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Organolithium compounds are important reagents for the synthetic 

chemist. Although many studies have produced a large body of 

information on the structure and aggregation states of organolithium 

compounds, the solution structures are often not well understood. 

Organolithium solutions invariably contain some quantities of alkoxides due 

to their facile reaction with adventitious oxygen and ether solvents. These 

reactions form mixed lithium alkoxide/alkyllithium aggregates. These 

complexes form different aggregates with varying amounts of alkoxide and 

alkyl ligands. The type of aggregate that is formed is dictated by the 

relative oxygen/lithium (O/Li) ratio. 

New one- and two-dimensional NMR techniques were used to 

elucidate the solution structures of these complex mixtures. The system, 

lithium fert-butoxide/fert-butyllithium, was studied as a model system with 

O/Li ratios varying from 0/1 to 1/1. It was found that at low O/Li ratios, a 

single mixed tetrameric aggregate was formed. At higher O/Li ratios, 

mixed hexameric species were formed. Two other systems, lithium iso-

propoxide//so-propyllithium and lithium n-propoxide/n-propyllithium were 

also studied at low O/Li ratios. 



At high O/Li ratios, the lithium ferf-butoxide/terf-butyllithium 

aggregates were found to undergo accelerated photo and thermal 

decomposition reactions. The photo reaction was found to generate a 

new mixed lithium fe/f-butoxide/LiH aggregate. The thermal reaction 

generated a different lithium terf-butoxide/LiH aggregate. Deutero 

isotopic labeling studies were performed to understand the mechanisms 

involved in these processes. Mixed lithium ferf-butoxide/LiH aggregates 

were also shown to be possible new metalating synthetic reagents. 

The 6u, 7Li, and 13c spin-lattice relaxation times were measured for 

the different mixed lithium fert-butoxide/ferf-butyllithium aggregates at -20.2 

°C. These relaxation times were discussed in relation to the solution 

dynamics and structural aspects of these aggregates. 
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CHAPTER I 

INTRODUCTION 

Alkyllithium compounds have been the interest of many theoretical 

and experimental studies in the past years. 1»2»3»4»5 These versatile 

reagents for organic synthesis have been widely used for many years.6 

Although their use has been extensive, the knowledge and understanding 

of these compounds in solution have just begun to surface. Single crystal 

x-ray diffraction studies have shed much light on the structures of these 

compounds. These have been reviewed by Schleyer.7 It is becoming 

clear however, that the crystal structures may not necessarily be the same 

structures that exist in solution.8 To better understand the reaction 

mechanisms of these compounds, it is critical to first know their solution 

structures. 

Structure and bonding in alkyllithiums 

It has been well known for some time that alkyllithium compounds 

exist as aggregates in solution.1-9 The aggregation state is determined by 

the solvent, nature of the alkyl group, concentration, and temperature.10 

In hydrocarbon solvents, the following aggregation states, (RLi)n have been 

reported, where n = 2, 3, 4, 6, 8, and 9.9>11 The most common of these 

aggregation states in hydrocarbon solvents are the tetramer and hexamer 

1 



(Figures 1 and 2). Lewis bases tend to reduce the aggregation state. 

The alkyl group has a significant affect on the aggregation state. It 

appears that the more steric bulk at the carbon of attachment reduces the 

aggregation state. As an example, ferf-butyllithium is tetrameric,12 while 

/i-propyllithium exists as an equilibrium of hexamers, octamers, and 

nonamers.10 Equilibria often exist in solution between two aggregation 

states that vary little in their free energies. The equilibria that are involved 

can often be shifted towards the larger aggregates by lowering the 

temperature in hydrocarbon solvents or by increasing the concentration of 

the alkyllithium compound. 

The structure of the alkyllithium tetramer and hexamer was first 

proposed by Brown et a/.,13 and has since been confirmed in the solid state 

by x-ray crystallography.14-15 The tetrameric compounds are cubic arrays, 

with an inner core of lithiums, that forms a tetrahedron, which is surrounded 

by an outer tetrahedron of alkyl groups. The alpha carbon of each alkyl 

group is located over one of the triangular faces of the inner lithiums. The 

hexameric alkyllithiums consist of a slightly distorted octahedron of six 

inner lithium atoms with an alkyl group located over six of the eight faces. 

Two of the triangular faces opposite one another remains vacant. 

Bonding in alkyllithium compounds remains a matter of debate among 

theoreticians. The bonding descriptions range from early work by Weiss 

and Lucken14 who suggest that there is significant orbital overlap between 

carbon and lithium and Clark et a/.,16 who 
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Figure 1 

Representation of an alkyllithium tetramer. 
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Figure 2 

Representation of an alkyllithium hexamer. 



suggest that the large 7l_i-13c NMR coupling constants indicate 

predominantly covalent' character. The other extreme is that of 

Streitweiser,17 who describes the bonding as having no shared-electron 

covalent character and is therefore primarily electrostatic in nature. More 

recent ab initio calculations have shown the C-Li bond to be approximately 

80-90% ionic in nature.18-19 Bauer et al., have recently implied that the 

magnitude of the C-Li coupling constant suggests that the C-Li bond is 

largely ionic but yet has some covalent character.20 As the ab initio 

calculations become increasingly more reliable and are calculated at higher 

levels, it seems reasonable to assume that the more recent calculations of 

80-90% ionic character best describes the predominantly ionic nature of 

the C-Li bond in these systems. In the classical sense, the bonding is 

termed electron deficient where an alpha carbon is centered over the face 

of three lithiums in a four-center two-electron system. 

The question of Li-Li bonding is also divided into two separate models. 

The first model assumes that there are Li-Li interactions. Some 

theoretical calculations support this view.21 & Graham et al.,23 suggested 

that these interactions may be minimal, especially for the closed 

aggregates. The short Li-Li distances that have been found in crystal 

structures have prompted some to propose this as proof for these 

interactions24, while others have interpreted marked stability of the clusters 

in mass spectral fragmentation patterns in favor of Li-Li bonding.25*26 

Recently, a new NMR experiment, 6Li, 6Li INADEQUATE, has shown the 

first direct observation of ®Li ®Li spin-spin coupling in the dimer of (E)-2-

lithio-1 -phenyl-1 -o-lithiophenylpent-1 -ene.27-28 It is not known whether this 



coupling is the result of direct Li-Li contacts or transmitted over Li-C-Li 

contacts. The other school of thought is that there are little or no 

interactions and that the aggregates are held together by the C-Li bonding. 

Scovell etal.,29 measured the Raman intensities for ferf-butyllithium and 

concluded that Li-Li bonding interactions account for less than five percent 

of the total bonding electron density in the aggregate. Electron spin 

resonance studies of tetrameric alkyl radicals also support the conclusion 

of little or no Li-Li interactions.30 

Alkyllithium compounds are dynamic in solution and exhibit both inter-

and intraaggregate exchange. Schleyer has calculated the difference in 

energy between the planar (C4h) R4Li4 geometry and the tetrahedral (Td) 

R4Li4 geometry and found that only a difference of 12.4 kcal/mol existed 

between the two structures.5 This small energy difference helps explain 

the dynamic process that is occurring in solution. This phenomenon can 

be observed most readily through NMR results. The use of bulkier R 

groups and the lowering of the temperature has been shown to slow down 

these exchange processes for most alkyllithiums. However, the very 

sterically demanding fert-pentyllithium remains fluxional below -85°C.31 

When the intermolecular exchange is slow, two different types of systems 

can be observed by NMR. The first of these is when the intramolecular 

exchange is slow on the NMR timescale. This can be observed in the 

alpha carbon region of the 13c spectrum where the carbon is seen to 

couple to only three lithiums in a tetrameric aggregate. At the fast 

intraaggregate exchange, carbon is seen to be coupled to all lithiums within 

that aggregate which leads to an averaged C-Li coupling constant. This 



fluxional exchange was observed by Thomas et al.,for tetrameric tert-

butyllithium where the aggregate is shown to be rapidly fluxional at room 

temperature but is stopped at low temperature.31 In the case of 

hexameric aggregates, the fluxional exchange has yet to be slowed down 

to observe coupling to anything less than six lithiums. Intermolecular 

exchange occurs readily at room temperatures for several alkyllithium 

compounds and an equilibrium often exists between these different 

aggregation states.32'33'34 Intermolecular exchange between tert-

butyllithium and lithiomethyltrimethylsilane has also been reported to occur 

in hydrocarbon solvents. These were studied by 1H and 7Li NMR.26-35 

NMR spectroscopy of alkyllithiums 

Historically, NMR has played a critical role in the understanding of 

organolithium compounds. Brown pioneered the work on alkyllithiums, in 

the early 1960's, with the use of1H and 7Li NMR.36-37 With the 

development of FTNMR in the mid to late 1960's,38 the observation of 13C 

became practical. In the late 1970's Wehrli introduced the use of 6|_i as a 

useful nuclei for NMR studies.39-40-41 Since Wehrlis work, and the 

extensive use of enriching organolithium compounds with 6|_i metal 

(originally reported by Fraenkel),42 the knowledge gained from the solution 

structures and exchange mechanism of these alkyllithium compounds has 

enabled a much clearer understanding of their behavior. Recently, 

several reviews have been published which describe new one- and two-

dimensional NMR techniques that utilize 6|_i enriched compounds.43-44 



8 

Table 1 lists the nuclear properties of the nuclides ^H, 7|_jj a n c j 6|_j 

that were used throughout these studies. 

The last two entries in this table contain the well-known nuclides of 

"I H and 1 and will therefore not be explained further. The first two 

entries, the isotopes of Li, are less well known and will be discussed in 

more detail. Both 6|_i and 7Li are quadrupolar nuclei, with spins of 1 and 

3/2, respectively. Although both are quadrupolar nuclei, they both have 

small quadrupolar moments which results in inefficient quadrupolar 

relaxation. The result of this longer relaxation is that the observed 

linewidths are narrower and therefore line-broadening is usually not a 

serious problem. This is much more apparent in 6|_i spectra than in7Li 

spectra, which at times contains featureless, unresolvable lines. 6Li, on 

the other hand, is so inefficient at times in its relaxation that T, relaxation 

times are ten or hundreds of seconds long, which can lead to long 

experimental times for various NMR pulse sequences. 

There is also a substantial difference between the two nuclei in their 

observed spin-spin coupling to other nuclei, e. g. 13C and 15N. 

Although the use of 13C-7l_i coupling was used to identify the tetrameric 

structure of methyllithium,45 the rapid quadrupolar relaxation of the 7Li 

nucleus in most cases will decouple itself from the observed nucleus. The 

quadrupolar relaxation of the ®Li nucleus is much slower which results in 

narrower lines for the nucleus that is coupled to 6Li and therefore the 

observation of coupling in the absence of fast interaggregate exchange. 

One other advantage of 6Li over 7Li resides in their nuclear spins, 1 and 

3/2 



TABLE 1 

NUCLEAR PROPERTIES OF SELECTED NUCLIDES 

Nucleus N[%] Spin 7 Q v 0 R(13c) 

6Li 7.42 1 3.9366 -8.0 x10"4 44.1 3.58 

?Li 92.58 3/2 10.396 -4.5 x10"2 116.6 1.54 x10 s 

1H 99.985 1/2 26.751 300.0 5.68 x103 

13C 1.108 1/2 6.7263 75.4 1.00 

N= natural abundance: 7 = gyromagnetic ratio in 107 rad T-1 s-1; 0= 
quadrupole moment in 10"28 m2; v0 = resonance frequency (MHz) at a field 
strength of 7.04 T; R(13C) = signal strength (receptivity), fWI (N + 1), 
relative to 13C. 

respectively. The smaller spin of ^L\ results in a less extended splitting of 

the observed nucleus with higher signal intensities. 

The magnitudes of the 13C-6Li coupling constant and the multiplicity of 

the13c signal are directly related to the degree of aggregation.46 

Schleyer etal., have noted that the observed value of the 1 J(13C-6|j) is 

proportional to 1/m, where m equals the number of coupled 6Li nuclei.20 
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This includes dimers, which are not bonded to a triangular face of three 

lithiums as is the case for tetramers and hexamers. A more general rule 

was extended to where Jobs = (17 ± 2 Hz)/m, where m is the number of 

equivalently coupled ®Li nuclei. Experimentally, this rule holds quite well. 

For example, when m = 3, 4, or 6, this rule predicts Jobs to be 5.7, 4.3, and 

2.8 Hz. These compare with experimental values of 5.4 to 6.2, 4.0 to 4.7 

and 3.1 to 3.4 Hz for a trimer or non-fluxional tetramer, fluxional tetramer, 

and fluxional hexamer.44 

Since NMR plays such an integral role in the solution structure 

determination of organolithium compounds, it was used extensively 

throughout this study. Cryoscopic and ebullioscopic measurements have 

been used extensively in determining the aggregation state of 

organolithium compounds in solution. The complex mixtures of 

aggregates that are to be discussed in this work do not lend themselves to 

be studied by these means. Therefore, NMR is the best probe that can 

be used to determine the solution structures of these complex mixtures. 

New one- and two-dimensional pulse sequences that utilize 6|_i 

decoupling44-47.48 were an integral part of the structure determination and 

will be presented in Chapter Three. 

Alkyllithium-lithium alkoxide mixed aggregates 

Almost all alkyllithium compounds in solution contain some quantity of 

alkoxides due to the reaction of alkyllithiums with ethers49-50 or atmospheric 
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oxygen.9 Alkyllithiums also react with alcohols to form alkoxides.51 The 

three monomeric reactions are given below: 

R'Li + ROR — > ROLi + R'R [1] 

2 RLi + 02 - - -> 2 ROLi [2] 

R'Li + ROH > ROLi + R'H [3] 

The results in this dissertation will show that when the O/Li ratio is less 

than 1/1, the alkoxides are not monomeric species in solution but rather are 

incorporated into the alkyllithium aggregates in the form (OR)m(R)nLim+n. 

The importance of these mixed lithium alkoxide/alkyllithium aggregates 

have been suggested, yet their structures remained 

speculative.2832'52'53'54'55'56 When the O/Li ratio exceeds 1/1, the only 

species that exists is lithium alkoxide which is also aggregated in solution 

(ORU^.57-58 Since these mixed species exist in solution, their reactivities 

should be considered when using alkyllithiums in synthetic reactions. 

The role of lithium alkoxides as catalysts59'60, and as modifiers for 

polymerization reactions61-62'63 has been investigated. In these 

experiments the role of the mixed alkoxide/alkyl lithiums were not 

addressed. It was shown in one study by Lochmann et al.,that the 

presence of alkoxides raised the polymerization yields and became more 

pronounced with increasing alkoxide.64 Studies by Lochmann et al.,65 

have shown different rates of reactivity of butyllithium with 1,1-

diphenylethylene as the concentrations of added alkoxides were varied. 

McGarrity et al.,66 have shown that the increased substitution of alkyl 
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groups by alkoxide groups in a mixed aggregate increases the reactivity of 

the remaining alkyl groups. Brown et al.f, on the other hand, noted a 

decrease in reactivity of the alkyllithium upon addition of alkoxide. 

In light of the above examples, it is clear that the reactivity of 

alkyllithium compounds are altered by the addition of alkoxides and 

therefore need to be more thoroughly studied. None of the studies 

mentioned above deal with the structure of these mixed species. It is 

imperative to know first the structures of these mixed species in order to 

make any conclusions as to the behavior of these complexes in solution. 

From these initial findings I have undertaken a systematic approach to 

the elucidation of the structural aspects of the mixed fert-butoxide/ferf-

butyllithium system. Chapter Two is devoted to the experimental section 

of these mixed aggregate systems. Chapter Three contains the study of 

these solution structures as a function of the O/Li ratio. Various O/Li 

ratios have been studied by the addition of tert-butanol to ferf-butyllithium in 

hydrocarbon solution. Preliminary data is also given for the mixed iso 

propoxide//so-propyl lithium and n-propoxide/n-propyl lithium systems. It 

will be shown that the amount of alcohol added has a dramatic effect upon 

the number and types of aggregates formed. Chapter Four will discuss 

the thermal and photolytic decomposition of these mixed aggregates. It 

will be shown that these mixed lithium fert-butoxide/ferf-butyllithium 

aggregates decompose photolytically to yield one type of mixed lithium tert-

butoxide/LiH aggregate and thermally to yield a different type of lithium tert-

butoxide/LiH aggregate. In Chapter Five, 6Li, 7Li, and 13C T1 relaxation 

times will be discussed for the mixed fert-butoxide/fe/f-butyllithium system. 
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The individual mechanisms responsible for relaxation will be discussed in 

relation to their structural assignments as well as to the dynamic behavior 

of these systems in solution. 
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CHAPTER II 

EXPERIMENTAL 

Since the overall basis of this work was to elucidate and study the 

solution structures of mixed alkoxide/alkyl lithium aggregates, all of the 

alkyllithium compounds that were used were synthesized from the 

bis(alkyl)mercury compounds. This general synthetic route was chosen 

over the preparation from organic halides in order to avoid halide 

contamination. It has been shown that halides will form mixed aggregates 

with alkyllithiums of the general form (X)m(R)nLim+n.
1 Although the 

preparation of alkyllithiums from organic halides is faster and produces 

higher yields, the preparation from the bis(alkyl)mercury compound 

assures a halide-free lithium compound. The following reaction steps 

show the general synthetic route used for the synthesis of most of the 

alkyllithium compounds. 

RCI + Mg > RMgCI [4] 

2 RMgCI + HgCl2 > R2Hg + 2 MgCl2 [5] 

R2Hg + 2 Li > 2 RLi + Hg [6] 

The following section describes the details of this synthetic route applied to 

specific alkyllithiums and lithium alkoxides. 

20 
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Synthesis of alkyl and alkoxide lithiums 

tert- Butyllithium was the alkyllithium compound used extensively 

throughout this work and will thus be described in great detail. The other 

alkyllithiums synthesized were prepared by using the same general 

procedures. 

This general synthetic route begins with the alkyl chloride. For tert-

butyllithium however, the alkyl chloride was synthesized from ferf-butanol. 

Initially, 1.2 moles (90 grams) of ferf-butanol was subjected to a simple 

distillation. The alcohol was then transferred to a two-liter separatory 

funnel. After the transfer, 3.3 moles (270 ml) of concentrated HCI was 

added to the separatory funnel. This solution was then vigorously shaken 

and vented often. The separatory funnel was then allowed to stand for 

approximately 15 minutes to allow the organic and aqueous layers to 

separate. The organic layer was isolated and washed with 100 ml of a 

saturated NaCI solution to break up any emulsion that may have formed. 

An additional 100 ml of a saturated NaHC03 solution was added to 

neutralize any acid that may have still been present. The organic and 

aqueous layers were separated and the aqueous layer discarded. The 

organic layer was again washed with 80 ml of deionized water and the two 

layers separated. The organic layer was transferred to a 1000 ml 

Erhlenmeyer flask. This solution was then dried over anhydrous 

magnesium sulfate. The alkyl chloride was then filtered into a 500 ml 

round-bottom flask for distillation. A simple distillation was performed on 

this solution and the fraction that was collected came over at a temperature 
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of 49 - 51 °C. The distillation yielded 83 grams of ferf-butylchloride for a 

yield of 92%. This fraction was then stored over 4A molecular sieves and 

subjected to NMR analysis for purity. A13c NMR spectrum revealed the 

presence of two resonances at 59.5 and 32.1 ppm. These chemical shifts 

correspond to reported literature values of fert-butylchloride.2 

The synthesis of the alkylmagnesium chloride (Grignard reagent), 

was the next step in this procedure. Since the Grignard reagent is an air-

arid moisture-sensitive compound, this reaction must be carried out under 

anhydrous conditions. All glassware that was used in this step was 

assembled while still hot from a drying oven. The assembled glassware 

was then cooled under a stream of argon. The apparatus consisted of a 

three-liter, three-neck round-bottom flask. One side of the flask was 

equipped with a Friedrichs condenser while the other side was equipped 

with a 1500 ml dropping funnel. The center of the flask was equipped 

with a mechanical stirrer. A precision ground glass stirring rod was 

placed into the mechanical stirrer that was then fitted into a stirring bearing 

that was fitted to the three-neck flask. The Friedrichs condenser was 

equipped with an inlet at the top where an argon line was attached to allow 

the reaction to be performed under an argon atmosphere. 

The magnesium turnings that were used for this step were activated 

prior to their use. Concentrated HCI, which was diluted 50% with 

deionized water, was used to activate the magnesium. The aqueous HCI 

solution was slowly added to 2.5 moles (74 grams) of turnings in a 500 ml 

beaker until the turnings were completely covered with the solution. The 

magnesium was then stirred with a glass rod for approximately 30 seconds. 
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The HCI was then decanted off and the magnesium rinsed with deionized 

water. This procedure was repeated four times. After the final water 

rinse, the turnings were then rinsed with acetone. The magnesium was 

then transferred to a 500 ml Erlenmayer flask and blown dry with a stream 

of argon. The magnesium was a bright shiny metallic color after this 

procedure and was then introduced into the three-neck flask. 

After the magnesium turnings were dried, two moles (49 grams) of 

the turnings were added to the reaction flask. Tertiary Grignards are often 

difficult to initiate and can be helped with the addition of a few crystals of 

iodine. The iodine was added to the magnesium that was in the reaction 

flask. A heat gun was applied to the outside of the flask until the iodine 

started to vaporize. Once this occurred, the heat was discontinued and 

the iodine vapor recondensed and coated the surface of the magnesium. 

Approximately 1500 ml of dried diethylether was then added to the reaction 

flask. The ether was dried and distilled over LiAIH4 just prior to addition. 

The fert-butylchloride (0.9 moles), was diluted 1:1 with dried diethyl ether 

and added to the dropping funnel. This dilution was carried out in order to 

avoid any local high concentrations of the alkyl halide that may lead to an 

unwanted Wurtz coupling reaction. In order to initiate the reaction, 25 ml 

of the alkyl halide solution was added to the reaction flask. 

Approximately fifteen minutes after the addition of the alkyl halide, there did 

not appear to be any reaction. The reaction flask was then heated with a 

heating mantle until the ether started to reflux. After approximately five 

minutes of refluxing, the solution started turning a dark color and the 

refluxing increased significantly. This was evidence that the reaction had 
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started and thus prompted the addition of the alkyl halide solution. The 

remaining alkyl halide was then added dropwise over a period of two hours 

at a rate that matched the refluxing of the ether. The heating mantle was 

removed and the ether remained refluxing on its own until the addition of 

the alkyl halide was complete. The solution was then reheated with the 

heating mantle and allowed to reflux for an additional two hours. At this 

point, the stirring was stopped and the solution allowed to settle overnight. 

The following day the solution had settled to a clear solution. The 

ether solution was then transferred into a separate, dry three-liter three-

neck round-bottom flask with the use of a doubled ended cannula. The 

solution was forced through the cannula by positive argon pressure. The 

remaining precipitate was then washed with an additional 50 ml of dried 

diethylether and the wash transferred to the Grignard solution in the three-

liter flask. 

In order to determine the yield of the Grignard reagent, a known 

aliquot (8 ml) of the solution was removed and a small amount (50 mg) of 

A/-phenyl-1 -naphthylamine was added to the Grignard reagent. This 

solution was then titrated with a standard solution of xylene/sec-butyl 

alcohol (0.29 M) until the yellow-orange color of the indicator had 

disappeared. This titration consumed 10 ml of the titrant. It was 

estimated that the overall volume of the Grignard solution was 

approximately 1600 ml. The amount of active Grignard was calculated to 

be 0.58 moles for an overall yield of 65% from the alkyl halide. This 

method has been shown to be superior to other titrimetric methods 
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because it permits the analysis of the reactive Grignard reagent without 

interference from alkoxide or hydroxide bases.3 

Once the amount of Grignard was known, the stoichiometric amount 

of mercuric chloride could be calculated. Since 2 moles of the Grignard 

reagent are required for every one mole of the mercuric chloride, 0.29 

moles of the mercury halide was added. The mercuric chloride was 

weighed out and placed in an extraction thimble of a Soxhlet extractor. 

Since the mercuric chloride is only sparingly soluble in diethylether and 

very exothermic in its reaction with the Grignard, it is introduced to the 

Grignard solution in this manner. The Soxhlet extractor was placed on 

one end of the three-neck flask, and a Friedrichs condenser, with an argon 

inlet, was placed on top of the extractor. The flask was once again 

equipped with a mechanical stirrer on the middle joint of the three-neck 

flask and the other end of the flask was stoppered. 

The reaction flask was heated with a heating mantle to allow the ether 

to reflux and condense back into the extraction thimble. The mercuric 

chloride was allowed to extract into the Grignard reagent for a period of 48 

hours. The reaction mixture turned a thick milky white owing to the 

precipitation of MgCI2. After the extraction was complete, and the solution 

had cooled, 500 ml of a saturated NH4CI solution was added to quench any 

unreacted Grignard reagent and put the magnesium salts into solution. 

The solution was then transferred into a two-liter separatory funnel and 

allowed to separate into an organic and aqueous layer. The organic layer 

was isolated and the aqueous layer was washed three times with 

diethylether. The ether was then added to the organic layer. The 
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organic layer was then washed three times with deionized water. The 

aqueous washes were discarded and disposed of as aqueous mercury 

contaminated waste, while the remaining organic layer was dried over 

anhydrous magnesium sulfate. This solution was then filtered into a 

round-bottom flask and the ether solvent was removed by roto-evaporation. 

After the solvent was removed, the product that remained was a white 

crystalline material. The crude product that remained weighed 158 grams 

for a yield of 85% from the Grignard reagent. 

This crude product was then subjected to an NMR analysis. There 

are two possible products that can be formed in this reaction. One is the 

desired bis(alkyl)mercury while the other is the alkyl mercury halide. 

These two products have very similar 1 chemical shifts for their a-

carbon resonances, i.e., 60.3 and 57.9 ppm for the bis(fe/f-butyl)mercury 

and fert-butyl mercury halide respectively. The methyl carbon resonances 

are even more similar at 31.5 and 32.4 ppm.4 Because the chemical 

shifts for these two products are so similar, they cannot be unambiguously 

identified by this means. However, these two products can easily be 

distinguished by the value of the 1 " H g satellites of the alpha carbon from 

their 13c NMR spectrum. The J("l3C-1 ̂ Hg) satellites have a value of 

637 Hz4 for the bis(alkyl)mercury compound and 1619 Hz for the 

alkylmercury halide. The 1 spectrum revealed a coupling constant of 

680 Hz at 70.2 ppm and showed no sign of the alkylmercury halide. 

The crude product was then crushed into a fine white powder and 

purified by sublimation at 25°C at a pressure of 10"6 torr.5 The total 
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amount of product that was purified was 63 grams, which amounted to a 

yield of 40 % from the crude product. 

The final step in this procedure was the metal exchange reaction 

between mercury and lithium. The bis(alkyl)mercury compound (0.1 

moles or 31.5 grams), was dissolved in 50 ml of cyclopentane that had 

been previously dried over LiAIH4. This solution was then taken into an 

argon filled glove box. In the glove box, 0.4 moles (2.4 grams) of 95.5 % 
6Li enriched metal (U. S. Services) was flattened and cut into small pieces 

and placed into a reaction vessel. A solution of the mercury compound 

was then transferred via a pipette into the reaction vessel that contained 

the lithium metal. This reaction vessel was then capped with a stopcock 

and brought out of the glove box and placed onto the vacuum line. The 

solution was then degassed by at least five freeze-pump-thaw cycles at 10" 
6 torr. This vessel was then flame sealed on the vacuum line. The 

vessel was then wrapped in aluminum foil, to avoid photo decomposition of 

the mercury compound, and placed on a shaker table. The vessel was 

allowed to shake for four weeks at room temperature before it was opened 

up in the glove box to check for completion of the reaction. 

Once the vessel was brought back into the glove box, the neck of the 

vessel was broken and the solution was filtered through a glass frit into a 

100 ml Erlenmayer flask that was equipped with a male ground glass joint. 

This solution was then capped with a stopcock and the solvent was pulled 

off on the vacuum line. The remaining crystalline solid was taken back 

into the glove box and the solid was scraped from the Erlenmayer into a 

sublimation apparatus. The apparatus was brought back out of the glove 
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box and sublimed on the vacuum line at 70 C at 10"6 torr.6 The 

sublimation yielded 0.096 moles (6.05 grams) of ferf-butyllithium, which 

corresponded to a 48 % yield from the mercury compound. This product 

was then stored in sealed containers and kept in the glove box for further 

reactions. This overall procedure was repeated twice throughout the 

years with very similar amounts and yields. 

/so-Propyllithium was synthesized in a similar manner as tert-

butyllithium described above. The starting material for this procedure 

however was /so-propyl chloride. One mole (78.5 grams) of iso-

propylchloride was used to make the Grignard reagent. The following 

steps in this procedure (Grignard and mercuration) were similar to the 

procedure for fert-butyllithium. The purification of the bis(iso-

propyl)mercury compound was different because the physical properties of 

bis(/'so-propyl)mercury are different. It is a liquid at room temperature 

while the bis(ferf-butyl)mercury is a solid. The crude reaction product was 

vacuum distilled and the pure bis(/so-propyl)mercury compound was 

collected at 64°C at a reduced pressure of 10 torr. The collected product 

weighed 41 grams (0.14 moles) for a yield of 35 % from the iso-

propylchloride. This mercury compound was checked for any of the 

alkylmercury halide by the NMR procedure described for b\${tert-

butyl)mercury. The alpha carbons J(13C-199Hg) satellites revealed a 

coupling constant of 636 Hz at 49.6 ppm which is the value for the bis{iso-

propyl)mercury compound.7 
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The purified mercury compound was then reacted with 6|_i metal in the 

same manner as described for fe/f-butyllithium. Once the solvent was 

removed from the reaction vessel, the remaining solid appeared to be very 

different from fe/f-butyllithium. The solid that remained had a yellow color 

and a very waxy appearance. This product was sublimed at 35°C at 10"6 

torr. The purified product weighed 9.6 grams (0.2 moles) for a yield of 

71 % from the mercury compound. The purified /'so-propyllithium had the 

same paraffin texture and appearance except it was now a white color. 

The purified material was placed in a sealed container and stored in the 

glove box for further reactions. 

/>Propyllithium was once again synthesized in the same manner as 

fe/f-butyllithium and /'so-propyllithium that were previously described. The 

starting material was n-propyl bromide which once again eliminated the 

halogenation reaction of the alcohol. For this reaction, 0.85 moles (105 

grams) of the alkyl halide was used for the synthesis of the Grignard. The 

procedure for the Grignard and mercuration synthetic steps were once 

again similar to that previously described. The bis(n-propyl)mercury 

compound is a volatile liquid and was vacuum distilled at 73°C at 10 torr. 

The purified product weighed 73.3 grams (0.26 moles) for a yield of 30% 

from the alkyl halide. The J(13C-199hlg) satellites again revealed the 

presence of only the bis(alkyl)mercury compound with a value of 660 Hz at 

47.3 ppm.7 

The lithiation reaction was similar to that of the other two lithium 

compounds. After the solvent was removed from the reaction vessel, the 
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remaining lithium compound was a clear viscous liquid. A portion of the 

lithium compound was subjected to distillation across an inverted Y-tube on 

the vacuum line. This resulted in decomposition of the /i-propyllithium 

and was thus discontinued. The remaining compound was analyzed by 

6|_i and 13c NMR that revealed that there was no evidence of other 

components. It was thus stored in a sealed container in the glove box for 

further reactions. 

Lithium ferf-butoxide8>9 was synthesized from lithium metal and tert-

butanol in cyclopentane solvent according to the following equation. 

6Li + f-(C4H9OH) > HC4H9OIJ) + 1/2H2 [7] 

terf-Butanol was dried and distilled over anhydrous CaO. The dried 

alcohol was then stored over 4A molecular sieves. In the glove box, 0.2 

moles (2.4 grams) of ®Li metal was flattened and cut into small pieces. A 

three-neck 500 ml round-bottom flask, which was in the glove box, was 

filled with 150 ml of previously dried cyclopentane. The lithium metal was 

then added to the cyclopentane in the flask and the three necks in the flask 

were stoppered. This flask was then brought out of the glove box and 

taken into a fume hood where a Friedrichs condenser and argon inlet were 

attached to one of the necks. The middle neck was equipped with a 

mechanical stirrer and the other neck was stoppered with a polyethylene 

septum. The reaction flask was flooded with argon before 0.1 moles (7.4 

grams) of fert-butanol was injected through the polyethylene septum. The 



31 

flask was heated with a heating mantle and allowed to reflux for five hours. 

After this time period, a very white precipitate had formed in the solution. 

This solution was filtered through a glass frit and the solid material that was 

recovered weighed 3.7 grams (0.05 moles) for a yield of 47 %. The 

resulting solid was purified by sublimation at 110°C at 10"6 torr. The 1H 

and 13c NMR spectrum revealed one singlet for the methyl groups 

indicating that all the fert-butyl groups were equivalent at 25°C. The 1H 

and 13c signals in cyclopentane were at 1.20 ppm and 35.72 ppm 

respectively. These were in good agreement with those reported for 

toluene.10 

Lithium fert-butoxide synthesized in this manner does not appear to 

be air-sensitive as reported by Chisolm et a/.10 A small amount (0.1 g) 

was allowed to remain exposed to atmospheric conditions for a period of 

thirty minutes. The sample was not pyrophoric, as compared to tert-

butyllithium. After thirty minutes the sample was dissolved in 

cyclopentane and no apparent degradation of the sample had occurred as 

evidenced by the appearance of the 1H and 13C resonances given above. 

However, lithium fert-butoxide is moisture sensitive and reacts with water to 

form lithium hydroxide. 

Lithium iso-propoxide was synthesized in the same manner as 

previously described for lithium fert-butoxide.9>11 For this reaction, 0.1 

moles of /'so-propanol and 0.2 moles of 6Li metal were used. The weight 

of the crude product was 4.3 grams (0.07 moles) for a yield of 70 %. The 

solid was once again purified by sublimation at 90°C at 10"6 torr. The 
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resulting product weighed 4.1 grams (0.06 moles) for a yield of 86 % from 

the crude product. 

The solubility of lithium /so-propoxide in hydrocarbon solvents was 

much less than that of lithium ferf-butoxide. It was very difficult to make 

the compound soluble enough to obtain an adequate signal-to-noise ratio 

to observe the 13C NMR spectrum. However, over a period of 24 hours 

an adequate spectrum was recorded. The two resonances in the 

spectrum were at 27.94 and 63.03 ppm. These integrated to an 

approximate ratio of 2:1. To the best of my knowledge, solution NMR 

data have never been reported for this compound. Lithium /so-propoxide 

is also not pyrophoric. 

Synthesis of mixed (alkoxide/alkyl) lithiums 

The preparation of the mixed (alkoxide/alkyl) lithiums were all 

prepared in a similar manner according to the following general equation. 

mRLi + nR'OH > (R'OLi)n(RLi)m.n + nRH [8] 

All samples that will be presented will be referenced by their respective 

O/Li (alcohol/alkyllithium) ratios. The following O/Li ratios were the 

systems that were predominantly studied; 0/1, 0.2/1, 0.5/1, 0.7/1, 0.9/1, 

and 1/1. 

Several different procedures were attempted in making these mixed 

complexes. Some of these procedures would not consistently form the 
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same desired products with equivalent product ratios. If the alcohol was 

added directly to the fe/t-butyllithium a viscous mass formed which was 

very insoluble in the cyclopentane solvent. Another procedure was 

attempted in which the fe/t-butyllithium was first dissolved in a small 

amount of cyclopentane and the neat alcohol was then added dropwise to 

the fe/t-butyllithium solution. Although this was an improvement over the 

first procedure, there still was some insoluble material present. When this 

procedure was used at higher O/Li ratios (> 0.7/1), the product distribution 

of the mixed aggregates always highly favored the 6/0 lithium tert-butoxide 

hexamer. The procedure that was finally chosen and refined to make all 

of the samples that were studied will be described below in detail. All of 

the different systems and O/Li ratios studied were all prepared by this 

general procedure and only the relative concentrations and O/Li ratios were 

varied. 

All samples were prepared in an argon filled glove box. The 

alcohols that were used were dried and distilled over CaO. They were 

then placed on a vacuum line and degassed with at least five freeze-pump-

thaw cycles and then brought into the glove box. Before addition of the 

alcohol to the alkyllithium, the alkyllithium was checked by 1H and 13c 

NMR for the presence of alkoxide contamination that may have occurred 

through adventitious oxygen. If any alkoxide was present, the O/Li ratio 

was calculated by the integration of the 1H and 6Li spectra and the addition 

of the corresponding alcohol was adjusted to compensate for the already 

present alkoxides. 
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All glassware that was used in this procedure was dried in a drying 

oven overnight at 200°C and was still hot when introduced into the glove 

box port for evacuation before entry into the glove box. The alkyllithium 

was weighed into a 25 ml Erlenmayer flask on a digital analytical balance 

inside the glove box. The corresponding alcohol was weighed out in a 

similar manner in a separate 25 ml Erlenmayer flask. Both the alkyllithium 

and alcohol were then dissolved with d10-cyclopentane (MSD Isotopes, 

98.8 atom % D) which was diluted to 8 % with 99.9% cyclopentane (Wiley 

Organics). If the samples were being prepared in 5 mm NMR tubes, the 

alcohol and lithium compound were each dissolved in approximately 0.35 

ml cyclopentane. If they were prepared in 10 mm NMR tubes, then they 

were each dissolved in approximately 1.5 ml cyclopentane. The 

alcohol/cyclopentane solution was then added dropwise via a pipette into 

the alkyllithium solution. The reaction was extremely exothermic and care 

was taken in this addition. After each drop was added the reaction flask 

was swirled before the addition of the next drop. Slow addition of 

previously diluted samples in this manner was not conducive to local high 

concentrations of the reactants and allowed for a more equal distribution of 

the resulting mixed aggregates. After the alcohol was added, the reaction 

flask was swirled for an additional 30 seconds. The sample was then 

transferred into either a 5 or 10 mm NMR tube via a pipette. The NMR 

tubes were all previously measured to a known volume and that volume 

was marked on the tube. The 5 and 10 mm NMR tubes were all 

measured at 0.7 and 3.1 ml respectively. These volumes were chosen to 

maximize the concentration of sample in the area in which the receiver 
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coils are located in the NMR probes. After all the solution had been 

transferred into the NMR tube, the remaining volume was brought up to the 

mark with deutero cyclopentane solution. The NMR tubes were then 

equipped with a stopcock and brought out of the glove box and placed on 

the vacuum line. The samples were then degassed by at least five 

freeze-pump-thaw cycles and sealed with a torch on the vacuum line. 

This procedure consistently formed the same relative distribution of 

products for a given O/Li ratio. In addition, all of the aggregates formed in 

this manner were always very soluble in the cyclopentane solvent, even at 

concentrations as high as 3 F. 

NMR Hardware and Modifications 

All samples analyzed in this work by FT-NMR spectroscopy were 

acquired on either a Varian VXR-300 or a Varian Gemini-200. Most of the 

structural elucidations, including the spin-relaxation studies, were 

accomplished with the VXR-300 while the reactivity studies were mainly 

run on the Gemini-200. 

The VXR-300 spectrometer that operates at a field strength of 7.0 

Tesla has multinuclear and triple resonance capabilities. The following 

frequencies are the nominal resonance frequencies for the nuclei used in 

these studies: 1H @ 300 MHz, 7Li @ 117 MHz, 13c @ 75 MHz, 6Li @ 

44 MHz, and 2H @ 46 MHz. As stated above, the VXR-300 was modified 

by Varian to accommodate the need of triple resonance capabilities. A 

standard 10 mm broadband probe was modified to accommodate the 6Li 
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frequency in place of the normal 2H lock signal. An additional frequency 

synthesizer was purchased to generate the 44 MHz signal. These 

modifications allow for the observation of one nucleus while simultaneously 

decoupling 1H and 6|_i. This special feature on the instrument allows the 

use of 6Li decoupling in several new pulse sequences12'13 that were critical 

to the structural elucidation of these systems. Since the resonance 

frequency of 2H (46 MHz) is very close to that of ®Li (44 MHz), the probe 

can be tuned to allow for the simultaneous decoupling of both 1H and 2H. 

This was useful when observing ®Li in deutero (d9) fert-butyllithium. Since 

this probe was modified by replacing the 2H lock coil with the 6l_i 

decoupling coil, the samples that were run under these conditions were run 

without the use of an external lock. The samples were shimmed by 

tuning the observe coil to the frequency of 2H and then rerouting the 

decoupling channel into the observe channel. This allowed for the use of 

the normal shimming procedures to be carried out. After the sample was 

shimmed, the decoupling channel was disconnected and the normal 

observe channel was reinstalled to the observe coil and retuned for the 

observe nucleus. 

The Varian Gemini-200 spectrometer was equipped only with 

hardware for the observation of1H and 13C. These nuclei resonate at 

nominal frequencies of 200 MHz and 50 MHz, respectively, at a field 

strength of 4.7 Tesla. All samples were run with an internal 2 h lock. 

Throughout this study variable temperature (VT) NMR was used 

extensively. Both spectrometers are equipped with a VT control that is 

supplied by the manufacturer. All probe temperatures were measured 
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inside the probe with the use of a neat sample of methanol. The two 1H 

chemical shifts of methanol are temperature dependent. Varian supplies 

a software macro that will calculate the actual temperature at the probe 

when a proton spectrum of this sample is acquired. The methanol sample 

was allowed to equilibrate at the desired temperature for at least 15 

minutes before the calibration routine was performed. The N2 flow rates, 

which are used for VT cooling, were recorded and these same flow rates 

were then always used whenever operating at this temperature. This 

experiment was repeated for several temperatures and a calibration curve 

was constructed and used for temperatures where an initial methanol 

calibration could not be performed. In order to avoid heating of the 

sample during the various pulse sequences, the decoupling power was 

kept to a minimum. 
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CHAPTER III 

STRUCTURAL ELUCIDATION OF MIXED ferf-BUTOXIDE/ 

ferf-BUTYLLITHIUM AGGREGATES 

Introduction 

The autoxidation of alkyllithium compounds has been known for quite 

some time and yields a variety of products. The main products obtained 

after the reaction with oxygen and then quenched by hydrolysis are 

alcohols and coupled hydrocarbons. In ether solvents, products derived 

from protonation and cleavage of the solvent may also be formed.1 

Although these products might be desirable, the reaction with adventitious 

oxygen or the cleavage of ethers results in the corresponding formation of 

lithium alkoxide that is usually an undesirable product when using 

alkyllithiums as synthetic reagents. 

The existence of lithium alkoxides was known as early as the 

beginning of the 1900's but were not readily studied until the 1950's.2 It 

was not until 1965 that Brown noticed that the addition of lithium ethoxide 

to ethyllithium in hydrocarbon solvent resulted in the formation of a new 

complex.3 This new complex was believed to coordinate to ethyllithium 

without disrupting the hexameric structure. 

The ethoxide molecules were thought to coordinate to the two open faces 

in the hexameric aggregate. In diethyl ether however, the 7Li spectrum 

40 
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indicated that the lithium alkoxide was incorporated into the tetrameric 

aggregates to give Li4Et3OEt.4 At the same time, Lochmann et 

al.,proposed several 1:1 complexes between alkyllithium compounds and 

lithium alkoxides.5 Lochmann et al.,then studied the effect of lithium 

alkoxides on the rate of reaction between butyllithium and 1,1-

diphenylethylene.6 In this study, he found that the reaction rates 

increased by a factor of 0.8 to 4.7 depending on the amount of added 

lithium fe/f-butoxide to />butyllithium. Mass spectral results inferred the 

presence of mixed fe/t-butoxide/terf-butyllithium species in the vapor phase 

from mixtures of fe/f-butyllithium and lithium ferf-butoxide.7 In 1985 

McGarrity and Ogle published work that showed that mixed tetramers of (/> 

, or tert-) butoxide/n-butyllithium were formed by the reaction of n-

butyllithium with molecular oxygen, A 7 - b u t a n o l , or ferf-butanol in THF.8 

This paper was followed by reactivity studies of these mixed complexes 

with benzaldehyde and cyclopentadiene in THF.9 In this study, the use of 

rapid-injection NMR demonstrated that the reactivity of the mixed 

complexes increased with increasing number of alkoxide ligands. These 

were shown to be of comparable reactivity with that of the butyllithium 

dimer. Thomas and co-workers have shown that a mixed complex exists 

for (f-C4H9)3(f-C4H90)Li4 from the reaction of te/t-butyllithium with 

adventitious oxygen and reproduced the NMR results with the addition of 

tert-butanol to ferf-butyllithium.10 They have also shown that a mixed 

tetramer exists for (f-C4H9)3(C2H50)Li4 from the reaction of ferf-butyllithium 

with diethyl ether.11 In this same study, additional peaks in the 6Li 

spectrum were believed to have the composition (f-C4H9)n(C2H50)6.nLi6. 
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These assignments were based on the similarity of the 6|_i chemical shifts 

with those of preliminary studies that proposed mixed hexameric 

aggregates of (f-C4H9)n(f-C4H90)6,nLi6. 

Similar findings of mixed aggregates were discussed by Seebach with 

lithium alkoxide/lithium enolate systems.12 It was stated that chiral lithium 

alkoxides can induce asymmetric induction in reactions of achiral lithium 

enolates. Seebach also speculates on the existence of 

alkoxide/alkyllithium mixed aggregates as reagents in a lithium alkoxide 

modified alkyllithium reaction. Seebach has also reviewed the structure 

and reactivity of lithium enolates. The subject of mixed aggregates of 

lithium alkoxide/lithium enolates and lithium halide/lithium enolates were 

addressed.13 Recently, studies have shown the existence and modified 

reactivities with mixed aggregates of lithium enolates and lithium amides, 

and/or lithium halides.14>15»16>17 

Polymer chemists had known for some time that added lithium 

alkoxides changed the propagation rates and product yields, yet they did 

not address the formation of mixed aggregates.18-19 Lochmann et 

a!.,stated that the effect of added alkoxides in the anionic polymerization of 

methacrylate esters was based on the formation of an adduct with the 

growth center, which then suppresses termination reactions.20 Although 

the speculation of an adduct being formed, as the possible termination 

suppresser, there was no mention of mixed aggregates being observed. 

More recent studies of added alkoxides to the lithium reagents in the 

polymerization reactions of styrene and poly(2-vinylpyridine) address the 

formation of these mixed complexes but does not approach their structures 



43 

and possible underlying implications.21'22-23 These studies have shown 

that the presence of lithium alkoxides increased the isotactic content of the 

polystyrene, while in the absence of the lithium alkoxides, the 

polymerization was very close to being completely atactic. 

Other investigations of similar mixed systems have been studied in 

which the alkyllithium reacted with a heavier alkali metal alkoxide, e.g., 

sodium, potassium, and cesium alkoxides.24'25'26-27 The rates of reactions 

between these complex bases (R'OM/RLi) and organic halides have been 

reported to increase with increasing concentration of alkoxide in the 

complex27 Although different O/Li ratios were studied, the structures and 

aggregation states of these compounds remained speculative. Recently, 

a unique and interesting crystal structure was determined for the first 

example of a mixed alkali metal, ketone enolate/alkoxide aggregate.28 

This aggregate is composed of four enolate residues, four fe/f-butoxides, 

four lithiums, four potassiums, a potassium hydroxide residue, and five 

tetrahydrofuran molecules. 

Although the crystal structures of alkyl and alkoxide lithium 

compounds have recently been determined, the crystal structure of tert-

butyllithium and lithium ferf-butoxide have remained unsolved. Early 

crystallographic data was recorded for these compounds but contained 

little or no structural information.29 Others have prepared suitable single 

crystals but it appeared that the molecules were disordered.30-31 

The first crystal structure of a true alkoxide/alkyllithium complex, ([ 

LiOffiu • /?BuLi])x has recently been reported.32 This compound was 

synthesized by the addition of lithium fert-butoxide to a solution of n-
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butyllithium. The structure crystallized from hexane as an unusual 

tetramer [LiOfBu • A ? B u L i ] 4 . Lochmann et al,reported these adducts back 

in 1964 and proposed their 1:1 composition by thermometric titration 

although a crystal structure was never obtained.5 

Propelled by the above findings, and the lack of structural information 

on these mixed alkoxide/alkyllithium aggregates, I have undertaken a 

systematic approach to the study of the solution structures of tert-

butoxide/ferf-butyllithium mixed aggregates as a function of the O/Li ratio 

employed. The use of one- and two-dimensional multi-nuclear NMR 

spectroscopy was paramount in these investigations. 

Throughout the remainder of this dissertation, the O/Li ratios that will 

be discussed were all calculated relative to the initial molar amounts of 

alcohol added to that of the monomeric forms of the alkyllithium compound. 

These O/Li ratios are normalized relative to the alkyllithium compound. 

For example, a 1 F sample prepared in 1 ml of solvent with an O/Li ratio of 

0.2/1 would indicate that 0.2 mmoles of fert-butanol was added to 1.0 

mmoles of fe/f-butyllithium. In addition to the O/Li ratios that are 

discussed, the various alkoxide/alkyl ligand ratios are also abbreviated. 

The abbreviations used will always contain the number of alkoxide ligands 

first, followed by a colon and then the number of alkyl ligands. For 

example, a 1:3 aggregate would designate a tetrameric aggregate with one 

alkoxide group and three alkyl groups. 
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Results and Discussion 

Several reasons were chosen to study this specific system (tert-

butoxide/fert-butyllithium). One reason is that the methyls of the fert-butyl 

groups are all magnetically equivalent and the methyls of the fert-butoxide 

groups are all magnetically equivalent. The main advantage of this 

equivalence is that the protons on a given tert-butyl group appear as a 

singlet in the 1H NMR spectrum. These single lines for each tert-butyl 

and terf-butoxide group allowed for greater resolution of each individual 

resonance. This resolution becomes critical when trying to resolve the 

individual resonances at high O/Li ratios where overlapping 1H multiplet 

resonances would have been detrimental to the elucidation of these 

aggregates. This will become evident later in this chapter. It was 

therefore believed that this system would serve as a model system for the 

identification of other mixed lithium alkoxide/alkyllithium systems. This 

system has also been the subject of several investigations into the anionic 

polymerization of substituted olefins.21122 One other reason is that earlier 

preliminary observations of this mixed system were first observed in this 

research group at low O/Li ratios.10'33 

This chapter is subdivided into four different sections that correspond 

to the five different O/Li ratios studied. The first section looks at the 0/1 

and 1/1 O/Li ratios. The second section looks at the system that is 

obtained when an O/Li ratio of 0.2/1 is used. The third section looks at 

the system when an O/Li ratio of 0.7/1 is used and the last section looks at 

the system when the O/Li ratio is 0.9/1. 
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0/1 arid 1/1 O/Li Ratios 

ferf-Butyllithium (0/1 O/Li ratio) has been extensively 

investigated71034'35 and is only mentioned here for clarity in interpreting the 

more complex systems. In hydrocarbon solvents, fe/f-butyllithium exists 

as a tetrameric aggregate. This aggregate can be seen in the top of 

Figure 3. Although there has never been a successful crystal structure of 

this aggregate, NMR, FTIR, MS, Raman, and many other techniques have 

demonstrated the tetrameric nature of this aggregate in hydrocarbon 

solvents. 

The system that exists when ferf-butanol is added to fe/f-butyllithium 

in a ratio of 1/1 or greater is the formation of lithium fe/t-butoxide. This 

was confirmed by an independent synthesis of lithium terf-butoxide from 

the reaction of lithium metal and fert-butanol. The solid residue that was 

isolated from this reaction was sublimed and a sample was prepared in an 

NMR tube. The 13Q anc| 1 H spectra that were obtained were compared 

against those obtained by the reaction of fert-butanol and ferf-butyllithium 

with an O/Li ratio of 1/1. Both samples had identical resonances in the 

13c spectrum at 35.72 and 67.16 ppm and an identical resonance in the 
1H spectrum at 1.20 ppm. The 1H spectrum showed a single resonance 

at 1.20 ppm which was assigned to the methyl fe/f-butoxide protons. The 
13C spectrum revealed only two resonances at 35.72 and 67.16 ppm that 

corresponded to the methyl and tertiary carbons on the ferf-butoxide 

groups. The 6Li spectrum contained a single resonance at -0.79 ppm. 
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FIGURE 3 
Models for the 0:4 alkyllithium tetramer (top) and the 1:3 mixed tetramer 
(bottom). The proposed 1:3 structure is very similar to the 0:4 where one of 
the alkyl groups is replaced by an alkoxide group. 



48 

This NMR data was consistent with a highly symmetrical aggregate. If the 

alkoxide was prepared by the reaction of fert-butanol to tert-butyllithium in a 

ratio greater than 1/1, then the solution contained lithium ferf-butoxide and 

unreacted tert-butanol. 

Although the exact nature of the aggregation state cannot be 

determined by NMR, various other groups have reported that lithium tert-

butoxide is hexameric in hydrocarbon solvents. Cryoscopic 

measurements have determined the hexameric nature in solution,36-37 while 

mass spectroscopy has also revealed the hexameric nature in the gas 

phase.38'39 Single-crystal x-ray diffraction studies have been attempted on 

this molecule but have been unsuccessful, apparently from disorder within 

the molecule.39'40 

0.2/1 O/Li Ratio 

Previous preliminary results in Thomas' group indicated the presence 

of a mixed tetramer with the composition [(/Bu)3(fBuO)Li4].
10 The same 

results of these earlier experiments were duplicated when fe/f-butanol was 

added to ferf-butyllithium with an on O/Li ratio of 0.2/1. This aggregate 

was initially identified by the 6Li NMR spectrum at temperatures below -10° 

C. While studying the fluxional exchange of ferf-butyllithium, it was 

oberved that two new resonances appeared in the 6Li spectrum at -0.1 and 

-0.8 ppm.10 The 1 to 3 ratio of the peaks provided sound evidence for the 

existence of the tetrahedral structure which was first proposed by Brown et 

a/.41 Upon warming the sample, the two peaks broadened and coalesced 
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to a single broad resonance by 25°C at 0.4 ppm. This is indicative of an 

exchange process between the two sites. This broadening and 

coalescence that is observed with increasing temperature are 

representative of the fluxionality of the fert-butyl and fe/f-butoxide ligands 

with respect to the four lithiums in the tetramer. This exchange is slow on 

the NMR time scale at lower temperatures and increases with increasing 

temperature. This intramolecular exchange has recently been quantified 

by the use of 2D-EXSY NMR and the following kinetic parameters were 

obtained: AH* = 13.7 ± 1 kcal/mol and AS* = -4.7 ± 4 e.u.42 This can be 

compared to AH* = 25 ± 0.1 kcal/mol and AS* = 44 ± 1 e.u. for the tert-

butyllithium tetramer.10 The fluxional exchange for ferf-butyllithium has 

been discussed and three possible mechanistic pathways were 

discussed.10 The different activation parameters calculated for the 1:3 

tetramer implies that a different mechanism of fluxionality may be operative 

for this aggregate. 

At the slow exchange limit, the two 6|_i resonances arise from the two 

unequivalent sites for the lithiums in the tetrahedral tetramer. The 

structure of this aggregate can be seen in the bottom of Figure 3. The 

structure of this compound is similar to that of the fert-butyllithium tetramer 

where one of the tert-butyl groups is replaced by a fert-butoxide group. 

The resonance at -0.8 ppm has been assigned to the three lithiums 

attached to the ferf-butoxide group, while the resonance at -0.1 ppm was 

assigned to the lithium that is remote from the fe/t-butoxide ligand. 

The temperature dependent process is also visible in the 13c 

spectrum. At room temperature (approximately 25°C), the alpha carbon 
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of the fert-butyl group is characterized by a nine-line multiplet (1=1 for 6Li) 

at 9.7 ppm with an intensity ratio of 1:4:10:16:19:16:10:4:1 which is 

indicative of a 13C nucleus coupled to four equivalent lithium nuclei. The 

1 J(13c-6|_i) coupling constant was measured to be 3.8 Hz. This value is 

similar to the values predicted by Schleyer et al,for pure alkyllithium 

compounds.43 He noted that Jobs consistently equaled (17 ± 2 Hz)/m, 

where m equals the number of equivalently coupled ®Li nuclei. This 

general rule applies for pure alkyllithium compounds where m > 1. It has 

been a general observation that the alkyl groups in mixed aggregates 

containing alkoxides have smaller Jobs values than those which only contain 

alkyl groups.34 This decrease in coupling has been attributed to an 

increase in charge separation. The fert-butyllithium tetramer (which does 

not contain any alkoxide) has a coupling constant of 4.1 Hz. Upon 

lowering the temperature to +10°C, the multiplet collapses and coupling is 

no longer resolvable. By -10°C a new multiplicity begins to appear. 

The multiplet first appears to be a seven-line multiplet. However, when it 

is observed under high resolution (high data-point density), the multiplet 

can be seen to be a fifteen-line multiplet. The fifteen-line multiplet arises 

from 13C coupled to two nonequivalent lithium nuclei. The multiplet is 

actually a quintuplet that has peak separations of 4.9 Hz that results from 

carbon being coupled to two lithiums attached to the fert-butoxide group. 

Each line of this quintuplet is then split into a triplet by the one lithium that 

is remote to the fert-butoxide group. The structure of this 1:3 tetramer can 

be seen in the bottom figure of Figure 3. This coupling constant was 
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measured to be 5.4 Hz. The weighted average of these measured 

coupling constants is the observed fast fluxional coupling of 3.8 Hz. 

Although the one-dimensional13C and 6|_i spectra strongly suggest 

that the alkoxide containing aggregate is tetrameric, an unequivocal 

assignment of the resonances can be made with the use of a new two-

dimensional 13c-6|j HETCOR (heteronuclear correlated spectroscopy) 

experiment recently developed in this group.44 Even though this 2D NMR 

experiment is not necessary to understand the structure of this 1:3 

aggregate, it is presented at this time in a relatively simple system in order 

for a better understanding of the experiment when it is used in a more 

complex system later on in this chapter. 

The establishment of homonuclear and heteronuclear connectivities 

through scalar spin-spin coupling by the use of two-dimensional NMR pulse 

sequence methods has led to the unequivocal assignments of resonance 

frequencies since its first appearance in the literature.45-46 These 

heteronuclear pulse sequences were designed to correlate 13Q nuclei with 

^ H nuclei. While the existence of scalar spin-spin coupling is a 

mandatory requirement for these techniques, the observation of line 

splitting in the one-dimensional spectrum is not essential. The 

heteronuclear connectivity, which is displayed as a contour plot between 

the two nuclei, arises from polarization transfer of one nucleus to the other 

nucleus through a series of two 90° pulses in the decoupler channel which 

are separated by a delay A, of 1/(2J) where J is the scalar spin-spin 

coupling constant. During this delay, the magnetization components of 

the spins are allowed to precess until their vector components are 180° out 
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of phase. At this time the second 1H decoupler 90° pulse rotates the 

vector components by 90° which allows for polarization transfer from one 

spin to the other. A simultaneous 1 3C observe 90° pulse prepares the 

net magnetization for acquisition. Before the signal can be acquired, a 

second delay A, must be implemented which allows for the refocusing of 

the magnetization. This delay value depends on the multiplicity of the 
13C signal. After the refocusing has occurred, the 1H decoupler is 

turned on and the resulting 13C signal is observed. A double Fourier 

transform is then applied after acquisition that produces the contour plots 

which reveals the resulting correlations between the two nuclei. 

This 2D experiment has been used extensively since its inception for 
13C-1 H connectivities. This pulse sequence works well for any 

polarization transfer from a spin 1/2 nuclei with a high gyromagnetic ratio to 

another spin 1/2 nuclei with a lesser gyromagnetic ratio, viz., 1H to 13C, 

owing to the signal enhancement from the ratio of their respective 

gyromagnetic ratios. For the 1 3C-1 h HETCOR experiment a signal 

enhancement of 4 can be conceptualized (yiH/yiac - 4). |n 1982, Rinaldi 

et al.,published the first polarization transfer experiment from a spin = 1 

nuclei to 13C with the 13C-2H INEPT pulse sequence.47 In 1984, Gunther 

et al.,published the first13C-2H HETCOR pulse sequence.48 In 1987, 

Gunther et al.,reported a 13C-6|_i HETCOR experiment that used a method 

based on double quantum coherence rather than through polarization 

transfer.49 In this experiment, 6Li was observed and 13C was decoupled. 

He reported that attempts to use polarization transfer from 13C to ®Li using 
13C decoupling failed due to fast transverse relaxation (T2*) of the 13C 
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magnetization. Ellington has shown that these shortcomings can be 

overcome with the use of a 13C-6Li HETCOR experiment that transfers 

magnetization from the 6Li nucleus to the 13c nucleus by decoupling 6Li 

and observing 1 3 C I n order to be able to use this pulse sequence, the 

necessary spectrometer hardware must be available that was described in 

Chapter Two of this text. One shortcoming of this pulse sequence arises 

from the polarization transfer from a nucleus with a lower gyromagnetic 

ratio to that with a higher gyromagnetic ratio (y6Li/yi3C _ o.59). This 

imposes a large reduction in the signal intensity that can lead to increased 

experimental times. 

Since the hardware on our spectrometer contains a ®Li decoupler, the 

13c-6|_i HETCOR experiment used in these studies was the one 

developed by Ellington in which polarization is transferred from ®Li to 
13c.44 The spectrum that was acquired on this 0.2/1 O/Li ratio sample 

can be seen in Figure 4. This spectrum was acquired at -20°C where the 

1:3 tetramer is in the slow fluxional exchange limit. The two delay values, 

A, and Aj, were set to 0.098 sec. and 0.025 sec. respectively. The value 

of the first delay in this pulse sequence should be t = 1/(2J), where J is the 

observed 13c-6|_i coupling constant. Ernst et ai, have shown that when 

a series of two 90° pulses in the decoupler channel is separated by a delay 

time of x = 1/(2J), selective population inversion is achieved.50 The actual 

value that was used was the weighted average of the two coupling 

constants for the 0:4 and 1:3 aggregates that are 5.4 and 4.9 Hz 

respectively. The second delay value was set according to the maximum 

value which Ellington had calculated and found experimentally for a series 
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of delay times plotted against the maximum signal intensity. Ellington 

found that 95 % or more of the signal was retained when an average value 

of 0.025 sec. was used.44 

The F1 axis displays the one-dimensional 6|_i spectrum while the 

F2 axis displays the one-dimensional 13C{6|_i} spectrum. The13C{6l_i} 

spectrum contains two resonances at 10.77 and 9.06 ppm. The ®Li 

spectrum contains three resonances at 0.0 (44 Hz), -0.1 (40 Hz), and -0.8 

ppm (12 Hz) relative to fe/t-butyllithium assigned to 0.0 ppm (44 Hz). The 
13c resonance at 10.77 ppm can be seen to be correlated to one ®Li 

resonance at 0.0 ppm. It was previously known that this resonance was 

the 0:4 fe/t-butyllithium tetramer. The 13C signal at 9.06 ppm is shown to 

correlate to two separate 6Li resonances. These correlations 

unequivocally prove the 1:3 non-fluxional tetrameric nature of the alkoxide 

containing aggregate. The alpha carbon on the fe/t-butyl group in the 1:3 

aggregate is shown to correlate to two unequivalent lithiums, one type of 

lithium that is bonded to three tert-butyl groups while the other three 

lithiums are of the type that are bonded to two tert-butyl groups and one 

fe/t-butoxide group. 

The 1H spectrum for this system can be seen in Figure 5. This 

spectrum, at -20°C, further proves the 1:3 alkoxide/alkyl ratio of the 

tetrameric aggregate. The fe/t-butyllithium tetramer can be seen to 

resonate at 1.03 ppm. The 1:3 tetramer contains two resonances as 

would be expected, one for the alkyl protons and one for the alkoxide 

protons. The methyl protons that are on the fe/t-butoxide group, which 

resonate at 1.18 ppm, are seen to resonate downfield from the methyl 
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Figure 5 
1H spectrum of a 2F 0.2/1 O/Li ratio sample of lithium ferf-butoxide/ferf-
butyllithium at -20°C. 
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protons, which resonate at 0.98 ppm. This downfield shift can be 

explained by the inductive effect of the more electronegative oxygen atom 

which deshields the protons on the ferf-butoxide groups. The protons on 

the alkoxide aggregate integrate to a 1:3 ratio (one alkoxide group to three 

alkyl groups). The doublet at 0.85 ppm is the nine methyl protons that are 

split into a doublet from the methine proton in iso-butane. This 

hydrocarbon is a product from the reaction of fe/f-butanol with tert-

butyllithium. Even though these NMR samples were extensively 

degassed on the vacuum-line by at least five freeze-pump-thaw cycles, the 

gas (/so-butane) remains soluble in cyclopentane. 

Table 2 lists the 1H, 13c, and 6|_i chemical shifts for the system that is 

obtained when an O/Li ratio of 0.2/1 is employed. The two values that are 

given in the 6Li data for the 1:3 aggregate arise from the nonequivalence of 

the two types of lithiums at this temperature. 

0.7/1 O/Li Ratio 

The last section described the system that is obtained in solution at 

relatively low O/Li ratios (0.2/1). When the O/Li ratio is increased above 

0.2/1, new aggregates that contain more than one alkoxide group start to 

form in solution. Several O/Li ratio samples of 0.4/1, 0.5/1, and 0.6/1 

were synthesized. At these O/Li ratios, the 1:3 tetramer was the 

predominant species and only small amounts of other new aggregates 

were visible in the NMR spectra. These new aggregates would increase 

in concentration at each higher level of O/Li ratio employed. Figure 6 
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shows six different §Li spectra at varying O/Li ratios. Figure 6(A) is 

without any added ferf-butanol and therefore only contains the 0:4 tetramer 

at 0.0 ppm. Figure 6(B) is with an O/Li ratio of 0.2/1 and therefore 

contains both the 0:4 and 1:3 tetramers. As the O/Li ratio is increased to 

0.4/1 (6C), -0.82, -0.83, and -0.87 ppm. These aggregates did not 

become a three new resonances are seen to appear in the ®Li spectrum at 

TABLE 2 

1H, 13C, AND
 6Li CHEMICAL SHIFTS @ -20°C 

FOR AGGREGATES FORMED FROM AN O/Ll RATIO OF 0.2/1 

Aggregate 6 u a 1Hb 13cb 
(OR:R) (f-Butvl) (f-Butoxide) (t-Butyl) ff-Butoxide) 

(-C(CH3)3 (-OC(CH3)3) (-C(CH3)3) (Li-C) (-OC(CH3)3) (LiO-C) 

0:4 

1:3° 

0.00 

-0.12 
-0.78 

1.03 32.5810.77 

0.98 1.18 32.07 9.06 34.83 65.55 

(a) - Chemical shifts relative to ferf-butyllithium at 0.0 ppm. 

(b) - Chemical Shifts relative to cyclopentane at 25.89 ppm for^C and 
1.51 ppm for1H which are relative to TMS at 0.0 ppm. 

(c) - The 1:3 aggregate is non-fluxional at this temperature, therefore there 
are two nonequivalent lithium resonances. 
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Figure 6 
6Li NMR spectra of 2F mixed lithium fert-butoxide/fe/t-butyllithium 
aggregates at -20°C. The O/Li ratio was varied for each individual 
spectrum. (A) O/Li = 0/1, (B) = 0.2/1, (C) = 0.4/1, (D) = 0.6/1, (E) = 0 7/1 
(F) = 0.9/1. 
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significant amount of the overall solution until the O/Li ratio reached 

approximately 0.6/1 (Figure 6D). At this O/Li ratio, these new species 

were approximately of the same concentration as the 1:3 and 0:4 

tetramers. At an O/Li ratio of 0.7/1 (Figure 6E), these mixed lithium tert-

butoxide/ferf-butyllithium aggregates were the main species in solution and 

this O/Li ratio was therefore used as a satisfactory representation of the 

different aggregates in solution. Figure 6(F) is with an O/Li ratio of 0.9/1. 

It can be seen at this O/Li ratio that two new resonances appear at -0.96 

and -1.08 ppm. Further discussion of these aggregates will be reserved 

for later in this chapter and exclusively in Chapter Four. 

At an O/Li ratio of 0.7/1, the 6Li spectrum at 25°C revealed a total of 

five resonances. This spectrum can be seen in the top of Figure 7. Two 

of these resonances were previously identified with the 0.2/1 O/Li ratio 

samples. These two resonances, one a sharp peak at 0.0 ppm and the 

other a very broad peak at -0.78 ppm were previously assigned to the 0:4 

and 1:3 tetramers respectively. The other three are sharp peaks that 

resonate at -0.79, -0.82, and -0.86 ppm relative to the 0:4 tetramer. When 

the temperature is lowered to -20°C, the only change in the spectrum 

occurs for the 1:3 tetramer which splits into two peaks due to the two types 

of unequivalent lithiums imposed by the non-fluxionality that occurs below -

10°C. This was discussed in the previous section. There is however a 

slight upfield chemical shift for the three new resonances relative to the 0:4 

tetramer.51 It is rather evident that the 6Li spectra by themselves do not 

reveal very informative structural information on these aggregates. 
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Figure 7 
6Li NMR spectrum of a 2F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/ferf-butyllithium at 25°C (top) and -20°C (bottom). 
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However, when this nucleus is used along with 1 and 1H nuclei in two-

dimensional NMR spectroscopy, its informative value becomes paramount. 

The 1H spectrum for this complex mixture of aggregates is greatly 

simplified owing to the assumed equivalence of the protons on the tert-

butyl groups and fert-butoxide groups of the individual aggregates. This 

equivalence, based on free rotation of the tert-butyl and tert-butoxide 

groups, leads to a sharp singlet for the entire fert-butyl or fe/f-butoxide 

protons on a given aggregate. A representative spectrum can be viewed 

in Figure 8. The 1H spectrum can be simplified by dividing it into two 

characteristic regions: the methyl protons on the fert-butyl groups that 

resonate between 0.95 and 1.05 ppm and the methyl protons on the tert-

butoxide groups that resonate between 1.15 and 1.26 ppm. These 

regional assignments were made from the relative chemical shifts for the 

0:4 and 1:3 tetramers. The fert-butoxide protons would be expected to 

resonate downfield from the fert-butyl protons due to the inductive effect of 

the oxygen atom which would deshield these protons compared to the tert-

butyl protons. These regional assignments were further supported by 

13C T, studies that showed that all the methyl tert-butyl carbons, which 

were found to be correlated to the protons in the 0.95 to 1.05 ppm region 

with a 13C-1H HETCOR experiment, had T, values lower than the methyl 

ferf-butoxide carbons. These 13C Tt values and their implications will be 

discussed in Chapter Five. The individual resonance assignments will be 

discussed later in this chapter. 

The one-dimensional 1^C spectrum at this O/Li ratio is quite complex, 

owing to the abundance of the new alkoxide containing aggregates. A 
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Figure 8 
1H NMR spectrum of a 2F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/tert-butyllithium at -20°C. 
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representative 1 3C spectrum at -20°C can be seen in Figure 9 along with 

expanded inset regions. This spectrum can be simplified by dividing it 

into four characteristic regions: the carbons that are bonded to lithium 

(a-carbons of the fert-butyl groups) resonate between 9 and 12 ppm, the 

methyl carbons on the tert-butyl groups that resonate between 32 and 34 

ppm, the methyl carbons on the ferf-butoxide groups that resonate between 

34.5 and 35.5 ppm, and the tertiary carbons bonded to oxygen on the tert-

butoxide groups that resonate between 65.5 and 68 ppm. The 

assignment of the individual resonances will be discussed later in this 

chapter. 

The most informative region of the 1 3C spectrum is the a-carbon 

region for the tert-butyl groups. Their13C-6Li coupling constants and 

multiplicities can be used to determine the aggregation number of the 

complex.34 This was used in the assignments of the 0:4 and 1:3 

aggregates. Unfortunately, these simple assignments can not be used in 

this complex mixture because of the severity of the overlapping multiplets. 

The use of 6Li decoupling collapses these multiplets into sharp singlets 

and can be used to identify the number of carbons that are attached to 

lithium. Two 13C spectra can be seen in Figure 10. The bottom 

spectrum is the a-carbon region with 13C-6Li coupling while the top 

spectrum is with 6Li decoupling. The overlapping multiplets in the bottom 

spectrum can be easily resolved with 6 U decoupling to show five different 

resonances. These resonances occur at 8.91, 9.06, 9.22,10.77, and 

10.79 ppm. Two of these resonances, at 9.06 and 10.77 ppm, have 

previously been assigned to the 1:3 and 0:4 tetramers respectively. The 
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Figure 9 
13C NMR spectrum of a 2F 0.7/1 O/Li sample of lithium fe/t-butoxide/fert-
butyllithium at -20°C. Insets are the four different kinds of carbons and 
the regions where they resonate. 
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other three are unique to this O/Li ratio. The use of ®Li decoupling 

collapses the multiplets into singlets which is foremost for resolving the 

individual aggregates but at the same time destroys the coupling and 

multiplicity information. The severity of the overlapping multiplets in this 

system however renders this information inaccessible and therefore the 

aggregation states of these complexes cannot be determined by these 

means. 

Determination of Aggregation States 

Thomas etal., have recently published a new NMR pulse sequence 

that allows for the selective observation of different alkyllithium 

aggregates.52 The experiment, 6|_i J-Modulated 13c Spin-Echo pulse 

sequence, is a spectral editing technique that is based on the fact that the 

multiplicity of the 13c resonance and the magnitude of the observed 13c-
6Li coupling are a function of the number of coupled 6Li nuclei. This 

experiment was shown to distinguish between 1 coupled to two lithiums 

in a dimer and three lithiums in the non-fluxional mode for tetrameric tert-

butyllithium in a mixture of diethyl ether and fert-butyllithium in 

cyclopentane. At the same time, Gunther et a/., published a similar pulse 

sequence.53 Gunther's experiment however could only be used to 

distinguish between monomers, dimers, and trimers owing to the loss of 

signal intensity from the gating of the 6Li decoupler immediately before 

acquisition. When the 6IJ decoupler is gated off, the 13C magnetization 

is allowed to refocus at different evolution times that are a function of the 
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Figure 10 
13C-6Li NMR spectrum (bottom) and 13C{6Li} NMR spectrum of a 3F 0.7/1 
O/Li ratio sample of lithium fert-butoxide/fert-butyllithium at -20°C. 
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13c-6|j coupling constant. The signal intensity loss is due to this 

refocusing and also from transverse relaxation (T2*). Thomas 

circumvented much of this signal loss by gating the ®Li decoupler off near 

the beginning of the pulse sequence. This allowed refocusing of the 

magnetization before the signal had much time to decay and was therefore 

able to obtain a much greater signal for refocusing the magnetization for 
13C nuclei coupled to more than three lithiums. The magnitude of the 

observed 13C-6|_i coupling for a fluxional organolithium aggregate is not 

constant, but is a function of the number of coupled ̂ Li nuclei. For 

fluxional aggregates this is due to fluxional averaging of the coupling: 

Jobs = [3J+(n-3)J]/n [9] 

where J is the one-bond 13C-6|_i coupling constant (for a carbon bonded to 

a triangular face of three lithiums), J is the long range 13C-6Li coupling 

(which is nearly zero in all cases, and can thus be ignored), while n is the 

aggregation state. This equation can thus be reduced to : 

Jobs - $ Jin [10] 

Since the signal refocuses at an evolution time of t, where x = 1/Jobs, and 

Jobs is a function of the aggregation state, the experiment can be designed 

to selectively refocus the magnetization for specific aggregation states n. 

This experiment is therefore ideal for determining the aggregation state for 
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the new aggregates whose 13C-6|_i coupling cannot be observed due to 

the overlapping of the multiplets. 

The delay values, t, that were chosen for this series of experiments 

were those which would correspond to a 1 nucleus coupled to two, 

three, four, six, eight, and nine 6Li nuclei. The results of these 

experiments can be seen in Figure 11. This experiment was run on a 3F 

sample at a temperature of -20°C in a 10 mm NMR tube. This 

temperature was chosen in order to lower the T1 times for 6|_i. Since the 
6Li decoupler is gated on during most of the pulse sequence and during all 

of the acquisition time, the ®Li nuclei need to relax before another series of 

pulses is applied. The T1 times decrease as the temperature is lowered, 

but below -20°C, solubility becomes a problem at this concentration. This 

high concentration was needed in order to obtain an adequate signal-to-

noise in the allotted experimental time. Since T2* also decreases the 

signal intensity and T2* decreases with decreasing temperature, it was not 

optimal to lower the temperature any more than -20°C. 

This experiment can be seen in Figure 11. The bottom spectrum, 

Figure 11 (A) is simply the equivalent of a normal13c{6i_j} decoupled 

spectrum because the delay T was set to zero and therefore no refocusing 

occurs. The next spectrum, Figure 11 (B), the delay value was set for 

carbon coupled to two lithiums. It can be seen that the absence of a 

signal for this delay time implies that the carbons are not bonded to two 

lithiums, e.g., dimers. The next spectrum, Figure 11 (C), was optimized for 

carbon coupled to three lithiums (trimer or non-fluxional oligomer). The 

resonance at 9.06 ppm is refocused at this delay value. This resonance 
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has already been assigned to the 1:3 tetramer in the previous section. At 

-20°C, the 1:3 tetramer is non-fluxional and therefore the carbon is 

statically bonded to a triangular face of three lithiums. The spectrum in 

Figure 11 (D) was optimized for carbon coupled to four lithium nuclei 

(fluxional tetramer). A small resonance can be observed at 10.77 ppm 

that corresponds to the 0:4 tetramer. At -20°C, the 0:4 tetramer is in the 

transition of being fast fluxional to becoming slowly or non-fluxional and 

therefore does not have a well-defined value for Jobs. Since the signal is 

refocused as a function of 1/Jobs, the signal is small due to the value of the 

delay %, which was set for tetrameric coupling of 5.4 Hz. The spectrum in 

Figure 11 (E) was optimized for carbon coupled to six lithium nuclei 

(fluxional hexamer). Three new resonances at 8.91, 9.22, and 10.79 ppm 

appear with this delay value as well as the resonance that was previously 

assigned to the 1:3 tetramer at 9.06 ppm. The resonance at 9.06 ppm 

(1:3 tetramer) appears in this spectrum because the magnetization is not 

only refocused at 1/Jobs, but also at multiples of 1/Jobs. The signal 

intensity, when the magnetization is refocused at multiples of 1/Jobs, is 

greatly diminished compared to its original refocusing. The other three 

resonances however, can now be unambiguously assigned to be 

hexameric aggregates. The top two spectra, Figures 11 (F and G) were 

optimized for carbon coupled to eight lithiums(fluxional octamers) and nine 

lithiums (fluxional nonamers) respectively. Both of these spectra do not 

show any resonances except for the 1:3 tetramer that once again appears 

in this spectrum from the multiple refocusing of carbon attached to three 

lithiums. 
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Figure 11 
6 • j-modulated 13C spin-echo spectra of a 3 F 0.7/1 O/Li ratio sample of 
lithium fert-butoxide/fert-butyllithi urn at -20°C. 
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The results of these 6Li J-Modulated 13C Spin-Echo experiments 

unambiguously show that at this O/Li ratio of 0.7/1, five different types of 

aggregates exist in cyclopentane solution. Two types of tetramers and 

three types of hexamers. 

Once the aggregation states of the five different complexes were 

determined, it was necessary to correlate the "Î C spectrum with the 6|_i 

spectrum. This was accomplished with a 13c-6|_i HETCOR experiment 

that was described in the previous section for the 0.2/1 O/Li ratio samples. 

The results of this experiment can be seen in the two-dimensional 

spectrum in Figure 12. This experiment was run on a 3F sample in a 10 

mm NMR tube at -20°C. This concentration and temperature was chosen 

for the same reason as the 6|_i J-Modulated 13c Spin-Echo spectrum, i.e., 

lowering the 6|_i T, relaxation times to shorten the length of the experiment. 

The F1 axis displays the one-dimensional 6|_i spectrum while the F2 axis 

displays the one-dimensional 13c{6|_i} spectrum. This same experiment 

was run on the 0.2/1 O/Li ratio sample that contained only the 0:4 and 1:3 

tetramers and was discussed in that previous section. For that13C-6Li 

HETCOR experiment, the delay A, (1/2J) was optimized for tetrameric 

coupling of 5.1 Hz which corresponds to a value of 0.098 sec. In this 

HETCOR experiment, the delay A, (1/2J) was optimized for hexameric 

coupling of 2.8 Hz which corresponds to a value of 0.178 sec. The 

magnetization does not reach a maximum intensity at the same time for 
1 3 c coupled to three or four 6Li nuclei as it does when it is coupled to six 

®Li nuclei. Because of this difference, the correlation from the 13c 

nucleus at 9.06 ppm to the smaller of the two 6Li peaks in the 1:3 tetramer 
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Figure 12 
13c-6|_j HETCOR of a 3 F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/fert-butyllithium at -20°C. 
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at -0.12 ppm (67 Hz) is not apparent in this spectrum. However, if the 

spectrum is greatly enhanced in intensity, a trace along the F2 axis shows 

a small correlation to this 6Li peak from the a-carbon of the 1:3 tetramer. 

A correlation is visible in this spectrum between the 13c a-carbon of the 

0:4 tetramer at 10.77 ppm and it's corresponding 6|_i resonance at 0.00 

ppm (72 Hz). Both of these tetrameric aggregates' correlations were best 

observed when the delays were optimized for their respective coupling 

constant values as was seen in Figure 4. The correlations for the three 

hexameric aggregates are clearly visible in this spectrum. The 1 3c 

resonance at 10.79 ppm in the 1 3c spectrum is correlated to the 6|_i 

resonance at -0.82 ppm (37 Hz), the 13C resonance at 9.22 ppm in the 

13c spectrum is correlated to the 6|_i resonance at -0.87 ppm (33 Hz), and 

the 13C resonance at 8.91 ppm is correlated to the 6Li resonance at -0.83 

ppm (36 Hz). In addition to identifying the individual resonances in the 6i_i 

spectrum according to their aggregation states, this experiment shows that 

each of the hexameric resonances in the 6Li spectrum represents a unique 

and individual aggregate. This conclusion was established from the fact 

that since each 13c resonance was shown to be coupled to six lithium 

nuclei (hexameric), and each 13c resonance correlated to only one ®Li 

resonance, then each 6Li resonance corresponds to a single hexameric 

aggregate. 
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Determination of Alkoxide to Alkyl Ligand Ratio 

The assignment of the 6|_i spectrum was paramount in determining 

the alkoxide-to-alkyl ratio (OR:R) for the individual aggregates. Since the 

6|_i spectrum was shown to contain only one resonance for each individual 

hexameric aggregate, the protons that correlated with these aggregates 

could be identified. Once these assignments were made, the proton 

resonances were integrated to obtain the respective OR:R ratio for each 

aggregate. These proton assignments were accomplished with the use of 

a two-dimensional heteronuclear NOE experiment known as ®Li-1 H 

HOESY. 

The nuclear Overhauser effect (NOE) arises from changes in nuclear 

spin populations resulting from dipolar cross relaxation in the presence of 

simultaneous irradiation of the observe signal and the decoupled signal.54 

NOE arises by cross-relaxation between two spins A and B through the 

dipole-dipole relaxation mechanism. This relaxation follows the general 

equation: 

1/T1(DD) = (7a27b2 /̂ rAB
6)tc [11] 

Since the dipole-dipole relaxation is related to (rAB)-6, where rAB is the 

internuclear distance between two dipolar coupled spins, A and B, these 

NOE effects can provide valuable solution structural information. Due to 

the inverse dependence on the sixth power of rAB, the NOE effect can be 

seen for short proton-proton distances of less than 4 A.54 Although the 
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fundamentals of the NOE were described by Solomon55 in 1955, the 2D 

heteronuclear Overhauser effect experiment was first introduced by 

Rinaldi56 and shortly afterwards by Yu and Levy57 for 1H and 13c nuclei in 

1986. This experiment was then modified for 1H and 6|_i nuclei by Bauer 

and Schleyer.58'59 

This experiment can be successfully applied to show the location of 

nearby 6|_i nuclei and protons owing to the dipole-dipole relaxation 

mechanism that is operative in the 6Li nucleus in organolithium 

compounds. Even though 6|_i is a quadrupolar nucleus (spin I = 1), it has 

an exceedingly low quadrupole moment, and therefore behaves very much 

like a spin 1/2 nucleus. Since this nucleus does not behave like most 

quadrupolar nuclei, e.g., efficient relaxation through the quadrupolar 

mechanism, it must relax by other mechanisms. One of these relaxation 

mechanisms is the dipole-dipole relaxation mechanism with nearby proton 

nuclei. It is through the population changes brought about by this dipole-

dipole cross-relaxation that the NOE has its origin. The theoretical 

maximum nuclear Overhauser enhancement factor (r)) can be calculated 

from the ratio of the respective gyromagnetic ratios for the two nuclei in 

question according to the following equation: 

\s}= isfeyi [12] 

where S denotes the irradiated spin and I the observed spin. This 

maximum for 6|_i-1 H NOE is 3.40. Wehrli found experimentally that r|6Li{iH} 

= 1.19 for n-butyllithium in />hexane and inferred from deutero solvent 
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experiments that this value corresponded to predominantly intramolecular 

interactions.60 This enhancement factor of 1.19 corresponds to 35 % 

intramolecular 6|_i-1 H dipole contributions to the 6|_i relaxation rate. 

These values found by Wehrli were taken from natural abundance ®Li 

samples which contain only 7.4 % of the 6|_i isotope. Ellington has found 

much higher values of 6|_i-1|H dipole contributions in samples enriched to 

95.5 % ̂ Li.44 For ferf-butyllithium, Ellington found values of 60-80 % 

contributions from ®Li-"* H dipole-dipole relaxation. 

This experiment is therefore ideally suited for correlating the 6|_i 

spectrum with nearby protons. Once the resonances in the 1H spectrum 

are assigned, from the correlations to the 6Li spectrum in the 6|_i-1 H 

HOESY spectrum, the resulting alkoxide and alkyl protons can be 

integrated to obtain the respective OR:R ratio for each individual 

aggregate. 

In this pulse sequence, as well as for all two-dimensional pulse 

sequences, a delay period just prior to acquisition will allow for the mixing 

of the two spin systems. This delay period, appropriately labeled the 

mixing time (tmix), allows for cross-relaxation to occur between the 6Li and 

1H nuclei. This delay time is critical in observing the cross peaks in the 

two-dimensional spectrum. It was generally accepted in earlier13C-1H 

2D heteronuclear NOE studies that the optimal value of the mixing time 

depended only on the average proton relaxation time T^56-57 Kover and 

Batta have shown that the optimization of the xmjx time is dependent on 

the T1 times of both the S and I nuclear spins.61 They showed on a model 

compound that if the Tmix time was chosen for a specific carbon atom 
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according to its time, a strong correlation would appear, but other 

correlations to carbons with different times would not show any 

correlations. They found however that if an average value for the different 
13c T1 times were chosen then correlations could be observed for all the 

carbons in the compound. Since the ®Li T1 times for the individual 

aggregates varied from 27 to 79 sec.,62 and it was not practical to run 

separate experiments with optimized tmix times for each individual 

aggregate, a series of short experiments was run with incremented xmix 

times. In these experiments the mixing times were incremented and the 

resulting cross peak intensities were measured. A Tmix time of four 

seconds gave optimal cross peak intensities for the alkyl and alkoxide 

protons for all the aggregates and was thus chosen as the optimum value. 

Figure 13 shows these cross peak intensities plotted as a function of the t 

mix times. It can be seen that the time dependence of the cross-peak 

intensities is different for the terf-butoxide protons than for the terf-butyl 

protons. This variance must arise in the difference in the internuclear 

separation between the protons and the lithium nuclei. 

Before discussing the results of this 6Li-1 H HOESY experiment, a 

small digression must be made back to the one-dimensional1H spectrum 

in order to understand the results of the two-dimensional experiment. As 

stated earlier, the equivalency of the methyl protons on the fert-butyl 

groups and the equivalency of the methyl protons on the terf-butoxide 

groups, causes the protons to be a sharp single resonance for each tert-

butyl or fert-butoxide group. If the aggregate is randomly fast fluxional on 

the NMR time scale, then every tert-butyl group on a given aggregate 
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Figure 13 
Time dependence of the cross-peak intensities for the te/f-butoxide protons 
and the tert-butyl protons. Absolute intensity mode was applied in the 2D 
Fourier transformation for each mix time in order to obtain comparable 
intensities. 
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should be equivalent to the other tert-butyl groups on that same aggregate. 

This same concept applies to the fert-butoxide groups. This would thus 

render each individual mixed alkoxide:alkyl aggregate to have two proton 

resonances, one alkoxide and one alkyl. This concept was therefore the 

basis for this 6|_i-1 H HOESY experiment where these two different 

correlations to one lithium nucleus could then be integrated with respect to 

one another. 

From the previous section with the 0.2/1 O/Li ratio samples, the proton 

resonance at 1.03 ppm was assigned to the 0:4 tetramer and the protons at 

0.98 and 1.18 ppm were assigned to the 1:3 tetramer. The remaining 

protons must therefore belong to the three hexameric aggregates whose 
6Li resonances were previously assigned with the 13C-6Li HETCOR 

experiment. There were three remaining alkyl proton resonances 

unassigned, as would be expected. However, there were five unassigned 

alkoxide proton resonances. In order to correlate these proton 

resonances to their 6Li resonances, the 6Li-1 H HOESY experiment was 

undertaken. 

The 6Li-1 H HOESY experiment can be seen in Figure 14. This 

experiment was run on a 3F sample at a temperature of -20°C. This 

concentration and temperature was used to obtain the best signal-to-noise 

ratio for a given period of time. The F1 axis displays the one-dimensional 
1H spectrum while the F2 axis displays the one-dimensional 6|_i spectrum. 

The 6Li resonance at 0.00 ppm shows one correlation to the 1H resonance 

at 1.03 ppm (69 Hz). This has already been assigned to the 0:4 tetramer. 

The 6|_i resonance at -0.12 ppm is shown to correlate to one 1H resonance 
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Figure 14 
6Li-1 H HOESY spectrum of a 3F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/fe/t-butyllithium aggregates at -20°C. 
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at 0.98 ppm (55 Hz). This 6|_i resonance has already been assigned to 

one of the two resonances for the non-fluxional 1:3 tetramer. Since this 

6|_i resonance correlates to only one 1H resonance that is in the alkyl 

chemical shift region, it is unambiguously assigned to the three methyl tert-

butyl groups. Accordingly, this 6Li resonance is the one lithium that is 

remote to the one fe/f-butoxide group and therefore is only correlated to the 

methyl fert-butyl protons. The methyl fe/f-butoxide protons are too 

distant to effectively relax this one 6|_i nucleus. The ®Li resonance at -

0.78 ppm is correlated to two different1H resonances at 1.18 (117 Hz)and 

0.98 ppm (55 Hz). This 6Li resonance is the other three lithiums on the 

non-fluxional 1:3 tetramer. These two correlations imply that these three 

lithiums are relaxed by the three fert-butyl methyl protons at 0.98 ppm and 

also by the one fert-butoxide methyl protons at 1.18 ppm. Consequently, 

these two different proton resonances integrated to a 1:3 ratio. The 6U 

resonance at -0.82 ppm, which was known to be a hexameric aggregate, is 

shown to correlate to three different proton resonances; two resonances at 

1.23 (133 Hz) and 1.26 ppm (140 Hz) in the alkoxide proton chemical shift 

region and one proton at 0.99 ppm (58 Hz) in the alkyl proton chemical shift 

region. These protons integrated to a 1:1:1 ratio. The 6U resonance at -

0.83 ppm also correlated to three different proton resonances; two 

resonances at 1.21 (127 Hz) and 1.26 ppm (138 Hz) in the alkoxide proton 

chemical shift region and one resonance at 0.96 ppm (48 Hz) in the alkyl 

proton chemical shift region. These three protons integrated to a 1:4:1 

ratio. The other 6Li resonance at -0.87 ppm is correlated to two proton 

resonances; one resonance at 1.22 ppm (129 Hz) in the alkoxide chemical 
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shift region and one resonance at 1.02 ppm (65 Hz) in the alkyl proton 

chemical shift region. These two protons integrated to a 2:1 ratio. Table 

3 summarizes the correlations and their respective integrations. 

The data from Table 3 shows that at an O/Li ratio of 0.7/1, there are 

five different aggregates in solution. After correlating the 6Li spectrum to 

the 1H spectrum, the one-dimensional 1H spectrum was integrated and 

normalized. The two tetramers, with their alkoxide:alkyl ratios of 0:4 and 

1:3, which were present in the 0.2/1 O/Li ratio samples are still present at 

this higher O/Li ratio. Two of the three 6Li resonances which are known 

to contain six lithiums (fluxional hexamers), correlate to alkoxide and alkyl 

proton resonances with alkoxide:alkyl ratios of 4:2. One of these two 

hexamers has nonequivalent alkoxide protons with a ratio of 1:1 while the 

other hexamer's alkoxide protons are all equivalent. Since these are 

known to be hexameric aggregates, these two have the following OR:R 

ratios; 4:2 and (2/2):2. The parenthesis designates the two 

nonequivalent fert-butoxide groups. The other hexameric aggregate, 

which has an alkoxide:alkyl ratio of 5:1, also contains two nonequivalent 

tert-butoxide protons in the ratio of 4:1. This aggregate will be designated 

as the (1/4):1 hexamer where once again the parenthesis specifies 

nonequivalent terf-butoxide groups. 

Determination of Nonequivalence in the fert-Butoxide Groups 

It was believed that each hexameric ®Li resonance would correlate to 

only one alkoxide and one alkyl proton resonance.Since two of these 
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hexameric aggregates contained nonequivalent methyl alkoxide protons 

(2/2:2 and 1/4:1 hexamers) and two of these aggregates have the same 

number of alkoxide and alkyl ligands (2/2:2 and 4:2 hexamers), it was not 

immediately known what caused this non-equivalency. The following 

were some possibilities which could lead to these experimental results: 

(1). A restricted rotation of the tert-butoxide groups. This would lead 

to nonequivalent methyl groups within a single fert-butoxide 

group. 

(2). A restricted rotation of one of the methyl groups within a tert-

butoxide group. This would lead to nonequivalent protons within 

the same methyl group. 

(3). A distorted hexameric structure where one or more of the tert-

butoxide groups are elongated or in some other configuration., 

/'. e. bent relative to the other tert-butoxide groups. 

this would lead to different (nonequivalent) magnetic 

environments for the two types of fert-butoxide groups. 

(4). A non-random fluxionality of geometric isomers. This would show 

equivalent groups within a given fert-butoxide group but exchange 

between selected fert-butoxide groups. 

The argument for number (1) is that since these aggregates are 

hexameric, there is going to be considerable steric crowding when tert-

butyl groups are introduced into a hexameric aggregate. It might be that 

this crowding caused one or more of the ferf-butoxide groups to be 
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TABLE 3 

CORRELATIONS BETWEEN AND 6u NUCLEI 
FROM 6LI-1H HOESY EXPERIMENT 

1H ^ H 6|j 

chemical shifts (ppm)a normalized integrations chemical shifts (ppm)b 

0.96 3.0 -0.83 
0.98 24.1 -0.12 

alkyl 0.99 5.1 -0.81 
region 1.02 6.5 -0.87 

1.03 12.7 0.00 

1.18 10.0 -0.78 
1.21 12.7 -0.83 

alkoxide 1.22 11.6 -0.87 
region 1.23 5.4 -0.81 

1.25 3.5 -0.83 
1.26 5.4 -0.81 

1.51 ppm. 

(b) - 6Li chemical shifts are referenced relative to the 0/4 tetramer at 0.0 
ppm. 



86 

hindered in its rotation about the Li-0 or O-C bond. This hindered 

rotation would then cause this particular methyl group to become 

magnetically nonequivalent to the other methyl groups within a tert-

butoxide group(s). This restricted rotation has recently been observed 

with mixed alkoxide:alkyl aluminum dimers (RgAIOR^.63 In these dimer 

complexes, a nonequivalence was observed for the alkyl groups in both the 

"I H and 13c NMR spectra. The data was insufficient however to 

distinguish if the hindered rotation occurred about the Al-C bond in the alkyl 

group or about the O-C bond in the alkoxide group. 

In order to test this hindered rotation argument, a two-dimensional 

long-range (two-bond)1 ̂ C-1 H HETCOR experiment was obtained. The 

delay value A, which allows for polarization transfer from the proton spins 

to the carbon spins, should be equal to 1/2J, where J is the observed 13C-
1H coupling constant. In order to obtain accurate values for A, the 2Ji3c_iH 

coupling constant was measured by acquiring a 1H coupled "I^C spectrum. 

The long-range coupling constant for these tertiary carbons were 3.9 Hz. 

Therefore the delay A (1/2J), was set to 0.128 sec. The tertiary alkyl and 

alkoxide carbons were correlated to the methyl alkyl and alkoxide protons. 

If this restricted rotation about the fe/t-butoxide group was truly operative 

then one or more of the tertiary ferf-butoxide carbons would show a 

correlation to two different proton resonances. This spectrum can be 

seen in Figure 15. The results of this experiment clearly demonstrate that 

this argument of restricted rotation about the terf-butoxide groups was not 

correct. Each carbon resonance is correlated to only one proton 

resonance. Besides discrediting this theory, this two-dimensional 
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Figure 15 
13c-1h HETCOR of a 3F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/ferf-butyllithium aggregates at -20°C. Correlations are between 
methyl tertiary carbons on the ferf-butoxide groups and the methyl protons. 
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experiment allowed for the unambiguous assignment of the tertiary tert-

butyl and fert-butoxide carbons. 

The argument for number (2) is similar to that of (1), except that the 

restricted rotation might now be occurring about the individual methyl 

groups within the fert-butoxide groups. This restricted rotation would be 

about one of the OC-CH3 bonds. This type of restricted rotation may be 

brought about from an Li-H interaction. One of the protons on one methyl 

te/t-butoxide group may be situated in such a way over one or more of the 

lithium atoms to have more interaction with the lithiums than the protons on 

that same methyl group. This type of Li-H interaction has been recently 

reported by Bauer, et al.<* In that report, 2-lithiophenyl fert-butyl thioether 

was shown through a 6|_i-1 H HOESY to have two proton correlations from 

the fert-butyl thioether protons and from a proton in the phenyl ring to the 

same lithium atom. These close Li-H interactions have also been 

observed in the crystal structure of [CH3(CH2)3LiLiOC(CH3)3]4
32. In this 

structure, the p-H atoms on the />butyl groups were shown to be tilted 

toward the Li atoms and the Li-H distances were closer for the p-H atoms 

than for the a-H atoms. This was interpreted to arise from these type of 

agostic interactions. In order to test the argument of (2), a one-bond 13C-
1H HETCOR experiment was obtained. The value A that was chosen 

was calculated in the same manner as for the long-range HETCOR. The 
1H coupled 13c spectrum revealed a 13C-1 H coupling constant of 120 Hz. 

The delay value A (1/2J), was therefore set to 0.004 sec. If this type of 

agostic interaction was responsible for the restricted rotation of one of the 

methyl ferf-butoxide protons, then two correlations would be observed 
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between the methyl terf-butoxide carbon and two methyl tert-butoxide 

protons. This experiment can be seen in Figure 16. Two correlations for 

each methyl terf-butoxide resonances were not observed and 

therefore discredited. This 1 3c-1 H HETCOR experiment also allowed 

the unambiguous assignment of the methyl carbons on the terf-butoxide 

and tert-butyl groups for each individual aggregate. Table 4 displays the 

complete 13c and 1H chemical shift assignments for each individual 

aggregate formed from an O/Li ratio of 0.7/1. 

It can be seen from Table 4 that two different values exist for the 13c 

chemical shifts for the terf-butoxide regions of the three hexameric 

aggregates. The methyl and tertiary terf-butoxide carbons that correlated 

to the methyl and tertiary terf-butoxide protons also showed this 

nonequivalence of terf-butoxide groups in two of the three hexameric 

aggregates. A complete analysis of the chemical shifts will be discussed 

later in this chapter. 

The methyl terf-butyl and terf-butoxide carbon resonances that were 

found to correlate to the assigned proton resonances from the 1 3c-1 H 

HETCOR experiments were then integrated from a separate one-

dimensional 13c experiment and compared to the integrations from the 

proton spectrum. There are several experimental parameters that must 

be considered when integrating 13c resonances. The main consideration 

is that one of the relaxation mechanisms of 13c is through the dipole-

dipole relaxation from nearby protons. The enhancement of the 13c 

resonance that occurs from NOE arises from this dipole-dipole mechanism. 

Therefore, if one 1 3q nucleus is relaxed by more protons than another 13c 
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Figure 16 
13q-1 H HETCOR of a 3F 0.7/1 O/Li ratio sample of lithium tert-
butoxide/terf-butyllithium aggregates at -20°C. Correlations are between 
the methyl carbons of the tert-butyl and tert-butoxide groups and the methyl 
protons. 
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TABLE 4 

1H, 13C, AND 6|_i CHEMICAL SHIFTS IN PPM @ -20°C 
FOR AGGREGATES FORMED FROM AN O/Li RATIO OF 0.7/1 

Aggregate 6ua 1 Hb 13Cb 
(OR:R) (f-Butvn (f-Butoxide) (f-Butyl) (f-Butoxide) 

(-C(CH3)3) (-OC(CHg)g) (-C(CHg)g) (Li-C) (-OC(CHg)g) (LiO-C) 

0:4 0.00 1.03 32.58 10.77 

1:3 -0.12 0.98 1.18 32.07 9.06 34.83 65.55 
-0.78 

(2/2) :2 -0.82 0.99 1.23 33.67 10.79 34.93 66.55 
1.26 35.07 66.78 

(1/4):1 -0.83 0.96 1.21 32.67 8.91 34.97 66.59 
1.25 35.43 66.82 

4:2 -0.87 1.02 1.22 33.22 9.22 35.00 66.46 
(a) - Chemical shifts relative to fert-butyllithium at 0.00 ppm. 

(b) - Chemical shifts relative to cyclopentane at 25.89 ppm for 13C and 
1.51 ppm for1H which are relative to TMS at 0.00 ppm. 

nucleus, the amount of NOE received by one carbon will be different from 

the other carbon and consequently the area of the resonances will be 

different. Since NOE only arises with the simultaneous irradiation of both 

nuclear spins (observed and decoupled) this inherent problem can be 

avoided by not decoupling the protons. The problem with this however, is 
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TABLE 5 

13c RELATIVE INTEGRATIONS FROM METHYL ferf-BUTYL AND 
fert-BUTOXIDE CARBONS FOR AGGREGATES 

FORMED FROM AN O/Li RATIO OF 0.7/1 

Aggregate 
(OR:R) 

f-Butoxide 
(-OC(CH3)3) 

f-Butyl 
(-C(CH3)3) 

0:4 12 

1:3 7 21 

4:2 13 6 

(2/2:2) 6 
6 

5 

(1/4:1) 4 
17 

3 

that the 1 spectrum will be very complex due to the 1 ̂ C-1 H coupling. 

The NOE can still be avoided however if the decoupler is turned on only 

during acquisition. This allows for a 1H decoupled 13C spectrum but 

does not allow enough time for any significant build up of NOE. The other 

consideration is that different 13C nuclei have different T, relaxation times. 
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If the carbons are not allowed to completely relax before the next pulse, the 

net magnetization decreases for that acquisition relative to how much that 

nucleus has relaxed. To overcome this problem, a suitable delay of at 

least five times the longest1 Tt should be used between pulses to allow 

for complete relaxation. Since the longest T, obs was approximately 2 

seconds for the methyl tert-butyl carbon of the 1:3 tetramer, a delay of 10 

seconds was used between successive pulses. The times of all the 

methyl tert-butyl and ferf-butoxide carbons are discussed in Chapter Five. 

The relative integrations of the 13c resonances can be seen in Table 5. 

The 13c spectrum for this O/Li ratio is not as well resolved as the proton 

spectrum and therefore greater errors are introduced into the integrations 

but the area integrations agree quite well with the proton area integrations. 

The two 13C-1H HETCOR experiments discredited a restricted 

rotation of the ferf-butoxide groups or a methyl group on the ferf-butoxide 

group on two of the fluxional hexameric aggregates which might have been 

the reason for the non-equivalency. Since it was shown not to be a 

restricted rotation, this led to the idea that it might be possible for one or 

more of the ferf-butoxide groups to be unsymmetrical with the other ferf-

butoxide groups. For example, to relieve some of the steric interactions of 

the ferf-butyl and ferf-butoxide groups, one of the ferf-butoxide groups on 

the (1/4):1 hexamer or two ferf-butoxide groups on the (2/2) :2 hexamer 

might become elongated relative to the others. Similarly, to relieve steric 

interactions, one or two of the ferf-butoxide groups might be bent or lean 

heavily over to one side of the two open faces in the hexamer. In order to 

test this unsymmetrical behavior, a series of 6Li-1H HOESY experiments 
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were run with different xmix times. Since the amount of NOE received by a 

nucleus from another nucleus is a function of the internuclear distance 

between the two spin systems, the amount of NOE received by a 6Li 

nucleus would be different for two different types of tert-butoxide protons, 

i.e., elongation of one relative to the other. The xmix time is the delay 

period where cross-relaxation occurs in the two-dimensional pulse 

sequence. By varying this delay time, the amount of NOE will either 

increase or decrease as a function of the internuclear distance. 

Therefore, if the distances between the protons on the two types of 

nonequivalent ferf-butoxide groups and lithium atoms are different, the 

cross-peak intensities from the 6|_i-lH HOESY experiments should not 

remain the same for the two types of ferf-butoxide protons relative to one 

another as the tmix times are varied. The 6|_i-1 H HOESY experiment on 

the 0.7/1 O/Li ratio sample that was shown in Figure 14 was run with a xmix 

time of four seconds. Three more experiments were run with mixing times 

of two, three and five seconds. Traces from the four two-dimensional 

spectra were taken and the cross-peak intensities of the two types of 

nonequivalent te/f-butoxide groups for the (2/2):2 and (1/4):1 hexamers 

were integrated. For all four different Tmix times, the cross-peak intensity 

areas for the two types of nonequivalent fert-butoxide groups remained the 

same relative to one another for both the (2/2):2 and the (1/4):1 hexamers. 

A graphical representation of the cross-peak intensities versus the four 

different imix times of the two types of nonequivalent fert-butoxide groups 

can be seen in Figure 17 for the (2/2):2 hexamer and Figure 18 for the 

(1/4):1 hexamer. These experiments showed that the two types of 
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Figure 17 
Cross-peak intensity area for the two types of nonequivalent ferf-butoxide 
groups on the (2/2):2 mixed hexamer. 
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groups on the (1/4):1 mixed hexamer. 
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nonequivalent ferf-butoxide groups on each hexamer have the same 

internuclear distance between the methyl ferf-butoxide protons and the 6Li 

atoms. This would discredit the idea of bond elongation or of some 

unsymmetrical configuration of one ferf-butoxide group relative to the 

others on a given hexamer. 

This leads to the fourth postulate that we now believe is occurring in 

these hexameric aggregates, a non-random fluxionality process. At the 

same time this structural data was being accumulated, Danny Pannell was 

investigating the interaggregate exchange processes of these same mixed 

alkoxide:alkyl species.42 He was monitoring this exchange by13C 2D 

EXSY NMR (two-dimensional exchange spectroscopy). While observing 

the methyl ferf-butyl and ferf-butoxide carbons, he observed that exchange 

occurred among the 4:2 and (2/2):2 ferf-butyl groups. This exchange was 

also observed for the tertiary ferf-butoxide carbons. Exchange was also 

observed between the two types of ferf-butoxide groups in the 1/4:1 

hexamer. These exchanges, which can be monitored by 2D EXSY NMR, 

are a random fluxional exchange that, if fast on the NMR time scale, brings 

equivalence to the four ferf-butoxide groups in the (2/2) :2 hexamer and all 

five fert-butoxide groups in the (1/4):1 hexamer. Since equivalence is not 

observed for all the ferf-butoxide groups, this led Pannell to propose a 

second non-random fluxional exchange process occurring simultaneously 

with the random exchange process. 

This non-random fluxional exchange process, which Pannell has 

shown to be occurring in many other alkyllithium and mixed alkyllithium 

hexamer systems, will be discussed here in some detail. This non-
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Figure 19 
The (1/4):1 hexamer represented as an octahedral and hexagonal 
structure. The O represents a fert-butoxide group while the C represents 
a tert-butyl group. 
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random (limited) fluxionality imposes that as the alkyl and/or alkoxide 

groups migrate from one face of the hexamer to another, that the two open 

faces that exist in the hexameric structure remain opposite to one another 

throughout the exchange process. As one group migrates into an open 

face, the group opposite the migrating group must simultaneously migrate 

into the other open face. The effect of this is groups that are opposite 

each other must remain opposite to each other. This process can be 

more easily described by using a simplified diagram which can be seen in 

Figure 19. 

In these figures 'O' represents a tert-butoxide group while a 'C' 

represents a ferf-butyl group. The (1/4):1 hexamer is represented here in 

a hexagon configuration with only the alkyl and alkoxide groups 

represented. In this type of diagram, the naming of these aggregates can 

be renamed by the respective position of the tert-butoxide groups relative 

to the ferf-butyl group within the hexagon as ortho, meta, and para isomers. 

Figure 19 shows these positions and are labeled with superscripts 'x', y , 

and 'z' depending on their position relative to the fert-butyl group. If the 

hexamers undergo this limited exchange then the post-exchange 

environment of the Ox group is the same as the pre-exchange environment 

of the Oy group. Therefore, this brings equivalence to the two types of 

fert-butoxide groups, ortho and meta but not with the para group. As this 

exchange continues it brings equivalence between all the lithiums in a 

given hexamer but never allows the ortho/meta fert-butoxide groups to 

become equivalent with the para te/f-butoxide group. This exchange 

process for the (1/4):1 hexamer is depicted in Figure 20. This same 
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The (1/4):1 aggregate undergoing the three possible orientations imposed 
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thought of ortho/meta isomer equivalence but not equivalence with the para 

isomer, can be applied to the (2/2):2 hexamer with the same results. 

The two types of nonequivalent fert-butoxide groups in the (2/2):2 

hexamer show temperature dependent behavior in both their1H and 1 3c 

spectra. The 1H and 13c spectra at different temperatures can be seen 

in Figures 21 and 22 respectively. As seen in Figure 21, the two 

nonequivalent tert-butoxide groups for the (2/2):2 hexamer at a 

temperature of -26 °C appear as two sharp peaks in the proton spectrum at 

1.23 and 1.25 ppm. As the temperature is increased, the two resonances 

start to broaden at approximately +2°C. By +22°C, the two peaks start to 

coalesce into one peak. By +41 °C, the peaks have coalesced into a 

single broad resonance on the shoulder of one of the resonances for the 

(1/4):1 hexamer. This temperature of +40°C is the upper limit due to the 

boiling point of the solvent cyclopentane. This temperature dependency 

can also be seen in the methyl ferf-butoxide region of the^c spectrum. 

Figure 22 shows these spectra as a function of temperature. At -26°C, 

the two 13c resonances for the (2/2):2 hexamer are two sharp peaks at 

34.80 and 35.04 ppm. The two peaks start to broaden at approximately 2 

°C. The 13c methyl fe/t-butoxide resonances broaden into the baseline 

at +22°C and reappear as a very broad resonance underneath the (1/4):1 

resonance at +41 °C. This same broadening and coalescing is also 

evident in the tertiary fert-butoxide region of the 13C spectra for the (2/2):2 

hexamer. The exchange that occurs at these temperatures for the (2/2) :2 

hexamer is only observed between the fert-butoxide groups of the (2/2):2 

hexamer and not with the 4:2 hexamer. These results are most 
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Figure 21 
Variable-temperature proton NMR spectra of 2F 0.7/1 O/Li ratio sample of 
lithium ferf-butoxide/fert-butyllithium aggregates. 
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Figure 22 
Variable-temperature 13C NMR spectra of the methyl terf-butoxide carbons 
of a 3F 0.7/1 O/Li ratio sample of lithium tert-butoxide/terf-butyllithium 
aggregates. The asterisks above the resonances indicate the (2/2):2 
methyl fert-butoxide 1 resonances. 
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consistent for an exchange that occurs at higher temperatures in which the 

two types of terf-butoxide groups on the (2/2):2 hexamer exchange sites at 

a rate faster than the ferf-butoxide group on the 4:2 hexamer exchanges 

sites with the fert-butoxide groups of the (2/2):2 hexamer. 

It is believed that at higher temperatures (> 40°C), the two types of 

hexamers with four tert-butoxide groups (ortho/meta and para isomers) 

would all coalesce into a single resonance for the fert-butoxide groups and 

into a single resonance for the tert-butyl groups as the rate of random 

fluxionality increases and dominates the NMR spectrum. Evidence for 

this can be seen in the high temperature spectra in Figures 21 and 22. 

The 1H and 1 methyl ferf-butoxide resonance for the 4/2 hexameric 

isomer can be seen to decrease in intensity and the peak starts to broaden 

by +22°C. At +41 °C, the peak has decreased in intensity and broadened 

significantly. The most revealing evidence of this process however can 

be seen in the 6|_i spectrum at +40°C in Figure 23. Here the two 

resonances for the hexameric isomers of composition (2/2):2 and 4/2 are 

seen to both broaden while the resonance for the (1/4):1 remains a sharp 

singlet. As the temperature is increased and consequently the exchange 

rate increases, the two isomers should not be distinguishable on the NMR 

time scale and should appear as a single 6Li resonance. 

The limited (non-random) exchange process allowed the conclusion 

that at an O/Li ratio of 0.7/1, five hexameric aggregates are distinguishable 

in solution by NMR. These five being the following; 0:4 and 1:3 tetramers, 

two isomeric hexamers of the composition 4:2 and (2/2):2, and one 

hexamer with the composition (1/4):1. 
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Figure 23 
6Li variable-temperature NMR spectra of 2F 0.7/1 O/Li ratio sample of 
lithium fert-butoxide/fe/f-butyllithium aggregates. 
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Chemical Shifts for Aggregates Formed From an O/Li Ratio of 0.7/1 

The chemical shifts for alkyllithium compounds have been the subject 

of very few investigations. Thomas et al., have correlated the 13c 

chemical shifts of the alkyl groups on the lithium aggregates RLi against 

those of their parent hydrocarbons RH.65 Oliver et al., have studied the 
7Li chemical shifts as a function of structural effects.66 Recently Schleyer 

et al., have shown that an ab initio method IGLO (individual gauge for 

localized orbitals), has some limited structural uses for the determination of 

organolithium molecules using 13c chemical shifts.67 A very qualitative 

description will be given here to explain the behavior of the 1 ̂ C a-carbon 

chemical shifts. The 1 chemical shifts for the a-carbons of alkyllithium 

compounds in general move downfield as the aggregation state increases 

for a given alkyllithium compound.65 This downfield shift of the higher 

aggregates has been attributed to less anionic character of the alkyl groups 

relative to the greater anionicity in the smaller aggregation states. 

However, mixed alkoxide:alkyllithium aggregates exhibit opposite trends in 

their chemical shifts. This is thought to arise from the strongly polarizable 

oxygen atoms on the alkoxide groups. The 13C chemical shifts for these 

systems are dictated by the electron density surrounding the a-carbons on 

the tert-butyl groups which are imposed by the surrounding electronegative 

oxygen atoms. 

The a-carbon of the 0:4 tetramer resonates at 10.77 ppm while the a-

carbon of the 1:3 tetramer resonates at 9.06 ppm. This upfield shift of 1.7 

ppm indicates an increase in the electron density around the carbon 
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nucleus and therefore becomes more shielded from the ensuing 

electromagnetic radiation. This increased electron density is consistent 

with a polarization of the lithium atoms by the electronegative oxygen atom. 

This results in more positively charged lithiums and consequently more 

negatively charged carbons. The trends observed for the 1 a-carbons 

of the mixed hexameric aggregates displayed an unusual behavior. This 

can be explained with the aid of the limited fluxionality that occurs for these 

hexameric aggregates. The 1 a-carbon chemical shift for the (2/2):2 

hexamer is the furthest downfield of the three hexamers at 10.79 ppm. 

The limited fluxionality of these hexameric aggregates causes the 

equivalence on the NMR time scale of the ortho and meta isomers for the 

(2/2):2 hexamer. This equivalence allows one of the tert-butyl groups to 

be adjacent (ortho) to the other fert-butyl group and also adjacent to a tert-

butoxide group while always remaining trans to a ferf-butoxide group. In 

this scenario, the a-carbon 'feels' the strongest effect of only one nearby 

fe/f-butoxide group. The terf-butyl groups of the para isomer, the 4:2 

aggregate, however always remain ortho to two fe/t-butoxide groups 

throughout this limited fluxional exchange and hence become more 

electron rich and therefore their 13c a-carbon resonance moves upfield to 

9.22 ppm. The (1/4):1 hexamer has only one alkyl group and is thus 

always ortho to two fe/t-butoxide groups but is also always trans to a tert-

butoxide group. The electronic effect of these fert-butoxide groups moves 

the 1 3 C a-carbon resonance even further upfield to 8.91 ppm. The 

overall trend that is observed is that as the local envoirnment of the tert-

butyl groups become dominated by fert-butoxide groups, the ferf-butyl a-
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carbons become more anionic and therefore more shielded and their NMR 

resonance moves upfield. 

The polarization of the lithium atoms should be felt the strongest for 

the directly bonded alkoxide groups and diminish as the lithiums become 

further removed from the alkoxide group. The one lithium that is remote 

and not bonded to the ferf-butoxide group in the 1:3 tetramer effectively 

'feels' three tert-butyl groups and resonates at -0.12 ppm while the other 

three lithiums which 'feel' the effect of two tert-butyl groups and one tert-

butoxide group resonate upfield at -0.78 ppm. If the ®Li chemical shifts 

are dictated solely by the electron density surrounding the lithium nuclei 

induced from the neighboring atoms, then the opposite trend in chemical 

shifts are observed experimentally of what would be expected. That is, 

the more shielded lithium nucleus resonates downfield from the other less 

shielded lithium nucleus. This downfield shift of the more shielded 6|_i 

nucleus has recently been observed and discussed for two compounds, 

(E)-1 -lithio-2-(2-lithiophenyl)-1 -phenylhex-1 -ene and (E)-2-lithio-1 -(2-

lithiophenyl)-1 -phenylpent-1 -ene.68 The authors attributed this to three 

possible factors: 1) charge-density changes, 2) ring current effects of the 

phenyl group, and 3) differences in Li solvation due to steric effects. They 

discredited the ring current effects due to the lithium nuclei residing in or 

close to the zero-shielding region of the phenyl rings. The authors stated 

that the change in solvation effects due to different steric constraints could 

not be estimated. Their system was studied in a solution of THF and 

TMEDA while the mixed lithium ferf-butoxide/ferf-butyllithium systems were 

in cyclopentane. Solvation effects would be expected to be much greater 
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in the coordinating THF/TMEDA solution than in a hydrocarbon solvent. 

Charge-density changes were thought to play a role because some the 

"I3C chemical shifts reflected this change. This deshielding effect on the 

1 3C chemical shifts was observed for the monomers but not for the dimers 

that exist in equilibrium for both compounds. It was thus concluded that a 

simple rationalization of the 6Li chemical shifts at the present time was not 

available. 

The arguments used to describe the 13C chemical shifts apparently 

are not as simple in describing the 6|_i chemical shifts. The chemical shift 

range for these organolithium compounds is very small compared to that of 

13c, i.e., 4 ppm versus 250 ppm. The overall shielding (a) of a nuclei to 

the effective electromagnetic field is given as follows; 

<*tot = <*d + <*p + am + <*r + + °s t13] 

where ad = diamagnetic term 

ap = paramagnetic term 

a m = neighbor anisotropy effect 

Gr = effects of ring currents 

oe = electric field effects 

Gs = solvent effects 

Although the exact contribution from each a cannot be calculated, semi-

empirical calculations have proved useful in assigning relative 

contributions.69 Whereas "*3C nuclei are usually dominated by the 
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paramagnetic term,69 the ®Li nuclei in these types of molecules are 

probably influenced and dominated by some of the other shielding terms. 

Therefore the 6|_i chemical shifts cannot be described by simple 

polarization effects. 

0.9/1 O/Li RATIO 

As the O/Li ratio is increased from 0.7/1 to 0.9/1, three new 

resonances appear in the ®Li spectrum. These occur at -0.79, -0.96, and 

-1.08 ppm. The resonance at -0.79 ppm has previously been 

characterized as lithium terf-butoxide and was discussed in an earlier 

section for an O/Li ratio of 1/1. The other two resonances are relatively 

minor species with an O/Li ratio of 0.8/1, but grow in intensity at the 

expense of the 0:4 and 1:3 tetramers and the (2/2):2 and (1/4):1 hexamers 

as the O/Li ratio is increased to 0.9/1. At an O/Li ratio of 0.9/1, there are 

no longer any more tetrameric aggregates and only the mixed hexamers 

exist in any appreciable amount. Of the three mixed hexamers, the 1/4:1 

aggregate is the predominant species. 

Both the 1 H and 1 spectra indicate the presence of two new 

unidentified species in solution. The 1H spectrum reveals two new singlet 

resonances at 1.29 and 1.40 ppm. The 13c spectrum reveals two new 

resonances in the methyl fe/f-butoxide region at 34.94 and 35.22 ppm and 

two resonances in the tertiary fe/f-butoxide region at 66.47 and 66.95 ppm. 

However, no new resonances exist in the methyl or a-carbon region for 

tert-butyl groups. This indicates that these two new species do not 
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contain any alkyl ligands. This is extremely unfortunate since most of the 

structural information gained from the NMR experiments in the previous 

section took advantage of the 13C-6|_i coupling. 

Through many various experiments, it has been determined that these 

two new aggregates that appear at this high O/Li ratio are the photolytic 

and thermal decomposition products of the mixed lithium 

alkoxide/alkyllithium aggregates which have been discussed earlier in this 

chapter. Since these new aggregates are not truly mixed lithium 

alkoxide/alkyllithium aggregates, a separate chapter, Chapter Four, is 

devoted to the structural, mechanistic, and reactivity studies of these 

decomposition products. 

FTIR Investigation of Mixed Lithium ferf-Butoxide/ 

fe/t- ButyI lithium Aggregates 

A simple investigation into the absorption frequencies in the infrared 

region of the spectrum for these mixed lithium fe/f-butoxide/fe/f-butyllithium 

aggregates was undertaken. As will be discussed in Chapter Four, it was 

necessary to identify whether or not an alcoholic proton was in solution and 

therefore responsible for an observed coupling in the 6|_i NMR spectrum for 

two different decomposition products. The presence of an alcohol unit on 

a molecule can easily be deduced by the characteristic absorption 

frequency in the infrared spectrum at approximately 3200-3700 cm-1. 

This was the initial basis for looking at the FT-IR spectrum of these 

aggregates. In addition, since all of these mixed aggregates are new 
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species that have not previously been reported in the literature, it was 

prudent to obtain infrared data on these complexes. It should be noted 

that the intention of this FT-IR study was not as an exhaustive treatment in 

the identification of all the possible vibrational modes in these aggregates, 

but rather was an attempt to identify the absorption frequencies in relation 

to individual aggregates and aggregation states. 

All aggregates were studied in a solution containing 92% 

cyclopentane and 8% d10-cyclopentane. The solvent was analyzed prior 

to the analysis of the solution containing the mixed aggregates. The 

infrared spectrum of the solvent was then subtracted from the infrared 

spectrum of the sample of interest to remove any frequencies that occur 

from the solvent system. A total of five different O/Li ratios were analyzed 

in separate experiments. The O/Li ratios studied, which were all 2.0 F in 

concentration were 0/1, 0.2/1, 0.7/1,0.9/1, and 1/1. The samples were 

synthesized in the manner already described in Chapter Two. Each 

sample was then flamed sealed in an NMR tube on the vacuum line. 

Each sample was then analyzed by 1H and ̂ Li NMR to identify the species 

that were present in that solution. The NMR tubes were then brought 

back into the glove box where they were opened and a portion of the 

solution was injected through a septum into the IR cell. The IR cell was 

then removed from the glove box and immediately placed in the FTIR 

spectrometer for analysis. 

The FT-IR spectrum of fert-butyllithium can be seen in Figure 24. 

Two distinct regions can be seen to exist between approximately 600-1500 

cm-1 and between 2600-3000 cm-1. The region between 2600-3000 cm-1 
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Figure 24 
FTIR spectrum of ferf-butyllithium in a cyclopentane solution at 22°C. 
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Table 6 

FTIR ABSORPTION FREQUENCIES (CM-1) FOR 

LITHIUM fe/t-BUTOXIDE/ferf-BUTYLLITHIUM 

AGGREGATES AT VARIOUS O/LL RATIOS 

o/u Ratio 

0/1 0.2/1 0.7/1 0.9/1 1/1 

750 750 

774 774 774 — • — 

— — 816 — 

— — 884 — 

927 927 927 928 — 

— — 961 — — 

— — 967 966 — 

• — — — 973 972 
— 977 977 — — 

991 991 991 — — 

1131 1130 1130 — — 

— 1209 1209 — • — -

— — . — . — • 1213 

• — — 1219 1219 — 

— — — • — 1348 

— 1355 1354 — — 

— — — 1377 1375 

1383 1382 1380 — — . 

1456 1456 1456 — — 

— — — • 1468 1469 
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is from sp3 C-H stretches.70 The solvent sp3 C-H absorptions occur in this 

region and therefore resolution of any absorptions from the lithium 

aggregates are not possible in this region. The region between 600-1500 

cm-1 is free from solvent interference and the absorptions are well 

resolved. Thus this region was used for comparison in the analysis of the 

different samples. Table 6 lists the absorption frequencies that occur in 

this region between 600-1500 cm-1 for the five different O/Li ratio samples. 

An examination of Table 6 allows for the assignment of selected 

frequencies to individual aggregates. The Raman and infrared 

frequencies for fert-butyllithium have previously been reported.35'71 The 

results of West et a\., parallel these results except they report two more 

frequencies at 1355 and 1210 cm"1. These two bands were not observed 

in the 0/1 O/Li ratio sample. They were however observed in the 0.2/1 

O/Li ratio sample that contains the 1:3 mixed tetramer. It is thus 

interpreted from these results that these two frequencies reported by West 

were the result of adventitious oxygen that may have contaminated his 

sample of fert-butyllithium and, thus, formed a small amount of the 1:3 

mixed aggregate. West et al.,35 and others71 >72>73 have determined that 

the C-Li fundamental stretching frequencies occur below 600 cm-1. This 

was determined by observing the frequency shifts when $Li enriched 

compounds were substituted for7Li compounds. None of the bands 

above 600 cm-1 shifted upon isotopic substitution. West assigned the 

bands at 1456,1383,1209,1130, 991, 925, and 774 cm-1 to various 

vibrations of the fert-butyl moiety. This assignment was made by analogy 

to spectra of other compounds containing tert-butyl groups. The bands at 
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1450 and 1383 cm"1 were speculated to be C-H bending vibrations while 

the bands around 1000 cm-1 were thought to arise from either C-C 

stretching or methyl rocking modes. 

From Table 6 it is obvious that three bands at 977,1209, and 1355 

cm-1 that were present in the 0.2/1 O/Li ratio sample were not present in 

the 0/1 O/Li ratio sample. In addition, these three bands were only 

observed in the 0.2/1 and 0.7/1 O/Li ratio samples. These two O/Li ratios 

were the only ones where the 1:3 was present. These three bands were 

therefore assigned to the 1:3 tetramer. 

The 0.7/1 O/Li ratio sample contained the 0:4,1:3, 4:2, (2/2):2, and 

(1/4):1 aggregates. Four new bands at 750, 961, 967, and 1219 cm-1 

were observed at this O/Li ratio. These four bands were therefore 

assigned to the hexameric aggregates. The three bands at 750,967, and 

1219 cm-1 were also present in the 0.9/1 O/Li ratio sample that also 

contained the (1/4):1 hexamer but not the 4:2 or (2/2):2 hexamers. These 

three bands were assigned to the (1/4):1 hexamer and the band at 961 to 

either the 4/2 or the (2/2):2 aggregate. This spectrum was quite 

complicated and several absorptions appear to be overlapping and were 

not resolvable. These unresolved bands may have belonged to the 4:2 

and (2/2):2 aggregates. It was also observed that all of the bands that 

were assigned to the two tetrameric aggregates were still present in this 

sample. 

The 0.9/1 O/Li ratio sample contained the (1/4):1, 6:0, and two 

decomposition aggregates which are the topic of Chapter Four. Five new 

bands at 816, 884, 973,1377, and 1468 cm-1 were observed. The three 
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bands at 973,1377, and 1468 cm"1 were also present in the 1/1 O/Li ratio 

sample that only contained the 6:0 hexamer. These three bands were 

therefore assigned to the 6:0 hexamer along with the bands at 1213 and 

1348 cm-1 that were observed in the 1/1 O/Li ratio sample. The two 

bands at 816 and 884 must therefore be assigned to either and/or the two 

decomposition products. As with the 0.7/1 O/Li ratio sample, this 

spectrum was quite complex and it appears that some of the bands were 

not resolvable. 

Earlier studies by Lochmann et al., revealed the interaction of 

alkyllithium compounds with lithium alkoxides.5 In this study a 1:1 molar 

ratio of fert-butyllithium was added to lithium tert-butoxide. From 

thermometric titrations and infrared data it was postulated that the 

association compound (f-C4H9Li- f-C4H9OLi)x was formed. An infrared 

spectrum of this mixture was displayed in the paper. Although exact 

frequencies were not reported, the spectrum appeared identical to the 

spectrum obtained for the 0.7/1 O/Li ratio sample. 

Prompted from this observation, a 2 F sample of lithium ferf-butoxide 

was added to ferf-butyllithium in a 1:1 molar ratio. This sample was then 

flame sealed in an NMR tube and analyzed by1H, 13C, and 6Li NMR. As 

expected, this sample was found to contain a mixture of the 0:4,1:3, 4:2, 

(2/2):2, and (1/4):1 aggregates in the same relative concentrations as 

observed for the 0.6/1 O/Li ratio sample displayed in Figure 6 (D). 

Although no experimental evidence exists that unambiguously proves the 

1:1 complex of lithium ferf-butoxide/fert-butyllithium, it is still generally 

accepted by polymer chemists to exist.22'23'27 It has been postulated that 
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this 1:1 complex may be responsible for the irreproducible results observed 

in the use of lithium alkoxides as catalysts in polymerization synthesis.23 

This present work shows that it is not a 1:1 complex that exists but rather is 

a number of different mixed tetrameric and hexameric aggregates. Other 

researchers have reported that added lithium alkoxides both enhance74 and 

inhibit75 the anionic polymerization. An examination of the experimental 

details in these studies, suggests that enhancements were observed in the 

rate of reaction for solutions with low O/Li ratios. These solutions have 

been found to contain mainly the tetrameric aggregates. Inhibitions in the 

rate were observed for the solutions with high O/Li ratios. These solutions 

have been found to contain mainly the mixed hexameric aggregates. 

Other Mixed Lithium Alkoxide/Alkyllithium Systems 

The lithium terf-butoxide/fert-butyllithium system that was studied 

allowed the hypothesis that as the steric requirements of the lithium 

aggregates are lessened by less sterically demanding ligands e.g., 

alkoxides, the aggregates can form the more energetically favorable higher 

aggregation states. To further test this hypothesis and explore the 

relationship between aggregation state and steric requirements in these 

mixed systems, two other systems were studied at low O/Li ratios. The 

other two systems, /'sopropoxide//so-propyllithium and />propoxide/n-

propyllithium were chosen in order to have an overall representation of 

primary, secondary, and the previously studied tertiary fe/f-butoxide/tert-

butyllithium system. 
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/so-Propoxide//so-Propyllithium 

/so-Propyllithium exists in hydrocarbon solution as an equilibrium 

mixture of tetramers and hexamers. Thomas et al, have studied /so 

propyllithium by variable temperature 13c and ®Li NMR in cyclopentane 

solution.34 In this study, it was found that /so-propyllithium exists as an 

equilibrium mixture of tetramers and hexamers. The relative equilibrium 

concentrations for each aggregate are determined by both concentration 

and temperature. The tetramer is the predominant species above 30°C, 

and has also been shown to be the predominant aggregate at low 

concentrations of 0.02 M or less.76 Both the 13c and 6|_i variable 

temperature NMR studies show that interaggregate exchange is rapid 

above 0°C. This exchange is slowed down when the temperature is 

lowered below -15°C. At these lower temperatures, the equilibrium 

between the two aggregates remains constant. The a-carbon resonance 

for the tetramer resides at 5.8 ppm with a Ji3c.6U coupling of 6.1 Hz, while 

the a-carbon resonance for the hexamer is at 10.5 ppm with a Ji3c.eu 

coupling of 3.3 Hz at -30°C. The 6Li spectrum at -30°C reveals the 

presence of two resonances, one at 0.0 ppm which was assigned to the 

hexameric aggregate from the value of the 13q satellites (3.3 Hz) while the 

tetramer was assigned at -0.08 ppm relative to the hexamer. 

When /'sopropanol is added to /'so-propyllithium at an O/Li ratio of 

0.2/1 a new resonance appears in the a-carbon region in the 1 spectrum 

at 10.0 ppm. The 13C spectrum can be seen in Figure 25. 
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Figure 25 
13C NMR spectrum of a 2F 0.2/1 O/Li ratio sample of lithium iso-
propoxide/Zsopropyllithium aggregates at 25°C. 
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The Ji3c.6u coupling constant for this resonance measured 3.4 Hz. This 

value is indicative of carbon coupled to six lithium nuclei and is of the same 

order of magnitude as the /so-propyllithium hexamer that has a value of 3.3 

Hz. This new aggregate is therefore assigned as a fluxional hexamer with 

an undetermined amount of /'so-propoxide//'so-propyl groups. 

Fraenkel, in a recent review,77 states that at a field strength of 22.03 

MHz for 1 two resonances are visible in the a-carbon region for /so-

propyllithium . His assignments correspond to the two resonances 

described previously. However, when he goes to a higher field strength 

(13c at 75 MHz), it is stated that a new resonance appears at 10.0 ppm 

with a 13c-6|_i coupling indicative of a hexamer. It was claimed that this 

was another hexameric /so-propyllithium aggregate with a different 

geometry than the other hexameric /so-propyllithium aggregate at 10.5 ppm 

and was only resolvable at this higher field strength. The present system 

studied also shows this resonance at 10.0 ppm. However, this resonance 

is only observed when /so-propanol is added to the sample. On the basis 

of these findings, this "other hexameric aggregate" which Fraenkel 

describes, is interpreted as a mixed lithium /so-propoxide//"so-propyllithium 

aggregate. This resonance can be seen in Figure 26. 

The sample that Fraenkel studied at the higher field strength 

apparently must have been contaminated with adventitious oxygen since 

the pure /so-propyllithium which was used in the present studies did not 

contain this resonance at the same field strength that Fraenkel observed 

13c. 
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When this 0.2/1 O/Li ratio sample is run with 6|_i decoupling, another 

smaller resonance becomes visible just downfield from the /'so-propyllithium 

hexamer at 10.7 ppm. Figure 26 shows both the 13C-6l_i coupled and 

decoupled spectra. This smaller resonance is obscured by the large 0/6 

hexamer when a normal 1spect rum is acquired and therefore its 

coupling constant cannot be measured to determine its aggregation state. 

This system is similar to the te/f-butoxide/ferf-butyllithium system where 

overlapping resonances obscured the 13q_6|j coupling. This should 

therefore be ideally suited for the one dimensional J(13C-6l_i) modulated 

spin-echo experiment that was successfully applied to the tert-

butoxide/ferf-butyllithium system. This experiment was performed at -40° 

C with three different i values; 0,0.164, and 0.303 sec. The delay i in 

this pulse sequence is equal to 1/J. These correspond to 13C coupled to 

all lithiums, three lithiums with J = 6.1 Hz, and six lithiums with J = 3.3 Hz. 

This experiment revealed that the *•3C resonance at 5.8 ppm is coupled to 

three lithiums and is therefore probably a non-fluxional tetramer. The 

resonances at 10.0,10.5, and 10.7 ppm all appeared in the spectrum 

where the delay time T was set for hexameric coupling. This experiment 

unambiguously assigns the two new aggregates that appear at this O/Li 

ratio of 0.2/1 to be hexameric aggregates. 

The 6|_i spectrum revealed the presence of four different species 

present in solution. These four different peaks can be seen in Figure 27. 

The two new aggregates appear upfield at -0.37 and -0.57 ppm from the 

hexameric resonance of /'so-propyllithium at 0.0 ppm. This 
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Figure 26 
13C-6u NMR spectrum (bottom) and 13c {©Li} NMR spectrum (top) of a 
2F 0.2/1 O/U ratio sample of lithium /so-propoxide//so-propyllithium 
aggregates. 
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Figure 27 
6Li NMR spectrum of a 2F 0.2/1 O/Li ratio sample of lithium iso-
propoxide//so-propyllithium aggregates at -20°C. 
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upfield shift of the 6i_i resonances upon addition of alkoxides was also 

observed in the tert-butoxide/ferf-butyllithium system. 

As mentioned above, the alkoxide/alkyl ratio of these new mixed 

hexameric aggregates could not be determined by the a-carbon region of 

the 13c spectrum. The methyl /'so-propoxide and methyl iso-propyl region 

of the 1^0 spectrum however can be integrated to obtain the alkoxide/alkyl 

ratio. As stated in the section on the te/f-butoxide/te/t-butyllithium system, 

if the conditions are set properly, /'. e., sufficient delays (>5 Tt) for complete 

relaxation and no NOE, a quantitative integration can be obtained. The 

methyl groups on the /so-propyl groups reside between 22 and 24 ppm, 

while the methyls on the /'so-propoxide groups reside between 28 and 30 

ppm. The methyl groups that belong to the tetrameric and hexameric /so-

propyl groups were identified by a pure sample of /'so-propyllithium. The 

relative difference in concentration between the tetramer and hexamer 

(approximately 1 to 2 respectively) allowed for the easy assignment of the 

methyls from the /so-propyllithium hexamer at 22.89 ppm and the methyls 

from the /so-propyllithium tetramer at 23.20 ppm. The methyls on the /'so-

propyl groups of the more abundant mixed hexamer resonate at 22.75 ppm 

while the methyls on the /'so-propoxide group resonate at 29.20 ppm. 

When the areas for these two resonances were integrated, they revealed 

normalized integrals of 16:84. This corresponds to an alkoxide:alkyl ratio 

of 1:5. The 13C methyl iso-propyl resonance of the other mixed hexamer 

is overlapped by the resonance of the /'so-propyllithium tetramer. Since 

these resonances are overlapped, the peak areas could not be accurately 

integrated. 
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These experiments showed that at a low O/Li ratio (0.2/1), two new 

mixed /so-propoxide//so-propyllithium aggregates were formed. Although 

/'so-propyllithium exists as an equilibrium mixture of both tetramers and 

hexamers, the mixed aggregates that are formed are exclusively 

hexameric. One of these hexamers has been determined to be 

composed of (/"so-propyl)5(/so-propoxide)Li6, while the other hexamer does 

not exist in a large enough concentration to be determined at this O/Li ratio. 

/>Propoxide/A7-Propyllithium 

/>Propyllithium has been previously identified by Fraenkel etal., to 

exist in hydrocarbon solution as an equilibrium mixture of hexamers, 

octamers, and nonamers.78 As was the case for /so-propyllithium, this 

equilibrium can be shifted by both concentration and temperature. At 

temperatures above -20°C, interaggregate exchange is rapid and only one 

resonance is visible in the a-carbon region of the 1 3 c spectrum. This is 

also true for the 6Li spectrum above -20°C. As the temperature is 

lowered to -80°C, the one broad resonance for the a-carbons at higher 

temperatures split into five different resonances. The 13c-6|_i coupling is 

only observable for the aggregate that resonates at 15.6 ppm. The value 

of this coupling, 3.4 Hz, is indicative of1 3C coupled to six lithiums in a 

fluxional hexamer. 13C-6|_i coupling is not observable for the octameric 

and nonameric aggregates. However, with the aid of resolution 

enhancement (subtraction of an exponentially weighted FID from a non-

weighted FID), coupling can be observed. The observed 13C-6l_i 

coupling values for the resonance at 17.4 ppm is 2.5 Hz and the resonance 
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at 18.0 ppm has a value of 1.9 Hz which would correspond to a 13c 

nucleus coupled to eight and nine lithiums respectively. Fraenkel 

observed two other smaller resonances just downfield of the nonamer peak 

at 18.0 ppm that was identified as being two other nonameric aggregates. 

These aggregates resonate at 18.5 and 19.3 ppm. 

The 6Li spectrum reveals five different lithium resonances at 

-80°C. These have also previously been identified by Fraenkel. The 

resonance for the hexameric aggregate is the furthest downfield, with the 

octamer and three nonamer resonances upfield at -0.09, -0.16, 

-0.32, and -0.41 ppm respectively. The 6Li chemical shifts are relative to 

the hexameric aggregate resonance at 0.0 ppm. 

Upon the addition of a small amount of n-propanol, 0.2/1 O/Li ratio, 

one new resonance appears in the a-carbon region of the spectrum. 

This spectrum can be seen in Figure 28 (A). This resonance occurs at 

16.5 ppm. For this new resonance, 13c-6|_i coupling can not be resolved 

even at temperatures as low as -80°C. 

A 13C{6|_i} decoupled spectrum was acquirred to reveal if any other 

resonances were hidden by the overlapping multiplets of the other 

aggregates. Figure 28 (B) shows the 13C{6Li} decoupled spectrum. 

This spectrum reveals that only the resonance at 16.5 ppm was formed 

upon addition of n-propanol at an O/Li ratio of 0.2/1. If resolution 

enhancement is applied to this spectrum, 13C-6U coupling can be detected 

for this new resonance at 16.5 ppm and a value of 2.1 Hz is observed. 

This value is consistent with the values for 13C-6u coupling observed by 

Fraenkel for a fluxional nonamer. 
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The 6Li spectrum at -80°C, however, reveals two new sharp 

resonances at -0.52 ppm and -2.02 ppm and one broad resonance at 

-1.14 ppm upfield from the hexameric resonance. 

A 2D 13C-6|_i HETCOR experiment was run in order to correlate the 
1 3c spectrum with the 6|_i spectrum. The delay values D3 and D4 were 

set to 0.240 and 0.250 s. respectively. The D3 value of 0.240 s. was used 

in order to optimize the delay value (1/2J) to the observed coupling of 2.1 

Hz for the mixed species. This experiment revealed that the resonance in 

the 13c spectrum at 16.5 ppm strongly correlated to the lithium at -0.52 

ppm (78 Hz). The results of this experiment can be seen in Figure 29. 

This contour plot however does not show any correlations for the other two 

new lithium resonances. However, if a trace is taken through the F1 

dimension at F2 = 16.5 ppm, the other two lithiums at -1.14 (50 Hz) and -

2.02 ppm (12 Hz) can also be seen to correlate to this 13c resonance at 

16.5 ppm. It is not clear at this time as to what the structure might be for 

such an aggregate. Crystal structures for lithium aggregates containing 

more than six lithiums have not been determined. The other carbon 

resonances, besides the a-carbon resonances, were not resolvable 

enough to allow for accurate integrations. Thus, the determination of the 

alkoxide:alkyl ligand ratio was not accomplished. If this system behaves 

as the other two systems studied then it might not be too presumptuous to 

infer that this mixed aggregate has the composition (n-propyl)8(n-

propoxide)Li9. 

n-Propyllithium, like the /so-propyllithium system that contains an 

equilibrium mixture of aggregates, is shown at low O/Li ratios to make 
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Figure 28 
13c-6u NMR spectrum (bottom) arid 13C{6Li} NMR spectrum (top) of a 2F 
0.2/1 O/Li ratio sample of lithium n-propoxide/n-propyllithium aggregates at 
-80°C. The two sharp resonances at 16.35 and 16.72 ppm are from 
propane which is a product of the reaction between />propanol and /> 
propyllithium. 
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Figure 29 
13c-6u HETCOR of a 3F 0.2/1 O/Li ratio sample of lithium n-propoxide/n-
propyllithium aggregates at -85°C. 
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mixed alkoxide:alkyllithium aggregates with the larger of the equilibrium 

mixture of aggregates. In the case of mixed n-propoxide//>propyllithium 

aggregates, these species oligomerize into a nonameric aggregate. 

Discussion 

The data that was accumulated for the three mixed 

alkoxide/alkyllithium systems (terf-butoxide/tert-butyl; /so-propoxide//'so-

propyl; and n-propoxide/n-propyl) suggest an overall trend in the structural 

formation of these mixed aggregates. In order to better understand the 

constraints placed upon these aggregates a small review of the structure 

and bonding of organolithiums in general will be presented. 

It is now generally accepted that C-Li bonds are essentially ionic.79 

The aggregated structures that are formed occur primarily from the 

positively charged polar Li atoms to attract as many negative centers (C", 

O', N-) as possible. Since electrostatic forces control the structures that 

are formed, the maximum number of cation-anion contacts should 

predominate. However, steric requirements of the ligands compete with 

the electrostatic attractions of the metal-ligand contacts. The bulkier 

ligands restrict the maximum number of metal-ligand contacts. Crystal 

structures have revealed that Li+ atoms with some less sterically 

demanding ligands have coordination numbers greater than four.80 This 

concept of maximum number of metal-ligand contacts has recently been 

shown to apply to lithium imides and lithium amides to form (NLi)n rings that 

can stack (in imides) or ladder (in amides).81.82 This ring-stacking and 
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ring-laddering allow for the NLi molecules to maximize their electrostatic 

interactions. 

The three systems studied in this dissertation clearly demonstrate that 

it is the bulk of the alkyl ligand that dictates the aggregation states that are 

formed. The first alkyllithium studied, ferf-butyllithium, is the most 

sterically demanding of the three alkyl groups. Because the alkyl group is 

so bulky, it can only exist as a tetramer. As the alkyl group becomes less 

sterically demanding, i.e., /so-propyllithium, the aggregates can now exist 

as a mixture of tetramers and hexamers. Although the steric interactions 

are greater in the hexamer, the energies between the two aggregation 

states are similar and therefore allow for this equilibrium to occur.34 The 

third system, n-propyllithium, is even less sterically demanding and this is 

shown by the number of higher aggregation states that are accessible to 

this system, e.g., hexamer, octamer, and nonamers. 

The fe/f-butyllithium system exists only as a tetrameric species in 

solution. The fert-butyl groups are too bulky to allow the formation of any 

higher aggregation states. When ferf-butanol is added to tert-butyllithium 

in a low O/Li ratio of 0.2/1, one of the ferf-butyl groups is replaced by a tert-

butoxide group in the tetramer. The replacement of a fert-butyl group by a 

fert-butoxide group relieves steric crowding in these tetramers. The more 

sterically crowded but electronically favorable mixed hexameric species are 

not formed unless a high O/Li ratio is employed where at least four tert-

butoxide groups are needed to relieve the steric crowding in these 

hexamers. 
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The /so-propyllithium system exists as an equilibrium mixture of 

tetramers and hexamers. The steric requirements of an /"so-propyl group 

are less demanding than a tert-butyl group and can thus form the more 

electronically favorable hexameric aggregates. When /"so-propanol is 

added at an O/Li ratio of 0.2/1, there is no added stability to the overall 

system if one of the iso-propyl groups on the tetramer is replaced by an 

isopropoxide group. However, since the hexameric species have more 

steric demands placed on them than the tetrameric species, it is the /'so-

propyl groups on the hexamers that are replaced by /sopropoxide groups. 

This helps relieve the steric crowding in these hexameric aggregates. 

The />propyllithium system exists as an equilibrium mixture of 

hexamers, octamers, and nonamers. The steric requirements of an n-

propyl group are less than an /so-propyl group and therefore can exist in 

even higher aggregation states. The most sterically demanding of the 

aggregates in this system are the nonamers. It is again seen that it is 

these aggregates that have n-propyl groups replaced by n-propoxide 

groups. This helps to relieve the bulkiness in the most sterically crowded 

of the three aggregates. Although there are three different aggregation 

states available for the replacement of an alkyl group by an alkoxide group, 

the system becomes more stable by relieving the steric crowding in the 

more sterically demanding highest aggregation state. 
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Molecular Modeling Studies on Mixed 

ferf-Butoxide/fe/t-Butyllithium Aggregates 

A molecular modeling software program, Alchemy II, was used to 

determine relative internuclear distances in these mixed lithium tert-

butoxide/tert-butyllithium aggregates. These relative distances were then 

used to explain structural differences within these mixed aggregates. 

Since a crystal structure has never been solved for terf-butyllithium, 

the lithium tetrahedral core that was used to construct the tetrameric 

aggregate was obtained from an average value of Li-Li bond distances 

from several different single crystals of tetrameric alkyllithium compounds 

[(MeLi)4, (MeLi)4-2tmeda, (EtLi)4, and 3-lithio-1-methoxybutane] whose 

crystal structures have previously been determined.80 The lithium-lithium 

bond distances ranged from 2.42 - 2.63 A where an average lithium-lithium 

distance of 2.56 A was used to build the tetrahedron core. Ellington 

calculated lithium-lithium distances of 2.28 A at +30°C and 2.78 A at -85°C 

for fe/f-butyllithium from 6Li-7Li and ®Li-6Li T1dd relaxation times.44 The 

lithium-a carbon bond lengths, in the crystal structures, ranged from 2.19 -

2.53 A with an average value of 2.29 A. This averaged value was chosen 

to represent the lithium-a carbon distance. 

The lithium tetrahedral core was assembled by constructing the four 

triangular faces as equilateral triangles. This makes all the Li-Li-Li bond 

angles in a face equal to 60°. The tetrahedron was then constructed by 

using a three point coordinate system contained in the Alchemy II software 

for the placement of the four lithium atoms. In order to attach given 
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ligands to the faces of these tetrahedrons, a ghost atom needed to be 

constructed on the triangular face for the attachment of the ligands. 

Figure 30 shows one of these triangular faces and the bond distances used 

in the construction of the ghost atom. The placement of the ghost atom in 

the center of the face was accomplished by first dividing the triangular face 

into two right triangles. This is depicted by the dashed line in Figure 30. 

Since the two right triangles have Li-Li-Li angles of 60°, the placement of 

the ghost atom would bisect this angle and thus form a new smaller right 

triangle with a Li-Li-Li bond angle of 30°. This new right triangle can 

also be seen in Figure 30. The following geometric equation was then 

used to measure the corresponding Li-ghost atom distance. 

cos 0 = adjacent side/hypotenuse [14] 

Taking 0 equal to 30°, and the adjacent side to be 1.28 A, the length of the 

hypotenuse equals 1.48 A. This distance was thus used from the ghost 

atom to the lithiums. 

To calculate the distance used for the ghost atom to the a-carbon, the 

Pythagorean theorem was employed. 

(hypotenuse)2 = (adjacent side)2 + (opposite side)2 [15] 

Here, the average Li-a carbon distance of 2.29 A that was previously 

discussed, was used as the length of the hypotenuse and 1.48 A was used 

as the length of the adjacent side. This calculation yields a distance of 
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Figure 30 
Basic structural design of the lithium tetrahedral face and the placement of 
the ghost atom for ligand attachment. 
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Figure 31 
Illustration of the placement of the ghost atom (Gh) and the a-carbon 
above the triangular face. The dotted lines represent the triangle formed 
in calculating the ghost atom-a carbon distance. 
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1.75 A for the ghost atom-a carbon distance. This length was thus used 

for the placement of the ligands onto the ghost atom in the center of the 

triangular face. Figure 31 depicts this in a three-dimensional drawing. 

When a fert-butoxide group was used in place of a terf-butyl group, an 

average Li-0 distance of 1.85 A was used to calculate the ghost atom-

oxygen length. The 1.85 A was taken as the average distance of several 

different lithium alkoxides and lithium enolate crystal structure data.32-37'83 

The distances ranged from 1.82 to 1.92 A. 

Similarly, the hexameric lithium core structure that was used was 

constructed from the crystal data obtained from cyclohexyllithium.84 The 

average lithium-lithium distance that was used was 2.40 A, for the 

occupied lithium faces, while the lithium-lithium distance across an open 

face in the hexamer was 2.97 A. The average lithium a-carbon distance 

chosen was 2.30 A. The lithium core of a hexameric aggregate is not like 

the tetrameric core. The hexameric core is composed of six lithiums and 

therefore contains eight open faces. This can be seen in Figure 32. 

These two open faces reduce the hexameric Oh symmetry to that of D3d 

symmetry. The ligands that occupy the triangular faces of these 

structures are centered over the faces in such a fashion as to relieve some 

of the steric crowding involved in these structures. This can be seen in 

Figure 33. The a-carbon is situated almost above the line that connects 

the two lithiums with the longest lithium-lithium distance. In doing so, the 

ligand tends to occupy some of the space over the open face within the 

hexamer and therefore occupies less space between the adjacent ligands. 

This in turn relieves some of the steric crowding between the ligands within 
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Figure 32 
Hexameric lithium cor© structure showing th© two open faces that remain 
across from one another within the aggregate. 
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Figure 33 
Pictorial representation of a triangular face in a hexameric aggregate. 
The a-carbon is seen to be situated almost above the line drawn for the 
longest lithium-lithium distance in the face. Lithium-lithium distances 
given are in angstroms. 



141 

these hexameric aggregates. This was taken into account when attaching 

the ligands to the triangular faces of the lithium core by using the 

appropriate lithium-a carbon distances from the crystal data and then 

calculating the offset from the true center of the triangular face. Since a 

simple geometric approach could not be applied to these hexameric lithium 

structures as was applied to the tetrameric structures, the placement of the 

ghost atom was accomplished by trial and error until the correct values 

were obtained that fit the crystal data. This value was then used to 

construct the placement of the ligands on the model compounds that were 

generated for a hexameric structural core. 

The ferf-butyl and terf-butoxide groups that were attached to these 

lithium cores were first minimized by the Alchemy II software. The 

Alchemy II minimization performs a conjugate gradient minimization on a 

force field equation which is dependent on the positions of the atoms within 

the molecule. The form of the energy expression used in the minimization 

for the potential energy of the molecule is the sum of the following terms: 

^ = ^str+ ^ang + ^tor+ ^vdw + ^oop H 6] 

where all E's represent the energy values corresponding to the given types 

of interactions (in kcal/mol). The subscripts denote: 
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str - bond stretching 

ang - angle bending 

tor torsion deformation 

vdw - van der Waals interaction 

oop - out-of-plane bending 

These minimized alkyl and alkoxide groups were then positioned in the 

center of each triangular face of the lithium atoms within the tetramer or the 

computed offset of the triangular face of the hexamer. Unfortunately, the 

limitations of this program did not allow correct minimization calculations on 

the aggregate structures as a whole. This software program was not 

designed to allow for four center bonding that occurs for these types of 

aggregates. In order to construct these types of aggregates, ghost atoms 

were created in the triangular faces and thus used to place the a-carbon or 

oxygen atom of the ligand in the desired location within the triangular face. 

The internuclear distances between a lithium and a hydrogen nucleus 

on a methyl tert-butyl or fe/f-butoxide group that is attached to a triangular 

face that the lithium occupies were measured. Since the methyl groups 

and the tert-butyl or fe/t-butoxide groups are allowed to rotate, the Li-H 

distances vary according to the position of these groups after a given 

rotation. These measurements were made by first minimizing the 

interactions between the methyl protons on adjacent tert-butyl or tert-

butoxide groups. The distances were then measured by rotating about 

the Li-C or Li-0 bond. These distances were measured at every rotation 

of 10°. The distances and angles measured can be better understood by 
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viewing Figure 34. These distances can be seen graphically represented 

in Figure 35. These distances were measured between a lithium and the 

methyl protons on a ferf-butyl and terf-butoxide group in a tetrameric 

aggregate as well as for a hexameric aggregate. These distances 

represent the distance when the proton is directly above the one lithium (0° 

) and through twelve rotations until the proton is directly above an adjacent 

lithium (120°). From Figure 34, it can be seen that when the ferf-butyl 

group is rotated 60° away from one lithium, it then becomes equidistant 

between the original lithium and the adjacent lithium. Therefore, from 

Figure 35, it can be seen that the furthest a proton is ever away from any 

lithium atom in a tetramer is approximately 2.2 A. 

The other types of distances that were measured were the 

internuclear distances between the hydrogen atoms on adjacent tert-

butyl/terf-butyl groups, fe/t-butyl/ferf-butoxide groups or tert-bu\ox\6e/tert-

butoxide groups on different aggregates. The measured values are the 

closest proximity distances that occur when both adjacent fert-butyl or tert-

butoxide groups are allowed free rotation about the C-C bonds in the alkyl 

ligands and about both the O-C and C-C bonds in the alkoxide groups. 

The angles that were measured are the angle formed between the 

tertiary carbon on a fert-butyl or a fert-butoxide group to one of the lithiums 

that makes up the triangular face and the corresponding adjacent tert-butyl 

or fe/t-butoxide group. This measured angle is shown in Figure 36. 

Table 7 shows these measured distances for tetrameric and hexameric 

mixed tert-butoxide/terf-butyllithium aggregates that were generated by the 
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Figure 34 
Triangular face of a lithium tetramer. The dashed line represents the 
distance that is measured (A) as the fe/t-butoxide group is rotated ( 6 ) everv 
10°. 
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(Angstroms) 
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Rotation Angle about Li-R and Li-OR 

Figure 35 
Li-H distances measured between a lithium atom and a proton on a methyl 
group on a tert-butyl or fe/t-butoxide group in a tetrameric and hexameric 
mixed aggregate. The measured distances are a function of the rotation 
about the R or OR group relative to a single lithium. 
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program. The Li-H distances quoted are for the closest proximity of a 

proton to the lithium which occurs at an angle of 0° as seen in Figure 35. 

The numbers in Table 7 do not represent the true values because the 

model that was chosen for the core lithium structure was based on the 

crystal structure of less sterically demanding alkyllithiums. The 

core lithium structures for both the tetrameric and hexameric mixed tert-

butoxide/ferf-butyllithium aggregates probably have longer litlithium-hium 

bond distances. This elongation can easily be achieved since the core 

structure is held together mainly by the Li-C interactions and there is 

relatively no bonding between the lithiums. The Li-a carbon bond is 

probably increased in these aggregates as well in order to relieve the steric 

interactions. If the Li-Li distance is kept constant at 2.56 A, then the Li-a 

carbon bond length for the tetrameric fe/t-butyllithium must increase by 

0.10 A if the methyls on the fert-butyl groups are to remain apart by twice 

their van der Waals radii.85 Even at these distances, rotation would be 

hindered and therefore the length is probably increased even further. 

Theactual structural distances are probably some combination of both 

increased Li-Li and Li-C distances. This would in turn also increase the 

Li-H distances that were measured. 

Although the values that are given for fe/t-butyllithium and various 

mixed fert-butoxide/ferf-butyllithium aggregates do not reflect the true 

distances and angles that are present in these structures, certain 

observations can be made with these values to help explain the number 

and types of mixed aggregates that are formed with these and other 
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Figure 36 
Measured angle between a tert-butyl a-carbon/lithium/fe/f-butyl a-carbon in 
the 0/4 ferf-butyllithium tetramer. 
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TABLE 7 

SELECTED BOND DISTANCES AND ANGLES FOR SOME 

MIXED FERF-BUTOXIDE/TERT-BUTYLLITHIUM AGGREGATES 

Distances Angle 
Aggregate ( O R / M (H-U) A FH-H) A fC-Li-C} ° 

(0/4) 1 . 7 8 (R-Li) 0.70 (R-R) 108.2° (R-Li-R) 

(1/3) 2 . 4 3 (OR-Li) 1 . 4 4 (OR-R) 113.3° (OR-Li-R) 

1 . 7 8 (R-Li) 0.70 (R-R) 108.2° (R-Li-R) 

(4/2) 2 . 5 3 (OR-U) 2 . 0 2 (OR-OR) 106.7° (OR-Li-R) 

1 . 6 3 (R-Li) 0 . 7 8 (OR-R) 104.8° (R-Li-R) 

— 0.02 (R-R) — 

(6/0) 2 . 5 3 (OR-Li) 2 . 0 2 (OR-OR) 105.2° (OR-Li-OR) 

systems. As long as these numbers are used in relation to one another, 

the conclusions drawn should be valid. 

The Li-H distance for the methyls on the 0:4 tetrameric tert-

butyllithium is measured to be 1.78 A. When one tert-butyl group is 

replaced by a fert-butoxide group, the Li-H distance between the methyls 

on the tert-butoxide group is increased by 0.65 A to a distance of 2.43 A. 

This extension of the fert-butoxide group increases the carbon(alkyl)-

lithium-carbon(alkoxide) angle from 108.2° for the carbon(alkyl)-lithium-
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carbon(alkyl) angle in the 0:4 tetramer to 113.3° in the 1:3 tetramer. This 

extension also increases the methyl-methyl distances for the 0:4 tetramer 

at 0.70 A to 1.44 A for the methyl(alkyl)-methyl(alkoxide) distances in the 

1:3 tetramer. Although as stated above, the limitations of this program do 

not allow for a reminimization of the aggregated structure when an alkoxide 

group replaces an alkyl group, it is obvious that this extension would allow 

for the three remaining fe/f-butyl groups to become less sterically hindered 

by allowing these groups to slide slightly off the center of the face and thus 

increasing the angle between the remaining ferf-butyl groups. This relief 

of steric interactions might be demonstrated by the temperatures at which 

fluxionality can be slowed or stopped for the two different aggregates. 

The 0:4 tetramer becomes non-fluxional at approximately -35 °C, while the 

1:3 mixed tetramer becomes non-fluxional at approximately -15 °C. 

Although mixed tetrameric fert-butoxide/fe/f-butyllithium aggregates 

with more than one alkoxide group have never been observed, it is evident 

on steric grounds that they could exist. However, when the concentration 

of alkoxide exceeds an O/Li ratio of approximately 0.4/1 or greater, the 

energy gained by the system to form hexameric structures must be greater 

than the incorporation of a second fert-butoxide group to form a mixed 

tetramer. From the present studies, it can be seen that these hexameric 

structures must contain at least four ferf-butoxide groups to relieve enough 

steric repulsion to allow the formation of a hexameric aggregate. Table 7 

shows that even though the angle is decreased from 113.2° to 106.7° for 

the carbon(alkyl)-lithium-carbon(alkoxide) angle from the 1:3 tetramer to 
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the 4:2 hexamer, this greater steric bulk in the hexamers is not sufficient 

enough to stop the formation of these hexameric aggregates. 

As stated above, four fe/f-butoxide groups must be present to allow the 

formation of these hexameric aggregates. If there are three fert-butoxide 

groups present, there must also be three tert-butyl groups. If three or 

more terf-butyl groups were present in a hexamer, the steric requirement of 

these groups is sufficient enough to suppress the formation of these 

hexamers. The results from distance measurements of molecular models 

of different mixed fert-butoxide/ferf-butyllithium hexamers and the 

limitations imposed on the fluxionality through the limited exchange 

mechanism provided the answer of why no more than two ferf-butyl groups 

can exist in a hexameric aggregate. Table 8 lists internuclear distances 

measured between the protons on the methyls of ferf-butyl and tert-

butoxide groups in different positions within a mixed hexamer, i.e., ortho, 

meta, and para in relation to one another. 

In solution, three different geometrical isomers exist for the mixed 

aggregate with an OR:R composition of 4:2. Two of these isomers, ortho 

and meta, are not distinguishable as separate aggregates by NMR due to 

the limited exchange that is occurring in solution. Models were however 

developed for these three different structures. The distance obtained for 

the closest proximity when two hydrogens on tert-butyl groups ortho to one 

another come together when free rotation is allowed in a 4:2 hexamer is 

0.02 A. 

Once again, these numbers do not represent true distances but can 

be thought of as a lower limit. From these results it would 
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indicate that two fert-butyl groups could not exist ortho to one another in a 

hexamer. Brown, in an earlier paper, made the statement that no more 

than one tert-butyl group could exist in a hexamer.7 All of 

TABLE 8 

SELECTED BOND DISTANCESA IN A OF DIFFERENT POSITIONS 

WITHIN A 4:2 HEXAMERIC MIXED 

FE/F-BUTOXIDE/FE/T-BUTYLLITHIUM AGGREGATE 

ortho meta para 

[alkykalkyl] 0.02 0.91 4.72 

[alkyhalkoxide] 0.78 1.81 5.73 

[alkoxide:alkoxide] 1.06 2.46 6.73 
(a) - Bond distances measured are the closest proximity between the 
methyl fert-butyl and/or tert-butoxide protons within the aggregate. 

the experimental results in the present studies indicate that two ferf-butyl 

groups exist in a hexamer. The relief of steric constraints in these 

hexamers must be brought about the two open faces that are present 

within these hexamers. When the two ferf-butyl groups are ortho to one 

another, one of the fe/f-butyl groups could slide off the center of its face 

while the other ferf-butyl group does the same, only with the other opposite 

open face. The presence of the four less sterically demanding tert-
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butoxide groups could accommodate this distortion. When the two tert-

butyl groups are meta in relation to one another, only one open face is 

accessible to both ferf-butyl groups and therefore only one of these ferf-

butyl groups could further slide towards this open face. This is not a 

problem because even if both of these ferf-butyl groups did not deviate 

from their original placement on the faces, they still remain 0.91 A apart 

from one another. Recall from Table 7 that the measured distance 

between two ferf-butyl groups in the model created for the tetrameric ferf-

butyllithium was 0.70 A, while the distance between a ferf-butyl and ferf-

butoxide group ortho to one another is 0.78 A. If one of these fert-butyl 

groups were to distort and occupy an area on one of the open faces in the 

meta 4:2 hexamer, the distance would be even greater than the non-

distorted distance of 0.91 A. When they are para to one another, 

essentially no steric interaction takes place and they are at a distance of 

4.72 A away from one another. 

This argument can be further extended to show why three ferf-butyl 

groups could not exist on a hexamer. The only geometrical isomer that 

could exist for a 3:3 hexamer would be where all three ferf-butyl groups are 

meta to one another. In this position each ferf-butyl group would be 0.91 

A away from the other two ferf-butyl groups. However if this aggregate 

was to undergo the limited fluxional exchange, which has been shown to 

occur for all hexameric lithium systems studied in this group, the three ferf-

butyl groups could not remain meta to one another and would become 

ortho to at least one other ferf-butyl group. After this exchange, there are 

now only two open faces to accommodate the distortions needed by three 
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ferf-butyl groups. Even if two of these three tert-butyl groups did slide 

toward the open faces, there must still be too much steric repulsion within 

the aggregate to allow for the stability of this type of aggregate from 

forming. It would be possible for the existence of a static 3:3 hexamer. 

However, there has not yet been any evidence for the existence of a static 

organolithium hexameric aggregate. 

Summary 

Alkyllithium compounds are known to react with 02, ethers, and 

alcohols to form lithium alkoxides. If the O/Li ratio is kept at less than a 

1/1 stoichiometric amount, the lithium alkoxide is incorporated into the 

alkyllithium aggregates to form mixed lithium alkoxide/alkyllithium 

aggregates. Depending on the O/Li ratio employed, different aggregates 

with different alkoxide/alkyl ratios are formed. 

The mixed lithium terf-butoxide/ferf-butyllithium system was 

extensively studied at different O/Li ratios. When the O/Li ratio is 0/1, tert-

butyllithium exists as a 0:4 (alkoxide:alkyl ratio) aggregate. When the O/Li 

ratio is kept below 0.3/1, only the formation of the mixed 1:3 tetramer as 

well as the 0:4 tetramer are in solution. When the O/Li ratio is increased 

to 0.7/1, three new mixed hexameric species are formed. These 

hexameric aggregates have an alkoxide/alkyl ratio of 4:2, (2/2):2, and 

(1/4):1. The non-equivalency of the fert-butoxide groups in two of these 

three mixed hexamers are due to a limited fluxional exchange that is 

occurring in these hexamers. When the O/Li ratio is increased to 0.9/1, 
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two new species are formed which have been identified as photo and 

thermal decomposition products. When the O/Li ratio is greater than or 

equal to 1/1, only the 6:0 lithium fe/f-butoxide aggregate is formed. 

It is still generally believed that the addition of lithium alkoxides to 

alkyllithium compounds forms 1:1 mixed complexes. This 1:1 mixed 

complex is believed to be the reactive species when lithium alkoxides are 

added to alkyllithiums in the anionic polymerization of styrene and other 

alkenes. The present study shows that it is actually a mixture of different 

mixed lithium alkoxide/alkyllithium aggregates. The exact composition of 

the solution depends on the relative amount of the O/Li ratio employed. 

Two other mixed systems have been studied at low O/Li ratios, iso-

and n-propyllithium. /'so-Propyllithium exists as an equilibrium mixture of 

tetramers and hexamers. When /so-propanol is added at an O/Li ratio of 

0.2/1, the formation of mixed hexameric species are the only aggregates. 

There was no presence of any mixed tetramers. n-Propyllithium exists as 

an equilibrium mixture of hexamers, octamers, and nonamers. When n-

propanol is added at an O/Li ratio of 0.2/1, only the formation of a mixed 

nonameric aggregate is observed. These experiments showed that when 

an alkyllithium compound has higher aggregation states available to it, 

these higher states are the most sterically demanding aggregates. The 

steric crowding becomes lessened with the replacement of an alkyl group 

by an alkoxide group on these higher aggregates. The overall energy of 

the system is thus lowered by the relief of steric demands in the most 

sterically crowded aggregates. 
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Finally, it was shown through molecular modeling studies that it is the 

steric demands placed on the tert-butyl groups that force the mixed 

hexameric species not to be able to contain more than two fert-butyl 

groups. The replacement of a ferf-butyl group with a ferf-butoxide group 

is shown to relieve steric interactions between the remaining tert-butyl 

groups. 

Experimental 

Sample Preparation. All samples that were discussed in this 

Chapter were synthesized as explained in Chapter Two. The O/Li ratios 

that are quoted throughout this Chapter are based on the molar ratios of 

alcohol to monomeric alkyllithium compound. 

NMR Spectra. All of the NMR spectra discussed and displayed in 

this Chapter were acquired on the Varian VXR-300 spectrometer. NMR 

samples were prepared in either 5 mm or 10 mm diameter NMR tubes and 

thus used in a 5 mm or 10 mm NMR probe. 

All of the one-dimensional13C spectra displayed in this Chapter were 

typically acquired with the same parameters. The 13C spectral windows 

used were all typically between -5 and 100 ppm. There are no 

resonances that fall outside this spectral window. The chemical shifts 

were assigned relative to tetramethylsilane at 0.00 ppm by setting the 13C 

cyclopentane solvent resonance to 25.89 ppm. If the methyl resonances 

were the carbons of interest, typical parameters were 256-512 scans, a 75° 
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pulse width of 6.4 [xsec, an acquisition time of 2 sec., with a sweep width of 

7900 Hz. Typically 4620 data points were collected which gave a 3.40 

Hz/data point density. Since only half of the data points collected are 

used in determining the data point density, the FID was zero-filled to twice 

the number of data points before Fourier transformation to allow for an 

effective data point density of 1.70 Hz/data point. Line broadening was 

generally not used. 

If the a-carbons or tertiary carbons on the fe/f-butoxide groups were 

the resonances of interest, a much greater number of scans were needed 

to obtain sufficient signal/noise. In this case typical parameters were 

10,000-20,000 scans. Since the times of these carbons are much 

longer than the methyl carbons, much smaller pulse widths were employed. 

These were typically 25° pulses at 6.5 (isec. By using such small pulse 

widths, no relaxation delays were necessary. In order to correctly 

measure the Ji3c.eu coupling constants, greater data point density was 

needed. Typical sweep widths of 5800 Hz were used with 15,000 data 

points. After zero-filling, this gave a data point density of 0.39 Hz/data 

point. Line broadening was generally not used. 

Normal 1H spectra that were run were typically acquired with 16 

transients. Since the cyclopentane that was used as a solvent was mainly 

all protonated (92 %), a pulse width of only 1|j,sec (5°) could be used 

without overflowing the analog-to-digital converter that would result in 

clipping of the FID. Typical spectral widths were 4000 Hz with 30,400 

data points which created an acquisition time of 3.8 sec. 
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Normal 6|_i spectra were typically acquired with a spectral width of 200 

Hz. A data point density of 0.2 Hz/data point was usually needed in 

ordered to resolve the resonances. Therefore, 2000 data points were 

used. Typically, 50° pulse widths (10 (isec.) were used. Since 6Li has 

extremely long T^ relaxation times, a delay of 20 to 30 sec. was used 

between each transient. 

The 1-bond 13C-1H HETCOR experiments were normally run with a 

reduced spectral window of 6000 Hz. The F2 dimension contained 2048 

data points that were zero-filled before Fourier transformation. The F1 

dimension had a sweep width of 330 Hz with 128 increments. The 1 3C 

pulse widths used in the pulse sequence were 90° pulses which were 

calibrated at 8.5 (isec on the 5mm probe. The polarization transfer pulses 

from 1H were 90° pulses calibrated at 19.5 usee on the 5mm probe. 

Relaxation delays were set to 1.0 sec. The D3 delay values were set to 

1/2J where J is the 1-bond 13C-1H coupling constant which was measured 

to be 120 Hz. Thus the D3 value was set to 0.004 sec. 

The long-range or 2-bond 13c-1 H HETCOR experiments usually 

employed similar parameters as those for the 1-bond 13C-1 H HETCOR 

experiments except the D3 delay value was set to the 2Ji3c_iH coupling 

constant. This was measured to be 3.9 Hz. This gave a D3 value of 

0.128 sec. 

The 13C-6i_i HETCOR experiment used a larger data point density in 

the F2 dimension. A sweep width of 2600 Hz was used with 10,000 data 

points. The F1 dimension used a much smaller data-point density of 107 

Hz with 128 increments. The 13C pulse widths in this experiment utilize 
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both 90° and 180° pulses that were calibrated to be 20 and 40 usee on the 

10mm probe. The relaxation delay that was used was 50 sec. This 

value was chosen in order to make the experimental time under 48 hours. 

This was the average value of the different 6Li T, relaxation times for 

various different aggregates. Longer relaxation times (3-5 x T,) would 

have been ideal but would have made the experimental time too long to be 

practical. The delay values D3 and D4 were chosen to be 0.178 sec. and 

0.0276 sec. respectively. These values were discussed in the text of this 

chapter on page 54. The ®Li 90° polarization transfer pulse was 

measured to be 696 usees on the 10mm triple resonance probe. 

The J-Modulated 13C Spin Echo pulse sequence used a spectral 

width of 5850 Hz with 10,000 data-points. Both 1 g o ° and 180° pulses 

that were used were measured to be 20 and 40 ̂ isec respectively. A 

relaxation delay of 270 sec. was used which was three times the longest 

6l_i T1 value of 90 sec for fert-butyllithium. Only 16 transients were 

required to obtain adequate signal/noise. The D2 delay values that were 

used were all functions of 1/J, where J is the 13C-6l_i coupling constant for 

that individual aggregate. Arrayed D2 values were 0, 0.128, 0.185, 0.244, 

0.357, 0.471, and 0.529 sec. 

The 6|_i-1 H HOESY experiment used a spectral width of 166 Hz with 

1024 data-points in the F2 dimension. The F1 dimension used a spectral 

width of 325 Hz with 256 increments. The 6|_i 90° and 

180° pulses were calibrated to be 21 and 42 jxsec respectively on the 5mm 

probe. A relaxation delay of 3 sec was used to allow the 1H nuclei to 
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relax. The 1H 90° polarization transfer pulse was measured to be 19.5 n 

sees. 
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CHAPTER IV 

PHOTO AND THERMAL DECOMPOSITION PRODUCTS 

OF MIXED LITHIUM ALKOXIDE/ALKYLLITHIUM 

AGGREGATES 

Introduction 

In Chapter Three, it was discussed briefly that at an O/Li ratio of 0.9/1 

for the mixed lithium ferf-butoxide/fert-butyllithium system that three new 

resonances were visible in the §Li NMR spectrum. Both the 1H and 1 ̂ C 

spectra at this O/Li ratio also confirmed the presence of three new species 

in solution. One of these resonances was previously identified as being 

the hexameric lithium fe/f-butoxide aggregate.1 However, the other two 

resonances seemed to be unique to this high O/Li ratio. These 

resonances were relatively minor in concentration when the solution was 

first prepared but it was observed that over a period of time (weeks), the 

concentration of these resonances increased while that of the mixed 

hexameric aggregates decreased. 

At room temperature, the 1H spectrum of a 0.9/1 O/Li ratio of lithium 

fert-butoxide/fe/f-butyllithium revealed two new singlet resonances at 1.29 

and 1.40 ppm. The 13c spectrum revealed two resonances in the methyl 
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fe/t-butoxide region, one sharp peak at 35.22 ppm and a very broad peak 

just downfield from this resonance. Two new resonances were also visible 

in the tertiary carbon tert-butoxide region at 66.47 and 66.95 ppm. The 

1H and spectra can be seen in Figures 37 and 38 respectively. 

There were no visible resonances in the methyl or oc-carbon region for the 

ferf-butyl groups. This result indicated that these two new aggregates do 

not contain any fert-butyl groups. 

When 6|_i was observed without "I H decoupling, the two new 

resonances split into a pair of doublets with Jeu.iH equal to 2.2 Hz for the 

peak at -0.96 ppm and 1.7 Hz for the peak at -1.08 ppm, respectively. 

Two 6Li spectra can be seen in Figure 39. The bottom spectrum is with 

1H decoupling while the top is 1H coupled. To the best of our knowledge, 

lithium-hydrogen coupling has never been reported in the literature for 

alkyllithium or lithium alkoxide complexes. The only reported observation 

of lithium-hydrogen coupling was in a coordinated iridium complex 

(C5(CH3)5)lrH2SiMe3Li(pmdeta), (pmdeta = 

pentamethyldiethylenetriamine).2 In this complex, a J7Li.iH value of 8.4 Hz 

was observed for the hydride resonance that occurred at -20.15 ppm. 

The observed J6U.ih values of 2.2 and 1.7 Hz for the mixed species can be 

compared to the J7U_Ih value of 8.4 Hz for the iridium species from the ratio 

of the magnetogyric ratios for the two isotopomers according to the 

following equation: 

'PJRU = J 6 U - 1 H / J 7 U - 1 H [17] 
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ratio sample of lithium tert-butoxide/fert-butyllithium aggregates at 25°C. 
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From this calculation, a J6Li.iH value of 3.2 Hz would be observed if the 

iridium complex was enriched with the 6|_i isotope. This value of 3.2 Hz is 

of the same order of magnitude as the two coupling constants of 2.2 and 

1.7 Hz observed for the two mixed species. 

As stated above, the absence of any alkyl groups in these two species 

is unfortunate since there is no 13C-6l_i coupling to be observed and hence 

a lack of a structural probe. If the hydrogen in these mixed species can 

be observed and the multiplicity resolved, the aggregation state can be 

determined from the multiplicity of the resonance according to the 

calculation 2nl + 1 = multiplicity of the resonance. In this equation, n is 

the number of equivalently coupled nuclei and I is the nuclear spin of the 

coupled nucleus. Unfortunately, the hydrogen that is coupled to the 

lithiums has not been able to be observed. Two new proton resonances 

at 1.29 and 1.40 ppm are visible in the 1H spectrum at this O/Li ratio of 

0.9/1. These peaks are singlets and occur in the methyl fe/f-butoxide 

region of the spectrum. A long-range (two-bond)13C-1 H HETCOR 

experiment correlated the two protons at 1.29 and 1.40 ppm to two carbons 

in the tertiary carbon tert-butoxide region at 66.47 and 67.06 respectively. 

A one-bond 1 H HETCOR correlated the two protons at 1.29 and 1.40 

ppm to two carbon resonances in the methyl terf-butoxide region of the 

spectrum at 35.22 and the 34.94 ppm respectively. This evidence 

suggests that these protons are the methyl fe/t-butoxide protons on these 

aggregates. Since the 6Li resonances that are coupled to a hydrogen are 

doublets, there must be only one hydrogen that is coupling to these 

lithiums. 
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Two separate selective heteronuclear proton decoupling experiments 

were performed in order to determine if these protons at 1.29 and 1.40 ppm 

were somehow coupling to the 6|_i nuclei. These selective heteronuclear 

decoupling experiments are performed by first observing a normal one-

dimensional experiment on the nucleus that is to be irradiated 0 H). The 

exact frequency of the resonance to be decoupled is then obtained from 

the spectrum and that frequency is then used as the decoupling frequency 

in a separate heteronuclear selective decoupling experiment while 

observing the other nuclei (®Li). In order to obtain selective decoupling, 

the decoupling power is attenuated to only decouple a very small frequency 

range. If the protons that are responsible for the observed coupling are 

selectively irradiated, the ^Li doublet will collapse into a singlet. Two 

separate experiments were run where the two proton resonances at 1.29 

and 1.40 ppm were selectively irradiated and 6|_i was observed. In both 

of these experiments, the ®Li resonances remained doublets which 

indicated that these protons were not responsible for the observed 

coupling. 

A 6l_i-1 H HOESY experiment was run on this sample to observe if 

some other proton resonance correlated to these lithium aggregates, i.e., 

the solvent. The results of this experiment can be seen in Figure 40. 

Two separate correlations can be seen to exist for each lithium. The ®Li 

resonance at -0.83 ppm is the (1/4):1 aggregate that has previously been 

assigned. The other two 6|_i resonances show two correlations to 

separate resonances. The ®Li resonance at -0.96 ppm is correlated to a 

proton resonance at 1.29 ppm (235 Hz) and 1.56 ppm (315 Hz) while the 



174 

Fi (HZ) 

3B0 -

340 -

320 -

300 -

280 -

240 -

220 -

200 -

140 -

120 -

F2 (PPM) 

Figure 40 
6|_i-1 H HOESY of a 3 F 0.9/1 O/Li ratio sample of lithium ferf-butoxide/fert-
butyllithium aggregates at -20°C. 
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6Li resonance at -1.08 ppm is correlated to a proton resonance at 1.40 

ppm (268 Hz) and 1.59 ppm (308 Hz). The correlations to the protons at 

1.29 and 1.40 ppm have already been shown to be the protons on the 

methyl te/f-butoxide groups and are not responsible for the observed 

coupling. The other two correlations that are just downfield of the large 

solvent resonance (cyclopentane), show a large correlation to the 6Li 

resonances but a peak was not observed at this frequency. It was 

thought that the large solvent resonance might be overlapping with these 

two resonances and therefore hindering the observation of these peaks. 

This sample was then prepared in ds-toluene. Another 6Li-1 H HOESY 

experiment was run and the same correlations existed as previously 

observed in cyclopentane. The one-dimensional 1H spectrum was 

carefully examined and even though there was no hindrance from a solvent 

resonance, there were still no visible resonances at 1.56 and 1.59 ppm. If 

this hydrogen was in a fluxional tetramer or hexamer, the resonance would 

be split into a nine or thirteen line multiplet by the 6|_i nuclei (spin = 1). It 

was thought that this large multiplicity might render the intensity of this 

signal so small that it might be lost in the baseline noise and not be 

observable. A 1 H{6|_i} experiment was performed in hopes of collapsing 

the multiplet into a singlet and therefore be observed but there was still no 

visible resonance even with ̂ Li decoupling. Another possible explanation 

for the inability to observe this resonance may be due to exchange 

broadening. It was noted in the study on the iridium complex that the 

observed coupling in the 1H spectrum was very temperature dependent 

and was only observed at temperatures between -10 and -40°C.1 At 
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temperatures outside this range, the peaks were stated to appear as broad 

singlets. The present system was studied in the temperature range -60 to 

+40°C. Inside of this range there was still no observable resonance in the 

proton spectrum. An explanation of why these resonances remain 

unobservable is still not known. 

Although the 6|j-1 H HOESY experiments demonstrated the 

existence of another type of hydrogen besides those on the fert-butoxide 

groups interacting with these two lithiums, it was not obvious that these 

were the hydrogens that were responsible for the observed 6Li-1 H 

coupling. In order to test if these were the hydrogens responsible for the 

coupling, a series of selective proton decoupling experiments were again 

performed while observing ®Li. A large portion of the proton spectrum (-

30 to +10 ppm) was selectively decoupled in separate experiments while 

observing the 6Li spectrum. These experiments can be seen in Figure 

41. The top spectrum is the normal1H spectrum while the peaks below 

this spectrum are the two 6|_i resonances. Each set of peaks on the 

bottom spectrum are the 6Li{1 H} resonances that are observed when the 

proton irradiation is centered at various positions in the 1H spectrum. The 

area in the^H spectrum that is selectively irradiated is located directly 

above the ®Li resonances in the bottom spectrum. The scale on the 

bottom is the 1H scale in ppm. The collapse of the 6Li doublets to 

singlets can be seen to occur at 1.56 and 1.59 ppm, the same chemical 

shifts as those which were shown to correlate to the lithiums in the 6IJ-1 H 

HOESY experiment. It can be seen that the rest of the proton spectrum, 

when selectively decoupled, has no effect on the observed ®Li resonances. 
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Figure 41 
Series of 6|_i spectra while selectively decoupling various portions of the 1H 
spectrum. The bottom spectra are the 6|_i doublets while the area directly 
above each set of ®Li resonances on the 1H spectrum is selectively 
decoupled. 
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These experiments clearly demonstrate that although the hydrogen(s) 

cannot be observed, the one responsible for the observed coupling to the 

6l_i nuclei at -1.08 ppm resonates at 1.59 ppm while the hydrogen that is 

coupled to the 6|_i resonance at -0.96 ppm resonates at 1.56 ppm. 

Possible origin of 6|_i-1 H coupling 

At this high O/Li ratio, both the 1H and 13c spectra indicate an 

additional species, /'so-butylene, present in solution. This product was 

identified in the 1H spectrum by a triplet at 1.75 ppm and a septet at 4.68 

ppm. These two resonances integrated to a 3:1 ratio respectively. The 
13c and APT spectrum also identified this compound by three resonances 

at 23.41,110.37, and 140.87 ppm.3 Although /so-butylene normally exists 

in the gas phase at room temperature, it is shown in this study, like iso-

butane, to be soluble in cyclopentane. 

One possible explanation for the appearance of /'so-butylene and the 

observation of Li-H coupling was supported by two recent articles by 

Caulton et a/.4-5 The first article describes the alcohol elimination 

chemistry of metal alkoxides. If applied to this lithium alkoxide system, 

the following stoichiometric equation for the monomeric reaction would be: 

2 (CH3)3COLi --> (CH3)2C=CH2 + (CH3)3COH + Li20 [18] 

His second paper describes the formation of alcohol adducts of metal 

alkoxides. In this paper, Caulton shows that many metal alkoxide 
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compounds can coordinate molecular alcohol during their synthesis 

according to the following equation: 

Ma(OR)b + cROH -> Ma(OR)b(ROH)c [19] 

With these two articles taken in conjunction, it was thought that some of the 

fe/t-butoxide groups on lithium fe/t-butoxide might eliminate tert-butanol 

and /'so-butylene. This fe/t-butanol might then coordinate to another 

lithium fe/t-butoxide aggregate according to equation 19. It was thought 

that this alcoholic proton might be situated in such a conformation that it 

might be intramolecularly coupled to the lithiums in these aggregates and 

thus would show observable 6|_i-1 H coupling. Caulton identified these 

metal alcohol adducts of alkoxides by and 13c NMR, single-crystal x-

ray diffraction analysis, and IR spectroscopy. These alcohol adduct 

compounds can be easily identified by observing an absorption for the O-H 

stretch in the IR spectrum around 3000 cm-"1. This absorption frequency 

range is characteristic for a linear two-center stretch which occurs for an O-

H bond. If this was somehow coordinating through a three-center 

configuration e. g., O-H-Li, the absorption band would be expected to 

occur at a lower frequency. A 0.9/1 O/Li ratio sample of lithium tert-

butoxide/fe/t-butyllithium, which was known from NMR results to contain 

the aggregates that displayed 6Li-1H coupling, was analyzed by FTIR and 

did not contain any absorptions above 2200 cm-1. This experiment thus 

showed that this type of structural feature is not responsible for the 

observed ®Li-1H coupling. 
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/so-butylene generated in situ, can also arise from an elimination 

reaction of one of the fe/t-butyl or ferf-butoxide groups. Figure 42 

demonstrates the two possible mechanisms of elimination. Scheme 1 

depicts the p-elimination of a ferf-butyl group to form /'so-butylene and LiH. 

Scheme 2 depicts a possible reaction mechanism where the /'so-butylene 

that is eliminated is formed from the attack of a base (ferf-butyllithium), on 

lithium fert-butoxide, abstracting a hydrogen from one of the fe/f-butoxide 

methyls to form /'so-butane, /'so-butylene, and lithium oxide. In order to 

determine which one of these mechanistic pathways these two hydrogen 

coupled lithium species might be undergoing, an isotopic substitution study 

was undertaken. 

Deutero (d9) ferf-butyllithium was synthesized from commercially 

obtained (d9) ferf-butanol (99.8 % D). Experimental details of this 

synthesis are given in the experimental section at the end of this chapter. 

Extreme care was taken in the synthesis and purification of this compound 

to exclude any adventitious oxygen. A 1H and 6Li NMR spectrum of this 

species did not reveal the presence of any amounts of the oxygenated 

species. This per deutero fert-butyllithium was then reacted with protio 

ferf-butanol at an O/Li ratio of 0.9/1 to form mixed hexameric (protio) lithium 

ferf-butoxide/(deutero) ferf-butyllithium aggregates. If Scheme 1 were 

operative, the /so-butylene formed would be isotopically enriched with 

deuterium from the elimination of LiD on the ferf-butyl groups. If Scheme 

2 were operative, then the /so-butylene that was eliminated would be the 

protio species from the elimination occurring via the ferf-butoxide group. 

The expected products obtained from this labeling study according to the 
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Figure 42 
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of /so-butylene. Scheme 1 is the p-eiimination reaction while Scheme 2 
represents an E1CB type of mechanism. 



182 

two possible pathways can be seen in Figure 43. The results of this 

experiment clearly demonstrated that it is the elimination of the tert-butyl 

groups which form /"so-butylene. The 1 spectrum revealed that the 

methylene and methyl carbons at 23.41 and 140.87 ppm from /"so-butylene 

were deuterated. The methyl carbon at 23.41 ppm was overlapped by the 

solvent resonance to clearly resolve the entire 13C-2H multiplicity. 

However, the methylene carbon was clearly shown to be split into a quintet 

(spin 2H = 1) with a Ji3c.2H value of 24 Hz. This (3-hydride elimination 

reaction would explain the observation of /'so-butylene aswell as the 

observed coupling of lithium being split into a 1:1:1 triplet by one deuterium 

atom. This one deuterium (hydrogen) atom that is coupled to lithium 

might be a hydride that is incorporated into a lithium fert-butoxide 

aggregate. 

One other plausible consideration for the observed 6|_i-1 H coupling in 

this mixed lithium fe/f-butoxide/tert-butyllithium system was that an /so-

butylene molecule that was eliminated was coordinating through the n-

electrons in its double-bond to an open face on one of the lithium tert-

butoxide hexamers. One of the methylene protons on /"so-butylene could 

thus interact with the lithiums on the hexamer. Lithium rc-electron 

interactions have been previously proposed for hexameric alkyllithiums.6-7 

This type of interaction in this system was discredited with the selective 

proton decoupling experiments. Both the methyl protons and the 

methylene protons on /'so-butylene were selectively decoupled in the 

experiments that were displayed in Figure 41, and the resulting lithiums did 

not collapse from doublets into singlets. 



CD 

D C - c - U 
I 

CD, 

183 

CD, 

C=CD + UD 

CD 

Scheme 1 

CD CH 
| 3 

H C - C — O — L i D . C — C — U 

H-C-H 

CD 

D X - C - H 

CD 

CH 

C CH 2 4- Li O 
* £ 

CH 

Scheme 2 

Figure 43 
Scheme 1 depicts the placement of the deuterons if this mechanism was 
operative. Scheme 2 depicts the placement of the deuterons if this 
mechanism was operative. 
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This leads to the postulate described above for the elimination of iso-

butylene from the te/f-butyl groups to form LiH, which is believed to be 

occurring at this high O/Li ratio. In addition to observing deutero iso-

butylene in the isotopic enrichment experiments, the 6Li spectrum clearly 

revealed that the two new lithium resonances had ®U-2H coupling. 

Figure 44 shows three different ®Li spectra. The bottom figure is the 

normal 6u{1 H} spectrum. The middle figure is the 6|_i-1 H coupled 

spectrum, while the top figure is the 6Li-2H coupled spectrum. The value 

of J6Li_2H for the two lithium compounds are 0.34 and 0.25 Hz. This is 

exactly what was predicted from the value of the J6Li.H coupling constants of 

2.2 and 1.7 Hz from the 6Li-1 H coupled spectrum. The value of a 

coupling constant, in which one or both of the nuclei have been substituted 

with an isotope, can be calculated from the ratio of their gyromagnetic 

ratios as per equation 17. These spectra clearly show that one of the 

hydrogens that was on a tert-butyl group is incorporated into these two new 

aggregates through the elimination of LiH. The propensity for LiH to 

oligomerize is not unique to this system. Ab initio molecular orbital 

studies were used to determine that oligomers of LiH are the most stable 

compounds in the family of Li„Hm.8>9 Another ab initio study showed that 

an Li6H2 cluster containing C2v symmetry yielded a stable three 

dimensional unit.10 These calculations were computed for aggregates 

containing only LiH. However, these studies do indicate that the 

incorporation of a LiH unit into an aggregate is not unrealistic. 
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Variable-Temperature Studies 

Before discussing the elimination reactions that presumably produce 

LiH, which is then believed to be incorporated into two different lithium tert-

butoxide aggregates, a discussion of some variable-temperature NMR 

studies performed on this system that shed some light on the possible 

aggregation states and structures of these two species in solution will be 

addressed. 

At an O/Li ratio of 0.9/1, four different aggregates exist in solution 

((1/4):1, 6:0, and the two lithium tert-butoxide/LiH aggregates). It was 

observed at 20°C in the methyl fert-butoxide region of the 13C spectrum 

that only four resonances could be resolved when at least five were 

expected. Recall that the (1/4):1 aggregate has two methyl ferf-butoxide 

resonances that are unequivalent. These were integrated to be 4 to 17 

which is in a ratio of 1 to 4. As stated in the beginning of this chapter, and 

as can be seen from Figure 38, there is also a very broad resonance just 

downfield from the resonance at 35.22 ppm. A1 3C-1 H HETCOR 

experiment was acquired on this sample at 30°C which identified the sharp 

resonance in the 13c spectrum at 35.22 ppm to be correlated to the 1H 

resonance at 1.29 ppm (202 Hz). The other 1H resonance at 1.40 ppm 

(237 Hz) could be seen to correlate to the broad resonance. This 13c-1 H 

HETCOR experiment can be seen in Figure 45. The 13C tertiary carbon 

ferf-butoxide region however did not show any broadening in any of the 

resonances at this temperature. There were five different observable 
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Figure 45 
13C-1H HETCOR of a 2F 0.9/1 O/Li ratio sample of lithium tert-
butoxide/tert-butyllithium aggregates at 30°C. Correlations exist between 
the methyl fe/f-butoxide carbons and the protons. 
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resonances at this temperature. A two-bond 13C-1 H HETCOR 

experiment identified the 13C resonance at 66.47 ppm to be correlated to 

the 1H resonance at 1.29 ppm (202 Hz) while the 1resonance at 66.95 

ppm was correlated to the 1H resonance at 1.40 ppm (237 Hz). 

The broad peak in the 1 m e t h y l ferf-butoxide region prompted the 

initial variable-temperature studies. It was thought that some type of 

exchange (presumably intraaggregate exchange) must be occurring for this 

aggregate at this temperature. The results of the 1 V T study are 

displayed in Figure 46. These spectra are resonances in the methyl 

tert-butoxide region. The temperatures studied ranged from +37 to -40°C. 

The top spectrum, at +37°C, clearly reveals the broad resonance at 35.4 

ppm that is just downfield from the other methyl fe/t-butoxide resonance at 

35.32 ppm. The spectra below this are the same chemical shift region but 

the temperatures are decreased by approximately 10°C for each spectrum. 

As the temperature is decreased, this resonance broadens even more until 

by +9°C the linewidth of this resonance is approximately 45 Hz. By -9°C, 

the peak can be seen to start moving upfield. At -17°C, the peak can be 

seen to start to split into two separate peaks at 35.50 and 36.85 ppm but 

are both still very broad. Both peaks can be seen to sharpen as the 

temperature is decreased even further, until by -40°C, two distinct 

resonances can be observed. These two peaks become a total distance 

of 111.6 Hz apart at this temperature and do not move apart any greater 

distance as the temperature is lowered further. At this temperature of -40 

°C, the 13c spectrum was acquired in a manner to obtain quantitative 
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Figure 46 
Variable-temperature 1 spectra of the methyl fe/f-butoxide carbons of a 
2F 0.9/1 O/Li ratio sample of lithium fert-butoxide/te/f-butyllithium 
aggregates. 
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integrations, i.e., long relaxation delays and gated decoupling only during 

acquisition. A ratio of 1 to 4 was obtained for these two resonances. 

It is tempting to speculate at this point that the 1:4 ratio of the tert-

butoxide groups on this aggregate arises from the limited fluxional 

exchange that has been shown to occur for hexameric organolithium 

compounds. This was discussed in the previous chapter. If this was a 

hexameric aggregate, then this aggregate might behave like the mixed 

(1:4):1 lithium terf-butoxide/te/f-butyllithium aggregate except now the sixth 

site of the hexamer, which was a tert-butyl group, is replaced by a hydride 

ligand. This assumption is purely speculative without knowing the 

structure of this species and it is very possible that this nonequivalence 

could arise from many other means. It is noteworthy however that the 

other elimination product does not show this variable-temperature behavior 

and remains a sharp peak down to 

-60°C. This was the lowest temperature achieved without precipitating 

the compounds out of solution. 

If the methyl fert-butoxide carbons are observed to undergo some 

type of exchange phenomena, then the tertiary carbons on the tert-

butoxide groups should show this temperature behavior as well. This can 

be seen in Figure 47. These series of spectra were acquired at the same 

time that those in Figure 46 were acquired and simply represent a different 

region of the 1 spectrum. The coalescence temperature for the methyl 

carbons is 14°C while the coalescence temperature for the tertiary 

carbons is -9°C. The peak separations of these two resonances for the 
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Figure 47 
Variable-temperature 13C spectra of the tertiary carbons in the tert-
butoxide groups of a 2F 0.9/1 O/Li ratio sample of lithium fert-butoxide/ferf-
butyllithium aggregates. 
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tertiary carbons are only 10.1 Hz at -40°C, while the difference for the 

methyl carbons is 111.6 Hz at -40°C. Even at lower temperatures, these 

two sets of peaks do not separate any further apart than these values. 

It is interesting to note that where the two types of carbons on the tert-

butoxide groups in the mixed (2/2):2 lithium ferf-butoxide/ferf-butyllithium 

aggregates coalesce at different temperatures (27° and 38°C), they 

coalesce at a greater temperature difference (-9° and 14°C) for the lithium 

ferf-butoxide/LiH aggregate. If this lithium tert-butoxide/LiH aggregate is a 

hexamer similar to that of the mixed lithium fert-butoxide/ferf-butyllithium 

hexamers, and is undergoing the same type of limited fluxional exchange, 

then the influence of a hydride ligand within these hexamers affects the two 

types of carbons on the fert-butoxide groups differently than a ferf-butyl 

group. In the lithium tert-butoxide/LiH aggregate, A8 for the methyl 

carbons is 111.6 Hz while A8 for the tertiary carbons is 10.9 Hz. It may be 

argued that this is not the same type of limited fluxional exchange that 

causes the nonequivalency in this species because of the difference in the 

two types of coalescence temperatures for the different carbons within the 

same fert-butoxide group. However, this difference may simply arise from 

structural differences between the two types of aggregates. 

The present studies indicate that these two new lithium aggregates 

are some type of elimination products formed from the decomposition of 

these mixed lithium fert-butoxide/fert-butyllithium aggregates. These two 

lithium species contain only tert -butoxide groups and what is believed to 

be LiH. The variable-temperature studies indicate that although these two 

aggregates are similar in their composition (lithium ferf-butoxide/LiH), the 
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two aggregates behave differently in solution. One is shown to undergo 

some type of temperature dependent dynamic process while the other 

remains constant at all temperatures studied. The 6Li T, o5s for these two 

species also indicate a difference between the two different aggregates. 

The species that does not undergo the dynamic solution behavior has a 6Li 

Tt obs of 16 seconds while the species demonstrating temperature 

dependence has a T̂  obs value of 13 seconds at -20°C. A more detailed 

relaxation study of these species is presented in Chapter Five and it will be 

shown that these two aggregates have differences in their individual 

mechanisms of relaxation. The present data supports the conclusion that 

although these two aggregates contain similar ligands, they are structurally 

different from one another. 

What is believed to be occurring at this high O/Li ratio is both the 

thermal and photo decomposition of these mixed aggregates yielding LiH 

and /so-butylene. The LiH that is being generated is believed to be 

incorporated into an aggregate that contains only fe/t-butoxide groups. 

Thus, the observed 6Li-1 H coupling that is observed is from a single 

hydride atom, which might be bound to a triangular face of three lithium 

atoms, similar to the alkyl and alkoxide groups, within an aggregate of 

unknown composition. 

Recently, Chisolm et al. reported a crystal structure in which a 

hexameric polyhydride tungsten cluster was shown to be supported 

exclusively by alkoxide ligands.11 This complex had the composition 

W6(H)5(0-/-Pr)13. Other transition metal systems have been reported 

which contain only hydride and alkoxide ligands.12.13 Chisolm goes on to 
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state that they believe a group of complexes exists with the formula 

M6{H)n(OR)^n. Although the systems studied by Chisolm were with 

transition metals, where d-orbital participation is sure to influence the 

overall composition and structure, Chisolm's results show that metal 

systems do have some propensity to form stable mixed alkoxide/hydride 

complexes. 

The following section of this chapter will discuss the type of 

elimination processes that have been found to occur for these mixed 

lithium ferf-butoxide/ferf-butyllithium aggregates. Two different types of 

decomposition pathways will be discussed and it will be shown that one of 

the aggregates arises exclusively from a photo decomposition pathway 

while the other is from a thermal decomposition pathway. 

Photo decomposition of mixed ferf-butoxide/ 

fert-butyllithium aggregates 

Glaze et ai, have studied the photolysis of ethyl lithium.14 In this 

study, it was observed that the gases ethane and ethylene and a solid 

residue, which was analyzed to be lithium metal and LiH were being 

produced during the irradiation of ethyllithium. It was then postulated that 

two competing photolytic mechanisms are occurring: a lithium hydride 

elimination reaction that yields ethylene, and a homolytic process that 

yields lithium metal, ethane, and ethylene. These last two products were 

presumed to arise from disproportionation with ethyl radicals within the 

aggregate, as no deuterium incorporation was observed when the reaction 
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was carried out in deuterated solvents. Oliver et al., have also studied the 

electronic transitions of various alkyllithium compounds, including tert-

butyllithium.15 In the same study, Oliver exposed ethyllithium to air and 

observed the presence of a new absorption in the ultraviolet spectrum 

which was attributed to lithium ethoxide. In this work, Oliver showed that 

alkyllithium aggregates have electronic transitions observable in the 

ultraviolet region that he associated to be a charge transfer from the alkyl 

group to the lithium framework, van Tamelen, et al., have reported that 

phenyllithium photolyzes by an intradimer process that yields primarily 

biphenyl and lithium metal.16 Theoretical molecular orbital calculations 

have predicted that the methyllithium tetramer should have a transition 

between the HOMO and LUMO orbitals occurring at about 240 nm.17 

These and other studies all indicate that alkyllithium compounds undergo a 

photolytic reaction, which among other products yield an alkene and LiH. 

Results 

It was observed at a high O/Li ratio (> 0.9/1), that initially these two new 

lithium species constituted a relatively minor amount (< 5 %) of the overall 

concentration of the lithium aggregates. When the solution was allowed 

to stand at room temperature for several days and exposed to normal room 

lighting, these two species increased in concentration at the expense of the 

mixed lithium terf-butoxide/terf-butyllithium aggregates. It was then 

observed that if a solution of these mixed aggregates at a lesser O/Li ratio 

(0.7/1) was left exposed to the same light, then these two other lithium 
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species would appear in the solution but in a much lesser amount. These 

initial observations formed the hypothesis that one or both of these new 

lithium species were formed from a photolytic reaction. 

A 2 F solution of fert-butyllithium was prepared in a 5 mm borosilicate 

NMR tube and flame sealed on a vacuum line. Both 1H and ^Li NMR 

spectra were then acquired and it was observed that only the 0/4 tetramer 

was present in solution. This NMR tube was then subjected to one hour 

of ultraviolet radiation by means of a mercury arc lamp. The solution 

turned from a clear colorless solution to a clear light yellow with a small 

amount of gray solid precipitated out of solution. After this time, another 
1H and 6Li NMR spectrum was recorded and compared to the original 

spectra before photolysis. The concentration of the 0:4 tetramer had 

decreased by approximately 15 % and the appearance of /so-butylene was 

observed in the 1|H spectrum, yet the ®Li spectrum remained unchanged. 

There were no new resonances in the 6|_i spectrum. This experiment 

showed that although some of the 0:4 tetramer did photolytically 

decompose to yield /'so-butylene and presumably LiH (gray precipitate), 

there was no formation of these new Li-H coupled decomposition 

aggregates. This was no surprise since these decomposition aggregates 

did not contain any tert-butyl groups but contained only terf-butoxide 

groups. The LiH that is generated presumably comes out of solution in 

this hydrocarbon solvent, cyclopentane. 

This same type of experiment was repeated except the solution was 

synthesized with an O/Li ratio of 0.2/1. This solution now contained 

approximately equimolar amounts of the 0:4 and the 1:3 mixed tetramers. 
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1H and 6Li NMR spectra were again recorded before and after one hour of 

photolysis. Once again the 0:4 tetramer had decreased in concentration 

by approximately 20 % and the 1:3 mixed tetramer had decreased by only 

5 % of its original concentration. The 1H spectrum also revealed the 

presence of /'so-butylene. The ®Li spectrum revealed once again that 

there were no new lithium species in solution. 

This same set of experiments were again repeated but now an O/Li 

ratio of 0.75/1 was used to prepare the solution. A 6|_i spectrum revealed 

that now there were not only the 0:4 and 1:3 tetramers, but the 4:2, (2/2):2, 

(1/4):1, and 6:0 hexamers were present as well. This solution was again 

photolyzed for one hour and the 1H and 6|_i spectra compared to the 

spectra before photolysis. This solution clearly had a more marked effect 

after photolysis. Both of the tetramers and two of the three mixed 

hexamers had completely decomposed to yield an increase in the 

concentration of the 6:0 hexamer, /so-butylene, and what is shown in this 

experiment to be the photo-generated product. From here on this 

aggregate will be designated by PGP (photo generated product). The 

other lithium terf-butoxide/LiH aggregate will be shown to be the thermally 

generated product and will designated by TGP. The PGP species is the 

aggregate that resonates at -0.96 ppm in the 6Li spectrum, 1.29 ppm in the 
1H spectrum, and 35.83 and 67.08 ppm in the 1 spectrum. This is also 

the lithium fe/f-butoxide/LiH aggregate that does not show the temperature 

dependent dynamic behavior. Table 9 shows the integral areas of each 

aggregate in solution relative to the solvent resonance, which was used as 

an internal standard, before and after photolysis. 
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Table 9 

INTEGRAL AREAS OF INDIVIDUAL AGGREGATES IN SOLUTION 
RELATIVE TO THE SOLVENT RESONANCE 

BEFORE AND AFTER ONE HOUR OF PHOTOLYSIS 

Aggregate Before Photo After Photo 

0/4 14 0 
1/3 12 0 
4/2 16 0 

2:2/2 19 0 
1:4/1 25 15 
6/0 12 22 
PGP 2 60 
TGP 0 3 

Figure 48 graphically presents this experiment for an easier 

understanding and a more adequate representation of the relative 

concentrations. These results clearly demonstrate that one of the lithium 

te/t-butoxide/LiH aggregates is generated exclusively through a photolytic 

reaction. It can be seen that the tetrameric species which 

only decomposed 5-15 % without a high concentration of alkoxide in the 

previous sample, completely decompose at this higher O/Li ratio. Two of 

the three mixed hexamers (the two types of 4:2 aggregates) also 



199 

completely decompose. The (1 /4): 1 aggregate did not completely 

decompose when irradiated for one hour, however, when 

this sample was irradiated for an additional one hour, it did completely 

decompose. The fact that this aggregate (1/4:1), does not decompose 

photolytically as rapidly as the other mixed hexamers would lend credence 

to the belief that this aggregate is the more stableof the hexameric species. 

This is in agreement with the reduced steric requirements within this 

aggregate. 

Another observation of this last experiment can be seen in the overall 

increase in concentration of the 6:0 lithium fe/f-butoxide while all the other 

species decreased. This increase in concentration can be explained from 

the decomposition of the mixed lithium ferf-butoxide/fert-butyllithium 

aggregates. It was shown in the isotopic substitution experiments that it 

was exclusively the ferf-butyl groups that eliminated /so-butylene and LiH 

and not the ferf-butoxide groups. As the fert-butyl groups decompose 

there are at least twice as many terf-butoxide groups in the mixed 

hexameric aggregates. Most of these /ert-butoxide groups form the PGP 

aggregates. Some of these must recombine with other tert-butoxide 

groups to form more of the 6:0 lithium fe/f-butoxide. An independent 

solution that only contained the 6:0 aggregate was photolyzed for two 

hours and it was observed that over this period of time, the 6:0 aggregate 

did not decompose. There was no observable difference in the 1H, 13c, 

and 6|_i spectra after this time. The relative concentration of the 6:0 

(measured from the integral area in the 1H spectrum relative to the solvent 

resonance) remained the same over this period of UV exposure. 
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Photolysis of Mixed t-Butoxide/t-Butyl Li Aggregates 

Integral areas 30 

1̂8 
(1/3) (4/2) (2:2/2) (1:4/1) (6/0) photo thermal 

Concentrations before (light) after (dark) photolysis 

Figure 48 
Graphical representation of the relative concentrations existing in solution 
before and after one hour of photolysis. The areas were integrated from 
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the 1H spectrum and were integrated relative to the solvent resonance 
(cyclopentane) which was used as an internal standard. 

In order to see if this newly formed lithium fert-butoxide/LiH aggregate 

photolytically decomposed once it was formed, the 0.75/1 O/Li ratio sample 

that was previously photolyzed and now contained only the 6:0 hexamer 

and the PGP aggregates were again subjected to two more hours of UV 

irradiation. After this time, the sample had not decomposed any further 

which showed that this PGP aggregate was stable to photolysis and 

therefore does not photolytically decompose once formed. 

The next obvious question is how is this aggregate formed from the 

decomposition of the ferf-butyl groups within these aggregates? In other 

words, what is the mechanism of formation of this decomposition 

aggregate? 

Photolytic formation of mixed lithium 

terf-butoxide/LiH aggregates 

Glaze et ai, postulated a disproportionate mechanism to account for 

the observed products in the photolysis of ethyllithium.14 The following was 

the proposed mechanism: 

(C2H5Li)6 + hv-> (C2H5Li)6* [20] 

(C2H5Li)6* - > C2H5(C2H5Li)5 + Li [21] 

C2H5(C2H5Li)5 - > C2H6 + C2H4Li(C2H4Li)4 [22] 

•C2H4Li(C2H4Li)4 -»> C2H6 + (C2H5Li)4 + Li [23] 
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It was then stated that the ethyllithium tetramer may then equilibrate to 

form more hexamer or eliminate LiH and ethylene or both. Oliver et al.,6 

supported the mechanism postulated by Glaze and concludes that the 

photochemical reactions of alkyllithiums occur primarily at a high energy 

and involve the formation of radicals by a charge transfer process. 

Although there was not any direct evidence for the formation of radicals, it 

was inferred from the product distribution after photolysis. In the 

photolysis of ethyllithium, the absence of butane from the analyzed 

products led Oliver to believe that if radicals were generated in the 

photolysis then these radicals were not "free" radicals. Oliver and Glaze 

suggest that the mechanism involves caged (or complexed) radicals. 

In order to determine if these radical mechanisms were occurring in 

this system, the use of a radical trap during the photolysis of a sample 

containing the mixed lithium te/f-butoxide/fert-butyllithium aggregates was 

employed. The radical trap that was used was /so-propylbenzene, 

commonly known as cumene. This radical trap has previously been 

shown to be able to detect free radicals for reactions involving alkyllithiums 

but yet is inert to alkyllithium compounds and therefore does not produce 

free alkyl radicals.18-19 If a free radical is generated by the photolysis of 

these lithium fert-butoxide/fert-butyllithium aggregates, it may be that the 

radical is very short-lived and therefore does not have enough time to react 

with the radical trap. In order to try to circumvent this problem, the /so-

propylbenzene was added in a large excess relative to the lithium 

compounds (20:1). It was hoped that this large excess would insure that 

every lithium aggregate would come into contact with a trap molecule 
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before it did so with another lithium aggregate. If a free alkyl radical was 

generated in solution it would be trapped by the /'so-propylbenzene to form 

2,3-dimethyl-2,3-diphenylbutane and iso- butane. 

(CH3)3C- + (C6H5)CH(CH3)2 - > (CH3)3CH + (C6H5)C (CH3)2 [24] 

2 (C6H5)C (CH3)2 > (C6H5)C(CH3)2(CH3)2C(C6H5) [25] 

A1F solution with an O/Li ratio of 0.7/1 was prepared and the cumene 

was added in a 20 molar excess. This NMR tube was then flame sealed 

under vacuum and a 1H, 13q, and 6Li NMR spectra were recorded. 

Integrations of all the species including /'so-propylbenzene were then noted 

relative to the solvent cyclopentane. This solution was then irradiated for 

one hour and the 1 H, 1 ̂ C, and 6Li spectra were acquired. These were 

then compared to those before irradiation. As was expected, all the 

mixed lithium terf-butoxide/tert-butyllithium aggregates were converted over 

to the PGP aggregate. There was no evidence in the 1H and 13C spectra 

of 2,3-dimethyl-2,3-diphenylbutane. The cumene resonances in the 1H 

spectrum were integrated relative to the solvent resonance and it was 

found that the concentration remained the same as it had before the 

photolysis. Although this experiment does not rule out the possibility of a 

caged or complexed radical, it does lend support to this process not 

occurring through a "free" radical type of mechanism. 

It is interesting to note that in Glaze's14 study of ethyllithium, ethane as 

well as ethylene was produced. If fe/?-butyl lithium was to proceed through 

the same type of mechanism as proposed by Glaze for ethyllithium, then 
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there should be /'so-butane produced. There was no evidence by NMR for 

the production of /'so-butane or any other hydrocarbons except /'so-butylene 

in the photolysis of fert-butyllithium. /so-butane is already present in 

solution from the reaction of fert-butyllithium and fert-butanol when the 

mixed lithium terf-butoxide/te/f-butyllithium aggregates are photolyzed. 

f-C4H9Li + f-C4H9OH ~> f-C4H9OLi + (CH3)3CH [26] 

The presence of large quantities of /so-butane in solution (as seen in 

reaction 26) shows that this gas is very soluble in cyclopentane and should 

therefore be detectable in a sealed NMR tube if it is generated by 

photolysis. The concentration of the /so-butane that is already present in 

the mixed systems was integrated before photolysis and then compared to 

its integrations after photolysis. The concentration remained the same 

before and after photolysis. Although these results do not rule out a 

radical mechanism, they do lend credence to the possibility of a non-radical 

photolytic decomposition mechanism. For the case of tetrameric tert-

butyllithium it might be something as simple as the following mechanism: 

(f-C4H9Li)4 + /TV ~ > (t-C4H9Li)4* [27] 

(f-C4H9Li)4* - > 2 (f-C4H9Li)2 [28] 

2 (f-C4H9Li)2 ---> 4 t-C4H9Li [29] 

4 f-C4H9Li —> 4 C4H8 + 4 LiH [30] 
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In this case, the tetrameric aggregate may simply be disrupted into two 

dimeric aggregates. A dimer has been postulated as a transition state in 

the fluxionality of te/t-butyllithium.20 Schleyer et alP have found 

computationally that the dimeric structure of methyllithium may be an 

energy minimum in the pyrolysis of methyllithium. The dimeric form of 

other alkyllithiums has also been observed experimentally. The dimeric 

fe/t- b uty I lithium may then dissociate even further into monomers where the 

elimination of LiH and /'so-butylene occurs. 

Another possible pathway may involve the direct elimination from an 

excited tetrameric aggregate: 

(f-C4HgLi)4 + hv ~ > (f-CzjHgLi)^ [31] 

(f-C4HgLi)4* ---> (f-C4HgLi)3 + C4H8 + LiH [32] 

(f-C4HgLi)3 ---> (f-C4HgLi)2 + t - C ^ l i [33] 

f-C4HgLi —> C4H8 + LiH [34] 

Signals were detected in the mass spectrum of methyllithium that indicated 

the presence of both trimers and tetramers.22 Schleyer et ai, also 

calculated a stable trimeric structure for methyllithium.21 Although a 

trimeric aggregate has never been calculated or proposed for tert-

butyllithium, these results do indicate some stability for trimeric 

alkyllithiums. The trimer that is formed may then go on to dimerize and 

eliminate another LiH and /'so-butylene. The dimer may then recombine 

to form another tetramer or dissociate into monomers and then eliminate 

LiH and /so-butylene. 
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Although these two possible pathways for the photolytic elimination of 

/"so-butylene and LiH from ferf-butyllithium are not meant to exhaust the 

possible pathways, they are presented here to represent two potential non-

radical pathways available for this process. Most of the limited 

information available for the photolysis of alkyllithium compounds indicates 

that the initial process is the homolysis of the carbon-lithium bond.23 The 

observed products are then thought to arise from disproportionation of alkyl 

radicals within the aggregate. Although a non-radical pathway can not be 

ruled out a priori, the lack of iso-butane in the reaction products for the 

photolysis of ferf-butyllithium tends to lend some substance for a non-

radical pathway in this system. 

The previous discussion of the possible mechanisms for the photolytic 

decomposition of ferf-butyllithium only discussed the elimination of LiH from 

a tert-butyl group. The mechanism for the formation of the lithium tert-

butoxide/LiH aggregates would be a precarious undertaking in a system of 

such complexity that contains five different aggregates with varying 

compositions and aggregation states. However, some observations have 

been obtained through isotopic substitution of the tert-butyl groups that 

allows for a greater understanding of the photolytic decomposition of these 

mixed lithium ferf-butoxide/ferf-butyllithium aggregates. 

It was found that it was the ferf-butyl groups and not the ferf-butoxide 

groups that were eliminating LiH by the isotopic enrichment of deuterium in 

the ferf-butyl groups. When ferf-butyllithium is the only species in 

solution, the LiH that is generated becomes insoluble in the cyclopentane 

and comes out of solution. This is also observed when the 1:3 mixed 



207 

tetramer is present. When the hexameric mixed aggregates are present 

at higher O/Li ratios, the LiH that is generated by photolysis is somehow 

incorporated into an aggregate that contains only terf-butoxide groups. It 

was not known whether or not the LiH that is generated from the tetrameric 

0:4 and 1:3 aggregates was incorporated into this PGP aggregate or 

whether it was exclusively the LiH from the mixed hexameric species that 

was incorporated into this aggregate. If this could be determined, we 

would be able to deduce whether or not the formation of this PGP 

aggregate occurred through an intermolecular process or by a combination 

of inter- and intramolecular processes. 

In order to sort out the inter- and intramolecular contributions, a series 

of experiments was performed with mixtures of (CD3)3CLi and (CH3)3COLi. 

First, a 1F solution of (CD3)3CLi was prepared and a 0.2/1 O/Li ratio of 

protio fe/f-butanol was added to the solution. This solution was then 

analyzed by both 1H, 2H,13C, and 6Li NMR. All spectra indicated that 

only two species were in this solution, the 0:4 and 1:3 tetramers that 

contained all deuterated ferf-butyl groups and all protio te/t-butoxide 

groups. A separate 1F solution of (CH3)3CLi was prepared and a 0.7/1 

O/Li ratio of protio fert-butanol was added to the solution. This solution 

was analyzed by1H, 13c, and ®Li NMR. This solution was found to 

contain the 0:4,1:3, 4:2, (2/2):2, and (1/4):1 aggregates. All of these 

species contained protio tert-butyl and protio tert-butoxide groups. There 

were now two separate solutions; one containing only tetrameric (CD3)3CLi 

aggregates, and another containing hexameric and tetrameric (CH3)3CLi 

aggregates. If these two solutions could be combined and then 
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photolyzed, the incorporation of LiD into the PGP aggregate would be 

evidence that the LiD from the tetrameric aggregates participated in the 

mechanism. This would show that this process does not occur 

exclusively via an intraaggregate mechanism. Before these two 

combined solutions could be photolyzed, it had to be determined if the tert-

butyl groups on the deuterated tetramers would interaggregately exchange 

with the protio tert-butyl groups on the hexamers. These two solutions 

were added together and allowed to equilibrate for seven days at 0°C and 

kept in the dark. After the equilibration period, the solution was analyzed 

by 1H, 2h, 13c, and ®Li NMR and was found to still contain only 

deuterated tetrameric aggregates. The tetrameric and hexameric 

aggregates did not exchange over this time period. The sample was then 

irradiated for one hour and then analyzed by 6Li NMR. The results of this 

experiment showed that the PGP aggregate contained both LiD and LiH. 

The presence of both the deutero and protio hydride indicates that the 

process that brings about the formation of the lithium tert-butoxide/LiH 

aggregate does not occur exclusively through an intraaggregate 

decomposition mechanism of the mixed hexameric species. The 

tetrameric species somehow participates in this mechanism. This whole 

process might be a combination of intra- and intermolecular processes and 

only an entire intramolecular process can be ruled out. 
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Thermal decomposition of lithium ferf-butoxide/ 

fert-butyllithium aggregates 

Whereas one of the lithium ferf-butoxide/LiH aggregates was shown in 

the previous section to be a product from the photolytic decomposition of 

the mixed lithium tert-butoxide/fert-butyllithium aggregates, this section will 

show that the other lithium ferf-butoxide/LiH aggregate is a product from 

the thermal decomposition. The photo product was abbreviated as the 

PGP aggregate. Here the thermal product will be abbreviated by TGP 

(thermal-generated product). 

It is generally accepted that the most common mode of thermal 

decomposition of organolithium compounds is elimination of lithium hydride 

and an alkene.23 These studies date back to early work by Ziegler and 

Gellert on ethyllithium and /7-butyllithium in 1950,24 to recent studies by 

Lagow on methyllithium.25 The kinetics for the thermal decomposition of 

alkyllithiums have been studied and the results for straight chain 

alkyllithiums, which are hexameric, appear to be first order.26 The 

tetrameric sec-, and ferf-butyllithium are reported to be one-half-order. 

The elimination of LiH is generally accepted as proceeding through an 

irreversible, unimolecular p-hydride elimination.27,28 The transition-state 

gpometry is thought to be a four-center, cyclic arrangement as shown 

below in Figure 49. Additionally, a kinetic isotope effect was observed 

which suggested that the p-elimination involved an essentially symmetrical 

H transfer.27 
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The reactions that are governed by first-order kinetics, suggest that the 

rate-determining step for the p-hydride elimination occurs within a fully 

associated aggregate (in these cases, hexameric). The one-half order 

kinetics for sec- and terf-butyllithium, based on a tetrameric 

structure, suggests that the rate-determining step for the tetrameric 

aggregates is a disruption of the tetramer into a dimer. It has been 

argued that this disruption of the tetramer is accelerated by alkoxide 

impurities in the sample.26'29 

C C 

LI H 

Figure 49 
Concerted cyclic arrangement for p-hydride elimination. 
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The effects of added alkoxide on the thermal decomposition of 

alkyllithiums has been studied.192628-29 Finnegan and Kutta found that as 

the amount of carbon-bound lithium in n-butyllithium decreased from 96 to 

76 %, the rate of decomposition increased by two-fold and that higher 

levels of n-butoxide exhibited a catalytic effect. They presumed that the 

added alkoxide increased the rate of decomposition by coordinating with 

the metal as a Lewis base and therefore weakening the carbon-metal 

bond. Glaze found that the pyrolysis of sec-butyllithium is one-half order 

in alkyllithium and first order in alkoxide, based on a tetrameric structure. 

It was stated that the alkoxide may assist the cation in the removal of the 

hydride by acting as a Lewis base. Eppley and Dixon studied the effect of 

added alkoxide on the thermal decomposition of fe/t-butyllithium and found 

that this decomposition was also catalyzed by alkoxide.29 

These studies indicated that alkyllithium compounds undergo a 

thermal reaction that yields LiH and alkenes. Since it was already known 

that the photolytic decomposition of these mixed lithium fert-butoxide/ferf-

butyllithium aggregates yielded one of the two lithium fe/f-butoxide/UH 

aggregates, a study of the thermal decomposition of these mixed species 

was undertaken to see if the other lithium fert-butoxide/LiH aggregate was 

formed from a thermal reaction. 

Results 

It was observed that at a high O/Li (>0.9/1), two new aggregates were 

determined to exist in solution. These two aggregates were seen to 
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increase in concentration at the expense of the other mixed species when 

these solutions were allowed to sit out in the light at room temperature. 

The previous section allowed the identification of one of these aggregates 

as being a photo-generated product. In order to determine if the other 

aggregate was a thermal-generated product (TGP), the same type of 

experiments that were performed for the photolysis of these mixed lithium 

fert-butoxide/fert-butyllithium species were performed on a separate 

sample. 

A 2F solution of fert-butyllithium was prepared in a 5 mm NMR tube 

and then flame sealed on a vacuum line. A 1H and 6Li NMR spectrum 

were then acquired and it was observed that only the 0:4 tetramer was 

present. The NMR tube was then immediately wrapped in aluminum foil 

to avoid any exposure to light. This NMR tube was then placed in a 

temperature controlled sand bath. The temperature was then kept at a 

constant +40°C. The sample was kept at this temperature because the 

boiling point of the solvent cyclopentane is +46°C. The sample was 

allowed to remain in this sand bath for a period of forty days. It was 

monitored every seven days by 1H and 6Li NMR to check for thermal 

decomposition. After the first fourteen days, there was no detectable 

change in the concentration of the fert-butyllithium. However, after 

twenty-one days there was a small decrease in the concentration and the 

appearance of /'so-butylene was detected. Over the next twenty days, the 

0/4 tetramer decreased in concentration to where an overall reduction in 

the concentration after forty days was measured to be 23 %. The solution 

turned a light brown color after this time and a small amount of insoluble 
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light yellow product was deposited on the bottom of the tube. The only 

detectable product by NMR from this decomposition was /'so-butylene. 

West et ai, reported that ferf-butyllithium slowly decomposed in refluxing 

heptane to give a 96/4 mixture of /so-butylene and /'so-butane.30 The 

small amount of /'so-butane was attributed to the metalation of /so-butylene 

by the starting material. The 6|_i NMR spectrum remained unchanged 

and only the one resonance for ferf-butyllithium was detected. This 

experiment showed that ferf-butyllithium thermally decomposes slowly at a 

temperature of +40°C The products from this decomposition are /so-

butylene and presumably insoluble LiH. 

This same type of experiment was repeated again except a 2F 

solution was now synthesized with an O/Li ratio of 0.2/1 in order to obtain a 

solution with approximately equimolar amounts of both the 0:4 and 1:3 

tetramers. 1H and ^Li NMR spectra were recorded before the sealed 

NMR tube was wrapped in aluminum foil and allowed to remain in the sand 

bath for forty days at +40°C. This sample was again monitored every 

seven days by1H NMR and these results can be seen in Table 10. It was 

observed that after seven days the 0:4 tetramer had decreased in intensity 

by 5 % while the 1:3 remained unchanged. After fourteen days the 0:4 

had decreased by 15 % while the 1:3 still remained unchanged. The only 

other product was the appearance of /so-butylene. After 28 days the 

concentration of the 0:4 tetramer had decreased by 32 % and the 1:3 had 

decreased by only 3 %. After the forty days, the concentration of the 0:4 

tetramer had decreased a total of 41% while the 1:3 tetramer had 

decreased by only 6 %. Once again the only other detectable product in 
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Table 10 

PERCENT INTEGRAL AREASA OF 0:4 AND 1:3 

TETRAMERS IN SOLUTION AT + 4 0 ° C 

Aggregate Daysb 

Q Z 14 2 1 m 3 5 40 
0 :4 100 92 85 74 68 63 59 
1:3 100 100 100 99 97 95 94 

(a) - relative to the solvent resonance. 

(b) - monitored every seven days. 

solution was /"so-butylene, although there was a considerable amount of 

insoluble material present. 

These results, and the results of the thermolysis of the 0:4 tetramer 

alone in solution raise some interesting questions as to the stability and 

mechanism involved in this thermal process. When the 0:4 tetramer is the 

only species present in solution (no 1:3 mixed tetramer), the concentration 

of this species is decreased by 23 %. When there is an equimolar 

amount of the 1:3 present, the 0:4 decomposes at a faster rate over the 

same period of time. This is in accord with the previous studies on the 

effect of added alkoxides on the rate of decomposition. In these previous 

studies, the consideration of mixed aggregates containing both alkyl and 

alkoxide groups was not addressed. The concentrations measured in 

these studies only gave the amount of carbon-bound lithium that would 
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include both the mixed and non-mixed aggregates. The results from 

Table 10 show that the 1:3 decomposes at a slower rate than the 0:4 

tetramer. This is in disagreement with the previous studies that explained 

the rate acceleration, from the presence of alkoxides, to the Lewis base 

character of the alkoxide group. This basic character that is ascribed to 

the alkoxide group should therefore only have an influence on the fe/f-butyl 

groups within the same aggregate and therefore weaken only these lithium-

carbon bonds. What is observed however is the exact opposite. The 

1:3 aggregate is observed to be more stable than the 0:4 aggregate that 

does not contain any fe/f-butoxide groups. If the rate of the thermal 

decomposition of these species can be attributed to their overall stability, 

then the 1:3 must be a more stable aggregate than the 0:4. This can 

once again be explained by the relief of steric interactions within the 

tetrameric aggregates. The replacement of one terf-butyl group by a tert-

butoxide group reduces the steric requirements within these tetramers as 

was discussed in the previous chapter. Even though the replacement of a 

ferf-butyl group with a tert-butoxide group in the 1:3 aggregate probably 

does weaken the remaining three carbon-lithium bonds within the tetramer, 

the overall stability gained from the relief of the steric interactions must 

outweigh the effect of the basic ferf-butoxide group. 

It was found that when a mixture of (CD3)3CLi was added to a solution 

containing all protio 1:3 tetramers and allowed to thermally decompose for 

twenty days, that there was no evidence of the 1:3 tetramers containing 

any labeled tert-butyl groups. The concentration of the labeled 0:4 

tetramers had decomposed 14 % over this period of time and the 
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concentration of the 1:3 remained unchanged. This experiment would 

suggest that the ferf-butyl groups on the 0:4 tetramers are not incorporated 

into a 1:3 tetramer. It is not known at this time how the added alkoxide 

participates in the rate acceleration of the 0:4 tetramer. 

These same type of experiments of comparing the concentrations 

before thermolysis and after thermolysis were again repeated but now an 

O/Li ratio of 0.7/1 was used in the preparation of the solution. A 6|_i 

spectrum revealed that the solution contained the following species; 0:4, 

1:3, 4:2, (2/2):2, (1/4):1, and 6:0 aggregates. After forty days at +40°C, it 

was revealed that the other lithium ferf-butoxide/UH aggregate that was 

observed in earlier solutions was indeed a product from the thermal 

decomposition of these mixed lithium fe/f-butoxide/ferf-butyllithium 

aggregates. Table 11 shows the normalized integral areas of each 

aggregate in solution relative to the solvent resonance, which was used as 

an internal standard, before and after forty days of thermolysis. These 

relative concentrations can be more appropriately represented in a graph 

that can be seen in Figure 50. It can be seen from this experiment that 

these results parallel those for the photolytic decomposition of the mixed 

lithium fert-butoxide/fert-butyllithium aggregates except that the new 

species generated are now the result of a thermal process. All of the tert-

butyllithium containing aggregates had decomposed over this period of 

time to yield the TGPaggregate and a large increase in the concentration of 

the 6:0 lithium fe/t-butoxide aggregate. Once again the only other 

hydrocarbon species detectable in solution was /'so-butylene. A large 

amount of a yellow-white precipitate had also collected on the bottom of the 
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Table 11 

INTEGRAL AREASA OF INDIVIDUAL AGGREGATES IN SOLUTION 

BEFORE AND AFTER FORTY DAYS AT +40°C 

Aggregate Before Thermal After Thermal 

0:4 5 01 
1:3 6 0 
4:2 15 0 

(2/2) :2 18 0 
(1/4):1 37 0 

6:0 16 55 
PGP 3 7 
TGP 0 38 

(a) - relative to the solvent resonance. 

tube. This precipitate was also observed by Finnegan and Kutta19 in the 

thermal decomposition of n-butyllithium. They believed this precipitate to 

be a polymeric material that resulted from the formation of butadiene as 

follows: 

CH,CH5CH9CH,Li —> CH,CH,CH=CH0 + LiH [35] 

— > 

I3VI I2WI ,2V-/I '21-' " L3V"" '2V I ,-V-/L '2 

CH,CH,CHXH,Li + CH,CH,CH=CH0 

CH3CHLiCH=CH2 + C4H10 [36] 

CH3CHLiCH=CH2 —> CH2=CHCH=CH2 + LiH [37] 

CH3CH2CH2CH2Li + CH2=CHCH=CH2 —> polymer [38] 
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Thermolysis of Mixed t-Butoxide/t-Butyl Li Aggregates 
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Figure 50 
Graphical representation of relative concentrations of aggregates in 
solution before and after thermolysis at 40°C for forty days. The areas 
were integrated from the 1 H spectrum and were integrated relative to the 
solvent resonance (cyclopentane) which was used as an internal standard. 
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This type of polymer formation could not occur for fe/f-butyllithium but 

another polymerization reaction could occur which does not involve the 

generation of a hydrocarbon gas. The following polymerization reaction 

may occur which would account for the precipitated product. For 

simplicity, R' represents a fert-butyl group while R represents a methyl 

group. 

R'Li —> R2C=CH2 + LiH [39] 

R'Li + R2C=CH2 --> R'R2C-CH2Li [40] 

R'R2C-CH2Li + nR2C=CH2 - > R'R2C-CH2-[-R2C-CH2-]n-Li [41] 

In this type of reaction, the addition of the fert-butyllithium to /so-butylene 

would generate a new organolithium compound that then reacts with more 

/'so-butylene and so on. In this type of "anionic polymerization", iso-

butane is not generated as would be if the type of reaction proposed by 

Finnegan and Kutta was operative. 

It is also evident from Figure 50 that a large increase in the 

concentration of lithium tert-butoxide is generated from the thermal 

decomposition of these mixed lithium fe/f-butoxide/fert-butyllithium 

aggregates. As stated in the photolysis section where this increase was 

also observed, the generation of more lithium ferf-butoxide can be 

explained from the decomposition of the other mixed lithium ferf-butoxide 

containing aggregates. As the fe/f-butyl groups on a mixed hexamer, 

which contain at least twice as many fert-butoxide groups, eliminate LiH 

and /so-butylene, some of these remaining fert-butoxide groups form the 
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mixed TGP aggregate while the remaining fe/f-butoxides recombine to form 

more of the 6:0 lithium tert-butoxide aggregates. An independent sample 

that contained only the 6:0 hexamer was subjected to the same 

temperatures for twenty days and it was found that there was no detectable 

difference in the concentration of lithium fert-butoxide after this time. 

The sample that was thermally decomposed to yield the TGP 

aggregate and the 6:0 hexamer was subjected to temperatures of +40°C 

for an additional twenty days (total of 60 days). It was observed that the 

concentration of both species did not change over this time period. It can 

thus be inferred that once the TGP is formed it remains stable to additional 

heat for a given period of time. 

In the previous section on the photolytic decomposition, it was 

observed that once the PGP was formed it remained stable to an extended 

period of UV irradiation. In order to determine whether or not the TGP 

was stable to photolysis, a sample that contained only the 6:0 and TGP 

aggregate was irradiated for one hour. After this time period it was 

determined from 1H and ®Li NMR, that the concentration of the TGP 

remained constant. It was also observed that the TGP did not react to 

form any of the PGP after being irradiated. The reverse experiment was 

performed where a solution that contained a deutero hydride labeled PGP 

aggregate and the 6:0 hexamer was subjected to +40°C temperatures for 

twenty days. After this period of time, it was observed that there was now 

the formation of the TGP aggregate which was labeled with 2h. The 

concentration of the 6:0 lithium fert-butoxide had decreased by 

approximately 15% over this same time. It can thus be inferred that the 
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PGP aggregate must interact with the 6:0 hexamer when thermally 

decomposed to reform the TGP aggregate. It can be stated that the TGP 

aggregate is the more stable of the two lithium fert-butoxide/LiH 

aggregates. Where the TGP does not photolytically decompose to yield 

the PGP aggregate, the reverse is true where the PGP thermally 

decomposes to yield the TGP. 

Thermal formation of mixed lithium 

fert-butoxide/LiH aggregates 

As mentioned in the photolytic decomposition mechanism section, it 

was generally believed that the photo decomposition of organolithiums 

proceeded through a caged radical mechanism. It is generally accepted 

that the thermal decomposition mechanism does not proceed through a 

radical. Bryce-Smith showed through the use of a radical trap, iso-

propylbenzene, that a non-radical decomposition mechanism was 

operative for n-butyllithium.31 The presence of a caged radical was not 

discussed in this paper. The hydrocarbons observed in this study 

contained butane and butene. These hydrocarbons and others observed 

in different alkyllithium systems are believed not to occur through a radical 

pathway but are believed to be formed from the addition of the 

organolithium compound to the alkene.23 Since a non-radical mechanism 

experiment had not been performed on terf-butyllithium, /so-propylbenzene 

was used in a thermal decomposition experiment with the mixed lithium 

fe/f-butoxide/fe/f-butyllithium aggregates. 
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Similar to the experiment performed for the photolytic decomposition 

mechanism, /"so-propylbenzene was added to a solution that contained the 

0:4,1:3, 4:2, (2/2):2, (1/4):1, and the 6:0 aggregates in a twenty molar 

excess. The solution was analyzed by 1H and 6|_i NMR before being kept 

in the dark at +40°C for forty days. After this time, the solution was 

examined for the presence of 2,3-dimethyl-2,3-diphenylbutane that would 

indicate that a radical had been generated in solution. There was no 

evidence for this compound and the concentration of cumene remained the 

same before and after this thermal process. This again does not rule out 

the possibility of a caged radical, but this experiment and the absence of 

/so-butane tend to indicate a non free-radical pathway is operative for this 

thermal decomposition. 

It was observed in the thermal decomposition of the 0:4 and 1:3 

tetramers that although thermal decomposition did occur, at least 

significantly for the 0:4 tetramer, and /so-butylene was generated, there 

was no presence of the TGP aggregate. This was also observed for the 

photolytic decomposition of these two species. Analogous to the 

experiments that were performed in the photolytic decomposition studies, 

where the tetramers were selectively isotopically labeled with 2h, this same 

type of experiment was performed for the thermal decomposition. The 

two solutions in which one contained the labeled tetramers and the other 

protio tetramers and hexamers were mixed together. This solution was 

then allowed to equilibrate for seven days at +40°C in order to determine if 

interaggregate exchange scrambled the labeled tert-butyl groups from a 

tetramer to a hexamer. Both 2H and 13C NMR showed that over this 
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period of time the labeled fert-butyl groups remained on the tetrameric 

aggregates and did not exchange with the hexameric aggregates. This 

sample was then allowed to remain at +40°C for an additional thirty days. 

After this time, the sample was analyzed by observing 6|_i NMR. The 

results showed that the TGP aggregate contained both LiD and LiH. This 

indicates that the process that brings about the formation of the TGP 

lithium ferf-butoxide/LiH aggregate does not occur exclusively through an 

intraaggregate decomposition mechanism. This was the same conclusion 

formulated for the formation of the PGP aggregate. It is not clear from 

this experiment whether or not an intraaggregate mechanism does occur 

from the hexameric species. The thermal decomposition parallels the 

results of the photolytic decomposition of these mixed lithium tert-

butoxide/ferf-butyllithium aggregates and both processes are likely to occur 

by a combination of intra- and intermolecular pathways. 

It is not known what the differences are between the PGP and TGP 

aggregates. Even though both decomposition mechanisms appear to be 

similar, there may be a large enough difference between the two pathways 

that the products formed have very structurally different features. The 

value of the 6l_i-1 H coupling constant for the PGP is 2.2 Hz while it is 1.7 

Hz for the TGP. This might imply that the interaction between the lithiums 

and hydride in the PGP aggregate is stronger than in the TGP. The TGP 

aggregate exhibits the dynamic temperature behavior where the PGP does 

not. The PGP aggregate has a longer 6[_i relaxation time than the TGP 

that might imply that the TGP aggregate is a higher aggregation state than 

the PGP. It will also be shown in the next section that these two 
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aggregates have vastly different rates of reactivity with a weak carbon acid 

such as fert-butyl methyl ketone. 

Reactivity of mixed lithium terf-butoxide/LiH aggregates 

It was recognized that without suitable crystals for a single crystal x-

ray diffraction study of these mixed lithium fe/f-butoxide/LiH aggregates, 

there was no direct evidence of LiH in these aggregates except the 

observed 6Li-1 H coupling to one hydrogen atom. Since no other means 

of direct observation of a LiH within the aggregate are available, an indirect 

proof of LiH within these aggregates must be accomplished. Lithium 

hydride is a known metalating reagent of various ketones to form lithium 

enolates. It was hoped that if these aggregates were reacted with a 

known ketone and the desired enolate product could be isolated, then this 

would be an indirect proof of the existence of LiH within these aggregates. 

It was realized that if these lithium fe/f-butoxide/LiH aggregates were stable 

species in solution, and they reacted as LiH, then the formation of these 

aggregates may be a useful synthetic route to obtaining hydrocarbon 

soluble LiH. 

Recent interest in the synthetic applications of LiH, as well as NaH 

and KH, as both a reducing and metalating agent have appeared in the 

literature.32'33'34 It has been noted that the attractiveness of these 

hydrides as metalating reagents for ketones lie in their simplicity in 

reactions.35 This simplicity stems from the fact that they are readily 

insoluble in non reacting organic solvents and are therefore easily 
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separated where the only by-product of this metalation is hydrogen gas. 

Unfortunately, the reaction of LiH and NaH with unactivated ketones has 

been shown to be exceptionally sluggish.36-37 This inertness in its 

reactivity has been attributed to low solubility and the high lattice energy of 

these metal hydrides, particularly LiH.35 Research in this area has mainly 

revolved around the preparation of a more reactive form of these saline 

hydrides. The first development of a more reactive form of LiH was 

accomplished by the room-temperature hydrogenolysis of tert-

butyllithium.38 A white precipitate was filtered from the solution which was 

then used to reduce benzophenone to benzohydrol in a 6 % yield. This 

was compared with commercial LiH in which there was no trace of 

benzohydrol being formed. A more reactive form of LiH was 

accomplished by adding an equimolar amount of a transition metal-halide, 

VCI3, in conjunction with the LiH.32 More recent advances were achieved 

by hydrogenating BuLi in hexane in the presence of TMEDA.39 These 

reagents were termed superactive metal hydrides due to their marked 

increase in reactivity over commercial LiH. These superactive metal 

hydrides were prepared by the reaction of NaOffiu or KOSu with BuLi in 

hexane/TMEDA. This solution was then hydrogenated at -25°C to give a 

suspension of the NaH and KH. The preparation of NaH and KH through 

this synthetic route invariably contains LiOfBu. The presence of these 

alkoxides in solution was investigated.33 In these investigations it was 

determined that there was no appreciable difference in the rate of reactivity 

when a ROLi-free solution of KH and NaH was employed when these 

hydrides were prepared from f-AmOH or f-BuOM (M = Na, K). It was 
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addressed by Lochmann that the interaction between the metal hydrides, 

lithium alcoholate and TMEDA may be very complex and the nature of 

these species was not understood.45 The present studies may have 

shown that Brandsma and Schleyer's "superactive" metal hydrides are the 

same kind of species as the mixed lithium tert-butoxide/LiH aggregates 

which we have formed by the photolytic and thermal decomposition of 

mixed lithium tert-butoxide/tert-butyllithium aggregates. The observed 

"super reactivity" of these metal hydrides may simply arise from the 

solubility of the LiH in the hydrocarbon solvents by being incorporated into 

an aggregate of lithium alkoxide. The solubility of the LiH breaks down 

the high lattice energy that is inherent in the insoluble commercial LiH. 

With the above discussion in hand and the need to see if these lithium tert-

butoxide/LiH aggregates react toward a substrate as LiH, the following 

experiments were undertaken. 

Results 

The reaction of LiH with the ketone tert-butyl methyl ketone 

(pinacolone) was chosen for several reasons. It has been shown that 

ketone enolates are versatile reactive intermediates as probes of cation 

solvation and ion-pairing, in the formation of carbon-carbon bonds, and as 

ligands of transition metals.40 This ketone was also chosen because it 

has been shown to be essentially non-reactive towards commercially 

available LiH.35 These studies showed that KH was reactive as a 

metalating reagent towards pinacolone, NaH was much less reactive and 
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LiH was essentially inert. The reaction of MH (M = Li, Na, K) with 

pinacolone which is then quenched with chlorotrimethylsilane is depicted in 

Figure 51. 

In this reaction it can be seen that the metal hydride abstracts a 

somewhat weak acidic proton (pKa = 20.8) from the methyl group to form 

the lithium enolate and hydrogen gas. This enolate can then easily be 

trapped by chlorotrimethylsilane to form the silyl enol ether. Both 13c 

and 1H NMR data have been reported for this silyl enol ether in the 

literature. 

A solution containing 250 mmoles of fe/f-butyllithium was made into a 

1F solution of a 0.9/1 O/Li ratio sample of lithium fert-butoxide/ferf-

butyllithium that was prepared in the usual manner by the reaction with tert-

butanol. This solution was then photolyzed for one hour. After this time, 

it was placed in the temperature controlled sand bath at +40°C for seven 

days. After this time the vessel was taken into the glove box and filtered 

to remove the precipitated material. A small aliquot was then put into an 

NMR tube and a 1 H and 6Li NMR spectra were taken to determine if there 

was any remaining mixed lithium tert-butoxide/te/f-butyllithium aggregates. 

The two spectra revealed that the only lithiated species were the 6:0, PGP, 

and TGP aggregates. 

We have been unsuccessful in trying to isolate the two 

decomposition products by sublimation without the presence of the 6:0 

lithium ferf-butoxide. The solvent was pulled off a solution which 

contained only the PGP and the 6:0 aggregates. A crystalline white solid 

remained that was put into a sublimation apparatus. The sublimator was 
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Figure 51 
Reaction of LiH with pinacolone then quenched with chlorotrimethyisilane. 
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then placed on the vacuum line and allowed to sublime at 10"6 torr at 100° 

C. This is the temperature at which lithium fert-butoxide sublimes. The 

sublimation apparatus was then taken back into the glove box and the 

sublimed material was collected. The product was then analyzed by ®Li 

NMR. The 6Li spectrum revealed that both the PGP and 6:0 products 

sublimed at this temperature. The same experiment was repeated except 

the temperature was lowered to 75°C. At this temperature, neither of the 

two products would sublime. Apparently, the two products have similar 

vapor pressures. 

The original amount of fe/f-butyllithium used to make this solution was 

250 mmoles. By reacting this with the alcohol in a ratio of 0.9/1, only 10% 

of the original ferf-butyllithium would be remaining in solution (25 mmoles). 

Assuming that 75% of the 25 mmoles of ferf-butyllithium was converted into 

the lithium ferf-butoxide/UH aggregates, there would be approximately 19 

mmoles of remaining active LiH. The remaining lithium tert-butoxide/LiH 

solution was then transferred into an NMR tube with a rubber septum on 

the top. A 1H and 6Li spectra were acquired before the addition of the 

ketone. The ketone (19 mmole), was then added by syringe into the NMR 

tube. A vigorous reaction occurred immediately upon addition and rapid 

evolution of gas was observed. After the tube was vented several times 

to release the gas, and gas evolution had ceased, a 1H and 6Li NMR 

spectrum were acquired. Figure 52 shows the 6Li spectra before and 

immediately after the addition of the ketone. It can be seen from these 

spectra that where the PGP aggregate reacted completely, the TGP 

aggregate did not react at all. The new resonance in the 6|_i spectrum 
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just downfield from the 6:0 hexamer is the formation of the lithium enolate. 

The crystal structure for the lithium enolate of pinacolone has been 

solved.41 The aggregation state of this lithium enolate has been 

determined to be hexameric with LDA in heptane. The ®Li spectrum for 

this enolate has not been published but the chemical shift of the resonance 

is in accord with other hexameric lithium aggregates. 

The concentration of the 6:0 lithium fe/t-butoxide was monitored by 
1H NMR and showed an increase of 12 % in concentration. This reveals 

that as the LiH in the mixed aggregate reacts with the ketone to form the 

lithium enolate, the remaining fert-butoxide groups from the mixed 

aggregate recombine to form more 6:0 hexamer. It is very interesting to 

note that while the PGP species reacted instantly to form the enolate, the 

TGP species did not react instantly. The 1H spectrum revealed that there 

was still unreacted ketone remaining in solution. This solution was then 

monitored over a period of one hour and the resulting 1H and 6|_i spectra 

recorded in intervals of every ten minutes. Over this period of time it was 

observed that the concentration of the TGP species slowly decreased while 

the concentration of the lithium enolate increased proportionately. The 

concentration of the 6:0 hexamer also increased by another 5% over this 

period of time. After one hour, the reaction of the TGP appeared to cease 

to react any further, even though there was still unreacted TGP and ketone 

remaining. 

This same experiment was attempted again except now a large 

excess (x 5) of the ketone was added to the lithium solution. The same 

results were obtained immediately after addition, the rapid evolution of gas. 
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The solution was again analyzed and the PGP product had again 

completely reacted. The TGP did not immediately react just as it had 

before when there was not an excess of the ketone. However, with this 

large excess of the ketone in solution, the TGP species did completely 

react over a period of thirty minutes. 

This solution was then quenched with chlorotrimethylsilane and was 

then analyzed by 1H and 13C NMR. The silyl enol ether was positively 

identified in solution by the 13C and 1H chemical shifts and the coupling 

constant of the methylene protons to those reported in the literature. 

Table 12 gives the experimentally found data and the compared values in 

the literature. 

It can be clearly seen that the reaction of these lithium tert-

butoxide/LiH aggregates react as "superactive" LiH (at least the PGP 

aggregate) to metalate weak carbon-acids such as pinacolone that has 

been reported to be inert to commercial LiH. The PGP species reacts 

instantly while the TGP reacts at a much slower rate but does so in a 

matter of minutes if the ketone is in excess. The difference in the 

reactivity between the two types of LiH containing aggregates is not 

understood at this time. Invariably, it must arise from the difference in 

their structures. Both aggregates do however react as LiH to give the 

same lithium enolate species. Whether or not these species are of the 

same type of "superactive" LiH that Schleyer and Brandsma report is not 

known. It does seem reasonable to assume that these lithium tert-

butoxide/LiH aggregates are the same type of species, considering how 

they synthesized their lithium compound from the metal alkoxides. 
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Figure 52 
6Li spectra before addition of pinacolone (bottom), immediately after 
addition (middle), and 30 minutes after addition (top) to a solution 
containing the PGP and TGP aggregates. 
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Table 12 

EXPERIMENTALLY DETERMINED CHEMICAL SHIFTS OF 
QUENCHED LITHIUM PINACOLATE WITH CHLOROTRIMETHYLSILANE 

COMPARED WITH REPORTED LITERATURE VALUES 

Atoms 1H * I 
JH-

1H 
13C reference* 

exp. lit. exp. lit. exp. lit. 

MegSi 0.18 0.18 — 0.1 0.1 42' 43 
Me3C 0.97 1.00 „ 27.9 28.2 42,43 

MeaG — ~ - - ~ 36.2 36.6 43 

CH2 3.88 3.89 1.6 1.6 — ~ 44 

4.01 4.04 1.6 1.6 — ~ 42 

QH2 — ~ „ ~ 85.5 85.5 43 

COSiMe3 — ~ 166.0166.5 43 

The underlined atoms represent the group that the chemical shifts are 
designated. The chemical shifts are given in ppm relative to TMS at 0.0 
ppm. The JiH.iH coupling constants are in Hz. 

The fact that lithium fe/f-butoxide exists in these solutions as a free 

aggregate and actually constitutes the major portion of these mixed 

aggregates, should be addressed. Their participation or non-participation 

in these reactions needs to be considered. Lochmann et a/., have studied 

the interaction of lithium fert-butoxide on the formation of lithium 

pinacolate.45 It was stated that the majority of metalloketones were 

prepared in situ, and thus were used without further purification. The 

importance of these investigations was stressed by House et a/.43 

House's preparation of methyl /so-propyl lithium enolate formed an 
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equivalent of lithium ferf-butoxide. House prepared his lithium enolates by 

the reaction of an enol acetate in DME with methyllithium. This procedure 

produces an equivalent of lithium ferf-butoxide along with the desired metal 

enolate. Lochmann studied the interaction between lithium ferf-butoxide 

and lithium pinacolate.45 He observed through the IR spectrum that a 

strong interaction does occur between these two species. Upon the 

addition of lithium ferf-butoxide to pinacolone, all the absorptions shifted to 

a lower frequency. He interprets this result as the enolate complexing 

with the lithium in the lithium ferf-butoxide aggregate. This phenomenon 

was seen experimentally in my studies by observing a slight upfield 

chemical shift difference in the 6Li resonance for the 6:0 hexamer. The 

6|_i chemical shift for the lithium ferf-butoxide aggregate moved upfield 0.01 

ppm. This complexation was also observed in the 1H spectrum for the 

methyl ferf-butoxide. protons for the 6:0 hexamer. The line width of the 

methyl proton resonance doubled after the addition of the ketone to the 

solution containing the 6:0, PGP, and TGP species. This complexation 

apparently does not hinder the reaction of these compounds as was shown 

by House43 and Lochmann.45 

An independent solution of lithium ferf-butoxide was prepared. A 

large excess of the ketone was added to this solution. This was done to 

observe whether or not the lithium fe/t-butoxide reacted in any way besides 

complexation to the ketone. Both the 1H and ®Li spectrum were analyzed 

before, during, and after the addition. Once again, the resonances for 

both the 1H and 6|_i of the lithium ferf-butoxide aggregate shifted as 

previously stated. This solution was monitored for a five hour period. In 
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this time period, the concentration of the 6:0 hexamer and the ketone 

remained constant. There was no evidence for any type of reaction 

between the two species except for the complexation that is assumed to be 

occurring. 

Summary 

Mixed lithium terf-butoxide/ferf-butyllithium aggregates are suggested 

to decompose by two separate decomposition pathways. One is a 

photochemical reaction while the other is a thermal reaction. The 

decomposition products for these two reactions both yield an aggregate 

containing lithium fert-butoxide and LiH. The photochemical reaction 

yields one type of lithium tert-butoxide/LiH aggregate while the thermal 

reaction yields a different aggregate of the type lithium tert-butoxide/LiH. 

Several different attempts were tried in obtaining suitable crystals for a 

single crystal x-ray diffraction study. Suitable crystals were never able to 

be grown and therefore a detailed knowledge of the structure is not 

understood. 

The lithium ferf-butoxide/LiH aggregates produced from the photo 

reaction and the thermal reaction, was shown to be formed from the 

elimination of LiH from a tert-butyl group on the mixed lithium tert-

butoxide/fert-butyllithium aggregates. Both of these species were shown 

to be formed from an inter- and intraaggregate decomposition mechanism. 

The LiH formed from the decomposition of the terf-butyl groups from both 
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the tetrameric and hexameric species are incorporated into these two 

aggregates. 

Commercial LiH has been reported to be unreactive towards weak-

carbon acids such as tert-butyl methyl ketone. It was shown that the 

lithium fert-butoxide/LiH aggregate that was formed from the photo reaction 

reacts instantly with fert-butyl methyl ketone. The lithium ferf-butoxide/LiH 

aggregate formed from the thermal reaction reacts with tert-butyl methyl 

ketone but at a much slower rate than the photo generated product. 

These species may be an important new class of usefully synthetic 

metalating reagents. 

Experimental 

Sample Preparation. 

All protio lithium ferf-butoxide/fe/f-butyllithium samples were 

synthesized as according to Chapter Two. The O/Li ratios that are quoted 

throughout this chapter are based on the molar ratios of alcohol to 

monomeric alkyllithium compound. 

The samples of (d9) fert-butyllithium were synthesized via the mercury 

metal exchange reaction as the protio samples. However, since different 

size glassware was employed a complete description will be given. The 

entire procedure described below for the synthesis of deuterated tert-

butyllithium was optimized with the use of protio materials. Since this 

synthetic procedure has never been used on a relatively small scale 

(expected yield of approximately 1 gram or less) in this lab group before, 
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the conditions and expected yields at each step were calculated with the 

protio species. 

Ten grams of deuterated (d9) fert-butylchloride (98% D), was 

purchased from Cambridge Isotope Laboratories (lot # f-4574). In order 

to ensure that the whole lot would not be destroyed by an accident, the (dg) 

fert-butylchloride was divided into two five gram portions. The synthesis 

was therefore repeated using five grams of the starting material. 

The Grignard reagent was made by adding 5.0 grams (0.05 moles) of 

the fert-butylchloride into a 25 ml dropping funnel. This was then diluted 

with 50 ml of dried diethyl ether. A three-neck 250 ml flask was 

assembled while still hot from a drying oven. A Friedrichs condenser was 

placed on one side of the flask while the other side was equipped with the 

25 ml dropping funnel. The center of the flask was equipped with a 

mechanical stirrer. This Friedrichs condenser was equipped with an inlet 

at the top where an argon line was attached. Activated magnesium 

turnings (2.39 g.; 0.099 moles) was introduced into the reaction flask. 

Approximately 100 ml of dried diethyl ether was added to the reaction flask. 

The (d9) fert-butylchloride was added and the solution allowed to reflux on 

its own. This Grignard reagent was then titrated with a standard solution 

of xylene/seobutyl alcohol using A/-phenyl-1-naphthylamine as the 

indicator as discussed in Chapter Two. The amount of active Grignard 

was calculated to be 0.034 moles. This corresponded to a 70 % yield 

from the alkyl halide. 

The bis(fert-butyl)mercury was synthesized by adding 0.017 moles of 

mercuric chloride. The mercuric chloride was introduced into the 250 ml 
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three-neck flask from a Soxhlet extractor. The reaction was allowed to 

proceed for six hours under a continuous ether reflux. After the reaction 

was complete, an aqueous work up was performed. The bis(terf-

butyl)mercury yielded 1.8 grams (0.0054 moles). This constituted a 31 % 

yield from the Grignard reagent. This mercury compound was sublimed 

and yielded a total of 1.5 grams. 

To this mercury compound, a four-fold stoichiometric excess of 6Li 

metal was cut and allowed to react with the bis(fert-butyl)mercury 

compound in a sealed reaction vessel. This solution was allowed to react 

for a total of four weeks. After this time, the reaction vessel was taken 

into the glove box. The solution was filtered and the cyclopentane solvent 

was removed on the vacuum line. The (d9) fe/t-butyllithium was scraped 

from the vessel and put into a sublimation apparatus. This was then 

sublimed at 70°C and 10"6 torr. This sublimation yielded a total of 0.0049 

moles for a yield of 45 % from the mercury compound. 

A 1H spectrum was acquired to check for any oxygen contamination 

which may have occurred. The only observable resonance in the entire 

1H spectrum was that of the cyclopentane solvent resonance. 

A spectrum was acquired and two resonances were observable 

at 32.63 and 10.78 ppm. The resonance at 10.78 ppm was observed to 

be split by the 6Li nuclei. Although the multiplicity of the resonance could 

not be defined due to poor signal-to-noise, the Ji3C.6U coupling was 

measured to be 4.6 Hz at 25°C. 

A 6l_i spectrum was also acquired at 25°C. Only a single peak was 

observed in the entire spectrum. 
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Methyl tert-butyl ketone was purified by distillation and then stored 

over 4A molecular sieves. This solution was then transferred into a roto-

flo vessel and degassed on the vacuum line by five freeze-pump-thaw 

cycles at < 10"® torr. This vessel was then taken into the glove box where 

it remained stored. 

Chlorotrimethylsilane was purified by distillation and stored over 4A 

molecular sieves in an amber bottle. 

Photolysis of samples. All samples were photolyzed by a 

mercury arc lamp. All samples were either photolyzed in sealed NMR 

tubes or in closed roto-flo vessels. The incident beam was focused 

directly on the sample being irradiated. 

Thermolysis of samples. All samples were thermally decomposed by 

placing either a sealed NMR tube or a closed roto-flo vessel in a sand bath. 

The sand bath was heated by means of a controlled Variac and the 

temperature was monitored by a calibrated thermometer. 

NMR Spectra. All of the NMR spectra discussed and displayed in 

this chapter were acquired on either a Varian VXR-300 or Varian Gemini-

200 spectrometer. All NMR samples were prepared in 5 mm NMR tubes. 

All of the one-dimensional13C spectra displayed in this Chapter were 

typically acquired with the same parameters. The 1 s p e c t r a l windows 

used were all typically between -5 and 100 ppm. There are no 
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resonances that fall outside this spectral window. The chemical shifts 

were assigned relative to tetramethylsilane at 0.00 ppm by setting the 

cyclopentane solvent resonance to 25.89 ppm. If the methyl resonances 

were the carbons of interest, typical parameters were 256-512 scans, a 75° 

pulse width of 6.4 (xsec, an acquisition time of 2 sec., with a sweep width of 

7900 Hz. Typically 4620 data points were collected which gave a 3.40 

Hz/data point density. Since only half of the data points collected are 

used in determining the data point density, the FID was zero-filled to twice 

the number of data points before Fourier transformation to allow for an 

effective data point density of 1.70 Hz/data point. Line broadening was 

generally not used. 

If the a-carbons or tertiary carbons on the fe/f-butoxide groups were 

the resonances of interest, a much greater number of scans were needed 

to obtain sufficient signal/noise. In this case typical parameters were 

10,000-20,000 scans. Since the Tt times of these carbons are much 

longer than the methyl carbons, much smaller pulse widths were employed. 

These were typically 25° pulses at 6.5 îsec. By using such small pulse 

widths, no relaxation delays were necessary. In order to correctly 

measure the Ji3c_6u coupling constants, greater data point density was 

needed. Typical sweep widths of 5800 Hz. were used with 15000 data 

points. After zero-filling, this gave a data point density of 0.39 Hz/data 

point. Line broadening was generally not used. 

Normal 1H spectra that were run were typically acquired with 16 

transients. Since the cyclopentane that was used as a solvent was mainly 

all protonated (92 %), a pulse width of only Ifisec (5°) could be used 
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without overflowing the analog-to-digital converter which would result in 

clipping of the FID. Typical spectral widths were 4000 Hz with 15200 data 

points which created an acquisition time of 3.8 sec. 

Normal ®Li spectra were typically acquired with a spectral width of 200 

Hz. A data point density of 0.2 Hz/data point was usually needed in 

ordered to resolve the resonances. Therefore, 1000 data points were 

used. Typically, 50° pulse widths (10 |isec.) were used. Since 6|_i has 

extremely long T-j relaxation times, a delay of 20 to 30 sec. was used 

between each transient. 

The 1-bond 1 3 c -1h HETCOR experiments were normally run with a 

reduced spectral window of 6000 Hz. The F2 dimension acquired 2048 

data points that were zero-filled before Fourier transformation. The F1 

dimension had a sweep width of 330 Hz with 128 increments. The 1 3C 

pulse widths used in the pulse sequence were 90° pulses that were 

calibrated at 8.5 usee on the 5mm probe. The polarization transfer pulses 

from 1H were 90° pulses calibrated at 19.5 |isec on the 5mm probe. 

Relaxation delays were set to 1.0 sec. The D3 delay values were set to 

1/2J where J is the 1-bond 13q .1 h coupling constant that was measured to 

be 120 Hz. 

The long-range or 2-bond 13C-1H HETCOR experiments usually 

employed similar parameters as that for the 1-bond 13C-1 H HETCOR 

experiments except the D3 delay value was now set to the 2Ji3c.iH coupling 

constant that was measured to be 3.9 Hz. 

The 6Li-1H HOESY experiments used a spectral width of 145 Hz with 

1024 data-points in the F2 dimension. The F1 dimension used a spectral 
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width of 341 Hz with 128 increments. The ®Li 90° and 180° pulses were 

calibrated to be 21 and 42 îsec respectively on the 5mm probe. A 

relaxation delay of 3 sec. was used to allow the 1H to relax. The 1H 90° 

polarization transfer pulse was measured to be 19.5 fxsecs. 

The selective heteronuclear decoupling experiments were performed 

by gated decoupling with careful selective narrow-band irradiation of the 1H 

spectrum while observing the ^Li spectrum. The decoupler offset was 

incremented every 50 Hz which was the calibrated area of effective 

decoupling using a constant value of decoupling power. 
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CHAPTER V 

13c, 6|_i, AND ?Li T-| RELAXATION STUDIES 

Introduction 

Spin-lattice relaxation times (T,), can yield valuable information about 

molecular dynamics in liquid systems. The spin-lattice relaxation times 

are affected by the immediate and remote molecular structural features, as 

well as the consideration of rapid (> 10s-1010 sec1) dynamic processes 

occurring in the system studied.1 This allows relaxation data to be used 

as structural probes of molecules in solution. These relaxation times have 

been used in such diverse chemical applications as the determination of 

molecular structural conformations, spectral resonance assignments, rates 

of molecular tumbling, rates to barriers of rotation about individual bonds, 

and the determination of internuclear distances (both inter- and 

intramolecular) between two nuclei. 

The spin-lattice relaxation is the process of energy exchange between 

nuclear spins and the surrounding environment (lattice). This relaxation 

occurs by the interaction of the nuclei and local fluctuating magnetic fields 

that may exchange energy through five different types of mechanisms. 

These five mechanisms are the dipole-dipole, spin-rotation, scalar 
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coupling, chemical shift anisotropy, and quadrupolar interactions. The 

observed rate of relaxation is thus dissected according to Equation 42. 

FVbs = 1 / T ^ = 1 / V 0 + 1/T1
SR + 1/T^SA + l /T^0 + MT° [42] 

If each individual mechanism can be separated from T10bs, a much greater 

understanding of the system can be gained. For spin 1/2 nuclei, e.g., 
13c, the dipole-dipole and spin-rotation are the dominant mechanisms. 

For nuclei with spin > 1/2, the quadrupolar mechanism becomes the 

dominant mechanism. However, the ®Li nucleus has been shown to be 

an exception and the dipole-dipole mechanism has been shown to 

contribute to a significant extent.2-3 

This chapter is divided into two main sections. The first section 

studies the 6Li and 7Li relaxation times of the mixed lithium tert-

butoxide/fe/f-butyllithium aggregates and lithium ferf-butoxide/LiH 

aggregates. In this study, the individual mechanisms of relaxation have 

been separated at -20.2°C. These mechanisms and their structural 

inferences will be discussed individually. The second section of this 

chapter discusses the 13c relaxation times of these same aggregates at 

the same temperature. The individual contributions from each 

mechanism have been deduced and will be discussed. This relaxation 

data allows a qualitative discussion to the barriers to rotation about the 

methyl groups within the fert-butyl and fert-butoxide groups. This data 

thus affords the discussion of steric crowding within each of these 

individual aggregates. 
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6l_i Spin-lattice Relaxation 

6|_i is a quadrupolar nucleus with a spin of 1. From Table 1 in 

Chapter One it can be seen that 6|_i has a quadrupole moment of -8 x 1CH 

Qm 2. This quadrupole moment is quite small for quadrupolar nuclei. 

This small quadrupole moment results in relatively inefficient relaxation. 

This inefficient quadrupolar relaxation results in narrow lines. This is in 

contrast to most other quadrupolar nuclei whose fast quadrupolar 

relaxation results in very broad, featureless NMR lines unless the nucleus 

is in an environment of high symmetry. 

It has been shown by Wehrli that the quadrupolar mechanism is not 

the dominant mechanism for ^Li.2-3 4 The spin-lattice relaxation of 6|_i in 

aqueous lithium chloride was found to be 250 seconds at 40°C in H20 and 

up to 1000 seconds at 80°C in D20. In this system, Wehrli calculated 

that the quadrupolar mechanism furnished less than 0.1% to the overall 

observed rate. At 40°C, 86 % of the relaxation rate was found to be from 

the dipole-dipole mechanism (6|_i-1 H) from the protons in the hydration 

shell. Wehrli has also studied the ^Li T1 times of some selected 

organolithium compounds. In this study, Wehrli measured the times for 

methyl, />butyl, and phenyllithium in hydrocarbon and coordinating solvents 

at 28°C. In hexane, n-butyllithium was measured to have a T̂  

time of 19.8 seconds. The 6|_i-1 H dipole-dipole mechanism was found to 

contribute 35 % in this system while the 6|_i quadrupolar and 6|_i-6|_i dipole-

dipole mechanism were found to contribute 16.5% and 6% respectively. 

The other 24% remained unaccounted. 
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Another study of 6Li relaxation times pertaining to alkyllithium 

compounds was reported by Thomas.5 The compounds that were studied 

were ethyl; />propyl; iso-propyl; n-butyl; tert-butyl; and trimethylsilyllithium. 

These compounds were investigated in the hydrocarbon solvent, 

cyclopentane. At 30°C, it was found that the straight-chain alkyllithiums 

all had T1 times of approximately 20 seconds, while those with branched 

alkyl groups had increased relaxation times of approximately 60 seconds. 

The 6l_i-1 H dipole-dipole mechanism was also found to contribute a high 

percentage to the overall relaxation rate in these systems. The straight-

chain alkyl compounds' contributions were on the order of 50 %, while the 

branched alkyl compounds contributed from 68 to 78 %. 

The two studies mentioned above by Wehrli and Thomas were all 

investigated with lithium compounds that were prepared from natural 

abundance lithium. The 6Li content in these samples was estimated to 

have an upper limit of approximately 7 %. Ellington has studied the ®Li 

relaxation times for natural abundance 6Li samples (4.5 %) and for 

isotopically enriched ®Li (95.5 %).6 The systems studied were /r-propyl; 

/'so-propyl; and ferf-butyllithium. These systems were studied as a 

function of temperature and isotopic enrichment. It was found that in the 

natural abundance samples, 6Li-7Li dipole-dipole relaxation contributed 

approximately 60 % to the observed relaxation at 30°C. For these lower 

abundance 6Li samples it was found that the 6Li-7Li dipolar contribution 

was twice as efficient as ®Li-1 H dipole contributions. It was speculated 

that this increased efficiency was due to a smaller inter-nuclear distance 

between the two isotopes of lithium than between lithium and proton. It 
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was also mentioned that this increased dipolar contribution may also arise 

from a longer correlation time between the two nuclei. In the isotopically 

enriched samples however, the contribution from 6Li-7Li dipole-dipole 

mechanism would be inefficient since there is only a small percentage of 
7Li nuclei adjacent to a ®Li nucleus. Ellington was able to show that the 

6Li-6Li dipole-dipole mechanism constituted about 10 % of the overall 

relaxation rate in these enriched compounds. 6|_i-1 H dipole-dipole 

contributions ranged from 38 % (n-propyllithium) to 82 % (ferf-butyllithium) 

at 30°C in the enriched compounds. 

From these studies and a need to better understand the solution 

structures and dynamics of these mixed lithium fert-butoxide/ferf-

butyllithium aggregates, a detailed 6Li, 7Li, and 13C relaxation study was 

undertaken. 

Results 

The 6Li T1 times for 2 F samples of ferf-butyllithium, mixed lithium tert-

butoxide/ferf-butyllithium, and mixed lithium ferf-butoxide/LiH aggregates at 

-20.2°C is shown in Table 13. All the samples in these studies were 

prepared from 95.5 % isotopically enriched 6|_i metal. The solvent was 

99.9 % cyclopentane diluted with 8 % d10-cyclopentane. 

Only the relaxation times of the 0:4 ferf-butyllithium tetramer have 

ever been reported. Therefore all the other values have no reported 

values to compare with this data. An extrapolation to the temperature of -

22°C, from three independent experimental data points that were reported 
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Table 13 

6LI T, TIMES OF MIXED LITHIUM FE/F-BuTOxiDE/ 
ferf-BUTYLLITHIUM AGGREGATES AT -20.2°C 

Aggregate 6Li T 

/s 

0:4 88.8 ± 3.9 

1:3a 75.7 ± 1.9 

1:3b 76.1 ± 2.4 

4:2 29.2 ± 0.6 

(2/2) :2 28.7 ± 0.4 

(1/4):1 25.2 ± 0.5 

6:0 22.0 ± 0.3 

PGP 16.2 ± 0.3 

TGP 13.4 ± 0.3 
(a) - The 1:3 tetramer is non-fluxional at this temperature and therefore has 
two non-equivalent lithium sites which is surrounded by three ferf-butyl 
groups. 

(b) - This lithium is surrounded by two fert-butyl groups and one tert-
butoxide group. 
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by Ellington at -70.0°, -48.0°, and -25.8°, gave a value of 104 seconds for 

terf-butyllithium.6 The value of 89 seconds reported in this study is lower 

than that extrapolated through Ellington's data. As will be discussed later 

in this Chapter, 14% of all the relaxation cannot be accounted for in this 

system through the different measurable relaxation mechanisms. It is not 

known whether or not the other aggregates in this system somehow 

contribute to its relaxation that would cause this difference in relaxation 

times. The difference might also arise from the extrapolation from 

Ellington's data. It might not be that accurate since only three data points 

were used in constructing the line. 

Several structural trends are noticeable from the data in Table 13. 

The 0:4 and 1:3 aggregates are the only tetrameric aggregates. Their T, 

times are more than twice as long as the four hexameric species. The 

hexameric aggregates, in turn, are twice as long as the decomposition 

aggregates. Since Table 13 contains only the raw T10bs values, a detailed 

discussion of these aggregates will be left for the sections that dissect 

these T10bs times into individual relaxation mechanisms. The following 

section describes the contributions from the 6|_i T1dd[iH] mechanism. 

6 l ' tIDD[1H] and the nuclear Overhauser effect (NOE) 

The dipole-dipole relaxation mechanism arises from local magnetic 

fields which have been generated by the motions of neighboring nuclei. 

These magnetic fields can be originated from both intra- and intermolecular 

motions. The strength of the dipolar interaction between two nuclei 
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depends on the internuclear distance, the magnetic moments, and the 

reorientation of the two nuclei relative to the magnetic field. Equation 43 

illustrates the type of relaxation that is induced by this intramolecular 

process. 

1 4 7,2 7S2 h2 S(S + 1)TC 

= [43] 
T IS q r6 1 1dd ^ 

This mechanism becomes more efficient when the magnetogyric ratio 

(7) of the I nucleus is high and the magnetogyric ratio of the S nucleus is 

low. It can be seen from Equation 43 that when the internuclear distance 

(r) is small, the efficiency of this mechanism increases. The correlation 

time (Tc) represents the time it takes for the dipolar vector between the two 

nuclei to rotate through one radian. It can be seen that as Tc increases, 

the dipolar relaxation becomes more efficient. A longer effective 

correlation time allows the position of the two nuclei to remain constant 

relative to one another and thus increase the efficiency of this mechanism. 

If the nucleus is relaxed by intermolecular dipolar relaxation, Equation 

43 needs to be modified for this process. The most common of 

intermolecular dipolar relaxation occurs through the solvent molecules. 

Equation 44 accounts for this difference in relaxation. 

1 2 Ns7|27s2h2S(S + 1)Tc 

[44] 
T1dd'

s 15 D a 
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In this equation Ns is the concentration of spins S (spins per cubic 

centimeter) causing relaxation. D is the self-diffusion coefficient, while a 

is the distance of closest approach between the two spins. This 

mechanism is not very operative in 13c relaxation but is very efficient for 

nuclei in high concentrations that have large magnetic moments e.g.,1H 

and 1 ̂ F. Ellington has shown that for a 1 F ®Li enriched sample of tert-

butyllithium, the solvent cyclopentane, constituted 62 % of the overall 

dipole-dipole relaxation rate.6 Upon further investigation, it was found that 

an impurity in the solvent, 2,2-dimethylbutane, accounted for 38 % of the 

overall 62 % relaxation even though the impurity constituted only 8 % of the 

overall solvent system. This was attributed to the protons on the methyls 

in 2,2-dimethylbutane to be able to approach the lithium nuclei more 

closely when ferf-butyllithium is rapidly fluxional. An open ring and dimer 

model have been proposed as possible mechanisms for the fluxional 

exchange for the fert-butyllithium tetramer.7 These two types of open 

transition structures would allow for a closer approach of the solvent 

protons and thus more efficient relaxation through their proton nuclei. 

The separation of the T1dd mechanism from T10bs is accomplished 

experimentally by measuring the NOE (nuclear Overhauser effect) 

enhancement factor r|. When one resonance in an NMR spectrum, is 

perturbed by saturation or inversion, the net intensities of other resonances 

in the spectrum may change. This change is defined as the NOE. The 

NOE has its origin in the population changes that are brought about by 

dipole-dipole cross-relaxation. The NOE that is observed is originated 
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from the spins that are close in space to those which are affected by the 

saturation pulse. 

Experimentally, rj was measured by steady-state integration 

differences. The experiment consisted of the integration of one signal 

(the I resonance) with, alternately, on-resonance irradiation of another 

signal (the S resonance), and off-resonance irradiation. The averaged 

values of at least three independent measurements were then calculated 

and the NOE enhancement factor was calculated according to Equation 45. 

i! = (I - l0)/l0 [45] 

I and l0 represent the integral areas with and without irradiation of the S 

resonance. The theoretical maximum NOE enhancement (r|max) a spin I 

can receive from another spin S, is given by Equation 46. 

rimax = 1 + (7S/27I) [46] 

With Equation 45 and 46, the T1dd relaxation time can be calculated from 

Equation 47 that relates the NOE enhancement factor r| to dipolar 

relaxation. 

— n"lobs^"ldd] ^ ^lmax [ 4 7 ] 

By measuring rj and T10bs, and calculating rimax, equation 47 can then be 

rearranged to solve for T1dd. The value of r|max for 6Li-1 H dipolar 
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relaxation is calculated to be 3.40. If the dipolar mechanism is the only 

operating mechanism, then T, = T1dd, and n\ = r)max. 

The 6Li-1 H dipole-dipole relaxation times for 2 F samples that 

contain tert-butyllithium, the mixed lithium tert-butoxide/fert-butyllithium 

aggregates, and mixed lithium tert-butoxide/LiH aggregates at -20.2°C are 

given in Table 14. The 6Li T1dd values were calculated by measuring r| 

from the steady-state integration technique described above and then 

substituting these values and the Tt times from Table 13 into Equation 47. 

Before addressing the experimental values in Table 14, the errors 

that are present in these numbers need to be addressed. The errors that 

are present in these values are most likely due from integration errors. In 

determining the NOE from the steady-state experiments, each experiment 

was independently repeated at least three times. The integrations for 

each individual experiment were repeated at least five times in which an 

average value was taken from all of these five integrations. In order to 

assess reasonable error bounds on the integrations, the two 6Li 

resonances for the 1:3 aggregate were used as an internal standard. At 

this temperature, the 1:3 aggregate is non-fluxional and therefore has two 

types of nonequivalent lithium atoms as discussed in Chapter Three. 

These two resonances should exist in a ratio of 1:3. Therefore, the 

deviation in the two integrals from a 1:3 ratio should give a fairly good 

estimate of the accuracy of these integrations. The two resonance 

integrals of the 1:3 aggregate that were used for the NOE calculations were 

then compared relative to one another and their deviation from a 1:3 ratio 

was calculated. Since three independent experiments were performed for 
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TABLE 14 

®Ll {^H} NOE AND Tiddj6y.iHj 
OF MIXED AGGREGATES AT -20.2°C 

Aggregate NOEa 
T"lddI6Li-1HJ 

/s 
% T1dd' 

0:4 3.66 114112 78 
1:3° 3.27 113 + 9 67 
1:3d 3.16 120 ± 10 64 

4:2 1.87 114 ± 8 26 
(2/2) :2 1.83 118 ± 8 24 
(1/4):1 1.67 128 ±9 20 

6:0 1.33 227115 10 

PGP 1.77 7215 23 
TGP 1.98 4613 29 

(a) - NOE = r| + 1. 

(b) - % T1dd = r|/r|max x 100. This is the percentage contribution from 6Li-
1H dipole-dipole to the overall relaxation rate. 

(c) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three tert-butyl groups. 

(d) - This lithium is surrounded by two terf-butyl and one fert-butoxide 
group. 
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the NOE measurements, and each independent experiment contained one 

on-resonance and one off-resonance decoupling irradiation, a total of six 

independent comparisons were made. An average deviation of 2.1 % 

was calculated from these six comparisons. The calculation of the NOE 

enhancement factor x\ was given previously in equation 45. Since the 

values of I and l 0 each contain this 2.1 % degree of uncertainty, the value 

t) must also reflect these error bounds. The maximum uncertainty in the 

sum of two numbers is the sum of the absolute uncertainties in the 

quantities that are added or subtracted.8 Therefore the numerator of 

equation 45 has a total uncertainty of 4.2 %. The relative uncertainty 

contained in the product or quotient of two numbers is the sum of the 

relative uncertainties in the quantities being multiplied or divided.8 

Therefore the 4.2 % in the numerator and the 2.1 % in the denominator of 

Equation 45 would yield a total uncertainty of 6.3 % in the calculation of the 

NOE enhancement factor r\. These errors are reflected in the calculation 

of the T1dd times from equation 47. The errors quoted on the raw T10bs 

values represent one standard deviation as calculated by the spectrometer 

software. Since the calculation of the T1dd values again involves the 

quotient of two figures, each of which contain a degree of uncertainty, the 

overall degree of uncertainty can be calculated from the sum of the two 

uncertainties.8 These calculated errors (in seconds) are thus reflected in 

the error bounds quoted in Table 14. 

From Table 14 several trends are noticeable for the different mixed 

complexes. The T1dd times for the two tetrameric and three mixed 

hexameric compounds are all approximately 110 to 120 seconds. The 6:0 
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lithium fert-butoxide aggregate on the other hand is quite longer at 227 

seconds. It can be seen that as the aggregation state is increased from a 

tetramer to a hexamer there is essentially no increase in the relaxation 

rate. Ellington, in studies with n- and /'so-propyllithium, observed that for a 

given R group, the relaxation rate increased with the larger aggregates. 

From this data and from calculated Tc values, Ellington postulated that the 

6|J T1dd times were determined solely by the relative correlation times, Tc.
6 

These results led to the conclusion that these molecules behaved as 

spheres and hence were tumbling isotropically in solution. This is not 

observed for these mixed alkoxide/alkyl lithium aggregates. As the 

aggregation state increases, the relaxation rate remains the same. This 

might show that the 6Li T1dd times for these complexes are not entirely 

influenced by %c, but are also influenced by the difference in internuclear 

distances (r6 dependence) between the lithiums and the protons on the 

tert-butyl and te/t-butoxide groups. The effect of having both tert-butyl 

and fert-butoxide groups on these aggregates lowers the symmetry of the 

molecules. This lower symmetry may cause the molecules to have a 

preferred axis of rotation and therefore tumble anisotropically in solution. 

The efficiency of the fert-butyl protons in relaxing the lithiums over the 

ferf-butoxide protons is suggested by examining the 6Li T1dd times for the 

mixed hexameric aggregates and the 6:0 hexameric aggregate. It can be 

seen that the T1dd time is 114 s for the mixed 4:2 hexamer. As one tert-

butyl group is replaced by a fert-butoxide group in the (1/4):1 hexamer, the 

T1dd time increases to 128 s. When there are no longer any more tert-

butyl groups present on the 6:0 hexamer, this mechanism becomes very 
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inefficient and only contributes 10 % and the T1dd time increases to 227 s. 

The large difference between the 6|_i T1dd times for the (1/4):1 and 6:0 

hexamers show that this difference is not caused entirely by the difference 

in molecular weight. An increase in molecular weight would cause the 

aggregate to tumble slower and therefore increase t c and in turn decrease 

the relaxation times. The greater mass of the 6:0 hexamer would 

therefore be expected to produce a shorter T, time. If the difference was 

primarily due to the molecular weight variance, than there should be as 

large a difference among the 4:2 and the (1/4):1 hexamers. The 

contributions from both the fe/f-butyl and fe/f-butoxide protons will be 

separated and discussed in the next section. 

The 6i_i T1dd times decrease significantly for the PGP and TGP 

aggregates. Although these aggregates do not contain any tert-butyl 

groups, their relaxation rates are much more rapid than that of the 6:0 

lithium fert-butoxide hexamers that also does not contain any fert-butyl 

groups. This can be explained by the presence of the hydride(s) ligand. 

The molecular modeling studies discussed in Chapter Three defined the 

closest distance between the protons on the methyl terf-butoxide groups 

and the lithiums within a hexamer as approximately 2.53 A. The 

crystalline LiH distance in a cubic system has been measured to be 2.045 

A.9 This much shorter distance has a large influence on the rate of 

relaxation for the dipole-dipole mechanism due to the r 6 dependence. 

The contributions from the hydride and tert-butoxide groups to the 6Li T1dd 

mechanism will also be separated and discussed in the following section. 
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Separation of contributions to T 1dd 

It is beneficial for a greater understanding of the T1 spin-lattice 

relaxation times to be able to separate each of the various mechanistic 

contributions. It is therefore even more advantageous if the ®Li T1dd 

relaxation times can be even further separated into intra- and 

intermolecular contributions. The fortune of having deuterated tert-

butyllithium allowed the intramolecular contributions to be even further 

separated into those originating from the tert-butyl protons and those from 

the fert-butoxide protons. The T1dd{tota|} relaxation in these mixed 

complexes originates from three different sources; tert-butyl protons, tert-

butoxide protons, and solvent protons. Equation 48 displays these 

contributions. 

+ + [48] 
Tlddftotal} T"idd(R) T 1 d d ( 0 R ) T 1 ( S 0 | V ) 

The T1dd times in Table 14 were from 2 F samples prepared from 

protio ferf-butyllithium and protio tert-butanol. These 6Li T1dd times in 

Table 14 therefore represent all the proton contributions in the sample to 

the relaxation of the 6Li nuclei. The total observed 6Li-1 H dipole-dipole 

relaxation rate is equal to the sum of the individual rates from each type of 

proton causing relaxation. 
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1̂ total = ^ 1̂i [49] 

This equation, along with Equation 48, will allow the identification of 

individual contributions from different types of protons within the sample. 

A separate 2 F sample was prepared from deutero ferf-butyllithium 

and protio ferf-butanol. The NOE was then measured for this sample. 

Since the T10bs times were not measured for these samples, the percentage 

of T1dd and non-T1dd from the samples in Table 14 were calculated. The 

percentage of non-T1dd times that are caluclated from the T10bs times and 

measured r| values given in Table 13 and 14 are then used to calculate the 

T10bs' times for the samples used in Tables 15,16,17, and 18. The 

contributions from the non-T1dd times were calculated from the following 

equation. 

non-T1dd = T10bs x (1/% non-T1dd) [50] 

It is assumed that the amount of non-T1dd times in the all protio samples 

remains constant in the deutero samples. This assumption allows the 

calculation of the the T-jdd times originating from the fe/f-butyl (R), tert-

butoxide (OR), and solvent (S) protons according to the following 

equations. 

1 1 1 
— = + [51] 

~̂~1obs ~®"ldd(total) ~̂~1(non-dd) 



261 

1 1 1 1 
+ + + [52] 

T"iobs Tidd(R) T1dd(0R) T1dd(S) T1(non.dd) 

The percentage of T1dd from the deuterated samples can be calculated from 

the measured r\ value. 

(Vilmax) x 1 0 0 = %T1dd [53] 

The remaining percentage of non-T1dd times can be calculated by 

subtracting the % T1dd from 100. 

The rj values reported in Table 15 represent the portion of NOE 

contributions from the solvent protons and fe/f-butoxide protons since all of 

the terf-butyl groups were deuterated. The results of this selective 

deuteration experiment can be seen in Table 15. The calculated T10bs' 

times for the fert-butoxide and solvent protons from the deuterated tert-

butyl samples were calculated from the following equation. 

1 1 1 1 
= + + [54] 

"'"lobs T~1dd(OR) Tiddts, T^non.ddj 

Rearrangement of Equation 54 and substitution of the calculated values in 

Equations 50 and 53 for T1(non.dd) and [T1dd(0R) + Tidd(S)] respectively, allows 

the calculation of T10bs'. 
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1 1 
(%T1(nWHld)) x = [55] 

T ' T 
Mobs 1 1 (rion-dd) 

The T-idd' times for the fert-butoxide and solvent protons can then be 

calculated from Equation 56. 

1 1 1 1 
(%T1dd) x = — = + [56] 

Tiobs T1dd T1dd(0R) T1dd(S) 

These T1dd' times are given in Table 15. 

The T1dd(R) times originating from the fert-butyl groups can be 

calculated from Equation 57. 

1 1 1 
+ + [57] 

Tldd(total) T1dd(0R) T1dd(S) T1dd(R) 

Rearrangement of Equation 57 and substitution of the values from 

Equations 48 and 56 for the T1dd(lotal) and [T1dd(0R) + T1dd(S)] respectively, 

allows the calculation of the T1dd(R) times originating from the tert-butyl 

groups. These relaxation times are given in Table 16. 

Another separate 2 F sample was then prepared from deuterated tert-

butyllithium and allowed to react with atmospheric 02. The oxygen was 

allowed to diffuse into an NMR tube over a period of two days, through a 
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syringe needle that was inserted into a rubber septum capping the NMR 

tube. The quantity of the various mixed aggregates were checked 

periodically to insure the proper concentrations existed in solution over this 

time period. The NOE was then measured for this sample. These NOE 

values represent the dipole-dipole contributions from only the solvent 

proton molecules since all the fert-butyl and te/t-butoxide groups were now 

deuterated. The T1dd(S) times originating from the solvent protons can be 

calculated in a similar fashion as those calculated fro the ferf-butoxide and 

solvent protons which were given in Table 15. Substitution of T1dd(S) for 

P"idd(OR) + Tidd(s)] 'n Equations 54 and 56 allows for the calculation of T10bs' 

in this sample. The T1dd(S) times are then calculated from Equation 56 

where T1dd(S) is substituted for [T1dd(0R) + T1dd(S)]. These results can be 

seen in Table 17. 

The T1dd(0R) times were calculated by using Equation 57 and 

substituting in the values of T 1dd(M-), T 1A,R|, and T 1dd(s|. These T1dd(0R| 

relaxation times are tabulated in Table 18. The results of Tables 15,16, 

and 17 can be more clearly understood if the contributions from each 

individual type of proton are summarized into a separate table. Table 18 

shows the 6|_i T1dd times as well as the percentage contribution from each 

type of proton to the overall ®Li T1dd times that were measured. 

The data from Table 18 represents some interesting trends within 

these mixed lithium fe/f-butoxide/ferf-butyllithium aggregates. It can be 

seen that the 0:4 tetramer relaxes through the dipole-dipole mechanism 

from both the fert-butyl protons (85 %) and the solvent protons (16 %). 

The solvent system used in all these measurements consisted of 92 % 
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TABLE 15 

6Ll {1H} NOE AND T1dd[6Li.iH] CONTRIBUTIONS'̂  
FROM SOLVENT AND fetf-BUTOXIDE PROTONS AT -20.2°C 

Aggregate NOE" T 1 1obs Tldd[6Li-1H] 

/s 
% T1dd

( 

0 : 4 2 . 1 8 2 6 3 7 5 1 ± 7 6 3 5 

1 : 3 d 1 . 8 2 1 7 4 7 2 5 ± 5 9 2 4 

1:3® 1 . 8 5 1 5 8 6 3 2 ± 5 5 2 5 

4 : 2 1 . 4 1 3 4 2 8 3 ± 2 0 1 2 

( 2 / 2 ) :2 1 . 3 8 3 4 3 0 9 ± 2 1 1 1 

( 1 / 4 ) : 1 1 . 3 5 2 9 2 9 0 ± 2 0 1 0 

6 : 0 1 . 3 2 2 2 2 3 3 ± 1 5 9 

PGP 1 . 4 4 2 1 1 6 1 ± 1 1 2 3 

TGP 1 . 7 2 1 9 9 0 ± 6 2 1 

(a) - Contributions from the solvent and tert-butoxide protons were 
separated from the ferf-butyl protons by selective ferf-butyl deuteration. 

(b) - NOE = r| + 1. 

(c) - % T1dd = percent dipole-dipole mechanism, from sample containing 
deuterated tert-butyl groups, to overall T1dd = [(r|/r|max X 100]. 

(d) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three fert-butyl groups. 

(e) - This lithium is surrounded by two tert-butyl and one fert-butoxide 
group. 
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TABLE 16 

Tiddf6u-1Hi CONTRIBUTIONS* 
FROM THE tert-BUTYL PROTONS AT -20.2°C 

Aggregate T"ldd[6Li-1H] % T1dd
b 

/s 

0:4 134 ±14 85 
1:3° 134 + 11 69 
1:3d 148 ± 13 61 

4:2 191 ±13 60 
(2/2) :2 191 ±13 62 
(1/4):1 229 ±16 56 

6:0 — 0 

PGP 130 ±9 55 
TGP 94 ±6 49 

(a) - Contributions from the fert-butyl protons were separated by 
subtracting the results from the all protio tert-butyl and terf-butoxide groups 
from the results of the deuterated fert-butyl and protio fert-butoxide groups. 

(b) - % T1dd = percent dipole-dipole mechanism from calculated NOE 
values for ferf-butyl groups only. [(T 1dd(totai/T 1dd(R) x 100]. 

(c) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three fert-butyl groups. 

(d) - This lithium is surrounded by two tert-butyl and one fert-butoxide 
group. 
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TABLE 17 

6LI {1H} NOE AND T 1dd[6|j_ 1H] CONTRIBUTIONS* 

FROM THE SOLVENT PROTONS AT -20.2°C 

Aggregate NOEb T ' 
1 1obs 

Tldd[6Li-1H] % TlddC 

/s /s 

0:4 2.23 259 719 + 73 36 

1:3d 1.65 185 974 ± 80 19 
1:3® 1.74 165 750 ± 6 5 22 

4:2 1.18 37 740 ± 51 5 

(2/2) :2 1.18 36 720 ± 48 5 

(1/4):1 1.18 30 600 ± 41 5 

6:0 1.12 23 575 ± 38 4 

PGP 1.09 20 667 ± 44 3 

TGP 1.10 18 400 ± 2 6 3 

(a) - Contributions from the solvent protons were separated by selective 
deuteration of the fert-butyl and ferf-butoxide protons. 

(b) - NOE = t| + 1. 

(c) - % T1dd = percent dipole-dipole mechanism from sample containing 
deuterated fert-butyl and terf-butoxide groups of overall T1dd = [(r|/rimax x 
100]. 

(d) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three fert-butyl groups. 

(e) - This lithium is surrounded by two tert-butyl and one tert-butoxide 
group. 
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cyclopentane (99.9 % pure) and 8%(cyclopentane (92 %) and 2,2-

dimethylbutane (8 %)) constituted over 60 % of the dipole-dipole relaxation 

to terf-butyllithium at 30.5°C.6 It was found that of the 60 % contribution, 

23 % was from cyclopentane while the other 38 % was from the impurity 

2,2-dimethylbutane. Ellington implied that this d9-cyclopentane (98.3 % 

D). Ellington found that the solvent system large solvent interaction could 

be accomplished through the open transition structures that have been 

proposed for the fluxional exchange of fert-butyllithium. Since high purity 

cyclopentane was used in the present studies, the observed 16 % must 

come from the cyclopentane protons. The present system was studied at 

-20.2°C. At this temperature, the 0:4 tetramer is in the transition of being 

fluxional to becoming non-fluxional. Therefore, since high purity 

cyclopentane was used in this study and the tetramer is in a slow fluxional 

process at this temperature, the percentage of relaxation from the solvent 

protons is much less than that reported by Ellington. 

It can be seen from Figure 53 that the one lithium that is remote to the 

ferf-butoxide is unique from the other three lithiums because it is the only 

lithium that is surrounded by three ferf-butyl groups. In Figure 53, this 

unique lithium is not shaded. The two types of lithiums in this aggregate 

are seen to have the same ®Li T1dd times yet the relative contribution to 

their relaxation arises from different sources. The relaxation time from the 

ferf-butyl groups is seen to be 134 s for the one remote lithium and 148 s 

for the other three lithiums. From Table 18, it can be seen that the two 

types of lithiums T1dd relaxation times from the tert-butyl protons are the 

same within experimental error. It was thought that the remote lithium, 
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TABLE 18 

SEPARATION OF ®LI { 1 H} T1 ldd[6Li-1H] RELAXATION TIMES 
AT -20.2°C INTO INDIVIDUAL CONTRIBUTIONS FROM THE 

ferf-BUTYL (R), ferf-BUTOXIDE (OR), AND SOLVENT (SOLV.) PROTONS 

Aggregate T1dd(total) % a T1dd(R) %b T1dd(OR) % b T1dd(solv.) %b 

/s /s /s /s 

0:4 114112 78 134114 85 0 719173 16 
1:3° 113 ± 9 67 134111 69 27761228 4 974180 12 
1:3d 120 ± 10 64 148113 61 4111 1358 3 750165 16 

4:2 114±8 26 191 113 60 458132 25 740151 15 
(2/2) :2 118 ± 8 24 191 113 62 540136 22 720 1 48 16 
(1/4):1 128 ±9 20 229116 56 562 1 38 23 600141 21 

6:0 227115 10 0 375125 61 575138 39 

Tldd(all) % a T1dd(hydride)%b T1dd(OR) % b T1dd(solv.) %b 

PGP 7215 23 13019 55 213114 34 667144 11 
TGP 4 6 1 3 29 9416 49 106 + 7 43 600126 8 

contributed to the overall T10bs relaxation times. 

(b) - percentage dipole-dipole contributions are the percentage that is 
contributed from each type of proton to the overall T1dd times. 

(c) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three ferf-butyl groups. 

(d) - This lithium is surrounded by two ferf-butyl and one tert-butoxide 
group. 
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which is surrounded by three ferf-butyl groups, would have shorter 

relaxation times than those of the other type of lithium in this aggregate that 

are surrounded by two ferf-butyl groups and one ferf-butoxide group. 

As was mentioned earlier, the lowering of the symmetry of these 

molecules might tend to make the aggregates behave anisotropicsly in 

solution. The 0:4 tetramer has Td symmetry. The replacement of one 

ferf-butyl group by a ferf-butoxide group would lower the symmetry of the 

aggregate to C3V. This aggregate now contains a preferred axis of 

rotation, i.e., around the C3 axis. This axis runs through the lithium face 

that contains the ferf-butoxide group and continues through the lithium 

remote to this group. This can be seen in Figure 54. 

A model equation has been developed to relate xc with anisotropic 

tumbling for rigid symmetric top molecules. For simplicity, the 1:3 

aggregate can be thought of possessing the symmetry of a rigid symmetric 

top molecule. The correlation time of a relaxation vector that makes an 

angle 0 to the preferred axis of the symmetric top is given in Equation 58.10 

(3cos20 -1) 3sin26cos29 3/4sin40 
xc = + + [58] 

24Db 5Db + Da) (2Db + 4Db) 

A rigid symmetric top molecule has two rotational diffusion constants; Da is 

the diffusion constant for rotation about the symmetry axis, and Db the 

diffusion constant for rotation about any axis perpendicular to the symmetry 

axis. 
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Figure 53 
Pictorial representation of the 1:3 mixed tetramer. The unshaded lithium 
represents the lithium that is remote to the /ert-butoxide group and is 
therefore non-equivalent to the other three lithiums in the aggregate. 
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It was thought that a possible preferred axis of rotation might account 

for the two types of lithiums to have relatively the same T1dd times. 

However, the effect of this preferred axis of rotation would lower the T1dd 

times for those nuclei in which the preferred axis rotates about. This 

would thus make the relaxation time for the remote lithium even shorter 

than what is observed. The shorter T1dd times originating from a preferred 

axis of rotation would imply that the vectors between the remote lithium and 

the ferf-butyl protons responsible for its relaxation, are reorienting slower 

than the vectors between the other three lithiums and the ferf-butyl 

protons. 

In order tb see if this type of preferred axis was actually occurring in 

this aggregate, a molecular model of the 1:3 aggregate was created from 

Alchemy II software program. This model was constructed to measure 

the angle 0 that existed for the relaxation vector, between the lithium nuclei 

and the fe/f-butyl protons, in relation to the preferred C3 rotational axis. 

Since there are three methyl groups on a given tert-butyl group, there are 

nine different protons contributing to the relaxation of the lithium per each 

tert-butyl group. Each one of these protons forms a different angle 6 to 

the lithium to form the relaxation vector. For simplicity, all the individual 

relaxation vectors are added together to form a single relaxation vector. 

This single relaxation vector is then assumed to originate at the quaternary 

carbon of the fert-butyl group to one of the lithiums in the tetrameric core. 

This relaxation vector forms an angle of 0 = 90° for the remote lithium and 

the ferf-butyl protons. For the other three lithiums and the tert-butyl 

protons, an angle of 0 = 90° was also measured. This shows that 
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Figure 54 
Pictorial representation of a preferred rotational axis within the 1:3 mixed 
tetramer. 
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although one of the lithiums lies coincident with a preferred axis of rotation, 

the angle 6 for the relaxation vector is the same as the angle 0 formed for 

the relaxation vector for the other three lithiums that are not coincident with 

this axis. If the diffusion constants Da and Db in Equation 58 are assumed 

to be the same in the calculations for the two types of lithiums, xc should 

only be dependent on 0. Since 0 is the same for the relaxation vectors in 

the two types of lithiums, xc should be approximately the same. 

Therefore, even if the molecule does rotate around the preferred C3 axis, 

the 6Li T1dd[6LijH] times should not be different due to this type of anisotropic 

tumbling. 

The argument just described would only account for a small difference 

in T1dd times if the molecule tumbled along a preferred axis. It does 

nothing to explain why there is little difference between the relaxation times 

even though one of these lithiums is relaxed by the protons from one more 

fert-butyl group. Although the three equivalent lithiums do relax through 

the fert-butoxide protons more efficiently than the remote lithium, it is still a 

relatively inefficient means of relaxation as compared to the remote lithium. 

At the present time, an explanation for this anomaly is still unresolved. 

The percentage of T1dd relaxation from the fe/t-butoxide groups can 

also be seen in Table 18. The small percentage that is shown for the 

remote lithium in the 1:3 tetramer probably arises from errors that are 

carried over from the integrations used to determine the NOE. It seems 

highly improbable that the protons on the fe/t-butoxide group would be able 

to influence the relaxation of the remote lithium. The three equivalent 

lithiums are seen to be relaxed very inefficiently by the fert-butoxide 
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protons as compared to the tert-butyl protons (4111 s vs. 148 s). This 

much longer relaxation time must be due to the increased internuclear 

distance between the lithiums and the ferf-butoxide protons. The small 

percentage of relaxation to the lithiums that are relatively close to the tert-

butoxide protons, compared to the remote lithium, is further evidence that 

the fert-butoxide protons do not contribute to the relaxation of the remote 

lithium. 

The various contributions to the hexameric aggregates reveal some 

interesting trends. It can be seen that the 6|_i T1dd times from the tert-butyl 

protons are just slightly longer in the two types of 4:2 hexameric 

aggregates as those of the tetrameric aggregates. Two opposing factors 

are believed to be occurring that causes this apparent anomaly. A larger 

hexameric aggregate would be expected to tumble slower in solution. 

This in turn would increase Tc and therefore shorten T1dd. However, since 

there are no more than two fert-butyl groups on a hexameric aggregate, 

there are fewer ferf-butyl protons then in the tetrameric aggregates which 

therefore lengthens the relaxation time. A difference can also be seen 

between the two types of 4:2 and (1/4):1 aggregates. The replacement of 

a ferf-butyl group by a terf-butoxide group increases the T1dd times from 

these protons from 191 seconds in the 4:2 hexamer to 229 seconds in the 

(1/4):1 hexamer. Since the ferf-butyl protons are the most efficient means 

of relaxation, the ®Li T1dd relaxation times from the tert-butyl protons are 

longer when a tert-butyl group is replaced with a tert-butoxide group in a 

hexamer. Thus implying once again, the greater efficiency of the tert-
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butyl groups in relaxing the protons due to the shorter internuclear 

distances. 

The ®Li T1dd relaxation times from the fe/t-butoxide protons in the 

hexameric aggregates are much shorter than those in the tetrameric 

species. As explained in the previous paragraph for the T1dd times 

originating from the fe/t-butyl protons, two opposing effects were operating. 

Thus the T1dd times were not as short as expected for the fe/t-butyl protons. 

For the contributions from the fe/t-butoxide protons, these two effects now 

parallel one another and the expected shorter T1dd times are observed. 

The hexameric aggregates are larger than the tetrameric aggregates and 

would therefore tumble slower in solution. This would in turn decrease 

the T1dd relaxation times as is experimentally observed. The hexameric 

aggregates also have more fe/t-butoxide protons than the tetrameric 

aggregates which in turn also causes the T1dd relaxation times originating 

from these protons to be more efficient than in the tetrameric species. 

Even though these fe/t-butoxide protons are more efficient in the 

hexameric aggregates as compared to the tetrameric aggregates in 

relaxing the lithiums, they are still a relatively inefficient means of 

relaxation. It can be seen that the fe/t-butoxide protons are on the same 

order of efficiently relaxing the lithiums as the solvent protons. 

The 6Li T1dd times from the fe/t-butyl groups are essentially the same 

value for the two types of aggregates with two ferf-butyl and four fe/t-

butoxide groups. Since these two aggregates are simply geometrical 

isomers of one another that are fast fluxional, this is as would be expected. 
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The T1dd times from the tert-butoxide groups in these two aggregates are 

slightly different. 

It was described earlier for the (1/4):1 aggregate, that as a fe/t-butyl 

group is replaced by a fert-butoxide group, the T1dd times from the fe/t-butyl 

protons increase as compared to the 4:2 hexamer. However, the T1dd 

time from the fe/f-butoxide protons for the (1/4):1 hexamer does not 

change relative to the 4:2 hexamer. This displays the relative efficiency of 

the ferf-butyl protons versus the relative inefficiency of the ferf-butoxide 

protons in these aggregates. It is interesting that in the (1/4):1 hexamer, 

the T1dd times from the ferf-butoxide protons are approximately the same as 

that from the solvent protons. 

The T1dd time from the solvent protons in the (1/4):1 aggregate is also 

somewhat shorter than those from the 4:2 and (2/2):2 aggregates. It is 

tempting to speculate that the replacement of a tert-butyl group by a tert-

butoxide group allows the lithiums in the hexameric core to be more 

accessible to the solvent protons. The solvent protons in the hexameric 

aggregates are approximately the same as those from the tetrameric 

aggregates. The increase in molecular weight for the hexameric 

aggregates would be expected to lower the T1dd times as compared to the 

tetrameric aggregates. It was expected that the two open faces in the 

hexameric structures would allow a greater penetration of the solvent 

molecules and therefore lower the T1dd times. Apparently, the open faces 

in these hexamers are not that accesible due to the more sterically 

crowded hexameric structure. Preliminary reactivity studies of these 

mixed lithium ferf-butoxide/fert-butyllithium aggregates revealed that while 
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the 0:4 and 1:3 tetrameric aggregates were reactive towards the metalation 

of trimethylvinylsiiane, the mixed hexameric aggregates did not react with 

these species. The inaccesibility of the lithiums within these hexameric 

structures, as displayed through their Tcjcj times from the solvent protons, 

might be one reason for their lack of reactivity. 

The 6Li T1dd relaxation time from the tert-butoxide protons decreases 

for the 6:0 hexamer as compared to the other hexamers. This would be 

expected from the increased molecular weight of this aggregate if the 

molecule does behave isotropically. 

The separate contributions to the T1dd mechanism for the 

decomposition aggregates are quite different from those of the mixed 

lithium fert-butoxide/ferf-butyllithium aggregates. The T1dd relaxation times 

from the hydride are on the same order of magnitude as that from the tert-

butyl protons in the tetrameric aggregates. A directly bonded H to a 

lithium should be very efficient in relaxing the lithiums. Here it is observed 

to be on the same order of magnitude as the relatively far removed tert-

butyl protons. The observation of this relatively inefficient hydride as 

compared to the protons on a tert-butyl group might indicate that this 

hydride is relatively removed from the lithiums. The small J6u.ih coupling 

of approximately 2 Hz, also tends to support this hypothesis. 

The relaxation times from the hydrides between the PGP and TGP 

aggregates are relatively the same for both decomposition aggregates. 

However, the relaxation times from the ferf-butoxide protons are quite 

different for the two species. Integrations from a 6|_i spectrum and a 1 

spectrum alluded that there are more fert-butoxide groups per lithium in the 
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TGP aggregate than in the PGP aggregate. The results from these T1dd 

studies tend to agree with this observation. If there are more fert-butoxide 

groups in the TGP aggregate, and the number of hydrides remains the 

same, than the greater number of fe/t-butoxide protons in the TGP 

aggregate should decrease the T1dd relaxation times. The difference in 

reactivity of these two species would also agree with the assumption that 

the TGP aggregate is more sterically crowded than the PGP. If there are 

more tert-butoxide groups in the TGP aggregate, the ability of the hydride 

to react might be hindered by the surrounding bulky ferf-butoxide groups. 

7Li Spin-lattice relaxation and ®Li Quadrupolar relaxation 

A significant feature from the data in Table 15 is that for all of the 

different types of aggregates in solution, a notable proportion of the overall 

relaxation rate (T10bs) is not accounted for by the 6Li-1 H dipole-dipole 

relaxation. For nuclei with spin I > 1/2, a quadrupole moment exists. 

The quadrupolar mechanism is usually the dominant relaxation mechanism 

for quadrupolar nuclei. Unlike nuclei that are dipolar, the quadrupole 

moment in these nuclei is affected by electric field gradients. These 

gradients exist wherever the molecular electronic environment is not 

perfectly symmetrical. Examples of this would include nuclei next to 

covalent bonds and nuclei in electric fields of low symmetry. If a nucleus 

is in an electric field of which has cubic symmetry (Td, Oh, or lh), the field 

gradients will be small regardless of how covalent the bonds may be.10 

As a molecule tumbles in solution, the electric field gradients also tumble 
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along with it. This tumbling can be described by its rotational diffusion 

constant xQ. The quadrupolar relaxation is calculated according to 

Equation 59.11 

(3xc2/10) (21 + 3) (1 + r|2/3) (^qQ/h)2 t q 

[59] 
T1Q IM2I-1) 

The partial form of the equation (^qQ/h) is denoted as the quadrupole 

coupling constant while r| is the asymmetry parameter. The asymmetry 

parameter is defined as (qxx - qyy)/qzz, where the q '̂s are the diagonal 

elements of the field gradient tensor in its principal axis system. The QCC 

can be measured by microwave spectroscopy and in the solid state by 

nuclear quadrupole resonance (NQR). Jackman et al., have used the 

values of quadrupolar coupling constants (QCC) to determine the 

aggregation state and degree of solvation for some well-defined lithium 

arylamides, phenolates, and enolates.12 In order to calculate this 

parameter for solution properties, the effective rotational correlation times 

for the aggregates must be determined and assumptions made as to the 

value of r\. 

The use of 7Li NMR as a tool for structural elucidation of 

organolithium compounds was the main source of information precluding 

Wehrli's work on 6|_i in the mid to late 1970's.2>3>4 The 7Li nucleus relaxes 

on orders of magnitude faster than the 6Li nucleus and therefore the 7Li 

line widths are much greater. Since the lithium spectrum for 

organolithium compounds is contained within a few ppm, spectral 
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resolution is of prime concern. This makes the use of 6Li much more 

attractive for the use of structural elucidation in complex systems. The 

use of 7Li relaxation times has been used in various structural studies of 

organolithium compounds.2'6'11'13'14 In all these studies however, only one 

species was present which resulted in only one resonance. Besides the 

wide NMR lines for 7U, other features of its relaxation are also not as 

attractive as 6Li. The main feature being that 7Li relaxes exclusively by 

the quadrupolar mechanism in organolithium compounds.2'3 This can be 

an unattractive feature if important structural information can only be 

gained through dipolar interactions. 

In the present studies, the 7Li spin-lattice relaxation times were 

measured for all the mixed aggregates at -20.2°C. Since these 

compounds were isotopically enriched in 6Li (95.5 %), the 7l_i NMR signal 

is composed of the remaining 4.5%. Even though the signal-to-noise ratio 

is diminished as compared to 6Li, it is still sufficient enough not to cause 

any problems in its observation. These 7Li relaxation times can be seen 

in Table 19. If 7Li is assumed to relax exclusively through the 

quadrupolar mechanism, then the 6|J T1Q relaxation times can be 

calculated according to Equation 60.2'3'4 

1/TiQ(6U) (2l6y + 3) / (l26|j [216|J - 1]) Q26|j 
x [60] 

1/TiQ[7U] (2l7u + 3 ) / ( l 2 7 u [ 2 l 7 u - 1 ] ) Cfeu 

From Equation 60, the 6Li T1Q relaxation times can be calculated from the 
7Li relaxation times by using the values of -8.3 x 10-4 Barns for the 
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TABLE 19 

7 L l T-| AND 6LI T1Q RELAXATION TIMES OF MIXED 

LITHIUM ferf-BUTOXIDE/fert-BUTYLLITHIUM AGGREGATES AT -20.2°C 

Aggregate 7 U T , 6 U T1Qa % 6u T1Q
b 

/s /s 

0:4 1.804 ±0.018 1151 ±12 8 
1:3° 0.758 ±0.011 484 ±7 16 
1:3d 0.439 ± 0.007 280 ± 4 27 

4:2e 

(2/2) :2e 
— 

(1/4):1 0.054 ± 0.001 34 ±1 84 
6:0 0.046 ±0.004 29 ± 2 93 

PGP 0.040 ±0.002 25 ±1 65 
TGP 0.034 ± 0.002 22 ±1 61 

(a) - 6|_i T1Q = 638 x 7|_i T, 

(b) - % 6Li TIQ = 6Li TIOBS / 6Li TIQ x 100. 

(c) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three tert-butyl groups. 

(d) - This lithium is surrounded by two ferf-butyl and one fe/f-butoxide 
group. 

(e) - This lithium is not resolvable due to overlapping resonances in the 7U 
spectrum. 
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quadrupole moment of 6Li and -4.06 x 10-2 Barns for the quadrupole 

moment of 7Li.2 This ratio allows the calculation of the 6|_i T1Q times by 

multiplying the 7Li relaxation times by 638. The evaluation of the 6|_i T1Q 

relaxation times is significant in determining the amount that this 

mechanism contributes to the overall relaxation rate T10bs. This in turn 

allows a more thorough understanding of the overall relaxation processes 

that the ®Li nuclei undergo in this system. The calculated ®Li T1Q times 

and the percentage of this relaxation mechanism to the overall relaxation 

are also given in Table 19. 

The calculated values from Table 19 show that quadrupolar 

relaxation accounts for a large percentage of the overall observed 

relaxationof the 6|_i enriched compounds. It is very interesting to note the 

relative difference in quadrupolar relaxation contributions from the different 

aggregation states. For the two tetrameric aggregates, the ®Li T1Q times 

are 1151 seconds for the 0:4 tetramer and 484 and 280 seconds for the 

1:3 tetramer. For the two resolvable hexameric aggregates, the 6|_i T1Q 

mechanism becomes the dominant mechanism and the T1Q times drop to 

34 and 29 seconds for the (1/4):1 and the 6:0 aggregates respectively. 

The T1Q relaxation times for the decomposition products are slightly shorter 

than those of the hexamers. 

The shorter 6Li T1Q times that were calculated for the mixed lithium 

fert-butoxide/fe/f-butyllithium hexamers were not just unique to this system, 

but were also observed for an alkyllithium system that contained an 

equilibrium mixture of both tetrameric and hexameric aggregates.6 

Ellington reported 6|_i j1Q times for the tetramer and hexamer of iso-
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propyllithium at -15.0°C to be 319 and 109 seconds respectively. The ®Li 

T1Q relaxation times are shorter however in these mixed lithium tert-

butoxide/ferf-butyllithium system. This can be explained by the stronger 

electric field gradients that are present in these mixed aggregates. The 

difference in symmetry between a tetrameric and hexameric alkyllithium 

can help to explain some of the relative difference observed in the 6Li T1Q 

times for the two different aggregation states. The tetrameric aggregates 

have Td symmetry while the two open faces in the hexameric aggregates 

lower the symmetry to a distorted point group. This lower symmetry 

increases the electric field gradients at the site of the 6|_i and 7Li nuclei. 

This symmetry is lowered even further in these mixed lithium tert-

butoxide/fe/f-butyllithium aggregates. The electronic environment at the 

site of the 6|_i and 7Li nuclei is even further increased by the presence of 

the electronegative oxygen atoms which further increase the electric field 

gradients. 

The presence of a fe/f-butoxide group on the electronic distribution in 

these aggregates is exemplified in the 6Li T1Q times for the two types of 

tetrameric aggregates. The 0:4 tetramer, which has a higher symmetry at 

each site of the lithium nucleus, can be seen to have long ®Li T1Q relaxation 

times and therefore this mechanism becomes relatively inefficient. As the 

symmetry is lowered in the 1:3 tetramer, the efficiency of this mechanism 

increases. Since the 1:3 tetramer is non-fluxional at this temperature, 

there exists two types of non-equivalent lithiums as previously discussed. 

A representation of the symmetry and the point group that exists for each 

environment can be seen in Figure 55. In these diagrams, The C 
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represents a ferf-butyl group while an O represents a terf-butoxide group. 

The remote lithium is seen to have C3V symmetry while the other three 

lithiums contain Cs symmetry. The lithium with the higher symmetry is 

seen to have a longer 6Li quadrupolar relaxation time of 484 seconds. 

The lower symmetry environment surrounding the other three lithiums has 

a shorter relaxation time of 280 seconds. 

The difference in the electronic environments surrounding these two 

types of lithiums can be seen by the difference in the quadrupolar 

relaxation times. The lithium that is remote to the ferf-butoxide group is 

surrounded by three ferf-butyl groups. The other two lithiums are 

surrounded by two ferf-butyl and one ferf-butoxide group. The high 

electronegativity of the oxygen atom in the ferf-butoxide group is also 

largely responsible for this difference of relaxation times. 

The electronic distribution in the 1:3 aggregate can be compared with 

that of the 0:4 tetramer by examining their quadrupolar relaxation times. 

The lithiums in the 0:4 tetramer also contain C3V symmetry at the nucleus 

site. The large difference between the 6Li T1Q of the lithiums in the 0:4 

tetramer and that of the remote lithium in the 1:3 tetramer can largely be 

explained by the polarizing capability of the oxygen atom in the ferf-

butoxide group. Even though this remote lithium in the 1:3 tetramer is not 

directly bonded to the ferf-butoxide group, the electrons in the core lithium 

structure are all polarized toward this oxygen atom. This phenomenon 

has already been seen and discussed in Chapter Three in relation to the 

differences in their chemical shifts. 
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Figure 55 
Approximate symmetry existing at the site of the two lithium nuclei in the 
1:3 mixed tetramer. 
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The differences between the different hexameric aggregates is not as 

obvious as between the two types of tetrameric aggregates. As 

discussed earlier, the hexameric aggregates relax by the quadrupolar 

mechanism very efficiently. Unfortunately the quadrupolar relaxation 

times could not be measured for the 4:2 and (2/2):2 aggregates because 

their resonances could not be sufficiently resolved in the 7Li spectrum. 

Although the quadrupolar relaxation times for the decomposition 

products are shorter than those of the hexameric aggregates, the 

contribution of this mechanism to the overall T1 times are less. As in the 

previous discussions, it is difficult to compare these aggregates with the 

others due to the hydrides that are present in these aggregates. This 

quadrupolar mechanism becomes slightly more efficient in these two 

aggregates compared to the mixed hexameric aggregates. 

Unaccounted ®Li relaxation 

The two types of 6Li relaxation mechanisms that have been 

discussed, T1dd[6Li.iH] and T1Q, are seen to account for a large percentage to 

the overall relaxation of the 6|_i nuclei in these aggregates. However, all 

of the relaxation is not accounted for by these two mechanisms. Table 20 

shows the overall percentage that each mechanism contributes and the 

percentage of unaccounted relaxation. 

As can be seen from Table 20, the tetrameric aggregates still have 

about 15 % of their relaxation unaccounted. Ellington was able to 

calculate the amount of T1dd that originated from 6Li-6Li dipole interactions 
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in a 6|_i enriched compound of fert-butyllithium.6 In these calculations it 

was found that the 6Li-6Li dipole mechanism contributed 9 % to the overall 

relaxation at 30°C. This would put the percent of relaxation unaccounted 

for in the tetrameric compounds at 

approximately 6 %. If error bounds of 10 % are placed on the values 

given for all the relaxation mechanisms, then most of the relaxation has 

been accounted for in these tetrameric aggregates by three mechanisms 

0"ldd[6Li-1H]> T~idd[6Li-6Li]> "̂ 1Q). 

From Table 20, it can be seen that all of the relaxation has been 

accounted for in the hexameric aggregates. It is unfortunate that the 

resonances for the 4:2 and (2/2):2 could not be resolved in the ^Li 

spectrum to be able to calculate the 6|_i T1Q relaxation times. It seems 

reasonable to assume that since the other two hexamers contributed 

between 80 and 90 % of their overall relaxation through the quadrupolar 

mechanism that the 4:2 and (2/2) :2 aggregates would behave very 

similarly. This shows that all of the relaxation in these hexameric 

aggregates occurs through the T1dd[6Li.iH] and the T1Q mechanisms. 

Once again it is difficult to propose relations between the 

decomposition aggregates and the other mixed aggregates due to their 

structural differences. However, the 12 and 10 % unaccounted for is once 

again close to the error limits that are inherent in these values. As was 

observed for the tetrameric aggregates, most of the relaxation is accounted 

for by the T1dd[6u.iH] and T1Q mechanisms. The T1dd and T1Q 

mechanisms are not the only two mechanisms that theoretically could 

contribute to T10bs. Equation 42 at the beginning of this chapter revealed 
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TABLE 20 

PERCENTAGE OF RELAXATION TO THE 6 L I NUCLEI AT -20 .2°C 

IN MIXED LITHIUM fert-BUTOXIDE/fert-BUTYLLITHIUM AGGREGATES 

Aggregate ®Li T10bs ° / ° T"idda % T1Q» % Unaccounted0 

/s 6Li-1H 6 u 

0:4 88 .8 78 8 14 

1:3D 75.7 67 16 17 
1:3® 76.1 64 27 9 

4:2 29.2 26 f 749 

(2/2) :2 28 .7 24 t 769 

(1/4):1 25.2 20 84 0 

6 :0 22 .0 10 93 0 

P G P 16.2 23 65 12 

T G P 13.4 29 61 10 

\ < X ) - /O L I I 1 d d [ 6y.1 H ] = L I I 1 o b s / 1-1 I 1 d d X I U U . 

(b) - % 6|J T1Q = 6Lj T10bs / 6L i T1Q X 100. 

(c) - % Unaccounted = 100 - % 6l_i T1dd[6Li.iH] - % 6|_i T1Q. 

(d) - The 1:3 aggregate is non-fluxional at this temperature and therefore 
this lithium is surrounded by three fert-butyl groups. 

(e) - This lithium is surrounded by two fert-butyl and one fert-butoxide 
groups. 

(f) - These resonances are unresolved in the 7Li spectrum. 
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(g) - This value only includes the T1dd[6Li.iH] contributions. 

three other mechanisms; spin-rotation (T1SR), chemical shift anisotropy 

0"ICSA)>
 anc ' s c a ' a r coupling (T1SC). Each of these three mechanisms will 

be briefly addressed. If present, their contributions to the 6|_i T10bs will be 

shown to be minimal. 

Contributions from the spin-rotation mechanism 

Spin-rotation relaxation occurs when a molecule, or a group within a 

molecule, undergoes transitions between one rotational state and another. 

It is the interaction of the nuclear magnetic moment with the rotational 

magnetic moment that provides the mechanism for energy exchange 

tooccur. The rate of relaxation is related to the spin-rotation correlation 

time Tsr, and is usually only significant for fast rotation speeds. This 

mechanism is most efficient for small symmetrical molecules and also for 

free rotating methyl groups. The equation describing the spin-rotation 

mechanism is given below.11 

1 (2 I AT) C2 T S R 

- = [61] 
T"ISR h2 

I is the moment of inertia and C2 is the squared average of the SR tensor. 

For the spin-rotation mechanism, xSR will have a reciprocal relationship with 

xc in the dipole-dipole mechanism. An increase in temperature will 
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increase xc This is the opposite that is observed for xc in the dipole-dipole 

mechanism. Because of this temperature dependence, the spin-rotation 

mechanism is usually only observed at higher temperatures. If T1SR is on 

the order of other T, times operating in the system, a plot of In T, vs. 

1000/T will not produce a straight line due to the this inverse dependence 

of Tc and Tsr. Ellington plotted the T, times for ferf-butyllithium in this 

fashion and there was no observable deviation from linearity.6 Therefore 

this mechanism probably does not contribute to any significant extent to the 

relaxation. 

Contributions from the chemical shift anisotropy mechanism 

All chemical bonds are anisotropic and therefore produce a different 

field at a nucleus depending on the orientation of the bond relative to the 

applied magnetic field. The instantaneous chemical shift of the nucleus 

therefore depends on the orientation of the molecule. Screening of the 

magnetic nucleus by surrounding electrons results in a shielding tensor a 

that has directional components that undergo modulations as a result of 

reorientation within the molecule. The equation for this type of 

mechanism is given by Equation 62. 

1 2 
= - 7i2 B 0

2 ( ACT)2 TC [ 6 2 ] 

T"ICSA 
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In this equation, B0 is the magnetic field strength and Aa is the difference in 

the shielding tensors parallel and perpendicular to the symmetry axis. 

The difference in shielding is usually no larger than the chemical shift range 

of the observed nucleus. Since the chemical shift range of 6|_i is very 

small, this type of relaxation would therefore be expected to be very 

small.15 Ellington calculated a minimum value for T1CSA for 6|_i enriched 

compounds.6 The value calculated (3.25 x 106 s.) is greater than five 

orders of magnitude than any of the observed 6Li T, times. 

This type of relaxation can be identified by its dependence on B0. 

Ellington measured the T: times of fert-butyllithium at two different field 

strengths (7.04 and 2.1 T) and found little or no difference in the relaxation 

times between the two magnetic field strengths.6 This mechanism 

therefore probably does not contribute to the overall relaxation to any 

reasonable extent. 

Contributions from the scalar coupling mechanism 

Rapid modulation of the spin-spin coupling between two spins may 

effect the spin-lattice relaxation. This mechanism can arise through two 

different sources. The first is through chemical exchange. The second 

type can occur through rapid relaxation of the spin-coupled nucleus. This 

mechanism is only operative when the two nuclei have similar resonance 

frequencies. The equation describing this relaxation is given below. 
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8/3 k2 J2^ lAX Ox + 1) ̂ sc 
[63] 

T1Sc ^ + (®x" ® A ) 2 ^ 2 S C 

J is the scalar coupling constant, I is the spin quantum number of x, and co 

is the Larmor frequency for the two nuclei. It is seen that when the 

resonance frequencies differ, the denominator grows substantially. Large 

spin-spin coupling constants can offset a large difference in Larmor 

frequencies. However, in the case of organolithium compounds, this 

coupling constant is very small and should therefore not contribute to any 

significant extent to the overall relaxation time. 

"•3c spin-lattice relaxation 

The use of 13c spin-lattice relaxation times has become a popular 

method of analysis for chemists in the past twenty years. These 

relaxation studies have many various applications. Measurements of 13c 

Tt times in small molecules can yield information about rapid internal group 

rotations. These rates of rotations can then be used to gain information 

about the barriers to rotation within these molecules. The relaxation times 

also yield information about the symmetry, stereo conformations, as well as 

steric and bonding interactions. T, measurements in larger more complex 

molecules can be used in the aid of spectral assignments. 

The application of1 3C T1 relaxation data in organolithium chemistry 

has not been used to the extent as that of other areas of chemistry. 

However, they have been used in various applications. The majority of 
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these studies have dealt with the degree of aggregation and type of 

solvation of various organolithium compounds.14'16'17-18 Several groups 

have used 13c T, relaxation times as a means of determining t c for the 

molecule to use in conjunction with 7Li and ®Li relaxation times.2-12 The 
13c T, times have also been used in conjunction with 7Li and ®Li 

isotopically substituted phenyllithium to determine the internuclear 

distances /{Li-C(1)] and i[Li-C(2)].19 Although these few examples do not 

exhaust the literature, they do show the utility of these 13c relaxation times 

in lithium chemistry. 

In the present studies, the use of "13c T, relaxation times of all the 

mixed aggregates will be used in a threefold manner. The first application 

will be used to confirm previous structural assignments that were made in 

Chapters Three and Four. Second, the relaxation times will be discussed 

in a manner similar to the discussion of the 6Li T1 times. The various 

trends that are observed will be related to their different structural aspects. 

Third, a qualitative attempt will be made to relate the barriers to rotation of 

the fert-butyl groups in the 0:4 tetramer relative to those in the 1:3 tetramer. 

Results 

All of the 13C T1 times were from the same samples as those from the 

6|_i and 7Li studies. The 1 ̂ C T., times for 2 F samples of tert-

butyllithium, mixed lithium fert-butoxide/fert-butyllithium, and mixed lithium 

fert-butoxide/LiH aggregates at -20.2° can be seen in Table 21. 
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It can be seen from Table 21 that the 1:3 tetramer has a longer T 

time for the methyl tert-butyl carbons than that of the methyl fert-butoxide 

carbons while all of the hexameric aggregates have shorter T1 times for the 

methyl ferf-butyl carbons than those of the methyl tert-butoxide carbons. 

This apparent anomalous behavior will be discussed in the next section 

that discusses the T1dd relaxation mechanism. It will be shown that might 

be a result of anisotropic tumbling around a preferred symmetry axis in the 

1:3 aggregate. Since raw T10bs times are not that informative, the 13c 

TidcKiH} times were calculated from the NOE measurements. 

1 T1dd[iH] and the nuclear Overhauser effect (NOE) 

The 13c T1dd mechanism arises from the same principles as those 

discussed for the ®Li T1dd mechanism. Equation 43 described this type of 

mechanism. The only difference in calculating this equation for13c is the 

difference in the magnetogyric ratio of the 13c nuclei. This difference is 

also manifested in the calculation of the theoretical maximum NOE 

enhancement factor, t|max. This was given by Equation 46. The larger 

magnetogyric ratio for a 1 3 c nucleus as compared to 6Li, decreases this 

enhancement factor by 1.4. For13C-1 H NOE, r|max = 1.98. The primary 

source of relaxation for 13c nuclei is usually through the 13c-1h dipole-

dipole mechanism. However other mechanisms have been found to 

contribute extensively. Freely rotating methyl carbons in smaller 

molecules are known to relax efficiently through the spin-rotation 
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TABLE 21 

13c T, TIMES OF MIXED LITHIUM fe/f-BUTOXIDE/ 

fert-BUTYLLITHIUM AGGREGATES AT -20.2°C 

13CT, 
/s 

Aggregate f-butyls f-butoxides 

0:4 1.48 ±0.01 
1:3 1.84 ±0.03 1.09 ±0.02 

4:2 0.77 ± 0.01 1.13 ±0.01 
(2/2) :2a 0.84 ± 0.01 0.94 ± 0.42 

1.20 ± 0.01 
(1/4):1a 0.65 ± 0.02 1.14 ±0.02 

— 1.28 ±0.02 
6:0 — 1.17 ±0.02 

PGP . — , 0.71 ± 0.01 
TGPa — • 0.42 ± 0.02 

— 0.48 ± 0.01 

(a) - These aggregates have two non-equivalent fert-butoxide groups. 

mechanism. The spin-rotation mechanism is also known to compete with 

the dipole-dipole mechanism for non-protonated carbons in smaller 

molecules. The scalar coupling mechanism has been shown to be the 

dominant mechanism for 13c nuclei that are bonded to 79Br. Examples 
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of 13c nuclei relaxing through the chemical shift anisotropy mechanism are 

rare. 

In order to gain a more precise understanding of the 13c relaxation 

data for the present systems, the T1dd[iH] contributions to the overall 

relaxation rate were separated by measuring the 13C-1 H NOE and the use 

of Equation 47. These NOE measurements were carried out analogous 

to the procedure described for 6[_i-1 H NOE. Table 22 shows the amount 

of NOE measured and the corresponding T1dd[i3C_iH] times. 

It can be seen from Table 22 that the experimentally measured NOEs 

are equal to rimax. This implies that the relaxation of the 13C nuclei in both 

the ferf-butyl and ferf-butoxide groups in all of these aggregates is 

completely dominated by the 13C-1 H dipole-dipole mechanism. This 

means that the T10bs times are the same as those of the T1dd times. A 

comparison of the values in Table 21 with those of Table 22 will show this 

to be true. Since the relaxation has been shown to be completely dipolar, 

the 13c T10bs will be used to discuss the trends in these values. By using 

the T10bs times, the errors that are added from the integrations in obtaining 

the NOE values will be eliminated. 
1 3 c spin-lattice relaxation times have been used to describe 

molecular tumbling and internal group rotational motions for a number of 

different types of molecules.20-21'22 It is generally assumed that the 

barriers to rotation of a methyl group within a molecule can be determined 

by the angle 0 that the C-H relaxation vector makes in relation to a 

preferred rotational axis. These barriers to rotation can then be extracted 

from the 1 3 c T1dd times of the methyl groups if the relaxation is governed 
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TABLE 22 

1 3 C { 1 H } N O E A N D T 1 d d [ i 3 c . 1H] 

OF MIXED AGGREGATES AT -20.2°C 

methyls methoxides 

Aggregate NOE* Tldd NOE* Tldd 
/s Is 

0:4 2.92 1.52 
1:3 2.92 1.89 2.89 1.13 

4:2 2.78 0.84 3.00 1.13 
(2/2) :2b 2.87 0.89 2.97 0.94 

— — 2.66 1.35 
(1/4):1b 2.28 0.86 2.98 1.15 

— — 2.84 1.35 
6:0 — — • 2.95 1.27 

PGP 2.98 0.71 
TGPb 

. — 3.00 0.42 
2.81 0.51 

(a) - NOE = r| + 1. 

(b) - These aggregates have two non-equivalent fe/t-butoxide groups. 
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by the dipolar mechanism. The ease of internal methyl group rotation 

within a molecule is usually associated with a longer T1dd time for the 

methyl group that is less sterically hindered. The argument being that the 

rotational correlation time for the less sterically hindered methyl carbon is 

shortened from a more rapid rotational rate. This assumption may be 

valid in an isotropic tumbling molecule, but the danger of equating shorter 

T, values with steric crowding in molecules that tumble anisotropically has 

been discussed.23 The 13c T, times of the methyl tert-butyl and tert-

butoxide carbons for the 1:3 aggregate seem to exemplify this behavior as 

will be discussed. 

The T, times of the 0:4 methyl fert-butyl carbons are 1.48 s. The T, 

times of the 1:3 methyl ferf-butyl carbons are 1.84 s. If the dipolar 

relaxation was determined only from the overall tumbling of the molecule, 

the 1:3 methyl terf-butyl carbons would be expected to have shorter 

relaxation times from the increased molecular weight of this 

aggregate. Experimentally, the opposite is observed. This would imply 

that the T1dd times of the methyl carbons on the fert-butyl groups in the 1:3 

aggregate are not solely determined by the overall tumbling of the molecule 

but must also be a function of their internal rotation. Since the relaxation 

times are longer in the 1:3 aggregate, the methyl carbons on the fert-butyl 

groups are probably less sterically hindered than in the 0:4 aggregate. 

The fluxionality of the 0:4 tetramer must also be considered at this 

temperature. Since the 0:4 tetramer is still somewhat fluxional at this 

temperature, this might tend to decrease the observed 13C T1dd times for 

the 0:4 tetramer relative to the non-fluxional 1:3 tetramer. In order to 



299 

determine if the fluxionality of the 0:4 tetramer does influence the 1 ̂ C T1dd 

times, the 13C T1dd times for the 0:4 and 1:3 tetramer were measured at -

46.9°C. At this temperature, the 0:4 tetramer is non-fluxional. The 13c 

T10bs relaxation times were measured to be 1.18 ± 0.01 and 1.17 ± 0.01 

seconds for the methyl tert-butyl carbons on the 0:4 and 1:3 tetramers 

respectively. The NOE was measured for these aggregates and was 

found to be 2.98 and 2.91 for the 0:4 and 1:3 tetramers respectively. 

Therefore, since the NOE enhancement is maximum, the 13C T10bs will be 

used to reduce the integrations' errors inherent in the T1dd calculations. 

The comparison of the "I3C T, times at -46.9°C to those at -20.2°C, does 

show that the fluxionality of the 0:4 tetramer does indeed influence the 

relaxation times as would be expected. However, the increased 

molecular weight of the 1:3 aggregate would be expected to shorten the 

13C Tt times of the methyl tert-butyl carbons relative to those of the 0:4 

tetramer. Although the relaxation time for the 1:3 tetramer is no longer 

greater than the 0:4 tetramer at -46.9°C, it is observed that the relaxation 

times are the same for the two non-fluxional tetramers. This still tends to 

support the hypothesis that the fert-butyl groups in the 0:4 tetramer are 

more sterically crowded than those in the 1:3 tetramer, otherwise the 1:3 

methyl13C T1dd relaxation times would be expected to be shorter than the 

0:4 tetramer. This is in agreement with molecular models of these two 

aggregates. The relief of this steric crowding is accomplished by the 

replacement of a tert-butyl group with that of a fert-butoxide group. This 

concept has previously been discussed in Chapter Three. 
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These same geometrical models also show that the ferf-butoxide 

group in the 1:3 tetramer should be less sterically hindered than the ferf-

butyl groups within this same aggregate. If this molecule was tumbling 

isotropically, then the T1dd times for the methyl ferf-butoxide carbons would 

be expected to be shorter than those of the methyl ferf-butyl carbons. 

The opposite is observed experimentally where the T/s are 1.84 s and 

1.09 s for the methyl ferf-butyl carbons and the methyl ferf-butoxide 

carbons respectively. This apparent anomaly might be explained by a 

preferred rotational axis in the 1:3 tetramer. Since all the rotations and 

movements in these aggregates are very complicated, only a very 

qualitative explanation can be given. As discussed previously in the 6|_i 

T1dd section of this chapter, the 1:3 aggregate would be expected to posses 

a preferred axis of rotation about the C3 symmetry axis. This axis runs 

coincident with the ferf-butoxide group and the remote lithium. This 

preferred axis was represented in Figure 53. It was shown that although 

this axis is coincident with the remote lithium nucleus, the 6Li T1dd times 

from the tert-butyl groups did not reflect this symmetry preferred rotation. 

This was because the 6|_i-1 H dipolar relaxation vectors were not coincident 

with this symmetry axis. The 6|_i-1 H relaxation vectors in relation to the 

symmetry axis was explained to be the same for the remote lithium and the 

other three lithiums within the aggregate. Such is not the case for the 
13c-1H dipolar relaxation vectors for the methyl ferf-butoxide carbons and 

those of the methyl ferf-butyl carbons. The angle 6 for the methyl1^C-
1H ferf-butoxide relaxation vectors are smaller than those for the methyl 
13C-1H tert-butyl relaxation vectors. This has the effect of increasing teff 
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for the methyl fe/t-butoxide carbons in relation to the methyl fe/t-butyl 

carbons. Hence, the shortening of the 1 T1dd times for the methyl tert-

butoxide carbons in relation to those of the fe/t-butyl carbons in the 1:3 

aggregate. 

The Ti times of the methyl fe/t-butyl carbons are seen to be about one 

second shorter in the hexameric aggregates compared to the tetrameric 

aggregates. This is as expected in the increase in molecular weight and 

volume for the hexameric aggregates. The hexameric aggregates would 

be expected to tumble slower in solution and therefore increase the 

molecular correlation times which in turn result in shorter T, times. 

However a direct comparison between these two aggregation states cannot 

be accomplished due to the fluxionality of the ferf-butyl and fe/t-butoxide 

groups in the hexameric aggregates. 

The T, relaxation times for the mixed hexameric aggregates follow the 

expected trend of longer relaxation times for the methyl fe/t-butoxide 

carbons. This might indicate that the methyl fe/t-butoxide carbons in the 

hexameric aggregates are less sterically hindered than those of the methyl 

tert-butyl carbons. This is as expected from molecular models of these 

mixed hexameric aggregates. This data may also imply that these mixed 

hexameric aggregates do not tumble preferentially along a preferred axis of 

rotation but behave isotropically. 

The T1 times for the methyl fe/t-butoxide carbons in the PGP and TGP 

aggregates follow the same trend that was observed in the 6Li and 7Li T1 

studies. The T, times for these aggregates are approximately half the 

time as those of the hexameric aggregates. The 6Li T1dd times were 



302 

shortened by the efficient dipolar relaxation of the hydrides in the PGP and 

TGP aggregates as compared to the other mixed hexamers. Therefore, 

the shortening of the ®Li T1dd times in the PGP and TGP aggregates could 

not be solely attributed to a possible increase in molecular weight. 

However, the 1 times of the methyl ferf-butoxide carbons in these 

aggregates should be unaffected by the presence of these hydrides. This 

data would therefore tend to agree with the assumption that these 

decomposition aggregates might be of a higher degree of association. 

This would thus cause the aggregates to tumble slower in solution and 

therefore shorten their T, relaxation times. It may also be argued that the 

shorter T, times for the methyl fert-butoxide carbons are a result of 

increased steric crowding in these aggregates. If these aggregates 

remain hexameric, then the replacement of a fert-butyl or ferf-butoxide 

group by a hydride would tend to decrease the steric crowding as 

compared to a mixed lithium ferf-butoxide/ferf-butyllithium hexamer. This 

would then increase the T1 relaxation times which are not observed. 

Summary 

The 6Li T, spin-lattice relaxation times for the various mixed lithium 

fert-butoxide/fe/t-butyllithium and lithium fe/t-butoxide/LiH aggregates were 

measured at -20.2°C. The ®Li T1dd mechanism was determined for each 

aggregate by measuring the 6Li-1 H NOE. It was seen that this relaxation 

mechanism contributed from 60 % to 80 % to the overall relaxation for the 

tetrameric aggregates. The T1dd mechanism contributed from 10 % to 25 
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% for the hexameric aggregates. The decomposition aggregates were 

also seen to relax by about 25 % from this mechanism. The various 

dipolar contributions (fe/f-butyl, ferf-butoxide, and solvent protons) were 

separated from the overall dipolar relaxation through selective deuteration 

experiments. It was observed that the tert-butyl protons contributed the 

largest amount to the relaxation for all the mixed lithium ferf-butoxide/ferf-

butyllithium aggregates. The dipolar contribution from the hydrides in the 

decomposition aggregates was found to be on the same order of 

magnitude as the tert-butyl protons in the mixed lithium ferf-butoxide/fert-

butyllithium aggregates. 

The ®Li T, quadrupolar relaxation mechanism was measured for all 

the aggregates by measuring the 7Li spin-lattice relaxation times. It 

was assumed that 7|_i relaxes exclusively through the quadrupolar 

mechanism and the 6Li quadrupolar times were therefore calculated from 

the 7Li Tt times. The 6Li T1Q times for the tetrameric aggregates 

contributed 8 % to the overall relaxation of the 0/4 aggregate. It was 

found that the two non-equivalent lithiums in the 1:3 aggregate have 

different ®Li T1Q times. The three lithiums that are bonded to the tert-

butoxide groups have a much shorter value than the remote lithium. This 

was attributed to the greater electric field gradient created by the 

electronegative oxygen atom. This gradient is greatest at the three 

lithiums to which it is bonded. The quadrupolar mechanism is seen to be 

the dominant mechanism for the hexameric aggregates. The hexameric 

aggregates have a lower symmetry then the tetrameric species. They 

also contain at least four fe/t-butoxide groups which increase the electric 
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field gradient at the lithium sites. The decomposition aggregates have ̂ Li 

T1Q times comparable to those of the hexameric aggregates but yet 

contribute less to the overall relaxation rate. 

The 13C T1 spin-lattice relaxation times were measured for the methyl 

te/t-butyl and ferf-butoxide carbons for all the different aggregates. It was 

determined through NOE measurements that these carbons relaxed 

exclusively through the dipolar mechanism. For both the mixed tetrameric 

and hexameric aggregates, the relaxation times were different for the 

methyl ferf-butyl carbons and the methyl ferf-butoxide carbons. It was 

determined that the shorter T1dd times of the methyl tert-butyl carbons were 

attributed to a greater steric hindrance in the internal rotations of the methyl 

groups. However, the shorter T1dd time for the methyl ferf-butoxide carbon 

in the 1:3 tetramer is attributed to a preferred axis of rotation about the C3 

symmetry axis that is coincident with the ferf-butoxide group. Since the 

T, times for the methyl ferf-butoxide carbons on the decomposition 

aggregates are not influenced by the hydrides on the lithiums, the shorter 

T1 times (as compared to those of the hexamers) probably result from a 

slower tumbling. Thus, longer correlation times exist for these 

decomposition aggregates. This tends to support the conclusion that 

these aggregates might be oligomers of a higher order than hexameric. 

Experimental 

Sample Preparation. All samples in this study were prepared as 

described in Chapter Two. The samples were all 2 F in ferf-butyllithium. 



305 

The solvent used in these studies was composed of 92 % cyclopentane 

(99.9 % pure from Wiley Organics) diluted with 8 % d10-cyclopentane (98.9 

% 2H from MSD Isotopes). The solvent was dried over LiAIH4 prior to 

use. The solvent was then degassed on the vacuum line with at least five 

freeze-pump-thaw cycles before use. All samples were made in 5 mm 

NMR tubes in the glove-box. These tubes were then degassed on the 

vacuum line with at least five freeze-pump-thaw cycles under a vacuum of 

at least 10-6 torr. The deuterated samples were prepared as according to 

the experimental section in Chapter Four. 

Temperature Control. All temperatures in these studies were 

measured as the temperature at the probe. The displayed temperature 

on the VXR-300 VT cabinet has been found to not be the true temperature 

at the probe. Therefore all temperatures were measured with a methanol 

chemical shift thermometer using Varian's temperature calibration routine 

macro in the spectrometer. Since the 1H chemical shifts are temperature 

dependent for the two resonances in methanol, the temperature can be 

calculated from the difference in the chemical shifts to give the actual 

temperature of the solution at the probe. The temperature was always 

checked with this methanol thermometer before the actual sample tube 

was introduced into the probe. All N2 flow rates and back pressures were 

recorded for the first sample studied and these same flow rates were then 

always used for the other samples. If the initial methanol calibration at the 

probe was not the desired -20.2°C, the VT temperature controlled by the 

spectrometer was either increased or decreased until the desired 
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temperature was attained. To make sure that the temperature did not 

change over the course of the experiment, the temperature was measured 

with the methanol thermometer after each set of experiments. It was 

found that over the course of the experiment time the temperature never 

deviated by more than ± 0.3°C. In order to avoid heating from the 

decoupler, the decoupling power was kept to a minimum. Before the 

experiments were run, the decoupling field strength was calibrated and set 

to only decouple over the region of interest. This ensured that any 

heating of the sample due to the decoupling power was kept to a minimum. 

In addition, all T, experiments were measured in the 5mm probe. The 

effective decoupling power is much less in the 5mm probe than that of a 

10mm probe and therefore causes less heating of the sample. 

I , Experiments. All T, experiments were measured using the 

standard inversion-recovery pulse sequence.24'25 At least seven tau 

values were used for each experiment. The repetition rate (t^) was 

maintained at 5 times the longest T1 of interest. For the 6Li spectra, four 

transients were recorded for each t2 value. For the 7Li and 1 3q spectra, 

32 and 128 transients were recorded respectively for each x2 value. Each 

experiment was repeated three times and the mean value of these three 

experiments was quoted. The T, times were calculated by fitting the 

experimental data to the exponential function shown in Equation 64. 

'12 """ "loo ( 2 e - W " l ) [64] 
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The curve fitting method that was used was one supplied by Varian which 

is an iterative non-linear least squares program. The error bounds quoted 

on all the data represent one standard deviation. These error bounds 

were the mean value of the errors from three independent measurements. 

The nuclear Overhauser enhancements were obtained in the standard 

fashion by taking the ratio of the integration of a fully decoupled spectrum 

to that of a gated decoupled spectrum. The repetition rates for the NOE 

experiments were at least ten times the longest T, relaxation time. Each 

NOE experiment was repeated three times for each sample. The 

integrations for each experiment were performed five times and the mean 

value of these five integrations were used to calculate the NOE. Each 

experiment was repeated three times in which the mean value of these 

three experiments were quoted. 
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