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Abstract 
 

This thesis focuses on the electronic and chemical noninnocence of diiminepyridine (DIP) 

ligand in its group IV metals complexes. 

A series of mono- and dialkyl titanium complexes of DIP were synthesized and the oxidation 

state of the metal and the ligand were characterized by a combination of techniques such as 

nuclear magnetic resonance spectroscopy, X-ray diffraction, X-ray photoelectron 

spectroscopy and density functional theory. It was elucidated that the unpaired electron in 

(DIP)TiCl3 is mostly residing in the metal d orbital giving a TiIII. Interestingly, one electron 

reduction of (DIP)TiCl3 to (DIP)TiCl2 led into oxidation of TiIII to TiIV, subsequently 

reduction of DIP0 to DIP2-. The two dialkyl titanium complexes (DIP)TiMe2 and 

(DIP)Ti(CH2SiMe3)2 was shown to be stable at elevated temperature. Variable temperature 

(VT) 1H-NMR of the former exhibited a thermal population of the triplet state while the latter 

displayed a normal dynamic behavior. 

The formation of (DIP)ZrCl4 was accompanied by a yellow precipitate, but (DIP)HfCl4 

stayed in solution. This difference in solubility could very well be due to formation of six-

coordinate ionic [(DIP)HfCl3]+Cl-. In contrast to (DIP)TiCl3, attempts to manufacture 

(DIP)MCl3 (M: Zr, Hf) were unsuccessful. Although, (DIP)ZrCl2 could also be made in 

coordinating solvents, formation of (DIP)HfCl2 proved to be problematic and it was only 

obtained in toluene. Similar to titanium complexes, all reduced zirconium and hafnium 

complexes contain dianionic chelates. The solid-state structure of (DIP)ZrCl2 was shown to 

be a dimer whereas its hafnium counterpart was a monomer. This difference was obvious in 

their VT-NMR spectra. While broadened, their spectra exhibited a pattern similar to their 

titanium counterpart at room temperature. Upon cooling the samples, the signals of 

(DIP)HfCl2 became sharper and splitting emerged while the signals of (DIP)ZrCl2 merged 
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into the baseline and new peaks indicating a new complex with left-right asymmetry 

appeared. 

Attempts to use the reducing power of the two electrons which reside in the p system of the 

ligand in (DIP)TiCl2 failed. However, its zirconium and hafnium counterparts broke C-Cl 

bond in CH2Cl2 instantly. In one example, (DIP)TiMe2 reacted with PhHN-NHPh and 

furnished a titanium imido/amido complex. 

Furthermore, a unique H-shift isomerization of the ligand was observed in several cases. 

Alkylation of (DIP)MCl2 (M: Ti, Hf) using LiR or RMgX in excess resulted in formation of 

(DIP+H/-H)MR2, in which one H atom has been transferred from one imine methyl to the 

other imine carbon. (DIP)ZrCl2 underwent the same isomerization on standing whereas it was 

not observed in (DIP)TiCl2.  

When the DIP ligand with various sizes of N-aryl fragments was reacted with MBn4 (M: Zr, 

Hf), two benzyl groups migrated to the imine carbons which formed a mixture of Cs and C2 

isomers. In contradiction of the previously reported alkylated DIP ligands, heating either of 

the pure isomers led into Cs/C2 isomerization rather than transfer of benzyl groups to the 

pyridine ring. In one example, reaction of a C2 isomer of zirconium with TEMPO led into 

replacement of one benzyl group with a TEMPO molecule. Further heating did not result 

isomerization. 
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1 Introduction 
 
 
1.1 Noninnocent Ligands 
 
Every element in the periodic table has its own characteristic chemistry. Within the chemistry 

of a single element, different oxidation states are associated with different types of reactions 

and different physical (spectroscopic, magnetic, etc) properties. Thus, the metal oxidation 

state is an important descriptor of a coordination complex or organometallic compound. In 

Werner type complexes, assignment of the formal oxidation state is straightforward. Ligands 

are classified as neutral (L type) and negatively charged (X type), and by considering the 

overall charge of the complex, the oxidation state of the metal center can easily be assigned. 

For example, in Figure 1.1 the oxidation states of Co and Fe are +3 and +2, respectively. 

 
 

 
 

Figure 1.1. Unambiguous oxidation states with innocent ligands 

 

 
There are ligands which introduce uncertainty in the oxidation state assignment. In 1966, 

Jorgensen classified ligands as “innocent” and “noninnocent” (redox active).1 Noninnocent 
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ligands have low-lying empty orbitals that can accept electrons, or high-lying occupied 

orbitals that can donate electrons. A few typical noninnocent ligands are shown in Figure 1.2.  

 

 

 
 

Figure 1.2. Examples of noninnocent ligands 

  

 
It should be noted that noninnocence is also a question of degree: relative to a very strongly 

reducing metal many ligands show "noninnocent" behaviour. The term "noninnocence" is 

more general than "redox-active" and also covers ligands that undergo chemical modification 

while bound to a metal ("chemical noninnocence"). 

The formal oxidation state of the metal in complexes with noninnocent ligands can be 

deceptive, since it can differ from the spectroscopic ("real") oxidation state. Below, the 

formal oxidation state of Ni is 0 but the "real" oxidation state, assigned by various 

characterization techniques, is closer to +2 (Figure 1.3).2 
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Figure 1.3. Ambiguous oxidation state involving a noninnocent ligand 

 
 

1.2 Types of noninnocent behaviour 
 
In catalysis, noninnocent ligands actively participate in redox processes. This is in contrast to 

the classical behavior of a transition metal complex in which redox reactions occurs at the 

metal and the ligands play spectator roles. Redox-active ligands play their active roles by 

accepting/delivering electrons to the metal center or contributing directly in substrate bond 

making/breaking in a metal-ligand cooperative fashion. The former could happen in different 

ways. In the example shown in Scheme 1.1, the noninnocent ligand at Ir undergoes oxidation, 

thus increasing the Lewis acidity of the iridium center and facilitating successive reactions.3 

 
 

Scheme 1.1. Promotion of the Lewis acidity of the metal center by a noninnocent ligand 
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The “electron-reservoir” feature of the noninnocent ligand allows the metal to send electrons 

to the ligand or to accept electrons from it. This allows the complex as a whole to undergo 

redox type reactions while keeping the metal center in its preferred oxidation state (Scheme 

1.2).4 

 

 
 

Scheme 1.2. The role of a noninnocent ligand as an electron source 

 
 

Apart from or in addition to being redox-active, ligands can also be "chemically noninnocent" 

as mentioned above. Formation of a ligand-radical in a redox process could lead to substrate 

activation in a metal-ligand cooperative manner (Scheme 1.3).5 

 

 
 

 

Scheme 1.3. Using redox active Tyrosine radical in oxidation of alcohols 
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On occasion, a substrate in a chemical process gets activated and then acts as a noninnocent 

ligand (Scheme 1.4).6  

 

 
 

Scheme 1.4. Formation of nitrene as a noninnocent ligand 

 
 
Dissociation of the Et2O molecule followed by coordination of the organic azide is 

accompanied by liberation of one molecule of dinitrogen. The substrate functions as a 

noninnocent ligand while keeping the iron in its preferred oxidation state and further 

reactivity happens at the R-N radical moiety. 

 
1.3 Diiminopyridine ligands  
 
1.3.1 Background 
 
This thesis is focused on the chemistry of diiminopyridine (DIP) ligands bound to group IV 

transition metals. In particular, we are interested in DIP ligands bearing 2,6-disubstituted aryl 

groups at the imine nitrogens (RDIP ligands) (Figure 1.4). 

 

 
 

Figure 1.4. DIP ligand with 2,6-disubstituted aryl groups 
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The DIP ligand has a conjugated system of π bonds which is responsible for its noninnocent 

character.  

In the solid state, the free ligand has both imine arms coplanar with the central pyridine ring7 

and pointing away from it, thus minimizing the steric hindrance of the bulky aryl rings 

(Figure 1.5a). This is unlike the conformation in complexes with transition metals, where 

imine arms are located parallel to each other to form a tridentate ligand (Figure 1.5b). 

 

 
 

 

Figure 1.5. Orientation of imine arms a) in the free DIP ligand and b) in a transition  

metal complex 

 

The highest possible symmetry of a DIP ligand in a complex is C2v. Assuming the metal 

center introduces no further asymmetry, this occurs when the two phenyl rings at the imine 

nitrogens have two identical substituents at their 2,6-positions. Different substituents at these 

positions may further reduce the symmetry to C2, Cs and C1 (Figure 1.6). 
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Figure 1.6. Different symmetries deriving from different substitution patterns at the  

aryl groups 

 
NMR resonances due to the X/Y substituents "report" on the symmetry of the complex. In 

complexes of EtDIP (a ligand often used in this work) the methylene protons are inequivalent 

(diastereotopic) due to hindered rotation around the N-Ar bonds. 

While the DIP ligand normally acts as terdentate ligand (N1-N2-N3 coordination), bidentate 

(N1-N2) and N1-N2-C coordination modes have on occasion been observed with some main 
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Figure 1.7. DIP binding modes through N atoms 

 
 
In 1956, Stoufer reported the first series of 2,6-dialdiminepyridinedihydrazone complexes of 

Fe+2, Co+2 and Ni+2. Shortly after, variations of the ligand with different small groups at the 

imine nitrogens were synthesized. It was reported that such ligands give bis chelate 

complexes (Figure 1.8). 

 

 
 

Figure 1.8. Ionic bis(2,6-dialdiminopyridine)Fe+2 complex 
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complexes were found to be active in olefin polymerization.10 After that, many chemists have 

conducted research on DIP complexes in combination with main group elements, transition 

metals and lanthanides, and have discovered not only surprising chemistry but also 

interesting applications.11 

 
1.3.2 Synthesis 
 
DIP ligands can easily be synthesized based on a classical condensation reaction where 2,6-

diacetyl pyridine reacts with excess alkyl or aryl amine and a catalytic amount of acid, e.g. 

using PTSA in refluxing toluene (Scheme 1.5), or formic acid in refluxing methanol.10a 

 

 
 

Scheme 1.5. Typical DIP synthetic procedure 

 

 
Cámpora and co-workers have reported modification of the DIP ligand at pyridine C4 by 

addition/re-aromatization using MnR2 complexes (Scheme 1.6).12  
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Scheme 1.6. Substitution at the pyridine 4-position 
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Scheme 1.7. Substitutions at the pyridine ring 

 
 
 

 
 

Scheme 1.8. Synthetic methods for more variations of the ligand 
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To avoid probable dehydrogenation of methyl imines in chemical reactions, or to have 

bulkier substituents at imine groups, one can use ligands having phenyl or alkoxy groups 

instead; their synthesis is shown in Scheme 1.9 and Scheme 1.10, respectively.13 

 

 
 

Scheme 1.9. Synthesis of DIP ligand bearing C-aryl imine arms 

 
 
 

 
 

Scheme 1.10. Synthesis of DIP ligand bearing C-alkoxy imine arms 
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It should be noted that DIP ligands with bulky t-butyl groups at the imine side arms have 

been made. Since the ligands become too bulky they will not go on a metal.14 

 
1.3.3 Steric properties 
 
The RDIP ligands we focus on are rather bulky due to the presence of 2,6-disubstitued aryl 

groups at the imine nitrogens. They take up far more space, in particular also above and 

below the DIP NNN plane, than most other 6e-donors would. 

As a consequence, the metal in DIP complexes is usually unable to fulfill the EAN rule, 

which makes complexes of these ligands reactive. On the other hand, the aryl groups also 

offer some steric shielding, protecting the metal against attack from above and below the 

MNNN plane. Thus, it is not surprising that tuning of the size of these 2,6-substituents is 

often the key to optimizing performance (Figure 1.9). 

 
 

 
 

Figure 1.9. Sterics of the imine R¢ groups and the bulky phenyl rings 
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example, replacing a diketimino pyridine with a dialdimino pyridine ligand in a Ni complex 

results in geometry modification of the complex (Figure 1.10).15 

 
 

 
 

 
Dihedral angles (º): ~ 86                                                            ~ 60 
N-Ni-Cl (º):             ~ 179                                                          ~ 162 

 

Figure 1.10. Influence of DIP sterics on the complex geometry 

 
 
Steric factors seem to control the stoichiometry of formation of DIP complexes. For "small" 

ligands (alkyl or 2,6-unsubstituted aryl at N) one usually obtains bis(ligand) complexes 

(DIP)2M in a reduction reaction. Whenever the N-aryl groups are 2,6-disubstituted with 

anything larger than F, complexation seems to stop at mono(ligand) complexes (DIP)MXn 

(Figure 1.11).16 
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Figure 1.11. (DIP)M and (DIP)2M complexes 

 
 
1.3.4  Electronic factors 
 
The DIP pyridine ring and its two imine side arms form a highly π-conjugated system which 

can accommodate up to three electrons in its two low-lying π* orbitals in redox reactions (the 

N-aryl groups hardly participate because they are perpendicular to the NNN plane). Electron 

transfer from metal to ligand results in the population of the ligand π* orbitals which leads to 

elongation of C=N and contraction of Cimine-Cpy (Figure 1.12). 

 

 
 

Figure 1.12. Bond elongation and contraction in the DIP ligand upon accepting electrons 
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Table 1.1. DIP bond lengths modifications 

 av C=N av Cimine-Cpy 

0e transfer 1.280 1.493 

1e transfer 1.330 1.437 

2e transfer 1.337 1.425 

 
 
This noninnocent behavior of the DIP ligand can stabilize the metal center in an unusually 

low formal oxidation state, leading to ambiguity about the "real" oxidation states of both the 

DIP ligand and the metal center. For example, successive reduction of (iPrDIP)FeCl2 resulted 

in formation of a diamagnetic formally low-valent iron0 dinitrogen complex (Scheme 1.11).18 
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Scheme 1.11. Electron reservoir feature of DIP in stabilization of iron complexes 
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formation of an Fe+1 complex. It should be noted that the dianionic chelate in (DIP2-)Fe+2(N2) 

undergoes ligand oxidation instead of oxidation of the iron center. 

Substitutions at N-aryl moieties, located perpendicular to the plane of the ligand in a 

complex, would not make prominent changes in electronic structure of the DIP ligands. But 

any electron withdrawing or electron donating groups in the plane of the DIP ligand, as 

shown in Figure 1.13, alters the donating and accepting properties of the chelate 

considerably. 

 
 

 
 

Figure 1.13. Positions which could influence on the electronics of the ligand 

 
 
Chirik and co-workers have studied the effect of electron withdrawing (EWG) and electron 

donating groups (EDG) at the pyridine 4-position of the DIP ligand (Figure 1.14).19 

 

 
 

Figure 1.14. Complexes with EWG and EDG on the DIP ligand 
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In the free ligands, as well as the iron complexes, 4-CF3-iPrDIP ligand has the lowest 

reduction potential. In contrast, as expected, 4-NMe2-iPrDIP is the most challenging to reduce. 

 
 

1.4 DIP: Ligand-centered reactions 
 
In addition to accepting electrons in redox processes, as demonstrated above (see Scheme 

1.11), the DIP ligand participates in other types of chemical reactions. These reactions 

usually lead to interruption of the conjugated π system of the ligand either at the pyridine ring 

or the imine side arms. One consequence is that the modified ligand is less effective at 

accepting further electrons. The most common types of DIP ligand-centered reactions are: 

1) Dehydrogenation of a methylimine side arm 

The imine methyl groups appear to be moderately acidic, at least in complexes containing 

"innocent" DIP ligands, so dehydrogenation (or sometimes loss of a hydrogen atom?) is a 

relatively common reaction (Scheme 1.12). 

 

 
 

Scheme 1.12. DIP ligand dehydrogenation 

 
 
It should be noted that the singly dehydrogenated DIP ligand can still accommodate two 

electrons in its iminopyridine moiety. 
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Scheme 1.13. DIP ligand dimerization 

 
 
This phenomenon "revives" the π system of the ligand and allows the newly formed complex 

to undergo further redox chemistry. 

 

3) Transfer of an alkyl or hydride to a C or N atom of the ligand backbone.20 

Alkylated DIP ligands have often been observed in the reaction of alkylating agents (LiR, 

MgR2, AlR3) with (DIP)M halide complexes. The first step is likely to be substitution of 

halide by alkyl. It is believed that the accepting feature of the ligand facilitates the M-C bond 

cleavage (homolysis), producing an organic radical. Depending on factors which have not 

been fully elucidated, this radical can be released into the solvent (leading to overall 1e 

reduction of the complex),21 or be transferred to a C or N atom of the DIP backbone. The 

location to which the alkyl group transfers also varies (Scheme 1.14). 
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M-C bond homolysis has mostly been observed for transition metals but the alkyl migration 

happens for both main group and transition metals. The destination of the transferred alkyl is 

highly dependent to the type of alkyl, the metal center and the steric properties of the ligand. 

Alkyl migration in the reaction of MnR2 (R = allyl, benzyl, CH2CMe2Ph, CH2SiMe3) with 

DIP ligands has been exploited in a one-pot selective and direct alkylation of position 4 of the 

pyridine ring (see Scheme 1.6). 

Diorganozinc compounds (ZnR2, R = benzyl or allyl) react with DIP ligands to form 4-benzyl 

or 4-allyl 1,4-dihydropyridinate complexes.22 In contrast to Mn complexes, no stepwise alkyl 

migration can be observed by NMR monitoring of reactions of  the ZnR2 fragments with DIP 

and the final products do not tend to undergo aromatization. Hence, the dihydropyridinato 

complexes are the most thermodynamically stable in case of zinc. Unexpectedly, when R = 

CH2SiMe3 or CH2CMe2Ph the expected intermediate complex [(DIP)ZnR2] does not form 

(Scheme 1.15). 

 
 

Scheme 1.15. Treatment of ZnR2 with DIP ligand 
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Figure 1.15. DIP ligand dimerization 

 
 
1.5 DIP complexes of metal halides 
 
Almost all variations of DIP ligand have been combined with first-row transition metal 

halides to form relevant complexes. For bulky DIP variations (2,6-disubstituted aryl at N), 

they are easily synthesized using a 1:1 ratio of the metal halide and the DIP ligand in a range 

of coordinating and non-coordinating solvents such as THF, acetonitrile, acetone, toluene and 

n-butanol at room temperature (Scheme 1.16).  

 

 

 
 

Scheme 1.16. Reaction of MXn with DIP 
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Table 1.2. Synthesized DIP complexes of main group and transition metals 

Entry MXn/solvent Entry MXn/solvent 
1 (THF)3ScCl3/toluene18a 11 CoCl2/THF24 
2 (THF)3TiCl3/THF17 12 NiCl2 /CH3CN or THF25 
3 (THF)3VCl3/THF26 13 PdCl2/EtOH27 
4 (THF)2CrCl2/toluene28 14 CuCl2/MeOH29 
5 (THF)3CrCl3/acetone13a 15 ZnCl2/THF30 
6 (THF)3MoCl3/toluene31 16 CdCl2. 2.5 H2O/ CH3CN32 
7 (THF)2MnCl2/toluene33 17 HgCl2/CH3CN34 
8 FeCl2/n-butanol35 18 SnBr2/toluene-hexane36 
9 GaI3/toluene37 19 GeCl2/DCM38 

10 RuCl3/(EtOH:H2O)39 20 Re(CO)5Cl/toluene40 
 
 

1.6 Stabilization of low-valent metals 
 
In the late 90’s, Gibson and Brookhart independently discovered that DIP complexes of Co+2 

and Fe+2 are very active in olefin oligomerization and polymerization.10 This discovery 

sparked detailed research in DIP properties and elucidated unexpected facts about their 

reactivity and their functions in various fields. 

Low-valent DIP complexes of primarily first-row transition metals (V,41 Cr,28 Mn,42 Co,11a 

Fe,18a Ni,15c, 43 Cu44), but also heavier metals (Mo45) and main group metals (Al,46 Ge38) have 

been synthesized and their electronic structures have been studied experimentally and 

computationally (Figure 1.16).  
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Figure 1.16. A few examples of stabilization by DIP of low-valent metals 
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Usually, alkylation of metal halide complexes of DIP is accompanied by reduction of the 

ligand. It is proposed that the noninnocent character of the ligand weakens the freshly formed 

M-C bond by accepting one electron involved in the bond. This leads to easy M-C bond 

cleavage and release of the alkyl group, most likely as a radical, into the solution (Scheme 

1.17).11c 

 

 
 

Scheme 1.17. Alkylation/reduction of (DIP)CoCl2 
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Figure 1.17. A few representative DIP metal alkyl complexes 

 
 

They have been used in reactions such as hydrogenation,47 cyclization11d and C-C 

coupling.11c 
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Figure 1.18. Electronic structures of the low valent DIP complexes 
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to a monoanionic DIP- (SDIP = ½). Similarly, in the two-electron reduced complex 

(iPrDIP)Fe(N2)2, an intermediate spin Fe+2 (d6, SFe = 1), antiferromagnetically couples to a 

triplet diradical DIP2- (SDIP = 1). As a result, the complex appears to be diamagnetic. More 

examples are shown in Figure 1.18. 
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In another example in Figure 1.19, two-electron reduction of (iPrPhDIP)AlCl3 gives 

(iPrPhDIP)AlCl in which the ligand is dianionic, DIP-2. 

 

 
 

Figure 1.19. Electronic structure of (DIP)AlX 

 
 

In this complex, the Al center is +3 (SAl = 0) and the two electrons in the ligand p* orbitals 

are antiferromagnetically coupled, (SDIP = 0).46b 

 
 
1.8 Applications of DIP complexes 
 
Low-valent first row transition metal complexes stabilized by DIP ligands have found a 

number of applications. This is mainly because of the electron reservoir properties of the DIP 

ligand which enables the ligand to be either a source or a sink for electrons. 

In a study of DIP vanadium complexes,11e (DIP)VCl3 was reduced under an atmosphere of N2 

which resulted in N2 fixation and reduction to a dianionic DIP ligand. The reducing power of 

the electrons residing in the ligand π system was sufficient to break single and double bonds 

in azobenzene, molecular oxygen and S8 (Scheme 1.18). 
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Scheme 1.18. Single and double bond cleavages 

 
 
The two-electron reduced DIP iron dinitrogen complex has been shown to be highly active in 

a variety of catalytic reactions such as hydrogenation,11f, 18a hydrosilylation11f, 48 and 

cycloaddition of dienes.11d A representative example of selective anti-Markovnikov alkene 

hydrosilylation using tertiary silanes under mild conditions is shown in Scheme 1.19. 
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Scheme 1.19. Selective anti-Markovnikov alkene hydrosilylation 

 
 
Addition of silicon hydride (Si-H) to olefins (C=C bond) is one of the largest-scale industrial 

applications of homogeneous catalysis. For years, complexes of precious metals (Pt and Rh) 

have been used for such important conversions. Despite their widespread use, precious metals 

are rare and toxic which makes the production costly. Earth-abundant metal catalysts, such as 

DIP iron dinitrogen complexes, were shown to be good candidates to replace precious metals, 

although the high oxygen sensitivity of reduced complexes can be a problem. 

 
1.9 Chemical Reactivity of DIP ligands 
 
In addition to electron transfer, DIP complexes undergo other types of chemical reactions. 

Dehydrogenation and alkylation were mentioned above. Another interesting example, 

observed with a low-valent nickel complex, is ligand oxidation to an amide (Scheme 1.20) 

involving C-C bond cleavage.15b  
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Scheme 1.20. DIP-based reaction 

 
 
The mechanism is unknown, but it seems reasonable to assume that unpaired electron density 

at the imine carbon would be a factor activating the ligand for attack by O2. 

 
1.10 Metal-ligand cooperation 
 
The cooperative effect between the DIP ligand and the metal center is not restricted to 

transition metals. In a reaction between a doubly reduced aluminum complex and aniline, one 

of the imine nitrogens in the ligand gets protonated and the anilide that is produced 

coordinates to the Al center. One molecule of hydrogen as one of the products is released and 

the conjugated π system of the ligand is revived (Scheme 1.21).46b 
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Scheme 1.21. Metal-ligand cooperation 

 

 
 

1.11 Simpler ligands: a-Diimines 
 
The a-diimine ligand can be viewed as "half" a DIP ligand, or as the bidentate analog of 

tridentate DIP. It has a less extended π system and can accept two electrons in its single low-

lying π* orbital. Like in DIP ligands, 2,6-disubstituted aryl groups at N would be 

approximately perpendicular to the plane of the molecule and have minimal electronic effects 

on the active site of the molecule. a-Diimine ligands have been used to stabilize many first-

row transition metals in unusually low formal oxidation states. An interesting application is 

the catalytic activity of an α-diimine nickel complex in the hydrosilylation of olefins (Scheme 

1.22).49  
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Scheme 1.22. Application of α-Diimine nickel complexes in hydrosilylation of olefins 

 
 
The noninnocent character of the α-diimine ligand plays a crucial role in this conversion by 

stabilizing the formally Ni+1 active species. 

Iminopyridine is another bidentate analog of DIP, a hybrid of aromatic 2,2¢-bipyridine and α-

diimine. An example of its noninnocent behavior is the stabilization of aluminium complexes 

in which the reduction exclusively happens at the ligand rather than the metal center (Scheme 

1.23).50 
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Scheme 1.23. Noninnocent character of iminopyridine ligand 

 
 
1.12  DIP Complexes in Polymerization 
 
Combinations of the variations of the DIP ligand with almost all of the first-row transition 

metals (Ti-Cu) have been tested in olefin oligomerization and polymerization. Brookhart and 

Gibson, in their first independent reports on the activity of DIP complexes of iron and cobalt 

in polymerization of ethene and propene, showed that the steric hindrance of the ligand at the 

N-aryl groups plays a prominent role in determining polymer molecular weight.10 They 

showed unprecedented activities for those metals, in some case as high as those of the most 

efficient metallocenes. Reduction of the size of the phenyl substituents facilitates termination 

reactions. For example, DIP iron complexes bearing only a single o-alkyl substituent at each 
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N-aryl group are good catalysts for ethene oligomerization and acetylene cyclotrimerization. 

Analogous complexes with bulkier substituents at both ortho positions are effective at 

catalyzing acetylene and ethene polymerization (Figure 1.20). 

 
 

 
 

Figure 1.20. Influence of ligand steric properties on polymerization 

 

 
Unfortunately, the activity of DIP complexes of late transition metals with moderate size 

substituents at the phenyl groups diminishes at elevated temperatures, and the molecular 

weights of the products decrease. This has been ascribed to a variety of chain termination 

processes (including b-elimination and C-H bond activation of the N-aryl substituent) as well 

as to reduced solubility of ethene at higher temperature.51, 52 Various strategies towards more 

robust catalysts have been explored, such as having a single bulky substituent at one imine 

nitrogen. Catalysts have been heterogenized on MgCl2, calcosilicate and carbon nanotubes to 

good effect. 
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much less active and mainly oligomers are generated. Among the first-row transition metals, 

manganese showed no activity. Cr+3-based precatalysts are promising because they show 

single-site character and encouraging thermal stability. V+3 complexes have displayed high 

activity but exhibit multi-site behaviour, particularly at elevated temperatures. Calderazzo 

and co-workers showed that the activity of the bulky DIP complexes of Ti+4 and Zr+4 in 

polymerization reactions is the same order of magnitude as TiCl4 and ZrCl4.53 They attributed 

this behavior to a bidentate rather than a tridentate coordination mode of the ligand. This 

change in coordination is ascribed to the weak imine nitrogen interaction with early transition 

metals and the neutral charge of the chelate. Ligands with smaller N-aryl fragments display 

high activity in branched polymerization. 

DIP complexes have shown to be promising catalysts for ethene polymerization but less 

effective in promoting oligomerization. Also, they are less active catalysts for the 

polymerization and oligomerization of propene compared to ethene. Overall, both the choice 

of the metal and the specific variation of the DIP ligand play significant roles in the catalytic 

activity and the nature of the products (polymers vs oligomers). 

 
 

1.13  Polymerization Mechanism: Late Transition Metals 
 

Since polymerization is not very relevant to this thesis work, it will not be discussed in detail 

here. Neutral (DIP)FeR and (DIP)CoR complexes without added activators are inactive 

(although (DIP)CoR is active in olefin hydrogenation catalysis).47 Gibson has repeatedly 

suggested involvement of Fe+3 active species in iron catalysis,51, 54 and a computational study 

based on this assumption produced results compatible with experiment.55 However, one 

would expect easy reduction of Fe+3 to Fe+2 or lower by Al alkyls. More complicated species 

containing Al alkyl or MAO units have also been proposed56 but proving their involvement in 
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catalysis is not easy. At present, the simplest and most natural assumption seems to be that of 

a (DIP)MR+ active species (Figure 1.21).57 

 

 
 

Figure 1.21. Proposed active sites for (DIP)M (M = Co, Fe) polymerization catalysts 

 
 

1.14  Characterization Techniques 
 
As mentioned above, the non-innocence character of the DIP ligand in a complex makes the 

oxidation states of both the metal and the ligand ambiguous. Hence, a combination of 

techniques is necessary to elucidate the molecular and electronic structure of the synthesized 

complexes of DIP ligands. In this thesis, a variety of spectroscopic techniques such as NMR, 

EPR, XPS and XRD have been used. 
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magnetically different atoms and their immediate environment of the type being analyzed. It 
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obtained by an NMR experiment. The nuclei with a property called spin are active in NMR. 

Generally, a nucleus which possesses an odd mass number, odd atomic number, or both has 

quantized spin angular momenta and magnetic moments. Nuclei such as 1H, 2H, 13C, 17O, 19F 

and 14N possess spin (I ¹ 0) and the number of allowed spin states can be calculated by 

2I+1.58 

A spinning hydrogen nucleus, as a positively charged particle, generates a magnetic moment 

(µ).  In the absence of an external magnetic field, hydrogen nuclei take equally +1/2 and -1/2 

spin. However, in an applied magnetic field a hydrogen nucleus may have a +1/2 or -1/2 spin 

and µ in the two cases are in the opposite directions (Figure 1.22). 

 

 

 

Figure 1.22. Proton spin states in the presence of a magnetic field. 

 
 
There is the energy gap E= hn between the two spin states in the external magnetic field. 

Since the gap is small the thermal energy at room temperature is enough to populate both spin 

states. However, the population of the lower state is in slight excess, proportional to the 

magnitude of the applied magnetic field. 
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same frequency. If the frequency of the electric field component of the radiation matches the 

Larmor frequency, the two fields can couple, and the energy will be transferred to the nucleus 

which cause the spin flip of those excess spins in the lower energy state (Figure 1.23). This 

process is called resonance. The NMR signal will be recorded when the spin returns to the 

lower energy state through relaxation processes. 

 
 
 
 

 
 

Figure 1.23. The nuclear magnetic resonance process; v = w. 

 
 
1.14.2  NMR Spectroscopy of dynamic systems 
 
NMR is one of the most important characterization techniques used in the present study. One 

particularly interesting application is in the study of dynamic (fluxional) systems.59 Dynamic 

behavior can be observed in fluxional molecules in which some or all of the atoms swap 

between symmetry-equivalent (or symmetry-inequivalent) positions. Generally, line-

broadening, field and temperature dependency and a too simple or too complicated spectrum 

for an expected structure can be indications for a dynamic process. In a fluxional molecule, 

alternative structures or conformations usually interconvert at a rate comparable to the NMR 

timescale and the frequency differences between relevant peaks in the NMR spectrum. The 
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spectrum is temperature-dependent because the rate of interconversion varies with 

temperature. 

For any dynamic process, there are three important temperature regions. At a sufficiently low 

temperature, the system is said to be at the "slow exchange limit".  In this situation, spectra 

will display distinct signals for the various species undergoing exchange. This is the case 

when (for a simple system of two exchanging nuclei): 

 

𝜅 = 1/t ≪ 𝜋∆𝜐/√2 

𝜅 = the exchange rate (s-1) 

t = the exchange time (s) 

∆𝜐 = the NMR chemical shift separation of peaks (s-1) 

 

Spectra recorded at high temperature can be assigned to the “fast exchange limit” where a 

weighted average resonance is observed for the exchanging partners. In this case the rate 

constant is much larger than the relevant shift difference: 

 

𝜅 ≫ π∆𝜐/√2 

 

In between those two limits, at a temperature called the coalescence temperature the 

appearance of the spectrum modifies from those two separate signals (at low temperature) to 

that of a single, flat-topped signal. At this temperature:  

 

𝜅 » π∆𝜐/√2 
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It should be noted here that for a molecule having several exchanging groups there normally 

is not a single coalescence temperature. Instead, every exchanging pair has its own 

coalescence point. In any case, the rate at the coalescence point can be used to derive a free 

energy of activation for the process via the classical transition state theory expression: 

 

k = (kBT/h) exp(-DG†/RT) 

 

It is also possible to extract rates as a function of temperature through fitting of simulated to 

observed spectra. Rates obtained this way can be used in an Arrhenius plot (ln (k/T) vs 1/T) 

to obtain separate values for the enthalpy and entropy of activation. 

One of the famous examples60 of fluxional molecules is iron pentacarbonyl (Fe(CO)5) with 

trigonal bipyramidal geometry which undergoes dynamics through Berry pseudorotation.61 In 

this pseudorotation, the two axial carbonyls exchange with two equatorial ones, re-forming 

the starting compound with the same symmetry (Figure 1.24).  

 
 

 
 

Figure 1.24. Berry pseudorotation in trigonal bipyramidal geometry of Fe(CO)5 

 
 
At lower temperatures, two signals (in a 2:3 ratio) are observed by 13C-NMR, whereas at 

elevated temperatures only one signal can be observed. 
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1.14.3  EPR 
 
EPR spectroscopy has a limited use compared to NMR spectroscopy as it is used to analyze 

paramagnetic compounds. In contrast to some other techniques such as fluorescence which 

may give indirect evidence of free radicals, EPR detects unpaired electrons unambiguously.  

The technique provides information about the environment of the unpaired electron since 

interactions of the magnetic fields of the neighboring nuclei with the magnetic field of the 

unpaired electron give valuable information about the environment of the electron and 

identity of the compound.62 

In EPR, electron transitions are detected in an applied magnetic field rather than nuclear 

transitions in NMR. Like a proton, an electron has a spin, which gives it magnetic moment 

and by spinning about its axis generates a magnetic field which is much greater than a proton. 

By supplying an external magnetic field, the electron spins rotate align or opposite to the 

direction of the magnetic field which lead into two distinct energy levels. As in NMR, there 

will be a slight excess of electrons in the lower level parallel to the direction of the external 

magnetic field. When a specific strength of the applied magnetic field is exactly match with 

the fixed frequency of microwave absorption will happen. The transition between these two 

levels is measured and recorded as a signal. 

 
1.14.4  XRD 
 
In this thesis, X-ray crystallography has been used to characterize the three-dimensional 

structures of many synthesized titanium, zirconium and hafnium complexes. This technique 

is one of the important tools in determination of the oxidation state of the metal and the 

ligand by measuring the bond lengths around the metal and within the ligand. In addition, X-
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ray crystallography elucidates the geometry around the metal center and identifies the nature 

of the complex (ionic or neutral, monomer or dimer). 

A diffractometer is equipped with an X-ray (electromagnetic wave) source such as copper 

(1.54 Å) or molybdenum (0.71 Å), a goniometer to hold the crystal and a detector to record 

the scattered beams with various intensities and angles. When an incident X-ray beam hits the 

atoms in the single crystal, it diffracts in many specific directions. Primarily, scattering 

happens through the atoms¢ electrons. This phenomenon as known as an elastic scattering 

since the energy of the scattered beam equals to the energy of the incoming beam. Although, 

most of scattered beams cancel each other out via destructive interference, those beams in a 

few specific directions add up constructively (constructive interference) based on the Bragg¢s 

law63 (Figure 1.25):  

2d sin q = nl 

where d is the space between lattice planes, q is the incident beam angle, n is an integer and l 

is the wavelength of the beam. 

 

 

Figure 1.25. An illustration of the Bragg’s law. 
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By rotating the crystal using the goniometer, all orientations of the sample are exposed to the 

X-ray beam. Each orientation has its specific diffraction image containing thousands of 

reflections. As the crystal is slowly rotated, the diffraction image in that specific angle 

disappears and a new diffraction image for the new angle appears. All the reflections 

intensities in each image will be recorded. Peak intensity has a direct correlation with the 

atoms¢ electron density (the higher the electron density, the more intense the reflection peak). 

When the data collection is finished, using the mathematical method of Fourier Transform, 

the two-dimensional images are converted into a three-dimensional model of the density of 

electrons in the crystal. These data are used to produce and refine a model of arrangement of 

atoms in the crystal. 

 
1.14.5  XPS 
 
In contrast to the above mentioned techniques, in which the whole sample is needed for 

analysis, in the XPS technique only the surface of the sample is analyzed. An XPS spectrum 

is attained by irradiating of the X-ray beams at the surface of the sample being analyzed 

while concurrently measuring the kinetic energy and number of electrons that escape from 

the top 0-12 nm of the sample.64 Since the energy of an X-ray with specific wavelength is 

known (Ephoton) and the kinetic energies of the emitted electrons (Ekinetic) are measured, the 

binding energy of each electron can be achieved by: 

Ebinding = Ephoton – (Ekinetic + f) 

where f is work function dependent on both material and the spectrometer. A schematic view 

of the XPS analysis is shown in Figure 1.26. 
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Figure 1.26. A schematic view of an XPS analysis. 

 

 

Thus, an XPS spectrum is a plot of the number of detected electrons versus the binding 

energy of the detected electrons. Each element has a characteristic set of XPS signals with 

characteristic binding energies which directly identify the element in or on the surface of the 

sample. These characteristic signals are because of the electronic configuration within the 

element and the number of detected electrons in each signal directly gives the amount of that 

element on the surface. At the beginning of many XPS analysis, a wide scan (low energy 

resolution) is done to discover the types and amounts of elements and their binding energies 

on the top surface of the sample. Then, a narrow scan (high energy resolution) is done to 

detect the electronic and chemical states of atoms and measure each layer¢s thickness. 

XPS is routinely used to analyze organic and inorganic compounds, catalysts, metal alloys, 

paints, woods, polymers, glasses, and etc. This technique is capable to determine: 

• Electronic states of elements and the amount of those elements within the top 1-12 
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• Chemical states of one or more elements and their bonding environment 

• Contamination, if any exists, on the top surface 

• Thickness of one or two thin layers (1-8 nm) 

• Empirical formula of the surface of the sample 
 
 
 

1.15  Alternative technique 
 
1.15.1  High energy X-ray 
 
High-energy X-rays (HEX-rays) have typical energies of 30–1000 keV , about one order of 

magnitude higher than conventional X-rays (and well into gamma-ray energies over 120 

keV).65 They have the benefit of large penetration depth into substances which makes them 

useful as an analysis method for thick samples and mm-sized samples. Where oxidation 

happens only on the surface, use of HEX-rays allows an in-air sample environment and 

operation. Applying HEX-rays, even under heavy and compressed sample environment, 

highest resolution single crystal characterization can be achieved by using triple axis 

diffractometry and reciprocal space mapping. There are several advantageous of HEX-rays 

(100-300 KeV) over the conventional hard X-rays (5-20 KeV):   

 

• High penetration into materials 

• Up to ten times smaller curvature of the Ewald sphere compare to that in the low 

energy case which permits whole regions to be mapped in a reciprocal lattice. 

• Access to high-energy spectroscopic levels, both electronic and nuclear 

• Trivial polarization consequences because of relative small scattering angles 

The scope of applications of HEX-rays is broad. Only a few of them are listed below:  
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• Structure of metals, liquids and ceramics can be investigated. Phase transitions, 

recrystallization, twinning and domain formation can be monitored in an experiment.  

• In situ studies of materials which undergo chemical changes in chemical 

environments (e.g. electrodes in batteries) 

• Thick layers can be analyzed where classical reflectometry experiments are not 

useful. 

• Where conventional X-rays are only used for near-surface regions due to limited 

penetration, bulk studies in single crystals can be done by HEX-rays. 

• Deformation, phase transition or annealing can be studied as a function of time. 

 
While this approach looks promising, no HEX-ray studies of diiminopyridine complexes 

have been reported so far. 

 
 
1.16  Organization of the thesis 
 
This thesis begins with an introduction chapter in which the background of the DIP ligand, its 

role in various chemical reactions and the reactivity of its complexes are provided. In Chapter 

2, the synthesis, electronic structure and NMR study of a series of mono- and dialkyl 

complexes of titanium of DIP is presented. Chapter 3 is about the reactivity of the 

synthesized titanium complexes and a few examples of the ligand-based reactions have been 

reported. Exploring the noninnocence character of the DIP ligand in combination with 

zirconium and hafnium is collected in Chapter 4. The reactivity of DIP with tetra alkyl 

zirconium and hafnium has been discussed in the same chapter. Outlook and conclusions are 

provided in Chapter 5. The CIF files of the crystal structures have been collected in one file. 

It is mentioned in Chapter 6 that it is uploaded to MSpace. The last chapter, Chapter 7, is the 
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supporting information (SI) which consist of all the 1H- and 13C-NMR data for the 

synthesized complexes.  
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2 Synthesis and Characterization of Mono- and Dialkyl 
Diiminopyridine Titanium(II) Complexes 

 
 

This work is published as ¢¢Balance between metal and ligand reduction in diiminopyridine 

complexes of Ti¢¢ Organometallics, 2017, 36 (17), pp 3189-3198. 

 

2.1 Authorship Consideration 
 
Naser Rahimi was responsible for synthesizing and characterizing the mono- and dialkyl 

Titanium complexes of the DIP ligand and doing theoretical investigations with the help of 

Prof. Peter H. M. Budzelaar. The XPS and EPR analysis have been done by Dr. K. McEleney 

(Manitoba Institute for Materials) and Prof. B. de Bruin (U. of Amsterdam, the Netherlands), 

respectively. The preliminary draft of the paper was prepared by Naser Rahimi which was 

modified into its publication format by Prof. Budzelaar. 

 

2.2 Abstract 
 
Reaction of diiminopyridine ligand EtDIP (2,6-Et2-C6H3N=CMe)2C5H3N) with TiCl3.(THF)3 

gave the corresponding Ti(III) complex (EtDIP)TiCl3 (1). Reduction of 1 with 1 equivalent of 

KC8 or Na/Hg produced the formally Ti(II) complex (EtDIP)TiCl2 (2). From this, 

(EtDIP)TiClR complexes (R = Me (3a), CH2Si(CH3)3 (3b), Ph (3c)) were obtained by 

addition of 1 equivalent of LiR. Similarly, dialkylated complexes (EtDIP)TiR2 (R = Me (4a), 

CH2Si(CH3)3 (4b)) were obtained with 2 equivalents of LiR. All of the new complexes were 

characterized by single crystal X-ray diffraction. EPR studies indicate that complex 1 is best 

regarded as a true Ti(III) complex with an "innocent" DIP ligand. Complexes 2-5 are all 

diamagnetic. In contrast to DIP complexes of the late transition metals Fe and Co, new 

complexes 2-4 show strong upfield 1H NMR shifts for the pyridine protons. Based on this and 
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the imine C=N and Cimine-Cpy bond lengths, a description involving Ti(IV) and a di-anionic 

ligand seems most appropriate, and DFT calculations support this interpretation. VT-NMR 

studies of 4a suggest a small and temperature-dependent thermal population of a triplet state, 

and indeed calculations indicate that 4a has the lowest singlet-triplet energy difference of the 

systems studied. 

 
2.3 Introduction 
 
The main claim to fame for Ti catalysis of olefin polymerization undoubtedly is the Ziegler-

Natta1 catalyst. In addition, important classes of Ti(III) and (IV) complexes have been 

developed mainly for copolymerization of α-olefins and styrenes with ethylene,2 

polymerization of 1-hexene in a “living” fashion,3 polymerization of styrene to syndiotactic 

polymer,4 and polymerization of ethylene with extraordinarily high activity at high 

temperatures.5 These advances have encouraged synthetic chemists to make titanium 

catalysts including an extensive range of ancillary ligands, containing for instance 

cyclopentadienyl (Cp) ligands with pendant neutral donor groups,6 isocyanide ligands,7 β-

diketiminates,8 and mixed cyclopentadienyl-alkoxide ligands.9  

Following the report by Wilkinson,10 researchers have made a variety of Ti(IV), (III) and (II) 

complexes containing Cp and indenyl groups.11 

The group of Stephan has made the diamagnetic complex [CpClTi(µ-NP(iPr)3)]2 in which 

neighbouring titanium(III) centers are antiferromagnetically coupled.12 Using 

benzamidinates, Arnold et.al. made titanium(IV) and (III) complexes and illustrated their 

reactivities.13 A stable Ti(III) alkyl complex of this type of ligand, [PhC(NSiMe3)2]2TiMe, 

showed a Ti-C-H acute angle comparing to the other two hydrogens indicating an agostic 

interaction with the metal center.13 

It seems that chemistry of Ti has not been well explored in combination with redox-active 

ligands. Redox-active ligands have drastically expanded the role of ligands in organometallic 
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chemistry and catalysis. Instead of a more standard ligand just sitting there and maybe be a 

bit bulky, or a bit electron-withdrawing, a redox-active ligand can actively participate in the 

chemistry of its complexes. It can function as an electron reservoir, allowing increased 

electronic flexibility within the coordination sphere of the metal. This flexibility introduces 

ambiguity in the oxidation state of the central metal atom. For example, in complexes of the 

2,6-diiminopyridine ligand with both main group metals and transition metals, the ligand is 

typically counted as neutral, whereas in reality it can accept up to three electrons in its 

extended p-system.14 These "stored electrons" can be used to break carbon-halogen bonds 

and even form carbon-carbon bonds via non-traditional mechanisms.15 The combination of an 

inexpensive first-row transition metal with a DIP ligand has on occasion resulted in chemistry 

more typical of the noble metals.16 

For the particular case of RDIP ligands (Figure 2.1), complexes with elements V,17 Cr,18 

Mn,19 Fe,14 Co20 and Ni21 have been extensively explored, and examples of both "innocent" 

and "noninnocent" ligand roles have been established. 

 

 
 

Figure 2.1. RDIP ligand 

 
 
There is, however, only a single paper mentioning Ti complexes, and characterization of the 

complexes reported there is rather incomplete.22  We were interested in exploring DIP 

complexes of Ti with low formal oxidation states (III and II) to investigate how the balance 

between metal and ligand centered reduction works out. Ti(IV) is the dominant oxidation 
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state of titanium. In its complexes Ti(IV) tends to be strongly acidic. As mentioned above, 

such complexes are active in olefin polymerization and epoxidation catalysis. Ti(III) is 

somewhat less common but by no means rare. It is a moderate reductant. The most prominent 

example of Ti(III) reactivity is in heterogeneous Ziegler-Natta olefin polymerization 

catalysis. Finally, Ti(II) is much rarer and is a strong reductant. Characteristic reactions 

include activation of dinitrogen23 and the McMurry coupling of ketones  and sterically 

hindered alkenes along with aromatic heterocycles,24 respectively. The issue we want to 

explore is whether formally low-valent complexes like (DIP)TiX3 and (DIP)TiX2 contain a 

reduced ligand and/or a reduced metal and how this affects reactivity. A series of mono- and 

dialkyl titanium complexes of DIP have been synthesized and characterized by a combination 

of NMR spectroscopy, single crystal X-ray diffraction, XPS and elemental analysis. 

Furthermore, the real oxidation state of the central metal and the DIP ligand has been 

investigated. 

 
2.4 Results and Discussion 
 
Synthesis of the formally Ti(II) complexes of EtDIP ligand is demonstrated in Scheme 2.1. 

Synthesis of Ti(III) and Ti(II) complexes 
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Scheme 2.1. Synthesis of Ti(III) and Ti(II) complexes 

 

 

Under an atmosphere of N2, slow addition of a solution of EtDIP to a solution of TiCl3(THF)3, 

both in THF, yielded dark green crystals of paramagnetic 1. This complex is very poorly 

soluble in most solvents, and we did not obtain meaningful 1H NMR spectra. 

Recrystallization of 1 was not satisfactory, but slow diffusion between carefully layered 

solutions of EtDIP and TiCl3(THF)3 directly produced needle-shaped crystals suitable for X-

ray diffraction. 

Reduction of 1 with 1 equivalent KC8 (or Na/Hg) resulted in diamagnetic dark green 2. This 

complex is much more soluble than 1 and could be fully characterized. 

Treatment of 2 with one equivalent of the LiR (R = Me, CH2SiMe3, Ph) in toluene afforded 

the corresponding titanium(II) monoalkyl-monohalide complexes 3a-3c. They were 

characterized by elemental analysis, NMR spectroscopy, and also by X-ray diffraction. 
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Reaction of two equivalents of LiR (R = Me or CH2Si(CH3)3) with 2 in toluene under an 

atmosphere of N2 gave the corresponding complexes (EtDIP)TiR2 (4a and 4b). 

 
 

2.4.1 EPR 
 
The solubility of 1 in CH2Cl2 was sufficient for EPR studies (CH2Cl2 glass) which confirm 

the presence of a single unpaired electron (Figure 2.2). 

 

 
 

Figure 2.2. Experimental and simulated X-band EPR spectrum of 1 recorded at 20 K using a 

frozen solution of 1 in CH2Cl2 (~0.1 M [(nBu)4N]PF6 was added). Experimental parameters: 

frequency = 9.362511 GHz, modulation amplitude = 4 Gauss, microwave power = 0.632 

mW. 

 
 
The X-band EPR spectrum of a crystalline sample of 1 was recorded in frozen 

dichloromethane. This solvent gives a poor glass, and hence often leads to aggregation 

behavior and preferred orientation effects of the paramagnetic solutes. Indeed, in pure CH2Cl2 

the EPR spectrum of 1 is very broad and highly asymmetric. Unfortunately, this is also the 

only solvent in which 1 is reasonably soluble (even mixtures of CH2Cl2 and other solvents 
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like MeTHF result in very poor solubilities). In an attempt to prevent such preferred 

orientation/aggregation effects due to poor glass formation we added [(nBu)4N]PF6 to the 

solution. The EPR spectrum of this frozen mixture (see Figure 2.2) is indeed sharper 

(showing overall identical peak positions as the spectrum in pure CH2Cl2). However, some 

aggregation/preferred orientation effects remain, and as a result a satisfactory simulation of 

the experimental spectrum could only be obtained assuming the presence of two species 

(ratio ~ 1:4) with very similar g-tensors, but differing widely in their linewidth parameters. 

This behavior is best ascribed to remaining ‘bad glass’ effects. The rhombicity of the g-tensor 

and significant deviations of the g-values from ge (2.0023) due to substantial spin-orbit 

effects signifies that the unpaired electron of 1 is predominantly metal centered, in agreement 

with the intra-ligand metrics showing an essentially unreduced EtDIP ligand in the X-ray 

structure of 1. 

The DFT calculated g-tensors of 1 (X-ray and B3-LYP optimized geometries) are in 

reasonable agreement with the experimental values, showing a similar rhombicity, although 

the absolute experimental values are somewhat lower than those calculated (Table 2.1).  

 
 

Table 2.1. Experimental and DFT calculated EPR parameters of 1 

 gx gy gz Wx Wy Wz 
Experimental 
(‘species 1’; 

80%) 
1.938 1.855 1.761 49 51 152 

Experimental 
(‘species 2’; 

20%) 
1.958 1.875 1.778 15 25 102 

 
DFT (ADF) 

X-ray geometry 1.986 1.954 1.826 - - - 

DFT (ORCA) 
X-ray geometry 1.988 1.967 1.858 - - - 

 
DFT (ADF) 

b3-lyp geometry 1.974 1.951 1.910 - - - 

DFT (ORCA) 1.981 1.955 1.920 - - - 
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b3-lyp geometry 
 

DFT (ADF) 
BP86 geometry 1.994 1.987 1.948 - - - 

DFT (ORCA) 
BP86 geometry 1.994 1.986 1.944 - - - 

 
 

It seems the experimental spin density distribution is perhaps a bit stronger localized on the 

metal as compared to the DFT studies showing some delocalization of spin density over the 

metal and the ligand ( 

Figure 2.3). 

 

 
 

Spin density plot (b3-lyp, def2-TZVP optimized) 
 

 
 

SOMO (left) and LUMO (right) plots (b3-lyp, def2-TZVP optimized) 
 

 

 
 

Spin density plot (BP86, def2-TZVP optimized) 
 

Figure 2.3. Spin density plots of 1 
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2.4.2 X-ray Structural Characterization 
 
The solid-state structure of 1 is shown in Figure 2.4. Table 2.2 contains the most relevant 

bond lengths and structural parameter (t)25 for this and subsequent complexes. 

 

 
 

Figure 2.4. Solid-state structure of 1. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
 

Table 2.2. Selected Bond lengths for (EtDIP)Ti complexes 

 1 2 3a 3c 
Ti1-N1 2.202(3) 2.107(5) 2.040(2) 2.1546(18) 
Ti1-N2 2.160(3) 1.971(4) 1.9719(18) 1.9712(18) 
Ti1-N3 2.219(3) 2.094(5) 2.1390(19) 2.0409(19) 
Ti1-X41 2.4155(11) 2.279(2) 2.108(3) 2.102(2) 
Ti1-X51 2.2543(13) 2.268(2) 2.2997(10) 2.2976(6) 
Ti1-X61 2.3422(12)    
N1-C12 1.297(5) 1.327(7) 1.360(3) 1.317(3) 
C12-C13 1.459(6) 1.411(8) 1.398(3) 1.429(3) 
C17-C18 1.471(5) 1.414(9) 1.424(3) 1.392(3) 
C18-N3 1.298(4) 1.333(7) 1.3 26(3) 1.370(3) 

t  0.37 0.49 0.54 
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The geometry around titanium in 1 is best described as distorted octahedral. The complex 

deviates considerably from ideal C2v symmetry by having one apical chloride atom (Cl41) 

tilted towards the pyridine ring of the EtDIP ligand, resulting in an N2-Ti-Cl41 angle of 79° 

(c.f. N2-Ti-Cl61 93°). The titanium atom is also displaced out of the N1-N2-N3 plane of the 

DIP ligand by 0.142 Å. The bond distances in the solid-state structure of 1 indicate a neutral 

ligand. Ti-N (2.160(3)-2.219(3) Å), Cimine-Cpy (1.459(6)-1.471(5) Å) and imine (1.297(5)-

1.298(4) Å) bonds distances are in the range of the other observed DIP complexes with 

neutral ligands (DIP(0): av C=N: 1.280 Å; av Cimine-Cpy: 1.493 Å).26 

Previously reported,12 typical TiIII-Cl and TiIV-Cl bond lengths are ~2.38 (Å) and ~2.31 (Å), 

respectively. In complex 1, the average Ti-Cl bond length of ~2.34 Å suggests a situation 

somewhere between Ti(III) and Ti(IV). This is all consistent with the EPR results mentioned 

above. 

The solid-state structure of 2 is shown in Figure 2.5 and selected bond lengths are included in 

Table 2.2. 

 

 
 

Figure 2.5. Solid-state structure of 2. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 
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The geometry about titanium in complex 2 is best described as distorted square pyramidal, 

with one Cl atom occupying the apical position. The titanium center and the basal Cl atom 

are displaced out of the N1-N2-N3 plane by 0.677 and 0.248 Å, respectively. The geometric 

preference for a square pyramidal (SP) over a trigonal bipyramidal (TBP) geometry is most 

likely due to steric reasons. In a hypothetical C2v-symmetrical TBP structure, both Cl atoms 

would be much closer to the ethyl substituents on the aryl "arms" of the ligand. 

Different from 1, the elongation of the imine double bonds in 2 is characteristic for electron 

density transfer to the π-system of the ligand. Also, Cimine-Cpy and Ti-N bond contractions are 

significant in 2 for the same reason. The Ti-Cl bonds in 2 (Ti-Cl: 2.268(2), 2.279(2)) are 

much shorter than previously reported for authentic TiII complexes (Ti-Cl: ~2.4- 2.5 Å )10, 27 

and more typical of TiIV-Cl complexes (~2.31 Å ).12 

The geometry around the titanium atom in 3a is best defined as distorted square pyramidal, 

with the methyl group occupying the apical position. The structure is very similar to that of 2; 

the preference of the methyl group for an apical position might be due to its larger trans 

influence. The Ti and Cl atoms are displaced from the N1-N2-N3 plane by 0.634 Å and 0.439 

Å, respectively. The structures of 3b and 3c are similar to those of 2 and 3a, again showing 

an SP structure with the organic group occupying the apical position. The alkyl group in 3b 

has occupied the apical position likely due to both its larger trans effect and steric reasons. 

The trimethylsilyl group is oriented away from ethyl substituents on the phenyl rings 

(because of the low-quality structure, we avoid analyzing of the bond lengths of 3b in detail). 

All three compounds 3a-3c show upfield shifts for the pyridine protons, slightly more 

pronounced than in 2. Solid state structures of 3a, 3b and 3c are shown in Figure 2.6, Figure 

2.7 and Figure 2.8, respectively, and the related bond lengths for 3a and 3c are summarized in 

Table 2.2. 
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Figure 2.6. Solid-state structure of 3a. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
 

 
 

Figure 2.7. Solid-state structure of 3b. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 
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Figure 2.8. Solid-state structure of 3c. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
Replacing the Cl ligand in apical position in 2 with a methyl group in 3a has produced further 

electron transfer to the π-system of the ligand. This is reflected in further elongation of the 

C=N bonds and contraction of the Ti-N and Cimine-Cpy bond. The Ti-Cl bond is somewhat 

longer than the basal Ti-Cl bond in 2, which might be due to stronger electron donation from 

the methyl group to the Ti centre in 3a. Changes in bond lengths are accompanied by small 

changes in N-Ti-N bond angles. It should be noted that in 3a changes in bond lengths are not 

happening in a symmetric fashion. Half of the EtDIP ligand is more contracted (Ti1-N1: 

2.040(2) Å, C12-C13: 1.398(3) Å) and elongated (C12-N1: 1.360(3) Å) relative to the bonds 

in another half of the ligand (Ti1-N3: 2.1390(13) Å, C18-N3: 1.326(3) Å, C17-C18: 1.424(3) 

Å). As observed in 2, the Ti-Cl bond distance (2.2997(10) Å) in 3a is shorter than that in TiII 

complexes of innocent ligands. The Ti-C bonds in 3 and 4 (2.077-2.112 Å) seems to be 

shorter than those in literature TiII-Me28 (2.219(2) Å) and closer to TiIV-Me29 (2.121(7)Å) 

complexes. 

The geometry about the titanium in 3c is best described as distorted square pyramidal with 

one Cl ligand occupying the fourth site of the basal plane while the phenyl group is placed in 

the apical position. The titanium center and the basal Cl ligand are displaced 0.597 and 0.431 
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Å out of the plane described by N1-N2-N3 of the EtDIP ligand, respectively. The phenyl 

group in the apical site is rotated by 25° away from its most symmetric orientation, likely to 

prevent undesirable interactions with ethyl substituents on the phenyl rings perpendicular to 

the plane of the molecule; the effective Cs symmetry of the NMR spectrum shows that this 

tilting is dynamic in solution. It seems that steric forces play important roles in preferring the 

square pyramidal over pseudo trigonal bipyramid in 3c. As observed in 3a, the solid-state 

structure of 3c illustrates the same asymmetric deformation pattern in the ligand backbone 

(Ti1-N1: 2.1546(18) Å, C12-N1: 1.317(3) Å, C12-C13: 1.429(3) Å, Ti1-N3: 2.0409(19) Å, 

C18-N3: 1.370(3) Å, C17-C18: 1.392(3) Å. Also, in 3c, the Ti-Cl bond length (Ti-Cl: 

2.2976(6) Å) is shorter than expected for TiII but compatible with TiIV. The Ti-C bond length 

(2.102(2)Å) is also in the range expected for TiIV. 

The molecular structures of 4a and 4b are shown in Figure 2.9 and Figure 2.10 and their bond 

lengths and structural parameters are collected in Table 2.3. 

 

 
 

Figure 2.9. Solid-state structure of 4a. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 
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Figure 2.10. Solid-state structure of 4b. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
 

Table 2.3. Selected Bond lengths for (EtDIP)TiR2 complexes 

 4a 4b 
Ti1-N1 2.059(2) 2.119(3) 
Ti1-N2 1.990(2) 2.014(3) 
Ti1-N3 2.122(2) 2.089(3) 
Ti1-X41 2.112(3) 2.077(3) 
Ti1-X51 2.109(3) 2.093(3) 
N1-C12 1.355(3) 1.347(4) 
C12-C13 1.386(4) 1.418(5) 
C17-C18 1.421(4) 1.404(5) 
C18-N3 1.339(4) 1.355(4) 

t 0.51 0.48 
 
 
The geometries of 4a and 4b are again distorted square pyramidal, with basal and apical alkyl 

groups. As in 2 and 3, the titanium center in 4b is displaced by 0.572 Å out of the plane 

defined by N1-N2-N3; the basal carbon is located below this plane by 0.174 Å. In 4b, the 

apical CH2SiMe3 group folds over the pyridine ring of the DIP ligand, while the equatorial 

one extends more or less in the molecular plane away from the pyridine ring. In this 

conformation, both alkyl groups minimize their interactions with the ligand Et groups and 

with each other. 
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2.4.3 XPS 
 
X-ray photoelectron spectroscopy is one of the most direct techniques for establishing the 

oxidation state of a metal atom. While the exact binding energies of core orbitals vary 

somewhat depending on the precise nature of the ligands around the metal, different 

oxidation states are typically associated with distinct ranges of the binding energy. Table 2.4 

presents the Ti 2p3/2 binding energies of the complexes measured, together with relevant 

reference data. 

 
 

Table 2.4. Ti 2p3/2 binding energy from XPS 

complex binding energy (eV) 
TiO2 458.8 
TiCl3 457.8 
TiO 454.7 

1 457.7 
2 458.7 

3b 458.4 
3c 458.6 
4a 458.4 
4b 458.4 

 
 
Parent complex 1 has a binding energy of 457.7 eV typical of Ti(III) complexes such as 

Ti2O3 and TiCl3.30 Reduction of 1 by removal of a chloride leads to complex 2, which might 

be expected to have a Ti(II) center. However, its observed binding energy is 458.7 eV, typical 

of Ti(IV)30-31 rather than Ti(II), which would be observed around 454.7 eV.31-32 Alkylation to 

give 3 or 4 results in a very small decrease of the Ti 2p binding energy, which remains in the 

range typical of Ti(IV). The XPS data thus agree with the formulation of 1 as containing 

(DIP(0))TiIII and indicate the “more reduced” complexes 2−4 actually contain Ti in a higher 

oxidation state: (DIP2−)TiIV. 
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2.4.4 NMR 
 
The sharp 1H and 13C NMR spectra confirm the diamagnetic nature of 2. It has effective C2v 

symmetry in solution, indicating fast inversion of the SP structure. Interestingly, in contrast to 

DIP complexes of late transition metals such as cobalt15 and iron16b, the pyridine hydrogens 

of 2 are shifted strongly upfield, appearing as a doublet of 2H for py H3/5 at 5.92 ppm and a 

triplet of 1H for py H4 at 5.03 ppm. The shift of the imine methyl groups is "normal", in 

contrast to that observed for low-valent Co and Fe complexes. 

Preferring the pseudo square pyramidal geometry rather than pseudo trigonal bipyramidal is 

most likely because of avoiding unfavorable interaction of R ligands with ethyl groups. The 

1H NMR spectra of (EtDIP)TiClR compounds showed m- and p-py hydrogens shifted strongly 

upfield in agreement with the large amount of electron density transferred from the metal 

center into the π-system of the ligand. The m-py hydrogens appeared as a doublet at 5.89, 

5.98 and 5.72 ppm for 3a, 3b and 3c, respectively. Also, the p-py hydrogens emerged as a 

triplet at 5.20, 5.27 and 5.04 ppm for 3a, 3b and 3c, respectively. The trend in shielding of 

the hydrogens on the pyridine ring could be related to the Ti-C bond strength. Since the 

phenyl ligand is attached with a sp2 carbon it makes a stronger bond relative to the other 

ligands coordinated with a sp3 C. The CH3 group causes less steric hindrance than CH2SiMe3 

which might also lead to stronger bonding. Thus, these stronger interactions may result in 

increased electron density transfer to the π-system of the EtDIP ligand. The NMR spectra of 

these complexes consistently showed two magnetically inequivalent ethyl groups on the NAr 

rings demonstrating that in solution apical and equatorial ligands bound to Ti do not switch 

positions: the number of peaks in the NMR spectra of 3a, 3b and 3c indicates effective Cs 

symmetry in solution. 

Unlike for 2 and 3a-3c, the NMR spectra of 4a and 4b are both temperature dependent, but in 

rather different ways. The spectrum of 4b shows strongly broadened resonances for the alkyl 



 77 

groups. On cooling to -40 °C the signals decoalesced to show two inequivalent CH2SiMe3 

groups; heating to +85 °C resulted in coalescence to a single set of CH2SiMe3 resonances and 

effective C2v symmetry. Evidently the "inversion" of the SP structure is much more difficult 

for 4b than for 2. This is perhaps not surprising: in addition to a simple canting of the TiR2 

unit, 180° rotations around both Ti-CH2 bonds are required, and these should be strongly 

hindered by the ligand side arms. 

The room-temperature spectrum of 4a also shows a rather broad resonance for the TiMe2 

unit. However, cooling does not result in decoalescence, nor does heating cause any 

sharpening. Rather, the chemical shift of the TiMe2 signal changes by about 1.5 ppm over the 

temperature range from -40 to +80 °C, while the remaining signals are much less affected 

(Figure 2.11). Also, the linewidth of the TiMe2 resonance increases somewhat at higher 

temperatures. 

 

 
 

Figure 2.11. Variable Temperature 1H NMR of complex 4a 

 
 
Over the whole temperature range, the remaining ligand signals are consistent with effective 

C2v symmetry. Thus, we believe the most reasonable explanation for the imine methyl 

broadening is the presence of a small (<1%) and temperature-dependent amount of triplet   

(Et DIP)TiMe2 in equilibrium with the dominant singlet species, similar to e.g. the situation 
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reported by Autschbach for bissemiquinone complexes of ruthenium.33 Figure 2.12 shows the 

chemical shift change of TiMe hydrogens in 4a as a function of temperature. 

 
 

 
 

Figure 2.12. Chemical shift of CH3C=N hydrogens in 4a vs temperature 

 
 
2.4.5 DFT  
 
The geometries and electronic structures of 1-4b have been studied with density functional 

theory (DFT) (TPSSh, TZVP, Turbomole). Solid-state structures were used as the initial 

guess while ethyl aryl groups were replaced with methyl substituents. The optimized 

geometry of 1 (C=N: 1.345-1.356 (Å); Cimine-Cpy: 1.416-1.421 (Å)) is in good agreement with 

the experimental data (C=N: 1.312-1.351 (Å); Cimine-Cpy: 1.411-1.427 (Å)) obtained by 

crystallography. 

A spin density plot of 1 (<S2>= 0.7591) is illustrated in Figure 2.13. The unpaired electron is 

mostly residing in the metal d orbital and partly in the π* of the ligand. This is consistent with 

EPR and XPS results for 1. 
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Figure 2.13. Spin density of 1 

 
 
HOMO and LUMO orbitals of 2 and 4a are presented in Figure 2.14. 

 

 
                                                2 (a)                                  2 (b) 
 

 
                                              4a (a)                                  4a (b) 
 

 

Figure 2.14. (a) HOMO and (b) LUMO orbitals of 2 and 4a 

 
 
As shown by X-ray data, theoretical results demonstrate a contraction of Cimine-Cpy bonds and 

an elongation of C=N bonds in the ligand backbone. Analysis of the frontier orbitals indicate 

that the HOMO of 2 and 4a are ligand based and located on C-N, Ti-Npy and Ti-Nimine with a 
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bonding interaction between the Cimine-Cpy and an antibonding interaction between the C−N 

groups. 

The singlet-triplet gaps calculated for 2 and 4a are 2.02 and 1.30 kcal/mol, respectively. In 

contrast to 2, the triplet electronic state of 4a is calculated to be lower in energy than the 

singlet state at the level of theory used. It is clear from experiment that 4a prefers a singlet 

state, but the small singlet-triplet gap we calculate supports an explanation of its 1H NMR 

line broadening based on thermal population of a low-lying triplet state. 

 
 

2.5 Conclusions 
 
True Ti(II) complexes are rare, and Ti(II) is a strong reductant. It is therefore not surprising 

that in the reported new formally low-valent Ti DIP complexes the diiminopyridine ligand is 

noninnocent, accepting up to two electrons. It seems complex 1 is perhaps closest to Ti(III)-

L(0), while 2-4 are probably best regarded as containing Ti(IV)-L(2-). It is at this point not 

clear to us why further reduction of 1 to 2 also changes the balance between metal-centered 

and ligand-centered reduction of the first electron. The situation is somewhat analogous to the 

1-electron reduction of Mn(II)[L(0)]22+, which produces Mn(III)[L(-)]22+ (i.e. oxidation of the 

metal centre) However, this Mn case involves a spin state change at the metal, which is not 

possible for Ti. Calculations and experiment agree in assigning singlet ground states for 

complexes 2-4, despite the absence of potential antiferromagnetic coupling between metal-

centred and ligand-centred electrons. However, singlet-triplet separations are small, and for 

complex 4a NMR data indicate a modest thermal population of a triplet excited state. 

The mono- and di-alkyl complexes 3 and 4 are surprisingly thermally stable, with both 4a and 

4b surviving temperatures up to 85 °C in solution. However, alkyl derivatives bearing b-

hydrogens could not be isolated, likely due to easy b-elimination. 
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2.6 Experimental Section 
 
General Considerations. All air- and moisture-sensitive manipulations were carried out under 

Argon using standard Schlenk techniques or in an MBraun drybox containing an atmosphere 

of purified nitrogen. Solvents for air- and moisture-sensitive manipulations were dried and 

deoxygenated using sodium/benzophenone. Benzene-d6 and toluene-d8 were purchased from 

Cambridge Isotope Laboratories, distilled from sodium/benzophenone and stored in the 

drybox.  

Pure TiCl3(THF)3 was isolated from refluxing a mixture of TiCl3.AlCl3 in tetrahydrofuran.34 

The EtDIP ligand was prepared according to a literature procedure.35 

1H and 13C NMR spectra were recorded at 25 °C on a Bruker Avance 500 spectrometers. All 

chemical shifts are reported relative to SiMe4 using 1H (residual) and 13C chemical shifts of 

the solvent as a secondary standard. C6D6, 7.16 and 128.06 ppm; C6D5CD3, 2.08 and 20.43 

ppm.36 All coupling constants are in Hz. VT-NMR spectra were simulated using gNMR.37 

Elemental analyses were performed at (1) Canadian Microanalytical Service, Delta, BC, 

Canada, and at (2) CENTC, University of Rochester, Rochester, NY, USA. In several cases, 

in particular for compounds containing Ti−C bonds, C analyses were low and irreproducible 

despite repeated crystallizations and the use of added oxidant for the combustion analysis. 

We attribute this to partial formation of Ti carbides during combustion.38 NMR spectra are 

provided in the Supporting Information as additional proof of purity. 

EPR samples of (EtDIP)TiCl3 (1) in a flame-dried J. Young valve EPR tube were prepared 

under strictly anaerobic conditions using distilled solvent and recrystallized [nBu4N]PF6. X-

band EPR spectra were recorded on a Bruker EMX spectrometer (Bruker BioSpin) equipped 

with a He temperature control cryostat system (Oxford Instruments). Simulations of the EPR 

spectra were performed by iteration of the anisotropic g values and line widths using the EPR 

simulation program W95EPR developed by Prof. Dr. Frank Neese.39 
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Single crystals suitable for X-ray diffraction were either sealed in glass capillaries or coated 

with oil in a drybox and then quickly transferred to the goniometer head of a D8 three-circle 

(equipped with a rotating-anode generator MoKα X-radiation, multilayer optics and an 

APEX-II CCD area detector) and Bruker D8 QUEST ECO (equipped with MoKα X-ray 

tubes (λ =0.71 Å)) diffractometers. Preliminary data revealed the crystal system. Data 

collection was optimized for completeness and redundancy using the APEX3 software suite. 

The space group was identified, and the data were reduced using the SAINT program40 and 

corrected for absorption using SADABS.41 The structures were solved using direct methods 

(SHELXS42) completed by subsequent Fourier synthesis and refined by full-matrix least-

squares procedures (SHELXL42). 

The XPS spectra were collected on a Kratos Axis Ultra DLD XPS spectrometer in vacuum 

environment with a base pressure of 10-9 torr. Al Kα (1486.6 eV) monochromatic X-rays at 

10 mA emission current and 15 kV anode voltage were used to excite the photoelectrons. 

Samples were transferred from a nitrogen glove box to the instrument in a sealed container 

designed to mate with the sample loading arm of the spectrometer so that the samples were 

not exposed to air/moisture. A co-axial charge neutralizer was utilized to prevent built up of 

charge on the samples. All spectra were collected with a fixed analyzer transmission mode. 

Survey scans were collected with a pass-energy of 160 eV and high resolution scans were 

collected with a pass-energy of 20 eV. Peak fitting of the high resolution XP spectra was 

performed using CasaXPS software (casaxps.com). All peak positions were normalized with 

respect to the C 1s peak with a binding energy of 285 eV. 

Computational Details. For EPR studies, geometry optimizations of (EtDIP)TiCl3 (1) were 

carried out with the Turbomole program package43 coupled to the PQS Baker optimizer44,45 

via the BOpt package,46 at the b3-lyp47/def2-TZVP48,49 level. The structure was characterized 

by a vibrational analysis (no imaginary frequencies). EPR parameters50 were calculated with 
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the ADF201351 program system using the B3LYP functional with the ZORA/TZ2P basis sets 

supplied with the program (all electron, core double-ζ, valence triple-ζ, double polarized 

basis set on all atoms), using the coordinates from the X-ray structure or structures optimized 

in Turbomole as inputs (unrestricted SPINORBIT ZORA COLLINEAR calculations for the 

SOC corrected HFI tensors and spin polarization corrected g tensors). 

EPR parameters were also calculated with ORCA52 using the B3LYP functional and the def2-

TZVP48-49 basis set (NORI, SOCType 3, SOCFlags 1,2,3,1), again using the X-ray geometry 

or the geometry obtained by geometry optimization using Turbomole, giving results almost 

identical with those for ADF. For examination of the SP-TBP path for 4a′, as well as 

prediction of NMR data, geometry optimizations for 1′−4′ were performed with Turbomole43 

(V6.3) coupled to the PQS Baker optimizer44,45 at the TPSSh53/def TZVP48 level. Vibrational 

analyses were used to confirm the nature of the stationary points (no imaginary frequencies). 

Free energies were obtained by combining electronic energy, enthalpy, and entropy 

corrections (298 K, entropy scaled by 0.6754,55) with dispersion corrections calculated using 

DFT-D3 (options “-func tpssh -zero”).56 NMR chemical shifts (TPSSh functional, GIAO 

method;57,58 IGLO-II basis set59) were calculated using Gaussian 09.60 MO and spin density 

plots were generated with the program Molden.61 

 

(EtDIP)TiCl3 (1). A 100 mL Schlenk tube was charged with 2.30 g (6.20 mmol) of 

TiCl3(THF)3, approximately 30 mL of THF, and a stirrer bar. EtDIP (3.96 g, 9.30 mmol) was 

added, and the reaction mixture was stirred for 12 h, during which the color quickly changed 

to green. The solid was filtered off and washed three times with 20 mL of THF. The obtained 

crystals were dried in vacuo, giving 3.23 g of (EtDIP)TiCl3 (90%). Suitable single crystals for 

X-ray studies were obtained by careful layering (1:1) of solutions of TiCl3(THF)3 and EtDIP. 
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Anal. Calcd for C29H35N3Cl3Ti·C4H8O: C, 60.80; H, 6.65; N, 6.45. Found (1): C, 60.38; H, 

7.01; N, 6.28. 

 

(EtDIP)TiCl2 (2). A 100 mL Schlenk tube was charged with 2.27 g (3.48 mmol) of complex 

1, approximately 30 mL of THF, and a stirrer bar. KC8 (0.47 g, 3.48 mmol) was added, and 

the reaction mixture was stirred for 3 days. Suspended solid was removed by centrifugation, 

and the solvent was removed in vacuo. The solid residue was dissolved in a few milliliters of 

toluene and left at −35 °C to give 1.81 g (95%) of dark green crystals suitable for X-ray 

crystallography. 

Anal. Calcd for C29H35N3Cl2Ti: C, 63.98; H, 6.48; N, 7.72. Found: C, 63.74; H, 6.85; N, 7.44. 

1H NMR (500 MHz, toluene-d8): δ 1.21 (12H, t, J 7.5, CH2CH3), 1.79 (6H, s, CH3C=N), 2.4, 

2.9 (4H each, m, CH2CH3), 5.11 (1H, t, J 7.5, py 4), 5.99 (2H, d, J 8.0, py 3/5), 7.14 (6H, m, 

Ar). 13C{1H} NMR (500 MHz, toluene-d8): δ 14.3 (CH2CH3), 15.0 (CH3C=N), 24.2 

(CH2CH3), 123.9 (py 4), 126.5 (m-Ar), 126.9 (py 3), 127.8 (p-Ar), 134.9 (o-Ar), 142.4, 148.8 

(py 2, C=N), 166.6 (i-Ar). 

 

(EtDIP)TiCl(Me) (3a). A 100 mL Schlenk tube was charged with 0.168 g (0.308 mmol) of 2, 

approximately 15 mL of toluene, and a stirrer bar. Solid MeLi (0.01 g, 0.455 mmol) was 

added, and the reaction mixture was stirred for 3 days. Suspended solids were removed by 

centrifugation, and the solvent was removed in vacuo. The solid residue was dissolved in a 

few milliliters of toluene and left to crystallize at −35 °C, producing 0.076 g (47%) of dark 

green crystals suitable for X-ray crystallography (containing one molecule of toluene of 

crystallization). 

Anal. Calcd for C30H38N3ClTi.C7H8, Calcd: C, 72.13; H, 7.52; N, 6.82. Found (1): C, 70.62; 

H, 7.66; N, 6.77. 1H NMR (500 MHz, toluene-d8): δ 0.91 (6H, t, J 7.5, CH2CH3), 1.30 (6H, s, 
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CH3C=N), 1.36 (6H, t, J 7.8, CH2CH3), 1.9, 2.0 (2H each, m, CH2CH3), 2.04 (3H, s, Ti-Me), 

2.6, 3.1 (2H each, m, CH2CH3), 5.19 (1H, t, J 7.5, py 4), 5.87 (2H, d, J 7.5, py 3/5), 6.88 (2H, 

d, J 7.5, m-Ar), 7.07 (2H, t, J 7.5, p-Ar), 7.14 (2H, d, J 7.5, m-Ar). 13C{1H} NMR (500 MHz, 

toluene-d8): δ 14.3, 14.5 (CH2CH3), 14.7 (CH3C=N), 23.8, 24.7 (CH2CH3), 64.8 (Ti-Me), 

119.9 (py 4), 126.2, 126.4 (m-Ar), 127.1 (p-Ar), 128.5 (py 3), 133.1, 137.2 (o-Ar), 139.6, 

148.0, 160.9 (py 2, C=N, i-Ar). 

 

(EtDIP)TiCl(CH2Si(CH3)3) (3b). A 100 mL Schlenk tube was charged with 0.203 g (0.373 

mmol) of 2, 15 mL of toluene, and a stirrer bar. Solid Me3SiCH2Li (0.0351 g, 0.373 mmol) 

was added, and the reaction mixture was stirred for 3 days. Suspended solids were removed 

by centrifugation, and the solvent was removed in vacuo. The solid residue was dissolved in a 

few milliliters of diisopropyl ether and layered with pentane. Crystallization at −35 °C gave 

0.117 g (52%) of dark green crystals. 

Anal. Calcd for C33H46N3ClSiTi: C, 66.49; H, 7.78; N, 7.05. Found (2): C, 67.36; H, 7.39; N, 

7.41. 1H NMR (500 MHz, benzene-d6): δ 0.08 (2H, s, Ti-CH2), 0.74 (9H, s, SiMe3), 1.04, 

1.32 (6H each, t, J 7.5, CH2CH3), 1.34 (6H, s, CH3C=N), 2.2, 2.3, 2.6, 3.3 (2H each, m, 

CH2CH3), 5.29 (1H, t, J 7.5, py 4), 5.99 (2H, d, J 8, py 3/5), 6.97 (2H, d, J 7.5, m-Ar), 7.11 

(2H, t, J 7.5 Hz, p-Ar), 7.22 (2H, d, J 7.5, m-Ar). 13C{1H} NMR (500 MHz, benzene-d6): δ 

3.3 (SiMe3), 14.0, 14.7 (CH2CH3), 14.9 (CH3C=N), 23.7, 24.7 (CH2CH3), 84.1 (Ti-CH2), 

119.2 (py 4), 126.1, 126.5, 127.2 (m- and p-Ar), 128.8 (py 3), 132.7, 137.7 (o-Ar), 140.7, 

148.6, 161.4 (py 2, C=N, i-Ar). 

 

(EtDIP)TiCl(Ph) (3c). A 100 mL Schlenk tube was charged with 0.215 g (0.395 mmol) of 2, 

15 mL of toluene, and a stirrer bar. Solid PhLi (0.035 g, 0.416 mmol) was added, and the 

reaction mixture was stirred for 4 days. Suspended solids were removed by centrifugation, 
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and the solvent was removed in vacuo. The residue was dissolved in a few milliliters of 

diisopropyl ether and layered with pentane (1:5). Crystallization at −35 °C gave 0.127 g 

(55%) of dark green crystals. X-ray quality crystals were obtained from benzene. 

Anal. Calcd for C35H40N3ClTi: C, 71.73; H, 6.88; N, 7.17. Found (2): C, 68.25; H, 6.76; N, 

6.94. 1H NMR (500 MHz, benzene-d6): δ 0.58 (6H, t, J 7.5, CH2CH3), 1.07 (6H, s, CH3C=N), 

1.46 (4H, q, J 7.5, CH2CH3), 1.55 (6H, t, J 7.8, CH2CH3), 3.1, 3.8 (2H each, m, CH2CH3), 

4.90 (1H, t, J 7.8, py 4), 5.58 (2H, d, J 7.5, py 3/5), 6.80 (2H, d, J 7.5, m-Ar), 7.04 (2H, t, J 

7.5, p-Ar), 7.18 (1H, t, J 7.0, p-Ph), 7.24 (2H, d, J 7.5, m-Ar), 7.37 (2H, t, J 7.5, m-Ph), 8.63 

(2H, d, J 6.0, o-Ph). 13C{1H} NMR (500 MHz, benzene-d6): δ 13.5, 14.4 (CH2CH3), 14.5 

(CH3C=N), 23.0, 25.1 (CH2CH3), 120.9 (py 4), 125.8, 126.5 (m-Ar), 127.0 (o-Ph), 127.2 (p-

Ar), 127.5 (m-Ph), 129.3 (py 3), 130.5 (p-Ph), 132.5, 137.7 (o-Ar), 141.0, 147.4, 163.3 (py 2, 

C=N, i-Ar), 207.4 (i-Ph). 

 

(EtDIP)Ti(Me)2 (4a). A 100 mL Schlenk tube was charged with 0.548 g (1.01 mmol) of 2, 

approximately 15 mL of toluene, and a stirrer bar. Solid MeLi (0.053 g, 2.41 mmol) was 

added, and the reaction mixture was stirred for 2 days. Suspended solids were removed by 

centrifugation, and the solvent was removed in vacuo. The solid residue was dissolved in a 

few milliliters of diethyl ether and crystallized at −35 °C, giving 0.336 g (66%) of dark green 

crystals. 

Anal. Calcd for C31H41N3Ti: C, 73.94; H, 8.21; N, 8.34. Found (1): C, 72.69; H, 8.21; N, 

8.17; (2): C, 69.63; H, 7.50; N, 7.95; (2): C, 70.67; H, 7.92; N, 8.21. 1H NMR (500 MHz, 

toluene-d8): δ 1.17 (12 H, t, J 7.5, CH2CH3), 1.38 (6H, s, Ti(CH3)2), 1.57 (6H, br, CH3C=N), 

2.6, 2.9 (4H each, m, CH2CH3), 4.57 (1H, br t, py 4), 5.08 (2H, br, py 3/5), 7.02 (6H, s, Ar). 

13C{1H} NMR (500 MHz, toluene-d8): δ 12.6 (br, CH3C=N), 14.4 (CH2CH3), 24.1 (CH2CH3), 
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59.8 (br, Ti(CH3)2) 118.8 (py 4), 126.1 (m-Ar), 126.6 (p-Ar), 136.9 (o-Ar), 144.0 (br), 146.1, 

155.5 (v br) (py 2, C=N, i-Ph). Py 3 not detected. 

 

(EtDIP)Ti(CH2Si(CH3)3)2 (4b). A 100 mL Schlenk tube was charged with 0.201 g (0.370 

mmol) of 2, 15 mL of toluene, and a stirrer bar. Me3SiCH2Li (0.070 g, 0.740 mmol) was 

added, and the reaction mixture was stirred for 3 days. Suspended solids were removed by 

centrifugation, and the solvent was removed in vacuo. The solid residue was dissolved in a 

few milliliters of diisopropyl ether and left to crystallize at −35 °C, giving 0.153 g (64%) of 

dark green crystals. 

Anal. Calcd for C37H57N3Si2Ti: C, 68.59; H, 8.87; N, 6.49. Found (1): C, 68.04; H, 9.18; N, 

6.82. 1H NMR (500 MHz, toluene-d8): δ 0.10 (18H, br s, SiMe3), 1.21 (12H, t, J 7.5, 

CH2CH3), 1.32 (6H, s, CH3C=N), 2.5 (4H, m, CH2CH3), 2.8 (4H, br, CH2CH3), 5.12 (1H, t, J 

7.5, py 4), 5.81 (2H, d, J 7.5, py 3/5), 7.07 (6H, s, Ar). TiCH2 not observed. 13C{1H} NMR 

(500 MHz, toluene-d8): δ 2.8 (SiMe3), 13.9 (CH2CH3), 14.5 (CH3C=N), 24.2 (CH2CH3), 80.5 

(br, TiCH2), 118.5 (py 4), 126.3 (m-Ar), 126.8 (p-Ar), 127.8 (py 3), 135.8 (br, o-Ar), 142.7, 

148.5, 155.8 (py 2, C=N) (i-Ar). 1H NMR (500 MHz, toluene-d8, 80 °C): δ 0.03 (18H, s, 

SiMe3), 1.19 (12H, t, J 7.3, CH2CH3), 1.36 (4H, br s, TiCH2), 1.42 (6H, s, CH3C=N), 2.5 (4 

H, m, CH2CH3), 2.7 (4H, CH2CH3), 5.19 (1H, t, J 7.0, py 4), 5.89 (2H, d, J 7.0, py 3/5), 7.07 

(6H, s, Ar). 1H NMR (500 MHz, toluene-d8, −50 °C): δ −0.35 (9H, s, SiMe3), 0.07 (2H, s, 

TiCH2), 0.85 (9H, s, SiMe3), 1.18 (12H, br s, CH2CH3 and CH3C=N), 1.28 (6H, br s, 

CH2CH3), 2.4 (2H, br m, CH2CH3), 2.5 (4H, br m, CH2CH3), 2.82 (2H, s, TiCH2), 3.3 (2H, 

br, CH2CH3), 5.02 (1H, t, J 7.8, py 4), 5.62 (2H, d, J 7.5, py 3/5), 7.1 (6H, m, Ar). 
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3 Reactivity of Diiminopyridine Ti Complexes 
 
 

3.1 ABSTRACT 
 
The reactivity of formally Ti(II) complexes (EtDIP)TiCl2 (2) and (EtDIP)TiMe2 (4a) of the 

diiminopyridine ligand (EtDIP = 2,6-(2,6-Et2C6H3N=CMe)2C5H3N) towards with potential 

reductants, oxidants and bases was explored. Reduction of 2 with 2 equivalents of KC8 gave 

formally Ti0 bis chelate complex (EtDIP)2Ti (5). Reaction of 2 with 1 equivalent of OPPh3 

afforded the simple adduct (EtDIP)TiCl2(OPPh3) (6). Dissolution of 2 in CHCl3 resulted in C-

Cl bond cleavage giving (EtDIP)TiCl3 (1). Treatment of 2 with CO and CO2 produced 1 as the 

only identifiable Ti-containing product. Reaction of 4a with 1 equivalent of (PhHN)2 

furnished titanium amido/imido complex (EtDIP+Me)Ti(NPh)(NHPh) (7) containing a 

methylated DIP ligand. Reaction of 2 with 2.2 equivalents of MeLi led to formation of 

(EtDIP+H/-H)TiMe2 (8) (with an H-shifted isomerized ligand) and (EtDIP-2H)TiMe2 (9) (with 

a doubly dehydrogenated ligand) as the major and minor products, respectively. Reaction of 2 

with (2,6-Me2C6H3)NHLi resulted in straightforward substitution to give (EtDIP)Ti(NH-2,6-

Me2C6H3)2 (10). Use of the bulky amide KN(SiMe3)2 led to DIP ligand dehydrogenation and 

activation of one SiMe3 C-H bond, affording [(EtDIP-H)Ti(k2-C,N-CH2SiMe2NSiMe3) 

][K(OiPr2)2] (11). Reaction with one equivalent of KOtBu gave the simple substitution 

product (EtDIP)Ti(Cl)(OtBu) (12). With two equivalents, (EtDIP-2H)Ti(OtBu)2 (14) was only 

a minor product, the major product being (EtDIP+H/-H)Ti(OtBu)2 (13), a complex of the 

isomerized ("H-shifted") ligand. For comparison, 1 was reacted with 3 KOtBu giving 14 and 

(EtDIP-2H)TiCl(OtBu) (15). Treatment of (EtDIP)Ti(CH2SiMe3)2 (4b) with 2 equivalents of 
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TEMPO yielded doubly dehydrogenated complex (EtDIP-2H)Ti(CH2SiMe3)2 (16). 

Complexes 5, 6, 7, 8, 9, 10, 11, 12, 13 and 14 are diamagnetic and were characterized by 

NMR and single-crystal X-ray diffraction. On the basis of spectroscopic data and the C=N 

and Cimine−Cpy bond lengths, a description involving TiIV and a dianionic ligand seems most 

appropriate for 5, 6, 10 and 12. 

 
3.2 INTRODUCTION 
 
One of the most notable features of DIP ligands (Figure 3.1) is their ability to stabilize main 

group and transition metals in low formal oxidation states by accepting electrons in their 

extended p* orbitals. 

 
 

 
 

Figure 3.1. Formally low-valent main group and transition metal complexes of DIP 

 
 
The combined involvement of metal and ligand in reactions of these complexes enables first-

row transition metals to undergo 2e elementary steps even in cases where the metal alone 

would likely follow 1e paths.1 There are many examples of the reducing power of the ligand-

stored electrons in different applications of low-valent metal complexes of DIP. In one of the 

earlier reports, it was shown that reduction of a (DIP)CrCl2 complex leads to fixation of 

dinitrogen, its partial reduction and hydrogenation and eventually to cleavage of the N-N 

bond giving an amide product.2 Reduction of a trivalent vanadium complex of DIP to 
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formally zero and divalent vanadium resulted in formation of end-on dinitrogen complexes 

with partially reduced dinitrogen molecules, as well.3 Recently, Chirik et al. reported the 

reactivity of the same DIP complex of vanadium with an end-on bridging dinitrogen in N=N, 

N-N, O=O and S8 bond cleavages.4 The cooperativity between the DIP ligand and the metal 

center makes the small molecule activation achievable. Redox and chemical reactivity of the 

DIP ligand has also been reported for molybdenum complexes that cleave the N-H bonds of 

ammonia, aryl hydrazines, and primary and secondary amines.5 DIP ligands can also undergo 

dehydrogenation,3 dimerization6 and alkylation.7 Alkyl8 and H9 atom migration to the ligand 

from the metal center have frequently been reported. Moreover, the negatively charged N 

atoms and electron-rich aromatic rings of the reduced ligand result in a tendency to interact 

with more than one metal at the same time.10 

In Chapter 2, the synthesis and investigation of the electronic structure of a series of 

diiminopyridine Ti complexes were described (Scheme 3.1).11 

 
 

 
 

Scheme 3.1. Synthesis of (EtDIP)TiCl2 and (EtDIP)TiR2 
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Structural, spectroscopic and computational studies indicated the Ti center of 1 to be TiIII, 

whereas complexes 2 and 4 were proposed to contain TiIV and a doubly reduced ligand. In 

this chapter, we explore the reactivity of these complexes, in particular towards potential 

redox and H atom transfer chemistry. 

 
3.3 RESULTS AND DISCUSSION 
 
3.3.1 Attempted redox chemistry of 2- 4 
 
Since complex 2 still contains TiIV, we wondered whether further reduction to true low-valent 

Ti would be possible. However, attempted reduction of 2 with KC8 resulted in 

disproportionation to (EtDIP)2Ti (5) and unidentified further products (Scheme 3.2). 

 
 

 
Scheme 3.2. Attempted redox chemistry involving 2 and 4a 
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Clean separation of 5 from its contaminants proved impossible, but we managed to obtain a 

crystal structure of the complex. To the best of our knowledge, 5 is the first example of a 

bis(DIP) metal complex with bulky 2,6-disubstituted aryl groups (many examples exist 

containing 2,6-unsubstituted Ar groups at N12). Bond lengths within the DIP ligands (vide 

infra) indicate that both ligands are doubly reduced, implying that the metal is still in the TiIV 

oxidation state. 

Halide abstraction through C-X cleavage has been reported previously for low-valent 

complexes of Co13 and Fe.14 We briefly explored whether formally TiII complex 2 displays 

similar reactivity. It turns out that 2 does not react with CH2Cl2 but quickly cleaves a C-Cl 

bond of CHCl3 to produce 1; this brackets the reducing power of complex 2. 

Titanium forms very strong bonds to oxygen, hence it seemed possible that (EtDIP)TiCl2 

would reduce OPPh3 to PPh3. However, we only ever observed formation of Lewis acid-base 

complex 6. Interestingly, the 1H NMR signals of 6 show a temperature dependence similar to 

that of (EtDIP)TiMe2 (4a) but with even broader lines, indicating a thermally populated triplet 

state with a smaller singlet/triplet gap than in 4a. The room temperature 1H NMR spectrum of 

6 has the signals of Py H4, Py H3/5 and OPPh3 phenyl groups merged into the baseline, and 

the resonance of the imine methyl fragments is strongly broadened (CH3C=N: 1.52 ppm, 

linewidth: 0.07 ppm). In a variable temperature (VT) 1H NMR study, over the temperature 

range of -55 to +65 °C, the chemical shifts of py H4 and CH3C=N change by about 0.52 and 

1.32 ppm, respectively (Figure 3.2). 
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Figure 3.2. VT 1H NMR (500 MHz) study of 6 in d8-toluene (the black dot indicates solvent) 

 
 
The py H3/5 signal appear as a sharp doublet at low temperature and starts to broaden at +5 

°C. Upon warming up the solution, it does not undergo any chemical shift change but merges 

into the baseline around room temperature. The Et group signals are fairly sharp at all 

temperatures, indicating that little unpaired electron density delocalizes to the ligand Ar 

groups. They are consistent with effective C2v symmetry even at low temperature, and hence 

prove that the observed temperature dependence is not due to freezing out of an exchange 

phenomenon. 

Carbon dioxide is another species that could be reduced to interesting products by the 

electrons stored in the DIP ligand. Potential products include metallaformate (straight 2e 

reduction), oxalate (reductive C-C coupling) and CO (O atom abstraction). Unfortunately, in 

our hands treatment of solutions of 2 and 3a in toluene with CO2 gave 1 as the only 

identifiable product. This must involve some form of disproportionation, possibly involving 

Ti oxide formation, but we were unable to fully characterize any product other than 1. 
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Carbon monoxide is good at stabilizing low oxidation states through backdonation (rather 

than the full electron transfer typically observed with DIP ligands). Thus, it seemed possible 

that coordination of CO to 2 would result in a less reduced DIP ligand and a lower 

spectroscopic oxidation state of Ti (c.f. (DIP)Mn(CO)2Br15). Unfortunately, also this reaction 

simply produced 1 and further unidentifiable products. 

The above makes it clear that complex 2 does not have a high tendency to act as a reductant. 

We next turned to more easily reduced substrates containing weak X-X bonds: S8, (tBuO)2 

and (PhHN)2, but even these did not react with 2. We then focused on complex 4a which 

should be both more chemically reactive and more strongly reducing. Indeed, 4a reacts with 

(PhHN)2 to give mixed amido/imido TiIV complex 7. 

Apparently, the reducing power of the two electrons sitting on the ligand plays an important 

role in this reaction. One possible mechanism starts with dehydrogenation of hydrazobenzene 

by a Me(Ti) group, followed by migration of the second Me group to the ligand (alkyl 

migration is a well-known feature of DIP complexes), coordination of the second 

hydrazobenzene N atom to Ti, and finally reductive cleavage of the N-N bond by the two 

electrons still residing on the ligand (Scheme 3.3). 

 

 
 

Scheme 3.3. Possible mechanism for formation of 7 
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In previous work we reported formation of 4a from 2 and two equivalents of MeLi.11 We 

have now found that with a bit more MeLi (2.1 eq) the main product becomes 8, in which the 

coordinated DIP ligand has undergone isomerization (see Scheme 3.2). A small amount of a 

complex with a doubly dehydrogenated ligand, 9, is often seen as a by-product. The related 

1H-NMR spectrum is shown in Figure 3.3. 

 

 
 

Figure 3.3. 1H-NMR (500 MHz) spectrum of 8 in d6-benzene 

 
 
The reaction is remarkable because the H atom leaving appears to do so as a proton, while the 

H atom adding to the imine carbon behaves like a hydride. The net effect of the isomerization 

is that the ligand changes from being noninnocent (formally neutral, but the ligand p* orbitals 

have accepted two electrons) to a regular bis(amido) ligand, and this presumably provides a 

driving force. 

 
3.3.2 X-ray Structural Characterization of 5-8 
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The solid-state structure of 5 and 6 are presented in Figure 3.4 and Figure 3.5 and the related 

bond lengths and structural parameters are collected in Table 3.1. 

 

 
a) 

 
 

 
b) 

 
Figure 3.4. a) Molecular structure of 5. Hydrogens and ethyl CH3 carbons are omitted for 

clarity. b) Numbered molecular structure of 5. Aryl rings are omitted for clarity 
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Figure 3.5. Molecular structure of 6. Hydrogens and ethyl CH3 carbons are omitted for clarity 

 
Table 3.1. Selected bond lengths (Å) for (EtDIP)Ti complexes 

 5 6 7 8 
Ti-N1 2.190(7) 2.2557(17) 2.253(2) 1.997(4) 
Ti-N2 1.981(7) 2.0135(17) 2.176(3) 2.160(4) 
Ti-N3 2.201(7) 2.0719(17) 1.996(3) 1.979(4) 
Ti-N4 2.219(7)  1.750(5)  
Ti-N5 1.967(7)  1.902(5)  
Ti-N6 2.174(7)    
Ti-X1  2.4067(6)  2.079(5) 
Ti-X2  2.3839(6)  2.093(5) 
Ti-O1  2.0483(14)   

N1-C12 1.343(12) 1.295(3) 1.285(4) 1.400(6) 
N4-C41 1.324(12)    
C12-C13 1.419(14) 1.454(3) 1.476(4) 1.475(8) 
C41-C42 1.435(13)    
C17-C18 1.439(13) 1.391(3) 1.507(5) 1.486(9) 
C46-C47 1.412(13)    
C18-N3 1.346(12) 1.352(3) 1.485(4) 1.422(7) 
C47-N6 1.358(12)    
C11-C12 1.525(14) 1.504(3) 1.491(5) 1.327(8) 
C40-C41 1.507(14)    
C19-C18 1.480(13) 1.504(3) 1.533(5) 1.310(13) 
C47-C48 1.498(14)    

t   0.51 0.78 



 108 

In both complexes, the geometry around Ti is best described as distorted octahedral and the 

highest possible symmetries for 5 and 6 are D2d and C2v, respectively. In 6, two chlorine 

atoms and one OPPh3 molecule have occupied the apical and basal positions, respectively, 

relative to the (DIP)Ti moiety. In 6, there is a lot of left-right asymmetry. It is as if one imine 

arm is nearly dissociated, and also not elongated (C=N: 1.295(3) and 1.352(3) Å). As showed 

above (see Figure 3.2), this is fluxional in solution and there is no difference between the left 

and right of the chelate. In 5, the asymmetry within each DIP ligand is not as severe as that in 

6, but clearly there is a lot of distortion (relative to ideal D2d symmetry) in how the two 

ligands are oriented relative to each other (∠N2-Ti-N2¢: 155.7(3)°). The average Ti-Cl bond 

lengths (2.39 Å) in 6 is longer than that observed for TiIV-Cl bonds (TiIV-Cl: ~2.31 Å; TiIII-

Cl: ~2.38 Å; TiII-Cl: ~ 2.4-2.5 Å).16 There is no indication of dehydrogenation of the imine 

methyl groups since the CH3-Cimine are in the normal range for C-C single bonds (1.502 Å in 

5 and 1.504 Å in 6). 

One measure of the degree of asymmetry in these complexes is the left/right root mean 

square deviation, which we calculate for the whole conjugated system (2´5 bonds) as well as 

restricted to the imine side arms (2´2 bonds): 

 

𝑟𝑚𝑠𝑑5 =

	3(56789:5678;)=>(78978?:78@78;)=>(78?78A:78A78@)=>(786789:78;78B)=>(78658:78B59)=

A
   (1) 

 

𝑟𝑚𝑠𝑑2 = 	3(786789:78;78B)=>(78658:78B59)=

6
   (2) 

 
The values obtained in this way for 6 (0.048 and 0.060 Å) clearly indicate a major asymmetry 

in the complex, whereas in highly distorted complex 5 each of the two DIP ligands is 

somewhat less asymmetric (DIP1: 0.023 and 0.014 Å; DIP2: 0.020 and 0.029 Å). At this 

point the reasons for the asymmetric ligand binding are unclear, but we note that also 
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(EtDIP)TiPhCl showed considerable asymmetry in the solid state.11 Apparently the energy 

difference between asymmetric and symmetric binding is small (NMR spectra do not show 

left/right asymmetry even on strong cooling), and at this point it is uncertain which of the two 

would be preferred by a single isolated molecule in the gas phase. 

The solid-state structure of 7 is shown in Figure 3.6 and the relevant bond lengths are 

included in Table 3.1. 

 

 
 

Figure 3.6. Molecular structure of 7. Hydrogens and ethyl CH3 carbons are omitted for clarity 

 
 
The complex has a C1 symmetry with one methylated imine fragment. This has made the 

corresponding C-N dramatically elongated (1.485(4) Å) compared to the intact imine group 

(1.285(4) Å). Titanium imide and amide bonds are 1.750(5) Å and 1.902(5) Å, respectively, 

which fall within the range of TiIV=N (1.672-1.757 Å)17 and TiIV-N (1.868- 2.077 Å)18 

observed before. 

In line with its NMR spectrum (see Figure 3.3), the X-ray structure of 8 has a C1 symmetry 

(Figure 3.7) with a distorted trigonal bipyramidal Ti coordination environment.  
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Figure 3.7. Molecular structure of 8. Hydrogens and ethyl CH3 carbons are omitted for clarity 

 
One of the imine methyls has clearly undergone dehydrogenation (CH2=Cimine: 1.327(8) Å). 

The second imine fragment has been "protonated" and the imine methyl group is intact (CH3-

Cimine: 1.468(8) Å). Consequently, both imine groups are strongly elongated indicating two C-

N single bonds (1.422(7) and 1.400(6) Å). The sum of the bond angles around the imine 

carbon bearing the intact methyl group is 340.0°, i.e. considerably less than expected for a 

planar sp2 carbon (360) and closer to the 328.4° expected for a sp3 hybridized carbon. 

It should be noted here that complex 8, its parent complex 4a and its doubly dehydrogenated 

analog 9 probably co-crystallize. Thus, the presence of a small amount of 4a and/or 9 in the 

crystal used cannot be excluded, and bond lengths should be treated with caution. 

 
 
3.3.3 Reactions with amides and alkoxides 
 
In 1H NMR spectra of solutions of DIP complexes we have frequently observed singlets 

around 4 ppm, most likely due to dehydrogenated imine groups. Since it was not always clear 

how such dehydrogenation could have happened, we decided to study in more detail the 

reactions of 2 and 4 with bases: amides and alkoxides. 
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Reaction of 2 with 2 equivalents of (2,6-Me2C6H3)NHLi in toluene gave 10 (Scheme 3.4). 

 

 
Scheme 3.4. Treatment of 2 with varying size bases 

 
 
1H NMR spectra of 10 show both sharp and broad signals in the normal 0-10 ppm range. The 

observation of sharp backbone signals (one doublet of 2H at 5.88 ppm, Py H3/5), one triplet 

of 1H at 4.98 ppm, Py H4) and one singlet of 3H at 2.47 ppm, CH3C=N)) but broadened side-

arm signals suggests slow exchange of apical and equatorial amido groups, similar to the 

fluxionality observed for 4b. 

Treatment of 2 with 3 equivalents of a bulkier base, KN(SiMe3)2, led to formation of 

diamagnetic ionic complex 11 (see Scheme 3.4). The 1H NMR spectrum of this complex is 
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consistent with C1 symmetry. The two trimethylsilyl groups at the amido nitrogen are 

inequivalent. One SiMe3 fragment signal of 9H appear as a singlet at -0.26 ppm, while the 

other SiMe3 has undergone dehydrogenation, appearing as two doublets of 1H each 

(diastereotopic hydrogens) at 0.96 and 1.06 ppm (for Ti-CH2) and two singlets of 3H each 

(diastereotopic methyls) at 0.08 and 0.19 ppm (for N-SiMe2). This type of N(SiMe) C-H 

activation has numerous precedents; for additional Ti examples see.19 Three inequivalent 

pyridine hydrogens (1H each) are found at 5.03, 5.44 and 5.91 ppm. One of the imine 

methyls is dehydrogenated and appears as two singlets of 1H each at 3.47 and 4.16 ppm. The 

signal of the intact imine methyl group is found at 1.44 ppm. Based on bond lengths (vide 

infra) and NMR shifts, the intact mono-imino-pyridine part of the DIP ligand is still 

accommodating two electrons coming from Ti.1 

Complex 2 was also reacted with 1 equivalent of tBuOK which furnished 12 (see Scheme 

3.4). 1H NMR analysis of 12 shows a Cs symmetric compound in solution with sharp 

resonances indicating a diamagnetic compound. As observed for 2, the backbone in 10 shows 

one doublet of 2H at 6.37 ppm (py H3/5), one triplet of 1H at 5.59 ppm (py H4) and one 

singlet of 6H at 1.45 ppm (CH3C=N). The signal corresponding to Ti-OtBu emerges as one 

singlet of 9H at 0.91 ppm. 

Reaction of 2 with two equivalents of tBuOK afforded a mixture of two compounds: 13 

(major) and the expected product 14 (minor). Structures were assigned based on (mostly 1H) 

NMR and for 13 on an X-ray structure determination (vide infra). 

In the 1H NMR spectrum, the major product shows two singlets of 1H each at 3.91 and 4.42 

ppm for H2C=CN, as well as a quartet of 1H at 5.03 ppm coupled to a doublet of 3H at 1.13 

ppm which we ascribe to the CH3CH-N fragment. Complex 13 is a "H-shifted" isomer of 14: 

                                                
1 The noninnocent iminopyridine ligand is able to accept up to two electrons in a low-lying 

π* orbital.20 
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a hydrogen atom has moved from one imine methyl group to the imine carbon of the other 

ligand arm, similar to what happened in the reaction of (EtDIP)TiCl2 with excess MeLi (vide 

supra). We will indicate such a modified ligand as in (EtDIP+-H)Ti(OtBu)2. Possible 

mechanisms for the formation of 13 are discussed below. 

For comparison, we also reacted 1 with excess (3 equivalents) of tBuOK. Assuming simple 

substitution and dehydrogenation, the expected product would be a TiIII complex, but we 

obtained a mixture of compounds, containing doubly dehydrogenated complexes 14 and 15 

with TiIV centers (Scheme 3.5) as well as free ligand. 

 
 

 
 

Scheme 3.5. Reaction of tBuOK with (EtDIP)TiCl3 

 
 
After a recrystallization in (iPr)2O, pure 15 was obtained. The 1H NMR spectrum of 15 shows 

an effective Cs symmetry. The two characteristic singlets for dehydrogenated DIP ligand in 

15 of 2H each appear at 3.75 and 4.39 ppm and the pyridine hydrogens are at 6.94 ppm (for 

py H3/5) and 6.84 ppm (for py H4). The signal corresponding to the tBuO ligand appears as a 

singlet of 9H at 0.64 ppm. The 1H NMR spectrum of 14 indicates C2v symmetry with only 

two multiplets and one triplet for the Et groups (see exp. section). 

In view of the above H atom transfer reactions we decided to include TEMPO, a base 

specifically known for its facile H abstraction chemistry (Scheme 3.6). 
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Scheme 3.6. Reaction of 4b with TEMPO 

  
 
Treatment of 4b with two equivalents of TEMPO resulted in clean formation of doubly 

"dehydrogenated" complex 16, easily identified by its characteristic H2C=CN singlets at 3.88 

and 4.48 ppm. 

The 1H NMR pattern of 16 is very similar to that of 14. Comparing to 4b, the pyridine 

resonances are downfield shifted (6.89 ppm for py H4 and 7.02 ppm for H3/5) and the 

CH2SMe3 groups appear at 2.12 (Ti-CH2) and -0.22 (SiMe3) ppm (Figure 3.8). 

 
 

Figure 3.8. 1H NMR (500 MHz) spectrum of 16 in d6-benzene 
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3.3.4 X-ray Structural Characterization of 10-14 
 
The solid-state structures of 10 and 12 are shown in Figure 3.9 and Figure 3.10, respectively, 

and the bond lengths and structural parameters are summarized in Table 3.2. 

 
Figure 3.9. Molecular structure of 10. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
 

 
Figure 3.10. Molecular structure of 12. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 
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Table 3.2. Selected bond lengths (Å) for (EtDIP)Ti complexes 

 10 11 12 13 14 

Ti-N1 2.187(3) 2.0384(18) 2.0716(14) 2.0074(18) 2.056(2) 

Ti-N2 2.044(3) 2.0535(17) 2.0153(14) 2.1326(18) 2.094(2) 

Ti-N3 2.174(2) 2.0466(18) 2.0912(14) 2.0546(17) 2.048(2) 

Ti-N4 1.809(4) 1.9726(18)    

Ti-N5 1.913(4)     

Ti-Cl1   2.2965(5)   

Ti-O1   1.7826(12) 1.7902(16) 1.785(2) 

Ti-O2    1.7709(15) 1.785(2) 

Ti-C30  2.151(2)    

C12-N1 1.323(4) 1.395(3) 1.352(2) 1.439(3) 1.380(4) 

C12-C13 1.429(5) 1.450(3) 1.414(2) 1.490(3) 1.454(4) 

C17-C18 1.427(4) 1.402(3) 1.423(3) 1.468(3) 1.452(4) 

C18-N3 1.324(4) 1.400(3) 1.347(2) 1.389(3) 1.384(4) 

C11-C12 1.512(5) 1.397(3) 1.490(3) 1.457(4) 1.396(5) 

C18-C19 1.497(4) 1.451(3) 1.492(2) 1.369(3) 1.400(5) 

t 0.67 1 0.45 0.39 0.41 
 
 

The geometry around Ti in 10 and 12 is distorted square pyramidal so they could have at 

most local Cs symmetry. However, the two bulky 2,6-Me2-C6H3 fragments in 10 are rotated 

to avoid each other’s methyl groups and the Et groups on the N-aryl rings. The Ti-N bond 

lengths (1.913(4) and 1.809(4) Å) have previously been observed in complexes including 

TiIV-N bonding (1.804-1.918 Å).16a The tBuO ligand in 12 has occupied the basal position 

likely to minimize steric interactions with the Et substituents on the aryl rings. The Ti-Cl1 

bond length is in the range observed for TiIV-Cl (~2.31 Å).16a In both X-ray structures, as 

observed in 2, the C=N bond elongation (to 1.323 Å for 10 and 1.349 Å for 12) and the 
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Cimine-Cpy bond contraction (1.428 Å for 10 and 1.418 Å for 12) indicate dianionic DIP 

ligands. The imine methyl C-C bond lengths in both complexes are normal for C-C single 

bonds (1.504 Å for 10 and 1.491 Å for 12), indicating intact methyl groups, in agreement 

with the 1H NMR data discussed above. 

The X-ray structure of 11 is presented in Figure 3.11 and bond lengths are collected in Table 

3.2. 

 
 

 
 a) 
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  b) 

 
Figure 3.11. Two views of the molecular structure of 11. Hydrogens and ethyl carbons are 

omitted for clarity 

 
The complex has a C1 symmetry and the geometry around Ti is best described as distorted 

square pyramidal. One of the original (Me3Si)2N groups, after undergoing dehydrogenation at 

one of its methyl groups, has formed a four membered titanacycle (Ti-N-Si-C). Based on the 

bond lengths, one of the imine methyl groups is dehydrogenated (C=C: 1.397(3) Å, C-N 

(1.395(3) Å); the other imine methyl fragment seems to be intact (H3C-CN: 1.451(3) Å) so 

the ligand is essentially a monoiminopyridine (IP) moiety. Table 3.3 presents the comparison 

of the bond lengths of the IP ligand in different oxidation states20 with the intact part of DIP 

in 11. 

 
Table 3.3. Bond length comparison between IP ligand and DIP in 11 

Ligand C=N Cimine-Cpy Cpy-Npy Cpy-C3 
IP 1.284(6) 1.453(7) 1.347(6) 1.391(6) 
IP- 1.354(2) 1.405(2) 1.366(2) 1.412(2) 
IP2- 1.414(6) 1.356(6) 1.399(6) 1.437(6) 

IP2- in 11 1.400(3) 1.402(3) 1.401(3) 1.413(3) 
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A logical route for formation of 11 starts with dehydrogenation (Scheme 3.7). 

 
 

Scheme 3.7. Probable mechanism for formation of 11 

 
The second equivalent of base then does a metathesis reaction while the third deprotonates 

one SiMe3 group to fill the apical coordination site. This makes the complex anionic, with K+ 

as counterion. Recrystallization of the product from iPr2O led to replacement of the probable 

toluene coordinated to K by two iPr2O molecules. The potassium ion also interacts with the p 

system of the DIP pyridine ring and the anionic carbon at Ti. 

In the solid-state structure of 13 (Figure 3.12), the geometry around Ti is best described as 

square pyramidal and the complex has C1 symmetry. 
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Figure 3.12. Molecular structure of 13. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 

One of the original imine carbons carries an extra hydrogen atom: the sum of angles around it 

is 343.0°, close to the ideal sp3 value of 328.4° than the 360° expected for a sp2 carbon; the 

C-N distance is indicative of a single bond. The other imine methyl group is clearly 

dehydrogenated (C=C: 1.369(3) Å) and the corresponding C-N bond is elongated (C-N: 

1.389(3) Å). 

The route by which 13 forms from 2 and tBuOK must involve some form of hydrogen 

migration, but at this point the mechanism leading to it is unclear. It seems logical to assume 

that 12 is formed first. This could then undergo a second substitution to give (DIP)Ti(OtBu)2, 

followed by isomerization to major product 13, but isomerization might also happen before 

the second substitution step. Or alternatively, the second equivalent of tBuOK deprotonates 

the ligand, leading to formation of one molecule of tBuOH interacting with the reducing Ti 

center; two electrons stored in the DIP p* system are then used to convert the O-bound 

proton into a hydride which could attack the intact C=N bond (Scheme 3.8). 
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Scheme 3.8. Possible mechanism for formation of 13 

 
 
The solid-state structure of 14 is shown in Figure 3.13 and the bond lengths are summarized 

in Table 3.2. 

 
 

Figure 3.13. Molecular structure of 14. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
In agreement with the NMR data which indicated double dehydrogenation, the X-ray bond 

lengths of 14 indicate two short bonds to the imine "methyl" groups (H2C=CN: 1.400(5) and 

1.396(5) Å) and two correspondingly elongated C-N single bonds (1.380(4) and 1.384(4) Å). 

 
 
3.3.5 XPS 
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X-ray photoelectron spectroscopy is one of the most suitable techniques for assigning the 

oxidation state of the metal atom. In this work, the three complexes 5, 6 and 10 with Ti 

formal oxidation state 2+ were tested by XPS. In Table 3.4, the binding energies for Ti 

compounds with oxidation states 2+ to 4+ are presented. 

 
 

Table 3.4. Ti 2p3/2 Binding energies 

complex binding energy (eV) 
TiO2 458.8 
TiCl3 457.8 
TiO 454.7 

5 458.5 
6 458.5 
10 458.7 
11 458.9 

 
 
As shown, the binding energies of 5, 6 and 10 are 458.5, 458.5 and 458.7 eV, respectively, 

typical of TiIV rather than TiII. Also, based on these data, the binding energy of 11, containing 

an IP intact ligand accommodating two electrons, indicates the presence of TiIV. These results 

are thus in good agreement with X-ray data where the oxidation state 4+ was assigned for 

these complexes based on bond elongations and contractions in the DIP ligand. 

 

3.4 Conclusions 
 
In this chapter, it was shown that the two electrons sitting on the ligand are not very 

"available" for chemical reactions. Attempts to use the reducing power of the electrons in 

(DIP)TiCl2 in small molecule activation and various bond breaking reactions (e.g. P=O, N-N) 

were unsuccessful. However, it was demonstrated that there is enough space around Ti to 

accommodate an incoming Lewis base to form an adduct. The other Ti mono alkyl 

complexes tested also did not show any of the hoped-for reactivity. Ultimately, the more 
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reactive (DIP)TiMe2 was found to cleave the N-N bond of hydrazobenzene using the 

electrons stored in the DIP ligand. 

In addition to known ligand-based reactivity (e.g. dimerization, dehydrogenation, alkylation 

and electron transfer), several examples of a more unusual H-shift isomerization were 

observed. So far, it is not entirely clear what triggers this isomerization reaction. The 

presence of a base (and its nature) seems to be an important factor, but a simple base-assisted 

proton transfer to the imine carbon does not seem likely in view of the Cd+=Nd- polarity of the 

imine group. On the other hand, "umpolung" of H+ (abstracted) to H- (attacking the imine) by 

the ligand-stored electrons also does not seem probable given the observed reluctance of 

these electrons to participate in redox chemistry. Transfer as a hydrogen atom (i.e. radical 

chemistry) remains a possibility. Further work would be required to settle this issue. 

 
3.5 Experimental 
 
General Considerations. All air- and moisture-sensitive manipulations were carried out under 

argon using standard Schlenk techniques or in an MBraun drybox containing an atmosphere 

of purified nitrogen. Solvents for air- and moisture-sensitive manipulations were dried and 

deoxygenated using sodium/benzophenone. Benzene-d6 and toluene-d8 were purchased from 

Cambridge Isotope Laboratories, distilled from sodium/benzophenone, and stored in the 

drybox. The EtDIP ligand was prepared according to a literature procedure.21 

1H and 13C NMR spectra were recorded at 25 °C (unless noted otherwise) on Bruker Avance 

300 and 500 spectrometers. All chemical shifts are reported in ppm relative to SiMe4 using H 

(residual) and 13C chemical shifts of the solvent as a secondary standard22: C6D6, 7.16 and 

128.06 ppm; C6D5CD3, 2.08 and 20.43 ppm; C4D8O, 1.72 and 3.58 and 25.31 ppm; CD2Cl2, 

5.32 and 53.84 ppm. All coupling constants are in Hz. 
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Single crystals suitable for X-ray diffraction were sealed in glass capillaries and transferred to 

the goniometer head of a D8 three-circle diffractometer (equipped with a rotating-anode Mo 

Kα generator, multilayer optics, and an APEX-II CCD area detector) or coated with oil in a 

drybox and then quickly transferred to a Bruker D8 QUEST ECO diffractometer (equipped 

with a Mo Kα X-ray tube). In the former method, data were collected at room temperature 

while in the latter method, data were collected at lower temperature. Preliminary data 

revealed the crystal system. Data collection was optimized for completeness and redundancy 

using the APEX3 software suite. The space group was identified, and the data were reduced 

using the SAINT23 program and corrected for absorption using SADABS.24 The structures 

were solved using direct methods (SHELXS25) and refined by full-matrix least-squares 

procedures (SHELXL25). 

XPS spectra were collected on a Kratos Axis Ultra DLD XPS spectrometer in a vacuum 

environment with a base pressure of 10−9 Torr. Al Kα (1486.6 eV) monochromatic X-rays at 

10 mA emission current and 15 kV anode voltage were used for photoexcitation. Samples 

were transferred from a nitrogen glovebox to the instrument in a sealed container designed to 

mate with the sample loading arm of the spectrometer so that the samples were not exposed 

to air/ moisture. A coaxial charge neutralizer was utilized to prevent buildup of charge on the 

samples. All spectra were collected with a fixed analyzer transmission mode. Survey scans 

were collected with a pass energy of 160 eV, and high-resolution scans were collected with a 

pass energy of 20 eV. Peak fitting of the high-resolution XPS spectra was performed using 

CasaXPS software (casaxps.com). All peak positions were normalized with respect to the C 

1s peak with a binding energy of 285 eV.  

 

(EtDIP)2Ti (5). A 100 mL Schlenk tube was charged with 0.15 g (0.275 mmol) of 2, 

approximately 30 mL of toluene, and a stirrer bar. KC8 (0.0745 g, 0.551 mmol) was added, 
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and the reaction mixture was stirred for 24 h. The suspension was passed through celite and 

dried under a reduced pressure. Then, it was dissolved in 1 mL toluene which was layered by 

3 mL of pentane. Cooling to -35 °C produced a few green crystals (0.0055 g, 2.2 %) suitable 

for X-ray crystallography, mixed with colourless crystals of the free ligand. 

 

(EtDIP)TiCl2(OPPh3) (6). A 50 mL Schlenk tube was charged with 0.100 g (0.183 mmol) of 

2, approximately 30 mL of toluene, and a stirrer bar. OPPh3 (0.511 g, 0.183 mmol) was 

added, and the reaction mixture was stirred for 24 h. After centrifugation, the amount of 

solvent was reduced to 2 mL and layered with 4 mL of pentane. It was kept undisturbed at 

-35 °C for a few days to give 0.0649 g (43%) of dark purple-brown crystals. 

1H NMR (500 MHz; toluene-d8) at -15 °C: δ 0.87 (6H, s, CH3C=N), 1.19 (12H, t, J 7.4, 

CH2CH3), 2.22, 2.88 (4H each, m, CH2CH3), 3.44 (1H, t, J 7.8, py 4), 4.33 (2H, d, J 7.9, py 

3/5), 6.56 (4H, d, J 6.8, m-Ar), 6.61 (2H, t, J 7.4, p-Ar), 6.79 (6H, m, OPPh3 m-Ar), 6.93 (3H, 

t, J 7.4, OPPh3 p-Ar), 6.99-7.04 (6H, m, OPPh3 o-Ar). 13C{1H} NMR (500 MHz; toluene-d8) 

at -55 °C (partial assignment only): 13.2 (CH3C=N), 14.0 (CH2CH3), 23.9 (CH2CH3), 125.3, 

128.2, 128.3, 128.4, 129.1, 131.9, 132.9, 133.0, 136.8, 139.7, 145.2, 158.8. 31P{1H} NMR 

(toluene-d8) at -55 °C: 43.4 

 

(EtDIP+Me)Ti(NPh)(NHPh) (7). A 25 mL Schlenk tube was charged with 0.100 g (0.198 

mmol) of 4a and 5 mL of toluene. (NHPh)2 (0.0366 g, 0.198 mmol) was added, and the 

reaction mixture was left for 2 days. The amount of solvent was reduced to 1 mL and layered 

with 3 mL pentane. It was kept undisturbed at −35 °C for a few days to give 0.0236 g (18%) 

of orange-red crystals suitable for X-ray crystallography. 
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(EtDIP-H/+H)TiMe2 (8). A 50 mL Schlenk tube was charged with 0.535 g (0.983 mmol) of 

2, 20 mL of toluene, and a stirrer bar. MeLi (0.045 g, 2.1 mmol) was added, and the reaction 

mixture was stirred for 72 h. Suspended solids were removed by centrifugation, and the 

solvent was removed in vacuo. The solid residue was dissolved in 1 mL of toluene which was 

layered by 4 mL n-hexane and left to crystallize at −35 °C, giving 0.235 g (47%) of dark 

green crystals. 

1H NMR (500 MHz; benzene-d6): δ 1.03 (3H, s, Ti-CH3), 1.17 (3H, t, J 6.6, CH3(H)C-N), 

1.19 (3H, t, J 7.1, CH2CH3), 1.27-1.33 (9H, m, CH2CH3), 1.29 (3H, s, Ti-CH3), 2.53, 2.652 

(1H each, m, CH2CH3), 2.82, 2.92 (2H each, m, CH2CH3), 3.09, 3.15 (1H each, m, CH2CH3), 

3.96, 4.58 (1H each, s, CH2=CN), 4.95 (1H, q, J 6.7, CH3(H)C-N), 6.52 (1H, d, J 7.7, py 3/5), 

6.98 (1H, t, J 7.8, py 4), 7.15 (1H, d, J 7.7, py 3/5), 7.22-7.34 (6H, m, Ar). 13C{1H} NMR 

(500 MHz; benzene-d6) (partial assignment only): 15.5, 15.6, 15.6, 15.8 (CH2CH3), 21.8 

(CH3(H)C-N), 24.4, 24.4, 24.5, 24.8 (CH2CH3), 66.0, 68.3 (Ti-CH3), 72.1 (CH3(H)C-N), 85.2 

(CH2=CN), 116.9, 118.4 (py 3/5), 126.1, 126.4, 126.6, 126.7, 126.7, 127.1 (m- and p-Ar), 

138.6 (py 4), 140.0, 140.8, 140.9, 141.9 (o-Ar), 147.6, 150.1 (py 2, CH2=CN), 156.2, 157.2 

(i-Ar), 167.0 (py 2). 

 

(EtDIP)Ti(NH(2,6-Me2-C6H3)2 (10). A 50 mL Schlenk tube was charged with 0.100 g (0.183 

mmol) of 2, 20 mL of toluene, and a stirrer bar. LiNH(2,6-Me2-C6H3)2 (0.0467 g, 0.367 

mmol) was added, and the reaction mixture was stirred for 24 h. Suspended solids were 

removed by centrifugation, and the solvent was removed in vacuo. The solid residue was 

dissolved in 2 mL of diisopropyl ether and left to crystallize at −35 °C, giving 0.095 g (72%) 

of dark yellow-orange crystals. 

1H NMR (500 MHz; benzene-d6) (partial assignment only): δ 0.78 (6H, t, J 7.5, CH2CH3), 

1.46 (3H, s, NHAr-CH3), 1.62 (12H, br, CH2CH3, NHAr-CH3), 2.34 (6H, s, CH3C=N), 2.50 
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(4H, m, CH2CH3), 2.63 (4H, br, CH2CH3), 4.99 (1H, t, J 7.6, py 4), 5.88 (2H, d, J 7.6, py 

3/5), 6.76-7.13 (12H, m, Ar). 13C{1H} NMR (500 MHz; benzene-d6): 13.5 (CH2CH3), 14.0 

(NHAr-CH3), 19.3 (CH3C=N), 23.6 (CH2CH3), 113.7 (py 4), 118.2, 119.9, 125.0, 125.8, 

128.0 (m- and p-Ar), 128.2 (py 3/5), 128.4, 128.9, 138.0, 142.7, 146.9, 151.5, 154.4 (NHAr-

CH3, o-Ar, i-Ar, py 2). 

 

[(EtDIP-H)TiNÇCH2SiMe2(SiMe3)][K(OiPr2)2] (11). A 50 mL Schlenk tube was charged 

with 0.150 g (0.275 mmol) of 2, 15 mL of toluene, and a stirrer bar. (Me3Si)2NK (0.165 g, 

0.827 mmol) was added, and the reaction mixture was stirred for 2 days. Suspended solids 

were removed by centrifugation, and the solvent was removed in vacuo. The solid residue 

was dissolved in 2 mL of toluene which was layered by 4 mL of hexane. It was left to 

crystallize at −35 °C, giving 0.128 g (61%) of brownish crystals. 

1H NMR (500 MHZ; toluene-d8): δ -0.27 (9H, s, SiMe3), 0.08, 0.19 (3H each, s, SiMe2), 0.96, 

1.09 (1H, each, d, J 9.5, Ti-CH2), 1.17 (3H, t, J 7.5, CH2CH3), 1.35 (3H, t, J 7.5, CH2CH3), 

1.37 (6H, t, J 7.5, CH2CH3), 1.43 (3H, s, CH3C=N), 2.26, 2.59 (1H each, m, CH2CH3), 2.72 

(3H, m, CH2CH3), 3.09 (2H, m, CH2CH3), 3.24 (1H, m. CH2CH3), 3.46, 4.15 (1H each, s, 

H2C=CN), 5.02 (1H, d, J 5.3, py 3/5), 5.44 (1H, t, J 7.4, py 4), 5.91 (1H, d, J 8.8, py 3/5), 

7.07-7.20 (6H, m, m- and p-Ar). 13C{1H} NMR (500 MHz; toluene-d8): 4.6 (SiMe3), 5.2, 5.6 

(SiMe2), 13.1, 13.2, 13.4, 14.7 (CH2CH3), 24.3, 24.8, 24.9, 26.0 (CH2CH3), 52.8 (Ti-CH2), 

65.9, 77.6 (H2C=CN), 91.7 (py 3/5), 119.7 (py 4), 120.4 (py 3/5), 122.5, 124.5, 125.2, 125.4, 

126.1, 128.3 (m- and p-Ar), 129.2, 129.6, 136.2, 137.0, 138.4, 138.6, 151.6, 153.2, 155.6, 

159.2 (o-Ar, i-Ar, H3C-C=N, py 2). 

 

(EtDIP)Ti(Cl)(OtBu) (12). A 25 mL Schlenk tube was charged with 0.150 g (0.275 mmol) of 

2, 15 mL of toluene, and a stirrer bar. tBuOK (0.0309 g, 0.275 mmol) was added, and the 
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reaction mixture was stirred for 24 h. Suspended solids were removed by centrifugation, and 

the solvent was removed in vacuo. The solid residue was dissolved in 1 mL of THF which 

was layered by 3 mL of hexane. It was left to crystallize at −35 °C and gave 0.0548 g (34%) 

of green crystals. Crystals obtained from an NMR sample in benzene-d6 were used for X-ray 

crystallography. The structure contained one molecule of benzene-d6 in the unit cell. 

1H NMR (500 MHz; benzene-d6): δ 0.91 (9H, s, C(CH3)3), 0.98, 1.2 (6H each, t, J 7.5, 

CH2CH3), 1.45 (6H, s, CH3C=N), 2.06, 2.24 2.43, 3.16 (2H each, m, CH2CH3), 5.59 (1H, t, J 

7.6, py 4), 6.37 (2H, d, J 7.6, py 3/5), 6.99 (2H, d, J 7.6, m-Ar), 7.14 (1H, t, J 7.6, p-Ar), 7.25 

(2H, d, J 7.6, m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): 13.5, 13.9 (CH2CH3), 15.5 

(CH3C=N), 23.5, 24.6 (CH2CH3), 31.4 (C(CH3)3), 83.0 (C(CH3)3), 120.2 (py 4), 125.8 (m-

Ar), 126.3 (m-Ar), 127.0 (p-Ar), 128.3 (py 3/5), 133.0, 137.3, 142.1 (o-Ar, CH3C=N), 149.8, 

162.3 (i-Ar, py 2). 

 

(EtDIP-H/+H)Ti(OtBu)2 (13). A 50 mL Schlenk tube was charged with 0.100 g (0.183 mmol) 

of 2, 15 mL of toluene, and a stirrer bar. KOtBu (0.0412 g, 0.367 mmol) was added, and the 

reaction mixture was stirred for 2 days. Suspended solids were removed by centrifugation, 

and the solvent was removed in vacuo. The solid residue was dissolved in 2 mL of 

diisopropyl ether and left to crystallize at −35 °C, giving 0.067 g (59%) of orange-brown 

crystals. 

1H NMR (500 MHz; benzene-d6) (partial assignment only): δ 0.73, 0.93 (9H each, s, 

C(CH3)3), 1.02 (3H, t, J 6.0, CH3(H)C-N), 1.23, 1.24, 1.25, 1.29 (3H each, t, J 7.5, CH2CH3), 

2.74-2.96 (8H, m, CH2CH3), 3.53, 4.33 (1H each, s, CH2=CN), 5.14 (1H, br, CH3(H)C-N), 

6.74 (1H, d, J 7.5, py 3/5), 6.96 (1H, d, J 6.1, Ar), 7.02 (1H, t, J 7.5, py 4), 7.07 (3H, br, Ar, 

py 3/5), 7.13 (1H, d, J 7.8, o-Ar), 7.18 (1H, t, J 7.8, p-Ar), 7.26 (1H, d, J 7.8, o-Ar). 13C{1H} 

NMR (500 MHz; benzene-d6): 13.6, 13.7, 14.3, 14.5, 14.6, 24.6, 24.7, 25.0, 31.4, 31.5, 32.4, 
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82.0, 83.2, 84.1, 116.5, 117.5, 124.8, 125.7, 125.9, 126.0, 126.3, 138.3, 139.2, 139.9, 140.0, 

141.2, 152.9, 156.0, 157.0, 165.7. 

 

(EtDIP-2H)Ti(OtBu)2 (14) and (EtDIP-2H)TiCl(OtBu) (15). A 50 mL Schlenk tube was 

charged with 0.308 g (0.473 mmol) of 1, 15 mL of toluene, and a stirrer bar. KOtBu (0.159 g, 

1.42 mmol) was added, and the reaction mixture was stirred for 24 h. Suspended solids were 

removed by centrifugation, and the solvent was removed in vacuo. The solid residue was 

dissolved in a 3 mL of diisopropyl ether and left to crystallize at −35 °C, giving 0.104 g 

(35%) of orange-brown crystals of 14 mixed with free ligand. In a second crystallization 

attempt, 0.0066 g (2.4%) of pure orange-brown crystals of 15 was obtained. 

1H NMR (500 MHz; benzene-d6) (14): δ 0.86 (18H, s, C(CH3)3), 1.32 (12H, t, J 7.5, 

CH2CH3), 2.95 (8H, m, CH2CH3), 3.74, 4.40 (2H each, s, CH2=CN), 5.83 (1H, t, J 7.5, py 4), 

6.70 (2H, d, J 7.5, py 3/5), 7.09 (2H, t, J 7.9, p-Ar), 7.13 (4H, d, J 7.9, m-Ar). 13C{1H} NMR 

(500 MHz; benzene-d6): 14.4 (CH2CH3), 25.3 (CH2CH3), 31.0 (C(CH3)3), 82.8 (CH2=CN), 

115.8 (py 4), 125.6, 125.7, 126.5 (m- and p-Ar), (py 3/5), 128.3, 137.1, 140.1, 155.7, 166.8 

(C(CH3)3, o-Ar, py 2, i-Ar). 

1H NMR (500 MHz; benzene-d6) (15): δ 0.64 (9H, s, C(CH3)3), 1.15, 1.40 (6H each, t, J 7.5, 

CH2CH3), 2.60, 2.72, 3.02, 3.25 (2H each, m, CH2CH3), 3.75, 4.39 (2H each, s, CH2=CN), 

6.84 (1H, t, J 7.7, py 4), 6.94 (2H, d, J 7.7, py 3/5), 7.17-7.24 (6H, m, Ar). 13C{1H} NMR 

(500 MHz; benzene-d6): 14.1, 14.9 (CH2CH3), 24.1, 24.8 (CH2CH3), 29.9 (C(CH3)3), 85.7 

(CH2=CN), 117.3 (py 3/5), 125.8, 126.4, 126.6 (m- and p-Ar), 138.9 (py 4), 128.3 (CH2=CN), 

137.6 (C(CH3)3), 140.2, 150.7 (o-Ar), 154.9, 155.9 (i-Ar, py 2). 

 

(EtDIP-2H)Ti(CH2SiMe3)2 (16). A 10 mL vial was charged with 0.0688 g (0.106 mmol) of 

4b and 2 mL of benzene-d6. TEMPO (0.156 g, 0.212 mmol) was added, and the reaction 
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mixture was left for 15 min. 1H NMR spectrum of the solution indicated the formation of 16. 

The solvent was removed in vacuo. The solid residue was dissolved in 0.5 mL of toluene and 

layered with 2 mL of pentane. It was left to crystallize at −35 °C, giving 0.045 g (66%) of 

dark green crystals. 

1H NMR (500 MHz; benzene-d6) (16): δ -0.22 (18H, s, SiMe3), 1.30 (12H, t, J 7.6, CH2CH3), 

2.12 (4H, s, Ti-CH2), 2.89, 3.00 (4H each, m, CH2CH3), 3.88, 4.48 (2H each, s, CH2=CN), 

6.90 (1H, t, J 6.5, py 4), 7.02 (2H, d, J 6.5, py 3/5), 7.27 (6H, m, Ar). 13C{1H} NMR (500 

MHz; benzene-d6): 2.0 (SiMe3), 15.1 (CH2CH3), 24.5 (CH2CH3), 86.7 (CH2=CN), 94.7 (Ti-

CH2), 117.5 (py 3/5), 126.6, 126.9 (m- and p-Ar), 139.2 (py 4), 139.5 (CH2=CN), 149.7 (o-

Ar), 155.9, 156.4 (i-Ar, py 2). 
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4 Synthesis and Characterization of Diiminopyridine Zr 
and Hf Complexes 

 
 

4.1 ABSTRACT 
  
We report on the electronic and chemical noninnocence of the diiminepyridine ligand RDIP 

[(2,6-R2-C6H3N=CMe)2C5H3N] in its Zr and Hf complexes. Reaction of EtDIP with MCl4 

gave the corresponding complexes (EtDIP)MCl4 (M: Zr (1); Hf (2)) which have a pentagonal 

bipyramidal seven-coordinate structure. Treatment of 1 with two equivalents of KC8 in THF 

yielded the expected reduction product (EtDIP)ZrCl2(THF) (3). The reactions of 1 and 2 with 

the same amount of KC8 in toluene afforded (EtDIP)MCl2 (M: Zr (4), Hf (5)). Complex 4 

proved to be unstable, and on standing partially isomerized through transfer of a hydrogen 

atom from one imine methyl group to the second imine carbon. Addition of Et2O to this 

mixture allowed isolation of pure (EtDIP)ZrCl2(OEt2) (4-Et2O). Alkylation of 5 with two 

equivalents of Me3SiCH2Li or MeMgBr gave the corresponding complexes (EtDIP)HfR2 (R: 

CH2SiMe3 (5'), Me (5"). Similar to 4, complex 5" underwent isomerization on standing. The 

formally Zr(II) and Hf(II) complexes 3, 4, 4-Et2O, 5, 5' and 5" show strong upfield 1H NMR 

shifts for the pyridine β and γ protons caused by transfer of negative charge to the ligand. On 

the basis of this and the C=N and Cimine−Cpy bond lengths, a description involving Zr(IV) and 

Hf(IV) and a dianionic ligand seems most appropriate, and DFT calculations support this 

interpretation. The analogous reduction of 2 in diethyl ether yielded the complex (EtDIP-

2H)HfCl2(OEt2) (6) containing the doubly dehydrogenated EtDIP ligand [EtDIP-2H = (2,6-Et2-

C6H3N-C=CH2)2C5H3N)]. Treatment of 1 and 2 with 1 equivalent of (Me3Si)2NK produced 

complexes of the singly dehydrogenated ligand: (EtDIP-H)MCl3 (M = Zr (7), Hf (8)). 

Reaction of RDIP (R = Me, Et, iPr) with M(CH2Ph)4 (M = Zr, Hf) resulted in benzyl transfer 
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to both imine groups, forming complexes [(RDBAP)M(CH2Ph)2] of the dibenzylated ligand 

[RDBAP = (2,6-R2-C6H3N-CMe(CH2Ph))2C5H3N] as a mixture of rac (C2 symmetric) and 

meso (Cs symmetric) diastereomers. In several cases the diastereomers could be separated, 

but heating of either pure diastereomer in solution re-establishes the equilibrium mixture. 

Reaction of C2-[(EtDBAP)Zr(CH2Ph)2] with 2 equivalents of TEMPO led to formation of C2-

[(EtDBAP)Zr(CH2Ph)(TEMPO)] (13) which did not convert into an equilibrium mixture upon 

heating. Treatment of EtDIP with in situ formed Hf(CH2SiMe3)4 gave the bis chelate complex 

14 in which each ligand is doubly dehydrogenated. 

 
4.2 INTRODUCTION 
 
Diiminopyridines are well-known 6 electron donor noninnocent ligands which can 

accommodate up to three electrons in their extended π-system1 (Figure 4.1). 

 

 
 

Figure 4.1. RDIP ligand 

 
 
This stabilizes first-row transition metal complexes in low formal oxidation states of the 

metal atom.2 Much less work has been done on combinations with heavier transition metals. 

DIP complexes of Ru, Rh and Ir by Berry3 and Burger4, of lanthanides by Gambarotta5 and of 

Mo by Chirik6 have been reported. 

One of the remarkable properties of DIP as a redox-active ligand is the possibility of enabling 

non-noble metals to behave like noble metals: the combination can lead to low-spin states and 
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2e- redox reactions.7 DIP complexes of iron and cobalt have been shown to be competent in 

various catalytic conversions such as hydrogenation,8 hydroboration,9 hydrosilation,7 

cyclization10 and C-C cross coupling reactions.11 In addition to functioning as electron 

reservoirs, DIP complexes undergo extensive and somewhat unpredictable ligand-based 

reactivity such as dimerization,12 dehydrogenation13 and alkylation14 that create new ligand 

modifications. In alkylation of the chelate, the destination of the transferred alkyl is highly 

dependent to the type of alkyl, the metal center and the steric hindrance of the ligand (Figure 

4.2).  

 

 
 

Figure 4.2. Possible alkylation positions in DIP ligand 

 
 
Several research groups have conducted experiments to explore the chemistry of DIP ligands 

with main group (Li15, Mg,16 Ca,17 Sr,17 Ba17) and transition metal (e.g. Mn,18 Fe,7 Co2) 

alkyls. As shown in Scheme 1.17, it is now believed that the strong π-backdonating character 

of the ligand weakens the M-C bond. There are a few isolated examples of polyalkyls in 

which the M-C bonds are stabilized by a ß-silyl group (e.g. (DIP)Mn(CH2SiMe3)2 and 

(DIP)Fe(CH2SiMe3)2),18-19 while MRn fragments without ß-silylated R groups are much less 

stable. Combinations of the DIP ligand with almost all of the first-row transition metals have 

been extensively studied (Ti,20,21 V,22 Cr,23 Mn,18 Fe,24 Co,25 Ni,26 Zn27) and the possibly 

N

N N
ArAr

R



 139 

noninnocent character of the ligand has been investigated. In a previous paper, we reported 

on noninnocence of the DIP ligand in its Ti complexes.21 (DIP)TiCl3 was found to contain 

essentially Ti(III), but formally divalent complexes (DIP)TiCl2 and (DIP)TiR2 were 

demonstrated to contain a doubly reduced ligand. In this chapter, we describe an extension of 

this work to the heavier group IV congeners Zr and Hf. Calderazzo already prepared 

(DIP)ZrCl4 and reported it to have some activity in ethene polymerization on activation with 

MAO.20 A 7-coordinate pentagonal bipyramidal structure was proposed based mainly on IR 

data. We used this as a convenient starting point for the synthesis of formally low-valent Zr 

and Hf complexes. 

 
4.3 RESULTS AND DISCUSSION 
 
Calderazzo reported formation of (RDIP)ZrCl4 from ZrCl4 and RDIP (R = H, iPr) in toluene at 

elevated temperatures and proposed the complex to be 7-coordinate. We prepared both 

(EtDIP)ZrCl4 (1) and its Hf analog (2) in CH2Cl2 at room temperature, and X-ray structure 

determinations confirm the 7-coordinate nature of 1 in the solid state. The 1H NMR spectrum 

of 1 shows backbone resonances at their "normal" positions: 8.57 ppm for Py H4, 8.43 ppm 

for Py H3/5 and 2.38 ppm for CH3C=N. 

While analogous Zr and Hf complexes usually have similar physical properties, we observed 

that 1 and 2 differ substantially in their solubility in CH2Cl2. Upon mixing ZrCl4 with EtDIP 

ligand a yellow precipitate formed, while its Hf analog remained in the solution. Yet, the 

backbone resonances of the ligand in 2 (8.59 ppm for Py H4, 8.45 ppm for Py H3/5 and 2.36 

ppm for CH3C=N) are very close to those for 1. 

KC8, previously reported to be a clean and convenient reductant for (RDIP)Ti complexes, was 

then reacted with 1 and 2. These reactions were found to be rather solvent-dependent. Unlike 

for Ti, we never observed formation of (DIP)MCl3 complexes with either Zr or Hf. The 

reaction of 1 with 2 equivalents of KC8 in THF gave doubly reduced derivative 
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(EtDIP)ZrCl2(THF) (3) (Scheme 4.1); when smaller amounts of reductant were employed the 

result was a mixture of 1 and 3. 

 

 
 

Scheme 4.1. Synthesis of Zr(IV), Hf(IV), Hf(II) and Zr(II) Complexes 
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Like previously reported Ti complexes with dianionic DIP ligands,21 1H-NMR of 3 showed 

upfield shifted resonances for the pyridine and imine methyl hydrogens (4.82 ppm for Py H4, 

5.75 ppm for Py H3/5 and 1.28 ppm for CH3C=N). 

When the reduction was carried out in toluene, solvent-free complexes (EtDIP)ZrCl2 (4) and 

(EtDIP)HfCl2 (5) were obtained as brownish/purplish solids. The 1H NMR spectra of 

complexes 4 and 5 in toluene-d8 show the same pattern as their Ti counterpart and 3 

(effective C2v symmetry). The signals of 4 are strongly broadened at room temperature but 

those of 5 are much sharper (Figure 4.3). 

 

 
                                                                           

a) 
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b) 
 

Figure 4.3. 1H-NMR spectra of a) 4 at 25 °C and b) 5 at -5 °C (in toluene-d8). (*) one 

molecule of toluene in the crystal lattice of 5. 

 
 
As observed in 3, pyridine hydrogens in 4 and 5 are also shifted upfield (in 4: 5.00 ppm for 

Py H4 and 5.82 ppm for Py H3/5; in 5: 4.70 ppm for Py H4 and 5.71 ppm for Py H3/5) and 

the imine methyls appear as singlets at 2.12 ppm and 1.18, respectively. The Et groups in 

these complexes appear as two multiplets of 4H each at 2.50 and 2.97 ppm (in 4) and 2.55 

and 3.02 ppm (in 5) for CH2 and one triplet of 12H at 1.19 ppm (in 4) and 1.19 (in 5) for CH3. 

On cooling the solution of 4, decoalescence into a much more complicated spectrum was 

observed. The observed pattern is consistent with C1 symmetry in a frozen-out structure, but 

even at -55 ºC the signals remain broad (Figure 4.4). 
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Figure 4.4. 1H-NMR spectrum of 4 in toluene-d8 at -55 °C. (*) molecules of toluene in the 

crystal lattice of 4 

 
 
Unexpectedly, the solid-state structure of 4, which will be discussed later, appeared to be a 

dimer rather than a monomer like 5. This suggests that perhaps the observed dynamic 

behavior in solution may be due to reversible formation of an asymmetric dimer. 

Surprisingly, cooling the solution of 5 only led to sharper peaks and no decoalescence was 

observed. 

After prolonged reaction times (9 days), 4 was always accompanied by variable amounts of 

second and third products 4' and 4". In fact, in toluene solution complex 4 slowly rearranges 

to 4' and 4" which give sharp 1H NMR signals (Figure 4.5). 
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Figure 4.5. 1H-NMR spectrum of the mixture of 4, 4' and 4" in benzene-d6 

 
 
Based on its NMR data, 4' is asymmetric, having four inequivalent ligand Et groups and 

separately observed pyridine H3 and H5 signals coupling to the same H4 signal. Instead of 

the expected two imine methyl group singlets of 3H each, we observed two singlets of 1H 

each at 3.89 and 4.58 ppm (indicative of a dehydrogenated imine methyl group) and in 

addition a 3H doublet at 1.0 ppm coupling to a 1H quartet at 4.75 ppm. The latter two signals 

strongly suggest the presence of a NCHCH3 moiety formed by addition of a hydrogen to the 

imine C=N bond. Thus, 4' appears to be an isomer of 4 in which one imine methyl H has 

moved to the imine carbon of the other ligand arm, similar to what was observed for some Ti 

complexes in the previous chapter. In addition, the spectrum shows two more singlets at 3.83 

and 4.54 ppm for 4" indicative of a doubly dehydrogenated ligand. While there are numerous 

reports of DIP ligands being chemically modified, including through loss of hydrogens from 

the CH3C=N groups, the 4 to 4¢ hydrogen-shift isomerization presented here has never been 
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reported in the literature. Its mechanism is not clear at this point. A direct movement of a 

hydrogen radical from one end of the ligand to the other seems rather unlikely, and the imine 

methyl groups are too far away from the metal to allow a direct H atom transfer (HAT) from 

methyl to metal, leaving a "hopping" mechanism and intermolecular HAT as the most 

plausible alternatives. Addition of 15 mL of diethyl ether to the mixture gave a mixture of the 

ether adducts 4-Et2O/4'-Et2O/4"-Et2O (see Scheme 4.1) which crystallized well, but the 

crystals appear to be co-crystals containing all three compounds. The complex 4-Et2O can 

also be obtained upon dissolution of 4 in 5 ml Et2O (see Scheme 4.1). 

Alkylation of 5 with 2 equivalents of Me3SiCH2Li or MeMgBr resulted in formation of 

dialkyl complexes 5' and 5", respectively. Like their Ti counterparts, the pyridine hydrogens 

in 5' and 5" are shifted upfield (5': 5.03 ppm for Py H4, 6.03 ppm for Py H3/5 and 1.44 for 

H3CCN; 5": 4.40 ppm for Py H4, 5.30 ppm for Py H3/5 and 0.29 for H3CCN) indicating the 

presence of dianionic DIP ligands. The Et groups appear as one triplet for CH3 at 1.30 in 5' 

and 1.27 in 5" and two multiplets for CH2 at 2.80 and 3.03 in 5' and 2.66 and 2.84 ppm in 5" 

(Figure 4.6). 

 
a) 
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 b) 
 

Figure 4.6. 1H-NMR spectra of a) 5' and b) 5" in toluene-d8. (*) toluene solvent peak 

 
 
As observed in its Ti counterpart, the complex 5" underwent hydrogen atom migration and 

loss on standing (Scheme 4.2). The related 1H-NMR spectrum is presented in Figure 4.7. 

 
 

 
 

Scheme 4.2. Isomerization of 5" on standing 
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Figure 4.7. 1H NMR (500 MHz; toluene-d8) spectrum of 5" after 5 days in solution, showing 

hydrogen atom migration and loss 

 
 
Treatment of 2 with two equivalents of KC8 in THF did not result in formation of an 

identifiable reduced Hf complex but only gave free ligand. A similar reaction carried out in 

ether resulted in purple/brown ether adduct 6 (see Scheme 4.1), containing a doubly 

dehydrogenated ligand, which was characterized by single crystal X-ray diffraction. 

It appears that the reducing power of the electrons stored in the DIP ligand of 4 and 5 is more 

available for chemical reactions than in the corresponding Ti complex. For example, 

treatment of 4 or 5 with CH2Cl2 results in C-Cl bond cleavage and formation of (EtDIP-

H)MCl3 (7 and 8, Scheme 4.3).  
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Scheme 4.3. Synthesis of 7 and 8 via C-Cl bond cleavage and bases 

 
 

The mechanism of this reaction is unclear; one possibility is chlorine atom abstraction by 4 

(or 5), forming a CH2Cl radical which could then abstract a hydrogen atom from a DIP imine 

methyl group. 

The 1H NMR spectrum of 7 suggests a Cs-symmetric complex with three inequivalent 

pyridine signals of 1H each at 8.20, 8.25 and 8.30 ppm, and two singlets of 1H each at 3.65 

and 4.95 ppm for CH2=CN. The imine methyl protons appear at 2.39 ppm as a singlet. The 

reaction of 1 with 1 equivalent of (Me3Si)2NK provided independent access to 7, and a 

similar reaction using 2 produced (EtDIP-H)HfCl3 (8). Attempts to generate a zirconium 

imido complex from 1 using tBuNH2 failed since the amine acted as a base to give 7. 

 
4.3.1 X-ray Structural Characterization 
 
The solid-state structure of 1 is presented in Figure 4.8 and the related bond lengths are 

collected in Table 4.1. 
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Table 4.1. Selective bond lengths (Å) for (EtDIP)Zr and Hf complexes 

 
 

 
Figure 4.8. Molecular structure of 1 [(EtDIP)ZrCl4]. Hydrogens and ethyl CH3 carbons are 

omitted for clarity 

 1 3 4 4-Et2O 4"-Et2O 5 5' 6 
M-N1 2.516(13) 2.283(2) 2.165(9) 2.305(11) 2.117(5) 2.192(3) 2.1825(17) 2.098(3) 
M-N2 2.373(12) 2.109(2) 2.097(7) 2.114(11) 2.206(5) 2.070(3) 2.1047(17) 2.252(3) 
M-N3 2.524(13) 2.162(2) 2.266(7) 2.120(11) 2.203(5) 2.119(3) 2.1927(18) 2.136(3) 
M-N4   2.122(10)      
M-N5   2.098(7)      
M-N6   2.268(7)      
M-Cl1 2.425(4) 2.4483(13) 2.426(2) 2.472(4) 2.4513(15) 2.3928(10)  2.4519(8) 
M-Cl2 2.438(4) 2.4825(11) 2.568(2) 2.458(3) 2.4795(16) 2.3541(11)  2.4250(8) 
M-Cl2   2.619(2)      
M-Cl3 2.453(4)  2.424(2)      
M-Cl4 2.426(4)  2.609(2)      
M-Cl4   2.574(2)      
M-O1  2.3723(19)  2.361(9) 2.341(4)   2.272(2) 
M-C30       2.208(2)  
M-C31       2.237(2)  
N1-C12 1.263(18) 1.328(3) 1.353(11) 1.310(17) 1.399(8) 1.343(5) 1.361(3) 1.409(5) 
N4-C40   1.364(11)      
C12-C13 1.48(2) 1.424(4) 1.402(12) 1.449(19) 1.423(9) 1.419(5) 1.395(3) 1.481(5) 
C40-C41   1.402(11)      
C17-C18 1.54(3) 1.388(4) 1.404(13) 1.370(19) 1.455(9) 1.388(6) 1.406(3) 1.474(5) 
C45-C46   1.411(13)      
C18-N3 1.27(2) 1.370(3) 1.348(10) 1.371(16) 1.379(8) 1.387(5) 1.355(3) 1.387(4) 
C46-N6   1.331(10)      
C11-C12 1.52(2) 1.502(4) 1.502(13) 1.497(19) 1.404(10) 1.489(5) 1.495(3) 1.285(7) 
C39-C40   1.484(13)      
C18-C19 1.49(2) 1.501(4) 1.497(12) 1.49(2) 1.397(12) 1.490(6) 1.494(3) 1.343(5) 
C46-C47   1.507(12)      

t      0.38 0.37  
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Coordination numbers higher than 6 are not very common and are mostly observed for metal 

ions with relatively large ionic radii, such as early second and third row transition metals, 

lanthanides and actinides. In addition to the pentagonal bipyramidal geometry observed here, 

monocapped octahedral and monocapped trigonal prismatic geometries have been reported 

for seven-coordinate compounds. A pentagonal bipyramidal geometry has frequently been 

observed in complexes of the type [M(unidentate A)5(unidentate B)2] (e.g. [Zr(C6F5)5F2]3-), 

ionic salts (e.g. ZrF73-), and in compounds involving pentadentate macrocyclic ligands in 

which the sixth and seventh ligands occupy the axial coordination sites. Seven-coordinate 

compounds containing salen-type ligands also form pentagonal bipyramidal geometries in 

which one of the coordination sites is normally occupied by a coordinating solvent.28 

According to MO calculations,29 the pentagonal bipyramidal geometry is more favorable for 

main-group metal compounds and the other two geometries are more established for 

transition metal compounds. However, in our complex 1 the DIP ligand is rather rigid, has 

small bite angles and does not allow much deformation in the plane of the ligand. Also, the 

two perpendicular N-aryl rings of moderate steric bulk hinder access to the positions above 

and below the metal center. With these constraints, a pentagonal bipyramidal structure 

appears to be energetically favoured for 1. 

In 1, the two apical chlorides are bent back over the DIP ligand (∠N2−Zr−Cl1 = 79.4(3)°, 

∠N2−Zr−Cl4 = 79.5(3)°. Such a “bent-back” chloride, which has been observed in 

(iPrDIP)ScCl3,7 (EtDIP)TiCl3,21 and (iPrDIP)TiCl3,20 is likely due to steric factors. The two 

equatorial chlorides in 1 are displaced out of the NNN plane by 0.433 Å and 0.310 Å. The 

C=N and Cimine-Cpy bond lengths fall within the range expected for complexes with neutral 

(innocent) DIP ligands (C=N: 1.266 Å; Cimine-Cpy: 1.51 Å). 
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The structures of 3, 4, 4-Et2O, 4"-Et2O, 5 and 5¢ are shown in Figure 4.9, Figure 4.11, Figure 

4.12, Figure 4.13 and Figure 4.14, respectively, and the bond lengths and structural 

parameters are summarized in Table 4.1. 

 

 
 

Figure 4.9. Molecular structure of 3 [(EtDIP)ZrCl2(THF)]. Hydrogens and ethyl CH3 carbons 

are omitted for clarity 

 

 
 

Figure 4.10. Molecular structure of 4 [(EtDIP)ZrCl2]2. Hydrogens and ethyl CH3 carbons are 

omitted for clarity. Only one of three crystallographically independent dimeric units shown. 
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Figure 4.11. Molecular structure of 4-Et2O [(EtDIP)ZrCl2(Et2O)]. Hydrogens and ethyl CH3 

carbons are omitted for clarity 

 

 
 

Figure 4.12. Molecular structure of 4"-Et2O [(EtDIP-2H)ZrCl2(Et2O)]. Hydrogens and ethyl 

CH3 carbons are omitted for clarity 
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Figure 4.13. Molecular structure of 5 [(EtDIP)HfCl2]. Hydrogens and ethyl CH3 carbons are 

omitted for clarity 

 
 
 
 

 

Figure 4.14. Molecular structure of 5" [(EtDIP)Hf(CH2SiMe3)2]. Hydrogens and ethyl CH3 

carbons are omitted for clarity 

 
 
In both 3, dimeric 4, 4-Et2O and 4"-Et2O, the geometry around Zr is best described as 

distorted octahedral. The highest possible symmetry for these complexes is C2v, but we find 

that one of the chloride atoms (Cl1) and the THF oxygen atom in 3 are deviated about 0.555 
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and 0.765 Å from the potential mirror plane through Zr1, N2, Cl2, and C31, respectively. The 

Zr-Cl bond lengths in 3, 4-Et2O and 4"-Et2O are 2.448-2.482, 2.458-2.472 and 2.451-2.479 

Å which fall within the range of Zr(IV)-Cl bonds (2.372-2.444 Å).30 Complex 4 has clearly 

abnormal bond lengths due to its very distorted and asymmetric structure (Zr-Cl: 2.424-2.619 

Å). Generally, electron transfer from metal to ligand π system results in the population of 

C=N antibonding and Cimine-Cpy bonding orbitals. This results in the elongation of the former 

and contraction of the latter bonds. Like in its Ti counterpart, the bond lengths in 3, 4 and 4-

Et2O strongly suggest 2e transfer. These elongations and contractions, as well as NMR data 

indicate the presence of Zr(IV) bound to a dianionic DIP ligand.  

Interpretation of the X-ray structure of 4"-Et2O is more problematic. The 1H NMR spectrum 

of the sample used for crystallization indicated presence of 4-Et2O and 4¢-Et2O. In the crystal 

structure of 4"-Et2O the imine C-C bond distances are clearly too short for single bonds (as 

in 3) but too long for double bonds (as in 6, see below). The most likely explanation is that 

the specific crystal selected for structure determination was a co-crystal containing 4"-Et2O 

together with a substantial amount of 4-Et2O and/or 4¢-Et2O. We therefore refrain from a 

detailed discussion of the structure of 4"-Et2O. 

In 5 and 5", the geometry around Hf is best described as distorted square pyramidal. The 

quality of the X-ray structure of 5 is low which makes it difficult to draw conclusions about 

the noninnocent character of the ligand. Elongation of the C=N bonds (1.343 and 1.387 Å) 

and contraction of Cimine-Cpy bonds (1.419 and 1.388 Å) are much greater than expected for 

having only two electrons transferred to the ligand. If the two transferred electrons are 

located at one side of the ligand, the other imine moiety bond lengths should stay closer to the 

"innocent" situation observed in the neutral form of the DIP ligand (C=N: ~1.28 Å). 

In 5", as observed in its Ti counterpart, one of the SiMe3 groups is bent over the ligand 

backbone and the other one is located in between the aryl rings. This is likely to avoid the 
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bulky Et groups on the aryls. In contrast to 5, the ligand bond lengths in 5" unambiguously 

indicate a doubly reduced chelate (C=N: 1.361 and 1.355 Å; Cimine-Cpy: 1.395 and 1.406 Å). 

Single crystals of 6 suitable for X-ray crystallography were obtained by keeping a 

concentrated Et2O solution of 6 at -35 °C. The solid-state structure of 6 is shown in Figure 

4.15 and the relevant bond lengths are included in Table 4.1. 

 
 

Figure 4.15. Molecular structure of 6 [(EtDIP-2H)HfCl2(Et2O)]. Hydrogens and ethyl CH3 

carbons are omitted for clarity 

 
The short imine C-C bonds (1.285(7) and 1.343(5) Å) indicate that both imine methyl groups 

have been dehydrogenated. Consequently, both imine fragments have been converted into 

amides with real C-N single bonds (1.409(5) and 1.387(4) Å). The Cimine-Cpy bonds (1.481(5) 

and 1.474(5) Å) fall within the expected range for Csp2-Csp2 single bonds. 

The solid-state structures of 7 (Figure 4.16) shows a distorted octahedral geometry with three 

chloride ligands at Zr (Zr-Cl1: 2.4789(16) Å; Zr-Cl2: 2.4410(17) Å; Zr-Cl3: 2.4093(17) Å).  
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Figure 4.16. Molecular structure of 7 [(EtDIP-H)ZrCl3]. Hydrogens and ethyl CH3 carbons are 

omitted for clarity 

 

The ligand backbone is distorted due to dehydrogenation of one of the imine methyl groups 

(H2C=CN: 1.363(5) Å) and dramatic elongation of the relevant C-N bond (1.386(5) Å). 

The solid-state structure of isomorphous 8 is presented in Figure 4.17. Bond lengths of both 

complexes are summarized in Table 4.2. 
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Figure 4.17. Molecular structure of 8 [(EtDIP-H)HfCl3]. Hydrogens and ethyl CH3 carbons are 

omitted for clarity 

Table 4.2. Selected bond lengths (Å) for (DIP-H)MCl3 complexes 

 7 8 
M-N1 2.324(3) 2.193(5) 
M-N2 2.298(3) 2.257(5) 
M-N3 2.114(3) 2.200(5) 
M-Cl1 2.4787(10) 2.4427(16) 
M-Cl2 2.4091(10) 2.3963(17) 
M-Cl3 2.4414(14) 2.3995(15) 

N1-C12 1.309(5) 1.345(8) 
C11-C12 1.459(5) 1.405(10) 
C12-C13 1.479(5) 1.475(9) 
C17-C18 1.469(5) 1.468(10) 
C18-C19 1.363(5) 1.407(10) 
C18-N3 1.386(5) 1.346(8) 

 

The bond lengths listed for 8 show much less left-right asymmetry than for 7, suggesting 

nearly complete disorder in the position of the C=CH2 group in 8. 
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4.3.2 Alkyl Migration 
 
Reaction of DIP ligand with various main group metal and transition metal alkyls results in 

loss of alkyl (presumably as radical) as well as alkylation of the ligand in different positions. 

Gibson, Cámpora and Budzelaar have studied the reactivity of DIP in combination with 

different main group metal alkyls (MRn where M = Li, Mg, Zn, Al; R = Me, Et, Pr, iPr, nBu; 

n = 1, 2, 3) where the alkyl migrates to the imine carbon, Py-N, -C2 and –C4 positions.15-16, 31 

Hill et al.17 showed that the use of alkaline-earth metals (Mg, Ca, Sr, Ba) bearing bulky alkyl 

groups (CH(SiMe3)2) resulted in a mixture of Py-C3 and –C4 alkylated isomers. These turned 

out to be thermally unstable at room temperature and finally re-aromatized the pyridine ring 

by undergoing a dealkylation/dehydrogenation.17 Based on a comparison of several published 

studies, one could make a case that the difference in destination of the alkyl at the ligand is 

mostly determined by the nature of the alkyl group rather than the metal center. The 

behaviors of ZnR2 (R = benzyl, allyl)27 and Mg(Bn)2(THF)216 are very similar to their 

manganese18 counterpart. In all of those complexes the benzyl or allyl fragment consistently 

migrates to the Py-C4 position. In the case of the late transition metal alkyls, Fe and Co 

reacted in two different ways. Reaction of dialkylcobalt with DIP resulted in formation of 

(DIP)CoR32 which has a singly reduced ligand, while dialkyliron gave (DIP)FeR2.19 

However, the latter undergoes rearrangement in solution at longer reaction times. 

To arrive at a better understanding of DIP-centered reactivity, we reacted tetrabenzyl 

complexes of zirconium and hafnium with RDIP ligands of varying bulk. These reactions all 

led to formation of novel pyridinediamide complexes via migration of two benzyl groups to 

the two imine carbons (Scheme 4.4).  
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Scheme 4.4. Synthesis of Zr and Hf complexes with a doubly benzylated ligand 

 

This afforded mixture of Cs and C2 isomers in comparable yields. Gratifyingly, the two 

diastereomers of 9 and 10 could be separated by layering their toluene solution with hexanes 

at -35 °C. Increasing the steric size of the aryl ring at the imine nitrogen did not affect the 

destination of the benzyl groups. To the best of our knowledge, only alkylation of a single 

imine group has been previously observed17, 31 and the present dibenzylation is new to DIP 

ligand-centered reactivity, although closely related diamido-pyridine group IV complexes 

have been prepared via different routes.33 

The 1H NMR spectrum of 10-C2 shows four doublets of 2H each at 2.04, 2.59, 2.96 and 3.81 

ppm for the four benzylic hydrogens in the molecule which occur as diastereotopic pairs. In 

contrast, for 10-Cs, the benzylic hydrogens at Zr appear as two singlets at 1.45 and 2.35 ppm 

due to the presence of an effective mirror plane through the metal and the benzylic carbons. 

The migrated Bn groups of this isomer are still diastereotopic as expected, showing two 

doublets for 2H each at 3.19 and 3.49 ppm. For each isomer, there are two triplets of 6H each 

(10-C2: 1.62 and 1.44 ppm; 10-Cs: 1.04 and 1.44 ppm) for the methyl groups of the DIP Et 
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substituents. Similarly, four multiplets of 2H each (10-C2: 2.29, 2.49, 3.19 and 3.49 ppm; 10-

Cs: 2.39, 2.51, 3.31 and 3.46 ppm) appear for the methylene hydrogens in Et groups. 

Normally, alkyl migration to pyridine- or imine-N atoms, pyridine-C2 or imine carbon atoms 

gives a kinetic product. Upon heating the compound, the alkyl migrates to pyridine-C4 

position to give the thermodynamic product (which still could undergo further 

rearrangements such as dimerization,34 dealkylation17 of the ligand or rearomatization18 of the 

pyridine ring). In contrast to these previously reported alkyl migration examples, heating 

either of the pure isomer 10-C2 and 10-Cs in toluene at 100 ºC for 16 h afforded a mixture of 

isomers with in both cases a 1:4 ratio (10-C2 : 10-Cs) (Scheme 4.5). It can be concluded that 

the Cs-symmetry isomer is the thermodynamically slightly more stable product. 

 
 

 
 

Scheme 4.5. Isomerization of pure isomers over heating 

 

The mechanism of equilibration of 10-C2 and 10-Cs likely involves radicals, and so we tested 

for reactivity in the presence of the radical trap TEMPO, which might trap a free Bn radical 

or abstract a Bn group from either metal or ligand (reaction of TEMPO with an 𝛼-diimine Zr 

dibenzyl complex has been reported to result in abstraction of Bn from the ligand35). It turned 

out that TEMPO reacts stoichiometrically (2:1) with 10-C2 already at room temperature, 

producing a complex (13) of the TEMPO anion (Scheme 4.6). 
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Scheme 4.6. Treatment of 10-C2 with 2 equivalents of TEMPO 

 
In contrast to the abovementioned equilibration of 10-C2 with 10-Cs, heating a solution of 13 

under the same condition did not lead to isomerization. Assuming that the isomerization 

follows a free-radical path, it is remarkable that the TEMPO group apparently blocks this 

path without undergoing any further reaction. 

In addition, the situ formed tetrakis (methylene trimethylsilyl) hafnium was reacted with 

EtDIP ligand (Scheme 4.7). 

 
 

 
 

Scheme 4.7. Synthesis of the bis chelate complex 14 

 

In contrast to the alkyl migrations mentioned above, this led to formation of the bis chelate 

complex 14, in which each chelate is doubly dehydrogenated. 

The size of the alkyl, the Hf-C bond strength and the less favored formation of •R in 

Hf(CH2SiMe3)4 compare to Hf(CH2Ph)4 could lead to dehydrogenation rather than alkyl 

migration. 
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4.3.3 X-ray structures of benzyl derivatives. 
 
Table 4.3 presents selected bond lengths and structural parameters of 9-Cs, 10-Cs, 10-C2, 13 
and 14. 
 
 

Table 4.3. Selective bond lengths (Å) for (RDBAP)Zr and Hf complexes 

 9-Cs 10-Cs 10-C2 13 14 
M-N1 2.0910(15) 2.0966(15) 2.107(3) 2.1254(15) 2.155(6) 
M-N2 2.3340(15) 2.3273(15) 2.315(3) 2.3168(15) 2.240(5) 
M-N3 2.1229(15) 2.1193(15) 2.119(3) 2.1358(15) 2.124(5) 
M-N4     2.172(5) 
M-N5     2.288(5) 
M-C44 2.3086(18) 2.2918(19) 2.304(4) 2.3000(19)  
M-C48     2.281(6) 
M-C51 2.3062(19) 2.2929(19) 2.297(4)   
Zr-O1    1.9238(13)  

N1-C12 1.494(2) 1.493(2) 1.496(5) 1.500(2)  
C12-C13 1.513(3) 1.517(3) 1.512(6) 1.517(3)  
C11-C12 1.534(3) 1.526(3) 1.523(6) 1.527(3) 1.357(11) 
C12-C30 1.567(3) 1.568(3) 1.563(6) 1.573(3)  
C17-C18 1.511(3) 1.513(3) 1.504(6) 1.512(3)  
C18-C19 1.537(3) 1.531(3) 1.530(6) 1.524(3) 1.351(11) 
C40-C41     1.350(10) 
C18-C37 1.572(3) 1.571(3) 1.571(6) 1.568(3)  
C18-N3 1.488(2) 1.489(2) 1.501(5) 1.490(2)  
C47-N6     1.288(9) 

t 0.46 0.39 0.51 0.52  
 
 
The structure of 9-Cs, 10-C2, 10-Cs and 13 are shown in Figure 4.18, Figure 4.19, Figure 4.20 

and Figure 4.21. 
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Figure 4.18. Molecular structure of 9-Cs. Hydrogens are omitted for clarity 

 
 
 

 
 

Figure 4.19. Molecular structure of 10-C2. Hydrogens and ethyl carbons are omitted for 

clarity 
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Figure 4.20. Molecular structure of 10-Cs. Hydrogens and CH3 carbons are omitted for clarity 

 
 

 
 

Figure 4.21. Molecular structure of 13. Hydrogens and ethyl carbons are omitted for clarity 
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In all complexes, the geometry around Zr is best described as distorted-trigonal-bipyramidal. 

The C-N bonds are 1.482-1.501 Å, much longer than in the free DIP ligand, and clearly 

demonstrate the reduction of the ligand. The Zr-C bonds lengths fall within the normal range 

for Zr(IV)-C bonds (2.25-2.33 Å).36 

The solid-state structure of 14 is shown in Figure 4.22.  

 

 
 

Figure 4.22. Molecular structure of 14. Hydrogens and ethyl CH3 carbons are omitted for 

clarity 

 
The geometry around Hf is best described as distorted octahedral. One of the chelates is 

coordinated to hafnium in N,N,C mode, in which the imine methyl is dehydrogenated and 

formed a Hf-C bond (2.281(6) Å). The CH3-Cimine bonds are 1.357, 1.351, 1.350 Å, evidently 

show the dehydrogenation of the ligands. Consequently, the C-N bonds are much longer than 
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in the free DIP ligand (1.395, 1.414 and 1.395 Å). The C=N bond in non-coordinating imine 

fragment is 1.288, normally observed in the free DIP ligand. 

 
 
4.4 Conclusions 
 
This chapter uncovers interesting similarities and differences between reduced DIP 

complexes of Ti and Zr/Hf. As for Ti, it is possible to prepare formally divalent DIP 

complexes of Zr and Hf, and like their Ti counterparts they are best viewed as containing the 

metal in oxidation state +4, bound to a dianionic DIP ligand. However, the Zr and Hf 

complexes show increased reactivity. While (DIP)TiCl2 is a very stable complex and stays 

unchanged in solution, the analogous (DIP)ZrCl2 undergoes hydrogen atom migration or loss 

on standing, and attempted reduction of (DIP)HfCl4 in Et2O led instead to direct formation of 

a doubly dehydrogenated complex. The electrons residing in the π-system of the ligand in 

(DIP)ZrCl2 appear to be more available for further reactivity, as illustrated by the observed 

cleavage of a C-Cl bond of CH2Cl2. We have also uncovered a few unexpected differences 

between Zr and Hf chemistry. 4 appears to be a dimer which shows a dynamic behavior in 

solution while its Hf counterpart, 5, is monomer and appears as sharp signals in solution. The 

difference in CH2Cl2 solubility of 1 and 2 is notable, as is the difference in dynamic 

behaviour of complexes 4 and 5 in solution. 

Reaction of MBn4 with RDIP does not result in reduction but instead in selective transfer of 

two Bn groups to the imine carbons of the DIP ligand. Experiments involving separated C2 

and Cs isomers indicate that the Bn transfer is reversible. Surprisingly, even prolonged 

heating does not result in Bn transfer to the pyridine C4 position, which is the final 

destination in many other DIP alkylation reactions. 
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4.5 Experimental Section 
 
General Considerations. All air- and moisture-sensitive manipulations were carried out under 

argon using standard Schlenk techniques or in an MBraun drybox containing an atmosphere 

of purified nitrogen. Solvents for air- and moisture-sensitive manipulations were dried and 

deoxygenated using sodium/benzophenone. Benzene-d6 and toluene-d8 were purchased from 

Cambridge Isotope Laboratories, distilled from sodium/benzophenone, and stored in the 

drybox. The EtDIP ligand was prepared according to a literature procedure.37 1H and 13C 

NMR spectra were recorded at 25 °C (unless noted otherwise) on Bruker Avance 300 and 

500 spectrometers. All chemical shifts are reported in ppm relative to SiMe4 using 1H 

(residual) and 13C chemical shifts of the solvent as a secondary standard: benzene-d6, 7.16 

and 128.06 ppm; toluene-d8, 2.08 and 20.43 ppm; DCM-d2, 5.32 and 53.84 ppm.38 

Single crystals suitable for X-ray diffraction were either sealed in glass capillaries or coated 

with oil in a drybox and then quickly transferred to the goniometer head of a D8 three-circle 

diffractometer (equipped with a rotating-anode Mo Kα generator, multilayer optics, and an 

APEX-II CCD area detector) or a Bruker D8 QUEST ECO diffractometer (equipped with a 

Mo Kα X-ray tube). Preliminary data revealed the crystal system. Data collection was 

optimized for completeness and redundancy using the APEX3 software suite. The space 

group was identified, and the data were reduced using the SAINT39 program and corrected 

for absorption using SADABS.40 The structures were solved using direct methods 

(SHELXS41) completed by subsequent Fourier synthesis and refined by full-matrix least-

squares procedures (SHELXL41). 

 

(EtDIP)ZrCl4 (1). A 100 mL Schlenk tube was charged with 1.06 g (4.56 mmol) of ZrCl4, 

approximately 30 mL of DCM, and a stirrer bar. EtDIP (2.04 g, 4.79 mmol) was added, and 
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the reaction mixture colour changed quickly to yellow and then the mixture was stirred for 

another 12 h at room temperature. 

The solid was filtered off and washed three times with 20 mL of toluene and 20 mL of 

hexane. The obtained crystals were dried in vacuo, giving 2.75 g of (EtDIP)ZrCl4 (91.6%). 

Suitable single crystals for X-ray studies were obtained by the interface method (DCM: 

hexane; 1:1) or by slow evaporation of DCM solvent. 

1H NMR (500 MHz; DCM-d2): δ 1.15 (12H, t, J 7.5, CH2CH3), 2.38 (6H, s, CH3C=N), 2.47, 

2.80 (4H each, m, CH2CH3), 7.19 (4H, d, J 7.1, m-Ar), 7.24 (2H, dd, J 9.0/8.6, p-Ar), 8.43 

(2H, d, J 8.0, py 3/5), 8.57 (1H, t, J 7.8, py 4). 

13C{1H} NMR (500 MHz; DCM-d2): δ 14.3 (CH2CH3), 21.5 (CH3C=N), 24.5 (CH2CH3), 

126.0 (py 4), 126.9 (m-Ar), 129.7 (py 3), 129.8 (p-Ar), 135.4 (o-Ar), 143.7, 149.0 (py 2, 

C=N), 175.2 (i-Ar). 

 
(EtDIP)HfCl4 (2). A 100 mL Schlenk tube was charged with 1.69 g (5.27 mmol) of HfCl4, 

approximately 30 mL of DCM, and a stirrer bar. EtDIP (2.35 g, 5.54 mmol) was added, and 

the reaction mixture colour changed quickly to yellow. The mixture was stirred for another 

12 h at room temperature. The solvent was removed under reduced pressure and the solid was 

collected and washed three times with 20 mL of toluene and 20 mL of hexane. The obtained 

crystals were dried in vacuo, giving 3.68 g of (EtDIP)HfCl4 (93.6%). Suitable single crystals 

for X-ray studies were obtained by interface method (DCM: hexane; 1:1) or by slow 

evaporation of DCM solvent. 

1H NMR (500 MHz; DCM-d2): δ 1.15 (12H, t, J 7.5, CH2CH3), 2.36 (6H, s, CH3C=N), 2.50, 

2.80 (4H each, m, CH2CH3), 7.19 (4H, d, J 7.6, o-Ar), 7.24 (2H, d, J 9.0, p-Ar), 8.45 (2H, d, 

J 8.0, py 3/5), 8.59 (1H, t, J 8.0, py 4). 
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13C{1H} NMR (500 MHz; DCM-d2): δ 14.3 (CH2CH3), 21.5 (CH3C=N), 24.5 (CH2CH3), 

126.0 (py 4), 126.9 (m-Ar), 130.0 (py 3), 135.6 (p-Ar), 144.0 (o-Ar), 149.0, 152.3 (py 2, 

C=N), 175.2 (i-Ar). 

 
(EtDIP)ZrCl2(THF) (3). A 100 mL Schlenk tube was charged with 0.50 g (0.76 mmol) of 

complex 1, approximately 30 mL of THF, and a stirrer bar. KC8 (0.20 g, 1.52 mmol) was 

added, and the reaction mixture was stirred for 1 day. The resulting purple-brown solution 

was passed through celite and the solvent was removed in vacuo. The solid residue was 

dissolved in a few milliliters of THF and layered with hexane (1: 2) and left at −35 °C to give 

0.41 g (82%) of dark purple-brown crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; THF-d8): δ 1.16 (12H, t, J 7.5, CH2CH3), 1.28 (6H, s, CH3C=N), 1.77 

(4H, m, CH2-THF), 2.53, 2.90 (4H each, m, CH2CH3), 3.60 (4H, m, CH2-THF), 4.82 (1H, t, J 

7.7, py 4), 5.75 (2H, d, J 7.8, py 3/5), 7.00 (6H, s, Ar). 

13C{1H} NMR (500 MHz; THF-d8): δ 14.2 (CH2CH3), 14.4 (CH3C=N), 24.9 (CH2CH3), 26.4, 

68.2, 117.8 (py 4), 126.3 (m-Ar), 127.0 (py 3), 129.4 (p-Ar), 139.4 (o-Ar), 143.4, 145.2 (py 2, 

C=N), 154.3 (i-Ar). 

 
[(EtDIP)ZrCl2]2 (4). A 100 mL Schlenk tube was charged with 0.24 g (0.36 mmol) of 

complex 1, approximately 30 mL of toluene, and a stirrer bar. KC8 (0.1 g, 0.73 mmol) was 

added, and the reaction mixture was stirred for 15 hours. Suspended solid was removed by 

passing the liquid through celite, and the solvent was removed in vacuo. The solid residue 

was dissolved in 2 mL of toluene and layered with 6 mL of hexane. It was left at −35 °C to 

give 0.051 g (24%) of purple-brown crystals. 

1H NMR (500 MHz; toluene-d8): δ 1.20 (12H, s, CH2CH3), 2.12 (6H, s, CH3C=N), 2.48, 2.96 

(4H each, br, CH2CH3), 5.00 (1H, br, py 4), 5.82 (2H, br, py 3/5), 7.08 (6H, s, Ar). 

13C{1H} NMR (500 MHz; toluene-d8): δ 14.3, 21.4, 25.2, 125.6, 126.3, 127.5, 128.5, 129.3 
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The broadness of the spectrum results in several expected 13C resonances not being observed. 

 
(EtDIP)ZrCl2(Et2O) (4-Et2O); (EtDIP-H/+H)ZrCl2(Et2O) (4'-Et2O); (EtDIP-

2H)ZrCl2(Et2O) (4''-Et2O). A 100 mL Schlenk tube was charged with 2.48 g (3.72 mmol) 

of complex 1, approximately 30 mL of toluene, and a stirrer bar. KC8 (1.00 g, 7.44 mmol) 

was added, and the reaction mixture was stirred for 9 days. Suspended solid was removed by 

passing the liquid through celite, and the solvent was removed in vacuo. The solid residue 

was dissolved in 15 mL of ether and left at −35 °C to give 0.66 g (27%) of purple-brown 

crystals suitable for X-ray crystallography. 

(partial assignment only): 

1H NMR (4-Et2O) (500 MHz; benzene-d6): δ 1.19 (12H, s, CH2CH3), 2.57, 3.04 (4H each, br, 

CH2CH3), 4.89 (1H, br, py 4), 5.73 (2H, br, py 3/5), 7.02 (6H, s, Ar). 

(4'-Et2O) (500 MHz; benzene-d6): δ 1.00 (3H, d, J 6.9, CH3C-N), 1.15-1.34 (12H, m, 

CH2CH3), 2.47-3.35 (8H, m, CH2CH3), 3.89, 4.58 (1H each, s, CH2=CN), 4.75 (1H, q, J 6.9, 

(CH3)HC-N), 6.43 (1H, d, J 7.6, py 3 or 5), 6.93 (1H, t, J 7.9, py 4), 6.93-7.25 (7H, m, py 3 

or 5; Ar) 

(4''-Et2O) (500 MHz; benzene-d6): 1.15-1.34 (12H, m, CH2CH3), 2.47-3.35 (8H, m, 

CH2CH3), 3.83, 4.53 (2H each, s, CH2=CN), 6.84 (1H, t, J 8, py 4), 6.93-7.25 (8H, m, py 3/5; 

Ar). 

13C{1H} NMR (500 MHz; benzene-d6): 14.0, 14.3, 15.3, 15.3, 15.5, 21.3, 24.6, 24.9, 24.9, 

24.9, 25.0, 25.4, 72.1, 89.3, 89.9, 117.8, 118.3, 119.1, 126.4, 126.8, 126.8, 126.9, 127.3, 

127.4, 127.6, 128.0, 128.3, 138.0, 139.2, 139.6, 139.6, 140.5, 141.5, 141.9, 142.1, 142.3, 

142.9, 143.3, 154.6, 155.0, 157.1, 157.6, 167.9. (some peaks are missing) 

 
(EtDIP)HfCl2 (5). A 50 mL Schlenk tube was charged with 1.00 g (1.34 mmol) of complex 2, 

approximately 30 mL of toluene, and a stirrer bar. KC8 (0.36 g, 2.68 mmol) was added, and 
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the reaction mixture was stirred for 33 hours. Suspended solid was removed by passing the 

liquid through celite, and the solvent was removed in vacuo. The solid residue was dissolved 

in a few milliliters of toluene and left at −35 °C to give 0.735 g (71.5%) of purple-brown 

crystals suitable for X-ray crystallography. 

1H NMR at -5 °C (500 MHz; toluene-d8): δ 1.17 (6H, s, CH3C=N), 1.19 (12H, t, J 8.0, 

CH2CH3), 2.55, 3.02 (4H each, m, CH2CH3), 4.70 (1H, t, J 7.5, py 4), 5.72 (2H, d, J 7.5, py 

3/5), 7.03, 7.11 (6H, s, Ar). 

13C{1H} NMR (500 MHz; toluene-d8): δ 13.8 (CH2CH3), 14.2 (CH3C=N), 21.4 (CH3-

toluene), 24.3 (CH2CH3), 117.2 (py 4), 125.6 (p-Ar toluene), 126.2, 127.3 (m-Ar toluene), 

128.4, 129.2 (o-Ar toluene), 131.6 (py 3/5), 137.7 (i-Ar toluene), 138.5, 141.8, 144.7 (py 2, 

C=N), 155.4 (i-Ar). 

 
 
(EtDIP)Hf(CH2SiMe3)2 (5'). A 50 mL Schlenk tube was charged with 0.075 g (0.098 mmol) 

of complex 5, approximately 20 mL of toluene, and a stirrer bar. Me3SiCH2Li (0.018 g, 0.19 

mmol) was added, and the reaction mixture was stirred for 24 hours. Suspended solid was 

removed by passing the liquid through celite, and the solvent was removed in vacuo. The 

solid residue was dissolved in a few milliliters of toluene and layered with hexane and left at 

−35 °C to give 0.062 g (81%) of purple-brown crystals suitable for X-ray crystallography. 

 

1H NMR (500 MHz; benzene-d6): δ 0.07 (4H, s, Hf-CH2), 0.15 (18H, s, SiMe3), 1.27 (12H, t, 

J 7.5, CH2CH3), 1.44 (6H, s, CH3C=N), 2.65, 2.85 (4H each, m, CH2CH3), 5.03 (1H, t, J 7.5, 

py 4), 6.03 (2H, d, J 7.5, py 3/5), 7.06 (2H, d, J 7.5, Ar), 7.09 (1H, t, J 7.2, Ar), 7.18 (2H, t, J 

7.2, Ar), 7.21 (1H, s, Ar). 13C{1H} NMR (500 MHz; benzene-d6): δ 3.3 (SiMe3), 14.1 

(CH2CH3), 14.3 (CH3C=N), 24.5 (CH2CH3), 68.7 (Hf-CH2), 116.6 (py 4), 126.4, 126.6, 130.9 

(py 3/5), 144.3, 145.1, 153.6. 
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(EtDIP)HfMe2 (5"). A 50 mL Schlenk tube was charged with 0.115 g (0.15 mmol) of 

complex 5, approximately 20 mL of toluene, and a stirrer bar. MeMgBr (3M solution in 

ether) (0.1 mL, 0.30 mmol) was added, and the reaction mixture was stirred for 3 hours. 

Suspended solid was removed by passing the liquid through celite, and the solvent was 

removed in vacuo. 0.055 g (58%) of purple-brown solid residue was collected. 

1H NMR (500 MHz; benzene-d6): δ 0.14 (6H, s, Hf-CH3), 1.15 (12H, t, J 7.5, CH2CH3), 1.15 

(6H, s, CH3C=N), 2.64, 2.88 (4H each, m, CH2CH3), 4.25 (1H, t, J 7.7, py 4), 5.15 (2H, d, J 

7.7, py 3/5), 7.01 (6H, s, Ar). 13C{1H} NMR (500 MHz; benzene-d6): δ 12.9 (CH2CH3), 

14.25 (CH3C=N), 24.2, (CH2CH3), 57.8 (Hf-CH3), 117.2 (py 4), 126.0 (Ar), 126.6 (Ar), 132.4 

(py 3/5), 139.6, 141.7, 148.6, 151.8. 

 
(EtDIP-2H)HfCl2(Et2O) (6). A 100 mL Schlenk tube was charged with 0.28 g (0.37 mmol) 

of complex 2, approximately 30 mL of ether, and a stirrer bar. KC8 (0.10 g, 0.75 mmol) was 

added, and the reaction mixture was stirred for 5 days. Suspended solid was removed by 

passing the liquid through celite, and the solvent was removed in vacuo. The solid residue 

was dissolved in a few milliliters of ether and left at −35 °C to give 0.041 g (15%) of purple-

brown crystals suitable for X-ray crystallography. 

 
(EtDIP-H)ZrCl3 (7). A 100 mL Schlenk tube was charged with 0.1 g (0.15 mmol) of complex 

1, approximately 15 mL of THF, and a stirrer bar. (Me3Si)2NK (0.03 g, 0.15 mmol) was 

added, and the reaction mixture was stirred for 24 h. Suspended solid was removed by 

passing the solution through celite, and the solvent was removed in vacuo. The solid residue 

was washed with 5 mL toluene and 10 mL ether. It was dried and dissolved in 2 mL of THF 

and layered with hexane (1:2; THF: hexane). It was left untouched at −35 °C to give 0.038 g 

(41%) of dark red crystals suitable for X-ray crystallography. 
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1H NMR (500 MHz; DCM-d2) (partial assignment only): δ 1.17 (6H, t, J 7.5, CH2CH3), 1.20 

(6H, t, J 7.0, CH2CH3), 2.38 (3H, s, CH3C=N), 2.71- 2.91 (8H, m, CH2CH3), 3.84, 4.99 (1H 

each, s, H2C=C-N), 7.21-7.34 (6H, m, Ar), 7.97 (1H, d, J 7.6, py 3 or 5), 8.96 (1H, d, J 8.3, 

py 3 or 5), 8.21 (1H, t, J 8.0, py 4). 13C{1H} NMR (500 MHz; DCM-d2): δ 14.5, 15.0 

(CH2CH3), 19.5 (CH3C=N), 24.9, 25.8 (CH2CH3), 93.9 (H2C=CN), 125.2, 125.6, 126.4, 

127.0, 127.4, 128.2, 128.7, 137.2, 138.9, 141.9, 142.8, 150.8, 154.6, 159.5, 177.7 (CH3C=N). 

 
(EtDIP-H)HfCl3 (8). A 100 mL Schlenk tube was charged with 0.1 g (0.13 mmol) of complex 

2, approximately 15 mL of THF, and a stirrer bar. (Me3Si)2NK (0.027 g, 0.13 mmol) was 

added, and the reaction mixture was stirred for 24 h. Suspended solid was removed by 

passing the solution through celite, and the solvent was removed in vacuo. The solid residue 

was washed with 5 mL toluene and 10 mL ether. It was dried and dissolved in a few 

milliliters of THF and layered with hexane (1:2; THF: hexane). It was left untouched at −35 

°C to give 0.029 g (32%) of dark red crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; DCM-d2) (partial assignment only): δ 1.17, 1.20 (6H, t, J 7.6, CH2CH3), 

2.38 (3H, s, CH3C=N), 2.72- 2.90 (8H, m, CH2CH3), 3.80, 4.98 (1H each, d, J 1.9, H2C=C-

N), 7.21 (2H, d, J 6.0, m-Ar), 7.23 (1H, t, J 6.0, p-Ar), 7.29 (2H, d, J 7.0, m-Ar), 7.33 (1H, t, 

J 6.4, p-Ar) , 7.98 (1H, d, J 7.6, py 3 or 5), 8.14 (1H, d, J 8.5, py py 3 or 5), 8.23 (1H, t, J 8.0, 

py 4). 13C{1H} NMR (500 MHz; DCM-d2): δ 14.5, 15.1 (CH2CH3), 19.7 (CH3C=N), 24.8, 

25.8 (CH2CH3), 95.1 (H2C=CN), 125.5, 125.7, 126.1, 126.9, 127.5, 128.7, 128.7, 137.3, 

141.8, 141.9, 142.8, 150.5, 154.2, 159.7, 178.1 (CH3C=N). 

 
(MeDBAP)Zr(CH2Ph)2 (9). A 100 mL Schlenk tube was charged with 0.40 g (0.88 mmol) of 

Zr(CH2Ph)4, approximately 10 mL of toluene, and a stirrer bar. MeDIP (0.32 g, 0.88 mmol) 

was added, and the reaction mixture turned dark red-brown and was stirred for 1 day which 

afforded a mixture of two isomers C2 and Cs. The solvent was reduced to half and the 
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remnant was layered with hexane (1:3) and left at −35 °C. The first crop of dark crystals 

turned out to be the C2 isomer. Reducing the amount of solvent to half and layering with 

hexane (1:3) gave the second crop which was a mixture of C2 : Cs isomers. The 3rd time of the 

recrystallization gave the Cs isomer. Washing the dark crystals with ether gave 0.31 g (43%) 

(in total) of purer light yellow crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; benzene-d6): 9-C2: δ 1.29 (6H, s, CH3C-N), 1.71, 2.20 (2H each, d, J 

11.0, Zr-CH2Ph), 2.41, 2.64 (6H each, s, o-CH3-Ar), 2.77, 3.31 (2H each, d, J 13.0, PhCH2C-

N), 6.02 (2H, d, J 7.9, py 3/5), 6.35 (4H, d, J 7.5, ZrCH2Ph o), 6.44 (4H, d, J 7.0, o-CH2Ph), 

6.68 (1H, t, J 7.9, py 4), 6.84 (2H, t, J 7.0, ZrCH2Ph p), 6.95 (4H, t, J 7.5, ZrCH2Ph m), 6.99 

(4H, t, J 7.5, m-CH2Ph), 7.04 (2H, d, J 7.0, p-CH2Ph), 7.09 (2H, t, J 7.5, p-Ar), 7.18, 7.23 

(2H each, d, J 7.5, m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): δ 22.9 (CH3C-N), 23.2, 

23.9 (4 o-CH3-Ar), 52.7 (2 CH2Ph), 66.6 (2 ZrCH2Ph), 77.8 (C-N), 120.6 (py 3/5), 122.1 

(ZrCH2Ph m, p), 125.8 (m-, p-Ar), 126.6 (p-CH2Ph), 127.7 (o-, m-CH2Ph), 128.0, 128.3 

(ZrCH2Ph o), 128.8 (ZrCH2Ph m, p), 129.4, 129.8 (m-, p-Ar), 132.0 (o-, m-CH2Ph), 136.9 (py 

4), 138.6 (ZrCH2Ph i), 139.8, 139.9 (o-Ar), 146.1 (i-CH2Ph), 146.3 (py 2), 168.6 (i-Ar). 

1H NMR (500 MHz; benzene-d6) (partial assignment only): 9-Cs: δ 1.13 (6H, s, CH3C-N), 

1.72, 2.06 (2H each, s, Zr-CH2Ph), 2.19, 2.81 (6H each, s, o-CH3-Ar), 3.19, 3.33 (2H each, d, 

J 12.7, PhCH2C-N), 5.82 (2H, d, J 7.8, py 3/5), 6.19 (2H, d, J 7.2, Ar), 6.46 (1H, t, J 7.8, py 

4), 6.54 (2H, d, J 2.5, Ar), 6.56 (2H, d, J 1.7, Ar), 6.68 (2H, t, J 7.3, Ar), 6.88 (2H, d, J 7.5, 

Ar), 6.93 (1H, t, J 7.3, Ar), 6.97 (2H, d, J 7.5, Ar), 7.01 (2H, t, J 7.6, Ar), 7.06- 7.13 (10H, m, 

Ar), 7.29 (2H, d, J 7.3, Ar). 13C{1H} NMR (500 MHz; benzene-d6): δ 22.4 (CH3C-N), 22.7, 

22.8 (4 o-CH3-Ar), 55.2 (2 Zr-CH2Ph), 63.5, 69.6 (2 CH2Ph), 77.6 (C-N), 120.4 (py 3/5), 

121.8, 123.0, 125.8, 126.5, 127.8, 128.3, 128.6, 129.1, 129.2, 129.2, 129.6, 131.7, 136.6 (py 

4), 138.7, 139.3, 140.1, 143.3, 146.7, 148.6, 169.2. 
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(EtDBAP)Zr(CH2Ph)2 (10). A 100 mL Schlenk tube was charged with 0.40 g (0.88 mmol) of 

Zr(CH2Ph)4, approximately 10 mL of toluene, and a stirrer bar. EtDIP (0.37 g, 0.88 mmol) 

was added, and the reaction mixture turned dark red-brown and was stirred for 1 day which 

afforded a mixture of two isomers C2 and Cs. The solvent was reduced to half and the 

remnant was layered with triple amount of hexane and left at −35 °C. The first crop of dark 

crystals turned to be the C2 isomer. Reducing the amount of solvent to half and layering with 

hexane (1:3) gave the second crop which was the mixture of C2 : Cs isomers. The 3rd time of 

the recrystallization gave the Cs isomer. Washing the dark crystals with ether gave 0.36 g 

(47%) (in total) of purer light yellow crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; benzene-d6) (10-C2): δ 1.06 (6H, t, J 7.5, CH2CH3), 1.12 (6H, s, CH3C-

N), 1.44 (6H, t, J 7.5, CH2CH3), 2.04 (2H, d, J 11.0, CH2Ph), 2.29, 2.50 (2H each, m, 

CH2CH3), 2.59 (2H, d, J 11.0, CH2Ph), 2.96 (2H, d, J 13.0, Zr-CH2Ph), 3.19, 3.49 (2H each, 

m, CH2CH3), 3.80 (2H, d, J 13.0, Zr-CH2Ph), 5.99 (2H, d, J 7.8, py 3/5), 6.40 (4H, d, J 7.6, 

ZrCH2Ph o), 6.50 (4H, d, J 7.3, o-CH2Ph), 6.71 (1H, t, J 7.8, py 4), 6.78 (2H, t, J 7.3, 

ZrCH2Ph p), 6.96 (4H, d, J 7.25, ZrCH2Ph m), 6.99 (4H, d, J 6.5, m-CH2Ph), 7.02 (2H, t, J 

7.3, p-CH2Ph), 7.13 (2H, d, J 7.5, m-Ar), 7.24 (2H, t, J 7.6, p-Ar), 7.41 (2H, d, J 7.6, m-Ar) . 

13C{1H} NMR (500 MHz; benzene-d6): 13.3, 16.2 (CH2CH3), 21.5 (CH3C-N), 25.8, 27.3 

(CH2CH3), 60.0 (CH2Ph), 73.3 (Zr-CH2Ph), 75.3 (C-N), 119.4 (py 3/5), 121.6 (ZrCH2Ph p), 

125.8 (m-Ar), 125.9 (p-Ar), 126.9 (m-Ar), 127.1 (ZrCH2Ph o), 127.3, 128.0, 128.3 (ZrCH2Ph 

m, m-CH2Ph, p-CH2Ph), 131.3 (o-CH2Ph), 137.5 (py 4), 138.0, 142.5 (ZrCH2Ph i, i-CH2Ph), 

144.5, 147.6 (o-Ar), 147.9, 170.2 (i-Ar, py 2). 

1H NMR (500 MHz; benzene-d6) (10-Cs): δ 1.08 (6H, s, CH3C-N), 1.08 (6H, t, J 7.2, 

CH2CH3), 1.50 (6H, t, J 7.5, CH2CH3), 1.69 (2H, s, Zr-CH2Ph), 2.32 (2H, s, Zr-CH2Ph), 2.41, 

2.52 (2H each, m, CH2CH3), 3.26 (2H, d, J 13.0, CH2Ph), 3.30 (2H, m, CH2CH3), 3.53 (2H, 

d, J 13.0, CH2Ph), 3.55 (2H, m, CH2CH3), 5.86 (2H, d, J 7.8, py 3/5), 6.17 (2H, d, J 7.4, 
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ZrCH2Ph o), 6.42 (1H, t, J 7.8, py 4), 6.58 (1H, t, J 7.4, ZrCH2Ph p), 6.60 (4H, m, ZrCH2Ph 

m), 6.93 (2H, t, J 7.9, p-CH2Ph), 6.95 (1H, t, J 7.4, ZrCH2Ph p), 7.03 (2H, d, J 7.4, ZrCH2Ph 

o), 7.08 (4H, d, J 6.2, o-CH2Ph), 7.10 (4H, t, J 7.6, m-CH2Ph), 7.17 (2H, d, J 6.2, m-Ar), 7.25 

(2H, t, J 7.6, p-Ar), 7.45 (2H, d, J 7.8, m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): 13.5, 

16.0 (CH2CH3), 21.6 (CH3C-N), 26.2, 26.5 (CH2CH3), 57.7 (CH2Ph), 65.7, 74.1 (Zr-CH2Ph), 

76.0 (C-N), 119.4 (py 3/5), 121.3 (ZrCH2Ph p), 123.0 (ZrCH2Ph p), 125.8 (p-Ar), 126.3 (o-

CH2Ph), 126.6 (m-Ar), 127.2 (ZrCH2Ph o), 128.0 (p-CH2Ph), 128.2 (m-Ar), 128.3 (m-

CH2Ph), 129.1 (ZrCH2Ph o), 129.2, 131.4 ( ZrCH2Ph m), 137.0 (py 4), 138.7, 143.2, 144.0 

(ZrCH2Ph i, i-CH2Ph), 144.4, 146.6 (o-Ar), 149.9, 170.7 (i-Ar, py 2). 

 

(EtDBAP)Hf(CH2Ph)2 (11). A 100 mL Schlenk tube was charged with 0.20 g (0.37 mmol) of 

Hf(CH2Ph)4, approximately 10 mL of toluene, and a stirrer bar. EtDIP (0.15 g, 0.37 mmol) 

was added, and the reaction mixture turned dark red-brown and was stirred for 1 day which 

afforded a mixture of two isomers C2 and Cs. The solvent was reduced to half and the 

remnant was layered with triple amount of hexane and left at −35 °C. The first crop of dark 

crystals turned to be the Cs isomer. Reducing the amount of solvent to half and layering with 

hexane (1:3) gave the second crop which was the mixture of C2 : Cs isomers. The 3rd time of 

the recrystallization gave the C2 isomer. Washing the dark crystals with ether gave 0.23 g 

(63%) (in total) of purer light yellow crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; toluene-d8) (11-C2): δ 1.09 (6H, t, J 7.5, CH2CH3), 1.10 (6H, s, CH3C-

N), 1.41 (6H, t, J 7.5, CH2CH3),1.76, 2.20 (2H each, d, J 12, CH2Ph), 2.40, 2.6 (2H each, m, 

CH2CH3), 2.89 (2H, d, J 13, HfCH2Ph), 3.15, 3.45 (2H, m, CH2CH3), 5.95 (2H, d, J 7.8, py 

3/5), 6.31 (4H, d, J 7.4, HfCH2Ph o), 6.45 (4H, d, J 7.4, o-CH2Ph), 6.68 (1H, t, J 7.8, py 4), 

6.70 (2H, t, J 7.8, HfCH2Ph p), 6.90- 6.95 (10H, m, HfCH2Ph p, m- and p-CH2Ph), 7.14 (2H, 

d, J 7.6, m-Ar), 7.21 (2H, t, J 7.6, p-Ar), 7.36 (2H, d, J 7.6, m-Ar). 13C{1H} NMR (500 MHz; 



 177 

toluene-d8)(partial assignment only): 13.5, 16.0 (CH2CH3), 22.4 (CH3C-N), 25.9, 27.1 

(CH2CH3), 58.9 (CH2Ph), 75.5 (HfCH2Ph), 83.8 (C-N), 119.7 (py 3/5), 121.9 (HfCH2Ph p), 

125.8 (m-Ar), 125.9 (p-Ar), 126.8 (m-Ar), 127.1 (HfCH2Ph o), 128.2, 128.3 (HfCH2Ph m, m-

CH2Ph, p-CH2Ph), 131.3 (o-CH2Ph), 137.0 (py 4), 138.2, 143.1 (HfCH2Ph i, i-CH2Ph), 144.7, 

147.7 (o-Ar), 148.9, 170.1 (i-Ar, py 2). 

1H NMR (500 MHz; benzene-d6) (11-Cs): δ 1.07 (6H, s, CH3C-N), 1.08, 1.48 (6H each, t, J 

7.5, CH2CH3), 1.49, 2.38 (2H each, s, HfCH2Ph), 2.43, 2.55 (2H each, m, CH2CH3), 2.24 

(2H, d, J 13.0, HfCH2Ph), 3.35, 3.50 (2H, m, CH2CH3), 3.55 (2H, d, J 13.0, HfCH2Ph), 4.85 

(2H, d, J 7.8, py 3/5), 6.12 (2H, d, J 7.5, HfCH2Ph o), 6.42 (1H, t, J 7.8, py 4), 6.58 (5H, m, 

HfCH2Ph m, p), 6.84 (1H, t, J 7.3, HfCH2Ph p), 6.99 (2H, m, HfCH2Ph o), 6.99 (2H, m, 

CH2Ph p), 7.08 (8H, m, o- and m-CH2Ph p), 7.19 (2H, d, J 7.1, m-Ar), 7.26 (2H, t, J 7.6, p-

Ar), 7.46 (2H, d, J 7.3, m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): 13.5, 16.1 (CH2CH3), 

22.0 (CH3C-N), 26.0, 26.4 (CH2CH3), 57.9 (CH2Ph), 76.1, 78.8 (HfCH2Ph), 83.7 (C-N), 

119.6 (py 3/5), 121.8, 121.9 (HfCH2Ph p), 125.8 (p-Ar), 126.0 (o-CH2Ph), 126.7 (m-Ar), 

127.2 (HfCH2Ph o), 127.8 (p-CH2Ph), 127.9 (m-Ar), 128.3 (m-CH2Ph), 131.4 (HfCH2Ph m), 

137.2 (py 4), 138.6, 143.9, 144.4 (HfCH2Ph i, i-CH2Ph), 146.0, 147.2 (o-Ar), 149.0, 170.6 (i-

Ar, py 2). 

 
(

iPrDBAP)Hf(CH2Ph)2 (12). A 100 mL Schlenk tube was charged with 0.20 g (0.37 mmol) 

of Hf(CH2Ph)4, approximately 10 mL of toluene, and a stirrer bar. iPrDIP (0.18 g, 0.37 mmol) 

was added, and the reaction mixture turned dark red-brown and was stirred for 1 day which 

afforded a mixture of two isomers C2 and Cs. The solvent was reduced to half and the 

remnant was layered with triple amount of hexane and left at −35 °C. The first crop of dark 

crystals turned to be the C2 isomer. Reducing the amount of solvent to half and layering with 

hexane (1:3) gave the second crop which was the mixture of C2 : Cs isomers. The Cs isomer 
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was not isolated. Washing the dark crystals with ether gave 0.04 g (10%) (in total) of purer 

light beige crystals. 

1H NMR (500 MHz; benzene-d6) (12-C2): δ 0.95, 0.99 (6H each, d, J 6.7, CH(CH3)2), 1.00 

(6H, s, CH3C-N), 1.28, 1.50 (6H each, d, J 6.7, CH(CH3)2), 2.10, 2.70 (2H, d, J 11, 

HfCH2Ph), 2.74 (1H, m, CH(CH3)2), 2.99. 4.05 (2H each, d, J 13, CH2Ph), 4.67 (1H, m, 

CH(CH3)2), 6.02 (2H, d, J 7.7, py 3/5), 6.36 (4H, d, J 7.7, HfCH2Ph o), 6.49 (4H, d, J 7.5, o-

CH2Ph), 6.75 (1H, t, J 7.7, py 4), 6.77 (2H, t, J 7.6, HfCH2Ph p), 6.97- 7.04 (10H, m, m- and 

p-CH2Ph, HfCH2Ph m), 7.10 (2H, d, J 7.6, m-Ar), 7.28 (2H, t, J 7.6, p-Ar), 7.34 (2H, d, J 7.6, 

m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): 20.8 (CH3C-N), 25.2, 25.5, 25.8, 26.4 

(CH(CH3)2), 28.3, 29.2 (CH(CH3)2), 62.6 (CH2Ph ), 74.3 (C-N), 87.6 (HfCH2Ph), 119.1 (py 

3/5), 121.8 (py 4), 124.9, 125.3 (m-Ar), 125.9 (p-Ar), 127.1 (HfCH2Ph o), 127.3 (m- and p-

CH2Ph, HfCH2Ph m), 131.0 (o-CH2Ph), 137.4 (HfCH2Ph p), 147.3, 147.5 (HfCH2Ph i, i-

CH2Ph), 147.6, 147.8 (o-Ar), 149.5, 171.4 (i-Ar, py 2). 

1H NMR (500 MHz; benzene-d6) (12-Cs): δ 1.09 (6H, s, CH3C-N), 1.11, 1.13 (6H each, d, J 

6.7, CH(CH3)2), 1.41, 1.54 (6H each, d, J 6.7, CH(CH3)2), 1.84, 2.90 (2H, s, HfCH2Ph), 2.94 

(1H, m, CH(CH3)2), 3.22. 3.82 (2H each, d, J 13, CH2Ph), 4.83 (1H, m, CH(CH3)2), 5.94 (2H, 

d, J 7.8, py 3/5), 6.18 (Ar), 6.46 (1H, d, J 7.8, py 4), 6.54 (Ar), 6.77 (Ar), 6.95- 7.36 (Ar). 

13C{1H} NMR (500 MHz; benzene-d6): 22.9 (CH3C-N), 25.6, 25.7, 26.9, 27.8 (CH(CH3)2), 

28.5, 29.1 (CH(CH3)2), 59.6 (CH2Ph ), 75.1 (C-N), 82.4, 88.7 (HfCH2Ph), 118.6 (py 3/5), 

121.5, 122.2, 125.2, 125.6, 126.1, 126.7, 127.0, 128.0, 128.3, 131.1, 137.5, 137.7, 138.6, 

146.7, 148.4, 148.5, 149.1, 147.8, 171.7 (i-Ar, py 2). 

 
(EtDBAP)Zr(CH2Ph)(TEMPO) (13). A 25 mL Schlenk tube was charged with 0.046 g (0.05 

mmol) of complex 10-C2 in approximately 1 mL of benzene-d6. 2 equivalents of TEMPO 

(0.016 g, 0.1 mmol) was added, and the solution was left for 5 days. Layering of the benzene 
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solution with hexane (1:3) led to isolation of 0.042 g (88%) of the pure light yellow crystals 

suitable for X-ray crystallography. 

1H NMR (500 MHz; benzene-d6): δ 0.59 (6H, s, H3C-TEMPO), 1.01 (3H, s, CH3C-N), 1.04 

(6H, s, HC3-TEMPO), 1.17 (3H, t, J 7.5, CH2CH3), 1.28 (6H, m, CH2-TEMPO), 1.32 (3H, t, 

J 7.5, CH2CH3), 1.35 (3H, s, CH3C-N), 1.43, 1.46 (3H each, t, J 7.5, CH2CH3), 2.57 (1H, m, 

CH2CH3), 2.67 (1H, d, J 11.6, ZrCH2Ph), 2.71 (1H, m, CH2CH3), 2.75 (1H, d, J 11.6, 

ZrCH2Ph), 2.82 (1H, d, J 13, CH2Ph), 2.94 (1H, m, CH2CH3), 3.14 (1H, m, CH2CH3), 3.30 

(1H, d, J 13, CH2Ph), 3.45 (2H, m, CH2CH3), 3.50, 3.55 (1H each, d, J 13, CH2Ph), 3.58 (1H, 

m, CH2CH3), 6.03, 6.10 (1H each, d, J 7.8, py 3/5), 6.35, 6.48, 6.75 (1H, t, J 7.8, py 4), 6.77, 

6.93, 6.97- 7.15, 7.24 (1H, t, J 7.6, p-Ar), 7.29 (1H, d, J 7.6, m-Ar), 7.38, 7.42 (1H, d, J 7.6, 

m-Ar). 13C{1H} NMR (500 MHz; benzene-d6): δ 12.8, 14.5, 15.0, 15.6, 17.2, 21.3, 23.0, 25.5, 

26.0, 26.2, 27.4, 40.8, 56.8, 57.1, 60.0, 63.2, 75.2, 76.3, 119.6, 120.3, 121.3, 124.6, 124.9, 

125.2, 125.8, 126.2, 126.5, 126.6, 126.9, 127.5, 127.7, 127.8, 128.3, 131.4, 132.0, 136.7, 

138.5, 138.8, 141.3, 143.4, 144.0, 144.0, 147.4, 150.6, 150.9, 168.9, 169.5. 

 
(EtDIP-2H)NNN(EtDIP-2H)NNCHf (14). A 100 mL Schlenk tube was charged with 0.1 g (0.31 

mmol) of HfCl4, approximately 15 mL of toluene, and a stirrer bar. At -80 °C, 0.117 g (1.25 

mmol) of Me3SiCH2Li was added dropwise in toluene. After 3 hours, 0.133 g (0.31 mmol) of 

EtDIP was added in toluene. The solution turned into dark orange-brown quickly, warmed up 

to room temperature and stirred for 12 hours. Suspended solid was removed by passing the 

solution through celite, and the solvent was removed in vacuo. The solid residue was 

dissolved in 1 mL toluene and layered with 5 mL hexane. It was left untouched at −35 °C to 

give 0.007 g (2.2%) of dark orange-brown crystals suitable for X-ray crystallography. 

1H NMR (500 MHz; benzene-d6) (partial assignment only): δ 0.88 (6H, t, J 7.2, CH2CH3), 

0.90 (3H, t, J 7.5, CH2CH3), 0.95 (6H, t, J 7.5, CH2CH3), 1.19 (6H, t, J 7.5, CH2CH3), 1.23 

(6H, t, J 7.5, CH2CH3), 1.32 (2H, s, CH2=C-N), 1.68, 1.90, 2.25, 2.37, 2.53 (2H, m, 
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CH2CH3), 2.94 (6H, m, CH2CH3), 3.67, 4.49 (2H each, s, H2C=C-N), 4.58 (1H, s, H2C=C-N), 

6.72-7.09 (15H, m, Ar, py), 7.38, 8.22 (1H each, d, J 8.0, py). 
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5 Conclusions and Outlook 
 
 

5.1 Conclusions 
 
In this thesis, the noninnocence of the DIP ligand in combination with group IV metals has 

been investigated. 

 
(1) A series of (EtDIP)M (M: Ti, Zr, Hf) halide and alkyl complexes have been 

synthesized and the oxidation state of the metal has been characterized using a combination 

of techniques (NMR, EPR, XRD, XPS and DFT calculations). Based on these, the unpaired 

electron in the paramagnetic (EtDIP)TiCl3 mostly resides in a metal 3d orbital. Reduction of 

this complex led to formation of the diamagnetic complex (EtDIP)TiCl2 and the further 

reduction gave (EtDIP)2Ti. The ligand in (EtDIP)TiCl3 is neutral, (DIP(0))Ti(III), but in the 

reduced diamagnetic complexes (EtDIP)TiCl2, (EtDIP)TiClR, (EtDIP)TiR2 and (EtDIP)2Ti, it 

has accepted two electrons and is best regarded as dianionic, (DIP2-)Ti(IV). Thus, the 

reduction of (EtDIP)TiCl3 to (EtDIP)TiCl2 has surprisingly resulted in oxidation of Ti(III) to 

Ti(IV). All the above formally Ti(II) complexes are diamagnetic, but 1H NMR spectra of 

(EtDIP)TiMe2 suggest the presence of a thermally populated triplet state. 

Due to their larger radii, Zr and Hf form stable seven-coordinate complexes (EtDIP)MCl4. In 

contrast to Ti, attempted one-electron reduction of these complexes to (EtDIP)MCl3 was 

unsuccessful. Instead, use of two equivalents of reductant gave (EtDIP)MCl2 (M: Zr, Hf) 

containing a doubly reduced DIP ligand, (DIP2-)M(IV). The 1H-NMR patterns of the three 

complexes (EtDIP)MCl2 (M: Ti, Zr, Hf) look similar, but the signals of the Zr complex are 

strongly broadened. On cooling, they broaden even more and then decoalesce, indicating 

formation of a left-right asymmetric species. Solid-state structures of (EtDIP)ZrCl2 and 

(EtDIP)HfCl2 showed to be dimer and monomer, respectively. This could very-well explain 
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the broadening in the Zr complex. In contrast to its Ti counterpart, the 1H-NMR spectra of the 

dialkyl hafnium complexes (EtDIP)HfR2 (R: Me, CH2SiMe3) are sharp and do not show any 

indication of population of a triplet state. 

 
(2) The 1H NMR spectra of (EtDIP)TiMe2, (EtDIP)HfMe2 and (EtDIP)TiCl2(OPPh3) show 

relatively "normal" shifts for the pyridine and imine hydrogens, in contrast to the unusual 

values reported for e.g. (iPrDIP)Fe(N2)2 and (EtDIP)CoCH2SiMe3 (Table 5.1).  

 

Table 5.1. (DIP)M chemical shifts at room temperature 

Complex/proton Imine Me(ppm) Py H3,5 (ppm) Py H4 (ppm) 
(iPrDIP)Fe(N2)21 13.61 10.11 2.58 

(EtDIP)Co(CH2SiMe3)2 -1.09 7.72 10.05 
(EtDIP)TiMe2 1.57 5.08 4.57 

(EtDIP)TiCl2(OPPh3)* 0.88 5.99 5.11 
* Chemical shifts were recorded at -15 °C 

 
 
This most likely indicates a difference in electronic structure but so far, no definitive 

conclusion has been reached. (EtDIP)TiMe2, for which we observe a strongly temperature-

dependent spectrum, probably exhibits thermal population of a low-lying triplet state (see 

above). This may also apply to (iPrDIP)Fe(N2)2, although the presence of an N2 dissociation 

equilibrium complicates matters for this compound. Interestingly, (EtDIP)CoCH2SiMe3 

despite its somewhat unusual shifts shows extreme temperature-independence of the 

spectrum, which could be taken as an indication of spin admixture (as opposed to thermal 

triplet population). However, it for the moment this explanation must remain speculative. 

 
(3) Ti(II) compounds are generally known to be strong reductants. However, (EtDIP)TiCl2 

showed to be rather unreactive in reducing E-E bonds (E: S, N, O). The compound was 

reducing enough to cleave a C-Cl bond of CHCl3 but not of CH2Cl2. With OPPh3 only the 

simple adduct (EtDIP)TiCl2(OPPh3) was formed. Reaction with bulky bases resulted in 
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formation of different products dependent on the size and the heteroatom of the base. Using 

the somewhat stronger reductant (EtDIP)TiMe2 we did observe one example of N-N cleavage: 

reaction with hydrazobenzene led to N-N bond cleavage and formation of a Ti imido 

complex. The formally divalent complexes (EtDIP)ZrCl2 and (EtDIP)HfCl2 are more reducing 

than (EtDIP)TiCl2 and do react not only with CHCl3 but also with CH2Cl2. 

 

(4) In this work, two new examples of ligand-based reactivity of DIP were observed. 

Reaction of MBn4 (M: Zr, Hf) with DIP resulted in benzylation of both imine carbons, 

producing a mixture of rac (C2 symmetric) and meso (Cs symmetric) diastereomers 

(EtDIP+2Bn)MBn2. Interestingly, heating of either pure diastereomer in solution re-

establishes the equilibrium mixture but does not lead to the expected benzyl shift (to the 

pyridine ring) or ligand dehydrogenation, indicating benzyl addition to the imines is 

reversible and likely involves radicals. In preliminary and incomplete work, we have found 

that use of in situ formed Hf(CH2SiMe3)4 instead of HfBn4 leads to formation of a doubly 

dehydrogenated bis chelate complex (EtDIP-2H)2Hf, in which one of the DIP ligands is 

coordinated in its N,N,C mode. 

In several synthesis attempts and reactivity studies of formally divalent complexes we 

observed a novel type of isomerization of the coordinated DIP ligand: (apparent) migration of 

a hydrogen atom from an imine methyl group to the second imine carbon atom. This 

phenomenon is interesting since the H atom leaving the imine group behaves like a proton, 

while during addition to the second imine group it acts like a hydride. It appears that this H-

shift isomerization can be triggered by bases such as MeLi or tBuOK, but we also observed it 
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during synthesis of (EtDIP)ZrCl2 in which no bases were used.2 Understanding the 

mechanism of this unexpected isomerization will require more experimental work. 

 

(5) Finally, a few interesting differences between Zr and Hf should be recalled here. The 

chemistry of Zr and Hf is usually very similar, as are the physical properties of Zr and Hf 

compounds. In the present work, we have encountered several examples of clear differences: 

Both Zr and Hf complexes of (DIP)MCl4 were made in DCM but with substantial difference 

in solubility. After formation, the Zr complex precipitated while its Hf counterpart stayed in 

solution. 

Although reduction of (DIP)ZrCl4 in THF formed (DIP)ZrCl2(THF), formation of formally 

Hf(II) complexes in coordinating solvents was found to be problematic. 

Interestingly, reduction of (DIP)ZrCl4 in toluene formed the dimer [(DIP)ZrCl2]2, while the 

similar reaction with (DIP)HfCl4 gave monomeric (DIP)HfCl2. The 1H NMR spectra of both 

(DIP)MCl2 complexes (in toluene) were broad at room temperature. Upon lowering the 

temperature to -15 °C, the 1H NMR of (DIP)HfCl2 became sharp and its splitting patterns 

appeared. Further cooling to -55 °C produced no changes. However, cooling the 

[(DIP)ZrCl2]2 sample did not result in peak sharpening. Instead, decoalescence was observed 

and at -55 °C NMR indicated an asymmetric structure. 

 

5.2 Outlook 
 
(1) One of the main goals in synthesizing low-valent DIP complexes of early transition 

metals has been N2 fixation and reduction3. Having this idea in mind, I tried to further reduce 

                                                
2 However, the KC8 used as reductant could have contained traces of KOH through reaction 

with air or water. 
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(EtDIP)TiCl2 in an atmosphere of N2. However, this gave only the bis chelate complex 

(EtDIP)2Ti. Also, it has previously been reported that reduction of DIP complexes of early 

transition metals could lead into dehydrogenation of the imine methyl groups. 

Dehydrogenation of the ligand, consequently, raises the energies of the p* orbitals and hence 

decreases its p-acceptor capabilities. In order to avoid formation of the bis chelate complex 

and dehydrogenation, it might be worth making Ti complexes of the partly modified known4 

ligand iPrPhDIP (Figure 5.1). 

 

 
 

Figure 5.1. Modification of EtDIP to iPrPhDIP 

 
 
Replacement of the methyl imines with phenyl groups would avoid ligand dehydrogenation 

and keep the p-system of the ligand intact. Furthermore, making the aryl rings bulkier could 

prevent bis chelate formation and result in formation of a dinitrogen (or other small 

molecules such as CO, CO2) Ti complex. Using (RPhDIP) would be useful in cases like 

(EtDIP)TiMe2, (EtDIP)ZrCl2 and (EtDIP)HfMe2 in which H-shift isomerization happens. 

 
(2) We demonstrated that the reaction of hydroazobenzene (PhHN-NHPh) with 

(EtDIP)TiMe2 leads to activation of the N-N bond which gives a product having a Ti=NPh 

fragment. Group IV metal complexes containing an M=NR moiety have received great 

attention in a number of catalytic and biological processes. C-H bond activation5, insertion5a, 

6, metathesis7 and [2+2] cycloadditions5a, 7 are among the applications of group IV metal-
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N N
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N N
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imido complexes. The high reactivity of M(IV)=NR is due to its polarizability which can be 

controlled via the electronic tuning and modulation of steric hindrance around the metal 

center. Thus, in a future project, it should be worthwhile to test the reactivity of our 

Ti(IV)=NPh complex in various organic transformations. Preliminary results showed that 

(EtDIP)TiMe2 is reactive towards reducing PhN=NPh, as well. Now, it might not be 

unrealistic to expect the dimethyl complex to be reactive in reducing CO and CO2 molecules. 

In addition, it is suggested to test the reducing power of its heavier counterparts, 

(EtDIP)HfMe2 and (EtDIP)MCl2 (M: Zr, Hf) in various bond breaking and reduction reactions 

(e.g. N-N, N=N, O-O, CO, CO2). The two halide Zr and Hf complexes proved to be able to 

break the C-Cl bond in CH2Cl2. Since CH2Cl2 molecule is a rather stable alkyl halide with 

reasonably high C-Cl bond energy, these complexes seem to be appropriate reagents for 

testing in more general C-Cl or even C-F bond activation reactions. 

 
(3) The reaction of MBn4 (M: Zr, Hf) with variations of RDIP (R: Me, Et, iPr) resulted in 

benzyl migration to both imine moieties, forming complexes of dibenzylated ligand as a 

mixture of rac (C2 symmetric) and meso (Cs symmetric) diastereomers. While pyridine 

diamide ligands have been made previously,8 our double benzylation can be considered as a 

novel method for making these types of ligands. Hydrolysis of either pure diastereomer and 

formation of the free pyridine diamine could be useful in synthesizing new pincer-type metal 

complexes. 

 
(4) Up to date, four main types of the ligand-based reactivity have been classified for 

DIP: electron reservoir, dimerization, dehydrogenation and alkylation. As mentioned earlier, I 

have reported a new type of DIP-based reactivity which leads to ligand isomerization 

accompanied by reduction of both imine groups. This isomerization phenomenon happened 

in different reactions such as treatment of (EtDIP)TiCl2 with 2 tBuOK, reduction of 
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(EtDIP)ZrCl4 to (EtDIP)ZrCl2, treatment of (EtDIP)TiCl2 or (EtDIP)HfCl2 with 2 MeMgBr. 

Based on the ratio of the isomerized product to the stoichiometric amount of the reagent used 

at the beginning, a catalytic process should be involved. At the moment, it is not clear how 

the isomerization process starts or what the mechanism is. Since, in this process, one H atom 

is shifted from one imine methyl group to the second imine carbon, reactions in the presence 

of a catalytic amount of TEMPO, triphenylmethyl radical or triethylsilane with (EtDIP)MMe2 

(M: Ti, Hf) are suggested. 

The isomerization is also interesting for a different reason. Based on general aspects of DIP 

chemistry, it most likely follows a radical type H atom transfer/H atom abstraction path. This 

indicates that in the relevant DIP complexes the imine C-H bonds are considerably weakened 

relative to the free ligand or more standard benzylic/allylic C-H bonds. Metal coordination to 

the ligand is surely a factor here. Thus, it might be possible to create DIP complexes with 

highly tunable C-H bond strengths (through variation of the complexed metal fragment), 

using the complex not for chemical reduction but as a radical source (c.f. the rather toxic tin 

hydrides). Obviously much more work would be needed to turn this general idea into a 

practical application. 
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