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ABSTRACT 

Thebis(imido) complex Nb(=NAr)2Cl(py)2 (Ar=2,6-diisopropylphenyl) reacts with 

two equivalents of LiNHAr in THF to form [Li(THF)4][Nb(=NAr)2(NHAr)2] (2). 

Likewise [Nb(NEt2)2Cl3]2 reacts with excess LiNHAr in THF to form 2. A similar 

neutral bis(imide) bis(amide) compound (9) of molybdenum has been made. 

Experiments are presented that suggest the (tris)imido functional group 

[Nb(=NAr)3]~ arises via an intermolecular deprotonation of [Nb(=NR)2(NHR}2]". 

Complex 2 reacts with 1 equivalent of tBuLi to form the tris(imide) amide 

[Li2(THF)4][Nb(=NAr)3(NAr)J (6). 

Ta(OR)2Cl3(OEt2) (OR=2,6-diisopropylphenoxide) reacts with excess 6-

methylquinoline (6MQ) to form (^-(NJ-eMQjTafOR^Clg (10). Compound 10 

cannot be reduced to the r]2-(N,C) product; however, (t|6-C6Me6)Ta(OR)2Cl reacts 

with excess 6MQ to form (ri2-(N,C)-6MQ)Ta(0R)2Cl(Et20) (11), a precursor to 

metallacyclic imides and a proposed HDN intermediate. Compound 10 can be 

reduced to afford an unusual Ta(IV) complex (r|x-6MQ)Ta(OR)2Cl2 (12). 
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Chapter 1 

SYNTHESIS, STRUCTURE and REACTIVITY of the 

TRANSITION METAL IMIDO MOIETY 

I. Introduction 

Much of the signature chemistry of the imido functional group stems from its 

ability to form multiple k bonds with a metal center. Efficient n bonding with a 

metal center requires that the metal d orbitals be empty in a case where the metal 

is in a high oxidation state with a low d electron count. Using simple valence bond 

pictures, imido ligands like the analogous alkylidene ligands form double bonds 

with the metal center. Further examination of the orbitals involved in bonding 

between a formal dianion [NR]2" and a metal shows one filled orbital with o 

symmetry and two filled p orbitals of k symmetry perpendicular to the M-N a bond 

axis in a linear M-N-R linkage, allowing for the possibility of the imido ligand to 

form a triple bond with the metal center. This characteristic phenomenon of the 

imido moiety is the vanguard for its activity in organometallic complexes serving 

as catalytic and stoichiometric synthetic reagents. This also serves as the main 

thrust of the following chapters; to explore the synthesis, bonding and reactivity 

of multiple imido compounds of the early transition metals. 
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Transition metal imido complexes are key participants in several catalytic 

systems and synthetic methodologies. The imido functionality has proven useful 

as an ancillary ligand in olefin1 and acetylene2 metathesis, acetylene coupling3 

and in ring opening metathesis polymerization4 (ROMP). Transition metal 

organoimido complexes are used also as stoichiometric reagents in amination5 and 

aziridination6 of olefins and in C-H bond activation.7,8 Groves63 reports 

[('Bu3SiNH)2Ti=NSi,Bu3]+ C6D6^ [(«Bu3SiNH)2(,Bu3SiND)TiCtDi] 

3-(ND) 

3-(ND) ^ [(,Bu3SiNH)('Bu3SiND)Ti=NSi,Bu3] + C6D5H 

R 
I 

R'C"CR" _ HJO/SILICA'GEL 
(CpjZrcNRJ —— Cp2ZrJ>-F  

R* 

Scheme 1.1 

aziridination in the reaction of a manganese (V) fluorinated acetyl-imido 
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tetramesitylporphyrin complex with cyclooctene to synthesize the aziridinated 

complex in the reaction shown. Wolczanski has recently shown7 one of the latest 

examples of C-H bond activation in the transient compound, [tBuSiNH]2Ti[tBuSiN], 

a (bis)amide (mono)imide that activates the C-H bond of benzene in the deuterium-

labeled equilibrium reactions. As a final example of the use of imido complexes 

as stoichiometric reagents, Bergman8 reacts a bis(cyclopentadienyl) zirconium 

imide with unsymmetrical alkynes to arrive at an azametallacyclobutene and 

through two hydrolysis steps affords the appropriate unsymmetrical ketone in 

good yield (Scheme 1.1). 

U. Five Synthetic Routes 

It is most informative in the case of organoimido complex synthesis to consider 

the general preparative methods as a function of the nitrogen containing ligand 

precursor that ultimately generates the [NR]2" group. There are five general 

strategies to prepare an imido moiety. The use of primary amines, silyl amines, 

isocyanates, organic azides, and finally nitriles comprise these five basic methods.9 

Due to their wide synthetic acceptance, each of these methodologies deserves to 

be highlighted further. 

A. From Primary Amines 

The synthesis of transition metal imides is often a concomitant reaction in the 

synthesis of metal amides through the use of primary amines. Here, the imido 

group can replace two monoanionic ligands originally at the metal site which are 
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subsequently lost with the two protons generated in the reaction (Reaction 1). 

LnMXa + H2NR —> LnMNR + 2HX (1) 

For example, bulky primary amines like tBuNH2 are known to react with WC16 to 

afford a four coordinate bis imide10 (Reaction 2). Mono lithium salts are also used 

widely in related reactions.11 

WC16 + 10 teuNHa —> (teuN^WfNH^u^ + 6 ^uNHg+Cl" (2) 

Amine exchange to produce imide compounds has also been attempted, however 

such reactions can be complicated if primary amides are used and often result in 

polymeric materials (Reaction 3). Such is the case in titanium dialkylamides 

which react with many different primary amines.12 

Ti(NMe2)4 + 2MeNH2 —> [Ti(NMe)2]x + 4NHMe2 (3) 

One central theme of this research which will become more striking as this work 

is developed is the use of sterics as a system control. Using the bulky ^uNH^ 

amine leads to partial substitution and affords discrete rather than polymeric 

compounds (Reaction 4).13 

2Ti(NMe2)4 + 4tBuNH2 --> [(Me^TifNfeuHa + 2NHMe2 (4) 
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Compounds analogous to these have also been synthesized using Zr and Hf.14 

Using metal oxides in a direct aminolysis with primary amines has been shown 

to be a useful synthetic route for imido compounds of rhenium and osmium. 

However apparent care must be taken in this type of synthesis that the desired 

product is not moisture sensitive (Reaction 5). 

LnMO + H2NR —> LjjMNR + HzO (5) 

A large number of arylimido compounds have been made using a rhenium metal 

center by this method15,16 (Reaction 6). 

(R3P)Cl3ReO + ArNH2 —> (R3P)Cl3ReNAr + HzO (6) 

B. From silyl amines 

The large thermodynamic driving force of creating Si-0 bonds is the key behind 

the versatile method for organoimido synthesis using silyl amines and their 

lithium salts. Here, metal oxides lead to the complete removal of oxygen or the 

metal's transformation into a siloxy derivative (Reactions 7,8). 

LnMO + RN(SiMe3)2 —> LnMNR + (Me3Si)20 (7) 

LnMO + RNH(SiMe3) —> [LnM(OSiMe3)NR]" + H+ (8) 

In Reaction 8 the proton is scavanged by excess amine or by an available leaving 
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group. An example of this is seen in some group 6 chemistry involving Cr and 

Mo17 oxide precursors (Reaction 9). 

M02C12 + 2 teuNHtSiMeg) —> MfOSiMe^I^Buk + 2 HC1 (9) 

A group 5 analog of Reaction 7 to produce a mono imido complex of vanadium has 

been presented (Reaction 10).18 

Cl3VO + MeN(SiMe3)2 —> Cl3VNMe + (Me3Si)20 (10) 

C. Prom isocyanates 

Isocyanates, phosphinimines and sulfinyl amines have been used to prepare 

metal imido complexes from metal oxides and metal oxychlorides. Recently, an 

early transition metal imido complex was formed using WOCl4 (Reaction 11).19 

WOCI4 + ArNCO —> W(NAr)Cl4(THF) + COa (11) 

Ar=2,6-diisopropylphenyl 

Bradley had shown, in an early example,19b the same methodology. An analogous 

reaction using sulfinyl amines and phosphinimine with rhenium has also been 

reported (Reactions 12,13).20 

L2Cl3ReO + ArNSO 

I^CLjReO + Ph3PNAr 

—> I^ClgReNAr + S02 (12) 

—> LjC^ReNAr + Ph3PO (13) 
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D. From azides 

The rationale for using azides in organoimido synthesis is to create an intense 

driving force in the thermodynamically stable N2 triple bond. This force affords 

the [RN]2" fragment that bonds to metal centers (Reaction 14).21 

MOC14(THF)2 + ArN3 —> (ArN)MoCl4(THF) + N2 + THF (14) 

E. From nitrites 

Finally, there are two paths that nitriles may take in conversion to alkyl imido 

ligands. Nitriles can be reductively coupled in low valent tantalum and niobium 

complexes that afford bridging bis imido ligands (Reaction 15).22 

Secondly, niobium and tantalum alkylidenes are known to react with nitriles 

to form organoimido complexes23 in Reaction 16 and its following scheme. 

MC14 + 2MeCN —> l/2[(MeNC)MCl3]2(NCMeCMeN) (15) 

R3M=CHtBu + RCN —> R3M(NCR=CHtBu) (16) 

N=CR 
\ 
* R 

N  = C R  
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127. Bonding Modes of the Imido Ligand 

As alluded to earlier, one can envision two extreme valence bond descriptions 

of M=NR as shown in (1) and (3) in Figure 1.1 which are usually compared to the 

amido bonding picture in (2). 

M=N-R M=Nn M=N 

R NR 

(1) (2) (3) 

Figure 1.1 Valence bonding modes of the imide and amide 

In (1) there is a linear sp hybidized nitrogen where the lone pair on the nitrogen 

is donated to the metal d orbitals of the proper symmetry in a rc fashion creating 

a triple bond. The ability of imides and amides to k donate is commonly argued 

as a reason for the stability of these complexes in the early and middle transition 

metals in high oxidation states and with low coordination numbers. By the same 

token, the nitrogen p orbitals have a destabilizing effect on the M-N bond in the 

later, d electron rich transition metals, by inducing population of anti-bonding 

molecular orbitals. As in this case for example, imides and amides of the platinum 

group are not very common. At the other end of the spectrum, a case arises where 

the metal is unable to accept a lone pair from the imido nitrogen in a n sense 

owing to the bent M=N-R bond with (3) sp2 hybridization. This picture is similar 
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to that of an angular amide ligand (2) whose lone pair also has incorrect symmetry 

and has a hydrogen atom (or another substituent) bonded to nitrogen in this case. 

Either of these two scenarios is possible and can be most easily detected 

through close attention to bond lengths and bond angles. Imido ligands seem 

more likely to be bent rather than linear considering that nitrogen is much more 

electronegative than the metal center. Not strange is the evidence that M=N-R 

bond angles in imido compounds vaiy over a wider range than M-C-R angles in 

• alkylidenes and alkylidynes. However, this range is usually from 161° to 180°24 

(Figure 1.2) implying that almost all imido complexes have essentially an sp 

hybridized nitrogen in the sense of a triple bond. Imido ligands are actually 

predicted to be slightly bent in only two cases; the first occurs when the metal 

does not have two n symmetry orbitals to bond with the nitrogen atom. This 

occurs most often when there are two multiply bound ligands sharing 3 drc 

symmetry orbitals. One of the most strongly bent imido ligands is seen in the bis 

imido complex Mo(NPh)2(S2CNEt2)225 where the Mo-N-C angle is only 139.4°. 

r a  n  H  n  n  r f  
i ' / t  

7 2 
n f. 

-
-

1  i l l  I I I  
140 150 160 J70 160 

Figure 1.2 Relative occurrence of reported M-N-R bond angles in degrees24 
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Secondly a case can arise where the metal does possess vacant orbitals, 

however, they are not close enough in energy or of proper symmetry to accept 

electrons from the k donor ligand. 

Bond lengths in imido compounds (Figure 1.3) are generally better indicators 

of bond order than bond angles; there is a viable correlation to a linear M-N bond 

and a relatively short bond length. Most imido bond lengths to a transition metal 

center are between 1.69 A and 1.76 A 24 showing that they are generally 0.09 A 

shorter than the alkylidyne ligand cousin, although longer than the nitride that 

has one dative component to its bonding. The bent amide M-N bond length is 

generally around 2.0 A. 

MoN MoNR MoCR 

n , rf -i 1 > r 

1.6 1 .7  1 8 1 .9  

Figure 1.3 Relative occurrence of reported bond lengths in A24 

IV. Dual Reactivity of the Imido Moiety 

The reactivity of imido complexes often presents itself as a dichotomy. In some 

complexes, organoimido ligands exhibit electrophilic reactivity and in most others, 

nucleophilic reactivity. This dual mode of reactivity is characteristic of multiply 

bonded ligands in general. 26,27,28 
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From Groups 5 and 6 metals, there is a marked shift from nucleophilic to 

electrophilic reactivity as one proceeds upwards and to the right across the 

periodic table, 29 as evidenced by an ab-initio calculation study that shows the 

charge of the imido nitrogen decreasing in the same pattern. The reactivity of 

multiply bound ligands has been discussed in terms of favored frontier orbital 

control, otherwise known as charge control. Fenske has shown that nucleophilic 

attack of alkylidenes and alkylidynes is frontier orbital controlled. 30 In order to 

make more clear the reactivity of imido complexes an extension to a conceptual 

model conceived by Nugent24 from alkylidene reactivity is shown in Figure 

1.4. 

frontier orbital region 

L 

c 

Figure 1.4 Imide frontier orbital model24 

Situation (A) illustrates a model for rc-bonding between a nitrogen p orbital and 

a high energy (diffuse) d orbital such as found on an early 3rd row transition 
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metal. In this case the reactivity of the imido ligand would be that of a nucleophile 

since the high lying HOMO is heavily nitrogen p in character (Figure 1.5). As the 

d orbitals become less diffuse with the decreasing radii of the free metal atom 

there is a shift in the electron density from the ligand to the metal as in state (B). 

Here the nucleophilic character is diminished and the energy of the filled bonding 

orbital has fallen below the frontier orbital region. The last situation is the last 

extreme of ndM-2pN crossing which is consistent with the observation of formally 

electrophilic reaction intermediates. 

Figure 1.5 Nucleophilicity and electrophilicity 

Now that we understand how elementary orbital energetics explains the dual 

reactivity of imido ligands, it is important to show how one can enhance these 

synthetic avenues. This will be done most concisely through a molecular orbital 

description of Os(NH)3, a tris imide, in D3h symmetry31 that serves as a proper, 

veritable model for the following concept. The attempt at coercing nucleophilic 

reactivity at the M-N bond is a process that is evident in this complex and one that 

n u c l t o p h i  I  •  s  
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we have dubbed "7t-loading", a title that will become self evident shortly. 

The environment in this complex is especially advantageous for invoking 

nucleophilic reactivity for there is considerable berth above the M-N plane for 

unsaturated molecules, for example, to approach the reactive sites and possibly 

form metallacyclic compounds as a result. Figure 1.6 shows the coordinate 

system for Os(NAr)3 in D3h symmetry. 

Figure 1.6 Coordinate system for a planar (tris)imide 

Note that all atoms lie in the x,y plane. A neutral fragment approach to electron 

counting in this structure allows four from each imide and eight for osmium 

totaling 20e" which at first should seem contrary to the EAN rule. However Figure 

1.7 shows a complete M.O. diagram for this complex which will aid in explaining 

the reactivity of such complexes and the virtual breakdown of the EAN rule. 

Under D3h symmetry, the nitrogen o orbitals transform as Aj' + E' and interact 

with varying percentages with the metal s, px, py to form 3 o molecular orbitals in 

a bonding mode. Next the nitrogen p orbitals parallel to the z axis transform as 

Ag" + E" and interact with osmium pz, d^, and dyZ forming k orbitals parallel to 

z 
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the metal-nitrogen bond. Notice the nitrogen p orbitals in the xy plane transform 

Os N 

1a27nb 

Hf-

-H-

0 4f- 4f-

4f-
N-R  O 4f_ 

Figure 1.7 Molecular orbital diagram for Os(NR)3 in D3h symmetry 
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as Ag'and E*. Here the and d^.yg orbitals with the E' combination of correct 

symmetry do form two k orbitals perpendicular to the metal-nitrogen sigma bond. 

Now note that this leaves a non-bonding, Ugand based molecular orbital to house 

2e". Figure 1.8 pictures this in-plane M.O. of the ligands which possess all the 

symmetry characteristics of an set. A dx2.y2 orbital is overlaid to show that 

this metal orbital is not of the proper symmetry to bond, where addition of the 

bonding and anti-bonding contributions results in net zero overlap. 

Figure 1.8 An M.O. picture of a orbital without Ag' symmetry 

We will term such a system as "7t-loaded" when the metal does not possess 

sufficient orbitals of proper symmetry to interact with all available ligand n 

orbitals resulting in the population of a ligand based non-bonding molecular 

orbital. Perhaps this imido, nitrogen based orbital can be rendered susceptible to 

electrophilic attack in such a system. The next chapters of this work are centered 

on the possible reactivity of an imide group in a multiple imido complex and on 

the suggestion31 that a possible role for such non-bonding frontier orbitals is the 

storage and removal of "excess e~" providing a pathway to potential products along 

the reaction coordinate. It is the aim of this work to expose and characterize the 

z 
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complexes of the historically elusive early transition metal multiple imido 

complexes, and to explore their reactivity and implication as intermediates in 

catalytic processes such as hydrodenitrogenation (HDN). 
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Chapter 2 

SYNTHESIS and CHARACTERIZATION of MULTIPLE IMIDO 

COMPLEXES of the GROUPS 5 and 6 TRANSITION METALS 

I. Introduction 

It has been mentioned in the preceeding chapter that compounds containing 

the imide functional group are implicated or proven to be reactive complexes in 

synthetic methodologies including the ammoxidation of propylene32,33 and the 

oxyamination34 and aziridination6 of olefins. It is important to note that these 

IMIDOMETAL AND OXO/1MIDOMETAL FUNCTIONAL GROUPS 

Group 4 5 6 7 B 

d»' V=NR d'J C»=NR 

-t CC 
^NR 

d' Mn=NR d' Fo=NR 

<1° 2r—NR d° Nb=NR d" Mo=NR 

<° M<° 
*>»NR 

^»NR 

d°JT3=NR d"W=NR 

d° <° 
*»NR 

HIR 

d' Re=NR 

d - R ^  
^NR 

d' Os=NR 

? 
d°0-<j^NR 

0 

d° O-&-NR 
1 
NR 

d4 lr=NR 

Figure 2.1 Imido functional groups (taken from Holm; JACS, 1990,112,186.) 
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almost exclusively involve imido complexes of the late transition metals. Moreover, 

multiple imido complexes, save the efforts of the Wigley group11, have previously 

been restricted to groups 6-824 and had never been identified in group 5. 

n. A Brief History 

The chart in Figure 2.1 illustrates the complexes of multiple imides that have 

been reported in the literature to 1990. While the organoimido ligand was 

unheard of until 1956, one of the earliest mono-imido complexes of a group 5 

metal resulted from the Wannagat's reaction of vanadium oxytrichloride with 

sodium bis(trimethylsilyl)amide in ether to afford in low yield 

(Me3SiO)[(Me3Si)2N]2V(NSiMe3)35. This compound, like its precursor is highly 

thermally unstable. Slawisch36 found a mono imide, Cl3V(NMe), as a product of 

reacting VOCl3 and MeN(SiMe3)2. that would withstand temperatures only up to 

57 °C. In 1975, however, Nugent and Harlow37 did prepare a group 5 mono imide 

that was thermally stable in high yield (Scheme 2.1). 

.•V 
Me-jSiO^^CI + 2(Me3Si)NHlBu 

Me3SiO 
33 

^",V\ ^SiMe3 
Me3SiO I N 

L Me3SiO Bu 
+ Me3SiNH2

tBuCI 

[A]  (  Me 3SiO) 3V=N tBu 

Scheme 2.1 

The short V-N bond (1.61 A) and nearly linear V-N-C (176°) angle in the 

tetrahedral complex were important in establishing that the small 3d orbitals in 



29 

group 5 metals can in fact accommodate multiple bonding to nitrogen. 

Moving to the second row in group 5, Bradley and Thomas38 showed in 1962 

that small amounts of (nBuN)Nb(NMenBu)3 were generated during the thermolysis 

of Nb(NMenBu)5 . Later, Nugent and Harlow illustrated the use of lithium salts in 

the preparation of mono imides exploiting the thermodynamic driving force of LiCl 

formation as shown in reaction (17).39 

NbCl5 + 4 LiNMe2 + LiNH^u —> (MeN)3Nb(NtBu) + LiCl + Me2NH (17) 

In the third row metals, it was Bradley and Thomas40 again who demonstrated 

that reactions of TaCl5 with lithium dialkylamides led to (RNJTafNRg^ species as 

well as other by-products where the R group was Et, nPr, or nBu. In the late 

1970's and early 1980's Schrock41 and co-workers began to develop the chemistry 

of tris(neopentyl)neopentylidene tantalum in the synthesis of mono imides. In 

reaction (18), this tantalum species reacts with either acetonitrile or benzonitrile 

to afford the appropriate organoimido compound in a Z + E mixture. 

Np3Ta=CHCMe3 + RCN —> Np3Ta[NC(R)=CHCMe3] (18) 

More recently in the mid and late 1980's the aim of synthesizing both niobium 

and tantalum organo-imides by simpler and more direct methods were sought. 

Nielson42 and co-workers were among the first to test the analogy43 of Schrock 

high valent metal-alkyl alkylidene chemistiy in the alpha proton abstraction, a 
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concept of high importance, from one of two coordinated alkylamido ligands, or the 

base initiated deprotonation of a single mono alkylamido ligand, which may lead 

to the desired imido linkage. With their analogy on the mark, reaction (19) became 

a reality. 

2 Me3SiNHtBu + M2C110 —> [MClgO^Bu) (NH2
tBu)]2 + Me3SiCl (19) 

M = Nb or Ta 

Concurrent to the later work described in early transition metal mono imido 

chemistiy the discoveries of the late transition metal-imido implication in catalytic 

cycles were emerging. However, it was not until the efforts of Wigley and co

workers that the realization of multiple imido compounds of the groups 5 and 6 

transition metals became possible.11,19 

nr. Results and Discussion 

One fundamental goal driving this research is to determine the scope of 

formation reactions and reactivity of multiple imido compounds of the early 

transition metals. Herein the synthesis and mechanistic understanding of 

primarily Group 5 multiple imido complexes are reported. It is now possible to 

design early transition metal systems with reactive [NR]2" ligands via the 

attenuation of steric and electronic factors, concepts elucidated in the following 

chapter. 

The attenuation of sterics about a metal center is generally accomplished in 
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two ways. The first, most conceptually simple, is to vaiy the size of the anionic 

ligands44 or to vary the cone angle of neutral ligands.45 Secondly, one can 

coordinate a formal dianionic ligand in the place of what would be two 

monoanions in order to occupy one coordination site rather than two.24 In this 

light, electronic saturation of a metal can be accomplished by a ligand such as the 

imido [NR]2", while concurrently keeping the coordinative saturation to a 

minimum. 

As noted earlier in Chapter 1, arriving at a reactive early transition metal imido 

moiety may require destabilization of the strong metal-ligand d{jc}<--p{jc} interaction 

by "it-loading" single metal sites with multiple strongly donating imido ligands. 

Using the analogy of the synthesis of bis(alkylidenes) such as LnTa(=CHR)2,46 the 

Wigley group has prepared bis(phenylimido) complexes of tantalum and 

niobium.11 Thus, Ta(NEt2)2Cl3(OEt2) reacts in THF with 2 equivalents of LiNHAr 

(Ar = 2,6-diisopropylphenyl) and an excess of pyridine to afford Ta(NAr)2Cl(py)2 

and 2 equivalents of HNEt^. To develop the analogous Nb system, a (bis)amido 

complex coordinated by two "sacrificial" dialkyl amido ligands is synthesized from 

IXCIII 
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NbCl5 (Scheme 2.2). It has been seen that a (bis)imido system of the niobium 

metal center proceeds by an analogous route to its tantalum congener. To a 

solution of NbfNEt^Cls in THF a solution of LiNHAr (Ar=2,6-diisopropylphenyl) 

prepared in THF was added and the mixture stirred for 24 h. The solution was 
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filtered and to the filtrate pyridine was added and allowed to stir for 2 h. After 

appropriate workup, the reaction afforded an orange solid product in good yield.11 

The spectroscopically pure solid product analyzed as Nb(=NAr)2Cl(py)2 (Ar = 2,6-

diisopropylphenyl), while two equivalents of HNEt^ were released during the 

reaction. The synthetic mechanism of these bis(imido) species presumably follows 

two identical intramolecular a-hydrogen abstraction steps (Scheme 2.3). In the 

beginning sequence, one equivalent of [NHAr]" is coordinated as an amide whose 

hydrogen is abstracted by the sacrificial dialkyl amido ligand presumably in an 

intramolecular sense to form the imido moiety. As in Scheme 2.3, this procedure 

will occur twice concurrently. This sequence is directly parallel to the synthesis 

of alkylidenes through the use of sacrificial alkyl ligands. Moreover, it is further 

evidenced by the fact that in the tantalum system, TafNArHNEt^Cl^py).^ an 

analogous complex to the intermediate in the Nb system, is isolated and fully 

characterized.11 The next logical step and the aim of this chapter is to bring to 

light the mechanism for the synthesis of the [M(NR)3]2" functionality. One can 

envision that the synthesis of these higher multiple imides could occur through 

several routes involving the two basic types of a-hydrogen abstractions: inter and 

intramolecular (Figure 2.2). The obvious next step in the formation of tris imido 

complex from the Nb(=NR)2ClLn functional group is to coordinate another amido 

ligand to arrive at the Nb(NR)2(NHR) neutral complex (Scheme 2.2). From here a 

second equivalent of [NHR]" could enter a coordination pathway to afford the 

anionic [Nb(NR)2(NHR)2]" species. We will show through synthetic means that 

this coordination step is the preferred route, and that the interaiolecular 



Figure 2.2 Multiple imido reaction atlas 
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deprotonation of Nb(NR)2(NHR) by [NHR]" to give [NbfNR)^" and free H2NR does not 

occur. From the (bis)imide (bis)amide complex, one can next envision an 

intramolecular deprotonation to again arrive possibly at the [Nb(NR)3]~ moiety if the 

steric effects of the R group are conducive to such an a-hydrogen abstraction and 

if the resulting compound is electronically stable. The (bis)imide (bis) amide could 

also undergo an intermolecular deprotonation by an additional equivalent of LiNHR 

to arrive at a different type of tris(imide) fragment, a dianionic [Nb(NR)3(NHR)]2\ 

All possibilities will be explored in an investigation of the reaction atlas in Scheme 

2.2. 

Beginning with Nb(=NAr)2Cl(py)2, where Ar=2,6-diisopropylphenyl, reacting 

with at least 2 equivalents of LiNHAr in THF/pyridine, the species possibly reacts 

through a Nb(=NAr)2(NHAr) intermediate shown in Figure 2.2 and coordinates two 

amido ligands to form (1) in 70% yield. Pure compound (1) analyzes as 

[Li(THF)2(py)2] [Nb(=NAr)2(NHAr)2], consistent with the NMR data, and represents 

the first bis(imide) bis(amide) complex of group 5 known, an important 

intermediate in the proposed reaction sequence. This anion is a formal 20e" 

species, assuming linearity in the M-N bond and counting the ligand as a 4e" 

ligand in the neutral fragment sense (Scheme 2.4). 

An imprecise crystal structure of (1) with diisopropyl groups removed for 

clarity, Figure 2.3, was determined where THF and pyridine ligands are 

coordinated to the lithium cation (not shown). The crystals were grown form a 

70/30 v/v solution of EtaO and toluene. The imprecision of the structure is 

charged to the thermal instability or disorder of the solvent donors on the cation 
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and is not a rare anomaly. 

A-N=Hlb."CI + 2 L INH' 
T H F  

C "/—"—n v . >-y 

'^5 -LICI  
[ L  I  ( T H F ) 2 ( P y ) 2 ]  

Scheme 2.4 

Cautious inspection of the albeit, imprecise bond angles and lengths (Table 2.1) 

shows that the multiple imido anion is tetrahedral and that clearly two short 

Figure 2.3 Imprecise crystal structure of [Nb(=NAR)2(NHAr)2]" 
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[1.820(5) and 1.809(4) A] M-N bond lengths and two long [2.092(5) and 2.061(6) 

A] bond lengths exist along with accompanying relatively linear and non-linear 

Nb-N-Cipso bond angles of 165.5°(4) and 167.8°(4), and 137.5°(4) and 137.8°(6), 

respectively. These data does not dispute the fact that two kind of ligands (imide 

and amide) are present as further suggested via JH NMR and elemental analyses. 

Table 2.1 Relevant bond lengths and angles in [Nb(=NAr)2(NHAr)2]' 

It is possible to make more easily a compound parallel to 1 by reacting the 

diethylamide complex Nb(NEt2)2Cl3 with four equivalents of LiNHAr (Ar = 2,6-

diisopropylphenyl) per niobium in THF to afford 2 in better overall yield (Scheme 

2.5). Inspection of JH NMR and 13C NMR data have shown 2 to be 

I(THF)4Li] [Nb(=NAr)2(NHAr)2]. 

bond lengths (A) bond angles (°) 

Nb N10 1.820(5) 
Nb N20 2.092(5) 
Nb N30 1.809(4) 
Nb N40 2.061(6) 

Nb N10 Cll 165.5(4) 
Nb N20 C21 137.5(4) 
Nb N30 C31 167.8(4) 
Nb N40 C41 137.8(6) 

Scheme 2.5 

v a c u u m  2  
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Producing a cation more uniform in donor ligands is favorable spectroscopically. 

The lability of these donor ligands coordinated to Li+ presents itself as a problem 

where varying stoichiometrics can occur depending on the conditions used in the 

drying procedure. In an attempt to remedy the varying molecular weight and the 

problems associated with the loss of THF from the crystal lattice, metathesis 

reactions at the cation were undertaken (Scheme 2.6). 

One equivalent of [nBu4N]Br can form a pale yellow metathesis product (3) in 

toluene/EtjO upon reaction with 1 or 2 to form spectroscopically pure [nBu4N] 

[Nb(=Ar)2(NHAr)2] in near stiochiometric yield. Through an analogous reaction, 

[Me4N]Cl was also metathesized with 1 and 2 to form a spectroscopically pure 

yellow solid (4) with the tetramethyl ammonium cation in high yields also. Both 

of these products provided solid spectroscopic handles and constant formula 

weights. A final spectroscopically pure metathesis product was formed using 

I(py)2(THF)2Li] [Nb(NAr)2(NHAr)2J + 1 nBu4N+ Br" 

+ 

3 

[(THFyj] [Nb(NAr)2(NHAr)2] + 6 TMEDA 

Scheme 2.6 
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TMEDA (tetramethylethylenedlamine) to displace THF from Li+ as shown in 

Scheme 2.6. The strategy is to incorporate a bidentate donor ligand that could 

completely surround the lithium cation and therefore prevent any possible 

interaction with the imido nitrogens in a "lithio-amide" sense. Here, a further 

separation of charge occurs between the cation and the multiple imido anion. 

Reaction of 1 or 2 with an excess of TMEDA affords a shiny yellow powder 

compound (5). Spectroscopic and elemental analysis of 5 elucidates the complex 

as being [(TMEDA)2Li][Nb(NAr)2(NHAr)2]. All metathesis products were synthesized 

in near quantitative yields. 

In order to probe the intramolecular deprotonation pathway of the bis(imide) 

bis(amide) complex, various thermolysis reactions were performed. These 

I(THF)xLi] [Nb(NAr)2(NHAr)2] N.R 

l(THF)xLi] [Nb(NAr)2(NHAr2)]+xs^Me2P: N.R. 

A go0 

[nBu4N] [Nb(NAr)2(NHAr)2l N.R. 
' ^6 6 

A QQO 
[Me4N] [Nb(NAr)2(NHAr)2] N.R 

A QQO 
l(TMEDA)2Li] [Nb(NAr)2(NHAr)2] N.R 

Scheme 2.7 
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thermolyses Included vaiying temperatures and reaction times In the presence of 

highly coordinating donor ligands and solvents. These reactions are listed in 

Scheme 2.7. Under these rigorous conditions the sterically bulky anion showed 

no signs of intramolecular a-hydrogen abstraction and release of free aniline. 

Thus, this conceived pathway to the "base-free" or substituted tris imlde anion is 

not viable. Moreover, there were no appreciable signs of thermal decomposition, 

allowing one to assume that the [Nb(=NAr)2(NHAr)2]" complex lies within a 

thermodynamic energy well in the synthetic pathway. 

Inspection of the of the proton NMR spectrum of compound 2 (Figure 2.4) 

shows the downfield chemical shift of the amide protons at 7.3 ppm indicating the 

lability of these protons to attack by a base. This leads to the possibility of a final 

Figure 2.4 Partial 1H NMR spectrum showing the amide hydrogen shift in the 

[U(THF)4][Nb(=NAr)2(NHAr)2] complex 

intermolecular deprotonation by an external base to arrive at the desired 

(tris)imide amide dianion. Several different types of lithium bases were explored 

-NUAr hydrogen 

87 
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before one equivalent of 4BuLi was reacted with 2 (Scheme 2.8) in THF to form 

[(THF)4Li2] [Nb(=NAr)3(NHAr)] (6) in good yield. Inspection of the now lone amido 

proton in Figure 2.5 shows that the resonance has shifted considerably upfleld to 

4.69 ppm. This value may indicate the metal's decreased interaction with the 

l t - luLI 
[(THF^U] [Nb(NAr)2(NHAr)2] 

THF 

[ L I 2 ( T H F ) 4 ]  

6 

Scheme 2.8 

lone pair of electrons on the metal-amido ligand, since the metal is fully laden with 

electron density from the three formally 4e- (neutral sense) imide donors. It is 

-N^Ar 

-J i 4 J i. ' 1 J J <L l A 1 A A A L 
65 

Figure 2.5 Partial 1H NMR spectrum showing the amide hydrogen shift in the 

[Li2(THF)4] [Nb(=NAr)3(NHAr)] complex 
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proposed that added electron density from additional lone pair donation from the 

amide would serve to fill higher energy non- or anti-bonding molecular orbitals. 

A second intermolecular deprotonation to afford [Li(THF)x]3[Nb(=NAr)4] was 

attempted however did not prove to be fruitful. This could imply too that the 2,6-

diisopropylphenyl groups used to prevent dimerization in these complexes and aid 

in a potential intramolecular deprotonation in 2 were excessively hindering the 

formation of the tetra(imide) complex. 

A portion of these studies also involved an exploration of the analogous imido 

chemistry of molybdenum, the group 6 analog to niobium with the same ligand 

set. As an entry into this chemistry, Mo02Cl2 was reacted with excess THF at low 

temperature to afford the starting material (7) Mo02Cl2(THF)2.47 It has been 

shown in previous efforts by Wigley's group18 and others1,31 with tungsten that 

multiple imides of this group are most easily synthesized using isocyanate 

precursors. In this light, 7 was reacted with two equivalents of 2,6-

diisopropylphenyl isocyanate47 in octane and heated at 75 °C for two days. This 

afforded Mo(=NAr)2Cl2(THF)2 (8) in good yield, a compound completely analogous 

to the niobium system. Compound 8 was then reacted with two equivalents of 

LiNHAr at 0 °C in THF to give 9 in low yield. Compound 9 was however 

spectroscopically pure and as expected again followed the niobium system in a 

coordinative pathway to afford the neutral Mo(=NHAr)2(NHAr)2. Abstraction 

reactions were not tested on this complex. 

Some important conclusions can be drawn from this study: 

1. Although (bis)imide complexes most likely arise through sequential 
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intramolecular a-hydrogen abstraction sequences using sacrificial dialkyl amido 

ligands, higher multiple imides are formed through stepwise intermolecular a-

hydrogen abstractions by an outside base. 

2. The unique (bis)imide (bis)amide complex of niobium is thermally robust and 

serves as an isolable intermediate anion on the way to intermolecular 

deprotonation reaction products. 

3. The desired sterically encumbered formally (tris)imide amide complex can be 

synthesized via an intermolecular hydrogen abstraction pathway. 

4. The chemistiy of molybdenum, a group 6 metal, gives evidence of similiar 

characteristics with the identical imido ligands. 

IV. Physical Measurements and General Information JH (250 MHz) and 13C 

(62.9 MHz) NMR spectra were recorded at probe temperature (unless otherwise 

specified) on a Bruker WM-250 spectrometer in C6D6 or pyridine-d5 solvent. 

Chemical shifts are referenced to protio impurities (5 7.15, C6D6; 5 8.71, 7.55, or 

7.19 pyridine-d5) or solvent 13C resonances (8 128.0, C6D6; 6 149.9, 135.5, or 

123.5, pyridine-d5) and are reported downfleld of Me4Si. In order to avoid 

repitition, JH-H coupling values are not usually reported. Typical values for the 

NAr ligand are as follows: 3Jm.p = 7.5 Hz; 3Jmethyl-methinyl = 6.9 Hz. Micro-

analytical samples were stored cold, handled under N2 and combusted with W03 

while lithium analyses were determined by A.A. spectroscopy (Texas Analytical 

Laboratories. Inc., Stafford, Texas). Preparations were conducted in inert 

atmosphere environments using standard dry box and Schlenk line techniques.48 
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All solvents were distilled over NaK or CaH2 under N2 prior to use.49 All reactions 

were run at ambient temperatures unless otherwise specified. In all preparations 

Ar = 2,6-diisoproylphenyl. The laboratory notebook reference number for each 

preparation is listed. 

V. Preparations 

[U(THF)2(py)2][Nb(=NAr)2(NHAr)2] (1) kda0126 

To a solution of 1.000 g (1.57 mmol) of Nb(=NAr)2Cl(py)2 prepared in 15 mL of 

toluene a solution of 0.517 g (2.82 mmol) of LiNHAr in THF was added with 

stirring. The orange solution turned pale yellow within 5 min and was reacted for 

24 h while stirring. The solution was filtered through 1/4" of Celite which was 

then washed with 15 mL diethyl ether. A white solid remained on the frit cake. 

The filtrate was reduced in vacuo to provide a viscous orange liquid that produced 

yellow crystals upon standing for 1/2 h. The crystalline product was filtered off 

and the filtrate was rotovapped to a spongy yellow-orange solid that was taken up 

in minimal diethyl ether and cooled to -40 °C to form yellow crystalline product 

which was filtered off and dried in vacuo. Total yield was 1.105 g (0.999 mmol, 

81%) of clear yellow crystalline product. *H NMR (C6Dg): 5 7.49 (d, 4 H, Hm, py), 

7.36 (s, 2 H, NHAr), 7.12 and 6.98 (d, 4 H each, Hp NAr and NHAr), 6.91 and 6.78 

(t, 2 H each, Hm, NAr and NHAr), 3.94 and 3.72 (spt, 4 H each, CHMe2, NAr and 

NHAr). 3.37 (m. 8H, CaH, THF), 1.39 and 1.14 (d, 24 H each. CHMe2. NAr and 

NHAr), 1.31 (m, 8H, CpH, THF). 
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[U(THF)4]lNb(=NAr)2(NHAr)2J (2) kda0l50 

To a solution of 3.000 g (8.73 mmol) of Nb(NEt2)2Cl3 prepared in 20 mL of THF 

was added dropwise a solution of 6.430 g (3.51 mmol) of LiNHAr in 20 mL THF 

giving an immediate color change from orange to orange-brown. After reacting for 

24 h, the solution was reduced to an oil in vacuo. The brown oil was stirred under 

25 mL of pentane until voluminous amounts of yellow flocculent precipitate 

formed (24 h). The bright yellow powder was filtered off and dried in vacuo 

affording 6.954 g (6.37 mmol, 73%) of product. !H NMR (CgDg): 8 7.31 (s. 2 H. 

NHAr), 7.10 and 6.94 (pseudo d, 4 H each, HJH, NAr and NHAr), 6.90 and 6.72 

(psuedo t, 2 H each, Hp, NAr and NHAr), 3.85 and 3.65 (spt, 4 H each, CHMe2, 

NAr and NHAr), 3.06 (m, 8-16 H, CaH, THF), 1.38 and 1.16 (d, 24 H each, CHMe2. 

NAr and NHAr). Another multiplet (8-16 H, CpH, THF) is buried under the 1.16 

doublet. 13C NMR (CgDg): 5 154.1 and 149.6 (Cipso, NAr and NHAr), 139.2 and 

135.6 (C0, NAr and NHAr), 123.4 and 122.9 (Cm, NAr and NHAr). 120.1 and 119.7 

(Cp, NAr and NHAr), 67.8 (Ca, THF), 31.0 and 28.2 (CHMe2, NAr and NHAr). 25.4, 

24.3, and 24.0 (CHMe2, NAr and NHAr; Cp, THF). Solid samples of this compound 

lose THF readily in vacuo and more slowly upon standing. Therefore "Li(THF)4" and 

"Li(THF)2" appear to be maximum and minimum-THF analyses, respectively. The 

less labile TMEDA analog can be prepared upon reaction of 2 with TMEDA. 

PBUN] [Nb(=NAr)2(NHAr)2] (3) kda0133 

To a solution of0.500 g (0.458 mmol) of 2 prepared in 15 mL of toluene, a solution 

of 0.150g nBu4NBr (0.465 mmol) dissolved in 5 mL of diethyl ether was added. The 
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clear yellow solution immediately turned cloudy yellow and was allowed to stir for 

18 h until the solution once again appeared clear yellow. The solution was filtered 

through 1/4" of Celite which was washed with 5 mL of diethyl ether. The filtrate 

was reduced to a dark yellow oil in vacuo and stirred under pentane overnight 

affording a light yellow powder that was filtered off and dried in vacuo affording 

0.405 g (0.363 mmol, 80%) of light yellow product. *H NMR (CgDg): 8 7.42 (s, 2 

H, NHAr), 7.26 and 7.07 (d, 4 H each, H,^ NAr and NHAr), 6.95 and 6.69 (pseudo 

t. 2 H each, Hp, NAr and NHAr), 4.28 (m, 8H, CHMe2, NAr and NHAr), 2.30 

(pseudo t, 8 H, CJi, nBu), 1.61 ,1.42, 1.48 and 1.29 (d, 12 H each, CHMe2 NAr 

and NHAr), 0.89 (m, 16 H, C^H and CgammaH, nBu), 0.72 (t, 12 H, CgH, nBu). 

I(CH3)4N] [Nb(=NAr)2(NHAr)2] (4) kda0143 

To a solution of 1.00 g (0.916 mmol) of 2 prepared in 15 mL of 50% (vol/vol) 

toluene/ether, 0.125 g (1.32 mmol) (CH^NCl in 10 mL of toluene was added with 

stirring. The solution was then stirred for 24 h while a fine white precipitate 

formed then filtered through 1/4" of Celite. The filtrate was reduced to an orange 

oil in vacuo. Upon stirring the oil under in 15 mL of pentane a yellow flocculent 

solid formed. Filtering off the solid and drying in vacuo afforded 0.645 g (0.733 

mmol, 80%) of pale yellow product. JH NMR (C6D6): 7.25 (s, 2 H, NHAr), 7.16 and 

6.90 (d, 4H each, Hm, NAr and NHAr), 6.90 and 6.56 (t, 2 H each, Hp, NAr and 

NHAr), 4.08 (mult. 8 H, CHMe2, NAr and NHAr), 1.51 and 1.23 (d, 24 H each, 

CHMe?. NAr and NHAr), 1.19 (s, 12 H, CHg, Me4N). Anal. Calcd for C50H82N5Nb: 

C, 71.78; H, 9.50; N. 8.05. Found: C, 71.56; H, 9.62; N, 7.89. 
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[Li(TMEDA)2][Nb(=NAr)2(NHAr)2] (5) kda0141 

To a solution of 0.500 g (0.458 mmol) of 2 prepared In 20 mL of 50% (v/v) 

toluene/ether, a solution of 0.398 g (3.42 mmol) of TMEDA dissolved in 5 mL of 

toluene was added immediately giving a cloudy yellow solution. The solution was 

allowed to stir for 24 h. The yellow solid which had formed was filtered off and 

dried in vacuo affording 0.410 g (0.395 mmol, 87%) of shiny yellow product. *H 

NMR (pyridine-ds): 8 7.39 (br s, 2 H, NHAr), 7.16 and 7.03 (psuedo d, 4 H each, 

Hm, NAr and NHAr), 6.82 and 6.71 (psuedo t, 2 H each, Hp, NAr and NHAr), 4.32 

and 4.26 (overlapping spt, 4 H each, CHMe2, NAr and NHAr), 2.38 (s, 8 H, CH2, 

TMEDA), 2.17 (s, 24 H, CH3, TMEDA), 1.49 and 1.44 (d, 24 H each, CHMe2. NAr 

andNHAr). 13CNMR(pyridine-d5): 6 156.9 and 152.4 (Clpso, NAr and NHAr), 140.0 

and 135.8 (C0, NAr and NHAr), 122.9 and 121.7 (Cm, NAr and NHAr) and 117.0 

(overlapping Cp, NAr and NHAr), 58.2 (CH2, TMEDA), 46.0 (CH3, TMEDA). 29.4 

and 28.3 (CHMe2, NAr and NHAr), 24.8 and 24.2 (CHMe2. NAr and NHAr). One 

resonance of the Cm and Cp, NAr and NHAr set was not observed and appears to 

be coincident with the 5117.0 signal. Anal. Calcd for CeoHj^LiNgNb: C, 69.60; H, 

9.93; N, 10.82; Li, 0.67. Found: C, 69.42; H, 9.85; N, 10.75; Li, 0.58. 

[Li(THF)2]2[Nb(=NAr)3(NHAr)] (6) kda0157 

To a solution of 0.660 g (0.605 mmol) of 2 prepared in 20 mL of THF, 0.409 mL 

of 1.6 M t-butyl lithium solution in hexane was added via syringe with stirring. 

The reaction stirred for 24 h giving a dark yellow solution. The solution was 

reduced in vacuo to a dark brown oil. Upon stirring the oil under 15 mL pentane 
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for 0.5 h a flocculent orange solid formed. Filtering off this solid and drying in 

vacuo afforded 0.473g (0.431 mmol, 71%) of pale orange-yellow product. *H NMR 

(CgDg): 8 7.11 (psuedo d, 6 H, Hm, NAr), 6.82 (psuedo t, 3 H, Hp, NAr), 6.96-6.70 

(AaB mult, 3 H, H^, NHAr), 4.68 (s, 1 H. NHAr), 3.96 (br, 6 H, CHMe2, NAr), 

3.73 (spt, 2 H, CHMe2, NHAr), 2.71 (m. 16 H, CaH, THF), 1.38 (d. 12 H, CHMe2. 

NHAr), 1.28 (d, 36 H, CHMe2. NAr), 0.88 (m, 16 H, CpH, THF). 13C NMR (CgD^: 

6 156.3 and 151.1 (Cipso, NAr and NHAr), 139.0 and 136.1 (C0, NAr and NHAr), 

123.8 and 122.6 (Cm, NAr and NHAr), 119.7 and 118.3 (Cp, NAr and NHAr), 67.7 

(Ca, THF), 29.8 and 28.1 (CHMe2, NAr and NHAr), 28.2, 24.8, and 24.4 fCHMe2. 

NAr and NHAr; Cp, THF). Samples of this compound slowly lose THF upon 

standing, therefore "Li(THF)2" should be considered a maximum THF analysis. 

Anal. Calcd for C^H^ 1Li2N4Nb04: C, 70.05; H, 9.28; N, 5.11; Li, 1.27. Found: C, 

69.86; H, 9.35; N, 5.07; U, 1.20. 

MO02C12(THF)2 (7) kda0165 

In a small roundbottom fitted with a transfer tube, 20.00 g (100.6 mmol) MO02C12 

was placed. In a separate large roundbottom, 150 mL of THF was added and 

secured to the transfer tube. The THF solution was cooled to -23 °C in a 

chloroform/dry ice bath. With stirring, the solid MO02C12 was slowly delivered 

to the solution and allowed to stir for 18 h while warming to ambient temperature. 

The solution was reduced to 50 mL in vacuo until crystalline product formed upon 

standing. The crystals were isolated and dried in vacuo to afford 23.94 g (69.8 

mmol, 70%) of clear/white crystals. Spectroscopic characterization is reported.47 



Mo(=NAr)2Cl2(THF)2 (8) kda0166 

3.90 g (11.3 mmol) of Mo02Cl2(THF)2 was dissolved with stirring in 25 mL of 

octane giving a pale green solution. To the molybdenum solution, 3.10 g of 2,6-

diisopropylphenyl isocyanate was added with stirring. The solution was heated 

with stirring at 75 °C under N2 for 48 h. Under vacuum the solvent was removed 

to give a waxy red-brown solid. The solid was taken up in minimal pentane and 

crystallized at -40 °C for 24 h. The crystals were filtered off and dried in vacuo to 

afford 4.54 g (6.86 mmol, 61%) of orange solid product. JH NMR (C6Dg): 8 6.97 

(d, 4 H, Hm, NAr), 6.84 (t, 2 H, Hp, NAr), 3.21 and 3.04 (m, 8 H, CtxH, THF and 

CHMe2, NAr), 1.32 (m, 4H, CJ3H, THF), 1.20 (d, 24 H, CHMe2. NAr). 

Mo(=NAr)2(NHAr)2 (9) kda0169 

A solution of 1.00 g (1.51 mmol) of Mo(=NAr)2Cl2(THF)2 was prepared in 10 mL 

THF and cooled to -40 °C. A solution of 0.537 g (2.93 mmol) of LiNHAr prepared 

in THF at -20 °C was added with stirring to the molybdenum solution which was 

stirred for 18 h while warming to ambient temperature. The solution was then 

reduced in vacuo to a brown oil. The oil was taken up in 15 mL of diethyl ether at 

-40 °C and filtered through 1\4" Celite. The solution was reduced to a brown oil, 

dissolved in minimal pentane and cooled to -40 °C for 24 h. In vacuo, 0.379 g 

(0.474 mmol, 31.4%) of pale brown solid product was filtered off and dried. *H 

NMR (C6D6): 8 8.02 (s, 2 H, NHAr), 7.07 (m, 6 H, Hp, NAr). 6.92 (m, 6 H, 

Hp, NHAr), 3.84 and 3.37 (spt, 4 H each, CHMe2, NAr and NHAr), 1.24 and 1.01 

(d, 24 H each, CHMeg. NAr and NHAr). 
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Chapter 3 

SYNTHESIS of TL2-QUINOLINE COMPLEXES of TANTALUM: 

EN ROUTE to the METALLACYCLIC IMIDO MOIETY 

I. Introduction 

The imide functional group has been implicated as a key participant in several 

catalytic cycles and used as an ancillary ligand in synthetic methodologies such 

as acetylene cycloadditions3, ring opening metathesis polymerization4, and olefin 

metathesis.1 In these methodolgies the imido moiety is associated to a transition 

metal in a traditional ligated sense as an ancillary ligand or intermediate reactive 

fragment. There is a new discovery by Wigley50,54 and co-workers, which is 

mechanistically related to Laine's metal-catalyzed hydrodenitrogenation (HDN) 

scheme51, where a 2-pyridineimido ligand can undergo C-N bond cleavage before 

hydrogenation occurs in an HDN related reaction. This cleaved compound has 

been dubbed as the "metallacylic imido" functionality and its recognition would 

represent yet another method in the synthesis of early transiton imido complexes 

in general, and increase understanding of the elusive HDN cycle. 

In order to fully appreciate the signficance and the importance of the stepwise 

synthetic methodology that led to this fragment a basic understanding of HDN 
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chemistry must be put forth as ground work towards the importance of r\2-

quinolines and t|2-pyridines, the key precursors to the metallacyclic imido moiety, 

and will be the focus of the following section. 

n. Basic HDN Catalysis 

Catalytic hydrodenitrogenation (HDN) is the process by which organic nitrogen 

is removed as ammonia from crude petroleum and liquified coal materials to afford 

more processable and environmentally agreeable liquid fuel stocks (Scheme 3.1).52 

This catalytic process is carried out simultaneously with other hydrotreating 

N N N H 2 

H 

Scheme 3.1 

reactions such as hydrodesulfurization (HDS), hydrodeoxygenation (HDO) and 

hydrodemetallation (HDM) and is accompanied by hydrocracking reactions that 

"crack" heavy long chain alkanes and polyenes into smaller, lighter ones more 

useful in industrial chemical synthesis.53 With all these processes occurring 

simultaneously the hydrotreating parameters are typically optimized for a single 

process, most often hydrodesulfurization.53 The performance of HDN on crude 

oils is imperative for the following reasons54: i) to reduce emissions of NOx upon 
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combustion of the fuels; 11) nitrogen-containing compounds seriously reduce the 

activity of other hydrocracking and hydrotreating catalysts; 111) product quality and 

stability are compromised with high nitrogen concentrations; iv) shale oil and coal 

derived liquids with a high aromatic nitrogen content are considered carcinogenic. 

Organonitrogen compounds are present in smaller concentrations than their 

sulfur analogs, however the weight ratio of nitrogen to sulfur is 1:2 in some high 

nitrogen crudes.55 A high-nitrogen California crude may contain about 1 weight% 

of nitrogen.55 Despite its importance in producing high-grade domestic petroleum 

at a low cost, HDN catalysis is less studied and consequently less well-understood 

than HDS. The studies contained here en route to the metallacylic imido 

fragment are designed to achieve a better jundamental understanding of this 

process and to elucidate novel synthetic routes to early transition metal-imido 

complexes. 

A. Model HDN compounds 

Heterocyclic nitrogen containing compounds including 6-membered pyridine 

rings and 5 membered pyrrole rings, and non-heterocyclic compounds such as 

quinolines, aliphatic amines and anilines are contained in crude oil and coal-

derived liquids. Under the forcing HDN conditions (typically 350 °C and 2000 psi 

H2 over MOCO/A1203), the active site can be described as cobalt adsorbed on the 

edges of MoS2 crystallites and is generally called the Co-Mo-S phase. Here the 

non-heterocyclic rings are hydrogenated quite rapidly, thus the heterocycles have 

attracted the most interest to industry. Model compounds that resemble those 

found in crude oil (Figure 3.1) are typically incorporated in investigations of 
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3.1 Model HDN compounds 

hydrotreating because there is much difficulty in studying HDN catalysis in the 

actual crude feedstock. The ring pyridines (including quinolines) are very basic 

and therefore typically interact with the metallic catalyst through their N atom 

making then especially interesting models from the metal-imido formation point 

of view. In these studies 6-methyl quinoline is used as a model HDN substrate 

since the methyl substituent provides for a good spectroscopic handle and 

simplifies the aromatic proton region. 
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B. General HDN scheme and proposed mechanisms 

Collective evidence54,56 of HDN catalytic conditions leads one to the quinoline 

HDN reaction atlas shown in Scheme 3.2. An inspection of the possible pathways 

Scheme 3.2 

shows clearly that the most efficient and selective route in quinoline HDN follows 

the a -» b -» c pathway. In this route the non-heteroatom ring is not 

hydrogenated, thereby affording a higher quality product in terms of octane and 

a lower cost in consumed H2. However, it has been shown56 that most of the 

quinoline treated in the HDN process undergoes the a -» d -» e -»f route in which 

the non-heteroatom ring is hydrogenated before the release of nitrogen as NH3. 

Studies by Fish56b*57 have shown that the pathways denoted with dotted arrows 

are not principal routes in quinoline HDN. 

A central theme in HDN research is to elucidate how the strong C-N bonds are 

cleaved and what is the structure of the resulting molecule that undergoes further 
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Scheme 3.3 

hydrogenation. Many researchers propose classic organic mechanisms to explain 

C-N bond cleavage, e.g. a Hoffinan elimination induced by a base or a nucleophilic 

substitution. It has also been proposed that both of these processes involve SH", 

produced from concurrent HDS catalysis, as a base or nucleophile. (Scheme 

3.3).51a,c>52,58,59 Since the HDN process is transition metal catalyzed it is 

\ 
H 

Scheme 3.4 
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surprising that few considerations in the literature address the participation of the 

metal center. However Laine and co-workers have shown that no C-N bond 

scission occurs up to 260 °C in tertiary amines without the presence of a metal 

catalyst.60 This evidence led to the proposal shown in Scheme 3.4 where 

nucleophilic attack on a coordinated heterocycle promotes C-N bond scission in 

HDN chemistry.513,510,61 The first step in this proposed mechanism involves the 

oxidative addition of the Ca-H bond to the metal center to create a formal r\2-

piperidyl ligand and a metal-hydride bond. Nucleophilic attack by hydride at the 

nitrogen would then produce a metallacyclic alkylidene where attack at the carbon 

will form the analogous metallacyclic amide. Further hydrogenation gives the 

aliphatic amine which as stated earlier is fully hydrogenated easily under HDN 

conditions. Note that if the heterocycle in this scheme was unsaturated the 

nucleophilic attack at Ca would produce the metallacyclic imido moiety. 

m. Early Findings 

One fundamental goal of this research is to examine the formation reactions 

of TI1- and t|2-quinoline compounds of tantalum which as we will see, are 

important intermediates to the metallacyclic imido ligand. Furthermore, this 

research is directed toward providing valid molecular models of HDN catalysis. In 

this chapter, the synthesis of new tantalum rj1, r)2, and T|X (X = undetermined, 1 

to 6) compounds of 6-methylquinoline are reported. It is now possible to design 

early transition metal systems with activated C-N bonds via the coordination of the 

heterocycle in an r|2-(N,C) fashion, a procedure described in the following section. 
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Adkins reports62 that an r|6 (71) mode of mode of bonding increases the rate of 

hydrogenation in pyridines. Moreover, Cossee63 has considered n bonding of a 

heterocycle to a catalyst surface in terms of a backbonding model from relatively 

electron rich molybdenum d orbitals into empty orbitals on the aromatic 

compound. In this light, if the metal center is reduced to any oxidation state dn>0 

the concurrent population of an empty n orbital on the aromatic compound will 

lower the activation energy to hydrogenation or nucleophilic attack. In addition 

Wolczanski64 has recently shown the propensity of the Ta(OR)3 (R = SitBu3) 

fragment to bond a pyridine ligand in an TI2(N,C) mode in which the Ca (metal 

bound) carbon is pyramidalized or sp3-like in its bonding. Using extended Huckel 

calculations, Wolczanski has found that rc-backbonding into a pyridine ligand by 

r|2(N,C) bonding effectively allows the metal to attain a higher oxidation state. 

Subsequent distortion of the pyridine ligand in terms of Ca pyramidalization 

supplies a better energy match between the frontier orbitals of the metal fragment 

and the ligand. Finally the resonance stabilization energy of the planar aromatic 

ligand is compensated for by way of this refined orbital energy match and the 

favorable oxidation state of tantalum. 

Efforts in the Wigley group have complemented Cossee's proposal.50 Based on 

the formation of r|2(N,C) pyridine complexes, Wigley and co-workers found a route 

to an r)2-quinoline tris-2,6-diisopropylphenoxide complex of tantalum (Scheme 

3.5). In this preparation, Ta(OR)2Cl3(OEt2) (OR = 2,6-diisopropylphenoxide) is 

reacted with a slight excess of quinoline to afford the (ri1(N)-quinoline)Ta(OR)3Cl2 

in high yield as a light yellow solid. When a THF solution of 
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Scheme 3.5 

this compound is reduced with two equivalents of NaHg amalgam, the (t|2(N,C)-

quinoline)Ta(0R)3 complex is afforded in moderate yield with loss of 2 equivalents 

of NaCl serving as a driving force. Subsequent hydrogenation of this compound 

under low pressures of H2 relative to those used in HDN, selectively hydrogenates 

the heterocyclic ring with no evidence of non-heterocyclic ring hydrogenation. 

Another major product from this reaction is biquinoline which is thought to arise 

from some Ca-H bond activation process. The (r|2(N,C)-quinoline)Ta(OR)3 complex 

holds considerable merit although not until recent work have its preparative yields 

been increased. This complex is also considerably thermally unstable in non-

coordinating solvents, however a PMe3 adduct can be made and like its precursor 

is fully characterizable.50 

A sterically hindered r|2-pyridine complex has been synthesized by Wigley and 

co-workers65. This compound, (Ti2(N,C)-2,4,6-NC5H2tBu3)Ta(OR)2Cl has recently 

shown unusual C-N bond activation properties in the form of C-N bond scission 

by hydride attack at Ca50 (Scheme 3.6). This is a significant reaction because 

exactly how the C-N bonds in HDN substrates are cleaved is unknown in HDN 
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catalysis. Note that the resulting structure is that of a metallacylic imido 

compound and the coordination environment of the metal center contains two 

alkoxides and a chloride in the stalling complex. This allows, upon nucleophilic 

attack, for the loss of LiCl whose lattice energy may constitute a driving force in 

the formation of the metallacyclic imide. 

IV. Results and Discussion 

The task then is to find a route to a more relevant rj2-quinoline compound in 

high yields whose transition metal is similarly coordinated by two alkoxides and, 

more importantly, a chloride ligand. It will be shown that the r)1 -» r)2 reduction 

route is no longer viable in such a system and that other interesting stable Ta(IV) 

complexes can be realized. 

The starting material, Ta(OR)2Cl3(OEt2) (OR = 2,6-diisopropylphenoxide) is 

synthesized as shown in reaction (20). A solution of LifORMOEt^) is added slowly 

to a solution of TaCl5 stirred for 18 h. After workup, this reaction provides a 

bright yellow solid which has been shown to be Ta(OR)2Cl3(OEt2).65 
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TaCl5 + 1.9 U(0R)(Et20) — > Ta(0R)2Cl3(Et20) (20) 

The reaction of Ta(OR)2Cl3(OEt2) with 1 equivalent of 6-methylquinoline in 

pentane affords compound 10 in high yields (Scheme 3.7). Spectroscopically pure 

7 o ( 0 - p ) 2 c i 3 ( 0 E f 2 )  

E i ,0 

Scheme 3.7 

compound 10 is formulated as (ti1(N)-6-methylquinoline)Ta(OR)2Cl3 from its 'h 

and 13C NMR spectra and is supported by elemental analysis. This product is 

similar to the previously mentioned V complex (ri1 (N)-quinoline)Ta(OR)3Cl2 save 

the ligand set of two alkoxides and three chlorides. The next logical step was to 

prepare an r\2 compound by a two electron reduction of this molecule. 

Complex 10 was dissolved in 15 mL of OEtj, cooled to -40 °C, and reacted with 

2 equivalents of NaHg amalgam and stirred for 18 h while warming to ambient 

temperature. The solution changed in color from bright yellow to brown, and was 

reduced to an oil in vacuo. The oil was taken up in pentane and filtered through 

Celite. The filtrate was reduced to a brown oil once again whose NMR was not 

definite for any simple formulation. Attempts to crystallize a product from 
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pentane had no effect. These results suggest that the two electron reduction of an 

?11 quinoline complex does not form the t]2 analog in this system. 

In an effort to find a pathway to an r|2(N,C) compound of 6-methylquinoline 

where the metal center was ligated with two alkoxldes and a chloride, a previous 

Ta(in). It had been shown that the arene ring in (r^-CgMeglTafOR^Cl, (OR = 2,6-

diisopropylphenoxide) was labile when reacted with unsaturated molecules like 

ethylene or CO. This compound is synthesized65 by reacting Ta(OR)2Cl3(OEt2) 

with 3 equivalents of 2-butyne and NaHg amalgam (Scheme 3.8) in order to induce 

a cyclotrimerization of the alkyne at the metal center, affording the ri6 product. 

Lability of the ring was partly shown by reacting (ti6-C6Me6)Ta(OR)2Cl with 2,6-

dimethylpyridine to give an uncharacterizable main product plus free 

hexamethylbenzene65 as evidenced by the NMR signal of free C6Me6 appearing 

at 2.1 ppm.65 Realizing that this (Ti6-C6Me6)Ta(OR)2Cl complex could serve as a 

"template" for a Ta(III) complex with the desired ligand set it was reacted with 

Scheme 3.8 

excess 6-methylquinoline at -68 °C to afford compound 11, a light orange solid in 

Wigley group reaction65 was examined that concerned rj6 arene complexes of 

11 
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high yield (Scheme 3.8) and a small amount of a green complex possibly signifying 

a Ta(IV) impurity. Spectroscopically pure 11 was formulated as (T]2(N,C)-6-

methylquinoline)Ta(OR)2Cl(OEt2) which was further supported by elemental 

analysis. Compound 11, unlike previous rj2 complexes50 without phosphine 

ligation, is stable in non-coordinating solvents, relatively thermally robust and 

was fluxional at room temperatures so that its spectroscopic characterisation was 

not necessarily conducted at elevated temperatures. NMR decoupling and 2-D 

COSY experiments were performed to further validate ring proton assignments. 

Compound 11 therefore serves as a relevant model for HDN studies (being void of 

phosphine ligation) and holds considerable promise as a metallacyclic imido 

precursor. 

]H SfHct) 13C 8(Ca) 

Free 6-methylquinoline 8.77 (C6D6) 149.2 (CDC13) 

(r|1 QUIN)Ta(OR)3Cl2 9.25 " 155.7 (C6D6, 333°K) 

(10) (r| 16MQ)Ta(OR)2Cl3 9.83 " 144.7 (C6Dg) 

(Ti2QUIN)Ta(OR)3PMe3 3.63 " 67.7 " 

(11) (ri26MQ)Ta(OR)2Cl(OEt2) 4.68 " 65.9 " 

(tl2Py)Ta(silox)3 3.98 (tol-d8) . 82.0 (tol-d8) 

Table 3.1 Pertinent 1Ha and 13Ca NMR chemical shifts in related compounds 

Table 3.1 shows pertinent JH and 13C NMR data of relevant compounds that 

require consideration when assigning the hapticity of coordinated quinolines. In 

the !H NMR spectrum the Ha resonance for free 6-methylquinoline appears at 
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8.77 ppm. Upon ri1 coordination this resonance in 10 shifts slightly downfield to 

9.25 ppm possibly due to the close proximity of this proton to the electrophilic 

metal center and is in good agreement to another previously characterized rj1 

quinoline compound.50 The Ca signal of 10 in the 13C NMR spectrum shows little 

change upon rj1 coordination, adding evidence that this type of coordination does 

not significantly perturb the aromaticity of the heterocycle ligand. Upon rj2(N,C) 

coordination however, the Ha resonance shifts considerably upfleld as the Ca 

carbon has now been pyramidalized. Striking evidence is also found in 13C 

chemical shifts for Ca for the disruption of heterocycle aromaticity in 11 upon 

r|2(N,C) coordination as it shifts considerably upfleld to 65.9 ppm, a characteristic 

shift of a more aliphatic carbon. All data agree with r\2 coordinated compounds 

from the Wigley group50 and with an t|2(N,C)-pyridine complex synthesized by 

Wolczanski and co-workers.643 

As an attempt to characterize the green-colored "impurity" indicating a possible 

Ta(IV) d1 complex, and to elucidate new pathways for r|2(N,C) coordination, 

Ta(0R)2Cl3(ET20) was dissolved in diethyl ether and cooled to -40 °C. To this 

solution 6-methylquinoline (1.5 equivalents) and NaHg (2 equivalents) were added 
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in a reaction (Scheme 3.9) which provided upon workup, a teal-green compound 

(12) in 81% yield. The JH NMR of 12 revealed a rolling baseline indicating a 

paramagnetic compound. Figures 3.2 and 3.3 show the room temperature 
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Figure 3.2 Solution EPR spectrum of (r|z-6-methylquinoline)Ta(OR)2Cl2 
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Figure 3.3 Glass EPR spectrum of (r|z-6-methylquinoline)Ta(OR)2Cl2 
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solution and liquid nitrogen temperature glass EPR spectra, respectively, of 12 in 

THF. From the eight-line pattern of Figure 3.2 it is easily seen that a tantalum(IV) 

metal center is present [I(181Ta) = 7/2,99.988% abundance] with A equal to 555.5 

MHz and a single g value of 1.82. Much more information is derived from the 

glass spectrum. Completion of spectral simulations using second order 

perturbation theory66 provides three separate g values as being gx = 1.93, gy = 

1.78 and gz = 1.76 which agree nicely with the g value from the solution spectrum. 

Also three A values obtained from the simulation were Ax - 400 MHz, Ay = 440 

MHz and \ = 820 MHz which again agree with the solution spectral data. The A 

and g tensors did not coincide (£ = 5-10°) and the considerably large A values 

create significant overlapping of signals. These data suggest that compound 12 

is highly unsymmetric and that the sample was void of other paramagnetic 

impurities. A higher field instrument than is currently available is necessary to 

deliver super-hyperfine coupling data. Although the hapticity of the 6-

methyquinoline ligand is unknown, elemental analysis for compound 12 was 

obtained and allows the formulation of (tix-6-methylquinoline)Ta(OR)2Cl2 for this 

complex. 

This compound merits considerable interest for no r|6 nitrogen-containing 

heterocycles of tantalum are known. Most r|6 pyridine complexes of other metals 

are usually afforded through metal-vapor synthesis. Also, this compound may 

represent a model structural intermediate in HDN catalysis. We have seen in this 

work and in other Wigley group studies50 that tantalum generally prefers to be 6 

or 7 coordinate allowing TI4 and rj6 coordination as possibilities realizing that E^O 
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is no longer coordinated to the metal center in this compound. It is conceivable 

that coordination can occur through the non-heterocyclic ring as well. Crystals 

of this complex have been grown from Et^O/toluene solutions however efforts to 

mount such crystals have been complicated by the loss solvent from the crystalline 

lattice which results in poor crystal quality. Interestingly a le" reduction 

performed on this compound using one equivalent of NaHg amalgam in Et^O at -

40 °C (and warming to ambient temperature) shows no conversion to an T|2-(N,C) 

product, only intractable materials, which may rule out rj1 and TJ2 heterocycle 

binding in compound 12. 

V. Physical Measurements and General Information 

!H (250 MHz) and 13C (62.9 MHz) NMR spectra were recorded at probe 

temperature (unless otherwise specified) on a Bruker WM-250 spectrometer in 

C6D6 or pyridine-d5 solvent. Chemical shifts are referenced to protio impurities (5 

7.15, C6D6; 8 8.71, 7.55, or 7.19 pyridine-d5) or solvent 13C resonances (8 128.0, 

C6D6; 8 149.9, 135.5, or 123.5, pyridine-d5) and are reported downfield of Me4Si. 

IN order to avoid repitition, JH-H coupling values are not usually reported. Typical 

values for 2,6-diisopropylphenoxide are as follows: 3Jm.p = 8.6 Hz; 3«Jmethyi-methinyl 

= 6.8 Hz. EPR spectroscopy was performed on a Bruker ESP 300E spectrometer 

with samples dissolved in THF. Microanalytical samples were stored cold, handled 

under N2 and combusted with WOa (Texas Analytical Laboratories, Inc., Stafford, 

Texas). Lithium analyses were determined by atomic absorption spectroscopy 

(Texas Analytical Laboratories, Inc., Stafford, Texas). Preparations were conducted 
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in inert atmosphere environments using standard diy box and Schlenk line 

techniques.48 All solvents were distilled over NaK or CaH2 under N2 prior to 

use.49 In all preparations OR = 2,6 diisopropylphenoxide; 6MQuin = 6-

methylquinoline and reactions were run at ambient temperatures unless otherwise 

specified. The laboratory notebook reference number for each preparation is 

listed. 

VI. Preparations: 

(r|1(N)-6-methylquinoline)Ta(OR)2Cl3 (10) kda01122 

A 2.00 g (2.79 mmol) sample of Ta(OR)2Cl3(OEt2) was stirred in 30 mL of pentane 

producing a cloudy yellow solution. 6-Methylquinoline (0.408 mL, 2.85 mmol) was 

added directly to the stirred solution with no change in color. Within 15-20 min 

a thick, yellow flocculent precipitate formed. The reaction was allowed to stir for 

24 h. The bright yellow solid was filtered off and dried under vacuum to afford 

1.94 g (2.47 mmol, 89%) of product. JH NMR (CgDg): 5 9.78 (d, JH-H = 5.2 Hz, 1 

H, H2, 6MQuin), 9.08 (d, 1 H, H8, 6MQuin), 7.34 (d, JH_H = 8.7 Hz. 1 H, H4, 

6MQuin), 7.08 (d, 4H, H^ OR), 6.90 (complex mult., overlapping inequivalent OR 

and 6MQuin resonances, Hm, Hp, Hp (OR), and Hg, H6, H7 6MQuin), total of 11H), 

6.59 (dd, JH.H = 5.2 Hz and 8.7 Hz, 1 H, H3, 6MQuin), 4.46 and 3.76 (spt, 2 H 

each, CHMe2, OR), 1.55 (s, 3 H, CHg, 6MQuin), 1.034 and .640 (d, 12 H each, 

CH3, OR). 13C NMR (C6Dg): 8 158.3 and 157.5 (Cj, OR). 155.3 (C9. 6MQuin), 

144.7 (C2, 6MQuin), 141.0 and 140.9 (C0, OR), 137.1 (C10> 6MQuin), 133.2 (C8, 

6MQuin), 129.9 (C3, 6MQuin), 127.7 (C7, 6MQuin), 126.5 (C6, 6MQuin), 126.0 
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and 125.5 (Cm, OR), 124.2 (overlapping Cp. OR), 124.1 (C5. 6MQuin), 120.4 (C4. 

6MQuin), 26.5 and 26.4 (CHMe2, OR), 24.8 and 24.6 (CHMe2. OR). 20.5 (CH3, 

6MQuin). Anal. Calcd. for C34H43Cl3N02Ta: C, 52.04; H, 5.48. Found: C, 51.90; 

H, 5.33. 

(r|2(N,C)-6-methylquinoline)Ta(OR)2Cl(Et20) (11) kda01109 

A deep blue solution of 1.00 g (1.36 mmol) of (T^-CgMe^TafOR^Cl was prepared 

in 90 mL of pentane and 10 mL of diethyl ether and cooled to -70 °C. A solution 

of 0.40 ml (2.70 mmol) of 6MQuin in 20 mL of diethyl ether was prepared and also 

cooled to -70 °C. The cold 6MQuin solution was added via cannula to the stirred 

solution of tantalum. This mixture was allowed to stir for 18 h and over time 

warm to ambient temperature. The orange flocculent precipitate which had 

formed was filtered off and dried in vacuo. This product was washed with 

pentane and dried under high vacuum to afford 0.987 g (1.25 mmol, 91.9%) of 

light orange solid product. *H NMR (C6Dg): 8 9.46 (d, JH_H = 5.0 Hz, 1 H, H5, 

6MQuin), 7.46 (d, JH_H = 8.5 Hz, 1 H, H8, 6MQuin), 7.03 and 6.89 (broad 

overlapping A^ mult, 3 H each, Hm and Hp, OR), 6.72 and 6.05 (br s and d, JH_H 

= 9.0 Hz, 1 H each, H4 and H3, 6MQuin), 6.56 (dd, JH_H = 5.0 and 8.5 Hz, 1 H, H7, 

6MQuin), 4.69 (br s, 1 H, H2, 6MQuin), 3.49 (br spt, 4 H, CHMe2, OR), 3.26 (q, 4 

H, CHJJ, EtaO), 1.81 (s, 3 H, CHg, 6MQuin), 1.21 (two d overlapped by t, 30 H, 

CHMe2 (OR) and CH3 (Et^O). 13C NMR (C6Dg): (two inequivalent OR groups and 

Et^O ethyl groups are clearly seen in this spectrum) 8151.4 and 151.1 (Cipso, OR). 

140.2 and 138.3 (CD, OR), 137.5 (C9, 6MQuin), 132.9 (C3, 6MQuin), 132.6 (C4, 
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6MQuin), 131.7 (C10, 6MQuln). 130.1 (C8. 6MQuin). 127.2 and 126.7 (Cm. OR). 

125.0 and 121.0 (Cp. OR), 123.8 (C7. 6MQuin), 123.6 (C5. 6MQuln), 123.3 (C6. 

6MQuln), 65.9 (C2, 6MQuln), 34.4 and 22.7 (CHMe2, OR). 27.2 (CH2, EtaO). 24.4 

(CH3, EtaO), 20.7 (CH3, 6MQuin), 15.6 and 14.3 fCHMeg. OR). Anal. Calcd. for 

C38H58NC1°3Ta: c- 57.93; H, 6.72. Found: C. 57.76; H, 6.78. 

( n z-6-methylquinoline)Ta(OR)2(Cl)2 (12) kdaO 1115 

A solution of 1.50 g (2.09 mmol) of TafOR^CyOEt;,) was prepared in 20 mL of 

diethyl ether and cooled to -40 °C. To this solution 0.42 mL (3.14 mmol) of 6-

methylquinoline was added via syringe and stirred for 1 min. 1.40 mL (2.18 

mmol) of NaHg amalgam (0.5% w/w) was then added and the mixture was 

physically shaken for 6 min where a color change from bright yellow to forest 

green ensued and production of a grey salt was observed. The solution was 

filtered through 1/4" of celite whose cake was then washed with 5 mL of diethyl 

ether. The filtrate was reduced to a dark green oil, to which 15 mL of pentane was 

added with manual stirring. Upon stirring for 15 min a deep green solid formed. 

The solid was filtered off and dried in vacuo to afford 1.249 g (1.67 mmol, 80%) of 

teal-green solid product. Solution EPR (THF, 25 °C): 8 signals (181Ta spin = 7/2), 

A = 555.5 MHz, g = 1.82. Glass EPR (THF, -178 °C): multiple signals (181Ta spin 

= 7/2), \ = 400 MHz; Ay = 440 MHz; Aj, = 820 MHz: A = 553 MHz. gx = 1.93; gy 

= 1.78; gj, = 1.755; g= 1.82. A and g tensors do not coincide and J5 = 5-10°. Anal. 

Calcd for C34H14Cl2N02Ta: C, 54.48; H, 5.74. Found: C, 54.65; H, 5.69. 
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Chapter 4 

FUTURE DIRECTIONS AND FINAL COMMENTS 

The research presented in this thesis is fundamental in nature but spans many 

applications as previously mentioned. The cohesive thread that brings the 

chapters together is the investigation of the imido moiety of early transition 

metals, whether synthesis pathways to multiple imido complexes, precursors to 

the imido ligand or applications as reactive intermediates are examined. The 

groups 5 and 6 metal centers typically with a d° oxidation state and the ligand R 

group whether as an alkoxide, amide or imide also serve to focus this work. The 

theme, then is that complexes of early transition metals with imido and t|2-(N,C) 

quinoline ligand sets that afford interesting complexes serve as models of 

compounds and intermediates in catalytic and stoichiometric reactions. 

In order to extend upon this theme in the multiple imido work, reactivity with 

small unsaturated molecules should be explored. This work illustrated viable 

pathways to the M(NR)2(NHR)2 and M(NR)3(NHR) fragments previously unknown 

in group 5. In theory these fragments should form metallacycles with small 

unsatured molecules such as C02, isocyanates and perhaps certain alkenes in a 
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2 + 2 fashion, possibly the first step in the desired imido transfer process. 

However, due to their anionic nature in group 5, their utility may be limited. Also 

a sterically hindered system was employed to limit dimerization and to aid in 

trapping intermediates along the synthetic pathway. Less sterically encumbered 

multiple imido functionalities should be developed that may make interactions 

with unsaturated molecules more feasible. The concepts discovered in the early 

portions of this work will be useful in such a study. 

The latter portions of this work explored unusual T|2(N,C) binding modes of 

quinolines as precursors to the new metallacyclic imido functionality, and as 

models in HDN catalysis. This portion of the study has by far the widest scope of 

possibilities. Firstly, the hydride sources and the right conditions need to be 

found that will cleave the strong C-N bond in the r|2(N,C)-quinoline complexes to 

arrive at a possible, relevant HDN intermediate, the metallacyclic imido. Attempts 

have been made with appropriate equivalents of LiBEt3H, Et3SiH, nBu2AlH and 

NaBH4 at -40 °C and 25 °C in polar solvents. The products seem to be mixtures 

of hydrogenated products. I believe that several H" attacks are occurring in a 1,4-

Michael addition fashion. Note that the precedented example50 occurs in an t|2-

pyridine that is sterically hindered at the C6 and C4 positions with *Bu groups 

where this type of attack might otherwise occur. The required course then is to 

build steric bulk in these positions on a relevant quinoline system in order to 

induce the same reactivity. 

Secondly, in order to make more relevant HDN models the existing compounds 

should be used as examples for those that contain metals and ligands that mimic 
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the reactive heterogeneous catalyst more closely. The incorporation of group 6 

metals in this chemistiy would be a step in this direction. Since HDS occurs 

concurrently with HDN over a sulfided catalyst, thiolate ligands whenever possible 

should be substituted for the alkoxide ligands present in these systems. 

Finally, the newly discoved Ta(IV) 6-methylquinoline complex in the latter 

portion of this work may prove to have a previously unseen bonding mode of 

nitrogen heterocycles in group 5. Since it may also serve as a new type 

intermediate in the HDN process, its fate in experimental reactivity should follow 

that of the r\2 complexes. Ultimately this work may lead to improvements in 

existing catalysis methodology and may serve as a basis for new metallic catalyst 

systems. 



APPENDIX A 

LIST OF ABBREVIATIONS 

Ar = 2,6-diisopropylphenyl 
Cp = cyclopentadienyl 
EAN = effective atomic number 
ESR = electron spin resonance 
Et = ethyl 
h = hours 
HDM = hydrodemetallation 
HDN = hydrodenitrogenation 
HDO = hydrodeoxygenation 
HDS = hydrodesulfurization 
Ln = n coordinated ligands 
Me = methyl 
min = minutes 
mL = milliliter 
M.O. = molecular orbital 
6MQuin = 6-methylquinoline 
nBu = normal butyl 
NMR = nuclear magnetic resonance 
OEt2 = diethyl ether 
OR = 2,6-diisopropylphenoxide 
py = pyridine 
QUIN = quinoline 
ROMP = ring opening metathesis polymerization 
silox = (tris)tert-butylsiloxide 
4BU = tertiaiy-butyl 
THF = tetrahydrofuran 
TMEDA = tetramethylethylenediamine 
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