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Abstract 

The first reported tris(imido) complexes of group 6, [Li(THF)4][M(NArhCI] 

(M = W (4) or Mo (9», are formed upon treatment of M(NArhCI2(THFh 

complexes with two equiv of LiNHAr. Tris(imido) complexes constitute the 

kinetic products of reaction between M(NArhCI2(THFh and 2 equiv of LiNHAr. 

[Li(THF)4][M(NArhCI] can back react with the H2NAr formed in the reaction to 

give the thermodynamic products M(NArh(NHArh (M = W (29), Mo (11» 

irreversibly. 

Mechanistic evidence for the formation of the bis(imide) complex 

W(NArhCI2(THFh (2) from W(NAr)CliTHF) (1) show the reaction proceeds by 

an a-H abstraction of nascent W(NAr)(NHArhCI2(THF)x' Thus treatment of 

W(NAr)(NEt2)CI2 (8) with LiNHAr yields 2 and Et2NH. 

Mechanistic evidence shows that the formation of tris(imide) complexes 4 

and 9 proceeds through an intermolecular a-H deprotonation. In support of this, 

no 4 is formed upon treatment of W(NArh(NEt2)CI (3) with LiNHAr. 

It is possible to displace the chloride with a variety of nucleophiles to form 

analogs to complexes 4 and 9. For example, treatment of complex 4 with PMe3 

yields W(NArh(PMe3) (5), whereas reaction of complex 9 with pyridine yields 

Mo(NArh(pyr) (16). Alkyl anaologs [Li(THF)4HW(NArhMe] (19) and 
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[Li(THF)4][Mo(NArhMe] (17) are formed upon reaction of 4 and 9 with MeLi, 

respectively. 

Construction of an orbital interaction diagram for tris(imido) complexes 

(M(NArhL), as well as related CpM(NArhCI complexes, reveals that the HOMO 

is a three-fold symmetric ligand-based non-bonding orbital. This makes these 

complexes highly reactive with a variety of electrophiles. Thus protonation of 17 

with [HNMe3][BPh4] yields Mo(NArh(NHAr)Me (23), methylation of 4 with 

methyl iodide yields W(NAr}z[N(Me)Ar]I (33), and reaction of CO2 with 5 yields 

W(NAr}z[N(C(O)O)Ar](PMe3) (38). 

M(NArhL and CpM(NAr}zCI complexes catalyze the metathesis of 

carbodiimides and olefins. The rate of ring opening metathesis polymerization 

(ROMP) of cyclic olefins is greatly enhanced in the presence of Lewis acid 

activators. 
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Chapter 1 

Introduction 

PROSPECTUS 

Imido ligands (NR) belong to a class of ligands capable of interacting with 

a metal center in a 10', 21t symmetry fashion (Figure 1.1). Other ligands capable 

of this type of donation are cyclopentadienyl, alkoxide, sulphido, oxo, as well as 

several others. In the closed shell formalism, imido ligands are formally dianionic 

(NR2-). Due to the ease with which the imido R group can be changed, the 

Oxo A1koxo Imido Nitrido Cyclopentadienyl 

.- .. .- .. ~ .. ~ .. 
~ M-O: M-O-R M-N-R M-N: ..- .. .- .. ~ .. .- .. 

•• •• ..- .. 
M=O: M-O-R MIIIIN-R 

•• 

Figure 1.1 

electronic and steric nature of the ligand can easily be varied; therefore, these 

ligands are often considered the most versatile 10', 21t donors available. Imido 
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ligands may also provide coordinative unsaturation to the metal complex since 

they occupy only one coordination site. 

Traditionally, imido ligands have been used as stabilizing ligands for high 

oxidation state metal centers. Recently the formation of highly reactive early 

transition metal-imido linkages (M=NR) has received a great deal of attention 

owing to their probable involvement in a variety of catalytic processes such as 

metathesis polymerization (Scheme 1.1),1,2 hydrodenitrogenation (HDN) catalysis 

(Scheme 1.2),3,4 propylene ammoxidation (Scheme 1.3),5 as well as their utility for 

C-H bond activation (Scheme 1.4).6-8 

~ 
fI 

RO, .. ··W~ n. ~ 
RO 7 ~ -..., '1'" "R 

n+l 
Scheme 1.1 

~ 
fI 

RO ""1::rR 
RO~ 



tBu 

tBu 
tBu-9' 

AIO"" ~ 
ArO CI 

19 

/ 

/ 

+ NH3 

Scheme 1.2 
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H 
I 

HN~/~ 
Mo", 

( Y 

Scheme 1.3 

-THF 

Scheme 1.4 

Several groups have been successful in the synthesis of multiple-imido 

species where the metal center is surrounded by three imido ligands (Le. 

tris(imido) complexes).9 Absent from this collection was any tris(imido) complex 

for group 6. This work describes the synthesis of the first reported dO tris(imido) 

complexes of both tungsten and molybdenum. In addition, the solid state 

structure of these highly reactive tris(imido) complexes is presented. The 
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reactivity of these complexes with both nucleophiles and electrophiles will be 

outlined together with metallacycle forming reactions resulting from net [2+2] 

cycloaddition of unsaturated substrates. The ability of these complexes to 

perform metathesis of olefins will be reported for the first time. 

BACKGROUND AND SIGNIFICANCE 

Bonding Modes of hnido Ligands 

The ability to stabilize a high oxidation state metal center by the 

introduction of imido ligands into the coordination sphere of a single metal center 

results from donation of electron density from the nitrogen-p to metal-d orbitals. 

Scheme 1.5 depicts different modes of donation to a metal center by an imido 

ligand ranging from a formal metal-nitrogen double bond (Scheme l.5A) to a 

metal-nitrogen triple bond (Scheme 1.5C). In the case of a metal-nitrogen double 

bond, donation by the imido ligand in a la, 17t sense is possible when the imido 

nitrogen is Sp2 hybridized (Scheme 1.5A). This type of donation would be 

accompanied by a change in the M-N-R angle. A bonding mode with sp 

hybridization at the imido nitrogen is also possible. One such structure involves 

no donation of the nitrogen lone pair (Scheme 1.5B). This mode of bonding 

would arise if there were symmetry restrictions to donation or if there were a 

tremendous energy mismatch between the nitrogen-p and metal-d orbitals (the 

former is much more likely than the latter). The bonding mode in Scheme l.5B 
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would lead to a formal metal-nitrogen double bond and a linear M-N-R bond 

angle. Finally, an imido bonding mode in which the nitrogen is donating in ala, 

2n fashion is also possible. Such bonding would be indicative of a metal-nitrogen 

triple bond (Scheme 1.Se) and result in a formal positive charge on the imido-

nitrogen. The M-N-R bond angle in this binding mode would approach linearity. 

This type of bonding would maximize n-donation to the high-valent metal center 

and stabilize the metal center to the greatest extent. Indeed, nitrogen lone pair 

to metal donation is typically quite effective, resulting in the formation of a metal-

nitrogen triple bond. 

D 
M~R 

A 

f) 
M====N-R 

a 
B 

Scheme 1.5 

The Effect of "n-Loading" a Metal Center 

-ra 
M N-R 

I 

c 

The introduction of multiple 10', 27t - donating ligands into the coordination 

sphere of a single metal center may saturate the metal center with electron 

density. A point is reached where the metal center cannot accept more electron 

density and excess electron density must remain on the ligand, a bonding 
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situation we term "1t-loading" of the metal center. This has the effect of creating 

a highly basic, potentially reactive site on the ligands as depicted in Scheme 1.5B. 

Highly Reactive "1t - Loaded" bnido Complexes 

A common feature exists among all highly reactive imido complexes, 

namely 1t-loading of the metal center. For example, ZrCp2(N-t-Bu)(THF),7,10,1l 

Zr(NSi-t-Bu3)(NH-t-Bu3h(THF),6 Ti(NSi-t-Bu3)(OSi-t-Bu3h(OEt2),8 and Ta(NSi-t-

Bu3hMe(pyrh 12 all contain multiple 10', 21t donor ligands about the metal center 

as well as highly reactive metal-imido moieties. By 1t-loading the metal center, 

electron density remains in non-bonding orbitals on the imido ligands increasing 

the basicity and reactivity at this site. 

H 
H 

~ A N-rBu 6 ~ ~-rBu THF @l 
~ ~ 'Zr~ • 

@J '~-rBU @Jb -THF @J H 

Scheme 1.6 

ZrCp2(N-t-Bu)(THF) was first prepared by the Bergman group by a 1,2 

elimination of H2N-t-Bu from ZrCp2(NH-t-Buh in the presence of THF. Such 1t-

loaded complexes are capable of C-H bond activation of a variety of substrates 

(Scheme 1.6).7 Upon loss of THF, the highly reactive 16-electron intermediate 
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ZrCp2(N-t-Bu) is formed which can undergo C-H bond activation of substrates 

such as benzene. Metallacycle formation at the imido ligand is also possible.ll 

Upon formation of ZrCp2(N-t-Bu) in the presence of ketones, imines, alkynes, or 

olefins, net [2 + 2] cycloaddition occurs resulting in the formation of a 

metallacyclic complex (Scheme 1.7). 

-THF 

~ /t-BU 

y·, ... "Ph 

©'/Ph 
Scheme 1.7 

Wolczanski and co-workers have reported6,12,13 the formation of highly 

reactive 1t-Ioaded species Zr(NSi-t-Bu3)(NHSi-t-Bu3h(THF), Ti(NSi-t-Bu3)(NHSi-t-

Bu3h(OEt2), and Ta(NSi-t-Bu3hMe(pyrh. These complexes have also been shown 

to undergo C-H bond activation reactions. The Wolczanski group has also 

reported8 the metallacyclization of transient [Ti(NSi-t-Bu3)(OSi-t-Bu3h], formed by 

1,2 elimination of methane from Ti(NHSi-t-Bu3)(OSi-t-Bu3hMe, with ethylene and 

2-butyne (Scheme 1.8). 

From these studies it can be seen that by 1t-Ioading of the metal center, 

highly reactive imido moieties can be formed. Also apparent is the fact that these 
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highly reactive species may be capable of engaging in C-H bond activation 

processes as well as metallacyc1ization chemistry. 

1 A.-CIil 

tBU3SiO" 
I" 

"" Ti =NSitBu3 

tBu3SiO/ 

H H 

H Me-;;;;;;;;;;;;;;;;;;;;---Me 

H H 

Scheme 1.8 
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Synthetic Methods Developed to Introduce Imido Ligands 

Several methods for preparing metal-imido complexes have been 

uncovered.9 In general six different routes to introduce imido ligands have been 

developed, ranging from deprotonation of amido (NHR) ligands to oxidative 

methods involving organic azides. Each of these methods is outlined below. For 

a more complete discussion on synthetic methods, see references 9 and 14. 

Route 1: Cleavage of an Amido Nitrogen-a-Substituent 

Probably the most useful of the methods developed for the introduction of 

an imido moiety are those that involve loss of an a-substituent of an amido 

ligand. Most frequently the a-substituent is a hydrogen, where formal 

deprotonation of the amido ligand occurs, resulting in net loss of HX from the 

metal complex. Equations 1.1 -1.3 are examples of such reactions.15-17 Note that 

deprotonation can occur by either an external base or another ligand on the 

complex. 

OS04 + H2N-t-Bu ~ Os(NtBu)03 (1.1) 

[Nb(NEt2)2CI3h + LiNHAr + pyr ~ Nb(NAr)2Cl(pyr)2 (1.2) 

W(NHAr)(C-t-Bu)C~(dme) + NEt3 ~ W(NAr)(CH-t-Bu)C~(dme) (1.3) 
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Another common a-substituent that is readily cleaved is the R3Si group. 

This is commonly used when a silicon-oxygen or silicon-halogen bond is formed 

in the process of producing the imido moiety. Equations 1.4 - 1.6 show examples 

where cleavage of an N-Si bond occurs in the formation of the imido ligand.18-20 

Cr02C~ + Me3SiNH-t-Bu -7 Cr(N-t-Bu)2(OSiMe3)2 (1.4) 

VOCl3 + (Me3Si)2NPh -7 V(NPh)CI3 (1.5) 

Route 2: Net [2 + 2] Reaction Involving Unsaturated Substrates 

A variety of nitrogen containing unsaturated substrates such as isocyanates 

(RN=C=O), imines (R2C=NR), carbodiimides (RN=C=NR), and phosphinimines 

(R3P=NR) are very effective at introducing imido ligands by metathesis with 

metal-ligand double bonds (e.g. oxo, M=O, and alkylidene, M=C) resulting from 

a net [2 + 2] metallacyclization followed by a retro [2 + 2] reaction in the opposite 

sense (Scheme 1.9). Several examples are shown in equations 1.7 - 1.10.21-24 

L M=O + R-N=X n 

Scheme 1.9 
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WOCl4 + ArNCO + THF -7 W(NAr)CI4(THF) (1.7) 

VOCl3 + tolNCO + PPh3 -7 V(N-tol)CI3(PPh3) (1.8) 

Ta(CH-t-Bu)CI3(THF)2 + MeN=CHPh -7 Ta(NMe)CI3(THF)2 (1.9) 

MeRe03 + ArNCO -7 Re(NAr)02Me (1.10) 

Route 3: Oxidation by Organic Azides and Related Organic Compounds 

In order to introduce an imido ligand to a metal center by an oxidative 

method, the metal must formally contain at least two d-electrons to compensate 

for the introduction of the formally dianionic imido ligand. A common oxidant 

used in such reactions is an organic azide (RN3). In reaction with a dn~2 metal 

center, N2 is released, thus driving the formation of the imido ligand. Other 

reagents commonly used to oxidatively form an imido moiety are azo compounds 

(RN=NR). These compounds are believed to react with dn~2 metal centers via,,2 

intermediates, although intermediates involving bridges between two metal 

centers are also possible. While reagents such as pyridinium amidates have also 

been employed in the oxidative transfer of the imido functional group, they are 

generally less useful than other oxidative agents. Examples of each of these 

methods are shown in equations 1.11 - 1.13.25-
27 

MoCI4(THF)2 + N3to1 -7 Mo(Ntol)CI4(THF) (1.11) 

TiC~(TMEDA)2 + PhN=NPh -7 Ti(NPh)C~(TMEDA) (1.12) 
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MoO(~CNEt2)2 + CsHsNNTs ~ Mo(NTs)(O)(~CNEt2)2 (1.13) 

Route 4: Collapse of a Metallaaziridine 

One of the earliest methods developed for the synthesis of imido 

complexes involves the rearrangement of a metallaaziridine precursor (eq. 1.14).28 

This reaction proceeds via reductive elimination of HNEt2 from Ta(NEt2)s, with 

subsequent formation of a metallaaziridine Ta(NEt2h(,,2_NEt=CHMe), followed 

by formation of Ta(NEt)(NEt2h together with the loss of ethylene. The 

mechanism of the final step of this process is unknown. 

Route 5: Reactions With Nitriles 

A variety of methods have been developed in which a nitrile is converted 

into an imido ligand. An interesting example is that developed by Schrock and 

co-workers where a tantalum alkylidene reacts with a nitrile first through 

metallacyc1ization followed by rearrangement (eq. 1.15).29 Another method 

involves chlorination of a nitrile (eq. 1.16).30 

Ta(CH-t-Bu)(CH2-t-Bu)3 + NCPh ~ Ta(NCPh=CH-t-Bu)(CH2-t-Bu)3(1.15) 
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MoCls + NCCI + POCl3 + Cl2 ~ Mo(NCCI3)CI4(OPCI3) (1.16) 

Route 6: Electrophilic Attack on a Nitrido Ligand 

Electrophilic attack on a nitrido ligand has been used to produce imido 

ligands in several cases. An example developed by Groves and co-workers is 

shown in equation 1.17.31 

dO Tris(imido) Complexes of the Transition Elements 

Several dO tris(imido) complexes have been prepared by a variety of 

methods.9 The first complex of this type, Os(N-t-BuhO, was prepared by reaction 

of OS04 with three equiv of (n-BuhP=N-t-Bu (eq. 1.18). This complex was first 

reported by Sharpless and co-workers in 1977.32 

(1.18) 

Schrock and co-workers have reported a better method for the formation of 

Os(NRhO complexes.33 Their method involves reaction of OS04 and 1.5 equiv of 

Mo(NAr}z(O-t-Bu}z, forming Os(NArhO and Mo02(0-t-Bu}z (eq. 1.19). 
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OS04 + Mo(NAr)2(0-t-Bu)2 ~ Os(NAr)aO + Mo02(0-t-Bu)2 (1.19) 

Nugent and Harlow reported Re(N-t-Buh(OSiMe3)' the first dO tris(imido) complex 

of rhenium, by treatment of Re(OSiMe3)03 with 3 equiv of Me3SiNH-t-Bu (1979) 

(eq. 1.20).34 An easier preparation of Re(N-t-Buh(OSiMe3) was later developed by 

Schrock and co-workers by treating Re207 with Me3SiCI and H2N-t-Bu in CH2Cl2 

(eq. 1.21).35 

Re(OSiMea)Oa + 3 MeaSiNH-t-Bu ~ Re(N-t-Bu)a(OSiMea) (1.20) 

Re20 7 + MeaSiCI + H2N-t-Bu ~ Re(N-t-Bu)3(OSiMea) (1.21) 

Bryan and co-workers prepared the first dO tris(imido) complex of technetium, 

namely Tc(NArh(OSiMe3) by reacting Tc(OSiMe3)03 with 3 equiv of ArNCO 

(1990) (eq. 1.22).36 

Tc(OSiMe3)03 + 3 ArNCO ~ Tc(NAr)a(OSiMea) (1.22) 

In addition, complexes of the type Tc(NRhX have been prepared starting from 

Tc(NRh(OSiMe3). For example, treatment of Tc(NRh(OSiMe3) with Me3SiI results 

in the formation of Tc(NRhI, while reaction of Tc(NArh(OSiMe3) with a variety 

of Grignard reagents forms alkyl complexes (eq. 1.23). Wigley and co-workers 
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were the first to report a dO tris(imido) complex in group(5) for both niobium and 

tantalum with the formation of [Li(THFhh[Nb(NMesh(NHMes)] and 

[Li(THFhh[Ta(NMesh(NHMes)] (Mes = mesityl), prepared by the reaction of 

[M(NEt2hCI3h (M= Nb or Ta) with excess LiNHMes (1992) (eq. 1.24).37 

Tc(NAr)3I + RMgCl ~ Tc(NR)3R 

R = Me, Et, CH2CH=CH2 

(1.23) 

The Wilkinson group developed the first Mn(Vll) tris(imido) complex, Mn(N-t

BuhCI, by treatment of MnCI3(NCMeh with Me3SiNH-t-Bu and Me3SiCI (1993) 

(eq. 1.25),38 thus completing the group (7) series. A secondary method of 

preparation involves the reaction of [n-Bu4N][Mn04] with Me3SiCI and Me3SiNH

t-Bu, but this method provides material that cannot be obtained in pure form (eq. 

1.26). 

MnC13(NCMe)3 + Me3SiNH-t-Bu + Me3SiCl ~ Mn(N-t-Bu)3C1 (1.25) 

[n-Bu4NUMn04] + Me3SiCI + Me3SiNH-t-Bu ~ Mn(N-t-Bu)3C1 (1.26) 
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Tris(imido) Complexes Containing d-Electrons 

Aside from dO tris(imido) species, a number of tris(imido) complexes have 

been developed that contain d-electrons. Many of these species are produced by 

reduction of dO tris(imido) species with a variety of reducing agents. Detailed 

below are tris(imido) complexes containing d-electrons. Absent from this list are 

complexes that contain imido ligands bridging two metal centers for metals other 

than technetium. 

Bryan and co-workers have shown a dramatic effect of the bulk of the 

imido ligand in the reduction of Tc(NArhI and Tc(NAr'hI.39 Reduction of 

Tc(NArhI results in the formation of the TC2(NAr)6 (eq 1.27). 

(1.27) 

However, reduction of Tc(NAr'hI containing less sterically encumbered imido 

ligands results in formation of a }l-imido bridged species TC2(NAr')4(}l-NAr')z (eq 

1.28). It is also possible to prepare d2 tris(imido) complexes of technetium.40 

(1.28) 
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This has been accomplished by reduction of Tc(NArh(OSiMe3) (eq. 1.29) or 

Tc(NArhI (eq. 1.30) by two electrons or reduction of TC2(NAr)6 by one electron 

(eq. 1.31). 

Tc(NAr)3(OSiMe3) + 2 NaHg ~ Hg[Tc(NAr)3h (1.29) 

Tc(NAr)31 + 2Na ~ Na[Tc(NAr)3] (1.30) 

Tc2(NAr)6 + Na ~ Na[Tc(NAr)3] (1.31) 

Upon reduction of Re(NArhI with sodium metal, the metal-metal bonded dimer 

Re2(NAr)6 is formed,39 as in the technetium system. One electron reduction of 

Re(NArhCI by NaHg gives Hg[Re(NArhh, whereas two electron reduction of 

Re(NArhCI with NaHg in THF gives [Na(THF}z][Re(NArhl.41 Two electron 

reduction of Re(NArhCI in the presence of [NEt41CI or [PPN1CI results in the 

formation of [NEt4][Re(NArhl and [PPN][Re(NArhl, respectively (eq. 132, 1.33).42 

Re(NAr)3C1 + 2NaHg + [NEt4]Cl ~ [NEt4][Re(NAr)3] (1.32) 

Re(NAr)3C1 + 2NaHg + [PPN]Cl ~ [PPN][Re(NAr)3] (1.33) 

It is also possible to form tris(imido) complexes of osmium which contain 

d-electrons. For example, d2 Os(NArh can be prepared from Os04 (eq. 1.34).43 



OS04 + ArNCO ~ Os(NAr)3 

35 

(1.34) 

Os(NArh can also be prepared from Os04 and Me3SiNHAr, a method which also 

works for the preparation of Os(NAr'h (eq. 1.35).44 Reduction of the dO 

tris(imido) complex Os(NAr)30 with either PPh3 or Zn also produces Os(NArho45 

OS04 + neat Me3SiNHR ~ Os(NR)3 

R = Ar, Ar' 

Bonding in d2 Os(NAr)3 

(1.35) 

The bonding in Os(NArh is illustrative of x-loading in tris(imido) 

complexes.45 This complex has overall D3h symmetry as shown in Scheme 1.10. 

In Os(NArh the metal center is presumed to be in the +6 oxidation state due to 

the addition of three formally dianionic imido ligands (NR2-). Thus the complex 

has two d-electrons (d2
) and 18 electrons donated by the imido ligands and is 

therefore formally a 20-electron complex. Scheme 1.10 depicts the filled levels of 
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a qualitative orbital interaction diagram of Os(NArh as determined by Schrock 

and co-workers.45 

In D3h symmetry the nitrogen a-orbitals transform as an al' + e' set. These 

combination orbitals interact with the metal's s, Px' Py' and dz2 a-orbitals. The 

out-of-plane nitrogen pz orbitals transform as a2" + e" and overlap with the metal 

Pz' dxz, and dyz orbitals in a 7tH interaction. The nitrogen in-plane Px and Py 

orbitals transform as an a2' + e' set, while the dxz and dx2 _ y2 orbitals are involved 

in bonding with the e' set of nitrogen p-orbitals. The metal has no orbitals of a2' 

symmetry and therefore this a2' orbital remains non-bonding and ligand-based. 

Os(NArh is best considered an l8-electron complex (not 20) since two electrons 

reside in the a2' MO. Such a bonding arrangement places electron density onto 

the imido ligands and therefore the imido ligands in Os(NArh have as one 

canonical form the structure shown in Scheme 1.5b. In addition, bonding in this 

fashion results in a lowering of the M-N bond order from 3 to 20/3. This further 

enhances the M-N bond polarity, by placing more electron density back onto the 

imido nitrogens. 

In the case of Os(NArh, the metal contains two electrons in a metal-based 

dz2 as the HOMO, whereas in dO complexes such as Re(NArh(OSiMe3), the dz2 

orbital is involved in a-bonding with the alkoxide ligand. The bonding 

interaction between the metal dz2 and the ligand lone pair results in the formation 

of a bonding molecular orbital that is lower in energy than either a filled or 
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vacant metal-based dz2 orbital. The antibonding interaction between dz2 and the 

ligand lone pair is therefore higher in energy than a metal-based dz2 orbital. The 

four-coordinate dO tris(imido) complexes commonly have C3v symmetry, rather 

than D3h. It is important to note that although the symmetry of the complex and 

the symmetry label of certain orbitals may change, the relative ordering of the 

bonding levels does not. Thus tris(imido) complexes of the transition elements 

should all contain x-loaded, basic imido ligands as depicted in Scheme 1.5B, and 

should therefore show enhanced nucleophilic reactivity at these ligands. 

Analogous M(RC=CR)3 Complexes 

Several complexes have been prepared which contain three la, 2x donor 

ligands, other than imido ligands, which have orbital characteristics analogous to 

tris(imido) complexes. One example is the C3v symmetric complex 

W(PhC=CPhh(CO).46,47 When this complex was first reported it stirred up a great 

deal of debate due to its unexpected stoichiometry, which seemed to be in 

violation to the I8-electron rule. A representation of the solid state structure of 

W(PhC=CPhh(CO) is depicted in Figure 1.2. Note that the acetylene ligands are 

parallel to the z-axis, giving the molecule overall C3v symmetry. The x-orbitals 

of the acetylene ligands transform as an a2 + e set. In C3v the metal has no orbital 

of a2 symmetry, so two electrons must occupy the ligand based a2 molecular 

orbital. Therefore complexes such as W(PhC=CPhh(CO), and the analogous 
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molybdenum species Mo(F3CC=CCF3h(NCCH3),48 are I8-electron complexes, not 

20-electron complexes. This corresponds directly to the Os(NArh complex 

discussed in the previous section. 

Ph M 
Ph ", f ---<Ph 

.W'-Jl. 
Ph Ph 

Pli 

Figure 1.2 

Multiple Imido Complexes of Tungsten(VI) 

Several methods have been developed to introduce an imido functionality 

into tungsten(VI) to form a mono(imido) complex.9 For example, treatment of 

WOCl4 with a variety of isocyanates (RNCO) provides dimeric mono(imido) 

complexes of the type [W(NR)CI4h in high yield (eq. 1.26).49 

(1.26) 

This method is probably the best entry into mono(imido) complexes of W(VI) due 

to the ease and high yield of this synthesis, its amenability to scale-up, and the 



40 

availability of a wide range of alkyl and aryl isocyanates. An alternative method 

to prepare mono(imido) complexes of tungsten starting from WOCl4 is through 

the reaction of WOCl4 with N-substituted silylamines (eq. 1.27).50 Oxidative 

methods have also been designed to synthesize mono(imido) complexes of 

tungsten(VI). For example, reaction of W(OAr')4 (Ar' = 2,6-dimethylphenyl) with 

N3SiMe3 has been reported,51 where the tungsten center is oxidized from W(IV) 

to W(VI) upon adding the "nitrene" [NSiMe31 moiety in the process of forming the 

mono(imido) complex (eq. 1.28). Other methods have been developed that are of 

limited synthetic use, for example, the reaction of WBr6 with NCBr and Br2 (eq. 

1.29),52 and reaction of WCl6 with (CF3hC=C(CNh where R = CCI=C(CN)

CCI(CF3h (eq. 1.30).25 

WOC14 + Me3SiNH-t-Bu ~ W(N-t-Bu)(O)(NH-t-Bu)Cl(H2N-t-Bu) (1.27) 

W(OAr')4 + N3SiMe3 ~ W(NSiMe3)(OAr')4 (1.28) 

WBr6 + NCBr + Br2 ~ W(NCBr3)Br4(NCBr) (1.29) 

WC16 + (CF3)2C=C(CN)2 ~ [W(NR)C14]2 (1.30) 

Synthetic entries into the dO bis(imido) functional group of tungsten have 

also been developed. The first method was developed by Bradley and co-workers 

in the non-rational synthesis of W(NEth(NEt2h by reaction of LiNEt2 with WCl6 

(eq. 1.31).53 
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(1.31) 

This reaction involves the formal loss of an ethyl group upon formation of the 

imido functionality. While the exact mechanism by which formation of 

W(NEth(NEt2h occurs has not been elucidated, a likely pathway is through the 

formation of metallaziridines followed by C-N bond cleavage perhaps related to 

the C-N bond cleavage reactions of metallaaziridines to form an imido moiety as 

shown by Wigley and co-workers.3 Another method, developed by Nugent, is 

seen in the reaction of WCl6 with H2N-t-Bu (eq. 1.32).18 This complex has shown 

great utility as a precursor in the preparation of other bis(t-butyl-imido) 

complexes. 

(1.32) 

Although methods have been developed for the synthesis of dO 

mono(imido) and bis(imido) complexes of tungsten, only recently have Wilkinson 

and co-workers reported a dO tetra(imido) complex of tungsten (eq. 1.33).54 
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Multiple Imido Complexes of Molybdenum(VI) 

A great deal of effort has been directed towards the synthesis of both the 

dO mono(imido) and dO bis(imido) functional groups of molybdenum.9 While 

most of the mono(imido) complexes of the type Mo(NR)><nLn exist in the d t and 

d2 oxidation states, a few methods have been developed for dO mono(imido) 

complexes. Probably the easiest entry into mono(imido) complexes of 

molybdenum is that developed by Maatta and co-workers for the synthesis of 

Mo(Ntol)CI4(THF), from the reaction of tolyl azide (N3tol) with MoCI4(THFh (eq. 

1.34). Other methods have been developed for dO Mo(NR)CI4L complexes which 

involve the halogenation of nitriles (eq. 1.35).25 Synthesis of bis(imido) complexes 

of the type Mo(NArhCI2Lx can be accomplished by two methods. The first 

method developed by Osborn and co-workers involves the treatment of Mo02Cl2 

with two equiv of ArNCO (eq. 1.36).55 This method has been replaced by a more 

general, cost-effective, higher yielding route developed by Schrock and co-workers 

starting from (NH4hMo20 7 (eq. 1.37).56 The dO tetra(imido) functional group of 

molybdenum is also known. Wilkinson and co-workers have recently reported 

the preparation of Li2[Mo(N-t-Bu)4] by deprotonation of Mo(N-t-Buh(NH-t-Buh 

with MeLi (eq. 1.38),57 

MoCI4(THF)2 + N3tol -7 Mo(Ntol)C14(THF) (1.34) 

MoCls + (CF3)2C=C(CN)2 + C12 -7 Mo[NCCl=C(CN)CCl(CF3)2]C14 (1.35) 
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(1.36) 

(NH4hMo20 7 + Me3SiCI + H2NAr + NEt3 + dme 

~ Mo(NAr)2CI2(dme) + NHMe3CI + Me3SiOSiMe3 (1.37) 

Mo(N-t-Bu)2(NH-t-Bu)2 + 2 MeLi ~ L~[Mo(N-t-Bu)4] (1.38) 

Project Description 

The main goal of the research presented in this thesis was the development 

of highly 1t-Ioaded tris(imido) complexes of group 6, namely of molybdenum and 

tungsten. It was the belief that such complexes should exhibit very reactive, 

highly nucleophilic, and strongly basic imido ligands, analogous to the previously 

reported tris(imido) complexes of other transition elements. A secondary goal of 

this work was the study of the reactivity of these complexes with nucleophilic 

and electrophilic substrates. Finally, the development of useful metathesis 

chemistry performed by such complexes was also sought. 

Chapters 2 and 3 describe synthetic approaches aimed at the development 

of the first tris(imido) complexes of both tungsten and molybdenum, together 

with mechanistic details on formation of bis(imido) and tris(imido) complexes of 

group 6. Chapter 4 presents the solid-state structures of these tris(imido) species 

for the first time, along with a details on the bonding in such complexes. In 

addition the preparation of other related imido complexes of group 6 will be 
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detailed in Chapter 4. The bonding in these molecules will provide a basis for 

the reactivity studies that are presented in Chapters 5 - 7. Chapter 7 describes the 

first use of tris(imido) complexes in olefin metathesis reactions, owing to the high 

[2 + 2] reactivity of these 1t-Ioaded imido complexes. 
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Chapter 2 

Synthesis of the dO Tris(imido) Functional Group of Tungsten 

INTRODUCTION 

The synthesis of multiple imido complexes of tungsten has received a great 

deal of attention recently.9 Most of the work to date has been in the area of 

W(VI) bis(imido) complexes. This is most likely due to the stability of W(VI) 

complexes, as well as readily available WOCI4, to serve as starting material for the 

synthesis of multiple(imido) complexes. Although methods had been developed 

for the synthesis of dO mono(imido) and bis(imido) complexes of tungsten several 

years ago, only recently has a dO tetra(imido) complex of tungsten been reported. 

Indeed, prior to the onset of this project there was no method developed for the 

synthesis of the dO tris(imido) moiety for any group(VI) metal. 

This chapter deals with the synthesis of dO bis(imido) complexes of 

tungsten and the conversion of these bis(imido) complexes into the first reported 

dO tris(imido) complexes of tungsten. In addition, the mechanisms of formation 

of the bis(imido) and tris(imido) functional groups of tungsten are uncovered for 

the first time. The sterk effect of the R group in the organoimido ligands on the 

synthesis of bis(imido) and tris(imido) moieties is also discussed. 
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RESULTS AND DISCUSSION 

Synthesis of dO Bis(imido) Complexes of W(VI) 

The bis(imido) complex W(NAr)zCI2(THFh is formed in good yield via a 

stepwise procedure starting from WOCI4• Upon treatment of WOCl4 with 

ArNCO in refluxing octane, the dimeric mono(imido) complex [W(NAr)CI4h (Ar 

= 2,6-diisopropylphenyl) is formed in high yield as a chloride bridged dimer (eq. 

2.1). 

(2.1) 

Several dimeric mono(imido) complexes of the formula [W(NR)CI4h have been 

structurally characterized and are centrosymmetric as depicted in Figure 2.1.58-60 

Treating [W(NAr)C14h with a variety of Lewis bases breaks apart the dimer 

NAr 

elll ll , II ,IIICI 
···W·· 

el..,.......-I ............ el 

cl .......... l ........... el 

CI"""'-l-"""CI 
NAr 

Scheme 2.1 
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yielding monomeric complexes of the type W(NAr)CI4L. For example, when Et20 

is used as the lewis base, W(NAr)CI4(Et20) (1) is obtained as green crystals in 

>80% yield starting from WOCl4 (eq. 2.2). Upon reaction of 1 with two equiv of 

Me3SiNHAr in THF, bright red orange W(NArhCI2(THFh (2) is obtained in 81% 

yield (eq. 2.3). 

WOC14 + ArNCO ~ [W(NAr)C14h + Et20 ~ W(NAr)C14(Et20) (2.2) 
(1) 

W(NAr)C14(Et20) + 2 MeaSiNHAr ~ W(NAr)2C~(THF)2 (2.3) 
(2) 

The formation of the W(NRhCI2L2 complexes with ligands other than 2,6-

diisopropylphenyl imido was also studied. The reaction ofW(NAr')CI4(Et20) (lb) 

with two equiv of Me3SiNHAr' in THF yielded an orange dimeric complex (X) 

whose IH NMR spectrum was complex. Addition of excess pyridine to an Et20 

suspension of X resulted in the formation of W(NAr'hCI2(pyrh (2b) in 92% yield 

from W(NAr')CI4(Et20) (eq. 2.4). 

W(NAr')C14(Et20) + 2 Me3SiNHAr' -7 X + pyr ~ W(NAr')2C12(pyr)2 (2.4) 
(lb) (2b) 
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W(NArh(NEt2)CI (3) can be prepared by treatment of complex 2 with an 

excess of Me3SiNEt2 in Et20 (eq. 2.5). Thus the chloride ligands of complex 2 are 

labile and capable of substitution by mild, sterically unencumbered reagents. 

(3) 

dO Tris(imido) Complexes of W(VI) 

The final step in the synthesis of [Li(THF)4][W(NArhCI] (4) involves the 

reaction of W(NAr)zC12(THF)z (2) with two equiv of LiNHAr producing 4 in 75% 

yield as bright yellow crystals, together with H2NAr (eq. 2.6). This complex 

readily loses THF ligands, so [Li(THF)4]+ is considered to have the maximum 

number of coordinated THF ligands. Additionally, the lack of an N-H absorption 

in the IR spectrum of 4 is consistent with this formulation. 

W(NAr)2C12(THF)2 + 2 LiNHAr -7 [Li(THF)4][W(NAr)3C1] (2.6) 
(4) 

Neutral, more soluble analogs of 4 can easily be formed. Thus, upon 

treatment of 4 with a variety of phosphines (eq. 2.7), complexes of the type 

W(NArh(PR3) are formed in high yield (> 90%). For example, upon treatment of 
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4 with either excess PMe3 or PPh2Me, bright red crystals of W(NArh(PMe3) (5) or 

W(NArh(PPh2Me) (6) are obtained, respectively. Complex 5 shows a great deal 

of symmetry in solution, having equivalent imido ligands as well as one signal 

for the methyl groups on the phosphine in its 1H and 13C NMR spectra. 

(2.7) 

The 1H and 13C NMR data for complex 2 reveal both equivalent imido 

ligands and equivalent THF ligands. In order to maximize 1t-bonding in this 

complex, i.e. to allow 1t-donation into all of the available d-orbitals, the imido 

ligands must be mutually cis. Based upon the structures of other bis(imido) 

complexes reported in the literature (e.g. [W(NPh}zCI2(bipy)]) it is suggested that 

the chloride ligands are trans to each other as shown in Figure 2.2.61 

Figure 2.2 
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The IH and 13C NMR spectra of 4 also reveal a structure with equivalent 

imido and THF ligands suggesting a structure containing a great deal of 

symmetry. Spectral data are consistent with free rotation about the N-Cipso bond 

of the imido ligands. Free rotation about the N-Cipso bond also accounts for one 

signal for the isopropyl groups on the phenyl rings of the imido ligands. 

The spectrum of X was complex and therefore difficult to assign. The 

spectrum appeared to exhibit (at least) two types of imido ligands as well as a 

coordinated amine ligand. One possible formulation for the orange product is a 

complex of the type [W(NR)(p-NR)CI2(H2NR)h, similar to the structures reported 

by others.62,63 Indeed, the dimeric mono(imido) complex [W(NAr')CI4h can react 

with Lewis bases to form monomeric adducts, but upon exposure to mild vacuum 

loses base and reverts back to the dimeric form rapidly. 

It was believed that THF was not a strong enough Lewis base to disrupt 

the dimer. An attempt was made, therefore, to add Lewis bases stronger than 

THF to solutions of X and thereby characterize X on the basis of the formulation 

of its monomeric adduct. Addition of PMe3 to a THF solution of the unknown 

complex (X) yielded a purple complex that appeared to be a reduction product 

of X, rather than W(NAr'hCI2(PMe3)n' However, adding excess pyridine to an 

Et20 solution of X did disrupt the dimer and form monomeric W(NAr'hCI2(pyrh 

(2b). It therefore appears that the success of the formation of bis(imido) 
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complexes lies in the choice of an appropriate Lewis base to keep the complex 

monomeric. 

The room temperature IH NMR of 3 exhibits two resonances (broad mults) 

for the methylene protons (i.e. N[CH2CH3h) of the NEt2 ligand. In addition the 

room temperature resonance for the methyl protons (Le. N[CH2C~h) of the NEt2 

ligand is a broadened triplet. This is consistent with lack of free rotation of the 

NEt2 ligand about the W-NEt bond. If Sp2 hybridization of the NEt2 ligand is 

presumed (Le. NEt2 acts as a x-donor) there should be a preferred conformation 

of this complex where the nitrogen p-orbital lies along the molecular z-axis 

(taking the W-CI bond as the z-axis), such that both ethyl groups are directed 

toward the imido ligands and overall Cs symmetry of the complex is exhibited as 

depicted in Figure 2.3. 

Figure 2.3 
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Arrangement in this fashion is analogous to Ta(lls-CsHsh(CH3) (=CH2) first 

prepared by Schrock64 and allows for x-donation by the NEt2 ligand. Thus there 

should be inhibited rotation about this metal-ligand bond due to breaking of the 

x-donation to the metal center. This arrangement renders the methylene protons 

of the NEt2 ligand diastereotopic (Hu and Hd). 

The IH NMR of 3 was examined at a variety of temperatures ranging from 

-80 to 95°C in ds-toluene. At lower temperatures (ca. 0 °C) the methylene 

resonances sharpen slightly and some fine structure is observed. The resonance 

at 8 2.61 appears as an overlapping A3B doublet of quartets (psuedo pentet). 

This splitting arises from one of the methylene protons being split by three 

equivalent methyl protons (n+3), then by the other methylene proton (n+1). At 

higher temperatures (ca. 95°C) the methylene resonances at 8 3.21 and 2.61 

broaden and a new broad resonance at around 82.8 appears, although no fine 

structure could be observed. It has not been possible to assign either methylene 

proton resonance for that of either Hu or Hd• 

Mechanism of Formation of W(NAr)2CI2(THF)2 

One possible mechanism by which 2 might form proceeds through 

transient W(NAr)(NHArhC12(THF)x as shown in Scheme 2.1. This intermediate 

could then undergo an intramolecular a-hydrogen abstraction with subsequent 

loss of aniline, forming complex 2. 
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To test this hypothesis a set of experiments was undertaken. These 

experiments are summarized in Scheme 2.2. i) If complex 1 is treated with two 

equiv of Me3SiNHAr in weakly coordinating solvents such as Et20, 

W(NArhCI2(NHAr) (7) is obtained in 56% yield. This complex can be 

quantitatively converted into 2 by the addition of neat THF. ii) Upon treatment 
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of W(NAr)C14(Et20) with two equiv of Me3SiNEt2 in Et20, orange crystals of 

W(NAr)(NEt2)C13(THF) (8) are formed in 77% yield. Upon reacting 8 with one 

equivalent of LiNHAr in THF, complex 2 is formed quantitatively, presumably 

by first forming intermediate W(NAr)(NEt2)(NHAr)C12(THF)x, which subsequently 

undergoes elimination of HNEt2 yielding 2. Indeed, monitoring this reaction by 

IH NMR (in ds-THF) reveals the formation of one equivalent of HNEt2 per 

equivalent of 2 formed. Experiments i and ii support a mechanism as depicted 

in Scheme 2.1. 

Mechanism of Formation of [Li(THF)4[W(NAr)3Cl] 

There are two reasonable mechanisms by which complex 4 can be formed. 

One suggested mechanism proceeds by the formation of intermediate 

W(NArh(NHAr)Cl, followed by intermolecular amide deprotonation by an external 

base (Pathway A, Scheme 2.3). A second possible mechanism proceeds by the 

formation of W(NArh(NHArh, followed by an intramolecular a.-hydrogen 

abstraction with loss of aniline (Pathway B, Scheme 2.3). 

In order to elucidate the mechanism by which complex 4 is formed 

W(NArh(NEt2)Cl (3) was prepared in order to mimic the key intermediate 

involved in pathway B, as depicted in Scheme 2.3. If the formation of the dO 

W(NArh functional group were proceeding by an intramolecular a.-abstraction 

mechanism (pathway B) then nascent W(NArh(NEt2)(NHAr), produced by 
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reacting 3 with LiNHAr, would presumably eliminate HNEt2 with coordination 

of chloride ion, forming complex 4. However, upon reaction of 3 with LiNHAr, 

no tris(imido) complex 4 was isolated or observed. This result suggests that the 

formation of 4 proceeds via an intermolecular deprotonation mechanism as shown 

in pathway A, Scheme 2.3. 

CONCLUSIONS 

Methods have been developed to introduce multiple (up to 3) imido 

ligands to a single W(VI) metal center. A useful stepwise synthesis starting from 

WOCl4 has been developed. This procedure involves the use of well established 

chemistry employing isocyanate reagents for the synthesis of mono(imido) species 

as developed by Bradley et al. A general method for the generation of a 

bis(imido) moiety of tungsten has been developed that is likely to be successful 

for the introduction of a wide variety of imido ligands. Synthesis of the 

bis(imido) functional group was found to proceed by an a-hydrogen abstraction 

pathway. The discovery of the first reported dO tris(imido) functional group of 

tungsten has also been accomplished. Formation of this new functional group has 

been shown to proceed via an intermolecular deprotonation pathway, not an 

intramolecular a-abstraction pathway. Studies directed toward the reactivity of 

this new functional group will be examined in Chapters 5 and 6. 
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PRE PARA TIONS 

W(NAr)2C12(THF)2 (2). Neat Me3SiNHAr (4.33 g, 17.4 mmol) was added 

dropwise to a stirred solution of 5.00 g (8.69 mmol) of W(NAr)CI4(OEt2) 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 then removed 

in vacuo to provide a microcrystalline red solid which was collected on a frit and 

further dried in vacuo. This red solid was then washed with cold heptane, filtered 

off, and dried in vacuo. Additional product was obtained by concentrating the 

heptane wash (and cooling to -35°C); yield (two crops), 5.28 g (7.04 mmol; 81%). 

W(NAr)CI4 or (isolated) W(NAr)CI4(THF) can also be used in this preparation. 

Analytically pure samples were obtained from pentane/Et20 solutions at -35°C. 

If this reaction is run under more dilute conditions, the product is contaminated 

with varying amounts of W(NAr}zCI2(NH2Ar) (4) and heating must be prolonged 

for several more days for W(NAr}zCI2(THF}z to form. IH NMR (C6D6): B 7.13 -

6.81 (A2B mult, 6 H, Hary), 4.09 (spt, 4 H, CHMe2), 3.87 (br, 8 H, CaH, THF), 1.34 

(br, 8 H, C~H, THF), 1.26 (d, 24 H, CHMe2)' 13C NMR (C6D6): B 151.2 (Cipso), 144.9 

(Co), 126.6 (Cp)' 122.5 (Cm), 71.2 (Ca, THF), 27.8 (C.HMe2), 25.6 (C~, THF), 24.7 

(CHMe2). Anal. Ca1cd for C32H50C12N202W: C, 51.28; H, 6.72; N, 3.74. Found: C, 

51.68; H, 6.95; N, 3.97. 
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W(NAr')2C~(pyr)2 (2b). Neat Me3SiNHAr' (1.48 g, 7.71 mmol) was added 

dropwise to a stirred solution of 2.00 g (3.85 mmol) of W(NAr')CI4(OEt2) (lb) in 

ca. 50 mL of THF. The solution was heated to 60°C for 48 h, over which time its 

color changed from dark yellow-green to red. The reaction volatiles were then 

removed in vacuo to provide an orange powder which was collected on a frit and 

further dried in vacuo. This orange powder (X) was then suspended in 50 mL of 

Et20 and excess pyridine was added (3 equiv based on starting materials). 

Immediately the color of the suspended solid changed from orange to brick red. 

The solid was collected on a frit, washed with cold pentane (3 x 20 mL), and 

dried in vacuo yielding a brick red microcrystalline solid weighing 2.35 g (3.55 

mmol, 92%). IH NMR (C6D6): B 9.03 (d, 4H, Hortho CsHsN) 7.00 - 6.65 (A2B mult, 

6 H, Haryl, dd, 2 H, ~ara' CsHsN), 6.38 (dd, 4 H, Hmeta, CsHsN), 2.64 (s, 12 H, 

C~, NAr'). 13C NMR (C6D6): B 152.5 (CsHsN), 137.5 (Co), 134.4 (Cipso), 124.7 (Cp)' 

123.7 (Cm), 18.8 (CH3, NAr'). 

W(NAr)2(NEt2)Cl (3). To a solution of 0.58 g (0.77 mmol) of 

W(NArhCI2(THFh (2) in 15 mL of Et20 was added 0.14 g (0.91 mmol) of neat 

Me3SiNEt2' This mixture was allowed to stir with gentle heating (ca. 35°C) for 7 

d over which time the solution color changed from red to yellow-orange. The 

volatile components were then removed from the reaction in vacuo and the 

yellow-orange solid which remained was redissolved in minimal Et20. The ether 
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solution was cooled to -35°C and after 2 d, the orange crystals of product which 

had formed were collected by filtration and dried in vacuo; yield 0.26 g (0.40 

mmol, 52%). Analytically pure samples were obtained by recrystallization from 

Et20 solutions at -35°C. IH NMR (C6D6): 07.12 - 6.83 (A2B mult, 6 H, Haryl), 4.04 

(spt, 4 H, CHMe2)' 3.21 and 2.60 (mult, 2 H each, NCH2CH3), 1.23 (d, 24 H, 

CHMe2) 0.98 (t, 6 H, NCH2Clk). 13C NMR (C6D6): 0 151.0 (Cipso), 146.1 (Co), 127.9 

(Cm), 122.5 (Cp)' 46.4 (NCH2CH3), 28.3 (CHMe2)' 24.6 (CHMe2), 14.5 (NCH2CH3). 

Anal. Ca1cd for C2sH44CIN3 W: C, 52.39; H, 6.91; N, 6.55. Found: C, 52.23; H, 6.95; 

N,6.53. 

[Li(THF)4][W(NAr)3Cl] (4). A -30 °C solution of LiNHAr (0.977 g, mmol) 

in 15 mL of THF was added dropwise to a rapidly stirred room temperature 

solution of W(NArhCI2(THFh (2) (2.00 g, 2.67 mmol) in ca. 50 mL of THF. The 

reaction was allowed to stir at room temperature for 2 h, over which time its 

color changed from red to yellow. The solvent was then removed in vacuo 

yielding a yellow oil. The oil was extracted with ca. 20 mL of Et20, filtered 

through Celite, and the reaction volatiles removed yielding a waxy yellow solid. 

This solid was transferred to a frit, pumped on for ca. 1 h to remove H2NAr, 

washed with cold pentane (3 X 10 mL), and dried in vacuo yielding a yellow 

microcrystalline solid. Additional product was obtained by concentrating the 

filtrate; yield (two crops) 2.074 g, 1.99 mmol, 75%. Analytically pure samples were 
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obtained by recrystallization from THF/pentane solutions at -35°C. IH NMR 

(CD2CI2): () 6.97 - 6.65 (A2B mult, 9 H, Haryl), 3.71 (m, 16 H, CaH, THF), 3.57 (spt, 

6 H, CHMe2), 1.90 (m, 16 H, C~H, THF), 1.06 (d, 36 H, CHMe2). IH NMR (C6D6): 

() 7.17 - 6.91 (A2B mult, 9 H, Haryl), 3.81 (spt, 6 H, CHMe2), 3.35 (m, 16 H, CaH, 

THF), ca. 1.3 (obscured m, 16 H, C~H, THF), 1.26 (d, 36 H, CHMe2). 13C NMR 

(CD2CI2): () 140.4 (Co), 125.1 (Cipso), 122.0 (overlapping Cm and Cp), 68.7 (Ca, 

THF), 28.3 (CHMe2)' 25.8 (C~, THF), 23.8 (CHMe2). 13C NMR (C6D6): () 154.7 

(Cipso), 140.3 (Co), 122.9 (Cp)' 122.4 (Cm), 68.4 (Ca, THF), 28.3 (CHMe2)' 25.4 (C~, 

THF), 24.2 (CHMe2)' Anal. Ca1cd for CS2Hs3ClLiN304W: C, 60.03; H, 8.04; N, 4.04; 

CI, 3.41. Found: C, 59.54; H, 8.44; N, 4.15; CI, 2.81. This complex loses THF under 

prolonged vacuum. 

W(NAr)3(PMe3) (5). A solution of 2.00 g (1.92 mmol) of 

[Li(THF)4][W(NAr}gCI] (4) in ca. 50 mL of benzene was prepared and cooled to-

78°C. A 0.44 g (5.80 mmol) sample of PMe3 was then added dropwise (neat) to 

the stirred [Li(THF)4][W(NAr}gCI] solution. The reaction was allowed to warm to 

room temperature over several h during which time the yellow solution devel

oped a cherry red color. After being stirred for 15 h, the reaction volatiles were 

removed in vacuo to afford a red oil. The product was extracted with Et20, the 

extract was filtered through Celite, and the solvent removed from the filtrate in 

vacuo to afford a red solid. The product was washed with cold pentane and dried 
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in vacuo; yield 1.40 g (1.78 mmol, 92%) of W(NArh(PMe3) sufficiently pure for 

further reactions. Analytically pure compound was obtained by recrystallization 

from pentane solutions at -35°C. IH NMR (C6D6): 8 7.18 - 6.94 (A2B mult, 9 H, 

Haryl, NAr), 3.95 (spt, 6 H, CHMe2), 1.24 (d, 36 H, CHMe2), 1.21 (d, overlapping 

with 8 1.24 signal, 9 H, PMe3)' 13C NMR (C6D6): 8 155.0 (CipSQI NAr), 140.4 (Co, 

NAr), 122.9 (Cp' NAr), 122.1 (Cm, NAr), 28.2 (CHMe2)' 23.9 (CHMe2)' 16.7 (d, 

PMe3)' Anal. Calcd for C39H6oN3PW: C, 59.62; H, 7.70. Found: C, 59.54; H, 7.61. 

W(NAr)3(PPh2Me) (6). A 0.053 g (0.526 mmol) sample of PPh2Me was 

added directly (neat) to a solution of 0.25 g (0.245 mmol) of 

[U(THF)4][W(NArhCI] (4) in ca. 15 mL of benzene. The reaction was stirred at 

room temperature for 4 h during which time the yellow solution developed a 

dark red color. The reaction volatiles were removed in vacuo to afford a red solid. 

The product was extracted with pentane, the extract was filtered through Celite, 

and the filtrate concentrated in vacuo and cooled to -35°C. The analytically pure 

red crystals which formed overnight were filtered off and dried in vacuo; yield 

0.198 g (0.218 mmol, 91 %). IH NMR (C6D6): 8 7.69 (dd, 4 H, Ho' PPh2Me), 7.18 -

6.95 (A2B mult, 9 H, Haryl, NAr), 6.87 (m, 6 H, Hm and ~, PPh2Me), 3.87 (spt, 6 

H, CHMe2)' 2.04 (d, 2JH_P = 9.8 Hz, 3 H, PPh2Me), 1.12 (d, 36 H, CHMe2). 13C 

NMR (C6D6): 8154.9 (CipSQI NAr), 140.8 (Co, NAr), 133.6 (d, CipSQI PPh2Me), 132.0, 

129.6, and 129.4 (PPh2Me), 123.0 (Cp' NAr), 122.2 (Cm, NAr), 28.3 (CHMe2), 23.9 
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(CHMe2)' 16.6 (d, PPh2Me). Anal. Calcd for C49H64N3PW: C, 64.68; H, 7.09; N, 

4.62. Found: C, 64.37; H, 7.18; N, 4.60. 

W(NAr)2CI2(NH2Ar) (7). A solution of 0.31 g (1.21 mmol) of Me3SiNHAr 

in 5 mL of Et20 was added to a stirred solution of 0.35 g (0.608 mmol) 

W(NAr)CliOEt2) in 15 mL of Et20. 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 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' IH NMR (C6D6): 07.10 - 6.82 

(m, 9 H, Haryl), 5.28 (br, 2 H, NH2Ar), 3.92 (spt, 4 H, CHMe2' NAr), 3.20 (spt, 2 H, 

CHMe2' NH2Ar), 1.195 (d, 24 H, CHMe2' NAr), 1.17 (d, 12 H, CHMe2, NH2Ar). 

13C NMR (CDCI3): 0 150.5, 145.4, 138.5, and 135.1 (Cipso and Co, NH2Ar and NAr), 

127.4, 125.3, 123.2, and 121.9 (Cm and Cp' NAr and NH2Ar), 28.7 (CHMe2' 

NH2Ar), 27.9 (CHMe2' NAr), 23.9 (CHMe2, NH2Ar), 23.2 (CHMe2, NAr). Anal. 

Calcd for C36Hs3C12N3W: C, 55.25; H, 6.83; N, 5.37. Found: C, 55.54; H, 7.10; N, 

5.24. 

W(NAr)(NEt2)CI3(THF) (8). To a stirred solution of 0.66 g (1.14 mmol) of 

W(NAr)CI4(THF) in 10 mL diethyl ether was added 0.35 g (2.29 mmol) of 
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Me3SiNEt2 (neat). After 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 Et20 (ca. 2 mL) and cooling 

the solution to -30°C provided orange crystals 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 Et20 solutions at -35°C. IH NMR (C6D6): 

B 7.12 - 6.74 (A2B mult, 3 H, Hary1), 4.94 and 4.83 (q, 2 H each, NCH2CH3), 4.75 

(spt, 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, NCH2C~), 13C NMR (C6D6): B 153.4 (Co), 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 C~ THF peak was not observed and is presumably 

coincident with another resonance. Anal. Calcd for C2oH3sC13N20W: C, 39.40; H, 

5.79; N, 4.59. Found: C, 39.58; H, 5.87; N, 4.58. 
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Chapter 3 

Synthesis of the dO Tris(imido) Functional Group of Molybdenum 

INTRODUCTION 

A great deal of effort has been directed towards the synthesis of both the 

dO mono(imido) and dO bis(imido) functional groups of molybdenum.9 While 

most of the mono(imido) complexes of the type Mo(NR)XnLn exist in the d t and 

d2 oxidation states, a few methods have been developed for dO mono(imido) 

complexes. Unfortunately, none of the methods developed for the synthesis of 

the dO Mo(NR)CI4L functional group were especially suited for our needs. 

Fortunately, synthetic methods have been recently developed for the dO bis(imido) 

functional group which bypass the isolation of any mono(imido) species.55,56,65 

Wilkinson and co-workers have recently reported the preparation of the 

tetra(imido) species Li2[Mo(N-t-Bu)4].57 Absent from the series, however, was the 

dO tris(imido) functional group of molybdenum(VI), as was also the case for the 

tungsten series. 

This chapter describes the synthesis of the first dO tris(imido) functional 

group of molybdenum, thus completing the series of dO imido complexes 

containing from one to four imido ligands for molybdenum. Mechanistic details 

of formation of the tris(imido) moiety will also be examined. Based upon the 
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method used to prepare the plethora of dO bis(imido) complexes as developed by 

the Schrock group,66 a convenient two step synthesis of [Li(THF)4][Mo(NArhCI] 

starting from (NH4hMo207 has been developed. 

RESULTS AND DISCUSSION 

Synthesis of dO Bis(imido) Complexes of Mo(VI) 

The complex Mo(NArhCI2(THFh (Sa) was prepared by a modification of 

Schrock's method (eq 3.1), and obtained as burgundy crystals in 95% yield. This 

complex rapidly loses one THF ligand upon stirring in pentane for several min, 

forming Mo(NArhC12(THF) (Sd), first reported by Osborn and co-workers.55 It is 

also possible to prepare a variety of Mo(NRhCI2(THFh complexes using this 

method (eq 3.1, Sb-e). 

(NH4)2Mo207 + 17 Me3SiCI + 4 H2NR + S NEt3 + THF 

~ Mo(NR)2C~(THF)2 

Sa, R = Ar 

Sb, R = Ar' 

(3.1) 

Se, R = Arb = 4-bromo-2,6-diisopropylphenyl 
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Synthesis of dO Tris(imido) Complexes of Mo(VI) 

Although many dO bis(imido) complexes of Mo(VJ) are known, synthetic 

pathways into dO complexes of the type Mo(NRhL were unknown. The synthesis 

of [Li(THF)4][Mo(NArhCI] (9) can be achieved by the addition of two equiv of 

LiNHAr to Sa in THF, yielding 9 as bright red-orange crystals in 65% yield (eq. 

3.2). It is important to point out that unless i) complex Sa is of high purity, ii) 

very short reaction times are used, and iii) THF is present in the reaction mixture 

at all times (Le. upon work-up the THF is never completely removed), 

[Li(THF)4][Mo(NArhCI] cannot be isolated. Similar to tungsten, complexes of the 

type Mo(NArh(PR3) can also be formed. For example, dark purple 

Mo(NArh(PMe3) (10) can be formed upon treatment of 9 with excess PMe3 (eq. 

3.3). 

Mo(NAr)2C~(THF)2 + 2 LiNHAr -7 [Li(THF)4][Mo (NAr3) Cl] (3.2) 
(9) 

[Li(THF)4][Mo(NAr3)Cl] + PMe3 -7 Mo(NAr)3(PMe3) (3.3) 
(3) 

Complexes 9 and 10 constitute the first reported tris(imido) complexes of Mo(VI). 

The lH and 13C NMR spectra of complexes 9 and 10 exhibit one signal for 

the imido ligands at room temperature, consistent with a structure having 

equivalent imido ligands and a great deal of symmetry. If the ligands in 
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complexes 9 and 10 are arranged in a tetrahedral fashion about the metal center, 

then free rotation about the N-Cipso bond must occur in order to exhibit one signal 

for the methyl groups on the isopropyl substituents of the phenylimido ligands. 

Otherwise the methyl groups would become diastereotopic with one methyl 

group toward the axial ligand (L = CI or PR3) and one methyl pointing away 

from the axial ligand (Le. methylup and methyldown) as shown in Scheme 3.1. 

Scheme 3.1 also shows how upon free rotation about the N-Cipso bond as well as 

a molecular mirror plane bisecting the imido ligands accounts for equivalent 

methyl groups on the isopropyl substituents. 

Mechanism of Formation of [Li(THF)4][Mo(NAr)3Cl]: Kinetic vs. Thermodynamic 

Control of a Reaction 

Osborn had reported that upon addition of two equiv of LiNHAr(Et20) to 

Mo(NArhCI2(THF) in pentane, Mo(NArh(NHArh was formed in good yield.55 

Similar conditions are used in forming 9 by our method. The most important 

differences in these two reactions are reaction solvent and reaction time. In fact, 

if isolated complex 9 is reacted with H2NAr, Mo(NArh(NHArh (11) is obtained 

in near quantitative yield (this reaction will be discussed in greater detail in 

Chapter 6). This result indicates that 9 is actually the kinetic product of the 

reaction and complex 11 is the thermodynamic product of the reaction. 
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One can envision a series of steps, as depicted in equations 3.4 a-d for the 

formation of both complex 9 and complex 11. The formation of both 9 and 11 

proceed first by production of transient Mo(NArh(NHAr)CI(THF)x (eq. 3.4a), 

followed by an intermolecular deprotonation yielding the kinetic product 9 (eq. 

3.4b). At this point either complex 9 can be isolated, or further reaction can take 

place depending on reaction solvent and reaction time. The chloride ligand can 

then be replaced by the aniline formed in reaction 3Ab yielding intermediate 

Mo(NArh(NH2Ar) (eq. 3.4c). The final step in the process is intramolecular proton 

transfer of Mo(NArh(NH2Ar) forming the thermodynamic product 11 (eq. 3.4d) 

irreversibly. The fact that thermalizing Mo(NArh(NHArh either alone or in the 

presence of phosphines (more forcing conditions) does not generate Mo(NArhL 

supports the irreversibility of equation 3.4d. 

Mo(NAr)2C12(THF)2 + LiNHAr -7 Mo(NAr)2(NHAr)Cl + LiCI (3.4a) 

Mo(NAr)2(NHAr)Cl + LiNHAr -7 Mo(NAr)3cr + H2NAr + LiCI (3.4b) 

Mo(NAr)3Cr + H2NAr ~ Mo(NAr)3(NH2Ar) + cr (3.4c) 

Mo(NAr)3(NH2Ar) -7 Mo(NAr)2(NHAr)2 (3.4d) 

These experiments also eliminate the possibility of an intramolecular a-proton 

abstraction mechanism for the formation of 9 since such a pathway would require 
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the reverse of eq. 3.2d which has been shown not to occur (see Chapter 2 for a 

discussion on the mechanism of formation of [Li(THF)4][W(NArhCI]). 

The choice of reaction solvent has a dramatic effect on the outcome of the 

reaction between Mo(NArhCI2(THFh and 2 equiv. of LiNHAr. The use of THF 

as a reaction solvent is critical due to the equilibrium shown in equation 3.4c. In 

THF, the LiCI produced in the reaction stays soluble, and the position of the 

equilibrium in eq. 3.4c lies on the left. In solvents such as pentane (Le. Osborn's 

conditions), LiCI precipitates as formed, and the equilibrium in eq. 3.4c is driven 

to the right. The driving of the equilibrium in eq. 3.4c results in the buildup of 

Mo(NArh(NH2Ar) which then converts to the thermodynamic product 

Mo(NArh(NHAr)z, irreversibly, by proton transfer. 

The choice of reaction time is also crucial for the success in isolating 

[Li(THF)4][Mo(NArhCI]. This is also due to the equilibrium shown in eq. 3.4c. 

Over long reaction times, the formed [Li(THF)4][Mo(NArhCI] can slowly back 

react with the aniline. Since Mo(NArh(N2HAr) is present in the reaction mixture, 

it can slowly proceed to the thermodynamic product Mo(NArh(NHArh over 

time. Thus the amount of Mo(NArh(NH2Ar) in solution must be kept to a 

minimum for a successful synthesis. 
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CONCLUSIONS 

A variety of complexes of the type Mo(NR}zCI2(THF}z have been prepared 

utilizing a modification of the procedure developed by Schrock and co-workers.66 

It has been shown that the use of monodentate donor ligands other than pyridine, 

such as THF, is possible in the preparation of Mo(NR}zCI2L2 complexes. These 

bis(imido) complexes can rapidly lose one donor ligand forming the five

coordinate species Mo(NR}zCI2L (e.g. Mo(NR}zCI2(THF», complexes which were 

first reported by Osborn and others. 

A convenient two step synthesis of [Li(THF)4][Mo(NArhCI] has been 

developed starting from (NH4}zMo20 7• The success of this synthesis relies 

critically on the purity of Mo(NR}zCI2(THF}z and the reaction conditions 

employed. It has been shown that [Li(THF)4][Mo(NArhCI] constitutes the kinetic 

product of the reaction of Mo(NR}zCI2(THF}z with 2 LiNHAr, whereas 

Mo(NAr}z(NHAr}z is the thermodynamic product of the reaction. Studies of the 

reactivity of this new functional group will be examined in Chapters 5 and 6. 

PREPARATIONS 

Mo(NAr)2C~(THF)2 (Sa) To a stirred suspension of 10.0 g (29.4 mmol) of 

(NH4)Mo20 7 in 150 ml THF at room temperature was added 23.8 g (235 mmol) 

of triethylamine in 25 ml of THF over a period of 10 min. The mixture was then 

stirred for 20 min at room temperature, followed by the addition of 54.20 g (63.3 
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mL, 49B mmol) Me3SiCI over 10 min. After allowing the mixture to stir for 5 min, 

a solution of 20.Bg (117 mmol) 2,6-diisopropylaniline in 25 ml of THF was added 

over 10 min. The solution rapidly changed from opaque colorless to bright 

yellow and then to deep red over a few min. The mixture was heated to 70 °C 

for 12 h. At this point the formed salts were filtered off, and washed with THF 

until the filtrate was colorless, yielding a deep burgundy solution. The reaction 

volatiles were then removed under reduced pressure yielding a burgundy 

microcrystalline solid which was collected on a frit, washed with cold THF (-35 

°C) and dried in vacuo yielding 37.7 g (56.13 mmol, 96%) of product. Product 

obtained in this manner was analytically pure. IH NMR (C6D6): 3 7.01 - 6.93 (A2B 

mult, 6H, Haryl), 4.07 (sept, 4H, CHMe2)' 3.91 (mult, BH, Ca THF), 1.37 (mult, BH, 

C~ THF), 1.22 (d, 12H, CHMe2)' 13C NMR (C6D6): 3 154.3 (Cipso' NAr), 145.2 (Co, 

NAr), 12B.6 (Cpara, NAr), 123.1 (Cm, NAr), 70.4 (Ca, THF), 2B.6 (CHMe2), 25.7 

(C~, THF), 24.3 (CHMe2)' Anal. Calcd for C32HsoN202Mo: C, 57.99; H, 7.61; N, 

4.23. Found: C, 57.79; H, 7.51; N, 4.2B. 

Mo(NAr')2C12(THF)2 (8b) This complex was prepared in an analogous 

fashion to la. IH NMR (C6D6): 37.01 - 6.93 (A2B mult, 6H, Haryl), 3.B3 (mult, BH, 

Ca THF), 2.49 (s, 12H, CH3), 1.36 (mult, BH, C~ THF). 13C NMR (C6D6): 3 154.3 

(Cipso' NAr), 145.2 (Co, NAr), 12B.6 (Cp' NAr), 123.1 (Cm, NAr), 70.9 (Ca, THF), 

25.7 (C~, THF), 19.B (CH3). 
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Mo(NArb)2CI2(THF)2 (Be) This complex was prepared in an analogous 

fashion to la. lH NMR (C6D6): 0 7.01 - 6.93 (A2B mult, 6H, Haryl), 4.07 (sept, 4H, 

CHMe2)' 3.91 (mult, BH, Ca THF), 1.37 (mult, BH, Cp THF), 1.22 (d, 12H, CHMe2). 

13C NMR (C6D6): 0 154.3 (CipSOl NAr), 145.2 (Co, NAr), 12B.6 (Cp' NAr), 123.1 (Cm, 

NAr), 70.4 (Ca, THF), 2B.6 (CHMe2)' 25.7 (Cp, THF), 24.3 (CHMe2)' 

Mo(NAr)2CI2(THF) (Bd) Solid Mo(NArhCl2(THFh (1.0 g, 1.51 mmol) 

prepared as described above was placed on a frit. The solid was washed with 

room temperature pentane (5 x 10 mL) and the pentane was allowed to stand in 

the frit for several min prior to filtration. The resulting rust colored solid was 

dried in vacuo to yield O.BO g (1.35 mmol, B9 % recovery). lH NMR (C6D6): 0 7.01 

- 6.93 (A2B mult, 6H, Haryl), overlapping 4.05 (sept, 4H, CHMe2)' 4.0B (mult, 4H, 

Ca THF), 1.33 (mult, 4H, Cp THF), 1.21 (d, 24H, CHMe2). 13C NMR (C6D6): 0 

154.4 (Cipso' NAr), 145.4 (Co, NAr), 12B.9 (Cp' NAr), 123.0 (Cm, NAr), 72.0 (Ca, 

THF), 2B.7 (CHMe2)' 25.7 (Cp, THF), 24.1 (CHMe2). Anal. Calcd for 

C2sH42C12N20Mo: C, 56.93; H, 7.17; N, 4.75. Found: C, 57.0B; H, 7.13; N, 4.B2. 

[Li(THF)4][Mo(NAr)3C1] (9) To a room temperature solution of 

Mo(NArhCl2(THFh (2.00 g (3.02 mmol,) in 50 mL of THF) was added dropwise 

a solution of 1.11 g (6.05 mmol) of LiNHAr in 25 mL THF. The mixture rapidly 
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changed from deep burgundy to deep red. The mixture was stirred for 30 min. 

at which point the reaction volatiles were removed under reduced pressure, 

yielding a deep red waxy solid. The solid was extracted with 50 mL Et20 and the 

extract was filtered through Celite. The solvent volume was reduced to around 

5 mL, and bright red-orange crystals were collected and dried in vacuo; yield 1.75 

g (1.84 mmol, 61%). IH NMR (C6D6): 0 7.13 - 7.01 (A2B mult, 9H, Hary1), 3.78 

(sept, 6H, CHMe2)' 3.46 (mult, 16H, Ca THF), 1.32 (mult, 16H, C~ THF), 1.24 (d, 

36H, CHMe2)' 13C NMR (C6D6): 0 155.9 (Cipso' NAr), 139.2 (Co, NAr), 124.0 (Cp' 

NAr), 122.8 (Cm, NAr), 68.3 (Ca, THF), 28.6 (CHMe2)' 25.5 (C~, THF), 24.2 

(CHMe2)' Anal. Calcd for CS2H83N304ClLiMo: C, 65.44; H, 8.77; N, 4.41. Found: 

C, 65.06; H, 8.73; N, 4.69. 

Mo(NAr)3PMe3 (10) Neat PMe3 (1.09 mL, 10.5 mmol) was added to a 

frozen solution of 1.0 g (1.05 mmol) [Li(THF)4][Mo(NArhCI] in 30 mL of benzene 

at -78°C. The mixture was allowed to warm to room temperature over which 

time the solution changed from red-orange to deep purple. The mixture was 

stirred for an additional 30 min. The reaction volatiles were removed under 

reduced pressure, yielding a deep purple solid. The solid was extracted with 

ether and the extract was filtered through Celite. The solvent was removed 

yielding 0.782 g (0.996 mmol, 95%) of purple crystals. IH NMR (C6D6): 07.14-

6.99 (A2B mult, 9H, Haryl), 3.99 (sept, 6H, CHMe2), 1.24 (d, 36H, CHMe2), 1.15 (d, 
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9H, PMe3). 13C NMR (C6D6): 0 155.2 (CipSO' NAr), 139.7 (Co, NAr), 123.4 (Cp' 

NAr), 122.4 (Cm, NAr), 28.4 (CHMe2)' 23.9 (CHMe2), 16.3 (PMe3). Anal. Ca1cd for 

C39H60N3PMo: C, 66.93; H, 8.65; N, 6.01. Found: C, 67.18; H, 8.69; N, 5.87. 

Mo(NAr)2(NHAr)2 (11) Neat 2,6-diisopropylaniline (O.065g, 0.367 mmol) 

was added to 0.350g (0.367 mmol) of [U(THF)4][Mo(NArhCI] in 25 mL of 

benzene. The mixture was allowed to stir for 20 h, over which time the red

orange solution turned golden yellow. The solution was filtered through Celite, 

the reaction volatiles removed under reduced pressure, and a golden yellow 

powder collected weighing 0.290 g (0.362 mmol, 98%). The compound was 

dissolved in minimal pentane, cooled to -35 °C, and golden yellow needles were 

collected and dried in vacuo. IH NMR (C6D6): 08.03 (broad s, 2H, NHAr), 7.09 -

7.05 and 6.95 - 6.91 (A2B mult, 6H each, Haryl, NAr and NHAr), 3.85 and (sept, 

4H each, CHMe2' NAr and NHAr), 1.24 and 1.01 (d, 24H each, CHMe2 NAr and 

NHAr). 13C NMR (C6D6): 0 153.6 and 148.5 (CipSO' NAr and NHAr), 142.3 and 

140.4 (Co, NAr and NHAr), 126.0 and 124.2 (Cp' NAr and NHAr), 123.7 and 122.6 

(Cm, NAr and NHAr), 29.0 and 28.7 (CHMe2 NAr and NHAr), 24.3 and 23.6 

(CHMe2 NAr and NHAr). Anal. Ca1cd for C4sH70N4Mo: C, 71.96; H, 8.81; N, 

7.00. Found: C, 71.57; H, 8.68; N, 6.88. 



77 

Chapter 4 

Structure and Bonding in dO Tris(imido) Complexes 

INTRODUCTION 

The introduction of multiple imido ligands into the coordination sphere of 

a single metal center may result in "n-Ioading" of the complex. In certain point 

groups, "n - loaded" complexes may exhibit restrictions to complete n-donation 

by the imido ligand rigorously imposed by orbital symmetries. Such a symmetry 

restriction has the effect of enhancing the polarity of the MIi+ - No- bond in the 

imido complex and forcing a reduction in the M-N bond order to less than three. 

The inability to n-donate to the metal center places residual electron density on 

the imido nitrogen and thus a more basic, more reactive imido moiety is 

produced. 

This chapter discusses the electronic nature of C3v symmetric tris(imido) 

complexes and provides a basis for rationalizing the observed reactivities of these 

metal imido moieties. The solid state structures of [Li(THF)4][W(NArhCI] 4, 

W(NArh(PMe3) 5, and [Li(THF)4][Mo(NArhCI] 9 will be presented for the first 

time in conjunction with a detailed examination of the bonding in these 

tris(imido) complexes. This analysis will then be applied to related complexes of 

lower molecular symmetry which contain three la, 2n donor ligands. 
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RESULTS AND DISCUSSION 

X-ray Crystal Structures of TrisUmido) Complexes of Tungsten and Molybdenum 

The solid state structures of complexes 4, 5, and 9 are shown if Figures 4.1 

- 4.3. The details associated with data collection are reported in Appendix A. 

Although crystals were obtained of complex 9 and the overall C3v symmetry of 

the complex has been determined, lack of precision in the structure due to 

disordering has made the determination of bond lengths and bond angles 

impossible. A summary of pertinent structural data for complexes 4 and 5 is 

found in Table 4.1. 

Compound [Li(THF)4] [W(NArhCI] W(NArh(PMe3) 

Bond Angle M-NrC1 = 173.4(16) M-N1-C1 = 172.5(8) 

(Degrees) M-N2-C2 = 167.7(14) M-N2-C2 = 161.4(9) 

M-N3-C3 = 171.4(15) M-N3-C3 = 169(1) 

Average = 170.8 Average = 167.6 

Bond Length M-Nl = 1.777(15) M-Nl = 1.78(1) 

(Angstroms, A) M-N2 = 1.763(15) M-N2 = 1.80(1) 

M-N3 = 1.805(18) M-N3= 1.79(1) 

Average = 1.78 Average = 1.79 

Table 4.1 



Ortep view of [Li(THF)4][W(NAr)3Cl] 
Figure 4.1 

Ortep view of W(NAr)3(PMe3) 
Figure 4.2 
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View of [Li(THF)4][Mo(NAr)3CI] showing C3v symmetry 
Figure 4.3 

Synthesis of (l1s.CsHs_xMex)M(NAr)2CI Complexes 

80 

Using a modification of the procedure developed by Sundermeyer,67 

complexes of the type (l1s·CsHs_xMex)M(NAr}zCI (x = 0,1 or 5; M = Mo or W) can 

easily be prepared from M(NAr}zCI2(THFh with a variety of cyc10pentadienyl 

reagents (eq. 4.1). 

M=Mo,W 
M' = Na, Li 
CpR = CsH5I CSH4Me, CsMes 
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CpM(NAr)2CI Complexes 

The success of the synthesis of complexes of the type CpM(NArhCI from 

the bis(imido) dichloride complexes relies on the use of an excess of 

cyclopentadienyl reagent (see eq. 4.1). Sundermeyer reported67 that upon 

treatment of W(N-t-BuhCI2(pyr}z with LiCp, CpW(N-t-BuhCI forms in good yield. 

In fact, upon treatment of W(NArhCI2(THFh with one equivalent of NaCp, a by

product is formed in 20% yield together with CpW(NArhCl. Similar results are 

obtained for the molybdenum analogs. In order to avoid formation of this side

product, 1.5 equiv of the cyclopentadienyl reagent must be used, in which case 

CpM(NArhCI complexes are formed in much greater yield. 

(lls-CsHs)W(NArhCI contains an appreciable amount of symmetry as 

indicated by the IH and 13C NMR spectra. The IH NMR spectrum exhibits a 

single resonance for the methine protons of isopropyl substitents on the phenyl 

rings of the imido ligands. It is intersting to note that there is a slight broadening 

of the resonance for the methyl groups on the isopropyl substituents. The 13C 

NMR reveals two signals for the methyl carbons on the isopropyl substituents. 

The reason for this observation lies in the fact that there is free rotation about the 

N-Cipso bond, but there is not free rotation about the Co-Cmethine bond. Rotation 

about the N-Cipso bond makes the methine resonances equivalent, but does not 

make the methyl groups equivalent. Instead there are two sets of methyl groups. 

Rotation about the N-Cipso bond interchanges methyl groups within a set as 
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depicted in Scheme 4.1. A mirror plane passes between the two imido ligands, 

causing overall Cs symmetry of the complex, makes the two imido ligands 

equivalent. 

~ H H ~ 

3,11" 

Scheme 4.1 

Bonding in M(NAr)3L Complexes 

In solution, complexes 4, 5, and 9 exhibit one set of resonances in the IH 

and 13C NMR for the imido ligands, indicative of high molecular symmetry. 

Thus, slight inequivalencies of the imido ligands in the solid state structure are 

likely due to solid state packing effects and are clearly not maintained as static 

structures in solution. 
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Complexes 4, 5, and 9 are all C3v symmetric containing a three-fold proper 

rotation axis along either the M-CI or M-P bond and three mirror planes as 

depicted in Figure 4.4. 

w .. 
~ \\~-Ar 

Ar'" \\ • 
N· 
\ 
Ar 

Figure 4.4 

" crv 

Upon counting the total number of valence electrons in these tris(imido) 

complexes, assuming 7t-donation by the lone pairs on each nitrogen, it is apparent 

that complexes 4, 5, and 9 are formally 20-electron species. This observation 

suggests that two electrons must be accommodated in excess of the 18 electron 

rule (see Chapter 1). The nitrogen p-orbitals transform as an al' a2, and two e set. 

In C3v symmetry, the metal has no orbital of a2 symmetry, leaving two electrons 
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in the ligand-based a2 molecular orbital. Figure 4.5 depicts the a2 orbital which is 

perpendicular to the molecular z-axis (C3 axis). 

'" .i ....... "'\) 

Figure 4.5 

Based on this, one can construct a qualitative orbital energy diagram as 

depicted in Figure 4.6. This diagram clearly shows that the a2 orbital is the 

highest occupied molecular orbital (HOMO) of these complexes. Therefore these 

complexes should exhibit very basic, highly nucleophilic imido ligands and 

should be a site of reactivity in these complexes. 

Complexes that contain three 10', 27t donor ligands surrounding a metal 

center should have orbital energy levels analogous to those of M(NArhL 

complexes by virtue of their three-fold orbital symmetry, despite the loss of 

overall three-fold molecular symmetry. (lls-CsHs_xMex)M(NArhCI complexes are 
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Antibonding levels 

p 

s 

d 1t 

Figure 4.6 
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therefore electronically analogous to the M(NArhL systems although they are Cs 

symmetric. Although there is no symmetry restriction imposed to full donation 

by all of the 10', 21t ligands in Cs symmetry, two electrons are not capable of 

donating without violating the 18-electron rule. Therefore the HOMO of this 

complex is still a three-fold symmetric orbital lying in the plane perpendicular to 

the molecular z-axis (an a" orbital), where the z-axis of the molecule is aligned 

along the M-CI bond, which is analogous to the a2 molecular orbital in M(NArhL 

complexes, Figure 4.7. Thus, one would predict that complexes of the type ("s_ 

CsHs_xMex)M(NArhCI should also have very basic, highly nucleophilic imido 

ligands and should show reactivity similar to M(NArhL complexes . 

..... """~ 
III~ 

Figure 4.7 
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The Effect of 1t-Loading on IH NMR Shifts 

Increasing the electron density on a high oxidation state metal center by 

donation from a 1t-bonded ligand should decrease the electropositive nature of the 

metal center. One could therefore predict that by increasing the number of imido 

ligands surrounding a single metal center the electropositive nature of the metal 

center should be attenuated. 

One possible way to gauge the effect of 1t-donation by the imido ligands 

is by IH NMR. Figure 4.8 shows a 2,6-diisopropylphenyl imido ligand bound to 

a spherically symmetric metal center. It is apparent that the nature of the metal 

center should have a significant effect on both protons (Hmeta and f\,ara) of the 

phenyl ring due to inductive and resonance effects, as well as the protons on the 

isopropyl substituents (especially CHMe2) due to through space effects. 

Hp 

Figure 4.8 
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As the metal center is surrounded by an increasing number of imido 

ligands, the effect that the metal center has on the ligands should decrease 

accordingly. Figure 4.9 shows the lH NMR spectra for (A) W(NAr)CI4(THF), (B) 

A 

B II J JJ ___ _ 

C 

iii iii I I i iii iii iii 

7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm 

lH NMR spectra of complexes A, B, and C in C6D6 

Figure 4.9 
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Since the deshielding of the me thine resonance is due to an adjacent positive 

charge, sequential addition of an imido ligand should result in a sequential 

upfield shift of the methine resonance due to a lowering of the electropositive 

nature of the metal. Inspection of Figure 4.9 reveals exactly this. There is an 

upfield shift of the me thine resonance on going from W(NAr)Cl4(THF) to 

W(NArhCl2(THFh to [Li(THF)4][W(NArhCl]. The effect on the coordinated THF 

ligand is exactly the same. There is also an effect on the chemical shift of the 

I\ara proton. On going from W(NAr)CliTHF) to [Li(THF)4][W(NArhCl] there 

should be a lowering of the amount of electron density that the metal removes 

from the imido nitrogen, and thus from the aromatic ring attached to the imido 

nitrogen. Thus, there should be a sequential increase in the aromatic ring current 

on going from W(NAr)Cl4(THF) to W(NArhCl2(THFh to [Li(THF)4][W(NArhCl], 

and a sequential increase in the deshielding of the I\ara proton, resulting in a 

downfield shift of the I\ara resonance as seen in Figure 4.9. Also apparent from 

these spectra is that the introduction of the second imido ligand has a much 

greater effect on the metal center than introduction of the third imido ligand in 

the tungsten system. 

It is also informative to compare the IH NMR spectra of the tungsten and 

molybdenum tris(imido) systems. The aromatic region of the IH NMR of 

[Li(THF)4][Mo(NArhCl] shows overlapping meta and para resonances, whereas 

in [Li(THF)4][W(NArhCl] the signals are dearly separated from one another due 



90 

to an up field shift of the ~ara resonance (in comparing the bis(imido) complexes, 

a similar trend is observed). This is because tungsten is inherently more 

electronegative than molybdenum, and therefore requires more electron density 

from the imido ligands to achieve the same level of electron density on the metal 

center. This would also suggest that the imido ligands in the molybdenum 

tris(imide) system are more polar and more basic than in the tungsten tris(imide) 

system. 

CONCLUSIONS 

The solid state structures of tris(imido) complexes of molybdenum and 

tungsten all show the characteristic C3v symmetry associated with tris(imido) 

complexes of the transition elements. These complexes have a three-fold 

symmetric, ligand based, non-bonding a2 orbital as the HOMO of the complex. 

In addition, changing an imido ligand to other la, 27t donors does not change the 

three-fold nature of the HOMO in these complexes. 

PREPARATIONS 

(T\s.CsHs)W(NAr)2C1 (12) To a room temperature THF solution of 

W(NArhCI2(THFh (0.500 g, 0.667 mmol in 20 mL THF) was added a THF solution 

of NaCsHs (0.087g, 1.00 mmol in 5 mL THF). The mixture was stirred for 48 h 

over which time the solution changed from red orange to dark red. At this point 
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the reaction volatiles were removed under reduced pressure, and the resulting 

solid extracted with Et20:CS (1:1,40 mL). The extract was then filtered through 

Celite. Removal of the solvent under reduced pressure yielded a maroon 

microcrystalline solid weighing 0.360 g (0.567 mmol, 85%). Material obtained in 

this fashion was analytically pure. IH NMR (C6D6): 0 7.10 - 6.80 (A2B multilplet, 

6H, Haryl, NAr), 6.04 (s, 5H, lls-CsHs), 3.65 (spt, 4H, CHMe2)' 1.20 (d, 24H, 

CHMe2). 13C NMR (C6D6): 0 141.8, 125.1, 122.4 (Caryl' NAr, one peak not found), 

109.7 (lls-CsHs), 28.05 (CHMe2)' 24.4 and 23.8 (CHMe2). Anal. Ca1cd for 

C29H39N2ClW: C, 54.86; H, 6.19; N, 4.41. Found C, 54.86; H, 6.31; N, 4.43. 

(lls.CsHs)Mo(NArhCl (13) To a room temperature THF solution of 

Mo(NAr}zCl2(THF}z (0.250 g, 0.378 mmol in 10 mL THF) was added a THF 

solution of NaCsHs (O.058g, 0.662 mmol in 5 mL THF). The mixture was stirred 

for 48 h over which time the solution changed from burgundy to dark red in 

color. The reaction volatiles were removed under reduced pressure, and the 

resulting solid extracted with Et20:CS (1:1, 20 mL). The extract was then filtered 

through Celite. Removal of the solvent under reduced pressure yielded a maroon 

microcrystalline solid weighing 0.206 g (0.378 mmol, 99%). Analytically pure 

samples were obtained by recrystallization from pentane solutions at -35 °C. IH 

NMR (C6D6): 0 7.10 - 6.80 (A2B mult, 6H, Haryl, NAr), 6.07 (s, 5H, lls-CsHs), 3.68 

(spt, 4H, CHMe2), 1.17 (d, 24H, CHMe2). 13C NMR (C6D6): 0 155.2 (Cipso' NAr), 
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141.4 (Co, NAr), 126.2 (Cp' NAr), 122.8 (Cm, NAr,), 110.5 (l1s-ksHs), 28.3 (CHMe2), 

24.3 and 23.8 (CHMe2)' Anal. Calcd for C29H39N2CIMo: C, 63.48; H, 7.17; N, 5.11. 

Found C, 63.85; H, 7.18; N, 5.06. 

(l1s.CsH4Me)Mo(NAr)2Cl (14) To a room temperature THF solution of 

Mo(NArhCl2(THFh (0.250 g, 0.378 mmol in 10 mL THF) was added a THF 

solution of LiCsH4Me (O.049g, 0.567 mmol in 5 mL THF). The mixture was then 

stirred for 48 h over which time the solution changed from a burgundy to a dark 

red in color. At this point the reaction volatiles were removed under reduced 

pressure, and the resulting solid extracted with 20 mL of pentane. The extract 

was filtered through Celite. Removal of the solvent under reduced pressure 

yielded a waxy maroon solid. The solid was taken up in minimal pentane and 

the solution cooled to -35 °C yielding maroon crystals which were collected and 

dried in vacuo, weight 0.148g (0.263 mmol, 70%). Analytically pure samples were 

obtained in this fashion. IH NMR (C6D6): 07.00 - 6.88 (A2B multilplet, 6H, Haryl, 

NAr), 6.01 (overlapping d of d, 2H, l1s-CsH4Me), 5.71 (overlapping d of d, 2H, l1s-

CSH4Me), 3.70 (spt, 4H, CHMe2)' 2.08 (s, 3H, l1s-CsH4Me), 1.18 and 1.17 

(overlapping d, 24H, CHMe2). 13C NMR (C6D6): 0 154.8 (CipSQI NAr), 141.3 (Co' 

NAr), 132.0 (Co' l1s-CsH4Me), 126.0 (Cp' NAr), 122.8 (Cm, NAr,), 110.5 (l1s-ksH4Me), 

105.7 (l1s-CsH4Me), 28.3 (CHMe2)' 24.4 and 23.7 (CHMe2)' 14.7 (l1s-CsH4Me). Anal. 
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Ca1cd for C30H41N2CIMo: C, 64.03; H, 7.35; N, 4.98. Found C, 64.41; H, 7.10; N, 

5.00. 

(l1s-CsMes)Mo(NAr)2Cl (15) To a room temperature THF solution of 

Mo(NArhCI2(THFh (0.350 g, 0.529 mmol in 20 mL THF) was added a THF slurry 

of LiCsMes (0.083g, 0.582 mmol in 5 mL THF). The mixture was then stirred for 

48 h over which time the solution changed from a burgundy to a dark red in 

color. The reaction volatiles were removed under reduced pressure, and the 

resulting solid extracted with pentane (20 mL). The extract was then filtered 

through Celite. Removal of the solvent under reduced pressure yielded a dark 

red, almost black, microcrystalline solid which was collected on a frit and washed 

with cold pentane. Drying of the solid in vacuo yielded dark red microcrystals 

weighing 0.180 g (0.423 mmol, 80%). Compound obtained in this fashion was 

analytically pure. IH NMR (C6D6): 0 7.00 - 6.80 (A2B multilplet, 6H, Haryl, NAr), 

3.71 (spt, 4H, CHMe2)' 1.83 (s, ISH, CsMes), 1.23 (d, 12H, CHMe2)' 1.16 (d, 12H, 

CHMe2). 13C NMR (C6D6): 0 153.3 (Cipso' NAr), 141.0 (Co, NAr), 125.5 (Cp' NAr), 

123.1 (Cm, NAr,), 119.8 (l1s-CsMes), 27.8 (CHMe2), 25.4 and 24.1 (CHMe2), 11.3 

(CsMes)' Anal. Ca1cd for C34H49N2CIMo: C, 65.99; H, 7.99; N, 4.53. Found C, 

65.99; H, 8.19; N,4.44. 
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Chapter 5 

Reactions of dO Tris(imido) Complexes With Nucleopbiles 

INTRODUCTION 

Metal halides are perhaps the most useful starting materials in synthetic 

organometallic chemistry. Halides of all the transition metals are known68 and 

have been used as entries into numerous complex systems particularly through 

nucleophilic displacement reactions. Substitution reactions at metal centers 

proceed through either two-electron or one-electron pathways.69 Both the two

electron and one-electron pathways have associative and dissociative limiting 

cases. Between the two limiting cases are either associatively or dissociatively 

activated mechanisms. 

Nucleophilic substitutions at coordinatively-saturated 18-electron complexes 

most often proceed by a dissociative two-electron pathway. An intermediate of 

decreased coordination number is formed via this pathway which is directly 

analogous to the well known SNI mechanism in organic chemistry. A classic 

example of ligand substitution of a coordinatively-saturated 18-electron complex 

by a dissociative pathway is in the substitution reactions of Ni{CO)4 (eq. S.la-b) 

by donor ligands L {L = phosphine)7° Kinetic studies have shown a first-order 

rate law dependent only on the concentration of Ni{CO)4 {Le. the rate is 
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independent of L). In addition, the activation enthalpy (25 kcal/mol) is close to 

the bond dissociation energy (BDE) of the Ni(COh-CO bond (35 kcal/mol). Also 

in support for a dissociative mechanism is the positive activation entropy. 

Ni(CO)4 -7 Ni(CO)3 + CO (slow) 

Ni(CO)3 + L -7 Ni(CO)3L (fast) 

(5.la) 

(5.lh) 

Associative one-electron pathways, proceeding by initial one-electron 

reduction of the transition metal complex, are perhaps more prevalent than 

previously believed. An example of a mechanism proceeding by initial one

electron reduction is shown in equation 5.2.71 In this case, one-electron reduction 

of the starting alkyl complex results in the formation of an initial 19-electron 

complex which then undergoes a migratory insertion by the alkyl group at much 

greater rate. The resulting 19-electron acyl species then catalytically reduces the 

starting complex. Such redox-catalysis may be unrecognized in many systems 

due to ppm concentration of reductants (such as unreacted alkyllithium reagents) 

which initiate the chain mechanism. In some systems, careful exclusion of trace 

impurities leads to the lack of substitution in what are normally highly labile 

complexes.72 

CpFe(CO)2Me + PPh3 + e- -7 [CpFe(CO)(PPh3)(COMe»)" (5.2) 
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Associative two-electron pathways also exist for coordinatively saturated 

lS-electron complexes. One associative pathway is especially common when the 

complex contains certain 1t-bound ligands such as ,,5-cyclopentadienyl, ,,5-

fluorenyl, ,,5-indenyl (and others) which are capable of "slipping" to lower 

hapticity bonding modes. In this pathway an intermediate or transition state of 

increased coordination number is formed. This pathway is directly analogous to 

the addition of nucleophiles to organic carbonyls where the 1t-bond of the 

carbonyl group "slips" in forming a tetrahedral intermediate?3 By "slipping" a 1t

bound ligand, 20-electron complexes are avoided upon association of the 

nucleophilic ligand. An example of ring slippage is observed in Re(,,5-

C5H5)(Me)(NO)(PMe3) studied by Casey and co-workers (Scheme 5.1) where the 

cyclopentadienylligand is subsequently slipped from ,,5 to ,,3 to ,,1 to ,,°.14, 75 It 

is not known whether ring slippage to generate a site of coordinative unsaturation 

occurs prior to ligand association in these reactions (Le. a pre-dissociation of a 

multiply bonded ligand). 

Direct substitution by an incoming nucleophile in a concerted fashion is 

also possible. This associative mechanism is analogous to the SN2 mechanism in 

organic chemistry and also avoids the formation of a 20-electron intermediate. 

Substitution by this pathway results in simultaneous bond forming and bond 

breaking in the transition state and avoids the formation of a discrete 

intermediate complex (Scheme 5.2). 
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Since the dO tris(imido) complexes of the type M(NArhL are I8-electron, 

coordinatively saturated complexes, one would expect substitution of the ligand 

L to proceed by either an SNI (dissociative) or SN2 (associative) mechanism. This 

chapter explores the ability to substitute the chloride ligand in 

[Li(THF)4][M(NArhCI], where M = Mo or W, with a variety of nuc1eophiles. An 

attempt to determine whether substitution occurs through initial loss of chloride 

(SNI mechanism) or through direct substitution via association of the incoming 

nuc1eophile (SN2 mechanism) will be described. 

RESULTS AND DISCUSSION 

Reactions of [Li(THF)4][M(NAr)3Cl] With Neutral Nucleophiles 

The addition of phosphines to benzene solutions of [Li(THF)4][M(NArhCI] 

(M = Mo (9) or W (4» results in the high yield formation of complexes of the type 

M(NArh(PR3) (eq. 5.2). For example, the reaction of PMe3 with either complex 

9 or 4 results in the rapid formation of Mo(NArh(PMe3) (10) or W(NArh(PMe3) 

(5) in near quantitative yield. Similarly, the reaction of PPh2Me with complex 4 

results in formation of W(NArh(PPh2Me) (6). 

(5.2) 

M = Mo, P~ = PMe3 
M = W, p~ = PMe3, PMeP~ 
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It is also possible to displace the chloride ligand in complex 9 with bases 

such as pyridine (eq. 5.3). The addition of excess pyridine to an Et20 solution of 

9 results in an immediate color change from red-orange to purple-red. Upon 

appropriate work-up, Mo(NArh(pyr) (16) is isolated in 95% yield as a purple-red 

solid. 

Reactions of [Li(THF)4][M(NAr)3Cl] With Anionic Nucleophiles 

Substitution of the chloride ligand of complexes 4 and 9 with a variety of 

anionic nuc1eophiles proceeds smoothly and in high yield (eq. 5.4). 

For example, the reaction of complex 9 with either MeLi or Me3CCH2Li results 

in the high yield formation of orange crystals of [Li(THF)4][Mo(NArhCH3] (17) 

or [Li(THF)4][Mo(NArh(CH2CMe3)] (18) respectively. In a similar fashion, the 

reaction of either MeLi or Me3SiCH2Li with 2 results in the formation of yellow 

crystals of [Li(THF)4][W(NArhCH3] (19) or [Li(THF)4][W(NArh(CH2SiMe3)] (20) 

respectively in good yield. 
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The reaction of [n-Bu4N]Br with complexes 4 and 9 in benzene results in 

the loss of LiCI and the formation of [n-Bu4NHM(NArhBr] (M = Mo 21, M = W 

22) also in near quantitative yield (eq 5.5). 

[Li(THF)4][M(NAr)3C1] + [Bu4N][Br] -7 [Bu4N][M(NAr)3Br] (5.5) 

M=MoorW 

NMR Characteristics of Substitution Products 

All of the tris(imido) complexes discussed in this chapter exhibit one signal 

for the isopropyl groups on the aryl (imido) ligands in the lH NMR spectra. This 

observation is indicative of complexes which contain a great deal of symmetry as 

discussed in Chapter 4. 

The lH NMR spectra of [Li(THF)4][W(NArhCH3] (19) and 

[Li(THF)4][W(NArh(CH2SiMe3)] (20) are especially interesting, since both 

complexes exhibit l83W - lH coupling in the lH NMR spectra. Since l83W (I = 

1/2) is 17% naturally abundant the coupling manifests itself as a d symmetrically 

disposed about the parent (I = 0) signal. Complex 19 exhibits a two-bond 

coupling eJw-H) of 11 Hz and in complex 20 a coupling of 10 Hz in the lH NMR. 

It has not been able to accurately determine the one bond coupling eJw-d in the 

13C NMR spectra of these alkyl complexes. 
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Rate Dependence on the Nature of the Nucleophile 

The replacement of the chloride ligand in complexes 4 and 9 by a variety 

of nucleophiles proceeds smoothly and in high yield. From a qualitative 

standpoint there seems to be a rate dependence on the nature of the nucleophile. 

For example, in the substitution of the chloride ligand in complex 9 by 

phosphines there is a change in the rate at which substitution occurs based on the 

bulk of the phosphine. The rate at which the characteristic color changes occur 

are in the order PMe3 > PMePh2 > PPh3, where the color change from red-orange 

(i.e. complex 9) to purple (i.e. complex 10) occurs instantaneously upon reaction 

with PMe3 and over several min upon reaction with PPh3. The same effect is seen 

in the substitution of the chloride ligand by carbanions where qualitatively MeLi 

reacts faster than Me3CCH2Li with complexes 4 and 9. Thus it appears that the 

rate of substitution is dependent on the bulk of the incoming nucleophile. These 

observations suggest that the nucleophilic substitution of chloride in complexes 

4 and 9 occurs through an associative pathway (either an addition-elimination 

pathway, imido bending, or direct substitution pathway, SN2). 

If the reaction were proceeding ireversibly by initial metal-chloride bond 

dissociation, one would expect to see a mixture of products if a variety of 

nucleophiles were present during the reaction. This is not the case. For example, 

if the complex [Li(THF)4][Mo(NArhCI] is treated with an excess of Et20 in 

benzene, no reaction is observed over extended periods of time. If the chloride 
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were dissociating the metal, it should precipitate as Liel in a mixture of 

Et20/benzene. Thus formation of Mo(NArh(Et20) or Mo(NArh(Et20) should be 

driven by the loss of Liel. Secondly, the replacement of chloride in complexes 

4 and 9 by PMe3 in Et20 produces a sole product, namely M(NArh(PMe3). If the 

reaction proceeds by initial loss of chloride irreversibly, a mixture of 

M(NArh(PMe3)' M(NArh(THF) and M(NArh(Et20) may be formed, which 

violates the experimental results. Instead, these results suggest that bases such 

as Et20 are not strong enough to displace the chloride from the complex, which 

points to an associative mechanism. 

Dynamic Equilibrium 

The success of rapid substitution of the chloride ligand in complexes 4 and 

9 by a variety of nuc1eophiles relies on the precipitation of Liel to drive the 

reaction to completion. In the reaction of phosphines, pyridine and BU4NBr with 

complexes 4 and 9, benzene was chosen as a solvent for the reaction since the 

formed Liel is virtually insoluble in benzene, and precipitates from solution as 

it forms. If instead of complex 9, [n-Bu4NHMo(NArhBr] (22) is used in the 

reactions with phosphines (eq 5.2) different results are obtained. The IH NMR 

of a mixture of two equiv of PPh2Me and one equivalent of 22 in d6-benzene 

reveals signals for both complex 22 and Mo(NArh(PPh2Me) (lOb) (Figure 5.1),76 

Thus, Figure 5.1 shows the me thine septets of the arylimido ligands for 22 at 8 
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4.16 and for lOb at 0 3.88. One can envision that when the bromide is displaced 

by the phosphine, [n-Bu4N]Br stays in solution and therefore a dynamic 

equilibrium between complexes 22 and lOb is attained. From integration of the 

methine septets in the lH NMR spectra of complexes 22 and lOb in d6-benzene 

solution (at room temperature); a ratio of 22:10b of approximately 10:1 is obtained, 

from these data an equilibrium constant (Keq) can be calculated as approximately 

Keq = 4.8 x 10-3. Surprisingly, the equilibrium lies to the side of the bromide 

complex 22. Presumably in the chloride complex 4, the equilibrium constant 

would not be as small, however the calculated equilibrium fron:t the bromide 

complex 22 shows the importance for the precipitation of Liel to drive the 

substitution at the metal center. 

[n-Bu4NUMo(NAr)aBr] + PP~Me ~ Mo(NAr)3(PP~Me) + [n-Bu4N]Br(S.6) 

i ... i 
•• 3 

i 
•• 2 

i 
•• 1 

i 
•• 0 

Figure S.l 

i 
3.8 3.8 3.7 
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CONCLUSIONS 

The reaction of complexes 4 and 9 with a variety of nucleophiles has been 

shown to proceed cleanly and in high yield. From the complexes detailed in this 

chapter it becomes apparent that displacement of the chloride ligand with a 

variety of nucleophiles is possible. Preliminary observations suggest that 

substitution occurs through an associative mechanism. The need to drive the 

substitution through the use of either an excess of the nucleophile or by the 

precipitation of LiCI is evident. 

PRE PARA TIONS 

Mo(NAr)3(pyr) (16) To a room temperature solution of 0.150 g (0.157 

mmol) of [Li(THF)4][Mo(NArhCI] in 10 mL of Et20 was added 0.5 mL of 

pyridine. The mixture immediately turned reddish-purple and allowed to stir for 

24 h. At this point the mixture was filtered through Celite. Removal of the 

reaction volatiles from the filtrate yielded purple crystals of product weighing 

0.117g (0.148 mmol, 94%). IH NMR (C6D6): B 8.61 (broadened d, 2H, Hartha 

CsHsN), 7.15 - 6.99 (A2B mult, 9H, Hary1)' 6.75 (broad mult, IH, ~ara CsHsN), 6.40 

(broad multiplet, 2H, Hmeta CsHsN), 3.93 (sept, 6H, CHMe2)' 1.19 (d, 36H, 

CHMe2)' 13C NMR (C6D6): B 155.5, 139.2 , 124.4, 123.0, 122.4 , 28.8 (CHMe2)' 23.8 

(CHMe2). Two resonances in the aromatic region were not observed and are 
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presumably coincident with the benzene resonances. Anal Calcd for C41Hs6N4Mo: 

C, 70.05; H, 8.04; N, 7.97. Found: C, 70.64; H, 8.03; N, 8.68. 

[Li(THF)4][Mo(NAr)aCHa] (17) To a -35°C solution of 0.250g (0.262 

mmol) of [Li(THF)4][Mo(NArhCI] in 25 mL of THF was added one equivalent of 

MeLi (0.188 mL, 1.4M, 0.262 mmol). The reaction mixture was then allowed to 

stir at room temperature for 18 h after which time the reaction volatiles were 

removed under reduced pressure yielding a bright orange solid. The residue was 

extracted with Et20, the ether extract filtered through Celite, and the solvent 

removed from the filtrate in vacuo yielding bright orange crystals. The crystals 

were collected and washed with cold (-35°C) Et20 and dried in vacuo; yield 0.178 

g (0.191 mmol, 73%). Analytically pure samples were obtained by 

recrystallization from THF at -35°C. IH NMR (C6D6): B 7.15 - 6.99 (A2B mult, 9H, 

Hary1), 3.75 (sept, 6H, CHMe2)' 3.43 (mult, 16H, Ca THF), 1.39 (s, 3H, CH3), 

overlapping 1.29 (mult, 16H, Cp THF) and 1.27 (d, 36H, CHMe2). 13C NMR 

(C6D6): B 155.5 (Cipso, NAr), 138.3 (Co' NAr), 122.6 (Cm, NAr), 122.2 (Cp' NAr), 68.1 

(Ca, THF), 28.5 (CHMe2), 25.5 (Cp, THF), 24.2 (CHMe2), 15.5 (CH3). Anal Calcd 

for CS3Hs6N304LiMo: C, 68.12; H, 9.28; N, 4.50. Found: C, 67.87; H, 8.98; N, 4.53. 

[Li(THF)4][Mo(NAr)3(CH2CMe3)] (18) To a -35°C solution of 0.200 g 

(0.210 mmol) of [Li(THF)4][Mo(NArhCI] in 10 mL of Et20 was added one equiv 
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of Me3CCH2Li (0.015 g, 0.210 mmol) in 3 mL of Et20. The reaction mixture was 

then allowed to stir at room temperature for 30 min, during which the color of 

the solution changed from a red orange to a bright orange in color. At this point 

the solution was filtered through Celite, and the solvent was removed from the 

filtrate in vacuo yielding a bright orange, microcrystalline solid. The solid was 

dissolved in a minimal amount of THF:Et20 (4:1, v:v) and cooled to -35°C 

yielding bright orange crystals of product weighing 0.154 g (0.155 mmol, 74%). 

Samples obtained in this manner were analytically pure. IH NMR (C6D6): 07.15-

6.95 (A2B mult, 9H, HaryI), 3.87 (sept, 6H, CHMe2)' 3.36 (mult, 16H, Ca THF), 2.62 

(s, 2H, CH2CMe3), 1.35 (s, 9H, CH2CMe3) overlapping 1.29 (mult, 16H, C~ THF) 

and 1.26 (d, 36H, CHMe2)' 13C NMR (C6D6): 0 155.6 (Cipso' NAr), 133.7 (Co' NAr), 

122.8 (Cm, NAr), 122.4 (Cp' NAr), 68.1 (Ca, THF), 52.5 (CH2CMe3)' 35.3 

(CH2CMe3)' 34.8 (CH2CMe3)' 28.3 (CHMe2)' 25.5 (C~, THF), 24.3 (CHMe2)' Anal 

Ca1cd for CS7H94N3LiMo04: C, 69.12; H, 9.57; N, 4.24. Found: C, 68.97; H, 9.23; 

N,4.17. 

[Li(THF)4][W(NAr)3(CH3)] (19) To a cold (-35°C) solution of 1.00 g (0.96 

mmol) of [Li(THF)4][W(NArhCI] in 30 mL of THF was added one equiv of MeLi 

(0.68 mL of a 1.4 M Et20 solution) dropwise. This reaction mixture was allowed 

to stir at room temperature for 18 h after which time the solvent was removed in 

vacuo to afford a yellow, oily residue. The product was extracted with Et20, the 
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ether extract was filtered through Celite, and the solvent removed from the filtrate 

in vacuo to provide a yellow solid. The solid was washed with minimal cold 

pentane, collected on a frit, and dried in vacuo; yield 0.60 g (0.59 mmol; 61%). 

Analytically pure compound was obtained by recrystallization from THF /pentane 

solutions at -35°C. IH NMR (C6D6): B 7.17 - 6.92 (A2B mult, 9 H, Haryl), 3.79 (spt, 

6 H, CHMe2)' 3.22 (m, CaH, THF), 1.20 (m, C~H, THF), 1.51 (s, 3 H, WCH3), 1.27 

(d, 36 H, CHMe2). 13C NMR (C6D6): B 155.3 (Cipso), 139.3 (Co), 122.3 (Cm), 121.6 

(Cp)' 68.4 (Ca, THF), 28.3 (CHMe2)' 25.3 (C~, THF), 24.1 (CHMg2)' 15.2 (WCH3). 

Anal.Calcd for CS3Hs6N304W: C, 62.40; H, 8.50; N, 4.12. Found: C, 62.24; H, 8.71; 

N,4.01. 

[U(THF)4][W(NAr)3(CH2SiMe3)] (20) To a cold (-35°C) solution of 0.127 g 

(0.12 mmol) of [Li(THF)4][W(NArhCI] in 25 mL of THF was added one equiv of 

solid LiCH2CMe3 (0.011 g, 0.12 mmol). This reaction mixture was allowed to stir 

at room temperature for 15 h after which time the solvent was removed in vacuo 

to afford a yellow, oily residue. The product was extracted with EtzO, the ether 

extract was filtered through Celite, and the solvent removed from the filtrate in 

vacuo to provide an oily, yellow solid. This solid was dissolved in ca. 10 mL of 

pentane and cooled to -35°C for 24 h, whereupon a yellow solid precipitated. 

This solid was filtered off and dried in vacuo; yield 0.058 g (0.053 mmol, 44%). 

Analytically pure compound was obtained by recrystallization from THF-pentane 
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solutions at -35°C. IH NMR (C6D6): 8 7.15 - 6.90 (A2B mult, 9 H, Haryl), 3.83 (spt, 

6 H, CHMe2)' 3.19 (m, 16 H, CaH, THF), 1.44 (br, 2 H, CH2CMe3)' 1.26 (d, 36 H, 

CHMe2)' 1.14 (m, 16 H, C~H, THF), 0.31 (s, 9 H, CH2SiMe3). 13C NMR (C6D6): 8 

122.5 (Cm), 122.2 (Cp)' 68.2 (Ca, THF), 28.2 (CHMe2)' 25.3 (C~, THF), 24.2 

(CHMe2), 3.0 (CH2SiMe3)' Several attempts were made to locate the signals for 

Cipso (NAr), Co (NAr), and CH2SiMe3; Co (NAr) is possibly obscured by the C6D6 

signal. Anal. Calcd for C56~4N304LiSiW: C, 61.58; H, 8.68; N, 3.85. Found: C, 

61.40; H, 8.72; N, 3.81. 

[n-Bu4][Mo(NAr)3Br] (21) To a stirred solution of 0.250 g (0.262 mmol) of 

[U(THF)4][Mo(NArhCI] in 20 mL of benzene was added a solution of 0.087 g 

(0.270 mmol) of tetra(n-butyl)ammonium bromide in 5 mL of benzene. The 

mixture was stirred for 20 h, over which time the solution changed from a red

orange to a bright-red in color. At this point the solution was filtered through 

Celite and the reaction volatiles were removed from the filtrate under reduced 

pressure. This procedure afforded a bright-red crystalline solid which was 

collected on a frit, washed with cold ether (-35°C) and dried in vacuo; yield 0.210 

g (0.212 mmol, 81%). IH NMR (C6D6): 8 7.17 - 7.14 (A2B mult, 9H, Haryl), 4.14 

(sept, 6H, CHMe2)' 2.53 (mult, 8H, CH2CH2CH2CH3, n-Bu4N), 1.40 (d, 36H, 

CHMe2), 1.02 (mult, 16H, CH2CH2CH2CH3 and CH.2CH2CH2CH3' n-Bu4N), 0.76 

(t, 12H, CH.2CH2CH2CH3' n-Bu4N). 13C NMR (C6D6): 8 157.0 (CipSO' NAr), 138.5 
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(Co, NAr), 122.0 (Cm, NAr), 120.6 (Cp' NAr), 58.6 (CH2CH2CH2CH3, n-Bu4N), 28.7 

(CHMe2)' 24.2 (CHMe2)' 24.0 (CH2CH2CH2CH3, n-Bu4N), 19.8 (CHzCH2CH2CH3, 

n-Bu4N), 13.8 (CH2CH2CH2CH3, n-Bu4N). Anal. Calcd for CS2Hs7N4Br: C, 66.07; 

H, 9.28; N, 5.93. Found: C, 65.73; H, 9.22; N, 5.87. 

[n-Bu4N][W(NAr)3Br] (22) A 0.309 g (0.96 mmol) sample of solid [n

BU4N]Br was added directly to a solution of 1.00 g (0.96 mmol) of [Li(THF)4]

[W(NArhCI] (2) in 20 mL of benzene. This mixture was stirred at room 

temperature for 15 h over which time an orange color developed and a white 

precipitate formed. The reaction solution was filtered through Celite and the 

volatile components were removed from the filtrate in vacuo to afford an orange 

solid. This product was washed with cold pentane, collected on a frit, and dried 

in vacuo; yield 0.89 g (0.87 mmol) or 90%. Analytically pure compound was 

obtained by recystalliz,ation from Et20 solution at -35 C. IH NMR (C6D6): B 7.21 -

6.85 (A2B mult, 9 H, H ary1), 4.19 (spt, 6 H, CHMe2), 2.31 (hr m, 8 H, 

NCH2CH2CH2CH3), 1.42 (d, 36 H, CHMe2), 1.09 - 0.93 (hr m, 16 H total, 

NCH2CH2CH2CH3), 0.80 (pseudo t, 12 H, NCH2CH2CH2C,lk). 13C NMR (C6D6): 

B 156.6 (Cipso), 140.0 (Co), 121.5 (Cm), 119.6 (Cp)' 58.4 (NCH2CH2CH2CH3), 28.5 

(CHMe2)' 24.1 (CHMe2)' 23.8 and 19.7 _(NCH2CH2CH2CH3), 13.8 

(NCH2CH2CH2CH3). Anal. Calcd for CS2Hs7BrN4W: C, 60.52; H, 8.50; N, 5.43. 

Found: C, 60.44 (60.61); H, 9.02 (8.87); N, 5.28 (5.15). (Duplicate analyses reported.) 
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Chapter 6 

Reactions of dO Tris(imido} Complexes with Electrophiles 

INTRODUCTION 

As described in Chapter 4, one would expect that dO tris(imido) complexes 

of the type M(NArhL (M = Mo or W) should exhibit a great deal of reactivity at 

the imido ligand due to 1t-Ioading. In addition to surrounding the metal center 

with multiple 10', 21t donor ligands, complexes of this type also contain a three

fold symmetric non-bonding az molecular orbital as the HOMO (see Chapter 4 for 

a more detailed explanation). This az orbital resides on the imido nitrogens and 

has the effect of enhancing the M-N bond polarity as well as increasing the 

electron density on the imido ligands. Both of these features should result in a 

highly basic and reactive imido moiety in M(NArhL complexes. 

There are many examples of electrophilic attack on imido ligands 

containing multiple 1t-donating ligands. The most commonly used electrophile 

is a proton.9,77 There are also several examples of attack at an imido ligand by 

carbon based electrophiles,7,78 With electrophiles such as methyl iodide, as well 

as a variety of carbonyl containing complexes (e.g. CO2 and RNCO), the species 

that attacks the imido ligand is a highly electropositive carbon atom. Acidic 
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functional groups are also capable of attacking the imido functionality in a variety 

of 1t-Ioaded complexes.65177179lBO 

This chapter discusses the reactivity of dO tris(imido) complexes with a 

variety of saturated and unsaturated electrophiles. Surprising reactivity of 

M(NArhL (L = alkyl) complexes with proton donors will also be presented. In 

addition, a possible mode of electrophilic attack on the imido ligands in 

M(NArhL complexes will be discussed. A molecular orbital basis for electrophilic 

attack on M(NArhL complexes will be presented. 

RESULTS AND DISCUSSION 

The Reaction of M(NAr)3L With Proton Donors 

The alkyl complexes [Li(THF)4][Mo(NArh(CH3)] (17), 

[Li(THF)4][Mo(NArh(CH2CMe3)] (18), and [Li(THF)4][W(NArh(CH3)] (19) are all 

protonated by [HNMe3][BPh4], yielding complexes of the type M(NArh(NHAr)R 

(eq.6.1). 

[Li(THF)4][M(NAr)3R] + [HNMe3][BPh4] -) M(NAr)2(NHAr)R (6.1) 

M=Mo,W 

R = CH3, CH2CMe3 
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For example, upon reaction with [HNMe3][BPh4], complex (17) yields orange 

Mo(NArh(NHAr)(CH3) (23) in 90% yield, complex (19) yields yellow 

W(NArh(NHAr) (CH3) (24) in 45% yield, and complex (18) yields yellow 

Mo(NArh(NHAr)(CH2CMe3) (25) in 62% yield. 

It is also possible for reaction to occur with acidic functional groups where 

the net result is protonation of the imido functional group (eq. 6.2). 

[Li(THF)4][M(NAr)3Cl] + RH -7 M(NAr)2(NHAr)R (6.2) 

M = Mo, Wi R = CSH6f HC=CCMe3 

For example, the anionic complex [U(THF)4][Mo(NArhCl] (9) cleanly reacts with 

the active proton of cyclopentadiene monomer to yield the highly soluble, 

burgundy complex CpMo(NArh(NHAr) (26) in 61 % yield upon recrystallization. 

The reaction of [U(THF)4][W(NArhCl] (4) with t-butyl acetylene results in the net 

deprotonation of the acetylene and formation of W(NArh(NHAr)(C=CCMe3) (27). 

As discussed in chapter 3, a proton on 2,6-diisopropyl aniline reacts with 

9 to yield Mo(NArh(NHArh (11) in near quantitative yield. W(NArh(NHArh (28) 

is prepared from the analogous reaction of [U(THF)4][W(NArhCl] (4) with 2,6-

diisopropyl aniline. Similarly, the reaction of Mo(NArh(PMe3) (10) with two 

equiv of t-butanol results in the loss of H2NAr and the formation of 

Mo(NArh(OCMe3h (29) in near quantitative yield. The reaction of 
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W(NArh(PMe3) (5) with two equiv of t-butanol produces the analogous tungsten 

complex W(NArh(OCMe3h (30). By reacting only one equivalent of the more 

sterically congested HOAr' with 5 results in the formation of the bis(imido) 

complex W(NArh(NHAr)(OAr') (31) in 42% yield. 

Reaction of W(NAr)3(PMe3) With Carbon and Silicon Based Electrophiles 

The reaction of W(NArh(PMe3) (5) with Mel in benzene at 60°C results 

in the loss of [PMe4]1 (by IH NMR) and the formation of orange 

W(NArh[N(Me)Ar]1 (32), in moderate isolated yield (eq. 6.3). Similarly, reaction 

of 5 with excess Me3SiI in pentane at room temperature results in the formation 

of orange W(NArh[N(SiMe3)Ar]I (33), also in moderate yield (eq. 6.4). 

W(NAr)3(PMe3) + Mel ~ W(NAr)2[N(Me)Ar]I (6.3) 

W(NAr)3(PMe3) + Me3SiI ~ W(NAr)2[N(SiMe3)Ar]I (6.4) 

Proto nation of an hnido Ligand versus an Alkyl Ligand 

The protonation reactions depicted in equation 6.1 are somewhat 

surprising. In most transition metal alkyl complexes reaction with acidic 

compounds leads to protonation of the alkyl bond and loss of an alkane.69 In the 

case of complexes 17-19, protonation occurs at the imido ligand instead of at the 

alkyl. This in itself shows the great enhancement of the basicity at the imido 
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ligand arising from a symmetry restriction of donation by the ligand-based a2 

molecular orbital. Thus, given the opportunity, these tris(imido) complexes of 

group 6 will "n-unload" to form more stable M(NArh(NHAr)R moieties upon 

protonation. 

The Effect of n-Ioading on 18 NMR Chemical Shifts 

The effect of n-Ioading a metal center has a few profound effects. As 

discussed in Chapter 4, the electropositive nature of the metal center can be 

attenuated by the introduction of multiple n-donor ligands. Competition for 

donation into the same vacant metal d-orbitals may also arise due to n-Ioading 

the system. As was seen in CpM(NArhCI complexes, only 18 electrons may 

donate to the metal center. In complexes which contain certain molecular 

geometries, there is a restriction to donation in a n-fashion to the metal center 

imposed by symmetry. In other complexes, although there is no restriction to 

donation imposed by symmetry; the ligand is unavailable to donate to the metal 

center due to an energy mismatch. CpMo(NArh(NHAr) (26) is quite interesting 

in that respect. The IH NMR of complex 26 reveals an amide (N-H) resonance 

at 85.65 ppm. This signal is somewhat shielded relative the more usual shifts as 

in Mo(NArh(NHAr)R complexes (Le. complexes 23, 24, 25, 27, 28) of 8 - 9 ppm 

depending on the nature of R. The explanation for the up field shifting of this 

amide resonance lies in the ability of the amide to donate to the metal center in 
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a n-fashion. Inspection of complex 26 reveals three la, 2n donor ligands (two NR 

and one Cp) and one amido ligand. The three la, 2n donor ligands limit 

donation by the amide ligand to a-donation only in order to avoid a 20-electron 

complex (see Chapter 4 for a detailed discussion of M(NArhL, and CpM(NArhCI 

complexes). Thus the amide resonance is more shielded as compared to 

complexes where the amide ligand is capable of n-donation to the metal center 

and accordingly the proton resonance shifts upfield. 

Two Possible Pathways for the Reaction With Electrophiles 

In Chapter 4, the fact that the HOMO of M(NArhL complexes is a ligand 

based a2 non-bonding orbital was introduced. A similar argument was made for 

related CpM(NArhCI complexes, showing the HOMO to be an a" ligand based 

orbital. In Chapter 5, the ability to nucleophilically substitute at the metal center 

was discussed and a mechanistic framework for substitution was provided. Here 

the question arises as to the pathway by which electrophilic attack occurs. 

Namely, does attack by an electrophile (E) occur prior to attack of the 

nucleophilic counterion (A) or does pre-coordination occur prior to delivery of the 

electrophile? Scheme 6.1 depicts both possibilities where E represents 

electrophiles such as H+ or Me3Si+ and represents counterions such as OR, r or 

CsHs-. In pathway 1, the imido ligand is first attacked by an electrophile giving 

an initial complex of the type M(NARh[N(E)Ar]L. In the case of 
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[Li(THF)4][M(NArhCI] complexes, neutral species would form; whereas in the 

case of M(NArh(PMe3) complexes, cationic species would form. The formation 

of the M-A bond would then take place in a separate, nucleophilic substitution 

step. In pathway 2, pre-coordination of AO+_Eo+ occurs via A prior to transfer of 

the electrophile E. Subsequent transfer of the electrophile then results in the 

simultaneous formation of the N-E bond and the M-A bond. 

Pathway 2 has already been discussed as an intermediate step in the 

formation of the thermodynamic complexes M(NArh(NHArh in the reaction of 

M(NArhCI2(THFh with two equiv of LiNHAr (see Chapters 2 and 3). In this case 

chloride displacement by diisopropylaniline occurs prior to an irreversible proton 

transfer step (eq 3.2 a-d). Pathway 2 is also consistent with the products of the 

reaction of complexes W(NArh(PMe3) with alcohols. For example, formation of 

W(NArh(NHAr)(OAr') (31) could proceed through initial displacement of the 

phosphine by HOAr' followed by proton transfer from the phenol ligand to the 

imido ligand (Scheme 6.2). 
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Presumably, this would also be the first step in the reaction of complexes 

W(NArh(PMe3) with two equiv of t-butanol. In the presence of a second 

equivalent of alcohol, the intermediate M(NArh(NHAr)(O-t-Bu) could react with 

the second equivalent of alcohol to form a five coordinate complex as depicted 

in Scheme 6.3, or direct protonation could occur. The subsequent loss of 2,6-

diisopropylaniline from the five coordinate species would form M(NArh(O-t-Buh. 

Scheme 6.3 

One could also envision an associative pathway (Pathway 2, Scheme 6.1) 

for the reaction of M(NArh(PMe3) complexes with Mel and Me3SiI, where pre-

coordination of the alkyl-iodide occurs prior to electrophilic attack by the imido 

ligand as depicted in Scheme 6.1. The PMe3 is presumably displaced from the 

metal center and is then be trapped by excess alkyl-iodide, thereby being taken 

out of the reaction mixture. If electrophilic attack were to occur first in these 

reactions (Le. initial attack by the a2 HOMO), then cationic 
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W(NAr>z[N(Me)Ar](PMe3)+ species would initially form in the reaction. It seems 

unlikely that the phosphine ligand would labile in such complexes. In addition, 

the fact that the a2 HOMO is situated within the imido N3 plane, rather that 

perpendicular to it, seems to argue against a direct attack mechanism due to steric 

reasons. 

CONCLUSIONS 

The reactions of M(NArhL complexes with various electrophiles 

underscore the effect of 7t-Ioading in these complexes. A range of electrophiles 

ranging from proton donors to alkyl electrophiles are rapidly attacked by 

M(NArhL complexes, yielding the thermodynamically stable M(NAr>z(NHAr)R 

complexes. The success of the electrophilic attack may lie in the pre-coordination 

by the incoming electrophile resulting in a polarization of the EO+-A&- bond 

which facilitates the transfer of E+ to the basic imido ligand. 

PREPARATIONS 

Mo(NAr)2(NHAr)(CHa) (23) Solid [HNMe3][BPh4] (0.134 g, 0.354 mmol) 

was added to a stirred Et20 solution of 0.300 g (0.322 mmol) of 

[Li(THF)4][Mo(NArh(CH3)] in 20 mL of Et20. This mixture was stirred at room 

temperature until all of the solid [HNMe3][BPh4] was consumed. At this point the 

mixture was stirred for an additional 20 min, during which time a clear oil 
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became suspended in the orange solution. The reaction volatiles were then 

removed under reduced pressure yielding an orange oil. This oil was extracted 

with pentane, filtered through Celite, and the solvent removed from the filtrate 

in vacuo to yield a red-orange oil. A small amount of pentane was added to the 

oil (ca. 0.25 mL), and the mixture was cooled to -35°C to yield an orange powder 

which was collected and dried on a frit; yield: 0.185 g, 0.290 mmol, 90%. lH 

NMR (C6D6): 0 9.00 (s, 1 H, NHAr), 7.08 - 6.91 (m, 9 H total, Haryl, NAr and 

NHAr), 3.62 - 3.53 (overlapping spt, 6 H total, CHMe2' NAr and NHAr), 1.79 (s, 

3 H, MoCH3), 1.21 (d, 12H, CHMe2' NHAr), 1.10, and 1.08 (overlapping d, 12 H 

each, CHMe2' NAr). No l3C NMR or elemental analysis was obtained for this 

complex. 

W(NAr)2(NHAr)(CH3) (24). A slurry of 0.18 g (0.47 mmol) of 

[HNMe3][BPh4] in ca. 20 mL of Et20 was added to a stirred solution of 0.50 g 

(0.47 mmol) of [Li(THF)4][W(NArh(CH3)] in 20 mL of Et20. This mixture was 

stirred at room temperature for ca. 12 h after which the solution was filtered 

through Celite and the solvent removed from the filtrate under reduced pressure 

to afford a yellow to brown oil. This oil was reconstituted in a minimal volume 

of pentane and cooled to -35°C to provide yellow crystals which were collected 

by filtration and dried in vacuo. Additional product was obtained from the 

pentane filtrate (-35°C) for a total yield of 0.14 g (0.21 mmol; 45%). Analytically 
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pure product was obtained from Et20/pentane solutions at -35°C. IH NMR 

(C6D6): 0 8.36 (s, 1 H, NHAr), 7.08 - 6.91 (m, 9 H total, Haryl), 3.63 - 3.50 

(overlapping spt, 6 H total, CHMe2' NAr and NHAr), 1.73 (s, 3 H, WCH3), 1.17, 

1.13, and 1.10 (overlapping d, 12 H each, CHMe2, NAr and NHAr). 13C NMR 

(C6D6): 0 152.4 (Cipso' NAr), 146.0 (CipSOl NHAr) , 142.7 (Co, NAr), 141.1 (Co' 

NHAr), 125.1 and 123.6 (Cp' NAr and Cm' NHAr), 125.7 (Cp' NHAr), 122.4 (Cm, 

NAr), 29.2, 28.6, 23.8, 23.7, and 23.4 (CHMe2 and CHMe2, NAr and NHAr; 

WCH3). Anal. Calcd for C37HssN3W: C, 61.23; H, 7.64; N, 5.79. Found: C, 61.15; 

H, 7.71; N, 5.73. 

Mo(NAr)2(NHAr)(CH2CMe3) (25) To a room temperature solution of 0.375 

g (0.379 mmol) of [Li(THF)4][Mo(NArh(CH2CMe3)] in 40 mL of THF was added 

0.144 g (0.379 mmol) of solid [HNMe3][B(Ph4)]. The mixture was stirred at room 

temperature for 45 min. over which time the solid [HNMe3][B(Ph4)] had 

dissolved. The reaction volatiles were then removed under reduced pressure. 

The resulting dark orange oil was extracted with pentane (2 x 10 mL) and filtered 

through Celite. The solvent was then removed from the filtrate in vacuo yielding 

a dark orange oil. This oil was dissolved in a minimal volume of pentane and 

cooled to -35 °C to yield yellow crystals (two crops) weighing 0.162 g (0.233 

mmol, 62%). Samples obtained in this fashion were analytically pure. IH NMR 

(C6D6): 09.0 (s, 1H, NHAr), 7.07 - 6.91 (overlapping A2B mult, 9H, Haryl NAr and 
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NHAr), 3.75 (spt, 2H, CHMe2, NHAr), 3.65 (spt, 4H, CHMe2, NAr), 2.78 (s, 2H, 

CH2CMe3)' 1.35 (s, 9H, CH2CMe3), 1.29 and 1.20 and 1.06 (d, 12H each, CHMe2' 

NAr and NHAr). 13C NMR (C6D6): () 153.1 (CipSOl NHAr), 148.9 (Cipso' NAr), 

142.6 (Co' NAr), 138.8 (Co, NHAr), 125.9 (Cp' NAr), 124.0 (Cp' NHAr), 123.6 (Cm, 

NHAr), 122.8 (em, NAr), 67.0 (CH2CMe3)' 34.0 (CH2CMe3)' 33.5 (CH2CMe3)' 29.8 

(CHMe2, NHAr), 28.8 (CHMe2, NAr), 24.0 and 23.8 and 23.3 (CHMe2, NAr and 

NHAr). Anal. Calcd for C41H63N3Mo: C, 70.75; H, 9.13; N, 6.04. Found: C, 

70.90; H, 9.14; N, 6.18. 

(26) An excess of freshly cracked 

cyc10pentadiene was added to a stirred solution of 0.250 g (0.262 mmol) of 

[U(THF)4][Mo(NArhCI] in 40 mL of THF. The mixture was then heated to reflux 

in a sealed ampule for ten min over which time the color of the solution changed 

from red-orange to deep burgundy in color. The reaction volatiles were then 

removed under reduced pressure yielding a deep red (almost black) residue. The 

residue was then extracted with pentane, the extract was filtered through Celite, 

and the volume of this filtrate was reduced to ca. 1 mL in vacuo; cooling this 

solution to -35 °C yielded deep red crystals of product weighing 0.110 g (0.160 

mmol, 61%). lH NMR (C6D6): () 7.24 - 6.75 (overlapping A2B mult, 9 H, Hary1), 

5.98 (s, 5 H, lls-CsHs), 5.65 (broad s, 1 H, NHAr), 3.80 (overlapping sept, 6 H 

total, CHMe2, NAr and NHAr), 1.27, 1.22, and 1.18 (d, 12 H each, CHMe2' NAr 



123 

and NHAr). 13C NMR (C6D6): a 154.8 and 154.7 (CipSOl NAr and NHAr), 141.0 

and 139.5 (Co, NAr and NHAr), 125.0 and 122.1 (Cp' NAr and NHAr), 123.6 and 

122.9 (Cm, NAr and NHAr), 109.3 ("s-CsHs), 28.3 and 27.8 (CHMe2 NAr and 

NHAr) , 24.6 and 24.5 and 23.8 (CHMe2 NAr and NHAr). Anal. Calcd for 

C41Hs7N3Mo: C, 71.37; H, 8.33; N, 6.09. Found: C, 71.73; H, 8.21; N, 5.97. 

W(NAr)2(NHAr)(C=CCMea) (27) To a solution of 0.512 g (0.50 mmol) of 

[U(THF)4][W(NArhCI] in ca. 15 mL of benzene were added 4 equiv (2.0 mmol, 

0.16 g) of t-butyl acetylene (neat). After the reaction was stirred at room 

temperature overnight (ca. 16 h), the volatile components were removed in vacuo 

to afford a red-orange oil. The product was extracted with minimal pentane and 

the extract was filtered through Celite. Due to the high solubility of this complex, 

storing the filtrate at -35°C for days often did not induce crystallization. 

Removing the pentane from this solution in vacuo and examining the NMR 

spectra of the oil revealed the product was pure; approximate yield, 0.183 g (0.23 

mmol, 46%). IH NMR (C6D6): a 8.62 (s, 1 H, NHAr), 7.10 - 6.78 (m, 9 H total, 

Hary1, NAr and NHAr), 3.88 - 3.79 (overlapping spt, 6 H total, CHMe2' NAr and 

NHAr), 1.24, 1.18, and 1.13 (d, 12 H each, CHMe2' NAr and NHAr), 1.31 (s,9 H, 

C=CCMe3). 13C NMR (C6D6): a 152.4 (Cipso' NAr), 146.4 (Cipso' NHAr), 143.3 (Co, 

NAr), 141.1 (Co, NHAr), 137.6 and 130.5 (C=CCMe3 and C=,C.CMe3)' 125.9, 123.9, 

and 122.4 (Cm and Cp' NAr and NHAr), 31.3, 29.8, 28.9, 24.2, and 23.4 (CHMe2 
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and CHMe2 (NAr and NHAr), and C=CCMea)' One peak from the Cm,p (NAr, 

NHAr) set was not observed and the C=CCMe3 resonance was not definitively 

assigned. IR (neat), cm-l
: 2085 s, u(C=CCMe3); 3320 br, u(NH). Anal. Calcd for 

C42H61N3W: C, 63.71; H, 7.76; N, 5.31. Found: C, 63.26; H, 7.71; N, 5.04. 

W(NAr)2(NHAr)2 (28) To a solution of 0.20 g (1.92 mmol) of [Li(THF)4]

[W(NArhCI] (2) in 20 mL of benzene was added a solution of 1 equiv of H2NAr 

(0.034 g, 0.192 mmol, in 5 mL of benzene). This mixture was stirred at room 

temperature for 36 h during which time a white solid (presumably LiCI) 

precipitated, but little change in solution color was observed. The solution was 

then filtered through Celite and the volatile components were removed from the 

filtrate in vacuo to afford a sticky, yellow solid. This solid was washed with cold 

pentane, collected on a frit, and dried in vacuo; yield 0.12 g (1.37 mmol, 71%). 

Analytically pure samples were obtained by recrystallization from minimal 

Et20/pentane solutions at -35°C. IH NMR (C6D6): B 7.44 (s, 2 H, NHAr), 7.12-

6.87 (overlapping A2B mult, 12 H total, Haryl, NAr and NHAr), 3.82 and 3.37 (spt, 

4 H each, CHMe2' NAr and NHAr), 1.27 and 1.03 (d, 24 H each, CHMe2' NAr and 

NHAr). 13C NMR (C6D6): B 151.9 and 146.7 (CipSO' NAr and NHAr), 142.8 and 

141.5 (Co, NAr and NHAr), 125.2 and 124.9 (Cp' NAr and NHAr), 123.7 and 122.3 

(Cm, NAr and NHAr), 29.1 and 28.3 (CHMe2' NAr and NHAr), 24.4 and 23.6 
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(CHMe2, NAr and NHAr). Anal. Calcd for C48H70N4 W: C, 65.00; H, 7.95. Found: 

C, 64.82; H, 8.07. 

Mo(NAr)2(OCMe3)2 (29) To a stirred room temperature solution of 0.500 

g (0.637 mmol) of Mo(NArh(PMe3) in 25 mL of pentane was added 0.094 g (1.27 

mmol) of t-butanol in 5 mL of pentane. The purple solution rapidly turned 

yellow-orange. The reaction mixture was allowed to stir at room temperature for 

15 min at which point the reaction volatiles were removed under reduced 

pressure yielding an oily yellow-orange solid. The solid was dissolved in 

minimal Et20, cooled to -35 °C, and the yellow-orange crystals that formed were 

collected on a frit, and dried in vacuo; yield 0.268 g (0.452 mmol; 71%). IH NMR 

(C6D6): 0 7.02 - 6.95 (A2B mult, 6H, Haryl), 3.84 (sept, 4H, CHMe2)' 1.42 (s, 18H, 

CMe3), 1.18 (d, 24H, CHMe2)' 13C NMR (C6D6): 0 153.9 (CipSOl NAr), 142.8 (Co, 

NAr), 125.8 (Cp' NAr), 122.9 (Cm, NAr), 80.2 (CMe3)' 32.1 (CMe3)' 28.6 (CHMe2), 

23.8 (CHMe2)' Anal. Calcd for C32Hs2N202: C, 64.61; H, 8.82; N,4.71. Found: 

C, 64.58; H 9.16; N, 4.77. 

W(NAr)2(OCMe3)2 (30) 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(NArh(PMe3) (7) in 20 mL of pentane. Within 10 min, the solution had 

changed from red to bright yellow in color. The solution was reduced in volume 
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in vacuo (to ca. 3 - 4 mL) and stored at -35°C for several 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 a minimal volume of pentane at -35°C. IH NMR (C6D6): 

() 7.12 - 6.91 (A2B mult, 6 H total, Haryl), 3.87 (spt, 4 H, CHMe2' NAr), 1.38 (s, 18 

H, OCMe3)' 1.23 (d,24 H, CHMe2, NAr). Anal. Calcd for C32Hs2N202W: C,56.47; 

H, 7.70; N, 4.12. Found: C, 56.21; H, 7.75; N, 4.01. 

W(NAr)2(NHAr)(OAr') (31) A solution of 2,6-dimethylphenol (0.081 g,0.67 

mmol) in 10 mL of pentane was added dropwise to a stirred solution of W(NArh

(PMe3) (7, 0.52, 0.66 mmol) in 40 mL of pentane. The reaction was stirred at room 

temperature for 15 h over which time the solution color had changed from red 

to yellow orange. After this time the solvent was removed in vacuo to afford a 

clear, pale orange oil which was dissolved in minimal pentane and stored at -35 

°C for ca. 24 h. The yellow block crystals which had formed were filtered off and 

dried in vacuo; yield 0.230 g (0.28 mmol, 42%). Analytically pure samples were 

obtained by recrystallization from a minimal volume of pentane at -35 C. IH 

NMR (C6D6): () 7.88 (s, 1 H, NHAr), 7.10 - 6.74 (overlapping mult, 12 H total, 

Haryl; NAr, NHAr, and OAr'), 3.76 (spt, 2 H, CHMe2' NHAr), 3.45 (spt, 4 H, 

CHMe2, NAr), 2.44 (s, 6 H, Me, OAr'), 1.17, 1.05, and 0.98 (d, 12 H each, CHMe2' 

NAr and NHAr). 13C NMR (C6D6): () 160.6, 151.4, and 145.0 (Cipso; NAr, NHAr, 
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and OAr'), 143.2 and 142.9 (Co, NAr and NHAr), 128.8, 127.3, 126.4, 125.6, 123.8, 

122.4, and 122.2 (Co' OAr'; Cp and Cm' NAr, NHAr, and OAr'), 28.9 (CHMe2' 

NHAr), 28.4 (CHMe2' NAr), 24.1, 23.8, and 23.5 (CHMe2, NAr and NHAr), 17.3 

(Me, OAr'). Anal. Calcd for C44H61N30W: C, 63.53; H, 7.39; N, 5.05. Found: C, 

63.48; H, 7.42; N, 5.02. 

W(NAr)2[N(SiMe3)Ar]I (32) Neat Me3SiI (0.224 g, 1.11mmol, ca. 0.16 mL) 

was added dropwise to a stirred solution of 0.15 g (0.19 mmol) of W(NArh(PMe3) 

(7) in 20 mL of pentane. This mixture was stirred at room temperature for 24 h 

over which time the solution had become cloudy, red orange in color. The 

reaction mixture was filtered (fine porosity frit) and the volatile components were 

removed from the filtrate in vacuo to afford an orange oil which, upon trituration 

with cold pentane formed an orange powder. This powder was collected by 

filtration and dried in vacuo; yield 0.09 g (0.0989 mmol, 52%). Analytically pure 

compound was obtained by recrystallization from pentane solution at -350 C. IH 

NMR (C6D6): B 7.06 - 6.91 (Overlapping A2B m, 9 H total, Hary1), 3.63 and 3.47 

(overlapping br, 6 H total, CHMe2' NAr and N(SiMe3)Ar), 1.30 (br, 6 H, CHMe2, 

Ar), 1.18 - 1.06 (br, 30 H, CHMe2, NAr and N(SiMe3)Ar), 0.35 (s, 9 H, 

N(SiMe3)Ar). 13C NMR (C6D6): B 151.9, 148.5, and 142.0 (Cipso and Co' NAr and 

N(SiMe3)Ar; one signal not observed), 126.8 (Cp' NAr), 126.5 (Cp' N(SiMe3)Ar), 

124.8 (Cm, NAr), 122.8 (Cm, N(SiMe3)Ar), 29.0 and 28.2 (CfTh1e2' NAr and 
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N(SiMe3)Ar), 26.2, 25.2, 24.7, and 24.2 (CHMe2' NAr and N(SiMe3)Ar), 2.6 

(N(SiMe3)Ar). Anal. Ca1cd for C39H6oN3ISiW: C, 51.49; H, 6.65. Found: C, 51.36; 

H,6.73. 

W(NAr)2(NMeAr)I (33) An ampule (Teflon stopcock) was charged with 0.25 

g (0.319 mmol) of W(NArh(PMe3), 20 mL of benzene, and excess Mel (0.50 g, 3.50 

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]1 by lH NMR) had formed. The 

reaction mixture was filtered through Celite, concentrated in vacuo and filtered 

again, and the solution was further stripped to afford the product as a yellow 

powder. Analytically pure samples of W(NArh[N(Me)Ar]1 were obtained by 

recrystallization from pentane at -35°C, were collected by filtration and dried in 

vacuo; yield 0.20 g (0.247 mmol, 77%). lH NMR (C6D6): B 7.07 - 6.93 (overlapping 

A2B mult, 9 H total, Hary1), 3.83 (s,3 H, NMeAr), 3.58 (br, overlapping spt, 6 H 

total, CHMe2, NAr and NMeAr), 1.20 - 1.05 (overlapping br, 36 H total, CHMe2' 

NAr and NMeAr). Anal. Ca1cd for C37Hs9N3IW: C,52.18; H,6.39. Found: C,52.13; 

H,6.48. 
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Chapter 7 

Metallacyc1e Forming Reactions 

INTRODUCTION 

There have been several reports of imido complexes engaging in 

metallacycle forming reactions via net [2+2] addition.9 For example, Bergman and 

co-workers have shown that Cp2Zr(N-t-Bu) is capable of metallacyclization with 

a variety of unsaturated substrates such as alkenes, alkynes, imines, and ketones 

(Scheme 7.1).10,11,8 Wolczanski and co-workers recently reported on metallacycle 

forming reactions between Ti(NSi-t-Bu3)(OSi-t-Bu3h and ethylene (Scheme 7.2).8 

Metallacyclization between an imido group containing a pendant alkyne has been 

used by Livinghouse and co-workers in the formation of various nitrogen 

heterocycles.82 The iridium imido complex Cp*Ir(N-t-Bu) reacts with 

Me02CC=CC02Me, cleaving the M=N bond to form the 1l4-pyrrole complex 

Cp*Ir[1l4-t-BuNC4(C02Me)4]·79,83 

Imido complexes have also been shown to engage in metathesis of 

unsaturated substrates through initial formation of a metallacycle. The first 

example of this was presented by Weiss and co-workers in the metathesis of 
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carbodiimides catalyzed by the tungsten mono(imido) complex [W(NAr)CI4h 

(Scheme 7.3).84 Recently, Birdwhistle and Mahoney have reported on the 

carbodiimide metathesis utilizing V(Ntol) (O-t-Buh, as well as the catalytic 

condensation of PhNCO, with loss of CO2, via metallacycle formation with an 

imido ligand.85 Most interesting is the recent report by the Bergman group of 

imine metathesis catalyzed by Cp2Zr(N-t-Bu).86 

CyN=C=NCy [W(NAr)CI4J2 NCy 
HCy 

+ II 
C + C 

II II 
iPrN=C=NiPr NiPr NiPr 

Scheme 7.3 

This chapter details metallacycle forming reactions involving M(NArhL 

complexes with a variety of unsaturated substrates. The ability of M(NArhL 

complexes to catalyze metathesis of carbodiimides will be discussed. In addition, 

the first report of a tris(imido) complex to engage in olefin metathesis will be 

presented. The first examples of ring opening metathesis polymerization 

catalyzed by tris(imido) complexes will also be discussed together with the effect 

of various Lewis acid co-catalysts (activators) on the activity of M(NArhL 

complexes to perform metathesis. A possible mechanism by which metathesis 

occurs will be detailed, supported by frontier molecular orbital arguments. 
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RESULTS AND DISCUSSION 

Reactions ofM(NAr)3(PMe3) Complexes with Unsaturated Electrophilic Substrates 

The reaction of M(NArh(PMe3) with a variety of isocyanates leads to the 

formation of metallacyc1es, resulting from net [2 + 2] addition across the imido 

moiety (eq. 7.1). For example, reaction of Mo(NArh(PMe3) (10) with either 

Me3CNCO or PhNCO yields Mo(NArh(NAr[C(O)NCMe3])(PMe3) (34) and 

Mo(NArh(NAr[C(O)NPh])(PMe3) (35) respectively. Similarly, reaction of 

W(NArh(PMe3) (5) with either Me3CNCO or PhNCO yields 

W(NArh(NAr[C(O)NCMe3])(PMe3) (36) or W(NArh(NAr[C(O)NPh])(PMe3) (37), 

respectively. 

M(NAr)3(PMe)3 + RNCO -) M(NAr)2[N(C(O)NR)Ar] (PMe3) (7.1) 

M=MoorW 

R = Ph, CMe3 

In a similar fashion, W(NArh(PMe3) activates CO2 forming 

W(NArh(NAr[C(O)O])(PMe3) (38). 

Reactions of M(NAr)3L Complexes with Olefins 

Upon addition of neat cis-2-pentene to solid [Li(THF)4][Mo(NArhCI], the 

formation of both cis and trans-butene is detected by gas chromatography. The 
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head gas was not analyzed for hexenes. Upon addition of cyclic olefins, for 

example norbornene and cis-cyclooctene to toluene solutions of M(NArhL 

complexes, ring opening metathesis polymerization occurs. 

Carbodiimide Metathesis Catalyzed by W(NAr)3(PMe3) 

Addition of a catalytic amount of W(NArh(PMe3) to a toluene solution of 

a 1:1 mixture of 1,3-dicyclohexylcarbodiimide (DeC) and diisopropylcarbodiimide 

(DIC) results in the formation of mixed carbodiimide species as indicated by IH 

NMR and gas chromatography. 

W(NAr)2[N(C(O)NR)Ar](PMe3) Complexes 

A preliminary solid state structure of W(NArh(NAr[C(O)O])(PMe3) (38) is 

depicted in Figure 7.1, showing the pseudo-trigonal bipyramidal arrangement of 

the atoms around tungsten. This pseudo-trigonal bipyramidal structure shows 

the result of the net [2 + 2] metallacyclization of CO2 and an imido ligand of 

W(NArh(PMe3)' Preliminary bond lengths show an increase of the M-N bond 

upon metallacycle formation with CO2 as expected (W-Nl = 2.070(9) A, W-N2 = 

1.774(9) A, W-N3 = 1.795(9) A). 

Metallacycles formed by reaction of M(NArh(PMe3) with a variety of 

isocyanates have NMR spectra closely related to W(NArh(NAr[C(O)O])(PMe3)' 

One can envision four possible products formed from the reaction of an imido 



Preliminary Structure of W(NAr)2[N(C(O)O)Ar](PMe3) 

Figure 7.1 
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moiety (M=NR) with an isocyanate. Figure 7.2 shows the possible products 

resulting from regioselective reactions across different segments of the isocyanate 

(Le. C=N or C=O functionalities). Based on the MO+_N°- bond polarity of the 

imido function and the polarity of the isocyanate with its highly electrophilic 
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carbon, it seems unlikely that structures depicted in Figure 7.2 C and 7.2 D would 

form. Based on the IR spectrum of complexes 34 - 38, it is believed that 

structures analogous to that depicted in Figure 7.2 A are formed in these 

reactions. This agrees with reported9
,95 metallacycles formed from reaction 

between isocyanates and imido moieties such as 

Cp*W(Ntol)(Ntol[(C(O)Ntol])(CH2SiMe3)' 

The IH and 13C NMR spectra of W(NArh[N(C(O)O)Ar](PMe3) (38) reveal 

a pattern indicative of all metallacycles formed between unsaturated organic 

electrophiles and tris(imido) species discussed in this text. Upon formation of a 

metallacYcle, the symmetry of the complex is lowered and thus multiple signals 

A B 

Figure 7.2 

"N 
R 

,Ar 
W-N 

)-6 

c D 

for the phenyl substituents on the nitro gens are displayed. The IH NMR 

spectrum of 38 exhibits two septets in the ratio of 2:1 for the isopropyl me thine 

resonances of the imido and amido ligands. This observation results from a 

mirror plane which bisects the two imido ligands (Figure 7.3). There are four 



H H 

View along the M -N amide bond 

showing the Imido groups 

View along the M-Namide bond 

showing the Amido group 

136 

(some atoms have been removed for clarity) (some atoms have been removed for clarity) 

Sawhorse and Newman Projections of W(NAr)2[N(C(O)NR)Ar](PMe3) 

Figure 7.3 
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methyl resonances for the isopropyl methyl substituents in the ratio of 2:2:1:1. 

This is due to lack of rotation of the isopropyl substituents about the Co-Cmethine 

bond. Thus upon rotation about the N-Cipso bond, two sets of methyl groups per 

phenyl ring are equilibrated as depicted in Figure 7.3. The 13C NMR spectrum 

of 38 reveals two types of phenyl substituents, also in approximately a 2:1 ratio 

(see Experimental section). These patterns of signals in the 13C NMR and lH 

NMR spectra are indicative of all of the metallacycles formed with 

M(NArh(PMe3)· 

Metathesis of Carbodiimides 

If the lH NMR spectrum of a 1:1 reaction mixture of DCI:DCC in the 

presence of a catalytic amount of W(NArh(PMe3) is examined after 24 h at reflux 

in d6-benzene, several isopropyl resonances are observed for what are believed 

to be a variety of metallacycles and carbodiimides. In addition, gas 

chromatography of this mixture reveals several species. A mechanism for this 

scrambling of the terminal R-N groups of the carbodiimides is shown in Scheme 

7.4. The metathesis of DIC and DCC is believed to proceed through initial 

metallacycle formation analogous to the reaction between M(NArh(PMe3) and 

isocyanates. Unsuccessful attempts have been made to isolate and characterize 

metallacyclic complexes resulting from reaction of carbodiimides and M(NArhL 

complexes. 
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Olefin Metathesis 

In the presence of [Li(THF)4][Mo(NArhCI], metathesis of cis-2-pentene 

occurs (eq. 7.2), indicated by the formation of cis-2-butene and trans-2-butene 

(note: the mixture was not analysed for hexenes). 

Metathesis is believed to occur through initial metallacycle formation followed by 

cleavage of the resulting metallacycle to yield a metal-alkylidene complex and an 

imine (Scheme 7.5). Several attempts have been made to characterize 

R R , , 
"c=c, 

H H M •• 

Ar~ ~~-Ar :::r= ... =~ ... 
\ 
Ar 

... .. 
+ 

~Ar 

"c ...... 
R H 

Scheme 7.5 

intermediates in the reactions with ole fins without success. For example, the 

addition of a variety of olefins to d6-benzene solutions containing M(NArhL 

complexes did not yield metallacycles as depicted in Scheme 7.6. No clear 
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evidence for the formation of metallacyclic intermediates in these reactions has 

yet been found. However, in some cases, IH NMR resonances that may be 

attributable to metallacycles have been observed, but due to overlap with other 

peaks, they are not definitive evidence of metallacyclic species. The fact that 

acyclic olefins undergo metathesis is strong evidence for the formation of a metal

alkylidene species in the reaction mixture. The reaction of M(NArhL complexes 

with cyclic olefins produced polymers formed by a ring opening metathesis 

polymerization mechanism (see Chapter 1). This observation is also supportive 

of the formation of an alkylidene containing species. 

Upon addition of a M(NArhL complexes to toluene solutions of either 

norbornene or cis-cyclooctene (M(NArhL/monomer 1/200, [monomer] = 1 g/mL) 

results in polymerization via a metathesis mechanism to yield poly(norbornene) 

or poly(cyclooctene) respectively. 

Possible Mechanism of Olefin Metathesis 

The fact that no intermediate has been detected during olefin metathesis 

may be due to a small concentration of active species. Consistent with this notion 

is the nature of the polymers formed by M(NArhL complexes. For example, 

norbornene is polymerized to high molecular weight by M(NArhL complexes. 

The conversion from monomer to polymer is linear with respect to time (Figure 

7.4). In addition, at any given time there exists high molecular weight polymer 
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and monomer in the reaction mixture. These observations are consistent with an 

addition mechanism. 

Analysis of these polymers by gel permeation chromatography (GPC) 

shows a fairly broad distribution of molecular weights (PDI = 2.1). One cause for 

broadening of molecular weights in ring opening metathesis polymerization 

reactions is a slow initiation step relative to a fast propagation step. With a slow 

initiation, active sites initiate polymerization at drastically different times. If the 

corresponding propagation rates are fast, then the active sites begin to rapidly 

add monomer prior to the initiation of other sites. 
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Thus sites that initiate early in the reaction form longer polymer chains than sites 

that initiate later, leading to a broadening of the molecular weight. 

A possible mechanism by which metathesis occurs, that is consistent with 

the observed characteristics of the polymerization of cyclic olefins, is depicted in 

Scheme 7.6. The reaction proceeds by formation of an initial olefin complex 

(which is formed in very low concentration), followed by metallacyclization. Ring 

opening of the metallacycle leads to the formation of a metal-alkylidene species 

which is the active species in metathesis. 

t ArN>. 
R~#M'NR 

- ~ =NAr -- ---
ArN f 

RN 6 
I 

tb ArN >=y:yNAr 
Polymer .. ArN 

Active Metathesis Catalyst 

Scheme 7.6 
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Since the rate depends on the pre-coordination of the olefin to form a 

weakly bound olefin complex the electropositive nature of the metal center plays 

a key role in the rate of metathesis. Therefore, the formed alkylidene species 

should be inherently more reactive than the initiating imido complex since the 

alkylidene ligand is only capable of donation in ala, 11t fashion. This results in 

a more electropositive metal center, and ultimately a greater driving force for 

binding the olefin. A higher propensity for olefin binding by the alkylidene 

complex versus the imido complex translates into an increase in the rate of 

propagation versus initiation (Le. a fast propagation relative to initiation). This 

leads to an inherent broadening of the molecular weight in the polymerization 

reaction. 

Associative vs. Dissociative Pathways 

One can envision two limiting pathways, either associative or dissociative, 

for the formation of the proposed olefin complex. As was presented in Chapter 

5, substitution at the metal center depends on the nature of the nucleophile and 

likely proceeds through an associative pathway. If formation of the presumed 

olefin complex also proceeds through an associative pathway; based on the 

dynamic equilibrium achieved between [Bu4NUMo(NArhBr] and PMePh2 (see 

Chapter 5), the formation of the olefin complex should be disfavored due to the 

poor nucleophilic character of the olefin. An alternative pathway, a dissociative 
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one, is also consistent with the observed characteristics of metathesis. Pathways 

intermediate between purely associative and purely dissociative also exist. 

The strength of the nuc1eophile dictates the course of reaction in 

substitutions at carbon. Strong nuc1eophiles are sufficiently basic to "push-off" the 

leaving group, thereby proceeding though a second order kinetic process. Weak 

nuc1eophiles are not sufficiently reactive and are incapable of "pushing-off" the 

leaving group. Instead, the leaving group must first dissociate in the rate 

determining step of the reaction, prior to reaction with the nuc1eophile, resulting 

in a first order kinetic process. It seems likely that in the presence of poor 

nuc1eophiles such as olefins, that considerable bond breaking of the metal-axial 

ligand must occur as a prerequisite for considerable olefin interaction. Scheme 

7.7 shows the result of ligand loss on the bonding and anti-bonding levels of the 

axial ligand in M(NArhL complexes as the axial ligand is removed. 

A dissociative pathway is also consistenet with a frontier-molecular orbital 

point of view. Since removal of the axial ligand leaves a relatively non-bonding 

dz2 orbital on the metal center; the dz2 becomes the LUMO of the complex (note 

that the geometry will change from C3v to D3h on loss of the axial ligand, this has 

been ignored due to reasons discussed in Chapter 1). The LUMO of the 

[M(NArhl is then symmetric to overlap with the HOMO of an incoming olefin 

to form a a-olefin complex. A similar argument has been made by Cundari107 for 

the interaction of dO tris(imido) complexes with methane, where interaction of 
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both crCH with a vacant metal dz2 together with interaction of an occupied metal 

molecular orbital with cr*CH gives rise to substantial metal/CH bonding. Once 

formed, the olefin complex can then cyc10add with the imido ligand in the same 

way it would with an alkylidene ligand. In essence, this is the same general 

mechanism proposed for an associative electrophilic attack as discussed in 

Chapter 6 (Scheme 6.4). In the case of an olefin, the electrophile which attacks the 

metal a2 orbital is the 7t* orbital of the olefin. Scheme 7.8 shows a correlation 

diagram for the reaction between the base free M(NArh complex and an olefin. 
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It is apparent from this diagram that the olefin orients itself such that it is 

bisected by one of the mirror planes from the original complex (Le. the olefin C=C 

bond and one imido M=N bond are orthogonal). Arrangement in this fashion 

allows the olefin to direct the major portion of its bulk away from the imido 

ligands. Figure 7.S shows the approach of norbornene to a tris (imido) complex 

in this fashion. Note the exo attack of norbornene by the imido ligand in this 

geometry. 

Effect of Activators on Polymerization 

If the polymerization of cyclic olefins proceeds through the mechanism 

presented above, then the addition of activators, capable of labilizing the axial 

ligand should enhance the rate of polymerization. It was believed that addition 

of CuCI to neohexene solutions of Mo(NArh(PMe3) would result in the loss of the 

phosphine ligand and the formation of a metallacyde resulting from net [2 + 2] 

cydoaddition of the base free tris(imido) complex and neohexene. Instead, a 

complex of the formula 

Figure 7.S 
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[Mo(NArh](PMe3)(CuCI)(THF) (39) is obtained, after recrystallization from THF. 

This complex, in fact, showed very poor activity for the polymerization of 

norbornene, giving only a trace amount of polymer after several days. In 

addition, no polymerization of cis-cydooctene could be effected with this 

complex. The structure of complex 39 is not known. Based on the reactions 

between CuCI and phosphinesB7 found in the literature, a complex such as 

[Cu(PMe3)(THF)][Mo(NArhCI] is likely to have a structure where the copper and 

the chloride make up the cubic array, similar to one unit of a NaCI structure. 

Each copper atom is bound to one phosphine, one THF, and three chloride 

ligands. Every chloride atom is bound to three copper atoms within the cube and 

one molybdenum atom outside of the cube. Thus the cubic center is surrounded 

by Mo(NArh units at four comers of the cube. The low activity of complex 39 

may then be due to either a very tightly bound chloride ligand in such a complex, 

or the presence of THF and PMe3. 

It was believed that activators used extensively in homogenous Ziegler

Natta catalyst systems, to produce highly active catalysts, would also be effective 

at enhancing the reactivity of [M(NArhXr complexes. One such activator that has 

proven to be extremely efficient at forming highly active catalysts is 

methylaluminoxane (MAO, (-CH3AIO-)n)' MAO is believed to first alkylate, then 

remove a halide from CP2ZrCl2 forming a cationic CP2ZrMe+ complex.BB-9o The 

MAO-CI- anion resulting from net abstraction of a chloride ligand is non-
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coordinating, although recent studies suggest that it may form a weak association 

with the meta1.91-93 A variable amount of excess MAO needs to be used in order 

to attain the desired activity of the catalyst (the amount depends on both the 

batch, and the supplier of the MAO). One proposal for the need for excess MAO 

is the fact that MAO is polymeric. Therefore isolation of the sites capable of 

activation in MAO may be responsible for the required excess of reagent needed. 

The addition of > 2 equiv of MAO to a toluene solution of [Bu4NHMo(NArhBr] 

(21) resulted in the change of color of the solution from red-orange to yellow. 

The IH NMR spectrum of this yellow complex isolated from the toluene solution 

appeared to be an MAO adduct of 21. This adduct is extremely active in the 

ROMP of cyclic olefins, polymerizing 200 equivalents of norbornene in under 20 

s. This is likely due to the removal of the halide from 21, forming a highly active 

16-electron [Mo(NArh] complex, which is in contact with a loosely-coordinated 

MAO-Br anion from the [MAO][Br][Bu4N] salt. Another useful activator adopted 

from a-olefin polymerization systems is the highly soluble Ag[BArf4] salt (Al = 

3,5-bis(trifluoromethyl)phenyl). This salt when used in conjunction with complex 

21 is also an effective in the polymerization of cyclic olefins. 

It seems likely that the formation of a base-free 16-electron complex would 

enhance the binding of olefin to metal, forming the olefin complex, and thereby 

enhance the rate of initiation as well as the rate of propagation in the 

polymerization reaction. The fact that little change in the PDI of polymers 
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produced by activated and unactivated catalyst systems attests to the inherent 

unreactivity of the imido moiety compared to the inherent reactivity of the 

alkylidene moiety. Upon formation of a 16-electron complex, the rate of initiation 

is increased proportionally to the rate of propagation, and the PDI remains nearly 

the same. 

CpRM(NAr)2X Complexes 

CpRM(NArhCI complexes are isolobal with M(NArhL complexes. 

Therefore, it would seem likely that CpRM(NArhX complexes should exhibit 

similar reactivity to M(NArbL complexes. Although it is possible to replace the 

chloride in similar complexes with a variety alkyl ligands, as shown by 

Sundermeyer,67 an others95
• These complexes do not react readily with 

unsaturated electrophiles such as isocyanates.95 Legzdins and co-workers have 

shown96 metallacyclization involving transient Cp*W(Ntolh(CH2SiMe3) with 

toINCO, to form Cp*M(Ntol)[N(CONtol)tol](CH2SiMe3), is extremely slow. 

Indeed Cp'Mo(NArhCI has not been observed to react with a variety of 

isocyanates or even with electrophiles such as H2NAr.95 In addition to being 

unreactive to a variety of electrohpiles, Cp'Mo(NArhCI does not effect 

polymerization of cyclic olefins such as norbornene. 

It is informative to examine the details of the proposed mechanism in order 

to understand the differences in the reactivity between Cp'Mo(NArhCl and 
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M(NArhL complexes. Substitution of the chloride ligand in Cp'Mo(NArhCI by 

an olefin through either an associative or dissociative pathway would result in the 

formation of the cation complex Cp'Mo(NArh(RCH=CHRt. It was believed that 

the lack of reactivity with unsaturated electrophiles such as olefins was due to a 

barrier to formation of the initial cationic olefin complex. This follows what was 

argued in the case of M(NArhL complexes, where a very small equilibrium to 

form an intermediate olefin complex was proposed to be in effect. 

If the inability to form cation intermediates is responsible for the lack of 

reactivity with ole fins, then the addition of activators capable of labilizing the 

chloride ligand should allow for the formation of an intermediate olefin complex, 

and induce polymerization. Indeed, adding > 2 equiv of MAO to a catalytic 

amount of Cp'Mo(NArhCI in the presence of norbornene induces the rapid 

ROMP of the monomer. A variety of other CpRM(NArhX complexes (CpR = 

CsHs, CSH4Me, CsMesi M = Mo or Wi X = CI or Me) also become active 

polymerization catalysts in the presence of MAO. These experiments support the 

validity of the mechanism proposed in Scheme 7.6 for polymerization by 

CpRM(NArhX and M(NArhL complexes. 

Selectivity in Polymerization Reactions 

Analysis of both the IH and 13C NMR spectra for polymers produced by 

activated and unactivated systems reveals a great deal of selectivity. In the case 
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of norbornene, the polymers formed show> 98% cis linkages (Figure 7.6). In the 

case of cis-cyclooctene, approximately 30% trans linkages are present as indicated 

by the signal at 0 130.7 (Figure 7.7). 
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This high selectivity is most likely related to the sterk crowding about the 

metal center (see Figure 7.5). In the polymerization of norbomene the 

intermediate alkylidene is highly substituted at the ~-position. It is likely that 

there is inhibited rotation about the metal-carbon bond of the alkylidene, there is 
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a preferential orientation of the substituted alkylidene and the incoming 

monomer, or both, leading to the high cis-selectivity. In the case of cis

cyclooctene polymerization, the propagating alkylidene is not as highly 

substituted and may allow either more rotation about the metal-carbon bond of 

the alkylidene, or less preference to a single orientation of the incoming olefin and 

thus less selectivity. 

CONCLUSIONS 

The 1t-loading in M(NArhL complexes gives rise to reactive imido 

functional groups in these complexes. The ability to react with a variety of 

unsaturated organic electrophiles has been demonstrated. The success of such 

reactions lies in the combination of the polarity of the imido bond (Mo+=N°-) and 

the polarity of the organic electrophile (Co+=XO-), forming a very strong 

interaction between the two and driving the formation of the metallacycle. In the 

case of olefins, a very weak intermediate olefin complex is proposed to form. 

Driving the equilibrium to the side of the olefin complex by the use of activators 

capable of removing chloride drives the formation of the metallacycle and thus 

increases the initiation step in the polymerization reaction. Whether the reaction 

with ole fins is proceeding by initial ligand loss of the axial ligand from M(NArhL 

complexes is not known and is the subject of further investigations. 
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PREPARATIONS 

Mo(NAr)2(NAr[C(O)N-t-Bu])PMeg (34) Neat t-butyl isocyanate (0.334 g, 

3.37 mmol, ca. 0.40 mL) is added dropwise to a stirred solution of 0.265 g (0.337 

mmol) of Mo(NArh(PMe3) in 20 mL of pentane at room temperature. This 

mixture was stirred for 15 h during which time a red powder precipitated out. 

The powder was collected by filtration, washed with minimal pentane, and dried 

in vacuo; yield 0.175 g (0.198 mmol, 58%). Analytically pure samples94 were 

obtained by recrystallization from toluene solutions at -35°C. IH NMR (CDCI3): 

() 7.09 - 7.07 (overlapping A2B mult, 9 H total, Haryl), 3.73 (spt, 4 H, CHMez, NAr), 

3.45 (spt, 2 H, CHMe2' WNArC(O)NCMe3), 1.39 (s, 9 H, WNArC(O)NCMe3), 1.27 

and 1.20 (d, 6 H each, CHMe2' WNArC(O)NCMe3)' 1.13 and 1.06 (d, 12 H each, 

CHMe2, NAr), 1.14 (d, 9 H, PMe3)' 13C NMR (CDCI3): () 167.0, 152.2, 146.5, 14.4, 

143.0, 126.9, 125.0, 122.8, 122.6 (c=O; Haryl), 56.2, 31.4, 28.8, 27.5, 26.0, 24.23, 24.19, 

22.9 (CHMe2' CHMez, CMe3' CMe3)' 14.5 (d, PMe3)' IR (Nujol mull), cm-l
: 1620 s 

(u(C=O». Anal. Ca1cd for C44H69N4MoOP: C, 66.13; H, 8.71; N, 7.02. Found: C, 

66.52; H, 8.86; N, 6.91. 

Mo(NAr)2(NAr[C(O)NPh])PMeg (35) To a stirred room temperature 

pentane solution of Mo(NArh(PMe3) 0.250 g (0.318 mmol) was added a 10 fold 

excess of phenylisocyanate (0.379 g, 0.346 mL, 3.18 mmol). The mixture was 

allowed to stir for 30 min, over which time the color of the solution faded and a 
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precipitate formed. The precipitate was then collected and washed with cold 

pentane (-35°C) until the filtrate was colorless, and dried in vacuo yielding a 

brown powder. Yield 0.245 g (0.299) mmol 94%. The powder was then taken up 

in a minimal amount of dichloromethane and a red powder reprecipitated at -35 

°C. lH NMR (C6D6): a 7.65 (d, 2H, Hortho' C6Hs), 7.44 - 7.16 (mult, 11H, Haryl), 

6.89 (t, 1H, ~ara' C6Hs), 3.75 and 3.72 (sept, 6H total, CHMe2' NAr and 

NArC(O)NPh), 1.48 and 1.44 (d, 6H each, CHMe2 NArC(O)NPh), 1.41 (d,9H, 

PMe3)' 1.23 and 1.09 (d, 12H each, CHMe2' NAr). l3C NMR (C6D6): a 165.5, 152.6, 

146.9, 146.2, 144.0, 141.9, 128.1, 127.4, 125.7, 123.1, 122.5, 122.1, 119.7 (Caryl' CO, 

~Hs), 29.0, 28.2, 26.1, 23.5, 23.3, 23.0 (CHMe2 and CHMe2' imide and amide), 

14.4 (d, PMe3). Anal. Ca1cd for C46H6sN4MoOP: C, 67.45; H, 8.00; N, 6.84. 

Found: C, 67.70; H, 7.64; N, 6.92. 

W(NAr)2(NAr[C(O)NCMe3])(PMe3) (36) 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 (0.19 

mmol) of W(NArh(PMe3) in 15 mL of pentane at room temperature. This mixture 

was stirred for 15 h during which time an 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%). Compound isolated in this fashion was 

found to be analytically pure. lH NMR (C6D6): a 7.20 - 6.90 (overlapping A2B 

mult, 9 H total, Haryl), 3.89 (spt, 4 H, CHMe2' NAr), 3.66 (spt, 2 H, CHMe2, 
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WNArC(O)NCMe3)' 1.69 (s, 9 H, WNArC(O)NCMe3), 1.56 and 1.29 (d, 6 H each, 

CHMe2, WNArC(O)NCMe3)' 1.20 and 1.17 (overlapping d, 12 H each, CHMe2, 

NAr), 0.92 (d, 9 H, PMe3). I3C NMR (C6D6): 0151.6 (Cipso' WNArC(O)NCMe3)' 

147.4 (CipSOl NAr), 144.6 (Co, NAr), 142.7 (Co, WNArC(O)NCMe3), 140.4 (C=O), 

126.4 (Cp' NAr), 126.1 (Cp' WNArC(O)NCMe3), 123.1 (Cm, WNArC(O)NCMe3)' 

122.6 (Cm, NAr), 31.7 (CHMe2' NAr) , 29.1 (CHMe2' WNArC(O)NCMe3)' 27.3 

(CMe3)' 26.8 (CMe3), 24.6 and 24.5 (CHMe2, NAr), 23.8 and 23.0 (CHMe2' 

WNArC(O)NCMe3)' 14.3 (d, PMe3). IR (Nujol mull), cm-I: 1610 s (u(C=O». Anal. 

Calcd for C44H69N40PW: C, 59.17; H, 7.97; N, 6.42. Found: C, 58.84; H, 8.10; N, 

6.50. 

W(NAr)2(NAr[C(O)NPh])(PMe3) (37) 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(NArh(PMe3) (7) in 15 mL of pentane at room temperature. Reaction 

occurred quickly as this mixture was stirred for 15 - 20 min over which time an 

orange powder precipitated. The powder was collected by filtration, washed with 

minimal cold pentane, and dried in vacuo; yield 0.15 g (0.16 mmol, 82%). 

Analytically pure compound was obtained by recrystallization from a pentane 

solution at -35°C. IH NMR (C6D6): 08.01 (d, 2 H, Ho' C6Hs), 7.20 - 6.72 (m, 12 H 

total, Haryl), 3.733 and 3.725 (overlapping spt, 6 H total, CHMe2' NAr and 

WNArC(O)NPh), 1.60 and 1.27 (d, 6 H each, CHMe2' WNArC(O)NPh), 1.17 and 
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1.03 (d, 12 H each, CHMe2' NAr), 0.86 (d, 9 H, PMe3). I3C NMR (C6D6): 0152.6, 

146.7, 145.0, 140.4, 133.3, 133.1, 129.3, 129.2, 126.8, 126.7, 123.7, and 122.9 (Caryl' 

CO, and .c,Hs), 28.8, 28.0, 25.3, 25.0, and 23.9 (CHMe2 and CHMe2, imide and 

amide), 13.5 (d, PMe3). One resonance from the CHMe2 and CHMe2 set was not 

located. Anal. Ca1cd for C46H6SN40PW: C, 61.06; H, 7.24; N, 6.19. Found: C, 61.53; 

H, 7.52; N, 5.77. IR (Nujol mull), cm-I: 1654 s (u(C=O». 

W(NAr)2(NAr[C(O)O])(PMea) (38) Carbon dioxide was bubbled through a 

rapidly stirred, room temperature solution of 0.500 g (0.636 mmol) of 

W(NArh(PMe3) in 150 mL of pentane for 30 min. The CO2 addition was then 

stopped and the reaction allowed to stir for an additional 12 h, over which time 

a yellow precipitate formed. The yellow solid was collected by filtration, washed 

with pentane, and dried in vacuo; yield 0.452 g (0.545 mmol, 85%). Analytically 

pure samples were obtained by recrystallization from concentrated benzene 

solutions at room temperature. IH NMR (CD2CI2): 0 7.22-7.04 (m, 9 H total, 

Haryl), 3.57 (spt, 4 H, CHMe2' NAr), 3.43 (spt, 2 H, CHMe2, WNArC(O)O), 1.18 

and 1.14 (d, 24 H, CHMe2, NAr), 1.30 and 1.23 (d, 12 H, CHMe2' WNArC(O)O), 

1.37 (d, 9 H, PMe3). I3C NMR (CD2C12): 0 151.5 (CipSQI WNArC(O)O), 146.3 (Cipso' 

NAr), 144.3 (Co, NAr), 143.8 (Co, WNArC(O)O), 140.0 (C=O), 128.6 (Cp' 

WNArC(O)O), 126.8 (Cp' NAr), 123.7 (Cm, WNArC(O)O), 122.4 (Cm, NAr), 29.3 

(CHMe2' WNArC(O)O), 28.6 (CHMe2' NAr), 25.7 and 22.8 (CHg2, WNArC(O)O), 
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24.0 and 23.5 (CHMe2' NAr), 14.1 (d, PMe3). IR (Nujol mull), cm-I: 1652 s 

(u(C=O)). Anal. Calcd for C4oH60N302W: C, 57.90; H, 5.06; N, 7.29. Found: C, 

57.38; H, 5.13; N, 7.37. 

[Mo(NAr)3][CuCl](THF)(PMe3) (39) To a solution of 0.150 g (0.191mmol) 

of Mo(NArh(PMe3) in 3,3-dimethylbutene was added 0.020 g (0.200 mmol) of 

solid CuCl. The mixture immediately began to tum yellow. The mixture was 

stirred for 20 min over which time a yellow precipitate had formed. The 

precipitate was collected on a frit, washed with pentane (3 x 20 mL) and dried in 

vacuo, yielding a yellow powder weighing 0.136 g (0.154 mmol, 81%). The solid 

was then dissolved in minimal THF. Cooling of the THF solution yielded 

analytically pure yellow crystals. IH NMR (C6D6): 0 7.11 6.90 (A2B mult, 9H, 

Haryl), 3.72 (sept, 6H, CHMe2)' 3.56 (mult, 16H, Ca THF), 1.40 (mult, 16H, C~ 

THF), 1.23 (d, 36H, CHMe2), 0.50 (d, 9H, PMe3)' 13C NMR (C6D6): 0 156.0 (CipSO' 

NAr), 140.15 (Co, NAr), 125.2 (Cp' NAr), 122.7 (Cm, NAr), 67.8 (Ca, THF), 28.8 

(CHMe2), 25.8 (C~, THF), 23.8 (CHMe2), 14.2 (d, PMe3)' Anal. Calcd for 

C43H6sN30CICuMo: C, 59.36; H, 7.88; N, 4.83; CI, 4.02. Found: C, 59.47; H, 7.82; 

N, 4.96; CI, 3.73. 
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Chapter 8 

Conclusion and Future Direction 

CONCLUSIONS 

The success of formation of tris(imido) complexes of group 6 by the 

method described in this dissertation lies in the prevention of back attack by the 

aniline produced during the reaction. Attempts to make tris(imido) species, 

containing imido ligands other than 2,6-diisopropylphenyl imido, have met with 

limited success. For example, reaction of Mo(NAr'hCI2(THF}z with LiNHAr' 

yielded Mo(NAr'h(NHAr'}z upon work-up analogous to that used for the Ar 

system. 

It is possible to form analogs of [U(THF)4][M(NArhCI] by substitution of 

the chloride ligand by nucleophilic displacement with a variety of nucleophiles. 

The effect of surrounding the metal center with three imido ligands 

saturates the metal center with electron density, resulting in highly basic imido 

ligands. The HOMO of M(NArhL complexes is a ligand based a2 orbital. In fact, 

in related CpM(NArhCI complexes two electrons also reside in a primarily ligand 

based molecular orbital which is proposed to be the HOMO of the complex. 

M(NArhL complexes react with a variety of saturated and unsaturated 

organic electrophiles. The rates of reaction with electrophiles are somewhat 
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slower than the rates of reaction with strong nucleophiles. The intimate details 

of electrophilic attack have not yet been elucidated. 

M(NArhL complexes are capable of metathesis of a variety of olefinic 

substrates. Several cyclic olefins undergo ROMP. For example cis-cyclooctene, 

norbornene, and bis(trifluormethyl)norbomadiene all produce ring opened 

polymers produced by metathesis of the olefin. Additionally, 

[Li(THF)4][Mo(NArhCI] is observed to metathesize cis-2-pentene. 

A Unified Mode of Reaction 

The series of steps depicted in equations 3.4 c - d can be expanded to 

encompass any substrate. Equations 8.1 a - b depict the reaction with any 

substrate (NuE), where Nu is a basic portion of a bifunctional substrate that is 

capable of donation to the metal center and E is an electrophilic portion of the 

substrate capable of electrophilic attack on the imido nitrogen. 

[Mo(NAr)3cn- + NuE ~ Mo(NAr)3(NuE) + Cl" 

Mo(NAr)3(NuE) -) Mo(NAr)2(NEAr)(Nu) 

(8.1 a) 

(8.1 b) 

In the case of a substrate incapable of electrophilic behavior (Nu), only a simple 

substitution product resulting from equation 8.2 results. 
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This mechanism accounts for reaction of both electrophiles and nucleophiles, in 

addition to reaction with all unsaturated substrates (e.g. olefins and isocyanates). 

Evidence consistent with the series of reactions depicted in equations 8.1 and 8.2 

has been shown in this dissertation. 

(8.2) 

Future Directions 

In order to determine the exact mechanistic course of reaction between 

M(NArhL complexes and a variety of substrates, a detailed kinetic examination 

of this system should be carried out to answer the following questions: 

1) Does nucleophilic substitution occur by associative or dissociative 

pathways? 

2) Is there a change in mechanism from an associative to a dissociative 

pathway on going from strong to weak nucleophiles? 

3) Can a purely dissociative pathway be achieved in order to effect 

C-H bond activation of aliphatic and aromatic substrates? 
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In addition, details of the metathesis chemistry performed by these 

complexes also need to be also established. The isolation of metallacyc1es formed 

with ole fins should be a strong focus of future work with the complexes 

presented in this text. A foreseeable method to isolate such metallacyc1es is by 

the addition of silver salts to [BU4N][M(NArhBr] complexes in the presence of 

olefins such as ethylene, followed by the addition of a donor ligand such as a 

tertiary amine to form a stable 18-electron complex capable of isolation. Detection 

of end groups on the polymers produced by these catalysts should also be a major 

goal of future investigations. It is likely that polymerization in the presence of 

appropriate chain transfer reagents, such as styrene will be fruitful to this end. 

Finally, application of chemistry presented in this text to tris(imido) complexes 

containing imido ligands other than 2,6-diisopropyl phenyl imido ligands, more 

specifically alkyl imido ligands, is an important task. Development of methods 

into the first dO tris(imido) complex for chromium may perhaps be accomplished 

utilizing the details of the work presented in this manuscript, and such complexes 

may serve as nitrene transfer reagents due to this more facile reduction to the d2 

oxidation state. 
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Arnold Rheingold 
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Single crystals of [Li(THF)4][W(NArhCI] suitable for a structural 

determination were grown from THF/pentane solution at -35°C. A yellow, 

monoclinic crystal of [Li(THF)4][W(NArhCI] having dimensions of approximately 

0.46 x 0.32 x 0.06 mm was examined. 



Instrument: 

Table A.l 

Tables of Experimental Details 

A. Crystal Data 

CS2HS3ClLiN304 W 

F.W. = 1040.49 

crystal dimensions: 0.46 x 0.32 x 0.06 mm 

Mo Ka radiation (A. = 0.71073 A) 
temperature = 296K T(max)/T(min) = 1.881 

monoclinic P21 / n 

a = 13.787(4) A b = 17.348(5) A c = 22.781(8) A 
~ = 90.426(28) deg 

V = 5448.5(30) A 3 

Z = 4 P = 1.268 g/cm3 

J.l = 23.29 cm-1 

B. Intensity Measurements 

Nicolet R3m 

Monochromator: Graphite crystal, incident beam 

4-45 28 scan range, deg 

data colected (h, k, I) 

reflexions collected 

independent reflexions 

±15, +19, +25 

6967 

6532 

independent observed reflexions 2938 

F~ncr(Fo) (n = 5) var. in stds. - 2 
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Table A.l (cont'd) 

C. Structure Solution and Refinement 

Unweighted agreement factor: 

Weighted agreement factor: 

Il./ cr (max) 

Il.(p), eA-3 

No/Nv 
GOF 

0.0677 

0.0639 

0.033 

0.822 

8.2 

1.231 
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Table A.2 

Atomic coordinates (x104) and isotropic thermal parameters(A2x 103 ) 

-----------------------------------------------------------------

x y z U 
-------- ======== ======== ======== --------

W 1208.0(7) 1871.4(6) 1242.7(4) 43.6(3)* 
Cl 1394(4) 536(3) 1139(3) 79(3)* 
N(l) 70(11) 2010(10) 1588(6) 51(7)* 
N(2) 2192(11) 2160(9) 1690(6) 51(7)* 
N(3 ) 1267 (11) 2285(10) 517(8) 57(7)* 
C (11) -1141(13) 2969(12) 1844(8) 53 (6) 
C(12) -2016(15) 3140(19) 2137(9) 91(12)* 
C(13) -2489(22) 2589(18) 2494(13) 96(14)* 
C(14) -2124(15) 1874(19) 2483(9) 78(11)* 
C(15) -1272 (14) 1615(15) 2186(9) 69(11)* 
C (16) -782(14) 2200(14) 1884(9) 53(9)* 
C(17) -657(15) 3591(12) 1470(8) 61(7) 
C(18) -952(18) 3491(16) 840(10) 106(10) 
C(19) -816(18) 4411(15) 1668(10) 105(9) 
C(20) -826(15) 832(13) 2232(10) 71 (7) 
C(21) -1590(15) 216(14) 2387(9) 85 (8) 
C(22) 6(16) 800(15) 2664(10) 91(8) 
C (31) 2995(12) 3246(12) 2189(7) 46(8)* 
C(32) 3837(20) 3513(16) 2456(10) 82(12)* 
C(33) 4696(19) 3136(21) 2464(10) 92(13)* 
C (34) 4697(17) 2423(14) 2228(10) 51(10)* 
C (35) 3896(17) 2094(12) 1979(8) 47(9)* 
C (36) 3017(16) 2507(11) 1952(8) 43(8)* 
C(37) 2041(16) 3685(15) 2159(11) 85 (8) 
C (38) 1354(17) 3447(15) 2650(10) 96(9) 
C(39) 2165(17) 4553(15) 2217(10) 97(9) 
C(40) 3894(15) 1317(12) 1702(8) 55(6) 
C(41) 4683(18) 767(16) 1947(11) 121(11) 
C(42) 4002(16) 1344(15) 1037(9) 88(8) 
C(51) 1349(17) 3451(15) -70(11) 63(10)* 
C(52) 1252(14) 3805(13) -606(8) 61(9)* 
C(53) 1056(17) 3339(14) -1094(10) 75(12)* 
C(54) 861(18) 2593(12) -1043(10) 60(11)* 
C(55) 924(16) 2176(12) -520(8) 54(9)* 
C(56) 1189(17) 2678(18) -33(9) 62(11)* 
C(57) 787(15) 1341(13) -463(9) 64(7) 
C(58) -223(17) 1202(16) -225(11) 107(10) 
C(59) 928(19) 875(17) -1014(11) 122(11) 
C(60) 1682(15) 3899(13) 493(9) 67(7) 
C(61) 2732(14) 3794(14) 614(9) 75(7) 
C(62) 1348(16) 4720(14) 475(10) 87 (8) 
0(2) 5918(11) 3459(10) 390(7) 89(5) 
0(3) 7051 (11) 3050(11) -740(6) 97(5) 
0(4) 6676(12) 1711(11) 207(7) 110 (6) 
C(71) 5486(20) 3394(18) 989(13) 108(10) 
C(72) 5431(24) 4117 (24) 1193 (15) 144(13) 
C(73) 5974(25) 4723 (22) 828(15) 160(14) 
C(74) 6197(22) 4197(20) 283(14) 141(12) 
C(81) 8127(23) 2891(21) -765(14) 137(12) 
C(82) 8337(22) 3109(21) -1399(13) 128(11) 
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Table A.2 (cont'd) 

x y z U 
======== ======== ======== ======== 

C(83) 7576(22) 3461(17) -1680(12) 109(10) 
C(84) 6780(20) 3553(17) -1239(12) 102(10) 
C(91) 7183 (21) 1679(20) 765(12) 117(11) 
C(92) 7429(24) 906(24) 844(15) 145(13) 
C(93) 7117(24) 394(22) 363(14) 163(14) 
C(94) 6700(25) 947(23) -84(15) 159(14) 
Li 6041(34) 2604(26) -148(20) 84(15) 
0(5) 4936(15) 2382(12) -613(10) 127(8) 
C(101) 4630(40) 1722(35) -1123 (23) 265(25) 
C(102) 3570(39) 1654(35) -966(22) 259(2u) 
C(103) 3634(38) 2589(31) -1026(21) 236(25) 
C(104) 3955(38) 2498(26) -388(24) 208(23) 

* Equivalent isotropic U defined as one third of the trace of the 
orthogonalized Uij tensor 



Table A.3 

Anistropic thermal parameters (A2 x 103 ) 

W 
C1 
N(1) 
N(2) 
N(3) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C (31) 
C(32) 
C(33) 
C(34) 
C (35) 
C (36) 
C(51) 
C(52) 
C(53) 
C(54) 
C(55) 
C(56) 

47(1) 
93 (5) 

52 (11) 
72(12) 
47(11) 
67(16) 
95(22) 
53(15) 
32(13) 
18(12) 
45(12) 
97(21) 
75(20) 
38(16) 
53(14) 
49(15) 
66(18) 
65(15) 
98(20) 
90(20) 
89(17) 
53(17) 

40(1) 
40(4) 

44(14) 
33(11) 
32(10) 

152(29) 
105(26) 
106(23) 
115(26) 

82(18) 
53(16) 
93(24) 

125(28) 
54(19) 
49(18) 
45(16) 
50(17) 
65(17) 
83(25) 
40(18) 
37(14) 

105(24) 

44(1) 
104(5) 
58 (11) 
49 (11) 
93(15) 
54(15) 
88(22) 
75 (16) 
62(15) 
59(15) 
41(11) 
56(16) 
75(18) 
61(17) 
41(12) 
35(13) 
73(19) 
53(14) 
42(14) 
52(16) 
35(13) 
29(14) 

3(1) 
-7(4) 

25(110) 
14(9) 

-1(10) 
20 (21) 
28(19) 
30(20) 
7(15) 

-24(13) 
10(12) 
-10(14) 
50(22) 
14(13) 
30(11) 
-5(10) 

6(14) 
28(13) 

7(13) 
-4(12) 

2 (11) 
18(16) 

The anisotropic temperature factor takes the form: 
-2n2 (h2a*2Ull + ... + 2hka*b*U12 ) 

3 (1) 
10(4) 

-16(9) 
20(9) 

-13 (10) 
3 (12) 

33(17) 
22(13) 
19(12) 

7 (11) 
-7(9) 

-20(16) 
-29(16) 
-9(12) 

2 (11) 
4(11) 
7(14) 
1(12) 

-7(13) 
16(14) 

8(12) 
-9(12) 
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-3(1) 
-4(4) 

-2(10) 
6(10) 
20(9) 

42(22) 
67(20) 

-23(20) 
-11 (14) 

9(12) 
-3(12) 

-13(19) 
-90(25) 
-20(14) 

5(13) 
-24(11) 

4(15) 
-10(14) 

2(16) 
-12(14) 
-6(13) 
1(17) 



W-Cl 
W-N(2) 
N(1)-C{16) 
N(3)-C{56) 
C ( 11) -C ( 16) 
C(12)-C{13) 
C(14)-C{15) 
C(15)-C{20) 
C(17)-C{19) 
C(20)-C{22) 
C(31)-C{36) 
C(32)-C{33) 
C(34)-C{35) 
C(35)-C{40) 
C(37)-C{39) 
C(40)-C{42) 
C(51)-C{56) 
C(52)-C{53) 
C(54)-C{55) 
C(55)-C{57) 
C(57)-C{59) 
C(60)-C(62) 
O(2)-C{74) 
O(3)-C(81) 
O(3)-Li 
O(4)-C{94) 
C (71) -C (72) 
C(73)-C{74) 
C(82)-C{83) 
C(93)-C{94) 
O(5)-C{101) 
C(101)-C{102) 
C(103)-C{104) 

2.342(6) 
1.763(15) 
1.398(25) 
1.430(29) 
1.427(31) 
1.415(41) 
1.434(30) 
1.494(33) 
1. 508 (33) 
1.507(30) 
1.391{2B) 
1.353(40) 
1.363(32) 
1.489(29) 
1.522(37) 
1.526(29) 
1.362 (40) 
1.399(30) 
1.397(30) 
1.467(31) 
1.507(34) 
1. 498 (33) 
1.359{3B) 
1.510(35) 
2.095(49) 
1.482(44) 
1.340(51) 
1.574(49) 
1.368(43) 
1.509(51) 
1.684(61) 
1.512(77) 
1.526(72) 

Table A.4 

Bond Lengths (A) 

W-N{l) 
W-N(3) 
N(2)-C{36) 
C(1)-C{12) 
C(11)-C{17) 
C(13)-C{14) 
C(15)-C{16) 
C(17)-C{18) 
C(20)-C{21) 
C(31)-C{32) 
C(31)-C{37) 
C(33)-C{34) 
C(35)-C{36) 
C(37)-C{38) 
C(40)-C{41) 
C(51)-C{52) 
C(51)-C{60) 
C(53)-C{54) 
C(55)-C{56) 
C(57)-C{58) 
C(60)-C{61) 
O(2)-C(71) 
O(2)-Li 
O(3)-C{B4) 
O(4)-C(91) 
O(4)-Li 
C(72)-C{73) 
C(81)-C{82) 
C(83)-C{84) 
Li-O(5) 
O(5)-C{104) 
C(102)-C{103) 

1. 777 (15) 
1. 805 (18) 
1.415(26) 
1.415(28) 
1.530(29) 
1.338(44) 
1.401(32) 
1.499 (30) 
1.543(31) 
1.385 (31) 
1.521(30) 
1.348(42) 
1.408 (31) 
1.529(33) 
1.548(34) 
1.372(31) 
1.566(33) 
1.327(33) 
1.454(32) 
1.518(32) 
1.482 (29) 
1.496(33) 
1.933(48) 
1.478(32) 
1.445(32) 
1.952(49) 
1.538(52) 
1.523(45) 
1.502(40) 
1.889(51) 
1.464(56) 
1.631(81) 
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CI-W-N(l) 
N(1)-W-N(2) 
N ( 1) -W-N ( 3 ) 
W-N(1)-C(16) 
W-N(3)-C(56) 
C(12)-C(11)-C(17) 
C(11)-C(12)-C(13) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(20) 
N(1)-C(16)-C(11) 
C(11)-C(16)-C(15) 
C(11)-C(17)-C(19) 
C(15)-C(20)-C(21) 
C(21)-C(20)-C(22) 
C(32)-C(31)-C(37) 
C(31)-C(32)-C(33) 
C(33)-C(34)-C(35) 
C(34)-C(35)-C(40) 
N(2)-C(36)-C(31) 
C(31)-C(36)-C(35) 
C(31)-C(37)-C(39) 
C(35)-C(40)-C(41) 
C(41)-C(40)-C(42) 
C(52)-C(51)-C(60) 
C(51)-C(52)-C(53) 
C(53)-C(54)-C(55) 
C(54)-C(55)-C(57) 
N(3)-C(56)-C(51) 
C(51)-C(56)-C(55) 
C(55)-C(57)-C(59) 
C(51)-C(60)-C(61) 
C(61)-C(60)-C(62) 
C(71)-O(2)-Li 
C(81)-O(3)-C(84) 
C(84)-O(3)-Li 
C(91)-O(4)-Li 
O(2)-C(71)-C(72) 
C(72)-C(73)-C(74) 
O(3)-C(81)-C(82) 
C(82)-C(83)-C) 
O(4)-C(91)-C(92) 
C(92)-C(93)-C(94) 
O(2)-LiO(3) 
O(3)-Li-O(4) 
O(3)-Li-O(5) 
Li-O(5)-C(101) 
C(101)-O(5)-C(104) 
C(101)-C(102)-C(103) 
O(5)-C(104)-C(103) 

Table A.S 

Bond Angles (deg) 

106.0(6) 
112.5(7) 
113.5(7) 

173.4(15) 
171.4(15) 
119.5(21) 
121.9(27) 
127.5(26) 
126.1(22) 
118.8(18) 
122.7(18) 
115.7(17) 
111.4(17) 
110.0(18) 
125.0(21) 
125.1(25) 
123.1(23) 
123.7(20) 
122.4(18) 
118.2(18) 
113.2(19) 
114.0(18) 
107.7(18) 
122.3(22) 
117.8(22) 
124.7(21) 
125.4(19) 
120.9(21) 
125.6(21) 
116.1(19) 
111.8(18) 
115.0(19) 
123.9(21) 
108.8(19) 
123.2(19) 
127.3(22) 
105.7(26) 

97.4(28) 
100.6(23) 
107.2(24) 
105.5(26) 
103.1(31) 
100.7(21) 
105.2(22) 
104.5(23) 
136.2(27) 

96.2(29) 
81.3(40) 
86.6(36) 

Cl-W-N(2) 
Cl-W-N(3) 
N(2)-W-N(3) 
W-N(2) -C (36) 
C(12)-C(11)-C(16) 
C(16)-C(11)-C(17) 
C(12)-C(13)-C(14) 
C(14)-C(15)-C(16) 
C(16)-C(15)-C(20) 
N(1)-C(16)-C(15) 
C(11)-C(17)-C(18) 
C(18)-C(17)-C(19) 
C(15)-C(20)-C(22) 
C(32)-C(31)-C(36) 
C(36)-C(31)-C(37) 
C(32)-C(33)-C(34) 
C(34)-C(35)-C(36) 
C(36)-C(35)-C(40) 
N(2)-C(36)-C(35) 
C(31)-C(37)-C(38) 
C(38)-C(37)-C(39) 
C(35)-C(40)-C(42) 
C(52)-C(51)-C(56) 
C(56)-C(51)-C(60) 
C(52)-C(53)-C(54) 
C(54)-C(55)-C(56) 
C(56)-C(55)-C(57) 
N(3)-C(56)-C(55) 
C(55)-C(57)-C(58) 
C(58)-C(57)-C(59) 
C(51)-C(60)-C(62) 
C(71)-O(2)-C(74) 
C(74)-O(2)-Li 
C(81)-O(3)-Li 
C(91)-O(4)-C(94) 
C(94)-O(4)-Li 
C(71)-C(72)-C(73) 
O(2)-C(74)-C(73) 
C(81)-C(82)-C(83) 
O(3)-C(84)-C(83) 
C(91)-C(92)-C(93) 
O(4)-C(94)-C(93) 
O(2)-Li-O(4) 
O(2)-Li-O(5) 
O(4)-Li-O(5) 
Li-O(5)-C(104) 
O(5)-C(101)-C(102) 
C(102)-C(103)-C(104) 
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104.7(5) 
107.2(6) 
112.1(7) 

167.7(14) 
117.5(21) 
122.8(17) 
116.1(26) 
113.8(23) 
119.6(18) 
118.4(20) 
109.6(18) 
110.9(19) 
113.0(19) 
117.2(19) 
117.7(18) 
116.2(25) 
120.0(19) 
116.3(18) 
119.4(17) 
111. 9 (19) 
105.9(20) 
113.1(18) 
118.7(22) 
118.9(20) 
122.1(21) 
110.8(20) 
123.8(19) 
113.5(23) 
107.9(19) 
109.6(19) 
111.2(18) 
110.5(21) 
125.6(21) 
127.9(20) 
110.3(22) 
122.4(22) 
115.0(30) 
110.3(25) 
113.8(26) 
105.6(21) 
114.4(29) 
106.0(26) 
112.8(24) 
115.9(25) 
115.4(24) 
121.2(28) 

97.3(37) 
80.3(34) 
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Table A.6 

H-Atom Coordinates (x104) and isotropic thermal parameters (A x 103 ) 

x y z u 

H(12) -298 3643 2093 88 
H(13) -3038 2722 2730 94 
H(14) -2475 1491 2699 86 
H(17) 28 3513 1520 77 
H(18A) -647 3881 606 113 
H(18B) -1644 3537 804 113 
H(18C) -754 2991 706 113 
H(19A) -605 4465 2068 116 
H(19B) -1493 4534 1638 116 
H(19C) -451 4754 1424 116 
H(20) -569 721 1851 82 
H(21A) -1284 -279 2413 96 
H(21B) -2084 204 2088 96 
H(21C) -1878 341 2758 96 
H(22A) 272 289 2670 99 
H(22B) -223 930 3048 99 
H(22C) 499 1159 2549 99 
H(32) 3809 4003 2651 86 
H(33) 5273 3363 2627 84 
H(34) 5289 2132 2237 64 
H(37) 1780 3557 1779 97 
H(38A) 1233 2903 2627 84 
H(38B) 752 3721 2608 84 
H(38C) 1644 3567 3023 84 
H(39A) 2589 4736 1915 110 
H(39B) 2441 4671 2594 110 
H(39C) 1545 4800 2178 110 
H(40) 3267 1117 1802 76 
H(41A) 4632 276 1755 126 
H(41B) 4594 701 2362 126 
H(41C) 5312 983 1877 126 
H(42A) 4007 829 883 90 
H(42B) 4600 1597 940 90 
H(42C) 3469 1625 868 90 
H(52) 1316 4353 -645 69 
H(53) 1061 3567 -1478 85 
H(54) 666 2321 -1391 78 
H(57) 1292 1165 -203 77 
H(58A) -331 658 -185 118 
H(58B) -696 1415 -491 118 
H(58C) -282 1445 151 118 
H(59A) 1570 957 -1161 114 
H(59B) 460 1031 -13p5 114 
H(59C) 841 338 -927 114 
H(60) 1367 3679 828 80 
H(61A) 2914 4090 953 78 
H(61B) 3098 3965 282 78 
H(61C) 2863 3259 686 78 
H(62A) 1579 4986 818 93 
H(62B) 652 4735 464 93 
H(62C) 1599 4966 130 93 
--------------------------------------------------------------------------
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Residual peaks 1,2,3, and 4 from the final difference map are high, 0.653, 0.628, 

0.566, and 0.511 e-/ A3 respectively. Peak 3 is approximately 1A away from the 

W atom; the other three peaks are more than 3.5A away from W. 

The data used to solve the structure was weak. Out of 7141 unique reflections, 

only 2907 were accepted and left for refinement. More than half of the data were 

rejected because their intensities were less than 3.0 times their standard deviation. 
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The thermal parameters of some carbon atoms didn't refine well, the worst ones 

being those of Clp, C12c, C16b, C16c, C22b, C22c, C26b, C26c, C32b, C32c, C33, 

C34, C35, C36b, and C36c. Except for Clp, C33, C34, and C35, the atoms just 

listed are part of the isopropyl groups in the molecule (please refer to the ORTEP 

diagram and the table of positional parameters on page 4). 

DATA COLLECTION 

A red irregular block crystal of WIPIN3C39H60 having approximate dimensions 

of 0.23 x 0.23 x 0.47 mm was mounted in a glass capillary in a random 

orientation. Preliminary examination and data collection were performed with 

Mo Ka. radiation (A. = 0.71073 A) on a Syntex P21 diffractometer, with Crystal 

Logics computer control system. 

Cell constants and an orientation matrix for data collection were obtained from 

least-squares refinement, using the setting angles of 21 reflections in the range 

20<28<30°. The orthorhombic cell parameters and calculated volume are: 

a = 18.572(3), b = 25.966(4), c = 16.819(3) A, V = 8111(4) A3. For Z = 8 and 

F.W. = 785.76 the calculated density is 1.29 g/cm3. As a check on crystal quality, 

ro-scans of several intense reflections were measured; the width at half-height was 
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0.26°, indicating good crystal quality. From the systematic absences of: hkO: 

h=2n+ 1, hOI: 1=2n+ 1, Okl: k=2n+ 1, and from subsequent least-squares refinement, 

the space group was determined to be Pbca (#61). 

The data were collected at a temperature of 19±1 ° using the m-29 scan technique. 

The scan rate was fixed at 3.0° Imin. Data were collected to a maximum 29 of 

50.0°. The scan range was determined as a function of 9 to correct for the 

separation of the Ka d; the scan width was calculated as follows: from (29Ka1-

1.30) to (29K~+ 1.60). The diameter of the incident beam collimator was 

0.75 mm. 

DATA REDUCTION 

A total of 7839 reflections were collected, of which 7141 were unique and not 

systematically absent. As a check on crystal and electronic stability 3 

representative reflections were measured after every 97 reflections. The intensities 

of these standards remained constant within experimental error throughout data 

collection. No decay correction was applied. 
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Lorentz and polarization corrections were applied to the data. The linear 

absorption coefficient is 29.7 cm-1 for Mo Ka radiation. Psi-scan absorption 

correction was applied to the data. 

STRUCTURE SOLUTION AND REFINEMENT 

The structure was solved using the Patterson heavy-atom method which revealed 

the position of the W atom. The remaining atoms were located in succeeding 

difference Fourier syntheses. All hydrogen atoms were placed in idealized 

positions. Methyl group hydrogens were initially located from a difference map, 

then idealized. Hydrogen atoms were included in the refinement but constrained 

to ride on the atom to which they are bonded. The structure was refined in 

full-matrix least-squares, where the function minimized was LW( 1 Fo 1- 1 Fe 1 )2 and 

the weight w is defined as 4F02/ a2(F02). 

Scattering factors were taken from Cromer and Waber.102 Anomalous dispersion 

effects105 were included in Fc; the values for df' and df" were those of Cromer.103 

Only the 2907 reflections having intensities greater than 3.0 times their standard 

deviation were used in the refinements. The final cycle of refinement included 

397 variable parameters and converged (largest parameter shift was 0.02 times its 

esd) with agreement factors of: R = 0.036, Rw = 0.048, and S = 1.28. There were 
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4 correlation coefficients greater than 0.50. The highest correlation coefficient was 

0.55 between the overall scale factor and the third temperature factor of the W 

atom [U(3,3)]. The other correlation coefficients greater than 0.50 were between 

the overall scale factor and the first and second temperature factors of the W 

atom [U(l,l) and U(2,2) respectively], and between the fourth and fifth 

temperature factors of atom C14 [U(l,2) and U(l,3) respectively]. The highest 

peak in the final difference Fourier had a height of 0.65(10) e-/ A3;104 the minimum 

negative peak had a height of -0.30(10) e-/ A3. Plots of LW( / Fo I-I Fc / f versus 

/ Fo /, reflection order in data collection, sin 8/A, and various classes of indices 

showed no unusual trends. 

All calculations were performed on a VAX computer using MolEN.106 



Table A.7 

Tables of Experimental Details 

A. Crystal Data 

WIPIN3C39H60 

F.W. = 785.76 F(OOO) = 3232 

crystal dimensions: 0.23 xO.23 x0.47 mm 

peak width at half-height = 0.26° 

Mo Kcx radiation (A = 0.71073 A) 

temperature = 19±1 ° 

orthorhombic space group Pbca 

a = 18.572 (3) A b = 25.966 (4) A c = 16.819 (3) A 
V = 8111 (4) A3 

Instrument: 

Monochromator: 

Scan type: 

Scan rate: 

Scan width, deg: 

Maximum 28: 

No. of ref!. measured: 

Corrections: 

Z = 8 P = 1.29 g/cm3 

1.1 = 29.7 cm-1 

B. Intensity Measurements 

Syntex P211 Crystal Logics 

Graphite crystal, incident beam 

ro-28 

3.00 /min 

from (28Kcxl -1.3) to (28K~+ 1.600) 

50.0° 

7839 total, 7141 unique 

Lorentz-polarization 
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Table A.7 (cont'd) 

C. Structure Solution and Refinement 

Solution: 

Refinement: 

Minimization function: 

Least-squares weights: 

Anomalous dispersion: 

Reflections included: 

Parameters refined: 

Unweighted agreement factor: 

Weighted agreement factor: 

Factor including unobs. data: 

Esd of obs. of unit weight: 

Convergence, largest shift: 

High peak in final diff. map: 

Low peak in final diff. map: 

Computer hardware: 

Computer software: 

Patterson method 

Full-matrix least-squares 

LW( I Fo I-I Fc I )2 

4Fo2/ a2(Fo2)2 

All non-hydrogen atoms 

2907 with Fo2>3.00'(Fo2)2 

397 

0.036 

0.048 

0.203 

1.28 

0.020' 

0.65(10)e-/ A3 
-0.30(10)e-/ A3 
VAX 

MolEN (Enraf-Nonius) 
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Table A.B 

Table of Positional Parameters and Their Estimated Standard Deviations 

Atom 

w 
P 
N1 
N2 
N3 
C1p 
C2p 
C3p 
C11 
C12 
C12a 
C12b 
C12c 
C13 
C14 
C15 
C16 
C16a 
C16b 
C16c 
C21 
C22 
C22a 
C22b 
C22c 
C23 
C24 
C25 
C26 
C26a 
C26b 
C26c 
C31 
C32 
C32a 
C32b 
C32c 
C33 
C34 
C35 
C36 
C36a 
C36b 
C36c 

x 

0.43862(2) 
0.5449(2) 
0.3839(4) 
0.4116(5) 
0.4689(5) 
0.5340(9) 
0.5634(7) 
0.6279(7) 
0.3360(6) 
0.3297(6) 
0.3715(8) 
0.3328(7) 
0.387(1) 
0.2821(7) 
0.2450(8) 
0.2504(8) 
0.2959(6) 
0.3031(7) 
0.349(1) 
0.2324(9) 
0.3915(6) 
0.3173(7) 
0.2624(7) 
0.236(1) 
0.2013(7) 
0.2994(8) 
0.3490(8) 
0.4191(7) 
0.4422(6) 
0.5186(7) 
0.5624(8) 
0.5533(9) 
0.4788(6) 
0.4432(7) 
0.3950(7) 
0.408(1) 
0.3199(9) 
0.455(1) 
0.497(1) 
0.5347(9) 
0.5260(8) 
0.5700(7) 
0.644(1) 
0.5740(9) 

y 

0.36668(2) 
0.3794(1) 
0.4160(3) 
0.3009(3) 
0.3776(3) 
0.3526(6) 
0.4461(4) 
0.3532(5) 
0.4548(4) 
0.4999(4) 
0.5059(4) 
0.4805(6) 
0.5604(6) 
0.5380(5) 
0.5326(6) 
0.4901(6) 
0.4490(5) 
0.4025(5) 
0.4133(6) 
0.3793(6) 
0.2507(4) 
0.2362(4) 
0.2748(5) 
0.3048(7) 
0.2539(6) 
0.1857(5) 
0.1511(5) 
0.1644(5) 
0.2140(4) 
0.2261(5) 
0.2070 (8) 
0.2123(9) 
0.3893(4) 
0.3615(5) 
0.3185(6) 
0.2681(6) 
0.3291(8) 
0.3761(5) 
0.4144(7) 
0.4400(6) 
0.4290(5) 
0.4600(5) 
0.4360(7) 
0.5157(5) 

z 

0.34721(2) 
0.4329(2) 
0.3893(5) 
0.3644(5) 
0.2476(5) 
0.5297(8) 
0.4485(9) 
0.398(1) 
0.4130(7) 
0.3686(7) 
0.2913(8) 
0.2232(8) 
0.268(1) 
0.3968(8) 
0.4628(8) 
0.5069(9) 
0.4850(7) 
0.5347(7) 
0.6062(9) 
0.560(1) 
0.3511(7) 
0.3619(7) 
0.3885(9) 
0.323(1) 
0.436(1) 
0.3453(8) 
0.3221(9) 
0.3143 (8) 
0.3292(6) 
0.3215(8) 
0.381(1) 
0.248(1) 
0.1686(6) 
0.1114 (8) 
0.1322(8) 
0.091(1) 
0.119(1) 
0.0321(8) 
0.0101(8) 
0.0663(8) 
0.1457(7) 
0.2065(8) 
0.213(1) 
0.192(1) 

3.250(7) 
5.46(9) 
3.4(2) 
4.2(2) 
3.8(2) 

10.7(5) 
8.4(4) 
9.8(5) 
4.1(3) 
4.8(3) 
6.0(3) 
9.8(5) 

14.9(8) 
7.3(4) 
9.1(4) 
8.2(4) 
5.1(3) 
6.7(3) 

12.9(7) 
14.7(7) 

4.1(2) 
5.0(3) 
7.4(4) 

14.4(8) 
11.2(6) 

6.9(4) 
7.8(4) 
6.3(4) 
4.2(3) 
6.4(4) 

16.8(9) 
23(1) 

4.6(3) 
5.7(3) 
7.6(4) 

15.5(9) 
15.9(8) 
10.2(6) 
12.3 (7) 
10.3(5) 

6.2(3) 
6.8(4) 

15.6(9) 
12.2(6) 

Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
4/3) * [a2*B(l,l) + b2*B(2,2) + c2*B(3,3) + ab(cos gamrna)*B(l,2) 
+ ac(cos beta)*B(l,3) + bc(cos alpha)*B(2,3)] 
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Table A.9 

Table of Positional Parameters and Their Estimated Standard Deviations 
----------------------------------------------------------------------

Atom x y z B(A2) 

H1p1 0.533 0.316 0.527 5.0* 
H1p2 0.490 0.365 0.551 5.0* 
H1p3 0.573 0.363 0.563 5.0* 
H2p1 0.549 0.465 0.403 5.0* 
H2p2 0.614 0.451 0.458 5.0* 
H2p3 0.537 0.458 0.494 5.0* 
H3p1 0.640 0.369 0.349 5.0* 
H3p2 0.624 0.317 0.390 5.0* 
H3p3 0.664 0.360 0.436 5.0* 
H12a 0.416 0.490 0.303 5.0* 
H12b1 0.358 0.486 0.175 5.0* 
H12b2 0.286 0.494 0.219 5.0* 
H12b3 0.330 0.444 0.233 5.0* 
H12c1 0.413 0.560 0.220 5.0* 
H12c2 0.343 0.579 0.260 5.0* 
H12c3 0.414 0.577 0.308 5.0* 
H13 0.277 0.569 0.367 5.0* 
H14 0.214 0.559 0.480 5.0* 
H15 0.223 0.487 0.554 5.0* 
H16a 0.327 0.378 0.503 5.0* 
H16b1 0.342 0.386 0.644 5.0* 
H16b2 0.336 0.445 0.629 5.0* 
H16b3 0.398 0.414 0.591 5.0* 
H16c1 0.221 0.391 0.613 5.0* 
H16c2 0.235 0.343 0.560 5.0* 
H16c3 0.196 0.390 0.525 5.0* 
H22a 0.285 0.298 0.424 5.0* 
H22b1 0.201 0.329 0.341 5.0* 
H22b2 0.275 0.323 0.300 5.0* 
H22b3 0.215 0.283 0.284 5.0* 
H22c1 0.168 0.280 0.450 5.0* 
H22c2 0.178 0.228 0.406 5.0* 
H22c3 0.221 0.239 0.483 5.0* 
H23 0.250 0.175 0.349 5.0* 
H24 0.335 0.116 0.313 5.0* 
H25 0.453 0.139 0.297 5.0* 
H26a 0.516 0.263 0.323 5.0* 
H26b1 0.611 0.216 0.371 5.0* 
H26b2 0.547 0.221 0.430 5.0* 
H26b3 0.558 0.171 0.383 5.0* 
H26c1 0.603 0.222 0.250 5.0* 
H26c2 0.549 0.176 0.240 5.0* 
H26c3 0.530 0.230 0.206 5.0* 
H32a 0.408 0.314 0.187 5.0* 
H32b1 0.374 0.244 0.109 5.0* 
H32b2 0.404 0.272 0.035 5.0* 
H32b3 0.455 0.256 0.104 5.0* 
H32c1 0.292 0.307 0.152 5.0* 
H32c2 0.307 0.324 0.065 5.0* 
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Table A.9 (cont'd) 

Atom x y z B(A.2) 

H32c3 0.3~1 0.364 0.133 5.0* 
H33 0.429 0.358 -0.008 5.0* 
H34 0.502 0.423 -0.044 5.0* 
H35 0.568 0.466 0.050 5.0* 
H36a 0.548 0.458 0.257 5.0* 
H36b1 0.660 0.425 0.~62 5.0* 
H36b2 0.641 0.407 0.248 5.0* 
H36b3 0.677 0.461 0.233 5.0* 
H36c~ 0.6~0 0.523 0.~52 5.0* 
H36c2 0.585 0.534 0.239 5.0* 
H36c3 0.528 0.526 0.~73 5.0* 

Starred atoms were not refined. 



Name 

w 
P 
N1 
N2 
N3 
C1p 
C2p 
C3p 
C11 
C12 
C12a 
C12b 
C12c 
C13 
C14 
C15 
C16 
C16a 
C16b 
C16c 
C21 
C22 
C22a 
C22b 
C22c 
C23 
C24 
C25 
C26 
C26a 
C26b 
C26c 
C31 
C32 
C32a 
C32b 
C32c 
C33 
C34 
C35 
C36 
C36a 
C36b 
C36c 

U(l,l) 

0.0455(2) 
0.068(2) 
0.043(5) 
0.066(6) 
0.050(5) 
0.15(1) 
0.11(1) 
0.065(9) 
0.051(7) 
0.056(7) 
0.081(9) 
0.09(1) 
0.22(2) 
0.10(1) 
0.09(1) 
0.08(1) 
0.059(8) 
0.11(1) 
0.28(2) 
0.19(2) 
0.069(7) 
0.076(8) 
0.08(1) 
0.12(2) 
0.08(1) 
0.10(1) 
0.14(1) 
0.09(1) 
0.046(6) 
0.069(8) 
0.10(1) 
0.13 (2) 
0.071(7) 
0.065(7) 
0.061(8) 
0.29(3) 
0.18(2) 
0.25(2) 
0.29(2) 
0.21(2) 
0.12(1) 
0.10(1) 
0.15(2) 
0.21(2) 

Table A.tO 

Table of Displacement Coefficients - U's 

U(2,2) 

0.0360(2) 
0.064(2) 
0.044(5) 
0.039(5) 
0.046(5) 
0.17(2) 
0.084(9) 
0.12(1) 
0.050(7) 
0.060(7) 
0.046(7) 
0.21(2) 
0.14(2) 
0.072(9) 
0.15(1) 
0.15(1) 
0.070(8) 
0.082(9) 
0.12(2) 
0.17(2) 
0.036(5) 
0.047(7) 
0.079(9) 
0.15(2) 
0.15(2) 
0.069(8) 
0.043(7) 
0.059(8) 
0.057(6) 
0.054(8) 
0.23(2) 
0.46(4) 
0.049(7) 
0.087(9) 
0.16(1) 
0.15(2) 
0.23(2) 
0.09(1) 
0.13(1) 
0.11(1) 
0.063(8) 
0.09(1) 
0.22(2) 
0.09(1) 

U(3,3) 

0.0420(2) 
0.075(2) 
0.042(5) 
0.054(6) 
0.047(5) 
0.09(1) 
0.13(1) 
0.19(2) 
0.053(7) 
0.066(8) 
0.10(1) 
0.07(1) 
0.21(2) 
0.10(1) 
0.11(1) 
0.08(1) 
0.067(8) 
0.058(7) 
0.09(1) 
0.20(2) 
0.050(6) 
0.066(8) 
0.13 (1) 
0.28(2) 
0.20(2) 
0.088(9) 
0.11(1) 
0.092(9) 
0.057(7) 
0.12(1) 
0.30(3) 
0.27(2) 
0.055(7) 
0.067(7) 
0.071 (9) 
0.16(2) 
0.20(2) 
0.048(7) 
0.046(9) 
0.08(1) 
0.058(7) 
0.072 (8) 
0.22(2) 
0.16(2) 

U(l,2) 

-0.0048(3) 
-0.006(2) 
-0.004(4) 
-0.004(5) 
-0.004(4) 
-0.05(1) 
-0.01(1) 

0.024(9) 
-0.005(6) 

0.016(6) 
0.012(7) 
0.05(1) 
0.03 (2) 
0.033(8) 
0.05(1) 

-0.00(1) 
-0.022(7) 
-0.025(9) 
0.01(2) 

-0.04(2) 
-0.004(6) 
-0.005(7) 
-0.015(8) 
-0.02(1) 
-0.01(1) 
-0.037(8) 
-0.041(7) 
-0.018(7) 
-0.015(6) 
0.024(7) 

-0.07(1) 
-0.08(2) 
0.009(6) 

-0.024(8) 
-0.00(1) 
-0.03(2) 
-0.09(2) 

0.01(1) 
-0.04(2) 
-0.05(1) 
0.004(8) 

-0.002(9) 
-0.00(2) 
-0.06(1) 

U(l,3) 

0.0005(3) 
-0.019(2) 
-0.007(4) 
-0.006(5) 
0.006(5) 

-0.04(1) 
-0.06(1) 
-0.03(1) 
-0.009(6) 
-0.014(6) 
-0.022(9) 
-0.027(9) 
0.02(2) 

-0.049(8) 
-0.027(9) 
0.015(9) 
0.020(7) 
0.041(8) 

-0.03(2) 
0.10(1) 

-0.005(8) 
-0.012(7) 

0.00(1) 
-0.02(2) 

0.04(1) 
0.01(1) 
0.01(1) 
0.030(8) 

-0.008(6) 
0.008(9) 

-0.03(2) 
0.12(2) 
0.016(6) 
0.007(7) 

-0.025(7) 
-0.02(2) 
0.01(2) 

-0.01(1) 
0.01(1) 
0.06(1) 
0.036(8) 
0.031(8) 
0.04(2) 
0.02(2) 
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U(2,3) 

-0.0001(3) 
0.001(2) 
0.002(4) 
0.002(4) 

-0.002(4) 
0.03(1) 

-0.016(9) 
-0.03(1) 
-0.003(6) 
-0.011(6) 

0.027(7) 
0.00(1) 
0.05(2) 

-0.026(8) 
-0.078(9) 
-0.043(9) 
-0.023(6) 
-0.029(7) 

0.02(1) 
-0.01(2) 

0.015(6) 
-0.006(6) 

0.018(9) 
0.08(2) 

-0.01(2) 
0.004(9) 

-0.019(7) 
-0.015(7) 

0.005(5) 
-0.009(8) 

0.09(2) 
-0.10(3) 
-0.010(6) 
-0.009(7) 
-0.042(9) 

0.00(2) 
-0.02(2) 
-0.007(8) 

0.024(9) 
0.004(9) 
0.009(7) 
0.020(8) 
0.00(2) 
0.01(1) 

The form of the anisotropic displacement parameter is: 
exp[-2PI2{h2a2U(l,l) + k2b2U(2,2) + l2c2U(3,3) + 2hkabU(l,2) + 2hlacU(l,3) 
+ 2klbcU(2,3)}] where a,b, and c are reciprocal lattice constants. 



Atom 1 
====== 
w 
w 
w 
w 
p 
p 
p 

N1 
N2 
N3 
C11 
Cll 
C12 
C12 
C12a 
C12a 
C13 
C14 
C15 
C16 
C16a 
C16a 
C21 

Table A.ll 

Table of Bond Distances in Angstroms 

Atom 2 
------------
p 

N1 
N2 
N3 
C1p 
C2p 
C3p 
C11 
C21 
C31 
C12 
C16 
C12a 
C13 
C12b 
C12c 
C14 
C15 
C16 
C16a 
C16b 
C16c 
C22 

Distance 
======== 
2.466(4) 
1. 78 (1) 
1.80(1) 
1.79(1) 
1.78(2) 
1.79(1) 
1.78(2) 
1.40(1) 
1.38(1) 
1. 38 (1) 
1.39(2) 
1.43(2) 
1.52(2) 
1.41(2) 
1.51(2) 
1.50(2) 
1.31(3) 
1.33(3) 
1.41(2) 
1.47(2) 
1.50(2) 
1.51(2) 
1.44(2) 

Atom 1 
====== 
C21 
C22 
C22 
C22a 
C22a 
C23 
C24 
C25 
C26 
C26a 
C26a 
C31 
C31 
C32 
cn 
C32a 
C32a 
C33 
C34 
C35 
C36 
C36a 
C36a 

Atom 2 
====== 
C26 
C22a 
C23 
C22b 
C22c 
C24 
C25 
C26 
C26a 
C26b 
C26c 
C32 
C36 
C32a 
C33 
C32b 
C32c 
C34 
C35 
C36 
C36a 
C36b 
C36c 

Distance 
======== 
1.39(2) 
1.50(2) 
1.38(2) 
1.44(2) 
1.49(2) 
1.34(2) 
1.35(2) 
1.38(2) 
1.46(2) 
1.38(2) 
1. 43 (3) 
1.37(2) 
1.41(2) 
1.47(2) 
1.40(2) 
1.50(2) 
1.44(2) 
1.32(3) 
1.35(3) 
1.37(2) 
1. 54 (2) 
1.51(2) 
1.47(2) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table A.12 

Table of Bond Angles in Degrees 

--------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ------ ------ ----- ====== ------ ====== ----------- ------ ------
p W N1 97.3(3) C13 C14 C15 121. (2) 
p w N2 104.8(3) C14 C15 C16 122.(2) 
p W N3 105.9(3) C11 C16 C15 117.(2) 
N1 w N2 117.3(5) C11 C16 C16a 121. (1) 
N1 w N3 115.9(4) C15 C16 C16a 122.(2) 
N2 W N3 112.8(4) C16 C16a C16b 111. (1) 
w p C1p 113.0(6) C16 C16a C16c 114.(2) 
W p C2p 111.7(5) C16b C16a C16c 110. (2) 
w p C3p 116.6(6) N2 C21 C22 119. (1) 
C1p p C2p 105.4(9) N2 C21 C26 121. (1) 
C1p p C3p 104.5(9) C22 C21 C26 120.(1) 
C2p p C3p 104.6(8) C21 C22 C22a 121. (1) 
W N1 C11 172.5(8) C21 C22 C23 117.(1) 
W N2 C21 161.4(9) C22a C22 C23 122.(2) 
W N3 C31 169(1) C22 C22a C22b 111. (2) 
N1 C11 C12 120. (1) C22 C22a C22c 116.(2) 
N1 C11 C16 120. (1) C22b C22a C22c 110.(2) 
C12 C11 C16 120. (1) C22 C23 C24 122.(2) 
C11 C12 C12a 120. (1) C23 C24 C25 121. (2) 
C11 C12 C13 118. (2) C24 C25 C26 121. (2) 
C12a C12 C13 122. (2) C21 C26 C25 118. (1) 
C12 C12a C12b 111. (1) C21 C26 C26a 122.(1) 
C12 C12a C12c 115. (2) C25 C26 C26a 119. (1) 
C12b C12a C12c 108. (2) C26 C26a C26b 116.(2) 
C12 C13 C14 123. (2) C26 C26a C26c 117.(2) 
C26b C26a C26c 106. (2) C32 C33 C34 124.(2) 
N3 C31 C32 120.(1) C33 C34 C35 119.(2) 
N3 C31 C36 121. (1) C34 C35 C36 121. (2) 
C32 C31 C36 120. (1) C31 C36 C35 119.(2) 
C31 C32 C32a 122. (1) C31 C36 C36a 122. (1) 
C31 C32 C33 117. (2) C35 C36 C36a 118.(2) 
C32a C32 C33 122. (2) C36 C36a C36b 108. (2) 
C32 C32a C32b 117. (2) C36 C36a C36c 115.(2) 
C32 C32a C32c 114. (2) C36b C36a C36c 112. (2) 
C32b C32a C32c 105. (2) 
-------------------------------------------------------------------------
Numbers in parentheses are estimated standard deviations in the least 
significant digits. 
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Table A.13 

Table of Bond Distances in Angstroms 
------------------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
------ ====== ======== ====== ====== ======== ------
Clp Hlpl 0.94 C16c H16c3 0.95 
Clp Hlp2 0.95 C22a H22a 0.95 
Clp Hlp3 0.95 C22b H22bl 0.95 
C2p H2pl 0.95 C22b H22b2 0.95 
C2p H2p2 0.95 C22b H22b3 0.95 
C2p H2p3 0.95 C22c H22cl 0.95 
C3p H3pl 0.95 C22c H22c2 0.95 
C3p H3p2 0.95 C22c H22c3 0.95 
C3p H3p3 0.95 C23 H23 0.95 
C12a H12a 0.95 C24 H24 0.95 
C12b H12bl 0.95 C25 H25 0.95 
C12b H12b2 0.95 C26a H26a 0.95 
C12b H12b3 0.95 C26b H26bl 0.95 
C12c H12cl 0.95 C26b H26b2 0.95 
C12c H12c2 0.95 C26b H26b3 0.95 
C12c H12c3 0.95 C26c H26cl 0.95 
C13 H13 0.95 C26c H26c2 0.95 
C14 H14 0.95 C26c H26c3 0.95 
C15 H15 0.95 C32a H32a 0.95 
C16a H16a 0.95 C32b H32bl 0.95 
C16b H16bl 0.96 C32b H32b2 0.95 
C16b H16b2 0.95 C32b H32b3 0.95 
C16b H16b3 0.95 C32c H32cl 0.95 
C16c H16cl 0.95 C32c H32c2 0.95 
C16c H16c2 0.95 C32c H32c3 0.95 
C33 H33 0.95 C36b H36b2 0.95 
C34 H34 0.95 C36b H36b3 0.95 
C35 H35 0.95 C36c H36cl 0.95 
C36a H36a 0.95 C36c H36c2 0.95 
C36b H36bl 0.95 C36c H36c3 0.95 

----------------------------------------_ .. ---------------
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Table A.14 

Table of Bond Angles in Degrees 
-------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== ====== ----- ====== ====== ------ -----------
P C1p H1p1 111 H12b1 C12b H12b3 109 
p C1p H1p2 108 H12b2 C12b H12b3 109 
p C1p H1p3 110 C12a C12e H12e1 108 
H1p1 C1p H1p2 109 C12a C12e H12e2 111 
H1p1 C1p H1p3 109 C12a C12e H12e3 110 
H1p2 C1p H1p3 109 H12e1 C12e H12e2 109 
p C2p H2p1 110 H12e1 C12e H12e3 109 
p C2p H2p2 109 H12e2 C12e H12e3 109 
p C2p H2p3 109 C12 C13 H13 119 
H2p1 C2p H2p2 109 C14 C13 H13 119 
H2p1 C2p H2p3 109 C13 C14 H14 120 
H2p2 C2p H2p3 109 C15 C14 H14 119 
p C3p H3p1 109 C14 C15 H15 120 
p C3p H3p2 110 C16 C15 H15 118 
p C3p H3p3 109 C16 C16a H16a 106 
H3p1 C3p H3p2 109 C16b C16a H16a 108 
H3p1 C3p H3p3 109 C16e C16a H16a 107 
H3p2 C3p H3p3 109 C16a C16b H16b1 109 
C12 C12a H12a 103 C16a C16b H16b2 110 
C12b C12a H12a 113 C16a C16b H16b3 110 
C12e C12a H12a 107 H16b1 C16b H16b2 109 
C12a C12b H12b1 110 H16b1 C16b H16b3 109 
C12a C12b H12b2 109 H16b2 C16b H16b3 110 
C12a C12b H12b3 109 C16a C16e H16e1 110 
H12b1 C12b H12b2 109 C16a C16e H16e2 110 
C16a C16e H16e3 108 C26 C26a H26a 100 
H16e1 C16e H16e2 109 C26b C26a H26a 111 
H16e1 C16e H16e3 109 C26e C26a H26a 107 
H16e2 C16e H16e3 110 C26a C26b H26b1 110 
C22 C22a H22a 108 C26a C26b H26b2 109 
C22b C22a H22a 107 C26a C26b H26b3 109 
C22e C22a H22a 104 H26b1 C26b H26b2 109 
C22a C22b H22b1 110 H26b1 C26b H26b3 109 
C22a C22b H22b2 109 H26b2 C26b H26b3 109 
C22a C22b H22b3 110 C26a C26e H26e1 110 
H22b1 C22b H22b2 109 C26a C26e H26e2 110 
H22b1 C22b H22b3 109 C26a C26e H26e3 108 
H22b2 C22b H22b3 109 H26e1 C26e H26e2 109 
C22a C22e H22e1 112 H26e1 C26e H26e3 109 
C22a C22e H22e2 110 H26e2 C26e H26e3 109 
C22a C22e H22e3 107 C32 C32a H32a 100 
H22e1 C22e H22e2 109 C32b C32a H32a 107 
H22e1 C22e H22e3 109 C32e C32a H32a 114 
H22e2 C22e H22e3 109 C32a C32b H32b1 109 
C22 C23 H23 119 C32a C32b H32b2 110 
C24 C23 H23 119 C32a C32b H32b3 109 
C23 C24 H24 119 H32b1 C32b H32b2 109 
C25 C24 H24 119 H32b1 C32b H32b3 109 
C24 C25 H25 119 H32b2 C32b H32b3 109 
C26 C25 H25 120 C32a C32e H32e1 109 
C32a C32e H32e2 111 C36e C36a H36a 103 
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Table A.14 (cont'd) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== ====== ----- ====== ====== ====== -----
C32a C32c H32c3 108 C36a C36b H36b1 110 
H32c1 C32c H32c2 109 C36a C36b H36b2 109 
H32c1 C32c H32c3 109 C36a C36b H36b3 110 
H32c2 C32c H32c3 109 H36b1 C36b H36b2 109 
C32 C33 H33 118 H36b1 C36b H36b3 109 
C34 C33 H33 118 H36b2 C36b H36b3 109 
C33 C34 H34 121 C36a C36c H36c1 111 
C35 C34 H34 121 C36a C36c H36c2 111 
C34 C35 H35 119 C36a C36c H36c3 107 
C36 C35 H35 120 H36c1 C36c H36c2 109 
C36 C36a H36a 110 H36c1 C36c H36c3 109 
C36b C36a H36a 108 H36c2 C36c H36c3 109 
------------------------------------------------------------------------
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Table A.15 

Table of Least-Squares Planes 

Plane 1 

Atom X Y Z Distance Esd 

C11 6.2407 11.8102 6.9462 0.0050 +- 0.0108 
C12 6.1237 12.9811 6.1992 -0.0052 +- 0.0114 
C13 5.2389 13.9711 6.6737 0.0020 +- 0.0132 
C14 4.5501 13.8300 7.7838 0.0014 +- 0.0143 
C15 4.6511 12.7272 8.5248 -0.0015 +- 0.0145 
C16 5.4953 11.6592 8.1579 -0.0017 +- 0.0114 

Chi Squared = 0.5 

Plane 2 

Atom X Y Z Distance Esd 

C21 7.2705 6.5089 5.9045 0.0191 +- 0.0110 
C22 5.8939 6.1334 6.0871 -0.0133 +- 0.0111 
C23 5.5601 4.8208 5.8083 -0.0001 +- 0.0131 
C24 6.4822 3.9237 5.4168 0.0083 +- 0.0143 
C25 7.7828 4.2701 5.2854 -0.0024 +- 0.0129 
C26 8.2132 5.5572 5.5367 -0.0115 +- 0.0101 

Chi Squared = 6.1 

Plane 3 

Atom X Y Z Distance Esd 

C31 8.8922 10.1084 2.8348 -0.0144 +- 0.0116 
C32 8.2316 9.3877 1.8729 0.0107 +- 0.0121 
C33 8.4470 9.7650 0.5405 0.0071 +- 0.0161 
C34 9.2353 10.7600 0.1701 -0.0211 +- 0.0198 
C35 9.9302 11.4244 1.1159 0.0172 +- 0.0166 
C36 9.7682 11.1405 2.4499 0.0005 +- 0.0136 

Chi Squared = 4.7 
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Table A.1S (cont'd) 

Plane 4 

Atom X Y Z Distance Esd 

N1 7.1306 10.8022 6.5474 0.0000 +- 0.0081 
N2 7.6440 7.8140 6.1291 0.0000 +- 0.0090 
N3 8.7088 9.8043 4.1635 0.0000 +- 0.0084 

Plane 5 

Atom X Y Z Distance Esd 

C1p 9.9168 9.1562 8.9092 0.0000 +- 0.0152 
C2p 10.4630 11.5842 7.5437 0.0000 +- 0.0139 
C3p 11.6607 9.1706 6.6940 0.0000 +- 0.0150 



Atom 1 
====== 

N1 
N1 
N1 
N2 
N2 
N2 
N3 
N3 
N3 

Table A.16 

Dihedral Angles Between Planes: 

Plane No. Plane No. Dihedral Angle 
--------- --------- --------------

1 2 58.43 +- 0.42 
1 3 105.51 +- 0.38 
1 4 20.52 +- 0.78 
1 5 15.10 +- 1.50 
2 3 102.95 +- 0.48 
2 4 50.79 +- 0.40 
2 5 47.61 +- 0.56 
3 4 124.24 +- 0.40 
3 5 116.11 +- 0.50 
4 5 8.35 +- 2.28 

Table A.17 

Table of Torsional Angles in Degrees 

Atom 2 Atom 3 Atom 4 
------ ------ ====== ------ ------

W p C1p 
W p C2p 
W p C3p 
W p C1p 
W p C2p 
w p C3p 
w p C1p 
W p C2p 
W p C3p 
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Angle 
------------

77.49 (0.61) 
-41.16 (0.58) 

-161. 37 (0.61) 
-43.31 (0.62) 

-161. 96 () .59) 
77 . 82 (0.62) 

-162.80 (0.60) 
78.55 (0.59) 

-41. 66 (0.62) 
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APPENDIX B 

EXPERIMENTAL 

General Details. All experiments were performed under a nitrogen 

atmosphere either by standard Schlenk techniques97 or in a Vacuum Atmospheres 

HE-493 drybox at room temperature (unless otherwise indicated). Solvents were 

distilled under N2 from an appropriate drying agent98 and were transferred to the 

drybox without exposure to air. The "cold" solvents used to wash isolated solid 

products were typically cooled to ca. -35 ec before use. NMR solvents were 

passed down a short (5-6 cm) column of activated alumina prior to use. In all 

preparations Ar = 2,6-C6H3
ipr2 and Ar' = 2,6-C6H3Me2 

Starting Materials. WOCl4 was obtained from Hermann C. Stark, Berlin, 

was sublimed (ca. 80 ec, 10-2 torr) prior to use, and was converted to 

[W(NAr)CI4h and then to W(NAr)CI4(THF) or W(NAr)CI4(Et20) (1) by the 

literature procedure.21 (NH4hMo20 7 was obtained from Johnson-Matthey and 

used as received. 2,6-Diisopropylaniline was obtained from Aldrich, vacuum 

distilled before use, and was converted to LiNHAr, by the literature procedure.99 

Me3SiNHAr was prepared from LiNHAr and Me3SiCI as previously described.99 

Me3SiCI and Me3SiNEt2 was obtained from Petrarch and used as received. Alkyl 

lithium solutions (used as received), and isocyanates (distilled) were obtained 
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from Aldrich. Methyl iodide was obtained from EM Sciences and distilled prior 

to use. Trimethylphosphine was prepared by the literature method100 with the 

exception that MeMgI was used instead of MeMgBr. PMePh2 and PMe2Ph were 

obtained from Aldrich and used as received. Tetraalkylammonium salts were 

prepared dried by heating to ca. 120°C under high vacuum (>10-6 torr), followed 

by recrystallization from THF at -35°C. AgBPh4 and AgBAl4 were prepared by 

Jordan's method.101 Methylaluminoxane was obtained as a 10 wt% toluene 

solution from Albemarle and used as received. 

Physical Measurements. lH (250 MHz) and 13C (62.9 MHz) NMR spectra 

were recorded at probe temperature (unless otherwise specified) on a Brucker 

WM-250 or AM-250 spectrometer in C6D61 CDCI3, CD2CI2, or toluene-dB solvent. 

Chemical shifts are referenced to protio impurities (07.15, C6D6; 7.24, CDCI3; 5.32, 

CD2CI2; 2.09, toluene-dB) or solvent 13C resonances (0 128.0, C6D6; 77.0, CDCI3; 

53.8, CD2CI2; 20.4, toluene-dB) and are reported downfield of Me4Si. 13C NMR 

assignments were assisted by APT spectra. Infrared spectra were recorded as 

Nujol mulls (NaCI plates) between 4000 and 600 cm-1 using a Perkin-Elmer 1310 

spectrometer. Microanalytical samples were stored cold, handled under N2, and 

combusted with W03 (Texas Analytical Laboratories, Inc., Stafford, TX or Desert 

Analytics, Tucson, AZ). Analysis of molecular weights of polymers were 



195 

performed on a Waters millipore GPC using monodisperse poly(styrene) as 

standards. 



APPENDIX C 

LIST OF ABBREVIATIONS 

A = Angstrom 

Anal = analysis 

Ar = 2,6-diisopropylphenyl 

Ar' = 2,6-dimethylphenyl 

Arb= 4-bromo-2,6-diisopropylphenyl 

br = broad 

n-Bu = n-butyl 

t-Bu = tertiary butyl 

Calcd = calculated 

Cp = cyclopentadienyl 

Cp* = pentamethylcyc10pentadienyl 

Cp' = methylcyc10pentadienyl 

d = doublet (NMR) or days 

equiv = equivalent(s) 

Et = ethyl 

eV = electron volt 

G = gauss 

GC-MS = gas chromatogaphy-mass spectrometery 

g = grams 
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h = hours 

Hz = hertz 

IR = infrared 

m = multiplet (NMR) or medium (IR) 

Me = methyl 

min = minutes 

mL = milliliter 

mmol = millimole 

mult = multiplet 

m V = millivolt 

NMR = nuclear magnetic resonance 

Ph = phenyl 

i-Pr = isopropyl 

n-Pr = n-propyl 

ppm = parts per million 

pyr = pyridine 

q = quartet 

quin = quintet (NMR) 

R = alkyl or aryl group 

s = singlet (NMR) 

spt = septet 
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std = standard 

t = triplet 

THF = tetrahydrofuran 

TMS = trimethylsilyl 
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