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Chapter 1 General Introduction 

 

1.1 Organolithium Chemistry: Aggregates and Mixed Aggregates 

    Since the first organolithium reagents (alkyl lithium compounds) were prepared by 

Schlenk in 1917, 1  Organolithium intermediates have been employed in various 

reactions, such as alkylation, nucleophilic addition, condensation, epoxide opening， 

rearrangement and transmetalation. 2  Those intermediates are either commercially 

available or can be easily prepared via lithium halogen exchange, metalation or 

transmetalation with other cheap and commercially available organolithium reagents, 

which makes organolithium reagents and intermediates even popular than and widely 

applied to modern organic synthesis in research laboratories, pharmaceutical3 and fine 

chemical industries.  

    Organolithium compounds can form oligomers (even polymers), mixed aggregates, 

close or separated ion pairs (CIP/SIP). Each aggregate can afford various solvation 

states. Aggregation and solvation patterns of organolithium complexes are 

complicated, as they depend on concentration, solvents, temperature, substituents, 

etc.4 They are also important, because they can significantly influence reactivity and 

selectivity of the reactions involving these organolithium intermediates.5 Therefore, 

structural characterization is the foundation for understanding the mechanism of any 

reaction containing organolithium reagents.  
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Figure 1.1. Common aggregation states of organolithium complexes that have been 
characterized in the solid state or in solution. 
 

1.2 Methods for Structural Characterization 

1.2.1 Solid-State Structures 

    Since organolithium reagents are usually applied in the solutions of synthetic 

reactions, the real research interest is solution-state structural determination. However, 

X-ray crystallography analysis is still a widely used and irreplaceable technique for 

characterization of organolithium complexes, as it provides precise and unambiguous 
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structural information.6 These solid-state structures are crucial models or guidelines, 

which lead to reasonable interpretation of possible organolithium intermediates.  

    The limitations of X-ray diffraction (XRD) analysis are also obvious. First, solid-

state structures provide only indirect evidences for solution aggregations.7 Second, 

crystallization of organolithium compounds is not an easy task due to their sensitivity 

to as air, moisture or even temperature. Third, existing forms of organolithium 

intermediates are influenced by a variety of factors, including temperature, solvents, 

concentrations additives and some unavoidable impurities (such as lithium hydroxide, 

lithium oxide, lithium halide salts, butoxide lithium, etc). Hence it is very possible 

that several organolithium complexes co-exist in the same environment. Thus 

observing part of the complexes via XRD will present a misleading or partial picture 

of the whole system.  

 

1.2.2 Solution-State Structures 

Colligative Methods. Colligative measurements (cryoscopy, vapor phase osmometry, 

differential pressure barometry, or ebullioscopy) can suggest aggregation states. 

These techniques have been extensively applied to organolithium compounds. 8 

However these methods are suffering several drawbacks. First, the result is a single 

number for aggregation degree. Non-integer values are interpreted to reflect a 

possible equilibrium between two aggregates, which can lead to some spurious 

interpretation. Second, the experimental results are highly sensitive to impurities. Last 

but not least, colligative methods are limited to the physical properties of the solvents, 

such as boiling and freezing points.  

UV-vis Spectroscopy Methods. Streitwieser and co-workers have developed a 

method to measure aggregation equilibrium constants based on the change in UV-vis 



	  4	  

spectra with concentration.9 However, this method is restricted to lithium enolates 

with aromatic groups due to the concentration and UV wavelength requirements.  

NMR-Based Methods. A variety of methods have been built up to explore the 

aggregation and solvation states of organolithium reagents based on nuclear magnetic 

resonance (NMR) spectroscopy.  

    Jackman and co-workers combined 13C spin-lattice relaxation time (T1) 

measurement, colligative measurements and 7Li quadrupolar splitting constants (QSC) 

to study the aggregation states of lithium amides, phenyllithium, phenolates and 

hindered aromatic lithium enolates.10 

    For those reagents that contain Li-C or Li-N bonds, isotopic labeling methods are 

often used to interpret aggregation states and even solvation states11 based on splitting 

patterns and coupling constants between 6Li/7Li and 13C/15N from multi-nuclei 1D 

NMR spectra. Some special 2D NMR techniques12 have been developed to distinguish 

similar aggregates, such as cyclic dimers and cyclic trimers.  

    Several groups (Reich, Noyori, Jacobsen, etc) have utilized additive titration 

methods to study various solvation states for a specific aggregate, such as monomer 

or cubic tetramer. 13  Reich and co-workers also used this technique with low-

temperature NMR to observe the formation of various aggregates including SIP and 

triple ions while using HMPA as the co-solvent, on the basis of signal ratio and their 

splitting patterns.14  

    When J-coupling information is not available, such as lithium enolate or phenolate 

systems, Collum and co-workers utilized an effective method called continuous 

variation or Job plot to map the mixed species of two related lithium compounds (A 

and B). If each mixed aggregates of A and B have a clear and non-overlapping signal 
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in NMR spectra, than aggregation states are determined by comparing the ratio of 

signals with various combinations of A and B.15 

    Referenced diffusion-ordered NMR spectroscopy (DOSY) with diffusion 

coefficient-formula weight (D-FW) analysis method was developed and involved in 

aggregation and mixed aggregation studies of lithium enolates, lithium amide bases 

and alkyl lithium reagents by Williard and co-workers. 16  This method provides 

molecular weights of organolithium intermediates in solution which are quite helpful 

information for understanding aggregation and solvation states. More details of these 

methods and applications can be found in Chapter 2 and its citations.  

 

1.3 Synergistic Effect of X-ray Crystallography and Solution NMR 

    X-ray crystallography analysis is a direct method for structural detection, while 

NMR is an indirect method. However, based on various NMR techniques mentioned 

before, solution NMR can supply more plentiful information and present a wider 

scope of solution-state structures for organolithium reagents than XRD. Therefore, the 

combination of both will afford more reliable and clearer structural characterization of 

organolithium compounds in solution. 

    Organolithium compounds not only form various aggregates and mixed aggregates, 

but also generated mixed aggregates with unwanted impurities, such as lithium 

hydroxide, lithium oxide, alkyl oxide lithium, etc. Therefore, the NMR spectra of in-

situ prepared samples sometimes are quite complicated to explain. On the contrary, 

NMR samples prepared by directly dissolving crystals usually exhibit much cleaner 

spectra which supply us some unambiguous assignments for peaks in the complex 

spectra of in-situ prepared NMR samples. But in-situ prepared solutions are closer to 

the real reaction systems involving organolithium intermediates than the samples 
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from pure crystals. In order to interpret the whole complex spectra of in-situ prepared 

solutions, various NMR tools are applied to figure out the relationship between 

unassigned aggregates and complexes having been determined by X-ray 

crystallography.  

    Variable temperature (VT) NMR experiments are used to improve signal resolution 

and to optimize the NMR temperature for a specific system. For example, see Chapter 

4 where this technique is utilized to separate peaks of different intermediates in one 

solution.  

    {1H, 13C} HSQC/HMBC and {1H, 1H}/{19F, 19F} COSY are helpful tools to 

correlate peaks belonging to one compound in a mixture (see examples in Chapter 3, 

4, 5 and 6). {1H, 1H} NOESY, {1H, 6Li} HMBC and DOSY are applied to confirm 

the existence of mixed aggregates. {6Li, 6Li} EXSY provide information about 

exchangeable organolithium species. PGSE experiments on multi-nuclei (1H, 6Li, 13C 

or 19F) are exploited for comparing the molecular sizes of various intermediates. (See 

examples in Chapter 3 ~ 6). An HMPA titration experiment was invoked to map 

different solvation states (Chapter 3). In all the cases, we involve the referenced 

DOSY method to measure the MW’s of species in solution. This combination offers 

us information for both aggregation and solvation states.  

    On the basis of all the techniques mentioned above, we can assign and explain most 

parts of the NMR spectra of in-situ prepared solution. Then we modify conditions, 

like temperature, solvent, concentration, additive and ratio of different components, 

and monitor the changes by NMR. This protocol is effective to optimize the 

conditions for preparing crystals of various coexisting complexes (Chapter 3 ~5). The 

X-ray crystallography data helps us confirm previous interpretation of NMR spectra. 
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Finally we achieve fully assignment and comprehensive explanation for a 

complicated system via synergism of XRD and solution NMR. 
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Chapter 2 Diffusion Coefficient-Formula Weight (D-FW) Analysis of 

2H Diffusion-Ordered NMR Spectroscopy (DOSY) 

 

2.1 Abstract 

    Referenced 2H DOSY with D-FW analysis method is developed with great linear relationship (R2 

> 0.99) between log D and log FW. Solution-state structure of THF solvated LDA is studied in 

hydrocarbon solvent via this novel method and an equilibrium between mono-solvated and di-

solvated dimer complexes is observed at room temperature. Finally, a non-deuterated compound 

with exchangeable proton can be applied in 2H DOSY experiment through the convenient proton-

deuterium exchange process and achieve consistent result as in 1H DOSY method.  

 

2.2 Introduction 

Pulsed gradient spin-echo (PGSE) diffusion NMR spectroscopy was conceived to 

measure diffusion coefficients and to deduce the hydrodynamic radii of molecules in 

solution by Stejskal and Tanner in the mid-1960s.1 In 1992, the PGSE sequence was 

used in a two-dimensional NMR experiment by C. S. Johnson, in which one 

dimension represents the regular chemical shift and the second dimension separates 

species by particle size.2 This 2D experiment is now referred to as diffusion-ordered 

NMR spectroscopy (DOSY).3 Our group has developed 1H, 13C and 31P DOSY 

techniques and diffusion coefficient-formula weight (D-FW) analysis as useful tools 

for the measurement of formula weights of complexes in solution.4 Reliable predicted 

formula weights of target complexes can be calculated by the calibration curve of D-

FW analysis from appropriate references. 5  This referenced DOSY technique is 
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especially beneficial for studying various intermediates in solution and those systems 

not applicable to traditional mass spectrometric techniques, including air sensitive and 

reactive small molecules, such as organometallic compounds. According to our 

practical experience of this referenced DOSY method during recent decade, 13C 

DOSY experiment is quite time-consuming for dilute samples, due to the low natural 

abundance of 13C. 31P DOSY is only applicable for phosphorus systems. Among all 

the nuclei, 1H DOSY presents best accuracy, shortest time cost and widest 

application.6 However 1H DOSY suffers from the potential drawback of overlapping 

resonances in the chemical shift dimension which lead to deceptive values in the 

diffusion dimension. In order to overcome these disadvantages, isotopically labeled 

references were introduced. Our group has developed isotopically enriched 13C DOSY 

technique7 and successfully applied on the solution-state characterization of methyl 

lithium. Considering for most organic compounds, the cheapest and easiest 

isotopically labeling method is deuterium labeling, establishment of this referenced 

DOSY method on deuterium is a necessary and important extension for the DOSY 

toolbox. There are only a few of solution state 2H NMR studies have been reported,8 

including several self-diffusion coefficient measurements by the PGSE method.9 Here 

we report the first example of referenced 2H DOSY method and its applications. 

 

2.3 Results and Discussion 

2.3.1 Experimental Temperature 

    Unlike the nuclei (1H, 13C, 31P) we applied before, the nuclear spin quantum 

number (I) of deuterium is 1, which implies a quadrupole moment (Q) due to the non-

spherically electron charge distribution around its nucleus. The dominant relaxation 

mechanism for a nucleus with quadrupole moment is quadrupolar relaxation (RQR), 
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described by equation 2.1. T1 is longitudinal (or spin-lattice) relaxation time, µ is 

asymmetry of electric field, qz is electric field gradient and τc is molecular correlation 

time (molecular or segmental rotation). This equation represents that molecular shape, 

chemical environment around target deuterium nuclei and molecule tumbling rate will 

all be able to influence the relaxation time T1. However τc is more predicable and can 

be significantly influenced by experimental. Lower temperature leads to longer τc, 

shorter relaxation time and broader peaks. As shown in Figure 2.1, two commercially 

available perdeuterated compounds and two synthetically partially deuterated 

complexes, whose formula weights distribution is similar to the distribution of 1H 

DOSY references, have been used to observe the dependence of relaxation time on 

temperature. Base on our current instrumental condition, a longer than 100 ms T1 time 

is necessary to set up the appropriate diffusion time of DOSY experiment. Therefore 

the recommended experimental temperature for 2H DOSY is not lower than -20 °C. 

Moreover, considering larger molecular weight would also reduce τc, a more general 

recommended experiment temperature is ambient temperature or higher like normal 

body temperature 37 °C. 

R( H)!
!" =

1
T!(!")

=
2
2π

! 1+
µμ!

3
Qq!e!

h τ!                             eq. 2.1  
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Figure 2.1. Dependence of T1 on temperature 
 

2.3.2 Internal References 
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convenience and elusion of peaks overlap. It is questionable using perdeuterated 

references to measure partially deuterated compounds. According to the modified 

Stokes-Einstein equation (eq. 2.2),10 diffusion coefficient (D) will be influenced by 

temperature (T), viscosity (η), particle shape (fs) and radius (r). Therefore using 

diffusion coefficient to predict molecular weight requires that all the complexes in the 

solution have similar densities.11 Deuterium nucleus has identical size as proton but 

heavier mass. Thus in theory, introducing more deuterium nuclei to one compound 

will cause more increasing on density, then leads to larger error on prediction of 

molecular weight. On the other side, proton nuclei only take small part of MW for 

most of organic compounds. Hence, density change from introducing deuterium could 

be not significant enough to influence our DOSY result. Four commercial available 

perdeuterated compounds were mixed with synthetic methyl oleate-d3 deuterated ester, 

and applied to 2H DOSY, in order to test that if perdeuterated compounds can be 

employed as internal references for 2H DOSY.  

D =   
kT

fs a, b πηr                         (𝐞𝐪.𝟐.𝟐) 

As shown in Figure 2.2 & 2.3, perdeuterated actone, ethylbenzene and 

acenaphthene present quite good linear relationship with partially deuterated ester in 

D-FW analysis. This result indicates that both perdeuterated and partially deuterated 

compounds can be applied together in 2H DOSY experiments, which is also 

confirmed in our application cases discussed later. The only exception we found is 

perdeuterated chrysene. This is probably because the diffusion-behavior description 

of chrysene would apply a dramatically different fs value due to its distinctly flat 

molecular shape. 
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Figure 2.2. 2H DOSY NMR in general THF for the test of internal references. 
 

Table 2.1. D-FW analysis of 2H DOSY data for the test of internal references 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 Acetone-d6 64.1 2.82E-9 67.3 5 

2 ethylbenzene-d10 116 2.08E-9 111 -4 

3 acenaphthene- d10 164 1.70E-9 155 -5 

4 chrysene- d12 240 1.68E-9 158 -34 

5 Ester-d3 300 1.10E-9 316 5 
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Figure 2.3. D-FW analysis of 2H DOSY data for the test of internal references 
 

2.3.3 Application on Organometallic Complex 

    LDA will form di-solvated dimer with THF in both solution sate and solid state, 

which was supported by NMR study of [6Li, 15N]-LDA,12 x-ray crystallography 

structure13 and NMR study by 1H/13C DOSY with D-FW analysis.14 Hence LDA-

d/THF/Tol system would be an ideal case to verify the reliability of D-FW analysis 

method via 2H DOSY. The synthetic path of LDA-d is already available from 

previous literatures.15  

    Considering the molecular weight of target complex, di-THF solvated LDA-d dimer, is 360 g/mol, 
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and di-THF solvated LDA dimer and exclude the existence of LDA monomer. Hence, only THF 

solvated LDA dimer exists in hydrocarbon solvent at room temperature (Scheme 2.1). 

 

Figure 2.4. 2H DOSY NMR of LDA-d in general toluene with 1 eq of THF-d8 and 9 
eq of general THF. 
 

Scheme 2.1. Results of 2H DOSY of LDA-d in general toluene with 1 ~ 20 eq of 
THF/THF-d8 at room temperature 
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2.3.4 Application on amide via Hydrogen-Deuterium Exchange Labeling 

    The most convenient method of deuterium labeling is hydrogen-deuterium exchange. This 

method has been widely applied on the amides in the backbone of a protein, in order to study the 

structure and dynamic properties of proteins. Therefore, it is intriguing to know if 2H DOSY can 

achieve reliable result for exchangeable deuterium. In the first experiment, 10 µl of D2O was added 

to 0.5 ml of 0.4 M acetanilide/acetone-d6 solution. Molecular weight of acetanilide was measured by 

1H DOSY as 181 g/mol (Figure 2.5), which is larger than its FW 135 g/mol, due to self-

dimerization and solvation by water in the solution. We prepared another sample as the one in the 

first experiment, but using general acetone as the solvent instead of acetone-d6. Before being utilized 

in 2H DOSY experiment, the second sample sit still for 1 h, in order to allow the H-D exchange 

achieve equilibrium. The only observable peak of acetanilide in 2H NMR is from N-D group with 

T1 relaxation time 0.5 s, which is long enough for setting the appropriate diffusion time (0.1 s) for 2H 

DOSY. As shown in Figure 2.6, acetanilide-d has measured molecular weight 197 g/mol, within 

10% error comparing with the result in 1H DOSY experiment. Therefore, compounds with 
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exchangeable proton (with relatively long relaxation time for deuterium peak) can be applied in 2H 

DOSY experiment via H-D exchange method. 

 

Figure 2.5. 1H DOSY NMR of 0.4 M acetanilide in acetone-d6 with 10 µl D2O (2.5 
eq).  
 

 

Figure 2.6. 2H DOSY NMR of 0.4 M acetanilide in general acetone with 10 µl H2O 
(2.5 eq).  
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2.4 Conclusion 

    Referenced 2H DOSY method has been developed with both partially deuterated and 

perdeuterated internal references. The correlation between log D and log FW presents quite great 

linear relationship (R2 > 0.99) in all 2H DOSY experiments. Solution state structure of THF solvated 

LDA has been studied in hydrocarbon solvent via 2H DOSY and an equilibrium between mono-

solvated and di-solvated dimer is observed at room temperature. Finally, a non-deuterated 

compound with exchangeable proton is labeled by deuterium through proton-deuterium exchange 

process and applied in both 1H and 2H DOSY experiments with compatible predicted MW results.  

 

2.5 Experimental Section 

Procedures for NMR Experiments. 1H chemical shifts were referenced to TMS 

(from CDCl3) at 0.00 ppm and 13C chemical shifts were referenced to CDCl3 at 77.2 

ppm. All NMR experiments were acquired on a 400 MHz spectrometer equipped with 

a z-axis gradient ATMA BBO probe. For DOSY experiments, a z-axis gradient 

amplifier was employed, with maximum gradient strength of 0.214 T/m. Spin-lattice 

relaxation time (T1) was estimated by zero-crossing/null-time experiment after 

calibration of 90° pulse (P1). 1H and 2H DOSY was performed using the standard 

ledbpgp2s pulse program, employing a bipolar gradient pulses for diffusion, and 2 

spoil gradients. Diffusion time was 100 ms, and the rectangular gradient pulse 

duration was 1000 µs for 1H DOSY and 3000 µs for 2H DOSY. 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. 

Synthesis of 2,2,2-2H-4’-tert-butylacetophenone. Gibson’s method 16  has been 

applied here to label the α positon of ketones by deuterium. 0.88 g of 4’-tert-
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butylacetophenone (5 mmol, 1.0 eq) was added to a solution containing 3 ml of 

methanol-d (75 mmol, 15 eq), 0.9 ml of D2O (50 mmol, 10 eq) and 30 mg of sodium 

metal (1.3 mmol, 0.26 eq) in a flamed-dried flask under argon atmosphere. The 

mixture was heated to reluxt for 3 h, cooled and diluted with 20 ml diethyl ether. The 

organic phase was washed by 10 ml water twice, brine once and dried over anhydrous 

Na2SO4. After removal of solvent by rotary evaporation, 0.82 g of 2,2,2-2H-4’-tert-

butylacetophenone (92%) was gained as colorless oil. 1H NMR (CDCl3, 600 MHz) δ 

1.34 (s, 9H), 7.48 (d, 2H, J = 8.5 Hz), 7.95 (d, 2H, J = 8.5 Hz); 13C NMR (CDCl3, 150 

MHz) δ 31.1, 35.1, 125.5, 128.3, 134.6, 156.8, 198.0; HRMS-ESI m/z: [M]+ Calcd for 

C12H13D3O: 179.1389, found [M+H]+ 180.1458.  

Synthesis of cis-(methyl-2H)-oleate. 17  0.113 g of Oleic acid (0.4 mmol) was 

dissolved in 1 ml chloroform. 0.02 g methanol-d4 (0.6 mmol, 1.5 eq) and 0.023 g 

trimethylsilyl chloride (0.2 mmol, 0.5 eq) have been slowly added to the solution. 

After stirring at room temperature for 12 h, the reaction mixture was quenched and 

washed by 1 ml of 0.5 M NaHCO3, then washed by 1 ml of brine and dried over by 

anhydrous Na2SO4. After removal of solvent by rotary evaporation, 96 mg ester (80%) 

was obtained as colorless oil. 1H NMR (CDCl3, 600 MHz) δ 0.88 (t, 3H, J = 6.7 Hz), 

1.15 ~ 1.40 (m, 20H), 1.62 (m, 2H), 2.01 (m, 4H), 2.30 (t, 3H, J = 7.6 Hz), 5.34 (m, 

2H); 13C NMR (CDCl3, 150 MHz) δ 14.1, 22.7, 24.9, 27.1, 27.2, 29.1, 29.1, 29.1, 29.3, 

29.5, 29.6, 29.7, 31.9, 34.1, 129.7, 129.9, 174.2. 

Synthesis of (Z)-Heptadec-2-ene-1,1,1-2H. 0.55 g of 1-hexadecyne (2.5 mmol, 1.0 

eq) was dissolved in 20 ml dried THF in a flamed-dried flask under argon atmosphere. 

1.4 ml of 2.2 M n-BuLi (3.0 mmol, 1.2 eq) was added slowly at -78 °C. After 10 min, 

the mixture was warmed up to 0 °C and stirred for 0.5 h. Then 0.54 g of CD3I (3.75 

mmol, 1.5 eq) was added and stirred at room temperature for 3 h. The resulting 
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solution was quenched with 5 ml of saturated ammonium chloride and extracted with 

20 ml of hexanes three times. The combined organic phase was washed by brine and 

dried over anhydrous Na2SO4. After removal of solvent by rotary evaporation, 

heptadec-2-yne-1,1,1-2H was gained and used in the next step without purification. 

Heptadec-2-yne-1,1,1-2H was reduced to (Z)-heptadec-2-ene-1,1,1-2H by Ashby’s 

method.18 Under an atmosphere of nitrogen, 0.05 eq of Cp2TiCl2 was dissolved in 

THF. Crude heptadec-2-yne-1,1,1-2H was added at 0 oC, then 1.2 eq of LiAlH4 was 

added. After stirring at room temperature for 3 h. the reaction was quenched by the 

successive addition of water, 5% NaOH (aq), and water. The mixture was filtered and 

then concentrated under reduced pressure. The crude product was purified via silica 

gel chromatography (100% hexanes) to gain transparent oil 1H NMR (CDCl3, 600 

MHz) δ 0.88 (t, 3H, J = 6.8 Hz), 1.10 ~ 1.60 (m, 24H), 2.02 (m, 2H), 5.41 (m, 2H); 

13C NMR (CDCl3, 150 MHz) δ 14.1, 22.7, 26.9, 29.3, 29.4, 29.6, 29.6, 29.7, 29.7, 

31.9, 123.5, 131.0; MS m/z 241 [M]+, 241, 213, 196, 171, 154, 128, 111, 83, 57.  

Synthesis of 2-methyl-2-(methoxy-2H)-tricosane. 2-methyltricosan-2-ol was 

prepared by following previous reported method.19 0.23 g of 60% sodium hydride in 

mineral oil (5.7 mmol, 4 eq) was placed in a flamed-dried flask under argon 

atmosphere. The grey mixture was washed by 3 ml dry pentane three times in order to 

remove mineral oil. Then 10 ml dried THF and 0.50 g 2-methyltricosan-2-ol (1.4 

mmol, 1.0 eq) were added and the resulting solution was refluxed for 4 h. 0.30 g of 

CD3I (2.1 mmol, 1.5 eq) has been added at 0 °C into the solution, before another 3 h 

of reflux. The reaction mixture was quenched with 5 ml of saturated ammonium 

chloride at 0 °C, then extracted by 10 ml of hexanes three times. The combined 

organic phase was washed by 30 ml of brine and dried over anhydrous Na2SO4. After 

removal of solvent by rotary evaporation, the residue was purified 
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chromatographically on a flash column by hexanes. After the removal of solvent, 0.38 

g of ether (1.0 mmol, 72%) was obtained as white solid. 1H NMR (CDCl3, 600 MHz) 

δ 0.88 (t, 3H, J = 6.8 Hz), 1.13 (s, 6H), 1.24 ~ 1.30 (br, 40H); 13C NMR (CDCl3, 150 

MHz) δ 14.1, 22.7, 23.9, 25.0, 29.4, 29.7, 29.7, 29.8, 29.8, 30.3, 32.0, 39.9, 74.6;  
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Chapter 3 Lithium Pinacolone Enolate Solvated by 

Hexamethylphosphoramide (HMPA) 

 

3.1 Abstract 

    We report the crystal structure of a substoichiometric, HMPA trisolvated lithium pinacolone 

enolate tetramer (LiOPin)4 • HMPA3 abbreviated as T3. In this tetramer one HMPA binds to lithium 

more strongly than the other two causing a reduction in spatial symmetry with corresponding loss of 

C3 symmetry.  A variety of NMR experiments, including HMPA titration, diffusion coefficient-

formula weight (D-FW) analysis and other multi-nuclear one- and two-dimensional NMR 

techniques reveal that T3 is the major species in hydrocarbon solution when more than 0.6 

equivalents of HMPA are added. Due to a small amount of moisture from HMPA or air leaking into 

the solution, a minor complex was identified and confirmed by x-ray diffraction analysis as a mixed 

aggregate containing enolate, lithium hydroxide, and HMPA in a 4:2:4 ratio, [(LiOPin )4 • (LiOH)2 • 

HMPA4] that we refer to as pseudo-T4.  The tetra-HMPA solvated lithium cyclopentanone enolate 

tetramer was also prepared and characterized by x-ray diffraction leading to the conclusion that steric 

effects dominate the formation and solvation of the pinacolone T3 and pseudo-T4  aggregates.  An 

unusual mixed aggregate consisting of pinacolone enolate, lithium diisopropyl amide, lithium oxide 

and HMPA in the ratio 5:1:1:2 is also described. 

 

3.2 Introduction 

    Hexamethylphosphoramide (HMPA) as an additive or co-solvent plays an 

intriguing role in reactions of organolithium reagents by altering rates, yields and 

selectivity.1 Its influence on selectivity is most striking and has been intensively 
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studied.  For example, HMPA influences the regioselectivity of enolate addition 

reaction to α,β-unsaturated compounds.2 It also influences the stereoselectivity of 

asymmetric addition and the enolization of carbonyl compounds.3  In many cases, 

addition of HMPA results in reaction rate acceleration and higher yields of 

thermodynamic products. 4  An explanation for the differing reaction selectivity 

attributed to the presence or absence of HMPA involves deaggregation or formation 

of ion pairs.5  Steric effects are also invoked because HMPA is rather large compared 

to the typical ethereal solvents used with many organolithium reagents. HMPA is also 

believed to bind more strongly to lithium than THF or diethyl ether.6 However, recent 

studies serve to highlight the very complicated nature of HMPA’s interaction with 

organolithium complexes. Thus the aggregation state of organolithium compounds 

was shown to increase7, decrease8, remain unchanged9 or form separated ion pairs10 

(SIP) due to the introduction of HMPA. Aggregate behavior in the presence of HMPA 

is clearly sensitive to the amount added and to the temperature as well as being 

substrate specific. HMPA-Li interactions are convenient to study by NMR because 

the direct J-coupling between 31P and 6Li/7Li is observable.11 

    The mechanism of ketone enolization is clearly dependent upon solvation and 

aggregation state of the base.12  Ultimately the observation that enolization leads to 

enolate aggregates and mixed aggregates both of which are also solvated prompted 

this study. In this paper, we utilize pinacolone enolate as a model to demonstrate the 

influence of HMPA upon the enolate aggregation state.  Reich has gained deep and 

comprehensive insight into aggregation state, solvation and ion pair status for over 

120 lithium species from HMPA titration experiments below -90 °C.13 Reich’s elegant 

spectroscopy study concluded that HMPA has only a minor effect on structure at sub-

stoichiometric amounts.14 Thus for lithium enolates of simple ketones which form 
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cubic tetramers in THF, HMPA replaces THF during titration, but does not 

necessarily disaggregate, i.e. dissociation from tetramer to trimer, dimer or monomer, 

or generate SIP’s. Nonetheless, with high concentration of HMPA, Reich noted 

dissociation and formation of ions for the lithium enolates of bisphenyl-2-propanone 

derivatives, reported as forming dimers and monomers in THF by Streitwieser.15  

    Thus spectroscopic studies led to different observations about aggregate structure.16 

However single crystal structures of HMPA solvated lithium enolates do not exist. 

The only closely related structure is that of HMPA solvated lithium phenoxide 

complex [(PhOLi)3 • LiNCS • HMPA4]  reported by Snaith.17 This mixed-anion 

complex forms a structurally similar tetrameric array with three phenoxides and four 

Li atoms, three of which bear terminal HMPA ligands, and the fourth HMPA forms a 

µ3 bridge. A similar bridged HMPA has been observed in the structures of (KNCS)3 • 

HMPA5 (µ3)18 and (LiBr)2 • HMPA3 (µ2)19.  Snaith also reported an unresolved 

disorder among HMPA ligands in a tetramer characterized as (PhOLi • HMPA)4 by 

molecular mass measurement. This tetra-HMPA solvated tetrameric structure was 

assigned based on 7Li and 31P NMR spectroscopy.  

    This study targets HMPA solvated lithium enolate crystal structures and correlates 

these with their solution structures using diffusion NMR methods. Previous 

spectroscopic studies utilized HMPA in ethereal solvents, however in this paper the 

solution-state study is limited to hydrocarbon solvent. 
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3.3 Results and Discussion 

3.3.1 Characterization of HMPA-solvated Lithium Pinacolone Enolate in the 

Solid State 

Crystal Structure of tri-HMPA Solvated Lithium Pinacolone Enolate Tetramer. 

Lithium pinacolone enolate (LiOPin) was generated in situ by slowly adding the 

ketone to a lithium amide base (1.05 equivalent) in hydrocarbon solvent at 0 °C. After 

adding HMPA, the solution was stored at low temperature to initiate crystallization. 

Two bases were utilized, lithium diisopropyl amide (LDA) and lithium 

bis(trimethylsilyl)amide (LHMDS). Pentane, heptane and toluene were used as 

solvents. Crystallization temperature ranged from -20 °C to -80 °C. The amount of 

HMPA was adjusted from 0.5 to 3.0 eq. After systemically monitoring all these 

combinations, we found that the amount of HMPA used was crucial for crystallization 

with 0.7 ~ 0.9 eq. HMPA providing the optimum result. Hence, adding 0.75 eq. 

HMPA to 1.0 M LiOPin in pentane yielded nicely shaped, colorless crystals suitable 

for x-ray diffraction analysis that grew overnight at -20 °C. No crystallization was 

observed if more than 1.5 eq. of HMPA was added even at -80 °C. In all cases, 

recrystallization from pentane provides very pure crystals suitable for x-ray diffraction 

and further NMR analysis.  
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Figure 3.1. Crystal structure of (PinOLi)4 • HMPA3 - hydrogen atoms and methyl 
groups of HMPA are omitted for clarity. 
 

  As shown in Figure 3.1, the x-ray structure determination reveals that a 

coordinatively unsaturated tri-solvated cubic tetramer (T3) formed bearing one tri-

coordinate lithium site, i.e. Li4. One HMPA molecule binds more strongly (Li1-

OHMPA bond 1.82 Å) than the other two (Li2-OHMPA bond 1.93 Å and Li3-OHMPA bond 

1.92 Å). The cubic framework is slightly distorted. The distance between the bare 

lithium, i.e. Li4, and one of the adjacent enolate oxygen atoms is only 1.81 Å, much 

shorter than the all other eleven Li-Oenolate bonds (1.95 Å to 2.06 Å) in this structure. 

The only similar substoichiometric solvated tetrameric lithium enolate structure is 

tris-pyridine solvated lithium pinacolone enolate tetramer (PinOLi)4 • Pyr3 reported by 

Jacobsen and coworkers in 1992 by combining pinacolone, LiHMDS and pyridine in 

the ratio 1:1:0.65 in methylcyclohexane.20 However in Jacobsen’s structure the three 

Li-NPyr bonds are approximately same (2.04 Å, 2.05 Å and 2.07 Å) with a triad 

symmetry axis through the bare lithium. Also in the Jacobsen structure the tri-
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Oenoalte bonds 1.86 Å) than the other nine Li-Oenoalte bonds (avg. 1.97 Å) by 

approximately 0.1 Å.  

    The observation that the unsolvated lithium exhibits shorter Li- Oenoalte bonds is 

related to its smaller coordination number. The orientation of the terminal C-C double 

bond farthest from the bare lithium leads to unequal HMPA ligands as determined by 

the different Li-OHMPA bond distances. It is important to note that in this T3 aggregate, 

all the tert-butyl (t-Bu) groups and HMPA ligands are oriented as far away from the 

cubic core as possible to lower the steric interactions. Therefore each terminal C=C 

bond is directed towards a specific Li2O2 face of the tetramer. As depicted in Fig. 3.2, 

the coordinatively unsaturated lithium (Li4) is surrounded by three counterclockwise-

rotating C=C bonds, each associated with one of the three faces of the cube adjacent to 

Li4. All three methylene carbons are closer to Li4 (2.97 Å, 2.92 Å, 2,59 Å) than to Li1, 

Li2 or Li3 (3.54 Å, 3.38 Å, 3.35 Å) respectively. The terminal C=C bond farthest from 

Li4 is directed toward the Li1-O2-Li2-O3 face, consequently the distance C13-Li1 

(3.24 Å) is significantly shorter than C13-Li2 (3.73 Å). The average length of the 

other three C=C bonds is 1.35 Å. The equivalent average value is 1.33 Å in tri-

pyridine-solvated lithium pinacolone enolate tetramer in which the lengths of four 

C=C bonds are identical, 1.33 Å in tetra-THF-solvated lithium pinacolone enolate 

tetramer 21  and 1.34 Å in unsolvated lithium pinacolone enolate hexamer 22 . The 

comparison of C=C bond lengths in all these structures indicates that the Li1 atom or 

Li1-OHMPA bond interacts with the C=C(13) double bond.  Thus this interaction causes 

shortening of the Li1-OHMPA bond and the elongation of the C=C(13) double bond. 

Although we still don’t understand the nature of this Li – oxallyl anion π interaction, 

this crystal structure strongly supports the presence of such an interaction between the 

Li atom and oxallyl O-C=C system within this lithium enolate structure. We first 
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noticed this identical π-oxallyl – Li interaction in the crystal structure of hexameric, 

unsolvated (LiOPin)6 . Clearly the tricoordinated lithium cations in these structures 

seek to interact with electron density in the π orbitals of the enolate.  Moreover, in the 

hindered crystal structure of tetra-pyridine-solvated lithium pinacolone enolate 

tetramer (LiOPin • Pyr)4, two Li-N bonds (aver 2.17 Å) are just slightly longer than 

the other two (aver 2.13 Å) and these correlate directly to two unusually long C=C 

bonds (1.45 Å) possibly due to disorder in this structure. Comparing the HMPA 

aggregate in Fig. 3.1 to Jacobsen’s (LiOPin)4 • Pyr3 crystal structural mentioned 

above, in which all C=C bonds (avg. 1.33 Å) and Li-N bonds (avg. 2.05 Å) are equal, 

we propose that an incremental steric effect is the major reason driving the interaction 

between lithium cation and C=C double bond. 

 

Figure 3.2. Simplified skeleton of (PinOLi)4 • HMPA3 tetrameric structure. Except the 
twisted Li4O4 cubic core, only four C=C double bonds and the “tight” HMPA 
molecule are shown. All the hydrogen atoms and methyl groups have been omitted. 
 

3.3.2 Characterization of HMPA-solvated Lithium Pinacolone Enolate 

Complexes in Solution 

    A series of NMR experiments were conducted to characterize these LiOPin-HMPA 

aggregates in hydrocarbon solution as described.  Upon dissolving crystalline samples 
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of the (PinOLi)4 • HMPA3 in toluene-d8, one-dimensional NMR spectra indicate that 

there is only one dominant lithium enolate complex. It was not possible for us to 

distinguish free and bound HMPA from these one-dimensional spectra. Even at -80 °C, 

only one set of HMPA peaks is observed as a 1H (doublet, 3JH-P = 9.6 Hz), 13C 

(doublet, 2JC-P = 4.0 Hz, decoupled by 1H), 31P (singlet) and 6Li (singlet) in the 

respective NMR spectra, see supplementary material Fig. S3.1 and S3.2. HSQC and 

HMBC spectra were also determined to confirm the assignments noted above, Fig. 

S3.3 and S3.4. A few impurities coexist in these T3 spectra and were identified as 

pentane and diisopropylamine (DIPA) from the mother liquor in which the crystals 

were prepared. By integration of the proton spectrum, HMPA is always present at 

more than 0.75 eq., see Figure 3.3, no matter how carefully the crystals were washed 

with pentane, i.e. typically around 0.85 ~ 1.1 eq. was observed. Possibly the highly 

polar HMPA prefers to adhere to the crystal surface than to dissolve in non-polar 

pentane or alternatively some of the enolate is protonated during the washing and 

releases free HMPA that is not completely removed along with the free pinacolone. 

We also observed a significant resonance shift of the enolate terminal methylene 

peaks in both the 1H and 13C spectra depending on the amount of HMPA present that 

we characterized by titration experiments (vide infra). 
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Figure 3.3. 1H NMR (delay time 60 s) and 13C NMR of LiOPin/HMPA T3 Complex 
in toluene-d8 at -20 °C.  
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Characterization of Species in LiOPin/HMPA solution. A HMPA titration 

experiment was preformed to better understand how HMPA influences the solution 

structure of lithium pinacolone enolate. Previously published crystal structures2321 

and HMPA titration studies suggest that lithium enolates of simple ketones preserve 

their cubic tetramer core aggregation state with many solvents in both solid and 

solution structures. Hence our first titration experiment was to add HMPA into a 

solution of LiOPin in cyclohexane-d12, a non-aromatic hydrocarbon solvent, at room 

temperature. The results are depicted in Fig 3.4. LiOPin solution was generated in-

situ by mixing pinacolone with 1.05 eq. of LDA to suppress self-aldol reaction. Upon 

titration of 0 ~ 1.0 eq. HMPA into the enolate solution, four different LiOPin/HMPA 

complexes appear in sequence. The third to appear in this sequence is identified as T3 

by direct comparison of its spectrum with that of T3 obtained from dissolution of a 

crystalline sample that was characterized by diffraction analysis. Notably, T3 is the 

major component in solution once 0.6 ~ 1.0 eq. HMPA is added to the solution.  

Curiously this titration result matches our empirically optimized conditions for 

preparing T3 crystals with 0.7 ~ 0.9 eq. HMPA. When more than one equivlent 

HMPA had been added, a fifth unknown complex appeared. This titration experiment 

was repeated in toluene but much broad peaks were observed so the sample was 

cooled to -20 °C to achieve a reasonable resolution, Fig 3.5. Analogously we 

observed that a set of four different methylene carbon peaks emerged in sequence 

during titration and that these moved upfield with increasing HMPA. In light of 

Reich’s titration experiments, this trend strongly suggests that all four complexes 

detected are tetrameric aggregates with a different solvation enviroment. Therefore, 

we label them T1 to T4, with T indicating a tetrmeric aggregation state and the 

subscript representing the number of HMPA molecules binding to the tetramer. 
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Owing to NMR peak line broadening in toluene solution, the fifth unknown peak 

shown in Fig. 3.4 and labeled as U, overlaps with T4 even at -60 °C in Fig. 3.5. 

Figure 3.4. HMPA titration experiment of lithium pinacolone enolate in cyclohexane-
d12 at room temperature. 70~80 ppm region (=CH2 carbon of enolate) of 13C NMR. 
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Figure 3.5. HMPA titration experiment of lithium pinacolone enolate in Toluene-d8 at 
-20 °C. 70~80 ppm region (=CH2 carbon of enolate) of 13C NMR. 
 

    The following additional observations are noteworthy. When a toluene solution of 

LiOPin unsolvated hexamer (H0) prepared by dissolution of a crystalline sample was 

titrated by HMPA, Figure 3.6-left, only T1 ~ T4 were observed. When we titrated the 

toluene solution prepared directly from isolated T3 crystals, Figure 3.6-right, only T3 

and a little bit of T4 were observed. The methylene carbon peak of unknown complex 

(U) disappeared when we used samples prepared directly from crystals but did not 

disappear when the sample of LiOPin was prepared in-situ with a slight excess of 

LDA. This result can be rationalized by assigning the unknown compound (U) as a 

HMPA-solvated mixed aggregate of LiOPin and LDA [(LiOPin)n • (LDA)m • 

HMPAx]. We assume that n is larger than m and also that x would not be smaller 

than n, due to the fact that only a slight excess of LDA remains in solution and also 

that there is no detectable U unless more than 1.0 eq. HMPA is added.	  	  

	  

Figure 3.6. HMPA titration experiment of lithium pinacolone enolate in toluene-d8 at 
-20 °C. 70~80 ppm region (=CH2 carbon of enolate) of 13C NMR. Left: beginning 
with H0 crystal; Right: beginning with T3 crystal.  
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a lithium enolate/LiHMDS complex with internal chelation of an electron-donating 

heteroatom atom in the side chain25. Collum’s spectroscopic studies also confirm that 

LDA forms mixed aggregates with lithium enolate quantitativly in HMPA/THF 

solution.2624 Unfortunatelly, our attemp to obtain a single crystal of the compound 

we’ve identified as U in the NMR spectra shown in Fig. 3.4 and 3.5 was unsucessful. 

However we have characterized a very unique mixed aggregate crystal obtained from 

solutions when only 0.2 ~ 0.3 eq. HMPA was added.  This unique complex is 

depicted in Fig. 7.  he composition of this aggregate is five pinacolone enolates, one 

LDA, two solvating HMPA’s and a dilithium oxide, [(LiOPin)5 • LDA • Li2O • 

HMPA2].27  This result supports our assumption about compound U is most likely a 

mixed aggregate containing lithium enolate, LDA and HMPA but we do not directlty 

assign the structure of the species depicted in Fig. 3.7 to this complex identified as U 

in these NMR specrtra. . 

 

Figure 3.7. Crystal structure of [(LiOPin)5 • LDA • Li2O • HMPA2] (hydrogen atoms 
omitted).  A simplified skeleton with five Pin residues attached to O1 ~ O5 and 
HMPA methly groups are omitted for clarity in the structure on the right. 
   

    An intriguing observation strongly encouraged us to pursue the crystal structure of 

T4. When T3 crystals were grown to obtain samples for NMR studies, we noticed that 

(LiOPin)5 • LDA • Li2O • HMPA2
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some crystalline samples had precipitates that appeared with the mother liquor for 

more than one day but subsequently redissolved in solution. These particular samples 

contained both a major component identified as T3 and a minor component that we 

labeled T4 as seen in Fig. 3.6. In contrast, the NMR samples of freshly prepared or re-

crystalized T3 crystals exhibited only T3 peaks. Thus we concluded that, T4 is 

generated and co-exists with T3 in some samples after one day. Because T3 is the 

dominant component in the mixture, we never detected T4 from the precipitate. 

Therefore, if the crystallization of T3 could be inhibited (by adding more than 1.5 eq. 

HMPA), we felt that it might be possible to collect T4 crystals. Following this 

assumption, a delicate and tiny colorless crystal precipitated from 1.0 M LiOPin 

pentane solution with 3.0 eq. of HMPA at -20 °C after three days. X-ray diffraction 

analysis revealed an odd but not altogether surprising structure shown in Figure 3.8. 

We refer to this compound as pseudo-T4, because two lithium hydroxide molecules 

insert into one normal cubic structure. Thus adding more HMPA and storing the 

sample for a longer time increases the possibility of absorbing moisture that we 

believe accounts for the presence of LiOH in this complex. This face-shared, double-

cubic structure is unique for lithium enolates.28 This structure is also the first mixed 

aggregate characterized that incorporates both lithium enolate and lithium hydroxide, 

although we have previously characterized a mixed aggregate consisting of pinacolone 

enolate, t-butoxide and KOH.29  It is noteworthy that the four bulky t-Bu groups build 

up an outside hydrophobic shell. Considering our tris solvated T3 structure and 

Jacobsen’s slightly distorted tetra- pyridine solvated tetrameric structure combined 

with the fact that HMPA is larger than THF and pyridine, it is reasonable that a 

tetrasolvated  (LiOPin • HMPA)4 structure is very unstable due to steric constraints 

and thus has never been observed with this combination of reagents whereas Jacobsen 
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was able to characterize a T4 aggregate solvated by pyridine. By inserting two 

unsolvated lithium hydroxides that serve to expand the cubic core, it is possible to 

achieve the more stable pseudo-T4 structure with stoichiometry [(LiOPin)4 • (LiOH)2 

• HMPA4] depicted in Fig. 3.8. 

 

Figure 3.8. Crystal structure of [(LiOPin)4 • (LiOH)2 • HMPA4] (pseudo-T4), each 
enolate is solvated by one HMPA (hydrogen atoms omitted).  
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alternatively when HMPA is replaced by a sterically less demanding ligand such as 

THF or pyridine, a tetra-solvated cubic tetramer is easily formed. Alternatively, we 

also prepared a LiOPin solution with 0.75 eq. HMPA and 0.25 ~ 0.5 eq. THF to 

determine the solvation of the pinacolone enolate tetrameric aggregate with mixed 

solvents, for example possibilities include [(LiOPin)4 • HMPA2 • THF2] or [(LiOPin)4 

• HMPA3 • THF]. The tri-HMPA solvated tetramer (T3) is the only crystal we 

observed and this clearly did not incorporate THF as determined by the unique 

chemical shift of the unsolvated lithium due to the shielding effect from three OPin 

groups around it. It is noteworthy that as Collum has repeatedly pointed out in his 

elegant studies utilizing the bidentate ligand TMEDA, although deaggregation seems 

reasonable when bulky Lewis bases or bidentate ligands solvate organolithium 

aggregates, this is not a foregone conclusion given that we also have not observed the 

formation of HMPA solvated LiOPin aggregates smaller than the tetramer or 

separated ion pairs in this study. Thus T3 is always the major component of the 

LiOPin/HMPA complex in hydrocarbon solution when more than 0.6 eq. HMPA are 

present. 
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Figure 3.9. Crystal structure of (LiOcP • HMPA)4, hydrogen atoms are omitted. 
   

Solvation State of T3 by Using DOSY. Diffusion-ordered 1H NMR spectroscopy 

(DOSY) and diffusion coefficient-formula weight (D-FW) correlation analysis30 were 

carried out to study the solvation state of T3 complex in toluene solution. The FW of 

an unknown complex is determined by its diffusion coefficient (measured by DOSY) 

through the linear regression plot of the logarithms of diffusion coefficients against 

the known FWs of the references. 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) are 

added to T3 solution as internal references. The resonances of the enolate terminal 

methylene protons (3.8 ~ 4.0 ppm) and also the HMPA methyl protons (2.45 ppm) 

were monitored for our D-FW analysis, Fig. 3.10.  

    We prepared the solution for D-FW analysis by dissolving T3 in toluene. D-FW 

analysis of this solution reveals that the formula weight of the complex in solution is 

approx. 678 g/mol.  We note that the formula weight of [(LiOPin)4 • HMPA3], T3 

complex is 961 g/mol, while the formula weight  of  [(LiOPin)4 • HMPA2], T2, is 782 

g/mol and is 603 g/mol for the corresponding monosolvated T1 complex. We also 

noted that the D-FW analysis for the resonance of HMPA in this solution yields an 

experimentally determined formula weight of 323 g/mol that is clearly significantly 

greater than the actual molecular weight of HMPA, 179 g/mol. We have previously 

observed such a disparity between the main component of an organolithium aggregate 

and the solvating Lewis acid coordinated to the Li. Presently we interpret this 

experimental result to suggest that each cubic tetramer has on the time scale of this 

diffusion experiment approx. one HMPA tightly bound to it and that around 70% of 

the HMPA exchanges with free HMPA in the solution. After repeating this experiment 

several times starting with T3 crystalline samples with a total of 0.85~1.1 eq HMPA in 
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solution, we observe that the experimental FW determined by monitoring the enolate 

terminal methylene peak falls within the range of 580 ~ 750 g/mol and varies with the 

amount of HMPA present. Hence this experimental observation suggests an aggregate 

determined by diffusion analysis that is equal to or bigger than T1, but always 

somewhat smaller than T2. Thus we suggest that when the pure, crystalline [(LiOPin)4 

• HMPA3], T3 complex dissolves in solution, one of the three HMPA remains tightly 

bound to the LiOPin cubic core, while the remaining two HMPA are labile, Scheme 

3.1. It is also noteworthy that in the crystal structure of the tris-solvated complex T3 

one Li-OHMPA bond is much shorter than the other two Li-OHMPA bonds by approx. 0.1 

Å supporting our conclusion that one HMPA ligand in this complex is more tightly 

bound than the others. 

 

Figure 3.10. 1H DOSY of LiOPin/HMPA T3 Complex in Toluene-d8 at -20 °C. 
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Scheme 3.1. Dissolving LiOPin/HMPA T3 Crystal in Hydrocarbon Solvents. 

 

 

3.4 Conclusion 

    Crystal structures of HMPA solvated lithium simple ketone enolates are reported 

for the first time.  These include a substoichiometric solvated tetramer; an unusual, 

face shared double-cube consisting of a mixed aggregate containing LiOPin and LiOH; 

a unique mix-aggregate consisting of LiOPin and LDA in the stoichiometric ration 5:1; 

and a tetrasolavted tetramer of cyclopentanone enolate. Intensive NMR studies reveal 

that with the bulky lithium pinacolone enolate, tri-solvated tetramer, T3 is the only 

major species in solution when more than 0.6 equivalents of HMPA are present. This 

tris-HPMA solvated tatramer, T3, consists of one tight-binding HMPA and two loose-

binding HMPA ligands in both solid and solution structures. A fourth ligand such as 

HMPA,THF or pyridine is extremely difficult to approach the bare lithium in the T3 

aggregate because of the steric bulk of the pinacolone residue. Whereas for the less 

hindered cyclopentanone enolate, tetra-HMPA solvated tetramer forms easily in 

pentane and is more favorable than tri-solvated aggregate.  Hence we conclude that a 

major factor controlling solavtion of enolate aggregates is steric interaction within the 

aggregate. 
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3.5 Experimental Section 

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. 1H chemical shifts were referenced to toluene-d8 at 

7.00 ppm and 13C chemical shifts were referenced to toluene-d8 at 137.86 ppm. All 

NMR experiments were acquired on a Bruker Avance III HD 600 MHz spectrometer 

equipped with a z-axis gradient BBFO smartprobe. For DOSY experiments, a GRASP 

II 10A z-axis gradient amplifier was employed, with maximum gradient strength of 

0.5 T/m. 1H DOSY was performed using the standard Bruker pulse programs, 

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

and 3 spoil gradients. Diffusion time was 100 ms, and the rectangular gradient pulse 

duration was 1300 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 using the T1/T2 analysis module 

in commercially available software. 

Materials and Methods.  Pentane, hexamethylphosphoramide (HMPA) and 

diisopropylamine (DIPA) were dried by stirring with calcium hydride (CaH2) under 

Ar atmosphere overnight then distillation. 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. 

General Procedures for the Crystallization of (LiOPin)4 • HMPA3 (T3) and Tetra-

HMPA Solvated Lithium Cyclopentanone Enolate Tetramer (LiOcP • HMPA)4. 

To a 1.1 M DIPA (5.5 mmol) solution in 5.0 ml pentane at 0 °C under Ar atmosphere 

was slowly added 2.1 ml 2.5 M n-BuLi (5.25 mmol). The reaction mixture was 
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allowed to stir at 0 °C for 10 minutes. Ketone (5 mmol) was then added dropwise and 

the mixture was allowed to stir at 0 °C for 15minutes.  Finally, HMPA 0.68 g (3.75 

mmol, 0.75 eq.) was added and the solution was kept stirring for another 15 minutes at 

room temperature. The clear solution was then stored at -20 °C freezer and XRD 

quality crystals were grown after overnight.  

General Procedures for the Crystallization of [(LiOPin)5 • LDA • Li2O • HMPA2]. 

To a 1.1 M DIPA (5.5 mmol) solution in 5.0 ml pentane at 0 °C under Ar atmosphere 

was slowly added 2.0 ml 2.5 M n-BuLi (5.0 mmol). The reaction mixture was allowed 

to stir at 0 °C for 10 minutes. Pinacolone 0.5 g (5.0 mmol) was then added slowly and 

the mixture was allowed to stir at 0 °C for 15minutes.  Finally, HMPA 0.18 ~ 0.26 g 

(1.0 ~ 1.5 mmol, 0.2 ~0.3 eq.) was added and the solution was kept stirring for another 

15 minutes at room temperature. The clear solution was then stored at -20 °C freezer 

and XRD quality crystals were grown after several days.  

General Procedures for the Crystallization of (LiOPin)4 • (LiOH)2 • HMPA4 

(pseudo-T4). To a 1.1 M DIPA (5.5 mmol) solution in 5.0 ml pentane at 0 °C under Ar 

atmosphere was slowly added 2.1 ml 2.5 M n-BuLi (5.25 mmol). The reaction mixture 

was allowed to stir at 0 °C for 10 minutes. Pinacolone 0.5 g (5.0 mmol) was then 

added slowly and the mixture was allowed to stir at 0 °C for 15minutes.  Finally, 

HMPA 0.54 g (15 mmol, 3.0 eq.) was added and the solution was kept stirring for 

another 15 minutes at room temperature. The clear solution was then stored at -20 °C 

freezer and XRD quality crystals were grown after three days.  

 

3.6 References 
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Chapter 4 Lithium Pinacolone Enolate Hexamer 

 

4.1 Abstract 

    A metastable polymorphic hexameric crystal structure of lithium pinacolone 

enolate (LiOPin) is reported with three preparation methods. NMR-based structural 

characterization implies that lithium pinacolate hexamer will significantly 

deaggregate to tetramer in toluene but retain mainly the hexameric structure in non-

aromatic hydrocarbon solvent like cyclohexane. Moreover, the existence of small 

amount of correlated lithium aldolate (LiOA) will dramatically affect the aggregation 

state of LiOPin by forming a mixed aggregate with a 1:3 ratio (LiOPin3•LiOA). 

 

4.2 Introduction 

    Lithium enolates play an important role in organic synthesis as nucleophiles with a 

complicated and partially understood mechanism in solution. In comparison with 

other organolithium reagents, such as lithium amide bases and alkyl lithium, structural 

information of lithium enolates is more challenging to obtain in both solution and 

solid state. The lack of Li-C or Li-N bonds limits the applications of NMR techniques 

on structural characterization of lithium enolates in solution. X-ray crystallography is 

a reliable tool to determine solid-state structures. Surprisingly, since Seebach reported 

the first two crystal structures of THF-solvated lithium enolates in 1981,1 only xx 

solid-state structure containing lithium simple mono-carbonyl ketone enolates have 

been reported.2 There are five involving lithium pinacolone enoalte (LiOPin): an 

unsolvated hexamer, 3  a THF-solvated tetramer,1 a pyridine-solvated tetramer, 4  a 

N,N,N’-trimethyl-1,2-ethanediamie solvated dimer, 5  and a mixed aggregate with 
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lithium amide base.6 There is one containing lithium cyclopentanone enolate (LiOcP): 

THF-solvated tetramer1 and three containing lithioisobutyrophenone:7 two unsolvated 

hexamers and TMEDA-solvated dimer. Here we reported another unsolvated lithium 

simple ketone enolate hexameric crystal structure and its solution-state structure, 

which, to the best of our knowledge, represents the first NMR-based aggregation 

study of unsolvated lithium enolate.  

     

4.3 Results and Discussion 

4.3.1 Polymorphic Crystal Structure of Unsolvated Lithium Pinacolone Enolate 

Hexamer 

Crystal Preparation. Three decades ago, Williard reported a hexameric structure of 

unsolvated lithium pinacolone enolate, which is the first crystal structure of 

unsolvated lithium enolate. Several years later, Liu, a previous graduate student of 

Williard’s group, observed a polymorphic crystal of this enolate via the 

recrystallization of Willard’s hexamer. This new crystal is also a hexamer with 

triclinic space group. To distinguish between them, we name the published hexamer as 

H1, and the newer polymorphic one as H2. After the first-time observation of H2 by 

Liu, we were unable to obtain H2 for a long time. Only recently was a single crystal of 

H2 accidentally collected from pentane solution of lithium pinacolone enolate in the 

presence of 0.2 eq. HMPA at -20 °C. Crystallization of H2 has been repeated several 

times utilizing this condition with the presence of 0.1 ~0.2 eq. HMPA. Subsequently 

H2 was also prepared from a toluene solution of LiOPin at -20 °C without any additive. 

Finally, we also successfully repeated Dr. Liu’s procedure of obtaining H2 crystal by 

recrystallization of H1 in pentane. Therefore, H2 has been observed repeatedly by X-

ray analysis via three different preparation methods. However, crystal of H1 has also 
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been observed from all these three preparation procedures, which indicates that the 

controllable preparation of H2 is still unpredictable. It is very difficult to predetermine 

whether the precipitated crystal will be H1 or H2 until X-ray analysis is applied. 

According to our experimental observation, H1 would precipitate within overnight at -

20 °C and H2 crystals usually need more than one day to form at the same temperature. 

However, we are still not confident whether this is a reliable way to predict the 

conformer. 

Structural Characterization. The crystallographic data is listed in Table 4.1. Both 

crystals exist in the space group P-1, which indicates that the only symmetry element 

is an inversion center. By overlaying two hexameric structures (Figure 4.1), we found 

the Li6O6 core has no significant change. The major difference between two hexamer 

is the conformation of the Pin grouops. As shown in Figure 4.2, all six tert-Bu groups 

are oriented towards the top or bottom faces of the Li6O6 core In H1. Hence, the six 

carbon-carbon double bonds will approach six side faces of the hexagonal prism. 

However in the structure of H2, two of the carbon-carbon double bonds are oriented 

towards the top and bottom faces. Consequently the two tert-Bu groups from the 

correlated pinacolate are placed on two of the side faces. The most obvious result due 

to this structural change is losing two Li-oxallyl cation-π interactions. Williard noticed 

that in H1 the terminal methylene carbon is around 0.7 Å closer to one specific lithium 

atom in the side Li2O2 face than the other lithium atom in the same face. This implies 

the existence of cation-π interaction between lithium atom and oxallyl group. In each 

hexameric unit of H1, there are six Li-oxallyl pairs, which are characterized by the 

distances (2.42 Å ~ 2.58 Å) between terminal methylene carbon and lithium atom in 

the left part of Figure 4.2. However there are only four pairs of cation-π interactions 

in each hexamer of H2, as shown in the right part of Figure 4.2. Due to the rotation of 
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two oxallyl groups, two carbon-carbon double bonds point away from lithium atoms. 

The distances between lithium and terminal methylene carbon are elongated to 3.72 Å.  

 

Table 4.1. Selected Crystallographic Data of Two Hexameric LiOPin.  
 H1 H2 

Empirical Formula C36H66Li6O6 C36H66Li6O6 

Crystal System Triclinic Triclinic 

Space Group P-1 P-1 

Cell Lengths (Å) 

a 11.686(8) 

b 11.822(7) 

c 17.144(17) 

a 10.3259(14) 

b 10.7672(14) 

c 10.8895(15) 

Cell Angles (°) 

α 80.56(7) 

β 74.08(5) 

γ 66.35(5) 

α 102.936(3) 

β 115.200(3) 

γ 99.243(3) 

R Factor (%) 7.81 5.51 

Density (g • cm-3) 1.02 1.035 
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Figure 4.1. H1/H2 overlay: structural differences between two LiOPin hexamers. 
Hydrogen atoms have been omitted for clarity. 
 

 

Figure 4.2. Short distances between lithium atoms and terminal methylene carbons 
indicate the existence of cation-π interactions. Distances are marked in green values 

H1 H2
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with units shown as Å. 
 

    Another structural consequence of the oxallyl group rotation is the steric effect 

between tert-Bu groups. As shown in Fugure 4.3, if we observe the two structures 

from the top of hexamers, i.d. by viewing a hexagonal face of the aggregate, six tert-

Bu groups array clockwise in H1 wherein each two tert-Bu group is separated by a 

carbon-carbon double bond. However this clockwise symmetry does not appear in H2. 

In the structure of H2 (Figure 4.3 right), the potential steric effect due to two head-to-

head tert-Bu groups is circled by blue dashed line. Based on the consideration of 

cation-π interactions and steric effects between tert-Bu groups, H1 should be slightly 

more stable than H2.  

 

 

Figure 4.3. Hexameric structure of H1 and H2, observed from top. Hydrogen atoms 
have been omitted for clarity. 
 

H1 H2
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4.3.2 Solution-state Structure of Unsolvated Lithium Pinacolone Enolate  

Discrimination of H1 and H2 by NMR. Dissolving either crystal of H1 or H2 in Tol-

d8 yields identical 1D NMR (1H, 13C, 6Li) spectra. However, at least three different 

terminal methylene carbons are observed from 13C NMR (Figure 4.4) at -20 °C. 

These correlate with three pairs of terminal methylene proton peaks in the 1H NMR 

(Figure 4.5), as confirmed by {1H, 13C} HSQC (SI). These NMR results indicate that 

at least three lithium pinacolone enolates co-exist in the solution and bear different 

chemical environments. We name them E, E’ and E’’: E and E’ are the two major 

species and E is more than E’; E’’ is a minor complex. Above 0 °C, peaks belonging 

to E’’ will overlap with E’, then only two major intermediates can be observed.  

 

Figure 4.4. 13C NMR of LiOPin hexamer crystal dissolving in toluene-d8 at -20 °C. 
Three groups of LiOPin peaks are labeled with their chemical shift values.  
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Figure 4.5. 1H NMR of LiOPin hexamer crystal dissolving in toluene-d8 at -20 °C. 
Three groups of LiOPin peaks are labeled with their chemical shift values. A little of 
diisopropylamine (DIPA) and solvent pentane are also observed as impurities. 
 

    Our first idea about E and E’ is that they are two different hexamers in solution, E 

is probably H1 and E’ is H2. E’’ is not available at high enough concentration to 

collect accurate integration in 1H NMR. However we suggest that it is likely to be a 

mixed aggregate with some undetectable impurities. Moreover, we assume E and E’ 

will build up equilibrium in the solution, which can explain that H1 and H2 samples 

offer identical NMR spectra. However this assumption is not consistent with two 

additional experimental facts. First, the integration ratio of terminal methylene 

protons of E and E’ has no observable change in VT NMR experiment from -20 ~ -70 

°C. Second, the self-diffusion coefficient values of E and E’, measured via PGSE, 

always indicate that E’ is slightly heavier and larger than E. The first fact rejects the 

existence of an NMR observable equilibrium between E and E’. The second 
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observation conflicts with the hypothesis that E and E’ are both LiOPin hexamer. 

Therefore, using NMR to distinguish H1 and H2 is still not workable.  

 

Spectra interpretation. The second proposal is that the two major components are 

tetramer and hexamer. Considering molecular size of E is smaller than E’ such that E 

could be assigned as a tetramer and E’ is a hexamer. In order to test this assignment, a 

referenced DOSY experiment8 was introduced to measure the MWs of E and E’ in 

toluene. As shown in Figure 4.6 & 4.7, the diffusion coefficient values of four 

internal references and E/E’ were measured and MWs of E and E’ was predicted 

based on D-FW analysis (Table 4.1). MW of LiOPin tetramer is 424 g/mol and 

hexamer is 636 g/mol. Predicted MW of E is 416, which is quite close to the value of 

tetramer with a -2% error. However, if E’ is a hexamer, then the experimental error is 

-24%. Based on our previous experience on referenced DOSY experiments, the 

experimental absolute error is usually less than 10%. Thus our second assumption is 

also not fully consistent with that E’ assigned as a hexamer. Even though the 

predicted MW of E’ (483 g/mol) approaches the MW of LiOPin pentamer (530 

g/mol), we are hesitant to assign E’ as a pentamer because pentameric organolithium 

reagents have never been observed in either the solid and solution state previously.  
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Figure	  4.6.	  1H	  DOSY	  spectra	  of	  LiOPin	  hexamer	  crystal	  dissolved	  in	  Tol-‐d8	  at	  -‐20	  
°C.	  
 

 

Figure	  4.7.	  D-‐FW	  analysis	  of	  1H	  DOSY	  data	  of	  LiOPin	  hexamer	  crystal	  dissolved	  
in	  Tol-‐d8	  at	  -‐20	  °C.	  
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Table 4.1. D-‐FW	  analysis	  of	  1H	  DOSY	  data	  of	  LiOPin	  hexamer	  crystal	  dissolved	  in	  
Tol-‐d8	  at	  -‐20	  °C	  

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 BEN 78.1 8.895E-10 79.2 1 

2 COD 110 7.041E-10 111 1 

3 TDE 196 4.858E-10 189 -4 

4 SQU 411 2.789E-10 419 2 

5 E 424 2.802E-10 416 -2 

6 E’ -- 2.528E-10 483 -- 

 

    Carefully review of all the spectra reveals an interesting quaternary carbon peak 

besides the three =CH2 carbons by overlaying 13C spectra with DEPT135 spectra 

(Figure 4.8). A quaternary carbon peak appearing at 76.5 ppm implies that this 

quaternary carbon is adjacent to electron-withdrawing atoms or groups. We 

immediately realized this quaternary carbon is quite possible from lithium aldolate, 

the aldol product from LiOPin and pinacolone. Aldolate is a reasonable byproduct or 

impurity in this system, because during wash or transfer procedures, small amount of 

LiOPin can be quenched to form pinacolone followed by self-aldol reaction 

proceeding very fast at room temperature. We had not considered the possibility of 

aldolate until observation of this quaternary carbon. Because only three carbonyl 

carbons are present in the 13C spectra (Figure 4.4) and these are correlated to three 

terminal methylene carbons, they all must belong to lithium enolates. However the 

existence of lithium aldolate requires a fourth carbonyl peak in the 13C spectra. Our 

default spectral width (sw) of 13C NMR is 240 ppm, spectral center (o1p) is 100 ppm, 

so our spectral range for 13C spectra is from -20 ppm to 220 ppm. After expansion of 
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the SW to 260 ppm, we did observe the missing carbonyl carbon peak at 224.4 ppm 

(Figure 4.9). Thus all other carbon and proton peaks belonging to lithium aldolate are 

assingable in both 13C and 1H spectra (Figure 4.9 ~ 4.11), with the help of 

HSQC/HMBC/NOESY spectra (SI).  

  

 

Figure 4.8. Overlay of 13C NMR and DEPT135 spectra. Three terminal methylene 
carbon from three different enolates show negative phase in DEPT135 and a 
quaternary carbon from aldolate would only present in 13C NMR but not DEPT135 
spectra. 
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Figure 4.9. 13C NMR of LiOPin hexamer crystal dissolving in Tol-d8 at -20 °C with 
sw 260ppm and o1p 100 ppm.  
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Figure 4.10. Up-field region (10 ~50 ppm) of 13C NMR of LiOPin hexamer crystal 
dissolving in Tol-d8 at -20 °C.  
 

 

Figure 4.11. 1H NMR of LiOPin hexamer crystal dissolving in Tol-d8 at -20 °C. 
 

    Since all the data now support the existence of lithium aldolate, therefore we 

deduced that E’ is a mixed aggregate of lithium pinacolone enolate (LiOPin) and 

lithium pinacolone aldolate (LiOA). This assumption is confirmed by a NOE peak 

observed in {1H, 1H} NOESY spectra. As shown in Figure 4.12, one of the two 

protons on carbon 5 of lithium aldolate exhibits an NOE with one of the two 

methylene protons from E’. This means E’ binds with lithium aldolate and forms a 

mixed aggregate. This conclusion is also supported by the fact that methylene peak of 

E’ will increase and the one from E will decrease if small amount of pinacolone is 

added to the solution (SI).  
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    Considering the predicted MW of E’ is 483 g/mol from the referenced DOSY 

experiment, we concluded that E’ is a mixed tetramer of LiOPin and LiOA with ratio 

3:1 (theoretical MW is 524 g/mol). This assignment is not only based on our 

referenced DOSY result, but is also supported by other two facts. First, there are two 

crystal structures of unsolvated lithium aldolate have been reported, both of which are 

termers.9 Considering that LiOPin forms a tetrameric structure in toluene, it is not 

surprising that the mixed complex of LiOA and LiOPin is also a tetramer. Second, 

excess LiOPin tetramer E coexists with E’ so a likely ratio between LiOPin and LiOA 

is 3:1. 

    The solid-state crystal structure of mixed aggregate of lithium enolate and lithium 

aldolate is still undetermined. However the observation of this mixed aggregate is 

intriguing.10 Reich and co-workers11 have reported an excellent work on the aldol 

reaction between acetophenones and 4-fluorobenzaldehyde utilizing LDA in ethereal 

solvent. The authors found that both lithium enolate dimer and tetramer are able to 

react with aldehyde to give mixed enolate-aldolate complexes that are more reactive 

than the homo-aggregates. According to their 19F NMR results, they observe two 

mixed aggregates: a 1:1 ratio dimer and a 3:1 enolate-aldolate tetramer. Thus the 

characterization of enolate-aldolate mixed compounds is still ongoing.  

    Since peaks of E’’ are too small and partially overlap with E’ and E, we cannot 

reliably assign a structure to E’’. 
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Figure 4.12. {1H, 1H} NOESY spectra of LiOPin and lithium pinacolone aldolate in 
Tol-d8 at -20 °C. 
 

    The last question is why the LiOPin hexamer crystal dissolved in toluene 

deaggregates to form a tetramer? Our explanation is that this represents a solvent 

effect such that toluene deaggregates hexamer to tetramer. Even though there is no 

enolate crystal structure containing benzene or toluene as donating ligands to lithium 

atoms, lithium is known to sit in the center of an aromatic ring (lithium-π interaction) 

as has been observed in solid state.12 Moreover, when we dissolving LiOPin Hexamer 

crystal in cyclohexane-d12, E presents a much larger MW 548 g/mol even at room 

temperature (Figure 4.13 and SI). These observations all suggest that toluene can 

stabilize bare lithium atoms in tetramer via a cation-π interaction.  
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Figure	   4.13.	   1H	   DOSY	   spectra	   of	   LiOPin	   hexamer	   crystal	   dissolved	   in	  
cyclohexane-‐d12	  at	  23	  °C.	  
 

4.4 Conclusion 

    A polymorphic crystal of lithium pinacolone enolate hexamer was prepared via 

three methods. It is a metastable structure due to the lost of partial Li-oxallyl cation-π 

interactions. An NMR study suggests that lithium pinacolone enolate hexamer will 

deaggregate to mainly tetramer in toluene solution but will remain mainly as a 

hexamer in cyclohexane solution. We invoke a cation-π interaction between lithium 

and toluene to explain this behavior. A small amount of lithium aldolate was observed 

and this forms a mixed tetrameric aggregate with lithium enolate in a 1:3 ratio.  
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Scheme 4.1. Lithium pinacolone enolate hexamer deaggregate to tetramer in toluene 
and form mixed aggregate with lithium aldolate.  

 

 

4.5 Experimental Section 

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. 1H chemical shifts were referenced to toluene-d8 at 

7.00 ppm and 13C chemical shifts were referenced to toluene-d8 at 137.86 ppm. All 

NMR experiments were acquired on a Bruker Avance III HD 600 MHz spectrometer 

equipped with a z-axis gradient BBFO smartprobe. For DOSY experiments, a GRASP 

II 10A z-axis gradient amplifier was employed, with maximum gradient strength of 

0.5 T/m. 1H DOSY was performed using the standard Bruker pulse programs, 

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

and 3 spoil gradients. Diffusion time was 100 ms, and the rectangular gradient pulse 

duration was 1300 µs. Gradient recovery delays were 200 µs. Individual rows of the 

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

OLi 6

O Li O

H H

OLi 3

OLi 4

O

Tol

E

E’

solid state / in pentane



	  69	  

coefficients used for D-FW analysis were obtained using the T1/T2 analysis module 

in commercially available software. 

Materials and Methods.    Pentane, pinacolone and diisopropylamine (DIPA) were 

dried by stirring with calcium hydride (CaH2) under Ar atmosphere overnight then 

distillation. Toluene was gained from dry solvent system. 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. 

General Procedures for the Crystallization of H2. Method 1: To a 1.1 M DIPA (5.5 

mmol) solution in 5.0 ml pentane at 0 °C under Ar atmosphere was slowly added 2.1 

ml 2.5 M n-BuLi (5.25 mmol). The reaction mixture was allowed to stir at 0 °C for 10 

minutes. 0.5 g of pinacolone (5 mmol) was then added dropwise and the mixture was 

allowed to stir at 0 °C for 15minutes.  Finally, HMPA 0.18 g (1.0 mmol, 0.15~0.2 eq.) 

was added and the solution was kept stirring for another 15 minutes at room 

temperature. The clear solution was then stored at -20 °C freezer and XRD quality 

crystals were collected after two days.  

    Method 2: To a 1.1 M DIPA (5.5 mmol) solution in 5.0 ml of toluene at 0 °C under 

Ar atmosphere was slowly added 2.1 ml 2.5 M n-BuLi (5.25 mmol). The reaction 

mixture was allowed to stir at 0 °C for 10 minutes. 0.5 g of pinacolone (5 mmol) was 

then added dropwise and the mixture was allowed to stir at 0 °C for 15minutes. The 

clear solution was then stored at -20 °C freezer and XRD quality crystals were 

collected after two days.  

    Method 3: To a 1.1 M DIPA (5.5 mmol) solution in 5.0 ml of pentane at 0 °C under 

Ar atmosphere was slowly added 2.1 ml 2.5 M n-BuLi (5.25 mmol). The reaction 

mixture was allowed to stir at 0 °C for 10 minutes. 0.5 g of pinacolone (5 mmol) was 
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then added dropwise and the mixture was allowed to stir at 0 °C for 15minutes. The 

clear solution was then stored at -20 °C freezer and XRD quality crystals were 

collected after overnight. Mother liquor was removed via syringe and dried pentane 

was added dropwise at 0 °C to fully re-dissolve the crystals. Then the clear solution 

was put back to at -20 °C freezer and XRD quality crystals were collected after two 

days. 
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Chapter 5 Chiral Lithium Diamides Derived from Linked N-

Isopropyl Valinol or Alaninol 

 

5.1 Abstract 

    Four different chiral diamino diethers synthesized from N-isopropyl valinol or N-

isopropyl alaninol were lithiated with n-butyllithium in tetrahydrofuran or diethyl 

ether. Crystal structures of the dilithiated diamino diethers are determined by X-ray 

diffraction. The solution structures of the dilithiated diamino diethers are 

characterized by a variety of NMR experiments including diffusion-ordered NMR 

spectroscopy (DOSY) with diffusion coefficient-formula (D-FW) weight correlation 

analyses as well as other one- and two-dimensional NMR techniques. Coexistence of 

monomer and dimer has been proved by bother X-ray crystallography and NMR 

spectroscopy. 

 

5.2 Introduction 

Non-nucleophilic organolithium amide bases such as lithium diisopropylamide 

(LDA) and lithium hexamethyldisilazide (LHMDS) 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 

chiral amide bases effects its reactivity and stereoselectivty.4 Thus, it is crucial to 
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determine the aggregation state of chiral lithium amides as well as the solvation 

to reveal a reaction mechanism and to design more efficient chiral amines. 

 In 1997, we reported the crystal structures of a mixed trimer containing 

commercially available butyllithium with 2 eq of a lithiated chiral amino ether derived 

from N-isopropyl valinol 1a (Scheme 5.1).5 Later, we carried out solution state 

characterization of a lithiated chiral amino ether 1b which is structural 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 by Hilmersson and his coworkers (Scheme 5.2).8 Herein we reported 

the syntheses, as well as the solid and solution state characterization of four 

structurally related chiral diamino ethers derived from N-isopropyl valinol or alaninol. 

 

Scheme 5.1.  The Trimeric Complexes 2 and the Homodimer 3   
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Scheme 5.2.  The equivalently solvated dimer 5 and non-equivalently solvated 
dimer 6   

	  
	  

5.3 Background 

    (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 5.3. Reaction of the chiral diamino diethers 

7, 8, 9 or 10 with 2 eq of n-BuLi yielded products whose crystal structures were 

determined.  These structures incorporated tetrahydrofuran (THF) and diethyl ether 

(DEE). Dilithiated chiral chiral diamino ethers 7, 8, and 9 form dimers in solid state, 

whereas dilithiated chiral diamino ethers 10 is a monomer, as shown in Scheme 5.4. 

These synthesis and crystallization were completed by Dr. Chicheung Su, Dr. Weibin 

Li and Dr. Kuiwang Wu. 
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Scheme 5.3. Synthesis of chiral diamino ethers 7, 8, 9 and 10   

	  
 

Scheme 5.4. Crystallization of dilithiated chiral diamino ethers 7, 8, 9 and 10 in 
ethereal solvents 

 

	  

5.4 Results and Discussion 

5.4.1 Solution-state Characterization of Lithiated Diamino Ethers 9 

    The solution structure of dilithiated-9 was investigated by multinuclear magnetic 
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resonance spectroscopy. A 0.2 M solution of dilithiated-9 in toluene- d8 (0.4 ml) / 

THF-d8 (0.1 ml) was prepared by adding ligand 9 (0.1 mmol) to n-Bu6Li (0.2 mmol). 

At low temperature, three peaks appear in 6Li NMR spectrum excluding n-Bu6Li 

(Figure 10). However, if dilithiated-9 has a similar di-solvated dimer structure in 

solution as its solid-state structure 13b, we expected to observe a pair of 6Li peaks 

with integration ratio 1:1. After repeating this experiment several times to exclude the 

possibility that the three observed peaks arose from variable impurities, e.g n-BuO6Li, 

CD2CD2O6Li, etc., the integration ratio of three peaks was consistently around 

3.5:2.3:1, clearly indicating that the integration of the biggest peak was nearly equal to 

the sum of the other two.   

 

Figure 5.1. 6Li NMR of dilithiated-9 in Tol- d8 /THF-d8 (4:1). L* is chiral ligand 9. In 
all four spectrums (a ~ d), the integration of the highest peak is close to the sum 
integrations of the other smaller peaks (relaxation delay is 10 s, equals to 5 times T1 
relaxation time). Moreover, spectrum b, c and d were taken at different low 
temperatures without significant difference, which indicate this system is not 
temperature sensitive. 
 

    Reducing the temperature from -20 °C to -70 °C had no obvious effect on the 

frequency of the 3 resonances or their integrals. Surprisingly, changing the solvent to 

-50 oC

-50 oC

-70 oC

another in-situ experiment
repeatable result

nBuLi
1.0 eq. nBuLi + 0.45 eq. L*

1.0 eq. nBuLi + 0.55 eq. L*

-20 oC

a)

b)

c)

d)
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100% THF-d8, shifted all the peaks slightly upfield while the biggest peak separated 

into two peaks (Figure 5.2a). Now two sets of peaks with a 1:1 ratio appeared in the 

6Li NMR spectrum, Li(x,x’) and Li(y,y’). Similarly, two sets of signals were also 

found in 13C NMR (Figure 5.3). The multiplicity edited 1H-13C HSQC (Figure 5.4) 

and COSY spectra (Figure 5.5), allowed us to assign the four methylene carbons (72.1 

ppm, 72.4 ppm, 74.2 ppm, 74.2 ppm) adjacent to oxygen and the four methine carbons 

(50.8 ppm, 52.3 ppm, 66.5 ppm, 67.4 ppm) adjacent to nitrogen for dilithiated-9. Prior 

to lithiation, only two methylene carbon chemical shifts adjacent to oxygen and two 

methine carbon peaks adjacent to nitrogen were observed.  This suggests an additional 

dilithiated molecule in solution. Further support for a second structure is evidenced in 

the 6Li DOSY (Figure 5.2b) where the two sets of resonances, Li (y,y’) and  Li(x,x’) 

share similar diffusion coefficient values.  Moreover, the diffusion coefficient of Li 

(y,y’) is smaller than the diffusion coefficient of Li(x,x’) implying that Li(y,y’) 

belongs to a heavier complex than Li(x,x’). In the 6Li EXSY spectrum (Figure 5.6), 

there are cross peaks between Li(x) and Li(x’), and also between Li(y) and Li(y’), but 

not between the x and y species.  All these observations support the existence of two 

different dilithiated complex molecules in solution. 
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Figure 5.2. 6Li NMR (a) and 6Li DOSY (b) of dilithiated-9 in THF-d8 at -30 °C;  
 

 

Figure 5.3. 13C NMR of chiral ligand 9 and dilithiated-9. After lithiation, the number 

x

yy’

x’

x

yy’
x’

a)
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10, 10’ (CH)

6, 6’ (CH)4, 4’, 5, 5’ (CH2)
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of carbons beside oxygen atom or nitrogen atom (40-80 ppm region) was doubled.  
 

 

Figure 5.4. Multiplicity edited 1H-13C HSQC spectrum of dilithiated-9 in THF-d8  at -
30 °C. Blue spots indicate CH3 or CH; Green cross-peaks indicate CH2. “mo” means 
mono-THF solvated dilithiated-9 monomer; “di” means di-THF solvated dilithiated-9 
dimer (Scheme 5.4). 
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Figure 5.5.  1H-1H COSY spectrum of dilithiated-9 in THF-d8 at -30 °C. “mo” means 
mono-THF solvated dilithiated-9 monomer; “di” means di-THF solvated dilithiated-9 
dimer (Scheme 5.4). 
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Figure 5.6. 6Li EXSY NMR of dilithiated-9 in THF-d8 at -30 °C (a) and -10 °C (b). 
Mixing time of spectrum (a) is 1 s and only cross peak between y and y’ is observed. 
Mixing time of spectrum (b) is 2.4 s and cross peak between x and x’ is also observed, 
due to higher temperature and longer mixing time.  
 

    A better understanding of the molecular weights of the two dilithiated complexes in 

solution comes from the diffusion – formula weight, D-FW experiment with internal 

references (Figure 5.7 and 5.8, Table 5.1).9 Consequently, we add benzene (BEN, 78.1 

g/mol), cyclooctene (COE, 110 g/mol), 1-tetradecene (TDE, 196 g/mol) and squalene 

(SQU, 410 g/mol) as internal references (with a molar ratio around 1:3:3:1 for BEN, 

COE, TDE, SQU) to the sample solution of dilithiated-9 in order to carry out D-FW 

correlation analysis. At -70 °C, the experimentally determined FW of the smaller 
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complex is 462 g/mol, while the larger one is 941 g/mol. In the solid state, dilithiated-

9 forms a di-solvated dimer (13b) with a FW of 952 g/mol.  Therefore, we assumed 

that complex 13b is larger. According to the D-FW analysis, the smaller complex is 

nearly half the FW of the larger one, and it has two 6Li peaks with similar intensity 

and integration. In analogy to Hilmersson’s non-equivalently solvated dimer 6, we 

surmised that the smaller complex has a similar structure. This conclusion was then 

supported by the crystal structure of mono-solvated 14 (vide infra). If the mono-

solvated 13b has a similar structure to 14, then its FW should be 476 g/mol (mono-

solvated by THF), which is quite close to our experimentally determined DOSY result 

of 462 g/mol (error -3%). Hence we conclude that dilithiated-9 exists as both dimer 

13b and monomer 13c in ethereal solution as depicted in Scheme 5.5, and that di-

solvated dimer 13b is the major species. 

 

Figure 5.7. 1H DOSY (with internal references) of dilithiated-9 in THF-d8 at -70 °C; 
 

 

 

dimer-941 (-1%)

monomer-462 (-3%)
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Table 5.1. D-FW analysis of 1H DOSY data of dilithiated-9 
Entry Compound FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 

% Error 

1 BEN 78.1 4.97E-10 68 -12 

2 COD 110 3.02E-10 128 16 

3 TDE 196 2.10E-10 202 3 

4 SQU 410 1.24E-10 392 -4 

5 monomer 476 1.08E-10 462 -3 

6 dimer 952 6.15E-11 941 -1 

 

 

Figure 5.8. D-FW analysis of 1H DOSY data. Four internal references are shown as 
solid squares; monomer and dimer of dilithiated-9 are shown as open squares. 
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Scheme 5.5. Solution state of dilithiated-9 in THF 

 

 

5.4.2 Solution-state Characterization of Lithiated Diamino Ethers 10 

    On the basis of multiplicity edited HSQC (Figure 5.9), we observe only one 

dominant complex in the solution. 6Li NMR and 6Li DOSY (Figure 5.10) indicates 

that around 90% of dilithiated-10 exists as monomer 14 in ethereal solution with an 

experimentally determined FW of 403 g/mol (error -9%) by the 1H DOSY D-FW 

analysis (Figure 5.11 and 5.12). 
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Figure 5.9. Multiplicity Edited 1H-13C HSQC spectrum of dilithiated-10 in THF-d8  at 
-50 °C. Blue spots indicate CH3 or CH; Green cross-peaks indicate CH2. 
 

 

Figure 5.10. 6Li NMR of dilithiated-10 in THF-d8 at -50 °C and diffusion coefficient 
values of each 6Li peaks. “mono” means mono-THF solvated dilithiated-10 monomer; 
“di” means di-THF solvated dilithiated-10 dimer (Scheme 5.4). 
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Figure 5.11. 1H DOSY (with internal references) of dilithiated-10 in THF-d8 at -70 °C; 
 

 

Figure 5.12. D-FW analysis of 1H DOSY data. Four internal references are shown as 
solid squares; monomer of dilithiated-10 is shown as open squares. 
 

5.5 Conclusion 

A chiral diamino diether ligand with a seven-methylene linker forms a dimeric 

structure after lithiation. The NMR-based study reveals an equilibrium between a 

monomer-403 (-9%)

BEN 78.1

COE 110

TDE 196

SQU 410

y"="$0.7833x"$"7.9395"
R²"="0.9946"

$10.3"

$10.1"

$9.9"

$9.7"

$9.5"

$9.3"

$9.1"

���� �� ���� ���� ���� ���� ��

lo
gD

%

logMW%



	  86	  

dimer and a monomer in THF solution and dimer is the major component is the 

solution. Thus we monitored other similar dilithiated complexes by NMR, and found 

monomer will become the dominant species in solution when its linker chain has five 

methylene carbons. Thus a monomer crystal was successfully obtained from this five-

carbon linker ligand which strongly support our NMR interpretation of the monomer.  

 

5.6 Experimental Section 

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. 1H chemical shifts were referenced to toluene-d8 at 

7.09 ppm or to THF-d8 at 3.58 ppm; 13C chemical shifts were referenced to toluene-d8 

at 137.86 ppm or to THF-d8 at 67.57 ppm. All NMR experiments were acquired on a 

600 MHz spectrometer. For DOSY experiments a z-axis gradient amplifier was 

equipped with a z-axis gradient coil with maximum gradient strength 0.5 T/m. Both 

1H and 6Li DOSY were performed using the standard programs, employing a double 

stimulated echo sequence, bipolar gradient pulses for diffusion, and 3 spoil gradients. 

For 1H DOSY: Diffusion time was 100 ms, and the rectangular gradient pulse duration 

was 1300 µs. Gradient recovery delays were 200 µs. For 6Li DOSY: Diffusion time 

was 1500 ms, and the rectangular gradient pulse duration was 1300 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 n-Bu6Li sample was prepared by laboratory synthesized n-Bu6Li heptane 

solution. About 100 - 200 µL of the n-Bu6Li heptane solution was added via syringe 

to a NMR tube. After the addition, the NMR tube was evacuated in vacuo for 5 - 10 
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minutes at 0 °C in order to remove the hydrocarbon solvent. After filling with argon, 

deuterium-labeled solvent was added via syringe to bring the total volume up to 500 - 

600 µL. 

Synthesis of n-Bu6Li. The n-Bu6Li solution was prepared in heptane according to the 

method that our group has published previously.10 
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Chapter 6 Perfluoroalkyl Grignard Reagents: NMR Study of 1-

Heptafluoropropylmagnesium Halide in Solution 

 

6.1 Abstract 

    The process of generating perfluoroalkyl Grignard reagent (RfMgX) by exchange 

reaction between perfluoroalkyl iodide (Rf-I) and Grignard reagent (RMgX) was 

studied. 19F NMR was applied to monitor the generation process of C3F7MgCl. Other 

NMR techniques, including 19F COSY, NOESY and PGSE, were invoked to elucidate 

the assignment of peaks observed in 19F spectrum. Schlenk equilibrium was observed 

and was significantly influenced by solvent (diethyl ether or THF). 

 

6.2 Introduction 

    The first synthesis of perfluoroalkyl Grignard reagent (RfMgX) was developed by 

Haszeldine via using perfluoroalkyl iodide reacting with magnesium metal.1 RfMgX 

reacts with CO2, ketone and aldehyde similar to normal Grignard reagents. The major 

difference is that RfMgX has much poorer thermal stability than the corresponding 

RMgX. Hence it would be better to produce and use RfMgX at low temperature. 

However the reaction between perfluoroalkyl iodide and magnesium needs to be 

warmed to initiate and this causes part of the RfMgX to decompose. To overcome this 

drawback, McBee and co-workers 2  developed a fast and convenient method to 

generate RfMgX at low temperature. By mixing perfluoroalkyl iodide (RfI) and 

RMgX in ethereal solvent and an unusual Grignard exchange happens quickly leading 



	  90	  

to RfMgX and alkyl iodide (RI).  This exchange reaction is fast and quantitative even 

at -78 oC.3 

    Like normal Grignard reagents, RfMgX is applied to form carbon-carbon bonds of 

fluorofunctionalized intermediates leading to organofluorine compounds. However, 

the applications are quite limited due to poor stability and reactivity. Decomposition 

of RfMgX yields a protonated product (RfH), perfluoroalkene and traces of coupling 

product (Rf-Rf) as well as perfluoroalkene polymer.1b Generation of perfluoroalkene 

involves ∂ or ß magnesium-fluoride elimination. A single electron transfer (SET) 

pathway was suggested which indicated the existence of a radical intermediate (Rf•) 

to explain the formation of other byproducts from decomposition. 

    Mechanistic studies of RfMgX are still insufficient. In the solid state, structural 

characterization of RfMgX is lacking. 19F NMR has been applied several decades ago4 

but even clear chemical shift values of RfMgX cannot be found due to poor 

instrumentation used in the earliest studies. However, mechanistic study is crucial for 

the improvement of stability and reactivity. For example, synthetic methodology 

development involving RfMgX reagents shows that some additives can significantly 

stabilize RfMgX or improve the performance but the reasons for improvements is 

unclear.5 Therefore, we tried to directly observe and assign various intermediates of 

RfMgX and to supply NMR data in this study. Studies on additive effects and solid-

state structural information are ongoing. 

 

6.3 Results and Discussion 

    In order to simplify the spectra, perfluoropropyl magnesium chloride (FPrMgCl) 

has been selected as the model of perfluoroalkyl Grignard reagents. Preparation is	  
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described in Figure 6.1, with chemical shift values (19F) of reactant and major 

byproducts listed. Chemical shift values are measured in general diethyl ether at -78 

°C and calibrated by C6F6 at -164.9 ppm. 

 

 

Figure 6.1. Preparation of FPrMgCl, with 19F chemical shift values of reactant and 
major byproducts. 
 

    Even though there are a lot of reported reactions that use perfluoroalkyl Grignard 

reagent at -20 °C or 0 °C, our VT NMR results shows that FPrMgCl or	  FBuMgCl will 

significantly decompose at -20 °C and slowly decompose at -78 °C in both THF and 

diethyl ether solutions. Higher concentration will speed up the decomposition. The 

successful applications reported at 0 °C are probably due to FRMgX reacting faster 

with reactant than self-decomposition. Therefore all NMR experiments mentioned 

below will use -78 °C as the temperature for both sample preparation and NMR 

analysis. 
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6.3.2 Perfluoropropyl Magnesium Chloride (FPrMgCl) in Diethyl Ether Solution 

    A freshly made ether solution of FPrMgCl presents two sets of “FPrMg” peaks in 

19F NMR (Figure 6.2 bottom), which are labeled as FPr-Mg (1) and FPr-Mg (2). After 

storage at -78 °C for 3.5 h, FPr-Mg (1) can be barely detected, and FPr-Mg (2) slightly 

increases. A new type of “FPrMg” species appear, labeled as FPr-Mg (3) (Figure 6.2 

top). A full assignment is given in Figure 6.3 & 6.4 and is supported by 19F COSY 

spectra in Figure 6.5. Significant amount of perfluoro propene (C3F6) was observed 

after 3.5 h as the decomposed product of “FPrMg” complexes. There are several 

minor unassigned peaks in the 19F spectra, which display numerous cross-peaks in the 

19F COSY spectra. These impurities are probably traces of perfluoro-n-hexane and 

polymer byproduct, whose formations involves a heptafluoropropyl radical 

intermediate.1b, 6  

 

 

Figure 6.2. 19F NMR, 0.4 M ether solution of FPrMgCl at -78 °C. 
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Figure 6.3. 19F NMR (downfield), 0.4 M ether solution of FPrMgCl at -78 °C. 
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Figure 6.4. 19F NMR (upfield), 0.4 M ether solution of FPrMgCl at -78 °C. 

 

 

Figure 6.5. {19F, 19F} COSY NMR, 0.4 M ether solution of FPrMgCl at -78 °C. 
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Figure 6.6. 0.2 M ether solution of FPrMgCl at -78 °C. 

 

6.3.2 Perfluoropropyl Magnesium Chloride (FPrMgCl) in THF Solution 

    A much cleaner 19F NMR spectrum was observed when THF was the solvent. As 

shown in Figure 6.7, FPr-Mg (3) is the only detectable magnesium species. 

Heptafluoropropane shows up even in fresh-prepared sample, probably because THF 

is easier to be deprotonated by FPr• radical than diethyl ether. The 19F COSY 

spectrum clearly illustrates the position of one CF3 and two CF2 peaks (Figure 6.8). 

Identical 19F spectra will be obtained if using ether as solvent but a tiny amount of 

THF was included because commercial BuMgCl that we utilized was dissolved in 

THF.  

    It is worth noting that two CF2 groups of FPr-Mg (3) show significantly different 

chemical shifts comparing with correlated CF2 groups of FPr-Mg (1) and (2). 
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Moreover, the formation of FPr-Mg (3) is much slower in ether. We assume that FPr-

Mg (3) is “(FPr)2Mg” type species and FPr-Mg (1) and (2) are “FPrMgCl” type species, 

due to relatively slowly FR group shifting. 

 

Figure 6.7. 0.4 M THF solution of FPrMgCl at -78 °C. 
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Figure 6.8. {19F, 19F} COSY NMR, 0.4 M THF solution of FPrMgCl at -78 °C. 
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stable aggregate and will self-aggregate to dimer, which is FPr-Mg (2). THF enhances 

the FPrMgCl dimer transfer to FPr-Mg-FPr compound and this suggests that FPr-Mg (3) 

is more stable solvated by THF than by ether.  

 

 

Figure 6.9. 19F PGSE data and results of 0.4 M ether solution of FPrMgCl at -78 °C. 

 

19F_PGSE data:

Comp. C3F6 C3F7H C3F7I FPr-Mg(1) FPr-Mg(2) FPr-Mg(3)

D*10-10

m2/s
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Figure 6.10. {19F, 19F} NOESY of 0.4 M ether solution of FPrMgCl at -78 °C. 

 

Scheme 6.1. Schlenk equilibrium observed in ethereal solutions. 
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6.4 Conclusion 

    Schlenk equilibrium has been observed in ether solution of C3F7MgCl and this 

equilibrium is favored on the “FRMgX” side. C3F7MgCl will slowly decompose even 

at -78 °C and generate byproduct perfluoropropene (C3F6). Increasing temperature or 

concentration speeds up decomposition. In THF, Schlenk equilibrium is strongly 

favored on the “FRMgFR” side, with by product FRH. 

 

6.5 Experimental Section 

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. 19F chemical shifts were referenced to C6F6 at -164.9 

ppm. All NMR experiments were acquired on a Bruker Avance III HD 600 MHz 

spectrometer equipped with a z-axis gradient BBFO smartprobe. The maximum 

spectral width (sw) is no more than 60 ppm for all 2D 19F NMR experiments due to 

the requirement of uniform excitation over the entire bandwidth of observed 

resonances. For 19F PGSE experiments, a GRASP II 10A z-axis gradient amplifier 

was employed, with maximum gradient strength of 0.5 T/m. A standard Bruker pulse 

program dstebpgp3s was selected, employing a double stimulated echo sequence, 

bipolar gradient pulses for diffusion, and 3 spoil gradients. Diffusion time was 100 

ms, and the rectangular gradient pulse duration was 1000 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. 
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General Procedures for preparing FRMgX NMR sample. To a 0.4M RMgX (1.0 

mmol) solution in 2.5 ml ethereal solvent at -78 °C under Ar atmosphere was slowly 

added 1.0 mmol of  FR-I. The reaction mixture was allowed to stir at -78 °C for 10 

minutes.  
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Appendix A. CCDC numbers for all crystal structures 

Crystal structures: CCDC 1050617-1050620 
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Figure S2.1. 1H NMR of 2,2,2-2H-4’-tert-butylacetophenone in CDCl3. 

 

 

Figure S2.2. 13C NMR of 2,2,2-2H-4’-tert-butylacetophenone in CDCl3. 
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Figure S2.3. 1H NMR of (Z)-Heptadec-2-ene-1,1,1-2H in CDCl3. 

 

 

Figure S2.4. 13C NMR of (Z)-Heptadec-2-ene-1,1,1-2H in CDCl3. 
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Figure S2.5. 1H NMR of 2-methyl-2-(methoxy-2H)-tricosane in CDCl3. 

 

  

Figure S2.6. 13C NMR of 2-methyl-2-(methoxy-2H)-tricosane in CDCl3. 
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Figure S2.7. 1H NMR of cis-(methyl-2H)-oleate in CDCl3. 
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Figure S2.8. 13C NMR of cis-(methyl-2H)-oleate in CDCl3. 
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Figure S2.9. 2H DOSY NMR of LDA-d in general toluene with 1 eq of THF-d8. 
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Table S2.1. D-FW Analysis of 2H DOSY Data of LDA-d in general toluene with 1 eq 
of THF-d8 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 

% 

Error 

1 toluene-d8 100 2.55E-9 101 1 

2 ethylbenzene-d10 116 2.35E-9 114 -2 

3 (Z)-2-heptadecene-d3 241 1.43E-9 242 0 

4 ether-d3 372 1.08E-9 370 0 

5 THF-d8 
80.1 

(free) 
1.36E-9 261  

6 LDA-d 

360 

(di-solvated 

dimer) 

1.20E-9 316  

 

 

Figure S2.10. D-FW Analysis of 2H DOSY Data of LDA-d in general toluene with 1 
eq of THF-d8 
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Figure S2.11. 2H DOSY NMR of LDA-d in general toluene with 1 eq of THF-d8 and 
1 eq of general THF. 
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Table S2.2. D-FW Analysis of 2H DOSY Data of LDA-d in general toluene with 1 eq 
of THF-d8 and 1 eq of general THF 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 toluene-d8 100 2.82E-9 100 0 

2 ethylbenzene-d10 116 2.60E-9 115 -1 

3 
(Z)-2-

heptadecene-d3 
241 1.66E-9 243 1 

4 ether-d3 372 1.29E-9 369 -1 

5 THF-d8 
80.1 

(free) 
2.25E-9 146  

6 LDA-d 

360  

(di-solvated 

dimer) 

1.40E-9 323  

 

 

Figure S2.12. D-FW Analysis of 2H DOSY Data of LDA-d in general toluene with 1 
eq of THF-d8 and 1 eq of general THF 

D-FW analysis
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Figure S2.13. 2H DOSY NMR of LDA-d in general toluene with 1 eq of THF-d8 and 
9 eq of general THF. 
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Table S2.3. D-FW analysis of 2H DOSY NMR data of LDA-d in general toluene with 
1 eq of THF-d8 and 9 eq of general THF 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted 

FW 

g/mol 

% Error 

1 toluene-d8 100 2.96E-9 99 -1 

2 ethylbenzene-d10 116 2.67E-9 117 1 

3 
(Z)-2-

heptadecene-d3 
241 

overlap with 

THF-d8 
-- -- 

4 ether-d3 372 1.30E-9 371 0 

5 THF-d8 
80.1 

(free) 
2.85E-9 104  

6 LDA-d 

360 

(di-solvated 

dimer) 

1.31E-9 366 2 

 

Figure S2.14. D-FW analysis of 2H DOSY NMR data of LDA-d in general toluene 
with 1 eq of THF-d8 and 9 eq of general THF 
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Figure S2.15. 2H DOSY NMR of LDA-d in general toluene with 20 eq of general 

THF. 
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Table S2.4. D-FW analysis of 2H DOSY NMR data of LDA-d in general toluene with 
20 eq of general THF 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 toluene-d8 100 2.75E-9 101 1 

2 ethylbenzene-d10 116 2.56E-9 114 -2 

3 
(Z)-2-

heptadecene-d3 
241 1.65E-9 243 1 

4 ether-d3 372 1.29E-9 371 0 

5 LDA-d 

360 

(di-solvated 

dimer) 

1.31E-9 360 0 

 

 

Figure S2.16. D-FW analysis of 2H DOSY NMR data of LDA-d in general toluene 
with 20 eq of general THF 
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Figure S2.17. 2H DOSY NMR of 0.4 M acetanilide in general acetone with 10 µl 
D2O (2.5 eq).  
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Table S2.5. D-FW analysis of 2H DOSY NMR data of 0.4 M acetanilide in general 
acetone with 10 µl D2O (2.5 eq). 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 THF-d8 80 1.26E-9 82 2 

2 Tol-d8 100 1.14E-9 96 -4 

3 ethylbenzene-d10 116 1.01E-9 117 1 

4 
(Z)-2-

heptadecene-d3 
241 0.64E-9 242 0 

5 ND  0.75E-9 188  

6 D2O/DOH  1.31E-9 72  

 

 

Figure S2.18. D-FW analysis of 2H DOSY NMR data of 0.4 M acetanilide in general 
acetone with 10 µl D2O (2.5 eq). 
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Figure S2.19. 1H DOSY NMR of 0.4 M acetanilide in acetone-d6 with 10 µl D2O (2.5 
eq).  
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Table S2.5. D-FW analysis of 1H DOSY NMR data of 0.4 M acetanilide in acetone-
d6 with 10 µl D2O (2.5 eq). 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 BEN 78.1 2.36E-9 76.8 2 

2 COD 110 1.76E-9 115 -5 

3 TDE 196 1.24E-9 188 4 

4 SQU 411 0.70E-9 417 -1 

5 NH  1.28E-9 180  

6 H2O/HOD  2.39E-9 75  

 

 

Figure S2.20. D-FW analysis of 1H DOSY NMR data of 0.4 M acetanilide in 
acetone-d6 with 10 µl D2O (2.5 eq). 
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Figure S3.7. 1H NMR of [(LiOPin)5 • LDA • 2HMPA • Li2O] crystal dissolved in 

toluene-d8 at -20 °C.  

Figure S3.8. 13C NMR of [(LiOPin)5 • LDA • 2HMPA • Li2O] crystal dissolved in 

toluene-d8 at -20 °C.  
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Figure S3.1. 6Li NMR of T3 crystal dissolved in toluene-d8 at -20 °C.  

 

 

Figure S3.2. 31P NMR of T3 crystal dissolved in toluene-d8 at -20 °C.  
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Figure S3.3. {1H, 13C} HSQC of T3 crystal dissolved in toluene-d8 at -20 °C.  

 

HMPA

LiOPin

Pentane

DIPA



	  125	  

 

Figure S3.4. {1H, 13C} HMBC of T3 crystal dissolved in toluene-d8 at -20 °C.  

 

Table S3.1. D-FW Analysis of 1H DOSY Data of T3 crystal dissolved in toluene-d8 at 
-20 °C 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted 

FW 

g/mol 

% Error 

1 BEN 78.1 7.353E-10 80 2 

2 COD 110 6.319E-10 103 -6 

3 TDE 196 4.185E-10 210 7 

4 SQU 410 2.873E-10 401 -2 

5 T3 961 2.117E-10 678  

6 HMPA 179 3.261E-10 322  
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Figure S3.5. Calibration curve of D-FW Analysis of Table S3.1. 

 

 

Figure S3.6. 13C NMR of T3 and pseudo-T4 in toluene-d8 at -40 °C. Dissolving 
pseudo-T4 crystal in toluene, NMR presents the mixture of T3 and pseudo-T4, due to 
the extremely low yield of pseudo-T4. 
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Figure S3.7. 1H NMR of [(LiOPin)5 • LDA • 2HMPA • Li2O] crystal dissolved in 
toluene-d8 at -20 °C.  
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Figure S3.8. 13C NMR of [(LiOPin)5 • LDA • 2HMPA • Li2O] crystal dissolved in 
toluene-d8 at -20 °C.  
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Appendix C. Supporting Information for Chapter 4 

Table of Contents 

Figure S4.1. {1H, 13C} HMBC of LiOPin hexamer crystal in Tol-d8 at -20 °C. 

Figure S4.2. {1H, 13C} HSQC of LiOPin hexamer crystal in Tol-d8 at -20 °C. 

Figure S4.3. {1H, 1H} NOESY of LiOPin hexamer crystal in Tol-d8 at -30 °C. 

Figure S4.4. 6Li NMR of LiOPin hexamer crystal in Tol-d8 at -30 °C. 

Figure S4.5. {1H, 6Li} HMBC of LiOPin hexamer crystal in Tol-d8 at -30 °C. 

Figure S4.6. Overlay of 1H NMR spectra of adding pinacolone to the solution.  

Figure S4.7. D-FW analysis of 1H DOSY data of LiOPin hexamer crystal dissolved 

in cyclohexane-d12 at 23 °C. 

Table S4.1. D-FW analysis of 1H DOSY data of LiOPin hexamer crystal dissolved in 

cyclohexane-d12 at 23 °C. 
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Figure S4.1. {1H, 13C} HMBC of LiOPin hexamer crystal in Tol-d8 at -20 °C. 
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Figure S4.2. {1H, 13C} HSQC of LiOPin hexamer crystal in Tol-d8 at -20 °C. 

 

 

Figure S4.3. {1H, 1H} NOESY of LiOPin hexamer crystal in Tol-d8 at -30 °C. 
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Figure S4.4. 6Li NMR of LiOPin hexamer crystal in Tol-d8 at -30 °C. 

 

 

Figure S4.5. {1H, 6Li} HMBC of LiOPin hexamer crystal in Tol-d8 at -30 °C. 
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Figure S4.6. Overlay of 1H NMR spectra of adding pinacolone to the solution. E’ 
increases comparing with E. LiOPin hexamer crystal dissolved in Tol-d8 at -30 °C. 
 

 

Figure S4.7. D-FW analysis of 1H DOSY data of LiOPin hexamer crystal dissolved 
in cyclohexane-d12 at 23 °C. 
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Table S4.1. D-FW analysis of 1H DOSY data of LiOPin hexamer crystal dissolved in 
cyclohexane-d12 at 23 °C. 

Entry Compound 
FW 

g/mol 

D 

m2/s 

Predicted FW 

g/mol 
% Error 

1 BEN 78.1 1.307E-9 73 -6 

2 COD 110 8.825E-10 126 14 

3 TDE 196 6.810E-10 179 -9 

4 SQU 411 3.660E-10 420 2 

5 E  3.019E-10 548 -- 
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