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Abstract 

The first tris(imido) complex of a group 6 transition 

metal, [Li(THF)4] [W(=NAr)3C1] (8) (Ar = 2,6 iPr-C6H3) was 

prepared from W(=NAr) 2CI2 (THF) 2 (2) and 2 equiv of the 

corresponding lithium amide, LiNHAr in THF. Complex (8) 

crystallizes in the monoclinic space group P2i/n with a = 

13.787 (4) A, b = 17.348 (5) A, c = 22.781 (8) A, and 0 = 

90.43 (3)° with Z = 4. The crystal contains discrete C3V 

[W(=NAr)3Cl]- anions with imido W-N-Cj[pSO angles averaging 

170.8 (15)° and imido W-N bonds averaging 1.782 (15) A. The 

neutral imido species W(=NAr)3(PMe3) (15) was made by adding 

10 equiv of PMe3 to (8) . "Coupling" of the imido ligand in 

(15) with C02 and 0=C=NR (R = Ph, tBu) gave 

W[NArC(0)0](=NAr)2PMe3 (20) and W[NArC(0)NR](=NAr)2PMe3 (19) 

respectively. 2,6 Diisopropylaniline was added to (8) to 

give the complex W(=NAr)2(NHAr)2 (9). The chloride ligand of 

complex (8) was replaced by Li alkyl reagents to yield 

alkylated product [Li(THF)4][W(=NAr)3R] (R = Me, ^u and 

Np') (11-13). The cation of (8) was substituted by adding 

nBu4NBr to afford [nBu4N][W(=NAr)3Br] (10). These and 

related synthetic and reactivity studies will be described. 
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Chapter 1 

Introduction 

Background 

An imido ligand may be described as the dianion of a 

mono substituted amine, [NR]2- that is capable of forming 

multiple bonds with a metal center. The nitrogen is capable 

of forming these bonds through a a interation and one or two 

TT interactions. These are formally described as metal-

nitrogen double and triple bonds 

The first organoimido transition metal complex to be 

reported was Os (=N'tBu) O3, which was prepared by Clifford and 

Kobayashi in 1956.1. Since this discovery, and particularly 

in the last ten years, organoimido research has exploded. In 

1990, Harlan and Holm tabulated the organoimido complexes 

known at that time (Table 1.1).2 

Table 1.1 

Group 4 5 6 7 

Cr(=NR) 

Zr(=NR) V(=NR) Mo(=NR) 

Mo(=NR)5 

Nb(=NR) W(=NR) 

W(=NR)5 

Re(=NR) 

Re(=NR)? 

All metals 

are d° 
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Sharpless, though, was the first to utilize the imido 

complex in organic synthesis by effecting the cis vicinal 

oxyamination of alkenes in either a stoichimetric or 

catalytic manner.3 

From an orbital point of view, imides are isoeletronic 

with nitrides, alkylidynes [CN]3-, and oxo [0]2~ ligands. 

All four ligands have the capability to form triple bonds to 

the metal. Figure 1.1 demonstrates how p orbitals of the 

ligand (i.e. imides) interact with the metal d orbitals. In 

all of these multiple-bonding ligands, it is the p orbitals 

of the ligand that are formally filled and donates to the d 

orbitals of the metal which are empty. 

FIGURE 1.1 

Bonding Modes of N-R' 

The p orbitals of oxo, nitrido, and imido ligands are 

lower in energy than the metal d orbitals, due to the high 

electronegativity of oxygen and nitrogen. In an oxidation 

state formalism, these ligands are described as "closed-

shell" [NR]2" anions. This description in closed shell terms 

implies that the sp-hybrid and unhybridized p orbitals 
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constitute one filled orbital of CT symmetry and two filled p 

orbitals of n symmetry perpendicular to the metal ligand 

axis. Thus maximum 7t bonding can only occur with metals 

having empty d orbitals, i.e. high oxidation state metals. 

Electron Contribution 

If the metal-imide moiety is considered triply bound, 

an imide is a formal six-electron donor when it is 

considered a dianion, and is a 4-electron donor when it is 

thought of as a neutral ligand.4 

There has been much argument as to how much electron 

density the imide donates to the metal center. Within this 

discussion, two important aspects of the metal-imide bonding 

must be looked at closely to provide a complete picture. 

These two aspects are orbital symmetry considerations and 

steric considerations. 

For the terminal imido complexes, electron counting can 

be a bit tenuous. At first glance many imido complexes seem 

to exceed 18 valence electrons thus breaking the EAN 

(Effective Atomic Number) rule. However, orbital symmetry 

restrictions may reduce the number of jt-bonds which can be 

formed between a metal and a group of rc-bonding ligands.5 

There are complexes which seem to disobey the 18-electron 

rule, Ho(NPh)2(S2CNEt)2 being such an example. This complex 

appears to have a 20 valence electron count but it has been 
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suggested that the two "extra" electrons occupy a molecular 

orbital which is non-bonding with regard to metal-ligand 7t-

interactions.6 More recently Schrock has isolated a tris 

imido osmium complex 0s(=NAr)3 (Ar = 2,6 diisopropylphenyl), 

which contains three linear imido ligands, but if all imido 

ligands donate 6 electrons this would also constitute a 20 

electron complex. Schrock has demonstrated, though, that two 

electrons reside in a non bonding orbital of a2' symmetry 

and the complex is therefore an 18 electron complex.7 

It seems straightforward to think that an imide 

donating six electrons (as a formal dianion) would have a M-

N-R bond angle close to linear and an imide donating only 

four electrons would have a bent M-N-R bond angle. It is a 

fact that all mono(imido) complexes exhibit M-N-R angles > 

155°.4 There is debate, though, with regard to multiple 

imido complexes, as to whether one can predict the electron 

donation of an imido based solely on the angle. Looking 

again at Mo(NPh) 2 (S2CNEt) 2» one sees that one imido ligand 

is characterized by a bond angle of 139.4(4)° and the other 

a bond angle of 169.4(4)°. It was reasoned at the time that 

if both imides donated the maximum number of electrons (six) 

the complex would then be a 20 electron complex. The two 

"extra" ligand electrons appear to occupy a non bonding 

imide ligand orbital, and thus only donate four electrons, 
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causing severe imide bending (Mo-N-C = 139°) to be observed 

in one of the ligands.6 

There is also the example of the recent 

characterization of Bercaw's (Ti5-C5Me5) 2Ta(=NPh)H which 

contains a linear imido ligand. If this ligand contributes 6 

electrons to the metal, a 20 electron complex would result. 

Bercaw reasons that sp hybridization does not necessarily 

imply a M=N triple bond. It is possible that steric 

interactions could force the phenyl ring into the equatorial 

plane and the lone electron pair could be localized into a 

nitrogen p orbital. Bercaw found that the M-N bond length 

was 0.07(1)A longer than expected for triple bond character 

and was 0.06(1)A shorter than double bond lengths. Thus the 

bond order was suggested to be between 2 and 3. These 

results challenge the notion that linearity of an imido 

ligand implies donation of the electron pair on the nitrogen 

to the metal.8 Thus a linear M-N-R ligand can only suggest 

that the nitrogen is sp hybridized and not necessarily 

triply bound, while a bent M-N-R suggests a lone-pair on the 

nitrogen and a bond order of two. 

Structural Characteristics 

Imido ligands can participate in many different modes 

of coordination. In addition to contributing four or six 

electrons with interesting stereochemical consequences, the 

organoimido group can act as a bridging ligand to two (n) or 
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organoimido group can act as a bridging ligand to two (n) or 

three (H3) different metals.9 The structural characteristics 

(i.e. M-N-C bond angle and M-N bond length) can vary, but 

normally one will observe exceedingly short bond distances 

between the nitrogen atom and the metal. For d° tungsten 

complexes, one would expect a bond distance between 1.70 -

1.79A. One would also expect the M-N-C bond angle of the 

imide to remain relatively linear, 165° - 180°.5 

Imido complexes containing angles that range from 161° 

to 180° are usually considered to have an essentially sp-

hybridized nitrogen and close to a metal-nitrogen triple 

bond. Figure 1.24 gives a distribution of M-N-R angles in 

imido complexes. The shades areas represent compounds with 

another multiply bonded ligand in addition to the imido 

group. 

Figure 1.2 

n-N-R Anglas 

-<—r—,—1 r!"1 1 
1 jo iso I60 i7o iao 

As would be expected, an imide cannot engage in 

donating n electron density without affecting the R group 

bonded to the imido nitrogen, as seen in Figure 1.3. The K 

donation of the imido ligand causes a decrease in bond 
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strength between the N and the a-C. It also induces an 

increase in the Bronsted acidity of the a-H. This increased 

acidity can be observed by NMR spectroscopy with CaH 

protons being observed in the range 4 ppm to 7.3 ppm which 

is 2-4 ppm downfield from their resonance in trialkyl 

amines. 

Figure 1.3 

Decreasing 
Bond Strength 

One problem with utilizing transition metal imido 

compounds for reactions involving the imide is the stability 

of the metal-nitrogen bond. As we have seen, imides are 

especially effective at forming p(7r)->d(7t) bonds with high 

oxidation state transition metals, a feature which helps to 

sustain the metal's high oxidation state. 

One method which has been suggested for destabilizing 

these strong p(7t)->d(7t) bonds is to load the metal center 

with multiple it electron donors, which could force the n-

donor ligands to compete for available metal orbitals. Such 

M  = N — C  — H  

Decreasing basicity H 
Increasing 
Bronsted Acidity 
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"Tr-loading" could activate an imido ligand to reactions it 

might not normally undergo. This research hopes to show the 

wealth of reactivity that can be obtained by this n loading 

process at a metal center. 

Applications 

Since their discovery, imido complexes have been 

usefully employed in a variety of applications, including 

the following: first, imido ligands are capable of 

stabilizing early transition metals in their highest 

oxidation states. Therefore, imido ligands are often 

employed when a stable dianionic ligand is needed for a d° 

metal, for example, in catalysts for ring-opening metathesis 

polymerization (ROMP). Secondly, imido ligands may model 

intermediates in certain catalytic cycles such as 

Mo(=NAll) CI3 (PPI13) 2, which is suggested as a model in the 

ammoxidation of propylene10. Third, the formation of a 

strong M=N multiple bond can even provide a driving force 

for stoichiometric reactions.11 Lastly, the imido moiety, 

because of its metal-ligand unsaturation, may be considered 

a possible site for reactions.12 This has been shown to be 

the case in C-H bond activation.ref 

One area of utility of imido-metal complexes is the 

activation of C-H bonds. Activating aliphatic C-H bonds with 

high valent transition metal complexes usually requires that 
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the metal contains an empty orbital to abstract electron 

density from the filled C-H a orbital of the alkane and/or 

is able to donate electrons to the empty c* orbital using 

filled metal-ligand orbitals.13'14 An example of how imido 

complexes can play a role in this reactivity can be seen in 

the work of Wolczanski and coworkers,15 reaction 1.1. 

SI'N 

X 

SI'N <r.Zr" 
A 

SI' N 
\ 
H 

-CH, -> 
- CH4 

SI' = 3^3 

SI'N 

SI'N 
Y 

7i = NSI' -> (SI'NH)^ (SI'ND)Zr — C 6 D 5 1-1 

Another area that has seen extensive application of 

imido complexes is the homogeneous modeling of ammoxidation 

catalysis. Ammoxidation is the heterogeneous oxidation of 

propylene by 02 in the presence of ammonia to yield 

acrylonitrile, as outlined in reaction 1.2. 

Cat 
C H 2 — C H  — C H 3  +  N H 3  +  3 / 2  0 2  »  C H 2 = C H — C = N  +  H 2 Q  1.2 

Researchers at SOHIO, particularly Graselli and coworkers, 

have suggested that imides serve as key intermediates in the 

industrial "ammoxidation" of propylene to acrylonitrile16. 

Through the work of Nugent17 and Maatta18 it has been 

postulated that an allylimido molybdenum species, namely 

[Mo=N-CH2~CH=CH2], is a surface intermediate in this 
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process. Such a complex has recently been reported, thus 

opening a way for further examination.10 

Another facet of imido complexes which is becoming 

important is in the preparation of aziridines. Aziridines 

have been investigated as anticancer agents. Mansuy and 

coworkers have reported that iron and manganese porphyrin 

complexes catalyze the aziridination of olefins, using 

iminoiodobenzenes (PhI=NR) (for R = tosyl or COCF3) as the 

[NR] source. This process seems to involve the intermediacy 

of an Fe(IV) imide complex. One example can be seen below,19 

reaction 1.3 

V" "V/1 
Ph I = NTs + Fe^CTPP) > \/ + Ph I + Fe " OPP) 1-3 

N 

I 
T s  

Schrock has demonstrated the utility of imido complexes 

in both ring-opening metathesis polymerization (ROMP) 

catalysts and olefin metathesis. These are systems where 

imido ligands serve solely as ancillary ligands. An imido 

ligand is useful in these systems because a four-coordinate 

highly electrophilic (d°) complex is required for a highly 

reactive metathesis or ROMP catalyst. Given these two 

requirements for olefin metathesis, a dianionic imido ligand 

serves as a perfect choice as an ancillary ligand20'21. 
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Synthetic Routes 

In the literature, a multitude of synthetic routes to 

organoimido complexes have been reported. Listed below are 

examples of the many synthetic approaches used. 

Deprotonation of primary amines, seen below, is the most 

frequently used route to M=NR multiple bonds. 

MCI2 + RNH2 -> M(NR) + 2 HC1 1.4 

M=0 + RNH2 -> N(NR) + H20 1.5 

M(NR'2)j + RNH2 -> N(NR) + 2 R'2NH 1.6 

These reactions are sometimes carried out in the presence of 

a non-coordinating base to consume any liberated acid, or 

using an already mono-deprotonated amine, such as a lithium 

amide salt, LiNHR. Silylamines are also used to react with 

metal oxo or halo complexes, as shown in the following 

reactions. 

M=0 + RN(SiMe3)2 -> M(NR) + (Me3Si)20 1.7 

C1-M=0 + 2RNH(SiHe3) -> Me3SiO-M(NR) + Me3SiNH2R"!'Cl""l. 8 

It is the strength of the Si-0 bond that makes silyamines 

especially effective. A not-so-versatile pathway for imido 

synthesis is the alkylation of nitrido complexes as seen in 

reaction 1.9. 
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M=N + R—X -> M(NR)+ + X 

Problems with this method arise due to the fact that many 

nitrido ligands are not sufficiently nucleophilic to promote 

this reaction. For this reason, the attack will often occur 

at the other ligands or at the metal. Another technique 

which has found success with a variety of transition metals 

is the oxo/imido exchange reaction, using phosphinimines, 

isocyanates and sulfinylamines.5 

M=0 + R3 'PNR -> M(NR) + R3'PO 

H=0 + RNCO M(NR) + C02 

M=0 + RNSO -> H(NR) +S02 

1.10 

1.11 

1.12 

Synthetic Reagents for for Imido Transfer 

In 1990, Holm reported a study of imido transfer 

reactions which included a study of imido group transfer 

reagents. His study recognized two classes of imido transfer 

reactions. The first class could be generally described by 

reaction 1.13 

MZ°AIJJJ + XNR -> MZOA_J (NR) LJ, + XO 1.13 
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in which there is an imido transfer without a change in the 

oxidation state of the metal. The main imido group transfer 

reagents include aryl isoycanates, sulfinylamines, 

phosphinimines, and bis(silyl)amines. The reactions of 1.10 

- 1.11 fall into this particular class of imido transfer 

reactions. The second class can be represented by the 

following reaction 

Mz (NR) aLn + XNR -> Hz+2 (NR) a+jLn +X 1.14 

in which there is a formal oxidation of the metal. Potential 

and known imido donors of this class include the following: 

pyridinum l~amidates (CsHsN+NR")/ sulfilimines (R'2S=NR), 

sulfoximes (R'2S(0)NR), sulfonediimines (R'2S(NR)NR), 

phosphinimines (R'3P=NR), arsinimines (R'3As=NR), and 

stibinimes (R'3Sb=NR), all of which are only potential 

reagents, with (N-tosylimido)phenliodinane (PhI=NR) and aryl 

azides (RN=N+=N~) which are the most frequently used reagent 

in this reaction.2 Most reactions for imido transfers to be 

done within this study will fall into the first class of 

imido group transfer reagents, since this study will focus 

on a d° metal. The reagents just cited, though, do deserve 

mention for general interest. 



CHAPTER 2 

THE PREPARATION AND CHARACTERIZATION 

OF [Li(THF)4][W(=NAr)3Cl] 

Purpose 

The focus of this chapter will be on the preparation 

and properties of the first tris(imido) complex of tungsten, 

viz [W(=NAr)3Cl]~. 

The purpose of this work is to explore new "7t-loaded" 

imido metal functional groups of group 6. Mono(imido) 

tungsten complexes (for example [W(=NR) Cl4]2^) were first 

discovered, followed by the development of bis(imido) 

complexes of tungsten (for example (tBuNH)2W(=NtBu)2)23. 

During the course of these studies, a tetrakis(imido) 

complex of tungsten, namely Li2W(=N^Bu)4 was synthesized by 

deprotonation of (*-BuNH) 2W(=N^-Bu) 2 with methyl lithium.24 

In synthesizing multiple imido complexes, there are 

several design conditions to consider. The first is the 

oxidation state of the metal, which is important in the 

formation of multiple imido complexes. By keeping the metal 

in the oxidation state which results in a d° configuration, 

the maximum number of d orbitals are available to serve as n 

acceptors. Basic leaving groups such as amides are often 

used in the a-H abstraction synthesis of multiple metal-

ligand bonds. In such a reaction the proton transfer is 
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facile, so that intermediates are often not observed, as 

proposed in the examples given in reactions (2.1)25 and 

( 2 . 2 ) 2 6  

Ta(NMe2)5 + !BuNH2 > N) Ja(NH lBu)] 

Cp*TaMe3CI —' ^ []cp*TaMe3(NH,Bu) J /> Cp Ta(=N'Bu)M^ 22. 

Synthesis of a Tungsten Bis Imido Complex 

A bis(imido) complex of tungsten is the logical 

precursor to a tris(imide) species. Therefore we set out to 

prepare W(=NAr)2C12(THF)2 (2). It has been found that 

W(=NAr)2CI2(THF)2 can be obtained in a variety of ways. Upon 

reacting W(=NAr)Cl4(OEt2)27 with 2 equiv of Me3SiNHAr in 

diethyl ether, W(=NAr)2cl2(NH2Ar) is obtained in moderate 

yield (45%) with the loss of Me3SiCl constituting a driving 

force for the reaction.ref The coordinating aniline in this 

complex can easily be displaced by coordinating solvents 

such as THF. Thus, upon dissolving W(=NAr)2CI2(NH2Ar) (3) in 

THF, W(=NAr)2CI2(THF)2 (2) is obtained in quantitative 

yield. W(=NAr) 2CI2 (THF) 2 (2) can also be obtained in high 

' Bu 

Me2NH 

MezN 

N 

II 
Ta 

X 

NMe, 

2.1 
NMe. 
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yield more directly by simply reacting W(=NAr)CI4(OEt2) with 

two equiv of Me3SiNHAr in THF, as shown in equation (2.3). 

I CI 2 Me3SiNHAr ^ Cl 4 

c i - w ^ — c i  ;  ^  ( o  2 , 3  
J II THF, 50°C.48h —f 

CI !! C1 N ' 

r  T  
1 2 

Such a procedure gives red complex 2 in ca. 85% isolated 

yield. This particular bis(imido) complex is highly soluble 

in a range of solvents, including diethyl ether, THF, 

pentane, benzene and toluene. It was found that 

W(=NAr)2Cl2(THF)2 is only slightly soluble in heptane. Thus 

higher yields may be obtained by recrystallizing it from 

heptane rather than pentane, as was previously reported28 

The imido ligands in known d° bis(imido) complexes 

always lie mutually cis, in order to maximize the number of 

p(7c)-d(7t) interactions. The ^-H NMR spectrum shows the imide 

protons to be equivalent on the NMR time scale. The THF 

protons are also seen to be equivalent. One could easily 

configure two possible structures for W(=NAr)2C12(THF)2, one 

in which the THF ligands coordinate trans to each other 

(with cis imido ligands) and the other in which the CI" 

ligands coordinate trans to each other. The configuration 



26 

having trans Cl~ ligands is assigned on the basis of similar 

bis(imido) complexes " found in the literuature which also 

contain cis imides and trans chloride ions (e.g. 

[W(NPh)2C12(bipy)]29, W(NAr)2C12(dme)30) 

To reduce the number of preparative steps taken, it was 

hoped that the bis(imide), product 2, could be obtained 

directly from W(=NAr)CI4(OEt2) and LiNHAr. (Note that 

Me3SiNHAr is prepared from LiNHAr.) After many trials under 

a variety of conditions, it became apparent that the LiNHAr 

was too harsh an imido transfer reagent, perhaps because of 

electron transfer and reduction of the metal center. It was 

evident that a reaction always took place (noting the color 

change), but a tractable product was never obtained from 

such a reaction. Also, it might be important to use the 

etherate mono(imide) to form W(=NAr)2C12(THF)2, since 

attempts to prepare this compound from [W(=NAr)Cl4]2 in THF 

(which forms W(=NAr)Cl4(THF) in solution) only gave 

intractable materials. 

The bis(imide) complex can also form a pyridine adduct, 

when W(=NAr)2C12(THF)2 is dissolved in neat pyridine or when 

two equiv of pyridine are added to 2 in diethyl ether or 

THF, equation 2.4. 
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2 pyridine, OEt2 

THF 

> 2.4 

2 3 

The reaction gives a maroon product in high yield (85%). 

Pyridine seems to bind strongly to the metal, for THF does 

not displace pyridine (3) . Moreover, the pyridine adduct 

does not further react with lithium or trimethylsilyl 

amides. This could be due to the need for an open 

coordination site that is not present in this pyridine 

complex. 
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Scheme 2.1 
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Pathway of Formation of W(=NAr)2Cl2(THP)2 

W(=NAr)CI4(OEt2) also reacts with one equiv of 

Me3SiNEt2 (in Et20) to produce W(NAr)(NEt2)Cl3(THF) as shown 

in Scheme 2.1. This compound reacts to eliminate HNEt2 upon 

the addition of one equiv of LiNHAr (in THF) which affords 

complex 2. Therefore, the diethyl amido ligand of 

W(=NAr)(NEt2)Cl3(THF) serves as a "sacrificial" ligand which 

accepts a proton from the NHAr ligand. This result thus 

lends support to the proposed intramolecular a-H 

abstraction pathway of Scheme 2.2. 
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Scheme 2.2 
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The generation of the second imido ligand in 

W(=NAr)2Cl2(THF)2# Scheme 2.2, is believed to occur through 

an intramolecular a-H transfer process. Thus, the first 

equiv of Me3SiNHAr is proposed to react to form 

W(=NAr)(NHAr)CI3(THF) as an intermediate. The second equiv 

of Me3SiNHAr is therefore believed to react with this 

intermediate to afford W(=NAr) (N^Ar) 2cl2 (THF) , which 

rapidly undergoes an elimination to give compound 2 and free 

NH2Ar. The second equiv of Me3SiNHAr is not expected to be 

basic enough to deprotonate the intermediate 

W(=NAr)(NHAr)CI3(THF) in an intermolecular fashion. This 
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proposed pathway is based upon the observed formation of 

W(=NAr)2CI2(NH2Ar), when this reaction is carried out in 

Et20, and upon the precedent provided in Scheme 2.1. 

The reaction of W(=NAr) 2cl2 (NI^Ar) with two equiv of 

LiNH^Bu in either THF or diethyl ether gives a yellow solid 

product in low yield after appropriate workup, equation 2.5. 

The 1H NMR spectrum showed a singlet at 5.85 ppm that 

integrates to 2 protons and was assigned to the ^Bu-amide 

ligand protons, and another singlet at 1.28 ppm which 

integrates to 18 protons and thus assigned to the methyl ^Bu 

protons. Thus, compound 6 is assigned as the bis(imido) 

bis(amido) complex W(=NAr) 2 (NH^u) 2 • 

Numerous group 6 bis(imide) bis(amide) complexes, 

W(NtBu)2(NHtBu)222 and Cr (N^Bu) 2 (NH^-Bu) 231- These complexes 

are obtained by different methods, the former by reacting 

tungsten hexachloride with 10 equiv of tBuNH2 in hexane and 

the latter from Cr(N^Bu)2cl2 and 2 equiv of LiNH^Bu in 

2.5 

4 6 

M(=NR)2(NHR)2 have been reported, for example 
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toluene. The former method bears some resemblance to that by 

which compound 6 was obtained. Literature precedent and 

solubility properties suggest that complex 6 is a monomer. 

An attempt was made to determine whether the complex 

(6) would eliminate an a-hrdrogen to produce NH2tBu and a 

new tris imido complex W(=NAr)2(=NtBu). It seemed possible 

that the NH^Bu ligand fragment would be basic enough to 

abstract a proton to form a tris(imido) complex. Upon 

heating in C6D6 to 80 °C for 24 h in a sealed NMR tube, 

however, the 1H NMR spectrum remained unchanged. From this 

result, it is concluded that the bis(imido) bis(amido) is 

thermodynamically more stable than the tris(imido) complex 

W(=NAr)2(=NtBu) + H2NtBu. 

Synthesis of a Tungsten Tris Imido Complex 

The bis imide complex W(=NAr)2CI2(THF)2, upon addition 

of two equiv of LiNHAr in THF, gives the tris(imido) complex 

[Li(THF)4][W(=NAr)3C1] in moderate yield (65%), Equation 

2.6. 

LKTHF) 

CI 

2 LiNHAr 

THF 2.6 

2 8 
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The complex [Li(THF)4][W(=NAr)3C1] can also be obtained 

directly from the W(=NAr)Cl4(0Et2> by adding four equiv of 

LiNHAr to a solution of the mono(imide) in THF. This 

reaction however, provides a low overall yield, ca. 20% of 

compound 8. 

Pathway of Formation of [Li(THF)4[W(=NAr)3CI] 

Reactions were conducted to determine if the route from 

W(=NAr)2C12(THF)2 to [Li(THF)4][W(=NAr)3C1] proceeds via an 

intermolecular deprotonation pathway or another a-H 

abstraction pathway. 

The complex W(=NAr)2Cl2(THF)2, upon addition of one 

equiv of Me3SiNEt2 in diethyl ether gives W(=NAr)2(NEt2)CI 

(7) in low yield, Scheme 2.3. Unlike the reactivity outlined 

in Scheme 2.1 the W(=NAr)2C1 (NEt2) upon addition of the one 

equiv of LiNHAr (in THF) did not lose HNEt2 to give a tris 

imide complex "W(=NAr)3". No product from this reaction was 

isolated. 
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Scheme 2.3 
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Thus, upon addition of the first equiv of LiNHAr to 

W(=NAr)2CI2(THF)2, it is proposed that W(=NAr)2(NHAr)CI 

forms, and then reacts very rapidly with the second equiv of 

LiNHAr, to intermolecularly deprotonate the amide, giving 

[Li(THF)4][W(=NAr)3CI], Scheme 2.4. 
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Scheme 2.4 
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Looking back at Scheme 2.3, one would expect complex 5 

to eliminate LiCl and HNEt2 to form W(=NAr)3 upon addition 

of one equiv of LiNHAr, as observed in Scheme 2.1. The lack 

of reactivity toward LiNHAr seen in complex 7, suggests that 

the pathway to [Li(THF)4][W(=NAr)3C1] probably differs from 

that of W(=NAr)2Cl2(THF)2. 

Should the reaction of W(=NAr)2CI2(THF)2 + 2 LiNHAr 

proceed intramolecularly, two equiv of LiNHAr would first 

give W(=NAr)2(NHAr)2 which could then eliminate NH2Ar to 

produce the tris(imide) complex W(=NAr)3« In exploring this 

UNHAr 
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possible pathway, one equiv of NH^Ar was added to a solution 

of 8 in benzene, reaction 2.7. 

W(=NAr)2(NHAr)2 was obtained in good yield (ca. 80%). From 

the ̂  NMR spectrum of complex 9 (in experimental section) 

one observes the amide proton shifted far upfield to ca 7.48 

ppm, which suggests this proton to be deshielded and 

possibly acidic. A white solid, which formed simulaneously 

in reaction 2.7, was collected and a flame test was 

conducted that showed that this solid contained lithium. It 

was presumed to be LiCl. 

Unpon allowing complex 8 to remain in benzene solution 

over time, the precipitation of a white solid was observed. 

This was presumed LiCl. This was the reason for choosing 

benzene in reaction 2.7. If W(=NAr)2(NHAr)2 is an 

intermediate it should eliminate NI^Ar to give W(=NAr)3. 

Much like the previous experiment with complex 6, 

W(=NAr)2(NHAr)2 dissolved in CgDg did not eliminate NH2Ar in 

a sealed NMR tube at 80 °C for 24 h, on the basis of !h NMR 

N * 
benzene 

8 9 
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spectroscopy. This indicates that the bis(imide) bis(amide) 

is thermodynamically stable. 

Continuing this train of thought, a slight excess of 

LiNHAr (2.2 equiv) was reacted with W(=NAr)2CI2(THF)2 under 

these same conditions. The product obtained was shown a 

mixture of [W(=NAr)3]~ and W(=NAr)2(NHAr)2 on the basis of 

the !h NMR spectrum. From this it was concluded that 

[W(=NAr)3CI3- is the kinetic prodct and W(=NAr)2(NHAr)2 is 

the thermodynamic product and not an intermediate. The 

second imido arises via an intra a-H abstraction while the 

third imido ligand arises via an intermolecular 

deprotonation. This pattern of reactivity has been observed 

in Group 5 multiple imido complexes, namely those of 

niobium.32 

Structural Study of [Li(THF)4][W(=NAr)3Cl] 

The crystal structure determination of 

[Li(THF)4][W(=NAr)3CI] was kindly carried out by Prof. A.L. 

Rheingold and S.J. Alexander of the University of Delaware. 

Yellow single crystals of 8 suitable for an X-ray analysis 

were grown from diethyl ether/pentane solution at -35 °C. 

The molecular structure of 8 is presented in Figure 2.1. A 

summary of the crystal data and a complete listing of bond 

lengths and angles are reported in Appendix A. Relevant bond 

lengths and angles are provided in Tables 2.1 and 2.2, 
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respectively. Very simply stated, the geometry about the 

metal is slightly - distored tetrahedral27 with three 

essentially identical imido nitrogen atoms. The L-W-L (L = 

N(1), N(2), N(3), and Cl) angles span the range 104.7(5)° -

113.5(7)° and average 109.4°. This overall tetrahedral 

structure is distorted toward the Cl with the N(imido)-W-Cl 

angles averaging 105.9° while the N-W-N angles fall into a 

range with angles averaging 112.7°. This distortion can be 

attributed to the steric bulk of the 2,6-diisopropylphenyl 

ligands. 

The short W-N(l), W-N(2), and W-N(3) distances 

(1.777(15)A, 1.763(15)A, and 1.805(15)A) indicate strongly 

bound nitrogen atoms. 

Figure 2.1 



38 

Table 2.1 

important Bond Angles' (°) in [W(=NAr)3d]-

Cl-W-N(l) 106.0(6) CI—W—N(2) 104.7(5) 

N(l)—W-N(2) 112.5(7) CI—W—N(3) 107.2(6) 

N(1)-W-N(3) 113.5(7) N(2)-W-N(3) 112.1(7) 

W—N(1)—C(16) 173.4(15) W—N(2)—C(36) 167.7(14) 

W—N(3)—C(56) 171.4(15) 

Table 2.2 

important Bond Lengths (A) in [W(=NAr)3C1]" 

W-Cl 2.342(6) W-N(l) 1.777(15) 

W-N(2) 1.763(15) W—N(3) 1.805(18) 

N (1) —C (16) 1.398(25) N(2)—C(36) 1.415(26) 

N(3)—C(56) 1.430(29) 

An important feature of this structure is the near 

linearity of the phenylimido linkage (average W-N-CipSO = 

170.8(15)°) and the short W-N(imido) bond (average W-N = 

1.782(15)A). Though the bond length is longer than that 

predicted for a W=N triple bond involving a four electron 

donor nitrogen (ca. l.7lA)5 and lies slightly outside the 

range observed [1.67(3)A - 1.757(12)A]33 for terminal 

mono(imido) complexes of tungsten(VI), it is significantly 
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shorter than the bond length which is normally found in 

bridging imido ligands acting as a two elctron donor as in 

[WCl2-(|i-NPh) (=N^Bu) (NH2*-Bu)2}]34• The tungsten-chlorine 

bond length (2.347(6)A) lies within the range observed for 

other complexes of tungsten(VI).35,36,37,38 

A comparison of the W=N-R bond with those in other 

selected W-imido molecules is presented in Table 2.3. These 

data are consistent with a tunsten-nitrogen bond order 

somewhat greater than 2 and reflect the additional 7t 

donation of the nitrogen lone pair. 

The structure of the [W(=NAr)3C1]~ anion in 

[Li(THF)4][W(=NAr)3CI] reveals a structure of C3V symmetry. 

The six it molecular orbitals of the [NR]2- ligands (derived 

from each nitrogen's px and py) transform as a^ + a2 + 2e. 

Since the metal has no orbital of a2 symmetry, two electrons 

must occupy a ligand-based, nonbonding a2 MO comprised of 

the nitrogen p orbitals lying perpendicular to the C3 axis. 

Thus, only 10 of the 12 [NR]2" tc electrons are available for 

interaction with the metal. [W(=NAr)3C1]~ is therefore an 18 

electron complex (not 20), electronically (and structurally) 

analogous to the classic "20 electron" W(RC=CR)3(CO) 

species39'40, neutral Re(NR)3X (X = OSiMe3 or ci)^'42'43 and 

Os(NAr)3.7 These results offer considerable support for the 

concept of rc-loading, where the odd number of imido ligands 
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require the occupation of a nitrogen-based, non-bonding 

molecular orbital. 

Table 2.3 

Imido containina Comdex Bond Anale 

M-N-C (°) 

Bond Len 

M-N (A)  

Ref 

(PFP)W(=NtBu) ? (NH^Bu) 165.3(3) 1.742 44 

[WC1,(=NPh),(bipy)] 165.6(12) 1.781(11) 

164.4(11) 1.787(14) 32 

Mo(=NPh) •> (S9CNEt9) 0 139.4(4) 1.754(4) 

169.4(4) 1.789(4) 6 

[W(=NtBu)9(NH9tBu)Cl(H-Cl) 170.1(12) 1.715(15) 

166.5(12) 1.776(14) 45 

W(=NAr) 9 (PMe^Ph) (ri2-0CMe5) 168.8(6) 1.785(6) 

155.8(5) 1.776(7) 46 

Experimental 

W(=NAr)CI4(OEt2) (1). In a large Schlenk flask 15 g 

(43.9 mmol ) of WOCI4 was placed. App. 100 mL of octane are 

added to the flask. One equivalent (8.92 g, 43.9 mmol) of 

2,6 diisopropylphenylisocyanate was also added directly to 

the flask. The orange slurry was then heated under oil 

bubbler pressure to refluxing octane (127 °C) for 15 h or 

until the reaction ceases to evolve CO2. The octane was 
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then pumped off to leave coffee-brown powder and/or 

crystals. Pentane was then added (via canula) to the flask 

to wash the compound. Pentane was then removed. Enough 

diethyl ether was added to dissolve the coffee-brown solid. 

The resulting solution was allowed to stir for approximately 

1 h. The ether was then removed in vacuo to leave an 

emarld-green powder pure enough for futher reactions; yield 

20.8 g (37.3 mmol, 85%) Analytically pure compound was 

obtained from minimal pentane solution at -35 °C. 1H NMR 

(C6D6): 8 7.19 (d, 2 H, Hm), 6.26 (t, 1 H, Hp) , 4.91 (m, 2 

H, CHMe2) , 4.31 (q, 4 H, CaH, 0Et2) , 1.32, (d, 12 H, 

CHK[e2), 1.07, (t, 6 H, CpH, OEt2) . 13C NMR (C6D6) : 8 155.9 

(Cipso)/ 134.3 (CQ), 122.1 (Cm and Cp), 65.9, (CH2CH3, 

OEt2), 27.7, (CHMe2, NAr), 26.2 (CHMe2), 13.1, (CH2CH3, 

OEt2). Anal. Cald. for C16H27N0C14W: C, 33.42; H, 4.73; N, 

2.44. Found: C, 33.47; H, 4.83; N, 2.66. 

Preparartions. W(=NAr)2Cl2(THF)2 (2). Neat Me3SiNHAr 

(4.33 g, 17.4, mmol) was added dropwise to a stirred 

solution of 5.00 g of W(=NAr)Cl4(0Et2) in ca. 85 mL of THF. 

The solution was heated to 60 °C for 48 h, over which time 

its color changed from dark green to bright red. The 

reaction volatiles were than removed in vacuo to provide a 

microcystalline red solid which was washed with cold 

heptane, filtered off, and dried in vacuo. Additional 

product was obtained by concentrating the heptane was ( and 
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cooling to -35 °C); yield (two crops), 5.28 g (7.04 mmol; 

81%) . Analytically pure compound was obtained from minimal 

THF solution at -35 °C. XH NMR (C6D6) : 5 7.13 - 6.81 (A2B 

mult, 6 H, Haryi), 4.09 (sept, 4 H, CHMe2)/ 3.87 (br, 8 H, C 

aH, THF), 1.34 (br, 8 H CpH, THF), 1.26 (d, 24 H CHMe2). 13C 

NMR ( C 6 D 6 ) :  6  1 5 1 . 2  ( C  i p s o ) r  1 4 4 . 9  ( C Q ) ,  1 2 6 . 6  ( C p ) ,  1 2 2 . 5  

(C m) , 7 1 . 2  (C a, THF), 2 7 . 8  (CHMe 2), 2 5 . 6  (Cp, THF), 2 4 . 7  

(CHMe2). Anal. Calcd for C32H5oCl2N202W: C, 51.28; H, 6.72; 

N, 3.74. Found: C, 51.68; H, 6.95; N, 3.97. 

W(=NAr)2Cl2(py)2 (3) To a stirred solution of 0.25 g 

(.33 mmol) of W(=NAr)2C12 (THF)2 in 10 mL of diethyl ether 

was added 0.08 g (1.01 mmol) of pyridine dissolved in 5 mL 

of diethyl ether. After being stirred at room temperature 

for 16 h, the color changed from red to dark purple. The 

volatile components were removed in vacuo to afford a dark 

oil. The resulting oil was tritrated with ca. 15 mL of cold 

pentane to afford dark purple microcrystals. The product was 

dried in vacuo and collected on a frit; yield 0.11 g (.14 

mmol) 43%. ^-H NMR (C6D6) : 8 9.03 (d, 4 H, H0, py) , 7.32 (d, 

4 H, Hm, NAr), 6.90 - 6.79 (overlapping m, 4 H total, Hp, py 

and NAr), 6.40 (t, 4 H, Hm, py) , 4.24 (sept, 4 H, CHMe2), 

1.25 (d, 12 H, CHMe2). 

W(=NAr)(NEt2)Cl3(THF) (4). To a stirred solution of 

0.66 g (1.14 mmol) of W(=NAr)Cl4(THF) in 10 mL of diethyl 

ether was added 0.35 g (2.29 mmol) Me3SiNEt2 (neat). After 
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being stirred at room temperature for 16 h, the volatile 

components were removed from the resulting orange solution 

in vacuo to afford an orange solid. Redissolving this solid 

in minimal diethyl ether (ca. 2 mL) and cooling the solution 

to -30 °C provided orange crystal of product which were 

filtered off and dried in vacuo; yield 0.54 g (0.88 mmol) or 

77%. Analytically pure compound was obtained by 

recrystallization from diethyl ether solution at -35 °C. 

NMR (C6D6) : 5 7.12 - 6.74 (A2B mult, 3 H, Haryl), 4.94 and 

4.83 (q, 2 H each, NCH2CH3) , 4.75 (sept, 2 H, CHMe2), 4.06 

(br, 4 H, CaH, THF) , 1.34 (d, 12 H, CHMe2) , 1.26 and 1.00 

(t, 3 H each, NCH2CH3) . 13C NMR (C6D6) : 5 153.4 (CQ) , 145.8 

(cipso)/ 130.6 (Cp), 123.6 (Cm), 72.5 (Ca, THF), 66.1 and 

59.0 (NCH2CH3), 27.9 (CHMe2) , 25.3 (CHMe2), 15.7 and 14.0 

(NCH2CH3) . The Cp THF peak was not observed and is 

presumably buried under the CHMe2 resonace. Anal. Calcd for 

C20H35C13N2OW: c> 39.40; H, 5.79; N, 4.59. Found: C, 39.58; 

H, 5.87; N, 4.58 

W(=NAr)2c12(NH2Ar) <5) • A solution of 0.31 g (1.21 

mmol) of Me3SiNHAr in 5 mL of diethyl ether was added to a 

stirred solution of 0.35 g (0.608 mmol) W(=NAr)CI4(OEt2) in 

15 mL of diethyl ether. The reaction was stirred at room 

temperature for 24 h, during which the solution color slowly 

changed to red. The solution volatiles were then removed in 

vacuo to afford an orange oil. Upon trituration of the oil 
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with a cold pentane, a fluffy orange solid was obtained 

which was filtered off and dried in vacuo (0.28 g, 0.34 

mmol, 56 %). Analytically pure samples were obtained by 

recrystallization from pentane at -35 C. NMR (CgDg): 6 

7.10 - 6.82 (m, 9 H, Haryi) , 5.28 (br, 2 H, NH2Ar) , 3.92 

(spt, 4 H, CHMe2, NAr), 3.20 (spt, 2 H, CHMe2, NH2Ar), 1.20 

(d, 24 H, CHMe2I NAr), 1.17 (d, 12 H, CHMe2> NH2Ar). 13C NMR 

(CDC13): 150.5 (Cipso, NH2Ar), 145.4 (CD, NAr), 138.5 (CQ, 

NH2Ar), 135.1 (Cipso, NAr), 127.4 and 125.3 (Cp, NAr and 

2Ar) , 123. and 121.9 (Cm, NAr and NH2Ar) , 28.7 (CHMe2, 

NH2Ar) , 27.9 (CHMe2, NAr) 23.9 (CHMe2, NAr), 23.2 (CHMe2, 

NAr). Anal Calcd for C36H53C12N3W: C, 55.25; H, 6.83; N, 

5.37. Found: C, 55.54; H, 7.10; N, 5.24. 

W(=NAr)2 (NH^BU)2 (6) To a solution of 2.10 g (2.68 

mmol) of W(=NAr) 2C12 (NH2Ar) in ca. 20 mL of diethyl ether 

was added two equiv of LiNH^-Bu (0.422 g, 5.36 mmol) directly 

to the stirred solution. The solution was allowed to stir at 

room temperature for 24 h, during which the color changed to 

yellow and precipitate formed. The precipitate was filtered 

through Celite and the solvent from the filtrate was reduced 

to ca. 3 mL in vacuo. Ca. 5 mL of pentane was added and was 

cooled to -40 °C for 48 h. The resulting yellow powder was 

collected and dried in vacuo; yield 0.062 g (0.091 mmol, 

3.40%). Analytically pure samples were obtained by 

recrystallization at -35 °C from minimal diethyl ether and 
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ca. 4-5 mL of pentane. NMR (C6D6) 6 7.10 -7.06, (d, 6 H, 

Hm, NAr) , 6.91-6.85, (t, 3 H, Hp, NAr) , 5.82, (s, 2 H, 

NH^-Bu) , 3.80-3.69 (m, 6 H, CHMe2, NAr), 1.23, (s, 18 H, 

NH^-Bu) , 1.21-1.18, (d, 24 H, CHMe2, NAr). 

W(=NAr)2 (NEt2)CI (7). To a solution of 0.58 g (0.77 

mmol) of W(=NAr)2CI2(THF)2 (2) in 15 mL ether was added 0.14 

g (0.91 mmol) neat Me3SiNEt2> This mixture was allowed to 

stir for 2 d during which the solution color changed from 

red to yellow-orange. After this time the volatile 

components were removed from the reaction in vacuo and the 

yellow solid which remained was redisolved in minimal 

diethyl ether. The ether solutin was cooled to -35 °C and 

after 2 d, orange crystals of product had formed, were 

collected by filtration and were dried in vacuo; yield 0.26 

g ( 0.40 mmol, 52%). NMR (C6D6): 6 7.12 - 6.83 (A2B mult, 

6 H, Haryi), 4.04 (sept, 4 H, CHMe2), 3.21 and 2.60 (mult, 2 

H each NCH2CH3), 1.23 (d, 24 H , CHMe2) , 0.98 (t, 6 H, 

NCH2CH3). 13C NMR (C6D6): 8 151.0 (Cipso), 146.1 (CQ), 127.9 

(Cm) , 122.5 (Cp) , 46.4 (NCH2CH3), 28.3 (CHMe2) , 24.6 

(CHMe2), 14.5 (NCH2CH3). 

[Li(THF)4]W(=NAr)3C1 (8). A solution LiNHAr of (1.46 

g, 8.00 mmol) in 15 mL of THF was added dropwise to a stired 

solution of W(=NAr)2CI2(THF)2 3.0 g (4.00 mmol) in ca. 40 mL 

of THF. The reaction was allowed to stir at room 

temperature for 12 h, over which time its color changed from 
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a clear red to a clear It. orange. The solvent was removed 

in vacuo to leave a yellow oil. The oil was extracted with 

ca. 20 mL of diethyl ether, filtered through Celite, and the 

filtrated was concentrated in vacuo. A minimal amount of 

pentane was added to the filtrate and it was cooled to -35 0 

C overnight, over which time the product precipitates as a 

yellow microcrystalline solid. The product was collected by 

filtration, wased with minimal cold pentane, and dried in 

vacuo; yield (two crops) 6.00 g (5.76 mmol, or 72 %) . 

Analytically pure samples were obtained by recystallization 

from THF/pentane solutions at -35 °C. NMR (CD2CI2) : 5 

6.97 - 6.65 (A2B mult, 9 H, Haryi) , 3.57 (m, 16 H, CaH, 

THF) , 3.71 (sept, 6 H, CHMe2) , 1.90 (m, 16 H, CpH, THF) , 

1.06 (d, 36 H, CHMeo) . "c NMR (CD2C12) : 5 140.4 (C0) , 125.1 

(cipso)» 122.0 (overlapping Cm and Cp), 68.7 (Ca, THF), 

28.3 (CHMe2) , 25.8 (Cp, THF), 23.8 (CHMe2) . Anal. Calcd for 

c52H83clLiN3°4W: c/ 60.03; H, 8.04; N, 4.4; CI, 3.41. Found: 

C, 59.54; H, 8.44; N,4.15; CI, 2.81. 

W(=NAr)2 (NHAr)2 (9). To a solution of 0.20 g (0.192 

mmol) of [Li(THF) 4] [W(=NAr) 3CI] in 20 mL of benzene was 

added a solution of 1 equiv of NH2Ar (0.034 g, 0.192 mmol in 

5 mL of benzene). This solution was stirred at room 

temperature for 36 h, during which a white solid (presumably 

LiCl) precipitated, but little change in solution color was 

observed. The solution was then filtered through Celite and 
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the volatile components were removed from the filtrate in 

vacuo to a sticky yellow solid. This solid was washed with 

cold pentane, collected on a frit, and dried in vacuo; yield 

0.12 g, (0.14 mmol, 71.4%) was collected. Analytically pure 

samples were obtained by recrystallization at -35 °c from 

minimal diethyl ether and pentane. ^-H MMR (CgDg): 8 7.44 (s, 

2 H, NHAr), 7.12 - 6.87 (overlapping A2B mult, 12 H total, 

Haryl, NHAr and NAr), 3.82 - 3.37 (sept, 4 H each, CH(CH3)2, 

NHAr and NAr), 1.27 and 1.03 (d, 24 H each, CH(CH3)2 NHAr 

and NAr), 13C NMR (C6D6): 8 151.9 and 146.7 (Cipso, NAr and 

NHAr), 142.8 and 141.5 (CQ, NAr and NHAr), 125.2 and 124.9 

(Cp NHAr and NAr), 123.7 and 122.3 (Cm NHAr and NAr), 29.1 

and 28.3 (-CH(CH3)2 NAr and NHAr) 24.4 and 23.6 (-CH(CH3)2 

NAr and NHAr). Anal. Calcd. for C48H70N4W: C, 65.00; H, 

7.95. Found: C, 64.82; H, 8.07. 



Chapter 3 

Reactivity Studies of 

[Li(THF)4][W(=NAT)3C1] 

This chapter deals with the reactivity studies of the 

tris(imido) tungsten complex, [W(=NAr)3C1]~, for which the 

reactivity of the nitrogen atom of the imide will be 

explored. Imido bonds can range from electrophilic to 

nucleophilic in nature. This behavior is described in the 

frontier orbital Scheme shown in Figure 3.1, which has been 

adapted from Nugent4. The left side of the diagram shows TC 

orbitals of the ligand lower in energy than the metal d 

orbitals. This depicts the ligand as a n donor, with the 7t-

bonding residing mostly with the ligand, such that the 

ligand can act as a nucleophile. On the other hand, case C 

depicts a ligand serving as a electrophile, due to the HOMO 

being largely metal in character, and the 11* orbital is made 

up of ligand orbitals. There is a range between the two 

extremes (case B), often moving from oxo to imido to 

alkylidyne (CR+) ligands (moving left to right).47 The 

compounds in this study will probably fall between A and B, 

since the metal in this case is a d°. The work in this 

chapter will delve into the reactivity of the tungsten 

tris(imido) functional group, and determine which diagram in 

Figure 3.1 serves as the proper model for this group. 
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Frontier Orbitals 

A B c 
Figure 3.1 

Cation Exchange 

Early in this study, problems arose with the 

[Li(THF)4]+ cation in complex 8, because the THF was often 

non-stiochiomtric. This could cause the stoichiometric 

characterization of further reactions to be difficult and 

analysis of subsequent products could also be problematic. 

For this reason a new cation was sought. Reactions of 

[Li(THF)4][W(=NAr)3CI] with I^NBr salts were considered 

because the byproduct would be LiCl. For spectroscopic (NMR) 

purposes, small R groups were originally chosen (R = Me, 

Et) . Metathesis reactions were attempted using the small 

counter ions, R4NBr (R = Et, Me), but the resulting 
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products, [R4N][W(=NAr)3Br], proved very insoluble in most 

solvents (i.e. benzene, pentane, hexane and diethyl ether). 

It appears from the NMR data that the metathesis reactions 

occurred, but LiCl also precipitates out of solution due to 

similar solubility. The cation, [Li(THF)4]+, can 

successfully be exchanged in the [Li(THF)4][W(=NAr)3CI] 

complex by reacting it with one equivalent of [nBu4N]Br in 

benzene to give in high yield (89%) [nBU4N][W(=NAr)3 Br] ,10, 

reaction shown below. 

Alkyl Derivatives 

We became interested in preparing a "base-free" neutral 

complex W(=NAr)3. It was thought that if the chloride 

complex could be alkylated with a methyl group then later it 

could be removed using a proton source leaving the base-free 

W(=NAr)3 complex. There are relatively few a organo 

derivatives known for WVI also having an imido group 

present. One of the first was [W(=N^Bu)2Me2]248 made by 

Nugent and co-workers. In many of the cases noted in the 

ci 

3.1 

8 
10 
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literature, salts of [OSiMe3]~ served as leaving groups to 

form imido complexes. This is illustrated in work from 

Wilkinson and coworkers in which Cr(=NtBu)2(OSiMe3)2 was 

reacted with 2 equiv of RMgBr to give the resulting 

bis(imide) - bis(alkyl) and Mg(OSiMe3)Br.40/ 49» 50 From 

the literature precendent, it was thought possible to 

alkylate the [W(=NAr)3CI]- anion with lithium alkyl 

reagents. Thus, alkylation of the [W(=NAr)3C1]~ can be 

effected using LiR (R = Me, ^Bu, Np') reagents, equation 

3.2. In each case, the reaction may be carried out in 

diethyl ether, but higher yields are obtained in THF. It is 

also possible to obtain the methylated species by using 

MeMgBr, albeit in somewhat lower yield. 

^U0HF)4] + 

N 

LP' / THF 

P' > Me, ' Bu. Np' 

11, R1 - Me 
12, R' - 'Bu 

13, R* - Np' 

N \ 
\TA>> 

3^ 

• 11-13 

All of the above alkylated complexes, with the Li counter 

ion have the same problem, in that the amount of THF in the 

cation is nonstoichiometric (as discussed previously) and 

thereby making analysis difficult or impossible. Alkylation 

of [W(=NAr) 3Br]~ with LiR reagents has yet to give clean 

reactions. It is possible to obtain the methylated complex 

from this reaction, but in low yield. 
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The reaction of [W(=NAr) 3d]" with hydride ion was 

carried out, in part, to see where H~ might attack, the 

metal center or an imide nitrogen. With the imides donating 

so much electron density onto the metal. The possibility 

arose that the imide nitrogen might have become 

electrophilic. Should the hydride attack the metal center, 

then the frontier orbitals of the tris(imide) complex 8 

would be described by case A in Figure 3.1. A metal hydride 

species has been isolated in low yield upon reacting 

[Li(THF)4][W(=NAr)3C1] (8) with LiBEt3H. The resulting 

complex has been formulated to be [Li(THF)4][W(=NAr)3H] 

(14), due to its !H NMR spectrum which includes a singlet at 

11.8 ppm. Satellite peaks can also be observed due to 

coupling of the hydride with the 183W JW_H = 152 Hz. As with 

the above alkylated complexes, the amount of THF in the 

cation is difficult to quantify. 

Preparation of Neutral Complexes 

Neutral complexes of the tris imido tungsten functional 

group are also accessible. Treatment of 

[Li(THF)4][W(=NAr)3CI] (8) with an excess of PMe3 in benzene 

gives the neutral compound W(=NAr)3(PMe3) (15) as cherry red 

crystals in high yield (90%) equation 3.3. 
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CI PME, 

ucnfl,]* 

N 

benzene / PMes 

^ N ̂  N 

N 

3.3 

^<Q> 

B 15 

This reaction can be scaled up to gram scale and the product 

can be recrystallized from pentane solution at -40 °C. This 

compound is thermally stable, but decomposes when exposed to 

air. The compound W(=NAr)3(PMe3) (15) was identified by its 

spectroscopic properties. In its NMR spectrum, a doublet 

appears at 1.20 ppm (J(P-H) = 9.97 Hz), as a result of the 

coupling between phosphine methyl protons and the 31P 

nucleus with 1=1/2. The coupling constant is evidence of the 

binding of the PMe3 ligand to the tungsten. In the same 

manner, the W(=NAr)3(PPl^Me) and W(=NAr)3(PPh3) can be 

synthesized and isolated51. 

The neutral THF adduct W(=NAr)3(THF) has been isolated 

also.50 One problem with this compound was in reproducing 

stiochiometricaly the same amount of THF, since THF is also 

included in the lattice, as well as being coordinated to the 

tungsten. The compound seemed (from the 1H NMR) to contain 

between one and two THF molecules (coordinated and lattice). 

Since the PMe3 adduct had been made, it was thought that 

possibly the PMe3 could be dissociated and replaced by THF. 

However, the W(=NAr)3(PMe3) complex did not lose PMe3 
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readily. There may be an equilibrium between the PMe3 adduct 

and the THF adduct of"[W(=NAr)3], equation 3.4. 

To examine the possibility of this equilibrium, 

W(=NAr)3(PMe3) can be dissolved in pure THF and heated up to 

70 C° for 48 h without any observable loss (% NMR) of PMe3-

Placing the complex under high vacuum also does not induce 

the loss of PMe3. Attempts were made to displace the PMe3 by 

heating and bubbling N2 through the solution to purge any 

PMe3 that might be dissociated under these conditions. By 

looking at the reaction through ^H NMR, no PMe3 was 

displaced by this method. 

The PMe3 adduct has also been dissolved in 10 mL 

portions of THF and the THF then removed in vacuo in hopes 

of removing PMe3 as it dissociates. A peach colored product 

was obtained from the above evacuation. The ^H NMR indicates 

two possible products, one of which is possibly the starting 

material, complex (15) while the other product indicates 

3.4 

15 
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some association with THF. Note that it was not possible to 

determine whether or not the THF was actually coordinated to 

the tungsten metal center. 

Reactivity with Electrophiles 

Considering the reactivity of the tris(imide) with 

nucleophiles, as seen previously with LiBEt3H, it was 

reasonable to think that the imide would be reactive toward 

electrophiles. The majority of the reactivity studies that 

follow are based upon this premise. 

When working with the idea of a base free tris(imide), 

it was known that Me3SiI could remove coordinated THF in 

some systems.52 Thus, the THF adduct of the tris(imide) 

W(=NAr)3(THF) • nTHF was reacted with Me3SiI. The resulting 

complex was not the base free tris(imide), but proved to be 

a bis(imide) - amide, W(=NAr)2[N(SiMe3)Ar]I, in which the 

electrophilic Me3Si+ attacked one of the imide nitrogens.50 

Since the PMe3 neutral species (15) was much easier to 

make than the elusive THF adduct, similar experiments were 

conducted with the PMe3 adduct and other electrophiles. The 

complex W(=NAr)3(PMe3) is quite reactive towards 

electrophiles. Thus, W(=NAr)3(PMe3) undergoes several 

reactions in which an electrophile attacks the imide 

nitrogen. W(=NAr)3(PMe3) is observed to react with excess 

Me3SiI in pentane to give the product, W(NAr)2[N(SiMe3)Ar]I, 

which can then be recrystallized from cold pentane, reaction 
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3.5. A white powder was separated out upon work up, which 

NMR showed to be [PMe3 (SiMe3) ]I. Similarly, upon the 

reaction of W(=NAr) 3 (PMe3) with Mel in benzene (72 C°, 24 

h), two products are formed; yellow W(=NAr)2(NMeAr)I and 

[PMe^I, also separated upon work up. These reactions are 

quite similar to Bergman's reaction of Cp*Ir(=NAr) plus 

excess Mel in which [PMe^I is also obtained.53 

Me3SiI reacts with W(=NAr)3(PMe3) under less forcing 

conditions than Mel. This is probably due to the greater 

electrophilicity of the Si in Me3SiI than that of the C in 

Mel. Both compounds have been characterized by ^H, 13C NMR, 

and elemental analysis. Differences between the imido 

ligands and the amido ligand can be observed in both % and 

"C NMR, upon the addition of either Me or SiMe3 to a former 

imide nitrogen. In the R = Me case the -CH(Me>2 of the amide 

ligand is coincident with that of the imide ligands at room 

temperature, at 250 MHz. 

15 

PME 

M03SII / pentare 

16 
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Metallocyclie Complexes 

Continuing to explore the reactivity of the neutral 

species, 15 with electrophiles, reactions were attempted 

with CO2 and isocyanates. Complexes with coordinated 

isocyanate ligands are thought to be intermediates in the 

transition-metal catalyzed conversion of nitro compounds to 

urea derivatives, cardodiimides or isocyanates. Isocyanates 

are known to easily undergo polar cycloadditions with many 

unsaturated substrates. Isocyanates can be looked upon as 

heteroallenes (X=C=Y in the following) and may display 

several modes of coordination. Because carbon dioxide has 

weak coordinating properties, formal substitution of an NR 

functionality funtion is helpful in that it increases the 

polarization of the double bond and thus increases the 

reactivity. It is for that reason that isocyanates are 

suitable reagents for understanding the behavior of carbon 

dioxide.54'55 

Isocyanates have found utility in the formation of 

imido complexes via C=N bond cleavage (see Introduction). 

The following is assumed to proceed via a four membered 

metallocycle 
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Figure 3.2 

LnM=0 + RNCO > -> LnM=NR + CO 2 

Herrmann and co-workers report a cycloadduct of 

Cp*Re[NPhC(0)NPh] (T|2-RC=CR) which is proposed to go through 

an imide complex, Cp*Re(=NPh) (T|2RC=CR) , starting from a Re 

oxo complex and adding excess PhNCO. It is postulated that 

there is an equilibrium between C02 and the imide and that 

is why the imide complex is not isolated.49 

The' tungsten tris(imide) complex W(=NAr)3(PMe3) has 

been shown to also engage in metallocyclization chemistry. 

Thus W(=NAr)3(PMe3) reacts readily with excess phenyl 

isocyanate in pentane, (room temperature) to afford an 

orange powder which precipitates from solution over a 3 hour 

period, reaction 3.6. The product (19) is proposed to be a 

metallacycle in which the C=N bond has added to the W=N 

multiple bond in a formal [2+2] cycloaddition. The structure 

can be suggested by its IR spectrum in which the CO bond 

stretch is observed at 1656 cm-1. 
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. ̂  JL ) ̂v/V-O 3.6 
II^N-p Orf-NPh ' iN't\/ 

15 19 

This is the same stretching frequency (1656 cm-1) that 

Bergman observed in his metallacycle in which he reacted 

(Cym)Os(=NtBu) and ^BuNCO to give a cycloadduct.56 

Similarly, tert-butylisocyanate, ^-BuN=C=0, also reacts 

with W(=NAr)3(PMe3). The reaction again is carried out in 

pentane at room temperature to afford a pale orange powder 

which also appears to be a metallacycle. The v(CO) stretch 

in this complex is observed at 1625 cm-1. Both cycloadducts 

are obtained in high yield (90%) but attempts to grow 

crystals of either product have thus far failed (however, 

both are obtained pure enough for elemental analysis). 

Carbon dioxide is also seen to react with 

W(=NAr)3(PMe3) to give a metallocyclic product. By 

dissolving W(=NAr)3(PMe3) in pentane and bubbling CO2 into 

the solution, a reaction takes place (room temperature), 

noted by the color change from red to yellow and the 

precipitation of a yellow powder, reaction 3.7. The 

precipitate was obtained in 45% yield based upon the 

proposed "cycloadduct" (20). 
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^<Q> 
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r.t. 

CO 2 
c=o 3.7 

15 20 

The C=0 bond stretch of this complex is observed at 1672 cm" 

1. Bergman, in a similar reaction, noted a C=0 bond stretch 

at 1708 cm-1 for his Cp*Ir(N^BuOCO) complex.52 The ^ NMR 

spectrum for complex 22 shows two inequivalent aryl groups. 

Crystals of 22 suitable for x-ray analysis can be obtained 

by recrystallization in toluene at room temperature for 

approximately 48 hours. Unfortunately, the sample decays 

rapidly upon exposure to X-rays. 

The isolation of complex 20 supports the proposed 

intermediate in Figure 3.2, since this complex, as well as 

Herrmann's proposed intermediate, are all similar. In 

Herrmann's scheme, an oxo complex reacts with excess 

isocyanate to form an N,N-ureato adduct, with an imido 

intermediate in equilibrium with C02. Again, reaction 3.7 is 

the reverse of Herrmann's; starting with his proposed 

intermediate and obtaining a compound that is similar to his 

starting material.43 

Upon heating the CO2 adduct in a sealed NMR tube (100 

°C), the NMR spectrum shows the dissociation of 2,6-

diisopropylphenylisocanate. The metal product has yet to be 
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determined, but is believed to be some type of metal oxo 

species, perhaps W(=NAr)(0)(PMe3). 

Alcohols react with W(=NAr)3(PMe3) by initial 

protonation of an imido ligand, and PMe3 displacement from 

the neutral compound to form bis(imide)-amide phenoxides or 

bis(imide) bis(phenoxides) with 1 or 2 equivalents of 

alcohol respectively, Scheme 3.2. 

Scheme 3.2 

1 H-OAr 

pentane 

PMe, 

x 2 H-O Bu 

pentane 

.J? 
% 4 
,w 

* \ ' 
N 

H 

21 

/W 

22 

Thus, upon reacting one equiv of 2,6-dimethylphenol with 

W(=NAr)3(PMe3), protonation of an amide takes place 

producing the yellow W(=NAr)2(NHAr)(OAr•) and free PMe3. 

NMR spectroscopy reveals that the proton on the amide 

appears at 7.88 ppm. Similar reactions with smaller alcohols 



62 

give analogous results but the resulting products do not 

crystallize well. With the addition of another equivalent of 

alcohol, the amide ligand is protonated and leaves as the 

free aniline. The remaining OAr' adds to the tungsten to 

give W(=NAr)2(OAr*)2• The free aniline causes the product to 

be isolated in low yield and causes recrystallization to be 

difficult. Yellow crystals can be obtained in cold pentane, 

but in low yield. 

EXPERIMENTAL 

[nBu4N][W(=NAr)3Br] <10). [Li(THF)4 ] [W(=NAr)3C1] (1.0 

g, 0.96 mmol) was dissolved in ca. 20 mL of benzene. One 

equiv (.309 g, 0.96 mmol) of nBu4NBr was added directly to 

the solution. The mixture was stirred for 15 h over which 

time it became orange in color and formed a white 

precipitate. The precipitate was filtered through Celite. 

The solvent was removed from the filtrate in vacuo which 

afforded a It. orange solid which was then tritrated with 

pentane, collected on a frit and dried in vacuo; yield 0.89 

g (0.87 mmol, 90%). Analytically pure compound was obtained 

by recystallization from Et20 solution at -35 °C. *H NMR 

(C6D6): 67.17 - 7.15 (A2B mult, 9 H, Haryl), 4.19 (sept, 6 

H, CHMe2), 2.31 (b m, 8 H, NCH2CH2CH2CH3) , 1.42 (d, 36 H, 

CHCH3 ), 1.09 and 0.93 (br m, 16 H, NCH2CH2CH2CH3) , 0.80 

(pseudo t, 12 H, NCH2CH2CH2CH3) . 13C NMR (C6D6) 8 156.5 

(cipso) ' 139.9 (C0£>tho) r 121.5 (Cmeta)' 119.6 (Cpara)' 58.4 
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(NCH2CH2CH2CH3), 23.8 (NCH2CH2CH2CH3), 19.7 (NCH2CH2CH2CH3), 

13.8 (NCH2CH2CH2CH3), 28.5 (CHCH3), 24.10 (CHCH3). Anal, 

calcd for C52H87BrN4W: C, 60.51; H, 8.50; N, 5.47. Found: C, 

60.44; H, 9.02; N, 5.28 

[Li(THF)4][W(=NAr)3CH3] (11). To a cold (-35 C) 

solution of 1.00 g (0.96 mmol) of [Li(THF)4][W(=NAr)3CI] in 

30 mL of diethyl ether was added one equiv of MeLi (0.68 mL 

of a 1.4 M solution in diethyl ether) dropwise. The solution 

was allowed to stir for 18 h, after which a color change to 

a lighter yellow was observed. The solvent was then removed 

in vacuo to leave a It yellow oil. The product was extracted 

with diethyl ether, the ether extract was filtered through 

Celite, and the solvent was removed in vacuo, leaving a 

yellow solid. The solid was washed with minimal cold (-35 0 

C) pentane, collected on a frit and dried in vacco; yield 

0.60 g (0.59 mmol; 61%) XH NMR (C6D6) : 5 7.18 - 6.93 (A2B 

mult, 9 H, H aryl) , 3.80 (sept, 6 H, CHMe2, ), 3.28 (m, Ca 

H, THF), 1.53 (s, 3 H, WCH3) , 1.28 (d, 36 H, CHMe2,), 1.21 

(m, CpH, THF). "c NMR (C6D6): 5 155.3, (Cipso, NAr) , 139.3, 

(C0, NAr), 122.3 (Cm, NAr), 121.6, (Cp, NAr), 68.5, (Ca, 

THF), 28.4 (CHMe2, NAr), 25.2, (Cp, THF), 24.1, (CHMe2' 

NAr),.15.3, (CH3). 

[Li(THF)4][W(=NAT)3tBU] (12). To a cold (-35 °C) 

solution of 0.20 g (0.19 mmol) of [Li(THF)4][W(=NAr)3CI] in 

ca. 20 mL of THF was added one equiv of Li^Bu (0.12 mL, 0.19 
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mmol, of 1.6 M solution in hexane) dropwise. The solution 

was allowed to stir ' at room temperature for 18 h, after 

which the solution was removed in vacuo, leaving a yellow 

oil. The product was extracted with diethyl ether, the ether 

extract was filtered through Celite, the solvent removed in 

vacuo to provide a yellow solid. The solid was washed with 

minimal cold pentane, collected on a frit, and dried in 

vacuo; yield 0.035 g (0.04 mmol) or 21.0 %. NMR (CgDg): 6 

7.16—6„95, (A2B mult, 9 H, Haryl) , 3.88, (m, 6 H, CHMe2, 

NAr) , 3.33, (m, 12 H, CaH, THF) , 2.22, (s, 9 H, C(CH3)3), 

1.25-1.22 (psuedo d, 36 H, CHMe2, NAr), (CpH are beleived to 

lie underneath the CHMe2 peaks). 

[Li(THF)4][W(=NAr)3Np'3 (13). To a cold (-35 C) 

solution 0.127 g (0.12 mmol) of [Li(THF)4][W(=NAr)3C1] in 

ca. 25 mL of THF, was added one equiv of solid LiNp'(0.011 

g, 0.12 mmol). The mixture was allowed to warm to room 

temperature over 15 h while stirring. The solvent was 

removed in vacuo leaving an oily solid. The solid was 

extracted with diethyl ether, the ether extract was filtered 

through Celite, and the solvent removed from the filtrate in 

vacuo to sticky yellow solid. This solid was taken up in ca. 

10 mL of pentane and cooled to -35 °C for 24 h, where upon a 

yellow solid precipitated. The yellow powder was collect on 

a frit and dried in vacuo; (0.058 g, 0.053 mmol) 44% yield. 

!h NMR (C6D6) : 8 7.17 -6.88 (A2B mult, 9 H, Haryl), 3.89 
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(spt, 6 H,CHMe2), 3.32 (m, 16, CaH, THF) , 1.27 (m, 

overlapping with 6 1.26 signal, 16 H, CpH, THF), 1.26 (d, 36 

H, CHMe2)/ 0.33 (s, 9 H, CH2SiMe3). 

Li(THF)4][W(=NAr)3H] (14). To a cold (-35 °C) solution 

of 0.25 g (0.24 mmol) of [[Li(THF)4][W(=NAr)3C1] in 20 mL of 

THF was added LiBEt3H (0.24 mL, 0.24 mmol) dropwise. The 

reaction mixture was allowed to stir at room temperature for 

15 h, after which the solvent was removed in vacuo to afford 

a yellow, oily residue. The product was extracted with 

diethyl ether, the ether extract was filtered through 

Celite, and the solvent removed in vacuo, leaving a sticky 

yellow solid. The product taken up in pentane and cooled to 

-35 °C for 24 h, after which a It. yellow powder was 

collected on a frit and dried in vacuo; 0.05 g of product 

(0.05 mmol, 20.8 %) . XH NMR (C6D6) : 8.11.30, (s, 1 H, WH) , 

7.18-6.90, (A2B mult, 9 H, Haryi), 3.90, (m, 6 H, CHMe2, 

NAr) , 3.39, (m, CaH, THF), 1.31, (d, 36 H, CHMe2, NAr) , The 

CpH of the THF are buried under the CHMe2. 

W(=NAr)3(FHe3) (15). A solution of 2.00 g (1.92 mmol) 

of [Li(THF)4][W(=NAr)3C1] in ca. 50 mL of benzene was cooled 

to -78 °C (C02/acetone). A 0.44 g (5.80 mmol) sample of PMe3 

was also cooled to -78 °C and then added dropwise (neat) at 

a rate of 2 drop/sec to the stirred [Li(THF)4][W(=NAr)3Cl] 

solution. The solution was allowed to warm to room 

temperature over several hours during which time the color 
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of the solution changed from a yellow to a deep cherry red. 

After being stirred for 15 h, the reaction volatiles were 

removed to afford a red oil. The product was extracted with 

0Et2, the extract was filtered through Celite, and the 

solvent was removed from the filtrate in vacuo to afford a 

red solid. The product was washed with cold pentane and 

dried in vacuo; yield 92%, (1.4 g, 1.78 mmol) of 

W(=NAr)3(PMe3) suffiently pure for further reactions. 

Analytically pure product was obtained by recrystallization 

at -35 °C in minimal pentane. NMR (CgDg) : 8 7.18 - 6.94 

(A2B mult, 9 H, Haryi), 3.96 (spt, 6 H, CHCH3), 1.24 (d, 36 

H, CHCH3), 1.21 (d overlapping with 8 1.24 signal, 9 H, 

P(CH3)3). 13C HMR (C6D6): 8 155.0 (Cipso, NAr), 140.4, (CQ, 

NAr) , 122.9 (Cp, NAr), 122.1 (Cm, NAr), 28.2 (CH(CH3)2, 

NAr), 23.9, (CH(CH3)2, NAr), 16.7 (P(CH3)3 ). Anal. Calcd. 

for C39H60N3PW: C, 59.62; H, 7.69; N, 5.34. Found: C, 59.54; 

H, 7.61. 

W(=NAr)2[N(SiMe3)Ar]I (16). Neat Me3SiI (0.224 g, 1.11 

mmol, ca. 0.16 mL) was added dropwise to a stirred solution 

of 0.15 g (0.19 mmol) of W(=NAr) 3 (PMe3) (15) in 20 mL of 

pentane. This mixture was stirred at room temperature for 24 

h, over which time the solution had become cloudy, and red 

orange in color. The reaction mixture was filtered (fine 

porosity frit) and the volatile components were removed in 

vauo to afford an orange oil which, upon trituration with 
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cold pentane formed an orange powder. This powder was 

collected by filtration and dried in vacuo; yield 0.09 g, 

(0.10 mmol, 52.63%). Analytically pure compound was obtained 

by recrystallization from pentane solution at -35 °C. NMR 

(CgDg) • 5 7.16 (m, 9 H total, ^aryl) ' 3.71 (broad m, 6 H 

total, CH(CH3)2 NAr and NHAr), 1.27 (m, 36 H total, 

CH(CH3)2), 0.48 (S, 9 H, Si(CH3)3). 13C NMR (C6D6): 8 151.9 

and 148.5 (Cipso, NAr and NHAr), 142.0 and 128.2 (CQ, NAr 

and NHAr); 126.8 and 126.5 (Cp, NAr and NHAr), 124.8 and 

122.7 (Cm, NAr and NHAr), 29.1, (CH(CH3)2 ,NHAr), 28.2 

(CH(CH3)2, NAr), 26.2 and 25.2 (CH(CH3)2, NAr), 24.7 and 

23.1 (CH(CH3)2), NHAr), 2.61 (Si(CH3)3). Anal. Calcd. for 

C39H6oISiN4W: C, 51.49; H, 6.65; N, 4.62. 

W(=NAr)2(NMeAr)I (17). An ampule (Teflon stopcock) was 

charged with 0.15 g (0.19 mmol) of W(=NAr)3(PMe3), 20 mL of 

benzene, and excess Mel (0.298 g, 2.05 mmol). The reaction 

vessel was closed, placed in an oil bath maintained at ca. 

70 °C, and allowed to stir for 15 h. Over this time the 

solution's red color had turned to pale yellow and a white 

precipitate ([Me4P]I by *H NMR) had formed. The reactions 

volatiles were removed in vacuo and the sticky residue was 

dissolved in minimal pentane. The pentane solution was 

stored at -35 °C for two d after which the yellow crystals 

which had formed were collected by filtration and dried in 

vacuo; yield 0.095 g (0.11 mmol, 59%). Samples of 
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W(=NAr)2[NMeAr]I could be recrystallized from pentane 

solutions at -35 °C. ^-H NMR (CsDg) : 8 7.00 (overlapping A2B 

mult. 9 H total , Haryl), 3.83 (s, 3 H, NMeAr) , 3.58 (br, 

overlapping spt, 6 H total, CHMe2, NAr and NMeAr), 1.14 (br, 

overlapping d, 36 H total, CHMeg. NAr and NMeAr). 

W(=NAr)2[NArC(0)NtBu](PMe3) (18). Neat t-butyl 

isocyanate (0.092 g, 0.928 mmol, ca. 0.10 mL) is added 

dropwise to a stirred solution of (0.15 g, 0.190 mmol) of 

W(=NAr)3(PMe3) (15) in ca. 20 mL of pentane at room 

temperature. This mixture was allowed to stir for 15 h 

during whch time and orange powder precipitated out. The 

powder was collected by filtration, washed with minimal 

pentane, and dried in vacuo; yield 0.12 g (0.136 mmol, 

71.5%). Samples were pure for elemental analysis. (C6D6): 

8 1.78 (s, 9 H, tBu), 1.64 (d, 6 H, CH(CH3)2 NHAr); 1.38 (d, 

6 H, CH(CH3)2 NHAr), 1.28 (m, 24 H, CH(CH3)2 NAr), 3.98 

(sept, 4 H, CH(CH3)2 NAr), 3.77 and 3.72 (sept, 2 H, 

CH(CH3)2 NHAr), 1.00 (d, 9 H, P(CH3)3), 7.02 (t, 2 H, Hp 

NAr), 7.17 (m, 4 H, Hm NAr), 7.34 (m, 3 H, Hm and Hp NHAr), 

13C (C6D6): 8 151.6 and 147.3 (Cipso, NAr and NHAr), 144.6 

and 140.3 (CQ, NHAr and NAr), 126.4 and 126.2 (Cp, NAr and 

NHAr), 123.2 and 122.7 (Cm, NHAr, NAr), 31.7 ( C(CH3)3 ), 

29.1 and 28.2 (CHMe2, NHAr), 27.4 (CHMe2, NAr), 26.8 

(C(CH3)3 ), 24.6 and 24.5 (CHMe2, NAr) 23.9 and 23.0 (CHMe2, 
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NHAr), 14.3 and 13.8 (PMe3). Anal. Calcd for C44H69N4POW: C, 

59.17; H, 7.97; N, 6.42. Found: C, 58.84; H, 8.10; N, 6.50. 

W(=NAr)2[NArC(O)NPh](PMe3) (19). Neat phenyl 

isocyanate (0.192 g, 1.61 mmol, ca. 0.17 mL) was added 

dropwise to a stirred solution of (0.15 g, 0.19 mmol) of 

W(=NAr)3(PMe3) (15) in 15-20 mL of pentane at room 

temperature. A reaction was observed as this mixture was 

stirred for 15-20 min over which time an orange powder 

precipitated out. The powder was collected by filtration, 

washed with minimal cold pentane, and dried in vacco; yield 

o. 15 g (0.16 mmol, 82%). Sample was pure for elemental 

analysis. *H NMR (C6D6) : 6 0.73 (d, 9 H, P(CH3)3), 1.02 (d, 

12 H, CH(CH3)2, NAr) , 1.16 (d, 12 H, CH(CH3)2, NAr) , 1.27 

(d, 6 H, CH(CH3)2, NHAr), 1.60 (d, 6 H, CH(CH3)2, NHAr), 

3.74 (br m 6 H, CH(CH3) 2, # NAr and NHAr), 6.94 (mult, 12 H, 

Hp and Hm, NHAr, NAr, Ph) , 8.01 (d, 2 H, Ho, Ph) . 13C NMR 

(C6D6): 5 23.9 (CH(CH3)2, NHAr and NAr), 25.0 and 28.02 

(CH(CH3)2, NAr), 25.3 and 28.8 (CH(CH3)2, NHAr), 152.6 and 

1 4 6 . 7  ( C i p s o ,  NAr and NHAr), 1 4 5 . 0  and 1 4 0 . 3  ( C Q ,  NHAr and 

NAT), 133.3, 133.1, 131.7, 129.3 and 129.2, (H0flIl/p, Ph) , 

126.8 and 126.7 (Cp, NAr and NHAr), 123.7 and 122.8 (Cm, 

NHAr and NAr). Anal. Calcd for C46H65N4PWO: C, 61.06; H, 

7.24; N, 6.19. Found: C, 61.53; H, 7.52; N, 5.77. 

W[NArC(0)0](=NAr)2(PMQ3) (20). Carbon dioxide was 

bubbled through a rapidly stirred, room temperature solution 
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of 0.15 g (0.19 mmol) of W(NAr) 3 (PMe3) (15) in 30 mL of 

pentane for 10 min. The CO2 addition was then stopped and 

the reaction allowed to stir for an additional 12 h, over 

which time a yellow precpitate formed. The yellow solid was 

collected by filtration, washed with pentane, and dried in 

vacuo; yield 0.10 g (0.12 mmol, 63%). Analytically pure 

samples were obtained by recrystallization by dissolving in 

minimal toluene, and allowing to stand at room temperature. 

NMR (C6D6) : 6 1.40 (m, 36 H, CH(CH3)2 NAr and NHAr) , 0.88 

(d, 9 H, P(CH3)3), 3.37 (m, 6 H, CH(CH3)2 NHAr and NAr), 

7.04 (m, 9 H, Hm amd Hp, NAr and NHAr). 13C NMR (CDC13) : 8 

151.6 (Cipso, NAr), 145.7 (Cipso, NHAr), 143.3 (CQ, NHAr), 

139.2 (CQ, NAr), 126.5 and 125.8 (Cp, NHAr and Nr), 123.2 

and 122.4 (Cm, NHAr and NAr). Anal. Calcd. for C40H6oN3PWO: 

C, 57.90; H, 5.06; N, 7.29. Found: C, 57.38; H, 5.13; N, 

7.37 

W(=NAr)2(NHAr)(OAr') (21). A solution of 2,6 

dimethylphenol (0.023 g, 0.19 mmol) in 2 mL of pentane was 

added dropwise to a stirred solution of W(NAr)3(PMe3) (.15 

g, .19 mmol) in 20 mL of pentane. The reaction was allowed 

to stir at room temperature for 15 h during which time the 

solutin had changed form a clear red solution to a clear 

yellow solution. After this time the solvent was removed in 

vacuo to afford a clear, pale yellow oil wich was dissolved 

in minimal pentane and stored at -35 °C for ca. 24 h. The 
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crystals which had formed were filtered off and dried in 

vacuo; yield 0.08 g (0.09 mmol, 42%). Analytically pure 

samples were obtained by recystallization from a minimal 

volume of pentane at -35 C. % NMR (C6D6) s 5 2.44 (s, 6H, 

CH3 OAr'), 1.07 (d, 12 H each, CHMe2, NAr and NHAr) , 3.76 

(spt, 2 H, CH(CH3)2 NHAr), 3.45 (spt, 4 H, CH(CH3)2 NAr), 

7.88 (s, 1 H, NHAr), 6.93 (overlapping mult, 12 H total, 

Haryi; NAr,NHAr, and OAr1), 13C NMR (C6D6): 6 160.6 

(Cipso,Ph), 151.4 and 145.0 (Cipso NAr and NHAr), 143.2 and 

142.9 (CQ NAr and NHAr), 128.8 (CQ, Ph) , 127.3 (Cp, Ph) , 

126.4, (Cm, Ph) , 125.6 and 123.8 (Cp, NAr and NHAr), 122.3 

and 122.2 ( Cm NAr and NHAr), 28.8 and 28.4 (CH(CH3)3, NAr 

and NHAr), 24.1, 23.83, and 23.5 (CH(CH3)3, NAr and NHAr), 

17.3 (CH3, Ph). Anal.Calcd for C44H61N3WO: C, 63.53; H, 

7.39; N, 5.34. Found: C, 58.89; H, 7.69; N, 5.34. 

W(=NAr)2(O^Bu)2 (22). A solution of t-butanol (0.095 g, 

1.28 mmol) in ca. 1 mL of pentane was added dropwise to a 

stirred solution of 0.15 g (0.19 mmol) of W(=NAr)3(PMe3) in 

20 mL of pentane. Within 10 min, the solution had changed 

from red to bright yellow in color. The solution was reduced 

in vacuo (to ca. 3-4 mL) and stored at -35 °C for sereral 

days, over which time yellow crystals had formed. These 

crystals were collected by filtration and dried in vacuo; 

yield 0.34 g (0.50 mmol, 79%). Analytically pure compound 

was obtained by recrystallization from minimal volume of 



pentane at -35 C. MMR (CgDg) : 8 7.01 (A2B mult, 6 

total, Haryi), 3.87 (spt, 4 H, CHMe2, NAr), 1.38 (s, 18 

0CMe3), 1.23 (d, 24 H, CHMe2, NAr). 



Chapter 4 

Conclusion 

At the outset of this project, it was hoped that a 

compound could be made that would be capable of [NR] group 

transfer. As discussed in the introduction, the idea of it-

loading the metal center with imido ligands would cause the 

ligands to compete thus activating one to transfer. Though 

this has not been accomplished within the work presented, 

the it-loading concept has opened the door to a variety of 

reactions. 

The work that has been presented has been successful in 

showing a broad range of reactivity of the imide complexes. 

Chapter 2 demonstrated both the intramolecular (as in the 

route to W(=NAr)2Cl2(THF)2) and the intermolecular (as in 

the route to [W(=NAr)3C1]~) pathways of formation of the bis 

and tris(imide) complexes. It also gave a route to the first 

fully characterized tris(imide) of tungsten. This chapter 

also demonstrated that the route to the tris(imido) complex 

8, provides the kinetic product [Li(THF)4][W(=NAr)3CI]. The 

thermodynamic product can be obtained from the kinetic 

product by simply reacting it with one equiv of NH2Ar in 

benzene, affording W(=NAr)2(NHAr)2. There is still the 

possiblity (although unlikely) that the elusive base free 

tris(imide) is an intermediate in these reactions. 
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Upon characterization of the tris(imido) complex 8, 

Chapter 3 demonstrated the reactivity of the tris imide 

complex (both the anionic and the neutral species with both 

nucleophiles and electrophiles. The imide nitrogen proved to 

be nucleophilic in nature, reacting with a varitety of 

electrophiles. This demonstrated that the frontier orbitals 

of the tris(imide) complexes follow that of A in Figure 3.1. 

It shows that the ligand is a z donor with the 71-bonding 

residing mostly with the ligand. This was also suggested by 

Cundari at Memphis State57. The isolation of the CO2 

metallocycle from an imide complex (15) was able to lend 

support to the suggested pathway in Figure 3.2. The 

isolation of metallocylces is promising for future 

reactivity with olefins. 

Future Directions 

Activation of carbon-hydrogen bonds by transition metal 

complexes has undergone intense investigation over the past 

decade. C-H activation is important because of a need for 

organic feedstocks derived from alkanes (especially methane) 

in large scale metal-catalyzed processes. This process 

requires a plentiful supply and reasonable reactivity toward 

transition metals. Alkanes fit the first requirement since 

they are major constituents of natural gas and petroleum. 

Their major drawback is that they are quite unreactive. This 
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is largely due to the high C-H bond energies which range 

from 90 to 98 kcal/mol.14 Unreactivy is also due to the fact 

that on a molecular orbital level, their HOMO is a deep 

lying a orbital and their LUMO is a high lying a* orbitals. 

Lastly the C-H bond is of low polarity which also 

contributes to the lack of reactivity of the alkane.13 What 

is needed is a reagent that can donate electron density to 

the C-H a* orbital and or abstracts electron density from 

the C-H CT bonding orbital. Within this area there has been 

some success. Bergman was able to activate benzene by 

reacting Cp2Zr(NHR)(CH3)58 with benzene to ultimately lose 

CH4 and produce Cp2Zr(NHR)(Ph). In a similar fashion, 

Wolczanki and co-workers reported similar results with their 

('tBU3SiNH) 3ZrCH3 which upon heating in benzene, give 

(*-Bu3SiNH) 3ZrPh.15 

Within our research, it looks as if we were also able 

to activate benzene in a similar fashion to the work above. 

In our system, the Me group of [W(=NAr) 3^3]" could be 

protonated using [HNMe3]BPh4 which resulted in the formation 

of W(=NAr)2(NHAr)CH3. Future directions include the use of 

this compound in order to isolate the C-H activated product, 

"W(=NAr)(NHAr)Ph", by heating W(=NAr)2(NHAr)CH3 in a 

solution of benzene. The loss of CH4 and the 

characterization of the proposed intermediate W(=NAr)3 

through further NMR studies over a range of temperatures 
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could prove to be the method to observe the base free 

tungsten tris(imide).-

Finally, further work with the bis(imide) complex of 

tungsen could prove to be potentially useful. It is this 

1W(=NAr)2' fragment that is similar to Bercaw's TaCp2 

fragment59. Both are 16e- fragments with a + 27t ligands. 

Bercaw was able to react this fragment with acetylynes to 

obtain azametallocylic compounds. It could be through the 

•W(=NAr)21 fragment that the isolation of an aziridine could 

be found by reacting with an olefin. Work with alkynes was 

only touched upon and could stand for further study. 



APPENDIX A 

X-RAY CRYSTALLOGRAPHY DATA 

Table A.l Details of the X-Ray Diffraction Study for 

[Li(THF)4][W(=NAr)3C1]. 

formula 

formula weight 

crystal system 

space group 

a, A 

b, A 

c, A 

fi, A 

v, A 

z 

cryst dimens, mm 

cryst color 

D(calc), g cm3 

H(MoKa), cm-l 

temp, K 

T(max)/T(min) 

Crystal Parameters 

c32H83clLiN3°4w 

1040.49 

monoclinic 

P2i/n 

13.787(4) 

17.348(5) 

22.781(8) 

90.426(28) 

5448.5(30) 

4 

0.46 X 0.32 X 0.06 

yellow 

1.268 

23.29 

296 

1.881 
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Table A.l Details of the X-Ray Diffraction Study for 

[Li(THF)4][W(=NAr)3C1].( ) (cont.) 

(b) Data Collection 

diffactometer Nicolet R3m 

monochromator graphite 

radiation MoKa ("k = 0.71073 A) 

20 scan range, deg 4-45 

data collected (h,k,l,) ±15, +19, +25 

rflns. collected 6967 

indpt. rflns 6532 

indt obsvd rflns 2938 

F0Sna(F0) (n = 5) 

std. rflns 3 std/197 rflns 

var. in stds ~ 2 

(c) Refinement 

R(F), % 6.77 

R(WF), % 6.39 

A/a(max) 0.033 

A(p),eA~3 0.822 

N0/Nv 8.2 

GOF 1.231 



Table A.2. Atomic coordinates (xlO4) and isotropic 

thermal parameters (A2Xl03) 

X Y Z U 

w 1208. 0(7) 1871.4(6) 1242.7(4) 43.6 

CI 1394(4) 536(3) 1139(3) 79 

N 1) 70 11) 2010(10) 1588(6) 51 

N 2) 2192 11) 2160(9) 1690(6) 51 

N 3) 1267 11) 2285 10) 517(8) 57 

C 11) -1141 13) 2969 12) 1844(8) 53 

C 12) -2016 15) 3140 19) 2137 91 

C 13) -2489 22) 2589 18) 2494 96 

C 14) -2124 15) 1874 19) 2483 78 

C 15) -1272 14) 1615 15) 2186 69 

C 16) -782 14) 2200 14) 1884 53 

c 17) -657 15) 3591 12) 1470 61 

c 18) -952 18) 3491 16) 840 106 

c 19) -816 18) 4411 15) 1668 105 

c 20) -826 15) 832 13) 2232 71 

c 21) -1590 15) 216 14) 2387 85 

c 22) 6 16) 800 15) 2664 91 

c 31) 2995 12) 3246 12) 2189 46 

c 32) 3837 20) 3513 16) 2456 82 

c 33) 4696 19) 3136 21) 2464 92 

c 34) 4697 17) 2423 14) 2228 51 

c 35) 3896 17) 2094 12) 1979 47 

c 36) 3017 16) 2507 11) 1952 43 

c 37) 2041 16) 3685 15) 2159 85 

c 38) 1354 17) 3447 15) 2650 96 

c 39) 2165 17) 4553 15) 2217 97 

c 40) 3894 15) 1317 12) 1702 55 

c 41) 4683 18) 767 16) 1947 121 

c 42) 4002 16) 1344 15) 1037 88 



continued 

C(51) 1349 17) 3451 15) -70 63 

C(52) 1252 14) 3805 13) -606 61 

C (53) 1056 17) 3339 14) -1094 75 

0(54) 861 18) 2593 12) -1043 60 

C (55) 924 16) 2176 12) -520 54 

C(56) 1189 17) 2678 18) -33 62 

C (57) 787 15) 1341 13) -463 64 

C(58) -223 17) 1202 16) -225 107 

C (59) 928 19) 875 17) -1014 122 

C (60) 1682 15) 3899 13) 493 67 

C(61) 2732 14) 3794 14) 614 75 

C(62) 1348 16) 4720 14) 475 87 

0(2) 5918 11) 3459 10) 390 89 

0(3) 7051 11) 3050 11) -740 97 

0(4) 6676 12) 1711 11) 207 110 

0(71) 5486 20) 3394 18) 989 108 

C(72) 5431 24) 4117 24) 1193 144 

C(73) 5974 25) 4723 22) 828 160 

0(74) 6197 22) 4197 20) 283 141 

0(81) 8127 23) 2891 21) -765 137 

C(82) 8337 22) 3109 21) -1399 128 

0(83) 7576 22) 3461 17) -1680 109 

C(84) 6780 20) 3553 17) -1239 102 

0(91) 7183 21) 1679 20) 765 117 

C(92) 7429 24) 906 24) 844 145 

C(93) 7117 24) 394 22) 363 163 

C(94) 6700 25) 947 23) -84 159 

Li 6041 34) 2604 26) -148 84 

0(5) 4936 15) 2383 12) -613 127 

C(101) 4630 40) 1722 35) -1123 265 

C(102) 3570 39) 1654 35) -966 259 

C(103) 3634 38) 2589 31) -1026 236 

C(104) 3955 38) 2498 26) -388 208 
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•Equivalent isotropic U defined as one third of the trace of 

the orthogonalized U^j tensor 



Table A.3 Bond lengths (&) 

W-Cl  2 .342 6)  .  W-N( l )  1 .777(15)  
W-N(2)  1 .763 15)  W-N(3)  1 .805(18)  
N( l ) -C(16)  1 .398 25)  N(2) -C(36)  1 .415(26)  
N(3) -C(56)  1 .430 29)  C( l l ) -C(12)  1 .415(28)  
C( l l ) -C(16)  1 .427 31)  C(H) -C(17)  1 .530(29)  
C(12) -C(13)  1 .415 41)  C(13) -C(14)  1 .338(44)  
C(14) -C(15)  1 .434 30)  C(15) -C(16)  1 .401(32)  
C(15) -C(20)  1 .494 33)  C(17) -C(18)  1 .499(30)  
C(17) -C(19)  1 .508 33)  C(20) -C(21)  1 .543(31)  
C(20) -C(22)  1 .507 30)  C(31) -C(32)  1 .385(31)  
C(31) -C(36)  1 .391 28)  C(31) -C(37)  1 .521(30)  
C(32) -C(33)  1 .353 40)  C(33) -C(34)  1 .348(42)  
C(34) -C(35)  1 .363 32)  C(35) -C(36)  1 .408(31)  
C(35) -C(40)  1 .489 29)  C(37) -C(38)  1 .529(33)  
C(37) -C(39)  1 .522 37)  C(40) -C(41)  1 .548(34)  
C(40) -C(42)  1 .526 29)  C(51) -C(52)  1 .372(31)  
C(51) -C(56)  1 .362 40)  C(51) -C(60)  1 .566(33)  
C(52) -C(53)  1 .399 30)  C(53) -C(54)  1 .327(33)  
C(54) -C(55)  1 .397 30)  C(55) -C(56)  1 .454(32)  
C(55) -C(57)  1 .467 31)  C(57) -C(58)  1 .518(32)  
C(57) -C(59)  1 .507 34)  C(60) -C(61)  1 .482(29)  
C(60) -C(62)  1 .498 33)  0 (2) -C(71)  1 .496(33)  
0 (2) -C(74)  1 .359 38)  0 (2) -L i  1 .933(48)  
° (3 ) -C(81)  1 .510 35)  0 (3) -C(84)  1 .478(32)  
O(3) -L i  2 .095 49)  0 (4) -C(91)  1 .445(32)  
0 (4) -C(94)  1 .482 44)  0 (4) -L i  1 .952(49)  
C(71) -C(72)  1 .340 51)  C(72) -C(73)  1 .538(52)  
C(73) -C(74)  1 .574 49)  C(81) -C(82)  1 .523(45)  
C(82) -C(83)  1 .368 43)  C(83) -C(84)  1 .502(40)  
C(91) -C(92)  1 .395 53)  C(92) -C(93)  1 .474(50)  
C(93) -C(94)  1 .509 51)  L i -0 (5)  1 .889(51)  
0 (5) -C(101)  1 .684 61)  0 (5) -C(104)  1 .464(56)  
C(101) -C(102)  1 .512 77)  C(102) -C(103)  1 .631(81)  
C(103) -C(104)  1 .526 72)  
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Table A.4 Bond angles (°) 

Cl-W-N(1) 106.0 6) Cl-W-N(2) 104.7 5) 
N(1)—W-N(2) 112.5 7) Cl-W-N(3) 107.2 6) 

4J(1)-W-N(3) 113.5 7) N(2)--W-N(3) 112.1 7) 
W-N(l)-C(16) 173.4 15) W-N(2)-N(3) 167.7 14 
W-N(3)-C(56) 171.4 15) C 12 -C(ll)-C16) 117.5 21 
C{12)-C(ll)-C{17) 119.5 21) C 16 -Cll)-C(17) 122.8 17 
C(11)-C(12)-C(13) 121.9 27) C 12 -C(13)-C(14) 116.1 26 
C(13)-C(14)-C(15) 127.5 26) C 14 -C(15)-C(16) 113.8 23 
C(14)-C(15)-C(20) 126.1 22) C 16 -C(15)-C(20) 119.6 18 
N(1)—C(16)-C(11) 118.8 18) N 1) -C(16)-C(15) 118.4 20 
C(ll)-C(16)-C(15) 122.7 18) C 11 -C(17)-C(18) 109.6 18 
C(ll)-C(17)-C(19) 115.7 17) C 18 -C(17)-C(19) 110.9 19 
C(15)-C(20)-C(21) 111.4 17) c 15 -C(20)-C(22) 113.0 19 
C(21)-C(20)-C(22) 110.0 18) c 32 -C(31)-C(36) 117.2 19 
C(32)-C(31)-C(37) 125.0 21) c 36 -C(31)-C(37) 117.7 18 
C(31)-C(32)-C(33) 125.1 25) c 32 -C(33)-C(34) 116.2 25 
C(33)-C(34)-C(35) 123.1 23) c 34 -C(35)-C(36) 120.0 19 
C(34)-C(35)-C(40) 123.7 20) c 36 -C(350-C(40) 116.3 18 
N(2)-C(36)-C(31) 122.4 18) N 2)--C(36)-C(35) 119.4 17 
C(31)-C(36)-C(35) 118.2 18) c 31 -C(37)-C(38) 111.9 19 
C(31)-C(37)-C(39) 113.2 19) c 38 -C(37)-C(39) 105.9 20 
C(35)-C(40)-C(41) 114.0 18) c 35 -C(40)-C(42) 113.1 18 
C (41)-C(40)-C(42) 107.7 18) c 52 -C(51)-C(56) 118.7 22 
C(52)-C(51)-C(60) 122.3 22) c 56 -C(51)-C(60) 118.9 20 
C(51)-C(52)-C(53) 117.8 22) c 52 -C(53)-C(54) 122.1 21 
C(53)-C(54)-C(55) 124.7 21) c 54 -C(55)-C(56) 110.8 20 
C(54)-C(55)-C(57) 125.4 19) c 56 -C(55)-C(57) 123.8 19 
N(3)—C(56)-C(51) 120.9 21) N 3)-•C(56)-C(55) 113.5 23 
C(51)-C(56)-C(55) 125.6 21) C 55 -C(57)-C(58) 107.9 19 
C(55)-C(57)-C(59) 116.1 19) c 58 -C(57)-C(59) 109.6 19 
C(51)-C(60)-C(61) 111.8 18) c 51 -C(60)-C(62) 111.2 18 
C(61)-C(60)-C(62) 115.0 19) c 71 -0(2)-C(74) 110.5 21 
C(71)-0(2)-Li 123.9 21) c 74 -0(2)-Li 125.6 21 
C(81)-0(3)-C(84) 108.8 19) c 81 -0(3)-Li 127.9 20 
C(84)-0(3)-Li 123.2 19) c 91 -0(4)-C(94) 110.3 22 
C(91)-0(4)-Li 127.3 22) c 94 -0(4)-Li 122.4 22 
0(2)-C(71)-(72) 105.7 26) c 71 -C(72)-C(73) 115.0 30 
C(72)-C(73)-C(74) 97.4 28) o 2)- C(74)-C(73) 110.3 25 
0(3)-C(81)-C(82) 100.6 23) c 81 -C(82)-C(83) 113.8 26 
C(82)-C(83)-C(84) 107.2 24) 0 3)- 0

 
00

 
4^

 1 o
 

00
 

u
 

105.6 21 
0(4)-C(91)-C(92) 105.5 26) c 91 -C(92)-C(93) 114.4 29 
C(92)-C(93)-C(94) 103.1 31) 0 4)--C(94)-C(93) 106.0 26 
0(2)-Li-0(3) 100.7 21) o 2)--Li-0(4) 112.8 24 
0(3)-Li-0(4) 105.2 22) o 2)--Li-0(5) 115.9 25 
0(3)-Li-0(5) 104.5 23) 0 4)--Li-0(5) 115.4 24 
Li-0(5)-C(101) 136.2 27) Li-0(5)-C(104) 121.2 28 
C(101)-O(5)-C(104) 96.2(29) O 5)-•C(101)-C(102) 97.3(37) 
C(101)-C(102)-C(103) 81.3(40) C 102)-C(103)-C(104) 80.3(34) 
0(5)-C(104)-C(103) 86.6(36) 
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APPENDIX B 

EXPERIMENTAL DETAILS 

SYNTHESIS AND PURIFICATION 

General Details. All experiments were performed under 

a nitrogen atmosphere by either standard Schlenk 

techniques60 or in a Vacuum Atmosphere HE-493 drybox at room 

temperature (unless otherwise indicated). Solvents were 

purified under N2 by standard techniques61 and transferred 

to the drybox or reaction vessel without exposure to air. 

Reagents. The source of and purification method for all 

reagents used are found in Table B.l. Most liquid reagents 

were dried by passing them down a short column (ca. 5-6 cm) 

of activated alumina. 
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Table B.l Source and Purification of Reagents 

Reagent Source Purification 

Method 

WOCI4 Herman C. Starck sublimed 

nBuLi (1.6M) Aldrichh none 

Me3SiCl Petrarch distilled 

pyridine Fisher- distilled from 

Scientific CaH2 

0=C=NAr Aldrich vacuum distilled 

0=C=NtBu Aldrich none 

0=C=NPh Aldrich none 

NH2Ar Aldrich vacuum distilled 

Mel Petrach distilled 

Me3SiI Petrach distilled 

HO^-Bu Aldrich distilled 

HOPh Aldrich distilled 

NH2Ar' Aldrich vacuum distilled 

PMe3 in house 62 

MeLi (1.4 M) Aldrich none 

fcBuLi (1.6 M) Aldrich none 

LiBEt-^H (1 M) Aldrich none 
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PHYSICAL MEASUREMENTS. 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Routine XH (250 MHz) and 13C (62.9 MHz) NMR spectra 

were recorded at probe temperature (unless otherwise 

specified) on a Bruker WM-250 spectrometer in 5 mm tubes. 

Chemical shifts are referenced to protio solvent impurities 

(5 7.15, C6D6; 7.24, CDC13; 0.00 Me4Si (1%, added to C6D6)) 

or solvent 13C resonances (8 128.0, CgDg; 77.0, CDCI3) and 

are reported in ppm downfield of Me4Si. Multiplicities for 

13C resonances (when reported) were obtained from off-

resonance decoupled spectra. Attached proton tests (APT) 

were routinely obtained and used for assigning carbon 

resonances but are not listed. Some assignments were based 

on relative intensities in the broad-band decoupled spectra. 

All NMR samples were prepared under a nitrogen 

atmosphere in a drybox. Deuterated solvents were purchased 

from Aldrich and were dried over a short column (ca. 5-6 cm) 

of activated alumina (basic) prior to use. The samples were 

dried in vacuo, dissolved in the appropriate solvent, 

transferred to an NMR tube, capped, and the cap was wrapped 

with Parafilm before removing the sample from the drybox. 

Spectra were generally obtained within 48 hours of removing 

the samples from the drybox. 
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INFRARED SPECTROSCOPY 

Infrared spectra (reported in cm-1) were recored on 

Nujol mulls between 4000 and 600 cm-1 using a Perkin-Elmer 

1310 spectrometer or on Csl pellets between 4000 cm-1 and 

180 cm-1 using a Perkin-Elmer 983 spectrometer and were not 

assignes (except for key resonances), but used as 

fingerprints (w = weak, m = medium, s = strong intensities; 

sh = shoulder, br = broad, v = very). 

The samples were ground with a mortar and pestle. A 

small amount of Nujol was then added and mixed until a 

homogeneous paste was formed. The mull was then placed 

between two NaCl plates before it was removed from the 

drybox. A spectrum was taken immediately. Samples prepared 

in this fashion were sufficiently stable to obtain spectra 

(12 minute scan) without significant decomposition. 

Cesium Iodide pellets were also prepared in the drybox. 

Amixture of the sample and Csl (ca. 1:10) was crushed to a 

fine homogeneous powder using an agate mortar and pestle. A 

small amount of the mixture was then placed in a pellet 

press and hand tightened before removing from the drybox. 

The sample was fully compressed outside the box to yield a 

transparent disc. A spectrum immediately taken showed no 

significant decomposition. 
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ELEMENTAL ANALYSES 

All samples were stored cold, handled under nitrogen, 

and combusted with tungstic anhydride. 
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APPENDIX C 

LIST OF ABBREVIATIONS 

A = Angstrom 
Anal = analysis 
Ar = 2,6-diisopropylphenyl 
Ar• = 2 , 6-dimethylphenyl 
br = broad 
tBu = tertiary butyl 
Calcd = calculated 
d = doublet (NMR) 
dme = 1,2-dimethoxethane 
0 = degrees Celcius or angular degrees 
Et = ethyl 
g = grams 
h = hours 
Hz = hertz 
ipr = isopropyl 
IR = infrared 
L = ligand 
m = medium (IR) or multiplet (NMR) or meta (13C NMR) 
Me = methyl 
mL = milliliter 
mmol = millimole 
NMR = nuclear magnetic resonace 
o = ortho (13C NMR) 
p = para ("C NMR) 
Ph = phenyl 
ppm = parts per million 
Pr = propyl 
py = pyridine 
q = quartet (NMR) 
R = alkyl 
s = strong (IR) or singlet (NMR) 
spt = septet (NMR) 
t = triplet (NMR) 
THF = tetrahydrofuran 
TMS = trimethylsilyl 
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APPENDIX D 

REAGENT SYNTHESIS 

WOCI4. In a Mcarthy Sublimer 15 g of WOCI4 is sublimed 

at 80 °C for 15 h to give ca. 90% yield of pure W0C14. 

LiNHAr. The lithium amide salt Li(N-2, 6-06%^^) was 

prepared by dissolving 25.0 g (0.14 mmol) of NI^Ar 200 mL of 

diethyl ether was also added. The solution was cooled to 

ice bath temp. One equivalent of nBuLi was added by 

syringe. A white precipitate formed upon addition. The 

solution was stirred for 15 h. On a schlenk fritte the solid 

was canuled over collected, washed with 75 mL of pentane, 

and dried in vacco. 

He3SiNHAr. In a large Schlenck flask, (40.0 g, of 

LiNHAr was placed and app. 300 mL of diethyl ether. 70 mL of 

pentane was added to make a slurry. In a small schlenk the 

Me3SiCl was dissolved in pentane. On the line the LiNHAr 

slurry was cooled down with an ice bath. By canula the 

Me3SiCl was added to the slurry. With a schlenk frit the 

LiCl was filtered off through Celite and the Me3SiNHAr was 

placed under vaccum to pump off all the diethyl ether. 

Collected 40 g of ̂  NMR 
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