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ABSTRACT: High-resolution nmr studies have been carried out on the organolithium polymerization of butadi- 
ene in hydrocarbon solvents. As a measure of any possible complexation hetween the monomer and the active 
chain end, the proton resonance spectrum of butadiene was determined in the presence and absence of short- 
chain poly(perdeuteriobutadieny1)lithum (x, -I 20) at  high concentrations (0.2 M )  of both, in benzene-de or tolu- 
ene-ds. No effect was observed on the proton resonances of the monomer, indicating that,  if such complexation 
does occur, the concentration of the complex must be very low ( < I %  based on a slow exchange rate). Using ethyl- 
lithium-d6 to initiate short-chain poly(butadieny1)lithium and the technique of "pseudotermination" by butadiene- 
de. it has been found possible to assign the three resonance peaks corresponding with protons on the terminal car- 
bon (e), as well as the penultimate (13) and antepenultimate (y) carbon atoms in the chain. These peaks indicate 
that the terminal chain unit has a 1.4 structure (no detectable 1,2) ,  whereas the in-chain units show aboiit 9% 1.2 
structure. This has been taken to indicate the existence of an equilihrium between a localized (covalent) and a 
delocalized (r-allyl) chain-end unit, the latter being in too low a concentration to be detected, but leading to the 
inclusion of a 1,2 in-chain unit by subsequent monomer addition. 

The organolithium-initiated polymerizations of dienes 
have been the subject of intensive study during the past 
decade. Such studies have been facilitated by the fact 
that  these reactions can be carried out in homogeneous 
solution with a variety of hydrocarbon or ether solvents. 
Yet, despite the apparent simplicity of these systems, lit- 
tle progress has been made in elucidating the detailed 
mechanism of the reactions. The unresolved phenomena 
observed in these systems have centered around the fol- 
lowing: (1) differences in stereospecificity in the polymer- 
ization of different dienes in hydrocarbon media ( e . g . ,  
high cis-1,4 structure for isoprene but not for butadiene); 
( 2 )  profound effect of traces of ethers on the chain micro- 
structure ( e . g . ,  sharp increase in 1,2 or 3,4 vinyl struc- 
tures); (3) anomalous behavior in copolymerizations with 
styrene (e. ,g. ,  strong preference for butadiene in hydrocar- 
bon media but the reverse in ethers); and (4) very low ki- 
netic orders ( e .g . ,  one-fourth to one-sixth) for the propaga- 
tion rate, with respect to organolithium, in hydrocarbon 
media. 

These peculiarities in behavior of the dienes, especially 
the first three listed above, have been considered by some 
as indicating the formation of a complex between the 
diene monomer and the propagating organolithium 
species. Such a cclmplex would presumably not form in 
ether media due to  the known propensity of ethers to 
coordinate with (solvate) organometallic compounds. 
Hence it has become apparent that  the mechanism of 
these polymerizations could only be elucidated from a de- 
tailed knowledge of the structure of the propagating chain 
end. Fortunately, these polymerizations do not exhibit, 
any chain-termiqation step, so that the "living" chain end 
may be studied at will. The use of high-resolution nmr 
measurements would appear to be especially appropriate 
for such studies, provided a high concentration of organol- 
ithium chain ends were available and provided also that 
the viscosity of the medium was not too high. Both of 
these objectives mily be attained by preparing oligomers 
of the dienes, i .e . ,  chains containing from several up to 20 
or more monomeric units. 

Experimental Procedures 
High-Vacuum Apparatus. The high-vacuum system (Figure 1) 

permits the rapid attainment of very low pressures mm) 
of noncondensable gases. All monomer and solvent purifications 
were carried out on the vacuum apparatus or in vessels sealed 
from it.  The construction and manipulation of this apparatus has 
been discussed previous1y.l Modifications have been introduced 
in the low volume section, A. used for distilling into nmr tubes 
and in section C. which was used exclusively for handling polar 
materials. 

Sections of the vacuum apparatus used for handling reagents 
were treated as described previously,' after which a further purg- 
ing technique was employed. In this latter technique, purified n- 
hexane was distilled in at  liquid Nz temperature into the purge 
bulb Q (Figure 2)  and the whole reactor section was sealed from 
the vacuum system at the inlet constriction. The vessel Q was 
then warmed and n-butyllithium introduced from an attached 
ampoule (R) .  The entire reaction section was therefore able to be 
bathed in n-butyllithium-n-hexane solution for about 0.75 hr. 
The solution was then poured back into Q and all the walls of the 
whole section rinsed several times by refluxing the n-hexane and 
letting it drain back into the purge vessel Q. Thereafter the n- 
butyllithium solution in Q was frozen and sealed off. 

Preparation of Materials. Generally materials were purified to 
a level where there were no spectroscopic impurities, and thereaf- 
ter further purified so that they contained no contaminant capa- 
ble of influencing the reaction pattern of the polymerization. 

Solvent Purification. n-Hexane and Cyclohexane. 'These sol- 
vents were stirred for several days over sulfuric acid. The super- 
natant liquids were then decanted and distilled on a 3-ft column 
packed with glass helices a t  a IO:]. reflux ratio. Only center cuts 
were taken. The solvents were then degassed on the vacuum ap- 
paratus and stirred over a sodium dispersion for 2 days. Thereaf- 
ter they were distilled onto poly(styry1)lithium--n. hutyllithium 
and stored for later use. Measured quantities could then he dis- 
tilled directly into a reactor. 

Toluene-ds, Benzene-&, and Tetrameth.ylsilarze. The toluene- 
ds (Diaprep Corp. 99% minimum isotopic purity), the benzene-de 
(Merck, Sharp and Dohme 99.5% minimum isotopic purity), and 
the tetramet,hylsilane (Alfa Inorganics. nmr grade) were degassed, 
stirred over sodium dispersion, and stored over poly(styry1)li- 
thium-n-biityllithium a t  -10" until used. 

Monomer Purification. Butadiene. Butadiene (redistilled, 
practical grade) was degassed at  10- mm at -78 or -196" and 
then distilled onto a series of flasks freshly coated with sodium 
mirrors. It was allowed to remain in each of the flasks for about 1 

. 

hr a t  On, and then distilled into a storage flask and kept at  -78". 
tDepartment of Chemistry, University of Stellenbosch, Stellenbosch, 

$Bridgestone Tire Co., Tokyo, Japan. 

Immediately before use the butadiene was Onto n-butyl- 
South Africa. 

(1) L. J. Fet ters ,J .  Res.  Nnt.  Bur. Stand. Sect. A ,  70,421 (1966). 
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Figure 1. High-vacuum system: (A) low volume drop for attach- 
ing nmr subreactor to the vacuum system; (B) drop for attaching 
various reactors to vacuum system; (C) restricted section for han- 
dling polar materials purification and addition to subreactors; 
(D) -196" traps; (E) McLeod gauge; (F) three-stage Eck and 
Krebs mercury diffusion pump; ( G )  mechanical oil pump. 

U 

Figure 2. Main reactor and subreactors for nmr studies: (Q) 
purge section; (R) butyllithium in hexane solution; (S) ethyllith- 
ium-d5 initiator; (T) main reactor bulb; (U)  nmr tubes; (V)  fur- 
ther nmr subreactors. 

lithium and stirred at  -10 to 0" until about 5% of the anionic 
polymer had formed. It was then distilled into a vacuum-measur- 
ing buret for direct distillation'into a reactor. 

Butadienede. Butadiene-& (Merck, Sharp and Dohme, mini- 
mum isotopic purity 98%) was distilled into a flask coated with a 
sodium film, and allowed to react for 4 hr a t  0". This was suffi- 
cient time for a film of polymer to form on the walls of the flask. 
It was then distilled into a fresh sodium-coated flask and kept at 
-78" ready for use. 

Preparation of Organolithiums. Ethyllithium was chosen as 
the initiator mainly because it could easily be prepared in the 
deuterated variety. Preliminary work had shown that the non- 
deuterated form yielded complex nmr spectra more difficult to in- 
terpret. 

Ethyllithiurn and Ethyllithiurn-ds. These were prepared from 
the corresponding bromides and lithium wire in n-hexane. For 
this the method of Talalaeva and Kocheskov* was modified for 
use under vacuum, as described by Morton et  al The ethyllith- 
iums were twice recrystallized from n-hexane under vacuum and 
then distributed into smaller iniator ampoules using the appara- 
tus shown in Figure 3. These ampoules were first purged with a 
n-butyllithium solution in a manner similar to that described 
previously for the reactor apparatus. After the purge section (E)  
was cut off, the ethyllithium solution was introduced into the ap- 
paratus by breaking the breakseal. The solution was then distrib- 
uted into the initiator ampoules and any excess solution was 
poured into the storage ampoule (B). The levels in each of the 

(2)  T. V. Talalaeva and K .  A. Kocheskov, J .  Gen.  Chem. CSSR,  23, 399 

(3) M .  Morton. A. A.  Rembaum, and J .  L. Hall, J .  Poi?. Sei. ,  Part A ,  I ,  
(1953). 

461 (1963). 

Figure 3. Apparatus for preparing initiator ampoules: (A) large, 
ampoule containing organolithium solution; (B) storage ampoule 
for excess solution; (C) initiator ampoules; (D) n-butyllithium so- 
lution; (E) purge section; (F) outlet to vacuum line. 

ampoules were marked and then all the surfaces to be cut were 
prerinsed internally with solvent by cooling the outer surface 
with cold alcohol from an isopropyl alcohol-Dry Ice bath. After 
thorough rinsing, the solutions were cooled to -78" and the am- 
poules were sealed off. The solutions (with their volumes calibrat- 
ed up to the original mark) could be titrated by the Gilman dou- 
ble-titration meth0d.~.5 The concentration of noninitiating lithi- 
um compounds was negligible. The reproducibility of the organol- 
ithium contents in the ampoules was better than 1%. All the 
organolithium ampoules were stored at  - 15". 

n-Butyllithium. The n-butyllithium used to purge glass appa- 
ratus was obtained in a hexane solution (1.5 M) from Foote Min- 
eral Co. It was syringed under argon into an ampoule fixed to the 
vacuum apparatus (Figure 4) .  The arm with the septum cap was 
then sealed after the solution was cooled (-78") and degassed. 
More n-hexane was distilled into the ampoule in order to dilute 
the solution to about 0.1 M. The ampoule was then sealed from 
the vacuum apparatus at  constriction A. The ampoule was next 
attached to an apparatus similar to that shown in Figure 3 except 
that  it had no purge section. The n-butyllithium solution was 
then distributed into smaller ampoules using a method similar to 
that described previously for preparing initiator ampoules. There 
were some slight differences from the procedure previously de- 
scribed, in that the apparatus was flamed under vacuum but was 
not purged as the initiator ampoules were. Also the levels in the 
ampoules after distribution were not marked nor was an ampoule 
titrated, since knowledge of the exact amount of n-butyllithium 
used to purge is not needed. 

Preparation of Samples for Nuclear Magnetic Resonance 
Studies. The main reactor apparatus is shown in Figure 2. The 
nmr tubes (Wilmad Glass Co. 507PP, thin-wall Pyrex) were 
sealed directly to the arms projecting from the center bulb. The 
arms were of 4-mm standard wall tubing so that they were able to 
be sealed off under vacuum at any point. A short length of 2-mrn 
tubing connected these arms to the nmr tubes. This allowed the 
latter tubes to be sealed off with minimum imbalance along the 
axis of the tube. 

The main reactor was connected to the vacuum system and 
flamed keeping the nmr tubes cool in moist tissue paper. The 
purge procedure described earlier was then used to remove any 
terminating or dislodgeable polar materials from the walls. The 
ethyllithium-do in n-hexane was then introduced from ampoule 
(S), after which the ampoule was rinsed with hexane by cooling 
the outer walls, With the solution in (T) frozen (-196"), ( S )  was 
removed a t  its constriction and its volume was determined. The 
reactor was then reconnected to the vacuum apparatus to remove 
the n-hexane and to quantitatively introduce the desired solvent 
system and, in certain cases, monomer for preparing the "seed." 
The latter refers to an oligo(butadieny1-d6)lithium containing, on 
the average, 20 molecules of butadiene-de per initiator molecule. 

(4) H. Gilman and A.  H. Haubein, J.  Amer. Chem. Soc., 66 ,  1515 (1944). 
( 5 )  H. Gilman and F. K. Cartledge,J. Organometal. Chem., 2,447 (1964). 
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tive protonic chain end, thus 

CDBCD:! [CDz-CD=CD-CD& [CHz-CH=CH-CHZ]2.4 Li + 
5C4Ds - CD,CDZ [CD,-CD=CD -CD,],- 

[ CH2 - CH=CH - CH,],, [CD2 - CD= CD - C DJS Li 

Hence no change was made in the medium other than the addi- 
tion of five units of “transparent” butadiene-& to the chain, thus 
separating the protonic units from the presence of the lithium. 

A further advantage of this method was the ease with which 
the in-chain protonic absorptions in the pseudoterminated case 
could be assigned, based on information available in the litera- 
ture,g or, in certain cases, by resorting to model compound com- 
parisons. 

Nuclear Magnetic Resonance Spectra. The nmr proton spec- 
tra were recorded on a Varian HA100 spectrometer equipped with 
a time-averaging computer and spin decoupler as well as on a 
Varian A60 spectrometer. Care was taken during both the record- 
ing and integration of the spectra to avoid saturation. When re- 
cording spectra of the samples coniaining ethers, the precaution 
was taken to record spectra initially at  the lowest temperature in 
the range studied. Thereafter the temperature was incrementally 
increased and further spectra recorded. In this way the samples 
were warmed only sufficiently to ensure that initiation or propa- 
gation could ensue within a few hours. Thus side reactions could 
be controlled. Wherever discrete spectral changes occurred with 
an  increase in temperature, a check was made to prove that they 
were reversible by lowering the temperature again. 

Results and Discussion 
Complexation with Monomer. A specific complex 

formed between the monomer and the metal should alter 
the electron density in the T bands of the monomer. This 
would have a major effect on the nmr spectrum of 
the monomer, resulting in changes in both the reso- 
nance frequency of the monomer protons and their spin- 
spin coupling constants. A study of 0.2 M butadiene spec- 
tra in the presence and absence of poly(perdeuteri0butad- 
ieny1)lithium (also 0.2 M ) ,  in benzenedo showed no dif- 
ference between the two. Even when toluene-& was used 
as a solvent and the temperature was reduced to -80°, 
the monomer spectrum was still insensitive t o  the added 
active chains. This means that, if a complex does exist, it 
must necessarily be in very low concentration, i . e . ,  <1% 
assuming a slow interchange rate relative to the time 
scale of the measurement. This is substantiated by the uv 
spectroscopic measurements by Evans and WorsfoldlO of 
the rate of reaction between styrene and poly(butadieny1)- 
lithium, both in the presence and absence of butadiene. 
They found the two rates to be identical. 

The idea of orientation of the incoming monomer, how- 
ever, is not without merit, for even in simple collision 
theory, the highly polar carbon-lithium bond must play 
some directive effect on neighboring or colliding molecules 
which possess a dipole moment. 

Assignment of Chain-End Peaks. Figure 5 shows the 
nmr proton spectra of the active and “pseudoterminated” 
chain of 22-unit long poly(butadieny1)lithium in benzene- 
de. The microstructure calculated from Figure 5ii or 
from the in-chain peaks of Figure 5i is 91% 1,4 and 9% 
1,2. This compares well with published values for similar 
systems. There are three additional peaks, in Figure 5i, 
which have been denoted as cy, p, and y. The following re- 
sults aid in their assignment. (1) They disappear on 
“pseudotermination” and reinforce the in-chain peaks. 
This indicates that  they are the peaks belonging to those 
protons closest to the lithium. (2) The cy peak occurs at 

U 
Figure 1. n-Butyllithlum purge ampoule. 

The reactor was sealed from the vacuum system during polymer- 
izations, but could be reconnected uia a breakseal for a further 
addition, as when the seed needed to be capped with one or two 
units of protonic monomer. 

The resulting solution was then poured off into the nmr tubes, 
three a t  a time. The levels were marked and the arms rinsed with 
solvent. After readjusting and equilibrating the heights in the 
nmr tubes, they weire simultaneously and gradually frozen, to- 
gether with the main bulb T, and then sealed off. The nmr tubes 
were then treated as subreactors, and further additions of mono- 
mers and/or additive were then made directly to them, using the 
low volume section of the vacuum system, A, shown in Figure 1. 
Additions were estimated reproducibly to 0.0005 cm3. For the ad- 
ditions, the nmr tubes were kept a t  -196”, while the material to 
be transferred was ke!pt a t  -78”, separated from the nmr tube su- 
breactor by a stopcock. At -78” all materials had negligible vapor 
pressure. Tetramethylsilane and butadiene were exceptions. but 
posed no problem since distillation was slow with the stopcock 
open. The other materials did not distill on opening the stopcock, 
but distillation could be induced, while maintaining a negligible 
vapor pressure in the system, by gradually lowering the Dry Ice- 
isopropyl alcohol cooling bath (-78”) which surrounded the dis- 

.tilling material. The accuracy of the method was shown to be bet- 
ter than 2% by nmr analysis of these added materials, compared 
to an internal area reference added during the distribution step. 
All nmr tubes were stored a t  -78”. 

The seed described. above, containing 20 units of butadiene-&, 
was used to simplify reaction variables, as follows. First of all, it 
was found that the e1:hyllithium was essentially consumed a t  mo- 
nomer-to-initiator ratios of 3 or 4 in benzene, thus guaranteeing 
the absence of any ethyllithium at a 20:l  ratio. Secondly, an 
oligo(butadieny1)lithium of this chain length can be assumed to 
be associated in dimers while lower chain lengths have been stat- 
ed to occur in higher aggregates.6-8 Finally, the microstructure of 
polybutadiene has been stated to become constant a t  chain 
lengths of 20 units or higher.6-8 

Hydrolysis and “l?seudotermination.” To study the effect of 
removing the lithium from the active chain end, two methods 
were tried. These were hydrolysis and “pseudotermination.” Hy- 
drolysis was accomplished, as usual, by addition of water to the 
original reactor, from which a duplicate nmr tube was previously 
filled with the active material, followed by several rinsings with 
water, and drying over molecular sieves. By this method the lithi- 
um was substituted by a proton, but other complications arose. 
Thus, the nmr spectra were complicated by several simultaneous 
factors, i . e . ,  possible loss of volatile components, and changes in 
the structure of the chain-end unit. Furthermore, as will be seen 
later, hydrolysis actually enriches the chain end in vinyl content 
relative to in-chain microstructure. 

In contrast, “pseudotermination” afforded a more subtle meth- 
od of removing the effect of the lithium. This method basically 
involved the addition of several units of butadiene-& to the ac- 

(6) H. S. Makowski and M.  Lynn, J .  Macromol. Sci. ,  Chem., 1, 443 

(7)  H. S.  Makowski and M .  Lynn, J .  Macromol.  Sei., Chem., 2, 683 
( 1966). 

(1968). 
(8) H. S. Makowski, X4. Lynn, and A. N. Bogard, J Macromol. Sci., 

Chem., 2,665 (1968) 
(9) H Y Chen, Rubber Chem Techno1 1 1 , 4 7  (1968) 

(10) A. F Evans and D. J. Worsfold, Makromol Chem , 85,  273 (1966) 
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Figure 5.  (i) 100-MHz nmr spectra of poly(butadieny1)lithium in 
benzene-&; (ii) after pseudotermination. 

1 Cyclohexane - 23‘C 
75‘ c I 

. . _. 

Figure 6. a absorption of poly(butadieny1)lithium (using “seed”). 

about 6 = 0.8 pprn or about 1.2 ppm upfield of the allylic 
methylene of the in-chain units. Shifts of similar magni- 
tude are experienced by the methylene adjacent to the 
lithium in alkyllithium compounds, relative to the corre- 
sponding alkanes. (3) The a peak is a doublet and not two 
separate peaks. This is shown in Figure 6 by the effect of 
spectrometer frequencies. Spin coupling with the p proton 
would require a doublet in this case. (4) The ratio of the 
areas of the a:j3:y peaks are 2 : l : l  within an error of 
4%, suggesting two protons for the a absorption and one 
each for the and y absorptions. (5) The spin decoupling 
of the p from the a and y absorptions is shown in Figure 
7, demonstrating that the a and @ protons are on adjacent 
carbons and similarly that the p and y protons are on ad- 
jacent carbons. (6) Hydrolysis by water results in the ap- 
parent disappearance of the a, 8, and y peaks and the for- 
mation of a new peak in the area (1.5-1.7 ppm) where the 
allylic methyl peak is expected. It consists of two overlap- 
ping doublets in the form of an unsymmetrical triplet. 

20 C , P , S ,  
I 

S P I N  DECOUPLING OF THE 0 RESONANCE 

BY SIMULTANEOUS I R R A D I A T I O N  AT THE 
R E S O N A N C E  FREQUENCIES O F  THE a A t x  

7 PROTONS I 

B Y  I R R A D I A T I N G  AT THE RESONANCE 

FREQUENCY OF TtrE a PROTONS, 

i“ h 
Figure 7.  Spin decoupling of 
thium. 

absorption of poly(butadieny1)li- 

Evidently the cis and trans forms of the hydrolyzed chain- 
end methyl show a small difference in peak position, just 
as in the case of the methyl group in the cis- and trans-2- 
pentenes (the allylic methyl of cis-2-pentene is a t  1.53 
ppm while that of trans-2-pentene occurs at 1.59 ppm). 
(7)  In the initiation of the chain the first peaks to appear 
are the a, @, y, and 6 peaks. 

On the basis of the above evidence, the a ,  @, and y ab- 
sorptions are therefore best assigned to the first, second, 
and third carbons, respectively, nearest the lithium. 

The spectrum of an oligomeric butadienyllithium (Fig- 
ure 8) (x,*  = 2.6, 80% ethyllithium-ds consumed) [x, = 
number-average number of units per chain, where x n  = 1 
+ number of in-chain units. The number of in-chain units 
for butadienyllithium = area of in-chain peaks -3!2 (area 
of a + p + y)] appears to be very similar to the spec- 
trum observed for the polymeric species. Pseudotermina- 
tion of this oligomeric chain (Figure 8i) again causes the 
a,  (3, y, and 6 peaks to disappear and reinforce the in- 
chain peaks. Evidently the structure of the active chain- 
end unit is not changed by such factors as the presence of 
a small excess of ethyllithiurn-ds, the low molecular 
weight, the higher concentration of active centers, or any 
difference in the association state (expected a t  these low 
molecular weights). The poly(butadieny1)lithium prepared 
with the “seed,” is known to be dimeric, while the low 
molecular weight species is reported to be unusually high- 
ly associated.6-8 

Based on the foregoing results it is seen that the spectra 
best fit a chain-end structure of the type - CH2- 
CH=CH-CH2-Li. If the chain end had some contribu- 
tion from the 1,2 structure 

- CH,- CH -Li 
I 

then the secondary a proton could be expected to be 
found slightly downfield of the observed primary a proton, 
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CD,CD2 4 CH2-CH=CH-CH2 k6' CH,-CH=CH-CH, a Li 

or { CH2- C H  -1 
I ( i l  CH=CH2 6 

I 1 1 1 1 1 I  I I I 1  I 
6.0 5.0 4.0 3.0 2.0 1.0 PPH 

c f f c  
CD,CD2 fCH2-CH=CH-CH2f 2.6 + BUTADIENE-d?] 5 Li 

1 1 1 , 1 1 1 1 1 1 1  

6.0 1.0 4.0 3.0 2.0 1.0 PPH 

Figure 8. (i)  Poly(butadieny1)lithium spectrum (low molecular 
weight) in benzene-& (100 MHz); (ii) after pseudotermination. 

with new y absorptions close to, but upfield of, the ob- 
served y absorption. The a : y  area ratio would approach 
1:2 instead of 2. This indicates that a 1,2-type chain end 
is improbable. Another structural type which can be ruled 
out is the a-allyllithium chain end (Figure 9) having a 
separate existence within the time scale of the experi- 
ment. In that case, a higher upfield position would be ex- 
pected for the y proton. Furthermore, the double-bond 
character in the resultant a-P bond would lead to two 
nonequivalent LY protons, while the y proton resonances 
would be expected to show large cis,trans differences. 
Since none of these were observed, it seems evident that 
there cannot be a substantial concentration of a-allyl 
chain ends, at least not more than 1 or 2%. The best con- 
clusion therefore is that the chain end is predominantly 
u-bonded, with the lithium attached to the a-carbon, and 
that, within experimental limits (1?70), this is the only 
structure present. 

Mechanistic Interpretations. In view of the above re- 
sults on the structure of the chain-end units, it is neces- 
sary to propose a mechanism which reconciles the exis- 
tence of virtually 100% 1,4 chain ends with the observed 
1,2 content of in-chain units. Thus it can be computed 
from Figure 5 that the in-chain units have a 9% 1,2 struc- 
ture, and that, after pseudotermination, the in-chain 
units still have a !3% 1,2 content. This is even more strik- 
ingly shown in the low molecular weight butadienylli- 
thium (Figure 8) where the in-chain units are about 45- 
50% 1,2. Here the addition of perdeuteriobutadiene to the 
1,4 a-bonded chain end still results in 45% 1,2 enchain- 
ment of that unit. Hence it appears that, in the process of 
adding the butadiene-&, some of the 1,4 protonic chain 
ends must have been converted into 1,2 in-chain units. A 

H - C H p  H 

SYn anti 
Figure 9. *-Allyl structures of chain ends. 

logical conclusion is that  there must be some equilibrium 
present which modifies the 1,4 chain end either into a 1,2 
form or a a-allyl form prior to reaction with the next mo- 
nomer molecule. Either of these equilibria would associate 
the lithium with the y carbon, thus explaining any addi- 
tion at this y carbon. 

Since no contribution of the 1,2 or *-allyl species was 
observed in the nmr spectra of the active chain end, it is 
reasonable to suppose that any such equilibrium must be 
very rapid relative to the time scale of the measurements. 
In an effort to freeze out the species involved in such a 
rapid equilibrium, low-temperature spectra of the chain 
end in toluene-& were recorded. Unfortunately severe 
peak broadening resulted and no conclusion could be 
reached. Raising the temperature from 23 to 75" led to a 
sharpening of the peaks, but very little chemical shift. 
This indicated that, if any rapid equilibrium did exist, it 
had either a very low enthalpy associated with it, or, more 
plausibly, the species in equilibrium with the essentially 
localized 1,4 chain end is in very low concentration. I t  will 
be possible to discuss this question in more depth in con- 
nection with the isoprenyl chain end in the following pub- 
lication. 

A further point to notice is the unusually high 1,2 mi- 
crostructures noted by Makowski and Lynn.6-8 Figure 8 
corroborates the findings of these authors and shows that 
their high 1,2 microstructure is not an artifact resulting 
from hydrolysis of the chain end, but is present in the in- 
chain units of active as well as pseudoterminated chains 
(x, protonic = 1.6-2.6). The above authors suggested that 
this change in microstructure might correlate with differ- 
ences in the association state of the butadienyllithium. 
However, a comparison of Figures 5 and 8 shows no basic 
difference in the structure of the active chain-end units 
between the low (x, = 2.6) and high (x, = 22.4) molecu- 
lar weight species. A closer examination of the active 
chain-end structure during propagation of the first few 
units does show a downfield shift of about 22 cps in the a 
doublet. This shift should not change the structural inter- 
pretation. It could result, rather, from two possible effects: 
(1) reduced solvent shielding of the a protons 9 the chain 
grows and surrounds the association structure, a minor 
effect, and (2) a rapid equilibrium between the associated 
organolithium species, which are changing in concentra- 
tion as the ethyllithium is reacting. Both of these points 
will be discussed more fully in the following publications. 
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