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Abstract: 

 Aluminum is an abundant, sustainable, and non-toxic metal, which would be a great 

candidate to be used in redox and catalytic chemistry in lieu of the currently used heavy 

metals. However, aluminum can only exist over one stable oxidation state, which is a major 

obstacle in this pursuit. To tackle this issue, the Graves Lab has been focusing on 

incorporating redox active ligands into aluminum complexes. Nitroxide (NO-) is an 

exceptionally important functional group, as it can reversibly exist over three stable 

oxidation states. 

In this work, I synthesized and characterized neutral aluminum complexes, 

[(OMepyNO)AlMe2]2 (1b) and [(OMepyNO)AlMe2]AlMe3 (2b), with a redox-active pyridyl-

based nitroxide ligand (OMepyNO-). These complexes were characterized using XRD 

crystallography, DFT, and 1H and 13C NMR. We also investigated the redox activity of 

those complexes using cyclic voltammetry. 

In addition to that, this project focuses on the reactivity of the dimeric aluminum 

complexes 1a and 1b with different group 13 metal trihalide Lewis acids (AlCl3, GaCl3, 

InCl3, GaBr3, AlI3). Those reactions resulted in the formation of novel cationic dinuclear 

aluminum complexes (3a, 3b, 4a, and 5a), which exhibited an intriguing ligand 

rearrangement. Herein, we report the synthesis and characterization of those novel 

complexes, as well as an investigation of their redox activity. We also discuss preliminary 

detail into the mechanism of the reaction that yields those cationic complexes.  
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List of Common Abbreviations 

HpyNOH = N-tert-Butyl-N-2-(5-pyridyl)hydroxylamine 

OMepyNOH = N-tert-Butyl-N-2-(5-methoxypyridyl)hydroxylamine 

OMe = Methoxy group  

NO group = Nitroxide functional group 

 DFT = Density Functional Theory 

B3LYP = a hybrid functional 

6-31G(d) = Basis set  

THF = Tetrahydrofuran  

MeCN = acetonitrile 

DME = Dimethoxy Ethane 

tBu = tert-butyl group 

Me = Methyl group 
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Introduction 

1.1 Aluminum and Redox-Active Ligands  

Aluminum is one of Earth’s most abundant and least expensive metals, costing 

~$2/kg,1 and it has played an important role in chemical syntheses, especially in catalysis.  

Many aluminum-based Lewis acids are central in catalyzing some of the most well-known 

organic reaction, for example the use of AlCl3 in Friedel-Crafts and ene reactions.1–3 

Aluminum is currently of great interest in the field of green chemistry. In addition to its 

low cost and high abundance, this group 13 metal is non-toxic and environmentally 

friendly.1 This makes it an ideal candidate to be implemented in organometallic and redox 

chemistry as a greener alternative to other heavy metals that are widely implemented in 

catalysis, such as palladium and platinum.1,4 However, aluminum mainly exists in one 

stable (+3) oxidation state, which hinders its ability to carry out important redox chemistry 

and related catalysis.1,5 Several researchers who have been working on addressing this 

issue, have managed to expand the reaction chemistry of aluminum coordination 

complexes by incorporating electron rich redox-active ligands in aluminum complexes.6,7 

Key examples mostly included chelating nitrogen-based ligands, such as iminopyridine, 

bis(imino)pyridine, diamine, and bipyridine ligands (Scheme 1).8,9  

 
Scheme 1: Some key electron-rich redox-active ligands. Adapted from Gahlaut et al.9 
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Redox electron transfer processes are integral to many synthetic and catalytic 

pathways. In conventional metal complexes, redox processes are typically facilitated  by 

the metal center. Current research has focused on expanding the source of redox 

chemistries in metal complexes through the use of redox-active ligands. Redox-active 

ligands are ones that coordinate to a metal center and are capable of existing across multiple 

oxidation states, and when coordinated to a metal can facilitate multi-electron redox 

transformations that cannot be carried out by the metals alone.10 The implementation of 

redox-active ligands in complexes of redox-inactive metals, specifically group 13 metals 

such as aluminum, is currently being investigated thoroughly.1,4,8,11 This strategy would 

help circumvent the barriers that certain metals impose, such are limited redox activity, and 

allow their implementation in different redox and catalytic chemistry. Additionally, using 

redox-active ligands in coordination chemistry has a multitude of uses and advantages, 

ranging from expanding a metal’s redox activity, to facilitating catalytic cycles, as well as 

stabilizing electron rich complexes.12,13 Interestingly, the scope of redox-active ligands 

stretches beyond the laboratory. In fact, many natural biological systems have already 

taken advantage of such ligands by fixating redox processes on them.10 Several biological 

metalloenzymes, such as galactose oxidase and iron hydrogenase, have redox-active 

organic ligands as their active sites (Scheme 2).14 Researchers have been studying such 

biological systems with the goal of translating nature’s use of redox-active ligands to other 

functionalities. For example, the Chang group have applied those biological enzymes and 

synthesized cobalt complexes with redox-active ligands that can help generate hydrogen 

from water.14  
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Scheme 2: Structure of Galactose Oxidase metalloenzyme, with a redox-active ligand 
(negatively charged oxygen) as its active site. 
 
 

The Berben group at UC Davis has managed to expand the redox activity of 

aluminum and employ it into a catalytic framework.6 They have developed an aluminum 

complex with an iminopyridine ligand that is catalyzed the heterolytic cleavage of a polar 

bond (Scheme 3). Also, aluminum(III) complexes with redox active pincer ligands were 

isolated over four stable oxidation states, and they were capable of activating C-H bonds.15 

Similar aluminum complexes successfully activated N-H bonds, through metal-ligand 

cooperativity.16 Moreover, aluminum complexes with redox-active ligands were found to 

be useful in converting CO2 into MgCO3 or CaCO3, which is a promising step towards CO2 

management (Scheme 4).17 The use of ligands with non-nitrogen donor atoms has been 

limited for a long time, however, the Hayton group has recently reported the synthesis of 

aluminum complexes with an oxygen donor TEMPO ligand (TEMPO=2,2,6,6-

tetramethylpiperidine-N-oxy) that was effective at oxidizing alcohols and alkenes.18 

 
Scheme 3: Heterolytic cleavage of a polar bond by an aluminum complex with a redox-
active ligand. Adapted from Berben et al.6  
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Scheme 4: Aluminum and Gallium complexes incorporating bipyridine ligands, 
facilitating the conversion of CO2 into MgCO3. Adapted from Myers et al. 2013.17 
 
 
 In addition to neutral aluminum complexes, cationic aluminum complexes have 

also been gaining traction in this field. Researchers have managed to achieve cationic 

aluminum complexes19 that are strong Lewis acids, and they have proven to be strong 

catalysts for reactions that cannot be activated by similar neutral compounds. In 1999, the 

Atwood group reported the synthesis of a bimetallic cationic aluminum complex with 

salen20 ligands by reacting a mononuclear aluminum complex with GaCl3 in toluene.19 

Shortly after, the same group successfully synthesized similar di-cationic aluminum 

chelate complexes (Scheme 5) via a similar reaction with GaCl3.21 This reaction involved 

an intriguing ligand rearrangement from the starting complex. In addition to that, cationic 

aluminum complexes, as well as gallium and indium analogues, have shown to be powerful 

catalysts for polymerization reactions.22 For example, Lian et al. have synthesized chiral 

cationic aluminum complexes that are capable of catalyzing the polymerization of different 

molecules, such as benzofuran and isoprene (Scheme 6).23 The cationic complex (rac-6) 

was accomplished by reacting a neutral aluminum complex (rac-2) with a group 13 Lewis 

acid, B(C6F5)3 (Scheme a).23 As seen in Scheme 6b, the polymerization reaction is a one-
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pot synthesis, since the cationic complex (rac-6) is formed in situ.23 Therefore, group 13 

complexes, such as group 13 trihalides, can be potential candidates to be used in the 

formation of cationic aluminum complexes. 

 
Scheme 5: A di-cationic bimetallic aluminum complex with salen ligands. Adapted from 
Liu et al.21  
 

 
Scheme 6: (a) Synthesis of a cationic aluminum complex using B(C6F5)3. (b) 
Polymerization catalysis of benzofuran using cationic aluminum complex rac-6, which is 
formed in-situ. Adapted from Lian et al.23  
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only metalloid in group 13, boron can participate in interesting chemistry; boranes are 

strong Lewis acids, whereas borohydrides are strong Lewis base nucleophiles.24 As for the 

metals in this family, their complexes span a spectrum of reactivities, ranging from strong 

electron-deficient Lewis acids to neutral and moderate electrophiles.25 In addition to 

aluminum, gallium and indium-based complexes are starting to gain traction in the field of 

organometallics.25   

Group 13 metal trihalides are some of the most important Lewis acids, especially 

pertaining to organic syntheses.2 The trihalide derivatives of group 13 metals can have 

distinct properties, especially pertaining to reactivity, acidity, and solubility.2 For example, 

the reactivity of those trihalides decreases going down the group. Additionally, the halide 

incorporated in those complexes also impacts those properties.2 Group 13 trichlorides, such 

as AlCl3, GaCl3, and InCl3 are widely used in organic syntheses, such as Friedel-Crafts 

reactions, as well as other catalytic transformations.2,3,26 As a Lewis acid, GaCl3 is an 

important precursor for organogallium compound and a powerful catalyst.26 InCl3 is also a 

good catalyst for the famous Diels-Alder reactions (Scheme 7).27 In this study, we will 

focus on the chemistry of aluminum complexes, and their reactivities with different group 

13 metal trihalides.  

 
Scheme 7: A Diels-Alder reaction catalyzed by InCl3. Adapted from Prajapati et al. 2006.27 
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1.3 Introduction to Pyridine-Based Nitroxide Ligands  

In 2013, the Schelter group reported the synthesis of a series of redox-active 

pyridine-based nitroxide N-tert-butyl-N-2- pyridylhydroxylamine (RpyNOH) ligands with 

several substituents that included both electron donating and withdrawing groups (Scheme 

8).28 The nitroxide functional group (NO) exists over three stable and reversible oxidation 

states (Scheme 9).11 An aminoxyl anion (NO-) is the fully reduced form of the nitroxide 

functional group, and acts as an adequate reservoir of electrons for electron deficient 

metals.8 A one-electron oxidation of NO-
 gives rise to the radical form (NO0), which can 

be further oxidized, through another one-electron process, into an oxoammonium ion 

(NO+).8 Electrochemical investigations of the RpyNOH ligands corroborate the existence 

of the nitroxide group over the aforementioned three oxidation states.28 Cyclic voltammetry 

showed oxidation events belonging to the NO-/NO0 and NO0/NO+ couples in the ligands. 

Electron-donating groups decreased the reduction potentials of the nitroxide group in the 

ligands (ortho-OMe, NMe2, SMe), whereas electron-withdrawing groups (CF3 and CH3) 

shifted them to more positive values.28 This shows that electron donating groups render the 

NO- groups more easily oxidized in those RpyNOH ligands. Therefore, it is hypothesized 

that the redox properties of those ligands would extend into their aluminum complexes, 

which would ultimately allow for their productive application.7 

 
Scheme 8: Synthesis of redox-active nitroxide ligands: N-tert-Butyl-N-2- 
pyridylhydroxylamines. R= 1: m-Me2N, 2: p-Me2N, 3: o-OMe, 4: p-MeS, 5: p-Me, H, 6: 
p-CF3. Adapted from Bogart et al. 2013.28 
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Scheme 9: Redox states of nitroxide functional group. Adapted from Kirsh et al. 2018.11  

 The Graves group has been investigating the coordination chemistry between 

aluminum and those nitroxide pyridyl-based ligands. Our lab has previously successfully  

synthesized (RpyNO)2AlCl aluminum complexes with RpyNO- ligands incorporating 

different substituents (R=H, CH3. CF3) (Scheme 10).8 Electrochemical analysis showed 

oxidations of the NO- groups to NO0, but the further oxidation of NO0 was not observed, 

unlike the ligand precursor. The more electron-donating the substituent, the more negative 

the reduction potential of the complex was.   

 
Scheme 10: Synthesis of (RpyNO)2AlCl complexes. Adapted from Poitras et al.8 
  
1.4 Aluminum(III) Complexes Supporting Nitroxide Ligands  

Previous work in the Graves group reported the synthesis of interesting aluminum 
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of a dimeric bimetallic complex with two HpyNO- ligand units (Scheme 11).1 Reacting the 

ligand and AlMe3 in a 1:2 stoichiometry gave rise to a new dinuclear monomeric complex 

[(HpyNO)AlMe2]AlMe3 (2a).1  The complexes were characterized using 1H and 13C 

Nuclear Magnetic Resonance (NMR), cyclic voltammetry (CV), X-ray Diffraction 

Crystallography (XRD), and elemental analysis. CV of 1a shows two oxidation peaks: the 

first is non-reversible whereas the second is quasi-reversible with a ∆E=210 mV. Each of 

the redox events correspond to the NO-/NO0 couple. Herb et al. report that the oxidation 

corresponding to NO0/NO+ is not observed. As for 2a, its CV was interestingly identical to 

that of 1a. Herb et al. linked this observation to the dissociation of AlMe3 from complex 

2a, facilitated by the THF solvent, which would then lead to the dimerization of the 

(HpyNO)AlMe2 moieties to give complex 1a.1  

 
Scheme 11: Synthesis of Al-pyridyl complexes 1a,b and 2a,b (a:R=H ; b:R=OMe). (H= 
previous work by Herb et al.1 ; OMe = this thesis’s work.)   
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Additionally, we have recently found that complex 2a can also be obtained through 

an alternative synthetic route, by reacting the aluminum complex [(HpyNO)AlMe2]2 (1a) 

with two equivalents of AlMe3 (Scheme 11). In this reaction, the Lewis acid, AlMe3, would 

break up the dimeric aluminum complex 1a and then coordinate to the monomer. This 

reaction prompted an interesting question pertaining to the reactivity of those aluminum 

complexes. Since complexes 1a can interact with AlMe3 and generate a new complex with 

different properties, this piqued our interest in exploring the reactivities of aluminum 

complexes 1a with different Lewis acids. Specifically, we are interested in seeing if 

coordination of different Lewis acids would change the redox properties of these 

complexes.  

This thesis investigates the effects of those electron-rich nitroxide pyridyl ligands, 

with different substituents, on the chemical and electronic properties of aluminum 

complexes. We hypothesize that implementing electron-donating substituents in the 

RpyNOH ligands would render aluminum complexes that are easier to oxidized.  To do so, 

we developed the methoxy (OMe) analogue of the aforementioned HpyNOH ligand: 

OMepyNOH. Aluminum complexes [(OMepyNO)AlMe2]2 (1b) and 

[(OMepyNO)AlMe2]AlMe3 (2b) that are analogous to 1a and 2a, were synthesized and 

characterized using NMR, XRD, CV, and DFT (Density Functional Theory). This work 

will allow us to explore how different substituents on the organic ligand affect the 

electronic, chemical, and electrochemical properties of aluminum complexes. 

Additionally, since complex 2a could also be accomplished through an alternative 

synthetic route, by reacting the aluminum complex [(HpyNO)AlMe2]2 (1a) with two 
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equivalents of AlMe3, we were prompted to explore the reactivities of those aluminum 

complexes (1a and 1b) with different other Lewis acids. In this study, we focus on the 

reactivity of group 13 metal trihalides (AlCl3, GaCl3, GaBr3, InCl3, and AlI3) with these 

aluminum complexes. Therefore, our findings would provide insight on the effect of 

different Lewis acids on the redox and chemical properties of those aluminum complexes, 

as well as the significance of the ligand substituents (H vs OMe) on those reactions. 
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Results and Discussion 

2.1 Synthesis of the OMepyNOH ligand 

 Following the synthesis of aluminum complexes 1a and 2a, we were interested in 

preparing analogous aluminum complexes with ligands that have a strongly electron-

donating group. We hypothesized that this would result in a more easily oxidizable 

aluminum complex. To do so, we sought to develop the OMepyNOH ligand which was 

synthesized in a similar fashion to the HpyNOH ligand that was reported by Bogart et al.28 

with a few modifications. Modifications pertained to longer stirring time, different 

equivalents of reagents, and work up methods (Scheme 12). The RpyNOH ligands were 

synthesized though a Grignard reaction, using isopropyl magnesium chloride in  (Turbo 

Grignard), the corresponding starting pyridine halide (Schemes 8 and 12), and 2-methyl-2-

nitrosopropane. Details on the synthesis of OMepyNOH are in the Methods section (3.2.1). 

This ligand was obtained in a 51% yield. OMepyNOH was characterized using 1H and 13C 

NMR (Figures S4 and S5). The 1H NMR spectrum of OMepyNOH shows characteristic 

peaks corresponding to tert-butyl and methoxy protons (integrating ~9:3) at 1.28 and 3.12 

ppm, respectively, as well as three aromatic proton resonances and a broad signal 

assignable to the OH proton. The 13C NMR spectrum also corroborates the ligand’s 

structure, containing a signal for all the unique carbon atoms (Figure S5).  

 

Scheme 12: Synthesis of the OMepyNOH ligand.  
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2.2 Synthesis and Characterization of Aluminum Complexes incorporating OMepyNOH 

Ligands: [(OMepyNO)AlMe2]2 (1b) and [(OMepyNO)AlMe2]AlMe3  (2b) 

To ensure that the coordination chemistry of the new OMepyNOH ligand with 

aluminum was consistent with its RpyNOH counterparts,1 its reaction with AlMe3 was 

explored. Complexes [(OMepyNO)AlMe2]2 (1b) and [(OMepyNO)AlMe2]AlMe3 (2b) were 

achieved via a deprotonation-complexation reaction of the OMepyNOH ligand with 

trimethyl aluminum (Scheme 11). Reacting equimolar amounts of OMepyNOH and AlMe3 

yielded the dimeric aluminum complex 1b (78% yield), whereas a 1:2 ligand to AlMe3 

ratio resulted in the formation of the bimetallic complex 2b in 64% yield. The complex 2b 

was also successfully prepared by reacting 1b with 2 equivalents of AlMe3. 1b is collected 

as a yellow solid, whereas 2b is a tan solid. Upon the addition of AlMe3 to the ligand 

precursors, the solution turns bright yellow, which is an indication of the dimer’s presence. 

When 2b is synthesized from 1b, an immediate color change (yellow to light tan) is 

observed. Both compounds were readily characterized by 1H and 13C NMR spectroscopy, 

and solid state XRD.   

 The 1H NMR spectrum (Figure S6) of 1b exhibits two characteristic singlet 

resonances corresponding to the tert-butyl (1.31 ppm) and methoxy (2.96 ppm) protons, 

integrating ~18:6. An upfield broad singlet was observed at -0.23 ppm that integrates to 12 

hydrogens was assigned to protons of the Al(CH3)2 moiety. In addition, two aromatic 

resonances were observed at 7.79 (s, 1H) and 6.59 ( d, 2H, J=1.8 Hz) ppm, accounting for 

the three expected aromatic protons. The tert-butyl and Al(CH3)2 resonances in 1b are very 

similar to those observed in 1a (1.27 for tert-butyl ; -0.24 ppm for Al(CH3)2).1 Also, the 

formation of complex 1b was confirmed  by the loss of the downfield OH resonance that 
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corresponds to the OMepyNOH ligand. 13C NMR spectroscopy also corroborated the 

structure of 1b, as it displays resonance corresponding to the methoxy and tert-butyl 

groups, as well as 5 unique aromatic carbons (Figure S7). An upfield resonance at -4.5 

ppm was observed and assigned to the methyl carbons coordinated to the aluminum 

centers. Single crystals of 1b were successfully grown from hexane at –25 ℃, allowing for 

the verification of its structure using XRD crystallography (Figure 1). Figure 1 shows that 

both aluminum centers in the 1b dimer are penta-coordinated, with a distorted square 

pyramidal geometry (τ4(Al(1))=0.34 ; τ4(Al(2))=0.17). The average N–O bond distance in 

the solid-state structure was 1.44 Å (Table 1), which agrees with the average N–O bond 

distance for the analogous unsubstituted complex 1a (1.43 Å) reported by Herb et al.,1 as 

well as those reported for similar group 13 metal complexes with nitroxide ligands (1.44 

Å).29 The N–O bond length in 1b is consistent with that of an NO single bond, and is 

indicative of a fully reduced oxidation state.1,20 Moreover, the average Al–O and Al–N 

bond lengths in 1b  (Table 1), compare relatively well to those reported for 1a (1.90 and 

2.08 Å for Al–O and Al–N, respectively ).1 Those Al–O bond lengths are indicative of a 

dative metal-ligand interaction.1 Also, the Al–CMe bond distances were at 1.98 Å which is 

comparable to that in 1a.1 The Al–O and Al–N bond lengths in 1b were slightly longer 

than those in the (RpyNO)AlCl complexes reported by Poitras et al.8 

 DFT calculation using the B3LYP functional and 6-31G(d) basis set was used to 

optimize the geometry of 1b (Figure 1, Table 1).  The calculated bond distances 

corroborated the structure of 1b, as they were highly comparable to those in the solid-state 

crystal structure. The difference was between 0.02 and 0.1 Å.  
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Figure 1: (Left) Solid state crystal structure of  1b [(OMepyNO)AlMe2]2 complex. Ellipsoids 
are projected at 30% probability. R1=0.0465. τ5(Al(1))=0.34 ; τ5(Al(2))=0.17. (Right) DFT 
optimized structure of [(OMepyNO)AlMe2]2 1b complex. The optimization used the B3LYP 
functional and 6-31G(d) basis set. Hydrogen atoms have been omitted for clarity. 
 
 
Table 1: Selected solid state and calculated bond distances (Å) of [(OMepyNO)AlMe2]2 (1b) 
complex. Bond distances were calculated using DFT for the neutral unoxidized complex 
(0), and the singly (+1) and doubly (+2) oxidized 1b complex.  Atom numbers correspond 
to the crystal structure on Figure 1. DFT calculations were carried out using the B3LYP 
functional and the 6-31G(d) basis set using Gaussian ’16. 

 

 

1b 1b0 1b+1 1b+2

Solid State 
N(2) – O(2) 1.446(2) 1.4299 1.3120 1.3293
N(4) – O(4) 1.442(2) 1.4299 1.4483 1.3239
N– O (avg) 1.444(1) 1.4299 1.3802 1.3266

Al(1) – N(1) 2.0799(17) 2.1668 2.2152 2.0072
Al(2) – N(3) 2.0855(18) 2.1668 2.0093 2.0111
Al – N (avg) 2.0827(12) 2.1668 2.1123 2.0092

Al(1) – O(2) 1.8989(14) 2.0313 1.9617 1.8735
Al(1) – O(4) 1.9697(14) 1.9347 2.0247 5.7032
Al(2) – O(2) 1.9739(13) 1.9348 3.1225 1.8841
Al(2) – O(4) 1.9111(14) 2.0314 1.8910 5.5693
Al – O (avg) 1.9384(8) 1.9831 2.2500 3.7575

DFT

0(1) 
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The 1H NMR spectrum of complex 2b (Figure S8) also exhibits tert-butyl and 

methoxy singlet resonances at 1.09 and 2.77 ppm, respectively. The NMR spectrum of 2b 

displays two upfield singlet resonances, integrating 6:9, which correspond to the methyl 

protons on the two different aluminum centers: Al(CH3)2 and Al(CH3)3. In 2b, the Al(CH3)3 

protons have a chemical shift of -0.22 ppm, which is similar to that of the Al(CH3)2 protons 

in 1b. The Al(CH3)2 protons in 2b are shifted slightly downfield, at -0.12 ppm, compared 

to the Al(CH3)3 protons. Three aromatic protons at 7.07 (s, 1H), 6.48 (dd, 1H, J1=8.4 Hz ; 

J2=2.2 Hz), 6.38 (d, 1H, J=9.2 Hz) ppm were also present in the spectrum of 2b. Like 1b, 

the 1H spectrum of 2b lacks the OH resonance peak that corresponds to the ligand 

precursor. 13C NMR spectroscopy also helped confirm the structure of 2b, with its 13C 

NMR spectrum showing all of the expected carbon resonances including the methoxy and 

both tert-butyl carbons, along with five unique aromatic carbons (Figure S9). Unlike that 

of 1b, the 13C NRM spectrum of 2b displays two distinct peaks corresponding to the methyl 

groups that are coordinated to the different aluminum centers: Al(CH3)2 and Al(CH3)3. 

Since the resonance at -5.6 ppm had a higher intensity than that at -6.5 ppm, we assigned 

the former to the three methyl carbons in Al(CH3)3. 2b was also recrystallized from hexane 

at –25℃, which helped us obtain a single crystal structure using XRD crystallography, 

validating its structure (Figure 2). The crystal structure shows the two aluminum centers 

have different geometries: the tetra-coordinated aluminum is a distorted tetrahedral (τ4 = 

0.92), whereas the penta-coordinated one is a distorted trigonal pyramidal (τ5 = 0.89). This 

data indicates that the presence of a second ligand (dimer) affects the geometry of 

aluminum, since the penta-coordinated aluminums in dimeric complex 1b both exhibited 

a distorted square pyramidal geometry. The N–O bond length in 2b was 1.47 Å, which is 
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equivalent to its unsubstituted analogue (2a) that was previously reported.1 This N–O 

length is highly comparable to N–O bond distances in analogous aluminum complexes 

reported by Herb et el.1 As expected, those values indicate a single NO bond and fully 

reduced state.1,20 The average Al–O bond length in the (OMepyNOAlMe2) unit  was shorter 

(1.86 Å) than that of the tetra-coordinated one (1.93 Å), but they are still both consistent 

with the expected value for a Al–O dative interaction.1  This data aligns with what was 

observed for the two aluminum centers in the unsubstituted analogue 2a.1 The Al–N bond 

in 2b (1.96 Å) was slightly shorter than that in 1b (2.08 Å). Both Al–O and Al–N bond 

distances in 2b were roughly equal to those in 2a.1  

 
Figure 2: Solid state crystal structure of 2b [(OMepyNO)AlMe2]AlMe3 complex. Ellipsoids 
are projected at 30% probability. Hydrogen atoms have been omitted for clarity. 
R1=0.0303. (τ4(Al(1))=0.89 ; τ4(Al(2))=0.92.) 
 

The electrochemical activity of 1b and 2b were investigated using cyclic 

voltammetry. The cyclic voltammogram of 1b in THF (Figure 3, Table 2) shows two 

oxidation events at 0.02 and 0.78 V (vs Fc/Fc+). The first oxidation is irreversible, whereas 

the second is quasi-reversible. We assigned those oxidation events to sequential one-

electron oxidations corresponding to the NO-/NO0 redox couples for each of the OMepyNO- 

ligands in the dimeric complex 1b. We do not observe a further oxidation corresponding 
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to the NO0/NO+ couple in this electrochemical window. The CV of 1b (Figure 3) is similar 

to that  of 1a.1 However, the potentials of 1b are all less positive than those of 1a (Table 

2). This aligns with our expectation, since the methoxy substituent is an electron donating 

group which should negatively shift the potentials. In addition to that the difference in the 

two anodic potentials (∆Ep,a) was 0.64 V for 1b, which is comparable to that reported by 

Herb et al. for 1a (0.71 V). The CV of 2b in THF was identical to that of 1b, which suggests 

that the 2b monomer re-dimerized in THF to form 1b (Figure 3). This observation was 

also reported by Herb et al. regarding the analogous unsubstituted monomer 1a.1 This result 

is supported qualitatively, as the a change of color from a light to bright yellow is observed 

once 2b is dissolved in THF.  

 
Figure 3: Cyclic voltammogram (CV) of 1b (left) and 2b (right) complexes. CV was 
recorded in a 0.1 M [NPr4][BArF] electrolyte solution in THF at a 0.1 V/s scan rate.  
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Table 2: Electrochemical potentials (V vs Fc/Fc+) for 1a, 1b, and 2b complexes. 
Voltammograms were recorded in a 0.1 M [NPr4][BArF] electrolyte solution in THF at a 
0.1 V/s scan rate. 

 
a Potentials for 1a were reported by Herb et al.1 
 
 As mentioned previously, the two oxidation events were assigned to the sequential 

oxidation of the NO- group to NO0. This assignment was supported by DFT optimizations 

of complexes 1a,b over three oxidation states: [(RpyNO)AlMe2]2 
 0 , [(RpyNO)AlMe2]2

  +1 , 

and [(RpyNO)AlMe2]2
  +2. The change in the NBO atomic charges (Figure 4) of nitrogen 

and oxygen, as well as their corresponding bond distances (Tables 1 and S19 ) helped us 

reach this assignment. Both complexes (1a and 1b) show similar patterns in the change in 

bond distance and NBO charges after each oxidation (Figure 4). Following the first 

oxidation in both complexes (1a and 1b), the NO group in one of the ligand units displayed 

a major positive increase in NBO charge, whereas the charges of all other atoms changed 

minimally (on the hundredths order). For example, in 1b, the NBO charge of the NNO
 and 

O atoms in one of the ligands increased by 0.26 and 0.28, respectively. Other atoms, 

including those in the second NO moiety, changed insignificantly. After the second 

oxidation of 1b, the NNO
 and O atoms in the second ligand showed an increase in NBO 

charge accordingly (+0.25 for NNO and +0.27 for O). In this oxidation, other atoms, 

including the previously oxidized NO group, exhibited minimal and insignificant change. 

However, it is important to note that after the second oxidation, one of the aluminum atoms 

showed a 0.1 decrease in atomic charge in the two complexes, but both aluminum atoms 

Epa Epc Epa Epc ∆Epa

1aa 0.07 - 0.78 0.56 0.71
1b 0.02 - 0.66 0.45 0.64
2b -0.02 - 0.61 0.36 0.63

RpyNO0  RpyNO- RpyNO0 RpyNO0 

RpyNO-  RpyNO- / RpyNO0  RpyNO- / 
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were barely affected after the first oxidation. In addition to the NBO charges, this 

sequential oxidation is also reflected in the bond distances of the NO groups (Tables 1 and 

S19). Following the first oxidation, the bond length of one NO group decreased from 1.43 

to 1.31 Å, while the other NO groups in the complex were unaffected. This decrease in 

bond length is in alignment with a one electron oxidation of NO- to NO0. In NO-, there are 

two electrons occupying a π* antibonding orbital.30 Both oxidations will result in a decrease 

in the number of electrons in the π* orbital, and thus will lead to an increase in bond order 

and decrease in the NO bond length. Upon the second oxidation, the NO bond distance in 

the second OMepyNO- unit decreased from 1.45 to 1.32 Å, which is analogous to that 

observed in the first ligand moiety after the first oxidation. The second oxidation did not 

result in a significant change in the bond distance of the first oxidized NO group (a 0.01 Å 

increase). Also, upon oxidation, we notice an increase in the length of two of the Al–O 

bonds (Table 1). Since the resulting Al–O bond lengths are much larger (Table 1) than that 

expected for a single bridging Al–O bond (1.83 Å),31 the oxidation results in the breakage 

of two of the Al–O bonds, while maintaining the other two (Table 1), as illustrated in figure 

4. This could indicate that the two oxidations result in the breaking of the dimer, at the Al–

O bonds, yielding two monometallic monomer complexes. This result could explain the 

irreversibility and the limited reversibility of the oxidation events in the CVs of 1a and 1b 

(Figure 3).  

 



26 
 

 

 
Figure 4: Selected atomic NBO charges for Al (yellow), N (blue), and O (red), in 
complexes 1a (R=H) (top) and 1b (R=OMe) (bottom), over three oxidized states. The 
values were obtained from DFT optimizations of the complexes using the B3LYP 
functional and 6-31G(d) basis set. For clarity, the organic ligands and coordinating methyl 
groups have been removed, and only the core of the complexes is shown. Dashed lines 
indicate an elongated bond that is longer than the expected single bond.  
 

2.3 Reactivity of [(HpyNO)AlMe2]2 and [(OMepyNO)AlMe2]2 Complexes with Lewis Acids  

A major component of this thesis is to investigate the reactivity of the dimeric 

aluminum complexes 1a and 1b with different Lewis acids. This will allow us to study the 

effect of the coordination of Lewis acids on the redox and chemical properties of those 

complexes. So, we delved into exploring how those complexes interact with group 13 metal 

trihalides: MX3 (M=Al, Ga, In ; X=Cl, Br, I). As mentioned previously, the reaction of 

1a,b with AlMe3 resulted in complex 2a,b, however, their reactions with group 13 

trihalides were drastically different. Those reactions led to an interesting ligand 

rearrangement that resulted in the formation of novel cationic dinuclear aluminum 
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0.104 0.082 -0.157 

-0.540 

-0.6280063 
.Q.599 1.818 ···············o·· l 819 •••••••••••••• ..0.6\6 + 

•••• 

-0.578 
.o.640 .1 e· o.068 

.Q,177 

-0.166 



27 
 

 

complexes [(RpyNO)2Al][(RpyNO)2AlX]+ (3a,b: X=Cl, 4: X=Br, 5: X=I) with limited 

solubility (only in MeCN). Those new complexes were characterized using 1H and 13C 

NMR spectroscopy, XRD crystallography, and DFT computations. In addition, the redox 

activity of 3a and 3b was studied using cyclic voltammetry.   

 

2.3.1 Synthesis and Characterization of Novel Aluminum Complexes: 

[(RpyNO)2Al][(RpyNO)2AlCl]+
 (3a,b) 

 Novel cationic complexes 3a and 3b, [(RpyNO)2Al][(RpyNO)2AlCl]+, were 

synthesized via the reaction of MCl3 (M=Al, Ga, In) with complexes 1a and 1b, 

respectively (Scheme 13). In this reaction, the metal trihalide was dissolved in ~1 ml diethyl 

ether (for AlCl3 and GaCl3) or dimethoxyethane (for InCl3), and was added dropwise to a 

solution of the starting aluminum complex (1a or 1b) in toluene, while the reaction was 

being stirred. Following the first few drops, an insoluble yellow solid crashed out of 

solution. After 12 hours, the yellow solid was separated from the clear/light yellow 

supernatant, washed with diethyl ether, and then dried under reduced pressure, yielding the 

corresponding product (3a or 3b). As mentioned before, the resultant product is only 

soluble in MeCN. It is important to note that complexes 3a and 3b are cationic complexes, 

and the solid collected is an ionic compound constituted of 3a,b and a mixture of counter 

anions MCl4
-/MCl3Me- (M=Al, Ga, In). It is important to note that we were unable to 

determine the exact ratios of the counterions. All three Lewis acids produced the same 

cationic complexes (3a,b) with counterions corresponding to the acid’s metal center. The 

highest yield for both 
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analogues were from the reactions incorporating GaCl3, with a 96% and 62% yield for 3a 

and 3b, respectively.*

 
Scheme 13: Synthesis of complexes 3a,b. 
 

 Acetonitrile was the only solvent that was found to dissolve the complexes while 

maintaining their structural integrity. The recrystallizations of 3a and 3b were optimized 

using a mixture of diethyl ether and acetonitrile as solvents. A given product was dissolved 

in a minimal amount of acetonitrile (a few drops) and the resultant solution was mixed with 

diethyl ether (~1000 fold). The solution was left at –25 ℃. In addition to that, this reaction 

for all three Lewis acids was also successful by implementing the layering technique.  A 

solution of MCl3 in ~1 ml diethyl ether or dimethoxyethane was carefully layered onto a 

solution of 1a,b in toluene, and the reaction was left to recrystallize at –25 ℃. The 

complexes were collected as insoluble yellow crystals. Those two techniques enabled us to 

characterize those novel complexes using XRD crystallography (using crystals collected 

by either method), which helped us determine their structure. The solid-state crystal 

 
*Those yields were calculated based on an averaged  molecular weight of the ionic complex 
[(RpyNO)2Al][(RpyNO)2AlCl]MX4

- (X=Cl or Me). We are uncertain about the exact counterions, as different 
reactions resulted in different mixtures of MCl4

- and MCl3Me-, we calculated the molecular weight based on 
averaging the five possible counterion combinations: MCl4

- , MCl3Me-, MCl2Me2, MClMe3
-, and MMe4

-.   

la,b 

2 equiv MCl3 
M =Al, Ga, In 

Toluene & diethyl ether* 
rt, 12h 

*Toluene & DME for lnCl3 

+ 

[(RpyNO)2Al)(RpyNO)iAIClt 

R=H (3a) 38%(M=In); 96% (M=Ga); 48% (M=Al) 
R=OMe (3b) 21%(M=In); 52% (M=Ga); 61%(M=Al) 
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structures of 3a and 3b are displayed in figures 5 and 6. It is important to note that solid-

state crystal structures were collected for all 3a and 3b products obtained from the reactions 

of 1a and 1b with the different Lewis acids (Supplementary Information).  

3a and 3b are both dinuclear complexes, with four RpyNO- ligands. In both 

complexes, we observe an intriguing ligand rearrangement. Based on stoichiometric 

proportions, each two 1a,b molecules will result in the formation of one equivalent of 3a,b. 

The Lewis acids seem to break up the dimeric complex 1, and cause the ligands to rearrange 

and re-coordinate to the two aluminum centers. The Lewis acids also provide a chloride 

source so that a Cl- ligand binds to one of the aluminums.  Each aluminum center is hexa-

coordinated, with one center coordinated to three RpyNO-  ligands and 1 Cl- ligand, and the 

other aluminum is bound to four RpyNO- ligands. So, one of the ligands is only bound to 

one aluminum atom whereas three of them are coordinated to both metals. This same 

rearrangement is observed in all reactions of 1a and 1b with the three metal trihalides.  

The XRD crystallography characterization shows that both complexes 3a and 3b 

yielded important data about those novel complexes, particularly pertaining to bond 

lengths. Unlike those in the dimeric complexes, the four ligand units in 3a,b are not 

equivalent. As discussed previously, only three of the ligands are coordinated to both 

aluminums, and this is reflected in the bond distances of the molecule (Tables 3 and 4). In 

both complexes, the N–O bond lengths of the three ligands coordinated to both aluminums 

are between 1.42 and 1.44 Å, whereas that of the ligand coordinated to one aluminum 

center (N(2)–O(1)) bond is shorter (1.40 and 1.41 Å for 3a and 3b respectively). On 

average, the N–O bond lengths are slightly longer in the methoxy analogue. Also, the 

Al(1)–O(1) bond lengths are significantly shorter than the other Al–O bonds in both 
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complexes (Tables 3 and 4). In the solid-state structure of 3a, the Al(1)–O(1) bond length 

is at 1.79 Å, whereas the other ones are all between 1.89 and 1.96 Å. It is important to note 

that the Al–O bonds in 3a,b compare well to similar reported cationic aluminum 

complexes,21 and they are indicative of a single Al–O bond.31 The three ligands with longer 

bond lengths are all connected to an aluminum center with a chloride ligand, unlike that 

with shorter bond lengths. The Al–Cl bond lengths were ~2.2 Å, which is indicative of a 

single Al–Cl bond.32 The H and OMe ligand substituents do not seem to affect the Al–Cl 

bond length. Also, Al–Cl bond lengths are slightly shorter than those in similar cationic 

multi-nuclear aluminum complexes that were reported by Liu et al. (2.12 Å).  In addition, 

the Al–Npy bond lengths do not seem to be drastically affected by the substituents (1.98 Å 

for both analogues). Lastly, the bond distances of Al–O, Al–N, and N–O compare closely 

to those in the dimeric starting complexes 1a,b, with the exception of the bonds in the first 

RpyNO- unit that coordinates to only one aluminum center (Tables 1, 3, and 4).   

Additionally, the geometry of 3a and 3b was optimized using DFT computations 

(B3LYP/6-32G(d)), which further validated their structures. Those computations 

supported the bond distances in the solid-state structure of the complexes (Tables 3 and 4).  

         
Figure 5: (Left) Solid state crystal structure of complex 3a, 
[(HpyNO)2Al][(HpyNO)2AlCl]+, from the reaction of 1a with InCl3. Ellipsoids are projected 
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at 30% probability. The counterions (InCl3Me- and AlCl4
-) and toluene have been omitted 

for clarity. R1=0.0418. (Right) DFT optimized structure of 3a using the B3LYP/6-31G(d) 
level of theory. For clarity, the organic ligands are displayed in a wireframe model and 
hydrogen atoms have been omitted.  
 

        
Figure 6: (Left) Solid state crystal structure of complex 3b, 
[(OMepyNO)2Al][(OMepyNO)2AlCl]+, from the reaction of 1b with InCl3. Ellipsoids are 
projected at 30% probability. Disordering at the O(2) atom has been observed. The 
counterions and 2 toluene molecules have been omitted for clarity. R1=0.0284. (Right) DFT 
optimized structure of 3b using the B3LYP/6-31G(d) level of theory. For clarity, the 
organic ligands are displayed in a wireframe model and hydrogen atoms have been omitted.  
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Table 3: Selected solid state and calculated bond distances (Å) of 
[(HpyNO)2Al][(HpyNO)2AlCl]+ (3a) complex. Bond distances were calculated using DFT 
for the neutral unoxidized complex (+1) and the four oxidized iterations. Atom numbers 
correspond to the crystal structure on Figure 5. DFT calculations were carried out using 
the B3LYP functional and the 6-31G(d) basis set using Gaussian ’16. 

 
a The solid state crystal structure corresponds to product 3a obtained from the reaction of 
1a with InCl3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3aa +1 +2 +3 +4 +5
Solid State 

N(2) – O(1) 1.401(2) 1.3949 1.3071 1.3187 1.3087 1.3031
N(4) – O(2) 1.423(2) 1.4225 1.4220 1.3117 1.3031 1.3099
N(6) – O(3) 1.441(2) 1.4331 1.4397 1.4565 1.3031 1.2604
N(8) – O(4) 1.438(2) 1.4246 1.4324 1.4446 1.4861 1.4916

Al(1) – N(1) 1.9510(19) 1.9756 2.0199 2.0143 1.9657 1.9763
Al(1) – N(3) 1.9960(20) 2.0026 1.9843 2.0425 1.9725 1.9842
Al(2) – N(5) 1.966(20) 2.0060 1.9943 1.9310 1.9869 2.0000
Al(2) – N(7) 1.9820(20) 2.0093 2.0013 1.9899 1.9894 1.9689

Al(1) – O(1) 1.7976(1) 1.8245 1.9223 1.8876 1.8985 1.9013
Al(1) – O(2) 1.9175(16) 1.9555 1.9000 1.9288 1.8959 1.8953
Al(1) – O(3) 1.9466(16) 1.9988 1.9439 1.9327 3.8449 3.9753
Al(1) – O(4) 1.9270(16) 1.9721 1.9294 1.9327 1.8592 1.8777
Al(2) – O(2) 1.9622(15) 2.0060 2.0510 2.9361 3.8812 3.8382
Al(2) – O(3) 1.8956(16) 1.9144 1.9266 1.9249 1.9082 1.9998
Al(2) – O(4) 1.9291(16) 1.9567 1.9872 1.9074 1.9107 1.8794

Al(2) – Cl(1) 2.2026(8) 2.2384 2.2171 2.1808 2.1458 2.1223

DFT
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Table 4: Selected solid state and calculated bond distances (Å) of 
[(OMepyNO)2Al][(OMepyNO)2AlCl]+ (3b) complex. Bond distances were calculated using 
DFT for the neutral unoxidized complex (+1) and the four oxidized iterations. Atom 
numbers correspond to the crystal structure on Figure 6. DFT calculations were carried out 
using the B3LYP functional and the 6-31G(d) basis set using Gaussian ’16. 

 
a The solid state crystal structure corresponds to product 3a obtained from the reaction of 
1a with InCl3.  
 

Complexes 3a and 3b were further characterized by 1H and 13C NMR spectroscopy, 

in CD3CN, which further corroborate the structure obtained from XRD crystallography. It 

is important to note that the complexes (3a or 3b) obtained from different Lewis acids 

(AlCl3, GaCl3 and InCl3) had identical 1H NMR spectra (Supplementary Information). This 

further confirms that the different Lewis acids yield the same product. Also, it indicates 

that the Lewis acid’s metal does not incorporate into 3a,b; the cations contain two 

3ba +1 +2 +3 +4 +5
Solid State 

N(2) – O(1) 1.4096(19) 1.3999 1.3157 1.3294 1.3196 1.3192
N(4) – O(3) 1.4367(15) 1.4254 1.4239 1.3282 1.3235 1.3244
N(6) – O(5) 1.4457(15) 1.4349 1.4412 1.4575 1.3110 1.2816
N(8) – O(7) 1.4367(16) 1.4269 1.4339 1.4442 1.4849 1.4884

Al(1) – N(1) 1.9567(15) 1.9813 2.0281 2.0175 1.9831 1.9852
Al(1) – N(3) 2.0006(13) 2.0181 1.9917 2.0597 1.9852 1.9919
Al(2) – N(5) 1.9739(14) 2.0114 1.9996 1.9347 1.9940 2.0332
Al(2) – N(7) 1.9718(13) 2.0158 2.0082 1.9925 1.9990 1.9764

Al(1) – O(1) 1.8002(12) 1.8223 1.9075 1.8768 1.8837 1.8788
Al(1) – O(3) 1.9254(11) 1.9582 1.9065 1.9107 1.8834 1.8761
Al(1) – O(5) 1.9480(12) 1.9952 1.9433 1.9356 3.8711 1.8802
Al(1) – O(7) 1.9255(11) 1.9779 1.9360 1.9312 1.8699 3.9268
Al(2) – O(3) 1.9452(12) 1.9953 2.0413 2.8318 3.8095 3.8241
Al(2) – O(5) 1.8909(11) 1.9134 1.9257 1.9192 1.8939 1.9385
Al(2) – O(7) 1.9246(11) 1.9540 1.9820 1.9096 1.8979 1.8818

Al(2) – Cl(1) 2.2025(8) 2.2432 2.2222 2.1872 2.1520 2.1308

DFT
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aluminum centers regardless of the MCl3 reagent used.  The 1H NMR spectrum of 3a 

(Figures S10,S11) exhibits four unique resonances, integrating to 9 protons each, that were 

each assigned to the hydrogens of a tert-butyl group in an RpyNO- unit (0.57, 1.14, 1.15, 

and 1.65 ppm). Two of those tert-butyl resonances have very similar shifts (1.14 and 1.15 

ppm), which suggests that their corresponding ligand units are in similar environments. In 

addition to that, the aromatic region in the 1H NMR spectrum of 3a accounts for all 16 

expected aromatic protons, with coupling constants ranging between 1.2 and 9.2 Hz. Those 

values are consistent with ortho proton coupling (Jortho = 6-9 Hz) and long range meta 

coupling (Jmeta = 1-3 Hz).33,34 In the unsubstituted analogue, 3a, there are three ortho 

protons that could couple to one another. The 1H NMR data corroborates the structure of 

3a, as it shows three distinct coupling constants: ~9, 6, and 5 Hz (rounded to the whole 

number). The 13C NMR spectrum of 3a (Figure S12) which also validated its structure, 

exhibits four unique resonances at 27.9, 28.6, 28.7, 28.9 ppm that were assigned to the tert-

butyl methyl carbons. It also displays another set of four other resonances at 61.8, 64.6, 

66.3, and 66.4 ppm that correspond to the quaternary tert-butyl carbon. This spectrum also 

accounts for the 20 expected aromatic carbons in the four ligand units.  

 As for the methoxy analogue, 3b, (Figure S15,16) its 1H NMR spectrum also 

exhibits four upfield resonances (integrating to 9 H’s each). They were similar to those 

observed  in 3a, and were assigned to the tert-butyl protons in the four ligands (0.56, 1.09, 

1.10, 1.62 ppm). Unlike that of 3a, the spectrum of 3b displays four additional resonances 

at 3.59, 3.71, 3.79, and 3.98 ppm, integrating to three hydrogens each, and they were 

assigned to the methoxy hydrogens in the four ligand units. As observed in 3a, two of the 

tert-butyl protons have very similar shifts (1.09 and 1.10 ppm), a phenomenon that is 
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reflected for the methoxy protons as well. This validates our inference about two of the 

ligand units being in closely similar chemical environments. In 3b, we expect 12 aromatic 

protons, however, we were only able to account for nine of them. It is likely that the other 

ones overlap with the resonances between 7.15 and 7.30 ppm from the residual toluene 

solvent. The 13C NMR spectrum of 3b (Figure S17) shows a set of four resonances that 

were assigned to the tert-butyl CH3 carbons in the four ligands. Downfield of the 

aforementioned resonances, four unique peaks (57.0, 57.3, 57.4, 57.5 ppm) were assigned 

to the quaternary tert-butyl carbons, and the four deshielded resonances at 61.6, 64.4, 65.8, 

and 66.1, were assigned to the methoxy carbons. The 13C NMR spectrum of 3b also 

exhibits the 20 expected signals assignable to the aromatic carbons, with unique resonances 

between 111.3 and 157.6 ppm 

 We sought to further validate the 1H NMR spectra of 3a and 3b by computing the 

chemical shifts of the complexes using DFT. Those calculations were executed according 

to the procedure devised by Jain et al., which is optimized to calculate accurate proton 

shifts in CDCl3.35 Even though the physical NMR spectra of our complexes were collected 

in CD3CN, this DFT method was optimized exclusively for CDCl3. The computed and 

experimental NMR shifts of the protons in both complexes, along with the precent 

deviation, are reported in Table 5. The valuesobtained from the DFT calculations compared 

well to the experimental shifts. In addition to that, this computational method also shows 

that two of the ligand units in both complexes are in very similar environments, which is 

what was concluded from the experimental proton NMR spectra. In 3a and 3b, two of the 

tert-butyl hydrogens had almost identical chemical shifts. This is also observed for the 

methyl proton peaks in 3b. Those NMR calculations show that the tert-butyl protons of the 
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RpyNO- ligand that is coordinated to only one aluminum center have the highest chemical 

shift among the four tert-butyl sets, in both complexes (1.75 and 1.70 ppm for 3a and 3b, 

respectively). However, in 3b, the calculated chemical shift of methoxy protons in that 

corresponding ligand is the lowest (3.53 ppm) among the four methoxy protons. This result 

suggests that the tert-butyl peaks on the ligand that is connected to only one aluminum are 

the most deshielded among the tert-butyl groups, whereas the methoxy protons in that 

ligand are the most shielded among the OMe groups.  

Table 5: The experimental and DFT calculated proton chemical shifts of complexes 3a 
and 3b. The experimental 1H NMR spectra were collected in CD3CN. The DFT 
calculations were computed according to the procedure outlined by Jain et al.35   

 
 

 To complete the characterization of the novel complexes 3a and 3b, we sought to 

investigate their electrochemical activity using cyclic voltammetry. The CVs of 3a and 3b 

are shown in Figure 7. Both voltammograms seem to resemble one another; they both 

Experimental DFT Experimental DFT
0.60 0.86 0.56 0.80
1.14 1.33 1.09 1.29
1.15 1.35 1.10 1.30
1.65 1.75 1.62 1.70
9.10 9.16 3.59 3.53
8.12 8.06 3.72 3.59
7.78 7.96 3.79 3.76
7.62 7.91 3.98 3.90
7.62 7.81 7.07 6.75
7.53 7.74 - 6.87
7.42 7.54 - 6.94
7.14 7.39 - 6.96
7.13 7.39 7.28 7.00
7.09 7.36 7.33 7.05
6.96 7.32 7.47 7.07
6.96 7.32 7.51 7.12
6.83 7.03 7.57 7.12
6.67 6.99 7.65 7.20
6.66 6.92 7.82 7.52
6.18 6.34 8.88 8.48

Aromatic 

3a 3b

C(CH3)3

OCH3

C(CH3)3

Aromatic 
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exhibit three unique oxidation events that are irreversible (Table 6). Also, the ∆Ep,a’s 

(difference between the two consecutive Ep,a’s) in both complexes are consistent and 

comparable to one another (Table 6). As observed for the dimeric complexes (1a,b), the 

potentials for the methoxy analogue 3b come at lower (less positive) voltages than those 

for 3a, which reflects the influence of the electron donating OMe substituent. In the 

(RpyNO)AlCl complexes that were previously reported by the Graves lab, the OMe 

substituent shifted the voltages to lower more negative potentials.8 This is also supported 

by other studies pertaining to the impact of different substituents on reduction  potentials. 

For example, Larsen et al. report that an OMe substituent shifts the reduction and oxidation 

potentials of phenylthiyl radicals to more negative potentials compared to their 

unsubstituted counterparts.36 The three oxidations were assigned to sequential one-electron 

oxidations corresponding to the NO-/NO0 couple in three of the ligand subunits. Neither 

the NO-/NO0 oxidation of the fourth ligand unit, nor any NO0/NO+ oxidations are observed 

in the electrochemical window.  

 
Figure 7: Cyclic voltammogram (CV) of (A) 3a and (B) 3b complexes. CVs were 
recorded in a 0.1 M [NPr4][BArF] electrolyte solution in MeCN at a 0.1 and 0.08 V/s scan 
rates for 3a and 3b, respectively.  
 
 
 

a b 

-
1.2 0.8 0.4 0.0 -0.4 -0.8 1.2 0.8 0.4 0.0 -0.4 -0.8 

Potential (V vs Fe/Fe+) Potential (V vs Fe/Fe+) 



38 
 

 

 

Table 6: Electrochemical potentials (V vs Fc/Fc+) for 3a and 3b complexes. 
Voltammograms were recorded in a 0.1 M [NPr4][BArF] electrolyte solution in MeCN at 
a 0.1 and 0.8 V/s scan rates for 3a and 3b, respectively. 

 

 The assignment of the three oxidation events to their respective redox couples was 

supported by the DFT optimizations of 3a and 3b over five different charged states. By 

observing the change in atomic NBO charges, as well as bond lengths, of the nitroxide 

groups, we were able to show that the three oxidations are sequential oxidations of three 

of the NO-. Table 7 displays the optimized atomic NBO charges of the different NO- groups 

in the different oxidation states of 3a and 3b. In the unoxidized complexes (3a,b+1), all 

nitroxide groups have similar bond lengths and atomic charges (Tables 3,4, and 7). After a 

one-electron oxidation of both 3a and 3b, we observe a +0.21 increase in the N and O 

atomic charges of one of the NO- groups, which is indicative of an oxidation. Also, the 

length of that N–O bond decreased from 1.39 Å to 1.31 Å in 3a, and from 1.39 Å to 1.32 

Å in 3b (Tables 3 and 4). The atomic charges and bond length of the other groups remained 

almost unchanged. As mentioned in Chapter 2.2, this decrease in bond length is consistent 

with a one-electron oxidation of the NO- group, as 2 electrons are in an anti-bonding π* 

molecular orbital. Following the second oxidation, the atomic charges of another N and O 

pair in both complexes increased (Table 7), and the corresponding N–O bond length also 

decreased by 0.11 and 0.09 Å in 3a and 3b, respectively. This indicates that the second 

oxidation is that of an NO-/NO0 couple in a second ligand unit. This same pattern is 

observed after the third oxidation, for another NO- group, which suggests its oxidation to 

Epa Epc Epa Epc Epa Epc ∆Epa

3a 0.44 0.15 0.64 0.53 1.02 0.79 0.19 ; 0.38
3b 0.28 -0.11 0.41 0.14 0.74 0.51 0.14 ; 0.33 

NO0 NO- NO-  NO- / NO0 NO0 NO-  NO- /
NO0 NO- NO-  NO- NO0 NO0 NO-  NO- NO0 NO0 NO0  NO- 
NO- NO- NO-  NO- /
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NO0. Therefore, this DFT calculation allowed us to assign the three observed oxidation 

peaks in the voltammograms of 3a and 3b to sequential oxidations of three of the NO- 

groups to NO0. In addition to that, we also ran a DFT calculation for those complexes with 

a +5 charge (4th oxidation). Upon the fourth oxidation, we interestingly do not observe a 

change in the charge of the unoxidized 4th NO- group; we instead notice an increase in the 

atomic charges of one of the already oxidized NO0 groups. This is also accompanied by a 

decrease in the respective N–O bond length from 1.30 to 1.26 Å for 3a, and 1.31 to 1.28 Å 

for 3b. So, a fourth oxidation would correspond to the NO0/NO+ redox couple. This fourth 

oxidation is not observed in the electrochemical window used to record the CVs of 3a and 

3b. In both complexes, the fully reduced NO- groups have a bond length of around 1.4 Å, 

whereas a singly reduced one is ~1.3 Å long. As for a doubly reduced NO+ group, its bond 

length is around 1.2 Å. 

Table 7: Atomic NBO charges for the nitrogen and oxygen atoms in the nitroxide 
functional group, in complexes 3a and 3b, over five oxidation states. The single charged 
complex is unoxidized. The charges were obtained by DFT optimizations of the complexes 
using the B3LYP functional and 6-31G(d) basis set. The bolded values indicate the site of 
oxidation.  

 

 
 
 
 
 
 

Charge +1 +2 +3 +4 +5 +1 +2 +3 +4 +5
-0.09 0.12 0.09 0.13 0.14 -0.11 0.10 0.09 0.13 0.11
-0.14 -0.11 0.12 0.14 0.14 -0.11 -0.12 0.12 0.14 0.11
-0.14 -0.15 -0.15 0.12 0.23 -0.15 -0.15 -0.15 0.12 0.18
-0.12 -0.15 -0.15 -0.21 -0.25 -0.14 -0.16 -0.15 -0.21 -0.24

-0.78 -0.54 -0.59 -0.57 -0.55 -0.79 -0.58 -0.59 -0.57 -0.60
-0.85 -0.83 -0.57 -0.58 -0.57 -0.84 -0.84 -0.57 -0.58 -0.62
-0.84 -0.86 -0.88 -0.54 -0.39 -0.85 -0.87 -0.88 -0.54 -0.48
-0.83 -0.85 -0.88 -0.88 -0.86 -0.85 -0.86 -0.88 -0.88 -0.86

3a 3b

NNO

ONO
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2.3.2 Synthesis and Characterization of Novel Aluminum Complexes: 

[(HpyNO)2Al][(HpyNO)2AlBr]+
 (4a) and [(HpyNO)2Al][(HpyNO)2AlI]+ (5a) 

 The successful synthesis of 3a and 3b from MCl3 prompted us to investigate the 

reactivity of 1a and 1b with Lewis acids incorporating other halides. To do so, we resorted 

to employing GaBr3 and AlI3 in reactions with 1a. Based on our previous results, we 

hypothesized that GaBr3 and AlI3 would induce similar rearrangement to that in 3a,b, and 

yield analogous cationic complexes with the corresponding halide used. For this 

investigation, we carried out the reactions of 1a with GaBr3 and AlI3 in an identical fashion 

to that employed with MCl3 (Scheme 14). 

 

 
Scheme 14:  Synthesis of cationic complexes 4a and 5a from the reaction of 1a with GaBr3 
and AlI3, respectively.  
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 The reaction of 1a with GaBr3 and AlI3 resulted in yellow insoluble complex (4a 

and 5a) that were collected in 61% and 36% yield, respectively. Both complexes were 

readily characterized by 1H NMR, and both of their spectra were analogous to that of 3a, 

with slightly different chemical shifts. This NMR data suggests that complexes 4a and 5a  

are analogous to 3a, but with a different halogen ligand (Br- in 4a and I- in 5a). The 1H 

NMR spectrum of 4a and 5a (Figures S19-S23) both display four upfield resonances (4a: 

0.60, 1.14, 1.18, 1.65 ppm ; 5a: 0.59 1.03, 1.06, and 1.64 ppm) integrating to 9 hydrogens 

each, that were assigned to the protons of the four different tert-butyl groups. The two 

resonances at 1.03 and 1.06 ppm observed in 5a have a lower chemical shift that the 

corresponding resonances in 3a and 4a. This makes sense since I- is the least 

electronegative among the employed halogens.20 The aromatic region of 4a and 5a was 

also similar to that of 3a. In 4a, we were able to account for 14 out of the 16 aromatic 

protons in 4a, and we expect that the remaining 2 overlap with the residual toluene solvent 

resonances. The most upfield and downfield  resonances in the aromatic region in 4a’s 

spectrum are a triplet (6.35 ppm) and a doublet (9.34 ppm) respectively, and they resemble 

the corresponding peaks in the spectrum of 3a. This is also the case for 5a.  The aromatic 

region in this NMR spectrum of 5a was also similar to that of 3a and 4a, but exhibited less 

resolved and refined resonances, and it accounted for all expected 16 aromatic protons in 

5a. Moreover, the 1H NMR spectrum of 5a displays an upfield resonance at -0.46 ppm, 

which could belong to the methyl protons in the counter anions.  

4a was also characterized by 13C NMR, which corroborated its structure (Figure 

S21). Four resonances at 27.9, 28.6, 28.8, 29.7 ppm that were assigned to the tert-butyl 

carbons, and another four unique resonances at 61.9, 64.9, 66.5, and 66.6 ppm were 
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assigned to the quaternary tert-butyl carbons. The aromatic region displays 20 distinct 

resonances, between 109.3 and 162.9 ppm, that correspond to the 20 expected aromatic 

carbons. Since the 1H NMR spectrum of 5a resembled that of 3a and 4a, but with slightly 

different chemical shifts, we did not seek to further characterize 5a using other 

characterization methods such as 13C NMR or XRD.  

The recrystallization of 4a in MeCN and diethyl ether at –25 ℃ allowed us to 

analyze it using single crystal XRD crystallography (Figure 8). This revealed that GaBr3 

caused the same ligand rearrangement as the one observed in 3a. Additionally, a Br- ligand 

was coordinated to one of the aluminum centers. The solid-state structure revealed that the 

average N–O bond length is 1.43 Å, consistent with a fully reduced single NO bond. As 

observed for 3a, the NO bond in the ligand unit coordinated to one aluminum center is the 

shortest (1.40 Å), whereas the length of the other NO groups is between 1.42 and 1.44 Å. 

This is also reflected in the Al–O bond lengths, which show that Al(1)–O(1) is 1.79 Å, 

unlike the others which are ~1.9 Å. The values of the N–O and Al–O bonds in 4a are 

comparable to those in 3a. The Al–Br bond distance is 2.34 Å, which is consistent with 

values reported in the literature (2.35-2.36 Å).37,38  

Lastly, it is important to mention that we attempted to react 1a with AlBr3, but the 

reaction was not successful, as no solid crashed out. Also, the reactions of 1b with group 

13 AlBr3, GaBr3, and AlI3 were unsuccessful. Those reactions with 1b were more sensitive 

and they turned dark purple, without solid crashing out, for an unknown reason Further 

optimization of those reaction conditions might be necessary.  
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Figure 8: Solid state crystal structure of complex 4a, [(HpyNO)2Al][(HpyNO)2AlBr]+, from 
the reaction of 1b with GaBr3. Ellipsoids are projected at 30% probability. The counterions, 
toluene, and hydrogen atoms have been omitted for clarity. For clarity, the organic ligands 
are displayed in a wireframe model. R1=0.0480. 
 

2.4 Mechanistic Insight 

 When optimizing the reaction conditions for 1b with GaCl3, we first ran the reaction 

only with toluene instead of using a mixture of toluene and diethyl ether. This stemmed 

out of convenience since GaCl3 was the only Lewis acid soluble in toluene. Surprisingly, 

this reaction did not yield complex 3b, but instead produced a different complex (Scheme 

15). Upon adding the GaCl3/toluene solution to 1b, the yellow color of the complex 

disappeared and a white insoluble solid crashed out of solution. This solid was then 

recrystallized in a mixture of MeCN and diethyl ether, which enabled its characterization 

by XRD. The solid-state structure of this new complex (1b’) revealed that the resultant 

product is a dinuclear dimeric complex, analogous to 1b, but with the methyl ligands 

exchanged for chloride ones (Figure 9). The Al–Cl bonds in 1b’ were longer than the Al–

CMe bond in 1b, and they were consistent with a single Al–Cl single bond.32  
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Scheme 15: Synthesis of [(OMepyNO)AlCl2]2 complex from the reaction of 1b with GaCl3 
in diethyl ether.  
 
 
 This interesting result can provide some preliminary insight into the mechanism of 

the ligand rearrangement that leads to the novel cationic complexes 3, 4, and 5. Since the 

reaction of 1b with GaCl3 yields different products when run in the presence and absence 

of diethyl ether, this suggests that diethyl ether might play a crucial role in the 

transformation of 1a,b into 3a,b. This could indicate that 1b’ might be an intermediate in 

this reaction, that is insoluble in toluene but soluble in diethyl ether (or dimethoxyethane 

in the case of InCl3). So, when the reaction was conducted solely in toluene, 1b’ was 

trapped and did not proceed to form 3b. As mentioned before, this is still preliminary 

investigation into the mechanism of the transformation of complexes 1 into 3, but it could 

be an important step into a mechanistic approach.  

 
Figure 9: Solid state crystal structure of  1a’ [(OMepyNO)AlCl2]2 complex. Ellipsoids are 
projected at 30% probability. Hydrogen atoms have been omitted for clarity. R1=0.0319. 
τ5(Al1)=0.22 ; τ5(Al2)=0.36. 
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Conclusion and Future Directions 

 Overall, we were able to synthesize and characterize aluminum complexes (1b and 

2b) with a OMepyNO- bidentate redox-active ligand, which are analogous to previous 

complexes reported by Herb et al. that incorporate HpyNO- ligands. 1b and 2b were fully 

characterized using XRD crystallography, DFT, and 1H and 13C NMR, all of which 

validated their structure. Also, the CV of 1b is reflective of that of 1a,1 showing two 

oxidation events, which were assigned to the sequential oxidation corresponding to the NO-

/NO0 redox couple of each of the RpyNO- units in the dimer. The CV of 2a is identical to 

that of 1b, which suggests that 2b dimerizes in THF.  

 To probe the effect of Lewis acids on complexes 1a and 1b, we sought to investigate 

the reactivity of 1a and 1b with group 13 Lewis acids (AlCl3, GaCl3, InCl3, GaBr3, and 

AlI3). Those reactions resulted in the synthesis of cationic dinucelar aluminum complexes 

3a,b, 4a, and 5a, which exhibit four RpyNO- ligand units, and one halide ligand (Cl-, Br-, 

or I-). The Lewis acid metal centers were not incorporated in the complexes. Complexes 

3a, 3b, and 4a were fully characterized by XRD crystallography, 1H and 13C NMR. The 

geometries of 3a and 3b were optimized using DFT as well. 5a was only characterized 

using 1H NMR, which resulted in a spectrum reflective of that of 3a and 4a, thus confirming 

its structure. The electrochemical activity of 3a and 3b was studied using cyclic 

voltammetry. The voltammograms of both complexes displayed three irreversible 

oxidation events. Using DFT optimizations, those three events were assigned to sequential 

oxidations of NO- to NO0 in three of the ligand units; that oxidation is not observed for the 

fourth ligand unit. Also, DFT calculations revealed that a fourth oxidation (unobserved in 
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CV) would correspond to the NO0/NO+ couple of one of the singly reduced NO groups, 

and not to the NO-/NO0 couple of the fully reduced ligand.   

 Finally, we were able to infer mechanistic insight into the transformation of 

complexes 1a,b into the cationic complexes (3a, 3b, 4a, and 5a). The reaction of 1b with 

GaCl3 in solely toluene revealed that diethyl ether might be essential for the formation of 

the cationic complexes. More specifically, [(RpyNO)AlCl2]2 (1b’) might be an intermediate 

in this transformation. Since this is still preliminary information about this mechanism, 

future work would pertain to fully investigating this intriguing ligand rearrangement, and 

uncovering its mechanism.  

 In addition to a mechanistic framework, future studies would be important in 

expanding the cationic aluminum complex series to include different halogen ligands, by 

using different Lewis Acids. Also, employing aluminum complexes incorporating RpyNO- 

ligands with different substituents, such as CF3 or CH3, would be beneficial in exploring 

the different effect of substituents on the dimeric neutral aluminum complexes, as well as 

the novel cationic ones. Finally, since we have shown that those aluminum complexes are 

electrochemically oxidizable, it would be interesting to explore the chemical oxidations of 

1a,b and 3a,b in the future. This would help isolate the oxidized complexes and 

characterize them in real time.  

 Cationic aluminum complexes have been shown to demonstrate exceptional 

activity in catalyzing polymerization reactions, as they are strong Lewis acids.39 Therefore, 

the novel cationic complexes we reported in this thesis (3a, 3b, 4a, and 5a) might be able 

to participate in similar catalytic reactions. Therefore, future studies would pertain to 
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investigation the catalytic activities of those complexes. If successful, this would take 

advantage of aluminum as a sustainable metal and employ it green catalysis.  
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Materials and Methods:  

3.1 Physical Measurements 

1H and 13C NMR spectra were collected at ambient temperature using a Bruker 400 

MHz spectrometer. Chemical shifts were referenced to corresponding residual solvents. a 

= acetonitrile, d = dimethoxyethane,  e = ether, t = toluene.  s = singlet, bs = broad singlet, 

d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, m=multiplet.  

Electrochemical (cyclic voltammetry) measurements were carried out using a CHI 

Potentiostat/Galvanostat, in a glovebox under an inert N2 environment. A glassy carbon 

working electrode, a silver wire quasi-reference electrode, and a platinum wire auxiliary 

electrode were implemented. Ferrocene (fc) was used as an internal standard, to which the 

potentials were referenced to. The solutions used were prepared to ~100 mM of [n-

Pr4N][BarF] (BArF- = B((3,5-CF3)2-(C6H3)4
-) as an electrolyte in ~5 ml of THF or MeCN. 

Solutions contained ~5 mM of analyte. Cyclic voltammograms were recorded in a positive-

feedback 95% IR compensation  mode at scan rates of 0.08 or 0.1 V/s.  

 

3.2 Preparation of Compounds:  

All reactions and manipulations were carried out under an inert dinitrogen (N2) 

atmosphere using standard Schlenk technique or in a Vacuum Atmosphere, Inc. NextGen 

drybox equipped with both oxygen and moisture purifier systems. Glassware was dried 

overnight at 150 ℃ before use. C6D6 and CD3CN were stored over 4 Å molecular sieves 

prior to use. Toluene, acetonitrile, pentane, hexane, tetrahydrofuran, diethyl ether, and 

dimethoxymethane were sparged for 20 minutes with dry argon, and then dried using a 

commercial two-column solvent purification system comprising two columns packed with 
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neutral alumina (for tetrahydrofuran and diethyl ether), or Q5 reactant then neutral alumina 

(for hexane, toluene, and pentane). The HpyNOH ligand precursor (N-tert-Butyl-N-2-

pyridylhydroxylamine) and aluminum complex [{µ-[HpyNO-]AlMe2}2], 1a, were prepared 

and purified according to the outlined literature procedures. All other reagents were 

purchased from commercial sources and used as received. 

 

3.2.1 Synthesis of N-tert-Butyl-N-2-(5-methoxypyridyl)hydroxylamine (OMepyNOH) 

A Schlenk flask equipped with a magnetic stir bar was charged with 2-bromo-5-

methoxypyridine (3.0 g, 15.9 mmol, 1 equiv) in a glovebox. A 1.3 M solution of 

isopropylmagnesium chloride lithium chloride complex (iPrMgCl.LiCl) in THF (14.7 ml, 

19.5 mmol, 1.2 equiv) was then added dropwise at 0 ℃, then the reaction was allowed to 

warm up to room temperature. The solution was stirred at rt for 12 hours. A blue solution 

of 2-methyl-2-nitrosopropane dimer in THF (2.78 g, 15.96 mmol, 1 equiv) was added via 

cannula, then the reaction was allowed to stir for 12 additional hours. The reaction was 

quenched with a degassed, saturated solution of ammonium chloride (20 ml) under N2. The 

green organic layer was then extracted via cannula into a second Schlenk flask equipped 

with MgSO4, under an N2 atmosphere. The aqueous layer was washed three times with 15 

ml of diethyl ether. The combined organic extracts were then dried with MgSO4, and then 

filtered into a third Schlenk flask by cannula filtration. The organic extract was 

concentrated under reduced pressure. The resultant brown solid was then recrystallized 

from hexane at 100 ℃, yielding orange crystals: yield: 51%.  

1H NMR (400 MHz, C6D6): δ 8.03 (s, 1H, OH), 7.94 (d, 1H, J=8.9 Hz), 7.08 (d, 1H, J=8.9), 

6.73 (dd, 1H, J1=3.0 Hz ; J2=8.9 Hz), 3.12 (s, 3H, OCH3), 1.29 (s, 9H, C(CH3)3). 13C NMR 



50 
 

 

(C6D6): δ 156.3, 153.1, 132.6, 122.9, 118.6, 61.5 (OCH3), 55.2 (C(CH3)3),), 26.6 

(C(CH3)3).  

 

3.2.2 Synthesis of {µ-[OMepyNO-]Al(Me)2}2 (1b) 

N-tert-Butyl-N-2-(5-methoxypyridyl)hydroxylamine (0.1 g, 0.51 mmol, 1 equiv) 

was added to a flask equipped with a magnetic stir bar, and was dissolved in toluene (~20 

ml). 1 equivalent of 2.0 M of trimethylaluminum in heptane (0.26 ml, 0.51 mmol, 1 equiv) 

was added dropwise to the solution. The reaction was then stirred at room temperature for 

12 h. Solvents and volatiles were then removed from the solution under reduced pressure, 

resulting in an oily yellow solid. The product was then triturated in pentane (3 x 10 ml) and 

dried under reduced pressure. The resultant yellow solid was recrystallized from hexane at 

100 ℃. Yellow crystals were collected, washed with cold hexane 3 times, and dried under 

reduced pressure. Yield: 78%.  

1H NMR (400 MHz, C6D6): δ 7.79 (s, 2H), 6.59 (d, 4H, J=1.8 Hz), 2.96 (s, 6H, OCH3), 

1.31 (s, 18H, C(CH3)3), -0.23 (bs, 12H, Al(CH3)2). 13C NMR (C6D6): δ 155.9, 152.9, 127.6, 

126.8, 117.6, 63.3 (OCH3), 55.2 (C(CH3)3), 28.5 (C(CH3)3), -4.5 (Al(CH3)2).  

 

3.2.3 Synthesis of {µ-[OMepyNO-]Al(Me)2}AlMe3 (2b)  

N-tert-Butyl-N-2-(5-methoxypyridyl)hydroxylamine (0.1 g, 0.51 mmol, 1 equiv) 

was added to a flask equipped with a magnetic stir bar, and was dissolved in toluene (~20 

ml). 2 equivalents of  2.0 M of trimethylaluminum solution in heptane (0.52 ml, 1.02 mmol, 

2 equiv) was added dropwise to the solution. The reaction was then stirred at room 

temperature for 12 h. Solvents and volatiles were then removed from the solution under 
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reduced pressure, resulting in an oily solid. The solid was then triturated in pentane (3 x 10 

ml) and dried under reduced pressure. The product was recrystallized from hexane at 100 

℃. Colorless crystals were collected, washed with cold hexane 3 times, and dried under 

reduced pressure. Yield: 64%. 

1H NMR (400 MHz, C6D6): δ 7.07 (s, 1H), 6.48 (dd, 1H, J1=8.4 Hz ; J2=2.2 Hz), 6.38 (d, 

1H, J=9.2 Hz), 2.77 (s, 3H, OCH3), 1.09 (s, 9H, C(CH3)3), -0.12 (s, 6H, Al(CH3)2), -0.22 

(s, 9H, Al(CH3)3). 13C NMR (C6D6): δ 155.9, 153.9, 129.6, 162.1, 118.3, 65.3 (OCH3), 55.4 

(C(CH)3), 28.4, (C(CH3)3), -5.6 (Al(CH3)3), -6.5 (Al(CH3)2).  

 

3.2.4 Synthesis of [(RpyNO)2Al][(RpyNO)2AlCl]+ (3a,b) 

3a,b cationic complexes were prepared from reacting dimers 1a,b with AlCl3, 

GaCl3, or GaCl3.  1a/b (0.05 g, mmol, 1 equiv) was dissolved in toluene in a vial equipped 

with a magnetic stir bar. MCl3 (M=Al, Ga, In) ( g, mmol, 2 equiv) was separately dissolved 

in 5 ml diethyl ether (when M=Al, Ga) or dimethoxyethane (when M=In). The Lewis acid 

solution was then added dropwise into the solution of 1a/b in toluene while stirring. The 

reaction was left to stir at rt for 12 hours. 3a/b was collected as a fine yellow powder by 

pipetting out the supernatant. The solid was then washed with cold diethyl ether 3x, and 

dried under reduced pressure. The solid was then dissolved in a mixture of acetonitrile and 

diethyl ether and recrystallized at –25 ℃. Yellow crystals were collected and washed 3x 

with diethyl ether and dried under reduced pressure. Alternatively, complexes 3a,b were 

also successfully obtained from the reaction of 1a,b with GaCl3 using layering technique. 

A solution of GaCl3 in diethyl ether was carefully layered onto a solution of 1a,b in toluene. 

The layered mixture was left to recrystallize at –25 ℃.  
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3a: Yield: 38-96%. 1H NMR (400 MHz, CD3CN): δ 9.16 (d, 1H, J=5.2 Hz), 8.06 (dd, 1H, 

J1=6 Hz ; J2=1.2 Hz), 7.96 (m, 1H), 7.91 (d, 1H, J=5.6 Hz), 7.81 (m, 1H), 7.74 (m, 1H), 

7.54 (dt, 1H, J1=6 Hz ; J2=1.6 Hz), 7.39 (m, 2H), 7.36 (m, 1H), 7.32 (m, 2H),  7.03 (d, 1H, 

J=6 Hz) , 6.99 (d, 1H, J=9.2Hz), 6.92 (t, 1H, J=6.4 Hz), 6.34 (t, 1H, J=6.4 Hz), 1.65 (s, 9H, 

C(CH3)3), 1.15 (s, 9H, C(CH3)3), 1.14 (s, 9H, C(CH3)3), 0.59 (s, 9H, C(CH3)3). 13C 

(CD3CN): δ 162.9, 161.1, 159.1, 154.7, 146.7, 144.4, 143.9, 143.0, 142.4, 141.4, 141.4, 

139.1, 119.4, 119.3, 117.2, 116.6, 116.4, 113.3, 109.6, 109.3, 66.4 (C(CH3)3),), 66.3 

(C(CH3)3),), 64.6 (C(CH3)3),), 61.8 (C(CH3)3),), 28.9 (C(CH3)3), 28.7 (C(CH3)3), 28.6 

(C(CH3)3) , 27.9 (C(CH3)3).  

3b: Yield: 21-61%. 1H NMR (400 MHz, CD3CN): δ 8.88 (d, 1H, J=2.8 Hz), 7.82 (d, 1H, 

J=2.9 Hz), 7.65 (dd, 1H, J1=9.5 Hz ; J2=2.9), 7.57 (d, 1H, J=2.7 Hz),7.51 (dd, 1H, J1=9.5 

Hz ; J2=2.8 Hz), 7.47 (dd, 1H, J1=9.5 Hz ; J2=2.9), 7.33 (d, 1H, J=9.5 Hz), 7.28 (d, 1H, 

J=9.4 Hz), 7.07 (m, 1H), 3.98 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.72 (s, 3H, OCH3)), 

3.59 (s, 3H, OCH3)), 1.62 (s, 9H, C(CH3)3), 1.10 (s, 9H, C(CH3)3), 1.09 (s, 9H, C(CH3)3), 

0.56 (s, 9H, C(CH3)3). 13C (CD3CN): δ 157.6, 155.8, 155.2, 153.7, 153.6, 153.3, 151.7, 

146.4, 131.7, 131.5, 131.4, 130.6, 130.7, 129.8, 127.9, 127.6, 125.6, 118.1, 115.0, 111.3, 

66.1 (OCH3), 65.8 (OCH3), 64.4 (OCH3), 61.6 (OCH3), 57.5 (C(CH3)3), 57.4 (C(CH3)3), 

57.4 (C(CH3)3), 57.0 (C(CH3)3), 29.0 (C(CH3)3), 28.9 (C(CH3)3), 28.7 (C(CH3)3), 27.8 

(C(CH3)3).  
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3.2.5 Synthesis of [(HpyNO)2Al][(HpyNO)2AlBr]+ (4a)  

4a was prepared, collected, and recrystallized in an identical fashion to that yielding 

3a,b. 4a was successfully obtained from reacting complex 1a (25 mg, 0.056 mmol, 1 equiv) 

with 2 equivalents of GaBr3 (35 mg, 0.112 mmol, 2 equiv). Yield: 71%  

1H NMR (400 MHz, CD3CN): δ 9.33 (d, 1H, J=5.2 Hz), 8.07 (d, 1H, J=5.2 Hz), 7.97 (t, 

1H, J=7.2 Hz), 7.90 (d, 1H, J=4.4 Hz), 7.81 (t, 1H, J=8Hz), 7.75 (t, 1H, J=8 Hz), 7.55 (d, 

1H, J=5.6 Hz), 7.39 (m, 3H), 7.01 (m, 2H), 6.94 (t, 1H, J=6.4 Hz), 6.34 (t, 1H, J=6 Hz), 

1.65 (s, 1H, C(CH3)3), 1.18 (s, 1H, M C(CH3)3), 1.14 (s, 1H, C(CH3)3), 0.60 (s, 1H, 

C(CH3)3). 13C (CD3CN): δ 162.9, 160.8, 159.3, 154.7, 147.0, 144.5, 143.9, 142.9, 142.5, 

141.5, 141.6, 139.2, 119.4, 119.2, 117.3, 116.7, 116.4, 113.6, 209.7, 109.3, 66.6 (C(CH3)3), 

66.5 (C(CH3)3), 64.9 (C(CH3)3), 61.9 (C(CH3)3), 29.3 (C(CH3)3), 28.8 (C(CH3)3), 28.6 

(C(CH3)3), 27.9 (C(CH3)3).  

 

3.2.6 Synthesis of [(HpyNO)2Al][(HpyNO)2AlI]+ (5a) 

5a was prepared and recrystallized analogously to 3a,b. However, complex 1a (27 

mg, 0.061 mmol, 1 equiv) was reacted with AlI3 (49 mg, 0.112 mmol, 2 equiv) instead. 

Yield: 36%.  

1H NMR (400 MHz, CD3CN): δ 9.05 (d, 1H, J=5.8 Hz), 8.13 (m, 2H), 8.05 (d, 2H, J=5.6 

Hz), 7.94 (m, 3H), 7.58 (d, 1H, J=5.7 Hz), 7.21 (t, 2H, J=6.3), 7.13 (t, 2H, J=6.3 Hz), 7.08 

(d, 2H, J=9.2 Hz), 6.41 (t, 1H, 6.4 Hz), 1.64 (s, 1H, C(CH3)3), 1.06 (s, 1H, C(CH3)3), 1.03 

(s, 1H, C(CH3)3), 0.59 (s, 1H, C(CH3)3). 
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3.3 Computational Details 

 All calculations were performed with the Gaussian ’16, Revision B.01 program40, 

using the B3LYP functional hybrid DFT method41 and the 6-31G(d) basis set. Geometry 

optimizations were carried out without symmetry restrictions. All structure optimizations 

were run with a frequency calculation to obtain zero-point energies and thermodynamic 

corrections. Full NBO analysis was also calculated using the B3LYP/6-31G(d) level of 

theory, which rendered the atomic NBO charges. The geometry optimizations all 

complexes were performed using the crystal structure geometry as the initial starting point. 

Proton NMR calculations for complexes 3a and 3b were carried out using the procedure 

and code scripts outlined by Jain et al.35  
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X-Ray Structure Determination and Refinement Parameters of [(OMepyNO)AlMe2]2 
(1b) 
 
X-ray diffraction data were collected on a Bruker D8QUEST42 CMOS area detector, 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at 100 K. The 
program CELL_NOW43 was used to index the diffraction image and determine the 
twinning mechanism, in which the crystal grew as a non-merohedral twin.  Rotation frames 
were integrated using SAINT44, producing a listing of unaveraged F2 and σ(F2) values. The 
intensity data were corrected for Lorentz and polarization effects and for absorption using 
TWINABS45 (minimum and maximum transmission 0.6447 and 0.7456), and the structures 
were solved by direct methods (SHELXT) and refined by full-matrix least squares based 
on F2 using SHELXL-201846. All non-hydrogen atoms were refined anisotropically, 
whereas hydrogen atoms were refined using a riding model.  
Refinement converged to R1=0.0465 and wR2=0.0936 for 5578 observed reflections for 
which F > 4σ(F) and R1=0.0616 and wR2=0.0995 and GOF =1.169 for all 6552 unique, 
non-zero reflections and 320 variables. 
 
 

 
Table S1: Summary of Crystallographic data for [(OMepyNO)AlMe2]2 (1b): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C24H42Al2N4O4  
504.57 
P21/c 
Monoclinic 
100 
16.5307(8) 
10.2858(5) 
17.3938(9) 
104.983(2) 
2856.9(2) 
4 
1.169 
1.173 
0.136 
R1=0.0465  ;  wR2=0.0936 
R1=0.0616  ;  wR2=0.0995 
0.37 x 0.29 x 0.08 
0.30/-0.31eÅ-3 
69572 
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Table S2: Selected solid-state bond distances (Å) and angles (deg) for complex 
[(OMepyNO)AlMe2]2 (1b) 
 

 Bond Distances (Å) 

Al(1) – N(1) 2.0799(17) 

Al(1) – O(2) 1.8989(14) 

Al(1) – O(4) 1.9697(14) 

Al(1) – CMe 1.980(2) 
1.992(2) 
avg=1.986(1) 

Al(2) – N(3) 2.0855(18) 

Al(2) – O(2) 1.9739(13) 

Al(2) – O(4) 1.9111(14) 

Al(2) – CMe 1.969(2) 
1.994(2) 
avg=1.982(1) 

N(2) – O(2) 1.446(2) 

N(4) – O(4) 1.442(2) 

N(2) – Ctert-butyl 1.524(2) 

N(4) – Ctert-butyl 1.522(2) 

Al – O (avg) 
Al – CMe (avg) 
Al – N (avg) 
N – O (avg) 

1.9384(8) 
1.984(1) 
2.0827(12) 
1.444(1) 
 

 
 
 

 

 Bond Angles (deg) 

N(1) – Al(1) – O(2) 76.65(6) 

N(1) – Al(1) – O(4) 144.29(6) 

O(2) – Al(1) – O(4) 70.30(5) 

N(1) – Al(1) – CMe 99.09(8) 
92.73(8) 

O(2) – Al(1) – CMe 120.64(8) 
123.81(8) 

O(4) – Al(1) – CMe 109.04(8) 
94.51(7) 

CMe – Al(1) – CMe 115.49(9) 

N(3) – Al(2) – O(2) 141.18(6) 

N(3) – Al(2) – O(4) 76.35(6) 

N(3) – Al(2) – CMe 100.42(8) 
93.09(8) 

O(4) – Al(2) – O(2) 69.96(6) 

O(4)  – Al(2)  – CMe 115.13(8) 
130.94(8) 

O(2)  – Al(2)  – CMe 110.88(8) 
95.56(8) 

CMe – Al(2) – CMe 113.83(10) 

N(4)  – O(4)  – Al(1) 119.92(10) 

N(4)  – O(4)  – Al(2) 122.33(10) 
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X-Ray Structure Determination and Refinement Parameters of 
[(OMepyNO)AlMe2]AlMe3 (2b) 
 

X-ray diffraction data were collected on a Rigaku XtaLAB Synergy-S47 HPC area detector 
(HyPix-6000HE), employing confocal multilayer optic-monochromated Mo-Kα radiation 
(λ=0.71073Å) at 100 K.  Rotation frames were integrated using CrysAlisPro47, producing 
a listing of unaveraged F2 and σ(F2) values. The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SCALE3 ABSPACK48 (minimum and 
maximum transmission 0.7798 and 1.000), and the structures were solved by direct 
methods (SHELXT)49 and refined by full-matrix least squares based on F2 using SHELXL-
201846. All non-hydrogen atoms were refined anisotropically, whereas hydrogen atoms 
were refined using a riding model. 
Refinement converged to R1=0.0344 and wR2=0.0793 for 3158 observed reflections for 
which F > 4σ(F) and R1=0.0344 and wR2=0.0820 and GOF =1.053 for all 3509 unique, 
non-zero reflections and 199 variables. 
 
 

Table S3: Summary of Crystallographic data for [(OMepyNO)AlMe2]AlMe3 (2b): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature (K) 
a (Å) 
b (Å) 
c (Å) 
𝛼𝛼 (deg) 
𝛽𝛽 (deg) 
𝛾𝛾 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 
 

C15H30Al2N2O2   
324.37 
P 
Triclinic 
100 
8.4691(3) 
9.7942(3) 
11.9320(3) 
94.260(2) 
92.061(2) 
103.734(3) 
957.31(5) 
2 
1.053 
1.125 
0.157 
R1=0.0303  ;  wR2=0.0793 
R1=0.0344  ;  wR2=0.0820 
0.18 x 0.15 x 0.07 
0.25/-0.22eÅ-3 
23568 
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Table S4: Selected solid-state bond distances (Å) and angles (deg) for complex 
[(OMepyNO)AlMe2]AlMe3 (2b) 
 
 Bond Distances (Å) 

Al(1) – O(2) 1.8595(9) 

Al(1) – N(1) 1.9586(11) 

Al(2) – O(2) 1.9327(9) 

Al(1) – CMe 
 

1.9436(15) 
1.9528(14) 
avg=1.9482(10) 

Al(2) – CMe  1.9802(14) 
1.9721(15) 
1.9807(14) 
avg=1.9777(8) 

N(2) – O(2) 1.4680(13) 

N(2) – Ctert-butyl 1.5170(16) 
 

Al  – O (avg) 1.8961(6) 

  
 

 

 Bond Angles (deg) 

N(1) – Al(1) – CMe 105.35(6) 
114.79(6) 

N(1) – Al(1) – O(2) 82.70(4) 

O(2) – Al(1) – CMe 
 
CMe – Al(1) – CMe 

116.34(5) 
117.43(5) 
115.12(6) 

O(2) – Al(2) – CMe 
 
 
 
CMe – Al(2) – CMe 
 

103.88(5) 
112.91(5) 
100.13(5) 
 
110.47(6) 
118.68(6) 
110.23(6) 

N(2) – O(2) – Al(2) 114.46(7) 

Al(1) – O(2) – Al(2) 119.81(5) 
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X-Ray Structure Determination and Refinement Parameters of 
[(pyNO)2Al][(pyNO)2AlCl]+ (3a) 
 
 
3a: From 1a + InCl3:  
 
X-ray diffraction data were collected on a Bruker D8QUEST50 CMOS area detector, 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at 100 K.  Rotation 
frames were integrated using SAINT44, producing a listing of unaveraged F2 and σ(F2) 
values. The intensity data were corrected for Lorentz and polarization effects and for 
absorption using SADABS51 (minimum and maximum transmission 0.6808 and 0.7456), 
and the structures were solved by direct methods (SHELXT)49 and refined by full-matrix 
least squares based on F2 using SHELXL-2018.46 All non-hydrogen atoms were refined 
anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0418 and wR2=0.0954 for 9030 observed reflections for 
which F > 4σ(F) and R1=0.0567 and wR2=0.1026 and GOF =1.055 for all 10997 unique, 
non-zero reflections and 603 variables.  

Table S5: Summary of Crystallographic data for 
[(HpyNO)2Al][(HpyNO)2AlCl]InCl3Me/AlCl4 (3a): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C40.17H58.01Al2.33Cl4.33In0.67N8O4 
1010.28 
P21/n 
Monoclinic 
100 
20.0038(7) 
10.2299(4) 
24.7019(9) 
108.9490(10) 
4781.0(3) 
4 
1.055 
1.404 
0.672 
R1=0.0418 ; wR2=0.0954 
R1=0.0567 ; wR2=0.1026 
0.29 × 0.16 × 0.04 
0.90/-0.70eÅ-3

 
99707 
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Table S6: Selected solid-state bond distances (Å) and angles (deg) for 3a from the 
reaction of 1a with InCl3. Al(1) – O(1) bond is excluded as outlier in in the average 
calculations. 

 

 Bond Distances (Å) 

Al(1) – O(1) 1.7976(17) 

Al(1) – O(2) 1.9175(16) 

Al(1) – O(3) 1.9466(16) 

Al(1) – O(4) 1.9270(16) 

Al(1) – N(1) 1.9510(19) 

Al(1) – N(3) 1.996(2) 

Al(2) – O(2) 1.9622(15) 

Al(2) – O(3) 1.8956(16) 

Al(2) – O(4) 1.9291(16) 

Al(2) – N(5) 1.966(2) 

Al(2) – N(7) 1.982(2) 

Al(2) – Cl(1) 2.2026(8) 

N(2) – O(1) 1.401(2) 

N(4) – O(2) 1.423(2) 

N(6) – O(3) 1.441(2) 

N(8) – O(4) 1.438(2) 

Al(1) – O (ave) 
Al(2) – O (ave) 
Al(1) – N (ave) 
Al(2) – N (ave) 
N – O (ave) 

1.9304(9) 
1.9289(9) 
1.974(1) 
1.974(1) 
1.426(1) 

 

 

 Bond Angles 
(deg) 

O(1) – Al(1) – O(2) 174.23(8) 

O(1) – Al(1) – O(3) 97.22(7) 

O(1) – Al(1) – O(4) 106.93(8) 

O(1) – Al(1) – N(1) 83.83(8) 

O(1) – Al(1) – N(3) 97.30(8) 

O(2) – Al(1) – O(3) 79.01(7) 

O(2) – Al(1) – O(4) 76.56(7) 

O(2) – Al(1) – N(1) 100.39(8) 

O(2) – Al(1) – N(3) 78.52(7) 

O(3) – Al(1) – N(1) 173.68(8) 

O(3) – Al(1) – N(3) 91.16(7) 

O(4) – Al(1) – O(3) 76.09(7) 

O(4) – Al(1) – N(1) 97.63(7) 

O(4) – Al(1) – N(3) 153.73(8) 

N(1) – Al(1) – N(3) 94.89(8) 

O(2) – Al(2) – Cl(1) 99.49(5) 

O(2) – Al(2) – N(5) 157.36(8) 

O(2) – Al(2) – N(7) 94.01(7) 

O(3) – Al(2) – Cl(1) 105.17(6) 

O(3) – Al(2) – O(2) 79.15(7) 

O(3) – Al(2) – O(4) 77.24(7) 
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O(3) – Al(2) – N(5) 80.91(7) 

O(3) – Al(2) – N(7) 156.48(8) 

O(4) – Al(2) – Cl(1) 174.04(6) 

O(4) – Al(2) – O(2) 75.47(6) 

O(4) – Al(2) – N(5) 89.77(7) 

O(4) – Al(2) – N(7) 79.26(8) 

N(5) – Al(2) – Cl(1) 95.98(6) 

N(5) – Al(2) – N(7) 100.09(8) 

N(7) – Al(2) – Cl(1) 95.98(6) 
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3a: From 1a + AlCl3: 
 
X-ray diffraction data were collected on a Bruker D8QUEST50 CMOS area detector, 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at 100 K.  Rotation 
frames were integrated using SAINT44, producing a listing of unaveraged F2 and σ(F2) 
values. The intensity data were corrected for Lorentz and polarization effects and for 
absorption using SADABS51 (minimum and maximum transmission 0.6836 and 0.7456), 
and the structures were solved by direct methods (SHELXT)49 and refined by full-matrix 
least squares based on F2 using SHELXL-2018.46 All non-hydrogen atoms were refined 
anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0436 and wR2=0.1010 for 8763 observed reflections for 
which F > 4σ(F) and R1=0.0598 and wR2=0.1101 and GOF =1.039 for all 10871 unique, 
non-zero reflections and 584 variables. 
 

 
Figure S1: Solid state crystal structure of complex 3a, [(HpyNO)2Al][(HpyNO)2AlCl]+, 
from the reaction of 1a with AlCl3. Ellipsoids are projected at 30% probability. The 
counterion, toluene, and hydrogen atoms have been omitted for clarity. For clarity, 
organic ligands are displayed in a wireframe model. R1=0.0436. 
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Table S7: Summary of Crystallographic data for [(HpyNO)2Al][(HpyNO)2AlCl]AlCl4

 

(3a): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C39.5H56Al3Cl5N8O4 
965.11 
P21/n 
Monoclinic 
100 
19.9182(6) 
10.2501(3) 
24.2501(3) 
109.3560(10) 
4721.0(3) 
4 
1.039 
1.358 
0.411 
R1=0.0436 ; wR2=0.1010 
R1=0.0598 ; wR2=0.1101 
0.31 × 0.19 × 0.09 
0.48/-0.74eÅ-3

 
82755 

 
 
Table S8: Selected solid-state bond distances (Å) and angles (deg) for 3a from the 
reaction of 1a with AlCl3.  

 

 Bond Distances (Å) 

Al(1) – O(1) 1.7981(15) 

Al(1) – O(2) 1.9199(14) 

Al(1) – O(3) 1.9468(14) 

Al(1) – O(4) 1.9247(14) 

Al(1) – N(1) 1.9489(17) 

Al(1) – N(3) 1.9986(18) 

Al(2) – O(2) 1.9693(14) 

 

 Bond Angles 
(deg) 

O(1) – Al(1) – O(2) 173.75(7) 

O(1) – Al(1) – O(3) 96.88(6) 

O(1) – Al(1) – O(4) 106.82(7) 

O(1) – Al(1) – N(1) 83.92(7) 

O(1) – Al(1) – N(3) 97.03(7) 

O(2) – Al(1) – O(3) 78.85(6) 
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Al(2) – O(3) 1.8914(14) 

Al(2) – O(4) 1.9265(14) 

Al(2) – N(5) 1.9718(18) 

Al(2) – N(7) 1.9808(17) 

Al(2) – Cl(1) 2.2014(7) 

O(1) – N(2) 1.395(2) 

O(2) – N(4) 1.421(2) 

O(3) – N(6) 1.440(2) 

O(4) – N(8) 1.433(2) 

 
Al(1) – O (avg) 
Al(2) – O (avg) 
Al(1) – N (avg) 
Al(2) – N (avg) 
N – O (avg) 

 
1.9305(8) 
1.9291(8) 
1.9738(12) 
1.9763(12) 
1.422(1) 

 

O(2) – Al(1) – O(4) 76.76(6) 

O(2) – Al(1) – N(1) 100.81(7) 

O(2) – Al(1) – N(3) 78.57(6) 

O(3) – Al(1) – N(1) 173.88(7) 

O(3) – Al(1) – N(3) 90.85(7) 

O(3) – Al(1) – O(4) 76.09(6) 

O(4) – Al(1) – N(1) 97.86(7) 

O(4) – Al(1) – N(3) 153.87(7) 

N(1) – Al(1) – N(3) 95.08(7) 

O(2) – Al(2) – Cl(1) 99.41(5) 

O(2) – Al(2) – N(5) 157.18(7) 

O(2) – Al(2) – N(7) 94.06(6) 

O(3) – Al(2) – Cl(1) 105.30(5) 

O(3) – Al(2) – O(2) 78.98(6) 

O(3) – Al(2) – O(4) 77.35(6) 

O(3) – Al(2) – N(5) 80.98(7) 

O(3) – Al(2) – N(7) 156.46(7) 

O(4) – Al(2) – Cl(1) 173.90(5) 

O(4) – Al(2) – O(2) 75.56(6) 

O(4) – Al(2) – N(5) 89.53(7) 

O(4) – Al(2) – N(7) 79.14(6) 

N(5) – Al(2) – Cl(1) 96.29(5) 

N(5) – Al(2) – N(7) 100.06(7) 

N(7) – Al(2) – Cl(1) 97.99(5) 
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3a: From 1a + GaCl3: 
 

X-ray diffraction data were collected on a Rigaku XtaLAB Synergy-S diffractometer47 
equipped with a an HPC detector (Dectris Pilatus3 R 200K) and employing confocal 
multilayer optic monochromator Mo-Kα radiation (λ=0.71073Å) at a temperature of 100 
K.  Rotation frames were integrated using CrysAlisPro,47 producing a listing of unaveraged 
F2 and σ(F2) values. The intensity data were corrected for Lorentz and polarization effects 
and for absorption using SCALE3 ABSPACK48 (minimum and maximum transmission 
0.5000 and 1.0000), and the structures were solved by dual space methods (SHELXT)52 
and refined by full-matrix least squares based on F2 using SHELXL46. All non-hydrogen 
atoms were refined anisotropically, whereas hydrogen atoms were refined using a riding 
model. 
Refinement converged to R1=0.0435 and wR2=0.1052 for 9139 observed reflections for 
which F > 4σ(F) and R1=0.0619 and wR2=0.1133 and GOF =1.026 for all 11748 unique, 
non-zero reflections and 566 variables. 

 
Figure S2: Solid state crystal structure of complex 3a, [(HpyNO)2Al][(HpyNO)2AlCl]+, 
from the reaction of 1a with GaCl3. Ellipsoids are projected at 30% probability. The 
counterion, toluene, and hydrogen atoms have been omitted for clarity. For clarity, 
organic ligands are displayed in a wireframe model. R1=0.0435. 
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Table S9: Summary of Crystallographic data for [(HpyNO)2Al][(HpyNO)2AlCl]GaCl4 
(3a): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C39.5H56Al2Cl5GaN8O4 
1007.85 
P21/n 
Monoclinic 
100 
19.9324(7) 
10.2554(4) 
24.5068(9) 
109.212(4) 
4730.6(3) 
4 
1.026 
1.415 
0.949 
R1=0.0435 ; wR2=0.1052 
R1=0.0619 ; wR2=0.1133 
0.32 × 0.12 × 0.02 
1.26/-0.97eÅ-3

 
74088 

 
 
Table S10: Selected solid-state bond distances (Å) and angles (deg) for 3a from the 
reaction of 1a with GaCl3. 

 

 Bond Distances (Å) 

Al(1) – O(1) 1.8029(16) 

Al(1) – O(2) 1.9483(15) 

Al(1) – O(3) 1.9240(15) 

Al(1) – O(4) 1.9193(15) 

Al(1) – N(1) 1.9543(18) 

Al(1) – N(7) 1.9978(19) 

Al(2) – O(2) 1.8942(15) 

Al(2) – O(3) 1.9277(15) 

 

 Bond Angles 
(deg) 

O(1) – Al(1) – O(2) 96.89(7) 

O(1) – Al(1) – O(3) 106.90(7) 

O(1) – Al(1) – O(4) 173.75(8) 

O(1) – Al(1) – N(1) 84.03(7) 

O(1) – Al(1) – N(7) 96.95(8) 

O(2) – Al(1) – O(3) 76.20(6) 

O(2) – Al(1) – N(1) 173.96(7) 
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Al(2) – O(4) 1.9684(15) 

Al(2) – N(3) 1.9723(19) 

Al(2) – N(5) 1.9838(18) 

Al(2) – Cl(1) 2.2025(8) 

O(1) – N(2) 1.394(2) 

O(2) – N(4) 1.444(2) 

O(3) – N(6) 1.435(2) 

O(4) – N(8) 
 
Al(1) – O(avg) 
Al(2) – O(avg) 
Al(1) – N(avg) 
Al(2) – N(avg) 
N – O(avg) 
 

1.425(2) 
 
1.8986(8) 
1.9301(8) 
1.9761(13) 
1.9781(13) 
1.425(1) 

 

 

 

 

 

 
 

O(2) – Al(1) – N(7) 90.72(7) 

O(3) – Al(1) – N(1) 97.81(7) 

O(3) – Al(1) – N(7) 153.87(7) 

O(4) – Al(1) – O(2) 
 
O(4) – Al(1) – O(3) 

78.85(6) 
 
76.68(6) 

O(4) – Al(1) – N(1) 100.69(7) 

O(4) – Al(1) – N(7) 78.66(7) 

N(1) – Al(1) – N(7) 95.09(8) 

O(2) – Al(2) – Cl(1) 105.20(5) 

O(2) – Al(2) – N(5) 156.49(8) 

O(2) – Al(2) – N(3) 80.86(7) 

O(3) – Al(2) – Cl(1) 173.85(6) 

O(3) – Al(2) – O(2) 77.39(6) 

O(3) – Al(2) – O(4) 75.45(6) 

O(3) – Al(2) – N(5) 79.13(7) 

O(3) – Al(2) – N(3) 89.59(7) 

O(4) – Al(2) – Cl(1) 99.42(5) 

O(4) – Al(2) – O(2) 78.95(6) 

O(4) – Al(2) – N(3) 157.04(7) 

O(4) – Al(2) – N(5) 94.07(7) 

N(5) – Al(2) – Cl(1) 98.05(6) 

N(5) – Al(2) – N(3) 100.19(8) 

N(3) – Al(2) – Cl(1) 96.31(6) 
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X-Ray Structure Determination and Refinement Parameters of 
[(OMepyNO)2Al][(OMepyNO)2AlCl]+ (3b) 
 
 
3b: From 1b + InCl3:  
 
X-ray diffraction data were collected on a Rigaku XtaLAB Synergy-S47 HPC area detector 
(Dectris PILATUS3 R 200K), employing confocal multilayer optic-monochromated Mo-
Kα radiation (λ=0.71073Å) at 100 K.  Rotation frames were integrated using 
CrysAlisPro,47 producing a listing of unaveraged F2 and σ(F2) values. The intensity data 
were corrected for Lorentz and polarization effects and for absorption using SCALE3 
ABSPACK48 (minimum and maximum transmission 0.78588 and 1.00000), and the 
structures were solved by direct methods (SHELXT)49 and refined by full-matrix least 
squares based on F2 using SHELXL-2018.46 All non-hydrogen atoms were refined 
anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0284 and wR2=0.0696 for 12115 observed reflections for 
which F > 4σ(F) and R1=0.0367 and wR2=0.0735 and GOF =1.035 for all 14265 unique, 
non-zero reflections and 869 variables.  
 
Table S11: Summary of Crystallographic data for 
[(OMepyNO)2Al][(OMepyNO)2AlCl]InCl3Me (3b): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C55H97AL2Cl4InN8O8 
1290.84 
2/a 
I2/a 
100 
22.3692(3) 
16.4560(2) 
34.3387(5) 
100.599(2) 
1242.7(3) 
8 
1.035 
1.380 
0.637 
R1=0.0284 ; wR2=0.0696 
R1=0.0367 ; wR2=0.0735 
0.27 × 0.19 × 0.06 
0.69/-0.99eÅ-3

 
117193 
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Table S12: Selected solid-state bond distances (Å) and angles (deg) for 3b from the 
reaction of 1b with InCl3. 
 

 Bond Distances (Å) 

Al(1) – O(1) 1.8002(12) 

Al(1) – O(3) 1.9254(11) 

Al(1) – O(5) 1.9480(12) 

Al(1) – O(7) 1.9255(11) 

Al(1) – N(1) 1.9567(15) 

Al(1) – N(3) 2.0006(13) 

Al(2) – O(3) 1.9452(12) 

Al(2) – O(5) 1.8909(11) 

Al(2) – O(7) 1.9246(11) 

Al(2) – N(5) 1.9739(14) 

Al(2) – N(7) 1.9718(13) 

O(1) – N(2) 1.4096(19) 

O(3) – N(4) 1.4367(15) 

O(5) – N(6) 1.4457(15) 

O(7) – N(8) 1.4367(16) 

Al(2) – Cl(1) 2.2135(6) 

Al(1) – O (avg) 
Al(2) – O (avg) 
Al(1) – N (avg) 
Al (2)– N (avg) 
N – O (avg) 
 
 
 
 

1.8998(6) 
1.9202(7) 
1.9787(10) 
1.9729(10) 
1.4322(8) 
 
 

 

 

 Bond Angles (deg) 

O(1) – Al(1) – O(3) 173.73(5) 

O(1) – Al(1) – O(5) 97.46(5) 

O(1) – Al(1) – O(7) 107.52(5) 

O(1) – Al(1) – N(1) 85.52(6) 

O(1) – Al(1) – N(3) 96.41(5) 

O(1) – Al(1) – O(3) 173.73(5) 

O(3) – Al(1) – O(5) 97.46(5) 

O(3) – Al(1) – N(1) 100.60(5) 

O(3) – Al(1) – N(3) 78.55(5) 

O(5) – Al(1) – N(1) 172.61(5) 

O(5) – Al(1) – N(3) 91.23(5) 

O(7) – Al(1) – O(3) 76.83(4) 

O(7) – Al(1) – O(5) 75.76(5) 

O(7) – Al(1) – N(1) 96.94(5) 

O(7) – Al(1) – N(3) 153.90(5) 

N(1) – Al(1) – N(3) 95.95(6) 

O(3) – Al(2) – Cl(1) 100.13(4) 

O(3) – Al(2) – N(5) 158.82(5) 

O(3) – Al(2) – N(7) 94.74(5) 

O(5) – Al(2) – Cl(1) 105.45(4) 

O(5) – Al(2) – O(3) 79.97(5) 

O(5) – Al(2) – O(7) 77.12(5) 
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O(5) – Al(2) – N(5) 80.98(5) 

O(5) – Al(2) – N(7) 156.53(6) 

O(7) – Al(2) – Cl(1) 175.35(4) 

O(7) – Al(2) – O(3) 76.38(5) 

O(7) – Al(2) – N(5) 90.42(5) 

O(7) – Al(2) – N(7) 79.41(5) 

N(5) – Al(2) – Cl(1) 93.79(4) 

N(7) – Al(2) – Cl(1) 97.97(4) 

N(7) – Al(2) – N(5) 99.08(5) 
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3b: From 1b + AlCl3:  
 
X-ray diffraction data were collected on a Rigaku XtaLab Synergy-S difffractometer53, 
equipped with an HPC area detector (Dectris Pilatus3 R 200K), and employing confocal 
multilayer optic-monochromated Mo-Kα radiation (λ=0.71073Å) at 100 K.  Rotation 
frames were integrated using CrysAlisPro,53 producing a listing of unaveraged F2 and σ(F2) 
values. The intensity data were corrected for Lorentz and polarization effects and for 
absorption using SCALE3 ABSPACK48 (minimum and maximum transmission 0.7464 and 
1.0000), and the structures were solved by direct methods (SHELXT)49 and refined by full-
matrix least squares based on F2 using SHELXL-2018.46 All non-hydrogen atoms were 
refined anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0404 and wR2=0.0951 for 19446 observed reflections for 
which F > 4σ(F) and R1=0.0598 and wR2=0.1043 and GOF =1.023 for all 25244 unique, 
non-zero reflections and 1191 variables. 
 

Figure S3: Solid state crystal structure of complex 3b, 
[(OMepyNO)2Al][(OMepyNO)2AlCl]+, from the reaction of 1b with AlCl3. Ellipsoids are 
projected at 30% probability. Counterions and hydrogen atoms have been omitted for 
clarity. For clarity, the organic ligands are displayed in a wireframe model. R1=0.0404. 
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Table S13: Summary of Crystallographic data for 
[(OMepyNO)2Al][(OMepyNO)2AlCl]AlCl3Me/AlCl4 (3b): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C81H123Al6Cl9N16O16 
2057.88 
P21/c 
Monoclinic 
100 
20.2836(4) 
21.9270(5) 
22.9128(5) 
91.451(2) 
10187.4(4) 
4 
1.023 
1.342 
0.366 
R1=0.0404 ; wR2=0.0951 
R1=0.0598 ; wR2=0.1043 
0.18 × 0.12 × 0.1 
0.47/-0.43eÅ-3

 
163542 

 
 
Table S14: Selected solid-state bond distances (Å) and angles (deg) for 3b from the 
reaction of 1b with AlCl3. 

 

 Bond Distances (Å) 

Al(1) – O(1) 1.7952(13) 

Al(1) – O(3) 1.9194(12) 

Al(1) – O(5) 1.9328(12) 

Al(1) – O(7) 1.9508(12) 

Al(1) – N(1) 1.9696(15) 

Al(1) – N(3) 2.0054(14) 

 

 Bond Angles 
(deg) 

O(1) – Al(1) – O(3) 173.37(6) 

O(1) – Al(1) – O(5) 107.26(6) 

O(1) – Al(1) – O(7) 97.03(6) 

O(1) – Al(1) – N(1) 83.18(6) 

O(1) – Al(1) – N(3) 96.29(6) 

O(3) – Al(1) – O(5) 76.99(5) 
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Al(2) – O(3) 1.9405(12) 

Al(2) – O(5) 1.9437(12) 

Al(2) – O(7) 1.8849(12) 

Al(2) – N(5) 1.9904(14) 

Al(2) – N(7) 1.9742(15) 

Al(2) – Cl(1) 2.1924(6) 

O(1) – N(2) 1.4134(18) 

O(3) – N(4) 1.4433(16) 

O(5) – N(6) 1.4305(17) 

O(7) – N(8) 1.4419(18) 

Al(3) – Cl(2) 2.1391(7) 

Al(3) – Cl(3) 2.1474(7) 

Al(3) – Cl(4) 2.1500(7) 

Al(3) – Cl(5) 2.0932(13) 

 
Al(1) – O (avg) 
Al(2) – O (avg) 
Al(1) – N (avg) 
Al(2) – N (avg) 
N – O (avg) 

 
1.8996(6) 
1.9230(7) 
1.9875(10) 
1.9823(10) 
1.4328(7) 

 

O(3) – Al(1) – O(7) 78.94(5) 

O(3) – Al(1) – N(1) 101.59(6) 

O(3) – Al(1) – N(3) 78.63(5) 

O(5) – Al(1) – N(1) 96.36(5) 

O(5) – Al(1) – N(3) 153.99(6) 

O(5) – Al(1) – O(7) 75.54(5) 

O(7) – Al(1) – N(1) 171.61(6) 

O(7) – Al(1) – N(3) 91.02(5) 

N(1) – Al(1) – N(3) 97.29(6) 

O(3) – Al(2) – Cl(1) 94.86(6) 

O(3) – Al(2) – N(5) 157.18(7) 

O(2) – Al(2) – N(7) 89.61(5) 

O(3) – Al(2) – Cl(1) 105.30(5) 

O(3) – Al(2) – O(5) 76.24(5) 

O(3) – Al(2) – O(7) 80.04(5) 

O(3) – Al(2) – N(5) 94.86(6) 

O(3) – Al(2) – N(7) 158.47(6) 

O(5) – Al(2) – Cl(1) 174.05(5) 

O(5) – Al(2) – O(7) 76.80(5) 

O(5) – Al(2) – N(5) 78.42(5) 

O(5) – Al(2) – N(7) 89.61(5) 

N(5) – Al(2) – Cl(1) 98.61(5) 

N(5) – Al(2) – N(7) 98.12(6) 

N(7) – Al(2) – Cl(1) 95.94(4) 
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X-Ray Structure Determination and Refinement Parameters of 
[(HpyNO)2Al][(HpyNO)2AlBr]+ (4a) 
 
X-ray diffraction data were collected on a Rigaku XtaLAB Synergy-S54 HPC area detector 
(HyPix-6000HE), employing confocal multilayer optic-monochromated Cu-Kα radiation 
(λ=1.54184 Å) at a temperature of 100 K. Rotation frames were integrated using 
CrysAlisPro,54 producing a listing of unaveraged F2 and σ(F2) values. The intensity data 
were corrected for Lorentz and polarization effects and for absorption using SCALE3 
ABSPACK48 (minimum and maximum transmission 0.4585 and 1.00000), and the 
structures were solved by direct methods (SHELXT)52 and refined by full-matrix least 
squares based on F2 using SHELXL.46 All non-hydrogen atoms were refined 
anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0480 and wR2=0.1409 for 9474 observed reflections for 
which F > 4σ(F) and R1=0.0497 and wR2=0.1424 and GOF =1.056 for all 9989 unique, 
non-zero reflections and 592 variables.  
 
 

Table S15: Summary of Crystallographic data for 
[(HpyNO)2Al][(HpyNO)2AlCl]GaBr4/GaBr3Me (4a): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C38.37H58.11Al2Br4.63GaN8O4.5 
1197.14 
P21/n 
Monoclinic 
100 
19.95480(10) 
10.32030(2) 
24.9772(2) 
107.8570(10) 
4895.99(7) 
4 
1.056 
1.624 
5.924 
R1=0.0480 ; wR2=0.1409 
R1=0.0497 ; wR2=0.1424 
0.21 × 0.15 × 0.05 
1.91/-2.03eÅ-3

 
79713 
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Table S16: Selected solid-state bond distances (Å) and angles (deg) for 4a from the 
reaction of 1a with GaBr3. 

 

 Bond Distances (Å) 

Al(1) – O(1) 1.795(2) 

Al(1) – O(2) 1.925(2) 

Al(1) – O(3) 1.947(2) 

Al(1) – O(4) 1.929(2) 

Al(1) – N(1) 1.953(3) 

Al(1) – N(3) 1.999(3) 

Al(2) – O(2) 1.963(2) 

Al(2) – O(3) 1.886(2) 

Al(2) – O(4) 1.916(2) 

Al(2) – N(5) 1.965(3) 

Al(2) – N(7) 1.986(3) 

Al(2) – Br(1) 2.3746(9) 

O(1) – N(2) 1.403(4) 

O(2) – N(4) 1.420(3) 

O(3) – N(6) 1.442(3) 

O(4) – N(8) 
 
Al(1) – O(avg) 
Al(2) – O(avg) 
Al(1) – N(avg) 
Al(2) – N(avg) 
N – O(avg) 
 

1.436(3) 
 
1.899(1) 
1.922(1) 
1.976(2) 
1.976(2) 
1.425(2) 

 

 

 

 Bond Angles 
(deg) 

O(1) – Al(1) – O(2) 174.01(2) 

O(1) – Al(1) – O(3) 96.85(11) 

O(1) – Al(1) – O(4) 107.13(12) 

O(1) – Al(1) – N(1) 83.69(12) 

O(1) – Al(1) – N(3) 97.55(13) 

O(2) – Al(1) – O(3) 76.06(9) 

O(2) – Al(1) – N(1) 100.90(11) 

O(2) – Al(1) – N(3) 78.30(11) 

O(3) – Al(1) – N(1) 173.17(11) 

O(3) – Al(1) – N(3) 91.38(11) 

O(4) – Al(1) – O(2) 
 
O(4) – Al(1) – O(3) 

76.28(9) 
 
76.02(9) 

O(4) – Al(1) – N(1) 97.30(11) 

O(4) – Al(1) – N(3) 153.32(11) 

N(1) – Al(1) – N(3) 95.30(11) 

O(2) – Al(2) – Br(1) 99.26(7) 

O(2) – Al(2) – N(5) 158.22(11) 

O(2) – Al(2) – N(7) 99.97(11) 

O(3) – Al(2) – Br(1) 104.22(8) 

O(3) – Al(2) – O(2) 79.60(10) 

O(3) – Al(2) – O(4) 77.77(10) 
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O(3) – Al(2) – N(5) 81.16(11) 

O(3) – Al(2) – N(7) 157.26(12) 

O(4) – Al(2) – Br(1) 174.27(8) 

O(4) – Al(2) – O(2) 75.70(9) 

O(4) – Al(2) – N(7) 79.51(11) 

O(4) – Al(2) – N(5) 90.34(11) 

N(5) – Al(2) – Br(1) 95.27(8) 

N(5) – Al(2) – N(7) 99.90(2) 

N(7) – Al(2) – Br(1) 98.32(9) 
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X-Ray Structure Determination and Refinement Parameters of [(OMepyNO)AlCl2]2 
(1b’) 
 
X-ray diffraction data were collected on a Bruker D8QUEST50 CMOS area detector, 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at 100 K.  Rotation 
frames were integrated using SAINT44, producing a listing of unaveraged F2 and σ(F2) 
values. The intensity data were corrected for Lorentz and polarization effects and for 
absorption using SADABS51 (minimum and maximum transmission 0.6647 and 0.7456), 
and the structures were solved by direct methods (SHELXT)49 and refined by full-matrix 
least squares based on F2 using SHELXL-2018.46 All non-hydrogen atoms were refined 
anisotropically, whereas hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0319 and wR2=0.0663 for 2669 observed reflections for 
which F > 4σ(F) and R1=0.0431 and wR2=0.0704 and GOF =1.054 for all 3170 unique, 
non-zero reflections and 176 variables.  
 
Table S17: Summary of Crystallographic data for [(OMepyNO)AlCl2]2 (1b’): 

Empirical Formula 
FW (g/mol) 
Space Group 
Crystal System 
Temperature(K) 
a (Å) 
b (Å) 
c (Å) 
𝛽𝛽 (deg) 
Volume (Å3) 
Z 
GOF (F2) 
Dcalc (g.cm-3) 
μ (mm-1) 
Final R indexes (I≥2σ(I)) 
Fina R indexes (all data) 
Crystal Size (mm) 
Largest Diffraction Peak/Hole 
Reflections Collected 

C20H30Al2Cl4N4O4 
586.24 
C2/c 
Monoclinic 
100 
16.0734(5) 
11.0781(4) 
16.9825(9) 
114.7830(10) 
2745.4(2) 
4 
1.054 
1.418 
0.528 
R1=0.0319 ; wR2=0.0663 
R2=0.0431 ; wR2=0.0704 
0.21× 0.08 ×0.06 
0.33/-0.23eÅ-3 
17895 
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Table S18: Selected solid-state bond distances (Å) and angles (deg) for 1a’. 
 

 Bond Distances (Å) 

Al – Cl(1) 2.195(5) 

Al  – Cl(1)* 2.076(5) 

Al  – Cl(2) 2.128(4) 

Al  – Cl(2)* 2.213(4) 

Al  – N(1) 1.9840(13) 

Al – O(2) 1.9169(11) 
1.8767(11) 
avg=1.8968(8) 

N(2) – O(2) 1.4460(15) 

Al – Cl (avg) 2.153(2) 

  
 

 

 Bond Angles (deg) 

Cl(1) – Al – Cl(2) 109.76(13) 

Cl(1)* – Al – Cl(2)* 111.08(13) 

O(2) – Al – Cl(1) 116.79(12) 
107.47(12) 
avg=112.19(8) 
 

O(2) – Al – Cl(2) 133.44(8) 
96.95(9) 
avg=115.19(5) 

O(2) – Al – Cl(1)* 125.10(11) 
109.04(13) 
avg=117.07(9) 

O(2) – Al – Cl(2)* 123.81(8) 
91.92(9) 
avg=107.87(5) 

N(1)  – Al  – O(2) 78.96(5) 
146.82(5) 
avg=112.89(4) 

N(1) – Al – Cl(1) 98.23(13) 
 

N(1) – Al – Cl(1)* 99.44(14) 

N(1) – Al – Cl(2) 93.63(11) 

N(1) – Al – Cl(2)* 93.42(10) 

O(2) – Al – O(2) 70.94(5) 
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Figure S4: 1H NMR spectrum of the OMepyNOH ligand in C6D6.  
 
 

 
Figure S5: 13C NMR spectrum of the OMepyNOH ligand in C6D6.  
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Figure S6: 1H NMR spectrum of [(OMepyNO)AlMe2]2 (1b) in C6D6.  
 
 

 
Figure S7: 13C NMR spectrum of [(OMepyNO)AlMe2]2 (1b) in C6D6. 
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Figure S8: 1H NMR spectrum of [(OMepyNO)AlMe2]AlMe3 (2b) in C6D6.  
 
 

 
Figure S9: 13C NMR spectrum of [(OMepyNO)AlMe2]AlMe3 (2b) in C6D6.  
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Figure S12: 13C NMR spectrum of 3a in CD3CN. 3a is obtained from the reaction of 1a 
with GaCl3. 
 
 

 
Figure S13: 1H NMR spectrum of 3a in CD3CN. 3a is obtained from the reaction of 1a 
with InCl3. 
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Figure S14: 1H NMR spectrum of 3a in CD3CN. 3a is obtained from the reaction of 1a 
with AlCl3. 
 
 

 
Figure S15: 1H NMR spectrum of 3b in CD3CN. 3b is obtained from the reaction of 1b 
with GaCl3. 
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Figure S16: Aromatic region in the 1H NMR spectrum of 3b in CD3CN. 3b is obtained 
from the reaction of 1b with GaCl3. 
 

 
Figure S17: 13C NMR spectrum of 3b in CD3CN. 3b is obtained from the reaction of 1b 
with GaCl3. 
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Figure S18: 1H NMR spectrum of 3b in CD3CN. 3b is obtained from the reaction of 1b 
with AlCl3. 
 

Figure S19: 1H NMR spectrum of 4a in CD3CN. 4a is obtained from the reaction of 1a 
with GaBr3. 
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Figure S20: Aromatic region in the 1H NMR spectrum of 4a in CD3CN. 4a is obtained 
from the reaction of 1a with GaBr3. 
 
 

 
Figure S21: 13H NMR spectrum of 4a in CD3CN. 4a is obtained from the reaction of 1a 
with GaBr3. 
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Figure S22: 1H NMR spectrum of 5a in CD3CN. 5a is obtained from the reaction of 1a 
with AlI3. 
 
 

 
Figure S23: Aromatic region in the 1H NMR spectrum of 5a in CD3CN. 5a is obtained 
from the reaction of 5a with AlI3. 
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Table S19: Selected bond distances (Å) of complex 1a, over three oxidation states, 
obtained from DFT calculations. DFT geometry optimizations were computed using the 
B3LYP functional and 6-31G(d) basis set. Complex 1a was reported by Herb et al. The 
following geometry optimizations were conducted for this thesis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 +1 +2

N – O 1.4263 1.4432 1.3286
1.4263 1.3011 1.3202

Al – N 2.1449 2.1983 2.0096
2.1450 2.0012 2.0005

Al – O 2.0430 2.0311 2.8294
1.9385 1.9859 1.9214
1.9384 1.8941 1.9179
2.0430 3.1333 2.9498

1a

DFT
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