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1.1. Motivation 

A prominent goal in inorganic chemistry is the development of cheaper and more 

environmentally benign catalysts for both energy conversion and organic synthesis 

applications. The replacement of heavy and precious metals is a key prerogative to lower 

the toxicity and cost of these processes. Attractive alternatives include the mid-to-late 

first row transition metals: Mn, Fe, Co, Ni, and Cu. The high natural abundance of these 

metals makes them affordable options for industrial applications. Their natural abundance 

in biological organisms also mitigates the harmfulness of trace metal impurities in 

pharmaceuticals or process wastewater streams. 

Chemical reactions relevant to energy conversion require redox processes 

requiring multiples of two electrons. 

 

Table 1.1 Standard reduction potentials of multielectron redox processes (pH 7, vs. 
NHE) (from refs. 1-3) 
 
Table 1.1 shows the standard reduction potential required for the discrete multielectron 

reductions of O2, N2, and CO2.1-3 While the formation of water and ammonia from O2 and 

N2, respectively, are thermodynamically favorable, the production of the alternative fuels 

such as methanol and H2, from CO2 and protons, respectively, are slightly unfavorable. 

These reductions become much more difficult and require high overpotentials if they 

proceed through the formation of free partially reduced intermediates (Table 1.2). 1,2,4 
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Table 1.2 Potential required to form partially reduced intermediates (E°) and resulting 
overpotential (ΔE°) of the full reduction process as shown in table 1.1 (pH 7, vs. NHE) 
(refs. 1,2,4) 
 
A successful strategy to effect these reductions should include the capability to transfer 

multiple (e.g. 2, 4, or 6) electrons simultaneously or in quick succession without the 

release of free partially reduced intermediates.  By leveraging the stability of transition 

metal complexes in different redox states, catalysts designed to mediate these reactions 

can overcome the kinetic barrier to transferring multiple electron equivalents 

simultaneously. 

Two of the most widely used elementary reactions in metal-catalyzed organic 

synthesis are oxidative addition and reductive elimination, both of which are formally 

two-electron processes. This process is illustrated for a single transition metal in Figure 

1.1. 

 

Figure 1.1 Oxidative addition and reductive elimination processes at a single metal  

The most widely used metals in catalysts designed for these processes are 2nd and 3rd row 

transition metals. Due to their diffuse 4d and 5d valance orbitals these metals have low 

electron pairing energies and large d-splitting energies, lowering the barrier for 
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oxidation and reduction processes in multiples of two electrons.  

Important multi-electron reductions, oxidative addition, and reductive elimination 

processes all involve redox state changes of multiples of two electrons. These processes 

are more difficult to mediate using first-row transition metals in place of their heavier 

congeners. Because of their comparatively contracted d-shells, increased valence electron 

repulsion leads to large (0.5 – 1V) gaps between successive redox processes. This leaves 

first row transition metals prone to large overpotentials for multi-electron processes, or 

only mediating only one electron processes per metal. To mediate two-electron processes 

using metals prone to one-electron redox reactivity, multiple metals can be used.  

The design of multi-metallic catalysts presents many challenges, including: 

spatially placing the metals in close enough proximity such that selective and cooperative 

bond breakage and formation can take place; electronically coupling the metals such that 

they react in concert to effect multi-electron transfer; and in the case of heterometallic 

catalysts, differentiating binding pockets in order to selectively bind specific metal ions. 

Different strategies have been employed to overcome these challenges, but one motif will 

be reviewed in depth here: the electronic coupling and placing in close proximity of two 

metals in a metal-metal bond and how this can lead to reactivity that is unlike either metal 

on its own.  Specifically, the discussion will serve as a primer on the reactivity of Fe, Ni, 

and Cu ions engaged in metal-metal bonding and the role that the metal-metal bond plays 

in important chemical transformations.  

 A simplistic depiction of how late first-row transition metal-metal bonds could 

mediate two-electron oxidative addition and reductive elimination processes is shown in 

Figure 1.2. In this scenario, M-M’ bond breakage and formation happens with 
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concomitant substrate (X-Y) bond breakage and formation. Both metals donate one-

electron each in these net two-electron processes.  

 

Figure 1.2. Idealized depiction of oxidative addition and reductive elimination processes 
from a metal-metal bond (adapted from ref. 5) 
 
In reality most late first-row transition metal-metal bonds do not react in this fashion. To 

identify properties desirable for future systems containing metal-metal bonds, the 

reactivity profile of the most well characterized systems will be reviewed in this chapter.  

1.2. Metal-Metal Bonding Background 

Metal-metal bonding arises from the stabilization of d-orbital electrons through 

the formation of metal-metal bonding and anti-bonding combinations. A basic diagram of 

metal-metal bonding and antibonding combinations for two common geometries, trigonal 

and tetragonal, is shown in Figure 1.3. In this diagram, two limiting cases for both 

geometries are displayed: the d-orbital splitting for completely non-interacting metals 

(left) and completely hybridized and delocalized molecular orbitals (right). 
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Figure 1.3. Crystal field splitting for isolated trigonal and tetragonal metal centers (left) 
and the formation of delocalized metal-metal bonding orbitals in bimetallic systems 
(right) 
 
Most metal-metal interactions exist between these two extremes (dashed lines, Figure 

1.3). Where in this continuum a metal-metal interaction exists is dependent on multiple 

factors: the nature of the ligands (strong field vs. weak field), the metal identities (strong 

field vs. weak field), the number of total d-electrons, and the bond polarity in asymmetric 

or heterobimetallic complexes. To determine the metal-metal bond order using Figure 1.3 

for complexes with strong field ligands and metals (2nd and 3rd row transition metals) one 

simply has to fill the delocalized orbitals (right, Figure 1.3) from bottom to top and read 

off the bond order by subtracting the number of antibonds from the number of bonds. In 

these cases the maximum bond order is 5 (10 electrons) for trigonal geometries or 4 (8 

electrons) in tetragonal geometries. When the complexes involve weak field metal ions 

(ex. FeII, CoII, NiII) and weak field ligands, the orbitals are more localized and the 
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metals are further separated to more resemble the limiting non-interacting description 

(left, Figure 1.3). Asymmetric complexes and heterobimetallic interactions have lower 

orbital energy overlap which also leads to more localized orbitals. In these weaker, and 

therefore longer, metal-metal interactions, the geometry dependent spatial overlap of the 

d-orbitals results in sigma-symmetry interactions that are stronger and more delocalized 

than the pi- and delta-symmetry orbitals.  

The extent of metal-metal bond formation and the determination of metal-metal 

bond order are often calculated using DFT (density functional theory) and CASSCF 

(complete active space self-consistent field) calculations. DFT is a good approximation 

for systems that are well described by their ground electronic state.6-8 CASSCF 

calculations are useful in describing the multiconfigurational interactions present in weak 

field complexes as they calculate the linear combination of all d-electrons in all possible 

d-orbitals, giving a more complete description of the strength of metal-metal 

interactions.9,10 

The experimental determination of metal-metal bond strength is often 

approximated by the formal shortness ratio (FSR) as determined from the analysis of 

solid-state crystal structures. The FSR is defined as the ratio of the experimentally 

determined metal-metal bond distance to the sum of the individual metals’ single bond 

covalent radii,11 typically as tabulated as the Pauling metallic radii values for transition 

metal complexes,12 or by Alvarez covalent radii for transition metal - Lewis acid and 

group 13 interactions.13 Using this analysis for common values of carbon-carbon single 

(1.54 Å), double (1.47 Å), and triple bonds (1.37 Å), results in FSR values of 1.00, 0.95, 

and 0.89, respectively. For metal-metal interactions we loosely define FSR values of 
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1.10-0.95 as varying strengths of a metal-metal single bond (σ), 0.85≤FSR≤0.95 as 

metal-metal double bonds (σ + π), 0.80≤FSR≤0.85 as metal-metal triple bonds (σ + 2π). 

The FSR of compounds containing delta bonds is tougher to define, using theoretical 

calculations we commonly observe values in the range 0.75≤FSR≤0.80 as metal-metal 

quadruple bonds (σ + 2π + δ), and values of 0.75 or less as quintuple bonds (σ + 2π + 

2δ).14 

 
1.3 Metal-Metal Bonding in Hydrogenase Enzymes 

Some of the most instructive examples of first-row transition metal-metal bond 

reactivity, especially catalytic reactivity, come from studies of the natural enzymes 

[FeFe] hydrogenase ([FeFe]-H2ase) and [NiFe] hydrogenase ([NiFe]-H2ase).15 [FeFe]-

H2ase catalyzes the reversible reduction of protons to H2. The active site of [FeFe]-H2ase 

contains a typical [Fe4S4] cluster cysteine-bridged to a unique diiron unit. This diiron unit 

has many rare features for a biological enzyme: it features 3 CO and 2 CN− ligands; the 

two irons are separated by a short Fe-Fe distance of approximately 2.6 Å (FSR = 1.1); 

and an azadithiolate (adt) intramolecular base ligand spans the two irons.16 The strong 

field carbonyl and cyanide ligands allow the cluster to stabilize both irons in the +1 

oxidation state, producing a strongly reducing active site capable of electrochemically 

reducing protons to H2. The amine base serves as a proton shuttle by positioning protons 

near the iron reductant. The metal-metal bond acts as an electron reservoir and stabilizes 

intermediates throughout the catalytic cycle by breaking and reforming. Past studies into 

the redox states of the diiron unit during the catalytic cycle have invoked Fe0FeI→FeIIFeI 
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or FeIFeI→FeIIFeII two-electron oxidations from the Fe-Fe bonded unit in the key H+→H− 

proton reduction step.15,17 More recent studies suggest that the Fe-Fe bonded unit only 

performs one-electron redox during the catalytic cycle.18 Figure 1.4 summarizes this 

process. 

 

 

Figure 1.4. Proposed catalytic cycle of  [FeFe]-H2ase (adapted from ref. 16) 

In the Hred (FeIFeI) state the metal-metal bond serves to stabilize the metals 

through the formation of full and stable 18-electron counts. Because of the saturation of 

these iron sites, reduction of the Hred state by one electron reduces the adjacent Fe4S4 

cluster to a +1 charged core (FeIIIFeII
3) termed Hsred. Accompanying this reduction the 

proton bound to the intermolecular base in the Hred state is transferred to a nearby 
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protein residue in the Hsred state. The super-reduced Hsred state can directly generate a 

hydride from a nearby proton to form the mixed-valent Hox(H+H−) intermediate. In this 

process it is notable that the two-electrons used for proton reduction come from two 

different locations, one electron from the [Fe4S4] cluster and one from the distal Fe (Fed, 

distal to the Fe4S4 cluster) in the Fe-Fe bonded unit. Because the proximal iron (Fep, 

adjacent to the Fe4S4 cluster) bridges the two reducing equivalents it seems likely that it 

plays a key role in the electron transfer process, while maintaining a constant oxidation 

state. A proposal of how the metal-metal bond contributes to the electron transfer process 

can be visually aided by the use of a DFT model of a simplified hydrogenase mimic (µ-

pdt)[Fe(CO)3]2 (pdt = −S(CH2)3S−) shown in figure 1.5.17  

 

Figure 1.5. DFT model of the HOMO of a rotated hydrogenase mimic (µ-pdt)[Fe(CO)3]2 
(adapted from ref. 17) 
 
The electron density of the HOMO is delocalized across the metals where Fep is more 

electron rich than the coordinatively unsaturated iron, Fed. The delocalization of the 

metal-metal bond effectively places the HOMO of the distal iron adjacent to the Fe4S4 

cluster. In the Hsred state the active site is preloaded with two reducing equivalents, which 

react with a proton in either one concerted step or two rapid successive one electron steps 

produce a terminal Fe-hydride in the Hox(H+H−) state. One could imagine that the 
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metal-metal bond uses the proximal iron to mediate the electron transfer from the [Fe4S4] 

cluster as shown in Figure 1.6. 

 

Figure 1.6. Two descriptions of the two-electron conversion of Hsred to Hox(H+H−). The 
top diagram depicts electron transfer mediated by Fep, the bottom diagram depicts a 
through space electron transfer. 
 

In the top example of Figure 1.6, the proximal iron mediates the two-electron 

transfer to H+. In a concerted fashion, the proximal iron could accept and donate an 

electron so that its oxidation state is invariant. Through this transfer the reducing 

equivalents from the Fe4S4 cluster are coupled with the distal iron, leading to a concerted 

two-electron reduction of H+. This seems more plausible than a through-space electron 

transfer from the Fe4S4 cluster, like the one depicted in the bottom example of Figure 1.6. 

 The Hox(H+H−) state rapidly combines the iron-hydride with a proton positioned 

adjacent on the intermolecular adt base to form H2. H2 is easily dissociated from the 

active site, forming the oxidized species Hox. In the Hox state, the bridging CO interaction 

is strengthened relative to the reduced states giving the proximal Fe an 18 e− 

configuration without the need for a covalent metal-metal bond.  In this state, the distal 

Fe (which likely binds a water molecule or the amine base of the adt cofactor) is an 

electron deficient 17 e− complex. It is likely stabilized by a dative interaction where the 

FepI FedI
S

[Fe4S4+]

Hsred

[H+]e−

FepI FedII
S

[Fe4S4+2]

Hox(H+H−)

H

FepI FedI
S

[Fe4S4+] [H+]e−

e−

or



	

12	

distal iron accepts electron density from the electron-rich proximal iron. Upon one-

electron reduction the bridging CO interaction is weakened, the covalent Fe-Fe bond is 

reformed in the Hred state and the cycle is repeated. 

To summarize, the Fe-Fe bond helps stabilize the Hred and Hsred states by 

producing 18 rather than 17 electron iron centers. While a strict two-electron oxidation of 

the metal-metal bond is not, as was previously proposed, a key feature of the reactivity, it 

may serve a role in coordinating the two-electron reduction of a proton by electronically 

coupling the two reducing equivalents in the [Fe4S4] cluster and the distal Fe. The 

polarity of the metal-metal bond is also a key feature. The electron density in the metal-

metal bond is polarized towards the proximal Fe, leading to two different roles for the 

metals during the catalytic cycle, one active and one supporting. This metal-metal bond 

polarization is also a feature of heterometallic metal-metal bonds like the bond in the 

hydrogenase variant [NiFe]H2ase. 

  [NiFe]-H2ase enzymes are more active for H2 oxidation, but they are also 

competent for the reverse direction, proton reduction.16 [NiFe]-H2ase has some features 

that are similar to [FeFe]-H2ase, including an iron with strong field ligands (2 CN−, CO), 

and a short metal-metal bond separation (~ 2.5 Å, FSR ~ 1.1, in the Ni-SIa state19) held 

together with two bridging thiolates. A key difference, however, is the lack of an attached 

[Fe4S4] cluster, as the nearest such cluster is positioned 11 Å away from the active site. 

This is notable because it suggests that the two electrons produced from H2 oxidation 

become stored in the metal-metal bonded unit. Or in the reverse reaction, the two 

electrons required for proton reduction likely come directly from the Ni-Fe bonded unit.  
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Figure 1.7. Proposed mechanism of reversible H2 oxidation by [NiFe]-H2ase (adapted 
from ref. 20,21) 
 
 A proposed mechanism is shown in Figure 1.7. The Ni-SIa intermediate of 

[NiFe]-H2ase features a relatively short NiII-FeII intermolecular distance of 2.5 Å (FSR ~ 

1.1).19 Few studies invoke a significant metal-metal bond in this state but it is probable 

that there is some amount of interaction between the two electronically unsaturated 16 e− 

metal centers. This weak interaction also helps stabilize the active site with an open 

coordination site between the metals. Reaction with H2 quickly fills this coordination site 

by heterolytic splitting into a bridging hydride and a protonated cysteine thiol coordinated 

by nickel, the Ni-R intermediate. The Ni-Fe distance is significantly elongated (ΔNi-Fe = 

0.4 Å) in this state indicating that the metal-metal interaction has been broken. The 

oxidation of Ni-R, a nickel-centered NiII/III oxidation, occurs at −430 mV (pH = 7.7)22 and 

is accompanied by loss of a proton from the active site, resulting in the Ni-C state. It is 

important to note that the dissociation of bridging hydrides is more 
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thermodynamically difficult than terminal hydrides. For example, multiple theoretical 

and model studies of the [FeFe]-H2ase active site conclude that a bridging hydride would 

be very stable and lead to catalyst deactivation.23-28 [NiFe]-H2ase overcomes this 

thermodynamic barrier by coupling the H−→H+ process with concomitant NiIII→NiI 

reduction and the formation of a covalent Ni-Fe bond, the Ni-L intermediate.20,21 In this 

key step the metal-metal bond behaves as an acid or base, where the two electrons in the 

polarized metal-metal bond function as an electron pair, which is deprotonated in Ni-L 

and protonated in Ni-C. The energy required for conversion of Ni-C to Ni-L is dependent 

on the identity of the thiolate base, as there are four possibilities within the active site. 

The basic site shown in Figure 1.7 represents the smallest predicted thermodynamic cost 

of 8 kcal/mol.21 

 

Figure 1.8. Frontier molecular orbital diagram for the Ni-C and Ni-L states. A g-tensor 
principal axes system for Ni-L is employed where the z-axis is defined as a Ni-S(Cys) 
bond. The inset images depict the Ni-Fe bond (HOMO, bottom) and Ni-localized SOMO 
(top) for Ni-L. (from ref. 21) 
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The highest energy orbitals of the oxidized Ni-C and reduced Ni-L states are 

depicted in Figure 1.8. In the Ni-C state, NiIII has one unpaired electron in a dz
2 orbital. 

Upon two-electron reduction the frontier orbitals of the nickel ion hybridize with an 

empty orbital on the adjacent iron atom to form a molecular Ni-Fe sigma bond, and a Ni 

localized SOMO (singly occupied molecular orbital). This Ni-Fe bond is highly polarized 

with 81% of the electron density residing on Ni and 15% on Fe. Another way of thinking 

about this state is that the supporting FeII is accepting electron density from the highly 

reduced NiI center. The effect of this stabilization is apparent in the facile NiI/II oxidation 

potential of −365 mV,22 which is only 65 mV higher than the NiII/III redox couple! This 

oxidation is coupled to proton loss and reforms the Ni-SIa state of the enzyme. 

To summarize, the metal-metal bond in this system serves two main functions: (1) 

it stabilizes the reduced NiI oxidation state by forming a polarized Ni-Fe sigma bond, and 

(2) it stabilizes the system with an open coordination site priming it for reactivity with a 

proton, or vice versa, with H2. Of relevance to this chapter it is worth reiterating that 

while the two-electron redox for this reaction comes directly from the metals in a metal-

metal bond, both electrons come from the nickel center. The iron acts as a supporting 

metal capable of accepting electron density in the form of a polarized metal-metal bond 

when Ni is in its most reduced state, facilitating two-electron redox at Ni. The Fe also 

plays a key role is stabilizing the resulting hydride from metal-metal bond protonation 

through a stabilizing bridging interaction. 

 
1.4. Reactivity of Synthetic Systems Containing metal-metal bonds 

 It was shown in 1995 that catB-Fp (Fp = Fe(CO)2Cp, catB = catecholborane) 
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could stoichiometrically borylate aryl C-H bonds under UV radiation (Figure 1.9).29,30 

 

Figure 1.9. Photo-induced stoichiometric C-H borylation from catB-Fp (from ref. 5) 

The byproduct of this reaction is Fp2, which forms from the bimolecular decomposition 

of HFp into H2 and Fp2. The original synthesis of catB-Fp was from the precursors 

Na[Fp] and catB-Cl, resulting in the loss of NaCl. To employ this process in a catalytic 

cycle the in situ regeneration of catB-Fp from HFp must be incorporated. To produce 

catB-Fp from HFp, a clever solution is to replace the production of an acidic HCl 

byproduct from the catB-Cl reagent with the production of H2 from catB-H. This H2 

production from reductive elimination requires a second catalyst as the reaction is not 

rapid enough to compete with HFp decomposition to Fp2. Employing this strategy, 

Mankad replaced the Na+ counter ion of NaFp with the bulky (IPr)Cu+ cation (IPr = 

N,N’-bis(2,6-diisopropylphenyl)imidazole-2-ylidene, Figure 1.10), and used pinB-H (pin 

= pinacolate) instead of catB-Cl.  

In the (IPr)CuFp catalyst resting state, there is a polarized Cu-Fe bond with a 

short bond length of 2.3462(5) Å (FSR = 1.00). The interaction is mostly electrostatic in 

character with a Wiberg bond index value of 0.39, indicating little to no covalent 

interaction between the metals. 
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Figure 1.10. Solid state structure and diagram of (IPr)CuFp (adapted from ref. 31) 

When a mixture of (IPr)CuFp, 20 equiv. pinB-H, and neat benzene are irradiated with a 

450-W Hg lamp for 24 hours a 71% yield of C6H5Bpin is produced along with H2 gas. 

Monitoring this reaction by 1H NMR spectroscopy indicates that the Cu-Fe bonded 

species is the catalytic resting state.   

 

Figure 1.11. Proposed mechanism of catalytic C-H borylation (from ref. 5) 

The proposed mechanism of this catalytic C-H borylation is shown in Figure 1.11. 

It follows the aforementioned strategy where the (IPr)Cu+ fragment accepts a hydride 

from pinB-H heterolysis (formally oxidative addition) to produce pinB-Fp and 
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(IPr)Cu-H. After reaction of pinB-Fp with an aryl C-H bond the resulting HFp byproduct 

recombines with (IPr)Cu-H to release H2 (formally reductive elimination) and reform the 

catalytic resting state. DFT studies using a truncated IPr model IMe (IMe = N,N’-

dimethylimidazol-2-ylidene) and a truncated pinB-H model egB-H (where egB-H = 

HB[κ2-O(CH2)2O]) suggest that the products from Cu-Fe bond homolysis, heterolysis, 

and IMe ligand dissociation are all too high in energy (57.9, 93.7, and 47.2 kcal/mol, 

respectively) to be catalytically relevant, supporting the (IPr)CuFp resting state. The 

calculated mechanism of this reaction predicts formal two-electron B-H oxidative 

addition and H-H reductive elimination steps during the Cu-Fe bond breaking and 

forming steps. The first of these key steps is the oxidative addition of the egB-H bond 

across the Cu-Fe bond to form IPrCu-H and egB-Fp. 

A computational study of this bimetallic oxidative addition predicts a two-barrier 

pathway beginning with the Fe-Cu bonded catalyst resting state.  
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Figure 1.12. Calculated bimetallic oxidative addition pathway of egB-H (egB-H = 
HB[κ2-O(CH2)2O]) across the Cu-Fe bond of (IMe)CuFp. Energies in units of kcal/mol, 
(adapted from ref. 32) 
 
The first step is the exothermic binding of B-H bond parallel to the Cu-Fe bond of 

(IMe)CuFp with the proton directed at the Cu center (a, Figure 1.12). In the rate 

determining step, a transition state (TS1, Figure 1.12) involving the insertion of the B-H 

bond into the Cu-Fe bond is calculated, where the Cu-Fe bond is significantly lengthened 

(3.29 vs. 2.35 Å) and the Cu-H bond is partially formed. The boron geometry becomes 

pyramidalized as it approaches the iron center. A slightly exothermic process produces an 

intermediate (b, Figure 1.12) where the boron has fully distorted to become a Z-type 

ligand to iron. In the final oxidative addition process the B-H bond is breaking while 
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the Cu-H and Fe-B bonds are fully forming (conversion of b to c through TS2, Figure 

1.12).  

This bimetallic catalyst performs oxidative addition by employing both copper 

and iron to cooperatively activate a B-H bond. By coupling the B-H bond breaking with 

the formation of two new Fe-B and Cu-H bonds the thermodynamic cost of this 

elementary step is reduced. The Cu-Fe bond serves two important roles: (1) it brings the 

Cu and Fe atoms in close proximity to facilitate cooperative B-H activation, and (2) it is 

sufficiently weak that the metal-metal interaction can be completely severed in the 

products without incurring a significant thermodynamic penalty. This complete 

dissociation of the Cu-Fe interaction produces two monometallic complexes with no Cu-

Fe interaction. This is unlike biological H2ase systems, which in comparison only employ 

relatively small metal-metal bond length changes (<0.5 Å) throughout the catalytic cycle. 

 These calculations predict that the monometallic fragment, egB-Fp, reacts with 

aryl C-H bonds in a light driven process where the absorption of a high energy photon 

results in the loss of a CO ligand (a 51.2 kcal/mol process) to transiently produce egB-

Fe(CO)Cp. The resulting coordinately unsaturated 16 e− Fe intermediate performs C-H 

borylation through a concerted, σ-bond metathesis pathway analogously to the 

stoichiometric reactions previously reported.  

The resulting iron hydride from this C-H borylation would, in the absence of a 

trap, unproductively decompose to Fp2 and H2. But in this system it is intercepted by the 

previously produced (IMe)Cu-H. As these fragments come together they reform the Cu-

Fe bond while reductively eliminating H2 in a single concerted step, the relevant 

transition state is shown in Figure 1.13.  
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Figure 1.13. Transition state for bimetallic reductive elimination of H2 from (IMe)CuH 
and HFp (From ref. 33) 
 
In this bimetallic reductive elimination transition state, the metal-metal bond is partially 

reformed (2.67 vs. 2.35 Å), the H-H bond is partially formed (1.32 vs. 0.74 Å), while the 

Cu-H and Fe-H bonds have elongated from their short terminal bond lengths (1.61 and 

1.75 Å vs. 1.51 and 1.48 Å), respectively.  

It is interesting how this transition state compares to reactivity of [NiFe] and 

[FeFe] hydrogenases. Unlike the observed mechanism of enzymatic systems where H-H 

bond formation comes from the coupling of a hydride with a proton, in this system both 

metals play a key role in the H-H bond formation. In the bimetallic reductive elimination 

step the breaking of two metal-hydride bonds is coupled to the reductive elimination of 

H2 and the formation of a Cu-Fe bond to regenerate the catalyst resting state.  

 Surprisingly, the oxidative addition and reductive elimination processes in this 

system do not significantly involve metal oxidation state changes. Only partial 

information on the oxidation states changes for this system are available, however, NBO 

analysis of the Cu-Fe bonded catalytic resting state gives charges of −0.67 for the Fp 

fragment and +0.67 for IMeCu an overall charge of 0. After the B-H oxidative addition 



	

22	

these charges have increased to −0.19 and +0.50, respectively, a total change of +0.31. 

The change in charge of the Fe and Cu ions, however, is calculated to be invariant during 

this process as the Fe atom has a charge of −1.1 before and −1.2 after.  

 A more thorough study of oxidative addition of C-X bonds using this same 

(IMe)CuFp catalyst sheds more light on the specific redox processes of which this 

compound is capable.34   

 

Figure 1.14. NBO analysis of the change in partial charges before and after MeI 
oxidative addition to (IMe)CuFp (adapted from ref. 34) 
 
The calculated partial charge of different fragments before and after the oxidative 

addition of H3C-I across the Cu-Fe bond of IMeCuFp were derived (Figure 1.14). They 

show that a majority of the positive charge buildup after oxidative addition is on the CO 

ligands +0.33 and the Cp ring +0.13, while a smaller charge buildup is predicted for the 

iron center +0.18, and little to no positive charge buildup is predicted for Cu or the 

carbene ligand.  

 Another computational study of the oxidative addition of H3C-Cl to (IMe)CuFp 

predicts a true bimetallic transition state for C-X oxidative addition (Figure 1.15).32  
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Figure 1.15. Single transition state mechanism for H3C-Cl oxidative addition to 
(IMe)CuFp (a), energies in kcal/mol. Calculated structure of TS1 (b), from ref. 32 
 
In this transition state H3C-Cl is approaching the Cu-Fe bond near its midpoint (2.85 Å 

from Fe, 2.19 Å from Cu), the metal-metal bond is slightly elongated (2.41 vs. 2.33 Å), 

the H3C unit is almost planar as would be expected for a stereo-inverted SN2 transition 

state, and the C-Cl bond is nearly completely broken (2.45 vs. 1.84 Å). 

Another interesting feature of this oxidative addition is the changes in the semi-

bridging carbonyl ligand. In the starting Cu-Fe complex there are two semi-bridging CO 

interactions between Cu and Fe. In the bimetallic oxidative addition transition state the 

Cu-CO interaction nearest the incoming CH3Cl molecule is elongated (2.94 vs. 2.57 Å) 

while the Cu-CO interaction on the face opposite the incoming CH3Cl molecule is 

significantly contracted (2.22 vs. 2.49 Å). While no new Cu-CO interaction is formed in 

the products, it is interesting that the CO ligand may be playing a key role in holding the 

bimetallic transition state together while the Cu-Fe bond breaks. It is also interesting to 

compare this mechanism to the catalytic cycle of [FeFe] hydrogenase. In [FeFe]-H2ase 

the CO interaction across the Fe-Fe bond is a weakened semi-bridging interaction in the 

most reduced oxidation state but is strengthened to a fully bridging interaction in more 

oxidized intermediates that have weaker metal-metal bonds. This is also comparable 
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to [NiFe]-H2ase where the most oxidized intermediate is stabilized by a bridging hydride, 

and upon reduction, a Ni-Fe bond is formed while the bridging interaction is lost. These 

three examples highlight how the metal-metal bond is useful for stabilizing reduced 

metals together in the absence of bridging interactions. Upon oxidation and reaction with 

substrates, however, it is important to have ligands that are flexible enough to bridge the 

metal-metal bond as it is breaking to facilitate cooperative bimetallic reactivity. 

1.5. Stoichiometric Multi-Electron Oxidations 

 The previously described systems are the best examples of catalytic systems that 

facilitate multi-electron redox processes by employing metal-metal bonds between mid-

to-late first row transition metals. The following section describes three Fe-Fe bond-

containing systems that are competent at multi-electron oxidative processes to activate 

substrates.  

 The mixed-valent diiron complex FeII(iPrNPPh2)3FeI(PMe3) shown in Figure 1.16 

features a moderately short Fe-Fe distance of 2.4545(5) Å (FSR = 1.05).35 The electronic 

structure of the compound is a high spin FeII (S = 2) center ferromagnetically coupled to a 

high-spin (S = 3/2) FeI. High-spin ferromagnetically coupled Fe-Fe bonds are common 

with low field strength ligands in trigonal geometries.36-39 DFT-calculated frontier 

molecular orbital (MO) analysis predicts a polarized σ bond between the two metals, 

while the other π- and δ-symmetry orbitals are mostly localized to individual Fe atoms.  
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Figure 1.16. DFT-calculated frontier molecular orbital (MO) calculated polarized Fe-Fe 
σ bond (from ref. 35) 
 
NBO analysis of the sigma bonding orbital shows unequal contributions from the two 

metals with 65.4% of the orbital contribution coming from the phosphine bound Fe and 

34.6% from the amide Fe. Reacting this compound with two equivalents of N3R (R = tBu, 

Ad, Mes) produces the iron imido complex FeII(iPrNPPh2)3FeIIINR (Figure 1.17). This 

transformation represents a two-electron oxidation of the Fe-Fe unit where both electrons 

come from the phosphine bound iron.  

 

 

Figure 1.17. Synthesis of Fe-Fe imido complexes from the two electron reduction of 
organic azides (from ref. 35) 
 
The resulting imido complexes have terminal Fe-N triple bonds and weakened Fe-Fe 

bonds with bond lengths of 2.55 Å (avg, FSR = 1.09). The weakening of the metal-metal 

bond is not due to the loss of electrons from metal-metal bonding orbitals, but due to 
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the decreased electron density on the phosphine bound iron donating less electron density 

to the supporting iron through dative interactions. The Fe-Fe σ* bond in the resulting 

imido complex is also σ* antibonding to the Fe-NR interaction. Because of this, the Fe-

Fe≡NR combined molecular orbital interaction is described as being a 3-center-3-electron 

bond with an Fe-Fe bond order of 0.5 (Figure 1.18).  

 

 

Figure 1.18. DFT-calculated frontier molecular orbital (MO) of the Fe-Fe≡N 3-center-3-
electron bond (from ref. 35) 
 
These FeFe≡NR complexes were not capable of performing imide-group transfer to CO 

or RNC. This is interesting because a similar monoiron complex (PhB(CH2PPh2)Fe≡N(p-

tolyl)) is capable of these transformations.40,41 Because of the structural similarities 

between these two complexes it seems likely that the trans- effect of the metal-metal 

bond, specifically the donation of electron density from the supporting Fe to the Fe≡NR 

unit, is having the net effect of lowering the nucleophilicity of the imido relative to the 

monometallic complex. 

 To test this hypothesis the researchers broke the Fe-Fe bond through the oxidation 

of FeII(iPrNPPh2)3FeIIINtBu in the presence of the PF6
– anion leading to the formation of 
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the oxidized and fluoride abstracted product FFeIII(iPrNPPh2)3FeIIINtBu (Figure 1.19).42 

The FeFe distance in this complex is significantly longer (2.9330(3) vs. 2.55 Å) with a 

FSR of 1.26.  

	

	

Figure 1.19. Solid state structures showing the reactant and product of one electron 
oxidation and fluoride abstraction processes. Of note the Fe-Fe bond is completely 
disrupted during this process, (adapted from refs. 35,42) 
 
In the crystal structure of the oxidized compound after fluoride abstraction, the Fe-Fe 

interaction is almost completely disrupted and the two iron centers are significantly 

pyramidalized away from each other. This complex features the same P3FeIIINR unit as 

the previous complex but with a much weaker Fe-Fe interaction. As a result, this complex 

is capable of nitrene transfer to CO and tBuNC at room temperature to produce tBuNCO 

and tBuNCNtBu, respectively. The metal-based byproducts of these reactions have the 

general formula FFeIII(iPrNPPh2)3FeIIIL2 where L = CO or tBuNC (Figure 1.20).  
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Figure 1.20. Imide group transfer to CO and tBuNC (from ref. 42) 

In these systems a metal-ligand multiple bond was formed trans to a metal-metal 

interaction. In previous studies of nitrene C-H insertion from a proposed Rh-

Rh≡N(SO3R)43 complex, the metal-metal interaction was shown to be important for 

enhancing the reactivity of the imido by greatly increasing the electrophilitiy of the imide 

though a 3-center-4-electron bond comprising the Rh-Rh≡NR unit. Imide transfer to CO 

or tBuNC, however, requires an imide with nucleophilic character. The Fe-Fe bond 

stabilizes the imide group and prevents nitrene transfer by lowering the nucleophilicity 

compared to that of the oxidized complex, which features a greatly attenuated Fe-Fe 

interaction. 

 A metal-metal bond trans to an open coordination site can lead to attenuated 

reactivity at that site. In the hydrogenase enzymes the metal hydride is located at an angle 

to the metal-metal bond ([FeFe]-H2ase) or located between the metals, orthogonal to the 

metal-metal bond ([NiFe]-H2ase). To increase the reactivity of a substrate bound to a 

metal-metal bonded system, synthetic complexes can also be designed so that substrates 

bind between the metals. This could have the added benefit of cooperative substrate 

activation, as well as better access to the orbitals participating in the metal-metal 

interaction, decreasing the thermodynamic costs of multielectron reactivity. 
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 An all ferrous triiron system featuring a trigonal arrangement of close Fe-Fe 

interactions of 2.577(6) Å (avg., fsr = 1.10) was synthesized with a bulky hexaanionic 

ligand tbsL where tbsL is [(1,3,5-C6H9(NPH-o-NSiMe2
tBu)3)6-]. 44 

	
Figure 1.21. Two electron reduction of inorganic azide to from a triiron µ3-nitride 
complex (from ref. 44) 
 
Reaction of this complex with tetrabutylammonium azide at room temperature produces 

the nearly C3 symmetric nitride [(tbsL)Fe3(µ3-N)]NBu4 (Figure 1.21). This reaction is a 

net two-electron oxidation of the triiron core. Charge balance suggests (FeIII)2(FeII) 

oxidation states, and this is supported by a decrease in the 57Fe Mössbauer isomer shifts 

(30% component 0.37 mm/s, 70% component 0.39 mm/s) compared to the all ferrous 

starting material (avg. 0.63 mm/s). The Fe-Fe bonding in this oxidized complex is 

strengthened relative to the starting material as seen by the ≈ 0.1 Å (avg.) contraction in 

Fe-Fe distances (2.480(1) Å, FSR = 1.06). This is corroborated by molecular orbital 

analysis, which predicts that the two-electron oxidation would come from orbitals with 

metal-metal anti-bonding character. Terminal iron nitrides have shown electrophilic 

reactivity, for example they can react with the PPh3 nucleophile to form iron 

phosphiniminato (PhBP3)Fe-N=PPh3 complexes (PhBP3 = [PhB(CH2PPh2)3]−).41 The 
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triiron compound supporting this nitride, however, also engenders nucleophilic reactivity 

to the nitride as it rapidly reacts with methyl iodide to afford the methyl-imido complex 

(tbsL)Fe3(µ3-NCH3) and Bu4NI (Figure 1.22). The Fe-Fe distances in the resulting imide 

are not significantly elongated compared to the nitride starting material 2.483(3) Å (avg., 

FSR = 1.07).  

 

Figure 1.22. Nucleophilic attack of CH3I by (tbsL)Fe3(µ3-N) to form (tbsL)Fe3(µ3-NCH3) 
(from ref. 44) 
 

(tbsL)Fe3THF will also form an imide from the two electron oxidation of 1,2-

diphenylhydrazine to form (tbsL)Fe3(µ3-NPh) and free aniline. The Fe-Fe distances in this 

compound (2.530(1) Å, avg., fsr = 1.09) are similar to the methyl imido variant where the 

modest increase may be due to the increased steric requirements of the phenyl substituent 

or the electron withdrawing nature of the phenyl group removing electron density from 

the Fe-Fe bonds.  

 The reactivity of (tbsL)Fe3THF is not limited to two electron oxidations. Mixing 

(tbsL)Fe3THF with azobenzene and heating at 80°C for one hour cleaves the N=N double 

bond and produces a four-electron oxidized product (tbsL)Fe3(µ3-NPh)(µ2-NPh) (Figure 

1.23).45  
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Figure 1.23. Four-electron oxidation of (tbsL)Fe3THF in the reaction with azobenzene to 
produce (tbsL)Fe3(µ3-NPh)(µ2-NPh). (from ref. 45) 
 
The crystal structure of this bis-imido cluster shows that the Fe-Fe distances are 

significantly elongated (2.684(1) Å avg., FSR = 1.15) compared to tbsLFe3(µ3-NPh). 

Comparing crystal structure metrics, the authors rule out any ligand oxidation in this 

process suggesting an (FeIV)(FeIII)2 triiron core. This is supported further by a decrease in 

the 57Fe Mössbauer isomer shifts (21% 0.24 mm/s, 18% 0.45 mm/s, 60% 0.34 mm/s) 

compared to tbsLFe3(µ3-NPh) (avg. 0.42 mm/s).  The production of a ferryl species from 

the oxidation of azobenzene is exciting and indicates that the ferrous cluster must be very 

electron rich and highly reducing. A cyclic voltammagram of the two-electron oxidized 

nitrido complex [(tbsL)Fe3(µ3-N)]NBu4 has an open circuit potential of −2.25 V and 

features two quasi-reversible oxidations at lower potentials [E1/2 (V vs. Fc+/0): −1.60, 

−1.48]; indicating a (FeIII)2(FeII) à (FeIV)(FeIII)2 redox change. This indicates that 

accessing the ferryl oxidation state is not limited to clusters with multiple anionic imide 

ligands. In addition, an FeIV/III oxidation at −1.48 V indicates that the iron ions in this 

complex are in an extremely electron rich environment. For comparison, trinuclear Fe(0) 

carbonyl clusters have been shown to analogously cleave the N=N bond of azoalkanes.46 

This system shows that low-valent metals are not required for this transformation, 
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though very reducing redox potentials are still a thermodynamic necessity. The authors 

hypothesize that the close M-M interactions in these compounds facilitate redox 

distribution across the triiron core and this, along with the electron rich (tbsL)6− ligand, 

contributes to the reducing nature and high nucleophilicity of the imido and nitrido 

species. 

 These triiron clusters have proven to be an interesting platform to study the two-

electron reduction of azides and hydrazines, as well as the four-electron reduction of 

azobenzene. A key challenge in building these elementary steps into a catalytic process, 

for example nitrene transfer, is the relative inertness of the (µ3-N) fragments due to their 

strong interactions with the triiron unit. (tbsL)Fe3(µ3-NPh)(µ2-NPh) is capable of 

transferring a neutral NPh fragment to (tbsL)Fe3THF to produce two equivalents of 

(tbsL)Fe3(µ3-NPh). This highlights the increased reactivity of a fragment bound between 

only two irons, suggesting that future efforts could target metal-metal bonded complexes 

capable of oxidatively inserting reduced fragments between a single metal-metal bond, or 

between two pairs of metal-metal bonds in analogous 4-electron processes. The resulting 

fragments could then be hydrogenated with H2 or could possibly perform group transfer 

to a second substrate.  

 Moving toward more challenging bond activations, an example of intramolecular 

iron-mediated C(sp3)-H heterolysis by an Fe-Fe bond-containing [FeFe]-H2ase mimic 

will be discussed. The reactivity of this complex (Figure 1.24) involves the one-electron 

redox of two Fe centers to reversibly mediate C-H bond heterolysis, a desirable reactivity 

profile of metal-metal bonds.47 
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Figure 1.24. Intramolecular iron-mediated C(sp3)-H heterolysis by an Fe-Fe bond-
containing [FeFe]-H2ase mimic (From ref. 47) 
 
The starting compound A is a diamagnetic diiron(I) compound featuring an Fe-Fe single 

bond with a bond length of 2.562 Å (FSR = 1.10). Similar to the reduced [FeFe]-H2ase 

intermediates Hred and Hsred this compound does not have a bridging carbonyl interaction 

between the iron centers. An IR spectrum of the starting complex [A] features 3 CO 

stretching frequencies (2018, 1943, and 1894 cm-1). Upon oxidation with FcBArF
4 the 

resulting spectrum features two new bands at higher energy (2086, and 2028 cm−1) along 

with a lower energy CO stretch at 1873 cm−1. Two stretches shifting to higher energy 

indicate CO ligands bound to an oxidized iron while the lower energy CO stretch is 

indicative of a bridging or semibridging CO ligand. An EPR spectrum of this species 

[A+] at −163°C shows a rhombic signal with gx,y,z values at 2.126, 2.022, and 2.017 

indicative of an S=1/2 compound. All three features are split into triplets, indicating 
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strong 31P hyperfine coupling of two phosphines to a d7 FeI center. These results strongly 

suggest that the electron was removed from the Fe(CO)3 center, leaving the phosphine 

bound iron in the +1 redox state. Unlike in [FeFe]-H2ase the “supporting” or non-active 

iron (vida infra) is redox active in this system. The oxidation of the supporting iron has 

two effects on the active metal: it disrupts the FeFe bond, and it opens a coordination site 

on the active metal (Fe’) by forcing the CO ligand on the active metal to swing around to 

a bridging interaction. 

 

Figure 1.25. The calculated stabilization energy of CO migration to a bridging position 
between the FeII and FeI centers (adapted from ref. 47) 
 
DFT calculations predict that CO migration reduces the overall energy of the compound 

by 4.8 kcal/mol (Figure 1.25). Oxidizing A+ with another equivalent of FcBArF
4 produces 

a diamagnetic product. The crystal structure of the resulting product shows that the 

complex has undergone intramolecular C-H heterolysis to produce A’+H+ as shown 

depicted in Figure 1.24. Treating this compound with the Bronsted base P(o-tol)3 yields 

the deprotonated complex A’+. The crystal structures of both A’+H+ and A’+ show an 

approximately 0.6 Å increase (FSR = 1.13) in the Fe-Fe bond length relative to A. DFT 

calculations predict that this process begins with the formation of a β-agostic interaction 

of the dithiolate linker. A C-H bond on the dithiolate linker approaches the active Fe to 

form a σ complex, as shown in Figure 1.26.  
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Figure 1.26. The calculated C-H activation process is exothermic (adapted from ref. 47) 

The β-C-H bond in this intermediate is predicted to be significantly weakened, with a 

lengthened C-H bond distance of 1.184 Å (vs. 1.09 Å for a typical C-H bond). From here, 

facile β-C-H bond heterolysis is predicted to occur in a concerted fashion; as the proton 

cleaved from the β-C-H bond transfers to the attached pendant amine and the carbanion 

binds to the active Fe to form an Fe-C bond. The final product of this process, A’+, and 

its conjugate acid A’+H+, both represent a net two-electron oxidation of the FeFe unit. 

Both iron ions in these compounds are predicted to be low spin FeII. This is supported by 

the 57Fe Mössbauer spectrum of [A’+]BF4 which features two quadrupole doublets with 

isomer shifts of −0.04 and −0.09 mm/s and quadrupole splittings of 0.66 and 1.02 mm/s 

respectively. The isomer shifts are consistent with low spin FeII and the dissimilar 

quadrupole splittings indicate that the two irons are in disparate coordination 

environments. 

 An interesting feature of this C-H activation is that it is fully reversible. The 

addition of 2 equiv. Cp2Co in the presence of HBF4 reduces A’+ back to A, reforming the 

C-H and the Fe-Fe single bonds. Overall, this system performs the reversible heterolytic 

cleavage of C-H bonds by coupling one electron processes on two Fe-Fe bonded ions to 

effect an overall two electron process. In the process a metal-metal bond is reversibly 

broken when a new M-C bond is reversibly formed. To build these properties into a 
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catalytic system for C(sp3)-H functionalization two challenges will need to be overcome. 

Firstly, the dithiolate linker will need to be protected against intramolecular C-H 

activation allowing for intermolecular C-H activation of outside substrates. Secondly, the 

ability to bind and activate a second substrate, for example pinB-H, would need to be 

built into the system such that the overall process would produce a new C-B bond along 

with H2 to reform the FeIFeI catalytic resting state. 

1.6 Employing Ni-Ni Bonds for Organic Transformations 

 Group 10 metals (Ni, Pd, Pt) in paramagnetic oxidation states (I, III) commonly 

dimerize through metal-metal bonds to form diamagnetic complexes. Monometallic 

complexes of these transition metals have been extensively employed as catalysts to 

mediate reductive elimination and oxidative elimination processes in organic 

synthesis.48,49 PdI-PdI and PdIII-PdIII bonds have been implicated in the catalytic cycle of 

difficult transformations, including catalytic C-H and C-X activations.50-56 The reactivity 

of NiI-NiI bonds has also been investigated. By employing clever ligand designs, recent 

studies show that nickel-nickel bond containing complexes are capable of mediating 

oxidative addition and reductive elimination processes. Dinickel complexes also display 

enhanced substrate activation properties compared to similar monometallic compounds.  

A bimetallic NiINiI complex supported by phosphine and metal-arene interactions 

can mediate reductive elimination and oxidative addition processes.57,58 The LNiINiI(µ2-

Cl)2 complex (L = 1,4-bis(2-(diisopropylphosphino)phenyl)benzene, Figure 1.27) 

features a Ni-Ni single bond with a Ni-Ni distance of 2.3658(2) Å (FSR = 1.03).   
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Figure 1.27. NiINiI complexes of the 1,4-bis(2-(diisopropylphosphino)phenyl)benzene 
ligand (from ref. 58) 
 
When this compound is treated with PhMgBr, biphenyl is formed, likely from the 

reductive elimination of in situ-generated LNiI
2Ph2. Reacting LNiINiI(µ2-Cl)2 with o, o’-

biphenyldiyl Grignard gives the biphenyl complex LNiINiI(C12H10) (Figure 1.27). When 

this biphenyldiyl complex is reacted with excess CO gas the nickel unit becomes reduced 

by two electrons to Ni0Ni0, the metal-metal bond is broken, and fluorenone is released 

(Figure 1.28). 

 

Figure 1.28. Reaction of LNiINiI(C12H10) with CO to form fluorenone (from ref. 58) 

When the biphenyldiyl complex is reacted with gem-dichloroalkanes, fluorene derivatives 

are released and LNiINiI(µ2-Cl)2 is reformed.  
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Figure 1.29. Proposed mechanism for stoichiometric fluorene production (from ref. 57) 

The authors propose a NiINiI/NiIINiII cycle for this cross coupling reaction (Figure 1.29). 

The key step in their proposed mechanism is the oxidative addition of a C-Cl bond across 

the Ni-Ni bond to afford a NiIINiII intermediate. Reductive elimination from this species 

forms the first new C-C bond. This is followed by the oxidative addition of the second C-

Cl bond, and finally ends with a reductive elimination to form fluorene and LNiINiI(µ2-

Cl)2. Because none of the proposed NiIINiII intermediates have been identified, the 

reactivity of system is not very well defined. Taken together, the reactivity of 

LNiINiI(C12H10) with CO and CCl2HR suggest that the complex is capable of traversing 

four oxidation states, from Ni0Ni0 to NiIINiII.  

The dinickel complex (i-PrNDI)NiINiI(C6H6) (i-PrNDI = 1,1’-(1,8-Naphthyridine-

2,7-diyl)bis(N-(2,6-diisopropylphenyl)ethan-1-imine), Figure 1.30) features a metal-

metal single bond of 2.496(1) Å (fsr = 1.09).59 The compound is highly redox active; the 

NiNi unit can span the Ni0NiI à NiINiII redox states with three levels of ligand oxidation 

states (−2, −1, 0). 
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Figure 1.30. Diagram of (i-PrNDI)NiINiI(C6H6) (from ref. 59) 

The most moderate redox potentials (−1.04 and −0.43 V) are ligand-based and NiNi-

based oxidations, respectively. Accessing reduced species occurs at more extreme 

potentials of (−2.24 and −2.86 V) which are ligand-based and NiNi-based reductions, 

respectively. NiNi bond lengths of these redox members span the Ni-Ni distances 

2.5947(7), 2.496(1), 2.375(1), 2.535(7), 2.525(1) Å (FSR range = 1.03 – 1.13) as the 

oxidation state increases from −1 to +3 with an associated K+ cation or Br−/PF6
− anions.  

The first demonstrations of catalytic reactivity of this compound do not utilize these 

redox changes, however.  

In the study of catalytic hydrosilylation the multimetallic cooperativity effects of 

the Ni-Ni unit exhibit enhanced substrate activation and selectivity profiles.60 

Mononuclear silane activation is usually attributed to one of two oxidative addition 

mechanisms (Figure 1.31): the direct oxidative addition of a Si-H bond following the 

formation of a M-η2-SiH σ adduct (the Chalk-Harrod mechanism),61 or the formation of a 

metal-silylene dihydride adduct (the Tilley mechanism).62  
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Figure 1.31. Mononuclear silane activation mechanisms (adapted from ref. 60) 

When (i-PrNDI)NiINiI(C6H6) is mixed with secondary silanes, R2SiH2 (R = Ph, Et), 

equilibrium mixtures of NiNi-silane and -benzene adducts are formed (Figure 1.32). The 

equilibrium constants determined by 1H NMR spectroscopy show moderately strong 

silane binding to the complex with Keq values of 420 (Ph2SiH2) and 44 (Et2SiH2). The 

lower observed binding constant  

 

Figure 1.32. Equilibrium mixture of secondary silane and benzene binding to (i-

PrNDI)NiINiI. Solid state structure of the (i-PrNDI)NiINiI(H2SiPh2) adduct (from ref. 60) 
 
of the more electron-rich diethyl silane indicates weaker binding. The crystal structures 

of the silane adducts reveal that R2SiH2 symmetrically bridges the two Ni atoms. The H-

Si-H angle (156(3)°) is highly distorted. The Ni-Ni bond is elongated in both the Ph2SiH2 

(Δ +0.10 Å) and Et2SiH2 (Δ +0.06 Å) crystal structures, where the smaller metal-metal 

bond increase correlates to the weaker binding inferred from the lower equilibrium 
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binding constant. In both adducts the µ-H atoms are nearly equidistant between Ni and Si, 

indicating an incomplete activation of the Si-H bonds. The adducts are best described as 

being between the limiting cases of a σ bond complex (left, Figure 1.33) and a µ-silylene 

dihydride from a two-electron oxidation (right, Figure 1.33).  

 

Figure 1.33. Bimetallic secondary silane activation mechanisms, σ bond complex (left) 
and a µ-silylene dihydride (right), adapted from ref. 60 
 

Utilizing this bimetallic silane activation mechanism (i-PrNDI)NiINiI(C6H6) can 

catalyze the hydrosilylation of internal and terminal alkenes, internal alkynes, dienes, 

aldehydes, and ketones with Ph2SiH2 in high yields (77-99%). The silane adduct 

(i
−
PrNDI)NiINiI(H2SiPh2) is directly observed by 1H NMR as the primary catalyst resting 

state. The true utility of this bimetallic activation pathway is the increased substrate scope 

relative to similar mononuclear catalysts [BPY]Ni(COD) and [i-PrDAD]Ni(COD) (Figure 

1.34). 

 

Figure 1.34. Monometallic Ni control complexes, from ref. 60 
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These complexes cannot catalyze the hydrosilylation of diphenylacetylene, whereas 

(i
−
PrNDI)NiINiI(C6H6) catalyzes this reaction in 93% yield. Studies suggest that 

[i
−
PrDAD]Ni(COD) forms stable alkyne complexes with diphenylacetylene that are not 

capable of dissociation under catalytic conditions. Finally, no hydrosilylation reactivity is 

observed with (i-PrNDI)NiINiI(C6H6) and tertiary silanes, suggesting that the Si-H 

interactions with both Ni atoms is a requirement for strong binding and activation with 

this complex. 

 The two dinickel complexes LNiINiI(µ2-Cl)2 and (i-PrNDI)NiINiI(C6H6) utilize Ni-

Ni single bonds to couple two nickel atoms in the typically paramagnetic (+1) oxidation 

state to form more stable diamagnetic complexes. The diamagnetic ground state enhances 

the interaction of these metal centers with diamagnetic organic substrates. By using 

catalysts in the NiI rather than Ni0 oxidation states electrophilicity of the complexes is 

enhanced. The ligands used in these studies allow for the stabilization of a Ni-Ni unit 

with substrate accessible coordination sites orthogonal to the metal-metal bond. This 

allows the adjacent metals to cooperatively activate secondary silanes and perform 

bimetallic oxidative addition and reductive elimination processes. 
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1.7 Scope of Thesis  

The objective of this dissertation is the synthesis and characterization of 

compounds containing metal-metal bonds between first row transition metals. More 

specifically, this research focused on creating metal-metal bond containing complexes 

with multiple open coordination sites or redox active metal pairs capable of mediating 

multi-electron redox processes. In chapter two, heterobimetallic complexes that pair 

cobalt and copper were synthesized and characterized by a suite of physical methods. A 

covalent cobalt-copper bond is present in the oxidized [CoCu]4+ state, and the bond is 

broken upon reduction to [CoCu]3+ state. The reduced state has up to three open 

coordination sites. Cyclic voltammetry shows that the cobalt-copper unit is capable of 

two-electron redox changes. In the third chapter a complex containing a chromium-

chromium triple bond is investigated. The [CrCr]4+ unit is capable of two closely 

separated oxidations as studied by cyclic voltammetry, UV-Vis, and EPR spectroscopy. 

In the fourth chapter new ligand designs for coordinatively unsaturated bimetallic 

compounds are described. Investigations into the metalation of these multifunctional 

ligands are detailed. A set of isolated monometallic complexes were characterized and 

they were investigated for the ability to bind a second metal. 
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Chapter 2 
 

Influence of Copper Oxidation State on the Bonding and Electronic Structure of 
Cobalt-Copper Complexes 
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2.1 Overview 
 
 Heterobimetallic complexes that pair cobalt and copper were synthesized and 

characterized by a suite of physical methods, including X-ray diffraction, X-ray 

anomalous scattering, cyclic voltammetry, magnetometry, electronic absorption 

spectroscopy, electron paramagnetic resonance, as well as quantum chemical methods.  

Both Cu(II) and Cu(I) reagents were independently added to a Co(II) metalloligand to 

provide	(py3tren)CoCuCl (1-Cl) and (py3tren)CoCu(CH3CN) (2-CH3CN), respectively, 

where py3tren is the triply deprotonated form of N,N,N-tris(2-(2-

pyridylamino)ethyl)amine. Complex 2-CH3CN can lose the acetonitrile ligand to generate 

a coordination polymer consistent with the formula “(py3tren)CoCu” (2). One-electron 

chemical oxidation of 2-CH3CN with AgOTf generated 1-OTf. The Cu(II)/Cu(I) redox 

couple for 1-OTf and 2-CH3CN is reversible at −0.56 and −0.33 V vs. Fc+/Fc, 

respectively. The copper oxidation state impacts the electronic structure of the 

heterobimetallic core, as well as the nature of the Co−Cu interaction. Quantum chemical 

calculations showed modest electron delocalization in the (CoCu)+4 state via a Co−Cu  

sigma bond that is weakened by partial population of the Co−Cu sigma anti-bonding 

orbital. By contrast, no covalent Co−Cu bonding is predicted for the (CoCu)+3 analogue, 

and the d-electrons are fully localized at individual metals. Additionally, metal 

scrambling in the py3trenMM'Cl family was investigated to reveal a clear order of 

thermodynamic stability: py3trenFeMnCl < py3trenFe2Cl < py3trenCoMnCl < 

py3trenCoFeCl < py3trenCo2Cl. 

  



	

46	

2.2 Introduction 
 

The copper II/I redox couple is prevalent in biology and underlies a wide range of 

enzymatic activities including electron transfer, O2 transport, substrate oxidation, and 

respiration.63-68 In many of these enzymes, a single copper ion is coupled to a redox-

active ligand, e.g. in galactose oxidase, or other transition metal(s), e.g. heme-copper 

oxidases, to achieve multi-electron reactivity. The diverse multimetallic cooperativity in 

biology has broadly inspired synthetic efforts to engineer coordination complexes with 

multiple transition metals for promoting multi-electron reduction of small molecules.44,69-

73  

Multi-electron cooperativity may also arise from metal-metal bonded complexes, 

where the electronic structure is delocalized across multiple metals.74-77  Of relevance to 

copper-metal interactions, a highlight is an iron-copper catalyst, (IPr)CuFeCp(CO)2, that 

mediates arene C−H borylation:  HBpin + C6H6 
!!

 pinB−C6H5 + H2 (where pin = 

pinacol).5  In the catalytic mechanism, Cu−Fe interactions feature in two bimetallic 

elementary steps: B−H oxidative addition, and H−H reductive elimination.33 The Cu−Fe 

bond is also critical for catalytic turnover by preventing the reactive iron fragment from 

dimerizing into an inactive species, {FeCp(CO)2}2. 

Copper-metal interactions are mostly cuprophilic in nature, involving weakly 

interacting d10 Cu(I) centers.5 Among the short (< 2.5 Å) heterometallic interactions 

involving copper, iron and cobalt are common partners, but nearly all of these complexes 

contain bridging or semi-bridging carbonyl ligands between the metals (Tables 2.5 and 

2.6, Appendix).78 The single exception, (PPh2Et)3Fe(µ-H)3CuPPh2Et,79 has three bridging 

hydrides. Notably, all these short copper-cobalt interactions are d10−d10, or 
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Cu(I)Co(−I). 

 The heptadentate ligand, py3tren, which is the triply deprotonated form of N,N,N-

tris(2-(2-pyridylamino)ethyl)amine, was used previously to stabilize homo- and 

heterobimetallic complexes of manganese, iron, and cobalt without carbonyl ligands. 

Extending this series, we report cobalt-copper heterobimetallics in two redox states, 

Co(II)Cu(II) and Co(II)Cu(I). Both redox states are paramagnetic, S = 1 and S = 3/2, 

respectively, and comprise a high-spin Co(II) center. The Co−Cu distances in both redox 

states are less than 2.5 Å, suggesting a significant metal-metal interaction. By comparing 

bimetallics with two different oxidation states of Cu, we find that the unfilled Cu(II) d-

valence shell is requisite for covalent bonding to Co(II) and a more delocalized electronic 

structure compared to d10 Cu(I). A visible excitation band is proposed to arise from an 

intermetal charge transfer in the Co(II)Cu(II) core, or Co(II)Cu(II) 
!!

 Co(III)Cu(I). 

Finally, the coordination chemistry of Cu(I) in the Co(II)Cu(I) species can toggle 

between 5-coordinate, distorted trigonal pyramidal and 3-coordinate T-shaped, which 

results from loss of a labile solvent ligand and cleavage of the Co-Cu interaction. 

 
2.3 Results and Discussion 
 
2.3.1 Synthesis 

 The dark purple (CoCu)4+ heterobimetallic, (py3tren)CoCuCl (1-Cl), was 

generated by reacting the monocobalt precursor, K[Co(py3tren)], with CuCl2. The 

synthesis of 1-Cl is not trivial as metal scrambling to the dicobalt analogue, 

(py3tren)Co2Cl, occurs readily. We have found that the best reaction condition to produce 

1-Cl cleanly is to add K[Co(py3tren)] to a stirring, dilute solution of CuCl2 (~4 mM in 
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THF) at −78 °C for a short period of time, ca. 5 min, prior to filtering the reaction 

mixture (Figure 2.1). 

  

 
Figure 2.1. Synthesis of Co-Cu complexes in two oxidation states, (CoCu)4+ and 
(CoCu)3+.  
 
 The green (CoCu)+3 species, (py3tren)CoCu(CH3CN) (2-CH3CN), was isolated 

from a room temperature metallation of K[Co(py3tren)] and [Cu(CH3CN)4]PF6 (Scheme 

1). Unlike 1-Cl, the reaction to make the reduced counterpart, 2-CH3CN, showed no 

dicobalt impurity. Complex 2-CH3CN is unstable to vacuum, and loss of acetonitrile 

forms a solvent-free species that has a molecular formula consistent with 

“(py3tren)CoCu” (2). Since 1-Cl is practically insoluble in THF or CH3CN and only 

sparingly soluble in CH2Cl2, we also investigated a more soluble analogue, 1-OTf, which 

was prepared by oxidation of 2 with AgOTf (Figure 2.1).  
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2.3.2 NMR Spectroscopy 
 
 The 1H NMR spectra of the (CoCu)4+ heterobimetallics, 1-Cl and 1-OTf, in 

CD2Cl2 are similar, and each contains 6 unique paramagnetically shifted resonances, 

consistent with C3v symmetry in solution (Figure 2.20, Appendix). By contrast, the 1H 

NMR spectrum of (CoCu)3+ 2 in CD2Cl2 is more complex with 14 discernible peaks. 

However, by switching to CD3CN, the NMR spectrum of 2 simplifies to 6 peaks, which 

is consistent with the C3v symmetry of the acetonitrile adduct, 2-CH3CN (Figure 2.2).  

 
Figure 2.2. 1H NMR overlay (300 MHz) of (py3tren)CoCu 2 in CD3CN (top), CD2Cl2 
(bottom). 
 
 Figure 2.3 is a stacked 1H NMR plot of 1-OTf and 2-CD3CN, and the 

corresponding proton assignments are listed in Table 2.1. The proton assignments are 

based on relative integrations and spin-lattice relaxation times, as described previously.39 

Of note, the range of proton relaxation times are significantly faster for 2-CD3CN 

(0.82−9.9 ms) compared to 1-OTf (12.5−61 ms), presumably because of more unpaired 

spins in the former (vide infra). 
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Figure 2.3. Stacked 1H NMR spectra of 1-OTf and 2-CD3CN (300 MHz, CD3CN).  
 
Table 2.1 Proton NMR chemical shifts (ppm) of 1-OTf and 2-CD3CN with corresponding 
spin-lattice relaxation times (ms) in parentheses. a Peak was too broad to measure 
relaxation time. 

 Complex 
 1-OTf 2-CD3CN 
α 9.5  (12.5)  21.2 (0.82) 
γ 33.0 (61) 27.5  (9.9) 
β −27.7 (22.0) 5.1 (4.1) 
β' −47.5 (14.2) −33.4 (1.8) 
T 280, −67.6a 125, 99.5a 

  
 The 1H NMR pattern of 2-CD3CN closely resembles that of the monocobalt 

precursor, K[Co(py3tren)] (Figure 2.21, Appendix). Their similarity suggests that the 

(CoCu)3+ core of 2-CH3CN  comprises d10 Cu(I) and d7 Co(II) centers, which is loosely 

isoelectronic to a single d7 Co(II) center in K[Co(py3tren)]. The largest difference in their 
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1H NMR spectra is the chemical shift of the pyridyl α proton, from 0.3 ppm in  

K[Co(py3tren)] to 21.2 ppm in 2-CD3CN. The sensitivity of the α-proton to the 

substitution of K+ for Cu+ is reasonable considering its proximity to the metal-binding 

site. 

 
2.3.3 Molecular Structures 
 
 Single crystals of 1-Cl, 2-CH3CN, and 2 were examined by X-ray diffraction. 

Complex 1-Cl crystallized in the monoclinic space group P21/n. From concentrated 

acetonitrile, 2-CH3CN crystallized in the monoclinic space group P21/c with three lattice 

acetonitriles. However, by switching to a less coordinating solution of hexane and 

dichloromethane, 2 crystallized as a polymeric one-dimensional helical chain in the 

hexagonal space group P61. In the coordination polymer 2, each Cu site is bound to three 

pyridyl donors, two that are intramolecular and one intermolecular (vide infra). 

 In 1-Cl and 2-CH3CN, the Co centers are trigonal bipyramidal (tbp) (Figure 2.4). 

The Cu site in 2-CH3CN is also tbp, with a tau value (τ5) of 0.94, where 1 is the 

theoretical value for ideal tbp geometry. By contrast, the Cu site in 1-Cl is severely 

distorted from three-fold symmetry with Npy−Cu−Npy bond angles of 146.67(5), 

107.01(5), and 101.15(5) degrees, and one relatively longer Cu−Npy bond of 2.169(1) Å. 

The τ5 value of the Cu site in 1-Cl is 0.48, indicating a distorted geometry that lies 

between tbp and square pyramidal. 
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Figure 2.4. Solid-state structures of 1-Cl (a – side view, b – top view) and 2-CH3CN (c – 
side view, d – top view). Bond distances (Å) and Npy−Cu−Npy angles are provided. 
Thermal ellipsoids are shown at 50% probability, and protons were omitted for clarity. 
The pie chart indicates the metal composition in the pyridyl site as determined by X-ray 
anomalous scattering. 
 
 In common, 1-Cl and 2-CH3CN have relatively short Cu−Co bond lengths of 

2.3963(3) and 2.4707(4) Å, respectively (Table 2.2). The formal shortness ratio (FSR), 

which is the quotient of metal-metal bond length to the sum of the metals’ single-bond 

radii, is 1.03 and 1.06 for 1-Cl and 2-CH3CN, respectively. FSR values near 1 typically 

indicate a significant metal-metal interaction, such as a single covalent or dative metal-

metal bond. A search of the Cambridge Structural Database for heterometallic 

interactions involving copper showed a wide range of Cu−M distances from 2.31 to 3.5 

Å, where the average is 2.72 Å (standard deviation of 0.15 Å). The structures containing 
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short Cu−Co bonds (≤ 2.5 Å) are exclusively low-spin Cu-Co bimetallics containing a 

bridging, or semi-bridging, carbonyl ligand (Table 2.5). Hence, 1-Cl and 2-CH3CN are  

unusual coordination complexes with short Cu−Co bonds. 

 
Table 2.2. Geometrical Parameters, Including Bond Lengths (Å) and Angles (deg), for 
Complexes 1-Cl, 2-CH3CN, and 2.a  

 
1-Cl 2-CH3CN 2 

Co−Cu  2.3963(3) 2.4707(4) 2.6490(7) 
FSRb 1.03 1.06 1.14 
Co−Nap  1.946(1) 2.067(2) 2.093(4) 
Co−Nam  1.873(1) 1.919(2) 1.944(3) 

 
1.884(1) 1.911(2) 1.946(4) 

 
1.894(1) 1.925(2) 1.964(4) 

avg Co−Nam 1.884 1.918 1.951 
Cu−Npy  2.021(1) 2.101(2) 1.960(4) 

 
2.032(1) 2.121(2) 1.960(3) 

 
2.169(1) 2.131(2) 2.247(4)c 

avg Cu−Npy 2.075 2.118 1.960 
Cu−X  (X = Cl, NCCH3) 2.3548(4) 2.120(2) ― 
∑(Nam−Co−Nam) 359.3 358.9 357.5 
Npy−Cu−Npy 146.67(5) 118.34(7) 157.2(2) 

 
101.15(5) 122.38(7) 102.8(2) c 

 
107.01(5) 112.85(7) 98.5(1) c 

Nap−Co−Cu 178.07(4) 179.44(6) 156.9(1) 
Co−Cu−X 175.69(1) 178.50(6) ― 
Co to (Nam)3-plane  0.0886(7) 0.118(1) 0.180(2) 
Cu to (Npy)3-plane  0.2491(7) 0.312(1) 0.123(1)c 

a Estimated standard deviations (esd’s) are provided in parenthesis. bformal shortness 
ratio (FSR) = (Cu−Co bond distance) / (sum of the Cu and Co single-bond radii). c 
Involving an intermolecular Npy donor. 
 
 Scrutiny of the metal sites in 1-Cl and 2-CH3CN shows that all metal-ligand 

bonds expand upon reduction. On average, the equatorial M−L bond lengths, Co−Nam 

and Cu−Npy, elongate by ~0.04 Å from 1-Cl to 2-CH3CN. More substantial increases are 

observed in the apical Co−Nap (by 0.12 Å) and the Cu−Co (by 0.07 Å) bond distances. 

Though the structural changes at both metal sites would hint that the reducing 
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equivalent is delocalized over both metals, we know that this is not the case. 

Spectroscopic and theoretical evidence (vide infra) support a Co(II)Cu(II) core in 1-Cl 

and a Co(II)Cu(I) core in 2-CH3CN, where the redox change is localized at Cu. To 

further investigate the changes at the Cu site, comparisons to mononuclear Cu complexes 

with a trigonal set of pyridyl donors, e.g. [CuIICl(TMPA)]+ and [CuI(NCCH3)(TMPA)]+,  

may be useful. Several crystal structures have been reported for both monocopper species 

with different counterions. 80-82 Notably, both [CuIICl(TMPA)]+ and 

[CuI(NCCH3)(TMPA)]+ have structures that vary from ideal to distorted tbp, with τ5 as 

low as 0.84.83 By comparison, the Cu site in 1-Cl is significantly more distorted. 

Unfortunately, the Cu−Npy bond lengths in both [CuIICl(TMPA)]+ and 

[CuI(NCCH3)(TMPA)]+ overlap, and do not uniquely identify the Cu oxidation state. The 

only instructive comparisons are the Cu−X bond distances, specifically the Cu−Cl bond 

length between 1-Cl and [CuIICl(TMPA)]+, as well as Cu−NCH3CN between 2-CH3CN and 

[CuI(NCCH3)(TMPA)]+. On average, the Cu−X bonds are longer by 0.12 to 0.15 Å, 

respectively, in 1-Cl and 2-CH3CN. We propose that the stronger trans effect of an 

ancillary Co center versus the tertiary amine in TMPA results in the longer Cu−X bonds, 

though the difference in molecular charge would also contribute.  

 When 2 crystallizes in absence of donor solvents, an infinite one-dimensional 

helix is formed (Figure 2.5). The helix is right-handed, and one complete turn comprises 

six (py3tren)CoCu molecules with a pitch of 11.2024(5) Å and a pore diameter of ~8 Å. 

The py3tren ligand rearranges by rotating one of the pyridyl rings by nearly 180 degrees 

such that a single pyridyl N-donor forms an intermolecular bond to a Cu center in an 

adjacent molecule. The Co−Cu distance is 2.6490(7) Å (FSR 1.14), which is too long 
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for a significant interaction, though weak interactions cannot be ruled out. The Co site is 

trigonal monopyramidal, and the geometry at Cu is close to T-shaped with Npy−Cu−Npy 

angles of 157.2(2), 102.8(2), and 98.5(1) deg.  The intramolecular Cu−Npy bonds are 

contracted compared to 2-CH3CN with lengths of 1.96 Å while the intermolecular 

Cu−Npy is elongated to 2.247(4) Å.    

   

 
Figure 2.5. (a) Molecular structure of 2 with thermal ellipsoids at 50% probability. 
Protons omitted for clarity. Intermolecular bonds are shown in gold. (b) Space filling 
model of the macromolecular 2 showing its hexagonal polymeric structure.  
 
 Finally, complex 1-Cl was studied by anomalous X-ray scattering to assess the 

purity of each metal binding site. This technique exploits the uniqueness of metal K-edge 

energies to differentiate between metals with similar electron counts (see Experimental 

Section). The occupancies of Co versus Cu can be extracted for each binding site, and are 

depicted by the pie chart in Figure 2.4. In the triamido(amine) pocket, Co has an 

occupancy percentage of 1.000(9), and Cu of 0.000(9).  Slightly more metal disorder is 

found in the tripyridyl binding pocket, 0.953(7) for the Cu occupancy and 0.047(7) for 

Co. Hence, the purity of the Co-Cu bimetallic is 95.3%, with a minor (4.7%) impurity 
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of the dicobalt species. Previously, other heterometallic pairings, such as Co-Fe, Fe-Mn, 

and Co-Mn, showed heterometallic purity ranges in the range of 88 to 97%.39 The relative 

metal compositions were also investigated on bulk material by ICP-OES, which is 

consistent with a Co:Cu ratio of 0.98:1.02. 

 

2.3.4 EPR Spectroscopy and Magnetic Susceptibility 
 

The EPR spectrum of 2-CH3CN (Figure 2.6) is essentially axial with effective g 

values at 4 and 2.The values are unique for the ms = ±1/2 Kramers doublet of an S = 3/2 

system with a large, positive zerofield splitting (D >> microwave energy of ca. 0.3 cm−1 

and a vanishingly small rhombicity, E/D ≈ 0). A spin Hamiltonian simulation yielded 

E/D = 0.004 and slightly anisotropic electronic g values, g = (2.162, 2.162, 2.002). The 

axial zero field splitting parameter could not be determined because the excited ms = ±3/2 

Kramers doublet is EPR silent under these conditions. The eight-line splitting at gz arises 

from hyperfine interactions with the 59Co (I = 7/2) nucleus (Az = 90.5 × 10−
4 cm−

1). The 

EPR spectrum looks quite similar to that of the monocobalt precursor, K[Co(py3tren)], 

where the Co(II) center is S = 3/2 (SI Figure 2.22, Appendix). The absence of any 

hyperfine coupling to 65,63Cu (I = 3/2) nuclei further supports the interpretation that all 

unpaired spins are localized at cobalt. It then follows that the copper center is S = 0, d10 

Cu(I). 
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Figure 2.6. X-band EPR spectra (9.65 GHz) of 2 in frozen THF (1 mM, 20 K). 
Experimental spectra is shown as a solid, black line, and the corresponding simulation in 
a red dashed line. Simulation parameters for 2: D = 5 cm-1 (fixed, cannot be determined), 
E/D = 0.004, g = (2.162, 2.162, 2.002), Gaussian line widths W = (11, 6, 4 ) mT, Az = 271 
MHz (90.5×10−4 cm−1). 
 

The magnetic susceptibility of 1-Cl was determined by the Evans method and 

SQUID magnetometry. The solution-state magnetic moment of 1-Cl at 290 K is 2.96 ± 

0.17 µB (average of three measurements, Table 2.7, Appendix), which is consistent with S 

= 1 with a spin-only value of 2.83 µB. The temperature independence of the magnetic 

moment above 100 K as measured by SQUID magnetometry (Figure 2.7) is also 

consistent with a triplet ground state that is energetically isolated.  
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Figure 2.7. Temperature dependence of the magnetic susceptibility of 1-Cl as measured 
by SQUID magnetometry plotted as µeff versus T (2 to 290 K, 1 T). The data, represented 
by open circles, was corrected for temperature independent paramagnetism of 350 x 10−6 
emu. The red line shows the simulation with the following parameters: S = 1, g =1.96, D 
= 64.6 cm−1. 
 
The overall spin state presumably arises from strong antiferromagnetic coupling between 

the S = 3/2 Co(II) and S = 1/2 Cu(II) centers. Of note, a large zero-field splitting (D) of 

65 cm−1 was deduced for 1-Cl, based on data obtained from variable temperature and 

variable field measurements (Figure 2.8).  

 

 
Figure 2.8. VTVH of (1-Cl). at three different field strengths (1T, 4T, 7 T). Solid lines 
are a simulation with the following parameters: g=2.00, D=63.472, E/D=0, TIP=300. 
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Zero-field splitting values in the range of 50-70 cm−1 have been observed 

previously in high-spin pentacoordinate Co(II) complexes. 84 The magnetic properties of 

the series py3trenCoMCl (M = Mn, Fe, Co, and Cu) can all be described by an S = 3/2 

cobalt (green circle, Figure 2.9) antiferromagnetically coupled to a high spin second 

metal (Figure 2.9, Mn = pink, Cu = purple, Fe = red, Co = green). 

 

 
Figure 2.9. Overlay of the temperature dependence of the magnetic susceptibility of the 
series py3trenCoMCl (M = Mn, Fe, Co, and Cu) plotted as µeff versus T (2 to 290 K, 1 T, 
points are the experimental data, lines are simulations). Colored circles depict the 
unpaired electrons on each metal, J values (cm−1) are included. 
 
The magnetic susceptibility of the ground spin state for each of these complexes is 

observed in the horizontal region near 100 K. At temperatures above 100 K the magnetic 

susceptibility increases in the M = Mn, Fe, and Co complexes. The magnitude of this 

increase is dependent on the antiferromagnetic coupling value (J, in cm−1). The J value of 

these bimetallic compounds increases in magnitude as the top metal is varied across the 
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periodic table: −120 (Mn), −184 (Fe), −231 (Co), <−300 (Cu).  

 
2.3.5 Cyclic Voltammetry 
 
 The redox behavior of 1-OTf and 2-CH3CN should be complementary, and indeed, 

their cyclic voltammograms (CVs) are similar with a total of two one-electron transfer 

processes (Figure 2.10). In the CV of 1-OTf, the reductive event at −0.56 V is fully 

reversible (Epc – Epa = 0.072 V, ipc/ipa = 0.97), and is assigned to the Cu(II)/Cu(I) redox 

couple. In contrast, the oxidative process at 0.03V is quasi-reversible, with increasing 

reversibility up to 1 V/s. The oxidation most likely is Co(II)/Co(III) as monocobalt 

K[Co(py3tren)] shows an oxidation at 0.02 V (Figure 2.23, Appendix). Finally, we note 

that the CV of 1-Cl is quite similar to that of 1-OTf with a reversible reduction at −0.55 V 

and an irreversible oxidation near 0 V (Figures 2.24−2.26, Appendix).  

 

 
 
Figure 2.10. Cyclic voltammagrams of 1-OTf (top) and 2-CH3CN (bottom) in 0.1 M 
[nBu4N]PF6/CH3CN at varying scan speeds: 2 (in black), 1, 0.5, 0.25, 0.1, 0.05 V/s (in 
light grey). Currents were corrected for scan speed.  
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 The CV of 2-CH3CN contains two oxidative events at −0.33 V and 0.28 V. The first 

oxidation, which is fully reversible, corresponds to the Cu(II)/Cu(I) redox potential. The 

redox potential is shifted positively by 0.2 V with respect to the corresponding potential 

in 1-OTf and 1-Cl. The second oxidation is quasi-reversible and is also shifted positively 

by 0.25 V with respect to that of 1-OTf. The anodic shift of both redox processes in 2 

versus 1-OTf suggests that the triflate ligand remains bound to the Cu center in 

acetonitrile. Also, the shift in the Co(III)/Co(II) and Cu(II)/Cu(I) redox potentials is 

consistent with the differences in charge between the acetonitrile and triflate ligand, 

where the presence of an anionic triflate makes both metal-based reductions more 

difficult. Finally, the corresponding Cu(II)/Cu(I) redox potential in 

[(TMPA)Cu(CH3CN)]+ is −0.40 V, 85 suggesting the trialkylamine donor in TMPA 

donates more electron density to the Cu center than the weakly interacting Co(II) center 

in 2. 

 
Figure 2.11. Cyclic voltammagrams of the py3trenCoMCl (M = Mn, Fe, Co, Ni, Cu) 
series. 0.1 M [nBu4N]PF6/(CH3CN M = Cu, THF M = Mn, Fe, Co, Ni), scan speed = 
200 mV/s 



	

62	

 
The series of compounds py3trenCoMCl (M = Mn, Fe, Co, Ni, and Cu) all feature a top 

metal (II/I) reduction and a bottom cobalt (II/III) oxidation (Figure 2.11). While the 

bottom cobalt oxidation potential is mostly invariant across the series, the top metal 

reduction shifts to more positive potential left-to-right across the period. This correlates 

with the increasing electronegativity of metals across the period.  

2.3.6 Electronic Absorption Spectroscopy   
 
 The UV-vis-NIR spectra of the 1-Cl and 2-CH3CN complexes were measured in 

CH2Cl2 (Figure 2.12). Both complexes show intense bands peaks around 300−350 nm, 

which is typical for py3tren coordination complexes, including K[Co(py3tren)]. Of 

interest, 1-Cl has a visible band at 580 nm (ε = 8900 L mol−1 cm−1) that is notably absent 

for 2-CH3CN and K[Co(py3tren)].  

 

Figure 2.12 UV-Vis plots of 1-Cl (black), 2-CH3CN (solid grey), and K[Co(py3tren)] 
(dashed grey). Inset shows the Vis-NIR region. Spectra were collected as solutions in 
CH2Cl2. The asterisk denotes artifacts from solvent subtraction. 
 
Monocopper(II) TMPA complexes are often green to blue in color due to a visible 
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absorption band around 600−700 nm (ε < 100 L mol−1 cm−1). They also exhibit a NIR 

absorption around 850-950 nm (ε ≈ 200 L mol−1 cm−1).65,69 These transitions have been 

assigned as (dxz, dyz)→dz
2 and (dx

2−y
2, dxy)→dz

2 excitations, respectively.64 While the 

visible band in Cu(II)TMPA complexes is similar in energy to the peak at 580 nm in 1-

Cl, the intensity is smaller by an order of magnitude. Therefore, we assign the 580 nm 

band in 1-Cl as a metal-to-metal charge transfer (MMCT). We further propose the charge 

transfer is from Co to Cu, or Co(II)Cu(II)→Co(III)Cu(I), in analogy to the previously 

reported (py3tren)CoMCl series.39 In the NIR region of 1-Cl, the absorption shoulder at 

884 nm is likely the (dx
2−y

2, dxy)→dz
2 transition that is observed in Cu(II)TMPA 

complexes, while the higher than expected molar absorptivity is due to overlapping 

intensity with the MMCT band. Finally, the striking similarity in the overall electronic 

absorption spectra of 2-CH3CN and K[Co(py3tren)] is fully consistent with the presence 

of a d10 Cu(I) center in the former, such that all the observed energy transitions can be 

attributed to the Co(II) center.   
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Figure 2.13. Overlay of the UV-Vis spectra of the series py3trenCoMCl (M = Mn, Fe, 
Co, Ni, Cu) and py3trenCo[K]. Inset is a depiction of a Co-to-M charge transfer 
highlighting the reduction in energy across the table. 
 

Metal-to-metal charge transfer (MMCT) is a fascinating property of multimetallic 

complexes that has applicability in photocatalysis.86-89 In the py3trenCoMCl series, an 

intense band in the visible region is proposed to be a Co → M electronic transition, or  

Co(II)M(II) 
!!

 Co(III)M(I). (Figure 2.13). The MMCT energy red-shifts as M is varied 

across the first-row period, M = Mn > Fe > Co > Ni >> Cu. On the basis of 

electronegativity, M(II/I) redox couples should become more favorable across the period. 

Indeed, the Cu(II/I) potential in py3trenCoCuCl is the lowest of all the M(II/I) redox 

couples and corresponds to the lowest energy transition (Figure 2.14).  
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Figure 2.14. Overlay of the MMCT energy (eV, triangles) from UV-Vis, and ΔE = 
E°M(II/I) − E°Co(III/II) energy from CV (V, squares) for the series py3trenCoMCl (M = 
Mn, Fe, Co, Ni, Cu). The blue bars depict the difference between these energies. 
 
We wondered if the transition energies could be quantified based on electrochemical 

data. If Co and M are noninteracting in the ground and excited states, then the excitation 

energy could be correlated with the driving force for the corresponding redox changes or 

ΔE = E°M(II/I) − E°Co(III/II). For py3trenCoMnCl, the excitation energy (λmax = 2.85 

eV) is reasonably close to ΔE (2.55 V), where the ratio of ΔE to λmax is 0.89 (Figure 

2.14). The ratio, however, decreases significantly across the first-row period: 0.73 (Fe), 

0.70 (Co), 0.53 (Ni), and 0.27 (Cu). Presumably, the deviation is due to significant Co−M 

interactions in the ground state, which includes any intermetal electrostatic attraction. 

Hence, destabilizing the Co−M interaction costs additional energy, raising λmax well 

above ΔE. In support, the FSR of the py3trenCoMCl complexes decreases across the 
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period, from 1.09 in py3trenCoMnCl to 1.03 in py3trenCoCuCl, where the stronger Co−M 

interactions correlate to larger deviations. 

2.3.7 Theory 

 Theoretical calculations were performed (by Rebecca Carlson in the Gagliardi 

Lab) to investigate the electronic structures of 1-Cl and 2-CH3CN. Previously, we 

employed a large active space of 20 orbitals, comprising all 3d and 4d orbitals, to 

correctly predict the spin states of related metal-metal complexes.9 Using the full 

experimental structures, RASSCF and RASPT2 calculations were conducted with 16 and 

17 total d-electrons in 20 orbitals for 1-Cl and 2-CH3CN, respectively. In both cases, the 

calculated ground spin states matched those found experimentally (Tables 2.8−2.9, 

Appendix).   

 The qualitative MO diagram for 1-Cl is shown in Figure 2.15 with the 

corresponding natural orbitals. The only delocalized MO is consistent with Co−Cu σ-

bonding. The main electronic configuration, which represents 42% of the ground state, is 

(Cu dxz,,dyz)4(Cu dx
2-y

2,dxy)4(Co dxz,dyz)4(σ)2(Co dx
2-y

2,dxy)2, which is characterized by a 

single Co−Cu bond. However, the total ground state, represented by (Cu dxz,,dyz)3.98(Cu 

dx
2-y

2,dxy)3.98(Co dxz,dyz)3.92(σ)1.20(Co dx
2-y

2,dxy)2.06(σ*)0.79, has substantial 

multiconfigurationality with significant population of the Co−Cu anti-bonding MO, or 

σ*. The net effect is weakening of the metal-metal bond, and a decreased effective 

Co−Cu bond order of 0.21.   
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Figure 2.15. Qualitative MO diagram and natural orbitals of 1-Cl. Electron filling 
corresponds to the main configuration (42%), while the numerical value of each natural 
orbital is the population summed over all contributing configurations.  
 
 The qualitative MO diagram for 2-CH3CN, which is shown in Figure 2.16, is 

completely localized in contrast to 1-Cl. No Co−Cu covalent bonding was observed, 

though the possibility of a Cu→Co dative interaction should be entertained because of 

the reasonably short intermetal distance in the solid-state structure. (Of note, a 

complementary DFT calculation of 2-CH3CN gives a Wiberg bond index of 0.26 for the 

Co−Cu interaction, compared to 0.42 in 1-Cl. Tables 2.15−2.16, Appendix) The 

electronic structure of 2-CH3CN is represented essentially by a single configuration, (Cu 

dxz,,dyz)4(Cu dx
2-y

2,dxy)4(Cu dz
2)2(Co dxz,dyz)4(Co dx

2-y
2,dxy)2(Co dz

2)1, which accounts for 

91% of the total ground state. The predicted electronic structure is consistent with the 

EPR finding that S = 3/2 is localized at a high-spin Co(II) center, with no spin density at 

d10 Cu(I).  
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Figure 2.16 Qualitative MO diagram and natural orbitals of 2-CH3CN. Electron filling 
corresponds to the main configuration (91%), while the numerical value of each natural 
orbital is the population summed over all contributing configurations. 
 
2.3.8 Metal Ion Exchange of the Full py3trenMM’Cl Family 

Metal swapping is generally undesired because it leads to complex mixtures with 

loss of metal site selectivity. However, metal swapping can be selective and has been 

used to make heterometallic analogues from the homometallic precursors.90 The entire 

family of py3trenMM'Cl complexes comprise two weakly bonded divalent first-row metal 

ions that are highly labile. Though isolated py3trenMM'Cl compounds are stable, they are 

unstable with transition metal dichlorides. To investigate metal exchange, the 

py3trenMM'Cl bimetallics were mixed with different MCl2 (1.2 equivalents, Table 2.3, 

appendix) for one hour. Longer times lead to rampant metal swapping. We anticipated 

metal exchange to be most facile for those ions with the fastest aquo exchange rates, 

where Co2+ < Fe2+ < Mn2+ < Cu2+.  
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 The Mn(II) bimetallics, py3trenFeMnCl and py3trenCoMnCl, underwent 

productive metal exchange. With FeCl2, py3trenFeMnCl forms py3trenFe2Cl cleanly 

(Figure 2.17). The reaction between py3trenFeMnCl and CoCl2 gave py3trenCoFeCl, 

where incorporation of Co in the triamido pocket necessitates both metals to rearrange. 

The reverse reaction to generate py3trenFeMnCl from py3trenCoFeCl (or py3trenFe2Cl) 

with MnCl2 did not proceed.  Py3trenFe2Cl is a viable precursor to synthesize 

py3trenCoFeCl.  

 
Figure 2.17. Metal exchange reactions of py3trenFeMCl bimetallics. 
 
 The Mn(II) ion is readily displaced from py3trenCoMnCl using FeCl2 or CoCl2 to 

generate py3trenCoFeCl and py3trenCo2Cl, respectively (Figure 2.18). Py3trenCoFeCl can 

further exchange with CoCl2 to generate py3trenCo2Cl. Notably, the reverse reactions do 

not proceed, suggesting a clear order in thermodynamic stability, py3trenCo2Cl > 

py3trenCoFeCl > py3trenCoMnCl.  
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Figure 2.18. Metal exchange reactivity of the py3trenCoMCl bimetallics. 
 
2.4 Conclusions 

 The heterobimetallic (CoCu)4+ and (CoCu)3+ complexes were isolated and 

characterized. Though two one-electron processes appear viable by CV, thus far we have 

only been able to isolate two of the three redox states.  The (Co-Cu)4+ core is overall S = 

1. Its electronic structure comprises high-spin Co(II) and d9 Cu(II) centers, which interact 

via a Co−Cu sigma bond. The multiconfigurationality in the ground state substantially 

weakens the Co-Cu bond (effective bond order of 0.2), which seems consistent with a 

slightly elevated FSR of 1.03. Notably, a metal-to-metal (Co→Cu) charge transfer band 

is observed for 1-Cl in the visible region at 580 nm.  

 The electronic structure of the (CoCu)3+ species, 2-CH3CN, is localized with a 

high-spin Co(II) and d10 Cu(I) sites.  No Co-Cu covalent bonding was predicted, though a 

dative interaction is possible considering that the intermetal distance is less than 2.5 Å. 
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Of interest, the Cu coordination site can toggle between 5-coordinate distorted trigonal 

bipyramidal to 3-coordinate T-shaped geometries, forming a helical heterobimetallic 

coordination polymer.   

 The metal swapping capabilities of the py3trenMM'Cl series of compounds were 

investigated. A clear order of thermodynamic stability was derived: py3trenFeMnCl < 

py3trenFe2Cl < py3trenCoMnCl < py3trenCoFeCl < py3trenCo2Cl. 

 
2.5 Experimental Section 
 
2.5.1 General Procedures 

Unless otherwise stated, manipulations were performed under a dinitrogen atmosphere 

inside a glovebox. Standard solvents were deoxygenated by sparging with N2 and dried 

by passing them through activated alumina columns of an SG Water solvent purification 

system. Benzylpotassium (KBn) and K[Co(py3tren)] were prepared according to 

literature methods.39,91 Deuterated solvents were purchased from Cambridge Isotope 

Laboratories, degassed via freeze−pump−thaw cycles, dried over activated alumina, and 

stored over activated 4 Å molecular sieves. All reagents were purchased from Aldrich or 

Strem and used without further purification. Elemental analyses were performed by 

Complete Analysis Laboratories (Parsippany, NJ).  

2.5.2 Preparation of (py3tren)CoCuCl, (1-Cl) 

 To a stirring solution of CuCl2 (28.4 mg, 0.211 mmol) in 50 mL of THF at −78 °C was 

added a rt solution of K[Co(py3tren)] (100 mg, 0.211 mmol) in 10 mL of THF. The 

reaction quickly turned into a dark purple suspension. This suspension was stirred 

vigorously at −78 °C for 5 min before filtering through a glass frit. The isolated purple 



	

72	

solid was dried in vacuo, then stirred in 60 mL CH2Cl2 for 30 min. After filtering through 

Celite, the filtrate was dried in vacuo to yield a dark purple solid. Purple crystals (80 mg, 

0.150 mmol) were obtained from layering Et2O on a CH2Cl2 solution (70% crystalline 

yield). 1H NMR (300 MHz, CD2Cl2, 294 K) δ 282 (6H), 29.3 (3H), 0.6 (3H), −38.4 (3H), 

−55.0 (3H), −58.7 (6H). UV-vis-NIR (CH2Cl2) λmax/nm (ε/L mol−1 cm−1): 324 (26900), 

580 (890), 884 (1090), 2145 (270). Anal. Calcd for C21H24N7CoCuCl: C, 47.38; H, 4.54; 

N, 18.42. Found C, 47.13; H, 4.51; N, 17.72. ICP-OES (wt %): 10.47(7) Co; 11.87(6) Cu; 

this relative ratio is consistent with Co0.98Cu1.02. 

2.5.3 Preparation of (py3tren)CoCuOTf, (1-OTf) 

 A CH3CN solution of CoCu(py3tren) (100 mg, 0.186 mmol) in 15 mL was added to a 

stirring solution of AgOTf (47.8 mg, 0.186 mmol) in 15 mL CH3CN at rt. The mixture 

quickly turned dark purple. After stirring 2 h, a metallic precipitate was observed, and the 

reaction was filtered through Celite. The filtrate was dried in vacuo to yield a dark purple 

powder (115 mg, 0.178 mmol, 95% yield). 1H NMR (300 MHz, CD3CN, 294 K) δ 280 

(6H), 33.0 (3H), 9.5 (3H), −27.7 (3H), −47.5 (3H), −67.6 (6H). Calcd for 

C22H24CoCuF3N7O3S: C, 40.90; H, 3.74; N, 15.18. Found C, 42.68; H, 3.90; N, 15.78.  

2.5.4 Preparation of (py3tren)CoCo (2) 

To a stirring solution of K[Co(py3tren)] (200 mg, 0.422 mmol) in 30 mL of THF at −78 

°C was added a slurry of [Cu(CH3CN)4]PF6 in 10 mL THF. After the reaction mixture 

was stirred at rt overnight, it was concentrated in vacuo to a 5 mL slurry, and then stirred 

for 30 min prior to filtering. The resulting solid residue was dissolved in 10 mL CH2Cl2 

and filtered through a glass filter pipette. The filtrate was dried in vacuo, and then 

redissolved in 15 mL of CH3CN at 60 °C. Slow evaporation of this solution to 5 mL 
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yields green crystalline needles comprising CoCu(CH3CN)(py3tren) (or 2-CH3CN), as 

determined by X-ray crystallography. These crystals lose solvent under vacuum to yield 

the solvent-free complex, (py3tren)CoCu (2) (138 mg, 0.278mmol, 65% yield). Single 

crystals of 2 suitable for X-ray diffraction were obtained by slow diffusion of hexane into 

a concentrated CH2Cl2 solution. 1H NMR (300 MHz, THF-d8, 294 K) δ 125 (6H), 99.5 

(6H), 27.5 (3H), 21.2 (3H), 5.1 (3H), −33.4 (3H). UV-vis-NIR (CH2Cl2) λmax/nm (ε/L 

mol−1 cm−1): 263 (32700), 348 sh (10800), 400 sh (5130), 616 (75), 1304 (70). Anal. 

Calcd for C21H24N7CoCu: C, 50.76; H, 4.87; N, 19.73. Found C, 50.51; H, 4.84; N, 

19.98. ICP-OES (wt %): 10.70(5) Co; 11.81(6) Cu; this relative ratio is consistent with 

Co0.99Cu1.01. 

2.5.5 Metal-Ion Exchange Reactivity Studies 

Typical Procedure: 

To a 10 mg slurry of py3trenCoMnCl in 2 mL THF at –78°C was added 1.2 equivalents 

of a CoCl2 slurry in 1 mL THF. The reaction was stirred 30 min at –78°C then warmed to 

room temperature and stirred an additional hour. The resulting mixture was diluted with 

15 mL hexanes and cooled to –20°C and filtered. The resulting solid was mixed with 2 

mL CH2Cl2 and filtered. The filtrate was directly added to an NMR tube along with a 

glass capillary containing 0.1 mL 0.159M cobaltocene in CD2Cl2. The mixture was 

analyzed by 1H NMR where all integrals were normalized to the internal cobaltocene 

reference to determine product yields. Since many of these bimetallic complexes are 

paramagnetic, the NMR integrals were calibrated to external standards, i.e. the NMR 

integrals of the pure bimetallic with an identical cobaltocene internal reference. The 

NMR analyses of these experiments are provided in table 2.3 (appendix). 
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2.5.6 Anomalous X-ray Diffraction Data Collection, Refinement of the Structures, and 
Metal Occupancies  
 
A purple needle of 1-Cl (0.10 x 0.02 x 0.02 mm), green needle of 2-CH3CN (0.10 × 0.04 

× 0.04 mm), and block of 2 (0.10 × 0.10 × 0.10 mm), were mounted on a glass fiber and 

cooled to 100 K using an Oxford Instruments Cryojet cryostat. The Bruker D8 

diffractometer, integrated with an APEX-II CCD detector, was modified for synchrotron 

use at the ChemMatCARS 15-ID-B beamline at the Advanced Photon Source (Argonne 

National Laboratory).  For each crystal, diffraction data were collected at 30.0 keV (λ = 

0.41328 Å). This is energetically far from any atomic absorption energies and gives a 

least-squares refinement of all model positional and displacement parameters to 0.5 Å 

resolution. For 1-Cl, two additional sets of data at 25 eV below the K edge 

(keV[wavelength (Å)]) of cobalt 7.684[1.614], and copper 8.954[1.385] with 0.3 s frames 

were collected while manually attenuating the beam to minimize overages of individual 

pixels. 

 The anomalous diffraction can distinguish Co/Cu compositions at the two metal 

sites because of the expected differences in the anomalous scattering factors (Δf′ and Δf′′) 

for these elements. Basically, the Δf′ and Δf′′ values of an element change dramatically 

near the element’s absorption edge, while for the other element(s) they remain relatively 

constant. Each anomalous diffraction data set thus provides a different view of the 

electrons present at the two sites. Two sets (λ > λedge) were used to solve for the metal 

occupancies. These wavelengths were chosen for the following reasons. For λ = λedge, the 

data is less reliable because of inaccuracies in the metal K-edge energies, which shift for 

coordination compounds. For λ < λedge, the data were also less reliable because of 
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potential problems with absorption and/or fluorescence.92 The two anomalous data sets 

were simultaneously used in a least-squares refinement to determine the Co/Cu 

occupancies at the two metal sites (M1 and M2). GSAS-II was employed because it 

allows multiple diffraction data sets as input with subsequent refinement using a common 

crystallographic model.93 

2.5.7 Physical Measurements 

NMR spectra were collected on Varian Inova 300 and 500 MHz spectrometers. 

UV−vis−NIR absorption data were collected on a Cary-14 spectrophotometer. Cyclic 

voltammetry was conducted using a CH Instruments 600 electrochemical analyzer. The 

one-cell setup utilized a glassy carbon working electrode, Ag wire counter electrode, and 

Ag/AgNO3 reference electrode in CH3CN. Analyte solutions were prepared in a 0.1M 

NBu4PF6/CH3CN solution and referenced externally to the FeCp2/FeCp2
+ redox couple. 

ICP-OES data were collected at the University of Minnesota Earth Sciences Analytical 

Geochemistry Lab using a Thermo Scientific iCAP 6500 dual-view instrument with the 

addition of cesium as a matrix modifier and yttrium as an internal standard. The weight 

percents are averages of three measurements and are reported with standard deviations. 

Perpendicular-mode X-band EPR spectra were recorded on a Bruker EPP 300 

spectrometer equipped with an Oxford ESR 910 liquid helium cryostat and an Oxford 

temperature controller.  

 Magnetic susceptibility data were measured from powder samples of solid 

material over the temperature range 2−300 K using a SQUID susceptometer with a 

variable field of 1.0, 4.0 and 7.0 T (MPMS-7, Quantum Design, calibrated with a 

standard palladium reference sample, error <2%). The experimental data were 
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corrected for underlying diamagnetism using tabulated Pascal’s constants (χdia < 0)94,95 as 

well as for temperature-independent paramagnetism (χTIP > 0).96 Specifically, χTIP (units 

of 10−6 emu) was 350 for 1-Cl. The susceptibility and magnetization data were simulated 

with the program julX for exchange-coupled systems.97 The simulations were based on 

the usual spin Hamiltonian operator for mononuclear complexes with spin S: 

 )]ˆˆ(/)13/1ˆ[BŜˆ 222
yxze SSDES(SSDgH −++−+⋅=

!!
β  

where g is the average electronic g value, and D and E/D are the axial zero-field splitting 

and rhombicity parameters. Magnetic moments are calculated after diagonalization of the 

Hamiltonian from the eigenfunctions using the Hellman-Feyman theorem 
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ψ i . Intermolecular interactions were considered by using a Weiss 

temperature, ΘW, as perturbation of the temperature scale, kT' = k(T-ΘW) for the 

calculation. Powder summations were done by using a 16-point Lebedev grid.  

 
2.5.8 Computational Methods  

Restricted active space followed by second order perturbation theory 

(RASSCF/RASPT2) calculations were performed on 1-Cl and 2-CH3CN with the Molcas 

7.8 package10 using the experimental geometries in full and without optimization. The 

active space of 1-Cl and 2-CH3CN are denoted by (16,20)/(16,10)/2 and 

(17,20)/(17,10)/2, respectively.  The first set of parentheses is the total number of 

electrons in RAS1 and RAS2 and the total number of orbitals (20) in all of the RAS 

spaces, and the second set of parentheses corresponds to the number of active electrons 

and orbitals (10) in RAS2; the final value of 2 indicates the number of particles allowed 

into RAS3. The following ANO-RCC basis set contractions were used for metals, 
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[5s4p2d1f]; [3s2p1d] for N; [4s3p1d] for Cl, [2s1p] for C; and [1s] for H.7,98  We also 

tested larger basis sets with the following contractions: [6s5p3d2f1g] for metals, 

[4s3p2d1f] for N, [5s4p2d1f ] for Cl, [3s2p1d] for C, and [2s1p] for H and found the 

increase in basis set to produce the same results as the smaller basis set (see SI).  All 

calculations used the relativistic DKH Hamiltonian99 and resolution of identity with 

Cholesky decomposition RICD approximation for the reduction of 2-electron integrals.6 

All RASPT2 calculations used an imaginary shift of 0.2 a.u. to prevent the occurrence of 

intruder states.100  Effective bond order101 (EBO) was calculated for the electronic ground 

state of each molecule by taking the difference between the sum of natural orbital 

occupation numbers of the bonding orbitals and the sum of the natural orbital occupation 

numbers for the anti-bonding orbitals divided by two.   
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Chapter 3 
 

Synthesis and Redox Reactivity of a Phosphine-ligated Dichromium Paddlewheel 
 
 
 
 

In part from: 
 
 
 

Eisenhart, R. J.; Carlson, R. K.; Boyle, K. M.; Gagliardi, L.; Lu, C. C., Synthesis and 
redox reactivity of a phosphine-ligated dichromium paddlewheel. Inorganica Chimica 
Acta 2015, 424, 336-344.  



	

79	

3.1 Overview 

 A pentadentate ligand platform, bis[2-(diisopropylphosphino-

methylamino)phenyl]ether (1), abbreviated as H2(PNONP), is introduced that enables the 

isolation of homodinuclear chromium complexes. In a one-step metalation using Cr(III) 

and Cr(II) chloride reagents, the bimetallic compounds, [Cr(µ-Cl)(PNONP)]2 (2) and 

[Cr(PNONP)]2(3), respectively, were synthesized. These complexes have been 

characterized by X-ray diffraction, NMR spectroscopy, cyclic voltammetry, 

magnetometry, UV–Vis–NIR spectroscopy, combustion analysis, and computational 

methods. Complex 3 has a reasonably short Cr–Cr bond length of 2.1342(5) Å. Quantum 

chemical calculations support a diradical singlet ground-state with a formal triple bond 

between the chromium centers. By cyclic voltammetry, 3 exhibits two reversible 

oxidations at E½ = −470 and −750 mV versus FeCp2
0/+. The one- and two-electron 

oxidized analogues, 3+ and 32+, were generated in situ via chemical oxidation using 

ferrocenium. Based on in situ characterization of 3+ and 32+, we hypothesize the 

oxidations are metal-based to yield Cr2
5+ and Cr2

6+ cores, respectively. 

  



	

80	

3.2 Introduction 

 Dichromium paddlewheels feature prominently in the history of metal-metal 

multiple bonds.102-106 Despite the vast number of multiply bonded Cr2
4+ paddlewheels, 

only one species, a dichromium tetraguanidinate complex, Cr2(DPPC)4 (where DPPC is 

(PhN)2CN(CH2)4; Figure 3.1, a), was reported to exhibit reversible oxidation processes 

by cyclic voltammetry (CV), with two redox couples at E1/2 of 0.02 and 1.10 V (vs. 

Ag/AgCl).107 The Cr2
5+ analogue was subsequently isolated and characterized by X-ray 

diffraction.108 A high-field (W-band) EPR spectroscopic study proved definitively that 

the unpaired spin resided at chromium, thus supporting the formation of an oxidized Cr2
5+ 

core. The unique redox behavior was attributed to the extreme σ and π basicity of the 

guanidinate ligands. Recently, a Cr2
6+ species was isolated via oxidation of a Cr2

4+ 

paddlewheel, Cr2(dpa)4 (where dpa is dipyridylamide) using two equiv. of AgOTf.109 The 

solid-state structure revealed a complete rupture of the Cr−Cr bond with a long Cr···Cr 

distance of 3.197(3) Å, attesting to the challenge in isolating higher valent Cr2
5+ and Cr2

6+ 

paddlewheels (Figure 3.1, b). 
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Figure 3.1. Dichromium paddlewheels, Cr2(DPPC)4 (a), Cr2(dpa)4 (b), and 
[Cr(PNONP)]2 (3, c) 
 

Herein, we report a Cr2
4+ paddlewheel supported by a new pentadentate ligand 

that comprises mixed phosphine, amide, and ether donors. The ligand binds dichromium 

in a 2:1 ratio, thus saturating all the available coordination sites of the Cr4
2+ unit (Figure 

3.1, c). Phosphine ligands are rare in the coordination chemistry of multiply-bonded 

dichromium. To our knowledge, the only structurally characterized complex is 

Li2[Cr2(CH2PMe2)6].110 This contrasts the heavier Group 6 metals, Mo and W, for which 

numerous examples of phosphine-supported multiply bonded cores have been isolated, 

including a family of M2(PR3)4X4 complexes, where M is either Mo or W, and X is a 

halide.111,112 The Cr2
4+ paddlewheel with the mixed P,N,O-donor set was characterized by 

a suite of physical methods, including X-ray diffraction, cyclic voltammetry, and 

magnetic susceptibility measurements. Theoretical studies were also conducted to 
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elucidate its electronic structure and bonding. The combined physical and theoretical data 

support a triply bonded dichromium core that is capable of undergoing two one-electron 

oxidations. The oxidized counterparts were generated in situ, and preliminary 

characterization suggests metal-based oxidations to Cr2
5+ and Cr2

6+ species. 

 

3.3 Results and discussion 

3.3.1 Synthesis 

The ligand bis(2-((diispropylphosphino)methylamino)phenyl)ether (1), 

abbreviated as H2(PNONP), was obtained in one step by heating bis(2-amino-

phenyl)ether and 1.95 equiv iPr2PCH2OH in THF at 65°C for 12 h (Figure 3.2). The 

amount of iPr2PCH2OH used in the reaction was slightly less than stoichiometric to 

prevent the formation of the tris-substituted byproduct. The crude product was purified 

by eluting through a silica plug, giving clean H2(PNONP) as a clear viscous oil in good 

yield (3.1 g, 78%). 

 

Figure 3.2. Synthesis of the ligand, H2(PNONP) (1), and the dinuclear Cr complexes, 2 
and 3. 
[a] 1.95 iPr2PCH2OH, THF, 65 °C, 12 h; [b] i) 2 nBuLi, Et2O, −196 °C to rt, 2 h; ii) 
CrCl3(THF)3, THF, −50 °C to rt, 12 h; [c] i) 2 nBuLi, Et2O, −196 °C to rt, 2 h; ii) 
CrCl2, THF, −50°C to rt, 12 h; [d] 2 KC8, THF, −78°C, 3 h.
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In the metallation reactions, H2(PNONP) was deprotonated with 2 equiv. of 

nBuLi, followed by metathesis with either CrCl3 or CrCl2. In both reactions, dinuclear 

chromium complexes were generated, as shown in Figure 3.2. Using CrCl3(THF)3 as the 

metal precursor, the orange-red bis(µ-chloride)dichromium(III) complex, [Cr(µ-

Cl)(PNONP)]2 (2), was isolated in moderate yield (55%). Switching to CrCl2, the green-

yellow dichromium(II) complex, [Cr(PNONP)]2 (3), was produced featuring multiple 

bonds between the metal atoms (70% yield). Complex 3 can also be cleanly formed by 

reducing 2 with two equiv. KC8.  

3.3.2 Molecular Structures 

X-ray diffraction studies were conducted on single crystals of 2 and 3 to 

determine their molecular structures. The structure of 2 is Ci symmetric where the 

(PNONP)2− ligands, the chromium centers, and the bridging chlorides are related by an 

inversion center in the Cr2(µ-Cl)2 core (Figure 3.3). Each chromium center is octahedral 

with a facial coordination of the N,O,N'-donors in the ligand backbone. The remaining 

three donors are the two bridging chlorides and a single phosphine. The other phosphine 

is unligated and disordered in the crystal lattice. The structure of 2 is not particularly 

remarkable, except that the Cr−P bond distance of 2.581(1) Å is quite long (Table 3.1). A 

search of the Cambridge Structural Database (CSD) for Cr2(µ-Cl)2 cores with a phosphine 

ligand reveals that the average Cr−P bond distance is 2.47 Å.78 Only one other complex, 

[Cr(µ-Cl)Cl2(Ph2PNPhPPh2)]2, has a similarly long Cr−P bond distance of 2.578(2) Å.113 

Considering that other Cr2(µ-Cl)2 complexes are equally split between being 6- or 5-

coordinate, the weak Cr−P interaction in 2 is reasonable, especially since the phosphine 

donor is trans to an amide donor. The trans influence of the other amide donor is also 
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observed in the elongation of the Cr−Cl bond by 0.13 Å when trans to the amide versus 

ether donor. Finally, no metal-metal interactions are present in 2 as the Cr···Cr distance of 

3.197 Å is far too long. 

 

Figure 3.3. Solid−state structure of dinuclear 2 by X−ray crystallography at 173 K. 
Thermal ellipsoids are shown at 50% probability for atoms in the first coordination 
sphere only.  For clarity, only one of the two ligands is shown, and hydrogen atoms are 
omitted. Bond lengths in Å; see Figure 3.26 (Appendix) for full structure. 

Table 3.1.  Selected bond lengths (Å ) and angles (°) for 2 and 3  
 2 3 
Cr···Cr 3.197(2) 2.1342(5) 
FSRa 1.36 0.91 
Cr−N 1.972(3), 

1.976(2) 
2.026(1), 
2.045(1) 

Cr−O 2.047(2) 2.239(1) 
Cr−P 2.581(1) 2.5568(5), 

2.5742(5) 
Cr−Cl 2.3184(9), 

2.4479(9) 
― 

N−Cr−N 
(°) 

99.3(1) 148.20(5) 

P−Cr−P 
(°) 

― 173.24(2) 

aFormal shortness ratio (FSR) is the ratio of the Cr···Cr distance to the sum of their 
single-bond radii.114 
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The molecular structure of 3 is shown in Figure 3.4. The molecule has 

approximate D2d symmetry, with two perpendicular C2 axes that bisect the Cr−Cr bond 

and cut between the paddlewheels (Fig. 3.4b). The chromium atoms are closely bonded to 

one another with an apical ether donor trans to the metal-metal bond. The N,O,N'-donors 

in the ligand backbone coordinate meridionally. Both ligand arms span across the metal-

metal bond, so that the phosphine donors of one ligand coordinate the other Cr center in a 

trans manner with P−Cr−P bond angles of 173.24(2)°. By contrast, the amide donors 

deviate from linearity, with an N−Cr−N angle of 148.20(5)°. 

 

Figure 3.4. Two views of the solid-state structure of [PNONPCr]2 3 (50% probability 
level). View a is perpendicular to the Cr−Cr bond axis, and view b looks down the bond 
axis. For clarity, only one of the two ligands is fully shown. Hydrogen atoms are omitted 
for clarity. Bond lengths in Å; see figure 3.27 (Appendix) for full structure. 

The Cr−Cr bond distance of 2.1324(4) Å has a formal shortness ratio (FSR) of 

0.91 (Table 3.1).102 Dichromium paddlewheels show a wide range of Cr−Cr bond 

distances (1.8 to 2.7 Å), but typically, < 2.0 Å is considered the safe limit for 
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quadruple bonds.102 Indeed, the Cr−Cr bond in 3 is longer than other dichromium 

paddlewheels with similar N- or P-donors. For example, the Cr-Cr bond lengths in 

Cr2(map)4, where map is 2-amino-6-methylpyridine, and in Li2Cr2(Me2PCH2)6 are 

1.870(3) and 1.950(2) Å, respectively.115,110 The long Cr−Cr bond in 3 is most likely 

attributed to the trans ether donors, as Cr−Cr bonds in paddlewheel geometries are well 

known to elongate in the presence of axial donors. Not surprisingly, the Cr−Cr bond in 3 

is quite close to the Cr2 paddlewheel, Cr2(N,N'-bis(2-methoxyphenyl)formamidinate)4 

(2.140(2) Å), wherein two of the tethered methoxy groups can coordinate the Cr center in 

the apical positions.116 The Cr···O distances in this paddlewheel are 2.4 and 2.6 Å, which 

are significantly longer than the Cr−O bond length of 2.237(1) Å in 3. The strong dative 

interactions in 3 likely disrupt quadruple bonding between the metal centers. Finally, the 

Cr−P bond lengths (2.5568(5) and 2.5742(5) Å) in 3 are considerably longer than those 

found in Li2Cr2(Me2PCH2)6 (2.395(1) Å), but is similar to those in 2, suggesting weak 

Cr−P interactions.  

3.3.3 NMR Spectroscopy and Magnetic Susceptibility  

 The 1H NMR spectrum of the ligand 1 in C6D6 displays 9 resonances (Figure 

3.20), which is one more than the 8 unique protons that were expected: 4 aryl protons, 1 

NH, 1 methylene, 1 methine, and 1 methyl group. The discrepancy arises from the 

presence of two methyl peaks, suggesting that the isopropyl groups are locked on the 

NMR timescale and consistent with a solution-state structure that has C2h symmetry. We 

speculate that intramolecular hydrogen bonds between the phosphine donors and the 

amine protons may restrict the movement and/or rotation of the P–C bonds. The 31P 

NMR spectrum of 1 consists of a single sharp peak at 2.4 ppm. 
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 The 1H NMR spectrum of 2 in C6D6 consists of 8 broad paramagnetically shifted 

resonances between 68 and −27 ppm, which corresponds to either two-fold or mirror 

symmetry of the ligand. Compared to the Ci symmetry of 2 in the solid state, the solution-

state structure has higher symmetry, suggesting that the bound and dangling phosphine 

donors are undergoing fast exchange relative to the NMR timescale. The fluxional 

process would also have to invert the two aryl rings in the ligand backbone. Deligation of 

the bound phosphine could allow the ligand backbone to twist in a turnstile manner, so 

that the aryl rings exchange, prior to coordination of the other phosphine.  

The 1H NMR spectrum of 3 in C6D6 consists of 8 sharp resonances, which is 

consistent with D2d symmetry in the solid-state and in solution. The methylene peak is 

notably shifted downfield to 2.19 ppm (compared to 1.60 ppm in 1), which is likely due 

to deshielding by the ring current of the Cr−Cr multiple bond (vide infra). To determine 

if the phosphine can dissociate in 3 as in 2 (both have similarly long Cr-P bond lengths), 

complex 3 was further investigated by variable temperature NMR spectroscopy. Over a 

wide temperature range from −80° to 80°C, the phosphorus peak shifts upfield from 24.2 

to 16 ppm and shows significant peak broadening with increasing temperature (Figure 

3.5). In this same temperature window, the changes in the 1H NMR spectra are minimal, 

with only slight broadening of peaks above 80°C (Figure 3.20). Similar 31P NMR 

observations (broadening and upfield shifting 31P peaks at elevated temperatures) have 

been made in a series of M2X4(PP)2 (M = Mo, W) complexes, the cause of which was 

thought to be observation of a singlet-triplet gap, though no magnetic measurements were 

reported for these complexes.111 
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Figure 3.5. Stacked 31P VT−NMR plot of 3 (toluene-d8, −80° to 100°C). At each 
temperature, the position and integration of the peak was determined against an internal 
reference of 85% H3PO4 at temperatures above 0°C and PPh3 in toluene at temperatures 
below 0°C.  

 Dichromium paddlewheels can exhibit weak paramagnetism at rt as a result of a 

small energy gap between the singlet and triplet states. The singlet-triplet energy gaps 

have even been estimated by analyzing 1H NMR shifts as a function of 
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temperature.117 To determine if the triplet excited state is thermally accessible for 3, the 

magnetic susceptibility was measured from 4 to 290 K (Figure 3.6).  

 

Figure 3.6. !T versus T plot of 3. Experimental data in open circles. Simulation is a solid 
line for S  = 0. The experimental data were corrected for underlying diamagnetism using 
tabulated Pascal’s constants (χdia < 0) as well as for temperature–independent 
paramagnetism (χTIP > 0). Specifically, the value of χTIP used was 180 x 10−6 emu for 3. 

At 290 K, a minute magnetic moment of 0.68 µB was measured, which could arise from a 

low-lying paramagnetic excited state. However, diamagnetic compounds can exhibit 

weak paramagnetism under an applied magnetic field; and indeed, the magnetic 

susceptibility plot of 3 was well modeled by using only a temperature-independent 

paramagnetism term (TIP = 180 x 10−6 emu). Moreover, in the case of 3, the 1H NMR 

peak shifts are invariant with temperature, discounting an energetically low-lying 

paramagnetic state. We hypothesize the 31P VT-NMR behavior in 3 is due to an 

equilibrium process involving fast Cr−P bond breakage and formation on the NMR 

timescale. The long Cr−P bond distance in the solid-state structure of 3 would be 

consistent with this hypothesis. At low temperature, the intact Cr−P bonds give rise to 
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a single, sharp phosphorus peak at 24.2 ppm. The broadening of the peak at higher 

temperature results from a mixture of states where each phosphine is ligated or deligated. 

As the free ligand resonates at 2.4 ppm, it is consistent that the phosphorus peak shifts 

upfield with increasing temperature. We attempted to test this hypothesis by adding 

8 equiv. PMe3	to	3	in C6D6. Although the	31P peaks for	3	and PMe3	do not shift, both 

peaks are significantly broadened, which does suggest interaction of PMe3	with	3	(Figure 

3.7). 

	

Figure 3.7. 31P NMR spectra of 3 plus eight equiv. of PMe3 at room temperature in C6D6. 
A small free ligand impurity is visible at 2.4 ppm. 
 
 Metal-metal multiple bonds are known to exhibit diamagnetic anisotropy (Δχ),118 

and indeed, the methylene resonances for 3 are notably shifted downfield. The 

diamagnetic anisotropy can be calculated using equation 1: 119 

∆!! =
1
3!!

Δχ 1− 3!"#! !
4!  

Equation 3.1. Equation for calculating, diamagnetic anisotropy, from NMR and x-ray 
structures 
 
where ∆!! is the difference in chemical shifts of the methylene protons in 3 (4.30 ppm) 
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versus a suitable reference, such as the deprotonated ligand Li2(PNONP) (3.46 ppm). The 

remaining variables were extracted from the solid-state structure, where r is the average 

distance and θ is the average acute angle of the protons relative to the center and axis of 

the metal-metal bond, respectively. Compared to other dichromium paddlewheel 

complexes (Table 3.2), the diamagnetic anisotropy of 3 is quite low. Notably, its Δχ is 

half the value reported for the tetraformamidinate dichromium complex, Cr2((p-

CH3C6H4N)2CH)4.120 The low diamagnetic anisotropy of 3 probably arises from the fewer 

number of Cr−Cr bonding electrons, which is consistent with its longer Cr−Cr bond 

length and lower than quadruple bond order. On the other hand, the diamagnetic 

anisotropies reported for a family of dichromium tetraformamidinates appear to depend 

more on the electronics of the aryl rings rather than Cr−Cr bond distances, which all fall 

within a tight range between 1.90 and 1.92 Å.121 In particular, the complex Cr2((3,5-

Cl2C6H3N)2CH)4, which contains electron-withdrawing substituents, has a similarly low 

Δχ as 3 despite having a significantly shorter Cr-Cr bond (1.916(1) Å). The small Δχ 

value of Cr2((3,5-Cl2C6H3N)2CH)4 could be rationalized by considering the effect of the 

aromatic ring current on the shift of backbone proton. For instance, the backbone proton 

could possibly be shielded by interacting with the π-system of the aryl rings, thus 

countering the deshielding effect of the metal-metal multiple bond. In the case of 3, the 

methylene protons are sufficiently removed from the aryl rings in the ligand backbone, so 

to eschew this alternative explanation.  
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Table 3.2. Diamagnetic anisotropy (Δχ) values for selected dichromium paddlewheels. 

Complex   Δχa Cr–Cr bond 
length (Å) Refs. 

3 −2536 2.1342(5) this work 
Cr2((p-CH3C6H4N)2CH)4 −5230 1.930(2) 120 
Cr2((p-ClC6H4N)2CH)4 −4313 1.907(1) 121 
Cr2((3,5-Cl2C6H3N)2CH)4 −2341 1.916(1) 121 
Cr2((m-CF3C6H4N)2CH)4 −3407 1.9018(8) 121 
Cr2((m-OCH3C6H4N)2CH)4 −4522 1.918(1) 121 
aUnits of 10-36 m3 molecule-1 

 

3.3.4 Cyclic Voltammetry and EPR Spectroscopy 

Complex 3 shows two reversible redox couples at E½ = −470 and −750 mV versus 

FeCp2
0/+ (Figure 3.8, bottom). The reversibility of these processes (Epa−Epc = 100 mV for 

both processes; ipa/ipc = 1.14, 1.00 for 30/+ and 3+/2+, respectively) suggests the complex 

may undergo two successive one-electron transfers with minimal structural 

rearrangement or decomposition (even for a slow scan rate of 10 mV/s, figure 3.25). In 

general, the redox processes of dichromium paddlewheels are irreversible, and attempts 

to chemically oxidize the Cr2
4+ core result in decomposition, presumably via rupture of 

the Cr−Cr bond.107 As mentioned above, the X-ray structure of a dinuclear Cr(III)Cr(III) 

complex, made from oxidizing Cr2(dpa)4 with 2 equiv. AgOTf, revealed a long Cr····Cr 

distance of 3.197(3) Å.109 To our knowledge, the only dichromium paddlewheel that 

displays any reversible redox processes is the tetraguanidinate complex, Cr2(DPPC)4. In 

3, the two redox couples are separated by 281 mV, which is small compared to the 1.08 V 

separation for Cr2(DPPC)4.107 The comproportionation constant (Kc) for 3 is 5.66×104, 

which is 14 magnitudes smaller than Cr2(DPPC)4 (Kc = 1.85×1018), meaning that the 

electronic delocalization in 3 is substantially less than in Cr2(DPPC)4. Nonetheless, 
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the Kc value for 3 is sufficiently large that isolation of the mixed-valent Cr(II)Cr(III) 

complex should be feasible.    

Unfortunately, attempts to isolate the monocation or dication by chemical 

oxidation have not yielded any well-characterized compounds to date. Addition of 1 and 

2 equiv. [FeCp2][BArF
4] did generate new species that were sufficiently stable in solution 

to allow for in situ characterization. For instance, CV scans were performed on an 

electrochemical solution of 3 after adding 1 and 2 equiv. ferrocenium (Fig. 3.8). As 

expected, each equivalent of oxidant shifted the open circuit potential in the positive 

direction. The general invariance of the redox potentials for the redox trio, 

[Cr2(PNONP)2]0/+1/+2, indicates that the dinuclear molecule remains intact upon both one-

electron oxidations.  

 

Figure 3.8. CV of [Cr2(PNONP)2]0/+1/+2 (3, 3+, and 32+) in a 0.4 M [nBu4]PF6 THF 
solution with a scan rate of 200 mV/s. Complexes 3+ and 32+ were generated in situ by 
adding [FeCp2][BArF

4]. Potentials were referenced to FeCp2
0/+. 

The oxidative processes could be metal and/or ligand centered. As mentioned 
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previously, reversible oxidation for dichromium paddlewheels is rare. To our knowledge, 

only one Cr2
5+ and no Cr2

6+ paddlewheel has been structurally characterized.107,108 Thus, 

we considered the possibility of ligand-based redox reactivity, where each PNONP2− 

ligand in the dimer is oxidized by one electron to the monoanionic radical state, 

PNONP•−. To investigate the redox non-innocence of the PNONP2− ligand, we performed 

CV on Li2(PNONP). No oxidative events were observed below 1 V versus FeCp2
0/+, 

suggesting that the ligand is redox innocent below 1 V (figure 3.24) In addition, 3+ was 

further characterized by X-band EPR spectroscopy (Figure 3.9).  

 
Figure 3.9. EPR of 3+ (solid line) collected at 4K, Dashed line is an isotropic simulation 
with g(x=y=z) = 1.98, W(x=y=z)  = 45 cm−1 

 
An isotropic S = ½ signal was observed at g = 1.98, which is typical for a chromium-

based spin, as a ligand-based spin would have g = 2.00. Higher frequency EPR 

experiments would be needed to definitively assign the metal-character of the spin, as 

these g-values are close to 2.0.108 Thus, we tentatively assign the redox processes as 

metal-based oxidations of the Cr2
4+ core to Cr2

5+ and Cr2
6+.    

 
3.3.5 Electronic Absorption Spectroscopy   

The electronic absorption spectra of 3, 3+, and 32+, are shown in Figure 3.11, 
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with the spectral data listed in Table 3.3. Complex 3 has multiple absorptions in the 

visible range. Of note, two of the spectral features for 3 show temperature dependence 

(Figure 3.10).  

 

Figure 3.10. UV-VIS of 3 (THF) in the temperature range of 0 to −80°C 

As the THF solution of 3 is cooled from 0°C to −80 °C, the shoulder at 500 nm decreases 

while the band at 619 nm increases in intensity. Thus, the yellow-green solution at rt 

turns more intensely green upon cooling. We hypothesize that the color change and the 

VT 31P NMR behavior are related, resulting from a fluxional process where the 

phosphine arms are labile. We expect the δ→δ* transition energy to be sensitive to the 

binding of phosphine donors, as the ligand field energies are directly affected by their 

interaction with the Cr2 unit. Hence, the band at 619 nm may be interpreted as the δ→δ* 

transition energy of the fully ligated dichromium paddlewheel. This transition energy for 

3 (16,155 cm−1) is low relative to other Cr2
4+ paddlewheel complexes (Table 3.3), which 

are typically yellow and have δ→δ* bands near 450 nm (~22,000 cm−1). The 
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comparison is unsettling because a small δ→δ* gap would imply an accessible triplet 

excited state, which would contradict the 1H VT NMR data and the magnetic 

susceptibility measurements. We thus propose an alternative explanation where, because 

of the longer Cr−Cr bond, δ-bonding becomes suppressed and the dxy orbitals are more 

localized giving a singlet diradical ground state, i.e. (Cr dxy)1(Cr' dxy)1. Thus, the low 

energy band may be more aptly described as an intermetal d-d charge transfer, e.g. (Cr 

dxy)1(Cr' dxy)1 → (Cr dxy)2(Cr' dxy)0.  

 

Figure 3.11.   In situ oxidation of 3 with [FeCp2][BArF
4] in THF at −80°C, to produce 3+, 

and 32+. The ferrocene byproduct (one and two equivalents, respectively) has a weak 
absorption at 440 nm, but its intensity (100 M-1 cm-1) is very low. 

The spectral changes between 3 and its oxidized congeners, 3+ and 32+, confirm 

the formation of new species upon in situ oxidation with [FeCp2][BArF
4] at −80 °C. The 

most notable change from 3 to 3+ is the appearance of an intense band at 464 nm (21,550 

cm−1), as the solution turns a red-brown color. This band shifts to lower energy (489 
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nm, 20,450 cm−1) in 32+. Because of the similarity of this band in both oxidized species, 

we speculate this is a π → δ transition, specifically π4δ1 → π3δ2 in 3+ and π4δ0 → π3δ1 in 

32+. The additional energy needed to overcome electron-electron repulsion in 3+ could 

account for its higher energy transition relative to 32+. 

Table 3.3 Visible electronic absorption data (λmax, nm; molar absorptivity in parenthesis, 
M−1 cm−1) for 3, 3+, and 32+ and selected dichromium paddlewheels. 
Complex λmax, nm (ε, L mol−1cm−1) Ref. 
3  428 sh (4590), 500 sh (1900),  619 (845), 

762 sh (110)  
this work 

3+ 464 (10000), 580 sh (2000), 899 (2780), 
1020(2690)  

this work 

32+ 489 (12700), 690 sh (2900), 1058 (2800) this work 
Li4[Cr2(CH3)8] 454 (700) 122 
Cr2(mhp)4

 a 448 (320) 123 
Cr2(DPPC)4 

a 454 (980) 107 
[Cr2(DPPC)4]PF6 

a 435 (2200), 580 (3200), 752 (6800) 107 
a mhp = deprotonated 2-hydroxy-6-methylpyridine; DPPC = [(PhN)2CN(CH2)4]− 
(guanidinate) 
 
3.3.6 Theory 

To gain insight into the electronic structure and bonding nature of 3, Kohn-Sham 

density functional theory (KS-DFT) and complete active space self-consistent field 

(CASSCF) studies were conducted (by Rebecca Carlson in the Gagliardi Lab). All the 

calculations were performed on the full molecule, using a geometry optimized structure 

of 3, where only the Cr-Cr bond distance was constrained to the experimental value. To 

address whether diamagnetic 3 is truly a closed-shell singlet or a singlet diradical, ground 

state energies were computed for both the restricted and unrestricted singlet. The singlet 

diradical state was found to be lower in energy, by ~36 kcal/mol. The Kohn-Sham 

molecular orbitals (MOs) of the singlet diradical ground state (Figure 3.12) are consistent 

with the electronic configuration, (π)2(π)2(σ)2(Cr dxy)1(Cr' dxy)1, where the chromium 
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atoms are formally triply bonded.  

 

 Figure 3.12. DFT Kohn-Sham MOs for singlet diradical 3. 

For the CASSCF calculations on 3, two active spaces were investigated (see 

Experimental Section 3.5.6), each containing 8 valence electrons in either ten 3d-orbitals 

(10 total orbitals) or in ten 3d-orbitals plus ten correlating 4d orbitals (20 total). Both 

calculations yielded similar results. The ground-state wave function is highly 

multiconfigurational, as the Hartree-Fock configuration, which is the dominant 

configuration, accounts for only 23% of the total wave function. The natural bonding 

orbitals that arise from the CASSCF calculations are shown in Figure 3.13. They are 

similar to the DFT Kohn-Sham MOs, but one key difference is that the dxy orbitals form 

linear combinations in the CASSCF formulation. The resultant MOs, however, show little 

to no overlap between the atomic orbitals, making them non-bonding, and they are best 

described as (Cr dxy + Cr' dxy) and (Cr dxy − Cr' dxy), rather than δ and δ*, respectively.  
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Figure 3.13. Natural bonding orbitals of 3 from CASSCF and their electron occupation 
numbers 

By considering the total ground-state wave function, the natural orbital 

occupation numbers are: (σ)1.66(π)1.53(π)1.53 (Cr dxy + Cr' dxy)1.12(Cr dxy − Cr' 

dxy)0.86(π*)0.46(π*)0.45(σ*)0.32. The partial occupation of anti-bonding orbitals decreases the 

effective metal-metal bond order to 1.9, which is consistent with the long Cr−Cr bond in 

3. Moreover, the absence of delta-bonding in 3 explains the atypical spectroscopic 

properties of 3 relative to other quadruply bonded dichromium paddlewheels in the 

literature.124 

3.3.7 Initial Reactivity Studies 

Preliminary reactivity studies were conducted to determine if the multiply bonded 

Cr2
4+ core of 3 could mediate redox reactions. Indeed, the pair of 2 and 3 was attractive 

for proton-to-H2 reduction, whereby the Cr(II)2 core in 3 reacts with two equiv HCl to 

generate H2 and in turn becomes oxidized to 2 (Cr(III)2Cl2). Alas, none of these 



	

100	

anticipated products were observed, and instead, HCl merely protonates the ligand to 

form H2(PNONP). We also investigated whether 2 could be photolyzed to release Cl• (or 

Cl2) to generate 3, but that was also unsuccessful.   

Under a CO2 atmosphere, 3 reacts cleanly to generate a product that by ESI-MS is 

consistent with a 4:1 ratio of CO2 to 3 (Figure 3.30). With 13CO2, the m/z of the parent 

peak increases by 4. 13C NMR studies (Figure 3.28, 3.29) suggest that the product of this 

reaction is a chromium paddlewheel complex with bridging carbamate ligands, which are 

formed by insertion of the anionic amide ligand groups into CO2. Indeed, the NMR 

spectrum of the product of this reaction can be independently reproduced by reacting the 

deprotonated ligand with CO2 followed by reaction with CrCl2. 

3.4 Conclusions 

Dinuclear chromium complexes self-assemble in the metallation reactions of the 

mixed phosphine-amide-ether donor ligand, PNONP2−, with either Cr(II) or Cr(III) 

chloride reagents. In the case of Cr(II), the Cr2
4+ paddlewheel complex, Cr2(PNONP)2 

(3), was generated that contains a formal triple Cr≡Cr bond.  The computed electronic 

structure supports this bonding description, and reveals that two d-electrons are non-

bonding and are localized at the individual chromium sites. The electronic structure is 

consistent with the relatively long Cr-Cr bond length (> 2.0 Å), which would preclude 

delta-bonding, and thus, rationalizes the unusually rich electronic absorption spectra of 3 

relative to other quadruply bonded Cr2
4+ species. In addition, Cr2(PNONP)2 shows two 

intriguing redox couples that are reversible on the CV timescale. We propose that the 

oxidized members are the mixed-valent Cr2
5+ and the Cr2

6+ species, but further 
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characterization will be needed to definitively assign their oxidation states.  

3.5 Experimental Section 

3.5.1 General Procedures 

All manipulations were performed under a dinitrogen atmosphere inside a glovebox. 

Standard solvents were deoxygenated by sparging with N2 and dried by passing them 

through activated alumina columns of an SG Water solvent purification system. Bis(2-

amino-phenyl)ether and [FeCp2][BArF
4] were prepared according to literature methods.125  

126Deuterated solvents were purchased from Cambridge Isotope Laboratories, dried over 

calcium hydride and distilled, degassed via freeze−pump− thaw cycles, and stored over 

activated 4 Å molecular sieves. All reagents were purchased from Aldrich or Strem and 

used without further purification. Elemental analyses were performed by Complete 

Analysis Laboratories (Parsippany, NJ) and Robertson Microlit Laboratories 

(Ledgewood, NJ). 1H NMR spectra were recorded on a Bruker 500 MHz, or a Varian 300 

or 500 MHz spectrometer at rt unless otherwise stated.  All 1H and 13C NMR spectra are 

referenced to the internal solvent residual. Variable temperature NMR experiments were 

performed on a Varian 300 MHz spectrometer. The temperature of the NMR probe was 

calibrated against an external methanol standard. UV−vis−NIR spectra were collected on 

a HP8453 (190−1000 nm) diode array spectrophotometer. Low temperature 

UV−vis−NIR experiments were performed using an Unisoku low temperature UV−vis 

cell holder. Cyclic voltammetry was conducted using a CH Instruments 600 

electrochemical analyzer. The one−cell setup utilized a glassy carbon working electrode, 

Pt wire counter electrode, and Ag/AgNO3 reference electrode in CH3CN. Analyte 
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solutions were prepared in a THF solution of 0.4 M [nBu4N][PF6] and referenced 

internally to the FeCp2
0/+ redox couple. Perpendicular-mode X-band EPR spectra were 

recorded at 20 K with a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 

liquid helium cryostat and an Oxford temperature controller. X-band EPR spectra were 

simulated by using EPR program (version W95) written by Professor Frank Neese 

(MPI−CEC, Mülheim, Germany). Magnetic susceptibility data were measured from 

powder samples of solid material over the temperature range 2-290 K using a SQUID 

susceptometer with a field of 1.0 T (MPMS-7, Quantum Design, calibrated with a 

standard palladium reference sample, error <2%). The experimental data were corrected 

for underlying diamagnetism using tabulated Pascal’s constants (χdia < 0) as well as for 

temperature –independent paramagnetism (χTIP > 0). Specifically, the value of χTIP used 

for 3 was 180 x 10−6 emu. 

3.5.2 Preparation of bis[2-(diispropylphosphino-methylamino)phenyl]ether, H2PNONP 

(1)  

A mixture of paraformaldehyde (0.512 g, 16.9 mmol), iPr2PH (2.00 g, 16.9 mmol) and 15 

mL n-hexane were stirred at 55°C for 3 h. The solvent was removed in vacuo and to the 

resulting oil was added 15 mL THF and bis(2-amino-phenyl)ether (1.74 g, 8.67 mmol). 

This reaction mixture was stirred for 12 h at 65° C, and then the solvent was removed in 

vacuo. The crude product was dissolved in 20 mL pentane, filtered, and added to the top 

of a short silica plug. The plug was washed with 60 mL hexane, and the product eluted 

with 60 mL of a 9:1 hexane/THF mixture. Evaporation of the eluent in vacuo yielded a 

colorless oil (3.12 g, 6.77 mmol, 78% yield). 1H NMR (500 MHz, C6D6) ∂ 7.03 (t, 
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J=11 Hz, 2H), 6.84 (d, J=13 Hz, 2H), 6.77 (d, J=13 Hz, 2H), 6.57 (t, J=11 Hz, 2H), 4.45 

(br, 2H, NH), 3.13 (d, J=8.5 Hz, 4H), 1.60 (septet of d, J=3 & 7 Hz, 4H), 1.00 (d, J=7 Hz, 

6H), 0.97 (d, J=7 Hz, 6H), 0.96 (d, J=7, 6H), 0.94 (d, J=7 Hz, 6H); 31P (282 MHz, C6D6) 

∂ 2.4; 13C NMR (125 MHz, C6D6)  ∂ 143.5, 140.3, 124.4, 117.5, 116.7, 111.3, 37.8 (d, 

J=18 Hz), 22.6 (d, J=14 Hz), 20.1, 20.0, 18.9, 18.8. ESI-MS-TOF m/z: [M + Na]+ calcd 

for C26H42N2OP2Na 483.2665; found, 483.2718.                         

3.5.3 Preparation of [Cr(µ-Cl)(PNONP)]2 (2)  

To a frozen Et2O solution of 1 (92.0 mg, 0.200 mmol), nBuLi (2.50M in hexanes, 0.160 

mL, 0.400 mmol) was added dropwise. The stirring reaction was allowed to warm to rt 

immediately and was stirred for an additional 2 h. After removing the solvent in vacuo, 

the crude residue was dissolved in 10 mL THF and added to a stirring THF slurry of 

CrCl3(THF)3 (75.0 mg, 0.200 mmol) at −50°C. Upon warming to rt and stirring overnight 

the solvent was removed in vacuo. The crude was washed with 10 ml pentane, dissolved 

in 15 mL benzene, and filtered through a pipette containing a plug of glass filter paper. 

The filtrate was reduced in vacuo to yield a salmon-colored solid (53.8 mg, 0.107 mmol, 

55% yield). 1H NMR (500 MHz, C6D6) ∂ 68, 20, 16.7, 1.9, −4.7, −8.4, −17.9, −26.6.  

UV−vis−NIR (THF) λmax, nm (ε, M−1 cm−1): 430 (1,100); 680 sh (150); 850 sh (80). 

Anal. Calcd for 2, C52H80N4O2P4Cr2Cl2: C 57.19, H 7.38, N 5.13. Found: C 56.07, H 

7.09, N 4.89.  

3.5.4 Preparation of [Cr(PNONP)]2 (3)  

To a frozen Et2O solution of 1 (230 mg, 0.50 mmol), nBuLi (2.50M in hexanes, 0.400 

mL) was added dropwise. The stirring reaction was allowed to warm to rt immediately 



	

104	

and was stirred for an additional 2 h. After removing the solvent in vacuo, the crude 

residue was dissolved in 10 mL THF and added to a stirring THF slurry of CrCl2 (61.5 

mg, 0.500 mmol) at −50°C. Upon warming to rt and stirring overnight the solvent was 

removed in vacuo. The resulting solid was washed with 20 mL pentane, dissolved in 15 

mL benzene, filtered and dried in vacuo to yield a bronze-colored crystalline solid (107 

mg, 0.105 mmol, 62% yield). 1H NMR (500 MHz, C6D6) ∂ 7.43 (d, J=8 Hz, 2H), 7.07 (t, 

J=8 Hz, 2H), 6.65 (d, J=8 Hz, 2H), 6.36 (t, J=8 Hz, 2H), 4.28 (s, 4H), 2.19 (septet, J=7 

Hz), 1.05 (d, J=6 Hz, 12H), 0.77 (d, J=5 Hz, 12H). 31P(282 MHz, C6D6) ∂ 19.8; 13C 

NMR (125 MHz, C6D6) ∂ 151.6, 144.6, 124.2, 113.2, 111.5 109.6, 54.4, 26.4, 20.2, 20.0. 

UV−vis−NIR (THF) λmax, nm (ε, M−1 cm−1): 290 (37,000); 331 (41600); 428 sh (4590); 

500 sh (1900); 619 (845); 762 sh (110). Anal. Calcd for 3, C52H80N4O2P4Cr2: C 61.16, H 

7.90, N 5.49. Found: C 61.02, H 8.01, N 5.46.   

3.5.5 Structural determinations 

Single crystals of 2 were grown from the diffusion of ether into a concentrated THF 

solution. Single crystals of 3 were grown from pentane layered on a concentrated THF 

solution. A red block of 2 (0.40 × 0.40 × 0.40 mm) and a brown block of 3 (0.20 × 0.20 × 

0.20 mm) were placed on the tip of a glass capillary and mounted on a Bruker APEX II 

Platform CCD diffractometer for data collection at 173(2) K. The data collection was 

carried out using Mo Kα radiation (graphite monochromator). The data intensities were 

corrected for absorption and decay (SADABS).127 Final cell constants were obtained 

from least-squares fits of all measured reflections. The structures were solved using 

SHELXS-97 and refined using SHELXL-97.128,129 In each case, a direct-methods solution 

was calculated that provided most of the non-hydrogen atoms from the E-map. Full-
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matrix least-squares/ difference Fourier cycles were performed to locate the remaining 

non-hydrogen atoms. All of the non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms were placed in ideal positions and refined as 

riding atoms with relative isotropic displacement parameters. Crystallographic data are 

summarized in Table 3.4. 

Table 3.4.  Crystallographic data for 2 and 3 

 2 3 
empirical formula  C26H40ClCrN2OP2 C26H40CrN2OP2 
formula weight  545.99 510.54 
temperature  173(2) K 173(2) K 
wavelength  0.71073 Å 0.71073 Å 
crystal system  trigonal monoclinic 
space group  R-3 C2/c 
a (Å) 21.6460(14) 21.9632(13) 
b (Å)  21.6460(14) 10.9312(7) 
c (Å) 37.995(3) 22.4127(14) 
α (°) 90 90 
β (°) 90 109.9460(10) 
γ (°) 120 90 
V(Å3) 15417(2) 5058.2(5)  
Z 9 8 
Dcalcd (g cm-3) 1.059 1.341  
θ range (°) 1.882 to 25.052 1.93 to 27.45 
reflections collected 47661 28127 
independent reflections 6084 [R(int) = 0.0228] 5762 [R(int) = 0.0224] 
data / restraints / parameters 6084/ 25 / 317 5762 / 0 / 297 
goodness-of-fit on F2 1.132 1.046 
R1, wR2 (I > 2σ(I))                                          0.0499, 0.1543 0.0273, 0.0746 
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3.5.6 Computational Methods 

Single point energies of 3 were calculated on the full molecule using the solid-state 

structure determined by X-ray diffraction. Density functional theory (DFT) calculations 

were performed using the Perdew−Burke−Ernzerhof (PBE) exchange-correlation 

functional and its hybrid, PBE0, as implemented in the TURBOMOLE 6.4 package.130-133 

No symmetry constraints were used. For C and H atoms, the double-ζ quality basis sets 

def-SV(P) was used. The triple-ζ quality basis set def-TZVP was employed for N, O, P, 

and Cr.134  

In addition to DFT calculations, the electronic structure was further investigated using 

complete active space self-consistent field (CASSCF) calculations on the experimental 

structure using the Molcas 7.8 package.10,135-137 The relativistic all-electron ANO-RCC 

basis sets were used for all elements.138,139 In all of these calculations, the ANO-RCC-

VDZP basis set was used for N, O, P, and Cr, and the ANO-RCC-MB basis set was used 

for C and H atoms.138,139 The following contractions were used: [5s4p2d1f] for metals, 

[4s3p1d] for P, [3s2p1d] for N and O, [2s1p] for C, and [1s] for H. Additionally, the 

Cholesky decomposition technique was used combined with local exchange screening to 

reduce the computational costs involved in generating the two-electron integrals.140-142  

The chosen active spaces used for 3 consisted of eight valence 3d-electrons in ten 3d-

orbitals plus the empty correlating 4d-shell, ranging from zero (8,10) to ten 4d-orbitals 

(8,20). The natural orbital occupation numbers were used for the evaluations of the 

effective bond order (EBO), which was calculated as the difference between the total 

occupancies of the bonding and antibonding molecular orbitals of the metal–metal bond 

divided by 2.143,144 
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4.1 Overview 
 

We designed and synthesized four mixed amide-phosphine ligands: 

H3(PNNNPPh), H3(PNNNPiPr), H2(PNONPiPr), and H(NP). These ligands were designed 

to stabilize metal-metal bonds with multiple open coordination sites so as to engender 

increased modes of reactivity. The first ligand synthesized, H3(PNNNPPh), was found to 

be unstable to deprotonation. The ligand (PNNNPiPr)3− was metallated with CrCl3(THF)3 

to produce the CrIII dimer [PNNNPiPrCr]2 (1). Complex 1 was studied by X-ray 

crystallography, cyclic voltammetry, and SQUID magnetometry. The ligand 

(PNONPiPr)2− can be metallated with CrIII and CrII to produce [Cr(µ-Cl)(PNONPiPr)]2 (2) 

and [Cr(PNONPiPr)]2 (3), respectively. H2(PNONPiPr) can be used as a neutral ligand to 

bind FeCl2, CoCl2, and NiCl2 to produce H2(PNONPiPr)FeCl2 (4), H2(PNONPiPr)CoCl2 

(5), and [H2(PNONP)NiCl2]2 (6), respectively. Compounds 4-6 were studied by X-ray 

crystallography, 1H NMR, UV-Vis, and cyclic voltammetry. Using three equivalents of 

the ligand (NP)−, the octahedral CrIII and MoIII complexes (NP)3Cr (7) and (NP)3Mo (8) 

were synthesized and characterized by NMR, and X-ray crystallography.  
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4.2 Introduction 
  
 The Lu lab has been successful in creating tripodal ligand systems capable of 

selectively supporting heterobimetallic complexes with short metal-metal interactions.14 

The success of these ligands has been due in large part to their ability to be metallated in 

a stepwise manner where a metal first is inserted into a tris(amido)amine pocket followed 

by the insertion of a second metal into either three phosphine or pyridine arms. These 

heptadentate ligand systems provide great control in the synthesis of novel bimetallic 

complexes. What the ligands provide in control, however, they limit in potential modes of 

reactivity for the synthesized bimetallic complexes. The most widely used system (Figure 

4.1a) has been used to synthesize over 20 MM pairs, while the second system (Figure 

4.1b) has been used to synthesize over 10 MM pairs.  

 

 
Figure 4.1. Previously developed systems in the Lu Lab: (a) N4P3, (b) Py3tren. Open 
coordination sties are highlighted with blue circles. 
 
The blue circles in Figure 4.1 highlight potential coordination sites available for 

reactivity in these systems. System (a) is limited to only one open coordination site that 

has been utilized for N2 and H2 binding and reactivity. System (b) is less sterically 

demanding than (a) and is capable of accommodating up to three exogenous ligands, 

though in most structural studies it adopts a trigonal geometry that limits the system to a 

single open coordination site. Both systems prominently feature an open 
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coordination site trans to the MM bond; thus, this site cannot benefit from bimetallic 

cooperative effects for enhanced reactivity profiles.33,58,60 

 A new bipodal ligand was designed (Figure 4.2) to allow for more possible 

reactivity pathways than the previously employed systems. We hypothesized that 

removing an amide and phosphine from the N4P3 ligand (Figure 4.1a) would still allow 

for controlled bimetallic synthesis while opening up more sites for reactivity. Figure 4.2 

depicts some of the ways in which bimetallic complexes with this ligand were 

hypothesized to be capable of mediating an oxidative addition. The ligand could bind the 

metals in an equatorial (1a – 3a) or facial (1b – 3b) geometry. The reduced fragments 

could be distributed to each metal equally (1a, 1b), they could bridge the two metals (2a, 

2b), or they could both bind to one metal (3a, 3b). This ligand could not only allow for 

different modes of binding a single substrate, but could also function to get multiple 

substrates in close proximity, facilitating reactivity between them. 

 
Figure 4.2. Proposed oxidative addition pathways for a bimetallic complex 
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Four ligands were synthesized during the course of this study (Figure 4.3) 

beginning with the ligands H3(PNNNPPh) and H3(PNNNPIPr). These ligands were 

envisioned to bind metals in two pockets: one trianionic tris-amide binding site and one 

trans-diphosphine site. Later studies replaced the central NH group with an ether linkage, 

H2(PNONPIPr). In the final study a one-arm ligand, PhNHCH2P(iPr)2, was employed. 

 
Figure 4.3. Ligands synthesized for this study 
 
 
4.3 Results and Discussion 
 
4.3.1 Synthesis and NMR Spectroscopy of H3(PNNNPPh) and H3(PNNNPiPr) 
 

The first ligand, H3(PNNNPPh), was synthesized with diphenyl phosphine and 

bis(2-aminophenyl)amine (see experimental). The ligand was made cleanly following a 

similar synthetic scheme as the tripodal system N4P3 and characterized using 1H NMR 

and 31P NMR spectroscopy (Figure 4.4). One phosphorus resonance was observed at -

18.4 ppm. The phenyl groups appear to be equivalent on the 1H NMR timescale. They are 

split into two multiplets, one that corresponds to the hydrogen atoms on the β-carbons (8 

H, 7.3 ppm) and that corresponds to the hydrogen atoms on the γ- and δ-carbons (12H, 

7.1 ppm). These NMR spectra suggest 2-fold symmetry of the ligand.  

O

NH

NH
P

P

H2(PNONPiPr)

NH

NH

NH
P

P

NH

NH

NH
P

P

H3(PNNNPiPr)H3(PNNNPPh)

N
H

P

PhNHCH2P(iPr)2



	

112	

Figure 4.4. 1H NMR spectrum with inlaid 31P NMR spectrum of H3(PNNNPPh) (C6D6, 
300 mHz)  
 
Initial metallations with this ligand employing the bases nBuLi, lithium diisopropylamide 

(LDA), and potassium benzyl led to decomposition of the ligand. To confirm this, we 

added two equivalents of nBuLi to H3(PNNNPPh) followed by one drop of H2O. An 1H 

NMR spectrum showed a mess of products, and no regenerated H3(PNNNPPh) was 

observed. Initially unknown to us, a study of the stability R-NH-CH2-PR´2 compounds 

upon amine deprotonation was published in 2010.145  

 
Figure 4.5. Proposed decomposition pathway of H3(PNNNPPh) 
 
In short, they found that decompositions analogous to the reaction in Figure 4.5 are 
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favorable unless R = aryl and R´ = alkyl. An electron-withdrawing group on the amide 

stabilizes an anionic amide, while an electron donating alkyl group on the phosphine 

disfavors negative charge buildup to form a phosphide. Using this knowledge we 

designed the new ligand H3(PNNNPiPr). 

 H3(PNNNPiPr) was synthesized analogously to H3(PNNNPPh) after substituting 

diphenylphosphine with diisopropylphosphine. One phosphorus resonance was observed 

at 3.7 ppm (Figure 4.6). 1H NMR multiplets at 1.6 and 1.0 ppm correspond to the methine 

and methyl groups, respectively, of the isopropyl substituent. This suggests that the 

isopropyl substituents are equivalent on the NMR timescale. Two amine peaks, 

integrating in a 1 to 2 ratio, are observed at 4.45 and 3.9 ppm. The methylene peak is 

observed at 3.1 ppm and the presence of four aryl peaks suggests 2-fold symmetry of the 

ligand. 

 
Figure 4.6. 1H NMR spectrum with inlaid 31P NMR spectrum for PNNNPiPr. A benzene 
solvent peak is visible at 7.16 ppm along with minor impurities in the baseline 
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4.3.2 Metallations of H3(PNNNPiPr) 

After deprotonation of H3(PNNNPiPr) with three equivalents of nBuLi, 

metallations with CoCl2(THF)1.5 were inconsistent, but sometimes produced relatively 

clean 1H NMR spectra (Figure 4.29, Appendix). No 31P NMR signals were observed. 

Crystals isolated from this reaction mixture showed an unexpected result (Figure 4.7). 

Although only one equivalent of CoCl2(THF)1.5 was used, a dicobalt complex was 

isolated. This complex contained an intact ligand and a bridging µ2-diisopropylphosphide 

group, which was likely derived from ligand decomposition.  

 
Figure 4.7. Bond connectivity crystal structure of a dicobalt product from the reaction of 
deprotonated H3(PNNNPiPr) and CoCl2(THF)1.5.  
 
The crystal structure displayed severe disorder and was not solved to convergence. 

Despite this, the structure indicates that the two cobalt centers (likely both CoII) bind 

within the ligand framework—one bound to the amides and the other bound to the 

phosphine arms. Although this was not the desired product, it showed that two metals 

could fit nicely into this ligand. Metallation attempts with one equivalent of CoBr2, 

Ti(NMe2)4, ZnCl2, ScCl3, ZrCl4, AlCl3, or multiple equivalents of CoCl2(THF)1.5 
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gave messy 1H NMR spectra and intractable product mixtures. Only one well 

characterized complex using this ligand was isolated, the [CrPNNNPiPr]2 dimer. 

 
4.3.3 Synthesis and Characterization of [CrPNNNPiPr]2 
 
 Deprotonation of H3(PNNNPIPr) in frozen diethyl ether with three equivalents of 

nBuLi followed by metallation with CrCl3(THF)3 in frozen THF produced the 

[CrPNNNPIPr]2 dimer, 1 (Figure 4.8). 

 
Figure 4.8. Synthesis of 1 
 

The 1H NMR spectrum of 1 displays 10 peaks between 16 and 5 ppm 

corresponding to an asymmetric environment of the aryl and CH2 groups. The methyl and 

methine regions are also split into at least 6 peaks at room temperature.  Upon cooling of 

the NMR sample from 300 K to 217 K the aryl and methylene peaks shift into positions 

more typical for a diamagnetic sample (Figure 4.9). The preliminary assignment of the 8 

aryl peaks and 2 methylene peaks are denoted by red and blue asterisks, respectively. 
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Figure 4.9. VT 1H NMR spectra overlay of 1 (500 mHz, C6D6) 
 
The shifting of these peaks to the diamagnetic region likely suggests that the dimer is 

more paramagnetic at room temperature than at lower temperatures.  

 A frozen THF solution of 1 is EPR silent (perpendicular mode) at 4 K. This 

indicates that the CrIII centers in the dimer are electronically coupled to create an even 

spin or diamagnetic compound. This also means that the system cannot be described as 

two non-interacting chromium centers, or free monomers in solution. A SQUID 

measurement of 1 (Figure 4.10) is best described as two weakly antiferromagnetically 

coupled Cr S = 3/2 centers, with a diamagnetic ground state. 
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Figure 4.10. Temperature dependence of the magnetic susceptibility of 1 plotted as µeff 
versus T (2 to 290 K, 1 T). 

 
Figure 4.11. Diagram and solid-state structure of 1 with 50% thermal ellipsoids.  
Hydrogen atoms are omitted for clarity.  
 
 The solid-state structure of 1 (Figure 4.11) is a dimer of the composition 

[CrPNNNPiPr]2. Each monomer features a CrIII ion bound by three anionic amide donors 

as well as one phosphine donor from one ligand (Figure 4.12a). A dimer is formed 

through a Cr2(µ2-amide)2 diamond core interaction (Figure 4.12b). 
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a	 b  
Figure 4.12. Solid-state structure of 1, full monomer (a), and simplified diamond core (b) 
with 50% thermal ellipsoids, hydrogen atoms (a and b), isopropyl groups (b) and 
nonbonding phosphines (b) omitted for clarity 
 
Table 4.1.  Selected bond lengths (Å) for [Cr(µ-Cl)(PNONP)]2, [Cr(PNONP)]2, and 
[PNNNPIPrCr]2 
 [PNNNPiPrCr]2, 1 [Cr(µ-Cl)(PNONPiPr)]2, 2 [Cr(PNONPiPr)]2, 3 
Cr···Cr 2.6288(2) 3.197(2) 2.1342(5) 
FSRa 1.12 1.36 0.91 
Cr−N 1.9416(2), 2.0147(2)c, 

2.0155(2)d  
1.972(3), 1.976(2) 2.026(1), 2.045(1) 

Cr−(O/N)b 1.9426(2) 2.047(2) 2.239(1) 
Cr−P 2.4942(2) 2.581(1) 2.5568(5), 2.5742(5) 
aFormal shortness ratio (FSR) is the ratio of the Cr···Cr distance to the sum of their 
single-bond radii.114 bCentral donor of ligand (O for (PNONP), N for (PNNNP). c amide 
on arm with a Cr-P interaction. d Cr(µ2-N) interaction 

The structure of 1 is comparable with the two previously discussed (chapter 3) chromium 

dimers (Table 4.1). The average Cr-amide bond lengths of the two CrIII dimers, 1 and 2, 

are similar at 1.99 Å and 1.96 Å, respectively. As would be expected, these interactions 

are shorter than the average Cr-N distance in the CrII complex 3, at 2.04 Å. The Cr-Cr 

interaction in 1 is significantly shorter (2.6288(2) Å, FSR = 1.12) than in 2 (3.197(2), 

FSR = 1.36). The Cr center in 1 forms only five metal-ligand bonds. The formation of a 

Cr-Cr single bond completes its coordination sphere. In comparison, complex 2 forms six 

metal-ligand bonds, obviating the need for a metal-metal interaction. The Cr-P interaction 
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in 1 is the shortest of the series by 0.05 Å, likely reflecting the increased attraction of a Cr 

center in an unsaturated coordination environment.  

 The CV of 1 (Figure 4.13) shows two irreversible reductions at Ec = −2.4 and 

−2.8 V vs. Fc/Fc+, with a dependent oxidation at Ea = −1.9 V. These redox events likely 

represent single irreversible one-electron reductions, one at each CrIII center. The two 

CrIII/II reductions present in 1 occur at significantly more negative potentials than the 

CrII/III oxidations present in 3. This reflects the increased difficulty of reducing a complex 

with a more negatively charged ligand, PNNNP3− vs. PNONP2−. Attempts to synthesize 

chemically reduced species of 1 did not produce any isolable products. 

 
Figure 4.13. Stacked cyclic voltammograms of [PNNNPiPrCr]2 (1) solid line, 
[PNONPiPrCrCl]2 (2) dashed line, and [PNONPiPrCr]2 (3) dotted line in THF (50 mV/s; 
0.1M [nBu4N]PF6). Initial scan directions denoted by blue arrows. 
 
 
4.3.4 Perspectives on the Synthesis CrM Heterometallic Complexes 
 

The three chromium dimers 1-3 were all accidentally synthesized in attempts to 

create monometallic precursors for Cr-M bimetallic complexes (Figure 4.2). No 

promising reactivity of 1-3 was observed with additional metal salts (NiX2, CoX2, 
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CrX3, FeX2) in the presence or absence of 1-2 reducing equivalents, or additional ligands 

in the form of THF, pyridine, or acetonitrile. This reflects the low lability of the Cr-ligand 

bonds and the inertness of the chromium dimer complexes. These studies highlight the 

delicate balance that is necessary to synthesize monometallic precursors for bimetallic 

complexes. The ligand environment must fill the coordination sphere of chromium 

without the need for dimerization, yet still be reactive enough so as to be able to insert a 

second metal in close proximity.  

 
Figure 4.14. Solid state structure of the N4P3Cr monometallic complex146 shown with 
50% thermal ellipsoids, hydrogen atoms omitted for clarity. N = blue, P = orange, Cr = 
pink 
 
The N4P3Cr complex (Figure 4.14) features a pseudo-octahedral CrIII center with long Cr-

P bonds of 2.5601(6), 2.6170(6), and 2.7373(7) Å. This ligand hits a sweet spot that is 

capable of stabilizing a CrIII monometallic, yet strained enough that the Cr-P linkages are 

easily interrupted in favor of a new Cr-M bond and M-P bonds upon a second 

metallation.  

We met little success in forming heterobimetallics by first metallating the 
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amide pocket of two different two-arm ligands, H3(PNNNPiPr) and H2(PNONPiPr). 

Following this, we turned our focus to forming monometallic complexes bound to the 

phosphine functionalities as potential bimetallic precursors. 

 
4.3.5 Synthesis and Characterization of H2(PNONPiPr)MCl2 (M = Fe, Co, Ni) 
Complexes  
 
 In a reversed bimetallic synthesis strategy we synthesized three phosphine-bound 

monometallic complexes: H2(PNONPiPr)CoCl2 (4), H2(PNONPiPr)FeCl2 (5), and 

[H2(PNONPiPr)NiCl2]2 (6). All three were synthesized by simply combining the metal 

dichloride with H2(PNONPiPr) in THF and heating overnight. The 1H NMR spectra of 4 

and 5 are shown in Figures 4.15-4.16.  

 
Figure 4.15. 1H NMR spectra (C6D6, 300 MHz) of H2(PNONPiPr)CoCl2 (4). Residual 
THF is visible at 3.5 and 1.5 ppm 
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Figure 4.16. 1H NMR spectrum (C6D6, 300 MHz) of H2(PNONPiPr)FeCl2 (5) 
  
Both 4 and 5 exhibit ten broad, paramagnetic peaks in their 1H NMR spectra. Assuming 

C2v symmetry, eight resonances would be expected. The two additional resonances likely 

reflect asymmetry of the isopropyl arms adjacent to the P-M interactions.  
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Figure 4.17. 1H NMR spectrum (C6D6, 300 MHz) with inlaid 31P NMR (121 MHz) 
spectrum of 6. A benzene solvent peak (7.16 ppm), THF (3.5 ppm), diethyl ether (3.25 
ppm), and free ligand (1.0 ppm) impurities are visible in the spectrum. 
 
The 1H NMR spectrum of 6 features 9 proton resonances in the diamagnetic region 

(Figure 4.17). These 9 peaks correspond to 4 aryl, 1 N-H, 1 methylene, 1 methine, and 2 

methyl peaks. This indicates two-fold symmetry of the ligand where all four methine 

protons are in chemically identical environments, but the four methyl groups occupy two 

distinct environments. From 1H NMR there is no evidence that 6 is dimeric or monomeric 

in solution. 6 exhibits one broad 31P resonance at 21.5 ppm which is shifted downfield 

relative to the free ligand (2.98 ppm). The broadness of the 31P signal could correspond to 

a fluxional conversion between monomeric and dimeric species in solution. These 

observations are in line with a phosphine bound diamagnetic square planar NiII complex, 

where the methyl groups are pointing toward or away from the ligand backbone. 

 Solid-state structures of 4-6 reveal that 4 and 5 are phosphine bound 
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tetrahedral complexes of the general formula H2(PNONPiPr)MCl2 (M = Fe, Co) (Figure 

4.18, Table 4.2). 6 is dimeric in the solid state (Figure 4.19) with two square planar NiCl2 

units bound to one phosphine from each of two H2(PNONPiPr) ligands.  

a. b.  
 

Figure 4.18. Solid-state structures of 4 (a) and 5 (b) shown with 50% thermal ellipsoids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19. Solid-state structure of 6 shown with 50% thermal ellipsoids. 
 
Compounds 4 and 5 both feature a roughly tetrahedral metal center, with P-M-P bite 

angles of 122.6˚, and 126.8˚, respectively. The Ni atom in 6 features a roughly square 

planar geometry, with a P-M-P bite angle of 169.88(6)˚.  
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Table 4.2.  Selected bond lengths (Å) and angles (°) of complexes 4-6 

 H2(PNONPiPr)FeCl2, 4 H2(PNONPiPr)CoCl2, 5 [H2(PNONPiPr)NiCl2]2, 6 
M-Cl 2.2444(6), 2.2689(5) 2.2325(7), 2.2562(7) 2.156(2), 2.176(2) 
M-P 2.4855(5), 2.4919(5) 2.4076(7), 2.4156(7) 2.254(2), 2.255(2) 
Cl-M-Cl 127.20(2) 120.48(3) 174.65(8) 
P-M-P 122.58(2) 126.75(2) 169.88(6) 

 
Complexes 4-6 were analyzed by UV-Visible spectroscopy. The color of the THF 

solutions and their UV-Vis spectra can be seen in Figures 4.20-4.22. 

 
Figure 4.20. THF solutions of 6 (0.3 mM, left), 5 (3.0 mM, middle), and 4 (52 mM, 
right)  

 

The three compounds 4-6 as well as the free ligand feature intense absorptions in the UV 

region around 244 nm, and 295 nm (Figure 4.21). These features are assigned as π à π* 

ligand-to-ligand charge transfers. The increased intensity for 6 is due to its dimeric 

nature. At λmax= 378 nm, ε ≈ 17000 M−1cm−1, 6 exhibits another charge transfer band that 

is not observed in the ligand or 4 and 5. This feature is similar to the intense CT observed 

in the trans-spanning diphosphine NiCl2 complex (iPrDPDBFphos)NiCl2, λmax= 377 nm, ε 

= 9,500 L mol−1cm−1), which was assigned as a LMCT due to its similarly intense LLCT 

features at higher energy as well as their ability to isolate the reduced NiI complex 

iPrDPDBFphosNiCl.147 
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Figure 4.21. UV-Vis spectra of 4 (light green), 5 (teal), 6 (pink), and free ligand H2( 
PNONPiPr) (black).  

 
 In the low-energy visible spectrum, d-d transitions in 5 and 6 can be observed 

(Figure 4.22). Giving rise to its pink color, 6 has one visible absorption (λmax= 525 nm, ε 

≈ 1700 M−1cm−1) that is assigned as a d-to-d transition into the empty Ni dx
2−y

2 orbital. 5 

has two d-d transitions in the visible region (λmax= 612 nm, ε ≈ 530 M−1cm−1, λmax= 741 

nm, ε ≈ 320 M−1cm−1) corresponding to transitions from the degenerate dx
2−y

2 and dz
2 

orbitals into the non-degenerate, singly occupied dxy, dxz, and dyz orbitals.  
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Figure 4.22. UV-Vis spectra of 4 (light green), 5 (teal), and 6 (pink). 

 
 Complexes 4-6 were examined using cyclic voltammetry (Figure 4.23). Complex 

4 features one irreversible reduction at −1.8 V, corresponding to the FeII/I redox couple. 

The loss of a chloride ligand upon reduction likely gives rise to the irreversible nature of 

this reduction. Complex 5 features a quasi-reversible reduction at a more mild potential 

of −1.5 V with a dependent oxidation at −1.0 V, corresponding to a CoII/I reduction. 

Complex 6 displays a quasi-reversible reduction at −1.3V and an irreversible reduction at 

−2.3 V. Due to its potentially dimeric nature in solution, these two features could 

correspond to successive one-electron reductions of each nickel atom. Because of the 

long intermolecular separation between the nickel centers, however, it is unlikely that the 

metals are strongly interacting. Meaning the two observed reductions likely correspond to 

simultaneous reductions of each individual nickel, eg. the Ni2
II/I/0 redox states. 
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Figure 4.23. Cyclic voltammograms of 4 (top, light green), 5 (middle, teal), and 6 
(bottom, red). (0.1M nBu4PF6, THF, 200mV/s, negative initial scan direction) 
 
 
4.3.6 Bimetallic Synthesis Attempts from H2(PNONP)MCl2 Precursors 
 
 Using the three complexes 4-6 as precursors for bimetallic complexes was 

ultimately unsuccessful. Encouraging results were obtained when 5 was mixed with 

CrCl2 in THF followed by the addition of two equivalents of nbuLi.  A new eight peak 1H 

NMR spectra was observed (Figure 4.31, Appendix). This species could be observed 

from as-prepared THF solutions, but upon removal of the THF in vacuo the product 

irreversibly decomposed as determined by 1H NMR. We hypothesize that this species has 

the composition PNONPCrCoCl2(THF)x. In an effort to help stabilize the proposed 

bimetallic unit we tried adding stronger the field ligands, PMe3, pyridine, and acetonitrile 

but this did not produce any isolable products.  

 
4.3.7 Synthesis and Characterization of (PhNCH2P(iPr)2)3M (M = Cr, Mo) 
Monometallics  
 
 Following the studies of two-arm ligands we better understood the 
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importance of a trigonal ligand environment for stabilizing monometallic Cr3+ ions. 

However, we still wanted to create bimetallic complexes with more open coordination 

sites. A simple idea we pursued conceptually amounts to removing the apical amine 

donor from the N4P3 ligand (Figure 4.24). We hypothesized that this could free up 

coordination sites on both metals of a bimetallic complex and may allow for more modes 

of reactivity. Removing an amine donor from the ligand could also allow for the 

synthesis of shorter metal-metal bonds. 

 
Figure 4.24. Comparison of the open coordination sites on bimetallic complexes of 
N4P3M1M2 and a hypothesized (PhNCH2P(iPr)2)3M1M2 compound 
 
We proposed that the stepwise metallation strategy employed with the N4P3 system 

would also work for this system. As a first step we synthesized monometallic complexes 

of Cr3+ and Mo3+ with three equivalents of the anionic ligand [PhNCH2P(iPr)2]– 

abbreviated as (NP)– (Figure 4.25). These reactions are facile and high yielding. 
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Figure 4.25. Synthesis of (NP)3M (M = Cr (7), Mo (8)) complexes 
 
 The solid-state structures of 7 and 8 feature pseudo-octahedral metal centers with 

three amide and three phosphine interactions (Figure 4.26, Table 4.3). 

a  b  

Figure 4.26. Solid state structures of (NP)3Cr (7) and (NP)3Mo (8). 50% thermal 
ellipsoids, hydrogen atoms omitted for clarity. Blue = N, Orange = P, Pink = Cr, Teal = 
Mo 
 
Complex 7 features much shorter average Cr-P bonds lengths than N4P3Cr (2.531 vs. 

2.638 Å), respectively. Compensating for the stronger Cr-P interactions, the average Cr-

N distances in 7 are slightly elongated compared to N4P3Cr (2.005 vs. 1.976 Å).  

Table 4.3.  Selected bond lengths (Å) and angles (°) for 7, 8, and N4P3Cr 
 (NP)3Cr, 7a (NP)3Mo, 8 N4P3Cr 

M-N 
 
M-N (avg) 

2.005(2), 2.011(2), 
2.012(2) 
2.005 

2.116(2), 2.118(2), 
2.122(2) 
2.119 

1.972(2), 1.978(2), 
1.979(2) 
1.976 

M-P 
 
M-P (avg) 

2.513(1), 2.533(1), 
2.584(1) 
2.531 

2.571(1), 2.591(1), 
2.600(1)  
2.587 

2.5601(6), 2.6170(6), 
2.7373(7) 
2.638 

N

PP

N

P
+  MCl3(THF)33

THF/Et2O M
N N

P

M = Cr, MoLi O
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N-M-P 
(NP bite angle) 
(avg) 

68.62(7), 67.42(6), 
69.19(7) 
68.86 

67.21(7), 65.61(6), 
65.98(6) 
66.27 

66.66(5), 65.37(5), 
64.60(5) 
65.54 

a Two molecules are present in the asymmetric unit. Because there are no meaningful 
differences between the two structures, the values from only one structure are shown. 
 
Complexes 7 and 8 appear more “twisted” than N4P3Cr or the bimetallic complexes 

N4P3CrMn and N4P3CrNi (Figure 4.27).  

 

Figure 4.27. Solid-state structures of N4P3Cr, N4P3CrMn, and N4P3CrNi. 50% thermal 
ellipsoids, hydrogen atoms omitted for clarity, bondlengths in Å. Adapted from refs. 
146,148 
 
This “twisting angle” can be quantified by the obtuse angle between the planes defined 

by the three phosphorous atoms (red, Figure 4.28) and the plane defined by Cr/Mo and 

the amide and phosphorous from a single ligand (blue, Figure 4.28). Using this method, a 

more “twisted” molecule displays a greater angle between the two planes. 
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Figure 4.28. The “twisting angle” can be quantified by the obtuse angle between the 
planes defined by the three phosphorous atoms (red) and the plane defined by Cr/Mo, 
amide and phosphorous atoms from a single ligand (blue) 
 
By this metric, the twisting angle of 7 and 8 (127.4° and 127.9°, respectively) is more 

extreme than in N4P3Cr (118.56°). The pronounced twist is necessary to accommodate 

the short M-P interactions in 7 and 8. The central amine donor present in N4P3Cr prevents 

the amount of twisting the Cr center prefers in the untethered complexes. This likely 

increases its reactivity towards a second metal by limiting the extent of Cr-P bonding. As 

an aside, the twisting angle displays a good correlation to the length of metal-metal bonds 

in the N4P3CrM bimetallic series. A more twisted geometry (107.4°) accommodates a 

short (1.8192(9) Å) Cr-Mn interaction while a less twisted geometry (104.7°) supports a 

long Cr-Ni interaction (2.4105(7) Å). 

 Likely due to the strong M-P interactions in 7 and 8, they are unreactive toward a 

second metallation with Ni(COD)2, MnBr2 + 2KC8, and Cu(CH3CN)4PF6. The d3 Cr3+ 

and Mo3+ ions have a strong preference for octahedral geometries. In the future this one 

arm ligand may be able to accommodate bimetallic complexes with a (3+) ion that 
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does not have a strong preference for an octahedral geometry. Al3+, Ga3+, and In3+ would 

all be wise choices for potential monometallic starting materials in this ligand framework. 

 
4.4 Conclusions 
 

Inspired by the ability of the trigonal N4P3 ligand to stabilize a family of CrM (M 

= Cr, Mn, Fe, Co, Ni) compounds with strong metal-metal bonds, we designed and 

synthesized four mixed amide phosphine ligands: H3(PNNNPPh), H3(PNNNPiPr), 

H2(PNONPiPr), and H(NP). These ligands were designed to stabilize metal-metal bonds 

with multiple open coordination sites so as to engender increased modes of reactivity. 

None of the monometallic or dimeric compounds synthesized with these ligands are good 

precursors for synthesizing bimetallic compounds. When designing ligands to stabilize 

heterobimetallic metal-metal bonds with open coordination sites it is important that the 

ligand can fully stabilize monometallic complexes, but do not stabilize them so much that 

they are unreactive towards a second metallation. Future experiments using the ligands 

introduced here should focus on using metals that prefer lower than octahedral 

coordination environments. These ligands could be amenable to studies of Lewis acid – 

transition metal electrostatic interactions. 

 
4.5 Experimental  

4.5.1 General Procedures 

All manipulations were performed under a dinitrogen atmosphere inside a glovebox. 

Standard solvents were deoxygenated by sparging with N2 and dried by passing them 

through activated alumina columns of an SG Water solvent purification system. Bis(2-

amino-phenyl)ether and Bis(2-amino-phenyl)amine were prepared according to 
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literature methods.125,149 Deuterated solvents were purchased from Cambridge Isotope 

Laboratories, dried over calcium hydride and distilled, degassed via freeze−pump− thaw 

cycles, and stored over activated 4 Å molecular sieves. All reagents were purchased from 

Aldrich or Strem and used without further purification. Elemental analyses were 

performed by Complete Analysis Laboratories (Parsippany, NJ) and Robertson Microlit 

Laboratories (Ledgewood, NJ). 1H NMR spectra were recorded on a Bruker 500 MHz, or 

a Varian 300 or 500 MHz spectrometer at room temperature unless otherwise stated.  All 

1H and 13C NMR spectra are referenced to the internal solvent residual. Variable 

temperature NMR experiments were performed on a Bruker 500 MHz spectrometer. The 

temperature of the NMR probe was calibrated against an external methanol standard. 

UV−vis−NIR spectra were collected on a HP8453 (190−1000 nm) diode array 

spectrophotometer. Cyclic voltammetry was conducted using a CH Instruments 600 

electrochemical analyzer. The one−cell setup utilized a glassy carbon working electrode, 

Pt wire counter electrode, and Ag/AgNO3 reference electrode in CH3CN. Analyte 

solutions were prepared in a THF solution of 0.1 M [nBu4N][PF6] and referenced 

internally to the FeCp2
0/+ redox couple. Perpendicular-mode X-band EPR spectra were 

recorded at 20 K with a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 

liquid helium cryostat and an Oxford temperature controller. Magnetic susceptibility data 

were measured from powder samples of solid material over the temperature range 2-290 

K using a SQUID susceptometer with a field of 1.0 T (MPMS-7, Quantum Design, 

calibrated with a standard palladium reference sample, error <2%). The experimental data 

were corrected for underlying diamagnetism using tabulated Pascal’s constants (χdia < 0) 

as well as for temperature –independent paramagnetism (χTIP > 0). Specifically, the 
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value of χTIP used for [PNNNPIPrCr]2  was 180 x 10−6 emu. 

4.5.2 Preparation of N1-((diphenylphosphanyl)methyl)-N2-(2-
(((diphenylphosphanyl)methyl)amino)phenyl)benzene-1,2-diamine, H3(PNNNPPh) 

Bis(2-aminophenyl)amine (2.6777g, 13.44 mmol) was dissolved in methanol (15.0 mL), 

resulting in a light pink solution. This amine solution was quickly pipetted into a solution 

of Ph2PCH2OH (26.6 mmol) in methanol (15.0 mL). After stirring for 24 hours, an off-

white precipitate had formed in the light pink solution. The solution was filtered and the 

white solid was washed with hexane. Light pink impurities were removed by stirring in 

15 mL hexane for 20 minutes. The solution was filtered, resulting in a white solid. The 

solid product PNNNPPh was dried under vacuum (5.5169 g, 9.55 mmol, 69.9% yield) 31P 

NMR (ppm, d6-benzene, 300MHz) : -18.36 (PNNNPPh). 1H NMR (ppm, C6D6, 300MHz): 

∂ 7.34 (m, 8H, phenyl); 7.05 (m, 12H, phenyl); 6.98 (t, J= 7.7, 2H, aryl); 6.71 (d, J=4.1, 

2H, aryl); 6.65 (t, J=7.0, 2H aryl); 6.49 (d, 6J=6.7, 2H aryl); 4.30 (s, 1H, amine); 3.75 (m, 

2H, amine); 3.63 (t, J=5.2, 4H, methylene). 

4.5.3 Preparation of Preparation of N1-((diisopropylphosphanyl)methyl)-N2-(2-
(((diisopropylphosphanyl)methyl)amino)phenyl)benzene-1,2-diamine, H3(PNNNPiPr)  
 
 Under an inert atmosphere, 0.1270 grams (4.23 mmol) of paraformaldehyde was 

added to a solution of 0.5 grams (4.23 mmol) diisopropyl phosphine in 5 mL of hexane 

inside of a bomb flask. This heterogeneous solution was stirred at 55°C for 3 hours at 

which time a clear and homogeneous solution had developed. The hexane was removed 

from this solution by evacuation leaving a clear, viscous oil. To this oil was added 8 mL 

of THF followed by 0.444 grams (2.23mmol) of N1-(2-aminophenyl)benzene-1,2-

diamine. This homogeneous solution was stirred for 2 hours at 45°C. This reaction was 
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then evacuated to yield a light pink colored oil that was then dissolved in 10 mL of 

pentane. This heterogeneous solution was filtered to remove any unreacted and 

monosubstituted amine compounds. The filtrate was added to a short plug of silica and 

washed with 30 mL of hexane. The product was then isolated from the plug with 50 mL 

of a 10% THF/Hexane eluent. This solution was evaporated to dryness to obtain 0.680 

grams (1.480 mmol, 70.0% yield) of the colorless oil (H3PNNNPiPr). 1H NMR (300 MHz, 

C6D6) ∂ 7.08 (t, J=6.9, 2H, Aryl), 6.77 (d, J=7.8, 2H, Aryl), 6.70 (t, J=7.8, 2H, Aryl), 6.65 

(t, J=6.3, 2H, Aryl), 4.44 (br, 1H, N-H), 3.93 (br, 2H, N-H), 3.12 (d, J=4.2, 4H, CH2), 

1.58 (m, 4H, methine), 1.00 (m, 24H, methyl). 31P (282 MHz, C6D6) ∂ 3.623 ppm. 

4.5.4 Preparation of (PNNNPiPrCr)2 (1)  

 4 mL of a 0.20M solution of H3PNNNPiPr (0.80 mmol) in diethyl ether was frozen 

in a liquid nitrogen coldwell. To this solution was added 0.960 mL of a 2.50 M solution 

of nBuLi (2.40 mmol) in hexanes. This reaction was allowed to warm to room 

temperature with stirring for 30 min, at which time an intense yellow solution was 

formed. This ethereal solution was evaporated to dryness leaving a powdery yellow solid 

(Li3PNNNPiPr), which was redissolved in 9 mL of THF. To this solution was added a 

slurry of 0.299 g (0.80 mmol) of CrCl3(THF)3 at -50°C. This reaction was stirred at -

50°C for thirty minutes before warming to room temperature and stirring overnight. After 

12 hours the reaction turned a deep red color, and the THF was removed by evacuation. 

The dark solid crude product was then stirred in 30 mL of pentane and filtered to yield a 

green solid and a red solution. The solid was then stirred in pentane and filtered three 

more times until all the red product had been removed. The green solid (PNNNPiPrCr)2 

was then isolated from LiCl by washing with 35 mL of warm toluene and removing 
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the solvent in vacuo 0.2311 grams (0.227 mmol, 56.8% yield). 1H NMR (500 MHz, 

C6D6, 294K) δ 15.3, 9.8, 8.97, 8.3, 4.6, 2.36, 1.03. 

4.5.5 Preparation of H2(PNONPiPr)FeCl2 (4) 

 H2(PNONPiPr) (0.50 mL of 0.50M solution in ether, 0.25 mmol) was mixed with 

THF (2mL) and FeCl2 (31.7mg, 0.25mmol) in a bomb flask and heated for 3 days at 

60˚C. The solution changed from colorless to pale yellow-brown. The solution was 

filtered and the solvent removed under vacuum. The product was recrystallized from 

vapor diffusion of pentane into DCM, producing lime-green powder. 31P NMR revealed 

no phosphorous signal. 1H NMR (ppm, d6-benzene, 500 MHz, 294 K) δ 88.7, 58.5, 24.9, 

9.7, 7.4, 6.7,  4.6, 0.9. Calcd for C26H42N2P2OFeCl2: C, 53.17; H, 7.21; N, 4.77. Found C, 

53.21; H, 7.29; N, 4.86. 

4.5.6 Preparation of H2(PNONPiPr)CoCl2 (5) 

 H2(PNONPiPr) (1.0 mL of 0.5M solution in ether, 0.50 mmol) was mixed with 

THF (2mL) and CoCl2 (64.9mg, 0.50mmol) in a bomb flask and heated for 24 hours at 

60˚C. The solution changed from colorless to dark teal. The solution was filtered to 

remove a small amount of dark teal solid, and the solvent removed. The product was 

recrystallized by vapor diffusion of pentane into THF to produce teal crystals. 31P NMR 

revealed no phosphorous signal. 1H NMR (ppm, C6D6, 500MHz, 294 K) δ 109.4, 79.5, 

37.3, 10.8, 7.6, 7.1, 3.1, 0.4. Calcd for C26H42N2P2OCoCl2: C, 52.89; H, 7.17; N, 4.74. 

Found C, 52.83; H, 7.27; N, 4.78. 

4.5.7 Preparation of [H2(PNONPiPr)NiCl2]2 (6) 

 H2(PNONPiPr) (0.50mL of 0.5M solution in ether, 0.25 mmol) was mixed with 

THF (2mL) and NiCl2 (32.4mg, 0.25mmol) in a bomb flask. The bomb flask was 
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heated at 65°C for 20 hours. The solution changed from colorless to a dark pink color. 

The solution was filtered to remove a small amount of dark pink solid. The product was 

recrystallized from vapor diffusion of pentane into THF to produce dark burgundy 

crystals. 1H NMR (500 MHz, C6D6, 294 K) δ 7.11 (d, J = 8.0, 2H, Aryl), 7.04 (t, J = 7.7, 

2H, Aryl), 6.65 (d, J = 8.0, 2H, Aryl), 6.61 (t, J = 7.7, 2H, Aryl), 5.85 (t, J = 5.1, 2H, 

Amine), 3.14 (d, J = 5.5, 4H, methylene), 1.94 (m, 4H, methine), 1.41 (br, 12H, methyl), 

1.13 (br, 12H, methyl). 31P NMR (300 MHz, C6D6) δ 22.5 (br). Calcd for 

[C26H42N2P2ONiCl2]2: C, 52.91; H, 7.17; N, 4.75. Found C, 52.84; H, 7.25; N, 4.69. 

4.5.8 Preparation of N-((diisopropylphosphanyl)methyl)aniline, PhNHCH2P(iPr)2, 
[H(NP)] 
 
 Diisopropyl phosphine (2.6545 g, 22.46 mmol) and paraformaldehyde (0.675 g, 

22.46 mmol) were mixed in 6 ml hexane in a sealed pressure tube. The heterogeneous 

reaction mixture was heated at 55°C for two hours until a clear homogeneous solution 

formed. Hexane was removed in vacuo and freshly distilled and degassed aniline (2.05 

mL, 22.46 mmol) and 8 mL THF was added. The reaction mixture was heated at 65°C for 

12 hours. Removal of THF in vacuo yields 5.0 g (22.4 mmol, 99% yield) of the clear 

viscous oil PhNHCH2P(iPr)2. 1H NMR (300 MHz, C6D6, 294 K) δ 7.16 (t, J = 4.2, 2H, m-

aryl), 6.75 (t, J = 7, 1H, p-aryl), 6.48 (d, J = 7.8, 2H, p-aryl), 3.50 (br, 1H, N-H), 3.00 (s, 

2H, CH2), 1.55 (m, 2H, C-H (iPr)), 0.96 (m, 12H, CH3 (iPr)). 31P NMR (121 MHz, C6D6, 

294 K) δ 4.63. 

4.5.9 Preparation of Et2OLi(NP) 

PhNHCH2P(iPr)2 (1.1505 g, 5.1522 mmol) was dissolved in 10 mL Et2O frozen in a LN2 

coldwell. To this frozen solution was added a nBuLi in hexanes (2.06 mL, 2.5M, 5.1522 
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mmol). The solution was warmed to rt, and stirred for two hours. Upon concentration of 

the sample in vacuo to ca. 3 mL off-white solid crashed out of solution. The solution was 

filtered to yield PhN(LiOEt2)CH2P(iPr)2 (1.133 g, 73% yield). 1H NMR (300 MHz, C6D6, 

294 K) δ 7.25 (t, J = 4.8, 2H, m-aryl), 6.76 (d, J = 4.8, 2H, p-aryl), 6.55 (t, J = 4.2, 1H, p-

aryl), 3.48 (s, 2H, CH2), 2.95 (q, 4H, J = 4.2, CH2 (Et2O)), 1.68 (m, 2H, C-H (iPr)), 1.06 

(m, 12H, CH3 (iPr)), 0.90 (t, J = 4.2, 6H, CH3 (Et2O)).  

4.5.10 Preparation of (NP)3Cr (7) 

 To a solution of PhN(LiOEt2)CH2P(iPr)2 (0.486 g, 1.601 mmol) in 8 mL THF at 

−78°C was added solid CrCl3(THF)3 (0.200 g, 0.534 mmol). The mixture was stirred 

overnight at room temperature to yield a dark brown solution. After filtration, THF was 

removed in vacuo to yield a crude brown foam. The brown foam was washed with ca. 2 

mL cold pentane and dried in vacuo to yield (NP)3Cr (315 mg, 82% yield). Single 

crystals of (NP)3Cr suitable for X-ray diffraction were grown by the diffusion of Et2O 

into a concentrated toluene solution at −20°C. 1H NMR (300 MHz, C6D6, 294 K) δ30, 21, 

1, −13, −30, −48, −72. 

4.5.11 Preparation of (NP)3Mo (8) 

 To a solution of PhN(LiOEt2)CH2P(iPr)2 (0.400 g, 1.319 mmol) in 8 mL Et2O at 

−100°C was added solid MoCl3(THF)3 (0.183 g, 0.4395 mmol). The mixture was stirred 

overnight at room temperature to yield a purple solution. After filtration, Et2O was 

removed in vacuo to yield a crude purple foam. The foam was washed with ca. 2 mL cold 

pentane and dried in vacuo to yield (NP)3Mo (308 mg, 92% yield). Single crystals of 

(NP)3Cr suitable for X-ray diffraction were grown by diffusing Et2O into a concentrated 

toluene solution at −20°C overnight. 1H NMR (300 MHz, C6D6, 294 K) δ 48, 42, 



	

140	

30, 14, 12, 5, 3.8, 1.1, −1, −12, −19, −38, −96, −126. 
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Chapter 2. 

 
Table 2.3. Results of the metal ion exchange studies, L = py3tren 

 
MnCl2 FeCl2 CoCl2 NiCl2

c CuCl2
d 

Py3tren 
CoMnCl  

95% 
LCoFeCl              

3% 
LCoCoCl 

78% 
LCoCoCl 

87% 
LCoMnCl 

16% 
LCoCoCl  

+ ppt. 

Py3tren 
CoFeCl 

100% 
LCoFeCl 

100% 
LCoFeCl 

70% 
LCoCoCl 

28% 
LCoFeCl 

94% 
LCoFeCl 

ppt. 
(no soluble 
product)  

Py3tren 
CoCoCl 

64% 
LCoCoCl 

92% 
LCoCoCl  

100% 
LCoCoCl 

17% 
LCoCoCl 

+ ppt. 

Py3tren 
CoCuCld 

68% 
LCoCuCl 

3% 
LCoCoCl 

14% 
LCoCoCl 

+ ppt. 

6% 
LCoCoCl 

+ ppt. 

70% 
LCoCuCl  

Py3tren 
FeMnCl  

83% 
LFeFeCl 

84% 
LCoFeCl 

14%a 
LCoCoCl 

74% 
LFeMnCl 

100% 
LFeCuClb 

Py3tren 
FeFeCl 

93% 
LFeFeCl  

86% 
LCoFeCl 

17%a 
LCoCoCl 

 
94% 

LFeCuClc 

a The L2CoCoCl product is likely due to the addition of 1.2 equivalents of CoCl2 leading 
to some L2CoFeCl further reacting to form L2CoCoCl. 
b L2FeCuCl is an identified but not fully characterized complex in this lab. 100% yield in 
this case refers to it being the only observed bimetallic. 
c The lack of swapping observed in reactions with NiCl2 is likely due to its low solubility 
in THF 
d Low yields of soluble products in reactions containing copper likely correspond to the 
formation of insoluble tri(or higher)nuclear clusters. 
Color Key: 
Not Performed   
Starting Material (no 
reaction)   

 
 
 
 
 



	

155	

 
Figure 2.19. Theoretical anomalous dispersion corrections, including the real (Δƒʹ) and 
imaginary (Δƒʺ) scattering factors, for Co(green) and Cu (purple), as a function of 
wavelength (Å). The dotted lines represent the experimental wavelengths (λ) for the 
anomalous data collections, which were selected at λ > λedge of the Co and Cu absorption 
edge energies were used to determine the metal occupancies. 
 
Table 2.4. Crystallographic details for 1-Cl, 2-CH3CN, and 2.  
  1-Cl (2-CH3CN)·3CH3CN 2 

chemical formula 
C21H24N7CoCu

Cl 
C23H27N8CoCu 

·3CH3CN C21H24N7CoCu 
formula weight 532.39 661.17 496.94 
crystal system P21/n P21/c P61 
space group monoclinic monoclinic hexagonal 
a (Å) 14.6118(9) 10.9862(3) 18.895(2) 
b (Å) 9.9196(6) 29.334(8) 18.895(2) 
c (Å) 14.6848(9) 10.0177(3) 11.191(1) 
α (deg) 90 90 90 
β (deg) 101.347(1) 109.553(1) 90 
γ (deg) 90 90 120 
V (Å3) 2086.9(2) 3042.2(2) 3460.2(7) 
Z 4 4 6 
Dcalcd (g cm−3) 1.695 1.446 1.431 
λ (Å), µ (mm−1) 0.41328, 0.447 0.41328, 0.447 0.41328, 0.380 
T (K) 100(2) 100(2) 100(2) 
θ range (deg) 1.450 to 17.190 0.811 to 5.63 0.724 to 20.154 
reflns collected 56001 52759 73451 
unique reflns 5508 6114 7673 
data/restraints/para
meters 6361/0/280 6871/0/383 11161/1/272 
R1, wR2 [I > 2σ(I)] 0.0290, 0.0680 0.0319, 0.1017 0.0578, 0.1134 
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Table 2.5. Analysis of Co-Cu coordination complexes from the Crystallographic 
Structural Database (date: 10/5/2015) containing short Co-Cu bonds (≤ 2.5Å).   
With the exception of the Co-Cu complexes cited in this work, all the structures with short Co-Cu 
distances are Co(d10)-Cu(d10) carbonyl complexes, where one or more CO ligands are bridging or 
semi-bridging (SBCO) between the two metal centers. For structures with multiple Co-Cu 
distances, multiple SBCO interactions are also reported (i.e. number of SBCO per Co-Cu bond), 
but the bridge asymmetry parameter a (α) of the SBCO is given only for the shortest Co-Cu bond.   

CCDC Refcode or 
citation 

Co–Cu 
(Å) Complex  

Number 
of 
SBCO  

α-value of each 
SBCO  

SEZTOG 2.310 Co(CO)4CuCo(CO)4
-  3   0.40, 0.44, 0.44 

  2.336   3  0.41, 0.45, 0.50 
SIYSIC 2.326 Co(CO)4CuCo(CO)4

- 3  0.40, 0.45, 0.45 
  2.331   3  0.40, 0.41, 0.50 
not availableb 2.342 (IPr)CuCo(CO)4 2  
SIYSOI 2.343 Co(CO)4CuCo(CO)4

- 3   0.39, 0.42, 0.56 
  2.381   2  0.27, 0.31 
SEHKAR 2.359 Co(CO)4Cu polymer 3  0.46, 0.50, 0.59 
  2.360   3  
  2.369   3  
  2.371   3  
  2.380   2  
  2.386   2  
  2.389   2  
KEZDIC 2.369 (en)CuCo(CO)4 2  0.21, 0.40 
DAFMOM 2.379 (tmeda)CuCo(CO)4 2  0.13, 0.61, 0.70 
TOYDEQ 2.385 (dmeda)CuCo(CO)4 2  0.17, 0.44 
  2.391   2  0.17, 0.41 
KEZDOI 2.394 (phen)CuCo(CO)4 2  0.21, 0.40 
this work 2.397 (py3tren)CoCuCl 0 n/a 
VIFYEO 2.404 (bpy)CuCo(CO)4 2  0.17, 0.47 
KOSFAZ 2.406 (N2)CuCo(CO)4 2  0.28, 0.39 
KOSDOL 2.411 (N2)CuCo(CO)4 2  0.24, 0.45 
TOYDIU 2.411 (N2)CuCo(CO)4 2  0.26, 0.37 
KEZDUO 2.416 (N2)CuCo(CO)4 2  0.31, 0.44, 0.64 
TOYDAM 2.417 (N3)CuCo(CO)4 3  0.46, 0.46, 0.46 
SITJIO 2.424 (dmpm)4Cu3(CO)8Co4

+  1  0.25 
  2.443   1  
  2.443   1  
  2.452   1  
  2.460   1  
  2.465   1  
  2.467   1  
  2.476   1  
SITJIO10 2.424 (dmpm)4Cu3(CO)8Co4

+ 1  0.25 
  2.443   1  
  2.443   1  
  2.452   1  
  2.460   1  
  2.465   1  
  2.467   1  
  2.476   1  
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KEZDAU 2.429 (NH3)2CuCo(CO)4 2  0.28, 0.33 
KEZDEY 2.435 (N3)CuCo(CO)4 2   0.24, 0.30 
KOSDIF 2.445 (tacn)Cu2NH3[Co(CO)4]2 2   0.25, 0.41 
  2.503   2  
this work 2.471 (py3tren)CoCu(CH3CN) 0 n/a 

YELFAX 2.505 
Hydroborane- 
[Co(CO)4]2Cu(PPh3)2 2  0.29, 0.60 

a For a (semi)bridging CO ligand, e.g. M(µ-CO)M', the bridge asymmetry parameter (α) is 
defined as α = (D2−D1)/D1 where D1 and D2 are the short and long metal-CO bond lengths. CO 
ligands are defined as bridging for α ≤ 0.1, semi-bridging for 0.1< α <0.6, and terminal for α > 
0.6. 
refs: (1) Parmelee, S. R.; Mankad, N. P. Dalton Trans. 2015, 44, 17007-17014.  (2) Klingler, R. 
J.; Butler, W. M.; Curtis, M. D. J. Am. Chem. Soc. 1978, 100, 5034-5039. 
b Banerjee, S.; Karunananda, M. K.; Bagherzadeh, S.; Jayarathne, U.; Parmelee, S. R.; Waldhart, 
G. W.; Mankad, N. P. Inorg. Chem. 2014, 53, 11307-11315. 
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Table 2.6. Analysis of Fe-Cu coordination complexes from the Crystallographic 
Structural Database (date: 10/5/2015) containing short Fe-Cu bonds (≤ 2.47Å).  
All the structures with short Fe-Cu distances have one or more carbonyl or hydride ligands that 
are bridging/semi-bridging between the two metal centers. For Fe-Cu distances of 2.471 to 2.5 Å, 
there are an additional 32 coordination complexes. Though they are not included here, these 
structures all have semi-bridging CO ligands. See Table 2.5 caption/footnotes for details and 
definitions. 
 
CCDC 
Refcode or 
citation 

Co–Cu 
(Å) Complex  

Number of 
SBCO  

α-value of 
each SBCO  

VITGIO 2.319 (PPh2Et)3Fe(µ-H)3CuPPh2Et 0 n/a 
QOMDED 2.322 (IMes)Cu(CO)2FeCp* 2  0.39, 0.42 
QOMDIH 2.341 (IPr)Cu(CO)2FeCp* 2  0.45, 0.46 
SILZOE 2.346 (IPr)Cu(CO)2FeCp 2  0.40, 0.58 
SILZUK 2.351 (IMes)Cu(CO)2FeCp 2  0.41, 0.57 
DILRUL 2.394 [Cu]5[Fe(CO)4)]4 2  0.38, 0.38 
  2.427   2 

 
DILSAS 2.404 Cu3[Fe(CO)4)]4

(-3) 3  
0.40, 0.53, 

0.58 
  2.409   3  
  2.415   3  
  2.421   3  
  2.437   3  
  2.442   3  
XOMSEY 2.448 Cu2Te[Fe(CO)3]3

- 2  0.45, 0.49 
YIRCIL 2.452 (en)CuFe(CO)3NO 2  0.21, 0.22 
DONDAL 2.456 [CuFe(CO)4

-]x Cluster 2  0.31, 0.44 
  2.458   2  
  2.459   2  
  2.459   2  
  2.460   2  
  2.469   2  
  2.470   2  
  2.471   2  
QUQVUT 2.457 (NP)2CuFe(CO)3

+  2  0.33, 0.37 
HURNOY 2.470 ClCu[Fe(CO)3]3Te2- 2  0.36, 0.45 
XOMSOI 2.471 [CH3CNCu]2[Fe(CO)3]3Te 1  0.23 
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Figure 2.20. 1H NMR (300 MHz) spectra overlay of (py3tren)CoCuCl (1-Cl)  (CD2Cl2, 
bottom), and py3trenCoCuOTf  (1-OTf) (CD3CN, top). 
 

 
Figure 2.21. 1H NMR spectra overlay (300 MHz) of K[Co(py3tren)] (THF-d8, bottom), 
and (py3tren)CoCu(CH3CN) (2-CH3CN) (CD3CN, top). 
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Figure 2.22. X-Band parallel mode EPR spectrum (frozen THF, 8 K) of 
(py3tren)CoCu(CH3CN) (2-CH3CN)  (black), K[Co(py3tren)]  (grey), and (2-CH3CN) 
simulation (dashed red). Simulation parameters (dashed red) (ESIM) D = 5 cm−1, E/D = 
0.0042, g = (2.1618, 2.1628, 2.0020), W = (108, 62, 40) G, A = (0, 0, 90.5) × 10−4 cm−1. 
 
 
py3tren 
CoCuOTf 

Mass 
Solid 
(mg) 

Moles Mass Solvent 
(CD3CN) 

Peak Sep 
(ppm) 

Magnetic 
Susceptibility 
(B.M.) 

Trial 1 4.7 6.84 x10^-6 .4221 g 0.248 3.19 
Trial 2 12.5 1.93x10^-5 .3815 g 0.655 3.02 
Trial 3 12.0 1.85x10^-5 .3519 g 0.604 2.75 
Table 2.7. Evans’ magnetic susceptibility data of 1-Cl for three trials. Average µeff is 
2.96(17)  B.M., which is comparable to the spin-only value for S = 1 (µSO of 2.83 B.M.). 
 

 

Wednesday, September 23, 15
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Figure 2.23. CV overlay of 2-CH3CN (red, bottom) and K[Co(py3tren)]  (blue, top)  
(CH3CN, 1V/s, 0.1 M TBAPF6). 

 
Figure 2.24. CV of 1-Cl (CH3CN, 0.1 V/s, 0.1 M TBAPF6). 
 

!1.1$!0.6$!0.1$0.4$0.9$
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PPLCoCuACN$

PPLCoK$

-1 -0.8 -0.6 -0.4 -0.2 0 

V vs. 
Fc(0/+) 
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Figure 2.25. CV of 1-Cl (CH3CN, 0.01 V/s, 0.1 M TBAPF6). 
 

 
Figure 2.26. CV of 1-Cl (CH3CN, 3 V/s, 0.1 M TBAPF6). 
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  RASSCF RASPT2 

singlet 44.6 (48.2) 31.9 (N/A) 

triplet 0.0 (0.0) 0.0 (0.0) 

quintet 1.8 (1.8) 5.5 (5.2) 
 
Table 2.8. Relative Energies (kcal/mol) of 1-Cl (experimental structure) for different 
spin states using ANO-RCC-VDZP and ANO-RCC-VTZP (in parentheses) basis 
sets.  The RASPT2 for the singlet state with the triple zeta basis set was not computed 
due to the computational cost.  
 

  RASSCF RASPT2 

doublet 51.0 46.5 

quartet 0.0 0.0 
Table 2.9. Relative Energies (kcal/mol) of 2-CH3CN (experimental structure) for 
different spin states using ANO-RCC-VDZP basis sets. Based off the small differences in 
relative energies for 1-Cl (see above), triple zeta calculations were not deemed 
necessary.  
 
 
  Co (1-Cl) Cu (1-Cl) Co (2-CH3CN) Cu (2-CH3CN) 
M06 spin 
density 

2.144 -0.341 2.585 0.049 

RASSCF spin 
density 

2.534 -0.459 2.862 0.011 

Table 2.10. Mulliken spin densities. 
 
 

Functional J, cm-1 

PBE0 -1277 

M06 -888 
Table 2.11. Computed magnetic coupling constants (J, cm-1) for 1-Cl.a  

a All density functional theory calculations for magnetic coupling constants were done with Gaussian09 and 
were done with the PBE0 and M06 functionals using the TZVP basis set for metals, N, and Cl and the SVP  
basis set for C and H.  
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Figure 2.27. Spin density plot of 2-CH3CN with an isovalue of 0.02 using the M06 
functional. 
 
 
 

 
Figure 2.28. Spin density plot of 1-Cl with an isovalue of 0.02 using the M06 functional. 
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orbital %Co %Cu Total 
Electrons 

Co 
Electrons  

Cu 
Electrons  

3d 100 0.0 1.96 1.96 0.0 
3d 100 0.0 1.96 1.96 0.0 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 

sigma 43.6 51.2 1.20 0.52 0.61 
3d 89.6 0.0 1.03 0.92 0.0 
3d 91.3 0.0 1.03 0.94 0.0 

sigma* 48.3 42.0 0.79 0.38 0.33 
4d 40.6 36.9 0.004 0.001 0.001 
4d 65.4 34.6 0.01 0.01 0.005 
4d 64.7 0.0 0.005 0.003 0.0 
4d 7.4 85.3 0.01 0.001 0.01 
4d 0.0 89.5 0.01 0.0 0.01 
4d 65.4 0.4 0.005 0.003 0.0 
4d 45.8 53.3 0.01 0.004 0.005 
4d 42.3 41.1 0.01 0.002 0.002 
4d 70.9 23.0 0.01 0.01 0.003 
4d 37.0 62.0 0.01 0.004 0.01 

Total 
electrons 

   6.72 8.95 

Oxidation 
state (+) 

   2.28 2.05 
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Table 2.12. RASSCF calculated orbitals, orbital location (%Co and %Cu), orbital 
electron population, and metal electron population for 1-Cl. 
 

orbital %Co %Cu Total 
Electrons 

Co 
electrons  

Cu 
electrons  

3d 100 0.0 1.95 1.95 0.0 
3d 100 0.0 1.95 1.95 0.0 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 0.0 100 1.99 0.0 1.99 
3d 92.2 0.0 1.03 0.95 0.0 
3d 92.8 1.2 1.00 0.92 0.01 
3d 94.0 0.0 1.03 0.97 0.0 
4d 66.6 0.0 0.004 0.003 0.0 
4d 75.5 24.5 0.01 0.01 0.002 
4d 60.4 19.3 0.004 0.002 0.001 
4d 4.8 88.5 0.01 0.001 0.01 
4d 26.7 73.2 0.01 0.004 0.01 
4d 66.5 0.4 0.004 0.003 0.0 
4d 0.0 93.1 0.01 0.0 0.01 
4d 0.0 94.0 0.01 0.0 0.01 
4d 76.5 23.5 0.01 0.01 0.002 
4d 26.1 73.9 0.01 0.004 0.01 

Total 
electrons 

   6.78 10.02 

Oxidation 
state (+) 

   2.28 0.99 

 
Table 2.13. RASSCF calculated orbitals, orbital location (%Co and %Cu), orbital 
electron population, and metal electron population for 2-CH3CN. 
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S <S2> Relative E 

(kcal/mol) 
0 (restricted) 0.00 19.6 

0 (unrestricted) 1.00 5.9 
1 2.09 0.0 
2 6.01 7.7 

Table 2.14. Relative spin state energies of DFT-optimized 1-Cl using PBE with TZVP 
basis set for Co, Cu, Cl, and N and SVP for C, and H. The ground state is predicted to be 
a triplet for both the optimized and experimental geometries. 
 

 Optimized Geometry  
 (PBE)  

Experimental Geometry 
(X-Ray Diffraction) 

 Bond Length 
(Å) 

Angle (°) Bond Length 
(Å) 

Angle (°) 

Co-Cu 2.424  2.3963(3)  

Co-Namide 1.901 119.693 1.873(1) 118.65 
 1.901 119.681 1.884(1) 122.47 
 1.901 119.696 1.894(1) 118.21 

Cu-Npy 2.109 118.641 2.021(1) 146.67(5) 
 2.109 118.433 2.032(1) 101.15(5) 
 2.108 118.557 2.169(1) 107.01(5) 

 
Table 2.15. Selected bond length and angles for DFT-optimized (PBE) 1-Cl at the ground 
spin state (S=1). Wiberg bond index = 0.42 
 

 Optimized Geometry 
(PBE) 

Experimental Geometry 
(X-Ray Diffraction) 

 Bond Length 
(Å) 

Angle (°) Bond Length 
(Å) 

Angle (°) 
Co-Cu 2.47  2.4707(4)  
Co-Namide 1.921 119.618 1.919(2) 119.01 

 1.921 119.434 1.911(2) 120.70 
 1.921 119.556 1.925(2) 119.15 

Cu-Npy 2.148 118.157 2.101(2) 118.34(7) 
 2.149 117.704 2.121(2) 122.38(7) 
 2.147 118.194 2.131(2) 112.85(7) 

 
Table 2.16. Selected bond length and angles for DFT-optimized (PBE) 2-CH3CN at the 
ground spin state (S = 3/2). Wiberg bond index = 0.26. 
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Chapter 3. 

 

Figure 3.14. 1H NMR spectrum (500 MHz, C6D6) of H2(PNONP) (1) 

 

Figure 3.15. 1H{31P decoupled} NMR spectrum (500 MHz, C6D6) of H2(PNONP) (1) 
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Figure 3.16. Blowup - 1H (bottom) and 1H{31P} (top) NMR spectra of 1 in C6D6 
 

 

Figure 3.17. 13C NMR spectrum (125 MHz, C6D6) of H2(PNONP) (1) 
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Figure 3.18. 1H NMR spectrum (500 MHz, C6D6) of [Cr(µ-Cl)(PNONP)]2 (2) 

 

Figure 3.19. 1H NMR spectrum (500 MHz, C6D6) of [Cr(µ-Cl)(PNONP)]2 (2) 
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Figure 3.20. VT 1H NMR of 3 (500 MHz). Room temperature and above in d8-tol, -20°C 
and below in d8-THF. 
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Figure 3.21. 31P spectra of 3 plus eight equiv. of PMe3 at room temperature in C6D6 
 

 

Figure 3.22.  13C NMR spectra (125 MHz, C6D6) of [Cr(PNONP)]2 (3) 
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Figure 3.23. Cyclic voltammograms of [Cr(µ-Cl)(PNONP)]2 (2) in THF at various scan 
rates (10, 50, 100 mV/s; 0.1M [nBu4N]PF6). 
 

 
Figure 3.24. CV of Li2PNONP in 0.2M TBAPF6 THF solution at 400 mV/s, (+) initial 
scan direction.  
 

-3	-2.5	-2	-1.5	-1	-0.5	0	
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100	mV/s	
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Figure 3.25. Cyclic voltammograms of 3 in THF at various scan rates (10, 20, 50, 100 
mV/s; 0.1M [nBu4N]PF6). 
 
 

 

Figure 3.26. Full ORTEP diagram of 2, hydrogen atoms omitted, carbon atoms displayed 
as white spheres. Blue = Nitrogen, Yellow = Phosphorus, Red = Oxygen, Maroon = 
Chromium, Green = Chlorine 

-1.5	-1.25	-1	-0.75	-0.5	-0.25	0	
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100	mV/s	
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Figure 3.27. Full ORTEP diagram of 3 Blue = Nitrogen, Yellow = Phosphorus, Red = 
Oxygen, Maroon = Chromium, Green = Chlorine, Grey = Carbon 
 
Table 3.5.  Single point absolute energies using PBE and PBE0 functionals on the X-ray 
structure of 3 
 
 PBE S^2 PBE0 S^2 
Singlet (hartree) -5846.64420224 0.00 -5847.42357521 0.00 
Diradical Singlet 
(hartree) 

-5846.66832401 1.78 -5847.55719926 3.07 

Delta E (kcal/mol) 15.14   83.85  
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Table 3.6.  Cr2
4+ paddlewheels with their UV-Vis features, Cr-Cr bond lengths, and L-

Cr-Cr-L torsion angles 
 

 
 
Table 3.7.  Relative energies using M06L functional on the constrained optimized 
structure of 3 
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Figure 3.28. 1H NMR of the product of CO2 addition to 3. (THF-d8, 500 mHz, rt) 
 

 
Figure 3.29. 13C NMR of the product of 13CO2 addition to 3. (THF-d8, 500 mHz, -80°C) 
 
 



	

178	

 
Figure 3.30. ESI-MS trace of the product of CO2 (solid trace) and 13CO2 (dashed trace) 
addition to 3. M/z = 1276.88 corresponds to 3+2MeOH+4CO2+O. M/z = 1280.88 
corresponds to 3+2MeOH+413CO2+O. 
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Chapter 4 
 
Table 4.4. Crystallographic Details for 1 
_________________________________________________ 

Empirical formula  C26 H40 Cr N3 P2 
Formula weight  508.55 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
a (Å) 10.5546(13)  
b (Å)  11.4141(14) 
c (Å) 11.6780(14)  
α (°) 102.5500(10  
β (°) 104.0480(10) 
γ (°) 97.1990(10) 
V(Å3) 1308.4(3) 
Z 2 
Dcalcd (g cm-3) 1.291 
q range (°) 1.86 to 27.56 
Reflections collected 5952 
Observed reflections 4506 
Data / restraints / parameters 5952 / 0 / 298 
Goodness-of-fit on F2 1.020 
R1, wR2 (I > 2σ(I))                                         0.0450, 0.0978 
__________________________________________________ 
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Figure 4.29. 1H NMR spectrum (300 MHz, d8-THF) of the reaction of deprotonated 
PNNNPiPr with one equivalent of CoCl2(THF)1.5 
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Figure 4.30. VT-NMR of 4 (500 MHz, d8-THF), temperatures from top to bottom: 22°C, 
−4°C, −30°C, −56°C, −80°C. 

 
Figure 4.31. 1H NMR (d8-THF 500 MHz) overlay H2PNONPCoCl2 5 (bottom), the 
product of the reaction of 5 with CrCl2 and 2 equiv. nBuLi (top),  
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Figure 4.32. 1H NMR spectrum (300 MHz, C6D6) of PhNHCH2P(iPr)2 [H(NP)] 
 

 
Figure 4.33. 1H NMR spectra of PhN(LiOEt2)CH2P(iPr)2 (300 MHz, C6D6) 
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Figure 4.34. 1H NMR spectra of 7 (NP)3Cr (300 MHz, C6D6) 
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 Figure 4.35. 1H NMR spectra of 8 (NP)3Mo (300 MHz, C6D6), inset is a blowup of the 
diamagnetic region 
 
 
 


