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IN-I-RCDUCTION 

The formation of anion-radical by reaction of alkali metals with aromatic 
hydrocarbons in the presence of solvents such as 1,2_dimethoxyethane and tetra- 
hydrofuran has been known for some time ‘-’ The chemistry and electronic structure _ 
of these mono-negative ions of aromatic hydrocarbons have been a field of active 
investigation’. The same reaction may also lead to divalent negative ions4*6*7*8. This 
report deals with the formation of dianions of naphthalene with lithium metal and 
with elucidation of the reaction mechanism and the electronic structure of the inter- 
mediate_ 

Another objective of this research is the study of reactions of lithium metal and 
chloro-substituted naphthalenes. 

EXPI%IhlENTAL 

Reagents 
1-Chloronaphthalene and dichloronaphthaIene were purchased from Eastman 

Kodak Company. They were technical grade and used as received. The monochlcro- 
substituted compound contained about 0.6% naphthalene and trace amounts of 
dichloro-substituted naphthalenes according to gas chromatographic analysis. The 
dichloro-substituted compound is a mixture of isomers which contains some naph- 
thalene and monochloronaphthalenes. Lithium metals in wire form were obtained 
from Lithium Corporation of America, Inc. The “low-sodium” grade lithium, con- 
taining less than 0.005°~ sodium, was used in most of the experiments. In a few 
instances, lithium containing 1% sodium was employed. Anhydrous ethyl ether 
(Eastman Kodak) was the solvent. 

Reactions 
All the experiments were carried out in 7-0~. or 12-02. beverage bottles. 

Measured amounts of ethyl ether, naphthalenes and lithium metal were added to the 
bottles. The metal in wire form was cut into very small pieces prior to the experiment. 
The bottles were sealed with toluene-extracted, rubber gaskets under perforated 
metal caps. They were evacuated and repressured with argon &rough a hypodermic. 
needle three times. Final argon pressure in the bottles was 25 psi. The bottles were 
then tumbled in constant temperature baths. 
* Some of the data has been prese~nted in ref. I. 
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Total alkalinity was determined by removing a 2-ml aliquot of solution by 
means of a syringe and hypodermic needle. It was hydrolyzed and titrated with 
standard acid using -phenoIphthalein as indicator. 

Gas-chromatooqruphic (GLC) analyses of hydrolyzed products 
The reaction mixtures were separated from excess lithium metal and hydrol- 

yzed. The solutions of the hydrolyzed products were washed with deionized water in a 
separator-y funnel and then evaporated to dryness. They were analyzed by heating 
samples to liquid phase and diluting 1 to 100 with benzene. The solutions (1~1) were 
injected into a Perk&Elmer Model 226 gas chromatography with a microliter 
syringe. The samples were split at a ratio of 1000 to 1. 

The instrument was operated isothermally at 150” for 9 min then programmed 
to 220” at 4”/min and was held at 220” for: 5 min. The column used was 200’ x 0.02” 
capillary Apiezon I_. column. It was run at 10 psig helium pressure. The method of 
calculation was area o/o X factor= weight %_ The factor used was 1.26 for mono- 
chloronaphthalene and 1.00 for dihydronaphthalene and naphthalene. These values. 
were determined using a prepared synthetic blend. 

Mass spectrographic analyses of deuterated products 
The reaction mixtures were separated from excess lithium metal and a slight 

excess of D,O (99.8:<) was added. The solutions were washed with deionized water 
and dried. Samples were admitted through a galIiQm orifice into the heated inlet 
system. Spectrum was taken and the pertinent peaks were examined. The instrument 
used was a 21-103” mass spectrometer manufactured by Consolidated Electro- 
dynamics Corporation. 

Elecrron spin resonance (ESR) spectroscopic analyses 
Samples of lithium-naphth,alene in ethyl ether or tetrahydrofuran were 

transferred by syringe to 4 mm 0. D. quartz ESR sample tubes which had been sealed 
with rubber caps. The concentration of all samples used in this investigation was 
approximately 0.06 molar. 

The ESR measurements were made in the variable temperature apparatus at 
room temperature (26O) and at selected temperatures down to - 100”. The instrument 
was Model V4502 made by Varian Associates. 

Tuning difficulties were encountered with the ESR spectrometer when the 
solutions were observed at -70” and - 100”. These difficulties were apparently due 
to increased dielectric loss or increased electrical conduction or both at these tem- 
peratures. 

RESULTS AND DISCUSSION 

Lithium-naphthalene reactions 
Aromatic hydrocarbons react with alkali metals in suitable solvents forming 

ion-radicals or dianions2*3*4*6*7 . For example, sodium metal reacts with naphthaiene 
in 12dimethoxyethane yielding colored, soluble complexes containing one sodium 
atom for each naphthalene molecuie. Their structure has been shown to be composed 
of aromatic anion-radicals and sodium cationsg. This system is paramagnetic since 
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there is an extra electron spin resonance (ESR) signal of 25 resolvable hyperfine lines. 
The origin of this ESR spectrum can be understood as follows: A sodium atom in 
dimethoxyethane contributes its single valence electron to the z*-system of a naph- 
thalene molecule, thus forming a negatively charged naphthalene ion and a positively 
charged sodium ion. The unpaired electron in the x*-system of the naphthalene mole- 
cule is delocalized over the complete molecule. As a result of this electronic delocaliza- 
lion there is an interaction between the unpaired electron and the nuclear magnetic 
moments of the 8 hydrogen atoms attached to the naphthalene molecule. Because 
of the high symmetry of the naphthaiene molecule, the 8 hydrogen atoms can be 
divided into two groups each containing 4 hydrogen atoms. The interaction between 
the unpaired electron and the 4 hydrogen atoms in the a-group result in 5 ESR 
hyperfine lines [21-+- 1=2(4/2)f 1=5]. In addition, the interaction with the 4 
hydrogen atoms in the b-group causes each of the above lines to split into 5 more 
lines for a total of 25 ESR hyperfine lines. Fig. 1 shows the theoretically calculated 

HIPERFINE COUPLING CONSTANTS 

A’a = 4.90 GAUSS 

lb = 1.83 GAUSS. 

1 - LL 
Fig. 1. Theoretical ESR spectrum of the naphthalene radical anion. 

ESR spectrum from naphthalene anion-radical and the experimentally measured 
hyperfine coupling constants lo Hydrolysis of naphthalene anion-radical yields . 
naphthalene and dihydronaphthalenes in about equal amounts (Table 1). 

On the other hand we have found that ‘Lithium (in excess) reacts with naph- 
thalene readily in tetrahydrofuran to form a dianion. This also was reported by Smid 
in a recent communications. The dinegative ions, which may be represented as species 
having two coupled electrons in the n*-orbital, are diamagnetic. Hydrolysis of this 
deep purple solution yielded almost exclusively dihydronaphthalenes (Table I). 

Very little work has been reported on the reaction of alkali metal with poly- 
nuclear aromatic hydrocarbon in diethyl ether. It often is stated that this solvent is 
not suitable for this type of reaction. However, we observed that temperature had an 
unusual effect on the reaction between lithium metal and naphthalene in diethyl 
ether. The rate of reduction was much greater at - 30° than it was at O”_ No reaction 
was observed at 50°. The solutions produced at lower temperatures had an intense 
purple color. The reaction products corresponded to 2 lithium atoms for each 
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TABLE 1 
REACTTON OF NAPHTHALEXE WTI-H SODIUM AND LlTHllJM IN mRAHyDROFURAN 

Ni&tbaicne (mole) 
Sodium (g-atom) 
Lithium (g-atoru) 
Tetmhydrofuran (ml) 
Temperature (“C) 

Reaction time {h,J 
0.25 
1.0 
2.0 
3.0 
5.8 

Producrs from hydrolysisc 
Naphthalene 
Dihydronaphthalene 

0.34 0.34 
1.0 

1.0 
l!Bo IO00 

30 30 

Total alkaliniry fN) 
0.23 0.45 
0.33 0.70 
0.35 0.7ob 
0.35 
038” 

44 5 
56 95 

a Na/NaphthaIene = 1. * Li/Naphthalene = 2. ’ By GLC analysis. 

naphthalene molecule. Hydrolysis of the lithium-naphthalene adduct resulted in 
mostly dihydronaphthalenes with about 6% naphthalene. The chemical evidence 
suggested the formation of dianions. 

The ESR spectrum of lithium and naphthalene in diethyl ether, however, 
showed a paramagnetic species (Fig. 2). The experimental spectra contained many 

TEMPERATURE - 26 l C 

TERiPERAiUilE = -70 

Fig. 2. ESR specyz of the Iithitm-naphthalenc in diethyl ether. 

more than 25 hyperfirze Lines. Examination of the spectrum taken at -70’ showed 
that it could be divided into groups of4 liies and that these groups then reproduced 
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the spectrum of the naphthaiene anion-radical shown in Fig. 1. In the case of lithium 
metal and naphthalene in ethyl ether, the Iithium atoms do not donate their valence 
electrons to naphthalene molecules but share them. Others have also observed the 
extra hyperfine lines in the fully resolved spectra of several ion-radicals’~“. It has 
been interpreted as being due to ion-pair association between the aromatic anions 
and the metal cations. Thus, the interaction of the unpaired electron with the naph- 
thalene molecule produces a 25line spectrum each of which is split into 4 iines by 
interaction with the nuclear magnetic moment of the lithium atom (Z=3/2 so 2Z+ 1 
=4) for a total of 100 ESR hyperfine lines. The theoretical ESR spectrum calculated 
as described above and using the hyperfine coupling constants measured at -70” 
for the lithium-naphthalene solution is shown in Fig. 3. 

1: I 

HYPERFINE COUPLING CONSTPNTS 

A,, = 4.80 GCUSS 

lb = L77 GAUSS 

A, = 0.37 GAUSS 

I! // 
t-lg. 3. Thcorerical ESK spaxrum ot’ the lithium-naphthalene ion pair. 

The three hyperline coupling constants as a function of the temperature for 
the lithium-naphthalene solution are shown in Table 2. 

TABLE 2 

LITHIUM-NAPHTHALENE IN DIETHYL ETHER 

Sample Hyperfine coupling constants 
temp. (“C) 

a-Hydrogen B-Hydrogen Lithium 
(Gauss) (Gauss) (Garrss) 

26 4.49 1.67 0.50 
-30 4.77 1.7-l 0.44 
-70 4.80 1.77 0.37 

-100 4.84 1.81 0.30 

The theoretically calculated spectrum and the experimentally measured 
spectra agree very well. Thus, the above description of the origin of the spectrum is 
considered to 5e valid. 

The magnitude of the ESR signals was such that the paramagnetic lithium- 
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naphthalene ion-pair concentration was estimated to correspond to only a very small 
_fracstion (< 2%) of the total products. We suspect that the lithium-naphthalene ion- 
pairs are in eqi_&brium with the dianions ofnaphthalene. 

2 

@zzxsJ 

+ excess Li Et2o 2[ (f3Q___LiJ _ 

Lithium-naphthahe ioncmir 

m - - -t 2Li* f m 
Dianion 

Thus, the majority of 
with the chemical evidence_ 

the naphthaiene molecuIes are dianions in agreement 

Chlorine-substituted naphthalenes can undergo both reduction and replace- 
ment of chlorine with lithium metal. Reactions between dichloronaphthalene and 
excess lithium metal were ca,+ed out in ethyl ether at different temperatures. The 
reactions were followed by determining the total alkalinity of the solutions at various 
times, and thus, the ratios of LQhydrocarbon of the products. The results are shown in 
Fig. 4. Two very significant facts were evident. First, at !Y, 3G”, and 50°, the final 
alkalinity approached that calculated for a terralithium product. At -30° the shape 
of the curve suggested that the same product would result after a longer time. In fact, 

Fig. 4. Effect of temy;era:ure on the rate of reaction of lithium (excess) and dichloronaphthatene (0.0s 
mole) in ethyl ether (100 ml): (A) -3O*, (B) So, (C) 30°, (D) SO”. 

this was demonstrated to be the case. Second, at all four temperatures a change in 
reaction rate, whether it was from fast to slow or uice uersu, occurred approximately 
at the alkalinity caIculated for formation of a dihthium compound. It appears that 
two stages of reaction take place, each of which provides two lithium atoms to one 
hydrocarbon mo!ecule. One is favored at low temperatures. The second is favored 
at high temperatures, but its starting material is the product of the first. In this regard, 
we found that the most effective way to carry out this reaction is that of starting at 
low teniperatures (-300), followed by high temperatures (3OO). 
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The same experiment was carried out with I-chloronaphthalene. Again, the 
temperature effects were observed (Fig. 5). In addition, it revealed a very significant 
point. The change of rates in this experiment occurred at a Li/hydrocarbon ratio of 
about 1 to 1. 

Fig. 5. Ef&ct of temperature on the rate of reaction of lithium [excess) and i-chloronaphthalene (0.06 
mole) in diethyl ether (90 ml): (A) S3. (B) 50”. 

In both dichloronaphthalene and l-chloronaphthalene experiments, at the 
very beginning of the reaction, regardless of temperature, one can observe the for- 
mation of reddish-brown spots on the lithium surface. Subsequenrly, the colorless 
solution becomes a light reddish-brown color. Meanwhile a white precipitate forms 
rapidly. Finally, the solution turns to a very dark purple color. It is specuiated that 
three reactions actually occur. The lirst reaction is the reduction of chloro-substituted 

-naphthalene with excess lithium metal to form an ion-pair (I). This reaction, like the 
lithium-naphthalene reaction, prefers low temperature. The very active lithium thus 
formed reacts with chlorine atoms immediately. Therefore, the second reaction is the 
replacement of chlorine with lithium. The products are monolithium- or dilithium- 
substituted naphthalenes (II) and lithium chloride (white precipitate)_ These two 
reactions occur almost simultarreously and could not be separated. They are followed 
by the reduction reaction of the compounds (II) to yield the major products (III)_ 
For simplicity, only the reacticms of I-chloronaphthalene are illustrated. 

First stage 

206 03 + excess Li ether 2[&-__ti] 
(I) 

(very fast) 
_ & + & + CiCl (white precipitate) 

Second stage 

Li Li 

03 

(J 0 + excesLi ether (ZJ 0 + 2Li+ k331 (Iu CnO 
J. Organometnl. Chem., 7 (1967) l-10 
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Positive evidence for this reaction sequence was obtained by chlorine analysis, 
gas chromatoyaphic analysis of the hydrolyzed products and mass spectrographic 
analysis of the deuterated products_ In Fig. 6 the results obtained from the hydrolysis 
experiments are shown. l-Chloronaphthalene was treated with excess lithium metal 
in diethyl ether at So. The reaction mixtures were hydrolyzed at various Li/bydro- 
carbon ratios. The hydrolysis products were identified by means of gas chromato- 
graphy. Chloronaphthalene disappeared and naphthalene formed ra.pidIy at first. 
At Li/hydrocarbon ratios of around 1 to 1, the concentration of ChIoronaphthalene 
reached the minimum (-K 5%) and r,aphthaIene reached the maximum (h 95%) with 
only a trace of dibydronaphthalene. As the alkalinity of the solution increased, 
naphthalene concentration decreased and dihydronaphthalene increased. 

Li/fiWROCARi3ON. G. ATOM / MOLE 

Fig. 5. Concentration of hydrolyzed products at various lithium to hydrocarbon 
rat&: (A) chioronaphthalerze, (B) naphthasene, (C) dihydronaphthalene. 

(chIoronaphthalene) 

Chlcrine analyses confiied the GLC data that only a trace of the starting 
maferials, . i.e., I-chloronaphthaIene and dichloronaphthalene, was present after 
passing the Li/hydrocarbon ratios of l/l and 2/l respectively. By direct weighing 
it was also shown that approximately 2 g atoms of lithium meta were consumed at 
Li/hydrocarbon ratio of l/l for each mole of chloronaphthalene and 4 g atoms of 
lithium metal were consumed at ratio of 2/l for dichioronaphthalene. 

The reaction products of I-chloronaphthalene and lithium at Li/hydrocarbon 
ratios of about l/1 and 3/l were then treated with excess deuterium oxide. The prod- 
ucts were isolated and examined by mass spectrography. At I/l ratio, over 85o/o of 
the naphthaIcne.isolated was 1-deuteronaphthalene. There were only traces of di- 
hydro-_ didentero- or l-chloro-compounds. At a ratio cIose to 3/l, the mixture 
contained about 5% naphthalene, 29% l-deuteronaphthalene, and about 5% 
dihydronaphthalene, with the remaining ( -60%) consisting largely of mass numbers 
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of 131, 132, and 133. The last three numbers correspond to l-deuterodihydronaph- 
thalenes, dideuteronaphthalenes, and l-deuterodideuterionaphthalenes. The exact 
amounts of the three were not determined but the relative ratios of 131,132, and 133 
were estimated to be about 1 to 1.5 to 4. These independent experimental results are 
all in agreement with the proposed reaction sequence_ 

The ESR spectrum of lithium and chloronaphthalene in diethyl ether also 
showed a paramagnetic species. It was identical to the spectrum of lithium-naph- 
thalene ion-pair in the same solvent (Fig. 2). The paramagnetic species represented 
only very small fraction of the total products. We did not observe any signal which 
could be attributed to lithium-l-substituted naphthalene ion-radical. 

The overall rate of reaction is dependent on the surface area of lithium metal 
as shown in Table 3. 

TABLE 3 
EFFECT OF Ah¶OLiNT OF LlTHlUM ON REACTION RATE (so) 

Dichloronaphthalene (mole) 0.10 0.10 
Lithium (g-atom) 2.0 0.80 
Diethyl ether (ml) 180 180 
Theoretical concentration (Mj 0.50 0.50 

Reaction time (11) Total alkali&y (N) 
18 1.0 
42 1.8 
56 2.0 1.3 

104 1.7 
120 2.1 

It is also dependent on the concentration of chloro-substituted naphthalene. The 
result is &own in Table 4. 

TABLE 4 
EFFECT OF CONCEIWRATIOH AT 5O 

Dichloronaphthalene (mole) 
Lithium (g-atom) 
Diethyl ether (ml) 
Theoretical concentration (M) 

Reacrion time (h) 

48 
72 

96 

a Li/hydrocarbon = 4. 

0.05 0.10 
2.0 2.0 

90 90 
0.5 1.0 

Total alkalinity (N) 
20” 2.7 

3.3 
4.0” 

The sodium content of the lithium metal has been shown to affect the ease of 
preparation of alkyllithium compounds by the metalorganic halide reactionr2-15 
and by the metal-diene reaction I6 We found that the rate of reaction of lithium . 
metal and chloro-substituted naphthalenes is also dependent on this factor. The 
effect of lithium metal with dxerent sodium content was most obvious in the first part 
of the reaction as shown in Figs. 7 and 8.. 
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Fig. 7. Ef8ect of sodium content in lithium on lithium-dichloronaphthalene reaction: (A) 1% Na, (l3) 
tcls105~0 Na 

Fig 8. Effect of sodium content in lithium on lithium-l-chloronaphthalene reaction: (A) 1% Na, (B) 
<0.005% Na 

I wish to acknowledge the assistance of Dr. M. A. WALDROP who performed 
the ESR work and DI-~. j. N. SHORT and R. P. ZELINSKI for their useful discussions. 

S7JMiVARY 

Naphthalene reacts with lithium metal in diethyl ether at low temperatures 
to form a diamon. The solution also contains about 2% “ion-pair” which yields an 
ESR spectrum having 100 hyperfine lines. 

Chloronaphthalene and dichloronaphthalene react with lithium in diethyl 
ether to form deep purple solutions which contain approximately three and four 
atoms of lithium, respectively, per mole of chloro- and dichloronaphthalenes. 

The effect of reaction temperature, lithium surface area and sodium content 
of the lithium metal is discussed. A reaction sequence is proposed and evidence 
presented to support this mechanism. 
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