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ABSTRACT 
 

Yokley, Timothy Wayne. Ph.D. The University of Memphis. December 2019. Synthesis, 
Structure, and Reactivity of Late Transition Metal—Aluminum Heterobimetallics. Major 
Professor: Timothy P. Brewster, Ph.D. 
 

Heterobimetallic systems have seen an increase in development over the last several years. 

These bimetallic systems typically involve two transition metals with unique properties used in 

tandem to activate chemical bonds.  Many of these systems use transition metals, consisting of a 

soft, electron rich (low valent) metal and a harder, electron deficient (high valent) metal.  These 

types of heterobimetallics can be exploited as an intramolecular Lewis acid—Lewis Base pair, 

which allows access to reactivity that may not be accessible to one transition metal alone. 

Relatively unexplored is the use of a late transition metal (LTM) in tandem with a Lewis-

acidic p-block (Group 13) metal.  LTM-Lewis acid bimetallic complexes can be broadly 

categorized into two separate families, both capable of cooperative activation of a chemical bond.  

Among Group 13 Lewis acids specifically, aluminum is of particular interest to the Brewster 

laboratory due to it being earth-abundant and the most electropositive Group 13 element. 

Bimetallic complexes that contain an aluminum moiety are relatively unexplored compared to their 

boron analogs due to being highly reactive species and their synthetic difficulty.  This has made 

their isolation and characterization quite challenging.  

 The goal of the Brewster lab is to develop bimetallic systems that contain aluminum and 

an electron-rich transition metal and to exploit cooperative reactivity between both metal centers. 

In this dissertation, we describe the successfully completed syntheses of bi- or tridentate ligands 

for our bimetallic aluminum complexes and their respective transition metal complexes. We 

report the experimental reactivity of the LTM complexes that contain a docking group for 

alkylaluminum or haloaluminum. Syntheses of these complexes follow a “ligand first” approach, 
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where the LTM complex is first synthesized and isolated, followed by the addition of the 

aluminum moiety. This synthetic route has been successful in the development of several 

bimetallic—aluminum complexes synthesized by the Brewster lab.  We report the reactivity of 

the aluminum complexes with small molecules (i.e. H2, CO2, etc.). Varying the docking 

substituent attached to the aluminum moiety provides different reactivity. Experimental and 

computational investigation of the activation of CO2 are reported. 
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Chapter 1. INTRODUCTION 

 

1.1 Introduction to Heterobimetallics   

The development of heterodinuclear or heterobimetallic systems has shown a boom in 

interest over the past few decades. These bimetallic systems typically involve two transition 

metals with unique chemical properties.1-4 A common construct consists of a soft, electron rich 

(low valent) metal and a harder, electron deficient (high valent) metal. In other words, these 

systems contain a comparatively Lewis basic metal with a formally low oxidation state in 

conjunction with a strongly Lewis acidic metal in a formally high oxidation state. The formation 

of a dative bond between two transition metal centers may occur by enforcing proximity between 

the nucleophilic metal center and the electrophilic metal. Traditionally, this type of interaction 

involves the donation from a filled d-orbital of the Lewis basic metal to an empty d-orbital of the 

Lewis acidic metal to form a net bonding interaction. This class of heterobimetallic can be 

exploited as an intramolecular Lewis acid—Lewis base pair, where reactivity of the complex is 

comparable to that of a Frustrated Lewis Pair (FLP).5,6 In general, in the creation of a bimetallic 

complex one hopes to exploit synergistic or “cooperative” reactivity that may not be accessible 

to their mono- or homodinuclear counterparts. 

 The ability of the two metal centers to adopt different roles during “cooperative” 

reactivity has been the target of extensive study.7-13 The Lewis acidic transition metal can often 

impart oxidative effects, while the Lewis basic transition metal can serve as a formal reductant.  

In other cases, the Lewis acidic (or basic) metal simply serves to electronically tune its 

counterpart which undergoes classical one-metal reactivity.14 As mentioned above, in yet other 

instances the metals can work together to concertedly, heterolytically activate chemical bonds.  
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Finally, electrons may be stored in a heterobimetallic metal-metal multiple bond, suggesting the 

complexes may demonstrate unique redox behavior.15 Because of the diversity in metal-metal 

interactions in heterobimetallic complexes, designing catalysts using this type of architecture will 

create a wave of discovery towards future exploration in catalysis research, allowing chemists to 

use various transition metal—transition metal or, in more recent years, transition metal—main 

group metal combinations to design more efficient catalysts to tackle some of the world’s 

toughest problems.  

The following sections review heterobimetallic complexes where both metals are needed 

to cooperatively activate small molecules. I will first review select early transition metal/late 

transition metal heterobimetallic complexes. Next, as an introduction to transition metal-main 

group metal bimetallics, I will briefly discuss aluminum, aluminum (III) salt reactions, and 

reactivity of aluminum supported by redox-active ligands. Specifically, I will be looking at the 

reactivity of CO2 and formic acid with select complexes as this is directly relevant to the work 

described in ensuing chapters. The next section will discuss early transition metal/aluminum 

heterobimetallic complexes that demonstrate catalytic activity. This section will mainly discuss 

Group 4-aluminum bimetallic complexes that are used in olefin polymerization.  Lastly, we will 

discuss late transition metal/aluminum heterobimetallics, giving a brief discussion of the 

reactivity towards small molecules. 

1.2 Early/Late Bimetallic Complexes: Reactivity with Small Molecules  

 One of the more well-defined areas of catalysis using this type of metal-metal framework 

are early transition metal—late transition metal, or “early/late” heterobimetallic complexes. 

While the terms “early” and “late” are rather ambiguous, these terms typically reference either 

the left or right side of the d-block of the periodic table. In this discussion, “early” will refer to 
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the transition metals found in Groups 4-7 while “late” will refer to the transition metals found in 

Groups 8-12. 

 Small polar or polarizable substrates are particularly amendable to reaction with these 

types of Lewis acid/Lewis base bimetallic complexes. Hydrogenation of alkenes16-18, C-C bond 

formation 19-22, C-H activation 23-27, H2 activation 27-30, reduction or oxidation of CO2 31-33, and O2 

activation34 are just a few of the diverse reaction types for which these systems have shown to be 

catalytically useful.  However, there are many additional examples wherein the original complex 

cannot be regenerated after stoichiometric functionalization of the substrate at hand. Select 

examples of early/late heterobimetallic reactivity towards small molecules using will be given.  

1.2.1. Alkene Hydrogenation Demonstrated by a Ta/Ir Heterobimetallic Complex 

 A Ta/Ir heterobimetallic complex reported by Bergman et al.16 

[Cp2Ta(CH2)2Ir(CO)(PPh3)]  was able to demonstrate efficient activity in hydrogenation of 

ethylene. When the monometallic complex Ph2P(CH2)2Ir(CO)(PPh3) was used under similar 

Figure 1.1. Proposed mechanism for ethylene hydrogenation by a Ta/Ir Heterobimetallic.16 
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reaction conditions, the reaction proceeded 150 times slower than the bimetallic analog. 

Extensive deuterium studies were performed to understand the catalytic mechanism between the 

two complexes. These studies revealed that the bimetallic complex underwent C-H reversible 

reductive elimination at the bridging CH2 while incorporation of the deuterium into the 

monometallic complex was not observed, indicating this catalytic process occurs via different 

mechanisms. Computational studies supported these claims due to the higher calculated 

activation barrier for the monometallic complex compared to the bimetallic.  

1.2.2. C-C Bond Formation Demonstrated by a Ru/Mn Heterobimetallic Complexes 

 

 Lau et al.21 reports a pair of Ru/Mn heterobimetallic complexes [Cp(CO)Ru(μ-

dppm)Mn(CO)4] and [Cp*(CO)Ru(μ-dppm)( μ-CO)2Mn(CO)3] in the catalytic coupling of CO2 

and epoxides to yield cyclic carbonate products. In order for the bimetallic complex to 

demonstrate catalytic activity, the Ru—Mn metal-metal bond must break to generate the active 

RuII and Mn- fragments. The electrophilic Ru binds to the epoxide, followed by a ring opening 

Figure 1.2. Proposed mechanism for epoxide/CO2 coupling by a Ru/Mn Heterobimetallic Complex.21 
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attack by the nucleophilic Mn center, yielding a C-Mn bond. CO2 insertion into the Ru-O bond, 

followed by a ring closure and reductive elimination of the cyclic carbonate product regenerates 

the Ru-Mn bond. Each metal center is necessary to yield the cyclic carbonate product and drive 

the reaction forward. The authors also report that the monometallic Mn complex was less active 

as compared to the bimetallic complexes. When the monometallic Ru complex was used, no 

reaction occurred. 

1.2.3. C-H Activation Demonstrated by a Zr/Rh Heterobimetallic Complex 

 

 The direct carbonylation of ethylene to form the corresponding acrolein product using an 

early/late heterobimetallic complex [AsPh4][ η-C5Me5)2Zr(μ-S)2Rh(CO)2]•THF was 

demonstrated by Kalck and Gautheron et al.33 The authors propose the formation of the acrolein 

product involves several multistep mechanisms and occur via a homogeneous process. These 

sequences involve the activation of ethene on the zirconium center to yield the vinyl species, the 

insertion of CO into the zirconium-carbon bond, reductive elimination of the acrolein product, 

and C-H activation of a CH3 group from Cp* leading to the decomposition of the 

heterobimetallic complex (Figure 1.3. a). Catalytic carbonylation of ethene was achieved by 

addition of triethyl orthoformate with respect to the bimetallic complex (Figure 1.3b) but 

detection of the acrolein product was determined only in the gas phase.  

Figure 1.3. Reactivity of a Zr/Rh Heterobimetallic Complex.33 (a) 5 eq PPh3, 1 MPa Ethene 
        1MPa CO. (b) 5 eq PPh3, 1 MPa Ethene, 1MPa CO, triethylorthoformate. 
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1.2.4. H2 Activation Demonstrated by a Zr/Ir Heterobimetallic Complex 

 

 Dihydrogen activation has been demonstrated with several early/late heterobimetallic 

complexes. For example, Bergman et al.34 developed a heterobimetallic imido complex 

[Cp2Zr(μ-N-t-Bu)IrCp*] that led to the oxidative addition of H2 at 25°C leading to the clean 

formation of the dihydride complex [Cp2Zr(H)(μ-N-t-Bu)(μ-H) IrCp*]. The dihydride complex 

demonstrates reversible oxidative addition of H2 under vacuum and was found to be thermally 

unstable at 25°C over 24 hours. An analogous deuteride complex [Cp2Zr(D)(μ-N-t-Bu)(μ-

D)IrCp*] was formed after reacting the complex with D2 to determine hydride resonances. 

Deuterium incorporation into the Cp rings was observed by 2H-NMR and small hydride peaks 

were observed by 1H-NMR from the incorporation of hydrogen in the hydride position from the 

Cp rings. Addition of a 50/50 mixture of H2 and D2 to the imido complex resulted in the 

formation of H-D identifiable by 1H-NMR. H-D exchange experiments were performed by 

addition of the dideuteride complex to the dihydride complex yielding two hydridodeuteride 

complexes. Attempts at catalytic hydrogenation of ethylene were performed, though thermal 

decomposition of the imido catalyst was reported. 

Figure 1.4. H2 activation across a Zr/Ir metal-metal bond.34 
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1.2.5. CO2 Oxidation Demonstrated by a Zr/Co Heterobimetallic Complex 

 A zirconium/cobalt complex [Co(iPr2PNMes)3Zr(THF)] reported by Thomas et al.35 

demonstrates the stochiometric oxidative addition of CO2 across the Zr—Co metal—metal 

multiple bond at room temperature to yield the complex  [(OC)Co(iPr2PNMes)2-(μ-O)- 

Zr(iPr2PNMes)] cleanly. The solid-state structure of the product reveals a bridged Zr—O—Co 

complex with a terminal CO group located on the Co metal center. The use of excess of CO2 led 

to a mixture of intractable products attributed to the formation of CO32- from a nucleophilic 

attack of the oxo bridge to a CO2 molecule. The authors propose the reactivity of the Zr/Co 

bimetallic complex towards the stoichiometric activation of CO2 can be explained by the 

hemilability of the phosphinoamide ligand, allowing the substrate to access the bimetallic 

multiple bond. 

 

 

 

 

 

 

Figure 1.5. CO2 activation across a Zr/Co metal bond.35 
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1.2.6. CO2 Reduction Demonstrated by a M/Ru Heterobimetallic Complex 

 Hydrogenation of CO2 to formic acid using Group 6/Ru heterobimetallic species 

[(Cp)(CO)Ru(μ-dppm)M(CO)2(Cp)] or [(Cp*)(CO)Ru(μ-dppm)M(CO)2(Cp)] was reported. 21 

Similarly, these complexes demonstrate activity for the decomposition of formic acid to CO2 and 

H2. The authors report the low catalytic activity of the bimetallic species, however, no catalytic 

activity was observed with the monometallic species, indicating the need for both metal centers 

to play a role in the reaction.  A mechanism for the reversible hydrogenation of CO2 (Figure 1.6) 

by the bimetallic M-Ru species was proposed, though very little experimental evidence for the 

mechanism was reported. 

Figure 1.6. Proposed mechanism of CO2 reduction across a M-Ru bond.21 
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1.2.7. O2 Activation Demonstrated by a Zr/Co Heterobimetallic Complex 

 A zirconium/cobalt complex [(THF)Zr(iPr2PNMes)3CoCNtBu] reported by Thomas et 

al.36 was able to activate O2 to yield the peroxo complex (O2)Zr(iPr2PNMes)3CoCNtBu.  The 

phosphinoamide ligand complex remains stable, where O2 selectively binds to Zr to form the 

terminal peroxo complex.  The authors propose a two electron oxidation of O2 that occurs rapidly 

at the Zr0 center while the pendant d10 Co center acts as a two-electron reductant; however, 

reactivity at the multiple metal bond was not reported. 

1.3 Aluminum  

A burgeoning area of research in the Brewster lab involves replacement of one of the 

transition metals in the early/late heterobimetallic construct with a Lewis acidic main group 

(Group 13) metal.  Group 13 elements consist of boron, aluminum, gallium, indium, and 

thallium. These elements are considered p-block metals, where all s-orbitals are full and one 

electron is located in the p-orbital giving a ground state valence electron configuration ns2np1 (n 

= valence shell). Of the Group 13 metals, my work has focused primarily on the chemistry of 

aluminum.  Aluminum is attractive because it is earth abundant, inexpensive, and relatively non-

toxic. Aluminum is, in fact, the third most abundant element in the earth’s crust (after oxygen 

and silicon), accounting for over 8% of its mass. Among Group 13 metals, aluminum is also the 

Figure 1.7. O2 activation demonstrated by a Zr/Co Complex.36 
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most electropositive Group 13 element making it a particularly potent Lewis acid.  The ensuing 

sections will first discuss some of the chemistry of aluminum itself and then transition into its 

limited application in heterobimetallic complexes. 

1.4. Aluminum (III) Salt Redox Reactions  

 Aluminum has had a limited role in catalysis of oxidation/reduction, mainly due to the 

fact that aluminum exists almost exclusively in the +3 oxidation state outside of its elemental 

form.37  Very few examples of a +1 oxidation state have been reported.38-43  However, there are 

strategies to induce non-redox active metals to influence redox reactions. The first is direct 

addition of an aluminum (III) salt to enhance the activity of inorganic or organic oxidants and/or 

reductants. Coordination of aluminum (III) salts to an oxidant or reductant can directly impact 

the redox potential through electronic induction. One of the most recognized industrial processes 

that undergoes this direct addition are the classic electrophilic aromatic substitution reactions 

Friedel-Crafts alkylation and acylation, where the reaction is dependent on a strong Lewis acid 

such as aluminum trichloride. However, processes that are less likely to be familiar to the lay 

chemist are reactions that use aluminum to facilitate insertion and accelerate β-hydride transfer. 

For example, the Meerwein-Ponndorf-Verley reduction of ketones by secondary alcohols relies 

Figure 1.8. Mechanism of the Meerwein-Ponndorf-Verley Reduction 
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on a beta-hydride transfer from the donating substrate via a six-membered aluminum 

metallocycle transition state. The coordination of aluminum increases the electrophilicity of the 

acceptor substrate allowing for the hydride transfer to form the secondary alcohol. Similarly, the 

Aufbau reaction is the aluminum catalyzed polymerization of ethylene by the repeated insertion 

of monomers into a growing polymer chain.  

1.5.  Bi- or Multidentate Redox Active Aluminum Complexes 

 While using a simple aluminum (III) salt may elicit a reaction of interest, substituting the 

salt with a bi- or multidentate ligand can often eliminate side reactions and increase selectivity in 

formation of target products.37 Coordination of the aluminum center to a sterically bulky, redox-

active ligands may additionally allow the redox-inert aluminum center to serve as a relevant 

redox partner in the reaction resulting in transition metal-like reactivity. This type of framework 

has led to the catalytic reduction of CO2 and oxidation of formic acid mediated by an aluminum 

hydride.  Select, representative, examples will be discussed in detail below as they demonstrate 

the concept and the current state of this subfield of aluminum chemistry. 

1.5.1. Activation of CO2 to Formate using a Redox-Active Aluminum Catalyst 

 

 In 2015, Aldridge et al. demonstrated the activation of CO2 with a Nacnac supported 

gallium catalyst where CO2 insertion into the metal hydride bond.44 The authors were able to 

Figure 1.9. CO2 activation demonstrated by a redox-active aluminum complex.44 
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release the derived formate product from the metal center and regenerate the metal hydride by 

using a sacrificial Lewis acid source. In 2018, Aldridge et. al.45 reported several aluminum 

hydride analogs stabilized by a redox active Nacnac ligand framework capable of CO2 insertion 

into the Al-H bond yielding the formate bound to the aluminum center. The authors report 

different reactivity depending on the R group adjacent to the hydride. Electron donating R 

groups (i.e. Me, Et) led to enhanced reactivity of CO2 into the Al-H bond with 90% completion 

after 40 minutes for R = Me and 60 minutes for R= Et (rate constants = 7.16 x 10-4s-1 and 6.16 x 

10-4s-1, respectively).  Alternatively, when the R group is an electron withdrawing group (i.e. Cl, 

OTf) led to no observable reactivity. The authors propose the difference in reactivity is due to the 

weak Al—H bond (increase of hydricity caused by the electron donating group) leading to 

enhanced rates towards CO2.   

1.5.2.  Activation of Formic Acid to CO2 and H2 using a Redox-Active Aluminum catalyst 

 Investigating the reverse reaction, Myers and Berben46 reported the conversion of formic 

acid selectively into H2 and CO2 via a β-hydride elimination from the synthesized aluminum 

catalyst (PhI2P2-)Al(THF)H at an initial rate of 5200 turnovers per hour. It is proposed that the 

Figure 1.10. Formic acid activation demonstrated by a redox-active catalyst.46 
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steric bulk of the alkyl ligands promote the formation of aluminum-hydride product. The authors 

report a mechanism through which the catalytic dehydrogenation of formic acid occurs (Figure 

1.10). Three equivalents of formic acid were introduced to, liberating one equivalent of H2, 

protonation of the amine arm, and rearomatization of the pyridine ring, yielding two formate 

anions bound to the aluminum center to give a 4-coordinate intermediate. A β-hydride 

abstraction from one formate bound to the aluminum anion liberates CO2 and regenerates the 

aluminum hydride. Introduction of one equivalent of formic acid to the catalytic cycle quickly 

liberates H2 and regenerates the active catalyst.    

 Designing catalysts using less expensive and highly abundant metals is in high demand to 

lower the cost and increased sustainability of reactions. Although aluminum remains almost 

exclusively in the +3 oxidation state for most cases in coordination chemistry, there is still much 

that can be learned about using aluminum as a catalyst or redox partner to accelerate a variety of 

oxidation/reduction reactions. Coordination to a bi- or multidentate ligand with steric bulk and/or 

different electronic parameters (i.e. non-innocence) can affect the reactivity and selectivity of the 

reaction compared to using an aluminum (III) salt alone.  

1.6.  Early Transition Metal—Aluminum Bimetallics 

 Aluminum has found an emerging role as a component in bimetallic systems.  Among the 

known metal—aluminum heterobimetallics, a small subset comprises early transition metal-

aluminum systems.47-60 Of the few known early transition metal-aluminum bimetallics, even 

fewer have been reported to catalyze reactions.51, 57,59-61 Early transition metals and aluminum are 

both exceptional Lewis acids. As stated above, aluminum exists primarily in its most stable form 

of the +3 oxidation state. Early transition metals demonstrate similar properties where the 

thermodynamically stable form is generally the highest oxidation state (by noble gas 
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configuration). This similarity severely limits the types of reactivity for which these systems are 

employed. 

 Cooperative reactivity between both metal centers to function as a Lewis acid/Lewis base 

pair is unfavorable compared to the early/late systems, as both metals would prefer to serve as an 

electron pair acceptor, and in many cases have no valence electrons available to serve as a base. 

Polar substrates that demonstrate σ- and/or π-donation are subject to reaction with these Lewis 

acidic metals; however, catalytic turnover is often poor because the product, often a good Lewis 

base itself, has a strong affinity for one of the two metal sites.  To prevent product inhibition, 

systems in which the product is an exceptionally poor ligand (relative to substrate) are under 

investigation.  By far the most prevalent are systems for catalyzing olefin polymerization.61 Early 

metal systems have long been used in this application with an aluminum source, 

methylalumoxane or MAO ( MAO = Al(CH3)O)n) , often serving as a reaction initiator.  

Incorporation of aluminum into the framework is a potential route to having synthetic control 

over the activation step in this process.  The remainder of this section will discuss early transition 

metal-aluminum bimetallic complexes that have been isolated and are used to catalyze olefin 

polymerization with or without an external aluminum activator.  

1.6.1 Metallocene (M = Ti, Zr, Hf) – Aluminum Bimetallic Complexes  

 Group 4 early transition metal (M = Ti, Zr, Hf) - aluminum bimetallics have seen great 

success as catalysts for olefin polymerization.61 These bimetallic catalysts generate an 

equilibrium mixture of coordinatively unsaturated species, usually cationic, that contain a 

reactive metal—alkyl bond capable of binding an olefin and transferring the alkyl to the 

monomer. The addition of an external cocatalyst (i.e. aluminum) serves as an activator to 

generate the active cationic catalyst.62,63 These are typically bulky trialkyl aluminum (i.e.iBu, 
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tBu) reagents and/or MAO due to the versatility of the reagent in the reaction. Typically, large 

quantities of these external cocatalysts are needed to function as an alkylating agent, an alkyl 

abstractor, a stabilizer for the generated transition metal cation, and a scavenger for impurities 

such as water that can inhibit the reactivity of the active catalyst.61, 62 It is proposed that the 

aluminum cocatalyst may also act as a chain-transfer agent allowing for growth of the polymer 

chain. 

 Since the early 1950’s, metallocene catalysts have been well established for olefin 

polymerization reactions. In particular, “metallocene catalysts” refer to zirconocene complexes 

that have been synthesized from either the metal-halide or metal-alkyl precursor. This is in part 

due to the instability of titanocene complexes at conventional polymerization temperatures and 

the cost to synthesize hafnium systems. These bis(cyclopentadienyl)group-IV metal complexes 

were introduced as a new generation of Ziegler-Natta catalysts for the polymerization of olefins. 

Specifically, these zirconocene catalysts can be modified to produce polyolefins with special 

stereoregularities and a high degree of tacticity.  

 As stated above, an activation step using MAO is needed to generate the active catalyst. 

This occurs by transferring a methyl group to MAO to form a cationic aluminum species, 

generating an open site on the transition metal center CpZrMe+.61,62 There is no direct 

information on the structure of the metal-olefin preinsertion complexes, or about the monomer 

association equilibria. These sites are strongly Lewis acidic, allowing the association of olefins 

Figure 1.11. Generation of an active Zr catalysts using an aluminum activator.61 
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and subsequent methyl transfer to occur.  Metallocenes are typically homogeneous, allowing for 

the maximum number of open sites per molecule, making these catalysts more active than their 

heterogenous counterparts.  

1.6.2.  Bridged M-O-Al Bimetallic complexes (M = Ti, Zr) 

 Very few approaches to developing aluminum bimetallic complexes that demonstrate 

intramolecular activation of the early transition metal center have been reported. 51, 63-67 These 

bimetallic complexes would eliminate the need for an external aluminum activator and 

demonstrate high activity in catalysis. Unfortunately, activation of the transition metal complex 

is usually associated with a decrease in complex stability so having the activator in proximity can 

be challenging. Considerable attention has been given to the design and synthesis of ligands to 

prevent destabilization of the activated bimetallic complex. Ligands consisting of π-donor 

alkoxides and/or aryloxides have seen significant promise in these types of bimetallics due to 

both electronic and steric properties that the ligand has on the metal center (Figure 1.12).  It is 

proposed that communication between metal centers through the oxygen bridge may be 
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beneficial by enhancing the Lewis acidity of the catalytic center or provide a vacant site for 

cocatalyst binding in these bimetallic systems. 

 The first structurally characterized Al-O-Zr complex was obtained by Roesky et. al.68,69 

by reaction of the aluminum hydroxide precursor stabilized by the β-diketiminate ligand, DIPP-

nacnac, with dimethyl-zirconocene (Figure 1.12, top). The obtained complex can be used 

towards olefin polymerization in the presence of small quantities of MAO. In a related study, 

Harder et. al.70 proposed an Al-O-Zr catalyst with a preorganized vacant site that would be used 

to circumvent the use of MAO as a cocatalyst. However, both the solid-state structure and 1H-

NMR spectrum reveal a stable dimeric tetracoordinate aluminum complex where the oxygen 

atoms of the biphenolate ligand form a bridge between the aluminum centers. Reacting the 

biphenolate-aluminum dimer with two equivalents of Cp*Zr(Me)OH yielded the 

heterobimetallic (DIPH)AlOZr(Me)Cp*2 dimer. The authors also report that the aluminum 

moiety does not contain a vacant site, though high reactivity of the complex for ethylene 

Figure 1.12. First structurally characterized Al-O-Zr complex (top).68,69 Representative Al-O-Zr 
aluminum heterobimetallic containing a bidentate oxygen ligand (bottom).70 
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polymerization can be achieved with the addition of MAO. DFT calculations show that the steric 

bulk of the Cp ligand and the biphenolate are unimportant, implying that less-hindered systems 

are unlikely to follow a bimetallic insertion mechanism. Harder proposes a sterically enforced 

six-membered transition state between M-CH3-C during the insertion process is more likely 

where the M-CH3 bond must break before the formation of the new CH3-C bond can occur. They 

also show that heterobimetallic ethene insertion activation energies are so high that it is unlikely 

that this reaction can proceed below 100°C. 

1.6.3. Group 4 – Aluminum Heterobimetallic Complexes Featuring a Tetradentate Ligand 

 A series of bridged Group 4-aluminum heterobimetallic complexes were reported by 

Nomura et. al.57, 71-74 using a tetradentate, trianionic atrane ligand that contains three aryloxide 

ligand and a neutral nitrogen atom that facilitates coordination to provide stabilization of the 

metal complex. For all synthesized heterobimetallics reported by Nomura et. al., he proposes the 

generation of the active transition metal catalyst occurs upon cleavage of the titanium -oxygen 

bond upon addition of MAO or small amounts of AlMe3. In an exciting development, a titanium-

aluminum bimetallic {TiMe[(O-2,4-Me2C6H2-6-CH2)2(μ2-OCH2CH2)N]}[Me2Al(μ2-OiPr)] by 

Nomura demonstrated autocatalytic polymerization of ethylene without the addition of any 

Figure 1.13. Group 4-aluminum heterobimetallic reported by Nomura et al.57, 71-74 
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external aluminum moiety, forming highly linear polymer with high molecular weight.71 They 

propose the zwitterionic complex generated in equilibrium at 100°C is a plausible catalytic active 

species for linear polymerization though investigation of this phenomena is still ongoing.  

1.7 Late Transition Metal—Aluminum Bimetallics 

 Also largely unexplored is the use of a late transition metal with a Lewis acidic p-block 

metal. Late transition metal-Lewis acid bimetallic complexes can be broadly categorized into 

two separate families, both capable of cooperative activation of a chemical bond. In the first, no 

dative bond forms between the transition metal and pendant metal, which allow them to function 

in a manner of a Frustrated Lewis Pair.5,6 In the second, the late transition metal functions as a 

two-electron, σ-donor formally making the transition metal a Lewis base where a dative bond 

can form, making a “Z-type” interaction.75,76 Z-type bonding can modulate reactivity at the 

transition metal or can be exploited in a manner similar to a traditional cooperative catalyst.77,78 

It is worth noting that very few aluminum complexes contain a Z-type interaction between the 

metal center and the aluminum moiety. Whether or not a Z-type bond forms is directly correlated 

to the design of the ligand and will be discussed in the latter sections. Though relatively rare, 

these bonding interactions have been observed with several late transition metal-boron79-84 and 

only a few late transition metal-aluminum complexes that will be mentioned in this section of the 

dissertation. As stated in Section 1.3, aluminum is the most electropositive and earth abundant 

Group 13 p-block metal and of particular interest to our work. Bimetallic complexes that contain 

aluminum are relatively unexplored compared to their boron analogs to due to being highly 

reactive species and their synthetic difficulty. This has made their isolation and characterization 

quite challenging. The remainder of this section will elaborate on these complexes. 
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1.7.1. Unsupported Bimetallic Aluminum Complexes  

 Late transition metal-aluminum bonding (“Z-type bonding) has seen a recent boom in 

interest in the organometallic community. However, addition of an aluminum moiety to a late 

transition metal complex to form a metal-aluminum interaction is not a new concept. The most 

straightforward method to form a late transition metal-aluminum interaction is the simple 

addition of aluminum (III) reagent to a transition metal precursor. Information about the bonding 

interaction between both metal centers can be typically obtained by spectroscopy and 

computational methods.  This unsupported ligand strategy has been successful in minimizing 

geometrical constraints between the metal and aluminum, but few examples exist due to co-

ligands from the transition metal that can bind efficiently to aluminum. 

1.7.2. Unsupported “Z”-type Complexes 

 One of the earliest examples of unsupported late transition metal-aluminum bonding was 

demonstrated by Burlitch and Hughes85 by reacting the anionic iron transition metal complex 

Et4N+CpFe(CO)2- with an electron deficient, triaryl aluminum reagent to form an ionic metal-

aluminum adduct Et4N+Ph3AlFe(CO)2Cp-. Structural evidence of metal-metal bond formation 

was indicated by X-ray crystallography, where the Fe-Al bond was revealed to be 2.510 Å, and 

the geometry around the aluminum center was slightly distorted tetrahedron, consistent with 

single bond characteristic and an increase in coordination to the aluminum center. The bonding 

Figure 1.14. Structurally Characterized Unsupported “Z”-type Complexes.85-89 
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interaction was also indicated by a slight shortening of the Fe-CO bond (1.151Å vs 1.18Å) 

though this is inconsistent with a “Z-type” interaction, where removal of electron density from 

the transition metal center caused by a Lewis acid would weaken the backbonding interaction 

between the transition metal and the carbonyl yielding a CO bond elongation.  

 Direct addition of the aluminum to transition metal complexes has been advantageous in 

the synthesis of other unsupported dative transition metal-aluminum bonding examples, where 

electron rich (formally low oxidation state) transition metal complexes were used. Mayer 

described an unsupported neutral Lewis acid/Lewis base pair when they generated the system 

[CpRh(PMe3)2(AlMe3)].86 However, structural characterization of this system showed a 

significant zwitterionic contribution and the authors appropriately described it as a cationic 

[CpRh(PMe3)2(AlMe2)]+ with a weakly associated  [AlMe2Cl2]-. In 1998, Bergman and 

coworkers reported the complex [(η-C5Me5)(Me3P)IrH2(AlPh3)] where the complex 

demonstrates an Ir/Al interaction by an unsupported ligand scaffold; however,  structural data 

suggests that the Ir-Al metal-metal bond is supported by two bridging hydrogens.87 In 2007 and 

in 2010, Braunshweig et. al. demonstrated an unsupported Pt0-Al dative bond in several linear 

platinum complexes PtPCy3, Pt(NHC)2, and Pt(PCy3)(NHC).88,89 Braunshweig notes that the 

electron donating properties of the metal to the aluminum center can be tuned by increasing the 

donor strength of ligand coordinated to the transition metal center. The presence of strong 

transition metal-aluminum interactions is observed by crystallography, where the short transition 

metal-aluminum distances and pyramidalization of the aluminum are noticeable. 
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1.7.3.  “Z-type” Ligand Supported Late Transition Metal-Aluminum Bimetallic Complexes  

 Development of ligands designed to contain multiple coordination sites that are selective 

for either the late transition metal or aluminum have been made in recent years. These ligands 

typically contain one or several donor ligands that bridge the aluminum moiety to the transition 

metal, providing stability and rigidity to prevent alternative coordination modes.  

  

 As stated above, Z-type interactions are specific to ligand design that bridge aluminum to 

the late transition metal and have seen a degree of success in recent years. Lu and coworkers 

developed a dinucleating heptadentate ligand that cages aluminum and facilitates the formation 

of a Z-type bond.90,91 Lu’s aluminum complexes demonstrate N2 activation, however, the 

aluminum moiety is completely caged by the ligand, limiting substrate access to the Lewis acid 

site. Bourissou92 and Emslie93 developed sterically accessible systems by forcing geometrically 

constrained phosphine-aluminum ligands in close proximity to low valent platinum metal 

centers. The complexes reported by Bourissou were able to cooperatively active CO2. H2, CS2, 

and PhCONH2, though no catalysis was reported. In Emslie’s systems, a 

Figure 1.15. Ligand Supported Late Transition Metal-Aluminum Heterobimetallics.90-94, 96 
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1,1’-bis(phosphino)ferrocene ligand was employed to facilitate formation of a Pt-Al bond. The 

first Z-type late transition metal-aluminum bimetallic to demonstrate useful catalytic activity was 

synthesized by Iwasawa featuring a terpyridine pincer ligand with two coordinating arms to cage 

palladium and aluminum.94 The resulting complex is capable of hydrosilylation of CO2. Later, a 

Ni/Al95 and Rh/Al96 complexes reported by Nakao were found to facilitate ortho- C-H 

functionalization of pyridines. A formal metal-aluminum bond was not reported for the Ni/Al 

system; however, cooperative reactivity was achieved by the close proximity of the two metal 

centers.  

1.8. Overview of Chapter Contents 

 The limited number of well characterized late transition metal-aluminum 

heterobimetallics, combined with their recently demonstrated catalytic utility, makes the 

development of new heterobimetallic constructs an area ripe for exploration for cooperative 

activation of small molecules. This dissertation will describe our endeavors toward this goal.  A 

“transition metal first” synthetic strategy in which the reactive aluminum center is added to a 

pre-formed transition metal complex was developed to overcome the inherent synthetic difficult 

of working with moisture sensitive aluminum compounds. This strategy has been successful in 

developing several families of Rh/Al and Ir/Al bimetallic complexes which will be discussed in 

detail in the ensuing chapters.  In addition to synthesis, the reactivity of a subset of the generated 

complexes will also be reported on.   

 In Chapter 2, we report the design and synthesis of a rhodium-aluminum heterobimetallic 

complex bridged using the tridentate ligand 1,3-bis(diphenylphosphino)-2-hydroxypropane. This 

bridging ligand is capable of binding both the transition metal and aluminum moiety selectively. 

Product identification was evaluated by various spectroscopic methods.  
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 In Chapter 3, we describe the reactivity of a tripodal ligand, bis(3,5-dimethyl-pyrazol-1-

yl)acetate (NNO), with late transition metals to form scorpionate rhodium and iridium 

complexes. We then report on the reactivity of these complexes with aluminum alkyls. Our 

efforts describe the synthesis of three new rhodium and iridium NNO complexes, which are 

dependent on the protonation state of the NNO ligand. These transition complexes were 

identified by various spectroscopic techniques. Reactivity of each of these transition metal 

complexes with triethyl and triisobutyl aluminum are described. 

 In Chapter 4, we demonstrate the reactivity of 2-substituted pyridine-aluminum alkyl 

complexes with CO2. Joint experimental and computational mechanist studies suggest that CO2 

insertion occurs via a cooperative pathway. We demonstrate the first example of cooperative 

activation of CO2 into a ligated aluminum alkyl at room temperature without the use of external 

base. 

 In Chapter 5, a summary of the results of the studies present in chapter 2-4 can be found. 

Here we identify and propose future studies to progress the work of late transition metal-

aluminum bimetallics and their reactivity towards small molecules. Appendices A contains 

supplemental data pertaining to chapter 2, Appendices B contains supplemental data pertaining 

to chapter 3, and Appendices C contains supplemental data pertaining to chapter 4.  
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Chapter 2 

Synthesis and Characterization of Rhodium-Aluminum Heterobimetallic Complexes 

Tethered by a 1,3-Bis(diphenylphosphino)-2-propanoxy Group 

 

2.1 Introduction 

Heterobimetallic complexes have gained intense attention due to their interesting 

structures, properties, and applications such as in theranostics,97 medical imaging,98 and 

catalysis.99,100  In particular, early-late heterobimetallic complexes have been widely explored.2, 

101,102  The large polarity difference between metal centers make them nicely suitable for 

cooperative heterolytic bond activations.11,103 In a similar fashion, as the most electropositive 

element in group 13, a highly Lewis acidic aluminum(III) center would be expected to impart 

significant polarity into a late transition metal heterobimetallic system.   

Our laboratory has been exploring the synthesis of Ir-Al and Rh-Al heterobimetallic 

complexes, with the aim of exploiting these two metal centers for cooperative activation of small 

molecules in a manner reminiscent of a Frustrated Lewis Pair.104-106 A “ ligand first” synthetic 

strategy in which the reactive aluminum center is added to the bimetallic species following the 

synthesis of the transition metal component was developed to overcome the inherent synthetic 

difficulty of working with moisture sensitive compounds.107 In recent experiments, discussed in 

more detail in Chapter 4, a proof-of-concept result has been obtained demonstrating that the 

heterobimetallic Ir-Al and Rh-Al complexes developed in our laboratory can facilitate the 

activation of small molecules.108  

In this chapter, we report the synthesis and characterization of a new series of Rh-Al 

heterobimetallic complexes. In our initial paper,107 we reported a slow, thermal decomposition of 
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the rhodium-containing heterobimetallic complexes. Analysis of a decomposition product 

informed us that dissociation of the bridging pyridone ligand from rhodium was responsible for 

the observed decomposition. To alleviate this concern, we envisioned replacing the pyridine 

moiety with a chelating phosphine ligand. In the work reported below, 1,3-

bis(diphenylphosphino)-2-propanol (DPPP-OH)109 has been utilized to tether rhodium and 

aluminum. As in our previous work, to ensure stable attachment, aluminum is linked to a 

bridging ligand through a thermodynamically strong Al-O bond. 

2.2 Synthesis and Characterization 

The general synthesis procedures are summarized in Figure 2.1. The overall strategy is 

similar to our reported procedure,107 where aluminum was introduced at the end of the reaction 

sequence by reacting tri-isobutyl aluminum (AliBu3) with an aluminum-binding hydroxyl group 

on pre-assembled transition metal complexes, thereby taking advantage of the easy formation of 

aluminum-oxygen bonds and eliminating the need to further manipulate air- and moisture-

sensitive aluminum compounds.   

 
Figure 2.1. Synthetic procedure for Rh(DPPE)(DPPP-O-AliBu2Cl) and Rh(DPPP-O-

AliBu2)(DPPP-O-AliBu2Cl) 
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2.3 Results and Discussion 
 

In the synthesis of Rh(DPPE)(DPPP-OH)Cl (1), the assembly was designed to install 

DPPE and DPPP-OH sequentially on to rhodium from readily accessible Rh2(CO)4Cl2.110 The 

reaction conditions were empirically optimized and carefully controlled to avoid unintentional 

formation of [Rh(DPPE)2]+, [Rh(DPPP-OH)2]+, DPPP-OH bridged dimers,111 or other species. 

First, Rh(DPPE)(CO)Cl was obtained by reacting DPPE with [Rh(CO)2Cl]2.31 The 31P{1H} 

NMR spectrum of Rh(DPPE)(CO)Cl showed two sets of dd peaks that are characteristic of Rh-P 

and P-P splitting (see Figure A3 in Appendix A). Further treatment of Rh(DPPE)(CO)Cl with 

DPPP-OH resulted in the formation of 1. The 31P{1H} NMR spectrum of 1 displayed a 

diagnostic, two signal pattern for the two phosphorus in DPPE and the two phosphorus in DPPP-

OH respectively, as shown in Figure A6 in Appendix A. The two phosphorus centers in each 

DPPE or DPPP are chemically equivalent (δ 59.68 ppm and 16.78 ppm, respectively) but 

magnetically inequivalent, leading to an AA’MM’X spin system wherein each phosphorus atom 

is coupled to the other three and the I = ½ rhodium center. 

The observed 31P{1H} coupling patterns within 1 are second-order as a result of the 

coupling between two nuclei with identical chemical shifts [2JP-P >>>> 10*(Δδ)]. Thus, the 

coupling constants cannot be extracted by simply using peak spacing and relative peak intensity. 

However, the pattern can be effectively modeled based on parameterized chemical shift and 

coupling constants, as shown in Figure 2.2, allowing for full coupling analysis. As is often 

observed in highly second-order spin systems, the sign of the coupling constant J has a 

remarkable effect on the observed pattern. In this system, syn 2JP-P coupling constants were 

found to be negative (parallel spins lower in energy) while the trans 2JP-P coupling constants 
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were positive (opposite spins lower in energy). Measurement of negative 2JP-P values is not 

uncommon in bis-phosphine systems.112 

Treatment of 1 with AliBu3 resulted in the target heterobimetallic complex 

Rh(DPPE)(DPPP-O-AliBu2Cl) (2). Unfortunately, the well-known complex [Rh(DPPE)2]Cl113,114 

was formed as a byproduct during the synthesis of 2. The two complexes are not easily 

separated, and the bis-DPPE impurity is present as a minor component in our product spectra 

(see Figure A7 in Appendix A). After extensive recrystallization, the mole percentage of 

[Rh(DPPE)2]Cl could be reduced to below 5% (calculated from integration of the 31P{1H} NMR 

spectrum of the product mixture). The 31P{1H} NMR spectrum of 2 displayed a similar, 

diagnostic, coupling pattern to that observed in 1. Aluminum coordination causes the second 

order multiplet for the DPPP-O-AliBu2Cl phosphorus resonance to shift slightly upfield to δ 

13.90 ppm from the resonance observed in the parent complex (δ 16.78 ppm, see Figure 2.2). 

The DPPE resonance remains largely unchanged at δ 59.37 ppm.  Full coupling constant 

information for this AA’MM’X system can be found in the Experimental Details and in 

Appendix A. 
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Figure 2.2. Modeled (blue, above) and experimental (red, below) fine pattern of the 31P{1H} 
NMR spectrum for the two phosphorus atoms in the DPPE ligand (PB, PB’ in table) in complex 1. 

An analogous peak is found for the DPPP-OH ligand. Inset: P-P and Rh-P coupling constants; 
PA, PA’ (DPPP-OH), PB, PB’ (DPPE). For full spectrum, see Figure A3 in the Appendix A. 

 
The 1H NMR spectrum of 2 also contains three critical diagnostic features that 

unambiguously confirm our assignment of the structure of the major reaction product.  First, the 

integration of the signals corresponding to alane protons clearly indicated the loss of one 

equivalent of its alkane substituent. Second, the remaining methylene protons between δ 0.65 

and 0.75 are now diastereotopic, coupled to each other with a geminal coupling constant of 13.6 

Hz. This strongly indicates successful docking to the alkoxide and the formation of a tetrahedral 

aluminum center via chloride coordination. Third, the signal arising from the methine protons 

shifted downfield due to steric deshielding115 after reaction between iBu3Al and the hydroxyl 

group on DPPP-OH. These phenomena are consistent with nitrate-bound aluminum centers in 
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the heterobimetallic complexes previously described in our laboratory.107 The 1H NMR spectrum 

was modeled using simple, coupling parameters to obtain the relevant coupling information (as 

shown in Figure 2.3). Full coupling parameters can be found in Figure A7 in Appendix A. 

 

Figure 2.3.  Truncated 31P{1H} NMR spectrum of 2 showing the shift in the DPPP-O-R 
resonance on moving from R = H (bottom) to R = Al(iBu2)Cl (top). 
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Figure 2.4. Modeled (top) and measured (bottom) 1H NMR spectrum of aluminum alkyl 
        resonances in 2.  
 

 In an effort to eliminate the formation of unwanted inseparable byproducts, we then 

shifted our attention to the synthesis of a new target complex, Rh(DPPP-O-AliBu2)(DPPP-O-

AliBu2Cl) (4), where we replaced the troublesome DPPE ligand with a second equivalent of 

DPPP-OH. The precursor, [Rh(DPPP-OH)2]Cl (3), was synthesized in a straightforward manner 

by treating [Rh(COD)Cl]2110 with 4.2 equivalents of DPPP-OH followed by washing COD and 

excess DPPP-OH away with a mixed solvent system of pentane/dichloromethane (v/v = 5/1). 

Though we were unable to obtain X-ray quality crystals of the chloride complex, anion 

metathesis with Na(BArF24) in dichloromethane followed by slow precipitation from a solution 

of [Rh(DPPP-OH)2][BArF24] (3-BArF) in chloroform layered with pentane did yield suitable 

crystals of the BArF24 analogue (Figure 2.5). The complex is found to have a distorted square 

H
A 

Hb Hc 
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planar geometry, with syn P-Rh-P angles of 88.51° and 88.18° within the metallacycles and 

98.33° and 98.67° between the metallacycles (sum of angles = 373.69°). The two hydroxide 

functionalities also are located in equatorial positions of their respective pseudo-chair 

metallacycles and are found to be mutually syn within the spiro ring system. Interestingly, the 

deviation from planarity observed in the solid state structure of 3-BArF is not observed in the 

solid state structure of [Rh(DPPP)2][Cl]116 structure found in Figure 2.5, sum of angles = 360.1°) 

suggesting that the steric demand of the hydroxyl group has a measurable impact on the observed 

structural metrics.   

Interestingly, the synthesis of 3 from [Rh(CO)2Cl]2 was not successful. CO dissociation 

from Rh was found to be incomplete, leading to the formation of the penta-coordinate complex 

[Rh(DPPP-OH)2(CO)]Cl (5). An X-ray crystal structure of this unexpected product was obtained 

by layering a chloroform solution of the complex with pentane (Figure 2.6).  Complex 5 

displays a trigonal bipyramidal structure (sum of equatorial angles = 360.1°, Paxial-Rh-Paxial = 

173.76°) with the carbonyl ligand occupying one of the equatorial positions. As in the structure 

of 3-BArF above, the two hydroxide functionalities also are located in equatorial positions of 

their respective pseudo-chair metallacycles and are found to be mutually syn within the spiro ring 

system. 
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Figure 2.5. Top: ORTEP representations of 3-BArF.  Left: Carbons 2-6 of each phenyl ring 
omitted for clarity. Right: Full structure.  Bottom: ORTEP representation of [Rh(DPPP)2][Cl]. 

For all structures, ellipsoids shown at 50% probability. Hydrogen atoms and anion omitted from 
each structure for clarity. 

Figure 2.6. ORTEP representations of 5. Ellipsoids shown at 50% probability. Hydrogen atoms 
and chloride counterion omitted for clarity. Left: Carbons 2-6 of each phenyl ring omitted for 

clarity.  Right: Full structure. 
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Treatment of 3 with AliBu3 resulted in the target heterobimetallic complex Rh(DPPP-O-

AliBu2)(DPPP-O-AliBu2Cl) (4). Unfortunately, solid-state characterization of 4 has not been 

possible due to its dynamic nature and its intrinsically high reactivity. The 1H NMR peaks 

(Figure A12 in Appendix A) are quite broad but features a number of upfield (δ < 0.5 ppm) 

resonances consistent with the presence of the aluminum alkyl. The 31P{1H} NMR spectrum of 4 

at room temperature features a sharp doublet and a broad secondary feature (as shown in Figure 

A11 in Appendix A). Variable temperature NMR in tetrahydrofuran-d8 was carried out to further 

elucidate the observed broadness of the 31P{1H} spectrum, as shown in Figure 2.7, below. 

 

Figure 2.7. Variable temperature 31P{1H} NMR of 4.  Temperature recorded across a range from 
                   -85°C to 65°C. 

 
Two processes were observed as temperature changes. The first process is evident at very 

low temperature. Two broad peaks (~ δ 17.44 and δ 11.72 ppm) with clear separation could be 
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observed at -85°C via 31P{1H} NMR spectroscopy. As the temperature is raised, these two peaks 

began to broaden and shift with coalescence observed at approximately -15°C. In the second 

dynamic process, a doublet with a coupling constant of 133 ppm, first observable at -55°C, first 

sharpens significantly with rising temperature. Above room temperature, this signal begins to 

broaden slightly and shift downfield. Though we were unable to increase the temperature above 

65°C on our NMR spectrometer, it appears that the broad, underlying feature begins to coalesce 

with the sharp doublet at high temperature. The distinction between the two features is evident in 

the room temperature spectrum shown in Figure A11 (Appendix A). Importantly, signals arising 

from the precursor complex 3 are not observed in the product spectrum suggesting that the 

observed behavior is intrinsic to the reaction product mixture, 4.   

Though the exact nature of the equilibrating species in solution has not yet been 

rigorously established, we have significant evidence that the formulaic assignment of complex 4 

is correct. First, ESI-MS (Figures A13 and A14 in Appendix A) of 4 under different ionization 

conditions showed different patterns that could be assigned as fragments arising from 4. Under 

all ionization conditions, a peak at 960.08 from precursor [Rh(DPPP-OH)2]+ (m/z = 960) was 

seen suggesting the Al-O bond as a likely fragmentation location (the starting material was not 

observed by 31P{1H} NMR spectroscopy). Higher-mass fragments assignable to [Rh(DPPP-O-

AliBu)(DPPP-O-AliBu)•H2O]+ (m/z = 1144, water arises from injection port contamination) and 

[Rh(DPPP-O-AliBu2)(DPPP-O-AliBu2)]+ (m/z = 1144.17) were also easily identified, confirming 

that aluminum has docked successfully. High Resolution Mass Spectrometry provided further 

validation for the formation of the desired product (Fig A15, Appendix A). At no point in any 

ESI-MS experiment were mass fragments greater than the parent ion of 4 were identifiable that 
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corresponded to a potential dimeric product. This result strongly suggests that 4 is monomeric, 

rather than dimeric or oligomeric, in solution.   

Further support for a monomeric product was obtained from DOSY (Figures A18 and 

A19, Appendix A), where a single diffusion coefficient was obtained for 4 (molecular weight ≈ 

1275, Diffusion = 100). Complexes in the product mixture 4 all diffuse at the same rate, 

indicating a uniform product size. Importantly, they also diffuse at the same rate as complex 3 

(Diffusion = 100), which is known to be monomeric from the solid-state structure of 3-BArF 

(Figure 2.5, right). This suggests that 3 and 4 are of similar size. Were 4 dimeric or oligomeric, it 

would be expected to diffuse much more slowly than 3. 

With this knowledge in hand, we propose a reasonable explanation for the dynamic 

behavior observed in the NMR spectra of 4. We first postulate that the two distinct fluxional 

processes derive from two different, isomeric products. This is consistent with complex 3 which 

exists as a mixture of syn and anti isomers (Figure 2.8). It is quite likely, given the low 

temperature of the synthesis of 4 from 3 that interconversion between the syn and anti forms is 

not possible during synthesis. Thus, observing two distinct species with distinct dynamic 

behavior is not unexpected. At high temperatures, where dissociative interconversion may 

become feasible, the two species would be expected to interchange. This is consistent with the 

observed high temperature broadening in Figure 2.7. Notably, any dissociative pathways 

available above room temperature could also facilitate intramolecular scrambling of DPPP-O-

AliBu2 ligands with DPPP-O-AliBu2Cl ligands further contributing to line broadening and 

complicating the analysis of the high-temperature spectra. We favor dissociative (as opposed to 

associative) ligand exchange as a mechanism due to precedent117,118 and the steric bulk of the 

phosphines. 
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Figure 2.8.  Possible diastereomers of 4. 

Additionally, we postulate that the low-temperature dynamic behavior observed for each 

isomer relates to chloride exchange between the aluminum centers. As can be clearly seen in 

Figure 2.7, the two DPPP-O-Al ligands in 4 should be chemically inequivalent, as one contains a 

bound chloride and the other does not. One would, thus, expect an AA’BB’X coupling pattern in 

the phosphorus NMR as was observed for complexes 1 and 2. What is instead observed at room 

temperature is a sharp doublet (See A11 in Appendix A), indicating that all four phosphorus 

centers are equivalent (via exchange). The most likely explanation for this is chloride 

scrambling. The different molecular geometries of the syn and anti isomers would cause 

differential activation barriers to exchange, thus resulting in their unique dynamic behavior.   

Though we believe that our explanation above is the most plausible given the data in 

hand, other possibilities for dynamic behavior exists. First, each diastereomer could undergo 

slow chair-chair interconversion. Given the significant preference for the bulky O-AliBu2Cl to 

occupy an equatorial position off the six-membered metallacycle, we believe that this is unlikely 

to be observed. Other potential dynamic behavior derives from the aluminum center itself. To 

maintain charge balance, at least one aluminum must be coordinatively unsaturated. It could then 

engage in a multitude of potential stabilizing interactions. First, it could dimerize via a bridging 

alkyl with a neighboring aluminum center. We consider this possibility unlikely due to the steric 

bulk of the isobutyl group (AliBu3 does not exist as a dimer), the DPPP-O ligand, and the lack of 

evidence for dimer formation by ESI-MS and DOSY. The aluminum center could also engage in 
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weak, intramolecular, Z-type bonding with the transition metal center. However, to attain such a 

geometry, the 6-membered metallacycle would be forced to adopt a boat geometry, which is 

likely energetically unfavorable even with a stabilizing Z-type bond.  

Finally, we attempted to extend the synthetic protocols utilized here to other aluminum 

moieties.  Interestingly, no other commercially available aluminum alkyls led to the formation of 

readily identifiable heterobimetallics. AlEt3, AlEt2Cl, and AliBu2Cl, all facilitated transformation 

of the Rh precursors into a mixture of intractable products. The unique reactivity of AliBu3 is 

attributed to the bulky size of isobutyl groups, which provide efficient steric protection of the Al 

center. Chloride, which in addition to its small steric profile can readily bridge between two 

aluminum centers, further complicates syntheses from AlEt2Cl, and AliPr2Cl. 

2.4 Conclusions 

Highly polarized heterobimetallic complexes are a promising catalyst family for the 

cooperative activation of polarizable substrates. In an effort to overcome the instability of the 

pyridone bridge in previously reported late transition metal-aluminum complexes from our 

laboratory107 and prevent decomposition in the presence of a substrate, a synthetic route to a 

novel heterobimetallic complex, 2, which is bridged via a ligand which chelates the transition 

metal was developed. Thorough spectroscopic characterization indicated the presence of a small 

amount of [Rh(DPPE)2]Cl in the product mixture. The thermodynamic stability of this undesired 

byproduct led us to develop a synthetic route to 4. This complex was found to have a dynamic 

structure in solution. Application of these exciting complexes toward small molecule activation 

is now under investigation. 
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2.5 Experimental Details 

2.5.1 General Considerations 

Procedures were performed in a nitrogen-filled Inert Technologies glovebox or using 

standard Schlenk techniques unless otherwise specified. Extra dry benzene, pentane, 

tetrahydrofuran, diethyl ether, and dichloromethane were purchased from commercial suppliers 

and stored over molecular sieves in the glovebox prior to usage. Toluene was dried over calcium 

hydride and stored over molecular sieves in the glovebox. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories, dried over molecular sieves, and stored in the glovebox 

prior to use. DPPE was purchased from Sigma-Aldrich. DPPP-OH was synthesized following 

literature procedure.109 NaBArF24 was synthesized by the method of Bergman119 and purified 

using the modification reported by Peters.120 All other reagents and solvents used were 

commercially available and used without further purification. Aluminum and phosphine reagents 

were stored in a nitrogen glovebox prior to use. 1H and 13C NMR spectra were recorded on a 400 

MHz JEOL spectrometer and referenced to the residual solvent peak.121 Additional NMR data 

were obtained on a 400 MHz JEOL spectrometer and referenced to an appropriate external 

standard (31P: H3PO4 in D2O (0.00 ppm)). Spectra were modeled using the MestReNova 10 

software package. ESI-MS was measured on a ThermoFisher LTQ-XL ion trap mass 

spectrometer from dichloromethane or tetrahydrofuran solution. High resolution mass spectra 

were recorded on a Waters Synapt High Resolution Mass Spectrometer housed at the University 

of Memphis. Elemental analysis was performed by Atlantic Microlabs, Inc. and is reported as the 

average of duplicate runs.  
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2.5.2. Synthesis 

Rh(DPPE)(CO)Cl This procedure was adapted from the synthetic protocol for the analogous 

iridium complex.111 RhCl3·3H2O (1.37 g, 5 mmol) was dissolved in 100 mL methanol. The 

mixture was heated to reflux under CO for 24 hours. The bright yellow solution was cooled to 

room temperature and methanol was removed by vacuum. The dark red solid was dissolved in 50 

mL benzene, to which a benzene solution (100 mL) of 1,2-bis(diphenylphosphino)ethane (2.0 g, 

5 mmol) was added dropwise. The yellow precipitate was collected and recrystallized from 

dichloromethane/hexanes, affording 2.3 g yellow powder as product. Yield: 80%. 1H NMR (400 

MHz, CDCl3) δ 7.71-7.83 (m, 8 H), 7.40 (m, 12 H), 2.42-2.49 (m, 2 H), 2.15-2.22 (m, 2 H). 

31P{1H} NMR (162 MHz, CDCl3) δ 71.17 (dd, J =159.6, 34.8 Hz), 49.46 (dd, J = 127.2, 34.8 

Hz). Anal. Calc C27H24OP2RhCl: C, 57.42; H, 4.28. Found: C, 57.39; H, 4.40. 

Rh(DPPE)(DPPP-OH)Cl (1) To a stirred dichloromethane (5 mL) solution of DPPP-OH (215 

mg, 0.5 mmol) at -78 °C, Rh(DPPE)(CO)Cl (280 mg, 0.5 mmol) in dichloromethane (10 mL) 

was added dropwise over a period of 1 hour. The mixture was allowed to stir for 16 hours as the 

temperature was slowly raised from -78 °C to room temperature. The crude product was purified 

by recrystallization from tetrahydrofuran at -35 °C. 370 mg yellow powder was collected as 

product. Yield: 77%. 1H NMR (400 MHz, CDCl3) δ 7.51 (m, 4H), 7.40 – 6.96 (m, 28H), 6.82 

(m, 8H), 3.83 (s, 1 H), 3.66-3.69 (m, 1 H), 2.90 (m, 2H), 2.71 (m, 2H), 2.06 (m, 2H), 1.86 (m, 

2H). 31P{1H} NMR (162 MHz, CDCl3) δ 59.68 (DPPE, JRh = 133.8 Hz, Jtrans = 266.5 Hz, Jcis, B-B’ 

= -29.5 Hz, Jcis, B-A’ = -38.5 Hz), 16.78 (DPPP-OH, JRh = 128.9 Hz, Jtrans = 266.5 Hz, Jcis, A-A’ = -

49.2 Hz, Jcis, A-B’ = -38.5 Hz). Anal. Calc C53H50OP4RhCl: C, 65.95; H, 5.22. Found: C, 58.79; H, 

5.02. Elemental consistent with two molecules of dichloromethane per formula unit (C, 58.20, H, 

4.80). 
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Rh(DPPE)(DPPP-O-AliBu2Cl) (2) To a stirred tetrahydrofuran (3 mL) solution of 

Rh(DPPE)(DPPP-OH)Cl formed in situ from Rh(DPPE)(CO)Cl (141 mg, 0.25 mmol) and 

DPPP-OH (110 mg, 0.25 mmol) at -78 °C, iBu3Al (50 mg, 0.25 mmol) was added. The mixture 

was allowed to stir for 1 hour and warmed from -78 °C to room temperature. After the reaction, 

tetrahydrofuran was removed by vacuum. The resultant yellow powder was dissolved in 0.5 mL 

tetrahydrofuran and precipitated by the addition pentane. This recrystallization was repeated 

twice to remove [Rh(DPPE)2]Cl and improve purity to greater than 95%. 170 mg bright yellow 

powder was collected as product. Impurity prevented acceptable microanalysis from being 

obtained. Yield: 62%. 1H NMR (400 MHz, tetrahydrofuran-d8) δ 6.60 – 7.36 (m, 56H), 5.36 (m, 

1 H), 2.91 (m, 2H), 2.74 (m, 2 H), 2.62 (m, 2 H), 1.52 (d, J = 6.6 Hz), 1.50 (d, J = 6.6 Hz), 0.72 

0.68 (dd, Jgem = 13.5 Hz, J = 6.6 Hz). 31P{1H} NMR (162 MHz, tetrahydrofuran-d8) δ 59.37 

(DPPE, JRh = 107.2 Hz, Jtrans = 205.5 Hz, Jcis, B-B’ = -22.6 Hz, Jcis, B-A’ = -29.2 Hz), 58.20 

(Rh(DPPE)2Cl, d, J = 132.8 Hz), 13.90 (DPPP-OH, ddd, JRh = 101.2 Hz, Jtrans = 205.5 Hz, Jcis A-

A’ = -39.4 Hz, Jcis, A-B’ = -29.2 Hz). *J-values for these resonances were determined via modeling. 

Second order coupling modeled computationally. HRMS calculated for [C53H50Al2O4P4Rh]+ 

(product of alkyl hydrolysis) m/z calc: 971.1554. Found: 970.8866 (See Figures A17a and A17b 

in Appendix A). 

[Rh(DPPP-OH)2]Cl (3) To a stirred dichloromethane (5 mL) solution of Rh2(COD)2Cl2 (49 mg, 

0.1 mmol),  DPPP-OH (170 mg, 0.4 mmol) in dichloromethane (5 mL) was added dropwise. The 

mixture was stirred at room temperature for 30 min before the solution was concentrated by 

vacuum to ~1 mL. The product was obtained via precipitation with pentane. The solid was 

washed with a mixed solvent system of pentane/dichloromethane (v/v = 5/1).  This method was 

repeated twice to yield 122 mg of yellow powder. This product exists as a mixture of two 
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isomers, as determined by 31P{1H} NMR spectroscopy and confirmed by combustion analysis. 

Yield: 61%.  31P{1H} NMR (162 MHz, CDCl3) δ 14.14 (d, J = 134 Hz), 13.39 (d, J = 134 Hz). 

Anal. Calc C54H52O2P4RhCl: C, 65.17; H, 5.27. Found: C, 64.88; H, 5.42. 

Rh(DPPP-O-AliBu2)(DPPP-O-AliBu2Cl) (4) To a stirred tetrahydrofuran (3 mL) solution of 

[Rh(DPPP-OH)2]Cl (50 mg, 0.05 mmol) at -35 °C, iBu3Al (22 mg, 0.11 mmol) was added. The 

solution was stirred for 10 minutes and tetrahydrofuran was removed by vacuum. The remaining 

solid was washed with cold pentane three times. The 1H NMR spectrum is broadened due to 

probable isomeric mixture. 31P NMR (162 MHz, tetrahydrofuran-d8) δ 15.04 (d, J = 134 Hz). 

ESI-MS: m/z calc. for: [C62H70Al2O3P4Rh]+ ([M-Cl]+): 1244.00. Found: 1244.17. HRMS for 

[C54H54Al2O6P4Rh]+ (product of alkyl hydrolysis during injection) m/z calc: 1079.1557. Found: 

1079.0964. See Appendices for further ESI-MS analysis.   

[Rh(DPPP-OH)2(CO)]Cl (5) To a stirred dichloromethane (5 mL) solution of [Rh(CO)2Cl]2   

(55 mg, 0.14 mmol),  DPPP-OH (249 mg, 0.58 mmol) in dichloromethane (5 mL) was added 

dropwise. The mixture was stirred at room temperature for 30 min before the solution was 

concentrated by vacuum to ~1 mL. The product was obtained via precipitation with pentane. The 

solid was dissolved in chloroform and layered with pentane (1/4 = v/v) to obtain a crystal for X-

ray analysis. Low complex purity has prevented bulk characterization.  

2.5.3. X-Ray Crystallography Data 
 
A suitable crystal of each sample was selected for analysis and mounted in a polyimide loop. All 

measurements were made on a Rigaku Oxford Diffraction Supernova Eos CCD with filtered 

Cu-Kα radiation at a temperature of 100 K. Using Olex2,122 the structure was solved with the 

ShelXT structure solution program using Direct Methods and refined with the ShelXL 

refinement package123 using Least Squares minimization. 
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Chapter 3 
Rhodium and Iridium NNO-Scorpionate Complexes: Synthesis, Structure, and Reactivity 

with Aluminum Alkyls 

 

3.1 Introduction 

 

The Brewster lab recently reported the synthesis, characterization, and reactivity of a 

series of heterobimetallic Rh(I)/Al and Ir(I)/Al complexes wherein the metal centers are bridged 

by a simple, monodentate ligand, 2-pyridone (Figure 3.1).107  While this series of complexes was 

found to be capable of facilitating hydrogen activation.108 the long-term stability of the 

complexes prohibits their implementation in hydrogenation catalysis.  One mechanism of 

decomposition, as determined by analysis of product mixtures, was found to be dissociation of 

the pyridone ligand from the transition metal center.108  As a result, our recent efforts have 

focused on bridging ligands which bind the transition metal in a chelate fashion with the 

expectation that this binding mode will provide enhanced overall stability.  As discussed in 

Chapter 2, a follow-up study in which the bridging ligand was changed to 1,3-

bis(diphenylphosphino)-2-propanol was recently published.124   

Figure 3.1: Previously reported Rh/Al and Ir/Al heterobimetallics from Brewster et al.107 
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In this chapter, we describe our efforts to employ a different bridging ligand designed to 

form a bidentate N-N chelate at the transition metal, bis(3,5-dimethyl-pyrazol-1-yl)acetate 

(NNO).  Monometallic complexes of the NNO ligand with Ru(II), Rh(III), Ir(III), Pd(II) and 

Pt(II) are known in the literature.125-130  However, the ability of NNO ligands to serve as a bridge 

in a heterobimetallic system has not been explored.  We first describe the synthesis and 

characterization of a series of Ir and Rh NNO complexes.  The oxidation state of the formed 

transition metal complex is found to be dependent on the protonation state of the NNO ligand 

during synthesis.  Finally, we discuss the reactivity of our newly discovered Ir and Rh NNO 

complexes with aluminum alkyls. 

3.2 Results and Discussion 

3.2.1. Synthesis and Characterization of [Rh(cod)NNO]2 and [Ir(cod)NNO]2 
  

Our laboratory commonly employs a “ligand first” synthetic strategy wherein an 

aluminum alkyl reagent is introduced to a pre-formed transition metal complex to form a 

heterobimetallic species.  In that final step the aluminum alkyl interacts with a protic 

functionality installed in the transition metal complex ligand structure, releasing alkane gas and 

forming a new Al-X bond (X = N, O).  Prior to this study, we had only explored the use of 

alcohols to form Al-O bonds but rationalized that carboxylic acids would be amenable to the 

reaction protocol.  The resulting carboxylate could form either a κ1 or κ2-O,O complex at the 

aluminum center which may provide additional stability to the overall system. 
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Syntheses of low-valent rhodium and iridium-NNO complexes have not been previously 

reported.  This is likely due, in part, to the high propensity of the ligand to undergo O-H 

oxidative addition when using the carboxylic acid precursor bis(3,5-dimethyl-pyrazol-1-yl)acetic 

acid (NNO-H). Known rhodium or iridium NNO complexes show the ligand to bind the metal 

center in a κ3-N,N,O fashion leading to the formal oxidation state of the metal being +3.130 To 

avoid unwanted hydride formation and prevent oxidation of the metal center, we initially 

deprotonated NNO-H with potassium hydride to form potassium bis(3,5-dimethyl-pyrazol-1-yl) 

acetate [K-NNO] (1).  Reacting 1 with [M(cod)Cl]2 (M = Rh, Ir) in dichloromethane gives yield 

to new, low valent metal complexes [M(cod)NNO]2 (M = Rh, 6 and M = Ir, 7) formally in the +1 

oxidation state, concomitant with precipitation of KCl. Newly obtained Rh(I) NNO and 

Ir(I)NNO complexes were fully characterized by 1H NMR spectroscopy, 13C{1H} NMR 

spectroscopy, and High-Resolution Mass Spectrometry (HRMS).  

The 1H NMR spectrum of 6 and 7 show chemical shift resonances consistent with a 

highly symmetric species (see Figures B1 and B3 in Appendix B). The absence of two separate 

pyrazole proton peaks suggest that the two pyrazole rings are equivalent. This suggests that in 

Figure 3.2. ORTEP representation of [Rh(cod)NNO]2 2. Ellipsoids shown at 50% 
probability. Hydrogen atoms omitted for clarity. Selected bond lengths (Å): O(2)—Rh(2), 

2.071; N(1)—Rh(2), 2.121; N(4)—Rh(2), 4.753. 
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solution this complex most likely displays a similar structure to the known complex 

K[Pt(NNO)Me2]; a monomeric species wherein the NNO ligand binds in a κ2-N,N fashion.129  

13C{1H} NMR data is also consistent with a solution formulation of Cs-symmetric monomer 

M(NNO)(cod). 

An X-ray crystal structure was obtained for the rhodium variant, 6, to gain further insight 

into its structure.  Crystals were precipitated from a solution of 6 in dichloromethane with by 

layering with an excess of pentane.  In the solid state, 6 presents as a dimeric, C2-symmetric 

rhodium-rhodium structure.  Each rhodium center is bound to two bridging NNO ligands, one via 

a pyrazole nitrogen and the other via a κ1-carboxylate. The remaining pyrazole rotates 112.43° 

out of the ligand plane giving an internuclear Rh-N distance of 4.753 Å, much too long for a 

bonding interaction.  The molecular geometry around the metal center preferentially remains 

square planar as would be expected for a d8 rhodium(I) complex. Rh-N and Rh-O (2.121 Å & 

2.071 Å, respectively) bonds are consistent with those found in the literature. The difference 

between the solid-state structure and that observed in solution is striking.  Importantly, it 

demonstrates that the NNO ligand is sufficiently labile to rearrange prior to crystallization.  The 

difference also stands in sharp contrast to the behavior of the analogous complex 

K[Pt(NNO)Me2] which crystallizes as a monomer.129  We ascribe this difference in reactivity to 

the presence of the potassium cation which effectively sequesters the carboxylate functionality 

and prevents dimerization.  Unfortunately, X-ray quality crystals of 7 could not be obtained for 

direct comparison with 6.  As a result, we are unsure as to whether 7 dimerizes on precipitation 

or retains its solution form. 
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3.2.2. Synthesis and Characterization of [Ir(cod)NNO-H]BArF24  

 

We then sought to further explore the reactivity of the NNO ligand with Ir.  Reacting NNO-

H with [Ir(cod)2]BArF24 gave the oxidative addition product [Ir(cod)NNO(H)]BArF24 (8) in 

moderate yield.  Formation of the hydride product is confirmed via 1H-NMR spectroscopy; a 

diagnostic singlet resonance is observed at δ -15.95 ppm. The solid-state structure of (8, Figure 

3.3) shows the NNO ligand bound in a κ3 fashion to the iridium center.  Interestingly, the hydride 

is located trans to the carboxylate functionality in the octahedral Ir(III) complex.  This suggests 

that an ionic oxidative addition mechanism involving initial protonation of the metal center is 

likely to be in operation. Alternatively, dissociative ligand rearrangement following a traditional, 

concerted oxidative addition may occur rapidly, allowing for isomerization from the kinetic cis 

product to the thermodynamically preferred trans geometry.  

Figure 3.3. ORTEP representation of [Ir(cod)NNO-H]BArF24 8. Ellipsoids shown at 50% 
probability. Hydrogen atoms and BArF24 counterion omitted for clarity. 



 48 

3.2.3. Reactivity of NNO Complexes With Aluminum Alkyls 

Our laboratory has had success in forming heterobimetallic Rh/Al and Ir/Al by reacting 

transition metal complexes bearing oxygen-containing ligands with aluminum alkyl precursors.  

While our previous efforts have relied on protonolysis of an aluminum alkyl to form the Al-O 

bond, we hypothesized that the oxophilicity of aluminum would be sufficient to form an Al-O 

bond from our neutral rhodium(I) and iridium(I) complexes.  Unfortunately, reacting the dimeric 

complexes 6 and 7 directly with either triethyl or triisobutyl aluminum at room temperature did 

not yield the desired bimetallic, but rather resulted in the loss of the NNO ligand from the 

transition metal complex. The obtained products were investigated by mass spectrometry.  We 

were able to identify the species [(AlEtOH2)NNO]+  (m/z = 321.1530, hydrolysis of one 

equivalent of aluminum alkyl occurs from injection port contamination), confirming that the 

aluminum center abstracted the NNO ligand from the late transition metal, forming the complex 

Al(Et2)(NNO).  This is consistent with ligand lability observed in solution and with the inherent 

preference for the hard pyrazole and carboxylate ligands to bind to the hard aluminum center.  

The Al-NNO product is highly soluble in pentane and could not be isolated via precipitation, 

even at low temperature.  It is also difficult to separate from triethylaluminum, added in excess 

during the reaction, which prevents us from reporting a yield for this process. However, the 

Figure 3.4. Representation of NNO binding to aluminum alkyls by Castro-Osma, Otero, and Lara-
Sánchez et al.131 (left) and proposed aluminum complex (right). 
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iridium product precipitates from solution and does not contain any NNO ligand suggesting a 

near-quantitative reaction.  

The identity of the aluminum product was further confirmed via independent synthesis.  

Al(NNO)Et2 was synthesized directly by adding 1 equivalent of the triethylaluminum to 1 

equivalent of NNO-H.  High resolution mass spectral characterization of this material matched 

well with the species described above (m/z = 321.1524). Attempts to grow crystals of the NNO-

aluminum complex from a saturated solution of pentane or diethyl ether have been unsuccessful, 

even at low temperature. However, based on data in hand we postulate that our obtained 

aluminum-NNO complex is structurally similar to an aluminum complex reported by Castro-

Osma, Otero, and Lara-Sánchez et al.131 where κ3-N,N,O coordination through a single 

carboxylate oxygen and one nitrogen from each pyrazole is favored.  

Additional attempts at synthesizing the target heterobimetallic complexes were then 

made. Notably, reaction of the iridium and rhodium precursors 6 and 7 with trialkylaluminum 

starting materials in dilute THF at -78°C resulted in similar decomposition of the metal complex. 

Based on this result, we conclude that dissociation of the NNO ligand from the late transition 

metal and chelation to aluminum is rapid and thermodynamically favored relative to the target 

bridged complex. Similarly, no other commercially available aluminum alkyls led to the 

formation of readily identifiable heterobimetallics. AlEt2Cl and AliPr2Cl all facilitated the loss of 

the NNO ligand from the synthesized rhodium or iridium-NNO complex. 

We then wanted to explore the difference in reactivity between Ir(I) precursor 7 and 

Ir(III) precursor 8.  As a direct comparison, 8 was reacted with both triethylaluminum and 

triisobutylaluminum.  In both cases, reacting the metal hydride complex with trialkyl aluminum 

resulted in the immediate formation of the corresponding alkane gas indicating that the iridium 
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hydride is sufficiently acidic to facilitate alkyl protonolysis. Evaluation of the post-reaction 1H-

NMR spectrum indicates the loss of the hydride signal at (δ -15.95 ppm) and confirms that this 

reaction had occurred. Unfortunately, the 1H NMR spectrum of the iridium-containing product 

also indicated loss of the NNO proton signals suggesting that, once again, the NNO ligand was 

abstracted from the transition metal center by the aluminum center.  

3.3. Conclusion 

Three new iridium and rhodium NNO complexes were synthesized and characterized by 

1H and 13C{1H} NMR spectroscopy, mass spectrometry and X-ray diffraction. Deprotonation of 

the NNO ligand prior to reaction with [M(cod)Cl2] (M = Ir, Rh) led to Rh(I) and Ir(I) species 6 

and 7. In contrast, reacting NNO-H with [Ir(cod)2]BArF24 resulted in the formation of monomeric 

iridium (III) hydride complex, 8. Reacting complexes 6, 7, and 8 with trialkylaluminum resulted 

in the abstraction of the NNO ligand from the metal complex. Chelation of the NNO ligand to 

aluminum is, thus, thermodynamically favored over a bridging late transition metal—aluminum 

bimetallic complex. 

3.4 Experimental Section 

3.4.1. General Considerations 

Syntheses and manipulations were performed in a nitrogen-filled Inert Technologies 

glovebox or using standard Schlenk techniques unless otherwise specified. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories, dried over molecular sieves and stored in 

the glovebox over molecular sieves prior to use. All other reagents and solvents used were 

commercially available and used without further purification unless specified. [Rh(cod)Cl]2 and 

[Ir(cod)Cl]2 were prepared according to standard literature procedures.132,133 Bis(3,5-dimethyl-

pyrazol-yl) acetate (NNO-H) was prepared by an adaptation of the literature procedure provided 
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by Reger.134  Potassium bis(3,5-dimethyl-pyrazol-yl) acetate (K-NNO) was prepared according 

to literature procedures provided by Goldberg.129 [Ir(cod)2]BArF24 was prepared from literature 

procedures reported by Bower.135 NaBArF24 was synthesized by the method of Bergman119 and 

purified using the modification reported by Peters.120 Aluminum reagents were purchased from 

commercial sources and stored in a nitrogen glovebox prior to use. 1H NMR and 13C{1H} NMR 

spectra were recorded on a 400 MHz JEOL spectrometer and referenced to the residual solvent 

peak.121 High resolution mass spectra were obtained on a Waters Synapt High Resolution Mass 

Spectrometer.  

3.4.2. Synthesis 

[Rh(cod)NNO] (6) - Solid [Rh(cod)Cl]2 (101 mg, 0.205 mmol) was added to a solution of K-

NNO (117 mg, 0.410 mmol) in 5 mL of dichloromethane and stirred for 24 hours inside the 

glovebox at room temperature. The golden solution was filtered directly into a 20 ml vial through 

a Celite-packed polyethylene frit. The product was obtained by precipitation with pentane.  

Crystals suitable for X-ray analysis were obtained by layering the dichloromethane solution with 

excess pentane (v:v, 1:3) at room temperature. Yield: 139 mg, 74 %. 1H NMR (400 MHz, 

CD2Cl2) δ 6.34 (s, 1H), 5.90 (s, 2H), 4.48 (bs, 4H), 2.54 (m, 4H), 2.33 (s, 12H), 1.78 (m, 4H). 

13C{1H} NMR (101 MHz, CD2Cl2) δ 151.00, 142.56, 107.89, 81.95, 81.81, 70.26, 30.36, 14.80, 

11.74. (absence of carboxylate carbon due to slow relaxation). HRMS calculated for 

[C28H39Rh2N4O2]+ (Loss of NNO ligand occurs at the lowest ionization energy) (M-NNO+) m/z 

calc.: 669.1183. Found: 669.1194. 

[Ir(cod)NNO] (7) - Solid [Ir(cod)Cl]2 (104 mg, 0.155 mmol) was added to a solution of K-NNO 

(89 mg, 0.311 mmol) in 5 mL of dichloromethane and stirred for 24 hours inside the glovebox at 

room temperature. The golden solution was filtered directly into a 20 ml vial through a Celite-
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packed polyethylene frit. The solid product was then obtained by precipitation with pentane.  

Yield: 111 mg, 65 %. 1H NMR (400 MHz, CD2Cl2) δ 6.24 (s, 1H), 6.01 (s, 2H), 4.28 (bs, 4H), 

2.43 (s, 6H), 2.37 (s, 6H), 2.32 (m, 4H), 1.52 (m, 4H). 13C{1H} NMR (101 MHz, CD2Cl2) δ 

151.00, 142.56, 107.89, 81.95, 81.81, 70.26, 30.36, 14.80, 11.74. HRMS calculated for 

[C20H27IrN4O2]+ (M+H+) m/z calc.: 548.1763. Found: 547.1816. 

[Ir(cod)NNO(H)]BArF24 (8) - Inside the glovebox, 8 was prepared by adding solid NNO-H 

(59.4 mg, 0.240 mmol)  to a dark purple solution of [Ir(cod)2]BArF24 (304 mg, 0.239 mmol) in 

dichloromethane. The solution changed instantly from dark purple to golden yellow. The 

solution was allowed to stir for 3 hours at room temperature inside the glovebox. The volume 

was reduced to ~1 mL of solvent. The solid product was then obtained by precipitation with 

diethyl ether. Crystals suitable for X-ray analysis were obtained by layering the dichloromethane 

solution with excess diethyl ether (v:v, 1:3) at -35°C overnight under nitrogen atmosphere. 

Yield: 203 mg, 60%. 1H NMR (400 MHz, CD2Cl2) δ 7.71 (br s, 8H), 7.55 (br s, 4H), 6.45 (s, 

1H), 6.08 (s, 2H), 5.66 (m, 2H), 4.86 (m, 2H), 2.91-2.81 (m, 2H), 2.71-2.61 (m, 2H), 2.43-2.45 

(m, 8H), 2.33 (s, 6H), 1.98 (m, 2H),  -15.95, (s, 1H).  13C{1H} NMR (101 MHz, CD2Cl2) δ 

162.70, 155.23, 144.85, 135.23, 129.14, 126.33, 123.62, 117.88, 110.61, 91.63, 87.11, 69.28, 

32.78, 27.74, 16.22, 11.71. 19F{1H} NMR (376 MHz, CD2Cl2) δ -62.78. HRMS calculated for 

[C20H28IrN4O2]+  m/z calc.: 549.1841. Found 549.1823. 

3.4.3. Procedures for Reactions with Aluminum Alkyl Reagents 

Attempt 1: Inside the glovebox, approximately 100 mg of 6, 7, or 8 was dissolved in 10 mL of 

THF at room temperature. One equivalent of AlEt3 or AliBu3 was added via a microliter syringe. 

The solution turned dark immediately. Solvent was removed in vacuo and the solid produced 
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was washed with pentane. The products were dried and analyzed by NMR spectroscopy. The 

pentane layer was analyzed by High Resolution Mass Spectrometry. 

Attempt 2: Inside the glovebox, approximately 100 mg of 6, 7, or 8 was dissolved in 10 mL of 

THF and cooled to -78°C using a dry ice/acetone bath. One equivalent of AlEt3 or AliBu3 was 

added via a microliter syringe. The flask was removed from the dry ice/acetone bath and allowed 

to warm to room temperature. Upon warming to room temperature, the solution turned orange 

and then dark immediately. Solvent was removed in vacuo and the solid produced was washed 

with pentane. The products were dried and analyzed by NMR spectroscopy. 

Attempt 3: Inside the glovebox, approximately 100 mg of 6, 7, or 8 was dissolved in 10 mL of 

THF and placed inside the cryochamber. One equivalent of AliBu3 dissolved in 5 mL of THF 

was layered on top of the frozen solution. The flask was removed from the cryochamber and 

allowed to warm to room temperature. Upon warming to room temperature, the solution turned 

orange and then dark immediately. Solvent was removed in vacuo and the solid produced was 

washed with pentane. The products were dried and analyzed by NMR spectroscopy. 

Attempt 4: Inside the glovebox, approximately 15 mg of 6, 7, or 8 was dissolved in 500 μL of 

CD2Cl2 at room temperature. One drop of AliBu3 was added using a 10 μL syringe. The solution 

turned dark immediately. The solution was immediately analyzed by NMR spectroscopy. 

Attempt 5: Inside the glovebox, approximately 34 μL of AlEt3 was added dropwise to a solution 

of NNO-H (63 mg) in 5 mL of THF. Gas evolution was immediate, and the solution was allowed 

to stir at 1 hour at room temperature. The solution was analyzed by High Resolution Mass 

Spectrometry.  
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3.4.4. X-Ray Crystallography Data 

A suitable crystal of each sample was selected for analysis and mounted in a polyimide 

loop. All measurements were made on a Rigaku Oxford Diffraction Supernova Eos CCD with 

filtered Cu-Kα radiation at a temperature of 100 K. Using Olex2,122 the structure was solved with 

the ShelXT structure solution program using Direct Methods and refined with the ShelXL 

refinement package123 using Least Squares minimization. 
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Chapter 4 

Activation of CO2 Demonstrated by Aluminum Complexes Ligated by 2-Substituted 
Pyridines 

 

4.1 Introduction  

The effect of greenhouse gases in the atmosphere has been an important topic of 

discussion for many years in media, politics, and the science community worldwide.137,138 The 

concentration of atmospheric carbon dioxide has increased remarkably since the onset of the 

industrial revolution and continued increase in concentration of this greenhouse gas will have 

long lasting effects on climate and the natural environment.139 The increase in CO2 concentration 

is largely due to combustion of fossil fuels for energy purposes. Efforts to quell the rising tide of 

CO2 emission has led to extensive research into alternative energy sources,140 carbon capture 

technology,141 and biomass utilization.142 While the direct effect on atmospheric CO2 levels may 

be negligible, the possibility of using CO2 as a chemical feedstock is intriguing.143 CO2 presents 

an readily available, environmentally friendly alternative to the use of CO as a C1 source,144,145 

which is commonly produced in the energy intensive processes of coal gasification146 or methane 

steam reforming.147 Unfortunately, the utilization of CO2 as a chemical feedstock has proven to 

be problematic due to its thermodynamic stability and the relative kinetic inertness of the small 

molecule.143,148,149 Processes that involve CO2 typically require highly reactive substrates or 

severe reaction conditions, limiting the scope of desired transformations.  

In nature, the Mg-containing Rubisco enzyme catalyzes CO2 fixation during the Calvin 

Cycle.150  Inspired by biological precedent, intense focus has been given to the development of 

organometallic catalysts that can insert CO2 into metal-ligand bonds to generate chemically 

useful materials such as carbonates,151,152 carbamates,153,154 and carboxylic acids.155 CO2 has 
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been observed to insert into the metal-alkyl bond of several d-block transition metal alkyl 

complexes and mono-metallic (M = Al, Fe, Zn, In, Co, Ru, Mn) porphyrin systems.156-162 

Of particular interest to the Brewster lab is the reactivity of aluminum complexes with CO2, as 

the high Lewis acidity and oxophilic nature of the aluminum center make it likely to interact 

favorably with the substrate.  In fact, the ability of CO2 to insert into simple aluminum alkyls has 

been known since the 1960s, though not widely explored.163-165 These early examples were neither 

particularly efficient nor selective, but nonetheless demonstrated the potential of aluminum-based 

complexes for CO2 fixation.   

Alternative complex platforms have been pursued to increase yield and specificity in 

aluminum-promoted CO2 insertion reactions.  The earliest report of a migratory CO2 insertion 

into alkyl groups appended to a metalloporphyrins was demonstrated by Inoue and coworkers 

using (tetraphenylporphinato)aluminum ethyl ((TPP)AlEt) or (tetraphenylporphinato)aluminum 

alkoxide ((TPP)AlOR) (Figure 4.1, left).156  In this system, the respective carboxylate or 

carbonate product is generated in the presence of visible light and 1-methylimidazole (MeIm) at 

room temperature. Kusaga and coworkers also demonstrated migratory CO2 insertion at room 

temperature to yield carbonate species by photoexcitation of an aluminum porphyrin using 

X = Et, OEt X = Et, OEt 

Figure 4.1. Aluminum porphyrins reported by Inoue and coworkers156 (left) and Kusaga and 
coworkers162 (right). 
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visible light and a tenfold excess of external base (Figure 4.1, right).162 Conversion to the target 

carbonate product was found to increase with increased temperature; however, this reaction also 

does not proceed without photoinduction and/or external base.   

More recently, aluminum-containing Frustrated Lewis Pairs (FLPs) have also been 

observed to react productively with CO2.  Menard and Stephan demonstrated the successful 

capture and reduction of CO2 at room temperature using sterically bulky phosphines in 

combination with aluminum trihalides, providing an alternate reduction pathway to form CO or 

methanol.166 Other complexes containing an aluminum metal center have been shown to activate 

CO2. For example, Aldridge et al. have reported the synthesis of various β-diketiminate 

stabilized aluminum hydrides [(Nacnac)Al(R)H ; R = Me, Et , Cl, OTf], that demonstrate facile 

CO2 insertion into the Al-H bond when R is an electron donating group (See Section 1.5.1).45  

The Brewster lab is interested in developing bimetallic late transition metal-aluminum 

heterobimetallic complexes in which the late transition metal (LTM) center can function as a 

Lewis base for cooperative activation of substrates; reaction methodology highly reminiscent of 

Frustrated Lewis Pair (FLP) of Stephan noted above.  This metal-metal cooperative activity has 

been observed previously in systems developed by Bourissou,92 Iwasawa,94 Nakao,95,96 and 

Cramer.168  Of particular interest to us was the report from Iwasawa, in which a Pd-Al Z-type 

complex catalyzed the hydrosilylation of CO2 under 1 atm. CO2 with a turnover frequency (TOF) 

of 19300 h-1, making it among the most efficient known catalysts for this transformation.94 Our 

laboratory designed a series of rhodium-aluminum and iridium-aluminum analogs of Vaska’s 

complex, [M(PPh3)2(CO)(2-pyridone-AlR2)][NO3] (M = Rh, Ir; R = ethyl, isobutyl) (See Figure 
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3.1)107 with the thought that they, too, would be able to cooperatively activate small molecules.  

These complexes have since been shown to facilitate hydrogen activation and hydrogenolysis.108 

Control reactions using complex 9 led us to discover a series of simplified (Figure 4.2), 

monometallic aluminum complexes which also facilitate CO2 functionalization. In the case of 

10a, insertion into an aluminum-alkyl bond was observed. Joint experimental and computational 

mechanistic studies suggest that CO2 activation occurs via a cooperative pathway in which a 

nitrogen atom from an associated pyridine works in tandem with the aluminum center to trap the 

CO2 molecule. 

4.2 Results and Discussion 

4.2.1.  Reactivity of Heterobimetallic LTM-Aluminum Complexes with CO2 

We first set out to investigate the reactivity of [M(PPh3)2(CO)(2-pyridone-AlR2)][NO3] 

(M = Rh, Ir; R = ethyl, isobutyl) with CO2. After bubbling CO2 through a benzene solution of the 

bimetallic complex, we were excited to see that a small degree of thermal insertion of CO2 into 

the aluminum alkyl occurred.  Insertion was confirmed by the presence of a new signal in the 1H 

NMR spectrum between δ 3.7-3.6 ppm.  This signal, a quartet for reactions of Ia and IIa, and a 

doublet for reactions of Ib, and IIb (See Chapter 3, Figure 3.1), is assigned to the methylene 

Figure 4.2. Ligated aluminum complexes (9a-11b). 
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protons originating from an ethyl ligand to aluminum or isobutyl ligand to aluminum, 

respectively, that has undergone an insertion process.  It was later discovered via independent 

synthesis that the newly formed signal corresponds to an alkoxide generated from CO2 after 

extrusion of CO (vide infra). Unfortunately, the reaction yield, as determined by 1H NMR 

integration, was quite low (<5%) and a considerable amount of an unknown precipitate was 

formed.  With a thought to improve reaction efficiency, we began to investigate the mechanism. 

 

We first sought to validate our heterobimetallic design by demonstrating the role of both 

metals in the reaction.  To do so, we reacted 2-pyridone-[AlR2] (R = ethyl, isobutyl; 9a and 9b, 

Figure 4.3) with CO2. We were surprised to observe the same downfield alkyl signal in the 1H 

NMR spectrum (vide infra), indicating that insertion of CO2 had occurred in the absence of the 

LTM center. Further computational investigation into potential bimetallic activation pathways 

confirmed that the transition metal center does not participate in the activation of CO2, rather that 

insertion in our bimetallic system most likely occurs after the dissociation of the organo-

aluminum moiety from the transition metal complex and without involvement of the LTM. 

Excitingly, while our bimetallic system does not react as initially designed, through careful 

control experiments we have been able to demonstrate a unique example of CO2 insertion into a 

cheaper, more easily synthesized monometallic aluminum alkyl species.  The remainder of this 

Figure 4.3. Formation of Al-pyridone-aluminum—alkoxide complex. 
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chapter will discuss our efforts to expand upon this reactivity and understand the mechanism of 

CO2 insertion in our monometallic systems. 

4.2.2. Synthesis of Monometallic Aluminum Complexes 

Monometallic aluminum systems reported on here are derivatives of 2-pyridone-[AlR2].  

Each complex contains one or two alkyl ligands at aluminum and one or two 2-substituted 

pyridines as supporting ligands.  Syntheses of 2-pyridone[AlEt2](9a) and 2-pyridone[AliBu2](9b) 

were accomplished using a modification of the literature procedure reported by Barron et. al.169 

One equivalent of solid 2-pyridone was added to one equivalent of trialkyl aluminum (AlEt3 or 

AliBu3) diluted in THF at room temperature (Figure 4.3). Similarly, treatment of 2-

(methylamino)pyridine (2.05 equivalents) with one equivalent of trialkyl aluminum at room 

temperature yields the di-amino pyridine-ligated aluminum alkyl complex (10a and 10b) in 55-

80% yield.  Attempts to synthesize and isolate the monomeric aminopyridine-aluminum 

complexes directly analogous to 9a and 9b were then made. However, when the synthesis is 

repeated with a 1:1 ratio of aminopyridine to aluminum, analytically pure di-ligated products 10a 

and 10b are still obtained following recrystallization.  This implies that the second addition of 

aminopyridine is rapid.  Recrystallization of 9b, 10a, and 10b using a concentrated solution of 

each in pentane -35°C allowed for recovery of pure white solids and the formation of X-ray 

quality crystals.  Each complex has been characterized by standard spectroscopic and analytical 

techniques (See Appendix C), and their molecular structures determined by X-ray 

crystallography (Figure 4.4).   
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10a and 10b are found to be monomeric in the solid state. The molecular geometry about 

aluminum is that of a distorted trigonal bipyramid (Figure 4.4, left and right) where the sum of 

the equatorial angles (C13, N2, and N4, and C1, N1 and N3 occupy equatorial positions in 10a 

and 10b, respectively) about aluminum in 10a and 10b are 359.82° and 360°. In contrast, 9b in 

Figure 4.4.  ORTEP representation of 9b (top), 10a (left), and 10b (right). Ellipsoids shown at 50% 
probability. Hydrogen atoms omitted for clarity. Select bond distances Å and angles (deg): (10a) 

N(1)pyridine-Al(1) 2.06(9), N(3)pyridine-Al(1) 2.11(0), N(2)-Al(1)-N(4) 119.33, C(13)-Al(1)-N(4)  117.26, 
C(13)-Al(1)-N(2) 123.23. (10b) N(1)pyridine-Al(1) 2.085, N(3)pyridine-Al(1) 2.088, N(2)-Al(1)-N(4) 119.03, 

C(1)-Al(1)-N(2)  119.88, C(1)-Al(1)-N(4) 121.09. 
 

 



 62 

Figure 4.4 crystallizes to yield a dimeric solid-state structure.  As expected for a tetradentate 

Al(III) complex, a distorted tetrahedral geometry around is observed about each aluminum 

center.  Two distinct 2-pyridone ligands bridge between two Al(iBu)2 moieties, resulting in an 

eight membered cyclic structure. Similar pyridone-aluminum alkyl structures have been reported 

by Barron and coworkers.169 The Al(1)-O(1) and Al(1)-N(1a) bond lengths observed in our 

structure of 9b (1.978 Å and 1.805 Å, respectively) are comparable to those previously reported. 

In the case of 9a, 1H-NMR evidence at room temperature is consistent with a dynamic structure.  

The ethyl groups are found to be chemically equivalent, as opposed to diastereotopic which one 

would expect for a static tetrahedral dimer.  This stands in sharp contrast to the diastereotopic 

alkyl resonances observed for IIa and IIb, which are known to exist as monomers tetrahedral 

about aluminum both in the solid state and solution.169 

4.2.3 Reactivity of Monometallic Aluminum Complexes with CO2 

We then set out to investigate, in detail, the reactivity of CO2 with 2-substiuted pyridine-

aluminum alkyls.  We tested the reactivity of each complex (9a-10b) with 1 atm of CO2 at room 

temperature.  Each complex reacted productively, though the exact nature of the eventual 

product was dependent on the substituent located at the two position of the pyridine and the alkyl 

group employed. 

As mentioned above, we began our investigation into monometallic aluminum complexes 

with 2-pyridone ligated complexes 9a and 9b. Two methods were employed in testing:  1) 

bubbling CO2 through a solution of the pyridonate complex dissolved in 600 µL of  benzene-d6 

in a screw-cap NMR tube for 5 minutes, and 2) dissolving the pyridonate complex in 5 mL of 

anhydrous benzene in a Schlenk flask and passing dry CO2 through the flask (1 atmosphere) for 

5 minutes before sealing the flask and stirring vigorously for 24 hours. In either case, the 
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formation of a new species (9c or 9d) (Figure 4.3) can be observed in the 1H-NMR spectrum.  

The product is readily identifiable from a diagnostic signal of appropriate multiplicity (quartet 

for ethyl precursors, doublet for isobutyl precursors) between δ 3.71 and δ 3.68 ppm in the 1H-

NMR spectrum. The weak intensity of this signal suggests that product formation proceeds 

slowly at room temperature. To distinguish whether the observed products 9c and 9d are 

carboxylates (resulting from direct CO2 insertion into the aluminum alkyl) or alkoxides (resulting 

from insertion followed by loss of CO), 1 equivalent of the appropriate alcohol was reacted with 

1 equivalent of the aluminum pyridonate precursor. Identical chemical shifts with appropriate 

multiplicities were identified for each of the new species, suggesting that the observed products 

are alkoxides. As further supporting evidence, reaction of 9a and 9b with isotopically labelled 

13CO2 (δ 124 ppm reference) did not yield a signal in the 13C NMR spectrum consistent with 13C 

incorporation into the final product.  This leads us to believe that the formation of the alkoxy 

occurs via insertion of CO2, followed by decarbonylation. Unfortunately, we were not able to 

directly observe the formation of the 13CO byproduct due to the low yield for production of 

alkoxide (~ 1% by 1H-NMR integration) and transfer of CO2 to the head space of the NMR tube. 

Finally, based on our independent synthesis, we believe that the reaction terminates after a single 

insertion of CO2 to form alkoxide. Oxygen-ligated alane complexes have been shown to decrease 

in electrophilicity as the number of oxygen atoms bound to aluminum increases. This is no doubt 

due to the π-donor character of the oxygen-bound ligand.  In our case, the consequence of 

decreased electrophilicity is an inability to react further with CO2.  Attempts to increase the yield 

of the alkoxide product through extended reaction times at increased temperature, unfortunately, 

proved fruitless.  Solutions of 9a and 9b were heated to 80 °C for 5 days and no observable 

increase to yield of 9c and 9d was observed.  
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To investigate the generality of our observed reaction we then turned our attention to 

aminopyridine derivatives 10a and 10b.  Bubbling CO2 for 5 minutes through a solution of 10a 

or 10b dissolved in 600 µL of benzene-d6 in a screw-cap NMR tube led to the clean formation of 

a new species in high NMR yield after 90 minutes. Though we have not been able to isolate this 

product in the solid state, spectroscopic evidence suggests that the obtained product is a cyclic 

carbonate resulting from CO2 insertion into the Al-Npyridine bond rather than an alkyl insertion 

product.  Initial evidence for the formation of this product derives from 1H NMR spectroscopy. 

The methylene signal attributed to the ethyl group remains in the far upfield region (δ 0.10 ppm) 

associated with carbon ligands directly bound to electropositive atoms. Additionally, pyridine 

Figure 4.5.  Stacked 1H-NMR spectrum representative of 10a (bottom) and in situ generation 
of 10c (top) in benzene-d6. Spectra referenced to residual solvent peak. 

Ha 

Ha 
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proton HA (Figure 4.5) shifts dramatically downfield from δ 7.5 ppm to δ 8.8 ppm.  This 

suggests that the pyridine moiety is the most likely site of the observed reaction. 

Further evidence for the identity of 10c and 10d the product was obtained from 13C NMR 

spectroscopy.  A new downfield peak, observed at δ 154 ppm in the 13C-NMR spectrum, is 

indicative of the corresponding carbamate product. This peak is enhanced when the reaction is 

undertaken with isotopically labelled 13CO2 suggesting that it must derive from CO2 insertion.  

HMQC and HMBC data further supports the pyridine as the site of insertion (see Appendix C).   

In the HMBC, No proton-carbon coupling between the carbon signal at δ 154 ppm and the alkyl 

-CH2 proton resonances located at approximately δ 0.6 ppm are apparent in either spectrum 

further indicating that the alkyl-aluminum moiety is not the site of direct insertion (See Appendix 

C24 for 10c and C37 for 10d).  

In an attempt to observe further reactivity beyond cyclic carbonate formation, we 

monitored the reaction progress with isotopically labelled 13CO2 over extended times.  After 48 

hours, a new, isotopically enhanced, peak was observed to appear at δ 173 ppm in the 13C-NMR 

spectrum. We suspect that this new peak arises from an alkyl migration from the aluminum 

center to the electrophilic carbon to form an aluminum bound propionate. After 72 hours, the 

new carbonyl peak remains prominent in the 13C-NMR suggesting the compound is stable at 

room temperature and does not decarbonylate to produce the alkoxide. The stability of this 

compound is supported by our computational investigation, where the migration or 

decarbonylation of the carboxylate to form the alkoxide was found to be energetically disfavored 

(vide infra).  

Subjecting the isobutyl derivative 10b to similar reaction conditions does not yield the 

corresponding butanoate.  The carbamate remains stable for several days (96 hours monitored by 
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1H & 13C-NMR) before the complex degrades into an undesirable side product. Upon analysis of 

the product spectra, we believe that the eventual decomposition product is the hydrolyzed form 

of the aluminum carbamate species (See Appendix C).  To verify this hypothesis, we 

intentionally reacted the generated carbonate with 10 μL of water and compared the resultant 1H 

NMR spectrum with that of the final decomposition product (Appendix C, C39 and C40). A 

distinct doublet located at δ 8.21 ppm serves as a diagnostic resonance for the hydrolysis 

product.  This directly matches a resonance observed in our CO2 insertion experiments 5 hours 

after the addition of CO2 (~ 13% by 1H-NMR integration). Additionally, the appearance of a 

doublet located at δ 0.86 ppm corresponding to the methyl protons of isobutane increases over 

the course of our CO2 insertion experiments indicating hydrolysis of the alkyl is occurring over 

time.  Reaction of aluminum alkyls with adventitious water is well known to occur rapidly under 

most conditions, thus slow contamination of our reaction mixture through the NMR septum cap 

would be expected to result in formation of this byproduct over time.  

The combined results from the reactions described above led us to hypothesize a 

mechanistic theory as to how CO2 inserts into 2-substituted pyridine ligated aluminum alkyls.  

First, pyridine dissociates from the aluminum center.  This is quite likely due to the 

geometrically strained 4-membered ring formed on κ2 binding of 2-pyridone or 2-

methylaminopyridine.  As mentioned above, spectroscopic evidence for pyridine lability derives 

from the alkyl protons of 9a and 9b being equivalent rather than diastereotopic in the 1H NMR 

spectrum.  Following pyridine dissociation, CO2 is cooperatively activated to generate a cyclic 

carbamate at the sterically congested aluminum center created by the two methylaminopyridine 

ligands. This cooperative reactivity is reminiscent of that described by Stephan for Al-P FLPs.167  
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In contrast, the sterically open environment about the 2-oxypyridine congener facilitates 

insertion into the alkyl ligand. 

To further support our mechanistic hypothesis, we synthesized 11a and 11b. Similar to 

complexes reported by Barron et. al.169 the pyridinemethanol ligands employed in 11a and 11b 

are expected to form 5-membered rings on chelation to aluminum.  This favorable, unstrained 

geometry is not expected to be labile under our reaction conditions, thereby preventing 

cooperative CO2 activation. As evidence for a static structure, the alkyl ligands are found to be 

diastereotopic in the 1H NMR spectra of 11a and 11b.  Gratifyingly, exposure of 11a and 11b to 

CO2 by the methods previously described resulted in no observable change in the 1H-NMR 

spectrum.   

4.2.4 Computational Investigation  

To further elucidate the observed reactivity, a computational study was undertaken to 

investigate potential CO2 insertion pathways for 10a. A variety of mechanisms were 

investigated.  The primary variable involved order of CO2 insertion – into which ligand is 

insertion favored?  Pathways for CO2 migration between ligands were also considered, though no 

transition states could be located computationally.  Thus, the computed pathways (Figure 4.6) 

involved (1) insertion of CO2 into the alkyl, followed by insertion into the pyridine to form a 

carbamate, (2) insertion into a single pyridine ligand followed by insertion into the alkyl, 

followed by insertion into the second pyridine, and (3) insertion into successive pyridine ligands 

followed by insertion into the alkyl. Experimental evidence strongly suggests against pathways 1 

and 2. The intermediate formed following insertion of CO2 into two pyridine ligands has been 

observed spectroscopically (complex 10c), though if carbamate formation were reversible these 

pathways could be accessible.  
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Further complicating our ability to propose a chemical mechanism for CO2 insertion is 

the ability of the aluminum complex to stereochemically isomerize.  The pyridine nitrogen atoms 

can exist in the two axial positions of the trigonal bipyramid (10a-trans, as seen in the crystal 

structure of 2a), 2 equatorial positions, or one axial and one equatorial (10a-cis). In solution, the 

two methylaminopyridine ligands are found to be chemically equivalent on the NMR timescale, 

but this does not preclude rapid isomerization from occurring.  In Figure 7, the optimized 3D 

structure of 10a-trans and 10a-cis are shown. Theoretically, 10a-cis is only 2.2 kcal/mol higher 

Figure 4.6.  Computed reaction pathways for sequential CO2 insertion into complex 10a. 
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in free energy than 10a-trans. In Figure 4.8, a free energy diagram is provided, showing that the 

10a-trans form can isomerize to 10a-cis through a high-energy intermediate (10a-i). The rate-

limiting step has a barrier of 12.6 kcal/mol, and the reverse activation free energy from 10a-cis to 

10a-i is 9.0 kcal/mol. Accordingly, this interconversion should be rapid at the experimental 

conditions.  

Though incompatible with our observed NMR data, “cis” versions of CO2-inserted 

intermediates have also been identified computationally for completeness. The cis version of the 

final product is only 1.9 kcal/mol higher in free energy than complex 10a. For brevity, we have 

opted to avoid mapping out the complete reaction network of proposed cis/trans interconversion 

mechanisms. Unlike studies where examination of the full reaction network contributes greatly 

to an understanding of the observed kinetics and thermodynamics,170,171 the ability of the various 

stereoisomeric forms of each complex to interconvert is simply assumed to be possible.  The 

lowest energy “trans” complexes accurately reflect the experimental data and are presented in 

detail below. 

 

 

 

 

 

 

 

Figure 4.7. Computational structures of 10a (left) and its counterpart 10a-cis (right), where the 
methyl substituents of the aminomethylpyridine are sterically unfavored. 
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Figure 4.8. Free energy diagram of proposed isomerization of reactant 10a from trans to cis 
form. The reference free energy (in kcal/mol) is that of the 10a structure. 

 

Computations on complex 10a suggest that at each insertion step, insertion into the alkyl 

was found to have a higher barrier than cooperative activation to form the carbamate, which 

computationally rules out proposed pathways 1 and 2. The trajectory of approach of the CO2 

toward the sterically crowded aluminum center must be more open for the cooperative, FLP-like 

activation. Thus, pathway 3 was found to be the most likely to be in operation.  
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Figure 4.9. Free energy diagram of proposed activation of CO2 to the aluminum bound 
carboxylate where CO2 insertion into alkyl group occurs first. The baseline free energy (in 
kcal/mol) is complex S13 + the free energy of CO2 at infinite separation. 
  

Figure 4.10 displays the energy diagram for the most plausible pathway of cooperative 

activation of CO2 using 10a. The reference free energy value (S13 + CO2) in the free energy 

diagram is the sum of 10a and CO2 at infinite separation.  The first insertion of CO2 into an Al-N 

bond was found to have an effective barrier below 20 kcal/mol consistent with rapid room 

temperature reaction.  The second insertion was found to have a lower absolute barrier than the 

first, consistent with the experimental observation of only the symmetric, doubly inserted 

product after 5 hours.   
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The high barrier for this step is not surprising, as this step was found experimentally to be quite 

slow and low yielding.  The final insertion is thermodynamically highly favorable, consistent 

with experimental observation.   

4.3 Conclusion 

We have demonstrated the ability to cooperatively activate CO2 using simple 

organoaluminum complexes at room temperature. Changing the ortho- substituent on pyridine 

(i.e. -NHMe, OH, CH2OH) led to divergent reactivity. Addition of CO2 to 2-pyridonate[AlR2] (R 

= Et, iBu) led to the low-yielding formation of an aluminum-alkoxy product (approximately 1%) 

while addition of CO2 to (2-(methylamino)pyridine)2AlR (R = Et, iBu) led to the clean formation 

of a bis-metalocyclic carbamate product after 5 hours. In the case of 2-

(methylamino)pyridine)2AlEt, we were able to observe additional insertion of CO2 into the 

Figure 4.10. Free energy diagram of proposed activation of CO2 to the aluminum bound carboxylate. 
The baseline free energy (in kcal/mol) is complex S14 + the free energy of CO2 at infinite separation. 
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aluminum ethyl moiety at long reaction times. We conclude that the final product forms by way 

of direct CO2 insertion into the aluminum alkyl yielding an aluminum bound propionate product.  

Computational data supports the proposed reaction pathway and product formulation. 

4.4 Experimental Details 

4.4.1 General Considerations 

Syntheses and manipulations were performed in a nitrogen-filled Inert Technologies 

glovebox or using standard Schlenk techniques unless otherwise specified. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories, dried over molecular sieves or calcium 

hydride, and stored in the glovebox over molecular sieves prior to use. CO2 was passed through a 

Drierite column to remove trace water. 13CO2 was purchased from Sigma-Aldrich.  All other 

reagents and solvents used were commercially available and used without further purification 

unless specified. Aluminum reagents and 2-pyridone were stored in a nitrogen glovebox prior to 

use. Al(2-pyridone)Et2 (9a) was synthesized as described elsewhere108. NMR spectra were 

recorded on a 400 MHz JEOL and referenced to the residual solvent peak.121 

4.4.2. Synthesis 

Synthesis of 2-pyridone[Al(iBu)2]. (9b) 

In the glovebox, solid 2-pyridone 356 mg (3.7 mmol) 2-pyridone was added to a solution of 

Al(iBu)3 (1 mL, 4.1 mmol) in 10 mL of THF. Rapid bubbling was observed, indicating liberation 

of isobutane gas.  A pale-yellow solution resulted after ten minutes.  The solution was then allowed 

to stir at room temperature overnight in the glovebox. Solvent was removed in vacuo to give a 

light-colored oil. Colorless crystals suitable for X-ray analysis were obtained by dissolving the 

crude oil in dry pentane and placing inside the glovebox freezer at -35°C overnight. Yield: 0.76 g, 

82%. 1H NMR (400 MHz, Benzene-d6) δ 7.69 (d, J = 7.7 Hz, 1H), 6.90 (t, J = 8.7 Hz  1H), 6.57 
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(d, J = 8.4 Hz, 1H), 6.10 – 6.05 (t, J = 6.9 Hz, 1H), 2.11 (non, 2H), 1.16 (d, J = 6.9 Hz, 12H) 

0.41(d, J = 7.0 Hz, 4H). 13C{1H} NMR (101 MHz, Benzene-D6) δ 166.152, 143.20, 142.95, 

118.13, 114.54, 28.58, 26.72, 22.01 (br). HRMS calculated for [C5H6AlNO3]+  (product of alkyl 

hydrolysis) m/z calc.: 155.0163. Found: 156.0848. 

Synthesis of Al(Et)(2-methylamino pyridine)2. (10a) 

In the glovebox, a solution of Al(Et)3 (1 mL,  3.96 mmol)  in 10 mL of THF was prepared. The 

solution was removed from the glovebox and 2-methylamino pyridine 1.578 g (1.5 mL, 7.92 

mmol) was added. Rapid bubbling was observed, indicating liberation of ethane gas.  A pale-

yellow solution resulted after ten minutes.  The solution was then allowed to stir at room 

temperature for 24 hours. Solvent was removed in vacuo to yield a pale yellow solid. The solid 

was washed with pentane (3 x 3 mL) and dried in vacuo. A second crop of product crystals was 

grown by placing the pentane wash in the glovebox freezer (-35°C) overnight. Yield: 1.3024 g, 

66%. 1H NMR (400 MHz, Benzene-d6) δ 7.43 (dt, J = 5.1, 1.1 Hz, 2H), 7.01 (dd, J = 7.0, 1.6 Hz, 

2H), 5.95 (m, 2H), 5.88 (d, J = 8.6 Hz, 2H), 2.60(s, 6H) 1.42 (t, J = 8.1 Hz, 3H) 0.48 (q, J = 8.4 

Hz, 2H). 13C{1H} NMR (101 MHz, Benzene-D6) δ 167.47, 143.70, 140.30, 107.54, 102.67, 29.51, 

10.25.  HRMS calculated for [C12H16AlN4O]+ [M+H] + (product of alkyl hydrolysis) m/z calc.: 

259.1140. Found: 259.1333. 

Synthesis of Al(iBu)(2-methylamino pyridine)2. (10b) 

In the glovebox, a solution of Al(iBu)3 (1 mL, 3.96 mmol) in 10 mL of THF was prepared. The 

solution was removed from the glovebox and 0.857 g 2-methylamino pyridine (0.81 mL, 7.92 

mmol) was added. Rapid bubbling was observed, indicating liberation of isobutane gas.  A pale-

yellow solution resulted after ten minutes.  The solution was then allowed to stir at room 

temperature for 24 hours. Solvent was removed in vacuo to yield a pale yellow solid. The solid 
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was washed with pentane (3 x 3mL) and dried in vacuo. A second crop of product crystals was 

grown by placing the pentane wash in the glovebox freezer (-35°C) overnight. Yield: 0.95 g, 

80%. 1H NMR (400 MHz, Benzene-d6) δ 7.40 (d, J = 5.3 Hz, 2H), 6.95 (dd, J = 7.2, 1.7 Hz, 2H), 

6.00-5.89  (m, 2H), 5.80 (d, J = 8.6 Hz, 2H), 2.59 (s, 6H), 2.05 (nonet, J = 6.6 Hz, 1H), 1.21 (d, 

J = 6.5 Hz, 6H), 0.53 (d, J = 6.9 Hz, 2H),. 13C{1H} NMR (101 MHz, Benzene-d6) δ 167.36, 

143.60, 140.28, 107.55, 102.70, 29.37, 28.02, 27.02. * Aluminum alkyl CH2 absent from 13C-

NMR due to fast relaxation time. HRMS calculated for [C16H23AlN4]+ m/z calc.: 298.1738. 

Found: 298.1624. 

Generation of (2-methylamino pyridine)2Al(Et)(CO2)2 (10c) in situ 

In the glovebox, approximately 12 mg of 2a was weighed inside a vial, dissolved in 600 µL of 

benzene-d6, and transferred inside a screw cap NMR tube. The tube was removed from the box 

and dry CO2 was bubbled through the solution for 5 minutes. 1H NMR (400 MHz, Benzene-d6) δ 

8.78 (dd, J = 5.8, 1.6 Hz, 2H), 6.97 (m, 2H), 6.33 (m, 2H), 6.14 (d, J = 8.7 Hz, 2H), 3.05 (s, 6H). 

0.88 (t, J = 8.1 Hz, 3H), 0.10 (q, J = 8.1 Hz, 2H). 13C{1H} NMR (101 MHz, Benzene-D6) δ 154.11, 

152.71, 145.83, 140.62, 116.48, 111.93, 34.37, 9.85. 

Generation of (2-methylamino pyridine)2Al(iBu)(CO2)2 (10d) in situ 

In the glovebox, approximately 12 mg of 2b was weighed inside a vial, dissolved in 600 µL of 

benzene-d6, and transferred inside a screw cap NMR tube. The tube was removed from the box 

and dry CO2 was bubbled through the solution for 5 minutes. 1H NMR (400 MHz, Benzene-d6) δ 

8.87 (dd, J = 5.8, 1.6 Hz, 2H), 6.86 (ddd, J = 9.0, 7.3, 2.0 Hz, 2H), 6.28 (ddd, J = 6.9, 5.7, 1.0 Hz 

2H), 6.14 (d, J = 8.7 Hz, 2H), 3.05 (s, 6H), 1.38 (m, 1H),  0.97 (d, J = 6.5 Hz, 6H), 0.10 (br,  2H). 

13C{1H} NMR (101 MHz, Benzene-D6) δ154.46, 152.94, 146.39, 116.72, 112.15, 34.64, 26.74. 
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Synthesis of Al(Et)2(2-pyridinemethanol). (11a) 

In the glovebox, a solution of Al(Et)3 (1.0 mL, 7.3 mmol) was dissolved in 10 mL of THF inside 

a Schlenk flask. The solution was removed from the glovebox and 2-pyridinemethanol (0.64 mL, 

6.6 mmol) was added under a constant flow of nitrogen.  Rapid bubbling occurred immediately.  

The resulting solution was allowed to stir at room temperature overnight in the glovebox. Solvent 

was removed in vacuo to give an off white solid. Biphasic recrystallization using benzene/pentane 

(v/v = 1/2) produced a pure white solid. Yield: 1.3289 g, 94%. 1H NMR (400 MHz, Benzene-d6) 

δ 8.29 (d, J = 5.2 Hz, 1H), 6.79 (td, J = 7.7, 1.5 Hz, 1H), 6.46 (m, 1H), 6.25 (d, J = 7.9 Hz, 1H), 

4.90 (s,  2H), 1.42 (t, J = 8.1 Hz, 6H), 0.42 (m, 4H). 13C{1H} NMR (101 MHz, Benzene-D6) δ 

159.32, 145.16, 137.69, 122.48, 119.89, 63.20, 11.12. HRMS calculated for [C6H10AlNO3]+ M-H+ 

(product of alkyl hydrolysis) m/z calc.: 171.0476. Found: 171.1027. 

Synthesis of Al(iBu)2(2-pyridinemethanol). (11b) 

In the glovebox, a solution of Al(iBu)3 (1.0 mL, 4.0 mmol) in 10 mL of THF inside a Schlenk 

flask. The solution was removed from the glovebox and 2-pyridinemethanol (0.35 mL, 3.6 mmol) 

was added under a constant flow of nitrogen.  Rapid bubbling immediately occurred.  The resulting 

solution was allowed to stir at room temperature overnight in the glovebox. Solvent was removed 

in vacuo to give an off white solid. Biphasic recrystallization using benzene/pentane (v/v = 1/2) 

produced a pure white solid.  Yield: 0.7866 g, 87%. 1H NMR (400 MHz, Benzene-d6) δ 8.35 (d, J = 

5.4 Hz, 1H), 6.76 (td, J = 7.6, 1.4 Hz, 1H), 6.51-6.41 (m, 1H), 6.25 (d, J = 7.9 Hz, 1H), 4.99 

(s, 2H). 2.10 (nonet, 2H), 1.28 (d, J = 6.4 Hz, 6H), 1.16 (d, J = 6.4 Hz, 6H), 0.39 (m, 4H). 13C{1H} 

NMR (101 MHz, Benzene-D6) δ 158.97, 145.37, 137.78, 122.43, 120.01, 63.08, 29.67, 28.82, 

27.58. Anal. Calc. C14H24AlNO: 67.44; H, 9.70; N, 5.62. Found: C, 64.36; H, 9.15; N, 5.90. *Purity 

of compound was determined based on 1H-NMR data. 
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4.4.3. Procedure for CO2 Addition to Ligated Pyridine-Aluminum Complexes 

1) Approximately 100 mg of 9a or 9b was weighed inside the glovebox and placed inside a 20 

mL Schlenk flask. The solid was dissolved in 5 mL of benzene and removed from the glovebox. 

Dry CO2 was allowed to pass through the flask for 5 minutes before closing the flask off and 

removal of the bubbler. The solution was stirred for 24 hours at room temperature. After 24 

hours, the solvent was removed producing a pale yellow oil.  

2) Inside the glovebox, approximately 10 mg of 9a or 9b was weighed inside a vial, dissolved in 

600 μL benzene-d6 and transferred to a screw cap NMR tube. The tube was removed from the 

box and dry CO2 was bubbled through the solution for 5 minutes. 

Inside the glovebox, approximately 10 mg of 10a or 10b was weighed inside a vial, dissolved in 

600 μL benzene-d6 and transferred to a screw cap NMR tube. The tube was removed from the 

box and dry CO2 was bubbled through the solution for 5 minutes. 

3) Inside the glovebox, approximately 100 mg of 11a or 11b was weighed inside a vial, 

dissolved in 5 mL of benzene, and placed inside a 25 mL Schlenk flask. Dry CO2 was allowed to 

pass through the flask for 5 minutes before closing the flask off and removal of the bubbler. The 

solution was stirred for 24 hours at room temperature. After 24 hours, the solvent was removed 

producing a white solid. 

4) Inside the glovebox, approximately 100 mg of 11a or 11b was weighed inside a vial, 

dissolved in 600 μL benzene-d6 and transferred to a screw cap NMR tube. The tube was removed 

from the box and dry CO2 was bubbled through the solution for 5 minutes. 

4.4.4. X-ray Crystallography 

A suitable crystal of each sample was selected for analysis and mounted in a polyimide 

loop. All measurements were made on a Rigaku Oxford Diffraction Supernova Eos CCD with 
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filtered Cu-Kα radiation at a temperature of 100 K. Using Olex2,122 the structure was solved with  

the ShelXT structure solution program using Direct Methods and refined with the ShelXL 

refinement package123 using Least Squares minimization. 

4.4.5. Computational Details 

 All computations were performed using the Gaussian16 software package.172 Gas-phase 

energies, optimized geometries, and unscaled harmonic vibrational frequencies were obtained 

using Density Functional Theory (DFT).173 The pure hybrid B3LYP functional was used with 

default grid parameters.174 The basis set for aluminum was the standard Hay and Wadt basis set 

and effective core potential (ECP) combination (LANL2DZ)175,176  All carbon, nitrogen, oxygen, 

and hydrogen atoms utilized the 6-31G(d') basis set.177 Spherical harmonic d functions were used 

throughout; i.e., there are five angular basis functions per d function. The Hessian of the energy 

was computed at all stationary points to confirm if they were minima (no imaginary vibrational 

frequencies) or transition states (only one imaginary vibrational frequency). Unscaled harmonic 

vibrational frequencies, zero-point energies (ZPE) and thermal enthalpy/free energy corrections 

were computed at 1 atm and 298.15 K. Solvation energies were computed using the CPCM model 

with standard cavity parameters for benzene.178,179  
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Chapter 5 

Conclusions and Future Research Recommendations 

 

5.1. Summary 

 In this dissertation we have reported, in Chapter 2, the successful synthesis and 

characterization of a new class of late transition metal-aluminum heterobimetallic complexes. A 

bridging ligand which both chelates the transition metal and binds the aluminum via an alkoxide 

was employed to impart stability to the bimetallic system. Novel rhodium-aluminum 

heterobimetallic complexes Rh(DPPE)(DPPP-O-AliBu2Cl) and Rh (DPPP-O-AliBu2) (DPPP-O-

AliBu2Cl) are synthesized and spectroscopically identified. 

 In Chapter 3, the synthesis of rhodium and iridium NNO complexes was demonstrated. 

Complexes have been fully characterized by 1H and 13C{1H} NMR spectroscopy, mass 

spectrometry and X-ray diffraction.  Addition of K(NNO) to [M(cod)Cl]2 resulted in formation of 

a bimetallic M(I)-M(I)dimer bridged by two NNO ligands. In contrast, addition of the protic 

starting material NNO-H to [Ir(cod)2][BArF24] resulted in the Ir(III) hydride species 

[Ir(cod)(NNO)(H)]BArF24. Finally, the reactivity of the newly synthesized complexes with alkyl 

aluminum reagents, AlR3 (R = Et, iBu) was explored. Unfortunately, removal of the ligand after 

the addition of the aluminum alkyl reagents was observed. 

 In Chapter 4, we demonstrate the ability to activate CO2 using simple organoaluminum 

complexes. Addition of CO2 to 2-pyridonate[AlR2] (R = Et, iBu) led to the formation of the 

aluminum-alkoxy product (approximately 1%) identified by 1H-NMR. Addition of CO2 to (2-

(methylamino) pyridine)2AlR (R = Et, iBu) led to the clean formation of the cyclic carbamate 

product after 5 hours identified by 1H-NMR and 13C-NMR. After 48 hours, formation of a new 
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product with the generic formula (2-(methylamino) pyridine)2AlCO2Et was identified by 13C-

NMR. The newly formed product remains in solution for up to 96 hours. Computational 

investigation into the formation of the alkoxy and carboxylate product has been performed. A 

unique cooperative mechanism for CO2 incorporation is proposed based on joint 

experimental/theoretical data. 

5.2. Future Direction 

 The goal of the Brewster lab is to develop transition metal systems that successfully dock 

aluminum to form a heterobimetallic species.  Ultimately, we would like to utilize an electron-rich 

transition metal to exploit cooperative reactivity between both metal centers. A potential future 

direction for the Brewster lab would involve the synthesis of a ligand capable of binding the 

aluminum moiety in a tridentate fashion with additional functionality to coordinate electron rich 

metal (Figure 5.1.).  

 

  

Using ligands of this scaffold would provide several advantages. The first is site selectivity 

for the aluminum center and transition metal center.  Synthesis of related organoaluminium species 

has been successfully employed by Lu91, Takaya94, and Nakao96 (see section 1.7.2.) allowing for 

Figure 5.1. Proposed ligand synthesis 
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easy isolation of the target ligand. Following a synthetic protocol akin to that of Takaya, we 

propose that the direct addition to the ethereal-pyridine ligand would provide a stable 5- coordinate 

-ate species. In the case of the amine containing ligands, salt metathesis of the aluminum after 

deprotonation using nBuLi would provide a 4-coordinate aluminum species. This approach has 

been successfully utilized by Lu91 and Nakao96. Successful docking of aluminum to the ligand will 

be identified by 27Al-NMR spectroscopy and X-ray crystallography.  Subsequent introduction of 

the appropriate transition metal precursor will yield the desired heterobimetallic complexes. 

 

The second advantage would be metal-metal proximity after formation of the 

heterobimetallic species. As seen in several examples throughout this dissertation, addition of the 

late transition metal material to phosphorous-containing ligands has shown selectivity for binding 

of the transition metal, as opposed to aluminum, to the phosphorous arms.  Specifically, we will 

be using low valent, late transition metals that demonstrate a d8-square planar or d10-tetrahedral 

configuration (RhI, IrI, Pd0, or Pt0). In theory, this type of scaffold would facilitate formation of a 

“Z”-type interaction between the metal centers (Figure 5.2.). Using either RhI or Pt0 would allow 

additional spectroscopy techniques to identify and electronically characterize the interaction (103Rh 

or 195Pt NMR Spectroscopy).   

The final advantage of this ligand scaffold is the “flexibility” of the ligand. In several cases 

of “Z”-type complexes, the ligand employed is part of a conjugated system or is otherwise rigid.  

The rigidity and may limit the ability for cooperative small molecule activation with Z-type 

complexes. In the case of this work, we propose ligands that are unconjugated that would allow 

Figure 5.2. Potential Z-type structures for proposed ligands. 
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for conformational changes at both of the metal centers to provide stability when the substrate is 

activated.  

This demonstration would be the first “Z”-type complex of aluminum to contain an oxygen 

supporting ligand.  However, the coordination between the ethereal oxygen and aluminum may 

not provide the thermodynamic stability imparted by the X-type amine ligand.  It is also important 

to note that reactivity of aluminum decreases with the number oxygens bound. This is attributed 

to oxygen being an excellent π-donor. In our case, however, the geometric constraints imparted by 

the overall chelate system will diminish the ability of oxygen to function in this fashion.  Thus, the 

inductive effect of oxygen will likely dominate, making the aluminum center more Lewis acidic. 

Therefore, the strength of the interaction between the transition metal and aluminum would be 

increased.  It is predicted that the unique structure of this ligand scaffold will impart both an 

interesting structural study into Z-type bonding and allow for cooperative activity with small 

molecules in an FLP-like fashion across the two metal centers, analogous to the mechanism to the 

complex described in Chapter 4 wherein the pyridine ligand served as an internal base. 
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Appendix A: Spectral Data for Chapter 2 

 

 

Figure A1. 31P{1H} NMR spectrum of DPPP-OH in CDCl3. 
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Figure A2. 1H NMR spectrum of DPPP-OH in CDCl3. 
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Figure A3. 31P{1H} NMR spectrum of Rh(DPPE)(CO)Cl in CDCl3. 
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Figure A4. 1H NMR spectrum of Rh(DPPE)(CO)Cl in CDCl3. 
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Figure A5. 1H NMR spectrum of Rh(DPPE)(DPPP-OH)Cl (1) in CDCl3. 
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Figure A6. 31P{1H} NMR spectrum of 1 in CDCl3. 
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Figure A7. Modeled (top) and measured (bottom) 31P{1H} NMR spectra of Rh(DPPE)(DPPP-O-
AliBu2Cl) (2). The peaks for byproduct Rh(DPPE)2Cl are denoted with #. Integration values used 

to quantify by product. 
 

List of peaks and coupling constants in 2:  31P{1H} NMR (162 MHz, tetrahydrofuran-d8) δ 59.37 
(DPPE, JRh = 107.2 Hz, Jtrans = 205.5 Hz, Jcis, B-B’ = -22.6 Hz, Jcis, B-A’ = -29.2 Hz), 58.20 

(Rh(DPPE)2Cl, d, J = 132.8 Hz), 13.90 (DPPP-OH, JRh = 101.2 Hz, Jtrans = 205.5 Hz, Jcis A-A’ = -
39.4 Hz, Jcis, A-B’ = -29.2 Hz). 
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Figure A8. 1H NMR spectrum of 2 in tetrahydrofuran-d8. Impurity in alkyl region is pentane.  
Overintegration of aromatic signals due to 5% [Rh(DPPE)2]Cl impurity. 

Aromatic overintegrates due to 
[Rh(DPPE)2]+ impurity 

pentane 

isobutane (from 
hydrolysis with 
NMR solvent) 
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Figure A9. 1H NMR spectrum of isomeric mixture of Rh(DPPP-OH)2Cl (3) in DMSO-d6. 
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Figure A10. 31P{1H} NMR spectrum of isomeric mixture 3 in DMSO-d6. 
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Figure A11. Room temperature 31P{1H} NMR spectrum of Rh(DPPP-O-AliBu2)(DPPP-O-
AliBu2Cl) (4) in CD2Cl2. 
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Figure A12. 1H NMR of 4 product mixture in CD2Cl2. 
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Figure A13. ESI-MS data for 4.  The base peak (m/z = 960 corresponds to fragment A above.  
The high mass peak (m/z =1144) corresponds to fragment B above.  Isotope pattern from high-

resolution experiment can be found in Figure A15, below. 
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Figure A14. ESI-MS data for 4.  The base peak (m/z = 960 corresponds to fragment A in Figure 
A13 above.  The high mass peak (m/z =1144) corresponds to the fragment above, a hydrated 

fragment generated (water acquired during the injection).   
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Figure A15. HRMS data for 4.  Top: measured data.  Bottom: predicted isotope pattern.  Value 
calculated for [C54H54Al2O6P4Rh]+ (product of alkyl hydrolysis) m/z calc: 1079.1557. Found: 

1079.0964.  Peaks at 1077 and 1078 correspond to hydrolysis product less two or one hydrogen 
atoms, respectively. 

 
 
  

TJ 1155 3-1-2019

m/z
1074 1075 1076 1077 1078 1079 1080 1081 1082 1083 1084

%

0

100
TJ 1155 1 (0.034) Cm (1:111) TOF MS ES+ 

181077.0812

1077.0571

1076.97271075.0558

1077.1055

1079.0964

1080.0867

1081.1257
1083.58011082.8302



 113 

 
Figure A16. ESI-MS data for 2.  Corresponding fragments are shown below. 
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Figure A17a. HRMS data for 2.  Top: Full measured mass spectrum.  Bottom: Observed isotope 

pattern for major impurity [Rh(DPPE)2][Cl].  Value calculated for [C52H48P4Rh]+ (M-Cl+) m/z 
calc: 899.1761. Found: 898.9301.   

 

TJ sample 1109 Pos ESI 800-1100mz in benzene

m/z
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1100

%

0

100
TJ SAMPLE 1109 1 (0.034) TOF MS ES+ 

1.71e3898.9301

899.9550

968.8838

901.0027

902.0068

970.8866

971.9061

972.8916

973.9006

TJ sample 1109 Pos ESI 800-1100mz in benzene

m/z
893 894 895 896 897 898 899 900 901 902 903 904 905 906 907 908

%

0

100
TJ SAMPLE 1109 1 (0.034) TOF MS ES+ 

1.71e3898.9301

899.9550

901.0027

902.0068
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Figure A17b. HRMS data for 2.  Top: measured data.  Bottom: predicted isotope pattern.  Value 

calculated for [C53H50Al2O4P4Rh]+ (product of alkyl hydrolysis) m/z calc: 971.1554. Found: 
970.8866.  Peaks at 969 and 970 correspond to hydrolysis product less two or one hydrogen 

atoms, respectively. 
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%
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TJ SAMPLE 1109 1 (0.034) TOF MS ES+ 

781968.8838

970.8866

969.8907

971.9061

972.8916

973.9006

974.9330
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Figure A18:  DOSY of [Rh(DPPP-OH)2][Cl] (3). 

 

 
Figure A19:  DOSY of Rh(DPPP-OAliBu2)(DPPP-OAliBu2Cl) (4). 
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X-Ray Crystallography 
 
Rh(DPPP-OH)2(CO)Cl (ZL-0048) 
The disordered chloroform molecule was modeled over two positions with similarity restraints 
placed on the C-Cl bond lengths. A single, highly-disordered dichloromethane was modeled over 
3 positions using the fragment based approach as Guzei, I. A. (2014). J. Appl. Crystallogr. 47, 806-
809. The thermal parameters of all disordered solvent molecules were modeled with similarity 
restraints. 
 
[Rh(DPPP-OH)2][BArF24] (ZL-0051) 
Three disordered chloroform molecules were modeled over two positions each with similarity 
restraints placed on the C-Cl bond lengths and atom thermal parameters. A disordered 
trifluoromethyl group of the BArF4 anion was modeled over two positions with similarity restraints 
placed on the C-F bond lengths and atom thermal parameters. 
 
[Rh(DPPP)2][Cl] (z1dppe) 

The structure was modeled without restraint. 
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Appendix B: Spectral Data for Chapter 3 

 
Figure B1.  1H NMR spectrum of 6 in CD2Cl2. 
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Figure B2.  13C NMR spectrum of 6 in CD2Cl2 

 
. 
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Figure B3.  1H NMR spectrum of 7 in CD2Cl2. 
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Figure B4.  13C NMR spectrum of 7 in CD2Cl2. 
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Figure B5.  1H NMR spectrum of 8 in CD2Cl2. *Et2O impurity located at δ 3.44 and δ 1.12 ppm. 
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Figure B6. Expansion of the 1H NMR spectrum of 8 in CD2Cl2. *Et2O impurity located at δ3.44 
and δ 1.12 ppm. 
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Figure B7.  13C NMR spectrum of 8 in CD2Cl2. *Et2O impurity located at δ 66.14 and δ 15.44 
ppm. 
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Figure B8.  19F NMR spectrum of 8 in CD2Cl2. 
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Figure B9.  HRMS spectrum of 6. 
 

 
Figure B10.  HRMS spectrum of 7. 
 

TJ Rh cod BMPZA

m/z
645 650 655 660 665 670 675 680 685 690

%

0

100
2019-08-26_3 85 (1.679) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (4:99) 1: TOF MS ES+ 

1.95e5669.1194

668.6137!
654.3975

!
656.3829

!
660.4541

670.1237

671.1269

672.1279
!

675.3458

TJ Ir cod BMPZA

m/z
510 515 520 525 530 535 540 545 550 555 560 565 570 575 580 585 590 595 600

%

0

100
2019-08-26_2 25 (0.521) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (5:99) 1: TOF MS ES+ 

2.71e3549.1867

547.1816

521.1937
517.1805

539.1567525.1993
537.1486

550.1905

599.2185
!

551.2064 !
561.1744

!
569.1655

!
589.1017

!
577.1664
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Figure B11.  HRMS spectrum of 8. 
 
 

TJ Ir-H-BARF

m/z
528 530 532 534 536 538 540 542 544 546 548 550 552 554 556 558 560 562 564 566 568 570

%

0

100
2019-08-12_2 73 (1.455) Cm (5:96) 1: TOF MS ES+ 

3.68e4549.1823

547.1774

545.1675

550.1904

551.1821

559.1748
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Figure B12. HRMS spectrum of aluminum-NNO complex by direct synthesis. 
 

TJ NNO-Al

m/z
260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350

%

0

100
2019-09-09_1 69 (1.368) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (3:98) 1: TOF MS ES+ 

4.93e3321.1525

303.1423

277.1162

!
265.1193

278.1169
291.1064

304.1448
317.1568

335.1666

322.1527

323.1539 349.1838336.1744
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Figure B13. HRMS spectrum of pentane layer after reacting 6 with AlEt3. 

 

  

TJ Ir-P

m/z
230 240 250 260 270 280 290 300 310 320 330 340

%

0

100
2019-09-09_2 9 (0.209) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (4:98) 1: TOF MS ES+ 
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242.2869

243.2895 !
263.0976

!
276.9515

278.1212

303.1411

291.1063279.1218

321.1530

304.1418 !
317.1714

322.1573
335.1656

!
339.1321
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Appendix C: Spectral Data for Chapter 4 

 
Figure C1.  1H NMR spectrum of (2-pyridone-AlEt2) (9a) in C6D6. 
 

 
Figure C2.  13C NMR spectrum of (2-pyridone-AlEt2) (9a) in C6D6. 
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Figure C3. 1H NMR spectrum of (2-pyridone-AliBu2) (9b) in C6D6. 
 

 
Figure C4.  13C NMR spectrum of (2-pyridone-AliBu2) (9b) in C6D6. 
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Figure C5. 1H NMR spectrum of (2-pyridone-AlEt2) after CO2 addition (9c) in C6D6. 
 

 
Figure C6. Truncated 1H NMR spectrum of (2-pyridone-AlEt2) after CO2 addition (9c) in C6D6. 
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Figure C7. 1H NMR spectrum of (2-pyridone-AliBu2) (9b) after CO2 addition in C6D6 to yield 
(9d). 
 

 
Figure C8. Truncated 1H NMR spectrum of (2-pyridone-AliBu2) (9b) after CO2 addition in C6D6 
to yield (9d). 
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Figure C9. 1H NMR spectrum of (2-pyridone-AlEt2) (9a) after 1 eq of EtOH addition in C6D6. 
 
 

 
Figure C10. Truncated 1H NMR spectrum of (2-pyridone-AlEt2) (9a) after 1 eq EtOH addition 
in C6D6. 



 135 

 
Figure C11. Truncated 1H NMR spectrum of 9a after CO2 addition (top) and 9a after 1 eq EtOH 
addition (bottom) in C6D6.  
 

 
Figure C12. 1H NMR spectrum of 9b after iBuOH addition in C6D6. 
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Figure C13. Truncated 1H NMR spectrum of 9b after 1 eq iBuOH addition in C6D6. 

 
Figure C14. Truncated 1H NMR spectrum of 9b after CO2 addition (top) and 9b after 1 eq of 
iBuOH addition (bottom) in C6D6.  
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Figure C15.  1H NMR spectrum of (2-pyridinemethanol-AlEt2) (11a) in C6D6. THF located at δ 
3.45 and δ1.25 ppm. 
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Figure C16.  13C NMR spectrum of (2-pyridinemethanol-AlEt2) (11a) in C6D6. 

 
Figure C17. Stacked 1H NMR spectrum of 11a before CO2 addition (top) and after CO2 addition 
(bottom) in C6D6. THF impurity located at δ 3.57 and δ1.57 ppm. Et2O impurity located at 3.25 
ppm (bottom) 
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Figure C18. Truncated stacked 1H NMR spectrum of 11a before CO2 addition (top) and after 
CO2 addition in C6D6. THF impurity located at 3.45 ppm (top). Et2O impurity located at 3.25 
ppm (bottom). 
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Figure C19.  1H NMR spectrum of (2-pyridinemethanol-AliBu2) (11b) in C6D6. 
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Figure C20.  13C NMR spectrum of (2-pyridinemethanol-AliBu2) (11b) in C6D6. 

 
Figure C21. Stacked 1H NMR spectrum of (11b) before CO2 addition (top) and after CO2 
addition (bottom) in C6D6. THF impurity located at 3.45 ppm and δ1.57 ppm. 
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Figure C22.  1H NMR spectrum of (2-methylamino pyridine)2AlEt (10a) in C6D6. 

 
Figure C23.  13C NMR spectrum of (2-methylamino pyridine)2AlEt (10a) in C6D6. 
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Figure C24.  1H NMR spectrum of in situ generation of (2-methylamino pyridine)2AlEt(CO2)2 
(10c) in C6D6. 

 
Figure C25.  13C NMR spectrum of in situ generation (2-methylamino pyridine)2AlEt(CO2)2 
(10c) in C6D6. 
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Figure C26.  HMBC spectrum of (2-methylamino pyridine)2AlEt(CO2)2 (10c) in C6D6. *Species 
generated in situ 
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Figure C27.  HMQC spectrum of (2-methylamino pyridine)2AlEt(CO2)2 (10c) in C6D6. *Species 
generated in situ 
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Figure C28.  13C NMR spectrum of (2-methylamino pyridine)2AlEt(13CO2)2 (10c) in C6D6 after 
90 minutes.  

 
Figure C29.  13C NMR spectrum of (2-methylamino pyridine)2AlEt(13CO2)2 (10c) in C6D6 after 
48 hours. 
 



 147 

 
Figure C30.  13C NMR spectrum of (2-methylamino pyridine)2AlEt(13CO2)2 (10c) in C6D6 after 
72 hours. 

 
Figure C31.  Stacked 13C NMR spectrum of (2-methylamino pyridine)2AlEt(13CO2)2 (10c) in 
C6D6 after to 72 hours. 
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Figure C32.  1H NMR spectrum of (2-methylamino pyridine)2AliBu (10b) in C6D6. 

 
Figure C33.  13C NMR spectrum of (2-methylamino pyridine)2AliBu (10b) in C6D6.  
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Figure C34.  1H NMR spectrum of (2-methylamino pyridine)2AliBu(CO2)2 (10d) in C6D6. 
*Species generated  in situ  
 

 
Figure C35.  13C NMR spectrum of (2-methylamino pyridine)2AliBu(CO2)2 (10d) in C6D6. 
*Species generated in situ. Excess carbon peaks due to hydrolysis of 2-methylamino pyridine. 
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Figure C36.  13C NMR spectrum of (2-methylamino pyridine)2AliBu(13CO2)2 (10d) in C6D6. 
*Species generated in situ 
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Figure C37.  HMBC spectrum of (2-methylamino pyridine)2AliBu(CO2)2 (10d) in 
C6D6.*Species generated in situ  
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Figure C38.  HMQC spectrum of (2-methylamino pyridine)2AliBu(CO2)2 (10d) in 
C6D6.*Species generated in situ  
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Figure C39.  1H NMR spectrum of (2-methylamino pyridine)2AlEt(CO2)2 (10c) after addition of 
5µL of H2O in C6D6. 

 
Figure C40.  13C NMR spectrum of (2-methylamino pyridine)2AlEt(CO2)2 (10c) after addition 
of 5µL of H2O in C6D6. 
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Figure C41.  HRMS spectrum of 9b. 

 
Figure C42.  HRMS spectrum of 10a. 
 
 

TJ PMAliBu

m/z
130 135 140 145 150 155 160 165 170 175 180 185 190 195

%

0

100
2019-11-04_6 20 (0.416) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (10:90) 1: TOF MS ES+ 
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TJ dipyridineALEt

m/z
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%

0

100
2019-08-07_2 6 (0.138) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (3:96) 1: TOF MS ES+ 

3.43e3279.0972

256.2660

!
256.1190253.8120

261.1455

259.1333 263.1014

272.1441270.2820

265.2555
!

270.1338

274.1516

!
278.1118

282.2818

281.0540 284.2959

285.1455
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Figure C43.  HRMS spectrum of 10b. 

 
Figure C44.  HRMS spectrum of 11a. 

TJ dipyridineAliBu

m/z
288 290 292 294 296 298 300 302 304 306 308 310 312

%

0

100
2019-08-07_3 96 (1.885) AM2 (Ar,9000.0,0.00,0.70); ABS; Cm (2:101) 1: TOF MS ES+ 

5.02e3310.1628
296.1478!

295.1472

!
294.1364

!
293.1329

!
293.0603

!
292.1231!

288.2310

309.1618
298.1624

297.1543

308.1508

307.1473

!
299.1653

!
306.1378

!
300.1756

!
305.1322

303.2786!
301.2216

312.1766

311.1662

TJ PMAlEt

m/z
162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179

%

0

100
2019-11-04_4 20 (0.416) AM2 (Ar,9000.0,0.00,0.70); ABS 1: TOF MS ES+ 

937170.0980

165.0708

164.0640163.0528

168.0842167.0835

166.0763

169.0843

178.0789

!
171.1027

172.1071
!

176.0644
!

173.1913

179.0867
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