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1.1 Brief introduction of organolithium compounds 

It is undisputable that organolithium reagents are among the most widely used 

reagents in organic synthesis. The reagents are employed in many reaction methodologies, 

such as deprotonation of weakly acidic protons, alkylation, nucleophilic addition, 

rearrangement, epoxide opening, lithium halogen exchanges and transmetalation.
1
 

Moreover, the development of asymmetric addition and deprotonation furthered the 

versatility of organolithium compounds.
2
 More recently, organolithium regents are 

extensively used not only in academic laboratories, but also in pharmaceutical and 

chemical industries.
3
 

Organolithium compounds are well known to form aggregates in solid, solution and 

gaseous state.
1e,2n,4

 The strongly polarized Li-X (X = C, N, O) bond is generally believed 

to be the origin for aggregate formation.
1c,e,5

 Organolithium compounds tend to maximize 

the number of Li-X interactions for the sake of minimizing the electrostatic energy. Many 

studies revealed that the reactivity and stereoselectivity of organolithium compounds are 

highly dependent on their aggregation and solvation state.
6
 Thus, any such information 

regarding these intermediate states can enhance our understanding and ability to tailor 

these reactions to the desired products. Alkyllithiums and lithium amides, being the 

source of most organolithium compounds, are the major foci of this thesis. 

Alkyllithium reagents are obtained mainly by the reaction of lithium metal with alkyl 

halides. Alternatively, reagents such as methyllithium and phenyllithium can be 

synthesized by the reaction of the corresponding alkyl halide with a more reactive 

alkyllithium such as n-butyllithium and tert-butyllithium at -78
o
 C.

1
 Alkyllithium 

reagents are the major source of most organolithium reagents because they can efficiently 
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generate a wide variety of carbanions such as lithium amide, acetylide and alkoxide.  

Moreover, the low boiling point alkane by-product is a saturated hydrocarbon that is inert 

to most of the reactions.   

Owing to their strong nucleophilicity, alkyllithium reagents are not normally used in 

the deprotonation of compounds such as ketones and esters, which are prone to 

nucleophilic attack. Thus, non-nucleophilic organolithium amide bases such as lithium 

diisopropylamide and lithium hexamethyldisilazide have long been widely employed in 

the deprotonation of those compounds.
7
 Chiral lithium amide bases, which are usually 

derived from enantiopure amino acids and tartaric acids, were later developed for 

asymmetric addition and deprotonation.
2
 Recently, chiral lithium amide bases have also 

gained significant application in the catalytic dynamic resolution for enantioselective 

synthesis.
2n,8
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1.2 Methods for the determination of aggregation and solvation states 

The aggregation state of organolithium reagents is diverse, ranging from monomer, 

dimer to hexamer, octamer or even polymer. The solvation state of organolithium 

compounds can also be varied. The lithium atom in an organolithium complex can be 

solvated by one, two, or even three solvent molecules.
 1e,9

 Besides the inherent structure 

of the organolithium reagents, several parameters including temperature, concentration, 

solvent and additional salts are found to control the aggregation and solvation states of 

the reagents.
10

  

X-ray crystallography and NMR spectroscopy are two major means for establishing 

the aggregation and solvation states of organolithium reagents. 

 

1.2.1 X-Ray crystallography for the determination of solid-state structures 

The ability to obtain a definitive solid-state structure renders x-ray crystallography 

the most important and widely used technique in determining the solid-state structure of 

organolithium compounds.
1
 Moreover, the crystal structure determined by x-ray 

diffraction (XRD) often serves as a guide for the solution structure determination. 

Although x-ray crystallography is very useful in structural analysis of organolithium, 

the technique also suffers from certain limitations. First of all, obtaining suitable single 

crystals is not guaranteed. Many organolithium complexes are not able to form crystals, 

whereas some of the complexes can only form powder-like precipitates. Besides, 

crystallization is a delicate process that requires precise control of various factors 
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including temperature, concentration, solvent, time and even glassware. A slight 

difference in the condition of crystallization may make the process futile. Secondly, most 

of the reactions involving organolithium reagents are performed in solution.
1
 It is not 

guaranteed that the crystal structure determined represents the only or the major species 

in solution. It is possible that the crystal structure represents only one among several 

species or even insignificant in solution. Thirdly, x-ray crystallography cannot provide 

any information for the dynamic process of the organolithium reagents in solution. 

Despite the fact that x-ray crystallography has certain limitations, it is still one of the 

most prominent techniques in revealing the aggregation and solvation states of 

organolithium compounds. Crystal structures are especially valuable in elucidating the 

structure of complicated aggregates. 

 

1.2.2 Multinuclear one and two dimensional NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is of utmost importance in 

revealing the solution structures of organolithium complexes. This powerful instrument 

not only allows us to detect a variety of nuclei (
1
H, 

13
C, 

15
N, 

31
P, 

19
F, 

6
Li, 

7
Li) in solution, 

but also provides us with the information of interaction between different nuclei.  

The one dimensional NMR experiments for the detection of the chemical 

environment of different nuclei allows us to have a general idea of number of species 

present. Sometimes, isotopically labeled compounds are synthesized to obtain a clear 

picture of the chemical environment of the atom concerned. For example, lithium-6 

labeled complexes were used extensively instead of natural abundance lithium which 
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contains 93% 
7
Li and 7% 

6
Li in the NMR spectroscopy because the quadrupole moment 

of 
6
Li is much smaller than 

7
Li resulting in significantly narrower linewidths.

11
 Moreover, 

the coupling between 
6
Li and 

13
C provides important clues for the structural elucidation 

of alkyllithiums in solution. 

The two dimensional NMR techniques offer details about the interaction between 

different nuclei. Such details are critical in determining the solution structure of 

organolithium complexes. Heteronuclear multiple bond correlation (HMBC) is used to 

map the long range scalar interaction between 
6
Li and 

1
H, a technique that is critical in 

mixed aggregate characterization and solvation state studies.
12

 Heteronuclear Overhauser 

effect spectroscopy (HOESY) is used to detect the dipolar, or “through space” coupling 

between protons and lithium atoms.
13

 Exchange spectroscopy (EXSY) is used to detect 

the interchange of lithium atoms and is useful in revealing the dynamic processes.
14

 

 

1.2.3 Diffusion-ordered NMR spectroscopy for the formula weight determination  

The conventional NMR techniques discussed above provide us valuable information 

about the structures of organolithium complexes; however, the conventional NMR 

experimental results are usually not enough to establish solution structures of the 

complexes unambiguously because several possible structures are consistent with the 

results. To tackle the problem, a pseudo two dimensional NMR technique called 

diffusion-ordered spectroscopy (DOSY), often referred to as “chromatography by NMR”, 

was introduced to the organometallic field.
15

 It is found to be highly useful in revealing 

the formula weight, aggregation and solvation states of organolithium complexes. 
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In 1964, Stejskal and Tanner reported the first use of a pulsed gradient spin-echo 

(PGSE) sequence to measure the diffusion coefficients of molecules in solution.
16

 The 

application of the PGSE sequence was limited until thirty years later, when Johnson and 

Morris incorporated the PGSE sequence in a pseudo two dimensional NMR experiment 

in which chemical shift is displayed horizontally, while the vertical axis represents 

diffusion coefficient.
17

 The pseudo 2D NMR experiment is called diffusion-ordered 

spectroscopy (DOSY). As depicted in Figure 1, the PGSE sequence consists of a standard 

spin-echo pulse sequence with the insertion of two identical gradient pulses.
18

 The signal 

attenuation (I/I0) of the PGSE experiment and the self-diffusion coefficient have an 

exponential relationship as the following theoretical equation (1) in which I and I0 

represent the signal intensity at the echo with and without the gradient pulses respectively, 

γ is the gyromagnetic ratio of the nucleus, g represents the gradient strength, δ is the 

duration of gradient pulse, Δ represents the diffusion time and D is the self-diffusion 

coefficient. In practice, by adjusting the gradient strength, a series of signal attenuation 

data will be observed. Self-diffusion coefficient is deduced from the exponential decay 

curve by fitting the signal attenuation data into equation (1) with g as the variable 

factor.
19

 

 

Figure 1.1. The PGSE pulse sequence.  
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              Equation (1) 

To evaluate the formula weight of an unknown complex in solution by its diffusion 

coefficient, diffusion coefficient-formula weight (D-FW) analysis is implemented. The 

idea of D-FW analysis was proposed by Dr. Keresztes in his thesis and was achieved by 

Dr. Li through the introduction of internal reference system.
20

 The theory of D-FW 

analysis is based on the Strokes-Einstein equation (D = kT/6πηr) where k is the 

Boltzmann constant, T represents the temperature, η is the viscosity of the solution and r 

is the hydrodynamic radius. After making two important assumptions, equation (2) is 

deduced from the Strokes-Einstein equation. One of the assumptions is that the molecules 

concerned are spherical, and so the hydrodynamic radius is proportional to the molecular 

volume. Another assumption is very similar density between the molecules concerned, so 

that the molecular volume is proportional to formula weight. In equation (2), ρ is the 

density and FW is the formula weight. After taking the logarithm on both sides of 

equation (2), empirical equation (log D = A log FW + C) is deduced. Since A and C are 

constants for a single experiment, their values can be calculated by measuring the 

diffusion coefficients of a series of internal references with known formula weights. Thus, 

the formula weight of an unknown complex can be obtained by substituting its diffusion 

coefficient into the empirical equation. 

1

3
4

( )
6 3

kT
D

FW






          Equation (2) 

For a successful DOSY experiment with D-FW analysis, a suitable internal reference 

system must be employed. The criteria for internal references include: (a) lack of 
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reactivity and coordinating ability towards the analyte; (b) easily recognizable resonances 

that are not overlapping with resonances of the molecules concerned; (c) solubility in the 

NMR solvents; (d) desirable formula weight range for correlation; (e) suitable spin-lattice 

relaxation time (T1 time constant).
21
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1.3 The scope and overview of this thesis 

This thesis focuses on the reactivity and structure determination of various 

organolithium reagents. The development of 
13

C labeled internal reference system for 

DOSY D-FW analysis and its use in elucidating the solution structures of organlithium 

complexes have also been addressed. 

We started to investigate the Wittig rearrangement
22

 of allyl ethers with alkyllithium 

reagents and discovered the isomerization reaction of allyl ethers initiated by lithium 

diisopropylamide (LDA). Allylic ethers can be isomerized efficiently with very high 

stereoselectivity to (Z)-propenyl ethers by LDA or other lithium secondary amide. It was 

discovered that the conversion rate decreases significantly with more sterically hindered 

allylic ethers. Therefore, the isomerization methodology also provides an efficient means 

to regioselectively isomerize the less steric hindered allyl ether group to (Z)-propenyl 

ether. 

The discussion of structural analysis of organolithium complexes begins in chapter 3. 

We successfully developed a 
13

C labeled internal reference system for 
13

C DOSY. The 

technique was applied in establishing the aggregation and solvation states of 

methyllithium with several widely used tertiary diamines. 

Chapter 4 discusses the characterization of unsolvated cyclopentyllithium and its 

tetrahydrofuran complex through X-ray crystallography and various NMR techniques. 

Cyclopentyllithium exists as hexamer and tetramer equilibrating with each other in 

hydrocarbon solvents, whereas a tetrahydrofuran tetrasolvated tetramer is the dominant 

species in tetrahydrofuran solution.  
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The investigation of another secondary alkyllithium, sec-butyllithium is presented in 

chapter 5. It is revealed that both commercially available and laboratory prepared sec-

butyllithium contains a small amount of sec-butoxide. A mixed hexamer of sec-

butyllithium and sec-butoxide is present when the percentage of sec-butoxide is low. 

Upon addition of sec-butoxide, a mixed octamer of sec-butyllithium and sec-butoxide 

appears. 

The discussion of chiral lithium amides begins at chapter 6. The solid and solution 

structures of lithiated (S)-N
1
,N

1
-bis(2-methoxyethyl)-N

2
,3-dimethylbutane-1,2-diamine 

were characterized. This chiral lithium amide forms a dimer in both solid and solution 

state. 

In chapter 7, the characterization of mixed aggregates of an alkyllithium reagent and a 

chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol is presented. The 

results of x-ray crystallography and a variety of NMR experiments reveal that identical 

dimeric, ladder-type, mixed aggregates are the major species at a stoichiometric ratio of 

1:1 lithium chiral amide to alkyllithium in toluene-d8 solution. 

Chapter 8 discusses the solid-state structures of four different chiral diamino diethers 

synthesized from N-isopropyl valinol or alaninol. The crystal structures of the lithium 

chiral diamido diethers reveal one monomer and six dimeric structures that are solvated 

by ethereal solvents. 

In chapter 9, the solid-state characterization of a series of lithium N-alkylanilinides 

solvated by different ethereal solvents is presented. The crystal structures include tetra-

solvated, tri-solvated and di-solvated dimers and tri-solvated monomers. 
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Chapter 10 discusses the effect of the steric hindrance of different chiral lithium 

amides on the aggregation state of the mixed complexes between lithiated chiral amines 

and n-BuLi. 
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Chapter 2 

Isomerization of allyl ethers initiated by lithium diisopropylamide 
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2.1 Abstract 

Lithium diisopropylamide (LDA) promotes virtually quantitative conversion of allylic 

ethers to (Z)-propenyl ethers. It was discovered that allylic ethers can be isomerized 

efficiently with very high stereoselectivity to (Z)-propenyl ethers by LDA in THF at 

room temperature. The reaction time for the conversion increases with more sterically 

hindered allylic ethers. Different amides were also compared with LDA for their ability 

to effect this isomerization. 

 

2.2 Introduction 

Vinyl ethers are important synthetic intermediates in numerous reactions such as 

isoxazoline synthesis
1
, cycloaddition

2
 and cross aldol reactions

3
.  Moreover, vinyl ethers 

can be easily photopolymerized to produce polymers that are used as photocurable 

coatings, inks, and adhesives.
4
 An efficient preparation of vinyl ethers is to prepare allyl 

ethers by O-alkylating an alcohol with allyl bromide followed by isomerization.
5
 Such 

isomerization reactions have been studied and are divided into two categories: base 

catalyzed
6
 and transition metal catalyzed reactions.

7
 Ruthenium and iridium complexes 

are reported to catalyze the conversion of allyl ethers stereoselectively to trans vinyl 

ethers.
7-9

  Although it is convenient to use transition metal complexes, the methods suffer 

from the fact that both ruthenium and iridium are expensive and are not suitable for large 

scale reactions. While iron and molybdenum complex catalyzed isomerization reactions 

have also been reported, both reactions produced mixtures of cis and trans isomers.
5,10

 

For the base catalyzed reactions, the most widely used method is to treat the allyl ethers 
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with potassium tert-butoxide (t-BuOK) in dimethyl sulfoxide (DMSO) solution. Although 

the method achieved varying degrees of success,
5,11-13

 it is limited by the fact that heating 

is usually required for the isomerization reaction.
6a,12-13

 Moreover, since the reaction is 

exothermic, an increase in temperature will cause the equilibrium to shift back to the allyl 

ethers.
14

 Butyllithium has also been reported to isomerize allyl ethers,
15

 but the yields 

were relatively low due to the fact that deallylation
16

 or Wittig rearrangement
17

 may 

occur. An efficient method of allyl ether isomerization initiated by LDA (Scheme 2.1) 

and a comparison of a series of t-BuOK initiated isomerization reactions with the LDA 

initiated isomerization were illustrated in this chapter. 

 

Scheme 2.1. Isomerization of allyl ethers initiated by LDA 

 

2.3 Results and Discussion 

2.3.1 Isomerization of allyl ethers by lithium diisopropylamide 

In 1970, Dimmel and Gharpure reported the use of sodium amide in dimethoxyethane 

to isomerize allyl phenyl ether to (Z)-(prop-1-en-1-yloxy)benzene in 54% yield.
18

  To the 

best of our knowledge, this is the first allyl ether isomerization using an amide base. 

Lithium diisopropylamide can also effect this isomerization readily in ethereal solvents 

such as THF and dimethoxyethane. Other allyl ethers have also been investigated and 

these results are summarized in Table 2.1. 
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Branched chains at the β-position (Figure 2.1) of the allyl ethers reduce the rate of 

isomerization depending on the extent of substitution and steric bulk of the branched 

chain. Allyl ethers with no β branched chain (Table 2.1, entries 1-5, 7) isomerize much 

faster than other allyl ethers with β branched chains.  Allyl ethers having only one β 

branched chain (Table 2.1, entries 6, 8) react faster than those with two β branched chains 

(Table 2.1, entry 10). When β branched chains are on both sides of the allyl ether (Table 

2.1, entry 11), the isomerization rate decreases drastically. The results suggest that steric 

hindrance in β position plays an important role in the rate of isomerization. Moreover, the 

allyl ether derived from borneol (Table 2.1, entry 9) isomerizes much faster than that 

derived from isoborneol (Table 2.1, entry 10), presumably due to the fact that the allyl 

group from the former one experiences less steric hindrance than the allyl group of the 

latter one. 

 

Figure 2.1. (1a) Definition of α and β positions and R’ group of the allyl ethers. (1b) An example 

of allyl ether without β branched chain. (1c) An example of allyl ether with only one β branched 

chain. (1d) An example of allyl ether with two β branched chains. 

 

The isomerization rate slows down when R’ is a methyl group instead of a proton 

(Figure 2.1, 1a). However, the effect of γ branched chain (Figure 2.1, 1a) on reaction rate 

is small compared to the effect of β branched chain. The isomerization reaction for allyl 

ether derived from 3,3,5,5-tetramethylcyclohexanol (Table 2.1, entry 5) was done within 

45 minutes and was much faster than that of menthol derived allyl ether (Figure 2.1, 1c). 
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Table 2.1. LDA catalyzed isomerization of various allyl ether
a
 

a
 A solution of diisopropylamine in dry THF was cooled to -78 

o
C, 1 equiv n-BuLi in n-pentane was added 

dropwise, and the resulting solution was allowed to cool down in -78 
o
C bath for 5 min before the allyl 

ether was added drop by drop to the solution. The solution was allowed to warm up and stand at room 

temperature for the corresponding amount of time before being quenched with saturated ammonium 

chloride solution. 

 

entry allyl ether amount of LDA time product yield 

1  2 equiv 0.75 h  88% 

2  2  equiv 0.67 h  83% 

3  2  equiv 0.75 h  88% 

4  2  equiv 0.75 h  99% 

5  2  equiv 0.75 h  100% 

6  2  equiv 1.5 h  100% 

7  2  equiv 0.67 h  92% 

8  2  equiv 1.0 h  89% 

9  2  equiv 1.5 h  95% 

10  4  equiv 4.5 h  100% 

11  6  equiv 21 h  87% 

12  4  equiv 1.5 h  100% 

13  2  equiv 3.5 h  81% 

14  2  equiv 1.2 h  100% 

15  2  equiv 4 h  85% 
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We suspect that the yields of the reactions of enol ethers with lower boiling points 

appear lower and are correlated with the boiling points of the enol ethers, because some 

loss of the lower boiling products was unavoidable upon work up. 

 

2.3.2 Isomerization of allyl ethers by different lithium amides 

Several different amide bases have also been tested for their ability to effect this 

isomerization reaction. The allyl ether derived from cycloheptanol (Scheme 2.2) was 

chosen as the model substrate for surveying the effectiveness of different amides because 

it has no β branched chain and its relative high boiling point. The results are summarized 

in Table 2.2. 

 

Scheme 2.2.  Isomerization of (allyloxy)cycloheptane initiated by different amides 

 

Table 2.2. Isomerization of (allyloxy)cycloheptane by different amides 

Entry amide time yield 

1  0.75 h 100% 

2  1.75 h 93% 

3
a
  8 h 97% 

4 NaNH2 No Reaction 
5 LiNH2 No Reaction 
6 LiHMDS No Reaction 

a
 5 equiv lithium amide base was used. 
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Lithium bis(trimethylsilyl)amide (LiHMDS) failed to initiate the reaction.  Neither 

lithium nor sodium amide effected this rearrangement. The reaction time for entry 3 was 

significantly longer than that of entries 1 and 2 probably because the lithium ion was 

internally solvated.
19

 

 

2.3.3 Comparison of t-BuOK and LDA initiated isomerization 

Several experiments using tert-butoxide/DMSO (Scheme 2.3) have been done and the 

results were compared to the LDA initiated isomerization (Table 2.3). 

 

Scheme 2.3.  Allyl ethers isomerization catalyzed by t-BuOK 

 

Table 2.3. Comparison of t-BuOK and LDA initiated isomerization 

entry allyl ether base time temp. ratio
a
 

1  t-BuOK 1 h 60 
o
C 0 

2  t-BuOK 4 h 60 
o
C 0 

3  t-BuOK 2 h 120 
o
C 2.6

b
 

4  t-BuOK 4 h 120 
o
C 0.56

b
 

5  LDA 0.5 h r.t. All 
Enol 
Ether 

6  LDA 4 h r.t. 1.5 

a
 ratio = amount of enol ether/ amount of starting allyl ether 

b
 The end mixture/ starting allyl ether is less than 60%. 
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Entries 1-4 in Table 2.3 highlight that heating (higher than 60 
o
C) is required for t-

BuOK catalyzed reactions. Although the isomerization of allyl ethers can be done at 120 

o
C, the rate of reaction is far slower than that of LDA catalyzed isomerization (Table 2.3, 

entries 5-6). Besides, for t-BuOK catalyzed reactions, the mass of the resulting mixtures 

of enol and allyl ethers recovered were less than 60% of the starting allyl ethers. We 

suggest that this is likely due to the high temperature of the reaction mixtures allowing 

the allyl ethers to volatilize or decompose. Therefore, it is clear that the LDA catalyzed 

isomerization is more effective than that which utilizes t-BuOK. 

A comparison of LDA and t-BuOK in the isomerization of 2a was carried out to 

highlight the advantage of LDA catalyzed isomerization over t-BuOK (Scheme 2.4). 

LDA regioselectively isomerizes the less steric hindered allyl ether group to Z-propenyl 

ether yield completely stereo- selectivity in quantitative yield. However, the t-BuOK 

catalyzed isomerization of 2a was not as regio- and stereo- selective as the LDA 

catalyzed one as shown by the 
13

C NMR spectrum of the products (see supporting 

information). By comparing the spectrum of the product from the isomerization of 2a by 

LDA with that of pure 2a, we note that one of the two allyl groups has been selectively 

isomerized to a propenyl group. However, the spectrum of the products of t-BuOK 

catalyzed isomerization of 2a shows that a mixture of E and Z propenyl ether isomers is 

formed from the less steric hindered allyl ether group. Moreover, a significant amount of 

the more steric hindered allyl group was isomerized to propenyl ether before the less 

hindered allyl group has been isomerized. 
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Scheme 2.4.  Isomerization of 2a catalyzed by LDA and t-BuOK 

 

2.4 Conclusion 

The LDA isomerization reaction outlined above provides a convenient, inexpensive 

and highly efficient method for the isomerization of allyl ethers to propenyl ethers. Future 

work will focus on studying the kinetics of the reaction with a goal of unveiling a more 

detailed mechanism of the complexes involved in this isomerization reaction. 

 

2.5 Experimental Section 

2.5.1 Materials and methods. THF and DME were used from a dry solvent 

dispensing system. DMSO was distilled from calcium hydride under a reduced pressure. 

Diisopropylamine was distilled from sodium hydride. Solvents for extraction and 

chromatography were technical grade. Unless otherwise stated, purchased chemicals 

(Aldrich, Acros, Alfa Aesar) were used as received. All reactions under anhydrous 

conditions were conducted using flame- or oven-dried glassware and standard syringe 



24 
 

techniques under an atmosphere of argon. 

NMR spectra were recorded at either 300 MHz or 400 MHz using CDCl3   as 

the solvent. Chemical shifts are reported in ppm and were referenced to residual 

protonated solvent for 
1
H-NMR (δ 7.27 ppm for CHCl3) and 

13
C-NMR (δ 77.00 ppm for 

CDCl3). Data are represented as follows: chemical shift (multiplicity [br = broad, s = 

singlet, d = doublet, t = triplet, q = qartet, m = multiplet], integration, coupling constants 

in Hz). High-resolution mass spectra were obtained using electron impact or fast atom 

bombardment ionization methods.  

2.5.2 General procedures for the synthesis of the allyl ethers. Allyl phenyl ether 

was bought from Aldrich directly. For the synthesis of other allyl ethers, it can be 

divided into three types.  

Type I) (Table 2.1, entries 2-12 and compound 2a) The starting alcohol (1 equiv) 

was dissolved in dry THF under an atmosphere of nitrogen at 0 
o
C. To this solution was 

added sodium hydride (1.3 equiv; 2.6 equiv for entry 12 and 2a) and the mixture was 

allowed to stir for 10 minutes at 0 
o
C. After adding allyl bromide (1.3 equiv; 2.6 equiv for 

entry 12 and 2a), the solution was then allowed to stir at room temperature for 30 minutes 

and reflux overnight. The reaction was quenched by the addition of saturated ammonium 

chloride solution. The mixture was then extracted with diethyl ether three times and the 

organic phase was washed with water, brine and dried over NaSO4. The solvent was 

removed by rotary evaporation and purification was performed by vacuum distillation 

except entries 2, 8 and entry 11 which were purified by flash column chromatography 

and simple distillation respectively.  

Type II) (Table 2.1, entries 13, 15) To a solution of tert-butyldimethylsilyl 
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chloride (1 equiv) in dry THF under an atmosphere of nitrogen was added imidazole 

(2.4 equiv). The solution was stirred for 5 minutes before allyl alcohol or 2-methylprop-

2-en-1-ol (1.4 equiv) was added. The resulting mixture was allowed to stir for 2 days 

before being quenched by saturated ammonium chloride solution. The mixture was then 

extracted with diethyl ether three times and the organic phase was washed with water, 

brine and dried over NaSO4. The solvent was removed by rotary evaporation and 

purification was performed by flash column chromatography. 

Type III) (Table 2.1, entry 14) To a solution of 2-methylprop-2-en-1-ol (1 equiv) in 

dry THF under an atmosphere of nitrogen at 0 
o
C was added sodium hydride (1 equiv). 

The mixture was stirred at 0 
o
C for 10 minutes before adding 1-bromohexane (1 equiv). 

The reaction was stirred at room temperature for 30 minutes and was refluxed overnight. 

The reaction was quenched by the addition of saturated ammonium chloride solution. The 

mixture was then extracted with diethyl ether three times and the organic phase was 

washed with water, brine and dried over NaSO4. The solvent was removed by rotary 

evaporation and purification was performed by flash column chromatography. 

(Allyloxy)cyclopentane (Table 2.1, entry 2). (Allyloxy)cyclopentane was prepared 

as described above from cyclopentanol (0.50 g, 5.8 mmol). Purification (Hexanes : 

EtOAc = 25: 1) gave a light yellow oil (0.59 g, 4.7 mmol, 81 %). 
1
H NMR (CDCl3, 300 

MHz) δ 6.02-5.80 (m, 1H), 5.26 (d, 1H, J = 16.6 Hz), 5.14 (d, 1H, J = 10.0 Hz), 4.01-

3.85 (m, 3H), 1.82-1.40 (m, 8H); 
13

C NMR (CDCl3, 75 MHz) δ 135.5, 116.3, 80.9, 

69.8, 32.3, 23.6; HRMS-EI (M +) calcd for C8H14O 126.1045, found 126.1042. 

(Allyloxy)cyclohexane (Table 2.1, entry 3). (Allyloxy)cyclohexane was prepared as 

described above from cyclohexanol (9.62 g, 96.0 mmol). Purification (bp = 36-37 
o
C, 8 
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mmHg) gave a colorless oil (10.8 g, 77.1 mmol, 80%). 
1
H NMR (CDCl3, 300 MHz) δ 

6.00-5.83 (m, 1H), 5.25 (d, 1H, J = 17.2Hz), 5.14 (d, 1H, J = 10.2Hz), 4.06-3.94 (m, 2H), 

3.35-3.20 (m, 1H), 2.00-1.06 (m, 10H); 
13

C NMR (CDCl3, 75 MHz) δ 169.3, 155.1, 

144.6, 129.7, 128.1, 126.9, 80.0, 67.0, 66.8, 66.7, 49.3, 46.0, 42.6, 35.0, 28.4; MS m/z  

140 (M
+
), 97, 83, 67, 58, 55. 

(Allyloxy)cycloheptane (Table 2.1, entry 4). (Allyloxy)cycloheptane was prepared 

as described above from cycloheptanol (1.92 g, 16.8 mmol). Purification (bp = 54-56 
o
C, 

8 mmHg) gave a colorless oil (2.07 g, 13.4 mmol, 80 %). 
1
H NMR (CDCl3, 400 MHz) δ 

5.99-5.85 (m, 1H), 5.26 (dd, 1H, J = 17.2, 1.2 Hz), 5.21-5.10 (d, 1H, J = 9.5 Hz), 3.99-

3.93 (m, 2H), 3.47 (quintet, 1H, J = 4.0Hz), 1.95-1.83 (m, 2H), 1.71-1.49 (m, 8H) , 

1.44-1.31 (m, 2H);
 13

C NMR (CDCl3, 100 MHz) δ 135.7, 116.2, 79.5, 69.1, 33.9, 28.4, 

23.0;HRMS-EI (M +) calcd for C10H18O 154.1358, found 154.1355. 

5-(allyloxy)-1,1,3,3-tetramethylcyclohexane (Table 2.1, entry 5). 5-(allyloxy)-

1,1,3,3-tetramethylcyclohexane was prepared as described above from 3,3,5,5-

tetramethyl-cyclohexanol (4.1 g, 26.3 mmol). Purification (bp = 78-80 
o
C, 8 mmHg) gave 

a colorless oil (3.6 g, 18.4 mmol, 70 %). 
1
H NMR (CDCl3, 400 MHz) δ 6.00-5.87 (m, 

1H), 5.27 (d, 1H, J = 16.2 Hz), 5.15 (d, 1H, J = 9.9 Hz), 4.02 (d, 2H, J = 4.92 Hz), 3.65-

3.52 (m, 1H), 1.78 (d, 2H, J = 11.6Hz), 1.27-1.17 (m, 1H), 1.12-0.87 (m, 15H); 
13

C 

NMR (CDCl3, 100 MHz) δ 135.6, 116.3, 77.3, 69.0, 51.8, 45.3, 35.2, 32.3, 27.9; 

HRMS-EI (M +) calcd for C13H24O 196.1827, found 196.1822. 

(1S,2R,4R)-2-(allyloxy)-1-isopropyl-4-methylcyclohexane (Table 2.1, entry 6). 

(1S,2R,4R)-2-(allyloxy)-1-isopropyl-4-methylcyclohexane was prepared as described 

above from (-)-menthol (2.50 g, 16.0 mmol). Purification (bp = 78-79 
o
C, 8 mmHg) gave 
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a colorless oil (2.56 g, 13.1 mmol, 82 %). 
1
H NMR (CDCl3, 300 MHz) δ 6.04-5.85 (m, 

1H), 5.26 (d, 1H, J = 17.2 Hz), 5.14 (d, 1H, J = 10.2 Hz), 4.21-4.06 (m, 1H), 3.99-3.82 

(m, 1H), 3.08 (dt, 1H, J = 10.4, 4.1 Hz), 2.35-2.17 (m, 1H), 2.17-2.04 (m, 1H), 1.74-1.55 

(m, 2H), 1.46-1.18 (m, 2H), 1.12-0.71 (m, 14H); 
13

C NMR (CDCl3, 75 MHz) δ 135.8, 

116.3, 78.7, 69.5, 48.3, 40.5, 34.6, 31.5, 25.5, 23.4, 22.3, 21.0, 16.2; HRMS-EI (M + ) 

calcd for C13H24O 198.1827, found 198.1821. 

1-(allyloxy)hexane (Table 2.1, entry 7). 1-(allyloxy)hexane was prepared as 

described above from 1-hexanol (3.25 g, 31.9 mmol). Purification (bp = 36-37 
o
C, 8 

mmHg) gave a colorless oil (3.69 g, 26.0 mmol, 82 %). 
1
H NMR (CDCl3, 400 MHz) δ 

5.99-5.85 (m, 1H), 5.27 (dd, 1H, J = 17.2, 1.6 Hz), 5.16 (d, 1H, J = 10.3 Hz), 4.00-3.93 

(m, 2H), 3.96 (t, 2H, J = 6.7 Hz), 1.66-1.52 (m, 2H), 1.41-1.24 (m, 6H), 0.89 (t, 3H, J = 

6.64Hz); 
13

C NMR (CDCl3, 100 MHz) δ 135.1, 116.6, 71.8, 70.5 31.7, 29.7, 25.9, 22.6, 

14.0;  HRMS-EI (M +) calcd for C9H18O 142.1358, found 142.1360. 

(1S,2S,4R)-2-(allyloxy)bicyclo[2.2.1]heptane (Table 2.1, entry 8). (1S,2S,4R)-2-

(allyloxy)bicyclo[2.2.1]heptane was prepared as described above from (1S,2S,4R)-

bicyclo[2.2.1]heptan-2-ol (0.50g, 4.5mmol). Purification (Hexanes: EtOAc = 30:1) gave 

a light yellow oil (0.62g, 4.1mmol, 91%). 
1
H NMR (CDCl3, 400 MHz) δ 6.02-5.35 (m, 

1H), 5.26 (dd, 1H, J = 22.9, 2.2 Hz), 5.14 (dd, 1H, J = 13.2, 1.1 Hz), 4.02-3.86 (m, 2H), 

3.45-3.35 (m, 1H), 2.37-2.29 (m, 1H), 2.29-2.20 (m, 1H), 1.65-1.33 (m, 5H), 1.16-0.91 

(m, 2H); 
13

C NMR (CDCl3, 100 MHz) δ 135.5, 116.2, 82.1, 69.3, 40.4, 39.6, 35.2, 34.8, 

28.5, 24.6;  HRMS-EI (M +) calcd for C10H16O 152.1201, found 152.1206. 

(1S,2R,4S)-2-(allyloxy)-1,7,7-trimethylbicyclo[2.2.1]heptane (Table 2.1, entry 9). 

(1S,2R,4S)-2-(allyloxy)-1,7,7-trimethylbicyclo[2.2.1]heptane was prepared as described 
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above from (1S,2R,4S)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol (6.5 g, 42 mmol). 

Purification (bp = 68-70 
o
C, 8 mmHg) gave a colorless oil (6.8 g, 35 mmol, 83%). 

1
H 

NMR (CDCl3, 300 MHz) δ 6.03-5.82 (m, 1H), 5.28 (d, 1H, J = 17.1 Hz), 5.15 (d, 1H, J = 

9.1 Hz), 4.11-3.99 (m, 1H), 3.99-3.82 (m, 1H), 3.73-3.55 (m, 1H), 2.21-1.93 (m, 2H), 

1.83-1.55 (m, 2H) , 1.35-1.13 (m, 2H) , 1.12-0.96 (m, 1H) , 0.96-0.75 (m, 9H); 
13

C 

NMR (CDCl3, 75 MHz) δ 135.9, 115.7, 84.3, 70.8, 49.2, 47.8, 45.0, 36.3, 28.2, 26.7, 

19.8, 18.8, 14.0; HRMS-EI (M +) calcd for C13H22O 194.1671, found 194.1668. 

(1S,2S,4S)-2-(allyloxy)-1,7,7-trimethylbicyclo[2.2.1]heptane (Table 2.1, entry 10). 

(1S,2S,4S)-2-(allyloxy)-1,7,7-trimethylbicyclo[2.2.1]heptane was prepared as described 

above from (1S,2S,4S)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol (3.0 g, 20 mmol). 

Purification (bp = 65-68 
o
C, 8 mmHg) gave a colorless oil (3.1 g, 16 mmol, 82%). 

1
H 

NMR (CDCl3, 400 MHz) δ 5.96-5.82 (m, 1H), 5.26 (dd, 1H, J = 17.2, 1.6 Hz), 5.11 (d, 

1H, J = 10.5 Hz), 4.03-3.93 (m, 1H), 3.91-3.81 (m, 1H), 3.29-3.22 (m, 1H), 1.82-1.42 (m, 

5H), 1.05-0.95 (m, 5H), 0.91 (s, 3H), 0.81 (s, 3H);
 13

C NMR (CDCl3, 100 MHz) δ 

135.9, 115.3, 107.6, 86.5, 83.8, 69.8, 49.2, 46.5, 45.1, 38.7, 34.5, 27.3, 20.24, 20.20, 11.9; 

HRMS-EI (M +) calcd for C13H22O 194.1671, found 194.1662. 

3-(allyloxy)-2,4-dimethylpentane (Table 2.1, entry 11). 3-(allyloxy)-2,4-

dimethylpentane was prepared as described above from 2,4-dimethylpentan-3-ol (2.0 g, 

17 mmol). Purification (bp = 125 
o
C, 760 mmHg) gave a colorless oil (2.2 g, 14 mmol, 

82%). 
1
H NMR (CDCl3, 300 MHz) δ 6.04-5.86 (m, 1H), 5.26 (d, 1H, J = 17.2 Hz), 5.12 

(d, 1H, J = 10.3 Hz), 4.12-4.04 (m, 2H), 2.70 (t, 1H, J = 5.6 Hz), 1.91-1.73 (m, 2H), 

0.99-0.85 (m, 12H); 
13

C NMR (CDCl3, 75 MHz) δ 135.6, 115.9, 90.7, 74.8, 30.8, 20.3, 

17.7; MS m/z  155 (M-H
+
), 113, 71, 57, 55. 



29 
 

1,6-bis(allyloxy)hexane (Table 2.1, entry 12). 1,6-bis(allyloxy)hexane was prepared 

as described above from hexane-1,6-diol (3.5 g, 29.7 mmol). Purification (bp = 96-98 
o
C, 

8 mmHg) gave a colorless oil (4.6 g, 23 mmol, 78 %). 
1
H NMR (CDCl3, 400 MHz) δ 

5.99-5.85 (m, 2H), 5.26 (d, 2H, J = 17.2 Hz), 5.16 (d, 2H, J = 10.0 Hz), 4.00-3.92 (m, 

4H), 3.42 (t, 4H, J = 6.5 Hz), 1.66-1.54 (m, 4H), 1.44-1.33 (m, 4H); 
13

C NMR (CDCl3, 

100 MHz) δ 135.0, 116.7, 71.8, 70.3, 29.7, 26.0; HRMS-FAB (M + Na
+
) calcd for 

C12H22O2 221.1518, found 221.1522. 

(Allyloxy)(tert-butyl)dimethylsilane (Table 2.1, entry 13). (Allyloxy)(tert-

butyl)dimethylsilane was prepared as described above from tert-butylchloro-

dimethylsilane (1.2 g, 8.0 mmol). Purification (Hexanes : EtOAc = 30 : 1) gave a 

colorless oil (1.0 g, 5.8 mmol, 73 %). 
1
H NMR (CDCl3, 300 MHz) δ 6.01-5.85 (d, 1H), 

5.27 (d, 1H, J = 17.0 Hz), 5.08 (d, 1H, J = 9.0 Hz), 4.26-4.16 (m, 2H), 0.93 (s, 9H), 0.08 

(s, 6H); 
13

C NMR (CDCl3, 75 MHz) δ 137.5, 113.9, 64.1, 25.9, 18.4, -5.3; MS m/z  172 

(M
 +

), 115, 99, 85, 75, 73, 59, 57. 

1-((2-methylallyl)oxy)hexane (Table 2.1, entry 14). 1-((2-methylallyl)oxy)hexane 

was prepared as described above from 2-methylprop-2-en-1-ol (0.77 g, 10.7mmol). 

Purification (Hexanes : EtOAc = 20 : 1) gave a colorless oil (1.31 g, 8.40 mmol, 78 %). 

1
H NMR (CDCl3, 400 MHz) δ 4.95 (s, 1H), 4.88 (s, 1H), 3.87 (s, 2H), 3.38 (t, 2H, J = 6.6 

Hz), 1.99-1.21 (m, 11H), 0.89(t, 3H, J = 5.9 Hz); 
13

C NMR (CDCl3, 100 MHz) δ 142.6, 

111.7, 74.7, 70.2, 31.7, 29.7, 25.9, 22.6, 19.4, 14.0; HRMS-EI (M +) calcd for C10H20O 

156.1514, found 156.1502. 

Tert-butyldimethyl((2-methylallyl)oxy)silane (Table 2.1, entry 15). Tert-

butyldimethyl((2-methylallyl)oxy)silane was prepared as described above from tert-
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butylchlorodimethylsilane (0.60 g, 4.0 mmol). Purification (Hexanes : EtOAc = 30 : 1) 

gave a colorless oil (0.50 g, 2.7 mmol, 68%). 
1
H NMR (CDCl3, 400 MHz) δ 4.99 (s, 1H), 

4.81 (s, 1H), 4.05 (s, 2H), 1.71 (s, 3H), 0.94 (s, 9H), 0.09 (s, 6H); 
13

C NMR (CDCl3, 

100 MHz) δ 145.0, 109.5, 67.2, 26.3, 19.3, 18.8, -5.0; HRMS-EI (M + Na) calcd for 

C10H22OSi 186.1440, found 186.1431. 

1,3-bis(allyloxy)-2,2,4-trimethylpentane (2a). 1,3-bis(allyloxy)-2,2,4-trimethyl-

pentane was prepared as described above from 2,2,4-trimethylpentane-1,3-diol (4.0 g, 27 

mmol). Purification (bp = 78-80 
o
C, 8 mmHg) gave a colorless oil (5.80 g, 25.7 mmol, 

93 %). 
1
H NMR (CDCl3, 300 MHz) δ 6.02-5.84 (m, 2H), 5.27 (d, 2H, J = 17.2 Hz), 5.14 

(m, 2H), 4.18-3.92 (m, 4H), 3.31 (d, 1H, J = 8.6 Hz), 3.15-3.04 (m, 2H), 2.00-1.86 (m, 

1H), 1.07-0.85 (m, 12H); 
13

C NMR (CDCl3, 75 MHz) δ 135.8, 135.3, 116.2, 115.3, 

87.4, 77.9, 74.7, 72.1, 40.5, 28.9, 24.6, 22.3, 21.1, 17.9; MS m/z  227 (M + H
 +

), 183, 127, 

113, 112, 85, 71, 57, 55. 

2.5.3 General procedures for the isomerization of the allyl ethers (Table 2.1 and 

2a) to vinyl ethers by LDA in THF. Under an argon atmosphere, a pentane solution of 

n-butyllithium (2 equiv) was added dropwise to a solution of diisopropylamine (2 equiv) 

in dry THF (4 mL) at -78 
o
C. After stirring for 5 min, the solution was allowed to warm 

to 0 
o
C for 2 min and was then re-cooled to -78 

o
C. Allyl ether (1 equiv; except Table 2.1, 

entries 10-12) was added dropwise to the mixture at -78 
o
C and the mixture was allowed 

to stir for 5 min at -78 
o
C before warming up to room temperature. The reaction time of 

the mixture varied between different kinds of allyl ethers (Table 2.1). After being stirred 

for the corresponding time, the reaction mixture was quenched by saturated ammonium 

chloride solution. The mixture was then extracted with diethyl ether three times and the 
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organic phase was washed with water, brine and dried over NaSO4. The solvent was first 

removed by rotary evaporation and then by oil pump yielding a yellow liquid which was 

then characterized by NMR spectroscopy and HRMS. 

(Z)-(prop-1-en-1-yloxy)benzene (Table 2.1, entry 1). (Z)-(prop-1-en-1-

yloxy)benzene (187 mg, 88 %) was obtained from (allyloxy)benzene (165 mg) as 

described above. 
1
H NMR (CDCl3, 400 MHz) δ 7.28-7.30 (m, 2H), 7.10-7.00 (m, 3H), 

6.41 (d, 1H, J = 4.4 Hz), 4.91 (m, 1H), 1.75 (d, 3H, J = 5.9 Hz); 
13

C NMR (CDCl3, 100 

MHz) δ 157.5, 140.8, 129.5, 122.3, 116.1, 107.5, 9.4; HRMS-EI (M +) calcd for C9H10O 

134.0732, found 134.0728. 

(Z)-(prop-1-en-1-yloxy)cyclopentane (Table 2.1, entry 2). (Z)-(prop-1-en-1-

yloxy)cyclopentane (151 mg, 83 %) was obtained from (allyloxy)cyclopentane (182 mg) 

as described above. 
1
H NMR (CDCl3, 400 MHz) δ 5.98-5.94 (dq, 1H, J = 6.2 Hz, 1.6 Hz), 

4.41 (m, 1H), 4.23 (m, 1H), 1.75 (m, 6H), 1.57 (m, 5H); 
13

C NMR (CDCl3, 100 MHz) δ 

144.3, 101.5, 82.9, 32.6, 23.5, 9.2; HRMS-EI (M +) calcd for C8H14O 126.1045, found 

126.1041. 

(Z)-(prop-1-en-1-yloxy)cyclohexane (Table 2.1, entry 3). (Z)-(prop-1-en-1-yl-

oxy)cyclohexane (182 mg, 88 %) was obtained from (allyloxy)cyclohexane (207 mg) as 

described above. 
1
H NMR (CDCl3, 300 MHz) δ 6.02-5.90 (d, 1H, J = 4.8 Hz), 4.45-4.30 

(m, 1H), 3.64-3.45 (m, 1H), 1.90-1.10 (m, 13H), 2.49 (dd, 1H, J = 5.6, 12.4 Hz), 2.41 

(dd, 1H, J = 7.5, 12.4), 1.42 (s, 9H); 
13

C NMR (CDCl3, 75 MHz) δ 114.2, 101.0, 78.9, 

32.3, 25.6, 23.6, 9.3; HRMS-EI (M +) calcd for C9H16O 140.1201, found 140.1205. 

(Z)-(prop-1-en-1-yloxy)cycloheptane (Table 2.1, entry 4). (Z)-(prop-1-en-1-yl 

oxy)cycloheptane (202 mg, 99 %) was obtained from (allyloxy)cycloheptane (205 mg) as 
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described above. 
1
H NMR (CDCl3, 300 MHz) δ 6.00-5.92 (d, 1H, J = 6.2 Hz), 4.44-4.32 

(m, 1H), 3.84-3.72 (m, 1H), 1.96-1.32 (m, 15H); 
13

C NMR (CDCl3, 75 MHz) δ 144.5, 

101.1, 81.8, 34.2, 28.3, 22.7, 9.3; HRMS-EI (M +) calcd for C10H18O 154.1358, found 

154.1356. 

(Z)-1,1,3,3-tetramethyl-5-(prop-1-en-1-yloxy)cyclohexane (Table 2.1, entry 5). (Z)-

1,1,3,3-tetramethyl-5-(prop-1-en-1-yloxy)cyclohexane (0.19 g, 100 %) was obtained 

from 5-(allyloxy)-1,1,3,3-tetramethylcyclohexane (0.19 g) as described above. 
1
H NMR 

(CDCl3, 400 MHz) δ 6.07-6.00 (d, 1H, J = 6.2 Hz), 4.44-4.34 (m, 1H), 3.90-3.78 (m, 1H), 

1.83-1.73 (m, 2H), 1.62-1.54 (m, 3H), 1.31-0.89 (m, 16H); 
13

C NMR (CDCl3, 100 MHz) 

δ 144.3, 100.9, 75.9, 51.6, 45.4, 34.9, 32.3, 28.0, 9.3; HRMS-EI (M +) calcd for C13H24O 

196.1827, found 196.1824. 

(1S,2R,4R)-1-isopropyl-4-methyl-2-((Z)-prop-1-en-1-yloxy)cyclohexane (Table 2.1, 

entry 6). (1S,2R,4R)-1-isopropyl-4-methyl-2-((Z)-prop-1-en-1-yloxy)cyclohexane (0.20 g, 

100 %) was obtained from (1S,2R,4R)-2-(allyloxy)-1-isopropyl-4-methylcyclohexane 

(0.20 g) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 6.04-5.99 (dq, 1H, J = 6.2 Hz, 

1.6 Hz), 4.38-4.30 (m, 1H), 3.35 (dt, 1H, J = 10.7, 4.3 Hz), 2.21-2.10 (m, 1H), 2.05-1.96 

(m, 1H), 1.69-1.59 (m, 5H), 1.45-1.32 (m, 2H), 1.06-0.76 (m, 11H); 
13

C NMR (CDCl3, 

100 MHz) δ114.8, 100.2, 81.3, 47.8, 41.6, 34.4, 31.6, 25.9, 23.6, 22.2, 20.8, 16.4, 9.3; 

HRMS-EI (M +) calcd for C13H24O 196.1827, found 196.1819.  

(Z)-1-(prop-1-en-1-yloxy)hexane (Table 2.1, entry 7). (Z)-1-(prop-1-en-1-

yloxy)hexane (180 mg, 92 %) was obtained from 1-(allyloxy)hexane (195 mg) as 

described above. 
1
H NMR (CDCl3, 400 MHz) δ 5.98-5.91 (d, 1H, J = 4.2 Hz), 4.43-4.32 

(m, 1H), 3.76-3.68 (t, 2H, J = 6.6 Hz), 1.67-1.54 (m, 5H), 1.42-1.24 (m, 6H), 0.94-0.85 
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(t, 3H, J = 6.5 Hz ); 
13

C NMR (CDCl3, 100 MHz) δ 145.6, 100.7, 72.1, 31.6, 29.7, 25.5, 

22.6, 14.0, 9.2; HRMS-EI (M +) calcd for C9H18O 142.1358, found 142.1360. 

 (1S,2S,4R)-2-((Z)-prop-1-en-1-yloxy)bicyclo[2.2.1]heptane (Table 2.1, entry 8). 

(1S,2S,4R)-2-((Z)-prop-1-en-1-yloxy)bicyclo[2.2.1]heptane (125 mg, 89 %) was obtained 

from (1S,2S,4R)-2-(allyloxy)bicyclo[2.2.1]heptane (140 mg) as described above. 
1
H 

NMR (CDCl3, 400 MHz) δ 5.98-5.93 (dq, 1H, J = 6.2 Hz, 1.6 Hz), 4.45-4.37 (m, 1H), 

3.70-3.65 (m, 1H), 2.34-2.24 (m, 2H), 1.64-1.40 (m, 8H), 1.15-0.59 (m, 3H); 
13

C NMR 

(CDCl3, 100 MHz) δ 144.1, 101.5, 83.8, 41.3, 39.3, 35.2, 34.7, 28.5, 24.2, 9.3; HRMS-EI 

(M +) calcd for C10H16O 152.1201, found 152.1206. 

(1S,2R,4S)-1,7,7-trimethyl-2-((Z)-prop-1-en-1-yloxy)bicyclo[2.2.1]heptane (Table 

2.1, entry 9). (1S,2R,4S)-1,7,7-trimethyl-2-((Z)-prop-1-en-1-yloxy)bicyclo[2.2.1]heptane 

(185 mg, 95 %) was obtained from (1S,2R,4S)-2-(allyloxy)-1,7,7-trimethyl-

bicyclo[2.2.1]heptane (195 mg) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 5.99-

5.94 (dq, 1H, J = 6.1 Hz, 1.6Hz), 4.39-4.31 (m, 1H), 3.94-3.88 (m, 1H), 2.25-2.14 (m, 

1H), 2.10-2.01 (m, 1H), 1.79-1.58 (m, 5H), 1.33-1.21 (m, 2H), 1.15-1.07 (m, 1H), 0.94-

0.84 (m, 9H); 
13

C NMR (CDCl3, 100 MHz) δ 145.8, 100.4, 86.6, 49.5, 48.0, 45.0, 36.4, 

28.1, 26.7, 19.8, 18.8, 13.8, 9.4; HRMS-EI (M +) calcd for C13H22O 194.1671, found 

194.1668. 

(1S,2S,4S)-1,7,7-trimethyl-2-((Z)-prop-1-en-1-yloxy)bicyclo[2.2.1]heptane (Table 

2.1, entry 10). (1S,2S,4S)-1,7,7-trimethyl-2-((Z)-prop-1-en-1-yloxy)bicycle-

[2.2.1]heptane (0.20 g, 100 %) was obtained from (1S,2S,4S)-2-(allyloxy)-1,7,7-tri-

methylbicyclo[2.2.1]heptane (0.20g) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 

5.95-5.88 (dq, 1H, J = 6.2Hz Hz, 1.6 Hz), 4.35-4.26 (m, 1H), 3.59-3.52 (m, 1H), 1.90-
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1.47 (m, 8H), 1.08-0.80 (m, 11H); 
13

C NMR (CDCl3, 100 MHz) δ145.7, 99.7, 88.9, 49.5, 

46.6, 45.0, 38.7, 33.9, 27.2, 20.2, 20.0, 11.8, 9.3; HRMS-EI (M +) calcd for C13H22O 

194.1671, found 194.1665. 

(Z)-2,4-dimethyl-3-(prop-1-en-1-yloxy)pentane (Table 2.1, entry 11). (Z)-2,4-

dimethyl-3-(prop-1-en-1-yloxy)pentane (180 mg, 87 %) was obtained from 3-(allyloxy)-

2,4-dimethylpentane (207 mg) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 6.02-

5.93 (d, 1H, J = 6.2 Hz), 4.22-4.11 (m, 1H), 3.00-2.90 (m, 1H), 1.95-1.80 (m, 2H), 1.64-

1.55 (m, 3H), 0.98-0.83 (m, 12H); 
13

C NMR (CDCl3, 100 MHz) δ 149.3, 97.7, 93.5, 

30.9, 20.4, 17.9, 9.6; HRMS-EI (M +) calcd for C10H20O 156.1514, found 156.1510. 

1,6-bis((Z)-prop-1-en-1-yloxy)hexane (Table 2.1, entry 12). 1,6-bis((Z)-prop-1-en-

1-yloxy)hexane (192 mg, 100 %) was obtained from 1,6-bis(allyloxy)hexane (192 mg) as 

described above. 
1
H NMR (CDCl3, 400 MHz) δ 6.02-5.91 (dq, 2H, J = 8.2 Hz, 2.2 Hz), 

4.44-4.33 (m, 2H), 3.85-3.68 (m, 4H), 1.82-1.36 (m, 14H); 
13

C NMR (CDCl3, 100 MHz) 

δ 145.6, 100.8, 71.9, 29.7, 25.6, 9.2; HRMS-EI (M +) calcd for C12H22O2 198.1620, 

found 198.1612. 

(Z)-tert-butyldimethyl(prop-1-en-1-yloxy)silane (Table 2.1, entry 13). (Z)-tert-

butyldimethyl(prop-1-en-1-yloxy)silane (160 g, 81 %) was obtained from (allyloxy)(tert-

butyl)dimethylsilane (198 mg) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 6.25-

6.17 (dq, 1H, J = 4.1 Hz, 1.6 Hz), 4.57-4.46 (m, 1H), 1.63-1.55 (dd, 3H, J = 6.7, 1.6 Hz), 

0.94 (s, 9H), 0.14 (s, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 139.3, 104.8, 25.7, 18.3, 8.9, -

5.4; HRMS-EI (M +) calcd for C9H20OSi 172.1283, found 172.1288. 

1-((2-methylprop-1-en-1-yl)oxy)hexane (Table 2.1, entry 14). 1-((2-methylprop-1-

en-1-yl)oxy)hexane (140 mg, 100 %) was obtained from 1-((2-methylallyl)oxy)hexane 
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(140 mg) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 5.79 (s, 1H), 3.65 (t, 2H, J = 

6.6 Hz), 1.68-1.47 (m, 8H), 1.42-1.23 (m, 6H), 0.89 (t, 3H, J =6.6 Hz); 
13

C NMR (CDCl3, 

100 MHz) δ 140.1, 110.1, 71.8, 31.6, 29.7, 25.56, 25.59, 19.5, 14.9, 14.0; HRMS-EI (M 

+) calcd for C10H20O 156.1514, found 156.1518. 

Tert-butyldimethyl((2-methylprop-1-en-1-yl)oxy)silane (Table 2.1, entry 15). Tert-

butyldimethyl((2-methylprop-1-en-1-yl)oxy)silane (0.17 g, 85 %) was obtained from tert-

butyldimethyl((2-methylallyl)oxy)silane (0.20 g) as described above. 
1
H NMR (CDCl3, 

400 MHz) δ 6.04 (s, 1H), 1.61 (s, 3H), 1.54 (s, 3H), 0.93 (s, 9H), 0.12 (s, 6H); 
13

C NMR 

(CDCl3, 100 MHz) δ 133.5, 113.3, 25.7, 19.3, 18.2, 14.7, -5.3; HRMS-EI (M +) calcd 

for C10H22OSi 186.1440, found 186.1431. 

(Z)-3-(allyloxy)-2,2,4-trimethyl-1-(prop-1-en-1-yloxy)pentane (Isomerization of 

2a). (Z)-3-(allyloxy)-2,2,4-trimethyl-1-(prop-1-en-1-yloxy)pentane (0.194 g, 0.86 mmol, 

100 %) was obtained from 1,3-bis(allyloxy)-2,2,4-trimethyl-pentane (0.194 g, 0.86 mmol) 

as described above. 
1
H NMR (CDCl3, 300 MHz) δ 6.01-5.83 (m, 2H), 5.26 (d, 1H, J = 

17.1 Hz), 5.10 (d, 1H, J = 10.4 Hz), 4.40-4.26 (m, 1H), 4.19-3.90 (m, 2H), 3.63 (d, 1H, J 

= 9.3 Hz), 3.36 (d, 1H, J = 9.4 Hz), 3.12 (s, 1H), 2.03-1.85 (m, 1H), 1.63-1.51 (m, 3H), 

1.08-0.82 (m, 12H); 
13

C NMR (CDCl3, 75 MHz) δ 146.4, 135.6, 115.4, 100.0, 87.3, 

79.4, 74.7, 40.9, 28.8, 24.7, 22.2, 20.5, 17.9, 9.2; MS m/z  226 (M
+
), 183, 157, 127, 125, 

113, 111, 85, 71, 69, 57, 55. 

2.5.4 General procedures for the isomerization of the allyl ethers (Table 2.3) to 

vinyl ethers by t-BuOK in DMSO.  Under an argon atmosphere, potassium t-butoxide (2 

equiv) purchased directly from Aldrich was dissolved in 3 mL dry DMSO at room 

temperature. To this solution was added allyl ether (1 equiv) and the reaction mixture was 
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stirred at room temperature, 60 
o
C or 120 

o
C for the amount of time shown in Table 2.3. 

The reaction mixture was quenched by saturated ammonium chloride solution. The 

mixture was then extracted with diethyl ether three times and the organic phase was 

washed with water, brine and dried over NaSO4. The solvent was first removed by rotary 

evaporation and then by oil pump yielding a light yellow liquid which was then 

characterized by NMR spectroscopy to determine the ratio between the starting allyl ether 

and vinyl ether product. 
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3.1 Abstract 

The development of isotopic labeled 
13

C diffusion-ordered NMR spectroscopy 

(DOSY) NMR with diffusion coefficient-formula weight (D-FW) analysis and its 

application in characterizing the aggregation state of methyllithium aggregates and 

complexes with several widely used diamines are presented in this chapter. Commercially 

available 
13

C labeled benzene and several easily synthesized 
13

C labeled compounds 

using 
13

C labeled iodomethane as the isotopic source are developed as internal references 

for diffusion – formula weight analysis (D-FW). The technique greatly expands the 

applicability of DOSY D-FW analysis to a much wider variety of compounds because of 

isotopic labeling.  These results reveal that methyllithium exists as a tetrasolvated 

tetramer in diethyl ether and exclusively as bis-solvated dimers with chelating diamines. 

 

3.2 Introduction 

Diffusion-ordered NMR spectroscopy (DOSY) with the application of diffusion 

coefficient-formula weight (D-FW) correlation analysis is an efficient method for 

determination of formula weights of complexes in solution.
1
 We have been developing 

DOSY NMR with internal references for the determination of formula weights of reactive 

complexes by D-FW correlation analysis.
2
  A linear regression plot of the logarithms of 

NMR determined relative diffusion coefficients against the known formula weights of 

added reference compounds allows us to deduce the formula weight of unknown 

complexes. We have successfully utilized this technique to probe the aggregation state 

and the solvation state of several organometallic complexes.  A major focus of our group 
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is to expand this D-FW DOSY methodology for the structural analysis of alkali metal 

complexes in solution.  Until now, our group has successfully developed internal 

references for 
13

C, 
31

P DOSY and both hydrophilic and hydrophobic references for 
1
H 

DOSY. Moreover, we have also developed physically separated reference systems in 

order to physically separate the reference and the analyte solutions.
3
 The internally 

referenced 
1
H DOSY technique is used because of its simplicity and fast acquisition time.  

However, the technique often suffers from the drawback of overlapping resonances in the 

chemical shift dimension owing to the relatively narrow frequency range of 
1
H NMR. 

Although 
31

P DOSY has a very wide chemical shift range and fast acquisition time due to 

its 100% natural abundance, it is constrained to complexes containing phosphorus atoms. 

13
C INEPT DOSY with D-FW analysis was developed by our group five years ago and 

proved to be useful in characterizing the aggregation states of an LDA-THF complex and 

a dimeric chiral lithium amide derived from (S)-N-isopropyl-O-triisopropylsilyl valinol. 

Although the wide range of the 
13

C spectrum provides ample separation for the 

resonances with similar structures, the very low natural abundance (1.1 %) and long 

relaxation times of 
13

C nuclei render 
13

C DOSY with D-FW analysis a very long 

experiment. For example, a sample with reasonably high concentration (1 M) requires at 

least six hours for the signal acquisition. Such lengthy experiments preclude the analysis 

of short-lived intermediates. In an attempt to address this problem, the development and 

use of 
13

C labeled internal references for D-FW analysis is described. The labeled internal 

references are either commercially available or can be synthesized readily using 

relatively inexpensive 
13

C labeled iodomethane. The use of 
13

C labeled DOSY greatly 

reduces the experiment time affording the analysis of less concentrated and short-lived 
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intermediates, which are easily identified in the pool of carbon resonances. Moreover, the 

cost and labor required to prepare isotopically labeled materials is offset because standard, 

protonated solvents can be used in place of expensive deuterated solvents such as diethyl 

ether and n-pentane.  This is especially beneficial in experiments described herein in 

which the NMR solvents are also used as the solvent in the reactions to prepare the 

analytes. 

The development and use of 
13

C labeled DOSY NMR to establish the aggregation 

state of methyllithium solvated by various diamines by D-FW analysis are also discussed. 

This is significant because organolithium reagents are the most widely used reagents in 

organic synthesis.
4
 Alkyllithium reagents are typically utilized to generate a wide variety 

of carbanions such as lithium amides, acetylides and alkoxides.
 
 Moreover, the low 

boiling point alkane formed as a by-product is inert to most of the reactions and easily 

eliminable. It has become evident that the reactivity and reaction pathways of these 

alkyllithium reagents are related to their aggregation state
5
 and also to the formation of 

mixed aggregates
6
.  Hence knowledge of the aggregation and solvation state helps 

optimize the reactivity of these reagents and provides the starting point for development 

of reaction mechanisms. 

Methyllithium is not normally used in hydrocarbon solvents without a coordinating 

ligand due to its low solubility.
 
 In diethyl ether and tetrahydrofuran, it exists as a solvated 

tetramer in both solution and solid states.
7
 Single crystal x-ray diffraction studies revealed 

that methyllithium is a tetrameric polymer in the presence of N,N,N’,N’-tetramethyl-

ethylenediamine (TMEDA)
8
 or 1,3,5-trimethyl-1,3,5-triazacyclo-hexane (TMTAC)

9
 in 

solid state, while it is a dimer in the presence of (-)-sparteine or N,N,N’,N’-tetramethyl-
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1,2-diaminocyclohexane (TMCDA) in solid state.
10

 However, there is no evidence that 

the solution state structure of methyllithium solvated by common diamine ligand is the 

same as that in solid state. Numerous calculations of possible structures and bonding in 

methyllithium aggregates were reported.
11

 Previous NMR studies and spectroscopic 

studies of methyllithium are also reported.
12

 Herein, we demonstrate that methyllithium 

forms dimeric complexes in diethyl ether solution in the presence of common diamine 

ligands including TMEDA, TMCDA, (-)-sparteine, 3,7-dimethyl-3,7-diazabicyclo-

[3.3.1]nonane (N,N
'
-dimethylbispidine) and N,N,N′,N′,N′′-pentamethyldiethylenetriamine 

(PMDTA). The formation of dimeric structures is corroborated by 
13

C-
6
Li coupling and 

13
C labeled DOSY results. 

In this chapter, the design, synthesis and the D-FW analysis protocol of the 
13

C 

labeled internal reference system for DOSY NMR are first presented. Next their utility in 

characterizing the tetrasolvated tetramer of methyllithium in diethyl ether and in 

determining bis-solvated, dimeric structures of methyllithium in diethyl ether in the 

presence of diamines is demonstrated. 

 

3.3 Results and Discussion 

3.3.1 Design, synthesis and D-FW analysis protocol of the 
13

C labeled internal 

reference system for DOSY NMR 

The criteria for internal molecular weight references include lack of either or both 

reactivity and coordinating ability toward the analyte, easily recognizable resonances, 

solubility in NMR solvents and desirable formula weight range.
2
 For the isotopically 
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labeled compounds, internal references must also be easily obtainable from relatively 

inexpensive labeled sources. In 
1
H and regular 

13
C DOSY, many commercially available 

aromatic and alkene compounds satisfy these criteria.
2
 However, several of the 

corresponding reference compounds that we have utilized previously (benzene, 

cyclooctene, 1-tetradecene and squalene) are not all readily available with 
13

C isotopic 

enrichment with the exception of benzene. The syntheses of these 
13

C labeled compounds 

require unnecessary effort and are expensive. Therefore, we sought new internal, 
13

C 

labeled references that are easily prepared with isotopic enrichment. 

Design and Synthesis of 
13

C labeled Internal References. We chose benzene-
13

C6 

(BEN) as our first internal reference because it is the cheapest 
13

C labeled aromatic 

compound that is inert to our analyte.  Additionally a very small quantity is required for 

each experiment since it has six labeled carbon atoms. Cyclooctene, 1-tetradecene and 

squalene are not useful because their 
13

C labeled analogues are not available 

commercially and 
13

C labeled, synthetic precursors are expensive. Therefore, we focused 

on developing three new internal references using 
13

C labeled iodomethane as the starting 

material because this material represents a relatively inexpensive 
13

C atom source.  These 

materials are depicted as IR1-3 in Scheme 3.1. 

   Although two different ethers are used in our internal reference system, i.e. IR1 and 

IR3, we determined that they are not competitive in coordinating to methyl lithium 

aggregates since most of the experiments we performed were conducted in ethereal 

solvents.  The concentration of these ethereal, 
13

C labeled internal references is many 

orders of magnitude less than the solvent.  Additionally these ethers are sterically 

hindered.  Alternatively a significant amount of a strong chelating ligand such as TMEDA 
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and PMDTA was also present in several experiments. Furthermore, it has been shown that 

the coordinating power of diethyl ether, THF or common diamine ligands to alkyl lithium 

reagents is much stronger than methyl tert-butyl ether (MTBE).
2g,13

 Since the ethers we 

used as internal references are even more hindered than MTBE, it is reasonable to assume 

that they do not coordinate with our complexes significantly in diethyl ether or THF to an 

observable extent. 

 

                      Scheme 3.1. Synthesis of 
13

C labeled internal references 

 

D-FW Analysis of the 
13

C Labeled Internal Reference System. DOSY NMR 

separates resonances by their diffusion coefficients as is typically depicted along the 

vertical axis is a two dimensional plot. Chemical shifts are typically displayed along the 

horizontal axis. These spectra are presented as typical two-dimensional NMR plots; 

however, in this experiment only a single Fourier transform in the chemical shift 

dimension is utilized.
14

 We first applied DOSY NMR with internal references for the 

determination of formula weights of reactive complexes correlation analysis to study n-

BuLi aggregates without the D-FW protocol.
15

 Subsequently, we have incorporated D-

FW analysis into the experiment.
2c

 A linear regression plot of the logarithm of relative 

diffusion coefficients determined by DOSY NMR against known formula weights of 

reference standards is used to extrapolate the formula weight of observable complexes. 
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We use 
13

C labeled N-Boc-piperidine 1 synthesized from piperidine-1-carbonyl chloride 

and 
13

C labeled tert-butanol (Scheme 3.2) to establish the effectiveness of this 
13

C labeled, 

internal reference system.
16

 Thus 
13

C labeled N-Boc-piperidine and the 
13

C labeled 

internal references depicted in Scheme 3.1 were dissolved in a mixture of diethyl ether 

and cyclohexane and all 
13

C labeled atoms are easily discernible and assigned in the 
13

C 

DOSY (Figure 3.1). A subsequent the D-FW analysis as shown in Figure 3.2 displays a 

high correlation (r
2
 = 0.985) and based upon this, the predicted formula weight of labeled 

N-Boc-piperidine is 179.2 g mol
-1

 which is indeed very close to the actual formula weight 

of 186.3 g mol
-1

 (3.8% difference). 

 

                   Scheme 3.2. Synthesis of 
13

C labeled N-Boc-piperidine 1 

 

 

 

 

 

 

 

                     

                   Figure 3.1. 
13

C DOSY of BEN, IR1, IR2, IR3 and 1 at 20 
o
C. 
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Figure 3.2. D-FW analysis of 
13

C DOSY data. Internal references are shown as solid squares and 

N-Boc-piperidine 1 is shown as open square. 

 

Table 3.1. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR3 and 1 at 20 
o
C 

entry Compd FW 
(gmol

-1
) 

10
-9 

D 
(m

2
/s) 

Predicted 
FW 

(gmol
-1

) 

% 
error 

1 BEN 84.07 3.050 78.98 6.1 
2 IR1 159.3 1.716 177.4 -11.4 
3 IR2 239.4 1.383 240.4 -0.4 
4 IR3 369.7 1.055 351.9 4.8 
5 1 186.3 1.704 179.2 3.8 

 

Modification of the 
13

C Labeled Internal Reference System. The high correlation 

(r
2
 = 0.985) of the internal reference system given in Table 3.1 coupled with the small 

error in the prediction of formula weight of the 
13

C labeled internal reference system 

established for us its validity to predict formula weights using 
13

C labeled compounds. 

We note however that internal reference compound IR3, which is a solid at room 

temperature, precipitates easily from diethyl ether when the temperature drops below 0 

o
C. Since the investigation of organolithium complexes is usually performed significantly 

below 0 
o
C, IR3 was replaced by another internal reference that remains soluble at low 

temperature. For simple 
1
H D-FW analysis, we typically utilize squalene as our highest 

formula weight reference. Hence, in lieu of synthesizing 
13

C labeled squalene itself, we 



47 
 

can readily modify squalene into the 
13

C labeled internal reference compound IR4 

depicted in Scheme 3.3.  Thus tertiary alcohol 2 is readily prepared from squalene in a 

few simple steps and yields IR4 easily upon reaction with 
13

C labeled iodomethane 

(Scheme 3.3). Compound IR4 has a formula weight of 443.8 gmol
-1

 and is a liquid at 

room temperature. There is no precipitation observed for the diethyl ether solution of IR4 

at -60 
o
C. 

 

                 Scheme 3.3. Synthesis of internal reference derived from squalene 

 

D-FW Analysis of the new 
13

C labeled internal reference system. The analysis and 

verification experiment described above was repeated utilizing IR4 as the highest 

molecular weight standard. The 
13

C DOSY spectrum is depicted in Figure 3.3. The D-FW 

plot of the internal references also produces an excellent correlation and the D-FW 

analysis yields a predicted formula weight of 
13

C-N-Boc-piperidine 1 as 198.4 gmol
-1 

(Figure 3.4, Table 3.2). 
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Figure 3.3. 
13

C DOSY of BEN, IR1, IR2, IR4 and 1 at 20 
o
C. 

 

 

 

Figure 3.4. D-FW analysis of 
13

C DOSY data. Internal references are shown as solid squares and 

N-Boc-piperidine 1  is shown as open square. 

 

Table 3.2. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4 and 1 at 20 
o
C 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW 

(gmol
-1

) 

% 
error 

1 BEN 84.07 18.69 85.21 -1.4 
2 IR1 159.3 11.80 160.5 -0.8 
3 IR2 239.4 9.150 227.9 4.8 
4 IR4 443.8 5.526 456.4 -2.8 
5 1 186.3 10.12 198.4 -6.5 
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Replacement of IR3 by IR4 greatly expands the temperature range for the application 

of this 
13

C labeled internal reference DOSY protocol. Therefore, we turned our attention 

to the use of these 
13

C labeled internal reference compounds for the DOSY analyses of 

the methyllithium diamine complexes at -20 
o
C to -40 

o
C. As a caveat we note that since 

the internal references IR1, IR3 and IR4 are ethers, this fact cannot be overlooked when 

they are used for the study of reactive organolithium complexes in pure hydrocarbon 

solvents in the absence of any additional coordinating ligands or solvents. However, as 

noted previously, these references are indeed applicable in the investigation of many 

organolithium compounds and reactions since these reagents and reactions are usually 

performed in ethereal solvents with the addition of a stoichiometric amount of a strongly 

coordinating ligand such as a chelating diamine. 

 

3.3.2 Analysis of methyllithium and methyllithium-tertiary diamine complexes in 

diethyl ether 

To demonstrate the utility of these 
13

C labeled internal reference materials, we choose 

to determine the aggregate state of methyllithium (MeLi) dissolved in diethyl ether (DEE) 

with and without the presence of several tertiary diamine ligands. Hence we describe 

comprehensive results of DOSY-D-FW analysis of the 
13

C labeled methyllithium in 

diethyl ether solution. 

Characterization of 
13

CH3
6
Li-DEE tetramer. Double labeled (

13
C, 

6
Li) methyl-

lithium was prepared using Maddaluno’s method except that DEE was used instead of 

tetrahydrofuran-d8.
 1a

 We typically observe approximately 5–10 % lithium iodide present 
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in the MeLi solution utilizing this procedure.  

In 1972, Brown and coworkers demonstrated that MeLi exists as a tetramer (MeLi)4 3 

and as a (MeLi)3(LiI)1 mixed tetramer 4 in diethyl ether in the presence of lithium iodide 

(Scheme 3.4).
5a

 Later, Gunther and coworkers reported mixed tetramers 5 and 6 when the 

mole ratio of LiI to MeLi approaches 1:1.
5c

 Our 
6
Li NMR spectrum of the 

13
CH3

6
Li-DEE 

solution at -30 
o
C showed two distinct peaks depicted in Figure 5. Since the mole ratio of 

LiI to MeLi is far less than 1:1, the presence of tetramer 5 or 6 is not significant.
 
 

Therefore, we assign the large downfield peak in the 
6
Li spectrum to Li-1 in the tetramer 

3 and the small upfield peak to Li-3 in the (MeLi)3(LiI)1 mixed tetramer 4.
5a,b

 According 

to Brown and Gunther, Li-2 of tetramer 3 appears as a downfield shoulder of the Li-1 

peak at -70 
o
C. However, we cannot resolve the shoulder peak at -40 

o
C possibly because 

of fast intramolecular exchange as mentioned by Brown.  The 
13

C spectrum of 
13

CH3
6
Li-

DEE solution displays two distinct peaks in the upfield region. The peaks at -12.9 ppm 

and -13.7 ppm are assigned to the resonances of the methyl group of tetramer 3 and 

tetramer 4 respectively. 

 

 

Scheme 3.4. MeLi tetramer 3 and MeLi-LiI mixed tetramer 4 
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Figure 3.5. NMR spectra of 0.06 M 
13

CH3
6
Li DEE solution at -40 

o
C. 

6
Li spectrum are depicted 

in (a) and 
13

C spectrum is depicted in (b). 

 

The 
13

C DOSY spectrum of this 
13

CH3
6
Li DEE solution with added internal 

references is reproduced in Figure 3.6. The correlation between log FW and log D of the 

linear regression is very high (r
2
 > 0.99) and the predicted formula weight for the 

resonance at -13.7 ppm is 407.8 gmol
-1

 which is very close to the formula weight of the 

tetrameric 
13

CH3
6
Li with each lithium atom coordinated to a single DEE (384.7 gmol

-1
, -

6.0 % difference). However, the predicted formula weight for the resonance at -12.9 ppm 

is 408.8 gmol
-1

, which represents a 17.5 % difference from the calculated formula weight 

(495.5 gmol
-1

) of tetra-solvated tetramer 4 (Figure 3.7, Table 3.3).  We suggest that the 

high inaccuracy in the formula weight prediction of tetra-solvated tetramer 4 is very 

likely due to the presence of highly dense iodine atom in the complex.   

We note that an alternative explanation for the formula weight of the tetramer 4 

deduced from the D-FW analysis is consistent with a tris-solvated tetramer rather than a 

tetra solvated tetramer.  The formula weight of an unknown complex is deduced from its 

experimental diffusion coefficient through the linear regression plot of the logarithms of 
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NMR determined diffusion coefficients against the known formula weights of known 

reference compounds according to the empirical equation log D   = A log FW + C. The 

validity of the empirical equation depends on the similarity of the density of internal 

references and complexes.
2
 From a comparison of the densities of many crystal structures 

of organolithium complexes, it is apparent that the density of tetramer 4 is very different 

from the density of tetramer 3 and also from the density of the internal references owing 

to the incorporation of the iodine atom. Therefore, the predicted formula weight that is 

deduced from the linear regression plot deviates significantly from the calculated formula 

weight of tetra-solvated tetramer 4 as we have previously observed in analyzing 

compounds containing heavy atoms and whose density differs significantly from the 

reference standards.  Our results for the tetramer 3 comport with those of both Brown and 

Gunther as expected with the enhancement that they permit a determination of the 

solvation state directly.  Furthermore, these results serve to demonstrate a limitation of 

the D-FW analysis when applied to compounds that differ significantly in density. 

 

Figure 3.6. 
13

C DOSY of 
13

CH3
6
Li DEE solution at -40 

o
C. 
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Figure 3.7. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares and 

the tetra-solvated tetramer 3 is shown as the white square. 

 

Table 3.3. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4, 3 and 4 at -40 
o
C 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% 
error 

1 BEN 84.07 17.72 83.21 1.0 
2 IR1 159.3 10.50 164.4 -3.2 
3 IR2 239.4 8.013 233.7 2.4 
4 IR4 443.8 4.882 445.2 -0.3 
5 3

a
 384.7

a
 5.223 407.8 -6.0 

6 4
b
 495.5

b
 5.213 408.8 17.5 

a
384.7 gmol

-1
 is the formula weight of (

13
CH3

6
Li)4(DEE)4 complex. 

b
495.5 gmol

-1
 is the formula weight of (

13
CH3

6
Li)3I(DEE)4 complex. 

 

Characterization of 
13

CH3
6
Li complexes with TMEDA, (rac)-TMCDA, N,N’-

Dimethylbispidine, PMDTA or (-)-Sparteine.  For these analyses, samples were 

prepared by adding the tertiary amines separately to 
13

CH3
6
Li DEE solutions at -40 

o
C as 

described.  Individual results and interpretation of each separate experiment are provided. 

Upon addition of 3 equiv of TMEDA, the two peaks of complexes 3 and 4 

disappeared and were replaced by a new peak at -12.7 ppm. The new peak resolved into a 

quintet with J = 8.2 Hz, when the temperature was lowered to -70 
o
C (Figure 3.8). As 

depicted in Figure 3.9, the 
6
Li spectrum of 

13
CH3

6
Li DEE solution with 3 equiv TMEDA 

at -70 
o
C is a triplet with J = 8.0 Hz. Clearly these results suggest the formation of an 

oligomeric, methyllithium-TMEDA complex.  Within this complex, the single carbon of 
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methyllithium interacts with two lithium atoms and each lithium atom interacts with two 

carbon atoms. Although the structure of dimer 7 as depicted in Scheme 3.5 is consistent 

with the NMR results, it is not the only possible structure because the cyclic trimer 8 and 

higher order cyclic oligomers are also consistent with these NMR spectra. However, it is 

noteworthy that these NMR results are inconsistent with the structure of the 

methyllithium-TMEDA complex determined by x-ray diffraction analysis by Weiss.
6
 The 

tetrameric methyllithium unit observed for the crystal structure would appear as a septet 

for the 
13

C and a quintet for the 
6
Li spectrum. 

To establish the dimeric nature of the MeLi-TMEDA complex, we performed a 
13

C 

DOSY with 
13

C labeled internal references IR1, IR2 and IR4. Isotopic labeling with 
13

C 

was necessary in this experiment because the natural abundance 
13

C spectrum with non-

labeled internal references required a relatively high concentration (> 1.0 M and much 

precipitation was observed when the DEE solution of 1.0 M MeLi with 3 equiv TMEDA 

was kept at -40 
o
C for the time required to complete this experiment, approximately 6-8 

hours. Moreover, 
1
H DOSY and 

13
C DOSY with regular internal references required the 

use of expensive DEE-d10 as solvent and this became prohibitive on a routine basis. 

The 
13

C DOSY spectrum with the isotopically labeled sample is depicted in Figure 

3.10. The D-FW plot exhibits a reliably high (r
2
 > 0.99) correlation. The predicted 

formula weight for the resonance of MeLi-TMEDA complex at -12.7 ppm is 288.6 gmol
-1

, 

which represents a 4.4 % difference from the calculated formula weight 276.5 gmol
-1

 for  

dimer 7 (Figure 3.11, Table 3.4).  However, the calculated formula weight of cyclic trimer 

8 is 414.8 gmol
-1

, a 30.4 % difference from the observed formula weight. Therefore, we 
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rule out the possibility that the MeLi-TMEDA complex in DEE solution as a cyclic trimer 

or a higher oligomer. 

 

Figure 3.8. 
13

C spectra of 
13

CH3
6
Li. (a) represents the 

13
C spectrum of 0.12 M

 13
CH3

6
Li in DEE at 

-70 
o
C. (b) represents the 

13
C spectrum of 0.12 M 

13
CH3

6
Li in DEE with 3 equiv TMEDA at -40 

o
C. (c) represents the 

13
C spectrum of 0.12 M

 13
CH3

6
Li in DEE with 3 equiv TMEDA at -70 

o
C. 

 

Figure 3.9. 
6
Li NMR spectrum of 0.12 M 

13
CH3

6
Li DEE solution with 3 equiv TMEDA at -70 

o
C. 
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Scheme 3.5. MeLi-TMEDA dimer 7, cyclic trimer 8 and cyclic oligomer 9 

 

 

Figure 3.10. 
13

C DOSY of 
13

CH3
6
Li DEE solution with 3 equiv TMEDA at -50 

o
C. 

 

 

Figure 3.11. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares 

and the MeLi-TMEDA dimer 7 is shown as the white square. 
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Table 3.4. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4 and 7 at -50 
o
C 

 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted FW 
(gmol

-1
) 

% error 

1 BEN 84.07 9.944 79.40 5.6 
2 IR1 159.3 6.838 169.3 -6.3 
3 IR2 239.4 5.613 233.7 -5.4 
4 IR4 443.8 4.367 445.2 5.5 
5 7

a
 276.5

a
 5.253 288.6 -4.4 

6 8
b
 414.8

b
 5.253 288.6 30.4 

a
276.5 gmol

-1
 is the formula weight of dimer (

13
CH3

6
Li)2(TMEDA)2 7. 

b
414.8 gmol

-1
 is the formula weight of trimer (

13
CH3

6
Li)3(TMEDA)3 8. 

 

Racemic TMCDA was added to the 
13

CH3
6
Li DEE solution at -40 

o
C to the extent of 

2 equiv of TMCDA per MeLi.
17

 Upon addition of 0.25 equiv TMCDA, the resonance 

assigned to the (MeLi)3(LiI)1 mixed tetramer 4 disappeared and two new peaks emerge at 

-9.5 and -11.0 ppm. As more TMCDA was added to the sample, the peak at -11.0 ppm 

increased at the expense of the resonance of tetramer 3. Meanwhile, the intensity of peak 

at -9.5 ppm did not change significantly. These results are consistent with the formation 

of a MeLi-TMCDA complex with a resonance at -11.0 ppm and a (MeLi)m(LiI)n-

TMCDA mixed complex with resonance at -9.5 ppm. The major peak at -11.0 ppm 

appears as a quintet with J = 7.7 Hz whereas we interpret the minor peak at -9.5 ppm as 

two quintets with J = 9.8 Hz overlapping with each other. The major resonance in the 
6
Li 

spectrum of the sample is a triplet with J = 7.7 Hz, whereas the minor peak is a doublet 

with J = 9.7 Hz (Figure 3.13). Taken together, these one dimensional NMR results 

support the formation of homodimer 10 as the resonance at -11.0 ppm and heterodimer 

11 as the resonance at -9.5 ppm (Scheme 3.6). Because racemic TMCDA was used in the 

experiment, two diastereomeric heterodimers 11 can be formed. We suggest that 
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formation of diastereomers of complex 11 accounts for the appearance of the resonance 

at -9.5 ppm as two overlapping quintets. 

 

Figure 3.12. 
13

C NMR spectra of TMCDA titration of 0.15 M 
13

CH3
6
Li DEE solution at -40 

o
C. 3 

represents the resonance of tetramer 3; 4 represents the resonance tetramer 4; 10 represents the 

resonance of dimer 10 and 11 represents the resonance of mixed dimer 11. 

 

 

Scheme 3.6. MeLi-TMCDA homodimer 10 and MeLi-LiI-TMCDA heterodimer 11 

 

 

Scheme 3.7. MeLi-LiI cyclic trimers and oligomers 
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Figure 3.13. NMR spectra of 0.15 M 
13

CH3
6
Li DEE solution with 2 equiv TMCDA at -40 

o
C. 

13
C 

spectrum is depicted in (a) and 
6
Li spectrum is depicted in (b). 

 

In analogy to the MeLi-TMEDA complex, these one dimensional NMR results for the 

MeLi-TMCDA complex are also consistent with a cyclic trimer or higher cyclic oligomer.  

However, the NMR results of MeLi-LiI-TMCDA mixed complex are not consistent with 

any mixed cyclic trimer or cyclic oligomer depicted in Scheme 3.7. Thus, we performed 

13
C DOSY with 

13
C labeled internal references to establish the dimeric structure of the 

MeLi-TMCDA complex in DEE.  This 
13

C DOSY spectrum is depicted in Figure 3.14. 

The extrapolated formula weight for the resonance at -11.0 ppm is 359.3 gmol
-1

, a 6.6 % 

difference from the calculated formula weight 384.7 gmol
-1 

for the dimer 10 (Figure 3.15, 

Table 3.5). This experiment establishes that the major species in the sample is the MeLi-

TMCDA dimer 10, which represents the same motif as the crystal structure obtained by 

Strohmann.
8
 The low intensity of the minor peak prevented us from conducting a D-FW 
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analysis because we were unable to obtain a reasonable attenuation in the DOSY 

experiment. 

 

Figure 3.14. 
13

C DOSY of 
13

CH3
6
Li DEE solution with 2 equiv TMCDA at -40 

o
C. 

 

 

Figure 3.15. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares 

and the MeLi-TMCDA dimer 10 is shown as the white square. 
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Table 3.5. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4 and 10 at -40 
o
C 

entry Comp
d 

FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% error 

1 BEN 84.07 15.18 88.70 -5.5 
2 IR1 159.3 10.48 169.3 6.0 
3 IR2 239.4 7.747 233.7 4.1 
4 IR4 443.8 4.691 445.2 -5.1 
5 10

a
 384.7

a
 5.643 359.3 6.6 

a
384.7 gmol

-1
 is the formula weight of dimer (

13
CH3

6
Li)2(TMCDA)2 10. 

A sample was prepared by addition of 2 equiv N, N’-dimethylbispidine (DMB) to a 

13
CH3

6
Li DEE solution at -40 

o
C. Two quintets appeared in the upfield region of the 

13
C 

spectrum after the addition of N, N’-dimethylbispidine (Figure 3.16a). The major peak at 

-14.0 ppm with J = 8.3 Hz is assigned as the methyllithium carbon of complex 12 

whereas the minor peak at -12.3 ppm with J = 10.1 Hz is assigned as the methyllithium 

carbon of complex 13 (Scheme 3.8). The assignment of the carbon signals is supported 

by the 
6
Li NMR which consist of a major triplet (J = 8.2 Hz) and a minor doublet (J = 

10.1 Hz), see Figure 3.16b. Obviously, the 
6
Li doublet is coupled to the 

13
C quintet at -

12.3 ppm while the 
6
Li triplet is coupled to the 

13
C quintet at -14.0 ppm. The splitting and 

coupling constants support our assignment as complexes 12 and 13 respectively. It is 

noteworthy that a significant peak emerged at -4.1 ppm after the addition of DMB. We 

believe that this new peak corresponds to the 
13

C labeled methane from the reaction 

between methyllithium and the water introduced with DMB. Moreover, there is also a 

sharp peak located downfield of the resonances of complex 12 and 13 in the 
6
Li spectrum 

which is likely to be the corresponding resonance of lithium hydroxide.  

13
C DOSY D-FW analysis with the 

13
C labeled internal references verified the 

assignment as a dimer. The extrapolated formula weight for the resonance at -14.0 ppm is 

361.3 gmol
-1 

differs from the calculated formula weight 352.6 gmol
-1 

of the homodimer 
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12  by 2.5%, see Figure 3.17 and  Table 3.6. However, the extrapolated formula weight of 

the peak at -12.3 ppm is 309.7 gmol
-1

, a 33.2 % difference from the calculated formula 

weight 463.5 gmol
-1 

of heterodimer 13. Similar to the tetramer 4, heterodimer 13 contains 

an iodine atom that makes the density of the complex differ significantly from the 

internal references. Therefore, the extrapolated formula weight differs significantly from 

the calculated one. Notwithstanding the major discrepancy in the D-FW analysis of 13, it 

is evident that homodimer 12 is formed and is the major species upon addition of DMB 

into the MeLi DEE solution. 

 

Scheme 3.8. MeLi-DMB homodimer 12 and MeLi-LiI-DMB heterodimer 13 

 

 

Figure 3.16. NMR spectra of 0.09 M 
13

CH3
6
Li DEE solution with 2 equiv DMB at -40 

o
C. 

13
C

 
 

spectrum is depicted in (a) and 
6
Li spectrum is depicted in (b). 
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Figure 3.17. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares 

and the MeLi-DMB dimer 12 is shown as the white square. 

 

Table 3.6. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4, 12 and 13 at -40 
o
C 

 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% 
error 

1 BEN 84.07 13.52 82.81 1.5 
2 IR1 159.3 9.815 158.8 0.3 
3 IR2 239.4 7.842 250.6 -4.7 
4 IR4 443.8 6.002 431.7 2.7 
5 12

a
 352.6

a
 6.551 361.3 -2.5 

6 13
b
 463.5

b
 7.067 309.7 33.2 

a
352.6 gmol

-1
 is the formula weight of homodimer 

(
13

CH3
6
Li)2(DMB)2 12. 

b
463.5 gmol

-1
 is the formula weight of 

heterodimer (
13

CH3
6
Li)I(DMB)2 13. 

 

A sample was prepared by adding 2 equiv PMDTA into a 
13

CH3
6
Li DEE solution at -

40 
o
C followed by cooling to -70 

o
C which resolved the splitting of 

13
C resonances 

coupled with 
6
Li.  As depicted in Figure 3.18, the carbon spectrum of this sample is a 

quintet at -11.6 ppm (J = 8.1 Hz) and a small broad peak at -8.8 ppm. The major peak in 

the 
6
Li spectrum is a triplet (J = 7.9 Hz) and the minor is a small broad peak at -70 

o
C. 

These results are consistent with the formation of homodimer 14a or 14b depicted in 

Scheme 3.9.  However, we are not able to differentiate between 14a and 14b. In light of 

the results of MeLi-LiI-diamine complexes previously described, it is not unreasonable to 

assign the minor resonance as the MeLi-LiI-PMDTA heterodimer; however, there is no 
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definitive evidence to support this assignment. The 
13

C DOSY D-FW formula weight 

derived from the resonance at -11.6 ppm is 377.5 gmol
-1 

and
 
differs by 3.4 % from the 

calculated formula weight 390.7 gmol
-1 

of the homodimer 14, see Figure 3.19 and Table 

3.7. 

 

Figure 3.18. NMR spectra of 0.21 M 
13

CH3
6
Li DEE solution with 2 equiv PMDTA at -70 

o
C. 

13
C

 

spectrum is depicted in (a) and 
6
Li spectrum is depicted in (b). 

 

 

Scheme 3.9. MeLi-PMDTA homodimers 14a and 14b 
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Figure 3.19. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares 

and the MeLi-PMDTA dimer 14 is shown as the white square. 

 

Table 3.7. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4, 14 at -40 
o
C 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% 
error 

1 BEN 84.07 16.41 79.66 5.2 
2 IR1 159.3 10.64 169.3 -6.3 
3 IR2 239.4 8.503 250.1 -4.5 
4 IR4 443.8 6.298 421.7 5.0 
5 14

a
 390.7

a
 6.712 377.5 3.4 

a
390.7 gmol

-1
 is the formula weight of homodimer 

(
13

CH3
6
Li)2(PMDTA)2 14a or 14b. 

 

The (-)-sparteine complex was prepared by adding 3 equiv (-)-sparteine into a 

13
CH3

6
Li DEE solution at -40 

o
C. After the addition of sparteine, the resonances of 

tetramers 3 and 4 disappeared and a new quintet (J = 8.1 Hz) appeared at -8.1 ppm as 

depicted in Figure 3.20. A small broad peak next to the quintet is present in this 
13

C 

spectrum. The 
6
Li spectrum consists of a major triplet (J = 8.4 Hz) and some minor peaks 

that were not characterized. Strohmann and coworkers characterized the crystal structure 

of a homodimer of MeLi and (-)-sparteine.
9
 Our NMR spectra are consistent with the 

same homodimer 15, see Scheme 3.10. We suggest that the small board peak at -7.2 ppm 
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is the resonance of the methyllithium in the MeLi-LiI heterodimer 16, although we have 

no clear evidence for this. The formula weight for the resonance at -8.1 ppm determined 

by 
13

C DOSY D-FW analysis is 462.9 gmol
-1

, a 9.7 % difference from the calculated 

formula weight 512.9 gmol
-1 

of the homodimer 15, see Figure 3.21 and Table 3.8. 

Therefore, we conclude that the structure of the MeLi-sparteine in solution is the same as 

the solid-state structure. 

 

Figure 3.20. NMR spectra of 0.08 M 
13

CH3
6
Li DEE solution with 3 equiv (-)-sparteine at -40 

o
C. 

13
C

 
 spectrum is depicted in (a) and 

6
Li spectrum is depicted in (b). 

 

 

Scheme 3.10. MeLi-SP homodimers 15 and MeLi-LiI-SP heterodimer 16 
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Figure 3.21. D-FW analysis of 
13

C DOSY data. Internal references are shown as black squares 

and the MeLi-SP dimer 15 is shown as the white square. 

 

Table 3.8. D-FW Analysis of 
13

C DOSY of BEN, IR1, IR2, IR4, 15 at -40 
o
C 

entry Compd FW 
(gmol

-1
) 

10
-10 

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% error 

1 BEN 84.07 17.69 80.14 4.7 
2 IR1 159.3 11.35 170.4 -7.0 
3 IR2 239.4 9.202 243.5 -1.7 
4 IR4 443.8 6.605 427.9 3.6 
5 15

a
 512.9

a
 6.306 462.9 9.7 

a
512.9 gmol

-1
 is the formula weight of homodimer (

13
CH3

6
Li)2(SP)2 15. 

 

3.4 Conclusion 

The successful development of 
13

C labeled internal reference correlated DOSY with 

D-FW analysis is a significant step forward for the DOSY D-FW analysis, because it 

extends the applicability of the technique for the study of reactive intermediates or 

sensitive complexes. It is especially important when 
1
H DOSY cannot be used owing to 

the overlap of resonances in the 
1
H spectra. Isotopically enriched 

13
C internal referenced 

DOSY is clearly preferable to natural abundance 
13

C internal referenced DOSY because 

samples with relatively low concentration (< 1 M) and compounds that decompose in the 
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time required for natural abundance 
13

C spectra can be analyzed. Moreover, analysis of 

the 
13

C spectrum is considerably simplified because the isotopically enriched 
13

C labeled 

compounds are readily identified and assigned effortlessly. Furthermore, the use of 
13

C 

labeled internal reference DOSY is strongly preferable because the solvents used in the 

preparation of the sample are normal protonated solvents instead of expensive deuterated 

solvents such as diethyl ether-d10 and methylcyclopentane-d12.  

The solution structures of methyllithium complexes with various common tertiary 

diamines were characterized by utilizing 
13

C - 
6
Li double labeled methyllithium, as well 

as the 
13

C labeled internal reference DOSY with D-FW analysis. These NMR results 

prove that the methyllithium - diamine complexes are homodimeric in solution.   Further-

more, evidence was also obtained for the presence of minor amounts of mixed dimeric 

complexes consisting of one equivalent of MeLi and one equivalent of LiI with the 

N,N,N’,N’-tetramethyl-1,2-diaminocyclohexane and N,N
'
-dimethylbispidine samples. 

These results not only demonstrate the validity of the newly formulated 
13

C labeled 

internal reference DOSY, but also further our knowledge of the methyllithium - diamine 

complexes in solution state. These results are important to the interpretation of the 

mechanism and reactivity of methyllithium. 

 

3.5 Experimental Section 

3.5.1 Procedure for NMR Experiments.  NMR samples of methyllithium 

complexes were prepared in tubes sealed with rubber septa and parafilm. NMR tubes 

were evacuated, flame-dried and filled with argon before use. 
1
H chemical shifts were 
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referenced to toluene-d8 at 7.09 ppm, and 
13

C chemical shifts were referenced to toluene-

d8 at 137.86 ppm. For the NMR spectra of pure internal references and 
13

C labeled N-

Boc-piperidine, 
1
H chemical shifts were referenced to the chloroform peak at 7.27 ppm in 

the 
1
H spectrum and the peak at 77.0 ppm in the 

13
C spectrum or alternatively to the 

benzene peak at 7.16 ppm, and the benzene-d6 peak at 128.36 ppm. All NMR 

experiments were acquired on a 400 MHz spectrometer equipped with a z-axis gradient 

amplifier and an ATMA BBO probe with a z-axis gradient coil. Maximum gradient 

strength was 0.214 T/m. 
1
H-DOSY was performed using the standard dstebpgp3s 

program, employing a double stimulated echo sequence, bipolar gradient pulses for 

diffusion, and 3 spoil gradients. Diffusion time was 200 ms, and the rectangular gradient 

pulse duration was 600-800 μs. Gradient recovery delays were 200 μs. Individual rows of 

the quasi-2-D diffusion databases were phased and baseline corrected. Actual diffusion 

coefficients used for D-FW analysis were obtained with commercial software using the 

T1/T2 analysis module. 

The 
13

C labeled internal references were first mixed in a ratio of 1:6:6:6 for BEN, IR1, 

IR2, and IR4 respectively (a ratio of 1:6:6:6 for BEN, IR1, IR2, and IR3 respectively). 

The mixed internal references were titrated into the NMR tube and monitored by 
13

C 

NMR. The titration was stopped when the peak intensity of benzene was about a half of 

the major methyllithium carbon peak. 

3.5.2 Preparation of n-Bu
6
Li solution. The n-Bu

6
Li solution was prepared in 

heptane according to the method that we’ve previously employed.
2j

 

3.5.3 Preparation of double labeled (
13

C, 
6
Li) methyllithium DEE solution. The 

double labeled (
13

C, 
6
Li) methyllithium was prepared according to Maddaluno.

1a
 A 
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solution of 1 equiv n-Bu
6
Li was added dropwise to 60 µL 

13
CH3I dissolved in 1.5 mL 

pentane at -78 
o
C in a centrifugation tube. The solution was then stirred at -30 

o
C until 

white precipitates formed. After that, the mixture was stirred at 0 
o
C for 20 minutes 

before centrifuging for 15 minutes, followed by removal of the solvent with a syringe. 

The solid residue was placed under vacuum for 30 minutes, followed by the addition of 

2.5 mL of diethyl ether yielding a 0.1 M – 0.2 M methyllithium solution. The mixture 

was transferred to an NMR tube via a syringe with the intervention of a PTFE filtration 

owing to the presence of a small amount of white solid precipitate in the solution. An 

additional 0.05 mL toluene-d8 was added to the NMR samples to facilitate deuterium 

locking. 

3.5.4 Preparation of tertiary diamines. TMEDA, PMDTA and (-)-sparteine are 

commercially available. Racemic TMCDA was prepared according to Collum’s method.
9b

 

N,N’-dimethylbispidine was prepared according to Zones
18

 by reaction of N-methyl-4-

piperidone with a mixture of acetic acid, paraformaldehyde and methylamine 

hydrochloride. The resulting oil was then reduced to N,N’-dimethylbispidine by Wolff-

Kischner reduction. 

3.5.5 Synthesis of 2-methoxy-2-methyloctane-1-
13

C IR1. Step 1: To a flame-dried 

two-neck round bottom flask fitted with a condenser under argon atmosphere was placed 

0.16 g magnesium (6.6 mmol, 1.4 equiv) and then 8 mL anhydrous diethyl ether was 

added with stirring. A solution of 0.836 g 
13

CH3I (5.85 mmol, 1.25 equiv) dissolved in 5 

mL diethyl ether was added dropwise to the magnesium DEE mixture using a syringe 

pump at room temperature. After the addition, the grey mixture was allowed to stir for 30 

minutes at room temperature before transferring to a flame-dried 50 mL round bottom 
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flask flushed with argon and cooled to 0 
o
C. A solution of 0.60 g 2-octanone (4.68 mmol, 

1 equiv) in 5 mL anhydrous DEE was slowly added to the grey methylmagnesium iodide 

solution using a syringe pump at 0 
o
C. After that, the reaction mixture was allowed to stir 

at room temperature overnight before quenching with 5 mL 0.5 M HCl. The mixture was 

extracted with 20 mL Et2O three times and the combined organic phase was washed by 

10 mL brine and dried over anhydrous Na2SO4. The solvent was then removed by rotary 

evaporation. The resulting 2-methyloctan-2-ol-1-
13

C was used in the next step without 

further purification.  

Step 2: Into a flame-dried flask was placed 0.75 g 60 % sodium hydride (18.7 mmol, 

4 equiv) in mineral oils under argon atmosphere. The solid was washed by 5 mL dry 

pentane three times before adding 12 mL anhydrous THF and 2-methyloctan-2-ol-1-
13

C 

obtained in the previous step. The resulting solution was then refluxed for 1 hour before 

adding 1.00 g iodomethane (7.05 mmol, 1.5 equiv). This reaction mixture was then 

refluxed overnight and quenched with 5 mL saturated ammonium chloride at 0 
o
C. The 

mixture was extracted with 20 mL pentane three times and the combined organic phase 

was washed by 10 mL brine and dried over anhydrous Na2SO4. The solvent was then 

removed by rotary evaporation. The residue was purified chromatigraphically on a flash 

column with 150 mL pentane. After the removal of solvent, 0.47 g IR1 (2.95 mmol, 63 %) 

was obtained as colorless oil. 
1
H NMR (CDCl3, 400 MHz) δ 3.18 (s, 3H), 1.49-1.39 (m, 

2H), 1.36-1.19 (m, 9.5H), 0.98 (s, 1.5H), 0.89 (t, 3H, J = 6.9 Hz); 
13

C NMR (CDCl3, 100 

MHz) δ 74.8, 74.4, 49.0, 39.8, 31.9, 29.9, 25.0, 23.8, 22.7, 14.1; MS m/z  158 [M-H]-, 

144, 86, 74, 69, 56, 45. 
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3.5.6 Synthesis of (Z)-heptadec-2-ene-1-
13

C IR2. Step 1: A solution of 1.2 equiv n-

BuLi was added slowly to a solution of 0.55 g 1-hexadecyne (2.5 mmol, 1 equiv) 

dissolved in 20 mL anhydrous THF in a flame-dried bottom flask under argon 

atmosphere and cooled to -78 
o
C. After 5 minutes, the reaction mixture was warmed up to 

room temperature and stirred for 30 minutes. The resulting solution was placed in an ice 

bath and 0.53 g 
13

CH3I (3.7 mmol, 1.5 equiv) was added all at once. The resulting 

solution was stirred at room temperature for 2 hours before quenching with 5 mL of 

saturated ammonium chloride. The mixture was extracted with 20 mL hexanes three 

times and the combined organic phase was washed by 10 mL brine and dried over 

anhydrous Na2SO4. The solvent was then removed by rotary evaporation. The resulting 

heptadec-2-yne-1-
13

C was used in the next step without further purification.  

Step 2: The heptadec-2-yne-1-
13

C was reduced to (Z)-heptadec-2-ene-1-
13

C by 

Ashby’s method.
19

 To a solution of 0.060 g titanocene dichloride (0.24 mmol, 0.1 equiv) 

dissolved in 12 mL THF in a flame-dried flask under argon atmosphere was added the 

resulting heptadec-2-yne-1-
13

C at room temperature. The resulting solution was allowed 

to stir for 20 minutes before cooling down to 0 
o
C. After that, 0.19 g lithium aluminum 

hydride (5.0 mmol, 2 equiv) mixed with 2 mL anhydrous THF was added slowly to the 

reaction mixture. The resulting mixture was allowed to stir at room temperature overnight 

before cooling back to 0 
o
C. The reaction was then quenched by adding 1 mL water and 

then 4 mL 0.5 M HCl. The mixture was extracted with 20 mL hexanes three times and the 

combined organic phase was washed by 10 mL brine and dried over anhydrous Na2SO4. 

The solvent was then removed by rotary evaporation. The residue was purified by a flash 

column with 150 mL hexanes. After the removal of solvent, 0.49 g IR2 (2.1 mmol, 83 %) 
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was obtained as colorless oil. 
1
H NMR (CDCl3, 400 MHz) δ 5.50-5.32 (m, 2H), 2.09-2.00 

(m, 2H), 1.63 (dd, 3H, J = 125, 6.2 Hz), 1.36-1.17 (m, 24H), 0.91 (t, 3H, J = 7.0 Hz); 
13

C 

NMR (CDCl3, 100 MHz) δ 130.9, 123.7, 123.4, 31.9, 29.7, 29.7, 29.6, 29.4, 29.3, 22.7, 

21.1, 17.9, 14.4, 14.1, 13.8, 13.6, 12.7; HRMS-EI m/z: [M]+ Calcd for C16
13

CH34: 

239.2689, found: 239.2682. 

3.5.7 Synthesis of 2-(methoxy-
13

C)-2-methyltricosane IR3. Step 1: To a flame-dried 

two-neck round bottom flask fitted with a condenser under argon atmosphere was placed 

0.41 g magnesium (17 mmol) and then 25 mL anhydrous diethyl ether was added and 

stirring initiated. A solution of 2.00 g iodomethane (14 mmol) dissolving in 10 mL 

diethyl ether was added dropwise to the magnesium DEE mixture at room temperature 

using a syringe pump. After the addition, the grey mixture was allowed to stir for 30 

minutes at room temperature before transferring to a flame-dried round bottom flask 

flushed with argon at 0 
o
C. A solution of 1.75 g methyl behenate (4.93 mmol) dissolved 

in 10 mL DEE was slowly added to the grey methylmagnesium iodide solution using a 

syringe pump at 0 
o
C. After that, the reaction mixture was allowed to stir at room 

temperature overnight before quenching with 15 mL 0.5 M HCl. The mixture was 

extracted with 40 mL Et2O three times and the combined organic phase was washed by 

30 mL brine and dried over anhydrous Na2SO4. The solvent was then removed by rotary 

evaporation. The resulting solid was recrystallized in ethyl acetate to yield 2-

methyltricosan-2-ol.  

Step 2: Into a flame-dried flask was placed 0.23 g 60 % sodium hydride (5.7 mmol, 4 

equiv) in mineral oils under argon atmosphere. The solid was washed by 2.5 mL dry 

pentane three times before adding 10 mL anhydrous THF and 0.50 g solid 2-
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methyltricosan-2-ol (1.4 mmol, 1 equiv). The resulting solution was refluxed for 4 hours 

before adding 0.30 g 
13

CH3I (2.1 mmol, 1.5 equiv). The resulting solution was then 

refluxed overnight before quenching with 5 mL saturated ammonium chloride at 0 
o
C. 

The mixture was extracted with 30 mL hexanes three times and the combined organic 

phase was washed by 20 mL brine and dried over anhydrous Na2SO4. The solvent was 

removed by rotary evaporation. The residue was purified chromatographically on a flash 

column with 150 mL hexanes. After the removal of solvent, 0.45 g IR3 (1.2 mmol, 86 %) 

was obtained as white solid. 
1
H NMR (Benzene-d6, 400 MHz) δ 3.06 (d, 3H, J = 139 Hz), 

1.46-1.39 (m, 4H), 1.39-1.23 (m, 36H), 1.09 (s, 6H), 0.92 (t, 3H, J = 6.5 Hz); 
13

C NMR 

(Benzene-d6, 100 MHz) δ 74.5, 74.5, 49.2, 40.9, 40.9, 32.7, 31.1, 30.6, 30.5, 30.2, 25.5, 

25.5, 24.6, 23.5, 14.7. 

3.5.8 Synthesis of (6E,10E,14E,18E)-23-(methoxy-
13

C)-2,6,10,15,19,23-hexa-

methyltetracosa-2,6,10,14,18-pentaene IR4. IR4 was synthesized from 2,2-dimethyl-3-

((3E,7E,11E,15E)-3,7,12,16,20-pentamethylhenicosa-3,7,11,15,19-pentaen-1-yl)oxirane, 

which was made by Tsangarakis’ method from commercially available squalene.
20

 

 Step 1: To a solution of 1.40 g 2,2-dimethyl-3-((3E,7E,11E,15E)-3,7,12,16,20-

pentamethylhenicosa-3,7,11,15,19-pentaen-1-yl)oxirane (3.28 mmol) dissolved in 20 mL 

anhydrous THF in a flame-dried round bottom under argon atmosphere was added slowly 

0.25 g lithium aluminum hydride (6.6 mmol) mixed with 4 mL anhydrous THF at 0 
o
C. 

The reaction mixture was allowed to stir at room temperature overnight before quenching 

with 5 mL 0.5 M HCl at 0 
o
C. The mixture was extracted with 30 mL Et2O three times 

and the combined organic phase was washed by 10 mL brine and dried over anhydrous 

Na2SO4. The solvent was then removed by rotary evaporation. Purification by flash 
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column chromatography (7 : 1 Hexanes to EtOAc) yielded 1.24 g (6E,10E,14E,18E)-

2,6,10,15,19,23-hexamethyltetracosa-6,10,14,18,22-pentaen-2-ol (2.89 mmol) as light 

yellow oil. 

Step 2: Into a flame-dried flask was placed 0.19 g 60 % sodium hydride (4.8 mmol, 4 

equiv) in mineral oil under argon atmosphere. The solid was washed by 2 mL dry pentane 

three times before adding 10 mL anhydrous THF and 0.50 g (6E,10E,14E,18E)-

2,6,10,15,19,23-hexamethyltetracosa-6,10,14,18,22-pentaen-2-ol (1.2 mmol, 1equiv). 

The resulting solution was refluxed for 1 hour before adding 0.25 g 
13

CH3I (1.7 mmol, 

1.5 equiv). The resulting solution was then refluxed overnight before quenching with 5 

mL saturated ammonium chloride at 0 
o
C. The mixture was extracted with 30 mL hexanes 

three times and the combined organic phase was washed by 20 mL brine and dried over 

anhydrous Na2SO4. The solvent was then removed by rotary evaporation. The residue 

was purified chromatographically on a flash column with 250 mL hexanes. After the 

removal of solvent, 0.45 g IR4 (1.0 mmol, 83 %) was obtained as light yellow oil. 
1
H 

NMR (CDCl3, 400 MHz) δ 5.21-5.06 (m, 5H), 3.19 (d, 3H, J = 140 Hz), 2.14-2.06 (m, 

5H), 2.06-1.89 (m, 12H), 1.71 (s, 3H), 1.65-1.58 (m, 15H), 1.46-1.40 (m, 5H), 1.16 (s, 

6H); 
13

C NMR (CDCl3, 100 MHz) δ 135.1, 134.9, 134.9, 131.2, 124.4, 124.4, 124.3, 

124.3, 74.6, 58.5, 57.6, 55.7, 49.0, 40.1, 39.8, 39.8, 39.7, 39.3, 39.3, 28.3, 26.8, 26.7, 25.7, 

25.0, 22.2, 17.7, 16.0, 16.0, 15.8; MS m/z  443 [M]+, 413, 341, 273, 231, 203, 175, 143, 

137, 107, 95, 81, 69, 55. 

3.5.9 Synthesis of 2-methylpropan-2-yl-1-
13

C piperidine-1-carboxylate 1. The 

synthesis of 2-methylpropan-2-yl-1-
13

C piperidine-1-carboxylate 1 was divided into 3 

steps. 
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Step 1: A solution of 0.250 g 1-allylpiperidine (2.00 mmol, 1 equiv) was prepared by 

dissolution in 5mL dry DCM under an atmosphere of argon at 0 
o
C. To this solution was 

added dropwise 0.207 g triphosgene (0.698 mmol, 0.35 equiv) dissolved in 2 mL DCM.
21

 

The solution was allowed to warm to room temperature and stirred for 4 hours. Water 

was then added to the reaction mixture and the resulting solution was then extracted with 

20 mL DCM three times. The combined organic phase was washed with saturated sodium 

bicarbonate solution and brine and dried over NaSO4. The solvent was removed by rotary 

evaporation and then by oil pump to yield the piperidine-1-carbonyl chloride. The 

resulting piperidine-1-carbonyl chloride was used in step 3 without further purification. 

Step 2: To a flame-dried two-neck round bottom flask fitted with a condenser under 

argon atmosphere was placed 0.12 g magnesium (4.9 mmol, 2.5 equiv) and then 10 mL 

anhydrous diethyl ether was added and stirring initiated. A solution of 0.642 g 
13

CH3I 

(4.49 mmol, 2.25 equiv) dissolving in 5 mL diethyl ether was added dropwise to the 

magnesium DEE mixture using a syringe pump at room temperature. After the addition, 

the grey mixture was allowed to stir for 30 minutes at room temperature before 

transferring to a flame-dried 50 mL round bottom flask flushed with argon at 0 
o
C. A 

solution of 0.170 g acetone (2.99 mmol, 1.5 equiv) in 5 mL anhydrous DEE was slowly 

added to the grey methylmagnesium iodide solution using a syringe pump at 0 
o
C. After 

that, the reaction mixture was allowed to stir at room temperature for 4 hours before 

quenching with 5 mL 0.5 M HCl. The mixture was extracted with 20 mL Et2O three times 

and the combined organic phase was washed by 5 mL brine and dried over anhydrous 

Na2SO4. The solvent was then removed by simple distillation at 45 
o
C until no more ether 
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distilled out. The resulting 2-methylpropan-2-ol-1-
13

C was used in next step without 

further purification. 

Step 3: To a flame-dried flask was placed 0.32 g 60 % sodium hydride (8.0 mmol, 4 

equiv) in mineral oil under an argon atmosphere. The solid was washed by 3 mL dry 

pentane three times before adding 20 mL anhydrous THF and the 2-methylpropan-2-ol-1-

13
C obtained in step 2. The resulting mixture was refluxed for 1 hour before adding the 

piperidine-1-carbonyl chloride all at once. The mixture was then refluxed overnight 

before cooling down to room temperature and quenched by 1M ammonium chloride 

solution. The mixture was then extracted with 30 mL ethyl acetate three times and the 

organic phase was washed with brine and dried over NaSO4. The solvent was removed by 

rotary evaporation and then by oil pump yielding a light yellow liquid of 2-

methylpropan-2-yl-1-
13

C piperidine-1-carboxylate 1 (0.32 g, 1.7 mmol, 86%) which was 

then characterized by NMR spectroscopy and GC-MS. Further purification by flash 

column with 200 mL 10:1 Hexanes to EtOAc yielded 0.27 g colorless 2-methylpropan-2-

yl-1-
13

C piperidine-1-carboxylate 1. 
1
H NMR (CDCl3, 400 MHz) δ 3.35 (t, 4H, J = 5.4 

Hz), 1.45 (d, 2H, J = 126 Hz), 1.62-1.40 (m, 12H; 
13

C NMR (CDCl3, 100 MHz) δ 154.9, 

79.3, 78.8, 44.6, 28.5, 25.7, 24.5; HRMS-EI m/z: [M]+ Calcd for 
13

CC9H19NO2: 

186.1444, found: 186.1442. 
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Chapter 4 

Characterization of cyclopentyllithium and 

cyclopentyllithium tetrahydrofuran complex 
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4.1 Abstract 

The solid-state structures of unsolvated, hexameric cyclopentyllithium and tetrameric 

cyclopentyllithium tetrahydrofuran solvate were determined by single-crystal X-ray 

diffraction. Cyclopentyllithium easily crystallized in hydrocarbon solvents. Solution-state 

structural analyses of cyclopentyllithium and cyclopentyllithium−tetrahydrofuran 

complexes in toluene-d8 were also carried out by diffusion-ordered NMR spectroscopy 

with diffusion coefficient−formula weight correlation analyses and other one- and two-

dimensional NMR techniques. The solution-state studies suggest that unsolvated 

cyclopentyllithium exists as hexamer and tetramer equilibrating with each other. Upon 

solvation with tetrahydrofuran, cyclopentyllithium exists mostly as a tetrahydrofuran 

tetrasolvated tetramer. 

 

4.2 Introduction 

Organolithium reagents are among the most widely used reagents in the synthesis of 

organic compounds.
1
 Alkyllithium reagents are the source of most organolithium 

reagents because they can efficiently generate a wide variety of carbanions such as 

lithium amide, acetylide and alkoxide.  Moreover, the low boiling point alkane by-

product is a saturated hydrocarbon that is inert to most of the reactions.  Secondary 

alkyllithium reagents are usually used for the deprotonation of very weakly acidic protons 

such as aryl and alkylithium.
1,2

 Although they are not as nucleophilic as primary 

alkyllithium reagents, secondary alkyllithium reagents can also be used as nucleophiles 

and used for metal lithium exchange.
1,3

 It is evident that the reactivity and preferred 
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reaction pathways of these alkyllithium reagents are related to their aggregation and 

solvation states
1,4

 thus, any such information regarding these intermediate states can 

enhance our understanding and ability to tailor these reactions to the desired products. 

Herein we present the structural characterization in both solid and solution of 

cyclopentyllithium, a secondary alkyllithium reagent.  

The deprotonation reactions of alkyllithium reagents are often carried out in the 

presence of ethereal solvents such as tetrahydrofuran (THF) and diethyl ether, to increase 

the reactivity of the reagents. However, it is well known that alkyllithium reagents α-

deprotonate ethereal solvents.
1,5

 Therefore, it is not easy to obtain the crystal structure of 

alkyllithium adducts with tetrahydrofuran. The first crystal structures of n-butyllithium 

were reported twenty years ago including the THF solvated tetramer.
6
 After that, only 

two structures of THF-solvated alkyllithium reagents have been published.
7
 However, 

these two published structures are primary alkyllithium reagents possibly because 

secondary alkyllithium reagents react more readily with THF. Because 

cyclopentyllithium crystallizes readily, we were able to obtain the crystal structure of its 

complex with tetrahydrofuran. This is the first crystal structure of a secondary 

alkyllithium-THF complex although a few internally chelated and mixed aggregate 

secondary alkyl lithium containing structures are known.
8
 Moreover, characterization of 

the cyclopentyllithium/THF complex in toluene-d8 solution is also described using 

various one- and two-dimensional NMR techniques on the dissolved crystal. 
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4.3 Results and Discussion 

4.3.1 Characterization of cyclopentyllithium in solid- and solution-states 

Cyclopentyllithium can be easily synthesized by reacting chlorocyclopentane with 

lithium in cyclohexane or heptane under argon atmosphere. Owing to the greater 

solubility of cyclopentyllithium in cyclohexane, yields were always greater than obtained 

in heptane under otherwise analogous conditions. 

Crystal structure of cyclopentyllithium. Cyclopentyllithium is easily crystallized in 

hydrocarbon solvents. When freshly made cyclopentyllithium cyclohexane solution or 

heptane solution is stored at -20 
o
C overnight, a significant amount of colorless cyclo-

pentyllithium crystals are obtained and the concentration of cyclopentyllithium cyclo-

hexane solution decreases from 2.0 M to 0.6 M.  Crystallization provides highly pure, 

crystalline secondary alkyllithium in good yield. The X-ray structure determination 

reveals that cyclopentyllithium is hexameric in solid state (Figure 4.1) similar to those of 

n-butyllithium,
9a

 isopropyllithium,
9b

 and cyclohexyllithium
9c

. 

 

Figure 4.1. Crystal structure of hexameric cyclopentyllithium. Thermal ellipsoid plots are at the 

50% probability level. Hydrogen atoms have been omitted for clarity. Crystallographic 

asymmetric unit atoms labeled and C(1) – Li interatomic distances displayed. 
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Characterization of cyclopentyllithium in solution. After obtaining the crystal 

structure of cyclopentyllithium, we focused on the solution-state structure of 

cyclopentyllithium because most of the reactions are conducted in solution. Solution-state 

characterization of cyclopentyllithium was carried out by applying various one- and two-

dimensional NMR techniques on a solution of the crystal dissolved in toluene-d8. The 

sample was prepared by dissolving dry crystals of cyclopentyllithium which had been 

washed by anhydrous pentane twice in toluene-d8 which is unreactive to alkyllithium 

reagents in the absence of coordinating ligand such as THF or N,N,N′,N′-tetramethyl 

ethylenediamine (TMEDA) at room temperature.
10

 

We first examined the 
1
H NMR of cyclopentyllithium in toluene-d8. The proton NMR 

shows two separate peaks in the methine region of cyclopentyllithium. It is believed that 

the two peaks originated from two different aggregates. To characterize the peaks, a 

variable-temperature NMR study with 1-dodecene (DDE) as internal reference was 

carried out and the result is shown in Figure 4.2. When the temperature increases from -

10 
o
C to -25 

o
C, the resonance at -0.77 ppm decreases significantly in intensity as the 

resonance at -1.14 ppm increases. The concentration of the two aggregates can be easily 

determined by comparing the integrations of internal standard and the methine signals.
10a  

We assigned the resonance at -0.77 ppm as hexamer and -1.14 ppm as tetramer because 

the concentration of tetramer increases upon elevation of temperature in the equilibrium 

reaction 1 depicted in  Scheme 4.1. We conducted a dilution experiment at 15 
o
C (Figure 

4.3) to verify our assignment and this result is summarized in Table 4.1. 
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Scheme 4.1. The equilibrium reaction of the hexameric and tetrameric complexes of c-PenLi 

 

 

Figure 4.2. Variable temperature 
1
H NMR (400 MHz) spectra of 1.07 M c-PenLi in toluene-

d8. H represents the methine signal of c-PenLi in hexamer, T represents the signal in tetramer. 

 

 

 

 

 

 

 

 

 

Figure 4.3. 
1
H NMR (400 MHz) spectra of 1.07 M, 0.73 M and 0.54 M c-PenLi in toluene-d8 

at 15 
o
C. H represents the methine signal of c-PenLi hexamer, T represents the signal of tetramer. 
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Table 4.1. Concentrations of cyclopentyllithium (c-PenLi) complexes and the equilibrium 

constant (K) at 15 
o
C in toluene-d8. 

[c-PenLi]a at 

-1.14 ppm, M 

[c-PenLi]b at 

-0.77 ppm, M 

 

0.272 0.798 0.0178 M 
0.203 0.529 0.0169 M 
0.164 0.381 0.0170 M 

 

These results support our assignment of the resonances because the calculated 

equilibrium constants are very similar according to Keq given in Table 4.1. We then 

determined the enthalpy (ΔH) and entropy (ΔS) of the equilibrium of reaction 1 by a 

van’t Hoff plot (Figure 4.4). The concentrations and equilibrium constants of reaction 1 

at different temperatures were determined by variable-temperature 
1
H NMR with 1-

dodecene as internal reference, and the results are shown in Table 4.2. The van’t Hoff 

plot has an excellent correlation (R
2
 > 0.99). The enthalpy and entropy are calculated to 

be 38.2 kJmol
-1

 and 99.7 Jmol
-1

K
-1

 respectively. Comparison of the thermodynamic data 

for cyclopentyllithium with those of sec-butyllithium
11

 reveals that the ΔH of sec-

butyllithium is 64.8 kJmol
-1

 or 1.7 times higher than that of cyclopentyllithium whereas 

ΔS of sec-butyllithium is 262 Jmol
-1

K
-1

 or 2.6 times that of the ΔS of 

cyclopentyllithium. This is consistent with the fact that the hexamer is the major species 

in cyclopentyllithium toluene solution, whereas tetramer is the major species for sec-

butyllithium at room temperature. 

A series of 
1
H and 

13
C NMR experiments including 

1
H-NMR, 

13
C-NMR, COSY, 

HSQC, and HMBC were then conducted for the sake of 
1
H and 

13
C signal assignment. 

First, we identified the resonances of methylene protons on carbon 2, 3, 4 and 5 through 

COSY NMR, and the carbon signals were then assigned using HSQC NMR. The results 

3

2

([ ] / 4)

([ ] / 6)

a

b

c PenLi
K

c PenLi
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are summarized in Table 4.3. We then carried out diffusion-ordered NMR spectroscopy 

(DOSY) and diffusion coefficient-formula weight (D-FW) correlation analyses to 

evaluate the formula weight of the aggregates. We applied DOSY NMR with internal 

references for the determination of formula weights of reactive complexes by D-FW 

correlation analysis. The formula weight of an unknown complex is deduced by its 

diffusion coefficient through the linear regression plot of the logarithms of NMR 

determined diffusion coefficients against the known formula weights of the references.
12

 

Benzene (BEN, 78.11 gmol
-1

), cyclooctene (COE, 110.2 gmol
-1

), 1-tetradecene (TDE, 

196.4 gmol
-1

) and squalene (SQU, 410.7 gmol
-1

) were used as internal references. 

The resonances of methylene protons of c-PenLi from 1.0 to 2.5 ppm overlapped with 

those from the internal references; thus, distinct peaks from the methine protons were 

selected for our D-FW analysis (Figure 4.5). 

Table 4.2. Concentrations of different cyclopentyllithium complexes as a function of 

temperature in toluene-d8. 

 

Temp. 

(
o
C) 

1/Temp. 

(x10
-3

 K
-1

) 

Conc. of  

c-PenLi
a
 at  

-0.77 ppm,  

C1 (M) 

Conc. of  

c-PenLi
a
 at  

-1.14 ppm,  

C2 (M) 

 

 

  

(x10
-3

 M) 

 

ln K 

-10.0 3.80 0.870 0.179 4.24 -5.46 

-5.0 3.73 0.857 0.198 5.86 -5.14 

0.0 3.66 0.848 0.221 8.39 -4.78 

5.0 3.60 0.826 0.235 10.6 -4.54 

10.0 3.53 0.812 0.257 14.5 -4.24 

15.0 3.47 0.798 0.272 17.8 -4.03 

20.0 3.41 0.793 0.308 26.1 -3.64 

25.0 3.35 0.763 0.328 33.9 -3.38 
a
The concentration was expressed as monomer units. 

 

3

2

2

1

( / 4)

( / 6)

C
K

C
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Figure 4.4. The van ’t Hoff plot of reaction (1) 

 

Table 4.3. 
1
H and 

13
C signal assignments of hexameric and tetrameric c-PenLi in toluene-d8. 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 26.3 -0.78 
2 34.7 1.09, 2.00 
3 28.7 1.52, 1.76 
4 21.8 -1.16 
5 34.7 0.87, 1.93 
6 28.8 1.79, 1.57 

 

 

Figure 4.5. 1H DOSY of c-PenLi toluene-d8 solution at -25 
o
C. 
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The correlation between log FW and log D of the linear regression is very high (r
2
 > 

0.99), and the predicted formula weight for the resonance at -0.77 ppm is 443.5 g mol
-1

, 

which is very close to the formula weight of the hexameric c-PenLi (456.4 g mol
-1

, 2.8% 

difference). The predicted formula weight for the resonance at -1.14 ppm is 309.1 gmol
-1

 

which is only 1.6% different from the formula weight (304.3 gmol
-1

) of the tetrameric c-

PenLi (Figure 4.6, Table 4.4). Therefore, our DOSY result is consistent with the 

equilibrium reaction 1 of c-PenLi in toluene-d8 and our hexamer-tetramer peak 

assignments. 

 

Figure 4.6. D-FW analysis of 
1
H DOSY data. Internal references are shown as black squares, the 

tetrameric c-PenLi is shown as the  green square and the hexameric c-PenLi is shown as the white 

square. 

 

Table 4.4. D-FW analysis of 
1
H DOSY data 

entry Compd FW 

(gmol
-1

) 

10
-10

D 

(m
2
/s) 

Predicted 

FW (gmol
-1

) 

% 

error 

1 BEN 78.11 11.73 81.84 -4.8 
2 COE 110.2 10.07 106.8 3.1 
3 TDE 196.4 7.311 186.9 4.8 
4 SQU 410.7 4.569 424.9 -3.5 
5 c-PenLi

a
 456.4

a
 4.458 443.5 2.8 

6 c-PenLi
b
 304.3

b
 5.482 309.1 -1.6 

a
456.4 gmol

-1
 is the formula weight of hexameric c-PenLi complex. 

b
304.3 gmol

-1
 is the formula weight of tetrameric c-PenLi complex. 
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4.3.2 Characterization of cyclopentyllithium/THF complex in solid- and solution-

states 

Cyclopentyllithium/THF complex is easily crystallized in pentane.  It exists as 

tetramer (c-PenLi)4(THF)4 in the solid state. Solution-state characterization of the 

complex dissolved in toluene-d8 at low temperature reveals that tetrasolvated tetramer (c-

PenLi)4(THF)4 is also the dominant species in solution. 

Crystal structure of cyclopentyllithium/THF complex. Cyclopentyllithium/THF 

crystals suitable for X-ray diffraction are easily grown from pentane solution. After the 

addition of THF to the pentane solution of c-PenLi, the solution is stored at -20 
o
C for 2 

hours and colorless crystals are obtained. These crystals only last for a few hours and the 

solution turns from colorless to yellow. We presume that this results from decomposition 

of THF by c-PenLi. X-ray diffraction analysis of the c-PenLi/THF crystal indicates a 

tetrameric c-PenLi aggregate with all lithium atoms coordinated to THF (Figure 4.7). 

Until now, only three crystal structures of primary alkyllithium/THF complexes have 

been reported, and they are also tetrasolvated tetramers with each lithium atom 

coordinated to THF.
6,7

 To the best of our knowledge, this is the first crystal structure of a 

secondary alkyllithium solvated by THF.  

Characterization of cyclopentyllithium/THF complex in solution. Because it is 

important to understand the solution-state structure of cyclopentyllithium/THF complex, 

we conducted a series of NMR experiments to characterize the complex. The sample was 

prepared by dissolving the crystal of c-PenLi/THF complex into toluene-d8 at -78 
o
C. All 

experiments were carried out below -30 
o
C to prevent significant reaction of c-PenLi with 

THF or toluene. 
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Unlike the unsolvated c-PenLi toluene solution, there is only one major peak in the 

methine region of c-PenLi for the THF solvated c-PenLi solution. To verify that only one 

dominant species exists for the THF solvate, we performed a low temperature 
6
Li NMR 

study on the c-PenLi/THF complex in which the lithium atoms are of natural abundance 

(Figure 4.8).  The 
6
Li spectra show one dominant peak and a small minor peak for the 

sample through -30 
o
C to -90 

o
C. 

 

Figure 4.7. Crystal structure of tetrameric cyclopentyllithium/THF complex. Thermal ellipsoid 

plot shown at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

Crystallographic asymmetric unit atoms labeled and C(1) – Li interatomic distances displayed. 

 

We again carried out a series of 
1
H- and 

13
C-NMR experiments including 

1
H-NMR, 

13
C-NMR, COSY, HSQC, and HMBC to assign the 

1
H and 

13
C signals. The signals of 

methylene protons on carbon 2 and 3 were first identified by using COSY NMR, and the 

carbon resonances were then figured out by HSQC NMR. The result is summarized in 

Table 4.5. Diffusion-ordered NMR spectroscopy and D-FW correlation analysis were 

also performed to determine the formula weight of the c-PenLi/THF complex. Benzene, 

cyclooctene, 1-tetradecene, and squalene were used as internal references in this 
1
H 

DOSY experiment, and the distinct peak from the methine proton of the c-PenLi/THF 
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complex was selected for our D-FW analysis because of the overlap of resonances from 

the internal references with the complex (Figure 4.9). 

 

Figure 4.8. Variable temperature 
6
Li NMR spectra of natural abundant c-PenLi/THF complex in 

toluene-d8. 

 

Table 4.5. 
1
H and 

13
C signal assignments of c-PenLi solvated by THF in toluene-d8 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 23.8 -0.62 
2 35.9 1.48, 2.29 
3 29.4 1.66, 2.01 

 

The correlation of the linear regression is high (r
2
 = 0.99) and the predicted formula 

weight from the c-PenLi methine resonance is 538.4 gmol
-1

 which is 9.2% different from 

the formula weight 592.7 gmol
-1

 of complex (c-PenLi)4(THF)4 (Figure 4.10, Table 4.6). 

The predicted formula weight is within the typical 10% error range for the D-FW 

Temperature 

-90
o

C 

-75
o

C 

-55
o

C 

-30
o

C 
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analysis.
11

 However, lowering of the predicted formula weight may also result from the 

influence of a small amount of dimer because we also observe a small, unassigned peak 

in the 
6
Li NMR. Moreover, it is known that n-butyllithium exists as dimer and tetramer in 

THF solution;
13

 therefore, it would not be surprising if a small amount of dimer is present 

in the c-PenLi/THF toluene-d8 solution. Nevertheless, it is evident that the solid state 

structure (c-PenLi)4(THF)4 is the dominant species  in solution. 

 

Figure 4.9. 
1
H DOSY of c-PenLi/THF complex in toluene-d8 solution at -35 

o
C. 

 

 

Figure 4.10. D-FW analysis of 
1
H DOSY data of c-PenLi/THF complex in toluene-d8 solution at 

-35 
o
C. Internal references are shown as solid squares and the c-PenLi/THF complex is shown as 

open square. 
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Table 4.6. D-FW analysis of 
1
H DOSY data 

entry Compd FW 

(gmol
-1

) 

10
-10

D 

(m
2
/s) 

Predicted FW 

(gmol
-1

) 

% error 

1 BEN 78.11 12.41 77.33 1.0 

2 COE 110.2 9.54 116.1 -5.3 

3 TDE 196.4 7.10 183.1 6.8 

4 SQU 410.7 4.14 422.4 -2.8 

5 c-PenLi
a
 592.7

a
 3.54 539.6 9.2 

a
592.7 gmol

-1
 is the formula weight of (c-PenLi)4(THF)4 complex. 

 

4.4 Conclusion 

Cyclopentyllithium is easily crystallized in hydrocarbon solvent. This crystallization 

conveniently provides a process to obtain highly pure secondary alkyllithium reagent 

suitable for solution-state characterization and also for synthetic applications. X-ray 

diffraction reveals the hexameric nature of the cyclopentyllithium whereas it exists as 

both a tetramer and a hexamer in hydrocarbon solvents. Moreover, cyclopentyl-

lithium/tetrahydrofuran complex crystallizes readily from pentane at -20 
o
C, and the 

crystal structure is a tetrameric c-PenLi aggregate with each lithium atom coordinated to 

THF forming the tetrasolvated, tetrameric aggregate (c-PenLi)4(THF)4. This same (c-

PenLi)4(THF)4 tetramer is also the dominant species in solution. 

The characterization of cyclopentyllithium in both solid and solution not only furthers 

our understanding of secondary alkyllithium reagents, but also provides us the 

mechanistic insight of the reaction of cyclopentyllithium. 
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4.5 Experimental Section 

4.5.1 Procedures for NMR Experiments.  NMR samples were prepared in tubes 

sealed with rubber septa and parafilm. NMR tubes were evacuated in vacuo, flame-dried 

and filled with argon before use. 
1
H chemical shifts were referenced to toluene-d8 at 7.09 

ppm, and 
13

C chemical shifts were referenced to toluene-d8 at 137.86 ppm. All NMR 

experiments were acquired on a 400 MHz spectrometer equipped with a z-axis gradient 

amplifier and an ATMA BBO probe with a z-axis gradient coil. Maximum gradient 

strength was 0.214 T/m. 
1
H-DOSY was performed using the standard dstebpgp3s 

program, employing a double stimulated echo sequence, bipolar gradient pulses for 

diffusion, and 3 spoil gradients. Diffusion time was 200 ms, and the rectangular gradient 

pulse duration was 1200 μs. Gradient recovery delays were 200 μs. Individual rows of the 

quasi-2-D diffusion databases were phased and baseline corrected. Actual diffusion 

coefficients used for D-FW analysis were obtained with commercial software using the 

T1/T2 analysis module. 

The cyclopentyllithium (c-PenLi) sample was prepared by dissolving dry crystals in 

toluene-d8. The crystals were kept at -78 
o
C in a cold bath immediately after removing 

from a -20 
o
C freezer, the solvent was removed by syringe and the crystals were washed 

twice with anhydrous pentane. After the removal of solution by syringe, the crystals were 

kept in a dry ice-acetonitrile bath and evacuated for 1 hour. Toluene-d8 was then added to 

the crystals under an argon atmosphere. The solution was allowed to stir at -42 
o
C for 20 

min before transferring into a sealed NMR tube via syringe. 

The cyclopentyllithium/THF sample can be prepared by dissolving dry crystals in 

toluene-d8 or by adding anhydrous tetrahydrofuran into a toluene-d8 solution of 
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cyclopentyllithium. The crystals were kept at -78 
o
C in a cold bath immediately after 

removing from a -20 
o
C freezer, the solvent was removed by syringe and the crystals were 

washed with anhydrous pentane. After the removal of solution by syringe, the crystals 

were then kept at -78 
o
C and evacuated for 20 min. Toluene-d8 (0.6 mL) was then added 

to the crystals under argon atmosphere. The resulting solution was transferred into a 

sealed NMR tube via syringe at -78 
o
C. Alternatively, tetrahydrofuran was added via 

syringe into a sealed NMR tube of cyclopentyllithium toluene-d8 at -78 
o
C. After the 

addition, the NMR tube was shaken vigorously at -78 
o
C before the signal acquisition.  

For the variable temperature experiments in determining equilibrium constant and 

thermodynamic data, 51.1 mg of 1-dodecene was added via syringe to 0.650 mL of 

cyclopentyllithium toluene-d8 solution to accurately measure the concentration of the 

cyclopentyllithium toluene-d8 solution.  

The internal references (in a ratio of 1:3:3:1 for BEN, COE, TDE, and SQU, 

respectively) were titrated into the NMR tube and monitored by 
1
H-NMR. The titration 

was stopped when the peak intensity of benzene was similar to the methine peak of c-

PenLi. 

4.5.2 Synthesis of cyclopentyllithium.
14

 About 1.00 g (144 mmol) of finely cut Li 

metal was placed into a flame-dried flask with a condenser attached and flushed with 

argon. The condenser was fitted with a serum septum and sealed with parafilm. The metal 

was washed by adding 10 mL of dry pentane to the flask via syringe. The flask was 

placed in an ultrasound bath for 15 minutes. Pentane was then removed via syringe. This 

was repeated until the washings were clear, with no white solid suspended in the wash (3 
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times). Dry cyclohexane or heptane (10 mL) was added to the flask, and the flask was 

placed in an oil bath at 50 
o
C with stirring. A drop of methyl tert-butyl ether was added to 

6.33 g (60.5 mmol) of chlorocyclopentane, and the resulting solution was added via 

syringe to the hot lithium metal cyclohexane or heptane mixture over a period of 2.5 

hours using a syringe pump. After the addition of chlorocyclopentane, the mixture was 

stirred overnight at room temperature, after which a purple slurry was obtained. The 

suspension was transferred via syringe to a clean, flame-dried vial flushed with argon and 

fitted with a serum septum. The vial was centrifuged until the solid was separated. The 

supernatant was transferred to a second identical vial and centrifuged again. The 

supernatant was transferred to a third identical vial. This cyclopentyllithium solution in 

cyclohexane or heptane was titrated using 2,2-diphenylacetic acid in tetrahydrofuran and 

found to be 2.0 M and 1.4 M for the cyclohexane solution and heptane solution 

respectively. 

4.5.3 Crystallization of cyclopentyllithium. Cyclopentyllithium can be easily 

crystallized from hydrocarbons by storing freshly made cyclopentyllithium cyclohexane 

solution or heptane solution at -20 
o
C overnight.  A significant amount of colorless 

cyclopentyllithium crystals are obtained.  XRD quality crystals are obtained directly from 

the heptane solution of cyclopentyllithium. Alternatively, the crystals were re-dissolved in 

toluene and the solution was stored at -20 
o
C for a few days before the appearance of 

colorless cyclopentyllithium crystals. 

4.5.4 Crystallization of cyclopentyllithium tetrahydrofuran adduct. To a 0.2 mL 

cyclopentyllithium heptane solution in a flame-dried vial under argon atmosphere at -20 

o
C was added 2 mL anhydrous pentane. After 5 min, 0.1 mL of THF was added to the 
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solution. The solution was shaken vigorously at -20 
o
C and stored at -20 

o
C. Colorless 

XRD quality crystals appeared after 2 hours. 
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Chapter 5 

Characterization of hexameric and octameric sec-

butyllithium/sec-butoxide mixed aggregates 

 

 

 

 

 

 

 

 

 



103 
 

5.1 Abstract 

Solution state characterization of sec-butyllithium in toluene-d8 was conducted by 

utilizing a variety of NMR experiments including diffusion-ordered NMR spectroscopy 

(DOSY) with diffusion coefficient-formula weight correlation analyses and other one- 

and two-dimensional NMR techniques. Those results suggest that sec-butyllithium exists 

primarily as a mixture of tetramer and hexamer in hydrocarbon solvents. However, the 

presence of roughly 2-5 % by mole ratio in all samples of lithium sec-butoxide in both 

commercially available and laboratory synthesized sec-butyllithium solution due to the 

reaction with adventitious dioxygen will lead to the formation of a 1:5 sec-butoxide/sec-

butyllithium mixed hexamer. A sec-butoxide/sec-butyllithium mixed octamer will emerge 

when the proportion of butoxide to butyllithium increases. 

 

5.2 Introduction 

Organolithium reagents are among the most widely used reagents in organic 

synthesis.
1 

Alkyl-lithium reagents, especially butyllithiums, are the source of most 

organolithium reagents since they can efficiently generate a wide variety of carbanions 

such as lithium amide, acetylide and alkoxide.
1 
Moreover, the gaseous by-product butane 

is a saturated hydrocarbon which can be easily eliminated. As a result, buyllithium 

reagents have been a focus of research of several groups for more than 40 years.
1,2 

Unlike 

n-butyllithium (n-BuLi) and tert-butyllithium (t-BuLi), the racemic nature of sec-

butyllithium (s-BuLi) makes it hard to form single crystal. Untill now, only two crystal 

structures containing s-BuLi were reported
3
 and thus, solution state studies play a critical 
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role in revealing the aggregation state of s-BuLi.
2f,I,4 

By using 
6
Li and 

13
C NMR, Fraenkel 

and his coworkers proposed that sBuLi in hydrocarbon media exists as a mixture of 

hexamer and tetramer with a tiny amount of dimer at very high concentration.
5
 However, 

the assignment cannot be established unambiguously because the experimental results are  

also consistent with other possible complexes. Moreover, McGarrity and his coworkers 

showed that n-BuLi commonly contains n-butoxide because of its reaction with 

dioxygen
6
 and the n-butoxide can readily form mixed tetramers with n-BuLi in 

tetrahydrofuran (THF). They also showed that there are rate differences between n-BuLi 

aggregates and nBuLi/Lithium butoxide mixed aggregates toward the reaction of n-BuLi 

with benzaldehyde.
7 

Being a similar species, it will not be surprising if a substoi-

chiometric amount of lithium sec-butoxide (s-BuOLi) is present in a s-BuLi solution. We 

find that a small amount of s-BuOLi is present in both brand new commercial and 

laboratory synthesized s-BuLi solutions. The preparation of butoxide free -sBuLi solution 

appears to be very difficult since there is no known method to crystallize s-BuLi. The 

mixed aggregate formation of sBuLi/sBuOLi and the characterization of hexameric and 

octameric sBuLi/sBuOLi mixed aggregates are presented. A variety of mixed aggregates 

are reported although  the  influence of these species remains uncertain.
8
 

 

5.3 Results and Discussion 

5.3.1 Characterization of hexameric s-BuLi/s-BuOLi mixed aggregate 

We first examined the 
1
H NMR of s-BuLi in toluene-d8 which is unreactive to 

alkyllithium reagents in the absence of coordinating ligand such as THF or N,N,N′,N′-
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tetramethylethylenediamine (TMEDA) at room temperature.
9 

The proton NMR shows 3 

peaks in the methine region of s-BuLi. In an attempt to reveal the nature of the peaks, 

variable-temperature NMR study with 1-dodecene (DDE) as internal reference was 

carried out and the result was shown in Figure 5.1. Upon decrease in temperature, the 

resonance at -1.16 ppm decreases significantly in intensity and the resonance at -0.88 

ppm increases clearly while the middle resonance at -0.97 ppm has no significant change. 

The total concentration of s-BuLi is determined by comparing the integrations of internal 

standard and the methine signals,
9a 

while the ratios between the three peaks were obtained 

by Lorentzian deconvolution,
10 

and thus, the concentration of each species could be  

determined. According to Fraenkel’s report, s-BuLi exists mainly as a hexamer and a 

tetramer in hydrocarbon solvents,
5 

accordingly we assigned the peak at -0.88 ppm as a 

hexamer and at -1.16 ppm as tetramer. In order to verify our assignment, a dilution 

experiment at -30 
o
C was performed and the result is summarized in Table 5.1. 

 

 

 

 

 

 

 

 

Figure 5.1. Variable temperature 
1
H NMR (400 MHz) spectra of 0.49 M s-BuLi in toluene-d8. 

H represents the methine signal of sBuLi in hexamer, T represents the signal in tetramer and M1 

represents the signal in s-BuLi/s-BuOLi mixed hexamer. 

-45 
o
C 

-35 
o
C 

-25 
o
C 

-15 
o
C 

H M1 
T 
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Scheme 5.1. The equilibrium reaction of the hexameric and tetrameric complexes of s-BuLi 

 

Table 5.1. Concentrations of s-BuLi complexes and the equilibrium constant (K) at -30 
o
C in 

toluene-d8 

[sBuLi]total, 

M 

[sBuLi]a at 

-0.88 ppm, M 

[sBuLi]b at 

-1.16 ppm, M 

 

0.487 0.113 0.246 1.54 M
-1

 

0.332 0.068 0.176 1.47 M
-1

 

0.248 0.048 0.135 1.71 M
-1

 

 

 

Figure 5.2. The van ’t Hoff plot of reaction (1). 

 

The result supports our peak assignment because the calculated equilibrium constants 

are very similar. The enthalpy (ΔH) and entropy (ΔS) of the equilibrium reaction 1 

(Scheme 5.1) were then determined by linear regression (Figure 5.2). The enthalpy and 

entropy were calculated to be -64.8 kJmol
-1

 and -262 Jmol
-1

K
-1

 respectively. Compared 

with the cyclopentane solution of s-BuLi in which the ΔH and ΔS are -29 kJmol
-1

 and -

117 Jmol
-1

K
-1

 respectively,
5 

the toluene solution of sBuLi favors the formation of 

2

3

([ ] / 6)

([ ] / 4)

a

b

s BuLi
K

s BuLi
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hexamer when the temperature is below -27 
o
C and favors the formation of tetramer when 

the temperature is above -27 
o
C. 

There is evidence that butyllithium can react with adventitious dioxygen to form 

butoxide which is known to form mixed aggregates with buytllithium
6
 and thus, it is very 

probable that the unknown peak at -0.97 ppm may belong to a mixed aggregate. To 

substantiate this prediction, we deliberately added pure dioxygen gas or sec-butanol into 

s-BuLi samples. Upon the addition of dioxygen or sec-butanol, the intensity of the 

unknown peak increases simultaneously with a peak at 3.44 ppm which is the methine 

proton of s-BuOLi (Figure 5.3).   

This observation confirms that the unknown peak at -0.97 ppm belongs to the methine 

proton of s-BuLi in a s-BuLi/s-BuOLi mixed aggregate. The fact that the ratio of the 

integration of the methine peak of sBuOLi to sBuLi is about 1 to 5 leads to the 

conclusion that it is a 5:1 mixed hexamer. Thomas and her coworkers reported that t-

BuLi can form 1:5 and 2:4 t-BuLi/t-BuOLi mixed hexamers;
11 

however, their inter-

pretation was based on the hexameric nature of t-BuOLi can exist as hexamer or octamer 

in hydrocarbon solvents as reported by Henderson.
12

 

 In order to unambiguously establish the hexameric structure of the mixed aggregate, 

diffusion-ordered NMR spectroscopy (DOSY) and diffusion coefficient-formula weight 

(D-FW) correlation analyses were conducted to evaluate the formula weight of the mixed 

aggregate. Our group previously applied DOSY NMR with internal references for the 

determination of formula weights of reactive complexes by D-FW correlation analysis. 

The linear regression plot of the logarithms of NMR determined diffusion coefficients 
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against the known formula weights of the references is used to deduce the formula weight 

of unknown complex from its diffusion characteristics.
13 

In this proton DOSY experiment, 

benzene (BEN, 78.11 g/mol), cyclooctene (COE, 110.2 g/mol), 1-tetradecene (TDE, 

196.4 g/mol) and squalene (SQU, 410.7 g/mol) were added to the sample solution as our 

internal references. 

 

Figure 5.3. The 
1
H NMR (400 MHz) spectra of the methine of 0.49 M s-BuLi in toluene-d8, 

showing the initial s-BuLi solution (c, d), solution after 2 μL s-BuOH was added (a) and solution 

after exposing in dioxygen atmosphere for 10 minutes (b). 

 

 

Figure 5.4.  
1
H DOSY of s-BuLi toluene-d8 solution at -20 

o
C 

 

Initial sBuLi  
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2
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After the addition of internal references into the toluene-d8 solution of s-BuLi, the 

signals of methyl and methylene protons of s-BuLi and s-BuOLi from 1.0 to 2.5 ppm 

were overlapped with the signals from the internal references; thus, distinct peaks from 

the methine protons were picked for our D-FW analysis. As seen in the DOSY spectrum 

(Figure 5.4), the methine peaks of s-BuOLi and s-BuLi have very similar diffusion 

coefficients. 

The correlation between log FW and log D of the linear regression is very high (r
2
 > 

0.99) and the predicted formula weight for the resonance of tetrameric s-BuLi (-1.16 ppm) 

is 255.7 gmol
-1

 which is very close to actual value 256.2 gmol
-1

 (0.2 % error) (Figure 5.5). 

The predicted formula weight for the resonance of hexameric s-BuLi (-0.88 ppm) is 

401.2 gmol
-1

 (4.4 % error) and the predicted formula weight for the resonance of the 

mixed aggregate at -0.97 ppm is 401.9 gmol
-1

 which is very close to the formula weight 

of the 1:5 s-BuOLi /s-BuLi (400.3 gmol
-1

, 1.0 % error). The predicted formula weight for 

the resonances of the mixed aggregate at 3.6 ppm is found to be 426.0 gmol
-1

 (6.4 % 

error). Given the intrinsic 10 % error in the formula weight prediction of the DOSY 

technique,
13 

we were unable to distinguish the 1:5 mixed hexamer (ROLi)(RLi)5 from the 

2:4 mixed hexamer (ROLi)2(RLi)4 by the predicted molecular weight solely. However, 

the integral ratio of the methine peak of s-BuOLi to s-BuLi is approximately 1 to 5 when 

there is less than 0.08 equivalent s-BuOLi.  This indicates that 1:5 mixed hexamer should 

be the major species. The integral ratio cannot be determined when there is more than 

0.08 equivalent s-BuOLi in the solution because a new mixed aggregate peak overlaps 

seriously with the s-BuLi methine peaks of other aggregates. We also note that the 

butoxide proportion in s-BuOLi/s-BuLi mixed hexamer (1:5) is significantly lower than 
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the t-BuOLi/t-BuLi mixed hexamer (5:1 or 4:2) reported by Thomas
11

 because the 

decrease in steric hindrance of the butyl group allows a higher ratio of butyllithium in the 

complex. 

 

Figure 5.5.  D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

the complexes are shown as open squares. 

 

5.3.2 Characterization of octameric s-BuLi/s-BuOLi mixed aggregate 

When more than 0.1 equivalent of s-BuOH was added to the s-BuLi solution, a small 

peak emerged at 3.63 ppm and its intensity continued to increase when more s-BuOH 

was added (Figure 5.6). Moreover, a methine peak of s-BuLi at -1.06 ppm was observed 

to increase with the ascending s-BuOLi peak. The result indicated another type of s-

BuOLi/s-BuLi mixed aggregate was formed. The fact that the new peak at 3.63 ppm 

which can only belong to the methine proton of s-BuOLi increases at the expense of the 

methine peak of s-BuOLi of the mixed hexamer when the temperature decreases from -20 

o
C to -40 

o
C indicates that the new mixed aggregate should be larger than a hexamer 

(Figure 5.7). 

To establish the aggregation state of the new mixed aggregate in solution, we applied 

the same 
1
H DOSY and D-FW analysis to the s-BuOLi/s-BuLi toluene-d8 solution. Two 
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DOSY experiments were conducted with different s-BuOLi to s-BuLi ratios because the 

methine peak of s-BuLi of the new aggregate overlapped with the methine peaks of other 

s-BuLi aggregates when the methine peak of s-BuOLi of the new aggregate was distinct. 

However, the later overlapped seriously with the methine peak of s-BuOLi of a pure s-

BuOLi aggregate when the methine peak of s-BuLi of the new aggregate was distinct 

(Figure 5.6). The resulting DOSY spectra are shown in Figure 5.8. 

 

Figure 5.6.  
1
H NMR spectra of sec-butanol titration of 0.49 M s-BuLi toluene-d8 solution at -20 

o
C. H represents the resonance of s-BuLi in hexamer; T represents the resonance s-BuLi in 

tetramer; M1 represents the resonances of s-BuLi and s-BuOLi in mixed hexamer; M2 represents 

the resonances of s-BuLi and s-BuOLi in mixed octamer; S represents the resonances of s-BuOLi 

in pure s-BuOLi aggregates. 

The predicted formula weight based on the resonance of the methine proton of s-

BuOLi of the new mixed aggregate was deduced to be 561.4 gmol
-1

 by D-FW analysis 

while the predicted formula weight based on the resonance of the methine proton of s-

BuLi of the new mixed aggregate was 536.3 gmol
-1

. The result indicates an aggregate 

larger than hexamer because the (s-BuOLi)5(s-BuLi) mixed hexamer has a formula 
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weight of 464.3 gmol
-1

 which is significantly smaller than the experimental results. 

Consequently, an octameric structure is proposed for the structure of the new mixed 

aggregate. However, it is not obvious whether the mixed aggregate is a 2:6 s-BuOLi/s-

BuLi mixed octamer which has a formula weight of 544.5 gmol
-1

 or a 4:4 mixed octamer 

(576.4 gmol
-1

) because our D-FW DOSY technique has an intrinsic 10 % error. The 

integrations of the methine peaks in the 
1
H NMR spectrum cannot be compared 

quantitatively as noted above. We believe that this new aggregate is more likely to be a 

4:4 mixed complex because a 2:6 mixed aggregate should have a higher intensity methine 

peak of s-BuLi and the mixed octamer may possibly adopt the same pattern as the crystal 

structure of (n-BuLi)4(t-BuOLi)4 octamer obtained by Boche;
8b 

however, no definitive 

evidence is present. Nevertheless, it is evident that a s-BuOLi/s-BuLi mixed octamer is 

present when there is between 0.08 to 2 equivalent of s-BuOLi in the toluene solution of 

s-BuLi. The characterization of an octamer in solution state by conventional 
6
Li-

13
C 

coupling is exceptionally difficult because the outermost peaks of the multiplets can 

hardly be distinguished
11

 and the racemic nature of s-BuLi further complicates the spectra. 

 

Figure 5.7.  Variable temperature 
1
H NMR (400 MHz) spectra of 2:7 s-BuOLi to s-BuLi 

toluene-d8 solution. M1 represents the resonances of s-BuLi and s-BuOLi in mixed hexamer; M2 

represents the resonances of s-BuLi and s-BuOLi in mixed octamer. 
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Figure 5.8.  
1
H DOSY of s-BuLi/s-BuOLi toluene-d8 solution at -20 

o
C. The ratio of s-BuOLi to 

s-BuLi is 2:7 in (a) and 5:3 in (b). 

 

5.4 Conclusion 

In summary, s-BuLi exists mainly as a mixture of tetramer and hexamer in 

hydrocarbon solvents. However, the presence of a small amount of s-BuOLi in both 

commercially available and laboratory synthesized sBuLi solution due to the reaction of 

s-BuLi with adventitious dioxygen definitely leads to the formation of a 1:5 s-BuOLi/s-

BuLi mixed hexamer that is difficult to avoid. A mixed s-BuOLi/s-BuLi mixed octamer 

will emerge when the proportion of s-BuOLi to s-BuLi increases. The effectiveness of 

DOSY NMR with D-FW correlation analyses over the conventional 
6
Li-

13
C coupling 
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experiments in revealing the aggregation states of the s-BuOLi/s-BuLi complexes is 

clearly useful in this analysis. 

 

5.5 Experimental Section 

The values of concentration were expressed as monomer units unless otherwise 

specified. 

The sec-butanol used in the NMR experiments was distilled over calcium hydride 

under nitrogen gas and stored over 4 Å molecular sieves prior to usage. 

The 2-chlorobutane used in the synthesis of sec-butyllithium was dried over 

anhydrous calcium chloride under nitrogen gas and stored over 4 Å molecular sieves 

prior to usage. 

5.5.1 Procedures for NMR Experiments. NMR samples were prepared in tubes 

sealed with rubber septa cap purchased from Aldrich and parafilm. NMR tubes were 

evacuated in vacuo, flame-dried and filled with argon before use. 
1
H chemical shifts were 

referenced to toluene-d8 at 7.09 ppm and 
13

C chemical shifts were referenced to toluene-

d8 at 137.86 ppm. All NMR experiments were acquired on a Bruker DRX400 

spectrometer equipped with an Accustar z-axis gradient amplifier and an ATMA BBO 

probe with a z-axis gradient coil. Maximum gradient strength was 0.214 T/m. 
1
H DOSY 

was performed using the standard Bruker dstebpgp3s program, employing a double 

stimulated echo sequence, bipolar gradient pulses for diffusion, and 3 spoil gradients. 

Diffusion time was 200 ms, and the rectangular gradient pulse duration was 800 μs. 

Gradient recovery delays were 200 μs. Individual rows of the quasi-2-D diffusion 
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databases were phased and baseline corrected. Actual diffusion coefficients used for D-

FW analysis were obtained in the Bruker Topspin software using the T1/T2 analysis 

module. Lorentzian deconvolution was performed on the overlapping methine protons 

using t Bruker’s Topspin 3.2 software. 

      The sec-butyllithium (s-BuLi) toluene-d8 solution was prepared by either 

commercially available sec-butyllithium cyclohexane solution (Aldrich, 1.4 M) or 

laboratory synthesized sec-butyllithium cyclohexane solution (1.06 M). The samples 

were prepared in two methods: 

Method 1: About 200 μL of the s-BuLi cyclohexane solution was added via syringe 

to a NMR tube (A PTFE filter purchased from VWR International was required for 

preparing the sample from commercial s-BuLi solution because the solution was milky 

with some solid materials even though it was brand new). Toluene-d8 was added via 

syringe to bring the total volume up to 600 μL. 

Method 2: After the addition of 200 μL s-BuLi cyclohexane solution to a NMR tube, 

the NMR tube was evacuated in vacuo for 30 minutes at 0 
o
C in order to remove the 

cyclohexane. After filling with argon, toluene-d8 was added via syringe to bring the total 

volume up to 600 μL or 650 μL. 

Method 2 was implemented for most of the time because the spectrum obtained was 

cleaner due to the elimination of cyclohexane. 

For the variable temperature experiments in determining equilibrium constant and 

thermodynamic data, about 20 mg of 1-dodecene was added via syringe to the solution in 
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order to accurately measure the concentration of the s-BuLi toluene-d8 solution. The 

exact mass of 1-dodecene added was accurately measured. 

The concentration of s-BuLi was about 0.4 M. The internal references (in a ratio of 

1:3:3:1 for BEN, COE, TDE, and SQU, respectively) were titrated into the NMR tube 

and monitored by 
1
H NMR. The titration was stopped when the peak intensity of benzene 

was about half that of s-BuLi. 

5.5.2 Synthesis of s-BuLi. About 1.00 g (144 mmol) of finely cut Li metal was 

placed into a flame-dried flask with a condenser attached that was flushed with argon. 

The condenser was fitted with a serum septum and sealed with parafilm. The metal was 

washed with dry pentane by adding 10 mL of pentane to the flask via syringe. The flask 

was then placed in an ultrasound bath for 15 minuntes. Pentane was then removed via 

syringe. This was repeated until the washings were clear, with no white solid suspended 

in the wash (3 times). Dry cyclohexane (10 mL) was added to the flask and the flask was 

placed in an oil bath at 50 
o
C with stirring. A drop of methyl tert-butyl ether was added to 

5.60 g (60.5 mmol) of 2-chlorobutane and the resulting solution was added via syringe to 

the hot lithium metal cyclohexane mixture in 2.5 hours using a syringe pump. After the 

addition of 2-chlorobutane, the mixture was stirred overnight at room temperature, after 

which a purple slurry was obtained. The suspension was transferred via syringe to a clean, 

flame-dried vial flushed with argon and fitted with a serum septum. The vial was 

centrifuged until the solid was separated. The supernatant was transferred to a second 

identical vial and centrifuged again. The supernatant was transferred to a third identical 

vial. This s-BuLi solution in cyclohexane was titrated using 2,2-diphenylacetic acid in 

tetrahydrofuran and found to be 1.06 M. Note worthily, the light yellow transparent 
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sBuLi solution turned milky after sitting in a -20 
o
C freezer for about 7 to 14 days. NMR 

samples were prepared from the transparent s-BuLi solution. 
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Chapter 6 

Crystal structure and solution state characterization of 

lithium (S)-(1-(Bis(2-methoxyethyl)amino)-3-

methylbutan-2-yl)(methyl)amide 
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6.1 Abstract 

The solid state structure of lithiated (S)-N
1
,N

1
-bis(2-methoxyethyl)-N

2
,3-

dimethylbutane-1,2-diamine which is a chiral amide base synthesized from (S)-valine 

was determined by single-crystal X-ray diffraction. The complex in solution state is also 

characterized by a variety of NMR experiments including diffusion-ordered NMR 

spectroscopy (DOSY) with diffusion coefficient-formula weight correlation analyses and 

other one- and two-dimensional NMR techniques by dissolving the crystal in toluene-d8. 

The crystallography and NMR results suggest that the chiral amide is dimeric in both 

solid and solution states. 

 

6.2 Introduction 

Organolithium reagents are one of the most widely used reagents in the synthesis of 

organic compounds.
1
 Non-nucleophilic organolithium amide bases such as lithium 

diisopropylamide and lithium hexamethyldisilazide have long been widely employed in 

the deprotonation of various organic compounds.
1d,1e,2

 Chiral lithium amide bases were 

also developed for asymmetric addition and deprotonation.
3
 Moreover, chiral lithium 

amide bases can also be used in catalytic dynamic resolution in enantioselective 

synthesis.
4
 Owing to the versatility and stereoselectivity of chiral lithium amides, they 

have been studied by several groups for more than 20 years.
3,5

 Many studies revealed that 

the reactivity and stereoselectivity of lithium amides highly depend on the aggregation 

state of the amides.
6
 Therefore, aggregation state determination of chiral lithium amides 

is critical in understanding, choosing and designing chiral amines. 
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6.3 Results and Discussion 

In an attempt to generate an internally solvated chiral lithium amide, (S)-N
1
,N

1
-bis(2-

methoxyethyl)-N
2
,3-dimethyl-butane-1,2-diamine (1) was synthesized by Boc-protected 

(S)-valine in two steps (Scheme 6.1). Bis(2-methoxyethyl)amine was chosen to be 

incorporated into the ligand because of its extensive use in internally solvating the 

lithium atom in several organolithium compounds.
7
 Upon reaction of chiral amine 1 with 

n-BuLi as outlined in Scheme 6.1, we expected to generate either monomeric lithium 

amide 2 or dimeric lithium amide 3 with a Li2N2 core which is the representative dimer 

for (S)-valine derived chiral lithium amide.
5a,e,8

 In lieu of obtaining either 2 or 3, we 

crystallized and characterized a dimeric aggregate 4 portrayed in Scheme 6.1 and Figure 

6.1. The dimer 4 adopts a ladder-type structure which is similar to the structure of 

lithiated (S)-N-isopropyl-O-triisopropylsilylvalinol in hydrocarbon solvent that our group 

characterized two years ago.
5e

 Despite the fact that the crystal was grown in a solution 

containing significant amount of diethyl ether or THF, there was no ether or even THF 

coordinating the dimer in the crystal structure. Moreover, only one oxygen from the 

bis(2-methoxyethyl)amine is chelated to a lithium atom as shown in Figure 6.1. 

Characterization of lithiated amine 1 in solution state was also conducted through 

applying various one- and two-dimensional NMR techniques on the solution of the 

crystal dissolved in toluene-d8. The sample can either be prepared by dissolving dry 

crystals of lithium amide 4 which had been washed by anhydrous pentane twice in 

toluene-d8 or by adding stoichiometric amount of n-butyllithium into the solution of 

chiral amine 1 in toluene-d8. The spectra produced are nearly the same except that there 
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are some large heptane peaks (from the n-Bu
6
Li solution) when the latter method was 

used. 

 

Scheme 6.1. Synthesis and Crystallization of lithium amide 1 

 

 

Figure 6.1. Crystal structure of lithiated (S)-N
1
,N

1
-bis(2-methoxyethyl)-N

2
,3-dimethylbutane-1,2-

diamine 4. Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been 

omitted for clarity. 

 

A series of 
1
H and 

13
C NMR experiments including 

1
H NMR, 

13
C NMR, COSY, 
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HSQC, HMBC were carried out in order to assign the 
1
H and 

13
C signals. The result is 

summarized in Table 6.1. 

6
Li NMR was then used to determine the number of different lithium atoms present. 

The fact that there is only one sharp peak at -50 
o
C indicates that only one kind of lithium 

is present and is consistent with monomeric amide 2 or dimeric amide 4 but not dimeric 

amide 3 (Figure 6.2). 

Table 6.1. 
1
H and 

13
C signal assignments of lithiated amide 1 

 

Carbon atom 
13

C 
1
H 

1 44.0 3.37 

2 59.3 3.04 

3 58.9 2.98 

4 69.5 3.02, 2.63 

5 68.9 3.31, 3.10 

6 57.2 2.68, 2.28 

7 54.1 3.00, 2.73 

8 48.1 2.92, 2.08 

9 70.6 2.96 

10 26.3 2.60 

11 16.2 0.97 

12 15.1 1.20 
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Figure 6.2. 
6
Li NMR of [

6
Li] Amide 1. 

 

DOSY techniques were then used to determine the formula weight of the lithiated 

complex and hence the aggregation state. We first applied DOSY NMR with internal 

references for the determination of formula weights of reactive complexes by D-FW 

correlation analysis.  A linear regression plot of the logarithms of NMR determined 

diffusion coefficients against the known formula weights of the references is used to 

deduce the formula weight of unknown complex from its diffusion coefficient.
5e,f,6f,9

 In 

this proton DOSY, benzene (BEN, 78.11 g/mol), cyclooctene (COE, 110.2 g/mol), 1-

tetradecene (TDE, 196.4 g/mol) and squalene (SQU, 410.7 g/mol) were added to the 

sample solution as our internal references. 

After the addition of internal references, the signals of lithiated amine 1 from 1.0 to 

2.5 ppm were overlapped with the signals from the internal references; thus, distinct 

peaks from 2.5 to 7.2 ppm were picked for our D-FW analysis. As seen in the DOSY 

spectrum (Figure 6.3), distinct peaks from lithiated amine 1 have very similar diffusion 

coefficients. 
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Figure 6.3. 
1
H DOSY of lithiated amine 1. 

 

The correlation between log FW and log D of the linear regression is high (r
2
 > 0.99) 

and the average predicted formula weight for the resonances of lithiated amine 1 is 483.8 

g/mol which is very close to unsolvated dimer 4 of 476.6 g/mol (Figure 6.4, Table 6.2). 

Despite the fact that monomer 2 is consistent with our 
6
Li NMR, our DOSY result 

showed that lithiated amine 1 in solution state cannot be monomer 2 which has a formula 

weight of only 238.3 g/mol and a 103% difference from the result. The possibility of a 

THF solvated monomer which has a formula weight of 310.4 g/mol can also be ruled out 

because of the 55.9% difference between the predicted and the actual formula weight. 

Another possible structure which is consistent with the 
6
Li NMR result is the THF 

disolvated dimer; however, the disolvated dimer has a formula weight of 620.8 g/mol 

which is a 22.0% difference from our predicted formula weight. Therefore, only a 

symmetric unsolvated dimer is consistent with our 
6
Li and DOSY NMR results. 

 

BEN 
COE 

TDE 
SQU 
Li Amine 1 
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Figure 6.4. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

lithiated amine 1 is shown as open square. 

 

Table 6.2. D-FW analysis of 
1
H DOSY data 

entry Compd FW 

(g/mol) 

10
-10

D 

(m
2
/s) 

Predicted 

FW (g/mol) 

% error 

1 BEN 78.11 5.661 82.26 -5.3 

2 COE 110.2 4.997 106.5 3.4 

3 TDE 196.4 3.818 185.8 5.4 

4 SQU 410.7 2.555 426.6 -3.9 

5 Li-1
a
 476.6

b
 2.370 498.3 -4.6 

6 Li-1
a
 476.6

b
 2.378 494.9 -3.8 

7 Li-1
a
 476.6

b
 2.451 464.9 2.5 

8 Li-1
a
 476.6

b
 2.418 478.1 -0.3 

9
c
 Li-1

a
 476.6

b
 2.404 483.7 -1.5 

Standard Dev. of Predicted FW of Li-1  15.5 3.3 

10 Li-1
a
 238.3

d
 2.404 483.7 -103 

11 Li-1
a
 310.4

e
 2.404 483.7 -55.9 

12 Li-1
a
 620.8

f
 2.404 483.7 22.0 

a
Li-1 represents lithiated amine 1 in Tol-d8. 

b
476.6 g/mol is the formula weight of 

unsolvated dimer 4. 
c
The average of the above four diffusion coefficients. 

d
238.3 g/mol 

is the formula weight of unsolvated monomer 2. 
e
310.4 g/mol is the formula weight of a 

THF solvated monomer. 
f
620.8 g/mol is the formula weight of a THF solvated dimer 

with 2 THF. 
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6.4 Conclusion 

In summary, a single crystal of lithium (S)-(1-(bis(2-methoxyethyl)amino)-3-

methylbutan-2-yl)(methyl)amide can be easily grown in both pentane-ether and pentane-

THF solution. The crystal structure is a symmetric dimer shown in Figure 6.1. The 

solution state study was carried out by various one- and two-dimensional NMR 

techniques. 
6
Li NMR result revealed that only one kind of lithium exists and ruled out the 

possibility of dimer 3. After assigning the 
1
H and 

13
C signals, 

1
H DOSY was run to 

evaluate the formula weight of the lithiated amine 1 in toluene-d8 and the result of D-FW 

analysis suggested that lithium amine 1 existed as a unsolvated dimer in toluene-d8. With 

the crystallography and NMR data, we have definitive evidence that dimeric lithium 

amide 4 exists in both solid and solution states. 

 

6.5 Experimental Section 

6.5.1 Synthesis of (S)-N
1
,N

1
-bis(2-methoxyethyl)-N

2
,3-di-methyl butane-1,2-

diamine (1). To a solution of Boc-(S)-valine (3.00 g, 13.8 mmol) dissolved in 50 ml 

anhydrous dimethyl-formamide and  N,N-diisopropylethylamine (3.57 g, 27.6 mmol) 

under N2 atmosphere was added O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (7.80g, 20.6mmol) all at once. After stirring at room temperature for 

15 min, bis(2-methoxyethyl)amine (2.02 g, 15.2 mmol) was added dropwise and the 

reaction mixture was allowed to stir for 2 h before quenching with 80 mL 1 N HCl 

solution. The mixture was extracted with EtOAc (3 x 80ml) three times and the combined 

organic phase was washed by 1 N HCl (3 x 25ml) three times, 40 mL brine and dried 
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over Na2SO4. The solvent was first removed by rotary evaporation and then by oil pump 

yielding a reddish brown viscous liquid. The liquid was used in the next step without 

further purification. 

To a solution of the previous obtained liquid dissolving in 100 ml anhydrous THF at 0 

o
C was slowly added lithium aluminum hydride (3.84 g, 101 mmol). After the addition, 

the reaction mixture was allowed to reflux overnight under N2 atmosphere.  The reaction 

mixture was then cooled down to 0 
o
C and quenched carefully by adding 0.5 N NaOH 

slowly upon stirring until all the salts appeared white. The solution was allowed to stir for 

5 min before dying over Na2SO4. After sitting for 15min, the reaction mixture was then 

filtered and the white solid salts were washed by EtOAc (4 x 50 mL). The solvent of the 

filtered organic phase was removed by rotary evaporation and purification was performed 

by vacuum distillation. Purification (bp = 116 
o
C, 3 mm Hg) gave a colorless oil (1.71 g, 

7.36 mmol, 53.3 %). 
1
H NMR (CDCl3, 400 MHz) δ 3.42 (dt, 4H, J = 6.2, 2.4Hz), 3.33 (s, 

6H), 2.78-2.59 (m, 4H), 2.49-2.43 (m, 1H), 2.36 (s, 3H), 2.34-2.23 (m, 2H), 2.17-1.92 (br, 

1H), 1.92-1.79 (m, 1H), 0.90 (d, 3H, J = 7.0Hz), 0.84 (d, 3H, J = 7.0Hz); 
13

C NMR 

(CDCl3, 100 MHz) δ 71.2, 62.8, 58.7, 55.4, 54.6, 35.2, 27.9, 19.0, 16.9; HRMS-ESI m/z: 

[M + H]+ Calcd for C12H29N2O2:  233.2229, found: 233.2230. 

6.5.2 Synthesis of n-Bu
6
Li. The n-Bu

6
Li solution was prepared in heptane according 

to the method that our group has published previously.
5e

 

6.5.3 Preparation of XRD Quality Crystals of Lithium (S)-(1-(bis(2-methoxy-

ethyl)amino)-3-methylbutan-2-yl)(methyl)-amide (4). (I) To a solution of chiral amine 

1 (0.10 g, 0.43 mmol) in 1 ml pentane at 0 
o
C under Ar atmosphere was slowly added 1 
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equiv n-BuLi. The reaction mixture was allowed to stir at 0 
o
C until white precipitates 

formed. Anhydrous diethyl ether was then added to the mixture until all the precipitates 

dissolved into the solution and the solution became clear. XRD quality crystals were 

grown when the solution was stored at -50 
o
C overnight. (II) To a solution of chiral amine 

1 (0.10 g, 0.43 mmol) in 1 ml pentane at 0 
o
C under Ar atmosphere was slowly added 1 

equiv n-BuLi. The reaction mixture was allowed to stir at 0 
o
C until white precipitates 

formed. Anhydrous tetrahydrofuran was then added to the mixture until all the 

precipitates dissolved into the solution and the solution became clear (the amount of 

tetrahydrofuran required is much less than that of diethyl ether). XRD quality crystals 

were grown over a few days when the solution was stored at a -20 
o
C freezer. 

6.5.4 Procedures for NMR Experiments.  NMR samples were prepared in tubes 

sealed with rubber septa cap purchased from Aldrich and parafilm. NMR tubes were 

evacuated in vacuo, flame-dried and filled with argon before use. NMR experiments were 

carried out at -40 
o
C except the characterization of chiral amine 1 which was done at 

room temperature and referenced to CDCl3. 
1
H chemical shifts were referenced to 

toluene-d8 at 7.09 ppm and 
13

C chemical shifts were referenced to toluene-d8 at 137.86 

ppm. DOSY experiments were performed on a Bruker DRX400 spectrometer equipped 

with an Accustar z-axis gradient amplifier and an ATMA BBO probe with a z-axis 

gradient coil. Maximum gradient strength was 0.214 T/m. 
1
H DOSY was performed 

using the standard Bruker dstebpgp3s program, using double stimulated echo, LED, with 

bipolar gradient pulses and 3 spoil gradients. Diffusion time was 200 ms, and rectangular 

gradient pulse duration was 900 μs. Gradient recovery delays were 900 μs. Individual 

rows of the quasi-2-D diffusion databases were phased and baseline corrected. Actual 
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diffusion coefficients used for D-FW analysis were obtained in the Bruker Topspin 

software using the T1/T2 analysis module. 

The lithiated amine 1 samples can be prepared by dissolving dry crystals in toluene-d8 

or formed in situ by adding n-Bu
6
Li into a toluene-d8 solution of chiral amine 1. Crystals 

were first prepared by the method described above except n-Bu
6
Li was used instead. The 

crystals were kept at -78 
o
C in a cold bath immediately after removing from a -50 

o
C 

freezer, the solvent was removed by syringe and the crystals were washed twice with 

anhydrous pentane. After the removal of solution by syringe, the crystals were then kept 

at a dry ice-acetonitrile bath and evacuated in vacuo for 1 h. Toluene-d8 (0.60 mL) was 

then added to the crystals under an Ar atmosphere. The solution was allowed to stir at -40 

o
C for 20 min before transferring into a sealed NMR tube via syringe.  Alternatively, 

about 30 mg chiral amine 1 was added via syringe into a sealed NMR tube. Toluene-d8 

(0.60 mL) was then added via syringe to the NMR tube. The solution was then kept at a -

40 
o
C bath before the addition of 1 equiv n-Bu

6
Li solution. After the addition, the NMR 

tube was shaken vigorously and kept at -40 
o
C for 1h before the signal acquisition. This 

latter method was not preferred overall since a significant amount of heptane is retained. 
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Chapter 7 

Mixed aggregates of an alkyllithium reagent and a chiral 

lithium amide derived from N-ethyl-O-triisopropylsilyl valinol 
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7.1 Abstract 

The crystal structure of a mixed aggregate containing lithiated (S)-N-ethyl-3-methyl-

1-(triisopropylsilyloxy)butan-2-amine derived from (S)-valinol and cyclopentyllithium is 

determined by X-ray diffraction. The mixed aggregate adopts a ladder structure in solid 

state.  The ladder-type mixed aggregate is also the major species in a toluene-d8 solution 

containing approximately 1:1 mole ratio of the lithiated chiral amide to cyclopentyl-

lithium.  A variety of NMR experiments including diffusion-ordered NMR spectroscopy 

(DOSY) with diffusion coefficient-formula (D-FW) weight correlation analyses and other 

one- and two-dimensional NMR techniques allowed us to characterize the complex in 

solution. Solution state structures of the mixed aggregates of n-butyl, sec-butyllithium, 

isopropyllithium with lithiated (S)-N-ethyl-3-methyl-1-(triisopropyl-silyloxy)butan-2-

amine are also reported. Identical dimeric, ladder-type, mixed aggregates are the major 

species at a stoichiometric ratio of 1:1 lithium chiral amide to alkyllithium in toluene-d8 

solution for all of the different alkyllithium reagents. 

 

7.2 Introduction 

Organolithium reagents are among the most widely used reagents in organic 

synthesis.
1
 Chiral lithium amide bases were developed for asymmetric addition and 

deprotonation.
2
  Additionally, Koga reported an intriguing asymmetric aldol reaction in 

the presence of chiral lithium amide bases implicating the influence of mixed 

aggregates.
3
  Recent research indicates that chiral lithium amide bases are also useful for 

catalytic dynamic resolution in enantioselective synthesis.
4
 Other organolithium reagents 
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that form mixed aggregates have been reported by several groups including Collum,
5
 

Davidsson,
6
 Duhamel,

7
 Hilmersson,

8
 McGarrity,

9
 Maddaluno,

10
 Reich,

11
 Thomas

12
 and 

Strohmann
13

. Many of these studies reveal that the reactivity and stereoselectivity of 

chiral lithium mixed aggregates depend on the aggregation state of the reagents.
6a,f,10b,14

 

Therefore, aggregation state determination of chiral, lithium mixed-aggregates is crucial 

to the interpretation of the reaction mechanism and the optimization of enantioselectivity 

in reactions involving chiral lithiated amide reagents. 

 

 

Scheme 7.1. The trimeric 2:1 complexes 2, 3 and the homodimer 4 

 

Previously our group reported solid state structures of mixed trimers consisting of two 

equiv of the chiral lithium amide derived from N-isopropyl valinol 1 and one equivalent 

of commercially available n-butyllithium (n-BuLi), or tert-butyllithium (t-BuLi), or sec-

butyllithium (s-BuLi) depicted as structure 2 in Scheme 7.1.
15

 We also reported both the 

crystal structure and the solution state characterization of a similar trimeric complex 
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consisting of two equiv of the chiral lithium amide and 3-pentanone lithium enolate 

complex depicted as complex 3.
16

 We also reported the asymmetric addition of n-BuLi 

from the mixed aggregate 2a to aldehydes.
14c 

Most recently, we characterized the 

solution state structure of the pure chiral lithium amide in the absence any additional 

reagents as the homodimer 4 in hydrocarbon solvent.
17

 Moreover, Hilmersson and 

coworkers reported solution state characterization of a similar chiral lithium amide as a 

mixed dimer between n-BuLi and the chiral lithium amide in diethyl ether.
18

 The 

characterization of yet another structural motif described as the four-rung ladder 

structures 6a-d depicted in Scheme 7.2 containing a 2:2 stoichiometric ratio the chiral 

lithium amide derived from N-ethyl-O-triisopropylsilyl valinol 5 and either n-BuLi, or s-

BuLi, or i-PrLi or cyclopentyllithium is presented in this chapter. 

 

 

Scheme 7.2. The 2:2 Ladder Structure Mixed Aggregates 6 

 

 

7.3 Results and Discussion 

7.3.1 Solid state structure of 2:2 mixed aggregate of lithiated (S)-N-ethyl-3-methyl-1-

(triisopropylsilyloxy)butan-2-amine and cyclopentyllithium (6a) 
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Chiral amine 5 was easily synthesized from (S)-valine in three steps following the 

procedure we have used previously to prepare the N-isopropyl derivative. Crystals that 

are suitable for X-ray diffraction were grown by adding two equiv of c-PenLi to the 

toluene solution of chiral amine 5 and keeping the resulting solution at -50 
o
C for a few 

days. The X-ray structure determination of the solid material that formed reveals a 2:2 

chiral lithium amide to c-PenLi mixed aggregate that adopts a ladder-type structure 

shown in Figure 7.1. The structure contains two chiral lithium amide and two 

alkyllithium subunits with a Li2N2 core. Hilmersson and Davidsson have shown the 

existence of several 1:1 mixed aggregates of chiral lithium amides and n-butyllithium in 

solution state
6,8h,18

 and Maddaluno has also conducted solution state studies to 

characterize several 1:1 mixed aggregates of alkyllithium and chiral lithium amides 

derived from 4-hydroxy-proline.
10 

 To the best of our knowledge, there is no evidence for 

the existence of a 2:2 mixed aggregate of a chiral lithium amide and a simple alkyllithium 

reagent. 

 

Figure 7.1. Crystal structure of the mixed aggregate of lithiated (S)-N-ethyl-3-methyl-1-

(triisopropylsilyloxy)butan-2-amine and c-PenLi 6a.  
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7.3.2 Solution state characterization of a 2:2 mixed aggregate of cyclopentyllithium 

and the chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol (6a) 

The sample for NMR studies was prepared in situ by titrating (S)-N-ethyl-3-methyl-

1-(triisopropylsilyloxy)butan-2-amine into a toluene-d8 solution of 
6
Li labeled cyclo-

pentyllithium at -50 
o
C. The titration was monitored by 

1
H and 

6
Li NMR as depicted in 

Figures 7.2 and 7.3 respectively.  

The methine region of c-PenLi was carefully monitored by 
1
H NMR. With no amine 

added, c-PenLi exists as a mixture of hexamer (-0.77 ppm) and tetramer (-1.16 ppm).
19

 

Upon addition of chiral amine 5, a new peak emerges at -0.59 ppm. As more chiral amine 

5 is added to the solution, the intensity of the peak at -0.59 ppm increases significantly 

simultaneously with a decrease of the peaks due to the tetramer and hexamer of c-PenLi. 

As shown in Figure 7.2, when the mole ratio of lithiated chiral amine 5 to c-PenLi equals 

1:1, the peak at -0.59 ppm is the major peak in the methine region of c-PenLi. 

 

Figure 7.2. 
1
H NMR spectra of chiral amine 5 titration of 0.47 M c-Pen

6
Li toluene-d8 solution at 

-50 
o
C. H represents the resonance of c-Pen

6
Li in hexamer; T represents the resonance c-Pen

6
Li 

in tetramer; 6a represents the resonance of the 2:2 mixed aggregate 6a. 

Lithium Amide : c-PenLi 

1 : 1 

1 : 2 

1 : 4 

0 : 1 T H 

6a 
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Figure 7.3. 
6
Li NMR spectra of chiral amine 5 titration of 0.47 M c-Pen

6
Li toluene-d8 solution 

at -50 
o
C. H represents the resonance of c-Pen

6
Li in hexamer; T represents the resonance c-Pen

6
Li 

in tetramer; 6a represents the resonances of the 2:2 mixed aggregate 6a.  Smaller peaks are 

unknown species. 

 

In 
6
Li NMR in toluene-d8, c-PenLi exhibits two peaks corresponding to a hexamer 

and a tetramer. After the addition of chiral amine 5, several peaks emerge. When the ratio 

of lithiated chiral amine 5 to c-PenLi equals 1:1, there are two peaks with approximately 

equal intensity that are significantly higher than the other peaks. These spectra are 

consistent with the 2:2 mixed aggregate. 

To confirm that the two major peaks in 
6
Li spectra represent the 2:2 mixed aggregate, 

a 
1
H{

6
Li} HMBC spectrum was performed.  This spectrum is shown in Figure 7.4. The 

HMBC showed strong correlation from Li(1) to the protons of the methylene (2.95, 3.02 

ppm) and methine (2.91 ppm) groups adjacent to nitrogen, as well as the methine peak (-

0.59 ppm) of c-PenLi. Additionally, Li(2) also showed strong correlation to the methine 

proton of c-PenLi, as well as one of the protons of the methylene (3.51 ppm) group 

Lithium Amide : c-PenLi 

1 : 1 

1 : 2 

1 : 4 

0 : 1 
H 

T 

6a 



141 
 

adjacent to oxygen. This spectrum confirmed the formation of a mixed complex between 

c-PenLi and the lithiated chiral amine 5. 

 

 

Figure 7.4. 
1
H {

6
Li} HMBC of 6a in toluene-d8 at -50 

o
C. 

 

A series of 
1
H and 

13
C NMR experiments including 

1
H NMR, 

13
C NMR, COSY, 

HSQC, HMBC were performed to confirm 
1
H and 

13
C chemical shift assignments. These 

results are summarized in Table 7.1. By comparing the integration of the resonance of c-

PenLi methine proton to the distinctive protons (2.5 – 4.0 ppm) of the chiral lithium 

amide, the mole ratio of chiral lithium amide to c-PenLi is approximately 1:1. The 

methine carbon (carbon atom 1) of c-PenLi within the mixed aggregate 6a is a quintet (J 

= 10.3 Hz) at 24.7 ppm (Figure 7.5). This is consistent with with C(1) of c-PenLi 

interacting with two 
6
Li atoms. Both the multiplicity and coupling constant comply with 

the Bauer−Winchester −Schleyer rule.
7,10e,20
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Table 7.1. 
1
H and 

13
C signal assignments of mixed aggregate 6a 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 24.7 -0.59 

2 36.4 2.46, 1.61 

3 29.4 2.03, 1.73 

4 62.9 3.88, 3.51 

5 65.8 2.91 

6 36.2 1.80 

7 20.0, 23.0 1.17, 1.08 

8 44.0 3.02, 2.95 

9 17.1 1.32 

10 12.6 0.98 

11 18.6, 18.5 1.02, 0.97 

 

 

 

Figure 7.5. 
13

C NMR of carbon atom 1 of mixed aggregate 6a in toluene-d8 at -50 
o
C. 

 

 
Carbon atom 1 
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To distinguish a 2:2 mixed aggregate from a 1:1 mixed aggregate, the formula weight 

of the complex must be established. Diffusion-ordered NMR spectroscopy and diffusion 

coefficient-formula weight (D-FW) correlation analysis have been established as an 

efficient method for the evaluation of formula weight of reactive organolithium 

complexes in solution.
15-17,21

 Consequently, we add benzene (BEN, 78.11 g/mol), 

cyclooctene (COE, 110.2 g/mol), 1-tetradecene (TDE, 196.4 g/mol) and squalene (SQU, 

410.7 g/mol) as internal references to the sample solution containing the putative 

complex 6a to carry out D-FW correlation analysis.  

After the addition of internal references, the resonances of the complex from 1.0 to 

2.5 ppm overlapped with the resonances of the internal references; thus, distinct 

resonances of the chiral lithium amide from 2.5 to 4.0 ppm, as well as the resonance of 

the methine proton of c-PenLi at -0.59 ppm were utilized for our D-FW analysis. As seen 

in the 
1
H DOSY spectrum (Figure 7.6), distinct peaks from lithiated chiral amine 5 and 

the peak of c-PenLi methine proton have very similar diffusion coefficients. The result 

establishes complexation between the lithiated chiral amine 5 and c-PenLi. 

 

Figure 7.6. 
1
H DOSY of mixed aggregate 6a in toluene-d8 at -50 

o
C. 
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Figure 7.7. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

mixed aggregate 6a is shown as open square. 

 

Table 7.2. D-FW analysis of 
1
H DOSY data of 6a 

entry Compd FW (gmol
-1

) 10
-10

D 

(m
2
/s) 

Predicted 

FW (gmol
-1

) 

% 

error 

1 BEN 78.11 5.458 85.07 -8.9 

2 COE 110.2 4.997 103.1 6.4 

3 TDE 196.4 3.849 182.4 7.1 

4 SQU 410.7 2.588 433.9 -5.6 

5 6a
a
 735.4

b
 2.085

a
 695.5 5.4 

6 6a
a
 735.4

b
 2.092

a
 690.4 6.1 

7 6a
a
 735.4

b
 2.075

a
 702.8 4.4 

8 6a
c
 735.4

b
 2.093

c
 689.7 6.2 

9 6a
d
 735.4

b
 2.086

d
 694.6 5.5 

a
The measured diffusion coefficients are from the resonances of chiral 

lithium amide. 
b
735.4 gmol

-1
 is the formula weight of 2:2 lithiated chiral 

amine 5/c-PenLi (
6
Li labeled) complex 6a. 

c
The measured diffusion 

coefficient is from the methine proton peak (-0.59 ppm) of c-PenLi. 
d
The 

diffusion coefficient is the average of the above four values. 

 

The correlation between log FW and log D of the linear regression is high (r
2
 = 0.987) 

and the average predicted formula weight for the resonances of mixed aggregate 6a is 

694.6 g/mol, a 5.5 % difference from the formula weight of mixed aggregate 6a (735.4 

g/mol) (Figure 7.7, Table 7.2). Assuming a 10 % intrinsic error of the D-FW analysis,
20

  

our DOSY data are also consistent with a 2:1 mixed trimer (660.3 g/mol, 5.2 % error) that 
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adopts a structure similar to 2. However, the 2:1 mixed trimer structure previously 

reported with the homologous N-isopropyl analog of the chiral amide base utilized in this 

study does not match the 
1
H NMR and 

6
Li NMR data; therefore, it cannot be the major 

species in the sample solution.  Thus we are forced to conclude that the solution structure 

is a 2:2 mixed dimer analogous to that determined in the solid state by XRD. 

 

7.3.3 Solution state characterization of a 2:2 mixed aggregate of n-butyllithium and 

the chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol (6b) 

The sample for NMR studies was also prepared by titrating (S)-N-ethyl-3-methyl-1-

(triisopropylsilyloxy)butan-2-amine into a toluene-d8 solution of 
6
Li labeled n-

butyllithium at -50 
o
C. The titration was also monitored by 

1
H and 

6
Li NMR (Figures 7.8 

and 7.9).  

The α-methylene protons of n-BuLi were carefully monitored by 
1
H NMR. As seen in 

Figure 7.8, a peak at -0.40 ppm increases in intensity as the amount of lithiated chiral 

amine 5 increases. It becomes the major peak when the ratio of lithiated chiral amine 5 to 

n-BuLi equals 1:1.3. Moreover, the 
6
Li NMR data show very clearly the decrease of the 

resonance of the unsolvated hexameric n-BuLi aggregate and the rise of two sharp peaks 

with 1:1 ratio upon addition of chiral amine 5. The two sharp peaks become the dominant 

peaks when the ratio of lithiated chiral amine 5 to n-BuLi equals 1:1.3. These results are 

consistent with a 2:2 mixed aggregate structure 6b. 

The 
1
H {

6
Li} HMBC (Figure 7.10) shows strong correlation from Li(1) to the α-

methylene protons of n-BuLi (-0.40 ppm) and the protons of methylene (3.03 ppm) and 
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methine (2.98 ppm) groups adjacent to nitrogen. Li(2) also strongly correlates to one of 

the protons of the methylene group (3.46 ppm) adjacent to oxygen and the α-methylene 

protons of n-BuLi. These spectra support the assignment of a 2:2 mixed complex between 

n-BuLi and the lithiated chiral amine 5. 

 

 

Figure 7.8. 
1
H NMR spectra of chiral amine 5 titration of 0.45 M n-Bu

6
Li toluene-d8 solution at 

-50 
o
C. 6b represents the resonance of the 2:2 mixed aggregate 6b. 

 

 

Figure 7.9. 
6
Li NMR spectra of chiral amine 5 titration of 0.45 M n-Bu

6
Li toluene-d8 solution at 

-50 
o
C. 6b represents the resonance of the 2:2 mixed aggregate 6b. 

 

Lithium Amide : 

n-BuLi 
1 : 1.3 

1 : 3 

1 : 5.5 

0 : 1 

6b 

Lithium Amide : n-BuLi 

1 : 1.3 

1 : 3 

1 : 5.5 

0 : 1 

6b 
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Figure 7.10. 
1
H{

6
Li} HMBC of 6b in toluene-d8 at -50 

o
C. 

 

 

Chemical shift assignments are summarized in Table 7.3 as determined 
1
H and 

13
C 

NMR experiments. The mole ratio of lithiated chiral amine 5 to n-BuLi is approximately 

1:1 by comparing the integration of the resonances of distinctive protons. Because the α-

methylene carbon (carbon atom 1) of n-BuLi of the mixed aggregate 6b is a quintet (J = 

10.8 Hz) at 10.1 ppm (Figure 7.11), the carbon atom 1 of n-BuLi is surrounded by two 

lithium-6 atoms. 

 

Figure 7.11. 
13

C NMR of carbon atom 1 of mixed aggregate 6b in toluene-d8 at -50 
o
C. 
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Table 7.3. 
1
H and 

13
C signal assignments of mixed aggregate 6b 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 10.1 -0.40 

2 35.4 1.98 

3 34.4 1.77 

4 15.3 1.29 

5 62.7 3.85, 3.46 

6 65.3 2.98 

7 35.9 1.85 

8 22.9, 20.2 1.14, 1.09 

9 45.3 3.03 

10 16.8 1.36 

11 12.5 0.96 

12 18.5, 18.4 1.05, 0.97 

 

 

Diffusion-ordered NMR spectroscopy and D-FW analysis were performed. Distinct 

resonances of the chiral lithium amide from 2.5 to 4.0 ppm and the resonance of the α-

methylene protons of n-BuLi at -0.40 ppm were utilized for our D-FW analysis. The 
1
H 

DOSY spectrum (Figure 7.12) shows that the α-methylene protons of n-BuLi and distinct 

peaks from lithiated chiral amine 5 diffuse at a very similar rate. 
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Figure 7.12. 
1
H DOSY of mixed aggregate 6b in toluene-d8 at -50 

o
C. 

 

 

Figure 7.13. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

mixed aggregate 6b is shown as open square. 

 

From correlation between log FW and log D, the average predicted formula weight 

for the mixed aggregate 6b is 706.9 g/mol.   This represents a 0.6 % difference from the 

formula weight of the 2:2 mixed aggregate 6b (711.4 g/mol) (Figure 7.13, Table 7.4). 

Overall, our NMR data support the formation of the 2:2 mixed aggregate 6b between 

lithiated chiral amine 5 and n-BuLi in toluene when the mole ratio of chiral lithium 

amide to n-BuLi is approximately 1:1. 

BEN 

COE 

SQU 

TDE 

Mixed 

Aggregate 6b  
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Table 7.4. D-FW analysis of 
1
H DOSY data of 6b 

entry Compd FW 

(gmol
-1

) 

10
-10

D 

(m
2
/s) 

Predicted FW 

(gmol
-1

) 

% error 

1 BEN 78.11 7.064 79.16 -1.3 

2 COE 110.2 5.738 113.1 -2.6 

3 TDE 196.4 4.347 182.0 7.3 

4 SQU 410.7 2.647 426.1 -3.8 

5 6b
a
 711.4

b
 2.018

a
 678.6 4.6 

6 6b
a
 711.4

b
 1.862

a
 779.0 -9.5 

7 6b
a
 711.4

b
 2.015

a
 680.3 4.4 

8 6b
c
 711.4

b
 1.999

c
 689.7 3.1 

9 6b
d
 711.4

b
 1.974

d
 706.9 0.6 

a
The measured diffusion coefficients are from the resonances of chiral 

lithium amide. 
b
711.4 gmol

-1
 is the formula weight of 2:2 lithiated chiral 

amine 5/n-BuLi (
6
Li labeled) complex 6b. 

c
The measured diffusion 

coefficient is from the resonance of α-methylene protons (-0.40 ppm) of 

n-BuLi. 
d
The diffusion coefficient is the average of the above four values. 

 

 

7.3.4 Solution state characterization of a 2:2 mixed aggregate of isopropyllithium 

and the chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol (6c) 

A sample was prepared by titrating (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)-

butan-2-amine into a toluene-d8 solution of 
6
Li labeled isopropyllithium at -50 

o
C  The 

methine proton of i-PrLi was carefully monitored in 
1
H NMR. Upon addition of chiral 

amine 5, a peak at -0.39 ppm increases in intensity as the amount of lithiated chiral amine 

5 increases as shown in Figure 7.14. It becomes the major peak when the mole ratio of 

lithiated chiral amine 5 to i-PrLi equals approximately 1:1.  The 
6
Li NMR data, Figure 

7.15, shows very clearly the emergence and rise of two sharp peaks with 1:1 intensity 

upon addition of chiral amine 5 and these two sharp peaks become dominant when the 
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mole ratio of lithiated chiral amine 5 to i-PrLi equals 1:1.1. These results are consistent 

with a 2:2 mixed aggregate structure 6c. 

 

 

Figure 7.14. 
1
H NMR spectra of chiral amine 5 titration of 0.35 M i-Pr

6
Li toluene-d8 solution at 

-50 
o
C. 6c represents the resonance of the 2:2 mixed aggregate 6c. 

 

 

Figure 15. 
6
Li NMR spectra of chiral amine 5 titration of 0.35 M i-Pr

6
Li toluene-d8 solution at -

50 
o
C. 6c represents the resonance of the 2:2 mixed aggregate 6c. 

 

Lithium Amide : i-PrLi 

1 : 1.1 

1 : 2.5 

1 : 6 

0 : 1 

6c 

Lithium Amide : i-PrLi 

1 : 1.1 

1 : 2.5 

1 : 6 

0 : 1 

6c 
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The 
1
H{

6
Li} HMBC (Figure 7.16) shows a strong correlation from Li(1) to the 

methine proton of i-PrLi (-0.39 ppm), to the protons of methylene (3.04, 2.96 ppm) and to 

the methine (2.98 ppm) groups adjacent to nitrogen. Additionally, Li(2) also shows strong 

correlation to the methine proton of i-PrLi, as well as one of the protons of the methylene 

(3.46 ppm) group adjacent to oxygen. The result confirms mixed complex formation 

between i-PrLi and the lithiated chiral amine 5. 

Assignments of 
1
H and 

13
C resonances are summarized in Table 7.5. The mole ratio of 

lithiated chiral amine 5 to i-PrLi is approximately 1:1 by comparing the integration of 

distinctive proton peaks. Moreover, the methine carbon (carbon atom 1) of i-PrLi of the 

mixed aggregate 6c is a quintet (J = 10.6 Hz) at 11.5 ppm (Figure 7.17).  This result 

indicates that carbon atom 2 in i-PrLi is surrounded by two lithium-6 atoms. 

 

 

Figure 7.16. 
1
H{

6
Li} HMBC of 6c in toluene-d8 at -50 

o
C. 

 

 

Diffusion-ordered NMR spectroscopy (Figure 7.18) and D-FW analysis results shows 

that lithiated chiral amine 5 and isopropyllithium (-0.39 ppm) diffuse at a very similar 

Li(1) 

Li(2) 

Lithium Amide : i-PrLi = 1 : 1.1 
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rate. The average predicted formula weight for the mixed aggregate 6c is 656.9 g/mol, a 

3.9 % difference from the formula weight of  the 2:2 mixed aggregate 6c (683.3 g/mol) 

(Figure 7.19, Table 7.6).  Therefore, the 2:2 mixed aggregate 6c is the major species in 

the toluene solution. 

 

Figure 7.17. 
13

C NMR of carbon atom 2 of mixed aggregate 6c in toluene-d8 at -50 
o
C. 

 

Table 7.5. 
1
H and 

13
C signal assignments of mixed aggregate 6c 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 27.7 1.93 

2 11.5 -0.39 

3 62.6 3.84, 3.46 

4 65.4 2.98 

5 36.2 1.79 

6 23.0, 19.9 1.17, 1.12 

7 43.9 3.04, 2.96 

8 16.9 1.38 

9 12.5 0.95 

10 18.5, 18.4 1.02, 0.96 
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Figure 7.18. 
1
H DOSY of mixed aggregate 6c in toluene-d8 at -50 

o
C. 

 

Table 7.6. D-FW analysis of 
1
H DOSY data of 6c 

entry Compd FW 

(gmol
-1

) 

10
-10

D 

(m
2
/s) 

Predicted 

FW (gmol
-1

) 

% error 

1 BEN 78.11 5.817 77.40 0.9 

2 COE 110.2 4.787 114.5 -3.9 

3 TDE 196.4 3.748 187.2 4.7 

4 SQU 410.7 2.512 418.4 -1.9 

5 6c
a
 683.3

b
 1.946

a
 698.9 -2.3 

6 6c
a
 683.3

b
 1.986

a
 670.9 1.8 

7 6c
a
 683.3

b
 2.059

a
 624.0 8.7 

8 6c
c
 683.3

b
 2.037

c
 637.6 6.7 

9 6c
d
 683.3

b
 2.036

d
 656.9 3.9 

a
The measured diffusion coefficients are from the resonances of chiral lithium 

amide. 683.3 gmol
-1

 is the formula weight of 2:2 lithiated chiral amine 5/i-

PrLi (
6
Li labeled) complex 6c. 

c
The measured diffusion coefficient is from the 

resonance of the methine proton (-0.39 ppm) of i-PrLi. 
d
The diffusion 

coefficient is the average of the above four values. 

 

 

BEN 

COE 

SQU 

TDE 

Mixed 

Aggregate 6c 
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Figure 7.19. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

mixed aggregate 6c is shown as open square. 

 

 

7.3.5 Solution state characterization of a 2:2 mixed aggregate of s-butyllithium and 

the chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol (6d) 

Upon addition of chiral amine 5 to a solution of s-BuLi, a peak at -0.51 ppm due to 

the methine proton of s-BuLi increases in intensity as the amount of lithiated chiral amine 

5 increases in the 
1
H NMR (Figure 7.20). In the 

6
Li NMR spectra (Figure 7.21), the 

original hexamer, tetramer and s-BuLi/s-BuOLi mixed aggregate
22

 peaks disappear when 

0.5 equiv of chiral amine 5 was added. A triplet and a singlet with 1:1 intensity emerge 

and increase in intensity with addition of chiral amine 5. The two peaks become dominant 

when the mole ratio of lithiated chiral amine 5 to s-BuLi equals 1:1. The spectra of this 

complex are more complicated than that of 6a-c because of the additional stereoisomers 

that are possible by incorporation of an additional stereogenic center from s-BuLi.  It is 

noteworthy that the N atoms in all of the complexes 6a-d are also chiral, stereogenic 

centers.  However, both the NMR spectra and the crystal structure of 6a indicate that only 

a single disatereomer is formed.  Assuming that the relative stereochemistry between N 

atoms and the chiral carbon in the valine derived residue in all of the complexes 6a-d are 
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similar, then we suggest that three peaks seen for Li(1) in Figure 7.9 are due to 

diastereomeric complexes that differ in  relative stereochemistry of the C-2 of the s-BuLi 

residue.
23

  It is noteworthy that only Li(1) is resolved into three peaks and Li(2) remains 

as a single peak as seen in the Figure 7.21 in the two middle spectra.  However, it is also 

clear that at a 1:1 ratio of Li amide to s-BuLi,  a distinctly new resonance close to that of 

Li(1) is apparent and is likely to arise from a disatereomeric complex. 

 

Figure 7.20. 
1
H NMR spectra of chiral amine 5 titration of 0.38 M s-Bu

6
Li toluene-d8 solution 

at -50 
o
C. H represents the resonance of s-Bu

6
Li in hexamer; T represents the resonance s-Bu

6
Li 

in tetramer; M represents mixed aggregate of s-Bu
6
Li/s-BuO

6
Li and 6d represents the resonance 

of the 2:2 mixed aggregate 6d. 

 

The 
1
H{

6
Li} HMBC (Figure 7.22) spectrum reveals strong correlation from both the 

Li(1) and Li(2) resonances to the methine proton of s-BuLi (-0.51 ppm).  The protons on 

the methylene (3.11, 2.93 ppm) and methine (2.26 ppm) groups adjacent to nitrogen in 

the valine residue correlate to Li(1).   Finally we note that Li(2) also correlates strongly to 

one of the protons of the methylene group (3.47 ppm) adjacent to oxygen. These results 

are consistent with a mixed 2:2 complex 5. 

Lithium Amide : s-BuLi 

1 : 1 

1 : 2.5 

1 : 7 

0 : 1 

T 
M H 

6d 
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Figure 7.21. 
6
Li NMR spectra of chiral amine 5 titration of 0.38 M s-Bu

6
Li toluene-d8 solution 

at -50
o 
C. H represents the resonance of s-Bu

6
Li in hexamer; T represents the resonance s-Bu

6
Li in 

tetramer; M represents mixed aggregate of s-Bu
6
Li/s-BuO

6
Li and 6d represents the resonance of 

the 2:2 mixed aggregate 6d. 

 

 

 

 

Figure 7.22. 
1
H {

6
Li} HMBC of 6d in toluene-d8 at -50 

o
C. 

 

1
H and 

13
C assignments are summarized in Table 7.7. The ratio of lithiated chiral 

amine 5 to s-BuLi in 6d is approximately 1:1 by comparing the integration of distinctive 

proton peaks in the spectrum of the complex containing a 1:1 stoichiometric ration of s-

Lithium Amide : s-BuLi 

1 : 1 

1 : 2.5 

1 : 7 

0 : 1 

6d 

T 

H M 

Li(1) 
Li(2) 

Lithium Amide : s-BuLi = 1:1 



158 
 

BuLi to lithium amide. Unfortunately, we were not able to obtain an interpretable 
13

C 

methine peak of s-BuLi, probably due to the presence of diastereomers. 

 

Table 7.7. 
1
H and 

13
C signal assignments of mixed aggregate 6d 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 25.0, 25.1, 24.7, 24.5 1.89 

2 23.0, 22.9 -0.51 

3 36.2, 36.1, 36.0, 35.9 2.26 

4 19.4, 19.3, 19.2, 19.1 1.47 

5 62.8, 62.7, 62.5 3.85, 3.47 

6 66.5, 65.5, 64.5, 64.4 2.96 

7 36.3 1.73 

8 23.0, 22.9 1.10 

9 44.6, 44.0, 43.3 3.11, 2.93 

10 17.3, 17.1, 16.9, 16.7 1.37 

11 12.6, 12.7 0.96 

12 18.5, 18. 6, 18.4, 18.5 0.97 

 

 

The diffusion-ordered NMR spectroscopy (Figure 7.23) and D-FW analysis show that 

lithiated chiral amine 5 and s-BuLi (-0.51 ppm) have very similar diffusion coefficients. 

The average predicted formula weight for the resonances of mixed aggregate 6d is 685.2 

g/mol which is only 3.7 % different from the formula weight of the 2:2 mixed aggregate 
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6d (711.4 g/mol) (Figure 7.24, Table 7.8). 

Overall, the 
1
H NMR titration results suggest the formation of a complex with 1:1 

mole ratio of chiral lithium amide and s-BuLi, while 
1
H{

6
Li} HMBC confirms the 

complexation between chiral lithium amide and s-BuLi. The 
6
Li NMR result is consistent 

with the 2:2 mixed aggregate 6d but is not consist with the 2:1 mixed aggregate. 

Therefore, our results point to the existence of 2:2 mixed aggregate 6d as the major 

species in a toluene solution with 1:1 mole ratio of lithiated chiral amine 5 and s-BuLi. 

 

 

Figure 7.23. 
1
H DOSY of mixed aggregate 6d in toluene-d8 at -50 

o
C. 

 

 

 

Figure 7.24. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

mixed aggregate 6d is shown as open square. 

BEN 

COE 

SQU 

TDE 

Mixed 

Aggregate 

6d  
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Table 7.8. D-FW analysis of 
1
H DOSY data of 6d 

entry Compd FW 

(gmol
-1

) 

10
-10

D 

(m
2
/s) 

Predicted FW 

(gmol
-1

) 

% error 

1 BEN 78.11 6.279 76.56 2.0 

2 COE 110.2 5.110 117.4 -6.6 

3 TDE 196.4 4.122 183.5 6.6 

4 SQU 410.7 2.763 421.0 -2.5 

5 6d
a
 711.4

b
 2.163

a
 699.9 1.6 

6 6d
a
 711.4

b
 2.174

a
 692.6 2.6 

7 6d
a
 711.4

b
 2.200

a
 675.7 5.0 

8 6d
c
 711.4

b
 2.204

c
 673.1 5.4 

9 6d
d
 711.4

b
 2.185

d
 685.2 3.7 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

711.4 gmol
-1

 is the formula weight of 2:2 lithiated chiral amine 5/s-BuLi (
6
Li labeled) 

complex 6d. 
c
The measured diffusion coefficient is from the resonance of the methine 

proton (-0.51 ppm) of s-BuLi. 
d
The diffusion coefficient is the average of the above 

four values. 

 

 

7.4 Conclusion 

The formation of a 2:2 mixed aggregate between lithiated (S)-N-ethyl-3-methyl-1-

(triisopropylsilyloxy)butan-2-amine and cyclopentyllithium, n-butyllithium, sec-butyl-

lithium or isopropyllithium has been established by X-ray diffraction and various NMR 

techniques including diffusion-ordered NMR spectroscopy (DOSY) with D-FW 

correlation analyses and other one- and two-dimensional NMR techniques. The 2:2 

ladder-type mixed aggregate is found to be the major species in a toluene-d8 solution 

containing approximately 1:1 mole ratio of the lithium chiral amide to any of the simple 

alkyllithium reagents.  
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The complete characterization of the 2:2 mixed aggregates enriches our knowledge of 

the structural motifs of chiral lithium amide mixed aggregates. It is well established that 

lithiated N-isopropyl-O-triisopropylsilyl valinol 1b forms a 2:1 mixed aggregate with n-

butyllithium and that this mixed aggregate is responsible for the enantioselectivity of 

asymmetric addition of n-BuLi in the mixed aggregate to aldehydes. These results 

demonstrate the influence and importance of the N-substitute group of the chiral amine 

ligands since the simple replacement of an N-isopropyl group with an N-ethyl group leads 

to completely different mixed aggregates both in the solid state and in solution. These 

results are relevant to developing a mechanistic picture of the enantioselective reaction 

mediated by chiral lithium amide.  

 

 

7.5 Experimental Section 

7.5.1 Procedures for NMR Experiments.  NMR samples were prepared in tubes 

sealed with rubber septa cap and parafilm. NMR tubes were evacuated in vacuo, flame-

dried and filled with argon before use. 
1
H chemical shifts were referenced to toluene-d8 at 

7.09 ppm and 
13

C chemical shifts were referenced to toluene-d8 at 137.86 ppm. All NMR 

experiments except DOSY experiments were acquired on a 600 MHz spectrometer. All 

DOSY experiments were acquired on a 400 MHz spectrometer equipped with a z-axis 

gradient amplifier with a z-axis gradient coil. Maximum gradient strength was 0.214 T/m. 

1
H DOSY was performed using the standard programs, employing a double stimulated 

echo sequence, bipolar gradient pulses for diffusion, and 3 spoil gradients. Diffusion time 

was 200 ms, and the rectangular gradient pulse duration was 900 μs (6b) and 1000 μs (6a, 
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6c, 6d). Gradient recovery delays were 200 μs. Individual rows of the quasi-2-D diffusion 

databases were phased and baseline corrected. Actual diffusion coefficients used for D-

FW analysis were obtained using the T1/T2 analysis module in commercially available 

software. 

The alkyllithium samples were prepared by laboratory synthesized alkyllithium 

hydrocarbon (pentane, heptane or cyclohexane) solution. About 150-400 μL of the 

alkyllithium hydrocarbon solution was added via syringe to a NMR tube. After the 

addition, the NMR tube was evacuated in vacuo for 10-30 minutes at 0 
o
C in order to 

remove the hydrocarbon solvent. After filling with argon, toluene-d8 was added via 

syringe to bring the total volume up to 600 μL.
 

The internal references (in a ratio of 1:3:3:1 for BEN, COE, TDE, and SQU, 

respectively) were titrated into the NMR tube and monitored by 
1
H NMR. The titration 

was stopped when the peak intensity of benzene was about the two times as the methine 

proton peak of i-PrLi or s-BuLi and about the same as the α-methylene protons of n-

BuLi or methine proton peak of c-PenLi. 

7.5.2 Synthesis of (S)-N-ethyl-3-methyl-1-((triisopropylsilyl)oxy)butan-2-amine. 

The synthetic route of chiral amine 5 started from enantiomerically pure (S)-valine. The 

N-ethyl (S)-valine was prepared according to Ohfune’s method.
24

 The N-ethyl valine was 

then reduced by lithium aluminum hydride in anhydrous tetrahydrofuran to N-ethyl 

valinol. Chiral amine 5 was prepared as follows: To a solution of N-ethyl valinol (2.00 g, 

15.2 mmol) and triethylamine (4.25 mL, 30.5 mmol) in 40 mL CH2Cl2 was added slowly 

triisopropylsilyl triflate (5.82 g, 19.0 mmol) at 0 
o
C. The resulting solution was allowed 

to stir at room temperature for 4 h before quenching with 15 mL of 2M NaHCO3. The 
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mixture was extracted with 20 mL EtOAc three times and the combined organic phase 

was washed by 10 mL brine and dried over anhydrous Na2SO4. The solvent was then 

removed by rotary evaporation and purification was performed by vacuum distillation. 

Purification (bp = 129 
o
C, 3 mmHg) gave a colorless oil (2.03 g, 7.06 mmol, 46.3 %). 

1
H 

NMR (Tol-d8, 400 MHz) δ 3.73-3.55 (m, 2H), 2.70-2.53 (m, 2H), 2.34 (q, 1H, J = 5.0 Hz), 

1.89-1.81 (m, 1H), 1.11-1.01 (m, 25H), 0.98 (dd, 6H, J = 9.1, 7.5 Hz); 
13

C NMR (Tol-d8, 

100 MHz) δ 65.6, 63.5, 43.3, 29.9, 19.6, 19.5, 18.7, 16.6, 12.8; HRMS-ESI m/z: [M + 

H]+ Calcd for C16H38NOSi:  288.2717, found: 288.2715. 

7.5.3 Synthesis of c-Pen
6
Li. About 0.865 g (144 mmol) of finely cut 

6
Li metal was 

placed into a flame-dried flask with a condenser attached that was flushed with argon. 

The condenser was fitted with a serum septum and sealed with parafilm. The metal was 

washed with dry pentane by adding 10 mL of pentane to the flask via syringe. The flask 

was then placed in an ultrasound bath for 15 minuntes. Pentane was then removed via 

syringe. This was repeated until the washings were clear, with no white solid suspended 

in the wash (3 times). Dry heptane (10 mL) was added to the flask and the flask was then 

placed in an oil bath at 50 
o
C with stirring. A drop of methyl tert-butyl ether was added to 

6.33 g (60.5 mmol) of chlorocyclopentane and the resulting solution was added via 

syringe to the hot lithium metal heptane mixture in 2.5 h using a syringe pump. After the 

addition of chlorocyclopentane, the mixture was stirred overnight at room temperature, 

after which a purple slurry was obtained. The suspension was transferred via syringe to a 

clean, flame-dried vial flushed with argon and fitted with a serum septum. The vial was 

centrifuged until the solid was separated. The supernatant was transferred to a second 

identical vial and centrifuged again. The supernatant was transferred to a third identical 



164 
 

vial. This cyclopentyllithium solution in heptane was titrated using 2,2-diphenylacetic 

acid in tetrahydrofuran and found to be 1.4 M. 

7.5.4 Synthesis of n-Bu
6
Li. The n-Bu

6
Li solution was prepared in heptane according 

to the method that our group has published previously.
16

 

7.5.5 Synthesis of s-Bu
6
Li. About 0.60 g (100 mmol) of finely cut 

6
Li metal was 

placed into a flame-dried flask with a condenser attached that was flushed with argon. 

The condenser was fitted with a serum septum and sealed with parafilm. The metal was 

washed with dry pentane by adding 5 mL of pentane to the flask via syringe. The flask 

was then placed in an ultrasound bath for 15 minuntes. Pentane was then removed via 

syringe. This was repeated until the washings were clear, with no white solid suspended 

in the wash (3 times). Dry cyclohexane (6 mL) was added to the flask and the flask was 

placed in an oil bath at 50 
o
C with stirring. A drop of methyl tert-butyl ether was added to 

3.50 g (37.8 mmol) of 2-chlorobutane and the resulting solution was added via syringe to 

the hot lithium metal cyclohexane mixture in 2.5 h using a syringe pump. After the 

addition of 2-chlorobutane, the mixture was stirred overnight at room temperature, after 

which a purple slurry was obtained. The suspension was transferred via syringe to a clean, 

flame-dried vial flushed with argon and fitted with a serum septum. The vial was 

centrifuged until the solid was separated. The supernatant was transferred to a second 

identical vial and centrifuged again. The supernatant was transferred to a third identical 

vial. This s-Bu
6
Li solution in cyclohexane was titrated using 2,2-diphenylacetic acid in 

tetrahydrofuran and found to be 0.57 M. 
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7.5.6 Synthesis of i-Pr
6
Li. About 0.60 g (100 mmol) of finely cut 

6
Li metal was 

placed into a flame-dried flask with a condenser attached that was flushed with argon. 

The condenser was fitted with a serum septum and sealed with parafilm. The metal was 

washed with dry pentane by adding 5 mL of pentane to the flask via syringe. The flask 

was then placed in an ultrasound bath for 15 minuntes. Pentane was then removed via 

syringe. This was repeated until the washings were clear, with no white solid suspended 

in the wash (3 times). Dry pentane (8 mL) was added to the flask and the flask was 

placed in an oil bath at 40 
o
C with stirring. A drop of methyl tert-butyl ether was added to 

3.00 g (38.2 mmol) of 2-chloropropane and the resulting solution was added via syringe 

to the warm lithium metal pentane mixture in 2.5 h using a syringe pump. After the 

addition of 2-chloropropane, the mixture was stirred overnight at room temperature, after 

which a purple slurry was obtained. The suspension was transferred via syringe to a clean, 

flame-dried vial flushed with argon and fitted with a serum septum. The vial was 

centrifuged until the solid was separated. The supernatant was transferred to a second 

identical vial and centrifuged again. The supernatant was transferred to a third identical 

vial. This i-Pr
6
Li solution in pentane was titrated using 2,2-diphenylacetic acid in 

tetrahydrofuran and found to be 0.52 M. 

7.5.7 Preparation of XRD Quality Crystals of the 2:2 Mixed Aggregate of 

Lithiated (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)butan-2-amine and 

Cyclopentyllithium 6a. To a solution of chiral amine 5 (0.050 g, 0.17mmol) in 0.4 mL 

toluene at 0 
o
C under Ar atmosphere was slowly added 2 equiv c-PenLi. The reaction 

mixture was shaken vigorously at 0 
o
C. XRD quality crystals of 6a were grown when the 

solution was stored at -50 
o
C for a few days. 
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Chapter 8 

Chiral lithium diamides derived from linked N-

isopropyl valinol or alaninol 
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8.1 Abstract 

Four different chiral diamino diethers synthesized from N-isopropyl valinol or 

alaninol were lithiated with n-butyllithium in tetrahydrofuran or diethyl ether. Crystal 

structures of the dilithiated diamino diethers are determined by X-ray diffraction. Three 

dilithiated diamino diethers including (2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-

isopropylpropan-2-amine) 7, (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropyl-

propan-2-amine) 8 and (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-isopropyl-3-methyl-

butan-2-amine) 9 are dimers whereas the structure of dilithiated (2S,2'S)-1,1'-(pentane-

1,5-diylbis(oxy))bis(N-isopropyl-3-methylbutan-2-amine) 10 is a monomer. The lithium 

atoms in all crystal structures adopt a non-equivalent coordination protocol in which 

these lithium atoms exist in two different environments. One of the lithium atoms is tetra-

coordinated while the other one is tri-coordinated.  

 

8.2 Introduction 

Non-nucleophilic organolithium amide bases such as lithium diisopropylamide and 

lithium hexamethyldisilazide have long been widely employed in the deprotonation of 

various organic compounds.
1
 Chiral lithium amide bases were also developed for 

asymmetric addition and deprotonation.
2 

Recently, chiral lithium amide bases have also 

proven useful in catalytic dynamic resolution in enantioselective synthesis.
3
 Current 

research suggests that the aggregation state of a chiral amide base effects its reactivity 

and stereoselectivty.4 Thus, it is crucial to determine the aggregation state of chiral 



171 
 

lithium amides as well as the solvation to reveal a reaction mechanism and to design 

more efficient chiral amines. 

 In 1997, our group reported the crystal structures of a mixed trimer containing 

commercially available butyllithiums with 2 equiv of a lithiated chiral amino ether 

derived from N-isopropyl valinol 1a (Scheme 8.1).
5
 Later, we carried out solution state 

characterization of a lithiated chiral amino ether 1b which is structurally similar to 1a.
6
  

We also reported the asymmetric addition to aldehydes with these reagents.
4f

  The result 

showed that lithiated chiral amino ether 1b formed a 2:1 mixed trimer with n-

butyllithium (n-BuLi) in toluene when there was excess n-BuLi in the solution.
6
 However, 

a ladder-type dimer is formed if there is only lithiated chiral amino ether 1b in the 

solution without excess n-BuLi.
7
 In ethereal solution, lithiated chiral amino ether 4 

existed as both a symmetrically solvated dimer 5 and non-equivalently solvated dimer 6 

as reported by Hilmersson and his coworkers (Scheme 8.2).
8
 In this chapter, the syntheses 

and the solid state characterization of four structurally related chiral diamino ethers 

derived from N-isopropyl valinol or alaninol are presented. 

 

 

Scheme 8.1. The trimeric complexes 2 and the homodimer 3 
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Scheme 8.2. The equivalently solvated dimer 5 and non-equivalently solvated dimer 6 

 

 

8.3 Results and Discussion 

(2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-isopropylpropan-2-amine) 7 and (2S,2'S)-

1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropylpropan-2-amine) 8 were synthesized from 

N-isopropyl alaninol, whereas (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-isopropyl-3-

methylbutan-2-amine) 9 and (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropyl-3-

methylbutan-2-amine) 10 were synthesized from N-isopropyl valinol as depicted in 

Scheme 8.3. In this synthesis, two amino alcohol molecules were linked together with an 

alkyl chain to form a symmetrical diamino diether.  Homologous analogs containing alkyl 

chains of four, five and seven methylene groups were used to prepare the diamino 

diethers.  Reaction of the chiral diamino diethers 7, 8, 9 or 10 with 2 equiv n-butyllithium 

(n-BuLi) yielded products whose crystal structures were determined.  These structures 

incorporated tetrahydrofuran (THF) and diethyl ether (DEE). Dilithiated chiral diamino 

ethers 7, 8, and 9 form dimers in solid state, whereas dilithiated chiral diamino ether 10 is 

a monomer, Scheme 8.4. 
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Scheme 8.3. Synthesis of chiral diamino ethers 7, 8, 9 and 10 

 

 

Scheme 8.4. Crystallization of dilithiated chiral diamino ethers 7, 8, 9 and 10 in ethereal 

solvents 

 

 

8.3.1 Crystal structure of dilithiated (2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-

isopropylpropan-2-amine) 11a and 11b 

The crystal structure of THF or DEE coordinated dilithiated chiral diamino diether 7 

was generated by reacting the diamino diether with 2 equiv n-BuLi in DEE solution.  

THF was added to the DEE solution to prepare the THF solvated crystal. Crystals grew 

overnight after storing the lithium amide solutions at -50 
o
C. X-ray diffraction analysis 
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reveals dimeric aggregates for the DEE coordinated and the THF coordinated dilithiated 

chiral diamino diether 11. As dipicted in Figure 8.1 and 8.2, the crystal structures of the 

dimeric aggregates adopt the non-equivalent coordination protocol as dimer 6. Hence 

within these dimers, there are two differently solvated lithium atoms. One of the lithium 

atoms is tri-coordinated while the other one is tetra-coordinated. Two subunits that 

structurally resemble dimer 6 are linked together by two alkyl chains. Within one subunit, 

there is a Li2N2 core and both of the oxygen atoms from the ether groups of the diamides 

are coordinated to the same lithium atom making it tetra-solvated.  The other lithium 

from the Li2N2 core is coordinated to the oxygen atom of diethyl ether (DEE) or 

tetrahydrofuran (THF), and is tri-solvated. The solid state structures of these alaninol 

derived lithium diamides solvated by different ethereal solvents (THF or DEE) are very 

similar to each other. However, THF is more strongly coordinated to the lithium atoms 

than DEE because the THF solvated crystals are grown from diethyl ether solution.   It is 

noteworthy that the THF solvated dimer has a slightly shorter Li-O distance (1.94 Å) than 

that of DEE solvated dimer (1.97 Å). 
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Figure 8.1. Crystal structure of DEE coordinated dilithiated chiral diamino diethers 11a. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 

 

 

Figure 8.2. Crystal structure of DEE coordinated dilithiated chiral diamino diethers 11b. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 

 

 

8.3.2 Crystal structure of dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropylpropan-2-amine) 12a and 12b  

The crystal structures of THF and DEE coordinated dilithiated chiral diamino diether 

8 were generated using the same method as those of dilithiated chiral diamino diether 7. 
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The crystal structures of DEE solvated and THF solvated dilithiated chiral diamino 

diether 8 are also dimeric and depicted in Figures 8.3 and 8.4. However, the crystal 

structures of the dilithiated chiral diamino diether 8 are different from the structures of 

dilithiated chiral diamino diether 7. The carbon chains of aggregates 11, which have four 

carbon linkers, array parallel to each other in a relatively ordered manner as depicted in 

Figure 8.1 and 8.1.  The distances between corresponding carbon atoms in the alkyl linker 

chains are relatively constant at around 4.6 to 4.9 Å. as illustrated in Figure 8.5a. In 

contrast, the arrangement of the alkyl chains of aggregates 12 is relatively disordered. 

The distances between corresponding carbon atoms in the alkyl chains range from 3.9 to 

5.3 Å. 

 

Figure 8.3. Crystal structure of DEE coordinated dilithiated chiral diamino diethers 12a. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 

 

Figure 8.4. Crystal structure of THF coordinated dilithiated chiral diamino diethers 12b. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 
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Figure 8.5. (a) Distances between alkyl chains of 11a. (b) Distances between alkyl chains of 12a. 

 

 

8.3.3 Crystal structure of dilithiated (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine) 13a and 13b  

The crystal structures of dilithiated (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-iso-

propyl-3-methylbutan-2-amine) 9 were formed by adding 2 equiv n-BuLi to the diamino 

diether DEE solution. The solution was then stored at -50 
o
C for a few days until some 

white solids formed. After the removal of the solvent at -78 
o
C, these white solids were 
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recrystallized by the addition of a small amount of DEE or THF (for the THF coordinated 

complex) at room temperature. Crystals grew after storing at -20 
o
C overnight. 

The crystal structures for both of the DEE coordinated and THF coordinated the 

dilithiated chiral diamino diether 9 are dimers that are structurally similar to those of 

dilithiated chiral diamino diether 8. As depicted in Figure 8.6 and 8.7, the chains array in 

a relatively ordered manner similar to the alkyl chains of crystal structures 11. The 

distances between each carbon atom in the alkyl chains are relatively constant at around 

4.4 to 4.7 Å as depicted in Figure 8.8. Although the reason for the disordered behavior of 

12, which has a five carbon atoms unit in the alkyl chains, is not known, we did observe a 

difference in the arrangement of the structures of 12 from 11. This difference is even 

pronounced for the lithiated (S)-valinol derived diamino diether containing five carbon 

atom linkers, because its crystal structure is a monomeric instead of dimeric. 

 

 

Figure 8.6. Crystal structure of DEE coordinated dilithiated chiral diamino diether 13a. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 
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Figure 8.7. Crystal structure of THF coordinated dilithiated chiral diamino diether 13b. 

Thermal ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for 

clarity. 

 

 

Figure 8.8. Distances between alkyl chains of 13a. 

 

 

8.3.4 Crystal Structure of Dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine) 14  

A crystal structure of dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine) 10 was obtained using the same procedure that was 

used with aggregates 13a,b. 
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Unlike the previous six structures, the crystal structure of DEE coordinated dilithiated 

(2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropyl-3-methylbutan-2-amine) 10 is a 

monomer with two different types of lithium atoms.  As depicted in Figure 8.9, one of the 

lithium atoms is tri-coordinate while the other one is tetra-coordinate. Both oxygen atoms 

are coordinated to the same lithium atom making it tetra-coordinate, while the other 

lithium atom from the Li2N2 core is coordinated to the oxygen atom of DEE and is tri-

coordinate. The alkyl chain of the monomer bends to form an eight-membered ring 

incorporating Li1, O1 and O2. 

 

Figure 8.9. Crystal structure of DEE coordinated dilithiated chiral diamino ethers 14. Thermal 

ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

8.4 Conclusion 

Four chiral diamino diether ligands have been synthesized from N-isopropyl valinol 
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or alaninol. Upon lithiation, the crystal structures of the lithium chiral diamido diethers 

reveal one monomer and six dimeric structures that are solvated by ethereal solvents. X-

ray diffraction experiments reveal that the dimers contain two subunits linked together by 

two alkyl chains. Each subunit adopts a non-equivalent coordination protocol in which 

one of the lithium atoms is tetra-coordinated while the other one is tri-coordinated. 

Moreover, the alkyl chain with five carbon atom linker unit is found to array differently 

from those of four and seven carbon atoms units. 

 

 

8.5 Experimental Section 

8.5.1 Materials and Methods. Tetrahydrofuran (THF), diethyl ether (DEE), 

dichloromethane (DCM) and pyridine were used from a dry solvent dispensing system. 

Solvents for extraction and chromatography were technical grade. Unless otherwise 

stated, purchased chemicals were used as received. All reactions under anhydrous 

conditions were conducted using flame- or oven-dried glassware and standard syringe 

techniques under an atmosphere of argon. 

NMR spectra were recorded at either 400 MHz or 600 MHz using CDCl3 or C6D6 as 

the solvent. Chemical shifts are reported in ppm and were referenced to residual 

protonated solvent for 
1
H-NMR (δ 7.27 ppm for CHCl3, 7.16 ppm for C6H6) and 

13
C-

NMR (δ 77.00 ppm for CDCl3, 128.39 ppm for C6D6). Data are represented as follows: 

chemical shift (multiplicity [br = broad, s = singlet, d = doublet, q = qartet, sp = septet, m 

= multiplet], integration, coupling constants in Hz). Mass spectra were obtained using 

electrospray ionization method. 
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8.5.2 General Procedures for the Synthesis of Chiral Diamines 7, 8, 9 and 10. 

(S)-2-(isopropylamino)propan-1-ol and (S)-2-(isopropylamino)-3-methylbutan-1-ol were 

prepared according to the methods described by Shioiri.
9
  Butane-1,4-diyl bis(4-

methylbenzenesulfonate), pentane-1,5-diyl bis(4-methylbenzenesulfonate), and heptane-

1,7-diyl bis(4-methylbenzenesulfonate) were prepared according to the methods 

described by Bulkowski
10

 Jackson,
11

 and Herdering respectively.
12

  

Typical Procedure:  About 7.36 g (55.1 mmol, 2 equiv) of potassium hydride 

(30 wt % dispersion in mineral oil) was placed into a flame-dried flask flushed with argon. 

About 5 mL of dry pentane was added to the flask via syringe and the suspension was 

stirred for 5 minutes. The mineral oil pentane solution was then removed via syringe. 

This washing was repeated three times before 80 mL anhydrous THF was added to the 

flask. A solution of 4.00 g (27.5 mmol, 1 equiv) (S)-2-(isopropylamino)-3-methylbutan-1-

ol [(S)-2-(isopropylamino)propan-1-ol for 9 and 10] dissolving in 20 mL anhydrous THF 

was added slowly to the potassium hydride THF suspension stirring at room temperature 

in 30 minutes using a syringe pump. The yellow suspension was stirred for 4 hours at 

room temperature. After that, 6.07 g (13.8 mmol, 0.5 equiv) heptane-1,7-diyl bis(4-

methylbenzenesulfonate) [butane-1,4-diyl bis(4-methylbenzenesulfonate) was used for 7 

and pentane-1,5-diyl bis(4-methylbenzenesulfonate) was used for 8 and 10] dissolving in 

40 mL anhydrous THF was added dropwise using a syringe pump to the suspension. The 

suspension was allowed to stir overnight at room temperature. The suspension was placed 

into an ice bath for 10 min before quenching slowly with 30 mL water. The mixture was 

then extracted with 60 mL ethyl acetate three times and the organic phase was washed 

with brine and dried over NaSO4. Evaporation of the solvent and purification of crude 
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product by flash column chromatography on silica gel (Elution: Hexanes/EtOAc 5:1 with 

1% triethyl amine) gave pure (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-isopropyl-3-

methylbutan-2-amine) 9 as light yellow oil (2.87 g, 7.4mmol, 54%). The purification of 

(2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-isopropylpropan-2-amine) 7 and (2S,2'S)-

1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropylpropan-2-amine) 8 and (2S,2'S)-1,1'-

(petane-1,5-diylbis(oxy))bis(N-isopropyl-3-methyl-butan-2-amine) 10 was achieved by 

vacuum distillation after the evaporation of the solvent by a rotavap. 

8.5.3 (2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-isopropylpropan-2-amine) 7. 

(2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))-bis(N-isopropylpropan-2-amine) was obtained 

from (S)-2-(isopropylamino)propan-1-ol (3.00 g, 25.6mmol) as described above. 

Purification (bp =  137-139
o 
C, 4 mmHg) gave a light yellow oil (2.25 g, 7.8 mmol, 61%). 

1
H NMR (CDCl3, 400 MHz) δ 3.51-3.37 (m, 4H), 3.34-3.21 (m, 4H), 3.00-2.83 (m, 4H), 

1.70-1.58 (m, 4H), 1.58-1.38 (br, 2H), 1.13-0.95 (m, 18H); 
13

C NMR (CDCl3, 100 MHz) 

δ 75.4, 70.9, 49.4, 45.4, 26.4, 24.0, 22.8, 17.9; HRMS-ESI m/z: [M + H]+ Calcd for 

C16H37N2O2:  289.2850, found: 289.2848. 

8.5.4 (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-isopropylpropan-2-amine) 8. 

(2S,2'S)-1,1'-(pentane-1,5-diylbis-(oxy))bis(N-isopropylpropan-2-amine) was obtained 

from (S)-2-(isopropylamino)propan-1-ol (3.00 g, 25.6mmol) as described above. 

Purification (bp =  149-151
o
 C, 4 mmHg) gave a light yellow oil (2.28 g, 7.5 mmol, 

59 %). 
1
H NMR (C6D6, 600 MHz) δ 3.32-3.18 (m, 8H), 3.00-2.94 (m, 2H), 2.86 (sp, 2H, 

J = 6.2 Hz), 1.57-1.50 (m, 4H), 1.46-1.38 (m, 2H), 1.20-1.11 (br, 2H), 1.06-1.01 (m, 

12H), 0.99 (d, 6H, J = 6.2 Hz); 
13

C NMR (C6D6, 150 MHz) δ 86.5, 81.6, 60.3, 56.0, 40.4, 



184 
 

34.8, 33.8, 33.5, 28.8; HRMS-ESI m/z: [M + H]+ Calcd for C17H39N2O2:  303.3006, 

found: 303.3004. 

8.5.5 (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-isopropyl-3-methylbutan-2-

amine) 9. (2S,2'S)-1,1'-(heptane-1,7-diylbis-(oxy))bis(N-isopropyl-3-methylbutan-2-

amine) (2.87 g, 7.4 mmol, 54%) was obtained from (S)-2-(isopropylamino)-3-methyl-

butan-1-ol (4.00 g, 27.5mmol) as described above. 
1
H NMR (CDCl3, 400 MHz) δ 3.42-

3.34 (m, 6H), 3.32-3.26 (m, 2H), 2.84 (sp, 2H, J = 6.1 Hz), 2.52 (q, 2H, J = 5.4 Hz), 

1.87-1.75 (m, 2H), 1.63-1.46 (m, 4H), 1.40-1.24 (m, 6H), 1.04 (d, 6H, J = 2.2 Hz), 1.02 

(d, 6H, J = 2.2 Hz), 0.91 (d, 6H, J = 1.6 Hz), 0.90 (d, 6H, J = 1.5 Hz); 
13

C NMR (CDCl3, 

100 MHz) δ 71.3, 71.2, 59.5, 46.6, 29.6, 29.3, 29.3, 26.2, 23.6, 23.5, 18.6, 18.5; HRMS-

FAB m/z: [M + H]+ Calcd for C23H51N2O2:  387.3951, found: 387.3966. 

8.5.6 (2S,2'S)-1,1'-(petane-1,5-diylbis(oxy))bis(N-isopropyl-3-methylbutan-2-

amine) 10. (2S,2'S)-1,1'-(petane-1,5-diylbis(oxy))bis(N-isopropyl-3-methylbutan-2-

amine) was synthesized according to Dr. Weibin Li’s method described in his thesis. 

8.5.7 General Procedures for the Crystallization of Lithium Chiral Diamides 

11a and 12a. To a solution of the chiral diamine 7 or 8 (0.10 g) in 1 mL diethyl ether at 0 

o
C under Ar atmosphere was slowly added 2 equiv n-BuLi. The reaction mixture was 

allowed to stir at 0 
o
C for 5 minutes. The clear yellowish solution was then stored at -50 

o
C freezer and XRD quality crystals were grown at -50 

o
C overnight.  

8.5.8 General Procedures for the Crystallization of Lithium Chiral Diamides 

11b and 12b. To a solution of the chiral diamine 7 or 8 (0.10 g) in 0.9 mL diethyl ether at 

0 
o
C under Ar atmosphere was slowly added 2 equiv n-BuLi. Anhydrous THF (0.05 mL) 
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was then added to the solution and the reaction mixture was allowed to stir at 0 
o
C for 5 

minutes. The clear yellowish solution was then stored at -50 
o
C freezer and XRD quality 

crystals were grown at -50 
o
C overnight. 

8.5.9 General Procedures for the Crystallization of Lithium Chiral Diamides 

13a and 14. To a solution of the chiral diamine 9 or 10 (0.05 g) in 1 mL diethyl ether at 0 

o
C under Ar atmosphere was slowly added 2 equiv n-BuLi. The reaction mixture was 

allowed to stir at 0 
o
C until white precipitates formed. Anhydrous diethyl ether was then 

added slowly to the mixture until all the precipitates dissolved into the solution and the 

solution became clear. XRD quality crystals were grown when the solution was stored at 

-20 
o
C for overnight. 

8.5.10 General Procedures for the Crystallization of Lithium Chiral Diamides 

13b. To a solution of the chiral diamine 9 (0.05 g) in 1 mL diethyl ether at 0 
o
C under Ar 

atmosphere was slowly added 2 equiv n-BuLi. The reaction mixture was allowed to stir at 

0 
o
C until white precipitates formed. Anhydrous THF was then added slowly to the 

mixture until all the precipitates dissolved into the solution and the solution became clear. 

XRD quality crystals were grown when the solution was stored at -20 
o
C for overnight. 
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Chapter 9 

Crystal structures of lithium N-alkylanilides: from 

tetra-solvated dimer to tri-solvated monomer 
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9.1 Abstract 

Crystal structure determination of lithiated N-methylaniline with a variety of ligands 

including tetrahydrofuran, methyltetrahydrofuran, dimethyltetrahydrofuran, 

dimethoxyethane, tetrahydropyran and N,N-diethylpropionamide reveals a common four-

membered  ring dimeric structure motif. A transition from tetrasolvated dimer 

(PhNMeLi2•S4) through trisolvated dimer to disolvated dimer (PhNMeLi•S)2 was 

observed by increasing the steric hindrance of the ligand.  Solid state structures of several 

other lithium N-alkylanilides solvated by tetrahydrofuan are also reported. When the 

methyl group of N-methylaniline is replaced by an isopropyl or a phenyl group, a 

trisolvated monomer is formed instead of a dimer. Interestingly, the solid state structure 

of lithiated N-isobutylaniline in tetrahydrofuran is a trisolvated dimer while lithium N- 

neopentylanilide is a disolvated dimer. 

 

9.2 Introduction 

Lithium diisopropylamide (LDA), lithium hexamethyldisilazide (LiHMDS) and 

lithium tetramethylpiperidine (LiTMP) are widely to abstract protons from various 

substrates.
1
 The reactivity and aggregation state of LDA, LiHMDS and LiTMP have been 

extensively studied.
1,2

 Although lithiated secondary anilines are also useful in 

deprotonation reactions,
3
 knowledge of their reactivity, aggregation and solvation states is 

not as well established as those of LDA, LiHMDS and LiTMP. More importantly, lithium 

phenolates display similar behavior as lithium enolates and are often used as the models 

of enolate.
4
 Analogously lithium anilides are used as the models of lithium enamides 
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which are important substitutes for enolates.
5
 

In 1987, Jackman reported a series of NMR experiments to evaluate the solution 

structures of several lithium anilides including indolide, 2-methylindolide, methylanilide, 

tetrahydroquinolide, isopropylanilide and butylanilides in ethereal solvents.
6
 The results 

suggest that the aggregation state of lithium anilides depends on steric properties. 

Jackman proposed that different lithium anilide aggregates were in equilibrium as 

depicted in Scheme 9.1, where A represents anilide and S represents solvent. Depending 

on the steric hindrance of the anilides, only one or two aggregates co-exist. It is 

noteworthy that no evidence of the existence of aggregate 2 was proposed by Jackman. 

Moreover, definitive evidence for the existence of a trisolvated monomer corresponding 

to aggregate 5 is rare. Collum and coworkers carried out thorough studies of lithium 

diphenylamide.
7
 These studies led to the conclusion that lithium diphenylamide exists as 

a dimer and a monomer in equilibrium with each other in tetrahydrofuran (THF). 

However, the solvation state of the monomeric aggregate remains obscure. 

 

Scheme 9.1. Equilibrium of lithium anilide aggregates (1-5) 

 

In an attempt to obtain a greater understanding of the structure of lithium anilides, as 

well as to augment the previous work done by Jackman and Collum, we synthesized and 

crystallized a series of lithium N-alkylanilides in ethereal solvents. The crystal structures 

of fourteen lithium anilides were obtained and are reported. These structures reveal that 

the aggregation and solvation states highly depend on the steric factors of the anilide as 
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well as those of the solvent. These results not only provide vital details of the structure of 

previous species observed in solution by Jackman and Collum, but they also offer 

important solvation information about the lithium anilides. 

 

9.3 Results and Discussion 

9.3.1 Tetrahydrofuran tetra-solvated dimers of various lithium anilides 

The THF solvates of lithiated N-methylaniline 6, N-ethylaniline 7, indoline 8 and 

tetrahydroquinoline 9 are tetra-solvated dimers as determined by x-ray diffraction 

analyses. As depicted in Scheme 9.2, 1 equiv n-butyllithium (n-BuLi) was added to the 

anilines dissolved in pentane to generate yellow precipitates. These precipitates dissolved 

in THF. By storing the resulting solutions at -20 
o
C overnight, we were able to obtain 

crystals suitable for x-ray crystallography. 

A few crystal structures of tetrasolvated lithium secondary amides are reported.
8
  

Newly obtained crystal structures of lithium N-methylanilide 10, N-ethylanilide 11, 

indolinide 12 and tetrahydroquinolide 13 are depicted in Figures 9.1, 9.2, 9.3 and 9.4, as 

dimers with a planar Li2N2 core with the tetracoordinate lithium atoms. The four lithium 

anilide dimers all adopt a structure in which the phenyl groups of the anilides are trans to 

each other as illustrated in Scheme 9.3. The N-Li-N angles within the Li2N2 core are very 

similar for all four structures (103.3
o
-104.3

o
); however, the O-Li-O angles are 

significantly different, see figures 1-4. The O-Li-O angles of 10 and 12 are 97.6
o
 and 

98.6
o
 respectively. The O-Li-O angle of 13 is 95.3

o
 whereas the corresponding angle of 

11 is 92.4
o
 which is significantly smaller than those of 10 and 12. Since the terminal 
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methyl group of 11 points away from the plane shared by the phenyl and methylene 

groups of the N-ethylanilides, as seen in Figure 9.2, we ascribe the relatively small O-Li-

O angle of 11 to the steric effect of the ethyl group. 

 

 

Scheme 9.2. Crystallization of THF tetra-solvated lithium anilides 10, 11, 12 and 13 

 

 

Scheme 9.3. The trans structure of lithium anilides 10, 11, 12 and 13 
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Figure 9.1. Crystal structure of THF solvated lithium N-methylanilide 10. Thermal ellipsoid plots 

are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

Figure 9.2. Crystal structure of THF solvated lithium N-ethylanilide 11. Thermal ellipsoid plots 

are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 
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Figure 9.3. Crystal structure of THF solvated lithium indolide 12. Thermal ellipsoid plots are at 

the 50% probability level. Hydrogen atoms have been omitted for clarity. 
 

 
Figure 9.4. Crystal structure of THF solvated lithium tetrahydroquinolide 13. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

9.3.2 Tetrahydropyran, methyltetrahydrofuran and N,N-diethylpropionamide tetra-

solvated dimers of lithium N-methylanilide 

The crystals of tetrahydropyran (THP), methyltetrahydrofuran and N,N-diethyl-

propionamide solvated lithium N-methylanilide were prepared using the same method 
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previously described. As illustrated in Figures 9.5, 9.6 and 9.7, the solid structures of 

THP solvated lithium N-methylanilide 14, 2-methyltetrahydrofuran (MeTHF) solvated 

lithium N-methylanilide 15 and N,N-diethyl-propionamide (DEPA) solvated lithium N-

methylanilide 16 are all tetrasolvated dimers.   These are similar to the structure of THF 

tetrasolvated lithium N-methylanilide in Figure 9.1. The two N-methylanilides nearly lie 

on the same plane and adopt the trans structure same as previously described. 

The O-Li-O angle in dimer 15 equals to 92.3
o
. It is significantly smaller than that of 

structure 10 and is nearly the same as the O-Li-O angle of structure 11. We attribute the 

compression of the O-Li-O angle to the steric interaction the methyl group of MeTHF 

with the anilide. As illustrated in Figure 9.6, the methyl groups of all four MeTHF 

molecules point away from the plane shared by two molecules of N-methylanilides. 

 

Figure 9.5. Crystal structure of THP solvated lithium N-methylanilide 14. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

In the crystal structure 16, the dimeric lithium N-methylanilide is solvated by four 

DEPA molecules. As expected, the oxygen atom coordinates to the lithium instead of the 
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nitrogen atom of the amide group. The O-Li-O angle equals 104.7
o
 which is significantly 

larger than that of structure 10 because the steric hindrance around the carbonyl oxygen is 

less than the hindrance around the ethereal oxygen of THF. Structure 16 also provides 

some insight into the basicity of lithium N-methylanilide in that DEPA appears in this 

complex unenolized. 

 

Figure 9.6. Crystal structure of MeTHF solvated lithium N-methylanilide 15. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

Figure 9.7. Crystal structure of DEPA solvated lithium N-methylanilide 16. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 
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9.3.3 Dimethoxymethane tetra-solvated dimers of two lithium N-alkylanilides 

In 1987, Snaith and coworkers reported the crystal structure of a N,N,N',N'-

tetramethylethylenediamine (TMEDA) disolvated lithium N-methylanilide dimer.
9
 Later, 

Schleyer and coworkers reported the solid structure of TMEDA disolvated lithium 

indolate dimer.
10

 The TMEDA disolvated lithium N-diphenylamide dimer was reported 

by O’Hara et al. in 2009.
11

 Since dimethoxymethane (DME) is also a bidentate ligand, we 

anticipated that the solid structure of DME solvated lithium anilides would adopt the 

same motif as the TMEDA solvate. However, the solid structure of TMEDA solvated 

LiHMDS differs from that of DME solvated LiHMDS. The former is a monosolvated 

monomer while the latter is a η
1
-DME disolvated dimer.

12
 Therefore, we attempted to 

crystallize the DME solvated lithium N-methylanilide and N-ethylanilide to evaluate the 

solvation state of the lithium with DME.  

As depicted in Figures 9.8 and 9.9, the crystal structures of DME solvated lithium N-

methylanilide 17 and N-ethylanilide 18 adopt the same solvation pattern as the TMEDA 

solvated lithium N-methylanilide. Both are η
2
-DME disolvated dimers with a planar 

Li2N2 core in which the lithium atoms are tetracoordinate. The dimers both adopt the 

trans structure depicted in Scheme 9.3. Similar to structure 11, the terminal methyl 

groups in structure 18 also point away from the plane shared by the phenyl and 

methylene groups of the N-ethylanilides. However, the O-Li-O angle of structure 18 is 

very similar to that of structure 17 because the steric hindrance of one DME molecule is 

significantly smaller than the hindrance of two THF molecules. 
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Figure 9.8. Crystal structure of DME solvated lithium N-methylanilide 17. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

Figure 9.9. Crystal structure of DME solvated lithium N-ethylanilide 18. Thermal ellipsoid plots 

are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

9.3.4 Dimethyltetrahydrofuran di-solvated dimer of lithium N-methylanilide 

To assess the effect of steric hindrance of solvent on the aggregation and solvation 

states of lithium N-methylanilide, we crystallized 2,5-dimethyltetrahydrofuran (DMTHF) 

lithium N-methylanilide using the method described previously. The crystal structure is a 
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DMTHF di-solvated dimer is analogous to numerous bis solvated dimeric lithium amide 

structures as well as the structures of diethyl ether di-solvated N-(2,2-dimethyl-l-

methylenepropyl)-N-lithiobenzenamine and THF solvated lithium dipentafluorobenzene 

amide.
13

 The phenyl groups of the methylanilides are trans to each other in a distorted 

plane. The lithium atoms in the Li2N2 core bind to the nitrogen of the anilide and are in 

close proximity, 2.47 Å, to the ipso carbon of the benzene ring. This result suggests the 

existence of auxiliary π coordination in this complex. 

 

Figure 9.10. Crystal structure of DMTHF solvated lithium N-methylanilide 19. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

9.3.5 Tetrahydrofuran tri-solvated monomers of lithium N-isopropylanilide and N-

diphenylamide 

To assess the effect steric hindrance of the alkyl group on the aggregation and 

solvation states of lithium N-alkylanilide, crystals of THF solvated lithium N-

isopropylanilide and N-diphenylamide were grown. As illustrated in Figures 9.11 and 

9.12, the crystal structures are THF trisolvated monomers similar to the solid structure of 
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THF trisolvated monomer of lithium phenothiazide reported by Cragg-Hine and 

coworkers.
14

 The three O-Li-O angles of structure 20 are 95.2
o
, 100.4

o
 and 112.8

o
 

whereas the three O-Li-O angles of structure 21 are 93.9
o
, 96.6

o
 and 111.2

o
. The values 

suggest that the steric hindrance of isopropyl group is slightly larger than the phenyl 

group. The THF trisolvated monomers provide an important clue for the solvation state of 

lithium diphenylamide in THF.
5b 

These structures illustrate that the formation of a THF 

trisolvated monomer occurs upon addition of a methyl group to the α-carbon of N-

methylanilide (Scheme 9.4). 

 

Figure 9.11. Crystal structure of THF solvated lithium N-diphenylamide 20. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

Figure 9.12. Crystal structure of THF solvated lithium N-isopropylanilide 21. Thermal 

ellipsoid plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 
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Scheme 9.4. Branched chains of N-alkylanilines 

 

9.3.6 Tetrahydrofuran tri-solvated dimer of lithium N-isobutylanilide and 

tetrahydrofuran di-solvated dimer of lithium N-neopentylanilide 

In an attempt to assess how the size of the alkyl group in N-alkyl lithium anilides 

influences the aggregation and solvation states of lithium N-alkylanilides, we synthesized 

and crystallized THF solvated lithium N-isobutylanilide and lithium N-neopentylanilide 

as representative exemplars of increasingly larger substrates. 

The solid structure of THF solvated N-isobutylanilide is an unusual trisolvated dimer 

as depicted in Figure 9.13. The Li2N2 core is not planar and the phenyl groups of the 

anilides are cis to each other. There are two different lithium atoms with one tricoordinate 

and another one tetracoordinate. Moreover, the two cis isobutyl groups bend towards the 

same direction of tri-coordinate lithium atom and thus, provide enough space for the two 

THF molecules to bind with the other lithium atom in the opposite direction. This solid 

structure of trisolvated dimer supports the existence of aggregate 2 proposed by 

Jackman.
4a

 



202 
 

 

Figure 9.13. Crystal structure of THF solvated lithium N-isobutylanilide 22. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

 

Figure 9.14. Crystal structure of THF solvated lithium N-neopentylanilide 23. Thermal ellipsoid 

plots are at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

 

Further increase in steric hindrance of the β carbon of the alkyl group leads to the 

formation of THF disolvated dimer. As depicted in Figure 9.14, the THF solvated lithium 

N-neopentylanilide is a disolvated dimer similar to the DMTHF disolvated dimer of 
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lithium N-methylanilide. In 2001, Lappert and coworkers reported the crystal structure of 

diethyl ether di-solvated dimer of lithium N-neopentylanilide.
15

 In the THF disolvated 

dimer depicted in Figure 9.14 and the Lappert compound, the phenyl groups of the 

anilides are trans to each other in a distorted plane and the two neopentyl groups point in 

opposite directions. Similar to structure 19, the lithium atoms in structure 23 and the 

analogous diethyl ether solvate display a short contact with the ipso carbon of the 

benzene ring (approximately 2.5 Å). 

Taken together, these results suggest that the increase in the steric hindrance of β 

carbon of the alkyl group affects the solvation state significantly. While the lithium 

anilides in solid structures 11, 22 and 23 are all dimeric, the solvation state changes from 

tetra-solvated in structure 11 to disolvated in structure 23 with the increase of the steric 

hindrance of β carbon of the alkyl group. 

 

9.4 Conclusion 

It is clearly evident that the solid structures of lithium N-alkylanilides highly depend 

on the steric factors in both the alkyl group and the solvating solvent. With sterically 

unhindered alkyl groups, lithium N-methylanilide, N-ethylanilide, indolide and 

tetrahydroquinolide crystallize as tetrasolvated dimers in THF. An increase of steric 

hindrance in the α-carbon of the alkyl group alters the aggregation state to a monomer in 

THF. This is evident in the solid structures of THF trisolvated monomer of lithium 

diphenylamide and lithium N-isopropylanilide. However, upon increase in steric 

hindrance of the β-carbon, the solvation state changes instead of the aggregation state. 
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The crystal structure of THF solvated lithium N-isobutylanilide is a trisolvated dimer and 

supports this conclusion. Moreover, further increase in steric hindrance of the β-carbon 

leads to the formation of THF disolvated dimer as the THF solvated lithium N-

neopentylanilide.  

The size of coordinating solvent alters the solvation state of the dimeric lithium N-

methylanilide. With relatively unhindered coordinating solvents, the solid structures of 

lithium N-methylanilide are all tetrasolvated dimers in THF, THP, DEPA and MeTHF. 

The crystal structures of lithium N-methylanilide and N-ethylanilide with relatively 

unhindered coordinating DME, which is a bidentate ligand, are also disolvated dimers; 

however, the lithium atoms are tetracoordinate, identical to that of the tetra-solvated 

dimers. When sterically hindered DMTHF is used as the coordinating solvent, the 

structure motif changes to a disolvated dimer in the solid state. 

Most importantly, these results confirm the existence of a trisolvated dimeric 

aggregate 2.   They also provide proof of the solvation states of these lithium anilides.  

We believe that these results provide some definitive insight into the relationship between 

substrate and/or solvent size to both the aggregation and/or solvation state of the 

corresponding lithiathed derivatives in a homologous series of N-substituted anilines 

ranging from trisolvated monomers through di-, tri-, and tetrasolvated tetramers. 

 

9.5 Experimental Section 

9.5.1 Synthesis of N-neopentylaniline. N-neopentylaniline was synthesized by the 

method described by Lappert.
15
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9.5.2 General Procedure for the crystallization of THF solvated lithium N-

methylanilide 10, N-ethylanilide 11, indolide 12, tetrahydroquinolide 13 and N-

neopentylanilide 23. To a solution of the N-alkylaniline (0.9 mmol) in 1 mL anhydrous 

pentane at 0 
o
C under Ar atmosphere was slowly added 1 equiv n-BuLi. The reaction 

mixture was allowed to stir at 0 
o
C until light yellow to orange precipitates formed. 

Anhydrous THF was then added slowly to the mixture until all the precipitates dissolved 

into the solution and the solution became clear. XRD quality crystals were grown when 

the solution was stored at -20 
o
C for overnight. 

9.5.3 General Procedure for the crystallization of THF solvated lithium N-

isobutylanilide 22. To a solution of the N-isopropylaniline (0.9 mmol) in 1 mL 

anhydrous pentane at 0 
o
C under Ar atmosphere was slowly added 1 equiv n-BuLi. The 

reaction mixture was allowed to stir at 0 
o
C until light yellow to orange precipitates 

formed. Anhydrous THF was then added slowly to the mixture until all the precipitates 

dissolved into the solution and the solution became clear. Precipitates formed after 

storing the solution at -78 
o
C freezer overnight. After re-dissolving the crystals at room 

temperature, the clear solution was stored at -20 
o
C freezer. XRD quality crystals were 

grown at -20 
o
C for overnight. 

9.5.3 General Procedure for the crystallization of DEPA solvated lithium N-

methylanilide 16 and DME solvated lithium N-ethylanilide 18. To a solution of the N-

alkylaniline (0.9 mmol) in 1 mL anhydrous pentane at 0 
o
C under Ar atmosphere was 

slowly added 1 equiv n-BuLi. The reaction mixture was allowed to stir at 0 
o
C until light 

yellow precipitates formed. DEPA or DME was then added slowly to the mixture until all 



206 
 

the precipitates dissolved into the solution and the solution became clear. XRD quality 

crystals were grown when the solution was stored at -20 
o
C for overnight. 

9.5.4 General Procedure for the crystallization of MeTHF solvated lithium N-

methylanilide 15, DMTHF solvated lithium N-methylanilide 19 and THF solvated 

lithium diphenylamide 20. To a solution of the N-alkylaniline (0.9 mmol) in 1 mL 

anhydrous pentane at 0 
o
C under Ar atmosphere was slowly added 1 equiv n-BuLi. The 

reaction mixture was allowed to stir at 0 
o
C until light yellow or purple precipitates 

formed. THF or MeTHF or DMTHF was then added slowly to the mixture until all the 

precipitates dissolved into the solution and the solution became clear. The clear solution 

was then stored at -50 
o
C freezer and XRD quality crystals were grown at -50 

o
C 

overnight. 

9.5.4 General Procedure for the crystallization of THP solvated lithium N-

methylanilide 14 and DME solvated lithium N-methylanilide 17. To a solution of the 

N-methylaniline (0.05 g) in 2 mL THP or DME at room temperature under Ar atmosphere 

was added 1 equiv n-BuLi. The resulting solution was shaken vigorously and then stored 

at room temperature and XRD quality crystals were grown overnight. 
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Chapter 10 

The Mixed Aggregates of Chiral Lithium Amides 
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10.1 Abstract 

The solution structures of three mixed aggregates consisting of the lithiated amides 

(S)-N-isopropyl-1-((triisopropylsilyl)oxy)propan-2-amine, (R)-N-(1-phenyl-2-((triisopro-

pylsilyl)oxy)ethyl)propan-2-amine, or (S)-N-isobutyl-3-methyl-1-((triisopropylsilyl)oxy)-

butan-2-amine and n-butyllithium are characterized by various NMR experiments 

including diffusion-ordered NMR spectroscopy with diffusion coefficient-formula weight 

correlation analyses and other one- and two-dimensional NMR techniques. We report that 

steric hindrance of R1 and R2 groups of the chiral lithium amide control the aggregation 

state of the mixed aggregates. With a less hindered R2 group, lithium (S)-N-isopropyl-1-

((triisopropylsilyl)oxy)propan-2-amide forms mostly a 2:2 ladder-type mixed aggregate 

with n-butyllithium. Increase of steric hindrance of the R1 and R2 groups suppresses the 

formation of the 2:2 mixed aggregate and promotes formation of a 2:1 mixed aggregate. 

We observe that lithium (S)-N-isobutyl-3-methyl-1-((triisopropylsilyl)oxy)butan-2-amide 

forms both a 2:2 mixed aggregate and a 2:1 mixed trimer with n-butyllithium. Further 

increase in the steric hindrance of R1 and R2 groups results in the formation of only 2:1 

mixed aggregate as observed with lithium (R)-N-(1-phenyl-2-((triisopropylsilyl)oxy)-

ethyl)propan-2-amide. 

 

10.2 Introduction 

Organolithium amide bases such as lithium diisopropylamide and lithium hexa-

methyldisilazide are generally used to deprotonate weakly acidic organic compounds 

such as ketones, esters, etc.
1
 Chiral lithium amide bases have also been developed for use 
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in asymmetric deprotonation and addition reactions.
2
 As a representative example, Koga 

and coworkers reported a highly enantioselective aldol reaction in the presence of chiral 

lithium amide bases strongly implicating the influence of mixed aggregates.
3
 Several 

groups including Collum,
4
 Davidsson,

5
 Duhamel,

6 
Hilmersson,

7
 McGarrity,

8
 Maddaluno,

9
 

Reich,
10

 Strohmann,
11 

and Thomas
12

 also reported the formation of mixed aggregates that 

incorporate lithium amide bases. 

 

 

 

 

 

 

 

 

 

 

Scheme 10.1. The Trimeric 2:1 Complexes 2,3 and the Homodimer 4 

 

We previously reported the crystal structures of mixed trimers containing two 

equivalents of the chiral lithium amide derived from N-isopropyl valinol 1 and one 

equivalent of the alkyl lithium reagents depicted as structure 2 in Scheme 10.1.
13

 Later, 

we also reported both the solid state structure and the solution state characterization of a 

similar trimeric complex consisting of two equivalents of the chiral lithium amide and 3-

pentanone lithium enolate depicted as complex 3.
14

 More recently we reported the 

homodimeric solution structure 4 of the pure lithiated chiral amine 1 in the absence of 
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any additional reagents in hydrocarbon solvent.
15

 Most recently, we reported the four-

rung ladder structures 6a-d of mixed aggregates consisting of a 2:2 stoichiometric ratio 

of the chiral lithium amide derived from N-ethyl-O-triisopropylsilyl valinol 5 and either 

n-butyllithium (n-BuLi), sec-butyllithium (s-BuLi), or isopropyllithium (i-PrLi) or 

cyclopentyllithium.
16

 Since the amino acid derived chiral amides are shown to be useful 

in asymmetric addition and deprotonation reactions,
17

 and also since the reactivity and 

stereoselectivity of chiral lithium mixed aggregates depend on the aggregation state of the 

reagents,
6a,f,10b,17

 the aggregation state determination of these chiral lithium mixed 

aggregates is crucial in controlling the mechanism of reactions in which they are 

employed, and in designing new chiral lithium reagents. 

 
 
 
 
 
 
 
 
 
 
 
 

Scheme 10.2. The 2:2 Ladder Structure Mixed Aggregates 6 

 

In an attempt to rationalize the formation of completely different mixed aggregates, 

we synthesized chiral amines 7, 8, 9 (Scheme 10.3) and characterized the mixed 

aggregates of lithium amides derived from 7, 8, and 9 with n-BuLi. We report that the 

steric factors of R1 and R2 group dictate the formation of 2:2 mixed aggregate or 2:1 

mixed trimers. With a sterically less hindered methyl group at the R2 position, lithiated 

chiral amine 7 forms exclusively 2:2 mixed aggregate with the same motif as aggregates 

6. When the methyl group is replaced by a sterically more hindered isobutyl group at the 
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R2 position, lithiated chiral amine 8 forms both 2:2 mixed aggregate and 2:1 mixed trimer 

similar to the structure of complex 2a. Further increase in the steric hindrance of R2 

group prevents the formation of 2:2 mixed aggregate, as lithiated chiral amine 9 with a 

phenyl group at its R2 position forms 2:1 mixed trimer and only a small amount of 

homodimer resembling the structure of complex 4.   No 2:2 mixed aggregate is observed 

with chiral amide derived from 9.  

 

 

Scheme 10.3. Chiral amines 7, 8 and 9 

 

 

10.3 Results and Discussion 

10.3.1 Solution State Characterization of the 2:2 Mixed Aggregate of Lithiated 

Chiral Amine 7 and n-BuLi (10) 

Chiral amine 7 was easily synthesized from (S)-alanine in three steps following the 

procedure we have used previously to prepare the N-isopropyl-O-triisopropylsilyl valinol. 

The sample for NMR studies was prepared in situ by titrating (S)-N-isopropyl-1-

((triisopropylsilyl)oxy)propan-2-amine 7 into a toluene-d8 solution of 
6
Li labeled n-BuLi 

at -40 
o
C. The titration was monitored by 

1
H and 

6
Li NMR as depicted in Figures 10.1 

and 10.2 respectively. 
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Figure 10.1. 
1
H NMR spectra of chiral amine 7 titration of 0.2 M n-Bu

6
Li toluene-d8 solution at 

-40 
o
C. H represents the resonance of n-Bu

6
Li hexamer; I represents the resonances of impurities 

and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 10 represents the resonances of the 2:2 mixed 

aggregate 10. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.2. 
6
Li NMR spectra of chiral amine 7 titration of 0.2 M n-Bu

6
Li toluene-d8 solution at 

-40 
o
C. H represents the resonance of n-Bu

6
Li hexamer; I represents the resonances of impurities 

and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 10 represents the resonances of the 2:2 mixed 

aggregate 10. 
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In the 
6
Li NMR spectra, n-BuLi exhibits one major peak corresponding to a hexamer 

and a minor broad peak corresponding to some unknown aggregates of n-BuLi and n-

BuOLi. The spectra show clearly the decrease of the resonance of the unsolvated 

hexameric n-BuLi aggregate and the rise of two sharp peaks with 1:1 ratio upon addition 

of chiral amine 7. These two sharp peaks dominante when the ratio of lithiated chiral 

amine 7 to n-BuLi equals 1:1.5. These results are consistent with a 2:2 mixed aggregate 

structure 10 depicted in Table 10.1.  

The 
1
H{

6
Li} HMBC spectrum confirms the formation of a mixed aggregate because 

both sharp peaks in the 
6
Li correlate to the protons of lithiated chiral amine 7 and the α-

methylene protons of n-BuLi. 
1
H and 

13
C NMR experiments including 

1
H NMR, 

13
C 

NMR, COSY, HSQC, and HMBC confirm the 
1
H and 

13
C chemical shift assignments. 

These results are summarized in Table 10.1.
21

 The α-methylene carbon (carbon atom 1) of 

n-BuLi within the mixed aggregate 10 is a quintet (J = 10.7 Hz) at 11.9 ppm. This pattern 

confirms that C (1) of n-BuLi interacts with two 
6
Li atoms because both the multiplicity 

and coupling constant comply with the Bauer−Winchester −Schleyer rule.
22

  

To distinguish a 2:2 mixed aggregate from an 1:1 mixed aggregate, diffusion-ordered 

NMR spectroscopy and diffusion coefficient-formula weight (D-FW) correlation analysis 

were performed
.15,16,17a,23

 A linear regression plot of the logarithms of NMR determined 

diffusion coefficients against the known formula weights of reference standards was used 

to deduce the formula weight of unknown complexes. In this experiment, benzene (BEN, 

78.11 g/mol), cyclooctene (COE, 110.2 g/mol), 1-tetradecene (TDE, 196.4 g/mol) and 

squalene (SQU, 410.7 g/mol) were added to the sample solution as internal molecular 

weight references. 



216 
 

Table 10.1. 
1
H and 

13
C signal Assignments of Mixed Aggregate 10 

 

 

 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 11.9 -0.45 
2 35.3 1.94 
3 23.8 1.26 
4 54.3 3.31 
5 66.9 4.06, 2.88 
6 26.6 1.39 
7 48.5 3.05 

 

 

 

Figure 10.3. 
1
H DOSY of mixed aggregate 10 in toluene-d8 at -40 

o
C. 

Distinct resonances of the chiral lithium amide from 2.8 to 4.1 ppm and the resonance 

of the α-methylene protons of n-BuLi at -0.45 ppm were used for the D-FW analysis 

because the resonances of the complex from 1.0 to 2.5 ppm overlap with the internal 

reference resonances. As seen in the 
1
H DOSY spectrum (Figure 10.3), the peak of n-

BuLi α-methylene protons and distinct peaks from lithiated chiral amine 7 have very 

similar diffusion coefficients. The result establishes complexation between the lithiated 
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chiral amine 7 and n-BuLi. The average predicted formula weight for the resonances of 

mixed aggregate 10 is 667 g/mol, a 2.4 % difference from the formula weight of mixed 

aggregate 10 (683.3 g/mol) (Figure 10.4, Table 10.2). 

 

Figure 10.4. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares and 

mixed aggregate 10 is shown as open square. 

 

Table 10.2. D-FW Analysis of 
1
H DOSY Data of 10 

 

entry Compd FW (gmol
-1

) 10
-10

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% error 

1 BEN 78.11 5.960 80 -2.9 
2 COE 110.2 4.816 110 -0.6 
3 TDE 196.4 3.462 182 7.2 
4 SQU 410.7 1.967 427 -4.1 
5 10

a
 683.3

b
 1.480

a
 656 3.9 

6 10
a
 683.3

b
 1.466

a
 666 2.5 

7 10
a
 683.3

b
 1.413

a
 704 -3.0 

8 10
a
 683.3

b
 1.504

a
 640 6.2 

9 10
c
 683.3

b
 1.463

c
 668 2.2 

10 10
d
 683.3

b
 1.465

d
 667 2.4 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
683.3 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 7/n-BuLi (
6
Li labeled) complex 10. 

c
The measured diffusion 

coefficient is from the α-methylene protons peak (-0.45 ppm) of n-BuLi. 
d
The diffusion coefficient is the 

average of the above five values. 

 

 

Overall, our NMR data indicate that when the mole ratio of chiral lithium amide to n-

BuLi is approximately 1:1, the solution structure of the mixed aggregate between 
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lithiated, chiral amine 7 and n-BuLi in toluene is the 2:2 mixed aggregate 10. This 

resembles the structure of mixed aggregate 6b. 

 

 

Figure 10.5. Crystal structures of the mixed aggregates 2a and 6a. 

 

Previously we reported that lithiated chiral amine 1b forms the 2:1 mixed trimer 2a 

with n-BuLi; whereas lithiated chiral amine 5, with simple replacement of the R1 group 
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of 1b to an ethyl group, forms 2:2 mixed aggregate 6b. Interestingly, these observations 

illustrate that lithiated chiral amine 7, with simple replacement of the R2 group of 1b to a 

methyl group also forms a 2:2 mixed aggregate.  This prompted us to compare the crystal 

structures of 2a
13b

 and 6a
16

 more carefully. As depicted in Figure 10.5, the distances from 

C(3) and C(1’) carbon to C(1) (Scheme 10.4) in structure 6a are 2.92 Å and 2.57 Å 

respectively, while the corresponding distances in structure 2a are 3.74 Å and 2.54 Å 

respectively. Therefore, the steric effect between R1, R2 groups and C(1) methylene group 

is significantly reduced when a 2:1 mixed trimer is formed instead of a 2:2 mixed 

aggregate. Thus we propose that the steric bulk of the R1 and R2 groups, especially the 

hindrance on the C(3) and C(1’) carbons, predetermines the formation of 2:2 mixed 

aggregate or 2:1 mixed trimer. With relatively less hindered R1 and R2 groups, lithiated 

chiral amines 5 and 7 form 2:2 mixed aggregates with n-BuLi, while lithiated chiral 

amines 1a and 1b containing relatively hindered R1 and R2 groups form 2:1 mixed 

trimers with n-BuLi. To verify our hypothesis, we synthesized and characterized lithiated 

chiral amine 8, which has an isobutyl R2 group and is sterically less hindered than chiral 

amine 1b in its C(3) position. 

 

Scheme 10.4. Numbering and labeling scheme of chiral amines 
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10.3.2 Solution State Characterization of the Mixed Aggregates of Lithiated Chiral 

Amine 8 and n-BuLi (11 and 12)  

Chiral amine 8 was easily synthesized from (S)-leucine in three steps. The sample for 

NMR studies was prepared by titrating (S)-N-isobutyl-3-methyl-1-((triisopropylsilyl)-

oxy)butan-2-amine 8 into a toluene-d8 solution of 
6
Li labeled n-butyllithium at -40 

o
C. 

The titration was monitored by 
1
H and 

6
Li NMR (Figures 10.6 and 10.7). Upon addition 

of chiral amine 8, new peaks around -0.50 to -0.60 ppm emerge and increase in intensity 

as the amount of lithiated chiral amine 8 increases as shown in Figure 10.6. Moreover, 

the number of peaks from 2.8 to 4.1 ppm is double the number of peaks of non-lithiated 

chiral amine 8, implicating the formation of more than one type of aggregate of lithiated 

chiral amine 8.  The 
6
Li NMR data, Figure 10.7, shows very clearly the emergence and 

rise of two downfield sharp peaks with 1:1 intensity upon addition of chiral amine 8, as 

well as two sharp peaks with 1:2 intensity slightly upfield of the 1:1 sharp peaks. From 

the results of our previous findings,
13,16

 we postulate that the 1:1 peaks correspond to 2:2 

mixed aggregate 11 and the 1:2 peaks correspond to 2:1 mixed trimer 12 as depicted in 

Table 10.3. 

To verify the existence of the putative mixed aggregates 11 and 12, we obtained the 

1
H {

6
Li} HMBC spectrum. As depicted in Figure 10.8, Li(1) shows a strong correlation 

to the α-methylene protons of n-BuLi (-0.52 ppm) and the proton of the methine (3.16 

ppm) group adjacent to nitrogen. Additionally, Li(2) also shows a strong correlation to 

the α-methylene protons of n-BuLi and one of the protons of the methylene (3.42 ppm) 

group adjacent to oxygen. Moreover, Li(3) shows a strong correlation to the proton of the 

methine (2.98 ppm) group adjacent to nitrogen while Li(4) shows a strong correlation to 
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the α-methylene protons of n-BuLi (-0.58 ppm) and the proton of the methine (3.12 ppm) 

group adjacent to nitrogen. These results are consistent with Li(1) and Li(2) representing 

the 2:2 mixed complex 11 between n-BuLi and the lithiated chiral amine 8 and Li(3) and 

Li(4) representing the 2:1 mixed trimer 12. 

 

Figure 10.6. 
1
H NMR spectra of chiral amine 8 titration of 0.2 M n-Bu

6
Li toluene-d8 solution at 

-40 
o
C. H represents the resonance of n-Bu

6
Li in hexamer; I represents the resonances of 

impurities and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 11 represents the resonances of the 

2:2 mixed aggregate 11; 12 represents the resonances of the 2:1 mixed trimer 12. 
 

 

 

A series of 
1
H and 

13
C NMR experiments including 

1
H NMR, 

13
C NMR, COSY, 

HSQC, HMBC confirm the 
1
H and 

13
C chemical shift assignments of complexes 11 and 

12. These experiments are summarized in Table 10.3. The α-methylene carbon (carbon 

atom 1) of n-BuLi within the mixed aggregate 11 is a quintet (J = 10.2 Hz) at 11.7 ppm 

(Figure 10.9). This suggests that C(1) of n-BuLi interacts with two 
6
Li atoms. Moreover, 

as depicted in Figure 10.9, The α-methylene carbon (carbon atom 7) of n-BuLi within the 
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mixed aggregate 12 at 13.7 ppm is also a quintet (J = 10.4 Hz) as a consequence of the 

interaction of C(6) with two equivalent 
6
Li atoms. 

 

Figure 10.7. 
6
Li NMR spectra of chiral amine 8 titration of 0.2 M n-Bu

6
Li toluene-d8 solution at 

-40 
o
C. H represents the resonance of n-Bu

6
Li in hexamer; I represents the resonances of 

impurities and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 11 represents the resonances of the 

2:2 mixed aggregate 11; 12 represents the resonances of the 2:1 mixed trimer 12. 
 

 

 
 

Figure 10.8. 
1
H {

6
Li} HMBC of 11 and 12 in toluene-d8 at -40 

o 
C. 
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Table 10.3. 
1
H and 

13
C signal Assignments of Mixed Aggregates 11 and 12 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 11.7 -0.52 
2 34.8 1.87 
3 63.3 4.05, 3.42 
4 57.1 3.28 
5 48.7 3.16 
6 13.7 -0.58 
7 34.4 1.77 
8 70.7 3.94, 3.44 
9 60.6 2.98 

10 51.3 3.12 

 

 

 

 
 

Figure 10.9. 
13

C NMR of carbon atoms 1 and 7 of mixed aggregates 11 and 12 in toluene-d8 at -

40 
o
C. 

 

 

 

Diffusion-ordered NMR spectroscopy and D-FW analysis were performed. Four 

distinct peaks of the two different putative complexes from 2.9 to 4.1 ppm were utilized 

for our D-FW analysis because other resonances overlapped. The 
1
H DOSY spectrum 
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(Figure 10.10) shows that the putative complexes diffuse considerably slower than 

squalene, indicating that the formula weights of these complexes are significantly higher 

than the formula weight of squalene.  

 

Figure 10.10. 
1
H DOSY of mixed aggregates 11 and 12 in toluene-d8 at - 40 

o
C. 

 

The D-FW experiment yields a predicted formula weight of 712 g/mol for the 2:2 

mixed aggregate 11 and an average predicted formula weight of 758 g/mol for the mixed 

aggregate 12. These results differ by 7.2 % from the calculated formula weight of the 2:2 

mixed aggregate 11 (765.5 g/mol) and 7.7 % from the calculated formula weight of the 

2:1 mixed aggregate 11 (704.4 g/mol). Thus these D-FW experiments unambiguously 

define the aggregation state of the species in solution with molecular weights in the range 

of 680-800 g/mol. However, these D-FW results alone cannot distinguish between the 
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aggregates 11 and 12. 

Taken together, our NMR data support the existence of both 2:2 mixed aggregate 11 

and 2:1 mixed trimer 12 between lithiated chiral amine 8 and n-BuLi in toluene when the 

mole ratio of n-BuLi to chiral lithium amide 8 is more than 1:1.5. 

 

 
 

Figure 10.11. D-FW analysis of 
1
H DOSY data. Internal references are shown as solid squares 

and mixed aggregate 11 is shown as green square and mixed trimer 12 is shown as the white 

square. 

 

Table 10.4. D-FW Analysis of 
1
H DOSY Data of 11 and 12 

 

entry Compd FW (gmol
-1

) 10
-10

D 
(m

2
/s) 

Predicted FW 
(gmol

-1
) 

% error 

1 BEN 78.11 6.260 83 -6.6 
2 COE 110.2 5.268 110 0.2 
3 TDE 196.4 4.013 170 13 
4 SQU 410.7 2.220 444 -8.1 
5 11

a
 767.5

b
 1.616

a
 741 3.4 

6 11
a
 767.5

b
 1.702

a
 682 11 

7 12
a
 704.4

c
 1.541

a
 800 -14 

8 12
a
 704.4

c
 1.504

a
 715 -1.6 

9 11
d
 767.5

b
 1.659

d
 711 7.2 

10 12
d
 704.4

c
 1.596

d
 758 -7.7 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
767.5 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 8/n-BuLi (
6
Li labeled) complex 11. 

b
704.4 gmol

-1
 is the 

formula weight of 2:1 lithiated chiral amine 8/n-BuLi (
6
Li labeled) complex 12. 

d
The diffusion coefficient 

is the average of the above two values. 
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10.3.3 Solution State Characterization of the Mixed Aggregate of Lithiated Chiral 

Amine 9 and n-BuLi 13 and Homodimer 14 

Chiral amine 9 was synthesized from (R)-phenylglycine in three steps. Compound 9 

is more sterically hindered than chiral amine 8 at the C(3) position. An NMR sample was 

prepared by titrating (R)-N-(1-phenyl-2-((triisopropylsilyl)oxy)ethyl)propan-2-amine into 

a toluene-d8 solution of 
6
Li labeled n-butyllithium at -40 

o
C  Upon addition of chiral 

amine 9, the 
1
H NMR reveals that a peak at -0.54 ppm increases in intensity as the 

amount of lithiated chiral amine 9 increases (Figure 10.12). The number of peaks in the 

2.9 to 4.5 ppm region is double the number of peaks of non-lithiated chiral amine 9, 

suggesting that lithiated chiral amine 9 forms more than one type of aggregate. As 

depicted in Figure 10.13, the 
6
Li NMR shows very clearly the emergence and rise of two 

sharp peaks with 1:2 intensity upon addition of chiral amine 9, as well as a minor sharp 

peak slightly upfield of the 1:2 peaks. These three sharp peaks become dominant when 

the mole ratio of lithiated chiral amine 9 to n-BuLi equals 1:0.9. These results are similar 

to the titration results of chiral amine 1b with n-BuLi.
13,15

 Thus, we postulate the 1:2 

peaks correspond to the  2:1 mixed trimer 13 and the minor upfield peak corresponds to 

the homodimer 14 depicted in Table 10.5. 

The 
1
H {

6
Li} HMBC (Figure 10.14) shows a strong correlation from Li(1) to the 

proton of the methine (4.26 ppm) group adjacent to nitrogen while Li(2) shows a strong 

correlation to the α-methylene protons of n-BuLi and the proton of another methine (2.91 

ppm) group adjacent to nitrogen. Meanwhile, Li(3) shows a strong correlation to the 

proton of methine groups (4.45, 3.07 ppm) adjacent to nitrogen. These results are 
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consistent with the assignment of Li(1) and Li(2) to the 2:1 mixed trimer 13 between n-

BuLi and the lithiated chiral amine 9 and Li(3) to the homodimer 14. 

 

Figure 10.12. 
1
H NMR spectra of chiral amine 9 titration of 0.2 M n-Bu

6
Li toluene-d8 solution 

at -40 
o
C. H represents the resonance of n-Bu

6
Li in hexamer; I represents the resonances of 

impurities and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 13 represents the resonances of the 

2:1 mixed trimer 13; 14 represents the resonances of homodimer 14. 

 

Figure 10.13. 
6
Li NMR spectra of chiral amine 9 titration of 0.2 M n-Bu

6
Li toluene-d8 solution 

at -40 
o
C. H represents the resonance of n-Bu

6
Li in hexamer; I represents the resonances of 

impurities and mixed aggregates of n-Bu
6
Li and n-BuO

6
Li; 13 represents the resonances of the 

2:1 mixed trimer 13; 14 represents the resonances of homodimer 14. 
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Figure 10.14. 
1
H {

6
Li} HMBC of 13 and 14 in toluene-d8 at -40 

o 
C. 

 

Figure 10.15. 
13

C NMR of carbon atoms 1 of mixed trimer 13 in toluene-d8 at -40 
o
C.  

Assignments of 
1
H and 

13
C resonances for aggregates 13 and 14 are summarized in 

Table 10.5. As illustrated in Figure 10.15, the α-methylene carbon (carbon atom 1) of n-

BuLi of the putative mixed trimer 13 is a quintet (J = 10.1 Hz) at 13.5 ppm.  This pattern 

indicates that carbon atom 1 in n-BuLi is J-coupled to two 
6
Li atoms. 

Diffusion-ordered NMR spectroscopy (Figure 10.16) and D-FW analysis results 

shows that the major peaks of the lithiated chiral amine 9 from 2.9 to 4.3 ppm and n-
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butyllithium (-0.54 ppm) diffuse at a very similar rate. The average predicted formula 

weight for the mixed aggregate 13 is 678 g/mol, an 8.8 % difference from the calculated 

formula weight of  the 2:1 mixed aggregate 13 (743.4 g/mol) (Figure 10.17, Table 10.6).  

Moreover, the average predicted formula weight for the homodimer 14 is 649 g/mol, a 

4.7 % difference from the calculated formula weight of  homodimer 14 (681.2 g/mol). 

 

Table 10.5. 
1
H and 

13
C signal Assignments of Mixed Aggregate 13 and Homodimer 14 

 

Carbon atom 
13

C (ppm) 
1
H (ppm) 

1 13.5 -0.54 
2 35.0 1.63 
3 72.4 3.73, 3.67 
4 69.7 4.26 
5 148.7 N/A 
6 50.8 2.91 
7 24.8 1.29 
8 71.9 3.87 
9 68.9 4.45 
10 148.2 N/A 
11 50.0 3.07 
12 28.2 1.41 

 

 

Overall, the combination of all these NMR experiments support the formation of the 

2:1 mixed trimer 13 between lithiated chiral amine 9 and n-BuLi, as well as the formation 

of homodimer 14 in toluene when the mole ratio of n-BuLi to chiral lithium amide is 

more than 1:0.9. 
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Figure 10.16. 
1
H DOSY of mixed trimer 13 and homodimer 14 in toluene-d8 at -40 

o
C.  

 

Figure 10.17. D-FW analysis of 
1
H DOSY data. Internal references are shown as black squares, 

mixed trimer 13 is shown as white square and homodimer 14 is shown as the green square. 

 
Table 10.6. D-FW Analysis of 

1
H DOSY Data of 13 and 14 

 

entry Compd FW (gmol
-1

) 10
-10

D 
(m

2
/s) 

Predicted 
FW (gmol

-1
) 

% error 

1 BEN 78.11 4.296 75 3.6 
2 COE 110.2 2.986 121 -9.8 
3 TDE 196.4 2.195 180 8.0 
4 SQU 410.7 1.146 421 -2.7 
5 13

a
 743.4

b
 0.811

a
 662 10.9 

6 13
a
 743.4

b
 0.821

a
 651 12.3 

7 13
c
 743.4

b
 0.757

c
 724 2.5 

8 14 681.2
d
 0.814 659 3.2 

9 14 681.2
d
 0.834 638 6.2 

10 13
e
 743.4

b
 0.796

e
 678 8.8 

11 14
f
 681.2

d
 0.824

f
 649 4.7 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
743.4 gmol

-1
 is the 

formula weight of 2:1 lithiated chiral amine 9/n-BuLi (
6
Li labeled) complex 13. 

c
The measured diffusion 

coefficient is from the α-methylene protons peak (-0.54 ppm) of n-BuLi. 
d
681.2 gmol

-1
 is the formula 

weight of homodimer 14. 
e
The diffusion coefficient is the average of the above three values. 

 f
The diffusion 

coefficient is the average of the above two values. 
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The aggregation states of the mixed complexes between n-butyllithium and different 

lithium chiral amides with various R1 and R2 groups were summarized in Table 10.7. 

When R1 and R2 groups are relatively unhindered, a 2:2 mixed aggregate is the dominant 

species as with chiral amine 5 and 7. A 2:1 mixed trimer is observed when the steric 

hindrance of R1 and R2 groups increases. Lithiated chiral amine 8 forms a significant 

amount of both 2:2 mixed aggregate and 2:1 mixed trimer with n-butyllithium. Further 

increase in the steric hindrance at C(3) position inhibits the formation of 2:2 mixed 

aggregate; therefore, lithiated chiral amines 1b and 9 preferably form 2:1 mixed trimers 

with n-butyllithium. 

Table 10.7. Aggregation states of different lithium chiral amide/n-BuLi complexes 
 

R1 group R2 group Aggregation State 

Isopropyl Methyl Dominantly 2:2 mixed aggregate 

Ethyl Isopropyl Dominantly 2:2 mixed aggregate 

Isopropyl Isobutyl 2:2 mixed aggregate & 2:1 mixed trimer 

Isopropyl Phenyl Majorly 2:1 mixed trimer 

Isopropyl Isopropyl Majorly 2:1 mixed trimer 

 

 

10.4 Conclusion 

The size of R1 and R2 groups significantly influence the aggregation state of the 

mixed complexes between lithiated chiral amines and n-BuLi. When the R1 and R2 

groups are relatively unhindered, a 2:2 mixed aggregate dominants. Increase in the steric 

hindrance of R1 and R2 groups inhibits the formation of this 2:2 mixed aggregate and 

promote the formation of the 2:1 mixed trimer. 
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It is well established that lithiated N-isopropyl-O-triisopropylsilyl valinol 1b forms a 

2:1 mixed trimer with n-BuLi and that this mixed aggregate is responsible for the 

enantioselectivity of asymmetric addition of n-BuLi in the mixed aggregate to 

aldehydes.
17

   Hence, knowledge of the aggregation state of mixed aggregates is crucial in 

unveiling the origin of the enantioselectivity of chiral lithium amides. Moreover, the 

ability to predict the formation of different mixed aggregates enables us to design chiral 

amines with desired enantioselectivity most efficiently. Extensive work on both 

enantioselectivity and mechanism of the asymmetric addition of the alkyllithium moiety 

to electrophiles using these chiral lithium amide/alkyllithium mixed aggregates to various 

electrophiles is in progress. 

 

10.5 Experimental Section 

10.5.1 Procedures for NMR Experiments.  NMR samples were prepared in tubes 

sealed with rubber septa cap and parafilm. NMR tubes were evacuated in vacuo, flame-

dried and filled with argon before use. 
1
H chemical shifts were referenced to toluene-d8 at 

7.09 ppm and 
13

C chemical shifts were referenced to toluene-d8 at 137.86 ppm. All NMR 

experiments except DOSY experiments were acquired on a 600 MHz spectrometer. 

DOSY experiments were acquired on a 600 MHz or a 400 MHz spectrometer equipped 

with a z-axis gradient amplifier with a z-axis gradient coil. Maximum gradient strength 

was 0.5 T/m and 0.214 T/m respectively. 
1
H DOSY was performed using the standard 

programs, employing a double stimulated echo sequence, bipolar gradient pulses for 

diffusion, and 3 spoil gradients. Diffusion time was 200 ms, and the rectangular gradient 
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pulse duration was 700 μs (lithiated chiral amine 8) and 1000 μs (lithiated chiral amine 7 

and 9). Gradient recovery delays were 200 μs. Individual rows of the quasi-2-D diffusion 

databases were phased and baseline corrected. Actual diffusion coefficients used for D-

FW analysis were obtained using the T1/T2 analysis module in commercially available 

software. 

The 
6
Li labeled n-butyllithium samples were prepared by laboratory synthesized 

6
Li 

labeled n-butyllithium heptane solution. About 40 μL of the 2.4 M n-butyllithium heptane 

solution was added via syringe to a NMR tube. After the addition, the NMR tube was 

evacuated in vacuo for 10-30 minutes at 0 
o
C in order to remove the heptane. After filling 

with argon, toluene-d8 was added via syringe to bring the total volume up to 500 μL.
 

The internal references (in a ratio of 1:3:3:1 for BEN, COE, TDE, and SQU, 

respectively) were titrated into the NMR tube and monitored by 
1
H NMR. The titration 

was stopped when the peak intensity of benzene was about the same as the α-methylene 

protons of n-BuLi for lithiated chiral amine 7, about 0.67 times the intensity as the α-

methylene protons of n-BuLi for lithiated chiral amine 8 and about 1.5 times the intensity 

as the α-methylene protons of n-BuLi for lithiated chiral amine 9. 

10.5.2 Synthesis of (S)-N-isopropyl-1-((triisopropylsilyl)oxy)propan-2-amine 7. 

The synthetic route of chiral amine 7 started from enantiomerically pure (S)-alanine. The 

N-isopropyl alanine was prepared according to Ohfune’s method.
24

 The N-isopropyl 

alanine was then reduced by lithium aluminum hydride in anhydrous tetrahydrofuran to 

N-isopropyl alaninol. Chiral amine 7 was prepared as follows: To a solution of N-

isopropyl alaninol (2.20 g, 18.8 mmol) and triethylamine (10.5 mL, 37.5 mmol) in 60 mL 

CH2Cl2 was added slowly triisopropylsilyl triflate (6.34 g, 23.5 mmol) at 0 
o
C. The 
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resulting solution was allowed to stir at room temperature for 4 h before quenching with 

25 mL of 2 M NaHCO3. The mixture was extracted with 30 mL EtOAc three times and 

the combined organic phase was washed by 20 mL brine and dried over anhydrous 

Na2SO4. The solvent was then removed by rotary evaporation and purification was 

performed by vacuum distillation. Purification (bp = 115 
o
C, 5 mmHg) gave a colorless 

oil (4.12 g, 15.1 mmol, 80.2 %). 
1
H NMR (Tol-d8, 400 MHz) δ 3.57-3.45 (m, 2H), 2.91-

2.78 (m, 2H), 1.14-1.04 (m, 21H), 1.04-0.97 (m, 10H); 
13

C NMR (Tol-d8, 100 MHz) 

δ 68.8, 52.5, 46.2, 24.8, 23.7, 18.7, 18.6, 12.8; HRMS-ESI m/z: [M + H]+ Calcd for 

C15H36NOSi:  274.2561, found: 274.2564. 

10.5.3 Synthesis of (S)-N-isopropyl-1-((triisopropylsilyl)oxy)propan-2-amine 8. 

(S)-N-isobutyl-3-methyl-1-((triisopropylsilyl)oxy)butan-2-amine 8 was synthesized using 

the same method described above from N-isopropyl (S)-leucinol (1.70 g, 10.7 mmol). 

Purification (bp = 132 
o
C, 5 mmHg) gave a colorless oil (2.77 g, 8.77 mmol, 82.0 %).

 1
H 

NMR (Tol-d8, 400 MHz) δ 3.65 (dd, 1H, J = 4.7, 9.5 Hz), 3.51 (dd, 1H, J = 4.4, 9.5 Hz), 

2.92 (septet, 1H, J = 6.2 Hz), 2.70 (m, 1H), 1.83 (m, 1H), 1.41-1.29 (m, 2H), 1.13-1.00 

(m, 28H), 0.99-0.92 (m, 6H);  
13

C NMR (Tol-d8, 100 MHz) δ 66.4, 54.8, 46.1, 43.3, 25.5, 

24.7, 24.1, 24.0, 23.4, 18.7, 12.8; HRMS-ESI m/z: [M + H]+ Calcd for C18H42NOSi:  

316.3036, found: 316.3035. 

10.5.4 Synthesis of (R)-N-(1-phenyl-2-((triisopropylsilyl)oxy)ethyl)propan-2-

amine 9. (R)-N-(1-phenyl-2-((triisopropylsilyl)oxy)ethyl)propan-2-amine 8 was 

synthesized using the same method described above from N-isopropyl (R)-phenylglycinol 

(2.40 g, 13.4 mmol).
 
Purification (bp = 163 

o
C, 5 mmHg) gave a colorless oil (3.58 g, 

10.7 mmol, 79.6 %). 
1
H NMR (Tol-d8, 400 MHz) δ 7.44 (d, 2H, J = 7.28 Hz), 7.24-7.10 
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(m, 3H), 3.99 (dd, 1H, J = 4.1, 8.9 Hz,), 3.74 (dd, 1H, J = 4.1, 9.6 Hz), 3.71-3.59 (m, 1H), 

2.71 (septet, 1H, J = 6.28 Hz), 1.75 (br, 1H), 1.12-0.97 (m, 27H); 
13

C NMR (Tol-d8, 100 

MHz) δ 143.1, 128.9, 128.5, 127.9, 70.0, 63.8, 47.0, 25.2, 22.9, 18.6, 12.7; HRMS-ESI 

m/z: [M + H]+ Calcd for C20H38NOSi:  336.2723, found: 336.2715. 
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Appendix A 

CCDC numbers for all crystal structures 

Entry Crystal Structure Figure 

Number 

CCDC 

Number 

1 c-PenLi Hexamer 4.1 944702 

2 c-PenLi/THF Tetramer 4.7 944703 

3 Lithiated (S)-N
1
,N

1
-bis(2-methoxyethyl)-N

2
,3-

dimethylbutane-1,2-diamine 

6.1 934643 

4 Lithiated (S)-N-ethyl-3-methyl-1-(triisopropyl-

silyloxy)butan-2-amine/c-PenLi 

7.1 948999 

5 Dilithiated (2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-

isopropylpropan-2-amine)/DEE 

8.1 961338 

6 Dilithiated (2S,2'S)-1,1'-(butane-1,4-diylbis(oxy))bis(N-

isopropylpropan-2-amine)/THF 

8.2 961339 

7 Dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropylpropan-2-amine)/DEE 

8.3 961340 

8 Dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropylpropan-2-amine)/THF 

8.4 961341 

9 Dilithiated (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine)/DEE 

8.6 961342 

10 Dilithiated (2S,2'S)-1,1'-(heptane-1,7-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine)/THF 

8.7 961343 

11 Dilithiated (2S,2'S)-1,1'-(pentane-1,5-diylbis(oxy))bis(N-

isopropyl-3-methylbutan-2-amine)/DEE 

8.9 961344 

12 Lithium N-methylanilide/THF 9.1 958136 

13 Lithium N-ethylanilide/THF 9.2 958137 

14 Lithium indolide/THF 9.3 958138 

15 Lithium tetrahydroquinolide/THF 9.4 958139 
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16 Lithium N-methylanilide/THP 9.5 958140 

17 Lithium N-methylanilide/MeTHF 9.6 958141 

18 Lithium N-methylanilide/DEPA 9.7 958142 

19 Lithium N-methylanilide/DME 9.8 958143 

20 Lithium N-ethylanilide/DME 9.9 958144 

21 Lithium N-methylanilide/DMTHF 9.10 958145 

22 Lithium diphenylamide/THF 9.11 958146 

23 Lithium N-isopropylanilide/THF 9.12 958151 

24 Lithium N-isobutylanilide/THF 9.13 958152 

25 Lithium N-neopentylanilide/THF 9.14 958153 

 

Complete crystallographic data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Figure S3.1. 
1
H NMR of 2-methoxy-2-methyloctane-1-

13
C IR1 in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.2. 
13

C NMR of (2-methoxy-2-methyloctane-1-
13

C IR1 in CDCl3 
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Figure S3.3. 
1
H NMR of (Z)-heptadec-2-ene-1-

13
C IR2 in CDCl3 

 

 

 

 

 

 

 

 

 

 

Figure S3.4. 
13

C NMR of (Z)-heptadec-2-ene-1-
13

C IR2 in CDCl3 
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Figure S3.5. 
1
H NMR of 2-(methoxy-

13
C)-2-methyltricosane IR3 in benezene-d6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.6. 
13

C NMR of 2-(methoxy-
13

C)-2-methyltricosane IR3 in benezene-d6 
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Figure S3.7. 
1
H NMR of IR4 in CDCl3 

 

 

Figure S3.8. 
13

C NMR of IR4 in CDCl3 
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Figure S3.9. 
1
H NMR of 2-methylpropan-2-yl-1-

13
C 1 in CDCl3 

 

 

 

 

Figure S3.10. 
13

C NMR of 2-methylpropan-2-yl-1-
13

C 1 in CDCl3 
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Figure S3.11. 
13

C NMR of 1 in DEE with BEN, IR1, IR2, IR3 at 20 
o
C 

 

 

Figure S3.12. 
13

C DOSY Decay Curves for 2-methylpropan-2-yl-1-
13

C 1 
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Figure S3.13. 
13

C DOSY Decay Curves for Internal References 
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Table S3.1. D-FW Analysis of 
13

C DOSY data of 1 in DEE with BEN, IR1, IR2, IR3 at 20 
o
C 

Compound FW (g/mol) 10
-10

D 

(m
2
/s) 

log FW log D Predicted FW 

(g/mol) 

% error 

BEN-
13

C6 84.07 3.050 1.925 -8.516 78.98 6.1 

IR1 159.3 1.716 2.202 -8.765 177.4 -11.4 

IR2 239.4 1.383 2.379 -8.859 240.4 -0.4 

IR3 369.7 1.055 2.567 -8.977 351.9 4.8 

1 186.3 1.704 2.270 -8.769 179.2 3.8 
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Figure S3.14. 
13

C NMR of 1 in DEE with BEN, IR1, IR2, IR4 at 20 
o
C 

 

 

 

 

 

 

 

 

 

 

Figure S3.15. 
13

C DOSY Decay Curves for 2-methylpropan-2-yl-1-
13

C 1 
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Figure S3.16. 
13

C DOSY Decay Curves for Internal References 
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Table S3.2. D-FW analysis of 
13

C DOSY data of 1 in DEE with BEN, IR1, IR2, IR4 at 20 
o
C 

Compound FW (g/mol) 10
-10

D 

(m
2
/s) 

log FW log D Predicted FW 

(g/mol) 

% error 

BEN-
13

C6 84.07 18.69 1.925 -8.728 85.21 -1.4 

IR1 159.3 11.80 2.202 -8.928 160.5 -0.8 

IR2 239.4 9.150 2.379 -9.039 227.9 4.8 

IR4 443.8 5.526 2.647 -9.258 456.4 -2.8 

1 186.3 10.12 2.270 -8.995 198.4 -6.5 
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Figure S3.17. 
13

C NMR of 
13

CH3
6
Li in DEE with BEN, IR1, IR2, IR4 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S3.18. 
13

C DOSY Decay Curves for Solvated Tetramer 3 and 4  
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Figure S3.19. 
13

C DOSY Decay Curves for Internal References 
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Table S3.3. D-FW analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE at -40 

o
C 

Compound FW 

(g/mol) 

10
-10

D 

(m
2
/s) 

log FW log D Predicted FW 

(g/mol) 

% error 

BEN-
13

C6 84.07 17.72 1.925 -8.752 83.21 1.0 

IR1 159.3 10.50 2.202 -8.979 164.4 -3.2 

IR2 239.4 8.013 2.379 -9.096 233.7 2.4 

IR4 443.8 4.882 2.647 -9.311 445.2 -0.3 

3
a
 384.7

a
 5.223 2.585 -9.282 407.8 -6.0 

4
b
 495.5

b
 5.213 2.695 -9.283 408.8 17.5 

a
384.7 gmol

-1
 is the formula weight of (

13
CH3

6
Li)4(DEE)4 complex. 

b
495.5 gmol

-1
 is the formula weight of 

(
13

CH3
6
Li)3I(DEE)4 complex. 
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Figure S3.20. 
13

C NMR of 
13

CH3
6
Li in DEE with TMEDA and BEN, IR1, IR2, IR4 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S3.21. 
13

C DOSY Decay Curves for Dimer 7 
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Figure S3.22. 
13

C DOSY Decay Curves for Internal References 
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Table S3.4. D-FW analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE with TMEDA at -50 

o
C 

Compound FW (g/mol) 10
-10

D (m
2
/s) log FW log D Predicted 

FW (g/mol) 

% error 

BEN-
13

C6 84.07 9.944 1.925 -9.002 79.40 5.6 

IR1 159.3 6.838 2.202 -9.165 169.3 -6.3 

IR2 239.4 5.613 2.379 -9.251 233.7 -5.4 

IR4 443.8 4.367 2.647 -9.360 445.2 5.5 

7
a
 276.5

a
 5.253 2.442 -9.278 288.6 -4.4 

8
b
 414.8

b
 5.253 2.618 -9.278 288.6 30.4 

a
276.5 gmol

-1
 is the formula weight of dimer (

13
CH3

6
Li)2(TMEDA)2 7. 

b
414.8 gmol

-1
 is the formula weight 

of trimer (
13

CH3
6
Li)3(TMEDA)3 8. 
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Figure S3.23. 
13

C NMR of 
13

CH3
6
Li in DEE with TMCDA and BEN, IR1, IR2, IR4 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S3.24. 
13

C DOSY Decay Curves for Dimer 10 
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Figure S3.25. 
13

C DOSY Decay Curves for Internal References 
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Table S3.5. D-FW Analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE with TMCDA at -40 

o
C 

Compound FW (g/mol) 10
-10

D (m
2
/s) log FW log D Predicted 

FW (g/mol) 

% error 

BEN-
13

C6 84.07 15.18 1.925 -8.819 88.70 -5.5 

IR1 159.3 10.48 2.202 -8.980 169.3 6.0 

IR2 239.4 7.747 2.379 -9.111 233.7 4.1 

IR4 443.8 4.691 2.647 -9.329 445.2 -5.1 

10
a
 384.7

a
 5.643 2.585 -9.278 359.3 6.6 

a
384.7 gmol

-1
 is the formula weight of dimer (

13
CH3

6
Li)2(TMCDA)2 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.26. 
13

C NMR of 
13

CH3
6
Li in DEE with DMB and BEN, IR1, IR2, IR4 at -40 

o
C 
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Figure S3.27. 
13

C DOSY of 
13

CH3
6
Li in DEE with DMB and BEN, IR1, IR2, IR4 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S3.28. 
13

C DOSY Decay Curves for Homodimer 12 and Heterodimer 13 
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Figure S3.29. 
13

C DOSY Decay Curves for Internal References 
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Table S3.6. D-FW analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE with DMB at -40 

o
C 

Compound FW (g/mol) 10
-10

D (m
2
/s) log FW log D Predicted 

FW (g/mol) 

% error 

BEN-
13

C6 84.07 13.52 1.925 -8.869 82.81 1.5 

IR1 159.3 9.815 2.202 -9.008 158.8 0.3 

IR2 239.4 7.842 2.379 -9.106 250.6 -4.7 

IR4 443.8 6.002 2.647 -9.222 431.7 2.7 

12
a
 352.6

a
 6.551 2.547 -9.184 361.3 -2.5 

13
b
 463.5

b
 7.067 2.666 -9.151 309.7 33.2 

a
352.6gmol

-1
 is the formula weight of homodimer (

13
CH3

6
Li)2(DMB)2 12. 

b
463.5 gmol

-1
 is the formula 

weight of heterodimer (
13

CH3
6
Li)I(DMB)2 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.30. 
13

C NMR of 
13

CH3
6
Li in DEE with PMDTA and BEN, IR1, IR2, IR4 at -40 

o
C 

 



301 
 

 

 

 

 

 

 

 

 

 

 

Figure S3.31. 
13

C DOSY of 
13

CH3
6
Li in DEE with PMDTA and BEN, IR1, IR2, IR4 at -40 

o
C 

 

 

 

 

 

 

 

 

 

Figure S3.32. 
13

C DOSY Decay Curves for Dimer 14 
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Figure S3.33. 
13

C DOSY Decay Curves for Internal References 
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Table S3.7. D-FW analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE with PMDTA at -40 

o
C 

Compound FW (g/mol) 10
-10

D (m
2
/s) log FW log D Predicted 

FW (g/mol) 

% error 

BEN-
13

C6 84.07 16.41 1.925 -8.785 79.66 5.2 

IR1 159.3 10.64 2.202 -8.973 169.3 -6.3 

IR2 239.4 8.503 2.379 -9.070 250.1 -4.5 

IR4 443.8 6.298 2.647 -9.201 421.7 5.0 

14
a
 390.7

a
 6.712 2.592 -9.173 377.5 3.4 

a
390.7 gmol

-1
 is the formula weight of homodimer (

13
CH3

6
Li)2(PMDTA)2 14a or 14b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.34. 
13

C NMR of 
13

CH3
6
Li in DEE with (-)-SP and BEN, IR1, IR2, IR4 at -40 

o
C 
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Figure S3.35. 
13

C DOSY of 
13

CH3
6
Li in DEE with (-)-SP and BEN, IR1, IR2, IR4 at -40 

o
C 

 

 

 

 

 

 

 

 

 

Figure S3.36. 
13

C DOSY Decay Curves for Dimer 15 
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Figure S3.37. 
13

C DOSY Decay Curves for Internal References 
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Table S3.8. D-FW Analysis of 
13

C DOSY data of 
13

CH3
6
Li in DEE with (-)-SP at -40 

o
C 

Compound FW (g/mol) 10
-10

D (m
2
/s) log FW log D Predicted 

FW (g/mol) 

% error 

BEN-
13

C6 84.07 17.69 1.925 -8.752 80.14 4.7 

IR1 159.3 11.35 2.202 -8.945 170.4 -7.0 

IR2 239.4 9.202 2.379 -9.036 243.5 -1.7 

IR4 443.8 6.605 2.647 -9.180 427.9 3.6 

15
a
 512.9

a
 6.306 2.710 -9.200 462.9 9.7 

a
512.9 gmol

-1
 is the formula weight of homodimer (

13
CH3

6
Li)2(SP)2 15.  
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Figure S4.1. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511g 1-dodecene at -10 

o
C 

 

Figure S4.2. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at -5 

o
C 
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Figure S4.3. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 0 

o
C 

 

Figure S4.4. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511g 1-dodecene at 5 

o
C 

 

 



311 
 

Figure S4.5. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 10 

o
C 

 

Figure S4.6. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 15 

o
C 
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Figure S4.7. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 20 

o
C 

 

Figure S4.8. 
1
H NMR of 650 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 25 

o
C 
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Figure S4.9. 
1
H NMR of 950 μL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 15 

o
C  

Figure S4.10. 
1
H NMR of 1.25 mL c-PenLi toluene-d8 solution with 0.0511 g 1-dodecene at 15 

o
C 
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Table S4.1. Equilibrium Constant (K) of Reaction (1) in toluene-d8 at 15 
o
C 

Vol. 

(mL) 

Conc. of  

1-dode- 

cene
a
 

(M) 

Area
b
 of 

Peak at -

0.77 ppm 

to 1-

dodecene 

Area
b
 of 

Peak at -

1.14 ppm 

to 1-

dodecene 

Conc. of 

c-PenLi
c
 

at -0.77 

ppm, C1 

(M) 

Conc. of 

c-PenLi
d
 

at -1.14 

ppm, C2 

(M) 

Conc. 

of 

Tetrame

r = C2/4, 

CT (M) 

Conc. 

of 

Hexame

r = C1/6, 

CH (M) 

K = 

CT
3
/CH

2
 

(M
-1

) 

0.650 0.467 0.854 0.291 0.798 0.272 0.068 0.133 0.018 

0.950 0.320 0.828 0.318 0.529 0.203 0.051 0.088 0.017 

1.250 0.243 0.785 0.337 0.381 0.164 0.041 0.064 0.017 

a
The concentration of 1-dodecene was measured by weighing exactly 0.0511 g 1-dodecene which was then 

injected into the toluene-d8 solution. 
b
The area of the two terminal olefinic protons was calibrated to 1.000 

and the area of the peaks at -0.77 ppm and -1.14 ppm are the methine peaks of c-PenLi different aggregates. 

Therefore, the ratio of c-PenLi to 1-dodecene should be the ratio of area multiplied by 2. 
c
The concentration 

was expressed as monomer units and calculated by multiplying the concentration of 1-dodecene to the 

proportion of the peak to the 1-dodecene peak. For example, 0.854/1 x 0.467 x 2 = 0.798 M. 
d
The 

concentration was expressed as monomer units and calculated by multiplying the concentration of 1-

dodecene to the proportion of the peak to the 1-dodecene peak. 

 

 

 

Table S4.2. Ratio of Different c-PenLi Aggregates as a Function of Temperature 

Temperature 

/ 
o
C 

Area of 

terminal 

olefinic 

protons of 1-

dodecene Peak
 
 

Area of 

Peak at -

0.77 ppm 

Area of 

Peak at -

1.14 ppm 

Ratio
a
 of c-PenLi 

aggregate 1 (-0.77 

ppm) to 1-

dodecene 

Ratio
a
 of c-

PenLi 

aggregate 2 (-

1.14 ppm) to 

1-dodecene 

-10.0 1.000 0.932 0.191 1.864 0.383 

-5.0 1.000 0.917 0.211 1.834 0.422 

0.0 1.000 0.908 0.236 1.816 0.472 

5.0 1.000 0.885 0.251 1.769 0.502 

10.0 1.000 0.869 0.275 1.738 0.550 

15.0 1.000 0.855 0.291 1.709 0.583 

20.0 1.000 0.849 0.330 1.697 0.659 

25.0 1.000 0.817 0.351 1.634 0.701 

a
The area of the two terminal olefinic protons was calibrated to 1.000 and the area of the peaks at -0.77 

ppm and -1.14 ppm are the methine peaks of different c-PenLi aggregates. Therefore, the ratio of c-PenLi 

to 1-dodecene should be the ratio of area multiplied by 2. 
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Table S4.3. Concentration of Different c-PenLi Aggregates as a Function of Temperature 

Temp. 

(
o
C) 

1/Temp. 

(K
-1

) 

Conc. of c-

PenLi
a
 at -

0.77 ppm, 

C1 (M)  

Conc. of c-

PenLi
a
 at -

1.14 ppm, 

C2 (M) 

Conc. of 

Hexamer 

= C1/6, 

CH (M) 

Conc. of 

Tetramer 

= C2/4, 

CT (M) 

K = 

CT
3
/CH

2
 

(M
-1

) 

ln K 

-10.0 0.00380 0.871 0.179 0.145 0.0447 0.00424 -5.46 

-5.0 0.00373 0.857 0.197 0.143 0.0493 0.00586 -5.14 

0.0 0.00366 0.848 0.221 0.141 0.0551 0.00839 -4.78 

5.0 0.00360 0.826 0.235 0.138 0.0586 0.01063 -4.54 

10.0 0.00353 0.812 0.257 0.135 0.0642 0.01445 -4.24 

15.0 0.00347 0.798 0.272 0.133 0.0681 0.01780 -4.03 

20.0 0.00341 0.793 0.308 0.132 0.0770 0.02613 -3.64 

25.0 0.00335 0.763 0.328 0.127 0.0819 0.03391 -3.38 

a
The concentration was expressed as monomer units and calculated by multiplying the ratio 

obtained above to the concentration of 1-dodecene (0.467 M). 

 

 

 

 

 

 

 

 

 

ΔH = 4596.8 x 8.314 Jmol
-1

 = 38.2 kJmol
-1

 

ΔS = 12.004 x 8.314 Jmol
-1

K
-1

 = 99.8 Jmol
-1

K
-1

 

Figure S4.11. van 't Hoff Plot and Thermodynamic Data of Reaction (1) 
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Figure S4.12. 
1
H NMR of c-PenLi toluene-d8 solution at -25 

o
C 

 

Figure S4.13. 
13

C NMR of c-PenLi toluene-d8 solution at -25 
o
C 
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Figure S4.14. 
1
H COSY of c-PenLi toluene-d8 solution at -25 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.15. 
1
H-

13
C HSQC of c-PenLi toluene-d8 solution at -25 

o
C 
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Figure S4.16. 
1
H-

13
C HMBC of c-PenLi toluene-d8 solution at -25 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S4.17. 
1
H NMR of c-PenLi toluene-d8 solution with Internal References at -25 

o
C 
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Figure S4.18. 
1
H DOSY decay curves for internal references 
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Figure S4.19. 

1
H DOSY decay curves for c-PenLi aggregates 

 

Table S4.4. D-FW analysis of 
1
H DOSY data of c-PenLi toluene-d8 solution at -25

o
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 11.73 1.893 -8.931 81.84 -4.8 

COE 110.2 10.07 2.042 -8.997 106.8 3.1 

TDE 196.4 7.311 2.293 -9.136 186.9 4.8 

SQU 410.7 4.569 2.614 -9.340 424.9 -3.5 

c-PenLi
a 
(resonance at 

-0.77 ppm) 
456.4

a
 4.458 2.659 -9.351 443.5 2.8 

c-PenLi
b 
(resonance at 

-1.14 ppm) 
304.3

b
 5.482 2.483 -9.261 309.1 -1.6 

a
The formula weight 456.4 gmol

-1
 was calculated as c-PenLi hexamer.. 

b
The formula weight 384.4 gmol

-1
 

was calculated as c-PenLi tetramer.  
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Figure S4.20. 
1
H NMR of c-PenLi/THF complex toluene-d8 solution at -30 

o
C 

 

Figure S4.21. 
13

C NMR of c-PenLi/THF complex toluene-d8 solution at -30 
o
C 
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Figure S4.22. 
1
H COSY of c-PenLi/THF complex toluene-d8 solution at -30 

 o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.23. 
1
H-

13
C HSQC of c-PenLi/THF complex toluene-d8 solution at -30

 o
C 

1 

2 

2’ 

3 3’ 

1 

3 
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Figure S4.24. 
1
H-

13
C HMBC of c-PenLi/THF complex toluene-d8 solution at -30

 o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.25. 
1
H NMR of c-PenLi/THF complex toluene-d8 solution with internal references at -

35 
o
C 
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Figure S4.26. 
1
H DOSY decay curves for internal references 
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Figure S4.27. 
1
H DOSY decay curves for c-PenLi/THF complex 

 

Table S4.5. D-FW analysis of 
1
H DOSY data of c-PenLi/THF complex toluene-d8 solution at -35 

o
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 12.41 1.893 -8.906 77.33 1.0 

COE 110.2 9.54 2.042 -9.020 116.1 -5.3 

TDE 196.4 7.10 2.293 -9.149 183.1 6.8 

SQU 410.7 4.14 2.614 -9.383 422.4 -2.8 

c-PenLi
a 
 592.7

a
 3.54 2.773 -9.451 539.6 9.2 

a
592.7 gmol

-1
 is the formula weight of (c-PenLi)4(THF)4 complex. 
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Figure S5.1. 
1
H NMR of s-BuLi toluene-d8 solution at -20 

o
C 
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Figure S5.2. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -15 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.3. 
1
H NMR Simulated Spectrum by Lorentzian Deconvolution of 650 μL s-BuLi 

solution at -15 
o
C  

 

 

Red Lorentzian  Deconvoluted Spectrum 

Blue Experimental Spectrum 
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Figure S5.4. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -20 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.5. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 650 μL s-BuLi solution 

at -20 
o
C 

 

 

 

Red Lorentzian Deconvoluted Spectrum 

Blue Experimental Spectrum 
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Figure S5.6. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -25 

o
C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.7. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 650 μL s-BuLi solution 

at -25 
o
C 

 

Red Lorentzian  Deconvoluted Spectrum 

 

Blue Experimental Spectrum 
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Figure S5.8. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -30 

o
C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.9. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 650 μL s-BuLi solution 

at -30 
o
C 

 

Red Lorentzian  Deconvoluted Spectrum 

 

Blue Experimental 

Spectrum 
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Figure S5.10. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -35 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.11. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 650 μL s-BuLi solution 

at -35 
o
C 

 

 

 

Red Lorentzian  Deconvoluted Spectrum 

 

Blue Experimental Spectrum 
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Figure S5.12. 
1
H NMR of 650 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.13. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 650 μL s-BuLi solution 

at -40 
o
C 

Red Lorentzian  Deconvoluted Spectrum 

 

Blue Experimental Spectrum 
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Figure S5.14. 
1
H NMR of 950 μL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -30 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.15. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 950 μL s-BuLi solution 

at -30 
o
C 

 

 

Red Lorentzian  Deconvoluted Spectrum 

 

Blue Experimental Spectrum 



337 
 

Figure S5.16. 
1
H NMR of 1.25 mL s-BuLi toluene-d8 solution with 0.0263 g 1-dodecene at -30 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.17. 
1
H NMR Simulated Spectrum by Lorentz Deconvolution of 1.25 mL s-BuLi 

solution at -30 
o
C 

 

Experimental Spectrum Blue 

Red Lorentzian  Deconvoluted Spectrum 
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Table S5.1. Concentration s-BuLi in the 650 μL toluene-d8 solution with 0.0263 g 1-dodecene 

Temperature / 
o
C 

Concentration of  1-

dodecene
a
, C1 / M 

Ratio of s-BuLi 

to 1-dodecene 

(R) 

Concentration of s-BuLi
b
,  

(R x C1) / M 

-15 0.240 2.0266 0.487166 

-20 0.240 2.0451 0.491613 

-25 0.240 2.0283 0.487575 

-30 0.240 2.0142 0.484186 

-35 0.240 2.0173 0.484931 

-40 0.240 2.0267 0.48719 

 

Average Concentration of s-BuLi / M 

 

0.487 

Standard Deviation of Concentration of s-BuLi / M 0.003 

      
a
The molar mass of 1-dodecene is 168.319 gmol

-1
. 

b
The total concentration of s-BuLi was expressed as 

monomer units. 

 

 

Table S5.2. Ratio of Different Aggregates of s-BuLi in toluene-d8 at -30 
o
C 

Volume 

/ mL 

Area of 

Peak
a
 at -

0.88 ppm  

Area of 

Peak
a
 at -

0.97 ppm 

Area of 

Peak
a
 at -

1.16 ppm 

Total 

Area 

Proportion 

of Peak at 

-0.88 ppm 

Proportion 

of Peak at 

-0.97 ppm 

Proportion 

of Peak at -

1.16 ppm 

0.650 55.7 62.0 120.4 238.1 0.234 0.260 0.506 

0.950 45.5 59.3 119.0 223.8 0.203 0.265 0.532 

1.250 41.4 55.4 115.2 212.1 0.195 0.261 0.543 

a
The area was determined by Lorentz deconvolution. 

 

 

Table S5.3. Equilibrium Constant (K) of Reaction (1) in toluene-d8 at -30 
o
C 

Vol. 

(mL) 

Conc. of  

s-BuLi
a
,  

Cs (M) 

Conc. of s-

BuLi
b
 at -

0.88 ppm, 

C1 (M)  

Conc. of s-

BuLi
b
 at -

0.97 ppm, 

C2 (M) 

Conc. of s-

BuLi
b
 at -

1.16 ppm, 

C3 (M) 

Conc. of 

Hexamer = 

C1/6, CH 

(M) 

Conc. of 

Tetramer 

= C2/4, CT 

(M) 

K = 

CH
2
/CT

3
 

(M
-1

) 

0.650 0.487 0.114 0.127 0.246 0.019 0.062 1.54 

0.950 0.332 0.067 0.088 0.176 0.011 0.044 1.47 

1.250 0.278 0.048 0.065 0.135 0.008 0.034 1.71 

a
The total concentration of s-BuLi was calculated by comparing the integrations of s-BuLi and 1-dodecene 

and was expressed as monomer units. 
b
The concentration was expressed as monomer units and calculated 

by multiplying proportion of the peak by total concentration. 
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Table S5.4. Ratio of Different sBuLi Aggregates as a Function of Temperature 

 

Temp. 

/ 
o
C 

Area of 

Peak
a
 at -

0.88 ppm  

Area of 

Peak
a
 at -

0.97 ppm 

Area of 

Peak
a
 at -

1.16 ppm 

Total 

Area 

Proportion 

of Peak at 

-0.88 ppm 

Proportion of 

Peak at -0.97 

ppm 

Proportion 

of Peak at -

1.16 ppm 

-15 25.0 55.7 124.8 205.4 0.122 0.271 0.607 

-20 34.2 53.7 118.7 206.6 0.166 0.260 0.575 

-25 42.6 52.2 112.1 206.9 0.206 0.252 0.542 

-30 55.7 62.0 120.4 238.1 0.234 0.260 0.506 

-35 82.9 63.0 120.3 266.3 0.311 0.237 0.451 

-40 91.5 61.8 108.7 262.0 0.349 0.236 0.415 

a
The area was determined by Lorentz deconvolution. 

 

 

Table S5.5. Concentration of Different s-BuLi Aggregates as a Function of Temperature 

 

Temp. 

(
o
C) 

1/T  

(K
-1

) 

Conc. of s-

BuLi
a
 at -

0.88 ppm, 

C1 (M)  

Conc. of s-

BuLi
a
 at -

0.97 ppm, 

C2 (M) 

Conc. of s-

BuLi
a
 at -

1.16 ppm, 

C3 (M) 

Conc. of 

Hexamer 

= C1/6, 

CH (M) 

Conc. of 

Tetramer 

= C2/4, 

CT (M) 

K = 

CH
2
/CT

3
 (M

-1
) 

ln K 

-15 0.00387 0.059 0.132 0.296 0.0099 0.0740 0.241 -1.422 

-20 0.00395 0.081 0.127 0.280 0.0135 0.0700 0.528 -0.638 

-25 0.00403 0.100 0.123 0.264 0.0167 0.0660 0.972 -0.028 

-30 0.00411 0.114 0.127 0.246 0.0190 0.0616 1.543 0.434 

-35 0.00420 0.152 0.115 0.220 0.0253 0.0550 3.841 1.346 

-40 0.00429 0.170 0.115 0.202 0.0283 0.0505 6.234 1.830 

a
The concentration was expressed as monomer units and calculated by multiplying proportion of the peak 

by total concentration (0.487 M). 
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ΔH = -7794.4 x 8.314 Jmol
-1

 = -64.8 kJmol
-1

 

ΔS = -31.515 x 8.314 Jmol
-1

K
-1

 = -262 Jmol
-1

K
-1

 

Figure S5.18. van 't Hoff Plot and Thermodynamic Data of Reaction (1) 

 

 

 

 

 

 

 

 

 

 

Figure S5.19. 
1
H NMR of s-BuLi exposing in dioxygen atmosphere for 10 minutes at -20 

o
C 

Initial 

O
2
 Exposure  

For 10 min 
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Figure S5.20. 
1
H NMR of 0.49 M s-BuLi solution with 2 μL s-BuOH was added at -20 

o
C 

 

 

 

 

 

 

 

 

 

Figure S5.21. 
1
H NMR of 0.49 M s-BuLi solution with Internal References at -20 

o
C 

Initial 

2 μL s-BuOH  
added  
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Figure S5.22. 
1
H DOSY NMR of s-BuLi solution with Internal References at -20 

o
C 

 

 

 

 

 

 

 

 

 

Figure S5.23. D-FW Analysis of 
1
H DOSY Data of s-BuLi toluene-d8 solution at -20 

o
C, 

Reference Compounds are Shown as Solid Squares, s-BuLi and s-BuOLi are Shown as Open 

Squares 

 

 
 

BEN 

COE 
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Hexamer & 
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Aggregate 



343 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.24. 
1
H DOSY Decay Curves for Internal References (BEN, COE, TDE, SQU) 

 



344 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.25. 
1
H DOSY Decay Curves for s-BuLi and s-BuOLi 
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Table S5.6. D-FW Analysis of 
1
H DOSY data of s-BuLi toluene-d8 solution at -20 

o
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 8.550 1.893 -9.068 76.93 1.5 

COE 110.2 6.593 2.042 -9.181 116.4 -5.6 

TDE 196.4 4.936 2.293 -9.307 184.4 6.1 

SQU 410.7 2.941 2.614 -9.532 420.5 -2.4 

s-BuOLi
a
 (resonance 

at 3.44 ppm) 
400.3

a
 2.917 2.602 -9.535 426.0 -6.4 

s-BuLi
b 
(resonance at -

0.88 ppm) 
384.4

b
 3.029 2.585 -9.519 401.2 -4.4 

s-BuLi
a 
(resonance at -

0.97 ppm) 
400.3

a
 3.026 2.602 -9.519 401.9 -0.39 

s-BuLi
c 
(resonance at -

1.16 ppm) 
256.2

c
 4.020 2.409 -9.396 255.7 0.2 

a
The formula weight 400.3 gmol

-1
 was calculated as 1 : 5 sBuOLi to sBuLi mixed hexamer.. 

b
The formula 

weight 384.4 gmol
-1

 was calculated as sBuLi hexamer. 
c
The formula weight 256.2 gmol

-1
 was calculated as 

sBuLi tetramer.  

 

 

 

 

 

 

 

 

 

Figure S5.26. 
1
H NMR of s-BuLi toluene-d8 solution with 0.038 equivalent s-BuOLi at -20 

o
C 
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Figure S5.27. 
1
H NMR of s-BuLi toluene-d8 solution with 0.054 equivalent s-BuOLi at -20 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S5.28. 
1
H NMR of s-BuLi toluene-d8 solution with 0.067 equivalent s-BuOLi at -20 

o
C 

 



347 
 

 

 

 

 

 

 

 

 

 

Figure S5.29. 
1
H NMR of s-BuLi toluene-d8 solution with 0.078 equivalent s-BuOLi at -20 

o
C 

 

Table S5.7. Determination of the Ratio of s-BuOLi to s-BuLi in the Mixed Hexamer 

 

s-BuOLi : s-
BuLi (total)

a
 

Area of 
Peak

b
 at -

0.88 ppm  

Area of 
Peak

b
 at -

0.97 ppm 

Area of 
Peak

b
 at -

1.16 ppm 

Total 
Area 

Proportion of 
s-BuLi in the 

mixed 
hexamer 

s-BuOLi : s-
BuLi

c
 in the 

mixed hexamer 

1 : 26.29 72.34 118.5 360.7 551.6 0.215 1 : 5.65 

1 : 18.51 65.81 162.7 358.6 587.1 0.277 1 : 5.13 

1 : 14.87 60.39 211.6 361.5 633.4 0.334 1 : 4.97 

1 : 12.81 48.04 252.5 350.2 650.7 0.388 1 : 4.97 

a
The ratio of s-BuOLi (monomer units) to all the s-BuLi (monomer units) in the solution. 

b
The area was 

determined by Lorentz deconvolution. 
c
The ratio of s-BuOLi (monomer units) to s-BuLi (monomer units) 

in the mixed hexamer only. 
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Figure S5.30. 
1
H NMR of s-BuOH Titration of s-BuLi toluene-d8 solution at -20 

o
C 
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Figure S5.31. 
1
H NMR of s-BuOH Titration of s-BuLi toluene-d8 solution at -20 

o
C (Enlarged 

Region) 

 

 

 

 

 

 

 

Ratio of 
s-BuOLi to s-BuLi 
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Figure S5.32. Variable temperature 
1
H NMR of 2:7 s-BuOLi to s-BuLi toluene-d8 solution at -

20 
o
C 

 

 

 

 

 

 

 

 

 

 
Figure S5.33. Variable temperature 

1
H NMR of 2:7 s-BuOLi to s-BuLi toluene-d8 solution at -

20 
o
C (Enlarged Region) 

 

 

Temperature 

-40
o
C 

-30
o
C 

-15
o
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Temperatur

-40
o
C 

-30
o
C 

-15
o
C 



351 
 

 

 

 

 

 

 

 

 

 

Figure S5.34. 
1
H NMR of 2 : 7 s-BuOLi to s-BuLi solution with Internal References at -20 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.35. 
1
H DOSY NMR of 2:7 s-BuOLi to s-BuLi solution with Internal References at -20 

o
C 

BEN 

COE 

TDE 

SQU Mixed 
Hexamer 

Mixed 
Octamer 
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Figure S5.36. D-FW Analysis of 
1
H DOSY Data of 2:7 s-BuOLi to s-BuLi solution at -20 

o
C, 

Reference Compounds are Shown as Solid Squares, s-BuLi and s-BuOLi are Shown as Open 

Squares 

 

 

Table S5.8. D-FW Analysis of 
1
H DOSY data of s-BuLi toluene-d8 solution at -20 

o
C 

 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 9.622 1.893 -9.016 79.05 -1.2 

COE 110.2 7.701 2.042 -9.113 114.3 -3.7 

TDE 196.4 5.866 2.293 -9.232 179.2 8.7 

SQU 410.7 3.462 2.614 -9.461 428.9 -4.4 

s-BuOLi (resonance at 
3.63 ppm) 

576.4
a
 

544.4
b
 

2.942 
2.942 

2.761
a
 

2.736
b
 

-9.531 
-9.531 

561.4 
561.4 

2.6
a
 

-3.1
b
 

s-BuOLi
c 
(resonance at 

3.44 ppm) 
400.3

c
 3.029 2.602 -9.452 415.1 -3.7 

s-BuLi
c 
(resonance at -

0.97 ppm) 
400.3

c
 3.026 2.602 -9.440 396.3 1.0 

a
The formula weight 576.4 gmol

-1
 was calculated as 4:4 s-BuOLi to s-BuLi mixed octamer. 

b
The formula 

weight 544.4 gmol
-1

 was calculated as 2:6 s-BuOLi to s-BuLi mixed octamer. 
 c
The formula weight 400.3 

gmol
-1

 was calculated as 1:5 s-BuOLi to s-BuLi mixed hexamer. 
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Figure S5.37. 
1
H DOSY Decay Curves for Internal References (BEN, COE, TDE, SQU) 
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Figure S5.38. 
1
H DOSY Decay Curves for s-BuLi and s-BuOLi 
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Figure S5.39. 
1
H NMR of 5:3 s-BuOLi to s-BuLi solution with Internal References at -20 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.40. 
1
H DOSY NMR of 5:3 s-BuOLi to s-BuLi solution with Internal References at -20 

o
C 

BEN 

COE 

TDE 

SQU 

Mixed 
Octamer 
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Figure S5.41. D-FW Analysis of 
1
H DOSY Data of 5:3 s-BuOLi to s-BuLi solution at -20 

o
C, 

Reference Compounds are Shown as Solid Squares, s-BuLi (Octamer) is Shown as Open Square 

 

 

Table S5.9. D-FW Analysis of 
1
H DOSY data of s-BuLi toluene-d8 solution at -20 

o
C 

 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 9.595 1.893 -9.018 78.59 -0.6 

COE 110.2 7.620 2.042 -9.118 114.2 -3.6 

TDE 196.4 5.716 2.293 -9.243 181.9 7.4 

SQU 410.7 3.383 2.614 -9.471 425.5 -3.6 

s-BuLi (resonance at -
1.12 ppm) 

576.4
a
 

544.4
b
 

2.933 
2.933 

2.761
a
 

2.736
b
 

-9.533 
-9.533 

536.2 
536.2 

7.0
a
 

1.5
b
 

a
The formula weight 576.4 gmol

-1
 was calculated as 4:4 s-BuOLi to s-BuLi mixed octamer. 

b
The formula 

weight 544.4 gmol
-1

 was calculated as 2:6 s-BuOLi to s-BuLi mixed octamer. 
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Figure S5.42. 
1
H DOSY Decay Curves for Internal References (BEN, COE, TDE, SQU) 

 



358 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.43. 
1
H DOSY Decay Curves for s-BuLi  
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Figure S6.1. 
1
H NMR of Chiral Amine 1 

 

 

 

 

 

 

 

 

 

Figure S6.2. 
13

C NMR of Chiral Amine 1 
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Figure S6.3. 
1
H COSY NMR of Chiral Amine 1 
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Figure S6.4. 
1
H{

13
C} HSQC NMR of Chiral Amine 1 
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Figure S6.5. 
6
Li NMR of Lithiated Amine 1  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6.6. 
1
H NMR of Lithiated Amine 1 
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Figure S6.7. 
13

C NMR of Lithiated Amine 1 
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Figure S6.8. 
1
H{

13
C} HSQC NMR of Lithiated Amine 1 
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Figure S6.9. 
1
H{

13
C} HMBC NMR of Lithiated Amine 1 
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Figure S6.10. 
1
H COSY NMR of Lithiated Amine 1 
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Figure S6.11. 
1
H{

6
Li} HMBC NMR of Lithiated Amine 1 

 

 

 

 

 

 

 

Figure S6.12. D-FW Analysis of 
1
H DOSY Data of Lithiated Amine 1. Reference Compounds are 

Shown as Solid Squares, Lithiated Amine 1 is Shown as Open Square 
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Table S6.1. D-FW analysis of 
1
H DOSY data of Lithiated Amine 1 

 

Compd FW (g/mol) 10
-10

D 
(m

2
/s) 

log FW log D Predicted 
FW 

(g/mol) 

% error 

BEN 78.11 5.661 1.893 -9.247 82.26 -5.3 

COE 110.2 4.997 2.042 -9.301 106.5 3.4 

TDE 196.4 3.818 2.293 -9.418 185.8 5.4 

SQU 410.7 2.555 2.614 -9.593 426.6 -3.9 

Li-1
a
 476.6

b
 2.370 2.678 -9.625 498.3 -4.6 

Li-1
a
 476.6

b
 2.378 2.678 -9.624 494.9 -3.8 

Li-1
a
 476.6

b
 2.451 2.678 -9.611 464.9 2.5 

Li-1
a
 476.6

b
 2.418 2.678 -9.612 478.1 -0.3 

Li-1
a
 476.6

b
 2.404

c
 2.678 -9.619 483.7 -1.5 

                                           Standard Dev. of Predicted FW of Li-1 15.5         3.3 

Li-1
a
 238.3

d
 2.404 2.377 -9.619 483.7 -103 

Li-1
a
 310.4

e
 2.404 2.492 -9.619 483.7 -55.9 

Li-1
a
 620.8

f
 2.404 2.793 -9.619 483.7 22.0 

a
Li-1 represents lithiated amine 1 in Tol-d8. 

b
476.6 g/mol is the formula weight of unsolvated dimer 4. 

c
The 

average of the above four diffusion coefficients. 
d
238.3 g/mol is the formula weight of unsolvated monomer 

2. 
e
310.4 g/mol is the formula weight of a THF solvated monomer. 

f
620.8 g/mol is the formula weight of a 

THF solvated dimer with 2 THF. 
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Figure S6.13. 
1
H DOSY Decay Curves for Internal References (BEN, COE, TDE, SQU)  
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Figure S6.14. 
1
H DOSY Decay Curves for Lithiated Amine 1 (Four Distinct Peaks) 
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Figure S7.1. 
1
H NMR of (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)butan-2-amine in toluene-

d8 

 

  

 

 

 

 

 

 

 

 

Figure S7.2. 
13

C NMR of (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)butan-2-amine in toluene-

d8 
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Figure S7.3. 
1
H COSY of (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)butan-2-amine in toluene-

d8 

 

 

 

 

 

 

 

 

 

 

Figure S7.4. 
1
H-

13
C HSQC (S)-N-ethyl-3-methyl-1-(triisopropylsilyloxy)butan-2-amine in 

toluene-d8 
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Figure S7.5. 
1
H NMR of Mixed Aggregate 6a in toluene-d8 at -50

o 
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.6. 
13

C NMR of Mixed Aggregate 6a in toluene-d8 at -50
o 
C 
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Figure S7.7. 
6
Li NMR of Mixed Aggregate 6a in toluene-d8 at -50

o 
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.8. 
1
H COSY of Mixed Aggregate 6a in toluene-d8 at -50

o 
C 
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Figure S7.9. 
1
H-

13
C HSQC of Mixed Aggregate 6a in toluene-d8 at -50

o 
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.10. 
1
H-

13
C HMBC of Mixed Aggregate 6a in toluene-d8 at -50

o 
C 
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Figure S7.11. 
1
H NMR of Mixed Aggregate 6a in toluene-d8 with Internal References at -50

o 
C 
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Figure S7.12. 
1
H DOSY Decay Curves for Internal References 
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Figure S7.13. 
1
H DOSY Decay Curves for Mixed Aggregate 6a 
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Table S7.1. D-FW analysis of 
1
H DOSY data of mixed aggregate 6a toluene-d8 solution at -50 

o
C 

 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 5.458 1.893 -9.263 85.07 -8.9 

COE 110.2 4.997 2.042 -9.301 103.1 6.4 

TDE 196.4 3.849 2.293 -9.415 182.4 7.1 

SQU 410.7 2.588 2.614 -9.587 433.9 -5.6 

6a
a
 735.4

b
 2.085

a
 2.867 -9.681 695.5 5.4 

6a
a
 735.4

b
 2.092

a
 2.867 -9.679 690.4 6.1 

6a
a
 735.4

 b
 2.075

a
 2.867 -9.683 702.8 4.4 

6a
c
 735.4

 b
 2.093

b
 2.867 -9.679 689.7 6.2 

6a
d
 735.4

 b
 2.086

d
 2.867 -9.681 694.6 5.5 

Standard Dev. of Predicted FW of 6a 6.1 0.8 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
735.4 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 5/c-PenLi (
6
Li labeled) complex 6a. 

c
The measured diffusion 

coefficient is from the methine proton peak (-0.59 ppm) of c-PenLi. 
d
The diffusion coefficient is the 

average of the above four values. 

 

 

 

 

 

 

 

 

 

 

Figure S7.14. 
1
H NMR of Mixed Aggregate 6b in toluene-d8 at -50

o 
C 

 

 



384 
 

Figure S7.15. 
13

C NMR of Mixed Aggregate 6b in toluene-d8 at -50 
o
C 

 

Figure S7.16. 
6
Li NMR of Mixed Aggregate 6b in toluene-d8 at -50 

o
C 
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Figure S7.17. 
1
H COSY of Mixed Aggregate 6b in toluene-d8 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.18. 
1
H-

13
C HSQC of Mixed Aggregate 6b in toluene-d8 at -50

o 
C 
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Figure S7.19. 
1
H-

13
C HMBC of Mixed Aggregate 6b in toluene-d8 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.20. 
1
H NMR of Mixed Aggregate 6b in toluene-d8 with Internal References at -50 

o
C 
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Figure S7.21. 
1
H DOSY Decay Curves for Internal References 
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Figure S7.22. 
1
H DOSY Decay Curves for Mixed Aggregate 6b 
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Table S7.2. D-FW analysis of 
1
H DOSY data of mixed aggregate 6b toluene-d8 solution at -50 

o
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 7.064 1.893 -9.151 79.16 -1.3 

COE 110.2 5.738 2.042 -9.241 113.1 -2.6 

TDE 196.4 4.347 2.293 -9.362 182.0 7.3 

SQU 410.7 2.647 2.614 -9.577 426.1 -3.8 

6b
a
 711.4

b
 2.018

a
 2.852 -9.695 678.6 4.6 

6b
a
 711.4

b
 1.862

a
 2.852 -9.730 779.0 -9.5 

6b
a
 711.4

 b
 2.015

a
 2.852 -9.696 680.3 4.4 

6b
c
 711.4

 b
 1.999

b
 2.852 -9.699 689.7 3.1 

6b
d
 711.4

 b
 1.974

d
 2.852 -9.705 706.9 0.6 

Standard Dev. of Predicted FW of 6b 48.3 6.8 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
711.4 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 5/n-BuLi (
6
Li labeled) complex 6b. 

c
The measured diffusion 

coefficient is from the resonance of α-methylene protons (-0.40 ppm) of n-BuLi. 
d
The diffusion coefficient 

is the average of the above four values. 

 

 

 

 

 

 

 

 

 

 

Figure S7.23. 
1
H NMR of Mixed Aggregate 6c in toluene-d8 at -50

o 
C 
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Figure S7.24. 
13

C NMR of Mixed Aggregate 6c in toluene-d8 at -50 
o
C 

Figure S7.25. 
6
Li NMR of Mixed Aggregate 6c in toluene-d8 at -50 

o
C 
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Figure S7.26. 
1
H COSY of Mixed Aggregate 6c in toluene-d8 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.27. 
1
H-

13
C HSQC of Mixed Aggregate 6c in toluene-d8 at -50 

o
C 
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Figure S7.28. 
1
H-

13
C HMBC of Mixed Aggregate 6c in toluene-d8 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.29. 
1
H NMR of Mixed Aggregate 6c in toluene-d8 with Internal References at -50 

o
C  
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Figure S7.30. 
1
H DOSY Decay Curves for Internal References 
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Figure S7.31. 
1
H DOSY Decay Curves for Mixed Aggregate 6c 
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Table S7.3. D-FW analysis of 
1
H DOSY data of mixed aggregate 6c toluene-d8 solution at -50 

o
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 5.817 1.893 -9.235 77.40 0.9 

COE 110.2 4.787 2.042 -9.320 114.5 -3.9 

TDE 196.4 3.748 2.293 -9.426 187.2 4.7 

SQU 410.7 2.512 2.614 -9.600 418.4 -1.9 

6c
a
 711.4

b
 1.946

a
 2.852 -9.711 698.9 -2.3 

6c
a
 711.4

b
 1.986

a
 2.852 -9.702 670.9 1.8 

6c
a
 711.4

 b
 2.059

a
 2.852 -9.686 624.0 8.7 

6c
c
 711.4

 b
 2.037

c
 2.852 -9.691 637.6 6.7 

6c
d
 711.4

 b
 2.036

d
 2.852 -9.697 656.9 3.9 

Standard Dev. of Predicted FW of 6c 33.7 4.9 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 683.3 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 5/i-PrLi (
6
Li labeled) complex 6c. 

c
The measured diffusion 

coefficient is from the resonance of the methine proton (-0.39 ppm) of i-PrLi. 
d
The diffusion coefficient is 

the average of the above four values. 

 

Figure S7.32. 
1
H NMR of Mixed Aggregate 6d in toluene-d8 at -50 

o
C 
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Figure S7.33. 
13

C NMR of Mixed Aggregate 6d in toluene-d8 at -50 
o
C 

 

Figure S7.34. 
6
Li NMR of Mixed Aggregate 6d in toluene-d8 at -50 

o
C 
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Figure S7.35. 
1
H COSY of Mixed Aggregate 6d in toluene-d8 at -50 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S7.36. 
1
H-

13
C HSQC of Mixed Aggregate 6d in toluene-d8 at -50 

o
C  

 

1 
3 2 

4 

5 

5’ 

6 

7 8 

9 

10 

1 

5 

6 

9 

3 
7 

2 

10 
4 

5’ 

9’ 

3’ 



398 
 

 

 

 

 

 

 

 

 

Figure S7.37. 
1
H-

13
C HSQC of Mixed Aggregate 6d in toluene-d8 at -50 

o
C (Enlarged) 

 

 

Figure S7.38. 
1
H-

13
C HMBC of Mixed Aggregate 6d in toluene-d8 at -50 

o
C 
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Figure S7.39. 
1
H NMR of Mixed Aggregate 6d in toluene-d8 with Internal References at -50 

o
C 
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Figure S7.40. 
1
H DOSY Decay Curves for Internal References 



401 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.41. 
1
H DOSY Decay Curves for Mixed Aggregate 6d 
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Table S7.4. D-FW analysis of 
1
H DOSY data of mixed aggregate 6d toluene-d8 solution at -50

o 
C 

 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% 
error 

BEN 78.11 6.279 1.893 -9.202 76.56 2.0 

COE 110.2 5.110 2.042 -9.292 117.4 -6.6 

TDE 196.4 4.122 2.293 -9.3852 183.5 6.6 

SQU 410.7 2.763 2.614 -9.559 421.0 -2.5 

6d
a
 711.4

b
 2.163

a
 2.852 -9.665 699.9 1.6 

6d
a
 711.4

b
 2.174

a
 2.852 -9.663 692.6 2.6 

6d
a
 711.4

 b
 2.200

a
 2.852 -9.658 675.7 5.0 

6d
c
 711.4

 b
 2.204

c
 2.852 -9.657 673.1 5.4 

6d
d
 711.4

 b
 2.185

d
 2.852 -9.661 685.2 3.7 

Standard Dev. of Predicted FW of 6d 13.0 1.8 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 711.4 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 5/s-BuLi (
6
Li labeled) complex 6d. 

c
The measured diffusion 

coefficient is from the resonance of the methine proton (-0.51 ppm) of s-BuLi. 
d
The diffusion coefficient is 

the average of the above four values. 
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Figure S8.1. 
1
H NMR of Chiral Diamines 7 in CDCl3 

 

 

 

 

 

 

 

 

 

 

Figure S8.2. 
13

C NMR of Chiral Diamines 7 in CDCl3 
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Figure S8.3. 
1
H NMR of Chiral Diamines 8 in C6D6 

 

Figure S8.4. 
13

C NMR of Chiral Diamines 8 in C6D6 
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Figure S8.5. 
1
H NMR of Chiral Diamines 9 in CDCl3 

 

 

 

 

 

 

 

 

 

 

Figure S8.6. 
13

C NMR of Chiral Diamines 9 in CDCl3 
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Figure S10.1. 
1
H NMR of chiral amine 7 in toluene-d8 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.2. 
13

C NMR of chiral amine 7 in toluene-d8 
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Figure S10.3. 
1
H NMR of chiral amine 8 in toluene-d8 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.4. 
13

C NMR of chiral amine 8 in toluene-d8 
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Figure S10.5. 
1
H NMR of chiral amine 9 in toluene-d8 

 

 

 

 

 

 

 

 

 

 

Figure S10.6. 
13

C NMR of chiral amine 9 in toluene-d8 
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Figure S10.7. 
1
H NMR of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.8. 
13

C NMR of Mixed Aggregate 10 in toluene-d8 at -40 
o
C 
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Figure S10.9. 
6
Li NMR of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.10. 
1
H

 
-
6
Li HMBC of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 
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Figure S10.11. 
1
H COSY of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S10.12. 
1
H-

13
C HSQC of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 
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Figure S10.13. 
1
H-

13
C HMBC of Mixed Aggregate 10 in toluene-d8 at -40 

o
C 

 

Figure S10.14. 
1
H NMR of Mixed Aggregate 10 in toluene-d8 with Internal References at -40 

o
C 
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Figure S10.15. 
1
H DOSY Decay Curves for Internal References 
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Figure S10.16. 
1
H DOSY Decay Curves for Mixed Aggregate 10 

 

Table S10.1. D-FW Analysis of 
1
H DOSY data of Mixed Aggregate 10 toluene-d8 solution at -40 

o 
C 

Compound FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted FW 
(g/mol) 

% error 

BEN 78.11 5.960 1.893 -9.225 80.37 -2.9 

COE 110.2 4.816 2.042 -9.317 110.8 -0.6 

TDE 196.4 3.462 2.293 -9.461 182.3 7.2 

SQU 410.7 1.967 2.614 -9.706 427.5 -4.1 

10
a
 683.3

b
 1.480

a
 2.835 -9.830 656.5 3.9 

10
a
 683.3

b
 1.466

a
 2.835 -9.834 666.0 2.5 

10
a
 683.3

b
 1.413

a
 2.835 -9.850 704.0 -3.0 

10
a
 683.3

b
 1.504

a
 2.835 -9.823 640.8 6.2 

10
c
 683.3

b
 1.463

c
 2.835 -9.835 668.0 2.2 

10
d
 683.3

b
 1.465

d
 2.835 -9.834 667.1 2.4 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
683.3 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 7/n-BuLi (
6
Li labeled) complex 10. 

c
The measured diffusion 

coefficient is from the α-methylene protons peak (-0.45 ppm) of n-BuLi. 
d
The diffusion coefficient is the 

average of the above five values. 
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Figure S10.17. 
1
H NMR of Mixed Aggregates 11 and 12 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S10.18. 
13

C NMR of Mixed Aggregates 11 and 12 in toluene-d8 at -40 
o
C 
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Figure S10.19. 
6
Li NMR of Mixed Aggregates 11 and 12 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.20. 
1
H COSY of Mixed Aggregates 11 and 12 in toluene-d8 at -40 

o
C 
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Figure S10.21. 
1
H-

13
C HSQC of Mixed Aggregates 11 and 12 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

 

Figure S10.22. 
1
H-

13
C HMBC of Mixed Aggregates 11 and 12 in toluene-d8 at -40 

o
C 

 



423 
 

 

 

 

 

 

 

 

 

Figure S10.23. 
1
H NMR of Mixed Aggregate 11 and 12 in toluene-d8 with Internal References at 

-40 
o
C 
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Figure S10.24. 
1
H DOSY Decay Curves for Internal References 

 

 

 

 

 

 

 

 

 

Figure S10.25. 
1
H DOSY Decay Curves for Mixed Aggregate 11  
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Figure S10.26. 
1
H DOSY Decay Curves for Mixed Aggregate 12 

 

Table S10.2. D-FW Analysis of 
1
H DOSY data of Mixed Aggregates 11 and 12 toluene-d8 

solution at -40 
o 
C 

Compd FW (g/mol) 10
-10

D 

(m
2
/s) 

log FW log D Predicted FW 

(g/mol) 

% error 

BEN 78.11 6.260 1.893 -9.203 83.25 -6.6 

COE 110.2 5.268 2.042 -9.278 110.0 0.2 

TDE 196.4 4.013 2.293 -9.397 170.7 13 

SQU 410.7 2.220 2.614 -9.654 444.1 -8.1 

11
a
 767.5

b
 1.616

a
 2.885 -9.792 741.7 3.4 

11
a
 767.5

b
 1.702

a
 2.885 -9.769 682.1 11 

12
a
 704.4

 c
 1.541

a
 2.848 -9.812 800.9 -14 

12
a
 704.4

 c
 1.504

a
 2.848 -9.782 715.8 -1.6 

11
d
 767.5

b
 1.659

d
 2.885 -9.780 711.9 7.2 

12
d
 704.4

c
 1.596

d
 2.848 -9.797 758.3 -7.7 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
767.5 gmol

-1
 is the 

formula weight of 2:2 lithiated chiral amine 8/n-BuLi (
6
Li labeled) complex 11. 

b
704.4 gmol

-1
 is the 

formula weight of 2:1 lithiated chiral amine 8/n-BuLi (
6
Li labeled) complex 12. 

d
The diffusion coefficient 

is the average of the above two values. 
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Figure S10.27. 
1
H NMR of Complexes 13 and 14 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S10.28. 
13

C NMR of Complexes 13 and 14 in toluene-d8 at -40 
o
C 
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Figure S10.29. 
6
Li NMR of Complexes 13 and 14 in toluene-d8 at -40 

o
C 

 

 

 

 

 

 

 

 

 

 

Figure S10.30. 
1
H COSY of Complexes 13 and 14 in toluene-d8 at -40 

o
C 
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Figure S10.31. 
1
H-

13
C HSQC of Complexes 13 and 14 in toluene-d8 at -40 

o
C 

Figure S10.32. 
1
H-

13
C HMBC of Complexes 13 and 14 in toluene-d8 at -40 

o
C 
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Figure S10.33. 
1
H-

13
C HMBC of Complexes 13 and 14 in toluene-d8 at -40 

o
C (Enlarged) 

Figure S10.34. 
1
H NMR of Complexes 13 and 14 in toluene-d8 with Internal References at -40 

o
C 
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Figure S10.35. 
1
H DOSY Decay Curves for Internal References 
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Figure S10.36. 
1
H DOSY Decay Curves for Mixed Aggregate 13 

 

 

 

 

 

 

 

 

 

Figure S10.37. 
1
H DOSY Decay Curves for Homodimer 14 
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Table S10.3. D-FW Analysis of 
1
H DOSY data of Complexes 13 and 14 in toluene-d8 solution at 

-40 
o 
C 

Compd FW 
(g/mol) 

10
-10

D 
(m

2
/s) 

log FW log D Predicted 
FW (g/mol) 

% error 

BEN 78.11 4.296 1.893 -9.367 75.27 3.6 

COE 110.2 2.986 2.042 -9.525 121.0 -9.8 

TDE 196.4 2.195 2.293 -9.659 180.7 8.0 

SQU 410.7 1.146 2.614 -9.941 421.9 -2.7 

13
a
 743.4

b
 0.811

a
 2.871 -10.091 662.4 10.9 

13
a
 743.4

b
 0.821

a
 2.871 -10.086 651.7 12.3 

13
c
 743.4

b
 0.757

c
 2.871 -10.121 724.8 2.5 

14 681.2
d
 0.814 2.833 -10.090 659.5 3.2 

14 681.2
d
 0.834 2.833 -10.079 638.7 6.2 

13
e
 743.4

b
 0.796

e
 2.871 -10.099 678.3 8.8 

14
f
 681.2

d
 0.824

f
 2.833 -10.084 649.0 4.7 

a
The measured diffusion coefficients are from the resonances of chiral lithium amide. 

b
743.4 gmol

-1
 is the 

formula weight of 2:1 lithiated chiral amine 9/n-BuLi (
6
Li labeled) complex 13. 

c
The measured diffusion 

coefficient is from the α-methylene protons peak (-0.54 ppm) of n-BuLi. 
d
681.2 gmol

-1
 is the formula 

weight of homodimer 14. 
e
The diffusion coefficient is the average of the above three values. 

 f
The diffusion 

coefficient is the average of the above two values. 

 

 

 

 

 

 

 


