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ABSTRACT 

Intermediates in the cyc1otrimerization of a1kynes have been isolated 

using the tantalum phenoxide reagents, and 

(DIPP-2,6-diisopropy1phenoxide). The degree of 

cyc1ization has been controlled by effecting either the sterics of the 

metal center or the alkyne itself. Reduction of the less congested bis

phenoxide complex, Ta(DIPP)2C13(OEt2), by two electrons in the presence of 

progressively smaller alkynes allowed the selective synthesis of 

successively higher coordinated cyclooligorners (alkyne adducts, 

metallacyclopentadienes, and7-metallanorbornadienes, respectively). This 

complex also catalytically cyclotrimerizes phenylacetylene upon reduction. 

Besides resembling proposed intermediates in the catalytic 

cyclotrimerization of alkynes by transition metals, the direct conversion 

of each of these cyclooligomers to the next higher or lower step in the 

proposed mechanism was demonstrated. The alkyne adduct reacted with 

additional alkyne to provide metallacyclopentadienes in a very 

regioselective fashion (i.e. (DIPP)3Ta(PhCmCPh) reacted with Me 3CCsCH to 

provide (DIPP) 3T'a(CPh=CPhCH=CCMe3» . The metallacyclic complex, 

(DIPP)2Clia(CCMe3-CHCH-CCMe3) was shown to undergo an unprecedented 

dissociation into a bis-alkyne complex upon thermolysis before rearranging 

to the less-congested metallacycle, (DIPP)2ClT~(CCMe3-CHCCMe3-CH). This 

complex then reacted with an additional equivalent of t-butylacetylene to 

provide the arene complex, (I1s-CsH3tBu3)Ta(DIPP)2Cl, or with Me 3CCsN to 

yield I12-(N,C)-NC5H2tBu3Ta(DIPP)2Cl. 
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The alkyne adduct, (DIPP)3Ta (PhCaCPh), also undergoes regioselective 

cross-coupling reactions with benzaldehyde to provide 

This metallacyclic alkoxide reacted with an 

additional equivalent of benzaldehyde and then undergoes a hydride 

transfer to provide the Meerwein-Ponndorf-VerleyjOppenauer type redox 

intermediate, (DIPP)3(PhCH20)Ta(~2-CPh-CPhCPh-O). Nitriles coordinate to 

(DIPP)3Ta(PhCIiICPh) to provide the complexes, (DIPP)3Ta(PhCeCPh) (RCaN) . 

Nitriles which contain a-hydrogen react furthur to provide the 

metallacycloenamine complexes (DIPP)3T~(CPh-CPhC(-CHR)NH). These 

complexes have been shown to arise through a metallacycloimine followed 

by an unusual intermolecular tautomerization, as inferred from deuterium 

labeling and crossover experiments. 
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CHAPTER 1 

INTRODUCTION 
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Metal catalysts for the cyclotrimerization of alkynes to arenes are 

known throughout the d-transition series. 1-22 While most cyclo

trimerization catalysts arise from complexes of late metals, a number of 

early metal systems (including group 5)5-11 have been described. Table 1.1 

lists some of the general classes of metal catalysts (or catalyst 

precursors) by their position in the periodic table. This table is a 

complete list only for Group 5. Most of these group 5 complexes are 

cyclization catalysts only for terminal alkynes. S- 11 Three niobium and 

tantalum complexes have displayed catalytic activity with internal alkynes 

to some degree,5-7 and two of these complexes are dinuclear, M2C16 (THT)3 

(M-Nb, Ta; THT-tetrahydrothiophene). Both dinuclear species trimerize 

terminal alkynes (RCuCH; R - Ph, Et, ipr) and form polymers with internal 

alkynes except in certain cases, such as 3-hexyne, in which the tantalum 

complex yields only cyclotrimer. 6 Wigley has reported the only other 

group 5 complex which can catalytically trimerize an internal alkyne. 7 

Each of these group 5 systems are related in that a dn~2 species seems to 

be the active catalyst, even in systems employing a dO precursor,s and all 

appear to be quite sensitive to steric effects. 

Mechanistic studies of the alkyne cyclotrimerization reaction have 

been done exclusively in the late metals. 12-22 Much of the early 

mechanistic work, as well as utilizing these cycloaddition reactions for 



Table 1.1 Metal Catalysts for A1kyne Cyc1otrimerization 

Group 4 
TiC14/A1R3 
TiC14/LiA1R4 

Group 7 

Group 10 
NiX2 
NiL4 
NiX2L2/NaBH4 
PdX2 
PdX2L2 
Pd/C/Me3SiC1 

Ref. 
1 
1 

Ref. 
1 

Ref. 
1 
1 
1 
1 
1 
4 

Group 5 
CP2V 
NbC1s 
TaC1s 
Nb2C1s (THT) 3 
Ta2C1s (THT) 3 
(CsMes)Ta(OR)2Cl 
CpNbCl4/Mg 
CpNbC1(CO)2J2-

(J.'-Cl)2 

Group 8 
Fe(CO)s 
Fe(CO)4Hg 
Fe2(CO)S 
[CpFe(CO)2h 
Fe3 (CO) 12 

Ref. 
1 
1 
1 
1 
1 

Group 6 
Mo(CO>S 

Ref. 
1 

Ref. 
1 
8,11 
11 
5,6 
5,6 

W(CO)s 
(arene)Gr(CO)3 
CrPh3 (THF) 3 

1 
1 
3 

7 
9 
10 

Group 9 
CO(CO)3NO 
[Co(CO) 4] 2Hg 
Co2(CO)e 
CO2 (CO) s (RCmCR) 
Co4(CO)12 
CpCoL2 
[Co(PY)s]+ 
IrCl(PPh3)2N2 

Ref. 
1 
1 
1 
1 
1 
19 
12,13 
14 

Group 13 
AlC13 

Ref. 
23 

15 

organic synthesis ,24 was done using a cobalt complex, generally a (17 5 -

CSHs)CoL2 system. 1S-31 The most commonly implicated mechansim for low-to-

mid valent metals involves the oxidative (with respect to the metal) 

coupling of two alkynes to yield a meta11acyc1opentadiene (structure C, 

Scheme 1.1). This is believed to proceed through stepwise coordination 

of the alkyne to yield a mono- (A) or bis-alkyne adduct (B). Proposed 

intermediates A and C, are often observed and therefore, generally 
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Scheme 1.1 

M 

A 8 

0 0 
D M~ 

7 c 

M 

E 

M Metal Catalyst 

accepted. The reaction of the metallacyclopentadiene with a third alkyne, 

however, is more controversial due to the elusive nature of any 

intermediate in this reaction. Two possible reaction pathways have been 

suggested; either i) the third alkyne inserts into one of the metal carbon 

bonds in C to produce a metallacycloheptatriene (D), or the reaction could 

proceed by a Diels-Alder addition to yield a 7-metallanorbornadiene (E). 

In either case the final step is reductive elimination of the arene and 

regeneration of the metal catalyst. Recent findings have implicated a 
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meta11acyc10heptatriene intermediate in the catalytic trimerization of 2-

butyne promoted by [CO(PY)6]+.13 Evidence for an intermolecular Die1s

Alder addition was also obtained in a reaction between a coordinative1y 

saturated coba1tacyc10pentadiene and Me02CCmCC02Me.19 The fact that this 

acetylene can react directly from solution may indicate that both pathways 

(i and ii) are accessible. 

The mechanism proposed in Scheme 1.1 requires the metal to have at 

least a d2 configuration such that oxidative coupling may occur. Most 

known metal catalysts fit this requirement, however, a few rare examples 

of dO Lewis acid complexes are also known to cyc1ize a1kynes to produce 

arenes. 22 ,23 These high valent complexes require a different mechanism. 

A mechanism proposed by Sch&fer in the trimerization of 2-butyne on 

aluminum trichloride invokes a a1uminatetramethy1cyc10butadiene 

intermediate (F) formed from a [2 + 2] addition between two a1kynes. A 

second [2 + 2] addition would account for the formation of hexamethy1-

Dewar-benzene (G), isolated in good yields (Scheme 1.2).23 The 

hexamethy1-Dewar-benzene quantitatively isomerizes to hexamethy1benzene 

(H) upon thermolysis or photolysis. The relative yield of G vs. H 

decreases as the reaction temperature increases. If the reaction 

temperature is maintained at 20-35°C during the course of the reaction, 

hexamethy1-Dewar-benzene may be isolated in 50% yield with smaller amounts 

of hexamethy1benzene forming (ca. 16%). At a temperature of 50°C, 

hexamethy1benzene is the primary product (80-90% yield) and no hexamethy1-

Dewar-benzene can be isolated. 

An elegant ~tudy of the trimerization of 1,1,1-trideuterio-2-butyne 
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Scheme 1.2 

2 

F 

* G H 

using various catalysts (CrPh3(THF)3, Co2(CO)e, Ni(acrylonitrile)2, 

TiC14/Al(iBu)3' PdC12(PhCN)2, and AlC13) was described by Whitesides. 15 

The symmetry of the cyclotrimer products were found to be consistent with 

a metallacyclopentadiene intermediate and furthur indicated that a 

cyclobutadiene was not possible except in the palladium and AIC13 

systems. 15 These results were consistant with the formation of Dewar-

benzene previously observed in the AIC13 system. 23 Later alkyne 

cyclization studies using Pd(II) complexes provided evidence for a 

different mechanism which did not involve either a metallacyclopentadiene 

or a cyclobutadiene intermediate. 17 

While a number of Nb and Ta complexes catalytically cyclotrimerize 

alkynes (Table 1.1), no reactive alkyne-containing intermediates have 

been reported. 5- 11 Numerous alkyne adducts of these metals have been 

isolated (Table 1.2) but are unreactive toward additional alkyne and do 
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not form metallacyclopentadienes (or arenes) as one might expect. 32-50 For 

example, Schrock found that (~5-C5Me5)Ta(RCaCR')C12 was unreactive towards 

additional alkyne even under forcing conditions. 42 Unusual reactivity was 

observed, however, in the (~5_C5H5)M(CO)4 (M - Nb, Ta) system. 47-50 Either 

one or two carbonyls in these M(l) complexes could be replaced by 

Table 1.2 Niobium and Tantalum A1kyne Adducts 

Complex 
(~5_C5H4R)2Ta(RCeCR')X 
Ta(CO)2(RCaCR')lL2 
(~5_C5H5)M(CO)2(PhC~CPh) 
(~5_C5H5)M(CO)(PhC&CPh)2 
(~5_C5H5)(~4-C4Ph4)Nb(PhCaCPh)(CO) 
[NbC13(PhC~CPh)]4 
[MC14(PhCmCPh)L]-
NbC13(RCsCR') (THF)2 
Nb20C14(PhC~CPh)(THF)4 
[MC12(THT)(RC.CR')]2(~-Cl)2 
Ta~C14(~-Cl)2(~-tBUCBCtBu)(THF)2 
(~ -C5H5)Ta(RCaCR')C12 
(~5-C5Me5)M(RCBCR')C12 
(~5_C5H5)Nb(PhCaCPh)(02CCH3) 
(tBu3SiO)3Ta(MeCmCMe) 
(RCaCR')Ta(-NAr)Cl(pY)2 

Reference 
37-39 
40 
47-48 
49 
50 
51 
32,35 
35 
35 
33,34 
36 
10,43 
10,41,42 
44 
45 
46 

diphenylacetylene upon photolysis to yield a mono- or bis-alkyne adduct 

pentadienes were not observed but free butadiene PhCH-CPhCPh-CHPh is 

formed upon thermal degradation of the complexes. Ref1uxing a benzene 

solution of (~5_C5H5)Nb(CO)(PhCaCPh)2 in the presence of additional 

diphenylacetylene yielded the cyclobutadiene complex, (~5_C5H5)(~4-

C4Ph4)Nb(PhCaCPh)(CO). This complex decomposes upon extreme thermolysis 
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to yield hexaphenylbenzene. 5o Unfortunately, product yields and 

experimental conditions for this work are not well documented. 

The lack of reactivity in many of these systems may be a result of 

the use of cyclopentadienyl ligands as ancillary ligands. The use of two 

cyclopentadienyl ligands results in electronically saturated complexes 

(e.g. (~5-C5H4Me)2Ta(RC.CR')I) which are not likely to react with 

additional alkyne. Coordinative saturation may also occur using a single 

cyclopentadienyl ligand since it occupies three coordination sites and 

donates five electrons to the metal (neutral sense). This may be the case 

in Curtis' (~5-C5Me5)Ta(RCBCR')CI2 complexes. 43 Furthe~more, the use of 

the bulkier C5Me5 ligand provides even more stable complexes. Steric 

influences are also clearly a limiting effect in Ta(OSitBu3)3 which is 

electrophilic but forms only the lowest cyclooligomer, the ?lkyne adduct, 

when reacted with 2-butyne. 45 

Other factors may also contribute to the formation of extremely 

unreactive alkyne adducts. The use of diphenylacetylene helps stabilize 

low oxidation state metals by accepting electron density from the metal 

into low energy ~* orbitals. The use of strongly coordinating solvents 

such as THF or THT (tetrahydrothiophene) may also contribute a stabilizing 

influence by occupying any potential coordination sites. 

Research Description 

The research presented in this dissertation was aimed at 

accomplishing three goals. First, since most of the mechanistic 

understanding in this metal catalyzed cyclotrimerization of alkynes was 



21 

established based on late metal reactivity (primarily cobalt), it was 

important to address the question of whether or not the early transition 

metals react by a similar or a different mechanism. A second question to 

be addressed is whether the properties of an early transition metal can 

be utilized to isolate potential intermediates such that their reactivity 

could be studied. A third, and possibly the most significant, goal was 

to explore the utility of these cycloaddition reactions in developing a 

new methodology in selective organic syntheses using a mid-valent early 

transition metal reagent. 

The contents of this manuscript will focus on the use of tantalum 

phenoxide complexes in order to achieve these goals. These starting 

materials were chosen for the following reasons. The stability of the 

highest oxidation state in early metals should aid in the isolation of 

potential cyclization intermediates. Ancillary phenoxide ligands, which 

occupy only one coordination site and typically behave as one or three 

electron donors, will not saturate the metal center like cyclopentadienyl 

ligands. These hard ~-donor ligands should provide a more electrophilic 

metal center which will increase the reactivity and therefore the 

potential usefulness of these reactions. The utility of these complexes 

in providing insight into the mechanism of early transition metal 

cycloaddition reactions is presented in Chapters 2 and 3, with emphasis 

on the regioselectivity of these reactions. In these chapters, I will 

demonstrate the successful modelling of several steps in the alkyne 

cyclization reaction as well as the utility of these intermediates in the 

synthesis of several organic compounds. Chapters 4 and 5 present unusual 
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coupling reactions of a tanta1um-a1kyne adduct with heteroatomic 

substrates (e.g. aldehydes, ketones, and nitri1es), in which striking 

differences between a1koxide and cyc10pentadieny1 supported early metals 

can be made. Chapter 4 also demonstrates the similarity of these tantalum 

complexes to aluminum a1koxide complexes. Chapter 6 briefly describes 

some examples in which (~6-C6Me6)Ta(DIPP)2C1 can be used as a reagent 

capable of inducing reductive couplings of unsaturated organic substrates 

and aliphatic C-H bond activation due to its ease of oxidation. 
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CHAPTER 2 

CROSS-COUPLING REACTIONS OF A d2 TANTALUM ALKYNE COMPLEX: 

SELECTIVE 1,3-DIENE AND 1-IODO-1,3-DIENE SYNTHESES 

Introduction 

Several examples of 1,3-diene syntheses have been developed in which 

a late transition metal, particularly palladium, is employed to promote 

a carbon-carbon bond forming step. 52-56 This preparative method relies 

upon vinyl nuc1eophi1es and e1ectrophi1es which themselves are typically 

prepared by a sequence requiring the hydrometa11ation of an a1kyne. 57-65 

More recently, strategies for selective carbon-carbon bond formations have 

been developed in which a mid-to low-valent early transition metal effects 

the reductive coupling of unsaturated organic substrates. 66-87 Thus, 

highly selective 1, 3-diene syntheses may be achieved by the cross coupling 

of two different a1kynes using group 4 meta11ocene-based reagents. 82 

Furthermore, similar coupling reactions using heteroatom substrates 

(ketones, aldehydes, imines, ni tri1es, etc.) can provide convenient routes 

to vicinal diamines,86 2-amino a1coho1s,87 1,2-dio1s,88 po1yfunctiona1ized 

aromatic compounds (from nascent benzyne) ,89 a11y1ic amines,9o and other 

products derived from meta11acyc1ic intermediates. 70-81 The versatility 

and selectivity of these reductive couplings leaves little doubt that they 

represent an emerging synthetic strategy of singular importance. 66-69 

A1kyne adducts of the early transition metals are important not only 

as reagents for organic synthesis, but Ta(III) a1kyne adducts32-~6 are also 

relevant to catalytic [2+2+2] cyc1oaddition chemistry, 5-8,19,28,91 since d2 



24 

Ta(DIPP)xC13_x fragments can bind to and stabilize successively higher 

a1kyne cyc1oo1igomers. 7,92 In an effort to establish these cyc1oo1igomers 

as good models for a1kyne cyc1otrimerization, they must not only resemble 

proposed intermediates, but they must demonstrate reactivity with 

addi tiona1 a1kyne to produce a higher cyc1ooligomer. A study of the 

stepwise progression along the a1kyne cyc1ization pathway will begin here 

in Chapter 2 with the first proposed intermediate, the a1kyne adduct. 

Herein, the synthesis of cyc1otrimerization intermediates and a study of 

meta11acyc1ization reactions of an a1kyne adduct of Ta(III) with other 

a1kynes is presented. 

Results and Discussion 

Isolation of Cyclotrimerization Intermediates and Properties of a 

Tantalum Alkyne Adduct. The yellow compounds, Ta(DIPP)2C13(OEt2) (1) and 

Ta(DIPP)3C12(OEt2) (2) (DIPP - 2,6-diisopropy1phenoxide) can be prepared 

by adding stoichiometric amounts of LiDIPP'OEt2 to a room temperature 

benzene/diethyl ether solution of TaC15 , equation 1. The reduction of 

Ta(DIPP)2C13(OEt2) (1) with 2 equivalents of Na/Hg in the presence of 

ToCls + xLIDIPP(OEt 2 ) 

1, X· 2 

2, X· 3 

(1) 

3 equivalents of 2-butyne has been shown to produce the arene complex 

(C6Me6)Ta(DIPP)2C1 (5).7 Since this complex appears to be assembled by 

a1kyne cyc1ization on the d2 tantalum fragment Ta(DIPP)2C1,93 a complete 
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investigation of mid-valent tantalum chemistry with a view to understand 

the details of this reaction in the early transition metals was of 

interest. Thus, the reduction of compound 1 in the presence of a number 

of a1kynes was undertaken to determine if this system is very sensitive 

to steric effects in the cyclization reaction. As presented in Scheme 

2.1, decreasing the size of the a1kyne from Me3SiCsCSiMe3 to PhCeCPh to 

MeC&CMe, allows successively higher coordinated cyc1ooligomers (a1kyne 

adducts, meta11acyc1opentadienes, 7-meta11anorbornadienes; complexes 3, 

4, and 5 respectively) to be synthesized selectively. Since catalytic 

Ta(ORh03 + 2 Na/Hg 

OR - 2,6-diisopropy1phenoxide 

Scheme 2.1 

MeC=CMe 

(ROhCITa 

5 

Ph 
~Ph 

(ROhCITa~, 

Ph Ph 

4 

cyclotrimerization of an internal alkyne7 and a terminal a1kyne (equation 
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2) have been observed in this system, these complexes must be considered 

as relevant models for a1kyne cyc1ization intermediates in the early 

Ta(DIPP)2CI3 + 2Na / Hg 

1 

transition metals. 

Excess 

PhCsCH .. 
Ph 

0+ Ph~Ph 

Ph 

A Ph 

~ 
Ph 

(2) 

The steric control over cyc1ization is also clearly evident in 

comparing the synthesis of product 4 to that of 6 in equation 3. Using 

the tris-phenoxide complex, Ta(DIPP)3C12(OEt2) (2), increases the steric 

congestion at the metal center and limits the "extent" of a1kyne 

cyc10trimerization which can occur, thus stopping the reaction at the 

lower cyc100ligomer, viz. the a1kyne adduct, (DIPP) 3Ta(PhC .. CPh) (6). Pale 

yellow crystals of this complex can be isolated in moderate yield from 

To(DIP'),cr,(''',) + ,,'hCec," +1M,IN. "". (DlPP),To(i(' (3) 

Ph 
2 6 

pentane at -40°C. The 13CallcynO resonance of 6 occurs at 6 216 (CDC13), 23 

and hydrolysis of this compound provides cis-PhCH~CHPh quantitatively (lH 

NMR, internal standard), equation 4. 96 These data, as well as the X-ray 

Ph 

(0 1P,),T.1 
Ph 

excess 

(4) 

structural resu1ts,97 are consistent with a strongly bound, substantially 

reduced a1kyne ligand94 (structure II, Scheme 2.2). These data also 

suggest a formal 4-e1ectron interaction involving both the a1kyne 11"11 and 
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11".1. bonding orbitals with the metal. 95 ,96 The two bonding interactions, a 

donor and an acceptor mode, associated with each 11" orbital are described 

Scheme 2.2 

10-1// _OIl _a TO<j 
I II 

in Scheme 2.3. Therefore, a formal Ta(V) metallacyclopropene description 

of these adducts with additional donation from the alkyne 11".1. orbital to 

the metal (Structure III) seems to be the dominant contributor to the 

R 

Ta~ 
III R 

structure. Related group 532-~6,9~ and group 696 alkyne adducts have been 

characterized by similar structures. Note, however, that this structural 

form does not prevent the metallacyclization reaction (vide infra), ~l 

although the metal center lowers its valence electron count in order to 

attain a higher oxidation state. 

Cross-Coupling Reactions of Tantalum Alkyne Complexes. The slight 

advantage that steric constraints in (DIPP)3Ta(PhC-CPh) (6) (which will 

not allow an additional molecule of diphenylacetylene to coordinate) have 

over the electronic driving force to metallacyclize (vide supra) may be 

overcome by simply using a smaller alkyne which can approach the metal. 
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This is also the case with aldehydes and ketones (chapter 4), and nitriles 

(chapter 5) which can readily coordinate (~l) to the electrophilic metal 

prior to coupling with the alkyne. The fact that compound 6 exhibits a 

Scheme 2.3 

M-L M--....L 

I'" 

c4 ~ ~ ~ 
II ~ 

M(O')- 11// M (11 ) • 11;;* 

.1 ~ ~ ~ ~ ~ 

M (11.1) - 11l.
b M(do) - 11l.· 

metallacyclopropene structure (II) does not seem to be a factor in this 

coupling reaction, although group 5 alkyne complexes characterized by 

similar metallacyclopropene bonding have been described32-46 which do not 

react with additional alkyne to form metallacycles. 47 •46 

Accordingly, compound 6 reacts rapidly with a variety of smaller 

alkynes, including terminal alkynes, to afford metallacyclopentadiene 

complexes in good yields (Scheme 2.4). Thus, (DIPP)3Ta(PhC-CPh) (6) 

reacts immediately with MeCuCMe, EtC-CEt, Me3CC-CH, Me3SiCmCH, or PhCmCH 

in diethyl ether to form red solutions containing metallacycles 7-11, 

Scheme 2.4. The red orange products are crystallized from -40°C pentane 



29 

solutions. Similarly, the 1,7-octadiyne HCaC(CH2)4CmCH reacts with two 

equivalents of (DIPP) 3 Ta(PhCIaCPh) to provide the unusual bimetallic 

complex 12 shown in Scheme 2.4. The high regiose1ectivity of these cross 

coupling reactions using terminal a1kynes is notable, as only one isomer 

Ph 
Ph 

1 2 

Ph 
Ph 

Scheme 2.4 

RC:=CR .. 

Ph 
~Ph 

(DIPp)3Ta~R 
R 

7. R-Me 

8, R-Ef 

Ph 
~Ph 

(0 I PP) 3Ta~ 

R 

9, R-CMeJ 

1 0·, R - S i M e 3 

",R-Ph 

is observed in every case. Again, steric effects appear to play an 

important role in these reactions, as the bulkier substituents usually 

take Q rather than p metallacycle positions in Scheme 2.4, perhaps to 

avoid an unfavorable P,P' interaction within the metal1acycle itself. 70 
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It seems likely that the observed regiochemistry is principally sterically 

driven, since the various a-substituents have opposite inductive effects 

(relative to hydrogen). 98 A study of the regiochemistry exhibited in 

cobaltacyclopentadiene formation has provided a similar argurnent. 21 

Proton01ysis and Iodination Reactions of Meta11acyc10pentadienes. 

All of the metallacyclic carbon atoms in compounds 7-12 were not observed 

by 13C NMR spectroscopy (see Experimental section), therefore the 

regioselectivity assignments were unambiguously determined by examining 

the 1,3-dienes which formed quantitatively upon hydrolyzing the 

metallacycles. The diagnostic lH NMR data are reported at the end of each 

experimental preparation for the corresponding metallacycles. For 

example, the very low solubility of dinuclear complex 12 made it difficult 

to formulate. However, the hydrolysis of complex 12 yielded Z IE-

CHPh-CPhCH-CH(CH2)4-E,Z-CH-CHCPhmCHPh (equation 5) as identified by 

Do (5) 

lH NMR which assisted the formulation of 12 as the dinuclear complex shown 

in Scheme 2.4. These protonolysis reactions also demonstrated the 

preferred method of quantitatively releasing the 1,3-diene after assembly 

at the metal. 

Another question to be addressed in this study was whether the 

metallacycle could be removed through iodination to afford 1.4-diiodo-
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1,3 -dienes of potential synthetic utility. 82 Iodination of meta11acyc1es 

7 and 8 did not yield the diiodide products, but instead the ring opened 

mono- iodinated butadieny1 compound shown in equation 6. Thus, the 

addition of ~1 equivalent of 12 to 7 or 8 affords solutions containing the 

ring-opened butadieny1 complexes 13 and 14, respectively, equation 5. 

Ph 
P~I ;CPh Ph R 

(DIPP)3 Ta :: R 
12 

(DIPP)3 Ta H2 O 

PhXR 
(6) - -1 R R 

I I R 

7, R -I'" 13, R-Ih 

8, R - [t 14, R· [t 

Thus, the iodine appears to only attack the less hindered side of the 

meta11acyc1e. These results are to be compared to the iodination of (qS_ 

CSHS)2Zr(CR-CRCR-CR) complexes in which diiodo products formed in high 

yie1d. 82 Upon hydrolysis of the butadieny1 derivatives 13 and 14, the 1-

iodo-1,3-dienes are generated essentially quantitatively, equation 6. 

Conclusion 

The a1kyne adduct described here is a relevant model for a1kyne 

cyc1otrimerization by tantalum and niobiums-8 since i) it represents the 

first tantalum a1kyne complex which meta11acyc1izes another equivalent of 

a1kyne, and ii) catalytic cyclotrimerization as well as other 

cyc1oo1igomers have been observed in this system. The cyc1oo1igomer 

isolated depends on the size of the a1kyne and the congestion around the 

metal center. Thus, the degree of cyclization appears to be sterically 

and not electronically controlled. The reactivity of the a1kyne adducts 

can, in part, be attributed to their enhanced e1ectrophi1icity, as 
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compared to their cyclopentadienyl-supported analogues, through the use 

of phenoxide ligands. The coupling reactions which produce 

metallacyclopentadienes exhibit a high degree of regioselectivity as a 

result of two important steric factors: i) larger substituents prefer the 

a-metallacycle positions if the metal center will not become too crowded; 

ii) The ~-~' substituent interactions must be minimal for coupling to 

occur. The regioselectivity in coupling and the iodination reactions 

presented here make this a potentially viable synthetic approach to 

substituted 1,3-dienes and functionalizable l-iodo-l,3-butadienes. 

Experimental 

Preparations. LiDIPP·OEt2. The lithium phenoxide salt Li(O-2, 6-

CSH3iPr2) (LiDIPP) was prepared by adding equimolar n-butyllithium to a 

pentane solution of HO-2,6-CsH3
ipr2 at O°C and allowing the reaction to 

warm to room temperature and stir overnight. This solution was then 

stripped to dryness to provide ether-free LiDIPP. The highly crystalline 

monoetherate, LiDIPP'OEt2, was obtained by dissolving the LiDIPP in 

diethyl ether, followed by ether removal to provide the etherate in an 

overall 90% isolated yield. IH NMR (CsDs): 6 7.12-6.77 (A2B multiplet, 

3 H, Hary1 ), 3.48 (spt, 2 H, CHMe2), 2.86 (q, 4 H, OCH2CH3), 1.29 (d, 12 H, 

CHMe 2 ), 0.68 (t, 6 H, OCH2CH3). 

Ta(DIPP)2C13(OEt2) (1). A solution of 12.03 g (33.58 romo!) of TaC1s 

was prepared in 200 mL of benzene and 40 mL of diethyl ether. To this 

solution was added 17.06 g (66.04 romol) of LiDIPP·OEt2 • The mixture was 

stirred at room temperature for 24 h over which time a white precipitate 
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formed and the solution color changed to bright yellow. After filtering 

the reaction through Celite, the solvent was removed from the filtrate 

under reduced pressure to provide a yellow oil. Upon adding pentane to 

the oil, a yellow solid formed immediately. The solvent was again removed 

under reduced pressure to yield a yellow solid. The solid was collected, 

washed with cold pentane, and dried in vacuo to provide 18.44 g (25.76 

rnrnol, 78%) of Ta(DIPP}zC13 (OEtz) . Additional crops of solid may be 

obtained by concentrating and cooling the filtrate (up to 87% yield). 

This product is sufficiently pure for furthur reactions, but can be 

recrystallized from EtzO/pentane at -40°C. lH NMR (CeDe): S 7.03-6.81 (m, 

6 H, Hary1 ) , 4.25 (br, 4 H, OCHzCH3), 4.03 (br, 4 H, CHMez) , 1.20 (d, 12 

H, CHMe z) , 0.89 (t, 6 H, OCHzCH3). l3C NMR (CeDe): S 140.7 (Co), 125.8 

(Cp ) , 124.2 (Cm) , 69.0 (O~HzCH3)' 26.4 (~HMez)' 24.8 (CHMez), 12.0 

(OCH£H3); the Cipso resonance has not been observed. Anal. Calcd for 

CZ8H4403C13Ta: C, 46.97; H, 6.19. Found: C, 47.26; H, 6.35. 

Ta(DIPP)3C1z(OEtz) (2). To a solution of 12.01 g (33.53 rnrnol) of 

TaCls in 250 mL of benzene and 40 mL of diethyl ether was added 25.85 g 

(100.1 rnrnol) of solid LiDIPP·OEtz. The mixture was stirred at room 

temperature for 24 h over which time a white precipitate formed and the 

solution color changed to yellow. After filtering the mixture through 

Celite, the solvent was removed from the filtrate in vacuo to provide a 

yellow oil. Upon triturating this oil with pentane a yellow solid formed 

immediately. The solvent was again removed in vacuo to provide a yellow 

solid. The solid was collected, washed with pentane, and dried in vacuo 

to provide 20.03 g (23.35 mmol, 70%) of Ta(DIPP)3Clz(OEtz). Additional 
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crops of product (up to 84% total yield) may be obtained by concentrating 

and cooling the filtrate. This product is sufficiently pure for further 

reactions, but can be recrystallized from diethyl ether/pentane at -

40°C. lH NMR (CDC13): 6 7.09-6.89 (m, 9 H, Hary1 ) , 4.28 (br, 4 H, 

OCH2CH3), 3.78 (br, 6 H, CHMe2) , 1.37 (t, 6 H, OCH2CH3), 1.07 (br, 36 H, 

CHMe2) . l3C NMR (CDC13): 6 155.2 (br, CiplIo), 139.7 (Co), 123.5 

(coincident Cm and Cp), 66.8 (O~H2CH3)' 26.0 (~HMe2)' 24.5 ( CHMe2), 12.2 

(OCH~H3)' IR: 1580 w, 1356 m, 1322 s, 1245 s, 1180 br s, 1140 m, 1094 

s, 1052 m, 1044 m, 1010 m, 983 m, 927 m, 895 s, 871 s, 821 w, 790 s, 762 

m, 742 s, 704 s, 670 w. Anal. Calcd for C4oC12Hsl04Ta: C, 56.01; H, 7.17. 

Found: C, 56.11; H, 7.31. 

(DIPPhC1Ta(He3SiC-CSiHe3) (3). In a sealed ampule, 0.50 g (0.70 

mmol) of Ta(DIPP)2C13(OEt2) and 0.25 g (1.5 mmol) of bistrimethylsilyl

acetylene were dissolved in approximately 30 mL of toluene. To this 

solution was added 0.46 mL (1.4 mmol) of 0.5% Na/Hg. The reaction was 

taken out of the drybox and placed in an oil bath at 80°C overnight. The 

ampule was returned to the drybox, the reaction filtered through Celite, 

and the filtrate dried in vacuo. The yellow orange oil which remained was 

redissolved in minimal pentane (ca. 3 mL) and upon cooling to -40°C, 

orange crystals slowly formed. The crystals were filtered off, washed 

with minimal cold pentane (this complex is very soluble in all hydrocarbon 

solvents), and dried in vacuo; yield, 0.09 g (0.12 mmol, 17%). lH NMR 

(CsDs): 6 7.04-6.90 (m, 6 H, Hary1 ) , 3.30 (spt, 4 H, CHMe2) , 1.20, 1.175 

(d, 12 H each, CHMe2), 0.25 (s, 18 H, SiMe3). l3C NMR (CsDs): 6 224.9 

(Calkyne ), 158.6 (CiPso ), 137.5 {Co>' 124.2 (Cp )' 123.6 (Cm) , 27.8 (~HMe2)' 
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23.5, 23.4 (CHMe2), 0.96 (SiMe3). IR: 1580 m, 1433 s, 1360 m, 1325 s, 

1250 s, 1187 s, 1108 m, 1080 m, 910 s, 890 m, 855 sh, 840 s, 790 m, 750 

s, 710 m, 665 w, 625 w. Anal. Ca1cd for C32Hs2C102Si2Ta: C, 67.35; H, 

5.87. Found: C, 67.54; H, 6.09. 

(DIPPhC1T~(CPh-CPhCPh=6Ph) (4). To a solution of 2.03 g (2.84 romo1) 

of Ta(DIPP)2C13(OEt2) in 20 mL of diethy1 ether were added 1.48 g (8.30 

romo1) of dipheny1acety1ene and 1.9 mL of 0.5% Na/Hg amalgam (5.7 romo1). 

This mixture was stirred at room temperature overnight (ca. 16 h) over 

which time the solution developed an red brown color. After filtering the 

reaction mixture through Ce1ite, the solvent was removed from the filtrate 

in vacuo to provide an oil. This oil was triturated wi th pentane and 0.59 

g of orange brown solids were filtered. Upon cooling the filtrate to 

-40°C, an additional crop of 0.36 g of impure orange brown product formed. 

The solids were combined and excess dipheny1acety1ene was removed by 

sublimation (10-s torr, room temperature). The product which remained was 

recrystallized from Et20/pentane at -40°C to yield analytically pure, 

orange red crystals in low to moderate yields. lH NMR (C6D6): 0 7.07-

6.66 (m, 26 H, Hary1 ; DIPP and C6HS) , 3.76 '(spt, 4 H, CHMe2), 1.40 (d, 24 

H, CHMe2)' l3C NMR (C6D6): 0 203.9 (Co:), 169.7 (Cp), 159.3 (Cipso ' DIPP) , 

139.9 (Cipso ' CSH5) , 138.5 (Co, DIPP) , 130.2, 128.7, 127.4, 127.3, 126.4, 

125.8, 125.4 (Co, Cm, Cp; C6HS and Cp' DIPP) 123.8 (Cm, DIPP) , 29.5 (~HMe2)' 

24.4 (CHMe2); one Cipso resonance for CSH5 has not been observed. IR: 1592 

w, 1435 s, 1325 m, 1255 s, 1185 s, 1142 w, 1107 sh, 1098 m, 1080 w, 1070 

w, 1042 w, 1026 m, 957 w, 934 s, 910 s, 874 m, 793 m, 770 m, 750 s, 727 

m, 718 m, 699 s. Anal. Ca1cd for CS2H54C102Ta: C, 67.35; H, 5.87. Found: 
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C, 67.54; H, 6.09. 

(DIPPhTa(PhC ... CPh) (6). To a solution of 3.06 g (3.57 mmol) of 

Ta(DIPP)3C12(OEt2) in 40 mL of diethyl ether were added 1.08 g (6.06 mmol) 

of diphenylacetylene and 2.02 mL of 0.6% Na/Hg amalgam (7.2 mmol). This 

mixture was stirred at room temperature overnight (ca. 16 h) over which 

time the solution developed an orange color. After filtering the reaction 

mixture through Celite, the solvent was removed from the filtrate in vacuo 

to provide an orange oil. This oil was dissolved in pentane and upon 

cooling to -40°C, pale yellow crystals of impure product formed. The 

crystals were filtered off, dried in vacuo, and excess diphenylacetylene 

was removed by sublimation (5 X 10-5 torr, room temperature). The product 

which remained was sufficiently pure for further reactions, but could be 

recrystallized from pentane at -40°C. From 2.32 g of impure product which 

were isolated in this manner, 1.80 g (2.02 mmo1, 57%) of recystallized 

compound were obtained. lH NMR (CDC13): 0 7.37-7.13 (m, 19 H, Ha~l and 

CSH5) , 3.57 (spt, 6 H, CllMe2), 1.21 (d, 36 H, CHMe2). 13C NMR (CDC13): 0 

216.2 (Calkyne ), 157.4 (C!pso' DIPP) , 141.5 (C!pso' CSH5) , 137.6 (Co, DIPP) , 

128.9, 128.0 (Co and Cm' CSH5) , 127.6 (Cp' CSH5) , 123.1 (Cm, DIPP) , 122.7 

(Cp ' DIPP) , 27.1 CQHMe2), 23.3 (CH!:lli2). IR: 1580 br w, 1428 s, 1358 m, 

1320 s, 1248 s, 1194 s, 1103 m, 1098 sh, 1052 w, 1038 m, 1022 w, 930 sh, 

915 sh, 890 s, 870 m, 800 sh, 786 m, 760 w, 742 s, 697 s. Anal. Ca1cd for 

C50Hsl03Ta: C, 67.40; H, 6.90. Found: C, 67.69; H, 7.01. Hydrolysis of 

6 yielded cis-PhCH=CHPh. Partial lH NMR (CsDs): 0 6.45 (s, 2 H, 

PhCll-CllPh) . 

(DIPP)3Ta(CPh=CPhCMe=CMe) (7). To a -40°C solution of 1.0 g (1.1 
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mmol) of (DIPP)3Ta(PhCmCPh) (6) in 20 mL of diethyl ether was added 0.18 

mL (2.3 mmol) of 2-butyne. The solution color immediately changed from 

pale yellow to light orange. After stirring the solution for 24 h (over 

which time a dark red orange color developed), the reaction volatiles were 

removed in vacuo to afford an orange oil. The oil was reconstituted in 

pentane and cooled to -40°C whereupon 0.62 g (0.66 mmol; 60%) of orange 

solid precipitated, was collected, washed with minimal cold pentane, and 

dried in vacuo. Analytically pure samples were obtained by 

recrystallization from Et20/pentane solution at -40°C. lH NMR (C6D6): 5 

7.19-6.49 (m, 19 H, Hary1 and C6HS) , 3.68 (br, 6 H, CHMe2) , 2.38 (q, 3 H, 

SJ HH - 1.3 Hz, Co<,CH3), 1.80 (q, 3 H, SJ HH - 1.3 Hz, Cn,CH3), 1.20 (d, 36 H, 

CHMe2)' The 5 2.38 and 1.80 quartets were completely resolved only by 

resolution enhancement. 13C NMR (C6D6): 5 203.3, 196.2 (Co< and Co<') , 166.4 

and 153.2 (Cn and Cp'), 157.4 (CiPSO ; DIPP) , 146.2, 141.0 (Cipso ' C6HS) , 

138.5, 131.9, 129.8, 127.8, 127.6, 126.3, 124.5, 124.0, 123.6 (Co, Cm, Cp ; 

DIPP and C6Hs) , 27.7 (fHMe2), 24.2 (CHMe2), 23.8, 17.7 (Co<,Me and Cn,Me). 

IR: 1585 br w, 1432 s, 1325 m, 1250 s, 1192 s, 1110 m, 1095 m, 1040 m, 912 

s, 900 s, 880 m, 790 m, 748 m, 712 w, 701 m, 695 m. Anal. Ca1cd for 

CS4H6703Ta: C, 68.63; H, 7.14. Found: C, 69.15; H, 7.08. Hydrolysis of 

7 yielded Z,E-CHPh-CPhCMe=CHMe. Partial lH NMR (C6D6): 5 6.72 (s, 1 H, 

CHPh) , 5.49 (q, 3JHH - 7.0 Hz, 1 H, CHMe) , 1.85 (s, 3 H, C~), 1.52 (d, 

3J HH - 7.0 Hz, 3 H, CH~). 

(DIPP)3Ta(CPh=CPhCEt=CEt) (8). A 0.96 g sample (1.1 mmol) of 

(DIPP)3Ta(PhCmCPh) (6) was dissolved in 20 mL of diethyl ether and the 

solution was cooled to -40°C. Upon adding 0.25 mL (2.2 mmol) of 3-hexyne 
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(with stirring), the solution color immediately changed from pale yellow 

to light orange and slowly became dark red orange overnight. After 

stirring for 24 h, the solvent was removed in vacuo to yield an orange 

oil. The oil was dissolved in pentane and upon cooling to -40°C, an 

orange solid was obtained. This solid was collected, washed with minimal 

cold pentane, and dried in vacuo; yield 0.62 g (0.64 mmo1, 60%). 

Analytically pure samples were obtained by recrystallization from 

Et20/pentane solution at -40°C. lH NMR (C6DsCD3 , 233 K): 0 7.23-6.48 (m, 

19 H, Ha~l and C6HS)' 4.35, 3.43, 3.23 (spt, 2 H each, CHMe2), 3.03 (q, 2 

H, Ca ,CH2CH3), 2.35 (q, 2 H, Ca,CH2CH 3), 1.70, 1.48, 1.23, 1.19,0.91,0.72 

(d, 6 H each, CHMe2), 0.94, 0.92 (t, 3 H each, Ca ,CH2CH3, and CP,CH2CH3». 
No temperature could be identified at which all intramolecular dynamic 

processes were sufficiently fast or slow to observe all carbon nuclei of 

this compound. Partial 13C NMR (C 6DsCD3 , 233 K): 0 204.4, 199.9 (Ca and 

Ca ,), 174.4, 169.6 (Co and Co,), IR: 1585 br w, 1435 s, 1325 m, 1250 s, 

1190 s, 1109 m, 1095 m, 1070 w, 1053 w, 1040 m, 980 w, 90S s, 898 s, 888 

sh, 877 sh, 790 m, 750 m, 715 sh, 703 m, 696 m. Anal. Calcd for 

CS6H7103Ta: C, 69.12; H, 7.35. Found: C, 69.30; H, 7.44. Hydrolysis of 

8 yielded Z,E-CHPh-CPhCEt-CHEt. Partial lH NMR (C6D6): 0 6.79 (s, 1 H, 

CHPh), 5.47 (t, 3JHH - 7.3 Hz, 1 H, CHEt), 2.28 (q, 3JHH - 7.3 Hz, 2 H, 

CCH2CH3), 2.01 (psuedo pentet, 3JHH , (7.3 Hz) =:: 3JHH" (7.5 Hz), 2 H, 

CHC!hCH3)' 1.07 (t, 3JHH - 7.3 Hz, 3 H, CCH2CH3), 0.86 (t, 3JHH - 7.5 Hz, 3 

H, CHCH2CH3). 

(DIPP)3T~(CPh=CPhCH=CCMe3) (9). To a -40°C solution of 0.49 g (0.55 

mmol) of (DIPP)3Ta(PhCsCPh) (6) in 15 mL of diethyl ether was added 0.15 
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mL (1.2 mmo1) of 3,3-dimethy1-1-butyne. After the solution was stirred 

at room temperature overnight (ca. 18 h), the solvent was removed in vacuo 

to provide a red orange oil. This oil was dissolved in a minimum volume 

of diethy1 ether, several mL of acetonitrile were added, and upon cooling 

the solution to -40°C, orange crystals formed. The crystals were 

collected, washed with cold acetonitrile, and dried in vacuo; yield 0.37 

g (0.38 mmol, 70%). Analytically pure samples 

recrystallization from Et20/MeCN solution at -40°C. 

were obtained by 

lH NMR (CDC13): 6 

7.57 (s, 1 H, CaH) , 7.27-7.06 and 6.76-6.50 (m, 19 H total, Hary1 and 

C6H5) , 3.94 (br, 4 H, CHMe2), 2.98 (spt, 2 H, CHMe2) , 1.46, 1.36 (d, 12 H 

each, CHMe2)' 1.13 (s, 9 H, CaCMe3)' 0.76 (br d, 12 H, CHMe2). 13C NMR 

(CDC13): 6 221.3, 196.6 (~CMe3 and Ca,Ph), 158.2, 154.7 (C1pso ' DIPP) , 

146.3 (~p,Ph), 142.1 (C1pso ' C6H5) , 139.8, 137.6 (Co, DIPP) , 137.0 (CpH) , 

128.7, 128.6, 127.6, 126.8, 126.4, 123.9 (Co, Cm' Cp; C6H5) , 123.8, 123.6 

(Cm, DIPP) , 122.5, 122.1 (Cp' DIPP), 41.7 (~Me3)' 31.7 ( CMe3), 27.6, 27.0 

(~HMe2)' 25.1, 24.2 (CHMe2)' One CHMe2 resonance was not observed or is 

coincident with another signal. IR: 1570 v br, 1495 w, 1430 s, 1360 m, 

1317 m, 1243 s, 1181 s, 1100 m, 1076 sh, 1055 w, 1036 m, 1022 w, 905 s, 

895 s, 872 m, 800 w, 787 m, 765 w, 750 m, 740 m, 710 m, 700 w, 690 m. 

Anal. Calcd for C56H7103Ta: C, 69.12; H, 7.35. Found: C, 69.12; H, 7.29. 

Hydrolysis of 9 yielded Z,E-CHPh=CPhCH=CHCMe3' Partial lH NMR (C6D6): 6 

6.56 (s, 1 H, CHPh) , 6.45 (d, 3JHH - 16 Hz, 1 H, Cli), 5.56 (d, 3JHH - 16 

Hz, 1 H, CHCMe3), 0.96 (s, 9 H, CHCMe3)' 

(DIPP)3T~(CPh"CPhCH=CSiMe3) (10). To a -40°C solution of 0.75 g 

(0.84 mmo1) of (DIPP)3Ta(PhC-CPh) (6) in 15 mL of diethy1 ether was added 
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0.18 mL (1.5 mmo1) of trimethy1si1y1 acetylene. After the solution was 

stirred at room temperature overnight (ca. 18 h), the solvent was removed 

in vacuo to provide a red orange oil. Upon dissolving the oil in pentane, 

the orange solid product began to precipitate. Precipitation was 

completed by cooling this mixture to -40°C overnight. The resulting solid 

was collected, washed with cold pentane, and dried in vacuo; yield 0.65 

g (0.66 mmol, 79%). Analytically pure samples were obtained by 

recrystallization from Et20/pentane solutions at -40°C. lH NMR (C6D6 ): 

6 8.68 (s, 1 H, CaH) , 7.23-6.45 (m, 19 H, H8~1 and C6H5) , 3.97 (br, 4 H, 

CHMe2), 3.14 (br, 2 H, CHMe2 ) , 1.43, 1.33 (d, 12 H each, CHMe2 ) , 0.87 (br, 

12 H, CHMe 2 ) , 0.074 (s, 9 H, SiMea). At no temperature between 213 K and 

358 K were all intramolecular dynamic processes sufficiently fast or slow 

to observe all carbon nuclei of this compound. Partial laC NMR (C6D5CDa): 

S 210.7, 203.8 (br, C~ and C~,). IR: 1585 br w, 1432 s, 1360 m, 1322 s, 

1305 sh, 1288 w, 1255 sh, 1245 s, 1185 s, 1105 m, 1094 m, 1073 w, 1053 w, 

1040 m, 1026 w, 938 m, 910 s, 897 s, 869 s, 830 m, 790 m, 755 w, 745 s, 

731 m, 709 m, 695 s, 666 w, 640 w. Anal. Calcd for C55H710aSiTa: C, 66.78; 

H, 7.23. Found: C, 67.20; H, 7.35. Hydrolysis of 10 yielded Z,E

CHPh=CPhCH=CHSiMe3 . Partial lH NMR (C6D6): 5 6.63 (s, 1 H, CHPh) , 5.83 

(d, aJaa - 19 Hz, 1 H, CHSiMea) , 0.08 (s, 9 H, CHSiMea). The CH-CHSiMea 

resonance was obscured by the aryl proton signals. 

A 0.54 g sample (0.60 mmol) of 

(DIPP)aTa(PhCaCPh) (6) was dissolved in 15 mL of diethyl ether, the 

solution was cooled to -40°C, and 0.12 mL (1.1 mmol) of phenylacetylene 

was added. The reaction color quickly changed from pale yellow to red 
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orange upon acetylene addition. After stirring the solution at room 

temperature overnight (ca. 18 h), the solvent was removed in vacuo to 

provide a red orange oil. The oil was dissolved in pentane and upon 

cooling the solution to -40° C, orange solid formed. This solid was 

collected, washed with minimal cold pentane, and dried in vacuo; yield 

0.45 g (0.45 mmol, 75%). Analytically pure samples were obtained by 

recrystallization from Et20/pentane solution at -40°C. lH NMR (CsDsCD3' 

338 K): S 7.99 (s, Co.H), 7.17-6.53 (m, 24 H, Ha~l and CsHs), 3.62 (spt, 

6 H, CHMe2)' 1.13 (d, 36 H, CHMe2)' All carbon resonances in this 

molecule were not observed. Partial 13C NMR (CsDsCD3' 338 K): 5 203.7, 

200.4 (Ca and Ca')' IR: 1585 br w, 1430 s, 1320 m, 1245 s, 1185 s, 1105 

m, 1092 m, 1039 w, 1022 w, 939 w, 905 sh, 898 s, 878 w, 869 m, 786 m, 760 

w, 750 m, 741 m, 709 w, 692 m. Anal. Calcd for CssHs703Ta: C, 70.15; H, 

6.80. Found: C, 70.18; H, 7.06. Hydrolysis of 11 yielded Z, E-

CHPh-CPhCH=CHPh. Partial lH NMR (esDs): 5 6.64 (s, lH, CHPh), 6.34 (d, 

3JHH - 16 Hz, 1 H, CHPh). The CH=CHPh signal was obscured by the aryl 

proton resonances. 

(DIPP)3T~(CPh=CPhCH=6(CH2)46=CHCPh=PhC)Ta(DIPP)3 (12). 

solution of 0.52 g (0.58 mmol) of (DIPP)3Ta(PhCaCPh) (6) in 15 mL of 

diethyl ether was added 0.045 mL (0.35 mmol) of l,7-octadiyne. The 

reaction color changed from pale yellow to red orange in color within 

minutes. After the solution was stirred overnight (ca. 18 h) at room 

temperature, an orange solid had deposited. The solid was collected, 

washed with cold diethyl ether, and dried in vacuo; yield 0.45 g (0.24 

rnmol, 83%). An NMR sample of 12 could not be prepared due to its low 
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solubility in all solvents, however the compound obtained in this fashion 

was analytically pure. IR: 1580 br w, 1320 s, 1282 s, 1178 s, 1100 m, 

1090 m, 1050 w, 1035 m, 1020 w, 916 m, 901 s, 890 s, 870 m, 783 m, 760 m, 

738 s, 689 s. Anal. Calcd for ClosH13206Ta2: C, 68.70; H, 7.05. Found: C, 

68.83; H, 7.41. Hydrolysis of 12, followed by trituration of the oil with 

pentane, yielded the pale yellow solid Z,E-CHPh=CPhCH=CH(CH2)4-E,Z

CH=CHCPh=CHPh in 80% yield. Analytically pure samples were obtained by 

recrystallization from a toluene/pentane solution at -40°C. lH NMR 

(C6D6): 0 7.22-6.83 (m, 20 H, C6HS)' 6.53 (s, 2 H, CHPh-CPhCH-CH), 6.42 (d, 

3JHH - 15 Hz, 2 H, CHPh-CPhCH-CH), 5.43 (d of t, 3JHH - 15 Hz and 7 Hz, 2 

H, CHPh-CPhCH-CH), 1.97 (broad q, 4 H, CH2(CH2hC!:h. 1.24 (m, 4 H, 

CH2(C!:hhCH2)' Anal. Calcd for C36H34 : C, 92.66; H, 7.34. Found: C, 92.47; 

H, 7.22. 

(DIPP)3(I)TaCPh=CPhCMe=CMe(I) (13). To a -40°C solution of 0.75 g 

(0.79 mmol) of (DIPP)3Ta(CPh=CPhCMe-CMe) (7) in 15 mL of diethyl ether was 

added 0.24 g (0.95 mmol) of iodine. The reaction was allowed to stir 

overnight (ca. 18 h) at room temperature, over which time a yellow powder 

had precipitated. The solids were collected, washed with cold ether, and 

dried in vacuo; yield 0.68 g (0.57 mmol, 72%). Analytically pure samples 

were obtained by recrystallization from toluene/pentane at -40°C. lH NMR 

(C6DsCD3 , 353 K): 0 7.66-7.63 and 7.21-6.79 (m, 19 H, Ha~l and C6HS)' 3.59 

(br, 6 H, CHMe2), 2.57 and 2.00 (s, 3 H each, C7Me and C6MeI), 1.02 (d, 36 

H, CHMe2). All carbon resonances in this molecule have not been observed. 

Partial l3C NMR (C6DsCD3 , 353 K): 0 202. 8 (~Ph). IR: 1585 w, 1427 s, 

1316 s, 1238 s, 1169 br s, 1098 s, 1093 s, 1048 w, 1035 m, 926 m, 907 m, 
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885 s, 865 s, 790 m, 774 m, 762 m, 742 s, 727 m, 704 m, 694 s. Anal. 

Calcd for C54H671203Ta: C, 54.10; H, 5.63. Found: C, 54.49; H, 5.86. 

Hydrolysis of 13 yielded Z,Z-CHPh=CPhCMe=CMeI. Partial IH NMR (CDC13): 

6 6.47 (s, 1 H, CtlPh) , 2.63 (q, 3 H, 5JHH - 1.0 Hz, CMe) , 1.82 (q, 3 H, 

5JHH ~ l. 0 Hz, CMe1). 

(DIPP)3(I)TaCPh=CPhCEt=CEt(I) (14). A solution of 0.31 g (0.31 mmol) 

of (D1PP)3Ta(CPh-CPhCEt-CEt) (8) in 15 mL of diethyl ether was prepared 

and cooled to -40°C. A 0.16 g sample (0.63 mmol) of 12 was added to the 

solution, and the reaction was stirred overnight (ca. 18 h) at room 

temperature over which time the product precipitated as a yellow powder. 

The powder was filtered off, washed with cold diethyl ether, and dried in 

vacuo; yield 0.30 g (0.25 mmol, 80%). Analytically pure samples were 

obtained by recrystallization from toluene/pentane solution at -40°C. IH 

NMR (C6D6): 6 7.37-7.34 and 7.14-6.81 (m, 19 H, Hary1 and C6H5) , 4.45 (br, 

1 H, CtlMe2), 3.14 and 2.53 (second order m, 2 H, CtlMe2), 2.87 (second 

order m, 1 H, CtlMe2), 1.20 and 0.49 (t, 3 H each, C7CH2Ctl3 and C6(CH2Ctl3) I) , 

a broad featureless resonance spanning 6 1.7 to 0.3 (CHMe2, C7Ctl2CH3' and 

C6(Ctl2CH3)1) was unresolved. No temperature could be identified at which 

all intramolecular dynamic processes were sufficiently fast or slow to 

sharpen all the resonances of this compound. Partial 13C NMR (C6D6): 6 

201.9 (~Ph). Anal. Calcd for C56H711203Ta: C, 54.82; H, 5.83. Found: C, 

SS. 05; H, 6.05. Hydrolysis of 14 yielded Z, Z-CHPh=CPhCEt=CEt(I). Partial 

IH NMR (CDC13): 6 6.43 (s, lH, CtlPh) , 2.70, 2.13 (q, 3JHH - 7.3 and 7.5 Hz, 

2 H each, C7Ctl2CH3 and C6(Ctl2CH3)1), 1.24, 0.99 (t, partially obscured, 3 

H each, C7CH2CH3 and C6(CH2Ctl3)1). 
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Catalytic Trimerization of Phenylacetylene, Equation 2. 

solution of 0.51 g (0.71 mmo1) of Ta(DIPP)2C13(OEt2) (1) in 20 mL of 

diethylether was added 0.69 mL (6.3 mmo1) of cold (ca. -30°C) 

pheny1acety1ene and 0.46 mL (1.4 mmo1) of 0.5% Na/Hg. The solution 

immediately turned dark upon stirring. After 18 h, the reaction was 

filtered through Ce1ite and the solvent was removed in vacuo to yield 

brown solids. The solids were triturated with pentane and filtered to 

yield 0.21 g (0.68 mmol) of l,3,5-triphenylbenzene. The filtrate was 

cooled to -40°C and from which, two crops of orange solids were obtained, 

total yield 0.305 g. These solids contained a mixture of 1,2,4-

tripheny1benzene and 1,3,5-tripheny1benzene (ca. 10:1). The total yield 

of cyc10trimer is 0.515 g (1.68 mmo1; 80% yield based on a1kyne) or 2.4 

turnovers. l,3,5-triphenylbenzene. lH NMR (C6D6): 6 7.72 (s, 3 H, 

C61bPh3), 7.52 (d, 6 H, Ho ' C6H5 ) , 7.28-7.17 (m, 9 H, Cm and Cp ' C6H5). 

1,2,4-triphenylbenzene. Partial lH NMR (C6D6): 6 7.50 (d, 4JHH - 1.6 Hz, 

1 H, 3-C6IhPh3), 7.39 (AB d, 3JHH - 8.0 Hz, 1 H, 6-C61bPh3)' 



CHAPTER 3 

DIRECT CONVERSION OF A SUBSTITUTED METALLACYCLOPENTADIENE 

TO AN 1]6 ARENE AND AN 1]2 PYRIDINE 

Introduction 
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Understanding the interactions between aromatic hydrocarbons and 

metal surfaces, 99-101 atoms, 102-105 and coordination complexes106, 107 has 

proven essential for elucidating the mechanistic details of aromatic C

H bond activation,10B,l09 arene hydrogenation, 110,111 and alkyne cyclo

trimerization. 19 ,91,112 Interconversions between the various arene-metal 

structural forms (e.g. 1]6 = 1]4 = 1]2) may be of considerable importance to 

such processes .107,113 While several transition metal complexes featuring 

1]2- coordinated arenes have been characterized,114 1]2-bound pyridines (also 

potentially relevant to C-H bond activation) are elusive .115,116 In this 

chapter, the synthesis, structure, and isomerization studies of an unusual 

metallacyclopentadiene are presented. The addition of an alkyne to the 

isomerized metallacyclopentadiene provides a route to an 1]6-arene complex. 

The preparation and properties of both this 1]6-arene and an extremely rare 

I'l2-bound, substituted pyridine complex, (1]2(N ,C) -2,4, 6-NC5H2tBu3)Ta(DIPP)2Cl 

(DIPP - 2,6-diisopropylphenoxide) are also described. Since the pyridine 

ligand has been assembled from two acetylenes and one nitrile, this 

complex may represent a heretofore unrecognized intermediate in metal 

catalyzed [2+2+2] cycloaddi tion chemistry.117-122 These reactions present, 

for the first time, mechanistic models for the second step in metal 

catalyzed alkyne cyclotrimerization, i. e. the direct conversion of a 
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meta1lacyc1opentadiene to higher coordinated cyclooligomers. 

Results and Discussion 

The metallacyc10pentadiene complex (DIPPhC1Ta(CCMe3=CHCH=CCMe3) (15) 

can be isolated in 50% yield upon reacting Ta(DIPP)2C13(OEt2) (1), at 

least 2 equivalents of HCeCCMe3' and 2 equivalents of Na/Hg in diethy1 

ether, equation 1. Compound 15 is formulated as the a,a' metallacyc1e 

(1) 

from its spectroscopic data and by examining its alcoholysis product. 

Thus, 15 is protonated with t-butanol to form the ring opened complex 

(DIPP)2(tBuO)C1TaCMe3-CHCH-CHMe3 (16), equation 2. Low temperature 1H NMR 

revealed equivalent CpH and t-buty1 groups and inequivalent DIPP ligands, 

CII' 3 
lI'lC, F<.. 

(D I P P ) 2 C I (II. l C 0)T ar -H 

16 

(2) 

indicating that the meta11acyclic ring must be contained within the 

equatorial plane of a trigonal bipyramid. In addition to this anomolous 

geometry,80,123,124 a Cp resonance, which was shifted significantly upfield, 

was observed at 0 104.9. The a,a' metal1acyc1e (15) represents the 

kinetic product of this reaction since it can be thermo1yzed (toluene, 70 

• I i 
°C, 3 d) to provide the a,p' 1somer (DIPP)2C1Ta(CCMe3-CHCCMe3=CH) (17) in 

nearly quantitative yield, equation 3. Meta1lacycle 17 is very soluble 
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in all hydrocarbon solvents, and therefore can be isolated in only ca. 35% 

yield from concentrated pentane solutions at -40°C, however it is 

typically used in situ. Slightly better yields can be isolated by adding 

a coordinating ligand such as THF to form adducts like complex 18, 

equation 3. 

THF 

(DI PP ),' IT'~ 
17 

(T H F )( 0 I PP ) , ' I T'~ 
18 

(3) 

The thermolysis of 15 was followed by lH NMR, however no intermediates 

were observed. Two possible pathways could be envisioned by which 15 

rearranges to 17, either via i) a bis-alkyne adduct or ii) the bicyclic 

structure shown in Scheme 3.1. Metallacyclopentanes (and 

metallacyclopentenes) have long been known to reversibly dissociate into 

bis-olefin (olefinjalkyne) complexes, 74,125-129 however, their 

metallacyclopentadiene analogues have not been shown to undergo similar 

equilibrations. To my knowledge, only one other metallacyclopentadiene 

has undergone an isomerization, and the mechanism by which it rearranged 

was not studied. 59 A bicyclic structure similar to that shown in Scheme 

3.1 was observed in the coupling of tBuCep on zirconocene, Figure 3.1. 130 

This reaction is clearly relevant since phosphaalkynes and terminal 

alkynes are electronically and sterically quite similar. 131 Schrock has 
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implicated a related metallatetrahedrane intermediate which accounts for 

Scheme 3.1 

~ 
( DIP P) C 11./ 

;;/ 2>t ~ ,., .. )." .. ~ , .... , "'? 2 ...--
~ / Ie , .... ,.",,? ' 7 

the observed fluxionality in a tungsten metallacyclobutadiene system. 132 

A simple experiment was contrived to differentiate between these two 

reaction pathways which utilizes the disruption of the metallacycle in 

forming the bis-alkyne intermediate. One of these alkynes should be 

? 6 ",.? 
~?Q-.~-~ " 9.;, / .. .. Un 

~~rp~ J~";;?r'l,r q) 
) ) (p6 

(pI 
rps 

rpl (>--CJ 
rp9 (plO 

Figure 3.1 Crystal Structure of bis-cyclopentadienyl(l,3-
diphosphabicyclo[l.l.O]butane-2,4-diyl)zirconium 

strongly bound to the metal as a metallacyclopropene so that the metal 

will maintain its highest oxidation state. The other alkyne would then 
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be loosely bound on the dO metal and should rapidly exchange with a1kynes 

in solution. In the bicyc1ic intermediate, the meta1lacycle does not 

dissociate completely and neither alkyne unit may be displaced. Thus, 

thermolysis of 15 in the presence of 2 equivalents of (CH3)3CC-CD in a 

sealed NMR tube yielded four observable metallacyclic products, 17-do and 

the partially deuterated complexes 17-d1(a), 17-d1(&'), and 17-d2 , Scheme 

3.2. Therefore, the isomerization must be the result of disruption of the 

Scheme 3.2 

2'BuC;:;CD 

17-d O 17-d,(Q() 

meta11acyc1opentadiene followed by rotation of one of the a1kyne adducts 

by 180 0 to provide the final product. 

A related experiment using dipheny1acetylene gave similar results. 

Thermolysis of 15 with three equivalents of PhC-CPh in toluene yielded two 

major products eH NMR), (DIPP)2Cl'fa(CPh-CPhCPh-CPh) (4) and a complex 
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formulated as (DIPP)2ClT~(CPh-CPhCH-6CMe3)' Scheme 3.3. Neither complex 

15 or 17 was observed. The formation of a significant amount of 4, in 

addition to the absence of complex 17, supports the theory that one alkyne 

will be more strongly bound, relative to a second, such that the complex 

remains tantalum(V). Thus, the initial dissociation of 15 yields a 

strongly and a loosely bound t-butylacetylene adduct. The loosely bound 

alkyne can then undergo rapid statistical exchange with diphenylacetylene. 

Diphenylacetylene is a better ~ acceptor than t-butylacetylene and should 

quickly take the roll of the strongly bound alkyne. This new mixed bis

alkyne complex can then couple to provide (DIPP)2ClTk(CPh~CPhCH=tCMe3)' 

To 

15 

9
P
: Ph 

..--; 

Ph 
Ph 

4 

Scheme 3.3 

PhC-CPh t~ 
----. TO~ 
-'BuCaCH ~Ph 

Ph ~ 

"~Ph /Ph 
Ph C"C P h 

II 

- t B u C"C H 

or the loosely bound t-butylacetylene can again be replaced by a second 
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diphenylacetylene and couple to provide 4. 

The unusual isomerization of 15, in addition to the NMR evidence of 

an atypical metallacycle, prompted an X-ray crystallographic study. The 

molecular structure of 15 is presented in Figure 3.2. A summary of the 

crystal data, and a complete list of bond lengths and angles is given in 

Appendix A. Selected bond lengths and angles are provided in Tables 3.1 

and 3.2, respectively. The most notable feature is the unusual 

i i 

Figure 3.2 Ortep of (DIPP)2ClTa(CCMe3-CHCH-CCMe3) (15) 

metallacyclic ring. The molecular geometry is trigonal bipyramidal with 

a nearly linear Lax-Ta-Lax angle of 170.6 (2) A. Other known five-

coordinate, five-member metallacycles are constrained to occupy one axial 

and one equatorial site such that their Ca-Ta-Ca, angles may be 
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minimized. 80 ,123,124 The metallacyclic ring in this complex is bound to two 

equatorial sites with a C(2)-Ta-C(5) angle of 96.9(4)°, more than 20° 

degrees greater than in (DIPP)3T'a(CEt-CEtCEt-CEt) .123 Bond length 

alternation in the ring are evident and fairly typical except for the 

extremely long C(3)-C(4) bond length of 1.60(2) A (cf. 1.49(1) in 

(DIPP)3Ta(CEt~CEtCEt-CEt)123). This distended bond provides additional 

Table 3.1 Selected Bond Distances (A) in 
____ --l(...=D:.,:I-=.P-=.P.J..) 2C1 Ta (CCMe3-CHCH-CCMe3,J,.) ~(1:!:.:S~)!..-____ _ 

Ta-C(2) 
Ta-C(5) 
Ta-O(10) 
Ta-O(20) 

2.113(9) 
2.09(1) 
1.915(6) 
1.883(6) 

Ta-Cl 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 

Table 3.2 Selected Bond Angles (deg) in 

2.406(3) 
1. 35 (1) 
1. 60(2) 
1.31(1) 

____ -->..(D"'-I=..:P""'Po..LhC1 T a (CCMe3-CHCH=CCMe 3..l..) -->..:(1""5'-')'--____ _ 

C1-Ta-C(2) 85.4(3) C(5)-Ta-O(20) 97.6(3) 
Cl-Ta-O(lO) 83.1(2) C(2)-Ta-O(10) 142.7(3) 
C1-Ta-C(5) 91. 7 (3) C(5)-Ta-O(10) 118.7(3) 
CI-Ta-O(20) 170.6(2) O(10)-Ta-O(20) 93.5(3) 
C(2)-Ta-C(5) 96.9(4) Ta-O(lO)-C(l1) 155.7(6) 
C(2)-Ta-O(20) 92,2(3) Ta-O(20)-C(21) 173,1(6) 

evidence for the isomerization occurring through disruption of the 

strained metal1acycle. The congestion about the metal center does not 

prevent the formation of the a,a' isomer, however, the reduction of the 

more congested Ta(DIPP)3C12 in the presence of Me3CCaCH, provides the 

a,~' isomer (DIPP)3Ta(CCMe3-CHCCMe3-CH) directly.97 

Metallacycles 17 and 18 (but not 15) react readily with equivalent 

of HCaCCMea to provide solutions from which blue crystals of (~6-1,3,5-
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C6H3tBu3)Ta(DIPP)2Cl (19) are obtained in 20-30% yield, Scheme 3.4. 1,3,5-

C6H3tBu3 (20) is formed quantitatively upon hydrolyzing 19 or upon reacting 

19 with an excess of HCaCCMe3 (which also regenerates compound 15) .133 

Although the formation of an ~6-arene by alkyne cyclization chemistry was 

Scheme 3.4 

OR • 2.6-dlllopropylph.noxldt 

4 
/Ta·",c I 

RO ~R 

22 

'auC=CH 
'XC'SS } 

---.... (ROhCITa :: 
2 NaHg 

15 

'XCISS Jr-., I /, 

'a uC=CH 

20 

/Ta·",C I 
RO ~ 

OR 

I ~ 

2 I 

17 

reported previously,7 this is the first observation in any metal system 

of the direct conversion of a metallacyclopentadiene to an ~6-arene. 

A structural comparison of 19 with the related complex (~6_ 

C6Me6)Ta(DIPPhCl22 (5) was made based on NMR. While the 1H NMR of the 
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hexamethylbenzene complex revealed only one type of methyl group even at 

low temperatures (189K), the crystal structure revealed a severely bent 

ring. 7 The ring showed significant ~-localization (Figure 3.3) with the 

e 
To 

Figure 3.3 Arene ~-Localization in (CsMes)Ta(DIPP)2Cl (5) 

trans carbons making a close approach to the metal (average Ta-C bond 

length, 2.19 A) and the remaining carbons situated somewhat farther 

(average Ta-C bond length, 2.49 A). These properties can be contrasted 

with those of 19. The room temperature lH NMR of 19 featured a singlet 

for the three t-butyl groups and a singlet at 0 5.02 for the aromatic 

protons of the arene ring. Upon cooling a CSD5CD3 solution of 19 to 223K, 

the aromatic proton signal split into two new singlets at 0 4.94 and 5.19, 

in a 2:1 ratio, respectively. Upon cooling the sample to 193K, a second 

type of fluctionality was implicated as the intensity two signal was split 

furthur. This gave rise to three, integration one, singlets at 0 4.86, 

5.05, and 5.23. The equilibration of all three sites in the arene at the 

high temperature limit can be attributed to the fluxionality of the arene 

ring. The equivalence of the substituents in solution (at room 

temperature) can be explained by the valence tautomerism,7 shown in figure 

3.4. The second fluxional process is most likely due to the loss of 

symmetry provided by the pseudorotation of the ancillary ligands, the two 

DIPP's and the chloride. The inequivalence of the aromatic protons at 
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223K may indicate a bent arene ring. Alternatively, the two fluctionality 

~~~~~ 
lc(fv- I - \if/- T -: \~ 
M-M-M-M-M 

processes may represent slowed rotation first of the ancillary ligands, 

and then the. arene itself such that the three sites are inequivalent 

without implying anything about the structure of the arene ring. An X-

ray crystallographic study is currently in progress which will establish 

the true geometry of the arene ring. 

The spectral properties of 19 (as well as the structural features of 

(CsMes)Ta(DIPP)2Cl) certainly arise from the interaction of the d2 metal 

center with the arene ring. It appears that in these complexes, assuming 

that 19 is also a bent arene, the arene 11"* orbital A is selectively 

populated over B (Figure 3.5).134 The valence bond structure which 

+ + + 
+ + + 

A B 

Figure 3.5 Arene 11"* Molecular Orbitals (LUMOs) 

represents the limit of this backbonding interaction between the metal and 
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the molecular orbital A (6 M(d) ~ L(~*)}, is shown in Figure 3.6. As a 

measure of the accuracy of this structure (formally a (u(1,4)~4(23,56)-

Cs
t Bu3H3}), the lJCH coupling constants were measured using gated l3C NMR 

for the two types of ring carbons which are present at low temperature. 

The bridgehead carbons would certainly have a different hybridization than 

the non-bridgehead atoms. At 313K the three arene l3CH appeared at 6 

105.3 (lJCH-169 Hz). At 223K, only one resonance for the arene CH was 

Figure 3.6 Valence Bond Structure for the Limit of 6 
Acceptance in (1,3,5-CsH3tBu3)Ta(DIPP)2Cl (19) 

observed at 6 99.4. The coupling constant (lJCH ) was determined to be 172 

Hz. Only a three Hz difference in the coupling constants of the time 

averaged and one of carbons in the frozen structure is not significant 

enough to represent a change in hybridization, therefore this structure 

shown in Figure 3.6 is not valid. The true bonding description must be 

along the continuum of bonding defined by simple ~ donation and 6 

acceptance. The reactivity of these arenes is more consistent with a 

tantalum (III) rather than a tantalum (V) metal center, (Scheme 3.3 and 

chapter 6) therefore, the ~s arene nomenclature will be used. 

Similar to the formation of 18, except at low temperature, 17 reacts 

with trimethylacetonitrile at -40°C to provide a solid sample of the 

yellow orange adduct (DIPP)2Cl(Me3CC5N)T~(CCMe3-CHCCMe3-CH) (21) (v(CsN) 

- 2278 cm-1). Within minutes at room temperature, 21 begins to rearrange 
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to maroon complex 22, Scheme 3.2. Alternately, 22 can be made directly 

by thermolysis of 15 in the presence of trimethylacetonitrile. The NMR 

spectra of 22 reveal that all three t-butyl groups are inequivalent, even 

to 90°C, which contrasts sharply with the room temperature equivalence of 

the t-butyl groups in (,]6-l,3,5-C6H3tBu3)Ta(DIPPhCl (19). Samples of 22 

can be sublimed at 110°C with little decomposition (2 X 10-s torr) while 

19 releases its arene slowly at room temperature. The He I valence 

photoelectron spectrum of 22 reveals a broad ionization at ca. 6.75 eV, 

with a band shape reminiscent of the lowest energy ionization from 

tantalum olefin complexes which show a metallacyclopropane electronic 

structure. 13S The cyclic voltammogram of 22 (Figure 3.7) displays an 

irreversible oxidation at Ep.a - +0.63 V vs Ag/AgCl which is ca. 0.5 V 

Figure 3.7 Cyclic Voltammogram of 22 

more positive than the oxidation of the related arene complex (']6-

Accordingly, the chemical oxidation of 22 with 

pyridine N-oxide provides free 2,4,6-NCsH2
tBu3 (23). The reaction of 22 

with PCls , however, yielded the ']1 bound pyridine complex, (,]1-2,4,6-

NCsH2tBu3)Ta(DIPP)2C13 (24), equation 4. All of the above data require the 
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formulation of 22 as the pyridine complex (2,4,6-NCsH2tBu3)Ta(DIPP)2Cl, and 

not the N-metallacyc1oimine (DIPPhCIT~(N-CCMe3CH-CCMe3CH-CCMe3)' However, 

the striking differences between 19 and 22 also implicate a structural 

formulation other than an ~6 pyridine complex. 137 

22 + PCl s T a ( DIP P ) 2 C I 3 (-:; I - N C s H 2 t B u 3 ) 

23 

(4) 

An x-ray crystallographic study of 22 established the ~2 coordination 

of the pyridine ligand, Figure 3.8. A swnmary of the crystal data, 

structural analysis, and a complete list of bond lengths and angles is 

given in Appendix A. Selected bond distances and angles are provided in 
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Tables 3.3 and 3.4, respectively. The tantalum-pyridine interaction 

features a Ta-C(l) bond of 2.126 (9) A and Ta-N bond of 1.966 (6) A, while 

C(2) and C(5) are clearly out of bonding range (2.99 (1) A and 3.159 (8) 

A from Ta, respectively). Unlike the related structure of 

Table 3.3 Selected Bond Distances (A) in ~2(N,C)-2,4,6-
____ --!,;N~C,5!htBu3)Ta(DIPPhCl (22), 

Ta-Cl 2.343(3) N-C(l) 1.48(2) 
Ta-N 1.966(6) N-C(5) 1.386(9) 
Ta-C(l) 2.126(9) C(1)-C(2) 1.46(1) 
Ta-O(lO) 1.876(6) C(2)-C(3) 1.43(2) 
Ta-O(20) 1. 861(6) C(3)-C(4) 1.46(2) 

C(4)-C(5) 1. 35(2) 

Table 3.4 Selected Bond Angles (deg) in ~2(N,C)-2,4,6-
____ ---'-N=C slh tBu3) Ta (DIPP h.:=.C=l--:....:( 2::.;2:-)....,,'--_______ _ 

Cl-Ta-N 131.1(4) N-Ta-O(20) 109.9(3) 
Cl-Ta-C(l) 92,5(3) C(l)-Ta-O(lO) 127.5(3) 
C1-Ta-O(10) 95.6(2) C(1)-Ta-O(20) 111.5(3) 
C1-Ta-O(20) 102.2(2) O(10)-Ta-O(20) 117,1(3) 
N-Ta-C(l) 41. 9(6) Ta-O(10)-C(11) 161.5(6) 
N-Ta-O(10} 101.1(6} Ta-O{20}-C{21} 164.9{62 

localization is not evident in 22. The pyridine is far from planar: the 

severe distortion (perhaps sterica11y enhanced) appears to be towards a 

twist boat conformation, Ta-N-C(5) - 140.3 (5)° and Ta-C(1)-C(2) - 111,5 

(6)° while the dihedral angle between the best pyridine plane and the Ta-

(N,C) plane is 117.6 (5)°. A short Ta-N bond in conjunction with the NMR 

data fully support the ~2-(N,C) mode of bonding as in (si1ox)3Ta(~2(N,C)-
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NCsHs),llS rather than an ~2_(C,C) mode reported in the 1utidine complex 

[(~2-1utidene)Os (NH3) s]2+. 116 

The structure of 22 suggests that a metal-ligand ~ interaction (d~ 

~ p~*) is preferred over the rather inefficient S backbonding (dS ~ 

areneS* (arene ~* LUMO) as in 19),138 to allow the metal to attain its 

highest oxidation state. No intermediates are observed (by 1H NMR) in the 

rearrangement of 21 to 22 thus whether a transient ~6-pyridine or N

metallacycloimine (T'aN-CCMe3CH-CCMe3CH-CCMe3) is involved is unknown. 

Since the tri-t-buty1benzene ligand coordinates ~6 in complex 19, it is 

unlikely that steric constraints are inducing an incipient ~6-tri- t

butylpyridine ligand to slip to the observed ~2 form in 22. An 1']2 

coordination mode has not been observed for the arene complex, although 

it has been observed in a similar tantalum system (i.e. [(si1ox)3Ta]2(~

I']2(1,2):~2(4,5)-C6H6); silox-OSitBu3).1l5 The '12 coordination results in a 

disruption of the pyridine's aromaticity, severely distorts the ligand, 

and extracts a high energetic price, 139 but one which seems to be more 

than recovered in the tantalum-nitrogen interaction. The difference in 

the thermal stabilities of 19 and 22 reflects this strong interaction. 

Complex 22 can be sublimed with little decomposition at 110°C (2x10-s 

torr) and is stable indefinitely in solution. Complex 19 releases its 

arene at room temperature in vacuo or in solution. Additionally, 

compounds related to 22 may be relevant to C-H bond activation: 

intermediate ~2-(N,C) pyridine species may be implicated prior to pyridyl 

('7 2 (N, C) -NC5H4) formation140 and related pyridine Ca functionalizations .141 
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Conclusion 

The kinetic product from the reaction of Ta(DIPP) 2C13 (OEt2)' ~2 

equivalents of HCECCMe3, and 2 equivalents of Na/Hg is the 0,0' metalla

cyclopentadiene complex (DIPP)2CITa(CCMe3-CHCH-tCMe3) (15). Thermolysis 

of 15 provides the a,p' isomer (DIPP)2CITa(CCMe3-CHCCMe3-CH) (17) perhaps 

by an unprecedented bis-alkyne intermediate. Complex 17 (but not 15) 

reacts with I equivalent of HCsCCMe3 to afford the ~6-arene complex (~6_ 

1,3,5-C6H3tBu3)Ta(DIPP)2C1 (19). The conversion of 17 to 19 is a 

previously unobserved conversion of a meta11acyc1opentadiene to an ~6_ 

arene. Complex 19 and the crysta11ographica11y studied (~6_ 

C6Me6)Ta(DIPP)2C1 (5),7 which features a bent ~6-arene ligand, are 

strikingly similar to the Diels-A1der product in Scheme 1.1. 

Complex 17 forms an adduct with NEiCCMe3, viz. (DIPP) 2CI (Me3CCeN)

Ta(CCMe3-CHCCMe3-CH) (21), which undergoes a cyc1oaddition reaction at 

room temperature to afford (~2(N,C)-2,4,6-NC5H2tBu3)Ta(DIPP)2C1 (22). The 

bonding in compound 22 was clearly established by crystallography. The 

pyridine ligand is severely distorted and does not exhibit a clear 1,3-

diene rr localization. The ~2 bonding mode is exceedingly rare (only two 

previously known). This preparation represents the lowest temperature 

pyridine synthesis from cycloaddition chemistry reported to date and may 

constitute a viable pathway to a number of sterically hindered pyridines 

inaccessible by other routes. The oxidation of 22 results in the 

decoordination of the 2,4,6-tri-t-butylpyridine ligand. 



62 

Experimental preparations. (DIPP)2C1T~(CCMe3=CHCH=6cMe3) (15). To a 

-40°C solution of 2.03 g (2.84 mmol) of Ta(DIPP)2C13(OEt2) (1) in 20 mL of 

diethyl ether was added 0.80 mL (6.5 mmol) of t-butylacetylene and 1.7 mL 

(5.7 mmol) of 0.5% Na/Hg. After stirring the solution for 18 h, the 

solvent was removed in vacuo to yield an oily solid. The golden-yellow 

solid was triturated with cold pentane, filtered, and dried in vacuo. 

Upon cooling the filtrate to -40°C, an additional crop of solid formed. 

Total yield, 1.15 g (1.56 mmol, 55%). lH NMR (toluene-de, -40°C): 0 7.45 

(s, 2 H, CH), 7.12-6.82 (m, 6 H, Hary1 ) , 3.76, 3.44 (spt, 2 H each, CHMez), 

1.48, 1.35 (d, 6 H each, CHMez), 1.23 (s, 18 H, CMe3) , 0.99 (d, 12 H, 

CHMe z). l3C NMR (toluene-de, -40°C): 0 221.3 (Ca ) , 160.0, 156.3 (Cipso)' 

140.7, 137.6 (Co), 123.8 (broad, coincident Cm and Cp), 104.9 (Cp ) , 40.0 

(~Me3)' 30.0 (CMe3), 28.9, 26.4 (~HMez)' 25.7, 24.5, 23.9 (CHMez). 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. Anal. Cal cd for 

C36H540zClTa: C, 58.81; H, 7.40. Found: C, 58.99; H, 7.57. 

(DIPP)2(Me3CO)C1Ta(f71-E,E-CCMe3=CHCH=CHCMe3) (16). To a -40°C solution 

of 0.59 g (0.80 mmo1) of (DIPP)zClT'a(CCMe3-CHCH-CCMe3) (15) in 20 mL of 

diethyl ether was added 0.14 g (1.9 mmol) of t-butanol. The reaction was 

allowed to stir overnight over which time the color changed from gold to 

yellow. The solvent was removed in vacuo to yield an oil. The oil was 

reconstituted in pentane, and upon cooling to -40°C light yellow crystals 

formed. The crystals were collected by filtration, washed with cold 

pentane, and dried in vacuo; yield, 0.465 g (0.57 mmo1, 72%). 
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Analytically pure samples were prepared by recrystallization from 

Et20/pentane (5:1) at -40°C. lH NMR (COC1a): 0 7.73 (d, aJHH-12.3 Hz, 1H, 

CpH) , 7.12-6.91 (m, 6H, Hary1 ) , 6.79 (d of d, aJHH-14.4 Hz (trans) and 12.2 

Hz (vicinal), 1H, C,H) , 5.67 (d, aJHH-14.4 Hz, 1H, C6H) , 3.62 (spt, 4H, 

CHMe2), 1.52, 1.27 (s, 9H each, Co:. 6CMea), 1.16 (d, 24H, CHMe2), 0.78 (s, 

9H,OCMea). laC NMR (COC1a): 0 214.1 (s, Co:), 155.7 (s, Cipso ), 149.3 (d, 

Cp), 139.4 (s, Co), 138.0, 124.4 (d, C, or C6), 123.4 (d, Cm)' 122.6 (d, 

Cp), 89.1 (s, O~Mea), 40.8,33.6 (s, CO:.6~Mea), 32.4 (d, ~HMe2)' 31.4, 29.4, 

26.2, 24.9, 24.3 (q; CHMe2' Co:. 6CMe a, or OCMe a). Anal. Ca1cd for 

C4oC1Hs40aTa: C, 59.36; H, 7.97. Found: C, 59.29; H, 8.23. 

(OIPP)2C1Ta(CCMea=CHCCMe3=CH) (17). A room temperature solution of 

0.98 g (1.3 mmo1) of 15 dissolved in 30 mL of toluene in a sealed ampule. 

The solution darkened to a maroon-red upon heating in an oil bath for 

three days at 70°C. The solvent was removed in vacuo to yield an oil. 

The oil was reconstituted in minimal pentane (ca. 2 mL) and upon cooling 

to -40°C, orange-yellow crystals formed. The crystals were filtered, 

washed with minimal cold pentane, and dried in vacuo; yield, 0.34 g (0.46 

mmol, 35%, 2crops). lH NMR (CsOs): 08.96 (d, 4JHH - 2.6 Hz, 1 H, CH), 

7.46 (d, 4J HH - 2.6 Hz, 1 H, CH), 7.10-6.95 (m, 6 H, Hary1), 3.78 (spt, 4 

H, CHMe2), 1.34, 1.31 (d, 12 H each, CHMe2), 1.12, 1.00 (s, 9 H each, 

CMea). laC NMR (CsOs): 6 217.4 (~CMe3)' 189.4 (Co:H) , 181.9 (~pCMea), 159.1 

(CipSO ), 138.5 (Co), 137.9 (CpH) , 125.7 (Cp) , 123.8 (Cm) , 41.9, 37.3 (~Mea), 

31.2, 29.0 (CMga) , 28.4 (CHMe2), 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 
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C3sHS40zC1Ta: C, 58.81; H, 7.40. Found: C, 58.84; H, 7.68. 

I i 

(DIPP)zCl(THF)Ta(CCMe3=CHCCMe 3=CH) (18). To a toluene solution of 

2.43 g (3.30 mrno1) of 15 was added 3.0 mL (37 mrnol) of THF in a sealed 

ampule. The solution was allowed to stir in an oil bath at 70° C for three 

days over which time the solution turned a maroon-red color. The solvent 

was then removed to yield oily solids. The oil was triturated with cold 

pentane and brown-yellow solids were collected. Upon cooling the filtrate 

to -40°C, an additional crop of solids formed. Total yield, 1.11 g (1.37 

mrnol,42%). lH NMR (CsDs): 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, Hary1 ), 3.82 (spt, 4 H, CHMez), 3.70 (t 

(AB) , 4 H, OCHz) , 1.36 (t (AB) , 4 H, OCHzCHz), 1.30, 1.29 (d, 12 H each, 

CHMez), 1.16, 1.13 (s, 9 H each, CMea). l3C NMR (CsDs): 5 220.1 (~CMea), 

187.3 (CQ:.H), 179.4 (~pCMe3)' 158.1 (CiPso), 139.0 (Co), 138.8 (CpH) , 125.2 

(Cp )' 123.8 (Cm) , 70.4 (OCHz), 41.6, 37.1 (~Me3)' 31.3, 29.2 ( CMe3), 27.7 

(~HMez), 25.7 (OCHz~Hz), 24.45, 24.3 (CHMez). 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. Ca1cd 

for C4oHszOaC1Ta: C, 59.51; H, 7.74. Found (best analyses): C, 58.15; H, 

7.83. 

mrnol) of 18 (or 17) in 20 mL of ether was added 0.12 mL (0.98 mrnol) of t-

butylacety1ene. The solution was allowed to stir for 12 h, over which 

time the solution had changed to a blue-green. The volatiles were removed 

in vacuo to yield an oily solid. The blue solid was triturated with cold 

pentane, filtered, and dried in vacuo. Yield, 0.19 g (0.23 mrnol, 31%). 
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lH NMR (CsDs): 6 7.10-6.90 (m, 6 H, Hary1 (DIPP», 5.02 (s, 3 H, arene CH), 

3.47 (spt, 6 H, CHMez) , 1.27, 1.15 (d, 12 H each, CHMez) , 1.05 (s, 27 H, 

CMe3)' 13C NMR (CsDs): 6 155.9 (Cipso)' 137.7 (Co), 123.8 (Cm) , 122.8 (Cp ) , 

105.5 (broad; CH, arene), 36.3 (~Me3)' 30.5 (CMe3), 25.8 (~HMez)' 25.4, 

24.6 (CHMez); ~CMe3 has not been observed. IR: 1580 w, 1540 w, 1320 s, 

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

901 s, 879 s, 870 m, 783 m, 740 s, 712 m. Anal. Calcd for C4zH640zClTa: 

C, 61.72; H, 7.89. Found: C, 61.70; H, 8.04. 

1,3,5-C6tBu3H3 (20). To a room temperature diethyl ether solution of 

17, generated in situ, was added excess t-butylacetylene. After stirring 

overnight, the solvent was removed in vacuo yielding oily solids. The 

oily solids were sublimed (room temperature, 10-5 torr) and a white 

crystalline product formed on the ice cooled probe. lH NMR (C6D6): 6 

7.42 (s, 3 H, Hary1 ), 1.34 (s, 27 H, CMe3)' 13C NMR (C6D6): 6 150.3 

(~CMe3)' 119.7 (CH), 35.1 (~Me3)' 31.8 (CMe3). 

(DIPP)zCl(Me3CCsN)Ta(CCMe3=CHCCMe3=CH) (21). To a -40°C solution of 

17, generated in situ by the above procedure from 0.66 g (0.90 mmol) of 

15, in pentane was added 0.29 mL (2.62 mmol) of trimethylacetonitrile. 

The solution was placed in the freezer (-40°C) and upon standing 

overnight, tan-yellow solid appeared. The solid was filtered off, washed 

with cold pentane, and dried in vacuo; yield, 0.31 g (0.38 mmol, 42%). 

lH NMR (C6D6): 6 8.68 (br, 1 H, Ca:H) , 7.57 (d, 3JHH - 2.8 Hz, 1 H, Cp.H) , 

7.10-6.93 (m, 6 H, Hary1 ), 3.86 (spt, 4 H, CHMez) , 1.32, 1.30 (overlapping 

d, 12 H ea, CHMez), 1.20, 1.14 (s, 9 H ea, CCMe3), 0.75 (s, 9 H, N-CCMe3)' 

13C NMR (CsDs): 6 233.7 (~CMe3)' 187.1 (Ca:. H), 179.3 (CpH) , 158.1 (Cipso ' 
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DIPP), 139.0 (Co, DIPP), 138.1 <.Qp,CMe3)' 125.1 (Cp , DIPP), 123.8 (Cm, 

DIPP) , 41.6, 37.1 (Co: or p,.QMe3), 34.4 (NC.QMe3), 31.2, 29.2 (Co: or p,CMe3), 

27.7 (.QHMe2), 24.4, 24.3 (CHMe2), 23.8 (NCCMe3); N.Q 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 C41Hs3CIN02Ta: C, 60.18; H, 7.76; N, 1.71. Found: G, 

59.67; H, 8.04; N, 1.56. 

(~2(N,C)-2,4,6-NC5H2tBu3)Ta(DIPP)2Cl (22). To a toluene solution of 

1.00 g (1.36 mmo1) 15 was added 0.30 mL (2.7 mmo1) trimethy1acetonitri1e 

in a sealed ampule. The solution was allowed to stir in an oil bath at 

60°C for three days over which time the solution turned a maroon-red 

color. The solvent was then removed to yield an oil. The oil was 

reconsti tuted in pentane and upon cooling to -40° C, maroon crystals 

formed; yield 0.69 g (0.85 mmo1, 2 crops, 62%). 1H NMR (CSD5CD3, 90°C): 

5 7.02-6.84 (A2B multiplet, 6 H, Hary1 ), 5.71 (br (FWHM - 40 Hz}, 2 H, 

NCsH2tBu3), 3.57 (spt, 4 H, CHMe2), 1.20 (d, 24 H, CHMe2), 1.17, 1.14, 1.03 

(s, 9 H ea, NC5H2
tBu3). 13C NMR (CSD5CD3 , 90°C): 5169.7 (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 (.QMe3), 29.8, 29.3 (CMe3), 

27.6 (.QHMe2), 24.2, 23.9 (CHMe2 or CMe 3). Partial 1H NMR (CsDs, probe 

temp): 5 5.93 (br) and 5.55 (s) (1 H ea, NCsH2tBu3)' 1.36, 1.12, 1.05 (s, 

9 H ea, NC5H2tBu3). Partial 13C NMR (CDC13, probe temp): 2,4,6-NCsH2
tBu3 

ring carbon resonances at 5 171.7, 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 5, 1047 m, 916 m, 901 s, 876 m, 845 w, 833 w, 820 w, 784 m, 763 w, 
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740 s, 705 m. Anal. Calcd for Cu H63CINOzTa: C, 60.18; H, 7.76; N, 1.71. 

Found: C, 60.50; H, 8.01; N, 1.77. 

2,4,6-NCsHz
t Bu3 (23). To a room temperature solution of 0.26 g (0.35 

mmol) of 22 in diethyl ether/THF (1:1) was added 0.030 g (0.32 mmol) of 

pyridine-N-oxide. Over 4 h, the solution color turned from maroon to a 

light orange. The volatiles were removed in vacuo and the oily solids 

which remained were dried by subsequent addition and removal of 5 mL of 

pentane. The residue was sublimed (room temperature, 5x10-s torr). A 

white sublimate collected on the water cooled probe of which 0.027 g (0.11 

mmol, 34%) was isolated. lH NMR (C6D6): 0 7.21 (s, 2 H, Hary1), 1.48 (s, 

18 H, o-CMe3), 1.18 (s, 9 H, P-CMe3)' 13C NMR (C6D6): 0 167.8 (Co), 159.9 

(Cp)' 112.5 (Cm) , 38.0, (p-~Me3)' 34.9 (0-~Me3)' 30.8 (p-CMe3), 30.6 (0-

CMe3)' 

(~1-2,4,6-NCsHztBu3)Ta(DIPP)zC13 (24). To a room temperature solution 

of 0.26 g (0.32 mmol) of 22 in dichloromethane was added 0.066 g (0.32 

mmol) of PCls. The solution changed from maroon to yellow within one 

minute. After stirring for 40 minutes, the solvent was removed in vacuo 

to yield an oil. The oil was reconstituted in 3 mL of toluene and 8 mL 

of pentane. Upon cooling to -40°C, a yellow solid appeared. The solid 

was filtered off, washed with cold pentane, and dried in vacuo; yield, 

0.135 g (0.15 mmol, 47%). lH NMR (CDC13): 0 7.62 (s, 2 H, NCsJ:!ztBu3), 

7.04-6.83 (m, 6 H, Hary1 (DIPP», 4.02 (spt, 4 H, CliMez), 1.58 (s, 18 H, 

o-CMe3), 1.40 (s, 9 H, p-CMe3), 1.04 (d, 24 H, CHMe z). 13C NMR (CDC13): 

o 173.0 (Co, py), 162.7 (Cp' py), 156.1 (Cipso ' DIPP) , 140.6 (Co, DIPP) , 

123.3 (Cp' DIPP) , 123.2 (Cm, DIPP) , 119.2 (Cm, PY), 41.0 (p-~Me3)' 37.0 (0-
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~Me3)' 30.2 (P- CMe3), 29.3 (0- CMe3), 25.8 (~HMe2)' 24.6 (CHMe2). IR: 3380 

m, 3365 m, 1620 m, 1605 m-s, 1327 s, 1248 s, 1192 5, 1095 m-s, 1038 w, 900 

s, 876 m, 788 m, 740 m-s. 

Thermolysis of 15 with (CH3)3CCaCD - Scheme 3.2. A 0.073 g (0.10 mmol) 

sample of 15 was dissolved in ca. 1 mL of CeDe. 0.017 g (0.20 mmol) of 

cold (-40°C) (CH3)3CCsCD, prepared by the literature method,142 was added 

and the solution was placed in an NMR tube. The contents were frozen in 

a liquid N2 bath, before the tube was sealed. The sealed tube reaction 

was allowed to heat in an oil bath at 60° C for three days. The two 

metallacyclic CcrH and Cp,H doublets at 0 8.91 and 7.45 in the room 

temperature lH NHR indicated that 17 was present in 37% yield. In 

addition to these resonances were two new singlets at 0 8.91 and 7.45, of 

nearly equal intensity, in between each of the doublets in 17. These 

singlets were assigned to the metallacycles 17-d1 (o) and 17-d1 (&') (each 

formed in 11% yield), Scheme 3.2. Also, the low integration of these 

resonances relative to that of the DIPP's indicates the presence of 17-

d2 in 41% yield. Also, integration of the singlet at 0 7.42 indicated 

that CetBu3H2D had formed in 44% yield. 

Thermolysis of 15 with PhCaCPh - Scheme 3.3. To a toluene solution of 

0.33 g (0.45 mmol) 15 was added 0.23 g (1.3 mmo1) of diphenylacety1ene in 

a sealed ampule. The solution was allowed to stir in an oil bath at 70 0 e 

for 48 h over which time the solution turned a orange-red color. The 

solvent was then removed to yield an oil. An NMR sample was prepared from 
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a portion of the oil. (DIPP)zClT~(CPh-CPhCPh-6Ph) (4) was identified by 

the resonances at S 3.76 (spt) and 1.40 (d). Neither 15 nor 17 was 

present but new resonances were observed at S 3.60 and 3.40 (spts of equal 

intensity, C!:!Mez)' 1.36 (d, CHMez)' and 1.34 (s, CMe3)' These new 

resonances were attributed to the complex (DIPPhClT'a(CPh-CPhCH-CCMe3)' 
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CHAPTER 4 

HETEROATOM COUPING REACTIONS PART 1: SYNTHESIS OF A 

MEERWEIN-PONNDORF-VERLEY/OPPENAUER TYPE REDOX INTERMEDIATE 

Introduction 

Even after the advent of hydride reduc.ing agents, the Meerwein-

Ponndorf-Ver1ey (MPV) reduction has remained a useful synthetic strategy 

in many applications .143,144 The current mechanistic view of this reduction 

and of its microscopic reverse, the Oppenauer oxidation,145,146 is as 

followS: 147 i) coordination of a ketone to an alkoxide catalyst, typically 

Al(Oipr)3; if) hydride transfer from an alkoxide ligand to the ketone 

through a cyclic transition state to produce a new ketone and a new 

alkoxide ligand (equation 1); and iii) dissociation of the new ketone and 

R' R 
\..,H /R 

R'-C'" C ..... 
I II 
0, ,,0 

AI 
RO~ -'OR 

(1) 

alcoholysis of the mixed alkoxide metal complex to regenerate the catalyst 

and release the alcohol. 148 Early work by Meerwein demonstrated149 the 

utility of certain transition metals, including zirconium and iron, in 

this catalytic reaction and indeed, d-orbital participation in the 

aluminum-catalyzed reaction has been implicated. 147c ,150 

During the course of my study on coordinated alkyne cyclooligomers, 

it was observed that an alkyne ligand bound to a tantalum (III) metal 
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center exhibits properties more like a tantalum (V) metallacyclopropene 

complex,123 i.e. the alkyne exhibits features resembling a dianion. An 

unusual manifestation of this dianionic behavior is reported in this 

chapter, viz. that these compounds can participate in a type of 

"Cannizzaro reaction,,151-153 in which the formal anion of the alkyne 

replaces OH- as the base and induces the disproportionation of aldehydes 

within the coordination sphere of the metal. The last step of this 

reaction, the hydride transfer from an alkoxide ligand to a coordinated 

aldehyde, is formally equivalent to the Meerwein-Ponndorf-Verley/Op

penauer reaction. In my case, because the newly formed ketone is a part 

of a metallacyclic chelate, the ligand remains ~1 (oxygen) bound to the 

metal which has permitted the complete characterization, including an x

ray structural study, of this purported MPV/Oppenauer-type reaction 

intermediate. 

RESULTS 

When Ta(DIPP)3C12(OEt2) (2, DIPP 2,6-diisopropylphenoxide) is 

reduced with 2 equivalents of Na/Hg, in the presence of PhCaCPh, the 

alkyne adducts (DIPP)3Ta(PhCElICPh) (6) can be isolated in high yield. 123 

The 13Colkyne resonance at 0 216.2 for 6 (CDC13) suggests a formal 4-

electron interaction involving both acetylene 11"11 and 11".1. bonding orbitals 

wi th the metal.95.154 Furthermore, compound 6 can be hydrolyzed (H20/ace

tone, 1:9 v/v) to provide a quantitative yield of cis-PhCH-CHPh (lH NMR), 

thereby suggesting the formulation of the acetylene ligand as 

substantially reduced. 155 Based upon the successful cross-coupling 
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reactions of 6 with terminal alkynes, 123,156 I turned to heteroatom 

substrates, including aldehydes and ketones, in an effort to extend the 

potential utility of these reactions. 

The reaction of (DIPP)3Ta(PhCsCPh) (6) with acetophenone in an Et20 

solution at room temperature results in a pale yellow solution from which 

I I 
the metallacycle (DIPP)3Ta(CPh-CPhCMe(Ph)O) (25) can be isolated in high 

Ph 

(DIPP)"'<l 
Ph 

6 

+ Q=C 
/h 
, 

Me 

~Ph 
( 0 I P P ) 3 T a,,::~p h 

o Me 

25 

(2) 

yield, equation 2. This reaction most likely proceeds by an initial 

coordination of the ketone via an oxygen lone pair, consistent with the 

oxophilic nature of the tantalum center. Related couplings using 

zirconocene alkyne, cycloalkyne and benzyne reagents have been reported 

recently.83-85 

The addition of 1 equivalent of benzoic acid to 6 under identical 

conditions yielded a yellow-orange complex (26) in high yield. Unlike 25, 

spectral characterization of 26 revealed that this product did not arise 

from coupling, but instead the acidic hydrogen protonated the alkyne 

producing the vinyl carboxylate (DIPP)3Ta(I12-02CPh) (I11-CPh-CHPh) (26), 

equation 3. The low energy carboxyl stretching frequency (v(C-O) - 1510 

cm- 1) clearly established the bidentate bonding mode of the benzoate group 

in 26,157 as expected at this electron deficient metal center. 
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Similar to the reaction in equation 2, when one equivalent of 

benzaldehyde was added to a -40°C solution of 6, an immediate reaction 

Ph 

(OIPP),T.<:I( + 

Ph 

.. (3) 

occurs to provide a pale yellow complex (27) which exhibits properties 

closely resembling that of metallacycle 25. Thus, the spectroscopic and 

analytical data for 27 are in accord with its formulation as the ana-

logous metallacycle (DIPP)3Ta (CPh-CPhCH(Ph)0) , Scheme 4.1. However, when 

two or more equivalents of benzaldehyde are added to solutions of 6, a 

rapid solution color change from yellow to orange-red occurs and red 

crystals which analyze as "(DIPP)3Ta(PhCaCPh) (PhCHO)z" (28) are isolated. 

The diagnostic spectroscopic features of 28 include a 0 5.19 singlet which 

integrates for 2 H in the lH NMR spectrum, and a 0 76.1 triplet in the 

off-resonance decoupled l3C NMR spectrum. In addition, no v(C-O) mode is 

observed in the IR spectrum of 28 between 1800 and 1600 cm- l , but a 

medium-to-strong intensity band occurs at 1530 cm- l which does not appear 

in compounds 25 or 27 and which cannot be attributed to either DIPP or 

PhCaCPh ligands. All of these data seem to imply the transfer of a 

hydride from one aldehyde to the other, however, since more than one 

structure consistent with this information could be formulated, a single 

crystal X-ray diffraction study of compound 28 was undertaken. 

The molecular structure of 28 is presented in Figure 4.1. A summary 
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of the crystal data, structural analysis, and a complete list of bond 

Ph 

(DlPP}'Ta1 
Ph 

6 

Ph 

~
Ph 

(DIPP)3Ta 
I '0 Ph o 

Ph 

I 
,CH2• 

* 28, H =H 

* 28-d
2

, H =D 

Scheme 4.1 

It 

lengths and angles is given in Appendix A. 

Ph 
~Ph 

(DIPPhTa\~~Ph 
o D 

Ph 

o 

PhJlH 

~
Ph 

(DIPPhTa 

d'O Ph 
I 

,CHD 
Ph 

28-d 
1 

Selected bond distances and 

bond angles are provided in Tables 4.1 and 4.2, respectively. In addition 

to the three DIPP ligands, the overall octahedral coordination geometry 

of 28 features a Ta-O(40)-C(4l)-C(42)ipso linkage with a Ta-O(40) bond 

length of 1. 865 (2) A, reflecting the covalent bond of an alkoxide ligand. 
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This assignment is confirmed by the acute O(40)-C(4l)-C(42)ipso angle of 

113.2 (3)0 indicating an sp3 carbon hybridization. (The hydrogen atoms 

bonded to C(4l) were not located, although all hydrogen atoms were 

included in fixed positions in the structure refinement.) Thus, one benz-

aldehyde molecule which was introduced has been reduced to a benzyl 

alkoxide ligand Ta-O-CH2Ph, as was observed in the lH NMR (5 5.19, CH2Ph) 

and 13C NHR (5 76.1, ~H2Ph) spectra. 

Figure 4.1.0RTEP drawing of (DIPP)3(PhCH20)Ta(q2-CPh-CPhCPh-O) (28) with 
the DIPP ligands reduced for clarity 

The nature of the metallacyclic ring is also revealed from Figure 

4.1. The short C(80)-O(50) distance (1.265 (3) A) and the almost perfect 

trigonal planar geometry about C(80) (x2 for the C(80)-O(50)-C(70)-C(8l) 
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plane - 37.3), including the near 120 0 angles about this carbon, all 

require an sp2 hybridization about C(80) and a double bond between 

Table 4.1. Selected Bond Distances (A) in 
__________ ~(D~I~PwP~)3(PhCH20)Ta(n2-CPh-CPhCPh-0) (28) 

Ta-O(lO) 
Ta-0(20) 
Ta-0(30) 
Ta-0(40) 
Ta-0(50) 

1. 918 (2) 
1. 915 (2) 
1. 921 (2) 
1. 865 (2) 
2.181 (2) 

Ta-C(60) 
C(60)-C(70) 
C(70)-C(80) 
C(80)-0(50) 
0(40) -C(41) 

2.287 (3) 
1. 354 (4) 
1.467 (4) 
1.265 (3) 
1.418 (4) 

Table 4.2. Selected Bond Angles (deg) in 
__________ ~(D~I~P~P~)3(PhCH20)Ta(n2-CPh-CPhCPh-0) (28) 

Ta-0(10)-C(1l) 
Ta-0(20)-C(21) 
Ta-0(30)-C(31) 
Ta-0(40)-C(41) 
0(40)-C(41)-C(42) 
Ta-C(60)-C(70) 
C(60)-C(70)-C(80) 
C(70)-C(80)-0(50) 
Ta-0(50)-C(80) 

158.6 (2) 
173.3 (2) 
167.6 (2) 
147.8 (2) 
113.2 (3) 
115.5 (2) 
113.1 (2) 
118.0 (2) 
120.5 (2) 

0(50)-Ta-C(60) 
0(50)-C(80)-C(81) 
C(70)-C(80)-C(81) 
0(10)-Ta-0(30) 
0(30)-Ta-0(40) 
0(20)-Ta-0(30) 
0(30)-Ta-0(50) 
0(30)-Ta-C(60) 
0(20)-Ta-0(40) 

71.07(8) 
117.0 (3) 
124.9 (3) 
172.11 (8) 

94.52 (9) 
90.59 (8) 
89.41 (8) 
88.23 (9) 

106.90 (8) 

C(80) and 0(50). The Ta-O(50) bond (2.181 (2) A) is distended relative 

to Ta-O covalent bonds (cf. the average Ta-O (DIPP) bond length of 1.918 

A) and falls in the range of coordinated neutral oxygen donors coordinated 

to tantalum centers. 15B All of these data require the formulation 28 as 

the product resulting from a Meerwein-Ponndorf-Verley/Oppenauer hydride 

transfer reaction, viz. (DIPP)3(PhCH20)Ta(~2-CPh-CPhCPh-0), Scheme 4.1. 

The incorporation of the newly formed ketone into the metallacyclic 

chelate prevents its loss from the coordination sphere of the metal. 

With the structural analysis of 28 in hand, the IR band at 1530 
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cm-1 can be assigned as the v(C-O) mode of the metallacyclic ring which 

reflects the strong dative interaction between 0(50) and the oxophilic 

metal,159 as represent.d by: 

b:
Ph~ Ph 

Ta 
"- o Ph 

The molecular structure of 28, as well as our synthetic results, strongly 

suggest that C(8D), after attack by C(7D), is the origin of the 

transferred hydride. A related alkyne adduct, (DIPP)3Ta(Me3SiC-CMe), was 

also shown to react with two or more equivalents of benzaldehyde to 

provide red-orange crystals of a compound which, based upon its analysis 

and its similar spectroscopic properties to 28, was also formulated as the 

benzyl alkoxide complex, (DIPP)3(PhCH20)Ta(~2-C(SiMe3)-CMeCPh-D).160 

To implicate further a hydride transfer from G(8D), as well as to 

eliminate exogenous sources of hydrogen, the reaction of (DIPP)3-

Ta(PhCaCPh) (6) with benza1dehyde-a:-d1 (PhDC-O) was undertaken. Red 

crystals of compound 28-d2 were isolated from the reaction of 6 with 2 

equivalents of PhCD-O in a manner analogous to that used for 28, Scheme 

4.1. Compound 28-d2 is formulated as (DIPP)3(PhCD20)Ta(~2-CPh-CPhCPh-D) 

from its spectral data. Thus, the NMR spectra of 28-d2 are identical to 

those of 28 except that the 0 5.19 singlet in the lH NMR is absent 

(OCn2Ph), and the 0 76.1 signal in the 13C NMR (OQD2Ph) is broadened into 

the baseline and unobserved. 

The final evidence for this hydride transfer was obtained from the 
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reaction of (DIPP)3Ta(PhC~CPh) (6) with 1 equivalent of benzaldehyde-a-
, . 

d1 to produce (DIPP) 3Ta(CPh-CPhCD(Ph) 0) (27-d 1) in situ. An excess of 

benzaldehyde-do is then added to this solution which, after appropriate 

workup, provides red crystals of product (28-d1 ), Scheme 4.1. Compound 

28-d1 is assigned by its NMR spectra which are identical to those of 28 

except for a IH resonance which appears as a broad signal at 0 5.18 

integrating for 1 H (OCHDPh), and a 0 75.7 triplet in the broad-band 

decoupled (lH) 13C NMR (O~HDPh) resulting from coupling to one deuterium. 

These data establish 28-d1 as the "crossed-Cannizzaro" type product, 

(DIPP)3(PhCHDO)Ta(~2-CPh-CPhCPh-0), resulting from a selective deuterium 

transfer which provides this complex as the only product. A summary of 

these reactions is presented in Scheme 4.1. 

Compound 27 reacts in other crossed-Cannizzaro modes as seen in its 

reaction with acetaldehyde or 2-butanone, Scheme 4.2. Thus, (DIPP)3-

Ta(CPh~CPhCH(Ph)b) reacts with CH3CHO and CH3CH2COCH3 to provide red 

crystals of compounds 29 and 3D, respectively, in moderate yields. The 

spectroscopic and analytical data allow us to formulate unequivocally 

these crossed-Cannizzaro products as (DIPP)3(CH3CH20)Ta(~2-CPh=CPhCPh=O) 

In the MPV/Oppenauer reactions, the coordination of the ketone to be 

reduced and the new ketone formed after hydride transfer, both in an ~1 

mode, have been implicated as in reaction 1.161 In more fully estab-

lishing the intermediacy of proposed structure 31 (Scheme 4.2) in the 

reactions which we observe, it is important to note that compound 27 

exhibits the Lewis acidic behavior required for the formation of such 
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adducts. Thus, the reaction of (DIPP)3T~(CPh-CPhCH(Ph)b) (27) with EtCeN 

(ca. 3 equivalents) forms the ~l-propionitrile adduct (DIPP)3(~1_EtCN)-

Ph 
~Ph 

(DIPP)3Ta,~~Ph 
o H 

27 

! NaCEt 

Ph 

j:Ph 
(DIPPhTa 
. I '0 Ph 

N 
1/1 

C 
Et 

32 

Scheme 4.2 

.. 
R=PhorMe 

1 
Ph 

j:Ph 
(DIPP>JTa 

ci '0 Ph 
I 

.... CH2 
R 

28, R=Ph 

29, R=Me 

Ta(CPh-CPhCH(Ph)O) (32). This compound is not observed to undergo a 

hydrogen transfer to the nitrile, however the facile formation of complex 

32 clearly establishes the electrophilic nature of 27. 
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Discussion 

The ease of protonating the alkyne ligand in compound 6, using H20 

to yield cis-stilbene or benzoic acid which provided complex 26, indicates 

that this alkyne ligand is substantially reduced. This also appears to 

be the case in its reaction with benzaldehyde. The reactivity of this 

alkyne ligand, results from its formal anionic behavior when coordinated 

to this d2 early transition metals which exhibits low oxidation 

potentials. The observed Cannizzaro-type reaction is one manifestation 

of this behavior in which the Calkyne of the "metallacyclopropene" acts 

formally as a base and attacks the carbonyl carbon. This reactivity, 

along with the spectroscopic data and its ease of protonation, indicate 

that the most significant valence bond representation for the coord-

inated alkyne is probably: 

Structural evidence for this formulation has been obtained in this 

compound and in other early transition metal-alkyne complexes. 154 ,155 

A possible electrocyclic mechanism for this disproportionation 

reaction is presented in Scheme 4.2.162 The first step, which is 

described above as the nucleophilic attack on the carbonyl,163 is simply 

the reductive coupling of the aldehyde and coordinated acetylene. This 

step has been documented in other transition metal-alkyne systems, and 

consistent with the observed ketone coupling to provide compound 25. The 

tantalum (V) center of 27 is still sufficiently electrophilic that it most 
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likely induces a second equivalent of benzaldehyde to coordinate through 

the oxygen in an ~1 fashion as postulated in structure 31, Scheme 4.2. 

From this ~1-0CRR' compound, the observed hydride transfer is consistent 

with a six-electron e1ectrocyc1ic process to provide compounds 28-30. 

The Lewis acidity and the "oxophi1icity" of the tantalum center may 

in fact constitute significant driving forces in this hydride transfer 

reaction. Since the ~1-0CRR' intermediates postulated in 31 probably 

contain loosely bound aldehydes or ketones, and since the ketone end of 

the "chelates" in compounds 28-30 is no doubt more tightly bound to the 

metal than the ~1-0CRR' ligand is in 31, then the tantalum center can 

probably maximize strong interactions with oxygen donors by forming 

metallacyclic complexes 28-30. 

The new benzyl alkoxide ligand in 28 is situated trans to the new 

~l-ketone of the metal1acycle, although the first-formed product from the 

proposed six-membered transition state is predicted to be cis. (Strong 

evidence for a cyclic transition state has been obtained in the aluminum 

systems.147b.d) Therefore, the structure of 28 suggests that the molecule 

displays no "memory" of the reaction when crystallized from solution, i. e. 

the structure does not appear to be that of a kinetic product with the 

expected cis 0(40) and 0(50) ligands, Scheme 4.2. Instead, isolated 6 

appears to reflect the thermodynamic product in which these ligands have 

isomerized presumably to a more sterica11y feasible configuration. This 

presumed rearrangement places the bulky DIPP ligands in a mer configura

tion, rather that in the more crowded fac arrangement predicted in the 

kinetic product. What is not known is whether such an isomerization takes 
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place from a 5-coordinate intermediate resulting from the dissociation of 

the ~l-ketone end of the meta11acyc1e or from the 6-coordinate product. 

Complexes 29 and 30 are the result of highly selective "mixed" or 

"crossed" Cannizzaro reactions in which a different aldehyde or ketone is 

involved in the disproportionation. The distinctive difference between 

the classical Cannizzaro reaction164 and this organo-transition metal 

version, is that the simple or formal oxidation of the first equivalent 

of aldehyde is replaced by a new, irreversible carbon-carbon bond forming 

process. Finally, we note that this reaction proceeds under considerably 

different conditions than the classical Cannizzaro, which usually requires 

a concentrated (50% aqueous) base solution and days for the reaction to 

proceed to comp1etion.151.152 

Conclusions 

The a1kyne adduct (DIPP)3Ta(PhCeCPh) (6) is a precursor to the 

meta11acyc1ic products (DIPP)3T~(CPh-CPhCPh(Me)6) (25) and 

(DIPP)3T~(CPh-CPhCH(Ph)6) (27) from their reactions with 1 equivalent of 

acetophenone and benzaldehyde, respectively. Complex 6 (or 27) also 

reacts with excess benzaldehyde to form the benzyl a1koxide complex 

(DIPP)3(PhCH20)Ta(~2-CPh-CPhCPh-0) (28) with a dative bonding interaction 

between the ring oxygen and the tantalum (V) center (v(C-O) - 1530 

cm-1). The formulation of this complex was clearly established by an X

ray crystal structure. Deuterium labelling experiments and reactivity 

studies of this reaction have implicated the oxophi1ic complex 27 as an 

intermediate which is capable of transferring a hydride to a weakly 
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coordinated (probably ~l, O-bound), second molecule of an aldehyde or 

ketone. Thus, the highly selective crossed Cannizzaro products, (DIPP)3-

(PhCH20)Ta(~2-CPh-CPhCPh~O) (28), (DIPP)3(CH3CH20)Ta(~2-CPh=CPhCPh~O) (29), 

and (DIPP)3(CH3CH2(CH3)CHO)Ta(~2-CPh-CPhCPh-O) (30) are formed from the 

reaction of 27 with benzaldehyde, acetaldehyde, and 2-butanone, 

respectively. The hydride transfer step of this reaction is equivalent 

to the Meerwein-Ponndorf-Verley/Oppenauer reactions in which a secondary 

alkoxide ligand transfers a hydride to the carbonyl of a coordinated 

aldehyde or ketone. Support that the reaction 27 -> 28 proceeds through 

an ~l-benzaldehyde intermediate is provided in the isolation of 

(DIPP)3(~1-EtCN)T'a(CPh-CPhCH(Ph)6) (32) from the reaction of (DIPP)3T~ 

Ph-CPhCH(Ph)O) (27) with propionitrile. 

This unique reactivity demonstrates the difference between alkoxide

supported early transition metals which are still very electrophilic, vis

a-vis the bis(cyclopentadienyl)-supported alkyne complexes of the group 

4 metals83-8s which, although they readily metallacyclize with ketones and 

aldehydes, are not reported to reduce a second equivalent of these 

substrates to form an alkoxide. These reactions may be synthetically 

applicable for carbon-carbon bond formations in the synthesis of new 

carbonyl compounds, given the variety of unsaturated substrates that may 

coordinate to the d2 "(1r-donorhTa" fragment1°.80.142.16S-167 and may thereby 

complement the utility of base-catalyzed condensations166 in this regard. 

Experimental 

Preparations. (DIPP)3T1(CPh=CPhCMe(Ph)O) (25). 0.10 mL (0.86 mmol) 
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of acetophenone was added to a -40°C solution of 0.50 g (0.56 mmo1) of 

(DIPP)3Ta(PhCaCPh) (6) in 20 mL of diethy1 ether. The solution was 

stirred at room temperature for 24 h, over which time its color lightened 

to pale yellow. All volatiles were then removed in vacuo to provide an 

oil. This oil was dissolved in pentane (ca. 5 mL) and upon cooling to 

-40°C, a pale yellow, crystalline product was obtained. The crystals were 

collected, washed with a minimum volume of cold (ca. -30°C) pentane, and 

dried in vacuo; yield 0.52 g (0.51 mmo1, 92%). Analytically pure samples 

were obtained by recrystallization from Et20/pentane solution at -40°C. 

lH NMR (C6D6): 0 7.52-7.48 and 7.05-6.47 (m, 24 H, Hary1 and Co<.J3.7(C6Hs», 

3.76 (spt, 6 H, CHMe2)' 1.84 (s, 3 H, C7(Me», 1.23 (d, 18 H, CHMe 2), 1.15 

(d, 18 H, CHMe2)' 13C NMR (C6D6): 0 199.9 (Co<)' 175.3 (Ca), 157.1 (Cipso , 

DIPP), 147.1, 144.5, 140.1 (CiPso , Co<.J3.7 (,g6HS), 138.5 (Co, DIPP), 129.5, 

128.3,127.5,127.3,126.9,126.8,126.7,124.5 (Co' Cm' Cp ; Co<.J3.7(,g6HS», 

123.7 (Cm, DIPP), 123.6 (Cp , DIPP), 96.5 (C7), 27.9 (C7Me), 27.5 (,gHMe2), 

24.3, 24.1 (CHMe 2). One 13C resonance for Co;.a.7 (,g6HS) has not been 

located. IR: 1580 br w, 1535 br w, 1320 s, 1246 s, 1175 br s, 1095 s, 

1059 m, 1036 m, 945 m, 930 w, 896 s, 872 m, 800 w, 786 m, 767 m, 741 s, 

705 m, 690 s, 674 m, 630 m. Anal. Calcd for CS6H6904Ta: C, 68.90; H, 6.88. 

Found: C, 69.14; H, 7.12. Hydrolysis of 25 yielded CHPh=CPhCMe(Ph)OH. 

Partial lH NMR (C6D6): 04.78 (q, 4JHH - 2 Hz, 1 H, OH), 2.15 (d, 4JHH -

2 Hz, 3 H, Me). 

(DIPP)3Ta(~2-02CPh)(~1-CPh=CHPh) (26). To a -40°C solution of 0.71 

g (0.80 mmo1) of (DIPP)3Ta(PhC.CPh) (6) in 20 mL of diethyl ether, was 

added 0.10 g (0.81 mmol) of benzoic acid. The reaction was allowed to 
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stir overnight. The solvent was removed after 20 h to yield an orange oil. 

The oil was reconstituted in pentane and upon cooling to -40°C, yellow

orange crystals formed. The crystals were filtered, washed with cold 

pentane, and dried in vacuo; yield, 0.48 g (0.47 mmol, 59%). The product 

was pure enough for use but could be recrystallized from EtzO/pentane. 

lH NMR (C6D6): 0 8.41 (s, 1 H, CHPh), 7.86-7.84, 7.58-7.55, and 7.22-

6.73 (m, 24 H, Hory1), 3.89 (spt, 6 H, C!:!Mez) , 1.15 (d, 36 H, CHMez)' 13C 

NMR (C6D6): 0 207.7 (CQ ) , 185.5 (OZ£Ph), 156.5 (Cipso ' DIPP), 146.4, 138.2, 

l30.2 (Cipso ' phenyl), 139.6 (Co, DIPP), 139.7, 134.7, 130.4, 129.5, 129.0, 

128.4, 128.3, 127.6, 126.3 (Co,m,p; phenyl or £HPh), 123.9 (Cm, DIPP) , 

123.7 (Cp' DIPP), 27.1 (£HMez)' 24.5 (CHMez); one resonance from Co,m,p 

(phenyl) or £HPh has not been located. IR: 1596 br m, 1510 m, 1320 br s, 

1245 br s, 1185 br s, 1101 m, 1086 m, 1037 w, 928 w, 920 w, 890 s, 865 s, 

786 m, 745 s, 691 s. Anal. Cal cd for CS7H670sTa: C, 67.58; H, 6.67. 

Found: C, 67.48; H, 6.87. 

(DIPP)3T~(CPh=CPhCH(Ph)6) (27), To a -40°C solution of 0.70 g (0.78 

mmol) of (DIPP)3Ta(PhCeCPh) (6) in 20 mL of diethyl ether was added 

exactly one equivalent (0.079 mL, 0.78 mmol) of benzaldehyde. After 

stirring for ca. 16 h at room temperature, the solvent was removed in 

vacuo to provide a yellow oil. The oil was dissolved in a minimum of 

diethyl ether, the volume of this ether solution was approximatly tripled 

by adding acetonitrile, and upon cooling the EtzO/MeCN solution to -40°C, 

the product was obtained as a pale yellow solid. The crystals were 

collected, washed with a minimum volume of cold (ca. -30°C) acetonitrile, 

and dried in vacuo; yield 0.54 g (0.54 mmol, 68%). Recrystallizing the 
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compound from Et20/MeCN at -40°C provided analytically pure samples of 27. 

lH NMR (CDC13): 6 7.31 (s, 1 H, C7H(Ph», 7.20-6.54 (m, 24 H, Ha~l (DIPP) 

and C""a,7(CsHs», 3.49 (spt, 6 H, CHMe2) , 1.13 (d, 18 H, CHMe2) , 1.04 (d, 

18 H, CHMe2). 13C NMR (CDC13): 6 202.8 (C",)' 164.3 (Ca), 156.6 (Cipso ' 

DIPP) , 145.9, 141. 5, 138.6 (Cipso ' C""a,7(QsHs», 138.2 (Co, DIPP) , 128.7, 

128.0, 127.8, 127.6, 127.5, 127.4, 127.0, 126.5, 124.3 (Co, Cm' Cp; 

C""a,/.QsHs», 123.1 (br; coincident Cm and CP ' DIPP) , 95.7 (C7), 27.3 

(.QHMe2), 23.9, 23.8 (CHMe2)' IR: 1585 br w, 1429 s, 1359 m, 1321 s, 1248 

br s, 1182 br s, 1102 m, 1094 m, 1060 w, 1037 m, 1005 m, 915 sh, 897 s, 

872 m, 833 w, 800 w, 786 m, 747 w, 741 s, 691 s, 653 m, 615 w. Anal. 

Ca1cd for CS7Hs704Ta: C, 68.66; H, 6.77. Found: C, 68.58; H, 7.00. 

(DIPP)3(PhCH20)Ta(~2-CPh=CPhCPhcO) (28). To a -40°C solution of 0.51 

g (0.57 mmol) of (DIPP)3Ta(PhCeCPh) (6) in 20 mL of diethy1 ether was 

added 0.11 mL (1.1 mmol) of benzaldehyde. An immediate color change from 

pale yellow to orange-red was observed. The solution was stirred at room 

temperature for 24 h, after which time the solvent was removed in vacuo 

to provide a red oil. The oil was dissolved in a minimum volume of 

pentane and upon cooling to -40°C, red crystals were isolated. These 

crystals were collected, washed with a minimum volume of cold (ca. 

-30°C) pentane, and dried in vacuo; yield 0.39 g (0.36 mmol, 62%, 2 

crops). Analytically pure samples were obtained by recrystallization from 

Et20/pentane solution at -40°C. lH NMR (CDC1 3): 6 7.61-6.65 (m, 29 H, 

Hary1 (DIPP), C""a,7 (CSH5) and OCH~), 5.19 (s, 2 H, OCH2Ph), 3.87 (spt, 

2 H, CHMe2), 3.56 (spt, 4 H, CHMe2) , 1.02, 0.83, 0.79 (d, 12 H ea, CHMe2)' 

13C NMR (CDC13): 6 245.5 (s, C7), 204.7 (s, C",)' 157.2, 156.5 (s, Cipso 
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(DIPP», 147.6, 147.0 137.6, 135.3 (s, CipsO (Ca ,13,7(gsHs) and OCH2(gsHs», 
139.6, 138.2 (s, Co (DIPP», 134.6, 132.4, 130.4, 128.1, 128.0, 127.7, 

127.4, 127.3, 127.2, 127.0, 126.1, 125.6 (d, Co, Cm, Cp ; Ca ,13,7(gsHs), and 

OCH2(gsHs», 123.1, 122.8 (d, Cm (DIPP», 121.4, 120.8 (d, Cp (DIPP», 76.1 

(t, OgH2(CsHs), 26.2, 24.3 (d, gHMe2) , 24.1, 23.9 (q, CHMe2); One CHMe2 13C 

signal was apparently obscured and C13 could not be located. IR: 1591 m, 

1578 m, 1530 m, 1422 s, 1322 s, 1290 m, 1265 m, 1250 s, 1195 s, 1107 m, 

1096 m, 1082 m, 1050 s, 1019 m, 942 m, 935 w, 904 m, 888 s, 869 s, 828 w, 

796 w, 783 m, 741 s, 725 m, 694s, 665 m, 635 m. Anal. Ca1cd for 

CS4H730sTa: C, 69.68; H, 6.67. Found: C, 70.00; H, 6.85. 

(DIPP)3(PhCD20)Ta(112-CPh=CPhCPh=O) (28-d2) . The reaction of 

(DIPP)3Ta(PhCaCPh) (6) (0.37 g, 0.41 mmo1) with benza1dehyde-a-d1 (0.94 

g, 0.88 mmo1) , by the procedure used to prepare 28, provided 0.35 g (0.32 

rnmo1, 76%) of red crystals of compound 28-d2. NMR spectra: All 

resonances remained unaffected except for the following. lH NMR: S 5.19 

resonance is no longer observed. 13C NMR: S 76.1 resonance (OgD2Ph) is 

sufficiently broadened to not be observed. 

(DIPP)3(PhCHDO)Ta(112-CPh=CPhCPh=O) (28-d1). To a -40°C solution of 

0.21 g (0.24 mmo1) of (DIPP)3Ta(PhCmCPh) (6) in 20 mL of diethy1 ether was 

added 0.025 g (0.23 mmo1) of benza1dehyde-a-d1. After stirring at room 

temperature for 1 h, 0.030 mL (0.30 rnmo1) of benzaldehyde (do) was added 

to the solution. This mixture was stirred overnight (ca. 24 h) over which 

time the solution had turned orange-red in color. The solvent was removed 

in vacuo to provide an orange-red oil. The oil was dissolved in pentane 

(ca. 3 mL) and upon cooling to -40°C, an orange-red solid was obtained. 
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The solid was filtered off, washed with cold pentane, and dried'in vacuo; 

yield 0.15 g (0.14 mmol, 57%). Partial lH NMR (CDCla): 0 5.18 (broad s, 

1 H, OCHDPh), lJHD is not resolved at 250 MHz. Partial laC NMR (CDCla): 

o 75. 7 (O~HDPh, triplet in broad-band decoupled spectrum). All other 

resonances remained unaffected. 

(DIPPh(CHaCH20)Ta(772-CPh=CPhCPh ... O) (29). To a -40°C solution of 0.49 

g (0.55 mmol) of (DIPP)aTa(PhCaCPh) (6) in 20 mL of diethyl ether was 

added 0.058 mL (0.57 mmol) of benzaldehyde. After stirring this mixture 

at room temperature for 3 h, 0.070 mL (1.2 mmol) of acetaldehyde was added 

to the solution. An immediate color change from pale yellow to red 

occurred. The solution was allowed to stir overnight (ca. 24 h) after 

which time the solvent was removed under reduced pressure to produce a red 

oil. The oil was dissolved in a minimum volume of pentane and upon 

cooling to -40°C, red crystals of product were obtained. The crystals 

were collected, washed with a minimum volume of cold (ca. -30°C) pentane, 

and dried in vacuo; yield 0.24 g (0.23 mmol, 42%). Recrystallizing this 

compound from EtzO/pentane at -40°C provided analytically pure samples. 

lH NHR (CDC1 3): 07.60-6.57 (m, 24 H, Hnry1 (DIPP) and Co:. n.7(C6H5», 4.22 

(q, 2 H, OCHzCH3), 3.90 (spt, 2 H, CHMez), 3.56 (spt, 4 H, CHMez), 1.07 (t, 

3 H, OCHzCH3), 1.07, 0.93, 0.90 (d, 12 H ea, CHMez). l3C NMR (CDCla): 0 

244.8 (C7), 203.6 (Co:) , 157.3, 156.6 (CiPSO ' DIPP) , 147.1, 147.05, 137.7, 

135.4 (Cn and Cipso , Co:.n.7(~6H5»' 139.4, 138.1 (Co, DIPP), 134.4, 132.3, 

130.4,128.0,127.7,127.0,126.9,126.2 (Co, Cm' Cp; Co:.n.7(~6H5»' 123.0, 

122.7 (Cm, DIPP) , 121.7, 121.2 (Cp' DIPP) , 70.5 (O~HzCHa), 26.3, 26.2 

(~HMez)' 24.2, 24.1, 23.8 (CHMez), 17.8 (OCHz~Ha). One resonance for (Co, 
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Cm' Cp; Ca,Il,,(QsHs) has not been located. IR: 1585 br w, 1531 m, 1415 sh, 

1322 br, s, 1308 m, 1290 m, 1250 br s, 1195 br s, 1154 w, 1119 s, 1105 s, 

1072 s, 1038 m, 1020 m, 945 m, 930 m, 907 m, 888 s, 869 s, 828 m, 788 m, 

743 s, 723 m, 691 s, 677 w, 670 m, 639 w, 618 w. Anal. Calcd for 

CS9H710STa: C, 68.06; H, 6.87. Found: C, 68.04; H, 6.95. 

(DIPP)3(CH3CH2(CH3)CHO)Ta(~2-CPh=CPhCPh=0) (30). To a -40°C solution 

of 0.75 g (0.84 mmol) of (DIPP)3Ta(PhCaCPh) (6) in 20 mL of diethyl ether 

was added 0.085 mL (0.84 mmol) of benzaldehyde. After stirring this 

mixture at room temperature for 3 h, 0.15 mL (1.7 mmol) of 2-butanone was 

added. An immediate color change from pale yellow to red occurred. The 

solution was allowed to stir overnight (ca. 24 h) after which time the 

solvent was removed under reduced pressure to produce a red oil. The oil 

was dissolved in a minimum volume of diethyl ether. Acetonitrile (ca. 10 

mL) was added to this solution and upon cooling to +5°C, the product was 

obtained as a sticky red solid. The air stable product was collected, 

washed with a minimum volume of cold acetonitrile, and dried in vacuo; 

yield 0.27 g (0.25 mmo1, 30%). This compound was recrystallized from 

Et20/MeCN at +5°C. lH NMR (CsDs): 5 7.62 and 7.23- 6.72 (m, 24 H, Haq1 

(DIPP) and Ca,Il,/CsHs», 4.65 (m, 1 H, OCH(Me)Et), 4.21 (broad, 2 H, 

CHMez), 3.84 (spt, 4 H, CHMez), 1.54, 1.39 (m, 1 H ea, CHzCH3) 1.31, 1.29 

(d, 6 H ea, CHMez), 1.14, 1.09 (d, 12 H ea, CHMez), 1.06 (d, 3 H, CHCH3), 

0.59 (t, 3 H, CHzCH3); the resonances at 5 1.39 and 1.06 were partially 

obscured by other signals. 13C NMR (CsDs): 5 245.1 (s, C,), 203.9 (s, Ca ), 

157.8,157.2 (s, Cipso (DIPP», 148.6, 148.2, 138.3, 136.2 (s, CiPso (Ca,ll,-

1(QsHs» and Cll), 139.8, 138.5 (s, Co (DIPP», 134.2, 132.4, 131.0, 128.1, 
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127.7, 127.4, 127.3, 126.6, 126.5 (d, Co' Cm' Cp; C""I3,/gsH5», 123.7, 

123.6 (d, Cm (DIPP», 122.1, 121.7 (d, Cp (DIPP», 84.3 (d, ogH) , 31.9 (t, 

gH2CH3). 26.7, 26.4 (d, gHMe2) , 24.8,24.7,24.6 (q, CHMe2) , 21.4 (q, 

CHgH3), 10.5 (q, CH2gH3). IR: 1591 ro, 1579 ro, 1531 br ro, 1430 sh, 1320 s, 

1286 w, 1245 s, 1190 s, 1095 s, 1036 s, 997 m, 945 m, 930 m, 900 w, 881 

s, 861 s, 836 w, 798 m, 783 w, 741 s, 694 s, 680 w, 665 w, 630 m, 615 w. 

Anal. Calcd for CS1H7505Ta: C, 68.52; H, 7.07. Found: C, 67.87; H, 7.18. 

(DIPP)3(~1_EtCN)T~(CPh=CPhCH(Ph)6) (32). To a -40°C solution of 0.61 

g (0.68 mrno1) of (DIPP)3Ta(PhC.CPh) (6) in 20 mL of diethy1 ether was 

added 0.072 mL (0.71 mrno1) of benzaldehyde. After stirring this mixture 

at room temperature for 45 min, 0.15 mL (2.1 mrno1) of propionitri1e was 

added to the solution. The solution was allowed to stir overnight (ca. 

24 h) and the solvent was removed under reduced pressure to produce a pale 

orange oil. The oil was dissolved in a minimum volume of pentane and upon 

cooling to -40°C the product formed as a yellow solid. This solid was 

filtered off, washed with cold pentane, and dried in vacuo; yield 0.51 g 

(0.54 mrno1, 79%). Recrystallizing this compound from Et20/pentane at 

-40°C provided analytically pure samples. 1H NHR (CsDs): 5 7.43 (s, 1 H, 

C,HPh), 7.32-7.29 and 7.05-6.58 (m, 24 H, Haryl (DIPP) and C""I3,,(CsH5». 

3.76 (spt, 6 H, CHMe2 ) , 1.22 (d, 18 H, CHMe 2), 1.15 (d, 18 H, CHMe 2), 0.40 

(t, 3 H, CH3CH2CN); the resonance for the CH3CH2CN protons are partially 

obscured by the CHMe2 doublets. 13C NMR (CsDs): 5 202.7 (C",) , 165.1 (C13 ) , 

157.0 (C1pso ' DIPP) , 146.8, 142.3, 139.2 (C1pso ' C",.I3.,(CsH5», 138.6 (Co, 

DIPP) , 129.2, 128.3, 128.2, 127.9,127.7,127.5,126.9,124.9 (Co' Cm' Cp; 

C",.I3.,(CsH5», 123.7 (Cp ), 123.6 (Cm , DIPP) , 95.9 (C,), 27.5 (gHMe2), 24.3, 
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24.2, 23.8 (CHMez), 10.3 (CH3gHzCN), 10.0 (gH3CHzCN). One resonance for 

(Co, Cm' Cp ; C~.B.7(gsH5) and EtgN signal have not been observed. IR: 2275 

W, 1580 br W, 1429 s, 1322 s, 1245 s, 1182 s, 1105 rn, 1093 rn, 1061 rn, 1038 

rn, 1008 rn, 914 sh, 897 s, 888 sh, 870 rn, 831 W, 800 W, 788 rn, 772 W, 742 

s, 690 s, 643 rn. Anal. Ca1cd for CsoH7zN04Ta: C, 68.49; H, 6.90; N,1.33. 

Found: C, 68.75; H, 7.51; N, 1.15. 



CHAPTER 5 

HETEROATOM COUPLING REACTIONS PART 2: INTERMOLECULAR 

TAUTOMERIZATION OF METALLACYCLOIMINES TO -ENAMINES 

Introduction 
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The metal-promoted coupling of unsaturated organic substrates 

constitutes a powerful strategy for carbon-carbon bond formations in 

organic synthesis. 66-69 Among the reductants employed for such reactions 

are the mid to low valent early transition metals. 70-72.76-88,169-170 Of 

particular recent interest are the coupling reactions involving at least 

one nitrile which have provided convenient routes to vicinal diamines,86 

2-amino a1coho1s,87 po1yfunctiona1ized aromatic compounds,89 and related 

products derived from meta11acyc1ic intermediates .171 These meta11a

cyc1ization reactions often proceed by the initial formation of a 

meta11acyc1ic imine which may subsequently rearrange74 or dimerize through 

the lone pairs on each nitrogen. 172 Herein, the meta11acyc1ization 

reactions of a dZ a1kyne complex of tanta1um123 with nitri1es, and evidence 

for an intermolecular tautomerization of tanta11acyc1oimines to -enamines 

will be presented. 

Results 

The ~1-nitri1e adducts 33-36 can be isolated from the reaction of the 

a1kyne complex (DIPP)3Ta(PhCsCPh) (6, DIPP - 2,6-diisopropy1phenoxide) 

with the free nitrile at low temperatures (equation 1). Complexes 33-

36 are readily identified by their medium to strong intensity v(CeN) 



93 

stretch in their IR spectra which is shifted to somewhat higher energies 

from the free ligand upon coordination. Complexes of nitriles containing 

Ph 

(0 I P P) 3T 01 + R C-=N 

Ph 

Ph 
E t 20 

(0 I P P) 3T 01 ~ 

- 4 0 0 C t Ph 

33, R - C H 3 

33-d 3 , R - C 0 3 

34, R-CH 2 CH 3 

35, R-CMe3 

36, R-Ph 

N 
III 
C 
R 

(1) 

a hydrogens, viz. 33 and 34, represent kinetic products from this 

reaction, since they slowly react (over ca. 3 d) at ambient temperature 

to provide near quantitative yields of yellow-orange complexes 37 and 38, 

respectively, equation 2. Thus, the intensity three singlet at 6 0.3 

Ph 

( 0 I P P ) 3 T 0'G( 
J Ph 
III 
C 
CH2R 

33, R-H 

34, R-CH 3 

room 
temp 

3 days 

(2) 

37, R-H 

38, R-CH 3 (2 isomers) 

(NaCCH3) in the lH NMR of 33 is slowly replaced by three new singlets at 

6 7.59, 4.14, and 3.95, each of intensity one, in complex 37. In 

addition, 37 displays inequivalent "alkyne" carbons in the 13C NMR and a 



94 

new doublet of doublets in the gated l3C NMR centered at 6 94.7 (lJCH -

162.4 and 162.5 Hz, -CH2). The absence of a v(C~N) stretch in the IR 

spectrum of 37 and a new medium intensity IR band at 3315 cm-1 (v(N-H», 

along with the NMR data, allow the formulation of 37 as the meta11acyc1o-

enamine complex depicted in equation 2. Similarly, the propionitri1e 

complex reacts at ambient temperatures to afford nearly quantitative 

yields of complex 38, equation 2. Both possible geometric isomers of 

complex 38 form in an approximate 2:1 ratio (by lH NMR), although which 

isomer is the preferred product has not been determined. The major isomer 

can be crystallized selectively from pentane solutions at -40°C. 

Reaction 2 most likely proceeds via an intermediate metal1acyc1oimine 

(or lazameta11acyc1opentadiene")9o complex as suggested in Scheme 5.1. 

Scheme 5.1 

Ph 
Ph 
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Ph 

N=CCH 3 A Ph 
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f Ph 
N 
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\--

N CH 3 

III 
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To (D1PPhTo cr h 
-....;;;: 

To 
\N CH 

I 2 
H 

Compounds 37 and 38 can, therefore, be accounted for by an apparent 1,3-
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hydride shift from the alkyl group of the original nitrile fragment to the 

nitrogen atom of the meta11acyc1oimine. To unambiguously determine the 

origin of this transferred hydrogen, the tautomerization reaction was 

followed with the NsCCD3 adduct (DIPP)3(CD3CsN)Ta(PhCaCPh) (33-d3). Thus, 

the room temperature thermolysis of 33-d3 provides a new complex 37-d3 

characterized by a lH NMR spectrum identical to that of 37, except the 

resonances at 0 7.59, 4.14, and 3.95 were absent. Additionally, the l3C 

resonance at 0 94.7 is broadened into the baseline and not observed. 

These data, along with the shift of the v(N-H) stretching mode at 3315 

cm-l in 37 to 2460 cm-l upon deuteration in 37-d3 (v(N_D»173 require the 

formulation of 37-d3 as (DIPP)3T~(CPh-CPhC(-CD2)ND). 

A crossover experiment was contrived to discern between an inter- and 

Scheme 5.2 

Ph P Ph Ph 
~h TO~ (2 Isomers) To 
oN CD oN C H "'0 

Ph Ph o 2 H 
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37 -d l + 
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C C Ph Ph Ph Ph 
C03 CH21h TO~ TO~ (2 Isomers) 

oN CO N CHI.! a 33-d l H H 2 0 

37-d 2 38-d, 

To . (OIPP)3 Ta 

an intramolecular tautomerization process, the results of which are 

outlined in Scheme 5.2. An equimo1ar mixture of 33-d3 and 34 was allowed 
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to react at room temperature (diethyl ether solution) for 3 days, after 

which time the solvent was removed in vacuo and the entire sample prepared 

for NMR. The sample consisted of an approximately equimolar mixture of 

four products. The expected compounds 37-d3 and 38 (both isomers) were 

present, along with two new, partially deuterated, products 37-d2 and 38-

d1 (two isomers), Scheme 5.2. As a control experiment, a mixture of 37-

d3 and 38 was also prepared as an equimolar diethyl ether solution and 

monitored by lH NMR (room temperature, 3 days) as reported in Scheme 5.3. 

Thus, under the same reaction conditions that led to the four products of 

Scheme 5.2, no H/D exchange occurred between the two metallacycloenamines 

Scheme 5.3 

room 
Ph Ph temp 

Ph Ph Ph 
~h ~h ~h To + To >( . TO~ + To 
'N CO2 'N C H '" e 'N CD 'N C H M e 
0 H H 2 0 

37 - d 3 38 
3 days 

37 - d 2 38-d, 

To • (OIPPhTo 

37-d3 and 38. Two observations can be summarized from these experiments: 

i) some intermolecular H/D exchange process is necessary to account for 

the formation of products 37-d2 and 38-d1 ; and ii) under identical 

reaction conditions that lead to 37-d2 and 38-d1 , H/D scrambling does not 

occur between metallacycloenamines after they have formed. Therefore, we 

must conclude that H/D exchange has ensued before metallacycloenamine 
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formation, which implicates the unobserved metallacycloimine74 ,172 

(depicted in Scheme 5.1) as the active species capable of an 

intermolecular HID transfer. 174 Evidence for a metallacycloimine 

intermediate (or transition state) was obtained by considering whether the 

intermolecular HID transfer might be a reversible process and therefore 

a metallacycloimine might be accessible, albeit in low concentrations, at 

elevated temperatures. Upon heating a toluene-de solution of 37 to 90°C 

in an NMR tube, the IH NMR signals at 0 4.08 and 3.92 (-CHaHb) had 

collapsed to one singlet at 0 4.03. The N-H resonance had broadened but 

not shifted significantly. When an equimolar mixture of 37 and 37-d3 is 

heated to 70·C (toluene-de), slow HID exchange could be initiated. 

Statistical scrambling among all three sites (NH and -CHaHb) was achieved 

by continuing heating to 90·C for 24 h, equation 3. Thus, the 0 4.08 and 

Ph Ph 

(DIPp)3Ta~ + 
N CH2 
H • 

H • H or 0 

P~ Ph 
(OIPp)3Ta~ 

H C02 
o 

Ph 
J::::,-P h 

( 0 I P P ) 3 T a...1~ 
N CHO 
H· 

(2 I lome r I ) 

+ 

90·C/H h 

tol-dB 

Ph Ph 

(OIPp)3Ta~ 
H C02 
H· 

(3) 

decreased in intensity, while new singlets appeared slightly upfield at 

6 4.06 and 3.91, corresponding to the two isomers of the ~CHD 

metallacycloenamine, and grew in intensity until all four singlets were 
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of near equal intens i ty, Figure 5.1. These data, along with the 

concomitant broadening of the 5 7.59 singlet (NH) , further implicate the 

reversible, (although energetically unfavorable) intermolecular 

meta11acyc10imine to enamine tautomerization. Thus, it appears to be the 

c D 

A B 

6 4.1 4.0 3.9 

Figure 5.1: Partial l~ NMR spectrum of the alkene proton resonances 
arising from reaction 3, in toluene-de. A - CHaHb; B - CHaHb; 
C - CHaDb; D - CDaHb' 

meta11acyc10imine complex, accessible only in low concentrations and at 

elevated temperatures, which is active towards HID transfer. 

It is also important to note that the NeCCMe 3 and NeCPh complexes (35 

and 36, respectively) do not metallacyclize to form isolable 

meta1lacycloimine derivatives as one might predict. Adducts 35 and 36 are 

stable in solution at room temperature for extended periods of time and 

thermolysis of these solutions under forcing conditions leads to 

unidentifiable decomposition products. Thus, although a metal1acyc1oimine 

may be reversibly formed in low concentrations, it is apparently unstable 

with respect to the nitrile adducts 35 and 36. 

Iodination of metallacycles 37 and 38 (major isomer only) in an 

attempt to open the metallacycloenamine ring was unsuccessful, however, 
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iodination did occur to produce the new ~2-meta11acyc1oimine complexes 39 

and 40 (two isomers) in good yield, equation 4. Complex 39 was formulated 

based on a number of spectral features. The downfie1d shift of 6 9.77 for 

(DIPP)'T:~h + I, 

N CHR 
I 
H 

37, R-H 

38, R-CH , (1 Isomer) 

P~Ph 
( I )( 0 I P P ) l T <\,) 

\-- C .... H 
I 'R 
H ' I 

39, R-H 

40, R-CH , (2 Isomers) 

(4) 

the NH group and the diastereotopic CH2I protons (2Jgem-14.7 Hz) in the lH 

NMR, the downfie1d shift of 6 232.4 for C7 (cf. (DIPP)3(PhCH20)Ta(~2-

CPh-CPh~Ph-O) (28), 6 245.5 in CDC13), as well as a new low energy veRN 

stretch at 1570 cm-1 in the IR all allowed the formulation of 39 as 

(DIPP)3ITa(~2-CPh-CPhC(CH2I)-NH) with a dative (Ta~N) interaction. 

Complex 40 is a mixture of two isomers (ca. 2.4:1 by lH NMR) with 

spectroscopic features similar to 39 which clearly allow its formulation 

as the related complex, (DIPP)3ITa(~2-CPh-CPhC(CHMeI)-NH). 

Discussion 

This intermolecular tautomerization reaction contrasts with Bercaw's 

titanacyc10imine complexes, e.g. which 

reversibly tautomerize to the corresponding titanacyc10enamines as shown 

in equation 5. 74 Labelling and crossover experiments using lSN, 13C, and 

2H labels, have clearly established reaction 5 as proceeding via an 

intramolecular l, 3-hydride shift mechanism, perhaps involving a fJ hydrogen 
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elimination (vide infra) to effect this tautomerization. 74 In another 

group 4 meta110cene system, the zirconium benzyne complexes were shown to 

.. (5) 

meta11acyc1ize with nitri1es to form meta11acyc1oimines and, in some 

cases, meta11acyc1oenamines, by an unidentified mechanism. l72 It is 

noteworthy that zirconacyc1oimine complexes dimerize by coordination of 

the imine nitrogen to an adjacent metal center. 172 

The differences in the intermolecular process reported here and 

Bercaw's intramolecular system74 may be attributed to the kinetic 

accessibility, via a P hydrogen elimination, of the titanacycloimine to 

-enamine tautomerization, as has been proposed for the CsMes - supported 

titanium system, Scheme 5.4. Since such a reaction is not possible for 

Scheme 5.4 

~ ~-H h<:(] T i ~ .. 

11 a:-H 

H H 
I I 

r<:f ;:( " Ti~ .. 
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this tantalum system (the ring carbon f3 to the nitrogen is phenyl 

substituted), another less accessible pathway is traversed to accommodate 

the basicity of the meta1l.acyc1oimine nitrogen. Thus, these tantalum 

complexes are restricted to an intermolecular abstraction of a proton 

Ph 

( DI PP ), h<1( 
! Ph 
III 
C 
CHaR 

33. R.H 

34. R·W, 

RT 

Ilow 

Scheme 5.5 

~Ph 
( DIP P ) 3 T a\::\ 

N CH R 2 

r a I f 

P(jh Ph 
( DIP P ) 3 T a\ '" 

H CHR 
I 
H 

37. R·H 

311. R·II, 

from the alkyl substituent of a neighboring conjugated meta1lacyc1oimine, 

as summarized in Scheme 5.5. 

Conclusion 

The electrophilic metal center in (DIPP)3Ta(PhCeCPh) (6, DIPP - 2,6-
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diisopropy1phenoxide) coordinates a variety of nitri1es at low temperature 

to afford the ~1-nitri1e adducts (DIPP)3(RCmN)Ta(PhCsCPh) (33, R - CH3; 

34, R - CH2CH3; 35, R - CMe3; 36, R - Ph). Those complexes of nitri1es 

containing Q hydrogens (33 and 34) react further to form the meta11a

cyc10enamine complexes (DIPP)3T~(PhC-CPhC(-CHR)NH) (37, R - H; 38, R -

Deuterium labelling and crossover experiments support these 

products as having arisen through an unusual intermolecular meta11acyc1ic 

imine to enamine tautomerization. While the formation of meta11a-

cyc10enamines is not possible, complexes which lack Q hydrogens (35 and 

36) also do not form these postulated meta11acyc10imines. This adds 

furthur evidence for the thermodynamic instability of these complexes. 

The meta11acyc10enamine complexes 37 and 38, can be iodinated to 

produce the dative meta11acyc10imines (DIPP)3ITa(~2-CPh-CPhC(CHRI)NH) (39 

and 40). The driving force for the formation of these complexes may be the 

improved overlap of the lone pair on the nitrogen with the tantalum and 

also the maximization of all bonding interactions. 

Experimental 

Preparations. (DIPP)3(CH3CaN)Ta(PhCeCPh) (33). To a -40°C solution 

of 0.44 g (0.49 mmol) of (DIPP)3Ta(PhCaCPh) (6) in 15 mL of diethyl ether 

was added 0.08 mL (1.5 mmol) of acetonitrile. After maintaining this 

reaction at -40°C for 30 min, the solvent was removed in vacuo to provide 

the product as a pale yellow solid. Cold pentane was added and the 

insoluble product (0.40 g, 0.43 mmo!, 87% yield) was filtered off, washed 

with a small portion of cold pentane, and dried in vacuo. Analytically 
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pure samples were obtained by recrystallization from EtzO/pentane at 

-40°C. lH NMR (CsDs): S 7.47-7.44 and 7.12-6.89 (m, 19 H, Hary1 (DIPP) and 

CSH5) , 3.66 (spt, 6 H, C!:!Mez) , 1.16 (d, 36 H, CHMez) , 0.34 (s, 3 H, 

NsCCH3). l3C NMR (CsDs): S 201.1 (Calkyne ), 158.6 (CiPSO ' DIPP) , 141.8 

(Cipso ' CSH5) , 138.1 (Co, DIPP) , 129.3 and 128.3 (Co and Cm, CSH5), 127.5 

(Cp' CSH5) , 123.3 (Cm, DIPP) , 121.8 (Cp' DIPP) , 27.1 (gHMez) , 24.1 (CHMe 2), 

-0.1 (NsCgH3); NsgCH3 was not observed. IR: 2303 w, 2275 w, 1651 br w, 

1585 w, 1428 s, 1324 s, 1250 s, 1194 s, 1110 m, 1089 m, 1066 w, 1040 m, 

930 w, 891 m, 859 m, 789 w, 765 m, 755 m, 749 m, 742 m, 692 m. Anal. 

Ca1cd for C53HssN03Ta: C, 67.01; H, 6.92; N, 1.50. Found: C, 66.71; H, 

7.21; N, 0.67. Nitrogen consistently reanalyzed low due to the volatility 

of the coordinated acetonitrile. 

(DIPPh(CD3CmN)Ta(PhCDCPh) (33-d3). The reaction of (DIPP)3Ta(PhC .. CPh) 

(6) (0.53 g, 0.59 mmol) with acetonitrile-d3 (0.09 g, 2.0 mmol) by the 

procedure used to prepare 33, provided 0.46 g (0.49 mmol, 83%) of fluffy, 

pale yellow product. lH NMR (CsDs): All resonances are identical to 

those for 33 except the singlet at S 0.34 which was absent. 

(DIPPh(CH3CHzC"N)Ta(PhC"CPh) (34). To a -40°C solution of 0.47 g 

(0.52 mmol) of (DIPP)3Ta(PhCwCPh) (6) in 15 mL of diethy1 ether was added 

0.08 mL (1.1 mmol) of propionitrile. After reacting at -40°C for one 

hour, the solvent was removed in vacuo to afford the product as a yellow 

solid. Cold pentane was added and the insoluble solid (0.38 g, 0.40 mmol, 

78% yield) was filtered off, washed with additional cold pentane, and 

dried in vacuo. Analytically pure samples were obtained by recrystall

ization from Et20/pentane at -40°C. lH NMR (CSD6 ): S 7.49-7.46 and 7.12-
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6.88 (m, 19 H, Ha~l (DIPP) and CsHs) , 3.68 (spt, 6 H, CtlMe2), 1.17 (d, 36 

H, CHMe2), 0.93 (q, 2 H, NaCCtl2CH3)' 0.07 (t, 3 H, N"'CCH2C!:b). l3C NMR 

(CsDs): 0199.8 (Calkyne), 158.6 (Cipso ' DIPP) , 141.8 (C!pso' CsHs) , 138.2 

(Co, DIPP) , 129.3 and 128.2 (Co and Cm' CsHs) , 127.5 (Cp ' CsHs) , 123.3 (Cm, 

DIPP) , 121.7 (Cp ' DIPP) , 27.1 (QHMe2), 24.1 (CHMe2), 10.3 (NCQH2CH3), 8.8 

(NCCH~H3); NaQCH2CH3 was not observed. IR: 2272 m, 1657 br m, 1560 w, 

1320 br s, 1248 br s, 1190 br s, 1150 w, 1105 m, 1085 m, 1065 w, 1038 m, 

1020 w, 929 m, 903 m, 889 s, 861 s, 788 m, 766 w, 744 s, 690 br m. Anal. 

Calcd for CS3HssN03Ta: C, 67.29; H, 7.03; N, 1.48. Found: C, 67.03; H, 

7.09; N, 1. 38 . 

(DIPP)3(Me3CCaN)Ta(PhCaCPh) (35). Neat trimethy1acetonitrile (0.08 

mL, 0.72 mmo1) was added to a stirred solution of 0.39 g (0.44 mmol) of 

(DIPP)3Ta(PhCaCPh) (6) in 15 mL of diethyl ether. The solution color 

changed from a pale to a bright yellow immediately upon nitrile addition. 

After reacting at room temperature overnight (ca. 16 h), the solvent was 

removed under reduced pressure to provide a yellow oil. The oil was 

dissolved in pentane and cooled to -40°C, whereupon bright yellow crystals 

of product formed. The crystals (0.34 g, 0.35 mmo1, 81%) were collected, 

washed with cold pentane, and dried in vacuo. This product was 

analytically pure but could be recrystallized from Et20/pentane solutions 

at -40°C. lH NMR (CsDs): 0 7.24-6.80 (m, 19 H, Ha~l(DIPP) and CsHs) , 3.39 

(spt, 6 H, CtlMe2), 0.99 (d, 36 H, CHMe2), 0.93 (s, 9 H, N ... CCMe3). l3C NMR 

(CsDs): 0 198.6 (Calkyne ), 158.3 (CipsO ' DIPP) , 141.3 (Cipso ' CsHs) , 137.8 

(Co' DIPP) , 132.3 (NQCMe3), 128.8, 127.7 (Co and Cm' CsHs) , 126.8 (Cp ' 

CsHs) , 122.7 (Cm, DIPP) , 120.7 (Cp ' DIPP) , 28.8 (QMe 3 ) , 27.2 (QHMe2), 26.6 
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(CHMe 2), 23.7 (CMe3)' IR: 2265 m, 1659 m, 1582 m, 1426 s, 1355 m, 1332 

m, 1320 s, 1250 br s, 1190 br s, 1106 m, 1089 m, 1064 w, 1039 m, 1020 w, 

929 m, 915 m, 887 s, 865 s, 786 m, 767 m, 754 m, 745 s, 700 m, 686 m. 

Anal. Ca1cd for CssH7oN03Ta: C, 67.82; H, 7.24; N, 1.44. Found: C, 67.74; 

H, 7.40; N, 1.44. 

(DIPP)3(PhCaN)Ta(PhCgCPh) (36). To a -40°C solution of 0.40 g (0.45 

rnrno1) of (DIPP)3Ta(PhCeCPh) (6) in 15 mL of diethy1 ether was added 0.09 

mL (0.88 rnrno1) of benzonitri1e (neat). After maintaining the reaction at 

-40°C for 15 min, the solvent was removed in vacuo to afford the product 

as a yellow solid. Upon dissolving this product in ca. 4 mL of an 

Et20/pentane solution (ca. 1:1) and cooling the solution to -40°C, a pale 

yellow solid formed (0.33 g, 0.33 rnrno1, 73%), was filtered off, washed 

wi th minimal cold pentane, and dried in vacuo. Analytically pure samples 

were obtained by recrystallization from Et20/pentane at -40°C. lH NMR 

5 7.57-7.53 and 7.12-6.53 (m, 24 H, Hary1 (DIPP), C6Hs , and 

NlaCC6HS), 3.77 (spt, 6 H, CliMe2), 1.18 (d, 36 H, CHMe2). 13C NMR (C606): 

6200.1 (Calkyna ), 158.7 (Cipso ' DIPP) , 141.8 (CiPSO ' C2(.Q6HS)2), 138.4 (Co, 

OIPP) , 134.0, 132.4, 129.4, 129.1, 128.3 and 127.5 (Co, Cm' and Cp; NmC.Q6HS 

and Cz(.Q6HS)2), 125.4 (Nm.QC6Hs), 123.4 (Cm, OIPP) , 121.7 (Cp ' DIPP) , 109.3 

(Cipso ' NaC.Q6HS), 27.2 (.QHMez), 24.1 (CHMe2). IR: 2245 m, 1650 br w, 1585 

br w, 1322 s, 1271 m, 1251 s, 1197 s, 1110 m, 1100 m, 1090 m, 1040 w, 929 

w, 910 m, 892 s, 864 m, 790 m, 765 m, 746 s, 695 m, 677 w. Anal. Ca1cd 

for CS7H66N03Ta: C, 68.87; H, 6.69; N, 1.41. Found: C, 68.59; H, 6.78; N, 

1. 26. 

To a stirred solution of 
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(DIPP)3Ta(PhCsCPh) (6, 0.51 g, 0.57 rnmo1) in diethy1 ether (15 mL) was 

added an excess of acetonitrile (0.06 mL, 1.2 rnmo1). The reaction was 

maintained at room temperature overnight (ca. 16 h), after which time the 

solvent was removed in vacuo to afford a yellow-orange oil. Upon 

reconstituting the oil in pentane, yellow-orange crystals began to form. 

This mixture was then cooled to -40°C to allow more complete 

crystallization of the product. Tne crystals were collected, washed with 

cold pentane and dried in vacuo; yield 0.39 g (0.42 rnmo1, 74%). 

Recrystallization of this product from Et20/pentane at -40°C provided 

analytically pure samples. IH NMR (CDC13): S 7.59 (5,1 H, NH), 7.16-

6.73 and 7.09-6.60 (m, 19 H, Hary1(DIPP) and C6H5) , 4.14, 3.95 (s, 1 H 

each, ~CH2)' 3.39 (spt, 6 H, C!!Me2) , 1.10 (d, 36 H, CHMe2). 13C NMR 

(CDC13): 5 206.7 (s, Co:), 163.0 (s, C/3 or C
7
), 155.5 (s, Cipso , DIPP), 

149.8 (s, C/3 or C7 ), 144.6 and 138.9 (s, Cipso , C6H5) , 138.5 (s, Co' DIPP) , 

130.3 and 128.0 (d, IJCH - 144 and 143 Hz, Co, C6H5) , 127.4, 126.4, and 

124.7 (d, IJCH - 159, 160, and 160 Hz; Cm and Cp' C6H5) 123.5 (d, IJCH - 162 

Hz, Cp' DIPP), 123.3 (d, IJCH -160Hz, Cm' DIPP) , 94.7 (dofd, IJCH -

162.4 and 162.5 Hz, -QH2) , 27.0 (d, IJCH -128 Hz, QHMe2) , 23.7 (q, IJCH -

126 Hz, CHMe2); one resonance from Cm or Cp (C6H5) was not located. IR: 

3315 m, 1580 m, 1540 m, 1320 s, 1248 br s, 1220 m, 1180 br m, 1105 m, 1091 

m, 1069 w, 1052 w, 1038 m, 1022 w, 1005 m, 980 w, 909 w, 900 s, 890 s, 870 

m, 860 m, 800 m, 787 m, 750 m, 740 s, 695 s, 618 m. Anal. Ca1cd for 

C52H64N03Ta: C, 67.01; H, 6.92; 1.50. Found: C, 66.88; H, 6.96; N, 1.57. 

(DIPP)3T~(CPh=CPhC(=CD2)ND) (37-d3). The reaction of 

(DIPP)3Ta(PhCaCPh) (6) (0.53 g, 0.59 rnmo1) with acetonitrile-d3 (0.09 g, 



107 

2.0 mrnol) by the procedure used to prepare 37 provided 0.31 g (0.33 mrnol, 

55%) of 37-da as a yellow-orange solid. Spectral data were identical with 

those of 37 except for the following; lH NMR (CsDs): The resonances at 0 

7.59,4.14, and 3.95 were not observed. l3C NMR (CsDs): The resonance at 

o 94.7 was sufficiently broadening to not be observed. IR: The v(N-H) 

mode at 3315 cm-l in 37 was absent and a new band of medium intensity at 

2460 cm- l for v(N-D) was present. 

(DIPP)aTa(CPh=CPhC(=CHMe)NH) (38). (Major isomer) Excess 

propionitrile (0.13 mL, 1.8 mrnol) was added neat to a stirred solution of 

0.60 g (0.67 mrnol) of (DIPP)3Ta(PhCeCPh) (6) in 15 mL of diethyl ether. 

After 24 h, the solvent was removed under reduced pressure to afford a 

yellow-orange oil. Upon reconstituting the oil in pentane, yellow-orange 

solid began to precipitate. This mixture was then cooled to -40°C to 

allow more complete crystallization of the product. The solid (0.44 g, 

0.46 mrnol, 69% yield) was collected, washed with cold pentane, and dried 

in vacuo. Recrystallization of this compound from Et20/pentane at -40°C 

provided analytically pure samples. lH NMR (CsDs): 0 7.91 (s, 1 H, NH), 

7.33-7.30 and 7.13-6.61 (m, 19 H, Ha~l (DIPP) and CSH5) , 4.50 (q, 1 H, 

-CHMe), 3.63 (spt, 6 H, CHMe2), 1.49 (d, 3 H, -CHMe), 1.21 (d, 36 H, 

CHMe2). 13C NMR (CsDs): 0 205.8 (CQ) , 157.7 (Cn or C'7)' 156.0 (Cipso ' 

DIPP), 151.8 (Cn or C'7)' 145.4 and 139.3 (CiP50 ' CSH5) , 138.8 (Co' DIPP) , 

130.9, 128.6, and 127.9 (Co and Cm' CSH5) , 126.8 and 125.2 (Cp ' CSH5) , 124.1 

(Cp ' DIPP) , 123.8 (Cm, DIPP) , 106.0 (-QID1e), 27.3 (QHMe2), 24.0 (CHMe2), 

11.6 (-CHMe); One Co or Cm (CSH5) resonance has not been located. IR: 3320 

m, 1585 w, 1537 w, 1428 s, 1355 m, 1319 s, 1260 m, 1242 m, 1180 br s, 1110 
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m, 1100 m, 1090 m, 1062 w, 1035 m, 1020 m, 960 w, 930 w, 900 s, 885 m, 874 

w, 862 m, 848 w, 796 m, 786 m, 750 m, 741 s, 707 m, 693 m, 618 m. Anal. 

Ca1cd for CS3HssN03Ta: C, 67.29; H, 7.03; N, 1.48. Found: C, 67.36; H, 

7.16; N, 1. 53 . 

(DIPP)3ITa(~2-CPh-CPhC(CH2I)=NH) (39). To a room temperature 

solution of 0.81 g (0.87 mmo1) of (DlPP)3T~(CPh-CPhC(-CH2)NH) (37) in 20 

mL of toluene/diethyl ether (1:1) was added 0.26 g (1.0 mmol) of cold 

iodine crystals. After the solution stirred for 18 h, the volatiles were 

removed in vacuo to yield an oil. The oil was reconstituted in pentane 

and upon cooling to -40°C, orange crystals formed. The crystals were 

filtered, washed with cold pentane, and dried in vacuo; yield, 0.83 g 

(0.70 mmol, 80%) . Analytically pure samples were prepared by 

recrystallization from Et20/pentane at -40°C. lH NMR (CsDs): 0 9.77 (s, 

1 H, NH), 7.23-6.50 (m, 19 H, Hary1 ), 4.16, 3.74 (spt, 2 H each, CHMe2), 

3.60, 3.16 (AB doublet, 2Jgem-14.7 Hz, 1 H each, CH2l), 3.43 (broad, 2 H, 

CHMe2), 1.41, 1.27, 1.19, 1.10, 1.06 (d, 6 H each, CHMe2), 0.96 (broad d 

of d, 6 H, CHMe2). 13C NMR (CsDs): 0 232.4 (C7 ), 188.4 (Ca ), 156.9, 156.5, 

154.6 (Cipso , DlPP), 146.1, 141. 3 (CiPso , phenyl), 140.9, 140.3, 137.9 (Co, 

DlPP), 129.4, 128.3, 128.1, 127.4, 126.9 (Co,m,p' phenyl), 124.8, 124.7, 

124.6, 124.3, 124.2, 124.1 (Cm,p' DlPP), 27.0, 26.8, 26.6, 26.0, 25.8, 

25.2, 24.6, 24.2, 23.9 (~HMe2 or CHMe2)' 6.9 (CH2l). lR: 3295 w, 3230 w, 

1570 br m, 1316 s, 1243 s, 1165 br s, 1098 s, 1085 sh, 1036 m, 995 w, 987 

w, 927 w, 910 m, 895 s, 880 m, 855 s, 786 s, 770 w, 740 s, 701 sh, 691 m. 

Anal. Calcd for CS2Hs4l3N03Ta: C, 52.67; H, 5.44; N, 1.18. Found: C, 

52.86; H, 5.87; N, 1.23. 
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(DIPP)3ITa(r/-CPh=CPhC(CHMeI)=NH) (40). A mixture of two isomers was 

prepared by the following method: To a room temperature solution of 0.435 

g (0.46 mmol) of (DIPP)3T~(CPh-CPhC(-CHMe)NH) (38-major isomer) in 15 mL 

of toluene/diethyl ether (2:1) was added 0.13 g (0.52 mmol) of cold iodine 

crystals. After the solution stirred for 20 h, the volatiles were removed 

in vacuo to yield an oil. The oil was reconstituted in pentane and orange 

crystals immediately appeared. After cooling to -40°C overnight, the 

crystals were filtered, washed with cold pentane, and dried in vacuo; 

yield, 0.46 g (0.38 mmol, 83%). Separation of this mixture has not been 

successful. Partial characterization data for maj or isomer; lH NMR 

(CsDs): 6 9.40 (s, NH). 13C NMR (CDC13): 6 233.5 (C7 ). Minor isomer; 

lH NMR (CsDs): 6 9.88 (s, NH). l3C NMR (CDC13): 6 232.8 (C
7
). IR (both 

isomers): 3299 m, 1595 w, 1565 br m. 

Labelling Studies. Crossover Experiments - Schemes 5.2 and 5.3. 45 

mg (0.048 mmol) of 33-d3 {(DIPP)3(CD3CeN)Ta(PhCeCPh)} and 41 mg (0.043 

mmol) of 34 {(DIPP)3(CH3CHzCsN)Ta(PhCsCPh)} were dissolved in 5 mL of EtzO 

and allowed to react at room temperature, Scheme 5.2. Similarly, a 

control reaction was prepared by dissolving 39 mg (0.042 mmol) of 37-d3 

{(DIPP)3Ta(CPh-CPhC(-CDz)ND)} and 41 mg (0.043 mmol) of 38 

((DIPP) 3T~(CPh-CPhC(-CHMe)NH)} in 5 mL of EtzO at room temperature, Scheme 

5.3. After 3 days, the reactions were dried in vacuo to provide oily 

solids. In both cases, an NMR sample was prepared in CsDs of the entire 

reaction sample. The presence of protons in N-H and -CHz sites in generic 

37-dn compounds was monitored from the three resonances at 6 7.74, 4.12, 

and 3.90, respectively. Likewise, the proton population at N-H and -CHCH3 
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sites in 38-dn compounds were followed for both isomers by their lH NMR 

spectra as follows: major isomer: 6 7.91 (s), 4.50 (q); minor isomer: 6 

7.59 (s), 4.33 (q). The theoretical ratio of (38 + 38-d1 ) : 37-d2 

predicted if the intermediate metallacycloimines form and tautomerize at 

equivalent rates, weighted according to the mole fraction of 33-d3 (0.53) 

and 34 (0.47) initially present, is calculated to be 1.9. This value 

assumes no selectivity in the intermolecular tautomerization. The 

observed ratio of (38 + 38-d1 ) : 37-d2 - 2.3. The control reaction in 

Scheme 5.3 showed no proton exchange into the N-D or -CD2 sites of 37-

d3 under identical conditions, i.e. no 37-d2 or 38-d1 formed under these 

conditions. 

Variable Temperature lH NMR. Upon heating a toluene-de sample of 37 

«DIPP)3Ta(CPh-CPhC(-CH2)NH)} to 90·C, the collapse of the two singlets 

at 6 4.08 and 3.92 (-CHaHb' 16 ·C) to a new sharp singlet at 6 4.03 

(intensity two) was observed. The N-H proton resonance remained at ca. 

6 7.69, however, it broadened significantly upon heating. A mixture of 

38 mg (0.041 mmol) of 37 and 43 mg (0.046 mmol) of 37-d3 

((DIPP) 3Ta(CPh=CPhC(-CD2)ND)} was dissolved in toluene-de and upon warming 

to 70 ·C, two new singlets at 6 4.06 and 3.91 appeared just upfield of the 

original -CHaHb resonances which were simultaneously decreasing in 

intensity. After heating over 24 h at 90°C, the sample was allowed to 

cool and a room temperature spectrum was taken. The four proton 

resonances which correspond to -CHaHb and -CHD (two isomers) were all of 

equal intensity as predicted from an HID exchange leading to statistical 

site deuteration, viz. -CH2, -CHaDb' -CDaHb' and -CD2 in equimolar ratios, 
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Figure 5.1. 
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CHAPTER 6 

INTRAMOLECULAR C-H BOND ACTIVATION AND INTERMOLECULAR REDUCTIVE 

COUPLING OF NITRILES PROMOTED BY d2 TANTALUM PHENOXIDE REAGENTS 

Introduction 

Despite the utility of low valent titanium reagents in coupling two 

ketones to provide vicinal diols or McMurry olefins, they have not proven 

useful in the coupling of nitriles or imines to prepare vicinal 

diamines. 68 ,175,176 There are several preparations of diamines in the 

literature but most require numerous steps. 86,177 Several early transition 

metal hydride complexes have been used to catalytically reduce nitriles 

to secondary amines, 178 however, carbon-carbon bond forming routes between 

nitriles are extremely rare. 86,179 The two electron, intermolecular, 

reductive coupling of nitriles between two niobium and tantalum (III) 

centers to form bis-imido dimers, have been reported (equation 1) .5,180,181 

Ta2C16(THT)181 (THT-tetrahydrothiophene), TaC14/Zn,5 and NbC14/Zn180 each 

MeCN 
"M C I 3" 

Me 
4- I 

C I 3 ( M e C N ) 2 T a =N - C~ _ 
C - N=T a ( Me C N ) 2 C I 3 
I 

Me 

(1) 

react with acetonitrile to provide low-to-moderate yields of six-

coordinate M(V) complexes, equation 1. Crystal structures of both the 

tanta1um181 and niobium180 dimer revealed linear imido linkages with short 

M-N bond lengths of 1.75 A. These structural details are consistent with 
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a M-N bond order of greater than two due to the additional ~ donation from 

the nitrogen lone pair to the electrophilic metal. The need for isolable 

d2 reagents, like McCarley's Ta2C16(THT>a180 or Pedersen's NbC13 (DME) 

complex,87 for reductive coupling reactions are of interest, especially 

those which could be prepared on a large scale and applied to a variety 

of cross-coupling reactions. 

During our study of alkyne cyclotrimerization, the tantalum (III) 

arene complex (~6-C6Me6)Ta(DIPP)2Cl) (5) was discovered,7 which is capable 

of intramolecular C-H activation by an unprecedented arene "tuck-in" 

reaction. 142 The transient existence of a benzyl hydride complex, 

(DIPP)2CITa(~1, ~6-CH2C6Me5)H, was implicated by the isolated insertion 

products when (~6-C6Me6)Ta(DIPP)2Cl was reacted with alkynes and alkenes .142 

The ability of this complex to effect the mild, regioselective reductions 

of unsaturated substrates prompted furthur study. Very few isolable group 

5 d2 reagents such as 5 are known, 74,87,183 however, these reagents may be 

of great importance for the reductive coupling of heteroatomic substrates 

(nitriles, ketones, etc.). In this chapter, additional intramolecular C

H activation reactions and the synthesis of a new Ta(III) reagent will be 

presented. The reductive coupling of nitriles on each of these d2 

reagents will also be discussed. 

Results and Discussion 

The synthesis of (~6-C6Me6)Ta(DIPP)2Cl (5) has been reported. 7 The 

yellow products 41-43 are obtained from the reaction of 5 with excess t

butylethylene, 2 ,3-dimethylbutadiene , and isoprene (2-methylbutadiene) 
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respectively, Scheme 6.1. These complexes appear to arise through 

aliphatic C-H bond activation of the arene to yield a benzyl hydride 

followed by insertion of the unsaturated substrate into the Ta-H bond. 

Scheme 6.1 

104, 3 C C H=C H 2 
(C s lo4's)Ta(DIPP)2 C1 .. (DIPP)2 C1Ta " 

CH 2CH 2CIo4e 3 
41 

The reaction of 5 with unsymmetrical molecules such as isoprene could 

yield two insertion products, however, complex 43 crystallizes 

selectively. The low yield of 43 may indicate that the other regioisomer, 

crystallized from the reaction. 

Related results were discovered in a reaction of 5 with t-
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butyl acetylene over two days, equation l.1~2 These complexes were 

proposed to arise through a dO "tucked-in" intermediate in which an 

aliphatic C-H bond of a methyl group on the arene ligand has been 

activated (eq. 2). This hydrotantalation step is inferred from deuterium 

g :,. /, 

(DIPP)2 C1To 
"H * (DIPPl2CIT0'l==<H 

(2) 

H CIIIJ 

labeling and kinetic studies .1~2 The ability to functionalize alkynes and 

alkenes prompted a complete investigation including other functional 

groups. 

The reaction of 5 with internal alkynes and alkenes do not yield 

tuck-in products. For example, the bulky alkyne Me3SiCmCMe displaces the 

arene ligand and is coupled to yield the metallacyclopentadiene 44, 

equation 3. Inequivalent SiMe3 and methyl resonances indicate that 44 

must be the unsymmetrical metallacycle shown in equation 3. The product 

obtained from reactions of 5 appear to be kinetically controlled by sterlc 

influences since, in this reaction, the color change is notable within 

hours, unlike the tuck-in reactions which take two days to go to 
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completion even with excess reagent present. 

The reaction of 5 with nucleophilic functional groups, such as 

nitriles, are also very fast and induce the dissociation of the arene 

ligand. Thus, upon addition of Me3CCuN to 1, an immediate color change 

occurs and a red-orange precipitate of 6 is formed within an hour. The 

lH NMR of 6 shows two t-butyl groups per metal center. The infrared 

spectrum containes a single v(C~N) stretch at 2275 cm-1 , indicating that 

at least nitrile group was ~1 bound. Recrystallization of this complex 

in THF provided an orange-yellow solid which no longer contained a v(C-N) 

vibration in the IR. The NMR contained just one t-butyl group and new 

resonances appeared which integrated to one THF ligand. The absence of 

any infrared bands from 1600 to 2000 cm-1 (a weak DIPP ring mode was 

present at 1580 cm-1) prevented the formulation of this as an ~2_ 

ni trile .184 A resonance at 0 156.2 in the 13C NMR indicates an sp2 

hybridized nitrile carbon, therefore, a reduction must have occurred. 

These data, in addition to the low solubility and diamagnetism of this 

complex, may indicate a dimeric formulation of 45, and its THF analogue 

46, in which the two nitriles have been reductively coupled and bridge the 

two metals, as shown in equations 4 and 5. Related dimeric imides of 

( C 6 M e 6 ) To ( 0 I P P ) 2 C I + x s Me 3 C C""'"N 

5 



THF 
45 

'f. 
(DIPP)2 C1 (THf)ToaH-C 

~ 
C-H=To(DIPP)2 C1 (THf) 

46 i 
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(5) 

tantalum have been isolated previously by McCarley and Cotton. 5 •160 ,161 The 

driving force for this reaction is the low oxidation potential of this 

metal in addition to the formation of strong Ta-N multiple bonds. The 

initial product of the reaction is most likely Ta(DIPP)2Cl(MeCN)x as a 

result of a nucleophilic displacement of the arene with acetonitrile. The 

dimerization of two YJ1 nitrile complexes, like the dimerization of 

Pedersen IS niobium(IV) imine complexes, may occur due to the 

de localization of the metal electrons (Scheme 6.2).177 Nitriles are 

I 
- +A 

( 0 I P P ) 2 CIT a -N-C R 
'-/ 

Scheme 6.2 

R 
- ( 0 I P P) 2 CIT a =N-C/ 

1 0 I me r i z, 

45, 46 

generally considered very weak ~ acceptors ,165 however the low oxidation 

potential of Ta(III) has been shown to stabilize a number of weak ~ 



118 

acceptor ligands such as pyridine and arenes (Chapter 3). In addition, 

Wolczanski has demonstrated an unusual CO dimerization/deoxygenation using 

Ta(OSitBu3h.186.187 The initial product in this reaction was determined to 

be the CO adduct, (tBu3SiO)3(THF)Ta(CO), which was isolated and 

characterized. 187 Spectral studies of Wolczanski's Ta(III) carbonyl 

complex revealed a very low energy v(CmO) stretch at 1840 em-I, which is 

consistant with a strong backbonding interaction. 

The ability of pyridine to stabilize low valent metal centers makes 

them very attractive as ligands for Ta(III) reagents. These ligands are 

also of interest due to their relevance in C-H bond activation chemistry. 

In an effort to find a more direct route than [2+2+2] additions to ~z_ 

pyridine complexes, 5 was reacted directly with pyridine in diethy1 ether. 

An immediate color change from blue to black ensued. The insoluble black 

solid of 47 was filtered off in nearly quantitative yield, equation 6. 

This complex was not soluble in hydrocarbon or ether solvents and reacted 

To{DIPP)2 C1 {PY)3 

47 

(6) 

with CHzClz , THF, and MeCN, therefore an NMR has not been possible. An 

infrared spectrum revealed strong pyridine bands at 1565 and 1532 cm-1. 

An immediate color change was observed upon addition of PC15 to 47 in 

dich10romethane, and upon attempted sublimation of the residue of this 

reaction, no hexamethy1benzene was obtained. A IH NMR of the remaining 

light colored solids showed the presence of nIPp and pyridine ligands in 

a 4:3 ratio, rather than the expected 2:1 ratio for Ta(DIPP}zC13(py). 
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These data, in addition to elemental analyses, are consistent with the 

PY)2' 

This six-coordinate complex reacts smoothly with acetonitrile and 

propionitri1e (room temperature, overnight) in diethy1 ether to provide 

off-white precipitates. These solids can be recrystallized from 

CH2C12/Et20 to provide the crystalline complexes 48 and 49, respectively. 

Elemental analyses indicate a formulation consistent with 

"Ta(DIPP)2C1 (PY)2(RCN)". The infrared spectrum of 48 contained two 

pyridine bands at 1600 and 1576 cm-1 , but no vibrations were present in 

the region from 1600-2000 cm-1 (as in 45 and 46) thus precluding the 

assignment of this complex as an ,,2 (or '11) nitrile adduct. The low 

solubility and analyses suggest a dimeric structure bridged by reductively 

coupled nitriles as in 45 and 46, equation 7. This six-coordinate 

To ( 0 I P P ) 2 C I ( p y ) 3 + 2 R C=N 

R 
I 

.. 

(DIPP) CI(pY)2TacN-C~ 
2 ~C-N.To(DIPP)2CI(pY)2 (7) 

I 
R 

48, R " Me 

49,R • Et 

pyridine complex (47) does not react with a1kynes, presumably since 

dissociation of a pyridine does not occur as the a1kyne is a poor u donor. 

Ketones do react with 47, however, products have not yet been isolated. 

Protono1ysis of these complexes may provide a useful approach to 
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vicinal diamines, however, hydrolysis of 45 yielded an unidentified 

product. Optimization of hydrolysis conditions, in addition to the 

complete characterization of 48 and 49 (variable temperature NMR and 

molecular weight), are still in progress. 

Conclusions 

The d2 reagents ('1s-CsMes)Ta(DIPPhCl (5) and Ta(DIPP)2Cl(PY)3 (47) 

have shown considerable promise in the reductive coupling of nitriles and 

may provide a general route to diamine complexes. The intermolecular 

coupling of these nitriles appears to be a result of the instability of 

the Ta(III) formal oxidation state. Presumably, the initial product of 

the reaction is Ta(DIPP)2Cl(RCN)x. which may then dimerize to form the 

stable Ta(V) imido compounds (45, 46, 48, and 49). Kinetic phenomena 

prevent the hydro-tantalation of nitriles and large unsaturated molecules 

by the arene complex 5. Three tuck-in complexes of terminal alkenes have 

been prepared by regioselective l,2-insertions into the tantalum hydride 

bond. The tuck-in reaction represents another manifestation of the 

instability of the tantalum (III) oxidation state. 

Experimental 

Preparations. To a room 

temperature solution of 0.66 g (0.90 romol) of ('1s-CsMes)Ta(DIPP)2Cl (5) in 

20 mL of diethyl ether was added 0.80 mL (6.2 romol) of Me3CCH2-CH2' After 

stirring for three days, the solution changed from blue to yellow and a 

light yellow precipitate had formed. This solid was filtered off, washed, 
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and dried in vacuo; yield 0.46 g. The filtrate was concentrated and upon 

cooling to -40°C, more yellow solid formed; combined yield, 0.54 g (0.66 

mmo1, 73%). Recrystallization of this product from toluene/pentane at 

-40°C provided analytically pure samples. lH NMR (CDC13): 6 7.21-7.00 

(m, 6 H, Hary1), 3.39 (s, 2 H, ClhC6MeS), 3.32 (spt, 4 H, C!:!Me2) , 2.48 (s, 

3 H, p-CH3), 2.20, 1.98 (s, 6 H each, o-CH3 or m-CH3), 1.68 (m, 2 H, 

CHzCHz), 1.33, 1.31 (d, 12 H each, CHMez) , 0.73 (s, 9 H, CMe3) , 0.64 (m, 

2 H, CHzCHz). 13C NMR (CDC13): 5 155.2 (Cipso ' DIPP) , 143.0 (Cp' benzyl), 

140.2 (Co, DIPP) , 139.0, 135.3 (Co or Cm), 123.7 (Cm, DIPP) , 123.0 (Cp' 

DIPP) , 115.4 (Cipso ' benzyl), 68.5, 66. 6 (~H2CHz or ~HZC6Mes), 42. 2 (~Me3)' 

34.3 (CH2~Hz)' 28.4, 27.3, 25.8, 23.8 (~HMez' CMe3' CHMe2), 18.9, 17.6, 

17.0 (m-CH3, o-CH3, or p-CH3). IR: 1580 w, 1360 m, 1320 s, 1250 s, 1190 

s, 1102 m, 1090 m, 1051 w, 1038 w, 972 w, 932 w, 916 w, 894 s, 872 m, 789 

m, 746 s, 705 m, 690 w. Anal. Calcd for C4zCIH640zTa: C, 61.72; H, 7.89. 

Found: C, 62.12; H, 8.13. 

To a room temperature 

solution of 0.67 g (0.91 mmol) of (~6-C6Me6)Ta(DIPP)zCl (5) in 20 mL of 

diethyl ether was added 1.07 mL (9.5 mmol) of CH2-CMeCMe-CHz. After 

stirring for three days, the solution changed from blue to yellow. The 

volatiles were removed in vacuo to yield an oil. The oil was recon

stituted in pentane and upon cooling to -40°C, bright yellow crystals 

formed. The crystals were filtered off, washed, and dried in vacuo; yield 

0.49 g (0.60 mmol, 66%). Recrystallization of this product from a -40°C 

pentane solution provided analytically pure samples. lH NMR (CDC13): 6 

7.24-7.03 (m, 6 H, Hary1), 4.45, 4.24 (s, 1 H each, -CH2) , 3.41, 3.40 (spt, 
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2 H, CHMez) , 3.34 (5, 2 H, CHzCsMes), 2.86 (m, 1 H, CliMe), 2.45 (5, 3 H, 

p-CH3), 2.15, 2.03 (5, 6 H each, o-CH3 and m-CH3), 1.61 (d of d, 1 H, 

CHaHxCHMe), 1.44 (5, 3 H, CCH3) , 1.34, 1.33, 1.30, 1.29 (d, 6 H each, 

CHMe2) , 0.37 (d, 1 H, CHaHxCHMe). 13C NMR (CDC13): 5 155.5, 155.4 (C!pso' 

DIPP) , 154.7 (~Me), 140.1, 138.7.5, 134.5 (Co. m. or p; benzyl), 139.4, 

139.2 (Co, DIPP) , 124.0, 123.9 (Cm, DIPP) , 123.1 (coincidental Cp' DIPP) , 

118.6 (C!PSO' benzyl), 107.5 (-CH2), 85.2 (~HzCHMe), 71.1 (~H2CsMes), 40.8 

(~HMe), 27.3 (coincidental ~HMe2)' 25.0, 24.8, 24.5, 24.3 (CHMg2) , 23.0, 

18.9, 17.2 (CHMg, CMg, or p-CH3), 18.7, 16.8 (0- or m-CH3 and CMe-CH2). 

IR: 1632 m-w, 1580 w, 1312 5, 1240 br 5, 1182 br 5, 1099 m, 1087 m, 1047 

m, 1030 m, 966 w, 927 m-w, 910 m, 889 5, 871 5, 787 5, 742 5, 702 s. 

Anal. Ca1cd for C4zC1HszOzTa: C, 61.87; H, 7.66. Found: C, 62.04; H, 7.90. 

(DIPP)zCITa(CHzCHzCMe=CHz) (CHzCsMes) (43). To a room temperature 

solution of 0.50 g (0.68 mmo1) of (~s-CsMes)Ta(DIPP)2C1 (5) in 20 mL of 

diethy1 ether was added 0.42 mL (4.2 mmo1) of isoprene (CHz-CMeCH-CHz). 

After stirring for three days, the solution changed from blue to a cloudy 

greenish-yellow color. A small amount of white powder was filtered off 

from the solution and discarded. The filtrate was dried to an oily solid 

and then redissolved in pentane. Upon cooling to -40°C, yellow solids 

formed. This solid was filtered off, washed, and dried in vacuo; yield 

0.12 g (0.15 mmol, 22%). Recrystallization of this product from a -40°C 

pentane solution provided analytically pure samples. lH NMR (CsDs): 5 

7.16-7.13 and 7.03-6.97 (m, 6 H, H8~1)' 4.71, 4.59 (5, 1 H each, -CH2) , 

3.50 (spt, 4 H, CHMe2), 3.44 (5, 2 H, CH2CSMeS), 2.74 (m, 2 H, TaCH2CH2), 

2.20 (5. 3 H, p-CH3), 1.97, 1.90 (5, 6 H each, o-CH3 and m-CH3), 1.58 (5, 
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3 H, CMe-CHz), 1.38, 1.33 (d, 12 H each, CHMez), 0.84 (m, 2 H, TaCHzCBz). 

13C NMR (CsDs): 6 155.8 (Cipso , DIPP), 150.4 (QMe-CHz), 143.6, 140.5, 135.4 

(Co.m.orp; benzyl), 139.4 (Co, DIPP), 124.2 (Cm, DIPP), 123.7 (Cp, DIPP), 

115.1 (Cipso , benzyl), 108.0 (-CHz), 68.3, 68.1 (TaQHzCHz and QHzCsMes), 

37.6 (TaCHzQHz), 27.7 (QHMez), 25.8 (CHMgz), 22.6, 19.0, 17.3, 16.6 (0-

CH3, m-CH3, P-CH3 and CMe-CHz). Anal. Cal cd for C41C1HsoOzTa: C, 61.45; H, 

7.55. Found: C, 61.17; H, 7.42. 

(DIPP)2CIT~(CSiMe3=CMeCSiMe3=CMe) (44). To a room temperature diethy1 

ether solution of 0.20 g (0.27 romo1) of (CsMes)Ta(DIPP)zC1 (5) was added 

0.30 mL (2.0 romo1) of Me 3SiC ... CMe. After stirring for two days, the 

solution changed from blue to a red-orange. The solvent was removed in 

vacuo leaving an oil. The oil was reconstituted in pentane and upon 

cooling to -40°C, red-orange crystals formed. The crystals were filtered 

off, washed with cold pentane, and dried in vacuo; yield 0.072 g (0.091 

mmol, 34 %). IH NMR (CsDs): 67.03-6.89 (m, 6 H, Hary1 ), 3.36 (spt, 4 H, 

CBMe2), 2.80 (s, 3 H, CaMe), 1.49 (s, 3 H, CpMe), 1.18 (d of d, 24 H, 

CHMe2), 0.19 and 0.14 (s, 9 H each, SiMe3). 

(DIPP)zCl(Me3CCN)Ta=NC(CMe3)=C(CMe3)N=Ta(DIPP)2Cl(NCCMe3) (45). To a 

-40°C solution of 0.50 g (0.68 romol) of (CsMes)Ta(DIPP)2Cl (5) in 20 mL of 

diethyl ether was added 0.31 mL (2.8 romol) of 3,3-dimethylacetonitrile. 

The solution color changed from blue to brown within a minute and then red 

solids began to precipitate. After an hour, the reaction was filtered and 

the solids were washed and dried in vacuo; yield 0.23 g (0.30 romol, 44%). 

These solids were pure enough for furthur use. IH NMR (CsDs): 6 7.15-

7.11 and 6.95-6.89 (m, 12 H, Haq1), 3.89 (spt, 8 H, CBMe2), 1.79 (s, 18 
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H, CCMe3-CCMe3), 1.38, 1.35 (d, 24 H each, CHMe2), 0.52 (s, 18 H, NCCMe3)' 

IR: 2275 m, 1581 w, 1430 s, 1314 s, 1252 s, 1190 s, 1106 m, 1090 m, 1040 

m, 929 m, 896 s, 884 s, 861 s, 783 w, 745 s, 695 m. Anal. Ca1cd for 

C6sC12H1l4N404Ta2: C, 55.02; H, 7.74; N, 3.77. Found: C, 55.41; H, 7.50; 

N, 3.83. 

(DIPPhC1 (THF) Ta-NC (CMe3)-=C (CMe3)N ... Ta (DIPPhC1(THF) (46). A 0.15 g 

(0.10 mmo1) sample of 45 was dissolved in THF/pentane. Upon cooling to 

-40°C, orange-yellow solids formed. This solid was filtered off, washed 

with pentane, and dried in vacuo; yield, 0.10 g (0.068 mmo1, 68%). 1H NMR 

(CDC13): 6 7.06-6.86 (m, 12 H, Haryl) , 3.97 (m, 8 H, OCH2CH2), 3.40 (spt, 

8 H, CHMe2), 1.83 (m, 8 H, OCH2CH2), 1.20 (s, 18 H, CMe3) , 1.13, 1.12 (d, 

24H each, CHl:1g2)' 13C NMR (CDC13): 6 157.6 (Cipso ), 156.2 (NC), 137.0 

(Co), 123.1 (Cm) , 121.7 (Cp ) , 71.0 (O~H2CH2)' 37.8 (~Me3)' 30.3 (CMe3), 27.0 

(~HMe2)' 25.3 (OCH2~H2)' 24.1, 23.7 (CHMe2). IR: 1578 w, 1320 m, 1301 s, 

1248 s, 1183 s, 1108 m, 1084 w, 1036 m, 1020 m, 928 m, 888 s, 864 s, 784 

m, 742 s, 720 m, 712 m, 698 m. Anal. Ca1cd for C66C12H102N206Ta2: C, 54.58; 

H, 7.08; N, 1.93. Found: C, 54.53; H, 7.12; N, 2.02. 

Ta(DIPP)2C1(PY)3 (47). To a room temperatue solution of 1.22 g (1.67 

mmo1) of (C6Me6)Ta(DIPP)2C1 (5) in 15 mL of diethy1 ether was added 0.50 

mL (6.2 mmo1) of pyridine. The solution immediately darkened and after 

shaking for less than one minute, the solution was filtered to yield 1.30 

g (1.61 mmo1) of black solids in 97% yield. This complex is insoluble in 

pentane, ether, and benzene. It reac ts wi th THF, CH2C12 , and MeCN, 

therefore, NMR spectra have not been obtained. This complex appears to 

be somewhat stable in pyridine. IR: 1565 br 5, 1532 m, 1428 5, 1320 s, 
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1240 s, 1182 s, 1099 m, 1086 m, 1050 w, 1033 m, 1020 w, 976 m, 918 s, 882 

5, 860 s, 795 m, 749 s. 739 m, 696 s, 675 m, 662 m, 630 w. Anal. Ca1cd 

for C39C1H49N302Ta: C, 57.96; H, 6.11; N, 5.20. Found: C, 57.77; H, 6.25; 

N, 4.79. 

To a room 

temperature sample of 0.42 g (0.52 mmo1) of 47 suspended in 15 mL of 

diethy1 ether was added 0.15 mL (2.9 mmol) of acetonitrile. The color 

lightened and most of the solids dissolved upon addition of the 

acetonitrile. Upon stirring 14 h, 0.27 g (0.17 mmol, 67%) of off-white 

solids precipitated. These solids are pure enough for furth'lr use but can 

be recrystallized in CH2C12/Et20 (1:2) at -40°C to yield analytically pure 

light yellow crystals. IR: 1600 m-s, 1576 m, 1337 s, 1322 s, 1261 s, 1252 

5, 1200 s, 1190 sh, 1150 m, 1108 m, 1064 m, 1040 5, 1006 m-s, 928 w, 899 

5, 889 s, 870 s, 787 m, 765 m, 752 s, 745 s, 690 s, 630 m. Molecular 

weight (CH2C12 solutton): calcd, 1568; found, 1347. Anal. Calcd for 

C72C12H94N604Ta2: C, 56.14; H, 6.15; N, 5.46. Found: C, 56.08; H, 6.23; 

N, 5.50. 

To a room 

temperature sample of 0.79 g (0.97 mmol) of 47 suspended in 15 mL of 

diethyl ether was added 0.23 mL (3.2 mmol) of propionitrile. The color 

lightened and most of the solids dissolved upon addition of the nitrile. 

Upon stirring 14 h, 0.57 g (0.37 mmol, 75%) of off-white solids 

precipitated. These solids are pure enough for furthur use but can be 

recrystallized in CH2C12/Et20 (1:2) at -40°C to yield analytically pure 

light yellow solids. IR: 1598 m-s, 1575 br, 1326 5, 1257 5, 1194 s, 1180 
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s, 1102 m, 1086 m, 1061 m, 1039 m, 1007 m, 928 W, 902 s, 883 m, 858 s, 835 

W, 786 m, 770 m-s, 742 s, 704 W, 686 s, 630 m. Anal. Ca1cd for 

C74C12H9sNS04Ta2: C, 56.67; H, 6.30; N, 5.36. Found: C, 56.18; H, 6.36; N, 

5.26. 
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The isolation of intermediates in the cyc1otrimerization of a1kynes 

has been effected by controlling the steric congestion at the metal center 

by varying either i) the number of bulky phenoxide ligands (Ta(DIPP)2C1 

vs. Ta(DIPP)3) or ii) the size of the a1kyne itself. For example, when 

the less congested bis-phenoxide complex, Ta(DIPP)zC13, is reduced by 2 

electrons in the presence of progressively smaller alkynes (i.e. 

Me3SiCsCSiMe3, PhCaCPh, MeCsCMe, and PhCsCH) the selective synthesis of 

an alkyne adduct (tantalacyclopropene), a tantalacyclopentadiene, a 7-

tantalanorbornadiene, and a catalytic amount of benzene, could be 

obtained. Each of these products resemble proposed intermediates in the 

cyclotrimerization of alkynes (Scheme 1.1). 

Besides resembling proposed intermediates, a good model compound 

should also display some degree of reactivity. In my research, I have 

demonstrated the direct conversion of many intermediates to the next 

higher (or lower) step in the proposed mechanism. The model system chosen 

was of an early transition metal, none of which had previously been 

studied. The stability of the highest oxidation state in early transition 

metals allowed the isolation of many reactive intermediates such that they 

could be studied. The conversion of an alkyne adduct to a metallacyclo

pentadiene has previously been observed in many systems, 14,31 but not group 

5. It is also interesting to note that no group 6 systems have 
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demonstrated metallacyclization reactions. Alkyne adducts of the group 

5 system discussed in this dissertation are isolated due to steric 

constraints and readily react with smaller alkynes. The increased 

reactivity of this system is believed to be due to the enhanced 

electrophilicy of this alkoxide-supported (rather than cyclopentadienyl-

supported) metal. These systems are electronically unsaturated and their 

reactivity can be slowed only by using these very large ligands. The 

enhanced electrophilicity of this system is also evident from the reaction 
i • 

of (DIPP)3Ta(CPh-CPhCH(Ph)O) (27) with additional benzaldehyde which 

yields (DIPP)3(PhCHzO)Ta(~z-CPh-CPhCPh-O) (28), unlike CPzZr(CR-CRCH(Ph)O) 

which is electronically saturated by the two cyclopentadienyl ligands and 

cannot coordinate an additional aldehyde molecule. 83 

Group 4 metals display similar alkyne cross-coupling chemistry, but 

no group 4 metallacyclopentadiene complexes react with additional alkyne 

to yield coordinated (or free) arene ligands. Unlike these group 4 

metallacyclic analogues, (DIPP}zClTa(CCMe3-CHCCMe3-CH) (17) will react 

with an additional equivalent of t-butylacetylene to yield the arene 

been observed previously, in any system. This arene complex resembles a 

Diels-Alder product and not a metallacycloheptatriene which would result 

from an insertion reaction. An interesting contrast can also be drawn 

with a late transition metal for this step of the mechanism since there 

is significant evidence for the formation of a cobaltacycloheptatriene, 

a1 though this intermediate has not been isolated. 13 Vo11hardt and Bergman 

proposed that a meta11acycloheptatriene (D) would isomerize to a 
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"meta11anorcaradiene" ('12-benzene; I, Scheme 7.1) prior to the reductive 

Scheme 7.1 

-M o 

E 

elimination of the arene. 122 Key questions which still need to be 

addressed are whether an arene complex (E) can convert into either D or 

I, as shown in Scheme 7.1 and does the conversion of E to I involve the 

intermediacy of an '14-arene complex. While the E ~ D conversion does not 

appear likely, the E ~ I step does. The '12 pyridine complex '1 2 (N,C)-

which is also formed by a [2+2+2] 

cyc1oaddition from the same metal1acyc1ic precursor as the arene, 

resembles structure I and indeed, there are now several structurally 

characterized examples of '12-arenes .114 Like its alkyne analogue, the 

nitrile may produce a transient '1 6 pyridine (J, Scheme 7.2).137 Partial 

decoordination of this pyridine ligand such that the strong Ta-N 

interaction is maximized, would then allow the isolation of what may 

otherwise have been an unobserved intermediate. Alternatively, the 
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pyridine complex may form by a different mode of reaction since its 

immediate precursor is an ~l nitrile (21). Thus, an insertion reaction 

to produce a N-metallacycloimine (K, Scheme 7.2) may be more likely. 

Scheme 7.2 

('O'2C1Tf~ 
l?+ 

~ To(OR)2 C1 

J 

N 
III /T a ~'O R 
C 

('O'
2C1T7 R 0 \c I 

+ 
21 K N'"- 22 

RO·2,6-di isopropylphenoxide 

Synthetic Utility 

Sterle effects also allowed the isolation of the alkyne adduct, 

(DIPP)3Ta(PhCaCPh) (6), by using the more congested tris-phenoxide 

starting material. This alkyne adduct demonstrated extremely 

regioselective cross-coupling reactions with alkynes which provided just 

one metallacyclic product in all cases. While there has been some 

successful cross-coupling in group 4 systems, the reagents are difficult 

to prepare and require many steps.82 In addition, group 4 reagents are 

often intolerant to terminal alkynes. 188 Thus, these selective coupling 

reactions have shown promise as important precursors for the synthesis of 
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subs ti tuted 1,3 -butadienes and 1- iodo -1,3 -butadienes , as described in 

chapter 2. The regioselectivity of the alkyne coupling reactions 

discussed in Chapters 4 and 5 with aldehydes, ketones, and nitriles also 

represent potentially important approaches to vinyl alcohols, secondary 

amines, and imines. Also, vicinal diamines could conceivably be 

synthesized from coupled nitriles as described in Chapter 6. A 

regioselective synthesis of an important sterically hindered pyridine 

base, 2,4,6-tri- t butylpyridine, was discussed in Chapter 3. Cocyclization 

may prove to be a convenient route to these molecules. 25 

Future Directions 

Metal-promoted bond forming reactions is a topic of intense interest 

and importance. The successful cross coupling reactions on these readily 

available and relatively inexpensive reagents may make this a viable 

system for organic syntheses. Advancing this methodology requires that 

a system be found which will provide chemo- and regioselective cross

coupling of any two functional groups. A general approach, not governed 

by the sterics of the substituents on these functional groups, is of 

primary interest. One approach for isolating alkyne adducts would be the 

use of trapping ligands (Lewis bases) such as PMe3 or pyridine, thus 

preventing metallacyclization reactions by filling available coordination 

sites. Coordinating a ligand to the starting material (Le. 

Ta(DIPP)3C12(RCeN» prior to reduction may provide a route to inter- or 

intramolecular coupling of many heteroatom substrates. Ideally, isolable 

d2 reagents would be used for this purpose since heteroatomic unsaturated 
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functional groups often cannot survive reduction conditions. The ideal 

reagent would serve as a source of ITa(DIPPhCl". The arene complex, (I'}6. 

C6Me6)Ta(DIPP)2Cl (5) or Ta(DIPP)2Cl(PY)3 (47) may serve in this capacity. 

However, a more easily prepared reagent would be preferred. Additionally, 

the use of chiral alkoxide ligands would be of interest since this would 

provide a means for stereoselective syntheses. 
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APPENDIX A 

X-RAY CRYSTALLOGRAPHY DATA 

X-Ray Structural Determination of (DIPP)2C1Ta(CCMe3=CHCH=CCMe3) (15). 

A yellow multifaceted crystal of 15, grown from a toluene/pentane 

solution at -40°C, was mounted in a glass capillary in a random 

orientation. Preliminary examination and data collection were performed 

wi th Mo Ka: radiation ().- 0.71073 A) on a Syntex P2 1 diffractometer. Table 

A.1 summarizes the crystal data and structure refinement results. Two 

check reflections were measured every 98 data reflections; the total loss 

in intensity of these standards was 19%. An anisotropic decay correction 

was applied. The correction factors on I ranged from 0.961 to 2.134 with 

an average value of 1.022. Lorentz and polarization corrections were also 

applied to the data. No absorption correction was made. 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. 

The structure was refined in full-matrix least squares. The largest peak 

in the final difference Fourier map was 2.04 e/A3. All calculations were 

performed on a VAX computer using SDP/VAX. 



Table A.I Details of the X-Ray Diffraction Study for 
(DIPP)2Clta(CCMe3"'CHCH",CCMe3..t..)~(1=5,,-,),-,. ____ _ 

molecular formula 

molecular weight, g 

monoclinic space group 

unit cell volume, A3 

a, A 

b, A 

c, A 

f3, deg 

Z 

calculated density, g cm-3 

crystal dimensions, mm 

data collection temp, °C 

Mo Ka radiation, A, A 

monochromator 

735.23 

P211n (#14) 

3550.6 

12.133(2) 

18.536(3) 

15.860(2) 

95.48 

4 

1. 38 

0.66 X 0.25 X 0.41 

23 ± 1 

0.71073 

graphite 

absorption coefficient, cm- l 31.6 

29 range, deg 2-40 

total no. of reflns measd 3797, 3534 unique 

no. of reflns measd with 

I > 30(1) 2694 

scan type 9-29 

scan speed, deg min- l 8-30 

parameters refined 447 

R 0.053 
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Table A.l Details of the X-Ray Diffraction Study for 
__________ ~(D~I~P~P~)2ClTa(CCMe3=CHCHQtCMe3) (15) (cont.). 

0.063 
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Table A.2 Positional Parameters and Their Estimated 
Standard Deviations 

Atom x y z B(A2) 

Ta 0.36841(5) 0.37860(3) 0.64925(3) 2.33(1) 

C1 0.2796(4) 0.4805(2) 0.5774(3) 4.5(1) 

C1 0.296(1) 0.2824(8) 0.4683(9) 3.2(4) 

C1A 0.194(1) 0.324(1) 0.430(1) 5.3(5) 

C1B 0.362(2) 0.253(1) 0.395(1) 5.5(5) 

C1C 0.258(2) 0.216(1) 0.520(1) 5.4(5) 

C2 0.364(1) 0.3316(8) 0.5276(8) 2.5(3) 

C3 0.467(1) 0.3505(8) 0.513(1) 4.1(4) 

C4 0.543(1) 0.4042(9) 0.573(1) 4.1(4) 

C5 0.524(1) 0.4266(9) 0.6491(9) 3.6(4) 

C6 0.602(1) 0.472(1) 0.710(1) 4.7(4) 

C6A 0.615(2) 0.432(1) 0.797(1) 7.0(6) 

C6B 0.721(2) 0.476(1) 0.675(1) 8.0(6) 

C6C 0.551(2) 0.5466(9) 0.714(2) 7.7(6) 

010 0.2768(8) 0.4046(5) 0.7363(6) 2.8(2)* 

Cll 0.180(1) 0.4130(8) 0.7718(9) 2.9(3)* 

C12 0.084(1) 0.3836(8) 0.7397(9) 2.9(3)* 

CD -0.014(1) 0.3932(9) 0.782(1) 4.0(4)* 

C14 -0.005(1) 0.435(1) 0.855(1) 4.6(4)* 

CIS 0.095(1) 0.4666(9) 0.886(1) 3.7(3)* 

C16 0.192(1) 0.4567(8) 0.847(1) 3.2(3)* 

C12A 0.072(1) 0.3399(9) 0.658(1) 4.3(4)* 
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Table A.2 Positional Parameters and Their Estimated 
Standard Deviations (cont, } 

Atom x y Z B(A2} 

C12B 0.030(2) 0.261(1) 0.674(1) 6.7(5)* 

C12C -0.006(2) 0.379(1) 0.589(1) 6.3(5)* 

C16A 0.299(1) 0.4937(9) 0.876(1) 4.1(4)* 

C16B 0.315(2) 0.503(1) 0.974(1) 5.8(5)* 

C16C 0.301(1) 0.570(1) 0.832(1) 5.0(4)* 

020 0.4150(7) 0.2916(5) 0.7027(6) 2.4(2)* 

C21 0.438(1) 0.2252(8) 0.7358(9) 2.5(3)* 

C22 0.383(1) 0.1987(8) 0.8044(9) 2.9(3)* 

C23 0.406(1) 0.1308(9) 0.837(1) 3.6(3)* 

C24 0.482(1) 0.0875(9) 0.803(1) 4.2(4)* 

C25 0.538(1) 0.1129(9) 0.737(1) 4.0(4)* 

C26 0.517(1) 0.1805(8) 0.7011(9) 2.7(3)* 

C22A 0.302(1) 0.2512(9) 0.845(1) 3.9(4)* 

C22B 0.207(2) 0.208(1) 0.885(1) 5.4(4)* 

C22C 0.362(1) 0.298(1) 0.909(1) 4.8(4)* 

C26A 0.582(1) 0.2084(8) 0.629(1) 3.5(3)* 

C26B 0.599(2) 0.149(1) 0.564(1) 6.9(5)* 

C26C 0.694(2) 0.236(1) 0.664(1) 6.9(5)* 

C6B1 0.7697 0.5043 0.7117 10* 

C6B2 0.7502 0.4288 0.6707 10* 

C6B3 0.7139 0.4978 0.6199 10* 
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Starred atoms were refined isotropically. Anisotropically refined atoms 

are given in the form of the isotropic equivalent displacement parameter 

defined as: 

(4/3)[a2 .B(l,l) + b2 .B(2,2) + c2 .B(3,3) + ab(cos ~)B(l,2) + ac(cos 

~)B(l,3) + bc(cos a)B(2,3)] 
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TABLE A.3 Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ta C1 2.406(3) Cl2 C12A 1.52(1) 

Ta C2 2.113(9) C13 C14 1.39(2) 

Ta C5 2.09(1) C14 C15 1.39(1) 

Ta 010 1.915(6) C15 Cl6 1.39(1) 

Ta 020 1.883(6) C16 C16A 1.50(1) 

C1 ClA 1. 53 (2) C12A C12B 1. 58 (2) 

Cl C1B 1. 57 (2) C12A C12C 1.56(2) 

C1 CIC 1. 57 (2) C16A C16B 1.56(2) 

Cl C2 1.49(1) C16A C16C 1.58(2) 

C2 C3 1.35(1) 020 C21 1.36(1) 

C3 C4 1.60(2) C21 C22 1.42(1) 

C4 C5 1.31(1) C21 C26 1.41(1) 

C5 C6 1.54(1) C22 C23 1.38(1) 

C6 C6A 1.56(2) C22 C22A 1.56(1) 

C6 C6B 1.60(2) C23 C24 1.37(1) 

C6 C6C 1.51(2) C24 C25 1.38(2) 

C6B C6B1 0.9(2) C25 C26 1.39(1) 

C6B C6B2 1.0(3) C26 C26A 1.54(1) 

C6B C6B3 0.9(2) C22A C22B 1.59(2) 

010 Cll 1.36(1) C22A C22C 1. 47 (2) 

Cll C12 1.34(1) C26A C26B 1. 55 (2) 

ell C16 1.44(1) C26A C26C 1.50(2) 

Cl2 Cl3 1.43(2) 
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Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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Table A.4 Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C1 Ta C2 85.4(3) 010 C11 C12 123.4(9) 

C1 Ta CS 91.7(3) 010 C11 C16 112.8(8) 

C1 Ta 010 83.1(2) C12 C11 C16 123.8(9) 

C1 Ta 020 170.6(2) C11 C12 C13 120(1) 

C2 Ta CS 96.9(4) C11 C12 C12A 123.3(9) 

C2 Ta 010 142.7(3) C13 C12 C12A 116.6(9) 

C2 Ta 020 92.2(3) C12 C13 C14 117.(1) 

CS Ta 010 118.7(3) C13 C14 CIS 121. (1) 

CS Ta 020 97.6(3) C14 CIS C16 122.(1) 

010 Ta 020 93.5(3) C11 C16 CIS 115.1(9) 

CIA C1 C1B 109. (1) C11 C16 C16A 121. 4(9) 

CIA C1 C1C 109. (1) CIS C16 C16A 123(1) 

CIA C1 C2 108(1) C12 C12A C12B 111. (1) 

CIB C1 C1C 108. (1) C12 C12A C12C 111(1) 

C1B C1 C2 113. (1) C12B CI2A C12C 111. (1) 

C1C C1 C2 109. (1) C16 C16A C16B 112. (1) 

Ta C2 C1 142.4(7) C16 C16A C16C 109. (1) 

Ta C2 C3 95.9(7) C16B C16A C16C 109. (1) 

C1 C2 C3 121.0(9) Ta 020 C21 173.1(6) 

C2 C3 C4 123.4(9) 020 C21 C22 121.2(8) 

C3 C4 cs 127.(1) 020 C21 C26 120.1(8) 

Ta CS C4 95.9(8) C22 C21 C26 118.7(9) 

Ta CS C6 137.2(7) C21 C22 C23 120.6(9) 
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Table A.4 Bond Angles in Degrees (cont.) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C4 C5 C6 127(1) C21 C22 C22A 117.4(9) 

C5 C6 C6A 107. (1) C23 C22 C22A 121. 8 (9) 

C5 C6 C6B 109. (1) C22 C23 C24 120. (1) 

C5 C6 C6C 107.(1) C23 C24 C25 120. (1) 

C6A C6 C6B 108.(1) C24 C25 C26 122. (1) 

C6A C6 C6C 114. (1) C21 C26 C25 118.4(9) 

C6B C6 C6C 111.(1) C21 C26 C26A 120.6(8) 

C6 C6 C6B1 109.(11) C25 C26 C26A 120.9(9) 

C6 C6B C6B2 109.(27) C22 C22A C22B 110.9(9) 

C6 C6 C6B3 109. (11) C22 C22A C22C 111. (1) 

C6B1 C6B C6B2 109.(2*) C22B C22A C22C 111. (1) 

C6B1 C6B C6B3 109.(26) C26 C26A C26B 112. (1) 

C6B2 C6B C6B3 109.(20) C26 C26A C26C 110. (1) 

Ta 010 C11 155.7(6) C26B C26A C26C 109.(1) 

Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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X-Ray Structural Determination of (~2(N,C)-2,4,6-NC5H2tBu3)Ta(DIPP)2Cl 

(22). 

A red irregular crystal of 22, grown from a pentane solution at 

-40°C, was mounted in a glass capillary in a random orientation. 

Preliminary examination and data collection were performed with Mo Ka 

radiation (>.- 0.71073 A) on a Syntex P21 diffractometer. Table A.5 

summarizes the crystal data and structure refinement results. Three check 

reflections were measured every 97 data reflections; the intensities of 

these standards remained constant within experimental error throughout the 

data collection. No decay correction was applied. 

polarization corrections were applied to the data. 

Lorentz and 

An empirical 

absorption correction based on a series of psi-scans was also applied. 

Relative transmission coefficients ranged from 0.855 to 0.999 with an 

average value of 0.953. The structure was solved using direct methods and 

refined in full-matrix least squares. Hydrogen atoms were included in the 

refinement but restrained to ride on the atom to which they are bonded. 

The largest peak in the final difference Fourier map was 0.91(11) e/A3. 

All calculations were performed on a VAX computer using SDP/VAX. 



Table A.S Details of the X-Ray Diffraction Study for 
(n2(N.C)-2.4.6-NCstl2tBu3)Ta(D1PP)2C1 (22), 

molecular formula 

molecular weight, g 

orthorhombic space group 

unit cell volume, A3 

a, A 

b, A 

c, A 

z 

calculated density, g cm-3 

crystal dimensions, rom 

data collection temp, °C 

Mo Ka radiation, A, A 

monochromator 

absorption coefficient, cm-1 

29 range, deg 

total no. of reflns measd 

no. of reflns measd with 

I > 3a(1) 

scan type 

scan speed, deg min-1 

parameters refined 

R 

818.37 

Pca21 (#29) 

4151.6 

20.674(2) 

10.087(5) 

19.908(5) 

4 

1. 31 

0.30 X 0.30 X 0.30 

23 ± 1 

0.71073 

graphite 

27.1 

2-50 

4153, 3799 unique 

2536 

9-29 

2-8 

204 

0.037 

0.041 
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Table A.6 Positional Parameters and Their Estimated 
Standard Deviations 

Atom x y z B(A2) 

Ta 0.17464(2) 0.30794(4) 0.430 2.605(6) 

C1 0.2212(2) 0.4882(3) 0.4865(2) 4.34(8) 

N 0.0862(4) 0.2373(7) 0.431(1) 2.7(1)* 

C1 0.0945(6) 0.301(1) 0.4975(6) 3.0(2)* 

C2 0.1048(6) 0.205(1) 0.5511(7) 3.7(3)* 

C3 0.0857(6) 0.070(1) 0.5429 (7) 3.7(3)* 

C4 0.0531(7) 0.038(1) 0.4800(7) 3.9(3)* 

C5 0.0531(5) 0.117(1) 0.4257(8) 2.9(2)* 

CIA 0.0475(6) 0.418(1) 0.5146(7) 3.7(3)* 

C1B 0.0437(7) 0.522(1) 0.4577(7) 5.1(3)* 

C1C 0.0733(8) 0.486(2) 0.5786(8) 5.7(4)* 

C1D -0.0204(7) 0.363(1) 0.5276(8) 5.2(3)* 

C3A 0.0939(7) -0.034(1) 0.5984(7) 4.3(3)* 

C3B 0.126(1) 0.018(2) 0.6585(9) 7.8(5)* 

C3C 0.1327(8) -0.148(2) 0.5705(9) 6.0(4)* 

C3D 0.0278(9) -0.084(2) 0.619(1) 8.0(5)* 

C5A 0.0199(7) 0.086(1) 0.3615(7) 3.9(3)* 

C5B -0.0146(8) -0.046(2) 0.3619(9) 6.4(4)* 

C5C -0.0325(7) 0.192(1) 0.3490(8) 5.0(3)* 

C5D 0.0684(7) 0.095(1) 0.3045(8) 4.7(3)* 

010 0.1773(4) 0.3857(9) 0.3445(4) 3.8(2) 

C11 0.1973(6) 0.459(1) 0.2903(6) 2.9(2)* 
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Table A.6 Positional Parameters and Their Estimated 
Standard Deviations (cont. } 

Atom x y Z UA2) 

C12 0.1495(6) 0.517(1) 0.2508(7) 3.3(3)* 

Cl3 0.1683 (7) 0.592(2) 0.1966(8) 5.0(3)* 

C14 0.2343(8) 0.608(1) 0.180(1) 6.0(4)* 

C15 0.2797(8) 0.550(1) 0.2216(8) 5.0(3)* 

C16 0.2624(6) 0.473(1) 0.2758(7) 3.6(3)* 

C12A 0.0775(7) 0.499(1) 0.2666 (7) 4.3(3)* 

C12B 0.046(1) 0.630(2) 0.278(1) 9.4(6)* 

C12C 0.0435(8) 0.420(2) 0.2116(8) 5.7(4)* 

C16A 0.3142(6) 0.409(1) 0.3187(7) 4.5(3)* 

C16B 0.349(1) 0.301(2) 0.278(1) 8.0(5)* 

C16C 0.3610(9) 0.502(2) 0.346(1) 6.9(4)* 

020 0.2334(3) 0.1726(7) 0.4474(4) 3.3(2) 

C21 0.2642(6) 0.063(1) 0.4716(6) 3.2(2)* 

C22 0.2617(5) -0.057(1) 0.4381(9) 3.7(2)* 

C23 0.2923(7) -0.168(1) 0.4628(8) 5.0(3)* 

C24 0.3259(8) -0.156(2) 0.5233(9) 6.1(4)* 

C25 0.3289(8) -0.038(2) 0.5590(8) 5.6(4)* 

C26 0.2988(7) 0.077(1) 0.5326(8) 4.5(3)* 

C22A 0.2250(7) -0.066(2) 0.3721(8) 5.1(3)* 

C22B 0.1869(8) -0.188(2) 0.365(1) 8.0(5)* 

C22C 0.265(1) -0.047(2) 0.313(1) 13.1(9)* 

C26A 0.3024 (7) 0.210(1) 0.5685(8) 4.7(3)* 
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Table A.6 Positional Parameters and Their Estimated 
Standard Deviations {cont,} 

Atom x y Z B{A2) 

C26B 0.3539(9) 0.288(2) 0.538(1) 6.5(4)* 

C26C 0.3101(9) 0.195(2) 0.646(1) 7.1(5)* 

Starred atoms were refined isotropica11y. Anisotropica11y refined atoms 

are given in the form of the isotropic equivalent displacement parameter 

defined as: 

(4/3) [a2'B(l,l) + b2'B(2,2) + c2'B(3,3) + ab(cos -Y)'B(l,2) + ac(cos 

P)'B(l,3) + bc(cos a)'B(2,3)] 
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TABLE A.7 Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ta C1 2.344(3) Cll C16 1.38(1) 

Ta N 1.963(6) C12 C13 1. 37 (1) 

Ta C1 2.133(9) C12 C12A 1.53(2) 

Ta 010 1.877(6) C13 C14 1.41(2) 

Ta 020 1.860(6) C14 C15 1.38(2) 

N C1 1.47(2) C15 C16 1. 38 (1) 

N C5 1.394(9) C16 C16A 1.52(1) 

C1 C2 1.45 (1) C12A C12B 1.49(2) 

C1 C1A 1.57(1) C12A C12C 1.53(2) 

C2 C3 1.43(1) C16A C16B 1. 54(2) 

C3 C4 1.46(1) C16A C16C 1.46(2) 

C3 C3A 1.53(2) 020 C21 1. 37 (1) 

C4 C5 1.35(2) C21 C22 1.38(1) 

C5 C5A 1.48(2) C21 C26 1.42(1) 

C1A C1B 1.54(1) C22 C23 1. 38 (1) 

C1A C1C 1. 54(2) C22 C22A 1.52(2) 

C1A C1D 1. 53 (1) C23 C24 1.39(2) 

C3A C3B 1.46(2) C24 C25 1.39(2) 

C3A C3C 1.51(1) C25 C26 1.41(2) 

C3A C3D 1. 51(2) C26 C26A 1.52(2) 

C5A C5B 1.51(2) C22A C22B 1. 47 (2) 

C5A C5C 1.54(1) C22A C22C 1.45(2) 

C5A C5D 1.52(2) C26A C26B 1.46(2) 
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Table A.7 Bond Distances in Angstroms (cont.) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

010 ell 1.37(1) e26A e26e 1.55(2) 

ell e12 1.39(1) 

Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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Table A.S Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C1 Ta N 131.1(4) CSB CSA CSC 106.2(9) 

C1 Ta C1 92.S(3) CSB CSA CSD 111. (1) 

C1 Ta 010 9S.6(2) CSC CSA CSD 108.(1) 

C1 Ta 020 102.2(2) Ta 010 C11 161.S(6) 

N Ta C1 41.9(6) 010 C11 C12 117.3(9) 

N Ta 010 101.1(6) 010 C11 C16 120.7(9) 

N Ta 020 109.9(3) C12 C11 C16 122.0(9) 

C1 Ta 010 127.S(3) C11 C12 C13 118.(1) 

C1 Ta 020 111.S(3) C11 C12 C12A 122. (1) 

010 Ta 020 117.1(3) C13 C12 C12A 120. (1) 

Ta N C1 7S.2(S) C12 C13 C14 121.(1) 

Ta N CS 140.4(5) C13 C14 C1S 118. (1) 

C1 N CS 121. (1) C14 C1S C16 122.(1) 

Ta C1 N 62.9(4) C11 C16 C1S 118. (1) 

Ta C1 C2 111.7(6) C11 C16 C16A 121.9(9) 

Ta C1 C1A 126.4(6) C1S C16 C16A 120. (1) 

N C1 C2 112.6(8) C12 C12A C12B Ill. (1) 

N C1 C1A 116.7(7) C12 C12A C12C 111. (1) 

C2 C1 C1A l1S.6(8) C12B C12A C12C 111. (1) 

C1 C2 C3 120.6(9) C16 C16A C16B 110. (1) 

C2 C3 C4 116.(1) C16 C16A C16C 114. (1) 

C2 C3 C3A 123.(1) C16B C16A C16C 110. (1) 

C4 C3 C3A 121. (1) Ta 020 C21 164.9(6) 



Table A.S Bond Angles in Degrees (cont.) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C3 C4 cs 124.(1) 020 C21 C22 121.4(8) 

N CS C4 117. (1) 020 C21 C26 117.0(9) 

N CS CSA 119. (1) C22 C21 C26 122. (1) 

C4 CS CSA 124.4(8) C21 C22 C23 121. (1) 

C1 C1A C1B 112.6(8) C21 C22 C22A 119.4(9) 

Cl C1A C1C 107.4(9) C23 C22 C22A 119. (1) 

C1 C.1A C1D 109.5(8) C22 C23 C24 118. (1) 

C1B C1A C1C 108.9(9) C23 C24 C2S 122. (1) 

C1B C1A C1D 108.7(9) C24 C2S C26 119.(1) 

C1C CIA C1D 110. (1) C21 C26 C25 117.(1) 

C3 C3A C3B 113.(1) C21 C26 C26A 121.(1) 

C3 C3A C3C 108.(1) C2S C26 C26A 122. (1) 

C3 C3A C3D 109.(1) C22 C22A C22B 113. (1) 

C3B C3A C3C 110. (1) C22 C22A C22C 114. (1) 

C3B C3A C3D 108. (1) C22B C22A C22C 110. (1) 

C3C C3A C3D 109. (1) C26 C26A C26B 109.(1) 

CS CSA CSB 114. (1) C26 C26A C26C 113. (1) 

CS CSA CSC 108.5(9) C26B C26A C26G 113. (1) 

GS GSA CSD 109.(1) 

Numbers in parentheses are estimated standard deviations in 

the least significant digits. 
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Table A.S Bond Angles in Degrees (Cont.) 

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle 

C22B C22A C22C 109.0(4) C71 C70 CBO 121.6(3) 

C22 C23 C24 120.7(4) C70 C71 C72 121.0(3) 

C23 C24 C25 120.5(4) C70 C71 C76 120.2(3) 

C24 C25 C26 121.5(4) C72 C71 C76 11B.B(3) 

C71 C72 C73 120.9(4) CBO CB1 CB2 123.4(3) 

C72 C73 C74 119.6(4) CSO CB1 CB6 11B.0(3) 

C73 C74 C75 120.6(4) CB2 CB1 CB6 11B.4(4) 

C74 C75 C76 119.B(4) CB1 CB2 C83 119.9(5) 

C71 C76 C75 120.2(4) CB2 C83 CB4 120.6(5) 

050 CBO C70 118.0(2) C83 C84 CB5 119.9(4) 

050 CBO CB1 117.0(3) C84 CB5 C86 120.6(5) 

C70 CBO CB1 124.9(3) CB1 CB6 C8S 120.3(5) 

Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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X-Ray Structural Determination of (DIPP)3(PhCH20)Ta(172 -CPh=CPhCPh=O) (28). 

A red irregular block crystal of 28, grown from a toluene/pentane 

solution at 5°C, was mounted in air on a glass fiber in a random 

orientation and examined on an Syntex-Nico1et P2 1 diffractometer using Mo 

Ka radiation monochromatized with graphite (>.-0.71037 A). Table A.9 

summarizes the crystal data and structure refinement results. Two check 

reflections were measured every 98 data reflections; the intensities of 

these standards remained constant within experimental error throughout the 

data collection. No decay correction was applied. Lorentz and 

polarization corrections were applied. An empirical absorption correction 

based on a series of psi-scans was applied to the data. Relative 

transmission coefficients ranged from 0.777 to 0.999 with an average value 

of 0.904. The structure was solved using the Patterson heavy-atom method 

and refined in full-matrix least squares. Hydrogen atoms were included 

in the refinement but restrained to ride on the atom to which they are 

bonded. The largest peak in the final difference Fourier map was 0.58 (5) 

e/A3. All calculations were performed on a VAX computer using SDPjVAX. 



Table A.9. Details of the X-ray Diffraction Study for 
__________ ~(D~I~P~P~)3(PhCH20)Ta(n2-CPh~CPhCPh=O) (28). 

molecular formula 

molecular weight, g 

space group 

unit cell volume, A3 

a, A 

b, A 

c, A 

0:, deg 

./?" deg 

"I, deg 

Z 

calculated density, g cm-3 

crystal dimensions, mm 

data collection temp, °C 

Mo Ka: radiation, A, A 

monochromator 

absorption coefficient, cm- 1 

29 range, deg 

total no. of ref1ns measd 

no. of ref1ns measd with 

I > 3a(I) 

scan type 

scan speed, deg min- 1 

1103.24 

pI (#2) 

2810.5 

11.552(1) 

13.479(1) 

20.246(2) 

90.82(1) 

99.44(1) 

114.82(1) 

2 

1.30 

0.42 X 0.33 X 0.33 

23 ± 1 

0.71073 

graphit:e 

19.8 

2-50 

11527, 9942 unique 

8791 

9-29 

2-8 
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Table A.9 Details of the X-ray Diffraction Study for 
________ ~(~D~I~P~P~)3(PhCH20)Ta(n2-CPh-CPhCPh-O) (28) (cant.) 

parameters refined 631 

R 0.022 

0.028 
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Table A.10 Positional Parameters and Their Estimated 
Standard Deviations 

Atom x y z B(A2) 

Ta 0.19501(1) 0.22970(1) 0.24862(1) 2.262(2) 

010 0.2808(2) 0.2247(1) 0.17602(9) 2.94(4) 

020 0.2240(2) 0.1116(1) 0.2876(1) 3.24(4) 

030 0.1295(2) 0.2535(1) 0.32574(9) 3.25(4) 

040 0.0325(2) 0.1673(2) 0.1923(1) 3.27(4) 

050 0.3909(2) 0.3400(1) 0.2993(1) 3.04(4) 

C11 0.3671(3) 0.2607(2) 0.1340(2) 3.40(6) 

C12 0.3285(3) 0.2939(3) 0.0719(2) 4.17(7) 

C12A 0.1879(3) 0.2720(3) 0.0493(2) 4.26(7) 

C12B 0.1657(4) 0.3379(3) -0.0082(2) 6.4(1) 

C12C 0.1063(3) 0.1500(3) 0.0286(2) 5.39(9) 

C13 0.4213(4) 0.3385(4) 0.0320(2) 6.5(1) 

C14 0.5447(4) 0.3436(5) 0.0509(2) 8.2(1) 

C15 0.5769(3) 0.3040(4) 0.1098(2) 7.0(1) 

C16 0.4898(3) 0.2592(3) 0.1527(2) 4.31(7) 

C16A 0.5166(3) 0.2022(3) 0.2125(2) 4.48(7) 

C16B 0.6617(4) 0.2381(4) 0.2395(2) 7.4(1) 

C16C 0.4492(5) 0.0786(3) 0.1955(3) 7.3(1) 

C21 0.2321(3) 0.0257(2) 0.3184(2) 3.32(6) 

C22 0.3096(3) 0.0439(3) 0.3819(2) 4.77(8) 

C22A 0.3898(4) 0.1590(3) 0.4186(2) 5.9(1) 

C22B 0.3639(6) 0.1703(5) 0.4883(3) 9.1(2) 
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Table A.10 Positional Parameters and Their Estimated 
Standard Deviations (cont,} 

Atom x ~ Z B(A2} 
C22C 0.5332(6) 0.1916(6) 0.4229(3) 10.0(2) 

C23 0.3132(5) -0.0461(3) 0.4123(2) 8.0(1) 

C24 0.2423(6) -0.1509(3) 0.3802(3) 10.3(2) 

C25 0.1689(6) -0.1668(3) 0.3181(3) 8.5(2) 

C26 0.1605(4) -0.0793(2) 0.2850(2) 5.09(9) 

C26A 0.0785(5) -0.0978(3) 0.2157(2) 6.7(1) 

C26B -0.0622(5) -0.1551(6) 0.2152(4) 12.1(2) 

C26C 0.1133(6) -0.1622(6) 0.1656(3) 10.4(2) 

C31 0.0593(2) 0.2646(2) 0.3703(1) 3.24(6) 

C32 -0.0499(3) 0.1732(3) 0.3816(2) 4.06(7) 

C32A -0.0840(3) 0.0589(3) 0.3516(2) 4.15(8) 

C32B -0.0275(4) -0.0004(3) 0.4021(2) 6.0(1) 

C32C -0.2297(4) -0.0108(3) 0.3280(2) 6.0(1) 

C33 -0.1227(4) 0.1893(4) 0.4247(2) 6.8(1) 

C34 -0.0901(4) 0.2901(4) 0.4568(2) 8.0(1) 

C35 0.0210(4) 0.3783(3) 0.4473(2) 6.32(9) 

C36 0.0987(3) 0.3678(2) 0.4051(2) 3.86(7) 

C36A 0.2259(3) 0.4614(3) 0.3984(2) 4.46(8) 

C36B 0.3379(4) 0.4559(4) 0.4468(3) 6.6(1) 

C36C 0.2271(5) 0.5744(3) 0.4081(3) 7.6(1) 

C41 -0.1029(3) 0.1350(3) 0.1846(2) 5.27(9) 

C42 -0.1686(2) 0.1219(3) 0.1129(2) 3.68(7) 

C43 -0.1576(3) 0.2118(3) 0.0793(2) 4.91(9) 
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Table A.10 Positional Parameters and Their Estimated 
Standard Deviations (cont.} 

Atom x y Z B(A2) 

C44 -0.2235(4) 0.2012(3) 0.0146(2) 6.3(1) 

C45 -0.3012(4) 0.0987(4) -0.0171(2) 7.4(1) 

C46 -0.3128(5) 0.0079(4) 0.0146(3) 7.6(1) 

C47 -0.2463(4) 0.0193(3) 0.0798(2) 5.5(1) 

C60 0.2350(2) 0.4054(2) 0.2253(1) 2.98(6) 

C61 0.1365(3) 0.4412(2) 0.1917(2) 3.20(6) 

C62 0.1445(3) 0.4889(2) 0.1306(2) 4.23(7) 

C63 0.0523(4) 0.5260(3) 0.1032(2) 5.33(9) 

C64 -0.0445(3) 0.5191(3) 0.1372(2) 5.69(9) 

C65 -0.0514(3) 0.4748(3) 0.1974(2) 5.24(9) 

C66 0.0358(3) 0.4333(2) 0.2237(2) 4.11(7) 

C70 0.3604(3) 0.4801(2) 0.2424(2) 3.36(6) 

C71 0.4146(3) 0.5943(2) 0.2213(2) 3.80(7) 

C72 0.3796(3) 0.6720(3) 0.2447(2) 5.03(9) 

C73 0.4269(4) 0.7774(3) 0.2233(3) 6.3(1) 

C74 0.5073(4) 0.8032(3) 0.1784(2) 6.6(1) 

C75 0.5435(4) 0.7273(3) 0.1542(2) 7.0(1) 

C76 0.4980(4) 0.6222(3) 0.1767(2) 5.6(1) 

C80 0.4416(3) 0.4394(2) 0.2867(2) 3.32(6) 

C81 0.5780(3) 0.5075(3) 0.3207(2) 4.43(8) 

C82 0.6262(4) 0.6182(3) 0.3398(3) 7.6(1) 

C83 0.7546(5) 0.6759(4) 0.3719(3) 10.6(2) 
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Table A.1O Positional Parameters and Their Estimated 
Standard Deviations (cont,) 

~ x y Z B(A2) 

C84 0.8339(4) 0.6250(5) 0.3837(3) 10.3(2) 

C85 0.7859(4) 0.5157(5) 0.3689(3) 9.3(2) 

C86 0.6572(4) 0.4556(4) 0.3381(3) 6.5(1) 

Anisotropica11y refined atoms are given in the form of the isotropic 

equivalent displacement parameter defined as: 

(4/3) [a2'B(1,1) + b2'B(2,2) + c2'B(3,3) + ab(cos -y)'B(1,2) + ac(cos 

.B)'B(1,3) + bc(cos a:)'B(2,3)] 
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Table A.l1 Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ta 010 1.918(2) C32A C32B 1. 534(5) 

Ta 020 1.915(2) C32A cnc 1. 530(5) 

Ta 030 1. 921(2) C33 C34 1.369(7) 

Ta 040 1.865(2) C34 C35 1. 380(6) 

Ta 050 2.181(2) C35 C36 1.382(5) 

Ta C60 2.287(3) C36 C36A 1. 511(5) 

010 Cll 1.355(3) C36A C36B 1.519(5) 

020 C21 1. 354(3) C36A C36C 1.527(5) 

030 C31 1.353(3) C41 C42 1.494(5) 

040 C41 1.418(4) C42 C43 1.367(5) 

050 C80 1.265(3) C42 C47 1.379(5) 

Cll C12 1.407(4) C43 C44 1.375(5) 

C11 C16 1.415(4) C44 C45 1.368(7) 

C12 C12A 1.511(5) C45 C46 1. 357 (7) 

C12 C13 1. 387 (5) C46 C47 1.385(6) 

e12A C12B 1.529(5) C60 C61 1.485(4) 

e12A C12e 1. 523 (5) e60 C70 1. 354(4) 

e13 C14 1. 386(6) e61 C62 1.400(4) 

C14 C15 1. 373 (7) e61 C66 1. 390(4) 

C15 C16 1. 386(5) C62 C63 1.398(5) 

C16 C16A 1. 503(5) C63 C64 1. 377(6) 

C16A e16B 1.534(5) C64 C65 1.365(6) 

e16A e16e 1.518(6) e65 e66 1.384(4) 



161 

Table A.ll Bond Distances in Angstroms (Cont.) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

C21 C22 1.394(5) C70 cn 1.498(4) 

C21 C26 1.397(5) C70 C80 1.467(4) 

C22 C22A 1.533(5) cn C72 1.376(5) 

C22 C23 1. 381(5) cn C76 1.369(5) 

C22A C22B 1. 507 (7) C72 C73 1.395(5) 

C22A C22C 1.512(7) C73 C74 1.351(7) 

C23 C24 1.384(7) C74 C75 1.368(7) 

C24 C25 1. 354(7) C75 C76 1.400(5) 

C25 C26 1.395(5) C80 C81 1.488(4) 

C26 C26A 1. 511(6) C81 C82 1.379(6) 

C26A C26B 1.477(8) C81 C86 1.374(5) 

C26A C26C 1.532(8) C82 C83 1. 389(6) 

C31 C32 1.400(4) C83 C84 1.352(9) 

C31 C36 1.405(4) C84 C85 1. 347 (9) 

C32 C32A 1.510(5) C85 C86 1.388(6) 

C32 C33 1.380(5) 

Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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Table A.12 Bond Angles in Degrees 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
010 Ta 020 92.01(S) C21 C26 C25 117.1(4) 

010 Ta 030 172.11(S) C21 C26 C26A 121. 7 (3) 

010 Ta 040 91. S4(S) C25 C26 C26A 121.2(4) 

010 Ta 050 83.25(S) C26 C26A C26B 113.2(5) 

010 Ta C60 S6.65(9) C26 C26A C26C 112.1(4) 

020 Ta 030 90.59(8) C26B C26A C26C 10S.4(4) 

020 Ta 040 106.90(S) 030 C31 C32 119.6(3) 

020 Ta 050 87.7S(7) 030 C31 C36 119.2(3) 

020 Ta C60 158.83(9) C32 C31 C36 121.2(3) 

030 Ta 040 94.52(9) C31 C32 C32A 122.0(3) 

030 Ta 050 89.41(8) C31 C32 C33 117.7(3) 

030 Ta C60 8S.23(9) C32A C32 C33 120.2(3) 

040 Ta 050 164.73 (7) C32 C32A C32B 110.0(3) 

040 Ta C60 94.27(9) C32 C32A C32C 114.0(3) 

050 Ta C60 71.07(S) C32B C32A C32C 110.0(3) 

Ta 010 C11 158.6(2) C32 C33 C34 122.3(4) 

Ta 020 C21 173.3(2) C33 C34 C35 119.2(4) 

Ta 030 C31 167.6(2) C34 C35 C36 121.5(4) 

Ta 040 C41 147.S(2) C31 C36 C35 117.9(3) 

Ta 050 C80 120.5(2) C31 C36 C36A 119.9(3) 

010 C11 C12 l1S.3(3) C35 C36 C36A 122.1(3) 

010 C11 C16 119.2(3) C36 C36A C36B 110.7(3) 

Cl2 C11 C16 122.5(3) C36 C36A C36C 113.5(3) 
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Table A.12 Bond Angles in Degrees (Cont.) 

Atoml Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 

C11 C12 C12A 119.5(3) C36B C36A C36C 110.1(4) 

C11 C12 C13 117.4(3) 040 C41 C42 113.2(3) 

C12A C12 C13 122.9(3) C41 C42 C43 120.7(3) 

C12 C12A C12B 113.8(3) C41 C42 C47 121.0(3) 

C12 C12A C12C 109.7(3) C43 C42 C47 118.3(3) 

C12B C12A C12C 109.5(3) C42 C43 C44 121.4(4) 

C12 C13 C14 120.9(4) C43 C44 C45 119.5(4) 

C13 C14 C15 120.4(4) C44 C45 C46 120.6(4) 

C14 C15 C16 122.1(4) C45 C46 C47 119.6(4) 

C11 C16 C15 116.4(3) C42 C47 C46 120.7(4) 

Cll C16 C16A 120.4(3) Ta C60 C61 125.4(2) 

C15 C16 C16A 122.9(3) Ta C60 C70 115.5(2) 

C16 C16A C16B 113.6(3) C61 C60 C70 119.1(2) 

C16 C16A C16C 110.0(3) C60 C61 C62 122.9(3) 

C16B C16A C16C 109.9(4) C60 C61 C66 119.0(3) 

020 C21 C22 119.6(3) C62 C61 C66 118.0(3) 

020 C2l C26 118.1(3) C61 C62 C63 120.1(3) 

C22 C21 C26 122.3(3) C62 C63 C64 120.3(3) 

C21 C22 C22A 122.6(3) C63 C64 C65 119.9(3) 

C21 C22 C23 117.9(4) C64 C65 C66 120.4(4) 

C22A C22 C23 119.5(3) C61 C66 C65 121.2(3) 

C22 C22A C22B 113.8(4) C60 C70 C7l 125.3(3) 

e22 C22A e22C 110.4(5) e60 C70 C80 113.1(2) 
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APPENDIX B 

EXPERIMENTAL DETAILS 

SYNTHESIS AND PURIFICATION 

General Details. All experiments were performed under a nitrogen 

atmosphere by either standard Schlenk techniques 189 or in a Vacuum 

Atmospheres HE-493 drybox at room temperature (unless otherwise 

indicated). Solvents were purified under N2 by standard techniques 190 and 

transferred to the drybox or reaction vessel without exposure to air. 

Reagents. The source and purification method of all reagents used 

are found in Table B.l. Most liquid reagents were dried by passing them 

down a short column (ca. 5-6 cm) of activated alumina. 

Table B.l Source and Purification of Reagents 

Reagent Source Purification Method 
TaCls AHa none 

HDIPP Aldrich vacuum distillation 

HDMP Aldrich none 

HOCMe3 Aldrich none 

'~l-BuLi (1.6M) Aldrich none 

MeC .. CMe Farchan dried over activated A1203 

EtC",CEt Farchan dried over activated A1203 

Me3CC-CH Farchan dried over activated A1203 

Me3S iC .. CS iMe3 Farchan none 

Me3SiC-CMe Farchan dried over activated A1203 
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Table B.1 Source and Purification of Reagents (cont.) 

Reagent Source Purification Method 
MeaSiCmCH Farchan dried over activated A120a 

PhC-CPh Aldrich none 

1,7-0ctadiyne Farchan dried over activated A1203 

MeCaN Baxter distilled over CaH2 

CD3C .. N Aldrich dried over activated A120a 

EtC ... N Aldrich dried over activated A120a 

MeaCCeN Aldrich dried over activated A120a 

PhC",N Aldrich dried over activated A1203 

PhCHO Aldrich dried over activated A1203 

PhCDO MSD Isotopes none 

CHaCHO Aldrich dried over activated A1203 

MeC(-O)Et Aldrich dried over activated A1203 

MeC(-O)Ph Aldrich dried over activated A120a 

Ph2C-O Aldrich none 

PhC02H Aldrich none 

Pyridine N-Oxide Aldrich sublimation (45°C, 10-6 torr) 

H2C-CMeCH-CH2 Aldrich dried over activated A120a 

H2C-CMeCMe-CH2 Aldrich dried over activated A1203 

CH2-CHCH-CH2 Matheson Gas none 

MeaCCH2-CH2 Aldrich dried over activated A1203 

pyridine Mallinckrodt distill from CaH2 

PC15 Aldrich none 



PHYSICAL MEASUREMENTS. 

NUCLEAR MAGNETIC RESONANCE 
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Routine IH (2S0 MHz) and 13C (62.9 MHz) NMR spectra were recorded at 

probe temperature (unless otherwise specified) on a Bruker WM-2S0 

spectrometer. Most variable temperature experiments were performed on a 

Bruker AM- 2S0 spectrometer. Chemical shifts are referenced to protio 

solvent impurities (5 7.lS, CsDs; 5 2.09, CSD5CD3; 5 0.00, Me4Si (1%, added 

to CDC13» or solvent 13C resonances (5 128.0, C6DS; 5 20.4, CSD5CD3; 5 

77.0, CDC13) and are reported in ppm downfield of Me4Si. Multiplicities 

for 13C resonances (when reported) are obtained from off-resonance 

decoupled spectra. Attached proton tests (APT) were routinely obtained 

and used for assigning carbon resonances but are not listed. Some 

assignments were based on relative intensities in the broad-band decoupled 

spectra. 

All NMR samples were prepared under an nitrogen atmosphere in a 

drybox. Deuterated solvents were purchased from Aldrich and were dried 

over a short column (ca. S-6 cm) of activated alumina (basic) prior to 

use. The samples were dried in vacuo, . dissolved in the appropriate 

solvent, transferred to an NMR tube, capped, and the cap was wrapped with 

parafi1m before removing the sample from the drybox. Spectra were 

generally obtained within 48 hours of removing the samples from the 

drybox. 

INFRARED SPECTROSCOPY 

Most infrared spectra (reported in cm- I ) were recorded as Nujol mulls 
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between 4000 and 600 cm-1 using a Perkin-Elmer 1310 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 Nuj 01 was then added and mixed until a 

homogeneous paste was formed. The mull was then placed between two NaGl 

plates before it was removed from the drybox. A spectrum was then taken. 

Samples were sufficiently stable in air to obtain spectra (12 minute scan) 

without significant decomposition. 

Potassium bromide (or CsI) mulls were also prepared in the drybox. 

A mixture of the sample and KBr (ca. 1: 10) 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. The spectrum was immediately taken on a PE-

983 spectrometer in the region of 4000-400 cm-1 (CsI, 4000-180 cm- 1). 

ELEMENTAL ANALYSES 

Elemental analyses (C, H, and N) were performed by Desert Analytics 

of Tucson, AZ. All samples were handled under nitrogen and were combusted 

with tungstic anhydride. 
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PHOTOELECTRON SPECTROSCOPY 

A He I valence photoelectron spectrum of 22 was measured on a 

McPherson ESCA 36 electron spectrometer modified with a temperature 

controlled sample cell. 191 A gas phase sample of 5 was generated at 

approximately 110°C at 2xlO-s torr. The operating resolution for the 

argon 2P3 / 2 ionization (15.76 eV) was maintained at 0.016 -0.020 eV 

throughout the data collection. This argon ionization was used as an 

"internal lock" during the high resolution He I signal averaging process 

(7-12 eV collections) in order to prevent any significant drift of the 

absolute kinetic energy scale (drift <0.005 eV). The UPS data was 

intensity corrected for the experimentally determined analyzer 

transmission function of the spectrometer. 

ELECTROCHEMISTRY 

Cyclic voltammetry experiments were performed under a nitrogen 

atmosphere using a BioAnalytical.Systems CV-27 voltammograph and recorded 

on a Houston Instruments Model 100 X-Y recorder. Measurements were taken 

at a Pt-disk electrode in CH2C12 solutions containing 0.1 M n-Bu4NPF6 as 

supporting electrolyte. Voltammograms were recorded at room temperature 

and at a sweep rate of 150 mV/s. E1/2 values (taken as (Ep.a + Ep.c )/2) are 

referenced to Ag/AgCl and are uncorrected for junction potentials. 

VAPOR PRESSURE OSMOMETRY 

The molecular weight of 49 was determined using a procedure and an 

apparatus similar to those previously described. 192 
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PROTONOLYSIS REACTIONS 

Assistance in characterization was obtained through hydrolyzing many 

of these complexes. A typical hydrolysis was performed by the following 

method. A slight excess of a water/acetone solution (ca. 10% v/v) was 

added to a diethyl ether solution of the complex until a white precipitate 

formed and the color faded. After stirring for one hour, the sample was 

dried with MgS04. The solution was allowed to stand overnight. The white 

solids (presumably hydrated Ta20s and MgS04 'XH20) were removed by 

filtration through Celite, and the filtrate was dried in vacuo to provide 

a colorless or pale yellow oil. Purification of the resulting mixture was 

not undertaken since the diagnostic IH NMR data (reported at the end of 

each experimental preparation) could be obtained by examining the NMR 

spectrum of the entire oil. Therefore, aryl proton data are not listed 

due to overlapping 2,6-diisopropylphenol resonances. 



APPENDIX C 

LIST OF ABBREVIATIONS 

A - Angstrom 
Anal - analysis 
Ar - 2, 6-CsHlPr2 
br - broad 
tBu - tertiary butyl 
Ca1cd - calculated 
Cp - cyc1opentadieny1 (~5_C5H5) 
Cp* - pentamethy1cyclopentadieny1 (~5-C5Me5) 
DIPP - 2,6-diisopropy1phenoxide 
DME - dimethoxyethane 
DMP - 2,6-dimethylphenoxide 
Et - ethyl 
g - grams 
h - hour 
Hz - hertz 
IR - infrared 
L - ligand 
m - medium (IR) or multiplet (NMR) 
Me - methyl 
mL - milliliter 
mmol - millimole 
NMR - nuclear magnetic resonance 
Ph - phenyl 
ppm - part per million 
ipr - isopropyl 
py - pyridine 
R - alkyl 
s - strong 
sh - shoulder 
THF - tetrahydrofuran 
THT - tetrahydrothiophene 
v very 
w - weak 
X - halogen 
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APPENDIX D 

EXPLORATORY SYNTHESES 

A number of compounds have been prepared that do not fit into 
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any of the chapters presented in this dissertation. Complexes which have 

been clearly identified, at least by lH NMR, that fill this description 

will be listed here in a typical experimental format. Their syntheses may 

be based on one reaction, and therefore may not be the ideal reaction 

conditions for maximum yield and purity. Complexes which have not yet 

been clearly identified, but may be inherently interesting, will be 

described at the end of my last laboratory notebook (see Appendix E). 

In an ampule, 0.76 g (1. 26 mmo1) of 

Ta(DMP)2C13(OEt2) and 0.22 g (1.27 mmo1) of bis-trimethylsilylacetylene 

were dissolved in approximately 30 mL of toluene. To this solution was 

added 0.8 mL (2.5 mmol) of Na/Hg. The reaction darkened and the reaction 

was taken out of the drybox and placed in an oil bath at 80°C overnight. 

The ampule was returned to the drybox, filtered through Celite, and the 

solvent removed in vacuo. The yellow orange oil which remained was 

redissolved in minimal pentane (ca. 3 mL) and upon cooling to -40°C, 

orange crystals slowly formed. The crystals were filtered, washed with 

minimal cold pentane (this complex is very soluble in all hydrocarbon 

solvents), and dried in vacuo; yield, 0.18 g (0.29 mmol, 23%). lH NMR 

(C6D6): 66.84-6.68 (m, 6H, Hory1), 2.15 (s, 12H, CoMe), 0.18 (s, 18H, 

SiMe3). 13C NMR (C6D6): 6 160.9 (Cipso ), 128.6 (Co>' 127.0 (Cm) , 123.1 
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(Cp), 17.6 (CJ:1g)' 0.63 (SiMe3); Ca::.kyne has not yet been located. 

Ta(DIPPhC12(PY). To a room temperature solution of 0.33 g (0.38 

romol) of Ta(DIPP)3C12(OEt2) in 20 mL of diethyl ether was added 0.15 g 

(1.85 romol) of pyridine. The solution was allowed to stand for just 2 

minutes and then the solvent was removed in vacuo to yield an oil. The 

oil was reconstituted in pentane, and upon cooling to -40°C yellow 

crystals formed. The crystals were collected by filtration, washed with 

cold pentane, and dried in vacuo; yield, 0.094 g (0.11 romol, 29%). lH NMR 

(CsDs): 6 8.84 (d, 2H, Ho; py), 7.15-6.86 and 6.75-6.65 (m, 10H, Haryl 

(DIPP) and Hp (py», 6.27 (t, 2H, Cm; py), 4.21 (spt, 2H, CRMe2), 3.87 

(spt, 4H, CRMe2)' 1.26 (d, 12H, CHMe 2), 1.14 (d, 24H, CHMe2). l3C NMR: 

6 157.5, 155.3 (s, Ci~O; DIPP), 151.3 (d, 182 Hz, Co: py), 140.6, 139.5 

(s, Co; DIPP), 139.2 (d, 160 Hz, Cp; py), 124.5, 124.4, 124.2, 123.9, 

123.8 (d, Cm,p (DIPP) and Cm (py», 26.5, 26.4 (d, 128 Hz, ~HMe2)' 24.9, 

24.4 (q, 126 Hz, CHMg2). 

(DIPP)3T~(CH2CMe=CMeCH2). To a -40°C solution of 1.04 g (1.21 romol) 

of Ta(DIPP)3C12(OEt2) in 20 mL of diethy1 ether was added 0.20 mL (1.8 

romol) of 2,3-dimethylbutadiene and 0.76 inL (2.4 romol) of Na/Hg. The 

reaction was allowed to stir overnight over which time the color changed 

from yellow to orange. The solvent was removed in vacuo to yield an oil. 

The oil was reconstituted in 3 mL of pentane, and upon cooling to -40°C 

yellow-orange crystals formed. The crystals were collected by filtration, 

washed with minimal cold pentane, and dried in vacuo; yield, 0.48 g (0.60 

mmol,50%). Analytically pure samples were prepared by recrystallization 

from pentane at -40°C. lH NMR (CsDs): 67.11-6.93 (m, 9H, Hary1), 3.62 
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(spt, 6H, CHMe 2) , 2.12 (s, 4H, CH2) , 1.79 (s, 6H, CCH3) , 1.24 (d, 36H, 

CHMe2) . 13C NMR (C6D6): S 155.3 (Cipso)' 138.6 (Co), l30. 6 (.QMe) , 123.6 

(Cm) , 123.4 (Cp)' 70.0 (CH2) , 27.4 (.QHMe2), 24.2 (CHMe2), 19.0 (CMg). IR: 

1580 m, 1355 s, 1318 s, 1240 br s, 1175 br s, 1104 s, 1088 s, 1035 s, 

999 m, 982 m, 916 s, 890 s, 865 s, 789 s, 777 m, 745 s, 735 s, 700 s. 

Anal. Calcd for C42H6103Ta: C, 63.46; H, 7.74. Found: C, 63.10; H, 7.86. 

(DIPP)3Ta(OCPh2CH2CH=CMeCH2)' To a -40°C solution of roughly 0.25 g 

of generated in situ by reducing 

Ta(DIPP)3C12(OEt2) in the presence of isoprene, in 20 mL of diethyl ether 

was added excess benzophenone. The reaction immediately changed from 

orange to nearly colorless. The reaction was allowed to stir for 18 h. 

The solvent was removed in vacuo to yield an oil. The oil was 

reconstituted in pentane, and upon cooling to -40°C, off-white solids 

formed. The solids were collected by filtration, washed with pentane, and 

dried in vacuo; yield, 0.10 g. lH NMR (C6D6): S 7.48-7.43 and 7.11-6.76 

(m, 19H, Hary1 ), 6.27 (t, lH, CH2CH), 3.52 (spt, 6H, CHMe2) , 3.33 (s, 2H, 

TaCH2), 2.89 (d, 2H, C!hCH ) , 1.73 (s, 3H, CMe) , 1.11 (d, 36H, CHMe2)' 13C 

NMR (C6D6): S 157.2 (Cipso ' DIPP) , 146.9 (Cipso ' phenyl), 137.6 (Co' DIPP) , 

l30. 9, 128.2, 127.8, 126.7, 125.9 (Co, m, p (phenyl), .QH-CMe, or CH=.QMe), 

123.7 (Cm , DIPP) , 122.7 (Cp' DIPP), 89.2 (O.QPh2), 62.7 (TaCH2), 44.3 

(.QH2CH), 27.4 (.QHMe2)' 25.9 (CMe) , 24.2 (CHMe2)' 

Ta(DIPP)3I2' To a -40°C solution of 0.52 g (0.59 mmol) of 

(DIPP)3T'a(CEt-CEtCEt-tEt) in 20 mL of diethyl ether was added 0.32 g (1.3 

mmol) of cold Iodine crystals. After the solution was allowed to stir for 

18 h, the solvent was removed in vacuo to yield an oil. The oil was 
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reconstituted in pentane, and upon cooling to -40°C yellow crystals 

formed. The crystals were collected by filtration, washed with cold 

pentane, and dried in vacuo; yield, 0.17 g (0.18 mmo1, 30%). IH NMR 

(C6D6): 0 7.09-6.91 (m, 9H, Ha~l)' 3.66 (spt, 6H, CHMez), 1.24 (d, 36H, 

CHMez). 13C NMR: 0158.3 (Cipso), 139.1 (Co), 127.6 (Cp)' 125.6 (Cm) , 28.0 

(~HMez)' 24.4 (CHMe 2). 
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