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Abstract: The aggregations of several alkyllithium compounds in cyclohexane and benzene have been investigated 
by cryoscopic measurements. The compounds exist in the two solvents as hexameric aggregates unless steric inter­
actions due to branching at either a- or 0-carbon favor formation of tetrameric aggregates. Equilibria between these 
two species are in some instances markedly affected by changes in concentration or solvent. There is no evidence 
in any of the systems studied for a degree of association less than four. The effects of added tetrahydrofuran (THF), 
diethyl ether (DEE), cineole, quinuclidine (Q), or triethylamine (TEA) on hydrocarbon solutions of alkyllithium 
compounds have been studied by observation of 1H and 7Li nmr spectra, and measurements of freezing point 
lowerings of cyclohexane and benzene solutions. The results are consistent with other evidence that tetrameric 
alkyllithium species are present in excess base. It appears that conversion of the n-alkyllithium compounds from 
hexamer to solvated tetramer occurs at low base concentrations. The relative extent of interaction with n-alkyllithium 
compounds is in the order THF ~ Q > DEE > TEA > cineole. Differences in the steric requirements of the 
bases result in variable numbers of solvating bases per tetramer. The results show that complex formation is 
more extensive at about —75° than at 0°, but that the general character of the interactions is probably not changed. 
There is no evidence in the results for a solvated dimer species for any of the monodentate bases, nor for any of the 
alkyllithium compounds studied. 

I n the past few years there have been numerous coUiga­
tive property measurements of the extent of aggrega­

tion of alkyllithium compounds in hydrocarbon sol­
vents.2-12 Some of the results are open to question,2,3 

but most are in rough agreement. The published 
results of colligative property studies exhibit relatively 
large uncertainties in the results. The extant data are 
not adequate to determine whether the extent of associa­
tion varies with concentration, or is solvent dependent 
in hydrocarbon solvents. 

In this paper we report measurements of the extent 
of aggregation of a number of alkyllithium compounds 
in hydrocarbon solutions, over the widest feasible 
concentration ranges. The organolithium materials 
selected were ethyl-, n-butyl-, isopropyl-, f-butyl-, 
and trimethylsilylmethyllithium. This set provides a 
variety of structural configurations in the alkyl group. 

The technique of freezing point depression, previously 
employed in this laboratory, was chosen for colligative 
property measurements. Cyclohexane and benzene 
were chosen as solvents because of their convenient 
freezing points and relatively large molal freezing point 
lowering constants. 

The effect of organic bases upon the association and 
reactivity of organolithium compounds is a matter of 
great interest. An early study7 of the degree of associa-
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tion of methyllithium and tt-butyllithium in ether 
yielded estimates of about 3 and 5, respectively, for the 
degrees of association. Eastham and coworkers have 
contended, on the basis of various data,13 that n-butyl-
lithium in hexane forms a monosolvated dimer on 
addition of diethyl ether. A similar result has been 
deduced for interaction of rc-butyllithium in benzene 
with THF, and isobutyllithium in pentane with ether. 
Brown and coworkers6 inferred from freezing point 
lowering results that ethyllithium is converted to dimers 
by triethylamine in cyclohexane. 

On the other hand, Waack and West have de­
duced14'15 from kinetic and colligative property mea­
surements that methyllithium and n-butyllithium are 
tetrameric in ether, and that «-butyllithium is tetrameric 
in THF. Deviations from nonideal behavior at high 
concentrations (>1 M) in these solvents were inter­
preted in terms of solvate formation,15 e.g., the data for 
methyllithium in ether were interpreted in terms of an 
octa-solvated tetramer. Since these results depend 
upon data for very high concentrations of methyl­
lithium, however, it may be doubted that the stoichiom-
etry of the acid-base adduct formed can be deduced 
with much confidence. 

The 7Li spectra of mixtures of methyllithium and 
ethyllithium in ether16 provide evidence that both 
species are tetrameric in this solvent at —50°. More 
recently, the 7Li spectra of 13C enriched methyllithium17 

confirm the tetrameric character of this substance in 
THF and triethylamine at - 5 0 ° . 

The weight of the more recent evidence therefore 
points to the subsistence of alkyllithium compounds as 
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tetramers in ethers and amines. Given this conclusion, 
however, it is still not clear just how many bases are 
associated with each tetramer, or the extent to which the 
bases are bound to the tetrameric moiety. Bartlett, 
Goebel, and Weber have obtained vapor pressure data18 

which, assuming tetrameric species in solution, can be 
interpreted in terms of the average number of bases 
strongly bound to the tetramer. They conclude, for 
example, that M-butyllithium in n-heptane at —25° is 
solvated by dimethyl ether to the extent of 3.6 bases per 
tetramer when base and alkyllithium are present in 1:1 
ratio. 

We have examined the proton and 7Li magnetic 
resonance spectra of solutions of alkyllithium com­
pounds in hydrocarbon solvents, with added bases. 
Freezing point lowering studies have also been carried 
out on these systems. 

Experimental Section 
AU operations save for the sublimation purifications were carried 

out in an inert-atmosphere box. 
Materials. Ethyllithium was obtained as a 1 M solution in ben­

zene from Alfa Inorganics, Inc. The solvent was removed and the 
resulting yellow-brown solid recrystallized from cyclohexane, yield­
ing a white powder. Just prior to an experimental study, it was 
sublimed at ICT3 Torr and 80°. 

tt-Butyllithium was prepared by allowing distilled di-«-butyl-
mercury to react in solution with lithium metal powder suspended 
in the solvent. Lithium metal was obtained as a dispersion in 
mineral oil from Lithium Corporation of America. The paste 
was washed on a frit with several portions of dried, degassed n-
heptane, followed by «-pentane. In the preparation of /z-butyl-
lithium, the di-«-butylmercury in solution was added drop wise 
over a period of about 1 hr to a suspension of lithium metal in a 
1.5-fold excess, while the temperature was maintained at 10-15° 
below the reflux temperature. The system was stirred during addi­
tion and then for a further 8 hr. Then the system was cooled and 
lithium amalgam removed by filtration. The «-butyllithium solu­
tion was used immediately. 

Trimethylsilylmethyllithium was prepared by reacting a solution 
of trimethylchloromethylsilane (Peninsular ChemResearch) with 
lithium metal powder suspended in the solvent. The halide in solu­
tion was added dropwise at room temperature over a 1-hr period 
to a suspension of lithium powder in about 1.5-fold excess, with 
stirring. The system was heated with stirring to 55-60° for 5 hr. 
Lithium chloride and excess lithium metal were filtered on a frit 
and the solvent stripped off in vacuo. The white solid was sub­
limed at 10~3 to 10~4 Torr and 80° just prior to use and then trans­
ferred to a solvent. 

Isopropyllithium was obtained as a 2 M solution in /j-heptane 
from Alfa Inorganics, Inc., and was kept under refrigeration until 
used. Solvent was stripped off by vacuum pumping, leaving either 
a light-yellow solid or a dark, yellow-orange, viscous oil. In either 
case the material was sublimed at 30-35° at 10~3 to 10~4 Torr, and 
then resublimed. The second sublimate, glassy in appearance, was 
transferred immediately to the solvent of the study, and aliquots 
were drawn for each experimental run. No attempt was made to 
store either the solid or solutions, for they slowly decompose at 
room temperature. 

f-Butyllithium was obtained as a 2 M solution in pentane from 
Alfa Inorganics, Inc.; the solvent was stripped off by vacuum 
pumping, leaving a white powder. Just prior to an experiment, the 
solid was sublimed at 10-3 to 1O-4 Torr and 45°, and the sublimate 
transferred to the proper solvent. 

In the case of the hydrocarbon solutions of the alkyllithiums, all 
except «-butyllithium were clear and colorless. The n-butyllithium 
solutions were a pale yellow, probably because of a trace impurity 
in the di-rc-butylmercury which was not removed by distillation. 

Cyclohexane was obtained as a bulk grade material, generously 
supplied by Gulf Oil Corp. We found this material to be par­
ticularly free of impurities which are not removable by distillation 
or fractional crystallization, e.g., methylcyclopentane, but which are 

(18) P. D. Bartlett, C. V. Goebel, and W. P. Weber, J.Amer. Chem. 
Soc, 91, 7425 (1969). 

troublesome in the colligative property work. It was passed over 
silica gel and distilled from ethyllithium in an inert atmosphere, and 
stored in ground-glass stoppered storage bottles in the box. 

Benzene was obtained from J. T. Baker Co. as Baker Analyzed 
solvent. It was distilled from ethyllithium before use. 

Cyclopentane (reagent grade, Matheson Scientific) was distilled 
from ethyllithium. Anhydrous analytical grade diethyl ether 
(DEE) was distilled from ethyllithium. Analytical grade tetra-
hydrofuran and cineole (eucalyptol, White Label, Eastman Organic 
Chemicals) were distilled first from lithium aluminum hydride and 
then from ethyllithium. The THF fraction boiling at 64.5-65° 
and the cineole fraction boiling at 175-176° were retained. 

Triethylamine (TEA) (Fisher Scientific Co., "Certified" Reagent 
Grade) and N,N,N',N'-tetramethylethylenediamine (TMEDA) 
(Eastman Organic Chemicals, "White Label) were distilled from 
lithium aluminum hydride, and the TEA was further treated by 
distillation from ethyllithium. Quinuclidine was generously fur­
nished by Mallinckrodt Chemical Works as a colorless solid. It 
was sublimed at less than 10~3 Torr at room temperature onto a 
cold finger cooled by an ethanol-Dry Ice mixture, and the sublimate 
was stored in an amber glass screw-cap bottle. 

Monomer concentrations for alkyllithium compounds in solu­
tions prepared for colligative property measurements were obtained 
by hydrolyzing three aliquots of each solution and titrating to a 
phenolphthalein end point with 0.100 M HCl. Some attempts were 
made to estimate impurity levels in the solutions. Following a 
modification of a method of Gilman by Glaze and Adams,19 1,2-
dibromoethane was added to an aliquot of the hydrocarbon solu­
tion, followed by hydrolysis and acid titration. For the most 
reactive compounds, isopropyllithium and r-butyllithium, titers 
corresponding to an impurity level of about 0.2% were obtained. 
Some estimate of impurity levels was also available from both pro­
ton and 7Li nmr spectra, in which there was no evidence of spurious 
absorptions ascribable to impurities. 

Equipment. The inert atmosphere glove box was purchased from 
Vacuum Atmospheres Corp. of Los Angeles, Calif. Argon is em­
ployed as atmosphere; it is continually circulated by a pump and 
passed through a purification system external to the box, but part of 
a closed cycle. The purification system has been described else­
where.20 Clean glass equipment which had been baked at 140° 
for more than 3 hr was transferred via an evacuable port to the box 
and allowed to stand for at least 4 hr before any manipulations were 
begun. 

The freezing point lowering apparatus described previously7 

has been modified by constructing the thermistor-containing ele­
ment as an all-glass structure. In addition, the low-temperature 
well has been redesigned so that cooling is achieved by a liquid 
nitrogen boil-off. The cold nitrogen passes in an isolated line 
through the box wall into the cold chamber and out again. The 
minimum temperature attainable with this apparatus is about 
— 110°. For freezing point depression studies the well temperature 
was maintained about 5-10° below the freezing point of the solvent, 
and controlled to within 1°. Molalities were determined graph­
ically from a calibration graph of freezing point depression vs. 
molality for standard solutions of biphenyl, and checked with p-
chlorobenzonitrile. 

Proton magnetic resonance spectra were obtained using a Varian 
Associates Model A60A spectrometer and a Varian V-6040 tem­
perature controller. A copper-constantan thermocouple was 
inserted into an nmr tube and placed in the sample probe to monitor 
temperatures. All temperatures are reproducible to ±2°. The 
chemical shifts are given in terms of an upfield shift of the center 
of the proton multiplet for the a-hydrogens with respect to the 
position of the cyclopentane singlet. When samples containing 
low base to hexamer ratios, about 0.5, were allowed to stand at 
room temperature for about 48 hr and then reexamined, no sig­
nificant change in either molality or nmr spectra was observed. 
For high ratios (greater than 12), however, evidence of decom­
position was observed in nmr spectra after 48 hr at room tempera­
ture. 

The 7Li nmr spectra were obtained with either a Varian DP60 
spectrometer at 23.318 MHz in a field of 14,092 G, or an HA100 
spectrometer at 38.863 MHz in a field of 23,490 G. Base-line 
stabilization was achieved by use of a Varian nmr integrator, Model 
V3521. Low temperature in the probe of the DP60 was attained 
by a controlled liquid N2 boil-off, with circulation of the cold gas 

(19) W. H. Glaze and G. M. Adams, ibid., 88, 4653 (1966), footnote 7. 
(20) G. E. Hartwell, Ph.D. Thesis, University of Illinois, 1966. 
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Figure 1. Association data for (a) ethyllithium in cyclohexane, 
(b) ethyllithium in benzene, and (c) w-butyllithium in cyclohexane. 

around the probe. In the HAlOO, temperature control was simi­
lar to that used on the A60A. All 7Li chemical shifts are relative 
to the singlet of a 3 M aqueous LiBr solution in a sealed capillary 
inserted into each sample tube, and are downfield from this refer­
ence. A calibrating side band was impressed on each spectrum. 
The estimated uncertainty in chemical shift measurements is about 
0.05 ppm. 

The concentration of each stock solution for cryoscopic acid-
base studies was determined as described above. The molalities 
of at least three samples were measured by freezing point lowering, 
and compared with the molalities calculated from the titration 
data, corrected for degree of association of the alkyllithium. If 
the difference was greater than 1 % a new stock solution was pre­
pared from fresh sublimate. Samples were then prepared by com­
bining aliquots of acid and base and diluting to a measured volume, 
usually 5.00 ml. The samples were run within 20 min of prepara­
tion; duplicates and redeterminations were used to assure repro­
ducibility. 

Samples for nmr studies were prepared by combining aliquots of 
alkyllithium solution with base solution at room temperature 
and cooling immediately to —40°. Sealed samples were stored at 
— 75 to — 80 ° and spectra obtained within 24-36 hr. 

Results and Discussion 
Association in Pure Hydrocarbon Solvents. In the 

following figures, the results of the association studies 
are given graphically. The data are generally from two 
or more separate studies on each system. The individ­
ual points were not recorded consecutively according to 
increasing or decreasing concentration, but rather 
random concentrations were often selected and pre­
vious results periodically rechecked during a series. 
This procedure avoided error due to decomposition, 
although over the 6-8 hr required for a study, no detect­
able decomposition was noted for any system except 
isopropyllithium. In this last case, studies on a given 
stock solution were limited to about 3 hr, and freshly 
sublimed material was used to continue a series. 

Not unexpectedly, ethyllithium (Figure 1) is hexa-
meric in both cyclohexane (wav = 5.98) and benzene 
(«av = 6.01), as noted previously by other workers. 
The present data indicate that there is no significant 
shift in the degree of association, n, with change in 
concentration. It appears that precipitation of ethyl­
lithium due to saturation at the freezing point occurs 
in cyclohexane at about 0.037 m monomer (0.006 m 
hexamer), and in benzene, at about 0.26 m monomer 
(0.04 m hexamer). 

I . P H I 
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Figure 2. Association data for trimethylsilylmethyllithium in (a) 
cyclohexane and (b) benzene. 

n-Butyllithium has been reported as hexameric in 
benzene and hexane by Margerison and Newport8 on 
the basis of isopiestic measurements. However, n 
values of 6.25 and 6.17, respectively, were obtained in 
the two solvents. The deviation from 6.0 was at­
tributed to a systematic error. In this work (Figure 1) 
the average n value is 5.97; probably the only signifi­
cant species in hydrocarbon solvents such as cyclo­
hexane is the hexamer. It should be noted, however, 
that because of steric interactions of the K-butyl groups, 
and in light of the results for trimethylsilylmethyl­
lithium (see below), a tetramer might be present in 
significant proportions at low concentrations, e.g., 
1O-3 m, particularly in benzene. 

Trimethylsilylmethyllithium is clearly hexameric (Fig­
ure 2) in cyclohexane (nav = 5.98). In benzene, it is 
essentially tetrameric to about 0.06 m in monomer; at 
higher concentrations a shift toward hexameric species 
is observed. It thus appears that where the steric 
requirement of the alkyl group is low, a hexameric 
aggregate is preferred for alkyllithium compounds. As 
the steric requirement increases a tetrameric aggregate 
is relatively more stable. Such behavior is noted also 
for isopropyllithium (see below). That the tetramer-
hexamer proportion can be shifted significantly upon 
concentration change suggests that the free energies 
of the two forms are not greatly different. The re­
sults of Baney and Krager,12 in which only a tetrameric 
species was observed for this alkyllithium, can be ration­
alized by recalling that their data were obtained by 
ebuUioscopic measurements. At 80 and 60° for the 
solvents benzene and 2-methylpentane, respectively, 
it is not unreasonable that the tetramer would predom­
inate. Hartwell and Brown11 observed a trend in the 
n values which is compatible with the present data, 
although the concentration at which the n values begin 
to deviate above 4.0 is somewhat higher than in the 
present work. 

From the colligative property data it appears that the 
steric effect of the isopropyl group is such that in both 
solvents at relatively low concentration, the tetramer is 
the favored structure (Figure 3). Above a molality 
(based on monomer) of about 0.03 in cyclohexane and 
0.1 in benzene, aggregation to what is probably a 
hexameric structure occurs. 

The alkyl group in ?-butyllithium is apparently too 
bulky to permit aggregation above a tetramer (Figure 4, 
Hav = 4.02). Previous observations10 in benzene and 
hexane at their boiling points confirm this. The re­
sults of the present work are summarized as follows. 
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Figure 3. Association data for isopropyllithium in (a) cyclohexane 
and (b) benzene. 

Within the concentration range studied, the predom­
inant species for ethyl- and n-butyllithium in hydro­
carbon solution is the hexamer. On the other hand, 
with more highly branched alkyl systems the nature of 
the hydrocarbon solvent as well as the working tempera­
ture become important in determining the hexamer-
tetramer equilibrium. When steric factors are not 
prohibitive, the hexameric form appears to be the pre­
ferred configuration in saturated or aromatic hydro­
carbon solvents. These results represent the first 
colligative property evidence for a hexamer-tetramer 
equilibrium involving a single organolithium substance 
in a given solvent. In no instance is there evidence for 
a degree of aggregation lower than fourfold. 

Alkyllithium-Base Interactions. The behavior of the 
7Li chemical shift upon addition of base provides a 
useful probe for evaluating the effect of added base. 
Figure 5 shows, for example, the effect of added THF 
on the 7Li chemical shift for n-butyllithium in cyclo-
pentane, at O and —75°. The chemical shift change, 
in parts per million from the aqueous LiBr standard in a 
sealed capillary, is graphed vs. R, the ratio of added 
base to lithium atoms. At —75° a sharp break in the 
graph is seen at R = 1. The value for the chemical 
shift of 7Li at R = 14 is -0 .94, so it is evident that, 
insofar as this observable is capable of showing, com­
plex formation is complete at R = 1, 

The scatter of the data about the line shown is pos­
sibly outside the experimental uncertainty. Some non-
linearity in the curve might very well be seen if the 
equilibria are essentially complete, and if there is at 
some point corresponding to one or two base molecules 
per hexamer (R < 0.3) a shift from hexameric to tetra-
meric association. It is significant also that the 7Li 
shift at R = 1, when corrected for change in bulk 
susceptibility of the medium, is essentially the same as 
for the alkyllithium compound in neat base. Since 
the compounds are tetrameric in the neat bases, the 
constancy of chemical shift suggests that the conver­
sion from hexamer to tetramer is complete at R — 1. 
It is, of course, possible that the hexamer and tetramer 
of a given alkyllithium compound exhibit essentially 
the same chemical shift; the constancy of chemical 
shift is therefore not compelling evidence for tetramer 
formation at low base concentration, although it 
certainly suggests this. Attempts to identify separate 
7Li resonances due either to variously solvated species, 
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Figure 4. Association data for f-butyllithium in cyclohexane. 

Figure 5. 1H and 'Li nmr chemical shifts (ppm) vs. base-lithium 
ratio for addition of THF to n-butyllithium in cyclopentane. 

or to hexamers and tetramers, in these solutions have 
not been successful, although spectra have been ex­
amined at temperatures as low as —100°. One ex­
pects, however, that transfer of base from one species 
to another, and intermolecular exchanges between 
hexamer and tetramer, should be very rapid. 

The variation of 7Li chemical shift as a function of 
added base at 0° follows generally the same pattern as at 
—75°. The major differences seen are the magnitudes 
of overall change in chemical shift, and the sharpness of 
the break in the vicinity of R = 1. These results sug­
gest that the equilibria at higher temperature are less 
complete, but otherwise the same as those at —75°. 
The chemical shifts of the a protons exhibit small, 
positive chemical shifts on base addition, closely cor­
responding to the results for the 7Li chemical shifts. 

Results similar to those shown in Figure 5 were ob­
tained with the other bases studied. The results of a 
number of nmr studies, with various alkyllithium com­
pounds and various bases, are summarized in Table I. 

Colligative property studies of the effect of added 
bases on hydrocarbon solutions of the alkyllithium 
compounds are carried out by adding successive 
quantities of base to a series of solutions containing 
the same concentration of the alkyllithium compound, 
and noting the effect on the freezing point. Analysis 
of the data is extremely difficult because of the multi­
tude of equilibria which might be operative. The 
hexamer species are most troublesome in this regard, 
since the hexamer apparently reverts to a tetrameric 
form at some point in the addition of base. It seems 
quite clear from the accumulated evidence that alkyl­
lithium compounds are largely tetrameric in solutions 
of even strongly basic substances such as diethyl ether 
(DEE), tetrahydrofuran (THF), or triethylamine 
(TEA). On the basis of the nmr results it appears 
that the shift from hexamer to tetramer occurs in the 
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Figure 6. Limiting behavior of JV vs. R assuming 1:1 hexamer-
base complex and subsequent conversion to tetrasolvated tetramer 
at R - 1. Data points represent results for 0.050 m w-butyllithium 
with added THF in cyclohexane. 

region of base concentration corresponding to less 
than one base per lithium atom. 

Table I. Limiting 7Li nd 1H Chemical Shift Changes for 
Addition of Base to 0.075 M Cyclopentane Solutions of 
Alkyllithium Compounds 

Alkyl 
group 

C2Hs 

/1-C4H9 

CjHs 

H-C4H9 

C2H5 

W-C4H9 

J-C3H7= 

/-C4H9= 

«-C4H9 

C2H6 

W-C4H9 

C2H5 

Base" 

THF 

THF 

DEE 

DEE 

TEA 

TEA 

TEA 

TEA 

Quin 

Quin 

TMEDA 

Cineole 

Temp, 
0C 

25 
- 7 5 

0 
- 7 5 

0 
- 7 5 

0 
- 7 5 

0 
- 7 6 

0 
- 7 5 

28 
- 9 5 

28 
- 7 5 

0 
- 7 5 

0 
- 7 5 

0 
- 7 5 
- 2 5 
- 7 5 

'Li 
chemical 

shifts6 

0.75 
0.85 
1.00 
1.00 
0.60 
0.65 
0.65 
0.75 
0.25 
0.35 
0.25 
0.50 
0.16 
0.15 
0 
0 
0.84 
1.00 
0.80 
0.90 
0.20 
0.20 
0.3 
0.4 

i H 
chemical 

shifts6 

0.23 

0.18 

0.13 

0.15 

0.15 

0.34 

0.39 

0.31 

-THF = tetrahydrofuran; DEE = diethyl ether; TEA = tri-
ethylamine; Quin = quinuclidine; TMEDA = tetramethylethyl-
enediamine. ° The estimated limiting value for the upfield change 
in ppm in 'Li or 1H chemical shift upon addition of base, in the 
region of low base concentration, i.e., when 20 > Ji > 6. The 
proton chemical shifts refer to the estimated centers of the a-
methylene multiplets. "[RLi] = 0.125 M. 

Following the convention of earlier work, we define a 
function N as 

where mLi and mb represent the initial molalities of 
the alkyllithium oligomer and base, respectively, and 
Wobsd represents the molality as determined from the 
freezing point lowering. This function does measure 
departure from a simple solution of noninteracting 
alkyllithium compound and base, although it does 
not correspond to an average number of bases as­
sociated per lithium atom, or some similar physically 
simple concept. Such functions can be defined for 
cases where the total molality of the acid species in 
the acid-base system is constant,21 but hexamer-tet-
ramer conversion obscures their quantitative signifi­
cance in the systems under study here. It is possible, 
however, to gain an appreciation for the nature and 
extent of the equilibria present in the alkyllithium-
base systems if a few assumptions are granted on 
the basis of the results obtained from colligative prop­
erty and nmr studies in neat base, and the nmr chemical 
shift results presented here. We assume that the addi­
tion of base to hexameric alkyllithium compounds 
leads to formation of solvated tetramers, and that 
the shift to tetramers occurs at low base/Li ratios, 
i.e., R < 1. Similarly, we assume that interaction 
of bases with alkyllithium tetramers leads only to 
solvation of tetramers, as opposed to extensive dis­
sociation of the tetrameric units to solvated dimers 
or monomers. 

If the solvation of an alkyllithium hexamer proceeded 
smoothly to form tetrasolvated tetramer 

R6Li6 + 6B —*~ VjRiLi4-B4 (2) 

and if the reaction went to completion, the N value 
at R = 1 would be 4.67. We assume that this occurs 
through initial formation of a 1:1 complex with hex­
amer 

R6Li6+ B — > R6Li6-B (3) 

Subsequent addition of base is then assumed to lead 
to a gradual shift from hexamer to tetramer. With 
these assumptions the N vs. R graph should follow 
the solid line shown in Figure 6. The data for 0.0500 
m n-butyllithium with THF in cyclohexane are depicted 
on the figure for comparison. In general, at low R, 
the data follow the solid line quite well. The departure 
from the results expected for completed equilibria at R 
values of about 0.75 and higher is presumably due 
to the diminishing formation constant for successive 
additions of base. Assuming that all the n-butyllith­
ium has been converted to tetramer, the observed 
value of N for R = 1.0 corresponds to an average 
of 3.6 bases coordinated per n-butyllithium tetramer. 

It should be noted in passing that the general char­
acter of the JV VS. R graphs in the range of R = 1 
or less for the stronger bases is inconsistent with the 
assumption that dimers are formed as the predominant 
solvated alkyllithium species. In order for N to 
attain a maximum value in the range R < 1, the ratio 
of solvating base to lithium in the predominant species 
formed must not be too different from 1. This means 
that the major species formed if dimers were predomi­
nant would be a mono- or disolvated dimer 

R8Li6 + 3B = 3R2Li2-B 

R6Li8 + 6B = 3R2Li2-B2 

(4) 

(5) 

JV = 
fobsd 

(1) 
(21) F. J. C. Rossotti and H. Rossotti, "The Determination of 

Stability Constants," McGraw-Hill Book Co., Inc., New York, N. Y., 
1961, pp 43, 260. 
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Figure 7. Colligative property data for 0.0500 m solutions of 
(/J-C4H9Li)6 in cyclohexane with added bases: O, THF; • , di­
ethyl ether; V, triethylamine; • , quinuclidine, 0.0250 m («-C4-
H9Li)6; • , 0.0250 m (C2H5Li)6 + cineole; B. = (base)/(Li), where 
(Li) is the concentration of lithium atoms in the solution. 

In the first instance the maximum attainable value 
for N would be 1.33 at R = 0.5; in the second case, 
it would be 2.33 at R = 1. Obviously, neither of 
these possibilities is in accord with the results for 
the stronger bases studied, i.e., for THF or quinuclidine 
{vide infra). It might be argued that dimers are formed 
in more concentrated base, but the nmr16,17 and col­
ligative property16 evidence supports rather the hy­
pothesis that the alkyllithiums subsist as solvated tet-
ramers in the solvents studied. 

The graphs of N vs. R for a given alkyllithium com­
pound with a series of bases should reveal a relative 
order of extent of interaction of the bases with the 
alkyllithium compound. In Figure 7 are shown the 
data for interaction of rc-butyllithium in cyclohexane 
with a series of bases. The results with quinuclidine 
could unfortunately not be extended reliably beyond 
the range of R = 0.6 because of precipitation, but 
the indications are that N attains values in excess of 4. 
The general trend of the data at low R values suggests 
that quinuclidine and THF possess comparable abilities 
to interact with n-butyllithium, that triethylamine and 
diethyl ether are similar, and that the highly hindered 
base, cineole, interacts very little with alkyllithium. 
Assuming that the n-butyllithium is in the form of 
solvated tetramer at R = 1, the average number of 
bases coordinated to each tetramer can be calculated 
from the value of W to be 3.6, 2.5, and 2.1 for THF, 
diethyl ether, and triethylamine, respectively. Data 
for n-butyllithium with diethyl ether at two different 
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Figure 8. Colligative property data for «-butyllithium in cyclo­
hexane with diethyl ether: O, 0.0125 m («-C4H9Li)6; V, 0.0500 m 
(W-C4H9Li)6. 
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Figure 9. Colligative property data for various alkyllithium com­
pounds in cyclohexane with added triethylamine: O, 0.0250 m 
[(CHa)3SiCH2Li]6; • , 0.0250 m (K-C4H9Li)6; 0,0.025Om(C2H5Li)6; 
• . 0.0250 m (J-C4H9Li)4. 

concentrations of the alkyllithium reagent are shown 
in Figure 8. A lower value for the maximum value 
of N attained in the more dilute solution, but an other­
wise similar N vs. R graph, is consistent with the 
existence of incomplete equilibria. Similar data were 
obtained for a number of alkyllithium compounds 
with a variety of bases. 

The steric effect of the bases on the extent of inter­
action with n-butyllithium, exemplified in the data 
shown in Figure 7, has its counterpart in the effect 
of varying steric properties of the alkyllithium com­
pound. Figure 9 shows the N vs. R graphs for a 
series of alkyllithium compounds with triethylamine. 
It is quite evident that increased branching in the 
alkyl group, especially in the a position, impedes com-
plexation. Although the extent to which the inter­
action is impeded is dependent on the base also, similar 
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Figure 10. Colligative property data for 0.0250 m (C2H5Li)6 with 
added diethyl ether in: O, cyclohexane; V, benzene. 

data for a limited number of other systems indicate 
the same general trend shown in Figure 9. In the 
case of trimethylsilylmethyllithium, the results suggest 
that formation of an adduct with the first molecule 
of base must proceed quite readily, but that steric 
factors come into play with addition of further base 
molecules. Assuming conversion to solvated tetramer, 
the value of N at R — 1.0 corresponds to an average 
of only 1.3 bases per tetramer. Although there are 
significant differences in concentrations and tempera­
ture, the present studies are in very satisfactory general 
agreement with the results reported by Bartlett and 

coworkers18 for alkyllithium-dimethyl ether inter­
actions. 

The effect on the alkyllithium-base interaction of 
changing solvent from a saturated to an aromatic 
hydrocarbon is shown in Figure 10, in which N vs. 
R is shown for ethyllithium with added diethyl ether 
in cyclohexane and benzene. The equilibria appear 
to proceed to a smaller extent in benzene. This may 
be a reflection of the competition between added base 
and aromatic solvent for coordination to alkyllithium. 
Interaction of benzene or other aromatic hydrocarbons 
with alkyllithium compounds is suggested by the ob­
servation that certain of the alkyllithium compounds 
are hexameric in cyclohexane and tetrameric in ben­
zene. In addition rates of intermolecular exchanges 
between alkyllithium oligomers appear to be faster 
in toluene than in cyclopentane.22 

In summary, the present work provides new col­
ligative property data of greater extent and precision 
than heretofore available regarding the associations 
of alkyllithium compounds in hydrocarbon solvents. 
Colligative property and nmr data indicate that bases 
interact with alkyllithium compounds in hydrocarbon 
solution to produce solvated tetrameric species at base 
concentrations corresponding to one base per lithium, 
or less. The number of solvating bases per tetramer 
is related to the steric requirements of the alkyl group 
in the (RLi)4 species, to the steric requirements of 
the base, and to inherent donor ability of the base. 
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Abstract: The reaction of trialkyl phosphites with benzil to form a cyclic adduct (1) has been studied kinetically 
in anhydrous dioxane and benzene. The rate is expressed as v = /c[(RO)3P][PhCOCOPh], An Arrhenius plot 
gives the values of 8.41 kcal mol-1 and —47.5 eu for the activation energy and entropy, respectively. The rate 
constant increases with increasing dielectric constant of the solvent. In a benzene solution the rate constant in­
creases with an increasing amount of added organic acid (e.g., acetic acid) and decreases with an increasing amount 
of added triethylamine. The plot of k vs. [acid] or [base] gives a straight line at low concentrations. The re­
activity of trialkyl phosphites is affected by alkyl groups in the order of Me < sec-Bu < Et < /-Pr. A mechanism 
involving a nucleophilic attack of the phosphorus atom on the carbonyl carbon is postulated and discussed. 

The reaction of trialkyl phosphites with a-diketones 
such as biacetyl and benzil was first reported by 

Kukhtin, et al.1 Ramirez, et a/.,2,8 have postulated a 
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cyclic structure (1) for the 1:1 addition product (2,2,2-
trialkoxy-l,3,2-dioxaphosphole) of trialkyl phosphite 

lova and V. A. Kukhtin, ibid., 32, 2338 (1962); Chem. Abstr., 58, 9128c 
(1963). 
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