H NMR study of THF binding to (tbsL)Cr3 (3.6). NMR collected in C6D6 and referenced to the residual 

solvent peak. The bottom spectrum represents 6 with no added THF. Up to 135 equivalents of THF with respect to 6 

were added (top spectrum). The position of the peak at 16.55ppm in the top spectrum (marked with *) was used to 

determine the equilibrium constant of THF binding in benzene solution. 
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Figure 3.17. Fit of the equilibrium constant of THF binding to 3.6 in benzene solution. 
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Figure 3.18. Stability assessment of (tbsL)Cr3(3–NMes) (3.4) in THF solution. The topmost spectrum indicates that 

no conversion from 4 to (tbsL)Cr3(3–N) (3.5) (bottom spectrum) has occurred after 4 has been heated to 80 °C for 12 

h. 
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Figure 3.19. 1H NMR of the 1:0.387 mixture of MesNN15N:mesitylene obtained upon synthesis of MesNN15N. The 

NMR was taken in C6D6 and referenced to the residual solvent peak. 
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Figure 3.20. 1H NMR spectra of samples in DMSO-d6 of ammonium chloride obtained from the decomposition of 

(tbsL)Cr3(3–N) (3.5) (bottom) and (tbsL)Cr3(3–15N) (3.5-15N) (top). The bottom spectrum shows the presence of 
14NH4Cl (7.13 ppm triplet, J = 51.0 Hz) arising from the coupling of 1H to 14N (I = 1).  The top spectrum shows the 

presence of 15NH4Cl (7.11 ppm doublet, J = 71.5 Hz) arising from the coupling of 1H to 15N (I = ½). 
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Figure 3.21. Frozen toluene EPR spectrum of (tbsL)Cr3(3–N) (3.5) at 77 K (red) with 9.652983 GHz, power = 0.6325 

mW. The black line represents a simulation with EasySpin[18] for an S = 1/2 spin state with the following parameters: 

g1 = 1.9582, g2 = 1.9798, g3 = 2.0057. 

  



 

116 

3.6 References Cited 

[1] a) O. Einsle, F. A. Tezcan, S. L. Andrade, B. Schmid, M. Yoshida, J. B. Howard, D. C. 

Rees, Science 2002, 297, 1696-1700; b) B. M. Hoffman, D. Lukoyanov, Z. Y. Yang, D. R. 

Dean, L. C. Seefeldt, Chem. Rev. 2014, 114, 4041-4062; c) H. Dobbek, V. Svetlitchnyi, L. 

Gremer, R. Huber, O. Meyer, Science 2001, 293, 1281-1285; d) M. Can, F. A. Armstrong, 

S. W. Ragsdale, Chem. Rev. 2014, 114, 4149-4174; e) T. Rasmussen, B. C. Berks, J. 

Sanders-Loehr, D. M. Dooley, W. G. Zumft, A. J. Thomson, Biochemistry 2000, 39, 

12753-12756; f) S. R. Pauleta, S. Dell’Acqua, I. Moura, Coord. Chem. Rev. 2013, 257, 

332-349. 

[2] a) P. M. Benton, M. Laryukhin, S. M. Mayer, B. M. Hoffman, D. R. Dean, L. C. Seefeldt, 

Biochemistry 2003, 42, 9102-9109; b) S. M. Mayer, W. G. Niehaus, D. R. Dean, J. Chem. 

Soc., Dalton Trans. 2002, 802-807; c) P. C. Dos Santos, S. M. Mayer, B. M. Barney, L. C. 

Seefeldt, D. R. Dean, J. Inorg. Biochem. 2007, 101, 1642-1648; d) C.-H. Kim, W. E. 

Newton, D. R. Dean, Biochemistry 1995, 34, 2798-2808; e) J. Christiansen, V. L. Cash, L. 

C. Seefeldt, D. R. Dean, J. Biol. Chem. 2000, 275, 11459-11464. 

[3] a) E. C. Wittenborn, M. Merrouch, C. Ueda, L. Fradale, C. Leger, V. Fourmond, M. E. 

Pandelia, S. Dementin, C. L. Drennan, Elife 2018, 7; b) T. Spatzal, K. A. Perez, O. Einsle, 

J. B. Howard, D. C. Rees, Science 2014, 345, 1620-1623; c) D. Sippel, M. Rohde, J. Netzer, 

C. Trncik, J. Gies, K. Grunau, I. Djurdjevic, L. Decamps, S. L. A. Andrade, O. Einsle, 

Science 2018, 359, 1484-1489. 

[4] a) R. B. Siedschlag, V. Bernales, K. D. Vogiatzis, N. Planas, L. J. Clouston, E. Bill, L. 

Gagliardi, C. C. Lu, J. Am. Chem. Soc. 2015, 137, 4638-4641; b) B. Wu, K. M. Gramigna, 

M. W. Bezpalko, B. M. Foxman, C. M. Thomas, Inorg. Chem. 2015, 54, 10909-10917; c) 

C. J. Reed, T. Agapie, J. Am. Chem. Soc. 2018, 140, 10900-10908; d) R. B. Ferreira, B. J. 

Cook, B. J. Knight, V. J. Catalano, R. García-Serres, L. J. Murray, ACS Catal. 2018, 8, 

7208-7212; e) S. C. Lee, W. Lo, R. H. Holm, Chem. Rev. 2014, 114, 3579-3600; f) M. R. 

Halvagar, P. V. Solntsev, H. Lim, B. Hedman, K. O. Hodgson, E. I. Solomon, C. J. Cramer, 

W. B. Tolman, J. Am. Chem. Soc. 2014, 136, 7269-7272; g) S. E. Creutz, J. C. Peters, J. 

Am. Chem. Soc. 2015, 137, 7310-7313. 

[5] Metal Clusters in Chemistry, Vol. 1 (Eds.: P. Braunstein, L. A. Oro, P. R. Raithby), Wiley-

VCH, Weinheim, 1999. 

[6] B. Wu, R. Hernandez Sanchez, M. W. Bezpalko, B. M. Foxman, C. M. Thomas, Inorg. 

Chem. 2014, 53, 10021-10023. 

[7] a) T. M. Powers, A. R. Fout, S. L. Zheng, T. A. Betley, J. Am. Chem. Soc. 2011, 133, 3336-

3338; b) T. M. Powers, T. A. Betley, J. Am. Chem. Soc. 2013, 135, 12289-12296. 



 

117 

[8] T. M. Powers, N. X. Gu, A. R. Fout, A. M. Baldwin, R. Hernandez Sanchez, D. M. Alfonso, 

Y. S. Chen, S. L. Zheng, T. A. Betley, J. Am. Chem. Soc. 2013, 135, 14448-14458. 

[9] J. Shen, G. P. Yap, K. H. Theopold, Chem. Commun. (Camb.) 2014, 50, 2579-2581. 

[10] A. A. Danopoulos, G. Wilkinson, T. K. N. Sweet, M. B. Hursthouse, J. Chem. Soc., Dalton 

Trans. 1995, 2111. 

[11] L. Fielding, Tetrahedron 2000, 56, 6151-6170. 

[12] G. Proulx, R. G. Bergman, Organometallics 1996, 15, 684-692. 

[13] T. Suehiro, S. Masuda, R. Nakausa, M. Taguchi, A. Mori, A. Koike, M. Date, Bull. Chem. 

Soc. Jpn. 1987, 60, 3321-3330. 

[14] L. Lešetický, R. Barth, I. Nêmec, M. Štícha, I. Tišlerová, Czech. J. Phys. 2003, 53, A777-

A782. 

[15] C. E. Laplaza, A. L. Odom, W. M. Davis, C. C. Cummins, J. D. Protasiewicz, J. Am. Chem. 

Soc. 1995, 117, 4999-5000. 

[16] M. P. Conley, M. F. Delley, G. Siddiqi, G. Lapadula, S. Norsic, V. Monteil, O. V. 

Safonova, C. Coperet, Angew. Chem. Int. Ed. Engl. 2014, 53, 1872-1876. 

[17] S. A. Reed, M. C. White, J. Am. Chem. Soc. 2008, 130, 3316-3318. 

[18] S. Stoll, A. Schweiger, J. Magn. Reson. 2006, 178, 42-55. 

[19] The MathWorks™, MATLAB R2017b (2017), Natick, MA. 

[20] Y. Li, L. X. Gao, F. S. Han, Chem. Eur. J. 2010, 16, 7969-7972. 

[21] Y. Lee, F. T. Sloane, G. Blondin, K. A. Abboud, R. Garcia-Serres, L. J. Murray, Angew. 

Chem. Int. Ed. Engl. 2015, 54, 1499-1503. 

[22] APEX2 Software Suite; Bruker AXS:Madison, WI, 2014. 



 

118 

[23] Sheldrick, G. M. SHELXTL, Version 6.12; Bruker Analytical X-Ray Systems, Inc.: 

Madison, WI, 2000. . 

[24] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. 

Crystallogr. 2009, 42, 339-341. 
 



119 

 

Chapter 4: Multiple-wavelength anomalous diffraction studies of 

trinuclear iron clusters: effects of coordination environment, M–M 

bonding, and mixed valency.
1
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4.1 Abstract 

In this report we examine a family of trinuclear iron complexes by multiple-wavelength, 

anomalous diffraction (MAD) to explore the redox load distribution within cluster materials by 

the free refinement of atomic scattering factors. Several effects were explored that can impact 

atomic scattering factors within clusters, including (1) metal atom primary coordination sphere, 

(2) M–M bonding, and (3) redox delocalization in formally mixed-valent species. Complexes were 

investigated which vary from highly symmetric to fully asymmetric by 57Fe Mössbauer and X-ray 

diffraction to explore the relationship between MAD-derived data and the data available from these 

widely-used characterization techniques. The compounds examined include the all-ferrous clusters 

[Bu4N][(tbsL)Fe3(
3–Cl)] (4.1), (tbsL)Fe3(py) (4.2), [K(C222)]2[(

tbsL)Fe3(
3–NPh)] (4.4), and the 

mixed-valent (tbsL)Fe3(
3–NPh) (4.3). Redox load delocalization in mixed-valent 4.3 was explored 

with cyclic voltammetry (CV), zero-field 57Fe Mössbauer, near-infrared (NIR) spectroscopy, and 

X-ray crystallography techniques. We find that the MAD results provide a distinct data point from 

57Fe Mössbauer and bond-metric analysis, distinguishing between local coordination geometry 

when those differences also result in electronic structure differences as observed by 57Fe 

Mössbauer, but also better reflecting similarities between sites that vary only slightly in local bond 

metrics. Differences within aggregate oxidation levels are evident by systematic shifts of scattering 

factor envelopes to increasingly higher energies. However, distinguishing local oxidation levels in 

iso- or mixed-valent materials can be dramatically obscured by the degree of covalent intracore 

bonding. MAD-derived atomic scattering factor data emphasizes in-edge features that are often 

difficult to analyze by XANES. Thus, relative oxidation levels within the cluster were most 

reliably ascertained from comparing the right-hand, rising edge of the atomic scattering factor data. 
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4.2 Introduction 

Traditional coordination complexes mediate redox processes from discrete orbitals.[1] The 

electroactive orbitals need not be uniquely metal-based and may include both transition metal and 

ligand character.[2] For extended solids local coordination environments change for surface bound 

elements, but the redox load is distributed within the valence band under oxidative stress, or the 

conduction band under reducing conditions. Clusters represent the intermediate domain which 

contain M–M bonding interactions at the core and terminated by metal–ligand interactions at the 

periphery.[3] Clusters maintain the properties of mononuclear coordination compounds in that 

redox still occurs in discrete orbitals, yet begin to approximate band-like configurations as the 

cluster size increases, increasing the density of near degenerate orbitals. A variety of analytical 

techniques (e.g., near-infrared spectroscopy, cyclic voltammetry, 57Fe Mössbauer) can be used to 

interrogate delocalization. However, these bulk techniques cannot provide site specific 

information with regards to redox load on the individual metals within a cluster. Understanding 

how redox loads are distributed within clusters can provide important details about the mechanisms 

of substrate activation and redox changes both in biological and abiological systems. 

Multiwavelength anomalous X-ray diffraction (MAD) has the potential to be a powerful 

technique for understanding the local oxidation state of transition metals in both synthetic clusters 

and polynuclear biological cofactors. In theory, MAD can serve as a site-specific, crystallographic 

probe of a metal center’s absorption edge profile, analogous to XANES. However, examples of its 

application to molecular and biological systems are thus far limited. As the capacity to collect 

well-resolved MAD spectra improves, it is necessary to benchmark the results of MAD on 

polynuclear clusters. The effects of fully-delocalized mixed valency and changes in local bond 

metrics and M–M separation must be investigated as these factors affect the appearance of MAD 
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data in ways that can impact the interpretation of MAD as it is applied to synthetic and biological 

systems.  

The MAD experiment refines the atomic scattering factor, 𝑓, which characterizes the 

diffraction behavior of atoms and has a large wavelength dependence near an atom’s absorption 

edge. More specifically, 𝑓 may be subdivided into three components: 𝑓 = 𝑓0 + 𝑓′ + 𝑖𝑓′′, where 𝑓0 

is the scattering factor of the unperturbed atom, and 𝑓′ and 𝑓′′ are the real and imaginary 

components of anomalous scattering that arise as a result of X-ray absorption and therefore vary 

significantly near an absorption edge.[2g] MAD experiments are conducted by collecting many X-

ray diffraction data sets at energies near the K-edge of the element of interest, allowing refinement 

of 𝑓′ and 𝑓′′ of that element while all other scattering factors remain near constant. The values of 

𝑓′ at an absorption edge are larger in magnitude than those of 𝑓′′, which results in a faster decrease 

in error, making 𝑓′ more reliable for smaller data sets. Recent protein crystallography examples of 

MAD utilize both 𝑓′ and 𝑓′′, but limitations on synchrotron beamtime and the stability of small, 

air-sensitive crystals of synthetic complexes restrict MAD studies of such systems to interpretation 

of 𝑓′. While 𝑓′′ is linearly related to the absorbance and therefore can be analyzed similarly to an 

XAS spectrum, 𝑓′ is related to 𝑓′′ by a Kramers-Kronig transformation and is more sensitive to 

fine features of the absorption edge. 

MAD has been utilized extensively in polycrystalline systems[4] but only scarcely in single-

crystal experiments.[5] Given the dearth of literature surrounding single molecule, single crystal 

MAD applications, we were interested in applying the methodology to a family of well-defined 

clusters to examine how well this technique can resolve differences in atomic scattering factors 

and what molecular features affect the scattering factors themselves. Additionally, we sought to 

utilize this set of sample molecules to examine the interpretation of well-resolved experimental 𝑓′ 
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curves, given the expected prevalence of in-edge features. Towards this end, we selectively 

examined synthetic iron complexes so that comparisons could be made between the MAD results 

and analysis of local bond-metrics and 57Fe Mössbauer. 
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4.3 Results 

4.3.1 Synthesis 

To test the applicability of MAD towards identifying the individual metal electronic 

environments within a cluster, we generated a family of trinuclear clusters that allowed us to probe 

the effects of cluster symmetry, local metal ion primary coordination sphere, M–M bonding, and 

cluster oxidation state changes. The asymmetric, all-ferrous complex (tbsL)Fe3(py) (4.1) (Figure 

4.1a) allows us to examine how major differences within the cluster ions' primary coordination 

spheres might affect the 𝑓′ curves. Complex 4.1 can be rapidly converted to the C3-symmetric 

chloride [nBu4N][(tbsL)Fe3(μ
3–Cl)] (4.2) adduct by treatment with [nBu4N]Cl in THF (Scheme 1). 

The symmetry of 4.2 is apparent in solution by the C3-symmetric 1H NMR spectrum. The neutral 

phenylimido complex (tbsL)Fe3(μ
3–NPh)[6] (4.3) was selected as a representative mixed-valence 

complex, and thus we targeted its all-ferrous congener through chemical reduction. The dianionic 

imido was obtained via treatment of 4.3 with 2 equivalents of KC8 in thawing THF followed by 

encapsulation of the K cations with [2.2.2]cryptand (C222) to afford [K(C222)]2[(
tbsL)Fe3(μ

3–NPh)] 

(4.4, Scheme 1, Figure 4.1d). 
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Scheme 4.1. Synthesis of 4.2 and 4.4. 

Figure 4.1. X-ray single crystal structures obtained at 30.5 keV (100 K) for (a) (tbsL)Fe3(py) (4.1),  (b)  

[nBu4N][(tbsL)Fe3(μ3–Cl)] (4.2), (c) (tbsL)Fe3(μ3–NPh) (4.3), and (d) [K(C222)]2[(tbsL)Fe3(μ3–NPh)] (4.4). Disorder 

ratio of the phenyl group on the μ3–NPh fragment in 4.3 is 48:52. Hydrogen atoms, cations, and cocrystallized 

solvent molecules have been omitted for clarity. Thermal ellipsoids set at 50% probability level. Atom color-coding: 

Fe orange, C grey, Si pink, and N blue. 
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4.3.2 Solid-state molecular structures 

The solid-state structures for complexes 1–4 (Figure 4.1) were obtained at 100 K and at an 

incident X-ray energy of 30.5 keV, well beyond the iron K-edge. The solid-state structure for 4.1 

retains the asymmetric binding of the tbsL6– ligand about the trinuclear core reported for its THF-

bound congener (tbsL)Fe3(thf).[7] As in (tbsL)Fe3(thf), 4.1 contains one four-coordinate entirely 

ligand-bound site (Fe1-Navg 2.061 Å), one four-coordinate solvent-bound site (Fe2-Navg 2.118 Å), 

and one three-coordinate site (Fe3-Navg 1.983 Å). In addition to the differences in coordinate 

geometry and average Fe–N distances, the Fe–Fe distances of 4.1 are also distinct: Fe1–Fe2 

2.6499(7), Fe1–Fe3 2.6306(7), Fe2–Fe3 2.5422(5) Å. The solid-state molecular structure of the 

chloride adduct 4.2 is not rigorously C3-symmetric, owing perhaps to crystal packing effects of the 

nBu4N cation. Significant asymmetries are apparent in both the Fe–Cl and Fe–Fe distances (Å): 

Fe1–Cl, 2.5185(8); Fe2–Cl, 2.4797(7); Fe3–Cl, 2.5602(8); Fe1–Fe2, 2.8431(8); Fe1–Fe3, 

2.6949(8); Fe2–Fe3, 2.8184(8). However, the average Fe–N distances of the three Fe sites in 4.2 

(Fe1–Navg 2.028 Å, Fe1–Navg 2.027 Å, Fe1–Navg 2.023 Å) are indistinguishable within error. The 

average Fe–Fe separation of 2.7854(8) Å in 4.2 is expanded from 4.1, indicating diminished Fe–

Fe bonding overlap. 

The crystallographically determined structure of phenylimido 4.3 was reported 

previously,[6] though we note the following features: the imido phenyl moiety is found in two 

orientations in a nearly 1:1 ratio. The triiron core forms a nearly isosceles triangle, though with 

only a small variation in absolute distances (Fe1–Fe2, 2.5367(8); Fe1–Fe3, 2.5365(9); Fe2–Fe3 

2.5133(8) Å), and the iron-imido N contacts are indistinguishable within error (Fe1–Nimido, 

1.939(3); Fe2–N 1.936(4); Fe3–N 1.935(3) Å). Lastly, there is no evidence for ligand redox non-

innocence within the imido moiety (dC–C avg: 1.394(20) Å) or within the tbsL o-phenylenediamide 

units whose metrics are consistent with closed-shell dianions (dC–C avg: 1.393(4) Å). Double 
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reduction of 4.3 to the dianion 4.4 maintains the overall aggregate geometry (Figure 4.1d) with 

attendant expansion in the Fe–Fe (avg. dFe–Fe: 2.633(1) Å) and Fe–Nimido (avg. dFe–NPh: 2.008(2) Å) 

interactions. The Fe-Fe distances and Fe-Nimido distances in 4.4 are significantly more asymmetric 

than in 3: Fe1–Fe2, 2.661(1); Fe1–Fe3, 2.657(1); Fe2–Fe3 2.582(1); Fe1–N, 1.976(3); Fe2–N, 

1.991(2); Fe3–N, 2.058(3) Å).   

4.3.3 57Fe Mössbauer 

The reported zero-field, 57Fe Mössbauer spectrum for 1 (Figure 4.2e) indicates three unique 

iron environments that can be assigned to the three-coordinate site (, |EQ| (mm/s): 0.33, 1.84, 

blue trace); four-coordinate, tetraanilido-bound site (, |EQ| (mm/s): 0.55, 1.76, green trace); and 

the four-coordinate, pyridine-bound site (, |EQ| (mm/s): 0.74, 1.39, yellow trace), respectively, 

by comparison to the 57Fe Mössbauer spectra of metal-substituted variants.CJ For 4.2, the solid-

state 57Fe Mössbauer displays a single quadrupole doublet, (, |EQ| (mm/s): 0.72, 1.31, Figure 

4.2d), consistent with the C3-symmetric 1H NMR spectrum, but relatively surprising given the 

degree of asymmetry in Fe–Fe and Fe–Cl distances observed by single-crystal X-ray diffraction 

studies (Figure 4.1b). The single quadrupole doublet observed for 4.2 also contrasts with the 57Fe 

Mössbauer spectrum of 4, which has two distinct signals in a 1:2 ratio (, |EQ| (mm/s), %: 0.72, 

1.47, 35%, blue trace; 0.75, 2.84, 65%, Figure 4.2f). The asymmetry of 4.4 by Mössbauer decreases 

upon oxidation, as seen in the Mössbauer spectrum of 4.3, which was best modeled as three closely 

overlapping quadrupole doublets with the following parameters [, |EQ|,  (mm/s)]: 0.40, 1.08, 0.44 

(blue trace); 0.37, 1.72, 0.31 (yellow trace); and 0.41, 2.13, 0.35 (green trace) as shown in Figure 

4.2a. 
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4.3.4 Assessing the Mixed-valent Character of (tbsL)Fe3(μ
3–NPh) (3). 

The electrochemical behavior of 4.3 displays three one-electron redox events in THF, two 

reversible reductions at E1/2 = –1.25 and –2.48 V and one quasi-reversible oxidation at Epa = –0.12 

V vs. [Cp2Fe]0/+.[6] From this data the upper limit for the comproportionation constant (Kc)
[8] of 4.3 

was calculated to be 1.3 x 1019,[9] well in excess of 106–107 typically observed for fully delocalized 

mixed valent species (Robin-Day designation of Class III[10]).[11] While the conditions used in the 

electrochemical experiment can vary Kc,
[12] the latter value vastly exceeds the threshold for 

strongly delocalized complexes. Complex 4.3 was probed by zero-field 57Fe Mössbauer 

spectroscopy, as described above, where strongly delocalized mixed valent systems appear as a 

single quadrupole doublet.[13] The isomer shift values (), reflective of the relative oxidation levels, 

vary minimally amongst the modeled components. The variation observed for the quadrupole 

splitting values (|EQ|) could reflect an electronic asymmetry induced by the 3–NPh fragment, or 

simply result from the different orientations of the imide phenyl unit in the solid-state 

measurement. However, the phenomenon appears to be electronic in nature as three distinct 

components were resolved in spectra collected in solution (toluene, 90K, Figure 4.16) and in the 

solid state at 90 K, 150 K, and 210 K (Figure 4.15).  

The absorption spectrum of 4.3 in C6D6 displays a discernable weak absorption band at ca. 

4500 cm–1, however, upon investigating the near-IR spectrum of dianionic homovalent analogue 

4.4 we observed a band of a similar intensity, shape, and energy (Figure 4.18), leading us to 

conclude that this feature does not arise from intervalence charge transfer in 4.3. The NIR region 

of the absorbance spectrum of 4.3 is otherwise featureless. A previously-reported well-

characterized strongly delocalized Class III reduced triiron complex on the same ligand platform 
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also displayed no observable IVCT band, which supports the conclusion that mixed-valency in 4.3 

is also strongly delocalized.[14] 

4.3.5 Multiwavelength Anomalous Diffraction 

Application of MAD to the series of all-ferrous clusters 4.1, 4.2 and 4 consisted of 

collecting 37 partial diffraction datasets around the experimentally determined Fe K-edge, in 

addition to a full data structure collection at high energy as a reference (30.5 keV). A fluorescence 

scan on a crystalline sample of ferrocene was used as an energy reference standard between data 

collections. Prior to collecting the diffraction data, fluorescence data was obtained on the same 

single-crystal at steps of 1 eV from 7080 to 7180 eV. A highlighted region from 7100–7140 eV is 

shown for 4.2, 4.1, and 4.4 in Figure 4.2d–f, respectively, and for 4.3 in Figure 4.2. No attempt 

was taken to determine the edge from this data and instead it was used to define the number and 

size of energy steps at which to collect diffraction data for the MAD experiment. For the more 

symmetric complexes 4.2-4, a pre-edge is apparent between 7110 and 7115 eV.[15] 

Partial diffraction data, consisting of 500-1000 unique reflections at each energy, were 

collected around the Fe K-edge in between 7085 and 7150 eV. When refining the partial diffraction 

datasets only the real (𝑓′) and imaginary (𝑓′′) scattering factors for each iron site were freely refined 

while position and occupancy of all atoms were held constant from the full structures determined 

at 30.5 keV. Tabulated scattering factors at each energy were used for non-Fe atoms. The 𝑓′ plots 

for each iron site obtained from the refinement using the 30.5 keV reference are shown in Figure 

4.3g–i for 4.2, 4.1, and 4.4, respectively, and in Figure 4.3e for 4.3. The site labeling corresponds 

to the atomic positions shown in Figure 4.1. 
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Figure 4.2. Crystal structure cores with bond metrics indicated of the all-ferrous materials (a) [(tbsL)Fe3(μ3–Cl)]– of 

4.2, (b) (tbsL)Fe3(py) (1), and (c) [(tbsL)Fe3(μ3–NPh)]2– of 4.4. (d–f): Single-crystal X-ray fluorescence scan collected 

around the Fe K-edge in steps of 1 eV at 100 K. (g–i): Anomalous scattering factor 𝑓′ for each iron center determined 

from refinement of the diffraction data collected at 100 K and using a full structure solution collected at 30.5 keV as 

a reference for (g) [(tbsL)Fe3(μ3–Cl)]– (4.2), (h) (tbsL)Fe3(py) (4.1), and (i) [(tbsL)Fe3(μ3–NPh)]2– (4.4). 
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In previous studies of mixed-valent MnIIIMnIV,[5a] NbIV
2NbVI,[5b] FeIIFeIII

2,
[16] and 

FeIIFeIII[5d] a clear distinction of the minimum of the 𝑓′ vs. energy curves, which indicates the edge 

position, have allowed an unambiguous assignment of the relative oxidation states of the individual 

metal sites. For iron-containing species, benchmark studies provide baseline energy values of Fe0 

(7113 eV), FeII (7121 eV), and FeIII (7127 eV), giving a narrow energy breadth spanning only 14 

eV.[16]  

Initial inspection of the 𝑓′ curves for the asymmetric py-adduct 4.1 reveals a complex series 

of plots that span a broad range of energies, unlike those previously reported.[16] Remarkably, the 

three-coordinate site Fe3 presents the lowest energy minimum at 7115.5 eV, offset from the 

minima displayed by the four-coordinate, tetraanilido-bound Fe1 (7119.5 eV) and the four-

coordinate, py-bound Fe2 (7125.5 eV). The data for [nBu4N][(tbsL)Fe3(μ
3–Cl)] (4.2) (Figure 4.3a, 

d, g) reveal essentially overlapping 𝑓′ curves for all three iron sites. Each of the iron site traces 

project a sharp minimum at 7117.5 eV, however the energy of this minimum is coincident with a 

strong, in-edge absorption in the fluorescence scan. This feature has been observed in other 

chloride containing transition metal complexes.[17] Aside from this in-edge feature, the 𝑓′ curves 

for all three Fe sites of 4.2 are notably broader than observed in previous Fe 𝑓′ data. 

Examination of the scattering factors of the dianionic imido 4.4 reveals that each of the 

three iron sites feature significantly broadened energy minima envelopes spanning 6–12 eV 

(absolute minima (eV): Fe1, 7115.5; Fe2, 7121.5; Fe3, 7117.5). The asymmetry in the individual 

envelopes may be influenced by the asymmetry in the individual Fe-Nimido distances, but further 

interpretation is precluded by the minimal statistical significance of the site-to-site differences in 

𝑓′. 
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Application of the MAD protocol to the mixed valence (tbsL)Fe3(μ
3–NPh) 4.3 reveals an 

analogously broad scattering factor envelope (Figure 4.3e) akin to that observed in 4.4. The 

nominal two-electron oxidation change between 4.3 and 4.4 is manifest in a subtle shift of the right 

side of the envelope to higher energies. The shift in aggregate oxidation levels is more evident in 

comparison of the scattering factor envelopes than the composite fluorescence scans which are 

overlaid for 4.3 and 4.4 in Figure 4.3c. 

 
Figure 4.3. (Top) Single-crystal X-ray fluorescence scan overlay collected around the Fe K-edge in steps of 1 eV at 

100 K for (tbsL)Fe3(μ3–NPh) (3, red) and [(tbsL)Fe3(μ3–NPh)]2– (4.4, blue). (Bottom) Anomalous scattering factor 𝑓′ in 

steps of 1 eV for each iron center determined from refinement of the diffraction data collected at 100 K and using a 

full structure solution collected at 30.5 keV as a reference for (tbsL)Fe3(μ3–NPh) (4.3, red) and [(tbsL)Fe3(μ3–NPh)]2– 

(4.4, blue). 
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4.4 Discussion 

The MAD data collection strategy implemented in this study resulted in the highest-

resolution 𝑓′ data thus far reported for synthetic polynuclear complexes. We were able to both 

collect energy data points at a separation of as little as 2 eV and collect sufficient data to minimize 

error in 𝑓′ such that three sites within a similar ligand environment can be distinguished. The 

resulting 𝑓′ curves for all-ferrous 4.1, 4.2, and 4.4, and mixed-valent 4.3 allowed us to discern the 

effects of molecular symmetry, changes in the primary coordination spheres for the metals within 

the cluster, the nature of the cluster capping ligand, and cluster oxidation state. Several general 

observations were apparent upon comparison of our data to that for previously reported complexes. 

First, the 𝑓′ envelopes observed for the clusters examined in this study span a broader range than 

previously observed; this broadness is also observed in the fluorescence scans, and by comparison 

to the XAS literature indicates a much higher degree of covalency within our clusters.[17] 

Additionally, at the data resolution used in this study (limited by the 1 eV energy uncertainty of 

the synchrotron beamline at which the data was collected), observing and interpreting pre-edge 

features via 𝑓′ is challenging. 

Probing the effect of coordination environment via MAD, the 𝑓′ plots of 4.1 reveal a strong 

correlation between changes in individual primary coordination spheres and the resulting 

anomalous scattering factors. Compared to the broad and entirely featureless fluorescence scan, 

the individual 𝑓′ curves for 4.1 can resolve detailed features of the absorbance at each site, 

including multiple transitions in the edge of three-coordinate Fe3. This highlights the importance 

of employing a site-resolved technique for cluster complexes, as none of these features are 

apparent in the bulk measurements. Despite consisting of three formally FeII sites, the disparity in 

the 𝑓′ minima span 10 eV (which nearly spans the previously benchmarked Fe0–FeIII continuum). 



134 

This case study shows that the absolute 𝑓′ minimum alone should not be used as an indicator of 

oxidation state. Rather, we note that the individual 𝑓′ plots converge approaching the white line 

energy, indicating that the right hand rising edge is more reflective of the relative oxidation states 

of the individual sites. However, the differences in the 𝑓′ curves for the three sites do indicate that 

there is polarization across the [Fe3] core, potentially signifying a disparity in local electronic 

structures. This analysis agrees with the 57Fe Mössbauer data for 4.1, in which all three sites differ 

in both isomer shift and quadrupole splitting. The combined MAD and Mossbauer analysis are 

corroborated by contemporary studies in our lab wherein [(tbsL)Fe2Zn] clusters have been prepared, 

allowing each of the quadrupole doublets of 4.1 to be determined (selectively removing iron from 

individual sites). 

By coordinating chloride to the face of the trinuclear cluster in 4.2, the local coordination 

environments of the individual sites are nominally symmetrized compared to those of 4.1. While 

the M–N bonds are indistinguishable within error, the Fe–Fe and Fe–Cl distances are highly 

asymmetric (See Figure 4.2a), with standard deviations of 0.08 and 0.04 Å, respectively. Despite 

these differences, the 𝑓′ curves obtained for 4.2 overlay almost completely for all energies, 

indicating that the 𝑓′ plots for 4.2 are more reflective of Fe–N bond distances. The long Fe–Fe 

distances (avg. 2.785 Å) and Fe-Cl distances (2.519 Å), coincident 𝑓′ plots, and the single 

quadrupole doublet in 57Fe Mössbauer indicate that the local electronic structure is dominated by 

the highly covalent Fe–N bonds. As anticipated, the in-edge feature observed in the fluorescence 

scan produces the strongest signal in the 𝑓′ curve, giving rise to the sharp minimum at 7115.5 eV. 

The decreasing left-hand side of the curve includes a shoulder at 7111.5 eV, coincident with the 

energy of the pre-edge feature in the fluorescence scan, confirming that pre-edge features 

contribute minimally to 𝑓′. Accounting for these detailed edge features, the overall 𝑓′ envelope for 
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all three sites of 4.2 spans a similar energy range to that observed for 4.1, corresponding to a similar 

degree of covalency between the two complexes. 

The asymmetry in the Fe–Fe and Fe–Nimido distances of 4.4 results in an asymmetric 57Fe 

Mössbauer spectrum. The unique quadrupole doublet (Figure 4.2f), which significantly differs 

only in quadrupole splitting, could be associated with site Fe3 which bares significantly shorter 

average Fe–Nligand distances (2.043 Å vs. 2.070 Å and 2.074 Å) and a longer Fe–Nimido (2.058 Å 

vs. 1.976 Å and 1.991 Å) distance compared to the remaining sites. The site-resolved 𝑓′ plots that 

arise from MAD, however, are barely distinguishable within error. The more covalent interactions 

between the iron sites and the µ3-capping group in 4.4 do not increase the breadth of the curves 

compared to 4.2. The decreased Fe–Fe distances also do not result in significant broadening of the 

curves, nor do they change the energy at which the steep descent or ascent occurs. Synthetic 

clusters previously studied by MAD have much longer M–M distances than those found in 4.4 

(M–M > 3 Å vs. Fe–Feavg 2.633 Å). The finding here that shorter Fe–Fe distances do not impact 

the curve width strengthens the conclusion that the breadth of peaks observed for the complexes 

in this study is related to metal-ligand covalency, as suggested by XANES literature. Those 

conducting future studies on synthetic and biological systems should note the tendency of highly 

covalent systems to give significantly broadened MAD signals compared to previous literature 

reports.[16]  

Upon oxidation to the neutral phenyl imido complex 4.3, the cluster undergoes a significant 

symmetrization (std. dev. Fe–Nligand: 0.005 Å, Fe–Nimido: 0.002 Å, Fe–Fe: 0.013 Å  vs. 0.017 Å, 

0.044 Å, 0.045 Å, respectively, in 4.4). Furthermore, 57Fe Mössbauer reveals a broad quadrupole 

doublet that can be fit as three closely overlapping components. Isomer shift and quadrupole 

splittings can be obtained from a fit to the data, but the closely overlapping nature of the doublets 
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allows for multiple comparable fits. While the comproportionation constant and lack of IVCT band 

observed for 3 match well with what was observed for a fully delocalized, mixed-valent anion on 

the same triiron platform, the existence of multiple spectral features by 57Fe Mössbauer contrasts 

with the single quadrupole doublet observed in the previous example and other Class III iron 

complexes. In fact, closely overlapping but distinct quadrupole doublets were observed for a 

previous triiron system (formally FeIII
2FeII) which was determined by MAD to consist of a pair of 

redox-delocalized sites and one redox-isolated FeIII.  

Analyzing the MAD data for 4.3 reveals three coincident 𝑓′ traces, indicating a similar 

redox distribution across all three sites. Additionally, the 𝑓′ plots in 4.3 are more closely 

overlapping than those in 4.4. This suggests that the dissimilarities within the 57Fe Mössbauer 

spectrum of 4.3 must arise from small differences in quadrupole splitting due to small geometric 

perturbations, rather than from a difference in oxidation state. MAD indicates that the three iron 

sites of 4.3 are identical in oxidation state. The overall 4.2 electron oxidation on going from 4.3 to 

4.4, however, is observable by MAD in a 4 eV shift of the right-hand rising edge to higher energies. 

The descending edge of the 𝑓′ traces overlay well between the two samples and the oxidation state-

derived shift is only observable as the 𝑓′ value begin to increase. The 4 eV shift in the position of 

the rising edge of the 𝑓′ curves is much greater than the barely-discernible difference between the 

two fluorescence scans. 
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4.5 Conclusions 

The foregoing results allow the impacts of aggregate oxidation level, changes in primary 

coordination sphere, and metal-metal bonding on the ability of MAD to determine site-specific 

redox levels to be analyzed. The data collection strategy employed successfully enabled the 

collection of up to 21 energy data points per molecule, significantly improving the resolution of 

the 𝑓′ curves obtained without sacrificing certainty in individual 𝑓′ values. The MAD results 

obtained in this study show that highly covalent systems display broad 𝑓′ traces, much like the 

broadening of XANES spectra with increasing covalency. Transitions that give rise to observable 

in-edge features in a simple fluorescence scan disproportionately affect 𝑓′ plots, whereas pre-edge 

features are difficult to discern, perhaps except at even higher resolution than was possible for this 

study. Differences in local coordination geometry dramatically impact the appearance of site-

specific 𝑓′ curves, but in general do not affect the relative energy position of the rising right-hand 

edge. The right-hand rising edge, however, is much more reflective of relative oxidation level in 

this study as seen by the shift in the 𝑓′ envelope when 4.3 is reduced to 4.4. Furthermore, MAD 

was able to resolve the nature of delocalization in 4.3, which was otherwise ambiguous by 57Fe 

Mössbauer. More broadly, these results highlight the importance of having control compounds 

that are as structurally similar as possible (e.g., 4.3 vs. 4.4), as conclusions are difficult-to-

impossible to draw in the absence of a direct comparison and particularly obscured by differences 

in geometry (4.1 vs. 4.3). 
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4.6 Experimental Methods 

4.6.1 General Considerations 

All manipulations involving metal complexes were carried out using standard Schlenk or 

glovebox techniques under a dinitrogen atmosphere, unless otherwise noted. All glassware was 

oven-dried for a minimum of 10 h and cooled in an evacuated chamber prior to use in the drybox. 

Diethyl ether, toluene, and tetrahydrofuran (THF) were dried and deoxygenated on a Glass 

Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior 

to use. C6D6 was purchased from Cambridge Isotope laboratories and stored over 4 Å molecular 

sieves prior to use. Nonhalogented solvents were frequently tested, by a solution of sodium 

benzophenone ketyl in THF, for effective water and dioxygen removal. Potassium graphite (KC8) 

was prepared according to literature procedure.1 Ferrocene was purchased from Strem and 

sublimed under vacuum to form crystals suitable for X-ray diffraction. Compounds (tbsL)Fe3(py) 

(4.1), [NBu4][(
tbsL)Fe3(3–Cl)] (4.2), and (tbsL)Fe3(3–NPh) (4.3)[6] were prepared according to 

methodology previously reported by our laboratory. Celite 545 (J. T. Baker) was dried in a Schlenk 

flask for at least 20 h under dynamic vacuum while heating to 200 – 220 °C prior to glovebox use. 

All other reagents were purchased from commercial vendors and used without further purification. 

4.6.2 Synthesis 

[K(C222)]2[(tbsL)Fe3(μ
3–NPh)] (4.4). A scintillation vial equipped with a magnetic stir bar 

was charged with KC8 (26.1 mg, 0.19 mmol) and THF (2 mL). The mixture was frozen in the 

liquid N2-cooled cold well. To the frozen solution was added a solution of (tbsL)Fe3(μ
3–NPh) (4.3) 

(87.7 mg, 0.088 mmol) dissolved in THF (4 mL). The frozen solution was thawed and stirred 

rapidly at r.t. for 1 h and then filtered through a pad of Celite, after which [2.2.2]cryptand (72.77 

mg, 0.19 mmol) was added. The solution was stirred at r.t. for 1 h, filtered through a pad of Celite, 
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and then the volatiles were removed in vacuo. The resulting red oil was washed with diethyl ether 

(8 mL) and then dried in vacuo. This yielded [K(C222)]2[(tbsL)Fe3(μ
3–NPh)] (4.4) (144.9 mg, 0.079 

mmol, 90% yield) as a red-brown solid. Crystals suitable for X-ray diffraction were grown from a 

1:1 THF:ether solution at -35 °C. 1H NMR (500 MHz, THF-d8): δ 143.33 (b), 38.62 (b), 32.62 (s), 

13.69 (s), 10.02 (s), -13.53 (s), -27.51 (b), -47.94 (b). Anal. Calc. for C84H143Fe3K2N11O12Si3: C, 

55.16; H, 7.88; N, 8.42. Found: C, 55.56; H, 8.03; N, 8.48. 

4.6.3 X-ray structure determinations.  

Single crystals suitable for X-ray structure analysis were coated with deoxygenated 

Paratone N-oil and mounted in MiTeGen Kapton loops (polyimide). Data for compounds 4.1 - 4 

was collected at 100 K using synchrotron radiation at the Argonne National Laboratory Advance 

Photon Source, ChemMatCARS. A full dataset suitable for structure determination was collected 

at 100 K using 30 keV radiation. The single crystals of 4.1 - 4 did not show decay during data 

collection. Data was collected using a Bruker three-circle platform goniometer equipped with a 

Bruker APEX II CCD and an Oxford Cryosystems cooling apparatus.  The collection method 

involved 0.5 scans in ϕ at –5 in 2.  Data integration down to 0.84 Å resolution was carried out 

using SAINT V8.34 C (Bruker diffractometer, 2014) with reflection spot size optimization. 

Absorption corrections were applied using SADABS.[18] The structure was solved by the Intrinsic 

Phasing methods and refined by least-squares methods again F2 using SHELXL[19] with the OLEX 

2[20] interface (Dolomanov, et al., 2009). Space group assignments were determined by 

examination of systematic absences, E-statistics, and successful refinement of the structures. The 

program PLATON[21] was employed to confirm the absence of higher symmetry. Non-hydrogen 

atoms were refined with anisotropic displacement parameters, and hydrogen atoms were added in 
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idealized positions and refined using a riding model. Crystallographic data for 4.1 - 4 are given in 

Tables S1-S4. 

4.6.4 Multiple-wavelength anomalous diffraction.  

 Energy referencing. 

For 4.1, 4.2, and 4.4, the energy of the beamline at Argonne National Laboratory Advance 

Photon Source, ChemMatCARS, was referenced by performing a fluorescence scan of the Fe K-

edge of a single crystal of sublimed ferrocene in steps of 2 eV using a Vortex-EX 3070 silicon 

drift diode detector. The ferrocene K-edge obtained this way was then compared to an XAS K-

edge of sublimed ferrocene obtained at the Stanford Synchrotron Radiation Lightsource and the 

energy of the beamline was adjusted so that the energies of the pre-edge and rising edge as 

determined by both techniques were well aligned. For 4.3, the energy of the beamline was 

referenced by comparison of a fluorescence scan of the Fe K-edge of a single crystal of 4.3 

collected as described above for ferrocene to an XAS K-edge of 4.3 obtained at the Stanford 

Synchrotron Radiation Lightsource. All Fe XAS K-edge data collected at the Stanford Synchrotron 

Radiation Lightsource was referenced to iron foil.  

 Data collection strategy.  

The following general procedure was followed for all samples: first, the crystal was 

mounted when the beam energy was at 30 eV. At this energy the crystal quality was judged by 

checking for the presence of twin domains. The crystal of each molecule which was both most 

single and gave the highest resolution at lowest exposure times was then selected to be used for 

the collection. A full structure diffraction dataset was then collected at this energy (30 keV). 

Second, the beam energy was lowered to the Fe K-edge and a fluorescence scan (Figure 2c top 
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and S4 top) was collected from 7080 to 7180 eV in steps of 1 eV (for 4.2 - 4) or 2 eV (for 4.1) by 

using a Vortex-EX 3070 silicon drift diode detector. This data was used to determine the energies 

at which to collect the partial diffraction data. Third, partial diffraction data was collected as 

described below at increasing energy. 

For 4.3, partial diffraction data was collected at 18 different energies between 7093.75 and 

7148.75 eV (Table S2 and S3). At each energy, a total of 540 frames were collected. These were 

acquired by collecting a 180 and a 90 ϕ scan at ω angles of 180 and 220, respectively, and with 

a rotation step of 0.5. For 4.2 and 4.4 data was collected at 21 energies between 7091.5 and 7151.5 

eV. For 4.1, data was collected at 20 energies between 7101.5 and 7151.5 eV. For 4.1, 4.2, and 

4.4, a total of 480 frames were collected at each energy using 4 pairs of φ scans with 2θ angles of 

-10, -30, -60, and -90 for each pair and ω angles of 180 and 220 for the two scans within 

each pair.  The step size in ϕ was 0.5 for all scans. 
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 Anomalous diffraction data refinement.  

The 30 keV data was modeled to provide structural data on the compound of interest. This 

model was used as the reference for each partial diffraction dataset as is described below. For the 

data integration of the highest energy anomalous diffraction data set, the unit cell parameters of 

the reference (.p4p file) were imported into APEX3 to provide a starting point.  For subsequent 

energy points, a .p4p file of the preceding energy point was imported instead. A starting box size 

for the refinement was estimated based on the size of a single diffraction spot and refined during 

integration. A static mask was generated using AMask and employed to correct for the effects of 

the beamstop during integration. Integration was performed iteratively, reimporting the .p4p file 

after each run, until the unit cell parameters stabilized. For a single energy, frames with unique 

values of 2θ were integrated independently using the unit cell from an integration at the same 

energy and similar 2θ values wherever possible. After integration, the data was scaled in APEX3 

using the default settings. The .hkl and .ins files were generated with XPREP, setting the space 

group to match the one from the 30 keV reference. This procedure resulted in about 600 unique 

reflections at each energy step (Tables 5–9). Subsequently, the contents of the .ins file of the 

reference structure were copied into the .ins file generated for the anomalous diffraction datasets 

with the exception of the CELL and ZERR lines. The SFAC line of each .ins file was adjusted to 

reflect the number of unique metal sites. The atom type indices were then adjusted to account for 

this change to the SFAC line. At this point every one of the anomalous diffraction data sets had an 

associated .hkl and .ins file suitable for refinement in JANA2006.6 These two files were imported 

into JANA2006. Using JANA2006 the scattering factors and  were allowed to freely refine for 

each iron site while keeping all structural parameters constant (using the FIXEDALL command). 

The anomalous scattering factors, and the corresponding errors (given as 2σ), obtained are 

tabulated in Tables 4.3–6 and plotted in Figures 4.4–7.  
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4.6.5 Zero-field 57Fe Mössbauer Spectroscopy.  

Spectra of 4.3 and 4.4 as polycrystalline samples restrained with Paratone-N oil were 

collected at 90, 150, and 210 K. In addition, a spectrum was collected on a frozen toluene-glass 

sample of 4.3. The data were measured with a constant acceleration spectrometer (SEE Co., 

Minneapolis, MN). Isomer shifts are given relative to -Fe metal at 298 K. Data were analyzed 

using an in-house package written by E. R. King in Igor Pro (Wavemetrics).  refers to the full-

width-at-half-maximum. 

4.6.6 UV-Vis/Near-IR Spectroscopy.  

Spectra of 4.3 and 4.4 were collected in 1 mm path length cuvettes on a Varian 5000 

spectrometer at room temperature. All solutions were prepared in a glovebox under N2 atmosphere 

and the cuvettes sealed with a J-Young cap. Data was plotted as “reduced” absorption (/ versus 

), as recommended by D’Alessandro and Keene for charge transfer bands.[11]  
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Table 4.1. Crystallographic data for (tbsL)Fe3(py) (4.1) and [NBu4][(tbsL)Fe3(3–Cl)] (4.2). 

 (tbsL)Fe3(py) (4.1) [NBu4][(
tbsL)Fe3(3–Cl)] (4.2) 

Chemical formula C54H88.50Fe3N7O1.75Si3 C62.03H110.06ClFe3N7O1.01Si3 

Formula weight 1115.63 1257.37 

Space group P21/c Pbca 

a (Å) 10.4451 (12) 26.9430 (15) 

b (Å) 27.261 (3) 19.4232 (11) 

c (Å) 21.186 (3) 27.7264 (16) 

 (deg) 90 90 

 (deg) 102.166 (4) 90 

 (deg) 90 90 

V (Å3) 5897.2 (12) 14509.6 (14) 

Z 2 8 

 (mm-1) 0.165 0.142 

T (K) 100 100 

GOF (S) 

[all data] 

1.040 1.089 

R1a (wR2b) 

[I>2(I)] 

0.0420 (0.0976) 0.0377 (0.1074) 

R1a (wR2b) 

[all data] 
0.0636 (0.1072) 0.0523 (0.1222) 

Reflections 12080 16504 

Radiation type Synchrotron Synchrotron 

aR1 = [w(Fo – Fc)]/[wFo]; 
bwR2 = [[w(Fo

2 – Fc
2)2]/[w(Fo

2)2]]1/2, w = 1/[2(Fo
2) + (aP)2 + 

bP], where P = [max(Fo
2,0) + 2(Fc

2)]/3  
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Table 4.2. Crystallographic data for (tbsL)Fe3(3–NPh) (4.3) and [K(C222)]2[(tbsL)Fe3(3–NPh)] (4.4). 

 (tbsL)Fe3(3–NPh) (4.3) [K(C222)]2[(
tbsL)Fe3(3–NPh)] (4.4) 

Chemical formula C53.33H84.33Fe3N7O1.33Si3 C103.32H181.13Fe3K2N11O16.83Si3 

Formula weight 1096.77 2176.92 

Space group C2/c C2/c 

a (Å) 22.212 (2) 54.558 (4) 

b (Å) 20.339 (2) 15.2305 (11) 

c (Å) 26.314 (3) 28.695 (2) 

 (deg) 90 90 

 (deg) 102.327 (3) 96.773 (1) 

 (deg) 90 90 

V (Å3) 11614 (2) 23677 (3) 

Z 8 8 

 (mm-1) 0.160 0.102 

T (K) 100 100 

GOF (S) 

[all data] 

1.109 1.036 

R1a (wR2b) 

[I>2(I)] 

[a 

0.0628 (0.1333) 0.0507 (0.1334) 

R1a (wR2b) 

[all data] 

[a 

0.0829 (0.1417) 0.0760 (0.1501) 

Reflections 11866 24266 

Radiation type Synchrotron Synchrotron 

aR1 = [w(Fo – Fc)]/[wFo]; 
bwR2 = [[w(Fo

2 – Fc
2)2]/[w(Fo

2)2]]1/2, w = 1/[2(Fo
2) + (aP)2 + 

bP], where P = [max(Fo
2,0) + 2(Fc

2)]/3 
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Table 4.3. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(py) (4.1). 

 Fe1 Fe2 Fe3 Reflections 
Robs wRall 

 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd Obs. Total 

7151.5 -5.58 0.24 3.88 0.54 -5.42 0.23 4.31 0.53 -5.67 0.25 3.93 0.62 760 952 0.091 0.105 

7141.5 -5.89 0.26 4.56 0.55 -5.61 0.25 4.44 0.57 -6.26 0.26 3.76 0.63 736 944 0.095 0.106 

7138.5 -6.14 0.24 4.61 0.49 -5.83 0.23 4.73 0.50 -6.44 0.24 3.90 0.56 718 945 0.095 0.104 

7135.5 -6.56 0.25 5.01 0.47 -6.27 0.24 4.98 0.49 -6.69 0.25 4.06 0.55 692 939 0.101 0.113 

7133.5 -6.95 0.25 4.75 0.48 -6.53 0.24 5.00 0.48 -6.76 0.25 4.18 0.55 543 654 0.085 0.096 

7131.5 -7.51 0.23 4.68 0.41 -7.11 0.22 5.16 0.42 -7.12 0.23 4.31 0.47 724 931 0.101 0.113 

7129.5 -7.93 0.24 4.34 0.46 -7.81 0.23 4.97 0.47 -7.54 0.24 4.24 0.52 675 926 0.100 0.105 

7127.5 -8.32 0.24 4.31 0.45 -8.32 0.24 4.87 0.46 -7.74 0.25 4.23 0.51 711 927 0.105 0.117 

7125.5 -8.57 0.22 3.81 0.44 -8.88 0.22 4.39 0.45 -8.08 0.23 4.11 0.49 725 924 0.107 0.119 

7123.5 -8.93 0.21 3.41 0.47 -9.35 0.21 3.37 0.48 -8.38 0.22 3.63 0.52 699 924 0.097 0.105 

7121.5 -9.09 0.19 2.97 0.48 -9.37 0.19 2.84 0.49 -8.33 0.20 3.19 0.52 694 919 0.088 0.097 

7119.5 -9.34 0.18 1.74 0.60 -9.00 0.18 1.60 0.59 -8.39 0.19 3.18 0.58 669 920 0.091 0.094 

7117.5 -8.84 0.17 0.64 0.60 -8.64 0.17 1.16 0.63 -8.57 0.18 2.93 0.52 705 916 0.086 0.097 

7115.5 -8.14 0.16 0.22 0.56 -8.19 0.16 0.88 0.54 -8.84 0.17 3.14 0.44 678 912 0.078 0.088 

7113.5 -7.79 0.16 1.80 0.70 -7.64 0.15 -0.23 0.88 -8.38 0.15 -0.17 0.90 661 910 0.075 0.080 

7111.5 -7.40 0.15 0.45 0.77 -7.56 0.15 1.30 0.76 -7.91 0.16 1.76 0.78 701 912 0.074 0.082 

7109.5 -7.10 0.14 1.38 0.80 -7.17 0.14 0.76 0.86 -7.33 0.14 -0.69 0.95 706 915 0.068 0.075 

7107.5 -6.93 0.16 1.23 0.90 -6.96 0.15 0.35 1.11 -7.04 0.16 0.31 1.37 713 911 0.071 0.081 

7104.5 -6.63 0.15 2.09 0.53 -6.53 0.14 0.74 0.70 -6.69 0.15 0.77 0.84 712 896 0.070 0.078 

7101.5 -5.96 0.14 -1.06 0.65 -5.94 0.14 -1.76 0.60 -6.02 0.14 -0.26 0.84 690 913 0.065 0.078 
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Table 4.4. Statistics of the anomalous diffraction data refinement for [nBu4N][(tbsL)Fe3(μ3–Cl)] (4.2). 

 Fe1 Fe2 Fe3 Reflections 
Robs wRall 

 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd Obs. Total 

7151.5 -4.83 0.18 4.93 0.33 -4.94 0.17 4.93 0.34 -5.27 0.18 4.18 0.29 1008 1230 0.049 0.080 

7141.5 -5.53 0.18 5.39 0.33 -5.62 0.17 5.39 0.34 -5.75 0.18 4.57 0.29 993 1227 0.053 0.073 

7138.5 -5.74 0.18 5.35 0.31 -5.87 0.17 5.35 0.33 -6.03 0.17 4.76 0.28 990 1227 0.051 0.075 

7135.5 -5.91 0.18 5.48 0.30 -6.05 0.18 5.48 0.33 -6.26 0.18 4.92 0.28 999 1228 0.052 0.077 

7133.5 -6.10 0.18 5.60 0.30 -6.32 0.17 5.60 0.32 -6.37 0.17 4.74 0.28 995 1233 0.053 0.072 

7131.5 -6.56 0.18 5.73 0.30 -6.64 0.18 5.73 0.33 -6.86 0.18 5.16 0.27 983 1228 0.054 0.077 

7129.5 -7.10 0.18 5.58 0.31 -7.25 0.18 5.58 0.33 -7.45 0.18 4.73 0.28 976 1225 0.055 0.076 

7127.5 -7.57 0.19 5.37 0.32 -7.89 0.18 5.37 0.36 -8.00 0.18 4.18 0.31 965 1232 0.062 0.081 

7125.5 -7.78 0.19 4.93 0.31 -8.16 0.18 4.93 0.35 -8.10 0.18 3.74 0.30 972 1232 0.062 0.086 

7123.5 -7.99 0.17 4.55 0.31 -8.27 0.17 4.55 0.35 -8.25 0.16 3.33 0.29 978 1229 0.059 0.081 

7121.5 -8.17 0.17 4.37 0.31 -8.47 0.16 4.37 0.35 -8.32 0.16 3.07 0.29 990 1226 0.054 0.077 

7119.5 -8.64 0.16 4.18 0.28 -8.52 0.15 4.18 0.32 -8.68 0.15 2.80 0.27 1032 1233 0.054 0.079 

7117.5 -9.12 0.16 3.35 0.31 -9.06 0.15 3.35 0.38 -9.14 0.15 2.21 0.32 1037 1233 0.056 0.085 

7115.5 -8.95 0.15 2.62 0.35 -8.83 0.15 2.62 0.42 -8.90 0.14 1.10 0.35 1037 1235 0.057 0.084 

7113.5 -8.01 0.15 2.46 0.34 -8.01 0.15 2.46 0.41 -8.08 0.14 0.73 0.34 1074 1237 0.055 0.091 

7111.5 -7.84 0.15 2.72 0.33 -7.77 0.15 2.72 0.40 -7.81 0.14 0.81 0.32 1085 1235 0.055 0.090 

7109.5 -7.40 0.16 2.74 0.34 -7.40 0.15 2.74 0.43 -7.40 0.15 0.65 0.33 1090 1242 0.054 0.093 

7107.5 -7.07 0.15 2.53 0.35 -7.11 0.14 2.53 0.41 -7.09 0.14 0.68 0.33 1088 1232 0.054 0.085 

7104.5 -6.69 0.15 2.49 0.36 -6.80 0.14 2.49 0.40 -6.80 0.14 0.82 0.32 1103 1234 0.055 0.088 

7101.5 -6.43 0.16 2.44 0.39 -6.54 0.15 2.44 0.41 -6.57 0.15 0.84 0.33 1097 1219 0.055 0.093 

7091.5 -5.74 0.14 -2.35 0.36 -5.78 0.14 -2.35 0.40 -5.86 0.13 -0.23 0.37 1106 1229 0.052 0.084 
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Table 4.5. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(μ3–NPh) (4.3). 

 Fe1 Fe2 Fe3 Reflections 
Robs wRall 

 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd Obs. Total 

7148.75 -4.82 0.38 5.31 0.73 -4.77 0.37 4.59 0.72 -4.97 0.38 5.59 0.62 492 522 0.090 0.118 

7140.75 -5.83 0.38 5.46 0.69 -5.57 0.38 5.05 0.69 -6.02 0.39 5.87 0.58 491 517 0.100 0.124 

7135.75 -6.14 0.31 5.36 0.60 -6.21 0.30 4.70 0.54 -6.41 0.31 5.83 0.50 495 519 0.060 0.094 

7133.75 -6.40 0.30 5.06 0.66 -6.38 0.30 4.91 0.60 -6.68 0.30 6.05 0.54 483 519 0.060 0.085 

7131.75 -6.94 0.30 5.59 0.57 -6.98 0.30 5.10 0.52 -7.41 0.30 6.21 0.49 490 519 0.060 0.092 

7129.75 -7.67 0.30 5.19 0.60 -7.75 0.30 5.07 0.53 -8.24 0.30 5.75 0.51 485 517 0.065 0.094 

7127.75 -8.09 0.29 4.61 0.57 -8.31 0.29 4.59 0.49 -8.71 0.29 5.07 0.49 485 517 0.062 0.099 

7125.75 -8.13 0.28 4.24 0.59 -8.32 0.28 3.94 0.51 -8.72 0.28 4.66 0.51 484 517 0.062 0.097 

7123.75 -8.68 0.41 5.54 0.95 -8.29 0.40 3.70 0.84 -9.11 0.41 5.76 0.84 446 522 0.070 0.105 

7121.75 -8.41 0.26 3.64 0.59 -8.41 0.25 3.17 0.52 -8.71 0.26 3.69 0.52 485 512 0.058 0.096 

7119.75 -8.50 0.26 3.43 0.61 -8.63 0.26 3.26 0.55 -8.72 0.26 3.31 0.55 485 513 0.061 0.100 

7117.75 -8.50 0.26 2.19 0.60 -8.73 0.27 2.53 0.55 -8.63 0.27 3.78 0.50 486 511 0.068 0.111 

7115.75 -8.43 0.25 1.21 0.64 -8.43 0.25 1.55 0.66 -8.38 0.26 3.63 0.50 480 513 0.065 0.105 

7113.75 -7.66 0.26 1.12 0.69 -7.65 0.26 0.93 0.70 -7.64 0.27 3.61 0.50 478 509 0.074 0.110 

7111.75 -7.62 0.25 1.10 0.66 -7.53 0.25 0.57 0.65 -7.67 0.26 3.56 0.47 481 506 0.060 0.104 

7109.75 -7.34 0.26 1.85 0.67 -7.32 0.25 0.60 0.57 -7.49 0.27 3.39 0.46 490 505 0.067 0.119 

7103.75 -6.60 0.24 1.89 0.61 -6.49 0.24 0.32 0.55 -6.73 0.25 3.47 0.43 487 502 0.057 0.109 

7093.75 -5.89 0.25 1.72 0.78 -5.84 0.25 0.49 0.72 -6.23 0.26 3.91 0.51 457 499 0.055 0.088 
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Table 4.6. Statistics of the anomalous diffraction data refinement for [K(C222)]2[(tbsL)Fe3(μ3–NPh)] (4.4). 

 Fe1 Fe2 Fe3 Reflections 
Robs wRall 

 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd Obs. Total 

7151.5 -5.47 0.25 3.83 0.65 -5.34 0.26 5.66 0.63 -5.04 0.24 3.47 0.62 894 1162 0.076 0.099 

7141.5 -5.82 0.25 4.60 0.62 -5.62 0.26 6.17 0.61 -5.32 0.25 4.36 0.59 906 1153 0.072 0.092 

7138.5 -6.04 0.25 4.83 0.57 -5.69 0.26 5.81 0.58 -5.54 0.24 4.59 0.55 910 1153 0.073 0.094 

7135.5 -6.16 0.25 4.93 0.56 -5.76 0.25 6.01 0.57 -5.71 0.24 4.73 0.54 914 1154 0.070 0.090 

7133.5 -6.36 0.25 5.05 0.52 -5.99 0.25 6.25 0.53 -6.03 0.24 4.70 0.51 928 1153 0.073 0.093 

7131.5 -6.72 0.25 5.19 0.51 -6.56 0.25 6.43 0.48 -6.30 0.23 4.95 0.49 932 1150 0.073 0.092 

7129.5 -7.34 0.25 5.38 0.51 -7.54 0.25 6.49 0.51 -7.08 0.24 5.11 0.50 906 1149 0.073 0.091 

7127.5 -7.77 0.24 5.00 0.50 -8.36 0.24 5.97 0.49 -7.97 0.23 4.60 0.48 919 1150 0.073 0.093 

7125.5 -8.12 0.23 4.82 0.49 -8.51 0.23 4.99 0.50 -8.20 0.22 3.79 0.50 909 1150 0.068 0.092 

7123.5 -8.46 0.24 4.52 0.60 -8.72 0.24 4.56 0.62 -8.23 0.23 3.74 0.60 878 1146 0.070 0.089 

7121.5 -8.64 0.22 3.77 0.56 -8.93 0.22 3.88 0.58 -8.30 0.21 2.99 0.58 886 1135 0.068 0.089 

7119.5 -8.96 0.22 3.90 0.58 -8.84 0.22 3.25 0.66 -8.45 0.21 2.69 0.63 899 1145 0.069 0.091 

7117.5 -8.95 0.21 3.10 0.62 -8.73 0.21 3.17 0.66 -8.48 0.20 1.80 0.67 894 1145 0.069 0.094 

7115.5 -9.09 0.22 2.38 0.76 -8.50 0.22 3.12 0.76 -8.20 0.21 1.29 0.81 902 1144 0.067 0.090 

7113.5 -8.36 0.21 2.55 0.78 -7.88 0.21 2.88 0.77 -7.56 0.21 0.57 0.90 898 1141 0.067 0.092 

7111.5 -8.11 0.21 2.20 0.84 -7.61 0.21 2.91 0.79 -7.50 0.20 0.41 0.96 903 1139 0.064 0.086 

7109.5 -7.73 0.21 2.23 0.84 -7.41 0.21 2.76 0.81 -7.04 0.20 -0.31 1.00 913 1143 0.066 0.089 

7107.5 -7.31 0.21 2.14 0.76 -7.12 0.21 6.38 0.68 -6.77 0.19 -0.09 0.87 918 1143 0.067 0.092 

7104.5 -7.04 0.21 2.84 0.75 -6.71 0.21 2.63 0.77 -6.42 0.20 0.19 0.82 909 1138 0.065 0.090 

7101.5 -6.75 0.21 2.37 0.80 -6.50 0.21 2.68 0.81 -6.18 0.19 -0.07 1.00 921 1141 0.065 0.088 

7091.5 -5.92 0.15 0.01 0.71 -5.74 0.16 -2.37 0.56 -5.74 0.15 -0.31 0.69 1420 1723 0.065 0.089 
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Table 4.7. Comparison of relevant structural metrics. All bond metrics are reported in Å. 

(tbsL)Fe3(py) (4.1) [NBu4][(tbsL)Fe3(3–Cl)] (4.2) (tbsL)Fe3(3–NPh) (4.3) [K(C222)]2[(tbsL)Fe3(3–NPh)] (4.4) 

Fe1–Fe2 2.6500(5) Fe1–Fe2 2.8429(4) Fe1–Fe2 2.5365(8) Fe1–Fe2 2.6607(6) 

Fe2–Fe3 2.5422(6) Fe2–Fe3 2.8183(4) Fe2–Fe3 2.5135(8) Fe2–Fe3 2.5815(5) 

Fe3–Fe1 2.6306(5) Fe3–Fe1 2.6948(4) Fe3–Fe1 2.5366(9) Fe3–Fe1 2.6567(5) 

Fe1–N1 2.115(2) Fe1–N1 2.1205(17) Fe1–N1 1.981(4) Fe1–N3 2.065(2) 

Fe1–N2 1.966(2) Fe1–N2 1.9686(18) Fe1–N3 2.028(3) Fe1–N5 2.149(2) 

Fe1–N3 2.030(2) Fe1–N3 1.9964(17) Fe1–N4 1.911(4) Fe1–N6 2.008(2) 

Fe1–N4 2.134(2) Fe2–N3 2.1156(17) Fe2–N3 1.993(3) Fe2–N1 2.078(2) 

Fe2–N3 2.166(2) Fe2–N4 1.9673(18) Fe2–N5 2.039(3) Fe2–N3 2.120(2) 

Fe2–N4 2.119(2) Fe2–N5 1.9977(17) Fe2–N6 1.918(3) Fe2–N4 2.014(2) 

Fe2–N5 2.031(2) Fe3–N1 1.9985(18) Fe3–N1 2.033(3) Fe3–N1 2.119(2) 

Fe2–N7 2.155(2) Fe3–N5 2.1091(17) Fe3–N2 1.924(3) Fe3–N2 1.989(2) 

Fe3–N1 1.959(2) Fe3–N6 1.9608(18) Fe3–N5 1.991(3) Fe3–N5 2.023(2) 

Fe3–N5 2.053(2) Fe1–Cl 2.5185(6) Fe1–N10 (NPh) 1.939(3) Fe1–N7 (NPh) 1.976(2) 

Fe3–N6 1.937(2) Fe2–Cl 2.4796(6) Fe2–N10 (NPh) 1.935(3) Fe2–N7 (NPh) 1.991(2) 

  Fe3–Cl 2.5600(6) Fe3–N10 (NPh) 1.937(3) Fe3–N7 (NPh) 2.058(2) 
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Figure 4.4. Single-crystal X-ray fluorescence (top) and anomalous 

scattering 𝑓′  plots (bottom) for (tbsL)Fe3(py) (4.1). Fluorescence scan 

error bars are smaller than the circular blue symbols. 
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Figure 4.5. Single-crystal X-ray fluorescence (top) and anomalous 

scattering 𝑓′  plots (bottom) for [nBu4N][(tbsL)Fe3(μ3–Cl)] (4.2). 

Fluorescence scan error bars are smaller than the circular blue symbols. 
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Figure 4.6. Single-crystal X-ray fluorescence (top) and anomalous 

scattering 𝑓′  plots (bottom) for (tbsL)Fe3(μ3–NPh) (4.3). Fluorescence 

scan error bars are smaller than the circular blue symbols.  
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Figure 4.7. Single-crystal X-ray fluorescence (top) and anomalous 

scattering 𝑓′  plots (bottom) for [K(C222)]2[(tbsL)Fe3(μ3–NPh)] (4.4). 

Fluorescence scan error bars are smaller than the circular blue symbols. 
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Figure 4.8. Anomalous scattering 𝑓′′ plots for 4.1 (top) and 4.2 (bottom). 
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Figure 4.9. Anomalous scattering 𝑓′′ plots for 4.3 (top) and 4.4 (bottom). 
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Figure 4.10. Solid state molecular structure of (tbsL)Fe3(py) (4.1). The solvent molecules (Et2O) and all hydrogen 

atoms have been omitted for clarity. Thermal ellipsoids are set at 50% probability level. Atom color-coding: Fe 

orange, Si pink, N blue, and C grey. 
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Figure 4.11. Solid state molecular structure of [NBu4][(tbsL)Fe3(3–Cl)] (4.2) seen (a) parallel to 

the triiron plane; and (b) from the top. The solvent molecules (THF), all hydrogen atoms, and 

disorder in the countercation have been omitted for clarity. Thermal ellipsoids are set at 50% 

probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. 
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Figure 4.12. Solid state molecular structure of (tbsL)Fe3(3–NPh) (4.3) seen (a) down the normal axis to the triiron 

plane; and (b) from the side. The solvent molecules (Et2O) and all hydrogen atoms have been omitted for clarity. 

Thermal ellipsoids are set at 50% probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. 



 

160 

  

Figure 4.13. Solid state molecular structure of (tbsL)Fe3(3–NPh) (4.3) showing the disordered 3–NPh fragment with 

(a) 52 and (b) 48 % occupancy. The solvent molecules (Et2O) and all hydrogen atoms have been omitted for clarity. 

Thermal ellipsoids are set at 50% probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. 
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Figure 4.14.  Solid state molecular structure of [K222C][(tbsL)Fe3(3–NPh)] (4.4). The solvent molecules 

(THF) and all hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set at 50% probability 

level. Atom color-coding: Fe orange, Si pink, N blue, and C grey. 
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Figure 4.15. Variable-temperature zero-field 57Fe Mössabuer spectra of (tbsL)Fe3(3–NPh) (4.3). Data collected on a 

polycrystalline sample at 90 (top), 150 (middle), and 210 K (bottom). The data was fit to three components: 1 blue, 2 

yellow, and 3 green. The red trace corresponds to the overall fit. Fit parameters are tabulated in Table 4.8. 
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Figure 4.16. Zero-field 57Fe Mössabuer spectrum of (tbsL)Fe3(3–NPh) (4.3) collected at 

90 K as a frozen toluene sample. The data was fit to three components: 1 blue, 2 yellow, 

and 3 green. The red trace corresponds to the overall fit. Fit parameters are tabulated in 

Table 4.8. 
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Table 4.8. Mössbauer parameters for 4.3 and 4.4. 

(tbsL)Fe3(3–NPh) (4.3) 

T (K) Component (color, %)  (mm/s) EQ (mm/s)  (mm/s) 

90 

1 (blue, 33%) 0.40 1.08 0.44 

2 (yellow, 33%) 0.37 1.72 0.31 

3 (green, 33%) 0.41 2.13 0.35 

150 

1 (blue, 33%) 0.38 1.10 0.37 

2 (yellow, 33%) 0.37 1.66 0.30 

3 (green, 33%) 0.38 2.01 0.35 

210 

1 (blue, 33%) 0.36 1.17 0.36 

2 (yellow, 33%) 0.35 1.62 0.27 

3 (green, 33%) 0.36 1.93 0.31 

90       

frozen 

toluene 

1 (blue, 33%) 0.40 1.05 0.33 

2 (yellow, 33%) 0.37 1.72 0.34 

3 (green, 33%) 0.41 2.15 0.41 

[K(C222)]2[(tbsL)Fe3(3–NPh)] (4.4) 

T (K) Component (color, %)  (mm/s) EQ (mm/s)  (mm/s) 

90 
1 (blue, 35%) 0.70 1.47 0.23 

2 (green, 65%) 0.75 2.84 0.18 

150 
1 (blue, 34%) 0.68 1.30 0.25 

2 (green, 66%) 0.73 2.76 0.19 

210 
1 (blue, 34%) 0.66 1.07 0.23 

2 (green, 66%) 0.71 2.65 0.21 
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Figure 4.17. Variable-temperature zero-field 57Fe Mössabuer spectra of [K(C222)]2[(tbsL)Fe3(3–NPh)] (4.4). Data 

collected on a polycrystalline sample at 90 (top), 150 (middle), and 210 K (bottom). The data was fit to one 35% 

component, blue, and one 65% component, green. The red trace corresponds to the overall fit. Fit parameters are 

tabulated in Table 4.8. 
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Figure 4.18. UV-Vis/Near-IR spectra of (tbsL)Fe3(3–NPh) (4.3) (red) and 

[K(C222)]2[(tbsL)Fe3(3–NPh)] (4.4) (blue) at 298 K in THF. 
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Chapter 5: Redox Load Determination via Multiwavelength 

Anomalous Diffraction Applied to Trichromium Clusters [Cr3]0→4+ 

  



170 

5.1 Abstract 

A family of trinuclear chromium complexes is examined by multiple-wavelength, 

anomalous diffraction to explore the redox load distribution by the free refinement of atomic 

wavelength scattering factors. Upon reaction with organic azide, the trichromium cluster 

(tbsL)Cr3(thf) ([tbsL]6– = [1,3,5–C6H9(NC6H4-o-NSitBuMe2)3]
6–) afforded isoelectronic but 

structurally distinct products: both terminal (tbsL)Cr3(
1–NDipp) and bridging (tbsL)Cr3(

3–NBn) 

imido complexes could be obtained. Further oxidation of the cluster enabled isolation of the 

bisimido product (tbsL)Cr3(
3–NPh)(1–NPh). The imido complexes, a homovalent analogue 

(tbsL)Cr3(
1–CNBn), and mononuclear reference coordination complexes were examined using 

multiwavelength anomalous diffraction (MAD) and X-ray fluorescence to determine whether the 

different structure types correspond to site-isolated or core-delocalized oxidation. Differences 

within aggregate oxidation levels are evident by systematic shifts of scattering factor envelopes to 

increasingly higher energies. While exact oxidation state assignments is not possible, relative 

oxidation levels can be gleaned from comparing individual atomic scattering factors. Evidence of 

asymmetric redox load distribution was found for both terminal and bridging imido architectures. 
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5.2 Introduction 

Transition metal clusters serve as biological enzyme active sites, homogeneous and 

heterogeneous catalysts, and landmark molecules in nanomaterial properties research.[1] More 

specifically, synthetic transition metal clusters serve as important references for studies of complex 

bioinorganic systems, have been shown to mediate novel and challenging bond-activation 

reactions, and provide a means to develop fundamental understanding of metal-metal bonding, 

mixed-valency, and single-molecule magnetism.[2] The ability of these materials to achieve 

delocalized electronic structures is critical for function. As such, the spectroscopic assessment of 

electronic structure and oxidation state in polynuclear clusters is of significant import to modern 

bioinorganic chemistry, synthetic inorganic chemistry, and materials science. 

For iron-containing systems, 57Fe Mössbauer spectroscopy has proven indispensable for 

understanding the individual properties of iron sites in polynuclear systems. The 57Fe Mössbauer 

spectra of complexes are commonly used to draw conclusions regarding the redox localization or 

delocalization, degree of mixed-valency, and the aggregate oxidation levels in complex biological 

and synthetic clusters.[3] However, Mössbauer spectroscopy is limited to a few elements, of which 

iron is the most common transition metal which is routinely studied using this technique. 

Furthermore, Mössbauer does not provide site specific information, making it difficult to distill 

how individual metal sites contribute to the observed spectral features. 

Unlike Mössbauer, multiwavelength anomalous diffraction (MAD) can be applied with 

comparable ease to all transition metals, as well as to many non-transition metal elements.[4] MAD 

is a dynamic X-ray diffraction technique that utilizes the variable-wavelength, incident X-ray beam 

to examine the absorption profiles of each element within a material. The single crystal diffraction 

technique provides crystallographic, site-specific information analogous to that obtained from 

XANES spectroscopy on mononuclear species. Early examples of MAD were limited to a few 
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data points per elemental K-edge of interest, providing limited utility for the resulting 

measurements due to the sensitivity of MAD to in-edge features.[5] Recently, higher-resolution 

MAD studies have been conducted on synthetic iron and cobalt polynuclear clusters as well as on 

iron-containing biological cofactors such as FeMoco.[6] Previous studies in our own lab examine 

how cluster features (e.g., metal primary coordination sphere, M–M bonding, mixed valency) 

impact MAD measurements, allowing us to correlate site specific redox information against bulk 

measurement techniques (e.g., 57Fe Mössbauer, cyclic voltammetry) (Chapter 4).  

Herein we present the application of MAD to a series of related trichromium complexes 

featuring increasing core oxidation levels: [Cr3]
0 (tbsL)Cr3(µ

1–CNBn), [Cr3]
2+ (tbsL)Cr3(µ

1-NDipp), 

[Cr3]
2+ (tbsL)Cr3(µ

3–NBn), and [Cr3]
4+ (tbsL)Cr3(µ

3–NPh)(µ1–NPh), where [Cr3]
0 denotes the all-

chromous oxidation state of the core. The variable imido coordination modes within the series 

potentially indicates variable redox localization at unique metal sites within the cluster. 

Determination of the individual metal oxidation levels proved especially difficult to assess by other 

spectroscopic means, as the cluster aggregates possess relatively low-spin ground states. In this 

study, we employed a MAD protocol that has previously been applied to obtain site-specific 

anomalous scattering factors from crystals, thereby providing information as to how redox is borne 

within the clusters. 
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5.3 Results 

5.3.1 Synthesis 

The trichromium cluster (tbsL)Cr3(thf) (5.1) ([tbsL]6– = [1,3,5–C6H9(NC6H4-o-

NSitBuMe2)3]
6–) can readily undergo oxidative group transfer upon reaction with organic azides.  

The addition of 2,6-diisopropylphenyl azide (DippN3) to 5.1 affords the the terminal imido 

(tbsL)Cr3(
1–NDipp) (5.2); whereas the addition of benzylazide to 5.1 yields the bridging imido 

(tbsL)Cr3(
3–NBn) (5.3) product (Chapter 3, Scheme 5.1). To provide a structurally similar, all CrII 

reference compound to the terminal imido 5.2, the isocyanide adduct (tbsL)Cr3(CNBn) (5.4) was 

synthesized benzylisocyanide addition to 5.1. While THF-adduct 5.1 is also an all CrII complex, 

5.1 is less structurally analogous to 5.2 than 5.4, as the terminal imido in 5.2 and the isocyanide in 

5.4 elongate the Cr1–Cr2 distance from 2.439(1) Å in THF-adduct 5.1 to 2.7034(7) Å in 5.2 and 

2.5541(6) Å in 5.4.   

Both 5.2 and 5.3 represent two-electron oxidations of the trichromium cluster (e.g., [Cr3]
2+) 

compared to 5.1 ([Cr3]
0), but we have previously shown that the highly-reducing [Cr3] core of 5.1 

is also capable of further reduction to four-electron oxidized (e.g., [Cr3]
4+) bis-imido products 

(tbsL)Cr3(
3–NPh)(1–NMes) and (tbsL)Cr3(

3–NBn)(1–NBn). With 5.2 and 5.3 as examples of a 

terminal and bridging imido binding modes on the (tbsL)Cr3 platform, respectively, we were 

curious as to how the features of these two distinct imido motifs would combine in a bisimido 

product. Given the necessity of high-quality crystals for MAD analysis, the bis-imido complex 

(tbsL)Cr3(
3–NPh)(1–NPh) (5.5) was selected for this study due to its straightforward synthesis 

and high crystallinity. Complexes 5.5 was generated nearly quantitatively by addition of one 

equivalent of azobenzene (PhNNPh) to 5.1 in benzene solution at room temperature, followed by 

heating at 60 °C for 4 h (Scheme 5.1). 
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Scheme 5.1. Synthesis of  (tbsL)Cr3(1–NDipp) (5.2), (tbsL)Cr3(3–NBn) (5.3), (tbsL)Cr3(CNBn) (5.4), and 

(tbsL)Cr3(3–NPh)(1–NPh) (5.5) from (tbsL)Cr3(thf) (5.1). 
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5.3.2 Single Crystal Requirements for MAD and Solid-state Molecular Structures 

In order to achieve reliable MAD data for small molecule crystals in a reasonable 

timeframe (6-10 h per sample) at a synchrotron source, several requirements must be met by the 

crystals. First, single crystals must be of a size and diffraction quality suitable for a publication 

using Mo Kα radiation using reasonable exposure times (< 30 s/frame). The short exposure time 

ensures that the exposure times necessary to achieve high-quality data will be minimized at the 

synchrotron source (~0.2 s/frame). Second, the asymmetric unit of the crystal unit cell must contain 

all metal sites of interest. If any of the metal sites of interest are symmetry-equivalent in the unit 

cell, obtaining distinct 𝑓′ values for those sites will not be possible. Lastly, structures containing 

multiple molecules of the cluster of interest in the asymmetric unit are to be avoided as the 

anomalous dispersion corrections for each unique metal site in the asymmetric unit must be 

independently refined.  Therefore, a unit cell with two molecules of the target complex in the 

asymmetric unit will require twice as many independent reflections as one with only one molecule 

in the asymmetric unit. 

Complexes 5.2-5 were first characterized by single-crystal, X-ray diffraction (SC-XRD) 

using a closed-source (Mo Kα), in-house diffractometer to ensure each sample was 

crystallographically well-suited for MAD analysis. In each instance, the asymmetric unit contained 

only one molecule of 5.2, 5.3, 5.4, or 5.5; and all three Cr sites in each molecule were located in 

the asymmetric unit. That the entire cluster was contained in the unit cell was especially important 

for bridging imido 5.3 as the most symmetric of the molecules of the series. Previously 

characterized imido clusters (tbsL)M3 featuring 3–NR (R = Ph, Ad) ligands typically crystallize in 

higher symmetry space groups (e.g., R3̅) where the three metal sites are symmetry-equivalent. 

The solid-state structures of 5.2–5 collected at 30.5 keV (100 K) are shown in Figure 5.1 

and relevant bond metrics are provided in in Figures 5.1a–d, 5.3a and b, and 5.4a and b. The 30.5 
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keV structures obtained provide the positional references for the subsequent MAD refinement for 

data obtained near the Cr K edge (5990 eV). The solid-state structures of 5.2 and 5.3 were 

previously reported, but further discussion of their bond metrics is warranted. Complexes 5.2 and 

5.4 both feature the same asymmetric ligand binding mode as 5.1, with one four-coordinate Cr site 

(Cr1) bearing either THF, benzyl isocyanide, or NDipp; one four-coordinate ligand-bound site 

(Cr2); and one three-coordinate site (Cr3). As expected, the Cr1–NDipp distance of 1.681(2) Å in 

5.2 is much shorter than the Cr1–CNBn distance of 2.031(2) Å in 5.3. However, the Cr1–NDipp 

distance is somewhat elongated relative to mononuclear CrIV imidos, which typically have Cr–Nim 

distances of 1.64-1.67 Å.[7] Oxidation from 5.4 ([Cr3]
0) to 5.2 ([Cr3]

2+) is manifest in changes in 

the Cr–ligand (tbsL6–) distances, which are most easily summarized as the average Cr–Nligand: Cr1–

Nligand and Cr2–Nligand decrease by 0.03 and 0.07 Å, respectively, while Cr3–Nligand increases by 

0.07 Å. 

Turning to a comparison of the structures bearing 3 imido functionalities, 5.3 and 5.5 

feature the same, pseudo-C3 symmetric binding mode of tbsL6–. Each of the three chromium sites 

in both molecules is bound to two bridging basal anilide units, one peripheral anilide, and the 3–

imide. The additional coordination of a second imide to Cr1 in 5.5 (Cr1–Nim 1.691(3) Å) is the 

only significant difference in coordination geometry between the two structures. There is only a 

subtle change in the Cr–Nligand distances between 5.3 and 5.5, with Cr1–Nligand lengthening by 0.02 

Å, while Cr2–Nligand and Cr3–Nligand each contract by 0.02 Å. Despite the similarities between the 

coordination environments of positions Cr1 and Cr3 in 5.3, Cr1 possesses a longer Cr–Nim bond 

length of 2.005(2) Å compared to Cr2–Nim, 1.954(2) Å, and Cr3–Nim, 1.927(3) Å. The core 

asymmetry is maintained in 5.5: Cr1–Nim, 2.030(3) Å; Cr2–Nim, 1.946(2) Å; Cr3–Nim, 1.923(2) Å. 
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From the bond-metrics alone it is unclear to what extent these differences reflect differences in the 

redox states of the Cr sites of the more symmetric bridging imido complexes. 
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Figure 5.1. Solid-state structures of a) (tbsL)Cr3(CNBn) (5.4) b) (tbsL)Cr3(NDiPP) (5.2), c) (tbsL)Cr3(µ3–NBn) (5.3), 

and d) (tbsL)Cr3(µ1–NPh)(µ1–NPh) (5.5). Color Scheme: Cr, green; N, blue; H, white; Si, pink. Solid-state structures 

at 100 K with thermal ellipsoids at 50% probability level for (a), (b), and (d), and 35% probability level for (c). Solvent 

molecules and most hydrogen atoms omitted for clarity. 



179 

5.3.3 SQUID Magnetometry 

To obtain complementary electronic structure information to the MAD results, the spin 

states of complexes 5.1-5 were assessed by SQUID magnetometry. Each of the complexes displays 

a low-to-intermediate spin ground state indicating antiferromagnetic coupling between the 

individual Cr sites, which are anticipated to be intermediate-to-high spin.[8] Despite the range of 

[Cr3] oxidation states featured, THF-adduct 5.1 ([Cr3]
0), terminal imido 5.2 ([Cr3]

2+), isocyanide-

adduct 5.4 ([Cr3]
0), and bis-imido 5.5 ([Cr3]

4+) were found to all have triplet ground states. The 

bridging imido 5.3 ([Cr3]
2+) is the lone exception, exhibiting a singlet ground state. For complexes 

5.1, 5.3, and 5.4, the ground states observed are not well-isolated with each showing population of 

excited spin states well below room temperature (Figures 5.8, 5.10, 5.11). For 5.1, 5.3, and 5.4, 

however, the increase in the magnetic moment is insufficient to be well-reproduced by a spin 

exchange model (J). The S =1 ground states of 5.2 and 5.5 are more well-isolated (Figures 5.9, 

5.12). Due to the remarkably low spin states of 5.1-5, it was not possible to derive much 

information about the electronic structure of individual Cr sites from the magnetometry of these 

complexes, further emphasizing the utility of MAD for assessing site-specific features, which can 

be difficult or impossible to discern from bulk measurements such as magnetometry. 

5.3.4 Cyclic voltammetry 

The dramatically different primary coordination spheres of the Cr sites in terminal imido 2 

and bis-imido 5.5 complicates the electrochemical assessment of redox delocalization by 

comproportionation constant determination. However, a comproportionation constant was 

determined for more symmetric imide 5.3.[9] The cyclic voltammogram of 5.3 was collected in 

THF solution with tetrabutylammonium hexafluorophosphate as the supporting electrolyte (0.1 M) 

and subsequently referenced to [Cp2Fe]0/+. One reversible oxidation was observed at E1/2 = –0.893 



180 

V and one reversible reduction was observed at –1.26 V, followed by two additional irreversible 

reductions at lower potentials. This data was used to calculate 1.6 x 106 as the upper limit of Kc. 

The comproportionation constant is borderline Class II/Class III according to Robin Day 

classification, indicating partial delocalization.[10] Cyclic voltammograms for 5.3, and 5.5 are 

presented in Figure 5.7. 

5.3.5 Establishing redox references for MAD 

As with other examples of MAD being applied to synthetic molecules, the real component 

of the anomalous scattering factor (𝑓′) is the focus of our data analysis as the experimentally 

determined values of the imaginary component (𝑓′′) are much smaller and, thus, have greater 

uncertainties. Given that this current study is the first application of MAD to chromium, we sought 

to use mononuclear Cr coordination complexes of well-defined oxidation states (CrII→CrIV) to 

serve as references for the clusters examined. To provide reference benchmarks to the atomic 

scattering factors obtained by MAD, we could derive the 𝑓′ factors using their corresponding X-

ray absorption spectrum. The real component of the anomalous scattering factor 𝑓′′ is linearly 

related to the XAS spectrum of a complex, and a predicted 𝑓′ spectrum can therefore be obtained 

by applying a Kramers-Kronig transformation to the fluorescence edge scan of each reference 

complex, as 𝑓′ and 𝑓′′ are related by a Kramers-Kronig relation. The application of this 

transformation to the edge scan is commonly used in applications of anomalous scattering in 

protein crystallography.[4] 

    For this study, the Cr K-edge of three reference molecules were assessed by X-ray 

fluorescence and subsequently transformed into 𝑓′ reference curves using a published MatLab 

toolbox for Kramers-Kronig transformations.[11] For a CrII reference, the square planar amide 

Cr(NTMS2)2(thf)2 (TMS = trimethylsilyl) was used. Cr(NTMS2)2(thf)2 is known to possess a 



181 

quintet ground state and Cr–Namido bond lengths (2.04 Å)[8] comparable to the Cr–Nligand distances 

in 5.1–5. Mononuclear imido complexes previously synthesized by our group on a dipyrrin ligand 

platform (AdLF5) were chosen as representative examples of the CrIII and CrIV oxidation states 

(Figure 5.2a).[12] The CrIII imido complex (AdLF5)Cr(NMes)(thf) (5.6) features a four-coordinate 

CrIII center in a distorted trigonal pyramidal geometry. The CrIV reference (AdLF5)Cr(NMes)(Cl) 

(5.7) also features a four-coordinate Cr center, but in a tetrahedral geometry. Complexes 5.6 and 

5.7 possess quartet and triplet ground states and Cr–Nim bond lengths of 1.671(9) and 1.640(5) Å, 

respectively. 
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Figure 5.2. a) Reference molecules Cr(NTMS2)2(thf)2, (AdLF5)Cr(NMes)(thf) (5.6), and (AdLF5)Cr(NMes)(Cl) (5.7), b) 

fluorescence K-edge scans and c) predicted 𝑓’ spectra of the reference compounds shown in (a). 
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The Cr K-edge fluorescence scans and predicted 𝑓′ for Cr(NTMS2)2(thf)2, 5.6, and 5.7 are 

shown in Figure 2. As a result of how the measurement is performed, the intensities of the X-ray 

fluorescence scans cannot be normalized. The resulting predicted 𝑓′ spectra have been scaled to 

have overlapping baseline curvature before the onset of the edge at 5990 eV (Figure 5.2c). 

Nevertheless, the absolute intensities of the features should not be used for interpretation. Neither 

the Cr K-edge scan nor the predicted 𝑓′ spectrum for Cr(NTMS2)2(thf)2 displays a significant pre-

edge feature. The strong on-edge feature observed in the edge scan translates into a double-

minimum in the 𝑓′ curve, as we previously observed for MAD of iron complexes (Chapter 4). 

Prominent pre-edge features were observed in the Cr K-edges of both 5.6 and 5.7 as expected for 

imido complexes, where N 2p mixing from the imido can enhance the Cr 1s→3d pre-edge 

feature.[13] The predicted 𝑓′ spectra feature a corresponding pre-edge minimum at 5990 eV for 5.6 

and 5989 eV for 5.7. The generated 𝑓′ spectrum of CrIII imide 5.6 has a very broad minimum 

spanning roughly 10 eV, while the CrIV imide 5.7 has a much sharper minimum at 5997 eV, 

corresponding to the on-edge feature in the K edge scan. The rising edges of all three edge-derived 

𝑓′ spectra are closely aligned despite the differences in oxidation state between the three reference 

molecules. Thus, while the rising edge values for the calculated 𝑓′ spectra for Cr(NTMS2)2(thf)2, 

5.6, and 5.7 cannot be used to absolutely determine the oxidation levels of Cr within the clusters, 

the overall 𝑓′ morphology will be representative for the various oxidation levels found within the 

clusters. 

5.3.6 Multiwavelength Anomalous Diffraction 

We have previously reported a protocol for MAD which consistently resulted in well-

resolved 𝑓′ curves for three unique sites of triiron complexes on the (tbsL) platform (see Chapter 

4). Application of this protocol to crystals selected following the guidelines outlined above 
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(Section 2.2), produced similarly well-defined 𝑓′ spectra to those in our previous report, despite 

the poorer diffraction expected at the lower-energy Cr K-edge (~5990 eV) vs. that obtained at the 

Fe K-edge (~7110 eV). 

The collection strategy consisted of a full X-ray diffraction data collection at high energy 

(30.5 keV) as a structural reference, followed by a fluorescence scan of the Cr K-edge of the 

sample to determine suitable energies for MAD acquisition. Following the fluorescence scan, 

partial diffraction datasets at energies that span the K edge of interest. For samples 5.2, 5.4, and 

5.5, 21 data points were collected from 5967-6027 eV. Due to time constraints, the collection for 

5.3 was abbreviated to 18 data points redistributed throughout the same energy range. Each partial 

diffraction dataset included 500-1000 unique reflections. After integration of these reflections, the 

real (𝑓′) and imaginary (𝑓′′) scattering factors for each Cr were freely refined while their position 

and occupancy were fixed at the values determined from the 30.5 keV diffraction dataset. For non-

Cr atoms, tabulated scattering factors were used at each energy. Resulting 𝑓′ plots are shown in 

Figure 5.3 for 5.2 and 5.4, and in Figure 5.4 for 5.3 and 5.5. 
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Figure 5.3. Crystal structure cores with bond metrics indicated of (a) (tbsL)Cr3(CNBn) (5.4) and (b) (tbsL)Cr3(NDiPP) 

(5.2). Anomalous scattering factor 𝑓′ for each chromium center determined from refinement of the diffraction data 

collected at 100 K and using a full structure solution collected at 30.5 keV as a reference for (c) (tbsL)Cr3(CNBn) (5.4) 

and (d) (tbsL)Cr3(NDiPP) (5.2). e) Single-crystal X-ray fluorescence scans of 5.4 and 5.2 collected around the Cr K-

edge in steps of 1 eV at 100 K. (f–h): Direct comparison of the anomalous scattering factor 𝑓′ for (f) Cr1, (g) Cr2, and 

(h), Cr3 sites of 5.4 and 5.2. 
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Figure 5.4. Crystal structure cores with bond metrics indicated of (a) (tbsL)Cr3(µ3–NBn) (5.3), and (b) (tbsL)Cr3(µ1–

NPh)(µ1–NPh) (5.5). Anomalous scattering factor 𝑓′ for each chromium center determined from refinement of the 

diffraction data collected at 100 K and using a full structure solution collected at 30.5 keV as a reference for (c) 

(tbsL)Cr3(µ3–NBn) (5.3) and (d) (tbsL)Cr3(µ1–NPh)(µ1–NPh) (5.5). e) Single-crystal X-ray fluorescence scans of 5.3 

and 5.5 collected around the Cr K-edge in steps of 1 eV at 100 K. (f–h): Direct comparison of the anomalous scattering 

factor 𝑓′ for (f) Cr1, (g) Cr2, and (h), Cr3 sites of 5.3 and 5.5. 
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Each of the experimental 𝑓′ curves for the three Cr sites of 5.4 is distinct in shape (Figure 

5.3c), reminiscent of the results of our previous MAD analysis of (tbsL)Fe3(thf). The double well 

shape of 𝑓′Cr3 for the three-coordinate site (Cr3), is reminiscent of the predicted 𝑓′ of 

Cr(NTMS2)2(thf)2, potentially arising from the similarity in both oxidation state and coordination 

geometry (Cr3 resides in a planar, T-shaped local coordination sphere). The line shape of 𝑓′Cr1 

resembles that of CrIV imido 5.7, though the minimum is much lower in energy (5991 eV in 5.4 

vs. 5997 eV in 5.7) as expected for the lower oxidation state of Cr1 in [Cr3]
0. This similarity is 

likely reflective of the fact that Cr1 also resides in a tetrahedral geometry with a single strong 

metal-ligand interaction. 

Complex 5.2 also has three unique anomalous diffraction 𝑓′ curves (Figure 5.3d) as 

expected for its highly asymmetric geometry (Figure 5.3b). Initial inspection reveals that the 

overall envelope of the 𝑓′ curves is broader than in 5.4, but the most notable changes become 

evident when the 𝑓′ curves are compared site-to-site between 5.2 and 5.4. The scattering factors 

𝑓′Cr2 for 5.2 and 5.4 are remarkably similar (Figure 5.3g). The shape of 𝑓′Cr1 is also maintained, 

though the first peak is now more clearly a pre-edge feature at 5989 eV, while the second, more 

intense peak has moved to higher energy at 6003 eV (Figure 5.3f). The entire rising, right-hand 

edge of the 𝑓′ trace has also shifted to higher energy as anticipated for the Cr1 site bearing the 

terminal imido. The most dramatic changes in curve profile are observed in 𝑓′Cr3 which has a pre-

edge feature in 5.2 at 5989 eV, but not in 5.4, as well as the rising right-hand edge shifted to higher 

energy. These results suggest the oxidation of the [Cr3]
2+ core in 5.2 may not be localized to the 

Cr1 site featuring the terminal metal-ligand multiple bond. 

The 𝑓′ curves for the bridging imidos 5.3 ([Cr3]
2+) and 5.5 ([Cr3]

4+), in contrast to 5.2 and 

5.4, have only two distinct traces (Figure 5.4). In both 5.3 and 5.5, 𝑓′Cr2 and 𝑓′Cr3 are remarkably 
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similar (Figure 4g, h), featuring intense, sharp pre-edge features at 5989 eV followed by a broad 

minimum spanning nearly the entirety of the Cr K-edge. These features correspond well to those 

in the predicted 𝑓′ spectrum of CrIII imide 5.6. The unique Cr site for both 5.3 and 5.5 is Cr1 (Figure 

5.4f), which in both cases lacks a distinct pre-edge feature as observed for Cr2 and Cr3. In 5.3, 

𝑓′Cr1 consists instead of one broad peak with an absolute minimum at 5995 eV. This peak sharpens 

and shifts to higher energy in 5.5 (5999 eV). 
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5.4 Discussion 

This study represents the first application of high-resolution MAD to chromium containing 

clusters, and its second application to a non-iron element.[6a] Given that chromium has the lowest 

energy K-edge of the elements to which high resolution MAD has been applied, we note that 𝑓′ 

spectra were obtained with comparably low uncertainty to those obtained for iron complexes 

following similar exposure times to synchrotron radiation (8-10 h per sample). The current study 

also represents the first use of mononuclear compounds as reference samples for cluster single-

crystal MAD by employing the Kramers-Kronig transform to generate predicted scattering factor 

(𝑓′) plots. The predicted 𝑓′ spectra for authentic CrII→CrIV samples have proven indispensable in 

the assessment of relative oxidation states in 5.2–5. We are interested to use the foregoing data to 

assess the redox localization or delocalization in the imido-bearing [Cr3] clusters. 

 The terminal imido cluster 5.2 ([Cr3]
2+) and the isocyanide cluster 5.4 ([Cr3]

0) differ by 

the ligand terminally bound to site Cr1. The terminal imido ligation observed in 5.2 was the first 

example on the tbsL platform where cluster oxidation resulted in metal-ligand multiple bond 

formation as opposed to the imido functionality bridging the cluster in a µ3-fashion, potentially 

indicating redox localization to a single site within the cluster.[14] However, a comparison of the 𝑓′ 

traces for 5.2 and 5.4 reveals the two-electron oxidation in 5.2 is not localized to Cr1 (Figure 5.3f-

h). The shift to higher energy and emergence of a clear pre-edge feature in 𝑓′Cr1 going from 5.4 to 

5.2 clearly indicates that oxidation has occurred at this site (Figure 5.3f), as expected from 

substituting a terminal isocyanide for a terminal imido ligand. The overall shape of 𝑓′Cr1 in 5.2 also 

closely resembles the predicted 𝑓′ spectrum for CrIV imide 5.7. The anomalous scattering factors 

for Cr2 (𝑓′Cr2) in both 5.2 and 5.4 overlay well (Figure 5.3g), suggesting no oxidation state change 

is evident at Cr2. However, a significant change in the shape and energy of 𝑓′Cr3 is also observed 
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between 5.4 and 5.2 (Figure 5.3h). In particular, a pre-edge feature at the same energy as for Cr1 

(5989 eV) emerges in 𝑓′Cr3 of 5.2, and the absolute minimum in 𝑓′Cr3 shifts to higher energy, as 

does the right-hand rising edge. The local geometry of Cr3 does not change significantly between 

the two structures, being T-shaped in both cases, but the Cr3–Cr1 and Cr3–Cr2 distances each 

contract by 0.12 Å while the Cr3–Nligand bond length increases by 0.07 Å. The shifted energy of 

𝑓′Cr3 and subtle pre-edge feature indicate some oxidation is borne at the Cr3 site. Furthermore, the 

Cr3–Cr1 contraction observed in 4 could result in the pre-edge feature observed, wherein the 

enhanced M–M bonding might enhance the Cr pre-edge absorption in an analogous fashion to the 

terminal imido at Cr1. While we cannot rule out the possibility that local spin state changes could 

result in the changes to the scattering factor traces, we conclude the two-electron oxidation 

([Cr3]
2+) is borne by Cr1, the site of the terminally bound imido, and, surprisingly, the distal Cr3 

site. 

While the oxidation of the terminal imido cluster 5.2 ([Cr3]
2+) appears distributed across 

two Cr sites, we anticipated the symmetric imido 5.3 ([Cr3]
2+) might reveal oxidation equivalently 

distributed across the [Cr3] core. However, akin to 5.2, the MAD data suggest the redox load in 

5.3 is asymmetrically distributed. The 𝑓′ traces for the Cr sites of bridging imide 5.3 are consistent 

with oxidation at Cr2 and Cr3 equally. The 𝑓′ curves of Cr2 and Cr3 are both extremely alike and 

closely related to the shape and pre-edge feature energy of the predicted 𝑓′ trace for the authentic 

CrIII imide 5.6. The remaining site Cr1, in contrast, does not exhibit signs of oxidation state change. 

We therefore assign Cr2 as CrII based on the lack of pre-edge feature and the apparent oxidation 

of sites Cr2 and Cr3, accounting for all two electrons of oxidation from the bridging imide 

([Cr3]
2+). Our assignment is consistent with Cr2 and Cr3 possessing shorter Cr–Nimido bonds than 

Cr1. Furthermore, the comproportionation constant (Kc) of 1.6 x 106 observed for 5.3 is only 



191 

indicative of partial delocalization. Given this borderline Kc and the MAD data, which shows 

significant localization, we have assigned 5.3 as a Class II mixed-valence cluster. The observation 

of localized mixed-valency in 5.3 contrasts directly with our findings on the similar bridging imido 

complex (tbsL)Fe3(
3–NPh), which is fully delocalized by MAD, 57Fe Mössbauer, Fe-Nimido bond 

metrics, and electrochemistry (Kc = 1.3 x 1019). 

Both [Cr3]
2+ 5.2 and 5.3 clusters exhibit redox localization despite differences in imido 

coordination mode to the cluster. We were thus interested to examine how the oxidation in [Cr3]
4+ 

5.5 was borne within the trichromium cluster. Analogous to 5.3, 𝑓′Cr2 and 𝑓′Cr3 are unaffected by 

the addition of a second imide in 5.5 and produce identical traces both to each other (Figure 5.4d) 

as well as their counterparts in [Cr3]
2+ 5.3 (Figure 5.4g, h). Akin to 5.2, the trace for Cr1 (𝑓′Cr1) 

where the terminal imido is bound  shows signs of oxidation, particularly in the shift to higher 

energy of the left-hand side of the scattering factor curve. The narrowing of the 𝑓′ trace is also 

consistent with the predicted 𝑓′ trace for CrIV 5.7. Surprisingly, 𝑓′Cr1 lacks a pre-edge absorption 

in stark contrast to the features found in the predicted 𝑓′ spectra of mononuclear imidos 5.6 and 

5.7 as well as 𝑓′Cr1 for 5.2 which bears the terminal imide. The short Cr1–Nimido bond length of 

1.691(3) Å is consistent with metal-ligand multiple bonding which we anticipated would manifest 

a pre-edge absorption. We note that Cr1–Nimido is elongated compared to CrIV imido complexes. 

Furthermore, the Nimido–Cipso distance for the terminally bound imide is markedly shorter than that 

of the bridging imide (1.373(3), 1.420(4) Å, respectively). The longer Cr–Nimido bond and bonding 

within the terminal imido linkage in 5.5 may signify partial imidyl character, potentially indicating 

incomplete oxidation of Cr1.[7, 13b] Nevertheless, we anticipate some pre-edge absorption for Cr1 

analogous to the CrIII sites previously described. We cannot rule out the possibility that the pre-
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edge absorption is sharp and that an even higher resolution MAD study than that presented here 

would be necessary to observe the pre-edge feature in 𝑓′Cr1.  
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5.5 Conclusions 

Multiwavelength anomalous diffraction data was collected for all-chromous and oxidized 

clusters featuring imido linkages to assess redox load distribution throughout the [Cr3] core. The 

imido complexes feature both terminal and symmetrically-bound (µ3) imido ligands, while a bis-

imido complex contains both. In each case, well defined 𝑓′ traces were obtained for each Cr site. 

Close inspection of the 𝑓′ spectra as compared to those within the same molecule, in the other 

molecules in this study, and those predicted for authentic, mononuclear CrII→CrIV reference 

samples allowed for assignment of the location of oxidation in each complex. Clusters featuring 

terminal and bridging imido motifs both exhibit redox localization to two Cr centers where third 

Cr site remains unchanged. Unlike analogous tri-iron clusters bearing bridging imidos, the µ3-

bridged imido complex 5.3 was determined to be Class II mixed-valent based on localization of 

the oxidation to two Cr sites as evidenced by their scattering factor curves. The four-electron 

oxidized bis-imido complex 5.5 was determined to contain two CrIII sites analogous to 5.3, while 

the Cr bearing the terminal imido can be best described as CrIV or CrIII(•NR). The foregoing study 

represents the first application of MAD to clusters featuring distinctly coordination spheres with 

similar oxidation levels, providing insight into how oxidation load can be distributed through 

polynuclear cofactors. The work adds to the growing literature demonstrating the utility of MAD 

for oxidation state assessment of polynuclear transition metal clusters, and presents the utility of 

absorption edge-generated 𝑓′ curves of mononuclear references.  
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5.6 Experimental Methods 

5.6.1 General Considerations 

All manipulations involving metal complexes were carried out using standard Schlenk or 

glovebox techniques under a dinitrogen atmosphere, unless otherwise noted. All glassware was 

oven-dried for a minimum of 10 h and cooled in an evacuated chamber prior to use in the drybox. 

Diethyl ether, hexanes, benzene, toluene, and tetrahydrofuran (THF) were dried and deoxygenated 

on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves 

(Strem) prior to use. C6D6 was purchased from Cambridge Isotope laboratories and stored over 4 

Å molecular sieves prior to use. Non-halogenated solvents were frequently tested, by a solution of 

sodium benzophenone ketyl in THF, for effective water and dioxygen removal. Celite 545 (J. T. 

Baker) was dried in a Schlenk flask for at least 20 h under dynamic vacuum while heating to 200 

– 220 °C prior to glovebox use. (tbsL)Cr3(thf), (tbsL)Cr3(
1–NDipp), and (tbsL)Cr3(

3–NBn) were 

synthesized according to procedures previously reported by our laboratory (see Chapter 3). PhN3 

was prepared by diazotization of the corresponding aniline and subsequent treatment with NaN3. 

All organic azides were dissolved in hexanes and stored over 4 Å molecular sieves prior to use, at 

which point the solution was decanted and the hexanes was evaporated. All other reagents were 

purchased from commercial vendors and used without further purification. 

5.6.2 Electrochemical measurements 

Cyclic voltammetry was performed with a CHI660d potentiostat using a three-electrode 

cell with a glassy carbon working electrode and a platinum wire as the counter electrode. All 

measurements were conducted using a Ag/AgCl pseudoreference consisting of a silver wire 

immersed in 0.1 M [nBu4N][PF6] electrolyte and separated from the working compartment by a 

porous CoralPor (BASi) frit. All potentials are referenced to the ferrocene/ferrocenium (Fc/Fc+) 
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couple, which was measured at the end of every experiment by adding a small amount of ferrocene 

to the electrolyte solution. 

5.6.3 Magnetic susceptibility measurements 

Magnetic data for 5.1-5 were collected using a Quantum Design MPMS-XL Evercool 

SQUID Magnetometer. A general procedure for sample preparation is as follows: microcrystalline 

material was dried thoroughly in vacuo overnight and then crushed to a fine powder in an agate 

mortar and pestle. This crushed powder was then immobilized within a gelatin capsule size #4 by 

adding melted eicosane at 50 – 60 °C. The gelatin capsule was then inserted into a plastic straw. 

Samples were prepared under a dinitrogen atmosphere. Magnetization data at 100 K from 0 to 7 T 

was used as a ferromagnetic-free purity test. Direct current (dc) variable temperature magnetic 

susceptibility measurements were collected in the temperature range 5–300 K under applied fields 

of 0.5 and 1 T. Magnetization data were acquired at 2 – 10 K at fields 1, 4, and 7 T. Magnetic 

susceptibility data was corrected for diamagnetism of the sample, estimated using Pascal’s 

constants, in addition to contributions from the sample holder and eicosane. The magnetic 

susceptibility data was collected multiple times until at least two different batches reproduced the 

data. Reduced magnetization data was modeled in PHI[15] according to the spin Hamiltonian: Ĥ = 

DSz2 + E(Sx2 – Sy2) + gµBS·B. 

5.6.4 Other physical measurements 

1H NMR spectra were recorded on Agilent DD2 600 MHz or Varian Unity/Inova 500 MHz 

spectrometers. Chemical shifts for 1H are reported relative to SiMe4 using the chemical shift of 

residual solvent peaks as reference. Elemental analyses (%CHN) were obtained using a 

PerkinElmer 2400 Series II CHNS/O Analyzer. 
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5.6.5 Synthesis 

(tbsL)Cr3(1–CNBn) (5.4). A 5% weight solution of benzyl isocyanide (CNBn) (241.9 mg, 

0.103 mmol) in benzene was further diluted by the addition of 1 mL of benzene. This dilute 

solution was then added dropwise at r.t. to a stirred solution of (tbsL)Cr3(thf) (5.1) (100 mg, 

0.103mmol) in benzene (3 mL). After stirring for 1 h at room temperature the magnetic stir bar 

was removed and the solution was frozen and removed in vacuo. This yielded (tbsL)Cr3(1–CNBn) 

(5.4) (94.5 mg, 0.093 mmol, 90% yield) as a brown powder. Crystals suitable for X-ray diffraction 

were grown from a concentrated diethyl ether solution at -35 °C. 1H NMR (500 MHz, C6D6, δ, 

ppm): 59.94(b), 56.40(b), 42.90(b), 21.90(b), 16.93, 13.68, 3.46, 2.27, 1.95, 0.55, -0.86, -5.72.  

Anal. Calc. for C50H73Cr3N7Si3: C, 59.32; H, 7.27; N, 9.68. Found: C, 59.36; H, 7.24; N, 9.61. 

(tbsL)Cr3(3–NPh)(1–NPh) (5.5). A concentrated solution of (tbsL)Cr3(thf) (5.1) (106.9 mg, 

0.111 mmol) in 1 mL of benzene was added to solid azobenzene (PhNNPh, 20.1 mg, 0.111 mmol). 

An immediate color change from green-brown to red was observed. The solution was then 

transferred to a J. Young NMR tube, which was sealed under nitrogen, removed from the glovebox, 

and heated to 60 °C for four hours. After cooling to room temperature, the reaction vessel was 

returned to the glovebox and the solution was transferred to a scintillation vial and dried in vacuo. 

This yielded (tbsL)Cr3(3–NPh)(1–NPh) (5.5) as a red-brown powder (102.5 mg, 0.095 mmol, 

85.7% yield). Crystals suitable for X-ray diffraction were grown from a concentrated diethyl ether 

solution at -35 °C. 1H NMR (500 MHz, C6D6, δ, ppm): 86.86(b), 60.83(b), 36.72, 20.41, 16.57, 

13.95, 12.59, 12.19, 8.60, 6.75, 5.94(b), 3.04, 1.80, 1.09, 0.78, -1.35, -6.81, -9.15, -27.05.  Anal. 

Calc. for C54H76Cr3N8Si3: C, 60.19; H, 7.11; N, 10.40. Found: C, 59.9; H, 6.92; N, 10.20. 
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5.6.6 X-ray structure determinations.  

Single crystals suitable for X-ray structure analysis were coated with deoxygenated 

Paratone N-oil and mounted in MiTeGen Kapton loops (polyimide). Data for compounds 5.2 - 5 

was collected at 100 K using synchrotron radiation at the Argonne National Laboratory Advance 

Photon Source, ChemMatCARS. A full dataset suitable for structure determination was collected 

at 100 K using 30 keV radiation. The single crystals of 5.2 - 5 did not show decay during data 

collection. Data was collected using a Bruker three-circle platform goniometer equipped with a 

Bruker APEX II CCD and an Oxford Cryosystems cooling apparatus.  The collection method 

involved 0.5 scans in ϕ at –5 in 2.  Data integration down to at least 0.84 Å resolution was 

carried out using SAINT V8.34 C (Bruker diffractometer, 2014) with reflection spot size 

optimization. Absorption corrections were applied using SADABS.[16] The structure was solved 

by the Intrinsic Phasing methods and refined by least-squares methods again F2 using SHELXL[17] 

with the OLEX 2[18] interface. Space group assignments were determined by examination of 

systematic absences, E-statistics, and successful refinement of the structures. The program 

PLATON[19] was employed to confirm the absence of higher symmetry. Non-hydrogen atoms were 

refined with anisotropic displacement parameters, and hydrogen atoms were added in idealized 

positions and refined using a riding model. Crystallographic data for 5.4 and 5.5 are given in Table 

5.1. 

5.6.7 Multiple-wavelength anomalous diffraction.  

 Energy referencing. 

The energy of the beamline at Argonne National Laboratory Advance Photon Source, 

ChemMatCARS, was referenced by performing a fluorescence scan of the Fe K-edge of a single 

crystal of sublimed ferrocene in steps of 1 eV using a Vortex-EX 3070 silicon drift diode detector. 
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The ferrocene K-edge obtained this way was then compared to an XAS K-edge of sublimed 

ferrocene obtained at the Stanford Synchrotron Radiation Lightsource and the energy of the 

beamline was adjusted so that the energies of the pre-edge and rising edge as determined by both 

techniques were well aligned. All Fe XAS K-edge data collected at the Stanford Synchrotron 

Radiation Lightsource was referenced to iron foil. 

 Data collection strategy.  

The following general procedure was followed for all samples: first, the crystal was 

mounted when the beam energy was at 30 eV. At this energy the crystal quality was judged by 

checking for the presence of twin domains. The crystal of each molecule which was both most 

single and gave the highest resolution at lowest exposure times was then selected to be used for 

the collection. A full structure diffraction dataset was then collected at this energy (30 keV). 

Second, the beam energy was lowered to the Cr K-edge and a fluorescence scan (Figure 2c top 

and S4 top) was collected from 5939 to 6939 eV in steps of 1 eV by using a Vortex-EX 3070 

silicon drift diode detector. This data was used to determine the energies at which to collect the 

partial diffraction data. Third, partial diffraction data was collected as described below at 

increasing energy. 

For 5.2, 5.4, and 5.5, data was collected at 21 energies between 5967 and 6027 eV. For 5.3, 

data was collected at 18 energies between 5967 and 6027 eV. For 5.2-5, a total of 480 frames were 

collected at each energy using 4 pairs of φ scans with 2θ angles of -10, -30, -60, and -90 for 

each pair and ω angles of 180 and 220 for the two scans within each pair.  The step size in ϕ was 

0.5 for all scans.  
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 Anomalous diffraction data refinement.  

The 30 keV data was modeled to provide structural data on the compound of interest. This 

model was used as the reference for each partial diffraction dataset as is described below. For the 

data integration of the highest energy anomalous diffraction data set, the unit cell parameters of 

the reference (.p4p file) were imported into APEX3 to provide a starting point.  For subsequent 

energy points, a .p4p file of the preceding energy point was imported instead. A starting box size 

for the refinement was estimated based on the size of a single diffraction spot and refined during 

integration. A static mask was generated using AMask and employed to correct for the effects of 

the beamstop during integration. Integration was performed iteratively, reimporting the .p4p file 

after each run, until the unit cell parameters stabilized. For a single energy, frames with unique 

values of 2θ were integrated independently using the unit cell from an integration at the same 

energy and similar 2θ values wherever possible. After integration, the data was scaled in APEX3 

using the default settings. The .hkl and .ins files were generated with XPREP, setting the space 

group to match the one from the 30 keV reference. This procedure resulted in about 600 unique 

reflections at each energy step. Subsequently, the contents of the .ins file of the reference structure 

were copied into the .ins file generated for the anomalous diffraction datasets with the exception 

of the CELL and ZERR lines. The SFAC line of each .ins file was adjusted to reflect the number 

of unique metal sites. The atom type indices were then adjusted to account for this change to the 

SFAC line. At this point every one of the anomalous diffraction data sets had an associated .hkl 

and .ins file suitable for refinement in JANA2006.6 These two files were imported into JANA2006. 

Using JANA2006 the scattering factors and were freely refined for each chromium site while 

keeping all structural parameters constant (using the FIXEDALL command). The anomalous 

scattering factors, and the corresponding errors (given as 2σ), obtained are tabulated in Tables 5.3-

6 plotted in Figures 5.3-6.  
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Table 5.1. Crystallographic data for (tbsL)Cr3(1–CNBn) (5.4) and (tbsL)Cr3(3–NPh)(1–NPh) (5.5). 

 (tbsL)Cr3(1–CNBn) (5.4) (tbsL)Cr3(3–NPh)(1–NPh) (5.5) 

Chemical formula C56H79Cr3N7Si3 C58H86Cr3N8OSi3 

Formula weight 1090.53 1151.61 

Space group P21/c P1̅ 

a (Å) 13.3541(5) 12.4743(5) 

b (Å) 29.4601(11) 14.4695(7) 

c (Å) 14.0800(5) 17.6459(8) 

 (deg) 90 104.1910(10) 

 (deg) 93.2710(10) 90.5520(10) 

 (deg) 90 105.9240(10) 

V (Å3) 5530.2(4) 2959.2(2) 

Z 4 2 

 (mm-1) 0.362 0.154 

T (K) 100 100 

GOF (S) 

[all data] 
1.031 1.024 

R1a (wR2b) 

[I>2(I)] 
0.0399 (0.1025) 0.0492 (0.1084) 

R1a (wR2b) 

[all data] 
0.0550 (0.1110) 0.0765 (0.1240) 

Reflections 12565 13259 

Radiation type Synchrotron Synchrotron 

aR1 = [w(Fo – Fc)]/[wFo]; bwR2 = [[w(Fo
2 – Fc

2)2]/[w(Fo
2)2]]1/2, w = 1/[2(Fo

2) + (aP)2 + bP], where P = 

[max(Fo
2,0) + 2(Fc

2)]/3  
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Table 5.2. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(1–CNBn) (5.4). 

 Cr1 Cr2 Cr3 

Energy (eV) 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 

5967 -6.14 0.16 1.62 0.36 -5.95 0.15 0.29 0.55 -6.02 0.16 1.01 0.50 

5977 -6.58 0.16 1.73 0.31 -6.36 0.14 0.07 0.43 -6.63 0.15 0.80 0.42 

5980 -6.86 0.16 1.74 0.30 -6.63 0.14 -0.27 0.42 -6.90 0.15 0.59 0.42 

5983 -7.14 0.16 1.58 0.31 -6.93 0.15 0.30 0.40 -7.19 0.15 1.37 0.37 

5985 -7.38 0.16 1.55 0.29 -7.18 0.14 0.12 0.38 -7.45 0.15 1.23 0.39 

5987 -7.85 0.18 0.41 0.47 -7.60 0.19 1.54 0.39 -8.03 0.18 0.30 0.63 

5989 -8.33 0.16 0.86 0.36 -8.21 0.17 1.95 0.29 -8.64 0.16 0.67 0.43 

5991 -8.47 0.17 2.09 0.31 -8.29 0.17 0.99 0.35 -8.97 0.17 2.19 0.34 

5993 -8.22 0.17 2.00 0.37 -8.69 0.17 2.00 0.36 -8.90 0.17 2.96 0.35 

5995 -8.80 0.17 2.06 0.35 -8.36 0.18 2.34 0.33 -8.26 0.17 3.11 0.32 

5997 -8.90 0.18 2.60 0.38 -8.67 0.19 2.74 0.36 -8.35 0.18 3.23 0.35 

5999 -9.06 0.19 3.34 0.38 -8.57 0.20 2.91 0.38 -8.35 0.20 3.61 0.38 

6001 -8.57 0.21 4.05 0.35 -8.51 0.21 3.31 0.35 -8.19 0.20 3.98 0.34 

6003 -8.15 0.21 4.33 0.35 -8.55 0.21 3.83 0.35 -7.87 0.21 4.23 0.34 

6005 -7.77 0.21 4.38 0.36 -8.09 0.22 4.84 0.35 -7.51 0.21 4.45 0.35 

6007 -7.51 0.22 4.66 0.39 -7.03 0.23 5.14 0.38 -7.07 0.22 4.67 0.36 

6009 -6.95 0.23 4.89 0.38 -6.24 0.23 4.86 0.40 -6.67 0.22 4.66 0.37 

6011 -6.46 0.22 4.77 0.37 -5.82 0.22 4.31 0.41 -6.40 0.21 4.49 0.36 

6014 -6.09 0.23 4.49 0.42 -5.98 0.23 3.95 0.47 -6.39 0.23 4.47 0.40 

6017 -5.85 0.23 4.47 0.41 -6.02 0.23 3.79 0.46 -6.20 0.23 4.47 0.40 

6027 -5.26 0.24 4.10 0.45 -5.25 0.24 3.70 0.52 -5.36 0.23 4.16 0.44 
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Table 5.3. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(1–NDipp) (5.2). 

 Cr1 Cr2 Cr3 

Energy (eV) 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 

5967 -6.04 0.14 -0.31 0.92 -6.01 0.14 0.69 0.91 -6.01 0.15 2.07 0.76 

5977 -6.58 0.14 2.00 0.70 -6.67 0.14 1.52 0.78 -6.67 0.14 0.17 0.88 

5980 -6.65 0.14 0.77 1.40 -6.80 0.15 1.29 0.99 -6.80 0.14 0.78 1.30 

5983 -6.92 0.14 1.20 0.93 -7.12 0.14 1.10 0.76 -7.12 0.14 1.86 0.80 

5985 -7.21 0.14 1.60 0.80 -7.43 0.14 0.92 0.76 -7.43 0.14 1.35 0.86 

5987 -7.50 0.14 2.21 0.62 -7.78 0.14 0.38 0.88 -7.78 0.14 0.51 0.91 

5989 -7.87 0.14 1.01 0.86 -8.31 0.14 -0.20 0.85 -8.31 0.14 2.07 0.69 

5991 -7.60 0.15 2.33 0.63 -8.36 0.15 1.57 0.62 -8.36 0.15 1.15 0.76 

5993 -7.82 0.15 0.86 0.79 -8.55 0.15 1.55 0.57 -8.55 0.16 2.59 0.60 

5995 -8.33 0.15 1.33 0.78 -8.58 0.15 1.89 0.55 -8.58 0.15 2.32 0.66 

5997 -8.47 0.18 1.34 0.75 -8.63 0.19 3.22 0.50 -8.63 0.18 1.85 0.70 

5999 -8.87 0.22 1.67 0.78 -8.55 0.23 3.39 0.53 -8.55 0.23 2.19 0.75 

6001 -8.94 0.19 2.61 0.61 -8.36 0.20 3.47 0.48 -8.36 0.20 2.77 0.60 

6003 -9.01 0.23 3.18 0.65 -8.59 0.24 3.65 0.56 -8.59 0.24 3.01 0.65 

6005 -8.51 0.23 3.77 0.58 -8.27 0.24 4.45 0.50 -8.27 0.24 3.70 0.60 

6007 -8.07 0.26 3.83 0.62 -7.86 0.27 5.10 0.52 -7.86 0.27 4.13 0.62 

6009 -7.76 0.24 4.19 0.57 -6.76 0.25 5.07 0.50 -6.76 0.26 4.97 0.56 

6011 -7.43 0.24 4.69 0.53 -6.58 0.24 4.85 0.50 -6.58 0.24 4.47 0.56 

6014 -6.83 0.24 4.51 0.57 -6.24 0.24 4.57 0.53 -6.24 0.25 4.35 0.60 

6017 -6.72 0.23 4.56 0.54 -6.03 0.23 4.53 0.50 -6.03 0.23 4.06 0.57 

6027 -5.69 0.23 4.67 0.58 -5.61 0.24 4.20 0.57 -5.61 0.24 3.99 0.63 
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Table 5.4. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(3–NBn) (5.3). 

 Cr1 Cr2 Cr3 

Energy (eV) 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 

5967 -6.09 0.16 -0.05 0.42 -5.98 0.16 -0.05 0.52 -5.97 0.16 1.73 0.33 

5977 -6.60 0.14 0.10 0.33 -6.61 0.15 0.07 0.39 -6.61 0.15 1.61 0.28 

5981.5 -6.97 0.15 -0.24 0.41 -6.97 0.15 0.15 0.46 -7.00 0.16 1.70 0.33 

5985 -7.34 0.15 -0.34 0.40 -7.43 0.15 -0.10 0.45 -7.49 0.16 1.58 0.33 

5987 -7.68 0.15 1.66 0.39 -7.72 0.15 -0.06 0.46 -7.91 0.15 0.11 0.37 

5989 -7.93 0.16 0.42 0.35 -8.51 0.16 0.84 0.42 -8.39 0.17 2.46 0.32 

5991 -8.15 0.17 2.41 0.34 -7.68 0.17 0.26 0.39 -7.46 0.16 0.23 0.34 

5993 -8.58 0.16 0.60 0.39 -8.22 0.17 2.16 0.35 -7.91 0.16 0.91 0.40 

5995 -9.05 0.21 2.89 0.42 -8.71 0.21 0.62 0.49 -8.49 0.20 0.37 0.43 

5997 -9.03 0.16 1.93 0.31 -8.53 0.17 2.26 0.36 -8.73 0.16 2.43 0.29 

5999 -8.95 0.17 2.28 0.31 -8.37 0.18 2.84 0.35 -8.63 0.17 3.01 0.30 

6001 -8.91 0.18 2.86 0.30 -8.29 0.19 2.93 0.32 -8.56 0.19 3.29 0.29 

6003 -8.79 0.19 3.34 0.31 -8.33 0.20 3.49 0.33 -8.47 0.20 3.87 0.29 

6005 -8.71 0.31 4.18 0.43 -7.91 0.32 3.88 0.45 -8.26 0.31 3.95 0.43 

6008 -7.88 0.25 4.81 0.35 -7.68 0.25 4.29 0.36 -7.97 0.25 4.88 0.33 

6011 -6.96 0.27 4.83 0.40 -7.22 0.27 4.46 0.41 -7.15 0.27 5.13 0.37 

6017 -6.08 0.24 4.31 0.32 -6.32 0.25 4.55 0.35 -6.28 0.25 5.28 0.30 

6027 -5.52 0.26 3.98 0.39 -5.31 0.26 4.08 0.39 -5.10 0.26 4.44 0.36 
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Table 5.5. Statistics of the anomalous diffraction data refinement for (tbsL)Cr3(3–NPh)(1–NPh) (5.5). 

 Cr1 Cr2 Cr3 

 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 𝑓′ esd 𝑓′′ esd 

5967 -6.01 0.20 0.32 0.79 -6.23 0.20 1.94 0.69 -6.01 0.19 0.11 0.73 

5977 -6.57 0.15 0.62 0.70 -6.59 0.16 1.15 0.78 -6.63 0.15 0.68 0.81 

5980 -6.82 0.18 1.02 0.69 -7.08 0.18 1.68 0.65 -6.91 0.17 0.41 0.65 

5983 -6.93 0.15 0.56 0.48 -7.22 0.15 1.49 0.44 -7.11 0.14 0.21 0.47 

5985 -7.06 0.15 0.65 0.43 -7.43 0.16 1.54 0.43 -7.32 0.15 0.04 0.44 

5987 -7.28 0.15 0.83 0.47 -7.84 0.16 1.50 0.47 -7.76 0.15 0.09 0.49 

5989 -7.58 0.16 0.85 0.45 -8.44 0.16 2.02 0.43 -8.34 0.16 0.63 0.48 

5991 -7.73 0.16 1.06 0.38 -7.92 0.16 1.98 0.37 -7.56 0.15 0.91 0.41 

5993 -8.03 0.15 1.18 0.40 -8.31 0.15 1.71 0.40 -7.84 0.15 0.60 0.41 

5995 -8.46 0.15 1.21 0.35 -8.83 0.16 2.49 0.36 -8.50 0.15 1.22 0.38 

5997 -9.03 0.16 1.57 0.34 -8.58 0.17 2.86 0.36 -8.60 0.16 1.59 0.36 

5999 -9.49 0.18 2.24 0.42 -8.50 0.19 3.14 0.44 -8.73 0.18 2.04 0.43 

6001 -9.38 0.19 2.81 0.40 -8.37 0.20 3.34 0.42 -8.73 0.19 2.61 0.41 

6003 -9.25 0.20 3.70 0.34 -8.25 0.20 3.72 0.35 -8.52 0.19 3.17 0.34 

6005 -8.74 0.25 4.40 0.44 -8.24 0.25 3.93 0.44 -8.58 0.24 3.55 0.43 

6007 -7.89 0.23 4.53 0.35 -7.85 0.23 4.21 0.36 -8.43 0.22 4.17 0.35 

6009 -7.35 0.25 4.66 0.37 -7.53 0.25 4.67 0.39 -7.81 0.25 4.78 0.38 

6011 -6.99 0.26 4.61 0.39 -7.20 0.26 4.64 0.42 -7.25 0.25 4.78 0.40 

6014 -6.91 0.22 4.32 0.30 -6.69 0.23 4.84 0.32 -6.79 0.22 4.71 0.30 

6017 -6.79 0.25 4.52 0.37 -6.40 0.25 4.85 0.39 -6.27 0.25 4.72 0.37 

6027 -5.77 0.25 4.39 0.43 -5.51 0.26 4.35 0.46 -5.54 0.25 4.21 0.43 
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Table 5.6. Comparison of relevant structural metrics. All bond metrics are reported in Å. 

(tbsL)Cr3(1–CNBn) (5.4) (tbsL)Cr3(1–NDipp) (5.2) (tbsL)Cr3(3–NBn) (5.3) (tbsL)Cr3(3–NPh)(1–NPh) (5.5) 

Cr1-Cr2 2.5541(6) Cr1-Cr2 2.7034(7) Cr1-Cr2 2.7547(7) Cr1-Cr2 2.9768(7) 

Cr2-Cr3 2.6715(5) Cr2-Cr3 2.5567(6) Cr2-Cr3 2.5977(6) Cr2-Cr3 2.6867(6) 

Cr3-Cr1 3.0128(6) Cr3-Cr1 2.8937(6) Cr3-Cr1 2.6847(8) Cr3-Cr1 2.8247(7) 

Cr1-C43 2.031(2) Cr1-N7 1.681(2) Cr1-N7 1.927(3) Cr1-N8 2.030(3) 

Cr1-N1 1.9188(18) Cr1-N1 1.9828(19) Cr2-N7 1.954(2) Cr2-N8 1.9467(19) 

Cr1-N2 2.0817(18) Cr1-N2 2.0504(19) Cr3-N7 2.005(2) Cr3-N8 1.923(2) 

Cr1-N5 2.1802(19) Cr1-N5 2.0561(19) Cr1-N1 1.961(2) Cr1-N7 1.691(3) 

Cr2-N3 2.0924(19) Cr2-N3 1.9930(19) Cr1-N2 1.943(2) Cr1-N5 2.064(2) 

Cr2-N4 2.0298(19) Cr2-N4 2.002(2) Cr1-N3 2.057(2) Cr1-N6 2.049(2) 

Cr2-N1 2.1202(19) Cr2-N1 2.0987(19) Cr2-N3 1.955(3) Cr1-N1 2.251(2) 

Cr2-N2 2.3309(19) Cr2-N2 2.199(2) Cr2-N4 1.990(2) Cr2-N1 1.977(3) 

Cr3-N5 2.0378(19) Cr3-N5 2.0137(19) Cr2-N5 2.034(2) Cr2-N2 1.907(2) 

Cr3-N6 1.8909(17) Cr3-N6 1.9788(19) Cr2-C19 2.488(3) Cr2-N3 2.035(2) 

Cr3-N3 1.9467(16) Cr3-N3 2.0318(19) Cr3-N5 2.024(2) Cr3-N3 1.9544(19) 

Cr3-C13 2.374(2) Cr3-C13 2.410(3) Cr3-N6 1.993(3) Cr3-N4 1.961(3) 

    Cr3-N1 2.049(3) Cr3-N5 2.012(3) 

      Cr3-C19 2.428(3) 
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Figure 5.5. Anomalous scattering 𝑓′′ plots for 5.4 (top) and 5.2 (bottom). 
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Figure 5.6. Anomalous scattering 𝑓′′ plots for 5.3 (top) and 5.5 (bottom). 
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Figure 5.7. Cyclic voltammograms of 5.3 and 5.5 in 0.1 M [NBu4][PF6] in THF at a 0.05 V/s scan rate, referenced to 

ferrocene0/+. 
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Figure 5.8. Variable-temperature magnetic susceptibility of 5.1. Data collected on heating from 5 to 300 K. Note 

that the expected spin-only value of the magnetic susceptibility for a triplet ground state is 1. 
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Figure 5.9. Variable-temperature magnetic susceptibility of 5.4. Data collected on heating from 5 to 300 K. Note 

that the expected spin-only value of the magnetic susceptibility for a triplet ground state is 1. 
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Figure 5.10. Variable-temperature magnetic susceptibility of 5.2. Data collected on heating from 5 to 300 K. Note 

that the expected spin-only value of the magnetic susceptibility for a triplet ground state is 1. 
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Figure 5.11. Variable-temperature magnetic susceptibility of 5.3. Data collected on heating from 5 to 300 K. Note 

that the expected spin-only value of the magnetic susceptibility for a triplet ground state is 1 while the expected value 

for a singlet ground state is 0. The missing points have highly negative values (-5 to -7) due to instrument error. 

  



 

213 

 
Figure 5.12. Variable-temperature magnetic susceptibility of 5.5. Data collected on heating from 5 to 300 K. Note 

that the expected spin-only value of the magnetic susceptibility for a triplet ground state is 1. 
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