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Abstract 

The metallacyclopentadiene (DIPp)2CITa(CCMe3=CHCH=CCMe3) (a,a') 

(DIPP=2,6-diisopropylphenoxide) is isolated from the 2 electron reduction of 

Ta(DIPP)2CI3(OEt2) in the presence of excess Me3CC=CH. The a,a' isomer 

represents the kinetic product of this reaction since it can be thermolyzed to produce 

(DIPP)2CIT~(CCMe3=CHCCMe3=tH) (a,W). The reactivity of these two isomers 

toward the addition of ethylene and alkynes has been investigated and found to be 

driven primarily by steric effects with the less hindered a,W isomer showing a more 

comprehensive chemistry. 

The rearrangement of a,a' to a,W was followed through several kinetic and 

mechanistic studies. This data support a mechanism involving dissociation of the a,a' 

isomer to the metallacyclopropene, (DIPP)2CITcl(HC=CCMe3)' and free Me3CC=CH. 

These intermediates then recouple to form the thermodynamic product, the a,W isomer. 

The reaction of Ta(DIPPbCI2(OE~) with quinoline or 6-methylquinoline (HC) 

produces the ligand exchange product (1l1-HC)Ta(DIPPbCI2' the 2 electron reduction 

of either of these products yields [1l2_(N,C)-HC]Ta(DIPPb which can be isolated as the 

phosphine complex [1l2_(N,C)-HC]Ta(DIPPb(PMe3) upon reaction with 

trimethylphosphine. The reaction of either [rt(N,C)-quinoline]Ta(DIPPb or [1l2-(N,C)

quinoline]Ta(DIPP)3(PMe3) with hydrogen both in the presence and absence of Pd/C 
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produces 1,2,3,4-tetrahydroquinoline and 2,2'-bisquinoline. The production of these 

compounds implicates the 1l2-(N,C) bonding mode in selective hydrogenation of 

heterocycles and ortho functionalization. 

The reaction of Nb(NEt2)2CI3 with two equivalents of LiNHMes (Mes=2,4,6-

C6H2Me3) followed by addition of pyridine produces Nb(NMes)2CI(PY)2. The reaction 

of Nb(NEt2)2CI3 with 6 equivalents of LiNHMes produces the first tris imido complex 

of group 5, [(THF)2Li][Nb(NMesb(NHMes)]. Comparable chemistry is seen with Ta. 

[(THF)2Li][Nb(NMesb(NHMes)] reacts with lithium alkyls under kinetic conditions to 

produce [(THF)2Li][Nb(NMes)3(R)] (R=Me, nSu, tSu, Me3SiCH2). Under thermodynamic 

conditions, however, the reaction of [(THF)2Li][Nb(NMesb(NHMes)] with tSuLi yields 

the first tetrakis imido complex of group 5, [(THF)4LiJ1[Nb(NMes)~. 
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Chapter 1 

Introduction 

The early transition metals (Groups 4-6) have become increasingly important 

in the catalytic and stoichiometric transformations of organic substrates. Historically, 

early transition metal organometallic compounds with cyclopentadienyl, CO, and/or 

phosphine ligands were among the first studied for these applications.1 More recently, 

the use of hard donor ligands with variable donor ability, in particular alkoxide and 

imido ligands, has attracted much attention.2 These hard donor ligand sets confer a 

different set of properties to the metal center, in particular, they stabilize the higher 

oxidation states. 

The univalent cyclopentadienyl ligand can be considered a 5 electron donor 

(neutral sense) and occupies 3 coordination sites. Univalent alkoxides are typically 

three electron donors that occupy 1 coordination site. Divalent imido ligands are 2 or . 

4 electron donors that also occupy 1 coordination site. Thus, by using imido or 

alkoxide ligands, an early transition metal system can be developed in which the metal 

has greater electrophilicity than cyclopentadienyl systems. 

An application of these properties is seen in the use of alkoxides as ancillary 

ligands in systems for alkyne cyclo-oligomerization3
, alkene4 and alkyne5 metathe

sis, C-H bond activation6
, and hydrogenation? Thus the selection of the proper 
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alkoxide based on steric and/or electronic requirements has allowed the development 

of systems with considerble synthetic utility. 

Schrock and co-worl<ers have produced a remarkable body of work concerned 

with alkene metathesis.4 Much of the work can be credited with the discovery of the 

Schrock alkylidene. It is this high valent, nucleophilic M=CR2 fragment that is the 

reactive site in these catalysts (typically M(=CHtSu)(NAr}(OR}2 M= Mo, W). However, 

it is by the steric and electronic tuning of the catalyst system through the judicious 

choice of the alkoxide ligands that a controllable, selective catalyst can be obtained. 

An example of electronic tuning of the catalyst system can be seen in Scheme 1.1.8 

Scheme 1.1 

_ xs~ ~ 
R 

w=( 
H 

Eq~ilibrium Mixture 

Ar 2,6 d:iscpropylpi:e::yl':'r;.':do R= tB~ (Ra , 1st cycle only) 

C;~~e;(::j) 

:; >: e ( C:- :! ) 2 

<2/day 

>:C::::/:::':':1 

Me, Et 
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By altering the alkoxide from good to poor donor ability, the metal center is altered from 

moderately to strongly electrophilic. While the perfluoroalkoxide shows moderate 

activity (presumably caused by the production of an unstable all<ylidene resulting in 

decomposition), the partially fluorinated alkoxide species show remarkable activity. The 

tbutoxy species is slow to react. Bulkier alkoxides or phenoxides with comparable 

donor ability to tbutoxide sterically block reactivity to normal internal olefins. To 

engineer an effective metathesis catalyst with this system, it is necessary to balance 

the stabilization of the reactive alkylidene, the electrophilicity of the metal center, and 

the sterics around the metal. 

As exemplified by the previously mentioned olefin metathesis system, too much 

steric bulk about the metal may inhibit reactiVity. A lack of steric bulk typically results 

in the formation of metal dimers, trimers, and higher 0ligomers.9 Oligomerization 

tends to inhibit reactivity by limiting solubility and increasing the coordination number 

through bridging. The choice of a bulky ligand must be carefully made. In certain early 

transition metal systems, bulky phenoxide ligands, 2,6-ditbutylphenoxides in particular, 

are susceptible to intramolecular C-H bond activation which leads to cyclometallation 

of the substituent.6 An example of this reaction which limits the utility of these systems 

is seen in Equation 1. 

CH~ 
1 
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Cyclometallation is implicated as a plausible decomposition pathway for systems 

incorporating alkoxide, amido, or imido ligation. It is also seen in the selective 

hydrogenation of 2,6 diphenylphenoxide to the 2,6 dicyclohexylphenoxide ligand under 

forcing conditions (1200 pSi, BO°C) using a tantalum template? 

Sterics of the alkyne and tantalum fragment have also proven important in the 

oligomerization of alkynes with tantalum alkoxides. Sy altering the size of alkyne, 

model intermediate compounds, i.e. metallacyclopropenes, metaliacyclopentadienes, 

and arene complexes, can be isolated.10 However, little is known about the direct 

conversions from one compound to the next higher cyclo-oligomer. It is by the subtle 

balance of sterics that a system has been developed to study metallacyclopentadiene 

formation and fragmentation. Chapters 2 and 3 detail the synthetic and mechanistic 

study of this chemistry. 

The reducing power of d2 tantalum alkoxides is exemplified by their ability to 

form metallacyclopropene complexes upon reaction with alkynes,10 to activate C_H11 

and H_H12 bonds, and to couple CO.13 Through synthetiC and theoretical studies, 

Wolczanski has shown the Ta(OSitSu3b fragment has a propensity to bond in a Tl2-N,C 

fashion to pyridine.11 This bonding tendency is further exemplified in the [2+2+2] 

cycloaddition of two alkynes and a nitrile to form (Tl2-(N,C)-2,4,6)Su3NCsH2)Ta(DIPP)2-

CI (DIPP = 2,6-diisopropylphenoxide).14 A system has been developed that has 

fewer steric constraints than the Ta(OSitSu3)3 fragment yet greater steric requirements 

than Ta(OAr)2CI. This system contains the Ta(OArb fragment and various 

heterocycles and has been used to study the scope and utility of the aromatic 
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disruption in heterocycles toward selective hydrogenation. Chapter 4 desribes this 

system in detail. 

As with early transition metal alkoxides, early metal imides are typically 

spectator ligands. Through steric tuning of these systems, clean reactivity can be 

designed. Thus, bulky tantalum imides can be reduced in the presence of alkynes to 

form metallacyclopropenes and metallacyclopentadienes.15 As previously mentioned, 

alkene metathesis is catalyzed by systems employing the =NAr ancillary group. The 

size of the imide, though less important than for the alkoxide, has played an important 

role in the development of isolable metathesis catalysts.4 

Early transition metal systems with reactive =NR moieties can be designed 

through consideration of steric and electronic factors. Reactive M=NR moieties are 

found in systems for C-H bond activation and imido transfer.16,17 Like the M=CR2 

fragment, M=NR species have recently been discovered which can also form met

allacycles with unsaturated organic substrates.16 

Developing early transition metals systems with a reactive imido ligand can be 

done by one of two strategies: 

1) The development of systems with filled, imido-based, nonbonding orbitals 

that are incapable of interacting with the metal. 

2) The development of electron deficient, coordinatively unsaturated systems 

where the M=NR fragment is capable of C-H bond activation. 

The first system, discovered by the Bergman group, is synthesized by the 

reactions in Scheme 1.2.16 Though only a transient species, CP2ZrNR (R = tBu) 
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is implicated by the reactivity of its precursor. The second system, discovered by the 

Wolczanski group, is generated by the reactions in Scheme 1.3.17 Again, the 

transient Zr(NHR)2(NR) (R = SitBu3) is implicated by the reactivity of its precursor. 

The unusual reactivity of the M=NR moiety in these systems is manifested in 

the electrophilicity of the metal center. In the Bergman system, the orbitals of the 

CP2Zr fragment are symmetrically constrained to interact with only one of the two lone 

pairs of 

Scheme 1.2 

t Bu 
/N ........... 

CP2Zr ZrCP2 
'-.....N/ 

t Bu 

the imido ligand forming the electron deficient, 16 electron complex CP2ZrNR. 

CP2ZrNR has two sites of reactivity, the electrophilic metal center and the nucleophilic, 

2 electron donor -NR. In the Wolczanski system, electrophilicity along with coordinative 
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unsaturation leads to the interesting reactivity. 

Within the Wigley laboratory, the first (bis}imido complexes of Nb and Ta were 

synthesized, viz. M(NAr}2CI(pY}2 (M = Nb, Ta; NAr = 2,6-diisopropylphenylimido; py = 

pyridine}.18 The preparation and study of a less sterically demanding system, 

Nb(NMes}2CI(PY}2 (Mes = mesityl), have been undertaken. Through this study, the 

[Nb(NR}3r and the [Nb(NR},J3-functional groups have been discovered. Thus a new 

route to reactive early transition metal imido functionalities has been developed- the 

saturation of an electrophilic metal center with an onslaught of 1t density by the 

syntheses of multiple Scheme 1.3 

(Si'NH)3 Zr - H 

6 
(Si'NH)·Zr-Me ---+ 

~ 90 C 

IH2 

~Si'NH) 2zr=NSi'] + 

lC 6D6 

THF 
CH~- (Si'NH)2 Zr =NSi' 

i 
THF 

imido complexes. This chemistry is described in chapters 5 and 6. 

The use of alkoxides and/or imido ligands in early transition metal systems 
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allows the isolation of compounds that typically posess the following characteristics; 

1) The metal is in its highest oxidation state. 

2) The metal is electrophilic. 

3) The complex is coordinatively unsaturated. 

With these properties, new catalytic and stoichiometric methods for C-C or C-H bond 

activation and formation can be realized. It is through the judious choice of ligand 

based on steric and electronic factors that selective systems will be developed, and it 

is primarily through a methodical synthetic approach that the scope and limitations of 

these factors can be determined. 



Chapter 2 

Syntheses, Structure, and Comparative Reactivity of Two Isomers of a 

Metallacyclopentadlene 

Introduction 

25 

Metallacyclic complexes of the transition metals have come to occupy a singular 

role in both catalytic and stoichiometric conversions of organic rnolecules.19 Their 

intermediacy has been demonstrated in numerous catalytic systems for olefin and 

acetylene transformations. More recently, highly selective carbon-carbon bond 

formations have been deveioped20 in which a low-valent early transition metal effects 

the metallacyclization of unsaturated organic substrates. The organic fragment of the 

metallacycle can then be cleaved from the metal as a means of stoichiometric 

synthesis. For example, the syntheses of substituted butadienes by the oxidative 

coupling of two alkynes can be mediated by Group 4 (Le. Ti, Zr, Hf) metallocenes or 

their 

equivalent.21 , 22, 23 Recently the same reaction has been effected by a tantalum 

alkoxide template.24 

Two methods have been developed that assist in the regioselectivity of the 

cross-coupling of two different aU<ynes. First, the isolation of a metallacyclopropene 

from the reaction of a sterically encumbered alkyne and a reduced metal followed by 

reaction with a smaller alkyne allows selective cross-coupling. This methodology is 
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exemplified in Equation 1.24 

A second, more subtle, methodology has been developed by the Buchwald 

2 NaHg 

TMSC:<:Me 

Me 

(DIPp)'Ta1( 'BUC=CH
1 

TMS t Bu 

(DIPP),T-0 

~TMS 
Me 

1 

group.23 It involves the kinetic, in situ generation of a metallacyclopropene followed 

by its reaction with an equivalent of another alkyne. Scheme 2.1 details this synthetic 

route. 

Scheme 2.1 

0,0 7",~ 
.....- C?2 Zr ~ 

!'-1e 

::'~s 
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With most alkynes, the above system generates a single regioisomer, however, in 

certain instances like the one in Scheme 2.1, a mixture of metallacyclopentadiene 

isomers is obtained which can be thermolyzed to a single thermodynamic product. 

Metallacyclopentadienes, generated from the oxidative coupling of two acetylene 

molecules, constitute viable intermediates in [2+2+2] cycloaddition chemistry.25 While 

their participation in the catalytic chemistry is readily apparent,25.26 their direct 

conversion into a higher, complexed cyclooligomer is rarely observed.14•27 

Considerable work has been done to model alkyne cyclotrimerization on a 

tantalum alkoxide template.28 This reaction has been studied through a methodical, 

synthetic approach. From this study, plausible intermediates in the reaction cycle have 

been sterically trapped and isolated and the following reaction pathway surmised. 

Scheme 2.2 shows this pathway and several reactions of precedence. Upon reduction 

of a tantalum alkoxide in the presence of one alkyne, a metallacyclopropene is formed. 

If this species is sterically accessible toward attack from another alkyne, it forms a 

metallacyclopentadiene. Likewise, if the metallacyclopentadiene is relatively 

unshielded, it will react with another equivalent of alkyne to form an arene complex. 

This complex can best be described as a 7-metallanorbornadiene based on the 

structural features of the coordinated arene.29 Considerable folding of the arene 

ligand is observed, along with significant 1t-electron localization in a diene-diyl type 

structure. This folding is attributed to considerable () backbonding from the tantalum 

to the arene. Its instability, due to this inefficient overlap, leads to elimination of the 

arena and the active catalyst restarting the cycle in the presence of more alkyne. Two 
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points can be made from this study. First, if sterically possible, the metallacycle will 

go to the next higher cyclo-oligomer. This trend may be rationalized by the desire of 

Ta to attain its highest oxidation state and the aromatic stabilization upon arene 

formation. Metallacyclopentadienes constitute actual dianion equivalents bonded to a 

dO metal, therefore, the metal can attain its highest effective oxidation state. In going 

from the metallacyclopropene to a metallacyclopentadiene, the reaction is driven by 

replacing 1t with 0' interactions. This reactivity trend is exemplified in Equation 1. 

Second, due to the limited effectiveness of 0 versus 1t backbonding, the arene complex, 

formed due to C-C bond formation and aromatic stabilization of the ligand, is unstable 

toward formation of other intermediates. Although this system has considerable 

potential for catalytiC study, little has been done to study its utility.30 

Recently, a strained metallacyclopentadiene has been isolated and converted 

to another isomer. A comparative reactivity study of both isomers has been undertaken 

to establish the scope and limitations of the steric control in the reactivity of 

metallacyclopentadienes. 

Results 

Preparation and Solution Structure of a Strained Tantallacyclopentadlene. 

Upon reacting Ta(DIPP)2CI3(OEt2)29 (DIPP = 0-2,6-CsH3
ipr2), at least 2 equiv of 

HC=CCMe3, and 2 equiv of NaHg in diethyl ether solution, the metallacyclopentadiene 

complex (DIPP)2CIT~(CCMe3=6H6-H,:cCMe3) (1) can be isolated in ca. 55% yield, 

Equation 2. 
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excess 

2 

a,a' 

The fluxional behavior of five-coordinate 1 results in broad resonances in its room 

temperature NMR spectra. Low temperature (-40 'C) 1 Hand 13C NMR spectra of 1 are 

reported (see Experimental section), where the single 1 Hand 13C resonances for both 

the metallacyclic CCMe3 and CH moieties require either the a,a' regioisomer or, less 

likely, the P,W isomer. The a,a' formulation is secured from the 07.45 chemical shift 

of the metallacyclic C~H protons31 (-40 'C, toluene-de)' and from its X-ray structural 

determination (vide infra). 

The -40 'C NMR spectra of 1 lead to a ground state structural formulation for 

the 5-coordinate metallacycle. Structures A - D suggest four idealized 

II .......... ··,' ~ ............ ''') 
~ ~ 

A 8 c o 
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geometries for M(L-L}L'3 molecules based upon trigonal bipyramidal (A and 8) and 

square pyramidal (C and O) structures. The structure of a tantallacyclopentadiene 

closely related to 1, viz. (DIPPb Tct(CEt=CEtCEt=CEt}24 (prepared by reducing 

Ta(DIPP)3CI2(OEt2} in the presence of EtC=CEt}, has been shown24 to conform to TBP 

structure A, with the Ca-Ta-Ca, angle of 75.7 (4)" restricting the metallacyclic ex carbons 

to occupy one axial and one equatorial site. However, the low temperature 1 Hand 13C 

NMR spectra of 1 require equivalent metallacyclic ex carbons which therefore must 

either be situated in two equatorial sites of a TBP (B) or two basal sites of a SP (O). 

Moreover, structure 0 is possible only if the DIPP ligands occupy the other basal sites 

of the square pyramid. 

The DIPP 1 H NMR resonances provide the necessary structural information to 

distinguish between structures Band 0 at -40 ·C. In addition to one CaCMe3 and one 

C~ signal observed, the two CHMe2 septets (2:2 relative intensity) and three CHMe2 

doublets (6:6:12 relative intensity) rule out any structure 0, whether there is slow or 

rapid rotation about Ta-O-Cipso on the NMR time scale. Structure B remains as the 

only structure consistent with these data and then, only if one DIPP is freely rotating 

about Ta-O-Cipso and the other is locked in place. Furthermore, the phenyl ring of the 

"locked" DIPP ligand must lie perpendicular to the molecular plane of symmetry, 

thereby giving rise to one of the CHMe2 septets and two of the CHMe2 doublets. Three 

"B-type" structures, shown as 8', a", and B"', may be conceived which are consistent 

with these -40 ·C NMR observations. It is difficult to imagine how one DIPP ligand in 

8'" could 
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be freely rotating and the other not since both ligands occupy equivalent sites. 

Although both S' and S" are possible, we favor S" since the solid state structure of 

1 (vide infra) shows the phenyl ring of the the DIPP in the equatorial site lies within the 

equatorial plane and therefore perpendicular to the molecular plane of symmetry. The 

axial DIPP is most likely the one rotating at -40 ·C. The rotation of the remaining DIPP 

ligand cannot be slowed when the sample is cooled to -80 ·C (toluene-de)' 

X·Ray Structural Study of an (a,a'·Substltuted) Metallacyclopentadlene and 

a Comparison to Its Stable Analogue. 

Single crystals of (DIPp)2CITa(CCMe3=CHCH=CCMe3) (1) were obtained from 

toluene/pentane solution at -40 ·C; the molecular structure of 1 is presented in Figure 

2.1. A summary of crystal data and a complete list of bond lengths and angles are 

given in Appendllc A. Relevant structural data are provided in Table 2.1. The 

approximate TBP geometry (O(2)-Ta-CI = 170.5 (1)") displays one axial and one 

equatorial phenoxide ligand with Ta-O-Cipso angles of Ta-O(1 )-C(11) = 157.6 (3)" and 

Ta-O(2)-C(21) = 173.2 (3)" and, as predicted from the NMR data, an equatorial 
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Figure 2.1. Molecular structure of (DIPP)2CITa(CCMe3=CHCH=CCMe3) (1, DIPP = 0-

2,6-CsH3
ipr2) with atoms shown as 50% probability ellipsoids. 

metallacycle. Carbon-carbon bond length alternation around the metallacyclic ring is 

eVident,32 but the more notable features include the obtuse Ca-Ta-Ca, angle (96.6 

(2)") and unusually small Ta-Ca-C~ angles (93.4 (3)" and 94.1 (4n. These features, 

perhaps arising from the orbital overlap requirements of the TBP structure, result in the 

close approach of the ~ carbons (C(3) and C(4)) to the tantalum (V) center (2.577 (5) 

and 2.556 (5) A. respectively).33 Thus, in order to accommodate the metallacycle of 

(DIPP)2CIT~(CCMe3=CHCH=6CMe3) (1) in the equatorial plane, the Ca-Ta-Ca, angle 

increases relative to an axial-equatorial metallacycle, which induces a decrease in the 

Ta-Ca-C~ angles and an increase in Ca-C~-CW angles. These features contrast sharply 

to the metallacycle (DIPP)3 Ta(CEt=CEtCEt=CEt) which exhibits a "normal" 

metallacyclic geometry as shown in Figure 1.2.24 Thus, the Ca-Ta-Ca, angle (75.7 
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Table 2.1. Selected Bond Distances (A) and Bond Angles (deg) in (DIPP)2CITf-

(CCMe3=CHCH=CCMe3) (1) 

Bond Distances 

Ta-CI 2.412 (1) C(1)-C(2) 1.510 (7) 

Ta-O(1) 1.890 (3) C(2)-C(3) 1.340 (6) 

Ta-0(2) 1.890 (3) C(3)-C(4) 1.500 (7) 

Ta-C(2) 2.123 (4) C(4)-C(5) 1.336 (7) 

Ta-C(3) 2.577 (5) C(5)-C(6) 1.495 (7) 

Ta-C(4) 2.556 (5) 0(1 )-C(11) 1.358 (5) 

Ta-C(5) 2.085 (5) 0(2)-C(21) 1.374 (5) 

Bond Angles 

CI-Ta-O(1) 84.1 (1) 0(2)-Ta-C(5) 96.7 (2) 

CI-Ta-0(2) 170.5 (1) C(2)-Ta-C(5) 96.6 (2) 

CI-Ta-C(2) 85.5 (1) Ta-O(1 )-C(11) 157.6 (3) 

CI-Ta-C(5) 92.7(1) Ta-0(2)-C(21 ) 173.2 (3) 

0(1 )-Ta-O(2) 92.5 (1) Ta-C(2)-C(3) 93.4(3) 

0(1 )-Ta-C(2) 142.7 (2) C(2)-C(3)-C(4) 127.5(4) 

0(1)-Ta-C(5) 119.5 (2) C(3)-C(4)-C(5) 128.1(5) 

0(2)-Ta-C(2) 92.0 (2) Ta-C(5)-C(4) 94.1(4) 

----------------------------------------------------.------------.-------------------------------------

Numbers in parentheses are est. std dev. in the least significant digits. 
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(4n and the Ta-Ca-C~ angles (116.4" on average) in (DIPP)3 Ta(CEt=CEtCEt=CEt) are 

more consistent with known dO metallacyclopentadiene structures.34. 32 

A closer examination of the overall geometry of 1 is instructive with respect to 

the assigned TBP structure as emphasized in FIgure 2.3. An alternative square 

pyramidal structural description of 1 is suggested in the view down one trans-basal 

ligand (Le. down the CI-Ta-O(2) bond), presented in Figure 2.3, where C(5) assumes 

the axial position of a SP. Quantifying the TBP vs SP description of this complex may 

be accomplished by the dihedral angle method of Muetterties and Guggenberge~5 

which examines the angles between normals to the TBP faces that change along a 

pseudo rotation coordinate towards a SP. If one examines the angles between normals 

to the TBP faces that change along a pseudo rotation coordinate as shown below, the 

124 face assumes an angle of 53" to the 245 face in a TBP and 0" in a SP. Note 

however, that 

tile trans 4,asal-M-Lbasal angles in the square pyramid which represents the barrier 

state in the Berry psuedorotation exchange process are ideally 150" rather than 180· 

and indeed. 1 1 
~ 3-+: ,\\\\4 

3 .. ,','\ 
'" 2 

~ 

5 5 
these trans angles are 170.5 (1)" for CI-Ta-O(2) and 142.7 (2)" for O(1)-Ta-C(2) in 

complex 1, again emphasizing the intermediate structure displayed by 1. This angle 

in complex 1. viz. the angle between the O(2)-C(2)-O(1) and the CI-C(2)-O(1) faces, 
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Figure 2.2. Structural comparison of the "equatorial-equatorial" metallacycle in 

(D1PP)2CIT~(CCMe3=CHCH=6cMe3) (1, DIPP = 0-2,6-CsH3
ipr2) with the "axial

equatorial" metallacycle in (DIPP)3 Ta(CEt=CEtCEt=CEt). 

is 23.7 (3)", or roughly halfway between idealized TBP (53°) and SP (0°) structures. 

Reactivity Studies. 

Presumably due to steric crowding, 1 is relatively unreactive at room 

temperature. 1 does not form adducts with THF, or MeCN. Substituted acetylenes 
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Figure 2.3. Molecular structure of (DIPP}2CIT£(CCMe3=CHCH=CCMe3) (1, DIPP = 0-

2,6-CsH3
ipr2) viewed down the CI-Ta-O(2} bond, emphasizing the intermediate 

structure between idealized TBP and SP. C(5} assumes the apical position of a SP 

structure. 
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such as tBuC=CH, or MeC=CMe do not react with 1 at room temperature, however, 

HC=CH does react to give 1,4 ditbutylbenzene and undetermenined organometallic 

products. Based on a steric arguement, one would assume that 1 would not react with 

TMSC=CH. However, when 1 and 10 equivalents of TMSC=CH react for 24 h at room 

temperature, approximately 3 equivalents of 1,3,5-tris(trimethylsilyl)benzene are 

produced. 1 H NMR revealed 1 as the only other species present after all TMSC=CH 

is consumed. When 30 equivalents of TMSC=CH is added, a 5:1 ratio of the 1,3,5 and 

.1,2,4 isomers were obtained. 1 does not react with ethylene. 

Metallacycle 1 represents the kinetic product of the cyclization reaction shown 

in Equation 1 since it can be thermolyzed (~50 'C, toluene) to provide its more stable 

a,W isomer (DIPP)2CITa(CCMe3=CHCCMe3=CH) (2). This thermodynamic product is 

formed in near quantitative yield (1 H NMR), but is isolated in moderate yield due to its 

high solubility in hydrocarbon solvents. The rearrangement is quite clean when effected 

at higher temperatures (ca. 90 'C), as no other organometallic species are observed 

throughout the process (1 H NMR). The molecular structure of metallacycle 2 was also 

of interest in view of the reactivity differences between these compounds. However, 

despite numerous efforts we have been unable to obtain crystals of 2 that are 

acceptable quality for X-ray work. Unlike 1, 2 shows considerable reactivity at room 

temperature. This reactivity is summarized in Scheme 2.3. When 1 is thermolyzed 

in the presence of THF, the adduct, (DIPP)2CITd(CCMe3=CHCCMe3=6H}(THF) (3), is 

formed. 3 can also be synthesized by reaction of 2 and THF at room temperature. A 

similar adduct is formed upon reaction of 2 with tBuCN. This species is thermally 
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unstable and can be isolated only at ca. -20·C. At room temperature, it is quickly 

converted to an unusual ~-pyridine complex (6).14 

Similar to the previously mentioned [4 + 2] cycloaddition of the a,W isomer with 

a nitrile, 2 reacts with 1 equivalent of tSuCaCH at ca. -30·C to form (,,6-1,3,5-

C6H3tsu3)Ta(DIPP)2CI (5). Upon reaction of 5 with ~ 2 equivalents tSuCaCH at room 

temperature, 1 and free arene are produced. This reactivity pOints toward potential 
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utlity for the catalytic synthesis of 1,3,S-CaH3'Bu3• Accordingly, this capability was 

. addressed. 

Figure 2.4 shows the metallacyclic region of the 1H NMR of the reaction of 1 

with 15 equivalents of 'BuC=CH at 7S"C in deuterated toluene. Spectral assignments 

are as follows: 1,0 7.61 ; 2, 0 7.4S (Hp); 1,3,S-CaH3'Bu3, 0 7.32. This 

figure shows that no 2 is present in a moasurable amount until arene production has 

ceased; i.e. at 7S"C, any 2 formed immediately reacts with alkyne to form the arene 

complex, 5. Like related tantalum(lII) arene complexes,29 5 is unstable at this 

temperature, eliminates the arene, and the metal fragment immediately reacts with 

more alkyne to form 1. From this study, I conclude the rate limiting step 

for the catalytic production of arene is the isomerization of 1 to 2. The turnover rate 

of this reaction is .... 0.7/h. with .... 20 turnovers before catalyst deactivation. At higher 

temperatures, the catalyst decomposes after only one or two turnovers. 

Similar to the reaction of 2 with 'BuC=CH, 2 reacts stoiciometrically and 

catalytically with ethylene. Upon reaction of the cx,l3' isomer with 3 equivalents of 

ethylene. one equivalent of 1,3 di'butylcyclohexadiene and one equivalent of 

(DIPP)2CITa(CH2CH2CH2CH:!), 7, are produced. Complex 7 can be readily prepared 

by the reaction of 2 with 40 psi ethylene. 

Discussion. 

Electronically, the cx,cx' and cx,l3' isomers are essentially equivalent systems. 

Therefore differences in their reactivity can be ascribed to steric effects. It is 

interesting to note that this crowding blocks the reaction of the metallacycle with the 
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Figure 2.4. The metallacyclic region of the 1 H NMR of the reaction of 1 with 

15 equivalents of tSuC=CH at 75"C in toluene-ds' Spectral assignments are as follows: 

1,7.61; 2, 7.45 (H~); 1,3,5-C6H3
tSu3,7.32. 
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unsaturated nitrile ligand while cycloaddition occurs in the (X,W system. This trend is 

analogous to the reactivity of alkynes with (DIPP)2CITa(TMSC=CTMS) (TMS = 

trimethylsilyl) or (DIPP)3 Tc\(TMSC=6Me) with the less bulky TMS-methyl metallacycle 

showing reactivity while the bis(trimethylsilyl) species is blocked. 

By smooth thermal conversion, this steric crowding in the'(X,(X' isomer can be 

circumvented by conversion to the less hindered (X,W metallacycle. The (X, (X' isomer 

shows promise as a catalyst precursor. It is an isolable yet reactive species which 

cyclotrimerizes tSuC=CH to only one regioisomer. Similar promise is seen in the 

oligomerization of ethylene. An interesting analogy can be made between two 14 

electron compounds, (DIPP)2CIT£CH2CH2CHi;H2 and CpCI2 T£CH2CH2CH2CH2 ' the 

latter of which selectively catalyzes the dimerization of ethylene. 

The catalytic production of 1 ,3,5-tris(trimethylsilyl)benzene at room temperature 

implicates a fragmentary equilibrium of 1 with a metallacyclopropene. In Chapter 3, I 

will address this issue in detail. Since TMSC=CH is a better 1t acceptor than its tbutyl 

analogue, it is plausible that if such an equilibrium exists, TMSC=CH could replace 

tsuC=CH. It is more difficult to comment on the regioselectivity of this reaction, unless 

a steric arguement is used. Since a C-Si bond is longer than a C-C bond, potentially 

the bis(trimethylsilyl) analogue of 1 is to sterically crowded to exist. If one invokes an 

(X,W isomer instead and compares its reactivity to 2, then an explanation for the 

catalytic syntheses of 1,3,5-tris(trimethylsilyl)benzene arises. The implicated 

equilibrium provides a potential reaction pathway for the rearrangement of 1 to 2. This 

point is addressed in detail in the next chapter. 

- ----_ ... _- ---
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Conclusions. 

Several conclusions can be drawn from the studies presented in this chapter. 

1) Two regioisomers of a metallacyclopentadiene have been isolated. Their differences 

in steric congestion at the metal center are manifested in their reactivity differences. 

2) A metallacyclopentadiene has been isolated that can be directly converted to an 

arene complex. 

3) This compound can catalytically produce 1,3,5 C6H3 tSu3• 

4) A metallacyclopentadiene has been isolated that can be directly converted to a 

metallacyclopentane complex and free cyclohexadiene. 
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Preparations. 
, I 

(DIPP}2CITa(CCMe3=CHCH=CCMe3) (1). A solution of 2.03 g (2.84 mmol) of 

Ta(OIPP)2CI3(OEt2) in 20 mL of diethyl ether was prepared and cooled to -40 ·C. To 

this vigorously stirred solution were added 0.80 mL (6.5 mmol) of t-butylacetylene and 

1.7 mL (5.7 mmol) of a 0.6% NaHg amalgam. After being stirred at room temperature 

for 18 h, the mixture was filtered through Celite and the solvent was removed from the 

filtrate in vacuo to afford a maroon oil. Golden yellow solid formed immediately upon 

triturating this oil with cold (ca. -40'C) pentane. The solid was collected by filtration and 

dried in vacuo. Upon cooling the filtrate to -40 'C, an additional crop of product formed 

for a total yield of 1.15 g (1.56 mmol, 55%). Analytically pure samples were obtained 

by recrystallization from Et20/pentane solutions at -40 ·C. 1 H NMR (CsOs' room 

temperature): 07.53 (s,2 H, CH), 7.1-6.9 (b, 6 H, Haryl), 3.8-3.5 (b,4 H, CHMe2), 1.21 

(b, 42 H, CHMe2 and CMe3). (toluene-dB' -40 'C): 07.45 (s, 2 H, CH), 7.12-6.82 (m, 

6 H, Haryl)' 3.76 and 3.44 (spt, 2 H each, CHMe2), 1.48 and 1.35 (d, 6 H each, 

CHMe2), 1.23 (s, 18 H, CMe3), 0.99 (d, 12 H, CHMe2). 13C NMR (toluene-dB' -40 'C): 

0221.3 (Ca), 160.0, 156.3 (Cipso), 140.7,137.6 (Co), 123.8 (broad, coincident Cm and 

Cp)' 104.9 (C~), 40.0 (g,Me3) , 30.0 (CMe3), 28.9, 26.4 (g,HMe2), 25.7, 24.5, 23.9 

(CHMe2). IR: 1580 w, 1550 br w, 1426 sh, 1370 s, 1355 s, 1318 s, 1300 w, 1275 w, 

1260 m, 1245 s, 1190 sh, 1180 s, 1104 s, 1092 m, 1050 w, 1031 m, 995 br, 927 m, 

905 s, 891 s, 870 m, 817 m, 783 s, 739 s, 703 m 

cm-1. Anal. Calcd for C36H5402CITa: C, 58.81; H, 7.40. Found: C, 58.99; H, 7.57. 

( I 

(DIPP}2CITa(CCMe3=CHCCMe3=CH) (2). A glass ampule (teflon stopcock) 
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was charged with 1.76 g (2.33 rnmol) of (DIPP)2CITa(CCMe3=CHCH=CCMe3) (1),30 

rnL of toluene, and a small stir bar. This solution was heated in an oil bath at 90 ·C, 

with stirring, for 2 hours, over which time its color darl~ened to red brown. The solution 

was then allowed to cool and the solvent was removed in vacuo to provide a deep red 

oil. This oil was reconstituted in minimal pentane (ca. 5 mL) and upon cooling to -40 

·C, a yellow solid formed. The solid was filtered off and dried in vacuo for a yield of 

1.00 g (1.35 mmol, 58%, 3 crops). Recrystallization from pentane (-40 ·C) afforded 

analytically pure samples. 1H NMR (CeDs): 0 8.96 (d, 4JHH = 2.6 Hz, 1 H, CH), 7.46 

(d, 4JHH = 2.6 Hz, 1 H, CH), 7.10-6.95 (m, 6 H, Haryl), 3.78 (spt, 4 H, CHMe2), 1.34, 

1.31 (d, 12 H each, CHMe2), 1.12, 1.00 (s, 9 H each, CMe3). 13C NMR (CeDs): 0 

217.4 ~CMe3). 189.4 (CuH), 181.9 ~CMe3). 159.1 (Cipso)' 138.5 (Co), 137.9 (C~H), 

125.7 (Cp)' 123.8 (Cm). 41.9, 37.3 (QMe3) , 31.2, 29.0 (CMe3), 28.4 (QHMe2), 24.5, 

24.1 (CHMe2). IR: 1545 m, 1494 m, 1360 s, 1322 s, 1245 s, 1181 br s, 1148 m, 1102 

m, 1093 m, 1054 w, 1036 m, 917 br s, 870 m, 788 s, 744 s, 711 s, 670 m. Anal. Calcd 

for C3sHs402CITa: C, 58.81; H, 7.40. Found: C, 58.84; H, 7.68. 

(DIPP)2C1(THF)Ta(CCMe3=CHCCMe3=CH) (3). A glass ampule (teflon 

stopcock) was charged with 2.03 g (2.76 mmol) of (DIPP)2cm1i(CCMe3=CHCH

~CMe3) (1), 30 mL of toluene, 3.0 mL (37 mmol) of THF, and a small stir bar. This 

solution was heated in an oil bath at 90 ·C (with stirring) for 2 hours, over which time 

its color darkened to brown-red. The solution was then allowed to cool and the solvent 
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was removed in vacuo to provide a yellow brown solid. This product was washed with 

minimal cold pentane and dried in vacuo yielding 1.78 g (2.20 mmol, 80 %). 

Analytically pure product was obtained by recrystallization from THF/pentane solutions 

at -40 ·C. 1 H NMR (C60 6): (5 8.74 (broad d, 1 H, CH), 7.55 (d, 4JHH = 1.8 Hz, 1 H, CH), 

7.09-6.92 (m, 6 H, Haryl) , 3.82 (spt, 4 H, CHMe2), 3.70 (t (AS), 4 H, OCH2), 1.36 (t 

(AS), 4 H, OCH2C~), 1.30, 1.29 (d, 12 H each, CHMe2), 1.16, 1.13 (s, 9 H each, 

CMe3). 13C NMR (C60 6): (5 220.1 ~CMe3)' 187.3 (Cn,H), 179.4 ~CMe3)' 158.1 

(Cjpso)' 139.0 (Co), 138.8 (C~H), 125.2 (Cp)' 123.8 (Cm), 70.4 (OCH2), 41.6, 37.1 

<.QMe3), 31.3, 29.2 (CMe3), 27.7 <.QHMe2), 25.7 (OCH2CH2), 24.45, 24.3 (CHMe2). IR: 

1579 w, 1550 m, 1355 m, 1327 s, 1248 s, 1188 br s, 1103 m, 1092 m, 1035 m, 1004 

m, 955 w, 920 s, 898 s, 877 w, 850 S, 789 s, 744 s, 739 s, 706 m, 702 m, 644 m. Anal. 

Calcd for C 4oH6203CITa: C, 59.51 ; H, 7.74. Found: C, 58.15; H, 7.83. ConSistently low 

carbon analyses were obtained for this compound which we attribute to the partial loss 

of coordinated THF upon drying the solid in vacuo. 

(DIPPhCITd(CCMe3=CHCCMe3=CH)(teUCN) (4). (This procedure was developed 

by Jamie R. Strickler of the Wigley research group at the University of Arizona.) A 0.66 

g-sample (0.90 mmol) of the a,a' metallacycle (OIPP)2CIT~(CCMe3=CHCH=6CMe3) 

(1) was isomerized to the a,W metallacycle (OIPP)2CIT~(CCMe3=CHCCMe3=CH) (2) 

as described above (toluene solution, 70 ·C, 3 days). The toluene solvent was then 

removed in vacuo and the resulting oil was reconstituted in pentane (ca. 15 mL). The 

pentane solution was cooled to -40 ·C, 0.29 mL (2.62 mmol) of t-butylcyanide was 
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added and mixed well, and the reaction mixture was maintained at -40 ·C overnight 

(without stirring). Over this time, the product precipitated as a tan to pale yellow solid 

which was filtered off, washed with cold pentane, and dried in vacuo; yield, 0.31 g (0.38 

mmol, 42%). 1H NMR (C6D6): 0 8.68 (br, 1 H, CaH), 7.57 (d, 3JHH = 2.8 Hz, 1 H, CWH), 

7.10-6.93 (m, 6 H, Haryl), 3.86 (spt, 4 H, CHMe2), 1.32, 1.30 (overlapping d, 12 H ea, 

CHMe2), 1.20, 1.14 (s, 9 H ea, CCMe3), 0.75 (s, 9 H, N=CCMe3). 13C NMR (C6D6): 

o 233.7 ~CMe3)' 187.1 (Ca,H), 179.3 (C~H), 158.1 (Cipso' DIPP), 139.0 (Co' DIPP), 

138.1 ~,CMe3)' 125.1 (Cp' DIPP), 123.8 (Cm, DIPP), 41.6, 37.1 (CaorWCMe3)' 34.4 

(NCCMe3), 31.2, 29.2 (Ca or WCMe3)' 27.7 (Q,HMe2), 24.4, 24.3 (CHMe2), 23.8 

(NCCMe3); NC has not yet been located. IR: 2278 m, 1580 w, 1550 w, 1355 m, 1326 

s, 1250 s, 1190 s, 1100 m, 1050 w, 1038 m, 920 s, 892 s, 870 m, 787 m, 747 m, 740 

s, 715 m, 700 m. Anal. Calcd for C41H63CIN02Ta: C, 60.18; H, 7.76; N, 1.71. Found: 

C, 59.67; H, 8.04; N, 1.56. 

(116.1 ,3,5-C6H3 teU3)Ta(DIPP)2C1 (5). (This procedure was developed by Steven 

D. Gray ffom the Wigley research group at rhe University of Arizona.) To a -40 ·C 

solution of 0.59 g (0.73 mmol) of (DIPP)2CI(THF)T£(CCMe3=CHCCMe3=CH) (4) in 20 

mL of diethyl ether was added 0.12 mL (0.98 mmol) of t-butylacetylene. The solution 

was allowed to sit at -40°C for 12 h over which time its color had changed from yellow 

to blue green. Removing the reaction volatiles in vacuo afforded a blue green oily solid 

which was washed with minimal cold pentane to afford the bright blue product. This 

solid was filtered off and dried in vacuo to yield 0.19 g (0.23 mmol, 31 %) of product. 
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Samples of 5 obtained in this fashion were sufficiently pure for further reactions, but 

analytically pure product was obtained by recrystallization from pentane or 

pentane/toluene solutions at -40 ·C. Starting with the base-free metallacycle 

I I 

(DIPP)2CITa(CCMe3=CHCCMe3=CH) (2) and using an analogous procedure affords 

(116-1 ,3,5-C6H3tsu3)Ta(DIPP)2CI (5) in slightly lower yield. 1 H NMR (C6D6): 07.10-6.90 

(m,6 H, Haryl (DIPP)), 5.02 (s, 3 H, arene CH), 3.47 (spt, 4 H, CHMe2), 1.27, 1.15 (d, 

12 H each, CHMe2), 1.05 (s, 27 H, CMe3). 13C NMR (C6D6): 0 155.9 (Cipso)' 137.7 

(Co), 123.8 (Cm), 122.8 (Cp)' 105.5 (broad; CH, arene), 36.3 (.QMe3), 30.5 (CMe3), 25.8 

(.QHMe2), 25.4, 24.6 (CHMe2); CCMe3 has not been observed. IR: 1580 w, 1540 w, 

1320s, 1258s, 1240 s, 1226sh, 1195sh, 1179s, 1099 m, 1035w, 965w, 940w, 901 

s, 879 s, 870 m, 783 m, 740 s, 712 m. Anal. Calcd for C42H6402CITa: C, 61.72; H, 

7.89. Found: C, 61.70; H, 8.04. 

(112(N,C)-2,4,6-NCSH2 tSU3}Ta(DIPP}2CI (6). This compound is best prepared 

by isomerizing the 0.,0.' metallacyclopentadiene in situ in the presence of t-butylcyanide. 

A glass ampule (teflon stopcock) was charged with 1.50 g (2.04 mmol) of . 

(DIPP)2CIT~(CCMe3=CHCH=CCMe3) (1),0.44 mL (4.0 mmol) of t-butylcyanide, ca. 30 

mL of toluene, and a small stir bar. This solution was heated in an oil bath at 90°C 

(with stirring) for 2 hours, over which time its color darkened to maroon. The solution 

was allowed to cool and the solvent was removed in vacuo to provide a dark red oil. 

Reconstituting this oil in minimal pentane (ca. 8 mL) and cooling the solution to -40 ·C 

afforded maroon crystals of product, yield 1.26 9 (1.55 mmol, 76%). Analytically pure 
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compound can be obtained by recrystallization from pentane. 1H NMR (C6DsCD3, 

90'C): 0 7.02-6.84 (A2S mult, 6 H, Haryl), 5.71 (br {FWHM = 40 Hz}, 2 H, NCstbtsu3)' 

3.57 (spt, 4 H, CHMe2), 1.20 (d, 24 H, CHMe2), 1.17, 1.14, 1.03 (s, 9 H ea, 

NCsH2
t.lli!a). 13C NMR (C6DsCD3, 90'C): 0 169.7 (Co' py), 158.1 (Cipso' DIPP), 138.5 

(Co' DIPP), 124.2 (Cm, DIPP), 124.0 (Cp' DIPP), 112.4 (Cp' py), 105.1 (br; Cm' py), 

34.6, 31.0, 30.6 (Q.Me3) , 29.8, 29.3 (CMe3), 27.6 (Q.HMe2), 24.2, 23.9 (CHMe2 or 

CMe3). Partial 1 H NMR (C6D6, probe temp): 0 5.93 (br) and 5.55 (s) (1 H ea, 

NCstbtSU3), 1.36, 1.12, 1.05 (s, 9 H ea, NCsH2
t.lli!a). Partial 13C NMR (CDCI3, probe 

temp): 2,4,6-NCsH2
tSu3 ring carbon resonances at 0171.7,149.6,117.4,106 (br), 

100.6. IR: 1602 m, 1580 sh, 1356 s, 1320 s, 1295 w, 1245 s, 1177 s, 1140 w, 1106 

m, 1090 s, 1047 m, 916 m, 901 s, 876 m, 845 w, 833 w, 820 W, 784 m, 763 W, 740 s, 

705 m cm-1. Anal. Calcd for C41H63CIN02Ta: C, 60.18; H, 7.76; N, 1.71. Found: C, 

60.50; H, 8.01; N, 1.77. 

(DIPP)2CIT~(CH2CH2CH2CH2) (7) A Fischer-Porter bottle was charged with a 

solution of 1.00 g of 3 in 10 mL Et20 and was pressurized to 30 psi of ethylene. After 

being stirred for 16 hours at room temperature, the reaction vessel was vented and the 

solvent stripped to yield 0.72 g (82 %) of a yellowish orange solid. This solid was 

recrystallized to yield 0.43 g (51 %) of spectroscopically pure 8. 1 H NMR (C6Ds, room 

temperature) 7.06-6.92 (m, 6 H, Haryl), 3.51 (sept, 4 H, CHMe2), 2.90 and 2.74 (m, 4 

H, TaC~C~C~CH2)' 1.22 (d, 24 H, CHMe2). 

Reactivity Studies. 
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Reaction of (DIPP)2CITa{CCMe3=CHCH=CCMe3) with TMSC=CH. 

50 mg of 1 and 100 III of TMSC=CH were dissolved in 0.5 ml C6D6 and the solution 

was sealed in an NMR tube and monitored by 1 H NMR spectroscopy. A spectrum was 

taken immediately after sealing which showed the solution to contain only 1 and 

TMSC=CH. After 18 h at room temperature, the solution contained no TMSC=CH but 

showed new two Singlets at 0 7.91 and 0.29 (1:9 ratio) and resonances attributed to 

1. 

In a separate experiment, 0.200 g of 1 and 1.15 ml of TMSC=CH were 

dissolved in 5 ml of Et20 and stirred for 48 hours. 2 ml of the reaction were 

transferred into a vial, capped with a septum, and 100 III H20 was added. This 

sample was injected into GC-MS. The GC trace of the sample revealed only 4 peal(s 

corresponding to the hydrolysis product of 1 (E,E-Me3CHC=CHCH=CHCMe3), 2,6-

diisopropylphenol, 1,3,5-C6H3(TMS)3' and another product whose parent peak (294) 

and fragmentation pattern suggest it to be 1,2,4-C6H3(TMS)3)' The ratio of 1,3,5 

product to 1,2,4 product was 84:16. 

, I 

Reaction of (DIPP)2CITa(CCMe3=CHCH=CCMe3) with HC=CH. 

0.20 g of 1 was dissolved in 20 ml Et20 and transferred into an ampoule (teflon seal). 

Acetylene gas was passed through two -78
D

C traps and bubbled through the solution 

for 1 hour. The ampoule was once again sealed and stirred for 16 h. The solvent was 

then stripped and the reaction oil tal<en up in 0.5 ml C6D6. 1 H NMR showed 1 and 

two resonances at 0 7.29 and 1.26 (ratiO 2:9) potentially indicative of 1.4-C6H4
tSu2. 
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The sample was transferred to vial to which 100 Jll H20 was added. GC-MS on the 

hydrolyzed product confirmed the production of 1,4-C6H4
tBU2. Based on 2,6-

diisopropylphenol, the reaction produced the arene in ca. 30% yield. The only other 

product of the reaction the hydrolysis product of 1 (E,E-CHCMe3=CHCH=CHCMe3). 

Reaction of (DIPP)2CIT~{CCMe3=CHCH=CCMe3) with Me3CC=CH. 

5 mg of 1 was dissolved in 0.4 ml of toluene-ds and the solution was cooled to -40·C. 

60 III tSuC=CH (72 equivalents) was added to the solution which was then transferred 

to an NMR tube and flame sealed. After heating the sample at 75°C for 62 h, 1 H NMR 

spectroscopy revealed 90% conversion of the acetlyene to 1 ,3,5-C6H3 tBu3. 1 H NMR 

(toluene-ds' room temperature): 7.35 (s, 1 H, Haryl)' 1.33 (s, 9 H, CMe3). In a similar 

experiment, 40 mg of 1 and 70 III tBuC=CH ( 15 eqivalents) were dissolved in 0.4 ml 

toluene-dB' transferred to an NMR tube and flame sealed. The NMR probe was 

heated to 75°C and the reaction monitored every 15 minutes. After 6.5 h, all of the 

acetylene was consumed. Turnover rate = 0.75/h, 20 turnovers prior to catalyst 

deactivation. 
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Chapter 3 

Fragmentation of an Unstable Metallacyclopentadlene 

Introduction 

The intermediacy of metallacycles has been demonstrated in numerous catalytic 

systems for olefin and acetylene transformations.19 Metallacyclopentanes are 

implicated as intermediates in olefin 0ligomerization36,37 and polymerization38
, 

while metallacyclopentadienes are seen in alkyne 0ligomerization39, 

cycl00ligomerizations25, and polymerizations40
• Metallacyclobutanes are the main 

intermediates in olefin metathesis41 while metallacyclobutadienes42 are seen in 

alkyne methathesis. In addition to their relevance in catalysis, metallacycles are often 

key intermediates in stoichiometric conversions of unsaturated substrates.20 To 

understand, and therefore, control their reactivity in either catalytic or stoichiometric 

reactions, it is crucial to determine probable formation and fragmentation pathways. 

Perhaps the most accepted fragmentation route for late transition metal 

metallacyclopentanes involves an intermediate (bis)olefin complex.43 This 

mechanism is exemplified in Scheme 3.1 and serves as useful model to explain the 

substitution, elimination and rearrangement of the metallacycle.44 
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The (bis)olefin adduct to metallacycle step often rearranges with high 

regioselectivity when asymmetric olefins are used. The origins of this process are not 

always obvious. 

Scheme 3.1 

M 

A few theoretical and synthetic studies of the regioselectivity of this reaction have been 

undertaken and the following conclusions have been drawn.34 From Extended Huckel 

calculations performed on (0Iefin)2Fe(COh. the activation energy of metallacycle 

formation has been shown to be dominated by C~-C~ bond formation. This bond is 

formed between those carbons that contain the largest lobes of the '/to orbital for the 

free alkene. Exceptions to this rule can be rationalized by steric arguments. Several 

examples34 of this reactivity trend are shown below. It is interesting to note that both 

early and late transition metal systems abide by this general rule. 

Schrock has studied the intermediacy of metallacyclopentanes in the catalytic 

dimerization ot a-oletins. A ring contraction/~-H abstraction as shown in Scheme 3.2 
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Figure 3.1. Examples Demonstrating the Regioselectivity of C-C Bond Formation in 

Olefin Coupling Reactions. 

* 1t 

COD cyclooctadiene 

(COD)2 Pt + ~ -+ (COD)Pt 

62 % 8% 

+ CPC1'Ta~ 
0.4% 
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has been discovered for this reaction.45 If the bulkier pentamethylcyclopentadienyl 

ligand (Cp*) is used in the above reaction, a tantalum olefin complex can be isolated. 

Scheme 3.2 

- CPC1 2 Ta1 
/ 

lL-______ 2 __ fpc1 ,Ta]+ ~ 

In the presence of another equivalent of olefin, the olefin complex is equilibrated with 

the metallacyclopentane, Equation 1.45a 

1 

An unusual intermediate has been proposed in the rearrangement of 

metallacyclobutadienes. Certain metallacyclobutadienes have been shown to 

rearrange via a metallatetrahedrane intermediate,46 Equation 2. Thus, evidence has 
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been presented that (1l5_C5H5)CI2W(=CCMe3CPh=CPh), generated from the reaction 

of (1l5_C5H5)CI2w=CCMe3 with PhC=CPh, rearranges in solution in a non-dissociative 

fashion via the metallatetrahedrane shown (Equation 2) to afford the more stable 
I I 

isomer, (1l5-C5H5)CI?W(=CPhCCMe3=CPh). This reaction pathway can be considered 

a 4 electron 

Ph 

Ph 

2 

electro cyclic rearrangement. 

The formation and fragmentation of metallacyclopentadienes have been studied 

electrocyclic rearrangement.in some detail in low valent, late transition metal systems, 

particularly in cobalt chemistry where there is evidence for the direct interconversions 

among all three tautomers shown in Scheme 3.3, including the reversibility of two of 

these conversions.47, 48, 49 A detailed study on the rearrangement of the 

Cp(Ph3P)2CbcR=CRCR=CR system asserts a reaction pathway similar to the 

rearrangement of late transition metal metallacyclopentanes. Based primarily on steric 

arguments, this system is thought to rearrange to the thermodynamic product (Le. the 

one with least steric strain) via a (bis)alkyne complex. 

Metallacyclopentadiene isomerizations in the early transition metals have been 

reported,50 however, mechanistic information is nonexistent. As mentioned previously 

~--. ------. - .. --~ 
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Scheme 3.3 

L nM:J 
d n 

in chapter 2, a thermally unstable isomer of a metallacyclopentadiene (a,a') can be 

converted to a thermodynamic isomer (a,W). This rearrangement is quite clean when 

effected at higher temperatures (ca. 90·C) as no other organometallic species are 

observed throughout the process (1 H NMR), Figure 3.2. Therefore, a mechanistic 

study was performed to determine the method of rearrangement for this system. 

Based upon the precedence of other methods of metallacyclopentadiene 

rearrangement, various intermediates which might be invoked in the 1 ~ 2 

rearrangement are presented in Scheme 3.4. Pathways g and Q require the disruption 

of the metallacycle and the formation of two alkyne molecules, either both coordinated 

(Q) or with only one coordinated (ill. Specifically, pathway g does not require a 

bis(alkyne) adduct, however, equilibrium Q is possibly operative as indicated. The 
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J-------1J-,i-

i' iii i ' 
b'i bP 7.5 

PPM 

Figure 3.2. Partial 1 H NMR spectra of the metallacyclic =CH- resonances (taken at 5 

min intervals, toluene-ds' 92 ·C) demonstrating the isomerization of the a,a' metalla

cycle (DIPP)2CITa(CCMe3=C.t!C.t!=CCMe3) (1, () 7.61 singlet) to the a,W isomer 

(DIPP)2CIT~(CCMe3=CHCCMe3=C.t!) (2, () 8.86 and 7.47 doublets). 
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intermediacy of a di-t-butyl cyclobutadiene complex in the 1 ~ 2 rearrangement 

(pathway.ill can be eliminated, as the t-butyl groups would always remain adjacent in 

such a process. The intermediate invoked in pathway Q may not be as unusual as it 

first appears. This tricyclic compound could be formed in a 4 electron rearrangement 

from 1 and requires a 6 electron electrocyclic rearrangement to proceed to 2. 

Furthermore, a structural precedent for such an intermediate has been generated in the 

reduction of (1l5-CsHs)2ZrCI2 in the presence of the phosphaalkyne p=CCMe3 ,51 as 

shown in Equation 3. Also, the proposed metallatetrahedrane in the rearrangement 

of a metallacyclobutadiene is analogous to pathway Q. Since formal analogies between 

Scheme 3.4 

TOJ + += 

;I 
!t b 

~ \ ,/ 
To 

(RO) 2C1T9 --=--- ~ ~ 
(RO)2 C1T:\ ~ T~ ~ 1 2 

~ ;V 
TO' 
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metallacyclobutadienes and metallacyclopentadienes are known (e.g. in their reactions 

with alkynes to afford T\5-cyclopentadienyI52 and T\6-arene24 complexes, respectively), 

such a process must be considered. To more firmly establish the details of the 1 ~ 

2 rearrangement, a detailed kinetic and reactivity study was done. 

Mg 
CP2 ZrCI 2 3 

HgCI2 

Results 

The Crossover Experiment 

A crossover experiment was undertaken by thermolyzing equimolar 1 

({OIPP)2CIT~{CCMe3=CHCH=6CMe3)) and 1-d2 ({OIPP)2CITa{CCMe3=CO

CO=CCMe3)), Scheme 3.5. The resulting a,W metallacycles showed statistical 

crossover. Thus,in 

addition to metallacycle 2 being formed from this reaction, (OIPP)2CITa

(CCMe3=CHCCMe3=6o) (2-d1{a») and (OIPP)2CIT~{CCMe3=COCCMe3=6H) (2-d1{~») 

were also formed as judged from monitoring the metallacyclic 

T~{CCMe3=CHCCMe3=C.!:!) resonances in the 1 H NMR. 

Furthermore, the low integration of these resonances relative to those of the OIPP and 

CMe3 signals indicated the presence of (OIPP)2CIT~(CCMe3=CDCCMe3=CO) (2-d2). 

The approximate ratio of 2 : 2-d1{a) : 2-d1{~) : 2-d2 was 1 : 1 : 1 : 1. As a control 

--.--~-----



Scheme 3.5 
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((DIPP}2CITa(CCMe3=CDCD=CCMe3}) and 
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2 

((DIPP}2CITJ(CCMe3=CHCCMe3=CH)) were thermolyzed under identical conditions 

and no crossover was observed, i.e. the final solution contained only 2 and 2-d2. 

Thus, under these conditions, no crossover occurs after isomerization. 

The Kinetics of the Disappearance of the <X,<X' Metallacycle. 

The conversion of 1 (0 7.54) to 2 (0 8.89 and 7.45) follows clean first order 

kinetics as observed by monitoring these metallacyclic CH resonances by 1 H NMR 

(Figure 3.2). At 92 ·C, for example, the half-life of disappearance of 1 is 433 sec (I<obs 

= 1.6 X 10-3 s-1) in toluene-ds' In order to examine the activation parameters for this 

process, the reaction kinetics were followed at different temperatures; rate constants 

are recorded in the experimental section and an activated complex plot is shown in 
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Figure 3.3. Plot of In(kff) vs T1 (activated complex theory plot) for the disappearance 

of (DIPP)2CIT~(CCMe3=CHCH=(3CMe3) (1, DIPP = 0-2,6-CsH3
i
pr2)· 

-
I---~ -
c -

-12.00 

-13.00 

-14.00 

-15.00 

-16.00 
0.0027 0.0028 0.0029 

--. ~-~. -. -.-~ ... --.----. -.-,~~ 

0.003 
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Figure 3.3. Activation parameters obtained in this fashion are .1rrf = 26 ± 3 kcal mor1 

and .1s=f = -0.2 ± 0.3 eu for a .1G=f = 26 ± 3 kcal mor1. 

The labelling Study 

The (l,W metallacycles which result upon thermolyzing 1 in the presence of 

DCsCCMe3 showed significant deuterium incorporation, Scheme 3.6. Thus, under 

identical conditions as those outlined above, thermolyzing (DIPP)2CITcr-
j 

(CCMe3=CHCH=CCMe3) (1) in the presence of 0.6 equiv of DC=CCMe3 afforded 2, 

2-d1(a), 2-d1(~)' and (as described above) 2-d2, formed in an approximate 

1.8 : 1 : 1 ratio. The overall yield of the (l,W metallacycles was not high since much of 

the (l,W isomer which formed quickly reacted with DC=CCMe3 to form the "S-tri-t-

Scheme 3.6 

H b. 
(RO)2 C1To + +C=CD ~ 

H 90 0 C 

2 h 

T?; + T?; + T?; 
H 0 H 

2 2- d t(a) 2-d ,c~) 

+ T?; + j);nD3-n 
0 

2- d 2 
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butylbenzene complex (vide infra) as evidenced by the formation of 1,3,5-CSHnD3_ 

ntSu3. The inverse labelled experiment, viz. the thermolysis of 

(DIPP)2CIT£(CCMe3=CDCD=6cMe3) (1-d2) with < 1 equiv of HC=CCMe3 revealed the 

formation of all possible compounds 2-d1(cx), 2-d1(~)' and 2-d2, along with the 

formation of small amounts of all protiD 2. 

The Reverslbllty of cx,W Formation 

Whether the formation of metallacycle 2 is reversible is important to 

understanding metallacycle dynamics, but in this system is difficult to test. Simple 

labelling experiments of 3 with DC=CCMe3 are not feasible, due to their rapid reaction 

to form the 11S-arene complex (11S-1,3,5-CSH2DtSu3)Ta(DIPP)2CI. However, Simply 

thermolyzed 2 (90 'C, ~ 5 h, toluene-da) in the absence of any trap provides evidence 

that trace amounts of free HC=CCMe3 have been released into solution. Free alkyne 

is itself not observed due to its rapid reaction with intact 3 which forms small amounts 

of the 11S-tri-t-butylbenzene complex, (11s-1,3,5-CsH3tsu3)Ta(DIPP)2CI, which is itself 

unstable at this reaction temperature. The presence of free HC=CCMe3 is therefore 

implicated by the observation of trace amounts of free tri-t-butylbenzene suggesting 

that the formation of metallacycle 3 is reversible, but that this reverse reaction is 

thermodynamically unfavored. 

The ({Inetic Lability of the cx,a.' Isomer. 
I I 

When a solution of (DIPP)2CITa(CCMe3=CDCD=CCMe3) (1-d2) and 1.3 equiv of 

Me3CC=CH are gently heated (50'C, CsDs), the pretio label is incorporated into the 
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starting complex faster than it appears in the thermodynamic product. Thus, 

I I 
(DIPP)2CITa(CCMe3=CHCD=CCMe3) (1-d1) forms faster than 2-d1(a), 2·d1(~)' or 2-d2. 

See Figure 3.4. 

Discussion. 

From these experiments, we can conclude the following concerning the 1 ~ 2 

isomerization. First, the crossover experiment requires some means of deuterium 

scrambling suggesting either a bimolecular exchange reaction or the presence of an 

alkyne adduct plus free alkyne in solution. Intermolecular mechanisms may be 

eliminated by the kinetics experiments. From labelling studies, free alkyne is clearly 

incorporated as it intercepts a reactive alkyne adduct. Pathway Q of Scheme 3.4 may 

be discarded. Finally, the ratios of the final products formed in the crossover 

experiment show that recoupling the same alkyne which originates from a 

metal/acycle's disruption is no more favored than coupling a different alkyne which is 

present in solution. Therefore, these experiments are most consistent with path g 

(Scheme 3.4) as the operative route and provide no evidence for the efficacy of 

pathway £.47,48 Thus, in this particular system, the transient existence of the bis-

(alkyne) complex I(DIPP)2CITa(HC::;CCMe3)2" does not appear to be required since 

diffusion of free alkyne (produced as in path ID away from the coordination sphere of 

the metal appears fast enough to allow statistical crossover. We are left to conclude 

that the 1 ~ 2 isomerization most likely proceeds by the formation of a 

monokis(alkyne) intermediate "(DIPP)2CITa(HC::;CCMe3)" complex - almost certainly 
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characterized by a tantalum (V) metallacyclopropene structure30b,49 - followed by 

metallacyclopentadiene reformation upon its reaction with free HC=CCMe3. 

Perhaps the most puzzling feature of this chemistry is why the kinetic a,a' 

metallacycle 1 forms at all. The acetylene carbon with the bulkier substituent is favored 

to end up as the a carbon in the cobalt metallacycles (115 -C5H5)

Cb(RC=CRCR=CR)(PPh3)48a. Molecular orbital calculations of the transition state 

structures in cobaltacycle formation, viz. studies of (115-C5H5)CO(RC=CR)2' led 

Wakatsuki et.a!. to propose that steric rather than electronic factors are responsible for 

the observed regioselectivity.48a Stockis and Hoffmann have examined the 

metallacyclization of olefins in Fe(0Iefin)2(CO)3 and have proposed the carbons bearing 

alkyl substituents should end up in ~ metallacycle positions due to the orbital control 

of coupling (the olefin 1t* orbital should metallacyclize with its largest lobe ~ in the 

metallacycle).34 Most experimental observations of metallacycle formations 19,34 are 

in accordance with this prediction, although in our tantalum system there is an obvious 

steric constraint in placing both the metallacyclic CCMe3 moieties adjacent in a ~,W 

isomer. 

The isolation of a,a' metallacycle 1 may tell us something about the rapid 

reaction between one molecule of HC=CCMe3 and the purported intermediate 

(DIPP)2CITa(HC=CCMe3)' a reaction which the available data suggest is a more 

accurate description of the formation of 1 than a metallacyclization reaction of 

"(DIPP)2CITa(HC=CCMe3)2". The formation of the a,a' regioisomer from (DIPP)2CITa

(HC=CCMe3) must have a lower activation barrier than coupling with opposite 
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regiochemistry, Scheme 3.7. A plausible explanation is the ~,W steric effects. The 

observed isomerization suggests a reversible metallacycle formation as shown in 

Scheme 3.7, where the a,W metallacycle 

is overall more stable, but has a higher barrier to formation. If the qualitative energy 

level diagram in Scheme 3.7 adequately describes this system, one might expect to 

observe the formation of some a,W regioisomer 2 during the preparation of 1, if the 

energy difference between pOints.Q and Q in Scheme 3.7 is not too great. Upon closer 

examination, we find this to be the case. Thus, upon reacting Ta(DIPP)2CI3(OE~), 4 

equiv of HC==CCMe3, and 2 equiv of NaHg in Et20 (room temperature), removing all 

the reaction volatiles in vacuo, and examining the entire reaction mixture, we find both 

(DIPP)2CITd(CCMe3=CHCH=CCMe3) (1) and 1 ,3,5-CsH3
tSu3, thereby affording direct 

evidence for the formation of (DIPP)2CIT~(CCMe3=CHCCMe3=6H) (2) in this reaction. 

Since any 2 which forms reacts rapidly with HC==CCMe3 to afford (rt 1,3,5-

CsH3tSu3)Ta(DIPP)2CI (5) and since 5 reacts with HC==CCMe3 to afford 1 and 1,3,5-

CsH3tBu3 (Chapter 2), we can calculate the ratio of 1 : 2 formed in this reaction as 4 

: 1. This iterative calculation is based accurately upon the fact that at room 

temperature, any 1 which forms does not isomerize to 3 and any 1,3,5-CsH3
tSU3 which 

is observed arises only from 2. From this 4 : 1 molar ratio of 1 : 2, one can calculate 

the difference in energy between levels.Q and Q in Scheme 3.7 to be MG=I= "" 0.8 kcal 

mor1. This small MG=I= emphasizes the very slight kinetic preference for coupling 0.,0.' 

over a,W in this tantalum system. It is more difficult to comment on the .1S=I= = 0 value 

observed for this reaction, except that the rearrangement to a more or less ordered 
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Scheme 3.7 
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geometry is not involved in the rate limiting step. This evidence does not support a 

transition state with free rotation about a Ta-alkyne axis as one might expect in a 

bis(alkyne) adduct. 

If the proposed reaction profile is correct, then one might expect 1, the kinetic 

product, to be reformed in some amount during the conversion of 1 to 2. This is 

indeed the case as shown by the kinetic lability of the a,a' isomer. By monitoring the 

reaction of 1-d2 with Me3CC=CH at moderate temperature by 1H NMR, Figure 3.4, a 

small amount of 1-d, is formed. The production of this kinetic product prior to the 

formation of any thermodynamic products supports the proposed energy level diagram. 

Further support for a 1 '* (DIPP)2CITa(HC=CCMe3) equilibrium is given in the reaction 

of 1 with excess Me3SiC=CH discussed in the previous chapter. 

Why is the a,W isomer 2 thermodynamically favored over a,a' isomer 1? In 

order to address this question, we have examined the reduction of three tantalum (V) 

complexes in the presence of HC=CCMe3, Scheme 3.8. These compounds differ most 

significantly in their steric features. Thus, when Ta(DIPP)3CI2(OEt2) is reduced with 2 

equiv of NaHg in the presence of at least 2 equiv of HC=CCMe3 (E~O soln), the a,W 

metallacycle (DIPP)3T~(CCMe3=CHCCMe3=CH) only is formed in high yield.31b Upon 

examining the entire reaction mixture as described above, no other regioisomers nor 

any 1,3,5-CsH3
tBu3 were detected by 1 H NMR. When the sterically less demanding 

monokis(phenoxide) complex Ta(DIPP)CI4(OE~) is reduced under similar conditions, 

the a,a' product (DIPP)CI2 T~(CCMe3=CHCH=CCMe3) (8) only is isolated. Again, no 

1,3,5-CsH3
tBu3 was found in this reaction. Metallacycle 8 has not been induced to 
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thermally rearrange like metallacycle 1. Upon heating 8 in tOluene-de solution (ca. 90 

·C), thermal degradation occurs with the formation of, inter alia, the butadiene E,E-

Me
3
CCH=CHCH=CHCMe3 and products possibly arising from C-H activation of the 

DIPP Iigands,53 but no rearrangement to another regioisomer was detected. We 

conclude that a,a'-substitution products are stable if the metal's coordination 

environment is not a sterically congested one. 

Scheme 3.8 
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Figure 3.4. Partial 1 H NMR spectra of the a, a' metallacycle 

(DIPP)2CITk(cCMe3=CDCD=6cMe3) 1-d2 at 50'C (toluene-de) in the presence of 

I ' 
HC=CCMe3. A = (DIPP)2CITa(CCMe3=CHCD=CCMe3)' 1-d, (~); B = 

, I t 
(DIPP)2CITa(CCMe3=CHCCMs3=CD), 2-d1 (a); C = 1 ,3,5-Cs!:!.rP3-n BU3 (DIPP = 0-2,6-

C6H3
ipr2)· 

I 
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The kinetic regioselectivity may be rationalized if we consider the incoming 

acetylene's approach to the metal toward one face of a pseudotetrahedral 

(DIPP)2CITa(HC=CCMe3) (the most sterically accessible approach), and the first 

formed metallacycle will be in an approximate TBP with one of the incoming Cacet 

atoms in an axial position (Scheme 3.9). Such a proposal has been made for the 

reaction between pseudotetrahedral dO alkylidynes (viz. Re(=CCMe3)(=NAr)(OR)2) and 

acetylenes to afford metallacyclobutadienes.54 Thus, adding HC=CCMe3 to one of 

the two RO-CacefCI faces will be more facile than to a RO-CacefOR face (addition to 

the RO-OR-CI face is nonproductive) and in adding, the t-butyl groups of each 

acetylene avoid each other. The first formed TBP is an axial-equatorial metallacycle 

which then rapidly pseudorotates about the equatorial CaR to afford the observed 

kinetic product. A cog-like packing efficiency of the ligands in equatorial/equatorial 

metallacycle 1, evident from examining molecular models (see Figure 2.1 ), probably 

affords an overall lower energy than the first formed axial/equatorial metallacycle. while 

the metallacycle 1 appears strained, preliminary molecular orbital studies indicate the 

1 breaks apart from an equatorial/axial TBP structure, just as we have proposed it 

forms.55 

Finally, the Wigley group31b and others56 have observed that formal tantalum 

(III) alkyne adducts (e.g. (DIPPb Ta(PhC=CPh)31b) are much more accurately described 

as dO tantalum (V) metallacyclopropenes. In the absence of available d electrons, these 

metal centers are unable to effectively stabilize another approaching acetylene via 1t 

back-donation. Thus, the dO metallacyclopropene (DIPPb Ta(PhC=CPh) reacts rapidly 
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Scheme 3.8 
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with HC=CCMe3 to afford (DIPP)3 T&(CCMe3=CHCPh=CPh) in a reaction with no 

evidence for a bis(alkyne) intermediate. In comparing pathways g and Q in Scheme II, 

we suggest that microscopic reversibility requires that dO metallacycles disrupt in the 

same fashion in which they are formed, viz. we propose that a bis(alkyne) intermediate 

is not required in either case. In this way, compounds like purported (DIPP)2CITa-

~ 

(HC=CCMe3) are similar to the highly reactive dO group 4 metals in olefin 

polymerization in which olefin adducts are usually not stable, which supports the 

relevance of such metal centers in the polymerization sequence.53,5? A comparative 

analogy between early and late transition metals involving metallacyclopentane and 

metallacyclopentadiene rearrangements can be made, Scheme 3.10. 

Summary 

The principal findings of this chapter may be summarized as follows. 

1. Free alkyne is present in solution during the rearrangement of the a,a' 

-----.--------~-~-------
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metallacyclopentadiene to its a,W isomer. The available data are most consistent with 

a reaction which proceeds via a transient, highly reactive, mono(alkyne) adduct formed 

from disrupting the metallacycle, followed by recoupling free alkyne in solution. There 

appears to be no requirement for a bis(alkyne) intermediate as a precursor to the 

metallacycles or to the proposed mono(alkyne) species. 

2. The isolation of a kinetic a,a'-substituted product most likely reflects the 

kinetic regiochemistry in the reaction of a mono(alkyne) adduct with free alkyne. The 

isomerization reaction seems to be sterically induced as a result of the thermodynamic 

differences between the more sterically feasible a,W regioisomer and the less stable 

a,a'isomer. 

Scheme 3.10 
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metallacycle was prepared by substituting DC=CCMe3 for HC=CCMe3 in the 

preparation described for 1. This analogous reaction afforded 1-d2 in comparable yields 

to 1. 1 H NMR: (CsDs' probe temperature or toluene-dB' -40 'C): Resonances are 

identical to those observed for 1 except the 0 7.45 singlet (toluene-da) is not observed. 

, I 

(DIPP)2CITa(CCMe3=CDCD=CCMe3) (2-d2). This deuterated metallacycle was 

prepared by substituting (DIPP)2CIT£(CCMe3=CDCD=CCMe3) (1-d2) for (DIPP)2CI-

r I 
Ta(CCMe3=CHCH=CCMe3) (1) in the preparation described for 2. This analogous 

reaction afforded 2-d2 in comparable yields to 2. 1 H NMR (CsDs): Resonances are 

identical to those observed for 3 except the 0 8.96 and 7.46 doublets are not observed. 

I I 
(DIPP)CI2 Ta(CCMe3=CHCH=CCMe3) (8). To a -40 'C solution of 2.00 g (4.0 

mmol) of Ta(DIPP)CI4 in 20 mL of E~O (which forms Ta(DIPP)CI4(OE~» were added 

0.97 mL (17.7 mmol) of t-butylacetylene and 2.40 mL (8.0 mmol) of a 0.56% NaHg 

amalgam. After being stirred at room temperature for 16 h, the golden brown mixture 

was filtered through Celite and the solvent was removed in vacuo to provide a brown 

oil. A yellow orange solid was obtained upon triturated this oil with 5 mL of pentane. 

The solid was collected by filtration (1.09 g, 1.84 mmol, 46%) and was obtained 

analytically pure by recrystallization from Et20/pentane solutions at -40 ·C. 1 H NMR 

(CsDs): 0 7.92 (s, 2 H, C~), 7.17-6.92 (m, 3 H, Haryl)' 3.85 (spt, 2 H, CHMe2), 1.38 (d, 

12 H, CHMe2), 1.28 (s, 18 H, CMe3). 13C NMR (CsDs): 0 236.6 (Ca), 160.0 (Cipso)' 
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137.5 (Co), 125.0 (Cp)' 123.7 (Cm), 109.9 (C~), 40.3 ~Me3)' 29.8 (CMe3), 29.0 

~HMe2)' 24.5 (CHMe2). 

Reactivity of Ta(DIPP»){Cls•x(OEt2) (x = 1-3) with 4 MesCC=CH and 2 NaHg. 

100 mg Ta(DIPP)XCI5_x(OEt2) and 4 equivalents Me3CC=CH (60-100 Ill) were dissolved 

in 10 mL E~O and cooled to ca.-40·C. 2 equivalents of 0.5% NaHg (0.08-0.14 mL) 

was added and the reactions were stirred for 1 day after which they were filtered 

through celite and stripped in vacuo to yield golden oils. The entire product was then 

dissolved in ca. 0.5 mL CsDs and 1 H NMR spectra taken. For x=3, only the a,W 

isomer was produced (no peaks attributable to 1 ,3,5-CsHs
1Bu3 were seen). For x=2, 

the a.,a' isomer was produced along with 1,3,5-CsHs
1Bu3 in approximately a 4:1 ratio. 

For x=1, only the a,a' isomer was produced (no peaks attributable to 1,3,5-CsHs
1Bu3 

were seen). 

Mechanistic Studies. I. Crossover Experiment: Isomerization of 1 and 1-d21 

Scheme 3.5. A solution of 0.026g of (DIPP)2CIT£(CCMe3=CHCH=CCMe3) (1) (.035 

mmol) and (DIPPbCIT~(CCMe3=CDCD=CCMe3) (1-d2) (0.026 g, 0.035 mmol) in 0.5 

mL of toluene-da was prepared and sealed under vacuum. The reaction was 

thermolyzed in an oil bath at 90'C for 2 h and then examined by 1 H NMR. The two 

metallacyclic CaH and CWH doublets at 3 8.90 and 7.45 in the room temperature 1M 

NMR spectrum indicated that (DIPP)2CITJ(CCMe3=CHCCMe3=CH) (2) was present. 

In addition to these resonances were two new resonances, broad Singlets, at 3 8.89 

and 7.45 (of nearly equal intensity) appeared between each of the doublet resonances 
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in 2. These singlets were assigned to the metallacycles 2-d1(~) (with the proton in an 

a metallacycle position) and 2n d1(a) (with the proton in an ~ metallacycle position), 

respectively, Scheme 3.5. The low integration of these resonances relative to that of 

the DIPP ligands indicated the presence of 2-d2. The approximate ratio of 2: 2-d1(a) 

: 2-d1 (~) : 2-d2 was 1 : 1 : 1 : 1 with approximate uncertainties of ±O.1. 

Control Experiment. 

29 mg 1-d2 and 29 mg 2-h2 were dissolved in 0.5 mL of tol-ds and transfered into an 

5 mm NMR tube. After sealing the tube, it was heated at 90·C for two hours. After 

thermolysis, no d1 species were present as shown by proton NMR. 

I i 

II. Thermolysis of (DIPP)2CITa(CCMs3=CHCH=CCMe3) (1) with Me3CC=CD: 

Scheme 3.6. A 0.040 g sample (0.10 mmol) of (DIPP)2CITa(CCMea=CHCH=CCMea) 

(1) and 7.5 ilL (0.06 mmol) of DC=CCMea were dissolved in ca. 0.5 mL of toluene-da 

in an NMR tube and sealed under vacuum. The reaction mixture was thermolyzed in 

an oil bath at 90·C for 2 h and then examined by 1H NMR. The two metallacyclic CaH 

and CWH doublets at 8 8.90 and 7.45 in the room temperature 1 H NMR spectrum 

indicated that (DIPP)2CITa(CCMe3=CHCCMe3=CH) (2) was present. In addition to 

these resonances were two new resonances, broad Singlets, appeared at 8 8.89 and 

7.45, of nearly equal intensity, in between each of the doublet resonances in 2. These 

Singlets were assigned to the metallacycles 2-d1(a) and 2-d1(~) as described above. 

Integration of the tSu resonances of 1,3,5-CsHtSu3 vs its aryl protons revealed the 

formation of the mixed labeled compounds 1,3,5-CSHnD3_ntsu3' 
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An accurate measure of the amount of 2-d2 present in the system was not obtained 

due to the uncertainties associated with the relative amounts of the labelled 1,3,5-

CsHnD3_ntsu3 compounds produced under these conditions (see text). The approximate 

ratio of 2 : 2-d1(a) : 2-d1{~) was 1.8 : 1 : 1. The inverse labelled experiment, viz. the 

thermolysis of (DIPP)2CIT~(CCMe3=CDCD=6cMe3) (1-d2) with HC=CCMe3 revealed 

the formation of all possible compounds 2-d1{a), 2-d1{~)' and 2-d2, along with the 

formation of small amounts of all protio 2, which most likely indicates the formation of 

reactive ITa(DIPP)2CI" which metallacyclizes free HC=CCMe3 from solution. 

The Incorporation of a Label Into the Kinetic Product, 1. 

0.50 g (0.068 mmol) of 1-d2 was dissolved in 0.5 mL tOI-de and 12 J.lL Me3CC=CH 

(0.098 mmol) was added. This solution was cooled to -40·C prior to transfer to a 5 mm 

NMR tube which was then flame sealed. The sample was lowered into the probe 

which was set at 50·C and the temperature was allowed to equilibrate over 15 minutes. 

Over a period of two hours the reaction was monitored by 1 H NMR which showed a 

gradual increase metallacycle CH resonance(o 7.56). This increase was not 

accompanied by any production of 1,3,5-Cs~3tSu3' therefore it can be concluded that 

its concentration increase was due to reaction of transient (DIPP)2CIT£DC=CCMe3 

and Me3CC=CH. After this initial increase of concentration of 1-d1 , the 1,3,5-CsH3
tSU3 

concentration began to grow as shown by an increase of the Haryl resonanace (87.32) 

resulting in the production of more protio 1. This process was followed for 32 hours 

after which most protio a,a' was converted to protio a,W. 
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III. 1H NMR Kinetic Studies of the a,a' (1) to a,W (3) Metallacyclopentadlene 

Isomerization: Figure 3.3. Kinetic experiments were performed on a 0.136 M solution 

of (DIPP)2CIT~(CCMe3=CHCH=CCMe3) (1) (0.50 g dissolved in toluene-d8 in a 5 mL 

volumetric flask). In a typical run, a 0.50 mL aliquot of stock solution was added to a 

5 mm NMR tube which was then evacuated and sealed. This sample was kept at -15 

DC until its use. The sample was placed in the probe and allowed to equilibrate its 

temperature for 15 min prior to data collection. The probe temperature was verified by 

a copper-constantan thermocouple set inside a 5 mm NMR tube filled with mineral oil. 

Data were collected for at least 4 half-lives at each temperature. The temperatures, 

time between data pOints, rate constants and linear correlation coefficients obtained for 

first order plots for each run are recorded in Table 3.1. The derivation for the first 

order disappearence of 1 using the steady-state approximation is shown below.58 
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Table 3.1. First Order Kinetic Data for the isomerization of (DIPP)2CITa-

(CCMe3=CHCH=CCMe3) (1) to (DIPP)2CITci(CCMe3=CHCCMe3=CH) (2). 

Time Between Correlation 

Temgerature Data Points k {s-1
1 

X 10-4} Coefficient 

SsoC 20 min 1.0 0.996 

75·C 15 min 2.9 0.999 

84 ·C 8 min 8.0 0.998 

92·C 5 min 16 0.997 



Chapter 4 

Complexes of Nitrogen Containing Heterocycless With Ta(lII) 

and Ta(V) Centers. Models Relevant to Hydrodenltrlflcatlon and Ortho 

Metallation. 

Introduction 

82 

The interactions between aromatic hydrocarbons and metal surfaces59, 

atoms60, and coordination complexes61 has been a long-standing interest for the 

organometallic chemist. Such interactions often lead to the selective activation of the 

aromatic ligand and serve as a route to stoichiometric and catalytic organic syntheses. 

An example of the utility of metal-arene interactions is seen in the ortho

functionalization of 2-methylpyridine (2-Mepy) with [CP2Zr(CH3)(THF)t.62 Upon 

reaction of 2-Mepy with [CP2Zr(CH3)(THF)t, a cationic pyridyl complex is formed, 

Equation 1. 

THF 

Olefins or acetylenes readily insert into the Zr-C bond to form metallacycles which can 

undergo hydrogenolysis as a new route to C-C bond formation, Equation 2. 
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The above mentioned pyridyl complex is comparable to the better known 

benzyne complexes63. Ortho C-H activation of a phenyl ligand followed by 

metallacyclization with an unsaturated organic substrate constitutes a credible synthon 

for functionalized benzenes. In both systems, it is the selective nature of the aromatic-

metal interaction that promotes selective reactivity for the system. 

2 

THF 

Selective hydrogenation of aromatics can be achieved with the proper system. 

Again, the propensity of a specific metal-ligand interaction leads to the selectivity. This 

trend is exemplified by the reaction of benzene with Os(NH3)s(03SCF3b in the 

presence of Mg to form the arene complex [(n2-C6H6)Os(NH3)sl2+[03SCF3]2. Reaction 

of this arene complex with 1 atm of H2 in the presence of Pd/C for 18 h leads to the 

regioselective hydrogenation of the arene fragment, Equation 3.64 
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The stereoselective exo-addition of hydrogen is verified by deuterium labelling studies. 

The metal fragment in this system serves two purposes. First, by 1t backbonding into 

the arene ligand, aromaticity is disturbed which allows facile hydrogenation comparable 

to that of olefins. Second, the fragment acts as a protecting group, sterically blocl<ing 

the hydrogenation of one C=C bond. 

Recently, Wolczanski has shown the propensity of the Ta(OR)3 fragment to 

bond to heteroaromatic nitrogen compounds in an (N,C)rtmode in which the carbon 

atom bound to the metal is "sp3-like" or pyramidalized.65 Extended HOckel 

calculations were undertaken for various bonding modes of pyridine to a Ta(OHb 

fragment to determine the reasons for this unusual bonding. Through this theoretical 

study, several electronic factors were determined to be the cause of this bonding. 

First, 111 coordination of the pyridine to the d2 metal fragment would result in a 4 

electron repulsive interaction caused by sigma bonding into a filled metal orbital. 1t 

Backbonding into a distorted pyridine ligand by 112(N,C) bonding, however, effectively 

allows the metal center to attain a higher oxidation state. Distortion of the pyridine 

ligands (and pyramidalization of the carbon bound to the metal) incurs a better 

energetiC match between the frontier orbitals of the metal fragment and the ligand. The 

resonance stabilization energy of a planar aromatic ligand is evidently compensated 

through this better energy match of the important orbitals and the ability of the Ta to 

attain its highest oxidation state. The latter fact is supported by the composition of the 

HOMO which is primarily ligand based. 

In contrast to the preferred 116 bonding of benzene,29 the heterocyclic complex 
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bonds in a more efficient (N,C)112 mode. Again, better energy match of the 

heterocycle's frontier orbitals with the Ta fragment along with 1t versus 0 backbonding 

make the 112 bonding more stable. 

These bonding interactions between a Ta(ORb fragment with a nitrogen

containing heterocycle leads to disruption of the heterocycle's aromaticity. This 

disruption could potentially give the coordinated ligand reactivity different from its 

resonance stabilized structure. A possible use of this difference may be hydrogenation, 

i.e., a situation similar to 112 coordination of benzene to Os2+. Regioselective 

hydrogenation of heteroaromatic nitrogen compounds is readily achieved by several 

late transition metal systems and has been implicated as an important step in the 

hydrodenitrification of model coal compounds.66 The mode of bonding, 111 (0, N) 

instead of 116 (1t, C6) coordination of the heterocycle, is implicated to explain the activity 

of these systems.67 

Selective hydrogenation of nitrogen containing heterocycles is an important step 

in hydrodenitrification and the broader topic, hydrotreating.68 Hydrotreating is the 

industrial process that rids a petroleum or coal feed stock from basic impurities such 

as nitrogen, oxygen or sulfur compounds by reduction with hydrogen. Alkaline 

impurities often poison the acidic cracking catalysts used to break up the crude 

feedstock into commodity chemicals, therefore, their elimination from the process is 

necessary to maintain efficiency. Hydrotreating is typically performed with a sulfided 

Ni/Mo or Co/Mo catalyst supported on AI20 3 at 200-500·C and 1000-2000 psi H2. 

Scheme 4.1 outlines the accepted reaction pathway for quinoline reduction under HDN 
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conditions.68 

The main pathway of the reaction is indicated by the double arrows. The first step in 

the process is selective hydrogenation of the heterocyclic ring. At these forcing 

conditions, hydrogenation of all unsaturated bonds usually occurs prior to elimination 

of NH3 . Unfortunately, the forcing conditions cost a considerable price in hydrogen 

and energy. Scheme 4.1 

====9 

OO~OO=~ 
r LN~02 
II -NH 3 ~ 

3 H2 II 
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Under more subtle conditions (lower temperatures and H2 pressures) dehydrogenative 

condensation of heterocycles may occur.69 Any understanding of the system that 

leads to selective activation of the heterocyclic ring that leads exclusively to eN bond 

cleavage at less forcing conditions would be of considerable interest. 
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A synthetic and cursory reactivity study has been undertal<en to examine the 

scope and limitiations of 112 bonding of nitrogen containing heterocycles to a Ta(lIl) 

alkoxide template. This bonding tendency has been determined only for six membered 

heterocyclic rings such as substituted pyridines. To probe the generality of bonding, 

the Ta(DIPP)3 fragment has been chosen due to its ease of synthesis and intermediate 

steric bulk. I now report a study on the syntheses, characterization, and hydrogenation 

of complexes of nitrogen containing heterocycles with Ta(llI) and Ta(V) alkoxides. 

Results. 

Syntheses of Tantalum-Quinoline Complexes 

Ta(DIPPbCI2(OEt2) reacts in the course of one day with several nitrogen 

containing heterocycles to afford Ta(DIPP)3CI2(HC) [HC = 9,quinoline (C9H7N); 10, 6-

methylquinoline (MeCgHsN)]. Sterics of the heterocycle seem to be important since the 

more crowded 2,6-dimethylquinoline or acridine do not cleanly displace E~O. Room 

temperaure 1 H NMR of these species give several broad resonances for the methyl 

and methyne protons of the DIPP ligands. The upfield shift and broadening of several 

of these resonances is indicative of ring current effects caused by the bulky 

heterocycle. Spectra taken at 1 ao'c, however, give interpretable data and are reported 

in the experimental section. The reduction of Ta(DIPP)3CI2(HC) with 2 equivalents of 

NaHg proceeds smoothly when initiated at -40'C and allowed to warm to room 

temperature over 1 day. Upon appropriate workup the reduction yields a red flocculant 

solid that shows an almost unlimited solubility in pentane, Et20. or benzene. 1 H NMR 
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of these solids, (HC)Ta(DIPP)3 [HC = 11, quinoline (C9H7N); 12, 6-methylquinoline 

(MeCgHsN)], are consistent with 112-bound heterocycles with the ortho hydrogen 

resonances shifted from 9.51 and 9.25 ppm in the 111 case to 4.08-3.72 ppm in the 

reduced products.S5 Because of the tremendous solubility of these products, 

recrystallization has proven futile; however, reaction with PMe3 affords crystalline solids 

[(N,C)112-HC]Ta(DIPPb(PMe3)' [HC = 13, quinoline (C9H7N); 14, 6-methylquinoline 

(MeCgHsN)],. This reactivity is sumarized in Equation 4. Table 4.1 offers a 

comparison of the Ha resonance for the free ligands and the 111 and 112 bound systems. 

Upon coordination to the electron deficient metal, the Ha resonances move 

down field indicative of (j donation of the heterocycle.11 After reduction, this resonance 

moves considerably upfield indicative of a change in coordination. 

E t 0 1 
+ HC ~[~ -(N)HC]Ta(DIPp)3C12 2 NaHg 

J 4 

OR=~ HC= ~.~ (~2 (N, C) H C) T a (0 R) 3 (P Me 3 ) 
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X-Ray Structure of [(N,C)112MeC9HsN]Ta(DIPP>S(PMe3)' 

The structure of [(N,C)112MeCgHsN]Ta(DIPPb(PMe3) (14) was obtained by x-ray 

crystallography and verifies the predicted coordination mode. A view of the structure 

is shown in Figure 4.1 and selected bond lengths and bond angles appear in Table 4.2. 

Complete information of the structure appears in Appendix A. The 112 bonding is 

verified by the Ta-C10 (2.208 A) and Ta-N (1.961 A) bond lengths. As with other 112-

(N,C) bound heterocycles, a localization of bonding is seen in the heterocyclic ring and 

to a lesser extent, in the Cs ring. Figures 4.2 and 4.3 compare the ring bondlengths 

and bond angles of 14, (CgHaNt(SbBrgr,7o and (111_CgH7N)Ni(S2PEt2)71 and 

corroborates this localization. The N-C10 bond length of 14 is 1.44 A while the 

analogous bonds are 0.11 A longer in the other two structures consistent with the 

backbonding predicited by Wolczanski's calculations.11 The length of C11-C12 is 1.30 

A in compound 14 as compared to 1.36 A and 1.38 A in the other two. This 

localization is comparable to that seen in (112(N,C)-C5H5N)Ta(OSitBubb.11 A 

comparison of the bondlengths in the Cs rings also shows some localization, 

particularly in C14-C15 and C18-C19, however no clear pattern is evident. As with 

other aromatic systems, the quinoline ring in (n 1-CgH7N)Ni(S2PEt2) and the quinilonium 

ring in (CgHaN)+(SbBrgr are both planar. In compound 14, however, C10 is 0.37(2) 

A out of the least squares plane composed of atoms C19, C18, C17, C16, C15, C14, 

C13, C12, and C11. This deformation from planarity is further evidence of the 

disruption of aromaticity upon cordination to a Ta(III) center. 



Table 4.1. A Comparison of the Hex Resonance in Compounds 9-14 ann Free 

Ligands 

Compound o Ha Conditions 

9.49 tol-de 100'C 

9.62 CGD6 Room Temp. 

4.08 C6D6 Room Temp. 

3.63 C6D6 Room Temp. 

8.78 C6D6 Room Temp. 

9.24 tol-de 100·C 

3.72 CGDG Room Temp. 

3.68 CGDG Room Temp. 

MeCgHGN (6-methylquinoline) 8.77 CGDG Room Temp. 

90 
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Reaction with Hydrogen. 

Taube has shown the [Os(NH3)s]2+ moiety to be a useful template for the 

regiospecific hydrogenation of aromatics.64 This selectivity is manifested in the 

propensity of the arene to bond in an ,,2 fashion to the Os at the price of some of the 

aromatic stabilization energy. Since a comparable system with ,,2(N,C)-quinolines has 

been developed, an investigation into the role of ,,2 coordination on the activation 

toward hydrogenation in these new systems was performed. 

Hydrogenation of 11 at 50 psi H2 at room temperature for 18 h followed by 

aqueous workup leads to approximately 10 % conversion of quinoline to 1,2,3,4-

tetrahydroquinoline (THO) as monitored by GC-MS. Reaction of 13 under the same 

conditions gives 5 % conversion of quinoline to THQ. Other products of the reactions 

were unreacted quinoline, 2,2'-bisquinoline, and other species derived from coupling 

of the quinoline. The hydrogenation of 11 under the same conditions with 

pretreated Pd/C lead to almost complete conversion of quinoline to 1,2,3,4-

tetrahydroquinoline ( 30 %) and 2,2' bisquinoline (70 %). The reaction of 13 under the 

same condition$ leads to a 65 % conversion to 2,2'-bisquinoline. The control 

experiment, quinoline reacting with Pd/C, gave THO as the only product with 12 % 

conversion. Data from these semiquantitative studies appear in Table 4.3. 

Discussion. 

The syntheses of (N,C),,2-heterocyclic complexes by reduction of,,1 (N) adducts 

represents a clean, viable route to obtain this unusual coordination mode. As a dO 

r':"~"'~-. -. ----,........,~ .. -. ~-.--. __ ,._. __ ~. _________________ _ 
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metal 

center, Ta(DIPP)3CI2(OEt2) readily exchanges an E~O ligand for the superior () donor, 

a nitrogen containing heteroaromatic compound. Upon reduction of the metal, the 

tremendous reducing power of Ta(III) allows the metal center to disrupt the aromaticity 

of the heteroaromatic ligand which bonds in an (N,C)112 mode. This mode allows a 

better energetic match and better orbital overlap so that the metal can deposit its 

electron density into accepting reo orbitals on the heterocycle and thereby disrupt the 

aromaticity of the heterocycle. Two pieces of evidence support this disruption. 

First, upon examining the crystal structure of [(N,C)112-

MeCgHsN]Ta(DIPP)3(PMe3) and comparing it with other relevant structures, the 

heterocyclic ring shows double bond localization and is folded which are both 

inconsistent with a delocalized aromatic system. The considerable (0.12 A) increase 

of the C-N bondlength upon (N,C)112 coordination, in particular, suggests M~L 

backbonding. Second, the comparison of the hydrogenation yields of 11 and the 

quinoline ligand alone, both in the presence of pretreated Pd/C suggests the 112(N,C) 

mode promotes a more facile route to hydrogenation. These data are consistent with 

the disruption of aromaticity in the hetrocyclic ring upon coordination to a Ta(III) center. 

The ease of hydrogenation is reminiscent of the stoichiometric hydrogenation 

of benzene and other aromatic hydrocarbons with [OS(NH3)s]2+. Unlike the Os system, 

however, (N,C)112 coordination does not protect and actually activates the N=C bond 

to hydrogenation. An explanation for this disparity may be the electronic and 

coordinative unsaturation of the Ta(DIPP)3 fragment. The six coordinate [(112-

~~--~~.--.. -~-~-------.----------------
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Figure 4.1. Molecular Structure of [(N,C)1l2-MeCgH6N]Ta(DIPPh(PMe3) with atoms 

shown as 50% probability ellipsoids. 



Table 4.2. Selected Bond Distances (A) and Bond Angles (deg) in 

[(N,C)112(MeCgH6N)]Ta(DIPP)3(PMe3) 

Bond Distances 

Ta-P 2.685 (2) Ta-C10 2.208 (9) 

Ta-020 1.904 (6) 020-C21 1.42 (1) 

Ta-030 1.943 (6) 030-C31 1.41 (1) 

Ta-040 1.894 (5) 040-C41 1.387 (9) 

Ta-N 1.961 (7) 

Bond Angles 

P-Ta-020 77.3 (2) 020-Ta-N 118.7(3) 

P-Ta-030 151.9 (2) 020-Ta-C10 99.6 (3) 

P-Ta-040 80.1 (2) 030-Ta-N 91.3 (3) 

Ta-C10-N 60.8 (4) 030-Ta-C10 128.2 (3) 

Ta-N-C10 79.4 (5) 040-Ta-N 102.0 (3) 

P-Ta-C10 79.3 (3) 040-Ta-C10 109.3 (3) 

P-Ta-N 116.8 (2) 
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Table 4.3. A Comparison of the Products of Hydrogenation 

Reaction Total % % Conversion to % Conversion 

Conversion 1,2,3,4- to 2,2'-

tetrahydroquinoline Bisquinoline 

? 
(rr--C9H7N)Ta(DIPP)3 + H2 80 10 70 

(112-C9H7N)Ta(DIPP)3 + H2 100 30 0 

+ Pd/C 

(112-CgH7N)- 57 4 32 

Ta(DIPPb(PMe3) + H2 

(112-CgH7N)- 65 0 65 

Ta(DIPPb(PMe3) + H2 + 

Pd/C 

C9H7N + H2 + Pd/C 16 16 0 
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CsHs)Os(NH3)S]2+ species is an 18 electron compound which disrupts the aromaticity 

of the ligand but is a stable entity. [{N,C)112.CgH7N)]Ta(DIPPb, however, is a five 

coordinate 16 electron complex (counting each phenoxide as a 3 electron neutral 

donor). H2 could potentially oxidatively add to the Ta center and the intermediate 

hydride could then reduce the C=N bond. Metal hydrides are known to react 

specifically with the C=N bond of quinoline and other nitrogen heterocycles,7° Support 

for this reaction pathway is seen in the hydrogenation of the PMe3 adduct, 13, which 

shows a diminished activity toward hydrogenation, presumably due to electronic and 

coordinative saturation of the Ta. Another plausible reaction pathway is the 

hydrogenolysis of the Ta-C bond similar to the hydrogenolysis of do pyridylsS2 which 

would not be a formal oxidative addition. Like the Taube system, exo addition of H2 

is the most probable route when Pd/C is used. This stoichiometric hydrogenation 

system is rather meek in comparison to a nickel s}'stem which catalyzes the selective 

hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline at 1-3 atm H2,72 

Although the (N,C)112 coordination activates the heterocycle toward 

hydrogenation, another reaction pathway is preferred as shown by the greater 

production of 2,2'-bisquinoline during the hydrogenation of 11. In addition to 2,2'· 

bisquinoline, GC-MS data show the production of compounds with parent ion peaks of 

262 and 260 and with ion fragmentations of 128 consistent with loss of a quinoline 

fragment from these parent ions. These data suggest that these compounds are 

partially hydrogenated condensation products. The condensation of quinoline is known 

in numerous systems and can occur catalytically particularly in heterogeneous HDN 

'~--'- ------
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systems under mild conditions.13 A potential explanation for this production is the 

Ca.-Ha. activation of the quinoline ligand followed by coupling of two "quinolyl" ligands. 

Though the route to formation of bisquinoline is speculation, there is considerable 

precedence for Ca.-Ha. activation on an early metal template.74 

Presumably, the first step in the hydrodenitrification (HDN) of a heterocycle is 

its coordination to the active site. In the case of quinoline, this initial bonding may 

occur through ,,1 (a), "S(NC5). or "S(Cs) coordination. Model systems have shown that 

,,1 (0) bonding leads to the selective hydrogenation of the heterocyclic ring, which is the 

next step of HDN.S7 From the study presented here, it has been shown that upon 

reduction of the metal, the preferred coordination geometry changes. By going from 

a hard, a-accepting metal to a softer 1t-donating metal center, the ligand bonding 

changes accordingly. By donating electron density into the heterocycle, the new ligand 

is now "activated". This activation can lead to hydrogenation or C-H bond cleavage, 

both of which are seen in HDN systems. Given this evidence, the (N,C),,2 coordination 

of heterocycles must be considered as a plausible model in HDN catalYSiS. In addition, 

its intermediacy in ortho-metallation is supported. 

Conclusions. 

Several conclusions can be drawn from the results presented in this chapter. 

1) The generality of (N,C)1l2-coordination of heteroaromatic nitrogen ligands to 

Ta(ORb has been extended bicyclic ligands. 

2) (N,C)1l2·coordination of quinoline mediates hydrogenation selectively to yield 
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1,2,3,4-tetrahydroquinoline. 

3) A synergetic effect between Ta and Pd occurs in the selective hydrogenation of 

quinoline. 

4) At least one other reaction pathway is prevalent in this system as shown by the 

production of 2,2'-bisquinoline and other condensation products. 

5) This pathway suggests a role of (N,C)_,,2 coordination in ortho-metallation. 

Preparations. 

Ta(DIPPbCI2(CgH7N) (9). 1.00 g (1.17 mmol) Ta(DIPPbCI2(OEt2) and 0.14 mL 

(1.2 mmol) of C9H7N were dissolved in 10 mL of pentane and stirred for 24 h. 0.62 

g of the yellow solid was filtered off and a second crop (0.20 g) of solid was recovered 

from the filtrate after cooling it at -40°C for one day. Yield: 77%. The first crop of solid 

precipitated in situ at room temperature was analytically pure. 1 H NMR (CsDsCD3' 373 

K): 09.51 (d, HHC' 1 H), 8.06 (d, HHC' 1 H), 7.65 (d, HHC' 1 H), 7.31 (d, HHC' 1 H), 7.11-

6.66 (m, Haryl and HHC' 12 H), 3.93 (spt, CHMe2, 6H), 1.03 (d, Me2CH, 36H). 13C 

NMR (CsDsCD3' 373 K): 0 156.8 (C;pso' DIPP), 152.4, 146.7 (Cq, HC), 141.0 (Cortho' 

DIPP), 131.2, 129.8, 128.4, 127.5, 124.4 (Ct' HC), 26.7 (QHMe2), 24.8 (b, Me). Anal. 

Calcd for C4sHS203NCI2 Ta: C, 59.21; H,6.40; N, 1.53. Found: C,59.33; H,6.64; 

N, 1.46. 

Ta(DIPPbCI2(MeCgHsN) (10). 1.00 g (1.17 mmol) of Ta(DIPPbCI2(OEt2) and 

0.16 mL (1.2 mmol) of MeCgHSN were dissolved in 10 mL of pentane and stirred for 

24 h. A yellow precipitate (0.72 g) was collected by filtration and a second crop, 0.14 

-----, -~---------
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g, was recovered from the filtrate after cooling to -40·C for one day. Yield: 70%. The 

first crop of solid precipitated in situ at room temperature was analytically pure. 1 H 

NMR (CsDsCD3' 373 K): 0 9.25 (m, HHC' 1 H), 8.83 (m, HHC' 1 H), 7.63 (m, HHC' 1 H), 

7.11-6.71 (m, Haryl and HHC' 12 H), 3.93 (b, CHMe2, 6H), 1.06 (b, Me2CH, 36H). 13C 

NMR (CsDsCD3' 373 K): 0 156.8 (Cipso' DIPP), 152.5, 144.1, 130.1 (Cq, HC), 141.0, 

140.7 (Cortho' DIPP), 134.0, 127.7,127.2, 124.6, 124.4 (Ct, HC), 26.6 (.QHMe2), 24.9 

(b, Me). Anal. Calcd for C4sHso03NCI2 Ta: C, 59.61; H,6.52; N, 1.51. Found: C, 

60.37; H, 6.70; N, 1.27. 

[(C,N)T\2.CgH7N]Ta(DIPPh (11). 2.00 g of Ta{DIPPbCI2{OEt2) (2.34 mmol) and 

0.28 mL of quinoline (2.4 mmol) were added to 20 mL of Et20 and stirred for 24 h. 

This yellow solution was then cooled to -40°C. 1.6 mL of 0.5% NaHg (4.7 mmol) was 

added and the resulting slurry was stirred at room temperature causing the color to 

change to a brown-red over 24 h. This slurry was filtered through celite and the 

solvent removed in vacuo to yield 1.56 g (1.86 mmol, 79%) of a rust red floculant solid. 

1H NMR (CsDs): 07.06-6.37 (m, Haryl and HHC' 14H), 6.00 (d, HHC' 1 H), 4.08 (s, Ha, 

HC, 1 H) 3.68 and 3.50 (sept, CHMe2, 2 and 4H), 1.15 and 1.12 (d, Me2CH, 36H). 

[(C,N)T\2.MeCgH6N]Ta(DIPP)3 (12). 2.00 g of Ta{DIPPbCI2{OEt2) (2.34 mmol) 

and 0.32 mL of 6-methylquinoline (2.4 mmol) were added to 20 mL of E~O and stirred 

for 24 h. This yellow solution was then cooled to -40°C. 1.6 mL of 0.5% NaHg (4.7 

mmol) was added causing the color to change to brown-red over 24 h. This slurry 

was filtered through celite and the solvent removed in vacuo to yield 1.75 g (2.05 

mmol, 87%) of a rust red floculant solid. Yield: 87%. Partial 1H NMR (CsDs): 7.15-
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6.48 (m, Haryl and HHC)' 3.72 (cx-HHd, 3.64, 3.51 (sept, CHMe2, 6H), 2.11 (s MeHd 

1.43-1.01 (b, Me2CH). 

[(C,N)Tl2.CgH7N]Ta(DIPP)3(PMe3) (13). To 1.60 g ( 1.90 mmol) of 11 in 15 mL 

pentane was added 0.4 mL (3.9 mmol) of PMe3 via syringe. Over 14 h the reaction 

precipitated out a burnt orange solid. This slurry was stripped to a brown oil that was 

triturated with 10 mL pentane and the resulting burnt orange solid was filtered off to 

yield 0.71 g ( 0.77 mmol, 40%) of product. A second crop (0.21 g) was collected after 

the filtrate was cooled to -40'C for 1 day. Analytically pure material can be obtained 

by recrystallization from pentane. 1H NMR (C60 6): 07.13-6.69 (m, Haryl and HHC' 14 

H), 6.25 (virtual d, HHC' 1 H), 3.63 (broad s, HHC' 1 H) 3.30 (b, CHMe2, 6 H), 1.06 (b, 

CHMe, 36 H), 0.95 (d, JpH = 6.1 HZ,9 H). 13C NMR: 0157.2 (Cipso' OIPP), 150.7 (q, 

C, HC), 137.8 (Cortho' OIPP), 133.1, 126.6, 124.5, 123.5 (HC, HC), 125.4 (q, CHC)' 

123.9 (Cmeta, OIPP), 121.8 (Cpara' OIPP), 67.7 (Co.' HC), 26.7 (b, CHMe2), 25.1, 24.6 

(CHMe2), 14.0 (0, Jpc = 13.3, PMe3). Anal. Calcd for C4sH6703NPTa: C, 62.80; H, 

7.36; N, 1.53. Found: C,65.50; H, 7.67; 1.34. 

[(C,N)Tl2.MeCgHsN]Ta(DIPPh(PMe3) (14). To 1.08 g (1.26 mmol) 12 in 15 mL . 

of pentane was added 0.4 mL (3.9 mmol) of PMe3 via syringe. Over 14 h the reaction 

precipitated out a burnt orange solid. This slurry was stripped to a brown oil that was 

triturated with 10 mL of pentane and the resulting burnt orange solid was filtered off to 

yield 0.71 g (0.76 mmol, 70%) of product. Analytically pure compound was obtained 

from recrystallization from pentane. 1 H NMR (C606): 0 7.04-6.81 (virtual doublet and 

triplet, Haryl ' 9 H), 6.81 (s, HHC' 1 H), 6.76-6.71 (m, HHC' 2 H), 6.51 (dd, JHH = 1.6, 8.0 
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Hz), 3.68 (broad s, a-HHC' 1 H) 3.34 (b, CHMe2, 6 H), 2.12 (s, MeHC' 3 H), 1.07 (b, 

CHMe, 36 H), 0.97 (d, JHH = 6.6 Hz, 3 H). 13C NMR: 157.2 (Cipsa' OIPP), 148.3 (q, 

C, HC), 137.8 (Cartha' OIPP), 133.2, 128.2, 127.0, 124.3 (HC, HC), 132.0, 125.2 {q, 

CHc>' 123.9 (Cmeta, OIPP), 121.7 (Cpara' DlPP), 67.3 (Ca' HC, JCH = 156.4 Hz), 26.7 

(QHMe2), 25.1, 24.6 (CHMe2), 14.1 {O, JpC = 12.1, PMe3• Anal. Calcd for 

C4sH6903NPTa: C, 63.15; H, 7.46; N, 1.50. Found: C, 63.43; H, 7.77; N, 1.39. 

Hydrogenation Studies. 

Hydrogenation reactions were performed in a Fischer-Porter bottle at 50 psi for 

18 h. In a typical reaction, 0.2-0.9 g of {N,C)1l2 compound was used. If PdlC was 

used, ca. 0.15 g of 5 % Pd/C was pretreated in 20 mL of E~O for 1 h at 50 psi H2. 

After pretreatment or in reaction without Pd/C, the {N,C)1l2 compound was transferred 

with ca. 20 mL of Et20 into the reactor which was then pressurized. After 18 h the 

reactor was vented and the solution was filtered through celite, then stripped in vacuo. 

The resulting golden brown oil was then dissolved in two mL of E~O and transferred 

into a vial affixed with a septum that was parafilmed. To this vial was added 1 00 ~I 10 

% KOH in H20 which quickly hydrolyzed the sample causing the color to bleach and 

a white precipitate to form. The sample was stored at -15°C until analysis by GC-MS. 

Percent conversions of the samples were calculated using one third the corrected area 

of 2,6-diisopropylphenol as the internal standard. No correction for compound 

dependent response factors were used, therefore conversions are only semi

quantitative. Table 4.3 summarizes these data. In those reactions where % 

conversion to 1 ,2,3.4-tetrahydroquinoline or 2,2' bisquinoline do not add up to total % 
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conversion, unidentified products of mass higher than 2,2'-bisquinoline were produced. 

These are presumably partially hydrogenated condensation products. 

Hydrogenation of Quinoline with Pd/C. 

0.13 g of 5% Pd/C was pretreated in 10 mL of Et20 for 1 h at 50 psi H2. The 

reaction vessel was then vented and 0.5 mL of quinoline was then added. After 

reacting the slurry at 50 psi for 18 h, the vessel was again vented and the slurry was 

filtered through celite and the filtrate stripped in vacuo. The golden oil was then 

analyzed by GC-MS showing 16 % conversion to 1,2,3.4-tetrahydroquinoline. 
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Chapter 5 

Synthesis and Reactivity of Nb(NMes)2CI(PY)2 (Mes= 2,4,6-C6H2Me3). 

Preparation and Properties of the dO [M(=NRbr (M = Nb, Ta) Functional Group 

Introduction. 

Typically steric control at a transition metal center is done by varying the size 

of the anionic Iigands7S or by varying the cone angle of neutral Iigands.?6 By using 

bulky ligands, electronic unsaturation may be built into the system. Another more 

severe alteration of the steric congestion at a transition metal system may be effected 

by using a formal dian ionic ligand which occupies a single coordination site instead of 

two monoanions. An example of such a ligand is the phenyl imido moiety (=NAr).77 

Transition metal organoimido complexes are implicated or involved in several 

synthetic methodologies and catalytic systems. In an ancillary role, the imido ligand 

is useful in 0lefin4 and acetyleneS metathesis, ring opening metathesis 

polymerization78, and to some extent acetylene coupling.1S ln industry, molybdenum

imido species are implicated in the ammoxidation of propylene to form acrylonitrile.?9 

As stoichiometric reagents, transition metal organoimido complexes are used 

in animation80 and aziridination81 of olefins, eneamine synthesis from acetylenes 16, 

and C-H bond activation.16,17 As mentioned in chapter one, the design of a system 
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with reactive early transition metal imido functionalities can be done by sterically 

saturating an electronically unsaturated metal center or by symmetrically constraining 

electron density to reside on the imido nitrogen. From Os02(NR)2' another route to 

reactive imido species is realized.so If one counts 0 2- and NR2- as four electron donors 

(neutral sense), then Os02(NR)2 is a 24 electron complexl Though simple electron 

counting arguments do not account for a reduction in electron count due to by 

symmetry or poor overlap, this information points toward diminished donation by the 

ligands so that the complex can attain a more stable coordination environment. This 

fact is supported by an EHMO study on Os04 which is isoelectronic to Os02(NR)2.S2 

These calculations show a HOMO with considerable electron density located on the . 

oxygen away from the Os. This localization is crucial in the reaction of Os04 with 

olefins to form diols.sO•82 Presumably the overlap of oxygen electron density into the 

rc* orbital of an olefin (RHC=CRH) stabilizes the pathway to the intermediate 

020s(OCHRCHRO) in the reaction.S2 A similar explanation is used in the 

oxyammination of olefins with Os02(NR)2' Thus MO calculations show that less than 

the complete capacity of possible electron donation is used by either the 0 2- or NR2-

ligands in Os02(NR)2' This partial donation results in localization of electron density 

on the ligand which allows the ligand to become a site of reactivity. Therefore, such 

a localization of rc electron density is a direct result of what I term "rc-Ioading'. 

Single metal sites coordinated by more than one imido ligand are typically found 

in the group 6-8 metals?? However, through analogy to the synthesis of 

bis(alkylidenes) Ln Ta(=CHR)2,83 bis(phenylimido) comLpexes of niobium and 
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tantalum have recently been prepared. Thus Ta(NEt2)2CI3(OE~) reacts with 2 

equivalents of LiNHAr (Ar=2,6,diisopropylphenyl) in THF, followed by addition of excess 

pyridine (py), to form Ta(NAr)2CI(pY)2 and 2 equivalents of HNEt2.18 From several 

reaction studies, the production of the bis(phenylimido) species was determined to 

occur through an intramo!ecular a-H abstraction. Thus the use of sacrificial 

diethylamido ligands in the synthesis of bis(phenylimido) complexes is directly 

analogous to the use of sacrificial alkyls in the synthesis of bis (alkylidsnes).84 

Herein, I report the synthesis and characterization of M(NMes)2CI(PY)2 

(Mes=2,4,6-Me3CsH2) which utilizes the smaller mesityl imido group. With the less 

hindering ligand also comes spectroscopic simplicity and a para-substituted phenyl ring. 

Para-substitution by a methyl blocks that position from oxidation or C-H bond activation, 

which are reasonable concerns in this reaction enviroment. Like M(NAr)2CI(pY)2 

(M=Nb,Ta), Nb(NMes)2CI(PY)2 is a stable, 18 electron complex. A potential route to 

destabilization, i.e. 1t-loading, and reactivity would be by metathesis of the chloride (1 

electron donor) with an amido ligand (3 electron donor). Accordingly, the reactivity of 

Nb(NMes)2CI(PY)2 with LiNEt2, LiN(Si(Me3»2' and LiNHMes was probed. Through the 

reaction of Nb(NMes)2CI(PY)2 with excess LiNHMes, the Nb(NMesb- functional group 

was produced. This product represents the first tris(imido) Group 5 complex ever 

synthesized. Alternate routes to this functional group will also be discussed. 

Results 

Synthesis of Nb(NMes)2C1{PV)2 and its Reactivity with Lithium Amides. 
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Upon reaction of [Nb(NE~)2CI3]2 85 with 2 equiv of LiNHMes per niobium (Mes 

= 2,4,6-Me3CsH2) in THF followed by the addition of excess pyridine, orange, solid 

Nb(NMes)2CI(PYb (15) can be obtained in 75% yield after appropriate workup. 1 H 

NMR data for 1 shows equivalent and py ligands and suggest a TBP structure 

analogous to Ta(=NAr)2CI(pY)2 (Ar = 2,s)pr2CsH3), i.e. with the chloride and two imido 

ligands in the equatorial plane and axial py ligands, Figure 5.1.18 Unlike the NAr 

system, The system is difficult to reproduce. The system gives inseparable mixtures 

of products unless highly pure, freshly prepared starting materials are used (vide infra). 

The reaction of 15 with LiN(SiMe3)2 yields a golden brown product with 2 

equivalent = ligands, 2 equivalent pyridines, and one -N(SiMe3)2 ligand by 1 H NMR. 

The structure of this product as shown in Equation 1 is proposed from the NMR data. 

Under the same conditions, the reaction of 15 with the smaller LiNEt2 yields a red 
CD 

eM 

Figure 5.1. Molecular structum of Ta(=NArhCI(pY)2 (Ar = 2,6-CsH3
ipr2), with atoms 

shown as 30% probability elipsoids . 

. ~-- -. --'-.-~~-. --.. -.. -~. ~-.-------,-----
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crystalline product which contains 2 inequivalent =, one pyridine, and one -NE~. There 

are several possibilities for the structure of this compound, [Nb(NMes}2(NE~){py)] (17). 

Considerable precedence exists for the one of the imido ligands to bridge.16,86 

Nb (=NMes) 2CI (py) 2 

Me 3 Si 
lLiN( SiMe 3)2 '\. 

~e3Si/N-r\~ 
~ py 

1 

16 

The structure of the product in Equation 2 is consistent with the spectral data. 

R4 
Nb (=NMes) 2CI (py) 21LiNEt2, ~ />/NEt2 

PY-/b~ ~-PY 

Et2N '¢r~-
I ;-.. I 

/. 

2 

17 

Reaction of 15 with one equivalent of LiNHMes yields a complex mixture even 

when this addition is initiated at low temperature. However, the reaction with two 

equivalents of LiNHMes yields a yellow product with spectral data consistent with the 

formulation of (THF}2LiNb(NMes}2(NHMes}2 (18). Precedence for this formulation is 

seen in the analogous chemistry using LiNHAr.87 
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Synthesis and Characterization of the [M(NA)31 (M= Nb, Ta) Functional Group. 

The synthetic utility of sacrificial amido ligands in the synthesis of 

bis(phenylimido) complexes from bis(amido) complexes suggests an extension of this 

methodology to the synthesis of tris(imido) complexes from tris(amido) precursors. To 

investigate this possibility, a facile route to the production of M(NR2bCI2 (M= Nb, Ta) 

complexes would be required. Nb(NEt2)3CI2 can be produced by the reaction of NbCls 

with excess Me3SiNEt2 in 48 % yield.8S Often, in reproducing this preparation, brown, 

gummy oils were produced, and lengthy extractions were necessary to isolate the 

product. However, if 3 equiv. LiNE~ is added to a -40·C solution of NbCls in 

toluene/Et20 and the reaction is stirred for ca. 18 h at room temperature, Nb(NEt2)3CI2 

(19) can be isolated in 58 % yield. Using the same conditions, the new compound, 

Ta(NEt2)3CI2 (20), can be produced in 36 % yield. 

The reaction of Nb(NEt2)3CI2 with either 3 or 4 equivalents of LiNHMes gives 

an oily, complex mixture of products upon workup. However, when the reaction is 

performed with 5 equiv of LiNHMes, bright yellow compound, 21, is produced. 1 H NMR 

data shows 2 mesityl resonances in a ratio of 3:1 and signals corresponding to 4 

equivalent THF ligands, and a singlet resonance at 04.67. The minimal shifts of the 

resonances of the bound THFs from that of the free ligand imply weak binding to the 

Nb or Ta or more likely, binding to Li as in [(THF)4Lit[W(NArbCI]".88 IR studies 

were hampered by the considerable reactivity of 21 with the salt used (either Csl, KBr, 

or NaCI). Inconsistent elemental analyses of this compound suggested the THF 

ligands were labile, therefore a derivative of this compound was synthesized. 
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When 21 is reacted with pyridine. in Et20, and the resulting product, 22, is 

isolated, 1 H NMR data revealed all THF ligands were cleanly replaced by pyridine. C, 

H, N, and particularly Li analysis of 22 along with spectroscopic data suggest 

[(pY2Li)h[Nb(NMesb(NHMes)] as its formulation. Complex 21 is therefore formulated 

as [(THF)2Lih[Nb(NMesb(NHMes)]. Ta analogues of 21 and 22 (23 and 24, 

respectively) can also be synthesized in high yield by using Ta(NEt)3CI2' 

Analysis of the mixtures produced by the reaction of Nb(NE~)3CI2 with 3 or 4 

equiv of LiNHMes revealed the presence of [(THF)2Lih[Nb(NMesb(NHMes)], 21. This 

along with the production of [(PY)2Li][Nb(NMes)2(NHMes)2' 18, in the previously 

mentioned reaction suggests a combination of an intramolecular a-H abstraction and 

some intermolecular process in the formation of 21. If the proposed reaction pathways 

involved a series of complex elimination/abstraction equilibria, then the reaction of 

Nb(NEt2)2CI3 with a considerable excess of LiNHMes should give 21 cleanly. Hence, 

the reaction of Nb(NEt2)2CI3 with 6 equiv of LiNHMes gives 21 in 73 % yield when the 

reaction is initiated at -40°C and stirred at room temp. for 18 h. Analogous chemistry 

is observed with Ta(NEt2)2CI3' This reactivity is summarized in Scheme 5.1. 

Several factors point to a multistep equilibria involving a final intermolecular a-H 

abstraction process from [M(NMes)2(NHMes)2r for the synthesis of 

M(NMesb(NHMes)2- (M= Nb,Ta): 

i) The reaction of Nb(NEt2)2CI3 with 6 equiv of LiNHMes produces 21 in less 

than a quantitive yield. 1 H NMR of the by-product oils of the reaction gives several 
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broad resonances corresponding to THF, NHMes or = species. 

ii) [(PY)2Li][LiNb(NMes)2(NHMes)2] can be trapped out of the reaction of 

Nb(NMes)2CI(PY)2 and 2 equiv LiNHMes in the presence of pyridine. 

iii) When monitoring the reaction of Nb(NEt2)2CI3 and 6 LiNHMes in THF-da 

over 29 h, 2 equiv of HNEt2 and approximately 1 equiv H2 are produced for every 

equiv Nb(NE~)2CI3 consumed. 

Scheme 5.1 

M = Nb, Ta 

py= pyridine 

(pY)4 Li 2M(=NMes)3(NHMes) 

THF 
5 LiNHMes~ 1 xs py 

(THF)4 Li 2M(=NMes)3(NHMes) 

6 LiNHMes~ THF14 LiNHMes 
THF 

Nb(=NMes)2 C1 (PY)2 

Several plausible reaction pathways could explain these results, Scheme 5.2. 

Using the precedence of the reaction of Nb(NMes)2CI(PY)2 with other lithium amides, 

the first step in the reaction is most likely a chloride metathesis to give a bis(imido) 

amide, A. Once formed, A can react via two reaction pathways outlined below. A may 
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coordinate a NHMes ligand to form the bis(imide) bis(amide), IB, or it could react with 

LiNHMes through an intermolecular deprotonation to form the tris(imido) complex, C. 

The isolation of [(PY)2Li][Nb(NMes)2(NHMes)2]' supports the A~B pathway. 

Intermediate B can react in two separate ways.89 An intramolecular a.-H abstraction 

would yield C, while an intermolecular a.-H abstraction with LiNHMes would give the 

final product. The final product could be derived by coordination of LiNHMes to the 

tris(imide) C. 

Discussion. 

The reaction of the less hindered, oxidatively resistant Nb(NMes)2CI(PY)2 with 

Scheme 5.2 

Nb (NR) 2 (NHR) 

A 

F 

INTER 

B 

Nb (NR) 2 (NHR) 2 

INTRA 

Nb (NR) 3-

c 

... L1NHR 

INTER 

Nb (NR) 3 (NHR) 2-

+ :'1NHR 

COOR 
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lithium amides shows diverse chemistry. This reaction using LiNE~ gives a dimeric 

product. An interesting feature of this reaction is the niobium imido product would 

prefer to bridge presumably through an imido ligand rather than coordinate a neutral 

ligand. In fact as seen in equation 2 the propensity to bridge forces the 

decomplexation of one of the coordinated pyridines. Use of the more bulky 

LiN(SiMe3)2 allows the isolation of the monomeric "20 electron"16. The first noticeable 

difference of these two compounds, 16 and 17 are the size of the amide. Bridging in 

17 could be caused by the lack of steric bulk around the metal center analogous to the 

bridging seen in early transition metal alkoxides with smaliligands.9 The source of the 

difference in structure may be something other than sterics of the amide, however. 

Though the -NE~ ligand is often thought to be a sterically innocuous Iigand,85 its bulk 

is underrated. 

The reaction of TaCI5 with 3 equivalents of LiDIPP(OEt2) in Et20lbenzene yields 

the Et20 adduct Ta(DIPPbCI2(OEt2) in near quantitative yield. The analogous reaction 

of TaCI5 and LiNEt2 yields Ta(NEt2)3CI2' Since the donor ability of the -DIPP and -

NEt2 ligands are comparable, the electron deficiency of the metal centers in 

Ta(DIPPbCI2 and Ta(NEt2)3CI2 should be similar. Therefore, a possible explanation 

of the difference in the products of these reactions is steric accessibilty of the alkoxide 

to form the adduct. The DIPP (DIPP= 2,6-diisopropylphenoxide) ligand is obviously 

larger than the DMP (DMP= 2,6-dimethylphenoxide) ligand and molecular models show 

-NEt2 to be larger than -DMP. The reaction of Ta(NAr)2CI(pY)2 with LiDMP gives the 

monomeric compound Ta(NAr)2(DMP)(pY)2,18 The 'comparison of this reaction with 
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Equation 2 suggests the bridging in the latter case may be caused by the lack of steric 

bulk of the imido ligand and the stabilization from bridging, not the sterics of the amido 

ligand. 

Another explanation for the difference in reactivity of Equations 1 and 2 lies in 

the electronic differences between LiNE~ and LiN(SiMe3)2. The ethyls on the nitrogen 

clearly are electron donors only. However, trimethylsilyls may function as acceptors 

due to available d orbitals on the Si. Such an explanation is given to explain the 

planarity of N(SiH3h 90 Therefore, -N(SiMe3)2 could potentially be less than a 3 

electron donor which would make 16 more stable than the electronically saturated, 20 

electron compound, INb(NMes)2(NEt2)(pY)2". 

Reaction of M(NEt2)2CI3 with 6 equivalents LiNHMes or M(NE~)3CI2 with 5 

equivalents LiNHMes yields the first tris(phenylimido) complexes of Group 5, 

[(THF)2Lib[M(NMes)3(NHMes)] (M= Nb, Ta). The maximum electron count of the 

niobium anion would be 22! However, the high field chemical shift of the NHMes (M= 

Nb, () 4.67; M=Ta, () 4.72) resonance suggests an atypical amido ligand. Table 5.1 

presents -N.t!R 1 H NMR resonances of several complexes. From these data, one trend 

can be suggested. Metal centers which are more electron rich within a series of 

related compounds have NHR ligands which show NHR resonances at higher fields 

than those that are relatively electron poor. Such a shift may indicate more electron 

density on the amido nitrogen due to a filled nonbonding orbital. 91 ese data suggest 

the -NHMes ligands in [(L)2Lih[M(NMes)3(NHMes)] act as 1 electron donors making 

these 20 electron complexes. An x-ray structure study on a compound isoelectronic 
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to the dianion corroborates this conclusion. In the structure of tetrahedral 

Re(=NtBub(OSiMe3}' the Re-O-Si angle is 138
0 

with a longer than expected Re-O 

bond of 1.90 A,92 which suggests diminished 1t-donation of the siloxide. 

Unfortunately, after an exhaustive effort, suitable crystals for x-ray crystallography of 

[(L)2LiMM(NMesb(NHMes)] could not be grown; therefore, a structural comparison is 

not possible. 

If the amido ligand is considered a 1 electron donor (neutral sense) and 21 and 

23 are locally tetrahedral, then they are electronically analogous to [W(NArbClr (Ar = 

2,6 diisopropylphenyl}88 and Re(NtBu}3(OSiMe3}.92 This series of compounds can be 

represented as tetrahedral MA3B, where A are 4 electron donors (neutral sense) and 

B is a one electron donor. The notable feature in these compounds is a filled, ligand 

based (A3) orbital on the imido ligands which has incorrect symmetry for bonding to the 

metal. This characteristic allows a seemingly 20 electron compound to attain an 18 

electron count. The coordination of lithium in multiple imido complexes is well 

documented.93 This coordination to the [M(NMeS}3(NHmes}]2- fragment may lead 

to an overall more stable compound by interacting with the nitrogen-based, formally 

nonbonding orbitals. 

When the bis(phenylimido} complex 15 is reacted with a Iithiu~ amide 

containing a reactive NH bond, stoichiometric control of the synthesis is lost. Driving 

the reaction to one major product is achieved only when a large excess of LiNHMes 

is used. The intramolecular a-H abstraction methodology has been established for the 

synthesis of bis(phenylimido) complexes of Nb and Ta. Several results implicate the 
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First, the trapping out of 

[(pY)2][LiNb(NMes)2(NHMes)2] supports a reaction pathway that invokes its THF 

analogue. Second, the stability of [Nb(NR)2(NHR)2"] toward loss of H2NR casts doubt 

on the intramolecular B~C route as a viable pathway. 87 These data are consistent with 

the reaction pathway for the production of the tris(phenylimido) functional group shown 

in Scheme 5.3. Such an equilibrium offers an explanation for the considerable 

difficulties encountered in isolating pure compounds within this system. 

Conclusions. 

Several conclusions can be drawn from this study. 

1) Less sterically congested imido complexes like Nb(NMes)2CI(PY)2 can be 

synthesized by the same method as the more crowded Nb(NAr)2CI(pY)2' 

2) The synthesis of bis(phenylimido) complexes from intramolecular a-hydrogen 

abstraction in bis(amides) can be extended to the production of tris(phenylimido) 

complexes from tris(amides). 

3) The [M(NRbr functional group can be prepared from M(NE~)2C~ (M= Nb,Ta) and 

a large excess of LiNHMes. An intramolecular and intermolecular a-H abstraction 

pathway has been proposed as the effective reaction pathway. 
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Scheme 5.3 

~ M (Nrnes) 2C1L2 ~ 
2LiNHmes 1LiNHmeS! 

J6 LiNHMe, M (Nmes) 2 (NHmes) L2 

lLiNHmes 

H2NMes i 
LxLi2M (NMes) 3 (NHMes) ~ j1 LiNHMes 

~ L xM(NMes)2(NHMes)2 

Preparations. 

Nb(=NMes)2C1(PY)2 (15). 1.71 g (4.98 mmol) of Nb(NEt2)2CI3 was dissolved 

in 15 mL of THF and 1.40 g (9.92 mmol) LiNHmes was dissolved in 15 mL of THF. 

The lithium salt solution was added to the Nb solution causing the red color to change 

to dark purple. After stirring the solution for 1 day at room temperature, the color 

changed to brown. 1 mL of py was added and the color gradually turned brown-orange 

over 1 d. From this solution, the solvent was removed in vacuo leaving a brown 

orange gummy solid which was extracted with 30 mL of Et20. The Et20 was removed 

and the resulting orange solid was washed with 20 mL of pentane and dried to yield 

1.87 g (3.4 mmol, 75%) of product. 1H NMR (e6D6): 8 9.10 (m, 4 H, Ho' py), 6.87 
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(s, 4 H, Haryl, ), 6.66 (m, 2 H, Hp' py), 6.32 (m, 4 H, Hm, py), 2.29 (s, 12 H, Meo)' 

2.21 (s, 6 H, Mep)' 13C NMR (C60 6): 0 138.3 (Co' py), 153.2 (Cipso' ), 130.3 (Co' ), 

131.0 (Cp' PY), 128.6 (Cm ), 124.0 (Cm, PY) 123.4 (Cp' ), 20.96 (Meo)' 19.61 (Mep)' 

Anal. Calcd for C2sH22N4CINb: C, 61.95; H, 4.08; N, 10.32. Found: C, 61.38; H, 

4.80; N, 10.21. 

Nb(NMes)2{N{SIMe3)2){PY)2 (16). 0.51 9 (0.91 mmol) of Nb(NMes)2CI(PY)2 was 

slurried in 20 mL of E~O and 0.91 mL of 1 M Li(N(TMS)2) (0.91 mmol) in THF was 

added The reaction was stirred for 22 h then filtered to give 32 mg white ppt 

(presumably LiCI). The filtrate was stripped in vacuo and 10 mL of pentane was 

added. From this solution was collected 0.260 9 of yellow product (0.38 mmol, 42 %). 

1H NMR (C60 6): 09.00 (b, 4 H, py), 6.90 (s, 4 H, Haryl), 6.75 ( m, 2 H, py), 6.40 (m, 

13C 4 H, py), 2.28 (s, 12 H, Meo). 2.25 (s, 6 H, Mep)' 0.46 (s, 18 H, TMS). NMR 

(C60 6): 0155.1 (Cipso)' 153.3 (py), 138.1 (py), 130.2, 129.1, 128.9, 123.7,20.9 (Mep)' 

20.3 (Meo)' 6.8 (TMS). 

Nb{NMes)2{NEt2}{PY) (17). 0.50 9 (0.91 mmol) of Nb(NMes)2CI(PY}2 was slurried in 

20 mL of Et20 and 0.072 9 (0.91 mmol) of LiNEt2 was added and the reaction was 

stirred for 22 h then filtered. The filtrate was stripped in vacuo and 10 mL of pentane 

was added. From this solution was collected 0.42 9 of a red crystalline product 

(0.82mmol, 90 %). 1H NMR (C6D6): 08.35 (b, 2 H, py), 6.84 and 6.71(s, 4 H, Haryl }, 

6.60 ( t?, 1 H, py). 6.24 (t?, 2 H, py), 4.09 (q, 4 H, C~CH3) 2.59 and 2.14 (s, 12 H, 
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Meo)' 2.27 and 2.08 (s, 6 H, Mep)' 1.00 (s, 6 H, CH2C~). 13C NMR (C606): 0157.9 

and 154.3 (Cipso)' 152.3 (py), 138.0 (py) , 132.6, 131.2, 129.3,129.0, 128.7, 123.6, 

123.0 (py and Caryl)' 50.4 (NCH2CH3), 21.4, 20.9, 20.3,19.8,19.4,20.3 (Meo' Mep)' 

14.8 (NCH2CH3). 

[LI(pvh][Nb(NMes)2(NHMes)21 (18). 0.40 g (0.72 mmol) of 15 was dissolved 

in 10 mL of Et20 and 4 mL of pyridine and 0.20 g ( 1.42 mmol) of LiNHMes were 

added. The red solution was stirred for 17 h and the reaction volatiles were removed 

in vacuo. The resulting red oil was extracted with 40 of mL Et20, filtered through celite, 

and the filtrate stripped to yield 0.38 9 ( 0.48 mmol, 68%) of a yellow solid which was 

recrystallized from Et200t -40°C. 1H NMR (e60 6): 0 7.87 (m, 4 H, Ho' py), 7.00_(s, 2 

H, NHMes), 6.82 , 6.77 (s, 4 H, Haryl ' ) (s, 4 H, Haryl, NHMes), 6.77 (m, 2 H, Hp' py), 

6.41 (m,4 H, Hm, py), 2.63 (s, 12 H, Meo' NHMes), 2.32 (s, 12 H, Meo' ),2.24 (s, 6 

H, Mep' ), 2.21 (s, 6 H, Mep' NHMes). 13C NMR (C606): 0 156.9 (Cipso' ), 150.3 

(Cipso' NHMes), 129.7, 128.8, 126.8, 126.4, 124.1, 123.9 (Caryl' one resonance 

missing), 136.9 (Cp' py), 149.3 (Cm, py). 20.9, 20.8 (Mep ' and NHMes), 20.0, 19.7 

(Meo' and NHMes). 

Nb(NEt2hCI2 (19). 1.00 g of NbCI5 (3.7 mmol) was slurried in 15 mL of toluene 

and 2 mL of Et20 and cooled to -40°C. 0.88 g (11.1 mmol) of LiNEt2 was added 

causing the color to change immediately from light yellow to brown. This slurry was 

stirred for 18h at room temp. after which it was filtered and the volume of the filtrate 
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reduced to ca. 3 mL. 15 mL of pentane was added to this brown solution which 

precipitated out 0.81 g (2.4 mmol, 65%) of a brown solid after sitting at -40°C overnight. 

1H NMR (CsDs): 03.83 (q, 12 H, NC1:L2CH3)' 1.00 (t, 18 H, NCH2C!:b). 13C NMR 

(C66D6): 047.2 (NCH2CH3), 12.1 (NCH2CH3). 

Ta(NEt2hCI2 (20). 1.00 g of TaCI5 (2.8 mmol) was slurried in 15 mL of toluene 

and 2 mL of Et20 and cooled to -40°C. 0.66 g (8.3 mmol) of LiNEt2 was added 

causing the color to change immediately from light yellow to brown. This slurry was 

stirred for 18h at room temp. after which it was filtered and the volume of the filtrate 

reduced to ca. 3 mL. 15 mL of pentane was added to this brown soln which 

precipitaed out 0.47g (1.0 mmol, 36%) of brown product after sitting at -40°C overnight. 

1H NMR (C6D6): 0 3.82 (q, 12 H, NC1:L2CH3), 1.00 (t, 18 H, NCH2C!:b). 13C NMR 

(C6D6): 0 45.8 (NCH2CH3), 12.99 (NCH2CH3). Anal. Calcd for C12H30CI2N3 Ta: C, 

30.78; H, 6.46; N, 8.97. Found: C, 30.65; H, 6.51; N, 8.87. 

[LI(THF)2h[Nb(NMesh(NHMes)] (21). 

Method A. 

To 2.74 g (19.4 mmol) of LiNHmes in 20 mL THF was added a 20 mL solution of 1.48 

g Nb(NEt2)3CI2 (3.9 mmol) in THF. After 18 h of stirring this brown solution, it was 

pumped to dryness to yield a yellow-brown, gummy solid which was extracted with 100 

mL Et20 and filtered. The filtrate was pumped to dryness to yield a yellow solid which 

was washed with 30 mL of pentane and dried en vacuo to yield 2.86 g (3.32 mmol, 
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1.22 g (3.56 mmol) of Nb(NEt2)2CI3 was dissolved in 20 mL of THF and 3.01 g (21.3 

mmol) of LiHNMes was added directly and and the mixture stirred for 24 h over which 

time the dark brown solution lightened to a golden yellow. The solution was stripped 

to yield a golden oil that was extracted with ca. 100 mL of E~O. This yellow extract 

was stripped to yield a gummy yellow solid that was washed with ca. 30 mL of 

pentane. After drying, 2.43 g (73% yield) of the yellow product was isolated. 1 H NMR 

(CsDs): 36.99 (s, 6 H, Haryl,), 6.87 (s, 2 H, Haryl , NHMes), 4.67 (s, 1 H, NHMes), 3.19 

(m, 16 H, CaH, THF), 2.65 (s, 6 H, Meo' NHMes), 2.54 (s, 18 H, Meo' ),2.30 (s, 9 H, 

Mep' ), 2.26 (s, 3 H, Mep' NHMes), 1.12 (m, 16 H, C~H, THF). 13C NMR (C6D6): 3 

158.5 (Cipso ' ), 151.8 (Cipso' NHMes), 129.7 (Co' ), 128.5 (Cm ' ), 125.1, 124.3 (Co' 

NHMes), (Cm and Cp' NHMes), 68.0 (Ca, THF), 25.2 (C~, THF), 21.1, 20.7 (Meo' ), 

(Meo' NHMes), (Mep' ), (Mep' NHMes). Anal. Calcd for CS2Hn04N4Li2Nb: C,67.23; 

H, 8.35; N, 6.03. Found: C, 66.27; H, 7.39; N, 7.30 (average of two runs). 

[LI{PY)2h[Nb(NMesh(NHMes)] (22). The above THF, 21, adduct can be 

stoichiometrically converted to the py adduct by adding an excess of py to an E~O 

solution of the thf adduct. Analytically pure compound can be obtained by 

recrystallization from py/E~O at -40°C. 1 H NMR (py- ds): 38.70 (m, 8 H, Ho' py), 7.61 

(m, 4 H, Hp' py), 7.21 (m, 8 H, Hm, PY), 6.89 (s, 6 H, Haryl ' ), 6.86 (s, 2 H, Haryl, 

NHMes), 5.84 (s, 1 H, N-H), 2.85 (s, 6 H, Meo' NHMes), 2.64 (s, 18 H, Meo' ), 2.25 (s, 
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9 H, Mep' and 3 H, Mep' NHMes). 13C NMR (py- ds): 0 159.9(Cipso' ),154.1 (Cipso' 

NHMes), 129.3, 128.2, 120.8, 120.3 (Co' Cm and Cp for and NHMes, missing 2 

peaks),150.2 (Co' py), 136.0 (Cp' py), 124.0 (Cm, py), 21.2, 20.8, 20.2 (Me). Anal. 

Calcd. for CssHssNaLi2Nb: C, 70.29; H, 6.85; N, 11.71; Li, 1.45. Found: C, 70.15; H, 

6.88; N, 11.65; Li, 1.38. 

[LI(THF)212[Ta(NMes>S(NHMes)] (23). 

Method A. 

0.70 g (1.4 mmol) of Ta(NEt2)3CI2 was dissolved in 20 mL THF and 0.98 g (6.9 

mmol) LiNHMes was added directly causing an immediate color change from orange 

to brown. After 20 h of stirring this golden yellow solution was pumped to dryness. The 

resulting light yellow solid was extracted with 30 mL of E~O, filtered through celite, and 

the filtrate was pumped to dryness to yield a blonde solid which was washed with 30 

mL of pentane and dried in vacuo to yield 1.12 g (1.2 mmol, 84%). 

Method B. 

1.62 g (3.75 mmol) of Ta(NEt2)2CI3 was dissolved in 20 mL THF and 3.18 g 

(22.5 mmol) LiNHMes was added directly causing an immediate color change from 

deep brown to golden yellow. After 20 h of stirring the solution was pumped to 

dryness. The resulting light yellow solid was extracted with ca. 100 mL E~O, filtered 

through celite, and the filtrate was pumped to dryness to yield a blonde solid which was 

washed with 30 mL of pentane and dried in vacuo to yield 2.85 g (2.80 mmol, 75%). 

1H NMR (CsDs): 0 7.02 (s, 6 H, Haryl ' ), 6.85 (s, 2 H, Haryl' NHMes), 4.72 (s, 1 H, 
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NHMes). 3.14 (m. 16 H. CaH. THF). 2.66 (s. 6 H. Meo' NHMes). 2.54 (s. 18 H. Meo' 

). 2.31 (s. 9 H. Mep• ). 2.26 (s. 3 H. Mep• NHMes). 1.09 (m. 16 H. C~H. THF). 13C 

NMR (C6D6): S 159.3 (Cipso' ),151.0 (Cipso' NHMes). 129.6. 129.1, 128.6. 125.9. 

124.8. 124.0(Co' Cm• and Cp for and NHMes). 68.0 (Ca' THF). 25.2 (C~, THF), 21.1, 

20.7. 20.6 (Meo and Mep for and NHMes). Anal. Calcd for C52H7704N4Li2 Ta: C. 

61.41; H. 7.63; N, 5.51; Li. 1.36. Found: C. 60.67; H. 7.58; N. 5.61; Li, 1.30. 

[LI(pY)212[Ta(NMesh(NHMes)] (24). The above THF adduct can be stoichiometrically 

converted to the py adduct by adding an excess of py to an Et20 solution of the THF 

adduct. 23. Analytically pure compound can be obtained by recrystallization from 

py/Et20 at -40°C. 1 H NMR (py- d5): 0 8.71 (b. 8 H. Ho. py). 7.61 (m, 4 H. Hp. py), 7.21 

(m.8 H. Hm. py). 6.85 (s. 6 H. Haryl• ). 6.86 (s. 2 H. Haryl • NHMes). 5.79 (s. 1 H. N-H). 

2.88 (s. 6 H. Meo' NHMes). 2.68 (s. 18 H. Meo' ). 2.27 (s. 9 H. Mep• ). 2.22 (s. 3 H. 

Mep• NHMes). 13C NMR (py- d5): 0 159.9(Cipso' ).161.5 (Cipso' NHMes), 129.3, 128.2. 

120.8.120.3 (Co' Cm and Cp for and NHMes. missing 2 peaks),150.2 (Co' py). 136.0 

(Cp• py). 124.0 (Cm• py). 24.1. 22.1. 20.2, 18.2 (Me. -NHMes and =). Anal. Calcd. for 

C56H65NsLi2 Ta: C. 64.36; H. 6.27; N. 10.72; Li. 1.36. Found: C, 63.81; H. 6.18; N. 

10.65; Li. 1.38. 

Nb(NMes)CI3(THF)2. (25) 2.83 g of NbCI5 was dissolved in 50 mL of toluene and 10 

mL of THF and 4.34 g of TMSNHMes in 20 mL toluene was added causing an 

immediate color change from red to deep purple. The solution was stirred for 2 dafter 
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which time the solvent was removed and 50 mL pentane were added. This slurry was 

stirred for 1 day then filtered to give a light purple solid (3.32g, 67%). 1H NMR (CsDs): 

86.58 (s, 2 H, Haryl), 4.01 (b, 8 H, Ho.,THF), 3.01 (s, 6 H, Meo)' 2.09, 3 H, Mep}' 1.28 

(b, 8H, H~, THF). 13C NMR (CsDs): 138.3 (Co), 136.3 (Cj), 130.0 (Cp)' 128.4 (Cm), 

73.3 (b, Co.' THF), 25.3 (b, C~, THF), 20.9 (Meo)' 19.6 (Mep)' 
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Table 5.1. 

1H NMR Chemical Shift of the -NHR Resonance In Selected Metal Amide 

Complexes. 

Compound Maximum o -NHR Reference 

Electron Count 

(tSu3SiNHbZrCI 14 4.89 91b 

(tSu3SiN H)3ZrCH3 14 4.10 9ib 

(tsu3SiNHbZrH 14 4.87 91b 

(tsu3SiNHbZrOMe 16 3.59 9ib 

(tSu3SiNH)3 TiCI 14 8.32 91a 

(tSu3SiNHb TiSr 14 8.49 91a 

eSU3SiNH)3 Ti(NHSitSu3) 16 6.10 91a 

(tSu3SiNH)2(THF)Ti(=NSitSu3) 16 5.48 9ia 

(115 -C5Me5)2Hf(NH Me)H 18 4.72 9494 

W(=NtSU)2(NHtSu)2 20 5.0-5.3 9595 

Ta(=NAr)(NHAr)CI2(pY)2 18 8.18 18 

[(THF2)Lih[Nb(NMes)3(NHMes)] 22 4.67 this worl< 
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Chapter 6 

Reactivity of [Nb(NMesh(NHMeS)]2o (Mes= 2,4,6-Me3C6H2) WIth Lithium AlkylS: 

Preparation and Properties of the dO [Nb(=NR)3Rr and [Nb(NR)~3o Functional 

Groups 

Introduction 

In the previous chapter, I developed a synthetic methodology that saturates 

Nb or Ta with 1t electron density thus forcing the imido nitrogen to hold considerable 

charge. This methodology uses sacrificial amido ligands to effect a hydrogen 

transfer in an intramolecular fashion to form bis(imido) complexes. In addition, an 

intermolecular a-H transfer produces the tris(imide) amide complex, 

[(THF)2Lib[Nb(NMesb(NHMes)] (21). 

Due to an early metal's inherent unsaturation in high oxidation states, the 

metal center will typically utilize all of an imido ligand's donor ability and form a 

relatively inert, formal triple bond.77 

If this bonding is destabilized and sufficient electron density resides on the imido 
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nitrogen, early transition metal imido complexes will activate aliphatic C-H bonds 17 

or form bonds with unsaturated organic substrates.16 In addition to the electron 

dense nitrogen, these compounds contain an electrophilic metal center. Soth 

features lead to the unprecedented reactivity discussed in Chapter 1. Compound 

21 represents an example of destabilized imido ligation through 1t-loading. 

Stablization of the electron rich ligand is done through lithium coordination. 

nucleophiles 

,C\) ~ 
~N=M=N~ 
~electroPhiles Y 

A key step in the syntheses of reactive early transition metal imido 

functionalities is the transfer of an a-hydrogen of an amido ligand (-NJ:!.R) to a 

suitable acceptor thus forming the reactive site.16,17 In the synthesis of 21, the 

acceptors are two -NE~ ligands and -NHMes. The deprotonation of [NHRr ligands 

by alkyl lithium reagents has become a common method for the synthesis of 

multiple imido complexes.93 W(=NtSu)2(NHtSu)2 reacts with 2 equivalents of MeLi to 

afford the covalent complex [Li2W(=NtSu}~2' Equation 1.93a Analogous reactivity 

is observed with MeLi and Cr(=NtSu}2(NHtSU}293C or Mo(=NtSU}2(NHtSU}2.93b 

Re(NtSu}3(NHtBu} reacts similarly with MeLi in the presence of TMEDA (TMEDA= 

tetramethylethylenediammine) to produce [(TMEDA}Li][Re(NtBU}~.93a These 

reactions are sensitive to conditions and are nonquantitative. The tungsten 
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compound is produced in 65% yield while the chromium, molybdenum, and 

rhenium systems are produced in 10 , 49, and 28 % yields respectively. 
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1 

This synthetic methodology has been extended to Group 5. The reaction of 

V(=NSitSU3)(NHSitSU3)CI2 with 3 equivalents liMe deprotonates the amide 

Iigand.96 The electrophilic vanadium coordinates two methyls to give 

Li[(tsu3SiN=)2VMe2]' Reaction of the vanadium imido-amide with MgMe2(dioxane) 

gives the monoalkyl, V(=NSitSu3)(NHSitSu3)MeCI. Any attempt to produce a 

compound without lithium, i.e. IV(=NSitsu3)2Me", gives mixtures of the two 

previously mentioned products. Scheme 6.1 outlines this reactivity. 

Scheme 6.1 

j
:.;,:-;r:S:"3'J3 

:c:\.:e~e, -2COC 

.• (d!cxa~e)~g~e2 

(NHS1"Bu 3 )C1 2 -j" ~ o~ .o __ e .. e, -78 '-

3 ~e:'! 

_' 2 ~e:'':' 
:L':' [ (-B'J. 3 S':'N=) 2VMe21... V (=NSi :BU) (NHSi ':BU

3
) MeCl 



I now report the reactivity of 21, [(THF)2LiM(Nb(NMesb(NHMes)], with 

lithium alkyls and demonstrate that under mild conditions this "n:-Ioaded" metal 

center is susceptible to nucleophilic attack, a characteristic of reactive early 

transition metal imido complexes and analogous to the behavior of the vanadium 

system. Under more rigorous conditions, however, the expected intermolecular 

deprotonation occurs. 

Results. 
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In an attempt to synthesize tetrakis(phenylimido) complexes of Nb, 21 was 

reacted with four reagents. In the order of increasing basicities, they are MeLi, 

nSuLi, Me3SiCH2Li and tSuLi.97 Rather than giving the predicted deprotonation 

products, unusual metatheses occured. When initiated at -40·C and allowed to stir 

at room temp for 4 h in toluene, [Li(THF)212[Nb(NMes)s(NHMes)] (21) and one 

equivalent of nSuLi affords pale yellow crystals of 26. 1 H NMR spectroscopy shows 

3 equivalent (NMes) ligands, 4 equivalent THF ligands, and 4 proton reasonances 

corresponding an nSu group. White crystals of LNHMes are also isolated from this 

reaction (in ca. 50% yield). 1 H NMR of this white solid confirmed its identity. These 

data supports the formulation [Li(THF)2MNb(NMesb nSul (26) for the product 

(Scheme 6.1, A). In this reaction, nSuLi functions as a nucleophile rather than 

acting as a base. The reaction of 21 with MeLi, Me3SiCH2Li, and tSuLi under the 

same conditions shows comparable reactivity which is summarized in Equation 2. 

[(THF)2Lib[Nb(NMes)3R] compounds react with excess TMEDA (TMEDA= 
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tetramethylethylenediammine) to afford [(TMEDA)Li]2[Nb(NMes)3R] complexes. The 

stoichiometry of these compounds, one TMEDA per U, is the same as in 

[(TMEDA)Li][Re(=NtBu)~ where the lithium is coordinated to two (=NCMe3) 

ligands.93a This similarity along with the fact that 27 is soluble in pentane indicates 

that the solvent occupies only two Li+ coordination sites and strongly suggests the 

association of the U+ ions with the imido ligands. 

A rather imprecise structure of [U(THF)2]2[Nb(NMesb(nBu)] (26) was 

obtained by X-ray crystallography but the connectivity within the tris(imido) mOiety 

with its associated [U(THF)2t units is clear. The coordination environment of the 

Nb is shown in Figure 6.1. The niobium is tetrahedrally coordinated with three 

imido ligands and a disordered nBu group. Imido nitrogens N(2) and N(3) are 

coordinated by a lithium which results in Nb-N-Cipso angles of 149.2 (9)" at N(2) and 

155.1 (9)" at N(3) and implies a diminished 1t donation to the metal. The remaining 

lithium is coordinated to N(1) in a mode that is reminiscent of the first tantalum 

alkylidyne complex, [Li(dmp)][Ta(:=CCMe3)(CH2CMe3hl (dmp = N,N'

dimethylpiperazine)98 in a structure best described as a "carbyne" rather than 

"lithiocarbene". Similarly, the Nb-N(1) distance (1.89 (1) A) is more consistent with 

an imide rather than a "lithioamide" ligand. Although somewhat imprecise, the Li(1)

C( 1) distance of 2.98 (3) A precludes any significant interaction between these 

atoms and the angles about the U(1) are consistent with trigonal U+ coordination as 

in [Li(dmp)][Ta(:=CCMe3)(CH2CMe3)].98 Table 6.1 summarizes relevant bond 

lengths and bond angles while a complete structural report appears in Appendix: A. 
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Figure 6.1. Molecular structure of [Li(THF)2h[Nb(NMesb(nSu)] (26) (Mes = 2,4,6-

Me3C6H2)· 



Table 6.1. Selected Bond lengths and Bond Angles of 

[(THF)2L1]2[Nb(NMes)3neu] 

Bond Lengths (A) 

Nb-N(1 ) 1.89 (1) N(1 )-Li(1) 1.90 (3) 

Nb-N(2) 1.87 (1) N(2)-Li(2) 2.08 (3) 

Nb-N(3) 1.82 (2) N(3)-Li(2) 2.08 (3) 

• 
Nb-C(1 ) 2.26 (2) Nb-Li(1 ) 3.01 (3) 

• 
Li(1)-C(1) 2.98 (3) 

Bond Angles (degrees) 

N(1 )-Nb-N(2) 117.9 (4) Nb-N(1 )-C(11) 152.7 (9) 

N(1 )-Nb-N(3) 102.6 (5) Nb-N(1 )-Li(1) 105 (1) 

N(2)-Nb-N(3) 101.9 (5) Nb-N(2)-C(21 ) 149.2 (9) 

N(2)-Nb-C(1 ) 104.0 (5) Nb-N(3)-C(31 ) 155.1 (9) 

indicates through space distances 
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To further probe this unexpected reactivity, the reaction of 21 and tSuLi was 

followed by 1H NMR in C6D6 at room temperature. After 1 h, all tSuLi was 

consumed and a considerable amount ('" 50 %) was converted to HCMe3. The 

other half was converted to the Nb alkyl. A small amount of white solid precipitated 

from solution, presumably LiNHmes. (The identity of this product has been 

confirmed in larger scale reactions.) These data are consistent with two competing 

reaction pathways, Scheme 6.2. A similar result is seen when tSuLi is replaced by 



Scheme 6.2 

~(THF)4Li2Nb(NrneS)3tBu 

t BuLi + LiNHMes 

~ITHF)'Li3NbINmes), 
+ HeMe 3 
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A 

B 

Potentially, the course of the reaction can be modified by conditions of the 

reaction. If the reaction is run in toluene at -40 ·C and allowed to warm to room 

temperature, A is favored. In an attempt to favor pathway B, the reaction of 21 and 

one equivalent tSuLi was performed in refluxing THF for 7 h. 1 H NMR of the pale 

microcrystalline solid produced from this reaction revealed only one set of (NMes) 

and one set of THF resonances. This data along with the precedence of 

deprotonation suggests the formulation [(THF)2Lih[Nb(NMes)~. Nonstoichiometric 

behavior of the THFs prompted their displacement with TMEDA. In an attempt to 

obtain a spectrum of the TMEDA species in deuterated pyridine, the sample 

immediately decomposed to a dark red material which gave broad, ill-defined 

resonances in the 1 H NMR spectrum. .A. preliminary X-ray structure supports the 

formation of the tetrakis(phenylimido) species. An ORTEP of 

[(THF)4Li3][Nb(NMes)J is shown in Figure 6.2. At this time no structural data are 

available. 
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Figure 6.2. ORTEP of [(THF)4Li3[Nb(NMes)4]' 34. 
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Discussion. 

The reaction of 21 with nBuLi at low temperature and the structural 

characterization of the product, 26, verifies many of the assumptions made on the 

bonding and structure of 21. The "7t-loading" of 21 forces the (-NHMes) ligand to 

accommodate considerably more electron density than is usually seen when an 

amido ligand is coordinated to an early transition metal thus making it a one 

electron donor. Surprisingly, the metal center in 21 obliges the nucleophilic attack 

by nBuLi. At this point, the destabilized -NHMes ligand has a path to stabilization. 

In a noncoordinating medium, toluene, -LiNHMes is displaced and 

precipitates,presumably due to oligomerization. Solid lithium amides are typically 

oligomers or polymers in which the electron rich -NHMes is stabilized by 

bridging.99 

An interesting feature of the structure of 26 is the coordination of lithium to 

the phenylimido nitrogens. Such coordination is consistent with "7t-loading" effects. 

Since the metal is symmetrically unable to use all of the electron density donated by 

the imides, some density is forced to reside on the ligand. This situation is 

stabilized by the coordination of Lewis acidic lithium. The importance of sterics in 

this Lewis acid stabilization is clear upon comparison of the two isoelectronic 

compounds, 26 and [(THF)4Li][W(=NAr}CI] (Ar= 2,6-diisopropylphenyl}88 where in 

the latter compound, the lithium is not coordinated to the imido ligands. The 

crystals of 26 for the crystallographic study were grown from THF/pentane; even 

with an excess of THF, the lithiums in 26 would rather bond to imido nitrogens than 
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bond exclusively to THF. 

Under mild conditions, the metal center of the [Nb(NR)sl- functional group 

shows considerable electrophilicity resulting in metathesis upon reaction with LiR 

(R= Me, nBu, Me3SiCH2, tBu). The generalization of this reaction suggests this 

reactivity is not simply a special case derived from steric or electronic manipulation 

of the reactants. Under more forcing conditions, 26 is deprotonated by Me3CLi to 

give the first tetrakis(phenylimido) complex of group 5. Thus under kinetic 

conditions, the [Nb(NMesbr fragment exhibits electrophilic behavior and under 

thermodynamic conditions, the (-NHMes) ligand reveals the acidity of its hydrogen. 

Conclusions. 

Two conclusions can be made from this study. 

1) Under thermodynamic conditions, tetrakis(phenylimido) complexes of Group 5 

can be synthesized. 

2) Under kinetic conditions, the [Nb(NMes)3r fragment shows the same properties 

(electrophilicity of the metal and nucleophilicity of the imide) as early transition metal 

imido complexes which contain a reactive M=NR site.16,17 

Preparations. 

[(THF)2L1]2Nb(NMeS)3("sU) (26). 2.00 g of 21 (2.16 mmol) was partially 
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dissolved in 20 mL of toluene and cooled to ca. -40·C. 1.5 mL of 1.6 M nBuLi (2.4 

mmol) in hexanes was added causing the yellow slurry to dissolve. After 4 hours of 

stirring, the reddish slurry filtered to yield 0.13 g of a cream precipitate and the 

filtrate was reduced to 3 mL. 2 mL of pentane was added to the filtrate which was 

then stored at -40°C for recrystallization overnight to yield 1.09 9 (1.28 mmol, 59 %) 

yellow needles. 1 H NMR (CsDs): 0 6.95 (s, 6 H, Haryl), 3.17 (m, 16 H, (X-THF), 

2.55 (s, 18 H, Mea), 2.30 {s, 9 H, Mep}' 1.11 (m, 16 H, ~-THF). 13C NMR (C6D6): 

o 158.6 (Ci), 128.7 (Cm), 128.8 (Co), 123.7(Cp)' 68.6 (Ca, THF), 37.2 and 31.5 

(CH2), 25.8 (C~, THF), 21.2 (Mea), 21.5 (Mep)' 

[(TMEDA)LI]2Nb(NMesh("Bu) (27). 0.55 9 26 was dissolved in 10 mL of 

Et20 and 0.5 mL of TMEDA was added and the reaction was stirred for one day 

after which the solvent was stripped and the resulting tan solid washed with pentane 

to yield 0.35 9 (68 %) of an off white solid product. Analytically pure compound can 

be obtained from Et20/pentaneat -40°C. 1 H NMR (C6D6): 0 6.90 (s, 6 H, Haryl), 

2.53 (s 18 H, Mep) 2.43 (m, 2 H, CH2), 2.29 (s, 9 H, Mea), 1.77 (broad s, 24 H, Me 

TMEDA), 1.65 (b, 4 H, CH2 TMEDA) 1.45 (m, 2 H, CH2) 1.21 (t, 3 H, -CH3). Note: 

One -CH2 resonance was not located and is most likely buried under the TMEDA 

resonances. 13C NMR (C6D6): 0 158.4 (Cipso)' 128.4 (Cm), 123.2 (Cp)' 126.3 (Co), 

57.0 (CH2, TMEDA), 45.5 (Me, TMEDA). 37.3 and 31.3 (-CH2), 21.7 (Mep), 21.2 

(Mea), "14.4 (-CH3). The carbon bound to the niobium was not found. 

[(THF}2LlhNb(NMesb(Me) (28). 2.00 9 of 21 (2.16 mmol) was partially 
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dissolved in 20 mL of toluene and cooled to ca. -40 ·C. 1.6 mL of 1.4 M MeLi (2.24 

mmol) in Et20 was added causing the yellow slurry to immediately dissolve. After a 

precptitate had formed and after 6 hours the reaction was filtered to Yield ca. 0.1 9 ( 

presumably LiNHMes) of a fine white solid and a yellow filtrate. The volume of the 

filtrate was reduced to 2 mL and 10 mL of pentane was added for recrystallization 

at -40°C over a period of 2 d which yielded 1.25 9 (1.54 mmol, 71%) of an off white 

solid as product. 1 H NMR (CsDs): 0 6.92 (s, 6 H, Haryl), 3.24 (m, 16H, Cex THF), 

2.56 (s, 18 H Meo)' 2.29 (s, 9 H, Mep)' 1.19 (m, 16 H, C~ THF), 0.60 (s, 3H, Me). 

13C NMR (CsDs): 158.2 (Cj), 128.3 (Cm), 125.6 (Cp)' 123.6 (Co), 68.2 (Cex THF), 

25.2 (C~ THF), 21.2 (Mep)' 20.7 (Meo)' 

[(THF}2L1hNb{NMeS)3(teU) {29}. 2.00 9 of 21 (2.16 mmol) was partially 

dissolved in 20 mL of toluene and cooled to ca. -40 ·C. 1.3 mL of 1.7 M Me3CLi 

(2.21 mmol) in hexanes was added causing the yellow slurry to immediately 

dissolve. After 30 minutes, a precipitate had formed and after 1 1/2 hours the 

reaction was filtered to yield ca. 0.16 9 of a fine white solid and a yellow filtrate. 

The volume of the filtrate was reduced to 3 mL and 5 mL of pentane was added for 

recrystallization at -40°C over a period of 2 d which yielded 1.44 9 (1.69 mmol, 78 

%) of an off light yellow solid as product. 1H NMR (CsDs): 06.90 (s, 6 H, Haryl), 

3.21 (m, 16H, Cex THF), 2.57 (S, 18 H Meo)' 2.29 (s, 9 H, Mep)' 2.09 (s, 9 H, tBu), 

1.13 (m, 16 H, C~ THF). 13C NMR (C6D6): 0158.4 (Cj), 128.6 (Cm), 123.6 (Cp)' 

128.8 (Co), 68.2 (Cex THF), 36.6 (MeC-), 25.2 (C~ THF), ,21.2 (Mep)' 21.0 (Meo)' 
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[(THF)2L1]2Nb(NMeSb[CH2SI(CH3)3] (30). 0.68 9 of 21 (0.73 mmol) was 

partially dissolved in 15 mL of toluene and cooled to ca. -40 ·C. 0.068 9 

Me3SiCH2Li (0.78 mmol) was added and after 30 minutes a precptitate had formed. 

After 5 hours the reaction was filtered to Yield ca. 0.07 9 of a fine white solid and a 

yellow filtrate. The volume of the filtrate was reduced to 2 mL and 5 mL pentane 

was added for recrystallization at -40°C over 2 d which yielded 0.32 9 (0.36 mmol, 

49 %) of an light yellow solid as product. 1H NMR (CeDe): 06.87 (s, 6 H, Haryl), 

3.02 (m, 16H, Ca THF), 2.47 (S, 18 H Mea), 2.19 (s, 9 H, Mep)' 1.06 (m, 16 H, C~ 

THF), 0.53 (s, 9H,-Me; Np'), 0.46 (b, 2H, -CH2; Np'). 13C NMR (CeDe): 0 157.7 (Cj), 

128.5 (Cm), 124.8 (Cp)' 127.6 (Co), 68.2 (Ca THF), 25.1 (C~ THF), 21.0 (Mea), 20.7 

(Mep), 4.6 (Me3SiCH2). The carbon bound to the niobium was not found. 

[(TMEDA)LlhNb(NMesb(Me) (31). 0.55 9 of 28 (0.68 mmol) was dissolved 

in 10 mL of Et20 and 0.5 mL of TMEDA was added and the reaction was stirred for 

one day after which the solvent was stripped and the resulting tan solid washed with 

pentane to yield 0.35 9 (0.46 mmol, 68 %) of an off white solid as product. 

Analytically pure compound can be obtained from Et20/pentane at -40°C. 1 H NMR 

(CeDe): 06.88 (s, 6 H, Haryl), , 2.51 (S, 18 H Mea), 2.28 (s, 9 H, Mep)' 1.68 (s, 24 

H, Me; TMEDA), 1.49(s, 8 H. CH2; TMEDA), 0.56 (s. 3H, Me). 13C NMR (CeDe): 0 

158.1 (Cj). 128.4 (Cm). 126.4 (Cp)' 123.4 (Co), 56.S (CH2; TMEDA), 45.2 (CH3; 

TMEDA). 21.1 (Mep)' 21.0 (Mea). The Me carbon could not be found. Anal. Calcd. 

for: Li2NbN7C40H68 C: 63.73, H: 9.09, N: 13.01, Found: C: 62.39, H: 9.14. N: 
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12.88. 

[(TMEDA}LlhNb(NMesh(teu) (32). 0.45 9 of 29 was dissolved in 10 mL of 

ET 20 and 0.5 mL of TMEDA was added and the reaction was stirred for one day 

after which the solvent was stripped and the resulting tan solid washed with pentane 

to yield 0.31 9 (74 %) of an off white solid as product. Analytically pure compound 

can be obtained by recrystallization from E~O/pentane at -40°C. 1H NMR (CsDe): 

6.89 (s, 6 H, Haryl)' ,2.50 (s, 18 H Meo)' 2.30 (s, 9 H, Mep)' 2.04 (s, 9 H, tau) 1.73 

(broad s, 24 H, Me, TMEDA), 1.67 (broad s, 4 H, -CH2, TMEDA). 13C NMR (CaDe): 

159.0 (Cj), 128.9 (Cm), 126.2 (Cp)' 123.2 (Co), 57.2 (CH2; TMEDA), 45.7 (CH3; 

tmeda),37.4 (tau), 21.5 (Meo), 21.0 (Mep)' The quaternary carbon could not be 

found. Anal. Calcd. for: Li2NbN7C43H74 C: 64.89, H: 9.37, N: 12.32. Found: C: 

64.28, H: 9.49, N: 12.00. 

[(TMEDA)LlhNb(NMes)3[CH2SI(CH3h1 (33). 0.60 9 of 30 ( 0.68 mmol) was 

dissolved in 10 mL of Et20 and 0.5 mL of TMEDA was added and the reaction was 

stirred for one day after which the solvent was stripped and the resulting tan solid 

washed with pentane to yield 0.36 9 (0.44 mmol, 64 %) of an off white solid as 

product. Analytically pure compound can be obtained by recrystallization from 

Et220/pentane at -40°C. 1 H NMR (CeDs): 06.89 (s, 6 H, Haryl)' 2.59 (s, 18 H 

Meo), 2.28 (s, 9 H, Mep). 1.72 (s, 24 H, Me; TMEDA), 1.64 (s, 8 H, CH2; TMEDA), 

0.48 (s, 9H, Me; Np'), 0.42 (b, 2 H, CH2; Np'). 13C NMR (CeDe): 158.4 (C), 129.2 
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(Cm), 126.7 (Co), 123.5 (Cp)' 57.0 (CH2; TMEDA), 45.6 (Me; TMEDA), 21.3 (Mep)' 

21.0 (Mea), 4.5 (Me; Np'). The CH2SiMe3 resonance could not be found. Anal. 

Calcd. for: Li2NbN7C43H76Si C, 62.53; H, 9.27; N, 11.87. Found: C, 61.22; H, 

9.35; N, 11.56. 

[(THF)4LI3]Nb(NMes)4 (34). A glass ampule (teflon stopcock) was charged 

with 1.50 g of 21 (1.61 mmol), 15 mL of THF, 0.95 mL of 1.7 M tSuLi (1.6 mmol), 

and a small stir bar. This solution was heated in an oil bath at 65"C for 7 hours 

after which time the solvent was stripped in vacuo to yield a golden oil. The oil was 

dissolved in 20 mL of E~O, filtered, then stripped to yield 1.15 g (1.07 mmol, 66 %) 

of pale yellow product. The pure compound can be obtained by recrystallization 

form THF/pentane at -40°C. 1 H NMR (C6D6): B 6.90 (s, 8 H, Haryl), 3.27 (m, 16 H, 

Ha, THF), 2.54 (s, 24H, Mea), 2.28 (s, 12H, Mep)' 1.12 (m, 16 H, H~, THF). 13C 

NMR (C6D66): 159.1 (Cj), 128.8 (Cm), 127.1 (Co), 122.8 (Cp)' 68.1 (Ca, THF), 25.2 

(C~, THF), 21.2 (Mea), 21.0 (Mep)' 

[(TMEDA)L1bNb(NMes)4 (35). 0.36 g of 34 (0.33 mmol) was dissolved in 

10 mL of toluene and 0.5 mL of TMEDA was added and the reaction was stirred for 

one day after which time 0.21 g (0.21 mmol, 64 %) of a cream precipitate was 

collected as product. Any attempt to obtain NMR data on the compound resulted in 

broad featureless resonances in deuterated pyridine. 
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Chapter 7 

Final Comments and Future Directions 

The research in this dissertation represents several diverse areas. These 

include synthetic and mechanistic studies on metallacyclopentadienes, synthesis 

and characterization of complexes containing aromatic heterocycles with dO and d2 

tantalum centers, and the synthesis and characterization of multiple imido 

complexes of niobium and tantalum. Though seemingly disparate, these topics 

have a common theme- early transition metal compounds supported by hard donor 

ligands. Throughout the previous chapters considerable precedence has been 

given that acknowledges the use of alkoxide and imido ligand sets with early metals 

allowing the isolation of interesting compounds which serve as models of 

intermediates in catalytic and stoichiometric reactions. The present work extends 

upon this theme. 

The use of a sterically tuned tantalum alkoxide system was crucial in 

engineering an unstable metallacyclopentadiene. This built-in instability allowed the 

first mechanistic study of the rearrangement of a metallacyclopentadiene containing 

an early transition metal. From this study, a more complete comparison of early 

and late metals was gained. In addition, a new route to regiospecific cyclotrimers of 

terminal acetylenes was discovered. Tuning of this system is worthy of further 

study. The formation of (DIPP)2CIT~(CH2CH2CH26H2) suggests another area of 

research, the oligomerization/polymerization of olefins. One particularly interesting 



study would be the comparison of the above Ta system with that of (115-

C5H5)CI2 T£(CH2CH2CH26H2)· 

From such a study, a comparison of these two, 14 electron complexes could be 

achieved. Any differences in their reactivity could be ascribed to ligand 

environments thus offering further comparison of cyclopentadienyl and alkoxide 

ligation. 
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The use of theoretical results along with the balancing of sterics allowed the 

syntheses of new dO and d2 tantalum alkoxides containing heterocyclic ligands. 

From this study, the generality of an unusual bonding mode was extended. In 

addition, its relevance in C-H bond activation and hydrodenitrification (HDN) was 

demonstrated. However, the -Ta(DIPPb system is not an especially relevant model 

for HDN. Since hydrotreating is performed on molybdenum or tungsten sulfide, a 

more pertinent system may include tungsten, molybdenum, and/or sulfide ligands. 

To provide more credibility for the (N,C)112 bonding mode of heterocycles in HDN, 

reactivity of these ligands with model systems such as -Ta(SArb (Ar= 2,6-

diisopropylphenoxide), M(NAr)(OAr)2 or M(NAr)(SAr)2 (M= Mo, W) must be done. 

Hydrogenation studies of heterocycle-M(NAr)(SAr)2 systems would be particularly 

relevant. 

Similarly, the application of theoretical studies and steric control allowed the 

isolation of the first tris and tetrakis(phenylimido) complexes of Group 5. These 

compounds extend the list of known M(NR)3 and M(NR)4 complexes and their 

syntheses represent a new route to complexes containing a reactive M=NR moiety. 
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Due to the anionic nature of these compounds, however, their utility is limited. A 

more practical system is now being developed in the Wigley group using tungsten. 

With base free W(NAr)3' a system electronically similar to (C5H5)2Zr(NR) would be 

produced. Such a system would be expected to engage in unusual reactivity and 

may function as an imido transfer reagent. 
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Appendix A 

X-Ray Crystallagraphy Data 

X-Ray Structural Determination of (DIPP)2CITa(CCMea=CHCH=CCMea) (1) 

A clear yellow rectangular blocK crystal of C3sHs4CITa02 having 

approximate dimensions of 0.40 x 0.50 x 0.20 mm was mounted in a glass capillary 

in a random orientation. Preliminary examination and data collection were 

performed with Mo Kex radiation (A= 0.71073 A) on a Syntex P21 diffractometer. 

Cell constants and an orientation matrix for data collection were obtained 

from least-squares refinement, using the setting angles of 25 reflections in the range 

20 < 29 < 30°. The triclinic cell parameters and calculated volume are: a= 

12.130(2), b= 18.541(3), c= 15.844(3) A, ex= 90.02(1), ~= 95.48(1), y= 90.01(1)°, V= 

3547.1A3. For Z= 4 and F.W.= 735.23 the calculated density is 1.38 g/cm3. As a 

check on crystal quality, omega scans of several intense reflections were measured; 

the width at half-height was 0.24° , indicating good crystal quality. From the 

systematic absences of: hOI, h+l= ; 2n+ 1 , 01<0, k=2n+ 1; and from subsequent 

least-squares refinement, the space group was determined to be P21/n (#14). 

The data were collected at a temperature of 23 ± 1 ° using the 9-29 scan 
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technique. The scan rate varied from 2 to 8°/min. The variable scan rate allows 

rapid data collection for intense reflections where a fast scan rate is used and 

assures good counting statistics for weak reflections where a slow scan rate is 

used. Data were collected to a maximum 28 of 50.0°. The scan range (in deg.) 

was determined as a function of 28 to correct for the separation of the Ka doublet. 

The scan width was calculated as follows: 

scan width = RNG1 + RNG2 + (28K~-28Ka1)*DISP 

The values of the parameters were RNG1 =1.0, RNG2=1.0, and DISP=1.0. The 

diameter of the incident beam collimator was 1.00 mm. The ratio of peak counting 

time to background counting time was 2.0 to 1. 

A total of 6835 reflections were collected, of which 6456 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. 

Lorentz and polarization corrections were applied to the data. The linear 

absorption coefficient is 31.6 cm-1 for Mo Ka radiation. No absorption correction was 

made. Intensities of equivalent reflections were averaged. The agreement factors 

for the averaging of the 245 observed and accepted reflections was 2.0% based on 

intensity and 1.5% based on Fo. 
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The structure was solved using the Patterson heavy-atom method which 

revealed the position of the Ta atom. The remaining atoms were located in 

succeeding difference Fourier syntheses. Hydrogen atoms were included in the 

refinement but restrained to ride on the atom to which they are bonded. All 

calculations were performed on a VAX computer using SDPNAX. 



Table A.1 

Table of Eltperlmental Details 

A. Crystal Data 

C36H54CITa02 

F.W. 735.23 F(OOO) = 1504 

crystal dimensions: 0.40x 0.50x 0.20 mm 

peal< width at half-height = 0.24° 

Mo Ka radiation (A.= 0.71073 A) 
temperature = 23 ± 1 ° 

triclinic space group P21/n 

a = 12.130 (2) A b = 18.541 (3) A c = 15.844 (3) A 
a = 90.02 (1)° ~ = 95.48 (1)° 'Y = 90.01 (1)° 

°3 V = 3547.1 A 

Z = 4 P = 1.38 g/cm3 

J.l = 31.6 cm-1 

B. Intensity Measurements 

Instrument: Syntex-Nicolet P21 diffractometer 

Monochromator: Graphite crystal, incident beam 

Scan type: 8-28 

Scan rate: 2 - 8°/min 

Scan width, deg: 2.0 + (28K~-28Ka1) 

Maximum 28: 50.0° 

No. of refl. measured: 6835 total, 6456 unique 

Corrections: 

Lorentz-polarization 

Reflection averaging (agreement on I = 2.0%) 
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Table A.1 (cont'd) 

C. Structure Solution and Refinement 

Solution: Patterson method 

Refinement:Full-matrix least-squares 

Minimization function: Lw(IFol-IFcI)2 

Least-squares weights: 4F02/L2(F02) 

Anomalous dispersion: All non-hydrogen atoms 

Reflections included: 4181 with F02>3.00(F02) 

Parameters refined: 361 

Unweighted agreement factor: 0.029 

Weighted agreement factor: 0.033 

Esd of obs. of unit weight: 1.60 

Convergence, largest shift: 0.000 

High peak in final ditto map: 0.58 (10) e-1/A3 

Low peak in final ditto map: -0.46 (0) e-1/A3 

Computer hardware: VAX 

Computer software: SDPIVAX (Enraf-Nonius) 
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Table A.2 

Table of positional Parameters and Their Estimated Standard Deviations 

h!.Q.m -1L ...:L _z_ ~.l0. 
Ta 0.36844(2) 0.37860 (1) 0.64922(1) 2.387(3) 
Cl 0.2794(2) 0.48084(9) 0.5776(1) 4.53(4) 
01 0.2776(3) 0.4019(2) 0.7358(2) 3.07(8) 
02 0.4151(3) 0.2911(2) 0.7022(2) 2.74(8) 
Cl 0.2966(6) 0.2818(3) 0.4676(4) 3.8(1) 
CIa 0.2592(7) 0.2178(4) 0.5183(5) 5.5(2) 
Clb 0.1917(6) 0.3243(4) 0.4285(5) 5.2(2) 
Clc 0.3596(6) 0.2543(4) 0.3947(4) 5.5(2) 
C2 0.3651(5) 0.3319(3) 0.5266(3) 2.8(1) 
C3 0.4663(5) 0.3564(3) 0.5141(4) 3.1(1) 
C4 0.5404(5) 0.4031(3) 0.5722(4) 3.8(1) 
C5 0.5252(5) 0.4251(3) 0.6506(4) 3.2(1) 
C6 0.6030(5) 0.4695(4) 0.7080 (4) 4.1(1) 
C6a 0.7165(6) 0.4758(6) 0.6759(6) 7.9(3) 
C6b 0.6151(8) 0.4356(5) 0.7958(5) 8.0(3) 
C6c 0.5523(8) 0.5444(4) 0.7152(7) 8.2(3) 
C11 0.1823(5) 0.4135(3) 0.7723 (3) 2.8(1) 
C12c -0.0061(7) 0.3777(5) 0.5905(5) 6.7(2) 
C12 0.0826 (5) 0.3819(3) 0.7402(4) 3.7(1) 
C12a 0.0691(6) 0.3393(4) 0.6582(4) 4.5(2) 
C12b 0.0313(7) 0.2620(4) 0.6725(6) 7.1(2) 
C13 -0.0104(5) 0.3938(3) 0.7829(4) 4.2 (1) 
C14 -0.0060(5) 0.4346(4) 0.8553(4) 4.4(1) 
CIS 0.0923(6) 0.4666(4) 0.8866(4) 4.3(1) 
C16a 0.2959(6) 0.4945(4) 0.8763(4) 4.2(1) 
C16b 0.2982(7) 0.5686(4) 0.8328(5) 5.6(2) 
C16 0.1894(5) 0.4574(3) 0.8461(4) 3.2(1) 
C16c 0.3153(7) 0.5034(4) 0.9724 (5) 6.3(2) 
C21 0.4380(5) 0.2238(3) 0.7359(3) 2.7(1) 
C22a 0.5822(5) 0.2077(3) 0.6296(4) 3.7(1) 
C22 0.5178(5) 0.1809(3) 0.7012(4) 3.0(1) 
C22b 0.5955(8) 0.1490 (5) 0.5649(5) 7.1 (2) 
C22c 0.6928(7) 0.2359(5) 0.6638(6) 7.7 (2) 
C23 0.5369(5) 0.1122 (3) 0.7363(4) 3.9(1) 
C24 0.4824(6) 0.0874(4) 0.8025(4) 4.4(2) 
C25 0.4065(5) 0.1314(3) 0.8362(4) 3.6(1) 
C26 0.3822(5) 0.2006(3) 0.8045(4) 3.1(1) 
C26c 0.2096(6) 0.2095(4) 0.8849(5) 6.3(2) 
C26b 0.3645(7) 0.2971(4) 0.9090(5) 5.4(2) 
C26a 0.3015(5) 0.2491 (3) 0.8442(4) 3.8(1) 

Anisotropically refined atoms are given in the form of the 
isotropic !quivalent displacement f.arameter defined as: 
(4/3) * [a *B(l,l) + b *B(2,2) + c *B(3,3) + ab(cos Y)*B(l,2) 
+ ac(cos ~)*B(l,3) + bc(cos n)*B(2,3)] 
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Table A.3 

Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ta 01 1. 890 (3) C12a C12b 1.527(8) 

Ta 02 1. 890 (3) C13 C14 1.369(8) 

Ta C2 2.123(4) C14 C15 1.382(8) 

Ta C5 2.085(5) C15 C16 1.404(7) 

02 C21 1.374(5) C16a C16b 1.539(8) 

C1 C1a 1.526(7) C16a C16 1.501(8) 

C1 C1c 1. 532 (7) C16a C16c 1.527(8) 

C1 C2 1.510(7) C21 C22 1.405(6) 

C2 C3 1.340(6) C21 C26 1.401(6) 

C3 C4 1.500(7) C22a C22 1. 521 (7) 

C4 C5 1.336(7) C22a C22b 1.513(8) 

C5 C6 1.495(7) C22a C22c 1.492(8) 

C6 C6a 1.517(8) C22 C23 1.399(7) 

C6 C6b 1.521(9) C23 C24 1.372(7) 

C6 C6c 1.526(9) C24 C25 1.376(7) 

Cll C12 1.395(7) C25 C26 1.399(7) 

Cll C16 1. 421 (7) C26 C26a 1.511(7) 

C12c C12a 1.517(8) C26c C26a 1.527(7) 

C12 C12a 1.516(7) C26b C26a 1.510(8) 

C12 C13 1.389(7) 

Numbers in parentheses are estimated 
the least significant digits. 

standard deviations in 
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Table A.4 

Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

01 Ta 02 92.5(1) C12c C12a C12b 112.0(6) 
01 Ta C2 142.7(2) C12 C12a C12b 111. 9 (5) 
01 Ta C5 119.5(2) C12 C13 C14 121.8(6) 
02 Ta C2 92.0(2) C13 C14 C15 120.1(5) 
02 Ta C5 96.7(2) C14 C15 C16 121.1 (5) 
C2 Ta C5 96.6(2) C16b C16a C16 108.6(5) 
Ta 02 C21 173.2(3) C16b C16a C16c 110.0(5) 
C1a C1 C1c 109.4(5) C16 C16a C16c 114.4(5) 
C1a C1 C2 109.0(5) C11 C16 C15 117.3(5) 
C1c C1 C2 112.8(5) C11 C16 C16a 120.5(4) 
Ta C2 C1 141.1 (4) C15 C16 C16a 122.2(5) 
Ta C2 C3 93.4(3) 02 C21 C22 118.9(4) 
C1 C2 C3 125.0(4) 02 C21 C26 119.0 (4) 
C2 C3 C4 127.5(4) C22 C21 C26 122.1(4) 
C3 C4 C5 128.1(5) C22 C22a C22b 111. 5 (5) 
Ta C5 C4 94.1(4) C22 C22a C22c 110.6(5) 
Ta C5 C6 139.1(4) C22b C22a C22c 110.3(6) 
C4 C5 C6 126.7(5) C21 C22 C22a 121.9(4) 
C5 C6 C6a 112.3(5) C21 C22 C23 117.0(4) 
C5 C6 C6b 109.2(5) C22a C22 C23 121.1(4) 
C5 C6 C6c 108.1(5) C22 C23 C24 122.4(5) 
C6a C6 C6b 109.1(6) C23 C24 C25 119.2(5) 
C6a C6 C6c 109.9(6) C24 C25 C26 122.0(5) 
C6b C6 C6c 108.2(6) C21 C26 C25 117.4(5) 
C12 C11 C16 121.5(4) C21 C26 C26a 121.4(4) 
C11 C12 C12a 123.4(4) C25 C26 C26a 121.2 (4) 
C11 C12 C13 118.1(5) C26 C26a C26c 114.7(5) 
C12a C12 C13 118.3(5) C26 C26a C26b 109.1(5) 
C12c C12a C12 111. 7 (5) C26c C26a C26b 109.8(5) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table A.S 

Table of Least-Sq1lares Planes 
Plane 1 

C21 4.1989 4.1449 11. 6070 0.0114 +- 0.0055 
C22 5.2195 3.3493 11. 0597 -0.0089 +- 0.0058 
C23 5.3979 2.0765 11. 6129 0.0002 +- 0.0063 
C24 4.6365 1. 6159 12.6566 0.0063 +- 0.0070 
C25 3.6650 2.4316 13.1891 -0.0040 +- 0.0060 
C26 3.4180 3.7142 12.6878 -0.0049 +- 0.0058 

Chi Squared = 8.7 

Plane 2 
C11 7.8643 1. 6028 4.2952 -0.0076 +- 0.0054 
C12 6.7038 2.1873 3.7879 0.0008 +- 0.0062 
C13 5.5101 1. 9663 4.4625 0.0074 +- 0.0063 
C14 5.4542 1.2110 5.6033 -0.0084 +- 0.0066 
C15 6.5993 0.6164 6.0974 0.0014 +- 0.0065 
C16 7.8382 0.7886 5.4593 0.0064 +- 0.0056 

Chi Squared = 6.3 

Plane 3 
C2 3.6314 6.1512 8.3058 0.0101 +- 0.0056 
C3 4.8769 6.6040 8.1089 -0.0213 +- 0.0056 
C4 5.6885 7.4707 9.0250 0.0214 +- 0.0063 
C5 5.3846 7.8767 10.2610 -0.0103 +- 0.0057 

Chi Squared = 32.5 

Plane 4 
Ta 3.4857 7.0154 10.2393 0.0049 +- 0.0002 
C2 3.6314 6.1512 8.3058 0.0044 +- 0.0055 
C3 4.8769 6.6040 8.1089 -0.0180 +- 0.0056 
C4 5.6885 7.4707 9.0250 0.0247 +- 0.0063 
C5 5.3846 7.8767 10.2610 -0.0160 +- 0.0057 

Chi Squared = 523.6 

Plane 5 
Ta 3.4857 7.0154 10.2393 0.0029 +- 0.0002 
C4 5.6885 7.4707 9.0250 0.0036 +- 0.0063 
C5 5.3846 7.8767 10.2610 -0.0114 +- 0.0057 
C6 6.2421 8.7011 11.1671 0.0050 +- 0.0066 

Chi Squared = 170.2 

Plane 6 
Ta 3.4857 7.0154 10.2393 -0.0108 +- 0.0002 
C1 2.8894 5.2223 7.3746 -0.0185 +- 0.0062 
C2 3.6314 6.1512 8.3058 0.0423 +- 0.0055 
C3 4.8769 6.6040 8.1089 -0.0131 +- 0.0056 

Chi Squared = 2420.0 

Plane 7 
01 2.2528 7.4465 11.6052 0.0376 +- 0.0037 
Ta 3.4857 7.0154 10.2393 -0.0873 +- 0.0002 
C2 3.6314 6.1512 8.3058 0.0292 +- 0.0055 
C5 5.3846 7.8767 10.2610 0.0205 +- 0.0057 

Chi Squared =155524.8 
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'l'able A.5 

Table of Least-Squares Planes (cont'd) 

Plane 8 
01 2.2528 7.4465 11. 6052 0.0000 +- 0.0037 
C2 3.6314 6.1512 8.3058 0.0000 +- 0.0055 
C5 5.3846 7.8767 10.2610 0.0000 +- 0.0057 

Plane 9 
02 3.9718 5.3919 11.0757 0.1540 +- 0.0035 
Ta 3.4857 7.0154 10.2393 0.4164 +- 0.0002 
C5 5.3846 7.8767 10.2610 -0.7867 +- 0.0059 
Cl 8.0998 9.6228 6.6628 0.2163 +- 0.0017 

Chi Squared =******** 

Plane 10 
02 3.9718 5.3919 11.0757 0.6731 +- 0.0036 
Ta 3.4857 7.0154 10.2393 -0.8474 +- 0.0002 
C2 3.6314 6.1512 8.3058 0.0945 +- 0.0056 
Cl 8.0998 9.6228 6.6628 0.0799 +- 0.0017 

Chi Squared =******** 

Plane 11 
02 3.9718 5.3919 11.0757 -0.1110 +- 0.0036 
Ta 3.4857 7.0154 10.2393 0.3522 +- 0.0002 
01 2.2528 7.4465 11.6052 -0.1835 +- 0.0038 
Cl 8.0998 9.6228 6.6628 -0.0577 +- 0.0018 

Chi Squared =******** 

Plane 12 
02 3.9718 5.3919 11. 0757 0.0000 +- 0.0035 
Ta 3.4857 7.0154 10.2393 0.0000 +- 0.0002 
Cl 8.0998 9.6228 6.6628 0.0000 +- 0.0017 
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Table A.6 

Dihedral Angles Between Planes: 

Plane No. Plane No. Dihedral Angle 

1 2 38.47 +- 0.29 
1 3 78.66 +- 0.26 
1 4 78.68 +- 0.17 
1 5 79.52 +- 0.20 
1 6 76.60 +- 0.19 
1 7 79.24 +- 0.17 
1 8 79.42 +- 0.17 
1 9 15.36 +- 1. 76 
1 10 91. 79 +- 0.32 
1 11 12.20 +- 0.59 
1 12 22.33 +- 0.35 
2 3 112.78 +- 0.19 
2 4 112.65 +- 0.15 
2 5 113.68 +- 0.18 
2 6 110.69 +- 0.15 
2 7 111.47 +- 0.14 
2 8 111.55 +- 0.14 
2 9 32.69 +- 1.05 
2 10 53.33 +- 0.33 
2 11 40.02 +- 0.23 
2 12 23.97 +- 0.34 
3 4 0.49 +- **** 
3 5 0.91 +- **** 
3 6 2.10 +- 4.94 
3 7 5.53 +- 1. 75 
3 8 5.78 +- 1.67 
3 9 80.18 +- 0.65 
3 10 149.90 +- 0.51 
3 11 73.32 +- 0.25 
3 12 88.88 +- 0.22 
4 5 1.13 +- 7.59 
4 6 2.08 +- 3.85 
4 7 5.04 +- 1.42 
4 8 5.30 +- 1. 35 
4 9 80.08 +- 0.62 
4 10 149.44 +- 0.44 
4 11 73.25 +- 0.14 
4 12 88.74 +- 0.13 
5 6 3.00 +- 3.02 
5 7 5.78 +- 1. 49 
5 8 6.01 +- 1.43 
5 9 81. 09 +- 0.64 
5 10 150.39 +- 0.44 
5 11 74.22 +- 0.20 
5 12 89.78 +- 0.19 
6 7 5.69 +- 1.37 
6 8 5.98 +- 1. 30 
6 9 78.09 +- 0.62 
6 10 148.85 +- 0.48 
6 11 71. 22 +- O. 16 
6 12 86.80 +- 0.13 
7 8 0.29 +- 9.13 
7 9 79.27 +- 0.61 
7 10 144.71 +- 0.41 
7 11 72.84 +- 0.14 
7 12 87.50 +- 0.13 
8 9 79.38 +- 0.61 



Table A.6 

Dihedral Angles Between Planes (continued): 

Plane No. 
B 
8 
8 
9 
9 
9 
10 
10 
11 

Plane No. 
10 
11 
12 
10 
11 
12 

11 
12 
12 

Dihedral Angle 
144.52 +- 0.41 

72 . 98 +- O. 14 
87.59 +- 0.12 
83.45 +- 0.72 

8.00 +- 2.58 
9.75 +- 2.31 
91. 42 +- 0.34 
73.70 +- 0.34 
17.75 +- 0.25 
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X-Ray Structural Determination of [(N,C)1l2-MeCgHsN]Ta(DIPP)3(PMe3) 

This structure is a "problem" structure. There appear to be two disordered, 

partially occupied solvent molecules included in the crystal. The crystals were obtained 

from a mixture of heptane and toluene. Several attempts at modelling the solvent did 

not yield a satisfactory, chemically reasonable solvent models. Using two molecules 

of "solvent", 14 C atoms, disordered around inversion centers the R-values were 

reduced to R1 =.038, R2=.045. At this pOint the atoms of the "solvent" made NO 

CHEMICAL SENSE. A comparison of the bonding in the molecule of interest shows 

NO DIFFERENCES between the structures with and without solvent. A table 

comparing the bond distances is appended to the end of this report. Since the extra 

atoms do not affect the final geometriC results, this report is for the model without 

solvent. The large R-values and large residual peaks in the final difference map are 

a result of not attempting to model the solvent regions. 

A yellow rectangular block crystal of TaP03NC49Hs9 having approximate 

dimensions of 0.35 x 0.17 x 0.17 mm was mounted in a glass capillary in a random 

orientation. Preliminary examination and data collection were performed with MoKa 

radiation (A. = 0.70930 A) on an Enraf-Nonius CAD4 computer controlled kappa axis 

diffractometer equipped with a graphite crystal, incident beam monochromator. 

Cell constants and an orientation matrix for data collection were obtained from 

least-squares refinement, using the setting angles of 25 reflections in the range 

2 < S < 12°. The monoclinic cell parameters and calculated volume are: a= 32.849(3), 

b= 19.579(2), c= 23.822(2) A, ~= 135.69(49)°, V= 10702(2)A3. For Z= 8 and F.W.= 

932.02 the calculated density is 1.16 g/cm3. From the systematic absences of: hOi, 

1=2n+ 1 and OkO, 1<=2n+ 1; and from subsequent least-squares refinement, the space 

group was determined to be C21/c (#15). 

The data were collected at a temperature of 20±1 ° using the oo-S scan technique. 

The scan rate varied from 1 to 7°/min (in omega). The variable scan rate allows rapid 

data collection for intense reflections where a fast scan rate is used and assures good 

counting statistics for weak reflections where a slow scan rate is used. Data were 

collected to a maximum 28 of 50.0°. The scan range (in deg.) was determined as a 

function of S to correct for the separation of the Ka doublet (ref 1); the scan width was 

calculated as follows: S scan width = 0.6 + 0.140 tan S. Moving-crystal moving-counter 
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background counts were made by scanning an additional 25% above and below this 

range. Thus the ratio of peak counting time to background counting time was 2:1. The 

counter aperture was also adjusted as a function of 9. The horizontal aperture width 

ranged from 2.4 to 2.5 mm; the vertical aperture was set at 4.0 mm. The diameter of 

the incident beam collimator was 0.76 mm. For intense reflections an attenuator was 

automatically inserted in front of the detector; the attenuator factor was 13.6. 

A total of 10919 reflections were collected, of which 9393 were unique and not 

systematically absent. As a check on crystal and electronic stability 2 representative 

reflections were measured after every hour. Data was collected in two shells (9=0-20° 

and 9=20-25°). An anisotropic decay correction was applied based on the check 

reflections to correct for differences between the two data sets. The correction factors 

on I ranged from 0.995 to 1.437 with an average value of 1.159. 

Lorentz and polarization corrections were applied to the data. The linear 

absorption coefficient is 20.9 cm-1 for Mo Ka radiation. An empirical absorption 

correction based on a series of psi-scans was applied to the data. Relative 

transmission coefficients ranged from 0.924 to 0.999 with an average value of 0.948. 

Intensities of equivalent reflections were averaged. 3 reflections were rejected from 

the averaging process because their intensities differed Significantly from the average. 

The agreement factors for the averaging of the 1327 observed and accepted 

reflections was 1.7% based on intensity and 1.3% based on Fo. 

The structure was solved using the Patterson heavy-atom method which revealed 

the position of the Ta atom. The remaining atoms were located in succeeding 

difference Fourier syntheses. Hydrogen atoms were included in the refinement but 

constrained to ride on the atom to which they are bonded. Most hydrogens were 

located from difference peaks and idealized. At least one hydrogen from each methyl 

g roup was located in a difference map to fix the rotation of the group. H 10 on C 10 was 

not idealized, it was placed at its location from a difference map and then fixed to be 

riding on Ci0. 

All calculations were performed on a VAX computer using SDPIVAX. 



Table A.7 

Table of Experimental Details 

A. Crystal Data 

TaP03NC49H69 

F.W. 932.02 F(OOO) = 3856 

crystal dimensions: 0.35x 0.17x 0.17 mm 

peak width at half-height = 0.25° 

Mo Ka radiation (A.= 0.70930 A) 
temperature = 23 ± 1 ° 

monoclinic space group C21/c 

a = 32.849 (3) A b = 19.579 (2) A . c = 23.822 (2) A 
~ = 135.69 (49)° 

Instrument: 

Monochromator: 

Scan type: 

Scan rate: 

Scan width, deg: 

Maximum 28: 

V = 10702(2) A3 

Z = 8 P = 1.16 g/cm3 

Il = 20.9 cm-1 

B. Intensity Measurements 

Enraf-Nonius CAD4 diffractometer 

Graphite crystal, incident beam 

w-8 

1 - 7°/min 

8 scan width = 0.6 + 0.140 tan 8 

50.0° 

No. of refl. measured: 10919 total, 9393 unique 

Corrections: 

Lorentz-polarization 

Linear decay (from 0.995 to 1.437 on I) 

Reflection averaging (agreement on I = 1.7%) 

Empirical absorption (from 0.92 to 1.00 on I) 
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Table A.7 

Table of Experimental Details (cont'd) 

C. Structure Solution and Refinement 

Solution: Patterson method 

Refinement: Full-matrix least-squares 

Minimization function: ~w(IFol-IFcI)2 
Least-squares weights: 4F02/L2(F02) 

Anomalous dispersion: 

Reflections included: 

Parameters refined: 

All non-hydrogen atoms 

5289 with F02>3.00(F02) 

496 

Unweighted agreement factor: 0.054 

Weighted agreement factor: 0.087 

Esd of obs. of unit weight: 2.88 

Convergence, largest shift: 0.450 

High peak in final ditt. map: 

Low peak in final diff. map: 

Computer hardware: VAX 

1.57 (17) e-1/A3 

-0.81 (17) e-1/A3 

Computer software: SDPIVAX (Enraf-Nonius) 
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Table A.S 

Table of Positional Parameters and Their Estimated Standard 
Deviations 

Atom x 
0.01272(3) 

z ~ ~ o . '29'87 3 (2) o .if'IT10 (2) .7 (1) 
p 0.3532(1) 0.1031(2) 0.6214(2) 4.70(9) 
C1 0.3183(4) 0.0764(9) 0.6515(6) 6.6(4) 
C2 0.4211(5) 0.0576(8) 0.6942(6) 6.7(5) 
C3 0.3689(5) 0.1955(8) 0.6481(7) 6.8(5) 
N 0.2315(3) 0.1295(5) 0.3846(4) 4.6(3) 
C10 0.2610(4) 0.1740(7) 0.4522(6) 5.3(4) 
C11 0.2825(4) 0.2359(7) 0.4499(6) 5.8(4) 
C12 0.2590(4) 0.2558(7) 0.3796(7) 7.2(4) 
C13 0.2106(4) 0.2209(8) 0.3023(6) 6.2(4) 
C14 0.1740(4) 0.2487(8) 0.2199(6) 7.2(4) 
C15 0.1346(5) 0.2119(9) 0.1562(7) 7.3(5) 
C16 0.1058(6) 0.249(1) 0.0796(7) 12.0 (7) 
C17 0.1273(5) 0.1457(9) 0.1691(8) 7.7(6) 
C18 0.1567(5) 0.1188(9) 0.2420(6) 6.1(5) 
C19 0.1974(4) 0.1544(7) 0.3064(6) 5.0(4) 
020 0.3741(3) 0.0999(5) 0.5206(4) 5.0(2) 
030 0.2887(3) 0.0174(5) 0.3942(4) 4.9(2) 
040 0.2645(3) 0.0067(5) 0.4852(3) 4.6(2) 
C21 0.4305(4) 0.0937(7) 0.5527(5) 4.6(3) 
C22 0.4597(4) 0.1552(8) 0.5667(6) 5.6(4) 
C22A 0.4327(5) 0.2236(8) 0.5517(7) 7.0(5) 
C22B 0.4761(6) 0.2656(9) 0.6289(8) 9.9 (7) 
C22C 0.4133(6) 0.2571(9) 0.4782(8) 11.7(7) 
C23 0.5139(4) 0.1488(9) 0.5932(6) 6.5(4) 
C24 0.5370(4) 0.0849(9) 0.6062(6) 6.6(4) 
C25 0.5082(4) 0.0253(8) 0.5940(6) 5.8(4) 
C26 0.4548(4) 0.0290(7) 0.5684(5) 4.5(3) 
C26A 0.4257(4) -0.0361 (7) 0.5603(6) 4.8(3) 
C26B 0.4046(5) -0.0802(8) 0.4912(7) 7.2(5) 
C26C 0.4693(5) -0.0756(8) 0.6398(7) 6.4(5) 
C31 0.2629(4) -0.0028(8) 0.3176(6) 5.4(4) 
C32 0.2731(4) 0.0351(8) 0.2793(6) 5.9(4) 
C32A 0.3130(4) 0.0967(9) 0.3203(6) 7.6(4) 
C32B 0.3749(5) 0.078(1) 0.3592(7) 8.7(5) 
C32C 0.2926(5) 0.1589(9) 0.2672(7) 9.7(5) 
C33 0.2485(6) 0.015(1) 0.2056(7) 8.4(5) 
C34 0.2156(6) -0.039(1) 0.1717(8) 10.1(7) 
C35 0.2072(6) -0.076(1) 0.2105(8) 9.5(6) 
C36 0.2299(5) -0.0615(8) 0.2833(7) 6.3(5) 
C36A 0.2213(6) -0.1059(9) 0.3260(8) 7.9(6) 
C36B 0.1619(6) -0.098(1) 0.290 (1) 12.1(8) 
C36C 0.2353(8) -0.1'79 (1) 0.333(1) 16(1) 
C41 0.2347(4) -0.0379(7) 0.4906(5) 4.7(3) 
C42 0.1760(4) -0.0223(8) 0.4463(6) 5.2 (4) 
C42A 0.1463(5) 0.0417(9) 0.3948(7) 6.5(5) 
C42B 0.0878(6) 0.029(1) 0.3227(8) 10.8(7) 
C42C 0.1461(6) 0.0992(9) 0.4331(8) 8.9(7) 
C43 0.1475(5) -0.0659(8) 0.4543(7) 7.4 (5) 
C44 0.1769(5) -0.124(1) 0.5018(8) 9.0(5) 
C45 0.2318(5) -0.1403(8) 0.5423(7) 6.9(5) 
C46 0.2621 (4) -0.0963(7) 0.5375(6) 5.2 (4) 
C46A 0.3227 (5) -0.1132 (9) 0.5809(6) 5.9(4) 
C46B 0.3607(6) -0.112 (1) 0.6693(8) 9.3(6) 
C46C 0.3181(5) -0.1846(9) 0.5407(8) 9.7 (6) 



Anisotropically refined atoms are given in the form of the 
isotropic ~~ivalent dt1clacement ~arameter defined as: 
(4/3) * [a *~ (1, 1) + b * (2,2) + c *6 (3, 3) + ab (cos y) *~ (1,2) 
+ ac(cos ~)*~(1/3) + bc cos a)*~(2/3)] 
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Table A.9 

Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ta P 2.685(2) C23 C24 1. 38 (1) 

Ta N 1.961(7) C24 C25 1. 40 (1) 

Ta C10 2.208(9) C25 C26 1. 39 (1) 

Ta 020 1.904(6) C26 C26A 1. 52 (1) 

Ta 030 1.943(6) C26A C26B 1. 52 (1) 

Ta 040 1.894(5) C26A C26C 1.53(1) 

p C1 1.812(9) C31 C32 1. 39 (1) 

p C2 1.80(1) C31 C36 1.38 (1) 

p C3 1.86(1) C32 C32A 1.52(2) 

N C10 1.44(1) C32 C33 1. 36 (1) 

N C19 1.41(1) C32A C32B 1. 56 (1) 

C10 Cll 1.42(1) C32A C32C 1.52 (1) 

Cll C12 1.30(1) C33 C34 1.29(2) 

C12 C13 1.48(2) C34 C35 1.36(2) 

C13 C14 1.49(2) C35 C36 1.34(2) 

C13 C19 1.40(1) C36 C36A 1.51(2) 

C14 C15 1. 30 (2) C36A C36B 1. 48 (2) 

C15 C16 1.51(1) C36A C36C 1. 48 (2) 

C15 C17 1. 39 (2) C41 C42 1.42(1) 

C17 C18 1.35(1) C41 C46 1. 39 (1) 

C18 C19 1.30(1) C42 C42A 1. 52 (1) 

020 C21 1. 42 (1) C42 C43 1. 38 (1) 

030 C31 1.41(1) C42A C42B 1. 41 (2) 

040 C41 1.387 (9) C42A C42C 1.45(1) 

C21 C22 1.42(1) C43 C44 1.39(2) 

C21 C26 1.40(1) C44 C45 1. 34 (2) 

C22 C22A 1.50(1) C45 C46 1.38(1) 

C22 C23 1.40(1) C46 C46A 1.48(1) 

C22A C22B 1.53(2) C46A C46B 1.50(1) 
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C22A C22C 1.52(2) C46A C46C 1. 64 (1) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table A.l0 

Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

p Ta N 116.8(2) C22A C22 C23 122(1) 

p Ta C10 79.3(3) C22 C22A C22B 108(1) 

p Ta 020 77.3(2) C22 C22A C22C 110 (1) 

p Ta 030 151.9(2) C22B C22A C22C 115. (1) 

p Ta 040 80.1(2) C22 C23 C24 120(1) 

N Ta C10 39.7(3) C23 C24 C25 121.8(9) 

N Ta 020 118.7(3) C24 C25 C26 120.3(9) 

N Ta 030 91. 3 (3) C21 C26 C25 117.6(9) 

N Ta 040 102.0(3) C21 C26 C26A 122.8(8) 

C10 Ta 020 99.6(3) C25 C26 C26A 119.5(8) 

C10 Ta 030 128.2 (3) C26 C26A C26B 112.0(8) 

C10 Ta 040 109.3(3) C26 C26A C26C 108.7(8) 

020 Ta 030 90.5(2) C26B C26A C26C 110.6(7) 

020 Ta 040 139.0(3) 030 C31 C32 120(1) 

030 Ta 040 93.7(2) 030 C31 C36 119.3(9) 

Ta P C1 117.2(3) C32 C31 C36 121 (1) 

Ta P C2 111.1(3) C31 C32 C32A 120 (1) 

Ta P C3 115.3(3) C31 C32 C33 119. (1) 

C1 p C2 100.1(5) C32A C32 C33 120. (1) 

C1 p C3 104.1(5) C32 C32A C32B 110.8(9) 

C2 p C3 107.6(5) C32 C32A C32C 116. (1) 

Ta N C10 79.4(5) C32B C32A C32C 107.1(9) 

Ta N C19 145.0(6) C32 C33 C34 120. (1) 

C10 N C19 122.3(7) C33 C34 C35 120. (1) 

Ta C10 N 60.8(4) C34 C35 C36 124. (1) 

Ta C10 C11 123.4(6) C31 C36 C35 115. (1) 

N C10 C11 115.4(8) C31 C36 C36A 122 (1) 

C10 C11 C12 117. (1) C35 C36 C36A 123. (1) 

Cll C12 C13 126. (1) C36 C36A C36B 111. (1) 
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Table A.1O 

Table of Bond Angles in Degrees (cont'd) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C12 C13 C14 127. (1) C36 C36A C36C 117.(1) 

C12 C13 C19 117. (1) C36B C36A C36C 110. (1) 

C14 C13 C19 116. (1) 040 C41 C42 118.0(8) 

C13 C14 C15 122. (1) 040 C41 C46 119.9(8) 

C14 C15 C16 113. (1) C42 C41 C46 122.1(9) 

C14 C15 C17 116. (1) C41 C42 C42A 121.7(8) 

C16 C15 C17 131. (1) C41 C42 C43 117.3(9) 

C15 C17 C18 125. (1) C42A C42 C43 120.9(9) 

C17 C18 C19 120. (1) C42 C42A C42B 112. (1) 

N C19 C13 115 (1) C42 C42A C42C 115. (1) 

N C19 C18 123.3 (9) C42B C42A C42C 107. (1) 

C13 C19 C18 122. (1) C42 C43 C44 118. (1) 

Ta 020 C21 158.3(5) C43 C44 C45 125. (1) 

Ta 030 C31 156.2(5) C44 C45 C46 118. (1) 

Ta 040 C41 174.5(6) C41 C46 C45 119.2(9) 

020 C21 C22 117.2(8) C41 C46 C46A 121. 3 (8) 

020 C21 C26 119.8(8) C45 C46 C46A 119.5(9) 

C22 C21 C26 123.1(8) C46 C46A C46B 109.2(9) 

C21 C22 C22A 121.0(9) C46 C46A C46C 105.4(9) 

C21 C22 C23 117.1(9) C46B C46A C46C 118(1) 

Numbers in parentheses are estimated 
the least significant digits. 

standard deviations in 
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Table A.ll 

Table of Least-Squares Planes 

Plane 1 
p 1.0099 2.0179 10.3405 0.0343 +- 0.0039 
020 3.4135 1. 9568 8.6634 -0.0376 +- 0.0087 
030 2.7634 0.3398 6.5600 0.0385 +- 0.0084 
040 0.4178 0.1316 8.0741 -0.0352 +- 0.0082 

Chi Squared = 136.5 

----- Other Atoms 
Ta 1. 7821 1. 4238 7.8389 0.5796 +- 0.0005 

Plane 2 
Ta 1.7821 1. 4238 7.8389 0.0000 +- 0.0006 
N 1.0480 2.5348 6.3998 0.0000 +- 0.0121 
C10 0.8637 3.4066 7.5250 0.0000 +- 0.0168 

Plane 3 
N 1.0480 2.5348 6.3998 -0.1308 +- 0.0122 
CI0 0.8637 3.4066 7.5250 0.2760 +- 0.0170 
Cll 1. 6100 4.6189 7.4859 0.0184 +- 0.0163 
C12 2.0365 5.0080 6.3164 -0.1589 +- 0.0173 
C13 1.7643 4.3256 5.0295 -0.0617 +- 0.0165 
C14 1. 9671 4.8703 3.6583 0.0389 +- 0.0173 
C15 1.7601 4.1489 2.5989 0.0456 +- 0.0196 
C16 2.1184 4.8713 1. 3241 0.0585 +- 0.0228 
C17 1.2978 2.8522 2.8144 -0.0035 +- 0.0207 
C18 1. 0219 2.3257 4.0269 -0.0185 +- 0.0188 
C19 1.2601 3.0231 5.0987 -0.0640 +- 0.0166 

Chi Squared = 510.8 

Plane 4 
Cll 1.6100 4.6189 7.4859 0.1002 +- 0.0164 
C12 2.0365 5.0080 6.3164 -0.1062 +- 0.0174 
C13 1.7643 4.3256 5.0295 -0.0315 +- 0.0165 
C14 1.9671 4.8703 3.6583 0.0356 +- 0.0173 
C15 1.7601 4.1489 2.5989 0.0248 +- 0.0196 
C16 2.1184 4.8713 1. 3241 0.0047 +- 0.0228 
C17 1.2978 2.8522 2.8144 -0.0101 +- 0.0207 
C18 1. 0219 2.3257 4.0269 0.0050 +- 0.0189 
C19 1.2601 3.0231 5.0987 -0.0225 +- 0.0166 

Chi Squared = 86.5 

Other Atoms 
N 1.0480 2.5348 6.3998 -0.0577 +- 0.0122 
C10 0.8637 3.4066 7.5250 0.3687 +- 0.0170 

Plane 5 
C21 4.1208 1. 8353 9.1962 0.0211 +- 0.0097 
C22 5.4409 3.0390 9.4294 -0.0113 +- 0.0109 
C23 6.7674 2.9140 9.8711 -0.0031 +- 0.0109 
C24 7.3080 1. 6627 10.0863 0.0076 +- 0.0111 
C25 6.5658 0.4956 9.8845 0.0020 +- 0.0100 
C26 5.2483 0.5685 9.4584 -0.0164 +- 0.0098 

Chi Squared = 9.2 
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Plane 6 
C22A 4.8094 4.3785 9.1795 0.0000 +- 0.0193 
C22B 4.9176 5.2006 10.4642 0.0000 +- 0.0218 
C22C 5.4245 5.0332 7.9575 0.0000 +- 0.0234 

Plane 7 
C26A 4.4334 -0.7074 9.3231 0.0000 +- 0.0162 
C26B 4.9161 -1. 5699 8.1739 0.0000 +- 0.0204 
C26C 4.5090 -1.4802 10.6455 0.0000 +- 0.0192 

Plane 8 
C31 3.2229 -0.0549 5.2843 0.0156 +- 0.0149 
C32 4.2100 0.6873 4.6467 -0.0034 +- 0.0161 
C33 4.6579 0.2879 3.4216 -0.0121 +- 0.0195 
C34 4.1558 -0.7583 2.8569 0.0146 +- 0.0220 
C35 3.2162 -1.4962 3.5034 -0.0018 +- 0.0209 
C36 2.7224 -1.2038 4.7137 -0.0130 +- 0.0173 

Chi Squared = 2.5 

Plane 9 
C32A 4.8231 1.8933 5.3289 0.0000 +- 0.0131 
C32B 6.1910 1. 5270 5.9770 0.0000 +- 0.0150 

. C32C 5.0574 3.1118 4.4460 0.0000 +- 0.0144 

Plane 10 
C36A 1. 7130 -2.0731 5.4245 0.0000 +- 0.0145 
C36B 0.3673 -1. 9257 4.8327 0.0000 +- 0.0179 
C36C 2.0442 -3.5088 5.5486 0.0000 +- 0.0204 

Plane 11 
C41 -0.6555 -0.7426 8.1635 -0.0103 +- 0.0114 
C42 -1. 8253 -0.4364 7.4262 0.0183 +- 0.0122 
C43 -2.8992 -1. 2895 7.5601 -0.0127 +- 0.0143 
C44 -2.7444 -2.4219 8.3492 -0.0014 +- 0.0161 
C45 -1.6311 -2.7464 9.0237 0.0097 +- 0.0139 
C46 -0.5524 -1. 8858 8.9431 -0.0036 +- 0.0120 

Chi Squared = 4.4 

Plane 12 
C42A -1.9240 0.8169 6.5696 0.0000 +- 0.0173 
C42B -2.6177 0.5710 5.3698 0.0000 +- 0.0213 
C42C -2.5856 1. 9428 7.2067 0.0000 +- 0.0194 

Plane 13 
C46A 0.6991 -2.2158 9.6658 0.0000 +- 0.0181 
C46B 0.4377 -2.1900 11.1377 0.0000 +- 0.0222 
C46C 1. 2300 -3.6139 8.9979 0.0000 +- 0.0219 
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Table A.12 

Dihedral Angles Between Planes: 

Plane No. Plane No. Dihedral Angle Plane No. Plane No. Dihedral 
l'.ngIe 

1 2 87.09+-0.56 5 6 95.64+-0.75 
1 3 48.93+-0.38 5 7 98.72+-0.67 
1 4 50.02+-0.43 5 8 80.52+-0.47 
1 5 69.84+-0.25 5 9 35.08+-0.81 
1 6 39.80+-2.04 5 10 5.92+-4.66 
1 7 80.76+-1.12 5 11 29.27+-0.53 
1 8 24.06+-1.00 5 12 51. 05+-1.14 
1 9 98.09+-0.61 5 13 97.89+-1.13 
1 10 70.54+-1. 02 6 7 45.62+-1. 63 
1 11 96.60+-0.28 6 8 17.32+-3.78 
1 12 59.35+-1. 04 6 9 106.44+-1.45 
1 13 77.48+-1. 28 6 10 99.13+-1.18 
2 3 133.69+-0.38 6 11 110.98+-1.13 
2 4 134.41+-0.41 6 12 99.10+-1.63 
2 5 64.91+-0.78 6 13 42.41+-1.66 
2 6 125.98+-1. 23 7 8 57.13+-1.09 
2 7 162.39+-2.39 7 9 83.26+-1.31 
2 8 111.12+-0.57 7 10 104.58+-1.13 
2 9 85.91+-1.08 7 11 91. 88+-0.92 
2 10 59.00 +-1. 30 7 12 135.21+-2.11 
2 11 76.83+-0.70 7 13 3.31+-**** 
2 12 28.86+-2.56 8 9 98.17+-0.86 
2 13 160.30+-2.01 8 10 83.33+-0.99 
3 4 1.29+-**** 8 11 100.50+-0.49 
3 5 104.10+-0.30 8 12 83.03+-1.10 
3 6 9.65+-5.57 8 13 53.82+-1.23 
3 7 40.69+-1.02 9 10 38.56+-1. 45 
3 8 26.96+-0.82 9 11 9.12+-3.51 
3 9 110.70+-0.99 9 12 83.14+-1.10 
3 10 107.95+-0.97 9 13 84.25+-1.53 
3 11 116.41+-0.41 10 11 31. 70+-1. 43 
3 12 107.95+-1.23 10 12 45.96+-1.77 
3 13 37.74+- 0.97 10 13 103.70+-1.42 
4 5 105.36+-0.32 11 12 74.80+-0.95 
4 6 10.89+-4.95 11 13 92.69+-1.20 
4 7 40 . 49 +-1. 03 12 13 132.44+-2.13 
4 8 28.21+-0.83 4 9 111.54+-1.01 
4 10 109.23+-0.99 4 11 11 7 . 38 +- 0 . 44 
4 12 108.94+- 1. 25 4 13 37.58+-0.97 



Table A.13 
A Comparison of Selected Bond Lengths From Two Solutions of the 

Structure 

Atom 1 

Ta 
Ta 
Ta 
Ta 
Ta 
Ta 
p 
p 
P 
N 
N 
CI0 
Cll 
C12 
C13 
C13 
C14 
C15 
C15 
C17 
C18 
020 
030 
040 
C21 
C21 
C22 
C22 
C22A 
C22A 
C23 
C24 
C25 
C26 
C26A 
C26A 
C31 
C31 
C32 
C32 
C32A 
C32A 
C33 
C34 
C35 
C36 
C36A 
C36A 
C41 
C41 
C42 
C42 
C42A 
C42A 
C43 
C44 

Atom 2 

P 
N 
CI0 
020 
030 
040 
Cl 
C2 
C3 
CI0 
C19 
Cll 
C12 
C13 
C14 
C19 
C15 
C16 
C17 
C18 
C19 
C21 
C31 
C41 
C22 
C26 
C22A 
C23 
C22B 
C22C 
C24 
C25 
C26 
C26A 
C26B 
C26C 
C32 
C36 
C32A 
C33 
C32B 
C32C 
C34 
C35 
C36 
C36A 
C36B 
C36C 
C42 
C46 
C42A 
C43 
C42B 
C42C 
C44 
C45 

NO 
SOLVENT SOLVENT 
Distance Distance 

2.685(2) 2.687(2) 
1.961(7) 1.945(5) 
2.208(9) 2.203(7) 
1.904(6) 1.907(4) 
1.943(6) 1.934(4) 
1. 894 (5) 1. 898 (4) 
1.813(9) 1.806(6) 
1.80(1) 1.796(7) 
1.86(1) 1.823(7) 
1. 44 (1) 1. 423 (8) 
1.41(1) 1.416(8) 
1.42(1) 1.461(9) 
1.31(1) 1.34(1) 
1.48(2) 1.43(1) 
1.49(2) 1.42(1) 
1.40(1) 1.390(9) 
1.30(2) 1.32(1) 
1. 52 (1) 1. 52 (1) 
1.39(2) 1.38(1) 
1.35(1) 1.40(1) 
1.30(1) 1.36(1) 
1.42(1) 1.402(7) 
1.41(1) 1.393(8) 
1.386(9) 1.386(7) 
1.42(1) 1.394(8) 
1.40 (1) 1.392 (8) 
1.50(1) 1.500(9) 
1.40(1) 1.400(9) 
1.53(2) 1.53(1) 
1.52(2) 1.51(1) 
1.38 (1) 1.368 (9) 
1.40(1) 1.358(9) 
1.39(1) 1.400(9) 
1.52(1) 1.512(8) 
1.52(1) 1.536(9) 
1.53(1) 1.527(9) 
1.39(1) 1.399(9) 
1.38(1) 1.39(1) 
1.52(2) 1.51(1) 
1.36(1) 1.41(1) 
1.56(1) 1.54(1) 
1.52 (1) 1.527 (9) 
1.29(2) 1.32(1) 
1.36(2) 1.35(1) 
1.34(2) 1.37(1) 
1.51(2) 1.50(1) 
1.48(2) 1.48(1) 
1.48(2) 1.48(1) 
1. 42 (1) 1. 401 (9) 
1.39(1) 1.378(9) 
1.52(1) 1.525(9) 
1.38(1) 1.387(9) 
1.41(2) 1.51(1) 
1.45(1) 1.49(1) 
1.39(2) 1.38(1) 
1.34(2) 1.37(1) 
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C45 
C46 
C46A 
C46A 

C46 
C46A 
C46B 
C46C 

1.38(1) 
1.48(1) 
1.50(1) 
1.63(1) 

1.380(9) 
1.501(9) 
1.511(9) 
1.53(1) 
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X-Ray Structural Determination of [(THF)2LI]2[Nb(NMesb "Su]'THF (21). 

An orange irregularly needle shaped crystal of Dilithium 

trismesitylimidobutylniobium(V) pentatetrahydrofuranate (C51 H73Li2Nb1 N30 5) having 

approximate dimensions of 0.30 x 0.40 x 1.10 mm was mounted in a glass capillary 

with its long axis roughly parallel to the phi axis of the goniometer. Preliminary 

examination and data collection were performed with Mo Ka radiation (A.= 

0.71073 A) on a Syntex P21 diffractometer. The P21 has been modified by Crystal 

Logics for MicroVAX controlled data collection. 

Cell constants and an orientation matrix for data collection were obtained from 

least-squares refinement, using the setting angles of 30 reflections in the range 

10 < 28 < 24°. The monoclinic cell parameters and calculated volume are: a= 

12.568(3), b= 12.494(2), c= 34.402(7) A, ~= 92.84(1)°, V= 5395.3A3. For Z= 4 and 

F.W.= 914.96 the calculated density is 1.13 g/cm3. As a check on crystal quality, 

omega scans of several intense reflections were measured; the width at half-height 

was 0.35° , indicating moderate crystal quality and Single peaks despite an obvious 

satellite crystal splintered from the main crystal. In axial rotation photographs, 

peaks from the satellite appeared well seperated from and significantly less intense 

than those due to the main crystal. From the systematic absences of: hOI, 1=2n+ 1; 

OkO, k=2n+ 1 ; and from subsequent least-squares refinement, the space group was 

determined to be P21/C (#14). 

The data were collected at a temperature of 23 ± 1°C using the 8-28 scan 

technique. The scan rate was fixed at 6°/min. Data were collected to a maximum 

28 of 40.0° despite intensity falling rapidly after about 30°. The scan range (in deg.) 

was determined as a function of 28 to correct for the separation of the Ka doublet, 

with a window of 1 .3° below 20Ka1 to 1.6° above 20K~. The diameter of the 

incident beam collimator was 1.50 mm. The ratio of peak counting time to 

background counting time was 2.0 to 1. 

A total of 5749 reflections were collected in the +h +k ±I quadrant, of which 

5093 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 
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experimental error throughout data collection. No decay correction was applied. 

Lorentz and polarization corrections were applied to the data. The linear 

absorption coefficient is 2.5 cm-1 for Mo Ka radiation. An empirical absorption 

correction based on a series of psi-scans was applied to the data. Relative 

transmission coefficients ranged from 0.963 to 0.999 with an average value of 

0.980. Intensities of equivalent reflections were averaged. 12 reflections were 

rejected from the averaging process because their intensities differed significantly 

from the average. The agreement factors for the averaging of the 268 observed 

and accepted reflections was 5.1% based on intensity and 3.9% based on Fo. 

The structure was solved using the Patterson heavy-atom method which 

revealed the position of the Nb atom. The remaining atoms were located in 

succeeding difference Fourier syntheses. The peaks modeled as a butyl group were 

included based on outside evidence. The submittor identified NMR resonances 

assignable to a butyl ligand. Crystallographically it is not clear what occupies this 

position. A four or five atom fragment with disorder and/or partial occupancy is 

indicated by the location and size of the residual peaks in the area. The placement 

of a THF in place of the butyl fragment refines slightly worse as far as residual 

density and thermal parameters, but does not significantly change the R-values. 

Hydrogen atoms were included in the refinement at fixed idealized positions and 

then restrained to ride on the atom to which they are bonded in the final cycles. 

The initial least-squares program used had an atom limit of 100 and so non 

hydrogen atoms were refined while holding hydrogens in fixed positions. Seventeen 

hydrogens included in the formula were not included in the final model; they were 

left off in the case of an ill-defined atom. The carbons of the butyl ligand and the 

uncoordinated THF (ring#8) had such large thermal parameters that valid positions 

for hydrogens could not be found. The uncertainty factor, p, was set to the value 

0.040. Only the 2349 reflections having intensities greater than 1.0 times their 

standard deviation were used in the refinements. The final cycle of refinement 

included 254 variable parameters and converged (largest parameter shift was 2.44 

times is esd) with unweighted and weighted agreement factors of: 

The standard deviation of an observation of unit weight was 2.53. There were 4 

correlation coefficients greater than 0.50, but less than 0.58. The first between the 
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scale factor and the principle thermal parameter of the niobium; the others between 

coordinates of adjacent "ill-behaved" atoms in the butyl and uncoordinated THF 

fragments. The highest peak in the final difference Fourier had a height of 0.46 

e-1/A3 with an estimated error based on ~F of 0.11; the minimum negative peak had 

a height of -0.41 e-1/A3 with an estimated error based on ~F of 0.11. Plots of 

~w(lFoI-IFcl) 2 versus IFol, reflection order in data collection, sin en.. , and various 

classes of indices showed no unusual trends. All calculations were performed on a 

VAX computer using SDPN AX. 



Table A.14 

Table of Experimental Details 

A. Crystal Data 

CS1 H73 Li2 Nb N3 Os 
F.W. 914.96 F(OOO) = 1948 

crystal dimensions: 0.30x 0.40x 1.10 mm 

peak width at half-height = 0.35° 

Mo Ka radiation (A.= 0.71073 A) 
temperature = 23 ± 1 ° 

monoclinic space group P21/C 

a = 12.568 (3) A b = 12.494 (2) A c = 34.402 (7) A 
~ = 92.84 (1)° 

Instrument: 

Monochromator: 

Scan type: 

Scan rate: 

Scan width, deg: 

Maximum 28: 

No. of ref!. measured: 

Corrections: 

5.1%) 

V = 5395.3 A3 

Z = 4 P = 1.13 g/cm3 

J.l = 2.5 cm-1 

B. Intensity Measurements 

Syntex-Nicolet P21 diffractometer 

Graphite crystal, incident beam 

8-28 

6°/min 

2.9 + (28K~-28Ka1) 

40.0° 

5749 total, 5093 unique 

Lorentz-polarization 

Reflection averaging (agreement on 1= 

177 

Empirical absorption (from 0.96 to 1.00 on 

I) 



Table A.14 

Table of Experimental Details (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: 

Esd of obs. of unit weight: 

Convergence, largest shift: 

High peak in final diff. map: 

Low peak in final ditto map: 

Computer hardware: 

Computer software: 

Patterson method 

Full-matrix least-squares 

I:w(IFol-lFcI)2 
4Fo2/I:2(Fo2) 

All non-hydrogen atoms 

2349 with Fo2> 1.00(F02) 

254 

0.112 

0.120 

2.53 

2.440 

0.46 (10) e-1/A3 

-0.41 (10) e-1/A3 

VAX 

SDPN AX (Enraf-Nonius) 
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Table A.15 

Table of positional Parameters and Their Estimated Standard 
Devlatlons 

Atom x y z B (A2) 

Nb 0.1754(2) 0.0160(2) 0.37419(6) 5.60(4) 
04 0.193(1) -0.240(1) 0.3036(5) 10.0(4)* 
05 0.043(1) -0.102(1) 0.2527(5) 9.5(4)* 
06 0.243(1) 0.128(1) 0.4900(4) 8.3(4)* 
07 0.428(1) 0.140(1) 0.4392(5) 9.8(4)* 
08 0.667(4) 0.530(5) 0.373(2) 43(3)* 
N1 0.053(1) -0.048(1) 0.3502(4) 4.9(4)* 
N2 0.252(1) -0.062(1) 0.4125(4) 5.4(4)* 
N3 0.167(1) 0.147(1) 0.3968(4) 5.2(4)* 
C1 0.287(2) 0.026(2) 0.3247(6) 8.9(6)* 
C2 0.255(2) 0.121(2) 0.2972 (8) 12.4(9)* 
C3 0.352(3) 0.119(3) 0.261(1) 22(2)* 
C4 0.374(5) 0.209(6) 0.275(2) 38(3)* 
C11 -0.057(1) -0.054(1) 0.3418(5) 4.8(5)* 
C12 -0.108(2) -0.149(2) 0.3453(6) 6.5(5)* 
C13 -0.216(2) -0.156(2) 0.3357(6) 7.1(6)* 
C14 -0.272(2) -0.079(2) 0.3259(7) 8.4(6)* 
C15 -0.232(2) 0.016(2) 0.3228(6) 8.8(6)* 
C16 -0.117(1) 0.035(2) 0.3302(6) 6.4(5)* 
C17 -0.064(2) 0.146(2) 0.3257(7) 9.7(7)* 
C18 -0.392(2) -0.075(2) 0.3136(8) 13.0(9)* 
C19 -0.049(2) -0.247(2) 0.3554(6) 8.6(6)* 
C21 0.275(1) -0.163(1) 0.4313(5) 4.2(4)* 
C22 0.371(1) -0.214(1) 0.4286(5) 5.6(5)* 
C23 0.393(2) -0.309(2) 0.4448 (5) 6.2(5)* 
C24 0.317(2) -0.356(2) 0.4647(6) 6.5(5)* 
C25 0.219(2) -0.307(2) 0.4677(6) 6.6(5)* 
C26 0.199(1) -0.214(1) 0.4516(5) 5.1 (5) * 
C27 0.096(1) -0.167(2) 0.4563(6) 7.3(6)* 
C28 0.336(2) -0.470(2) 0.4829(7) 11.2(8)* 
C29 0.457(2) -0.166(2) 0.4074(7) 10.1(7)* 
C31 0.118(1) 0.239(1) 0.4068(5) 5.5(5)* 
C32 0.162(1) 0.346(1) 0.4041(6) 5.9(5)* 
C33 0.107(1) 0.434(2) 0.4156(5) 6.0 (5) * 
C34 0.013(1) 0.431(1) 0.4315(6) 6.0(5)* 
C35 -0.033(2) 0.335(2) 0.4369(6) 7.0(6)* 
C36 0.019(1) 0.238(2) 0.4239(6) 6.2(5)* 
C37 -0.036(1) 0.127(1) 0.4317(6) 6.6(5)* 
C38 -0.046(2) 0.526(2) 0.4422(6) 10.0(7)* 
C39 0.267(1) 0.350(2) 0.3881 (6) 7.6(6)* 
C40 0.243(2) -0.288(2) 0.3386(8) 12.8(9)* 
C41 0.325(2) -0.353(3) 0.3243(8) 16(1)* 
C42 0.325(2) -0.350(3) 0.2817(9) 18(1)* 
C43 0.239(2) -0.284(2) 0.2708(8) 14(1)* 
C50 0.063(3) -0.038(3) 0.2211(9) 20(1)* 
C51 -0.016(2) -0.035(3) 0.1907(9) 17(1)* 
C52 -0.095(2) -0.111 (2) 0.2051(8) 15(1)* 
C53 -0.064(2) -0.142(2) 0.2412(8) 12.9(9)* 
C60 0.229(2) 0.237(2) 0.5039(7) 10.6(8)* 
C61 0.234(2) 0.235(2) 0.5481(7) 9.9(7)* 



Table A.1S 

Table of Positional Parameters and Their Estimated Standard 
Deviations (cont. ) 

Atom x y z B (JV) 
C62 0.217(2) 0.120(2) 0.5567(8) 13.5(9)* 
C63 .0.207(2) 0.062(2) 0.5178(8) 15(1)* 
C70 0.498(2) 0.174(3) 0.468(1) 20(1)* 
C71 0.597(3) 0.175(3) 0.451(1) 19(1)* 
C72 0.596(2) 0.143(2) 0.4150(8) 16(1)* 
C73 0.486(2) 0.137(2) 0.4065(7) 10.3(8)* 
C80 0.626(5) 0.471(5) 0.396(2) 36(3)* 
C81 0.577(4) 0.457(4) 0.343(2) 30(2)* 
C82 0.658(4) 0.379(5) 0.341(2) 28(2)* 
C83 0.748(4) 0.445(5) 0.372(2) 32(2)* 
Lil 0.101(3) ·-0.113 (3) 0.304(1) 8(1)* 
Li2 0.276(3) 0.086(3) 0.439(1) 6.0(9)* 

Starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form of the 
isotropic ~quivalent dfsplacement ~arameter defined as: 
(4/3) * [a *B(l,l) + b *B(2,2) + c *B(3,3) + ab(cos Y)*B(1,2) 
+ ac(cos ~)*B(1,3) + bc(cos a)*B(2,3)] 
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Table A.16 

Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Nb N1 1.89(1) C14 C18 1.54(2) 

Nb N2 1.87(1) C15 C16 1.47(2) 

Nb N3 1.82(1) C16 C17 1.56(2) 

Nb C1 2.26(2) C21 C22 1.37 (2) 

Nb Lil 3.01(3) C21 C26 1. 37 (1) 

Nb Li2 2.65(3) C22 C23 1.33(2) 

04 C40 1. 46 (2) C22 C29 1.46(2) 

04 C43 1.41(2) C23 C24 1. 33 (2) 

04 Lil 1.96(3) C24 C25 1. 39 (2) 

05 C50 1. 39 (3) C24 C28 1. 57 (2) 

05 C53 1.47(2) C25 C26 1.31(2) 

05 Lil 1. 88 (3) C26 C27 1.43(2) 

06 C60 1.46(2) C31 C32 1. 45 (2) 

06 C63 1.36(2) C31 C36 1.41(2) 

06 Li2 1. 90 (3) C32 C33 1.37(2) 

07 C70 1. 37 (3) C32 C39 1.45(2) 

07 C73 1. 37 (2) C33 C34 1.32(2) 

07 Li2 2.02(3) C34 C35 1. 35 (2) 

08 C80 1.22(8) C34 C38 1.46(2) 

08 C81 1.74(6) C35 C36 1.45(2) 

08 C83 1.47 (7) C36 C37 1. 57 (2) 

N1 Cll 1.40(1) C40 C41 1. 42 (2) 

N1 Lil 1.90(3) C41 C42 1. 47 (3) 

N2 C21 1.44(1) C42 C43 1. 40 (3) 

N2 Li2 2.08(3) C50 C51 1.41(3) 

N3 C31 1.35(1) C51 C52 1.47(3) 

N3 Li2 2.08 (3) C52 C53 1.34(2) 

C1 C2 1.56(2) C60 C61 1. 52 (2) 

C2 C3 1. 78 (4) C61 C62 1.48(2) 
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C3 C4 1.24 (6) C62 C63 1.53(2) 

Cll C12 1.35(2) C70 cn 1. 41 (3) 

Cll C16 1.39(2) cn C72 1.29 (3) 

C12 C13 1.39(2) C72 C73 1.40(2) 

C12 C19 1. 47 (2) C80 C83 1. 80 (7) 

C13 C14 1.23(2) C81 C82 1.41(5) 

C14 C15 1.30(2) C82 C83 1.72(6) 

Lil C1 2.98(3) 
----------------
Numbers in parentheses are estimated 
the least significant digits. 

standard deviations in 
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Table A.17 

Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

N1 Nb N2 117.9(4) C13 C14 C18 129. (2) 
N1 Nb N3 120.5(4) C15 C14 C18 110. (2) 
N1 Nb C1 102.6(5) C14 C15 C16 121. (2) 
N1 Nb Lil 37.6(6) C11 C16 C15 116. (1) 
N1 Nb Li2 148.4(6) C11 C16 C17 121. (1) 
N2 Nb N3 101. 9 (5) C15 C16 C17 123. (1) 
N2 Nb C1 104.0(5) N2 C21 C22 122. (1) 
N2 Nb Lil 114.4(6) N2 C21 C26 120. (1) 
N2 Nb Li2 51.2(6) C22 C21 C26 118. (1) 
N3 Nb C1 108.6(5) C21 C22 C23 123. (2) 
N3 Nb Lil 143.5(6) C21 C22 C29 121. (1) 
N3 Nb Li2 51.6(6) C23 C22 C29 116.(2) 
C1 Nb Lil 67.0(7) C22 C23 C24 118. (2) 
C1 Nb Li2 108.8(7) C23 C24 C25 120. (2) 
Lil Nb Li2 164.7(7) C23 C24 C28 120. (2) 
C40 04 C43 109. (2) C25 C24 C28 119. (1) 
C40 04 Lil 124. (1) C24 C25 C26 121. (2) 
C43 04 Lil 126. (2) C21 C26 C25 120. (1) 
C50 05 C53 100. (2) C21 C26 C27 122. (1) 
C50 05 Lil 135. (2) C25 C26 C27 118. (1) 
C53 05 Lil 122. (1) N3 C31 C32 126. (1) 
C60 06 C63 107. (1) N3 C31 C36 122. (1) 
C60 06 Li2 127. (1) C32 C31 C36 112. (1) 
C63 06 Li2 125. (1) C31 C32 C33 121. (1) 
C70 07 C73 105. (2) C31 C32 C39 114. (1) 
C70 07 Li2 133.(2) C33 C32 C39 124. (1) 
C73 07 Li2 122. (1) C32 C33 C34 125.(2) 
C80 08 C81 77. (5) C33 C34 C35 119. (2) 
C80 08 C83 84. (5) C33 C34 C38 123. (1) 
C81 08 C83 92. (4) C35 C34 C38 118. (1) 
Nb N1 C11 152.7(9) C34 C35 C36 119. (1) 
Nb N1 Lil 105 (1) C31 C36 C35 123. (1) 
C11 N1 Lil 99. (1) C31 C36 C37 119. (1) 
Nb N2 C21 149.2(9) C35 C36 C37 118. (1) 
Nb N2 Li2 84.3(8) 04 C40 C41 104. (2) 
C21 N2 Li2 124 (1) C40 C41 C42 112. (2) 
Nb N3 C31 155.1(9) C41 C42 C43 104. (2) 
Nb N3 Li2 85.3(8) 04 C43 C42 111. (2) 
C31 N3 Li2 115. (1) 05 C50 C51 117. (3) 
Nb C1 C2 110. (1) C50 C51 C52 101. (2) 
C1 C2 C3 104. (2) C51 C52 C53 109. (2) 
C2 C3 C4 83. (4) 05 C53 C52 112. (2) 
N1 Cll C12 120. (1) 06 C60 C61 108. (1) 
N1 C11 C16 122. (1) C60 C61 C62 103. (2) 
C12 C11 C16 118. (1) C61 C62 C63 107. (2) 
C11 C12 C13 120. (2) 06 C63 C62 108. (2) 
Cll C12 C19 121. (1) 07 C70 cn 104. (2) 
C13 C12 C19 119. (2) C70 cn cn 116. (3) 
C12 C13 C14 124. (2) cn cn C73 100. (2) 
C13 C14 C15 121. (2) 07 C73 cn 113. (2) 
08 C80 C83 54. (4) 05 Lil N1 129. (2) 
08 C8l C82 87. (4) Nb Li2 06 139. (1) 
C81 C82 C83 95. (4) Nb Li2 07 122.(1) 
08 C83 C80 42. (3) Nb Li2 N2 44.5(5) 
08 C83 C82 86. (4) Nb Li2 N3 43.2(6) 
C80 C83 C82 80. (4) 06 Li2 07 99. (1) 



Atom 1 

Nb 
Nb 
Nb 
04 
04 
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Table A.17 

Bond Angles (cont. ) 

Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Lil 04 106. (1) 06 Li2 N2 128. (1) 
Lil 05 143. (1) 06 Li2 N3 112. (1) 
Lil N1 37.3(6) 07 Li2 N2 114. (1) 
Lil 05 105. (1) 07 Li2 N3 118. (1) 
Lil N1 124. (2) N2 Li2 N3 87. (1) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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'l'able A.18 

'l'able of Least-Squares Planes 

Plane 1 
N1 0.0694 -0.6026 12.0314 0.0087 +- 0.0137 
Cl1 -1. 2938 -0.6795 11.7439 -0.0055 +- 0.0173 
C12 -1.9456 -1. 8612 11.8646 -0.0371 +- 0.0196 
C13 -3.2893 -1.9455 11.5334 -0.0037 +- 0.0192 
C14 -3.9761 -0.9831 11.1967 -0.0214 +- 0.0223 
C15 -3.4605 0.2013 11. 0909 -0.0348 +- 0.0204 
C16 -2.0351 0.4322 11. 3442 -0.0040 +- 0.0190 
C17 -1. 3524 1.8294 11.1900 0.0248 +- 0.0225 
C18 -5.4586 -0.9415 10.7752 0.0429 +- 0.0258 
C19 -1.2179 -3.0852 12.2119 0.0303 +- 0.0210 

Chi Squared = 14.0 

Pl.ane 2 
N2 2.4682 -0.7742 14.1728 0.0405 +- 0.0143 
C21 2.7280 -2.0367 14.8210 -0.0098 +- 0.0164 
C22 3.9366 -2.6750 14.7283 -0.0084 +- 0.0184 
C23 4.1806 -3.8643 15.2834 -0.0090 +- 0.0188 
C24 3.1968 -4.4442 15.9659 -0.0211 +- 0.0194 
C25 1. 9548 -3.8307 16.0704 -0.0111 +- 0.0194 
C26 1. 7274 -2.6700 15.5185 -0.0052 +- 0.0175 
C27 0.4258 -2.0898 15.6776 -0.0080 +- 0.0196 
C28 3.3973 -5.8691 16.5917 0.0390 +- 0.0223 
C29 5.0460 -2.0697 13.9995 -0.0069 +- 0.0222 

Chi Squared = 13.8 

Pl.ane 3 
N3 1. 4270 1. 8412 13.6335 0.0257 +- 0.0140 
C31 0.7939 2.9804 13.9770 0.0448 +- 0.0183 
C32 1.3501 4.3198 13.8852 -0.0033 +- 0.0189 
C33 0.6332 5.4165 14.2816 -0.0017 +- 0.0183 
C34 -0.5681 5.3793 14.8279 -0.0198 +- 0.0190 
C35 -1.1640 4.1801 15.0104 -0.0288 +- 0.0196 
C36 -0.4858 2.9760 14.5638 0.0236 +- 0.0196 
C37 -1.1858 1. 5924 14.8345 -0.0367 +- 0.0187 
C38 -1. 3263 6.5772 15.1929 0.0341 +- 0.0214 
C39 2.6909 4.3761 13.3364 -0.0378 +- 0.0196 

Chi Squared = 24.2 

Dihedral Angles Betueen Planes: 

Plane No. Plane No. Dihedral Angle 

1 2 34.75 +- 0.38 
1 3 39.70 +- 0.26 
2 3 31.10 +- 0.43 



APPENDIX B 

EXPERIMENTAL. DETAILS 

SYNTHESIS AND PURIFICATION 
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General Details. All experiments were performed under a nitrogen atmosphere 

by either standard Schlenk techniques 100 or in a Vacuum Atmospheres HE-493 

drybox at room temperature (unless otherwise indicated). Solvents were purified 

under N2 by standard techniques 101 and transferred to the drybox or reaction 

vessel without exposure to air. 

Starting Materials. Ta(DIPp)CI4
29, Ta(DIPP)2CI3(OE~)29, 

Ta(DIPPhCI2(OEt2) 102, Nb(NEt2)2CI385, and Ta(NEt2)2CI315 were all synthesized 

by procedures published by the Wigley group. PMe3 was synthesized by the 

method developed by Wolfsberger and Schmidbaur.103 LiCH2SiMe3 was 

synthesized by the method developed by Schrock.104 All lithium amide and 

lithium alkoxide starting materials were prepared from a reaction of the appropriate 

amine, aniline, or phenol and one equivalent of nBuLi in pentane. Li(DIPP)(OEt2) 

was isolated from the reaction of LiDIPP and Et20. The preparations of TMS 

reagents have been oultined elsewhere.15,29 

LiNHMes. 1 H NMR (NC5D5): 0 6.96 (2H, Haryl), 3.48 (1 H, NH), 2.42 (6H, 

Meo)' 2.37 (3H, Mep). 13C NMR (NC5D5): 0 159.2 (Cj), 129.4 (Cm), 120.3 (Co), 

115.4 (Cp)' 20.0 (Meo)' 14.2 (Mep). 

TMSNHMes. TMSNHMes can be synthesized from the reaction of LiNHMes 

and 1 equivalent of TMSCI in THF over a period of one day. TMSNHMes can be 

isolated from the reaction byproduct, LiCI, by extraction with pentane. 1 H NMR 

(C6D6): 06.82 (2H, Haryl), 2.17 (9H, Meo and Mep>, 1.98 (1H, NH), 0.08 ((H, TMS). 

Reagents. The source and purification method of all reagents used are found 

in Table B.1. Most liquid reagents were dried by passing them down a short 

column (ca. 5-6 cm) of activated alumina. 

Table B.1 Source and Purification of Reagents 

Reagent Source Purification Method 
I aCI5 (resub.) Alfa none 

NbCI5 Cerac none 



Table B.1 Source and Purification of Reagents (cont'd) 

Reagent 

HDIPP 

MeLi (1.7M) 

tBuLi (1.4M) 

nBuLi (1.6M) 

MeC=CMe 

Me3CC=CH 

Me3SiC=CH 

MeC=N 

Me3CC=N 

pyridine 

Source 

Aldrich 

Aldrich 

A!drich 

Aldrich 

Farchan 

Farchan 

Farchan 

Baxter 

Aldrich 

Mallinckrodt 

Purification Method 

vacuum distillation 

none 

none 

none 

dried over activated AI20 3 
dried over activated AI20 3 
dried over activated AI20 3 
distilled over CaH2 

dried over activated AI20 3 
non,e 

quinoline Fisher Scientific distilled over CaH2 

6-methylquinoline Aldrich none 

TMEDA Aldrich distiled over CaH2 
PHYSICAL MEASUREMENTS. 

Nuclear MagnetIc Resonance Spectroscopy. 
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Routine 1 H (250 MHz) and 13C (62.9 MHz) NMR spectra were recorded at 

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

in 5 mm tubes. Kinetic and reactivity studies were performed on a Bruker AM-250 

spectrometer in 5 mm tubes for proton spectra. Temperature measurements were 

verified by the use of a copper-constantan thermocouple which was immersed in a 

5 mm NMR tube filled with mineral oil. This setup was inserted into the NMR probe 

to precisely determine the temperature of the samples. Chemical shifts are 

referenced to protio solvent impurities (08.71, NCsDs; 7.15, CsOs; 7.24, CDCI3; 

3.58, THF-ds; 2.09, CSD5CD3; 0.00 Me4Si (0.2%, added to CDCI3)) or solvent 13C 

resonances (0 149.9, NCsDs; 128.0, CsDs; 77.0, CDCI3; 67.4, THF-ds 20.4, 

CsDsCD3; ) and are reported in ppm downfield of Me4Si. Multiplicities for 13C 

resonances (when reported) were obtained from off-resonance decoupled spectra. 

Gated decoupled spectra were run to determine C-H coupling constants when 

needed. Attached proton tests (APT) were routinely obtained and used for 
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assigning carbon resonances but are not listed. Some assignments were based on 

relative intensities in the broad-band decoupled spectra. 

All NMR samples were prepared under a nitrogen atmosphere in a drybox. 

Deuterated solvents were purchased from Aldrich and were dried over a short 

column (ca. 5-6 cm) of activated alumi.~a (basic) prior to use. The samples were 

dried in vacuo, dissolved in the appropriate solvent, transferred to an NMR tube, 

capped, and the cap was wrapped with Parafilm before removing the sample from 

the drybox. Spectra were generally obtained within 2 hours of removing the 

samples from the drybox. 

Infrared Spectroscopy. 

Infrared spectra (reported in cm-1) were recorded as Nujol mulls between 4000 

and 600 cm-1 using a Perkin-Elmer 1310 spectrometer or as Csi pellets between 

4000 and 180 cm-1 using a Perkin-Elmer 983 spectrometer and were not assigned 

(except for key resonances), but used as fingerprints (w = weak, m = medium, s = 
strong intensities; sh = shoulder, br = broad, v = very). 

All Nujol mulls were prepared in the drybox by the following method. First, the 

sample was crushed to a fine powder with an agate mortar and pestle. A small 

amount of Nujol was then added and mixed until a homogeneous paste was 

formed. The mull was then placed between two NaCI plates before it was removed 

from the drybox. A spectrum was taken immediately. Samples prepared in this 

fashion were sufficiently stable to obtain spectra (12 minute scan) without significant 

decomposition. 

Cesium Iodide pellets were also pre~ared in the drybox. A mixture of the 

sample and Csi (ca. 1:1 O) were crushed to a fine homogeneous powder using an 

agate mortar and pestle. A small amount of the mixture was then placed in a pellet 

press and hand tightened before removing from the drybox. The sample was fully 

compressed outside the box to yield a transparent disc. A spectrum immediately 

taken showed no significant decompositon. 

Elemental Analyses. 

Elemental analyses (C, H, N, and halide) were performed by Desert Analytics of 

Tucson, Arizona or by Texas Analytical of Stafford, Texas. Lithium analyses were 
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performed at Texas Analytical by atomic absorption spectroscopy. All samples were 

stored cold, handled under nitrogen, and combusted with tungstic anhydride. 

Gas Chromatography-Mass Spectrascopy 

Assistance in characterization for GC-MS was obtained through hydrolyzing 

many of these samples prior to analyses. A typical hydrolysis was performed by the 

following method. A slight excess (approximately 1 00 ~L) of a aqueous KOH 

solution (ca. 10% w/v) was added to a E~O solution of the complex until a white 

precipitate formed and the color faded (typically within 1 minute). This reaction was 

allowed to stir for 12 h then allowed to settle. The sample was taken via syringe 

from the clear layer with care to avoid injecting the insolulable (presumably hydrous 

Ta20 S) solid on the bottom of the reaction vial. Gas Chromatograph-Mass spectra 

were recorded on a Hewlet Packard model 5890 gas chromatograph, a model 5970 

mass selective detector and an RTE-6 data system. The GC column was a Hewlett 

Packard HP-5 fused silica capillary column with a 25 meter length, 0.20 millimeter 

internal diameter, and a bonded 5% phenyl methyl silicone stationary phase with a 

film thickness of 0.5 micrometers. The carrier gas was helium with a column head 

pressure of 13.0 psi. The GC oven temperature program was 70·C for 1 minute 

with a ramp of 20 degrees/minute to 300·C where the temperature remained for 7 

minutes. 



APPENDIX C 

LIST OF ABBREVIATIONS 

A = Angstrom 

Anal = analysis 

Ar = 2,6-diisopropylphenyl 

br = broad 

nSu = normal butyl 

tbu or tSu = tertiary butyl 

Calcd = calculated 

Cp = cyclopentadienyl (,,5_C5H5) 

Cpo = pentamethylcyclopentadienyl (,,5-C5Me5) 

Cq = quaternary carbon 

d = doublet (NMR) or days 

DIPP = 2,6-diisopropylphenoxide 

DME = dimethoxyethane 

DMP = 2,6-dimethylphenoxide 

equiv = equivalent 

Et = ethyl 

g = grams 

h = hours 

HC = heterocycle 

HDN = hydrodenitrification 

Hz = hertz 

iPr = isopropyl 

IR = infrared 

L = ligand 

m = medium (IR) or multiplet (NMR) or meta (13C NMR) 

Me = methyl 

Mes = mesityl (-2,4,6-C6H2Me3) 

mL = milliliter 
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LIST OF ABBREVIATIONS (cont'd) 

mmol = miliimole 

NMR = nuclear magnetic resonance 

0= ortho (13C NMR) 

P = para (13C NMR) 

Ph = phenyl 

ppm = part per million 

Pr = propyl 

py = pyridine 

q = quartet (NMR) 

R = alkyl 

s = strong (IR) or singlet (NMR) 

spt = septet (NMR) 

sh = shoulder 

t = triplet (NMR) 

THF = tetrahydrofuran 

TMEDA = tetramethylethylenediammine 

TMS = trimethylsilyl 

v = very 

w = weak 

X = halogen 
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Appendbt D 

Exploratory Synthesis 

A number of compounds of zirconium and hafnium were synthesized in a 

study concerned with the electronic and steric control of coordination number. 

Coordination numbers ranging from 4 to 8 can be obtained by selection of the 

proper alkoxide and neutral donor ligand. A use of this control was not realized. 

Herein I report the synthesis of numerous zirconium and hafnium alkoxides 

containing neutral donor ligands. 

Preparations. 
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Zr(DIPP)4 (36). 1.17g (4.56 mmol) of LiDIPP'OEt2 was dissolved in minimal 

ether ( ... 8 mL) and twice the volume of benzene was added. 0.253 g (1.1 mmol) of 

ZrCI4 was slowly dissolved and a white precipitate quickly formed. After 16 h. the 

white slurry was filtered and washed with 5 mL E~O. The supernatent and wash 

were removed in vacuo to yield 0.72 g (83 % yield) of white crystals. Analytically 

pure compound was obtained by recrystallization from Et20. 1H NMR (C6D6): 

7.03-6.88 (A2B multiplet. 3H.Haryl). 3.60 (spt.. JHH = 6.8 Hz. CHMe2). 1.19 (d. 12 H. 

JHH = 6.9 Hz); 13C NMR (C6D6): 156.6 (Cipso)' 136.8 (Cortho)' 123.5 (Cmeta). 122.4 

(Cpara)' 28.1 lQHMe2). 23.6 (CHMe2). Anal. Calcd. for C48H6S0 4Zr: C. 72.04; H. 

8.56. Found: C.72.10; H.8.74. IR: 1580 (w). 1320 (s). 1300 (sh). 1249 (vs). 

1187 (vs). 1093 (m). 1085 (sh). 1050 (w). 1035 (m). 928 (w). 893 (vs). 870 (s). 798 

(w). 783 (w). 742 (s). 735 (s). 702 (s). 600 (s). 

Hf(DIPP)4 (37). 1.3609 (5.3 mmol) of LiDIPP'OEt2 was dissolved in minimal 

ether ( ... 8 mL) and twice the volume of benzene was added. 0.300g (0.9 mmol) of 

HfCI4 was slowly added and a orange/pink precipitate quickly formed. After 36 h. 

the white slurry was filtered and washed with 20 mL Et20. The supernatent and 

wash were removed in vacuo to yield a pink/white solid. This solid was 

recrystallized from Et20 to yield 0.749 (88.8 % yield) of a white crystalline solid. 

Analytically pure compound was obtained from double recrystallization from E~O. 

1H NMR (C6D6): 7.03-6.88 (A2B multiplet. 3H.Haryl)' 3.60 (spt.. JHH = 6.8 Hz. 
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CHMe2), 1.19 (d, 12 H, JHH = 6.9 Hz); 13C NMR (C6D6): 156.6 (Cjpso)' 136.8 

(Cortho)' 123.5 (Cmeta), 122.4 (Cpara)' 28.1 (QHMe2), 23.6 (CHMe2). Anal. Calcd. for 

C4sH6S04Hf: C, 64.96; H, 7.72. Found C,65.99, H, 7.96. 

Zr(DMP)4'OEt2 (38). 0.40 g (1.7 mmol) of ZrCI4 was dissolved in ... 20 mL of 

a 3:1 benzene:E~O solvent mixture and 1.00 g of LiDMP (7.8 mmol) was added. 

After 18 hours, this white slurry was filtered off and washed with 20 mL heptane. 

The solvent was removed in vacuo to yield a white paste. This paste was recrys

tallized from 2:1 pentane: Et20 to yield 1.02 g (92 %) of a white crystalline solid. 

1 H NMR (C6D6): 6.88-6.67 (A2B mult.,12 H, Haryl), 2,72 (q, 4H, JHH = 7.1 Hz, -

C~CH3)' 2.29 (s, 24 H, -C.!::h), 0.55 (t, 6H, JHH = 7.1 Hz, -CH2C.!::h). 13C NMR 

(C6D6): 159.76 (Cipso)' 128.74 (Cmeta)126.27 (Cortho)' 120.45 (Cpara)' 66.63 (

CH2CH3), 17.65 (-Me), 13.70 (-CH2CH3). IR: 1583 (m), 1298 (sh), 1260 (s,b), 

1209 (s,b), 1097 (sh), 1080 (m), 1022 (b,w), 988 (w), 970 (w), 880 (b,s), 820 (sh), 

770 (sh), 752 (m), 724 (sh), 712 (s). Anal. Calcd. for ZrOSC36H46: C, 66.53; H, 

7.13. Found: C,66.25; H,6.79. 

Hf(DMP)4'OEt2 (39). 0.40 g (1.2 mmol) of HfCI4 was dissolved in ... 20 mL of 

a 3:1 benzene:E~O solvent mixture and 0.80 g of LiDMP (6.2 mmol) was added. 

Upon this addition, a pink/orange color change was noted. This slurry was filtered 

off and washed with 20 mL heptane after stirring for 3 days. The solvent was 

removed in vacuo to yield a white paste. This paste was triturated with pentane to 

yield 0.83 g (92 % yield) of a tannish powder. Analytically pure material was 

obtained by twice recrystallizing from 2:1 pentane:Et20. 1 H NMR (C6DS): 6.88-6.63 

(~B mult.,12 H, Haryl), 2.77 (q, 4H, JHH = 7.0 Hz, -C~CH3)' 2.31 (s, 24 H, -C.!::h) , 

0.63 (t, 6H, JHH = 7.0 Hz, -CH2C.!::h). 13C NMR (C6D6): Anal. Calcd. for 

HfOsC36H46: C, 58.65; H, 6.29. Found: C, 59.28; H, 6.59. 

Tetrahydrofuran and IDlmetholcyethane Adducts. THF and DME adducts of 

Zr and Hf aryloxides were synthesized by recrystallization of the corresponding 

tetrakis-phenoxide from "'5:1 pentane:THF or pentane:DME. 

Hf(DMP)4(THFh (41)' 1H NMR (C6D6): 6.92-6.65 (A2B mult., 12 H, Haryl), 

3.30-3.26 (mult., 12 H, OC.!:kCH2CH2C"I:k). 2.35 (s, 24 H, -C,tb) , 1.23-1.18 (mult., 

12 H, OCH2C.!:kC.!:kCH2). 13C NMR (C6D6): 159.8 (Cipso)' 128.6 (Cmeta), 127.0 
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(Cortho), 119.6 (Cpara)' 68.0 (OCH2CH2CH2CH2), 25.4 (OCH2CH~H2CH2)' 17.9 (

Me). Anal. Calcd. for Hf07C44H60: C, 60.09; H, 6.88. Found: C,60.48; H,7.09. 

IR: 1583 (m), 1263 (s), 1218 (s), 1205 (sh), 1080 (m), 1030 (m), 970 (w), 908 (w), 

875 (s), 860 (sh), 845 (sh), 749 (s), 680 (w), 650 (w). 

Zr(DMP)4(TI-IF>a (42)' 11-1 NMR (C60 6): 6.90-6.62 (A2B mult., 12 H, Haryl), 

3.30-3.26 (mult., 12 H, OCH.2CH2CH2CH.2), 2.34 (s, 24 H, -C.!:i3) , 1.24-1.20 (mult., 

12 H, OCH2C.!:kC.!:kCH2). 13C NMR (C60 6): 159.8 (Cipso)' 128.6 (Cmeta), 127.0 

(Cortho), 119.6 (Cpara)' 68.0 (OCH2CH2CH2CH2), 25.4 (OCH2CH2CH2CH2), 17.9 (

Me). Anal. Calcd. for Zr07C44H60: C, 66.71; H, 7.64. Found: C, 66.55; H,7.74. 

IR: 1585 (m), 1260 (b, vs), 1220 (vs), 1205 (sh), 1082 (s), 1033 (s),970 (w), 910 

(w), 875 (b, s), 855 (sh), 842 (sh), 752 (s), 730 (m), 707 (m), 687 (w). 

Zr(DIPP)4(THF) (43).1 HNMR (C60 6): 7.08-6.89 (A2B mult., 12 H, Haryl), 3.85 

(br, 4 H, -OC.!:kCH2CH2C.!:k), 3.61 (mult. 8 H, -CHMe2), 1.16 (d, 48 H, CHMe2)' 

1.14 (br, 4 H?, -OCH2C.!:kC,l::kCH2). 13C NMR (C60 6): 156.93 (Cipso)' 137.32 

(ortho), 123.50 (Cmeta), 121.34 (Cpara)' 65.9 (OCH2CH2CH2CH2), 27.13 (QHMe2), 

25.37 (OCH2CH2CH2CH2), 24.25 (CHMe2)' Anal. Calcd. for ZrOSCS2H76: C, 71.59; 

H, 8.78. Found: C,71.38; H, 8.95. 

Hf(DIPP)4(THF) (44).1 HNMR (C60 6): 7.10-6.89 (A2B mult., 12 H, Haryl), 3.88 

(br, 4 H, -OC.!:kCH2CH2C.!:k), 3.60 (mult. 8 H, -CHMe2), 1.16 (d, 48 H, CHMe2), 

1.13 (sh, 4 H?, -OCH2C.!:kC,l::kCH2). 13C NMR (C60 6): 156.76 (Cipso)' 137.53 

(ortho), 123.53 (Cmeta), 121.26 (Cpara)' 72.27 (OCH2CH2CH2CH2), 26,99 (QHMe2), 

25.35 (OCH2CH2CH2CH2), 24.31 (CHMe2). 

Hf(DMP)4(DME)2 (45). 1 H NMR (C606): 6.88-6.62 (A2B mult., 12 H, Haryl), 

2.95 (s, 8 H,H3COC.!:kC.!:k0CH3 ),2.89 (s, 12 H ,.!:i3COCH2CH20C.!:i3). 2.33 (s, 24 

H, -C.tbl. 13C NMR (C60 6): 159.64 (Cipso)' 128.59 (Cmeta), 119.62 (Cortho)' 126.71 

(Cpara)' 71.25 (H£,OCH2CH20CH3), 58.69 (H3COCH2CH20CH3), 17.73 (-Me). 

Zr(DIPP)4(DME) (46) 1HNMR (CsOs): 7.03-6.88 (A2B mult., 12 H, Haryl), 3.60 

(mult. 8 H, -CHMe2), 3.26 (s, 4 H, H3COC.!:kC.!:k0CH3), 3.08 (s, 6 

H.J:bCOCH2CH2CJ:b), 1.19 (d, 48 H, CHMe2)' 13C NMR (CS0 6): 156.58 (Cipso),1-

36.91 (Cortho)' 123.51 (Cmeta), 122.29 (Cpara)' 72.04 (Hs,Q0CH2CH2CH3), 59.10 

(H3COCH2CH20CH3), 27.99 (QHMe2), 23.72 (CHMe2).Anal. Calcd. for ZrOsCS2H7S: 

C, 70.14; H, 8.83. Found: C, 69.84; H, 8.91. 
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Hf(DIPP)4(DME) (47).1 HNMR (C6D6): 7.10-6.87 (A2B mult., 12 H, Haryl), 3.62 

(mult. 8 H, -CHMe2), 3.37 (5, 4 H, HaCOC,tkCtk0CHa)' 3.12 (5, 6 H, 

.!::1aCOCH2CH2C.!::1a), 1.18 (d, 48 H, CHMe2). 1aC NMR (C6D6): 156.24 (Cipso)' 

137.15 (Cortho)' 123.50 (Cmeta), 122.21 (Cpara)' 72.46 (Ha9,0CH2CH2CHa), 59.13 

(HaCOCH2CH20CHa), 27.81 (QHMe2), 23.75 (CHMe2).Anal. Calcd. for HfOSC52H76: 

C, 63.88; H, 8.04. Found: C, 64.79; H, 8.25. 
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