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ABSTRACT 

Sigmatropic rearrangements are an important class of pericyclic reactions. These 

rearrangements can provide “clean” products as they can be easily carried out at 

relatively low temperatures and/or under photochemical conditions. Pericyclic reactions 

can be explained using several theories - Frontier Molecular Orbital (FMO) theory, 

Woodward- Hoffmann rules and Aromatic Transition State theory. In 1976, Lemal and 

co-workers coined the term “pseudopericyclic” for a class of rearrangements that were 

distinguished by the presence of “orbital disconnections”. Beginning nearly 20 years 

later, Birney and co-workers have further shed light on the nature of these 

rearrangements. The transition states observed in these reactions also differ from planar 

to almost planar which affects the degree of pseudopericyclic character. The exact nature 

of pseudopericyclic reactions, however, continues to be of interest to the scientific 

community.  

 The first part of the thesis discusses the background and current work done on 

pseudopericyclic reactions. The second part of the manuscript discusses a series of [3,3]- 

and [3,5]-rearrangements that have been designed to further elucidate their 

pericyclic/pseudopericyclic character. These systems could have six- and eight- member 

transition structures via [3,3]- and [3,5]-sigmatropic rearrangements The synthesis 

involves making the acetate, trichloroacetimidate, dimethyl thiocarbamate, xanthate and 

vinyl ether of a substrate diene alcohol. The synthesis of the diene alcohol is also 

discussed. 
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 The third part of the thesis discusses the synthesis of a novel indenyl yttrium 

complexes used as a model for active catalyst in Group 3 olefin polymerizations. A 

number of ligands have been discussed and synthesized. Using these ligands as ancillary 

supports, we have synthesized an indenyl yttrium complex that mimics the active species 

in olefin polymerization. Specifically, attempts have been made to study the insertion of a 

Y-carbon bond into the indenyl benzo ring at different temperatures and the β-elimination 

step. One of the biggest potential drawbacks of the indenyl complexes is the deactivation 

of the catalyst via insertion into the ligands; which directly affects the chain length, 

stereochemistry and molecular weight of the polymer. This in turn can drastically impact 

the mechanical, chemical, and physical properties of the polymer. 
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CHAPTER 1 CHAPTER I 

1 PSEUDOPERICYCLIC REACTIONS 

1.1 Introduction 

 In 1976, Lemal and co-workers first coined the term “pseudopericyclic” which 

they defined as – 

“A pseudopericyclic reaction is a concerted transformation whose primary changes in 

bonding encompass a cyclic array of atoms, at one (or more) of which nonbonding and 

bonding atomic orbitals interchangeroles.”1,2 

 Since then, the definition of pseudopericyclic reactions has undergone several 

changes to incorporate the importance of planarity and low energy barriers that are often 

associated with these reactions. The “nonbonding and bonding atomic orbitals 

interchange role” that Lemal spoke of is the orbital disconnection in a cyclic array of 

overlapping orbitals that must be present for a reaction to be pseudopericyclic. The 

“disconnection” is so called because the orbitals in question that switch roles (i.e. 

bonding to non-bonding and vice-versa) are orthogonal. A detailed discussion on orbital 

disconnections is presented in later sections. 
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Scheme 1.1 Lemal’s synthesis of perfluorotetramethyl Dewar thiophene S-oxide  
 (2, PFDTSO) with peroxytrifluoroacetic acid. 

 While studying the reaction of perfluorotetramethyl (1, Dewar thiophene) with 

peroxytrifluoroacetic acid they obtained a very sensitive and a typical sulfoxide (2) as 

shown in Scheme 1.1.19F NMR studies suggested the perfluormethyl groups to be in 

chemically equivalent environments since only a single peak was observed, even at 

temperatures of -95°C.Based these results, Lemal concluded that the sulfoxide 2a might 

exist as 2b, since a rapid 1,3-migration of the sulfoxide group would portray the 

perfluoromethyl substituents to be equivalent within the NMR timescale (Figure 1.1 A). 

However, this structure was discounted based on studies of their IR and Raman spectra. 

They concluded that 2c must be the correct structure and the NMR results represent a 

degenerate rearrangement facile enough to render all fluorines chemically equivalent. 

This hypothesis was confirmed by the presence of two peaks of equal area separated by 

2.82 ppm at -124 °C in Freon 21. The authors argued that a diradical mechanism was not 

possible due to the extremely low activation energy, 6.8 kcal mol–1, for the 

rearrangement.3 It was also suggested that a [1,3]-sigmatropic rearrangement about the 

migrating sulfur atom could be possible. Such a suprafacial mechanism would be orbital 

symmetry forbidden, while anantarafacial rearrangement would have too strained a 
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transition state.4The authors came to the conclusion that the sulfur lone pair plays an 

active role in the rearrangement (Figure 1.1 C). Since the lone pairs are orthogonalto the 

π system of orbitals, they would nullify any objections raised by Woodward-Hoffmann 

rules.5,6 They called this a “pseudopericyclic” rearrangement. 

 

Figure 1.1 Analysis of PFDTSO 

A. Possible structures of perfluoromethylthiophene (PFDTSO, 2) B. [1,3]-sigmatropic 
rearrangement suprafacial about the migrating sulfur atom C. Perfluoromethylthiophene showing 

the lone pair on sulphur interacting with the orthogonal π system.1,2 

1.2 Pericyclic Reactions 

 An understanding of pseudopericyclic reactions cannot proceed without the 

knowledge of pericyclic reactions. Pericyclic reactions were defined as concerted 
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reactions involving simultaneous bond breaking and forming around a closed cycle. Both 

σ and π and bonds might be involved. There are six common types of pericyclic 

reactions–  

 Cycloaddition Reactions  

 Electrocyclic Reactions 

 Sigmatropic Rearrangements 

 Group Transfer reactions 

 Cheletropic Reactions and 

 Dyotropic Reactions 

 These reactions can be explained using favorable HOMO-LUMO overlap, i.e. 

Frontier Molecular Orbital Theory (FMO).7–9 Additionally, these reactions can also be 

understood in terms of the conservation of orbital symmetry, the results of which have 

been summarized as the Woodward–Hoffmann rules.9–15 A third way of analyzing 

pericyclic rearrangements is using the concept of Aromatic Transition State 

theory.9,16,17Literature discussions of pericyclic reactions generally assume the presence 

of cyclic loop of interacting orbitals in the transition state. When cyclic orbital 

interactions are avoided, these three theoretical methods can still be applied, but the 

conclusions are dramatically different, as discussed below. 

1.3 Properties of Pseudopericyclic Reactions 

 Pericyclic reactions assume the presence of a cyclic loop of interacting orbitals. 

However, reactions do exist, where we can observe reactions with bond formation and 

breaking around a closed cycle without any cyclic orbital overlap. These are called as 

pseudopericyclic reactions. These incongruous reactions have unique characteristics that 

have been outlined below.18–30 
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 The reactions have planar or almost planar transition states19,31 

 The reactions exhibit very low barriers if 23 

 The geometry of the system allows for appropriate angles, in close 

analogy to Baldwin rules. 

 The nucleophilic/electrophilic sites are favorable or a good match 

 The reaction is exothermic 

 Pseudopericyclic reactions are orbital symmetry allowed 

 The reactions are characterized by the presence of orbital disconnections19,23 

One can grasp a better understanding of the differences between pericyclic and 

pseudopericyclic reactions by taking a look at the selected basis orbitals of esters in 

Figure.19 Esters are unique in their ability to undergo both of the above-mentioned 

reactions. Pericyclic reactions will undergo bond formation or breakage using the π 

system. On the other hand, pseudopericyclic reactions will engage only with the in-plane 

σ bond and the lone pairs. At the same time, any bond formation or breakage will not 

overlap with the out of plane π system of the ester fragment. This is called an orbital 

disconnection. We hypothesize that similar reactions can also be observed in functional 

groups that display geometries similar to that of esters, including these shown in Figure 

1.2. Apart from orbital disconnections, the feasibility of pseudopericyclic rearrangements 

is also dependent on the planarity of the transition state, geometry of the attacking 

nucleophiles/electrophiles, exothermicity and distortion in the molecule and perhaps 

additional factors. 
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Figure 1.2  Orbital representation of pericyclic and pseudopericyclic pathways in esters and 
similar functional groups. 

A. The conjugated π, σ and lone pair (ω) basis orbitals are shown. A pericyclic reaction will 
observe interactions with the π system, while pseudopericyclic reactions will involve bond 

breaking and/or formation with the lone pairs without overlapping with the π system. B. Esters, 
thiocarbamates, xanthates and acetimidates show either of these reactions depending on factors 

like planarity, orbital disconnections, geometry and perhaps additional factors.19 

 Apart from esters these characteristics can be observed in several reactions. A 

classic example is hydrogen bonding in enols of β-dicarbonyl compounds (3). As the 

molecule undergoes tautomerization1, the proton tunnels between minima and the lone 

pair and bonding orbitals formally interchange functions at both oxygen atoms in the 

planar chelate ring (Scheme 1.2). In essence, the bonding p orbital and a nonbonding lone 

pair orbital at the carbonyl oxygen interchange functions, while a balancing transition 

takes place at the alcoholic oxygen. However, the bonding/nonbonding characteristic is 

not absolute; the resolution of this concerted process into persistently mutually 

perpendicular σ and π components negates any adherence to pericyclic nature. 
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Scheme 1.2 Protropy in internally hydrogen bonded enols of β-dicarbonyl compounds. 

The proton tunneling phenomena in DNA has been attributed to the pseudopericyclic 

aspect of rearrangements by Lowden as a basis for mutagenesis.32 Olefin hydroboration 

has been suggested to follow the pseudopericyclic pathway as the vacant boron orbital 

switches roles with the orbital involved in bonding to hydrogen.33 

1.4 Orbital Disconnections 

 Pseudopericyclic transition states are characterized by the presence of one or 

more orbital disconnections as explained above. The presence of these disconnections is 

of extreme importance in pseudopericyclic transition states since the latter cannot be 

observed without the former. The same cannot be said for the other way round. This 

raises a very important question: What is an orbital disconnection? Let us examine the 

cheletropic decarbonylation of 3-cyclopentenone (4) and furandione (5) (Scheme 1.3). 
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Scheme 1.3  Cheletropic decarbonylation of A.3-cyclopentenone (4), B. furandione(5) and C. 
2,3-pyrolledione (6). 

Decarbonylation of 3-cyclopentenone (4) is an allowed pericyclic reaction. The transition 

state involves CO leaving the butadiene molecule in a plane perpendicular to the plane of 

the butadiene moiety (out of plane) as shown in Figure 1.3A.18 The decarbonylation of 

furandione (5) could also follow a pericyclic pathway (Figure 1.3B). However, it has 

been shown to be a pseudopericyclic transformation.18,20 



Texas Tech University, Rudhran Mehra, May 2012 

9 

 

Figure 1.3 Orbital interactions involved in decarbonylation reactions. 

A. The pericyclic decarbonylation of 3-cyclopetenone (4). B. Possible orbital interactions in the 
pericyclic decarbonylation of furandione (5). 

There are two orbital disconnections present in the furandione system (5a, Scheme 1-4):  

 the carbonyl carbon atom at 3 position 

 the oxygen atom in the furan ring 

An orbital disconnection simply implies that the orbitals involved are disconnected or do 

not overlap. In the above example, let us take the carbonyl carbon atom. The motion of π 

and lone pair electrons is marked by arrows in red. These π bonds are located out of the 

plane on the furandione system (perpendicular to the plane of the paper). Any π bonds 

marked in red are also out of plane. The motion of sigma bonds and lone pairs are 

represented by black arrows.  
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Scheme 1.4  Schematic representation of orbital disconnections in 2,3-furandione (5). 

From Scheme 1.4, structure 5a we can observe the σ bond between the 1,2-dicarbonyls 

breaking up. This σ bond becomes the lone pair on the carbon atom of the leaving carbon 

monoxide moiety 5b. The (+) charge on the second carbonyl carbon is stabilized by the 

lone pair on its carbonyl oxygen which is present in the plane of the butadiene system, 

leaving a (+) charge on oxygen. This (+) charge, in turn, is neutralized by the electrons of 

the butadiene π system. Similarly, the σ bond between furan oxygen and the α carbonyl 

carbon is broken and transferred on to the oxygen atom as an in-plane lone pair leaving it 

with an effective (–) charge. This negative charge undergoes the abovementioned 
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delocalization through the lone pair and π system, effectively nullifying the (+) charge on 

the ketene oxygen. This explanation may be confusing and it can be argued that the two 

are not necessarily disconnected. In fact, some might say that we cannot observe one 

without the other, i.e. σ bonds breaking and delocalization across the π system, which is 

also true. Let us look at this situation from a different perspective.  

 Resonance structures 5a and 5c are obtained by the delocalization of out-of-plane 

lone pair electrons on the oxygen atom of furan ring. This resonance leads to an effective 

(–) charge or an out-of-plane lone pair on the β carbonyl oxygen. After this delocalization 

has taken place, the sigma bonds under consideration break and transform into lone pairs 

on CO and oxygen. Neutralization of the charges then takes place as mentioned before. 

The same can also be said for 5a→5b, where the σ bonds are broken followed by 

resonance stabilization of charges, i.e. 5b→5d.The two processes are distinct in the 

sense; they are occurring in two different planes as they are orthogonal and can be 

isolated across different structures. In spite of being intimately involved, they are distinct 

and disconnected. This peculiarity translates into lowering the electronic barrier for these 

reactions as there is no electron-electron repulsion between the orbitals. One of the basic 

assumptions of valence bond theory is that orbitals in plane will try to orient themselves 

away from each other so that there is least possible repulsion between them. This 

repulsion is simply done away as the two orbitals in question are orthogonal to each 

other.  

The presence of orbital disconnections, however, does not necessitate 

pseudopericyclic behavior in transition states. The reaction mentioned above has two 
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orbital disconnections. So does the decarbonylation of 2,3-pyrroledione (6), which is also 

pseudopericyclic as shown in Figure 1.3C. On the other hand, the decarbonylation of 3H-

furan-2-one (7), 3-cyclopentene-1,2-dione (8), and 3-methylene-3H-furan-2-one (9) 

(Scheme 1.5) paints a different picture.  

 

Scheme 1.5 Cheletropic decarbonylations of A. 3H-furan-2-one (7), B. 3-cyclopentene-1,2-
dione (8), C. 3-methylene-3H-furan-2-one (9). 

All three molecules have a single disconnection but only 3-cyclopentene-1,2-dione 

exhibits pseudopericyclic transition states.18 The others do show some pseudopericyclic 

character but the decarbonylation takes palace via a pathway with more pericyclic 

character. The transition structure for decarbonylation of3H-furan-2-one (7, Scheme 

1.5A) has a single orbital disconnection at the endocyclic oxygen. The bonding between 

the two fragments is the weakest because of which it has a pericyclic geometry in spite of 

considerable planarity. In case of decarbonylation of 3-cyclopentene-1,2-dione (8, 

Scheme 1.5B), the strongest bonding is observed between the fragments at the 
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disconnection, making it pseudopericyclic. The transition structure has close to planar 

geometry and the activation energy is much lower than expected for a pericyclic 

decarbonylation of similar exothermicity. A similar pericyclic decarbonylation can be 

expected with furandione (Figure 1.3B) but the pseudopericyclic pathway is preferred 

due to the lower energy barrier.  

 

Figure 1.4 Transition structures for the cheletropic decarbonylations of A. 3H-furan-2-one 
(7), B. 3-cyclopentene-1,2-dione (8), C. 3-methylene-3H-furan-2-one (9) optimized at MP2/6-

31G* level. 

Decarbonylation of 3-methylene-3H-furan-2-one (9, Scheme 1.5C) also displays an 

almost planar transition state, however, due to poor matching between electrophilic and 

nucleophilic sites, the energy barrier is not sufficient for a pseudopericyclic reaction. 

Systems exhibiting a single disconnection may be pseudopericyclic if the asynchronous 

transition state shows the strongest bonding at the disconnection. 

1.5 Planarity 

 Pseudopericyclic transition states are characterized by the presence of planar 

structures as can be seen in the molecules discussed above. However, a pseudopericyclic 

rearrangement does not always necessitate planar transition states. Such molecules are 

7TS 8TS 9TS
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observed to have a geometry that is somewhere between angular and almost planar. 

Several factors like π-π electron repulsion and stereochemistry contribute to a large extent 

towards the geometry of the transition state. This can be better explained by 

understanding the individual reactions of ethylene and acetylene with formylketene (10) 

as shown in Scheme 1.6.34 

Transition states for both the reactions were optimized atMP2/6-31G* level and 

revealed planar and non-planar transition states 11p, 11np, 14p and 14np. Transition 

states 11 and 14 for the addition of ethylene and acetylene have similar energies; 

however, the planar structure 14p is slightly favored, by 0.6 kcal/mo1 over 14p. This 

favored planar transition state 14p is achieved via a pseudopericyclic transformation. 

Another feature worthwhile mentioning is the absence of an extra π system that is present 

in the reaction with acetylene. In case of acetylene, the stability of the transition states is 

reversed with the non-planar structure 11np being favored over the pseudopericyclic 

counterpart 11p by 0.9 kcal/mol. TS 11np, which is non-planar, is considered to be the 

true transition state for the rearrangement. The out-of-plane π-system is the only 

differentiating factor between the two reactions and the greater inclination towards the 

non-planar transition state can be attributed to factors associated with this π-system. It 

can be stated that the π-electron repulsion at the transition state is stronger than the 

developing π-bonding or aromaticity. In case of ethylene, the planar geometry is possible 

and favored by the developing σ-bonds for the pseudopericyclic reaction. 
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Scheme 1.6 Reaction of formylketene (10) with A. acetylene and B. ethylene. 

Transition states for both the reactions were optimized atMP2/6-31G* level and revealed 

planar and non-planar transition states 11p, 11np, 14p and 14np. Transition states 11 and 

14 for the addition of ethylene and acetylene have similar energies; however, the planar 

structure 14p is slightly favored, by 0.6 kcal/mo1 over 14p. This favored planar transition 

state 14p is achieved via a pseudopericyclic transformation. Another feature worthwhile 

mentioning is the absence of an extra π system that is present in the reaction with 

acetylene. In case of acetylene, the stability of the transition states is reversed with the 

non-planar structure 11np being favored over the pseudopericyclic counterpart 11p by 

0.9 kcal/mol. TS 11np, which is non-planar, is considered to be the true transition state 

for the rearrangement. The out-of-plane π-system is the only differentiating factor 
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between the two reactions and the greater inclination towards the non-planar transition 

state can be attributed to factors associated with this π-system. It can be stated that the π-

electron repulsion at the transition state is stronger than the developing π-bonding or 

aromaticity. In case of ethylene, the planar geometry is possible and favored by the 

developing σ-bonds for the pseudopericyclic reaction. 

 A point worthwhile mentioning is that the non-planar pericyclic transition states 

do not portray entirely a Diels-Alder geometry. They have a partial planar characteristic, 

which makes the transition states slightly less angular than it would be. 

 

Figure 1.5 Transition state structures 11p, 11np, 14p and 14np for the reaction of 
formylketene (10) with A. acetylene and B. ethylene optimzed at the MP2/6-31G* level. 
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This concept is further bolstered by studies carried out by Hua et. al. MP-IR studies and 

computational calculations at B3LYP/6-31G(d,p) level for the δ-elimination of acetic 

acid from cis-16 suggests five transition states- δ-c-t-TS, δ-c-c-TS, β-c-c-TS, 3, 3-c-t-TS 

and 3,3-c-c-TS as shown in Scheme 1.7. The three TS’s - δ-c-t-TS, 3,3-c-t-TS and β-c-c-

TS are within 1 kcal/mol. 

 

Scheme 1.7 Transition states calculated for δ-elimination of acetic acid from cis-16 at 
B3LYP/6-31G(d,p)31 

The eight-centered pseudopericyclic transition state δ-c-t-TS is observed to have the 

lowest activation energy while the other two transition states, δ-c-c-TS and 3,3-c-c-TS, 

have high energy barriers. δ-c-t-TS is unique as it diverges from an ideal geometry of 

either a pericyclic or pseudopericyclic reaction. This structure requires a proportional 

contribution from each rearrangement, and cannot be merely one or the other. This can be 

better understood if we represent pseudopericyclic and allowed pericyclic transition 
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interactions as two electronic states of like symmetry. These states can mix and produce a 

state of lower energy. The closer the two states are in energy the more they mix. These 

reactions can also be classified as “borderline pseudopericyclic reactions”. Figure 1.6 

shows the top and side views show the planar pseudopericyclic β-c-c-TS, pericyclic 3, 3-

c-c-TS which is planar on the acetate fragment and δ-c-t-TS which has an angular 

geometry, somewhere between non-planar and planar. 

 

Figure 1.6 Top, side and end views of δ-c-t-TS, 3,3-c-t-TS and β-c-c-TS obtained from for δ-
elimination of acetic acid from cis-16 at B3LYP/6-31G(d,p)31. 
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1.6 Frontier Molecular Orbital Theory (FMO) 

 In 1981, Kenichi Fukui shared the Nobel Prize in Chemistry with Roald 

Hoffmann for their individual work on mechanisms of chemical reactions.7,8Fukui’s 

research was based on frontier orbitals, that is the Highest Occupied Molecular Orbital 

(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), wherein he stated 

that reactivity could be explained by examining the frontier orbitals (HOMO/LUMO). 

Loosely put, FMO theory states that, as two molecules interact. There is repulsion 

between occupied orbitals (HOMO) of different molecules 

 There is attraction between positive and negative charges of the molecules 

 There is attraction between the occupied orbitals (HOMO) of one molecule and 

the unoccupied orbitals (LUMO) of the other. 

To simplify the last statement, as we bring two molecules together, the mixing of empty 

and filled orbitals would produce a net stabilization effect, which will be predominant in 

HOMO-LUMO mixing as they have the smallest energy gap. If such stabilizing 

interactions do exist, we can expect the same stabilizations in the transition states, 

thereby lowering the energy barrier for the same and favoring formation of the product 

for the reaction.9 

To be specific, let us consider the [4+2] cycloaddition of 1,3-butadiene and 

ethylene. Figure 1.7A shows the formation of cyclohexene (20) through transition state 

19. On analysis of the FMO’s of ethylene (18) and 1,3-butadiene (17) we can see that the 

interacting p orbitals, that is HOMO and LUMO, of 1,3-butadiene and ethylene, or vice-
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versa, show favorable overlap or the orbitals are in-phase. Thus, the [4+2] cycloaddition 

of 1,3-butadiene and ethylene is allowed as shown in Figure 1.7B and Figure 1.8. 

Figure 1.7 Frontier Molecular Orbital Theory for the reaction between butadiene and 
ethylene. 

A.Schematic representation of [4+2] cycloaddition showing transition state. B. Frontier molecular 
orbitals, showing HOMO and LUMO, of 1,3-butadiene and ethylene. 
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Figure 1.8  Analysis of [4+2] cycloaddition, showing favorable HOMO-LUMO mixing. 

However, the same cannot be expected for the [2+2] cycloaddition of two 

ethylene (18) molecules. Figure 1.9A-C clearly shows the mismatch in the overlapping of 

HOMO-LUMO orbitals in the transition state as they are out of phase. As a result, 

formation of cyclobutane is disfavored or forbidden. The FMO theory, however, does not 

apply to pseudopericyclic reactions since the orbitals in discussion are not overlapping. 

There are two different interactions: in-plane and out of plane as shown in Scheme 1.4. 

The two atoms do meet, but the σ and π orbitals do not overlap. Hence, the use of FMO at 

orbital disconnections becomes insignificant. 
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Figure 1.9  Frontier Molecular Orbital Theory for the reaction between two ethylene 
molecules. 

A. Schematic representation of [2+2] cycloaddition of two ethylene molecules showing transition 
state. B. Frontier molecular orbitals, showing HOMO and LUMO of ethylene. C. Analysis of 

[2+2] cycloaddition, showing unfavorable HOMO-LUMO mixing. 
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1.7 Aromatic Transition State Theory 

 Aromaticity lends stability to the ground state of systems exhibiting 4n+2 π 

electrons in a cyclic array. This concept was also extended to pericyclic reactions to 

explain the stability of certain systems taking into consideration the electrons that were 

involved in bond breaking and formation. This culminated into the Aromatic transition 

state theory, which was based on the cumulative ideas of Evans, Dewar and 

Zimmerman.9,16,17 This theory simply states that systems exhibiting 4n+2 electrons are 

aromatic and thus stabilized, while systems with 4n electrons are antiaromatic. These 

systems display an even number of nodes and are described as having Hückel topology. 

Systems containing an odd number of nodes portray a Möbius topology. These systems 

are termed aromatic if they have 4n electrons and antiaromatic if 4n+2 electrons are 

present.  

 The electrons taken into consideration need not be present only in π orbitals; 

electrons from σ bonds and lone pairs are also taken into consideration. In order to 

determine the nodes present, the transition state with the least number of nodes is taken 

into consideration. Let us take a look at specific examples of [4+2] and [2+2] 

cycloadditions as shown in Figure 1.10. In case of [2+2] cycloadditions of ethylene, there 

are no nodes; hence it is a Hückel system. Two π bonds are being broken to form two 

sigma bonds, thus according to the aromatic transition state theory the reaction is 

forbidden since it is antiaromatic. In case of [4+2] cycloaddition of 1,3-butadiene there 

are a total of six electrons in the system (two π bonds are broken to form two new σ 
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bonds while one pair is relocated) and no nodes (Figure 1.10B). Hence, this system is 

aromatic and allowed. 

 However, this theory cannot be applied to pseudopericyclic reactions because of 

orbital disconnections. In pseudopericyclic reactions, there are two different interactions- 

in-plane and out of plane as shown in Scheme 1.4. The two atoms do meet, but the σ and 

π orbitals do not overlap. There is no direct interaction between these orbitals and the 

orbitals in the two separate planes are not exchanged. Hence, counting the electrons 

involved in the transition state becomes immaterial, because of the disconnect. Thus, 

pseudopericyclic reactions are orbital symmetry allowed. 

 

Figure 1.10 Aromatic Transition State Theory. 

A.[2+2] cycloaddition of ethylene showing 4 electron Hückel system with no nodes. B. [4+2] 
cycloaddition 1,3-butadiene and ethylene showing 6 electron Hückel system with no nodes. 

1.8 Allowed and Forbidden Reactions 

Allowed or forbidden reactions do not necessarily imply that the reaction will 

proceed or not.9 If a reaction is “forbidden”, according to some or all of the 
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abovementioned theories, we expect a certain barrier to the formation of the transition 

state that is dependent of the orbital properties of the interacting systems, called as the 

electronic barrier. The reaction may actually take place if the electronic barrier can be 

overcome in addition to other barriers that may be present. These other barriers can vary 

from steric crowding, strain, unfavorable geometry or planarity, to name a few. The same 

can be said for “allowed” reactions. Just because a reaction is allowed, does not imply 

that it is favored. It must overcome any other barriers that may or may not be present in 

order to form the product.  

1.9 Recent Advances 

 Over the past few years, Birney and coworkers have been studying several 

pseudopericyclic reactions based on quantitative theory, transition state calculations and 

experimental analysis of several suitable electronic systems that show similar properties. 

These systems consist of several thermal pseudopericyclic reactions, including 

sigmatropic rearrangements19,24,35,36, cheletropic fragmentations18,37, 

cycloadditions23,26,27,34,36,38–40, electrocyclizations23–25 and transfer/eliminations31. For 

example, acyloxycyclohexadienones exhibit both [3,3]- and [3,5]-sigmatropic 

rearrangements as shown in Scheme.19 When Zbiral and co-workers carried out these 

reactions, they observed that the major products were from the formal [3,5]-

rearrangements in the ratio 4:1.41 Initially, it was suggested by the authors that the 

mechanism was via a concerted pathway; a theory that was discounted in future articles. 

Instead it was stated that the mechanism was via a radical pathway since it was assumed 

that concerted rearrangements of this type are forbidden by orbital symmetries.  
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Scheme 1.8 [3,3]- and [3,5]-rearrangements in acyloxycyclohexadienones (23). 

 

 

Scheme 1.9 [3,3]- and [3,5]-rearrangements in 2,4-cyclohexadienyl formate (29). 

 Later on, ab initio studies on 2,4-cyclohexadienyl formate (29) were carried out 

by Birney and co-workers, with the anticipation that the [3,5]-sigmatropic rearrangement 

would, in fact, be observed in these esters via a pseudopericyclic pathway. The [3,3]- and 

[3,5]-rearrangements studied have been shown in Scheme. Computational studies carried 

out at the MP4/6-31G**+ZPE level for relative energiesand MP2/6-31G** for optimized 

geometriesdisplaytransition states TS29 and TS30, for the [3,5]-and [3,3]-

rearrangements, as shown inFigure 1.11. The [3,3]-rearrangement takes place via an 
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inverted boat shaped TS30 which has a calculated barrier of 38.3 kcalmol-1. One might 

expect this barrier to be lower than that for the [3,5]-rearrangement as the former is 

slightly exothermic (0.8 kcalmol-1). However, the calculated barrier for the [3,5]-

rearrangement was observed to be 35.3 kcalmol-1; a solid difference of 3 kcalmol-1! If one 

assumes Woodward-Hoffmann rules, then we should observe a higher barrier for the 

vinylogous [3,5]-process. How can this anomaly be explained?  

 The answer is pretty simple. TS 29 is pseudopericyclic in nature and there are 

several factors that bolster this argument. A frontier molecular orbital analysis of the 

formate anion and either an allyl or a cyclohexadiene cation can explain this. TS 30 is 

slightly distorted such that the C9 methylene group is angled downwards so as to push 

the p orbitals of C4 and C8 closer to the π system on the ester oxygen.  TS 29, on the 

other hand, shows high planarity as the lone pairs on the formate group are at an angle of 

177.0° to the π system of the pentadienyl system. Also, these two systems meet at an 

angle of 107.48, which is similar to the Burgi-Dunnitz trajectory for nucleophilic 

addition. The subtle differences in geometry coupled with superior overlap due to the 

pseudopericyclic nature are primarily responsible for the lower energy barrier for TS 29. 

The [3,5]-rearrangement is in fact orbital symmetry allowed since it is pseudopericyclic. 
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Figure 1.11 Relative energies (MP4/6-31G**.ZPE, underlined) [kcalmol-1] and MP2/6-
31G**-optimized geometries of 30 and 29 and their transition states for the [3,5]- and [3,3]-

sigmatropic rearrangement (TS 29 and TS 30). 

Distances are in Å, angles between planes in degrees. Carbon and oxygen atom numbers are in 
italics.19 

 The [3,3]- and [3,5]-rearrangements of orthoquinol acetate (31) also confirms a 

lower barrier for the [3,5] rearrangement.35 The rearrangements shown in Scheme 

1.10can be carried out in mildly acidic conditions by subjecting 31 to silica gel flash 

chromatography and obtaining the products in a 9:1 mixture of 33:35 in 45% yield. 

Computational studies at the B3LYP/6-31G* DFT level, using Gaussian 94.18 frequency 

calculations confirmed the transition states to be concerted and comparatively 

synchronous with the barrier for [3,5]-rearrangement (20.1 kcal/mol) to be lower than the 

[3,3]-pericyclic rearrangement by 5.4 kcal/mol. This can be explained taking into 

consideration the following.  
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Scheme 1.10 [3,5]- and [3,3]-sigmatropic rearrangement in 6-acetoxy-6-methoxy analogue 
(30). 

Figure 1.12 clearly shows the TS32 having a dihedral angle between the acetate fragment 

and the plane in which bonds are being formed and broken to be 178°. This makes the 

transition state planar and obviously pseudopericyclic since there is a clear disconnection 

between the σ bonds and the acetate π system. The [3,3]-transition state TS34 is boat 

shaped and exhibits the σ bonds at 159.6° and 147.0° to the acetate which is tipped away 

from the viewer. 
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Figure 1.12 Transition states TS32 and TS34 for the [3,5]- and [3,3]-sigmatropic 
rearrangement of orthoquinol acetate (31) at the B3LYP/6-31G* DFT level. 

 The [3,5]-rearrangements discussed in 29 and 31 are across an 8-atom centered 

transition state. According to Woodward-Hoffmann rules, these reactions should be 

forbidden if they are pericyclic. However, these rearrangements do take place via a 

pseudopericyclic pathway. Using these 8-atom centered transition states as our basis, we 

have designed experiments to observe the [3,3]- and [3,5]-rearrangements in the 

trichloroacetimidate (36), dimethyl thiocarbamate (37), xanthate (38), acetate (39) and 

the ether (40) of the dienol (41). The reasoning behind choosing the dienol (40) and the 

subsequent derivatives (36-40) has been examined in chapter 2. The aim of this thesis is 

to discuss the pseudopericyclic possibility in the [3,3]- and [3,5]-rearrangements of the 

above molecules. 

TS32 TS34
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Figure 1.13 8-atom centered sigmatropic rearrangement in trichloroacidimidate (36), 
dimethyl thiocarbamate (37), xanthate (38), acetate (39) and the ether (40) of the dienol (41). 

1.10 Conclusion 

 The exact nature of pseudopericyclic reaction continues to intrigue the scientific 

community. Pseudopericyclic transition states are distinguished by the presence of orbital 

disconnections. However, the mere presence of orbital disconnections will not lead to 

pseudopericyclic transformations. The transition states observed in these reactions also 

differ from planar to almost planar, which affects the degree of pseudopericyclic 

character. Differentiating between pericyclic and pseudopericyclic pathways can be 

accomplished by 

 Computational analysis of reaction pathways and transition states 

 Designing experiments that would yield either pericyclic or pseudopericyclic 

products. 

 X-Ray analysis of the products to anticipate the structure of the transition state. 
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 Since pseudopericyclic reactions do not come under the purview of Woodward-

Hoffmann rules and FMO theory, both 6- and 8- centered transition states would 

be possible.  

Discovery of more pseudopericyclic pathways will enable us to pinpoint the exact 

properties of these reactions and lead to accessibility of several products from “clean” 

rearrangements.  
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CHAPTER II 

2 SYNTHESIS OF ALCOHOL SUBSTRATE FOR [3,3]- AND [3,5]- 
SIGMATROPIC REARRANGEMENTS 

2.1 Background 

The [3,5] rearrangements studied by Birney and co-workers on 2,4-

cyclohexadienyl formate were calculated to involve an 8-atom centered transition 

state.1After carefully evaluating the work done by Butani and co-workers on esters1–3, we 

decided to study possible [3,3]- and [3,5]-sigmatropic rearrangements of ester 1, 

trichloacetimidate 2, xanthate 3, thiocarbamate 4 and vinyl ether 5 of the dienol 6 shown 

in Figure 2.1.  
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Figure 2.1 Trichloacetimidate 1, thiocarbamate 2, xanthate 3, ester 4 and vinyl ether 5 of 
dienol 6. 
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 According to Woodward-Hoffmann rules, pericyclic rearrangements are 

forbidden across 8-atom centered transition states. The transition states for the proposed 

[3,5]-sigmatropic rearrangement of the substrates 1-4 also have an 8-atom centered 

transition states and as such would have to be pseudopericyclic to take place. 

 The [3,3]-sigmatropic rearrangement of allylic tricholoroacetimidates is 

generally referred to as Overman rearrangement. It is conveniently carried out either 

thermally or with Hg(II) or Pd(II) catalysis. The discovery and development of the 

rearrangement of allylic trichloroacetimidates has led to the widest application like 

synthesis of amines. The Overman Rearrangement allows the conversion of readily 

available allylic alcohols into allylic amines by a two-step synthesis involving the 

rearrangement of an allylic trichloroacetimidate 8 to an allylic trichloroacetamide 9 with 

clean [3,3] rearrangement of the alkenyl moiety followed by hydrolysis (Scheme 

2.1).2,4This provides ready access to primary, secondary, and tertiary allylic amides, from 

which a variety of nitrogen-containing products including amino sugars, nucleotides, 

amino acids, peptides, and various nitrogen heterocycles can be obtained. 

 

 

Scheme 2.1 Overman rearrangement of allylic alcohols into allylic amines. 
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2.2 Proposed Dienol Substrate and Possible [3,3]- and [3,5]-Rearrangements 

 Butani and co-workers have designed and synthesized five and six membered 

ring structures of pentadienyl alcohols as shown in Figure 2.2.2Compound 11 and 12 

have a phenyl methanol group attached to a cyclohexane/cyclopentene ring with a vinyl 

group at the other end of the double bond so that it can form an eight-centered transition 

state.  

 

Figure 2.2 Five and six membered ring structures of pentadienyl alcohols 11 and 12. 

In order to conduct the above rearrangements, it was very important to design the 

molecules taking into consideration the results of prior studies. Careful evaluation of the 

work done by Butani and co-workers on esters2, computational and experimental results 

of orthoquinone monoketa3as well as the computational study of 2,4-cyclohexadienyl 

formate1suggests that the distance between reactive centers should be small enough for 

the [3, 5]-rearrangement to be observed. Also, the molecules should be able to undergo 

both [3,3]- and [3,5]-rearrangements. Hence, the selection of alcohol became an 

important factor, as it would be the common substrate from which the above-mentioned 

derivatives could be synthesized and thus we choose (Z)-2-(2-
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methylenecyclohexylidene)ethanol (6). The alcohol molecule was chosen in such a way 

that the derivatives formed from alcohol would have the lone pair, one of the reactive 

centers, closer to C=C where the rearrangement would take place. The dienol 6 has a 

constrained structure with s-cis configuration that would allow substrates 1-5 to undergo 

the transformation by bringing the lone pair electrons on oxygen, nitrogen and sulfur 

closer to the single cis double bond (Figure 2.1). Like 11 and 12, 6 has an allylic alcohol 

functional group with both double bonds present on the cyclohexane ring because of 

which this system is more rigid than 11 and 12 and brings the lone pair in 1-4 on sulfur, 

nitrogen and oxygen closer to the π electron system of the cyclohexene fragment. The 

second double bond shows (Z)-stereochemistry, bringing the lone pair electrons on 

nitrogen closer to the s-cis double bond which would not be the case if the second double 

bond was in (E)-conformation (13) as shown in Figure 2.3. 

 

Figure 2.3 (Z)-2-(2-methylenecyclohexylidene)ethanol (6) and trichloroacetimidate with (E)-
conformation (13). 
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The presence of a cyclohexane ring further facilitates the rearrangement as the lone pair 

on the nitrogen atom are brought closer to the π system on the methylene carbon atom. 

The apparent difference and the separation can be seeen in Figure 2.4.  

 

Figure 2.4 Extended distance between the nitrogen/sulfur lone pair and the π system of 
acetimidate 14 and thiocarbamate 15 due to absence of the cyclohexane ring. 

As the cyclohexane ring is removed, the two double bonds would be in the s-trans 

conformation. The molecule would be less rigid and consequently the orbitals of the π 

system on the methylene carbon would be further away from thelone pair. The synthesis 

of the derivatives 1-4 can be carried out using the schemes shown in Scheme 2.2.  
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Scheme 2.2 Synthetic schemes for the ester 1, trichloacetimidate 2, xanthate 3, and 
thiocarbamate 4 of the dienol 6. 
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As a control molecule, the vinyl ether 6 will also be synthesized (Scheme 2.3). However, 

this rearrangement would not be pseudopericyclic as there are no lone pair electrons and 

hence there would be no orbital disconnections, which is one of the requirements for a 

transition state to be pseudopericyclic.1,3,5–10The possible [3,3]- and [3,5]-sigmatropic 

rearrangements for the above substrates are shown in Scheme 2.4. 

 

Scheme 2.3 Synthetic scheme for the vinyl ether 5 from dienol 6 and possible [3,3]- and 
[3,5]-sigmatropic rearrangements. 



Texas Tech University, Rudhran Mehra, May 2012 

43 

 

Scheme 2.4 Possible [3,3]- and [3,5]-sigmatropic rearrangements. 
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2.3 Synthesis of (Z)-2-(2-Methylenecyclohexylidene)ethanol (6) 

The synthesis of the dienol 6 was of the utmost importance as it would be the 

substrate for all subsequent rearrangements. The dienol 6 can been synthesized in a 

number of ways as discussed in Scheme 2.6 -Scheme 2.9 

The synthesis of dienol 6 has been previously reported in literature.11–13 Dienol 6 

can be obtained by the reduction of the methyl ester 30 that is obtained from the 

corresponding carboxylic acid 29 (Scheme 2.5). However, this synthesis is through a 

much longer route requiring more than 12 steps.11,12 

 

Scheme 2.5 Prior synthesis of (Z)-dienol 6 from lactone 27. 

Another way of synthesizing involves starting with 1-vinylcyclohexanol (31), 

which gives 1-vinylcyclohexene (32) through elimination of a water molecule followed 

by photo-oxygenation in presence of tetraphenylporphine (TPP, 39) (Scheme 2.6).13The 

endoperoxide (33) thus obtained can be reduced to the corresponding enediol (34). This is 

followed by a series of protection, oxidation-using MnO2, methylenation using a Wittig 

reagent, deprotection and a final reduction step (37 to 6). This process requires 7 steps 

and is considerably lengthy over Scheme 2.9. Synthesis of enediol 34 was attempted but 
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there were solubility and workup issues that made isolation difficult after the reduction 

step. The endoperoxide 33 is highly reactive, unstable and can be explosive. 
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Scheme 2.6 Prior synthesis of (Z)-dienol 6 from 1-vinylcyclohexanol (31). 

Scheme 2.7 can be carried out using dimethyl disulfide (41), followed by 

substitution with ethyl-2-bromo acetate (43), oxidation, removal of the sulfur by heating 

at high temperatures14, methylenation using Wittig reagents and a final reduction step 

(15-6) to give the dienol 6. However, this scheme involves more steps than Scheme 

2.9and the use of sulfides can be avoided over a much simpler route. 
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Scheme 2.7 Prior synthesis of (Z)-diene ester 15 from cyclohexanone (40). 

Scheme 2.8 requires the hydroesterifictaion of 1,8-octatriene (47) in the presence of 

palladium-platinum complexes.15 This scheme was abandoneddue to lack of pressurized 

apparatus and since Scheme 2.9 is longer by only one step. 
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Scheme 2.8 Prior synthesis of (Z)-diene ester 30 from 1,8-octatriene (47). 

Scheme 2.9 is one of the simplest ways of synthesizing the dienol 6 and has 

severaladvantages to it. Beginning with cyclohexane-1,2-dione (49), we can carry out 

successive wittig reactions using (ethoxycarbonylmethylene)triphenylphosphorane (50) 

and methyl triphenylphosphonium bromide (52) as bis-wittig reactions have been 

reported in literature.16–1951 is a stabilized ylide and hence less reactive. The dione 49 

with two carbonyl groups is susceptible to successive Wittig substitutions reactions. 

However, if one of the carbonyl groups is replaced by the ethoxycarbonylmethylene 

group, then the electron density around the second carbonyl oxygen is reduced via 

resonance onto the ester fragment. Thus the carbonyl group on 46 and 51 will be less 

susceptible to any further substitution. The second carbonyl group can also be replaced 

via another Wittig reaction.16 In this case, since the basicity of the carbonyl group on the 

ring is reduced, a much stronger ylide would be required, i.e. 

methyltriphenylphosphonium bromide (52) with n-BuLi (53). Thus, the twoWittig 

reactions complement each other. The first Wittig reaction yields a mixture of products- 

(E)/(Z)-isomers 46 and 51 of the ketoester.17,18 Varying the solvent and temperature can 

alter the ratio of these isomers. The (Z)-isomer 46 is expected to be less susceptible to 
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another Wittig reaction as the molecule will be considerably constrained and twisted. The 

(E)- isomer of the diene ester 51 can be isomerized to the constrained (Z)-isomer 46 using 

irradiation, which can then be reduced to the required alcohol 6 by reduction using Red 

Al or LiAlH4.
11,12

 

 

Scheme 2.9 Proposed synthesis of (Z)-dienol 6 from 1,2-cyclohexanedione (49). 

The second alkene insertion can be carried out using several schemes. The 

methylenation can be effected using methyl sulfinyl carbanion-dimethyl sulfoxide 

process where a sulfinyl carbanion is used to generate the ylide. This process is known to 

give better yields than the former Wittig reaction, proceeds rapidly and is highly selective 

for the ketonic functional group in ketoesters. Camphor, a rather unreactive ketone can 

easily undergo the alkenation process.20 
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Mg/TiCl4 promoted CH2 transfer reaction of CH2Cl2in THF is another extremely 

simple, practical and efficient way of carrying out methylenation reactions on sterically 

hindered ketones.21Tebbe’s reagent is another substance that can be used for 

methylenation of carbonyl compounds and is more efficient than regular Wittig reagents, 

especially for sterically encumbered carbonyls. Furthermore, the Tebbe’s reagent is less 

basic than the Wittig reagent and does not give the β-elimination products. In compounds 

containing ketone and ester groups, the ketone selectively reacts in the presence of one 

equivalent of the Tebbe’s reagent.22 

This scheme not only reduces the number of steps involved in the synthesis of 

dienol 6 but also is also stereoselective. The (E)-diene ester 14 can then be easily 

isomerized to the (Z)-isomer 15 followed by reduction.  

2.4 Results and Discussion 

2.4.1 Synthesis of (E)-Ethyl 2-(2-oxocyclohexylidene)acetate (51) and (Z)-

Ethyl 2-(2-oxocyclohexylidene)acetate (46)18,23 

 The synthesis of these two ketoesters 46 and 51 has been well documented in 

literature. The ratio of 46 and 51 can be altered by varying the temperature and solvent 

conditions. In DCM the ratio of 46:51 obtained was 1:0.04 while in pyridine it was 

1:0.23. 

2.4.2 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) 

The molecule is unique in its own way since it was synthesized using successive 

Wittig reactions. The substrate that was used for the reaction was the (E)-ketoester51 and 
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the product expected would also be of the (E)-conformation. The assignment of the 

methylene protons was confirmed via 1H- and COSY-NMR. The two methine protons 

appear as two separate peaks since they are present in chemically different environments. 

NOE results confirmed the E stereochemistry as the methylene proton (4.975 ppm) was 

spatial coupled to the methine proton (5.818 ppm) in addition to its counterpart (4.746 

ppm). Hence, the molecule is less constrained. The methylenation process was also 

attempted using Tebbe’s reagent, methylsulfinyl carbanion-dimethyl sulfoxideand 

Mg/TiCl4 promoted CH2 transfer reaction of CH2Cl2in THF, but none of these reagents 

yielded any positive results. Methylenation was also carried out using Instalid (1:1 

NaNH2: Ph3PCH3Br), a commercial available solid mixture of methyl 

triphenylphosphonium bromide (52) and sodium amide (55), which is unreactive in the 

solid state but forms the ylide when mixed with a solvent. Yields from this process were 

less than those obtained from n-BuLi. Higher stoichiometry and longer reaction times 

with Instalid reduced the yield for the diene ester 14 and favored formation of the β-

elimination product (56) (Scheme 2.10).  

 

Scheme 2.10 Isomerization of diene ester 14 to 56. 
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This can be attributed to the fact that with Instalid, the formation ofNH3as the by-

product makes the reaction mixture highly basic. The isomer (56) was difficult to isolated 

during column chrom atography as the R f value (0.26) for the diene ester 14 and the 

elimination product were very close. The tw o were isolated by prep TLC in the ratio 

14:56-1:6.05 with 14 coming out as the 1 st fraction During the synt hesis, Sigma-Aldrich 

ceased to manufacture Instalid and the genera tion of the y lide was carried out u sing n-

BuLi which gave better yields and cleaner products. 

2.4.3 Synthesis of (2E ,2'E)-Diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate 

(57) 

The Wittig reaction betw een 1,2-cyclohexanedione (49) and 

(ethoxycarbonylmethylene) triphenylphosphorane produced the diacetate 57 as the minor 

product, which was unanticipated. One m ight not expect any subsequent reaction 

between the phosphorane 50 and the ketoester 51. 

 

Figure 2.5 (2E,2'E)-diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate (57) optimized at 
MM2b level. 
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Once an alkene group has been substituted onto one of the carbonyls, the lone pair 

electrons on the other carbonyl can be delocalized via resonance onto the ester fragment. 

The phosphorane 50 used is a mild Wittig reagent as the positive charge on the 

phosphorous atom can be delocalized via resonance onto the carbonyl group. The 

majority of dione 49 is present in the eneol form 58 (Scheme 2.11).  

 

Scheme 2.11 Tautomerization of dione 49 to eneol 58. 

Hence, no reaction was expected. However, the diene diacetate 57 was obtained in 

extremely small quantities, which is probably due to the reasons mentioned above. 13C, 

1H-NMR and NOE experiments confirmed the structure. The 1H-NMR shows 2 sets of 

peaks for the methine and ester protons. The methine peaks are clearly distinguishable at 

5.673 ppm and 5.626 ppm. The methylene and methyl protons of the ester groups appear 

as overlapping quartets and triplets (J= 7 Hz) respectively. The 13C-NMR shows peaks 

for 14 distinct carbon atoms with 2 sets of peaks for the carbonyl, ester, methine and 

quaternary carbon atoms. The structure is expected to be in [E,Z] conformation. The 

[E,E] isomer was discounted based on the fact that such stereochemistry would have a 

symmetric C2 axis and we would not observe two sets of peaks in the NMR spectra. Also, 
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NOE results showed spatial interactions for only one of the methine protons with the 

cyclohexane ring protons. This is only possible in the structure shown in Figure 2.5. 

2.4.4 Synthesis of (Z)-Ethyl 2-(2-methylenecyclohexylidene)acetate (15) 

The (E) isomer of the diene ester 14 can be easily converted by irradiation at 254 

nm into the (Z) isomer 15. 1H-NMR taken at regular time intervals confirmed the 

transition by the presence of the methine proton peak at 5.475 ppm (Figure 2.6).The 

reaction reaches a pseudo-equilibrium state, i.e. the photostationary state where the (E)- 

& (Z)-isomers 14 and 15 are continuously interconverting. Workup was carried after 

calculating the % conversion using 1H-NMR and once the photostationary state was 

reached.  

The reaction was carried out in hexanes, diethyl ether, chloroform, 

carbontetrachloride and THF. Hexane gave the highest yields of up to 75%. With the 

other solvents a white residue was obtained during workup, which could have been long 

chain alkanes formed during the photo isomerization process due to decomposition of the 

ring.  
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Figure 2.6 Conversion of (E)-diene ester 14 to (Z)-diene ester 15. 

Separation of the (E)-/(Z)- isomers 14 and 15 turned out to be cumbersome as the 

two spots have the same Rf values. Isolation of the isomer can be carried out by 

preparative TLC in 1% ethyl acetate: hexane, with the (Z)-isomer 15 obtained as the 

second fraction after the (E)-isomer 14. This was expected since the Z isomer would be 

more constrained and hence more polar. The yields and duration of the reaction varied 

with the amount of starting material as the isomerization is dependent on the number of 

photos interacting with the molecules of 14. In general, it was observed that longer time 

Peak for (E)-diene ester 14 
Peak for (Z)-diene ester 15 
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durations and more polar solvents, increased the number and integration of the impurity 

peaks. 

 

 

Figure 2.7 Representative conversion of (E)-diene ester 14 to (Z)-diene ester 15 by 
photochemical isomerization. 

2.4.5 Synthesis of (Z)-2-(2-Methylenecyclohexylidene)ethanol (6) 

The structure of dienol 6 was confirmed through NMR studies. 13C-NMR shows 

the presence of 9 distinct carbon atoms. The methine proton appears as sharp triple 

triplets due to coupling with the allylic proton (J= 6.5 Hz) and the protons on the 

cyclohexane ring (J= 1 Hz). 1D-NOE experiments confirmed the stereochemistry to be of 

the constrained Z isomer. There are spatial interactions between one of the methylidene 

protons and the allylic carbon protons neighboring the alcohol group. The second 

methylidene proton only shows interactions with its counterpart and the protons on the 

0

5

10

15

20

25

30

0 50 100 150 200 250

%
 c

on
ve

rs
io

n
 o

f 
E

 t
o 

Z
 is

om
er

of
 d

ie
n

e 
es

te
r 

(X
)

Time (minutes)

Photochemical E/Z Isomerism via Irradiation at 254 nm

Photostationary
State



Texas Tech University, Rudhran Mehra, May 2012 

56 

cyclohexane ring. The methylylidene or methine proton shows spatial interactions with 

the protons on the cyclohexane ring and the allylic protons.  

The IR spectrum showed the presence of a broad alcohol peak at 3320 cm-1.The 

presence of the OH group was also confirmed by carrying out deuterium exchange 

experiments. A drop of deuterium oxide was added to an NMR tube containing a sample 

of 6 in CDCl3. 
1H-NMR experiments showed the allylic proton as a doublet which is due 

to coupling (J= 6.5 Hz) with the methine proton as mentioned above. Before D2O 

exchange, the allylic proton appears simply as a multiplet, which may be due to 

additional coupling with the OH proton.  

2.4.6 Synthesis of Allyl 2,2,2-Trichloroacetimidate (60) andN-Allyl-2,2,2-

trichloroacetamide (61)4,24–26 

The formation of the acetimidate 60 was first attempted on a model allylic alcohol 

59 which been previously synthesized (Scheme 2.12). The reaction must be carried out at 

lower temperatures as the deprotonated anion might undergo a rearrangement during the 

synthesis.2 The acetimidate 60 was also refluxed in xylene to observe the [3,3]-

rearrangement. The crude 1H-NMR showed similar peaks as those mentioned in 

literature.4,24,25Attempts to make the acetimidate 2 were unsuccessful. This may be due to 

the small quantity of starting material 6 used which was not sufficiently pure. 
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Scheme 2.12 Synthesis of 2,2,2-trichloroacetimidate (60) and N-allyl-2,2,2-
trichloroacetamide (61). 

2.5 Experimental Work 

2.5.1 General 

Melting points were determined with a Mel-Temp melting point apparatus. 

Infrared(IR) spectra were recorded with a Nicolet IR100 FT-IR spectrophotometer as 

deposits from CH2Cl2 solutions on a NaCl/KBr plate unless otherwise mentioned. The 

1H- and 13C-NMR spectra were recorded with a Varian Unity INOVA 500 FT-NMR (1H-

NMR at 500MHz and 13C-NMR at 126 MHz) spectrometer in CDCl3 with Me4Si as 

internal standard unless mentioned otherwise. Chemical shifts (δ) are given in ppm 

downfield from TMS and coupling constants values (J) are in Hz.  

Reagents were purchased from commercial suppliers and used directly unless 

otherwise noted. Acetonitrile (MeCN) was dried over CaH2 and distilled immediately 

before use. Tetrahydrofuran (THF) was dried over sodium with benzophenone as 

anindicator and distilled immediately before use. DMF was dried using an MBRAUN 

MB-SPS drying system or over activated 4 Å molecular sieves for 24 h before use. 

Dimethyl sulfoxide (DMSO) was stored over dry NaCl pellets, distilled under vacuum 
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and stored in 4 Å molecular sieves. n-BuLi was always titrated using l-menthol and 1,10-

phenathroline before use to determine its concentration. Column chromatography was 

carried out using silica gel of 60 Å porosity, 40-63 μm particle size and 230×400 mesh 

size which was obtained from Sorbent Technologies. Preparatory TLC was performed on 

Analtech Uniplate silica gel or alumina plates. UV absorption spectra were obtained 

using 2101 UV-Vis Spectrophotometer and AST BLC4/33 Computer. 

2.5.2 Titration of n-Butyllithium (n-BuLi) (53) 

The molarity of n-butyllithium (n-BuLi, 53) was confirmed by titration with L-

menthol before each experiment. Approximately 0.2 g of L-menthol was weighed in 25 

mL oven dried round bottom flask and dissolved in 10 mL of freshly distilled THF. A 

pinch of 1,10-phenanthroline indicator was added. n-Butyllithium (n-BuLi) was added 

dropwise under a continuous flow of N2 using a 1 mL syringe until the color changed 

from colorless to yellow to a persistent red. Titrations were carried out until two 

consistent readings were obtained. 

2.5.3 Synthesis of 1-Vinylcyclohex-1-ene (32) 

 

Figure 2.8 1-vinylcyclohex-1-ene (32). 
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1-Vinylcyclohexanol (31, 2.06 g, 0.0163 mol) was taken in a 150 mL oven-dried 

flask flushed with nitrogen. Phosphoric acid (0.5 mL, 85%) and two drops of 

concentrated sulfuric acid (H2SO4)were added and the reaction mixture was vacuum 

distilled. The distillate was extracted three times with cold pentane or ether, washed with 

NaHCO3, distilled water and brine. The organic fractions were dried using MgSO4 and 

excess solvent was evaporated in vacuo. The crude product (1.59 g, 90.15%) was further 

separated using column chromatography with approximately 300 mL of pentane/ 

hexanes. 1.08 g of the 1-vinylcyclohex-1-ene (32) was isolated with a yield of 61.36%.  

2.5.4 Synthesis of 3,5,6,7,8,8a-Hexahydrobenzo[c][1,2]dioxin(33) 13 

 

Figure 2.9 3,5,6,7,8,8a-hexahydrobenzo[c][1,2]dioxin (33). 

1-vinylcyclohexanol (32, 0.69 g, 0.6.38mmol) was taken in a 1000 mL oven-dried 

double-jacketed quartz vessel and flushed with nitrogen. Tetraphenylporphine (TPP, 

0.009 g, 0.0145 mmol) was added along with 100 mL of CCl4. The entire apparatus was 

immersed in a cooling bath inside a Rayonet photo-reactor with 254 nm light tubes and 

the temperature was maintained constant at 20 °C. The pink reaction mixture was the 

irradiated and dry oxygen gas was then bubbled through it. The reaction was monitored 

using TLC and the color gradually changed from pink to brown. Once the reaction was 
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completed the excess solvent was evaporated in vacuo and the crude mixture was then 

separated using column chromatography with hexanes/ether. 205.31 mg of the 

13,5,6,7,8,8a-hexahydrobenzo[c][1,2]dioxin (33) was isolated with a yield of 29.33%.  

2.5.5 Synthesis of (E)-Ethyl 2-(2-Oxocyclohexylidene)acetate (51) and (Z)-

Ethyl 2-(2-Oxocyclohexylidene)acetate (46)18,19,23 

 

Figure 2.10 (Z)-ethyl 2-(2-oxocyclohexylidene)acetate (46) and (E)-ethyl 2-(2-
oxocyclohexylidene)acetate (51). 

Cyclohexane-1,2-dione (49, 2.6337 g, 0.0235 mol) was taken in a 100 mL oven-

dried flask flushed with nitrogen and dissolved in 23 mL of freshly distilled 

dichloromethane to give a light yellow solution. Another 250 mL two neck RBF was 

oven-dried, evacuated on the Schlenk line, dried using a heat gun and then flushed with 

nitrogen gas. (Ethoxycarbonylmethylene)triphenylphosphorane (50, 8.5918 g, 0.0247 

mol) was added under nitrogen along with 46 mL of freshly distilled dichloromethane 

and stirred. The dione 49/DCM solution was then added dropwise through a syringe. The 

reaction mixture was then refluxed for 8 hours and then stirred at room temperature for 4 

days. The progress of the reaction was monitored using TLC. The solvent was then 

removed in vacuo to give a thick yellow oily liquid with triphenylphosphonium oxide 
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crystals. The mixture was extracted three times with cold pentane or ether, washed with 

distilled water and brine. The by-product triphenylphosphonium oxide was further 

precipitated and filtered a number of times using cold pentane. The organic fractions 

were dried using MgSO4 and excess solvent was evaporated in vacuo. The crude product 

(4.4523 g) appears as an oily yellow colored solution and shows presence of (E)- and (Z)-

isomer 51 and 46 of the ketoester (R.F. (E)= 0.44) some residual 

triphenylphosphoniumoxide and side products. The crude product was then purified by 

column chromatography using hexane: ethyl acetate eluent system by gradually 

increasing the polarity from 1%-10% solution which afforded 3.1680 g of the (E)-

ketoester (51)with a yield of 74%. 1H-NMR (500 MHz, CDCl3): δ 1.274 (t, J = 7 Hz, 3H, 

CH2-CH3), 1.673 (p, J=3.25 Hz, 4H, -CH2-CH2-), 2.313 (s, 2H, CH2-C), 2.910 (m, 2H, 

CH2), 4.125-4.168 (q, J = 7 Hz, 2H, O-CH2), 4.746 (m, 1H, C=CH2), 4.975 (m, 1H, 

C=CH2),5.818 (t, J = 10.0 Hz, 1H, HC-C=O).13C-NMR (126 MHz, CDCl3): δ 14.165, 

23.433, 23.449, 28.781, 41.011, 60.516, 122.147, 151.300, 166.109, 201.257. 

 The (Z)-isomer 46 was isolated in later fractions to give a yield of 3.17%.1H-

NMR (300 MHz, CDCl3): δ 1.245 (m, 3H, CH2-CH3), 1.896 (m, 4H, -CH2-CH2-), 2.564 

(m, 4H, -C-CH2-), 4.135 (q, J= 7.2 Hz, 2H, O-CH2),5.660 (d, J = 1.2 Hz, 1H, HC-C=O). 

2.5.6 Synthesis of (2E,2'E)-Diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate 

(57) 

The diacetate (57) was isolated during chromatographic purification of (14) and 

(56). Yields obtained were very low.1H-NMR (500 MHz, CDCl3): δ 1.258 (m, 6H, CH2-

CH3), 1.787 (m, 4H, -CH2-CH2),3.366 (t, J= 5.5 Hz, 2H, -CH2-C), 3.030 (t, J= 4 Hz, 2H, 
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-CH2-C), 4.149 (overlapping quartets, 4H,O-CH2), 5.626(s, 1H, C=CH), 5.673(s, 1H, 

C=CH).13C-NMR (500 MHz, CDCl3): δ 14.003, 14.248, 27.537, 28.007, 30.945, 39.147, 

59.833, 60.094, 114.659, 115.196, 157.871, 158.108, 165.924, 166.243. 

 

Figure 2.11 (2E,2'E)-diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate (57). 

2.5.7 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) 

 

Figure 2.12(E)-ethyl 2-(2-methylenecyclohexylidene)acetate (14). 

2.5.7.1 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) using n-

BuLi (53)16–18 

A 250 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. Methyltriphenylphosphonium 

bromide (52, 4.3120 g, 0.0120 mol) was added under nitrogen along with 190 mL of 

freshly distilled THF. The reaction mixture was cooled down to -72 °C using dry ice-
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acetone mixture and n-BuLi (53, 14 mL, 0.8672 M solution in hexane) was added 

dropwise over a period of 15 minutes. The mixture was stirred for 15-30 minutes or until 

the solution turned canary yellow in color. (E)-ethyl 2-(2-oxocyclohexylidene)acetate(51) 

was dissolved in 10 mL of freshly distilled THF and syringed into the reaction mixture 

dropwise over a period of 15 minutes. The reaction mixture was stirred for 15-30 minutes 

at -72 °C or until the TLC showed that the starting material was consumed. The excess n-

BuLi was neutralized using distilled water and the mixture was extracted three times with 

cold pentane/ether, water and brine. The by-product triphenylphosphonium oxide was 

further precipitated and filtered a number of times using cold pentane. The organic 

fractions were dried using MgSO4and excess solvent was evaporated in vacuo. The crude 

product (4.4579 g) appears as an oily yellow colored solution and shows presence of 

diene ester (R.F. 0.26), residual triphenylphosphonium oxide and other side products. The 

crude product was then purified by column chromatography using hexane: ethyl acetate 

eluent system by gradually increasing the polarity from 1%-5% solution. 1.0649 g of the 

diene ester (14) was isolated with a yield of 54%.1H-NMR (500 MHz, CDCl3): δ 1.274 (t, 

J = 7 Hz, 3H, CH2-CH3), 1.673 (p, J=3.25 Hz, 4H, -CH2-CH2-), 2.313 (s, 2H, CH2-C), 

2.910 (m, 2H, CH2), 4.125-4.168 (q, J = 7 Hz, 2H, O-CH2), 4.746 (m, 1H, C=CH2), 4.975 

(m, 1H, C=CH2),5.818 (t, J = 10.0 Hz, 1H, HC-C=O).13C-NMR (126 MHz, CDCl3) δ 

14.267, 25.894, 26.462, 29.681, 35.316, 59.628, 110.671, 112.918, 149.610, 160.904, 

166.816. 
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2.5.7.2 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) and Ethyl 

2-(6-Methylenecyclohex-1-en-1-yl)acetate (56) using Instalid 

A 50 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. Instalid (solid mixture of 

methyltriphenylphosphonium bromide (52) and NaNH2 (55, 1 g = 2.4 mmol of ylide) 

(1.026 g, 2.46 mmol, 1.5 eq) was added under nitrogen along with 2 mL of freshly 

distilled THF. The reaction mixture was stirred at room temperature for 15-30 minutes or 

until the solution turned canary yellow in color. (E)-Ethyl 2-(2-

oxocyclohexylidene)acetate (51, 300 mg, 1.644 mmol, 1 eq )was dissolved in 4 mL of 

freshly distilled THF and syringed into the reaction mixture dropwise over a period of 15 

minutes which was stirred for 24 hours at room temperature. The organic layer was 

worked up with 2.6 mL of 25% NaOH and 0.1N HCl until a pH of 7-9 was obtained. The 

organic mixture was extracted three times with cold pentane/ether, water and brine 

solution. The organic fractions were dried using MgSO4 and excess solvent was 

evaporated in vacuo. The crude product (1.009 g) appears as an oily yellow colored 

solution and TLC shows presence of diene ester (R.F. 0.26), residual 

triphenylphosphonium oxide and other side products. The crude product was then 

purified by column chromatography using hexane: ethyl acetate eluent system by 

gradually increasing the polarity from 1%-15% solution yielding 72 mg of crude diene 

ester 14 was isolated from with a crude yield of 26%. TLC analysis showed the presence 

of 56 in addition to the diene ester 14. Further separation was carried out using prep TLC 

in 10% ethyl acetate: hexane yielding 27.17 mg (9.8 %) of 56 and 44.83 mg (17%) of 14. 

For 14 1H- and 13C-NMR were identical to spectra obtained from the synthesis of n-BuLi. 
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For 56, 1H-NMR (500 MHz, CDCl3) δ 1.245 (t, J = 7 Hz, 3H, CH2-CH3), 1.709 (m, 2H, -

CH2-CH2-CH2-), 2.194 (q, J=6Hz, 2H, CH2-C), 2.374 (m, 2H, =CH2-CH2-CH2-), 4.137 

(q, J = 7 Hz, 2H, O-CH2), 4.774 (s, 1H, C=CH2), 4.844 (s, 1H, C=CH2), 5.808 (t, J = 4.0 

Hz, 1H, -H2C-CH=C).13C-NMR (126 MHz, CDCl3): δ 14.177, 22.971, 26.364, 32.394, 

39.605, 60.540, 108.222, 130.630, 131.795, 143.176, 172.238. 

2.5.7.3 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) using 

Tebbe’s Reagent27 

A 10 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. (E)-ethyl 2-(2-

oxocyclohexylidene)acetate (51, 88mg, 0.4829 mmol) dissolved in 2.7 mL of THF was 

added under nitrogen. 2.41 μL of pyridine was added as an acid scavenger. The reaction 

mixture was cooled down to 0 °C using ice and 1.16 mL of 0.5 M Tebbe’s reagent in 

toluene (164.94 mg, 0.5794 mmol) was added dropwise over a period of 10 minutes. The 

reaction mixture was heated up to room temperature and stirred for 15 minutes. 1 mL of 

0.5M NaOH solution was added and the reaction stirred for another hour. The progress of 

the reaction was monitored using TLC and NMR by removing an aliquot every 15 

minutes for an hour after addition of Tebbe’s reagent. No formation of the product was 

observed even after stirring the mixture for 18 hours. 

2.5.7.4 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) using 

Methyl SulfinylCarbanion-Dimethyl Sulfoxide20 

A 10 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. Sodium hydride (NaH) (32.82 mg, 
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1.3681 mmol) was added to the RBF under nitrogen and 0.65 mL of dry dimethyl 

sulfoxide (DMSO)was injected. The mixture was heated up to 75-80 °C using an oil-bath 

and hydrogen bubbles were seen almost instantaneously. Heating was maintained till 45 

minutes or until evolution of hydrogen gas ceased. The solution turns greenish-gray in 

color. The resulting solution of methylsulfinyl carbanion was cooled in an ice-water bath 

and 473.86 mg (1.3265 mmol) of methyltriphenylphosphonium bromide (53) dissolved in 

1 mL of DMSO was injected in it. The reaction mixture was stirred for 10 more minutes 

before use and the color turned to brown. (E)-ethyl 2-(2-oxocyclohexylidene)acetate (51, 

182.22 mg, 1.0 mmol) dissolved in 1 mL of DMSO and injected in the above ylide 

solution was added under nitrogen. The reaction mixture was stirred at room temperature 

and monitored using TLC and NMR. After 36 hours no product formation was observed 

and the starting material was consumed completely. Reaction mixture was diluted in 10 

mL of water extracted in three times in pentane. The pentane fractions were further 

washed with 1:1 water:DMSO solution and filtered through neutral alumina using 

pentane as an eluent. 

2.5.7.5 Synthesis of (E)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) using 

CH2Cl2 Promoted by Mg/TiCl4/THF21 

A 100 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. Mg (99.72 mg, 4 mmol) was added 

under nitrogen and 1mL of 1 M TiCl4solution in DCM (189.67 mg, 1 mmol) was 

syringed into the flask. 4 mL of freshly distilled DCM was syringed into the flask and the 

reaction mixture was cooled to 0 °C using an ice-bath. (E)-ethyl 2-(2-
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oxocyclohexylidene)acetate (51, 182.22 mg, 1.0 mmol) dissolved in 3mL of DCM and 1 

mL THF was injected over a period of two minutes. The reaction mixture was stirred for 

another 30 minutes at 0 °C followed by additional 20 minutes stirring at room 

temperature. The reaction mixture was monitored using TLC and 1H-NMR. No product 

formation was observed and the starting material was consumed completely. The mixture 

was again cooled to 0 °C and 10 mL of saturated potassium carbonate solution was 

added. The reaction mixture was further diluted with 20 mL of ether and the organic layer 

was extracted in DCM. The organic fractions were combined and dried using MgSO4. 

The excess solvent was removed in vacuo and purified on silica gel using column 

chromatography. 

2.5.8 Synthesis of (Z)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (15) 

 

Figure 2.13 (Z)-ethyl 2-(2-methylenecyclohexylidene)acetate (15). 

2.5.8.1 Synthesis of (Z)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (15) from (E)-

Ethyl 2-(2-Methylenecyclohexylidene)acetate (14) 

A 1000 mL oven-dried double-jacketed quartz tube was flushed with nitrogen 

and inserted into a Rayonet photoreactor. (E)-diene acetate (14, 108 mg, 0.5993, 1 eq) 

was added along with 100 mL of hexane and the mixture was irradiated at 254 nm. The 
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temperature was maintained constant at 0 °C under continuous flow of nitrogen gas and 

monitored using 1H-NMR at regular time intervals. The reaction was stopped after 425 

m, once the isomerization reached the photostationary state. The excess solvent was 

evaporated in vacuo and the crude mixture was separated using preparative TLC with 5% 

ethyl acetate: hexanes solution and yielded 49.1 mg (45.46%) 1H-NMR (500 MHz, 

CDCl3): δ 1.245 (t, J = 7 Hz, 3H, CH2-CH3), 1.715 (m, 4H, -CH2-CH2-), 2.275 (t, 2H, -

CH2-CH2-C=), 2.350 (t, 2H, J=6 Hz, -CH2- CH2-C=), 4.119 (q, J = 7 Hz, 2H, O-CH2), 

4.856 (d, J= 1H, C=CH2), 4.944 (s, 1H, C=CH2), 5.578 (s, 1H, HC-C=O).13C-NMR (126 

MHz, CDCl3): δ 14.086, 27.750, 27.817, 36.628, 38.626, 111.310, 146.016, 158.345, 

166.627.  

2.5.8.2 Attempted Synthesis of (Z)-Ethyl 2-(2-Methylenecyclohexylidene)acetate (15) 

from (Z)-Ethyl 2-(2-oxocyclohexylidene)acetate (46) 

 A 25 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. 

Methyltriphenylphosphoniumbromide (52, 150.95mg, 0.3841mmol) was added under 

nitrogen along with 9 mL of freshly distilled THF. The reaction mixture was cooled 

down to -72 °C using dry ice-acetone mixture and 0.32 mL of n-BuLi (53, 27.07 mg, 

0.4426 M solution in hexane) was added dropwise over a period of 15 minutes. The 

mixture was stirred for 15-30 minutes or until the solution turned canary yellow in color. 

(Z)-Ethyl 2-(2-oxocyclohexylidene)acetate (46) was dissolved in 1 mL of freshly distilled 

THF and syringed into the reaction mixture dropwise over a period of 15 minutes. The 

reaction mixture was stirred for 15-30 minutes at -72 °C or until the TLC showed that the 
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starting material was consumed. The excess n-BuLi was neutralized using distilled water 

and the mixture was extracted three times with cold pentane/ether, water and brine. The 

by-product triphenylphosphonium oxide was further precipitated and filtered a number of 

times using cold pentane. The organic fractions were dried using MgSO4 and excess 

solvent was evaporated in vacuo. No product formation was observed and all of the 

starting material was consumed after a few hours of reaction.  

2.5.9  Synthesis of (Z)-2-(2-Methylenecyclohexylidene)ethanol (6)11 

 

Figure 2.14 (Z)-2-(2-methylenecyclohexylidene)ethanol (6). 

A 25 mL oven-dried two neck RBF was evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. (Z)-Ethyl2-(2-

methylenecyclohexylidene)acetate (15, 90 mg, 0.4939mmol, 1eq) was added under 

nitrogen along with 2 mL of dry toluene stored over 4 Å molecular sieves. The reaction 

mixture was cooled to 10 °C using ice-water mixture and a 65% solution of sodium bis(2-

methoxyethoxy)aluminum hydride (Red AL, 54) in toluene (0.17 mL, 0.5433 mol, 1.1 

eq) was added drop wise over a period of 30 minutes. The reaction mixture was stirred 

for 60 more minutes at 20 °C after which the mixture was quenched using saturated 

solution of sodium potassium tartrate. The toluene layer was then separated and extracted 
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three times with toluene. The organic fractions were combined and dried using MgSO4 

and excess solvent was evaporated in vacuo. The crude product, alight brown oily 

solution, was purified by column chromatography using hexane: ethyl acetate eluent 

system by gradually increasing the polarity from 1%-15% solution. 42.40 mg of dienol 6 

was isolated with a yield of 57%. IR (deposit from CH2Cl2NaCl plate): 3320 (OH) cm-

1.1H-NMR (500 MHz, CDCl3): δ 1.661 (m, 4H, CH2-CH2), 2.219 (m, 4H, CH2-CH2), 

4.231 (d, J= 6.5 Hz, 2H, CH2-OH), 4.592 (d, J= 2.5 Hz, 1H, C=CH2), 4.930 (m, 1H, 

C=CH2), 5.424(t, J = 6.5 Hz, 1H, C=CH).13C-NMR (500 MHz, CDCl3): δ 27.434, 

27.774, 36.576, 37.488, 59.825, 111.105, 122.601, 144.100, 146.427. 

2.5.10 Synthesis of Allyl 2,2,2-trichloroacetimidate (60)4,24,25 

A 250 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. Allyl alcohol (59, 500 mg, 0.59 mL, 

8.6132 mmol, 1 eq) was syringed under nitrogen along with 87 mL of dry freshly 

distilled DCM. The reaction mixture was cooled down to 0 °C using ice-water mixture 

and 1.4 mL of trichloroacetonitrile (1.87 g, 12.9198 mmol, 1.5 eq) was added drop wise 

followed by 0.26 mL of DBU (262.26 mg, 1.7227 mmol, 0.2 eq). The mixture was stirred 

for 60 minutes at 0 °C and quenched using sat. solution of aq. NaHCO3. The organic 

layer was separated and extracted three times with DCM, water and brine. The organic 

fractions were dried using MgSO4and excess solvent was evaporated in vacuo. The crude 

product (2.1418 g) was then purified by column chromatography using hexane: ethyl 

acetate eluent system by gradually increasing the polarity from 0-5 % solution and 0.8930 

g of (60) was isolated with a yield of 52.45%. The structure was confirmed using IR 
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which showed the presence of C=N bond and 1H-NMR which was similar to the data 

mentioned in literature. 

 

Figure 2.15 Allyl 2,2,2-trichloroacetimidate (60). 

2.5.11 Attempted Synthesis of N-Allyl-2,2,2-trichloroacetamide (61)4,24,25 

 

Figure 2.16 N-Allyl-2,2,2-trichloroacetimidate (61). 

A 25 mL RBF was oven-dried, evacuated on the Schlenk line, dried using a heat 

gun and then flushed with nitrogen gas. A solution of imidate (61, 295 mg, 1.4572 mmol) 

and 3.7 mL of xylene was refluxed for 18 hours at 138-148 °C. A small aliquot was 

withdrawn and excess xylene evaporated in vacuo. A crude 1H-NMR tentatively 

confirmed the formation of amide (61) by the presence of multiplet at 3.864 ppm 

(CH2NH). 
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2.5.12 Attempted Synthesis of (Z)-2-(2-Methylenecyclohexylidene)ethyl 2,2,2-

trichloroacetimidate (1)4,24,25 

 

Figure 2.17. (Z)-2-(2-methylenecyclohexylidene)ethyl 2,2,2-trichloroacetimidate (1). 

A 25 mL two neck RBF was oven-dried, evacuated on the Schlenk line, dried 

using a heat gun and then flushed with nitrogen gas. (Z)-2-(2-

methylenecyclohexylidene)ethanol (6, 10 mg, 0.6569 mmol, 1 eq) was dissolved in 1 mL 

of DCM and syringed along with 7 mL of dry freshly distilled DCM. The reaction 

mixture was cooled down to 0 °C using ice-water mixture and 0.1 mL of 

trichloroacetonitrile (142.27mg, 0.9854 mmol, 1.5 eq) was added drop wise followed by 

15μL of DBU (20 mg, 0.1313 mmol, 0.2eq). The mixture was stirred for 60 minutes at 0 

°C and quenched using sat. solution of aq. NaHCO3. The organic layer was separated and 

extracted three times with DCM, water and brine. The organic fractions were dried using 

MgSO4and excess solvent was evaporated in vacuo. 1H-NMR did not show any 

conclusive results.  

2.6 Conclusion 

The synthesis of the dienol 6 was successfully completed via a much shorter and 

effective route than those published in previous literature. The synthesis of the 

tricholoacetimidate1 was carried out on a model system along with the [3,3]-
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rearrangement but did not yield successful results with the dienol 6. Optimization studies 

of 1-5 and their [3,3]-/[3,5]-sigmatropic products 17-26 will give us an insight into the 

stability of the transition states which can be corroborate by actual synthesis of 17-26. 
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CHAPTER III 

3 SYNTHESIS OF INDENYL YTTRIUM COMPLEXES AS 
MODELS FOR OLEFIN POLYMERIZATION CATALYSTS 

3.1 Introduction 

A polymer is a large molecule (macromolecule) composed of repeating structural 

units. These sub-units are typically connected by covalent chemical bonds. The term 

polymer is derived from “poly” which means several and “mers” implying units, i.e. 

several units. There are 3 basic kinds of Ziegler-Natta catalysts employed for 

polymerization processes of olefins: 

 Solid and supported catalysts based on titanium chloride and organoaluminum 

compounds 

 Metallocene Catalysts 

 Non-Metallocene Catalysts 

3.2 Metallocene Catalysts 

 Metallocene structures are “sandwich compounds” with a π-bonded metal atom 

positioned between two aromatic ring systems. These structures were first discovered by 

Fischer1and Wilkinson and Birmingham2 for which they received the Nobel Prize in 

1973. 

Metallocene catalysts are single site catalysts, implying the presence of a single 

active site, in contrast to Ziegler systems.3A direct consequence of this is the polymers 

produced by these catalysts have a narrow molecular weight distribution and their 

structure can be easily altered. The catalysts are typically soluble in hydrocarbons or 
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liquid propene. These features permit one to predict precisely the properties of the 

resulting polyolefins by knowing the structure of the catalyst. By careful selection of the 

appropriate reactor conditions, the catalyst used during the manufacturing process gives 

control over the resulting molar mass and distribution, comonomer content and tacticity. 

Also, the catalytic activity associated with these single site catalysts is 10–100 times 

higher than that of the classical Ziegler–Natta systems. 

3.3 Tacticity in Polymers 

 Tacticity is defined as the relative stereochemistry of adjacent chiral centers 

within a macromolecule. Tacticity can greatly influence the physical properties of the 

polymer. Precise knowledge of tacticity provides a better understanding about melting 

point, solubility and mechanical properties of the polymer. With respect to tacticity, 

polymers are defined into three categories- isotactic, syndiotactic and atactic. Isotactic 

polymers are polymers in which all the substituents are located on the same side of the 

macromolecular backbone. All stereogenic centers (CHR) share the same configuration. 

Polypropylene (1) formed by Ziegler-Natta catalysis is an isotactic polymer. Syndiotactic 

macromolecules are characterized by presence of substituents with alternate 

stereochemistry along the chain. Polystyrene (2) is an example of syndiotactic polymer. 

Atactic polymers like polyvinylchloride (3) have all the substituents randomly oriented 

along the chain. These polymers lack any regular arrangement of their alkyl substituents 

(Figure 3.1). 
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Figure 3.1 Isotactic polypropylene(1, R = CH3), syndiotactic polystyrene (2, R = Ph) and 
atactic polyvinylchloride (3, R= Cl). 

3.4 Metallocene Catalyzed Olefin Polymerization 

The mechanism of the polymerization process is basically divided into 5distinct 

stages as shown in Scheme 3.1. The first step involves the generation of the active 

species via a chloride/methyl transfer reaction between methylaluminoxane (14, MAO, [-

Al(CH3)O-]n) and the zirconocene metallocene 4.Here, the chlorides groups are 

exchanged with methyl groups present in MAO resulting in 5. The next step involves a 

methyl abstraction from 5 to give the active species 6 with an open coordination site. The 

 system of ethene complexes with zirconium in 6 to give a 14 e-system 7 after which the 

ethylene molecule inserts between the zirconium-carbon bond, increasing the polymer 

chain length. This step is repeated a number of times until the chain termination steps 

take place. 
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Scheme 3.1 Schematic representation of olefin polymerization of ethene using 
bis(cyclopentadienyl)zirconium dichloride catalyst 4. 

Chain termination can take place either by hydrogenolysis or β-hydride 

elimination reactions (10 to 11and 12 or 13 respectively) as shown in Scheme 3.1.4 

Addition of H2 is an important means of restricting chain length and thus controlling the 

polymer molecular weight distribution. The H2cleaves the M-C bond of the polymer 

chain resulting in a polymer with a saturated end group (12) and anew metal hydride 



Texas Tech University, Rudhran Mehra, May 2012 

80 

bond. In case of β-hydride elimination, the metal abstracts a hydride from the β-carbon 

present on the polymer chain resulting in a polymer with an unsaturated end group (13) 

and a metal-hydride complex 11. 

3.5 Effects of Ligand Structure and Substituents 

Metallocene polymerizations are highly dependent of the size and stereochemistry 

of the ligands.5 The ligands control the steric environment around the catalyst center and 

thus controls the orientation and activity of the monomer towards the catalyst. 

Metallocene catalysts of type 16 and 19 are found to be highly selective for syndiotactic 

and isotactic polypropylene, respectively ( 

Scheme 3.2).6 

Metallocene catalyst 16 is locally chiral, and has a plane of symmetry because of 

which the two binding sites have opposite chirality, i.e. the chlorines are enantiotopic.7 In 

this case, each monomer attached to the metal center will have opposite chirality and 

hence all the substituents on the entire chain will be oriented with opposite 

stereochemistry. This can be better understood in terms of a windshield wiper model 

where the metal-carbon bond on the polymer chain, moves from one active site to the 

other and back. This means that the nthalkene to be inserted will occupy the binding site 

opposite to that of the (n+1) th and (n-1)th alkene. On the other hand, catalyst 19 is a chiral 

molecule since it does not have a plane of symmetry. Both the binding sites on the metal 

have the same chirality since the molecule has a C2symmetry axis, as a result of which 

any new monomer will be incorporated with the same stereochemistry, giving isotactic 
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Scheme 3.2 Synthesis of isotactic and syndiotactic polypropylene from catalysts 16 and 19. 

Polymerization activity of metallocene compounds and the microstructure of the 

polymer are greatly influenced by subtle changes in the steric environment of the metal 

center. Chain microtacticity is greatly influenced by the steric environment at the metal 

center of the catalyst. Altering the stereochemistry around the metal can vary the tacticity 

of polypropylene.5 Catalyst like rac-21c, with a tert-butyl substituent provides highly 

isotactic polymer in comparison to the less sterically encumbered catalysts like rac-21a, 

which has a methyl group as the substituent (Figure 3.2). In general, it is observed that 

catalytic activity of the catalyst tends to decline with increasing steric hindrance at the 

metal center for compounds rac-21a-c and meso-21a-c. 

The conformational rigidity of indenyl systems also affects approach of the 

monomer to the metal. If the ligand framework is more rigid, it will prevent the close 

approach of the monomer prior to the insertion step. For example, racemic compounds 
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rac-21a-c in general produces a higher degree of microtacticity in polypropylene than 

rac-22 and rac-23. 

  

Figure 3.2 Stereochemistry and substituents of selected ligands used for polymerization of 
polypropylene.5 

The racemic isomers rac-21a-c shows more activity than the corresponding meso-21a-c. 

Additionally, the difference in the activity between the two catalysts becomes more 

pronounced, as the substituents are made more bulky, i.e. from 21a-c. A similar trend is 

observed with meso-24 and rac-23. For closely equivalent molecular weight polymers, 

chain microtacticity controls the melting temperature of the polymer, which in turn 

controls the degree of crystallinity of the polymer. 
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The electronic properties of ligands are also known to affect the polymerization 

activity of the catalyst. Electron-withdrawing groups like C6F5 when present on 

bis(cyclopentadienyl) and bis(indenyl) ligands tend to reduce catalytic activity of the 

corresponding complex metal catalyst.8 

3.6 Yttrium Based Catalytic Systems 

 Recently, metallocene-based olefin polymerization catalysts have been gaining 

considerable importance as single-site alternatives to the heterogeneous Ziegler-Natta 

systems. There are two types of 14-electron metallocene systems - cationic group 4 metal 

complexes of the type (Cp2MR, Cp- 5-C5H5))
+ and neutral group 3 metal or lanthanide 

complexes (Cp2LnR, Cp- 5-C5H5).
9 Group 3 metal catalysts are extremely efficient for 

the polymerization of ethene, but in comparison to group 4 catalysts, they are largely 

ineffective for the polymerization of alpha olefins like Cp*YMe·THF and Cp*Y(-Me) 

·AlMe (CP*- 5-C5Me5) are active catalysts for polymerization of ethene but not of 

propene.10However, there are certain yttrium complexes like the bis(indenyl)yttrium 

hydride complex (Ind′2YH)2 (28) that can effect a broad range of homo- and co-

dimerizations of alpha olefins which tolerate the presence of substituents and 

functionalities in the monomers.9,11 The synthesis of the yttrium system 28 is shown in 

Scheme 3.3. 
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Scheme 3.3 Synthesis of bis(indenyl)yttrium hydride complex 289. 

Using Scheme 3.3 as our basis we decided to synthesize ligands 33-36 (Scheme 3.4) 

which have been documented in literature.12,13 These ligands could then be used to 

synthesize the yttrium chloride complex 42 (Scheme 3.5). The yttrium 

(trimethylsilyl)methylene complex 43 will be bulky and should be comparatively easy to 

isolate. The yttrium hydride 44 complex could be obtained by hydrogenolysis of 43 and 

then studied as a catalyst for olefin polymerization. The yttrium methyl complex 48 could 

be obtained from MeLi (45) or MeMgBr (46). These methyl complexes could then be 

used to realize the mechanism of olefin polymerization as they are 14 e-systems that can 

mimic the active catalytic species 6shown in Scheme 3.1. The ethyl yttrium complex 49 

can be synthesized using ethyl magnesium bromide (47, EtMgBr), which can be used as a 

model for β-hydride elimination to from the hydride 44. 
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Scheme 3.4 Metal salts 37-41 of ligands 31-32. 
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Scheme 3.5 Synthesis of yttrium hydride complexes 42, yttrium alkyl complexes 48 and 49 
and yttrium hydride complex 44. 

3.7 Results and Discussion 

 The previous sections outline the importance of ligands and the steric effects that 

accompany an olefin polymerization. The steric environment of the catalyst can directly 

translate into the tacticity of the polymer and several of its mechanical properties. 

Keeping this in mind, indene and fluorene substituted ligands 33-36 were synthesized 

(Scheme 3.4 above) and their corresponding metal salts 37-41, following literature 

precedent12,13 and the yields obtained were quantitative (> 98%) in all cases except for 

(1H-indene-1,3-diyl)bis(trimethylsilane) (34, 78%). All the ligands were converted to the 

corresponding lithium/potassium salts by treating them with n-BuLi or potassium 

bis(trimethylsilyl)amide. 
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3.7.1 Synthesis of Bis(1,3-diisopropylindene)yttrium Chloride Complex(5-

C9H5-1,3-(CHMe3)2)2Y(-Cl)2LiOEt2 (51) 

 The bis(indenyl)yttrium system 51 is accessible through the reaction of (C9H5-

1,3-(CHMe3)2)Li (37) with YCl3 (50) in ether. The yields for the reaction were almost 

quantitative. The yttrium chloride complex 50 exists as a complex with lithium chloride 

and diethyl ether. 1H-NMR showed the presence of ether molecules, which did not 

disappear on applying vacuum, implying it was complexed to the yttrium metal. The 

crude product from the synthesis was washed in cold pentane and filtered. The solid was 

dissolved in hexane and, minimum amount of ether after which it was cooled to -30C 

from which crystals were obtained. (Figure 3.4).The X-Ray structure for 50 revealed 

ether molecules complexed to lithium chloride, which was in turn complexed to yttrium 

through chlorine bridges (Figure 3.4) giving a 16 e- system in which the oxidation state of 

Y is (III), d0. 

 

Figure 3.3 Synthesis of bis(1,3-diisopropylindene)yttrium chloride complex (5-C9H5-1,3-
(CHMe3)2)2Y(-Cl)2LiOEt2 (51). 
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Figure 3.4 X-Ray structure of bis(1,3-diisopropylindene)yttrium chloride complex (5-C9H5-
1,3-(CHMe3)2)2Y(-Cl)2LiOEt2 (51). Ellipsoids are shown at 30% probability level. 

3.7.2 Synthesis of Bis(1,3-Diisopropylindene)methyl Yttrium Complex (5-

C9H5-1,3-(CHMe3)2)2Y-Me(52) from MeLi (45) 

Reactions of 50 with MeLi were attempted in ether, C6D6 and toluene and 

successful results were obtained for the last two solvents. NMR scale reaction of 51 and 

MeLi (45) in the ratio 1:1.1 in a J-Young NMR tube with C6D6showed the presence of 4 

peaks in the negative scale after 4 hours of reaction time at ambient temperature. These 

peaks are characteristic of a proton present on a carbon attached to a transition metal. One 

of the peaks was representative of unreacted MeLi (45) and the other at -1.7 ppm of a 
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methyl group attached to yttrium 52 as expected for. Two smaller peaks were also 

present, which could possibly be due to the insertion of the methyl group into the ligand 

(Scheme 3.6). No considerable difference was observed after maintaining the reaction at 

ambient temperature for 20 h. Further heating at 45 C for 20 h followed by solvent 

removal in vacuo showed the presence of a single major peak in the negative region at -

1.7 ppm, which is believed to represent a methyl group attached to yttrium metal along 

with a distinctive ether peak. On comparison with the metal complex 51, the peaks appear 

to have shifted upfield which suggest that the yttrium methyl compound 52 might be 

complexed with diethyl ether molecules. Attempts to purify and crystallize this product 

are currently ongoing. Further studies on 52-54 might provide mechanistic details about 

olefin polymerization with this catalyst, specifically about the possibility of insertion and 

catalyst deactivation. 

 

 

Scheme 3.6 Synthesis of bis(1,3-diisopropylindene)methyl yttrium complex (5-C9H5-1,3-
(CHMe3)2)2Y-Me (52) and possible insertion products 53 and 54. 

The reaction mixture on further heating at 85 C for 6 h showed a peak at 0.15 

ppm, which is believed to be methane, along with several other peaks in the negative 

region. The formation of methane suggests σ bond metathesis occurred. Support for this 
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can be found in literature where (5-C5Me5)Sc-CH3 (55) and (5-C5Me5)Y-CH3 (59) 

compounds are known to have made CH4 (57) and CH3-D (58)14,15 (Scheme 3.7).  

 

Scheme 3.7  -bond metathesis in cyclopentadienyl scandium and yttrium complexes 55 and 
59. 

Heating was further carried on 52 for 24 h at 85 C after which solvent was removed in 

vacuo and the proposed methane peak at 0.15 ppm disappeared. Confirmatory tests were 

carried out by treating the mixture with excess DCl (61) (Scheme 3.8). NMR spectra 

showed the presence of free diisopropyl ligand (33) and no peaks in the negative region, 

which suggests that the methyl group may have been attached to yttrium metal. Coupling 

experiments, which could confirm the presence of CH3-D (58) and CH4 (57), were not 

carried out as the NMR was not clean enough and attempts are being made to isolate and 

crystallize the methyl complex 52.The crude product obtained was again washed in cold 

pentane. Fresh pentane was added along with a minimum amount of ether to dissolve 

everything and the shell vial was cooled down to -30C to obtain crystals. Currently, 

attempts are being made to crystallize 52. 
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Scheme 3.8 Reaction of yttrium methyl complex 52with excess DCl (61). 

3.7.3 Synthesis of Bis(diisopropylindene)methyl Yttrium Complex (5-C9H5-

1,3-(CHMe3)2)2Y-(-Me) (-Br)Mg·Et2O (62) from MeMgBr (46) 

NMR scale reaction of yttrium methyl complex 52 and methyl magnesium 

bromide (46) was carried out at ambient temperature for 18 hours. The NMR spectra 

showed the presence of four peaks in the negative region of which one was for unreacted 

MeMgBr (46) the rest were different from those observed in the reaction with MeLi (45). 

Two methyl peaks showed a clean splitting pattern, which led us to believe that the 

methyl group may have inserted into the ring and hence coupled to the neighboring 

protons. However, a COSY-NMR showed no such coupling which led us to believe that 

the splitting might be due to the methyl group attached to yttrium metal. The reaction 

mixture was then heated at 65 C for 24 h and treated with excess DCl (61). All the peaks 

in the negative region disappeared expect for the one at -1.2 ppm. 
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Scheme 3.9 Synthesis of bis(diisopropylindene)methyl yttrium complex (5-C9H5-1,3-
(CHMe3)2)2Y-(-Me) (-Br)Mg·Et2O (62) from MeMgBr (46). 

3.7.4 Synthesis of Bis(diisopropylindene)(trimethylsilyl)methane Yttrium 

Complex (5-C9H5-1,3-(CHMe3)2)2Y-CH2Si(CH3)3 (63) 

 An NMR scale reaction of 51 and (trimethylsilyl)methane lithium (30) in 

C6D6(1:1.1) after 2 h at ambient temperature showed the presence of 2 peaks in the 

negative region for the unreacted reagent (2.0 ppm) and probable product (-1.0 ppm). 

After 24 h of reaction, the reagent was used and unreacted 51was still present which 

prompted us to remove the ether solvent and add another 1.1 eq of 30 followed by 

another 4.4 eq. The 1H-NMR tentatively confirmed the possible formation of 63 in small 

quantities. The spectra showed a prominent peak at -1 ppm which confirms the presence 

of a –CH2- group attached to the yttrium metal. 
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Scheme 3.10 Synthesis of bis(diisopropylindene)(trimethylsilyl)methane yttrium (5-C9H5-
1,3-(CHMe3)2)2Y-CH2Si(CH3)3 (63). 

3.7.5 Attempted Synthesis of Bis(diisopropylindene)ethyl Yttrium Complex 

(5-C9H5-1,3-(CHMe3)2)2Y-Et (64) from EtMgBr (47) 

 Reactions were carried out between 51 and ethyl magnesium bromide (47) in the 

ratio 1:1.1 in ether and toluene solvents for 24 h at ambient temperature. Both gave back 

the free ligand and the lithium salt. An NMR scale reaction in C6D6 showed a triplet at -

1.2 ppm after heating at 45 °C for 4 hours of reaction which may be due to 64. Also, the 

ether peaks had shifted suggesting that metal might be complexed to ether. Further 

heating at 45 °C for 20 h resulted in the peak at -1.2 ppm to diminished in height. 

Attempts to isolate and crystallize the crude product were unsuccessful. 
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Scheme 3.11 Attempted synthesis of bis(diisopropylindene)ethyl yttrium complex (5-C9H5-
1,3-(CHMe3)2)2Y-Et (64) from EtMgBr (47). 

3.7.6 Attempted Preparation of Bis(diisopropylindene)yttrium Hydride 

Complex (5-C9H5-1,3-(CHMe3)2)2Y-H (65) using NaBEt3H (66) 

An NMR scale reaction between 51 and 66 in a J-Young NMR tube with 0.5 mL 

of C6D6was heated at 65 C for 24 h after which the solvent was removed in vacuo. No 

product formation was observed in 1H-NMR. 

 

Scheme 3.12 Attempted synthesis of bis(diisopropylindene)yttrium hydride complex (5-
C9H5-1,3-(CHMe3)2)2Y-H (65) using NaBEt3H (66). 
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3.7.7 Attempted Synthesis of Indenyl Yttrium Complex ((5-C9H5-1,3-

(SiMe3)2)2Y-Cl (67) 

 1H-NMR tentatively confirmed the formation of the yttrium complex 65 along 

with significant amount of free ligand 34. 

 

Scheme 3.13 Attempted synthesis of (5-C9H5-1,3-(SiMe3)2)2Y-Cl (67). 

3.7.8 Synthesis of Bis(isopropylfluorene)yttrium Chloride Complex(5-

C13H9-9-(CHMe3)2)2YCl (68) 

The synthesis of the metal complex was attempted using the Potassium salt of 

isopropylfluorene (40). The reaction with the lithium salt 39 was carried out in ether and 

1H-NMR tentatively confirmed the formation of the complex 68. Initially, the potassium 

salt 40 was insoluble in ether and toluene after which THF was added. Free ligand was 

removed with pentane washings to give a sticky solid, which was dried, crushed and 

dissolved in ether. The ether solution was pumped down and a 1H-NMR analysis suggests 

that a mixture of the metal complexed with ether and KCl 68 and the metal salt of the 

ligand complexed with ether 69 may be present. Isolation of the metal complex and 

crystallization were attempted without success for the potassium and lithium salts. 
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Scheme 3.14 Synthesis of bis(isopropylfluorene)yttrium chloride complex (5-C13H9-9-
(CHMe3)2)2YCl (68). 

3.8 Experimental Section 

3.8.1 General 

 Melting points were determined with a Mel-Temp melting point apparatus. 

Infrared (IR) spectra were recorded with a Nicolet IR100 FT-IR spectrophotometer as 

deposits from CH2Cl2 solutions on a NaCl/KBr plate unless otherwise described. The 1H 

and 13C-NMR spectra were recorded with a Varian Unity INOVA 500 FT-NMR (1H 

NMR at 300 MHz and 13C-NMR at 126 MHz) spectrometer in CDCl3or C6D6with Me4Si 

as internal standard unless otherwise specified. Chemical shifts (δ) are given in ppm 

downfield from TMS and coupling constants values (J) are in Hz.  

 Reagents were purchased from commercial suppliers and used directly unless 

otherwise noted. Acetonitrile (MeCN) was dried over CaH2 and distilled immediately 

before use. Tetrahydrofuran (THF) was dried over sodium with benzophenone as an 

indicator and distilled immediately before use. Hexane and diethyl ether was dried using 

an MBRAUN MB-SPS drying system. n-BuLi was always titrated using l-menthol and 
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1,10-phenathroline before use to determine its concentration. Column chromatography 

was carried out using silica gel of 60 Å porosity, 40-63 μm particle size and 230×400 

mesh size which was obtained from Sorbent Technologies. Preparatory TLC was 

performed on Analtech Uniplate silica gel or alumina plates. 

3.8.2 Synthesis of 8,8-Dimethylbenzofulvene (70)13 

 A 500 mL round-bottomed flask was charged with 20.01 g (0.17 mol) of indene 

(31) and 19.0 mL (0.25 mol) of acetone (72). Approximately 150 mL of MeOH (71) was 

added to the mixture. Pyrollidine (73, 21.0 mL, 0.25 mol) was syringed into the flask and 

the reaction mixture was stirred for 24 h at ambient temperature. The excess pyrollidine 

was then quenched with 21 mL (0.25 mol) of concentrated acetic acid over a few minutes 

and the reaction mass cooled with ice-water mixture. Water (300 mL) and 150 mL of 

brine water was added, and the product was extracted three times with 200 mL portions 

of dichloromethane. The resulting diethyl ether layer was collected and washed twice 

with 300mL portions of water and then dried over MgSO4. Filtration followed by solvent 

removal in vacuo afforded 18.03 g (67%) of 8,8-dimethylbenzofulvene (70), which was 

used without additional purification. 

 

Scheme 3.15 Synthesis of 8,8-Dimethylbenzofulvene (70).13 
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3.8.3 Synthesis of 1-Isopropylindene (74)13 

 A 500 mL round-bottomed flask was charged with 16 g (0.14 mol) LiAlH4 (75) 

and approximately 150 mL of diethyl ether was added using a cannula. Through an 

addition funnel, a 150 mL solution of diethyl ether containing 18.5 g (0.12 mol) of 8,8-

dimethylbenzofulvene (70) was added dropwise over the course of one hour. The reaction 

mass was stirred for an additional 8 h, after which time approximately 20 mL of 15% 

aqueous NaOH solution was then carefully added over the course of 1 hr or until the 

evolution of dihydrogen was complete. Caution: The reaction is highly exothermic 

and produces large amounts of H2(g)!The reaction was worked up with 300 mL of 

water and 150 mL of brine water was added, extracted three times with 200 mL portions 

of diethyl ether. The organic fractions were further washed with two 300 mL portions of 

water and then dried over MgSO4. Filtration followed by solvent removal in vacuo 

afforded 14.97 g (80%) of 1-Isopropylindene (74), which was used without additional 

purification. 

 

Scheme 3.16 Synthesis of 1-Isopropylindene (74).13 

3.8.4 Synthesis of 1,3-Diisopropylindene (33)13 

 A 1000 mL Schlenk flask was evacuated on the Schlenk line, dried using a heat 

gun and kept under static nitrogen atmosphere. Isopropylindene (74, 10.96 g, 0.0694 mol, 
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1 eq) was added along with 350 mL of dry THF. The reaction mixture was cooled down 

to -78°C  using a dry-ice acetone mixture and 64.96 mL of n-BuLi (0.0763 mol, 1.1 eq) 

and the reaction mixture was stirred for 3 h at ambient temperature. The reaction mixture 

was again cooled down to -78°C and 12.28 mL of 2-iodopropane (0.0902 mol, 1.3 eq) 

was syringed in to the mixture and stirred overnight at ambient temperature. Excess n-

BuLi was quenched with 150 mL distilled water and 150 mL brine solution. The organics 

were extracted with three 250 mL portions of hexane and then over using MgSO4. 

Filtration followed by solvent removal in vacuo afforded 13.88 g (99.12%) of 

diisopropylindene (33), which was used without additional purification. 

 

Scheme 3.17 Synthesis of 1,3-diisopropylindene (33).13 

3.8.5 Synthesis of the Lithium salt of 1,3-Diisopropylindene (37)13 

 1,3-Diisopropylindene (33, 10 g, 0.0384 mol, 1 eq) was charged in a 100 mL RBF 

inside the glove box along with 20 mL of dry pentane. The reaction mixture was cooled 

down to -196°C in the cold well using a liquid nitrogen and 26.70 mL of n-BuLi (2.47 g, 

0.0461 mol, 1.2 eq) was added to the reaction mixture and stirred overnight at room 
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temperature. Excess solvent was removed in vacuo to give a white solid of lithium salt of 

(1H-indene-1,3-diyl)bis(trimethylsilane) (38), which was used without additional 

purification. 

 

Scheme 3.18 Synthesis of the lithium salt of 1,3-diisopropylindene (37).13 

3.8.6 Synthesis of Bis(diisopropylindene)yttrium Chloride Complex (5-

C9H5-1,3-(CHMe3)2)2Y(-Cl)2LiOEt2 (51)9 

 Lithium salt of diisopropylindene (34, 2 g, 0.0097 mol, 1 eq) was charged in a 

250 mL RBF inside the glove box along with 60 mL of ether and cooled to -196°C in the 

cold well using liquid nitrogen. A solution of 0.9489 g of yttrium trichloride (39, 0.0049 

mol, 0.5 eq) in 20 mL of ether was added to the mixture and stirred overnight. The excess 

solvent was removed in vacuo and the crude mixture was washed with cold pentane to 

remove any free ligand and filtered. Any remaining solvent was removed in vacuo, which 

yielded 2.7409 g (85%) of(5-C9H5-1,3-(CHMe3)2)2Y(-Cl)2LiOEt2 (50). A small 

amount of sample was dissolved in minimum amount of pentane: ether solution, decanted 

and cooled to -30C to obtain crystals. 1H NMR (300MHz, benzene-d6,): δ 0.938 (t, 

J=7.2 Hz, 6H, O-CH2-CH3), 1.252 (d, 6.9 Hz, 6H, CH(CH3)2, 3.071 (q, J= 7.2Hz, 4H, O-

CH2-CH3, 3.4275 (m, 2H, CH(CH3)2), 6.428 (s, 2H, Cp-H), 7.014 (s, 4H, Ind), 7.651 (m, 
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4H, Ind). 13C-NMR (126 MHz, benzene-d6): δ 14.69, 22.86, 25.28, 26.96, 66.00, 117.28, 

119.98, 120.24, 123.88, 126.13. 

 

Scheme 3.19 Synthesis of bis(diisopropylindene)yttrium chloride complex (5-C9H5-1,3-

(CHMe3)2)2Y(-Cl)2LiOEt2 (51).
9
 

3.8.7 Synthesis of Bis(1,3-Diisopropylindene)methyl Yttrium Complex (5-

C9H5-1,3-(CHMe3)2)2Y-Me (52) from MeLi (45) 

 A suspension of (5-C9H5-1,3-(CHMe3)2)2Y(-Cl)2Li(OEt2)0.93 (51, 350 mg, 

0.5523 mmol, 1 eq) and 6 mL of toluene was prepared in a vial inside the glove box and 

transferred to a bomb. A 1.6 M solution of methyl lithium (45, 379.73 L, 0.6076 mmol, 

1.1eq) in ether was syringed into the mixture which was brought outside the glove box 

and heated at 45 C for more than 24 h. Excess solvent was removed on the Schlenk line 

and the bomb ether was transferred back to the glove box where it was washed with cold 

pentane and filtered until a white filter cake was obtained. The remaining solid was dried 

to give a yield of 170 mg (73.19%) of (5-C9H5-1,3-(CHMe3)2)Y-MeOEt2 (52). 
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Scheme 3.20 Synthesis of bis(diisopropylindene)methyl yttrium complex (5-C9H5-1,3-
(CHMe3)2)2Y-MeOEt2 (52). 

3.8.8 Synthesis of Bis(diisopropylindene)methyl Yttrium Complex (5-C9H5-

1,3-(CHMe3)2)2Y-(-Me) (-Br)Mg·Et2O (62) from MeMgBr (46) 

A suspension of (5-C9H5-1,3-(CHMe3)2)2Y(-Cl)2Li(OEt2)1.26 (51, 15 mg, 

0.0228 mmol, 1 eq) was taken in a J-Young NMR tube with 0.5 mL of C6D6. A 3 M 

solution of MeMgBr in ether (47, 8.33 L, 0.0251 mmol,1.1eq) was added to the reaction 

mixture and allowed to sit at room temperature for 18 h. The NMR was then heated at 65 

°C for 24 h. Solvent was removed in vacuo and 1H-NMR showed a prominent peak at -

1.4 ppm. The NMR sample was then treated with excess DCl (61). The solvent was 

removed in vacuo and the peak at -1.4ppm was observed. Attempts to isolate and 

crystallize the crude product did not yield results. 
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Scheme 3.21 Synthesis of bis(diisopropylindene)methyl yttrium complex (5-C9H5-1,3-
(CHMe3)2)2Y-(-Me) (-Br)Mg·Et2O (62). 

3.8.9 Attempted Synthesis of Bis(diisopropylindene)(trimethylsilyl)methane 

Yttrium Complex (5-C9H5-1,3-(CHMe3)2)2Y-CH2Si(CH3)3 (63) 

A suspension of (5-C9H5-1,3-(CHMe3)2)Y(-Cl)2Li(OEt2)1.26 (51, 15 mg, 0.0228 

mmol, 1 eq) was taken in a J-Young NMR tube with 0.5 mL of C6D6. A 1 M solution of 

((trimethylsilyl)methane)lithium (30, 25.1 L, 0.0251,1.1 eq) was added to the reaction 

mixture and allowed to sit for 24 h after which the solvent was removed in vacuo. The 

reaction after 24 h showed the presence of unreacted 51 and some product, possibly 63 by 

1H-NMR. ((Trimethylsilyl)methyl)lithium (30, 25.1 L, 0.0251 mmol, 1.1 eq) was added 

again followed by another addition of ((trimethylsilyl)methyl)lithium (30, 100.2 L, 

0.1004 mmol, 4.4 eq). Excess solvent was removed in vacuo and 1H-NMR tentatively 

identified the formation of (5-C9H5-1,3-(CHMe3)2)Y-CH2Si(CH3)3  (63). 
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Scheme 3.22 Attempted synthesis of bis(diisopropylindene)(trimethylsilyl)methane yttrium 
(5-C9H5-1,3-(CHMe3)2)2Y-CH2Si(CH3)3 (63). 

3.8.10 Synthesis of Bis(diisopropylindene)ethyl Yttrium Complex (5-C9H5-

1,3-(CHMe3)2)2Y-Et (64) from EtMgBr (47) 

(5-C9H5-1,3-(CHMe3)2)Y(-Cl)2Li(OEt2)1.26 (51, 15 mg, 0.0228 mmol, 1 eq) 

was taken in a J-Young NMR tube with 0.5 mL of C6D6. A 3 M solution of EtMgBr (47, 

8.37L, 0.0251 mmol, 1.1 eq) was added to the reaction mixture and heated at 45 °C for 

4 h. A negative peak was observed at -1.2 ppm after which the tube was further heated at 

45 °C for 20 h the peak at -1.2 ppm diminished in height. The solvent was removed in 

vacuo. No product was isolated. 

 

Scheme 3.23 Attempted synthesis of bis(diisopropylindene)ethyl yttrium complex (5-C9H5-
1,3-(CHMe3)2)2Y-Et (64). 
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3.8.11 Attempted Synthesis of Bis(diisopropylindene)yttrium Hydride 

Complex (5-C9H5-1,3-(CHMe3)2)2Y-H (65) using NaBEt3H (66) 

A suspension of (5-C9H5-1,3-(CHMe3)2)Y(-Cl)2Li(OEt2)1.26 (51, 15 mg, 0.0228 

mmol, 1 eq) was taken in a J-Young NMR tube with 0.5 mL of C6D6. A 1 M solution of 

NaBEt3H(66, 25 L, 0.0250 mmol, 1.1 eq) was added to the reaction mixture and heated 

at 65 C for 24 h after which the solvent was removed in vacuo. No product formation 

was observed in 1H-NMR. 

 

Scheme 3.24 Attempted synthesis of bis(diisopropylindene)yttrium hydride complex (5-
C9H5-1,3-(CHMe3)2)2Y-H (65) using NaBEt3H (66). 

3.8.12 Synthesis of (1H-Indene-1,3-diyl)bis(trimethylsilane) (34)13 

 A 1000 mL Schlenk flask was evacuated on the Schlenk line, dried using a heat 

gun and kept under static nitrogen atmosphere. Indene (31, 20.9 g, 0.180 mol, 1 eq) was 

added along with 400 mL of dry THF. The reaction mixture was cooled down to -78°C 

using a dry-ice acetone mixture and 124 mL of n-BuLi (0.0.198 mol, 1.1 eq) and stirred 

for 2 h at room temperature. Trimethylsilyl chloride (71, 27.43 ml, 23.46 g, 0.216 mol, 

1.2 eq) was collected separately using a needle valve and added to the reaction mixture 
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which was stirred for 24 h at room temperature.  The reaction mixture was again cooled 

down to -78°C using a dry-ice acetone mixture and 124 mL of n-BuLi (0.0.198 mol, 1.1 

eq) was added and stirred for 2 h at room temperature. Trimethylsilyl chloride (71, 27.43 

ml, 23.46 g, 0.216 mol, 1.2 eq) was collected separately using a needle valve and added 

to the reaction mixture, which was stirred for 24 h at room temperature. Majority of the 

solvent was removed under vacuum on the Schlenk line. Excess reagent was quenched 

with 150 mL distilled water and 150 mL brine solution. The organics were extracted with 

three 200 mL portions of pentane and then dried over MgSO4. Filtration followed by 

solvent removal in vacuo afforded 36.48 g (77.90%) of (1H-indene-1,3-

diyl)bis(trimethylsilane) (31). 

 

Scheme 3.25 Synthesis of (1H-indene-1,3-diyl)bis(trimethylsilane) (34).13 

3.8.13 Synthesis of the Lithium salt of (1H-Indene-1,3-

diyl)bis(trimethylsilane) (38)13 

 (1H-Indene-1,3-diyl)bis(trimethylsilane) (34, 10 g, 0.03841 mol, 1 eq) was 

charged in a 100 mL RBF inside the glove box along with 20 mL of dry pentane. The 

reaction mixture was cooled down to -196°C in the cold well using a liquid nitrogen and 

29.01 mL of n-BuLi (2.71 g, 0.0423 mol, 1.2 eq) was added to the reaction mixture and 
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stirred overnight at room temperature. Excess solvent was removed in vacuo to give a 

white solid of lithium salt of (1H-indene-1,3-diyl)bis(trimethylsilane) (38), which was 

used without additional purification. 

 

Scheme 3.26 Synthesis of lithium salt of (1H-indene-1,3-diyl)bis(trimethylsilane) (38).13 

3.8.14 Attempted Synthesis of Indenyl Yttrium Complex ((5-C9H5-1,3-

(SiMe3)2)2Y-Cl (67)9 

 Lithium salt of (1H-indene-1,3-diyl)bis(trimethylsilane) (38, 2 g, 0.0078 mol, 1 

eq) was charged in a 250 mL RBF inside the glove box along with 60 mL of diethyl ether 

and cooled to -196°C in the cold well using liquid nitrogen. A solution of 0.7658 g of 

yttrium trichloride (50, 0.0039 mol, 0.5 eq) in 20 mL of ether was added to the mixture 

and stirred overnight. The excess solvent was removed in vacuo and the crude mixture 

was washed with cold pentane to remove any free ligand and filtered. Any remaining 

solvent was removed in vacuo, which yielded 1.82 g (80%) of (5-C9H5-1,3-

(SiMe3)2)YCl (67). A small amount of sample was dissolved in minimum amount of 

pentane: ether solution, decanted and cooled to -30C to obtain crystals , without any 

success. 
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Scheme 3.27 Synthesis of (5-C9H5-1,3-(SiMe3)2)2YCl (67).
9
 

3.8.15 Synthesis of 9-Isopropyl-9H-fluorene (35)12 

 A 1000 mL Schlenk flask was evacuated on the Schlenk line, dried using a heat 

gun and kept under static nitrogen atmosphere. Fluorene (32, 10.105 g, 0.0608 mol, 1 eq) 

was added along with 300 mL of freshly distilled THF. The reaction mixture was cooled 

down to -78°C using a dry-ice acetone mixture and 41.8 mL of n-BuLi (0.0748 mol, 1.1 

eq) and the reaction mixture was stirred for 2 h at room temperature. The reaction 

mixture was again cooled down to -78°C and 9.1 mL of 2-iodopropane (0.0912 mol, 1.3 

eq) was syringed in to the mixture and stirred overnight at room temperature. 

Approximately 100 mL of solvent was removed on the Schlenk line and excess n-BuLi 

was quenched with 150 mL distilled water and 150 mL brine solution. The organics were 

extracted with three 200 mL portions of hexane and then over using MgSO4. Filtration 

followed by solvent removal in vacuo afforded 12.558 g (99.20%) of thick oily9-

isopropyl-9H-fluorene (35), which was used without additional purification. 
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Scheme 3.28 Synthesis of 9-isopropyl-9H-fluorene (35) 

3.8.16 Synthesis of 9-Methyl-9H-fluorene (36)12 

 A 1000 mL Schlenk flask was evacuated on the Schlenk line, dried using a heat 

gun and kept under static nitrogen atmosphere. Fluorene (32, 15.013 g, 0.0903 mol, 1 eq) 

was added along with 400 mL of freshly distilled THF. The reaction mixture was cooled 

down to -78°C using a dry-ice acetone mixture and 62.13 mL of n-BuLi (6.37 g, 0.0994 

mol, 1.1 eq) to give a wine red colored solution which was stirred for 2 h at room 

temperature. The reaction mixture was again cooled down to -78°C and 8.44 mL of 

iodomethane (19.23 g, 0.1355 mol, 1.5 eq) was syringed in to the mixture which turned 

light pink and was stirred overnight at room temperature. Approximately 100 mL of 

solvent was removed on the Schlenk line and excess n-BuLi was quenched with 150 mL 

distilled water and 150 mL brine solution. The organics were extracted with three 200 

mL portions of hexane and then over using MgSO4. Filtration followed by solvent 

removal in vacuo afforded 16.166 g (99.34%) of thick oily 9-methyl-9H-fluorene (36), 

which was used without additional purification. 
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Scheme 3.29 Synthesis of 9-methyl-9H-fluorene (36).12 

3.8.17 Synthesis of Li salt of 9-Isopropylfluorene(39) 

 

Scheme 3.30 Synthesis of lithium salt of 9-isopropylfluorene (39). 

 Isopropylfluorene (35, 6.481 g, 0.0311 mol, 1 eq) was charged in a 100 mL RBF 

inside the glove box along with 20 mL of dry hexane. The reaction mixture was cooled 

down to -196°C in the cold well using a liquid nitrogen and 21.38 mL of n-BuLi (2.9 g, 

0.0342 mol, 1.1 eq) was added to the reaction mixture and stirred overnight at room 

temperature. Excess solvent was removed in vacuo and the crude mixture was washed 

with cold pentane to remove any unreacted ligand. Solvent was removed in vacuo to give 

6.49 g (97.54%) white crystals of lithium salt of 9-isopropyl-9H-fluorene (39), which was 

used without additional purification. 
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3.8.18 Synthesis of Bis(isopropylfluorene)yttrium Chloride Complex (5-

C13H9-9-(CHMe3)2)2YCl (66)9 

 

Scheme 3.31 Synthesis of bis(isopropylfluorene)yttrium chloride complex (5-C13H9-9-
(CHMe3)2)2YCl (66).9 

 The potassium salt of isopropylfluorene (40, 500 mg, 2.0317 mol, 1 eq) was 

charged in a vial inside the glove box along with 10 mL of ether. Approximately 3mL of 

toluene was added to completely dissolve 40. The solution was transferred to a 50 mL 

RBF and along with 20 mL of THF and cooled to-196°C in the cold well using liquid 

nitrogen. A solution of 198.51 mg of yttrium trichloride (50, 1.0159, 0.5 eq) in 2 mL of 

ether was added to the mixture and stirred overnight. The excess solvent was removed in 

vacuo and the crude mixture was washed with pentane to remove any free ligand. The 

remaining solid was further extracted in diethyl ether followed by solvent removal in 

vacuo, which yielded a mixture of bis(isopropylfluorene) yttrium chloride complex 68 

and the potassium salt of the ligand complexed to ether 69, which was identified by 1H-

NMR.  
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3.9 Conclusion 

 Yttrium chloride complexes like 44, 50, 51, 66, are potential models for catalyzed 

olefin polymerization. The synthesis of yttrium chloride complex 51 having the 

diisopropyl substituents was successfully accomplished and the structure was confirmed 

by 1H-, 13C-NMR and X-ray crystallography. The synthesis of yttrium chloride complex 

42 was also attempted using bis(trimethylsilyl)indene (34) and 9-isopropylfluorene (35) 

ligands. NMR spectra suggested their formation but the structures could not be confirmed 

as isolation and crystallization attempts were unsuccessful. The (trimethylsilyl)methane 

yttrium complex (63) could only be characterized tentatively by 1H-NMR. The methyl 

yttrium complex (52 and 62) have been formed based on 1H-NMR spectra along with 

formation of methane due to σ-bond metathesis when thermolyzed. Currently, work is 

being carried out on the methyl complex to isolate and crystallize the expected product 52 

and 62, by heating in various alkane solvents the insertion products 53 and 54. 
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Figure A.1 1H-NMR for (E)-ethyl 2-(2-oxocyclohexylidene)acetate (2-51). 
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Figure A.2 13C-NMR for (E)-ethyl 2-(2-oxocyclohexylidene)acetate (2-51). 
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Figure A.3 1H-NMR for (Z)-ethyl 2-(2-oxocyclohexylidene)acetate (2-46).
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Figure A.4 1H-NMR for (2E,2'E)-diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate (2-57). 
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Figure A.5 13C-NMR for (2E,2'E)-diethyl 2,2'-(cyclohexane-1,2-diylidene)diacetate (2-57). 
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Figure A.6 1H-NMR for (E)-ethyl 2-(2-methylenecyclohexylidene)acetate (2-14). 
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Figure A.7 13C-NMR for (E)-ethyl 2-(2-methylenecyclohexylidene)acetate (2-14). 
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Figure A.8 1H-NMR for (Z )-ethyl 2-(2-methylenecyclohexylidene)acetate (2-15). 
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Figure A.9 13C-NMR for (Z)-ethyl 2-(2-methylenecyclohexylidene)acetate (2-15). 
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Figure A.10 1H-NMR for ethyl 2-(6-methylenecyclohex-1-en-1-yl)acetate (2-56). 
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Figure.7 Figure A.11 13C-NMR for ethyl 2-(6-methylenecyclohex-1-en-1-yl)acetate (2-56).



Texas Tech University, Rudhran Mehra, May 2012 

	

128 

Figure A.12  1H-NMR for (Z)-2-(2-methylenecyclohexylidene)ethanol (2-6). 
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Figure A.13 13C-NMR for (Z)-2-(2-methylenecyclohexylidene)ethanol (2-6). 
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Figure A.14 1H-NMR for bis(diisopropylindene) yttrium chloride complex (5-C9H5-1,3-(CHMe3)2)2Y(-Cl)2LiOEt2(3-51). 
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Figure A.15 13C-NMR for bis(diisopropylindene) yttrium chloride complex (5-C9H5-1,3-(CHMe3)2)2Y(-
Cl)2LiOEt2(3-51) 
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Figure A.16 X-Ray structure for bis(diisopropylindene) yttrium chloride complex (5-C9H5-1,3-
(CHMe3)2)2Y(-Cl)2LiOEt2(3-51). Ellipsoids are shown at 30% probability level. 
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Figure A.17 1H-NMR for bis(diisopropylindene)methyl yttrium complex (5-C9H5-1,3-(CHMe3)2)2Y-Me (3-52). 
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Figure A.18 1H-NMR for bis(diisopropylindene)methyl yttrium chloride complex (5-C9H5-1,3-
(CHMe3)2)2Y(-Me) (-Br)Mg OEt2(3-62). 
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Figure A.19 1H-NMR for bis(diisopropylindene) yttrium complex (5-C9H5-1,3-(CHMe3)2)2Y-CH2-TMS   (3-
62). 
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 Table A.1 Crystal data and structure refinement for X-Ray structure of 
bis(diisopropylindene) Yttrium chloride complex (5-C9H5-1,3-
(CHMe3)2)2Y(-Cl)2LiOEt2 (3-52). 

	
	

Column	A	 Column	B	
	 	
Identification code cby 
  
Empirical formula C19 H29 Cl Li0.50 O Y0.50 
  
Formula weight 356.80 
  
Temperature 150(2) K 
  
Wavelength 0.71073 A 
  
Crystal system, space group Monoclinic,  C2/c 
  
Unit cell dimensions a = 15.8814(18) A   alpha = 90 deg. 
 b = 17.1553(19) A    beta = 99.369(2) deg.
 c = 14.4687(16) A   gamma = 90 deg. 
  
Volume 3889.4(8) A^3 
  
Z, Calculated density 8,  1.219 Mg/m^3 
  
Absorption coefficient 1.666 mm^-1 
  
F(000) 1512 
  
Crystal size 0.51 x 0.24 x 0.16 mm 
  
Theta range for data collection 1.76 to 27.56 deg. 
  
Limiting indices -20<=h<=20, -22<=k<=22, -18<=l<=18 
  
Reflections collected / unique 22347 / 4467 [R(int) = 0.0654] 
  
Completeness to theta = 27.56 99.3 % 
  
Max. and min. transmission 0.7764 and 0.4820 
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Table A.1 Continued 

	
	

Column	A Column	B 
  
Refinement method Full-matrix least-squares on F^2 
  
Data / restraints / parameters 4467 / 0 / 206 
  
Goodness-of-fit on F^2 1.012 
  
Final R indices [I>2sigma(I)] R1 = 0.0421, wR2 = 0.0915 
  
R indices (all data) R1 = 0.0804, wR2 = 0.1066 
  
Largest diff. peak and hole 0.961 and -0.407 e.A^-3 
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 Table A.2 Bond lengths [A] and angles [deg] X-Ray structure of 
Bis(diisopropylindene) Yttrium Chloride Complex (5-C9H5-1,3-
(CHMe3)2)2Y(-Cl)2LiOEt2 (3-52). 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	
Y(1)‐Cl(1)#1	 2.6226(8)	
Y(1)‐Cl(1)	 2.6226(8)	
Y(1)‐C(1)	 2.645(3)	
Y(1)‐C(1)#1	 2.645(3)	
Y(1)‐C(2)#1	 2.655(3)	
Y(1)‐C(2)	 2.655(3)	
Y(1)‐C(3)#1	 2.704(3)	
Y(1)‐C(3)	 2.704(3)	
Y(1)‐C(4)	 2.730(3)	
Y(1)‐C(4)#1	 2.730(3)	
Y(1)‐C(9)	 2.736(3)	
Y(1)‐C(9)#1	 2.736(3)	
Cl(1)‐Li(1)	 2.455(5)	
Li(1)‐O(1)#1	 1.951(5)	
Li(1)‐O(1)	 1.951(5)	
Li(1)‐Cl(1)#1	 2.455(5)	
Li(1)‐C(18)#1	 2.754(6)	
O(1)‐C(16)	 1.400(4)	
O(1)‐C(18)	 1.484(5)	
C(1)‐C(2)	 1.414(4)	
C(1)‐C(9)	 1.427(4)	
C(1)‐C(10)	 1.508(4)	
C(2)‐C(3)	 1.404(4)	
C(2)‐H(2)	 0.9500	
C(3)‐C(4)	 1.424(4)	
C(3)‐C(13)	 1.513(4)	
C(4)‐C(5)	 1.424(4)	
C(4)‐C(9)	 1.443(4)	
C(5)‐C(6)	 1.362(5)	
C(5)‐H(5)	 0.9500	
C(6)‐C(7)	 1.409(5)	
C(6)‐H(6)	 0.9500	
C(7)‐C(8)	 1.366(4)	
C(7)‐H(7)	 0.9500	
C(8)‐C(9)	 1.419(4)	
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Table A.2 Continued 

	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	

C(8)‐H(8)	 0.9500	
C(10)‐C(12)	 1.524(4)	
C(10)‐C(11)	 1.532(4)	
C(10)‐H(10)	 1.0000	
C(11)‐H(11A)	 0.9800	
C(11)‐H(11B)	 0.9800	
C(11)‐H(11C)	 0.9800	
C(12)‐H(12A)	 0.9800	
C(12)‐H(12B)	 0.9800	
C(12)‐H(12C)	 0.9800	
C(13)‐C(14)	 1.504(5)	
C(13)‐C(15)	 1.532(4)	
C(13)‐H(13)	 1.0000	
C(14)‐H(14A)	 0.9800	
C(14)‐H(14B)	 0.9800	
C(14)‐H(14C)	 0.9800	
C(15)‐H(15A)	 0.9800	
C(15)‐H(15B)	 0.9800	
C(15)‐H(15C)	 0.9800	
C(16)‐C(17)	 1.456(6)	
C(16)‐H(16A)	 0.9900	
C(16)‐H(16B)	 0.9900	
C(17)‐H(17A)	 0.9800	
C(17)‐H(17B)	 0.9800	
C(17)‐H(17C)	 0.9800	
C(18)‐C(19)	 1.422(6)	
C(18)‐H(18A)	 0.9900	
C(18)‐H(18B)	 0.9900	
C(19)‐H(19A)	 0.9800	
C(19)‐H(19B)	 0.9800	
C(19)‐H(19C)	 0.9800	
Cl(1)#1‐Y(1)‐Cl(1)	 83.74(3)	
Cl(1)#1‐Y(1)‐C(1)	 97.63(6)	
Cl(1)‐Y(1)‐C(1)	 132.44(6)	
Cl(1)#1‐Y(1)‐C(1)#1	 132.45(6)	
Cl(1)‐Y(1)‐C(1)#1	 97.63(6)	
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Table A.2 Continued 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	
Cl(1)#1‐Y(1)‐C(2)#1	 104.69(6)	
Cl(1)‐Y(1)‐C(2)#1	 80.76(7)	
C(1)‐Y(1)‐C(2)#1	 142.17(9)	
C(1)#1‐Y(1)‐C(2)#1	 30.95(8)	
Cl(1)#1‐Y(1)‐C(2)	 80.76(7)	
Cl(1)‐Y(1)‐C(2)	 104.69(6)	
C(1)‐Y(1)‐C(2)	 30.95(8)	
C(1)#1‐Y(1)‐C(2)	 142.17(9)	
C(2)#1‐Y(1)‐C(2)	 172.84(13)	
Cl(1)#1‐Y(1)‐C(3)#1	 80.96(6)	
Cl(1)‐Y(1)‐C(3)#1	 96.67(7)	
C(1)‐Y(1)‐C(3)#1	 130.65(9)	
C(1)#1‐Y(1)‐C(3)#1	 51.57(9)	
C(2)#1‐Y(1)‐C(3)#1	 30.36(9)	
C(2)‐Y(1)‐C(3)#1	 150.03(9)	
Cl(1)#1‐Y(1)‐C(3)	 96.67(7)	
Cl(1)‐Y(1)‐C(3)	 80.96(6)	
C(1)‐Y(1)‐C(3)	 51.57(9)	
C(1)#1‐Y(1)‐C(3)	 130.65(9)	
C(2)#1‐Y(1)‐C(3)	 150.03(9)	
C(2)‐Y(1)‐C(3)	 30.36(9)	
C(3)#1‐Y(1)‐C(3)	 176.85(12)	
Cl(1)#1‐Y(1)‐C(4)	 126.64(6)	
Cl(1)‐Y(1)‐C(4)	 90.19(6)	
C(1)‐Y(1)‐C(4)	 51.22(9)	
C(1)#1‐Y(1)‐C(4)	 100.92(9)	
C(2)#1‐Y(1)‐C(4)	 126.57(9)	
C(2)‐Y(1)‐C(4)	 49.75(9)	
C(3)#1‐Y(1)‐C(4)	 152.24(9)	
C(3)‐Y(1)‐C(4)	 30.38(9)	
Cl(1)#1‐Y(1)‐C(4)#1	 90.19(6)	
Cl(1)‐Y(1)‐C(4)#1	 126.64(6)	
C(1)‐Y(1)‐C(4)#1	 100.92(9)	
C(1)#1‐Y(1)‐C(4)#1	 51.22(9)	
C(2)#1‐Y(1)‐C(4)#1	 49.75(9)	
C(2)‐Y(1)‐C(4)#1	 126.57(9)	
C(3)#1‐Y(1)‐C(4)#1	 30.38(9)	



Texas Tech University, Rudhran Mehra, May 2012 

141 

Table A.2 Continued 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	
C(3)‐Y(1)‐C(4)#1	 152.24(9)	
C(4)‐Y(1)‐C(4)#1	 132.48(12)	
Cl(1)#1‐Y(1)‐C(9)	 127.47(6)	
Cl(1)‐Y(1)‐C(9)	 120.63(6)	
C(1)‐Y(1)‐C(9)	 30.70(9)	
C(1)#1‐Y(1)‐C(9)	 92.63(9)	
C(2)#1‐Y(1)‐C(9)	 123.58(9)	
C(2)‐Y(1)‐C(9)	 49.70(9)	
C(3)#1‐Y(1)‐C(9)	 132.71(9)	
C(3)‐Y(1)‐C(9)	 50.43(9)	
C(4)‐Y(1)‐C(9)	 30.61(8)	
C(4)#1‐Y(1)‐C(9)	 104.82(9)	
Cl(1)#1‐Y(1)‐C(9)#1	 120.63(6)	
Cl(1)‐Y(1)‐C(9)#1	 127.47(6)	
C(1)‐Y(1)‐C(9)#1	 92.63(9)	
C(1)#1‐Y(1)‐C(9)#1	 30.70(9)	
C(2)#1‐Y(1)‐C(9)#1	 49.70(9)	
C(2)‐Y(1)‐C(9)#1	 123.57(9)	
C(3)#1‐Y(1)‐C(9)#1	 50.44(9)	
C(3)‐Y(1)‐C(9)#1	 132.71(9)	
C(4)‐Y(1)‐C(9)#1	 104.82(9)	
C(4)#1‐Y(1)‐C(9)#1	 30.61(8)	
C(9)‐Y(1)‐C(9)#1	 82.72(12)	
Li(1)‐Cl(1)‐Y(1)	 92.64(12)	
O(1)#1‐Li(1)‐O(1)	 99.7(3)	
O(1)#1‐Li(1)‐Cl(1)#1	 120.14(8)	
O(1)‐Li(1)‐Cl(1)#1	 113.71(8)	
O(1)#1‐Li(1)‐Cl(1)	 113.71(8)	
O(1)‐Li(1)‐Cl(1)	 120.14(8)	
Cl(1)#1‐Li(1)‐Cl(1)	 91.0(2)	
O(1)#1‐Li(1)‐C(18)#1	 31.25(13)	
O(1)‐Li(1)‐C(18)#1	 94.2(3)	
Cl(1)#1‐Li(1)‐C(18)#1	 95.76(10)	
Cl(1)‐Li(1)‐C(18)#1	 138.63(11)	
C(16)‐O(1)‐C(18)	 113.3(3)	
C(16)‐O(1)‐Li(1)	 140.6(3)	
C(18)‐O(1)‐Li(1)	 105.8(2)	
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Table A.2 Continued 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
C(2)‐C(1)‐C(9)	 105.8(2)	
C(2)‐C(1)‐C(10)	 127.3(3)	
C(9)‐C(1)‐C(10)	 125.9(3)	
C(2)‐C(1)‐Y(1)	 74.91(15)	
C(9)‐C(1)‐Y(1)	 78.16(16)	
C(10)‐C(1)‐Y(1)	 121.52(18)	
C(3)‐C(2)‐C(1)	 111.4(3)	
C(3)‐C(2)‐Y(1)	 76.77(16)	
C(1)‐C(2)‐Y(1)	 74.14(15)	
C(3)‐C(2)‐H(2)	 124.3	
C(1)‐C(2)‐H(2)	 124.3	
Y(1)‐C(2)‐H(2)	 116.4	
C(2)‐C(3)‐C(4)	 106.5(2)	
C(2)‐C(3)‐C(13)	 127.5(3)	
C(4)‐C(3)‐C(13)	 125.3(3)	
C(2)‐C(3)‐Y(1)	 72.88(15)	
C(4)‐C(3)‐Y(1)	 75.80(16)	
C(13)‐C(3)‐Y(1)	 124.17(19)	
C(3)‐C(4)‐C(5)	 132.7(3)	
C(3)‐C(4)‐C(9)	 107.9(3)	
C(5)‐C(4)‐C(9)	 119.3(3)	
C(3)‐C(4)‐Y(1)	 73.83(16)	
C(5)‐C(4)‐Y(1)	 119.79(19)	
C(9)‐C(4)‐Y(1)	 74.93(15)	
C(6)‐C(5)‐C(4)	 119.5(3)	
C(6)‐C(5)‐H(5)	 120.2	
C(4)‐C(5)‐H(5)	 120.2	
C(5)‐C(6)‐C(7)	 121.1(3)	
C(5)‐C(6)‐H(6)	 119.5	
C(7)‐C(6)‐H(6)	 119.5	
C(8)‐C(7)‐C(6)	 121.4(3)	
C(8)‐C(7)‐H(7)	 119.3	
C(6)‐C(7)‐H(7)	 119.3	
C(7)‐C(8)‐C(9)	 119.7(3)	
C(7)‐C(8)‐H(8)	 120.2	
C(9)‐C(8)‐H(8)	 120.2	
C(8)‐C(9)‐C(1)	 132.8(3)	
C(8)‐C(9)‐C(4)	 118.7(3)	
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Table A.2 Continued 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	
C(1)‐C(9)‐C(4)															 108.2(2)	
C(8)‐C(9)‐Y(1)															 124.51(19)	
C(1)‐C(9)‐Y(1)	 71.14(15)	
C(4)‐C(9)‐Y(1)	 74.46(15)	
C(1)‐C(10)‐C(12)	 112.7(2)	
C(1)‐C(10)‐C(11)	 110.9(2)	
C(12)‐C(10)‐C(11)	 110.2(3)	
C(1)‐C(10)‐H(10)	 107.6	
C(12)‐C(10)‐H(10)	 107.6	
C(11)‐C(10)‐H(10)	 107.6	
C(10)‐C(11)‐H(11A)	 109.5	
C(10)‐C(11)‐H(11B)	 109.5	
H(11A)‐C(11)‐H(11B)	 109.5	
C(10)‐C(11)‐H(11C)	 109.5	
H(11A)‐C(11)‐H(11C)	 109.5	
H(11B)‐C(11)‐H(11C)	 109.5	
C(10)‐C(12)‐H(12A)	 109.5	
C(10)‐C(12)‐H(12B)	 109.5	
H(12A)‐C(12)‐H(12B)	 109.5	
C(10)‐C(12)‐H(12C)	 109.5	
H(12A)‐C(12)‐H(12C)	 109.5	
H(12B)‐C(12)‐H(12C)	 109.5	
C(14)‐C(13)‐C(3)	 112.1(3)	
C(14)‐C(13)‐C(15)	 109.5(3)	
C(3)‐C(13)‐C(15)	 111.5(3)	
C(14)‐C(13)‐H(13)	 107.9	
C(3)‐C(13)‐H(13)	 107.9	
C(15)‐C(13)‐H(13)	 107.9	
C(13)‐C(14)‐H(14A)	 109.5	
C(13)‐C(14)‐H(14B)	 109.5	
H(14A)‐C(14)‐H(14B)	 109.5	
C(13)‐C(14)‐H(14C)	 109.5	
H(14A)‐C(14)‐H(14C)	 109.5	
H(14B)‐C(14)‐H(14C)	 109.5	
C(13)‐C(15)‐H(15A)	 109.5	
C(13)‐C(15)‐H(15B)	 109.5	
H(15A)‐C(15)‐H(15B)	 109.5	
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Table A.2 Continued 

	
	

Bond	lengths	[Å]	 Angles	[degrees]	
	 	
C(13)‐C(15)‐H(15C)	 109.5	
H(15A)‐C(15)‐H(15C)	 109.5	
H(15B)‐C(15)‐H(15C)	 109.5	
O(1)‐C(16)‐C(17)	 111.3(4)	
O(1)‐C(16)‐H(16A)	 109.4	
C(17)‐C(16)‐H(16A)	 109.4	
O(1)‐C(16)‐H(16B)	 109.4	
C(17)‐C(16)‐H(16B)	 109.4	
H(16A)‐C(16)‐H(16B)	 108.0	
C(16)‐C(17)‐H(17A)	 109.5	
C(16)‐C(17)‐H(17B)	 109.5	
H(17A)‐C(17)‐H(17B)	 109.5	
C(16)‐C(17)‐H(17C)	 109.5	
H(17A)‐C(17)‐H(17C)	 109.5	
H(17B)‐C(17)‐H(17C)	 109.5	
C(19)‐C(18)‐O(1)	 116.2(4)	
C(19)‐C(18)‐H(18A)	 108.2	
O(1)‐C(18)‐H(18A)	 108.2	
C(19)‐C(18)‐H(18B)	 108.2	
O(1)‐C(18)‐H(18B)	 108.2	
H(18A)‐C(18)‐H(18B)	 107.4	
C(18)‐C(19)‐H(19A)	 109.5	
C(18)‐C(19)‐H(19B)	 109.5	
H(19A)‐C(19)‐H(19B)	 109.5	
C(18)‐C(19)‐H(19C)	 109.5	
H(19A)‐C(19)‐H(19C)	 109.5	
H(19B)‐C(19)‐H(19C)	 109.5	
	
Symmetry	transformations	used	to	generate	equivalent	
atoms:	#1	‐x,y,	‐z+3/2.	
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